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Preface 

 

The Third European Conference on Earthquake Engineering and Seismology (3ECEES) was organized 

in Bucharest (Romania) in September 2022 by the Romanian Association for Earthquake Engineering 

(ARIS), Technical University of Civil Engineering of Bucharest (UTCB) and National Institute for 

Earth Physics (NIEP). This outstanding scientific event is the third in a series started in 2006 in Geneve, 

Switzerland and continued in 2014 in Istanbul, Turkey. 

On average, Bucharest experienced two strong devastating earthquakes per century. In the twentieth 

century, the capital city of Romania was severely exposed to November 10, 1940 and March 4, 1977 

Vrancea intermediate-depth earthquakes. The November 10, 1940 earthquake, with a moment 

magnitude of 7.7, is the strongest seismic event in the past 100 years in Romania and it ranks as the 

largest intermediate-depth earthquake that occurred in Europe in the twentieth century. This seismic 

event caused a high death toll (more than 550 people) and more than 1200 casualties, as well as very 

heavy damage in the epicentral region and hundreds of kilometers away from the epicenter. In 

Bucharest, the tallest reinforced concrete structure at that time – Carlton building – completely 

collapsed. The March 4, 1977 earthquake, with a moment magnitude of 7.4, was Romania’s largest 

natural disaster in the twentieth century. Thirty-two medium- and high-rise buildings collapsed in 

Bucharest, killing more than 1400 people and injuring more than 7000 residents. The seismological and 

engineering lessons bitterly learnt at that time were immediately embedded in a completely revised 

compulsory building code for seismic design, constantly improved since then. 

This electronic volume presents the proceedings of the Third European Conference on Earthquake 

Engineering and Seismology and collect the accepted contributions submitted by the participants in the 

3ECEES. More than five hundred papers share the collective wisdom in the fields of earthquake 

engineering and seismology. The topics addressed by the accepted contributions cover a wide variety 

of issues and challenges for both engineers and seismologists listed in a non-exhaustive manner as 

follows: seismicity, engineering seismology, seismic hazard, fragility/vulnerability, risk and resilience, 

geotechnical and structural earthquake engineering,  

The Third European Conference on Earthquake Engineering and Seismology (3ECEES) fully benefited 

of the outstanding cooperation of the International Organizing Committee, International Scientific 

Committee, International Advisory Committee and Local Organizing Committee. The editors of this 

proceedings volume extend their gratitude to all the members of the 3ECEES Committees.  

We acknowledge the incredible hand extended by the European Association for Earthquake 

Engineering (EAEE) and European Seismological Commission (ESC) by entrusting Romania to 

organize the Third European Conference on Earthquake Engineering and Seismology (3ECEES) in 

Bucharest. 

A final word of gratitude is for the reviewers of the contributions submitted to 3ECEES who performed 

an outstanding task in enhancing the quality of the submitted manuscripts. 

 

Cristian Arion 

Alexandra Scupin 

Alexandru Ţigănescu 

Bucharest, July 2022  
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Abstract: This study presents an evaluation of the correlation between two frequency 

content parameters, the control period Tc and the mean period Tm considering a ground 

motion database from intermediate-depth earthquakes in Romanian and Iran. A database of 

more than 500 recordings from earthquakes having moment magnitudes MW in the range 5.2 

– 7.8 was compiled for this study. The study shows that the mean values of the mean period

as a function of the earthquake magnitude are similar for both databases. Moreover, it was

observed that the empirical model proposed for the prediction of the mean period Tm for the

Iran dataset has a larger slope as compared to the model derived based on Romanian ground

motion recordings.

Keywords: ground motion database; geometric mean; site conditions; variability. 

1. Introduction

In the recent study of (Yaghmaei-Sabegh et al. 2022), empirical models were proposed for 

the evaluation of several frequency content parameters (the mean period Tm and the 

average period Tavg) were proposed using a database of ground motion recordings from 

intermediate-depth earthquakes in Romanian and Iran. The proposed empirical models 

took into consideration the earthquake magnitude, the source-site distance (epicentral 

distance) and the soil conditions defined according to the current version of Eurocode 8 

(CEN 2004).  It was observed that the influence of the source-site distance on the mean 

period Tm (Rathje et al. 1998) was very limited.  

In this study, an extended analysis of the correlation between the mean period period Tm 

(Rathje et al. 1998) and the control period Tc is performed. The control period Tc represents 

a very important parameter for the definition of the design seismic action. The control 

period Tc represents the border between the constant acceleration and constant velocity 

plateaus of the design response spectrum (CEN 2004). In this study, the control period Tc is 

evaluated using a database of ground motions recorded during intermediate-depth 

earthquakes in Romanian and Iran.  

2. Ground motion database

The ground motion database compiled for this study consists of more than 500 recordings 

from 14 intermediate-depth earthquakes in Romania and Iran. 497 of the ground motions in 

the database were recorded during Vrancea intermediate-depth seismic events and 57 

ground motions were recorded at seismic stations in Iran. Only seismic events having focal 

depths larger than 60 km are considered in the analysis. It can be observed that the 

intermediate-depth seismic events from Iran which occur in the Makran subduction zone 

(Penney et al. 2017), (Motaghi et al. 2020) have a normal faulting mechanism, as 
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compared to Vrancea intermediate-depth earthquakes which are characterised by reverse 

faulting mechanisms (Ismail-Zadeh et al. 2012), (Petrescu et al. 2021).  

Some characteristics of the earthquakes, as well as the number of recordings for each 

seismic event are given in Table 1. The database of ground motion recordings from 

intermediate-depth seismic events in Romania is similar to that used in the study of (Pavel 

et al. 2019), while the ground motion database from Iran is an extension of that used in the 

study of (Yaghmaei-Sabegh et al. 2022). 

Table 1. Characteristics of the earthquakes considered in the analysis 

No. Country Date 
Moment 

magnitude MW 

Focal depth 

(km) 

Style of 

faulting 

No. of ground 

motion recordings 

1 Iran 18.01.2011 6.9 84 normal 10 

2 Iran 16.04.2013 7.8 82 normal 41 

3 Iran 30.04.2009 5.2 90 normal 3 

4 Iran 17.04.2013 5.6 68 normal 3 

5 Romania 4.03.1977 7.4 94 reverse 2 

6 Romania 30.08.1986 7.1 131 reverse 40 

7 Romania 30.05.1990 6.9 91 reverse 52 

8 Romania 31.05.1990 6.4 87 reverse 36 

9 Romania 28.04.1999 5.3 151 reverse 25 

10 Romania 27.10.2004 6.0 105 reverse 66 

11 Romania 14.05.2005 5.5 149 reverse 40 

12 Romania 18.06.2005 5.2 154 reverse 37 

13 Romania 25.04.2009 5.4 110 reverse 46 

14 Romania 6.10.2013 5.2 135 reverse 87 

15 Romania 23.09.2016 5.5 92 reverse 31 

16 Romania 27.12.2016 5.6 97 reverse 35 

The distribution of the ground motion recordings in terms of epicentral distance and 

moment magnitude of the considered seismic events is illustrated in Figure 1. It can be 

observed that the number of ground motion recordings from large magnitude intermediate-

depth earthquakes is rather limited. 

Fig. 1 – Distribution of the ground motion dataset in terms of earthquake magnitude and source-site distance 

(epicentral distance) 
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3. Evaluation of frequency content parameters 

In this study, the analysis is focused on two frequency-content parameters, namely the 

mean period (Rathje et al. 1998) and the control period Tc. The control period Tc is denoted 

in in (ASCE 2017) as Ts and it is computed based on the spectral accelerations in the 

medium- and short-period ranges. The proposed Eurocode 8 draft (CEN/TC  250/SC  8 

2021) employs a similar type of relation for the evaluation of Tc. The current Romanian 

seismic design code P100-1/2013 (MDRAP 2013), uses the control period Tc as a proxy 

parameter for the evaluation of the site conditions. The relation for the computation of Tc 

were proposed by (Lungu et al. 1997). The performance of Tc computed using various 

relations from the literature with respect to other frequency content parameters was 

analysed in the study of (Pavel and Lungu 2013) using a ground motion database of both 

wide-and narrow-frequency bandwidth ground motion recordings.. 

The distribution of Tm and Tc values in the database is illustrated in Figure 2 and Figure 3 

for Romania and Iran ground motion recordings. It can be observed from both Figure 1 and 

Figure 2 that the majority of the Tc and Tm values lie in the short period range, which is 

expected since the database is dominated by recordings from moderate sized seismic 

events. The largest values of both Tm and Tc in the database are observed for Iranian 

ground motion recordings.  

 

a)   

 

b)  

Fig. 2 – Distribution of the mean periods Tm for: a) Romania dataset; b) Iran dataset 
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a)  

b)   

Fig. 3 – Distribution of the control periods Tc for: a) Romania dataset; b) Iran dataset 

The variation of the mean values of the two frequency content parameters with the 

earthquake magnitude is evaluated in Figure 4 for the two datasets. Linear trendlines are 

also fitted for each database. It can be noticed that the largest differences between the two 

datasets are observed in the case of the control period Tc, while in the case of the mean 

period Tm, the variation with the earthquake magnitude is almost similar for both datasets.  

a)  b)  

 

Fig. 4 – Variation of the mean values of the frequency content parameters with the earthquake magnitude for: 

a) control period Tc; b) mean period Tm 
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4. Evaluation of correlation between Tm and Tc 

The correlation between the two frequency content parameters Tc and Tm
 is evaluated 

separately for the two ground motion databases (Romanian and Iran) and then for the 

combined database. The correlations are illustrated in Figure 5. It can be easily observed 

that the fitted linear trendlines for the two databases have different slopes. The model 

derived based on the ground motion dataset from Iran has a larger slope as compared to the 

model for Romanian ground motion recordings. The differences between the two databases 

can be attributed to: (i) the structure of the database (the Iran database has a much larger 

percentage of ground motion recordings from large magnitude events as compared to the 

Romanian one); (ii) faulting mechanism (normal vs. reverse); (iii) difference in soil 

conditions.  

 

Fig. 5 – Correlation between the control period Tc and the mean period Tm for the Romania dataset and Iran 

dataset 

The functional form of the linear relation between the two frequency content parameters is: 

   (1) 

where a and b are linear regression coefficients and σ is the standard deviation. The 

observed R2 coefficients are of about 0.7 for both considered datasets.  

The coefficients of the linear regressions for the two datasets, as well as for the combined 

dataset are reported in Table 2.  It can be noticed from Table 2 that the variability of the 

linear relation obtained using recordings from Iran is larger than that of the relation derived 

from the Romanian database.  

Table 2. Coefficients of linear regression for the two datasets 

Dataset a b σ 

Romania 0.471 0.265 0.103 

Iran 0.909 0.163 0.265 

Romania + 

Iran 
0.579 0.245 0.143 

The distribution of the residuals with the earthquake magnitude and epicentral distance is 

evaluated in Figure 6. The residuals are computed using as reference the empirical model 
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derived for the entire database (Romania + Iran, as denoted in Table 2). The trendlines 

fitted on the residuals of both datasets are almost horizontal thus denoting an adequate 

performance of the proposed empirical model (no significant over- or under-estimation of 

the model).  

a)  b)  

Fig. 5 – Distribution of residuals for the Romania dataset and Iran dataset as a function of: a) earthquake 

magnitude Mw; b) epicentral distance 

5. Conclusions  

This study is focused on the evaluation of the correlation between two frequency content 

parameters – the mean period Tm and the control period Tc. A ground motion database 

consisting of more than 500 recordings from intermediate-depth earthquakes occurring in 

the Vrancea intermediate-depth region in Romania and in the Makran subduction zone 

from Iran was compiled for this study. The main observations of this study can be 

summarized as follows: 

• The variability of the linear relation obtained using recordings from Iran is larger 

than that of the relation derived from the Romanian database; 

• The largest differences between the two datasets are observed in the case of the 

control period Tc, while in the case of the mean period Tm, the variation with the 

earthquake magnitude is almost similar for both datasets; 

• The control period TC has a good correlation with the mean period Tm; 

• The empirical model proposed for the prediction of the mean period Tm for the Iran 

dataset has a larger slope as compared to the model derived based on Romanian 

ground motion recordings. In addition, a larger variability of the empirical model 

developed from ground motion recordings in Iran was observed; 

• The proposed empirical model for the prediction of the mean period Tm as a 

function of the control period Tc has an adequate performance with respect to the 

earthquake magnitude and source-site distance. 
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An extension of this study is envisaged in the near future, aiming at developing empirical 

models for intermediate-depth earthquakes in order to predict the control period Tc as a 

function of the earthquake magnitude, source-site distance and soil conditions. This is a 

very important aspect considering again the fact that Tc is a very important parameters 

necessary to evaluate the design response spectra. 
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Abstract: The Romanian Design Code P100-1/2013 states that "for dynamic calculation of 

structures accelerograms should be used, they can be of several types: artificial, recorded and 

simulated" (MDRAP, 2014). Currently, there are no simulated accelerograms specific to 

Romania seismic hazard within engineers' reach due to the complexity of the simulation methods 

and the parameters that describe the phenomena generating and influencing the seismic waves. 

Since the structural response is analysed based on performance requirements depending on the 

type of structure and design limits, hypothetical seismic scenarios were realized for the limit 

states and the classes of important-exposure defined in P100-1/2013. Thus, four scenarios were 

considered: SLS (service limit state) for all types of buildings, ULS (ultimate limit state) for 

buildings in importance-exposure class III, ULS for class II, and ULS for importance-exposure 

class I. The seismic events for each scenario were defined using data resulted from the 

disaggregation of the seismic hazard. For each scenario, ten accelerograms were generated based 

on a Vrancea-specific modified hybrid method. A comparison with the design response 

spectrum and registered accelerograms is made, and differences are discussed. 

Keywords: design seismic scenarios; hybrid simulation; Vrancea earthquakes 

1. Introduction 

The dominant natural hazard wherewith common structures are designed in Romania is the 

seismic hazard. Romania is considered to have one of the highest levels of seismic hazard in 

Europe. Its territory is affected by fourteen seismogenic sources: Intermediate-Vrancea, 

Crustal-Vrancea, Barlad Depression, Predobrogean Depression, Fagaras-Campulung, 

Transylvania, Danubius, Banat, Crisana-Maramures, Serbia, Gorna, Shumen, Dulovo, and 

Shabla. Vrancea intermediate-depth source produces the most extensive effects that cross from 

Bulgaria to Russia, and it controls the seismic design level for two-thirds of Romania. 

The Romanian Design Code P100-1/2013 (MDRAP, 2014) defines the seismic action through 

the design peak ground acceleration 𝑎𝑔 and the normalized elastic response spectra 𝛽(𝑇). 

Auxiliary, the code indicates the possibility of using accelerograms (recorded, artificial or 

simulated) that met the minimum regulatory requirements. The peak ground acceleration map 

of Romania and the normalized elastic response spectra 𝛽(𝑇), for the areas dominated by the 

intermediate-depth Vrancea source, were obtained employing seismic hazard analyses using 

the recorded accelerograms from the Vrancea intermediate-depth earthquakes of March 4, 

1977, August 30, 1986, and May 30, 1990. For the areas where the seismic hazard is dominated 

by other sources, the zoning was performed by combining seismic motion recordings with 

historical macroseismic data (P100-1/2013). The employment of recorded accelerograms in 

structural design is allowed when peak ground accelerations are comparable to the seismic 

hazard design level from the considered area and frequency content is compatible with local 

site conditions and magnitudes. Moreover, the acceleration scaling factor should have values 

below 2, and time-domain dynamic analyses require at least three distinct accelerograms. Due 
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to the few registered ground motions that meet these conditions, artificial or simulated 

accelerograms are enforced. 

Artificial accelerograms are generated based on the site-specific elastic response spectra; their 

spectra approximate the shape of the target response spectrum. However, although they are 

easily generated and do not require a deep knowledge of the factors that trigger and influence 

the ground motion, artificial accelerograms have no real physical significance and have an 

unrealistic frequency content. 

Simulated accelerograms are a reliable alternative for averting these shortcomings. Currently, 

there are four main methods for simulating ground motions: stochastic modelling, empirical 

Green's function method, numerical (physical-based) modelling, and hybrid methods. As 

previously demonstrated (Cotovanu, 2018; 2020; Cotovanu & Vacareanu, 2020a), the 

Vrancea-intermediate seismic motions are best simulated employing stochastic and hybrid 

methods, depending on the earthquake magnitude and the site-specific induced nonlinearities. 

The best-fitted methods were proven to be the point-source stochastic-method (implemented 

in the SMSIM set of programs, Boore, 2003, 2005) and the hybrid method composed of a 

stochastic part for simulating the bedrock motion and a numerical, deterministic part for adding 

the superficial soil-specific modifications, e.g. DEEPSOIL (Hurukawa, et al., 2008). 

The use of a certain method is dependent on the applicability to the seismogenic zone and the 

level of knowledge concerning the processes of generation and modification of the seismic 

waves. The method requires defining the material characteristics near the hypocentres 

(velocity and density), the focal mechanism, the released energy, the radiation pattern, the 

source spectral characteristics of the motion, the path and source durations, the path 

attenuations and scatterings, the behaviour of surface geological layers, etc. Due to parameters 

and methods complexity, currently, the simulated accelerograms specific to the Romanian 

seismic hazard are not within reach of engineers.  

In this paper, a Vrancea-specific modified hybrid method is employed to generate seismic 

motions for hypothetical scenarios. The scenarios are defined to address the seismic hazard 

level of the Romanian Design Code P100-1/2013 (MDRAP, 2014). Accelerograms simulation 

process and development aim to generate new, reliable ground motions for the use of structural 

design and hazard analyses. The simulated motions can cover the gaps from the available data; 

the seismic station networks cover only at a minimum level the necessities that may be 

encountered in design and hazard analyses. 

2. Simulation method 

When applying stochastic or hybrid simulations for specific sites and events, source, path, and 

local site conditions should be defined as best as possible. The simulations depend on many 

variables, consequently, the definition of the parameters involves a complex analysis process 

combined with a comprehensive state-of-the-art. Moreover, the existing simulation methods 

should be tested so they can include the specificities of analysed sources and locations. 

Sometimes a sole method is deficient in summarizing all specificities, and modifications 

should be made to include the particular characteristics. 

In Cotovanu (2018; 2020) and Cotovanu and Vacareanu (2020a; 2020b; 2021), the simulation 

methods were tested, and magnitude conditions were assigned to the best-fitted methods. For 

seismic events where soil nonlinearity can be neglected, the most suitable method is the 

SMSIM Vrancea-modified method (Boore 2003, Cotovanu and Vacareanu 2020b). When the 

seismic events induce nonlinearity in the superficial stratification, the best simulations are 

obtained employing the hybrid method composed from the SMSIM-modified algorithm and a 
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deterministic method for soil behaviour. The proposed methods were validated (Cotovanu & 

Vacareanu, 2020b; Cotovanu, 2020) upon INCERC (Bucharest) station recorded motions from 

October 27th, 2004 (medium-sized earthquake; Mw= 6.0, h=105.4km), August 30th, 1986, 

(Mw=7.1, h =131.4km) and March 4th, 1977, (Mw=7.4, h=94km) seismic events, of which 

the last two are nonlinearity inflicting.  

In the time-domain stochastic simulation method, a white or a Gaussian noise is generated for 

the ground motion duration. The noise is shaped through an energy-distribution window, 

transformed, and normalized in the frequency domain. Afterward, it is multiplied by the 

ground motion spectrum and converted in the time domain (Boore, 2003). The shaping 

window and the ground motion spectrum contain the characteristics of target ground motion. 

The spectrum encompasses the characteristics of the source, wave-travelled path, and local site 

condition contributions, if the case. In the hybrid method, the stochastic bedrock motion is 

changed by the superficial soil effects using the linear-elastic analysis implemented in 

DEEPSOIL program (Hashash, et al., 2016). 

In the validation process, the mentioned methods were modified and adapted to the 

specificities of the Vrancea-intermediate source and local conditions. The original SMSIM 

algorithm (Boore, 2003) was modified to account for the specific relation between the seismic 

moment and the moment magnitude after Popescu et al. (2007) form, the source corner 

frequency after Gusev et al. (2002), and Frankel et al. (1996), and the window function 

proposed by Cotovanu and Vacareanu (2020b).  

3. Design specific scenarios 

As the resistance structures are designed based on the concept of limit states and classes of 

importance, simulations are generated for magnitude-depth scenarios as defined in Pavel et al. 

(Pavel, et al., 2017). The scenarios resulted from seismic hazard disaggregation for the limit 

states and the classes of importance defined in P100-1/2013. Thus, four scenarios are 

considered: SLS (service limit state) for all buildings, ULS (ultimate limit state) for structures 

in the IIIrd importance-exposure category (current building), ULS for the IInd category, and 

ULS for the Ist category of importance-exposure (most critical). For each scenario, a set of 10 

accelerograms are generated based on the defined hybrid method. The simulations are 

generated for INCERC (Bucharest) station. 

Considering the vast literature treating the clustering of Vrancea-intermediate seismic 

epicenters of large events (Oncescu (1984), Trifu and Radulian (1991), Popescu et al. (2000), 

(2003), Besutiu et al. (2009), Carbunaru et al. (2011)), and the clusterization analysis made in 

Cotovanu (2020), the hypothetic events were presumed with the epicenter 45.7º lat. N, 26.6º 

long. E. The focal mechanism was considered where most hypotheses and analyses intersect, 

after Wenzel et al. (1998), Ganas et al. (2010), Moldoveanu and Panza (2001), Radulian et al. 

(2018), Bala et al. (2003; 2019), Lizurek et al. (2017), Radulian (2014) as exposed in Cotovanu 

(2020). Densities and velocities near the source were considered after Tonodi et al. (2009) and 

Raykova and Panza (2006). 

For the source spectrum, in literature, Vrancea-specific parameters were found only for the 

one corner model. Regarding the corner frequency, Radulian and Popa (1996) and Gusev et 

al. (2002) emphasized that the constant stress drop model is not suitable for Vrancea 

intermediate-depth source. Further, the Gusev et al. (2002) definition was initially used 

because the relations defined by Popescu et al. (2007; 2010) were defined from seismic events 

of maximum moment magnitudes 6. In Cotovanu (2020), after modifying the method to 

account for the Vrancea-specific energy release, determining a path-dependent duration, and 
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finding the best fit of all the parameters, the method, and parameter testing was made for 

INCERC site for 1986 and 1977 seismic events. In the testing process, it was observed that 

Gusev et al. (2002) corner frequency function underestimated the simulated motions. 

However, the Gusev database used to develop the function contained the calculated frequency 

corners for the events with the attached errors. Accelerograms were generated with different 

corner frequencies accounting for the error limits. For the 1986 seismic event, a good fit was 

obtained for a corner frequency within error limitations. The fit was obtained with the one 

corner general model proposed by Frankel et al. (1996) (model implemented in SMSIM). In 

the case of the 1977 seismic event, the best fit simulations were found in the upper limit of the 

values from the Gusev database. Still, they were obtained employing neither Gusev nor 

Frankel functions. Accordingly, the source corner frequency was defined for the hypothetical 

simulations after Gusev et al. (2002) and Frankel et al. (1996), considering the 1977 seismic 

event.  

When testing the methods (Cotovanu 2018; Cotovanu and Vacareanu 2020a), an essential 

incompatibility concerning the energy release was encountered: the Vrancea-specific 

behaviour could not be shaped through the general functions appealed to in the stochastic 

methods. Cotovanu and Vacareanu (2020b) investigated the discrepancies and discovered that 

most Vrancea recorded accelerograms exhibit a strong pulse-like motion phase where about 

50% of energy is released in less than 3 seconds. The remaining energy is gradually released 

from acceleration peaks half of PGA. To account for this specificity, a window function was 

proposed and implemented by Cotovanu and Vacareanu (2020b). Further, because certain 

Vrancea-intermediate source-path parameters were not addressed, a specific path duration was 

developed in Cotovanu (2020) and Cotovanu and Vacareanu (2021).  

For the inelastic path attenuation outside of the Carpathians Chain (where Bucharest is 

located), six proposed attenuation functions can be found in literature: Radulian et al. (2000), 

Oncescu et al. (1999), Oth et al. (2008), Pavel (2015), Pavel și Văcăreanu (2015) and Pavel și 

Văcăreanu (2018). Due to these large variations, when testing the method, the attenuation was 

chosen as the best fit from sets of 20 simulated accelerograms for every function for an 

established profile of the INCERC station for the 1986 seismic event obtaining a good fit for 

Oth et al. (2008). 

The INCERC seismic station is located in the Eastern part of Bucharest (the capital of 

Romania), being the only station that properly recorded the major seismic events since 1977 

(including March 4, 1977 event). The INCERC site is described through three geological 

profiles of different depths: Constantinescu and Enescu (1985), Lungu et al. (1998), and Neagu 

(2015). When testing the method (Cotovanu, 2020), the best definition for local site conditions 

was obtained when defining the layers combining Constantinescu and Enescu (1985) and 

Neagu’s (2015) profiles. The soil behaviour was defined using general curves following Neagu 

(2015). The clayey layers curves were defined after Vucetic and Dobry (1991), accounting for 

the plasticity index (𝐼𝑝), and the sandy layers after Seed and Idriss (1970). The layers with 

depths greater than 153 m were defined using Vucetic and Dobri (1991) curves considering 

lithographic descriptions (Stoica-Negulescu, 2016). 
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Table 1. The parameter values considered in the scenarios specific to design requirements  

Parameters 
SLS 

Scenario 

USL cl. III 

Scenario 

USL cl. II 

Scenario 

USL cl. I 

Scenario 
 

Mw 7.06 7.38 7.45 7.55 

Pavel et al. (2017) Source to site 

distance D (km) 
164 166 164 162 

Epicenter 45.7º lat. N, 26.6º long. E Cotovanu  (2020) 

Fault geometry 

Strike/Dip (º) 
220º/70º Cotovanu  (2020) 

Density near 

source (g/cm3) 
3.45 Tondi et al. (2009) 

Velocity near 

source (km/s) 
4.60 Tondi et al. (2009) 

Radiation pattern 0.67 
Boore and 

Boatwright (1984) 

Source spectra 
𝑆 =

1

(1 +
𝑓
𝑓𝑐

)2

 
Boore (2003) 

Source corner 

frequency 
2.779 − 0.5𝑀𝑤 

after Gusev (2002) 

and Cotovanu  

(2020) 

Geometrical 

scattering 
𝑅−0.5 

Pavel and 

Vacareanu (2018) 

Source duration 

including 

directivity effect 

0.14

𝑓𝑐

 

Gusev (2002) 

considering the 

influence of 

directivity after 

Boore (2013) 

Path duration 

78.0   0.0 

162.0   11.56 

204.0   12.3 

0.055 

Cotovanu (2020), 

Cotovanu and 

Vacareanu (2021) 

Event dependent 

attenuation kevent 
0.022𝑀𝑤 − 0.127 

Pavel and 

Vacareanu (2018) 

Path dependent 

attenuation 
114𝑓0.96 Oth et al. (2008) 

Local site 

conditions 
Neagu (2015) and Constantinescu and Enescu (1985) Cotovanu (2020) 

Shaping window 

 

1.005517 (
𝑡

𝑡𝑒
)

0.000656

𝑒
1.062245(

𝑡

𝑡𝑒
)
  first interval; 𝑓𝑡𝑏 = 1 

0.7026 (
𝑡

𝑡𝑒
)

0.000575

𝑒
1.864424(

𝑡

𝑡𝑒
)
 second interval; 𝑓𝑡𝑏 = 2 

𝑡0 = 2.5 s 

Cotovanu and 

Vacareanu (2020b) 

“mean” parameters, 

case I 

4. Design-specific simulated accelerograms for Vrancea intermediate-depth earthquakes 

Based on the previously presented parameters, ten simulations were generated for the INCERC 

station for each design-specific scenario: SLS for all buildings, ULS for buildings in the 

importance-exposure category III, ULS for buildings in the importance-exposure category II, 

and ULS for buildings from the category of importance-exposure I. 

The large magnitudes transform the bedrock spectral amplitudes corresponding to the short 

periods into components corresponding to the long periods (Figures 1 and 2). The corner 

period of the simulated motions increases from the average of 1.51 s for the SLS scenario to 

the average of 1.66 for the USL scenario for buildings of the importance-exposure category I. 

The root mean square accelerations raise with increasing magnitudes from an average of 42.77 

cm/s2 (SLS scenario for all buildings) to 57.84 cm/s2 (USL scenario for buildings of 
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importance-exposure category I). Regarding peak ground accelerations, there is an increase in 

the differences between the accelerations at the bedrock level and those at the level of the free 

surface as the size of the hazard increases. For the SLS case, the surface PGA is 50 cm/s2 lower 

than the one from the bedrock level, while for the USL - Ist importance-exposure category 

decreases by 115 cm/s2. This increase in differences demonstrates an enhancement in the 

amount of energy dissipated due to the nonlinear behaviour of the superficial soil layers in the 

INCERC site (Bucharest). 

Comparing the simulated accelerograms spectra to the elastic response spectrum from P100-

1/2013, it can be observed that the design spectrum is not significantly exceeded for the USL 

scenarios, but the SLS scenario motions surpass the norm over the entire range of periods. 

Regarding the normalized elastic response spectrum, the simulation amplification factors reach 

values greater than 4.  With the increasing magnitude, the large amplifications slide towards 

greater periods. For USL class II and USL class I scenarios, the average corner period of the 

simulations exceeds the value proposed by the design code, the maximum value of the corner 

period of the simulations being 2.4 s. 

As mentioned in the introduction, the seismic action through the design peak ground 

acceleration 𝑎𝑔 and the normalized elastic response spectra 𝛽(𝑇). For Bucharest, 𝛽0, the 

constant amplification level, was considered 2.5, the calibration is made using a greater peak 

ground acceleration. Overall, the simulations for USL scenarios agree with the design response 

spectra. Though, they suggest that the seismic action would be better defined through a greater 

amplification level and a smaller peak acceleration (Table 2). Larger amplification factors can 

be observed in recorded motions too. The spectral accelerations are smaller in the period range 

0-1s. INCERC site, where simulations are performed, is classified as class C according to 

Eurocode 8 (SR-EN1998-1, 2004). Softer soils incline to amplify the motions with larger 

period components. As the norm spectrum was defined employing registrations from more 

sites, the amplitudes of the first range of periods describe better harder sites behaviours. 

For illustrative purpose, in Figure 3, a graphic comparison is made between two simulated 

accelerograms (USL II scenario, INCERC station, Mw=7.45) and real accelerograms (March 

4th, 1977 seismic event, INCERC station, Mw=7.4). As it can be observed, the simulations 

incorporate very well the characteristics of real motions. 

5. Conclusions 

Hypothetical simulated accelerograms were generated. The four design-specific scenarios 

were defined considering the Seismic design code P100-1/2013 requirements. Through limit 

states and importance-exposure classes concepts, ten accelerograms were simulated for SLS 

for all buildings, ULS for buildings of importance-exposure category III, ULS for buildings of 

importance-exposure category II, and ULS for buildings of importance-exposure category I. 

The proposed hybrid simulation method involves employing the Vrancea-modified SMSIM 

for generating accelerograms at the bedrock level and adding the influence of local site 

conditions using the linear-equivalent analysis implemented in the DEEPSOIL program. 

Comparisons were made with the P100-1/2013 hazard level. For scenarios USL class II and 

USL class I, the average corner period of the simulations slightly exceeds the value proposed 

by the design code. The SLS scenario motions exceed the code seismic action over the entire 

range of periods. Simulations suggest that higher spectral amplification and lower peak ground 

accelerations define better Vrancea seismic motions, but overall the USL cases retain the level 

of the seismic action. 
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Simulated accelerograms can become an important tool in analysing seismic features. They 

can be employed in hazard, risk, and structural analyses. This can lead to a better understanding 

of the seismic impact and a significant decrease in construction costs. 

Simulated methods employ rather complicated algorithms and inputs, and adaptations are still 

needed for Vrancea-intermediate motions (source spectra, path attenuation, and site 

characterization), but, as presented in this paper, the potential use and impact in our way of 

analysing the seismic motion concur these shortcomings. 

The first author may provide the simulated ground motions. Those interested shall send a 

request to the first author by email.  

 

Fig. 1 - Comparison between the elastic response spectrum from P100-1/2013 and the spectra of the simulations 

performed for the SLS, USL class III, USL class II and USL class I scenarios 

 

Table 2. Characteristics of accelerograms simulated according to the design hypothesis scenarios  

Simulation 

SLS scenario ULS Class III scenario ULS Class II scenario ULS Class I scenario 

PGA 

(cm/s2) 

Tc (s) PGA 

(cm/s2) 

Tc (s) PGA 

(cm/s2) 

Tc (s) PGA 

(cm/s2) 

Tc (s) 

S1 190 148 1.29 210 1.54 144 1.34 210 1.82 

S1 191 167 1.85 207 1.47 151 2.23 171 1.62 

S1 192 146 1.50 163 2.20 157 1.16 203 1.36 

S1 193 146 1.60 171 1.26 180 1.54 176 1.83 

S1 194 142 1.22 204 1.54 204 1.34 244 1.49 

S1 195 169 1.70 168 1.44 222 1.62 177 1.64 

S1 196 187 1.72 155 1.18 145 1.86 162 1.27 

S1 197 145 1.20 149 1.19 194 1.46 177 1.63 

S1 198 100 1.50 177 1.44 146 1.91 175 1.69 

S1 199 117 1.52 180 2.40 207 2.19 146 2.29 

Mean 147 1.51 178 1.57 175 1.66 184 1.66 
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Fig. 2 - Comparison between the normalized elastic response spectrum from P100-1/2013 and the normalized 

spectra of the simulations performed for the SLS, USL class III, USL class II and USL class I scenarios 

 

Fig. 3 - Example of simulated accelerograms and their characteristics (USL II scenario, INCERC station, 

Mw=7.45) and comparisons to real accelerograms (March 4th, 1977 seismic event, INCERC station, 

Mw=7.4) and elastic response spectrum from P100-1/2013 
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Abstract: The North Anatolian Fault Zone (NAFZ) is one of the most active in the 
Alpine-Himalayan seismic belt. Following the destructive earthquake of Kocaeli in 1999, 
the western extension of the Izmit rupture zone is considered as a high earthquake hazard 
zone. Yalova and Bursa cities are located at the end of the 1999 earthquake rupture with 
almost three million inhabitants, numerous heavy industrial factories and historical 
monuments. Most of the people use natural gas for heating, cooking and production in 
their buildings. In an attempt to reduce the potential earthquake risk, we’ve started to 
install accelerometers inside some of the main gas regulators, schools, police stations and 
set up an EEW algorithm to stop electricity, natural gas distribution and heavy 
machineries. We currently use UC Berkeley’s ElarmS (EPIC) algorithm utilizing 3 
different networks, with 28 seismometers and 65 accelerometers. We present the project, 
initial results of the EEWS and formulas we developed. 

Keywords: Earthquake early warning, earthquake, disaster mitigation, earthquake hazard, 
earthquake risk 

1. Introduction  

At present there is no way to predict earthquakes. An increasingly common method to 
mitigate earthquake hazard is by installing EEWS and rapid response systems. The 
objective of EEWS is to rapidly detect the initiation of an earthquake, estimate the level of 
ground shaking to be expected, and creating a warning signal before strong ground shaking 
starts (Allen & Kanamori, 2003).  This can be done by detecting the P-wave energy 
radiating from an earthquake, which rarely causes damage. Using P-wave information, the 
algorithm first estimates the location and the magnitude of the earthquake. The system uses 
this to estimate the anticipated ground shaking across the study region to be affected. The 
method can provide warning before the S-wave, which brings the strong shaking that 
usually causes most of the damage, arrives. At present several good examples are running 
all over the world (Allen et al., 2009; Alçık, H.A., 2011). There is one installed EEW 
system in Istanbul and it is still operating for 16 years in Turkey (Erdik et al, 2003). The 
BUYEEW is the second example of EEW system in Turkey and after successful 
implementation it will be used for other regions in Turkey by the National Disaster and 
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Emergency Management Agency (AFAD). Kocaeli University is installed a local seismic 
network in Yalova and Bursa city in 2006 and since than they are monitoring seismic 
activity of the region. The network is called as ArNET and consists of 27 seismic stations 
covering Bursa, Yalova and surrounding regions (Tunç et al., 2010). There are also 6 
accelerometers co-located in some of the stations. AFAD is responsible for running 
Turkish National Seismic network and they have strong motion and weak motion networks 
all over Turkey. AFAD has 40 accelerometers and 15 seismometer stations in Bursa and 
Yalova and surrounding regions. The third network belongs to Bursagaz natural gas 
distribution company and they have 25 accelerometers installed in Bursa city. They are 
using all these accelerometers to shut down the valves in the main natural gas regulators 
and purge gas in the main pipe lines during moderate and large earthquakes (Barış et al., 
2017). In this project, all seismic stations are combined and unified under the same EEWS. 
At present we are testing two formulas: the main is EPIC’s default formulas and second 
one is new formulas for region and comparing the efficiency of the performance. 

2. ElarmS system 

ElarmS is a regional based algorithm, utilizing the initial P-wave amplitudes to locate the 
epicentre and estimate magnitude based on peak displacements. Ground shaking may then 
be estimated using an attenuation relation of the region.  ElarmS is being developed by UC 
Berkeley for California and is one of the building blocks of the U.S. west-cost ShakeAlert 
(Kohler et al., 2017). Elarms is also installed in Istanbul EEW (Erdik et al., 2003); Peru, 
Chile in test mode and Israel (Nof and Allen, 2016). The algorithm has been tested for 
more than 10 years in California (Cochran & Meier, 2017). 

2.1. Installation of ElarmS system in Bursa and Yalova cities 

The starting point of installing the EEWS was installation of a local seismic network to 
monitor seismicity in Bursa and Yalova in 2006 (Baris et al., 2006). The network is called 
ArNET and new seismic stations in Bursa-Yalova region were installed to a current total of 
27 weak motion and 6 strong motion instruments in 2012, covering Bursa and Yalova 
cities. Bursagaz company also started to install and operate a local accelerometer network 
in Bursa for shutdown valves in mail regulators and purge natural gas during a moderate 
and large earthquakes. AFAD is the national authority and they are operating national 
weak motion and strong motion of Turkey. They have some seismic stations in Bursa, 
Yalova cities. In this  project we combined all available seismic stations around Bursa and 
Yalova cities operated by 3 different bodies. All data are collected by Kocaeli University 
and Bursagaz center using SeisComp3 software for data acquisition and automatic location 
procedures. Figıre 1 show the present station distribution of the study area. For near future 
we will also include other seismic stations from AFAD in Marmara region and Turkey. All 
weak motion data will be used for earthquake location and magnitude estimation and all 
accelerometers data will be used for calculation PGA, PGV and creating alarm signals. 

We installed additional accelerometers in Bursa and Yalova area. AFAD installed 10 
accelerometers in Bursa-Yalova area in 2019. Whenever we get new seismic stations we 
will add these stations into our network. We are also discussing with the industrial 
companies to install one accelerometers of each factory site. Then we will also re-organize 
station distribution according to the optimal span of stations. 
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Figure 1. Seismic station distribution of BUYEEW. White lines represent active faults and colour symbols 
represent seismic stations. 

2.2. Running EPIC system 

The EPIC system installed into two different servers in testing phase. We kept one server 
with default formulas and the second server with devoloped formulas. First installation has 
been done by Dr Nof and he teaches the system to the project members. Some installation 
procedure used hardware and running examples is shown below. Figure 2 shows first 
installation and training Elarms to the project members. Figure 3 shows the data 
acquisition system of ArNET network and it will be used for BUYEWW system. Figure 4 
shows the screen shot of EPIC system running in Kocaeli YUBAM center. 
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Figure 2. The photographs shows first installation and testing the Elarms system in Kocaeli University. 

 

 
Figure 3. The monitors show the screen of SeisComp3 data acquisition and processing software of ArNET. 

 

 
Figure 4. Screen output of Epic system during testing phase for the BUYEEW project. 
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The ElarmS system is started to operate on 15th of June 2019 and Epic version is started to 
operate on 7th of January 2020. We developed formulas for second server and it is started 
to operate on 26th of January 2022 Since then two different servers are running in parallel. 
In light of the short time of operation, we cannot give a full statistical analysis of the 
system performance. Stations latency is currently not optimized for EEW and range 
between a few seconds to tens of seconds, packets of data of 2-10 seconds. Our aim is to 
make fine tuning of the parameters and adopt to our study area using both real time and 
historical replays (Nof & Allen, 2016). 

3. Conclusions 

Bursa and Yalova city is located on the western part of the NAFZ in Turkey and both cities 
have higher seismic risk. In order to reduce vulnerability and mitigate disasters one 
earthquake early warning system is installed. We selected the EPIC algorithm as a main 
early warning system. The Elarms system is started to operate in 15th of June 2019 and 
since then two different servers are running in parallel. So far, installation and operation of 
EPIC in Bursa and Yalova city is successful, though the short operating time does not 
allow a full performance analysis. Our aim to make fine tuning of the parameters and adopt 
to our study area.  
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Abstract: This paper investigates the effect of ground motion (GM) directionality on the non-

linear response of bilinear single-degree-of-freedom (SDOF) systems, utilising a subset of 

the NGA-West2 database. The aim is to highlight the general trends in the median, RotD50, 

and maximum, RotD100, directional response. A parametric study was carried out by varying 

the force reduction factor, R, and the initial elastic period, Tel, of many SDOF systems for a 

wide range of causal parameters (Mw, Rrup & Vs,30). By examining the results for various levels 

of R and highly ductile response, systems with short Tel tended to exhibit relatively low 

response directionality, whereas long Tel systems showed relatively high response 

directionality. Considering all the SDOF systems analysed, the ones that exhibited the highest 

directionality effects were the systems with short Tel and low R. Comparison with classic R-

μ-T relationships available in the literature illustrated the notable impacts of directionality on 

non-linear response quantification. By binning the causal parameters and separating the near- 

and far-fault GMs, it was possible to determine the more salient directionality effects of near-

fault GMs, when compared with far-fault GMs on the non-linear systems. 

Keywords: directionality; non-linear response; bilinear SDOF; RotD50; RotD100 

1. Introduction 

An accurate representation of damage in the urbanised area is needed for disaster risk 

assessment and urban planning. This requires appropriate ground motion (GM) severity 

measures that characterise the realistic response of non-linear (NL) systems and account for 

their maximum directional response. Since earthquake-induced GMs are felt principally as 

shaking in three dimensions (i.e., three translational and three rotational components), there 

is a need to consider the different possible incidence angles in which the propagating seismic 

waves can affect engineered systems. Earthquake hazard and structural response analysis are 

often combined using an intensity measure (IM) (Bradley 2012), which connects the 

structural response thresholds to the distribution of GM intensities required to exceed them. 

The most common IM used in building codes and seismic response analysis methods is the 

spectral acceleration at a given period T of vibration, Sa(T). In this paper, the notation Sa 

will be used for brevity, implying that it refers to the spectral acceleration at a period T and 

5% of critical damping.  

Given that structures are 3D objects that can be excited in multiple directions by ground 

shaking, a question that has often arisen when defining Sa is: in which orientation should it 

be defined? Baker and Cornell (2006) addressed this question by demonstrating the 

consistent use of spectral acceleration of an arbitrary component, Saarb, and the geometric 

mean of spectral acceleration of the two as-recorded components, Sagm, in probabilistic 

seismic analyses. In the last decades, various definitions have been proposed to compute a 
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Sa measure that may be considered an appropriate IM of the ground motion in the 2D 

horizontal plane. Some of these definitions include the geometric mean of the Sa in the two 

as-recorded directions, the median or maximum value of response spectra over all 

orientations (Boore et al. 2006; Boore 2010). Boore (2010) defines RotDnn as the nnth 

percentile of all rotation angles sorted by amplitude at each period, with D denoting the 

period-dependent rotation angle. In this paper, these Sa (or displacement) definitions (i.e., 

RotD100, RotD50 and RotD00) were used to quantify the directional response of both 

bilinear and linear SDOF oscillators. 

To date, the efforts in the literature have considered bidirectional or multi-directional 

response of either linear-elastic systems or complex non-linear structural systems (Nievas 

and Sullivan 2017; Feng et al. 2018; Pinzon et al. 2019; etc.). On the one hand, many 

inspiring insights have been obtained from previous studies on linear systems. However, the 

focus of this study was to extend such efforts to NL systems. On the other hand, although 

the studies examining complex NL systems give interesting conclusions, most are structure-

specific applications. In contrast, the general trends of the phenomenon were explored here. 

Therefore, there is a need to better understand the trend in the NL directional response of 

simple bilinear systems and evaluate whether the trends observed on linear systems are still 

valid or somehow correlated. Several researchers have also developed GM models for peak 

inelastic displacements of single-degree-of-freedom (SDOF) systems, Sdi, (Huang et al. 

2020; Heresi et al. 2018). Sdi can be an effective IM relating the ground motion intensity 

with the inelastic response and, therefore, the structural and non-structural damage of 

engineered systems (Stafford et al. 2016). Using Sdi, instead of elastic Sa can result in 

improved seismic-demand predictions, subsequent damage and loss estimates for multi-

degree-of-freedom structures (O’Reilly et al. 2020). 

In this study, the RotDnn for the 00th, 50th and 100th period-dependent percentile of Sdi was 

calculated for all non-redundant incidence angles for bilinear SDOF systems with a range of 

elastic periods, Tel, and force reduction factors, R. The goal was to understand the 

directionality effects of GMs of various characteristics on inelastic systems, as an extension 

from previously examined elastic systems (Shahi and Baker 2014). All in all, this study is 

useful because it provides insights into the maximum directional response of NL systems, 

which can enable a more comprehensive quantification of damage in engineered systems. 

2. Methodology 

A flowchart of the steps followed to obtain the peak inelastic displacement response for each 

GM and rotation angle is given in Figure 1. Firstly, the GMs within the range of Mw and Rrup 

of interest were extracted from the NGA-West2 database, which is described in Section 2.1. 

Then, the range of R and Tel values, along with the hysteretic behaviour, the post-yield 

stiffness, and the damping of the system, were defined. It is noted that the R assigned to the 

system was one per GM and kept constant over the different rotation angles of that GM. This 

was chosen to be based on the linear-elastic RotD100 response. Then the ground motions 

were rotated and applied to the NL system to obtain the maximum displacement of the 

oscillator per GM per rotation angle. The elastic SaRotD100 and SaRotD50 were obtained from 

the meta-data in the flatfile of the NGA-West2 database. It is worth recalling that Sa and Sd 

can be used interchangeably for elastic systems, whereas for inelastic systems, the Sdi is 

more appropriate in characterising their response. The total number of analyses presented in 

this study amounted to 7167 GMs × 5 R × 10 Tel × 30 incidence angles = 10,750,500 inelastic 

SDOF analyses. 
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Figure 1. Computational workflow 

2.1. Ground motion database 

The NGA-West2 database (Ancheta et al. 2013) is a comprehensive database of shallow 

crustal earthquakes in active tectonic regions. From the whole database, a subset of GMs 

that can cause structural or non-structural damage, depending on magnitude and distance, 

was selected for the analyses; specifically, the subset considered was Mw ≥ 5 and Rrup ≤ 300 

km. The considered GMs distributed in the Mw-Rrup ranges are shown in Figure 2(a). This 

subset includes 7167 GMs, whose scatter plot of distance, magnitude and Vs,30 is depicted in 

Figure 2(b). Additionally, GMs with the ‘maximum usable period’ (calculated from the 

lowest usable frequency given in the flatfile) lower than the elastic period of the system were 

filtered out of the considered GM subset. 

 
(a) 

 
(b) 

Figure 2. (a) Mw-Rrup bins, and (b) Mw-Rrup scatter plot, with the Vs,30 distribution of the considered GMs 

2.2. Description of the considered SDOF system 

The inelastic SDOF system chosen for this study was a simple bilinear model with a positive 

strain hardening (i.e., post-yield stiffness ratio αs = 3%), as shown in Figure 3. The hysteretic 

behaviour of this system is non-degrading and non-evolutionary. A tangent stiffness 

proportional damping model was adopted with a ratio of ξ = 5%, as it was shown to be 
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appropriate for inelastic response history analyses (Petrini et al. 2008). Future work may 

consider the response of hysteretic models representative of different structural systems. 

The set of examined elastic periods was Tel = [0.04, 0.06, 0.1, 0.2, 0.3, 0.5, 1.0, 2.0, 3.0, 4.0] 

in seconds, and the strength reduction factors was R = [1.5, 2, 3, 4, 6], which are both shown 

in Figure 1. R was defined as the ratio of maximum force demand of the elastic system 

subjected to a given ground motion, Fel, to the assigned SDOF yield strength, Fy.  

 

Figure 3. Hysteretic model of the bilinear SDOF oscillator 

3. Results 

3.1. Sdi,RotDnn spectra 

The 84th, 50th and 16th percentiles of the elastic, Sde,RotDnn, and inelastic, Sdi,RotDnn, spectral 

displacements for the considered GMs are shown in Figure 4. The RotD00 (i.e., the minimum 

directional response) of the inelastic response is also considered in the comparisons. 

Generally, it can be seen from Figure 4(a) and (b) that, for Tel < 1s, the median Sdi increases 

with an increase in R, while for Tel > 1s the inelastic response is almost the same as the elastic 

one across all the different R factors. This result was expected, as the non-linear behaviour 

of medium to long-period structures typically follows the equal-displacements rule. In 

contrast, short-period structures typically follow the equal-energy rule (Chopra 2014). This 

held for different inelastic responses quantities RotDnn and was also presented in (Huang et 

al. 2020). 

Figure 4(c) compares the RotD50 elastic displacement spectrum with the RotD00 of the 

inelastic displacement spectrum. This was to investigate whether the elastic RotD50 

response, conventionally used in the seismic design process, can be higher than the minimum 

inelastic response. It is interesting to see that even the 00th percentile of inelastic 

displacement can be higher than the 50th percentile of elastic displacement for periods shorter 

than Tel = 0.3s and high R factors. While for longer periods, the aforementioned inelastic 

response is always lower than the elastic one. For R equal to 1.5, the inelastic response is 

almost in any case lower than the elastic one. This shows that the elastic response cannot be 

sufficient in representing the minimum directional response of inelastic systems with short 

Tel. 

3.2. Directionality measure 

The most widespread measure to describe the GM directionality is the RotD100/RotD50 

ratio and it was the one utilised herein. Figure 5(a) shows the median directionality measure 

for the inelastic and elastic (i.e., R=1) systems and compares them with the corresponding 

geometric mean values of Shahi and Baker (2014) for an elastic response. Firstly, it can be 

seen that the elastic directionality measure for the selected range of GM causal parameters 

is in good agreement with the model developed by Shahi and Baker (2014). In the case of 

elastic systems, the ratio of SaRotD100 to SaRotD50 ranges from 1 to √2 for the case of 

unpolarised to extremely polarised, respectively. However, this directionality measure can 
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take much higher values for an inelastic system with the lower bound staying the same. 

Figure 5(a) shows that, for Tel > 0.3s, the directionality measure increases as the R increases. 

Also, regardless of the R value, all the directionality measures move closer to the elastic one 

for periods larger than 0.5s. However, for Tel < 0.3s, the systems with lower R factors start 

to exhibit a more pronounced directionality effect. 

(a) (b) 

                                                

(c) 

Figure 4. Median Sdi spectra for (a) RotD50; (b) RotD100; and (c) RotD00 along with the RotD50 elastic 

displacement spectrum of the elastic system 

The dispersion of the directionality measure, calculated as the standard deviation of the 

natural logarithm of the directionality measure, is presented in Figure 5(b), where it can be 

seen that the overall trend matches the median values. In other words, there is also high 

dispersion for the inelastic systems with high median values. The dispersion is minimised 

and approaches the dispersion of the elastic system for long Tel. Note also that the dispersion 

of the elastic system matches the one given in Shahi and Baker (2014) quite well. 
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(a) 

 

(b) 

Figure 5. Directionality measure: (a) median Sdi,RotD100/Sdi,RotD50; and (b) dispersion of Sdi,RotD100/Sdi,RotD50  for 

the different Tel and R factors 

3.3. Maximum displacement ductility 

Figure 6 depicts the median displacement ductility, μ, calculated as Sdi,RotD100/Δy for the 

considered Tel and R factors. It can be seen that, for the same R factor of the system, the μ 

decreases as Tel increases until it generally plateaus for Tel > 2s. This is essentially due to the 

non-linear behaviour of the systems converging towards the equal-displacement rule. Two 

well-established models relating R, μ and Tel from the literature, Nassar and Krawinkler 

(1991) and Vidic et al. (1994), were also plotted in Figure 6 for comparison. It can be seen 

that the trend of those models is in good agreement with the trend of the results obtained 

here. Nonetheless, the median values estimated in this study are somewhat higher, especially 

for the systems with high R factors and short Tel. This is due to several reasons. Firstly, the 

ductility presented here is for the system’s response under the GM rotated to the direction of 

100th percentile linear-elastic response. At the same time, the other studies were performed 

for the two as-recorded components of GMs. Secondly, although both previous studies used 

bilinear hysteretic models, there are slight differences in the post-yield stiffness and the 

assumption of viscous damping modelling. Furthermore, Nassar and Krawinkler (1991) 

considered 15 GMs in the Western United States and Vidic et al. (1994) considered 20 GMs 

recorded in the Western United States and the 1979 Montenegro, Yugoslavia earthquake, as 

opposed to the 7167 GMs considered in this study.  

3.4. Directionality in near- and far-fault ground motions 

Different bins of near-fault and far-fault GMs were examined in terms of the directional 

inelastic response and directionality measures, depicted in Figure 7. From the inelastic 

spectrum, it can be seen that near-fault GMs result in higher elastic and inelastic 

displacements for the entire range of Tel. It is also apparent that the near-fault GMs result in 

higher directionality measure (i.e., Sdi,RotD100/ Sdi,RotD50), as it is well known that near-fault 

GMs exhibit higher directional effects (Bray and Rodriguez-Marek 2004; Huang et al. 2009; 

Tarbali 2017). A similar trend is also present for the directionality measure presented in 

Figure 7(c). 
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Figure 6. Displacement ductility in the 100th percentile of the response versus period and reduction factor 

and compared with two conventional models 

 

(a)  

 

(b) 

 

(c) 

Figure 7. (a) Median Sdi,RotD100 spectra, (b) median Sdi,RotD50 spectra and (c) median directionality measure 

(Sdi,RotD100/ Sdi,RotD50) for near- and far-fault ground motions. 
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4. Summary 

This paper examined the directionality of the ground motions in the NGA-West2 database 

for a range of inelastic SDOF systems. A bilinear hysteretic behaviour was chosen with 

varying elastic vibration period, Tel, and force reduction factor, R. The inelastic displacement 

spectra were computed for RotD100, RotD50 and RotD00 definitions and plotted against the 

corresponding elastic ones. These spectra provided insights on the response directionality of 

inelastic systems and their relationship with the elastic ones regarding peak spectral 

displacements. It was shown that the effect of directionality on the inelastic systems, 

quantified via the RotD100/RotD50 ratio, increases with R for Tel  > 0.3s, whereas the 

opposite trend was observed for Tel < 0.3s. Differences and impacts of considering 

directionality compared to traditional non-linear response models were also shown. 

Similarly, a subset of near-fault ground motions showed higher elastic and inelastic 

displacements and higher directionality for the entire range of Tel. 

There are, nevertheless, some limitations and planned future developments stemming from 

this study. In particular, further studies will be performed using different hysteretic models 

(e.g., Ibarra-Medina-Krawinkler deterioration model) with different post-yield behaviours 

(e.g., negative post-yield stiffness). Additionally, the analyses will be extended to full 3D 

buildings or bridge structures. Lastly, similar analyses will be conducted for ground motions 

from subduction earthquakes, given the inherent differences in their duration and cumulative 

measures compared with shallow-crustal ground motions. 
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Abstract: Due to the continuous rise in the use of Response-History Analysis in the design 

and analysis of new and existing structures and infrastructure, ground motion records are 

required to be properly selected and modified to obtain the best possible fit to the site-

specific response spectrum. QuakeManager addresses many of the shortcomings of current 

tools by integrating several functionalities in one easy-to-use program, allowing the process 

of ground motion selection, analysis and modification to be performed more effectively and 

accurately. It incorporates the latest state-of-the-art techniques in the earthquake engineering 

field and ground motion science including the two primary methods used in engineering 

practice: Amplitude Scaling and Spectral Matching. In addition, it can generate simulated 

artificial bidirectional near-fault ground motion records that can be used in earthquake 

simulations. QuakeManager has a massive searchable database enabling storing, searching 

and analyzing records with many file formats from worldwide libraries. Additional tools 

include a record rotation tool that allows rotating records to fault-normal/fault-parallel or 

other orientations, computation of intensity measures, and generating engineering reports of 

the ground motion selection and scaling or spectral matching of suites.  

Keywords: Baseline correction; Selection and Scaling; Spectral Matching; Tight and Mean 

matching; Artificial Ground Motion Simulation 

1. Introduction 

The usage of ground motion data is increasing due to the continuous rise in the use of 

Response-History Analysis in the design and analysis of new and existing structures and 

infrastructure. Ground motions need to be properly selected and modified to acquire a suite 

of records that provide the best possible fit to the site-specific response spectrum. 

Engineers routinely expend substantial efforts in building and refining finite element 

models to ensure the highest possible accuracy, but usually pay significantly less attention 

to the selection, scaling and modification of the ground motion records, which can have an 

equal if not larger effect on the accuracy of the analysis. The selection of a ground motions 

suite with the correct seismological characteristics, mean and dispersion statistics can have 

a substantial impact on the accuracy and validity of the analysis results. 

QuakeManager is an integrated software for the management, analysis, selection and 

modification of earthquake ground motions and related waveforms. It addresses many of 

the shortcomings of current tools by integrating several functionalities in one easy-to-use 

program. It incorporates the latest state-of-the-art techniques in the earthquake engineering 

field and ground motion science including the two primary methods used in engineering 
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practice: Amplitude Scaling and Spectral Matching. The software consists of multiple 

modules that are tightly integrated within a common user-interface allowing seamless data 

flow between modules: QuakeSelect, QuakeMatch, QuakeSim, QuakeLibrary, QuakeSpec, 

as well as several modules that are under development including: QuakeSignal (Signal 

processing and baseline correction), and QuakeSite (Site Response Analysis). 

2. User interface 

QuakeManager has a highly interactive and configurable user interface that is intuitive and 

easy to learn. These interactive features combined with the advanced capabilities of 

QuakeManager makes it easier for earthquake engineering professionals, students and 

researchers to search and utilize ground motion data. Significant effort was invested in 

designing a graphical user interface (Fig. 1) that is modern, powerful, efficient, intuitive 

and easy to use which enhances the software capability and maximizes the user’s 

productivity [Hachem M. (2008)]. It draws on the latest developments in user-interface 

design, such as using moveable and resizable panes, providing the ability to browse record 

database information and display record histories, as well as the ability to instantly 

compute record properties including spectral values and intensity measures. 

The workspace is fully configurable, and the various panes can be arranged and sized in a 

multitude of ways. Panes can be docked, floated or hidden, which maximizes space use 

and allows the use of multiple screens if desired (Fig. 2). An emphasis was placed on 

visual output and immediate feedback from the user interface.  

QuakeManager's ribbon guides users to browse, find and use commands efficiently. It 

allows quick discovery of the software features and functions which facilitates learning of 

the software. The project pane (project tree) includes the list of commands that can be 

performed in QuakeManager (defining Target Spectra, Selection & Scaling, Spectral 

Matching…). The Ground Motion Database Library includes all the stored records in the 

libraries. History charts panes display the time-history charts (AVD, Acceleration, 

Velocity and Displacement) of one or multiple records, in addition to the Arias, Polar chart 

and the geographical Mapping of the selected records. The spectra chart pane shows the 

various spectral quantities in various formats, or other types of spectra such as Fourier 

spectra and Power Spectral Density. The records view pane is at the center of the 

QuakeManager user interface. It displays a list of records, which can be all the records 

belonging to a given database collection, a filtered set of records, or the result of a 

selection or spectral matching. The view can be customized to remove or add columns 

(fields). Up to 147 different fields can be shown. This allows the user to show the fields of 

interest and hide all other fields to preserve screen space. The record properties (metadata) 

pane includes the properties and stored parameters of the ground motions. More than 160 

fields are currently supported including many automatically computed intensity measures. 

The “GM Search & Select” pane (Auto-Hidden by default) enables manually selecting as-

recorded ground motions from the database for scaling, matching, modification and/or 

rotation. QuakeManager provides users a wide range of filtering criteria in which users 

may define, and GM Search Panel will generate all records that satisfy these criteria. 

QuakeManager can plot a wide range of time histories charts including: AVD (Fig. 3), 

Acceleration (Fig. 4), Velocity (Fig. 5), Displacement, Polar chart (Fig. 6) and Arias (Fig. 

7). The Arias (Fig. 7) chart plot the Husid plot of the recorded ground motion which 

reflects the variation of the cumulative ground motion input energy as a function of time. 

QuakeManager can also show the locations of the selected records on a Google Map (Fig. 

8) as clusters or individual markers representing the event and station of the record. 
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Fig. 1- QuakeManager user interface 

 

Fig. 2 - Dockable user interface 

  
Fig. 3– Acceleration-velocity-displacement time 

histories (AVD) 

Fig. 4– Acceleration time history 
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Fig. 5– Velocity time history Fig. 6 – Polar interaction 2d trace and envelope 

  
Fig. 7– Husid plot (arias intensity) with d5-95 

duration 

Fig. 8 – Map of selected records 

3. Code and user defined design spectra 

Design response spectra can be defined by the user and are used as Target Response 

Spectra for several operations within QuakeManager including selection and scaling and 

spectral matching. Design spectra are also used to perform ground motion search and 

ranking by spectral shape.  

Prior to defining the target spectrum, the Site dialog can be used to define the site location 

(Street Address or Latitude/Longitude) and soil condition by site class (A, B, C…) or shear 
wave velocity (Vs30). QuakeManager allows two ways to define the target spectrum: Code 

Design Spectrum or User-Defined Spectrum. Using the Code Design Spectrum dialog 

(Fig. 9), the design spectrum parameters can be automatically retrieved from the USGS 

webs services based on the defined site conditions and QuakeManager will calculate and 

plot the spectrum. The tool supports all codes supported by USGS including: ASCE 7-16, 

ASCE 7-10, ASCE 41-17, ASCE 41-13, NEHRP 2020, NEHRP 2015, NEHRP 2009 IBC 

2015, IBC 2012, CBC 2019, CBC 2015, CBC 2010 and AASHTO 2009, with support for 

ASCE 7-22 when it is officially released. Also, QuakeManager can develop the two-period 

and multi-period (NEHRP 2020 and ASCE 7-22) of MCE and DBE horizontal and vertical 

spectra. Spectra parameters that are downloaded include SS, S1, TL, Fa, Fv, SMS, SM1, SDS 

and SD1. QuakeManager also reads additional hazard parameters such as: risk category, 

PGA, seismic design category, Ssuh and others. When the design spectrum is obtained from 

a site-specific probabilistic seismic hazard analysis, the User-Defined Spectrum dialog 

may be used where the user can enter data directly in the table (T vs Sa). The user-defined 

spectrum allows the design spectral values and dispersion logSigma (optional) to be 

defined for each period independently. Users may also select to plot Standard Deviation 

and Target Mean +/- Standard Deviation in a Linear or Logarithmic scale (Fig. 10).  
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Fig. 9 – Code design spectrum dialog Fig. 10– User-defined spectrum 

4. QuakeManager modules 

QuakeManager is designed as a framework that supports common functions and operations 

needed for the management and analysis of ground motion records. The software was fully 

developed in C++ under Microsoft Visual C++ [Hachem M. (2008)]. The design of the 

framework was conceptually and functionally separated into several modules. This has 

several benefits in conceptual design as well as actual software development. The modules 

that are tightly integrated within a common user-interface for seamless data flow between 

modules: QuakeSelect, QuakeMatch, QuakeSim, QuakeLibrary, QuakeSpec, QuakeSignal 

and QuakeSite (in progress) with additional modules that are planned for development. 

4.1. QuakeSelect 

QuakeSelect (Fig. 11) provides enhanced record selection and scaling by selecting suites 

with optimal spectral shapes and statistics matching those of the target spectrum, while 

satisfying a variety of seismological, statistical, and code constraints. QuakeManager has 

the full capability for ground motion selection and scaling to match the target spectrum. It 

allows scaling the records to the target-spectrum over a user-specified period range while 

enabling the user to control how the error between the records and the target spectrum is 

defined. Multiple types of selection targets are supported including: Components (H1 

component, H2 component and vertical), Bidirectional (SRSS, Geomean, H1 component, 

H2 component, RotD100, RotD50, RotD00, vertical component, FN component and the 

maximum of H1 component and H2 component, FN component) and a Custom Match 

which allows defining up to three different target spectra with different types and fitting 

criteria. The GM fitting criteria (Fig. 12) allows the user to define parameters for selecting 

and optimizing the record selection and scale factors. In the dialog, minimum and 

maximum allowed scale factors may be defined. QuakeManager supports three period 

range options: Uniform Weight, Weighted Period and Weighted Frequency. The advanced 

options enable controlling the error types by specifying the evaluation method as Linear or 

Logarithmic and setting the desired error measure techniques of different spectral 

parameters as follows: Absolute Difference Sum, Absolute Difference Integral, Square 

Sum (SSE) or Square Integral. QuakeManager can match suite mean (Fig. 13), suite 

dispersion (Standard Deviation (Fig. 14) or Logarithmic Sigma) or individual records. The 

suite mean can be calculated arithmetically or using the geometric mean. Using the 

individual records feature, top records (with smallest error) are matched individually to the 

target spectrum, which is desired when they will be spectrally matched later. The suite 

scaling constraint is an additional adjustment where the selected suite does not fall below 

the specified factor compared to the target spectrum.  
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Fig. 11– Ground motion selection dialog Fig. 12 – Fitting criteria dialog 

QuakeManager supports several record filtering options when performing selection which 

helps selecting records that match the desirable tectonic and hazard properties of the site. 

Filter options include magnitude (Mw, ML, or MS, etc.), distance (depicenteral, dhypocentral, 

drupture, dJoyner-Boore…), frequency & duration (D5-95, D5-75, High-Pass Frequency, Low-Pass 

Frequency and Lowest-Usable Frequency), NEHRP Soil Class, Shear Wave Velocity 

(Vs30) and whether records can be rotated to FN/FP. The FN/FP rotation option will only 

select records that can be rotated to the fault axes. Finally, two suite target ranges can be 

set: Average Magnitude and Average Distance. When used, the magnitude and distance 

averages of the selected suite records will fall within the defined ranges. 

  
Fig. 13 – Ground motion selection and scaling Fig. 14 – Ground motion selection and scaling 

4.2. QuakeMatch 

QuakeMatch provides the ability to modify a suite of records to achieve an ideal fit to the 

target spectrum, beyond what can be achieved by scaling alone. It can perform tight and 

mean spectral matching to further adjust ground motion suites for an improved fit to the 

target. Moreover, the implemented mean spectral matching technique helps in maintaining 

record characteristics and controlling variability while meeting code requirements.  

4.2.1. Tight matching 

The conventional spectral matching, where each ground motion is modified such that, its 

spectrum perfectly matches the target. This minimizes the potential amplification of higher 

modes and significantly reduces the variability in spectral ordinates (Fig. 15). 

4.2.2. Mean matching 

A hybrid spectral matching method, where records in the suite are each slightly modified 

such that the average (and optionally the dispersion) of the suite perfectly matches the 
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target. Mean Matching preserves the peaks and valleys, characteristic period and energy 

content of the record (Fig. 16). It reduces the peak values of the individual spectra which 

minimizes the amplification effects on higher modes, and is better at preserving the natural 

characteristics of the records [Mazzoni S.; Hachem M.; Sinclair M. (2012)]. 

  
Fig. 15 – Tight spectral matching Fig. 16 – Mean spectral matching 

Despite its simplicity, the spectral matching dialog (Fig. 17)  offers many possibilities for 

matching records like matching individual components, pairs or triplets of records. It can 

also match record resultants such as SRSS, Geomean, RotD100/RotD00 simultaneously, 

RotD100 [Grant D. (2011)] (approximate and exact), and RotD50 (approximate), and can 

match all 3 components of a record including the vertical component. Matching Criteria 

(Fig. 18) allows controlling the spectral matching parameters like the definition of wavelet 

model to produce better solutions. QuakeManager enables defining period or frequency 

ranges that can be split into multiple steps, pre-scaling records at specific periods, applying 

additional factors and baseline correction. It also supports different wavelet models 

including: Reverse Acceleration Impulse Response Function, Tapered Cosine Function and 

Improved Tapered Cosine Function [Attik L.; Abrahamson N. (2010)]. 

  
Fig. 17 – Spectral matching dialog Fig. 18 – Matching criteria 

4.3. QuakeLibrary 

QuakeLibrary includes a massive searchable database enabling storing, searching and 

analyzing records with different file formats from worldwide libraries. The Ground Motion 

Library is a database record manager that provides the capability to organize, browse, and 

search many records, both individual Components and Triplets. QuakeManager comes 

with pre-loaded and fully searchable ground motion databases including the metadata of 

NGA-West2 database metadata and the SAC Steel ground motion set. It allows adding 

data, which can be obtained from multiple sources like: Online databases, published sets of 

ground motions, Simulated, user-generated, or proprietary records. QuakeManager’s 

ground motion database includes multifaceted such as: record metadata, record file, data 
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series (or time history), response spectra (Sa, Sv, Sd, PSa, PSv, etc) and intensity 

measures. It supports worldwide file formats like: USGS (SMC), PEER NGA, NRC, SAC 

Steel, K-Net and Kik-net, CSMIP/CGS, Chile, New Zealand, RSP Match, COSMOS, 

NBCC, Costa Rica, Generic, Multi-Column and a User-Defined File Formats. 

4.4. QuakeSim 

QuakeSim (Fig. 19) is used to generate simulated artificial bidirectional near-fault ground 

motion records that can be used in earthquake simulations (Fig. 20), using a published 

algorithm for artificial ground motion simulation [Dabaghi M.; Der Kiureghian A. (2018)]. 

 

 

 

Fig. 19 – GM simulation dialog  Fig. 20 – GM record simulation 

4.5. QuakeSpec 

QuakeSpec can plot various spectra like: PSa, PSv and Sd (Fig. 21), SRSS, Geomean, 

Maximum and Minimum components, RotD00, RotD50, RotD100 (Fig. 22) and FN/FP 

components. The chart pane shows many spectral or analytical quantities in various 

formats like Fourier spectra (Fig. 23), Acceleration-Displacement Response Spectrum 

(ADRS) (Fig. 24) and Power Spectral Density. The charts are organized in a tabbed 

interface for easy switching between different chart types. They allow comparison of 

multiple records. It is possible to export chart data as an image or to text format. 

  
Fig. 21 – Pseudo spectra Fig. 22– Rotated spectra 

  

Fig. 23 – Fast Fourier transform 
Fig. 24– Acceleration-displacement response 

spectrum (ADRS) 

RotD100 

RotD50 

RotD00 
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5. QuakeManager Tools 

5.1. Ground motion rotation tool 

It is assumed that the angle corresponding to the FN/FP directions leads to the most critical 

structural response. Thus, some codes require record be rotated to their FP/FN orientations 

(Fig. 25) before being applied to a building if the building is within the near-fault zone of a 

significant seismic fault. Near-fault records are also likely to exhibit a pulse effect. Near-

source effects cause most of the seismic energy from the rupture to arrive in a short 

coherent long-period pulse of motion in the FN (and/or FP) direction(s). The Ground 

Motion Rotation Tool allows rotating records to any desired orientation. Some records may 

also be rotated to their fault-normal (FN) and fault-parallel (FP) components, often without 

further input from the user. QuakeManager provides Basic and Advanced options and 

parameters for controlling how the rotation is performed and allows scaling the records. 

This feature guides users to search and compute the near-fault and pulse records. The 

software enables rotating a record or multiple records in a suite. The basic options allow 

scaling and rotating the records by a specific angle, rotate to FN, rotate to FP, rotate to FN 

plus an additional angle to account for building orientation or rotate to the record Azimuth.  

 

 

Fig. 25– Ground motion rotation example to FN/FP 

5.2. Intensity measures 

Many intensity measures can be used to depict the shaking intensity and damage potential 

of a ground motion record. The variation of these values depends mainly on the distance of 

the fault rupture area, due to the distribution across the geographical area from the 

epicenter. Other parameters that contribute to the variation of the Intensity Measure is the 

rupture direction and surface geology. QuakeManager has the capability of computing 

various ground motion parameters (intensity measures). These measures are usually 

computed from the acceleration, velocity or displacement history, but some are related to 

the ground motion spectrum (acceleration, velocity, displacement), or other related 

quantities such as the PSD (Power Spectral Density), etc. QuakeManager can compute a 

large number (30+) of intensity measures like PGA (peak ground acceleration), PGV, 

PGD, RMSa (Root-Mean-Square Acceleration), EPA (effective peak acceleration - 

average spectral acceleration over the period range 0.1 to 0.5 sec divided by 2.5), SPA 

(sustained peak acceleration - 3rd highest absolute value of acceleration in the time history) 

[Kramer S. (1996)], IV (Incremental Velocity), CAV (cumulative absolute velocity), Arias 

intensity, duration measures, cross-correlations of acceleration components, etc. Duration 

measures include D5-75 and D5-95 representing the Arias duration and Db5PcG corresponding 

to the bracketed duration of accelerations over 5%g [Kramer S. (1996)]. 
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5.3. Report generator 

The Report Generator tool generates engineering reports of the ground motion selection 

and scaling or spectral matching of suites. The Report Generator extracts all the output 

data and automatically generates a complete MS-Word report for the selected records. 

Users can easily navigate through the report, adjust and save the report. Users may also 

select and define the data tables and figures to retrieve and can choose various display 

options. This is a tremendous time saver when generating long reports. 

5.4. Import/Export tool 

QuakeManager supports multiple methods to import records to or export records from the 

GM Library or the suite including: Import by Drag and Drop, Import/Export from CSV 

and QuakeManager Import Tool. The Import Tool enables importing records from a local 

source on the disk. It imports unlimited number of records and automatically detects the 

correct record file format if not specified. In case the record file format was not identified, 

QuakeManager, provides helpful debugging information for files that do not match the any 

of the file formats. In the "Drag & Drop" method, the files are dragged from a folder on the 

computer disk into a collection in the Ground Motion Library. QuakeManager then checks 

all the files for a valid ground motion format and imports the valid ones to the database. If 

the record has header information, metadata is extracted and stored in the database. In the 

"Import from csv" method, the user prepares a csv file that defines the metadata of each 

records and specifies the file disk location for each record (which contains the acceleration 

history data). This method can require more work but allows a large number of metadata to 

be imported for each record (e.g. from a flat file). Note that the acceleration history is not 

included in the csv, but only record properties. It is also possible to export a collection of 

records to the csv format to be later imported or shared with another user. 

6. Conclusions

QuakeManager is an integrated software for the management, selection, modification and 

analysis of ground motion records. The software incorporates the latest state-of-the-art 

techniques in the earthquake engineering field and ground motion science. It incorporates 

the two primary methods used in engineering practice: Amplitude Scaling and Spectral 

Matching. It consists of multiple modules that are tightly integrated within a common user-

interface which allows data to flow seamlessly between modules. It introduces a dynamic 

and integrated approach for using ground motion records that increases productivity and 

provides new capabilities that are not available in other ground motion analysis software.  
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Abstract:  
In the present study an effort to propose appropriate Ground Motion Prediction Equations 
(GMPEs), for the service named Rapid Earthquake Damage Assessment System (REDAS) 
in the Black Sea basin, is attempted.  Emphasis of GMPEs harmonization is given in the 
Cross Border Areas (CBA). For this reason, two distinct sub-areas are investigated taking 
into consideration their tectonic regime. One sub-area refers to active shallow crustal 
earthquakes (Greece-Turkey CBA) and the other to intermediate depth & shallow crustal 
earthquakes (Romania-Moldova-Western Black Sea CBA). Testing and ranking of pre-
selected GMPEs has been performed using strong motion data of the broader CBA regions 
of both sub-areas. The finally proposed GMPEs for feeding the REDA System may assure 
effective estimation of ShakeMaps, and in combination with the appropriate vulnerability 
curves, as well as reliable near-real time damage estimation in the cross-border earthquake 
affected area. 

Keywords: ShakeMaps, Rapid earthquake damage assessment, GMPEs, Data 
Harmonization, Seismologic Service  

1. Introduction  

Near real-time estimation of ground motion induced by an earthquake (ShakeMap) is based 
on the combination of the recorded values and those computed using GMPEs. The 
selection of appropriate GMPEs is an essential step in defining seismic input of the Rapid 
Earthquake Damage Assessment System (REDAS). During the past half-century, a 
plethora of strong motion attenuation relations have been proposed worldwide, known as 
Ground Motion Prediction Equations (GMPEs) or Ground Motion Predictive Models 
(GMPMs); (see among others; Douglas 2021). These models are an extremely useful tools 
in seismic hazard assessment and more recently in generating of ShakeMaps. They can be 
based on earthquake strong motion recordings from various seismotectonic regimes 
worldwide considering however effects due to local or/and regional seismotectonic regime. 
Although geographic country borders must not be reckoned with GMPEs definition, in 
many cases strong motion data acquired by country level networks are preferred for 
determining a local GMPEs as the most representative in seismic hazard assessment for 
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this country. Consequently, in the cross-border area of countries the “paradox” of differing 
expected ground motion intensity maybe proposed depending on the GMPE used. 
To tackle this “paradox”, adoption of the most appropriate for the seismotectonic setting of 
the Cross-Border Areas (CBA) in the broader Black Basin territory is attempted, to reliably 
serve the REDAS. According to the seismotectonic map of the Euro-Mediterranean, which 
has been developed in the framework of the SHARE project (2013) (Fig. 1), the eligible 
earthquake alerting area to be included in the REDAS can be divided in two general 
categories in terms of tectonic features; (i) one including Active Shallow Crustal Regions 
(ASCR) as Greece and Turkey, and (ii) another Stable Continental Region (SCR) 
consisting mainly of continental crust as Romania, Moldova and the Black Sea area. For 
this reason, two parallel investigations regarding the selection and ranking of the most 
appropriate GMPEs are presented below.  

                           

Fig. 1. Seismotectonic map of the Euro-Mediterranean area developed for the SHARE prj. (modified from 
Delavaud et al. 2012; Woessner et al. 2015). 1. SCR, shield (a) and continental crust (b); 2. oceanic crust; 3. 
ASCR, compression-dominated areas (a) including thrust or reverse faulting, and contractional structures in 

the upper plate of subduction zones, extension-dominated areas (b) including associated transcurrent faulting, 
major strike-slip faults and transforms (c), and mid oceanic ridges (d); 4. subduction zones shown by 

contours at 50-km-depth interval of the dipping slab; 5. areas of deep-focus non-subduction earthquakes; 6. 
active volcanoes and other thermal/magmatic features. 

 
2. Selection and ranking of GMPEs for CBA of Greece and Turkey 

All 37 GMPEs, based on data from the broader area of Greece and Turkey, published in 
international peer reviewed journals for the period 1985-2021, have been compiled. 
Provided that the most recently published GMPEs generally utilize higher quality digital 
data, the proxy for site effects, VS30, advanced independent parameters in regression 
analyses and since such models are based on data already incorporated in older ones, it was 
decided to restrict our analyses only on those GMPEs published during the last decade. 
The 7 out of 37 GMPEs for the period 2013-2021 are shown in Table 1. The rest of them 
were excluded based on the aforementioned criteria as well as on those suggested by 
Cotton et al. (2006) and Bommer et al. (2010). Evaluation and ranking of the predictive 
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performance of the selected (GMPEs) against strong motion data for the CBA of Greece 
and Turkey is then attempted. 

The evaluation procedure includes seven (7; Table 1) local and regional developed GMPEs 
based on available strong motion data at that time in Greece, Turkey and worldwide. Since 
the majority of the regional/global GMPEs provides estimates of peak ground parameters 
(e.g. PGA or/and PGV), the evaluation is initially limited to both intensity measures of 
ground motion, namely PGA and PGV.  The evaluation of each model is made against 
strong motion data recorded in Greece and Turkey with the causative earthquakes in their 
CBA. More specifically 240 accelerometer recordings were used, provided by 3 CBA 
earthquakes which occurred in the period 2017 to 2020 (the Lesvos–Karaburun-Izmir 2017 
[M6.3], the Bodrum-Kos 2017 [M6.6], and the Samos 2020 [M7.0]). These recordings 
were not part of any data set used in generating the GMPEs tested in this study. For testing 
and ranking two methods were used, namely, the normalized residuals and the Log-
Likelyhood(LLH). 

Table 1. Selected for ranking GMPEs of the Greece and Turkey CBA. 
GMPE  
 
 

Magnitude 
Type  
/Range 

Distance 
type/ 
Range 

Intensity 
measure 

Site 
classification 
type 

Style of 
Faulting 

* 

Horizontal 
Componen
t type 

Region 

Akkar et al. 
(2014) 

Mw/ 4.0-
7.6 

Rjb, Rhypo 
or Repi/1-
200 km 

PGA, 
PGV, Sa 
(T=0.02-
4.0 s) 

VS30 based NS, SS, 
RS 

Geometric 
Mean 

Europe and 
Middle East 

Chiou and 
Youngs 
(2014) 

Mw/ 3.5-
8.5 for SS 
 Mw/ 3.5-
8.5 for NS 
or RS 

Rrup, Rjb , 
Rx / 0 – 
300 km 

PGA, 
PGV, Sa 
(T=0.01-
10.0 s) 

VS30 based 
(180 – 1500 
m/s) 

NS, SS, 
RS 

Arithmetic 
mean 

California, 
Japan, China, 
Italy, Turkey 

Abrahamson 
et al. (2014) 

Mw/ 3.0-
8.5 

Rrup, Rjb , 
Rx, Ry0/ 
0 – 300 
km 

PGA, 
PGV, Sa 
(T=0.01-
10.0 s) 

VS30 based  NS, SS, 
RS 

Arithmetic 
mean 

California, 
Japan, China, 
Taiwan Italy, 
Turkey 

Chousianitis 
et al. (2018) 

Mw/ 4.0-
6.8 

Repi/ 
0.3-200 
km 

PGA, 
PGV, Tm 

NEHRP 
classification 
(B, C, D) 

Unkno
wn, NS, 
SS, RS 

Geometric 
Mean 

Greece 

Kotha etal. 
(2020) 
 

Mw/ 3.0-
7.4 

Rjb/1-545 
km 

PGA, 
PGV, Sa 
(T=0.01-
8.0 s) 

VS30 based 
(90 – 3000 
m/s) or slope 
based 

- RotD50 Europe and 
Mediterranea
n 

Boore et al. 
(2021) with 
bias 

Mw/ 4.0-
8.0 

Rjb/1-300 
km 

PGA, 
PGV, Sa 
(T=0.01-
10.0 s) 

VS30 based 
(150 – 1200 
m/s) 

Unkno
wn, NS, 
SS, RS 

RotD50  Greece 
 
 
 

Boore et al. 
(2021) 
without bias 

Mw/ 4.0-
8.0 

Rjb/1-300 
km 

PGA, 
PGV, Sa 
(T=0.01-
10.0 s) 

VS30 based 
(150 – 1200 
m/s) 

Unkno
wn, NS, 
SS, RS 

RotD50  Greece 
 
 
 

*NS: Normal-slip, SS: strike-slip, RS: reverse-slip or thrust 
 

(a) Normalized residuals method 
The comparison of GMPEs in terms of observed values of ground motions can serve 
several purposes, the main of which is to realize the range in which the GMPE of interest is 
correlated to the local properties of source, path, and site scaling of ground motion. When 
modelling both the epistemic and aleatory variability, each GMPE is considered in the 
form of a probability lognormal distribution, as determined by equation (1) 
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    (1) 
where the yij represents the ground motion recorded at location j due to an event i, the term 
μ (mi, rij, pij) represents the expected ground motion from an earthquake of magnitude mi, 
recorded at distance rij and finally the term pij corresponds to other model parameters (e.g. 
site amplification, fault type or any other). The total uncertainty, denoted by ZT,ij, is 
modelled as a normal distribution with a mean zero and a total standard deviation equal to 
σT. Therefore, ZTij is the total normalized residual of the jth recording from the ith earthquake 
event: 
When calculating the normalized residual the term yij is the recorded ground motion, μ (mi, 
rij, pij) is the mean estimate of the GMPE and σT is the total standard deviation of the 
GMPE. From the above, it follows that,  

                                            
A GMPE is considered as a good fit to the recorded data if its normalized residuals follow 
closely a standard normal distribution, with a mean zero and standard deviation equal to 
1.0. Differences in the mean of the residuals may indicate a tendency for a GMPE to over- 
or underpredict the records, whereas differences in the standard deviation may suggest an 
over- or underestimation of ground motion variability.  
Figures 2(a) and 2(b) present the PGA and PGV normalized residual distribution, 
respectively, for the recording values and the GMPEs considered.In both figures, the 
model of Boore et al. (2021), both with and without bias, exhibit a distribution of residuals 
very close to a standard normal distribution, indicates thus a good fit to the data. This was 
expected since Boore et al. (2021) model has been derived from strong motion data 
specifically of the broader Aegean area, that cover the CBA as well. The models of Chiou 
and Youngs (2014), Chousianitis et al. (2018) and Akkar et al. (2014) present a good fit to 
the recorded data for both PGA and PGV. The rest of the GMPEs, of Kotha et al. (2020) 
and Abrahamson et al. (2014) show a satisfactory fitting to the observed data. After 
considering PGA and PGV of equal importance as intensity measures, the corresponding 
residual values can be combined, so that a unique residual-based ranking and weighting 
scheme can obtained, as shown in Table 2. 
 

Table 2. Ranking (combined) of selected GMPEs based on combined PGA and PGV residuals 
Ranking GMPE MeanNorm 

Res(PGA-PGV)  
std dev  

(PGA-PGV) 
Z(PGA-
PGV) 

1 Boore et al. (2021) w bias 0.134 0.861 0.273 
2 Chiou and  Youngs (2014) 

 
-0.230 1.082 0.313 

3 Chousianitis et al. (2018) 
 

-0.286 0.861 0.424 
4 Akkar et al. (2014) -0.369 0.887 0.483 
5 Boore et al. (2021) w/o bias 

 
-0.562 0.932 0.630 

6 Kotha et al. (2020) 
 

-0.407 0.749 0.658 
7 Abrahamson et al. (2014) 

 
-0.720 0.951 0.769 

(b) Log-Likelihood method 
The simple likelihood analysis (Scherbaum et al., 2004) may not be sufficient since they 
may be biased by the sample size and/or subjective view regarding the criteria used to 
assess the fit of a model. One possible method to measure quantitatively and objectively 
the goodness of fit of GMPEs to a data set is through the use of information theory and the 
LLH approach, a data-driven evaluation method, proposed by Scherbaum et al. (2009). The 

46
3ECEES, September 2022, Bucharest, Romania



LLH implements an information theoretic approach for the selection and ranking of 
GMPEs.  

(a)      (b)     

Fig. 2(a) PGA residual distribution for the records set and the GMPEs considered; 2(b) PGV residual 
distribution for the records set and the GMPEs considered. The red lines indicate the probability density 

function fit to the data, whilst the black lines correspond to the standard normal density function.  

The method derived a ranking criterion from the Kullback-Leibler (KL) divergence, which 
denotes information loss when a model g, defined as a distribution (given by a GMPE), is 
used to approximate a reference model, f (data-generation process, i.e. nature). According 
to Scherbaum et al. (2009), the LLH is finally represented by the negative average sample 
log-likelihood, according to equation (3), and is a measure of the distance between a model 
and the data-generation process.  
A small LLH indicates that the candidate model is close to the process which has generated 
the data while a large LLH corresponds to a model that is less likely to have generated the 
data. 

                            
where, N is the number of observations. Scherbaum et al. (2009) provided a potential 
means of deriving weights for each model within a suite of models, according to equation 
(4). In equation (4), K is the number of GMPEs. 

                        
The GMPEs used are of the Boore et al. (2021), Chousianitis et al. (2018) derived from 
strong motion data of events from the broader Aegean area. Moreover, models of Chiou 
and Youngs (2014), Akkar et al. (2014), Kotha et al., (2020), and Abrahamson et al., 
(2014) using regional and worldwide observed data are also involved in this analysis. In 
PSHA, different GMPEs can be used for different intensity measures, however, this would 
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make the analysis more complex. Considering of equal importance PGA and PGV as 
intensity measures, the corresponding LLH values can be combined, so that a unique LLH-
based ranking and weighting scheme can obtained, as shown in Table 3.  
                     Table 3. Ranking of selected GMPEs based on combined LLH for PGA and PGV 

Rankin
g 

GMPE LLH 
1 Chousianitis et al. (2018) 0.160 
2 Boore et al. (2021) w/o bias 0.910 
3 Boore et al. (2021) w bias 0.930 
4 Chiou and  Youngs (2014) 0.932 
5 Kotha et al. (2020) 0.971 
6 Akkar et al. (2014) 1.035 
7 Abrahamson et al. (2014) 1.167 

 

(c) Final Selection of GMPEs for Greece and Turkey 
The methods of evaluation which were implemented in previous sections constitute an 
objective way of ranking the pre-selected GMPEs against strong motion data in Greece-
Turkey CBA. As has been observed, different evaluation approaches led to different 
rankings. Therefore, the final selection of a suite of GMPEs for PSHA and the 
corresponding weighting, will result from a combination of the rankings presented in 
Tables 2 and 3. The weighting factors of the final GMPEs will be made separately for each 
evaluation method. Equation (4) applies the LLH approach, whereas for the residual-based 
approach the weighting factors are computed in a similar way, according to equation (5), 

                      
The weighting factors for the suite of GMPEs is presented in Table 4. The first 3 of 
provide a weight sum of unity, and can be considered as the finally selected GMPEs. 
 

Table 4. Final weights of selected GMPEs based on both evaluation approaches  
A/A GMPE wl - LLH wl - residuals Final wl 

1 Boore et al. (2021) w bias 0.160 0.281 0.346 
2 

Chiou and  Youngs (2014) 0.160 0.270 0.337 
3 

Boore et al. (2021) w/o bias 0.162 0.241 0.317 
4 Chousianitis et al. (2018) 0.272 0.121 - 

 
3. Selection and ranking of GMPEs for CBA of Romania, Moldova and Black Sea 

 
3.1 GMPEs for Vrancea Intermediate-depth earthquakes 
Considering the complex seismotectonic environment of Romania & Moldova, the 
ShakeMap - used as an input for REDA - should be either generated for intermediate 
seismic source of Vrancea or/and for crustal seismicity generated mainly in the western 
side of Black Sea. Evaluation of the up-to-date GMPEs for intermediate-depth events 
(Cioflan et al., 2020) is based on the selection of models from previous seismic hazard 
analyses, currently used in the Romanian ShakeMap and recent works (e.g. Douglas 2021). 
The database (Fig. 3) comprises 5200 records selected out of 22000, of 421 Vrancea events 
occurred between 1977 and 2019. Moment magnitudes, Mw, range from 4 to 7.4 and 
depths 60 - 170 km. Records belong to 204 seismological stations of the Romanian 
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National Seismic Network (https://doi.org/10.1007/978-3-319-14328-6_9) or temporary 
deployed within national/international projects of NIEP since 1985. The database contains 
also selected records from 9 seismic stations deployed within the framework of DACEA 
CBC project (2011) now integrated in the Seismic network of Republic of Bulgaria 
(https://doi.org/10.7914/SN/BS) and 5 stations from Republic of Moldova 
(https://doi.org/10.7914/SN/MD).  

             (a)  (b)  
Fig. 3. (a) PGA distribution of the records in the database; color bar stands for hypocentral distance                 

(b) Depth distribution of the events in the database 
 
Several models were considered good candidates for testing in terms of PGA, PGV and 
SA, among them: Atkinson and Boore (2003) (AB03), Garcia et al. 2005 (Getal05), Lin 
and Lee (2008) (LL08), Sokolov et al. 2008 (Setal08), Vacareanu et al.2015 (Vetal15), 
Abrahamson et al (2016) (Aetal16). The main characteristics of the tested GMPEs are 
presented in Table 5. 
 
(a) Normalized residuals method 
For evaluating the GMPEs applicability, two types of tests were done: one related to the 
computation of the relative residuals and another one related to statistical goodness-of-fit 
parameters. In the first step, the relative errors were computed for the 6 selected GMPE’s, 
in terms of PGA, PGV and spectral accelerations (computed up to 10s with a step of 0.1s). 
In Fig. 4 the distributions of residuals computed in our database (Error = log(PGA) - 
log(PGAGMPE) is shown, only for PGA. 
 

Table 5. GMPEs for the Vrancea seismogenic area 
GMPE Parameters Mw 

range 
Dist_range 

[km]   PGA, PGV, SA 
SA 

    
Abrahamson et al 2016 (Aetal16) SA(<10s) 5 - 7.9 < 300 
Atkinson and Boore 2003 (AB03) SA(<4s) 5 - 8.3 < 300 

Garcia et al. 2005 (Getal05) SA(<5s), PGV 5.2 - 7.4 < 400 
Lin and Lee 2008 (LL08) SA(<5s) 5.3 - 8.4 < 630 

Sokolov et al. 2008 (Setal08) SA(<3s), PGV 6.3 - 7.4 < 300 
Vacareanu et al. 2015 (Vetal15) SA(3.5s), PGV 5.1 - 7.4 < 400 
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Fig.4 Residuals (for PGA) as a function of hypocentral distance (1st & 3rd  columns) and probability density 

function of residuals(2nd & 4th columns) for the 6 examined GMPEs of theTable 5. 
 
(b) Likelihood (LH) and Log-Likelihood(LLH) methods 
In line with international practice of selecting and ranking GMPEs in a second step, the 
selected models were ranked using two statistical methods: the likelihood (LH; Scherbaum 
et al., 2004) and log-likelihood (LLH; Scherbaum et al., 2009). The LH goodness-of-fit 
method testing is based on LH measure and assumes that the logarithmic predictions of the 
GMPEs have a normal distribution (Scherbaum et al., 2004). Under a set of observed data, 
the ground-motion model performs well, only if the residuals are normally distributed with 
zero mean and unit variance (Zafarani & Farhadi, 2017). The LH model varies between 0 
and 1, where the value of 1 means that the observation coincides with the mean value of 
the model (Scherbaum et al., 2004). The LLH method (Scherbaum et al., 2009) has been 
already mentioned in the previous section. The results of these tests are displayed in Table 
6, for PGA, PGV. 
In the case of PGA, the ground motion models are ranked using the statistical methods 
(LH, LLH) as follows: Setal08, AB03, Vetal15, Getal05. In the case of PGV, the Getal05 
and Setal08 models have the highest capability to predict while the others have lowest 
grades or even outside of acceptance range. Discussing the new tools developed for 
assessing seismic hazard, Solokov et al. (2020) conclude that Vetal15 is the appropriate 
GMPE to be used for the PSHA in Bulgaria in the case of Mw>6.2 intermediate depth 
events.  

      Table 6. Results of LH and LLH tests  (*):No GMPEs for PGV  

GMPM  PGA PGV Weighting factors 

Mean LH LLH Mean LH LLH wl - residuals  wl - LLH  Final  
Aetal16 0.38 0.71 * *    

AB03  0.44 -0.25 * *    

Getal05 0.33 0.83 0.3 0.72 0.321 0.294 0.308 

LL08  0.22 1.14 * *    

Setal08 0.4 0.67 0.38 0.53 0.299 0.329 0.314 

Vetal15 0.45 0.47 0.26 1.06 0.379 0.377 0.378 

Our final option for the REDAS input goes to a weighted combination of the GMPEs able 
to provide values for PGA and PGV as well. Weights in Table 6 have been computed 
following the same procedure as the one applied for Greece and Turkey GMPEs. 
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3.2  GMPEs for crustal earthquakes in Romania, Moldova and Black Sea 
Seismic activity in the crustal domain in Romania is rather low and no records of 
strong/damaging earthquakes are available. Analysis of the observed macroseismic 
intensities indicates (including the historical part of the catalogue) values of VI-VII MSK 
in the examined area (in Moesian Platform) and even VIII MSK (1981) in the North 
Dobrogea seismic area. 
Due to the limited recorded data of this low to moderate seismic activity, no GMPEs were 
recently developed in terms of PGA, PGV or spectral acceleration (SA) in Romania and 
Moldova. In this study, 6 GMM’s were selected (Table 7) to be tested for future 
implementation in the ShakeMap. We select four regional models developed based on 
Europe and Middle East data and 2 global ones based on the NGA2 database whose main 
characteristics are shown in Table 7. Our data base regarding the crustal seismicity 
comprises almost 2000 records of 221 events with magnitude Mw = [2.8-5.4] and 
maximum depth of 60 km from the Romanian National Seismic Network or recorded 
within national/international projects since 1985. The distributions of the recorded ground 
motions versus moment magnitude (PGA&PGV) can be seen in Figure 5.  
Earthquake parameters used in the test performed for the selected GMPEs are taken from 
ROMPLUS (INCDFP, 2021), BIGSSES Project (2017) and EMSC for 2017-2020. As the 
selected GMPEs include the style of faulting (SoF) in their functional forms, complex 
source information from INCDFP source mechanisms available at 
http://atlas2.infp.ro/~rt/fms/, REFMC (Radulian et al., 2020), Craiu et al. (2016; 2017) 
have been used. For the 28 earthquakes occurred in Bulgaria and recorded by our stations 
(2003-2019) (without available focal mechanisms) the SoF has been taken according to the 
nearest fault characteristics reported in the SHARE model (Woessner et al., 2015). 
The testing of the selected GMPEs follows the same steps as in the previous analysis; only 
the results of the statistical tests are presented in Table 8. From the above results the high 
performance of Kale et al. (2015) GMPE considering both PGA and PGV tests is evident.  

 
Table 7. GMPEs for crustal earthquakes 

GMM PGA, PGV, SA Mw range Dist. range [km] 

Akkar et al. 2014 SA(<4s) 4-7.6 0-200 

Bindi et al. 2014 SA(<3s) 4-7.6 0-300 

Boore et al. 2014 SA(<10s) 3-7.9 0-400 

Cauzzi et al. 2014 SA(<10s) 4.5-7.9 0-150 

Chiou and Youngs 2014 SA(<10s) 3.5-8.5 0-300 

Kale et al. 2015 SA (≤4s) 4-8 0-200 

                         
Fig. 5. Magnitude-PGA and PGV distribution of observed data used in GMPEs 
testing. The color bar displays the hypocentral distance of the records [in km]. 
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Table 8. Ranking results for crustal earthquake GMPEs 

GMM PGA PGV 

Mean_LH LLH Mean_LH LLH 

Akkar et al. (2014) 0.38 -0.39 0.49 0.13 

Bindi et al. (2014) 0.32 -0.85 0.49 -0.33 

Boore et al. (2014) 0.30 -0.86 0.50 -0.19 

Cauzzi et al. (2014) 0.41 -0.29 0.28 0.96 

Chiou & Youngs (2014) 0.33 -0.38 0.42 0.03 

Kale et al. (2015) 0.44 -0.47 0.49 0.22 

 
4. Discussion and Conclusions  
In this study a testing and ranking procedure was performed to evaluate and select the most 
appropriate GMPEs for the REDA System in the Black Sea basin area. Regarding the CBA 
of Greece-Turkey the 3 best GMPEs are given in Table 4 while for the Romania, Moldova 
and Black Sea territory the 3 best models are given in Table 6 for intermediate depth 
events and in Table 8 for shallow crustal ones. However, it must be stated that these 
GMPEs might be further evaluated especially after an earthquake in the eliginble area of 
the Black Sea basin. 
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Abstract: Continuous safe and low-cost operation of structures extensively 
depends on their proper maintenance and management. To apply optimal 
management strategies for the existing structures, accurate assessment of 
their present and future safety is important and crucial. Hence, monitoring of 
structures can be considered a necessary condition for providing the planned 
level of their safe and efficient functioning under expected hazardous effects 
during their serviceability. Pre-existing analogue 3D seismic network in 
Ohrid, N. Macedonia originally is installed in the 80’s with support from 
USGS. By upgrading and modernization real earthquake records will be 
obtained for investigation of local site effect and dynamic response of 
buildings. It is in the central urban part of the city of Ohrid and with the 
recent activities real time recording and health monitoring processes is 
enabled at the location. In this way, it will be possible to timely recognize 
and identify damages to the structure as well as define its present state and 
conditions for its further use. 

Keywords: structural health monitoring, real time, earthquakes, software  
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1. Introduction  

Dedicated monitoring networks are essential to cope with the seismic emergency in urban 
areas, to assess the damage scenarios, which are useful for the preservation of the strategic 
functions and services and to improve the community resilience to earthquakes. To apply 
optimal management strategies for the existing structures, accurate assessment of their 
present and future safety is important and crucial. In order to study local site effect on the 
modification of strong ground motions and dynamic response of structural systems a three-
dimensional seismic network at Ohrid Lake basin is developed in the 80’s (Petrovski et al., 
1995) with support from USGS (United States Geological Survey). This network 
represents establishment and testing of structural monitoring system in urban area in the 
city of Ohrid, significant cultural heritage center in the Balkan Area, with defined 
moderate to high earthquake hazard and risk. This 3d seismic network is consisted of three 
free field sites (Fig. 1) with one surface and three downhole instruments each, up to 100 
meters to the bedrock; one nine story building site with two instruments on the building, 4 
instruments at the foundation level and one outcropping rock site with one instrument 
(location Tower). The characteristics of the instruments at the locations are presented in 
Figure 3 and Table 1. The point of interest in this paper is Location 1(Tower). 

 

Fig. 1 - 3-dimensional seismic network in Ohrid 
 

Table 1. Specification of the instruments at the 3d Ohrid seismic network 
 Location – 1- Tower 

In situ laboratory Location - 2 Location - 3 Location - 4 

Site type Instrumented building Free field Free field Rock -outcrop 
Instruments at building 

structure 2 (6th and 9th story)    

Instruments at foundation 
structure 4    

Instruments at soil surface 1 1 1 1 
Instruments in soil profile 2 (13.0m, 22.9m) 2 (9.5m, 22m) 2 (9.0m, 21.5m)  

Instruments at bedrock 1 1 1 1 
Total number of instruments 10 4 4 1 
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2. General Information of the building structure – Tower (Location 1) 

The building is residential, where the ground floor is intended for business premises, and 
the other floors for housing. It basically has an approximately square shape, with 
dimensions 24.0x24.4m and have eleven levels: ground floor, mezzanine, first floor, 
second floor, third floor, fourth floor, fifth floor, sixth floor, seventh floor, eighth floor and 
attic. The ground floor has a height of H = 3.84m, the mezzanine is with a height of H = 
2.60m, while the other floors have an equal height of H = 2.88m. The structure is a mixed 
reinforced concrete structural system, with square and rectangular columns, which start 
from the ground floor with larger cross-sections, gradually decreasing to the higher floors. 
Pile foundation is used through single foundations connected to each other by foundation 
beams in both orthogonal directions. (Fig.2) 
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Fig. 2 – Building structure – Tower; base and cross section 

3. Instrumentation of the Building structure-Tower  

Based on previous research performed in the past when the network was operational, 
taking into account the measurements of the dynamic behaviour of the building, the most 
suitable locations for the installation of the instruments were determined. FBA-3 (force 
balance accelerometers) of the Kinemetrics type have been installed at characteristic points  
in the foundation, one on the 6th floor and one on the 9th floor. While the other four 
instruments are located near the small observation house, three in soil at a depth of 100m, 
22m, 13m and one on the surface forming a closed functional system. (Figure 3) 

The FBA has three component accelerometers for measuring accelerations in the three 
orthogonal directions with the following characteristics: 

o Measuring range of accelerations +/- 1 g 
o Own frequency 50Hz 
o Damping 0.7 of critical 
o Measuring frequency range 0 to 50Hz 
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It is important to note that the cables from the instruments are protected in plastic pipes 
previously built together with the building structure. The accelerometers placed in the 
building are protected in an iron box, while those on the foundations are also protected in 
an iron box which is placed in a specially made chamber on the upper joint of the 
foundations. All instruments’ channels (30) for real time recordings are gathered in the 
small (observation) house for instruments built in front of the building. 

 

 
 

Fig.3 – Instrumentation at the Building structure - Tower; Instruments view on the floor and 
foundation; Small house for instrumentation for real time recordings. 

4. Software for real time monitoring 

During planning and installation of the Ohrid Lake Seismic network in late 80's entire 
network was composed of most successful instruments produced by Kinemetrics Inc., 
Pasadena, California. In the time period between 2020-2021 extensive revitalizations and 
modernization process has begun replacing analogue to digital conversion device which 
enables recording of real time earthquake events and thus structural and health monitoring 
system at the Location 1-Tower. The behaviour of the structure is monitored in 
serviceability conditions, during and after seismic effects (if any during the considered 
period). The recorded data is analysed by different methodologies for system identification 
for the purpose of obtaining necessary data on the structure and its performances. 
Processing of the acquisitioned data is done by mathematical and software solutions and 
methodologies developed at UKIM-IZIIS. The monitoring software (Figure 4) is 
developed in LabView. The software allows defining a limit level (trigger) for each 
measuring channel individually. The trigger can be in terms of acceleration or 
displacement level. After exceeding this level, the software creates a record in TDMS 
format which can then be further analysed or processed in other data processing and 
analysis software. In the background, the software constantly performs a basic analysis of 
the measured data and based on previously determined parameters displays the condition 
of the structure, expressed by a traffic light indicator (green - the construction is OK, 
yellow - caution and additional checks are needed, red - the construction is not safe. From 
March 2021 three more significant earthquake events has proven the functionality of the 
installed instruments and provided important data for further investigation at the location 
including numerical model verifications and analysis. 
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Fig 4. Software for real time monitoring of the system 

4. Conclusions  

Earthquake triggered damages in buildings and soil failures are difficult to study without 
having multiple recordings from real occurred earthquakes at the same stations and 
different magnitude of excitation. Verification is ultimately needed for the possibility of 
extrapolation of small records to predict local soil behaviour, structures’ response and their 
dynamic characteristics in the case of strong earthquake motions, and soil structure 
interaction effects under dynamic excitation. Results obtained from structural health 
monitoring will create an instrumentation network that will provide valuable scientific 
information and support the society contribution. It will make a great impact on the urban, 
architectural and structural planning and design of the town area and long-term strategy for 
seismic protection of buildings, historical and cultural monuments and lake environment. 
The Ohrid 3d seismic network with its unique instrumentation data, will have significant 
scientific contribution by providing real earthquake data from urban area both from soil 
and structure. With its revitalization possibility to study their interaction effects in real time 
is provided as a solid base for increased earthquake resilience.  
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Abstract: The selection of the input ground motion is becoming more and more important in 

the framework of earthquake engineering. Simulated ground motion time series can be a valid 

alternative to natural ground motions, which can be scarce for certain combinations of 

earthquake scenario and site conditions, especially for large, infrequent earthquakes. The 

simulated records can be used for applications in nonlinear dynamic analyses of civil 

structures. This work presents a new Matlab-based software tool that allows to generate a 

chosen number of simulated ground motions given few input parameters, namely Magnitude, 

Distance, VS,30 and Style of Faulting. The time series are simulated with an up-to-date non-

stationary stochastic model which was calibrated using the empirical ground motion model 

(GMM) based on the latest version of the Italian Strong Motion database ITACA. The 

simulated accelerograms show a good match with the GMM in terms of response and Fourier 

spectra, PGA and Arias Intensity. 

Keywords: accelerograms; seismic input; response spectrum; software; seismic analyses; 

1. Introduction 

Ground motion records are widely used in earthquake engineering, especially to carry out 

nonlinear analyses in the time domain. Seismic codes (EC8, 2008) require the use of a 

number of accelerograms to perform structural analyses. The increasing availability of large 

strong motion databases pushes toward the use of natural accelerograms. However, natural 

records corresponding to the desired combination of magnitude, distance, soil type and SOF 

are not always available. To overcome this issue, a number of methods and techniques were 

proposed for generating accelerograms. A detailed review of the different techniques for 

predicting earthquake ground motions for engineering purposes is provided in Douglas and 

Aochi (2008).  

In this work, we propose a new Matlab-based software tool (SIGMA: SImulation of Ground 

Motions for engineering Applications) which allows to generate a number N of simulated 

ground motion time series. The application was created for engineering applications, so the 

end-users it is not needed to have a strong background in engineering seismology concepts 

and it requires four input parameters only in order to define the target earthquake scenario: 

magnitude, source to site distance, shear wave velocity in the uppermost 30 m at the site, 

and style of faulting. 

The application is based on the simulation method proposed by Sabetta et al. (2021), which 

updates the non-stationary stochastic model initially proposed by Sabetta and Pugliese (1996 

– SP96). Some improvements to the method were later proposed by other authors (Pousse 

2006; Laurendeau 2012). The methodology proposed in Sabetta et al. (2021) is simple to 

implement, fast, and considers the basic concepts of seismology (Brune's source model, 

realistic time envelope function, non-stationarity in frequency, ground-motion variability). 

The four model parameters required for the simulation are obtained from regression analyses 

on a strong motion dataset of shallow active crustal events in Italy (Lanzano et al. 2019 – 

ITA18) and are embedded in the simulation code: Arias intensity (IA), significant duration 
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(DV), central frequency (Fc), and frequency bandwidth (Fb). The strong motion dataset was 

extracted from the large strong-motion databases Engineering Strong Motion database ESM 

2.0 (https://esm-db.eu; Luzi et al. 2020) and the ITalian ACcelerometric Archive ITACA 3.1 

(http://itaca.mi.ingv.it; D’Amico et al. 2020). As mentioned above, time-domain simulations 

are derived from a time-frequency decomposition of the signal and depend on the above-

mentioned parameters obtained from the Ground Motion Model (GMM) of ITA18. It follows 

that the results obtained with the application are specific for Italy, although the approach is 

general and can be adapted to other databases if predictive equations for Arias intensity and 

significant duration are available. 

The aim of the proposed software tool (SIGMA) is to provide an easy-to-use, user-friendly 

graphical user interface (GUI) that allows to obtain acceleration time series consistent with 

the physical properties of real ground motion records, to be used in earthquake engineering 

applications. After a brief introduction of the methodology, the application will be presented 

and its main features will be explained. Then, some results in terms of acceleration, velocity 

time series and response spectra will be provided. 

2. Methodology 

Earthquake ground motions can be decomposed using time-frequency functions, such as 

time-varying power spectral density (PSD) functions (Sabetta and Pugliese 1996, Conte and 

Peng 1997) or the S-transform (Stockwell et al. 1996, Cui and Hong, 2020). This time-

frequency decomposition can be fitted by a lognormal function  defined through three 

parameters derived from the theory of the spectral moments (Vanmarcke, 1980; Lai, 1982): 

the average total power Pa, equal to the area under the PSD; the central frequency Fc, giving 

a measure of where the PSD is concentrated along the frequency axis; and the frequency 

bandwidth Fb, which corresponds to the dispersion of PSD around the central frequency. By 

inserting the time dependence and substituting PSD with Xs(t,f), the definition of the spectral 

moments and of the relative parameters becomes: 

𝜆𝑖(𝑡) = ∫ 𝑓𝑖𝑋𝑠(𝑡, 𝑓)𝑑𝑓,       𝑖 = 0,1,2;  
𝑃𝑎(𝑡) = 𝜆0(𝑡) 

𝐹𝑐(𝑡) = 𝜆1(𝑡)/𝜆0(𝑡) (1) 

𝐹𝑏(𝑡) = [𝜆2(𝑡) /𝜆0(𝑡) −  𝐹𝑐
2(𝑡)]1 2⁄  

where Pa(t), instantaneous average power, is the time envelope function describing the 

amplitude variation of the ground motion. Its integral in the time domain is equal to the 

integral of Xs(t,f) in the time-frequency plane and corresponds to the Arias Intensity (Arias, 

1970, hereafter IA) in cm2/s3 apart from the scale factor π/2g:  

𝐼𝐴 = ∫ 𝑥(𝑡)2𝑑𝑡 = ∬ 𝑋𝑠(𝑡, 𝑓)𝑑𝑡 𝑑𝑓 = ∫ 𝑃𝑎(𝑡)𝑑𝑡  (2) 

Fc(t), central frequency, and Fb(t), frequency bandwidth, represent the non-stationarity of the 

frequency content and correspond, respectively, to the centroid of Xs and to the radius of 

gyration of Xs with respect to Fc in the frequency plane. With the above-defined parameters, 

it is possible to derive a lognormal function approximating Xs(t,f): 

𝑋�̃�(𝑡, 𝑓) =
𝑃𝑎(𝑡)

𝑓√2𝜋𝛿
𝑒−[𝑙𝑛𝑓−𝑙𝑛𝛽(𝑡)]2/2𝛿2

 (3) 

where (t) and  are derived from Fc(t) and Fb(t) in the following way: 

ln 𝛽(𝑡) = ln 𝐹𝑐(𝑡) − 𝛿2/2 (4) 

𝛿 = √𝑙𝑛[1 + 𝐹𝑏
2(𝑡)/𝐹𝑐

2(𝑡)] 
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The XS function adopted in this study includes also Brune’s -square spectrum with the aim 

to enrich the frequency spectrum at low frequencies, and it is equal to the lognormal function 

reported in Equation 3 for f>fm and to the arithmetic mean of the lognormal function 𝑋�̃�(𝑡, 𝑓)  

and the −square Brune spectrum  for f<fm, where fm is the frequency corresponding to the 

maximum value of the lognormal function. The Brune -square spectrum is defined as 

(Boore, 2003; Pousse, 2006): 

Ω(𝑓) =
(2𝜋𝑓)2

1+(𝑓 𝑓𝑐)⁄ 2  (5) 

log10 𝑓𝑐 = 1.341 + log10 (𝛽(Δ𝜎1 3⁄ )) − 0.5𝑀 (6) 

where fc is the corner frequency,  is the stress drop in bars, M is the moment magnitude, 

and  is the shear-wave velocity in km/s. The adopted values are = 50 bars and  =3.5 

km/s (Bindi & Kotha, 2020).  

The modified function 𝑋�̃�′(𝑡, 𝑓) is thus equal to: 

𝑋𝑠
′̃(𝑡, 𝑓) = {

𝑚𝑒𝑎𝑛[Ω(𝑓), 𝑋�̃�(𝑡, 𝑓)] 𝑖𝑓 𝑓 ≤ 𝑓𝑚

𝑋�̃�(𝑡, 𝑓) 𝑖𝑓 𝑓 > 𝑓𝑚

                       (7) 

Fig. 1 shows the fit of the spectral densities corresponding to ground motion recorded at the 

station of CSC (Cascia) during the Central Italy earthquake (Mw=6.5) of October 30, 2016. 

The figure shows the PSD at time t=5s, with the modified lognormal described above and 

derived from the spectral moments of the corresponding time history (Eq. 1). It is evident 

the increase in low frequency content with respect to the former model of SP96 and the good 

fit of the modified lognormal with the PSD of the real record. 

 
Fig. 1 Fit of the PSD for CSC record (Mw=6.5) at time t=5 s (red line). with the original lognormal function 

adopted by SP96 (dashed line) and the modified function adopted in this work (black solid line). For 

comparison, the normalized square of the Brune model for Mw=6.5 is also shown (dotted line). 

The Ground Motion Model ITA18 has been recently calibrated by Lanzano et al. (2019), 

using a dataset with 5607 records, 146 events and 1657 stations, for a magnitude range 3.5-

8.0 from Italian and well-sampled worldwide earthquakes. The exhaustive description of 

Ground Motion Model of ITA18 is provided in Lanzano et al. 2019, while the particular 

choices made for the generation of simulated accelerograms are given in Sabetta et al. 2021. 

Regression analyses were performed on the dataset to determine the coefficients for the 
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predictive equation used to define the Arias Intensity (AI) and Vanmarcke Duration (DV), 

as well as for Fc(t) and Fb(t).  

Regarding the Pa(t), the method uses a time envelope which includes the contribution of P, 

S and Coda waves. Fig. 2 shows the graphical definition of the envelope function Pa(t) 

proposed in this study in comparison with that adopted in SP96, together with an example 

of simulated ground motion time series.  

 
Fig.2 (top) time envelope function Pa(t) proposed in this study in case of Mw=5, RJB=10 km and 

VS,30=600 m/s; (b) corresponding simulated accelerogram. 

The simulation of the accelerograms is then performed summing Fourier series with time-

dependent coefficients derived from the function 𝑋𝑆 ′̃ (Eq. 6) as follows: 
𝑎(𝑡) = ∑ 𝐶𝑛(𝑡)cos (𝑛2𝜋𝑓0𝑡 + 𝜑𝑛)𝑁

𝑛=1                                                                              (8) 

𝐶𝑛(𝑡) = √2𝜋𝑓0𝑋𝑆 ′̃(𝑓𝑛, 𝑡)    (9) 

3. Computer code and GUI to simulate ground motions 

Mathworks - Matlab was used to create the software application SIGMA graphical user 

interface (GUI), which is displayed in Fig.3. The software application is freely available at 

the provided link. As mentioned above, it requires four input parameters to run: 

1. Magnitude: the magnitude parameter used is the moment magnitude (MW). This was 

chosen according to the GMM of ITA18. 

2. Distance: the user can choose between two types of source-to-site distance: the first 

is RJB, which is defined as the closest horizontal distance to the vertical projection of 

the rupture as defined by Joyner & Boore (Abrahamson and Shedlock, 1997), and is 

the one employed in ITA18 to develop the GMM. The second is the epicentral 

distance Repi, which is introduced given that this is most common in engineering 

applications. If Repi is chosen, this is evaluated from RJB according to the procedure 

suggested by Scherbaum et al. (2004), assuming a focal depth of 10 km for the sake 

of simplicity. 
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3. VS,30: shear wave velocity in the uppermost 30 m at the site. 

4. Fault Type: Normal, Thrust or Strike Slip. 

The user is free to choose the number of records. The generation velocity is in the order of 

0.5 seconds per accelerogram, so that it requires around 10 seconds to generate 10 

accelerograms on an Intel i7 computer with a CPU of 2.70GHz. When the user hits the 

button “run” the application displays a figure, showing the mean response spectrum of 

simulated ground motions including the standard deviation (sim.+ and sim.- ), the mean 

value given by the adopted GMM with the boundaries of -10% and +30%. Then, the user is 

asked to choose the destination folder of the output files, and a number N of .txt files with 

progressive names (ACC1,… ACCi,… ACCN) is saved to the chosen folder. Each .txt file is 

a single column file containing the acceleration amplitudes of the generated ground motion 

records, in cm/s2 units. The records have a time step of 0.005 s. 

 

Fig. 3 GUI of the software to generate simulated ground motions (SIGMA, version 1.0) 

4. Results 

An example of results generated by the SIGMA application is reported in Fig. 4. The figure 

shows the simulated time series in terms of acceleration (top) and velocity (middle) for two 

different generations in the same run. The most important remark can be done on the 

response spectra: it is possible to observe that even the response spectrum of the single 

simulated time series has a good agreement with the spectrum predicted with the ground 

motion model ITA18 using the same parameters. 
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Fig. 4 Two examples of simulated ground motion records in terms of acceleration (top) and velocities time 

series, and comparison of the response spectra of the simulated accelerogram and ITA18, respectively for 

MW=6.5, RJB=10 km, VS,30=600 and for Normal Fault style. 

From Fig. 4 it is also possible to notice the variability included in the simulated time series. 

The variability depends on the introduction of random phases in the time series, and in 

addition for each simulated ground motion the value of the duration DV is chosen randomly 

using the standard deviation values provided by the ground motion model. This variability 

can be observed in Table 1 and Table 2 for several scenarios in terms of magnitude distance 

and site conditions. The variability of 100 simulations as a percentage, calculated as (max-

min)/min is around 60% for Arias Intensity, 120% and for PGA. The coefficient of variation 

is instead around 9% for Arias, 16% for PGA.  

Table 1. Arias Intensity resulting from 100 simulations for different scenarios compared with the values 

predicted by the GMM of Lanzano et al. (ITA18). CV (%) is the coefficient of variation in percentage. Var (%) 

is the variability calculated as 100*(max-min)/min. 

 

MW=5 RJB=10 

km VS,30=400 

m/s 

MW=6.5 RJB=30 

km VS,30=800 m/s 

MW=6.0 RJB=50 

km VS,30=600 

m/s 

MW=7 RJB=5 km 

VS,30=800 m/s 

ARIAS (cm2/s3) 

Mean 1485 2710 354 71799 

CV (%) 11.0 8.9 7.3 8.7 

Min 1147 2129 271 54609 

Max 1900 3265 443 86159 

Var (%) 66 53 63 58 

ITA18 1493 2728 358 72477 
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Table 2. PGA resulting from 100 simulations for different scenarios compared with the values predicted by the 

GMM of Lanzano et al. (ITA18). CV (%) is the coefficient of variation in percentage. Var (%) is the variability 

calculated as 100*(max-min)/min. 

PGA (cm/s2) 

Mean 49.7 50.7 16.5 306.1 

CV (%) 19.3 16.6 13.3 15.3 

Min 34.8 37.8 11.6 219.4 

Max 79.1 88.1 22.3 466.6 

Var (%) 127 134 92 113 

ITA18 60.4 52.4 17.7 317.8 

Fig. 5 reports four simulated records for Mw=6, Repi=20 km, VS,30=600 and Normal Fault 

style. For a single combination of parameters, it is possible to notice the variation both in the 

amplitude modulation in time and in terms of total duration of the record. For example if the 

record in the right panel are considered, the top one ha a duration of 22.3 s, while the second 

one reaches 24.5 seconds. 

  

  

Fig. 5. Simulated time series for Mw=6, Repi=20 km, VS,30=600, Normal Fault style.  

The attenuation of the simulated accelerograms with the distance from the source is 

represented in Fig. 6, in case of strike-slip fault, VS,30=400 m/s, Mw=6, and RJB=10, 30, and 

50 km, respectively. As expected, larger distances correspond to smaller accelerations and 

longer durations. 

Fig. 7 compares the acceleration response spectra of ten simulated accelerograms with the 

50-percentile spectrum predicted by ITA18. As comparison criterion we chose, in 

accordance with the Italian Seismic Code NTC18 (D.M., 2018) and the Eurocode EC8 

(CEN, 2009), a tolerance range of -10% and +30% with respect to the target spectrum. The 

red dotted lines in the figure correspond to the above-mentioned limits respect to ITA18. 

The black dashed lines represent the bound of ± one standard deviation of the seven 

simulations. 
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Fig. 6 Simulated accelerograms in case of strike-slip fault, VS,30=400 m/s, M = 6, and RJB equal to: (a) 10, 

(b) 30, and (c) 50 km. 

The fit is quite satisfactory even for such a small number of simulations. In this release of 

the software tool, the variability of the simulated spectra is only due to the different phases 

of the corresponding time series and the duration, while it does not consider the uncertainty 

in the prediction of the ground-motion parameters used for the simulation (i.e. Arias 

Intensity), which will be considered in the next works. Nevertheless, it has to be highlighted 

that the simulation method is capable of matching adequately the target response spectrum, 

even with a small number of simulations. 

 

Fig. 7. Response spectra of ten simulated accelerograms compared with the spectrum predicted by ITA18 

GMM, in case of normal fault, MW =6.5, RJB=10 km, VS,30=600 m/s;  

5. Code-based evaluation of seismic input for engineering applications 

The relatively easy and fast generation of simulated records, compatible with an assigned 

design spectrum is still very popular for both practice and research purposes (Iervolino et al. 

2010b). Little guidance is provided by EC8 on how to select/generate code-compatible time-

series, therefore several articles have proposed sets of accelerograms consistent with the 

standard EC8 spectra (e.g. Giaralis and Spanos, 2011; Iervolino et al., 2010b). Iervolino et 

al. (2010b) evaluated the nonlinear response of three types of SDOF systems applying 

different methods to generate artificial and simulated time series as well as scaled natural 

records. The main challenge when spectrum-compatible accelerograms are generated is to 

preserve the consistency with the original seismological parameters. In order to assess the 

variability in the response of engineering systems due to the differences in the simulated 
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input motions, Causse at al. (2014) used the ground motion simulation method proposed by 

Laurendeau et al. (2012), very similar to the methodology proposed here, and compute the 

nonlinear response of SDOF systems. They show that the non-stationary stochastic approach 

of generating accelerograms is quite useful in capturing the true ground-motion variability 

and consequently the variability of building response. To check the compatibility of the 

response spectra simulated with the method proposed in this study with the provisions of 

seismic codes, we compared the average spectra of 20 simulated ground motions with the 

spectral shapes given by the Eurocode EC8 (CEN, 2009). Fig. 8 shows the good agreement 

of the simulated spectra, normalized to their PGA, with the spectral shapes foreseen by EC8, 

type A soil, in case of high (Type 1) and low (Type 2) magnitudes. The Mw values of 7 and 

5 correspond to those adopted (Sabetta and Bommer, 2002) for the calibration of EC8 type 

1 and 2, respectively. 

 

Fig. 8 Comparison of the mean of 20 simulated response spectra (normalized to the PGA) with (left) EC8 

type 1 spectrum (Mw=7, RJB=5, VS,30=800) and (right) EC8 Type 2 (Mw=5, RJB=30, VS,30=800). 

4. Conclusions 

This work presents the novel Matlab-based software application SIGMA (SImulation of 

Ground Motions for engineering Applications), which allows to generate a chosen number 

of simulated ground motions given few input parameters, namely Magnitude, Distance, VS,30 

and Style of Faulting. The time series are simulated with an updated non-stationary 

stochastic model which was calibrated using the empirical ground motion model (GMM) 

based on the latest version of the Italian Strong Motion database. The simulated 

accelerograms show a good match with the GMM in terms of response and Fourier spectra, 

PGA, PGV and Arias Intensity. The methodology proposed in this paper can be adapted to 

different databases provided that regional GMMs for Arias intensity and significant duration 

are available. The software tool is capable of reproducing the non-stationarity in amplitude 

and frequency of natural recorded ground motions and their spectrum-compatibility with the 

response spectrum predicted by the ground motion model ITA18, thus it is promising for 

applications in dynamic analyses of structures in the time domain. The software application 

is easy to use by end-users with a basic knowledge of the concepts of seismology, it is 

efficient and fast.  
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Abstract: The objective of this paper is presentation and explanation of the bases of the 

seismic imagination used for development of azimuth-dependent ground motion models, 

GMM-s. All azimuth dependent GMM-s that the author has developed so far are based on 

instrumentally recorded seismic field of an occurred earthquake. The difference among them 

is how they present the form of the real recorded seismic field and whether the azimuth in the 

mathematical equation is included in a direct or indirect way. They are developed for a 

direction according to a selected location or instrument location and for an azimuth segment 

of different width defined by initial and end azimuth.  

In this paper, the author will present, as an example, a comparison among all her azimuth 
dependent GMM-s that she has developed so far that can be used to compute the expected 

PGA for the location of Bucharest.  All these have been developed by use of data from the 

same databank on occurred intermediate earthquakes from the Vranchea, Romania focus, 

established on the basis of the horizontal components of the occurred intermediate 

earthquakes of 1977, 1986 and both earthquakes of 1990, used in her investigations 

performed in 1996 and 2012. 

 

Keywords: seismic imagination, ground motion model, azimuth, radius vector 

1. Introduction 

The number of empirical models of ground motion – GMM-s developed on the basis of 

data on occurred strong earthquakes obtained by regional strong motion networks and the 

established databanks for research is very big. Summary reviews of published GMM-s for 

different seismic intensities, developed on the basis of established regional or non-regional 

databanks are given in Douglas et al., 2011 and Douglas, 2019. These also contain azimuth 

dependent GMM-s developed on the basis of data on records and isoseismal maps of 

occurred intermediate earthquakes at the Vranchea foci in Romania (Lungu et al., 1997, 

Sokolov et al., 2008). 

 

From the analysis of the summary reviews of GMM-s that have been published so far, a 

great variety of their mathematical equations is evident. Despite this, all efforts of 

researchers to contribute to the prognosis of expected seismic intensities are justified since 

GMM-s are necessary for as better as possible prediction of expected effects of future 

earthquakes and protection of human lives and material goods. 

 

Up to present, today and in future, the number of records of occurred earthquakes had and 

will have a great influence on selection of both mathematical models for GMM and 

methods of their development. The increasing number of recorded strong earthquakes 

occurring at a seismic focus in the course of time, will further lead to moving from use of 

established databanks of different regional and geographic origin to the use of regional 

data referring to a single seismic focus. The future of empirical prediction of expected 

seismic intensities will be based on GMM-s for a single seismic focus.  
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Such GMM-s were and are still the subject of investigations by the author. For these, 

mathematical equations have been developed for azimuth dependent GMM-s, with directly 

or indirectly included azimuth in the mathematical equation. Presented in this paper are the 

bases upon which the mentioned azimuth dependent GMM-s have been developed. 

 

2. Seismic imagination 

Seismic imagination refers to the author’s views  in search for answers related to the 

earthquake as a natural phenomenon. It is based on the following: 

 

 The earthquake is a natural phenomenon that is strictly regionally and 

geographically dependent and should be investigated as such; 

 All information that describe it as an integral phenomenon are contained in the 

records obtaind by the strong motion instrument networks located in one or a 

number of countries in the region affected by an earthquake; 

 All regional records obtained for a single earthquake depend on each other and 

should be analyzed as such; 

 Each record is needed, but is not sufficient enough by itself to describe the 

earthquake as  an integral phenomenon; 

 It is only through analysis of the earthquake as a single event and including of all 

its regional records as dependent on each other that one can completely include the 

earthquake characteristics as are: 

- the focal mechanism, 

- the direction of the fault structure, 

- the effect of the magnitude, 

- the hypocenter effect, 

- the effect of the volume covered by seismic waves, and  

- the effect of characteristics of the region in different azimuths. 

2.1. Association 

To include all this in the investigations, an association has been used according to which 

each single earthquake record is put in relation with itself and in relation with all other 

records.  A wide regional folk dance is imagined. In this folk dance, a dancer stands at the 

place of each instrument from a single or a number of regional networks of instruments 

and all dancers are connected by holding their hands together.  The dancers hold each other 

strong and do not pay attention to whether their holding hands are within one or a number 

of political borders. They exactly know that they are all in a great danger and that it is only 

together, by helping each other, that they can successfully fight against effects that 

endanger their lives and the lives of many others. The shape of the dancing circle is the 

instrumentally recorded seismic field. The music comes from the hypocentre, while each 

dancer plays his dance according to what the dancer hears. The steps and the rhythm, 

depending on the sounds that reach each of them, are different.  The source is the same, 
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situated deep down the earth, but the sounds that each dancer hears are different. 

Therefore, all dancers must establish mutual communication if they want to talk about the 

music that they hear. 

2.2 Realization 

For this association, a method – generator has been developed to compute all data based on 

established mutual relationships of records, turned into corresponding mathematical 

relations. Based on the computed data and using the regression analysis method, a new 

mathematical equation has been developed for a ground motion model in which the 

azimuth parameter is directly included. The method has been described to detail and 

verified by a number of examples of its possible use in practice (Stamatovska, 2020). 

The greatest attention has been paid to the development of the method since it will be one 

of the methods that will be further used in analysis and investigations of the earthquake as 

an integral, regionally and geographically dependent event, while the results obtained will 

depend only on our vision, knowledge and readiness to change  and design and regionally 

connect strong motion instrument networks. The results obtained will vary and will depend 

exclusively on the number of records obtained from occurred earthquakes.  With each new 

recorded earthquake, they will tend to the closest results that realistically represent the 

earthquake effect that will be considered in the regulations for design of structures resistant 

to earthquakes. 

3. On the azimuth-dependent GMM-s based on radius vectors 

To develop azimuth dependent ground motion models, it is of a particular importance to 

define  the real recorded seismic field for each earthquake occurring from a single seismic 

focus. The presentation of the instrumentally recorded seismic field by radius vectors is a 

very important novelty that was introduced and realized for the first time in the  

investigations done  in 2012 (Stamatovska, 2012). Based on these,  a new mathematical 

equation for GMM with directly included azimuth  has been developed later (Stamatovska, 

2020). 

 

The idea for development of this new equation for GMM is based on  detailed analysis of 

characteristics that may be considered as advantages and disadvantages of the previous 

equation for an azimuth-dependent GMM based on radius vectors,  with indirectly 

included azimuth (Stamatovska, 2012).  The main characteristics are the following: 

 

Characteristics that are not considered disadvantages: 

 

 The mathematical equation does not directly include the azimuth as a parameter, or, 

it is not visible as an included parameter; 

 The indirect way of including the azimuth is often understood as if the azimuth is not 

included in the equation, which is not correct; 

 The mathematical equation is developed by selection of an azimuth, whereat the 

condition is existence of a record on that location and of each occurred earthquake 

from the considered seismic focus; 

 The use of the recorded seismic field in development of the equation is often 

understood only as including the regional characteristics, which is not correct; 
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 The small values of standard deviation of the azimuth-dependent GMM 

(Stamatovska, 2012) are associated with a small number of occurred intermediate 

earthquakes. This is not correct. 

The evidence on the above stated has been documented and given in the latest 

investigations done by the author (Stamatovska, 2020) 

 

Characteristics, which are considered as advantages: 

1. The mathematical equation fits well the data from the regression analysis, computed by 

use of records of occurred earthquakes from a single seismic focus. As a result of 

this, very low values of standard deviation are obtained (Stamatovska, 2012). 

2. The analyzed and included real recorded seismic field, as an entirety, in the equation 

includes the effect of: 

    Focal mechanism, 

 Size of released seismic energy during the earthquake effect, 

 Direction of the fault plane,  

 Hypocentral depth, 

 The entire regional volume affected by transmission of generated seismic waves, 

and 

 Regional characteristics in different azimuth directions. 

Also, 

 It does not allow each obtained record of an occurred earthquake to be taken and 

analyzed only as a single data included in the established databank on occurred 

strong earthquakes, 

 It includes the entire event as an inseparable entirety and uses all information 

contained in each obtained instrumental record,   

 It enables the position of the instruments and their recorded parameters to be 

investigated as dependent on each other. 

All this enabled to arrive at the simplest mathematical equation for a new empirical 

azimuth- dependent GMM developed based on radius vectors (Stamatovska, 2012) which 

is not loaded with numerous mathematical operations and does not include within itself a 

large number of regression coefficients.  

Based on the idea that all necessary information for investigation of an occurred 

earthquake are contained in the set of records obtained by strong motion instruments and 

that these are in an unbreakable relationship and as such should be analyzed and included 

in the investigations, a new mathematical equation has been developed (Stamatovska, 

2020) and an attempt has been made to speak simply about the most complicated natural 

phenomena.  

3.1 Method for generation of data for regression analysis 

A key moment in development of an azimuth dependent GMM, irrespective whether 

indirectly or directly dependent on the azimuth, is the establishment of a databank for the 

performance of a regression analysis into which the selected mathematical model will be 

fit. This method has been developed as general for an azimuth segment (Stamatovska, 

2020) and is referred to as a method – generator of data for regression analysis. For this 
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method, a mathematical algorithm has been developed based on the simplest relation of 

equivalence established among all records of an occurred earthquake. The sum of 

computed data from all occurred earthquakes from a single seismic focus provides the 

databank for regression analysis. 

The method – generator of data for regression analysis, for the special case of GMM-s 

according to instrument location, with indirectly included azimuth, has been applied for an 

azimuth according to selected location (Stamatovska, 1996, 2012; Stamatovska and 

Petrovski 1996, 1997). 

4. Azimuth-dependent GMM-s for Bucharest location developed by the author 

The azimuth-dependent GMM-s that have so far been developed by the author are different 

among themselves in respect to: 

 The way in which the form of the real recorded seismic field (mathematical form – 

ellipse and form based on radius vectors) is presented, 

 Mathematical equation, which is connected with whether the azimuth is included in 

it directly or indirectly, 

and, 

 Whether the GMM is developed for: direction according to instrument location or 

for an azimuth segment of different width-   (the boundaries are: azimuth 

segment – entire region and azimuth segment with a very small width 

representative of a single azimuth). 

Selected for comparison have been all azimuth-dependent GMM-s that have so far been 

developed by the author, with both horizontal components (Stamatovska, 1996) and with 

the greater of the two horizontal components (Stamatovska, 2012, 2020), for soil type – 

rock. These are shown in Table 1. 

The used mathematical models are the following : 

Stamatovska, 1996:  PGAlnhRM P)CRln(bMbb)s/cm(PGAln 2 , C=40 km.                (1) 

Stamatovska, 2012:  lnPGAhRM
2 σPlnRbMbb)lnPGA(cm/s                                                  (2) 

Stamatovska, 2020:  PGAlnLLRM Ph)tg(ylnbMbb)s/cm(PGAln   2222 1             (3) 

 

where, 

 PGA – maximum horizontal ground acceleration, in cm/s2, for soil type - rock  

М – Local magnitude according to Richter 

 h -   Hypocentral depth in km 

 Rh -  Hypocentral distance in km 

 yL –  Geographic latitude  of the location in degrees or radians 

 L -  Azimuth of the location in degrees or radians 

 b, bM, bR – Regression coefficients 

 PGAln  - Standard deviation 

 Р -  Parameter with the value of 0 for median and 1 for median plus one standard 

deviation 

C - Constant 
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The results from Table 1 show that the least value of 
Mb = 1.17881 has been obtained for 

the entire region ( 00 3600   ), while for all other, the GMM-s are between 1.29099 and 

1.59385. The highest value of 
Rb = -0.61233 has also been obtained for the entire region, 

while for other, it is between -0.80404 и -0.93390. The standard deviation is the highest for 

GMM defined with indirectly included azimuth and mathematical form of real seismic 

field – ellipse and it amounts to 0.52385. For GMM based on radius vectors, with 

indirectly and directly included azimuth, it is less than 0.4 (the least 0.32036 and the 

highest 0.39258). The regression coefficients 
Mb  and 

Rb  are graphically shown in Figure 

1.  

Table 1. Regression coefficients and standard deviations of the author’s azimuth-dependent GMM-s that 

have so far been developed and are applicable for the Bucharest location 
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Figure 1. Graphic presentation of regression coefficients Mb  (left) and Rb  (right). 

 

 

Type of soil 

- rock 

number of 

data 

 

GMM-s 

 

Regression coefficients Standard 

deviation 

b  
Mb  

Rb  
PGAln  

186 

(1996) 

Instrument 

location BUC  

-0.21056 1.29099 -0.80404 0.52385 

95 

(2012) 

Instrument 

location BUC  

-1.60526 1.59385 -0.93390 0.32036 

97 

(2012) 

Instrument 

location INC 

-1.40590  1.49455 -0.84663 0.35791 

97 

(2020) 

Instrument 

location INC  

-1.41100 1.49015 -0.84124 0.35861 

1037 

(2020) 

00 200160    -0.41858 1.41393 -0.92348 0.38221 

674 

(2020) 

00 240200    -0.15305 1.35055 -0.88857 0.38849 

1222 

(2020) 

00 225180   -0.64324 1.41389 -0.87695 0.39258 

1377 

(2020) 

00 240180   -0.29112 1.38190 -0.90526 0.39174 

3185 

(2020) 

00 3600    -0.40968 1.17881 -0.61233 0.38143 
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With the GMM from Table 1, PGA has been computed for an earthquake with М=7.0 

and h = 131 км. These two parameters represent an input for all GMM-s. For the GMM-s 

related to 1996 and 2012, the epicentral distance is necessary. For the Bucharest location, 

it is .km.R e 29313586   It is only for the GMM-s related to 1996 that the input parameter 

is constant C=40 km. 

The necessary parameters for the GMM-s with directly included azimuth are: azimuth - 
086 251196.BUC  and the value of north geographical latitude of Bucharest location -

7740.yBUC   radians. Median and median plus  minus one standard deviation of PGA 

have been computed, while the results obtained are shown in Table 2. They confirm the 

advantage of the GMM-s developed on the basis of radius vectors. Also, they show the 

possibilities offered by the method of generation of data for regression analysis and 

confirm the good fitting of the mathematical equation for GMM-s with them. The 

difference among the obtained values of PGA (cm/s2) is very small and, for median, it is 

less than 3%. 

The results presented in Table 2 show that the value of PGA =105.6127 cm/s2, as a 

median, has been obtained by use of the GMM for the Bucharest location, with indirectly 

included azimuth, while the median + 1 standard deviation computed for this GMM has 

been PGA=145.4945 cm/s2, since this model has been defined with the least standard 

deviation of 0.32036. The value of PGA=105.6774cm/s2, the closest to that computed 

with GMM according to instrument location, as a median, has been obtained for an 

azimuth segment with a width of  =450, whereas the value of PGA=156.4868cm/s2, 

median + 1 standard deviation, has been higher due to the higher value of  the standard 

deviation by which it has been computed, 0.39258. 

The values of the regression coefficients and standard deviations for the instrument 

location INC show and prove that there is no difference among them in the case of 

including the azimuth indirectly (Stamatovska, 2012) and directly  (Stamatovska, 2020) 

in the mathematical equation for GMM.  

Also, the results show that the developed method of generation of data for regression 

analysis and the developed mathematical equation for GMM based on radius vectors give 

results that are consistent and, according to the author, the closest to the expected. 

 

Table 2. Expected PGA for the Bucharest location 
 

GMM-s 

 

PGA (cm/s2) 

Median + 1 

standard deviation  

Median Median - 1 

standard deviation 

Instrument 

location BUC 

(1996) 

146.0098 86.4723 51.2120 

Instrument 

location BUC 

(2012) 

145.4945 105.6127 76.6629 

00 200160    151.9893 103.7102 70.7668 

00 240200    153.6726 104.2023 70.6575 

00 225180   156.4868 105.6774 71.3653 

00 240180   153.2435 103.5742 70.0037 

00 3600    150.7980 102.9776 70.3218 
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5. Conclusion 

The seismic imagination, which the author followed and on which she strenuously and 

zealously worked for more than 30 years is now complete.  In conclusion, distinguished 

herein are the most important, key elements  by which the earthquake has been analyzed 

and investigated as an integral event that is strictly regionally and geographically 

dependent, whereat all records obtained for a single earthquake are connected and included 

as dependent on each other and in relation with each other.   

The key scientific achievements and benefits from the seismic imagination are: 

 

1. Use of a real recorded seismic field of an occurred earthquake and its presentation 

by radius vectors; 

2. Development of  a general method – generator of data for regression analysis; 

3. The earthquake is investigated as a natural phenomenon that is strictly regionally 

and geographically dependent; 

4. It is not allowed to combine data of different geographical and regional origin as 

well as from different seismic foci in a region;  

5. The effect of the focal mechanism, the direction of the fault structure, the 

hypocentre effect, the effect of magnitude, the effect of the regional volume 

covered with seismic waves and its characteristics in different azimuth directions 

are included in the regression coefficients and the standard deviation of the 

mathematical equation for GMM; 

6. The mathematical equation has the simplest mathematical form. It is defined only 

by a single multi-linear regression analysis by which the effect of the mathematical 

operations is reduced to minimum; 

7. It is not important whether, in the mathematical equation for GMM, the azimuth is 

visible or not as a parameter since its effect is contained in the regression 

coefficients and the standard deviation; 

8. The results of the regression analysis obtained with the azimuth-dependent GMM, 

with indirectly or directly included azimuth in the mathematical equation do not 

show any difference among themselves.  

9. According to the author, the developed method – generator of data for regression 

analysis brings a general scientific benefit since it cannot only be used  for 

investigation of the earthquake as a natural phenomenon,  but also in all other 

scientific disciplines where networked information, which depend on each other 

and are in relation with other, is investigated and analyzed.  

The author is sure that the mathematical equation based on radius vectors, irrespective 

whether with directly or indirectly included azimuth, along with the method – generator of 

data for regression analysis will be the future of empirical prediction of the seismic effect. 

The method – generator of data for regression analysis is also anticipated to be applied in 

all other scientific disciplines in which networked information is investigated as dependent 

on each other and in relation with each other. 
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6. Recommendation 

The author recommends good design and spatially uniform distribution of strong motion 

instruments as well as knowledge of the characteristics of soil profiles at instrument 

locations. This is because the earthquake is our natural experiment that is very valuable for 

our main purpose – protection of human lives as well as material and cultural goods 

created by Man. 

Each occurred earthquake must be recorded since records on occurred earthquakes contain 

all information that can reach us from the largest depths of seismic foci and the entire 

region affected by seismic waves. 
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Abstract: Hazard consistency through adequate record selection is of paramount 

importance for a proper site-specific structural risk assessment in performance-based 

earthquake engineering (PBEE). Record selection methods theoretically require selected 

ground motions to be consistent with those that could be generated by the earthquakes most 

contributing to the hazard at the site.  When in many important applications the hazard is 

computed for rock conditions, ideally the selected accelerograms should be real, recorded on 

rock sites and strong enough to push the structure well into the nonlinear response range. 

Scarcity of such records has led to the use of scaled real motions recorded at soil stations 

and often of synthetic ones as well. This work discusses and tests if any significant bias is 

introduced by this practice through a battery of tests applied to the response of an SDOF 

system hypothetically located in Central Italy. Records are selected to be hazard consistent 

for all intensity levels considered through the conditional spectrum (CS) approach. The tests 

compare the SDOF response to different groups of ground motion sets that discriminate 

between rock vs. soil, low vs. high scaling, and synthetic vs. real, measured in terms of 

ductility, acceleration, velocity, and hysteretic energy. The results indicate that no 

statistically significant differences are introduced into the overall responses as long as the 

records are carefully selected and matched to the target conditional spectra for the site. 

Keywords: ground motion record selection, conditional spectrum, soil sites, record scaling, 

simulated ground motions 

1. Introduction  

The current state-of-the-art framework for the earthquake risk assessment known as 

Performance-Based Earthquake Engineering (PBEE) (Cornell and Krawinkler, 2000) 

separates the contributions due to seismic hazard from those due to structural response. 

Seismic hazard analysis is usually performed by seismologists and it is expressed as the 

likelihood of exceeding ground motion Intensity Measures (IMs) at a site of interest. On 

the other hand, the assessment of the structural response is performed by earthquake 

engineers and traditionally communicated via sets of fragility functions for different limit 

states of interest (e.g., operability, life safety, collapse). To derive the fragility curves, it is 

necessary to perform nonlinear time history analysis using selected sets of ground motions 
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that, to the extent possible, should be similar to what the structure may experience at the 

site in its intended lifetime. Hence, sets of records should be carefully selected to ensure 

hazard consistency in order to avoid inaccurate fragility and, in turn, risk estimates. The 

need for hazard consistency has been proven repeatedly in the past years, leading to the 

development of methods such as the CMS (Baker, 2011), the CS (Jayaram et al., 2011), the 

CS-MR (Spillatura et al., 2021), and the extension beyond spectral quantities known as the 

GCIM (Bradley, 2010), which can be used to select records (real or, if desired, simulated) 

most representative of the hazard at the site, at any IM level of interest. If one wishes to 

select a set of rock hazard-consistent ground motions using any of the techniques 

mentioned above, to achieve a statistically sufficient accuracy, it is of paramount 

importance to have a large database of rock accelerograms available. However, the number 

of rock records is often not plentiful, particularly at the higher intensity levels. This issue 

in practice has been often circumvented by either i) using real recordings on both rock and 

soil conditions (either as-is or sometimes deconvolved to rock conditions) appropriately 

scaled to the amplitude levels desired by the application at hand, ii) by using synthetic rock 

ground motions, or iii) by adopting a combination of the previous two. These practical 

alternatives need to be scrutinized before they are applied in real life applications for rock-

hazard consistent ground motion selection to ensure that no significant bias is introduced in 

the structural response.   

Hence, within this study, we investigate three critical aspects: (a) is the use of soil ground 

motions blended with rock ones legitimate?; (b) can we use the real motions scaled in 

amplitude without introducing any bias?; and (c) can we blend synthetic and real ground 

motions? In the following sections, as a case study we consider a hypothetical structure 

modeled as an SDOF system located in Central Italy, and we select records using the CS 

method. We then devise the battery of engineering tests to investigate whether there are 

statistically significant differences in the SDOF responses caused by these sets, all 

consistent with the CS scheme. Finally, we discuss the results for each of the three cases 

considered.  

2. Case study 

The rock site designated for the study is Perugia, Italy, where the hazard is discretized into 

ten intensity levels at Sa(T=1s) with exceedance probabilities ranging from 0.2% to 70% in 

50 years, with Vs30=800 m/s. We perform probabilistic seismic hazard analysis (PSHA), 

using the ground motion prediction equation (GMPE) of Boore and Atkinson (2008), area 

source model developed for the SHARE project (www.share-eu.org), and OpenQuake 

(Pagani et al., 2014), the open-source software for seismic hazard and disaggregation 

calculations. The hazard analysis results and related IM levels are shown in Fig. 1 and 

Table 1. 

The assessment proposed here is performed on a SDOF system with a fundamental period 

of T1=1s. This model has a pinching behaviour with cyclic degradation, which accounts for 

strength and stiffness changes across the load history. This model allows us to identify if 

there are any significant differences caused by the nonlinearities and loss of capacity. The 

hypotethical structure is designed with a lateral strength corresponding to the IM level 4, 

i.e., a probability of exceedance of 10% in 50 years. The lateral strength (Fy), estimated 

through the yield base shear coefficient (Cy), is equivalent to the yield spectral acceleration 

(Sa,y (T1)). The design also accounts for a behaviour factor of 4 (ductile building) and an 

overstrength factor (Ω) of 2. Finally, the yield displacement is obtained as δy = Sa,y ∙[ 

T1/(2∙π)]2. 
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Fig. 1 – Hazard curve for Perugia 

(Poe=probability of exceedance) 

 

Table 1. Intensity levels (IML) considered 

IML Poe in 50 years Sa(T=1s) [g] 

1 70 0.042 

2 50 0.057 

3 30 0.08 

4* 10 0.146 

5 5 0.203 

6 2 0.305 

7 1.5 0.343 

8 1 0.402 

9 0.6 0.485 

10 0.2 0.697 
*design level 

3. Ground motion selection 

For every IM= Sa(T1) level, using the hazard analysis results, we calculate the logarithmic 

mean ( lnSa(T*)|lnSa(T) ) and dispersion (
lnSa(T*)|lnSa(T)

 ) of the target spectra, conditional on the 

Sa(T1=1s), for the mean scenario (with magnitude M  and distance R ) obtained from the 

disaggregation of the hazard at the site, and considering the CS approach. Using the 

efficient simulation algorithm with an optimization technique (Baker and Lee, 2018), we 

selected a set of 40 hazard-consistent records with the mean and dispersion that match the 

target ones from the publicly accessible Engineering Strong-Motion (ESM) database of 

real ground motions (Lanzano et al., 2019) with more than 20,000 records available. To 

quantify the goodness of fit with the target spectrum for the selected sets of records, we use 

the weighted sum of squared errors, SSEs, in the spectra's mean and dispersion (Baker and 

Lee, 2018), at the spectral ordinates of interest. 

4. Methodology 

As anticipated in the introduction, to test if any bias is introduced into the structural 

response of the studied SDOF system, we investigate three different types of records: real 

on soil, real on rock and soil but scaled, and synthetic ones, separately. In all cases 

considered, the responses in terms of different Engineering Demand Parameters (EDPs) 

such as ductility, peak accelerations (PFA), peak velocities (PFV), and total hysteretic 

energy were monitored and compared for all record sets. The displacement, acceleration, 

and velocity demands are estimated as the maximum absolute values found during the 

analysis, while the hysteretic energy is computed by integrating the force-displacement 

response.  

4.1. Appropriateness of soil ground motions 

General practice for record selection considers that records are chosen to be statistically 

consistent with the hazard at a reference site, which in this case is assumed to have rock 

conditions. In some engineering applications, however, the choice of computing hazard on 

rock rather than on soil is made because the effects of the soil conditions are more 

precisely evaluated via dynamic analysis of the specific soil column at the site as opposed 

to using a generic soil factor included in ergodic GMPEs. The issue with the use of only 

rock-recorded ground motions is that stations that comply with the characteristics of a 
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reference station are relatively scarce (Pilz et al., 2020). This can lead to a shortage of 

available ground motions for engineering analysis, which ultimately can negatively impact 

the match to the target spectrum and, therefore, induce some bias in the structural response 

estimates. 

Within our study, we examine if there are any statistically significant differences caused by 

the use of records recorded at soil stations on the EDPs considered. To do so, we first 

classify the records as soil or rock records. This classification is performed using two 

approaches: the Vs30 approach, which is the most straightforward way of classifying rock 

and soil stations, identifying stations as soil if their Vs30 is lower than 400 m/s, and as rock 

when the value is over 800 m/s. The second approach, which we will call complex 

approach, utilises the proxy-based criteria found in Lanzano et al., (2020) for identifying 

rock stations in the ESM database. Stations that do not meet these requirements are then 

classified as soil. 

4.2. Appropriateness of scaled ground motions 

With the rise of the methods for the selection of records, several studies investigated the 

bias that amplitude scaling might introduce in estimating structural response. Luco and 

Bazzurro (2007) used different SDOF and MDOF systems to show that ground motion 

scaling can bias the nonlinear drift response. They anticipated that this bias might be 

avoided once the spectral shape is accounted for within record selection, as Baker (2007), 

who used CMS for record selection, later confirmed. On the contrary, Dávalos and 

Miranda (2019) recently claimed that scaling factors could induce bias in displacement 

demands and collapse estimates when records are selected using the CMS. Our study 

proposes a methodology to test if scaled records, selected with CS, introduce bias in 

structural response. Using the record selection algorithm described in Section 3, for every 

IM level, we define two groups of records: (1) a group with Low Scaling Factors between 

1 and 2 (LSF in the following text), and (2) a group with High Scaling factors between 8 

and 10 (HSF here). To ensure that the sets of the selected records are consistent with the 

target CS, we calculate the SSE error metric for both cases, certifying that the values are 

sufficiently low. Section 5 discusses the results obtained via nonlinear time history 

analysis.  

4.3. Appropriateness of synthetic ground motions 

For over fifty years, ground motion simulation methodologies have been an active research 

field.  Motivated by an ever-incomplete ground motion database and constantly improving 

knowledge on rupture and propagation mechanisms, their results show more and more 

promise in the generation of nature-consistent ground motion time histories.  This capacity 

to "mimic" nature-observed seismic events becomes especially useful in areas where 

certain events of interest have not yet been observed or measured.  However, these 

methodologies are still a simplified representation of a rather complex phenomenon, 

therefore, requiring a thorough validation of the ensuing synthetic seismograms before 

their use in engineering applications.  

Our study compares the responses of the same SDOf system mentioned erailer to sets of 

recorded and simulated ground motion time histories.  These sets are selected from a 

subset of the ESM database and a "consistent" simulated database, SDB. The ESM-subset 

contains accelerograms from earthquakes with moment magnitudes between 4-8 (4  ≤  Mw 

< 8), hypocentral distances below 100 km (R ≤ 100 km) and Vs30 ≥ 600 m/s. These 
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constraints result in an ESM-subset of 4427 three-component recordings. The "consistent" 

SDB was constructed by simulating earthquake scenarios with the Stochastic Ground 

Motion Simulation Method (SGMSM) proposed by Otarola and Ruiz (2016) and later 

modified by Alvarez et al. (2022).  This SGMSM differs from other stochastic methods, 

such as those proposed in Pousse et al. (2006) or Sabetta et al. (2021), by modelling the 

full body-wave field spectra of earthquake ground motion, i.e., P, SV and SH-waves, thus 

resulting in coherent three-component time histories.  The latest modifications of the 

SGMSM (see Alvarez et al., (2022) for more details) include coupling the stochastic 

simulation technique with a kinematic representation of the source rupture and the addition 

of the FAS correlation structure to all three orthogonal components.  The simulations 

aggregated in the SDB were conducted considering the parametrization of the ground 

motions FAS reported in Bindi and Kotha (2020). In their study, the authors used the 

Generalised Inversion technique to parameterize the FAS of earthquake ground motions 

contained in the ESM database.  However, their description of the ground motions focused 

on the FAS and did not account for the duration or the shape of the acceleration time 

histories (modelled through the modulating window-functions, see Boore (2003)). 

Furthermore, the FAS model considered in the inversion procedure differs from our 

SGMSM as it only considers SH-waves.  To account for these differences, we conducted 

an optimization procedure aiming to parameterize the duration and shape of the 

acceleration time histories.  Moreover, to account for the differences in the energy radiated 

by different wave types in the calibration and SGMSM models, we included a scaling 

factor to the stress drop controlling the radiated energy by the simulated scenario. The 

optimization of these variables was conducted for different magnitude and distance bins.  

The SDB was constructed considering the results obtained from the calibration procedure 

previously discussed.  The scenarios were defined based on the Monte Carlo sampling of 

the joint probability density function of the ground motion features of interest from the 

ESM subset, namely: Magnitude (Mw), source-to-site distance (R) and hypocentral depth 

(Z). Fig. 2 shows the magnitude-distance (Mw-R) and Vs30 distribution for the 2000 3-

component accelerograms contained in the SDB. 

(a) 

 

(b) 

 

Fig. 2 – (a) Magnitude vs hypocentral distance (Mw-R) scatter plot and empirical marginal distributions; (b) 

Vs30 distribution, for the 3000 scenarios contained in the SDB 

5. Results and discussion  

To ensure that the potential differences in the studied sets of records are not due to the 

mismatch between the target CS distribution and the distribution of the selected records, 

we illustrate in Fig. 3 the SSE plots for all cases considered. The threshold of 0.1 is defined 
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as an acceptable level of error. The only cases above the thresholds, namely those with 

high IM levels using only rock motions, are caused by the scarcity of rock-recorded 

records.  

(a) 

 

(b) 

 

Fig. 3 – SSE plots at all 10 considered IM levels for (a) rock/soil record sets and (b) real/synthetic and 

low/high SF record sets.  

Examining Fig. 4, we can see no significant differences in terms of any of the considered 

EDPs across all the soil and rock groups. Both median and dispersion overlap for the 

different classification schemes. Some slight differences can be observed at the highest IM 

levels, but these can be attributed to the poor match.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 4 – Results of nonlinear time history analysis using 40 selected records at each IML, for different sets of 

ground motions, defined based on the site's classification (rock vs. soil). Median (solid lines) and 5th/95th 

percentile (dashed lines) are illustrated for different EDPs: (a) ductility, (b) PFA, (c) PFV, and (d) hysteretic 

energy. 
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A somewhat surprising result is that the energy response is not different across groups. 

Some works, such as Chandramohan et al. (2016), have tested the influence of duration on 

the collapse of structures, finding that longer duration has a significant impact on structural 

collapse, this should be reflected through dissipated energy. Hence, given that the soil 

records typically have a longer duration than rock motions, these effects due to 

systematically longer durations should be visible here. However, we do not see the effect 

of longer duration in the responses because the two distributions of significant duration 

(SD5-75) of the soil and rock ground motions selected here do not have any substantial 

differences. The median duration values found for each group are: 6.57s and 7.52s, for the 

soil complex and soil Vs30, respectively, while the rock complex and rock Vs30 have 

durations of 6.87s and 7.04s, respectively. Therefore, while the mean duration of soil 

records is slightly longer, it is not enough to cause any appreciable differences in the 

response of this SDOF system.  

Similarly, in Fig. 5, where we compare the two suites of selected records: LSF with low 

scaling factor and HSF with a high scaling factor, we investigate if a large ground motion 

scaling introduces significant bias in this SDOF response. A visual inspection of these 

figures indicates that responses are almost indistinguishable for the first five IM levels, 

while there are some discrepancies regarding ductility and maximum acceleration for 

higher levels.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 5 – Results of nonlinear time history analysis using 40 selected records at each IML, for different sets of 

ground motions, defined based on the scaling factor limits used (low (LSF) vs. high (HSF) scaling). Median 

(solid lines) and 5th/95th percentile (dashed lines) are illustrated for different EDPs: (a) ductility, (b) PFA, (c) 

PFV, and (d) hysteretic energy.   
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Nonetheless, these differences seem reasonably small and do not follow any trend (i.e., in 

some cases, LSF yields higher results, in others HSF), which points us to the conclusion 

that the estimated structural response is independent of the SF used, i.e., significant bias is 

not introduced.  

Lastly, Fig. 6 shows the results obtained from nonlinear time history analysis for the two 

sets of ESM-Rock and SDB-Rock records, selected from the ESM-subset and SDB 

databases, respectively. A quick inspection shows that the responses for the considered sets 

are very similar for all considered EDPs,  not only in terms of median response but also for 

the 5th and 95th percentiles, at all IM levels. Much as for the comparison in the previous 

two cases, the median responses are almost indistinguishable for the first six IM levels, 

with the most noticeable differences for ductility and maximum acceleration.  In our 

opinion these differences can be attributed to the decreasing precision in the matching of 

the target CS at higher IML (Fig. 3b) and not necessarily to any systematic difference 

between the selected sets.  Overall, these differences are comparable in terms of magnitude 

with those observed for the comparison of the sets considering different site classifications 

(Fig. 4) and different scaling factors (Fig. 5) and, more importantly, do not seem to follow 

any specific trend suggesting a systematic appreciable bias. 

For the three cases considered, we performed hypothesis tests across all EDPs and IM 

levels, finding that the null hypothesis could not be rejected at the 5% significance level in 

almost all cases, and therefore, the estimates can be considered statistically 

indistinguishable. The few cases where the null hypothesis was rejected (e.g., PFA for the 

IML10 and rock/soil complex comparison) refer to the highest intensity levels and groups 

that poorly match the target spectra (see Fig. 3). 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 6 – Results of nonlinear time history analysis using 40 selected records at each IML, for different sets of 

ground motions, real (ESM-Rock) and simulated (SDB-Rock). Median (solid lines) and 5th/95th percentile 

(dashed lines) are illustrated for different EDPs: (a) ductility, (b) PFA, (c) PFV, and (d) hysteretic energy.   
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6. Conclusions  

This study investigated the effect of soil ground motions, scaling limits, and synthetic 

ground motions on CS-based hazard consistent ground motion selection for a rock site in 

Perugia, Central Italy. We studied the response of an SDOF system with T1=1s analytically 

computed using these different sets of records.  

First, we defined four suites of real ground motion: two with the ground motions on rock 

and two on soil, where rock and soil sites were distinguished using two approaches: the 

Vs30 approach (where soil stations are identified as those with Vs30<400 m/s and rock ones 

with Vs30>800 m/s) and complex approach (proxy-based, see main text). These suites were 

used as an input for structural analysis, and we compared the SDOF responses in terms of 

ductility, PFA, PFV, and dissipated energy. The results showed that the distribution of the 

considered EDPs is not significantly affected by the site's classification (rock or soil) of the 

recorded motions provided that they are selected to be CS-consistent. We then considered a 

different criterium, based on the scaling limits, and defined two suites of selected records: 

one with a low scaling factor (1-2) and the other with high scaling factors (8-10). The 

results showed here as well that no significant bias was introduced by scaling the input 

motions again provided that the CS-consistency is enforced. Lastly, we compared real, 

rock-recorded ground motions with those simulated with the stochastic simulation method 

and calibrated based on the ESM database. Once again, no major differences were 

observed for all EDPs considered.  

Our study points us to the conclusion that, as long as the records are carefully selected and 

matched to the target spectrum using CS, the structural analysis results are not biased by 

the details of the different suites of records used. However, these conclusions are 

preliminary and limited to a simple 1s SDOF with pinching hysteretic behavior. To 

generalize the results reported, it is necesecarry to investigate SDOF systems with different 

fundamental periods and more complicated MDOF systems. Furthermore, apart from the 

structural response studied here, to better understand the differences between the responses 

caused by these sets better, it is essential to explore similarities and differences between 

waveforms from a seismological viewpoint (are there any significant differences in the 

frequency content?) and carefully compare the distribution of different IMs (e.g., 

significant duration, Arias intensity, Spectral intensity, etc.). These additional findings 

would help us obtain a more robust comprehensive answer to the question of whether soil, 

scaled, and synthetic ground motions can be used in lieu of (or in addition to) real, 

unscaled, rock-recorded ground motions in CS-based record selection for structural 

response purposes.  
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Abstract: Plastic deformations are recognized as the most effective tool for evaluation of 

the slope stability under seismic loading. The focus should therefore be put on the 

quantitative assessment of the slope stability in terms of plastic deformations rather than on 

the factor of safety against failure. This paper discusses the discrepancy in evaluation of the 

slope displacement and stability considering an improved coupled nonlinear FE-Newmark 

method and the Mohr Coulomb (MC) material model based on the theory of plasticity. The 

comparison is illustrated numerically with an example of a 72 m high tailings dam, where 

the Newmark permanent displacements, computed by constant and dynamically variable 

critical acceleration, were compared for selected slip surfaces with the average plastic 

deformations defined with the MC material model. Satisfactory accuracy was obtained for 

low to moderate nonlinear soil behaviour. For slopes in deep nonlinearity, considerable 

discrepancies in the results suggest that the Newmark approach can be used only as a first 

screening step before applying more sophisticated analysis methods. 

Keywords: Newmark Method; constant critical acceleration; dynamic critical acceleration; 

seismic slope stability; plastic deformation. 

1. Introduction 

The assessment of the seismic slope stability includes evaluation of the loading conditions, 

slope failure surface and mechanics, factor of safety (FoS), and the extent of the potential 

permanent displacements, Swaisgood (2003); Bray et. al. (2007). In this respect, plastic 

deformations offer the most effective way for analysis of the slope stability under seismic 

loading and the stability should therefore be assessed quantitatively in terms of plastic 

deformations rather than with the factor of safety against slope failure, Song et al. (2017); 

Whitman et al. (2014); Mircevska et al. (2021).  

There are two broad numerical approaches for quantitative assessment of the slope 

stability: the permanent-displacement analysis based on coupled and decoupled Newmark 

methods and the non-linear finite element stress deformation methods. It has long been 

acknowledged that the assumptions involved in the initial Newmark-type analyses tend to 

oversimplify the complex field conditions and may lead to inaccurate evaluation of the 

permanent sliding displacements, Meehan et al. (2013). A thorough review of fifteen 

different coupled and decoupled methods applied to reproduce the measured earthquake 

induced permanent displacements in 122 earth dams and embankments was conducted by 

Meehan et al. (2013). The results revealed that the selection of the slope stability approach 

has a high impact on the results of the analyses. For a significant number of the considered 

cases, the predictions were lower than the deformations observed in the field and the 

discrepancy was considerable, i.e., more than a meter.  
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To improve the assessment of the cumulative slope displacement, Jibson et al. (2003) 

considered the influence of the vertical acceleration time history and the effects of the 

strain-dependent critical acceleration. Additionally, recognizing the importance of the 

above factors and the cyclic shear strength effects, Hongjun et al. (2018) developed a 

decoupled equivalent linear analysis method using the Bishop pseudostatic limit 

equilibrium. Even though the impact of the time-dependent critical acceleration on the 

accuracy of evaluated slope displacements has been recognized by earlier studies, it 

appears that this issue has still not been fully addressed. Mircevska et al. (2021), proposed 

an improved Newmark method based on the fully nonlinear elasto-plastic soil behaviour 

enabling more reliable assessment of the slope stability. The approach involved 

replacement of the constant critical acceleration with a stress-strain and time dependent 

critical acceleration (dynamic critical acceleration) related to the extent of the exerted 

plastic yielding. Tension cut-off effects along the base of the sliding mass were also 

considered, whereas the response acceleration controlling the equivalent seismic loading 

and the exerted plastic yielding interacted according to the principals of the elasto-plastic 

theory and MC yielding function. 

Most of the slope stability methods have been incorporated into commercially available 

software ranging from the equivalent linear techniques to complex plasticity-based 

methods. Widely used software packages applied in the engineering practice for evaluation 

of slope and embankment seismic stability are QUAKE/W (2014); SLOPE/W (2014); 

QUAD 4 (1973), FLAC (2008), etc. They offer sophisticated nonlinear elastic analyses 

based on the Equivalent Linear Method, where the stiffness and damping properties are 

iteratively adjusted for compatibility with the estimated cyclic shear strains. This technique 

provides reasonable estimates of the dynamic response of the soil medium and post-

earthquake shear strengths. It is, however, unable to directly consider the effects of plastic 

yielding and to provide explicit information on the permanent soil deformations. 

Therefore, such techniques rely on the Newmark method whose accuracy depends 

obviously on the capacity to assess the permanent displacement. In parallel, progress has 

been made in development of the elasto-plastic theory of small strains and of non-linear 

material models based on the state-of-the-art constitutive relationships capable to evaluate 

the plastic and cracking zones and provide explicit information on the permanent soil 

deformations. Among these software packages are ADINA (2013); DIANA (2019); 

PLAXIS BV (2002); LS-DYNA (2009); NASTRAN-95 (2014), ADAD-IZIIS (2018), etc. 

They are used particularly in cases when the dam safety evaluated by other simple method 

is judged at risk. 

The objective of this paper is to analyse and compare the slope displacement and stability 

results considering an improved coupled nonlinear FE-Newmark method and the Mohr 

Coulomb (MC) material model based on the theory of plasticity. The comparison is 

illustrated numerically with an example of a 72 m high tailings dam. 

2. Numerical analysis  

2.1 FE-Newmark and Mohr Coulomb methods 

A 72 m high tailings dam has been considered as an example for the analyses. The analysis 

was conducted with the ADAD-IZIIS FE-BE software written specifically for evaluation 

of static and dynamic behaviours of dams, ADAD-IZIIS (2018). The nonlinear soil 

behaviour was modelled with the MC elasto-plastic constitutive relationship based on 

associated plasticity as a ‘first-order’ approximation. The dynamic response was defined 
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with the "step-by-step" direct integration method and with linear variation of acceleration 

within each step.  

2.2 Tailings dam 

 

Fig. 1 - Cross-section of the tailings dam: 1) downstream sand embankment, 2) tailings pond, 3) symmetric, 

homogeneous starter dike made of graphite shale, 4) recent alluvium with variable thickness (8-10 m), 5) 

natural sediments, 6) downstream rockfill support, 7) drainage carpet with drainage pipes. 

2.3 Seismic input 

The dam site was zoned X, according to the MKS-64 scale, with a moment magnitude of 

M7 and a maximum ground acceleration of 0.5 g with probability of exceedance of 1/2475 

yrs. In this case, the recommendations of ICOLD (2016) and EN 1998-1 (2004) suggest the 

amplitude-frequency composition of the input ground motion determined with design 

spectrum Type-1. Accordingly, the dam was subjected to a horizontal component of a 

synthetic earthquake motion scaled at PGA=0.5 g, and a vertical component with 

PGA=0.33 g.  

3. Results 

3.1. Dynamic response 

The detailed description of the conducted dynamic analysis of the considered tailings dam 

is given in the paper “Aspects for evaluating the seismic stability of tailings dams” by 

Nanevska et al., which is also to be presented at the conference. Herein, only the most 

important results related to the slope stability are presented. 

The Figure 2 a gives a snapshot of the developed plastic deformations at T=8.75 s of the 

dynamic response when the majority of simulated sliding surfaces experience a drop of 

FoS below the critical. The zones indicated in red represent the finite elements that 

experience shear plastic yielding in compression and appearance of tension cut-off effect at 

the respective response time. The bulging deflection in the positive X direction, occurs at 

the transient zone between the sand embankment and the stone supporting fill at the lower 

part of the downstream slope with a maximum value of Xmax=0.173 m at T=20 s, Figure 2 

b. The final maximum plastic deformation is the settlement of the crest of 0.22m., (Figure 

2 b). 
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Fig. 2 - Snapshot of the plastic deformation with respective extreme values a) at T=8.75 s, the time of deep 

nonlinearity, and b) at the end of excitation T=20 s. The occurrence of extensive plastic shear yielding in 

compression and appearance of tension cut-off effect in finite elements are indicated in red 

3.2. Stability analysis  

For the purpose of comparison between the Newmark and MC permanent displacement 

results, three arbitrarily pre-defined slip surfaces and one determined by the optimization 

algorithm for detecting slip surfaces with minimum FoS were considered, Figures 3. All 

the surfaces are with a static FoS above the minimum allowable value of 1.5. Figure 4 

presents the FoS time histories from linear and nonlinear analyses, both having the same 

starting value since the nonlinear static stress state is the initial condition for the dynamic 

analyses. The dynamic FoS for linear-elastic behaviour of slip surfaces #1 through #4 

exceeds the safety threshold limit of FoS=1 in the course of 1.2%, 2.4%, 29% and 14% of 

the dynamic excitation, respectively. These slip surfaces have their first important 

exceedance of the limit value at T=8.75 s, when in case of the nonlinear analysis the dam 

exhibits a wide zone of plastic deformations indicating deep nonlinearity, Figure 2 a. The 

nonlinear soil behaviour results in only one exceedance of FoS in the case of shallow slip 

surface #3, during 1.1% of the dynamic excitation.  

In the case of nonlinear stress-deformation analysis, the plastic equilibrium actually takes 

place when the shear stresses reach or exceed the ultimate shear strength value. The shear 

stresses are then reduced to the allowable level to the detriment of the developed plastic 

deformations. This reduction causes a substantial increase of FoS compared to the one 

calculated for the linear-elastic soil behaviour, Figures 4. The eventual violation of the 

nonlinear safety limit indicates instant instability caused mainly by the occurrence of 

plastic tension zones along the analysed slope, where the principal tension cut-off is 

applied according to MC material model. This is also followed by plastic straining and 

deformations. 
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Fig. 3 - Position of slip surfaces and distribution of static normal (on the left side) and tangential (on the right 

side) stresses in kN/m2: a) and b) for slip surface #1; c) and d) for slip surface #2; e) and f) for slip surface 

#3; and g) and h) for slip surface #4 

 

Fig. 4 - Time histories of the dynamic FoS for: a) slip surface #1; b) slip surface #2; c) slip surface #3 and d) 

slip surface #4. The blue line represents FoS determined with linear analysis, whereas the green line indicates 

the non-linear FoS. Safety threshold value of FoSY=1.0 is indicated with red line. Ratio stands for the ratio 

between the duration of the safety limit exceedance and the duration of dynamic excitation, 20s 
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To allow the assessment of the reliability of the proposed approach, permanent displacement 

results were compared with those obtained directly from the stress-deformation analysis with 

the elasto-plastic MC material model. Time histories of the average plastic deformation were 

determined along the respective sliding surfaces, Figure 5. Special attention was given to the 

final plastic deformation at the end of the dynamic response. The plastic deformation 

represents an average angular value of the integrated projection of the plastic deformation 

tensor along the straight segments belonging to each FE, whose direction coincides with the 

average dip of the individual segments composing the sliding surfaces. 

 

Fig. 5 - Time histories of the average angular plastic deformations obtained directly from the stress-

deformation analysis with the non-linear MC material model for slip surfaces #1 through #4. 

Figures 6 and 7 depict the solution of permanent deformation for the deep sliding surface #1 

and for the shallow sliding surfaces #3, with both approaches with: i) time variable stress-strain 

dependent critical acceleration (Figures 6 and 7 a, b and c); and ii) constant critical acceleration 

under nonlinear static stress-strain state conditions (Figures 6 and 7 a, d and e). The permanent 

deformations are compared with time histories of the average plastic deformations shown in 

Figure 5.  

It can be observed in Figures 6 and 7 that the evaluated permanent displacements in case of 

constant critical acceleration are lower than the respective final plastic deformations shown in 

Figure 5. Assuming that the results based on the elasto-plastic theory of small strains are more 

reliable, this corroborates the findings of the previous studies which indicate lower permanent 

displacements than the field observations, Meehan et al. (2013); Song et al. (2017). As well, 

the dynamic critical acceleration generates permanent displacements lower than the final 

plastic deformation in deep sliding surface #1 (Figures 6 c), whereas it is the opposite situation 

in the case of shallow sliding surface #3, Figures 7c. The consideration of the dynamic critical 

acceleration, however, yields higher permanent displacements. 

On the other hand, the deep slip surface #3 experiences the highest average plastic deformation 

of about 0.315 m at T=8.75 s (Figure 5). This was expected, since this surface was also the 

most critical in the case of static analysis (Figures 3), and in the case of the dynamic linear and 

non-linear FoS (Figures 4). One of the main reasons for overestimated or underestimated 

Newmark evaluations is the computation of increasing cumulative permanent displacement 

with time, as opposite to the average plastic deformation based on the elasto-plastic theory of 

small strains which represent cumulative effect of reversible incremental plastic deformations. 
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Fig. 6 - Newmark analysis for deep slip surface #1. 

 

Fig. 7 - Newmark analysis for deep slip surface #3. 
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Figures 6 and 7 depict the following:  a) time history of equivalent seismic loading (green line) 

acting in downslope direction with constant (red line) and dynamic critical acceleration (blue 

line), b) velocity of the Newmark block for dynamic critical acceleration, c) permanent 

displacement of the Newmark block for dynamic critical acceleration, d) velocity of the 

Newmark block for constant critical acceleration, e) permanent displacement of the Newmark 

block for constant critical acceleration. 

4. Conclusions 

The discrepancy in the evaluation of the slope displacement and stability based on the 

improved FE-Newmark method and Mohr Coulomb material model was analysed in this 

study. A 72 m high tailings dam was used as a case example to test both methods. The 

results show that the Newmark permanent displacement was obtained using the dynamic 

critical acceleration as well as the constant static critical acceleration. The displacements 

obtained with the dynamic critical acceleration were higher than those with the constant 

critical acceleration. The dynamic FoS was higher assuming nonlinear soil behaviour, a 

phenomenon manifested to the detriment of the developed plastic deformations and 

yielding. From the engineering point of view, these plastic deformations are the most 

important quantitative measures of the seismic slope stability. It can be concluded 

accordingly that, beside the consideration of dynamic critical acceleration, the FE-

Newmark method still suffers from inferior accuracy under increased stress-strain loading 

conditions leading to loss of the shearing resistance and zones with extensive plastic 

straining. Since the existing commercial software based on the equivalent linear method 

does not explicitly evaluate plastic deformations, users are not always aware of the extent 

of the developed nonlinearity during the dynamic response. In such situation, the decision 

whether the accuracy of Newmark permanent displacements is acceptable should be made 

based on the extent of the discrepancy between the results calculated by the constant and 

by the dynamic critical acceleration approaches. In the case of a substantial difference, 

where the results are affected by deep nonlinear behaviour, the Newmark concept of 

permanent displacements can be used only as a first screening tool before applying more 

sophisticated approaches. The comparative study also suggests replacement of the 

practically assumed constant critical acceleration with stress-strain dynamic critical 

acceleration in order to achieve more reliable Newmark evaluations of slope stability when 

applicable in geotechnical practice. 
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Abstract: The soil-foundation-structure interaction is studied for two adjacent buildings 
excited by strong ground motion. Our case study focuses on the interaction of the 19-story 
Plaza Cathedral building with the St. Joseph Cathedral Church in Bucharest. The Plaza 
building has an embedded four-story basement and piles underneath, whereas the church a 
surface one. Both structures are founded on a quite soft soil of clay and silty sand layers of a 
total depth of 42 m, while the water surface is at shallow depth. A 2D finite element model is 
developed considering a proper simulation for both the church and building. The system is 
excited by the records of the Mw7.7, 1977 Vrancea earthquake. Results are presented in 
acceleration and displacement timehistories. Also, contours of plastic deformations are 
provided. A comparison is obtained between the response of the church when acting alone 
and the response when the adjacent building interacts with church. 

Keywords: foundation-soil-structure interaction, structure-to-structure interaction, 1977 
Bucharest earthquake, seismic response, kinematic interaction 

1. Introduction  

“Cathedral Plaza” is a multi-story modern building, located in the Northern central part of 
Bucharest, Romania.  The building consists of 4 basements and 19 floors, with an area of 
approximately 1800 m2 and its construction finished at 2010. The total height of the 
superstructure is 74.50 m, while its structural system is composed of a central reinforced 
concrete shear core and steel moment resisting frames in the perimeter, as described in the 
SAIDEL Geotechnics (2019) report. The foundation is shaped by a RC mat slab which is 
supported by piles. Cathedral Plaza is bordering in the west with the “St. Joseph” Cathedral 
(dating from 1884) at a distance of 5 m, as can be seen in Fig. 1. 

The scope of this paper is to determine if during a strong earthquake (as the Seismic Code 
P100-3 (2008) and the seismic history of Bucharest dictate [Bala et al. (2015); Ciugudean-
Toma & Stefanescu (2006); Georgescu (2004); Mandrescu et al. (2004); Sandi et al. 
(2004)]), the oscillatory motion originating from the Plaza Building will or will not have a 
detrimental effect on the St. Joseph Church. To accomplish this goal, building–soil–building 
interaction analysis is performed. To this end, a finite-element 2D model is developed 
utilizing the ABAQUS (2011) numerical code.  
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Fig. 1 - Photo of the modern Cathedral Plaza 19-story building and the neighbouring St. Joseph Cathedral. 

[Source: Google Earth] 

 

2. Structure-to-structure numerical modelling 

Plane-strain (2-D) Dynamic Finite Element analyses of a representative section of the 
Church with and without the presence of the nearby Plaza building were performed. The 
numerical models, shown in Fig.2, include the underlying and surrounding soil, and they are 
subjected to base motions consistent with specified motion at the ground surface. 

For the constitutive model of the walls of the Church we adopted the “concrete damage” 
model of ABAQUS, a reasonable and frequently-adopted simplification for an otherwise 
difficult to model material.  The Building superstructure was represented with a stick model 
carrying concentrated masses of the slabs at each level of the 22 floors (including the 
basement). The 4-floor basement of the Building was modelled as an elastic box in full 
contact with the soil, internally supported by the underground floors. The complete system 
of the two structures and the soil down to a depth of 40 meters was discretized into finite 
elements as shown in Fig.2(a). The soil was modelled as an inelastic material, using a Mohr-
Coulomb–based kinematic-isotropic hardening plasticity model of Anastasopoulos et al. 
(2011).  
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Fig. 2 - Finite element models analysed to estimate the Building to Church seismic interaction: (a) the whole 
finite element 2D model, (b) detail view of the model when only the Church exists, and (c) when the 

Cathedral Plaza building interacts with the pre-existing Church 

3. Soil Profile and Seismic Excitation 

The soil profile and its shear-wave velocity versus depth that have been adopted herein are 
plotted in Fig.3.  Geotechnical testing was established together with SAIDEL Engineering’s team 
on the basis of the initial geotechnical report of 2001 and on similar experience from Bucharest 
(shear wave velocity measurements performed on nearby sites).  The soil is assumed to behave 
as an equivalent-linear material using the G : γ and ξ : γ curves of the geotechnical investigation 
report of SAIDEL Geotechnics SRL (2019). Several geotechnical soil profile and site effect 
studies for the Bucharest region were performed by Bala et al. (2007, 2010), and Arion et al. 
(2012, 2015). 

Four acceleration time histories are used as ground-surface excitation: (i) two are the 
components of the Bucharest 1977 record in the Vrancea earthquake (Fig.4 a1); and (ii) the 
other two are increased versions of these two components (Fig.4 a2), after they are adjusted 
so that their response spectra “fit” the design response spectrum of the Romanian code.   
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Fig. 3 - Schematic representation of the soil profile employed in all F.E. analyses and corresponding shear 
wave velocity distribution with depth. 

 

 

Fig. 4 – Excitations imposed at the model’s base: (a1) the recorded horizontal components (ENH and HNN) 
in Bucharest from the Mw7.7, Vrancea 1977 earthquake, and (a2) the fitted to the design spectrum 

acceleration timehistories of the aforementioned 1977 event. 

 

The Vrancea earthquake accelerograms and its response spectra, have an important 
characteristic which makes them a very destructive especially for tall and/or flexible 
structures: one of its components, the HNN, contains a long-duration high-amplitude 

102
3ECEES, September 2022, Bucharest, Romania



sinusoidal pulse, giving an acceleration response spectrum which has a broad severe peak at 
periods in the range of 1.2 ~ 2 seconds.  Importantly, as Professor I. Vlad had clearly 
explained in Vlad & Vlad (2011) and (2017), and several other seismological studies have 
verified, the shape and amplitude of this spectrum are a consequence of the earthquake-
source mechanism and not the result of soil response.  This is a valid argument because 
several other earthquakes produced records on the same acceleroghraph station of totally 
different spectral shapes; this would not have been the case if the soil (which of course has 
hardly changed) were responsible for the 1977 shape. 
       In addition, the other component of this record, ENH, is quite rich in lower periods. 
Thus, these two acceleration histories are believed to describe adequately the seismic threat 
to the site of our two structures, and are adopted here for our analyses. Structural seismic 
response in Romania during the 1977 earthquake is thoroughly investigated (among others) 
by Georgescu et al. (2014), Vacareanu et al. (2004), and Vlad (2004), (2017). 

 

Fig. 5 – Contours of the plastic equivalent strains (PEMAG) induced in the St. Joseph Cathedral: (a) when 
standing alone, and (b) the Building coexists. Excitation: ENH record. 
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Fig. 6 – Acceleration and displacement timehistories are presented for the red highlighted nodes shown 

herein. 

 

 

Fig. 7 – Acceleration timehistories at the characteristic points A-D when: the Church is standing ALONE 
(with red), and for Building interacting WITH the Church (black color).  

Excitation: ENH fitted record, and masonry yield combination ft = 1.4 MPa and fc = 10 MPa.. 
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4. Results and Discussion 

Analyses results are presented in terms of plastic deformations (Fig.5), displacements, and 
accelerations at several characteristic locations (Fig.6) of the building-soil-church system. 
Systematic comparison of the computed response experienced by the Church alone, with the 
corresponding response values of the Church with the Building present reveal how much the 
Building affects the Church.  

In general, the contours of plastic deformations shown in Fig.5, reveal the locations in the 
Church which are most vulnerable. In other words, the colours show the regions where 
significant plastic strains occur: at the base of the exterior columns and at the two arches. 
The differences are not large, but still fewer elements have yielded in the Church when the 
Building is present than when the Church is alone.  Hence, the presence of the nearby 
Building is slightly beneficial to the Church.  For brevity reasons only the case of the ENH 
excitation is shown in Fig.5, but the beneficial role of the Building is true for all the cases 
studied (different excitations, several material strengths, etc.). 

 

Fig. 8 – Horizontal displacement timehistories, DX, at the characteristic point C at the soil and D at the 
foundation of Church. With red lines are depicted the displacements when only the St. Joseph Cathedral 
exists, while with black when both the Building and Church interact. Excitation: ENH fitted record, and 

masonry yield combination ft = 1.4 MPa and fc = 10 MPa. 

 

The beneficial role of the Plaza Building to the Cathedral can be observed in detail in Figs 7 
and 8, in terms of accelerations and horizontal displacement time histories, respectively. Not 
only the maximum acceleration values induced on the Cathedral are smaller in presence of 
the Building, but also every acceleration value at all instances in every point of the Church. 
The same is true for the horizontal displacements.  This means that when the Church is alone 
it suffers slightly greater displacements that the Church with the Building. The positive 
(beneficial) role of the presence of the Building on the Cathedral can be explained as follows: 
thanks to Building’s deep and rigid basement and its piles, are induced smaller accelerations 
than the free field; therefore the Church is subjected to lower seismic actions.   

To demonstrate further the aforementioned conclusion, we investigate Building’s foundation 
influence as shown in Fig.9: the horizontal soil displacements induced by a harmonic 
moment loading at the surface level of the Building are compared for the case of a mat 
foundation (on the top plot) versus a pile foundation (on the bottom). It can be easily 
observed that pile foundation reduces the horizontal displacements of soil. For instance, the 
4 mm triggered soil displacement contour at the left edge of the Church foundation (when 
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the Plaza Building is supposed to attain a mat foundation) is reduced to 2.7 mm in case of 
the pile foundation of the Plaza Building. This is a strong indication of the kinematic 
interaction between the foundation type of the Plaza Building, the surrounding soil, and of 
course the Church. 

 

 

Fig. 9 – Influence of the building foundation type: Contours of horizontal displacement response induced by 
harmonic MOMENT loading at the surface level of the Building. Top: displacement contours when the 

Building is assumed WITHOUT piles; Bottom: when the Building is with its piles (as in reality). 
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Conclusion 

With a series of parametric numeric analyses, the seismic interaction between a high rise 
building and a nearby one is investigated herein. Based on the results, the following 
conclusion is drawn: the vibrations and the presence of the Plaza Building seem to have a 
small effect on the St. Joseph Cathedral, even during the very severe Bucharest Code seismic 
motions. So, the Church will experience lower accelerations, and will suffer smaller 
displacements in presence of the Building. 

References  

- ABAQUS Documentation (2011). Dassault Systèmes, Providence, RI, USA.  
- Anastasopoulos I, Gelagoti F, Kourkoulis R, Gazetas G (2011): Simplified constitutive model for 

simulation of cyclic response of shallow foundations: validation against laboratory tests. Journal of 
Geotechnical and Geoenvironmental Engineering 137(12): 1154-1168. 

- Arion C, Neagu C, Vacareanu R, Calarasu E (2012): In Situ Investigation for Microzonation of 
Bucharest Surface Geology. 15th World Conference on Earthquake Engineering, Lisbon, Portugal.   

- Arion C, Calarasu E, Neagu C (2015): Evaluation of Bucharest soil liquefaction potential. 
Mathematical Modelling in Civil Engineering, Vol. 11, No. 1: 40-48  

- Bala A, Balan SF, Ritter JRR, Hannich D, Huber H, Rohn J (2007): Seismic site effects based on in-
situ borehole measurements in Bucharest, Romania. International Symposium on Strong Vrancea 
Earthquakes and Risk Mitigation, Bucharest, Romania, pp. 190-204 

- Bala A, Balan SF, Ritter JRR, Rohn J, Huber G, Hannich D (2010): Site-effect analyses for the 
earthquake-endangered metropolis Bucharest, Romania, 127 p, Ed. Univ. "Alexandru Ioan Cuza", 
Iasi, ISBN: 978-973-703-546-2. 

- Bala A, Raileanu V, Dinu C, Diagonescu M (2015): Crustal seismicity and active fault systems in 
Romania. Romanian Reports in Physics: Vol. 67, No. 3, pp. 1176–1191 

- Ciugudean-Toma V, Stefanescu I (2006): Engineering geology of the Bucharest city area, Romania. 
Proceedings of the IAEG Conference, The Geological Society of London, Paper No 235. 

- Georgescu E-S (2004): Forensic engineering studies on Historical earthquakes in Romania. 3th World 
Conference on Earthquake Engineering, Vancouver, B.C., Canada, Paper No. 2444 

- Georgescu E-S, Gociman CO, Craifaleanu IG, Florescu T, Moscu C, Georgescu MS, Dragomir C-S 
(2014): Urban heritage value and seismic vulnerability mapping: challenges for engineering and 
architectural assessment-Case study of a protected area in Bucharest, Romania. 2nd European 
Conference on Earthquake Engineering and Seismology, Istanbul, Turkey, Paper No. 431 

- Mandrescu N, Radulian M, Marmureanu G (2004): Site conditions and predominant period of seismic 
motion in the Bucharest urban area. Revue de Géophysique (48): 37-48  

- SAIDEL Geotechnics SRL (2019): Detailed Ground Investigation Report - Determination of the 
geotechnical and dynamic characteristics of the ground on the site of “Cathedral Plaza” Building, 65 
pages. SAIDEL Geotechnics SRL: 11-15 General H. M. Berthelot Street, District 1, Bucharest. 

- Sandi H, Borcia IS, Stancu M, Stancu O, Vlad I, Vlad MN (2004): Influence of source mechanism 
versus that of local conditions upon spectral content of ground motion. Proceedings of the 13th World 
Conference on Earthquake Engineering, 1-6 August, Vancouver, Canada. 

- P100-3/2008 (2009): Seismic Design Code. Part III. Seismic assessment of existing buildings, 
Monitorul Oficial No. 647 (in Romanian). 

- Vacareanu R., Radoi R., Negulescu C., Aldea A. (2004): Seismic vulnerability of R.C. buildings in 
Bucharest, Romania. 3th World Conference on Earthquake Engineering, Vancouver, B.C., Canada, 
Paper No. 1796 

- Vlad I (2004): Seismic structural design of an office building in Romania. 3th World Conference on 
Earthquake Engineering, Vancouver, B.C., Canada, Paper No. 1903 

- Vlad I, Vlad M (2011): Ambient vibration instrumental investigations on full scale structures. 8 th 
International Conference on Structural Dynamic, Leuven, Belgium 

- Vlad I (2017): The collapse of new RC buildings during the March 4, 1977 Vrancea earthquake. 16th 
World Conference on Earthquake Engineering, Santiago, Chile, Paper No. 697 

- Vlad I, Vlad M (2017): Special issues between adjacent buildings with different heights and the 
peculiar Vrancea earthquakes. 16th World Conference on Earthquake Engineering, Santiago, Chile, 
Paper No 3483 

107
3ECEES, September 2022, Bucharest, Romania



 

 

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

Liquefaction Assessment of a Loose Silty Sand Site in the 2008 Mw 6.3 

Ölfus Earthquake 

  

Fattahi Seyed Javad – Faculty of Civil and Environmental Engineering, University of Iceland, Reykjavik, 

Iceland, e-mail: sjf7@hi.is 

Olafsdottir Elin Asta – Faculty of Civil and Environmental Engineering, University of Iceland, Reykjavik, 

Iceland, e-mail: elinasta@hi.is 

Erlingsson Sigurdur – Faculty of Civil and Environmental Engineering, University of Iceland, Reykjavik, 

Iceland, e-mail: sigger@hi.is 

Bessason Bjarni – Faculty of Civil and Environmental Engineering, University of Iceland, Reykjavik, 

Iceland, e-mail: bb@hi.is 

Rupakhety Rajesh – Earthquake Engineering Research Centre, University of Iceland, Selfoss, Iceland,  

e-mail: rajesh@hi.is 

Abstract: Seismicity in Iceland is related to the Mid-Atlantic plate boundary and primarily 

consolidated in two complex fracture zones. Liquefaction was observed after the Mw 6.3 Ölfus 

earthquake in 2008 at the site Arnarbaeli. The site consists of a thick silty sand stratum on the 

banks of the estuary of the river Ölfusa, and it is located less than 10 km from the earthquake 

epicentre. Based on nearby time history registrations, the estimated acceleration at the site 

was 0.6 - 0.7g. Using a simplified method, the safety factor against liquefaction based on the 

equivalent linear (EL) approach has been estimated. The analysis is built on in-situ field test 

data (i.e., MASW, and SPT). The analysis reveals the liquefaction depth, 4.4 m. It is shown 

that not only the current procedure is capable of predicting the occurrence of liquefaction, but 

also the safety factor which is in good agreement with the observed surface evidence of 

liquefaction at the site. 

Keywords: liquefaction hazard, MASW, SPT, South Iceland Seismic Zone, equivalent-linear 

site response analysis 

1. Introduction 

Seismicity in Iceland is related to the Mid-Atlantic plate boundary and primarily 

consolidated in two complex fracture zones, namely the South Iceland Seismic Zone (SISZ) 

and the Tjörnes Fracture Zone (TFZ). Among all the earthquakes in these areas since the 

year 1700, 30 earthquakes have had an estimated magnitude greater than six (Einarsson, 

2008). Earthquakes of magnitude up to 7 are also possible to happen. Destructive 

earthquakes in Iceland tend to occur in sequences, especially within the SISZ.  

The term liquefaction has been used to describe a number of related phenomena observed in 

loose, partially or fully saturated soils, where the soil substantially loses strength due to 

earthquake shaking, or other sudden changes in stress conditions. Depending on the 

characteristics of the soil material and the site conditions, the liquefaction phenomena can 

lead to sudden or incremental lateral deformations, ground oscillations, vertical settlements, 

and development of sand boils (Kramer, 1996; Towhata et al., 2008). This can be devastating 

for structures buried in or resting on liquefied soil materials. Evaluation of the liquefaction 

hazard of soil sites is therefore of great importance in seismically active areas. 

In Iceland, soil conditions consist primarily of normally consolidated Holocene soils of 

basaltic origin, and postglacial sediments can be seen in a vast majority of the island 
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(Erlingsson, 2019). These sediments are geologically young and built up fast (Bessason and 

Kaynia, 2002). In other words, the local soils are often coarse silty particles including coarser 

grains, and they are commonly loosely compacted (Erlingsson, 2019). 

Liquefaction was observed after the Mw 6.3 Ölfus earthquake in 2008 at the site Arnarbaeli. 

The site consists of a thick silty sand stratum on the banks of the estuary of the river Ölfusa, 

and it is located less than 10 km from the earthquake epicentre.  

In this work, an equivalent linear (EL) site response analysis is conducted for the Arnarbaeli 

site, and the potential for initiation of liquefaction at the site is assessed using the simplified 

cyclic stress approach. A few questions are aimed to be answered in this study, which have 

not been addressed previously by means of a unique case study. To what extent can the 

simplified procedure predict the liquefaction at a volcanic sandy soil site, and how do the 

results compare with visual evidence? Furthermore, how do the results of the EL linear 

simulation affect the evaluated liquefaction hazard as compared to using an empirical 

formula to account for the flexibility of the soil profile? 

2. Seismic activity of the South Iceland Seismic Zone 

The seismic hazard in Iceland is the highest in North Europe and comparable to that in South 

Europe. The 475-year mean return period peak ground acceleration (PGA) is 0.5g in the two 

main seismic zones of the country. Since 2000, three destructive earthquakes have hit South 

Iceland, two Mw 6.5, Mw 6.4 earthquakes in June 2000 and one Mw 6.3 in May 2008 

(Jonasson et al., 2021), see Figure 1. These events occurred in the middle of the South 

Iceland lowland, the country's largest agricultural region containing many buildings, farms, 

power plants, bridges, and other infrastructure. Fundamentally, although no significant 

building collapse, serious injury, or fatality was caused by these events, much damage 

occurred. A wealth of strong ground motion data and damage/loss data was collected during 

and after these earthquakes (Bessason and Bjarnason, 2016). 

 

 

Fig. 1 - Map of South Iceland showing the epicentres and fault ruptures of the May 2008 Ölfus earthquake 

and the two June 2000 South Iceland earthquakes. The location of the Arnarbaeli site on the western bank 

of the river Ölfusa is shown by the red dot. [The map contains data from the IS 50V database of the 

National Land Survey of Iceland from 12/2020. Earthquake moment magnitudes and location of 

earthquake epicentres are from the ICEL-NMAR Earthquake Catalog (Jonasson et al., 2021).] 
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The epicentre of the May 2008 Ölfus earthquake was reported near the two towns, 

Hveragerdi and Selfoss (Figure 1). Nearly 5000 low-rise residential buildings were affected 

(Bessason et al., 2014). The PGA of the earthquake was 0.88g. Figure 2 illustrates the 

acceleration time history at the Selfoss town hall during the earthquake. 

 

 

Fig. 2 – The recorded time history of acceleration (x-component) at the Selfoss town hall during the May 

2008 Ölfus earthquake. 

3. Site description 

Liquefaction was reported after the earthquake in May 2008. The most evident surface 

evidence of liquefaction, such as sand boils and ground settlements, was observed at 

Arnarbaeli (Figure 3). The PGA at the site was estimated in the range of 0.6 to 0.7g (Green 

et al., 2012; Olafsdottir et al., 2019). The soil deposits at Arnarbaeli consists of a relatively 

homogeneous volcanic sand deposited on the west side of the estuary of the river Ölfusa. 

 

 

Fig. 3 - Sand boils on the bank of the river Ölfusa close to the epicentre of the May 2008 Mw 6.3 

earthquake. Figure courtesy by O. Sigurdsson. 

 

This study has carried out a liquefaction hazard analysis for the Arnarbaeli site. Apart from 

the liquefaction surface evidence, the complementary reason for choosing this site was 

previous investigations, which contain Standard Penetration Test (SPT), shear wave velocity 

(Vs) measurements by the Multichannel Analysis of Surface Waves (MASW) method, and 

110
3ECEES, September 2022, Bucharest, Romania



geotechnical laboratory soil characterization tests (Bessason and Erlingsson, 2011; Green et 

al., 2012; Olafsdottir et al., 2015, 2018, 2019; Erlingsson et al., 2022). Based on the Green 

et al. (2012) investigations at the Arnarbaeli site, the geotechnical properties of the basaltic 

sands and computed equivalent (N1,60) blow count are presented in the following Table 1 and 

Figure 4, respectively. As shown in Figure 4, unfortunately, the aforementioned 

investigation is limited to the top 4 m of the soil. 

 

Table 1. Geotechnical properties of the volcanic sand at Arnarbaeli (Green et al., 2012). 

Specific gravity, Gs 2.84 

Coefficient of uniformity, cu 9 

Coefficient of gradation, cz 1.21 

Fines content, FC 7% 

USCS classification SW-SM 

Maximum void ratio, emax 1.40 

Minimum void ratio, emin 0.647-0.694 

Maximum dry unit weight, γdmax 16.4-16.9 [kN/m3] 

Minimum dry unit weight, γdmin 11.6 [kN/m3] 

Saturated unit weight at Dr = 35%, γsat 18.2 [kN/m3] 

 

Following this, for up to 25 m depth, the shear wave velocity of the soil layers had been 

measured by the MASW method. Figure 5 shows Vs over depth for the Arnarbaeli site. 

 

 

Fig. 4 - Plot of N1,60 versus depth based on Green et 

al. (2012) and fitted cubic regression curve for the 

Arnarbaeli site. Here, z is depth in meters. 

 

Fig. 5 – Six different MASW measurements up to 

25 m depth at Arnarbaeli site. 

 

Wair et al. (2012) summarized some SPT–Vs empirical correlation equations for various 

sands. Selected equations are given in Table 2. In this table, all the equations have been 

developed for Holocene sands. 
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Table 2. Selected SPT–Vs correlations for Holocene sands. 

Study Soil Type Geology Age Vs based on N60 [m/s] Eq # 

Piratheepan (2002) 
Sand, FC<10% Holocene 𝑉𝑠 = 66.7 (𝑁1,60

0.25) (𝑧0.14) (1) 

Sand, FC<40% Holocene 𝑉𝑠 = 72.9 (𝑁1,60
0.22) (𝑧0.13) (2) 

Wair et al. (2012) Sand Holocene 𝑉𝑠 = 27.0 (𝑁1,60
0.23) (𝜎′𝑣

0.25) (3) 

In these equations, z in meter, and 𝜎′𝑣 in kPa. 

 

Figure 6 compares the measured shear wave velocity profiles (Figure 5) with the three SPT–

Vs correlations for sandy soils given in Table 2. According to this graph, the measurements 

lie well within the selected equations from the literature.   

 

 

Fig. 6 – Comparison between six different MASW measurements and selected SPT–Vs relationships for 

the Arnarbaeli site. 

4. Site response analysis 

Here the input motion incident angle is considered vertical. In other words, the wave 

propagation's direction is perpendicular to the ground surface. The mentioned hypothesis 

allows 1D site response analysis in the horizontal soil layers, and the input motion propagates 

in only one horizontal path (Kramer, 1996). Accordingly, it is assumed that both horizontal 

directions are not coupled. 

The Selfoss town hall time history (Figure 2) is used as an input motion in the current site 

response simulation. It has been applied at the bedrock bottom boundary of the soil profile. 

Additionally, the groundwater table is assumed to be at the ground surface. 

In the EL procedure, the wave equation is solved for a linear elastic soil with constant values 

for the shear modulus (G) and damping (𝐷) for each layer. For this purpose, an iterative 

process is utilized to determine the elastic G and 𝐷 from the reduced strain, called an 

effective strain, reached in each layer. 

In the current simulation, modulus reduction and damping curves have been derived from 

the empirical model introduced by Darendeli (2001). For this purpose, the dynamic 

parameters have been obtained based on the required variables given in Table 3 and soil 
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type. As an example, the shear modulus reduction and material damping curves based on the 

Darendeli (2001) empirical modulus reduction and material damping curves are illustrated 

in Figure 7a.  

The site response analysis provides the shear stress reduction coefficient (rd) Figure 7b. For 

this purpose, the soil profile was modelled as seven layers and bedrock was estimated at a 

depth of 100 m. Also, the cubic regression curve is fitted to the Green et al. (2012) data 

(N1,60) that has been used here for calculation N1,60 up to 5.5 m depth, see Figure 4. For shear 

wave velocity of the soil profile down to 25 m depth, the Vs, average of the MASW 

measurements, Figure 5, has been used. However, for the deeper layers, between 25 and 100 

meters, anextrapolation for estimating the Vs has been utilized. The properties of the layers 

are presented in Table 4.  

 

Table 3. The selected model parameters. 

Model Parameter Value 

Plastic index, PI 0 

Over-consolidation ratio, OCR 1.00 

Exitation frequency 1.0 [Hz] 

Number of cycles 10 
 

Table 4. Soil properties. 

Layer 

Number 

Thickness 

[m] 

Vs 

[m/s] 

1 2 75 

2 3 115 

3 5 230 

4 10 330 

5 20 420 

6 30 480 

7 30 530 
 

 

 

Fig. 7 – (a) According to the Darendeli (2001) empirical model, iteration procedure towards a strain 

compatible normalized shear modulus and material damping curves for the first soil layer has been plotted. 

(b) Calculated shear stress reduction coefficient based on STRATA. Only the top 10 m are shown. 

5. Liquefaction hazard analysis 

This paper supported the assessment of liquefaction hazard for the Arnarbaeli site by EL site 

response analysis through the software STRATA (Kottke and Rathje, 2009). Soil sieve 

analysis showed that the material is sand with FC of 6-7%, and it lies within the boundaries 

identified as potentially liquefiable soils (Tsuchida, 1970; Green et al., 2012).  
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The simplified procedure (Youd and Idriss, 2001) has been used to assess the liquefaction 

potential of the Arnarbaeli site. Two parameters are essential in this method, namely,  

1) Cyclic Stress Ratio, CSR, which represents the level of cyclic loading on the soil due to 

the earthquake.  

2) Cyclic Resistance Ratio, CRR, which represents soil resistance against liquefaction. 

Following the procedure outlined in Andrus and Stokoe (2000), the CSR value is calculated 

through the following equation: 

𝐶𝑆𝑅 =  0.65 (
𝑎𝑚𝑎𝑥

𝑔
) (

𝜎𝑣

𝜎′𝑣

) 𝑟𝑑 (4) 

where amax is the peak horizontal ground surface acceleration; g is the acceleration of gravity; 

𝜎′𝑣 is the initial effective vertical (overburden) stress; 𝜎𝑣 is the total overburden stress, rd is 

the shear stress reduction coefficient which is included to adjust for the flexibility of the soil 

profile. 

In this study, for separating liquefied from the non-liquefied depths over the soil profile, the 

cyclic resistance ratio, CRR, is evaluated based on SPT-N1,60 (Youd and Idriss, 2001) and 

scaled for a magnitude Mw 6.3 earthquake as: 

𝐶𝑅𝑅 = (
1

34 − (𝑁1)60

+  
(𝑁1)60

135
+  

50

[10(𝑁1)60 + 45]2
− 

1

200
)  ⋅  𝑀𝑆𝐹 (5) 

This equation is valid for (𝑁1)60 < 30, and MSF is the magnitude scaling factor. 

Based on the 1996 NCEER workshop (Youd and Idriss, 2001), MSF can be represented by 

the following equation: 

𝑀𝑆𝐹 =  (
𝑀𝑤

7.5
)

−2.56

 (6) 

Where Mw is the moment magnitude. 

The factor of safety (FS) is finally defined as: 

𝐹𝑆 =  
𝐶𝑅𝑅 

𝐶𝑆𝑅
 (7) 

In case FS < 1, liquefaction can be foreseen to occur, while it is predicted not to occur when 

FS > 1. 

6. Results and discussion 

In this study, a simplified stress-based procedure has been utilized to predict the occurrence 

of liquefaction at the Arnarbaeli site. For this purpose, results obtained through an EL site 

response analysis in STRATA were compared with the study of Green et al. (2012). Green 

et al. (2012) conducted a case study comparing the observed and predicted liquefaction for 

the Arnarbaeli site. Following this, the simplified liquefaction evaluation procedure by 

means of in-situ field test data, SPT, and empirical formula for calculating rd had been used. 

The outcomes of this study show that the current procedure correctly predicts the occurrence 

of liquefaction. The outcomes possess good compatibility with the observed surface 

evidence of liquefaction at the site, Figures 8 and 3. 

In Figure 8a, a liquefaction resistance curve (N1,60 - CRR) is scaled based on the Mw 6.3 

Ölfus earthquake. Computed equivalent (N1,60) SPT blow count and CSR were plotted for 

reference points at a depth between the surface and down to 5.5 m depth and compared to 
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the CRR value. According to the results presented in Figure 8a, liquefaction occurred down 

to a depth of 4.4 meters. Contrary to the investigation of Green et al. (2012), the CSR values 

are not limited to the small depth, 3.8 m. Therefore, the test site's liquefaction depth is 

predicted in this study.  

Based on the simplified method, the factor of safety against liquefaction has been calculated 

and shown in Figure 8b. Accordingly, the FS is sketched against N1,60 and plotted for 

reference points at a depth between the surface and 4.6 m. As can be seen, the FS increases 

with increasing N1,60. Furthermore, Green et al. (2012) highlighted the over-estimation of 

CSR and consequently the relatively low factor of safety based on their investigation. The 

authors pointed out their findings may indicate limited applicability of the simplified 

procedure to evaluate the liquefaction potential for volcanic sand deposits (Green et al., 

2012). However, the FS obtained from this study is higher than their values. In other words, 

it is clear that the equivalent-linear site response analysis can challenge traditional 

approaches. 

 

 

Fig. 8 - Liquefaction potential assessment in this study. (a) Liquefaction evaluation graph for the 

Arnarbaeli site with Green et al. (2012) data through EL site response analysis. (b) The factor of safety 

based on obtained data from EL site response analysis. In both figures, z is depth in meters. 

7. Conclusions 

Liquefaction was observed after the Mw 6.3 Ölfus earthquake in 2008 at the site Arnarbaeli. 

The site consists of a thick silty sand stratum on the banks of the estuary of the river Ölfusa, 

and it is located less than 10 km from the earthquake epicentre. Based on nearby time history 

registrations, the estimated acceleration at the Arnarbaeli site was 0.6 - 0.7g. This 

investigation has been based on the outcomes of in-situ field tests, namely, MASW 

measurements, and SPT tests at the site.  

The simplified procedure, which takes advantage of EL analysis for assessing CSR, reveals 

that the liquefaction occurred at the site down to 4.4 m depth.  

No Liquefaction 

Liquefaction 

Liquefaction 

No Liquefaction 
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Based on the severity of observed liquefaction at the test site, the EL site response analysis 

shows more realistic results than traditional approaches based on the empirical formulas on 

the scope of the simplified procedure. 

Future steps will include assessing the dynamic soil characteristics at the test site through 

advanced laboratory testing to improve the site response simulations and assessment of 

liquefaction potentials. 
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Abstract: The seismic behaviour of the underground structures didn’t receive much 

attention like the ground structures where previous beliefs supported the idea that this type 

of structures will not be affected by seismic events because it is protected by the 

surrounding soil or rock, but the Kobe earthquake (1995) refuted these beliefs where 

destroyed 6 of 21 subway stations in Kobe in Japan. This paper uses the finite element 

method (FEM) to study the seismic behaviour of shallow box tunnels embedded in dry 

sandy soil by studying the internal dynamic forces caused by seismic loads. Numerical 

simulation of the centrifuge test carried out by Tsinids et al. (2016) was performed. 

Thereafter, a series of parametric studies were performed by varying the tunnel depth, the 
surrounding soil density, and the seismic motion parameters. Elastic behaviour with 

Rayleigh damping for the surrounding soil and elastic behaviour for the tunnel material were 

adopted. It was found that the internal dynamic forces increase by increasing the tunnel 

depth and the seismic motion amplitude. While for the dominant frequency of the seismic 

load, its effect is related to its location on the amplification curve of the free field. 

Keywords: Kobe earthquake, underground structures, dominant frequency, amplitude. 

1. Introduction  

In the recent time, the increasing need to expanding transportation networks has led to a 

trend in particular towards tunnels, because these structures reduce congestions in large 

cities, save time and facilitate the movement of goods, thus tunnels are a revolution in the 

transportation field. However, since proper planning for any project will naturally lead to 

an optimal investment and longer life, it is important to know all loads that may affect 

tunnels for their optimal design, and may the most important loads are the dynamic loads 

caused by earthquakes. 

Historically, the effects of earthquakes haven’t been considered during the design of 

underground structures, since this type of structures is surrounded by soil or rock, then it 

will not move independently the medium that it is implemented in, unlike the surface 

structures that may have natural frequencies within the dominant frequencies range of 

seismic motions; Wang (1993). But now it isn't considered that they are totally excluded 

from the influence of seismic motions, because some of them suffered large damages 

because of earthquakes, like the Kobe earthquake (1995) which destroyed 6 of 21 subway 

stations in Kobe in Japan; Hashash et al. (2001). Therefore, we can say that the seismic 

behaviour of tunnels is a crucial aspect for designing these structures because the damage 

that will happen will not stop at human damages "despite their importance", rather, it will 

go beyond that to the economic damages related to the structure's out of service, the time 

and the cost required to restore it to what it was.  

Many researchers carried out numerical simulations in order to study the seismic behaviour 

of tunnels, as numerical approach allows a wide study (more and easier than experimental 

studies or limited analytical studies), but before doing this study it is necessary to verify 

the validity of the formed numerical model results. The laboratory experiments have been 

used widely for that such as shaking table tests. Geuoxing et al (2008) carried out shaking 
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table tests on a small box tunnel in soft soils and simulated these tests numerically using 

Abaqus after adopting viscous-plastic behaviour for the surrounding soil. The results were 

compared under various loading conditions and they found that the difference between the 

experimental results and the numerical predictions increases by increasing the maximum 

value of the input seismic wave acceleration. Other researchers carried out centrifuge tests, 

like Tsinids et al (2013). They performed a series of centrifuge tests on box tunnels in dry 

sandy soils using harmonic and semi-harmonic seismic waves and modelled the tests by 

using Abaqus after adopting more than one soil behaviour model (viscous-elastic, 

elastoplastic "Mohr-Coulomb", nonlinear Von-Mises) and elastic behaviour for the tunnel 

material. They confirmed that there is a good agreement between the experimental results 

and the numerical predictions for the horizontal accelerations and the earth pressures. 

Tsinids et al. (2016) also carried out a series of centrifuge tests on shallow box tunnels in 

dry sandy soil, they modelled these tests numerically by using Abaqus. For the surrounding 

soil, elastic and elastoplastic behaviours were used. While for the tunnel, two types of 

tunnels were studied flexible and solid. They indicated that there is a good agreement when 

comparing the experimental results to the numerical predictions, but they confirmed that in 

the reality maybe it is not the same where additional effects (like the construction process) 

can affect the properties of surrounding soil. 

Seismic motions and surrounding soil parameters haven’t received much attention in the 

literature. The amplitude of seismic motion has been studied using shallow box tunnels 

implemented in cohesive soils after adopting plastic behaviour for the surrounding soil; 

Patil et al. (2018). It was found that increasing the amplitude of the seismic motion will 

increase the peak dynamic earth pressure which lead to an increase in the internal dynamic 

forces. Tsinids et al. (2016) studied this parameter using shallow box tunnels embedded in 

dry sandy soil after adopting elastic behaviour for the surrounding soil and they confirmed 

that the racking deformations of the tunnels increase by increasing the amplitude of the 

seismic motion. For the tunnel depth parameter, much research that studied this parameter, 

either the tunnel was in sandy soil with elastoplastic behaviour; Lakirouhani et al. (2018) 

or in cohesive soil with plastic behaviour; Geuoxing et al. (2008), confirmed that 

increasing the tunnel depth will increase the internal dynamic forces. Lanzano et al. (2014) 

studied the effect of the surrounding soil density after adopting an elastic behaviour for it 

and conformed that increasing the surrounding soil density will increase the internal 

dynamic forces. 

This research aims to study the seismic behaviour of shallow box tunnels in dry sandy soil, 

especially the internal dynamic forces by doing a two-dimensional numerical analysis 

using the finite element method (FEM). Elastic behaviour with Rayleigh damping for the 

surrounding soil and elastic behaviour for the tunnel material (concrete) have been 

adopted. This research will focus on the effect of seismic motion parameters (amplitude 

and dominant frequency) in addition to the tunnel depth and the surrounding soil density. 

2. Method  

This research depends on the analytical comparative approach and it was carried out by 

following these phases: 

a) Numerical simulation of the centrifuge test carried out by Tsinids et al, (2016) on a 

shallow box tunnel embedded in dry sandy soil.  

b) Parametric study of the seismic motion parameters (amplitude and dominated 

frequency), the tunnel depth, and the surrounding soil density. 
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c) Compare and discuss the results. 

2.1. The numerical simulation 

This section presents the numerical simulation of the experiment. Plaxis 2D and Abaqus 

were used and the obtained results were discussed. 

2.1.1. The centrifuge test  

Tsinids et al (2016) carried out a series of centrifuge tests on shallow box tunnels 

embedded in dry sandy soil. four dynamic motions were used, three of them based on the 

time history of the Northridge earthquake (1994) and the fourth was a harmonic load. Two 

types of tunnel models (rigid and flexible) were adopted. They presented the horizontal 

accelerations time histories and the tunnel lining horizontal deformations time histories, 

but they didn’t present the internal dynamic forces time histories of the tunnel members, 

this is the reason that this paper doesn’t compare the experimental results and numerical 

predictions of the internal dynamic forces time histories. 

2.1.2. The numerical model 

The dimensions of the model and the tunnel in addition to the seismic motion parameters 

were converted from the laboratory test to the reality based on a scale factor, N=40 .The 

flexible tunnel model and the harmonic load were adopted in the numerical model. It was 

assumed elastic behaviour with Rayleigh damping for the surrounding soil and elastic 

behaviour for the material of the tunnel model. 

2.1.3. Calibration the model and verify the validity of the results 

The measured values of the horizontal acceleration in the soil medium and the horizontal 

deformations of the tunnel lining obtained from the centrifuge test were compared to the 

corresponding values obtained from the numerical model. The numerical simulation was 

carried out using PLAXIS 2D and ABAQUS, Figure. 1. The results of the two software 

programs were compared and the best one was chosen. 

 

Fig. 1 - The numerical model of the centrifuge test (Abaqus and Plaxis 2D) 

Figure. 2 illustrates the typical model layout of the laboratory model. 
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Fig. 2 - The typical model layout of the laboratory model (Tsinids et al. 2016) 

The obtained horizontal accelerations from the centrifuge test at the accelerometers A4 and 

A15 have been compared to the corresponding values obtained from the numerical model 

as figures. 3 and 4 show. 

 

Abaqus Experimental Plaxis 

Numerical 

 

Time (sec) 
 

Fig. 3 – The horizontal acceleration time history at the accelerometer A4. 

 

 

Abaqus Plaxis Experimental 

Numerical 

 

Time (sec) 
 

Fig. 4 – The horizontal acceleration time history at the accelerometer A15. 

The obtained horizontal deformations of the tunnel lining from the centrifuge test at F2 and 

F4 (figure. 5) have been compared to the corresponding values obtained from the 

numerical model as figures. 6 and 7 show. 

 

Fig. 5 – The horizontal deformations time histories of the left wall of the tunnel model (Tsinids et al. 2016) 
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Numerical 
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Fig. 6 – The horizontal deformation time history of the left wall at F4. 
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Fig. 7 – The horizontal deformation time history of the left wall at F2. 

By looking at Figures. 3, 4, 6 and 7, we can observe a good agreement in the values of the 

tunnel lining horizontal deformations and the horizontal accelerations between the 

centrifuge test and the numerical model using Plaxis 2D and Abaqus software programs. 

Abaqus software program provided better agreement than Plaxis 2D. 

2.2. Parametric study 

For the parametric study a reference model (Figure. 8) was formed. It is with dimensions 

(300×14.4) m. Five nodes infinite elements at the lateral boundaries, eight nodes finite 

elements for the surrounding soil, and two nodes linear elements for the tunnel were used. 

Elastic behavior with Rayleigh damping for the soil and elastic behavior for the tunnel 

material were adopted. Tunnel material is reinforced concrete with dimensions (5.7, 3.6, 

0.57 m), Pedestrian and cyclist subway Didcot, Oxford shire, UK was chosen. For the 

seismic load, a horizontal harmonic load was applied at the base of the model with 

amplitude expressed as displacement equal to 0.017m, frequency equal to the fundamental 

frequency of the free field 1.19 Hz, and the duration of the seismic motion is 12 Sec. 
 

 
Fig. 8 – Illustration of the reference model. 

2.2.1. Tunnel depth 

To study the tunnel depth and its effect on the internal dynamic forces caused by the 

seismic load, several calculations were performed on the reference model with changing 

Numerical 

Abaqus Plaxis 

Experimental 

Experimental 

Plaxis Numerical Abaqus 
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values of (H/C) from (0.56…1.5), (H is the cover layer height and C is the tunnel height). 

Figure. 9 illustrates the effect of the tunnel depth on the internal dynamic forces. 
 

 
Fig. 9 – The effect of the tunnel depth on the internal dynamic forces. 

2.2.2. Surrounding soil density 

Three sand conditions were considered to study the surrounding soil density as it is 

illustrated in Table. 1. Table. 2 illustrates the effect of the surrounding soil density on the 

internal dynamic forces. 

Table 1.  The sandy soil parameters used in the study (adapted from Das 1994). 

Sand condition  

 

E 

 
 

Loose sand 1470 18*106 0.3 

Medium dense sand 1655 40*106 0.3 

Dense sand 1840 51.5*106 0.35 

 

Table 2.  The effect of the surrounding soil density on the internal dynamic forces. 

Parameter Sand condition  

 

 

 

Value 

loose 477 300 

Medium dense 167 106 

dense 180 116 

From Fig.9 and Table.2, increasing the tunnel depth and the surrounding sandy soil density 

will increase the internal dynamic forces, because of the increase in the earth pressure 

applied to the tunnel, therefore the dynamic earth pressure generated by the seismic load 

will increase. 

The effect of the dynamic earth pressure didn’t appear in the case of the loose sand due to 

the resonance phenomenon (the frequency of the applied harmonic seismic load is equal to 

the fundamental frequency of the free field). 

2.2.3. Seismic motion parameter 

The Kobe earthquake (1995) was adopted after being scaled to 0.3g peak acceleration (to 

be proper for the Syrian seismic zone).  

 Effect of dominant frequency 

To study the dominant frequency parameter, which is a parameter that has an important 

effect on the seismic behaviour of tunnels, the dominant frequency of the Kobe earthquake 

(1995) time history was changed according to the following values (0.72, 1.44, 2.88) Hz. 

Figure. 10 illustrates the effect of the dominant frequency on the internal dynamic forces. 
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Fig. 10 – The effect of the seismic motion dominant frequency on the internal dynamic forces. 

The presented results in the previous figure can be explained by the amplification curve of 

the free field, figure 11. Where the location of the studied frequencies on this curve will 

determine which frequency will cause larger amplification than the other and therefore 

larger internal forces. 
 

 
Fig. 11 – The Amplification Curve of the free field. 

 Effect of amplitude 

To study the effect of the seismic load amplitude, the peak acceleration of the Kobe (1995) 

earthquake was changed to be as follows (0.2g, 0.3g, 0.4g). Figure. 12 illustrates the effect 

of the seismic load amplitude on the internal dynamic forces. 
 

 
Fig. 12 – The effect of the seismic motion amplitude on the internal dynamic forces. 

The reason of this increasing can be explained using Newton's second law F=m×g, and 

thus increasing the acceleration will lead to an increasing in the generated forces. 
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2. Conclusion 

Through the results of the numerical analysis and the estimation of the variables by the 

FEM method, and based on the objectives of the research, the following conclusions can be 

reached: 

1) The comparison between the numerical predictions and the experimental results of 

the centrifuge test showed a good agreement for the horizontal accelerations and 

the tunnel lining horizontal deformations. 

2) The internal dynamic forces of the tunnel elements increase by increasing the 

tunnel depth. Where increasing the tunnel depth will increase the dynamic earth 

pressure applied on the tunnel. 

3) The effect of the seismic motion dominant frequency on the internal dynamic 

forces is by its important role in determining the amplification factor. 

4) Increasing the seismic load amplitude will increase the internal dynamic forces, 

because of the increasing of the earthquake strength. 

5) Increasing the density of the surrounding soil will increase the internal dynamic 

forces because of increasing the dynamic earth pressure applied on the tunnel. 

6) The density of the surrounding soil plays a major role in determining the 

fundamental frequency of the free field. Thus, the previous conclusion may become 

incorrect in some special cases when the fundamental frequency of the free field is 

equal to the dominant frequency of the seismic motion (resonance phenomena).  
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1. Introduction  

In modern seismic codes, the actions for design are generally based on a seismic hazard 
assessment at the reference ground. With few exceptions, the latter is assumed at the 
standard outcropping seismic bedrock, usually defined by shear wave velocity Vs larger 
than a threshold value and flat topography. Site amplification factors are then prescribed to 
modify the elastic design spectrum, based on a categorization of ground types.  
Part 1 of Eurocode 8 (CEN 2004, denoted in the following by EC8-1) introduced a 
relatively simple and effective site categorization (Table 1), mainly based on Vs,30, i.e., the 
time-averaged shear wave velocity in the top 30 m, but with the possibility to consider, as 
alternative parameters, the number of blows in the Standard Penetration Test (NSPT) and 
the undrained shear strength (cu).  
Several limitations have often been pointed out (e.g. Pitilakis et al., 2019) referring to the 
EC8-1 classification scheme: 1) the ambiguity of the qualification of “several tens of m in 
thickness” of the soil deposit to identify ground types B and C (see Table 1); 2) the 
classification may not be unique, depending on whether different proxies are used (for 
example, the value of Vs,30 may identify a given ground type, that may be in contradiction 
with the identification based on NSPT); 3) in case the variation of the soil profile does not fit 
“a gradual increase of mechanical properties with depth” (see ground type B description in 
Table 1), such as when velocity inversions are present, it is not clear what to do; 4) the 
alternative proxies to Vs,30 (NSPT and the undrained strength cu) are related to soil strength, 
and only poorly related to the dynamic soil response; as a consequence, a soil profile might 
easily be misclassified by using such parameters alone. 
To cope with such limitations, the introduction of alternative (or complementary) proxies 
to Vs,30, such as f0, was often proposed, especially taking advantage of the improved non-
invasive techniques for its estimation (Comina et al. 2011). However, all of these 
arguments should face the trade-off between accuracy of the approach and ease-of-use, a 
typical dilemma for a technical norm. This is especially true for the problem at hand, since 
the seismic site amplification effects do not depend on the site properties alone, but also on 
the way that such properties interact with the input motion, including its frequency content, 
amplitude and direction of propagation. Therefore, the site amplification factors (SAF) 
associated to a given site category are inevitably subjected to large dispersion. Reducing 
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such dispersion may require a larger number of site categories, but this would be in 
contrast with the necessary "ease-of-use” of a norm. 
Because of the previous limitations, the EC8-1 criteria were reassessed within the 
comprehensive work in progress by the Committee CEN/TC250/SC8 "Eurocode 8; 
Earthquake resistance design of structures" for drafting the new version of Eurocode 8. 
This implied a new definition of elastic design spectra, where spectral amplitudes are 
introduced based on two parameters related to seismic hazard, i.e. the constant acceleration 
branch at short periods (Sα,RP); and the spectral acceleration at T = 1s (Sβ,RP). These 
parameters are to be evaluated for the reference outcropping rock conditions (shear wave 
velocity Vs>800 m/s) and for the return period RP. Correspondingly, the site amplification 
factors Fα and Fβ were also introduced to multiply Sα,RP and Sβ,RP, related to the site 
amplification at short and intermediate periods. 
 

2. Overview of site categorization and site amplification factors in the 2021-draft 

  

2.1. Site categorization 

Since it was recognized that Vs,30 alone is not sufficient to encompass the variety of site 
amplification effects in real geological profiles, in the 2021-draft the decision was taken to 
explicitly introduce two proxies for site categorization. The two selected parameters are 
H800 and Vs,H (Table 2): H800 is the depth of the seismic bedrock formation, which is 
identified by Vs higher than 800 m/s; Vs,H = , where hi and vi are the thickness and 

the shear-wave velocity, respectively, of the i-th soil layer, and N is the total number of 
soil layers from the ground surface down to the depth H. Besides, it is assumed H = 30 m if 
H800 ≥ 30 m and H= H800 if H800 < 30 m. Therefore, Vs,H coincides with Vs,30 if H800 ≥ 30 
m, while for lower values of H800 it corresponds to a time-averaged equivalent shear-wave 
velocity within the soil deposit. 
Compared to EC8-1 (Table 1), the 2021-draft introduces explicitly a further “F” category 
for deep soil deposits (H800 > 100 m) and slightly changes the ranges of variability of Vs,H 
associated to stiff, medium-stiff and soft ground classes. Furthermore, the maximum 
sediment thickness associated to the E category increases from 20 to 30 m. Guidance is 
provided in the 2021-draft for those cases where a direct evaluation of Vs,H and H800 is not 
available and for sites where, in the absence of direct measurements of Vs, empirical 
correlations with other geotechnical or dynamic parameters can be used. More specifically 
a categorization criterion, alternative to Table 1, is introduced for sites where H800 is not 
known and instrumental measurements of the fundamental site frequency f0 are available 
(Table 2). In Fig. 1, the performance of this alternative scheme is tested against a set of 
accelerometric stations of the Italian and Swiss seismic networks, for which both the Vs 
profiles and the instrumentally estimated f0 values are available (see Paolucci et al., 2021, 
for details). As shown in Fig. 1, the performance of the f0-based classification scheme is in 
reasonable agreement with that based on H800, given that both schemes require Vs,H as the 
additional classification proxy. 
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Table 1. Standard site categorisation according to the 2021-draft, in case both Vs,H and H800 are available 

 Ground class Stiff Medium stiff Soft 

Depth class                    Vs,H range 

H800 range 
400 m/s ≤ Vs,H < 

800 m/s 
250 m/s ≤ Vs,H < 

400 m/s 
150 m/s ≤ Vs,H < 

250 m/s 

Very shallow  H800 ≤ 5 m A A E 

Shallow  5 m < H800 ≤ 30 m B E E 

Intermediate  30 m < H800 ≤ 100 m B C D 

Deep H800 > 100 m  B F F 

 
 

Table 2 Site categorization based on Vs,H and f0, according to the 2021-draft 

Combination of f0 (Hz) and Vs,H (m/s) Site category 

f0 > 10 and VS,H ≥ 250 A 

f0 < 10 and 400 ≤ VS,H < 800 B 

VS,H/250 < f0 < VS,H/120 and 250 ≤ VS,H < 400 C 

VS,H/250 < f0 < VS,H/120 and 150 ≤ VS,H < 250 D 
VS,H/120 < f0 < 10 and 150≤VS,H < 400 
or 
f0 > 10 and 150 ≤ VS,H < 250 

E 

f0 < VS,H/250 and 150 ≤ VS,H < 400 F 
 

 
Fig. 1 - Performance of the alternative site categorization scheme of 2021-draft reported in Table 3, checked 
according to the available Vs profiles and the instrumentally calibrated f0 values of 57 accelerometric stations 

of the Italian (43 stations) and Swiss (14 stations) seismic networks (Paolucci et al., 2021). 
 

2.2. Site amplification factors 

Aiming at smoothening the strong jumps of SAFs between one category and the adjacent 
one, a continuous variability for Fα and Fβ is introduced in the 2021-draft, as shown in 
Table 3. Alternatively, default values are introduced for those cases where a simplified 
identification of the site category is adopted because of insufficient information. Fα and Fβ 
mainly depend on the ratio Vs,H/800, according to a functional form that is often used to 
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quantify site effects in empirical ground motion prediction models (see e.g., Cauzzi et al. 
2015; Lanzano et al. 2019a). Besides, the empirical factors rα and rβ introduce a 
dependence of Fα and Fβ on the amplitude of the hazard related spectral ordinates Sα,RP and 
Sβ,RP. An example of the SAFs obtained according to Table 3 is given in Fig. 2, for two 
pairs of Sα,RP and Sβ,RP, representative of high and low seismicity conditions. 
 

Table 3. Site amplification factors according to the 2021-draft 

Site 
category 

Fα Fβ 

 H800 and Vs,H 
available Default value H800 and Vs,H 

available Default value 

A 1,0 1,0 1,0 1,0 

B 

 

) 

 

) 

C ) ) 

D ) ) 

E 
 

) 
 

) 

F 0,90⋅  ) 1,25⋅  ) 

  ;   

 
The continuous expressions in Table 3, including the rα and rβ factors, were set to 
approach, albeit in a simplified way, the period-dependent SAFs according to the Ground 
Motion Model (GMM) by Akkar et al. (2014), based on European and Middle-East 
records. This GMM was considered because it provides amplitude-dependent SAFs, so that 
it complies with the objective of the 2021-draft to differentiate SAFs according to ground 
motion intensity. 
 

 
Fig. 2 - Site amplification factors Fα (left) and Fβ (right) according to the 2021-draft for a high seismicity 

(top, Sα,RP=6 m/s2, Sβ,RP=2 m/s2) and a low seismicity site (bottom, Sβ,RP=2 m/s2, Sβ,RP=0.4 m/s2), as a 
function of Vs,H and of H800. From Paolucci et al., 2021. 
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In Fig. 3 (left side) a comparison is shown between the SAFs introduced by Akkar et al. 
(2014), for two representative values of PGA, and those of two further GMMs (Lanzano et 
al. 2019a; Kotha et al. 2020) recently introduced in the framework of the research studies 
to support the new seismic hazard map for Europe, in progress within the European Project 
SERA (http://sera-cms.ethz.ch/). Note that the latter GMMs do not account for amplitude 
variability of SAFs. For all considered GMMs the reference is given by Vs,30 = 800m/s. In 
the right-hand side of Fig. 3 the ratio of elastic response spectra with respect to the ground 
type A, both according to EC8-1 (Type 1 and Type 2) and to 2021-draft are also shown. 
Some comments on such comparison follow: 
- the trend of variability of SAFs with both period and Vs,30 according to the GMM 
is reasonably well reproduced, taking into account the simplified form of the 2021-draft 
factors; also, application of the rα and rβ factors in Table 3 establishes a good agreement 
with the amplitude-dependent SAFs of Akkar et al. (2014); 
- there is an overall good agreement of response spectral ratios between EC8-1 and 
2021-draft for the high seismicity areas (Type 1 spectra of EC8-1), with the single 
exception of Vs,30 = 200 m/s. As a matter of fact, this corresponds to a value slightly above 
the boundary between the adjacent ground categories C and D of EC8-1 (the threshold 
being at 180 m/s). Therefore, while according to EC8-1 the site belongs to class C, 
according to the continuous formulation of Table 3 the corresponding SAF gets closer to 
class D; 
- for Type 2 spectra, the long period amplification observed from strong motion 
records and reflected by the GMMs is underestimated by the EC8-1 spectral ratios. Instead, 
2021-draft provides a better agreement; 
- the most recent GMMs by Kotha et al. (2020) and Lanzano et al. (2019a) tend to 
provide larger amplification factors for low values of Vs,30, especially for short periods, 
probably because of a more careful identification of site conditions at recording stations. 
Note that the comparison in Fig. 3 is valid for intermediate soil depth 30 m < H800 < 100 m, 
since the considered GMMs do not distinguish shallow or deep soil sites (category E or F). 
For ground category F, the standard values in Table 3 for intermediate depth (categories B, 
C, D) are modified by a reduction factor 0,9 at short periods and an amplification factor 
1,25 at long periods. These values are in reasonable agreement with the empirical site 
amplification factors by Lanzano et al. (2016), that are based on records from the Po Plain, 
Northern Italy, and with numerical modelling of site response of deep deposits in the 
Central Us, presented by Hashash and Moon (2011).  
For ground category E, the SAFs in Table 3 were obtained by introducing a simple 
continuous expression, as a function of Vs,H and H (coincident in this case with H800), that 
could provide amplification at short periods with no jumps with the adjacent site 
categories. 
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Fig. 3 - Left: period-dependent site amplification factors with respect to Vs,30 = 800m/s according to the 
GMMs by Akkar et al. (2014), Kotha et al. (2020) and Lanzano et al. (2019a). Right: ratios of elastic design 
spectra with respect to ground type A according to EC8-1 (Type 1 and Type 2) and to 2021-draft, 
considering typical values for low and high seismicity regions. Values of 2021-draft refer to a high seismicity 
(Sα,RP=6 m/s2, Sβ,RP=2 m/s2) and a low seismicity site (Sα,RP=2 m/s2, Sβ,RP=0.4 m/s2). Site amplification factors 
of 2021-draft were computed for the intermediate depth class. From Paolucci et al., 2021. 
 

3. Conclusions 

In the 2021-draft of Part 1-1 of Eurocode 8 (CEN/TC250/SC8 2021), the site categorization 
criteria and site amplification factors were modified with respect to EC8-1 (CEN 2004), with 
the main objective to reduce classification ambiguities (as shown in Fig. 11a) and to provide a 
continuous formulation of SAFs that could lead to a smooth transition of amplification levels 
from class to class. This was obtained by the explicit introduction of two proxies (VS,H and 
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H800) to describe site categories, supported by simplified criteria for categorization, presented 
in the Annex of the 2021-draft, in case of incomplete information. 
The continuous formulation of short and intermediate period SAFs in the 2021-draft (Table 3) 
was introduced to approach the median period-dependent values obtained by earthquake 
records and expressed through the site-dependent coefficients of GMMs. There are several 
reasons to justify record-based SAFs for seismic norms. First, GMMs are one of the key 
elements for seismic hazard assessment. Since this is typically evaluated on reference ground 
through uniform hazard spectra (UHS), the site amplification factors available from GMMs 
provide the most coherent way to relate the expected ground response at a reference site with 
that at a generic site. Furthermore, it can be shown (see e.g. Iervolino 2016) that application of 
GMM-based SAFs provides hazard-consistent spectra at generic sites, at least when NL effects 
on ground response are limited. This means that the resulting spectra after application of SAFs 
have the same probability of exceedance as the UHS at reference ground, that is a major 
advantage from the point of view of a normative application. Second, record-based SAFs 
implicitly include complex propagation and site amplification effects that may be hard to be 
quantified in a suitable and easy-to-use format for seismic norms and that 1D numerical 
simulations do not account for (see e.g. Pilz and Cotton 2019).  
A comprehensive set of checks, including residual analysis on strong motion datasets, 
comparison with 1D soil non-linear models stochastically generated and non-linear site 
response identification on sets of surface and down-hole records of the Japanese Kik-Net, 
extensively introduced in Paolucci et al. (2021), supports the aplpicability of the SAFs adopted 
in the 2021-draft. 
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Abstract: Dynamic nonlinear analysis enables engineers to predict how a structural system 

behaves under seismic ground excitation. Traditionally such analysis is performed under the 

assumption of a fixed base structure. In the case of the soft foundation soil, soil-structure-

interaction (SSI) models can be used to assess the effects of the soil flexibility and damping 

property. The present research aims to compare different SSI models to evaluate the seismic 

performance of a twenty-six-story concrete core wall tall building in Istanbul. SSI is 

modeled applying the substructure and the direct analysis methods, considering the 

nonlinear soil and structure behavior. A comparative dynamic analysis is performed, 

highlighting various trends in the seismic response of the considered SSI models. It is 

observed that the structural response of the building with the use of direct analysis 

significantly differs from the analysis results obtained with the model substructure 

implementation.  

Keywords: Soil Seismic Interaction, Seismic dynamic analysis, Substructure Method, 

Direct Analysis 

1. Introduction  

Soil-Structure Interaction (SSI) is emerging as an essential method to account for the 

effects of soil on the seismic response of high-rise buildings. For such buildings, the 

assumption that the ground motion at the foundation level of the structure is equal to the 

free field ground motion can only be accepted for significantly stiff soils. For structures 

built on soft soils, the foundation motion is affected by inertial and kinematic interaction as 

well as by the soil-foundation flexibility. SSI aims to capture the dynamic interaction 

within the multi-structure system composed of soil-ground and structure. Menglin et al. 

(2011) reported that Luco et al. (1973) came up first with the SSI interaction designation 

for this area of study. Since then, many studies have been carried out on the analytical and 

modeling aspects of the problem. Viladkar et al. (1994) presented an approach for the 

physical and material modeling of a space frame-raft soil, where the SSI effect in the frame 

structures was evaluated by Noorzaie et al. (1994). A Finite Element Analysis (FEA) 

procedure for the general problem of three-dimensional soil-structure interaction involving 

nonlinearities caused by the material behavior, geometrical changes, and interface behavior 

is presented by Desai et al. (1982) and Prakash et al. (2016). These studies concluded that, 

to accurately estimate the response of the structures, the effect of the SSI needs to be 

considered under the influence of dynamic loading.  

Inertial forces developed at the soil-foundation interference generate displacements and 

rotations that increase the building’s period due to the flexibility of the soil-foundation 

system. Moreover, this interaction provides energy dissipation due to radiation damping 

and hysteretic soil damping, which can affect the overall damping of the structural system. 

Kinematic interaction effects include base slab averaging, wave scattering, and embedment 

effects (FEMA, 2020). Foundation elements can experience additional flexural, axial, and 
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shear deformations due to displacements generated by inertial and kinematic forces. 

Hence, SSI can make a significant difference in the seismic demand that is considered in 

the design. In the U.S., SSI provisions exist in ASCE/SEI 7-16, ASCE/SEI 41-17, IBC 

2012, ATC-40 Seismic Evaluation and Retrofit of Concrete Buildings, ASCE/SEI 41-06, 

Seismic Rehabilitation of Existing Buildings, and PEER Report No. 2010/05. The research 

reports prepared by the National Institute of Standards and Technology (NIST) and FEMA 

provide a valuable resource on methods of implementation of SSI effects. Two common 

approaches are used for modeling the structure and the foundation system: (1) substructure 

method and (2) direct method.  

In the substructure method, the structure model includes vertical and horizontal springs at 

the base of the foundation to represent the underlying soil. These springs can capture 

rotations and displacements at the foundation relative to the free field motion, while 

dashpots can be used to capture foundation damping.  

In the direct analysis method, the structure and soil system are modeled and analyzed in 

one step, and the interaction effects are solved simultaneously with the application of 

Finite Element Analysis (FEA). The soil is modeled as a continuum along with the 

foundation and structural elements, transmitting boundaries are set at the limits of the soil 

mesh, and interface elements are included at the edges of the foundation (NIST, 2012). 

Although many resources are available, SSI is seldom considered in U.S. design practice 

(NIST, 2012). The reason for this is that accounting for SSI is optional and ignoring these 

effects allows for less complex model. However, as the technology and trends in the 

industry are changing, the application of SSI has been increasingly gaining attention for a 

better insight into structural performance and improved accuracy in numerical simulation. 

Numerous studies have been conducted on low-rise buildings with the simplified 

substructure approach. A few studies that have been conducted on the performance-based 

design of tall buildings to include SSI effects use the simplified bathtub substructure 

method. A case study was conducted by NIST (2012) on two existing buildings: a 13-story 

reinforced concrete moment frame structure, and a 10-story reinforced concrete shear wall 

core with perimeter moment frame structures located in California, USA, which were 

selected by the CGS California Strong Motion Instrumentation Program (CSMIP). Both 

case studies were analyzed using the substructure method and were analyzed in OpenSees 

(McKenna et al., 1997). Multiple models were created for each building with alternative 

foundation models to compare SSI effects. The implementation of the substructure method 

within self includes different modeling techniques so that engineers can select the level of 

simplification that needs to be applied to the specific design. The study concluded that the 

vibration periods of the various models were modestly affected by the different 

idealizations of the soil-foundation interference, although this modest difference can have a 

significant effect when applied to the design of a high-rise building.   

Celebi et al. (2004) established a simplified methodology for the analysis of the seismic 

response of three-dimensional high-rise buildings. The analytical procedures were carried 

out using modal decomposition to obtain the structural response of torsionally asymmetric 

buildings, including SSI effects. A mono-symmetric 2-story reinforced concrete structure 

was modeled numerically and assumed to have the same transitional stiffness in two 

horizontal directions. The results concluded that the earthquake response of a soil-

torsionally coupled structure interaction can be significantly different from the one 

calculated with a fixed-based model. However, the numerical analysis only implements the 

SSI effects by using the substructure method, for which constant equivalent stiffness 

values were assigned to the foundation-soil interface. When analyzing the response of two 
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tall buildings in Tokyo, the study found that the buildings exhibited variations in modal 

properties from one earthquake to another, and concluded that the variations are attributed 

to soil-structure effects. The two tall buildings were equipped with structural health 

monitoring systems, and to reach accurate identification and qualification of rocking and 

translational movements of the foundation, a dense array of sensors was used at the 

foundation level, the roof, and a free-field station in close proximity to isolate the SSI 

effects from the fixed base structural response characteristics. With the identification of 

translation and rocking forces, the SSI input on the building was significant.  

Previous findings suggest there is a need for further studies on SSI of tall buildings using 

direct analysis, as the simplified substructure method can lead to inaccurate estimation of 

the dynamic performance of such buildings. Although the direct method of SSI has not 

been used extensively in the industry due to computational limitations, it is envisioned that 

this method will become more common in the professional field with the recent 

development in information technology. Hence, this study aims at investigating the 

importance of SSI on a tall building through a comparison between the simplified 

substructure and the direct analysis methods. The seismic performance assessment is 

performed on a twenty-six-story core wall tall building, and the results of the substructure 

method and direct analysis are compared to identify differences in the methods in the 

evaluation of SSI effects.  

2. Building Selection and Development of 3D numerical model.  

The high-rise building that has been investigated in this study is located in Istanbul, 

Turkey. The selected structure is one of four towers of the Zorlu Center, and the site 

stretches approximately 60,000 meters square (~700,000 ft2). The whole complex hosts 

numerous retail stores, offices, restaurants, a subway station, and a performing art center 

located at the center of the site. The selected building includes a seven-story parking lot at 

the basement level, a four-story shopping mall above the ground level, and a 21-story 

residential building tower above the shopping mall section. The structural system of the tall 

building is a cast-in-situ reinforced concrete structure, consisting of concrete core walls at 

the center, and most of the residential floors exhibit the same heights, whereas the height 

of each floor at the shopping mall section and parking structure differs. The basement floor 

of the structure is located under the ground level and is separated from other structures by 

seismic gaps at three sides, and the east side includes a concrete retaining wall. The 

building is equipped with structural health monitoring system (SHM) devices, and it was 

previously studied by Kaynardag et al. (2015). This study focuses on the effects of system 

identification on the seismic performance of the tall building, with a finite element model 

designed using the SAP2000 software. The FEM is calibrated via SHM data and 

experimental records. The model's boundary conditions are assumed to be fixed at the 

column base. The horizontal and vertical soil springs are assigned to the model to reflect 

the effects of the soil stiffness on the overall stiffness of the structure using a simplified 

substructure method. The finite element model for this study was designed by the 

information given in this study, and to achieve accurate results, the high-rise building was 

analyzed in two different software programs to present the difference between SSI 

methods.  

A preliminary test to determine if the structure requires an SSI implementation is 

suggested by the NIST (2012) and FEMA P-2091 (2020) reports, which indicate that if the 

structure-to-soil stiffness ratio defined as h’/(vsT) is higher than 0.l (h’/(vsT)>0.1), then the 

inertial SSI effects are likely to be significant, where h’ is the effective structural height, vs 
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is the average effective shear wave velocity, and T is period of the fundamental mode of 

the structure assuming a fixed base at grade. The average effective shear wave velocity vs 

values were extracted from Gumusoglu's (2005) research, and the periods of the 

fundamental modes of the structure were evaluated through the substructure FEM. For the 

selected case study, the high-rise building’s structure-to-soil stiffness ratio was determined 

to be 0.224, indicating that the SSI inertial effects are significant. 

2.1 Substructure Method 

For the substructure method, the building is modeled through in the Midas Gen structural 

software. The building model is developed with the available information and designed in 

accordance with the Turkish Standards to obtain accurate results. The height of the floors and 

beam spans were estimated based on Kaynardag et al. (2015) model, and concrete shear walls 

are located at the center of the building and stretch to the roof. Their section properties vary 

depending on the level of each floor. The steel plates at two opposite sides of the seismic gaps 

were omitted from this model since the cited study shows little effect on the frequency change. 

Grade 9000 ASTM reinforced concrete was selected to satisfy a C50 concrete of Turkish 

Standards (TS500) strength requirements. The column rotations and translations are fixed at 

the base to simulate a typical approach to the substructure method, a general simplification 

done by design engineers during risk assessment analyses. In contrast, Kaynardag et al. (2015) 

utilize horizontal and vertical springs with 4-times higher stiffness than the initial value to 

ensure rigidity. In the substructure model, the surface springs with a stiffness of 31.5 kN/m 

were assigned to the concrete wall to account for the effects depicted in this case study. The 

live loads were assigned in accordance with the International Building Code (IBC 2018). A 

hydrostatic pressure load was assigned to the concrete wall side of the parking section to 

imitate the soil pressure. In order to model the building accurately and apply correct plastic 

hinge properties, the model was designed for reinforced rebars. The ACI318-11 concrete 

design code is used with special provisions for seismic design. Plastic hinges and nonlinear 

material properties are assigned to structural elements to include the nonlinear behaviors of 

structural members. Beams and columns were selected to consider moment-rotation cases, and 

the P-M-M hinge types were chosen as skeleton models. The wall plastic hinges are assigned 

as fiber models. Different fiber sections are considered for each different wall thickness as the 

thicker walls require a higher number of fiber divisions. After the member design procedure, 

the grade of the structural shear walls was increased to grade 10000 concrete from ASTM 

(RC) standards. To evaluate the structure's seismic performance, nonlinear time history 

analyses were conducted with a damping ratio of 5%. Due to similarity with the fault 

mechanism at the building’s site, the 1992 Landers, 2010 El Mayor, and 1999 Kocaeli 

earthquakes were selected and scaled to match the earthquake design level. 

2.1 Direct Analysis Method 

For the direct analysis method, the FEM model created for the substructure method was 

imported into the geotechnical software Midas GTS Nx. The imported building model includes 

all the boundary conditions, material and section properties, the loads assigned to each floor, 

and inelastic hinge properties. Additionally, a meshed raft foundation was introduced to the 

structural system at the basement level to ensure connectivity between the column members 

and soil mesh. The characteristic soil properties of the building site were extracted from the 

studies done on the nearby structures. The height of the soil layers was estimated according 

to Durgunoglu (2008) and Gumusoglu (2005), which reported that sandstone, claystone, 

limestone, and shale formations were encountered during the nearby subway excavations. 
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Both of the studies concluded that the groundwater table at the site location was not 

present; therefore, the effects of the groundwater were not accounted for in this analysis. 

The Mohr-Coulomb model is chosen to describe the properties of the soils, and specific 

nonlinear site parameters such as cohesion friction angle values were obtained from 

Gumusoglu's (2005) studies. The soil layers are modeled directly under the FEM and 

meshed to ensure connectivity throughout the structure, enabling FEM to behave like a 

continuous model. The soil layers are modeled to be constrained at each side with ground 

surface springs, and a fixed bottom condition is set to imitate bedrock. Dashpots are added 

to the springs to capture the energy dissipated by the soil through the ground motion. The 

damping and spring constants are based on typical soil properties. Additionally, the self-

weight of the structure was assigned directly to the structure and not included in the dead 

load for the direct analysis method to simulate in-situ conditions on the foundation. The 

selected earthquakes were introduced into the software with identical parameters to the 

substructure model used for nonlinear time history analyses. The two FEA models are 

presented in Figure 1 below. 

 

a)  b)  

Fig. 1 – Comparison of FEM models: a) substructure vs. b) direct method  

 

3. Discussion of Results  

The finite element models created by Kaynardag et al. (2015) show a lack of rigidity when 

compared to the model created according to the substructure method. Kaynardag et al. 

(2015) identified its model’s fundamental frequency as 0.59 hertz. The model developed 

for the purpose of this study followed the same assumptions as Kaynardag et al. (2015) 

model, and its fundamental modal frequency is determined as 0.78 Hertz. Figure 2 shows 

the first three vibration shapes of the building model with substructure simplifications in 

comparison to direct analysis. When compared to the modal shapes of the Kaynardag et al. 

(2015) model, it is safe to conclude that the building exhibits similar behavior. On the 

other hand, the model created in the geotechnical software for the direct method has a 

fundamental frequency that dropped down to 0.45 Hertz. On the contrary, it was observed 

that the fundamental period of the direct method FEM was 1.9 times higher than the 
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substructure FEM. This is expected due to the inertial forces developed in the soil 

foundation interference, which increases the period of the building due to the flexibility of 

the soil-foundation system. The vibration modes in the direct method also exhibit a rotation 

at the foundation level, which results in a generalized tilting of the building for all the 

vibration modes. 

Table 1. Comparison of modal frequencies for FEM models. Case study results were obtained from 

Kaynardag et al. (2015) research. 

Mode Number 
Case Study   

(Hz.) 

Substructure 

Method (Hz.) 

Direct 

Analyses (Hz.) 

Percent Difference  

Case Study vs. 

Subst. Method 

Subst. Method 

vs. Direct Analy. 

1 0.59 0.78 0.45 27.73% 53.65% 

2 2.03 0.81 0.47 85.92% 53.13% 

3 3.18 1.87 0.61 51.88% 101.6% 

 

                                                                                     

 

 

 

 

a)                                                                                              b) 

 

 

 

 

                         c) 

Fig. 2 – Mode shapes compared between SSI methods: a) Mode Shape 1 b) Mode Shape 2 c) Mode Shape 3. 

 

To understand the effects of the SSI implementation methods on the tall structure, the story 

drifts, and shear forces obtained from nonlinear time-history analyses are shown in Figures 

3, 4 and 5. It can be seen that story drift for each model exhibits similar patterns, but the 

direct model exhibits much larger drifts than the substructure model. The substructure 

139
3ECEES, September 2022, Bucharest, Romania



 

 

model experiences displacements of 0.0116 m with Landers, 0.013 m with Kocaeli, and 

0.0136 m with El mayor ground motions, whereas the direct analysis model experiences 

much higher inner story drifts with an average 92% difference for the considered 

earthquakes. It was determined that the rotational and displacement inertial effects 

developed on the foundation system contributed to higher story drifts on the direct method 

model. The story shear plots indicate that the structure exhibits similar base shears during 

the 1992 Landers and 1999 Kocaeli earthquakes. However, it can be seen that the base 

shear values significantly differ for the 2010 El Mayor earthquake. SSI inertial effects 

showed no significant difference on the story shear since the shear forces describe the 

physical deformations of each floor respected to others. Additionally, the maximum 

acceleration of the roof level has shown an increase for all the analysis cases. The structure 

experiences the highest acceleration during 2010 El Mayor ground shaking (up to 137.4%). 

Results also show that the lateral system of each FEM model experienced considerably 

different shear values from one another.  

 

Fig. 3 – Story drift & shear comparison for 1992 Landers earthquake. 

 

Fig. 4 – Story drift & shear comparison for the 1999 Kocaeli earthquake. 

140
3ECEES, September 2022, Bucharest, Romania



 

 

 

Fig. 5 – Story drift & shear comparison for the 2010 El Mayor earthquake. 

 

 

Table 2. Tabulated results of nonlinear time history analyses.  

RESULTS 
1992 Landers Earthquake 1999 Kocaeli Earthquake 2010 El Mayor Earthquake 

Substr. Direct % diff. Substr. Direct % diff. Substr. Direct % diff. 

Base Shear 

(kN) 

460,980 369,312 22.1% 614,760 628,977 2.28% 611,260 1,176,624 63.24% 

Max. Drift 

(m) 

0.0116 0.0267 78.85% 0.0130 0.0455 111.1% 0.0136 0.0346 87.13% 

Max. Acc. in 

x (m/s2) 

11.111 25.596 78.92% 16.323 18.552 12.78% 16.742 90.311 137.4% 

1st floor Max. 

Wall Shear 

Force (kN) 

81,471 26,095 102.9% 99,035 156,175 44.78% 96,123 95,968 0.161% 

4. Conclusions  

This project is set to discover the effects of the direct soil structure interaction of a tall 

building. A 21-story concrete-core structure is selected as the case study to include the 

direct soil structure interaction into the performance analysis. Time history analysis 

provides a nonlinear evaluation of the dynamic structural response under seismic ground 

excitation. Many structural engineers utilize this analysis to estimate the seismic 

performance of the structure. Incorporating the soil-structure interaction with the 

substructure method is widely used to account for the soil effects. The implementation of 

the more accurate direct analysis method is presented to draw a comparison between the 

two methods. 

It is observed that the structural response of the building with the use of direct analysis 

significantly differs from the analysis results obtained with the model substructure 

implementation. Since the direct analysis method includes the soil layers and their 

nonlinear parameters, it better captures the actual building performance. The seismic 

performance point obtained from substructure pushover analysis indicates that the analyzed 

structure would experience an inelastic demand of 0.2 m of roof displacement. The results 

obtained from the time history analysis with the substructure method show consistency 

with this behavior. Yet, this model does not represent the actual behavior of the response 

of the structure. From a direct analysis of the same building, it can be seen that the soil-
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structure system experiences far more displacement. This displacement depends mainly on 

the inelastic deformation of the soil, inertial and kinematic forces generated due to the 

foundation medium, which is accounted for only if a direct analysis is performed.  

The main findings in this study show that:  

- the fundamental mode shapes are almost identical between the two methods, but 

the direct methods captures a rigid rotation at the base that couldn’t be observed 

through the substructure method;  

- the fundamental vibration period shows an almost 1.9x increase from substructure 

to direct method. This is due to the soil stratum, its nonlinear parameters, and the 

inertial forces developed in the soil-foundation and foundation-structure 

interaction;  

- as observed for the El Mayor earthquake, the direct analysis model may exhibit 

higher base shear values which can significantly affect the seismic design of a high-

rise building;  

- the direct analysis method shows that the structure experiences higher floor 

acceleration than the substructure method model; 

- overall results show that the implementation of SSI can make a substantial 

difference in the seismic demand of the two models, which could result in 

significant design changes.  

It can be concluded that the direct method analysis is a valuable tool to properly account 

for the soil structure interaction effects in building models, which could significantly differ 

from the results of a simplified substructure method. Further studies can extend the 

analysis with more ground motions and a larger soil span considered for the direct analysis 

method. In this study, the soil boundary conditions were set with ground surface springs 

and dampers. The stiffness and viscos coefficient of those springs can be also further 

calibrated to improve the results.  
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Abstract: Buckling-restrained braces (BRBs) and self-centring buckling restrained braces 

(SC-BRBs) are robust seismic energy dissipation devices with self-centering ability 

achieved through shape memory alloy (SMA) for example in the later. However, the higher 

initial stiffness of the structure may tend to bring an irregularity on the lateral load 

distribution along the height of the structure, making it more vulnerable to the base-shear 

foundation failure. Focus of the present study is to investigate the seismic behavior of the 

BRB, SC-BRB, and hybrid frame systems (combining these two) considering the soil 

interaction effect on two different types of soils. The numerical results are compared with 

that of with a fixed base. For this purpose, a three-story structure has been designed to 

accommodate BRB and SC-BRB bracing systems. According to the building design zone, 

two different soil types, namely sand and clay, have been chosen for the current 

investigation. The building and the soil environment were modeled using OpenSees 

software to analyze the selected systems. Time-history analyses were also performed under 

a set of forty near-field earthquakes. The seismic drift responses of braced frames equipped 

with BRB, SC-BRB, and hybrid systems with different soil types have been compared with 

the fixed-based system. Based on the findings of numerical analyses performed here, the soil 

interaction significantly affects the inter-story drift and residual drift response of structures. 

Furthermore, inter-story and residual drift increases as the soil flexibility increases. 

Keywords: Buckling-restrained braces; Soil effect; Nonlinear modeling; Seismic analysis; 

Self-centering braces 

1. Introduction  

Buckling restrained braces (BRBs) are robust energy dissipation devices commonly used 

in high seismic zones. A BRB typically consists of a central yielding core segment with 

elastic transition and end segments at both ends Black et al. (2004). The yielding core 

segment is restrained from buckling under the compression loading to ensure yielding 

under the similar loading in tension as well as compression, which results in a nearly 

symmetrical hysteresis response under cyclic loading Avci-Karatas (2018). Symmetrical 

hysteresis characteristics, higher energy dissipation, and ductility are some key features of 

BRBs Sabelli et al. (2003). However, a higher residual drift response is the primary 

limitation of such systems Ghowsi and Sahoo (2015). Excessive residual displacements 

may significantly increase structural retrofitting expenses in order to make them reusable 

following a seismic event Sarno and Elnashai (2005). Although, to minimize this limitation 

in the BRB system, self-centering BRBs (SC-BRBs) were recently developed  by 

Eatherton et al. (2014); Miller (2012). A SC-BRB represents the family of BRBs with a 

self–centering ability, leading to a flag-shaped hysteresis response, and the flag shape 

behavior in the bracing device will reduce the residual drift response in the structure 

Atasever et al. (2020). Recent studies on the BRB and SC-BRB at both components and 

system-level have been carried out in the previous studies Ghowsi and Sahoo (2020). Self-

centering systems have been adopted in structures to make them seismically resilient by 

improving their re-centering potential Chancellor et al. (2014). Also, different types of 
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self-centering braces such as dual-core self-centering brace consisting of two inner cores 

and one outer box and using two sets of parallel composite tendons were developed. These 

exhibited good self-centering and energy dissipation under reversed cyclic loading 

Atasever et al. (2020). 

The presence of the soil interaction plays a vital role in governing the lateral drift response 

of structures and this has not been studied adequately Mylonakis and Gazetas (2000). In 

the numerical modeling of such systems, the foundation is commonly modeled as a fixed 

base. However, the role of base interaction could be critical in most cases and thus can not 

be ignored. It is obvious that soil interaction or flexibility of the foundation has to be 

considered in structures that may be considerably differ from the conventional method 

Jeremic et al. (2004). Also, the dynamic structural response under the ground motion will 

vary with the variation of surrounding soil Wolf (1985). The consideration of soil 

interaction on the surrounding building will result in a more realistic output. The force 

demands are lower when the soil interaction is adopted. However, the soil interaction will 

increase the displacement demand on the foundation of the structural system. Furthermore, 

the numerical modeling of 3D and 2D frames was performed  to evaluate the combined 

effect of soil interaction along with superstructure Fatahi et al. (2018). Therefore, a method 

has been proposed for defining the nonlinear Winkler p-y element to evaluate the pile 

group behavior. Also, excessive numerical modeling techniques have been developed to 

consider the soil interaction on the shallow foundation Tabatabaiefar and Massumi (2010); 

Lou et al. (2011). Most of the microelement methods were developed for the soil 

interaction simulation. However, it comes at a cost of a lot of time. Hence, the simple 

Winkler method is preferred in practice. Several researchers Harden and Hutchinson 

(2009); Gajan et al. (2010) have suggested the adoption of beam-on-nonlinear-Winkler 

foundation (BNWF) procedure and is extensively being used due to ease and minimal 

computational cost Raychowdhury (2011). 

To the best knowledge of the authors, studies related to inelastic behavior of BRB (or SC-

BRB) braced frames considering soil-structure interaction is rare. Therefore, the present 

study is aimed to provide an understanding of the soil interaction influence on three 

different frames, namely, BRB, SC-BRB, and Hybrid frame. The adopted 3-story 

benchmark building is redesigned according to the investigated zones for the BRB and SC-

BRB frame. A hybrid frame is a dual system that consists of BRB and SC-BRB on the 

same structure. The 3-story Hybrid frame system here contains SC-BRBs in the first story 

(the most critical story) and the top two stories use conventional BRBs. Two types of soils 

having soft (Clay) and relatively rigid hard/firm (Sand and gravel) properties are compared 

with the fixed based solutions. The benchmark frame has been modeled based on the 

procedure developed in a previous study of Ghowsi and Sahoo (2020). The BNWF 

modeling technique has been adopted for modeling the shallow foundation. Time-history 

analyses have also been carried out under a set near-field ground motions. The inter-story 

and residual story drift ratios have been investigated for each building and type of soil. The 

results are compared with the fixed based foundation systems. 

2. Structural and Geotechnical Details 

2.1. Study Building 

Self-centering BRB (SC-BRB) to be used in this work consists of a conventional BRB 

brace, shape memory alloy rod (SMA), and rigid rods (arranged to stay tension), outer and 

inner tubes, and two bearing plates placed at both ends of the tubes.  
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A 3-story benchmark building which was primarily designed by Brandow and Johnston 

Associates for the SAC Phase-Two Steel Projects is considered here. These buildings are 

virtual and are meant for research purposes only. The building details and dimensions were 

adopted in the preliminary design for seismic assessment for a low rise building in Los 

Angeles, USA. This virtual building was redesigned with a BRB and SC-BRB frames by 

considering the similar gravity loading as well as seismic zone location. 

The width of three story building is 36.58m with four bays each of 9.15m (center to center) 

and span of 54.87m (in the longitudinal direction) with six bays each of 9.15m (center to 

center). The total height of the building is 11.89m with each floor 3.96m high. Pinned 

beam-to-column connections were adopted, as shown in Figure 1.  

 
(a)             (b) 

Fig1. Three-story SAC building a) plan view of the Building b) elevation view of outer frame 

The columns’ yield strength was considered to be 345MPa for the design and the base 

column is considered to be fixed in the ground. Yield strength for the beams considered to 

be the same as columns for the design purpose. The designed section detail for BRB as 

well as SC-BRB are summarised in Table 1. 

2.2. Soil structure 

According to the California building code IBC (2016), two types of soils are considered. 

Soft soil (clay) with an ultimate bearing capacity of 95Pa (2000psf) and relatively stiff soil 

(sand and gravel) with an ultimate bearing capacity of 190Pa (4000psf) are selected for a 

similar building zone. Soil parameters such as soil settlement, the uplift capacity, and 

viscous damping have not been considered during the design of the building, but have been 

considered in the numerical study. 

Table 1. three-story design details of each section 

3. Numerical Modeling 

OpenSees software has been used for simulation purposes. The appropriate element and 

material have been selected for each structural element to form a 2D frame. Based on the 

 
BRB 

SC-BRB 

Columns 
Braced 

bay 
columns 

Beams 
Braced 

bay 
beams 

24.5% 75.5% 
Story 
Level 

mm2 mm2 mm2 

Area Area-BRB Area-SMA 

3 3951.8 968.2 2983.6 W14X68 W18X192 W12X65 W14X120 

2 6382.3 1563.6 4818.6 W14X74 W30X326 W12X65 W18X130 

1 7597.5 1861.3 5736.1 W14X74 W30X326 W12X65 W18X130 
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SC-BRB concept, the individual part of SC-BRB has been modelled separately and the 

results were compared against the test results of Miller, (2012). For SMA rod material, the 

model was developed and validated with the coupon test results carried out by previous 

researchers. A material model is selected for BRB component to predict the hysteretic 

behavior and by considering the degradation after fracture which was validated against the 

test results. An assembly of SC-BRB has been developed by combining individual parts, 

and the parameters were adjusted to match the hysteretic SC-BRB, following a similar 

modeling technique used by Ghowsi and Sahoo (2020). The diagram of the numerical 

modeling adopted in this study is shown in Figures 2a and 2b. A nonlinear displacement 

based beam-column element has been used for modeling the BRB element. The higher 

moment of inertia with the same core cross-section prevents the yielding core from 

buckling. Elastic ends of BRB and transition zones were modelled using the same beam-

column elements with higher cross-sections that would remain elastic during the loading. 

Also, gusset plates are modeled as relatively rigid link elements. The outer and inner tubes 

in the SC-BRB are modeled as an elastic beam-column type of element and were 

connected to the gap elements. The gap elements were used to simulate the movable plates 

developing contact pressure to the elastic tubes with nearly zero tension capability when 

the gap establishes. The fibre section using degradation material has been selected for the 

BRB yielding core segment to simulate the brace fracture at maximum ductility.  

 

 
(a) 

 
(b) 

-3 -2 -1 0 1 2 3

-300

-200

-100

0

100

200

300

B
R

B
 F

o
rc

e 
(k

N
)

Strain (%)

 Experiment

 Opensees

 
(c) 

-60 -40 -20 0 20 40 60

-800

-400

0

400

800

B
ra

ce
 F

o
rc

e 
(k

N
)

Brace Deformation (mm)

 Experiment

 Opensees
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Fig. 2 Numerical modeling of (a) sample bay of BRB Frame, (b) sample bay of SC-BRB Frame,                    

(c) validation of BRB component, and (d) validation of SC-BRB component 

Compressive and tensile hardening parameters were adjusted to achieve the experimental 

backbone curve of BRB. As a result, the experimental and numerical validation for BRB is 

shown in Figure 2(c). The outer and inner tubes were connected to the elastic end of BRB, 

and here it has been simulated using multi-point constraint with zero length. The rigid rod 
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was used as an elastic element along the SMA rod, to minimize the use of SMA in length 

as per design requirement. Since there is no perfect material in OpenSees library to match 

real experimental results, a UMAT code has been developed and implemented to 

OpenSees, and SMA rod was modelled as force beam-column element. Figure 2(d) shows 

the validation of SC-BRB assembly against the test results, which indicates a very reliable 

numerical model capable of capturing perfectly loading, unloading, and degradation of the 

model. Based on these numerical results and a validated modeling approach, the numerical 

model can be adopted for investigating large scale SC-BRBs. The beams and columns 

were modeled using the force-based beam-column element along with the distributed 

plastic hinges, which was developed by Scott and Fenves  (2006). The diagram and 

arrangement of these element are shown in Figures 2a and 2b. This element consists of two 

distributed plastic hinges at both ends, one central segment of forced based beam-column 

element and two sections in each segment. The length of the distributed plastic hinge is 

considered the same as the depth of the beam. A total of six integration points are 

considered for this element. Two are at the central forced beam-column element and two at 

each distributed plastic hinges. An elastic beam-column element has been selected for the 

panel zone at the joined portion of the beam to column connection. The width of the panel 

zone varies according to the depth of the column and the depth the panel zone varies 

according to the depth of the beam. The panel zone with rigid offset link modeling acts as 

beam-column element, as shown in Figure 2(a). 

The soil interaction has been adopted using a standard method named BNWF as a zero link 

element (spring) at the structure's base. The soil idealization is shown in Figures 2a and 2b. 

The uniaxial material in the vertical direction developed by Boulanger et al. (1990) has 

been adopted for this simulation. 

4. Selection of strong ground motions 

A set of forty near-fault (NF) ground motions has been selected for the nonlinear dynamic 

analyses. These selected ground motions were developed by Somerville et al. (1997) for 

SAC projects. The set of forty NF ground motions consists of two parts: (1) the first ten 

ground motion consists of two components of (NF01~20) which were derived from the 

historical recordings, and the second set of ten ground motions with two components 

(NF21~40) were derived from the physical simulations of fault rupture and seismic wave 

propagation through soil strata. The individual components of each ground motion were 

rotated 45 degrees away from the fault-normal and fault-parallel orientations. The 

magnitudes were in the range of M(6.75 to 7.5) with distance range of 0~18 km, were 

represented in this set. Therefore, the selected ground motions provide a reasonable 

representation of the median of magnitude M7.0 at a distance of about 5 km. This 

magnitude and distance controls many regions of California, USA with probability of 10% 

in 50-year. The specification of individual ground motion contains pulse-like and long-

period spectral accelerations. The maximum acceleration is noted in NF23 with a time 

period of near to 1.0 sec, same as previously noted by Ghowsi and Sahoo 2015. The 

average response spectrum of the forty ground motions are shown in Figure 3(a). The 

average response spectrum of forty ground motions is compared with the design spectrum 

in Figure 3(b). The ground motions are scaled down to the designed level at that particular 

structural time period, and the same factor has been applied for all the earthquakes during 

the analyses. The time periods (i.e. fundamental periods) of the designed structures are not 

the same: BRB (T=0.56sec), SC-BRB(T=32sec), and Hybrid frame (T=47sec). Also, the 

time period varies according to soil flexibility, but in this study, the scaled factor is 

calculated according to the fixed-based support for simplicity.  
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Fig. 3 (a) Response spectrum of 40NF ground motions, and (b) comparing with design response spectrum 

4. Analysis results 

Nonlinear time-history analyses have been carried out for the 3-story designed benchmark 

building for BRB, SC-BRB, and Hybrid frames. Each building type is investigated under 

three conditions of fixed bases, flexible but relatively stiff soil and soft soil interaction 

under the selected set of forty NF ground motions. The key parameters which have been 

considered in this study are the investigation of inter-story drift as well as residual drift 

responses. The inter-story drift ratio (ISDR) is represented as the ratio of maximum 

displacement between two consecutive floors and the height of that particular story during 

the earthquake. Residual drift ratio (RDR) is  similar to the ISDR at the end of the 

earthquake at that particular story. The acceptance criteria for the buildings in the seismic 

active region during earthquake can be represented as ISDR and RDR. The re-usability 

criteria of the buildings can be represented as per RDR in the structural systems as is in the 

post-earthquake conditions. 

In these analyses, the average test frame responses of peak ISDR and RDR are considered 

for comparison. Variation of the inter-story drift responses has been summarized in Table 2 

for all the three types of soil with three different types of the bracing (BRBs, SC-BRBs, 

and Hybrid) under the set of forty NF ground motions. Out of all the study buildings, the 

fully collapsed or extensive ISDR and RDR cases were visible in some of the buildings 

under the earthquakes of NF23, NF27, NF29, NF31, NF33, NF35, and NF39. To be 

consistent with the results, the ISDR and RDR of all these earthquakes are excepted from 

the mean and standard deviation. In all the results of ISDR and RDR, the average (Ave) 

and average plus standard deviation (Ave+SD) have been represented for both the cases of 

BRBFs, SC-BRBFs, and Hybrid frames composed of BRBFs and SC-BRBFs. As a result, 

the average ISDR representing lesser than 2% has been noted in all the cases. In some of 

the earthquakes, the executive ISDR and RDR and some led to entirely collapsed systems. 

Overall, the soil interaction effect and soil flexibility changed the drift profile failure mode. 

Table 3 summarizes the residual drift responses of all three designed frames, namely BRB, 

SC-BRB, and Hybrid frame systems with two different soil interaction types and fixed 

base. The smallest RDR responses in the case of SC-BRBFs under all types of soils and 

fixed based one are close to zero and thus can be negligible. However, the higher RDR has 

been noted in all the cases of BRBFs and the average in case of Hybrid frame. Therefore, 

the average value of RDR in the case of BRBFs, SC-BRBFs, and Hybrid frames are 

compared. In the case of RDR, the maximum RDR is noted 2% story drift in the cases 

BRB and Hybrid frame nearly collaps cases. Also, the average value is 0.125% of RDR 
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under the set of NF ground motions except collapses. The RDR of the collapse cases are 

also presented in the graphs but are not considered for the evaluation purposes. 

Table 2. Inter-story drift response. 
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Similarly, in the case of frame on soft soil, the maximum RDR is noted nearly the same as 

in the fixed based one. In the case of hybrid system, as the first floor represents the SC-

BRB and the result shows lesser RDR values compared to the third and second floor levels. 

Table 4 compares ISDR with different soil and building frame types. As a result, it is very 

clearly concluded that as the soil flexibility increases, the ISDR response increases. Also, 

the ISDR increases even more while the soil softening increases. 

Table 5 presents the comparison of RDR under three different base interaction conditions. 

The RDR in all types of soils when SC-BRBs are used in the ground story is fully 

recovered and the soil interaction type does not affect this behavior. In the case of systems 

with BRBs, the slightly higher RDR values are visible in soft soil. 

Figure 4 compares the roof drift history responses to two different earthquakes, namely, 

NF27 and NF21. As a result, the floor drift history varies significantly for each earthquake. 

For example, the roof-drift history is shifting in the case of BRB as the soil flexibility is 

increased under the NF27. The same profile and shifting do not exist under NF21 

earthquake. Also, in the Hybrid frame system, response history is shifting based on soil 

flexibility in the NF27, but a nearly similar roof response history profile exists under a 

different type of soil in case NF 21. 
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Table 3.  Residual drift response. 
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Table 4. Comparison of ISDR. 
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Table 5. Comparison of RDR. 
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Figure 4. Comparison of roof drift responses of NF21 and NF27. 

5. Conclusions 

This research concluded that considering the soil interaction and soil flexibility, the 

building may experience higher inter story and residual story drift values. This may result 

in drift values higher than the designed ones. 

Although the obtained results for the SC-BRB frame show a lesser impact on the RDR 

response, the ISDR response is still higher in the case of SC-BRB frames.  

As the flexibility of the soil presents a very random behavior, the results may vary with the 

earthquake loading history. 

To better evaluate the soil flexibility effect on the systems with BRBs and SC-BRBs, 

further analyses on different sets of benchmark buildings with different hights are required. 
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Abstract: Tailings dams are built by integrating by-products of mineral extraction and mine 
wastes as the main fill material. Thus, their safety and stability vary during and after the 
construction and are especially endangered at high damage stages, such as those produced by 
severe earthquakes. The knowledge-based guidance for stability analysis of tailings dams is 
very limited compared to that focused on conventional earth dams. In earthquake prone areas, 
evaluation of the seismic behaviour of tailings dams is of high importance. This paper focuses 
on the essential aspects needed for assessment of short-and long-term stability of tailings 
dams. A case study of 72 m high tailings dam built with modified downstream method is 
considered, and its stability is evaluated analysing the elaborated essential aspects. The dam 
is subjected to an MCE type of synthetic time history scaled to PGA=0.5g. A detailed 
explanation for the calculation of all important parameters is included, as well as justification 
of the engineering decision about stability issues. 

Keywords: tailings dam, dynamic response, plastic deformation, slope stability, Newmark 
method 

1. Introduction  

Tailings dams are a by-product of the mining industry during mineral extraction from the 
ore. They are built gradually, integrating by-products of mineral extraction and mine wastes 
as the main fill material. The safety and stability of this type of dams vary during and after 
the construction mainly as a result of the slow consolidation settlement of the tailings 
accompanied with pore pressure dissipation, Lade et al. (1997); Psarropoulos et al. (2008). 
Their safety is additionally endangered when subjected to a strong earthquake motion, Fell 
et al. (2015). In order to prevent failures and eventual environmental impacts, tailings dam 
stability has to satisfy rigorous criteria for long-term stability with minimal or without any 
maintenance effort. This requires judicious management throughout the dam lifespan and 
adequate activities at the closure. 

A recent worldwide overview of tailing’s dams’ failures, WISE Uranium Project (2021), 
points out to insufficient progress in the development of tailings dam safety standards, 
guidelines, risk assessment and management tools. In the past 100 years, the failure rate of 
tailings dams was estimated at about 1.2%, while the failure rate of traditional water storage 
dams was only 0.01%, Zongjie et al. (2019). Regardless, the state-of-the-art literature 
focused on the design and stability analysis of tailings dams is obscure and most of the design 
requirements for tailings dams are based on design principles and knowledge of behaviour 
of the conventional earth dams. Efforts for improvement in this field of work are however 
being made in the last couple of years, CDA (2007, 2014). 

Safety evaluation at high damage stages, such as those expected to be produced by severe 
earthquakes, requires complex and sophisticated analysis tools. This paper is focused on the 
aspects that could affect the seismic stability of tailing dams such as elasto-plastic transient 
deformations and plastic deformations, assessment of dynamic slope stability, definition of 
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eigenvalues and correct selection of seismic input. The effect of static flow liquefaction and 
seismic liquefaction are not considered, because liquefiable zones are anticipated in the 
impoundment, located mainly far from the upstream face of the starter dike and the sand 
embankment. If the dam is designed such as to prevent hydrodynamic instability with 
prevention of internal erosion (manifested by piping and heave), then the possibility of static 
and dynamic liquefaction is minimized. The in-situ study of Zongjie (2019) confirms the 
above statement.  

An example of existing 72 m high tailings dam is considered in the study at its final 
operational phase, just prior to the completion of the construction. This is the most critical 
construction phase, whereat the extreme head in the tailings pond establishes stationary 
filtration process and pore pressure in most of the dam domain. According to the 
recommendations of ICOLD (2016), the dam is subjected to a maximum credible earthquake 
(MCE) with a single synthetic time history scaled to PGA=0.5 g. 

2. Aspects for evaluating the seismic stability of tailings dams 

The seismic performance of tailings dams is generally stable and within safety limits due to 
the non-rigid nature of soil materials making them capable to withstand significant 
deformation during moderate earthquake shaking, except when liquefaction or unusual 
circumstances are involved, Seed et al. (1978); U.S. Department of the Interior Bureau of 
Reclamation (2015); Mahdizadeh et al. (2013). It was observed that embankment dams can 
withstand moderate earthquake shaking with peak accelerations of 0.2 g and more with no 
adverse effects, which is also confirmed in this study. 

One of the most important aspects for evaluation of the seismic stability is observation of 
the manifested permanent deformations. Generally, the initial damage occurs in form of 
sliding of confined to shallow wedges in the vicinity of the crest, thus, distributed slumping 
rather than failure along a discrete surface is expected. Whitman et al. (2014) were the first 
to propose that the earthquake impacts should be assessed in terms of the deformations rather 
than on the factor of safety against slope failure. Furthermore, Parish et al. (2009), concluded 
that plastic analysis provides a good assessment tool for the verification of the seismic 
stability of earth dams. Swaisgood (2003) and Pells et al. (2003) developed a criterion of 
allowable plastic deformations related to cracks, Table 1. Additionally, according to reports 
from Sherard et al. (1987) and Seed et al. (1978), seismic performance is acceptable and 
without threatening the dam safety if the sudden deformation of the dam is about (0.01-
0.02)H. 

Table 1. Damage – settlement relation in the crest of the dam based on responses from occurred earthquakes 
(Swaisgood (2003); Pells et al. (2003)) 

Crest settlement [% of DH+AT] Damage rating 

>0.5% Serious 
0.25% - 0.50% Moderate 
0.10% - 0.25% Minor 

<0.10% None 
Note: DH=dam height, AT=alluvium depth in foundation 

Slope stability, particularly in seismic prone regions, is another important aspect for overall 
stability evaluation of tailings dams. The assessment of the seismic slope stability includes 
evaluation of the slope failure mechanics, factor of safety (FoS), and the extent of the 
potential displacements, Bray et al. (2007); Cheng (2003); Swaisgood (2003). There are 
three general numerical approaches for slope stability assessment: pseudo static method, 
permanent-displacement analysis Newmark method, and non-linear finite element stress 
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deformation method. The Newmark (1965) sliding block concept of permanent displacement 
based on limit equilibrium method is of limited efficiency. In order to increase its accuracy, 
a modified displacement-based Newmark method combined with elasto-plastic FEM 
analysis, based on fully nonlinear elasto-plastic soil behaviour is used in the study, 
Mircevska et. al (2021).  

The general tendency during non-linear behaviour of the soil is a de-amplification and a 
slight shift of the energy content of the signal at lower frequencies. In this aspect, whether a 
response acceleration will be amplified or de-amplified depends mainly on the frequency 
content and the peak ground acceleration of the excitation. Namely, the response is generally 
affected by the mode participation factor as a measure of the modal contribution to the 
dynamic response. This highlights another important aspect, i.e., the selection of quality 
acceleration time history. This selection should be done in accordance with the adopted 
seismic hazard and the shape of the elastic design spectrum. The spectral values of absolute 
acceleration of the selected record must cover the spectral values of the elastic design 
spectrum especially in the vicinity of the first few fundamental periods of the dam. Hence, 
evaluation of the eigenvalues of the analysed dam is of immense importance. 

3. FE analysis of a tailings dam 

A tailings dam with a variant of the downstream method, was considered as a case example 
in the present study. The total structural height of the dam is 72 m, which includes the 
underlying riverbed sediments with thickness of about 8 to 10 m. The bottom width is 461 
m, the crest is 5 m wide, and the upstream and downstream slopes of the sand embankment 
are 1:1.5 and 1:2.7, respectively.  

The plans of the analysed tailings and the 3D mathematical model of the dam is not included 
in the paper. Herein, only the main central section of the dam considered for the dynamic 
analysis in ADAD-IZIIS FE software (2018) is presented in Figure 1. The numerical model 
is composed of 220 substructures. Each substructure is discretized by 100 finite elements 
(22000 finite elements total), assuming five subdivisions in the x- and z-direction, and four 
subdivisions in the y-direction. The model has 9911 external (“Guyan”) nodes, representing 
29733 degrees of freedom. Due to the small deformability of the gneiss rock in comparison 
to the deformability of the tailings, the dam-rock interaction has little or no significance to 
the response, thus the model was considered to be fixed at the base. 

 
Fig. 1 - Axonometric projection of the tailings dam containing sand embankment and the tailings pond 

The generated hydrodynamic forces at the fluid-tailings interface were simulated with the 
added mass method, Mircevska et al. (2013); Westergaard (1933). The first three natural 
frequencies of the tailings dam were obtained using the subspace iteration technique, Bathe 
(2013), with values T1=1.50 sec, T2=1.02 sec and T3=0.86 sec. This confirms that tailings 
dams are flexible structures characterized with relatively longer vibration periods. The 
nonlinear soil behaviour was modelled with the Mohr-Coulomb elasto-plastic constitutive 
relationship. A single lift static analysis was performed based on zoned soil stiffness 
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increasing with depth, as presented in Figure 2. Since soft soils exhibit nonlinear behaviour 
from the very beginning of the loading, the initial stiffness for each stiffness zone was 
considered to be equal to the secant modulus corresponding to 50% of the soil strength, E50. 
The geomechanical properties of the soil material encompassed in the dam domain for each 
material zone are presented in Table 2. 

 

Fig. 2 - Distribution of stiffness zones 

Table 2. Geomechanical parameters used in the analysis 

Material 
Gravel 
base 

Initial 
dike 

Sand embankment Tailings pond 
Stone 

support fill 
1 1 1 2 3 4 5 1 2 3 4 1 2 

E [MPa] 100.0 90.0 43.0 50.0 62.0 65.0 75.0 22.0 25.0 35.0 45.0 25.0 57.0 
c [kN/m2] 0 15 0 0 0 0 0 5 5 5 5 0 0 

fi [] 37 31 32 32 32 32 32 15 15 15 15 33 33 
ν 0.28 0.33 0.32 0.32 0.32 0.32 0.32 0.40 0.40 0.40 0.40 0.31 0.31 

γ [kN/m3] 21.8 22.0 19.8 19.8 19.8 19.8 19.8 20.1 20.1 20.1 20.1 21.6 21.6 

The dynamic response was defined with the “step-by-step” direct integration method and 
with linear variation of the acceleration within each step. The Wilson-θ method with a 
conditionally stable solution for θ=1.38 was applied to improve the numerical stability of 
the solution. The standard dynamic equation was used, and the structural damping was 
represented with explicit damping matrix with the Rayleigh damping method. 

Considering the evaluated seismic hazard for the study area (X seismic zone according to 
the MKS-64 scale), the MCE was defined with PGA=0.5 g corresponding to 1% probability 
of exceedance in 100 years (return period of 1/10,000 years). According to ICOLD (2016), 
the amplitude-frequency composition of the input ground motion should be determined with 
design spectrum Type 1. Hence, the dam was subjected to a horizontal component of a 
synthetic earthquake motion scaled at PGA=0.5g, and a vertical component with 
PGA=0.33g. This particular motion is selected to be compatible with the area of interest 
since its frequency composition covers the elastic design spectrum Type 1 for soil category 
A with magnitude M>5.5 and 5% critical damping, as can be seen in Figure 3. 

 

Fig. 3 – Presentation of the spectral accelerations of the synthetic time history motion considered for analysis 
and the design spectra Type 1 for M>5.5 (Eurocode 8) 
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4. Results from the dynamic analysis 

4.1. Dynamic response 

One of the main indicators of the potential instability of the dam in dynamic conditions are 
the transient elasto-plastic displacements and the plastic deformations. The snapshots of the 
transient elasto-plastic displacements with respective maximum values in the global x- and 
z-direction are plotted in Figure 4a and b. Figure 5a presents the snapshots of transient plastic 
deformations at the time of deep nonlinearity, T=8.75 s, while Figure 5b the plastic 
deformation at the end of the excitation, T=20 s. The zones marked in red depict the finite 
elements that experience shear plastic yielding in compression and tension at the respective 
response time. The MCE seismic loading generates large transient displacements and 
plasticity in large parts of the dam. Permanent deformations are concentrated in the upper 
third of the dam, while large elasto-plastic displacements and residual plastic deformation 
are especially manifested at the dam crest. 

 
Fig. 4 - Snapshots of transient elasto-plastic dynamic displacements with respective extreme values 

 а) Ux,max=2.01 m at Т=11.24 s, and b) Uz,min=-0.51 m at Т=11.38 s 

 

Fig. 5 - Snapshot of plastic deformation with respective extreme values a) at T = 8.75 s, the time of deep 
nonlinearity, and b) at the end of excitation T=20 s 
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Figure 6 presents the time histories at the dam crest in the global x (a, b, c) and the global z-
direction (d, e, f). The maximum relative elasto-plastic deformations are Ux=1.09 m (Figure 
6b) and Uz=-0.41 m, (Figure 6e). The values of these displacements are lower than the 
allowable, i.e., 0.2H=1.2 m, according to Sherard et al. (1987) and Seed et al. (1978). Figure 
6c and f depict the time histories of the cumulative plastic deformations at the dam crest with 
extreme values of Ux,pl=0.39 m at T=9.17 s, and Uz,pl=−0.26 m at T=10.71 s. 

 

 

Fig. 6 - Response time histories at the dam crest for the absolute acceleration, elasto-plastic displacement, 
and plastic deformation in the global x-direction (a, b, c) and for the global z direction (d, e, f) 
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The cumulative final maximum plastic deformation in the global x-direction occurs at the 
transient zone between the sand embankment and the stone supporting fill, at the lower part 
of the downstream slope with maximum value of Xmax=0.173 m (Figure 5b). The 
cumulative final plastic deformation at the dam crest in the z-direction, i.e., the final 
settlement amounts to Zmin=-0.22 m (Figure 6f and Figure 5b). According to the criteria of 
Swaisgood (2003) and Pells et al. (2003) this deformation is Uz,min>0.15m, which indicates 
the possibility of moderate damage in form of transversal cracks of minimal to moderate size  
in the upper part of the dam. 

The calculated maximum absolute accelerations Ax=4.34 m/s2 and Az=2.86 m/s2 (Figure 6a 
and d) reflect a de-amplification response effect at the dam crest. Therefore, the concomitant 
response displacement occurs at comparatively longer vibration periods with large transient 
elasto-plastic deflections. The reduction of the absolute acceleration could be attributed to 
the energy dissipation by plastic deformation and to the influence of plasticity on the 
reduction of the fundamental frequencies of the dam. 

4.2. Slope stability analysis 

Slope stability analyses according to the modified Newmark method proposed by Mircevska 
et al. (2021) are conducted for a rather shallow slip surface located at the downstream side 
of the sand embankment (Figure 7b and c). The spatial distributions of the normal and 
tangential stresses acting along the slip surface are also presented in the Figure. The FoS 
time histories from linear and nonlinear analyses are shown in Figure 7a.  

FoS time history obtained with linear analysis shows few exceedances of the threshold limit 
i.e., 29% of the total response time, starting at T=6.35 s, while in case of non-linear analysis 
the FoS time history shows only one exceedance, starting at T=7.5s with a duration of 1% 
of the total response time.  

 
Fig. 7 - a) Time histories of the dynamic FoS: FoS determined with linear analysis (blue line) and non-linear 

FoS (green line). Safety threshold value of FoSY=1.0 is indicated with red line. Ratio stands for the ratio 
between the duration of the safety limit exceedance and the duration of dynamic excitation, 20 s; Position of 

slip surfaces and distribution of static normal (b) and tangential (c) stresses in kN/m2 

Figure 8 depicts the solution of permanent displacements for the considered shallow sliding 
surface using two approaches: i) time variable stress-strain dependent critical acceleration 
(a, b, c); and ii) constant critical acceleration representing nonlinear static stress-strain state 
conditions (a, d, e). The results indicate that for shallow sliding surfaces in which the 
nonlinearity is more pronounced, the analysis with constant critical acceleration produces 
lower permanent displacements than the analysis with dynamic critical acceleration. If 
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Newmark permanent displacements based on dynamic critical acceleration, U=0.19 m 
(Figure 8c) are compared with the final plastic deformations at the dam crest Ux,pl=0.17 m 
and Uz,pl=0.22 m (Figure 5b) obtained with theory of plasticity, it appears that the 
assessment of slope displacements as a crucial factor of general dam stability is more reliable 
when using dynamic critical acceleration.  

As for the slope stability, observing both the relatively short critical time when FOS attains 
values lower than 1 and the low magnitude of plastic deformations, it can be concluded that 
stability of the potential sliding surface, and in general stability of the downstream slope of 
the dam is preserved. 

 
Fig. 8 - Newmark analysis for deep slip surface: a) time history of equivalent seismic loading (green line) 

acting in downslope direction with constant (red line) and dynamic critical acceleration (blue line), b) 
velocity of the Newmark block for dynamic critical acceleration, c) permanent displacement of the Newmark 
block for dynamic critical acceleration, d) velocity of the Newmark block for constant critical acceleration, e) 

permanent displacement of the Newmark block for constant critical acceleration 

4.3. Stress-strain behaviour 

The elasto-plastic shear stress-strain relationships are obtained for selected finite elements 
in particular parts of the dam to illustrate the nonlinear behaviour, Figure 9. It can be said 
that this behaviour is in accordance with the adopted constitutive nonlinear model. The 
manifested hysteresis loops also indicate the degree of nonlinearity followed by energy 
dissipation during the dynamic response. The shear strain amplitudes vary from 1-1.2% in 
the sand embankment to 2.3% in the tailings pond. 
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Fig. 9 - Elasto-plastic shear stress-strain τx-εxz relationships for selected finite elements a) in the initial dam, 

b) in the tailings pond, c) at the dam crest and d) in the sand embankment 

5. Conclusions 

This paper provides an overview of the main aspects that have to be taken into account in 
order to evaluate the seismic stability of tailings dam-reservoir system. The following 
parameters were considered: elasto-plastic transient deformations, plastic deformations, 
assessment of dynamic slope stability, importance of eigenvalue solution and correct 
selection of seismic input. An analysis was conducted for a case study of 72 m high tailings 
dam. The results confirm that these types of dams can withstand moderate to severe 
earthquake shaking without adverse effects. In the case of strong peak acceleration of 
earthquake excitation with 0.5g (MCE), the manifested transient elasto-plastic 
displacements and the evaluated dam slope stability indicate a safe seismic response. The 
manifested shear strains indicate a response in deep nonlinearity. However, according to the 
results for the cumulative plastic deformations, the upper third of the dam will suffer minor 
to moderate damage. In addition, transverse cracks that may trigger suffusion and hydraulic 
instability are also possible. However, the probability of occurrence of such events is quite 
small, since the maximum plastic deformation is close to the allowable limit and occurs 
under the low probability of 10-4 of exceedance of the respective strong ground motion. 

 

162
3ECEES, September 2022, Bucharest, Romania



References 

- ADAD-IZIIS (2018). Analysis and design of arch dams – User’s manual, Institute of Earthquake 
Engineering and Engineering Seismology IZIIS, University of Ss. Cyril and Methodious, Skopje, R. 
N. Macedonia 

- Bathe, K. J. (2013). The subspace iteration method – Revisited, Computers & Structures 126 (1): 177-
183, https://doi.org/10.1016/j.compstruc.2012.06.002 

- Bray, J., Travasarou, T. (2007). Simplified procedure for estimating earthquake-induced deviatoric 
slope displacements, Journal of Geotechnical and Geoenvironmental Engineering, 133 (4): 381-392, 
https://doi.org/10.1061/(ASCE)1090-0241(2007)133:4(381)  

- CDA – Canadian Dam Association (2007). Technical Bulletin: Hydrotechnical Considerations for 
Dam Safety, Toronto, Canada, ISBN 978-0-9936319-0-0 

- CDA – Canadian Dam Association (2014). Technical Bulletin: Application of Dam Safety Guidelines 
to Mining Dams, Toronto, Canada, ISBN 978-0-9936319-2-4 

- Cheng, Y. M. (2003). Location of critical failure surface and some further studies on slope stability 
analysis, Computers and Geotechnics, 30 (3): 255-267, https://doi.org/10.1016/S0266352X(03) 
00012-0 

- Fell, R., Mac Gregor, P., Stapledon, D., Bell, G. (2015). Geotechnical Engineering of Dams, CRC 
Press, ISBN 9781138749344 

- ICOLD (2016). Bulletin 148: Selecting seismic parameters for large dams – Guidelines (Revision of 
Bulletin 72), International Commission on Large Dams, Paris, France, ISSN 0534-8293  

- Lade, P. V., Yamamuro, J. A., Bopp, P. A. (1997). Influence of time effects on instability of granular 
materials, Computers and Geotechnics, 20 (3-4): 179–193, https://doi.org/10.1016/ 
S0266352X(97)00002-5  

- Mahdizadeh M., Ghanbari, A. (2013). Calculation of Natural Frequency of Earth Dams by Means of 
Analytical Solution, in: Proceedings of the 7th International Conference on Case Histories in 
Geotechnical Engineering, Apr 29th - May 4th, Chicago, US 

- Mircevska V., Nastev M., Nanevska A. (2021). Seismic Slope Displacement of Tailings Dam: A 
Comparative Study between Modified Newmark and Mohr-Coulomb Models, Journal of Earthquake 
Engineering, https://doi.org/10.1080/13632469.2021.1965053 

- Mircevska V., Bulajic I., Manova, K. (2013). Comparison of added mass method with sophisticated 
analytical BEM-FEM approach using ADAD-IZIIS software, in: Proceedings of the 15th World 
Conference of Earthquake Engineering, Lisbon, Portugal 

- Newmark, N. M. (1965). Effects of earthquakes on dams and embankments, Geotechnique 15 (2): 
139–60, doi: 10.1680/ geot.1965.15.2.139. 

- Parish, Y., Sadek, M., Shahrour, I. (2009). Review Article: Numerical analysis of the seismic 
behaviour of earth dam, Natural Hazards and Earth System Science, 9: 451–458, www.nat-hazards-
earth-syst-sci.net/9/451/2009 

- Pells, S., Fell, R. (2003). Damage and cracking of embankment dams by earthquake and the 
implications for internal erosion and piping, in: Proceedings of the 21st Congress on Large Dams, 
Montreal, Canada,  83-R. 17: 259-274 

- Psarropoulos, P. N., Tsompanakis, Y. (2008). Stability of tailings dams under static and seismic 
loading, Canadian Geotechnical Journal, 45(5): 663-675, https://doi.org/10.1139/T08-014  

- Seed, H. B., Makdisi, F .I., De Alba, P. (1978). Performance of Earth Dams During Earthquakes, 
Journal of Geotechnical Engineering, American Society of Civil Engineers, 104 (GT7): 967–994 

- Sherard J., Cooke J. B. (1987). Concrete Face Rockfill Dam: I. Assessment and II. Design, ASCE 
Journal of Geotechnical Engineering, 113 (10): 1096–1112 

- Swaisgood, J. R. (2003). Embankment dam deformations caused by earthquakes, in: Proceedings of 
the Pacific Conference on Earthquake Engineering, Christchurch, New Zealand 

- U.S. Department of the Interior Bureau of Reclamation (2015). Design Standards No. 13 Embankment 
Dams, DS-13(13)-8: Phase 4, Chapter 13: Seismic Analysis and Design 

- Whitman, R. W., Taylor, D. W. (2014). Earthquake design and evaluation for civil works projects, 
Department of the army, U.S. Army Corps Engineers, ER 1110-2-1156 

- WISE Uranium Project (2021). Chronology of major tailings dam failures, http://www.wise-
uranium.org/mdaf.html  

- Westergaard, H. M. (1933). Water pressure on dams during earthquakes, Transactions of the 
American Society of Civil Engineers 98 (2): 418–472, https://doi.org/10.1061/TACEAT.0004496  

- Zongjie, L., Junrui, C., Zengguang, X., Yuan, Q., Jing C. (2019). A Comprehensive Review on 
Reasons for Tailings Dam Failures Based on Case History, Advances in Civil Engineering, Article ID 
4159306, https://doi.org/10.1155/2019/4159306 

163
3ECEES, September 2022, Bucharest, Romania



 

 

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

 

Effect of irregular waves on liquefaction strength of sandy soil 

Keisuke Ishikawa – Tokyo Denki University, Saitama, Japan, e-mail: ishikawa@g.dendai.ac.jp 

Susumu Yasuda – Tokyo Denki University, Saitama, Japan, e-mail: yasuda@g.dendai.ac.jp 

Kousuke Oikawa – Graduate school of Tokyo Denki University, Saitama, Japan 

Abstract: Standard correction factors used in predicting liquefaction are inadequate because 
they do take into account the specific effects of waveforms and duration of motion. In this 
study, cyclic torsional shear tests were performed to evaluate the liquefaction properties of 
sandy soils under loading by various irregular waves.  In these tests, excess pore pressure was 
generated when the shear stress was approximately 0.6 times the maximum shear stress ratio. 
Shear strain occurred only when shear stresses of 0.3–0.4 times the maximum shear stress 
ratio were applied after the effective stress was lost. The increase in shear strain was more 
pronounced under repeated loading using irregular waves. The correction factor for irregular 
waves, expressed as the ratio of the liquefaction strength under irregular waves to that under 
sine waves, is correlated with the effective wave number of irregular waves. This correction 
factor is smallest when the effective wave number is large with homogeneous sand, and it is 
larger when the effective wave number is small or the sand contains fine grains. 

Keywords: liquefaction strength, irregular wave, sandy soil, cyclic torsional shear test 

1. Introduction 

The 2011 Great East Japan earthquake and the 2016 Kumamoto earthquake caused ground 
disasters in Japan as a result of liquefaction. The former was a large trench-type earthquake; 
that is, the duration of the principal motion was extremely long. The latter was an inland 
earthquake; that is, it included several severe earthquakes having a maximum ground 
acceleration exceeding 1 G. There is concern that earthquakes similar to the Great Kanto 
earthquake of 1923 or the anticipated Northern Tokyo Bay earthquakes will strike Tokyo. 
To help prepare for such earthquakes expected to occur in the future, the effects of ground 
motion must be appropriately considered for predicting liquefaction in trench-type and 
inland earthquakes.  

When liquefaction is predicted using Specifications for Highway Bridge (2017), there are 
established correction factors for the seismic characteristics of trench-type and inland 
earthquakes. However, the correction factor for trench-type earthquakes is constant at Cw = 
1.0, and the particular effects of waveform and duration of motion (Figure 1) are not 
considered. These correction factors were devised by Iwasaki et al. (1978) in the form of 
five coefficients, C1 to C5. Ishihara and Yasuda (1972) found empirically that C2 is a suitable 
correction factor for irregularities in seismic motions and determined values of 1/0.55 to 
1/0.70 for relatively loose sand. The average of the experimental values (1/0.65) has been 
adopted in the specifications for road bridges. Subsequently, Kokusho et al. (1981) and 
Tatsuoka et al. (1986) conducted similar experiments on dense sand and on sand specimens 
with widely varying densities, respectively, and the correction factor was found to vary 
substantially with specimen density. These previous studies obtained a duration of seismic 
motion of only a few tens of seconds, which is shorter than that of the Great East Japan 
earthquake. Mikami et al. (1997) conducted a study using the records of the 1995 Hyogo-
ken Nanbu and 1993 Kushiro-oki earthquakes for both shock and vibration types. They 
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obtained results similar to those of Ishihara and Yasuda for loose sand but observed a 
decrease in duration of 1/C2 as the specimen density increased. In addition, the present 
authors conducted similar experiments at K-NET Urayasu during the Great East Japan 
earthquake and found that the correction factor C2 differed according to the specimen’s 
density and fine grain content. It was also found that C2 was particularly sensitive to long-
duration ground motions for dense specimens.  

In this study, to assess the effect of irregular waves on the liquefaction strength of sandy 
soils, cyclic torsional shear tests were conducted using irregular waves applied to sandy soils 
varying in density and fine grain content, and a proposed index for evaluating liquefaction 
strength that includes the effects of waveform and duration of motion was developed. 

2. Test procedure 

Cyclic torsional shear tests were performed. Hollow cylinders were used as specimens. The 
outer diameter, inner diameter, and height of the specimens were 100, 60, and 100 mm, 
respectively. The samples were Toyoura sand without fine grains and Urayasu sand with 
fine grains. Figure 2 shows the grain size distribution curves and physical properties of the 
samples. The test conditions are given in Table 1. The Toyoura sand was prepared by 
utilizing the air-pluviation method, and the relative densities were adjusted to 50%, 70%, 
and 90%. The Urayasu sand was prepared 
by tapping the mold sides with a wooden 
hammer (because of its fine grain content), 
and the relative densities were adjusted to 
80%, 100%, and 110%. This preparation 
procedure was based on previous studies 
conducted by the authors (Ishikawa et al. 
(2014)) and others (Ishihara and Yasuda 
(1972), Kokusho et al. (1981) , and 
Tatsuoka et al. (1986)), which showed that 
specimen density is strongly affected by 
irregular waves. After the specimens were 
prepared, the saturation was checked based 
on the pore pressure coefficient B using 

 

Fig. 1 Irregular waves used in the cyclic torsional shear testing 

 

 

Fig. 2 Grain size distribution curves 
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CO2 and deaerated water. The value of B was confirmed to be greater than 0.95. Then, the 
specimens were consolidated under isotropic stress at an effective confining pressure (′c) 
of 50 or 100 kN/m2 and a back pressure of 200 kN/m2. The cyclic shear tests were conducted 
under stress control in undrained conditions after consolidation was completed.  

To represent trench-type earthquakes, the shapes of the shear stress waveforms to be applied 
to the specimens were selected from the trench-type seismic motions observed at K-NET 
Urayasu and K-NET Haramachi during the Great East Japan earthquake and the Taisho 
Kanto earthquake wave simulated by the Tokyo Metropolitan Government Bureau of Port 
and Harbor. To represent inland earthquakes, the KiK-net Mashiki surface observation 
records for the 2016 Kumamoto earthquake and the Northern Tokyo Bay earthquake 
provided by the Central Disaster Prevention Council of the Cabinet Office were selected. 
The K-NET Urayasu wave is composed of a mainshock and aftershocks 30 min after the 
mainshock. The KiK-net Mashiki wave is composed of a foreshock and a combined 
foreshock and mainshock. The waveforms for each earthquake are shown in Figure 1.  

For sine wave loading, a uniform-amplitude stress load with a loading speed of 0.1 Hz was 
applied until the excess pore pressure (U) ratio (U/ ′c) reached the effective confining 
pressure. The irregular waves were applied by stretching the time axis of each irregular 
waveform shown in Figure 1 by a factor of 10; this was done to ensure the reproducibility 
of the waveform in the air-pressure-controlled cyclic torsional shear test. The green line in 
Figure 1 indicates the position where acceleration was 0.6 times the maximum acceleration, 
which was characterized by greater than 10 and less than 10 shear cycles in the trench-type 
and inland earthquakes, respectively. The liquefaction strength ratios under sine and 
irregular wave loads were determined through several tests in which the amplitude of the 
sine and irregular wave loads was varied in stages while the waveform shape was maintained. 
Regarding the substitution of shear stress for the observed seismic wave shape, it was 
assumed that the shape of the cyclic shear stress waveform applied to the liquefied layer 
simulates the acceleration at the ground surface during an earthquake. 

 

Table 1. Test conditions 

Sample 
Relative 
density 
Dr (%) 

Specimen 
preparation 

Confining 
pressure 
´c 

(kN/m2) 

Sine 
wave 

Irregular wave 
Long duration Short duration 

Urayasu Haramachi 
Taisho 
Kanto 

Mashiki 
combined 

Mashiki 
foreshock 

Northern 
Tokyo 
Bay 

Toyoura 

50 
AP 

50 

○ ○ ○     

70 ○ ○ ○  ○ ○  

90 DT ○ ○ ○     

50 

AP 100 

○   ○   ○ 

70 ○   ○   ○ 

90 ○   ○   ○ 

Urayasu 

80 

DT 50 

○ ○ ○     

100 ○ ○ ○     

110 ○ ○ ○     

80 

DT 100 

○   ○ ○ ○ ○ 

100 ○   ○ ○ ○ ○ 

110 ○   ○ ○ ○ ○ 

AP, air‒pluviation; DT, dry‒tapping 
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3. Test results 

3.1. Liquefaction behavior under irregular wave loading  

Figure 3 shows a representative example of the liquefaction test results for the middle-
density condition of each sample under loading by a trench-type Taisho Kanto wave of long 
duration. The green line indicates the position of 0.6 times the liquefaction strength ratio in 
sine wave. For each specimen, the excess pore-water pressure increased and the effective 
confining pressure decreased substantial when the shear stress was approximately 0.6 times 
the sine wave liquefaction strength ratio. The shear strain increased slightly with decreasing 
effective confining pressure and reached a few percent when the excess pore pressure ratio 
reached approximately 0.6. Under this condition, the shear strain increases rapidly when the 
maximum shear stress is applied and reaches the state of complete liquefaction. For this 
study, complete liquefaction was defined as 7.5% at the maximum shear strain for both 
amplitudes. 

Figure 4 shows a representative example of the liquefaction test results for the middle-
density condition of each sample under loading by an inland-type Northern Tokyo Bay wave 
of short duration. The green line indicates the position of 0.6 times the liquefaction strength 
ratio in sine wave. Under short-duration wave motion, the excess pore-water pressure 
increased and the effective confining pressure decreased when the shear stress was 
approximately 0.6 times the sine wave liquefaction strength ratio, as in the case of the 
seismic waves of long duration. The shear strain increased with the decrease in the effective 
confining pressure and reached a few percent when the maximum shear stress was reached. 
Short-duration wave motion does not generate the very large shear strains seen with long-
duration wave motion because there is not as much cyclic shear after the maximum shear 
stress is reached. 

 

Fig. 3 Effective stress path and stress‒strain relationship under Taisho Kanto wave loading 

 

Fig. 4 Effective stress path and stress‒strain relationship under Northern Tokyo Bay wave loading 
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3.2 Liquefaction strength under irregular wave loading 

The liquefaction strength ratio was determined using the approach developed by Ishihara 
and Yasuda and is defined as follows: 

1) For irregular waves: The maximum double-amplitude shear strain (DAmax) is plotted on 
the horizontal axis and the maximum shear stress ratio on the vertical axis. The 
liquefaction strength ratio (max,l,/′c) is the maximum shear stress ratio at a maximum 
double-amplitude shear strain of 7.5%. 

2) For sine wave: The definition is based on the relationship between the shear stress ratio 
and the double-amplitude shear strain (DA) at 20 cycles. The liquefaction strength ratio 
(d,l,/′c) is the shear stress ratio at DA = 7.5%.  

Figure 5 shows the liquefaction strength ratio based on the maximum double-amplitude 
shear strain and the double-amplitude shear strain for the Toyoura sand at each specimen 
density. Figure 6 shows the same for the Urayasu sand. In each figure, black indicates sine 
wave motion, blue indicates long-duration wave motion, and red indicates short-duration 
wave motion. 

Figure 5 shows that for low- or medium-density specimens, the liquefaction strength ratios 
were lowest with the sine wave, K-NET Haramachi wave, and Taisho Kanto earthquake 
wave, followed by the K-NET Urayasu wave. The liquefaction strength ratio with the 
Northern Tokyo Bay earthquake wave was less than that with the KiK-net Mashiki wave. 
For high-density specimens, the liquefaction strength ratio differed according to the method 
used to prepare the specimen. However, the liquefaction strength ratio with irregular waves 
of long duration was equal to or less than that with the sine wave. The liquefaction strength 
curves for short-duration wave motion are higher than those for long-duration wave motion. 
Figure 6 shows that with long-duration waves, the liquefaction strength curve for Urayasu 

 

Fig. 5 Liquefaction strength curve based on shear strain for Toyoura sand 

 

Fig. 6 Liquefaction strength curve based on shear strain for Urayasu sand 
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sand (with fine grains) displays the same tendencies as that for Toyoura sand. With short-
duration waves, however, the liquefaction strength curve displays a sharp increase in the 
maximum shear stress with shear strain as the specimen density increases to medium and 
high values. As described above, the liquefaction strength ratio changes in a complicated 
manner under loading by irregular waves depending on the material properties of the sample 
and the shape of the waveform. 

3.3 Evaluation of correction coefficient for irregular waves 

Figure 7 shows the relationship between the zero-crossing wave number above 60% of the 
maximum shear stress for each irregular wave (effective wave number) and the correction 
factor for irregular seismic loading (C2). C2 is defined as the ratio between the liquefaction 
strength ratios for the irregular waves and the sine wave: 

 

𝐶 𝜏 , , 𝜎′⁄ 𝜏 , , 𝜎′⁄      (1) 
 

 

Fig. 7 Relationship between zero-crossing wavenumber and correction factor C2 

 

Fig. 8 Relationship between liquefaction strength ratio and correction factor C2 
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C2 is dependent on the effective wave number, becoming larger when the effective wave 
number is low. For the Northern Tokyo Bay waves, in which the effective wave number is 
the lowest, C2 is distributed in the range 1.7–2.6 and varies with sand type and density. For 
the Urayasu wave, C2 is distributed in the range 1.3–1.9. When the effective wave number 
is approximately 40, C2 is distributed around 1.0. This means that the C2 value is similar to 
the liquefaction strength ratio with the sine wave. Although there is a correlation between 
C2 and the effective wave number, it is difficult to evaluate C2 using only the effective wave 
number because of the variation. It is necessary to consider the material properties of the 
specimen, such as density and fine grain content, when evaluating C2. 

Material properties such as specimen density and fine grain content are considered to be 
included in the liquefaction strength under sine wave loading. Figure 8 shows the 
relationship between the liquefaction strength ratio under sine wave loading and the 
correction factor C2. From these results, it can be concluded that C2 is smallest when the 
effective wave number is high and the material does not include fine grains. As the effective 
wave number decreases, the value of C2 increases, and when fine particles are included, C2 
becomes even larger. For a given set of material properties, there is a strong possibility that 
the value of the correction factor C2 will decrease as the sinusoidal liquefaction strength ratio 
increases with waveforms having a large number of effective waves (10–40). 

4. Conclusions  

In this study, the effect of irregular waves on the liquefaction strength of sandy soil was 
evaluated using cyclic torsional shear testing, and the following are the conclusions obtained. 

The behavior of sandy soils under loading by various irregular waves leading to liquefaction 
is such that a large excess pore-water pressure is generated when the shear stress is 
approximately 0.6 times the maximum shear stress. 

The shear strain increases rapidly when the excess pore-water pressure increases to 
approximately 60% of the initial confining pressure, and after that occurs, shear stresses of 
approximately 0.3 times the maximum shear stress ratio are applied many times, leading to 
a state of complete liquefaction. 

When the correction factor C2 is used to capture the effect of irregular waves, its value is 
affected by the number of repetitions of 0.6 times the maximum shear stress ratio. C2 is 
smallest for homogeneous sands with waves having a high effective wave number. In 
contrast, the correction factor is larger for sandy soils that include fine grain content with 
waves having a low effective wave number. 
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Abstract: The reinforcement technique with rigid inclusions is considered as a practical, 

economical, and time-saving foundation solution. Several studies have recently focused on 

the static and cyclic behaviour of this reinforced foundation system. However, its seismic 

behaviour has not yet been widely studied. This paper presents a state of the art in the dynamic 

soil-structure interaction studies on foundation reinforced with rigid inclusions. Special 

attention is given to the estimation of the kinematic bending moments of inclusions in 

different soil deposits comprising several stiffness contrasts. The kinematic bending moments 

calculated by a transient dynamic analysis are compared with those obtained by means of 

pseudo-static Winkler model approach. The results show that, compared to the dynamic 

approach, the pseudo-static approach is able to predict the location where the maximum 

bending moment develops but underestimates its amplitude for important values of the 

stiffness contrast at the corresponding interface between soil layers. 

Keywords: Kinematic bending moment, rigid inclusion, group effect, ASIRI+ project 

1. Introduction 

The technique of soil reinforcement by rigid inclusions (see Fig. 1) is a foundation solution 

that has significant technical and economical advantages compared to a conventional pile 

group foundation. This technique has been the focus of several research studies over the past 

twenty years, resulting in practical recommendations such as those of the ASIRI French 

National Project (2012). Those studies were mainly concerned with the static behaviour of 

this type of foundations, but their behaviour under vibratory and seismic loading has not yet 

received the same attention. This paper proposes to quantify the kinematic interaction effects 

on rigid inclusions under seismic loading with two different calculation approaches. The 

work is part of task 8 of the ASIRI+ French National Project (ASIRI+, 2019).  

 

Fig. 1 - Scheme of a foundation on rigid inclusions under seismic loading 
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The kinematic interaction phenomenon is a dynamic soil-structure interaction effect related 

to the stiffness contrast between the soil and the foundation elements. In the case of a 

foundation on a reinforced soil by rigid inclusions, the presence of these interactions may 

induce additional stresses (bending moment, shear effort, etc.) in the rigid inclusions besides 

of those related to the vibration of the superstructure, so called inertial interaction effect. To 

apprehend this phenomenon, the current practice in design offices is mainly based on the 

pseudo-static approach using Winkler-type models. The present study is based on a series of 

dynamic models covering different soil deposits (inspired by real projects) and is aimed at 

verifying the usual calculation approach used in design offices. 

2. State of the art  

The seismic design of structures requires that the dynamic effects of soil-structure interaction 

are considered in a rigorous manner. Although design codes such as Eurocode 8 (EN 1998) 

have recognized the importance of taking into account soil-structure interaction effects, the 

available approaches for foundation design are still limited (Pérez-Herreros et al., 2017). 

Moreover, the behaviour of the foundation on rigid inclusions under seismic loading has not 

yet been studied intensively. 

Many experimental studies found in the literature have focused on the static and cyclic 

behaviour of inclusion systems. The experimental research under seismic loading is still rare. 

Centrifuge tests were carried out by Garnier and Pecker (1999) to validate a macro-element 

foundation design concept used for the design of the Rion-Antirion bridge, which then 

demonstrated a good aseismic performance under a real earthquake. EDF (Électricité de 

France) conducted a series of vibration tests on two experimental plots obtaining the vertical 

and horizontal responses of a shallow slab foundation and a shallow foundation on rigid 

inclusions in the framework of ICEDA project. The objective of these tests was to justify the 

practical calculation methodology for inclusion-reinforced soil (Vandeputte et al., 2010). 

Santruckova (2012) attempted to investigate the seismic behaviour of rigid inclusions 

reinforced soil through a tri-dimensional small-scale experimental study under seismic 

loading. The response of the reinforced soil was measured to analyse the energy dissipation 

mechanism. 

Concerning the numerical studies, different types of numerical models have already been 

used to calculate the response of this type of foundation, such as finite element method 

(FEM) by Rangel et al. (2008) and Mánica et al. (2016), finite differential method (FDM) 

by Jiménez et al. (2019) and boundary element method (BEM) as well as hybrid BEM-FEM 

method. 

Most of the numerical studies mentioned above have used a complete model of the system, 

with an explicit modelling of the soil, the foundation and the superstructure. However, it is 

pragmatic and interesting to study separately the impact of different interaction phenomena, 

such as: the kinematic and inertial interaction effects. For this purpose, computational 

approaches based on the superposition theorem can be used. 

On the basis of a superposition approach, certain research focused for example on the inertial 

foundation responses under harmonic loading in terms of flexibility. Okyay et al. (2012) 

studied the foundation system consisting of a soil-platform on a soft soil deposit reinforced 

by rigid inclusions. The vertical and horizontal flexibilities for the slab foundation with 

concrete inclusions obtained from in-situ tests were compared with the numerical results 

from a FEM model. Messioud et al. (2016) used a tri-dimensional FEM dynamic analysis to 

interpret the influence of the load transfer platform stiffness, the geometrical parameters, and 
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the head/tip connection condition to the inertial responses of foundation, still in terms of 

flexibility. 

Shen et al. (2021, 2022a, 2022b) investigated the inertial et kinematic effects for soil 

reinforced by rigid inclusions under seismic loading and explored several aspects controlling 

the response of the foundation and the differences between this foundation solution versus 

shallow and piled solutions. Different configurations were studied and compared by means 

of an extensive numerical dynamic analysis. The inertial behaviour was analysed separately 

for each direction in terms of dynamic impedances and an equivalent soil deposit approach 

was proposed. The kinematic behaviour was studied by means of kinematic interaction 

factors. The study also compared the kinematic bending moment obtained by pseudo-static 

and dynamic approaches for a simple soil deposit but highlighted the need to conduct more 

extensive analyses of this topic. 

This brief state of the art review shows that there is still a limited amount of research 

regarding the response under dynamic and seismic loading. Therefore, more research is 

necessary to better apprehend the main phenomena controlling the linear and nonlinear 

dynamic soil-structure response of this foundation solution. In addition, practical 

engineering methods should also be implemented. 

3. Numerical study 

3.1. Input motion 

The seismic input motion used in this study is based on the elastic design response spectrum 

defined in Eurocode 8 (EN 1998) for a seismicity zone IV, an importance category III 

building, and a type E soil deposit. Five artificial accelerograms compatible with the design 

spectrum have been generated using the formulation proposed by Vanmarcke et al. (1976), 

which allows to establish a relation between the response spectrum and the spectral density 

function. A strong phase duration of 20 seconds is used. Figure 2 shows the response spectra 

at 5% damping for each of the calculated accelerograms (dashed curves), the average 

spectrum of the five accelerograms (red curve), and the target spectrum (black curve). The 

five accelerograms are used as the input solicitations and the average of the system response 

under five different accelerograms is presented in the following results. 

 

 

Fig. 2 - Comparison of the 5% average spectrum of the calculated accelerograms and the target spectrum 

3.2. Soil deposit characterization 

The reinforcement of soil by rigid inclusions is generally used to increase the bearing 

capacity and to reduce settlements under static load. The configurations where this type of 

foundation is usually adapted, identify in most cases as class D or E according to Eurocode 8 
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(EN 1998). Therefore, the soil profiles considered in this study intend to reproduce several 

configurations close to those found in real projects: 

• Profile I: soft soil 1 between 0 and 10 m, 

• Profile II: based on the profile I, the first 3 m of soft soil layer is replaced by soft soil 2, 

• Profile III: based on the profile I, a 2 m layer of soft soil 3 is added in the middle of the 

soft soil layer. 

In all tested cases, a 5 m thickness hard soil layer resting over the semi-infinite bedrock is 

considered. A scheme representing the different soil profiles is shown in the fig. 3 with the 

mechanical properties of the model shown in table 1. Table 2 resumes the geometric details 

for the three proposed profiles. The soft soil 1 shear wave velocity is also variable between 

100 m/s, 150 m/s and 200 m/s for all three profiles, named a, b, and c, respectively. 

 

Fig. 3 - Schemes of proposed soil profiles 

Table 1. Mechanical properties of soil and foundation used in the analyses 

 
Soft soil 1 

(a/b/c) 
Soft soil 2 Soft soil 3 Hard soil Bedrock LTP 

Concrete 

inclusions 

Shear modulus G (MPa) 20/45/80 80 180 320 2 500 125 12 500 

Young’s modulus E (MPa) 58/130.5/232 232 522 928 5800 362.5 30 000 

Shear wave velocity Vs (m/s) 100/150 /200 200 300 400 1 000 250 2 236 

Poisson ratio ν (-) 0.45 0.45 0.45 0.45 0.45 0.35 0.2 

Mass density ρ (t/m3) 2.0 2.0 2.0 2.0 2.5 2.0 2.5 

Material damping ratio ξ (-) 0.05 0.05 0.05 0.05 0.05 0.05 0 

Table 2. Soil profiles and the corresponding fundamental frequency of the soil column 

Profile Case ℎ1(𝑚) ℎ2(𝑚) ℎ3(𝑚) f
1
*(Hz) 

I a 

b 

c 

10 

" 

" 

- 

- 

- 

- 

- 

- 

2.42 

3.50 

4.43 

II a 

b 

c 

3 

" 

" 

7 

" 

" 

- 

- 

- 

2.46 

3.52 

4.43 

III a 

b 

c 

4 

" 

" 

2 

" 

" 

4 

" 

" 

2.64 

3.73 

4.61 

* Fundamental frequency of the soil column considering the soft and compact soil layers on an infinitely rigid bedrock. 

3.3. Foundation configuration 

The studied configuration consists of a 10 m × 10 m rigid slab installed on a load transfer 

platform with a thickness of 0.5 m. The load transfer platform exceeds of 0.5 m from the 
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slab edges. The rigid inclusions have a length of 10 m and are embedded of 0.5 m in the hard 

soil layer. They have a diameter of 0.42 m (this corresponds to a typical dimension used in 

France for inclusions) and a centre-to-centre spacing of 2 m is considered. It should be noted 

that rigid inclusions having this diameter can be considered flexible with respect to their 

transverse response, i.e., the total length is greater than 3 times the transfer length 𝑙0 (Brûlé 

and Cuira, 2017). 

3.4. Numerical modelling and resolution 

The problem is solved in the frequency domain by means of a hybrid transmitting boundary-

FEM model built under the SASSI2010 program (Ostadan et al., 2000), which allows to 

consider appropriately the wave propagation in the soil and the group effect (dynamic pile-

soil-pile interaction). 

In this model, the soil is modelled by horizontal layers with viscoelastic behaviour on a semi-

infinite bedrock. The slab is considered infinitely stiff and is represented by a tri-dimensional 

rigid beam grid without mass. The inclusions are modelled by two-node beam elements (not 

connected to the foundation slab) with six degrees of freedom per node (three translational 

and three rotational components). The beam axial and bending stiffness are calculated from 

the cross-section geometry, and the Young’s modulus and Poisson’s ratio of concrete (see 

table 1). According Mánica et al. (2016), modelling the inclusions by means of beam 

elements instead of volume elements has a negligible impact on the dynamic response of the 

groups of inclusions. The load transfer platform is modelled by eight-node hexahedral 

volume elements whose mechanical properties are shown in table 1. The soil and the 

foundation interact at the common nodes, so called interaction nodes, between the two sub-

systems. Finally, a sufficiently fine mesh is used to ensure correct propagation of seismic 

waves over the frequency range of interest (the largest dimension is less than 1/8 of the 

shortest wavelength).  

3.5. Dynamic approach and pseudo-static approach 

Kinematic efforts in piles result from the deformation of the surrounding soil due to the 

passage of seismic waves. In this work, we are interested in comparing the estimation of 

kinematic bending moments in inclusions using a pseudo-static approach with Winkler 

model (p-y type model) and a dynamic approach (fig. 4). 

In the pseudo-static approach, the kinematic soil deformation is introduced as a free-field 

displacement noted 𝐠(𝐳) which is imposed on the free end of the springs representing the 

pile-soil interaction and not directly on the inclusion (Cuira, 2012; Hoang et al., 2020). 

 

Fig. 4 - (a) Pseudo-static approach and (b) dynamic approach to calculate the kinematic bending moment 
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The soil displacement profile 𝐠(𝐳) is supposed to have the same form as the fundamental 

eigenmode of the soil column with an amplitude equal to 𝒅𝒎𝒂𝒙 at the soil surface (see fig. 4), 

which corresponds to the maximum free-field displacement at the ground surface and in this 

case is obtained as the average value of the pic ground displacements (PGD) of the five 

artificial accelerograms. 

In the dynamic approach, the transient analysis is conducted with a complete model 

described in the above paragraphs. 

4. Results 

4.1. Kinematic bending moments of inclusions at different positions 

A comparison of the kinematic bending moment profiles of inclusions at different positions 

is presented in the fig. 5 for the three soil deposits and three different shear wave velocities 

of the predominant soft soil. The objective of this comparison is to study the importance of 

group effects in terms of kinematic efforts applied to the inclusions. The inclusions at the 

centre, the edge and the corner are chosen in the analysis. It is to be noted that all the 

kinematic bending moment results presented in this article have been normalized by 𝑬𝒑𝑰𝒑 𝒅⁄  

for comparison purposes. 

It can be found that the dynamic responses of the inclusions at different positions under 

seismic loading are nearly identical. As a result, in the inclusions system, the horizontal 

group effect does not play an important role and does not impact the maximum kinematic 

bending moment. In the following analysis, the results of the centre inclusion are just 

presented since it is representative enough for all other inclusions. 

 

Fig. 5 - Kinematic bending moments of three profiles with different shear wave velocity Vs of soft soil 1: 

comparison of inclusions at different positions 

4.2. Comparison between the dynamic approach and the pseudo-static approach  

The kinematic bending moments calculated with two calculation approaches for three soil 

profiles and three shear wave velocities of the soft soil (thus different stiffness contrasts at 

the interface of different soil layers) are shown in the fig. 6. 

The two approaches can provide the same tendencies of the moment variation with depth. 

The comparison shows the capacity of the pseudo-static approach to capture the location of 
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the interface where the maximum kinematic bending moment develops. However, it fails to 

capture its amplitude when an important stiffness contrast between layers is present. 

 

Fig. 6 - Kinematic bending moment profiles of three soil profiles with three different values of shear wave 

velocity Vs of soft soil 1: comparison of different calculation approaches 

The relative error between kinematic bending moments calculated with both approaches at 

each interface are presented in fig. 7 for different values of the contrasts between the hard 

and the soft soil. A positive error means that the kinematic bending moment calculated with 

the dynamic approach is greater than the pseudo-static approach. Only at the interfaces with 

a small rigidity contrast (shear wave velocity ratio smaller than 3), the pseudo-static 

approach is found to be conservative. 

 

Fig. 7 - Relative error between the kinematic bending moments calculated with two approaches at the soil 

interfaces for the three soil profiles  

5. Conclusions 

Following a brief state of the art, a numerical work was presented to evaluate the kinematic 

bending moment of a foundation on a soil reinforced by rigid inclusions and submitted to 

the passage of vertical shear seismic waves. The calculations were carried out using a hybrid 

3D model for the dynamic approach and a Winkler model for the pseudo-static approach. 

Three soil profiles with different soil stiffness contrast at several interfaces between soil 
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layers (inspired by the real projects) were studied. The results highlight that the pseudo-static 

approach is in general able to provide the correct trend of the response but under-estimates 

the amplitude of the maximum bending moment at the soil interfaces when important 

stiffness contrasts are present in the soil profile. The dynamic approach is thus recommended 

in the case of a complex stratigraphy and an important soil rigidity contrast profile (shear 

wave velocity ratio greater than 3). 
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Abstract: This paper addresses the assessment of the significance of SSI for the seismic 

response of multi-span reinforced concrete girder bridges. The focus is on the behaviour of 

the integrated global bridge structural system. The study is based on representation of a soil-

bridge system. It has been found that SSI greatly affects the dynamic behaviour of bridge piers 

leading to more flexible systems and larger total displacements. The soil medium has been 

analyzed by applying different soil densities in order to consider the soil stiffness. The accent 

of the study has been given to the soil structure interaction effects and the results are analyzed 

accordingly. The soil medium has been taken into consideration as a four layered infill as 

dense and loose medium. The bridge structure is taken to be an RC structure. The boundaries 

in the soil medium are considered as infinite elements in order to absorb the radiating waves. 

The formulation of infinite elements is the same as for the finite elements in addition to the 

mapping of the domain. Based on the iso-parametric concept, the infinite element in global 

coordinate is mapped onto an element in local coordinate system. In the formulation of the 

infinite element, only the positive direction extends to infinity thus allowing the waves to 

propagate outside of the soil medium. Related comparisons are done with references and 

experimental results in which considerably acceptable results are obtained. The newly 

proposed methodology efficiently models both the interaction of soil and bridge structures 

and simultaneously the far field of soil model in which the wave reflections are softened. The 

case study chosen in this work considers different strength of soil models on which the bridge 

structural response is analyzed in detail. 

Keywords: Soil–structure interaction, Girder bridge structures, infinite elements, numerical 

analysis, finite elements 

1. Introduction  

Spectacular failure of bridges due to complete collapse of piers has been observed in every 

major seismic event. Past earthquakes that caused these failures have demonstrated that the 

strength alone would not be sufficient for the safety of bridges during the earthquake. In the 

past few decades, extensive research has been conducted regarding the effects of soil–

structure interaction (SSI) on the seismic response of civil engineering structures. Until 

recently, the general concession between engineers and researchers was that SSI effects are 

beneficial to the response of civil engineering structures. 
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The response of a structure under earthquake loading could be conservatively evaluated 

without taking the SSI effects into consideration (NEHRP specifications, 1997). That is 

because SSI provides additional flexibility and damping to the structural systems, or said 

differently, naturally isolates them from the shaking ground. These two effects, the period 

lengthening and the increase of damping, are also the fundamental premises behind the 

seismic isolation concept. 

A number of studies investigated the influence of SSI on the earthquake response of 

conventionally designed bridges in recent years. Spyrakos (Spyrakos 1990, 1992) have 

showed that SSI greatly affects the seismic response of bridges leading toward more flexible 

systems and increased damping. Some studies show that SSI effects consistently decreased 

the ductility demands of the piers when compared to the system without SSI effects 

(Ciampoli & Pinto, 1995). On the other hand, some other studies say that SSI can have both 

beneficial and detrimental effects on the response of the structure depending on the 

characteristics of the ground motion (Jeremic et al. 2004 and Mylonakis & Gazetas 2000). 

There are only a couple of publications available in the literature on how SSI influences the 

response of seismically isolated bridge structures. Tongaonkar & Jangid, 2003, looked at 

assessing the effects of SSI on three-span continuous deck bridges isolated with elastomeric 

bearings. They assumed linear elastic behavior for the isolation system and the piers of the 

bridge and carried out a time–history analysis using the complex modal analysis method to 

account correctly for the large damping contributed to the system by the seismic isolators. 

They concluded that consideration of the SSI in the analysis will result in enhancement of 

safety and reduction in design costs. They also reported that under certain circumstances, 

isolation bearing displacements at abutment locations only might be underestimated if SSI 

is not accounted for in the analysis. 

This paper investigates the effects of SSI on the seismic response of three span girder 

seismically isolated bridge, representing a typical stiff freeway overcrossing, which are 

founded on soft and medium dense soil. Using a nonlinear hysteretic model, which could 

account for the behavior of the isolation system, and assuming the upper structure will 

behave linearly, the inertial interaction between the foundation–soil system and the 

superstructure is studied for real seismic excitation with two intensities 0.2g and 0.4g. 

2. Soil-Structure Interaction 

The seismic SSI problem involves two major components: the response of the soil as seismic 

waves travel through the soil deposit and the coupled foundation–superstructure response, 

which is usually assumed to be a superposition of the response of the pile foundation itself 

to the excitation in the absence of the superstructure (kinematic response) and the effect of 

the additional flexibility caused by the foundation to the response of the superstructure 

(inertial response) (Ucak & Tsopelas, 2008) 

The soil response analysis is one of the most important aspects of earthquake engineering, 

as it will determine the ground motion that will be experienced at the top of soil without the 

presence of a structure or the so-called free field response. The analysis involves estimation 

of the seismologic characteristics of the region, and determination and modeling of the soil 

profile and its dynamic characteristics. Further, it accounts for the multiple reflections and 

refractions that will occur at the soil layer interfaces as the seismic waves propagate though 

the soil deposits. Although special purpose computer programs exist for this purpose, the 

validity of the results depend greatly on how accurate dynamic soil properties are estimated, 

which in spite the improvements in the in-situ testing, is still a challenging task. In the present 

study, no soil amplification analysis was performed, rather, the considered accelerograms 
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were used directly to excite the structure and the springs, which were used to model the 

foundation.  

The soil medium has been analyzed by applying different soil densities in order to consider 

the soil stiffness. The accent of the study has been given to the soil structure interaction 

effects and the results are analyzed accordingly. The soil medium has been taken into 

consideration as a four layered infill as dense and loose medium. The bridge structure is 

taken to be an RC structure. The boundaries in the soil medium are considered as infinite 

elements as given in Figure 1 below in order to absorb the radiating waves. 

 
Fig. 1 Coupling of finite-infinite elements for absorbing of radiating waves 

3. Bridge models 

Three-span reinforced concrete (RC) bridge structure typical for Republic of N. Macedonian 

region (Vitanova, 2015) is selected. The bridge models under consideration consist of two 

piers supporting the superstructure. The central piers in this type of bridges most frequently 

had been designed as reinforced-concrete walls. 

 

Fig. 2 Three-dimensional mathematical FELISA/3M model composed of 3D finite girder and solid 

elements (Vitanova, 2015) 

They are founded on strip foundation. The superstructure consists of 6 T shaped concrete 

girders resting on the substructure through elastomeric bearings and supporting the 

continuous reinforced-concrete slab. For the representative bridge, 3D finite element 

analytical model has been defined and analyzed by use of the verified FELISA/3M computer 
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program [10]. A detailed description of the analytical model is given in Vitanova, 2015. Fig. 

1 presents a typical isolated bridge structure and its corresponding model used in this study. 

The main and transverse girders have been defined as frame elements. The central piers have 

been modeled with solid elements. The support of the main girders at the ends has been 

modeled by link elements that represent the bearings. As for the surrounding soil, four 

layered infill as dense and loose medium assumption is adopted. The boundaries in the soil 

medium are considered as infinite elements in order to absorb the radiating waves. The effect 

of foundation flexibility is incorporated into the mechanical model via lateral, rocking, and cross-

lateral-rocking springs. 

Table 1 – Geometric and Mechanical Properties of Bridge Systems 

System properties Loose medium Medium dense soil 

Pier height [m] 5.0 

Width of the superstructure [m] 8.0 

Middle pier cross sections [m] 0.8/7.2 

Bearing stiffness- vertical/horizontal [kN/m] 1000000.0/ 3380.0 

SSI stiffness -vertical/horizontal [kN/m] 17606.4/ 14499.8 95963.8/79029.7 

Damping – vertical/horizontal  528.0/429.4 2722.8/2229.5 

 

The seismic isolation system is considered to behave as a bilinear hysteretic spring with 

smooth elastic to post yielding behavior. Although this behavior is typical to lead rubber 

bearings, the results presented in this study could be applicable for isolation systems 

consisting of sliding bearings with metallic yielding devices, or sliding bearings with 

restoring force capabilities, such as the friction pendulum system isolators. The geometric 

and mechanical properties of the models are listed in Table 1. The bridge is subjected to a 

real ground motion records scaled to two intensity levels. One set of ground motion time 

histories is used in this study. It consists of pair of horizontal acceleration time histories from 

El Centro earthquake. The excitation is scaled to two levels of intensity 0.2g and 0.4g. The 

ground motion is used to analyze the bridge funded to loose medium and medium dense soil. 

4. Analyses results and discussion 

Three span isolated girder bridge system with the soil structure interaction is analyzed using 

seismic excitation scaled to two levels of intensity. Nonlinear time–history analyses are 

performed, and the system response variables considered are the displacement of the 

isolation system (isolation drift) and the shear force the pier. These two response variables 

are critical for the design of the bridge superstructure and the design of the bridge 

substructure accordingly. 

 

Fig. 3 Stress-strain curves for bearing in horizontal directions, El Centro earthquake, 0.2g 
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Fig. 3 represents the compared stress-strain curves for the middle pier bearing for loose 

medium and medium dense soil subjected to El Centro earthquake with 0.2g intensity. Fig. 

4 show the behavior of the same bearing, but the bridge structure subjected to 0.4g intensity. 

All these diagrams show that the behavior of the bearing in both horizontal directions does 

not change concerning the soil type. 

 

Fig. 4 Stress-strain curves for bearing in horizontal directions, El Centro earthquake, 0.4g 

 

The behavior of the upper part of structure is almost the same for both soil types. Regarding 

the displacement of the top point of the pier, i.e. bottom point of the bearing, the results are 

different. In this part of the structure, the difference is significant in both direction for the 

both earthquake intensity The difference is more distinct for the transversal direction. 
Next in Fig. 5 the P-Δ analyses for the bearing for both soil types and earthquake intensities are 

shown. The difference between loose and medium dense soil is not so obvious. This is mainly due 

to the fact that the soil conditions are acceptable so that there is no great effect of soil in the structural 

response. 

 
Fig. 5 P-Δ diagram for the bearing, El Centro, 1940, 0.2g and 0.4g 

4. Conclusions 

Effects of SSI on earthquake response of isolated bridge are investigated under dynamic 

seismic excitation. The girder bridge system with two soil structure interaction conditions is 

analyzed. The soil mediums are modelled by frequency independent coefficients of soil 

stiffness and damping. Loose medium and medium dense soil are used for the analyses. Non-

linear time history analyses are preformed using real time history earthquake motion scaled 

to two intensities 0.2g and 0.4g. This analysis is used to account for the nonlinear hysteretic 

nature of the seismic isolation system on the bridge structure. The system response variables 

considered are displacement of the substructure and superstructure of the bridge and the 
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shear force in the pier. From all the analyses results, the following concluding remarks can 

be made: 

- The type of foundation soil does not have influence on the behavior of the 

superstructure of the bridge. The difference of the displacement and acceleration in 

upper structure node due to earthquake with the same intensity is negligible. 

- There is no significant difference between nonlinear behavior of the bearing elements 

when the bridge is analyzed on the loose medium and medium dense soil.  

- The variation in the damping in the bearings does not have noticeable effects on the 

response of isolated bridges with SSI effects.  

- The circumstances under which SSI need to be included in the analysis of isolated 

bridges are identified and it is shown that consideration of SSI in the analysis will 

result in enhancement of safety and reduction in design costs. 
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Abstract: In order to establish a prediction method of peak ground acceleration (PGA) that 

does not depend on the soil constitutive model and only depends on ground motion and site 

characteristics, six characteristic parameters were chosen through feature selection based on 

3,106 groups of bedrock and surface seismic records collected from the KiK-net strong-

motion seismograph network of Japan. Then, the input ground motion characteristics were 

characterized by peak bedrock acceleration and predominant frequency, and the site 

characteristics were characterized by the site type, soil depth at a shear wave velocity of 800 

m/s, overburden thickness, and bedrock shear wave velocity. The random forest model, 

AdaBoost model, and XGBoost model in machine learning were used to set up the prediction 

models of PGA based on six characteristics. The three machine learning prediction models 

produced stable prediction results, and the mean absolute error of all of the test data sets was 

less than 0.015 g, Therefore, machine learning can better predict PGA, and it provides a new 

method for site response prediction of strong ground motion. 

Keywords: machine learning; random forest; AdaBoost; XGBoost; prediction of PGA 

1. Introduction 

Peak ground acceleration (PGA) can intuitively reflect the intensity of ground motion, and 

it is an important parameter in seismic design code, as well as an intuitive characterization 

parameter of seismic action characteristics in the seismic design of engineering structures. It 

plays an important role in earthquake early warnings, seismic intensity quick reports, and 

ground motion zoning (Zhang et al. 2013; Yu et al. 2021; Wurman et al. 2007), and it is of 

great significance to accurately obtain and predict PGA. PGA can be obtained through strong 

earthquake observations, ground motion prediction equations, and seismic damage 

investigations (Yu et al. 2004; Boore et al. 2008; Du et al. 2019; Du et al. 2020). In addition, 

it can be predicted through numerical simulation methods and statistical analysis of seismic 

records (Sun et al. 2020; Tang et al. 2020). With the continuous development of computer 

technology, machine learning has been widely used in the field of PGA prediction (Kerh et 

al. 2005; Günaydn et al. 2008; Derras et al. 2012; Dhanya et al. 2017). 

We selected the characteristics of the seismic data collected from the Kik-net strong-motion 

seismograph network of Japan, and selected the most important features that characterize the 

input ground motion and site characteristics through importance analysis. Three integrated 

algorithms, the random forest model, AdaBoost model, and XGBoost model in machine 

learning, were used to train and test the selected seismic data and establish the prediction 

model of surface peak acceleration based on bedrock ground motion and main site 

parameters. The aim was to develop a simple and practical fast prediction method without 

modeling and analysis and provide support for seismic zoning and the seismic design of 

engineering structures. 
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2. Establishment of Data Set 

Based on the seismic records of the Japan KiK-net strong-motion seismograph network, the 

seismic records between March 1, 1996, and November 1, 2020 were selected. The aim of 

this study was to predict the amplification effect of the one-dimensional horizontal site on 

peak ground motion, we only selected the horizontal site stations with strong seismometers 

on the surface. In terms of surface PGA selection, all records greater than 0.1 g were included 

in the data set as much as possible. 

According to the above principles, a total of 40 KiK-net stations and 3,106 sets of uphole 

and downhole seismic records were collected. The distribution of PGA is shown in Figure 

1. 

PGA≥0.2g
3.6%

0.1g<PGA≤0.2g
11.6%

0.01g<PGA≤0.1g
84.8%

 

Fig. 1 - Distribution of PGA 

3. Feature Engineering 

The main factors that influence the site amplification effect include two aspects. One is the 

characteristics of the input ground motion, such as amplitude, frequency characteristics, and 

duration, and the other is the site conditions, including the site shear wave velocity and the 

overburden thickness. In order to reflect the complexity of the soil structure and the 

characteristics of the input ground motion as much as possible, we preliminarily selected 12 

factors affecting PGA for analysis, including peak bedrock (PBA), predominant frequency 

(FP), site type, site fundamental period (SFP), overburden thickness (OBT), the depth of the 

soil when the shear wave velocity reaches 800 m/s (𝐷𝑣𝑠=800), profile depth (Depth), surface 

shear wave velocity (Surface 𝑣𝑠), bedrock shear wave velocity (Bedrock 𝑣𝑠), equivalent 

shear wave velocity (𝑣𝑠𝑒), average shear wave velocity within 20 m below the site surface 

(𝑣𝑠,20), and average shear wave velocity within 30 m below the site surface (𝑣𝑠,30). 

We used fourteen different feature selection methods to rank the importance of the extracted 

12 influencing factors, the methods including the filter method, embedded method, recursive 

feature elimination method, and linear support vector machine feature weight ranking, etc. 

We assigned the most important influencing factor of each method as 12, and the least 

important as 1. Combining the results of each method, the importance score of each feature 

is shown in Figure 2. The top six importance scores were selected as the characteristic 

variables in this study. 
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 Linear Support Vector Machine

 Recursive Feature Elimination Method - Extreme Gradient Boosting

 Recursive Feature Elimination Method - Rrandom Forest

 Recursive Feature Elimination Method - Adaptive Boosting
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Fig. 2 - Importance score of features 

4. Analysis of Prediction Results 

4.1. Model Parameters 

We selected three integration algorithms, the random forest algorithm, AdaBoost algorithm, 

and XGBoost algorithm, to perform regression analysis on the selected seismic data. Then, 

80% of the selected data was used as the training set for model training, and the remaining 

20% was used as the test set for the model performance test. We used 10-fold cross-

validation and grid search to obtain the best parameters of the three regression models of the 

data set. 

The random forest regression model have five important parameters, including the 

n_estimators, criterion, max_features, max_depth, and min_samples_split. The best 

parameters are shown in Table 1. 

Table 1. The best parameters of random forest regression model 

Parameter n_estimators criterion max_features max_depth min_samples_split 

Value 47 mse 4 22 2 

 

The AdaBoost regression model have five important parameters, including the 

base_estimator, n_estimators, learning_rate, loss, and random_state. The best parameters are 

shown in Table 2. 

Table 2. The best parameters of the AdaBoost regression model 

Parameter base_estimator n_estimators learning_rate loss random_state 

Value DecisionTreeRegressor 40 0.9 square 0 
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The XGBoost regression model have seven important parameters, including the 

n_estimators, learning_rate, subsample, booster, max_depth, reg_alpha, and reg_lambda. 

The best parameters are shown in Table 3. 

Table 3. The best parameters of XGBoost regression model 

Parameter n_estimators learning_rate subsample booster max_depth reg_alpha reg_lambda 

Value 210 0.25 0.3 dart 2 0 19 

4.2. Prediction Results 

The mean absolute error (MAE), mean absolute percentage error (MAPE), mean square error 

(MSE), and coefficient of determination (R2) were used as the evaluation indexes of the 

prediction effect. The expressions are given by Equation 1 to Equation 4. 
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where 𝑛 is the sample size, 𝑦𝑖 is the true value, �̂�𝑖 is the predicted value, and �̅� is the average 

of the true values. 

The prediction results of the three models are shown in Table 4. The prediction results of the 

three regression models are good, and the three prediction errors are not much different. The 

MAE are about 0.015g, the MAPE are about 20%, the MSE are less than 0.001, and the R2 

is greater than 0.85. Among them, the prediction errors of random forest regression model 

are relatively large, the prediction errors of AdaBoost regression model are slightly better 

than random forest regression model, and the prediction errors of XGBoost regression model 

are the smallest. The prediction effect of XGBoost regression model is better than random 

forest regression model and AdaBoost regression model. 

Table 4. Prediction errors of three regression models (test data sets) 

Evaluation indexes Random forest AdaBoost XGBoost 

MAE 0.0151 0.0147 0.0146 

MAPE 0.2189 0.2252 0.2143 

MSE 0.0007 0.0006 0.0005 

R2 0.8823 0.8991 0.9046 

4.3. Residual Analysis 

We calculated the residuals (the difference between the true value and the predicted value) 

of the training set and test set of the three regression models, and we drew the residual plot, 

as shown in Figure 3. 

189
3ECEES, September 2022, Bucharest, Romania



In order to better show the changing trend of residuals, we divided the PGA into different 

groups and calculated the average residual of each group, as shown by the black solid line 

in Figure 3. The dotted line is the average residual plus or minus one standard deviation.  

For the training set, it can be seen from Figure 3 that when the PGA is in the range of 0.01–

0.4 g, the average residual values of the three regression models are all approximately 0. 

When the PGA is in the range of 0.4–1.0 g, the average residual of the AdaBoost regression 

model is approximately 0, and the training results are good. The average residuals of the 

random forest regression model and the XGBoost regression model are large, and the 

prediction results are underestimated. 

For the test set, when the PGA is in the range of 0.01–0.1 g, the average residuals of the 

three models are all approximately 0, and the test results are good. When the PGA is in the 

range of 0.1–1.0 g, the prediction results of the three models are more underestimated.  

Generally, whether in the training set or the test set, the prediction result is more accurate 

when the PGA is small, and the error increases when the PGA is large. The three models 

prediction results change from overestimation to underestimation with the increase of PGA. 

The main reason for this result is that the number of large earthquakes is small, and the 

training of the model is not sufficient. Except for a few working conditions, the residuals of 

most prediction results are within plus or minus 0.15 g. 
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Fig. 3 - The prediction residuals on the training and test set for three regression models 

5. Conclusions 

(1) The three proposed machine learning prediction models can predict the surface PGA 

well. From the overall test set, the XGBoost model has the best prediction effect, 
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AdaBoost model is the second best, and the random forest model has a slightly worse 

prediction effect than the first two. 

(2) The prediction results of the proposed method are more accurate when the PGA is small. 

With the increase of PGA, the prediction residuals of the three methods increase, but 

except for few conditions, the residuals are all within plus or minus 0.15 g, and show a 

change trend from overestimation to underestimation. 
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Abstract: When performing three-dimensional finite element (FE) analysis for dynamic 
soil-structural interaction problems, including soil nonlinearity, it is crucial to apply 
appropriate soil constitutive models to solid elements to account for the plasticity/ 
nonlinearity of the soil.  However, results of soil tests to determine the necessary parameters 
of the soil constitutive models are often limited.  Therefore, this study focuses on an elastic-
perfectly plastic model, where the parameters can be easily determined even from limited 
test results.  In order to understand the validity of analysis results based on a simple 
constitutive model such as an elastic-perfectly plastic model, a series of 1-g shaking table 
tests were conducted using a building model with a spread foundation model rested on soft 
clay soil, and simulation analyses by a three-dimensional FE calculation code were also 
performed.  The FE analyses using the elastic-perfectly plastic model showed that the 
horizontal motion of the foundation and the vertical motion of the edge of the foundation 
could not be evaluated well.  It was also confirmed that the results of the FE analysis using a 
nested surface model by considering a number of the elastic-perfectly plastic materials 
showed that the experimental results were well represented. 

Keywords: Soil-structure interaction, Shaking table test, Three-dimensional finite element 
analysis, Elastic-perfectly plastic model, Nested surface model  

1. Introduction 

In recent years, strong ground motions exceeding the design input motion used in the 
seismic design of buildings in Japan have been observed due to many earthquake events 
(e.g., the 1995 Kobe earthquake; the 2004 Mid Niigata Prefecture earthquake; the 2011 
Tohoku earthquake; the 2016 Kumamoto earthquakes; the 2018 Hokkaido Eastern Iburi 
earthquake) occurred in Japan (e.g., NILIM and BRI (2016)).  Numerous studies on 
dynamic soil-structure interaction (SSI) have been made mainly based on linear elastic (or 
equivalent linear) analysis (e.g., Wolf (1985); Kausel (2010)).  In addition to the studies, 
SSI research on seismic motions with significant amplitude levels have also been 
conducted in the last two decades.  They have pointed out the effects of local nonlinearities 
around foundations (i.e., plasticity/inelasticity of soil around the foundations, slippage and 
uplift of the foundations) on building behaviours during earthquakes (e.g., Gazetas (2015); 
Kashiwa et al. (2019)).  There are very few cases in which significant amplitude levels of 
seismic motions have been observed simultaneously in the actual structure and the ground 
nearby.  Numerical investigations have been conducted using three-dimensional (3D) finite 
element (FE) and other calculation methods in addition to experiments in centrifuge and 1-
g fields (e.g., Anastasopoulos et al. (2011); Torabi et al. (2014); Nakagawa et al. (2020)).  
In 3D FE analysis, it is crucial to apply appropriate soil constitutive models to solid 
elements to account for soil plasticity/nonlinearity.  However, results of soil tests to 
determine the necessary parameters for the soil constitutive models are often limited.  
Therefore, this study focuses on an elastic-perfectly plastic model, where the parameters 
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can be easily determined even from limited test results.  Although the elastic-perfectly 
plastic model may not be capable of accurately reproducing reality, it has practical 
advantages such as stability of calculation and the fact that the definition of hysteretic 
curve is not necessary, in addition to the ease of determining the parameters (JGS (2003)).  
In this study, we compare the results of a series of 1-g shaking table tests with its 
simulation analyses by a 3D FE computational code in order to understand the validity of 
the analysis results using a simple constitutive model.  Specifically, the FE analyses are 
performed for a building with a spread foundation rested on a soft clay soil, using the 
elastic-perfectly plastic model based on unconfined compression tests.  

2. Shaking table test 

2.1. Outline of experimental apparatus 

Figure 1 shows an overall view of the experimental apparatus.  As shown in Fig. 1, there is 
a building with a spread foundation rested on a clay soil.  The internal size of the soil box 
placed on a shaking table is 1.04 m x 0.74 m x 0.40 m.  The soil material used in this study 
is Kibushi-clay. 

Figure 2 shows the consolidation process of the clay soil.  As shown in Fig. 2a), the clay 
was mixed with clay powder and water in the ratio of 1:1.25 by using a mixer and then 
filled into the soil box.  Next, a lid for consolidation was installed, as shown in Fig. 2b).  
Then the lid was loaded vertically by the pneumatic compressors (shown in Fig. 2c)) to 
consolidate the clay soil.  Consolidation was performed by five loading stages, with 
specific loading of 1.18 kPa, 3 kPa, 6 kPa, 12 kPa, and 25 kPa, respectively.  The total 
period required for consolidation was approximately two months.  Both the lid for 
consolidation and the bottom of the soil box has many holes for drainage.  The drainage 
holes were covered with filter paper to prevent soil particles from leaking.  The inner sides 
of the soil box are coated with silicon oil before filling with clay to reduce friction with the 
clay that settles due to consolidation. 

 

0.
28

 m Clay soil
(Kibushi clay)

Superstructure

1.04 m

0.
74

 m

1.04 m

Clay soil
(Kibushi clay)

Superstructure

Excitation direction
+－

b) Front viewa) Top view
 

 

Fig. 1 – Schematic diagram of experimental apparatus 
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 a) Filling of clay soil into the box               b) Installation of a lid             c) Consolidation (approx. 2 months) 

Fig. 2 – Consolidation process of clay soil 

Figure 3 shows the details of the building model used in the experiment.  The building 
model is a two-mass system composed of an upper mass and a foundation.  The upper 
mass is supported by four plate springs, and the natural frequency is 12 Hz in the base-
fixed condition.  Five pairs of load cells are installed in the foundation to measure the 
vertical subgrade reactions with a resolution of 1/5 of the base area along the excitation 
direction. 

Upper mass (ms = 128 kg)

Plate spring

Base (mb = 42 kg)

Load cells (5 pieces)

0.
13

0.
13

0.
07

0.35

Accelelometer

Laser disp. sensor
Laser disp. sensorLaser disp. sensor

 
Fig. 3 – Detail of the building model 

2.2. Excitation conditions 

Table 1 shows the excitation conditions of the shaking table test.  The excitation motion is 
a simple sinusoidal type motion with one cycle on the rising/falling edges and five cycles 
of the main motion. The peak amplitudes of the excitation motions, ainp, are 1, 2, and 4 
m/s2. The frequency of the excitation motion, finp, is 4 to 20 Hz for every 2 Hz for each 
peak amplitude.  Therefore, there are 27 cases of excitation in total.  A series of 1-g 
shaking table tests were conducted using a medium-sized shaking table at the Building 
Research Institute (BRI), Japan, in 2021.  

Table 1.  Excitation Conditions 

Excitation Motion Peak Amplitude, ainp Excitation Sequence

Sinusoidal type motion having 5 peaks 1 m/s2

f inp = every 2Hz, from 4 to 20Hz 
for each peak amplitude of 

excitation
2 m/s2

4 m/s2
Example of Excitation Motion

ainp

0

ainp

A
cc

. [
m

/s
2 ]

 

3. Simulation analysis 
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3.1. Analysis method 

3.1.1. Constitutive model considered in the three-dimensional FE modelling 

A constitutive soil model considered in this study is based on an elastic perfectly-plastic 
model (JGS (2003)).  In the model, Mohr-Coulomb (MC) failure criterion is considered as 
a yield function.  Drucker-Prager (DP) model is adopted for a plastic potential in order to 
avoid singular points during the calculation of flow rule.  In this MCDP model, the yield 
function, f, and the plastic potential, g, are expressed as follows 

  2
1 sin 3 1 sin sin 3(3 sin ) cos 3 sin 0
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J
f I c                  (1) 

1 22
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9 12 tan
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where c, , ψ, I1, J2, and Θ denote cohesion, frictional angle, dilatancy angle, the first 
invariant of the stress tensor, the second invariant of the deviatoric stress tensor, and the 
Lode angle, respectively.  In this study,  and ψ are set to 0° because the clay soil is used 
in the experiment.  In an elasto-plastic analysis by considering elastic-perfectly plastic 
material, the relationship between increments of stresses and strains can be expressed as 
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where [De] is the elastic stress-strain matrix.  The coefficient γ is a value calculated by Eq. 
(4).  As can be seen from Eq. (3), when γ = 1, the material is elastic, and when γ = 0, it is in 
a plastic state.  Therefore, by using Eq. (3), the incremental stress can be calculated from 
the incremental strain in a unified manner for any stress state (JGS (2003)). 
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In addition to the MCDP model mentioned above, we also carried out FE analyses using a 
Nested Surface (NS) model to represent the work-hardening effect by considering a number of 
similar yield surfaces in a stress space, as shown in Fig. 4.  The concept of the NS model is 
introduced by Mróz (1967) and Iwan (1967).  In the NS model, we used ten superposed 
elastic-perfectly plastic soil materials based on the MCDP model having its elastic moduli and 
yield parameters to fit the stress-strain curve derived from the results of compression tests.  
 

E0

σ1

σ2
σ3

Stress

Strain

f1

f2

fn  
Fig. 4 – Schematic illustration of nested surface layers in the stress space  

and representation in the stress-strain curve 
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3.1.2. Non-iterative time integration scheme 

As in the previous studies by the authors (Nakagawa et al. (2020)), the non-iterative time 
integration scheme (Sakai et al. (1995); Honda et al. (2004)) is applied for the dynamic 
elasto-plastic FE analysis in this study.  The feature of this scheme is combining an 
implicit time integration scheme and an explicit scheme by taking their advantages.  The 
scheme enables stable computation without an iteration process for convergence in the 
non-linear analysis.  According to the literature, we can write the equation of motion, using 
the Newmark method (β = 1/4) as an implicit scheme, as  

                      
1

ext2

4 2 4
2 2u M C K f q M u u C u

t t t

                        
    (5) 

 
where [M], [C], and [K] denote the mass, damping and stiffness matrices; {Δu}, {Δfext}, 
and {Δq} are the displacement, external force, and the adjusting force vectors in 
incremental form, respectively; Δt indicates time step; a dot over the variable indicates 
differentiation with respect to time. {Δu} is obtained by solving Eq. (5), then velocities and 
accelerations at the next time step can be obtained by Eqs. (6) and (7), respectively.  
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{Δq} in the above equations is given by  

         eelem

T
q B D dV      (8) 

 
where V indicates the volume of the element. [B] denotes the strain-displacement matrix.  
It is noted that {Δq}elem in Eq. (8) is element-wise while {Δq} in Eqs. (5) - (7) is a global 
description. 

3.2. Analysis model 

Figure 5 shows the FE mesh diagram used in the analyses.  As shown in Fig. 5, the FE 
model is 1/2 symmetrical.  The number of nodes is 5800, and the number of elements is 
4701.  The superstructure was modeled so that the natural frequency (12 Hz in base-fixed 
condition) might roughly correspond to the model.  In addition, for accounting the 
interaction of the bending term with the column, the base, and the upper parts, rigid beam 
elements were also inserted in the horizontal direction relative to the solid elements of the 
base and the upper parts.  The results of unconfined compression tests for clay specimens 
are shown in the graph on the right-hand side of Fig. 5.  The grey curves in the graph are 
the 12 results of unconfined compression tests performed after the experiment, using a 
thin-wall sampler to get soil samples from the model ground.  As can be seen from the 
graph, these results are varied in both stiffness and unconfined compressive strength.  
There is a possibility that the soil samples were disturbed by vibration during the 
experiment, sampling, or moulding of the samples.  Based on this result, we prepared the 
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other soil sample separately with the same consolidation load and the same ratio of mixture 
with clay powder and water.  The black curve shows the result of the unconfined 
compression test of this separately prepared sample.  As can be seen from the graph, the 
initial stiffness of the black curve is stiffer than that of the grey curves.  In addition, the 
unconfined compressive strength of the black curve seems to (roughly) correspond to that 
of the grey curves.  Based on these results, the parameters (initial stiffness and cohesion) 
for stress-strain curves were set as shown in the blue and red curves in the graph.  The blue 
and red curves represent the MCDP and the NS models, respectively.  In the NS model, the 
initial stiffness, E0, is set to 5 times of the secant stiffness, E50, as a trial because no test has 
been conducted to obtain information about the initial stiffness of the soil. 
 

1.04m

Superstructure
Natural Freq.=12Hz
Mass (upper part) = 128kg
Mass (base part) = 42kg

Soil
ρ=1530kg/m3

ν= 0.4
φ= 0°
ψ= 0°
c = 5.5kPa
E0(for MCDP model) = 500kPa
E0(for NS model) = 2500kPa

0.28m

0.37m

0.175m 0.35m

0.13m

Rigid Box

     

Fig. 5 – (Left) FE mesh diagram and (right) results of unconfined compression test of the clay soil  

The parameters for Rayleigh damping are determined so that viscous damping of the soil 
and the superstructure are maintained at approximately 5% and 1%, respectively.  The 
value of Rayleigh damping for the soil is slightly larger than the value generally used, 
based on the fact that there is no hysteretic damping at small strains due to elastic-perfectly 
plastic material.  In the FE analysis, the time step was set to Δt = 0.001 s. 

3.3. Analysis results 

Figure 6 compares acceleration time histories obtained from experiment and FE analyses.  
As an example, two excitation cases are shown here: one with 4 Hz, 2 m/s2 excitation, and 
the other with 10 Hz, 4 m/s2 excitation.  The black line in the figure is the experimental 
result.  The blue line indicates the calculation result by the MCDP model, and the red line 
denotes the calculation result by the NS model.  From top to bottom of Fig. 6 are the 
horizontal motion at the top of the superstructure, the horizontal motion on the foundation, 
the vertical motion of two points at the edge of the foundation, and the horizontal motion 
on the ground surface, respectively.  The comparison of the horizontal motions on the 
ground surface shows that the two FE calculations correspond well with the experimental 
results.  In the horizontal motion at the top of the superstructure, the black and red lines 
correspond roughly.  However, the MCDP model (indicated by the blue line) differs from 
the experimental results.  The maximum acceleration is more significant than the 
experiment results and the FE analysis for the NS model case.  The phase of the waveform 
by the MCDP model is delayed when compared to the experimental result and FE analysis 
by the NS model.  These differences are caused since hysteretic damping is not considered 
at small strains, and the initial stiffness is set to the secant stiffness E50, (or shear stiffness 
based on it), which is smaller than the initial stiffness of the soil.  Furthermore, when 
looking at the horizontal motion of the foundation and the vertical motions at the edge of 

Soil tests 

NS model MCDP model 
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the foundation, the difference between the experimental results and the results calculated 
by the MCDP model is more significant than the difference observed for the horizontal 
motion at the top of the superstructure. 
 

    
 

a)  Excitation: ainp = 2 m/s2, finp = 4Hz              b) Excitation: ainp = 4 m/s2, finp = 10 Hz 

Fig. 6 – Comparison of acceleration time histories (Experiment vs FE analyses) 

Figure 7 compares the maximum acceleration obtained from the experiment with the 
maximum acceleration computed by the FE analysis for all excitation cases (9 frequencies 
x 3 amplitudes = 27 cases).  As can be seen from the figure, the horizontal motion of the 
ground surface shows that the calculation results by the MCDP and NS models both 
correspond well to the experimental results. The two points indicated by the dotted circles 
are due to the fact that there are spikes on the records of the experimental results for 4 m/s2 
excitation at 18 Hz and 20 Hz.  The numbers in the graphs show the mean relative error 
(MRE) for the experimental and calculated results, defined by the following equation 
(Sieber et al. (2020)). 

 max , ,analysis max , ,experiment

1 max , ,experiment

1 m
i i

i i

a a
MRE

m a


    (9) 

where m is the number of excitation cases (m = 27), "amax, experiment" is the maximum value 
of the experiment, and "amax, analysis" is the calculated maximum value by the FE analysis.  
The MREs of the MCDP and NS models for the horizontal motion on the ground surface 
are small (0.069 and 0.131, respectively), suggesting that the input motion to the 
superstructure is roughly equivalent between the experiment and the calculations.  Next, 
the horizontal motion at the top of the superstructure shows a more significant error 
between the experimental and calculated results when compared to the horizontal motion 
on the ground surface.  The MRE of the NS model is smaller than that of the MCDP model.  
Furthermore, looking at the horizontal motion of the foundation and the vertical motion of 
the edge of the foundation, as seen in the comparison of waveforms in Fig. 6, the 
maximum values for the NS model generally correspond to the experimental results.  In 
contrast, the maximum acceleration calculated by the MCDP model tends to be larger than 
that of the experimental results.  As mentioned earlier, this may be due to the fact that the 
MCDP model in this study sets the initial stiffness smaller than the actual value of the soil 
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and does not take into account hysteretic damping at small strains.  For the horizontal and 
vertical motions of the foundation, MREs by the MCDP model are larger than 1, so a 
particular attention should be paid when applying the MCDP model. 

 

         a) Horizontal motion at the top of superstructure 

      b) Horizontal motion at the base 

      c) Vertical motion at the base 

      d) Horizontal motion on the ground surface 

Fig. 7 – Comparison of peak acceleration (Experiment vs FE analysis, left: MCDP model, right: NS model) 

Figure 8 compares the maximum story drift angle of the superstructure, the maximum 
rotation angle of the foundation, and the maximum vertical subgrade reaction, respectively.  
The story drift angle and rotation angle in the experiment were obtained from the laser 
displacement sensors, as shown in Fig. 3.  The experimental subgrade reaction is obtained 
from the load cell at the end of the foundation.  It is extracted only from the fluctuation 
caused by the oscillation due to the excitation (in other words, it excludes the initial value 
due to the weight of the structure).  As can be seen from the comparison of maximum story 

4 m/s2, 18&20 Hz 4 m/s2, 18&20 Hz 
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drift angle, the NS model corresponds better to the experimental results than the MCDP 
model.  For the maximum rotation angle of the foundation, the NS model also corresponds 
better with the experimental results than the MCDP model, while the calculated values 
from the two models both evaluate the rotation to a greater extent than the experimental 
results.  For the maximum value of the vertical subgrade reaction, MRE for the NS model 
is smaller than that for the MCDP model, although the calculated values by the two models 
both evaluate the vertical subgrade reaction less than the experiment.  The comparison of 
foundation rotation angle and vertical subgrade reaction implies that the stiffness and/or 
strength of the soil may have been set softer in the calculations than the actual values.  
However, there is currently no basis for setting parameters other than the unconfined 
compression test shown in Fig. 5.  Further study is needed to redefine the soil parameters 
(including nonlinear characteristics) and conduct the analysis. 

 

  a) Story drift angle 

  b) Angle of foundation rotation 

     c) Vertical subgrade reaction 

 

 Fig. 8 - Comparison of maximum story drift angle, maximum angle of foundation rotation, and maximum 
subgrade reaction (Experiment vs FE analysis, left: MCDP model, right: NS model) 

4. Conclusions  

In order to investigate the applicability of the simple constitutive model on seismic 
behaviour of a building with a spread foundation rested on a soft soil, a series of 1-g 
shaking table tests were conducted using clay soil, and 3D FE simulation analyses were 
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performed.  It was revealed that the FE analysis using the elastic-perfectly plastic model 
(MCDP model) based on the secant stiffness, E50, and unconfined compressive strength, qu, 
cannot correctly evaluate the horizontal and the vertical motions of the foundation because 
a) the initial stiffness of the model is smaller than that of the actual soil and b) the 
hysteretic damping is not taken into account at small strains.  It was also confirmed that the 
results of the FE analysis using the NS model by considering a number of elastic-perfectly 
plastic materials showed that the experimental results were well represented. 

On the other hand, the maximum rotation angle of the foundation and the maximum 
vertical subgrade reaction obtained from the analyses could not explain the experimental 
results well in some cases.  These results imply that the stiffness and/or strength of the 
ground used in the calculation may be softer than those in the actual value.  Further 
investigation is needed to address this point, such as conducting additional soil tests and 
redefining the ground parameters (including nonlinear characteristics) for further analysis. 
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Abstract: Risk assessment of cities is commonly addressed considering a portfolio of fixed-

base structures. The state-of-the-art literature proves that neglecting interaction between soil, 

foundation, and structure (SSI) and site-amplification may lead to inaccurate risk estimates 

by a substantial margin. Nevertheless, the intrinsic complexity of the urban environment and 

the uncertainties in defining the main features of the soil-foundation system led over the years 

to apply generic fragility functions parameterized in terms of the only superstructure. To this 

aim, a new methodology is proposed to calculate foundation-subsoil dependent fragility 

functions of structures suitable for large-scale applications. To accomplish this, this work 

explicitly introduces in the provided fragility functions the averaged shear-wave velocity VS,30 

as a proxy for the site amplification and SSI effects. SSI effects are further parametrized in 

terms of the aspect ratio, H/B. The advantage is the possibility to link the calculated fragility 

curves with actual site conditions defined based on globally available data regarding soil, 

foundation, and building taxonomy. Risk analysis for the most popular masonry building 

classes in Thessaloniki is assessed to show the feasibility of the devised framework. 

Preliminary findings show that, especially in soft soil formations, the conventional way of 

calculating fragility curves may lead to an underestimation of the seismic risk. 

Keywords: fragility-curves, soil-structure-interaction, large-scale analysis, site-amplification  

1. Introduction  

Fragility curves represent the likelihood of a building class exposed to seismic hazard to 

experience different grades of damage states due to ground shaking and constitute a 

fundamental tool in seismic risk analysis. In the current practice, fragility function and thus 

seismic risk assessment of cities is performed assuming that structures are fixed at their base 

against sliding translation, settlement, and rotation of the foundation-soil interface. 

Notwithstanding this, the up-to-date literature recognized that SSI could affect the dynamic 

performance of structures (Amendola et al., 2021, Piro et al., 2020, Brunelli et al., 2021, de 

Silva, 2020) and thus their fragility (Sáez et al., 2011; Rajeev and Tesfamariam, 2012; 

Pitilakis et al., 2014; Karapetrou et al. 2015; de Silva, 2020; Petridis and Pitilakis, 2020; 

2021; Cavalieri et al., 2020; Brunelli et al., 2022) when the soil beneath their foundation is 

soft enough to generate interaction.  

Even though the results of such studies provided the scientific community with valuable 

knowledge to perform site-specific vulnerability assessment, the reliability at a large scale 

is assessed with certain limitations. Large-scale risk analyses are commonly carried out 

applying existing fragility curves (De Risi et al., 2019), generally parametrized in function 

on the only superstructure. Moreover, for the large applications, while soil-conditions may 

be taken into account in the seismic hazard assessment adopting either code- or research-

based amplification factors or through very advanced models (physical-numerical 

simulations (Evangelista et al., 2017), microzonation analysis (Anastasiadis et al., 2002) they 

are not adequately considered in the fragility curves. Existing fragility curves, if analytically 
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derived, may have been assessed applying records not accounting for the variation in 

frequency and amplitude contents imposed by each site's local geotechnical and topographic 

conditions. With this in mind, this study proposes a methodological framework to compute 

fragility functions, including SSI and site amplification which are expressed in terms of an 

improved taxonomy model. VS,30, and H/B represent features of the soil foundation systems. 

The soil-structure relative stiffness, σ, could be considered as a better proxy for SSI effects 

and thus for the definition of its features, nevertheless. However, the σ parameter can be still 

retrieved from the already defined parameters, to avoid further post-calculation or processing 

of data, fragility curves are provided as a function of the parameters more easily calculable 

from the open-source data and mostly already available maps, such as the H/B and the VS,30. 

2. Methodology 

This work proposes an analytical methodology specifically conceived for large-scale 

applications to assess the fragility functions for different building classes founded on shallow 

or embedded foundations taking into account SSI and local site amplification. Fig. 1 

illustrates the methodological framework and specifications of all the steps involved. Despite 

its general form, the proposed framework can be employed using different software. All the 

analyses are principally implemented in the open-source OpenSees software (Mazzoni et al. 

2006).  

 

 

 

Fig. 1 Methodological framework providing fragility functions including SSI and site 

amplification expressed in terms of an improved taxonomy. 

 

To formally consider the aleatoric uncertainties related to the so-called record-to-record 

variability, a large set of input ground motions recorded on outcropping rock/firm-soil is 

selected to perform all the dynamic cloud analyses (Jalayer et al., 2017). Among the different 

methods that spread among engineers to consider SSI in the analytical computation of 

fragility functions, the substructure approach is employed herein to avoid developing 

excessively structure-site-foundation-dependent procedures. Accordingly, the modification 

of the selected records due to the local site effects is quantified by performing 1D numerical 

simulations of seismic site response performed on virtual stratigraphic profiles. Following 
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the substructure approach, for structures resting on surface foundation, the free-field motion 

is directly applied as input for the dynamic analyses (di Laora and de Sanctis, 2013). While 

for embedded foundations, the free-field motion is further modified to consider the kinematic 

interaction before being applied at the base of the superstructure. The latter is modeled 

following the equivalent single degree of freedom (ESDoF) system approximation 

(D’Alayla et al., 2014). At the same time, the compliance of the foundation subsoil is 

considered using the Beam-on-Nonlinear-Winkler-Foundation (BNWF) concept (NIST, 

2012), which has been found to correctly represent the response of interacting systems also 

in the nonlinear regime of the response. The dynamic analysis results are clouds of intensity 

measure (IM) – engineering demand parameter (EDP) points. All the could data are 

processed to calculate the probability of exceeding four different limit states (from slight, 

moderate, extensive to complete damage state) given the intensity measure, IM. 

 

 

 

Fig. 2 Proposed approach to modify the exposure model to account for SSI and SA through 

globally available data 

 

Finally, one of the novelties of the proposed approach is to provide fragility functions 

classified according to the averaged shear-wave velocity in the top 30 m (VS,30), conceived 

in this work as a proxy for the site and SSI effects. SSI effects are further parametrized by 

introducing the aspect ratio, H/B, as a structure-foundation proxy. 

The advantage of this revised taxonomy is the possibility to link the so calculated fragility 

functions directly with actual site conditions that may be defined on the base of H/B and 

VS,30 maps. The latter may be derived, to mention a few, from detailed in situ analyses or 

from proxies such as the slope (Allen and Wald, 2007) or the local geology (Forte et al., 

2017). This second step can be achieved by modifying the exposure model by combining 

the VS,30, and aspect ratio H/B (as graphically illustrated in Fig. 2). Following this improved 

taxonomy, one building class (e.g., CR_DUAL_DUL_H3) resting on a soft soil 

characterized by VS,30=300 m/s and with a foundation corresponding to H/B=2 will be 

renamed CR_DUAL_DUL_H3 _HB2_VS300. 

3.1. Application of the proposed methodology to Thessaloniki 

3.1.1. General criteria for the selection of the Input data 

To prove the feasibility of the proposed framework and give some reference guidelines for 

selecting the parameters from open-source globally available data, this section applies the 

proposed methodology to compute risk analysis considering SSI and site amplification for 

Thessaloniki.  
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To consider the spatial variability of the soil response, as shown in Fig. 3 when applying the 

VS,30-slope correlations proposed by Allen and Wald (2007), different representative clayey 

soil profiles were modeled in the OpenSees software. According to VS,30 range individuated 

in Fig. 3, the soil profiles are selected considering different average propagation velocities of 

the shear waves within the first 30m of soil depth, VS,30 (i.e., ranging from 150 to 450 m/s), 

thus of the soil types B, C and D according to EC8 classification (CEN, 2005). 

 

(a) (b) 

 
Fig. 3 (a) Distribution of the building classes selected for the analysis to be applied in the following sections 

for the showcase application and (b) VS,30 maps freely available in the USGS website 

http://earthquake.usgs.gov/hazards/apps/vs30/. 

 

A simplified but still representative of an accurate case distribution is considered to describe 

the variation of the soil shear modulus of G with depth as follows: 

1 1

0 0

30

30 30

1
30

a

a a
S ,z S ,z

S S ,z

S ,z S ,z

V Vz
V ( z ) V

V V

= =

=

= =

  
     

= + −     
     

    
 

(1) 

 

where z stands for the depth measured from the soil surface, while VS,z=0  and VS,z=30  are the 

soil shear modulus at the ground surface and a depth of 30 meters, respectively. The VS,z=0  

and VS,z=30 are randomly selected to ensure a VS,30 equal to the values reported in Table 1., 

To guarantee stiffness parameters vary in the range embedded in the empirical relationships 

(d' Onofrio and Silvestri 2001), the a coefficient was selected equal to 0.25.  

 

The SSI is modeled using a beam-on-nonlinear-Winkler-foundation (BNWF) concept. For 

the BNWF modeling, the parameters primarily affect the interaction problem (Veletsos and 

Meek, 1974), such as the slenderness ratio, H/B (where B is the characteristic foundation 

half-length), and the structure to soil relative inertia, δ, is investigated. The structure-to-soil 

relative inertia is defined as δ=0.05, after a literature review of previous studies on SSI 

available for the case study of Thessaloniki, northern Greece (Karapetrou et al., 2015; 
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Petridis & Pitilakis, 2020), and it is generally observed in literature not to vary for residential 

buildings (Veletsos and Meek, 1974). On the other hand, the H/B ratio may differ even within 

the same building class. 

 

It is worth mentioning that the aspect ratio and its variation are a partially unknown quantity 

since the total building height, H, is intrinsic in the taxonomy definition, generally expressed 

in terms of the building number of floors. For this reason, the only unknown quantity is the 

foundation length. We propose in this section to consider the whole foundation system to be 

reduced to an equivalent rectangular surface foundation of radius r defined as r A / = . 

In the latter equation, A is the footprint area which may vary considering each building class 

under consideration and is estimated from the building print area as available in the 

OpenStreetMap (http://www.openstreetmap.org/) (see Fig. 4).  

 
(a) (b) 

  
Fig. 4 (a) Footprint area distribution for the different Urban municipalities and (b) further parametrized within 

the 20 Thessaloniki municipality districts.  

 

Such parameter is evaluated for all the municipalities of Thessaloniki listed and shown in 

Fig. 4, while for the case of Thessaloniki central municipality, to consider the higher 

exposure concentration, a more refined model systematization is performed (see Fig. 4b). A 

lognormal distribution is fitted to the data and the range of minimum and maximum median 

values are reported in  
 

Table 1 for sake of brevity only for the Thessaloniki municipality. These values are coherent 

with reference values adopted in literature for the case of Thessaloniki (Amendola and 

Pitilakis, 2022). 
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(a) (b) 

 

 
 

Fig. 5 Lognormal fitted distribution to the Foot-print area of the residential buildings in (a) each Thessaloniki 

district of Fig.1 (a) and (b) its variation in the 20 different municipalities of the central Thessaloniki district. 
 

For this showcase application, results for the most common building classes (accounting for 

more than 40% of the total exposure as shown in Fig. 3a) representative of low, mid, and 

high-rise regularly infilled structures designed with low-code prescriptions are selected from 

the Thessaloniki exposure (namely CR-LFINF-DUL- H2,H4,H6 following the GEM 

taxonomy, D'Ayala, et al., 2014). The nonlinear behavior of the ESDoF representing the 

superstructure is defined from the nonlinear backbone curve (capacity curve) available in 

the literature for different building classes (Martins and Silva, 2020).   
 

Table 1 Foundation geometries for all the considered building classes computed from the median mean and 

maximum values of the lognormal distribution of Fig. 5b, i.e. considering the variation within the 20 

municipalities of the Thessaloniki urban centre. 

 

Building Class H Bmin Bmax H/Bmin H/Bmax 

CR-LFINF-DUL-H2 7.5 8.8 6.1 0.85 1.23 

CR-LFINF-DUL-H4 13.5 8.8 6.1 1.53 2.21 

CR-LFINF-DUL-H6 19.5 8.8 6.1 2.21 3.19 

 

The outcomes of the proposed methodology are fragility functions developed for the selected 

building classes considering the influence of SSI and site amplification effects. The curves 

are evaluated in terms of pseudo-spectral acceleration at elongated and fundamental periods 

for the flexible- and fixed-base reference case structure. The selected intensity measure 

refers to the analysis input records (i.e., recorded on rock/stiff soil). 

 

2.1.2. Risk calculation 

 

Following the performance-based earthquake engineering (PBEE) framework, the outcomes 

of the proposed framework, i.e., fragility curves accounting for SSI and site amplification, 

are adopted to estimate the nominal probability of failure. 
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To do so, the fragility curves for the low, mid, and high rise building classes characterized 

by an aspect ratio H/B equal to 1,2 and 3 respectively (a central value from the range 

individuated in  
 

Table 1 is considered within this application) and supposed to be located on soft to stiff soils 

(i.e., VS,30 ranging from 150 to 800) are integrated with the seismic hazard of Thessaloniki. 

The probability of failure can be quantified as the expected number in one year of 

earthquakes capable of causing the exceedance of a predefined performance level, also 

known as failure rate, λF. In the state of the art approach, λF is obtained through integrating 

the structural fragility and probabilistic seismic hazard λF, as follows: 

 

( ) ( )
0

1 1| d ( )F DCR P DCR IM x x  
+

=  =  =   

 

(2) 

 

 

 

 

where the first part of the integral in Eq. (2) represents the structural fragility, and DCR is 

the demand over capacity ratio and d ( )x  is the absolute value of the differential of hazard 

curve. The results of this application lead to understanding the role that SSI and site 

amplification play in the final risk calculation rather than being limited to the structural 

fragility assessment.   

 

Fig. 6 presents the computed rates for the selected building classes with different markers 

corresponding to different soil-foundation configurations (i.e., different VS,30, and H/B ) 

regarding the complete damage performance level. 

 

Failure rates are generally more significant when considering SSI and site-amplification with 

respect to the reference fixed-base case (continuous black line in Fig. 6). This increase is 

again more pronounced for the very soft soil profiles (i.e., data corresponding to VS,30=150 

or 180m/s).  

 

 
Fig. 6 Failure rates corresponding to complete damage state calculated convoluting the hazard for 

Thessaloniki and the fragility of the low, mid, and high-rise selected building class site (i.e., CR-

LFINF-DUL) accounting for multiple SSI+ site amplification. 
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A visual comparison shows that for the fixed base reference case (black horizontal line), the 

failure rates increase as the structure's height becomes more significant, i.e., from low to 

high rise. On the contrary, when considering the compliance of the foundation soil and site 

amplification, this tendency is almost inverted. For the low-rise case where also SSI is 

expected to play a crucial role, failure rates, especially in the soft-medium soil profiles range, 

are higher with respect to the reference fixed-base on rock case when compared to mid and 

high rise. For the latter case, the base's flexibility may also lease to decrease the risk 

compared to the fixed-base case. It is worth remembering that the hazard is convoluted in 

the range of intensity measures where the fragility calculated considering SSI and site-effects 

becomes lower than the fixed-base case due to the more significant uncertainties. To 

conclude, the difference in failure rates indicates that the typical fragility calculation, 

especially for a structure interacting with a soft soil profile, may lead to different results in 

the final risk calculation. 

4. Conclusions  

The main goal of this work is to propose a new methodology to include SSI and local site 

amplification in the urban scale vulnerability assessment of structures. The presented 

framework is based on globally available input data where all the analyses are taught to be 

implemented in the OpenSees opensource software. To prove the feasibility of the proposed 

approach and understand the role that SSI and site-amplification play on the final risk asset 

rather than being limited to the structural fragility assessment, we provide the reader with 

the application in the framework of an urban-scale risk assessment. To do so, we assess the 

failure rates for the most common building classes in the Thessaloniki urban center. Finally, 

we investigate whether the proposed framework compared to the classical approach used for 

risk calculation may affect the seismic risk at a large scale. The resulting failure rates 

demonstrate that SSI and local site amplification are generally shown to be more pronounced 

in the case of soft soil formations and low-rise structures, causing considerable modification 

to resulting fragility functions with respect to the fixed-base assumption. Based on these 

preliminary results, this study encourages including SSI and site-amplification for a more 

accurate assessment of seismic safety of existing buildings in urban areas to identify the most 

appropriate short- and long-term earthquake mitigation policies.  
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Abstract: On the date of 24th January 2020, a catastrophic earthquake (Mw 6.8) hit Elazığ 
(Sivrice), Turkey, and caused a significant number of casualties and severe damage to the 
buildings in the surrounding urban regions. After the earthquake, local authorities and the 
government carried out detailed street surveys of over ten thousand damaged buildings. These 
buildings are classified into various groups that are moderate damage, extensive damage, 
complete damage, and emergency demolition. The main purpose of this study is to classify 
damage states by applying six alternative machine learning algorithms, which are logistic 
regression, decision tree, random forest, k-nearest neighbor, support vector machine, and 
Naïve Bayes. Furthermore, the performance of these algorithms is compared to determine 
which model is proper for the collected data. The study also covers the importance of features 
that influence the classification of the damaged building the most for the machine learning 
algorithms by utilizing the correlation matrix. As a result of the comparison of performance 
obtained from ML algorithms, the best performing algorithm is random forest with mean 
accuracy of 85% and F1 score of more than 68%. 

Keywords: 2020 Elazığ (Sivrice) earthquake, seismic building damage, damage assessment, 
data processing, classification algorithms, under-sampling 

1. Introduction 
On 24 January 2020, at 8:55 p.m. local time (17:55 UTC), a severe earthquake with moment 
magnitude Mw 6.8 struck in Sivrice district of Elazığ, located in the eastern part of Turkey. 
The hypocenter was located approximately 36 km to the Elazığ city center at 38.3593º N – 
39.0630º E with 8.06 km depth according to Turkey’s Disaster and Emergency Management 
Authority (AFAD, 2020). When the one-month data is considered, 3080 earthquakes 
occurred, including the mainshock. 26 of these events have a moment magnitude Mw 4.0 
and above (AFAD, 2020). As a result of the focal mechanism solutions of 26 aftershocks 
and the main event, the Elazığ earthquake developed on the Sivrice-Pötürge segment of the 
Eastern Anatolian Fault (EAF) as a left-lateral strike-slip fault mechanism in accordance 
with the general characteristic of EAF. The fault length is approximately 50-55 km. 
2. Background 
2.1. Building damage and damage distribution 
The 24 January 2020 Sivrice (Elazığ) earthquake (Mw 6.8) caused significant damage to the 
building in the surrounding urban regions and the Merkez County of Elazığ. After the 
earthquake, the local authority and government conducted broad and detailed building 
damage surveys block-by-block 10451 buildings (https://hasartespit.csb.gov.tr/). The 
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obtained dataset only includes damaged buildings in the Merkez county of Elazığ. The states 
of damaged buildings are classified into different groups, which are moderate damage, 
extensive damage, complete damage, and emergency demolition.  

  

Fig. 1 – Location of the damaged buildings, epicenter location of the earthquake, and soil conditions over a 
map of Elazığ 

Fig. 2 illustrates the distribution of the damage state for damaged buildings in Merkez 
county. Approximately 75% of the buildings were assumed to have extensive structural 
damage. While 17% of the buildings were damaged moderately, 7% of the buildings are 
collapsed and irreparably damaged.  
The general statistics of the dataset are disaggregated by the construction year, the number 
of stories, the structural system, and material type in Fig. 3.  
In Fig. 3 (3), the intervals of the construction year were determined according to the 
publication dates of the national building earthquake codes. The first comprehensive 
regulation for earthquake-resistant building design was published in 1975. Later in 1997 and 
after the 12 November 1999 Düzce earthquake (Mw 7.2), the regulations were revised. 
Lastly, the national building earthquake code was revised in 2019. 63% of the buildings do 
not have data for construction year, and 22% of buildings were constructed between 1976 
and 1999 in terms of all damaged buildings. In addition, 12% and 3% of buildings were built 
before 1975 and between 2000 and 2019, respectively. 

 

Fig. 2 – Damage Distribution of surveyed buildings in Merkez County of Elazığ (% and number of buildings) 
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Fig. 3 – General statistics of surveyed buildings in Merkez County of Elazığ: (1) buildings categorized by 

structural system, (2) buildings categorized by number of stories, (3) buildings categorized by the 
construction year, (4) buildings categorized by material type 

The disaggregation of the dataset to the number of stories of the buildings, building stories 
are grouped as low-rise, mid-rise, and high-rise. The low-rise buildings are 1 to 4 stories, 
mid-rises are 5 to 7, and high-rises are 8 to 19. While damaged buildings are mostly low-
rise, 16% of buildings are mid-rise. Moreover, the remaining buildings are high-rise.   
As interpreted in the dataset of damaged buildings and as illustrated in Fig. 3 (1) and Fig. 3 
(4), as can be seen, modern buildings with reinforced concrete and moment frame systems 
relatively receive less damage. 

2.2. Machine learning algorithms 
Machine Learning (ML) algorithms are a way to provide meaning from data or experience. 
There are three types of machine learning applications. One of them is supervised learning 
which the output or label of data is provided by the supervisor. The second one is 
unsupervised learning. This kind of application does not have a label or a known output. 
There are only features. The third one is reinforcement learning. The main idea of 
reinforcement learning applications is learning from a sequence of actions (Alpaydin, 2014).  
For this study, the collected data consists of features (building characteristic, location, and 
purpose of usage) and targets (building damage level). Therefore, classification algorithms 
in supervised learning are utilized to predict each building damage in test data. This study 
focuses on comparing 6 different and the most relevant classification algorithms and using 
these algorithms to find the best fit for collected data. These algorithms are logistic 
regression, decision tree, support vector machine, random forest, k-nearest neighbors, and 
Naïve Bayes. 
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2.2.1. Logistic regression 
Logistic regression is one of the discriminant-based approaches which helps to estimate the 
best boundaries that discriminate each class with sigmoid function.  
Parameters should optimize to find the best-fitted line to separate the data according to 
desired classes. Therefore, the main goal is to minimize the cost function.  

2.2.2. Decision tree 
The decision tree is a hierarchical model composed of decisions made by recursive splits in 
the number of steps. Split can be measured for a decision of true or false by an impurity 
measure. If split gives the same classes for each instance at the end of the branches, predicted 
outputs belong to the same class. This split process will last until all instances are labeled. 
(Quinlan, 1986). 

2.2.3. Random forest 
Random forest is one of the most popular ensemble learning algorithms. The idea behind the 
random forest is to combine many decision tree algorithms. When machine learning 
algorithms are utilized, a dataset splits into 2 datasets as training and test. Random forest 
algorithm also split training set n number of the sub training set and implement decision tree 
each subset. The result is found by taking the average of all decision trees. This process 
increases overall accuracy remarkably. 
2.2.4. K-nearest neighbor (KNN) 
KNN is a non-parametric method. The algorithm relies on the number of neighbors, their 
class, and the distance between instances and the neighbors. K represents the number of the 
nearest neighbors, and it provides neighbors which will be considered to classify the instance 
in the KNN algorithm. 

2.2.5. Support vector machine (SVM) 
SVM separates classes with a boundary called margin. The distance between the margin 
and both side instances should be maximized to find the best boundary that separates 
classes. This solution only suits for linearly separable data. If the data cannot linearly 
separate, soft margin hyperplane can be used (Alpaydin, 2014). 
2.2.6. Naïve Bayes algorithm 
Unlike the other learning algorithm, the Naïve Bayes algorithm is not based on finding best-
fit models of the data. The main idea of the Naïve Bayes algorithm is to estimate the most-
probable class according to a posterior probability distribution over models (Do, 2017). 
2.3. Metrics of evaluating the model performance 
Each utilized ML algorithm has a different approach to interpreting the data. One of the 
crucial parts of the ML process is to find how much a model fits a data. Metrics evaluate the 
performance of the model. There are plenty of ways to evaluate classification models. In the 
study, some of them (the confusion matrix, 𝐹! score, accuracy, precision, recall) are utilized 
to determine which algorithms are the best approach for the data. 

2.3.1. Accuracy 
Accuracy is the simplest metric of all and defined as the number of correct predictions 
divided by the total number of predictions. 
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2.3.2. Confusion matrix 
Confusion matrix is a tabular visualization of the actual class versus model predictions, as 
shown in Fig. 4. While diagonal elements denote the correct predictions, the off-diagonal 
elements denote the false predictions. 

  Predicted Class 
  Positive Negative 

Actual Class Positive True Positive False Negative 
Negative False Positive True Negative 

Fig. 4 – Confusion matrix 

2.3.3. Precision and recall 
Accuracy is not a satisfying indicator of the model if data is imbalanced because of the 
domination of a class. Not only the most frequent class but also rare classes should predict 
correctly. Precision is how many instances are placed positive correctly over the positive 
predicted class, and recall is the ratio of the correct positive predictions over a positive actual 
class. 
2.3.4. F1 score 
F1 score is obtained by utilizing both recall and precision. These two metrics have a high 
priority to evaluate the model. Therefore, precision and recall are combined to get one 
important metric. It should be mentioned that there is a trade-off between precision and 
recall. If one of them increases, the other will drop. Nevertheless, the higher the F1 score is, 
the more appropriate performance of the model indicates. 

3. Data and implementation of machine learning methods 
This study concentrates on implementation of six machine learning algorithms, namely 
logistic regression, decision tree, random forest, k-nearest neighbor (KNN), support vector 
machine (SVM), and Naïve Bayes. These models are trained and tested in the Python 
programming language because there are several verified libraries and packages to process 
data and implement machine learning algorithms. Therefore, this study focuses on 
processing data and implementing machine learning algorithms by using Pandas library and 
Scikit-learn library, respectively. These libraries are one of the widely used libraries in 
Python for data analysis and machine learning algorithms. 

3.1. Raw data 
Table 1. Features of Raw Dataset 

Feature Name Non-Null Count Data Type 
Coordinate 7495 Object 

Surveyed Dwelling 8044 Float 
Address 8071 Object 

Construction Year 3021 Float 
Plan of Building 6960 Object 

Number of Stories 7476 Float 
Occupancy 8071 Object 

Structural System 7822 Object 
Material Type 7822 Object 
Slab Material 3245 Object 
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Table 2. Target of Dataset 
Target Name Non-Null Count Data Type 
Damage State 8071 Object 

The raw data consists of 8071 buildings with features of coordinate, damage state, surveyed 
dwellings, address, construction year, plan of building, number of stories, occupancy, 
structural system, material type, and slab material. Unfortunately, damage state does not 
covers slightly damage and undamaged data. Despite existing of these features, there are 
missing values in the data which should be filled without manipulating the data.  

3.2. Pre-processing of data 
The dataset has a considerable number of missing values as well as erroneously entered 
values. There are many reasons which lead to this problem. One of the most significant 
reasons is that specialist surveyors should investigate damaged buildings on short notice. 
Consequently, they cannot get sufficient information about the building examined and write 
the obtained information to the wrong parameters.  
The first step of the pre-processing of data is that each variable was evaluated as a whole 
and the values which are thought erroneously entered and outliers of data were deleted. The 
reason of deleting outliers is diminishing diversity of the dataset to minimize error when 
filling the missing values.  
The second step is that numerical features such as number of story and construction year 
were classified. Considering the construction practices in Turkey, while 1 to 4 stories are 
assigned to low-rise building class, 5 to 7 stories and 8 to 19 stories buildings are assigned 
to mid-rise and high-rise building classes, respectively. In classifying construction years, 
three separate classes are generated based on the published regulations in Turkey, as 
mentioned in Section 2.  
Complete damage and emergency demolition was evaluated as similar damage states 
according to the circular of damage assessment (AFAD, 2014). Thus, these two targets are 
combined and classified as one target.  
3.2.1. Missing Data Imputation 
For 9 out of 10 features in the dataset, except the target, the correlations between them were 
examined and the missing data were filled. The missing data in the coordinate feature was 
filled by using the Google Maps API via Python, and then the address feature was removed 
from the dataset. Conditional probability distributions were taken into account to fill missing 
values for other features. While filling the missing values, it is necessary to ensure that the 
dataset is not manipulated and the correlation between the parameters does not change. For 
example, the structural system and surveyed dwelling parameters were taken into account 
during the filling of the feature of the number of story. The correlation between them before 
and after filling is shown in Figure 5. 

Table 3. An example of the correlation coefficient before and after the filling missing values 
 Correlation Surveyed Dwelling Structural System 

Before Filling Number of Stories 0.63 -0.73 
After Filling Number of Stories 0.61 -0.73 

3.2.1. Normalization and one-hot encoding 
Numerical and categorical features should be rearranged for machine learning algorithms 
with normalization and one-hot encoding, respectively. Normalization helps to avoid that 
one numerical feature dominates the data by its values. Normalization is applied to VS30, 
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Rjb, and surveyed dwelling features. “VS30” and “RJB” are added to the dataset as features 
and explained in chapter 3.2.2. One-hot encoding turns the categorical features into binary 
vectors according to whether the data includes that feature or not. The major purpose of one-
hot encoding is to improve the classification accuracy of a model. In our case, there are seven 
categorical features: plan of building, structural system, slab material, material type, number 
of stories, construction year, and occupancy. One-hot encoding is used for these features. 
3.2.2. Computing earthquake and soil parameters 
Intensity measure at the location of buildings is one of the most critical factors affecting 
buildings' damage. Peak ground acceleration (PGA) was calculated with the GMMs of 
Akkar et al. (2014), Chiou and Youngs (2008), Akkar and Çağnan (2010), and Zhao et al. 
(2008) with the weight of 0.3, 0.3, 0.3, and 0.1, respectively. These GMMs and their weights 
are mentioned in developing the Turkish hazard map for shallow active crustal regions 
(Akkar et al., 2018).  
Distance metric (RJB), soil parameter (VS30), and earthquake characteristics should be 
determined to calculate PGA values at the building sites. VS30 values for specific coordinates 
retrieved from ELER software (Hancılar et al., 2010) were interpolated to find VS30 values 
at the location of the buildings by using a GIS program. The rupture area was calculated 
from the scaling between the rupture area and magnitude relationship (Wells and 
Coppersmith, 1994). The rupture area was placed according to the characteristics of the fault 
(dip angle, strike angle, epicentral coordinate). The horizontal distance to the surface 
projection of the rupture (Joyner-Boore distance, RJB) was computed with these parameters. 
In addition, the characteristics of fault were obtained from the 2020 Sivrice (Elazığ) 
Earthquake Report, AFAD. Thus, all the parameters that are needed to estimate PGA were 
provided. In the light of this information, the dataset was extended with PGA, RJB, and VS30.  

 
Fig. 5 – Correlation coefficient of numerical features and target after pre-processing of the dataset 

3.2.3. Data Visulization 
Correlation coefficients between numerical features after pre-processing of the dataset are 
shown in Figure 5 as a heat map. The figure illustrated that “Number of Storey" is the most 
correlated feature with the “Damage State” for the dataset. Contrary to expectation, VS30 is 
uncorrelated with the target. One of the reasons for unsatisfied correlation between soil 
parameter and building damage could be poor quality in construction. Additionally, RJB and 
PGA are correlated insufficiently with the damage state.  
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The dataset consists of a large number of features and 2D graphs cannot illustrate the 
multivariate data. In order to interpret this kind of data, the dimensionality of data should be 
reduced without losing the necessary information. Principal component analysis (PCA) is a 
worldwide method used for compressing and visualizing data by reducing dimensionality. 
(Tipping and Bishop, 1999). 

 
Fig. 6 – Reduction dimensionality of data with PCA 

*Complete damage and emergency demolition 

4. Application of machine learning model and training 
Before the application of machine learning (ML) algorithms, the dataset was split into two 
parts. The first part is the training set which is 80% of the dataset and the second part is the 
test set which covers the rest of the dataset. The former is used to train ML algorithms, and 
the latter remains untouched until examining the accuracy of the ML algorithms. 
The training set should be evaluated before the test set; therefore, the training set is split into 
10 cross-validation sets with the Stratified K-Folds method. Also, the ML algorithms 
including used in this study have many hyperparameters. Consequently, hyperparameters of 
the algorithms were tuned to find the best solution for the given dataset. For instance, in 
KNN algorithm, we used the number of neighbors, weights (the weight of data in each 
neighborhood), and metric [the distance metric (Euclidean, Manhattan) between neighbors] 
as hyperparameters to be tuned.  
Imbalance is not taken into account in the computation of the F1 score calculated by average 
weight. Although accuracy is high, the reason for low F1 score is the imbalanced dataset. 

Table 4. Confusion matrix of random forest algorithm 

 
Predicted Class 

Total Recall 
Moderate Extensive Complete* 

Actual 
Class 

Moderate 246 48 2 296 0.83 
Extensive 59 1101 9 1169 0.94 
Complete* 9 94 14 117 0.12 

Total 314 1243 25 
Accuracy: 0.86 

Precision 0.78 0.89 0.56 
*Complete damage and emergency demolition 

Each algorithm was evaluated according to its accuracy, and the Random Forest algorithm 
gave the best performance among other algorithms in terms of the accuracy. However, 

219
3ECEES, September 2022, Bucharest, Romania



neither of them was successful in predicting the target class of complete damage and 
emergency demolition, even if their accuracy were satisfactorily high. The complete damage 
and emergency demolition are relatively fewer than the target classes of moderate and 
extensive damage which leads to imparity in the dataset. Eventually, the algorithms are 
manipulated by the vast majority of target classes in the dataset. This problem is defined as 
imbalanced dataset. To overcome the issue of imbalanced dataset, there are popular various 
methods such as under-sampling and over-sampling (Kaur et al., 2020). 
Many combinations of over-sampling and under-sampling methods were tried, and Tomek’s 
links (Tomek, 1976) under-sampling method gave the best evaluation metrics. Tomek’s links 
approach was applied by utilizing imbalanced learn, one of the open-source libraries in 
Python. This method removes the nearest neighbors of each class. In this study, while the 
number of complete damage and emergency demolition data, which is the fewest target class 
(382), remains the same, the other two target classes are reduced from 891 to 776 for 
moderate damage and 3786 to 3523 for extensive damage with this method. So, this method 
helps to distinguish data between target classes more obvious. After applying Tomek’s links 
under-sampling method, the evaluation metrics and the confusion matrix of the best 
estimator ML algorithm, random forest, are given in Table 5 and Table 6, respectively. 

Table 5. Evaluation metrics of machine learning algorithms before and after under-sampling 
Machine Learning Algorithms Sampling Method Precision Recall F1 Score Accuracy 

Decision Tree (DT) 
No Sampling 0.64 0.61 0.60 0.84 

Under-sampling 0.66 0.62 0.62 0.84 

Support Vector Machine (SVM) 
No Sampling 0.53 0.62 0.57 0.85 

Under-sampling 0.62 0.62 0.59 0.84 

Random Forest (RF) 
No Sampling 0.74 0.63 0.64 0.86 

Under-sampling 0.70 0.67 0.68 0.85 

Logistic Regression (LR) 
No Sampling 0.53 0.62 0.57 0.85 

Under-sampling 0.69 0.61 0.57 0.84 

K-Nearest Neighbor (KNN) 
No Sampling 0.69 0.64 0.64 0.85 

Under-sampling 0.69 0.66 0.66 0.85 

Naïve Bayes (NB) 
No Sampling 0.53 0.62 0.56 0.84 

Under-sampling 0.53 0.62 0.56 0.84 

Table 6. Confusion matrix of random forest algorithm after under-sampling 

 
Predicted Class 

Total Recall 
Moderate Extensive Complete* 

Actual 
Class 

Moderate 243 47 6 296 0.82 
Extensive 62 1068 39 1169 0.91 
Complete* 8 77 32 117 0.27 

Total 313 1192 77 Accuracy: 0.85 
Precision 0.80 0.90 0.42 

*Complete damage and emergency demolition 

5. Conclusions 
This article focuses on predicting the damage state of a building by utilizing ML algorithms 
on the surveyed data obtained from the 2020 Elazığ earthquake in the central district of 
Elazığ. Moreover, 6 ML algorithms are compared according to their accuracy and F1 score. 
ML algorithms are not evaluated by their accuracy because the dataset is imbalanced. 
Interpretation of the confusion matrix will give better information about the result of the 
machine learning algorithms when the dataset is imbalanced. Also, the paper covers one of 
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the under-sampling methods, Tomek’s link, while eliminating the problem of the imbalanced 
dataset to improve the prediction targets more accurately. With the under-sampling 
improvement, the F1 score is increased as well as predicting complete damage and 
emergency demolition.  The best algorithm, random forest, after implementing Tomek’s link 
under sampling method predict the test set with 85% accurate and 68% F1 score.  
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Abstract: The Geldingadalur eruption in the Reykjanes Peninsula on 19 March 2021 was 

preceded by several earthquakes of volcano-tectonic origin throughout 2020 and 2021. 

Seven earthquakes with magnitude M≥5 took place during the swarm, all of them recorded 

by the Icelandic Strong Motion Network operated by the Earthquake Engineering Research 

Centre of the University of Iceland. In this paper we present salient features of strong 

ground motion in the epicentral area caused by the swarm. Interestingly, earthquakes as 

small as M5.0 caused peak ground acceleration (PGA) larger than the 475-year return period 

PGA at a town near the epicentral area. At two recording stations, unusually high energy 

content at vibration periods <0.3s was detected, with spectral accelerations exceeding the 

design values. The largest recorded horizontal PGA was ~0.4g at Krýsuvík, station, which is 

the strongest PGA recorded in Iceland since the MW6.3 2008 Ölfus Earthquake. For this 

station we present horizontal-to-vertical spectral ratios indicating likely site-effects. We also 

compare the attenuation of PGA of the largest event of the sequence with two ground-

motion prediction equations (GMPEs). The recorded PGA attenuation is well captured by a 

local GMPE. 

Keywords: ICESMN; Fagradalsfjall; Volcano-tectonic earthquake; Site-effects; Peak 

ground acceleration. 

1. Introduction 

The effusive eruption in Geldingadalir that began on 19 March 2021 is the first to occur on 

the Reykjanes Peninsula since the 13th century episode that affected both the Reykjanes 

and Svartsengi volcanic systems (Sæmundsson et al., 2020). This eruption is the first in the 

Fagradalsfjall system in at least 6000 years (Sæmundsson et al., 2016). In the Reykjanes 

Peninsula, periods of rifting and volcanism occur at intervals of 800–1000 years 

(Sæmundsson et al., 2020) alternating with periods of predominant transcurrent motion 

manifested as high seismicity episodes occurring at intervals of a few tens of years 

(Einarsson, 2008). 

Unrest in the Reykjanes Peninsula was first identified in Mt. Þorbjörn-Svartsengi in mid-

January 2020, when inflation of about 3-4 mm/day was detected in automated GNSS and 

InSAR results, coinciding with the onset of an earthquake swarm with magnitudes M<4 

(Geirsson et al., 2021). In the Krýsuvík volcanic system, inflation started in mid-July 2020, 

leading to a M5.6 earthquake on 20 October 2020. 
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The dike formation in Geldingadalir caused 6 earthquakes of Magnitude M≥5 between 24 

February and 14 March 2022. The largest earthquake of the sequence was a M5.7 on 24 

February 2022 and occurred in the eastern half of the top part of the magma reservoir. This 

is the largest recorded earthquake in the Peninsula since 2000 (Jónasson et al., 2021). The 

injected dike segment following the M5.4 earthquake on 14 March 2021 eventually 

resulted in the dike propagating to the surface to feed the Geldingadalur eruption. 

The Icelandic Strong Motion Network (IceSMN) operated by the Earthquake Engineering 

Research Centre (EERC) of the University of Iceland recorded ground accelerations 

caused by these events. Stations as close as ~4km and as far as ~200km were triggered by 

these events. This paper presents a summary of ground shaking at the stations closest to the 

epicentres of some of the earthquakes in the Peninsula between 20 October 2020 and 14 

March 20021. Horizontal peak ground acceleration (PGA) as large as 0.4g (g being 

acceleration due to gravity) was recorded at one station, Krýsuvík, during these events. 

This is the strongest recorded shaking in Iceland since the 2008 Ölfus Earthquake.  

Peak ground accelerations, and elastic response spectra of ground motion recorded at four 

stations during 5 earthquakes with M≥5 are discussed in Section 3, while in Section 4 the 

attenuation with distance of the recorded PGA for the largest event of the swarm is 

compared with two ground motion prediction equations. Finally, a plausible explanation 

for the unusually large PGA recorded at Krýsuvík is given. 

2. Tectonic framework 

 

Fig. 1. Map of the Reykjanes Peninsula with its 6 volcanic systems highlighted. The location of the 

Geldingadalur eruption of 19 March 2021 is shown, along with the location of the earthquakes with M>3 

from the precursor swarm that started in January 2020. The accelerometric stations of the IceSMN network 

are also presented. The Iceland inset shows the volcanic systems (modified from Johannesson & 

Sæmundsson, 2009) and the location of the study area (black square). The arrows show the direction of the 

spreading between the North American and Eurasian tectonic plates. 

The Reykjanes Peninsula rift (Fig. 1) is a segment of the mid-Atlantic plate boundary and 

forms a transition between the Reykjanes Ridge off shore to the west and the Western 

Volcanic Zone and the South Iceland Seismic Zone to the east (Einarsson, 1991). The plate 

boundary as shown by the epicentral zone of earthquakes runs along the peninsula in the 
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direction of about N(70-80)°E (Björnsson et al., 2020; Keiding et al., 2009), whereas the 

relative spreading of the North American and Eurasian Plates is about ~18–19 mm/year in 

direction ~N(100–105)°E, as measured from a global plate motion model, MORVEL2010 

(DeMets et al., 2010), and GNSS geodesy (Sigmundsson et al., 2020). The oblique 

spreading leads to extensive volcanism and large earthquakes (Einarsson, 2008). 

The main tectonic features on the peninsula are a large number of NE-SW trending 

volcanic fissures and normal faults and a series of N-S oriented right-lateral strike-slip 

faults (Clifton & Kattenhorn, 2006). As shown in Fig. 1, there are six volcanic systems in 

the peninsula according to Sæmundsson et al. (2020), namely: Reykjanes, Svartsengi, 

Fagradalsfjall, Krýsuvík, Brennisteinsfjöll and Hengill. The fissure swarms of the volcanic 

systems extend a few tens of kilometres into the plates on either side, have a trend of about 

N35°E, and are thus arranged en echelon with respect to the plate boundary (Einarsson, 

2008). 

Seismic activity on the peninsula is episodic. Recent high activity periods took place at the 

beginning of the last century, in 1929–1935, 1967–1975, and 2000–2004 (Björnsson et al., 

2020; Einarsson, 2008). The largest earthquakes in the latest episodes were associated with 

strike-slip faulting (Árnadóttir et al., 2004; Einarsson, 1991). Hreinsdóttir et al. (2001) 

suggests that transcurrent motion is taken up by right-lateral motion on N-S trending 

strike-slip faults (bookshelf faulting, Einarsson et al., 1981) while extension perpendicular 

to the fissure swarms takes place during magmatic periods by dyke injection. In the period 

1900-2019, in total 25 earthquakes of M5 have occurred on the Peninsula, west of −22°0´ 

(Fig. 1), i.e. on average one earthquake every fifth year (Jónasson et al., 2021). 

3. Strong-motion recordings 

During the 2020-2021 Reykjanes swarm, seven earthquakes with a magnitude 5 or larger 

were reported by the Icelandic Meteorological Office (IMO). Their epicentres are marked 

in Fig. 1 with white circles. These events were recorded by the IceSMN.  

3.1. Peak ground accelerations 

PGA recorded at 4 stations of the ICESMN in the Reykjanes Peninsula are presented in 

Table 1. Components X and Y are horizontal, close to the E-W and N-S directions, 

respectively. The largest PGA was recorded in the X direction at Krýsuvík station, where it 

reached ~0.4g, which is almost twice the 475-year return period PGA used for seismic 

design in Grindavík and the surrounding area, which is 0.2g. Peak ground accelerations 

close to or exceeding the 475-year design PGA in Grindavík are highlighted in the table. It 

is interesting to note that even earthquakes as small as M5.0 caused PGA close to or more 

than 475-year design PGA. 
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Table 1. PGA in g’s recorded at 4 of the stations of the IceSMN during five events with M≥5. 

Station Component 
20/10/2020 

M5.6 

24/02/2021 

M5.7 

01/03/2021 

M5.0 

07/03/2021 

M5.1 

14/03/2021 

M5.4 

Grindavík 

X 0.033 0.052 0.010 0.073 0.121 

Y 0.020 0.057 0.010 0.041 0.214 

Z 0.015 0.047 0.008 0.065 0.076 

Þorbjörn 

X 0.050 0.103 0.011 0.144 0.273 

Y 0.051 0.092 0.018 0.196 0.276 

Z 0.023 0.046 0.009 0.122 0.139 

Krýsuvík 

X 0.327 0.405 0.207 0.028 0.044 

Y 0.206 0.283 0.118 0.030 0.051 

Z 0.167 0.220 0.067 0.014 0.019 

Reykjanesbær 

X 0.020 0.018 0.012 0.011 0.025 

Y 0.015 0.023 0.010 0.020 0.018 

Z 0.011 0.017 0.007 0.018 0.017 

 

3.2. Elastic response spectra 

Elastic response spectra (5% damped) of some of the recorded ground motions are 

presented in this section. Response spectra of ground motion recorded at the Krýsuvík 

station during the 24 February 2021 M5.7 earthquake are shown in Fig. 2. For comparison, 

Eurocode 8 Type 1 elastic spectrum on rock site and corresponding to a PGA of 0.2g is 

also shown. The response spectra of recorded motion are greatly under-estimated by the 

EC8 spectra for vibration periods less than ~0.15s. This is the case even when the PGA of 

recorded motion is similar to the PGA used to scale the EC8 spectrum, for example the Y 

component of recorded motion.  

 

Fig. 2. Elastic pseudo-spectral acceleration (5% damping) of the ground motion recorded at Krýsuvík during 

the 24 February 2021 M5.7 earthquake. 

Response spectra of ground motion recorded at the Grindavík station during the 14 March 

2021 M5.4 event are well captured by the EC8 spectrum as shown in Fig. 3a. Response 

spectra recorded at Þorbjörn station for the same event are shown in Fig. 3b. The response 

spectrum for X direction at Þorbjörn has unusually high ordinates at vibration periods less 

than ~0.15s. The shapes of response spectra at Grindavík are very different from those at 

Krýsuvík and Þorbjörn.  
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a) Grindavík b) Þorbjörn 

Fig. 3. Elastic pseudo-spectral acceleration (5% damping) of the ground motion recorded at Grindavík (a) 

and Þorbjörn (b) during the 14 March 2021 M5.4 earthquake. 

It is worth nothing that stations Grindavík and Þorbjörn are separated just ~650 m (see Fig. 

1), hence, they have similar hypocentral distances and azimuth from the source, however, 

their ground motion characteristics are contrasting. One possibility for the large spectral 

accelerations at station Þorbjörn at low periods might be that the station is affected by site-

effects, however, according to the Geological map of SW Iceland (Sæmundsson et al., 

2016) both stations are located on postglacial lavas. To elucidate the reason of the ground 

motion differences between these stations further study is required. 

4. Ground-motion attenuation and site effects 

Attenuation of the geometric mean PGA of the two horizontal components recorded during 

the largest event is shown in Fig. 4. Two ground-motion prediction equations (GMPEs) are 

compared with the recorded PGA. The model of Akkar et al. (2014), hereafter called as 

Ak2014, was derived based on data from Europe and the Middle East. The second model 

employed is that of Rupakhety et al. (2016), referred as Ru2016, which was calibrated 

from ground-motion data recorded in Iceland. Both models are presented for rock-site 

conditions, and a strike-slip faulting was used considering the focal mechanism reported by 

the U.S. Geological Survey. It is evident that the model Ru2016 fits better the recorded 

data. In fact, it has been previously reported that GMPEs calibrated on data outside Iceland 

tend to under-predict ground motion at short distances and overpredict further away from 

the source (Ólafsson & Sigbjörnsson, 2006). 

The PGA recorded at Krýsuvík is highlighted in Fig. 4. This was the largest PGA recorded 

during the earthquake swarm and the low period peaks in the elastic response spectra (Fig. 

2) are way beyond the spectral accelerations of the Eurocode 8 Type 1 elastic design 

spectrum. Unusually high PGAs at Krýsuvík were also recorded during other earthquakes, 

so we hypothesize that this station might be affected by site-effects. Detailed site 

characterization for this site is not available, however, a Geological map (Sæmundsson et 

al., 2016) for this area shows tephra deposits. 
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Fig. 4. Geometric mean of horizontal peak ground accelerations recorded by the IceSMN network during the 

24 February 2021 M5.7 earthquake (circles), compared to the GMPEs Ru2016 and Ak2014. 

The horizontal-to-vertical spectral ratios (HVSR, Nakamura, 1989) for six earthquakes 

with M≥5 recorded at Krýsuvík are presented in Fig. 5. The strong motion section of each 

record was windowed and cosine tapered (5%). A bandpass filter between 0.05 and 50 Hz 

was used before computing Fourier Amplitude Spectra (FAS). Then spectral amplitudes 

were smoothed and the HVSR computed as the root mean square of the horizontal spectral 

amplitudes divided by the vertical spectral amplitude. The results show a broad-band 

amplification, with a value as large as 9 at ~8 Hz for the average HSVR. While the HVSR 

technique was initially proposed to interpret microtremor measurements, it has been shown 

that the HVSR for earthquake recordings gives a good approximation of the dominant site 

frequencies (e.g., Lermo & Chavez-Garcia, 1993; Mucciarelli et al., 2003). 

 

Fig. 5. Horizontal-to-vertical spectral ratios for six earthquakes with M≥5 recorded at station Krýsuvík. The 

average HSVR is shown with a thick black line. 

5. Conclusions 

This work presents salient features of strong ground motion recorded during the earthquake 

swarm in 2020-2021, preceding the 2021 Geldingadalur eruption in the Reykjanes 

Peninsula, Iceland. One very important observation is that earthquakes as small as M5.0 

caused PGA larger than the 475-year return period PGA at towns near the epicentre. 

Furthermore, spectral accelerations at low periods (T<0.4 Hz) were extremely large at two 
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stations near the epicentre. Large spectral accelerations in this frequency range could be 

damaging because the Icelandic building tradition consists of low-rise buildings made of 

concrete, masonry and timber, with fundamental natural frequencies usually larger than 5 

Hz (Sigbjörnsson et al., 2009). However, only few minor damages have been reported for 

these events. The largest recorded PGA was ~0.4g at Krýsuvík, which is around twice the 

PGA estimated from GMPEs. Large PGAs at this station were recorded also during other 

events. Site-effects at Krýsuvík are a plausible explanation for the unusually large PGAs 

and spectral accelerations at low periods. Further geotechnical investigation is required to 

better understand local site effects at this station. 

Acknowledgements 

This work was partly financed by the SERICE project funded by a Grant of Excellence 

from the Icelandic Centre for Research (RANNIS), Grant Number: 218149-051. We also 

acknowledge support from the University of Iceland Research Fund. The authors wish to 

thank the Icelandic Meteorological Office for the access to the earthquake catalogue. 

References   

Akkar, S., Sandıkkaya, M. A., & Bommer, J. J. (2014). Empirical ground-motion models for point- and 

extended-source crustal earthquake scenarios in Europe and the Middle East. Bulletin of Earthquake 

Engineering, 12(1), 359–387. https://doi.org/10.1007/s10518-013-9461-4 

Árnadóttir, T., Geirsson, H., & Einarsson, P. (2004). Coseismic stress changes and crustal deformation on the 

Reykjanes Peninsula due to triggered earthquakes on 17 June 2000. Journal of Geophysical Research: 

Solid Earth, 109(9). https://doi.org/10.1029/2004JB003130 

Björnsson, S., Einarsson, P., Tulinius, H., & Hjartardóttir, Á. R. (2020). Seismicity of the Reykjanes 

Peninsula 1971–1976. Journal of Volcanology and Geothermal Research, 391, 106369. 

https://doi.org/10.1016/j.jvolgeores.2018.04.026 

Clifton, A. E., & Kattenhorn, S. A. (2006). Structural architecture of a highly oblique divergent plate 

boundary segment. Tectonophysics, 419(1–4), 27–40. https://doi.org/10.1016/j.tecto.2006.03.016 

DeMets, C., Gordon, R. G., & Argus, D. F. (2010). Geologically current plate motions. Geophysical Journal 

International, 181(1), 1–80. https://doi.org/10.1111/j.1365-246X.2009.04491.x 

Einarsson, P. (1991). Earthquakes and present-day tectonism in Iceland. Tectonophysics, 189(1–4), 261–279. 

https://doi.org/10.1016/0040-1951(91)90501-I 

Einarsson, P. (2008). Plate boundaries , rifts and transforms in Iceland. Jokull, 58, 35–58. 

Einarsson, P., Bjornsson, S., Foulger, G., Stefansson, R., & Skaftadottir, T. (1981). Seismicity pattern in the 

South Iceland Seismic Zone. In Earthquake Prediction (Eds D.W. Simpson and P.G. Richards), March 

2016, 141–151. https://doi.org/10.1029/me004p0141 

Geirsson, H., Parks, M., Vogfjörd, K., Einarsson, P., Sigmundsson, F., Jónsdóttir, K., Drouin, V., Ófeigsson, 

B. G., Hreinsdóttir, S., Ducrocq, C., Geirsson, H., Parks, M., Vogfjörd, K., Einarsson, P., 

Sigmundsson, F., Jónsdóttir, K., Drouin, V., Ófeigsson, B. G., Hreinsdóttir, S., & Ducrocq, C. (2021). 

The 2020 volcano-tectonic unrest at Reykjanes Peninsula, Iceland: stress triggering and reactivation of 

several volcanic systems. EGU General Assembly 2021, Online, 19–30 Apr 2021, EGU21-7534. 

https://doi.org/https://doi.org/10.5194/egusphere-egu21-7534, 2021 

Gudmundsson, A., Bazargan, M., Hobé, A., Selek, B., & Tryggvason, A. (2021). Dike-Segment Propagation, 

Arrest, and Eruption at Fagradalsfjall, Iceland. Earth and Space Science Open Archive, 1. 

https://doi.org/10.1002/essoar.10508827.3 

Hreinsdóttir, S., Einarsson, P., & Sigmundsson, F. (2001). Crustal deformation at the oblique spreading 

Reykjanes Peninsula, SW Iceland: GPS measurements from 1993 to 1998. Journal of Geophysical 

Research: Solid Earth, 106(B7), 13803–13816. https://doi.org/10.1029/2001jb000428 

Johannesson, H., & Sæmundsson, K. (2009). Geological Map of Iceland, 1:600 000, Tectonics. Icelandic 

228
3ECEES, September 2022, Bucharest, Romania



Institute of Natural History. 

Jónasson, K., Bessason, B., Helgadóttir, Á., Einarsson, P., Guðmundsson, G. B., Brandsdóttir, B., Vogfjörd, 

K. S., & Jónsdóttir, K. (2021). A harmonised instrumental earthquake catalogue for Iceland and the 

northern Mid-Atlantic Ridge. Natural Hazards and Earth System Sciences, 21(7), 2197–2214. 

https://doi.org/10.5194/nhess-21-2197-2021 

Keiding, M., Lund, B., & Árnadóttir, T. (2009). Earthquakes, stress, and strain along an obliquely divergent 

plate boundary: Reykjanes Peninsula, southwest Iceland. Journal of Geophysical Research: Solid 

Earth, 114(9), 1–16. https://doi.org/10.1029/2008JB006253 

Lermo, J., & Chavez-Garcia, F. J. (1993). Site effect evaluation using spectral ratios with only one station. 

Bulletin of the Seismological Society of America, 83(5), 1574–1594. 

Mucciarelli, M., Gallipoli, M. R., & Arcieri, M. (2003). The stability of the horizontal-to-vertical spectral 

ratio of triggered noise and earthquake recordings. Bulletin of the Seismological Society of America, 

93(3), 1407–1413. https://doi.org/10.1785/0120020213 

Nakamura, Y. (1989). A Method for Dynamic Characteristics Estimation of Subsurface using Microtremor 

on the Ground Surface. Q. Rep. Railway Tech. Res. Inst., 30(1), 25–33. 

Ólafsson, S., & Sigbjörnsson, R. (2006). Attenuation in Iceland compared with other regions. First European 

Conference on Earthquake Engineering and Seismology (1ECEES), September, Paper no. 1157. 

Rupakhety, R., Ólafsson, S., & Sigurðsson, G. (2016). Site response analysis and near-fault effects for 

seismic resistant design of wind turbine towers in the Búrfellslundur area. Landsvirkjun Report Number 

LV-2016-040. 

Sæmundsson, K., Sigurgeirsson, M. Á., Hjartarson, Á., Kaldal, I., Kristinsson, S. G., & Víkingsson, S. 

(2016). Geological map of Southwest Iceland, 1: 100 000 (2nd edition). Reykjavík: Icelandic Energy 

Research. 

Sæmundsson, K., Sigurgeirsson, M., & Friðleifsson, G. Ó. (2020). Geology and structure of the Reykjanes 

volcanic system, Iceland. Journal of Volcanology and Geothermal Research, 391, 106501. 

https://doi.org/10.1016/j.jvolgeores.2018.11.022 

Sigbjörnsson, R., Snæbjörnsson, J. T., Higgins, S. M., Halldórsson, B., & Ólafsson, S. (2009). A note on the 

M w 6.3 earthquake in Iceland on 29 May 2008 at 15:45 UTC. Bulletin of Earthquake Engineering, 

7(1), 113–126. https://doi.org/10.1007/s10518-008-9087-0 

Sigmundsson, F., Einarsson, P., Hjartardóttir, Á. R., Drouin, V., Jónsdóttir, K., Árnadóttir, T., Geirsson, H., 

Hreinsdóttir, S., Li, S., & Ófeigsson, B. G. (2020). Geodynamics of Iceland and the signatures of plate 

spreading. Journal of Volcanology and Geothermal Research, 391, 106436. 

https://doi.org/10.1016/j.jvolgeores.2018.08.014 

U.S. Geological Survey. (2022). Earthquake Catalog. accessed February 1, 2022 at URL 

https://earthquake.usgs.gov/earthquakes/eventpage/us6000dkmk/moment-tensor. 

 

229
3ECEES, September 2022, Bucharest, Romania



 

 

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

 

Post- 30.10.2020 Mw 7.0 Izmir Bay – Samos earthquake reconnaissance   

in Izmir: evaluation of the records and the collapsed buildings 

Ahmet Güllü – Texas State University, Ingram School of Engineering, San Marcos, TX, USA e-mail: 

ahmetgullu@txstate.edu  

Ercan Yüksel – Istanbul Technical University (ITU), Faculty of Civil Engineering, Istanbul, Turkey, e-mail: 

yukselerc@itu.edu.tr  

Oguz C. Celik – Istanbul Technical University (ITU), Faculty of Architecture, Istanbul, Turkey e-mail: 

celikoguz@itu.edu.tr  

Abstract: An earthquake with a magnitude of 7.0 has occurred in the Aegean Sea between 

the Izmir Bay of Turkey and Samos Island of Greece. The earthquake caused collapses of 

several residential buildings and a total of 119 casualties. The reconnaissance team of Istanbul 

Technical University (ITU) visited the region just after the earthquake to find out the main 

potential reasons for the building failures. This paper presents initial findings and evaluations 

of the structural team. It was realized that the buildings having 8~10 stories experienced 

significant damage and total or partial collapse, while there was no observed damage on 

buildings having 3~5 stories. Among other possible reasons, that finding might be linked to 

the consistency between the frequency contents of the earthquake records and the buildings. 

Keywords: Seismic damage, reconnaissance, collapse, frequency content, Samos 

1. Introduction 

Investors and constructors would like to be sure about the post-earthquake performance of 

their civil structures. Hence, the term “resilience” which defines the performance of a civil 

structure after an earthquake is getting more popular in civil engineering. However, this term 

was neglected especially during the rapid urbanization period of many cities resting on high 

seismic zones like Izmir, western Turkey. 

Due to the subduction zone of the Eastern Mediterranean, there is high seismicity in the 

region. It is one of the most seismologically active domains in the Hellenic Arc. Nineteen 

earthquakes having a magnitude higher than six were recorded in the region between 

2008~2017, (Onat et al. 2022, Utkucu et al. 2021). In addition to that, there is no reliable 

information about the active faults in the region beyond the Turkish borders, (Deniz et al. 

2020).  

Another strong ground motion struck the Izmir Bay area on October 30, 2020, with a 

magnitude of Mw 6.9 (KOERI), Mw 7.0 (USGS). An oblique fault having almost 40 km in 

length was ruptured at the focal depth of H=16 km. The epicenter of the mainshock was 

37.8851 N and 26.7770 E, Fig 1a. Following the mainshock, more than 880 aftershocks were 

recorded until November 02, 2020 (Deniz et al. 2020). The source mechanism and rupture 

process of this earthquake are well resolved and thoroughly discussed in Taymaz et al. 

(2022). Some other characteristics of the earthquake, observations, and building 

performances were reported by Çetin et al. (2021), Yakut et al. (2021), Kiratzi et al. (2021), 

Askan et al. (2021), Akıncı et al. (2021), Akkar et al. (2021), Binici et al. (2022). The 

mainshock caused partial or total collapses in 17 buildings, 119 casualties, and more than 

one thousand wounded. A rapid assessment by early reconnaissance is critically important 

after such catastrophic events for the swift recovery of the city or region. Therefore, many 
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pieces of research have been published in the literature to describe reconnaissance works 

after almost every earthquake. Stewart et al. (2019) aimed to provide an overview of the 

reconnaissance activities performed after the August 24, 2016, central Italy earthquake 

sequence. They documented and mapped the effects such as landslides and damage states of 

the existing buildings. 5765 buildings in Mexico City experienced a different level of 

damage during the September 19, 2017, Puebla, Mexico earthquake, (Alberto et al. 2018). 

In that study, they characterized the damage in structural and geotechnical aspects. Lin JL et 

al. (2020) investigated four buildings with soft stories that collapsed due to the February 6, 

2018, Hualien City earthquake. One of the collapsed buildings caused 14 out of 17 casualties. 

This reconnaissance study revealed the effects of near-fault ground motions (NFGMs) on 

collapsed buildings. Hidayat et al. (2020) mentioned that the 2018 Sulawesi earthquake was 

a catastrophic disaster that caused many casualties. Their reconnaissance study found out 

that the soil layers in the affected area were in a loose state compared to the non-affected 

areas. Both structural and non-structural damages of 169 buildings due to the November 26, 

2019, Dorres earthquake are assessed by Sheshov et al. (2022). They concluded that the 

biggest loss was caused by non-structural elements which made the structures not-usable for 

the residents of the region. Yurdakul et al. (2021) and Celik et al. (2020) investigated the 

reasons for observed structural damage during the January 24, 2020, Doganyol (Malatya)-

Sivrice (Elazig) earthquake.  

The conflict between the requirements of the seismic codes and realized conditions of the 

buildings was found to be the main reason for the vulnerability. ITU Disaster Management 

Institute organized a special one-day international event on the Aegean Sea earthquake 

(https://eedmi.itu.edu.tr/en/home), (https://www.youtube.com/watch?v=0HPhfYnJ5co ). 

The objective of this paper is to present observations from an early field reconnaissance on 

damaged or fully/partially collapsed reinforced concrete (RC) buildings after October 30, 

2020, the Aegean Sea earthquake and evaluate the recorded acceleration data with different 

aspects. The main reasons for the damage are discussed and proved by field photographs. 

Further, the authors suggest necessary urgent steps to increase the resiliency of existing 

structures and public awareness. 

2. Characteristics of the earthquake records 

Maximum recorded accelerations during the October 30, 2020, Aegean Sea earthquake were 

179.31 gals, 149.31 gals, and 79.84 gals in N-S, E-W, and vertical (U-D) directions, 

respectively (AFAD 2020). The active monitoring and measurement stations of AFAD are 

shown in Fig. 1b. In the figure, the star shows the epicenter while the triangles stand for the 

stations. 
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                      (a)                                                                              (b) 

Fig. 1 – (a) Epicenter of the main-shock (b) Monitoring and measurement stations of AFAD 

5% damped horizontal and vertical acceleration spectra of the records are compared with the 

design spectrum provided by the Turkish Building Earthquake Code (TBEC 2018) for the 

design earthquake level and soil classes of D and E, Fig. 2. The records have relatively 

smaller amplitudes compared to the design spectra except for the T=1.0 sec period range. 

  

a) Horizontal b) Vertical 
Fig. 2 – The design and response spectra comparisons considering soil classes of D and E. 

Even though there are various records for main and aftershocks, in this paper, the records 

with a peak ground acceleration (PGA) of 100 gals are analyzed only. Some characteristics 

of the records such as shear wave velocity of the top 30 m of soil column (Vs30), soil class 

according to TBEC 2018, and distance to rupture are given in Table 1. 

Table 1. Some characteristics of the investigated records. 

Data Vs30 Soil Class Distance to rupture  

(#) (m/sec) TBEC 2018 EC8 (km) 

0905 369 C B 42.95 

3519 131 E D 69.23 

3528 532 C B 58.23 

3521 145 E D 69.58 

3513 196 D C 72.00 

3518 298 D C 68.36 

The acceleration, velocity, and displacement time histories of the assessed records are given 

in Fig. 3. In the figure, acc, vel, and disp stand for acceleration, velocity, and displacement, 

respectively. Regardless of the maximum PGA, maximum peak ground velocity (PGV) was 

recorded for the north-south component of Station #3519. Similarly, the maximum peak 
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ground displacement (PGD) of the records was obtained to be 4.08 cm on the north-south 

component of Station #3521. It is worth noting that the vertical displacement of Station 

#3518, which has minimum accelerations among the other records, was 5.12 cm and almost 

25% larger than its maximum lateral displacement. In addition, note that a PGA of 0.445g 

is suggested at Bayrakli in TBEC-2018, which is much larger than the recorded 

accelerations. 

Some intensity measures of the records are also computed and presented in Table 2. The 

effective duration of the records were determined by considering (5~75)% and (5~95)% of 

their Arias intensity. Mean and maximum effective durations are calculated to be 8.74 sec 

and 13.28 sec when considering (5~75)% of Arias intensity. The values reached 19.76 sec 

and 26.06 sec for (5~95)% of Arias intensity. 
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E-W N-S Vertical 

   

   

   

   

   

   

Fig. 3 – Time histories of the ground motion records.
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Table 2. Intensity measures of the investigated records. 

Intensity measure 
0905 3519 3528 3521 3513 3518 

E-W N-S E-W N-S E-W N-S E-W N-S E-W N-S E-W N-S 

PGA (cm/sec2) 144.02 179.31 109.97 150.09 149.31 117.57 93.99 110.84 94.67 106.28 91.45 106.10 

PGV (cm/sec) 8.87 7.83 14.48 22.52 8.32 7.54 12.29 16.16 14.42 17.08 10.64 11.31 

PGD (cm) 2.25 1.50 3.24 3.93 1.89 2.26 3.13 4.08 3.15 2.90 2.70 1.61 

Vmax / Amax: (sec) 0.06 0.04 0.13 0.15 0.06 0.06 0.13 0.15 0.15 0.16 0.12 0.11 

Acc-RMS: (cm/sec2) 11.02 11.40 14.62 16.47 13.63 9.23 13.24 14.47 14.49 14.04 13.78 11.86 

Vel-RMS: (cm/sec) 1.00 0.80 2.25 2.58 1.00 0.81 2.18 2.68 2.56 2.34 1.83 1.46 

Disp-RMS: (cm) 0.49 0.28 0.66 0.65 0.33 0.35 0.71 0.94 0.65 0.59 0.50 0.42 

Arias intensity: (m/sec) 0.20 0.22 0.36 0.46 0.31 0.14 0.29 0.35 0.35 0.33 0.32 0.24 

Characteristic intensity: (Ic) 375.06 394.42 572.79 684.70 515.80 287.34 493.55 563.76 565.08 539.25 524.26 418.63 

Specific energy density (cm2/sec) 105.95 66.69 533.58 697.18 105.24 69.57 499.34 751.33 690.27 573.03 352.60 223.35 

Cumulative absolute velocity (cm/sec) 464.81 444.69 723.67 797.17 521.36 380.39 694.24 722.29 717.09 677.35 666.24 598.40 

Acc Spectrum Intensity (cm/sec) 123.43 138.48 86.58 93.35 167.05 99.12 79.81 84.10 74.17 96.32 93.94 86.43 

Vel Spectrum Intensity (cm) 35.80 33.14 75.97 92.39 41.21 32.34 66.71 86.67 84.87 80.10 67.62 55.88 

Housner Intensity (cm) 30.00 25.59 70.87 83.56 34.55 26.91 62.51 81.51 80.11 73.49 60.86 48.05 

Sustained max acc (cm/sec2) 99.15 103.01 99.59 120.83 129.00 65.63 82.11 94.93 83.79 102.24 77.26 82.03 

Sustained max vel (cm/sec) 6.50 5.62 12.14 18.66 6.65 5.82 10.91 13.23 13.23 13.23 10.03 8.56 

Effective design acc (cm/sn2) 146.35 176.58 109.84 149.81 145.52 115.06 93.90 110.93 94.66 106.57 91.25 106.04 

A95 parameter (cm/sec2) 141.47 177.06 108.03 148.20 147.43 115.49 92.33 108.89 91.54 104.40 88.90 104.23 

Dominant period (sec) 0.24 0.16 0.82 0.94 0.24 0.18 0.80 0.62 0.62 0.50 0.64 0.46 

Dominant period (sec) (AFAD) 0.23 0.16 1.00 0.96 0.43 0.19 0.80 1.50 1.35 1.44 0.59 0.46 

Mean period (sec) 0.35 0.30 0.84 0.89 0.36 0.38 0.87 0.99 1.01 0.90 0.71 0.64 

Efficient duration (% 5-75), (sec) 5.46 3.79 9.00 9.06 6.23 8.15 12.53 8.73 10.40 8.68 9.52 13.28 

Efficient duration (% 5-95), (sn) 16.94 15.77 23.17 20.58 12.90 14.77 26.06 22.62 20.17 20.59 18.82 25.03 
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The collapsed buildings were located in the Manavkuyu neighborhood of Bayraklı district. 

Around the region, AFAD has 3 measurement and monitoring stations tagged #3513, #3514, 

and #3520. The locations of the stations were depicted in Fig. 4a. Vs30 values of the stations 

are 196 m/sec, 836 m/sec, and 875 m/sec, respectively. Hence, the basin effect around the 

district is evaluated through acceleration spectra of the records, Figs. 4b-d. It can be seen 

that the basin effect is more dominant in the north-south (N-S) direction. 

 

 

a) Locations of the stations around 

Bayraklı 
b) E-W 

  
c) N-S d) Vertical 

Fig. 4 – Stations and records utilized to evaluate basin effect at Bayraklı district. 

3. Building damage/collapses 

Earthquake resistance of the structures highly depends on the considered loads, realized material 

quality, load-carrying system design, unity of the structural drawings and the constructed 

structure, seismicity of the region, and soil characteristics. 

The structural safety might be reduced by time due to minor or major interventions (e.g. column 

removal, etc.), changes in seismic codes (e.g. updated seismic hazard maps, new design rules, 

etc.), and differentiation in occupancy category (e.g. from a residential building (I=1.0) to 

industrial building or school (I=1.5), etc.). Hence, low- and mid-rise buildings as well as the 

buildings with illegally added stories are the most vulnerable structures against earthquakes. In 

Izmir and other cities of Turkey, there are so many buildings that were not sufficiently 

engineered (or non-engineered), and hard to predict their true seismic safety level. 

The reconnaissance team thoroughly investigated the demolished Riza Bey Apartment, 

Yagcioğlu Apartments, and Karagul Apartment. Note that these buildings collapsed during the 

earthquake. The building stock consists of 8~10 story RC frame type structures (both moment 

frames and dual systems composed of moment frames having slightly stiffened with shear 

walls/cores). In addition to collapsed buildings, the reconnaissance team observed non-structural 
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to heavy structural damage for similar buildings. Some of them experienced partial collapse. 

Contrary, the buildings with 3~5 stories were not significantly affected by the earthquake since 

the seismic demands were not that much high as evidenced by Fig. 2. There was no pronounced 

damage to such buildings. The main reasons for the observed building damages and the collapses 

experienced in the last 30 years during the devastating earthquakes in Turkey are listed below. 

• Insufficient material quality (both for concrete and rebar) 

• Corrosion of reinforcement bars (common and a serious problem in older buildings) 

• Irregular load-carrying systems (both in plan layout and elevation) 

• Pounding/hammering effects of buildings in series 

• Non-ductile reinforcement details and insufficient transversal reinforcement 

• Panel zone detailing errors (note that this is a common weakness, especially for RC 

buildings constructed before the 1990s) 

• Insufficient cross-section dimensions (both from the low concrete quality and higher 

axial load demands) 

• Short columns and beams (mainly from the poor architectural design without 

consideration of seismic effects) 

• Insufficient lateral stiffness of flexible frame structures resulting in second-order (P-

∆) effects 

• Soft and weak stories (in multi-story buildings accommodating open ground stories for 

commercial purposes) 

• Architectural detailing issues 

• Removal of nonstructural/infill walls at ground floor 

• Local soil conditions (soil amplification, liquefaction, etc) 

The buildings with relatively lower lateral stiffness and resting on alluvium soil layers/deposits 

were influenced by the basin effect significantly. In fact, soil classification and soil amplification 

maps had been released by Izmir Metropolitan Municipality in the early 2000s. These maps 

reveal that significant soil amplification up to 4.0~5.0 was expected around the most damaged 

areas during the earthquake. It is clear that, in addition to other structural deficiencies listed 

above, the soil amplification contributed to the observed building collapses to a great extent. 

Images taken from the investigated buildings (damaged or collapsed) are illustrated in Fig. 5. 

Views of the Rıza Bey Apartment before and after the earthquake are given in Figs. 5a and 5b. 

As shown from the figures, the building collapsed in the early seconds of the shaking as 

evidenced by the captured videos. With nine stories above the ground level, this building has a 

typical, widely encountered structural configuration in plan layout. The system is composed 

mainly of moment frames and RC cores with small dimensions around the elevator shafts. 

Although this system looks like a dual frame+shear wall/core system, the contribution of the 

cores to the lateral stiffness is weak. Furthermore, some preliminary investigations show that the 

axial load demands in the columns are great (near axial capacity) even under gravity loading 

without considering the seismic events. Figs. 5c and 5d display exterior wall damage in a 

residential building mainly from insufficient lateral stiffness. Damage around a 

seismic/structural joint is given in Fig. 5e where traces of pounding effect is observed. 

Fortunately, the story levels match each other in both neighboring buildings. 
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a- Rıza Bey apartment before the EQ 

(www.cumhuriyet.com.tr) 
b- After the EQ 

  

 

c- and d- Exterior wall damage e- Pounding damage at joint 

 

 

f- School Building (moderate damage) g- No frame action 
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h- Residential building (total collapse) i- Beam-to-column damage (rebar slip) 

 

  

j- Res. Building (no open 

ground floor) 
k- and l- Residential building (partial collapse) 

Fig. 5 – Collapsed, damaged, and non-damaged RC buildings during the October 30, 2020, Aegean Sea 

earthquake. 

Another example of insufficient lateral stiffness for RC frame is known to be the lack of framing 

action (i.e. columns with no beam connections in one or both orthogonal directions, Figs.5f, and 

5g). The total collapse of an RC residential building is given in Figs. 5h and 5i. Deterioration of 

beam-to-column fixity is worthy to mention here. Slip of the bottom rebar of the beam and the 

resulting angle is shown in the figure as well. Soft/weak story failure has been effectively 

prevented in a building shown in Fig. 5j where ground story used infill walls as above stories. 

On the other hand, images from the partial collapse of a residential building are presented in 

Figs. 5k and 5l. 

4. Conclusions 

Being one of the biggest and most populated cities of Turkey, Izmir was struck by a strong 

ground motion on October 30, 2020. The reconnaissance team arrived in the earthquake 

region just a few hours after the earthquake. It was recorded that the collapsed buildings 

were generally poorly engineered and there are many similar buildings in the city. The 

possible reasons for the damages and collapses are discussed in this work. Besides the other 

reasons, it is recognized that soil properties played a significant role in the devastation. RC 

buildings with 8~10 stories and having a fundamental period range between T=1.0 to 1.5 sec 

were severely affected during the event. Preliminary work on the collapsed buildings reveals 
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that axial load and shear demands of the RC building columns are very close to their 

capacities, leading to heavy damage or collapses. Soil amplification in alluvial deposits (like 

Bayrakli) gets worse the building behavior and accelerates such collapses. Therefore, urgent 

and effective rehabilitation (e.g. retrofitting existing buildings considering the poor soil 

condition) is required to increase the seismic resilience of the city and reduce economic 

losses related to such catastrophic events. Both conventional and innovative techniques can 

be selected to upgrade the seismic safety of the existing building stock. Spectra obtained 

from the recorded data advises that the released soil amplification maps must be considered 

for the upgrading. 
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Topic: Lessons from recent earthquakes 

Alcántara Leonardo – Institute of Engineering UNAM, Mexico City, Mexico, lalcantaran@iingen.unam.mx 

Romo Miguel P – Institute of Engineering, UNAM, Mexico City, Mexico, mromo@pumas.ii.unam.mx 

García Silvia R – Institute of Engineering, UNAM, Mexico City, Mexico, SGarciaB@iingen.unam.mx 

Abstract: Mexico is a country with significant seismic potential due to the interaction 

among North American, Pacific, Cocos, Rivera, and Caribbean plates; such condition has 

produced earthquakes of great magnitude.  Although the National Seismological Service 

was put into operation in 1910, it was only after 50 years later when the accelerograph 

recording program began. The timely decision to install the Guerrero Accelerograph 

Network and its start of operation in August 1985 allowed the recording of the catastrophic 

event of September 19, 1985 (M=8.0). The earthquake produced many deaths and 

tremendous damage to the infrastructure, especially in Mexico City. Those results changed 

the Mexican engineers' perspective for monitoring seismicity, and therefore they 

implemented the Mexican Seismic Network. This project has improved seismic observation 
coverage and the implementation of a system to generate valuable products in dealing with 

seismic emergencies. 

Keywords: Strong ground motion network, accelerogram, earthquake, subduction zone 

1. Introduction 

Earthquakes are one of the natural phenomena that have the most significant impact on 

society, because of the large number of victims it usually causes, the damage it induces to 

physical infrastructure, and the uncertainty to specify the occurrence of potentially 

damaging events. Therefore, to study and mitigate its effects, it is essential to have an 

adequate observation infrastructure that allows us to specify its area of occurrence and the 

intensities produced. Accordingly, we will be able to make recommendations about land 

usage and acceptable construction practices that allow a safe construction.  

Along its history, Mexico has suffered the impact of relevant earthquakes Nava (1998), 

such as the cases of: Cocula (Jalisco) Dec 27 1568, Jalisco and Mexico Aug 25 1611, 

Oaxaca Mar 09 1845 (M~8.0), Oaxaca-Guerrero Jan 29 1899 (M~8.4), Jalisco Jan 20 1900 

(M~8.3), Jalisco Jun 7 1911 (Ms~7.9), Pinotepa Nacional Oaxaca Jun 17 1928 (Ms~8.0), 

Puerto Escondido Oaxaca Oct 9 1928 (Ms~7.8) and Jalisco Jun 3 1932 (Ms~8.2). 

Despite the critical seismic conditions, it was not until 1961 that the National Autonomous 

University of Mexico (UNAM) deployed the two first accelerograph stations in the 

country. Unfortunately, the growth in installing these instrument-stations was so slow that 

to accomplish this task took a little more than 20 years. At the occurrence of September 19, 

1985, earthquake, 20 accelerograph stations had already been installed along the coast of 

the state of Guerrero and had just eight instrumented sites in Mexico City. 

This paper presents some of the activities carried out in Mexico for monitoring seismic 

activity. In fact, those actions are the product of the critical lessons learned because of the 
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lack of adequate seismic infrastructure considering the high seismic potential existing in 

the country. 

2. Seismic framework 

Mexico is a country located in the strip known as the Pacific Ring of Fire. Its seismic 

activity is due to the interaction of the North American, Pacific, Cocos, Caribbean, and 

Rivera tectonic plates, which has resulted in intense seismic activity in almost all the 

territory. 

Nevertheless, the large Mexican earthquakes occur along the Pacific coastal region due to 

the subduction of the Cocos Plate into the North American Plate (Fig 1). In this area, there 

have been four prominent-magnitude earthquakes in the last 90 years, SSN (2021): Jalisco 

on June 3, 1932 (M~8.2), Michoacán on September 19, 1985 (M~8.0), Colima on October 

9 of 1995 (M~8.0), and Tehuantepec of September 8, 2017 (M~8.2). The one that occurred 

on September 19, 1985 stands out due to the number of fatalities (the official figure is 

10,000) and many collapsed or seriously damaged buildings in Mexico City. Additionally, 

the trans-Mexican volcanic belt region is another source of earthquakes. Although they do 

not reach the high magnitudes of the Pacific events, their proximity to relevant population 

centers (i.e., Queretaro, and the Northern zone of Mexico City) makes them potentially 

very dangerous. An example was the earthquake of September 19, 2017 (M~7.1), which 

also caused severe damages in the state of Morelos and especially in Mexico City, located 

120 km from the epicenter region. It is also relevant to mention the country's Northwest 

region, where the Baja California Peninsula is an area with a significant seismicity rate, 

although lower than the Pacific coast. 

 

Fig. 1 - Major earthquakes along the Mexican Subduction zone resulting from the interaction 

 between the Cocos and the North American plates. Kostoglodov and Pacheco (1999). 

 

Considering the previous comments, we concluded that a large part of the Mexican 

territory has an intense seismic activity. However, three zones have the most significant 

probability of producing an earthquake of great intensity in a short period, and these are 

Center Oaxaca (97.3° to 97.7° W), Ometepec (98.2° to 99.5° W), and Guerrero Centro 

243
3ECEES, September 2022, Bucharest, Romania



(100° to 101° W), as noted by Nishenko and Singh (1987). Notably, the latter site stands 

out, known as the Guerrero Gap, where there is enough energy to produce an earthquake of 

magnitude M~8 or even larger. 

3. Seismic Instrumentation Program 

In Mexico, the seismic activity monitoring program began in 1910 when, by presidential 

decree, the Mexican Seismological Service was founded, remaining in charge of the National 

Geological Institute. Later in 1929, it became part of the National Autonomous University of 

Mexico SSN (2021), where it currently resides. The SSN is responsible for providing timely 

information on earthquakes in the national territory, determining its main parameters, and 

carrying out the activities that allow better capacity to assess and attenuate both seismic and 

volcanic risk in Mexican territory. These actions have been fundamental for studying the 

seismic phenomenon; unfortunately, they are not enough to estimate the response of soils and 

the damage suffered by the structures. 

After the San Marcos earthquake of 1957 (M~7.5), Mexican engineers considered deploying 

complementary instrumentation to carry out studies to answer, "Why did structures collapsed 

or were heavily damaged?" To answer this question, field data was necessary. Therefore, the 

strong-ground motion instrumentation program was set up in 1960 when the first two 

accelerographs started recording seismic events in Mexico City.  

According to the seismic potential of the Guerrero gap, Iwan (1978), the Institute of 

Engineering at UNAM and the University of California at San Diego agreed to install the 

Guerrero Accelerograph Array (Fig 2) as a joint venture project. The project considered 30 

instruments, and 20 of them were operating in August 1985. The decision was very suitable 

since the accelerographs recorded the devastating earthquake of September 19, 1985 (M~8.0) 

and its main aftershock of magnitude, M~7.6. The seismic records obtained in regions near the 

epicenter as well as in Mexico City, located 400 km from the seismic source (Fig 3), allowed 

to carry out a large amount of research associated with the seismic source, the propagation of 

the waves, the amplification and attenuation of the seismic movement as well as the estimation 

of site effects among many other studies. 

 

Fig. 2 – The Guerrero Accelerograph Array, Anderson et al (1994). 
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Fig. 3 – September 19, 1985 earthquake (M~8.0). Accelerograms in 

 Mexico´s valley (left) and Guerrero coast (right). 
 

The severe consequences of this great earthquake and the research provided an important 

lesson: the need for better seismic instrumental coverage. Although Mexican engineers had the 

opportunity to record the extreme event of September 19, 1985 (M~8), we lost the chance to 

capture this seismic event in many sites, mainly where subsoil conditions significantly amplify 

seismic waves. Since then, various governmental, educational, and private organizations have 

installed and operated a more significant number of seismic observatories in free field, subsoil, 

and structures. 

However, the data collected from these networks were not gathered into a single analysis 

center that would allow an immediate response to the population's needs. Additionally, the 

seismic monitoring stations had insufficient coverage in regions prone to seismic risk. Hence, 

the condition frequently caused dispersion, delays, and a lack of opportunity to make decisions 

in a large magnitude earthquake. 

To integrate all those efforts, the Mexican Government, thru the Ministry of the Interior and 

the Universidad Nacional Autónoma de México (UNAM), decided to create the Mexican 

Seismic Network project (MEXSN), Alcántara and Valdés (2010). 

In summary, the main lines of action of the MEXSN are: 

▪ Carry out a national inventory of the existing seismic recording infrastructure in the 

country. 

▪ Strengthen the instrumentation of the National Seismological Service and the Free 

Field Accelerograph Networks. 

▪ Improve seismic observation coverage in the country, especially in those regions that 

are prone to be subjected to intense earthquakes. 

▪ Coordinate the necessary actions to integrate the Institutions and groups that operate 

seismic recording systems into the MEXSN project. 

▪ Implement communication systems towards a central registration post to transmit 

information to the authorities for the attention of the seismic emergency. 

Undoubtedly, several lessons have been learned, as demonstrated during the September 19, 

2017 (M~7.1) earthquake, the country's best-recorded event in the history of seismic 

observation. Accelerograms of this earthquake has benefited construction regulations and civil 

protection organizations' activities in dealing with seismic emergencies. Figures 4 and 5 

present two MEXSN products: the first includes the intensity map that was automatically 

generated a few minutes after the 2017 earthquake, UIS (2017). The second is the computation 
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of the response spectra for both hard and soft soils in Mexico City during the occurrence of 

September 19, 1985, and 2017 earthquakes. 

 

Fig. 4 – Map of intensities produced by the 20170919 (M7.1) earthquake. 

 

 

Fig. 5 – Response spectra during the earthquakes of 19850919 and 20170919.  

Hard-soil site (left) and soft-soil site (right). 

 

Although we successfully recorded the September 19, 2017, event, there are still some pending 

actions. These include constant maintenance to the observation systems and the technological 

update of the recording equipment that allows taking advantage of new developments in data 

transmission issues. Emphasis should also be placed on installing borehole sensors at different 

subsoil conditions and in representative buildings, enabling the recording of seismic 

movements from its arrival to its propagation in structures. 
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The indicated actions are essential since the recurrence periods of large-magnitude seismic 

events are usually tens and even hundreds of years. In addition, it is beyond dispute that the 

seismic phenomenon is unrepeatable; the next event will be different both in its characteristics 

and in the damage they may cause. In conclusion, an unrecorded earthquake will go down in 

history "as not recorded." Consequently, we will lose both the opportunity to advance in the 

knowledge of the seismic phenomena and the main objective of mitigating their effects. 

4. Conclusions  

As history has shown, Mexico has frequently been hit by large earthquakes, which have 

produced many human losses and seriously affected its infrastructure. Even though the 

earthquake of July 28, 1957, revealed the necessity both to implement strong ground 

motion networks and to expand the seismic coverage, it was just after the earthquakes of 

September 19 and 21, 1985, enhanced the need of a profound change related to the way of 

measuring the seismic event that took place. 

The studies carried out using the accelerograms obtained during the 1985 event had 

allowed significant advances in the knowledge of the phenomenon. The large site effects 

produced in Mexico's valley, where highly compressible clay deposits are present, could be 

estimated, which they have a fundamental impact on the development of building 

regulations. 

The Mexican Seismic Network project has integrated the different institutions and 

government agencies that operate seismic networks. The evaluation of this infrastructure 

has permitted identifying the essential activities to its updating and expansion to regions 

that have the potential to generate significant earthquakes. 
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Abstract: Past earthquakes have affected millions of people whose lives changed within a 
minute, and caused damage or collapse of thousands of buildings and infrastructure systems. 
In many cases, earthquakes have long-term consequences. Therefore, it is very important to 
study the effects of damaging earthquakes and share the lessons and field experience with 
technical professionals and general public. The authors are members of Serbian Association 
for Earthquake Engineering (SUZI-SAEE), which organized reconnaissance visits to the 
areas affected by the November 26, 2019 Durrës, Albania earthquake (Mw 6.4) and the 
December 29, 2020 Petrinja Croatia earthquake (Mw 6.4). This paper presents findings on 
the performance of reinforced concrete buildings in these two events. Characteristic damage 
patterns are presented in the paper, along with the explanation of the causes of damage and 
recommendations for future engineering practice in the affected countries and the region. 

Keywords: irregular structures, reinforced concrete structures, post-earthquake 
reconnaissance, soft storey, short column effect, moment frames, masonry infills 

1. Introduction 

Earthquakes have posed a constant threat to mankind since the ancient times, and they are 
the most destructive natural disasters for which countries have requested economic 
assistance in the past century (European Commission, 2021). Reinforced concrete (RC) 
structures constitute a significant portion of the building inventory on global scale, hence 
these structures are often exposed to earthquakes, particularly in urban areas, which in 
some cases cause damage or collapse of these buildings (Braga et al., 2011; Alih and 
Vafaei, 2019; Brzev et al., 2017). Several researchers contributed to collecting data and 
damage patterns for RC structures exposed to earthquakes. Grünthal (1998) developed 
EMS-98 earthquake intensity scale and a damage classification for RC buildings at 
different levels of earthquake excitation. EERI (1996) produced useful guidelines for post-
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earthquake field investigation that contain well presented information regarding the 
behaviour of RC structures under earthquakes. Structural damage in RC structures due to 
earthquakes is well documented, but it has been also reported that significant economic 
losses are often related to damage or failure of non-structural elements (Taghavi and 
Miranda, 2003; Marinković and Butenweg, 2022; Marinković et al., 2022). 
In the period from November 2019 until December 2020 seismic activity in the Balkan 
region was very significant, and included the November 2019 Durrës, Albania earthquake, 
followed by the March 2020 Zagreb, Croatia earthquake and the December 2020 Petrinja, 
Croatia earthquake. Firstly, an earthquake of magnitude Mw 6.4 hit Albania on November 
26, 2019 at 3:54 a.m. The epicenter was located in the Adriatic Sea, 16 km from the city of 
Mamurras, 21.5 km from the city of Durrës, and 30 km from the capital Tirana. The 
earthquake caused 51 deaths and about 3,000 injuries. The consequences, in the form of 
physical damage, were mostly reported in Durrës, as well as in the region that stretches 
from Tirana to Laç. It should be noted that this earthquake was preceeded by another 
earthquake which occurred on September 21, 2019 (magnitude Mw 5.6) which affected the 
same area like the November 2019 earthquake (predominantly around the city of Durrës). 
In 2020, in the midst of the COVID19 pandemics Croatia was affected by two damaging 
earthquakes. On March 22, 2020 at 06:24 am local time, the country’s capital Zagreb was 
struck by a ML 5.5 earthquake with an epicenter 7 km north of the city center, which 
caused damage of residential and public buildings in Zagreb and neighbouring villages 
(Šavor Novak et al., 2020; Stepinac et al., 2021). On December 29, 2020 at 12:19 pm local 
time, a more intense earthquake (Mw 6.4) occurred in the Sisak-Moslavina county of 
Croatia. The earthquake occurred at a depth of 10 km with an epicenter located 3 km west-
southwest of the city of Petrinja (Miranda et al., 2021). 
This paper is focused on the two earthquakes of the same magnitude (6.4), which occurred 
in two different countries. The paper presents findings of post-earthquake reconnaissance 
studies by the members of Serbian Association for Earthquake Engineering (SUZI-SAEE) 
who visited Albania and Croatia. The SUZI-SAEE team prepared a monograph related to 
the 2019 Durrës, Albania earthquake (Nikolić-Brzev et al., 2020) and contributed to a 
reconnaissance report (EERI, 2022). Several SUZI-SAEE members also contributed to a 
virtual reconnaissance report related to the 2020 Petrinja, Croatia earthquake (Miranda et 
al., 2021), prior to their field visit to Croatia in February 2021.  

2. Performance of RC buildings during the November 26, 2019 Albania earthquake 
(Mw 6.4) 

Between 1960 and 1990 prefabricated RC technology was widely used in Albania for 
construction of residential and public buildings, however since the fall of communism in 
early 1990s it was replaced by cast in-situ RC construction. Besides the change in 
construction technology (prefabricated vs cast in-situ), there was also a change in structural 
system. Prefabricated RC buildings were mostly in the form of large panel wall structures, 
while cast in-situ buildings have moment frame structural system in which frame members 
resist the effects of both gravity and seismic loading. Masonry infills in these buildings are 
used to enclose interior spaces and act as façade elements at the exterior. In case of taller 
buildings structural RC walls are provided to resist seismic effects jointly with a RC frame 
(dual system). A significant fraction of the Albanian building stock (around 40%) was built 
after 1990, and cast in-situ RC technology has been widely used construction of all 
buildings, ranging from low-rise single-family dwellings to multi-storey residential and 
office buildings. Based on the inspection of damaged buildings due to the November 26, 
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2019 earthquake, it was observed that all collapsed and/or significantly damaged RC 
buildings were of post-1990 vintage and had a RC frame structural system. 
Field applications of this construction system started on a larger scale after 1989, when the 
Albanian seismic design code KTP-N.2-89 was released (Akademia e Shkencave, 1989). 
Floor system is usually in the form of RC waffle slabs in which hollow clay blocks or 
light-weight styrofoam are used as filling, thereby creating a system of shallow RC beams 
in the interior and in some cases deeper edge beams at the exterior. The depth of these 
shallow beams is equal to the overall slab thickness (30 cm thickness was prescribed by 
KTP-N.2-89), while the width is greater than or equal to a column cross-sectional 
dimension. These buildings were usually constructed either without RC structural walls or 
with a relatively small number of walls (even in the case of taller buildings with 10 storeys 
or more), hence their seismic resistance relies on a 3-D moment frame system, which may 
be significantly flexible in case of taller buildings. 
In spite of several shortcomings both in terms of design (e.g. absence of RC structural 
walls, strong columns and weak beams) and construction (detailing of columns and 
beams), majority of RC buildings in Durrës were not damaged in the September 2019 
earthquake (Mw 5.6) (Lekkas et al., 2019), however some of these buildings suffered 
extensive damage during the more intense November 2019 earthquake (Mw 6.4). It is 
believed that the main cause of damage in RC buildings in the November 2019 earthquake 
was high seismic demand. For example, peak ground acceleration (PGA) recorded in 
Durrës was 0.2 g, while spectral accelerations (0.5 g) were approximately equal to elastic 
spectral accelerations prescribed by the KTP-N.2-89 for structures characterized by the 
range of periods corresponding to mid- to high-rise RC frame systems (EERI, 2022). It is 
expected that fundamental periods of taller RC buildings were on the order of 1.0 sec. 
Seismic response of RC buildings in the November 2019 earthquake, documented by case 
studies, has been discussed elsewhere (Marinković et al., 2022). 
Due to flexibility of Albanian RC frame structures, masonry infills had a significant effect 
on their performance during the earthquake. Masonry infills in post-1990 buildings in 
Albania are usually constructed using modular blocks with horizontally oriented holes, 
which contributes to the reduced masonry compression strength. Also, due to mixed use of 
some buildings, there is frequently an "open" ground floor and first floor which are used 
for commercial purposes, while masonry infills exist only at higher floor levels which are 
usually intended for residential purposes. In many cases, layout of masonry infills is 
irregular in plan, which may contribute to increased seismic demand due to torsional 
effects. It is important to emphasize that the influence of masonry infills on the seismic 
behaviour of these buildings depends on the relative ratio of lateral stiffnesses of RC frame 
structure relative to the masonry infills, as well as on the compression and shear capacity 
of infills. As a result, different damage patterns were observed in RC buildings of different 
heights. It was observed that in low- and mid-rise buildings masonry infills completely 
changed the behaviour of structures and contributed to significant overall damage or 
collapse. Majority of RC buildings which were damaged in the earthquake were built in the 
period from 1990-2010. Taller RC frame buildings (10 storeys and up) of more recent 
construction had a higher structural capacity of the frame system, however these buildings 
experienced large interstorey drifts which led to significant damage in masonry infills. 
Irregularities in RC buildings in the earthquake-affected area were mostly due to the 
interaction of flexible RC frames with rigid masonry infills or staircases. The most 
common irregularities were "soft storey", “short column”, and an asymmetrical stiffness 
distribution in plan that caused unfavourable torsional effects. Examples of collapsed 
buildings due to the "soft storey" are shown in Figure 1. In this case, the appearance of a 
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"soft storey" (vertical irregularities) was caused by unevenly distributed masonry infills in 
buildings, which had an open space at the ground floor (garages, shops, restaurants, etc.), 
while upper floors were used for residential purposes and had masonry infills. Due to the 
presence of masonry infills and increased stiffness at the upper floors, seismic demand in 
the RC columns at the ground floor level was significantly increased, and most likely 
caused damage and collapse of these structures. 

  
Fig. 1 – Collapsed buildings in Durrës, Albania due to the “soft storey” irregularity (McKenney, 2019) 

Figure 2 illustrates significant damage of an RC frame structure due to torsional effects 
caused by masonry infills and a staircase, which were likely neglected in seismic design. 
The building has an open ground floor and additional 5 floors (Figure 2a). The building has 
a regular column grid, however it was noticed that columns in the exterior frames in 
longitudinal direction were aligned such that the column’s smaller cross-sectional 
dimension is aligned in longitudinal direction, which results in lower stiffness of these 
exterior frames compared to interior frames with a different column alignment. An 
eccentric position of the staircase, with regards to the building’s centre of mass, caused 
eccentricity of the center of stiffness in relation to the center of mass and the corresponding 
torsional effects. High torsional demand most likely contributed to excessive damage of an 
exterior masonry infill adjacent to the staircase, as seen in Figure 2b. Seismic vulnerability 
of the staircase was compounded by the “short column” effect at the abutment of the 
staircase (Figure 2b). 

   
Fig. 2 – Damage to RC building in Durrës, Albania due to torsional effects: a) a view of the building after the 

earthquake; b) damaged masonry infill at the ground floor level (adjacent to the staircase) and c) damaged 
staircase area (Nikolić-Brzev et al., 2020) 

The “short column” effect observed after the earthquake may be due to leaning of the 
staircase (usually an intermediate landing level) on the supporting RC columns (Figure 3a), 
or when masonry infills are constructed up to a partial column height  (usually due to 
openings), see Figure 3b. A restraint provided by the stair support or partial masonry infill 
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cause an increase of column stiffness and internal forces (usually shear forces), beyond the 
level for which the column was designed. 

  
a) b) 

Fig. 3 – Damage of RC buildings due to the "short column” effect in the November 2019 Albania earthquake: 
a) impact of the stair support on supporting columns and b) impact of partial masonry infill due to the 

openings (Nikolić-Brzev et al., 2020) 

   
a) b) 

  
c) d) 

Fig. 4 – Examples of inadequate reinforcement detailing in RC columns and beams observed in Durrës, 
Albania after the November 2019 earthquake (Nikolić-Brzev et al., 2020) 

Majority of RC buildings which experienced severe damage or collapse due to the 
November 2019 earthquake had one or more flaws related to detailing for local ductility of 
RC frame elements. A few examples are shown in Figure 4 and summarized below: 
1) Only one external stirrup (tie) is in place in the column, while KTP-N.2-89 prescribes 
minimum 2 stirrups when column width exceeds 30 cm; 
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2) Excessively large stirrup spacing in the columns, both within the "critical" areas (top 
and bottom region at each floor level), and/or outside these areas; 
3) Insufficient amount or complete absence of stirrups within the beam-column joints; 
4) Stirrups with 90° hooks and insufficient anchorage length (as opposed to 135° hooks 
which are prescribed by KTP-N.2-89); 
5) Stirrup diameter is often as small as 6 mm, while KTP-N.2-89 prescribes minimum 8 
mm stirrup diameter for columns in intensity zone IX; 
6) Excessively small lap splice length for longitudinal reinforcement, and all reinforcing 
bars spliced at the same section, and 
7) Inadequately anchored longitudinal reinforcement in beams (absence of hooks). 
Taller RC buildings of more recent construction (constructed after 2010) experienced 
damage due to the earthquake, the extent of structural damage was relatively small, except 
for masonry infills, which experienced extensive damage in some cases. It was observed 
during the reconnaissance visit that some of the buildings which did not experience any 
structural damage in RC elements were vacated after the earthquake, primarily due to the 
damage of masonry infills and partitions. Relatively large interstorey drift demands at the 
lower floor levels (which were mostly open and flexible) caused significant damage in the 
masonry infills (Figure 5a). The in-plane damage was amplified due to the interaction of 
in-plane and out-of-plane seismic effects, which in some cases resulted in the failure of 
masonry infills and their toppling outwards (Figure 5b).  

  
a)  b) 

Fig. 5 –Severe damage and failure of masonry infills in RC frame buildings in Durrës, Albania due to the 
November 2019 earthquake (Nikolić-Brzev et al., 2020) 

3. Performance of RC buildings during the December 29, 2020 Petrinja earthquake 
(Mw 6.4) 

Masonry buildings account for approximately 25% of the urban building stock in Croatia, 
while the remaining 75% are RC structures (moment frames or shear wall systems). 
However, 76% of dwellings in rural areas are masonry buildings, while only 12% are RC 
buildings (Hadzima-Nyarko et al., 2020). Since the epicenter of the December 2020 
Croatia earthquake was close to Petrinja, a small town (population of approximately 
20,000) surrounded by villages, majority of buildings affected by the earthquake were 
loadbearing masonry structures. However, a few RC structures were also damaged during 
the earthquake, and relevant observations related to those buildings are presented next.  
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a) b) 

  
c) d) 

Fig. 6 –Damage of masonry infills in the Faculty of Education in Petrinja, Croatia (Credit: SUZI-SAEE) 

The Faculty of Education in Petrinja was built in 1962, and it was constructed before the 
first seismic design code in former Yugoslavia was issued in 1964 (PTP, 1964), hence the 
building was likely not designed and detailed for seismic effects. The building has a RC 
moment frame system with masonry infill walls. The building has a T-shaped plan and 
consists of 2 rectangular-shaped wings. There is a single-storey wing and an educational 
wing which is 3-storey high.  The building did not experience visible damage at the 
exterior, however widespread damage occurred in the interior infill walls. Interior damage 
could be attributed to torsional effects and/or irregularity in elevation due to different 
height of building wings. Several walls experienced minor damage characterized by the 
spalling of plaster, which caused damage to building contents (Figure 6c). It is expected 
that the RC frame structure was designed only for gravity loads and was excessively 
flexible for the effect of in-plane seismic loads, hence diagonal cracks developed in 
masonry infills due to excessive lateral drifts (Figure 6b). In some cases, cracks were 
observed at the interface between the masonry infill walls and adjacent RC frame (Figure 
6d). Due to interaction of in-plane and out-of-plane seismic effects, several infills 
experienced notable out-of-plane displacements. 
Significant damage was observed in former Elementary School located in the Donja 
Bačuga village, which was converted into the Center for Plums and Chestnuts and has been 
used as an education facility in the field of horticulture and eco-agriculture. The Center is a 
RC frame structure with masonry infill walls with RC frames constructed only in one 
direction – there is no lateral load-resisting system in the other direction (Figure 7a). Note 
that the frames were constructed at variable spacing, thereby causing an eccentricity 
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between the center of stiffness and center of mass. The absence of lateral load-resisting 
system in one direction, combined with eccentric frame layout in other direction, caused 
significant torsional effects and heavy damage of RC columns (Figure 7b and Figure 8). 
Damage of RC columns can also be attributed to the setbacks in the columns along the 
height (an architectural feature), which was unfortunately not addressed by adequate 
stirrup spacing (Figure 8). Interior columns were robust (cross-sectional dimensions 55x30 
cm) for a two-storey building, however the reinforcement detailing was inadequate, with 
stirrup spacing at 200 mm (Figure 7b). 

  
a) b) 

Fig. 7 – Center for Plum and Chestnut in Donja Bačuga, Croatia: a) irregular distribution of frames in plane 
and b) damage of RC columns (Credit: SUZI-SAEE) 

 
Fig. 8 – Center for Plums and Chestnuts in Donja Bačuga, Croatia: setback in RC frames and column damage 

(Credit: SUZI-SAEE) 

    
a) b) 

Fig. 9 – Center for Plums and Chestnuts in Donja Bačuga, Croatia: a) shear cracks in the columns due to 
“short column” effect and inadequate column reinforcing and b) out-of-plane tilting of masonry infill (Credit: 

SUZI-SAEE) 
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Frame-infill interaction in the exterior frames caused “short column” effect, and shear 
cracks in the columns (Figure 9). Majority of the columns experienced either severe 
damage or failure, while upper floor moved downwards by approximately 2 cm, showing a 
loss of capacity for resisting gravity loads. Beside the damage of structural elements, 
majority of masonry infill walls completely failed. These infills either experienced 
cracking or separation from the frame (along the indill-frame interface), and subsequently 
tilted in out-of-plane (Figure 9b). Additionally, the brick masonry façade and the glazing at 
the entrance doors were also damaged. 

4. Conclusions 

Both Albania and Croatia have a long history of earthquakes. Although the November 26, 
2019 Durres, Albania earthquake (Mw 6.4) and the December 29, 2020 Petrinja earthquake 
(Mw 6.4) had the same magnitude, the effect of these earthquakes on RC structures was 
significantly different. This is mostly due to the fact that many RC structures were exposed 
to the November 2019 Albania earthquake because of prevalence of RC construction in the 
earthquake-affected area. On the contrary, only a limited number of RC structures was 
exposed to the December 2020 Petrinja, Croatia earthquake because masonry construction 
is prevalent in the epicentral area of that earthquake. The most common design and/or 
construction deficiencies observed in RC buildings after these earthquakes were: 
1. Irregularities in height and/or plan of RC frame structure was often due to the layout of 

masonry infills or stairs, which caused "soft storey" failure mechanism and/or torsional 
effects in these structures. The “soft storey” effect occurred due to variation of stiffness 
in the building height, while torsional effects caused damage of infills in RC frames 
located at the building perimeter. Therefore, it is important to ensure a symmetric 
layout of infills in plan and regular distribution in elevation, whenever possible.  

2. Inadequate detailing of RC frame elements for local ductility resulted in poor seismic 
performance of RC columns, beams and beam-column joints, and significantly 
contributed to damage and collapse of RC frame structures. 

3. Interaction of RC frames with masonry infills, which was not considered in the design, 
sometimes resulted in a "short column" effect and failure of RC elements. Additionally, 
this interaction caused cracking of infill walls due to in-plane seismic effects. It was 
observed that significant number of infills collapsed out-of-plane, which can be 
assigned to the interaction of in-plane and out-of-plane seismic effects (Butenweg et 
al., 2019). It is important to note that out-of-plane collapse of masonry infils can 
potentially put at risk building occupants and passers-by, hence it is critical to take into 
account the infill and frame interaction as well as the effect of combined in-plane/out-
of-plane seismic actions. 
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Abstract: Recently, in Japan, damage to houses has become more frequent due to slope 

failure and liquefaction in housing lots on hills. However, the 2018 Hokkaido Iburitohbu 

Earthquake caused peculiar damage that had not been observed previously. While sand boils 

and penetration settlement of houses did not occur, local depressions of up to 3 m occurred. 

The cause of this damage, the author suspects, was that cavities had been formed in the 

ground before the earthquake, and the soil above them fell into the cavities due to the 

vibration of the earthquake, causing depressions. It is believed that the cavities were caused 

by the gradual disconnection of the joints between drainage pipes at the site, allowing 

drainage water to escape and wash the filled soil out along the drainage pipes before the 

earthquake. Filled ground becomes less safe against earthquakes due to the deterioration of 

drainage pipes and retaining walls. 

Keywords: earthquake, housing lots, depression, cavity, drainage pipe 

1. Introduction 

In Japan, many artificially reclaimed housing lots have been developed on hills and 

terraces in big cities, such as Tokyo and Osaka, from around 1960 due to an increase in 

population. In the reclamation, soils at hills are cut and resulting valleys are filled in. 

Before filling in valleys, drainage systems must be installed, as shown in Fig.1. The filled 

zones are apt to slide or deform during earthquakes if the fill is not compacted enough 

and/or the drainage system is not functioning.  

In 1968, an artificially filled housing lot in Sapporo City was severely damaged during the 

Tokachi-oki earthquake. This might have been the first experience of damage to artificially 

filled housing lots due to earthquakes in Japan. Since this earthquake was only four years 

after the Niigata earthquake, insights on liquefaction were not yet widespread, and there 

was no description in the reconnaissance report at that time that the soil had been liquefied. 

However, a sand boil was noted, and it was thought that the filled soil had liquefied and 

caused the damage. After this, many housing lots were damaged during the 1978 

Miyagiken-oki, the 1993 Kushiro-oki, the 1995 Kobe, the 2003 Tokachi-oki, and the 2004 

Niigateken-chuetu earthquakes. The 2003 Tokachi-oki Earthquake caused a sand boil in a 

filled zone in the Utsukushigaoka district of Sapporo City, where several houses were 

Fig. 1 - Reclamation method for housing lots on a hill 
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subjected to penetration settlement and tilting (Yasuda et al., 2004). Therefore, it was 

considered that this area was also damaged by liquefaction. In 2011, the Great East Japan 

Earthquake caused serious damage over a wide area. 5,728 houses and many pipe lines 

were severely damaged in Sendai City (Yasuda et al, 2012). 

The 2018 Hokkaido Iburi-tohbu Earthquake also damaged several filled zones in Sapporo 

City. In the Utsukushigaoka district, liquefaction occurred, as it had in 2003, causing the 

penetration settlement of houses. On the other hand, in the Satozuka district, several local 

depressions as deep as 3 m occurred. No sand boils were observed at the depressions. 

Regarding the mechanism of this damage, Kokusho (2020) and Watanabe et al. (2020) 

explained that sand deposited at a depth of several meters liquefied and was ejected toward 

the bottom of a gentle slope, causing depressions. However, the author thinks that such 

damage had not occurred previously in filled housing lots, and that the depressions were 

not caused by liquefaction. He presumes that the cause was a cavity that had been formed 

underground before the earthquake, and the soil above the cavity dropped due to the 

shaking of the earthquake. The rationale for this presumption is described below.  

2. Damage in the Satozuka district due to the 2018 Hokkaido Iburi-tohbu Earthquake  

The 2018 Hokkaido Iburi-tohbu 

Earthquake damaged several 

housing lots, such as those in the 

Satozuka and Utsukushigaoka 

districts of Sapporo City. The 

author went to the site two days 

after the earthquake and inspected 

both districts. Figure 2 shows the 

places that were visited in the 

Satozuka district. This area has a 

gentle slope from the southwest 

side to the northeast side with a 

gradient of about 2 to 6%, as 

diagrammed in Fig.2. When he 
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went around from point A to point K in order, thick sediment was deposited at point D, as 

shown in Photo 1 (1). The author could not enter points E and F, and Photo 1 (2) was taken 

by another person, but the road was scoured. At points G to J, as shown in Photos 1 (3) and 

1 (4), there were large depressions at a depth of as much as 3 m in some places. However, 

as can be seen in the photos, normal liquefaction damage, such as sand boils, did not occur, 

and houses did not penetrate into the ground. Since the ground surface was tilted at the 

locations of depressions, houses there were also tilted. A resident near point J said, "The 

road was fluffy before the earthquake." Furthermore, at point K, there was a large 

depression along the road, as shown in Photo 1 (5). 

After visiting the Satozuka district, the author went to the Utsukushigaoka district and took 

Photo 1 (6). Here, as in the case of the 2003 Tokachi-oki earthquake, a sand boil occurred, 

and houses penetrated into the ground and settled. When he returned to Satozuka and 

observed the depressions again, he recalled that in 2009, a golfer fell into a hole at a golf 

course in Abira Town, Hokkaido. After that accident, it was concluded that a water path 

had formed along a former stream and the ground had eroded, forming a cavity. Therefore, 

the author surmised that in Satozuka also, cavities had formed underground before the 

earthquake, and the soil at the top of the cavities dropped due to the earthquake motion, 

causing depressions in the ground surface. 

According to Sapporo City, thick water pipes of Φ200 mm at points F and M and Φ500 

mm at point N were damaged, and water flowed from them due to the earthquake. 

3. Development of a housing lot in the Satozuka district  

Although the author could not conduct a soil investigation, some organizations began to 

provide information on the ground about one month after the earthquake, so the author 

examined the 

mechanism of the 

disaster based on 

these materials. This 

area is a gently 

sloping ground 

formed of 

pyroclastic flow 

deposits, with a 

small valley 

extending from the 

southwest to the 

northeast, and was 

created by filling in 

the valley from 1978 

to 1980. According 

to Sapporo City 

(2018), as shown in 

Fig. 3, a river 

culvert (Sari-river 

box) was built on 

the northwest side, 

and drainage 

conduits were also 

Fig. 3 - Filled zone and structures of Sanri-river box and drainage conduit 

(translated and rearranged Sapporo City (2018)) 

 

Fig. 4 - Soil cross section along damaged points (translated and rearranged 

Sapporo City (2018)) 
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laid. Therefore, the Sanri-river box was constructed to drain the river water from uphill on 

the southwest side, and drainage pipes were installed to drain the groundwater in the fill 

into the box. According to the results of a soil boring performed after the earthquake, there 

is a very loose (soft) layer at a depth of several meters, as shown in Fig. 4. 

4. Opinions on the mechanism by which the depressions occurred 

4.1. Opinions by Sapporo City et al. 

As the mechanism by which such a large depression occurred, Kokusho (2020) stated, 

“The liquefied sand mass could kept flowing underground, though with low speed because 

of small driving force in gentle slopes, and ejected from a weak surface downslope in the 

margin of landfill.” Watabe and Nishimura (2020) stated, “Liquefaction was triggered in 

the pumice sand filling the valley, and the fluidized fill flowed downwards along the 

sloped topography. Where the slope angles became steeper, asphalt pavements seem to 

have been pushed upwards and broken through by the liquefied soil, and the liquefied soil 

flowed out to the 

ground, eventually 

covering an extensive 

area in the downstream. 

Due to this volume loss, 

and also possibly due to 

post-liquefaction 

consolidation, the 

ground surface at the 

upstream side suffered 

significant depression, 

forming a concentrated 

settlement trough.” In 

addition, the mechanism shown in Fig. 5 is also shown by Sapporo City (2018). 

4.2. The author's thoughts and rationale for the mechanism by which the depressions 

occurred by Sapporo City et al. 

In response to these opinions, the author has the following questions:  

i) If the liquefied soil had flowed horizontally, the layer above it should also have been 

pulled horizontally, and cross-sectional cracks should have appeared on the ground surface, 

but no tensile cracks occurred. 

ii) The gradient is a gentle 2 to 6%, enough to 

cause soil flow?  

As mentioned above, the author believes that 

the depression occurred because a cavity had 

been formed underground before the 

earthquake. The rationale is as follows. 

4.2.1. Deformation before the earthquake 

i) Looking at the Google Street View before 

the earthquake, where the depression and 

scouring were caused by this earthquake, there 

were traces of the deformation of a retaining 
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wall and of a repaired road surface, as shown in Photo 2.  

ii) When the author interviewed residents of the area, they said that the depressed part had 

a fluffy feeling before the earthquake, as mentioned above. They also stated that the road 

surface had cracks. 

4.2.2. A geotechnical investigation conducted several years before the earthquake  

Near point J, Screw weight sounding test (Swedish sounding 

test, SWS) was taken when the house was built several years 

ago. Figure 6 shows the results converted into SPT N values 

using Inada's formula. According to this, while the SPT N 

value of the surface layer is about 5 or more, the converted 

SPT N value is almost zero in the vicinity of GL-4 m to GL-8 

m. Normally, the SPT N value in the fill should be almost 

constant or slightly larger as it gets deeper, leading the author 

to consider that there was a cavity at the depth of GL-4 m to 

GL-8 m. The groundwater level was GL-3.5 m. 

Regarding the formation of the very loose region with N value 

of 2 or less, as shown in Fig. 4, Sato et al. (2020) cited the 

following as possible causes: i) the soil was loose since the 

beginning of construction, ii) sediment was sucked out from 

drainage conduits, iii) water paths were formed around 

underground structures, such as drainage conduits and underground waterways, iv) water 

paths were formed regardless of the underground structures. They also stated that no facts 

had been found to support the existence of cavities because there was no core defect in the 

boring. Regarding this, the author thinks that even if there had been a cavity before the 

earthquake, a large depression occurred due to the earthquake, so the cavity collapsed and 

it could not be detected by boring after the earthquake. After all, the author considers that 

the data shown in Fig. 6 before the earthquake is important. 

4.2.3. Soil outflow from drainage pipe joints and outer surface of the Sanri-river box 

i) As shown in Photo 3, if you look at the 

exits of the drainage pipes connected to the 

Sanri-river box, traces of soil flowing out 

from the drainage pipes before the earthquake 

were observed. Therefore, filled soil had 

probably flowed into the Sanri-river box 

through the drainage pipes for a long time. 

ii) The details of the structure of the drainage 

conduits are unknown, but according to Fig. 3, 

it seems that the drainage pipes (probably 

perforated pipes) were surrounded by crushed 

stones. In this case, it is necessary to enclose 

the outside of the crushed stone with a mesh 

to prevent soil inflow. Nowadays, it is 

enclosed by a mesh, but it may not have been 

so in the past. Therefore, the upper filled soil probably flowed into the drainage pipes when 

the groundwater level dropped after rainfall, forming cavities and/or loose zones.  

iii) As mentioned above, this area was constructed by filling soil in the valley. Since soft 

soil is generally deposited on the bottom of the valley, it is possible that the weight of the 
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fill caused long-term 

consolidation subsidence. And, 

the drainage pipes were 

probably connected to the 

Sanri-river box by joints. The 

joints probably disconnected 

due to the consolidation 

settlement of the ground. As 

shown in Fig. 7, the author 

believes that the filled soil 

flowed into the drainage pipes 

when the groundwater level 

dropped, resulting in cavities. 

This would have been the main 

phenomenon, rather than ii). 

iv) It is presumed that the 

cavities gradually expanded 

over the years due to the 

repeated rise and fall of the 

groundwater level due to 

rainfall, and cavities and/or 

loose zones were formed at a 

depth of around 4 m to 8 m. 

Since the soil remained firm to 

a depth of 4 m from the surface 

of the earth, it is considered 

that the depression of the 

surface of the ground did not occur before the earthquake. 

v) A large portion of the Sanri-river box, with a height of about 2 m, is buried near point K 

in Fig. 2. As shown in Photo 1 (5), the road above this was continuously greatly depressed. 

Therefore, it is possible that the groundwater around point H that did not flow into the 

drain pipes flowed toward this box, was stopped at the side wall when it reached the box, 

and flowed downhill along the side wall, as shown in Fig. 8. Then, the author believes that 

a cavity was gradually formed along the side surface. But, as the soil remained firm on the 

surface layer, the ground surface did not collapse before the earthquake. 

4.3. Thoughts on the cause of the damage in the scoured section  

Next, let us consider the cause of the damage in the scoured section F to E in Fig. 2. 

According to the proposed mechanism in Fig. 5, a deep layer liquefied in the depressed 

section, penetrated the slope and flowed out. However, the author has the following 

questions. 

1) In Fig. 2, the uphill end of the scoured section was near point F, but in the mechanism 

plan of Figs. 4 and 5, outlet of liquefied soil was near downstream point E and they do not 

match. Also, could the outlet be observed? 

2) What should we think about the mechanism of damage to water pipes and the 

relationship between the damage to these pipes and scouring? 

The author thinks that the scouring was not caused by the liquefied soil flowing out, but by 

the water flowing out of the damaged water pipes. And, the soil deposited at point D was 

the soil washed away with tap water. The reasons are follows. 
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(A) Ground deformation before the earthquake 

According to the deformation before the earthquake apparent in the “Google Map Street 

View”, a retaining wall on the north side of the scouring sank before the earthquake and 

the road was being repaired, as shown in Photo 2. Therefore, cavities or loose zones may 

have existed beneath this ground before the earthquake. 

(B) Outflow of water from damaged water pipes 1-2 hours after the earthquake 

1) According to those who inspected the site after the earthquake, there was no major 

damage around 4 am, one hour after the earthquake. But when the survey was conducted 

again around 5 am, the damage had occurred.  

2) Since the 200 mm water pipe was flowing naturally from the delivery tower, water 

probably began to flow out immediately after the pipe was damaged by the earthquake. On 

the other hand, the 500 mm water pipe sends water to the uphill water tower, and it is said 

that water supply started around 4 am because the amount of water in the tower had 

decreased. Therefore, it is estimated that water started to flow out of the 500 mm pipe at 

around 4 am. 

3) Based on these observations, the author considers that the scouring did not occur much 

when the water first flowed out but proceeded with the outflow from the 500 mm water 

pipe. 

(C) Damage near the scoured section 

1) The upper end of the scoured section is not connected to G in Fig. 2, where a large 

depression occurred, and the section is slightly 

bent toward the sites of damaged water pipes 

N and M.  

2) As shown in Photo 4, a crack occurred in 

the open space between M and the scoured 

section. Furthermore, under the slope that 

descends from there to the scoured section, 

slight ground uplift occurred. Therefore, the 

filled ground probably slid from the cracked 

point toward the scoured section. The 

estimated slip surface is drawn in cross section 

along line X-X’ in Fig.9. It is speculated that Photo 4 A crack occurred in the open space 

between point M and the scoured section 

 

Fig.9. Estimated slip surface in cross section along line X-X’ 
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small slides also occurred in this vicinity, and the water pipes were damaged at points N, 

M, and F due to the displacement of the ground. However, since the detailed damage of the 

water pipe is unknown, this is only a guess. 

5. Conclusions 

Since the 1968 Tokachi-oki Earthquake in Japan, earthquake-induced damage to houses 

has been increasing due to slope failure or liquefaction in housing lots on hills. This is due 

to insufficient compaction during filling small valleys, or to the poor quality of 

groundwater drainage conduits. However, the 2018 Hokkaido Iburi-tohbu Earthquake 

caused damage that had not been observed before. While sand boils and the penetration 

settlement of houses did not occur, local depressions of up to 3 m occurred. Some believed 

that liquefied soil had flowed downhill, causing this damage. The author thinks that 

cavities had been formed in the ground before the earthquake, and the soil above them fell 

into the cavities due to the tremor of the earthquake, causing depressions. He believes that 

the joints of the underground drainage pipes gradually disconnected after the filling of a 

small valley, and the filled soil flowed out toward the drainage pipes before the earthquake, 

causing the cavities. 

Since filled soil gradually becomes denser after construction, it is generally considered that 

the safety of filled ground against earthquakes increases. However, in some cases, the 

safety against earthquakes gradually decreases due to the deterioration of drainage pipes 

and retaining walls. 
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Abstract: In March 2021, a cascade of three moderate events of magnitude 5.8-6.3 occurred 

within few days in northern Thessaly in Greece. Moment tensors suggested normal faulting 

in SE-NW trending faults and at least three structures involved in the overall process. In this 

study, we comparatively apply two methods toward the investigation of the spatio-temporal 

characteristics of the first and largest event of M6.3, which occurred on March 3, 2021. The 

approach includes a linear slip inversion of regional broadband waveforms and the technique 

of Source Scanning Algorithm (SSA). Re-computation of the event’s moment tensor and 

preliminary inversion tests using both nodal planes identify the north-dipping nodal plane as 

the seismogenic one. Results from the two independent studies of the source process converge 

on an overall rupture duration of 12 s, a maximum energy release close to the earthquake’s 

hypocenter and a secondary one to the south of it. Differences in results, requiring further 

research for clarification, mostly apply to the first ~2s of the process. In the linear slip 

inversion, the earthquake appears to have initiated very smoothly with very low values of slip, 

whereas SSA suggests early high frequency emissions in the northern part of the fault model.   

Keywords:  earthquake rupture, slip distribution, normal faulting, finite–fault slip model 

 

1. Introduction 

In early March 2021, a M6.3 event occurred in northern Thessaly (central Greece) followed 

within days by two other significant earthquakes of M6.0 and M5.8and a plethora of smaller 

aftershocks (Karakostas et al., 2021) (Figure 1). The sequence was recorded by both 

broadband and strong motion networks providing a wealth of digital data. In this work, we 

focus on the first, strongest event which occurred on March 3, 10:16:08 UTC. Its epicenter 

was located very close (~2km) to Damassi village of the Tyrnavos municipality and ~22km 

and ~41km from Trikala and Larissa respectively, the two biggest cities around the epicentral 

region. The event was felt in most of central and north Greece and caused considerable 

damage, mostly to aged structures in the villages located close to the epicenter. It also caused 

extensive geotechnical phenomena, i.e., liquefactions, slope failures and ground cracks (e.g., 

Koukouvelas et al., 2021; Mavroulis et al., 2021).    
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Figure 1: Regional map showing the epicenters of the March 2021 sequence in the area of Northern Thessaly. 

The three largest events of the sequence are marked by the star symbols. Red-colored symbols mark the 

foreshocks that initiated a few days before the M6.3 event and blue-colored symbols are for the early (within 

8 hours after the M6.3) aftershocks. 

We harness the abundance of data to study the kinematic properties of the rupture process 

and map the spatial and temporal variation of slip along the fault surface. To do so, we apply 

the following methodologies: Linear Slip Inversion and High frequency back-projection of 

waveforms. We present the preliminary results from the independent methods in a 

comparative way and highlight converging and diverging characteristics in the derived 

models for the spatiotemporal evolution of the source rupture during the northern Thessaly 

M6.3 earthquake. 

2. Source process by linear slip inversion  

To study the source of the M6.3 Northern Thessaly earthquake, we initially applied the linear 

slip inversion (LSI) method of Gallovič et al. (2015) that provides a kinematic finite-fault 

description of the rupture process. The data used were displacement waveforms obtained by 

double integration of strong motion recordings, filtered using a 4th order causal (single-pass) 

Butterworth filter in the frequency range of 0.05-0.15 Hz. At higher frequencies, the details 

in source and propagation medium (e.g., wave scattering due to local heterogeneities) could 

not be adequately captured by any of several tested one-dimensional velocity models. 

Synthetic Green’s functions were calculated for each hypocenter-station path by the discrete 

wave number method and the crustal model of Haslinger et al. (1999) and were filtered 

exactly as the recorded waveforms. 

The inversion was stabilized in the least squares sense with the following constrains a) 

Positivity of slip was obtained using the non-negative least squares algorithm b) Spatial 
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smoothing was applied by considering covariance function with 𝑘2 decay at large wave 

numbers k as a prior for the slip rates c) Prescribing seismic moment inferred by the GCMT 

solution. To assign the geometry of the model fault plane, we tested both the respective 

parameters of the GCMT solution and those derived by our own computations using the 

ISOLA software (Zahradník and Sokos, 2018). The ISOLA code was used to invert regional 

broadband stations data in the frequency range 0.01-0.05 Hz in order to investigate scenarios 

of multiple source ruptures. 

The optimum focal mechanism and fault geometry combination was grid-searched. Both 

fault plane solutions (GCMT and ISOLA CMT) and nodal planes were tested as starting 

solutions. Significantly better results were obtained for the ISOLA solution suggesting a 

fault dipping to the northeast. The dimensions of the fault that provided the best waveform 

fit and the least amount of ghost features (unphysical occurrences of slip) were 45km × 22km 

along strike and dip, respectively. After the grid search, the preferred slip model was 

obtained for s/d/r angles of 317°/32°/-83°, corresponding to a variance reduction of 0.81. Its 

horizontal orientation was also varied within ±5km with respect to the centroid in space but 

the best waveform fit was attained for the initial (fixed at the centroid) fault position.    

 

 

 

 
Figure 2: a) Preferred slip model by the method of Gallovič et al. (2015). Asterisk marks the hypocenter b) 

Moment rate function as derived from the linear slip inversion c) Map view of the slip distribution (color-

coded) from the kinematic slip inversion on the northeast-dipping fault (rectangle; thick black line corresponds 

to the surface trace of the adopted fault plane). Star marks the epicenter. 

a) 
b) 

c) 
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Figure 3a compares observed and synthetic (forward simulated when considering the slip 

model of Figure 2a) waveforms, which show a very good agreement. Stations are sorted in 

a descending order in terms of distance from the epicenter, whereas total displacement in cm 

is shown in the last column. Figure 3b depicts the temporal evolution of slip in snaps of one 

second interval. During the first 2s of the process, slip is minimum on the fault model 

implying a very smooth initiation. After the first 2s, significant slip begins to appear at the 

lower right part of the model and propagates upward and to the left (southward).  From 8s 

to 12s, while the shallow part of the fault model appears to be slipping, rupture propagates 

in an along-strike direction. Peak slip-rate occurs at 4s, at around 10km and 6km away from 

the hypocenter in the along-strike and along-dip direction, respectively. 

 

Figure 3: (a) Waveform fit between observed (black) and synthetic (red) waveforms. (b) Preferred slip model 

in terms of slip rate snapshots. Note that in the vertical axis the 0 km point indicates the roof of the fault. 

 

2. Source process by Backprojection of strong motion waveform envelopes 

The second method that we applied with the purpose of investigating the spatiotemporal 

behavior of the 03/03/2021 seismic event in northern Thessaly is the Source-Scanning 

Algorithm (SSA) (Kao and Shan, 2004, 2007) implemented in the SSA2py software 

(Fountoulakis and Evangelidis, 2022). Used data came from six strong-motion stations 

within ~100 km distance from the epicenter (Figure 4a). The dataset was processed by 

applying a 2-8 Hz bandpass filter and converting waveforms to envelopes. The brightness 

function was then calculated for each point in a 4-D spatial-temporal grid, by stacking 

waveforms based on the expected S-wave travel times. The rupture propagation process was 

tracked by observing spatiotemporally the largest brightness values that resemble high 

frequency (HF) radiators. Figure 4b shows the derived for the examined earthquake 

brightspot locations plotted as circles, which are colored with time and sized proportionally 

to maximum brightness values. The normalized maximum brightness variation with time is 

also shown in the inset of Figure 4b. The maximum brightness function rises slowly after 

the origin time, reaching the maximum value after ~10 s with overall rupture duration ~12 

s. Spatially, high-frequency energy migrates continuously in a WNW-ESE direction (Figure 

4b), with the dominant energy release to the south of the adopted hypocenter and a minor 

a) b) 
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up-dip propagation (Figure 4c). Noteworthy is the weak high-frequency emission in the 

westernmost part of the fault (dark purple circles corresponding mostly to the first 2s of the 

process), in an area that hosted the second largest event of the sequence (04/03/2021, M6.0) 

one day after the M6.3 event. 

 

Figure 4. Seismic backprojection - maximum brightness locations in space and time. a) Strong-motion (SM) 

stations used; distance circles at 50 and 100 km from the epicenter (star) are presented by dashed lines. b) 

Brightspot locations plotted as circles colored with time and sized proportionally to maximum brightness 

values; The normalized maximum brightness variation with time is presented in the inset. The time up to which 

brightness results are shown is marked by a vertical dashed line. c) Up-dip cross-section along profile AA’. 

Star is the hypocenter. 

3. Comparison of results and Conclusions 

We applied two different methods to investigate the spatiotemporal evolution of the rupture 

process of the M6.3 northern Thessaly (Greece) earthquake, which occurred on March 03, 

2021. Preparatory work included the re-computation of the moment tensor using the ISOLA 

software (Zahradník and Sokos, 2018) and preliminary slip inversion tests on both nodal 

planes that resulted in the identification of the plane striking SE-NW, i.e. the northeast 

dipping one, as the preferred ruptured one.  

The LSI method of Gallovič et al. (2015), the first one that was used to study the rupture 

process, does not require as input the location of the hypocenter. This was a great advantage 

in the study of the specific event as there appears to be inconsistency among proposed 

locations, inferred fault geometries from MT inversions and geodetic measurements of 

deformation. LSI provided the slip rate functions on subfaults and across the entire fault 

model surface (Figure 2a), suggesting a major slip concentration extending to depths larger 

than the resolved hypocentral depth at ~10km and mostly to the north of it. As rupture 

propagated, a secondary slip patch was formed at shallower depths and with a southward, 

along-strike spatial evolution. We note that the source description in the LSI method is very 
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general with no a-priori constraints on the position of the nucleation point, rupture speed, 

and shape of slip-rate functions. A drawback of this loose parameterization is that the result 

is sensitive to artefacts and biases imposed by the imperfect station distribution and 

smoothing while fault dimensions might be affected by the strength of the smoothing 

constraints. 

The second method that was applied (Kao and Shan, 2004, 2007) involved the 

backprojection of strong motion envelopes and resulted in three groups of high frequency 

emissions (Figure 4). The first, early in time, group appears in the northern and deepest part 

of the fault that propagates southward and upward. LSI also suggest some slip close to the 

lowest, northeastern corner of the fault model, but only after the first 2-3 s of the rupture. It 

seems that the higher-frequency based backprojection method is not sensitive to the implied 

by LSI smooth initiation of the rupture process, but more research is needed to understand 

the physics behind this discrepancy. The other two groups of brightspots are the main high 

frequency emission episodes. The first in time one (orange colored circles in Figures 4b,c) 

appears above the considered hypocenter at depths <15km and correlates well with the 

location of the major slip patch determined by the LSI method. The last in time emission 

(light orange to yellow colored circles in Figures 4b,c) appears shifted to the south by ~10km 

and most probably correlates to the secondary slip patch resolved by LSI, although the 

shallower depth of this second emission is not supported by the SSA results. This 

southernmost energy release appears to be the most troublesome to constrain under the single 

fault assumption. Multiple fault scenarios have already been proposed in recent studies (e.g., 

Yang et al., 2022) based on InSAR data. Additional research is already under way to 

investigating multiple faults activation, possibly of different orientation, that would increase 

the compatibility of results from the independently applied methods and the characteristics 

of observed ground motions and geodetically derived deformation patterns.  
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Abstract:  

On December 29, a devastating Mw6.4 earthquake occurred near the town of Petrinja in 

central Croatia, preceded by a foreshock the day before. The epicentre of the mainshock was 

located just 6 km southwest of Petrinja. In addition to extensive damage to buildings in 

Petrinja, the earthquake also caused damage to buildings in the nearby towns of Glina and 

Sisak, as well as throughout Sisak-Moslavina County. The basic building typology in the 

affected area consists mainly of unreinforced masonry buildings and, to a lesser extent, of 

confined masonry buildings, while the newer buildings are made of reinforced concrete. 

Depending on the period of construction, unreinforced masonry buildings were more 

susceptible to damage and to the occurrence of in-plane and out-of-plane failure 

mechanisms due to their relatively high seismic vulnerability. This paper summarises the 

most typical damage to the masonry buildings observed in the field and highlights the 

relevant failure mechanisms. 

Keywords: URM buildings, post-earthquake survey, in-plane wall failure, out-of-plane wall 

failure  

1. Introduction 

The seismic events that occurred in Croatia at the end of 2020 can certainly be 

characterized as specific, since the mainshock was preceded by a foreshock the day before. 

Thus, the first moderately strong earthquake of local magnitude 5.1 occurred at 5:28 a.m. 

(UTC) on December 28, with the epicentre southwest of Petrinja, near the village of 

Strašnik at a depth of 10 km, followed by earthquakes of magnitudes 4.6 and 3.8 at 6:49 

a.m. (UTC) and 6:51 a.m. (UTC) in the same epicentral area, as well as a series of weaker 

earthquakes (Dasović et al. 2021). The next day, on December 29 at 11:19 a.m. (UTC), a 

devastating 6.4 magnitude earthquake (EMSC 2021, USGS 2021) occurred at a depth of 10 

km, also near Strašnik. According to the Croatian Seismological Survey (CSS, 2021a) at 

the Department of Geophysics, Faculty of Science, the earthquake was assessed with the 

intensity at the epicentre VIII° EMS and is described as heavily damaging. The earthquake 

was felt throughout Croatia and Slovenia, as well as in large parts of Bosnia and 

Herzegovina, Serbia, Hungary, Italy, and even Austria and Slovakia (Fig.1 a). The CSS 

reported (CSS 2021b) that the nearest accelerometer stations in Zagreb, which were 
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approximately 50 km from the epicentre, recorded a peak ground acceleration of 0.1g (an 

average value at six stations), and according to the USGS analysis (2021), the peak ground 

acceleration in the epicentral area was 0.5g. Numerous aftershocks were recorded in the 

following months, the strongest of which, Mw 5.0, occurred on January 6, 2021. 

a) b)

 

Fig. 1 – Seismological data: a) Intensity map [source: EMSC (2021)]; b) Peak ground acceleration map  

[source: USGS (2021)] 

Seven people lost their lives, and dozens were seriously injured (RDNA, 2021). Due to the 

large extent of severe structural damage to buildings, about 15,000 people had to be 

temporarily relocated. A total of 50,000 buildings were reported damaged according to the 

Croatian Centre for Earthquake Engineering (CCEE) database, and there was major 

damage to infrastructure: roads, drainage systems and bridges. Earthquake also caused soil 

collapse with liquefaction, landslides, and the appearance of sinkholes. Most of the 

damaged buildings were made of masonry, especially those located in the old historical 

cores of Sisak, Petrinja and Glina which were built before the adoption of seismic 

regulations (in 1964, after the 1963 Skopje earthquake). In addition, inadequate design and 

poorly executed reconstructions and adaptations, as well as lack of maintenance, can be 

highlighted as important factors that have contributed to low seismic performance. 

 

Fig. 2 - Earthquake effects in Sisak-Moslavina County [source: CCEE (2022)] 

Based on data collected in February 2021 (RDNA, 2021), the total damage and losses are 

estimated at 4.8 billion euros, of which Sisak-Moslavina County is the most affected with a 

share of almost 79 %, while the rest is distributed among the surrounding counties: Zagreb 
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County, Karlovac County, Krapina-Zagorje County and the City of Zagreb, where the 

progressive damage to buildings that were already damaged in the March 2020 Zagreb 

earthquake occurred and whose impacts to the buildings are reported in Šavor Novak et. al. 

(2021). 

The basic building typology in the affected area is similar to that in other parts of 

continental Croatia, i.e. it is mainly unreinforced masonry buildings and, to a lesser extent, 

confined masonry buildings and newer reinforced concrete buildings. In the urban centres 

of Petrinja, Sisak and Glina there are predominantly unreinforced masonry (URM) 

buildings. There is also a large number of family houses located in the cities and rural 

areas. Furthermore, in the rural areas, there are many traditional family timber houses and 

outbuildings made of masonry or timber, which are often of much poorer material quality 

than the residential buildings. 

The buildings in the historic town centres are masonry structures (Fig. 3.a) built in the late 

18th and early 19th centuries of solid brick and lime mortar walls without any 

confinement, continuous from the foundation. Most buildings have up to two stories and an 

attic and are positioned in aggregates or are freestanding. The floor structures are mostly 

made of timber joists oriented in the transverse direction and supported by longitudinal 

walls, and in some cases, there are cross and barrel vaults, usually only in the ground floor. 

The partition walls are also made of solid brick, and the roof structure is made of timber 

and often without adequate stabilizing elements. The tall and massive chimneys are 

freestanding unrestrained elements from the attic floor level. These buildings also have 

many non-structural decorative elements that are not adequately anchored to the main 

structure. Most have been poorly maintained, resulting in significant deterioration of the 

materials. In addition, some buildings are classified as individually protected cultural 

properties or are located within a protected historic ensemble. The other buildings also 

considerably vulnerable to earthquakes are URM multi-apartment buildings (Fig. 3.b) with 

a semi-precast floor structure of reinforced concrete and masonry with girders and ring 

beams, so-called "fert" structure slabs. The number of stories in these buildings varies from 

two to four. The roof structure is also made of timber without stabilizing elements. In the 

affected area, there is a very large number of one to three-story single-family houses, also 

made of masonry with or without confinement. It should be pointed out that part of family 

houses can hardly be classified by clear typology, as the long construction period and post-

war reconstruction have greatly influenced the use of different building materials, but also 

the inconsistency of the structural systems. In some cases, there are buildings with URM 

walls on the ground floor, while confined masonry walls are present on the first and upper 

floors (Fig. 3.c). This is typical for buildings rebuilt after the Homeland War in the 1990s. 

According to the official statistical data, in the period from 1997 to 1999, on the territory 

of Sisak-Moslavina County, about 25,000 housing units, mostly single-family houses, were 

rehabilitated. Due to the relatively fast rehabilitation process, it was regulated that the 

buildings would be restored to their original state before the war, so in addition to the 

construction of the already mentioned semi-precast "fert" floors with load-bearing capacity 

in one direction or of thin reinforced concrete slabs¸ the reinforced concrete elements were 

added for the vertical confinement of the masonry walls, but not always in the whole 

structure of the building. The roof structures in single-family houses are usually made of 

timber. 
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Fig. 3 – Typical masonry buildings in the affected area [source: a and b – Google Street View, c – CCEE 

(2022)] 

2. Emergency response: usability assessment data from field inspections 

Assessments of building damage and usability it is one of the priorities after the earthquake. It 

is important in order to provide alternative shelter for people and to secure unstable buildings, 

as well as to conduct a preliminary assessment of economic damage and losses. The quality 

and reliability of the data obtained depends largely on the preparation of the engineers 

conducting surveys, knowledge of inspection methodology, on-site training and professional 

experience.  

Inspection form used for rapid assessment of damaged buildings after the Zagreb earthquake 

was proposed in Atalić et al. (2014) and it was based on the form used in Italy. During the 

inspections of the buildings in Zagreb, the basic form has undergone certain adjustments due to 

feedback on typical damage reported by the inspection teams. It is worth to mention that a 

detailed methodology and general guidelines for experts conducting on-site building 

inspections have been published by Uroš et al. (2020), unfortunately not fast enough because 

another strong earthquake hit Croatia in December 2020. Knowledge gathered after the Zagreb 

earthquake was crucial in post-earthquake damage assessment of the buildings in Sisak-

Moslavina County. It can be said that the Zagreb earthquake served as a direct training for a 

large number of engineers who were later ready to take on the important roles of team leaders 

for engineers who came from all over Croatia. 

Following the inspection, each of the buildings was tagged with green (U – usable), yellow 

(PN –  temporarily unusable) or red (N – unusable) colour. Additional subcategories for each 

assessment are introduced to provide additional information on the necessary actions related to 

the use of the building and to take measures related to the stability of the building: U1 – use is 

allowed without limitation; U2 – can be used by providing short-term countermeasures; PN1 – 

temporarily unusable, require detailed inspection; PN2 – can become usable after performing 

urgent interventions; N1 – unusable due to external risks, and N2 – unusable due to severe 

structural damage. 

In the most affected area of Sisak-Moslavina County alone (Fig. 4), 38,320 rapid inspections 

were conducted, of which 4,745 buildings received a red mark (N1 1 % and N2 11 %), 8,397 a 

yellow mark (PN1 10 % and PN2 12 %), 24,475 a green mark (U1 19 % and U2 45%), while 

in 703 inspected buildings no damage was observed. The municipality of Petrinja was the most 

affected due to its proximity to the epicentre, with 12,138 buildings inspected, of which 15 % 

received a red mark, 24 % a yellow mark, and 59 % a green mark. 

Based on the CCEE data, most of the damage reported refers to URM buildings (62 %) and 

confined masonry buildings (23 %), and to much lesser extent to infilled RC frame buildings 
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(4 %) and RC dual systems (4 %). For 7% of the reported buildings the structural system 

information was not available.  

 

Fig. 4 – Usability assessments data in Sisak – Moslavina County [source: CCEE (2022)] 

3. Typical damage to masonry buildings 

Characteristic damage to buildings depends on a number of factors that affect the extent of 

damage to individual elements and / or the overall structure. Besides the main factor, which is 

certainly the building typology and the construction period, it is important to point out that the 

degree of damage is influenced by other parameters. These include the characteristics of the 

earthquake that occurred (e.g. its magnitude, peak accelerations and displacements, frequencies 

content and duration), and of the soil layers from the hypocentre to the building, which can 

cause attenuation but also amplification in the uppermost soil layers, as well as the other 

phenomena that are the result of ground motions, such as liquefaction, activation of landslides 

and the occurrence of sinkholes. In addition, the structural and dynamic characteristics of the 

building itself will significantly affect its dynamic response. The geometry of the structure 

(plan disposition and height), the structural system, the materials used, and inadequately 

executed reconstructions and building upgrades affect the distribution of stiffness and mass. 

These properties determine the building dominant periods. The eccentricity of the centre of 

mass and stiffness can induce unfavourable torsional effects. The crucial factors in ensuring 

ductile behaviour of the structure are the element connections. If they are inadequate, local 

failures that can compromise the stability of the building can occur before reaching element 

damage limitation, which is very common in masonry buildings without confining elements 

and with timber joists. In addition, the quality of materials and their deterioration (aging, 

exposure to water) can lead to a reduction in the overall load-bearing capacity of structural 

elements. The interaction between adjacent buildings should also be considered, i.e. on 

buildings within the aggregate, by taking into account the effects of building position, height, 

materials of adjacent buildings, positions of floor structures, and distribution of openings on 

facades. 

Main failures of structural walls in masonry buildings can be caused by in-plane actions due to 

exceedance of the load-bearing capacity and/or by overturning of elements, i.e. partial 
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mechanisms that are initiated by perpendicular seismic actions due to poor connections with 

other elements or by their in-plane failure. As in other earthquakes affecting areas with similar 

building typology, the predominant failure mechanism of URM buildings in this earthquake 

was out-of-plane failure, with serious consequences for global stability and hazards to the 

people. 

a) b)

c) d)

 

Fig. 5 – Out-of-plane failure mechanisms [source: CCEE (2022)] 

Structural systems with poor connections of roof and floor structures to structural walls, 

usually without any anchorage, lack of horizontal and vertical constraining elements and 

inadequate connections between orthogonal walls, often resulted in out-of-plane failure 

mechanisms (Fig. 5). Low vertical loading (usually only 2 stories and attic) and higher 

vibration modes contributed significantly to the development of this mechanism. So, the main 

causes of the frequent failure of the gable walls were the insufficient connection with 

orthogonal walls and lack of other stabilisation, anchors and ties, as well as the low vertical 

loading. Failures of attic gable walls and facade walls at the upper floors caused destabilization 

and often collapse of the roof structures. Furthermore, many heavy masonry chimneys partly 

or fully collapsed causing the damage to roof structures and attics. 

It should be noted that there are a number of buildings where the ground floor elements 

remained almost undamaged (Fig. 5.c) which indicates that the in-plane load-bearing capacity 

of the walls was not reached. 
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a) b)

c) d)

 

Fig. 6 – In-plane failure mechanisms [source: CCEE] 

Exceedance of load-bearing walls in-plane capacity was observed in confined masonry 

buildings with rigid floor structures that contributed to the box-like behaviour. The shear 

mechanism of the piers was manifested by diagonal cracks (Fig. 6), accompanied by cracking 

at the connections, due to the poor quality of the mortar. The extent of the damage, mainly 

concentrated on the ground floor, indicates that the first modes dominated in the response. 

Although the masonry has a low lateral load capacity, it shows moderate ductility due to a 

strong nonlinear behaviour that includes changes in stiffness due to cracking. Adequate 

diaphragm connecting load-bearing elements provide favourable load distribution, which 

resulted in moderate global resistance of such buildings during the earthquake. Although the 

detail of the connection involving the anchoring of the floor structures to the walls is not 

precisely known, it has been shown that the minimum requirement to prevent failure due to an 

out-of-plane mechanism has been met.  

There was also a large number of combined in-plane and out-of-plane failure mechanisms, 

cracks in narrow piers (Fig. 6.c), especially the ones having relatively small height, and 

damage to protruding and cantilever parts of the structure (Fig. 7.a). Other observed damage is 

related to buildings in aggregates without adequate gaps, which exhibited pounding effect of 

adjacent buildings. This was especially pronounced in adjacent buildings of different height 

(Fig. 7.b). 
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a) b)

 

Fig. 7 – a) Damage to protruding elements; b) pounding effect due to difference in hight [source: CCEE 

(2022)] 

The largest number of inspected buildings belongs to single-family houses (Fig. 8), almost 

two-thirds of the total. Many of them were reconstructed after the war, as mentioned in Section 

1, and most of them performed well in the earthquake. Although post-war reconstruction did 

not follow modern codes, some improvements were made, such as the construction of rigid 

diagrams. Nevertheless, there were examples of severe damage to these houses, up to and 

including collapse. But it is worth mentioning that all those houses were found to have 

construction defects, such as a soft storey (Fig. 8.d), lack of vertical confinement (Fig. 8.d), 

inadequate structural details and poor quality of materials. 

 

a) b) c)

d) e)

 

Fig. 8 – Damage to family houses [source: a, b, c and e – CCEE (2022), d – Mario Todorić] 

Severe damage has been recorded for sacral buildings, mainly churches and chapels (Fig. 9), 

many of them listed as heritage monuments. Heavy structural damage to bell towers of 

churches proved to be one of the most common damage patterns (Fig. 9.b). The lack of 

anchors that would connect the tower walls resulted in severe structural damage, which in 

some cases led to collapse due to the large number of strong aftershocks, causing severe 
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damage to roofs, vaults, and load-bearing walls. In addition, severe cracking is observed on 

many vaults, arches and load-bearing walls.  

 

Fig. 9 – Damage to sacral buildings [source: CCEE (2022)] 

 

a) b)

c) d) e)

 

Fig. 10 – Demolition and supporting emergency measures [source: CCEE (2022)] 

4. Conclusions 

For masonry buildings, which make up the largest part of the damaged buildings in the 

affected area (85 %), it can be stated that out-of-plane damage predominates. Given the 

magnitude of the earthquake, if these mechanisms were prevented, it is very likely that the 

development of in-plane mechanisms would develop in most cases. A major advantage of 

developing in-plane mechanisms, because of significant energy dissipation during cracking, is 

that they are relatively ductile and usually do not result in the complete collapse of a building 

or parts of the structure. Furthermore, a very important property is the degree of static 

indeterminacy of the structure, which is usually quite high in masonry buildings. There is a 

redistribution of forces within the building floor plan, which means that the system is robust 

and there is no failure of the building due to exceeding of the load-bearing capacity of the 

weakest element (wall or lintel). It should be mentioned that various irregularities of the 
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building in plan and height have contributed to the unfavourable dynamic response during 

earthquake. It can be also concluded that in most cases, masonry buildings with rigid 

diaphragms have achieved box-like behaviour, except for gable walls and chimneys, and have 

fulfilled basic function of maintaining integrity in a state of significant damage. 

It is worth mentioning that many heritage buildings in the centre of Petrinja suffered structural 

collapse due to their proximity to the epicentre and had to be demolished due to widespread 

damage and loss of structural stability (Fig. 10.a-b). For several heavily damaged buildings, 

certain parts of the façade, such as the portal in Fig. 10.a, were preserved in order to integrate 

them into the facsimile reconstruction. Where feasible, emergency measures were taken to 

remove severely damaged parts and supporting scaffolding were installed to stabilise the 

structure (Fig. 10.c-d). The preservation of architectural monuments is an important task, 

because they are a valuable architectural heritage that represents the historical identity of the 

area and shows the development of society and its cultural identity. 
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Abstract: In 2020, Croatia was hit by two moderately strong earthquakes that shook the population and 

caused significant damage to the built construction fund. The scope of this paper is to show methods, 

procedures and developed systems for the data collection of the structural damage with UAV after the Zagreb 

earthquake. The basic problems, ideas and thoughts for future development are presented. Developed on-line 

platform minimizes engineers' risk and improves detection of structural damage on hard-to-reach and 

dangerous locations. It also allows remote assessment of on-site acquired aerial photography increasing the 

potential workforce involved. 

Keywords: earthquake, rapid assessment, UAV, aerial 

1. Introduction  

In 2020, Croatia was hit by two moderately strong earthquakes that shook the population 

and caused significant damage to the built construction fund. The first earthquake occurred 

in March 2020 and its epicenter was not far from the Croatian capital, Zagreb. More facts 

about the Zagreb earthquake, the typology of buildings in Zagreb, and basic information 

about the procedures after the earthquake can be found in the following papers: Stepinac et 

al. (2020); World Bank report (2020); Uroš et al. (2021), Kišiček et al. (2020). 

The last decade has seen a growth in the technological development of various tools that 

can help predict structural safety and seismic behavior of existing structures. Nowadays, 

technology and sensor minimization enable the development of the multi-sensor costume-

made UAV (Unmanned Aerial Vehicle) for multi-sensor aerial mapping and post-

earthquake damage assessment. When doing an on-site assessment from a street level, an 

engineer cannot see what happened to a building on higher floors or roof of a structure. 

The main problems (especially for moderate-intensity earthquakes) are chimneys, damaged 

roof structures, damaged gable walls, etc. With UAV devices, all of the mentioned 

information can be easily assessed. Although the use of UAVs is common in many fields, 

i.e. agriculture, Gašparović et al. (2019); Gašparović et al. (2020), forestry Jurjević et al. 

(2020), etc., in the scope of structural assessment, it is not often used, Stepinac and 

Gašparović (2020). 

The scope of this paper is to show methods, procedures and developed systems for the data 

collection of the structural damage with UAV after the Zagreb earthquake. The basic 

problems, ideas and thoughts for future development are presented. A brief comparison of 

on-site post-earthquake damage assessment and assessment with UAVs is given to get an 

overview of the possibilities of UAVs in rapid and accurate assessments of areas struck by 

an earthquake. 
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2. Using UAV in post-earthquake assessment – Case study of Zagreb 

As it was said in the introduction chapter, the using of UAVs is not very common in 

structural assessments. Although it’s gaining popularity still, the procedures and 

recommendations are not developed. Also, the use of drones in building assessments is 

often supported by the distrust of civil engineers in new technologies. 

Croatia and Zagreb were generally unprepared for the earthquake that occurred. The 

organization of the system of inspection of damaged buildings was not prepared, so the use 

of drones during the inspection did not even occur to anyone.  

Traditional on-site post-earthquake damage inspection consists of a quick visual inspection 

of individual elements of the load-bearing structure, stating the appropriate degree of 

damage and deciding on the classification of the building into one of six possible 

categories (Figure 3):  

• N1 (red color): Not usable due to external influences - The building is dangerous due to 

the possibility of collapse of massive parts of the adjacent building.  

• N2 (red color): Not usable due to damage - The building is dangerous due to the large 

scale of damage, collapse, and failures in the load-bearing system.  

• PN1 (yellow color): Temporarily unusable - detailed inspection required - The building 

has moderate damage without risk of collapse.  

• PN2 (yellow color): Temporarily unusable - emergency remediation measures required - 

The building has moderate damage without the risk of collapse but cannot be used due to 

the potential risk of collapse of certain elements from the building itself.  

• U1 (green color): Usable without restrictions  

• U2 (green color): Use with recommendation - The building can be used in accordance 

with the intended purpose, except in certain parts where there is an immediate danger to a 

part of the building.  

The more detailed information about the immediate response and the usability classes can 

be found in the papers by Uroš et al. (2020) and Stepinac et al. (2020). 

The second week after the earthquake, a smaller team of 5 people was formed who worked 

out the basic idea presented in this paper. The basic idea of the authors was to use simple 

and inexpensive tools for the rapid assessment of buildings after an earthquake, which 

would facilitate and speed up the process of structural engineers in evaluating the usability 

of damaged buildings. However, as the authors actively participated in the regular 

“ground” assessments, it was quickly realized that inspecting demolished chimneys and 

roofs was time-consuming and unnecessarily dangerous for the inspector. 

A procedure of data collection and analysis has been developed to serve the purpose of 

rapid detection and assessment of damage on rooftops and facades of buildings struck by 

the earthquake by implementing the following features: 

• Task assignment and coordination from a remote location using cloud-based GIS 

solution, 

• Performing a visual survey of hard-to-reach locations on rooftops and facades of 

buildings using UAV, 

• Damage assessment and categorization by civil engineering professionals based on 

collected visual survey data from a remote location, 
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• Unified GIS database of categorized, prioritized and geo-positioned damage locations. 

Developed on-line platform minimizes engineers' risk and improves detection of structural 

damage on hard-to-reach and dangerous locations. It also allows remote assessment of on-

site acquired aerial photography increasing the potential workforce involved. The 

framework has been developed in cloud-based GIS platform GISCloud already used in 

different civil engineering applications, HCPI database (2020), which provided free access 

to all interested engineers and UAV operators for this specific task. Developed GIS 

application included modules for UAV operators (overview and reservation of zones for 

coordination of UAV missions) and structural engineering professionals (damage detection 

and assessment). In Figure 1, an overview of the “flight-quadrants” is given. As the 

procedure was developed one week after the earthquake, the definition of high priority 

zones was known from regular ground inspections. 

 

Fig. 1 - Zone definition and classification for UAV inspection  

The full concept of the proposed procedure is given in Figure 2 and workflow in Figure 3. 

 

Fig. 2 - The concept of the proposed procedure 
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Fig. 3 - The proposed workflow of the concept 

3. Results 

A total of 21 drone pilots participated in the data collection. The pilots were mostly amateurs, 

but all with valid permits from the Civil Aviation Agency for conducting operations with 

unmanned aerial vehicles in the Republic of Croatia. In the initial call, interest was shown by 

51 drone pilots, but in the end, the activity was started by 21 pilots and completed entirely by 

13 pilots. The smaller number of active pilots can be found in the relatively slow flying 

approval obtained by the State Geodetic Administration and in decline in interest related to the 

earthquake. The average recording time of one quadrant was approx. 35 minutes. 

The UAV documentation assessment procedure was done by an experienced structural 

engineer assigning the damages according to the given attributes. The basic damages of the 

following elements were considered: chimneys, roofs, secondary non-structural elements, 

gable walls, load-bearing elements and other specific damages. The following attributes were 

given to an engineer to choose in the damage and recommendation assessment phase: 

• Chimney damage/action: i) remediation, ii) removal, iii) emergency removal, iv) chimney 

demolished, v) chimney removed and no longer a danger 

• Roof tiles and roof decorations: 

• Roof structure:  

• Gable walls: i) slight damage, ii) significant damage (does not require urgent demolition), iii) 

immediate removal/dangerous for passers-by iv) gable wall in the repair process 

• Load-bearing walls: i) slight damage, ii) significant damage (does not require urgent 

demolition), iii) urgent removal, iv) additional inspection (visible significant cracks) 

• Other specific damages: describe the damage or action 

The engineer could zoom in the online platform to see if the damage is present or not (Figure 

4). Each photo of damage was geolocated. Six structural engineers participated in the data 

processing. For a whole building block, approx. one hour was needed. In comparison, for a 

regular inspection by one team (two engineers), around half an hour was needed for a single 

building inside a building block. 
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Fig. 4 - Typical UAV photography that was later on analyzed 

After assigning the attributes, the building block with damages and specific photos of damages 

looked like it is shown in Figure 5. Inspected zones could be immediately shared with other 

emergency services such as fire brigades, engineers, and emergency centers using the WPS 

service embedded in GIS Cloud. In this way, information can be available to all relevant 

parties for further action-taking. 

 

Fig. 5 - The screenshot of the GIS interface with assigned attributes and damages 

4. Conclusions  

Developed on-line platform minimizes the risk for engineers and improves detection of 

structural damage on hard to reach and dangerous locations. It also allows remote assessment 

of on-site acquired aerial photography, increasing the potential workforce involved.  

The developed procedure and collaboration of different scientific and professional fields need a 

successful UAV rapid post-earthquake assessment. In this project, different experts were 

involved, from civil engineers, geodesy engineers, computer engineers to experienced UAV 

pilots. Such coordinated effort in a very short time frame and COVID-19 lockdown conditions 

was only possible by incorporating a cloud-based GIS service platform where the framework 
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for collaboration was developed and precisely designed procedures and instructions for all 

involved parties. 

The developed framework and software solution is easy to implement in an earthquake event 

that hits highly populated urban areas where the need for rooftop and façade inspection is 

needed to identify, classify and prioritize structural damage and coordinate emergency removal 

and scheduled reconstruction tasks. The framework: 

• minimizes the risk for engineers when they need to assess dangerous places on already 

damaged buildings 

• reduce physical interaction (favourable in COVID 19 pandemic) 

• improve detection of structural damage on hard to reach and dangerous locations 

• remote assessment increases potential workforce not available on-site at a given time. 
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Abstract: In this paper, the main focus is on determining the material characteristics of the 

existing unreinforced masonry buildings. The paper briefly describes the method of testing 

masonry using flat jacks. The method belongs to the semi-destructive tests and has been 

used in civil engineering since the end of the 20th century. Also, the results obtained from 

in-situ tests on several buildings in Zagreb and the surrounding area after the recent 

devastating earthquakes in Croatia in 2020 are graphically presented in the last chapter. The 

results obtained in this way serve as a basis for further design. Investigative work is 

necessary for quality assessment and renovation of existing buildings, many of which are 

under cultural protection and deserve special care. In this way, management of the existing 

building fond is more economical and sustainable. Also, buildings are becoming safer and 

more reliable. 

Keywords: Masonry, Assessment, Semi-Destructive Testing, Croatia, Cultural heritage 

1. Introduction 

Seismic action is one of the most complex and destructive loads on the structure. We were 

reminded of this by several devastating earthquakes that hit Zagreb and its surroundings in 

2020, which were covered in more detail by Stepinac et al. (2021) and Radnić et al. (2021). 

Older buildings and houses built of unreinforced masonry (historic city center) have 

suffered the most, which is not surprising given that they were built in the late 19th and 

early 20th centuries. In addition to material degradation, the mentioned buildings are 

sensitive to seismic action due to a lack of controls during construction and non-existent or 

minimal anti-seismic regulations from the time of construction as stated by Kišiček et al. 

(2020). Consequently, the structure is often characterized by uneven stiffness distribution, 

insufficiently interconnected walls, inadequately connected walls and floor structures and 

lack of confining elements. Given that a good part of the damaged buildings is under 

cultural protection, the need for quality and efficient renovation is further emphasized 

(Lulić et al., 2021, Milić et al., 2021). Great efforts have been made for years to better 

understand and predict the impact of seismic action on structures with the aim of safer and 

more efficient construction. As a result, numerous seismic analyzes with various levels of 

complexity and precision have been developed. What all analyzes have in common is the 

need for accurate characteristics of the materials from which the structure is built. 
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According to Krolo et al. (2021) and Stepinac at al. (2020) extensive research and testing 

of materials in the existing building not only contribute to the knowledge level and 

confidence in the current state of materials but also significantly affect the next design 

phases such as assessing the level of seismic resistance and determining the methods and 

scope of strengthening. Therefore, determining the material characteristics of existing 

buildings is of great safety and economic importance. 

2. Flat-jack method 

Many factors affect the characteristics of seismic action and the response of the structure. 

For example, local soil conditions near the structure as well as the geological structure of 

the rock mass at the fault, distance from the epicenter, proximity to neighboring buildings, 

i.e. non-existent or insufficient seismic joints (aggregate buildings), geometric and material 

characteristics of load-bearing elements and often inadequately conceptualized structure in 

floor plan and height (lack of symmetry and continuity). In this paper, the main focus is on 

determining material characteristics. We distinguish between destructive, semi-destructive 

and non-destructive methods. The method of testing masonry using flat jacks belongs to 

the semi-destructive category and has been used in civil engineering since the end of the 

20th century (Pawel et al., 2000). The method is based on the transfer of stress from flat 

jacks to masonry that deforms as a result. By monitoring deformations and processing data, 

we obtain useful material characteristics of masonry. The obtained results are used as a 

basis in further design. The test is performed on existing buildings (in-situ) and three levels 

of testing (i.e., test methods) are possible. First, the state of vertical stress in the masonry 

(σ0) is determined, then the modulus of elasticity of the masonry (E) and finally the shear 

strength of the masonry. The test procedure for all three levels is briefly described below 

and the results of the tests with flat jacks after the earthquakes in Croatia are presented. 

The flat jack tests were performed in Zagreb and the surrounding area affected by the 

earthquakes. The tested buildings (Fig. 1) are mostly built of solid bricks of old format 29 

cm x 14 cm x 7 cm and lime mortar. 

  

 

Fig. 1 – Case study buildings  
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2.1. Stress state 

Prior to testing, the flat jacks must be calibrated in accordance with the guidelines. For this, 

American (ASTM C 1196-09, 2009) and European (RILEM MDT.D.4, 2004) guidelines 

are available. The calibration procedure is repeated after every five tests. The goal of 

calibration is to determine the correction coefficient. The mentioned coefficient takes into 

account the loss of pressure that is "spent" on the deformation of the jack itself. With this, 

we know how much of the pressure is transferred from the jack to the masonry. 

The vertical stress (σ0) test is also performed according to the mentioned guidelines 

(ASTM C 1196-09, 2009, RILEM MDT.D.4, 2004). The actual vertical stress in the 

masonry (σ0) is obtained by multiplying the correction coefficient obtained by calibration 

with the stress in the jack and by a coefficient that takes into account the ratio of the area 

of the jack and the surface area of the opening in the masonry. The mentioned opening is 

made in the horizontal joint of the mortar according to the shape of the jack. Since semi-

oval flat jacks were used for the presented tests, an eccentric circular saw was used to 

make the openings. 

The test procedure is based on the deflection of the part of the wall under which the 

opening in the joint was made (discontinuity in the material). By measuring the 

displacement between the predetermined fixed points (glued metal discs) before and after 

making the opening, we know the amount of deflection. By applying pressure to the 

masonry via a jack, the deflection is reduced. By gradually increasing the pressure using a 

hydraulic pump and measuring the deflection with an extensometer, we arrive at the 

desired result, which is the pressure in the jack when returning the deflection to its original 

undisturbed state or zero. 

Fig. 2 shows the preparation of the test location in accordance with the guidelines and the 

implementation of the test itself. 

 

Fig. 2 – Vertical stress (σ0) test in masonry 

The data on the state of vertical stress (σ0) in the masonry is useful for several reasons, as 

stated by Latka et al. (2017). Firstly, it allows calibration and control of load distribution in 

the numerical model. Also, shear strength (fv) depends on the vertical stress (σ0), so it is 

important to know how it changes throughout the structure.  

Flat jack 

Fixed points 

Fixed points 
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2.2. Modulus of elasticity 

The test is carried out in the same place as for the vertical stress (σ0), only now two jacks 

are needed, placed one above the other at a defined distance. The test procedure is 

described in detail in the guidelines (ASTM C 1197-14a, 2014, RILEM MDT.D5, 2004). 

The idea is to apply pressure using jacks to obtain a part of the masonry that is in a uniform 

state of stress.  

Gradually the pressure in the jacks increases and the deformation of the masonry is 

measured. From the ratio of measured pressure and deformation, we simply arrive at the 

modulus of elasticity (E). Fixed measuring instruments, e.g. LVDTs, can be used here 

because all measurements are made after making an opening for the second jack. This 

facilitates measurement, increases the reliability of the results, enables continuous 

measurement of displacement and graphical display of displacement changes over time. 

We distinguish tangent (for damage control) and secant modulus of elasticity. The test ends 

when the tangent modulus of elasticity starts to change abruptly in order to avoid unwanted 

damage to the masonry. 

Fig. 3 shows the preparation of the test location in accordance with the guidelines and the 

implementation of the test itself. 

 

Fig. 3 – Stress-strain (E) test in masonry 

The data on the modulus of elasticity of masonry (E) is important in seismic analysis in 

order to obtain a more accurate stiffness of structural elements and redistribution of forces. 

Before the test itself, it is necessary to choose a suitable location of the test site to avoid 

installations, chimneys, old wall openings and similar. 

Flat jack 

Flat jack 

LVDT 
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2.3. Shear strength 

The shear strength test is performed at the same place as the previous two tests. In addition 

to the two flat jacks, a horizontal jack is added to push the brick sideways between the flat 

jacks. The brick must be pushed parallel to its longest dimension and it is necessary to 

measure the length and width of that brick to determine the shear area. Behind the same 

brick, the mortar needs to be removed to make room for the displacement. During the test, 

the displacement is measured using LVDT while the force is measured with a load cell. 

Shear stress is obtained from the ratio of force and shear surface area. The test is 

performed by applying certain vertical stress (σ0) using flat jacks and pushing the brick 

with a horizontal jack until failure i.e., slippage. Then the vertical pressure in the jacks is 

increased and the brick is pushed horizontally again. As the vertical stress (σ0) increases, 

the shear strength (fv) also increases. The procedure is repeated for several levels of 

vertical stress (σ0). The result is a line on the graph of shear stress (fv) - vertical stress (σ0). 

The initial shear strength (fvo) and the coefficient of friction (μ) are derived from the 

obtained line. The coefficient of friction (μ) represents the slope of the line while the initial 

shear strength (fvo) represents the value of the shear stress when the vertical stress (σ0) is 

equal to zero. The test procedure is described in detail in the American Guidelines (ASTM 

C1531-16, 2016). 

Fig. 4 shows the preparation of the test location in accordance with the guidelines and the 

implementation of the test itself. 

 

Fig. 4 – Shear strength (fv) test in masonry  

The data on the shear strength of masonry (fv) is important in seismic analysis in order to 

reliably determine the resistance of load-bearing walls and the actual level of seismic 

resistance of the structure.  

Flat jack 

Flat jack 

Horizontal jack 

Load cell 

LVDT 
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3. Results 

Testing was done on the buildings damaged in the recent earthquakes. They are located in 

the city centre of Zagreb and the surrounding area. Results for 3 case studies, 5 test 

locations and 15 tests are presented. Details of the case study buildings aren’t shown due to 

paper length limitations. For simplicity, they are called case studies or short CS. Numbers 

are added for each different case study and the letters a and b represent the ground floor 

and 1st floor respectively. 

The results obtained by testing with flat jacks are presented below in Fig. 5, Fig. 6, and 

Fig. 7.  

To begin with, the values of the vertical stress in the masonry are presented. The results 

usually depend on the number of floors, the height of the floors, the spans between the 

walls, the position of the wall and the load transfer to that wall. Most often, the stress value 

decreases with height due to weight reduction. Again, it sometimes does not decrease due 

to the stress measurement on different walls where load distributions are different. Stress 

state information is used to calibrate the load distribution in the numerical model and to 

determine the relationship between shear strength and vertical stress. 

 

Fig. 5 – Vertical stress (σ0) test results in MPa 

Next, the results for the stress-strain relationship or modulus of elasticity are presented. 

They are influenced by the age of the building, the quality of construction, the degradation 

of materials and many other parameters. Due to data scattering, it is recommended to 

perform several tests on the structure and use the mean value of the obtained results. The 

stress-strain information obtained through testing is useful for a more accurate definition of 

stiffness and force distribution in a numerical model. 
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Fig. 6 – Stress-strain (E) test results 

Finally, the shear test results are presented in the form of a correlation line (dotted line) 

obtained from several test points. The slope of the line represents the coefficient of friction 

while the value of shear stress without the contribution of vertical stress represents the 

initial shear strength. Again, due to data scattering, it is recommended to perform several 

tests on the structure and use the mean value of the obtained results. 

 

Fig. 7 – Shear strength (fv) test results 

4. Conclusions 

Given the age and quantity of existing buildings and recent seismic activities in Croatia, 

the assessment and strengthening of such buildings are of great importance. Reliable and 

extensive investigative work is needed to begin with. Tests with the flat jack system 

provide a good insight into several useful material characteristics. The goal is to create a 
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database with a sufficient number of tests, which in the future would potentially reduce the 

required number of tests for individual buildings and thus, with the same level of 

reliability, enable more efficient management of existing building fond. A large number of 

tests have been carried out so far and many more are planned. At all of these test locations 

all three test methods were performed (vertical stress state (σ0), modulus of elasticity (E) 

and shear strength (fv)). The obtained data can be scattered and it is recommended to 

perform several tests on the structure and use the mean value of the obtained results. 

Testing with flat jacks would be good to combine with other methods such as operational 

modal analysis, sclerometers, radars, thermal cameras, physico-chemical test of mortar 

composition, brick compression testing, visual methods and similar. 
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Abstract: Due to the recent earthquakes in the U.S., Japan and Turkey, 

many modern buildings ceased functioning and required costly structural and 

non-structural repairs, although they successfully protected the lives of the 

occupants. The most modern major buildings utilize either passive-control 

scheme or base-isolation scheme to better protect the building and its 

contents. Performance-based earthquake engineering helped the stakeholders 

to make informed decisions on the seismic risk of their investments. The 

paper presents two structural solutions investigated for the construction of a 

high-rise residential building. The structure is made by RC with added 

seismic dissipation systems. We investigated friction pendulum isolators 

system versus fluid viscous dampers system. Both seismic dissipation 

systems were calibrated by nonlinear dynamic analyses. The implemented 

solution, by using fluid viscous dampers, is currently under construction in 

Bucharest, Romania. 

Keywords: Nonlinear RC, structural, design, damping, isolators 

1. Introduction 

In seismic area, plastic design with moment frames have been popular for long time, with the 

concept of ductile characteristics led by plastic-hinges on bending beam ends and 

column/walls base. Design of building structures for large earthquakes allows plastic 

deformation, and elasto-plastic dynamic analysis is used. Recent earthquakes caused serious 

socio-economic problems in the large metropolitan areas of Japan, New Zealand or Taiwan. 

Many modern buildings ceased functioning and required costly structural and non-structural 

repairs, although they successfully protected the lives of the occupants. Modern design 

philosophy of structures, in Japan and USA, are aimed both at protecting human life but also 

at protecting the elements, finishes, equipment integrated in buildings. These objectives 

come from performance-based earthquake engineering, considerations of operationality of 

the building following a seismic event. Also, the protection of the investment of which a 

significant percentage results from the cladding, finishing and technical and technological 

equipment of the building, as well as the reduction of the costs of commissioning after a 

seismic event, might be a turning point in changing the design philosophy.  

The implementation of these aspects into design requirements, in the case of the conventional 

seismic structure design approach, is the choice of a low behaviour factor in order to 

minimize the level of degradation of that structure and to minimize the plastic deformations 

in the structural elements. By reducing the behaviour factors the plastic deformations 

(degradations) are reduced but also, accelerations response in the building is increased.  
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The alternative is considering a modern structural system that reduces the amplitude of 

seismic action on the structure and the plastic deformations in the structural elements. In 

this structure, the devices connected to the structural system dissipates the seismic input 

energy, thereby reducing the kinetic energy and vibration of the building. Passive control 

systems have established its status as a viable means to enhance seismic performance of 

buildings to better protect buildings and their contents. 

In Figure 1 is presented the investigated architectural project proposed by ATENOR. The 

project consists of two multi-storey buildings that share the same basement developed on 

two floors which serves as parking, storage and technical spaces. The two towers have 

residential function and are connected by a two-story commercial building. 

 

Fig. 1- Integrated structural system of the ensemble 

 

The highest building has 26 stories and is proposed to accommodate luxury apartments. 

For this building two modern structural systems were investigated: base isolation of the 

structure above the foundation level and respectively the added viscous damping system. 

Site-specific design spectra (performed by UTCB) for the location of the building were 

available for the studied structural design solutions.  

Data related to the seismic caracterisation of ground conditions (stratigraphic profiles, 

velocity profiles, etc.) obtained through private or public efforts are intended to be 

integrated into a national internet-based platform SETTING (2021-2023) that will provide 

thematic services in the field of Earth observation. This data will accompany on the 

platform seismology and GPS/GNSS data, providing in this way a support for the efficient 

seismic design in Romania. 

2. Model structural systems  

2.1 The infrastructure 

The infrastructure is designed with foundation raft supported by RC piles. The analysed 

structural models were fixed on the same infrastructure model. For both structural solution, 

Soil Structure Interaction was considered according to local codes provisions (P100/2013), 

US codes provisions (ASCE) and confirmed with results from soil analyses on 3D finite 

element geotechnical software. 
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2.2 Structural system with added base isolation system 

Base isolation system is a modern approach of seismic design aiming to decouple building 

from the horizontal earth movement, during the earthquake. The structural system is a 

combination of RC shear walls connected with perimeter RC frames supported by a base 

isolated system made of SIP-D friction pendulum, Figure 2. The raft foundation is 

supported by RC piles. The total number of seismic isolators is 30, 16 located on perimeter 

and14 under the central core, in Figure 2. 

 

Fig. 2 - Left: Raft foundation with the location of the SIP-D fr1iction pendulums. Right: Friction Pendulum 

characteristic section 

 
Fig. 3 - Longitudinal section of the ensemble infrastructure emphasizing the isolators and the supported beams 

 

Fig. 4 – Longitudinal section of the basement, ground floor and first stories of the ensemble buildings 

 

Figure 3 presents the transfer structure on the isolators and figure 4 presents the layout of 

the 3 buildings with the central low-rise building being fixed to the infrastructure and the 

two base isolated towers are separated by displacement joints from the fixed structures. 

2.3 Structure with outrigger level and viscous dampers 

Passive control systems have been widely applied to mitigate seismic response 

(Constantinou et al. 1998). Typical passive control devices are viscous dampers, and the 

damping force of a viscous damper is linearly proportional to a piston velocity. The smooth 

change in a damping force leads to energy dissipation even when a piston velocity is small.  
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According with the P100-1/2013, the proposed structural system is dual type made of RC 

walls and RC frames, having at the top of the building an additionally passive viscous 

damping system. The thickness of the RC shear walls is 60, 40 and 20 cm at the ground 

floor level and is gradually reduced to the top of the building. The RC columns are having 

circular section with a diameter of 90 cm on the ground floor. All beams have a section of 

60 x 55 cm except for the coupling beams between the core walls that have a height of 50 

cm on the outside and 105 cm on the inside. The thickness of the slabs is 20cm. On the 

16th, 18th and 21st floors in the E-axis are arranged wall beams that connect the 

independent walls with the central core, Figure 5. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig, 5 – ETABS 3D structure models and the location of the damping systems 
 

At the level of the technical floor, an orthogonal network of beams connected to the central 

core is developed and which transfers the reactions from the rotation of the core through 14 

viscous shock absorbers to the perimeter columns of the structure, Figure 6. 

 

 
Fig. 6 – Top story structural 3D model & vertical section emphasizing the location of the damping systems 
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3. Assumptions in the calculation methods  

3.1 Seismic action 

According to the Romania P100-1/2013 seismic design code, the importance and exposure 

class of the building to the seismic action is Class I, with the value of the importance 

exposure factor of γI,e=1.40. 

The UTCB performed a Site-specific design spectra investigation for the location of the 

building together with a downhole shear wave measurement. In Figure 7 is represented the 

seismic hazard curve of the site. 

 

Fig. 7 – Seismic hazard curve for the site (values with 50 years MRI) expressed in terms of PGA, i.e. PGA of 

0.32g for 20% probability of exceedance in 50years 
 

For the investigated limits states, ULS – ultimate limit states and SLS- serviceability limit 

states, the two recommended design response spectra are presented in Figure 8. The design 

spectra corresponding to MRI of 475 years calculated according to Eurocode 8 (for ground 

type class C) and Pitilakis et al., as well as the uniform site-dependent hazard spectrum 

corresponding to MRI. Also the P100-1/2013 spectrum (red line) is presented in Figure 8. 

 

 

Fig. 8 – Recommended site design elastic response spectrum (left – spectrum for 225 MRI, right – spectrum 

for 475 MRI) 

 

The estimation of nonlinear response of buildings subjected to a strong ground motion for 

the rational seismic design of new buildings was performed by the nonlinear time-history 

analysis of Multi-Degree-Of-Freedom (MDOF) model. For this purpose, in addition to the 
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seismic events recorded from the Vrancea source (1977, 1986 and 1990 earthquakes 

recorded in Bucharest), 5 sets of records were selected from the PEER database (Figure 9) 

compatible with local seismic spectra: 

o Chuetsu-oki, Kashiwazaki City Center, 16.07.2007 (CH1) 

o Chuetsu-oki, Kariwa, 16.07.2007 (CH2)Kobe Japan, Fukushima, 16.01.1995(K_FK) 

o Kobe Japan, Takatori, 16.01.1995 (K_TAK) 

o Manjil Iran, Tonekabun, 20.06.1990 (MAN) 

 

 

Fig. 9 – Selected earthquakes, recorded in the similar soil condition, used for calibrating the structural system 

3.1.1. Base shear force 

The graphics in the figures 10 & 11 present the distribution of base shear force on the main 

direction of the structure and for the two studied structural system. For comparison the 

elastic and the design base shear force are presented for the considered MRI 475 years for 

the base isolated solution (blue) and 225years for the solution with dampers (orange). In 

terms of elastic base shear force one can note that even using a higher MRI (475 vs 225), a 

lower fraction of critical damping (2% instead of 3%), BI system resulted in lower values for 

base shear than the LVD system. For the seismic isolation solution, the base shear is 

expressed at the base of the isolation layer meanwhile for LVD was expressed at the ground 

level. The design base shear force is higher for the base isolation solution (but it should be 

noted that the design hypotheses are slightly different, as are presented in 3.2 and 3.3).  

 

 
Fig. 10- Elastic base shear force diagram, 

Base isolation: 2% damping, q=1.0, MRI 475 years; 

Dampers: 3% damping, q=1.0, MRI 225 

 
Fig. 11-  Design base shear force diagram, 

Base isolation: 2% damping, q=1.5, MRI 475 years; 

Dampers: 3% damping, q=2.5, MRI 225 years 

3.2. Base isolation structure computational simplifications 

The aim of using the base isolation system was to limit the forces and degradation in the 
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main structural system. For this purpose, a force reduction factor of q=1.5 (quasi-elastic) 

was adopted for the design of the structure, the fraction of critical damping in the main 

structure was considered 2% since low degradation was expected. Since the design of the 

RC structure was quasi-elastic the calibration of the isolation layer was performed by 

nonlinear time-history analyses. For the determination of the maximum response of each 

structural parameter or component variations of the following parameters were considered: 

• Concrete stiffness: 0.5EI and 0.8EI values 

• Confidence range of the isolator friction coefficient 

• Geotechnical parameters domain considered in the SSI analyses. 

The maximum response during a seismic event which produces the maximum effects in the 

corner isolators is 51MN in the he maximum vertical reaction. The uplift generated at the 

isolators layer was balanced in the superstructure by the beams connecting the central core 

to the perimeter frame. 

To check and prevent a wind sleepaway, a wind tunnel test performed at UTCB, which 

captured the terrain orography around the building and the maximum wind pressure 

coefficient on all faces of the building. The static friction generated by the quasi-static 

loads provides sufficient horizontal reaction to counter the maximum wind force. 

For the design of the structure and base isolation layer a variability range for the friction 

coefficient was provided by the manufacturer. A sliding radius of 7.5 m. was chosen for 

the friction pendulum devices and for a nominal friction coefficient of 4.2 a confidence 

range of 3.0% to 9.3% was determined including dependence with the pressure on the 

sliding surface. Some of the results from the structural analysis are: 

- maximum directional displacement in the isolator: 590 mm. 

- isolator design displacement / maximum combined directional displacement (SRSS) 

in the isolator: 720 mm. 

- maximum displacement in the structure (from the isolators to the top level): 723 mm. 

- total displacement at the top of the building: 1313 mm. 

Considering the large structure weight of about 400MN, after the ULS earthquake some 

level of residual displacement remains with the largest estimated value of about 20cm.To 

recenter the building, a recentering system actioned by high force jacks has been proposed. 

3.3. LVD system structure computational simplifications 

The structural system with outrigger top beams connected to a central core that transfers its 

rotation to dampers on top of the outer columns is a system adopted in several high-rise 

building in Japan, which have similar long corner period and severe seismic events. The 

structure has 14 LVD (liquid viscous damping) installed between the top outrigger level and 

the perimeter columns with the following characteristics: 

• maximum damping force: Fd=3900kN 

• damping constant: c=4500 kN*sec/m 

• damping exponent: α=0.5 

• stiffness: Keff= 1.00E6 kN/m 

• maximum stroke: ±220*1.2 

For this structural system the nonlinear time-history analyses were used to calibrate the 

response of the dampers and the post-elastic response of the RC structure with plastic 

hinges expected in the perimeter beams, coupling beams and shear walls. Some elements 

were designed to behave quasi-elastic like the columns and the outrigger beams. This 

structural solution was designed for a behaviour factor of 2.5, a fraction of critical damping 
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of 3%, and seismic input corresponding to MRI= 225. Base shear is reported at the ground 

level of the superstructure (0 m). Ductility class designed at detailing is DCM.  

LVD structural system has the maximum computed lateral displacement at the top 960 

mm, much higher than the proposed base isolation structural system, even though the base 

isolated structure was designed for a 475 year MRI earthquake. 

3.4 Results from the modal analysis 

The main fundamental structural modes of vibrations and the corresponding periods are 

presented in Figure 12 and Figure 13. 

 
Mode 1- translation in X direction: 

T1=5.117sec 

Mode 2: translation in Y direction: 

T2=5.071 sec 

Mode 3 -Torsion: 

T3=4.477 sec 

Fig. 12 - The fundamental vibration modes for the based isolated structure 

 

 
Mode 1- translation in X direction: 

T1=4.09 sec 

Mode 2: translation in Y direction: 

T2=3.62 sec 

Mod 3 -Torsion:  

T3=2.56 sec 

Fig. 13 - The fundamental vibration modes for the added damping structure (LVD) solution 
   

4. Conclusions 

Nonlinear structural analysis of the two solutions proved they exhibit better damage 

control than the classical approach with plastic hinges (degradation) of the structure. The 

study concludes that both studied systems offer a feasible structural solution for a high-rise 

building located in the influence of the seismic source Vrancea.  

The structure with a seismic isolation system had encounter several design challenges like 

high vertical reactions, uplift at the supports on the isolators, residual displacement, and the 
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need for recentering along with seismic joint special detailing on all basements. That led to a 

complex engineering solution that had a significant impact on the initial (construction) cost 

of the project. The solution with dampers has a superior structural response compared to a 

conventional plastic hinges structure but still allows some level of structural degradation. 

The application of the two alternatives for designing the structure of the studied building 

allowed for an effective comparison in terms of the advantages and disadvantages of the 

two solutions. One may consider them as two different steps of behaviour quality 

improvement starting from the classical structures with plastic hinge concept: 

1. First step – the structure with dampers will behave elastic up to the SLS earthquake 

so no structural degradation is foreseen. Cladding, partition, finishes and equipment 

also will have low degradation up to no degradation. In case of the occurrence of 

the ULS earthquake both structure and partition will experience degradation. Even 

though q factor was considered quite low, structure will experience low degree of 

damage. Finishes, partition, cladding and equipment might undertake quite large 

damages. The structure with LVD being capacity designed, will have the capacity 

to further dissipate energy throughout plastic hinges in the case of occurrence of 

larger earthquakes (larger than 225 MRI). 

Compared with a classical plastic hinge approach, structure with added viscous 

damping behaves much better up to SLS earthquake and almost the same in case of 

SLU earthquake. Therefore, even though the cost for construction might be appealing, 

the cost of repairing after a major earthquake, for the classical behaviour with plastic 

hinges, might be significant over the construction lifespan of the building.  

2. Second step is the implementation of a base isolated structure. It will behave such as 

at SLS, almost no damage will appear in the inhabited areas, regarding the finishes, 

cladding, partitions and equipment. It might although appear some remanent 

displacements in the isolated system. At ULS no damage to superstructure is foreseen 

but some damage will appear to partition finishes and equipment. Also, remanent 

displacements are to be foreseen in the isolated interface. 

A comment to be made is that in the case of slender structures (height over with ratio of 3), 

and a ground acceleration of 0.35g uplift appeared. For 0.3g ground acceleration, 

corresponding to 225 years MRI, the same building exhibited almost no uplift. So, it is 

worth noting that to avoid uplift in isolators on specific site, it is important to have lower 

slenderness rates of the structure. Due to uplift, all beams in the uplifted part have been 

heavily loaded, firstly to maintain the gravity equilibrium and secondly along with 

corresponding columns to tackle the effect of pounding on isolators. 

Although the base isolation solution proved to offer a structural response with higher 

seismic safety for a high-rise building, the economic evaluation of the solutions was the 

main factor in selecting the structural solution. Following the technical and economic 

analysis of the two solutions by the customer, the building is currently under construction 

with the LVD system (figures 14&15).  
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Fig. 14 - Construction site top view from the west 

crane (February 2022) 

Fig. 15 - Construction site top view from the east 

crane (February2022) 
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Abstract: The self-centring concentrically braced frames (SC-CBF) present an innovative 
structural typology for improved behaviour of the steel structures to earthquake loading. 
Namely, the SC-CBFs present an advanced technological solution for minimization of the 
residual drifts at concentrically braced frames which are quite substantial following high 
intensity seismic action. This structural type’s main characteristic is the re-centring of the 
frame following the earthquake loading in the initial vertical position, thus reducing the 
post-earthquake cost and time for retrofitting. It also reduces the material used for repair 
since the only elements needing retrofitting remain the diagonal braces that undergo many 
cyclic loadings under the earthquake excitation and develop plastic hinges. However, in 
order to validate this behaviour, many experimental investigations are required. Even after 
the conclusion of the physical experiments, many parameters defining the system remain 
uncertain. For that purpose, this paper presents the procedure of combining previous, current 
and future experimental testing considerations and shows the results and potential outcomes. 

Keywords: steel structures, innovative, uncertainty, calibration, procedure 

1. Introduction 

One of the main structural typologies of steel frames considered by the codes of practice 
for resisting the lateral forces, are the concentrically braced frames (CBFs). They are 
characterized by the dissipative performance of the diagonal braces that simulate truss 
behaviour due to the axial forces that develop during horizontal loading. The seismic 
response of the CBFs is represented through the cyclic compressive buckling and tensile 
yielding of the diagonals which induce the development of plastic hinges within the 
element. Due to the existence of diagonal braces, their lateral stiffness is well above that of 
the moment resisting frames (MRFs) and are very effective in maintaining the lateral drifts 
in the design range. Additionally, they represent the most economical structural form for 
providing lateral seismic resistance, Elghazouli (2003). 
Even though the CBFs provide very good performance when subjected to lateral loading, 
the behaviour of the diagonal bracing elements needs careful consideration in the inelastic 
range. When subjected to high intensity seismic loads, the braces of the CBFs may develop 
large inelastic deformations in compression into the post-buckling region and in tension 
into the post-yielding range. This requires detailed attention in the choice of the bracing 
sections, the connection design and the capacity design of the non-dissipative elements of 
the frame. The width-to-thickness ratio is influencing the occurrence of local buckling and 
fracture of the bracing element Elghazouli (2010).  Brace slenderness is another important 
parameter, as for a determined deformation level, members with low slenderness develop 
higher curvatures in the plastic hinges. Regarding the connection design, gusset plates are 
structurally efficient means of connecting steel braces with beams and columns of the 
CBF. However, their design must accommodate the unique hysteretic response behaviour 
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of the steel braces while the current design codes, CEN (2005), are unable to provide clear 
guidelines on detailing of gusset plate connection, Hassan et al. (2018). 
The global performance of the CBFs during high intensity earthquake loading is generally 
assessed by the frame drifts. After reaching inelastic residual deformations, the braces are 
unable to provide the initial lateral resistance to the system and the frame experiences 
residual displacements. In order to tackle the residual displacements of the frames, 
innovative damage control procedures have been suggested, such as buckling‐restrained 
braces, Fahnestock et al. (2007), and self‐centring systems, Christopoulos et al. (2002). 
This study examines the experimental findings on the latter method in which 
post‐tensioning (PT) arrangements are used to return the structure to its original position 
following inelastic deformation demands. The basis for the experimental research is a 
novel self‐centring CBF (SC-CBF) system that has been developed and examined through 
push‐over physical laboratory tests and nonlinear time‐history analysis of numerical 
model, O’Reilly et al. (2012). Firstly, a quasi-static testing of the proposed SC-CBF frame 
is presented. Then, a shake table testing procedure and the behaviour of the system to 
realistic earthquake loading is observed. In the end, a virtual experimental framework to 
evaluate the calibration methods is discussed and the results and potential findings are 
discussed. 

2. Experimental analyses of SC-CBF 

2.1. Quasi-static testing of SC-CBF 

Previously, experimental studies have been performed to characterise the behaviour of the 
individual elements of SC-CBF by investigating several parameters. Shake table tests 
carried out on bracing members with slenderness values exceeding the limits imposed by 
seismic codes demonstrated generally satisfactory performance, Elghazouli et al. (2005). 
However, in order to test the overall behaviour of the SC-CBF under horizontal loading 
and to verify its self-centring behaviour, a more complex testing procedure is required. 
Therefore, the novel self-centring system that eliminates the residual deformations in the 
structure by using a post-tensioning arrangement, rocking connections and inelastic 
behaviour of tubular steel bracing members was tested under quasi-static cyclic tests, 
O’Reilly et al. (2021). 
The testing proved the self-centring behaviour of the SC-CBF after many cycles of 
inelastic deformation. It validated the rocking behaviour of the beam-column connection 
demonstrated by bilinear elastic performance. Also, great structural lateral capacity was 
observed when combining the rocking behaviour with the diagonal bracing members. The 
complete improvement of the CBF structures’ performance was observed after the increase 
of post-tensioning force in the cables when the gap opening in the rocking connection 
occurred. 

2.2. Shake table testing of SC-CBF 

To support the development and validation of the SC-CBF, shake table tests were 
performed in the framework of the SERA project, IZIIS (2020). The test setup was similar 
to the one used for quasi-static testing of the structure and comprises a single storey steel 
frame with a central SC‐CBF containing the brace specimens and self‐centring system and 
two external non‐braced gravity frames with very low lateral resistance. Four types of steel 
cold-formed SHS braces with different sizes were considered in the shake table tests, with 
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details in Table 1, where L is the brace length, b is the cross-section external width and t is 
the cross-section thickness. 
 

Table 1. Brace specimen geometry properties 

Name L(mm) b (mm) t (mm) 

B1 1395 20 3.0 
B2 1433 25 2.0 
B3 1435 30 2.9 
B4 1438 40 3.8 

 
During the experimental testing procedure, varying observations were indicated related to 
the structural brace configuration and the ground motion applied. However, some general 
observations were derived for all tests and they are portrayed as following: 

• Negligible residual drifts were observed, even though there were big maximum 
drifts at higher intensity level tests; 

• Excellent functioning of the PT strands, as shown by the increase of force during 
tests and returning to initial force at the end of the excitation; 

• Energy dissipation through the braces, as displayed through buckling and strain 
measurement; 

• Rocking connection behaviour between beams and columns, as verified by 
scratches at the connections; 

• No damage in other structural members besides the braces; 

• Good behaviour of sliding pin connections when manufactured properly; 

• Precise detailing – crucial for overall good behaviour of the system. 

3. Virtual experimental framework for SC-CBF 

Epistemic uncertainty is a term used in structural reliability to describe our inability to 
accurately measure things, to adequately define parameters and to model reality. This 
uncertainty reflects the situations in which we know that a given physical phenomenon exists 
and is relevant, but we do not understand how to model it properly. The epistemic model 
uncertainties in dynamic response-history simulations need to be better understood and 
quantified in order to perform more accurate analyses. In order to describe the need for a 
virtual experimental framework for the investigation of SC-CBF structures, the issues arising 
from the calibration of the simulated (Fig. 1 – bottom) and reference (Fig. 1 – top) model must 
be stated. 
Here, the simplified simulation model is omitting some of the structural arrangements designed 
for the experimental setup. These elements, such as the additional gravity frames, the added 
column parts under and above the main frame, special connections etc. are specifically 
intended to simulate additional floors and assist the two-dimensional frame in gravity load 
bearing and therefore, are not included in the simplified frame model. Instead, the frame is 
designed with force-based column (fbc), elastic beam-column (ebc) and zero-length (zL) 
elements simulating the most important structural components of the self-centring 
concentrically braced frame. The PT strands are simulated with a simple truss element with 
predefined initial strain simulating the pre-tensioning. 
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Fig. 1 - High-quality physical reference model (top) and simplified simulation model (bottom) 

In this calibration procedure, the simulation and reference model environments are similar, 
since the input ground motion as dynamic load is taken from the shake table experimental 
investigation, Fig. 2. Therefore, the input data uncertainty is minimized, and it can be 
eliminated from the uncertainty quantification for this problem. Consequently, only the 
material and geometry related uncertainties remain to be addressed. 
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Fig. 2 - The input earthquake from shake table experiment 

If a calibration model is needed to provide optimal parameters for simulation, it has to focus on 
the component behaviour that is important from the perspective on the global structural 
behaviour. However, performing a sufficiently large number of full-scale dynamic experiments 
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for calibration purposes is expensive, Zsarnóczay et al. (2019). The calibration of the physical 
and numerical model of the SC-CBF would normally consist of: 

a) Global structural investigation under seismic loading. The simulation model represents 
simplified modelling of the SC-CBF frame and subjecting it to the same earthquake 
excitations as the reference experimental structure. Evaluate the global behaviour error 
in the structural response (Fig. 3). 
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Fig. 3 - Structural drift response history of reference and simulation model of B2 specimen 

b) Brace investigation under seismic loading. The numerical model simulates the 
behaviour of the brace under the equivalent seismic loading as the physical reference 
model (Fig. 4) and combined with the boundary conditions of the component in the 
structural configuration estimates the response. Evaluation of error in the dynamic 
response of the brace of the simulation model. 
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Fig. 4 - Stress and strain relationship under earthquake loading in the middle of the brace 

c) Brace investigation under virtual quasi-static loading. The simulation uses a brace 
model and a prescribed loading protocol to determine the error and calibrate material 
model for the simplified model. Figure 5 shows the loading protocol prescribed by 
ECCS (1986), even though other pulse-like loading protocols could be employed. 
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Fig. 5 – Loading protocol for virtual quasi-static loading 

d) Comparison of errors from dynamic simulation and calibration procedures to evaluate 
the efficiencies of the calibration methods and quantify uncertainties. 

It is a common understanding that important parameters are modified in each model 
transformation performed in the specific order. For instance, from the transition between a) 
and b) some important information regarding the connection parameters between the brace 
and the gusset plates and the beams might be modified. It can be observed from Fig. 6 that 
the behaviour of the reference and simulation braces results in similar final strain, but the 
overall response is mostly non-corelated. That is due to the uncalibrated material properties 
and connection modelling parameters. Then, the transition between b) and c) gives room 
for alterations due to the differences between the dynamic and quasi-static environment. 
Therefore, a combined physical and virtual experimental procedure for calibration 
assessment of the SC-CBF system is proposed. 
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Fig. 6 - Error comparison between brace responses 

Having the high-quality physical model and simplified simulation model defined, the 
procedure of virtual dynamic and quasi-static tests is undertaken. The calibration and 
dynamic response simulation errors are estimated in order to evaluate the efficiency of the 
various calibration methods. The most commonly used calibration error estimations are 
defined as the force-based method error εCAL,F, Zona et al. (2012), and the stiffness-
hardening-based method error εCAL,SH, Zsarnóczay et al. (2019). The force-based method is 
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used to minimize the error in the simulated forces over the force-deformation response. 
The stiffness-hardening-based method on the other hand, minimizes the error in the 
inelastic stiffness and the cyclic hardening of the component. Finally, the dynamic 
simulation response error εDYN, Vigh et al. (2017), is defined as the method for obtaining 
the simulation model that minimizes the amount of uncertainty to dynamic response 
simulation results.  

4. Conclusions 

This paper describes the experimental methodology required for thorough and precise 
evaluation of the response of innovative SC-CBF structures. It presents the types of 
experimental research needed for validation of the structural system and calibration of the 
numerical models for simulation of the structural behaviour. The various types of 
experimental procedures are then combined in order to form a complete methodology for 
estimation of the main characteristics of the novel system and proceeding to a code 
conforming evaluation procedure. 
Firstly, the quasi-static experimental procedure is described and the results from it 
presented for the purpose of validation of the behaviour of specific components of the SC-
CBF system. Then, a shake table experimental procedure is performed in order to observe 
the realistic behaviour of the system to ground motion loading and to investigate the re-
centring characteristic. Through the shake-table experiment the most important dynamic 
behaviour parameters are evaluated and the system is confirmed for possessing a 
satisfactory performance for seismic loading. Finally, the virtual experimental procedure is 
presented in order to tackle the most demanding aspects of calibration and parameter 
estimation for the simulation of dynamic structural response. The combination of these 
experimental methodologies is the ultimate method for developing reliable numerical 
simulation models. 
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Abstract: Despite their known importance, Non-structural Components (NSCs) are still 
inadequately designed, leading to significant losses and delaying the recovery of the post-
earthquake functionality of structures. This study performs NSC seismic performance 
assessments through the height-wise peak floor acceleration (PFA) demand within a 
Performance-Based Earthquake Engineering (PBEE) framework. The hazard consistency of 
the results, a key consideration in the PBEE, is enforced in this study by utilising 
Conditional Scenario Spectra (CSS) methodologies. Extensive nonlinear response history 
analyses, carried out on 24 steel moment-resisting frames subjected to 596 ground motions, 
are employed to construct PFA hazard curves where the corresponding PFA demands of 
performance levels of interest can be obtained. These PFA demands are compared to those 
estimated from available codes and standards. It is shown that the popularly adopted linear 
function estimations could not accurately predict the PFA demands, and that current 
procedures are unable to give a clear and consistent view of the seismic performance level 
associated with their estimates.  

Keywords: acceleration demands, conditional scenario spectra, steel frames, acceleration 
amplification factor, earthquake engineering. 

1. Introduction 

Non-structural Components (NSCs) are crucial for the operation of a building where they 
account for 75% – 85% of its construction cost (FEMA, 2012). Several past earthquakes, 
e.g., San Fernando, 1971 (Lew and Leyendecker, 1971), Northridge, 1994 (Villaverde, 
1997), Darfield, 2010 (Dhakal, 2010), and Chile, 2010 (Miranda et al., 2012), have shown 
the importance of NSCs, highlighting the key role they serve in ensuring the post-
earthquake functionality of structures. The evaluation of the seismic response of 
acceleration-sensitive NSCs requires a faithful estimation of floor acceleration demands. 
As one of the most important aspects in NSCs design is their location within a building, an 
accurate representation of the motion throughout the building height becomes vital.  

Most of the available past studies on the seismic performance of NSC have focused on 
generating predictive equations for the estimation of peak floor accelerations (PFA) or 
floor response spectra (FRS) to estimate the NSCs seismic demands (e.g., Taghavi and 
Miranda (2005), Surana et al. (2018), Málaga-Chuquitaype (2019), and Demirci et al. 
(2019)). However, a link between the damage of the NSCs and the earthquake they are 
likely to experience is needed to have a meaningful NSC seismic performance assessment. 
This connection can be expressed in terms of a seismic performance objective, where the 
expected amount of damage an NSC may experience in a future earthquake is formally 
expressed. In this context, Performance-Based Earthquake Engineering (PBEE) provides 
methods to estimate the seismic performance of a structure. The widely used PEER-PBEE 
framework, introduced by Cornel and Krawinkler (2000), allows the estimation of seismic 
demand levels by including the uncertainties intrinsic to the seismic hazard. Through the 
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PBEE framework, NSCs can be designed to attain a specified performance objective in 
future earthquakes. Their performance improvements, as outlined in FEMA E-74 (FEMA, 
2012) and NIST GCR 18-917-43 (NIST, 2018), can then be achieved. 

This study is based on extensive nonlinear response history analyses (NRHA) on a family 
of 24 steel Moment Resisting Frames (MRFs) with different structural characteristics 
subjected to 596 ground motions covering a wide range of earthquake intensities. The rate 
of occurrence of each ground motion is estimated using the Conditional Scenario Spectra 
(CSS) methodology (Abrahamson and Al Atik, 2010; Arteta and Abrahamson, 2019) to 
ensure hazard consistency is preserved, a key consideration in the PBEE that has not been 
covered very well in the available research. The comprehensive set of NRHA results 
obtained is then used to achieve the aims of this study: (i) to implement the PBEE 
framework and facilitate the future design and assessment of NSC through PFA hazard 
curves, and (ii) to compare and contrast the obtained PFA demands with the available 
estimates from current codes and standards. 

2. Steel MRF considered 

24 steel MRFs designed to Eurocode 3 (CEN, 2005) and Eurocode 8 (CEN, 2013) with 
different storeys, bays and structural characteristics are considered. The frames have 3, 6, 
9, and 12 storeys with 3 m height, and 3 and 6 bays 5 m wide each. Further details of the 
frames, such as sections and key structural parameters, can be found in Zahra et al. 
(2021). The frames were modelled using the open-source software OpenSees (McKenna 
et al., 2000). The structural members of the frames are represented by force-based 
elements, and the geometrical nonlinearities are incorporated with the corotational 
geometrical transformation approach. To incorporate the joint degradation, the modified 
Ibarra Krawinkler deterioration model (Ibarra et al., 2005) was used at the connections as 
rotational springs via zero-length elements. The behaviour of the springs was determined 
by the empirical relationships derived by Lignos and Krawinkler (2011).   

3. Probabilistic Seismic Hazard Analysis with Conditional Scenario Spectra 

The site-specific Probabilistic Seismic Hazard Analysis (PSHA) performed by Macedo et 
al. (2022) for Oakland in California is used to generate a set of realistic earthquake spectra 
through the CSS methodology (Abrahamson and Al Atik, 2010; Arteta and Abrahamson, 
2019). These earthquake spectra are assigned rates of occurrence based on their spectral 
shape and intensity. In this manner, CSS-generated ground motion spectra are spectrally 
consistent with the hazard at the selected site at all relevant periods.  

596 ground motions were selected from the PEER NGA-West 2 database (Bozorgnia et al., 
2014), and Fig. 1 (a) presents their horizontal-component ground motion spectra. The CSS 
methodology estimates the rate of occurrence of each spectrum and hence allows the 
hazard at a site to be recovered over a whole range of periods by utilising the suite of 
records used and their corresponding rates. Fig. 1 (b) shows the target and reconstructed 
CSS spectra for different hazard levels, where a good match is evident. 
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(a) (b) 

 

Fig. 1 (a) 596 scenario spectra (5% damped) and (b) comparison of target and CSS reconstructed spectra.  

4. Probabilistic Seismic Demand Analysis of Peak Floor Acceleration 

4.1. Nonlinear Response History Analysis 

Nonlinear response history analyses (NRHA) of the 24 frames under the 596 ground 
motions were performed on the high-performance computing facility of Imperial College 
London (HPC-Imperial, 2019). These 14,304 analyses cover the full range of structural 
responses from linear elastic to highly nonlinear and collapse. The PFA obtained from the 
NRHA and its corresponding spectral acceleration at the fundamental period of the 
structure, Sa(T1), are plotted in Fig. 2 for the first, mid-height, and top floor of Frames 01 
(3S-3B) and 24 (12S-6B). The figure presents the PFA at Sa(T1) up to 3 g for presentation 
purpose. These scatter plots show the expected increase in variability at larger intensity 
measures (IMs). 

 
(a) (b) 

 

Fig. 2 Spectral acceleration at fundamental period of structure, Sa(T1), versus peak floor acceleration, PFA, 
of the first, middle and top floor of (a) Frame 01 (3S-3B), and (b) Frame 24 (12S-3B). 

To describe the distribution of the PFA along the height of the structure, Fig. 3 presents the 
height-wise PFA profile of Frames 06 (3S-6B), 12 (6S-6B), 18 (9S-6B) and 24 (12S-6B), 
under Loma Prieta earthquake with increasing scaling factors, SF, indicated by the spectral 
acceleration at the fundamental period, Sa(T1). In this figure, z is the height of the storey, 
and H is the total height of the frame. It can be seen from Fig. 3 that the PFA profiles at the 
lower intensity level tend to uniformly increase with the height of the structure and have 
the maximum PFA at the roof, as expected. However, as the intensity increases, the PFA 
profiles change significantly, except for the 3-storey frame as it remains largely elastic. At 
the higher IM levels, the maximum PFAs are found around the middle height of the frames 
instead of the roof. These results highlight the inaccurate common concept adopted in 
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several codes, as shown in Section 5, that assume the highest PFA will always occur at the 
top floor.  

 
(a) (b) 

 
(c) (d) 

 

Fig. 3  Height-wise PFA profile of (a) Frame 06 (3S-6B), (b) Frame 12 (6S-6B), (c) Frame 18 (9S-6B) and 
(d) Frame 24 (12S-6B) at increasing intensity of Loma Prieta earthquake. 

4.2. Hazard-Consistent PFA Hazard Curve 

An Engineering Demand Parameter (EDP) hazard curve links structural response with its 
corresponding return period. The EDP hazard curve can be used to evaluate whether the 
response demand meets the criteria required by a code or a standard. In the context of CSS, 
the EDP annual rate of exceedance, 𝜈[EDP > d], can be calculated by the following 
Equation (Arteta and Abrahamson, 2019): 

   
#

CSS,

records

i
i

EDP d Rate H EDP d


  
1

 (1) 

where RateCSS,i is the assigned rate of occurrence of the ground motions calculated from 
the CSS, and H[EDP – d] is the Heaviside function. Each PFA obtained from the analyses 
is paired with its corresponding rate of occurrence, where the pair is used to form the PFA 
hazard curve.  

Fig. 4 shows two examples of hazard curves for Frame 18 (9S-6B) and Frame 24 (12S-6B) 
for each floor. The PFA demands in Fig. 4 are normalised with respect to the Peak Ground 
Acceleration (PGA) to describe the acceleration amplification effect. Besides, three 
horizontal lines mark the return period, TR, of 95 years for immediate occupancy, 475 
years for life safety and 2475 years for collapse prevention performance level to show the 
corresponding PFA demand for each of these performance levels. It can also be seen in 
Fig. 4 that the PFA demands are not monotonically increased at higher floors.  
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(a) 

 
(b) 

 

Fig. 4 Hazard curve of acceleration amplification factor, PFA/PGA, of each floor of (a) Frame 18 (9S-6B) 
and (b) Frame 24 (12S-6B). 

5. Peak Floor Acceleration Demand in Codes and Standard 

Several codes have provided simplified equations to estimate the PFA to be applied in the 
design of NSC. Eurocode 8 (CEN, 2013) requires NSC to resist seismic actions, which can 
be applied as horizontal force, Fa, described as follows: 
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where Sa is the seismic acceleration component applicable to the NSC, γa is the importance 
factor of the NSC, qa is the behaviour factor of the NSC, and Wa is NSC weight. Sa should 
not be taken less than agS/g, where ag is the peak ground acceleration (PGA) on soil type 
A, S is the soil factor, and g is gravity acceleration. 
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On the other hand, ASCE 7-16 (ASCE, 2016) determines the horizontal seismic design 
force with the following Equation: 

.

/
DS p a

a
p p

S a W z
F

R I H
   
 

0 4
1 2  (4) 

where SDS is short-period spectral acceleration, ap is the NSC amplification factor that 
varies from 1.0 for stiff to 2.5 for flexible NSC, Wa is the NSC weight, Rp is the NSC 
response modification factor, and Ip is the NSC important factor. The Fa is not required to 
be higher than 1.6SDSIpWp and shall not be lower than 0.3SDSIpWp. 

Fig. 5 depicts the acceleration amplification factor along the height of the frame based on 
Eurocode 8 and ASCE 7-16 for Frames 18 (9S-6B) and 24 (12S-6B). These values are 
compared to the corresponding acceleration amplification factors obtained with the CSS 
for the three return periods of immediate occupancy, life safety and collapse prevention 
performance levels. It can be appreciated from Fig. 5 that the linear distribution of the 
amplification factor described by Eurocode 8 and ASCE 7-16 do not represent the actual 
PFA demand in both frames. This difference denotes that the acceleration amplification 
factor is influenced by more than the relative storey height. Both code-defined PFA 
demands are also found to overestimate the demand for immediate occupancy performance 
level and underestimate those for collapse prevention performance level, although they 
seem to describe the life-safety performance level a little bit better. This comparison also 
shows the inability of the code expressions to distinguish different seismic performance 
objectives. Although we know that the prescriptive criteria (e.g., Equation (2) and (4)) in 
available codes and standards were developed with an intention to achieve a certain level 
of seismic performance, this level is often unclear, and the actual capacity of the designed 
structure to provide the intended performance is rarely evaluated, which further stresses the 
importance of performance-based design methodologies.  

 
(a) (b) 

 

Fig. 5 Comparison of acceleration amplification factor obtained from NRHA at several return periods, TR, 
and several codes for (a) Frame 18 (9S-6B) and (b) Frame 24 (12S-6B). 

6. Conclusion 

The importance of Non-Structural Components (NSCs) in building structures has been 
attested in many past earthquakes. Nonetheless, no previous research has performed a 
hazard-consistent seismic assessment of NSC acceleration demands to date. To overcome 
this limitation, this study has conducted a hazard-consistent NSC seismic performance 
assessment through the PBEE and Conditional Scenario Spectra (CSS) methodologies. To 
this end, 24 steel frames and 596 ground motions were employed to carry out Nonlinear 
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Response History Analyses (NRHA). The results of these NRHA show that the highest 
Peak Floor Acceleration (PFA) does not always occur at the top floor and progressively 
transits toward mid-height at higher IM levels.  

On the other hand, the hazard consistency of the assessments presented herein ensures 
meaningful results that can be correlated with the expected amount of damage NSC may 
experience in future earthquakes. Hazard curves for floor acceleration amplification factor 
(PFA/PGA) were generated with a focus on the three return periods of immediate 
occupancy, life safety and collapse prevention performance levels. It was shown that the 
linear functions currently adopted in Eurocode 8 and ASCE 7-16 are unable to accurately 
estimate PFA demands which are not only dependent on the relative storey height. It was 
also found that code expressions cannot provide a clear explanation of the seismic 
performance level associated with their estimates.  
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Abstract: This paper presents a simulation-based method to evaluate the seismic performance 
of RC walls with lap splices. Computational analyses are conducted using a recent 
implementation of the nonlinear truss model. The uniaxial steel law used in the truss model is 
modified to account for lap-splice failure of vertical bars using a simple tensile strain criterion. 
Performance evaluation is conducted using a novel method that employs strain limits 
associated to damage in concrete and steel. The computational models and strain-based 
evaluation method are verified with experimental data from tests on wall components with 
lap splices at their base. Truss models are shown to accurately capture the force-displacement 
response and failures observed in these tests. The proposed evaluation approach allows for 
consideration of the post-yield capacity of lap-spliced bars, and the strain-based limits are 
shown to be consistent with the strength and stiffness deterioration of the walls. 

Keywords: RC walls, lap splices, performance-based assessment, acceptance criteria.  

1. Introduction 

Reinforced concrete (RC) structural walls in buildings constructed prior to the development 
of modern seismic design provisions may be vulnerable to non-ductile failures such as 
diagonal shear cracking or buckling of bars. This type of construction commonly includes 
lap splices in regions where inelastic deformations are expected to occur. Such walls are at 
risk of developing a fast load-resistance deterioration due to lap-splice failures, but they can 
exhibit different levels of deformation capacity. Failure may occur before any appreciable 
damage when the lap-splice length is insufficient to develop tension yielding of vertical 
reinforcement. If sufficient lap-splice length is provided, walls may be able to present some 
ductility capacity.  

This paper presents a novel method to assess the performance of RC wall components with 
limited ductility using computational models and acceptance criteria at the local (material) 
level. The modeling approach is based on a recent implementation of the nonlinear truss 
model for walls, which is enhanced to account for lap splice failures. The performance 
evaluation is conducted using a set of strain-based criteria, recently proposed by the authors 
in Deng et al. (2021), and supplemented here with additional criteria to account for the 
impact of lap-splice damage and failure. A preliminary validation of the performance 
evaluation scheme is conducted, using experimental data from tests on RC walls with lap 
splices reported in the literature.  
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2. Nonlinear truss modeling of planar walls with lap splices 

2.1. Description of the modeling approach 

The cyclic response of RC walls is analytically simulated using truss models, which have 
been shown in numerous prior studies (e.g., Lu et al. 2016, Lu and Panagiotou 2016, Deng 
et al. 2021) to accurately capture the hysteretic response and damage patterns of flexure- and 
shear-dominated walls. In a truss model, the wall component is represented with an 
assemblage of horizontal, vertical and inclined line (truss) elements, as shown in Figure 1, 
combined with uniaxial stress-strain laws for concrete and steel. The present study follows 
the modeling approach described in detail by Deng et al. (2021), which was shown capable 
of simulating flexural, diagonal tension and diagonal compression failures. The wall models 
have been developed through a user-friendly implementation of the truss modeling scheme 
in the program FE-MultiPhys (Koutromanos and Farhadi 2018), wherein each standard truss 
cell is represented as a 4-node macro-shell element, as shown in Figure 1.  

    
Fig. 1 – Nonlinear truss model of a RC wall (adapted from Deng et al. 2021) 

 
The adopted modeling approach includes a uniaxial steel law accounting for bar buckling 
and rupture developed by Kim and Koutromanos (2016). Material rupture occurs when a 
material internal variable D, associated with the cumulative inelastic work under tensile 
stress, reaches a critical value, Dcr. The steel law is modified in the present study to also 
account for lap-splice failures. Specifically, the material is assumed to completely lose its 
resistance once the tensile strain reaches a cap value, corresponding to the instant where the 
splice capacity has been reached. The strain cap value, εs,max, is based on the lap-splice 
strength equation proposed in ASCE/SEI 41-17 (ASCE 2017) and a modified version of the 
post-yield strain limit proposed by Tarquini et al. (2017). Specifically, εs,max is given by: 

𝜀 , =

⎩
⎪
⎨

⎪
⎧ 1.25𝜀

𝑙
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𝑙

𝑙
  ≤  0.716

𝜀 + 0.65𝜌 + 0.005
𝑙
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  , if  

𝑙

𝑙
  >  0.716

 
(elastic range)    

 (1) (plastic range) 

where εy is the yield strain of the bar, lb is the lap-splice length, ld is the minimum 
development length required by the ACI 318 code (ACI 2019) and ρw is the confinement 
reinforcement ratio.  
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The elastic range expression in Equation 1 is obtained by dividing the lap-splice strength 
proposed in ASCE/SEI 41-17 (ASCE 2017) by the elastic modulus, and is applicable to cases 
where the splice strength is less than the steel yield stress. The only difference with the 
equation proposed in ASCE/SEI 41-17 is that the calculation of ld in the present study 
neglects the reinforcement size factor ψs of the ACI 318 code. This modification has been 
done on the basis of a preliminary study on the accuracy of the ASCE/SEI 41-17 equation. 
Specifically, this equation was used to estimate the strengths of 456 lap-splice tests from the 
ACI Database 10-2001 (ACI 2003), and it was found that slightly better predictions were 
obtained when neglecting the ψs factor, as shown in Figure 2. This conclusion is consistent 
with observations of the ACI-408R-03 document (ACI 2003) on the negligible effect of bar 
size on splice strength.  

The ASCE/SEI 41-17 equation cannot be used to determine the strain capacity for lap splices 
sustaining inelastic deformations because it caps the splice strength at the yield strength of 
steel, fy. Instead, the post-yield strain limit in Equation 1 is based on an expression proposed 
by Tarquini et al. (2017), which was calibrated combining wall test data and simulation. The 
original equation of Tarquini et al. (2017) normalized lb by the effective seismic height of 
the wall, Heff, to account for the effect of the moment gradient. However, the effective height 
(base moment divided by base shear) is not a constant value as it changes substantially during 
an earthquake. Considering that the influence of moment gradient is small as compared to 
that of the available lap-splice length and confining steel, the original term 0.03lb/Heff 
proposed in Tarquini et al. (2017) has been replaced by 0.005 lb/ld in the present study. This 
results in similar strain limits as those obtained with the original equation while allowing the 
use of a normalizing parameter (ld) whose value is constant. 

 
Fig. 2 – Lap splice strength predictions with ASCE/SEI 41-17 equation 

2.2. Experimental verification of truss models 

The accuracy of the criterion proposed in Equation 1 is validated through computational 
simulation of four planar RC walls that exhibited lap-splice damage or failure. Two of the 
analyses are focused on the wall specimens VK4 and VK5 tested by Hannewald et al. (2013). 
The walls were 3300 mm and 4500 mm tall, respectively, and their vertical reinforcement 
was spliced along 600 mm above the wall-foundation interface in both cases. Specimens 
VK4 and VK5 experienced lap-splice failures at a drift ratio of approximately 0.6% and 
0.9%, respectively. The other two walls analyzed correspond to specimens W-40-C and W-
60-C tested by Villalobos (2014). Both walls had a height of 3314 mm and the only 
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difference between them was in the lap-splice length, which equaled 1016 mm for W-40-C 
and 1524 mm for W-60-C. Specimen W-40-C exhibited a lap-splice failure at a drift ratio of 
2.5%, while W-60-C presented vertical splitting cracks along the splice length but eventually 
failed  due to fracture of the vertical reinforcement. 

The main characteristics of the truss models are summarized in Table 1. The material models 
for unconfined concrete, confined concrete and reinforcing steel were calibrated to the 
reported material data following the approach described in Deng et al. (2021). Based on 
Equation 1, the steel cap strain value, εs,max, was set equal to 0.0127, 0.0123, 0.0279, and 
0.0312 for walls VK4, VK5, W-40-C, and W-60-C, respectively.  

Table 1. Summary of walls considered in analytical study 

Wall ID Study 
θd 
(°) 

a 
(mm) 

Lw/a Lwb/Lw 
ρb 

(%) 
ρw,v 
(%) 

ρw,h 
(%) 

v 
(%) 

lb/ld 

VK4 
Hannewald 
et al. (2013)  

64.9 150 10 NA NA 1.10 0.08 7.2 1.46 

VK5 
Hannewald 
et al. (2013)  

64.9 150 10 NA NA 1.10 0.08 7.2 1.38 

W-40-C 
Villalobos 

(2016)  
45 150 10 0.10 5.00 0.40 0.55 10 1.29 

W-60-C 
Villalobos 

(2016)  
45 150 10 0.10 5.00 0.40 0.55 10 1.96 

Note: θd is angle between diagonal truss and horizontal direction in truss cell, a is horizontal length of truss cell, Lw is the 
wall length, Lwb is the wall boundary element length, ρb is the boundary vertical reinforcement ratio, ρw,v is the web vertical 
reinforcement ratio, ρw,h is the web horizontal reinforcement ratio, v is the wall axial load ratio, lb/ld is the ratio between 
provided development length in experiment and ACI required development length. 

 

The analytical force-displacement curves obtained for the four specimens are compared with 
their experimental counterparts in Figure 3. As shown, the truss models well reproduce the 
experimental results in terms of hysteric curve shape, failure mode, and drift at failure. The 
models for VK4 and VK5 approximately match the drift level at which lap-splice failure 
occurred in the tests, as well as the sudden strength degradation following this failure. For 
W-40-C and W-60-C, the models are capable of capturing the development of ductility prior 
to wall failure. For W-40-C, there is good agreement between the analytical and 
experimental lap-splice failures. For W-60-C, the analytical model predicts a lap-splice 
failure at a drift ratio of 2.2%, while the actual failure of the test specimen was caused by 
bar rupture at a similar drift level. It is worth mentioning that an analysis conducted without 
the consideration of lap-splice failure for that specimen predicted failure due to vertical bar 
rupture at a drift ratio of 3%.  

Figure 4 compares the maximum principal strain contours of the walls (right after failure) 
with the damage pattern observed at the end of the corresponding experimental test. A 
similar damage pattern can be inferred from the strain contours for all four walls, depicted 
by large tensile strain at the toe of the wall where the lap splice has failed, as shown in Figure 
4. There are also high tensile strains extending across the entire wall length near the base 
and propagating diagonally in the central portion of the wall. These tensile strain bands are 
consistent with the damage and cracking pattern observed in the experimental tests. 
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Fig. 3 – Analytical and experimental hysteretic curves of wall specimens with lap splices 
 

 

 

Fig. 4 – Experimental cracking pattern and analytical maximum principal strains   
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3. Strain-based performance evaluation 

3.1. Definition of performance acceptance criteria 

A strain-based evaluation method proposed by Deng et al. (2021) is extended here to account 
for lap splice failures. The original evaluation method was proposed for walls exhibiting 
flexure, diagonal tension and diagonal compression failures, and considered three 
performance levels representing different severity of damage. The performance levels 
correspond to the immediate occupancy (IO), life safety (LS), and collapse prevention (CP) 
states defined in ASCE/SEI 41-17. Specifically, IO corresponds to a state at which no 
permanent damage has occurred and the structure practically retains its original strength and 
stiffness, LS corresponds to a state in which the structure exhibits damage but still has a 
margin of safety against collapse, and CP is a state at which the structure is still capable of 
carrying gravity loads but has no margin of safety against collapse.  

As compared to ASCE/SEI 41-17, where performance is evaluated in terms of plastic hinge 
rotation or drift ratio, the method proposed in Deng et al (2021) employs acceptance criteria 
based on material strains or strain-related parameters obtained from nonlinear truss models. 
This approach is considered a promising alternative to empirically derived limits for hinge 
rotation or drift, given that material strains are more directly linked to physical damage and 
failure mechanisms.  

Table 2 presents the strain-based acceptance criteria with the addition of new criteria related 
to lap-splice damage and failure (highlighted in red). The original criteria for flexure- and 
shear-dominated walls were based on strains or strain-related parameters in vertical, 
horizontal and diagonal elements. The original IO criteria include exceedance of concrete 
and steel strains related to excessive cracking and spalling of concrete, while LS and CP are 
considered to be exceeded based on bar rupture criteria or excessive concrete strains 
associated to vertical or diagonal crushing. The newly added criteria for lap splices 
correspond to LS and CP, and depend on the tensile strain of vertical reinforcement, as 
shown in Table 2. Given the sudden nature of the failure, the CP limit is set to a steel strain 
equal to the strain at lap-splice failure, εs,max, obtained with Equation 1. To provide some 
safety margin for the LS state, the bar strain in the lap-splice region is limited to between 
0.5εs,max and 0.75εs,max, depending on the level of inelastic deformation. No specific criterion 
for lap splices is provided for the IO state, given the relatively fast damage evolution of this 
type of failure. 

To satisfy a specific performance level, all strain conditions in Table 2 corresponding to this 
level need to be met (i.e., exceedance of one condition implies exceedance of the 
performance level). Using the proposed evaluation method eliminates the need for prior 
determination of the dominant behavior mode of the wall, and mixed flexure/shear or 
flexure/splice failures can be naturally considered. Figure 5 presents two examples of wall 
evaluations conducted by Deng et al. (2021), corresponding to a flexure-dominated specimen 
tested by Dazio et al. (2009) and a wall exhibiting a flexure/diagonal compression mode 
tested by Oesterle et al. (1979). Both walls are predicted to exceed IO due to cover crushing, 
while LS and CP are exceeded due to vertical bar ruptures in the first case and due to diagonal 
web crushing in the other. These results are consistent with test observations. 
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Table 2. Strain-based acceptance criteria 
Performance 

level 
Type of damage to be prevented Acceptance criteria 

IO 
Large residual flexural cracking  

Large inclined (shear) cracks 
Concrete cover spalling 

εs ≤ 1.0% 
εc,diag ≤ wcr/Ld 

|εc,vert| ≤ |ε0| 

LS 

First fracture of vertical or horizontal steel 
Onset of confined concrete crushing 

Onset of web concrete crushing 
Onset of slip in lap splice * 

 

D ≤ Dcr 

|εc,vert.| ≤ 0.75|εcf | 
|εc,diag| ≤ |ε0| 

      εs ≤ 0.75εs,max for εs,max< εy     * 
     εs ≤ 0.5εs,max for εs,max>1.5 εy   * 

CP 

Fracture of more than 50% of boundary 
bars or horizontal bars 

Severe confined concrete crushing  
Severe web concrete crushing 

Failure of lap splice * 

D ≤ Dcr 
(in 50% of boundary/horizontal bars) 

|εc,vert.| ≤ |εcf | 
|εc,diag| ≤ |εu| 

     εs ≤ εs,max   * 
Note: εs is tensile steel strain, εc,diag is compressive concrete strain in diagonal elements, εc,vert is compressive concrete 
strain in vertical elements, D is damage parameter in steel law, Dcr is critical value of damage parameter, wcr is allowable 
crack width, Ld is length of diagonal element, ε0 is strain at peak strength of concrete, εcf  is failure strain of confined 

concrete, εu is ultimate strain of unconfined concrete. 
* Criterion applicable only to walls with lap splices.  

 

 

  Fig. 5 – Examples of wall analyses and evaluations from Deng et al. (2021) 

3.2. Performance evaluation of wall specimens with lap splices 

The strain-based evaluation method has been applied to the four wall specimens with lap 
splices modeled in the previous section. Figure 6 presents the points at which the IO, LS and 
CP limits are exceeded in the force-displacement curves. The IO limits are governed by 
diagonal cracking or cover spalling, and they are reached shortly before the effective 
yielding of the wall. The LS and CP performance levels are exceeded due to lap-splice 
damage and failure. The proposed LS limit provides a reasonable margin of safety against 
failure, and the CP level coincides with major loss of lateral strength. Overall, the acceptance 
limits are consistent with the deterioration of the load-carrying capacity of walls, as shown 
in Figure 6, and with the IO, LS and CP definitions in ASCE/SEI 41-17 (ASCE 2017).  
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Fig. 6 – Performance limits obtained for walls with lap splices 

4. Conclusions 

Nonlinear truss models and strain-based acceptance criteria have been proposed to evaluate 
the performance of RC walls vulnerable to lap-splice failure. The models are based on a 
recent implementation of the nonlinear truss model, capable of capturing flexure and shear 
failures, which has been extended here to represent lap-splice failures. The models are shown 
to successfully reproduce the cyclic response and lap-splice failures observed in wall tests. 
The proposed acceptance criteria allow for consideration of the post-yield capacity of lap 
splices, and have been appended to a general strain-based evaluation framework that also 
considers flexure, shear, and mixed-mode failures. The performance limits are shown to be 
consistent with the physical damage and deterioration of the load-carrying capacity of the 
walls.  
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Abstract: Mass timber construction is becoming a popular alternative to traditional reinforced concrete 

and steel construction also for its potential to help decarbonize the building sector. In the US, ASCE 7-16 

lacks seismic parameters for mass timber lateral systems which makes it difficult for structural engineers 

to design buildings using mass timber as their primary lateral system. This study explores the lateral system 

“Finding Forest Through the Tree” (FFTT) using procedures from FEMA P.695 to obtain seismic design 

factors for strength reduction (R), overstrength (Ω0), and displacement amplification (Cd). The FFTT 

system consists of cross-laminated timber (CLT) panels with steel beams embedded into the CLT panels 

to provide energy dissipation and serve as the “weak beams”. The CLT shear walls are constrained using 

Holz-Stahl-Komposit-System (HSK) hold-downs to provide additional energy dissipation to the system. 

Test data and similar archetypes from the report by (Fairhurst, 2014) were applied to develop a nonlinear 

numerical model. From the results presented herein, nonlinear static and time history analyses were 

performed to assess the seismic performance of the structural system and complete a performance-based 

design to obtain the performance level of the structure.  

Keywords: Mass timber; Seismic design parameters; FFTT Lateral System; CLT shear walls 

1. Introduction

The update in building codes in regions such as Europe, Canada, and Australasia fostered the 

use of mass timber for low-rise to mid-rise buildings. In the US, changes to code requirements 

are slow-moving, often taking five years or more to advance from proposal form to 

implementation. The International Building Code 2021 (IBC) has adopted 3 new building types 

which are Type IV-A/B/C which allow mass timber structures to go up to 270 feet high (18 

stories). Figure 1 summarizes the new building types that are established in IBC 2021 that allow 

both engineers and architects to increase the innovation with mass timber.  

“Finding Forest Through Trees” abbreviated as (FFTT) is a timber and steel hybrid lateral 

system that has been proposed for designing Mass Timber structures under seismic and gravity 

loads (Fairhurst,2014). However, most recent building codes, such as ASCE 7-16, do not state 

specific seismic design factors for strength reduction, overstrength, and displacement 

amplification that can be used to design a structure with an FFTT lateral system. The lack of 
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seismic design factors prevents structural engineers to use a code-based approach to analyze the 

true performance of a building under seismic loads.  

Fig. 1 - New 2021 IBC Mass Timber Type construction limit (Woodworksinnovationnetwork.org) 

Figure 2 shows the typical structural layout for the FFTT system that is used for this study. The 

FFTT system consists of balloon frame CLT mass timber panels that can go up to 10-30 stories. 

The FFTT lateral system is intended to have a strong column-weak beam failure mechanism 

under seismic responses (Fairhurst, 2014). 

Fig. 2 - Typical FFTT floor plan layout (Green and Karsh, 2012) 

Perimeter glulam columns and beams are used for the gravity force-resisting system. Core shear 

wall CLT panels are used for the lateral system and serve as the “strong columns”. Wide flange 

steel beams serve as the “weak beams” and are partially embedded into the wall panels to 

provide energy dissipation. CLT floor panels are used for the floor system to take most of the 
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gravity loads. Holz-Stahl-Komposit (HSK) hold-downs are used for the foundation system and 

are connected to the CLT shear walls with a shear key connection in the middle of the CLT 

shear walls to create a dissipative rocking mechanism.  

2. Objective & Methodology

The objective of this study is to investigate through a numerical model the same archetype 

proposed in the study by (Fairhurst, 2014), with the aim of determining seismic design 

parameters for a FFTT lateral system. The main goal is finding the required seismic design 

factors (R, Cd, Ω0) based on the FEMA P.695 procedure. Results from pushover analysis and 

time history analysis are presented and discussed to determine the seismic design factors and 

verify if the structure meets the minimum performance criteria.  

The methodology requires an initial set of trial strength reduction and displacement 

amplification factors to complete an elastic design based on the equivalent lateral force (ELF) 

procedure. After completing the ELF procedure, a pushover analysis is performed to determine 

the overstrength and ductility of the lateral system. Then a time history analysis using ground 

motions provided by FEMA is used to determine the collapse margin ratio (CMR) of the 

structure. A performance evaluation is then performed to determine if the collapse margin ratio 

falls within the life-safety performance requirements.  

3. Case Study

The FFTT system for this project will be a total of 6 stories high with each story height being 

10 feet. Each floor area is approximately 5200 square feet, 72’-0” wide, and 77’-0” in depth.  

Figure 3 shows an experimental test setup by (Buchanan & Fairweather, 1993) consisting of 

glulam beams and a column connected by steel brackets. Ductility and energy absorption was 

accomplished through local bending of the steel beam bracket and most of the column 

displacement was due to local bending of the steel beam bracket (Buchanan & Fairweather, 

1993). This data is used to model the plastic hinges in the glulam columns to consider 

deformation compatibility in the columns to verify that the columns are undamaged while CLT 

shear walls tilt under seismic loads.  

a  b  c 

Fig. 3 - Experimental beam-column setup (Buchanan & Fairweather, 1993): (a) beam-column assembly, (b) steel 

bracket connection detail, (c) force-displacement loops 

The force-displacement plot from the test conducted by (Popovski & Karacabeyli, 2012) on the 

wall is shown in Figure 4, which displays base connectors nailed into the panel and bolted to 
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the ground. The base connectors are used to represent the in-plane wall rocking behavior that is 

in tension. A shear key connection is used to form a rigid connection between the adjacent panels 

to simulate physical contact between two panels (Fairhurst, 2014). To capture both the combined 

tension and compression behavior of the CLT shear walls, nonlinear links are modeled with 

compression (panel to panel) and tension (base connectors) behavior.   

a b 

Fig. 4 - CLT shear wall base connector test (Popovski & Karacabeyli, 2012): (a) test setup, (b) force-

displacement loops 

Test data from (Bhat, 2013) was used to understand the behavior of the embedded steel beams 

for the FFTT system. Bhat kept experiencing failure under monotonic loading where the steel 

beam kept on pulling out of the panel due to insufficient lag bolt capacities which caused most 

of the wood damage. However, as shown in figure 5, later studies from (Zhang, 2017) conducted 

additional tests on assemblies that included internal stiffeners and bearing plates to the 

connection, which helped avoid premature buckling and brittle failure. In this study, fiber 

models in ETABS are used to represent the embedded steel beams in the nonlinear model.  

a b 

Fig. 5 - Test setup from: (a) (Bhat, 2013), (b) (Zhang, 2017) 

The HSK hold-downs are adhesively bonded perforated steel plates that provide ductility for 

energy dissipation (Zhang, 2017). The complete HSK system consists of steel plates inserted 

into CLT panels using duct tape and adhesive while the steel plate is clamped to a steel profile 

as shown in Figure 6. The force-displacement plot is used to define nonlinear links in ETABS.  

Fig. 6 - HSK hold-down assembly and force-displacement plot (Zhang, 2017) 
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4. ETABS Modeling

Table 1 shows the main structural elements, materials, and sizes that were used in the nonlinear 

model. Table 2 indicates mechanical properties such as modulus of elasticity (E) and shear 

modulus (G) used for defining glulam beam and column properties.  

Table 3 shows the orthogonal properties for elasticity, shear modulus, and Poisson’s ratio (ν) 

that were used to define the CLT shear wall in ETABS.  

Table 1 - Structural Member Specification 

MEMBER MATERIAL SECTION 

Glulam Beam D. Fir 16c-E

10 in x 19 in  

(254mm x 483 mm) 

Glulam Column D. Fir 20f-EX

16 in x 16 in 

(406mm x 406 mm) 

CLT Wall D.Fir 8 in 

Steel Beam Grade 350W (A572 Gr. 50) W250x33 

Table 2 – Glulam Beam and Column Specification 

MEMBER E G 

Glulam Beam 

1798 ksi 

(12.4 GPa) 

770 ksi 

(5.3 GPa) 

Glulam Column 

1798 ksi 

(12.4 GPa) 

770 ksi 

(5.3 GPa) 

Table 3 – CLT Shear Wall Modeling Parameters for 6 Layer CLT Wall 

DIRECTION E G ν 

1 

3617 ksi 

(24.9 GPa) 

1738 ksi 

(12.0 GPa) 0.04 

2 

6446 ksi 

(44.4 GPa) 

3099 ksi 

(21.4 GPa) 0.04 

3 

705 ksi 

(4.9 GPa) 

339 ksi 

(2.3 GPa) 0.04 

The model is simplified in terms of modeling by applying dead loads, live loads, and rain loads 

as lumped forces at each gravity column, taking into account the tributary area of each column. 

Table 4 shows the loads applied to the structure. 

Table 4 - Gravity loads applied to the analytical model 

Floors Roof 

Dead Load (DL) 83 psf (3.97 kPa) 62 psf (2.97 kPa) 

Live Load (LL) 40 psf (1.92 kPa) 38 psf (1.82 kPa) 

Rain Load (Sr) 4 psf (0.19 kPa) 

Running the modal analysis in ETABS allowed determining the modes of vibration, periods, 

and mass participation for each mode. As shown in Figure 7: the first fundamental vibration 

mode has a period of 1 second with the structure translating in the x-direction (51% of 

participating mass); the second mode has a period of 0.65 seconds with the structure mostly 
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experiencing torsional behavior; the third mode has a period of 0.51 seconds translating in the 

y-direction (65% of participating mass). For the elastic design, ASCE 7-16 requires that 90% of

the mass participates in the structure, which resulted in the use of 16 vibration modes.

Fig. 7 – Fundamental vibration mode shapes 

Nonlinear elements were added to capture the damaging mechanism for seismic loading, which 

includes tilting of the CLT walls, with plastic hinging of connecting beams and plastic 

deformation of the HSK base connectors. Figure 8 shows the desired failure mechanism for the 

FFTT lateral system, as resulting from the numerical analysis. Nonlinear links are used at each 

end of the timber panel, while a pin restraint in the middle of each panel represents the base 

shear key.   

Fig. 8 - FFTT desired failure mechanism 

5. Results

Seismic load parameters were generated to match the level of seismic design load in the Los 

Angeles area. The iterative elastic ELF design process started with the assumption of a response 

modification factor R (strength reduction factor) equal to 4.5. The HSK hold-downs had an 

elastic axial demand of 302 kips (1342 kN) which resulted in a final design hold-down capacity 

of 323 kips (1437 kN). In addition, to verify that the structure meets the code requirements for 

elastic story drift, the deflection amplification (Cd) was assumed to be 4.0, which satisfied the 

allowable story drift at each story level. 

The assumed parameters were verified using static nonlinear analysis of the structural system. 

Figure 9a shows the sequence of the plastic deformations of the structure and the consequent 

reduction of tangent stiffness on the structure pushover curve. The desirable yielding mechanism 

for the structure was to have a rocking mechanism in the timber panels, with the ductile steel 

beams yielding before the HSK hold-downs. The analysis of the sequence of the plastic 

deformations shows that steel beams began to yield at step 12 indicating that they’re the weak 

point of the structure (50 mm of roof displacement). The HSK hold-downs began to yield at step 
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13 (58 mm of roof displacement). At step 21 (97 mm of roof displacement) the steel beams 

reach the collapse prevention performance level. It was verified that the HSK hold-downs didn’t 

fail until step 88 (356 mm of roof displacement).  

The performance point for the seismic design spectrum resulted in a maximum base shear of 

1827 kips (8127 kN) at a maximum displacement of 12 inches (305 mm), as shown in Figure 

9b. The overstrength that was calculated for the structure was an overstrength equal to 2.5. This 

resulted in a ductility factor of 3.9 for the structure. 

a        b 

Fig. 9 - Pushover analysis (a) showing steps at which plastic hinges activate and (b) determination of the seismic 

performance point 

Time history analyses were also performed using the FEMA P.695 22 far-field earthquakes, 

scaled up to match the design seismic level, which resulted in an average displacement of 5.12 

inches (130 mm). At that displacement level, the structure experiences a base shear of 1262 kips 

(5614 kN) and a collapse margin ratio of 2.9, which falls under the life-safety requirements 

acceptable per FEMA P.695.  

An energy assessment was also performed to verify the source of energy dissipation under 

seismic lateral loading. The total input energy absorbed by the structure at failure is 1017 kip-ft 

(1379 kNm). The inelastic energy includes the energy absorbed by the HSK hold-downs and 

ductile steel beams. Figure 10 shows that the inelastic energy consists of 56% of the input 

energy. The HSK hold-downs make up 57% of the inelastic energy while the ductile steel beams 

make up 43% of the inelastic energy. 

Fig. 10 - Total input energy broken down into potential and inelastic energy 
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6. Conclusion

This study presented the work done on using FEMA P.695 to find the seismic parameters for an 

FFTT system. The nonlinear analysis of the FFTT system under the FEMA P.695 procedure 

confirms that desirable seismic parameters can be achieved by providing strong enough HSK 

hold-downs and ductile steel beams. The results showed good seismic behavior for the FFTT 

lateral system by providing a ductility factor of 3.9 and enough energy dissipation in both HSK 

hold-downs and weak beams to dissipate seismic loads. A strength reduction value of 4.5, 

displacement amplification value of 4, and overstrength value of 2.5 were calculated for the 

FFTT lateral system. This resulted in a safety factor of 2.9 which was well within the life-safety 

range that is required per code. The FFTT system is a lateral system that can be used under high 

seismic regions such as California. Overall, the system can reduce the use of concrete and steel 

to allow mass timber to be the primary material of the building. Further improvements of this 

study include the modeling of CLT floors as area finite elements in the nonlinear model, to 

verify the interaction of the diaphragm with the lateral resisting system. Additionally, future 

studies should consider how to model the bolt connection between the steel web and the CLT 

panel to consider wood damage.     
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Abstract: Seismic assessment of existing buildings is usually a building-specific task that 
relies on refined finite element models. Such a task may requires considerable 
computational demand, especially when predicting the seismic fragility of existing buildings 
under the framework of performance-based earthquake engineering. However, the 
computational cost can be significantly reduced by replacing the finite element model with a 
well-trained machine learning-based model, for example, artificial neural network. This 
paper presents the application of feedforward neural networks to predict the maximum inter-
storey drift of existing steel frames, taking into account the effects of masonry infills. It is 
found that the use of four to five commonly adopted seismic intensity measures as input 
parameters can be sufficient in estimating the inter-storey drift demand at each floor of a 
multi-storey building. 

Keywords: Inter-storey drift, artificial neural network, multi-storey steel frame, masonry 
infill 

1. Introduction 

Seismic assessment of existing buildings usually requires an evaluation of the vulnerability 
of buildings by means of fragility analysis under the framework of performance-based 
earthquake engineering. In a conventional way, this task is accomplished by using a 
refined finite element (FE) model of the existing building and developing fragility curves 
by running a considerable number of time-history analyses. The use of nonlinear FE 
models can provide detailed information of local structural response, however, it also 
demands high computational cost and is time-consuming.    

Since the derivation of fragility curves is often a building-specific task and relies on certain 
engineering demand parameters, it is therefore feasible to use a well-trained machine 
learning-based model instead of the nonlinear FE model, to predict specifically the 
required engineering demand parameters and reduce the computational cost needed. Many 
previous research have been carried out to explore the applications of machine learning 
techniques in seismic fragility analysis. For example, Seo et al. (2012) and Jough and 
Şensoy (2016) used metamodel-based linear regression to help predict the engineering 
demand parameters and derive collapse fragility curves. Moreover, Mitropoulou and 
Papadrakakis (2011), Khojastehfar et al. (2014) and Morfidis and Kostinakis (2017) 
adopted artificial neural networks to help with the quick preliminary assessment of 
buildings and derivation of fragility curves. A comprehensive review of the applications of 
machine learning techniques for building assessment is provided by Sun et al. (2021).  
Nevertheless, the previous studies have not yet considered the effects of masonry infills, 
which introduces a more complex inelastic behaviour to the buildings, hence may increase 
the difficulty in the application of machine learning models.   

This paper is aimed at presenting the use of feedforward neural network (FNN) to predict 
the maximum inter-storey drifts of existing multi-storey steel moment frames, taking into 
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account the effects of masonry infills. A two-storey existing steel moment frame is adopted 
as the case study building to demonstrate the effectiveness of neural network. A FE model 
of the case study building, validated against experimental results, is built to generate the 
training and test data. A set of FNN models, based on different combination of input 
seismic intensity measures (IMs), are then trained and tested to demonstrate its capability 
to predict the maximum inter-storey drift of the case study building.  

2. Structure of the neural network

The structure of FNN adopted in this paper is shown in Figure 1, which contains one input 
layer, one hidden layer and one output layer. A detailed description of the structure is 
provided herein. 

Input Layer: A total of seven seismic IMs are considered as the input parameters, including 
the spectral acceleration (Sa), velocity (Sv) and displacement (Sd) at fundamental period, 
the acceleration spectrum intensity (ASI), the peak ground acceleration (PGA), the Arias 
Intensity (IA) and the cumulative absolute velocity (CAV). The former four are derived 
from the relevant spectrum, while the latter three are derived from the time-history of the 
ground motion records. The data of each input parameter are introduced to the input layer 
and then normalised before entering the hidden layer. The normalisation is performed by 
mapping the minimum and maximum value of each input parameter to the range [-1 1]. In 
this paper, a set of FNNs based on increasing size of input is presented and compared to 
find the most effective combination of IMs. 

Hidden Layer: In this study, only one hidden layer is adopted. As shown in Figure 1, each 
circle in the hidden layer represents a neuron, which receives data from all the input 
parameters and processes the data based on Eq.(1), where N is the size of inputs (number 
of IMs as input parameters), wk,i is the weight applied to the ith input parameter at the kth 
neuron, bk is the bias added to the kth neuron and f(x) represents the activation function. 
The number of neurons adopted in the hidden layer is not unique, and is usually defined 
based on a trial and error or other optimisation approaches. In the present paper, it is found 
the number of neurons equal to 10 times the number of input parameters is sufficient 
optimise the performance of FNNs. The activation function adopted in this study is the 
hyperbolic tangent function, which limits the output of each neuron in the hidden layer to 
the range [-1 1].  

,
1

N

k k i i k
i

n f w X b


 
  

 
  (1) 

Output Layer: Two response parameters, i.e. the inter-storey drifts at the first and second 
storey (ID1 and ID2), are considered as the outputs of the FNN. Each neuron in the output 
layer is also connected to all the neurons in the hidden layer and processes the outputs from 
the hidden layer using Eq.(1). In this case, a linear activation function is used, where the 
output is equal to the input. Finally, the outputs of FNN are obtained by reversing the 
normalisation of the outputs from the output layer based on the same mapping approach 
adopted in the input layer. 

Training Algorithm: The algorithm adopted to train the FNN in this paper is the 
Levenberg-Marquardt (LM) backpropagation method (Marquardt, 1963), which is a 
commonly used algorithm for training neural networks. The LM method evaluates the 
performance of FNN based on mean or mean or sum of squared errors. Resultantly, the 
performance of FNNs in this paper is evaluated based on the mean squared errors (MSE). 
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Besides, it is worth mentioning that during the training, the input data are randomly 
divided into three sets, namely ‘training data’, ‘validation data’ and ‘test data’. The ratio 
between the three sets is set to be 70:15:15, while the performance of the trained FNN is 
always represented by the MSE determined based on the test data set. 

 

Fig. 1 - The structure of FNN adopted in this paper. 

3. A Case study 

3.1. FE modelling of the case study building 

The case study is based on the experiment performed by Di Sarno et al. (2021) regarding a 
two-storey existing steel moment frames with masonry infills. The steel frame is 2.24 and 
2.5 m high for the ground and first storey, with a bay width of 3.5 m and a span of 6.5 m. 
The profiles for beams and columns are IPE200 and HE180A, respectively. The beams are 
connected to columns through full penetration welding, and the base of columns were fixed 
to ground. A 150-mm thick composite slab is also present at each storey of the steel frame. 
In addition, each infill wall consists of two layers of brick units, which have a dimension of 
58×83×190 mm and are bounded by 10-mm thick mortar. A picture of the case study 
building and a schematic view of the FE model is shown in Figure 2, where its storey drift 
and shear were measured during the Pseudo-dynamic tests, thus can be used to calibrate 
the masonry strut model. The structure was tested in one direction only, which is parallel to 
the infill walls, hence all the analyses in the present study were performed in the same 
direction. 

The model of the case study building was built in OpenSees (Mazzoni et al., 2006). Beams 
and columns were modelled with lumped and distributed plasticity, respectively. The 
Young’s modulus and yield stress of steel were determined to be 210 GPa and 424 MPa, 
and a hardening ratio of 0.02 was also assumed. The lumped plasticity of beams was 
simulated using rotational springs at beam ends according to Lignos and Krawinkler 
(2011) and Zareian and Medina (2010). Rigid connections were assumed in the model to 
simulate the full penetration welding, and two rigid diagonal truss elements were added to 
model to account for the presence of composite concrete slab. Besides, the masonry infills 
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were modelled adopting the single-strut model, which used two truss elements to represent 
the infill walls. A quadrilinear relationship was selected to represent the force-
displacement backbone curve of the masonry struts, which was calibrated against the 
measured force-displacement response of the steel frame. It is noteworthy that the pinching 
and energy-based cyclic damage parameters of the masonry were also calibrated based on 
the experimental results. The model calibration is demonstrated in Figure 3, where it can 
be seen a good agreement between the experimental results and the numerical simulation 
has been achieved. 

Fig. 2 - The case study building and its FE model in OpenSees. 

Fig. 3 - Calibration of the FE model of the infilled steel frame against experimental results. 

3.2. Generation of database 

The validated FE model of the case study building was then analysed under a suite of 
ground motions, and the maximum inter-storey drifts at both storeys were extracted to 
form the database. The same 28 near-fault ground motions and 21 far-field ground motions 
adopted in FEMA P695 (FEMA, 2009) were used, which were obtained from the PEER 
database (PEER, 2013). Each ground motion contains two records in the two orthogonal 
horizontal directions, which were used separately as two individual ground motion records, 
as the case study building was only tested in one direction. 

To expand the database, each ground motion records was scaled by increasing factors 
starting from 0.1 until a roughly 5% inter-storey drift ratio (i.e. around 100-mm drift) 
occurred at either the first or the second storey. This ensured that the full inelastic 
behaviour of the infilled steel frame was fully reflected by the training data. In the end, a 
total of 8559 dynamic analyses were performed, hence 8559 sets of data were generated. 
As mentioned in Chapter 2, 70% of the 8559 data sets were used the training data, while 
15% were used as the validation and test data by the training algorithm. 
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3.3. Performance of the FNN model 

This paper is aimed at evaluating the performance of FNN given different combinations of 
the input parameters. Each combination includes three parameters (PGA, Sa and ASI), and 
requires at least one additional input from the spectrum-related parameters (Sv and Sd) and 
from the time history-related parameters (IA and CAV), thus, a total of 16 combinations 
were evaluated in this chapter, as summarised in Table 1. As mentioned in Chapter 2, the 
performance of FNN was evaluated in terms of the MSE determined based on the test data 
for both storeys.  

The results in Table 1 is also illustrated in Figure 3. It can be seen that in general, Case 3, 
6, 9 and 16 gives the best performance, whose MSEs are approximately 20% lower than 
the benchmark (Case 1). This was mainly due to the inclusion of the parameter CAV. It is 
also noticed that the inclusion of additional spectrum-related parameters, i.e. Sv and Sd, 
does not significantly affect the performance of FNNs. In addition, since the MSEs of Case 
6, 9 and 16 are around 5% lower than Case 3, which are slight differences, it can therefore 
be anticipated that the use of PGA, Sa, ASI and CAV as seismic inputs are adequate to 
predict the maximum inter-storey drift of the infilled steel frame in this case study.  

Table 1. Performance of the FNNs with different input seismic IMs trained with 70% of the database. 
Case 
No. 

Input 
size 

Input parameter 
MSE (10-3) 

First storey Second Storey 
1 3 {PGA, Sa, ASI} 0.2134 0.1388 
2 3+1 {PGA, Sa, ASI}+{IA} 0.2189 0.1385 
3 3+1 {PGA, Sa, ASI}+{CAV} 0.1794 0.1141 
4 3+1 {PGA, Sa, ASI}+{Sv} 0.2281 0.1203 
5 3+1 {PGA, Sa, ASI}+{Sd} 0.2296 0.1483 
6 3+2 {PGA, Sa, ASI}+{IA, CAV} 0.1719 0.1136 
7 3+2 {PGA, Sa, ASI}+{IA, Sv} 0.2224 0.1231 
8 3+2 {PGA, Sa, ASI}+{IA, Sd} 0.2259 0.1382 
9 3+2 {PGA, Sa, ASI}+{CAV, Sv} 0.1777 0.0969 

10 3+2 {PGA, Sa, ASI}+{CAV, Sd} 0.1811 0.1154 
11 3+2 {PGA, Sa, ASI}+{Sv, Sd} 0.2456 0.1187 
12 3+3 {PGA, Sa, ASI}+{IA, CAV, Sv} 0.1878 0.1001 
13 3+3 {PGA, Sa, ASI}+{IA, CAV, Sd} 0.1899 0.1068 
14 3+3 {PGA, Sa, ASI}+{IA, Sv, Sd} 0.2213 0.1158 
15 3+3 {PGA, Sa, ASI}+{CAV, Sv, Sd} 0.1801 0.0930 
16 3+4 {PGA, Sa, ASI}+{IA, CAV, Sv, Sd} 0.1708 0.0967 

 

                
Fig. 4 - Performance of the FNN with PGA, Sa, ASI and CAV as seismic inputs (Case 3). 

Figure 4 shows the comparisons between the target outputs and the predicted outputs obtained 
from the FNN using PGA, Sa, ASI and CAV as seismic inputs (Case 3) trained with 70% 
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and 10% of the database. It can be seen that the trained FNN model is able to provide a 
good approximation of the maximum inter-storey drift at each storey of the infilled steel 
frame, even at large displacement when the infills exhibited strength loss. Such a model 
has the potential to be used in further analysis to derive the fragility curves and replace the 
conventional FE model. 

4. Conclusions

This paper presents a FNN-based model to predict the maximum inter-storey drift at each 
storey of a two-storey infilled steel frame. Training data were generated by analysing the 
validated FE model of the steel frame through time-history analysis using the FEMA 
ground motions.  

Seven IMs were considered as candidate input parameters to the FNN, and the 
performance of FNNs trained with different combinations of input IMs was evaluated. It 
was found that the use of PGA, Sa, ASI and CAV as seismic inputs are adequate to provide 
reliable prediction of the inter-storey drift demands of each storey of the infilled steel 
frame in this study. This allows the FNN great potential to significantly reduce the 
computational demand for deriving fragility curves.  

Nevertheless, to ensure this advantage of using FNN, further studies should also be carried 
out to find the optimal structure of FNN and the minimum requirement of the size of 
training data, which will help effectively reduce the computational cost required for 
training the FNN itself. 
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Abstract: This paper focuses on the concept of robust optimisation within a performance-
based framework for the seismic design of reinforced concrete bridge piers. A standard limit 
state-based framework is applied based on the modelling specifications and design 
approaches recommended in fib Model Code. A robust optimisation problem is then 
formulated considering two design objectives: minimising materials cost and minimising 
sensitivity of seismic response of design solutions to the uncertainty of structural capacities. 
For the purposes of the latter objective, force-deformation capacities of the structural models 
are stochastically distributed using appropriate probability distribution functions, and 
statistical dispersion in structural demand is obtained by nonlinear dynamic analysis through 
Monte-Carlo simulation. Cross-sectional properties of circular piers, such as the diameter 
and ratio of longitudinal and transversal reinforcement, are considered as the design 
variables of the optimisation problem subjected to limit state-based and structural detailing 
design constraints. The Brute-force search is utilised to solve the optimisation problem and 
find feasible solutions. Finally, Pareto fronts of the feasible design solutions are derived, and 
pertinent conclusions are drawn. In addition, different measures of robustness of seismic 
demand are discussed together with their effects on the selection of Pareto-optimal robust 
design solutions. 

Keywords: Performance-based seismic design; Reinforced concrete bridges; Robust 
optimisation; Circular piers; Nonlinear time-history analysis 

1. Introduction

Performance-based seismic design (PBSD) is a conceptual design framework, which aims 
at designing structures to meet specified performance levels such as serviceability, life 
safety, and damage limitation. This can be featured by various deformation or 
displacement demand parameters, such as member rotation, curvature, and ductility. 
Currently-in-use codes for seismic design of bridges, such as Eurocode8 (EN1998-2, 2005) 
and fib Model Code (fib, 2012), present deformation-based design specifications including 
quantitative limit state values for serviceability and ultimate performance levels.  
Most of the research efforts in the past have aimed to minimise the cost of construction 
and/or maximise structural performance, e.g., Camacho et al. (2019a); Li & Conte (2018). 
Although some of the design optimisation methods can address the conflicting goals of 
structural safety and economic consequences of failure, the resulting design solutions may 
be significantly sensitive to the uncertainties associated with input parameters. To reduce 
such sensitivity, robust design optimisation (RDO) can be employed. The main goal of 
RDO is to minimise the influence of the stochastic variations of the input parameters on 
the statistical dispersion of the objective function. Lagaros & Papadrakakis (2007) 
developed an RDO framework for PBSD of steel structures through nonlinear analyses. 
Yet, the concept of robust optimisation has not been insightfully investigated for PBSD of 
ductile piers in reinforced concrete (RC) bridges using nonlinear response-history analysis 
(NLRHA). Generally, few studies could be found in the literature implementing RDO for 

347
3ECEES, September 2022, Bucharest, Romania



seismic design of bridges. Bhattacharjya et al. (2018) formulated an RDO problem for 
seismic design of railway bridges with hollow piers using linear analyses. In another study, 
Kwag & Ok (2013) formulated an RDO method for seismic design of piers in a bridge with 
isolation. The method applied a stochastic linearisation method to avoid NLRHA for 
obtaining the structural demands.  
This paper addresses robust optimum design of RC ductile piers with circular section (the 
approach is valid for other types of cross sections too). Seismic design is carried out by 
employing PBSD principles according to specifications of fib Model Code 2010 (MC2010) 
which represents an international consensus on modern design of RC structures. For this 
purpose, a single ground motion record is selected to illustrate the concept of robustness in 
performance-based design optimisation of bridge piers using NLRHA. An RDO problem is 
defined with two objectives, where one of the objectives is to identify the design solution 
with minimum statistical dispersion in structural response, and the second one is to 
minimise the cost of materials. Statistical dispersion in structural demand is obtained 
through Monte-Carlo simulation (MCS) considering random variation of mechanical 
properties of the pier as the input uncertainty.  

2. Bridge pier properties and SDOF model 

The geometry, mass and material properties of the bridge pier examined in this study are 
adopted from a worked example described in Bouassida et al (2012). The pier has circular 
cross-section and is made of C30/37 concrete and characteristic cylinder strength fck=30 
MPa) and S500 reinforcing steel S500 (fyk=500 MPa). The pier is monolithically connected 
to an RC box-girder superstructure. Width of the superstructure deck is 10m with an 
effective span length of 29m. The pier height is 8m, and its foundation is on firm deposits. 
In the present study, the section diameter D and longitudinal reinforcement ratio ρl are 
considered as design variables to be optimised within the RDO framework as described in 
§3. 
The envelope of the moment vs. chord rotation relationship of the pier is based on the 
recommendations of Biskinis & Fardis (2013). More particularly, section analysis is first 
performed to obtain yield moment (My), yield curvature (ϕy), and ultimate curvature (ϕu) of 
the critical cross section of the pier. Next, yield chord rotations, θy, and ultimate chord 
rotation, θu, are calculated from the semi-empirical relationships by Biskinis and Fardis 
(2013). The effective elastic stiffness is taken as EIeff = My·Ls / 3θy, where Ls is the shear 
span length of pier. 
The pier is modelled as an idealised cantilever column with lumped plasticity at the bottom 
and lumped mass at the top (Wang et al., 2014) using the finite-element software OpenSees 
(McKenna et al., 2000). Nonlinear material behaviour of the plastic hinge is simulated 
using a rotational spring. The uniaxial bilinear hysteretic material in OpenSees is used to 
simulate peak-oriented hysteretic response of the rotational spring. A bilinear, rigid-plastic 
moment-rotation relationship is assumed to envelope hysteretic response (Fardis, 2013). 
An elastic beam-column element is used to model the remaining part of pier. A schematic 
view of the generated model is depicted in Fig. 1a. Furthermore, an example moment-
chord rotation response of the bridge pier with (D = 1.2m, ρl =2%) is given in Fig. 1b. 

3. Performance levels and format of verifications 

For the efficient design of circular RC piers in the context of PBSD, performance levels 
and objectives should explicitly be considered. In this study, performance limit states are 
defined in accordance with the specifications of fib MC2010. In this design code, 
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detailing of RC members is based on explicit verification of inelastic deformation demands 
for different limit states (Fardis 2013). Four explicit limit states are defined in fib MC2010; 
They are divided into two categories: serviceability limit states (SLS) and ultimate limit 
states (ULS). The SLS includes the operational (OP) and immediate use (IU) performance 
levels. The ULS includes the life safety (LS) and near collapse (NC) performance levels. 
The performance levels are paired with appropriate seismic hazard levels to set the design 
objectives of the code (Fardis 2013).  
Table 1 summarises the thresholds of the various limit states. The measure of deformation 
demand is the total chord rotation demand θEd for SLS and the plastic part of the chord 
rotation demand θpl,Ed for the ULS verifications. Specifically, for the OP limit state, θEd is 
compared with the chord rotation capacity at yielding, θy. When the IU limit state is 
checked, twice the chord rotation value, 2θy, is considered for verification of deformation 
demands. For the purposes of LS and NC verifications, θpl,Ed is compared with the lower 
5% fractile of the plastic chord rotation capacity (θpl,uk) divided by a safety factor (γ*R) that 
is different for the two performance levels, as shown in Table 1. The value of θpl,uk can be 
estimated using the following expression, where γRd is the model uncertainty factor 
depending on the model used to determine θpl,um. 

,
,

pl um
pl uk

Rd





 (1) 

Furthermore, to prevent brittle shear failures, shear force verifications are also required for 
the ULS. These verifications require that shear forces remain below the design shear 
resistance in the location of the plastic hinges VRd, which is decreasing with plastic rotation 
demands (Fardis 2013). It is important to clarify that, in all performance checks according 
to the fib MC2010, seismic demands are calculated using the nonlinear model described in 
§2 with mean (expected) My and θy values calculated according to Biskinis and Fardis
(2013).

SLS ULS 
OP IU LS NC 

Limit 
States 

< θy < 2θy θpl,uk /(γ*R = 1.35) θpl,uk /(γ*R = 1.0) 

Fig. 1 (a) schematic view of a typical RC box-girder bridge pier and its idealised model, moment-rotation 
cyclic response of pier  

 Table 1. Seismic performance limit states for ordinary RC structures as per fib Model Code 2010 
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4. Ground motion selection and scaling 

For NLRHA, seismic action is specified in the form of ground acceleration histories 
(accelerograms). According to the fib MC2010, a minimum of seven ground motions is 
required for mean response of seismic demands to be used in the verifications, while if a 
minimum of three ground motions is used in the performance checks, verifications are 
carried out in terms of maximum demand. However, the objective of the present paper is to 
investigate the effect of uncertain structural capacities in the robust design of bridge piers 
subjected to a specific natural ground motion scenario. Therefore, uncertainties associated 
with record-to-record (RTR) variability is beyond the scope of this paper. RTR will be 
introduced in a later stage to be introduced later, as an extension of the current research. 
For the purpose of this study, the Kocaeli (1999) ground motion recorded at Arcelik station 
is selected. Moment magnitude and closest-to-fault site-source distance of the chosen 
record is 7.5 and 13.5 (km), respectively. According to the fib MC2010, the acceleration 
time-history of the horizontal component of the ground motion is scaled in such a way that 
its 5% damped elastic response spectrum of the selected record does not fall below 90% of 
the horizontal elastic response spectrum of Eurocode 8 (EN1998-1, 2005) within the period 
range from 0.2T1 to 2T1. The value of reference peak ground acceleration on ground type 
C, agR, is taken as 0.16g according to Bouassida et al (2012). 

5. Robust optimisation of seismic design  

One of the most straightforward methods of optimisation is brute-force search. A multi-
objective optimisation problem is formulated herein with the section diameter D and the 
longitudinal steel reinforcement ratio ρl. Therefore, the design vector to be optimised is x = 
(D, ρl). The RDO problem is formulated in this study according to Lagaros & Papadrakakis 
(2007), wherein robustness is represented by the statistical dispersion in structural demand. 
As stated earlier, the optimum design aimed at this study seeks for solutions that are robust 
to variation of structural parameters, which is also the source of uncertainties in seismic 
demands. Therefore, the robustness index used herein is the dispersion in the chord 
rotation demands estimated at each hazard level. It is characterised as σθmax(x). For a given 
x vector (i.e., design candidate), expected values of the uncertain structural capacities (My, 
θy) are first calculated according to Biskinis and Fardis (2013). Then, vectors containing 
randomly generated values of My and θy are developed assuming a lognormal distribution. 
Therefore, the COVs of My and θy given in Biskinis and Fardis (2013) are utilised to create 
sufficient random realisations of the pier model for each design candidate. Next, seismic 
demands are evaluated through NLRHA for each realisation of the pier model. Finally, 
σθmax(x) is calculated using the statistical dispersion of structural demands obtained through 
MCS process. In a preliminary study, it has been observed that the sufficient number of 
random simulations per design candidate is 80 for estimating σθmax(x). In other words, 
further increase in number of simulations does not lead to considerable variation in σθmax(x) 
values. The result of the aforementioned study is elaborated in §6. 
Minimisation of σθmax(x) is one of the objectives of the RDO problem as shown in Eq. (2). 
The other objective in this equation is the cost function F(x) which often conflicts with 
σθmax(x) (Lagaros & Papadrakakis, 2007). 

Minimise: max[ ( ), ( )]F x x   

Subjected to: ( ) 0jg x  ; j = 1 to m     (2) 

Where: 1 2( , ,..., )nx x x x   
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The cost function F(x) is the sum of the material cost of concrete (Cc) and reinforcing steel 
(Cs) as shown in Eq. (3). 

( ) ( ) ( )c sF x C x C x  (3) 

In Eq. (2), gj(x) represents the deterministic design constraints of fib MC2010 as described 
in §3. In addition, constraints corresponding to construction practice and structural 
detailing parameters (SDP) should be checked prior to the seismic design requirements. 
For various levels of seismic hazard, the performance levels are controlled by comparing 
engineering demand parameter (EDP) values (i.e., chord rotations and shear forces) with 
corresponding performance-level thresholds PLTs. Therefore, the generic form of the 
constraint function can be expressed as Equation (4). 

1 0
EDP

EDP PLT
PLT

     (4) 

The optimisation framework and solution strategy followed in this study, is illustrated in 
the flowchart of Fig. 2. First, a design solution x = (D, ρl) is generated. Then, the solution 
is checked against structural detailing rules and the performance-based design constraints 
of fib MC2010 to establish that it is a feasible design solution. Then, MCS is performed 
with random generations of structural capacities followed by NLRHA to establish 
dispersion in seismic demands. Finally, the cost and dispersion of objective functions are 
evaluated. The brute-force method is used herein to generate the design solution vectors x, 
which combines simplicity and accuracy in obtaining the optimal solutions. 
It is noteworthy that in the proposed optimisation framework, D and ρl are treated as 

Fig. 2. Flowchart of the RDO problem 
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independent design variables, and ρw is only calculated to satisfy the ultimate limit states, 
so long as the serviceability limit state requirements are satisfied. This approach is based 
on the observation that ρw does not affect seismic demands, and it is leading to significant 
savings in terms of computational cost.  

6. Discussion 

As stated earlier, stability of the MCS process is investigated by changing size of random 
simulations. Fig. 3 illustrates the variation of feasible design periods versus two different 
measures of robustness (σθmax(x)). Figs. 3a and 3b show this change for standard deviation 
of rotation demand and COVs at NC limit state, respectively. Feasible solutions exhibit a 
range of design periods varying from 0.5s to 2.6s. In these figures, three sets of curves are 
sketched each of which representing a generated size of random simulations, namely, 40, 
80, and 160. By comparing the curves related to 80 simulations with those of 40, it can be 
perceived that as the number of simulations are increased, the σθmax(x) values are 
marginally increased especially at periods greater than 1s. However, both curves follow a 
similar trend. In Figs. 3a and 3b, when the size of random simulations is increased from 80 
to 160, trivial changes can be observed in the corresponding curves. In other words, 
increasing the size of simulations reduces the sensitivity of σθmax(x). Since there always is a 
trade-off between the size of random simulations in MCS with computational efficiency of 
the analyses, 80 random simulations are found to be sufficient for the purpose of MCS and 
RDO procedure followed in the flowchart of Fig. 2.  
Fig. 4a illustrates feasible design solutions and the Pareto front at the OP limit state where 
linear behaviour is expected. In the case of single-objective optimisation, minimisation of 
the cost function F(x) is the only criterion. In such cases, a solution with the minimum cost 
is usually characterised as the most appealing solution. In Fig. 4a, the lowest-cost solution 
entails a cross-sectional diameter of 1.35m, longitudinal reinforcement ratio of 1.5%, and 
mean period of 2.51s, i.e., (D, ρl, T) = (1.35m, 1.5%, 2.51s). The mean period T is given by 
the deterministic model used for safety verifications of fib MC2010. The cost of materials 
for this solution is €3430. In Fig. 3b, standard deviation is considered as the measure of 
robustness to estimate σθmax(x) at OP limit state. Where σθmax(x) is considered as the only 
objective function, (D, ρl, T) = (2.50m, 1.5%, 0.54s) will be the robust solution as it gives 
the lowest dispersion among the feasible design solutions. However, this solution is the 
most expensive design yielding the cost of €11320, which is 3.3 times greater than the 
lowest-cost solution. In a desirability analysis, a high importance factor may be considered 

Fig. 3. (a) standard deviation of feasible solutions versus design periods at NC limit state, (b) coefficient 
of variation of feasible solutions versus design periods at NC limit state 
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for robustness by a decision maker. Yet, it may not be economically justifiable to choose 
the robust design as the optimum solution. This highlights the significance of investigating 
the intermediate Pareto front solutions to find a design that is both sufficiently robust and 
cost-effective. This is the case, for example, with the design solution (D, ρl, T) = (1.35m, 
2.0%, 2.2s) termed as cost-effective robust design solution in the following. The standard 
deviation of the chord rotation demand for the latter design solution is 76% lower than the 
lowest-cost solution with only 10% increase in the materials cost. It is also interesting to 
note that the two solutions are very similar with the same section diameter and a small 
difference in the steel reinforcement ratios. 
The reason behind the difference in the dispersion of the minimum cost and the cost- 
efficient robust design solution can be inferred from Fig. 4b that presents the elastic 
displacement spectrum of the design ground motion for the OP limit state and the elastic 
periods of the two design solutions. It is recalled that for the OP limit state, elastic response 
of all feasible solutions is prescribed by fib MC2010. Spectral displacement dispersion of 
these solutions is illustrated together with the ranges of their elastic periods due to 
uncertainties in the structural capacities. The difference in the dispersions can be sought in 

Fig. 5. (a) standard deviation of feasible solutions versus range of periods, (b) Pareto front of the feasible 
design solutions by standard deviation at different limit states  

Fig. 4. (a) feasible design solutions and the Pareto-optimal set at OP limit-state, (b) elastic displacement 
spectrum of Kocaeli earthquake with mean and dispersion in rotation demand obtained from NLRHA at 

OP limit-state  
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the natural characteristics of the selected ground motion. It is observed that the period of 
the minimum cost design solution lies in a steep region of the displacement spectrum. 
Therefore, changes in the elastic period of the structure generate large variation in 
displacement demands. On the other hand, the period of the cost-efficient robust solution 
lies in a rather flat area of the displacement spectrum and subsequently period variations 
drive to small variations in displacement demands. 
It should be noted that all feasible solutions illustrated in Fig. 4a are verified for individual 
limit states in Table 1. The Pareto-optimal set obtained for OP limit state may not 
necessarily be the Pareto fronts for IU or ultimate limit states. However, quite similar 
trends as those obtained for OP limit state can be observed for other performance levels as 
well. Figs. 5a and 5b represent variation of rotational demands for the range of periods and 
Pareto-optimal solutions for all limit state. It is worth noting that the cost-effective robust 
solution identified for the OP limit state is also included in the Pareto-optimal set of 
solutions obtained for IU and NC limit states (see Fig. 5b). The robust solutions for each 
limit state may exhibit standard deviation values that are at least two times greater than the 
cost-effective robust solution, but they are about four times more expensive. This may 
result in a significant cost, especially when the number of bridge piers are increased. In the 
case of LS limit state, the cost-effective robust solution of OP, IU, and NC discussed 
previously is not included in the Pareto set. However, a similar solution, (D, ρl, T) = 
(1.40m, 1.5%, 2.32s), can be considered as the cost-effective robust solution. The 
aforementioned solution is five times more robust than the minimum-cost solution while it 
is less than 1% more expensive. The cost-effective robust solution given by LS limit state 
is slightly different in terms of design variables, D and ρl, comparing with the cost-
effective robust solution given by other limit states. Nevertheless, the difference between 
its standard deviation to those obtained for other limit states is less than 5%. The minima 
of the standard deviation curves are given in a range of periods between 2s and 2.5s, as 
shown in Fig 5a. This figure presents the variation of standard deviations of chord rotation 
demands with the elastic period of different design solutions for all performance levels. It 
can be seen that the cost-effective robust solutions all lie in valleys (local minima) of the 
standard deviation curves.  
Fig. 6a shows design solutions with respect to the associated COVs of chord-rotational 
demands, where the standard deviation of these demands in each design solution is 
normalised with respect to the corresponding mean value. In Fig. 6a, it is observed that the 
minima of all curves in the range of 2 to 2.5s correspond to the same robust-efficient 
solutions illustrated in Fig. 6b. However, the trends are different for stiffer solutions. In 

Fig. 6. (a) COV of feasible solutions versus range of design periods, (b) Pareto front of the feasible design 
solutions by COV at different limit states  
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other words, design solutions with higher strength/stiffness (i.e., periods shorter than 0.75s) 
exhibit large dispersions in terms of COV. This is explained by the fact that COV is 
calculated by dividing standard deviations by the mean rotational demands, which are also 
very small for stiff structures. Therefore, different robust solutions may be derived when 
considering different measures of robustness, which should also be taken into account. 
Specifically, in the case of ultimate performance level, where structural response is 
captured by the plastic rotation demand, higher dispersion values are found. Additionally, 
Fig. 6b shows the Pareto front solutions obtained for different limit states. The cost-
effective solutions obtained by considering the standard deviation as the measure of 
robustness are also identified as the cost-effective robust solutions when COV is 
considered as the measure of robustness. However, individual solutions in the set of 
Pareto-frontiers obtained considering COV are not necessarily the same as those obtained 
considering standard deviation. 

7. Conclusions

This paper employs PBSD within a robust optimisation approach to design circular RC 
piers. One of the objective functions of the optimisation problem is to minimise cost of 
material and the second is rooted in the nature of robust optimisation, i.e., minimising 
dispersion in structural demand. The concept of robust design optimisation is investigated 
through nonlinear time-history analysis. Uncertainties associated with structural capacities 
are considered as the source of variability in formulation of the robust optimisation 
problem. Feasible design solutions and the Pareto-optimal set are derived for different limit 
states. It is observed that the robustness of a design solution may significantly be affected 
by variability of the design periods and characteristics of elastic response spectrum. 
Furthermore, the advantages of robust design optimisation for seismic design of RC piers 
are discussed considering two different measures of robustness, namely, standard deviation 
and coefficient of variation. In the future research, the approach of modelling, analysis, and 
optimisation applied in this paper will be expanded to explore robust optimal solutions 
including RTR variability of ground motions for life-cycle design of concrete highway 
bridges. 
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Abstract: Scenario-based seismic assessment of structures is performed by selecting a suite 

of records that matches the distribution of ground motion intensity measures predicted by a 

suitable ground motion model (GMM) for the given parameters, such as magnitude, and 

distance. Traditionally, time-averaged shear-wave velocity in the top 30 meters of the soil 

profile (Vs30) is used as a simplified proxy to represent the site effects, and the Vs30 values 

of the ground motion suite are bounded by a suitable range. The goal of this study is to 

understand the level of approximation introduced by such a proxy, by incorporating the local-

site response more realistically, when performing the risk assessment of reinforced concrete 

(RC) bridges. For this purpose, the local site amplification is incorporated through site 

response analysis (SRA) using a ground motion suite recorded on the rock sites, as an 

alternative to the Vs30-based record set. Then, using both approaches, nonlinear response 

history analysis (NRHA) is carried out and direct economic loss estimates for the structure 

are obtained and compared. The results indicate that, in some cases, where the fundamental 

periods of the structure and site are close, the SRA approach can lead to higher seismic 

demands and losses, thus denoting underestimation when using Vs30. 

Keywords: Ground motion selection, Site-response analysis, Seismic loss assessment, 

Performance-based earthquake engineering 

1. Introduction

Over the last decades, numerous major events, such as 2011 Tohoku (Japan) and 2011 

Christchurch (New Zealand), proved that preventing structures from total collapse is 

essential but not sufficient to ensure having resilient cities. Inevitably, the paradigm of 

seismic design has gradually shifted from a traditional approach based on adequate 

“strength” to a “performance”-based one (Cornell and Krawinkler, 2000). As demonstrated 

by many examples in the past, such as the recent collapse of the Morandi Bridge in Italy 

(Calvi et al., 2019), non-functional bridge structures, which are located in crucial locations 

within a transportation network, can lead to disruption in vital lifelines and downtime, thus 

great monetary losses. Moreover, observed damage to bridges in past events (Chang et al., 

2000; Priestley et al., 1996) shows that there is still a need to perform a comprehensive 

seismic risk assessment of bridge structures. In this regard, different types of performance 

assessment methodologies have been proposed and evolved (e.g. FEMA P-58-1, 2018) in 

time. Among these, scenario-based assessments are usually preferred when the structure is 

located close to well-known active faults (see FEMA P-58-1, 2018). In common practice, 

scenario-based seismic assessment of structures is performed by selecting a suitable ground 

motion model (GMM) for the given region and seismological parameters, such as magnitude 

and distance. In line with this approach, the variations in the target spectrum determined by 

the GMM due to the local site effects are solely based on the Vs30 value for the given site. 

Then, nonlinear response history analysis (NRHA) is commonly carried out upon selecting 

a suitable set of ground motion records that satisfies a Vs30 value range for the given site. 
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However, for sites with similar Vs30 values, local-site characteristics can significantly alter 

the ground motion characteristics as observed, for instance, in the recent 2020 Samos Island 

(Aegean Sea) earthquake (Cetin et al., 2022). Larger significant durations and amplified 

spectral demands within medium to longer period bands were observed at deep soil sites. 

The ground motion records obtained at the closest stations to the areas in Izmir with 

significant structural damage in buildings with 7-9 stories, had spectral acceleration values 

at relatively longer period ranges (T=0.5-1.5) which were systematically higher than 

predictions of global and regional GMMs (Askan et al., 2021; Gülerce et al., 2022). In 

addition, (Cetin et al., 2022) observed that one-dimensional (1D) equivalent linear (EQL) 

site response analysis (SRA) was mostly able to capture most of the site effects observed in 

stations located on sites with site classes C and D according to the NEHRP classification 

(FEMA 273, 1997). These findings further encourage the use of 1D-SRA for finding the 

input accelerations to use in seismic assessment of structures located on sites with such 

classes. Nonetheless, in order to capture site effects resulting from subsurface geometry 

irregularities, either aggravation factors or more advanced analysis options, such as two-

dimensional analysis, can be considered (Makra et al., 2012).  

In light of the above discussion on the importance of local site effects, this study evaluates 

the influence of such considerations in the results of scenario-based seismic assessment for 

a reinforced concrete (RC) bridge structure. In specific, the goal of study is to compare the 

differences between a conventional approach, where site effects are incorporated through 

Vs30 values as in standard practice, and a refined approach where local-site effects are 

incorporated through 1D site response analysis. For this purpose, two different scenarios 

were selected with the same seismological parameters except the Vs30 values. These Vs30 

values were selected based on existing sites in Turkey; two of them are classified with site 

class C and the other two are classified as site class D, according to NEHRP (FEMA 273, 

1997). Within the framework of the conventional approach, cloud analyses were performed 

ultimately to obtain direct seismic loss estimates, using a different record set per scenario 

that was selected based on acceleration response spectrum obtained with a chosen GMM. 

On the other hand, in case of the refined approach site amplifications for each scenario were 

estimated from 1D-SRA that were carried out on a different set of records. In line with the 

SRA rationale, such records were selected for a rock site and the resultant acceleration time-

series obtained at the ground level were again used in cloud analysis. Finally, differences in 

the results of both approaches are gauged in terms of peak demand-to-capacity ratios and 

expected seismic loss values. Fig. 1 depicts the methodology used in this study. 

 

Fig. 1. - Research methodology and the adopted steps 
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2. Numerical modelling of the case study bridge

The considered case-study bridge depicted in Fig. 2, is a RC continuous bridge, featuring 

the deck non-monolithically connected to single-column circular piers. Pier-to-deck 

connections are defined via non-sacrificial shear keys that are assumed to behave rigidly, 

thus differential movements between the deck and substructure are not possible. The 

superstructure is 12 m wide and composed of 11 spans each having a length of 34 m. The 

height of the piers varies from 5.6 m to 18.7 m with an average of 10.2 m. Each pier has a 

constant section with a diameter of 2.8 m having 0.88% and 0.36% longitudinal and 

transverse reinforcement, respectively.  

Fig. 2. - Elevation view of the case study bridge. 

The numerical models were developed in OpenSeesPy (Zhu et al., 2018) environment. 

Specifically, the superstructure was modelled using elastic beam-column elements whereas 

force-based fibre beam-column elements (Spacone et al., 1992) were used in bridge piers. In 

order to ensure localized deformations over the plastic hinge lengths at the element ends, the 

modified two-point Gauss-Radau (Scott and Fenves, 2006) integration scheme was preferred 

for pier elements. Plastic hinge lengths for each pier were determined according to the 

empirical relation given in Equation (1) proposed by (Paulay and Priestly, 1992).  

𝐿𝑝 = 0.08𝐿 + 0.022𝑓𝑦𝑑𝑏 (𝑘𝑁, 𝑚𝑚) (1) 

The behaviour of reinforcing steel fibres having yield strength of 580 MPa was described 

according to the (Menegotto and Pinto, 1973) model with 0.2% isotropic strain hardening, 

and the ultimate strain was limited to 0.1 as recommended in (Priestley et al., 1996) to 

account for steel fracture and steel buckling. The behaviour of concrete fibres was defined 

in accordance with the force-deformation relation proposed by (Mander et al., 1988) for 

unconfined concrete, which is 39 MPa, and confined concrete. Geometrical nonlinearity in 

piers is taken into account via the inclusion of P-delta effects. The foundation flexibility is 

ignored and fully-fixed supports are used for the piers. When it comes to the abutments, the 

response of the backfill soil is accounted for by using a zero-length element at deck ends, 

accounting for the gap of 150mm in the longitudinal direction, having an elastic perfectly 

plastic (EPP) backbone curve. The abutment stiffness and ultimate strength of the curve were 

obtained in accordance with (Caltrans, 2019) guideline, and those were modified in the 

transverse direction by factors corresponding to wall effectiveness and participation factors 

recommended in (Maroney and Chai, 1994). The cumulative modal participation mass ratios 

for the first five modes were computed using gross section properties and are shown in Table 

1 along with corresponding periods. According to the results of an eigenvalue analysis, four 
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modes have modal participation mass ratios greater than 10% in transverse direction, which 

warrants a certain irregularity level to the bridge. Moreover, tangent stiffness proportional 

damping was adopted as recommended in (Priestley and Grant, 2005) to implicitly model an 

inherent viscous damping ratio of 2% at the fundamental period, a common approach in 

bridge structures (Priestley et al., 1996). Finally, nonlinear static pushover analyses were 

performed using a mass proportional loading distribution, and the effective fundamental 

periods in longitudinal and transverse directions were identified based on the initial stiffness 

of the idealized bilinear capacity curves as 𝑇𝑋 = 0.70 𝑠 and 𝑇𝑌 = 0.73 𝑠, respectively. 

Table 1. Modal properties of the case study bridge. 

Mode 

  

Period 

[sec] 

ΣMx 

[%] 

ΣMy 

[%] 

ΣMz 

[%] 

ΣRMx 

[%] 

ΣRMy 

[%] 

ΣRMz 

[%] 

1 0.57 0.00 31.43 0.00 0.00 0.00 53.46 

2 0.48 0.00 69.67 0.00 0.06 0.00 76.46 

3 0.42 0.00 88.58 0.00 0.10 0.00 79.58 

4 0.37 99.58 88.58 0.00 0.75 0.00 99.41 

5 0.30 99.58 99.34 0.00 1.78 0.00 99.55 

3. Definition of input motions 

As depicted in Figure 1, in the final step of the methodology, scenario-based seismic loss 

estimation was carried out for the selected scenarios. To use a more realistic seismic input, 

unscaled ground motions were preferred and cloud analysis (CA) (Jalayer et al., 2017), in 

which a structure is subjected to a set of ground motion records of different IM values, was 

used. CA yields a “cloud” of responses, becoming suitable for working with unscaled 

records, and was previously validated by (Ozsarac et al., 2021) in loss estimation for RC 

bridges. Another advantage associated to CA is that the record selection can be performed 

regardless of the dynamic properties of the structure to assess, even if the choice of records 

can still be influential and decisive. In order to explore this, two different approaches were 

followed to select input motions. Fig. 3 depicts the three different sets of unscaled ground 

motion pairs composed of 45 accelerograms that were selected considering the same rupture 

and magnitude parameters.   

 

Fig. 3. - Spectra of selected record sets of 45 ground motion record pairs. 

The first two sets of records were obtained in accordance with the specified Vs30 value of 

the case-study sites with classes C and D, and were directly employed in the nonlinear 

response history analysis without being altered. On the other hand, a third record set was 
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selected for bedrock conditions in order to carry out SRA using the specified soil profile of 

the selected sites, again, corresponding to sites C and D. The acceleration response spectrum 

for each site was determined by the GMM proposed in (Akkar et al., 2014) and the selection 

was processed using a record selection and processing toolbox, recently proposed by 

(Ozsarac et al., 2021), which allows direct access to the NGA-West 2 record database 

(Ancheta et al., 2014) and to utilize any GMM available with the OpenQuake software 

(Pagani et al., 2014). The records were selected such that both the median and variation in 

the target spectra were matched as shown in Fig. 3, and have similar seismological 

parameters to the selected scenario. The geometric-mean spectra of two horizontal 

components of ground motions are considered as spectrum definition in line with the selected 

GMM.  

The soil profiles of the selected sites corresponding to particular seismic stations located in 

Turkey were retrieved from the Turkish Accelerometric Database and Analysis System 

operated by AFAD (https://tadas.afad.gov.tr), and are depicted in Fig. 4. Due to the limited 

availability of shear wave velocity (Vs) profiles beyond 30 meters, it was assumed that the 

rock layer with a Vs of 1000m/s is located at 50m and 100m for sites with C and D 

classifications, respectively. All of the 1D-SRAs were carried out using the software 

DEEPSOIL (Hashash et al., 2017). In particular, for reasons of generality, an equivalent 

linear (EQL) analysis approach, which makes use of wave mechanics-based solutions for 

visco-elastic media, was preferred herein. For sand and clay layers, the generalized strain-

dependent modulus degradation and damping relationships proposed by (Seed et al., 1986; 

Vucetic and Dobry, 1991) were used, respectively. As for the representation of the bedrock, 

following (Kwok et al., 2007), an elastic half-space with a 2% damping ratio was used. 

Finally, the measured free-field motions at the ground level obtained from SRA, using the 

third record set for each selected site, were then used for dynamic analysis.  

 

Fig. 4. - Soil profiles of selected sites 
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The site amplifications for each record pair were calculated as the ratio of geometric-mean 

spectra of two horizontal components at ground level to the one at the bedrock level. Fig. 5 

depicts the 5th, 50th and 95th percentiles of the spectral site amplifications obtained from site 

response analyses with the values estimated by the GMM proposed by (Akkar et al., 2014).  

 

Fig. 5. - Spectral site amplification factors where shaded area illustrates the significant period range for 

the case study structure (0.2𝑇1
∗ to 2𝑇1

∗ where 𝑇1
∗ = √𝑇𝑋 + 𝑇𝑌) 

It can be clearly inferred that the amplification factors predicted by the selected GMM are 

mostly larger than the ones obtained through SRA. However, the dispersion in amplification 

factors obtained from SRA at period ranges 0.2≤T≤1.0 and 0.3≤T≤2.0 is significantly high 

for sites with class C and D respectively. This indicates that structures having fundamental 

periods in these period ranges can experience very significant damage for some records. 

Finally, the effective fundamental periods for these sites were estimated as the periods where 

peak mean site amplification factors are obtained. Herein, these were estimated as 0.4, 0.26, 

0.8 and 0.95 for sites 1, 2, 3 and 4 respectively. 

4. Results 

Two components, piers and abutments, were assumed to experience damage by the ground 

shaking. Accordingly, two distinct engineering parameters, pier drift ratio and abutment 

displacement were considered. The damage models for abutments were adopted from 

(Perdomo et al., 2020) where three damage limit states (DLS) are described, namely as 

slight, moderate and extensive. For bridge piers, the damage models developed by (Perdomo 

and Monteiro, 2020) in, which in addition to the previous three DLS descriptions DLS-4 or 

complete collapse is described, were used. Consequently, it was deemed that complete 

collapse occurs only if a pier is in DLS-4. 

4.1. Demand-to-Capacity (DCR) Ratios 

Prior to the estimated expected losses, the numerical analyses results were scrutinized in 

terms of peak demand-to-capacity ratio (DCR) values, considered as a direct measure of the 

seismic performance of the structure for an earthquake record. Considering both shear and 

flexure failure mechanisms in bridge piers, the capacity of each component was determined 

from the prescribed damage models as median values, after which the DCR values were 

computed utilizing Equation (2); 
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𝐷𝐶𝑅 = 𝑚𝑎𝑥 {
𝐷𝑖𝑗

𝐶𝑖𝑗
 𝑤ℎ𝑒𝑟𝑒 𝑖 = 1,2, … 𝑁𝑚𝑒𝑐ℎ, 𝑗 = 1,2, … 𝑁𝑐𝑜𝑚𝑝 }     (2) 

where 𝐷𝑖𝑗 and 𝐶𝑖𝑗 are demand and capacity values for the ith (out of 𝑁𝑚𝑒𝑐ℎ) failure

mechanism of the jth (out of 𝑁𝑐𝑜𝑚𝑝) structural component. Based on DCR values obtained

for bridge piers considering DLS-4, the number of observed collapses is tabulated for each 

analysis case in Table 2 where the cases of the conventional approach are labelled as “Vs30”, 

and those of the refined approach are labelled as “SRA – Site ID”. It was observed that for 

the scenario with site class C, the conventional approached performs fairly well in terms of 

collapse risk. On the other hand, in the case of the scenario with site class D, the number of 

collapses increases with the use of refined approach, hence the conventional approach can 

be considered unconservative herein.  

Table 2. Number of collapses based on DCR values for DLS-4 

Site Class: NEHRP C Site Class: NEHRP D 

Vs30 3 Vs30 4 

SRA – 1 3 SRA – 3 5 

SRA – 2 2 SRA – 4 7 

The maximum DCR values for DLS-3 are illustrated in Fig. 6 as boxplots where the data 

laying above 95th percentile is shown as points with grey colour. In the cases of the scenario 

with site class C, the records amplified by site 1 result in greater seismic demands whereas 

the records amplified by site 2 result in lower demands than those obtained by the 

conventional approach. Nonetheless, overall, there seems to be only a slight difference in 

terms of median and dispersion between the two approaches. On the other hand, comparing 

the cases of the scenario with class D, it was seen that even if the median values were close, 

the dispersion in DCR values got larger. This indicates that for some records the expected 

damage in the structure can be very severe, and may lead to collapse.  

Fig. 6. – Maximum Demand-to-capacity ratios calculated based on the component capacities at DLS-3 
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4.2. Expected Seismic Losses 

As mentioned earlier, the expected direct seismic loss for the selected scenarios was 

considered as the risk metric in this study. For this purpose, the procedure described in the 

Appendix G of (FEMA P-58-1, 2018) guidelines was followed. Accordingly, a new set of 

demands was simulated keeping the same statistical properties of the original demand 

matrix, and Monte Carlo Simulation was performed. For each realization, the DLS reached 

by each component was evaluated. If a pier was deemed to reach DLS-4, it was assumed that 

complete collapse occurred, and the associated loss was determined as the bridge 

replacement cost. Otherwise, associated repair activities and costs per component were 

determined and aggregated to obtain total loss values. In line with previous works (Ozsarac 

et al., 2021; Perdomo et al., 2020), the repair and replacement costs were considered to be 

lognormally distributed random variables with the dispersion values of 0.4 and 0.5, 

respectively. The mean replacement and repair costs were estimated as per (Perdomo et al., 

2020), in which the required material costs are increased by the prescribed over-price factors 

to account for handwork and machinery costs. Finally, the expected loss (EL) values were 

computed as the mean of loss values obtained from all the realizations. The ratios of these 

values to the mean bridge replacement cost for each analysis case are shown in Table 3.  

Table 3. Ratios of expected losses to the mean bridge replacement cost 

Site Class: NEHRP C Site Class: NEHRP D 

Vs30 16.3% Vs30 24.6% 

SRA – 1 19.3% SRA – 3 33.1% 

SRA – 2 13.5% SRA – 4 35.1% 

The results indicate that, on average, the difference between the conventional and refined 

approaches is relatively small in terms of EL values for the scenario with site class C. This 

further suggests that for such sites having effective fundamental periods significantly lower 

than (about 40% or more) the predominant period of the structure the conventional approach 

can be used confidently enough for seismic assessment purposes. On the other hand, for the 

scenario with site class D, it was seen that regardless of site-to-site variability, the refined 

approach resulted in at least 35% more expected loss value than that obtained by the 

conventional approach. This can be clearly attributed to the fact that some records were 

significantly amplified as the effective fundamental periods of the sites (0.8 to 1.0 s) are very 

close to the predominant period of the structure as seen from Fig. 5. 

5. Conclusions 

The work presented herein dealt with the consideration of local site effects when seismically 

assessing reinforced concrete bridge structures. The main goal was to guide analysts through 

the decision-making with regards to the approach to adopt. In other words, to determine 

whether the consideration of such effects in a simplistic fashion can result in significant 

differences, when compared to more refined approaches, in terms of demand-to-capacity 

ratios (DCR) and expected loss (EL). For this purpose, an earthquake scenario was selected 

and matching nonlinear dynamic analyses were performed on a case-study bridge, located 

on two distinct sites. Two approaches to determine input motions for dynamic analyses are 

tested, namely: (i) a conventional approach, employing ground motions selected using site 

Vs30 values; (ii) a refined approach that includes local site amplifications, using the 

measured responses at the ground level upon employing 1-D equivalent linear (EQL) site 
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response analysis (SRA) with records selected for rock or stiff sites. Based on the numerical 

results obtained and scenarios considered, the following conclusions can be drawn: 

• For sites with very dense soil (NEHRP C) having effective fundamental periods

lower at least about 40% than the predominant period of the structure, the

conventional approach can trustily be used for seismic assessment purposes. On the

other hand, it can be inferred that when the predominant period of the structure is

slightly greater or close to the effective site period, local site effects result in more

significant damage and, eventually, higher economic losses than the ones estimated

using the conventional approach;

• Due to the distinct nature of the approaches, the difference in site amplification

values obtained from local SRA and those predicted by a GMM is inevitable. For

what the specific sites selected for this study (categories C and D) from Turkey, and

the selected GMM are concerned, although there is site-to-site variability, on

average, the amplifications estimated by the GMM are systematically larger for

longer periods, i.e. T>2.0. On the other hand, the amplification factors obtained from

SRA at period ranges 0.2≤T≤1.0 and 0.3≤T≤2.0 for sites with class C and D,

respectively, seem to be greater for a significant number of records than those

predicted by the GMM.
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Abstract: A direct loss-based design (DLBD) procedure for reinforced concrete buildings has 
been recently proposed by the authors. It allows achieving a target acceptable level of 
earthquake-induced loss (e.g. deaths, dollars, downtime) under a specified site hazard profile. 
The procedure is called “direct” since the target loss level (e.g. defined based on client 
preferences) is specified at the first step of the procedure, and it generally requires two or 
three design iterations. The foundation of DLBD is a simplified loss assessment employing 
surrogate probabilistic seismic demand models and building-level damage-to-loss models for 
both direct and indirect losses. For a given target loss level, and structural geometry, the 
procedure provides the force-displacement curve of an equivalent single degree of freedom 
system. Such force-displacement curve becomes the target of the structural detailing phase, 
which is carried out using the principles of displacement-based design, thus allowing to design 
beams, columns, and walls accordingly. This paper illustrates the effectiveness of DLBD in 
designing a realistic RC case study building that achieves a 0.5% expected annual loss.  

Keywords: risk-targeted design approach; earthquake economic losses; direct/indirect losses; 
expected annual loss; tail value at risk. 

1. Introduction 

Provisions in seismic design codes generally focus on collapse prevention and/or life safety 
for major, rare earthquakes while damage prevention for minor, frequent ones. After the 
1994 Northridge (USA) earthquake, new research led to performance based earthquake 
engineering (PBEE), a fully-probabilistic earthquake loss assessment approach (Cornell and 
Krawinkler 2000). For a fully-specified building, the PBEE approach returns the mean 
annual frequency (MAF) of exceeding economic losses (among other loss measures) 
considering: a hazard curve; a fragility model (which depends on non-linear time-history 
analyses); a damage-to-loss model. The PBEE approach is considered a standard for 
assessment purposes, but is less practical for design, due to the required amount and 
refinement of input data. 
For this reason, most of the available loss-related design procedures are iterative, involving 
repeated applications of the PBEE assessment formula, while revising a guess design 
candidate until the target loss is achieved. Some of those refined yet time-consuming 
approaches employ non-linear optimisation methods and/or trial-and-error (Krawinkler et al. 
2006; Mackie and Stojadinović 2007; Pei and van de Lindt 2009; Dhakal and Saha 2017; 
Shahnazaryan and O’Reilly 2021). Other approaches involve pre-computing the PBEE 
formula for many structural configurations within a class (Esmaili and Zareian 2019; 
Takahashi et al. 2020).  
A direct loss-based design (DLBD) procedure, arguably more appropriate for preliminary 
design, has been recently proposed in Gentile and Calvi 2022. It was initially proposed by 
Gentile and Galasso 2022, and it is consistent with the conceptual guidance in Calvi et al. 
2021. DLBD aims at designing structures that would achieve, rather than be bounded by, a 
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given loss-related metric under the relevant site-specific seismic hazard (by analogy with the 
words of Priestley (Priestley et al. 2007)). The adjective “direct” since the target loss level 
(e.g. defined based on client preferences) is specified at the first step of the procedure, and 
it generally requires two or three design iterations. 
This paper discusses the rationale behind DLBD, and briefly describes its steps (Section 2). 
Most importantly, Section 3 shows the application of DLBD to a realistic case-study 
reinforced concrete building with a frame lateral resisting system in one direction and a wall 
system in the perpendicular direction. Section 4 briefly discusses the conclusions. 

2. Methodology 

DLBD is briefly summarised in this Section, while the relevant details are provided in 
Gentile and Calvi 2022. The steps of the procedure can be summarised as follows: 

• Provide a set of preliminary inputs, including: 
o A site-specific hazard model composed of hazard curves in terms of spectral 

acceleration for a set of vibration periods; 
o A structure-specific damage state (DS) thresholds, defined relatively to the ductility 

capacity at peak strength (𝜇), which is an intermediate design parameter. For 
example, 𝜇!"# = [0.5	1	0.75𝜇$%&	𝜇$%&]; 

o The typology of losses to consider and a selected loss metric (e.g. the expected 
annual loss, EAL, of the direct economic losses); 

o A building-level set of damage-to-loss ratios. For example, 𝐷𝐿𝑅!"# =
[7	15	50	100]% of the total reconstruction cost; 

o The basic material and geometrical properties, such as the yield stress of steel, the 
number of storeys, the inter-storey height, the seismic storey mass. 

• Select a target loss 𝐿'%()*' (e.g. EAL equal to 0.5% of the total reconstruction cost); 

• Select a number of seed single-degree-of-freedom (SDoF) systems by defining 
combinations of four parameters: the hysteresis type (ℎ𝑦𝑠𝑡), the fundamental vibration 
period (𝑇), the yield strength (𝑓+), the hardening ratio (ℎ), and the seed ductility capacity 
𝜇$%&. The range for such parameters must be compatible with the surrogate probabilistic 
seismic demand model by Gentile and Galasso 2022. The number of considered 
combinations is a choice of the user; 

• Apply the simplified loss assessment procedure summarised in Figure 1 to each seed 
SDoF system, and calculate the selected loss metric. The simplified loss assessment 
(described in detail in Gentile and Calvi 2022) is based on the above surrogate model 
for the seismic demand (i.e. probability distribution of peak horizontal deformation 
given ground-motion intensity), and simplified building-level damage-to-loss models 
for both direct and indirect losses; 

• Select all the SDoF seeds that meet the target loss metric and, for each of them, run the 
capacity spectrum method using code-based spectra for each DS demand. The seed 
SDoFs meeting both the target EAL and the code-based seismic demand for all DSs are 
called candidate design SDoFs. The designer is free to arbitrarily choose one of those 
as the final design SDoF; 
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• The last step of the procedure, i.e. structural detailing, involves designing each structural
member in the lateral resisting system such that the considered structure complies with
the design SDoF’s backbone. Any analysis method to achieve this goal (including trial
and error) is equally valid, although it is herein suggested to adopt the principles of
displacement-based design (Priestley et al. 2007).

Fig. 1 – Simplified loss assessment method at the basis of DLBD. 

3. Illustrative application

DLBD is demonstrated for a three-storey, three-by-three-bay RC case-study building in the city 
of Napoli, Italy. The lateral resisting system is composed of four frames in the longitudinal 
direction and two walls in the transverse. The building is designed to achieve a 0.5% EAL in 
both directions (only direct losses are considered, for simplicity). It is worth mentioning that no 
torsional behaviour is considered and the two building directions are designed independently.  
To avoid performing an ad hoc site-specific probabilistic seismic hazard analysis, the code-based 
Italian seismic hazard model is adopted (Stucchi et al. 2011). Among other variables, the model 
provides hazard curves for 10 periods between 0.1s and 2.0s. Linear interpolation is adopted for 
the seed SDoFs having different vibration periods. The damage states (relative to the unknown 
building ductility capacity) are defined as 𝜇!"# = [0.5	1	0.75𝜇$%&	𝜇$%&], while the adopted 
damage-to-loss ratios are 𝐷𝐿𝑅!"# = [7	15	50	100]% of the total reconstruction cost, 
consistently with those proposed in (Cosenza et al. 2018) for Italian concrete buildings. The 
basic material properties of the building involve: concrete strength equal to 𝑓$ = 30𝑀𝑃𝑎, steel 
yield stress equal to 𝑓,+ = 450𝑀𝑃𝑎. The basic geometry properties involve: beam length equal 
to 𝑙- = 5.5𝑚, inter-storey height equal to 𝐻#.' = 3.3𝑚, beam depth equal to ℎ- = 0.5𝑚, 
column width equal to ℎ$ = 0.6𝑚. According to the parameter definitions in Gentile and 
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Galasso 2022, the frame is characterised by the modified Takeda “fat” hysteresis model, while 
modified Takeda “thin” is used for the wall. The total storey mass is equal to 205𝑇𝑜𝑛.  
Figure 2a shows the mapping of the EAL for 10000 SDoF seeds related to the frame building 
direction. On the other hand, Figure 2b shows the selected candidate design SDoFs, together 
with the code-based uniform hazard spectra used for the displacement-based checks at 30y, 50y, 
475y, and 975y mean return periods. The selected design SDoFs for the frame and wall 
building directions are also shown. For both directions, the principles of direct displacement-
based design are used for the structural detailing of the members. Full details about the resulting 
member detailing can be found in Gentile and Calvi 2022. 

 
Fig. 2 – a) Expected annual loss map for the case study (frame direction). b) Capacity curves for the 

candidate SDoFs (frame direction). 

The DLBD results, for both the frame and the wall directions, are compared to a refined loss 
assessment procedure based on non-linear time history analysis, herein simply referred to as time 
history (TH). Although the overall methodology is consistent with Figure 1, there are some 
fundamental methodological differences to consider within the discussion: the building 
fundamental period is estimated from the bilinear representation of the numerical pushover 
curve; the member-level DSs are quantified using numerical pushover results; the response 
analysis is based on refined non-linear time-history analyses (instead of the surrogate model). 
The details of the adopted numerical modelling strategy, ground-motions for the time history 
analyses, fragility and vulnerability derivation are provided in Gentile and Calvi 2022. 
Figures 3 and 4 respectively show a summary of the results for the frame and wall lateral resisting 
systems. In particular, Figures 3a and 4a show a comparison of the pushover-based capacity 
curves with the capacity curves resulting from DLBD. The observed discrepancy is satisfactory, 
and it is almost negligible for the wall case study. The same applies for the comparison of the 
DS thresholds, which are below 7% for DS2 and below 25% for DS4. By propagating such 
discrepancies to the PSDM definition (Figures 3b and 4b), while adding the errors caused by the 
surrogate modelling within DLBD, returns PSDMs almost superimposable to the time-history 
based ones, with the highest discrepancies observed for the wall system in the non-linear 
response range. This is directly, and trivially, reflected on the derivation of fragility curves 
(Figures 3c and 4c). Finally, Figures 3d and 4d show that the hazard curves adopted for the 
refined and simplified loss assessment are essentially superimposed, thus confirming that the 
period-estimation errors are acceptable. The same figure panels show that the discrepancy 
between the vulnerability curves is particularly small, and it increases for higher values of the 
intensity measure, which are associated with particularly low values of the mean annual 
frequency of being exceeded.  
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Fig. 3 – DLBD vs. time-history based loss assessment for the frame case study: a) force-displacement curves; 

b) probabilistic seismic demand models (PSDM); c) fragility curves; d) vulnerability curves. 

 
Fig. 4 – DLBD vs. time-history based loss assessment for the wall case study: a) force-displacement curves; 

b) probabilistic seismic demand models (PSDM); c) fragility curves; d) vulnerability curves. 
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Therefore, the EAL discrepancy, (𝐸𝐴𝐿/0123 − 𝐸𝐴𝐿'%()*')/𝐸𝐴𝐿'%()*', are respectively equal 
to -13% and -10%, for the frame and the wall directions. Those are deemed satisfactory, since 
they correspond to an EAL anomaly respectively equal to -0.06% and -0.045% of the total 
reconstruction cost. It is worth mentioning that a detailed discussion of these results, together 
with 15 more building case-studies, is provided in Gentile and Calvi 2022. 

4. Conclusions 

This paper briefly reports an illustrative application of a direct loss-based design (DLBD) 
procedure for seismic actions, described in Gentile and Calvi 2022, and initially proposed 
by Gentile and Galasso 2022. It allows achieving a target acceptable level of earthquake-
induced loss (e.g. deaths, dollars, downtime) under a specified site hazard profile, virtually 
with no design iteration (practically, two or three iterations are sufficient). 
DLBD is herein showcased for a three-storey, three-by-three-bay RC case-study building in 
the city of Napoli, Italy. The lateral resisting system is composed of four frames in the 
longitudinal direction and two walls in the transverse. The building is designed to achieve a 
0.5% EAL in both directions. The results showed that DLBD provides a rational and 
practice-oriented way to achieve a risk-based seismic design. By comparison with a refined 
non-linear time-history based loss estimation procedure, DLBD shows an expected annual 
loss discrepancy equal to 13% for the frame, and 10% for the wall direction of the case-study 
building. This corresponds to an expected annual loss anomaly equal to 0.06% and 0.045% 
of the total reconstruction cost, respectively. 
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Abstract: A number of multi-storey R/C frames, from 2 to 5 stories were designed according to 

the provisions of EN1998-1 for the cases of DCM & DCH. The same frames, with the same 

geometry, vertical loadings, and earthquake ground conditions, were designed with the Direct 

Displacement Based Design (DDBD) for drift 1.5% and 2%. The results of the base shear force, 

the storey displacements and the interstorey drifts of the examined frames are presented and 

correlated. From these correlations, many differences in the base shear forces were found. The 

storey displacements and the corresponding interstorey drifts are presented through graphs that 

were evaluated through a numerical procedure based on the different design methods.  

Keywords: Reinforced concrete, frame structures, displacements, interstorey drift, direct 

displacement-based design, Eurocode 8  

1. Introduction 

In the past decades, a newborn method for the earthquake resistance design of structures has 

been rationally developed. Strength and performance have been considered interchangeable 

for much of the past years, the time during which precise design measurements for seismic 

resilience have been needed by codes. But even so, there has been a steady change away from 

this stance, as it has become clear that rising strength may not fundamentally improve 

protection or mitigate damage. The realization that the distribution of strength within a 

structure is more essential than the absolute value of the design base shear (Priestley, 2000). 

This technique is founded known as "Direct Displacement Based Design" (DDBD), with the 

basic approach of DDBD is that the structures should be engineered to operate at a specified 

level of efficiency, determined by strain or drift limits, under a specified level of seismic 

strength. Consequently, we could refer to the built systems as "uniform-risk" structures, which 

is consistent with the principle of "uniform-risk" spectra, which we are actually designing. 

(G.M. Calvi et al., 2008) 

The method of the DDBD has been based on the representative work being made by Priestley 

et al. where the fundamental principles and applications of the process are adopted. Research 

papers on how the design is worked on frame structures can be found illustrated by B. 

Massena et al. (Massena B. et al., 2010) and mainly focused on the “Draft Model 

Code”(Sullivan et al., 2009) and examples being provided by Priestley et al. (M.J.N Priestley, 

2000). Other attempts, where the DDBD is correlated with the design of the EC8 method are 

seen by D. Džakić et al. (Dzakic et al., 2012), the formulation of the DDBD procedure is 

being made on a part of an office building plan and tested in relevance with the EC8 

procedure. Also for the adoption of the procedure, the book of DDBD (Priestley et al., 2007) 
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is used. Through various examples provided in the chapters, the method is in a great manner 

explained.  

The work gathers a design of 4 different reinforced concrete multi-storey multi-bay frames 

that are designed based on the suggested methods of the EC8 for the ductility class high 

(DCH) and ductility class medium (DCM), and these design approaches are correlated to the 

Direct Displacement Based Design. The objective was to complete both designs and in the 

end compare the results and the interpolations that will occur during the procedure of 

evaluating and estimating the data required, so a good correlation can be made. 

Accommodating the EC8 (EN1998-1, 2004), the EC0 Basis of structural design (EN1990, 

2002), EC1 Actions on structures (EN1991-1-1, 2002), and EC2 Design of concrete structures 

(EN1992-1-1, 20014) are also used to have a complete picture of the structural frames being 

designed. For the stimulation of the analysis being made for the EC8 design procedure, the 

software ETABS19 is being adopted. 

2. Design of studied R/C frame building structures 

The plan dimensions of a typical storey slab (15000 x 12000 mm) of the studied frame 

building structures are shown in figure 1consisting of slabs, beams, and columns with the 

same dimensions in all storeys. The present study is focused on the central 2D frame in the x-

x direction and was studied in four cases. In the first case for a building with 2 stories, the 

second one with 3 stories, the third one with 4 stories, and the last one with 5 stories. Each 

storey has a height equal to 3000 mm. 

 

 

 

 

 

 

 

 

Figure 1. Plan dimensions of studied building and frame systems  
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The dimensions of structural elements used for beams were 300 x 500 mm (bw - Hb) for all 

storey frames as well the depth of the slab was 220 mm. For the 2 storey building, the 

dimensions of the columns in all the storeys consisted of 550x550 mm (hc - bc), for 3 storey 

800 x 800 mm, for 4 storey 1050 x 1050 mm and for 5 storey 1200x1200 mm respectively. 

The materials used were concrete class C30/37 {EC2 Table 3.1} and for rebar reinforcement 

C500 {EC2 Annex C Table C.1}. 

The building is classified as a residential building. The vertical loadings (self-load, permanent 

loads, and variable actions) are defined according to the EN1991-1-1. However, the loadings 

received by the central studied frame in the x-x direction are estimated as a distributed loading 

on the beams corresponding to the half area of the slab (see the dashed area on the plan of the 

building – 15000 x 6000 mm). The self-weight of the R/C members was taken 25 KN/m3, the 

permanent load on the slab  3 KN/m2 and the variable actions 2 KN/m2.  

 

3. The EC8 (EN1998-1) procedure for earthquake resistance design 

As has been mentioned above the building is adopted as a residential building, therefore the 

importance factor in all the cases is γI = 1.0. It is assumed also that the studied building is 

located in Seismic Zone 3 according to the National Annex of Cyprus. Therefore the AgR = 

0.25g. The ground type is assumed to be B so for Type 1 the soil parameters are S = 1.2, TB = 

0.15, TC = 0.5, and TD = 2.0. The corresponding Horizontal Elastic Response Spectrum of 

accelerations is given in figure2 for ξ = 5%. 

The earthquake resistance design of each 2D frame structure was completed for two cases: 

Ductility Class Medium (DCM) and Ductility Class High (DCH) according to the provisions 

of EN1998-1. These structures are regular both in plan and in elevation, therefore, for DCM 

the behaviour factor is q = 3.9, and for DCH q = 5.85. For both cases, the Design Spectrum 

for the Elastic Analysis is shown also in figure 2. The lower bound factor is assumed to equal 

0.2. So, the lower bound is equal to β x ag = 0.2 x 0.25 x 1.0 = 0.05g. 

  

Figure 2. The elastic response spectrum and the corresponding design spectrums for DCM and DCH 
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For the modeling of the 2D frames, the cracked sections of structural elements were taken into 

account to be equal to one-half of the corresponding stiffness of the un-cracked sections, 

according to the provisions of the EN1998-1.  

As has been mentioned above, all the studied frames are regular in plan and in elevation as 

well the first period (T1) of each one was founded to be smaller than 4xTC. Therefore the 

Lateral Force Method for elastic analysis was used. According to the provisions of EN1998-1, 

the Base shear force for each frame was estimated by the following formulae.  

𝐹𝑏 = 𝑆𝑑(𝑇1)  ∙ 𝑚 ∙ 𝜆  (1) 

The base shear force was distributed to the storey levels using the following formulae. 

𝐹𝑖 = 𝐹𝑏 ∙
𝑧𝑖∙𝑚𝑖

∑ 𝑧𝑗∙𝑚𝑗
(2) 

After the structural analysis of each frame, the corresponding elastic displacements at each 

storey level (dei) are defined. Due to the location of the studied frames in the middle of the 

plan, the torsional effects are equal to zero. However, according to the EN1998-1, the 

displacements at the storey levels induced by the seismic action must be taken by the 

following formulae.  

𝑑𝑠 = 𝑞𝑑 ∙ 𝑑𝑒   (3) 

The value of qd is taken into account to be equal to q (as is mentioned in EN1998-1). 

Figure 3. Base shear force (Fb) Vs max. Displacements induced by seismic actions (dsi) 

The earthquake resistance design is completed by the checks for Ultimate Limit State (ULS) 

and the Damage Limitation as defined by the EN1998-1. At the present stage, checking the 

Second-order effects (Ρ-Δ effects) for (ULS) and the damage limitation for masonry infill 

assumed as brittle materials it was found that both checks are satisfied.   

4. The Direct Displacement Based Design (DDBD) for the earthquake resistance design

For the case study, it is been chosen to test and bound the performance criteria for the 4 frame 

structures to drift limits of 2%, so the difference can be seen according to the EC8 provisions. 

The main emphasis in this section is made for obtaining the fundamental principles and 
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formulation of the DDBD. A starting point is the representation of the multi-degree of 

freedom (MDOF) structure to an equivalent single degree of freedom structure (SDOF). 

For the estimation of the design storey displacements, the floor displacements are relative to 

the inelastic mode shape δi, i=1 to n, which indicates the storeys respectively. Δc is the storey 

that is chosen to be critical for the storeys with the relative δc the critical normalized mode 

shape. Also for the higher mode effects the drift reduction factor ωθ is considered and derived 

by 𝜔𝜃 = 1.15 − 0.0034𝐻𝑛 ≤ 1.0, Hi is the relevant storey height and Hn is the buildings total 

height.  

𝐹𝑜𝑟 𝑛 ≤ 4: 𝛿𝑖 =
𝐻𝑖

𝐻𝑛
   (4) 

𝐹𝑜𝑟 𝑛 > 4:  𝛿𝑖 =
4

3
∙ (

𝐻𝑖

𝐻𝑛
) ∙ (1 −

𝐻𝑖

4∙𝐻𝑛
) (5) 

𝛥𝑖 = 𝜔𝜃  ∙ 𝛿𝑖  ∙ (
𝛥𝑐

𝛿𝑐
)   (6) 

 

 

 

 

 

 

 

 

 

 

Figure 4. Illustration of the MDOF system in relevance to SDOF system (Medhekar, 1998) and strength in 

relation to displacement (Massena B., 2010) 

Estimation of the design displacement of the equivalent SDOF, the equivalent SDOF height of 

the structure, and the equivalent SDOF effective mass, by containing the relevant seismic 

masses being estimated and also for the EC8 design procedure, with reference to the codes 

load combination, where the imposed loads are taken by 30% accompanying the permanent 

and other actions, in the relevant case of the seismic environment. So, the Equivalent SDOF 

characteristic (design) displacement is given by: 

𝛥𝑑 = ∑
𝑚𝑖 ∙𝛥𝜄2

𝑚𝑖 ∙ 𝛥𝑖

𝑛
𝑖=1    (7) 

The ratio between the characteristic displacement and yield displacement of the frame 

structure will give the ductility of the structure. The yield drift is proposed for reinforced 

concrete frame structures. The next step was the estimation of the effective period of the 

structure, it is required to estimate the equivalent viscous damping first. By using the 

horizontal response spectrum for 5% damping provided from the EC8, the relative design 

displacement spectra are obtained. 
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Figure 5. Design displacement spectrum 

From the graph above that illustrates the design displacement spectra for the 2 storey building 

being bounded by the drift limit of 2%, by knowing the characteristic displacement of the 

structure, a horizontal line is drawn at the point which will intersect with the new design 

displacement spectra with 11% damping, the effective period is read. The effective stiffness 

(Secant stiffness) and the design base shear force of the MDOF structure frame are given by:  

𝐾𝑒 = 4 ∙ 𝜋2 ∙ 𝑚𝑒/𝑇𝑒2 (8) 

𝑉𝑏 = 𝐾𝑒 ∙ 𝛥𝑑 (9) 

5. Evaluation and correlation of the results from the two methods

5.1 Correlation of the Base Shear Forces 

The results of the base shear force for each examined method are presented in figure 6. 

Figure 6. Base shear comparison of the design methodologies 

As has been expected, in all cases designed with EN1998-1, the base shear force for the DCM 

is much bigger than that corresponding to DCH. At the same time, in all cases designed with 

the DDBD method, the base shear force for a drift of 1.5% is much bigger than the ones that 

correspond to a drift of 2%. From a quality point of view, these observations are in good 

agreement which is meant that the structural systems which are not able to develop large 

displacements (due to their design) must be able to receive and resist large lateral seismic 
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forces. Also, in all cases, we can see that the base shear force of frames designed with the 

DDBD method for drift 1.5% is bigger than that of the systems designed with DCM. At the 

same time, the corresponding base shear force of systems designed with the DDBD method 

for drift 2% is bigger than that of systems designed with DCH. 

 

5.2 Correlation of the storey displacements with qd = q 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Storey displacements of studied frame structures (for qd=q for those designed with EN1998-1) 

 

The storey displacements estimated from the EN-1998 method for qd = q are correlated with 

those estimated with the DDBD method for all frames. Although we have results from four 

structural analyses, figure 7 shows three curves because the results of ds from DCM and DCH 

are exactly the same in all cases. As we can see the storey displacements from the DDBD 

method are much bigger than those estimated by the EN1998-1 method. As was expected, the 

storey displacements for drift 2% are bigger than those for drift 1.5%. The differences 

between these storeys displacements are approximately 25%, related to the differences 

between the two drifts levels. Also, we can see that as the number of stories is increased there 

is a shifting of the storey displacements of the frames designed according to the provisions of 

EN1998-1 to those estimated by the DDBD method. At this moment we cannot do any 

general conclusion, however, these observations must be examined for more cases of 

structural type structures, such as wall and dual systems or frame systems with more stories. 
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5.3 Evaluation and correlation of the interstorey drifts 

The interstorey drifts for all the examined frames are presented in the following figures. The 

interstorey drifts of the frame structures designed according to the provisions of EN1998-1 

(DCM & DCH) are based on the results of the storey displacements estimated with qd = q. In 

all cases of the frames designed with DDBD, the critical storey drift occurs at the first storey 

as the proposal by Priestley et al. In the cases of the examined frames designed with the 

EN1998-1, both with DCM & DCH, the critical storey drift is occurred at the upper storey, 

except the two-storey frame where it occurred at the first storey. As the number of stories is 

increased there is a good correlation between the interstorey drifts from the two methods 

(EN1998-1 & DDBD), especially for the higher stories of the five storey frame. It is clear that 

these observations can be made only for the examined frames. 

 

  

  

Figure 8. Interstorey drifts of studied frame structures (for qd = q for those designed with EN1998-1) 
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6. Conclusions 

Based on the results of this paper the following concluding remarks can be made: 

There are no differences in the storey displacements (ds) of frame structures designed 

according to the provisions of EN1998-1with DCM and DCH when these displacements are 

estimated with qd = q.  

The base shear force of the designed frames has shown much more different results than those 

with the same geometrical characteristics and vertical loadings but designed with the DDBD 

method and drift 1.5% and 2%. 

The interstorey drifts in the case of the frames designed with DDBD, the critical storey drift 

occurred at the first storey, whereas in the case of the frames designed with EN1998-1 it 

occurred at the upper storey. As the number of stories is increased there is a clearer correlation 

between the interstorey drifts for the two methods (EN1998-1 & DDBD), especially for the 

upper stories of the 5-storey frame. However, these observations can be made only for the 

examined frames. 
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Abstract: The seismic performance of a building is not only determined by the performance 
of its structural elements but also by the performance of its non-structural elements. A 
building cannot achieve a continuous functionality performance objective if all its non-
structural elements are out of operation after an earthquake. Likewise, a building cannot 
achieve a life safety performance objective if all its non-structural elements are damaged 
and/or collapsed after an earthquake. One approach to improve the likelihood that a non-
structural element achieves a certain performance objective is by establishing its seismic 
performance during shake-table testing. This paper presents a seismic classification 
procedure for non-structural elements in Italy based on the results of seismic qualification of 
NSEs using shake-table testing. The classification framework can help to easily classify 
non-structural elements based on their seismic performance during shake-table tests so that 
they can be installed in predefined locations in Italy.    

Keywords: non-structural elements; nonstructural components; required response spectrum; 
seismic qualification procedure; shake-table testing;   

1. Introduction

Non-structural elements (NSEs) are all the elements of a building that do not belong to its 
load-bearing system. During an earthquake ground motion, however, NSEs are subjected 
to the same dynamic environment as their structural counterparts. Many recent earthquakes 
have continued to demonstrate that damage to NSEs can severely impair the continuous 
functionality and life-safety of a building during and after an earthquake (Dhakal, 2010; 
Miranda et al. 2012; Perrone et al. 2018). According to the FEMA E-74 document (FEMA, 
2012), one approach to classify NSEs is by their functionality in the building. Architectural 
NSEs, for example, are usually built into the building and serve either to distribute and or 
partition space or to improve the interior or exterior aesthetic of a building inside (e.g. 
partitions, ceilings, parapets). Mechanical and/or electrical equipment are non-structural 
utilities that provide services to the building occupants and maintain the building 
functional (e.g. piping systems, electrical cabinets, HVAC equipment). Finally, building 
contents are everything that is not built into the building (e.g. book shelves, computer 
terminals) but are provided by the occupants of the buildings. The FEMA E-74 document 
(FEMA, 2012) also classifies NSEs according to their source of seismic damage. Drift-
sensitive NSEs are damaged by relative deformations between the floors of a building 
structure, while acceleration-sensitive NSEs are damaged by inertia forces resulting from 
the movement of their point of support in the structure.     
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Many NSEs, and especially utilities and contents, can be classified as acceleration-
sensitive NSEs. Different seismic design methodologies have been proposed to assure that 
these types of NSEs are able to withstand an earthquake ground motion without 
catastrophic consequences both in contemporary seismic design guidelines (EN1998-1, 
2011; NTC, 2018; ASCE7-16, 2016) and in the scientific literature (Perrone et al. 2022; 
Filiatrault et al. 2021; Merino et al. 2021). However, in some cases, it is also desirable to 
determine if a specific typology of NSE is able to resist a given level of seismic intensity 
using the results from full-scale shake-table testing. This procedure is known as seismic 
qualification and it provides valuable empirical information on the level of seismic shaking 
that a NSE is able to withstand (ICC-ES, 2012; ISO 13033, 2013). Seismic qualification 
procedures are particularly useful for determining the seismic performance of machinery or 
equipment that are installed in certain seismic zones, since these elements are usually 
assembly produced. A seismic qualification test can determine if a machinery or an 
equipment is likely to be damaged or lose functionality when subjected to a given seismic 
intensity (Di Sarno et al. 2018; Perrone et al. 2019; D’Angela et al. 2021).  

This paper introduces a seismic classification procedure for NSEs in Italy based on the 
results of seismic qualification of NSEs using shake-table testing. The proposed 
classification procedure relies on the fact that seismic qualification of NSEs using shake-
table testing is usually conducted at discreet levels of seismic hazard that represent entire 
regions of a country. Using this concept, the peak ground acceleration (PGA) seismic 
hazard map of Italy at a 475 year return period (which is considered as the design level 
intensity) is used to divide the whole Italian territory into four zones and to define 
Required Response Spectra (RRS) to be used for qualification shake-table testing of NSEs 
for each zone. Any NSE that is able to withstand a RRS of one of the zones without 
incurring any serious damage is classified for that zone and can be installed there and in all 
the other zones with lower RRS. The main purpose of the classification procedure 
presented herein is to facilitate the communication between earthquake engineers, 
manufacturers, owners and the public in general, since it provides a simple and intuitive 
procedure to determine if a NSE is adequate to be installed in certain region of the country.         

2. Definition of the Shake-Table Input for Seismic Qualification  

A crucial part of the proposed seismic classification procedure for NSEs is the definition of 
the seismic input for the seismic qualification shake-table testing of NSEs. The seismic 
input for the shake-table is fully defined by first determining a shape and amplitude of a 
RRS and then by outlining conditions for a Test Input Motion to be fitted to that RRS. 
These two components of the seismic input are described in this section.  

2.1. Derivation of Required Response Spectrum 

There are different methodologies available that can be used to define a RRS for seismic 
qualification shake-table testing of NSEs. For example, the AC156 test protocol (ICC-ES, 
2012) is used in the United States for this purpose. On the other hand, the ISO 13033 
(2013) Standard is the reference standard in Europe. Because the proposed classification 
procedure is focused on Italy, it relies on the prescriptions of the ISO 13033 (2013) 
standard to define the RRS. The ISO 13033 standard defines the RRS for seismic 
qualification shake-table testing of NSEs using two values of floor spectral acceleration, as 
follows: 
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 (1) 

 (2) 

where Aflexible and Arigid represent the horizontal spectral accelerations at the center of mass 
of a flexible and rigid NSE, respectively. The factor kI(u or s) represents the peak ground 
acceleration at ultimate or serviceability limit states (u or s subscripts) provided by 
regional or national standards. The factor kH,i is the floor response amplification factor, 
which accounts for the amplification of the acceleration due to the response of the 
supporting structure. The factors kR,p,flexible and kR,p,rigid represent the flexibility of the NSE 
relative to the flexibility of the supporting structure. Figure 1 illustrates a generic RRS as 
proposed by ISO 13033 (2013) plotted in terms of frequency and spectral acceleration. 
Even though ISO 13033 defines the corner frequencies, f0, f1, and f3 of Figure 1 in ranges, 
the most common values for these frequencies are f0 =1.3 Hz,  f1 = 8.3 Hz, and f3 = 33.3 Hz 
(ICC-ES, 2012). Note that the reference damping ratio of the RRS is 5% of critical. The 
vertical RRS is defined by scaling the horizontal RRS by a factor β usually taken as 2/3, 
but assuming that the value of the factor kH,i in Equations (1) and (2) is taken at the ground 
level of the supporting structure. In other words, the vertical response of the supporting 
structure is always assumed to be independent of the vertical elevation of the NSE in the 
supporting building.  

Fig. 1 - Generic RRS as proposed by ISO 13033 (2013) 

As proposed by Perrone et al. (2019), the RRS defined by ISO 13033 (2013) can be 
determined for the Italian territory by using the formula for spectral acceleration, Sa, 
proposed in Eurocode 8 (EN 1998-1, 2011):  

 (3) 

The factor α, in Equation (3), represents the ratio of the design peak ground acceleration 
for soil type A (EN 1998-1, 2011) to the acceleration of gravity and the factor S is the soil 
amplification factor; the product of α and S represents the factor kI(u or s) in Equations (1) 
and (2). The expression in brackets, on the other hand, represents the product kH,i·kR,p in 
Equations (1) and (2), where the height factor ratio, zi/H, accounts for above grade-level 
NSE installations and varies from zero at grade-level to one at roof-level of the supporting 
structure, and it acts as a building amplification factor that increases as one moves up the 
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supporting structure. Further, the factor Ta/T1 accounts for the amplification of the 
acceleration of the NSE due to the ratio of the period of the NSE to the period of the 
supporting structure. The RRS for the Italian territory is built by computing the two 
normalizing acceleration factors from Equations (1) and (2), assuming, in Equation (3), 
that Ta/T1 is zero for rigid NSEs and that Ta/T1 is one for flexible NSEs: 

                                                (4) 

                                                  (5) 

Note that in this case, Aflexible is the peak floor spectral acceleration and Arigid is the peak 
floor acceleration. The vertical RRS is obtained by multiplying the values of Aflexible and 
Arigid given by Equations (4) and (5) by a factor of 2/3, and assuming that the ratio zi/H 
equals to zero, regardless of the position of the NSE within the supporting structure. 

2.2. Derivation of Test Input Motion 

It is recommended that the derivation of the Test Input Motion required to perform the 
qualification shake-table testing follows exactly the requirements given in the AC156 test 
protocol (ICC-ES, 2012) in the United States. For convenience, the requirements given by 
AC156 (ICC-ES, 2012) to derive the Test Input Motion are presented in the next 
paragraph.  

The test input motions shall be non-stationary broadband random excitations with their 
energy content concentrated between frequencies of 1.3 Hz and 33.3 Hz. The composition 
of the input signal shall be formed by multiple-frequency random excitations adjusted 
either manually or automatically based on the multiple-frequency bands. The bandwidth of 
each of the individual bands can be determined by the test laboratory, but are typically one-
third-octave band-width for analog synthesis equipment and one-sixth-octave band-width 
for digital synthesis equipment. The process of deriving the Test Input Motion involves 
using an aggregate of multiple narrow-band signals that are adjusted until the Test 
Response Spectrum (TRS) envelops the RRS, as explained in the next paragraph. The 
duration of the Test Input Motion shall be 30 seconds. The non-stationary character of the 
test input motion is defined using a build-hold-decay envelope of 5 seconds, 20 seconds, 
and 5 seconds, respectively. The strong motion duration of the test input motion shall be 
minimum 20 seconds. Independent (uncorrelated) random acceleration signals shall be 
used to generate the test input motions in the two horizontal direction and in the vertical 
direction.  

The TRS generated by the test input motion shall be computed using either analytical 
techniques or response spectrum analysis equipment using the control accelerograms 
located at the base of the NSE specimen to be tested. The TRS shall be computed for 5% 
damping ratio, consistent with the damping ratio of the RRS. The TRS shall envelope the 
RRS on the frequency range between 1.3 Hz and 33.3 Hz, or up to the shake table limits, 
based on a maximum-one-sixth octave resolution. The TRS shall be computed 
independently for the excitations in both principal horizontal directions and the vertical 
direction. The TRS should not exceed the RRS by more than 30% over the amplified 
region of the RRS, considering the limitations of the shake table control systems. All the 
acceleration-signal filtering performed within the range of the analysis must be defined. 
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Modifications to the requirements for the TRS can be modified based on the following 
criteria: 

 One single point of the TRS can fall below the RRS by 10% or less if the two 
adjacent one-sixth octave points are on or above the RRS.  

 Two one-sixth octave points of the TRS at a maximum can fall below the RRS by 
10% or less given that the two adjacent one-sixth octave points, of each point, are 
at least equal to the RRS.    

 The TRS does not need to envelope the RRS for frequencies less than 3.5 Hz if it 
can be shown that there are no resonant frequencies of the NSE being tested below 
5 Hz. If a resonance frequency exists below 5 Hz, the TRS shall envelope the RRS 
only down to 75% of the minimum resonant frequency with a lower limit of 1.3 
Hz.    

3. Seismic Classification Procedure for Non-Structural Elements in Italy 

This section describes the proposed seismic classification procedure for NSEs in Italy. 
First, the development of a peak floor spectral acceleration seismic hazard map for Italy is 
described. The map is divided into four zones, each one with a distinct associated level of 
peak floor spectral acceleration. Finally, the seismic input for the shake-table seismic 
qualification test and the peak floor spectral acceleration seismic hazard map for Italy are 
combined to classify NSEs.   

3.1. Peak Floor Spectral Acceleration Seismic Hazard Map for Italy  

The development of the peak floor spectral acceleration seismic hazard map of Italy is 
compatible with the use of Equation (4), since this equation assumes that the NSE is in perfect 
resonance with the supporting structure and therefore is exactly the peak floor spectral 
acceleration. The development of the map starts with the PGA seismic hazard map of Italy for 
a 475 year return period. A 475 year return period is chosen for this application because it is 
usually associated to the design level seismic intensity and because it is the seismic hazard 
level for which NSEs installed in normal buildings are expected to achieve a life-safety 
performance objective and for which NSEs installed in critical buildings are expected to 
achieve a continuous operation performance objective (Filiatrault et al. 2021). The PGA at 
each site represents the value of kI(u or s) in Equation (4). Since the most critical peak floor 
spectral acceleration usually occurs at roof level, the value of zi/H is assumed to be equal to 
one. The values of peak floor spectral acceleration for all the Italian territory are plotted in 
Figure 2a. Note that the highest value of peak floor spectral acceleration is equal to 1.2g. 
Using this number, the Italian territory is divided into four zones with a 0.4g variation in 
peak floor spectral acceleration values. These four zones are used to define the 
classification procedure as described in the next section.  

3.2. Description of the Classification Procedure  

The classification procedure for NSEs in Italy is defined using the peak floor spectral 
acceleration seismic hazard map of Italy developed in the previous section. Since the map 
of Italy was divided into four distinct zones, each one with a maximum value of peak floor 
spectral acceleration, four classes are defined for the classification procedure. The classes 
are classified using a nomenclature that starts with A for the highest tier and continues to D 
for the lowest one. Each class is associated to a horizontal and a vertical RRS, defined 
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according to the procedure described in Section 2. These horizontal RRS are computed to 
have a value of Aflexible that is equal to the maximum peak floor spectral acceleration of the 
zone associated to the class. Since the ratio of the value of Aflexible from Equation (4) 
assuming that zi/H = 0 to the value of Aflexible from Equation (4) assuming that zi/H = 1.0 is 
2.5/5.5, then the vertical RRS for each tier is computed by multiplying the horizontal RRS 
by a value of 2/3(2.5/5.5) = 0.3. Figure 2 presents a summary of the classification 
procedure for NSEs in Italy. Figures 2b to 2e present the horizontal and vertical RRS for 
each class. Figure 2 shows how each site on the map is associated to one of the four 
classes, which are in turn associated to one of four pairs of horizontal and vertical RRS 
through the colours and positions in the figure.     

 
Fig. 2 - Classification procedure for NSEs in Italy via seismic qualification shake table testing: a) map of 

peak floor spectral acceleration at roof level for the Italian territory, b) RRS for qualifying as tier A, c) RRS 
for qualifying as tier B, d) RRS for qualifying as tier C, e) RRS for qualifying as tier D.) 

The proposed classification procedure entails that a NSE that is classified to be in class A 
has to be shown to be able to resist, without losing its position and without significant 
damage, a test input motion whose TRS is matched to a horizontal RRS with a value of 
Aflexible equal to 1.6 g and a corresponding vertical RRS with a value of Aflexible equal to 0.48 
g. Similarly, a NSE that is classified to be in class B has to be shown to be able to resist, 
without losing its position and without significant damage, a test input motion whose TRS 
is matched to a horizontal RRS with a value of Aflexible equal to 1.2 g and a corresponding 
vertical RRS with a value of Aflexible equal to 0.36 g. A NSE that is classified to be in class 
C is able to resist, without losing its position and without significant damage, a test input 
motion whose TRS is matched to a horizontal RRS with a value of Aflexible equal to 0.8 g 
and a corresponding vertical RRS with a value of Aflexible equal to 0.24 g. Finally, a NSE 
that is classified to be in class D is able to resist, without losing its position and without 
significant damage, a test input motion whose TRS is matched to a horizontal RRS with a 
value of Aflexible equal to 0.4 g and a corresponding vertical RRS with a value of Aflexible 
equal to 0.12 g. 
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The consequences of the classification procedure are that a NSE that is classified to be in 
class A could be installed anywhere in the Italian territory. A NSE that is classified in class 
B could be installed anywhere in the Italian territory except for the yellow zones presented 
in Figure 2a. A NSE that is classified to be in class C could only be installed in the purple 
and blue zones of the Italian territory presented in Figure 2a. A NSE classified to be in 
class D could only be installed in the purple zones of the Italian territory  according to 
Figure 2a. If a NSE does not meet any of these requirements then it cannot be installed in 
any part of the Italian territory.  

In addition to the letter classification system, an additional “+” sign is assigned to NSEs 
that are able to remain fully operational after being subjected to a test input motion whose 
TRS is matched to the RRS of each class. In this way, the classification procedure 
contemplates two performance objectives for each NSE typology, one for life-safety and 
one for continuous of operation. Note that the letter classification for both performance 
objectives may not match since a NSE could remain operational after being subjected to a 
test input motion whose TRS is matched to a RRS of a given class, and then achieve life 
safety when subjected to the test input motion whose TRS is matched to the RRS of a class 
above it. The use of the “+” sign is useful when deciding which NSEs to install in critical 
facilities like hospitals or airports.      

4. Conclusions

A seismic classification procedure for non-structural elements in Italy based on 
qualification shake-table testing was proposed in this study. The proposed classification 
scheme is based on the pairing peak floor spectral acceleration seismic hazard map of Italy 
with prescribed Required Response Spectra used to define the input for seismic 
qualification shake-table testing. Because of its relative simplicity, the procedure is aimed 
to aid in the communication between earthquake engineers, manufacturers, owners and the 
general public. The procedure can be considered intuitive since it is based only on the 
division of the Italian map into four discreet zones and on imposing a pass or fail test on 
the shake-table for each typology of non-structural element for each zone. Additionally, the 
procedure considers performance-based seismic design concepts in a simplified way by 
allowing for two performance objectives (life-safety and continuous operation) for non-
structural elements. At the time of writing, the procedure has only been proposed and it 
still requires example applications so that its strengths and weaknesses can be assessed.  
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Abstract: This paper describes the assessment of the effects of ageing on reinforced 

concrete (RC) buildings through a probabilistic framework. Ageing in RC structures can 

lead to corrosion when certain environmental and material circumstances are met and 

impact the structure’s performance through the passing of time. The probabilistic framework 

considers the different possible scenarios that can trigger corrosion through sampling 

different values for environmental conditions and, thus, obtaining corrosion initiation times. 

Three-dimensional (3D) models of building structures, designed according to old and 

modern standards, were assessed through nonlinear static analyses, by altering the properties 

of some of their structural members, with the aim of representing corrosion according to the 

building’s age and exposure. The structures’ models are bare frames and infilled frames and 

include the modelling of both the flexural and shear behaviour of the structural elements. 

The main outcome of this study is that the effects of ageing clearly depend on the structure´s 

design level and impact differently on each of the building types. Older structures are more 

susceptive to corrosion effects than newer structures. Nevertheless, these effects are less 

impactful on infilled frame structures given that, for these structures, the behaviour is 

controlled by the infill walls. 

Keywords: corrosion effects, reinforced concrete buildings, probabilistic assessment, 

building classes 

1. Introduction

Reinforced concrete buildings located on seismic areas may be negatively impacted by the 

effects of ageing due to corrosion, since these effects can degrade the structure’s 

performance over its service life. The structures exposed to this phenomenon exhibit 

reduction on its load carrying capacity, redistribution of forces and loss of structural 

redundancy, especially if their members are subjected to increasing levels of corrosion 

over time. 

The loss of capacity of the corroded reinforced concrete elements happens due to corrosion 

of materials forming on the perimeter of the reinforcement bars, which reduces the 

effective steel area, and decreases the element strength and ductility (Coronelli and 

Gambarova, 2004). This also causes a volumetric expansion around the bars, which leads 
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to cracking on the concrete and cover spalling, reduction of the steel and concrete bond and 

reduction on moment, shear and anchorage capacities of the exposed members. 

The negative impact on the seismic performance of structures that are exposed for large 

periods of time to these environmental conditions has been explored by several authors. 

Pitilakis et al (2014) noticed an increase of the seismic fragility of corroded buildings by 

including the effect of ageing in the modelling of concrete and steel members of concrete 

frames. Yu et al (2017) concluded that older structures, with severe corrosion, are more 

vulnerable to progressive collapse than newly constructed ones. 

Regarding the overall impact of corrosion effects and its relationship with the level of 

seismic design of a given structure, relevance is given to the work of Berto et al (2020), 

who showed that the reduction in the capacity and ductility due to corrosion is heavily 

influenced by the type of design. Additionally, Di Sarno et al (2020), who analysed 

modern designed buildings using models with different levels of exposure, concluded that 

corrosion effects may shift the structural behaviour from ductile to brittle. 

In this study, the practical consequences of corrosion are assessed with a fully probabilistic 

approach, considering several corrosion scenarios which represent a diverse range of 

environmental conditions, combined with different building ages or exposure times, to 

provide a complete and practical depiction of their performance over time. The work is 

carried out using three-dimensional (3D) models, which consider the effects of corrosion 

on the elements located at the structure’s perimeter with detailed representations of the 

shear and bending behaviours, for different types of seismic structural design. 

 

 

2. Corrosion effects on reinforced concrete elements  

One of the main aspects to consider when assessing the effects of corrosion on exposed 

concrete members is time (Fig. 1). The time at which the effects start to influence the 

member’s behaviour is defined as corrosion initiation time (Ti). The time after that, 

designated as propagation time, dictates how much the steel and concrete properties will be 

modified, depending on the degree of corrosion. 

 

 

Fig. 1 – Temporal corrosion process 

 

The initiation time was obtained through Siemes and Edvardsen (1999) probabilistic 

model, which considers the environmental conditions such as humidity, the actual concrete 

member properties and both physical and curing methods. This model accounts for the 

uncertainty associated to each of the mentioned variables, including the RC element 

properties. Table 1 shows the variables’ distributions and conditions selected for this study. 
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    (1) 

Once the propagation phase begins, the properties of the steel and concrete begin to 

degrade progressively with the advancement of time. The main parameters affected by this 

phenomenon are the rebar diameter, the yield and ultimate steel stresses, the steel ultimate 

strain and the concrete strength. For the purposes of this study, the effects of corrosion on 

bond-slip behaviour will not be considered, since its impact is not significant, as it has 

been shown by Lin et al (2019). 

 
Table 1. Parameters for initiation time  

Compounds Conditions Distribution Mean Std. Dev. 

XI: Uncertainty coefficient  - Lognormal 1 0.05 

dc: Cover depth of concrete column  From FIM None 30 (mm) - 

ke: Environmental correction factor  Atmospheric Gamma 0.676 0.114 

D0: Reference diffusion coefficient at t0 = 28 days   w/c = 0.5 Beta 473 (mm2/yr) 43.2 10-6 (mm2/s) 

kt: Correction factor for tests  All Normal 0.832 0.024 

kc: Curing time correction factor  28 days Normal 0.8 0.1 

n: Aging factor  All Beta 0.362 0.245 

Ccr: Critical chloride content (mass-% of binder)  Humid/dry cycles Normal 0.9 0.15 

Cs: Chloride surface concentration  

(mass-% of binder) 

 Atmospheric   C29H33N3O3 

 

The computation of the reduced steel rebar diameter, as a function of time and corrosion 

level, was done through the model proposed by Choe et al (2008). This model considers 

the diminishing effects on the corrosion rate over time, as the corrosion products around 

the rebar prevent the chemical process to continue at the same scale. Therefore, the 

reduced steel rebar diameter is function of the present time, initiation time, the rebar’s 

initial diameter, the water cement relationship and the cover depth. 

The reduction of the yield and ultimate steel strengths, as the reduction of the steel strains, 

which are both function of time, were computed using the Carins et al (2005) model. The 

percentage of average section loss was evaluated based on the expressions proposed by Du 

et al (2005), while the concrete loss of strength (fc*) due to corrosion was estimated 

according to Cornelli and Gambaroba (2004). 

 

 

3. Probabilistic framework 

In this section, a probabilistic framework is proposed to evaluate the buildings’ 

performance evolution over time, for different external conditions, as shown in Fig. 2, 

where BIM, ABIM and AFIM mean, respectively, Building Information Model, Aged 

Building Information Model and Aged Fragility Information Model Different building 

classes are considered with several design conditions, to encompass the various seismic 

design outcomes that could be expected from structures designed either recently or many 

years ago. Then, j samples of ageing or environmental parameters are introduced on the 

models using the different distributions listed in Table 1. The initiation times for each 

element per j sample are computed by combining the ageing parameter with the properties 

of each exposed member for a given building design.  

After getting the initiation times for each element, the aged properties for concrete and 

steel are computed for a given set of building ages from T=0 to T=50 years, in 10-year 

intervals. This information allows the beams and columns to be modelled according to 
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these new computed properties, obtaining a set of aged finite element models for each j 

sample and time i. These models are then subjected to modal and nonlinear static 

(pushover) analyses in both directions, to characterize the local and global behaviour of the 

structures. The global response parameters, such as displacement and base reactions, 

together with the elements’ local responses, allow to assess the loss of capacity and 

possible changes on the structure’s failure mechanism over time. 

 

Fig. 2 – Probabilistic framework flowchart 

 

The number of samples of environmental parameters is defined through estimating the 

initiation time using a Latin Hypercube Sampling (LHS) on all the distributions of the 

variables identified in Table1. To obtain a reasonable range of all initiation times within a 

normal building’s lifecycle (0 to 50 years), different sample sizes were initially considered, 

from 25 to 10000. The minimum value that provides a complete array of observations, 

without being computationally time consuming, is 50 samples. 

 

 

4. Studied Cases 

4.1. Buildings’ description and classification  

The proposed framework was applied to a set of buildings with different seismic design 

levels, with four and five storeys height and the plan configuration shown in Fig.3. It 

consists of five bays in the X direction and three bays in the Y direction, with a typical 

frame spacing of 4.5m in both directions. An exception is made for the middle bay in the X 

direction, where the stairs are located, that only has 3m length. The buildings’ story height 

is 2.8m for all storeys. 

 

 
Fig. 3 – Building’s plan configuration 

 

The buildings were grouped into classes according to their design level. The buildings 

labelled as Design Class High (DCH) are RC structures that consider modern seismic 

design practices, such as capacity design and local ductility measures recommended in 
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modern design codes. These buildings have a high global ductility achieved through a 

controlled mechanism, with high levels of shear reinforcement, preventing shear failure. 

The buildings designated as Design Class Medium (DCM) are structures that have been 

designed according to older seismic codes, in which lateral loads are included in the design 

process through scaling factors, with overall low ductility and less control of the failure 

mechanism. This class of buildings accounts for two different levels of seismic action, by 

adopting a seismic coefficient, β, equal to 0 and 0.15. An additional class was considered 

for DCM, named DCMR, with a slight increase on shear capacity to prevent sudden 

failures that could cause difficulties observing the effects of corrosion.  

 
Table 2. Building classes classification 

Design class  Seismic Design β N. Storeys Designation 

Design Class High  0.15 4 DCH- 4- β0.15 

Design Class Medium  0.00 4 DCM- 4- β0 

Design Class Medium 0.15 4 DCM- 4- β0.15 

Design Class Medium - Shear Reinforced 0.15 4 DCMR- 4- β0.15 

Design Class High 0.15 5 DCH- 5- β0.15 

Design Class Medium 0.00 5 DCM- 5- β0 

Design Class Medium 0.15 5 DCM- 5- β0.15 

Design Class Medium - Shear Reinforced 0.15 5 DCMR- 5- β0.15 

 

 

4.2. Modelling assumptions 

4.2.1. General modelling assumptions 

The 3D structure models were built using the nonlinear analysis software OpenSees 

(McKenna, 2000), applying a lumped plasticity approach. It consists of a combination of 

elastic elements (beams and columns) with non-linear springs that simulate the flexural and 

shear behaviour of the elements. 

The flexural behaviour of the beams and columns was modelled according to the Ibarra-

Medina-Krawinkler (IMK) model (Lignos and Krawinkler, 2011). The different 

parameters that define the moment-rotation relationship were computed as proposed by 

Haselton et al (2016), with the exception of the yield rotation which was calculated 

according to Grammatikou et al. (2017). 

The shear behaviour was modelled through a three-point limit state curve, based on the 

work by Sezen and Moehle (2006). This model captures the shear failure and accounts for 

the shear degradation due to cyclic loading.  

For the cases of buildings with infill walls, the structures’ design was kept the same as the 

bare frames, but the infill walls were included in the numerical models. The masonry infills 

of these buildings consisted of two leaves of horizontal hollowed brick units with an 

internal cavity between them, covered externally with a layer of plaster. These walls were 

introduced in the numerical models through a simplified approach, developed within the 

SERA framework (Romão et al., 2019), that accounts for the strength and stiffness 

contributions of the walls.  

 

 

4.2.2. Modelling of corrosion 

To assess the degradation due to ageing, the elements exposed to corrosion, located at the 

perimeter of the building, had their original properties modified once their initiation time 

was exceeded. The corrosion effects on the columns’ flexural springs were modelled 

following the empirical model proposed by Dai et al. (2020), which uses modification 
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factors, called corrosion-induced deterioration coefficients (CIDC), evaluated for the 

different points of the backbone curve of the IMK spring, and multiplied by their 

corresponding parameters, effectively reducing the strength and ductility of the springs. 

For both flexural and shear springs, the corroded properties of the columns and beams 

were computed following the same equations that define the uncorroded model. The 

inclusion of ageing comes from applying the values of the aged properties to the steel and 

reducing the concrete strength, as a function of the corroded area, following the Di Sarno 

and Pugliese (2019) model.  

 

 

5. Performance Assessment  

5.1. Damage state definition 

The damage states were defined to have an objective measure of the structure’s 

performance both at the global and local levels. These limit states were firstly defined 

locally, using the material properties, and then associated to global damage states. The 

local limits are based on the chord rotations defined for each of the elements, where DS1 

and DS2 correspond to the yield and capping curvatures, respectively. Additionally, DS2 

may also be considered whenever the element reaches its shear strength capacity. The 

global limit states DS1 and DS2 are then met by the first occurrence of local damage states 

in the beams or columns. 

 

5.2. Effect of corrosion on dynamic properties 

The mean results of the modal analysis are shown in Fig.4, which illustrates the first two 

periods (fundamental periods in each orthogonal direction) of the structures. These remain 

almost unchanged for all design types, throughout all the considered years of study and 

across all samples. This happens because the effects of corrosion do not seem to have 

much influence on the elastic properties of the buildings and only take place once the 

plastic deformations are reached. Therefore, no significant changes on the dynamic 

properties of the structure are observed. These results are of importance whenever the 

selection of a response spectrum, or any task associated to the dynamic characterization of 

the structure, is needed. 

  
(a)  (b)  

Fig. 4 – Fundamental periods of vibration of the studied classes for: (a) Bare frame structures and (b) Infilled 

frame structures 
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5.3. Effects of corrosion on the buildings’ response  

The mean pushover curve from all samples, computed throughout the roof drift levels, for 

the DCH and DCMβ0.15 buildings, is shown in Fig. 5. It is noticeable that there is a slight 

decrease in the base shear, as well as in the global ductility with the passing of time from 

T=0 to T=50 years, for both building classes. This observation becomes more evident in 

the nonlinear range, as the response up to yielding remains almost unchanged for all the 

analysed structures. The effects of corrosion on the overall form of the pushover curve are 

more unfavourable for the classes with an inferior seismic design level, as it can be seen 

comparing DCM and DCH bare frame building classes, where it appears to be no plastic 

hardening, as well as an earlier start of its strength degradation. Fig. 5 also shows that these 

effects are less impactful on the infilled frame structures, given that for those structures the 

behaviour is controlled by the infill walls and the degradation on the perimeter frame 

elements becomes less relevant through all the design classes with this configuration. 

The elements’ local response is also depicted in Fig. 5 through the attainment of the 

damage states DS1 (circles) and DS2 (squares). A trend observed across all cases is the 

reduction of the roof drift at which DS2 is achieved. For the DCH buildings, this decrease 

is caused by the perimeter elements that reach their peak response earlier and without 

causing significant modifications to the shape of the pushover curve. Conversely, for the 

DCM buildings, the achievement of DS2 limit is related to shear failure, which happens at 

similar levels of drift for both building classes, even with the influence of ageing. As 

mentioned earlier, the lack of change in the linear range of the structure response causes 

the structure to reach DS1 at the same drift value across all analyses.  
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Fig. 5 – Mean pushover curves for the DCH and DCMβ0.15 considering: (a) Bare frame structures and (b) 

Infilled frame structures 
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The several values of initiation times and the degrees of corrosion introduced into the 

models resulted in an increase of variability, over the time. For new buildings, the global 

behaviour is always more stable, as little to no corrosion occurs, and the elements have 

their intact properties, as it can be seen in Fig. 6. The first row of Fig. 6 graphs shows that, 

at T0, all the samples and their mean are overlapped, for all design types. Conversely, for 

older structures (T20 and T50 plots), the variability of the behaviour increases due to age, 

with structures behaving closely to the pristine condition (with an upper limit that tends to 

T0) and structures that exhibit noticeable drops on both strength and deformation 

capacities.  

 

    

(a) (b) (c) (d) 

 

Fig. 6 – Changes on pushover response over time for (a) DCH, (b) DCM, (c) DCMR (d) DCM Infilled  

 

Fig. 6 also shows that the variability is also dependent on the type of seismic design. 

Accordingly, for T=50 years, the dispersion observed in the pushover curves obtained for 

the DCH structures is low, having only slight variations with respect to its mean values. 

This outcome illustrates the importance that the type of design has on the control of the 

global failure mechanism, as it remains almost constant across time. The structural 

elements start developing damage locally at low drift levels, shown in the figures as grey 

dots, but the overall structural behaviour is not significantly affected over time.  

The larger variability on the DCM and DCMR bare frame buildings (Fig.6-b and Fig.6-b), 

pushover curves is caused by the presence of shear failures combined with changes on the 

hinge locations and accumulation of damage in some elements caused by corrosion. These 

frames show the opposite results of the ones designed according to modern seismic design 

principles, as the global failure mechanism changes significantly with no substantial 

changes in the element’s local response. This observation is clearer when making a 

comparison between all figures (Fig.6-a to Fig.6-d) where it can be observed that the 
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structures with fewer shear failures (DCH and DCMR) exhibit higher variability in the 

location of this DS than the structures more prone to shear failures (DCM and Infilled 

DCM). 

The small variability on the pushover shape of the infilled frame structures (Fig6-d) is 

justified by the presence of the infill walls, which have a large influence on the structural 

behaviour, as already observed. 

 

 

5. Conclusions  

This study focused on the probabilistic assessment of corrosion effects on the seismic 

behaviour of RC buildings. The framework adopted considers the different possible 

scenarios that can trigger corrosion through sampling different values for environmental 

conditions and, thus, obtaining different corrosion initiation times. Several buildings with 

the same floor configuration and different number of storeys (4 and 5 storeys) are designed 

according to old and modern standards. The behaviour assessment of bare and infilled 

frames is performed through nonlinear static analyses. The properties of some of structural 

members are modified with the aim of representing corrosion according to the building’s 

age and exposure. 

The results indicate that corrosion effects do not have a relevant influence on the elastic 

properties of the buildings and only influence the behaviour once plastic deformations 

develop in the members. Therefore, no significant changes on the dynamic properties of 

the structure are observed. 

Regarding the overall behaviour of the structures analysed, it is observed for both the bare 

and infilled frame structures, that the effect of corrosion causes a slight decrease of the 

base shear and displacement capacities with the passing of time. Moreover, the effects of 

corrosion on the overall behaviour are more unfavourable for the classes with an inferior 

seismic design level. Nevertheless, these effects are less impactful on the infilled frame 

structures, given that for those structures the behaviour is controlled by the infill walls. The 

analyses of the results also show that for newer structures the global behaviour is stable, 

and a limited influence of corrosion effects is observed. Finally, it is concluded that ageing 

effects increase the variability of the global behaviour of older structures over time. The 

main outcome of this study is that ageing effects clearly depend on the structure´s design 

level and impact differently on each of the building types. 
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Abstract: The paper analyses the robustness of a reinforced concrete (RC) five-storey 

building (frame system stiffened by walls). A structure was designed in accordance with 

structural Eurocodes. The response of the structure was analysed for 8 different scenarios of 

the ground floor vertical element loss. Nonlinear Dynamic Analysis (NDA) method was used 

for the robustness analysis. Fragility and vulnerability curves of the building were derived by 

statistical analysis of those results. The values obtained from the NDA, the damage limit states 

of the system, fragility and vulnerability curves were compared. Based on the analysis results, 

final remarks and conclusions were formulated. 

Keywords: RC building, progressive collapse, nonlinear analysis, fragility, vulnerability 

1. Introduction 

Until the end of the 1960's, the traditional analysis of structures omitted action-loads called 

incidental or extraordinary loads. They occur very rarely but often lead to significant 

consequences, i.e. progressive collapse of the structure. Depending on their intensity, sudden 

effects cause cracks and various damage in RC structures. Incidental actions, however, cause 

great damage, even collapse. Therefore, it is necessary to assess the extent and location of 

damage and their effect on the integrity of the structure or the loss of bearing capacity of the 

system. Analysing the behaviour of buildings under incidental actions, which lead to local 

or complete collapse, it was concluded that the worst damage was "suffered" by buildings 

designed without adequate continuity and joints of individual elements, and/or with elements 

of insufficient ductility. When local collapse of the structure occurs, a chain reaction takes 

place, i.e. the load is transferred to adjacent elements, which can lead to the collapse of a 

large part or the whole structure (Adam et al., 2018).  

This phenomenon is called progressive collapse (PC). It is significantly larger in volume 

than a local collapse, i.e. disproportionate to the initial damage (Janssens & O’Dwyer, 2010). 

Progressive collapse of structures of multi-storey buildings usually occurs when one or more 

vertical supporting elements (columns or walls) suddenly lose their bearing capacity due to 

extreme actions to the structure (terrorist attacks, vehicle impacts, gas explosions, etc.).  

Fragility and vulnerability analysis provide correlation between the probability of the 

occurence or exceedance of the damage limit state or complete collapse, the mean damage 

factor (MDF) of the analysed structures and intensity measure (dynamic increase factor - 

DIF (Ω) in this case). In this way, it is possible to gain insight into the threat to the usability 

of the structure under an earthquake or incident actions.  

The definition of robustness in EN 1991 is as follows: "the ability of a structure to withstand 

events such as fires, explosions, impacts or the consequences of human error without the 

occurrence of damage that is disproportionate to the cause". Progressive collapse is a 
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dynamic process in which the system is constantly "searching" for alternative paths for the 

load.  

Methods presented in papers by Brunesi et al. (2015), Agnew & Marjanishvili (2006), Bao 

et al. (2017) were used in this research. The structure is designed in accordance with 

structural Eurocodes: EN 1990, EN 1991, EN 1992, EN1998-1, while the procedure 

described by Paulay & Priestley (1992) and Mander et al. (1988) were used for the modeling 

of plastic hinges and the structure.  

This paper analyses the robustness of a five-storey RC building and its fragility and 

vulnerability to progressive collapse. Method of nonlinear dynamic analysis (NDA) was 

used to analyse the robustness of the structure. The structural response for scenarios of loss 

of a single vertical element on the ground floor of the building (column or wall) was 

analysed. The beam elements were modelled without and with the inclusion of plate effective 

width and the results were compared. The results of NSA and NDA are presented in the form 

of pushdown curves. Pushdown analyses were performed in accordance with the GSA (2016) 

and UFC (2013) recommendations. The damage limit states of the system were determined 

by Parisi et al. (2019) and the fragility and vulnerability curves were calculated, using the 

methods of mathematical statistics and probabilities. Fragility pushdown results are 

compared, as well as damage limit states of the system according to the results given in the 

paper by Čokić & Folić (2021). As an addition to the mentioned research by Čokić & Folić 

(2021) and based on the calculated values, the results of the vulnerability of the analysed 

models are presented in this paper. Based on the analysis, obtained results are compared and 

final remarks and conclusions were formulated. 

2. Materials and methods 

2.1. Geometrical and physical characteristics of the structural system 

 

Fig. 1 - Base section and view of individual columns being removed for the structure robustness analysis 

(left) and 3D model view (right) (Čokić & Folić, 2021) 

The subject of the analysis is an RC business-residential 5-storey building (ground floor + 4 

floors). The structural system of the building is framed in the X direction, and the frame is 

stiffened by walls in the Y direction. The main structural elements of the analysed building 

are reinforced concrete plates, beams, columns and walls. The grid of the structural system 

is shown in Figure 1. The length of one span in both directions is 4.2 m (total 5x4.2 m), the 

height of the ground floor is 3.6 m, and the height of all other floors is 3.2 m, so the total 

height of the building is 16.4 m. In order to simplify the modelling process and the 
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calculation of the structure, all vertical elements are clamped at the bottom level of the 

structural system, i.e. the interaction of the structure and the ground is not included in the 

calculation and design of the structure. 

For the analysis of the model, the properties of concrete C30 / 37 and reinforcing steel of 

class C (fyk = 500 MPa, k = 1.15) were adopted. The behaviour of the structural system was 

analysed using the method of nonlinear dynamic analysis (NDA). Geometrical properties of 

the cross-sections of structural elements are shown in Table 1. 

Table 1. Geometric properties of structural elements 

Element type Dimension notation Dimensions [cm] 

Plate effective width dpl/beff,i [cm] 55/14 

Beams bb/db [cm] 30/40 

Facade columns in Y direction bc/dc [cm] 40/60 

All other columns bc/dc [cm] 40/100 

Walls bw./lw [cm] 30/460 

2.2. Robustness analysis scenarios 

To analyse the robustness of the structural system, scenarios of bearing capacity loss were 

adopted for each individual column or wall on the ground floor. Since the structure is 

biaxially symmetrical at the base, for the analysis of the entire system it was sufficient to 

remove a quarter of the structural elements in the ground floor. 

2.3. Loads and actions 

The following loads act on the structure: dead load (DL) – the own weight of structural 

elements and the additional constant load; live load (LL) and seismic load (Si), which were 

used for the design of the structure. For the nonlinear robustness analysis of the system, 

gravity load combinations given in equations (1) and (2) were used, as well as design values 

of parameters and methods for calculating robustness as in documents GSA (2016) and UFC 

(2013): 

𝐺 = 1.2 ∙ 𝐷𝐿 + 0.5 ∙ 𝐿𝐿 (1) 

𝑄𝑅 = 𝐺𝑁𝑆𝐴 = 𝐺𝑁𝐷𝐴 = 𝛺 ∙ (1.2 ∙ 𝐷𝐿 + 0.5 ∙ 𝐿𝐿) = 𝛺 ∙ 𝐺 (2) 

where G represents the combination of gravity loads, QR represents the increased gravity 

loads (IGL) acting on the structural system and Ω is the dynamic increase factor (DIF) for 

the analysis of nonlinear behaviour of the system and structural robustness. In robustness 

analysis, DIF (Ω) increases incrementally until the point of collapse, desired state, or non-

convergence of the model is reached. When applying NDA, the structure is loaded according 

to the provisions given in GSA (2016) and UFC (2013). 

2.3.1. Gravity load 

There are two different types of vertical loads acting on the structure: weight of the structural 

elements and the additional constant load (Gi) and the live load (Qi). The adopted value of 

the additional constant load is gadd = 3.0 kN/m2 on all floors. The value of the live load is q 

= 2.0 kN/m2 on all ceilings, except on the roof plate where the load intensity is equal to qr = 
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1.0 kN/m2. The adopted own weight of the façade elements, installed on all façade beams 

except the roof façade beams is equal to gf,beam = 10.0 kN/m and gf,wall = 3.0 kN/m. The value 

of the live load reduction factor is ψ2,i = 0.3. 

2.3.2. Seismic action 

The structure is designed for proper gravitational and seismic response, using linear-elastic 

theory method in software package ETABS and according to the guidelines given in 

structural Eurocodes [7-10]. For the design of the structure, the response spectrum Type 1 

for the category C soil, with PGA of ag = 0.30 ∙ g was used. The building is designed as a 

DCH RC structure, with behaviour factors of q = 5.85 in the X direction in which the 

structure behaves like a frame system and q = 4.4 in the Y direction in which the structure 

behaves like a wall system. The building is residential and commercial. The adopted value 

for the damping factor in both directions is 5%.  

2.4. Calculation model 

2.4.1. Model for nonlinear analysis 

In models for post-elastic analysis of structural response to the removal of individual vertical 

elements, the following assumptions and simplifications were used:  

 The calculation includes the effects of second order logic (P-Δ); 

 To describe the nonlinear behaviour of the material, the nonlinear properties of the 

material were used to describe the behaviour of concrete (Figure 5) and 

reinforcement steel (Mander et al., 1988) , EN 1998-2; 

 The concrete elements were modelled as RC elements with confined and unconfined 

properties (Mander et al., 1988) , EN 1998-2; 

 The behaviour of RC is described by a Takeda hysteretic model and the Kinematic 

model of hysteresis was used for the reinforcement.  

 

Fig. 2 - Schematic representation of the "T" division of the beam cross section to fibers with the appropriate 

stress state properties depending on the material used (Čokić & Folić, 2021) 

The contribution of the RC plate is included in the calculation model through its 

corresponding effective widths in the composition of the beams, i.e. plates are not treated as 

surface elements, but within the “T” cross section of the beam. The consequence of this 

simplification is that the results may indicate lower system robustness than the actual, but 

the calculation favours safety. In addition, in order to compare and evaluate the effect of 

inclusion of plate effective width on the occurrence of progressive collapse, structural 

robustness was also calculated without the inclusion of plate effective width in the beam 
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cross section (Čokić & Folić, 2021). Plastic beam hinges are modelled as fiber cross sections 

(Figure 2). 

3. Results and discussion

3.1. Nonlinear pushdown analysis 

Analyses using the NDA method were performed according to the provisions of references 

GSA (2016) and UFC (2013). Using this method, the post-elastic behaviour of the system 

and the relation between the capacity of the structure to resist progressive collapse were 

analysed depending on the adopted damage scenarios and depending on whether the plate 

effective width is included in models or not. Rayleigh mass (M) - tangential stiffness (KT), 

viscous damping was applied in the NDA. The results of the pushdown analysis are shown 

in Figure 3. (Čokić & Folić, 2021) 

Fig. 3 - Results of pushdown analysis, obtained using NDA (Čokić & Folić, 2021) 

As expected, the ratio of pushdown functions, i.e. capacity of the structure to resist 

progressive collapse, corresponds to the results and the ratio determined by the analysis of 

effects of removing the vertical element on the vertical displacement of the reference point. 

It is obvious that the capacity of the structural system in the second case is much higher than 

in the first case of system modelling and this difference can be clearly seen in Figure 3. In 

addition, the expressed fragility of the system to wall removal is obvious compared to the 

removal of other elements (columns). 

3.2. Damage limit states 

In order to quantify and compare the results of the column removal scenario from the aspect 

of the risk of progressive collapse of the structure, the methods proposed by Parisi et al. 

(2019) were used. Damage limit states (LS) of the structure were determined for the results 

obtained using the NDA method. Damage limit states were defined on the basis of 

recommendations proposed by Parisi et al. (2019), as follows: LS1 (minor damage), LS2 
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(moderate damage), LS3 (significant damage), LS4 (severe damage), LS5 (progressive 

collapse).  

 

Fig. 4 - DIF (Ωi)  values depending on the damage limit states of the system (LSi): without the inclusion of 

the plate effective width (left), with the inclusion of the plate effective width (right) (Čokić & Folić, 2021) 

Figure 4 shows the values of damage limit state caused by the removal of corresponding 

vertical elements, without the influence of the plate effective width (left) and with the 

influence of the plate effective width (right). There is a big difference between the bearing 

capacity of beams in the first (left) and second (right) case, which certainly corresponds to 

the tendencies of previous analyses. 

Figure 5 shows the mean values of structural damage LS caused by the removal of the 

corresponding vertical elements, without the inclusion of the plate effective width and with 

the inclusion of the plate effective width. There is a big difference between the bearing 

capacity of beams in the first and second case, and it is higher in the second case. The bearing 

capacity of beams modelled with the inclusion of the plate effective width contributes to the 

higher robustness of the structural system compared to the models where the RC plate 

effective width was not taken into account.  

 

Fig. 5 - Mean values of damage limit states (LSi) (Čokić & Folić, 2021) 

3.3. Calculation of fragility curves 

Based on the obtained results of calculation of damage limit states, the method of 

mathematical probability and statistics was applied, for the purpose of calculating and 

constructing the functions of fragility curves. The probability of occurrence of the 
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corresponding damage limit state (LSi) for the DIF (Ωi) value is calculated by applying the 

analytical cumulative distribution function (CDF) for normal distribution:  

𝑃𝐿𝑆𝑖[𝛺𝑖 , 𝜇𝐿𝑆𝑖, 𝜎𝐿𝑆𝑖] = 𝛷 (
𝛺𝑖 − 𝜇𝐿𝑆𝑖
𝜎𝐿𝑆𝑖

) (3) 

where µLSi and σLSi represent the parameters of mean value and the value of standard 

deviation of the corresponding damage limit state LSi. Φ is the CDF for the standard normal 

distribution function. (Baker, 2015), (Porter, 2020) The ratio of probability of occurrence of 

damage limit states is clearly defined as: 

𝑃𝐿𝑆1(𝛺𝑖) > 𝑃𝐿𝑆2(𝛺𝑖) > 𝑃𝐿𝑆3(𝛺𝑖) > 𝑃𝐿𝑆4(𝛺𝑖) > 𝑃𝐿𝑆5(𝛺𝑖) (4) 

The response parameters µLSi, σLSi, σLS,C1 and σLS,C2 of the structural system to the progressive 

collapse from the aspect of the damage limit states are shown in Table 2. 

Table 2. Statistical parameters for constructing fragility curves (Čokić & Folić, 2021) 

Distribution 

parameters 

Without plate 

effective width 

With plate 

effective width 

Damage 

limit state 
𝝁𝑳𝑺,𝒊 𝝈𝑳𝑺𝒊 𝝁𝑳𝑺,𝒊 𝝈𝑳𝑺𝒊

LS1 1.725 1.448 113.575 62.724 

LS2 39.375 33.058 164.600 62.188 

LS3 59.150 30.772 174.750 60.738 

LS4 68.800 29.700 190.600 58.475 

LS5 74.425 30.463 299.525 91.893 

Figure 6 shows the fragility curves without (left) and with the inclusion of the plate effective 

width (right).  

Fig. 6 - Fragility curves without the inclusion of the plate effective width (left), fragility curves with the 

inclusion of plate effective width (right) (Čokić & Folić, 2021) 

Figure 7 shows the values of probability of exceedance (P) of certain limit state without (left) 

and with the inclusion of the plate effective width (right) and the probability density 

functions are shown in Figure 8 for the case without (left) and with the inclusion of the plate 

effective width (right). 
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Fig. 7 - The values of probability of exceedance (P) of certain limit state without (left) and with the inclusion 

of the plate effective width (right) 

 

Fig. 8 - The probability density functions (PDF) are shown in Figure 8 for the case without (left) and with the 

inclusion of the plate effective width (right) 

3.4. Calculation of vulnerability curves 

The comparison of fragility models for the structure in total can be obtained through the 

assessment and analysis of vulnerability curves, which represent the cumulative distribution 

of the total repair cost of the structure. The transformation of the fragility curves into 

vulnerability curves can be conducted by using the following total probability relation, 

according to (D’Ayala et al., 2014), where: 𝐸(𝐶|𝐿𝑆0) = 0%, 𝐸(𝐶|𝐿𝑆1) = 1%, 𝐸(𝐶|𝐿𝑆2) =
10%, 𝐸(𝐶|𝐿𝑆3) = 35%, 𝐸(𝐶|𝐿𝑆4) = 75%, 𝐸(𝐶|𝐿𝑆5) = 100%. 

𝐸(𝐶|𝛺) =∑𝐸(𝐶|𝐿𝑆𝑖) ∙ 𝑃(𝐿𝑆𝑖|𝛺)

𝑛

𝑖=0

 (5) 

where n is the number of limit states (𝐿𝑆𝑖) considered, 𝑃(𝐿𝑆𝑖|𝛺) is the probability of a 

building sustaining 𝐿𝑆𝑖 given intensity, 𝛺; 𝐸(𝐶|𝐿𝑆𝑖) is the complementary cumulative 

distribution of the cost (loss) given the 𝐿𝑆𝑖; and 𝐸(𝐶|𝛺) is the complementary cumulative 

distribution of cost (or loss) given a level of intensity, 𝛺. (D’Ayala et al., 2014)  

The differences between vulnerability curves calculated for the two models without (M1) 

and with the inclusion of the plate effective width are shown in Figure 9. 

408
3ECEES, September 2022, Bucharest, Romania



 

Fig. 9 - Vulnerability curves and their difference 

Vulnerability analysis results follow the trend of already calculated results, obtained in the 

pushdown, limit state assessment and fragility analysis. There is a big difference between 

the vulnerability results in the first and second case, and MDF is much higher in the first 

case for the selected IM, as expected.  

4. Conclusions 

Since buildings cannot be designed for every hazard to which the structural system may be 

exposed during its lifetime, a general design approach should take into account the action 

associated with low probability events and huge consequences for the structural system, 

which is characteristic of progressive collapse (Folić., 2015). It is very important to provide 

a reserve capacity for nonlinear system behaviour and force redistribution. Such behaviour 

essentially depends on ductility and detailing of the elements and on their interconnections, 

as well as the ability of the structure to develop an alternative load transfer path in the event 

of loss of a vital element. In addition to ensure that the elements can act together, an adequate 

continuity of ductility of joints and reserves of bearing capacity should also be ensured – 

higher static uncertainty, i.e. (redundancy) (Folić., 2015). After removing the column, a 

beam with a double span is formed, so that the lower and side reinforcement should be 

continued, which is necessary in seismically active areas. A number of documents and codes 

contain recommendations for the calculation of structures that are less fragile to progressive 

collapse, i.e. robust structures. Structural design regulations should focus on guidelines to 

achieve a sufficient level of system resistance to progressive collapse. 

This paper analysed the robustness, i.e. capacity of a five-storey RC building to resist 

progressive collapse. NDA was used to analyse the robustness of the structure. The structural 

response for the loss scenarios of one vertical element on the ground floor was analysed. The 

results of NDA application are presented in the form of pushdown curves and the damage 

limit states of the system were determined. Using the methods of mathematical statistics and 

probability, the fragility and vulnerability curves of the RC building were constructed and 

the probabilities of the exceedance of limit states and mean damage factor were obtained. 

By comparing the results of the analysis, it was concluded that there is a pronounced fragility 

and vulnerability of the structural system to the loss of the elements when it is modelled 

without effective plate width, compared to the second model with effective plate width on 

the beams. Based on the derived conclusions, it is recommended to apply the second method 

of system modelling in the analysis of robustness of RC spatial models. 
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Abstract: There exist three categories of seismic design procedure: hazard-, risk- and loss-based 
design. Hazard-based design procedures, like the simple equivalent lateral force (ELF) method, have 
a long history in earthquake engineering, however they have been shown to produce structures with 
inconsistent annual collapse probabilites. Risk-based procedures were developed to address this 
issue by using the mean annual frequency of collapse as design objective. Recently, loss-based 
deisgn procedures have been introduced which utilise not just the mean annual frequency of collapse 
as a performance objective but also the expected annual economic losses. These loss-based 
procedures are a promising new development in the field of earthquake engineering. This paper 
presents a review of a number of the hazard-, risk- and loss-based design procedures that are 
currently available in design codes and the literature. A concept for a new loss-based procedure, 
intended for use within the ELF framework, is proposed and the research developments required to 
realise this method are identified and discussed. 

Keywords: Expected Annual Loss, Mean Annual Frequency of Collapse, Fragility Curves, 
Reference Peak Ground Acceleration,  

1. Introduction 

Procedures for the performance and loss assessment of structures have been the subject of 
intense development in the past couple of decades and engineers are able to estimate 
structural performance metrics such as annual probability of collapse or the expected annual 
losses (EAL) with a reasonable level of confidence. However, the procedures required for 
such analyses are often complex and need significant amounts of detailed information about 
the structure being assessed, such as exact member sizes, reinforcement requirements, 
inventories of damage components, and detailed seismic hazard data. What this means is 
that, although the current performance assessment procedures are accurate and provide 
reasonable estimates of building performance, they do not lend themselves well to 
implementation during the design phase, where informed estimates of building performance 
are of the most use. During design, engineers typically use simplified seismic design 
techniques for all but the most high-profile and complex structures. 
 
Traditional code-specified seismic design techniques based on the uniform hazard concept, 
although producing safe structures, have been shown to result in designs with inconsistent 
performance/reliability (Silva et al. 2016). Recent research efforts have focussed on 
developing design procedures of varying complexity that aim to improve upon hazard-based 
design and target a uniform mean annual frequency of collapse (MAFC) (Luco et al. 2007, 
Silva et al. 2016, Žižimond and Dolšek (2019)) or drift hazard (Vamvatsikos and Aschheim 
2016). It is possible for this target MAFC to be calibrated using an acceptable risk of human 
loss (Crowley et al. 2018; Silva et al. 2016).  Building on the idea of risk-targeted design, a 
new concept for seismic design using seismic economic losses as the target design objective 
has been proposed (O’Reilly and Calvi (2019)). When widely adopted, this loss-based 
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methodology has the potential to lead to new-building stocks that are robust and exhibit a 
well-defined level of structural performance and economic risk (Shahnazaryan and O’Reilly 
(2020)). Following a brief review of existing hazard-, risk-, and loss-based design 
philosophies and procedures, this paper proposes a conceptual methodology for a loss-based 
design procedure using the equivalent lateral force method. The procedure for the 
development of the proposed methodology will be described and the potential research 
challenges will be identified and discussed. 
 
2. Review of Seismic Design Philosophies 
2.1 Hazard-based Seismic Design 
Hazard-based approaches focus on ensuring that the strength and deformation capacity of a 
structure are sufficient to resist the seismic forces imposed by a ground motion with a certain 
intensity, specified by an average return period (RTP), typically taken to be 475 years (i.e. 
ground motions with a probability of exceedance of 10% in 50 years). Force-based design 
procedures, such as the traditional equivalent lateral force (ELF) method (found in design 
codes such as Eurocode 8, ASCE-7 and NZS1170.5, amongst others), and displacement-
based design procedures, such as direct displacement-based design (DDBD) (Priestley et al. 
2007) are examples of hazard-based design procedures. In the ELF procedure the seismic 
forces are determined by multiplying the mass of the structure by the appropriate spectral 
acceleration, obtained from the code-defined design response spectrum. By contrast, in 
DDBD the seismic forces are determined from the displaced shape of the structure when a 
maximum target displacement is achieved. This target displacement is determined from the 
displacement response spectrum. Although fundamentally different in how they determine 
the seismic base shear, both of these methods can be considered hazard-based procedures 
because the seismic demands are based on response spectra defined by a ground motion with 
a reference peak ground acceleration (PGA) intensity with a specific return period. 
 
Although structures designed using this hazard-based approach to seismic demand 
estimation are capable of meeting basic life-safety requirements, it has become apparent that 
structural performance (e.g. annual probability of collapse, 𝑃𝑃𝑐𝑐) can vary significantly 
between structures designed considering the same IM and the same RTP but located at sites 
with different shape hazard curves. For example, Silva et. al. (2016) showed in their study 
that the annual probability of collapse of structures in Italy, designed in accordance with 
EC8, varies between 1.3e-5 and 5e-5, a difference of a factor of 3.8. The variation in the 
observed collapse probabilities stems from a number of sources, with the most significant 
being the dynamic behaviour of different structural systems and the spatial variation of the 
seismic hazard (i.e. the shape of the site-specific hazard curve) (Silva et al. (2016)). 
 
2.2 Risk-based Seismic Design 
 
In an effort to address the observed variation in structural performance of buildings designed 
using the common hazard-based approaches, risk-based design methodologies have been 
proposed (e.g. Luco et al. (2007), Žižimond and Dolšek (2019)). In contrast to hazard-based 
design methods, where the structure is designed with a resistance/capacity greater than the 
demands induced by a ground motion with a specified RTP, risk-based procedures use 
seismic demands that have been calculated to provide a specific probability of collapse. The 
collapse risk of the structure, 𝑃𝑃𝑐𝑐, can be defined by the equation (Žižimond and Dolšek 
(2019)), 
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𝜆𝜆𝐶𝐶 = � 𝑃𝑃[𝐶𝐶|𝐼𝐼𝐼𝐼] ∙ �
𝑑𝑑𝑑𝑑(𝑖𝑖𝑖𝑖)
𝑑𝑑𝑖𝑖𝑖𝑖

� ∙ 𝑑𝑑𝑖𝑖𝑖𝑖
∞

0
(1) 

where 𝑑𝑑(𝑖𝑖𝑖𝑖) is the site-specific hazard function and 𝑃𝑃[𝐶𝐶|𝐼𝐼𝐼𝐼] is the fragility curve that 
describes the probability of collapse of the structure for a given intensity, IM, conventionally 
assumed to be a lognormal cumulative distribution function. As illustrated by Equation 1, 
risk-based seismic demands are dependent on the assumed collapse performance of the 
structure for different levels of seismic intensity. By considering both the seismic hazard and 
building response characteristics in the determination of the seismic demands, risk-based 
design methods represent an improvement over the traditional hazard-based approaches. 
This risk-based approach is supported by the second generation of EC8, where Equation 1 
has been adopted in Annex E to encourage the risk-based assessment of structures. 

Perhaps the simplest risk-based design procedure is the risk-targeted spectra (RTS) proposed 
by Luco et al. (2007). RTS are developed by using the code specified equations for response 
spectra, but instead of using a hazard-based reference PGA, a risk-targeted reference PGA 
is determined by iteratively solving Equation 1 for a specific target MAFC. What makes this 
method particularly attractive is that it requires no changes to the fundamental ELF design 
procedure that is a corner stone of modern codes. RTS are currently employed in the loading 
code for the United States, ASCE-7. Recently, several studies have highlighted several issues 
with the RTS method that engineers should be aware of. First, a generic family of fragility 
curves is used to calculate the reference PGA that, apart from an increased dispersion, do 
not account for the differences in capacity reserve ratio (ratio between the median collapse 
intensity and the design PGA) or the inherent response characteristics of different structural 
systems, which leads to variations in the observed collapse risk (Gündel and Rapps (2019)). 
Secondly, the application of response modification or behaviour factors during the ELF 
design procedure (e.g. ASCE-7) can also result in uncontrolled levels of collapse risk as 
noted by Gikimprixis et al. (2019).  

Building on this RTS procedure, Žižimond and Dolšek (2019) proposed a procedure for the 
determination of risk-targeted seismic actions (RTSA), in which the design spectral 
acceleration value is determined, using a similar RTS method to that proposed by Luco et 
al. (2007), and then applying a response modification factor, 𝑟𝑟𝑁𝑁𝐶𝐶, based on the assumed 
structure ductility, inelastic deformation ratio and the desired yield force of the structure. 
The value of 𝑟𝑟𝑁𝑁𝐶𝐶 is initially assumed, and the collapse response of the structure is verified 
through an incremental dynamic analysis (IDA) of an equivalent SDOF system. If the 
desired collapse performance is not obtained with the assumed 𝑟𝑟𝑁𝑁𝐶𝐶, through an iterative 
procedure the value of 𝑟𝑟𝑁𝑁𝐶𝐶 can be refined and the design improved. In a somewhat similar 
approach to RTSA, Vamvatsikos et al. (2020) proposed a methodology for the determination 
of the risk-targeted behaviour factors (RTBFs) which are intended to replace the typology 
specific q-factors and overstrength factors currently used in EC8. Like RTSA, the 
verification of the assumed behaviour factor is required through detailed nonlinear time-
history analysis (NTLHA), however simple expressions are provided to estimate an 
improved RTBF after the first iteration, based on the observed structural performance. 
Vamvatsikos et al. (2020) highlighted that the combination of RTS and RTBF approaches 
to more reliably target a MAFC is a promising and open field of research. 

Yield Frequency Spectra (YFS) (Vamvatsikos and Aschheim 2016) is a sophisticated design 
procedure that allows the consideration of multiple drift-based performance objectives 
during the initial design phase. By making use of the SPO2IDA to develop expected R-μ-T 
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relationships for the proposed structure (Vamvatsikos and Cornell 2006), a series of drift 
hazard curves (i.e. the mean annual frequency of exceedance (MAFE) of a level of drift) can 
be constructed for a range of equivalent SDOF oscillators, characterised by different yield 
forces, 𝐶𝐶𝑦𝑦. The performance objectives are defined by target drifts and corresponding mean 
annual frequencies of exceedance. The lowest value of 𝐶𝐶𝑦𝑦, for which the MAFE values of 
the hazard curve are lower than the performance objectives is then used as the lateral design 
force of the structure. Although more complex to implement initially than either the RTS or 
RTSA methods, YFS has several significant benefits. First, unlike the RTS, this method is 
not affected by the introduction of the behaviour factors that modify the response of the 
structure as this is accounted for through the use of SPO2IDA. Secondly, no detailed IDA 
or other NLTHAs are required to verify the design or assumed factors, as is the case of the 
RTSA or RTBF methods.  
 
It is clear from the selection of methods described in the previous paragraphs that there is no 
consensus on the best procedure for the risk-targeted design of buildings. The methods 
presented vary from the simple to the complex, however one thing that they have in common 
is that the performance objectives are always presented in terms of the MAFE of either 
collapse or a given limit state (or collection of limit states). The problem with using MAFE 
of exceedance as the only performance objective is that it can be difficult to communicate 
the level of performance of the building to decision makers or building owners in way that 
is relatable for them. 
 
2.3 Loss-based Seismic Design 
Following the Northridge Earthquake in 1996 it was obvious that it was not building collapse 
but reparable damage to structural elements, non-structural components and building 
contents that provided the largest portion of economic costs. To better understand the seismic 
performance of buildings and their economic vulnerability the PEER-PBEE performance 
and loss assessment methodology was developed (FEMA (2018)). A primary goal of this 
project was to develop a method for communicating structural performance and the 
economic risk associated with anticipated earthquake damage in a way that is easily 
understood by decision makers and building owners (FEMA (2018)). This resulted in 
economic variables such as the EAL, (the average yearly cost of repairing seismic damage) 
being adopted to describe building performance. The proposed methodology is extremely 
comprehensive and represents the state-of-the-art in terms of seismic performance 
assessment, however, due to its complexity and the requirement of many detailed non-linear 
structural analyses its application has been primarily limited to the assessment of existing 
structures or as a final design verification. Nevertheless, the introduction of the PEER-PBEE 
shifted the focus of earthquake engineers away from just thinking in terms of member forces 
and deformations and towards true performance-based seismic design. 
 
Following in the footsteps of the PEER-PBEE framework, many simplified loss assessment 
methodologies have been proposed, however, to date, only a few studies have investigated 
using economic losses as a performance objective during the design phase. Calvi and 
O’Reilly (2019) proposed a methodology for the conceptual seismic design of buildings in 
which EAL is used as the primary performance objective. In this methodology the loss curve 
of the structure is approximated using a second-order closed-form expression similar to those 
used to fit seismic hazard curves and is anchored at three points: the economic losses 
incurred at the onset of seismic damage (high frequency/low intensity ground motions); 
losses incurred at the Ultimate Limit State (ULS)/collapse of the structure (low 
frequency/high intensity ground motions); and an intermediate Serviceability Limit State 
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(SLS). By specifying an acceptable level of economic loss (𝐿𝐿𝑡𝑡,𝑆𝑆𝑆𝑆𝑆𝑆) and an appropriate MAFE 
at for the SLS (𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆) the loss curve can be defined for a specific EAL. Utilising storey loss 
functions, the maximum allowable drifts and accelerations at the SLS can be found, which 
subsequently limit the range of initial periods of the structure if the target loss level is to be 
respected. The design base shear is determined by using the ULS design acceleration-
displacement response spectrum and displacement reduction factors based on structural 
ductility. Shahnazaryan and O’Reilly (2020) extended the original concept by considering 
the MAFC as a performance objective in addition to expected annual losses, effectively 
combining the performance objectives of Calvi and O’Reilly (2019) and the procedures 
described in Section 2.2. This modified methodology leverages the predictive power of the 
SPO2IDA tool to efficiently estimate the collapse performance of the conceptual designs 
without the need for extensive analysis. Comparisons by Shahnazaryan and O’Reilly (2020) 
with existing risk-based procedures showed that the proposed method was able to more 
consistently produce structures that exhibited the target MAFC. To help guide future 
development of loss-based design procedures Calvi et al. (2021) described proposals for the 
determination of suitable functions for the loss curves, methods for the inclusion of indirect 
losses into the methodology and further discussed the application of the loss-based 
methodology for both design and assessment of structures.  
 
It is clear that this conceptual loss-based design methodology represents a significant 
advancement in the performance-based design of buildings. The idea of a loss-based 
performance objective is very attractive, because right from the start of the design phase the 
designer is able to communicate the expected seismic performance of the structure to the 
client in a meaningful way and the design can be tailored to suit the level of risk that the 
client is willing to accept. Additionally, loss-based design methods allow for clear 
communication of the trade-offs when choosing between high performance designs (lower 
economic losses / increased initial cost) and the minimum acceptable design (higher 
economic losses / lower initial costs). Another benefit of loss-based design is its 
transparency. The decision to update design norms is a primarily a political one, as changes, 
especially those relating to seismic demand, will have an economic impact on the entire 
building stock within a territory. Loss-based design is a useful tool for these discussions 
because it can provide a correlation between the change in seismic demands/requirements 
and the expected economic impacts. 

3. Conceptual Methodology for Loss-Based Design 

The concept for the proposed loss-based design procedure described herein has been 
formulated in such a way that it can be easily integrated into existing seismic design codes 
that use the ELF method, unlike the methods proposed by O’Reilly and Calvi (2019) and 
Shahnazaryan and O’Reilly (2020). However, similar to Shahnazaryan and O’Reilly (2020), 
the proposed methodology uses two design objectives to ensure adequate performance of the 
structure: the MAFC, 𝜆𝜆𝐶𝐶; and an acceptable threshold for the EAL. The target 𝜆𝜆𝐶𝐶 is used to 
ensure adequate structural reliability against collapse (design for reliability), whilst the target 
EAL serves to keep the economic costs incurred due to seismic damage below an acceptable 
limit (design for loss).  
 
Similar to the RTS procedure proposed by Luco et al. (2007), where a risk-targeted PGA, 
𝑎𝑎𝑔𝑔𝑔𝑔,𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟, is used to anchor the design response spectrum used in the ELF design procedure, 
the procedures proposed in this paper adopts a loss-targeted PGA, 𝑎𝑎𝑔𝑔𝑔𝑔,𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟, to anchor the 
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response spectrum. A proposed procedure for determining the loss-based reference PGA, 
𝑎𝑎𝑔𝑔𝑔𝑔,𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟, to be used with the ELF design procedure is presented in the following section. 

3.1 Derivation of the Loss-based Reference Peak Ground Acceleration 

The novel contribution of this work is the introduction of a loss-based reference PGA that 
can be used to anchor the design spectrum used in the ELF method. The procedure for 
deriving an appropriate loss-based reference PGA, which draws on work on conceptual loss-
based design by Calvi et al. (2021) and the numerous studies that develop RTS for collapse 
reliability (Silva et al. 2016, etc.), is summarised in Fig. 1. 
 
 

 
Fig. 1 – Summary of the procedure to calculate the loss-based reference PGA. 

 
Initially, the proposed method follows the procedure described by Calvi et al. (2021). First, 
the designer chooses an acceptable threshold value for the EAL (expressed as a percentage 
of the building reconstruction costs, RC) and a suitable equation for the loss curve. Calvi et 
al. (2021) proposed, 
 

𝜆𝜆𝑆𝑆 = 𝜆𝜆𝑆𝑆𝐶𝐶 + (𝜆𝜆𝑆𝑆0 − 𝜆𝜆𝑆𝑆𝐶𝐶) ∙ sin𝛼𝛼 �cos−1 � 𝑆𝑆−𝑆𝑆0
𝑆𝑆𝐶𝐶−𝑆𝑆0

�
1
𝛼𝛼 �  (3)   

 
where, 𝜆𝜆𝑆𝑆 is the MAFE of a certain level of loss, 𝐿𝐿. 𝜆𝜆𝑆𝑆0 and 𝜆𝜆𝑆𝑆𝐶𝐶 are the MAFE of the losses 
at the first on set of damage, 𝐿𝐿0, and at collapse, 𝐿𝐿𝐶𝐶, respectively. These points are used to 
anchor the loss curve. The parameter 𝛼𝛼 determines the shape of the loss curve between the 
anchor points and Calvi et al. (2021) has shown that for given combination of anchor points 
a simple relationship between EAL and 𝛼𝛼 can be obtained. This 𝛼𝛼 value then defines the 
loss-curve for the given anchor points and target EAL (Step 1 in Fig. 1). 
 
Next, a target loss value is selected, 𝐿𝐿𝑡𝑡, and, using the loss curve defined previously, the 
corresponding target MAFE, 𝜆𝜆𝑡𝑡, can be calculated (Step 2 in Fig. 1). Calvi et al. (2021) 
suggested that suitable value for 𝐿𝐿𝑡𝑡 is approximately 20% RC, although the selection can be 
arbitrary. 𝐿𝐿𝑡𝑡, which is the sum of the losses associated with the structural elements, non-
structural components and contents, can be divided into two components, 𝐿𝐿𝛿𝛿 and 𝐿𝐿𝑎𝑎, which 
represent the drift and acceleration sensitive losses, respectively. 
 
In the third step, storey loss functions are employed to estimate the target inter-storey drift, 
𝛿𝛿𝑡𝑡, and target floor acceleration, 𝑎𝑎𝑡𝑡, that correspond to 𝐿𝐿𝛿𝛿 and 𝐿𝐿𝑎𝑎 (Step 3 in Fig. 1). These 
loss functions differ for different building occupancy classes (e.g. office buildings, 
residential buildings, etc.). 
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Finally, in a procedure similar to the risk-targeted seismic design maps that determine a 
reference PGA to ensure adequate collapse reliability, 𝜆𝜆𝑡𝑡, 𝛿𝛿𝑡𝑡, and 𝑎𝑎𝑡𝑡 are used to calculate the 
reference PGAs, 𝑎𝑎𝑔𝑔𝑔𝑔,𝛿𝛿 and 𝑎𝑎𝑔𝑔𝑔𝑔,𝑎𝑎, that correspond to the structure exceeding 𝛿𝛿𝑡𝑡 or 𝑎𝑎𝑡𝑡, 
respectively, with a MAFE of, 𝜆𝜆𝑡𝑡 (Step 4 in Fig. 1). This procedure iteratively solves the 
equations for the annual frequency of exceedance of a demand level (Jalayer and Cornell 
(2003)),  
 

𝜆𝜆𝑡𝑡 = �𝑃𝑃�𝛿𝛿 > 𝛿𝛿𝑡𝑡�𝑎𝑎𝑔𝑔𝑔𝑔� �
𝑑𝑑𝑑𝑑�𝑎𝑎𝑔𝑔�
𝑑𝑑𝑎𝑎𝑔𝑔

� 𝑑𝑑𝑎𝑎𝑔𝑔  (4) 

 

𝜆𝜆𝑡𝑡 = �𝑃𝑃�𝑎𝑎 > 𝑎𝑎𝑡𝑡�𝑎𝑎𝑔𝑔𝑔𝑔� �
𝑑𝑑𝑑𝑑�𝑎𝑎𝑔𝑔�
𝑑𝑑𝑎𝑎𝑔𝑔

� 𝑑𝑑𝑎𝑎𝑔𝑔  (5) 

 
where 𝑑𝑑(𝑎𝑎𝑔𝑔) is the site-specific hazard curve using the PGA (𝑎𝑎𝑔𝑔) as the intensity measure. 
𝑃𝑃[𝛿𝛿 > 𝛿𝛿𝑡𝑡|𝑎𝑎𝑔𝑔𝑔𝑔] and 𝑃𝑃[𝑎𝑎 > 𝑎𝑎𝑡𝑡|𝑎𝑎𝑔𝑔𝑔𝑔] are the fragility curves representing the probability of the 
structure exceeding the target drift or the target acceleration, given that it was designed using 
a reference PGA, 𝑎𝑎𝑔𝑔𝑔𝑔. It is probable that the values of 𝑎𝑎𝑔𝑔𝑔𝑔,𝛿𝛿 and 𝑎𝑎𝑔𝑔𝑔𝑔,𝑎𝑎 obtained from 
Equation 4 and Equation 5 will be different. Adopting the maximum of 𝑎𝑎𝑔𝑔𝑔𝑔,𝛿𝛿 and 𝑎𝑎𝑔𝑔𝑔𝑔,𝑎𝑎 as 
the loss-targeted reference PGA, 𝑎𝑎𝑔𝑔𝑔𝑔,𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟, will ensure that the EAL remains below the target 
threshold. Like the PGAs used in RTS, the loss-based PGA can be presented to practising 
engineers as a series of contour maps across a territory. 

3.2 Proposed design procedure  

The proposed general procedure for the seismic design of buildings, which utilises both 
𝑎𝑎𝑔𝑔𝑔𝑔,𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟 and 𝑎𝑎𝑔𝑔𝑔𝑔,𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟 is summarised in Fig. 2. 
 

 
 

Fig. 2 – Summary of the proposed general seismic design procedure for buildings using the loss-based 
reference ground accelerations. 

 
First, acceptable target values for the annual probability of collapse and EAL should be 
determined. These could either be minimum values specified in design codes or chosen by 
the designer, in collaboration with the client/decision maker. Next, a suitable value of 
𝑎𝑎𝑔𝑔𝑔𝑔,𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟 is determined. This can be obtained by following the basic procedure adopted in 
previous studies, however, it is recommended that the values of 𝑎𝑎𝑔𝑔𝑔𝑔,𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟 are computed using 
typology-specific collapse fragility functions, in order to improve the estimation of the 
annual probability of collapse (Gündel and Rapps (2019)). In the third step the loss-targeted 
reference PGA is determined, following the procedure outlined in Section 3.1.  
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To make this methodology practical for practising engineers to implement, it is foreseen that 
a series of contours maps showing the spatial variation of the values of 𝑎𝑎𝑔𝑔𝑔𝑔,𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟 and 𝑎𝑎𝑔𝑔𝑔𝑔,𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟 
would be precalculated so designers can easily read off the required reference PGA. A 
number of different maps would be required because each 𝑎𝑎𝑔𝑔𝑔𝑔,𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟 map is a function of the 
building typology, target 𝑃𝑃𝐶𝐶, and the seismic hazard. Similarly, the 𝑎𝑎𝑔𝑔𝑔𝑔,𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟 maps would be 
a function of the building typology, occupancy class, target EAL, and the seismic hazard. 
 
In step four of the design procedure the design reference PGA, 𝑎𝑎𝑔𝑔𝑔𝑔,𝑑𝑑𝑑𝑑𝑟𝑟 is determined. 
Although 𝑎𝑎𝑔𝑔𝑔𝑔,𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟 and 𝑎𝑎𝑔𝑔𝑔𝑔,𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟 are reference PGAs that have been derived to meet different 
design objectives, only one can be used to design the structure. In this case the larger value 
is chosen to ensure that both design objectives are fulfilled, such that, 
 

𝑎𝑎𝑔𝑔𝑔𝑔,𝑑𝑑𝑑𝑑𝑟𝑟 = max�𝑎𝑎𝑔𝑔𝑔𝑔,𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟,𝑎𝑎𝑔𝑔𝑔𝑔,𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟�  (5) 
 
Next, the seismic demands acting on the structure can be determined using the ELF method 
(Step 5). The design response spectrum can be calculated using the code defined equations 
and anchored using 𝑎𝑎𝑔𝑔𝑔𝑔,𝑑𝑑𝑑𝑑𝑟𝑟. Following the determination of the storey and member forces, 
the standard code procedures for the ultimate limit state (ULS) design of the structure can 
be followed to complete the design of the structure (Step 6). 

4. Open Research Questions 

The development of the proposed loss-based design method and the derivation of 
loss-targeted reference PGAs poses several questions that need to be addressed in order to 
facilitate the implementation of this methodology. Several of these challenges are presented 
and briefly discussed in the following paragraphs. 
 
The first challenge is understanding how reliably structures designed using the RTS method 
achieve the target annual probability of collapse. It is well documented that the RTS method, 
as proposed by Luco et al. (2007), produces structures that still exhibit collapse probabilities 
that can vary significantly from the target (Gkimprixis et al. (2019), Žižimond and Dolšek 
(2019)). This variation can be primarily attributed to two factors as previously discussed; the 
use of a single ‘generic’ family of collapse fragility curves and the application of response 
modification/behaviour factors. One way of improving the predictive power of the RTS 
method would be to use building-typology-specific fragility curves (Gündel and Rapps 
(2019)) instead of the generic curve presented implemented by Luco et al. (2007). Following 
a similar procedure to Martins et al. (2018), families of fragility curves could be developed 
for different structural systems. If the predictive power cannot be sufficiently improved 
simply by using typology specific fragility curves then additional modifications to the 
structural design procedure will need to be implemented to ensure reliable behaviour. In Step 
5 of the proposed design procedure (Fig. 2) the introduction of RTBF (Vamvatsikos (2020)) 
or reductions factors based on the RTSA method (Žižimond and Dolšek (2019)), in lieu of 
the typical q-factors used in EC8, could provide better control over the realised MAFC. 
Research efforts would need to be directed towards simplifying these existing methods so 
that they can be easily and accurately applied to a range of different structural systems during 
the initial design phase. 
 
The majority of the open research lines are related to the determination of the loss-targeted 
reference PGA. These research lines can be broken down into two main categories: 
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implementation, which is related to the availability of information required to implement the 
methodology; and sensitivity, which is related to how sensitive the proposed method is to 
changes in some of the underlying assumptions. The two most obvious research lines that 
need to be addressed related to the implementation are the development of a suitable libraries 
of storey loss functions and drift and acceleration fragility curves applicable for a wide-range 
of combinations of structural typology and occupancy class. Available tools, such as those 
developed by Shahnazaryan and O’Reilly (2021), make the computation of the loss functions 
easier, however, the number loss curves required to allow the proposed loss-based design 
method applicable to a broad range of structures makes this a significant research 
undertaking. Similarly, a large number of fragility curves are required for use in Equation 4 
and Equation 5 to calculate 𝑎𝑎𝑔𝑔𝑔𝑔,𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟. To be useful the fragility curves need to be provided for 
any target drift level for a structure designed using any value of reference PGA. Therefore, 
a worthy goal would be developing a series of equations that express the median of the 
drift/acceleration fragility curves of a structure as a function of the target drift/acceleration 
and 𝑎𝑎𝑔𝑔𝑔𝑔,𝑑𝑑𝑑𝑑𝑟𝑟. This is shown conceptually in Fig. 3. 

 

Fig. 3 – Determination of a families of typology-specific fragility curves for use in the proposed loss-based 
design framework. (a) A set of fragility curves for 5 different levels of engineering demand parameters 

(EDPs) for a building designed using a specific reference PGA, agr,des. (b) A potential relationship between 
the median values of the fragility curves and agr,des. (c) An equation can be formulated for the median of the 

fragility curve for any EDP value. 
 
In terms of the sensitivity of the proposed method, the major lines of investigation would 
likely focus on how sensitive the loss-targeted reference PGA is to: variations in the values 
used to anchor the loss curve (Equation 3); the chosen combination of target loss, 𝐿𝐿𝑡𝑡 and the 
corresponding annual probability of occurrence, 𝑃𝑃𝑡𝑡; and the shape of the loss curve for 
different building typologies and occupancy classes. 
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5. Conclusions 

This paper has provided a summary of three different seismic design philosophies – hazard-, 
risk-, and loss-based design – and provided a brief review of several design methods that 
follow one or another of these philosophies. The novel contribution of this work was the 
proposal of methodology for simplified loss-based design that can be used with the 
simplified equivalent lateral force (ELF) method. The proposed method requires two design 
objectives to be set; the target mean annual frequency of collapse and an acceptable threshold 
for the expected annual loss. For each of these design objectives a reference peak ground 
acceleration can be determined, and the larger value is used to anchor the response spectrum 
used in the ELF method. A number of open research questions related to the implementation 
and sensitivity of the proposed method were identified and briefly discussed. The proposed 
methodology has the potential to make the loss-based design procedures easy to implement 
helps to improve the consistency of performance of the new building stock. 
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Abstract: This study deals with the seismic behavior of waffle-flat-plate structures 
subjected to the two horizontal components of near-field ground motions through shake 
table tests. The test specimen was a scaled portion of a prototype building with irregular 
layout of columns designed under the Spanish seismic code located in Granada, a prone 
seismic area of Spain, without specific considerations about the near-field nature of the 
seismic action. The specimen was subjected to a sequence of tests of increasing intensity 
until near the collapse. Preliminary results in terms of displacements, floor acceleration, 
input energy and dissipated energy (damping and hysteretic) are shown. The specimen 
dissipated more hysteretic energy that a counterpart specimen tested under a far-field ground 
motion in a previous study. 

Keywords: energy capacity, bidirectional seismic loading, seismic performance 

1. Introduction

The energy released in an earthquake is transmitted by internal and surface waves up to 
civil infrastructures supported on the ground, producing three-dimensional displacements. 
There are significant differences whether the seismic analysis is carried out by using one or 
more components of the seismic action in both the demand and the capacity over 
structures. For the demand part, most standard seismic codes evaluate the effects of the 
ground motion on buildings through separate analyses in two orthogonal directions that are 
combined by means of empirical rules, e.g. square root of the sum of the squares SRSS or 
combining the effects in one direction with the 30% of the effects in the orthogonal 
direction (CEN 2004). For the capacity side, even though there is a thorough knowledge of 
the capacity under one component of the seismic action, the gap remains still important 
when bi or three directional seismic action are considered. Focused on bidirectional 
seismic loading, most studies are limited to structural elements. Rodrigues et al. (2012, 
2016) studied the degradation of stiffness and the energy dissipation capacity of columns, 
as well as the evolution of damage under bi-directional loading (Rodrigues et al. 2013). 
The hysteretic behavior of columns under bidirectional loads differs from that under 
uniaxial loads (Zeris et al. 1992), as observed in RC multistory frame buildings (Magliulo 
et al. 2007). When the whole structure is considered, De Stefano et al. (1996) found that 
the hysteretic energy demand tends to be concentrated in the stiff direction, being from 20 
to 40% higher than that observed under uni-directional loading. Under bi-directional 
seismic loadings, there is a critical incidence angle in which the structure develops its 
maximum response (Sebastiani et al. 2018).  
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On the other hand, near-field ground motions produce, overall, larger demands on 
structures compared to ordinary ground motions, especially when pulses of acceleration 
and/or velocity are appreciable —pulse-like ground motions (Anderson et al. 1987). 
Velocity pulses with forward directivity —propagation of the waves in the rupture 
direction— causes large energy dissipation demands in few cycles (Alavi et al. 2004).  
There are pulse-like ground motions in which the pulses can be clearly observed in both 
the acceleration and the velocity time history ground records and, others, in which the 
pulses are only observed in the velocity time history as a result of a succession of high 
frequency one-side acceleration spikes. The first ones have more damage potential because 
the period of the pulse, Tp, is in the range of the periods of the most common structures 
(Mollaioli et al. 2012). The pulse period is a fundamental magnitude to characterize this 
type of records. There are different methods to estimate Tp  (Mollaioli et al. 2012), without 
appreciable differences when moment magnitude is in the range of 5.0 and 7.0 (Mollaioli 
et al. 2019). One of them consists of the estimation of Tp through the period corresponding 
to the peak of the input energy spectra (Mollaioli et al. 2012). Structures with the 
fundamental period, T, lower or equal than Tp are more vulnerable to pulse-like ground 
motions, being critical when T = Tp (Alavi et al. 2004; Anderson et al. 1987). 
This paper shows the preliminary results of a research work aimed at studying the energy 
dissipation capacity of RC waffle-flat-plate (WFP) structures subjected to bi-directional 
near-field (pulse-like) ground motions. The investigation consisted of shake table tests 
conducted on a specimen that represented a portion of a WFP structure. This research 
complements a previous study conducted by the authors on a twin WFP structure subjected 
to far-field ground motions (Benavent-Climent et al. 2019). Results in terms of 
displacements, floor accelerations and energy —input and dissipated energy— are reported 
and discussed.  

2. Prototype and test specimen 

The prototype construction was a 3-story residential building located in Granada, a 
moderate seismicity Mediterranean region of Spain. The prototype structure was a WFP 
system supported on an irregular layout of isolated columns and plates of 0.35 m depth 
with an orthogonal grid of ribs (0.83 m x 0.83 m) and voids between them, solid zones 
around the columns and shallow spandrel beams at the outer edges. The structure was 
designed according to the limit state method prescribed by the Spanish Concrete Code 
EHE-08 (Ministerio Fomento 2008) to bear gravity loads and seismic loads established by 
the current Spanish Seismic Code NCSE-02 (Ministerio Fomento 2003). It was considered 
that the building is located on soil type C (180 < vs,30 < 360), where vs,30 is the average 
shear wave velocity in m/s of the soil. The maximum value for the behavior factor 
established by NCSE-02 for WFP structures, µ = 2, was used to reduce the elastic response 
spectra. A portion formed by one exterior and two interior columns with one and a half 
stories —first story (i.e. ground floor) and second story— was selected from the prototype 
to build a specimen (Fig. 1). The test specimen was defined following a mechanical 
similarity model by taking the geometry, acceleration and stress as independent variables 
and applying scale factors of λL = 2/5, λa = 1 and λσ = 1, respectively. The upper part of 
the columns was pinned to reproduce null bending moment conditions at mid-height of the 
columns of the second story. Steel plates were placed above the columns to simulate the 
load of the rest of the above structure. The total reactive mass of the specimen was 12 230 
kg (excluding the foundation and half height of the columns of the first story). 
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Fig.1 - Specimen of WFP structure: (a) elevation; (b) plan 

The specimen was built and instrumented in laboratory (Fig. 2). The instrumentation set-up 
consisted of: (i) load cells at the top of the upper columns (Fig. 2a) and strain gauges at the 
end sections of columns — SX0, SX1 and SX2 in Fig. 2a, where X corresponds to the 
column’s number (Fig. 1); (ii) strain gauges in the rebars of the specific sections of the 
plate (Fig. 2b); (iii) displacement transducers (LVDTs, Fig. 2c); (iv) piezoelectric and 
seismic accelerometers (Fig. 2d). All the devices were connected to a data acquisition 
system with a scan frequency of 600 Hz. 

Fig. 2 - Instrumentation of the specimen: (a) load cells and strain gauges in columns; (b) strain gauges in the 
plate; (c) LVDTs; (d) accelerometers  

The specimen was installed on a bidirectional shake table (Fig. 3). 
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Fig. 3 - Specimen installed on the shake table  

3. Description of the tests  

The test specimen was subjected to bidirectional shake table tests using the two horizontal 
components of the near-field ground motion registered at the Bar-Skupstina Opstine station 
during the Montenegro earthquake (Mw = 6.9, 1979). The records were scaled in time by λt = 
(λL/λa)0.5

 = 0.63 (Fig. 4a and 4b). Pulses can be observed in both components of the scaled 
acceleration and velocity time histories (Figs. 4a to 4d). An outstanding value for the 
incremental velocity, IV, is observed, higher than 60 cm/s (95 cm/s for the unscaled record). 
The velocity pulse period of the NS of EW component was estimated according to the input 
energy spectra method through the peaks of the corresponding input energy spectra, EI 
(Mollaioli & Bosi 2012), expressed in terms of equivalent velocity, VEI = (2EI/M)1/2, where M 
is the total mass of the specimen (Fig 5).  

 
Fig. 4 - Bar-Skupstina Opstine records: acceleration time history NS (a) and EW (b); details of velocity pulses in 

velocity time history NS (c) and EW (d) 
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Fig. 5 - Energy input spectra (VEI ) of Bar-Skupstina Opstine records (ξ = 5%): (a) NS component; (b) EW 
component   

For the NS component, Tp = 0.65 s and for the EW component there are two peaks with 
almost the same amplitude, Tp = 0.36s and Tp = 0.81 s.   Seven consecutive tests were 
conducted by scaling the original accelerograms by 15%, 25%, 50%, 100%, 130% (twice) 
and 160% and will be referred herein as B15, B25, B50, B100, B130, B130-bis and B160, 
respectively. Test corresponding to 130% was conducted twice —B130 and B130-bis— to 
ensure the correct record at the acquisition data system. Afterwards, it was confirmed the 
goodness of the data of both tests. 
The maximum peak ground acceleration, PGA, was obtained as follows. Firstly, both 
components of the ground motion record, GANS (t) and GAEW (t), were projected along a 
direction forming a counterclockwise angle θ, according to the expression GA (t,θ) = GANS 
(t)sinθ + GAEW (t)cosθ and 0≤θ≤180º. Then, the maximum of GA (t,θ) for each θ was
obtained and, eventually, the maximum of all of them was PGA = 0.41g, where g is the
gravity acceleration. Therefore, the PGAs obtained are 0.06g, 0.10g, 0.21g, 0.41g, 0.53g
and 0.65g for the tests B15, B25, B50, B100, B130 and B160, respectively. Benavent-
Climent et al. (2019) showed that for Granada and soil type C, B15 and B25 can be
associated with very frequent earthquakes with return period PR < 95 years, B50 can be
associated with frequent earthquakes (near the upper limit), B100 represents the design
earthquake (near the upper limit) and, eventually, B130 and B160 correspond to rare
earthquakes.

4. Test results

4.1. Overall response and dynamic characterization 

The fundamental period, T —as well as the frequency f = 1/T— and the damping ratio, ξ, 
were estimated for X and Y directions of the specimen at the end of each test, when the 
seismic action faded away, from the transfer function of the tail of the displacement 
response of the stories (Table 1). Under very frequent earthquakes (B15 and B25) no 
damage was observed in the specimen. This is consistent with the low variations observed 
for both T and ξ in X and Y directions. For B50 (frequent earthquake), plastic 
deformations were observed in the rebars of the ends sections of the columns at the first 
story, which is consistent with the remarkable variation of the fundamental period in Y 
direction. Nevertheless, no apparent damage was observed in the specimen. For this 
reason, this state can be classified as pseudo-elastic. From B100, the specimen experienced 
increasing levels of damage, that concentrated at the end of the columns and in the exterior 
column-plate connection. This damage turned out in an increase of T and ξ, that reached 
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their maximum values for B160, nearly twice the values obtained in B50. This means that 
the lateral stiffness reduced to about one fourth.   

Table 1. Evolution of vibration periods and damping ratios 

Test Tx 
[s] 

fx 
[Hz] 

ξx 
[%] 

Ty 
[s] 

fy 
[Hz] 

ξy 
[%] 

B15 0.38 2.6 3.4 0.40 2.5 2.0 
B25 0.42 2.4 3.6 0.40 2.5 3.2 
B50 0.42 2.4 3.8 0.50 2.0 3.7 
B100 0.50 2.0 6.1 0.50 2.0 3.5 
B130 0.59 1.7 7.2 0.65 1.5 3.9 
B130bis 0.62 1.6 7.1 0.75 1.3 5.9 
B160 0.94 1.1 8.2 0.90 1.1 8.0 

It is worth noting that, excepting B160, fundamental periods in X direction were lower or 
equal than the pulse period in this direction, Tp = 0.65, and in the Y direction were lower 
than the second peak of the energy input spectrum, Tp = 0.81 s. Therefore, the tested 
specimen was highly vulnerable to the pulse-like ground motion applied. 

4.2. Maximum response 

Tables 2 and 3 report the maximum translational response in the X and Y directions for 
stories 1 and 2 in terms of absolute acceleration üt

max, interstory drift index, IDI, and 
residual interstory drift index, IDIr. Columns 8 and 9 offers IDI and IDIr of the top story 
respect to the total height of the specimen. Moreover, two last columns were added to 
report the limits for the seismic performance levels (SPL) —“operational” (OP), “life 
safety” (LS), “near-collapse” (NC) and “collapse” (C)— of this type of structure proposed 
by SEAOC (1995) and Benavent-Climent et al. (2019). Although some level of damage 
was observed in B50, as it was stated earlier, the residual displacements at the end of the 
test were negligible.  Further, it is interesting to note the high flexibility of the WFP 
structures according to the IDIs observed in the tests, with appreciable damage only from 
IDI = 1%. Similarly, it can be observed large values of IDIs for LS, NC and C seismic 
performance levels.  

Table 2. Maximum translational response in X direction 

Test 
Story 1 Story 2 Top SPL 

üt
max 

[g] 
IDI 
[%] 

IDIr 
[%] 

üt
max 

[g] 
IDI 
[%] 

IDIr 
[%] 

IDI 
[%] 

IDIr 
[%] SEAOC Benavent et 

al. (2019) 
B15 0.23 0.48 0.00 0.25 0.43 0.00 0.46 0.00 O O 
B25 0.30 0.57 0.00 0.30 0.58 0.03 0.55 0.01 LS O 
B50 0.31 0.85 0.02 0.40 0.84  0.05 0.83 0.00 LS O 

B100 0.42 1.17 0.05 0.46 0.99 0.16 1.11 0.02 LS LS 
B130 0.47 1.87 0.07 0.55 1.42 0.03 1.72 0.04 NC LS 

B130bis 0.55 2.55 0.11 0.59 1.91 0.21 2.35 0.14 NC-C LS 
B160 0.56 4.01 0.42 0.60 3.88 0.98 3.94 0.59 C C 

 
Table 3. Maximum translational response in Y direction 

Test 
Story 1 Story 2 Top SPL 

üt
max 

[g] 
IDI 
[%] 

IDIr 
[%] 

üt
max 

[g] 
IDI 
[%] 

IDIr 
[%] 

IDI 
[%] 

IDIr 
[%] SEAOC Benavent et 

al. (2019) 
B15 0.15 0.30 0.00 0.17 0.23 0.01 0.29 0.00 O O 
B25 0.27 0.43 0.00 0.21 0.31 0.03 0.37 0.01 O O 
B50 0.69 0.94 0.00 0.42 0.55 0.03 0.69 0.01 LS O 

B100 0.41 1.48 0.01 0.56 1.23 0.11 1.46 0.04 LS LS 
B130 0.47 1.69 0.04 0.58 1.24 0.09 1.56 0.06 LS-NC LS 

B130bis 0.44 2.43 0.06 0.83 1.56 0.00 2.17 0.04 NC LS 
B160 0.87 3.13 0.04 0.90 1.72 0.23 2.75 0.12 C NC 
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4.3. Chord rotation in columns 

Fig. 6 and 7 show the chord rotation demands in the X and Y directions, θx and θy, for the 
plastic hinges located at the end of the columns. The first one, corresponds to test B50 in 
which the structure showed low levels of plastic deformations. The second one, 
corresponds to test B160 which corresponds to the near-collapse/collapse state.  

Fig. 6 - Chord rotations for the test B50 in columns C1, C2 and C3 (first, second and third columns) at base 
and top of first story (first row) and at the bottom of second story (second row) 

Fig. 7 - Chord rotations for the test B160 in columns C1, C2 and C3 (first, second and third columns) at base 
and top of first story (first row) and at the bottom of second story (second row) 

Further, the yield rotation, θy (blue dashed lines) and the ultimate rotation, θu (red dashed 
lines) are also depicted in these figures. θy and θu were calculated with the equations 
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proposed by EN 1998-3 (CEN 2005) and Fardis (2009), considering two possible 
interaction curves, circular and squares. Figure 6 shows that all columns at the first story 
and the exterior column (C1) at the second story yielded during test B50. Column C1 is 
prone to suffer large displacements because it is placed on the flexible edge, farther from 
the centre of stiffness than the opposite edge, where pure floor translations are added to 
displacements from rotation. On the other hand, Fig. 7 shows that the ultimate state is 
achieved in all the columns of the specimen during test B160. 

4.4. Input energy and energy dissipation 

The energy balance equation under the seismic action is as follows: 

I e pE W W Wξ= + +        (1) 

where EI is the relative input energy (= EIX + EIY, where EIX and EIY are the input energy in 
X and Y directions), We is the elastic vibration energy (sum of the elastic strain energy, 
Wes, and the kinetic energy, Wk), Wξ is the energy dissipated by the inherent damping and 
Wp is the hysteretic (plastic strain) energy. The energy that contributes to damage is ED = 
EI - Wξ. EI and Wξ were estimated following the procedure exposed by Benavent-Climent 
et al. (2019). The first one, through the accelerations of the shake table measured in X and 
Y directions and the second one through the components iu —two translational and one 
rotational per story— of the velocity vector u , obtained by deriving the history of 
displacements recorded by LVDTs. The damping model used was proportional to the mass, 
m, i.e. c = a0m, where ao = 2ξ1ω1. ξ1 is the inherent damping ratio that corresponds to the 
fundamental mode of frequency ω1. The estimation of ξ1 from the tests when the specimen 
suffered plastic deformations can lead to misleading values because it includes the 
contribution of hysteretic energy. For this reason, ξ1 was taken as the mean of the ξx and ξy 
obtained from test B15 (Table 1) in which the specimen remained elastic; this gives ξ1 = 
2.7%. Fig. 8 shows the history of EI, Wξ and ED until the near collapse of the structure. The 
results are consistent with the observations made from the analysis of displacements. 
Minor damage, expressed in terms of ED (red dashed line), is observed until test B50.  

 
Fig. 8 - Time history of the input energy, the damping energy and the energy that contributes to damage of 

the test specimen 

ED increases clearly from test B100, and this increase is more abrupt in tests B130, B130-
bis and B160. Moreover, a sudden increase is observed at the beginning of each test, 
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especially during tests B130 and B160, due to the pulses observed at the beginning of the 
ground motion records (Fig. 4). 
Table 4 reports the maximum floor acceleration, the input energy —in terms of equivalent 
velocity VEI— and the energy that contributes to damage —in terms of equivalent velocity 
VD— of the WFP specimen subjected to far-field ground motions, FFGMs, (Benavent-
Climent et al. 2019) and the one subjected to near-field ground motions, NFGMs, analyzed 
in this study. The data are compared for the frequent earthquake —PGA = 0.21g for 
NFGMs and PGA = 0.19g for FFGMs— and for the very rare earthquake that led to the 
near collapse/collapse —PGA = 0.65g for NFGMs and PGA = 0.59g for FFGMs. It is 
important to note that VEI and VD correspond to the cumulated energies from the beginning 
of the tests. It can be observed that for the frequent earthquake VD was the same under far-
field and near field ground motions. Also similar are the values of maximum floor 
accelerations. Nevertheless, for very rare earthquakes with similar PGAs, the input energy 
in terms of VEI was 16% larger for the NFGM than for the FFGM. Also larger (32%) is the 
energy that contributed to damage in terms of VD. 

Table 4. WFP specimen under far-field and near-field ground motions 
 WFP Specimen: Far-Field  WFP Specimen: Near-Field 
 1st Story 2nd Story    1st Story 2nd Story   
 X Y X Y    X Y X Y   

Type 
Earthq. 

üt
max 

[g] 
üt

max 
[g] 

üt
max 

[g] 
üt

max 
[g] 

VEI 
[cm/s] 

VD 
[cm/s] 

 üt
max 

[g] 
üt

max 
[g] 

üt
max 

[g] 
üt

max 
[g] 

VEI 
[cm/s] 

VD 
[cm/s] 

Frequent 0.36 0.34 0.38 0.47 106 61  0.31 0.69 0.40 0.42 113 60 
Very rare 0.54 0.65 0.50 1.36 382 282  0.56 0.87 0.60 0.90 445 372 

5. Conclusions 

A specimen representing a scaled portion of a WFP RC structure was subjected to a 
sequence of bidirectional shake table tests with increasing intensity. The two horizontal 
translational components of a near-field (pulse-like) ground motion was used. The 
specimen showed some level of damage for the frequent earthquake —only plastic 
deformations in rebars of columns at the first story—, confirmed by both the chord rotation 
in columns ends that exceeded the yield value, and by the amount of dissipated energy. For 
the design earthquake, the specimen achieved the “Life-Safety” seismic performance level. 
For the rare earthquake the performance was “near-collapse” in Y direction and “collapse” 
in X direction. Thus, the structural performance was as expected in design, but with high 
levels of lateral displacements that confirm the high flexibility of this type of structure. 
Eventually, it is worth noting that under the near-field ground motion, the specimen 
dissipated an amount of hysteretic energy that was larger than that obtained in previous test 
conducted on a similar structure subjected to a far-field ground motion with similar PGAs. 
The floor accelerations measured under the FFGM were larger than those under the 
NFGM.  
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Abstract: Performance-Based Earthquake Engineering (PBEE) approaches have been 
permitted by nearly every code for almost a century already, and the importance of 
developing accurate drift predictive models in support of PBEE is widely recognised. For 
this aim to be fully realised, it is crucial to identify the most influential structural and ground 
motion parameters that govern the seismic response. This study applies feature selection 
Machine Learning (ML) techniques to the identification of the best predictors of maximum 
inter-storey drift of steel Moment Resisting Frames (MRFs). Several ML techniques are 
applied to a database assembled from extensive results of nonlinear response history 
analyses on 24 steel MRFs of different structural characteristics. A suite of 596 ground 
motions is used to cover a wide range of intensities. These ground motions were selected by 
means of the Conditional Scenario Spectra (CSS) methodology to ensure the hazard 
consistency of the estimates, a key concept at the heart of the PBEE. Although the identified 
best predictors are not surprising, interesting conclusions are obtained from the application 
of the feature selection methods used in this study and the need for a careful interpretation 
of the results of ML tools is highlighted.  

Keywords: earthquake engineering, performance-based design, hazard-consistency, 
machine learning. 

1. Introduction

Performance-Based Earthquake Engineering (PBEE) approaches have been permitted by 
nearly every code (e.g., CEN (2013), FEMA (2012), and ASCE (2016)) in the past 100 
years already. The most widely adopted PBEE framework, known as the PEER-PBEE 
framework, was introduced by Cornell and Krawinkler (2000) more than two decades ago 
to offer a design process that aims to achieve a specified performance objective for a given 
future earthquake intensity. One of the biggest hurdles for a wider implementation of 
PBEE in its full form is the need to perform a large number of nonlinear analyses in order 
to obtain statistically meaningful predictions of structural response. Moreover, the fact that 
the industry standard for seismic demand analyses typically only relies on elastic models 
also hampers the wider adoption of the PBEE. Therefore, response prediction models that 
can alleviate the need for rigorous response-history nonlinear analyses in the PBEE are 
necessary.  

In this context, the structural seismic response is governed by several structural and ground 
motion properties; however, using all these properties as features in a predictive model 
defies the initial purpose of developing simple yet accurate estimation methods. To this 
end, feature selection can be used to carefully pick the features that improve the accuracy 
of the model and reduce its complexity, increase training efficiency, and avoid overfitting.  

On the other hand, it is surprising, given their relative maturity, that most PBEE 
methodologies are based on hazard-inconsistent assumptions. For that reason, this study 
explores the use of Conditional Scenario Spectra (CSS), where a set of realistic ground 
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motion spectra is developed with assigned rates of occurrence based on their spectral 
shapes and intensities (Abrahamson and Al Atik, 2010; Arteta and Abrahamson, 2019). 
Ensuring this consistency between the spectra and the hazard will result in a more 
meaningful performance assessment of any structure at a given location. 

This paper presents and discusses the implementation of machine learning (ML) 
approaches of feature selection within the broader context of the development of inter-
storey drift prediction models within a hazard-consistent PBEE framework. To this end, a 
large number of nonlinear response history analyses of 24 steel MRFs under 596 ground 
motions were performed. 

2. Steel MRF Considered 

Twenty-four plane steel MRFs with different structural characteristics are considered in 
this study. The frames have been designed based on the Eurocode 3 (CEN, 2005) and 
Eurocode 8 (CEN, 2013) provisions. The frames have 3, 6, 9, and 12 storeys with 3 m 
height, and 3 and 6 bays with 5 m width. The detail of the frame sections and several key 
structural parameters can be found in Zahra et al. (2021). The frames were modelled and 
analysed using the open-source framework OpenSees McKenna et al. (2000). The 
structural members of the frames in this study are represented by force-based elements, 
and the corotational geometrical transformation approach is used to incorporate 
geometrical nonlinearities. The connections are represented by rotational springs via 
zero-length elements built using the modified Ibarra Krawinkler degradation model 
(Ibarra et al., 2005). Their parameters have been determined by the empirical 
relationships derived by Lignos and Krawinkler (2011). Table 1 shows several structural 
characteristics that describe the dynamic behaviour of the frames that will be used later 
in the feature selection process described in Section 5. 

Table 1 Structural Parameters Considered in this Study 

No Features Definition 

1 T1 Fundamental period of the structure. 
2 γ First mode mass participation factor. 
3 q Behaviour factor of the structure. 
4 Δu Ultimate displacement of the structure. 
5 ∆1,roof Roof displacement at the first yield. 
6 θ1,max Drift at the first yield. 

3. Ground Motion Selection 

Ground motions utilised in this study are based on the Conditional Scenario Spectra (CSS) 
methodology (Abrahamson and Al Atik, 2010; Arteta and Abrahamson, 2019). The CSS 
develops a set of realistic ground motion spectra with assigned rates of occurrence based 
on their spectral shapes and intensities to ensure the hazard consistency of structural 
performance analysis. The CSS used in this study is based on a site-specific PHSA for 
Oakland in California (Macedo et al., 2022). As a result, 596 ground motions were selected 
from the PEER NGA-West 2 database (Bozorgnia et al., 2014). Fig. 1 (a) presents the 
horizontal-component ground motion spectra of the accelerogram suite. The rate of 
occurrence of each spectrum is calculated using the CSS methodology in which the hazard 
at a site can be recovered over a whole range of periods by using the suite of records 
mentioned above and their corresponding rates. The target and reconstructed CSS spectra 
for different hazard levels are compared in Fig. 1 (b), where a generally good match is 
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evident. The ground motion parameters to be used in the feature selection are listed in 
Table 2. 
 

  
(a) (b) 

Fig. 1 (a) 596 scenario spectra (5% damped) and (b) comparison of target and CSS reconstructed spectra.  

Table 2 Ground Motion Parameters Considered in this Study 

No Features Definition 

1 PGD Peak ground displacement. 
2 PGV Peak ground velocity.  
3 PGA Peak ground displacement.  
4 CAV Cumulative absolute velocity (Reed and Kassawara, 1990) 
5 AI Arias intensity (Arias, 1970). 
6 D5-75 Significant duration for 5-75% Arias intensity (Bommer and Martinez-Pereira, 1999).  
7 D5-95 Significant duration for 5-95% Arias intensity (Bommer and Martinez-Pereira, 1999).  
8 Tm Mean period of ground motion (Rathje et al., 1998). 
9 T1/Tm Period ratio.  
10 Sa(0.2 – 3 T1) Several spectral accelerations at 0.2T1 s – 3T1 s. 
11 Saavg Average spectral acceleration.  
12 Sa(T1) Spectral acceleration at T1 s. 

4. Nonlinear Response History Analyses 

The 24 frames were analysed under the 596 ground motions on the high-performance 
computing facility at Imperial College London (HPC-Imperial, 2019). These 14,304 
analyses resulted in an extensive dataset of structural responses that range from mildly 
elastic to highly inelastic. The resulting maximum inter-storey drift, θmax, from each 
ground motion and its corresponding spectral acceleration at the fundamental period of the 
structure, Sa(T1), are plotted in Fig. 2 for Frame 01 (3 Storeys – 3 Bays) and Frame 24 (12 
Storeys - 6 Bays) as examples. The figure presents the drifts at Sa(T1) up to 3 g for 
presentation purpose. The scatter plots show that around the elastic region, indicated by the 
positive slope in the pushover curves at the left of the graph, the drifts generally increase as 
the spectral acceleration increases. However, the drift values become more scattered as we 
move to the inelastic region. This irregular pattern in the inelastic area may occur due to 
the elongation of the structural period caused by stiffness degradation. Besides, the 
inelastic responses of the frames are influenced by specific characteristics of ground 
motions beyond spectral content that are not well incorporated in the elastic spectra used 
(Málaga-Chuquitaype, 2021).  
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The inter-storey drift in this study is later presented in terms of maximum drift 
modification factor, θmod, which can be written as: 

max
mod

,maxq





 1

 (1) 

where q is the behaviour factor and θ1,max is the maximum inter-storey drift at the first yield 
obtained from pushover analysis with first-mode lateral load profile. As the distributions of 
the features and the EDPs in this study follow the power law, they were then transformed 
into lognormal space as suggested by Cornell et al. (2002) for all the following feature 
selection methods performed.  
 

 
(a) (b) 

Fig. 2 Maximum inter-storey drift, θmax, from response history analyses versus spectral acceleration, Sa(T1), 
of (a) Frame01 (3S-3B) and (b) Frame24 (12S-6B). 

5. Feature Selection for Inter-Storey Drift Prediction 

5.1. Filter Method 

A preliminary assessment of the features was carried out by filtering on the basis of 
Pearson's correlation coefficient, which quantifies linear dependencies between each 
feature and the response variable of interest. The features’ correlation coefficients are 
presented in the form of heatmaps, as shown in Fig. 3. Two important observations can be 
made from Fig. 3 related to the collinearity between the features, and between the features 
and the target variable. It can be observed that several features have very high collinearity 
between each other, as is the case of Δu and ∆1,roof, D5-75 and D5-95, and, less surprisingly, 
between several spectral acceleration values. The last column and row of the heatmaps 
show the collinearity of each feature with the θmod as the target variable. It is found that the 
structural parameters (Fig. 3 (a)) and the duration-related ground motion (Fig. 3 (b)) 
parameters have very low collinearity with θmod. Although ground motion duration is not 
expected to be used independently to predict seismic response, it is interesting to know 
whether the use of duration would improve the prediction for a given ground motion, since 
the past studies show that the importance of the duration depends on several factors, 
including the damage measures and structural model (Hancock and Bommer, 2006; 
Málaga‐Chuquitaype, 2021). The seemingly unsubstantial significance of the duration in 
θmod as presented in Fig. 3 (b) is in accordance with past studies, e.g., Hancock and 
Bommer (2007), where ground motion duration was found immaterial for the response 
prediction of peak displacement (i.e., extreme response). On the other hand, the velocity-, 
acceleration- (Fig. 3 (b)), and spectral acceleration-related (Fig. 3 (c)) ground motion 
parameters have prominent collinearity with θmod.  
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(a) 

 
(b) (c) 

 

Fig. 3 Heatmaps of the correlation coefficients between (a) structural parameters (b) ground motion 
parameters and (c) ground motion spectral accelerations and the θmod. 

5.2. Wrapper Method 

Three wrapper methods were used: Forward Selection, Backward Elimination, and 
Exhaustive Feature Selection, all performed with The MLXtend Python Library (Raschka, 
2018). In the Forward Selection, the model is started by fitting each feature one at a time 
and selecting the best performing feature. Other remaining features are then added to the 
model one by one until the desired best-performing feature set is obtained. Conversely, in 
Backward Elimination, the model starts with all the features and eliminates the least 
significant feature at each iteration. On the other hand, Exhaustive Feature Selection tries 
every possible combination of features. 

The optimal number of features to be included in a predictive model can be informed by 
observing the model's performance at certain features in the forward selection and 
backward elimination results. No significant change in the performance after five features 
was found in both methods. This number of features is also considered to be practical in 
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the context of reducing the complexity of a predictive model equation. The selected feature 
subsets from forward selection and backward elimination are presented in Fig. 4 (a) and 
(b), where they resulted in the same feature subset. These five most important features are 
not surprising. For example, the Sa(T1) is widely accepted to govern the seismic response 
of structure (Shome et al., 1998) and the PGV is a better indicator of the structural seismic 
response, e.g., than PGA, as the damage to the structure is related to energy, and energy 
can be directly linked with velocity (Bommer, 2017). Fig. 4 (c) presents five feature 
subsets with the highest performance score from exhaustive feature selection, where all 
possible combinations of 5 features from all 25 features were evaluated, resulting in 53,130 
combinations. The 5 features with the best performance are Sa(T1), PGV, θ1,max, q, and T1, 
which are the same with the other wrapper methods. It is also worth noting that 
acceleration-related features, CAV, PGA, and AI, also appear in the subsets with the highest 
performance scores from exhaustive feature selection results as they have high collinearity 
with θmod. 

             
(a) (b) (c) 

 

Fig. 4 Best performing feature subsets resulted from (a) forward selection, (b) backward elimination, and (c) 
exhaustive feature selection for θmod predictive model. 

5.3. Embedded Method 

In terms of The Embedded Method, Random Forest (Breiman, 2001) was performed in this 
study using The Scikit-Learn Python Library (Pedregosa, 2011). Random Forest builds 
decision trees over a random extraction of the observations from the dataset and a random 
features extraction. The random forest algorithm calculates the relative importance of each 
feature based on the mean decrease in impurity. Thus, the algorithm measures how 
effective the feature is at reducing uncertainty when creating the decision trees. However, 
this default feature importance in the random forest has a known limitation in that it tends 
to escalate the importance of continuous or high-cardinality features. This escalated 
importance may cause the default feature importance to be unreliable in certain datasets 
where the features vary in their scale of measurement (Strobl et al., 2007; Parr et al., 2020). 
To overcome this limitation, permutation importance was used, a method that was also 
emphasised by Breiman and Cutler, the inventors of the random forest (Breiman and 
Cutler, n.d.). This method permutes a specific column and measures the decrease in the 
accuracy of the overall regressor, and it was carried out in this study using The Rfpimp 
Python Library (Parr and Turgutlu, 2021). However, Strobl et al. (2008) showed that 
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permutation importance overestimates the importance of correlated predictor variables. 
Lastly, the most computationally costly random forest feature importance is drop-column 
importance, which defines the importance of a feature as the difference in some accuracy 
metric between a model with all features and a model with the feature dropped (Parr et al., 
2020).  

The results of the random forest analyses are depicted in Fig. 5. The random forest default 
and permutation feature importance in Fig. 5 (a) and (b) show consistent results, where 
some of the selected features that previously identified by the filter and wrapper methods, 
Sa(T1), PGV, θ1,max, q and T1, also appear at the top rows, although the importance orders 
are different. However, the drop column importance shows unexpected result where the 
behaviour factor (q), drift at the first yield (θ1,max) and several spectral acceleration values 
even have negative importance, meaning their presence will reduce model performance. 
This result is attributed to the collinearity between the features. It should be recalled that 
the drop column importance method measures the importance as a drop in accuracy. 
Hence, when one of the highly correlated features is dropped, the accuracy will hardly 
change, and the importance assigned to this feature will be very small, regardless of its 
actual importance (Parr et al., 2020). Therefore, several spectral accelerations and both 
significant durations (which are highly collinear between each other) got assigned very low 
importance values.  

These differences in the feature selection results stress the need for a careful examination 
of the results of ML algorithms as they may behave differently for different datasets. With 
these differences, several feature subsets based on the feature selection results can be tried 
to obtain a predictive model with the highest accuracy. The considered 5 features to be 
used in the θmod predictive model at both sites are PGV, Sa(T1), T1, q, and θ1,max. 

(a) (b) (c) 

Fig. 5 Relative importance of the features resulted from random forest (a) default, (b) permutation, and (c) 
drop-column feature importance for θmod predictive model. 
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6. Conclusion 

The development of a reliable and intuitive structural response predictive model is 
necessary to widen the adoption of PBEE methodologies and improve their practicality. 
Achieving a simple yet accurate predictive model rests on the identification of an adequate 
set of predictors for whose identification Feature Selection ML algorithms can be of great 
help. These algorithms can inform the choice of features that enhance the accuracy of the 
model and reduce its complexity, increase training efficiency, and avoid overfitting. This 
study implements three ML approaches of feature selection as a part of inter-storey drift 
prediction model development in a PBEE framework, namely: filter, wrapper, and 
embedded method. To this end, nonlinear response history analyses on 24 steel MRFs 
under 596 ground motions were performed. The ground motion suite is selected via the 
CSS methodology to ensure the hazard consistency of the analyses. The identified best 
predictors of the inter-storey drift are PGV, Sa(T1), T1, q, and θ1,max. Although these 
structural and earthquake features have been previously identified separately in different 
studies as potential good predictors; their relative importance, as identified by the ML 
algorithms used herein, can differ. The differences in the result of each ML algorithm 
described and discussed in this study stress the need to interpret carefully the results of ML 
tools. 
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Abstract: This paper presents the seismic performance assessment and failure analysis of a 

modern reinforced concrete core-wall building. The beam-truss model (BTM) methodology, 

that has been extensively validated in prior studies, is being used to model and analyze a 

prototype 14-story core-wall building designed with CBC 2019. The BTM is further enhanced 

here to include the out-of-plane shear degradation of RC walls. Static analyses, with two load 

patterns, are conducted, providing insights into the evolution of damage, the importance of 

nonlinear flexure shear interaction and the complex interaction between the webs and flanges 

of the core wall with the slabs and gravity columns. The presentation of the analytical results is 

accompanied by a discussion on the advancements the BTM achieves over seismic analysis 

methods used in current performance-based seismic design practice. 

Keywords: Seismic design; Structural flanged coupled core walls; Performance-based seismic design; 

Nonlinear analysis. 

1. Introduction

Reinforced concrete structural walls (RCSW) constitute a common seismic force-resisting 

system for multistory buildings in seismically active regions. The seismic behavior of 

RCSWs is governed by a variety of mechanism and damage patterns as observed during 

recent earthquakes. Understanding the inelastic behavior and failure modes of RCSWs is of 

uttermost importance for detecting and eliminating potential vulnerabilities of the building 

inventory and ensuring the safety and resilience of earthquake-prone communities.  

Currently employed seismic analysis and design procedures, for multistory buildings, use 

simplified models which may neglect crucial aspects of the behavior, such as the interaction 

between flexural and shear damage in nonplanar walls and the impact of the inelastic 

behavior of coupling beams and/or slabs [Panagiotou et al. (2021), Mavros et al. (2022b)]. 

Advanced seismic analyses methods, not commonly used in practice, like the nonlinear finite 

element method, have better predictive capabilities but they require high computational cost 

to analyze full structural systems. 

There is a need of a conceptually simple and computational efficient analysis method that 

allows professional engineers to predict the seismic performance of new designs or used for 

assessing existing buildings. The present paper provides a well-established method, called 

the beam-truss model (BTM), which addresses this need. First, the conceptual basis of the 

BTM is described. Subsequently, an investigation on the seismic performance of a prototype 

14-story building with core-walls is presented.
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2. Overview of the Beam-Truss Model (BTM)

The BTM, which is described in detail in Lu and Panagiotou (2016) and Lu et al. (2016), is 

a powerful, algorithmically efficient alternative for simulation of structural walls under 

earthquake loading. The BTM relies on the representation of a RCSW component by an 

assemblage of horizontal, vertical, and inclined (also called diagonal) line elements, as 

shown in Fig.  1. The diagonals explicitly model the effect of transverse tension strain on the 

compression behavior of concrete based on the modified compression field theory [Vecchio 

and Collins (1986)] 

The vertical and horizontal elements use a beam formulation with a sectional fiber law. Each 

beam element section has multiple fibers along the thickness of the segment, enabling to 

naturally capture the nonlinear out-of-plane flexural resistance of the segment. In chapter 4 

of this paper, an enhancement of the current BTM formulation, to account for the out-of-

plane shear degradation, is discussed. For the in-plane behavior the BTM acts as a truss that 

resists the axial and in-plane flexural/shear loads. 

The beam or truss fibers that represent concrete sections, use a uniaxial material law 

formulated by Lu and Panagiotou (2014) and is schematically shown in Fig.  2. For the 

diagonal truss elements, the concrete material accounts for the effect of normal tensile strain, 

εn, on the compressive resistance. Specifically, compressive axial stresses for the truss 

elements are multiplied by a reduction coefficient, β, which expresses the effect of εn. The 

value of β depends on εn of each truss element following the law presented in Fig.  2. The 

reinforcing steel material is described by the uniaxial constitutive law proposed by Kim and 

Koutromanos (2016). As opposed to steel models used in earlier studies using nonlinear truss 

models, this steel law has the capability to account for the effect of buckling and rupture due 

to cyclic inelastic loading. 

A recent implementation [Panagiotou and Koutromanos (2020)] of the BTM in the research 

program FE-MultiPhys [Koutromanos and Farhadi (2018)] provided a user-friendly 

Fig.  1 - Representation of RC wall as assemblage 

of line elements 
Fig.  2 – Behavior of concrete material 
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implementation of the BTM for professional engineers and researchers. In this 

implementation, the assemblage of two horizontal beam elements, two vertical beam 

elements and two inclined truss elements, is represented by a BTM shell, consisting of four 

nodes as shown in Fig.  3. This approach substantially simplifies the pre-processing and post-

processing stages of an analysis, while still maintaining the predictive capabilities of the 

BTM as a simulation tool.  

 

Fig.  3 - Formulation of a BTM standard panel assemblage as a shell macro-element 

3. Building model and analysis setup 

A prototype 14-story building in Downtown Los Angeles,  that is designed [Alvarez 

(2020)]in accordance with the pertinent minimum code requirements [ACI (2014), ASCE 

(2017), CBC (2019)], is used in the present study. The plan configuration of the building is 

presented in Fig.  4. The core-wall, located in the center of the plan, consists of two coupled 

C-shaped walls whose planar segments are aligned with axes X and Y shown in Fig.  4.  

A computational model created by Mavros et al. (2022a), (2022b), Koutromanos et al. 

(2023), with modification to account for the out-of-plane shear degradation, is used in this 

study. An overview of the model is depicted in Fig.  5. The mesh scheme of the core wore 

for a typical story, which is shown in Fig.  6, uses six different parts. Parts 1, 2 and 3 represent 

confined regions at the corners or ends of the core wall, parts 4 and 5 represent the 

unconfined regions of the core wall and part 6 represents the coupling beams. Each part has 

reinforcing steel content ρl and ρt for the longitudinal and transverse direction, and concrete 

properties based on the region they represent. 

 

1 2

4 3

1 2

4 3

inclined truss elements

BTM cell shell element

θd

beam elements

h

 

 
 

Fig.  4 - Plan configuration Fig.  5 – Overview of the model 
Fig.  6 – Typical core wall mesh with 

individual parts 
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4. Out-of-plane shear degradation of wall piers

In the study of Mavros et al. (2022b), the out-of-plane behavior was modeled considering a 

constant limit of the out-of-plane shear strength (shear cap) without any degradation. In the 

same study, it was found that the wall piers develop significant out of plane deformations, 

depending on the load pattern, under concurrent high axial load ratios that exceed 40%. This 

stress and deformation state makes the wall piers susceptible to out of plane failure especially 

when they are lightly reinforced in this direction. This type of degrading behavior was 

observed in the 2011 Christchurch earthquake at the failure of one of the walls of the Grand 

Chancellor hotel [Elwood et al. (2012)], as shown in Fig.  7.  

Fig.  7 – Out-of-plane shear failure in 22-story Hotel Grand Chancellor [photo by Dunning Thornton (2011)] 

In the present study, the BTM is enhanced by accounting the out-of-plane shear strength 

degradation of wall piers. A numerical parametric study is conducted to quantify the out-of-

plane shear capacity of a single BTM shell element, for various level of axial loads. For that 

reason, a single BTM shell, with in-plane dimensions h by l, shown in Fig.  8, is modelled 

with several BTM shells through the thickness, t, as shown in Fig.  8b. In the latter model, a 

constant load, N, in z-direction (vertical) is applied, followed by an increasing displacement 

in the y-direction. The analysis is repeated for different levels of vertical load. 

(a) Single element (b) Though wall thickness

discretization

Fig.  8 – Model used for the parametric study of the out-of-plane behavior of the core wall 
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Fig.  9a shows the deformed mesh and the failure mode when an unconfined region (part 4) 

with an axial load ratio of -0.2 is analyzed. This region has longitudinal (along the z-

direction), and out-of-plane (along the y-direction) reinforcement ratio of 1.49, and 0.13%, 

respectively. Fig.  9b shows the out-of-plane shear force ratio versus the element drift ratio, 

γ. It is observed that for low or tensile vertical load, the out-of-plane behavior is quite ductile. 

On the other hand, the higher the axial compression load the lower the out-of-plane drift 

capacity.  

 
 

(a) Failure mode for axial load ratio 

= -0.2 

(b) Out-of-plane shear force ratio versus 

element drift ratio, γ 

Fig.  9 – Results from the parametric analysis for the elements included in part 4 

Based on the aforementioned parametric study, the BTM’s out-of-plane behavior is 

enhanced by enforcing an upper bound (cap) to out-of-plane shear capacity. Specifically, the 

shear force along the thickness direction is not allowed to exceed a calculated value, Vr. 

obtained from the expression: 

  (1) 

where the Vr0 is a reference, user-specified, shear strength value, and F is a dimensionless 

reduction factor which depends on the element drift ratio, γ, calculated from the out-of-plane 

curvature (i.e., does not include the drift due to the end rotation). The dimensionless factor 

F varies as a function of γ as shown in Fig.  10, involving one parameter, γd. The parameter 

γd is the drift ratio at the initiation of shear degradation and is calculated as a function of 

element axial force ratio (positive in tension) as shown in Fig.  11. 

 
Fig.  10 - F factor versus element drift, γ  

Fig.  11 - γd versus axial load ratio 

The cap to the out-of-plane shear capacity is enforced in a computation by considering the 

nodal force component along the axis parallel to the out-of-plane direction. If the 
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magnitude of  exceeds Vr, then the force component of each node along the local out-of-

plane axis is multiplied by a reduction coefficient which is equal to  . The same 

reduction coefficient is applied to the two nodal moment components about the x-axis (see 

Fig.  8a), to ensure that each beam element, as a whole, satisfies moment equilibrium after 

enforcing the shear-force cap. 

5. Nonlinear seismic analysis setup of building system

Nonlinear static analyses are conducted for two different load distribution, termed Load 

Patterns 1 and 2, as schematically shown in Fig.  12. Load pattern 1 is an inverted triangular 

load distribution, corresponding to an effective height Heff of 0.67H (H=heigh of the 

building), and the load pattern 2 is a triangular load distribution, corresponding to an 

effective height of 0.33H. These values essentially constitute upper and lower-bound 

representations of the effective height obtained from nonlinear dynamic analysis of multi-

story core wall buildings subjected to MCE-level motions for downtown Los Angeles 

[Panagiotou (2017)]. The uniaxial lateral loads are separately applied in X-, Y- and skew-

direction (i.e., 45o from X-axis) for both load patterns. The lateral loads are cyclic, and each 

cycle corresponds to an increasing value of roof lateral displacement.  

Several interesting findings of the analyses are presented in Fig.  13, that shows the 

normalized base shear, (W = Weight of the building), versus roof drift ratio hysteretic 

response of the building for both load patterns. The strong dependence of the lateral 

deformation capacity of the building to the load pattern characteristics is evident. Load 

pattern 2 (Heff  = 0.33H) results in larger in-plane shear stresses in the wall piers which in 

turn reduce the lateral deformation capacity of the plastic hinge regions. On the other hand, 

the behaviour of the building when subjected in load pattern 1 force distribution in X- and 

Y- direction is highly ductile. However, the drift capacity of the structure reduced

significantly for load pattern 1 when the loading is applied in the skew direction. The drift

capacity reduces for skew loading, because of the nonlinear axial compression-moment-

shear interaction of the elements near the corner resulting in softening of the diagonal

compression field as well as out of plane shear degradation. This is depicted in Fig.  14a and

b, that show the vertical and diagonal strain of the bottom story during skew loading,

indicating high compressive strains for both vertical beams and diagonal truss elements of

the corner BTM shells. This shows the vulnerability of this type of designs to multiaxial

lateral loading as also indicated by nonlinear response time history analysis for the specific

building in Panagiotou et al. (2021)

Fig.  12 - Load patterns considered in 

nonlinear static analyses 
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Fig.  13 – Base shear versus drift response. 

  

(a) Vertical strain contour plot (b) Strain of the diagonal contour plot 

Fig.  14 – Contour plot of the bottom story at the instant of 1.4% roof drift ratio for load pattern 1 for the 

skew loading 

 

Fig.  15 shows the level of shear stresses in the piers along the Y-direction of the building 

for application of load pattern 2. The figure also shows the lower limit values for the shear 

stresses in the web piers per the Los Angeles Tall Building Seismic Design Council 

guidelines [LATBSDC-20 (2020)]. Although, the maximum developed shear stress is about 

half the lower limit value of LATBSDC, the webs experiensed extensive shear damage, as 

deduced from the maximum principal strain contour plots shown in Fig.  16. This is an 

indication that the shear stress ratio limits might not be the appropriate safe-guard limits for 

rather long walls   

 

 
  

 

Fig.  15 – Shear stress on webs in Y-direction versus 

1st story drift ratio for Load pattern 2. 

Fig.  16 - Deformed shape and max. principal strains 

for Y-direction at the end of the analysis. 
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The deformed shape of the building with the vertical displacement contour at roof drift ratio 

3%, for cyclic loading in the Y-direction with load pattern 1 is shown in Fig.  17. The vertical 

elongation and the rotation of the core wall imposes significant flexural deformations in the 

slab, that forms yield lines associated with the downwards vertical displacement shown in 

Fig.  17. Although the slab coupling effect is negligible in the core wall, since it changes the 

vertical forces by less than 5%, for the columns is quite large. More specifically, the axial 

load of the columns increases up to 26% compared to the gravity load. Hence, for the specific 

building configuration considered herein, slab coupling, affects the behavior of the slabs, 

and may have negative impact for the anticipated seismic performance. Specifically, the 

accumulation of inelastic deformations in the slabs can result in significant residual 

deformations and damage of the slabs, creating difficulties for the post-earthquake functional 

recovery. According to  LATBSDC-20 (2020) such system effects are typically not 

considered in nonlinear seismic analysis practice for slab span lengths exceeding 6 m. 

(a) Isometric view of

building 

(b) Isometric core

wall only 

(c) Elevation view

Fig.  17 – Vertical displacement contour at the instant of 3% roof drift ratio for load pattern 1 along Y-

direction 

5. Conclusion

This study investigated the seismic behavior of a modern 14-story reinforced concrete core 

wall building hypothetically located in Los Angeles and designed per the current California 

Building Code based on ASCE 7-16 and ACI 318-14. The investigation relied on nonlinear 

cyclic static analyses, using an enhanced version of the beam-truss-model (BTM) that 

accounts for out of plane shear degradation of wall piers. The static analyses were conducted 

for two different load patterns, i.e., distributions of lateral forces along the height of the 

building, to study the effect of various levels of wall in-plane shear stresses on the seismic 

deformability and lateral capacity of the building system. For all cases considered, the 

response, damage pattern and failure were governed by the nonlinear flexure-shear 

interaction in the wall. A major observation is that the shear stress limits currently stipulated 

in performance evaluation guidelines may not ensure an adequately ductile behavior of RC 

flanged coupled core wall buildings. Finally, this study showed that the load directionality 

effect is very important for core-wall building systems indicating the vulnerability of this 

type of design to compression failures around the compression corner of the core wall. 

Finally, the slabs, which are usually overlooked in the current seismic analysis practice, 

suffered significant damages and residual deformations. This can be critical for the 

functional recovery time of such buildings.  
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Abstract: The paper presents the way in which two displacement-based design procedures 

can be applied to design reinforced concrete structures in Romania. The entire country is 

exposed to seismic hazard, especially the eastern and southern parts of the country, which 

are primarily affected by Vrancea intermediate-depth seismic source. Using a ground 

motion prediction equation and the results of a study on the influence of subcrustal 

earthquakes to inelastic response of single degree of freedom systems following the Takeda 

hysteretic rule, previously published by the authors, the paper presents the steps involved in 

creating the seismic input for displacement-based design. A case study showcases the 

implementation of the two procedures for the design of a simple structure, investigating also 

the impact of soil condition on structure’s response by setting the structure on two different 

sites. The methodology of Chopra and Goel and the direct displacement-based design 

procedure by Priestley were applied and led to similar results. 

Keywords: Displacement response spectra; Inelastic displacement spectra; Intermediate-

depth earthquake; Vrancea 

1. Introduction

Displacement-based seismic design (DBD) is a design philosophy which relies on a variety 

of structural analysis methodologies that aim to center the seismic design process on 

displacement control. It was developed in the last three decades of the last century as an 

alternative to traditional design, in which accelerations and forces take a key role. Some of 

the disadvantages of force-based design are related to difficulties of describing the 

behaviour of structural systems beyond the elastic range, and in explaining the favourable 

behaviour of structures subjected to earthquake induced inertia forces largely exceeding 

their lateral strength. Furthermore, both the non-structural and structural damage of drift 

sensitive components (that form the bulk part of the components) are better correlated with 

relative displacements (storey drifts) than with peak ground acceleration. Over time, 

several displacement-based procedures emerged, the large majority requiring the 

representation of the multiple degree of freedom system as a single degree of freedom 

system corresponding to the first mode of vibration. The first of these was developed by 

Gulkan and Sozen (1974) and further developed by Shibata and Sozen (1974), the real 

structure being replaced by a linear substitute structure characterized by secant stiffness at 

maximum response and increased viscous damping to account for energy dissipation. 

Another early displacement-based procedure is the “capacity spectrum method” (Freeman, 

1978). The method implies generating demand spectra for different levels of damping and 

intersecting them with structure force-displacement capacity, both curves being expressed 

in spectral acceleration - spectral displacement format. In the early 2000’s two of the most 

powerful displacement-based methods were developed. The first is the Direct 

Displacement-Based Design by Priestley and Kowalsky (2000), which also operates on a 

linear substitute structure with increased damping (hysteretic damping). The method uses 

secant stiffness at maximum system response and proposes displacement profiles along the 
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height of the structure for frames, shear walls and dual reinforced concrete (RC) structures 

and integrates design aspects such as: second order effects, foundation flexibility and 

torsional response, among many others. The second is the Displacement-Based Design 

method formulated by Chopra and Goel (2001). The procedure uses a bilinear 

representation of the structural system’s force-displacement curve and inelastic 

displacement spectra instead of substitute structure and hysteretic damping.  

The DBD procedures can be easily integrated into a performance-based design framework. 

Seismic performance levels, which can be expressed in terms of drift ratio, (FEMA, 2009) 

can be paired with seismic hazard levels, defined in terms of probability of exceedance in a 

given period of time, resulting performance objectives. 

This paper presents the way elastic displacement and inelastic displacement spectra can be 

used as input for DBD. First, an elastic displacement spectrum is generated using a ground 

motion prediction equation (GMPE) developed for intermediate-depth Vrancea 

earthquakes (Olteanu & Vacareanu, 2020). Alternatively, any relevant elastic displacement 

response spectrum can be used within the DBD procedure. Then, the elastic displacement 

spectrum is modified to account for energy dissipation and transformed into an inelastic 

displacement spectrum (Olteanu & Vacareanu 2021), to be used in Chopra and Goel 

procedure, or, it can be converted into an overdamped displacement spectrum to be used in 

Priestley and Kowalsky (2007) DBD methodology. The final chapter presents a case study 

in which Chopra and Goel (2001) and Priestley and Kowalsky (2007) procedures are 

implemented on a simple structure. 

2. Spectral displacement of Vrancea intermediate-depth earthquakes 

Whole Romanian territory is exposed to seismic hazard that is generated by 14 considered 

seismic sources, the largest and most aggressive being Vrancea intermediate-depth source. 

Large earthquakes (MW > 7) produced by this source every 30-40 years dominate the 

seismic hazard in the eastern and southern part of the country. They are felt at large 

distances and have destructive effects on large areas, some seismic events displaying 

directivity effects towards SW (capital city Bucharest) or NE (Iași, Chișinău – capital of 

Republic of Moldova). Figure 1 shows the extent of Vrancea subcrustal seismic source and 

the localization on the map of Romania, along with the epicentres of the last two MW > 7 

earthquakes that occurred last century. The recorded seismic motions from large events 

(March 4, 1977 – MW = 7.4, August 30, 1986 – MW = 7.1) displayed large amplifications at 

large periods (1.5-1.6s) on soils located on deep layers of sediment in Romanian Plain and 

large displacement demands (50cm) at low values of peak ground acceleration (0.20g). 

These features, in conjunction with subcrustal focal depths of the seismic events and 

different attenuation characteristics, refrain the extrapolation of the use of available 

worldwide GMPE models derived for displacement spectra. In order to address the need in 

DBD for displacement response spectra, a regional ground motion prediction equation 

(GMPE) was proposed in the paper by Olteanu and Vacareanu (2020), described briefly in 

the following. 

The GMPE was developed using a database of 272 ground motion records (544 horizontal 

components) from 15 intermediate depth earthquakes with 5.2 ≤ MW ≤ 7.4 and focal depths 

of 65-160km. Soil conditions were considered using the weighted average value of shear 

wave velocity, vs,30, according to Eurocode 8 (CEN, 2004) classification. The vs,30 

corresponding to each seismic station was determined through topographic slope method 

(Allen & Wald, 2007) or available data from in situ measurements. The ground motion 

model for displacement response spectrum is applicable for sites located in front of the 
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Carpathian Arch (East and South of Romania) located on ground types B and C (Eurocode 

8 classification) at epicentral distances in the range of 30 to 300km. The functional form of 

the GMPE is: 

 = + − − + + + + +2 2 2 2lg( ) ( 6) lgW epi epi r eSD a b M D h c D h (1) 

where SD is the spectral ordinate of relative displacement for 5% damping, expressed in 

cm, MW denotes moment magnitude, Depi is the epicentral distance in km and a, b, c, h are 

coefficients determined through two-stage regression analysis. lg denotes base 10 

logarithm, εr and εe are independent normally distributed random variables, with values for 

every record and every earthquake, having zero mean. εr represents the intra-event 

variability and random variable εe characterizes the inter-event variability. The equation 

has coefficients determined for spectral periods in the range of 0.10 – 4.00s.  

Fig. 1 – Vrancea intermediate-depth seismic source (orange polygon) and two of the MW > 7 seismic events 

occurred in the last century, Google Earth 7.3.3.7699: 45°23’37” N,46°01'30.76" N  25°37'26.65" E 

Investigation on displacement spectra used for GMPE development, along with parametric 

studies using the GMPE, showed that magnitude and soil conditions have the largest 

impact on displacement spectra, while epicentral distance had a smaller influence. 

Using equation (1) requires three basic parameters: soil type, earthquake magnitude and 

epicentral distance. To evaluate earthquake magnitude and epicentral distance to be used 

with the GMPE a seismic scenario is needed. For instance, a disaggregation of seismic 

hazard (Bazzuro and Cornell, 1999) could provide epicentral distance – magnitude pairs, 

conditioned on exceedance of a key parameter of seismic motion. This study uses one of 

the seismic scenarios identified in a national risk assessment program, RO-RISK (2016). 

The selected seismic event implies a MW =7.8 earthquake, with focal depth of 90km with 

the epicentre located at 26.7 E longitude and 45.8 N latitude. According to RO-RISK 

(2016), the event corresponds to 5% exceedance probability in 50 years (1000 years mean 

return period) for magnitudes of earthquakes generated by Vrancea subcrustal source.  
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Figure 2 shows side by side the elastic displacement response spectrum associated with the 

aforementioned scenario for sites located in two cities: Iași (soil type B, Depi = 166km) and 

Bucharest (soil type C, Depi = 160km); median values are presented with red thick lines, 

grey area represents a zone of mean ± one standard deviation. Although the epicentral 

distances are very similar, the spectral ordinates are very different, Bucharest site having 

amplitudes approximately four times larger than the site located in Iași. The large 

amplification in Bucharest is caused by the thick layers (several kilometres) of sediment in 

Romanian Plane and is a characteristic for sites located in the south part of Romania. The 

median values for both sites show a plateau starting around spectral period of 1.5s, 

maximum displacement for type B soil being 12cm while for type C soil it exceeds 50cm. 

Median + one standard deviation values are extremely large for the site located on soil type 

C, exceeding 1.00m.  

  
(a) (b) 

Fig. 2 – Displacement response spectra determined for a seismic event triggered by intermediate-depth 

seismic source Vrancea. MW = 7.8 (a) Iași, soil type B, Depi = 166km (b) Bucharest, soil type C, Depi = 160km 

3. Inelastic displacement spectra 

Most of the structures in seismic zones respond inelastically to strong motion ground 

motions. Inelastic systems tend to have a more complex behaviour than their elastic 

counterparts. Usually, for a limited range of spectral periods, linked to recording’s 

frequency content, inelastic systems display larger displacements than the elastic ones. 

Oscillators with large periods, inelastic or elastic, show similar maximum displacements, 

as it is stated by the equal displacement rule. Parameters like natural period of the system, 

hysteretic model and damping have greatest impact on nonlinear response of the system. 

Following the approach of Miranda (2000), an investigation on the response of inelastic 

RC systems subjected to intermediate-depth earthquakes generated by Vrancea seismic 

source was performed in Olteanu and Vacareanu (2021). The parameter of interest was Cµ, 

the ratio between maximum inelastic and elastic displacement. The hysteretic model was 

modified Takeda (Takeda et al., 1976). A functional form was developed for the median 

values of the coefficient and the associated variability was evaluated. The database is a 

subset of the one used to derive the GMPE model presented in Chapter 2, consisting in 107 

horizontal recordings (214 horizontal components), from 12 intermediate-depth 

earthquakes with 6.0 ≤ MW ≤ 7.4 and having a peak ground acceleration of at least 

0.075m/s2. The main findings of the study were the critical importance of soil conditions 
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and the prominent impact of earthquake magnitude on Cµ values for systems located on 

type C soils. More details are provided in Olteanu and Vacareanu (2021). 

Considering Cµ and the elastic response spectrum, SDel(T), as independent variables, the 

inelastic displacement spectrum for a given system ductility, µΔ, is: 

= ( ) ( ) ( )inel elSD T SD T C T (2) 

Knowing the median values and their variance for both the GMPE and the Cµ coefficient 

allows us to generate inelastic spectra along with their associated variability. Figure 3 and 

4 show the inelastic displacement spectra for the MW =7.8 seismic event described in 

Chapter 2 for two values of displacement ductility, µΔ = 1.5 and µΔ = 4. With dashed lines 

are shown the elastic displacement spectra. 

Fig. 3 – Inelastic displacement spectra for a MW = 7.8 intermediate-depth earthquake, µΔ = 1.5 (a) Iași, soil 

type B, Depi = 166km (b) Bucharest, soil type C, Depi = 160km 

Figure 3 and 4 are showing, as expected, spectral regions where the inelastic displacements 

are larger than those corresponding to the elastic system, especially for type C soil. Also, 

analysing the elastic and inelastic response spectra, it can be concluded that the largest part 

of the variability is caused by the elastic spectrum. 

Fig. 4 – Inelastic displacement spectra for a MW = 7.8 intermediate-depth earthquake, µΔ = 4.0 (a) Iași, soil 

type B, Depi = 166km (b) Bucharest, soil type C, Depi = 160km 
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Recommended by Chopra and Goel in their 2001 paper, the use in DBD of nonlinear 

spectra instead of elastic spectra generated for a range of equivalent viscous damping, 

follows the familiar concept of constant ductility inelastic spectra. The DBD procedure 

according to Chopra and Goel (2001) requires the following steps: (a) choosing a trial RC 

section, according to seismic code detailing provisions; (b) performing sectional analysis 

and estimation of yield displacement; (c) defining the design displacement by assigning an 

acceptable plastic rotation, ultimate displacement or code drift; (d) calculation of system 

displacement ductility, µΔ; (e) finding on the displacement spectrum, corresponding to 

system ductility, the natural period of the system at design displacement; (f)  calculation of 

system stiffness and base shear at yielding: 

 
=  
 

2

2

n

K m
T

         (3) 

 

= y yV K          (4) 

(g) choosing a RC section that can withstand the internal forces caused by Vy; (h) iterate 

until procedure converge. In Chapter 5 of this paper the DBD procedure is applied to a 

case study structure. Applying this DBD formulation leads to structural designs that will 

fulfil the allowable plastic rotations or code drifts the structure should support. 

4. Overdamped displacement spectra to account for energy dissipation 

One of the most powerful methodologies for DBD is the one developed by Priestley, and 

Kowalsky (2000). It was improved over the years (Priestley et al. 2007) and currently can be 

used to design frames, shear walls or dual structures and it can incorporate second order 

effects, torsional effects or foundation flexibility. It is used for the seismic evaluation of 

existing buildings in New Zeeland (MBIE, 2017) and for the design of piers and wharves in 

the United States (Goel, 2018). Over other DBD methodologies, it has the advantages of being 

fast, simple to apply and it usually does not need iterations to reach a solution. Is built on the 

concepts of “substitute structure” (Shibata and Sozen, 1974) and hysteretic damping. Instead of 

characterizing the structure using elastic properties (suitable before the system reaches 

yielding), the procedure is focused on the response of the structure at maximum displacement. 

Therefore, the substitute structure has a smaller stiffness, longer period and is assigned larger 

damping to account for controlled energy dissipation in plastic zones.  

Energy dissipation is quantified through equivalent viscous damping. As every method that 

implies equivalent linearization, it relies on approximations of converting the complex 

properties of the inelastic real structure into corresponding properties of an elastic system. 

Priestley et al. (2007), provides expressions of equivalent viscous damping for six hysteretic 

models. For monolithic RC structures the Takeda models are of interest, one with fat hysteresis 

loops (“Takeda fat”), suitable for well detailed frames, and another one with thin loops 

(“Takeda thin”), adequate for bridge piers and structural walls. Figure 5 (a) shows the 

equivalent viscous damping values for systems with 1≤ µΔ ≤ 6. The largest values are 20% 

for Takeda fat and 16.7% for Takeda thin. Figure 5 (b) presents the relative error between 

maximum displacements calculated through equivalent linearization and inelastic time history 

analysis respectively, computed for two systems following Takeda fat rule, according to 

ATC55 (2004). Positive values indicate overestimation of system response by equivalent 

linearization. Except for systems with moderate-low natural periods (smaller than 0.50s), the 

system with µΔ = 1.5 can be accurately be described by the equivalent linearization 
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procedure according to Priestley et al. 2007. The same applies to the system with µΔ = 4, 

although there is a tendency to overestimate by 10% the displacements for systems with 

T ≤ 1.0s. 

Fig. 5 – (a) equivalent viscous damping for Takeda hysteretic model (b) Relative error εd, Takeda fat for two 

systems with µΔ = 1.5 and µΔ = 4 

Figure 6 shows the displacement response spectra of two systems with µΔ = 1.5 and µΔ = 4 

and equivalent damping according to Priestley et al. 2007. The spectra were obtained by 

modifying the elastic spectrum using the conversion equation given in Eurocode 8 

(CEN, 2004) for damping values other than 5%. The elastic spectra correspond to the 

seismic scenario in Chapter 2, median values. 

Fig. 6 – Overdamped displacement spectra for a MW = 7.8 intermediate-depth earthquake, corresponding to 

µΔ = 1.5 and µΔ = 4.0 (Takeda fat) (a) Iași, soil type B (b) Bucharest, soil type C 

The DBD procedure according to Priestley et al. (2007) requires the following steps: (a) 

choosing a trial RC section, according to seismic code detailing provisions; (b) performing 

section analysis and estimation of yield displacement; (c) defining the design displacement 

by assigning an acceptable plastic rotation, ultimate displacement or code drift; (d) 

calculation of system displacement ductility, µΔ; (e) calculation of system damping, ξeq, for 

the appropriate displacement ductility and hysteretic model; (f) entering the displacement 

spectrum, corresponding to system damping, and finding the effective period of the system 

at design displacement; (g) calculation of system stiffness and base shear at maximum 

response: 

 
=  
 

2

2
e

e
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T
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= Base e dV K (6) 

Usually, the procedure requires little or no iteration, hence the methodology’s name: Direct 

Displacement Based Design.  
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5. Case study 

In order to illustrate the application of the two methods, a case study analysis is performed 

on a simple reinforced concrete structure, for the ultimate limit state performance level. 

The building is a single storey structure with a height H= 6.00m, having a 24.0m span and 

six 8.00m bays. The floor plan is shown in Figure 7 and is typical for retail stores and 

small storage facilities in Romania. The main beam is considered hinged at the column top 

and the column is fully restrained at the foundation level. Therefore, the design 

displacement needed in DBD is measured at the top of the columns and, there is no need to 

make the conversion from a multiple degree of freedom system because the structure is a 

single degree of freedom system. 

 

Fig. 7 – Floor plan for case study structure 

The weight of the structure in the seismic design combination is 3.68kN/m2 and is 

including self-weight of the roof, purlins and beams, half of column weight, ceiling, 

plumbing and snow load. For a typical interior span, the mass at the top of one column is 

36.7 kN/(m/s2). Concrete class is C30/37 and the reinforcement is S500C. 

In this example, the seismic input is the median elastic displacement spectrum, derived in 

Chapter 2, Figures 2a and 2b (median values), for a seismic scenario considering an MW = 

7.8 earthquake. However, any displacement response spectrum relevant to the design 

conditions can be used, including the code spectrum. Two sites are considered, one located 

on type B soil (Eurocode 8 classification) and 166km epicentral distance, and another one 

with type C soil condition and 160km epicentral distance. For the ultimate limit state, 

defined in Romanian seismic code P100-1 (MDRAP, 2013) as “life safety”, a total chord 

rotation, θ, of 0.025rad is considered acceptable for the reinforced concrete columns, so at 

the roof level the design displacement is Δd = θH = 0.025×6.00 = 0.15m.  

For the site located on type B soil, as shown in Figure 2a, the maximum displacement 

expected for the considered seismic scenario is smaller than 0.12m. It can be shown, using 

the procedure described in Priestley et al. (2007), that the yield displacement at the column 

top is approximately 0.13m, for a column cross section of 500×500mm and a 

reinforcement ratio larger than 0.8%. Therefore, the column response is quasi-elastic for 

the considered scenario, and any sectional strength assigned to the column will lead to a 

displacement of 0.12m at the column top. Consequently, a 500×500mm column with a 
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reinforcement ratio larger than 0.8% will be suitable, provided second order effects or 

other load combinations do not prevail. 

For the site set on type C soil the displacement demand is quite large, as presented in 

Figure 2b. The final iteration cycle is performed using a 700x700mm column with a 2.15% 

reinforcement ratio. Following the procedure described in Priestley et al. (2007), the yield 

displacement of this column is Δy = 0.109m. The code drift limit of 2.5% governs and the 

design displacement is Δd = θH = 0.025×6.00 = 0.15m. Accordingly, the displacement 

ductility is µΔ = 0.15/0.109 = 1.38. 

Using the DBD methodology formulated by Chopra and Goel, (2001) and employing an 

inelastic spectrum obtained by modifying the elastic displacement developed in Chapter 2 

using Cµ coefficient in Chapter 3, we find the natural period of the system, 0.73s. 

Equations (3) and (4) lead to K = 2668kN/m and V = 290kN. The bending moment at the 

base is 1738kNm. The column flexural strength at yielding is 1800kNm, therefore the 

section is adequate for the considered limit state.  

Applying the DBD method proposed by Priestley et al. (2007) using an equivalent viscous 

damping of 8.9%, corresponding to µΔ = 1.38 and Takeda thin hysteretic rule, leads to an 

effective period of the substitute structure Teff = 0.78s. Applying equations (5) and (6), we 

find the required effective stiffness is Ke = 2343kN/m and the base shear Vbase = 351kN. 

The associated bending moment is M = V×H = 2103kNm, requiring a slightly larger 

reinforcement ratio, 2.5%. 

The two methods provide similar results, but not identical, as acknowledged by FIB (2003) 

report. The degree of convergence of the two DBD methodologies to the same solution is 

influenced mainly by the displacement ductility and system period. 

4. Conclusions

The paper briefly discusses the options available to structural engineers to design structures 

according to DBD principles in Romania, a country with particular seismic conditions, 

namely the large predominant periods of the seismic motions and the large displacement 

demand for sites located in the southern part of the country. Two DBD procedures were 

investigated and their application in design was illustrated through a case study for two site 

conditions. 

As an alternative to the design code spectrum, a GMPE developed by the authors in a 

previous study was employed to generate displacement response spectra according to a 

seismic scenario. In order to be used as input in two DBD procedures, the elastic spectrum 

was modified to account for the inelastic response of the structures when subjected to 

strong ground motions. Chopra and Goel methodology required an inelastic displacement 

spectrum, which was created taking into account variability of the elastic spectrum along 

with inelastic response variability. Priestley’s procedure implied the use of overdamped 

elastic spectra, which were created according to Priestley et al. (2007) starting from the 

elastic spectrum acquired through use of GMPE. Both methodologies were tested in a case 

study and provided similar results. 
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Abstract: Damage to devices installed in electric substations, which have shown vulnerable 
behaviour under strong earthquakes in the last decades, may endanger power delivery in the 
emergency phases during and after an earthquake. This paper describes the shake table tests 
executed on two voltage transformers and two current transformers, operating at different 
voltage levels. Seismic simulation tests, designed to conform to a target Required Response 
Spectrum (RRS), as well as random white noise runs were conducted; the latter allowed for 
the dynamic identification of the specimens and to monitor possible changes of the natural 
frequencies, which would indicate the presence of structural damage. This work is part of a 
more comprehensive research endeavour by the authors, in which the experimental results 
were then used to calibrate refined 3D finite element models of the four transformers, with 
the final goal of deriving their seismic fragility curves. 

Keywords: Dynamic identification, Resonance frequencies, Seismic simulation tests, 
Required Response Spectrum (RRS) 

1. Introduction

The evaluation of the safety level and the vulnerability of the electric power system under 
seismic events is based on the analysis of the dynamic behaviour of its structural and non-
structural components. In particular, the latter, represented by various devices included 
within electric substations, have shown vulnerable behaviour under strong earthquakes in 
the last decades (Koliou et al., 2012). In an endeavour to evaluate seismic risk of power 
networks, the definition of fragility functions of electric equipment installed in the 
substations is crucial. 
The current literature includes a number of publications dealing with the execution of 
experimental tests on electric components, numerical modelling of the latter, as well as, in 
several cases, reliability methods for the derivation of their seismic fragility functions. 
Mohammadpour and Hosseini (2017) investigated the dynamic behaviour of a 63 kV 
substation porcelain post insulator, which was subjected to shake table tests in two 
configurations, with and without its supporting truss structure. The fragility curves related 
to two limit states were derived. Gökçe et al. (2018) investigated the failure modes of two 
specimens of a 550 kV porcelain post insulator, which were subjected to quasi-static tests; 
the experimental results were then used to calibrate a finite element model of one of the 
specimens. In a follow-up work, Gökçe et al. (2021) assessed the efficacy of two 
alternative designs of a low-cost polyurethane seismic isolation device (PSID), to be 
installed under a 550 kV post insulator. Two simplified 3D numerical models were 
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developed and validated using shake table test results. Further valuable research work that 
focussed on the execution of experimental tests on electric equipment and its numerical 
modelling is also described in the publications by Koliou et al. (2012, 2013), Moustafa and 
Mosalam (2016), and Oliveto and Reinhorn (2018), among others. 
This paper describes the experimental tests executed on two voltage transformers and two 
current transformers, operating at different voltage levels, tested on one of the shake tables 
of the Eucentre Foundation (Pavia, Italy). This work is part of a more comprehensive 
research endeavour by the authors, in which the experimental results were then used to 
calibrate refined 3D finite element models of the four transformers, with the final goal of 
deriving their seismic fragility curves, as detailed in the report by Eucentre (2021) and in 
the paper by Cavalieri et al. (2022). 

2. Laboratory equipment at the Eucentre Foundation 

The Eucentre Foundation Laboratories are certified for the Quality Management System 
(ISO 9001: 2015) and accredited for the Competence of Testing and Calibration 
Laboratories granted by ACCREDIA (UNI CEI EN ISO/IEC 17025:2018 “General 
requirements for the competence of testing and calibration Laboratories”). The laboratories 
feature a wide spectrum of testing facilities specifically designed for different testing needs 
of whole structures and components, among which a multi-axial shake table with six 
degrees of freedoms (DOFs), mounted in the 6D-Lab. The latter is used to carry out 
dynamic experimental tests mainly on non-structural elements. The table (4.8 m × 4.8 m) is 
constructed of welded steel, weighing approximately 300 kN. Hydraulic actuation allows 
three translations (vertical, transversal and longitudinal) and three rotations (yaw, roll and 
pitch). A real-time digital controller, providing closed loop control, consists of a Trio 
Sistemi console assembly, associated cabling and control software. Such a controller has 
30 analogue input channels configurable for the synchronised acquisition of acceleration 
transducers. The hydraulic power supply consists of three axial piston pumps, capable of 
supplying 180 lpm each with 280 bar working pressure for a total flow of 840 lpm, and six 
accumulator units with a total piston accumulator volume of 570 litres and a total bottle 
volume of 1900 litres. 

3. Specimens and instrumentation 

As already mentioned in the Introduction, the specimens that were experimentally tested in 
this endeavour consisted of four transformers, provided by the company Trench Italia 
S.r.l., operating at two different high voltage levels; two of the devices are voltage 
transformers (VTs) and two are current transformers (CTs). The size of the table, indicated 
above, would have rendered it possible to install and simultaneously tests all four 
specimens. However, given the markedly different properties of the VTs with respect to 
the CTs, in terms of geometry, materials and dynamic properties (as will be shown in 
Section 5), it was decided to carry out the tests in two distinct (consecutive) days, the first 
of which dedicated to the two voltage transformers, and the second one to the two current 
transformers. 
The main technical specifications of the specimens, which hereafter are also called Units 
Under Test (UUT, numbered from 1 to 4), are reported in Table 1, whilst Figure 1 and 
Figure 2 show individual photos of the four devices as mounted on the shake table. 
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Table 1. Main technical specifications for the four specimens 

Specimen UUT1 UUT2 UUT3 UUT4 

Type and voltage (kV) VT 170 VT 420 CT 170 CT 420 
Apparatus VEOT 170 TCVT 420 IOSK 170 IOSK 420 

Production name H3-40469 H3-36523 H3-35245 H3-34794 
Plan dimensions (m) 0.698×0.719 0.508×0.638 0.890×0.980 0.674×0.880 

Total height (m) 2.44 3.87 2.97 4.68 
Total mass (kg) 400 533 540 900 

Constitutive materials Porcelain, steel, aluminium GFRP1, silicone rubber HTV2, 
steel, aluminium 

1 Glass Fiber Reinforced Polymer, also called fiberglass; 2 High temperature vulcanized. 

 
Fig. 1 - Day 1 of the testing campaign: UUT-1 (left) and UUT-2 (right) mounted on the shake table. 

 
Fig. 2 - Day 2 of the testing campaign: UUT-3 (left) and UUT-4 (right) mounted on the shake table. 

From the data in Table 1 and the images in Figure 1 and Figure 2 it can be noticed that, on 
each testing day, one “short” and one “tall” devices were tested. The short and tall 
specimens were equipped with three and five accelerometers, respectively, numbered from 
#1 to #8 in Figure 3. The sensors are uniquely identified by their serial number; the sensor 
with SN 258331 (numbered as #9 in Figure 3) is always rigidly fastened to the table. A 
low-pass filter with 100 Hz cut-off frequency was applied to the signals recorded by all the 
accelerometers. 

461
3ECEES, September 2022, Bucharest, Romania



 
Fig. 3 - Position and serial number of the accelerometers installed on UUT-1 and UUT-2 (left) and on UUT-3 

and UUT-4 (right). 

4. System modelling tests 

The testing protocol that was carried out was the same as the one usually adopted for the 
seismic qualification of a specimen. Namely, it included both dynamic identification tests, 
used to obtain the resonance frequencies, and seismic simulation tests, as specified by 
standard ICC ES AC156 (2015). 
The first phase of testing was the modelling of each UUT within the shake table controller. 
A random (white noise) test was conducted to determine the System Transfer Function 
(frequency response), and subsequently the System Model. The white noise used to drive 
the table consisted of a randomly generated acceleration time-history with a flat frequency 
spectrum between 0.5 Hz and 60 Hz and a peak magnitude of approximately 1 m/s2 for the 
translational degrees of freedom. Independently generated signals were applied 
sequentially along each degree of freedom (translations). The acceleration level and test 
duration were chosen conservatively in order to minimise excitation of (and potential 
damage to) the UUT prior to the actual identification and seismic simulation tests, while 
simultaneously acquiring sufficient data to produce an accurate transfer function. The 
shake table controller acquired table motion data for the subsequent determination of the 
System Transfer Function. The data was processed using frequency analysis functions built 
into the control software, and the System Transfer Function could be thus determined. The 
Transfer Function consists of a matrix of achieved vs. desired signals for each of the three 
DOFs. The System Transfer Function is essentially a function of the nonlinearities and 
cross-coupling present in the system response due to the dynamic interaction between the 
test unit and the shake table. Both the magnitude and phase data are used for the 
calculation of the System Model. 
Following the definition of the System Transfer Function, a System Model was created by 
mathematically inverting the transfer function. The resulting System Model, essentially a 
filtered and attenuated Expanded Inverse Transfer Function, was later applied to 
“compensate” the desired table motions: the desired motions are multiplied by the System 
Model in order to predict (and create) new drive signals that should result in achieved table 
motions that accurately track the desired motions. 
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5. Dynamic identification of specimens 

Dynamic identification tests (also known as resonance search tests) can be performed using 
different types of signals to characterise the UUT’s natural frequencies, namely white 
noise, impulse, and sine sweep. The appropriate excitation signal is selected as a function 
of the characteristics of the UUT, on a case-by-case basis - in the current endeavour, the 
application of a white noise signal was adopted. 
At the beginning and at the end of each of the two testing days, as well as during the 
execution of the seismic simulation tests (see next Section), several random white noise 
runs were conducted, separately along each axis, to allow for the dynamic identification of 
the specimens and to monitor possible changes of the natural frequencies, which would 
indicate the presence of structural damage. The signals obtained from the accelerometers 
#1 and #4 (see sensor numbering in Figure 3), installed at the top of the two specimens in 
both testing days, were selected as the output responses of interest for the computation of 
the Fourier Amplitude Spectrum (FAS). Figure 4 shows the peaks (red dots), representing 
the resonance frequencies of all four specimens, picked on the FAS functions in both X- 
and Y-directions, in the intact configuration (i.e. at the beginning of the two testing days); 
the corresponding numerical values are reported in Table 2, where it can be noticed that the 
two identified frequencies are quite similar for UUT1 and coincident for the remaining 
three specimens.  

 
Fig. 4 - Peaks (red dots) picked on FAS functions, for (a,b) UUT-1 X-,Y-dir., (c,d) UUT-2 X-,Y-dir., (e,f) 

UUT-3 X-,Y-dir., (g,h) UUT-4 X-,Y-dir., in the intact configuration (beginning of testing days). 

 
Fig. 5 - Period (T) and resonance frequency (f) for UUT4, identified on unfiltered response signals obtained 

from a free vibration test, along the (a) X-direction and (b) Y-direction. 

5 10 15 20 25 30
frequency (Hz)

0

0.1

0.2

0.3

0.4

0.5

FA
S 

(m
/s

)

Fourier Spectrum H3-40469 - X
a)

5 10 15 20 25 30
frequency (Hz)

0

0.1

0.2

0.3

0.4

0.5

FA
S 

(m
/s

)

Fourier Spectrum H3-40469 - Y
b)

5 10 15 20 25 30
frequency (Hz)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

FA
S 

(m
/s

)

Fourier Spectrum H3-36523 - X
c)

5 10 15 20 25 30
frequency (Hz)

0

0.1

0.2

0.3

0.4

0.5

FA
S 

(m
/s

)

Fourier Spectrum H3-36523 - Y
d)

5 10 15 20 25 30
frequency (Hz)

0

0.05

0.1

0.15

0.2

0.25

FA
S 

(m
/s

)

Fourier Spectrum H3-35245 - X
e)

5 10 15 20 25 30
frequency (Hz)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

FA
S 

(m
/s

)

Fourier Spectrum H3-35245 - Y
f)

5 10 15 20 25 30
frequency (Hz)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

FA
S 

(m
/s

)

Fourier Spectrum H3-34794 - X
g)

5 10 15 20 25 30
frequency (Hz)

0

0.1

0.2

0.3

0.4

0.5

FA
S 

(m
/s

)

Fourier Spectrum H3-34794 - Y
h)

0 5 10 15 20 25 30 35
time (s)

-1.5

-1

-0.5

0

0.5

1

1.5

ac
ce

le
ra

tio
n 

(m
/s

2 )

0 5 10 15 20 25 30 35
time (s)

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

ac
ce

le
ra

tio
n 

(m
/s

2 )

a) b)

T = 0.47 s  ⇒  f = 2.1 Hz  T = 0.47 s  ⇒  f = 2.1 Hz  

463
3ECEES, September 2022, Bucharest, Romania



From the FAS plots in Figure 4 it is possible to observe the absence of higher dominant 
peaks in the output signals. Only for UUT4, i.e. the CT H3-34794, several additional peaks 
are visible up to 30 Hz; however, such peaks are deemed to be caused by high-frequency 
numerical noise in the signals, the latter being not filtered for the dynamic identification 
phase. Alternatively, those peaks may represent higher modes with a negligible modal 
participation factor/mass: further reassurance on this aspect was provided by a free 
vibration test, in which the motion of UUT4 was confirmed to be governed by only one 
resonance frequency per direction, as displayed in Figure 5, where unfiltered response 
signals are employed to correctly identify the period and corresponding frequency in both 
directions, which are coincident with those obtained via peak picking for UUT4 (and 
reported in Table 2). Based on these observations, all four transformers can be considered 
as single-degree-of-freedom (SDOF) systems, characterised by a sole resonance (and 
fundamental) frequency, or equivalently, being the systems three-dimensional, by two 
resonance frequencies, which are similar or coincident, one per horizontal direction. 
The dynamic identification of the specimens carried out at the end of each of the two 
testing days to capture possible changes of the natural frequencies that could reflect the 
presence of damage, yielded the resonance frequencies reported in Table 3. It can be 
readily observed how these frequencies are slightly lower than the ones at the initial intact 
stage only for UUT1, suggesting that the latter may have experienced light damage (an 
alternative cause could be a potential loosening of the bolts fastening the specimens to the 
shake table, during the execution of the seismic simulation tests - see the subsequent 
Section). For the remaining three specimens, instead, the frequencies resulted to be 
essentially unchanged. 

 
Table 2. First two resonance frequencies identified for the specimens in the intact configuration  

Specimen UUT1 UUT2 UUT3 UUT4 

Frequency in X-dir. (Hz) 19.4 4.1 2.2 2.1 
Frequency in Y-dir. (Hz) 17.5 4.1 2.2 2.1 

 
Table 3. First two resonance frequencies identified for the specimens in the possibly damaged configuration 

Specimen UUT1 UUT2 UUT3 UUT4 

Frequency in X-dir. (Hz) 18.9 4.0 2.2 2.1 
Frequency in Y-dir. (Hz) 17.2 4.1 2.2 2.0 

6. Seismic simulation tests 

The seismic simulation tests performed were designed to conform to the Required 
Response Spectrum (RRS) specified by ICC ES AC156 (2015). All tests were conducted 
simultaneously in the longitudinal, transversal and vertical displacement degrees of 
freedom, with each DOF excited by an independently generated table motion profile. 
Figure 6 shows the RRS for horizontal and vertical acceleration adopted in the tests, for the 
considered test level (although hardly noticeable from the RRS plots, the target spectra 
along the X- and Y-directions are actually slightly different, so as to produce non identical 
signals in the two directions). The signals used for the test of the UUTs were generated 
according to ICC ES AC156 (2015) using an iterative spectrum-matching procedure. A 
damping ratio of 5% and a frequency resolution of 24 lines per octave were used to 
generate the signals. A 30 second time-history shaping function, consisting of 5 seconds 
rise time, 20 seconds of sustained (strong) motion, and 5 seconds of decay was used to 
shape the table motion amplitude in the time domain. Independent and uncorrelated 
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records were generated for each orthogonal degree of freedom, considering also scaling 
levels ranging from 20% to 115% of the target RRS, so that the tests could be executed 
through the application of a sequence of input signals of gradually increasing intensity; the 
complete test sequences can be found in the report by Eucentre (2021). After the tests, the 
specimens did not show any visible damage or significant deformation. 

 
Fig. 6 - Adopted RRS for horizontal and vertical acceleration. 

The experimental output responses in acceleration were obtained from the accelerometers 
#1 and #4 (see sensor numbering in Figure 3), installed at the top of the two specimens in 
both testing days, as done in the dynamic identification phase. 

 
Fig. 7 - Experimental acceleration histories along the X-direction, at the initial lower intensity stage, recorded 

at the top of the specimens: (a) H3-40469, (b) H3-36523, (c) H3-35245, (d) H3-34794. 

The recorded signals contained low and high frequency numerical noise visible in the 
history traces, for which reason signal filtering was carried out. Since the specimens at 
hand can be treated as SDOF systems, characterised by only two similar or coincident 
resonance frequencies, the signal filtering procedure adopted consisted in applying a fourth 
order Butterworth bandpass filter centred around the resonance frequency, and therefore 
with lower and upper cut-off frequencies different for each device. The application of this 
filter also allowed the retrieving of accurate displacement histories via double numerical 
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integration of the acceleration signals, as well as “clean” plots of FAS of the latter. Due to 
space constraints, Figure 7 shows the experimental acceleration histories only along the X-
direction and only for the seismic simulation runs at the initial lower intensity stage. These 
plots highlight the difference in resonance frequencies of the devices, especially between 
the very stiff VT H3-40469 and the other transformers. 

7. Conclusions 

The paper described the shake table tests executed on two voltage transformers and two 
current transformers, provided by the company Trench Italia S.r.l. Seismic simulation tests, 
designed to conform to a target RRS, as well as random white noise runs were conducted; 
the latter allowed for the dynamic identification of the specimens and to monitor possible 
changes of the natural frequencies. The experimental results were then employed within a 
more comprehensive research endeavour carried out by the authors, not reported herein 
(see Cavalieri et al., 2022), for the calibration of refined 3D numerical models of the four 
transformers, thus allowing for the derivation of their seismic fragility curves. 
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Abstract: Cladding elements are generally considered as non-structural elements which are 

attached to the primary structure and should not act as a bearing element of the primary 

structural system. During earthquake events, they can cause fatal consequences as a result of 

loss of bearing capacity of the connections and falling over. The fact that there are no 

explicit design codes for the cladding elements, that take into account the earthquake force 

influence, primarily due to the diversity of the connection types between the structural 

elements and the cladding panels, leads to the need of seismic qualification by shake table 

tests following prescribed rules in the appropriate standards and procedures. In this paper, 

results of the experimental testing of glass cladding elements, performed at the Dynamic 

Testing Laboratory in the Institute of earthquake engineering and engineering seismology - 

IZIIS, Skopje, Republic of North Macedonia are presented. Seismic qualification of this 

systems has been conducted according to AC-156 - Acceptance criteria for seismic 

qualification by shake table testing for non-structural components. For the purpose of 

seismic qualification and in-depth investigation of seismic behavior 30 shake table tests 

were performed by real or artificial earthquake time histories. Four different types of 

transducers, namely, accelerometers (ACC), linear potentiometers (LP), linear variable 

differential transformers (LVDT) and strain gauges (SG) were installed to measure 

acceleration, absolute and relative displacement and strains respectively. Based on the 

performed tests it was observed that the tested cladding elements fulfilled the seismic 

acceptance criteria for shake table testing of non-structural components and systems 

according to ICC AC-156. 

Keywords: Glass claddings; Seismic tests; Shake table; Seismic qualification; AC156 
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1. Introduction  

Non-structural elements refer to everything in or on a building other than the structural 

elements. They represent most of the total construction cost of typical buildings. As their 

design is seldomly covered by building codes, their seismic response is relatively unknown 

hence they are potentially more vulnerable to earthquake shaking-induced damage than the 

primary structural system.  Unlike structural elements, if non-structural elements fail, the 

building will not collapse, but their damage may result in loss of functionality, economic 

loss due to damage and even life safety hazards. Since there are many different types of 

products whose seismic response has not been fully experimentally investigated, the 

investors require seismic certification by shake table testing.   

Recently as a part of intensive collaboration between the Institute of earthquake 

engineering and engineering seismology in Skopje, UKIM IZIIS and one of the world 

leading producers of non-structural elements a series of experimental investigations by 

shake table tests were performed following the AC156 - Acceptance criteria for seismic 

qualification by shake table testing for non-structural components. This paper focuses on 

the glass cladding elements. There were performed 30 shake table tests by which most of 

them were with real or artificial earthquake time histories and one part were investigations 

of the dynamic characteristics of the system. A large number of transducers were installed 

to observe the behavior of all connections and specific elements, such as their absolute and 

relative displacements, acceleration and strain.  

2. Testing Procedure 

The testing program has been selected to comply with the seismic certification test 

procedure described in chapter 6 of AC156 - Acceptance Criteria for Seismic Certification 

by Shake Table Testing of Non-structural Components. The main purpose of testing 

procedure is to generate acceleration or test spectrum time histories in accordance with the 

prescribed required response spectra in vertical and horizontal direction, respectively. Each 

specimen was tested under two different types of excitations, resonant frequency search 

excitations and time-history seismic excitations, for determination of the natural 

frequencies of the specimens and the global dynamic response, respectively.  For resonant 

frequency search tests sine sweep frequency resonant tests have been applied in two 

principal axes Y – Z and X – Z independently. Resonant frequency search tests were 

performed at the beginning of testing (initial) and after final time history test. Bi-axial time 

history tests, in accordance with the 6.5 Multi-frequency Seismic Simulation Tests of 

AC156, were carried out by simultaneous, but independent inputs in the horizontal and 

vertical axes, each producing the Required Response Spectrum (RRS) along the respective 

reference axis calculated with 1/12 octave of frequency bandwidth, 5% damping and 

prescriptions reported in AC156. Additionally in order to investigate the behavior at 

imposed real earthquake time histories, total of twelve earthquakes tests were carried out, 

El Centro, Petrovac and Kobe, with varying intensities in two orthogonal directions. 

Two different configurations were tested as shown in the Table 1. The first represented out 

of plane behavior of the straight panel and in plane behavior of the corner panel. The 

second configuration, by simple rotation of 90 degrees represented the opposite behavior 

for the aforementioned cladding elements.  
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Table 1. Description of the tested configurations 

Configuration description 

Configuration 

No. 

 Direction in respect 

to the control room 

Height of 

the panel 

[mm] 

Number of 

panels 

Behaviour of the cladding 

element  

Straight Corner 

1 Y- aligned 3805 
2 (corner plus 

straight) 
Out of plane In plane 

2 X- perpendicular 3805 
2 (corner plus 

straight) 
In plane Out of plane 

 

The maximum input intensity of bi-axial tests was ay=0.87g (confg.1) and 0.86g (confg.2) 

in horizontal direction and  az=0.65g (confg.1) and 0.63g (confg.2) in vertical direction. 

The input Test Response Spectra (TRS) that match the Required Response Spectra (RRS) 

are given in AC 156 is shown in Fig. 1 and Fig. 2, for configuration 1 and 2 respectively. 

            

Figure 1. TRS (red) vs RRS, configuration 1 

           

Figure 2. TRS (red) vs RRS, configuration 2 

The shake table represents 5 DOF (degrees-of-freedom) biaxial, fully programmable pre-

stressed reinforced concrete slab 5x5 meters. The table can carry up to 40 tons, the peak 

input acceleration is 3.0g and peak displacements is ±125mm in horizontal direction and 

the peak acceleration is 1.5g and peak displacement is ±60mm in vertical direction. 
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3. Description of the Tested Specimen 

The specimen represents one straight and one corner element. The glass cladding element 

is constructed as four-side bonded glass panel to the aluminium frame with specific 

types of top and bottom connections allowing independent displacement of the 

cladding and primary structure.  

Reinforced concrete L-shaped test specimen representing the superstructure that was 

already available in the laboratory was used. On that test specimen, glass cladding 

elements were attached. Due to the geometry of the cladding elements, especially the 

height requirement of 380cm, the test specimen was upgraded using steel elements. 
The upgraded sample fulfilled the desired stiffness and thus the measured frequency 

before the installation of the cladding elements was 15.5 Hz. The connection of the 

cladding elements to the superstructure is maintained through aluminium sword 

connections to starter steel brackets (simulating the usual connection to elements 

below) at the bottom and T-shaped sliding connection to steel brackets on the top of 

the panel thus allowing horizontal and vertical interlocking. Both connections allow 

slight tolerances for mounting of the curtain walling elements. The brackets (12mm 

steel plates) were screwed and welded to the steel IPB beam elements on the test 

corner. Photos from the test setup is shown in Fig. 3. 

   

Figure 3. Photos from the test setup 

4. Instrumentation setup 

To obtain valuable data, 53 different transducers were used, out of which 24 accelerometers, 16 

strain gauges, 4 linear potentiometers and 9 linear variable differential transformers. In Fig. 4 

and Fig. 5, complete model instrumentation for both configurations are shown. 
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Figure 4. Complete model instrumentation for the first configuration 

Figure 5. Complete model instrumentation for the second configuration 

5. Selected Results

5.1. Dynamic characteristic of the glass cladding elements 

Dynamic properties of glass cladding elements have been defined by sine sweep tests in 

longitudinal and transverse direction, configuration one and two. Detailed modal analysis 

have been done by ARTeMIS Modal post-processing software using frequency domain 

decomposition technique as well as peak picking method of spectral density functions. 

Based on the presented results, the following frequencies in horizontal direction are 

obtained: for the first configuration when the straight panel was activated out of plane, 

frequency of 9.40Hz is determined. For the second configuration when the corner panel 
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was activated out of plane, frequency of 7.80Hz is obtained. After the seismic test for the 

first configuration the frequency dropped from 9.40Hz to 9.25Hz and for the second 

configuration from 7.80Hz to 6.80Hz. The tendency of the frequency decreasing after 

seismic tests was due to loosening of the bolts of the connections which were checked after 

the tests.   

Analyzing the mode shapes using the ARTeMIS Modal software can be concluded that the 

first eigen mode shape is in translational direction with slight torsion (Fig. 6).    

                                  

a)     b) 

Figure 6. First mode shape, a) Configuration 1; b) Configuration 2 

5.1. Seismic behavior of the glass cladding elements 

For the first configuration in longitudinal direction, the amplification factor of acceleration 

top/base was 3.02, according to the measured acceleration of 2.66g at the top (ACC18), 

while at the middle of the glass cladding element amplification factor was 4.13, according 

to the measured acceleration of 3.63g (ACC14). The corresponding time histories are 

presented in Fig. 7. Values for the accelerations in vertical direction were 1.10g. The 

maximum relative displacement in horizontal direction was 6.9mm and in vertical direction 

1.1mm. The maximum measured strain in the bottom connection and top connection was 

350μstrain and 210μstrain respectively. 

    

Figure 7. Time histories of maximum acceleration during the seismic tests, Configuration 1 

For the second configuration in longitudinal direction the amplification factor of 

acceleration top/base was 4.71, according to the measured acceleration of 4.05g (ACC20) 

at the top and amplification factor of 3.10, according to the measured acceleration of 2.67g 

(ACC15) at the middle of the glass cladding element. Values for the accelerations in 

vertical direction were 1.21g. The corresponding time histories are presented in Fig. 8. The 

maximum relative displacement in horizontal direction was 6.9mm and in vertical direction 

3.0mm. The maximum measured strain in the bottom connection and top connection was 

442μstrain and 199μstrain respectively. 
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Figure 8. Time histories of maximum acceleration during the seismic tests, Configuration 2 

The response of the system on real earthquakes (El Centro, Petrovac and Kobe) was 

significantly lower than the response due to input time histories according to AC 156.  

During the strongest biaxial test according to AC 156, intense in-plane and out-of-plane 

shaking was evident, especially in the middle point of the glass cladding element, which 

was expected due to simple beam behavior, but without any damage and change in the 

stability. Due to the strong shaking, bolts of some connections were loosed which required 

additional tightening between the tests. There have not been seen any significant changes 

in the system in general during any seismic test. 

6. Conclusions 

In comparison to the structural elements, non-structural elements lack specific guidance 

and information for seismic design. 

In this paper are presented results from the seismic performance tests of the glass cladding 

elements conducted according to the Acceptance criteria for seismic qualification – AC 

156 by shake table testing for non-structural components as well as the extended range of 

tests performed. 

Both configurations of glass cladding elements resisted all the applied excitations, without 

any damage of the following elements of the system: glazed panels, steel connections and 

aluminium frame. Only slight residual deformations between the elements and slight 

rotations of the bottom connections were observed, but those do not lead to permanent 

damage of the system. 
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algorithm. Herein, the approach was applied to a reinforced concrete structure. Fragility 

curves of the structure that were derived numerically via incremental dynamic analysis were 

updated using experimental data obtained from a shaking table test. The proposed approach 

was found to be more adequate in comparison with the ATC-58 method for updating fragility 

curves.  
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1. Introduction  

Catastrophic earthquake events have destroyed cities and important infrastructures in the 

past, causing loss of life and economical damage. Even though the probability of occurrence 

of earthquakes is very small, the consequences can be devastating. Chan et al. (1998) 

estimated the maximum global economic loss for a period of 50 years, based on 10% of 

exceedance, to be around 1000 billion USD. Furthermore, the enforcement of modern 

seismic codes, although different from region to region, started as late as the mid-1980s in 

regions with important earthquakes. As a consequence, many existing buildings are not 

adequately designed to resist earthquake forces and do not comply with the performance-

based earthquake engineering (PBEE) design philosophy (FEMA 273, 1997) . 

The seismic risk assessment is therefore justified, which can contribute to the 

implementation of better engineering practices necessary for reducing such risk. It is 

calculated by convolving hazard, exposure and fragility functions in a probabilistic 

framework. Fragility curves are the focus of the current study. 

Fragility curves are a family of damage functions relating the probabilities of exceedance of 

damage states to intensity measure (IM) levels. Depending on how they are derived, they 

can be categorized into empirical, analytical, judgmental or hybrid (for instance combining 

empirical and analytical methods) fragility curves. The empirical method (Rossetto et al., 

2015) for generating fragility curves consists on the application of statistical methods on 

post-earthquake data. On the other hand, analytical fragility curves (Lallemant et al., 2015; 

D’Ayala et al., 2015) are derived from numerical analyses of structures. In the absence of 

information, the judgmental (expert-opinion) techniques (Jaiswal et al., 2012) for deriving 

fragility curves can also be adopted. The analytical approach for deriving fragility curves is 

common in seismic risk analysis as it is convenient and economical for this purpose. In 

addition, model uncertainties such as the properties of structural systems and ground motion 

input can be easily represented.  
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The hybrid approach combines available damage statistics with damage statistics that are 

obtained from nonlinear analysis (Kappos, 2016; Kappos et al., 2006). In a similar fashion, 

fragility curves that are derived from a less reliable data (prior belief) can be updated through 

more reliable data. The approach proposed herein falls into this category whereby 

experimental data is used in updating analytical fragility curves through the principles of 

Bayesian updating. Although Bayesian methods are better equipped to model data with small 

sample sizes unlike frequentist method, which rely on asymptotic normality (McNeish, 

2016), estimates can be sensitive to the prior distribution. Nonetheless, updating fragility 

curves in the context of structural engineering, or more specifically in earthquake 

engineering, has been practiced for a few decades now. Singhal & Kiremidjian (1998) 

presented a Bayesian updating technique for reinforced concrete (RC) buildings using a 

likelihood constructed from damage data of a building that was collected during the 1994 

Northridge earthquake. They also constructed confidence bounds around the median values 

of their fragility curves to represent uncertainties. This approach is based on observed data; 

thus, it may not be suitable when the class of structures under study is not similar to the 

structures from which the damage statistics is collected. Another approach to update fragility 

curves is to use experimental test results. This approach permits full control over the 

experimental data, or the test specimen indirectly, that is used in updating fragility curves. 

For example, fragility curves derived from the expert opinion approach or from a less 

representative numerical model can be updated using experimental or field data. Jaiswal et 

al. (2011) took the latter approach in developing fragility curves for global building types. 

Bayesian updating of fragility curves was also extensively investigated by Porter et al. 

(2006). They presented a simplified method based on the principles of the Unscented 

Transformation (UT) (Julier & Uhlmann, 2000) that was shortly adopted afterwards by the 

ATC-58 framework. In this approach, the prior fragility, which is a joint probability function, 

is represented by a few discrete points (typically five). The weights that are assigned to the 

discrete points are eventually updated using a likelihood function obtained from 

experimental data. Even though the approach is simple and efficient, it may be less accurate 

as it results from an oversimplified principle. Consequently, stochastic frameworks for 

Bayesian updating have been explored in the last decade. For example, Koutsourelakis 

(2010) used the Markov Chain Monte Carlo (MCMC) approach in the context of Bayesian 

inference to update fragility curves. Li et al. (2013) took a similar approach while updating 

fragility curves of a bridge overcrossing in California. In the latter, fragility curves that were 

generated from incremental dynamic analysis of the bridge were updated using hybrid tests 

conducted on eight, 1:25 scale, RC piers while the rest of the bridge was modelled 

numerically. In earthquake engineering, the seismic response of structures can be accurately 

simulated using a shaking table. Hence, this paper proposes and examines Bayesian updating 

of RC fragility curves through experimental testing such as shaking table testing. 

2. Fragility curve modelling 

Seismic fragility curves describe the probability of exceeding a given performance level or 

damage state as a function of an IM of an earthquake, or as a function of an engineering 

demand parameter (EDP). Herein, maximum inter-story drift (ISDmax) is considered for 

defining a damage state. The probability that a damage state (𝐷𝑆𝑖) is reached or exceeded is 

commonly described using lognormal distribution: 

𝑃[𝑑𝑠 ≥ 𝐷𝑆𝑖|𝐼𝑀 = 𝑖𝑚] = 𝛷 {
𝑙𝑛{𝑖𝑚

𝑖𝑚𝑚
⁄ }

𝛽
}      (1) 
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where 𝑖𝑚𝑚 and 𝛽 stand for the median intensity measure, such as peak ground acceleration 

(PGA) corresponding to a particular damage state, and the logarithmic standard deviation 

(dispersion), respectively. The dispersion parameter is comprised of aleatoric and epistemic 

uncertainties represented by fragility curves; hence, we can write: 

𝛽 = √𝛽𝑅
2 + 𝛽𝑈

2          (2) 

where 𝛽𝑅 and 𝛽𝑈 refer to the aleatoric and epistemic uncertainty components, respectively. 

The inherent randomness of a fragility curve is represented by aleatoric uncertainty. It can 

be due to record-to-record variability of ground motion, for instance. On the other hand, 

uncertainties in the material strength and geometry of structures are sources of epistemic 

uncertainty. Besides, one may also include uncertainty in defining the threshold of a damage 

state (FEMA, 2001).  

2.1. Bayesian updating using ATC-58 approach 

This approach seeks simplicity and is thus less rigorous compared to a full-fledged Bayesian 

inference framework. The unscented transformation takes advantage of the fact that 

Bayesian updating can be considered as a nonlinear transformation of the prior distribution 

through a likelihood function. This problem can be solved by approximating one of them ─ 

the prior or the likelihood function. However, the likelihood function is generally complex, 

which makes approximating it difficult and, thus, a non-pragmatic approach. On the other 

hand, the joint prior distribution can be approximated easily by considering only a few 

discrete points, which is the principle of the previously mentioned unscented transformation 

(Julier & Uhlmann, 2000). In this formulation, 2n+1 sigma points are defined to cover the 

entire distribution space. Julier & Uhlmann (2000) showed that these sigma points are 

adequate to approximate at least the first two moments of an n-dimensional distribution. The 

median and logarithmic dispersion parameters of the prior distribution, 𝜇′ and 𝛽′, are then 

transformed through a nonlinear likelihood function and the posterior parameters, 𝜇′′ and 

𝛽′′, are eventually evaluated. 

For instance, let us consider an experiment with N virgin sample structures that are tested in 

a shaking table. This may also be equivalent to conducting N stages during a shaking table 

test of a single virgin structure, which is commonly executed by progressively increasing the 

input intensity on the shaking table. Considering a given damage state, 𝐷𝑆𝑖, a vector of 

binary numbers, ε, can be built to represent the exceedance or non-exceedance of the 𝐷𝑆𝑖 

during the experimental test. Therefore, the likelihood function related to the 𝐷𝑆𝑖, at each 

sigma point i, can be constructed using the exceedance identifier, ε: 

𝐿(𝑠𝑖,𝜇, 𝑠𝑖,𝛽) = ∏ {1 − 𝛷 (
𝑙𝑛(𝑖𝑚𝑗)−𝑠𝑖,𝜇

𝑠𝑖,𝛽
)}

1−𝜺𝒋

×𝑁
𝑗=1 {𝛷 (

𝑙𝑛(𝑖𝑚𝑗)−𝑠𝑖,𝜇

𝑠𝑖,𝛽
)}

𝜺𝒋

   (3) 

where 𝑖𝑚𝑗 is the magnitude of the input motion at the jth shaking table test or jth stage of a 

shaking table test and 𝑠𝑖 is ith coordinate of the sigma point for median or dispersion. Note 

that the size of the vector ε is equal to N. Subsequently, the prior weights, 𝑤𝑖
′, of the joint 

distribution can be easily updated via the Bayesian principle after calculating the 

normalizing constant, 𝑝𝑡: 

𝑝𝑡 = ∑ 𝑤𝑖
′ × 𝐿(𝑠𝑖,𝜇, 𝑠𝑖,𝛽)2𝑛

𝑖=0 , and       (4) 

𝑤𝑖
′′ =

𝑤𝑖
′×𝐿(𝑠𝑖,𝜇,𝑠𝑖,𝛽)

𝑝𝑡
         (5) 
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The updated weights, 𝑤𝑖
′′, of the five sigma points are then used in calculating the posterior 

estimates of the median, 𝜇′′, and logarithmic dispersion, 𝛽′′ as: 

𝜇′′ = ∑ 𝑤𝑖
′′ × 𝑠𝑖,𝜇 2𝑛

𝑖=0     [𝛽′′]2  = ∑ 𝑤𝑖
′′ × 𝑠𝑖,𝛽

2𝑛
𝑖=0   (6) 

In this work, the accuracy of the ATC-58 method (Porter et al., 2007) was explored by 

varying the number of sigma points. Simulation results has shown that five sigma points are 

effective and adequate for this purpose. Therefore, five sigma points are adopted throughout 

this paper. 

2.2. Bayesian updating using Markov Chain Monte Carlo 

The application of Bayesian inference in updating fragility curves yields a posterior 

probability distribution that is complex and, in many cases, mathematically intractable, 

mainly due to the normalizing term (total probability) of the posterior distribution derived 

from Bayes’ theorem. In MCMC, however, the evaluation of the normalizing term is not 

required, instead it approximates the posterior distribution using Markov chains (Gleman et 

al., 2011). 

Herein, the two parameters of a fragility function are designated as 𝜃1 and 𝜃2, representing 

the mean value and logarithmic dispersion, respectively. Moreover, 𝜃1 and 𝜃2 are 

represented using lognormal and gamma probability distributions, respectively. The gamma 

distribution is considered herein for 𝜃2 so that it is strictly positive.  

𝜃1~𝐿𝑁(𝜇𝜃1
, 𝜎𝜃1

2 )

𝜃2~𝐺𝑎𝑚𝑚𝑎(𝑐, 𝜆)
         (7) 

The value of 𝜎𝜃1

2  can be assigned depending on the knowledge of 𝜃1. If a prior fragility curve 

is associated with a large uncertainty, perhaps due to an unreliable numerical model, large 

values for 𝜎𝜃1

2  may be considered; otherwise, small values of 𝜎𝜃1

2 can be taken. On the other 

hand, 𝜎𝜃2

2  can only be estimated from past experimental data. Also, note that the 

hyperparameters of the gamma distribution, c and 𝜆, are determined from 𝜇𝜃2
 and 𝜎𝜃2

2 . 

Taking the principle of compound distribution (Porter et al., 2006), 𝜎𝜃1
= 𝜃2/√2. However, 

the coefficient of variation (COV) of 𝜃2 is calculated based on the reliability of its prior 

value as mentioned above. Based on observed data, Porter et al. (2007) adopted the range 

[0.5𝜃2, 1.5𝜃2]. This translates to 98% probability of finding 𝜃2 in that interval assuming a 

normal distribution, i.e., a coefficient of variation equal to 0.21. The above recommendations 

are also adopted in this study.  

The prior distribution of a fragility curve can then be constructed as a joint probability 

distribution considering 𝜃1 and 𝜃2 as independent random variables: 

𝑓′(𝜃1, 𝜃2) = 𝑃(𝜃1|𝜇𝜃1
, 𝜎𝜃1

2 ) × 𝑃(𝜃2|𝑐, 𝜆)      (8) 

The likelihood function in MCMC is identical to the one given in equation (3), but a 

continuous density function is used instead of discrete formulation. The posterior 

distribution is therefore proportional to the product of the prior and likelihood distributions 

(proportionality is more relevant in MCMC simulation since the normalizing term is not 

evaluated explicitly): 

𝑓′′(𝜃1, 𝜃2) ∝ 𝐿(𝑑𝑎𝑡𝑎|𝜃1, 𝜃2) × 𝑓′(𝜃1, 𝜃2)      (9) 

The Metropolis-Hasting (MH) algorithm is used to implement MCMC by generating a 

sequence of correlated random samples whose distributions converge to a target distribution. 
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The algorithm uses a proposal distribution from which samples are drawn and it sets an 

acceptance criterion to accept or reject samples. In MCMC simulation, a random walk 

proposal distribution q defined by a bivariate normal distribution was found to be sufficient 

in many applications (Koutsourelakis, 2010), i.e.: 

𝑞(θ𝑡|θ𝑡−1)~𝑁 (𝜃𝑡 , [
𝜎𝜃∗

1

2 0

0 𝜎𝜃∗
2

2 ])       (10) 

The variance of q is selected, after a few exploratory runs, by ensuring proper mixing of 

samples. The acceptance ratio of samples, in the interval 10%–50%, can be used as a rule of 

thumb to ensure adequate mixing of Markov chains (Koutsourelakis, 2010). At the end of 

this simulation, samples from the posterior distribution are post-processed before calculating 

the posterior parameters for 𝜃1 and 𝜃2. If the initial value chosen is not close to the true 

solution, the simulation may take a longer time to attain equilibrium; consequently, the 

samples generated before reaching the equilibrium condition, say b, are discarded. The 

discarded samples are commonly termed burn-in samples. Hence, we can consider that the 

estimation of posterior parameters is independent of the initial condition. Statistical software 

such as WinBugs may be used to perform MCMC simulation; however, a limited choice of 

prior and likelihood probabilistic functions are available (Thomas et al., 2003). Therefore, a 

MATLAB program was developed to implement the MH algorithm. 

Another important aspect of MCMC sampling is that 𝜃𝑡 and 𝜃𝑡−1 are not independent and 

they could be highly correlated. Hence, the samples retained after the burn-in process are 

downsampled with a lag of n points, termed thinning. After thinning, (𝑁𝑠𝑖𝑚 − 𝑏) 𝑛⁄  samples 

are left for estimating the statistics of the posterior distribution. The autocorrelation function 

(ACF) of the samples obtained after burn-in can be used to estimate the factor n. The 

downsampling factor that yields approximately zero autocorrelation is a good choice. For 

instance, a 95% confidence interval around ACF=0 can be used to ensure that the final 

samples are adequately independent. But it is noted that MCMC sampling characterized by 

a slowly decaying ACF may require a large number of samples, thus increasing the 

computational cost of the sampling process. 

3. Application to a RC frame structure 

3.1. Numerical modelling and derivation of fragility curves 

The Bayesian approach for updating fragility curves was applied to a two-bay two-story RC 

plane frame that was tested at the shaking table facility of the National Laboratory for Civil 

Engineering (LNEC), in Portugal. The test structure is 1:1.5 reduced model of the prototype 

structure, representative of a non-seismically designed old RC frame structure. It has 20 cm 

square outer columns, and an internal column with 20x27 cm2 cross-sectional area. The 

foundation beam has a cross-section with 60x20 cm2 dimensions whereas the upper-floor 

beams have 20x33 cm2 cross-section. The RC frame was constructed using C10/12 concrete 

grade and A500 steel rebars. The axial forces on the columns were applied through Ф26 pre-

stressed tendons that were inserted into holes provided on the columns. The pre-stress forces 

applied to the outer and inner columns were 22.8 kN and 35.4 kN, respectively. Following 

the application of the pre-stressing forces, the tendons were clamped at both ends.  

In this work, the SeismoStruct software (SeismoSoft, 2021) was adopted for numerical 

modelling and analysis of the RC structure. The steel rebars use the Menegotto-Pinto 

hysteretic model (Menegotto & Pinto, 1973) with 0.5% strain hardening ratio; and the 
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concrete material was modelled using Mander’s nonlinear concrete model (Mander et al., 

1989). 

Incremental dynamic analysis (IDA) is commonly adopted in predicting the performance of 

structures under seismic loads (Vamvatsikos & Cornell, 2002). Likewise, an IDA of the RC 

frame was conducted using a suite of 30 ground motion records of magnitude Mw in the 

interval 6.0-6.5. The ground motion suite, originally taken from the PEER NGA West2 

ground motion database, has been recently selected to serve for the revision of EN 1998–5. 

The spectral acceleration of the unscaled ground motions is shown in Fig. 1.  

 

 

 

Fig. 1 Numerical modelling (left) and derivation of capacity curves through IDAs (right) 

The HAZUS limit state thresholds, based on the maximum inter-story drift , was used for 

constructing the analytical fragility curves of the structure. The Bayesian updating of these 

analytical fragility curves was then carried out using the MCMC and ATC-58 methods after 

constructing the likelihood function from the experimental test results.  

3.2. Experimental test 

As mentioned above, the experimental test of the RC frame was carried out using LNEC’s 

shaking table. During the test, floor masses were materialized using blocks of mass attached 

to the beams. The axial forces were applied by pre-stressing the tendons that are placed 

inside the columns; and load cells connected at both ends of the tendons recorded the axial 

forces. As shown in Fig. 2, the RC frame was placed inside a 3D steel guiding frame and the 

foundation beam was rigidly attached to the shaking table using four triangular-shaped steel 

connectors. 

The steel rebars of the RC frame were tested in tension before the experiment; three samples 

of Φ6 and Φ8 rebars were subjected to tensile tests. On average, the bars reached a yield 

plateau close to 550 MPa. Thus, the mean yield strength of the longitudinal bars was taken 

to be 550 MPa. 
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Fig. 2 Test setup (left); frame damage at the end of the test (middle); and damage at joints (right) 

The target acceleration to the shaking table corresponds to an artificial accelerogram 

generated from a reference spectrum, constructed from the limiting values of acceleration, 

velocity, and displacement of the shaking table, and it was scaled to 0.1 g, 0.2 g, 0.32 g, 

0.52 g, and 0.72 g peak horizontal accelerations resulting in five test stages. 

The structure experienced minimal damage during the first two stages of the test. In the 

following stages, the structure achieved moderate to severe damage, which includes concrete 

cover spalling at outer joints and extensive concrete spalling at the central column, as shown 

in Fig. 2. During the test, the fundamental frequency of the structure has progressively 

dropped to approximately 50% of its initial value. 

3.2. Fragility updating 

HAZUS classifies damage of RC buildings into four damage states, namely slight, moderate, 

extensive, and complete (FEMA, 2001), based on the average inter-story drift ratio. 

According to the building classification provided by HAZUS, the RC frame can be 

categorized as Low-Rise and Low-Code structure. The four fragility curves that were derived 

from the results of the IDAs of the numerical model therefore use the drift thresholds which 

correspond to this category. It should be noted that the complete damage considered here 

(referred “complete*”) was defined at 20% reduction of the peak strength of the structure. 

Herein, the results of the Bayesian updating of the analytical fragilities for MCMC and ATC-

58 (UT) approaches are succinctly presented and comparisons between them are made. For 

the MCMC based updating, one million samples were generated using the Metropolis-

Hasting algorithm, and the first 2000 samples were removed to prevent the influence of 

initializing the posterior parameters during the MCMC sampling. The remaining samples 

were then downsampled by a factor of 20. This factor was estimated considering a 95% 

confidence interval (CI) around the zero-mean value of the auto correlation coefficient 

(ACF). At the end, the point estimates of the posterior fragility curves were obtained by 

fitting the retained samples to their respective distribution types. In this work, identical prior 

fragilities were considered for the ATC-58 and MCMC approaches for consistent 

comparison.  

During the MCMC sampling, 30-35% Acceptance Ratio (AR) was achieved, thus justifying 

the adequacy of the variance matrix considered for the proposal distribution. Due to the 

relatively narrow prior distribution of 𝜃2, the MCMC point estimates are close to the ATC-
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58 estimates, unlike for the posterior estimates of the median IM, 𝜃1. In both approaches, 

the posterior estimates of 𝜃1 have increased, as shown in Table 1. Besides, the posterior 

estimates of 𝜃1, in all damage states, derived from the ATC-58 method have a less fragile 

prediction of the structure’s capacity compared to the MCMC approach. This is perhaps the 

result of the simplifications of the ATC-58 method, but no generalization can be made at 

this point. 

Table 1 Posterior point estimates of HAZUS damage states using MCMC and ATC-58 approaches 

 Prior parameters Posterior parameters 

  MCMC UT/ATC-58 

DS 𝜃1
′  [g] 𝜃2

′  AR [%] 𝜃1
′′ [g] 𝜎𝜃1

′′ 𝜃2
′′ 𝜎𝜃2

′′ 𝜃1
′′ [g] 𝜃2

′′ 

Slight 0.1283 0.7106 34.84 0.1546 0.0847 0.7577 0.1535 0.2174 0.7516 

Moderate 0.1530 0.7419 32.79 0.2564 0.1360 0.8124 0.1654 0.3577 0.7549 

Extensive 0.3417 0.9086 29.91 0.7882 0.4733 0.9585 0.2021 1.0251 0.9118 

Complete* 0.5351 0.9624 30.08 1.4212 0.9260 0.9884 0.2118 1.5881 0.9742 

In addition, as the level of damage increases, the dispersion of the posterior estimate of 𝜃1 

evaluated from the MCMC (𝜎𝜃1
′′) has significantly changed from the prior belief, whereas 

the dispersion estimates of the posterior logarithmic dispersion (𝜎𝜃2
′′) remained 

approximately constant. In the latter, the experimental data appears not to add significant 

extra information to the posterior estimates, since the prior and posterior estimates of 𝜃2 are 

marked by nearly equal coefficient of variation (COV). The above characteristics can be 

depicted in Fig. 3.  

  

  

Fig. 3 Bayesian updating of fragility curves; slight, moderate, extensive and complete* damage states 
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4. Conclusions 

In this paper, a Bayesian framework for updating fragility curves that uses MCMC was 

proposed and applied to a case study structure. It was also shown that the ATC-58 method, 

although effective, can give different results compared to the MCMC approach. The 

advantages and careful implementation of the MCMC approach for Bayesian updating were 

succinctly described herein, with further details in (Tekeste, 2021). Firstly, the choice of 

prior distribution appears to contribute to the accuracy of the updating process. Secondly, 

the proposal distribution used in the Metropolis algorithm was found to be important which 

can be monitored using the acceptance ratio criterion. Thirdly, the parameters of a prior 

distribution must be chosen carefully, accounting for the extent and reliability of 

experimental data. In conclusion, the authors sustain that this work, although limited, opens 

a path for future studies on seismic risk assessment including experimental methods.  
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Abstract: Nowadays, the demand for industrial buildings accommodating long spans, once 
typical of exhibition halls or hangars, is increasing, mainly due to the evolution of the 
logistic sector. Whilst uncommon spans for such buildings were traditionally dealt with steel 
trusses, precast concrete solutions have been proposed since the ‘70s to cover this need, with 
current span limitations of up to 50 m for beams and 42 m for roof elements. This paper 
investigates the seismic performance of an unconventional prefabricated reinforced concrete 
system by analysing a case study building layout with beams spanning 72 m supported by 
stay cables. The structure, previously fully designed according to Eurocodes under static and 
seismic loading, was subjected to a series of non-linear dynamic time history analyses, 
considering a single accelerogram with PGA progressively scaled from 0.1g to 0.5g. The 
analysis highlighted the proper design procedure adopted, with limited drift and no 
plasticisation observed in any structural element or connection around the damage limit 
state, while only limited damage was noticed at the design PGA around the life safety limit 
state. The structural system attained incipient failure for bow effect of the antenna induced 
by second order moments in the direction transverse to the cables only for PGA as strong as 
0.4g. 

Keywords: Precast concrete, industrial buildings, long span, cable-stayed structures, 
seismic time-history analysis 

1. Introduction 

Conceptual design of a new structure takes advantage of the fundamentals of structural 
mechanics and can usually be carried out referring to design rules which are currently 
applied to similar structural typologies, although yet with peculiar unconventionalities 
whose influence should be checked with more detailed analysis. 
This paper presents an application of a novel precast concrete structural system aimed at 
building ultra-long-span facilities which can accommodate large industrial productions, 
warehouses, exhibition halls, hangars, etc. This system is an evolution of traditional precast 
industrial systems, whose limitations for series production are currently set to about 50 m 
of beam span in the 1970s (I-section Titano beam – Dal Lago 2021) and 42 m of roof 
element span in the 2010s (wing-shaped Ondal roof element – Dal Lago 2017). The novel 
system studied herein proposes the use of a beam system spanning up to 72 m suspended 
on stay cables, as part of an Ondal roofing system with wing-shaped roof elements 
spanning up to 30 m. A prototype building employing this novel system was designed 
under static and seismic loading according to traditional design techniques, and was later 
subjected to refined checks to test its reliable design and to understand in depth its 
structural performance under earthquake action. 
Cable-supported structures are mainly used in the field of long-span bridge engineering. 
Few examples of such applications are however available in the current building heritage, 
mainly referring to large industrial facilities or exhibition halls (Figure 1), although none of 
them framed yet into a specific precast concrete production series. 
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(a) (b) 

Fig. 1 – Examples of ultra-long-span industrial facilities employing cables: (a) Burgo paper mill in Mantua; 
(b) Brixia forum in Brescia. 

2. Case study building 

The case study building is a single-storey industrial facility covered by a roof system made 
by 4 parallel frames in the longitudinal direction X having interaxis of 30 m covered by 
Ondal roof elements placed at interaxis of 6 m along the transverse direction Y completed 
by barrel vault elements. The 2 edge frames consist in 7 consecutive bays spanning 24 m 
each (Figure 2a). The 2 internal parallel frames are made with two inner cable-stayed 
moduli avoiding the use of 4 inner columns (Figure 2b). The plan dimensions (Figure 2c) 
result being 168x90=15120 m2, with just 4 inner columns. The clear column height results 
being 9 m (10 m at the beam centre), after which 16 m tall antennas protrude from the 
main central columns, providing anchorage to stay cables placed in equilibrated position 
having an inclination of 35° with respect to the horizontal axis. The building is cladded 
with 11 m tall vertical precast sandwich panels. All horizontal elements are conceived as 
doubly hinged with dowel connections at their ends. The beams forming part of the cable-
stayed moduli are also internally hinged with gerber seating. 
 

  

(a) (b) 

 

 
(c) 

Fig. 2 – Case study building geometry: (a) side view of edge frame in X direction; (b) side view of internal 
frame in X direction; (c) plan layout. 
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The structural frame elements designed employing standard procedures following 
Eurocode 2 and Eurocode 8, are shown in Figure 3. Both wing-shaped roof element and Ω 
beam are prestressed. The columns have compact shape and are reinforced with large 
diameter rebars with simplified reinforcement distribution, mainly along the perimeter. 
Geometrical reinforcement ratios vary from 1.0% to 1.5%. Rectangular compact sections 
were employed for the columns with the aim to balance the main translational vibration 
modes, due to the different kinematics in the two orthogonal directions since the beams 
supported on top of them were hinged around the X axis and clamped around the Y axis, 
providing in this case a protrusion of the column when deforming laterally. 
The stay cables are made with unbonded Dywidag bars anchored at the top of the antenna 
and in a special toothed protruding rib inside the beam cross section with standard plates 
and spherical nuts provided. A 3D top view of the roof system and a detail of the top of the 
antenna are collected in Figure 4. 
Strong dowels were designed in order to resist the horizontal actions arising from both 
connected element inertia and diaphragmatic action (Dal Lago and Ferrara 2018; Dal Lago 
et al. 2019). 
The materials employed are the following: class C50/60 concrete (fck=50 MPa); grade 
B450C mild steel (fsk=450 MPa); grade Y1860 prestressing steel in 7-wire strands 
(fpk=1860 MPa); Dywidag bars with tensile strength fdk=1050 MPa; steel grade 8.8 dowel 
bars (fuk=800 MPa). 
 

  
(a) (b) 

Fig. 3 – Structural frame elements: (a) horizontal wing-shaped roof element and Ω-shaped beam; (b) cross-
sections of vertical antenna and columns. 

 

  

(a) (b) 

Fig. 4 – Roof system: (a) render view of the roof system; (b) detail of top of antenna with nuts anchoring 
Dywidag bars. 
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The loads employed, properly combined following Eurocode 0 rules, are the following: 
2500 kg/m3 reinforced concrete density; 80 kg/m2 spread mass of barrel vaults; 10 kg/m2 
non-structural dead loads; 350 kg/m2 spread mass of cladding panels; 120 kg/m2 snow 
load; 100 kg/m2 wind action; 0.2g of PGA (design carried out with soil type B and q=2.5). 

3. Numerical model 

A numerical model of the building (Figure 5) was made with the purpose to previously 
design it with traditional linear methods, and later check its performance under earthquake 
loading employing non-linear time-history analysis (NLTHA). 
All columns were modelled with beam elements assumed to be fixed at their base to which 
non-linear moment-curvature diagrams (Figure 6) were attributed on the basis of a 
previous evaluation carried out by solving the sectional equilibrium at a given axial load 
associated to the seismic load combination. Concrete constitutive law was selected 
differently for the unconfined cover and for the confined core (Figure 7a), and mild steel 
was modelled with a linear-parabolic constitutive law (Figure 7b) based on experimental 
results. Characteristic material strengths were employed. 
Beams, roof elements and cables were modelled elastically with beam elements. All static 
loads and masses other than related to the own weight of the modelled elements were 
attributed by load patches. The peripheral cladding panels were included into the structural 
model as masses only, assuming they are connected to the frame beams at the top and with 
their foundation beams with pendulum connection arrangement, able to ensure with proper 
devices that they can accommodate both in-plane and out-of-plane structural drift (Toniolo 
and Dal Lago 2017; Gajera et al. 2021). 
All diaphragm connections were explicitly modelled in their correct position following the 
schemes of Figure 8 by employing a combination of rigid links and connection elements to 
which the non-linear force-displacement properties collected in Figure 9 were attributed. 
For both M30 dowels of beams and M27 dowels of roof elements, the diagrams were 
obtained following Zoubek et al. (2015) according to well-confined dowels. 
 

 
Fig. 5 – 3D view of the numerical model. 
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(a) (b) 

Fig. 6 – Moment-curvature diagrams of vertical elements around: (a) X direction; (b) Y direction. 

 

  

(a) (b) 

Fig. 7 – Stress-strain monotonic constitutive laws employed for: (a) concrete; (b) mild steel. 

 

 

  
(a) (b) 

Fig. 8 – Modelling techniques for: (a) roof-to-beam connections; (b) beam-to-column connections. 
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Fig. 9 – Load-displacement monotonic curves for dowel connections. 

4. Seismic time-history analysis 

A series of NLTHA was carried out by applying the Tolmezzo accelerogram (Figure 10) 
originally recorded during the Friuli earthquake occurred in Italy in 1976, artificially 
modified to make it compatible with the response spectrum of Eurocode 8. The 
accelerogram was scaled to a set of base accelerations and applied simultaneously along 
the two orthogonal horizontal directions, alternatively scaling the accelerogram in the weak 
direction as the 30% of the one along the main direction. Progressive base accelerations in 
each main direction from 0.1g to 0.5g were analysed, with progressive step of 0.1g, 
bringing to a total of 10 analyses. Rayleigh viscous damping was assigned with 2% 
damping ratio relative to the critical, imposed to sufficiently distanced frequencies to avoid 
possible overdamping issues. 
The results of both analyses with main base acceleration equal to 0.2g are collected in 
Figure 11. The response is, as expected, typical of flexible systems, with main vibrations 
occurring after the strong motion sequence ended, and relatively large roof displacements, 
with maximum around 130 mm. The diaphragm effect, ensured by the mechanical dowel 
connections, is very efficient along the X direction (parallel to the cable-stayed frames), 
and less efficient along the Y direction, with clear amplitude differences between main 
columns (MC), corner columns (CC), and edge columns in both directions (ECX and 
ECY), although they vibrate in phase. In fact, the diaphragm is more stressed when 
subjected to main accelerations in the Y direction, especially close to the centre of the 
deck, where the span between the main columns is 72 m. The corresponding strain 
imposed to specific highly stressed dowels was checked to be sufficient to slightly bring 
them to their plastic behaviour phase, although being far from the ultimate strain. 
 

  

(a) (b) 

Fig. 10 – Modified Tolmezzo accelerogram: (a) time-history plot; (b) response spectrum. 
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The vibration of the top of the antenna occurs with higher amplitude, being almost 400 mm 
the top displacement obtained in the transverse Y direction. Moreover, residual 
displacements, although limited to few centimetres, are evident at the end of the analysis, 
suggesting a plastic damage of the main column-antenna system. This is confirmed by the 
base shear vs roof displacement plots, highlighting energy dissipation provided by 
hysteretic damping, as a function of the area enclosed by the cycles. Indeed, rebar yielding 
with strains moderately overcoming the yield ones was detected in all vertical elements, 
excluding the antennas (but including the main columns below them). 
 

 
 

(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 11 – Structural response after NLTHA with PGA=0.2g: (a) displacement history at diaphragm level – 
main eq X dir; (b) displacement history at diaphragm level – main eq Y dir; (c) antenna top displacement 

history – main eq X dir; (d) antenna top displacement history – main eq Y dir; (e) base shear vs diaphragm 
displacement – main eq X dir; (f) base shear vs diaphragm displacement – main eq Y dir. 
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A comparison of the seismic performance of the structural assembly when subjected to 
progressively more severe accelerograms is plotted in Figure 12. The structural assembly 
attained incipient failure with the accelerogram scaled to 0.4g when applied in the main Y 
direction, being the plastic displacement of the antenna very relevant. The same analysis 
carried out with base acceleration of 0.5g, indeed, did not converge due to unstable drift of 
the antenna in Y direction. It is interesting to note that all analyses, including the one at 
0.5g, carried out applying the main accelerogram in the X direction did not lead to failure, 
although all vertical members and deck connections resulted strongly plasticised. The 
thresholding of the base shear caused by plasticisation of the columns can be clearly 
recognised in its distribution (Figure 12b). 
The maximum distortion angles of the frames are shown in Figure 12c, where the plotted 
values refer to the results of the application of PGA in each principal direction. The 
maximum distortion angle, defined as the relative displacement among adjacent frames 
divided by the frame spacing, is a direct indicator of the diaphragm efficiency. The trend 
confirms the higher diaphragm deformability in the transverse Y direction. 
 

  
(a) (b) 

  

(c) (d) 

Fig. 12 – Maximum demand resulting from NLTHA: (a) top displacement; (b) base shear; (c) diaphragm 
distortion; (d) bending moment. 

 

The failure mode identified in the Y direction, transverse with respect to the cable-stayed 
moduli, can be attributed to 2nd order effects: despite the axial load provided by the cables 
is follower in both longitudinal and transverse directions, internal eccentricities develop 
due to the deformation induced by the local vibration of the antenna, causing a bow effect 
to arise (Figure 13). Eccentricities in the longitudinal direction were found out to be small 
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enough to not cause relevant increments of bending moments in the antenna, whilst in the 
transverse direction larger eccentricities brought to the failure of the antenna around its 
mid-height. The limit eccentricity, calculated as the ratio between the ultimate bending 
moment of the antenna cross-section divided by the axial load, was indeed found out to be 
350 mm, value that was overcame with the analysis employing a base acceleration of 0.5g 
in the transverse direction. It was also observed that the cables were not subjected to load 
variation under the horizontal accelerograms imposed to the structure. 
 

  
(a) (b) 

Fig. 13 – Incipient failure of antenna in Y direction: (a) bending moment distribution and deformed shape at 
peak displacement of NLTHA with PGA=0.4g; (b) scheme of bow effect mechanism. 

5. Conclusions 

From the NLTHA it was shown that the behaviour of the building under a real 
accelerogram is very flexible, with displacement and base shear peaks attained after the 
time window of the strong motion at the base. 
The diaphragm acted almost rigidly for the cases of 0.1g and 0.2g, while increasing roof 
distortions were observed in transverse Y direction to the cable-stayed moduli for higher 
PGAs. The maximum shear forces on the roof-to-beam dowels were identified based on 
the time instant of the maximum distortion of adjacent frames in the two directions. 
The failure mode of the structural arrangement was identified by bow effect in the 
antennas, induced by second order bending moments for PGA higher than 0.4g. Bending 
deformation of the antenna occurred in transverse direction Y due to the higher vibration 
mode associated to its mass. 
The columns were found slightly plasticised since PGA of 0.2g, although bending failure 
of the columns was not attained even for PGA as strong as 0.5g in direction X parallel to 
the cable-stayed moduli. 
As a general conclusion, it can be stated that the design process, carried out employing 
traditional methods, was satisfactorily conservative, since failure under seismic 
accelerograms analysed with NLTHA was attained at a PGA more than double than the 
design one. Moreover, advanced NLTHA helped identifying the peculiar failure mode of 
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the structural arrangement under consideration, mainly consisting in the local plasticisation 
of the antenna in the transverse direction under 2nd order effects, providing hints about 
possible improved strategies for an even enhanced safety. 
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Abstract: The seismic performance of nonstructural elements has become a key component 

of the resilience capacity of modern society. Even if a building does not suffer considerable 

structural damage during a seismic event, its nonstructural elements can compromise the 

building’s habitability and functionality. Recent earthquakes have demonstrated the 

susceptibility of suspended nonstructural elements (e.g., piping, cable trays, etc.) to suffer 

substantial damage, generating significant economic losses and reducing the overall 

building’s seismic performance. Current practice aims to protect suspended nonstructural 

elements through the implementation of seismic restraints incorporating braced supports that 

increase the lateral strength of the system. However, such approach can still exhibit significant 

damage, especially at high shaking intensities. This study explores the application of a novel 

low damage braceless seismic restraint system for suspended nonstructural elements. The 

system is composed of vertical hangers connected to rotational hysteretic dampers that work 

as the pivot of the system and provide supplemental damping to control the seismic response. 

A design example for a suspended piping is presented, comparing the seismic response of a 

transverse braced channel trapeze with that of the proposed braceless seismic restraint. 

Numerical results show that for a given design displacement, the braceless seismic restraint 

can carry a larger tributary seismic mass, allowing a smaller number of anchoring points 

compared to the conventional restraint. 

Keywords: Supplemental damping, nonstructural elements, suspended piping system, 

seismic restraints, hysteretic damper. 

1. Introduction 

Recent advances in the structural engineering field allow buildings to stand moderate and 

strong seismic events with low consequences on the structural system. However, the seismic 

events of the last decade have demonstrated that nonstructural elements can be still severely 

affected, leading to limited operativity or occupancy and generating significant economic 

losses (Miranda et al., 2012; Bevere et al., 2019). Several factors explain the importance of 

nonstructural elements in the seismic performance assessment of a building: 1) Miranda and 

Taghavi (2003) reported the investment distribution for several building types, concluding 

that the total cost of nonstructural elements could reach up to 92% of the total building 

investment, 2) damaged nonstructural elements can become a life safety issue during a 

seismic event, not only due to the danger they represent but also by blocking evacuation 

routes or by losing functionality to prevent further hazards (e.g., damage to fire protection 

systems), and finally, 3) nonstructural elements exhibit damage at low shaking intensities 

compared to those that can affect the structural system. Even buildings equipped with 

seismic protection systems can exhibit high levels of seismic demand on nonstructural 
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elements, especially to those sensitive to acceleration demand (Chalarca et al., 2020). Based 

on these factors, it is necessary to improve the seismic performance of nonstructural 

elements by reducing or eliminating seismic induced damage, therefore, increasing the 

overall resilience capacity of the building. 

Suspended nonstructural elements are acceleration-sensitive components that are usually 

attached to the supporting structure through the slab above them (see Figure 1). Gravity loads 

are supported by vertical hangers while lateral loads (i.e., seismic induced loads) are resisted 

by trapeze restraints or sway bracing. Currently, the design of the seismic force-resisting 

system aims to restrain the maximum horizontal displacement of the nonstructural element. 

However, the induced forces on the restraint system (e.g., trapezes and braces) can cause an 

inelastic response of the system, producing permanent deformations and damage to the 

supporting elements. 

 

Fig. 1 Examples of suspended nonstructural elements. 

This study explores the implementation of a braceless seismic restraint system for suspended 

nonstructural elements, aiming to increase their seismic performance by reducing the 

induced damage and residual deformations on the restraint system. The evaluation of the 

braceless restraint system was carried out numerically by comparing the seismic response of 

a suspended piping supported by a conventional transverse braced channel trapeze with that 

of the proposed braceless restraint system. Both restraint systems were designed considering 

the maximum tributary seismic mass an individual support is able to carry to avoid exceeding 

a given target displacement. Finally, these displacement-based restraints were subjected to 

two sets of floor motion records, and the median peak and median residual displacements 

were retained and compared. 

2. Seismic restraint systems for suspended piping systems 

Suspended piping systems are essential nonstructural elements for the normal functionality 

of a building. These systems are mainly used to carry potable water, sewage, or gases, and 

along with sprinklers, compose the fire protection system. Suspended piping systems react 

dynamically to the movement of the supporting structure, causing deformations on the piping 
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joints or deleterious interactions with the supporting structure or other nonstructural 

elements (Merino et al. 2021). The seismic response of suspended piping systems is 

controlled by adding lateral restraints, such as braced channel trapezes, which increase the 

lateral stiffness of the piping system, reducing thus the maximum displacement. However, a 

large flexibility difference between the lateral restraint and the piping can lead to dynamic 

amplification of the seismic response of the piping (Tatarsky and Filiatrault, 2019). The 

proposed braceless seismic restraint addresses this problem by adding supplemental 

damping to limit the maximum response of the piping system, keeping a more uniform 

seismic response along the piping’s length. 

2.1. Conventional transverse braced channel trapeze 

This type of seismic restraint for suspended piping systems is implemented to provide lateral 

restraint in the transverse direction with respect to the piping direction. The typical 

configuration of transverse braced channel trapezes includes four steel channels with section 

dimensions depending on the application and the applied load. The channel depth ranges 

from 21 to 120 mm. The diagonal channel is usually inclined at an angle of 45° from the 

vertical (Perrone et al., 2020; Merino et al., 2021). The pipes are secured to the bottom 

channel by pipe rings. Figure 2 (a) illustrates an example of a transverse braced channel 

trapeze. Perrone et al. (2020) studied experimentally the inelastic behavior of transverse 

braced channel trapezes, finding an asymmetrical response characterized by a strong 

pinching of the hysteresis loop. The yielding of the connection elements between the 

different channels that compose the braced channel trapeze was identified as the main source 

of the inelastic response of the restraint system. Figure 2 (b) shows a backbone curve of the 

hysteresis loop of a transverse braced channel trapeze.  

 

 

Fig. 2 (a) Illustration and (b) backbone curve of a transverse braced channel trapeze. After Perrone et al. 

(2020) and Merino et al. (2021). 

(b) 

(a) 
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2.2. Proposed braceless seismic restraint 

The proposed braceless seismic restraint for suspended piping systems aims to provide an 

improvement of the seismic performance by increasing the energy dissipation capacity of 

the system through the addition of supplemental damping, reducing residual deformations 

and induced damage on the restraint system. Additionally, the absence of bracing elements 

allows better architectural integration of the suspended piping systems by reducing the area 

required for restraint installation. Conceptually, the proposed braceless seismic restraint 

resembles a pendulum composed of two vertical hangers connected to rotational springs at 

the upper end that work as hysteretic dampers, controlling the maximum force and energy 

dissipation of the system. The pipes are attached to a horizontal element that connects both 

vertical hangers at their bottom end. Figure 3 (a) illustrates the conceptual model of the 

braceless seismic restraint. The inelastic behavior of the rotational hysteretic damper is 

characterized by an elastic-perfectly-plastic hysteresis loop. This element can be designed 

to provide a large level of supplemental damping without showing wear or damage during 

strong seismic events. Figure 3 (b) shows an example of the backbone curve of the hysteresis 

loop of the rotational hysteretic damper. 

 

 

Fig. 3 (a) Illustration of a braceless seismic restraint, and (b) backbone curve of the rotational hysteretic 

damper. 

3. Numerical case study building and floor motion records 

The suspended piping system considered in this study was assumed to be suspended from 

the top floor of a two-dimensional three-story steel moment-resisting framed building. The 

case study building was adapted from the FEMA 440 document (2005) and was 

characterized by brittle beam-column joint connections typical of the pre-Northridge 

earthquake seismic designs. The structural system is composed of three bays in the north-

south direction (selected for this study) and six bays in the east-west direction, the 

fundamental period of the building is equal to 0.79 s. Figure 4 illustrates the case study 

building, which was modeled using the software Opensees 3.2.2 (McKenna et al., 2010). 

Further details on the case study building and modeling assumptions are reported in Chalarca 

et al. (2020). 

(a) (b) 

497
3ECEES, September 2022, Bucharest, Romania



 

Fig. 4 Case study building. 

The case study building was subjected to nonlinear time-history analyses using the FEMA 

P695 (2009) far-field ground motions set. This ground motions set is composed of 22 pairs 

of historical horizontal ground motions (44 individual records) that represent the seismicity 

of the western United States. The vertical components of the FEMA P695 far-field ground 

motions set were not considered for the analysis of the case study building. The records were 

scaled to two intensity levels based on the median spectral acceleration at a period of one 

second matching the ASCE 7-16 (2017) design earthquake (DE) and maximum considered 

earthquake (MCE) spectra for the city of Los Angeles (US) with a soil type Dmax. Figure 5 

shows the acceleration spectra of the FEMA P695 far-field ground motion set, and the target 

spectra used to scale the records. The horizontal top floor acceleration time-histories were 

retained for those records that did not cause the collapse of the building (44 records for DE 

intensity level and 40 records for MCE intensity level) and were used as the seismic input 

for the design of the restraint systems of the suspended piping. Figure 6 shows the 

acceleration and displacement spectra of the top floor motions at DE intensity level. 

 

Fig. 5 Absolute acceleration response spectra using 5% damping of the FEMA P695 far-field ground motion 

set and ASCE 7-16 design acceleration spectra. 
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Fig. 6 Top floor absolute acceleration and relative displacement spectra using 5% damping at DE intensity 

level. 

4. Seismic design of conventional and braceless seismic restraint systems. 

Both seismic restraints for suspended piping systems were designed following the direct 

displacement-based design proposed by Filiatrault et al. (2018). This procedure assumes an 

elastic SDoF system characterized by an equivalent secant stiffness, secant period, and 

equivalent viscous damping computed from the nonlinear response of the restraint system at 

the target displacement, allowing the calculation of a tributary seismic mass for an individual 

restraint support and hence, the total number of seismic restraints needed for the suspended 

piping system. Based on the recommendations of the New Zealand Standard NZS 4219:2009 

(2009), a target displacement of 50 mm was selected as the maximum allowable 

displacement under the design earthquake to avoid contact with neighboring nonstructural 

and/or structural elements. The floor motions set obtained from the case study building 

analyses at the DE intensity level was used to complete the seismic design. The design 

procedure can be summarized as follows: 

1. Assume the target displacement (i.e., 50 mm for this study). 

2. Calculate the equivalent damping of the restraint system (𝜉𝑒𝑞) at the target displacement. 

Merino et al. (2021) suggested the following equation for the equivalent damping of the 

transverse braced channel trapeze: 

𝜉𝑒𝑞 =
1.5

𝜋
(1 −

0.0025

𝜃𝑡𝑔
)

7.5

 
(1) 

 

where 𝜃𝑡𝑔 is the drift of the transverse braced channel trapeze, defined as the lateral 

displacement of the trapeze (i.e., the target displacement) divided by the drop height of the 

trapeze. On the other hand, the equivalent damping of the braceless seismic restraint was 
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calculated using the classic equivalent viscous damping proposed by Jacobsen (1930, 1960) 

given by:  

𝜉𝑒𝑞 =
1

4𝜋

𝐸𝑣𝑑
𝐸𝑒𝑠

 
(2) 

 

where 𝐸𝑣𝑑 is the energy dissipated in one cycle of the hysteresis loop, and 𝐸𝑒𝑠 is the 

recoverable elastic strain energy of the system. 

 

3. Compute the equivalent period (𝑇𝑒𝑞) using the target displacement from the design floor 

displacement spectrum (see Figure 6) calculated for the computed equivalent damping. 

4. Calculate the equivalent stiffness (𝑘𝑒𝑞) using the target displacement and the backbone 

curve of the hysteresis model (see Figures 2 (b) and 3 (b)). 

5. Compute the tributary seismic mass based on the equivalent period and equivalent 

stiffness of the restraint system. 

The transverse braced channel trapeze used in this study was characterized by a channel size 

equal to 41 mm, a distance from the ceiling to the horizontal channel and length of the 

horizontal channel equal to 800 mm. The transverse braced channel trapeze was represented 

by a single-degree-of-freedom (SDoF) system. The properties of the equivalent SDoF 

system were obtained from Merino et al. (2021). Table 1 reports the properties obtained from 

the seismic design of the transverse braced channel trapeze. 

The braceless seismic restraint used in this study was composed of two vertical hangers 

characterized by a length equal to 800 mm, a section modulus equal to 31791 mm3, a yield 

strength of 0.21 kN/mm2, and an elastic modulus equal to 200 kN/mm2. In order to avoid an 

inelastic response of the vertical hanger, the hysteretic damper was designed with an 

equivalent activation force equal to 70% of the flexural yielding force of the vertical hangers 

(i.e., 5.8 kN) and an initial stiffness equal to 1.4 kN/mm. Table 1 reports the properties 

obtained from the seismic design of the braceless seismic restraint. 

Table 1. Seismic design properties of the evaluated restraint systems. 

Restraint system 

Target 

displacement 

(mm) 

Equivalent 

damping 

(%) 

Equivalent 

period 

(s) 

Equivalent 

stiffness 

(kN/mm) 

Seismic 

weight 

(kN) 

Transverse braced 

channel trapeze 
50 35.15 0.453 0.125 6.37 

Braceless seismic 

restraint 
50 58.18 0.537 0.116 8.31 

The seismic design of both restraint systems showed that for a target displacement of 50 mm, 

the braceless seismic restraint is able to carry 1.3 times (i.e., 8.31 kN/6.37 kN) more tributary 

seismic mass per individual support compared to the conventional transverse braced channel 

trapeze. This increment of the allowed tributary seismic mass represents a larger spacing 

between restraints or a smaller number of restraints for a given suspended piping length. 

4. Numerical results 

Although the seismic design of the restraint systems demonstrated the advantage of using 

the braceless seismic restraint compared to the transverse braced channel trapeze, it is still 
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necessary to corroborate the seismic response of the proposed restraint system, evaluating 

the peak and residual displacement the system exhibits during actual seismic events. To do 

so, both restraint systems were modeled using the software Opensees 3.2.2 (McKenna et al., 

2010) and loaded with the corresponding tributary seismic mass obtained from the design 

process (see Table 1). The transverse braced channel trapeze was modeled as a SDoF system 

following the model proposed by Merino et al. (2021). On the other hand, the braceless 

seismic restraint was modeled using elastic frame elements, simulating the horizontal 

element that supports the pipes and the vertical hangers, the latter were connected to zero-

length spring elements, which correspond to the rotational hysteretic dampers. The 

numerical models were subjected to nonlinear time-history analyses using two floor motions 

sets, corresponding to the DE and MCE intensity levels, respectively, as discussed in Section 

3. The peak and residual displacements were retained for each floor motion and median 

values were computed for the two considered seismic intensities. Figure 7 shows the 

horizontal displacement time-history of floor motions 01 and 04 at DE intensity level of the 

transverse braced channel trapeze and the braceless seismic restraint. Despite carrying 1.3 

times the seismic weight of the conventional transverse braced channel trapeze, the proposed 

braceless seismic restraint exhibits smaller peak and residual displacements, as well as a 

shorter strong vibration duration. 

 

Figure 7 Horizontal displacement response time-history of floor motions 01 and 04, respectively, at DE 

intensity level of both restraint systems. 

Figure 8 shows the peak displacements of the evaluated restraint systems subjected to the 

DE and MCE intensity levels. The results corroborate the capabilities of the proposed braceless 

seismic restraint, exhibiting median peak displacements smaller than those of the transverse 

braced channel trapeze in both intensity levels. Additionally, the braceless seismic restraint 

presented smaller median residual displacements at both intensity levels (i.e., 9 and 15 mm for 

the DE and MCE intensity levels, respectively) compared to those of the transverse braced 

channel trapeze (i.e., 16 and 25 mm for the DE and MCE intensity levels, respectively). The 

small residual displacement is favored by the pendulum-like behavior of the braceless seismic 

restraint. 
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Fig. 8 Peak displacements and median peak displacements plus-minus one standard deviation of the 

evaluated restraint systems under DE and MCE intensity levels. 

4. Conclusions 

Suspended nonstructural elements represent a key component of the seismic performance 

assessment of a building. Traditionally, the seismic resisting system of these nonstructural 

elements has been composed of bracing elements that provide lateral strength, reducing the 

lateral displacements of the system. However, the lateral forces generated at such elements 

can cause an inelastic response of the restraint element, causing permanent deformations and 

inducing damage to the restraint system and the suspended element, especially at high 

seismic intensities. A braceless seismic restraint for suspended nonstructural elements was 

explored in this study to increase the seismic performance of the restraint system. The 

proposed system is composed of two vertical hangers connected to rotational springs at the 

upper end that work as hysteretic dampers, the pipes are attached to a horizontal element that 

connects both vertical hangers at their bottom end. Due to its pendulum-like behavior, the 

system does not require any bracing, reducing thus the area necessary for its installation. The 

supplemental damping provided by the hysteretic dampers allows controlling the maximum 

response of the system with low, if any, induced damage or residual deformation. To 

corroborate the implementation of the braceless seismic restraint, a suspended piping system 

was assumed to be located at the top floor of a three-story steel moment-resisting framed 

case study building. Nonlinear time-history analyses were conducted to generate two sets of 

floor motions records, corresponding to the design and maximum considered earthquake 

intensity levels, respectively. A conventional transverse braced channel trapeze was used as 

a benchmark to compare the design properties and seismic response of the proposed 

braceless seismic restraint. Both restraint systems were designed using a direct 

displacement-based methodology and were subjected to nonlinear time-history analysis 

using the aforementioned floor motions sets. The results showed that for a given target 

displacement and seismic intensity level, the proposed braceless seismic restraint exhibited 

smaller median peak displacements and median residual displacements compared to the 
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conventional transverse braced channel trapeze. Additionally, the proposed braceless 

seismic restraint allowed a tributary seismic mass per individual support 1.3 times larger 

than that of the transverse braced channel trapeze, allowing larger spacing between restraint 

elements or reducing the total number of seismic restraints required for a given suspended 

piping system. Future research on the braceless seismic restraint will aim to the development 

of the rotational hysteretic damper, the displacement compatibility between transverse and 

longitudinal directions, and the consideration of vertical floor motions. 
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Abstract: Out-of-plane (OOP) wall collapse is one of the most common failure mechanisms 

in unreinforced masonry (URM) structures. Insufficient connections at wall-to-wall, wall-to-

floor or wall-to-roof levels are one of the main reasons for OOP failures. The seismic 

assessment of URM buildings with insufficient connections became of high relevance. In 

particular, cavity walls are widely used in many regions, such as Central and Northern 

Europe, Australia, New Zealand, China, and Groningen in the Netherlands. Defining thus 

the behaviour of such connections is of prime importance to understand the overall response 

of URM buildings.  

This paper is about an experimental campaign conducted at the BuildinG laboratory of 

Hanze University of Applied Sciences on timber joist-masonry connections, reproducing 

cavity walls with timber joists in as-built condition. A total of six URM tests were 

performed, with varying configurations as: two different tie distributions, two pre-

compression levels and two different as-built connections. The tests aim at providing a 

complete characterization of the behaviour of the timber-joist cavity-wall connections under 

axial cyclic loading with special attention on the developed failure mechanism and the 

definition of force-displacement curves for each group of tests performed. The experimental 

results show that cohesion and friction between joist and masonry are important parameters 

in terms of the governing failure mechanism, whether it is a joist-sliding or rocking failure.  

Keywords: Unreinforced masonry, Cavity walls, Timber joist, Connections, Quasi-static 

tests, Earthquakes. 

1. Introduction 

Out-of-plane failure mechanisms in URM structures often originate from insufficient 

structural wall properties and poor connections at wall-to-wall, wall-to-floor and wall-to-

foundation levels. It is crucial to ensure the so-called “box-behaviour” to prevent damages 

and collapses in URM structures. Until now, little research has been carried out to 

characterize the seismic behaviour of connections between structural elements, particularly 

for cavity wall in which timber floor is inserted on the inner wall pocket with a friction-

based or hook-anchor connection. 
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Cavity walls are widely used for unreinforced masonry structures in many countries all 

over the world, especially for residential constructions. In this study, the considered cavity 

wall consists of an inner load-bearing wall made of calcium silicate brick and an outer 

veneer made of solid or perforated clay brick separated by a cavity, with metal ties 

connecting the inner load-bearing leaf and the outer veneer. Timber floor or roof is one of 

the most common horizontal diaphragms in URM buildings (Solarino et al., 2019). The 

common way to connect timber floor joists to masonry walls is by simply inserting the 

joists in pockets in the masonry, which is based on a friction mechanism. However, in 

some countries such as the Netherlands, L-shaped hook anchor is used between timber joist 

and masonry wall in as-built condition. The study reported in this paper is part of an 

extensive experimental campaign that included as-built and strengthened conditions aims 

at providing a complete characterization of the behaviour of the timber-joist cavity-wall 

connections under axial cyclic loading.  

An experimental investigation was performed on different timber joist-masonry wall 

connections in one leaf and solid walls based on construction practises from the 

Netherlands, particularly Groningen. The study aimed at evaluating the response on wallets 

under quasi-static and dynamic loading in terms of stiffness, strength and failure modes 

(Mirra, 2019). A total of seven configurations were studied, of which two configurations 

represented as-built timber-masonry connections, namely mortar pocket and hook anchor, 

while the rest five configurations were strengthened. It was found that the applied 

retrofitting solution is increased the force capacity of the wallets.  

Considering the experimental study already described in the literature, there is a lack of 

information on the seismic behaviour of the timber-joist cavity-wall connections. In order 

to fill these gaps, an experimental campaign has been carried out at the Hanze University 

of Applied Science to provide a complete characterization of the axial behaviour of timber-

joist connections in cavity walls. Section 2 describes the sample geometry, the test-setup, 

and the adopted testing protocol. Section 3 presents the test results with special attention to 

the developed failure mechanism and the definition of force-displacement curves for each 

group of tests performed.  

2. Test programme and Methodology 

2.1. Test Specimens 

All wallets tested in this study were constructed on a steel beam by an experienced mason 

to ensure the best possible quality control. Each specimen consisted of a cavity wall with 

metal ties and a timber joist laid in the inner leaf of the wall. The specimens were built in 

the BuildinG laboratory. The cavity wall is composed of an outer load-bearing leaf and an 

inner non-loadbearing leaf, with an 80mm cavity. The inner leaf was nominally 1030 mm 

high, 930 mm wide, while the outer leaf was approximately 950 mm high and 930 mm 

wide. Both leaves had a thickness of 100 mm. A timber joist with a size of 55x155 mm and 

a total length of 1600 mm long was placed in the CS leaf (Figure 1). 
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(a) (b) 

Figure 1. The wallets during construction (a) and specimen geometry (b) 

L-shaped ties with a diameter of 3.6 mm and a total length of 200 mm were embedded 

between two bricks in the mortar joint. The embedment length was different at each end of 

the tie: the zigzag-end was embedded for a length of 50 mm, whereas the hooked-ends 

were embedded for a length of 70 mm. A timber joist was inserted into the calcium silicate 

(CS) leaf in order to achieve a more realistic representation in terms of the boundary 

conditions, the location of the mass and inertia. Two different connections were used, 

namely simply supported timber joist and timber joist with hook anchor. The former one 

entirely consists of timber joists supported in the masonry pocket of the load-bearing wall. 

The latter is provided by a 14-mm-diameter L-shaped steel anchor, fastened to the timber 

joist by three screws and passed through the outer side of the inner wall, bearing against it. 

The details of the cavity wall tie and hook anchor can be seen in Figure 2b and Figure 2c, 

respectively. 
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(a) 

  

(b) (c) 

Figure 2. Connection details: the view of the external side of the inner wall (a), cavity wall tie connection (b) 

and hook anchor connection (c) 

Two different levels of pre-compression were applied to the walls, which are 0.1 MPa and 

0.3 MPa. The applied pre-compression levels were considered representative of a cavity 

wall at the first and second levels of a typical URM residential building. Six URM wallets 

were performed, and each one was with a different configuration. The configurations of the 

six wallets are presented in Table 1. Each configuration is tested with and without a hook 

anchor.  

 

Table 1. Test wall configurations for the unstrengthened specimens 

 

Wallet Hook anchor Ties/m2 [-] σVO [MPa] 

J1 - 2  0.1 

J2 √ 2  0.1 

J3 - 4  0.1 
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J4 √ 4 0.1 

J5 - 4 0.3 

J6 √ 4 0.3 

2.2. Test Setup 

The wallet specimens were tested on an out-of-plane test setup at the BuildinG laboratory. 

The test setup was composed of a stiff reaction frame, two air bellows and an actuator. The 

reaction frame consisted of steel HEB-profile members with a width of 2250 mm, a depth 

of 2250 mm, and a height of 1900 mm. In order to restrain the specimen to the frame, a 

bottom steel plate was used. The specimens were built on the steel beam. Twenty-eight 

days after casting, the bottom steel plate was bolted to the two carriers on the legs of the 

frame. The specimens were subjected to vertical precompression via two air bellows to 

simulate the effect of loadbearing walls acting on the masonry structure. A vertical dead 

load of 100kg is applied to the joist's middle to simulate the self-weight of the portion of 

the floor supported by the joist (Figure 3a). 

The specimens were loaded via the joist with the electric actuator, which has a capacity of 

tension/compression of 30 kN, integrated with a data acquisition system. The actuator was 

positioned over the joist and was aligned horizontally along the joist’s centreline axis, 

thanks to the tooling configuration. The free end of the joist was connected to the actuator, 

allowing for the transfer of the applied load in the uniaxial direction of the joist through the 

pressure apparat (Figure 3b). Potentiometers were used to measure the absolute 

displacement of the inner and outer leaves. LVDT’s were used to obtained the relative 

displacement between the CS leaf and joist.  

  

(a) (b) 

Figure 3 – Testing setup: an overview of setup (a) and schematic representation of tooling configuration for 

connecting the actuator to joist (b) 

2.3. Loading protocol 

The specimens are subjected to a quasi-static reversed-cyclic according to Method B of the 

ASTM standard (2019), originally developed for ISO 16670 (2003). A displacement-

controlled procedure was applied. In order to the ultimate displacement for the reference 

deformation of the test, a monotonic test needs to be conducted. However, Mirra (2019) 

conducted a monotonic test on one leaf masonry wall with timber joist to study its ultimate 
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capacity. Hence, the reference deformation of the cyclic test in this study was derived from 

the monotonic test conducted by Mirra (2019). The loading protocol consists of three fully 

reserved cycles at displacement ranged from 1.25% to 280%. The loading rate was set at 3 

mm/s.  

3. Test results 

3.1. Failure mechanisms  

The specimens exhibited a joist-sliding failure mechanism under both configurations since 

the joist-masonry connection is weak. The failure mechanism is characterised by the joist 

sliding, causing diagonal cracks propagating from the joist. When the specimens were built 

with unstrengthened connections, a local out-of-plane failure mechanism is expected to 

occur. However, regarding the tested specimens, the diagonal cracks propagating from the 

joist are due to the bonding between the joist and the inner wall. On the other side, no 

damage was observed in the outer leaf since the connection between the joist and inner leaf 

is weak to transfer the load to the outer veneer among the cavity wall ties. The specimens 

with hook anchors showed higher displacements compared to that of the simply supported 

timber joist specimens in terms of out-of-plane deformations.  

3.2. Load-Displacement curves  

Based on the recorded data, force-displacement curves were generated, as presented in 

Figure 4. The relative displacement between the joist and wall are indicated on the 

horizontal axis of Figure 4. It is important to note that the positive displacement and force 

in these graphs correspond to the joist pull-out (henceforth called tension) direction of 

loading. Hence, the direction of pushing the joist towards the wall (henceforth called 

compression) indicates the negative displacement.  

  

J1 (σVO =0.1 MPa, simply supported) J2 (σVO =0.1 MPa, joist with hook anchor) 
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J3 (σVO =0.1 MPa, simply supported) J4 (σVO =0.1 MPa, joist with hook anchor) 

  

J5 (σVO =0.3 MPa, simply supported) J6 (σVO =0.3 MPa, joist with hook anchor) 

Figure 4 Hysteresis curves of the unstrengthened specimens  

 

The obtained force-displacement curves of neither the simply supported timber joist 

specimens nor the specimens with hook anchor are unsymmetrical with respect to tension 

and compression. The unsymmetrical behaviour is expected for the timber joist with hook 

anchor due to the contribution of connection depending on the loading direction. In 

tension, the joist may move together with the inner leaf due to the hook anchor as a stiff 

connection; conversely, when the joist moves toward the wall, there is only resistance due 

to the friction between timber and mortar. However, regarding the simply supported timber 

joist specimens, although frictional resistance governs the behaviour of the joist in both 

loading directions, an unsymmetrical behaviour may be observed. The reason why 

unsymmetrical curves obtained in this experimental campaign particularly for the simply 

supported timber joists is due to eccentricity. The way the vertical load was applied was 

not perfectly perpendicular to the top edge of the inner leaf due to its movement in the 

OOP direction, which produces transversal eccentricities of the vertical load over the 

thickness of the wall.  

Another important observation from the tests is that the joist was deforming during the 

experiment due to the overturning of the inner leaf and the sliding of the joist in the pocket, 

as shown in Figure 5. The overturning determines either uplift or a lowering of the contact 

point between the joist and the masonry. The sliding can further modify the height of that 

point. Since the other extreme of the joist is fixed in the testing machine, and cannot 

displace vertically, the joist deforms, introducing in this way an additional shear force due 

to the flexural and shear stiffness of the joist. 
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Figure 5. Vertical deformation of joist at the embedded edge  

 

Regarding Specimens J1, J3 and J5, as seen in Figure 4a, Figure 4c and Figure 4e, 

respectively, the hysteresis curve is unsymmetrical related to the eccentricities of the 

applied vertical load, as mentioned. The peak force is observed in the initial linear elastic 

stage, and the post-peak is characterised by softening. It is easy to recognise that a plastic 

plateau occurs towards the end of the loading cycle, which is rather symmetric, relying on 

friction mechanisms associated with the joist inserted on the inner wall pocket. These 

remarks show that the plastic state is characterised by sliding of the joist without the 

rocking behaviour of the inner wall, hence, without the additional shear force since there is 

no uplift or lowering of the contact point between the joist and the masonry. Therefore, the 

friction coefficient is computed based on the last cycles of loading at the plastic plateau for 

both loading directions, and it results equal to a value of 0.6.  

The coefficient of friction of 0.6 is deemed appropriate for the contact surface, which is in 

between timber and mortar, as largely determined by several studies in the literature 

(Almeida et al., 2020; Lin & LaFave, 2012; Mirra, 2019). It should be noted that the 

coefficient of friction for the rest of the specimens is set to a friction coefficient equal to 

0.6 since the simply supported timber joist specimens are based on frictional capacity.  

All the specimens with anchor hooks (J2, J4 and J6) show an unsymmetrical behaviour of 

the hysteresis curve due to the anchor depending on the load direction (Figure 4). 

Therefore, the capacity of the connection in tension is higher than the peak force in 

compression since the masoned-in anchor increases the capacity when the joist moves 

away from the wall. Regarding Specimen J2, in compression, after an initial linear elastic 

behaviour, the capacity curve provides a plateau with a slight hardening up until the anchor 

has touched. Then a drastic hardening curve, as highlighted in blue in Figure 6a, is entered 

since the masoned-in anchor touched the outer veneer, which prevents the joist movement. 

After the masoned-in anchor touched the outer veneer, a higher displacement can be seen 

at the middle and top levels of the outer wall (Figure 6b). Another important observation 

from these figures is that the determined friction coefficient from the simply supported 
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timber joist specimens is in line with the timber joist with hook anchor specimens which 

can be seen from the plastic plateau of Figure 6. 

 

 

(a) (b) 

Figure 6 Hysteresis loop of force versus relative displacement between joist and inner wall for Specimen J2 

(a) and OOP displacement at middle of inner and outer leaves for the corresponding cycles (b). 

4. Conclusions  

The paper presents the preliminary results of an experimental campaign that consists of 

quasi-static cyclic tests performed on as-built timber-joist cavity-wall specimens. The 

results presented in this study are part of an ongoing investigation aiming at providing a 

complete characterization of the behaviour of the timber-joist cavity-wall connections 

under axial cyclic loading. 

The considered variations had negligible influence since the sliding of the joist within the 

masonry pocket is the governing failure mechanism. The failure mechanism is 

characterised by the cohesion and the friction between the joist and masonry. Hence, the 

diagonal cracks propagating from the joist in the shape of punching shear is due to the 

bonding between the joist and masonry wall. Comparing the results obtained from the hook 

anchor specimens in tension and compression, the significantly higher resistance observed 

in tension is due to the hook anchor, which acts only in tension as a stiff connection. 

The unsymmetrical behaviour obtained from the simply supported specimens is due to the 

test setup causing eccentric overburden when the specimens move in the OOP direction. 

Another important observation from the experiment is the additional shear force in the 

joist, leading to nonlinearity. However, the additional forces in both cases can be computed 

using already available mechanical models.  
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Abstract: Reinforced concrete walls are a frequently used earthquake resisting structural 

system. When they are coupled only by slabs without coupling beams, they are considered 

cantilever walls. During the past earthquakes, several buildings with such walls were 

severely damaged and responded differently than it was assumed during the design. In this 

paper, a preliminary parametric study to analyse the main parameters influencing the 

seismic response of RC walls coupled only by slabs and their complex interaction is 

presented. The main parameters studied included the dimensions of the walls' cross-section 

and the height of the walls, the size of the openings between the walls, the slabs' effective 

width, the strength of the slabs and walls. The study confirmed that considerable coupling of 

walls could be provided only by slabs, particularly when significant effective width of the 

slabs was engaged. Consequently, significant axial forces were developed in walls, causing 

a considerable redistribution of seismic demand between the wall piers. 

Keywords: RC walls, RC slabs, coupling, nonlinear analysis, seismic performance 

1. Introduction 

Reinforced concrete walls are one of the most frequently used lateral load resisting systems 

in medium to high-rise buildings. If properly designed, they can withstand considerable 

seismic loads. However, during the past earthquakes in Chile in 2010 and New Zealand in 

2011, several such buildings exhibited severe and unexpected types of damage (Boroschek 

et al. (2014); Massone (2013); Elwood et al., (2014)). In some buildings, even brittle 

failure of structural walls was observed.  

This has increased research interest in the seismic response of RC walls. Several studies 

(Zhang et al. (2017); Ugalde et al. (2019)) have been devoted to buildings similar to those 

severely damaged during the past earthquakes. It was found that the observed damage was 

often related to the seismic demand, which was considerably different from that estimated 

during the design.  

RC walls, coupled only by slabs, are typically analysed and designed as cantilever walls, 

assuming that the flexural stiffness and the flexural strength of slabs are small and cannot 

provide considerable coupling of walls. The slabs are typically modelled as rigid 

diaphragms providing the rigid connection between walls only in their horizontal plane. 

This model was established based on the analytical studies of Coull and Choudhury 

(1967); Qadeer and Stafford Smith (1969) and experimental studies of Schwaighofer and 

Collins (1977); Paulay and Taylor (1981).  

However, several recently performed experiments put into question the appropriateness of 

such assumptions. For example, experimental and analytical studies of Panagiotou et al. 
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(2011) and Nagae et al. (2011) clearly demonstrated that the slabs without coupling beams 

can provide considerable coupling of RC walls. 

The influence of the slabs on the seismic response of RC wall buildings was also studied 

by Zhang et al. (2017) and Ugalde et al. (2019) on existing wall buildings using three-

dimensional nonlinear models. Based on extensive numerical analyses, the flexural and 

shear stiffness of the slab were highlighted as the key parameters influencing overall 

response of RC walls.  

The latest experimental investigation conducted within the European project HORIZON 

2020 SERA-TA, which was focused on the response of rectangular RC walls connected 

only by slabs, clearly demonstrated the ability of the slab to strongly couple RC walls 

Isaković et al. (2020); Isaković et al. (2021).  

Ramos and Hube (2021) studied the seismic response of a RC structural wall building with 

coupling slabs using linear and nonlinear three-dimensional models. Based on the results, 

they highlighted that the shear forces transferred through the slabs caused a significant 

variation of the axial forces and redistribution of the seismic demand in wall piers. The 

bending moments and shear forces in wall pier subjected to compression were up to 5 

times larger than those in the wall pier subjected to tension. The strength capacity of the 

building was 20 % larger when the reinforcement in the slabs was increased three times. 

However, the deformation capacity of the building was decreased for 20 %.  

In the paper, a systematic parametric study of the complex interaction between the slabs 

and RC wall piers is presented. The nonlinear pushover analysis was used to study and 

identify most important parameters influencing this interaction. The outline of the case 

studies is presented in Section 2, which includes the description of the analysed structures 

and the used numerical models. The results of the study are summarised in Section 3. 

2. Descriptions of the analysed structures and their numerical models 

2.1. Wall geometry, loading and materials 

The floor plan of the analysed building is presented in Fig. 1a. The considered structure 

represents a RC shear wall building where two rows of apartments are connected by a 

corridor. In this preliminary study only the rectangular walls without flanges were 

analysed. The study was performed considering the building segment hatched in Fig. 1a, 

which includes two adjacent rectangular walls connected only by RC slab. The side view 

of the analysed segment is presented in Figure 1b.  

The analysed parameters are summarised in Table 1. The number of stories of building (the 

height of the building) were 5, 10 and 15. In all cases the story height of 3 m was 

considered. The height of the wall cross-section was varied between 2 and 6 meters, as 

specified in Table 1. The wall to floor area ratio was in the range 1.5 % to 2.5 %. The 

thickness of all considered walls was 300 mm. In all cases the vertical loading of 10 kN/m2 

was considered. Two different lengths of openings between wall piers were taken into 

account (1 m and 2 m). In all buildings the thickness of the slabs was 200 mm. The 

effective width was varied in the range from 1 to 7 m. The maximum effective width 

corresponded to the total span width (according to the observation of the recent 

experiments – Kabeyasawa et al. (2017); Isaković et al. (2020); Isaković et al. (2021)). 

It was assumed that concrete compressive strength was 30 MPa and reinforcement yield 

strength equal to 500 MPa. 

515
3ECEES, September 2022, Bucharest, Romania



  
(a) (b) 

Fig. 1 - (a) Plan view of case study building and (b) side view of the simplified model 

Table 1. Parameters considered  

Building 

The 

number 

of 

stories 

N 

The 

story 

height 

H 

The 

height of 

the wall 

cross-

section 

Hw 

The 

width 

of the 

wall 

Bw  

Wall 

to 

floor 

area 

ratio 

Aw/Af 

Floor 

area  

Af 

Vertical 

loading 

g 

Length of 

the opening 

between 

adjacent 

walls  

Lo 

Slab 

effective 

width 

beff 

Slab 

thickness 

t 

  m m m % m² kN/m² m m m 

1 
5 

3 

2 

0.3 

1.5 
40 

10 1-2 1-7 0.2 

2 4 80 

3 

10 

2 

2 

30 

4 4 60 

5 6 90 

6 
15 

4 
2.5 

48 

7 6 72 

2.2. Wall design 

According to the requirements of EC8 (2004) the walls were designed as cantilever walls, 

considering a behaviour factor q = 3. Medium ductility class (DCM) provisions were taken 

into account. The longitudinal reinforcement of walls is summarised in Table 2, where 

three reinforcement level R1-R3 refers to bottom, middle and top third of wall height. All 

walls were analysed by means of the modal response spectrum analysis (MA). The design 

acceleration spectrum type 1 corresponding to the ground type C was taken into account. 

The considered PGA was 0.25 g. The reinforcement of the slabs was designed considering 

gravity load only. Two layers of reinforcing meshes providing 5.24 cm2/m were used for 

the top and the bottom reinforcement in slabs. This amounts to reinforcement ratio 0.26 %.  

Table 2. Walls longitudinal reinforcement  

Building R1 R2 R3 

 % % % 

1 0.34 0.29 0.29 

2 0.32 0.30 0.28 

3 0.34 0.29 0.29 

4 0.33 0.30 0.25 

5 0.29 0.26 0.24 

6 0.34 0.29 0.25 

7 0.29 0.26 0.24 
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2.3. Modelling and analysis 

Nonlinear pushover analyses were performed in OpenSees (McKenna et al. (2010)). The 

walls were modelled using MVLEM (Fischinger et al. (2004); Isaković and Fischinger 

(2019)). Response of the vertical springs in MVLEM was modelled using 

VertSpringType2 uniaxial material (Kante, (2005)).  

Nonlinear response of the slabs was modelled using nonlinear beam-column elements with 

concentrated plasticity. The response of plastic hinges was defined using Takeda (1970) 

hysteretic rules. The four-linear moment-rotation relationship of the plastic hinges was 

adopted. The moment-rotation envelopes were determined in accordance with the 

requirements of the Eurocode 8/3 (2005). Masses and forces representing gravity load were 

discretised at each story. Mean materials' strengths were considered (mean concrete 

compressive strength and reinforcement yield strength were 38 and 575 MPa, 

respectively). 

3. Main results of the parametric study 

The N2 method (Fajfar, (2000)) was used to estimate the inelastic behaviour of analysed 

walls. One of the basic parameters, which influenced the response, was the level of walls' 

coupling. It was defined as the ratio of the overturning moment resisted by the frame action 

and the total overturning moment in the building.  

3.1. Level of coupling 

The estimated level of coupling provided by the slabs is summarised in Fig. 2. Coupling 

level is presented depending on the number of stories (N), height of wall cross-section 

(Hw), length of the opening between wall piers (Lo) and the effective width of the slab 

(beff).  

The effective width of the slab was the most important parameter influencing the level of 

coupling. For the buildings with the smallest effective width of the slab, the estimated level 

of coupling was relatively small and less than limit value prescribed by the Eurocode 8/1 

(2005) for coupled walls. For buildings with effective width of 3 m, the limit value of 25 % 

was exceeded in most of the cases.  

The largest level of coupling was observed in cases with the smallest walls' cross-section 

height and with the smallest width of the openings.  

The influence of the number of stories to the coupling level was less important. Larger 

number of storeys (higher building) required larger flexural capacity of walls. The flexural 

capacity of walls was increased proportionally to the increase of the overturning moment. 

Consequently, the coupling level was not considerably changed. 

It is interesting to observe that coupling in high structures with small effective width is 

quite low. This is due to high displacement demand for the structure, which increases 

flexural and ductility demand on the slabs. The capacity of the slabs is in such cases 

exceeded and slabs experience degradation starting at the top of the structure, before all 

slabs can fully activate. This limits the amount of coupling that can be provided. 
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Fig. 2 - Level of the coupling 

3.2. Redistribution of the seismic demand between the walls 

The presented parametric study confirmed that the seismic demand can be significantly 

redistributed between wall piers and slabs (comparing to the results of elastic analysis). 

The variations of the axial forces in the walls at different coupling levels is presented in 

Fig. 3. The normalised axial forces (NAF) in Fig. 3 is defined as the ratio of the axial 

forces due the seismic load, and axial forces due to gravity load.  

The axial forces at the base of the wall piers due to seismic load are equal to the sum of the 

shear forces in the slabs. When the flexural hinges are formed in slabs (assuming that the 

flexural response of the slabs is critical), the maximum possible shear forces in the slabs 

and extreme values of axial forces in walls develop. Thus, it can be concluded that they 

primarily depend on the flexural strength of the slabs. If this strength is small, the variation 

of the axial forces in walls is small, and consequently, the overturning moment resisted by 

the frame action and coupling level are also small. Contrary, when the considerable 

bending moments can develop in the slabs (e.g. due to the considerable effective width), 

the coupling level can be significant.  

The considerable variations of the axial forces in wall piers can cause significant 

redistribution of the shear and bending demand in wall piers. The stiffness and the strength 

of the wall subjected to compression axial forces can be considerably larger than that of the 

wall subjected to tensile axial forces induced by the seismic load. Consequently, the shear 

and bending demand in wall piers subjected to compression forces can substantially 

increase when the coupling level is strong. The ratio of the shear forces and bending 

moments in the wall piers subjected to tensile and compressive axial forces caused by the 

seismic load are presented in Figs 4b – 4c. At the large coupling level the shear forces and 

bending moments in wall piers which are subjected to compression due to seismic loads 

can be up to 5 times larger than for piers in tension. Similar trends were observed within 

the study of Aktan and Bertero (1984). They tested a subassembly of two rectangular walls 

coupled by slab and observed that the compressed wall resisted 90 % of the total base 

shear. 
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Fig. 3. Normalized axial forces induced to the walls by the seismic load 

  

(a) (b) 

Fig. 4 – Ratio of the a) shear forces (V) and b) bending moments (M) in walls subjected to tensile (T) and 

compressive (C) axial forces due to the seismic load 

3.3. Slab to wall strength ratio and the damage of the structure 

The type of damage in analysed structures primarily depended on the ratio of the strength 

and of the stiffness of walls and slabs. The basic design assumption that the slabs cannot 

provide the significant coupling of walls was confirmed in cases where the effective width 

of the slab was relatively small (<15 % of the total span between walls). In case of 

effective width 1 m, this holds for all considered cases, whereas in the case of effective 

width 3 m, this only holds in case of tall structures (>10 floors), and long walls (Hw = 6 

m). At smaller coupling level (less than 25 %) and the smaller slab to wall strength ratio 

(less than 0.01) the plastic hinges occurred in the slabs first. All these cases are marked in 

Fig. 5 by red circles.  

On the contrary, in buildings where the larger effective width of the slabs was considered 

and the coupling level was more significant, the damage occurred in the walls first. The 

bending moment demand in the slabs was significant, but it was resisted by their relatively 

large flexural strength. Actual flexural resistance of slabs was significantly larger than it is 

usually assumed in the design. These cases are represented by crosses in Fig. 5.  
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Fig. 5 – Slab to wall strength ratio and the damage of the structures 

4. Conclusions 

The preliminary parametric study of the seismic response of RC rectangular walls linked 

by RC slabs was performed. The response and the coupling level of the rectangular walls 

was analysed using the pushover based N2 method.  

In some cases, the coupling level was exceptionally and unexpectedly large (up to 70%). 

The most important parameter influencing the coupling level was the effective width of the 

slab. When it was increased to the total span between walls (as observed in some 

experiments), the coupling level was almost tripled in some cases. In general, the increase 

of the height of the wall cross-section and the increase of the width of openings between 

walls reduced the coupling level.   

The axial demand in walls due to the seismic load was significantly influenced by the 

coupling level and the effective width of slabs. When the degree of coupling was 

significant, the axial forces in some walls induced by the seismic load were greater than the 

axial forces due to the gravity load. In such cases, the shear and flexural demand was 

considerably redistributed between wall piers. The bending moments and shear forces in 

the walls subjected to compressive axial forces were up to 5 times larger than in the walls 

subjected to tensile forces induced by the seismic load. This redistribution of the demand 

in walls occurred due to the variable stiffness and strength of walls caused by the variable 

axial forces. The amount of redistribution depended primarily on the coupling level. 

Slab to wall strength ratio was an important parameter that controlled the type of the 

damage in the structure. In all cases where the effective width of the slab was relatively 

small (smaller coupling level) the plastic hinges occurred in the slabs first. In other cases, 

where the coupling level was more than 25 % (the larger effective width of the slabs) the 

walls were damaged before slabs, which resisted considerably bending moments. 
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Abstract: The construction of dry-joint brick masonry that is subject to seismic loading can 
be modelled as a strategy problem wherein bricks must be laid to form a load resisting 
structure. To learn how to mount bricks while considering relevant engineering criteria, this 
paper trains an artificial intelligence using a reinforcement learning approach. Here, we 
created a simulation environment wherein an agent assembles bricks to receive rewards based 
on the measured force capacity of the dry-joint brick masonry and the geometry of the 
constructed wall in comparison with the target volume of the wall. The horizontal force 
capacity was assessed using kinematic analysis based on a rigid block modelling. This work 
shows that agents can learn construction strategies by finding optimum placements for the 
larger bricks to improve the earthquake resistance of masonry structures. 

Keywords: reinforcement learning, dry joint brick masonry wall, kinematics analysis, 
optimization 

1. Introduction 

Reinforcement learning, wherein a machine learns to perform a task to maximise a certain 
numerical reward, has shown great success in strategic control problems, such as video 
games, self-driving cars, and robotics [Stevens and Pradhan (2016)]. In this approach, an 
agent (e.g., robot, computer software) observes the current state of the environment (e.g., 
physical, computational) and learns how to take actions to modify the environment such that 
it receives a maximum numerical reward [Sutton and Barto (2018)]. Many problems in 
structural engineering can be interpreted as a strategy game, such as the construction of dry-
stack stone masonry (which stone to pick? where to place it?), and the application of 
reinforcement learning could produce rewards in terms of the strength and geometry of the 
wall. However, the application of reinforcement learning to structural engineering is still in 
its infancy. This paper investigates how the construction of a dry-stack stone masonry wall 
can be formulated as a reinforcement learning process and presents first results of brick 
masonry construction subjected to horizontal loads.  

Deep Q-learning (DQN) was first applied to masonry construction by Liu et al. (2018), who 
trained an agent to assemble irregular stones to form a 2D wall. Menezes et al. (2021) 
extended that work to 3D constructions. It was observed that the trained agent outperformed 
agents who used handcrafted features, which was cross-correlation between the evaluation 
map of current structure and the brick. However, both works assembled objects 
approximating a given shape while considering only the stability under gravity, while real 
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structures should be able to support not only their self-weight but also external loads in any 
direction.  

A robotic mason should be able to assemble bricks in a way that maximizes resistance in 
tests that evaluate the strength of masonry walls subjected to an earthquake. For this, the two 
most common tests are the tilting table test [Grillanda et al. (2021)] and the cantilever loading 
test [Lourenço et al. (2005)]. Therefore, in this paper, we built a simulation environment 
wherein a deep neural network learned how to assemble dry-joint masonry walls using the 
state of the environment to select the sequence of actions (e.g., brick placement) yielding the 
maximum rewards in terms of a limit analysis for both the tilting table and cantilever loading 
tests. After training, our agents were tested by building 1,000 walls, which were evaluated 
by three indices: filling ratio, load multiplier in tilting test, and load multiplier in cantilever 
loading test. 

2. Methods 

2.1 Brick wall construction task 

In the reinforcement learning framework, the agent (artificial intelligence) builds a wall 
multiple times in a computational environment and learns from the experiences. The 
construction of each wall is called an episode, each episode consists of a sequence of actions 
performed by the agent, and each action leads to a reward according to selected engineering 
criteria. Therefore, an agent observes the environment and the current state of the wall (e.g., 
partial construction) and chooses actions accordingly to maximize the reward. 

2.1.1 Actions 

During training for wall construction, the actions an agent can select are choosing the type 
of brick, rotating the chosen brick 90 degrees if necessary, and placing it in a selected 
position along the dimension 𝑥 . In the current study, we built a wall of dimensions 
200 × 200 × 50 mm using two kinds of available bricks, one sized 50 × 50 × 50  mm (type 
1) and one sized 100 × 50 × 50 mm (type 2). Furthermore, to reduce the computational cost 
of the problem, we discretized the 𝑥 dimension by a step of 50 mm, and calculated the 𝑦  
position directly in the simulator. A possible configuration observed during construction is 
shown in Figure 1a, where two type-2 bricks were placed horizontally, another type-2 brick 
was placed vertically, and a type-1 brick completed the first layer. Here, there are 12 possible 
next actions, which are listed in Table 1 and illustrated in Figure 1c. 

 
Fig. 1: A possible configuration for constructing a wall of size 200 × 200 × 50 mm. (a) A 3D view showing 

that the agent has placed four bricks; (b) The observation of the current environment; (c) Twelve actions that 
the agent can choose from for the next placement. 
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Table 1: The 12 possible next actions the agent can choose from to place the next brick for the construction 
problem illustrated in Figure 1. 

Action number Brick type rotation 𝑥  (mm) 
1 1 - 0 
2 1 - 50 
3 1 - 100 
4 1 - 150 
5 2 no 0 
6 2 no 50 
7 2 no 100 
8 2 no 150 
9 2 yes 0 

10 2 yes 50 
11 2 yes 100 
12 2 yes 150 

 

2.1.2 Observation format 

The construction state is represented by a 2 × 5 × 5 array. Two channels show the status of 
filling and of interlocking, as shown in Figure 1b. The first channel is a 4 × 4 grid that 
results from discretizing the total wall into uniform steps of 50 mm. Its values are binary, 
where 0 means that the grid is empty and 1 means that the grid is filled. The second 
channel is a 5 × 5 grid representing a front view of the wall discretized into intervals of 
25-50-50-50-25 mm in both dimensions. It takes integer values from 0 to 4, recording the 
number of brick corners in each grid. To match the shape of the first channel to that of the 
second channel, the first channel is padded with an extra row and extra column of zeros. 

2.1.3 Reward 

According to the selected design goal, we implemented two types of rewards, (i) the collapse 
tilting load obtained in a tilting test and (ii) the collapse load multiplier from the cantilever 
loading test. A rigid body model was used to calculate the reward: 

𝑟 = 𝜔 × 𝛼 + 𝛼 + 𝜔 × 𝜂 + 𝜂 ,                               (1) 

where 𝛼 and 𝜂 are the load multiplier obtained from the kinematic analysis (see section 2.3) 
and 𝜔  and 𝜔  are the weights used to normalize the rewards. The subscripts right and 
left refer to horizontal loading towards the right and left. 

An episode ends when one of the following criteria is met: 

-An action places a brick outside the wall. In this case, a penalty of -1 is given to the agent. 

-The wall volume is complete. In this case, the reward calculated by Equation 1 is given. 

Compared to existing reinforcement learning construction tasks [Bapst et al. (2019)], the 
challenge of this task is that the reward and penalty are given at the end of an episode. In 
other words, the agent only receives feedback of an action several steps later when the wall 
is complete. 

2.2 Deep Q-learning (DQN) agent 

DQN is a reinforcement learning technique originally proposed by Mnih et al. (2015) to 
achieve human-level performance in video games. In Q-learning, a value function evaluates 
the “goodness” of an action given the current environmental observation. Formally, the Q-
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value function gives the expectation of the reward that the agent can obtain from current step 
to the end of episode as: 

𝑄  =  Ε[𝑟 + 𝛾𝑟 + 𝛾 𝑟 + ⋯ ].                                   (2) 

Here, 𝑠 , 𝑎 , 𝑟  are the observation, action, and reward at step t, with 𝛾 being a discount 
factor that reduces rewards in the distant future. 

We want the agent to learn the policy 𝜋 leading to the optimal Q-function: 

𝑄 (𝑠, 𝑎)  =   max 𝐸[𝑟 + 𝛾𝑟 + 𝛾 𝑟 + ⋯ |𝑠 = 𝑠, 𝑎 = 𝑎, 𝜋|].        (3) 

The optimal Q-function is approximated via a neural network 𝑄(𝑠, 𝑎; 𝜃) with weights 𝜃, 
and the parameters 𝜃  can be obtained considering the following loss function: 

𝐿 (𝜃 )  =  𝐸 , , , 𝑦 − 𝑄(𝑠, 𝑎; 𝜃 ) .                                     (4) 

Here, 𝜃  represents the parameters of the Q-network at iteration 𝑖, and 𝑦 is the target Q-
value approximated by another network 𝑄(𝑠 , 𝑎 ; 𝜃 ): 

𝑦 = 𝑟 + 𝛾 max 𝑄(𝑠 , 𝑎 , 𝜃 ).                                          (5) 

Here, 𝑠 , 𝑎  are the next observation and the next action. 

In the current work, we used a convolutional neural network for both the Q-network and 
the target network, the architecture of which from input to output is shown in Figure 2. The 
input consists of a 2 × 5 × 5 array (see section 2.1.2) and passes through a 4-layer 
convolutional network, with each layer consisting of a 2D convolutional layer and a max 
pooling layer. The embedded flattened vector is then processed by three linear layers with 
ReLU non-linearity and an output layer to match the required output size. The architecture 
is inspired from the convolutional neural network agent used in Bapst et al. (2019). 

 

Fig. 2 – The architecture of the deep Q-learning (DQN) agent’s neural network. 

Herein, a replay memory is used to increase data efficiency. Furthermore, exploration and 
exploitation are balanced using the epsilon strategy, and the training stability is increased 
via separate target Q-networks [Mnih et al. (2015)]. Table 2 lists all hyper parameters 
employed in the developed approach. 

Table 2. Hyper parameters used to train the DQN agent. 
Hyper parameter Value 

Memory size 10,000 
Batch size 32 

Discount 𝛾  1 

Target network update frequency 1,000 
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Exploration 𝜀   1–0.1 

Learning rate 0.0001 
Exploration decay 0.9999 

 

2.3 Kinematic analysis 

For modelling masonry structures, we used the rigid block model, which is a type of 
discontinuous method that assumes bricks to be rigid and then models the interactions 
between them using contact laws. We implemented the rigid block formulation proposed by 
Portioli et al. (2021) and executed kinematic analyses to obtain the collapse load of the built 
wall for the tilting test and cantilever loading test. The friction coefficient used in all 
simulations was 0.58, and the unit weight was 18.0 kN/m3. For the tilting test simulation, we 
applied a horizontal live load 𝛼𝐺 to all the bricks as well as their self-weight 𝐺 as a dead 
load. To calculate the reward, we determined the maximal horizontal load multipliers in two 
opposite directions (left and right) (Eq. 1). For the cantilever loading test, we modelled a 
beam on top of the wall and applied a vertical force 𝑁 = 1.5 𝑘𝑁 as a dead load, 
corresponding to a compressive normal stress of 0.15 N/mm2. Then we calculated the 
structural collapse due to the horizontal force 𝜂𝑁 applied to the beam (in both directions). In 
the current study, 𝛼 and 𝜂 vary between [0,  0.58] and [0,  0.452], respectively. 

3. Results 

3.1 Training 

Here, three agents (Agent-Tilt, Agent-Cant, and Agent-Both) were trained to add bricks into 
layers, with each agent considering a different engineering goal determined by modifying 
the weights in Eq. 1. The first goal (Agent-Tilt) focused on improving the structural 
performance in a tilting table test, considering the weights 𝜔 = 0.86 and 𝜔 = 0. The 
second goal (Agent-Cant) included only the cantilever loading test with 𝜔 = 0 and 
𝜔 = 1.11. The third goal (Agent-Both) evaluated the structure with both tests, 
assuming 𝜔 = 0.43 and 𝜔 = 0.55. The weights were determined to achieve the 
maximal reward for each task.  

The agents built 50,000 walls (episodes) for each engineering goal. Figure 3a shows the 
evolution of the reward during training. The final filling ratio of the wall, which is the ratio 
of total volume of placed bricks to the volume of the wall, and the number of small bricks 
(type 1) used in each episode are recorded and illustrated in Figure 3b and c, respectively.  
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Fig. 3: Different training processes in three tasks. The evolution of (a) reward, (b) filling ratio, and (c) 

number of bricks used in one episode. The transparent points are the raw data from the training, while the 
solid lines are the moving average values over 100 episodes.  

From the evolution of the rewards, we can see that each agent was able to learn a strategy to 
increase its reward for each engineering goal. The agent learned slightly faster when both 
tilting and cantilever loading tests were used as an engineering goal, though regardless, the 
number of episodes needed to reach a maximum reward was around 30,000, after which the 
average reward stabilized. As a note, the averaged reward during training never reached 1.0 
due to the epsilon strategy, which makes the agent occasionally choose random actions. 

Although the filling ratio is not explicitly formulated in the reward function, the evolution 
of filling ratio shows that the agents still learned how to fill a volume. In fact, the agents 
learned this ability before they learned how to plan the wall to be seismic resistant, as the 
filling ratio reached its maximum value about 7,000 episodes before the convergence of the 
reward. This is especially clear when considering both engineering goals (Agent-Both). We 
can imagine that between episodes 23,000 and 30,000, the agent is learning to optimize the 
wall layout in terms of earthquake resistance.  

It is interesting to notice that Agent-Tilt uses around eight small bricks after being trained 
for 20,000 episodes. Such a strategy allows it to obtain a high filling ratio. Then it further 
improves the placement by using fewer small bricks to achieve a higher reward in the tilting 
test. In fact, in a classical layout of brick masonry, such a wall is typically composed of 4 
small bricks (type 1) and 6 large bricks (type 2). During the training, agents were able to 
learn this strategy after 30,000 episodes, after which they start obtaining the maximum 
rewards.  

3.2 Experiment 

We use our trained agents to virtually build a wall in a computational environment known 
as Pybullet [Coumans and Bai (2016)]. In the first experiment, the agents could freely choose 
the brick type, as in the training process. The built walls are shown in Figure 4. 
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Fig. 4: Example of an episode played by the trained agents when they have the option choose bricks freely. 

Agent-Tilt and Agent-Both have achieved optimal solutions for their corresponding goals. 
The wall built by Agent-Both matches with masonry practice, where small bricks and large 
bricks form perfect interlockings. Such a wall has a load multiplier of 0.58  in the tilting 
test and 0.452 in the cantilever loading test. Agent-Tilt built a wall different from classical 
configuration, though they have achieved the same force capacity in the tilting test (0.58). 
Conversely, Agent-Cant did not reach the best assembly strategy, but its load multiplier 
(0.447 and 0.446) is close to that of the optimal solution. 

Next, we provided the agent a random sequence of bricks and required the agent to choose 
the orientation and position to assemble the bricks one by one. This experiment was 
conducted 1,000 times for each agent and a random agent tested for comparison, who chose 
actions randomly from the complete action space. The built walls were evaluated with regard 
to the filling ratio and the two load multipliers from the tilting and cantilever loading tests. 
The results are shown in Figure 5. 

 
Fig. 5: Boxplot showing the filling ratio, load multiplier of tilting test, and load multiplier of cantilever 

loading test of 1000 walls built by four agents. The boxes confine 95% quartiles.  

It is obvious that the walls built by the trained DQN agents have higher filling ratios and 
force capacities in both the tilting and cantilever loading tests in comparison to the random 
agent. Among them, Agent-Both performs the best in all three indices. Though Agent-Tilt 
is only trained with rewards from the tilting test, it can still build walls with high resistance 
to cantilever loading. However, Agent-Cant did not achieve a performance comparable to 
Agent-Tilt in terms of the load multiplier from the tilting test, which may be the result of the 
suboptimal convergence of Agent-Cant during training. Showing the complexity of the 
problem, we also note that the random agent can barely build a wall with resistance to 
cantilever loading.  

4. Conclusion 
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To enhance the seismic performance of brick masonry walls, in this paper, we developed a 
reinforcement learning approach using knowledge of structural engineering. In the training 
process, an agent gradually learns how to build a dry brick masonry wall, from purely 
packing bricks to fill the volume to planning the layout for optimal global structural 
performance. The trained agents were able to learn construction strategies that matched with 
engineering practice, thereby confirming the reinforcement learning approach. Unlike in 
previous studies, a kinematic analysis was used to determine the force capacity of the built 
wall to horizontal loading and the load multiplier for both the tilting and cantilever loading 
tests. These quantities were used to compute the numerical reward given to agents during 
the construction process. Next, a DQN agent was trained to build earthquake resisting 
structures autonomously.  

Future studies will include the construction of large-scale structures, a wider range of stone 
geometries, and the use of additional engineering skills to make the autonomous construction 
process more realistic. 
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Abstract: In analysis of soil structure interaction problems the subject of dampers effect in 
the frame construction is analysed. In this work dynamic conditions considering the frame 
materials are considered and respectively analysed. Comparison of these problems has been 
done by comparing the obtained results from different set up of materials in the finite 
element software ANSYS. The results of numerical analysis illustrate that using it must be 
paid more attention when considering the structures with and without damper elements. 

Keywords: Dampers, infinite elements, numerical analysis, SSI, finite elements 

1. Introduction

In numerical simulation of frame structures considering the earthquake input as time 
dependent acceleration there has been significant advances in softwares utilities. A most 
difficult part however has been the treatment of soil structure interaction SSI effects on 
both the strong motions transmitted to the structure and the structural response to these 
motions. Moreover,in numerical simulation of soil medium as a wide region the boundaries 
should be given special concern not to impact the results by reflection of the traveling 
waves in the soil medium. In dynamic analysis the situation is additionally complicated by 
the inertia terms such the radiation of the wave should be considered. The presence of 
damper elements is of great importance since structural elements are concerned as real 
elements. This paper deals with both damper and soil effects in the SSI problem of a three 
storey frame. In order to make a complete analysis the frame structure is considered both 
as concrete and as a steel structure. The results give interesting outcome for the 
understanding of the subject. 

2. Infinite elements

The formulation of infinite elements is the same as for the finite elements in addition to the 
mapping of the domain. Infinite elements are first developed by Zienkiewicz et al. 
(Zienkiewicz et al., 1983) and since then have been developed in frequency and time 
domain. In the work of Häggblad et al. (Häggblad et al.,1987) infinite elements with 
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absorbing properties have been proposed which can be used in time domain. In this work 
the development of infinite element has followed the techniques considering the time 
domain in which the infinite element is obtained from a six nodded finite element as shown 
in Fig 1. 

 
Fig. 1 Coupling of finite-infinite elements  

The element displacement in u and v direction is interpolated with the usual shape 
functions N1, N2, N4  and N5 :  
 

1 2 4 5[ 0 0]u N N N N= u  

1 2 4 5[ 0 0]v N N N N= v      (1) 
 
In expression (1) u and v are vectors with nodal point displacements in global coordinates. 
 

2

4

5

2

2

1 4

(1 / 2)(1 - )(1 - )

-(1 ) (1 - ) /

-(1 ) (1- ) /

4

(1/ 2)(1- )(1 )

N

r s

s r r

s r r

N

N

N r s

=

=

=

=

+

−

+

 (2) 

 

For coordinate interpolation in r-s coordinate system a one-dimensional mapping is applied. 

 

1 2 4 5[ 0 0]r M M M M= r  
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In expression (3) r and s are vectors of nodal point displacements in local coordinates 
where it is to be mentioned that on the side of infinity (r=1) no mappings have been 
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assigned to the nodes as it is taken that no displacement is possible at infinity. Construction 
of element matrices is done by using the usual procedures as described in Bathe (Bathe, 
1982). The new coordinate interpolation functions are taken into consideration in the 
Jacobian matrix as described in Bettess. Transformation from local to global coordinates is 
done automatically by the software ANSYS such that there is no need of defining 
transformation matrices. By bringing together the contributions from each element the 
governing incremental equations for equilibrium in dynamic analysis are obtained. Time 
derivatives are approximated by Newmark’s method and equilibrium iterations are used in 
each step as given in the Theory reference of ANSYS software. 
 

3. Simulation of dampers 

Mathematical modelling of PDDs was done using combin14 element (Figure 2). 

 
 Fig. 2 Numerical Model for damper device (PDD) 

Mass of the damper, 80 kg, was added by using the appropriate mass element mass21.The 
element works based on Kelvin Vought model and is defined by two nodes, a spring 
constant (k) and damping coefficients CV1 and CV2. The damping portion of the element 
contributes only damping coefficients to the structural damping matrix. 
 

4. Coupled soil structure system response 

In order to show the influence of the dampers in material selection considering soil 
structure interaction problems, a comparison of boundary cases in the soil structure 
interaction problem are performed. In this direct time-domain method, the soil medium is 
modelled by two dimensional quadrilaterals using the finite element method. Similar soil-
structure interaction problems have been studied in the works of other authors [26-29]. In 
order to provide a complete insight, the soil side boundary of infinite elements is used. The 
frame structural elements are idealized as two dimensional elastic beam elements having 
three degrees of freedom at each node, translations in the nodal x and y directions and 
rotation about the nodal z axis. The behaviour of the frame structure is supposed to be 
elastic and has been modelled by using two parameters, the modulus of elasticity 
E=3.15x107 kPa and Poisson’s ration n=0.2. The bay length of the frame is taken to be 4.0 
m, while the storey height is 3.0 m.  The section of beams is 40 x 50 cm while that of the 
column is 50 x 50cm. Three different materials namely, concrete, steel and wood frames 
are taken into consideration. For all frames, the beam and column sections, the floor 
masses and the number of bays are considered to be of concrete, steel and wood . The 
structures are modeled as three-storey  frames. The soil medium is presented as a two 
dimensional model composed of four layers resting on bedrock. In Table 2, the soil layers 

532
3ECEES, September 2022, Bucharest, Romania



properties are tabulated in a way that the bottom layers are characterized by better soil 
characteristics. 

Table 1. Soil properties 
Number of 

layers 
Thickness 

(m) 
Unit weight 

(kN/m3) 
Shear velocity 

(m/s) 
1 3 20 250 
2 7 21 350 
3 6 22 400 
4 14 25 650 

The soil is assumed to represent a linear-elastic material and is discretized by using eight 
nodded plane strain elements. The dynamic analysis has been performed by transient 
analysis using the step-by-step method. The proportional viscous damping matrix is taken 
to be proportional to mass and stiffness matrix (Rayleigh damping).  Finite element 
modelling of the coupled soil-structure system is performed by use of the software ANSYS 
[1], as shown in Figure 3 The effect of soil-structure interaction is carried out by using the 
acceleration time history of the El Centro earthquake with a scaled peak ground 
acceleration of 0.25g. The moment transfer capability between the column and the footing 
is created by using a constraint equation where the rotation of the beam is transferred as 
force couples to the plane element. 

 

Figure 3 Three storey system with fixed foundation and soil layers foundation 

In Figure 3 the coupled system of the soil-structure system is shown. The side 
boundaries are presented as fixed, viscous and infinite element boundaries. In the 
case of infinite element boundary, the soil domain is discretized by less elements 
(two thirds) compared with the analysis of fixed and viscous boundaries. Next, the 
difference in the structural response is given. 
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Figure 4 Variation of Structural response quantities without dampers 

As can be seen from Figure 4 the effect of soil layer has impact especially in steel strucutres. On the other 
hand, the influence of damper effects present in structure is shown in Fig. 5 below: 

 
Figure 5 Variation of Structural response quantities with damper 

Comparisons of time history responses for acceleration and displacement for steel, wood 
and concrete structure with and without dampers for two different conditions are given 
bellow.  According to the acceleration values in Figures 4 and 5 (both with and without 
dampers), the maximum acceleration at the top of the structure is considerably increased 
when using fixed boundaries. On the other hand, when using viscous and infinite element 
boundaries, the results of acceleration, displacement and moment at the top frame elements 
show similar values. The main difference is that, when using the coupled finite-infinite 
elements, the number of finite elements is decreased considerably, saving extra work and 
time. When comparing the soil stiffness, it is clearly seen that, in the case of soft soil the 
difference in structural moment values between the fixed and the infinite element 
boundaries is nearly two times.  
This fact reveals that, in the case of massive structure founded on soft soils, the interaction 
effects are expressed greatly. The number of stories affects the results in such a way that 
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the higher storeys exhibit a bigger displacement (which is also expected) that should be 
considered in the element analysis, separately. To sum up, the usage of the proposed 
infinite elements in soil-structure interaction problems decreases the number of finite 
elements without affecting the correctness of the final results. Thus, the usage of coupled 
finite infinite elements is advised particularly in complex geometries of soil media. 

4. Conclusions 

In this work the effect of material selection has been analyzed thoroughly. For the 
numerical simulation of geotechnical problems the local region of interest is modeled by 
finite elements while the surrounding filed of the domain is considered using the infinite 
elements which have the capability to absorb propagating waves from reflection back to 
the soil domain. The numerical simulation show that in case of steel structures the effects 
of dampers can be seen easily and it is mainly due to the relatively low weight of the 
structure which permits big deformations at the top of the structure. On the other hand, the 
usage of dampers in reinforced concrete structure needs to be analyzed in detail because of 
the fact that the effects of damper elements are directly connected with the natural 
frequency of the reinforced concrete structure. Last but not least is the fact the presence of 
soil influences the dynamic characteristics of the structure thus making the dampers 
influence of great value.  
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Abstract: In the vicinity of Awaza on the Hanshin Expressway Higashiosaka Route, one lane 
was widened to eliminate traffic congestion in 1997. The widening girder and the existing 
girder are not integrated, but they are supported by different piers, with vertical joints installed 
between the widening section and the main line section. Damage had occurred in many spots 
on this vertical joint and problems accompanying the damage, such as noise, had occurred. 
To address these problems, various measures had been taken, but no thoroughgoing solution 
had yet been achieved. We therefore decided to carry out large-scale renovation work to 
eliminate the vertical joint. To remove the vertical joint, we will implement measures such as 
making girders and deck slabs continuous by widening the beams of the existing piers to 
locate fulcrums in an identical position. In this paper, we report on the problems concerning 
seismic resistance performance caused by the increase in load at the fulcrum position due to 
the unification of fulcrums and on ideas to satisfy seismic resistance performance by utilizing 
the existing structures. 

Keywords: Urban Expressways, Horizontal Force-Sharing Structure, Time History Response 
Analysis 

1. Introduction 

The Hanshin Expressway is an urban expressway that connects Osaka and Kobe, the largest 
cities in western Japan. Currently, the Hanshin Expressway network covers 258.1 km, and 
roughly 90% of the network is composed of viaducts (Fig. 1). On this network, the vicinity 
of Awaza on the Higashiosaka Routeformed a confluence of traffic from other lines and the 
entrance to the viaduct, causing chronic congestion. As a countermeasure against the 
congestion, the viaduct was widened from 3 lanes to 4 lanes in 1997 (Fig. 2). 

At that time, the widening girder and the existing girder were not integrated; instead, a 
structure was adopted in which a new pier to support only the widening girder was built 
between the existing piers to support the widening girder. For this reason, the road surface 
was made continuous by providing vertical joints in the gap between the widening portion 
and the main line portion. With the fulcrum position of the main line girder differing from 
that of the widening girder, however, difference in deflection in the girder had occurred due 
to the live load, and damage had occurred in many spots on the vertical joint. In addition, 
the damage to the vertical joints had caused problems such as adverse effects on driving 
performance and noise generation. Various measures had been taken in the past, but no 
thoroughgoing solution had been achieved. To counter this situation by removing the vertical 
joint and integrating the widening girders and the existing girders, we decided to carry out 
large-scale renovation work to make the driving surfaces continuous by widening the beam 
of the existing pier and replacing the girder. 
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In this paper, we report on the problems in seismic resistance caused by the increase in load 
at fulcrum positions as the result of unifying the fulcrum positions in the vertical joint 
elimination work. We also report on the details of the ideas we have devised to satisfy the 
seismic resistance performance by utilizing the existing structures. 

2. Overview of the Bridge 

The target bridge covers a section of roughly 600 m from P-38R to P-54 shown in Fig. 4. 
With respect to the bridge types, the main line section is composed of a steel 3-span 
continuous plate girder bridge, a steel 4-span continuous composite plate girder bridge, a 
steel 3-span continuous composite plate girder bridge, a steel simple steel-plate deck box 
girder bridge, a steel 2-span continuous composite plate girder bridge, and two combined 
steel simple composite plate girder bridges. In addition, the widening part is composed of 
two combined steel simple composite box girder bridges, a steel simple steel-plate deck box 
girder bridge, five combined steel simple composite box girder bridges, a steel simple steel-
plate deck box girder bridge, and three combined steel simple composite box girder bridges. 
The existing girders put into use in 1974 are supported by T-type RC piers (P-39 to P-54), 
while the widening girders put into use in 1997 are supported by inverted L-shaped steel 
piers (P-38R to P53R). (Fig. 5, Fig. 6). The fulcrum position is therefore different between 
the existing girders and the widening girders. 

 

 

 

 

 

 

Fig. 1: Hanshin Expressway network Fig. 2: Map showing the location of the Awaza widening section 

Fig. 4: Bridge plan view 

Fig. 3: Vertical joint used in the Awaza widening section 
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3. Elimination of vertical joints and measures against earthquakes 

3.1. Current Situation 

Due to the difference in the fulcrum position between the existing girders and the widening 
girders, difference in deflection due to the live load occurs between the main line section 
and the widening section (Fig. 7), with consequent damage occurring frequently on the 
vertical joints. In addition, the difference in deflection and the damage to the vertical joints 
cause loud noise to occur with the passage of large vehicles, and complaints from residents 
along the road are constant. But a limited construction work period does not enable us to 
take drastic measures. 

 

 

 

 

 

 

3.2. Policy of Eliminating Vertical Joints 

Aiming at the implementation of drastic measures against the damage of vertical joints and 
noise generation, we conducted a study on the premise of eliminating the vertical joint 
structure in view of the effect of the measures taken in previous fiscal years [1]. The biggest 
cause of damage and noise in using vertical joints is irregular fulcrum positions. According 
to a restoration analysis that reproduced the current vertical joint structure by three-
dimensional structure analysis, the maximum difference in deflection in the current structure 
was roughly 50 mm. The same analysis also revealed that this difference can be reduced to 
3 mm by aligning the spans, and further reduced to roughly 1 mm by connecting the cross 
girders. 

Based on the above findings, we adopted the structure shown in Fig. 8. In this structure, the 
beam section of the RC pier was widened and the fulcrum position on the widening girder 

Fig. 6: Photograph showing details of the site 

Fig. 7: Diagram showing how difference in deflection occurs 

Fig. 5: Cross-section  (an RC pier and a steel pier) 
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was aligned on that on the existing girder. This enabled the vertical joint on the 
superstructure to be removed and the deck slab to be connected. Along with this, it was 
decided that the RC pier support not only the dead load on the existing girder but also that 
on the widening girder, which had previously been supported by the steel pier. To ensure 
seismic resistance after remodelling, we examined the design following the policy described 
below. 

• To align the fulcrum position of the widening girder on that of the existing girder, the 
RC pier is widened so that all the standard loading including that on the widening girder 
is supported only by the RC pier. 

• No bearing will be installed on the steel piers. This means that the piers will not support 
vertical loads and will function only in the event of an earthquake. 

• To counter the increase in the dead load in the widening girder section, a structure should 
be adopted in which the lacking bending strength of the RC pier beam section is 
supplemented by the cable outside the PC. It should be confirmed that the structure holds 
for the standard loading. 

• For horizontal force during an earthquake, a horizontal force-sharing structure that 
functions only during an earthquake would be installed on the steel pier to resist the 
horizontal force in cooperation with the RC pier.  

3.3. Problems concerning Seismic Resistance and Countermeasures against Them 

Aligning the fulcrum positions causes the dead load supported by the RC piers to increase. 
But it would be difficult to further reinforce or extend the existing piers due to restrictions 
imposed by the construction clearance limit. We therefore conducted the following structural 
studies bearing in mind that these reinforcements would not be made. 

3.3.1. Weight Reduction of the Load to Be Supported 

When utilizing widening girders, it is necessary to construct fulcrums, cut girders, and 
connect them. In addition, large-scale reinforcement is required as a result of the change in 
the shape of the cross-sectional force, which increases the weight. As a result of a 
comprehensive evaluation of the required cost, labor, time, and other factors, a replacement 
with new girders came to be considered advantageous without the diversion of widening 
girders. In addition, to minimize the supporting load on RC piers, the new girders are made 
in a plate girder structure and steel-plate decks are adopted for deck slabs. 

3.3.2. Reduction of Horizontal Force during an Earthquake 

As the load to be supported increases due to the alignment of fulcrums, the horizontal force 
during an earthquake increases significantly, and the seismic resistance cannot be ensured 
only with RC piers. For this reason, the existing steel piers are widened as shown in Fig. 8 
and a horizontal force-sharing structure that does not normally support the vertical load and 
that functions only during an earthquake is provided. This measure reduces the horizontal 
force acting on the RC piers during an earthquake, ensuring seismic resistance performance. 

The horizontal force-sharing structure is shown in Fig. 9. The horizontal force-sharing 
structure is equipped, on the main girder, with a bracket (a horizontal force-sharing structure 
with a superstructure) that serves as both the longitudinal and transverse direction to the 
bridge axis. From this bracket, the horizontal force during an earthquake is transmitted to 
the other bracket (a horizontal force-sharing structure with a substructure) provided in the 
substructure. The bracket of the substructure was provided in the direction of the bridge axis 
and the direction perpendicular to the bridge axis. 
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4. Method to Verify Seismic Resistance 

The evaluation of seismic resistance on the entire bridge system using the existing piers was 
verified by dynamic analysis considering non-linearity (time history response analysis) 
based on the Road Bridge Specification and its commentary [3]. 

4.1. Model for the Entire System 

A software application, Engineer’s Studio Ver.7.2.0, was used as the analysis software. The 
skeleton model was constructed with the entire system including the superstructure, RC piers, 
and steel piers, and was checked by the dynamic verification method. The model was divided 
into two parts depending on the construction work period, one covering P-39 to P-49 and the 
other covering P-49 to P-54 (Fig. 10). 

 

 

 

 

 

 

 

4.2. Non-linear History Model of Existing Piers 

In modeling existing piers, RC piers were provided with a plastic hinge having M-θ 
nonlinear characteristics on the lower end side of the column, and the general sections of 
other columns were modeled as members with M- nonlinear characteristics. The non-linear 
characteristics of the non-linear rotary spring in the plastic hinge section were modeled as a 
skeleton curve in which the relationship between the bending moment and the rotation angle 
(the M-θ model) was supposed to be in trilinear mode; on the other hand, the non-linear 
characteristics of the non-linear beam elements in the general sections of the piers were 

Fig. 9: Horizontal force-sharing structure installed on a steel pier 

Fig. 8: Diagram comparing the pier before and after improvement 

Fig. 10: Overall model 
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modeled by using a skeleton curve for which the relationship between the bending moment 
and the curvature of the cross-section of the member used (the M- model) was supposed to 
be in trilinear mode (Fig. 11). 

Steel piers are modeled by using non-linear beam elements. The nonlinear characteristics 
were modeled by using the relationship between the bending moment of the cross-sectional 
force of the member and the curvature (the M- model) (Fig. 12).  

The superstructure and substructure connecting sections are as indicated below; the steel 
piers were made to bear the horizontal force by making all translational directions of the 
steel piers fixed. 

• On RC piers (rubber supports) longitudinal to the bridge axis: elastic; the direction 
perpendicular to the bridge axis: fixed; the vertical direction: fixed 

•    On steel piers (the horizontal force-sharing structure) Bridge axis direction: fixed; 
transverse to the bridge axis: fixed; the vertical direction: free 

 

 

 

 

 

 

 

4.3. Input Seismic Waves and Seismic Resistance Performance to Be Acquired 

We inputted Level 1 earthquake vibration (earthquake vibration with a high probability of 
occurrence during the service period of the bridge) and Level 2 earthquake vibration 
(earthquake vibration with a low probability of occurrence during the service period of the 
bridge but with a high intensity), described in the Road Bridge Specification and its 
Commentary [3]. Fig. 13 shows, among vibrations falling into Level 2 earthquake vibration, 
the acceleration waveforms of large-scale plate boundary earthquake vibration (type I 
earthquake vibration) and the acceleration waveforms of the earthquake vibration (type II 
earthquake vibration) caused by an inland epicentral earthquake with extremely low 
frequency of occurrence.  

Based on the Road Bridge Specification and its commentary [3], we decided that the seismic 
resistance performances required by this study should be as shown in Table 1. 

 

 

 

 

 

 

 

 

 

Fig.11: Backbone curves of RC piers Fig. 12: Backbone curves 
       of steel piers 

Fig. 13: Acceleration waveforms (left diagrams for type I; right diagrams for type II) 
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5. Results of Analysis and Verification 

As a result of the analysis of time history responses, both Level 1 and Level 2 earthquake 
vibrations met the verification results. In this paper, we report on the results of the verification 
of Level 2 earthquake vibrations. 

5.1. Results of Analysis and Verification 

For Type I and Type II earthquake vibration, dynamic analysis was performed during the 
excitation in the longitudinal and transverse direction to the bridge axis, and the response 
values were verified. The items to be verified for RC piers were the response rotation angle 
of the plastic hinge section, the response curvature of the general section, the shear force, 
and the residual displacement. We verified these items against the allowable values specified 
in the Road Bridge Specification and its Commentary, making sure that they were within the 
allowable values. The items to be verified for steel piers were the response curvature and the 
residual displacement. We verified these items against the allowable values specified in the 
Road Bridge Specification and its Commentary [3], making sure that they were within the 
allowable values.  

5.2. Effect of the Horizontal Force-Sharing Structure 

Based on the results of the above analyses, Fig. 14 shows the results of the comparison of 
the horizontal force acting on piers between the presence and the absence of a horizontal 
force-sharing structure. It can be seen that installing the horizontal force-sharing device 
enables the horizontal force acting on the support section to be reduced to 25 to 79% in the 
direction of the bridge axis and 45 to 88% in the transverse direction to the bridge axis. 
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Fig. 14: Horizontal force during an earthquake borne by each pier (comparison between states with  
and without a horizontal force-sharing device) 

Table. 1: Required seismic resistance performances and items to be verified and limit values 

Level 2
Earthquake

vibration

Ensuring safety
against bridge
collapse

The functions of the
bridge can be
restored quickly
after an earthquake.

The limit state where
the mechanical
properties do not
exceed the elastic
range

Satisfies the
allowable stress
intensity

The limit state where
the mechanical
properties do not
exceed the elastic range

Rubber: Shearing
strain 250% or less
Steel members satisfy
the allowable stress
intensity

A condition in which
damage can be easily
repaired

Maximum response
displacement (the
response curvature and
the response angle of
rotation)
Residual displacement
Maximum response
shearing force

Seismic resistance
performance 1:
  Performance that
does not impair the
soundness of the
bridge as a result of an
earthquake

Type I earthquake
vibration
(Large-scale plate
boundary type
earthquake)

Type II earthquake
vibration
(An inland epicentral
earthquake like the
Southern Hyogo
Prefecture Earthquake)

Seismic resistance
performance 2:
  Performance that
limits the damage by
an earthquake and
that allows the
functions of the bridge
to recover quickly

Pier

Level 1 earthquake vibration

Ensuring safety
against bridge
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the mechanical
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exceed the elastic
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Satisfies the
allowable stress
intensity

The limit state where
the mechanical
properties do not
exceed the elastic range

Rubber: Shearing
strain 150% or less
Steel members satisfy
the allowable stress
intensity

The limit state where the
mechanical properties do
not exceed the elastic
range

Satisfies the allowable
stress intensity

Seismic resistance
performance of bridges

Safety
as viewed from the
design of seismic

resistance

Serviceability
as viewed from the
design of seismic

resistance

Superstructure Support
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In addition, comparing the current state where only the main line girders are supported and 
the state where this construction work is completed, we can confirm that the horizontal force 
on the support can be controlled to the same level as or less than the current level, confirming 
the effectiveness of the horizontal force-sharing structure (Fig. 15). 

 

 

 

 

 

 

 

 

6. Conclusions 

The increase in dead load poses a problem in integrating existing girders and new widening 
girders that are separated from each other to remove vertical joints installed on an urban 
expressway. In view of this problem, this paper describes a renovation method that does not 
need new seismic reinforcement for existing piers and which satisfies the seismic resistance 
of the entire bridge. The conclusions are given below.  

• In order to eliminate the difference in deflection between the widening girders and the 
existing girders, the widening girders are replaced to place its fulcrums at the same 
positions as the fulcrums of the existing girders. 

• To normally support the vertical load only with RC piers and additionally support the 
vertical load on the widening girders, the beams on the RC piers are widened and 
reinforced with cables outside the PC. 

• Horizontal force-sharing devices are installed on the steel piers so that the RC piers and 
the steel piers work together to resist during an earthquake, thereby ensuring earthquake 
resistance performance throughout the entire bridge system. 

• In evaluating seismic resistance performance, we conducted a time history response 
analysis (a dynamic analysis) in which a large-scale earthquake was anticipated, and we 
confirmed that all piers satisfied the limit value. 

The construction works described in this paper are currently underway, with the aim of 
completion in 2025. 
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Fig. 15: Horizontal force during an earthquake borne by each pier (comparison between the current 
 state and the state to be expected at the completion of the renovation work) 
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concrete columns designed to form plastic hinges is not permitted due to limited data on their 

seismic behavior. Compared to the A706 grade 60 standard, A706 grade 80 steel has lower 

material ductility which can hinder column seismic performance. Twenty-three column 

models detailed with grade 80 reinforcement are subjected to displacement controlled 

analyses to simulate lateral behavior. Three equal capacity column models with grade 60 

reinforcement are subjected to the same analyses to draw further comparisons between lateral 

performances. Parameters such as concrete strength, longitudinal steel area, transverse steel 

area, and axial load were investigated to quantify their influence on column ductility and 

energy dissipation. Columns containing grade 80 reinforcement exhibit larger deformation 

and energy dissipation capacities, and also similar ductility values. Plastic hinge lengths of 

grade 80 reinforced columns differed from adopted hinge length models previously 

developed. Aspect ratio, lower longitudinal reinforcement ratios, and concrete strength largely 

affect plastic hinge length. A proposed plastic hinge length equation is included in this study 

based on the findings from the results.  
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1. Introduction 

Seismic Performance Based Design (PBD) follows the methodology of achieving optimum 

structural strength based on a desired seismic performance level through the localization of 

damages in concrete column plastic hinge zones. ASTM A706 grade 60 steel (414 MPa) is 

permitted for use in plastic hinge zones by current design standards and building codes due 

to its superior material ductility and ability to sustain inelastic deformation. The ASTM 

standard has recently been revised to include higher strength steel with a yield stress of 80 

ksi (552 MPa) which can be used to lower the volume of steel required to meet desired 

seismic performance levels. Additionally, lower rebar congestion can simplify the 

constructability of columns and their joint connections. 

However, the increased yield stress of grade 80 steel results in a loss of ultimate strain 

and ultimately lower material ductility. Over 700 tensile tests performed on grade 80 rebar 

by Overby et. al. (2017) led to the development of a statistically accurate stress-strain model 

where the ultimate strain was verified to be approximately 20 percent lower than grade 60 

rebar. The lower steel ductility as well as a lack of experimental testing on grade 80 

reinforced concrete columns is why design codes and standards do not permit the use of 

grade 80 steel for seismically controlled columns designed to undergo deformation and form 

plastic hinges.  

A limited number of experimental tests and analytical studies have been conducted on 

concrete columns reinforced with A706 grade 80 steel to investigate the material’s 

performance under lateral loading. Barcley et al. (2020a, 2020b) subjected for full-scale 

A706 grade 80 reinforced circular columns with low axial load ratios to lateral cyclic loading 

and observed similar displacement capacities to four comparison grade 60 reinforced 

columns, although the grade 80 columns dissipated less energy per cycle. Furthermore, 

measured plastic hinge lengths of grade 80 columns matched the Priestley et al. (2007) 

plastic hinge length model. Barbosa et al. (2016) performed similar tests on two circular 

A706 grade 80 columns and observed similar results with comparison grade 60 columns. 

Similar drift capacities were achieved between the A706 grade 80 and grade 60 columns 

having lower energy dissipation capacities and slightly lower displacement ductility values.  

The main objective of this study is to increase available analytical data on the lateral 

behavior of columns reinforced with A706 grade 80 steel due to the limited amount of 

laboratory testing. This analytical study was developed to assess the effects of longitudinal 

and transverse reinforcement ratios, concrete strength, and axial load ratios on column 

performance and plastic hinge lengths. Twenty-three grade 80 reinforced columns and three 

similar grade 60 columns were detailed and incorporated as analytical models in SAP2000. 

Furthermore, each column was subjected to a non-linear displacement controlled analysis 

with its performance compared to counterpart grade 60 columns. 

This research is significant because it expands current literature results about the 

seismic performance of columns with parameters ranging from small to large longitudinal 

reinforcement ratios, large axial load ratios, and high concrete strengths. The analytical 

results presented in this paper can help quantify the effects these parameters have on the 

seismic design of circular concrete columns.  
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2. Methodology 

Table 1 provides a summary of columns, reinforced with high strength steel with a yield 

stress of 552 MPa, which have been used in lateral loading testing in the past decade (Hassan 

et al. 2021). Detailing parameters such as longitudinal reinforcement ratio, concrete strength, 

and axial load ratios are specified for the analytical specimens in this paper based on regions 

where experimental data are lacking. Tested circular columns had concrete strengths 

between 26 and 48 MPa, so analytical models were detailed with concrete strengths ranging 

from 41 to 70 MPa. Longitudinal reinforcement ratios of previously tested columns were 

about 1.6% so in this study the range was lowered from 0.6% to 1.6% for studied specimens. 

Transverse reinforcement ratios are critical in providing adequate confinement, therefor 

reinforcement ratios between 0.7% and 1.3% were selected for the column models. Lastly, 

axial load ratio (ALR) test data in Table 1 show typical values of 5% which is common for 

seismically controlled members. ALRs between 10% and 25% are instead specified for the 

analytical models of this study to further add results to the existing literature.  

Table 1 – Laboratory Tested High Strength Steel (80 ksi) Concrete Columns Hassan et al. (2021) 

Column Type ρl (%) fyl (MPa) ρt (%) fyt (MPa) f’
c (MPa) ALR (%) 

Square 2.2 572 2.2 440 53.0 10 

Square 2.2 572 2.2 440 54.0 20 

Circular 1.58 593 1.58 590 32.1 5 

Circular 1.58 593 1.58 590 26.5 5 

Circular 0.83 550 0.83 550 33.4 5 

Circular 1.58 550 0.82 536 32.1 5 

Circular 1.56 534 0.80 536 32.6 8.3 

Circular 1.56 534 0.80 536 48.2 5.6 

Square 1.74 548 2.79 542 71.8 34 

Square 1.74 548 2.79 542 75.4 11 

Square 1.44 545 3.03 542 70.5 12 

Square 1.74 548 1.40 542 33.6 38 

 

2.1. Section Design  

A total of 23 reinforced concrete column sections are modeled through the nonlinear fiber 

elements in SAP2000 based on full-scale circular concrete bridge columns, as shown in 

Figure 1. Each column is modeled as a cantilever and has a constant diameter and lengths of 

61 cm and 198, 244, and 305 cm respectively, with aspect ratios ranging from 3 to 5. 

Longitudinal reinforcement ratios varied between 0.8% to 2.1% for grade 60 and grade 80 

reinforced sections and 19 MM bars were used for all columns. Both spirals and hoops were 

used for all transverse reinforcement configurations with reinforcement ratios varied from 

0.7% to 1.3% and bar sizes ranging from 10 MM to 13 MM. Different concrete strengths 

were used for the columns with concrete compressive strengths ranging from 42 to 70 MPa. 

Axial load ratios of analyzed columns varied from 5% to 25%. Lastly, columns with grade 

60 longitudinal reinforcement and reinforcement content (ρ = 2.1%) were included in the 

analysis to match the analytical moment capacity of grade 80 reinforced sections (ρ = 1.6%). 

The SAP2000 section designer tool was used to specify desired reinforcement content and 

concrete strengths to each column section for further analysis. 
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Fig. 1 – Reference Design for Column Models 

3. Numerical Models  

The ability to include material nonlinear behavior into the structural analysis through 

software provides an efficient method to predict experimental results. The tensile stress-

strain curve of A706 grade 80 steel is specified, including the strain hardening behavior to 

better match the experimental expected performance of the steel bars. Mander et al. (1988) 

model for concrete confinement is specified within the program for all columns. In addition, 

each column section is modeled with the current model of grade 80 stress-strain behavior 

proposed by Overby et al. (2017). 

Columns are modeled with fixed boundary conditions to derive the flexural response 

of a cantilever column under axial and lateral loading.  Plastic hinges are inserted at the base 

of column elements where locations of the maximum moment (i.e. initial yielding) occur to 

capture post-yield behavior. Fiber hinges (P-M2-M3) are selected as the hinge type for two 

reasons: their post-yield behavior is based on the interaction of axial force and bi-axial, and 

fiber hinges are more realistic despite being more computationally intensive. This type of 

plastic hinge discretizes the column section into smaller areas as shown in Fig. 2b to localize 

and tie together the nonlinear response of each individual point experiencing various stages 

of plastic deformation (CSI 2021).  

About 40 fiber hinges with a length of 1 inch are inserted at the base of the column. 

Each hinge has its own maximum plastic curvature value which has the benefit of accurately 

capturing the nonlinear curvature distribution that occurs at column failure. A nonlinear 

static analysis is used to simulate the response of the bridge column models. Nonlinear 

geometric effects are included to account for stiffness degradation as the columns 

progressively deform laterally. A displacement-controlled analysis is selected for the 

analysis procedure as it is most effective for nonlinear analyses where zero and negative 

stiffness steps are expected. A convergence tolerance of at least 0.01% is set to keep errors 

within a reasonable range.  

4. Analytical Results  

4.1. Effect of Concrete Strength  

Ultimate load and displacement are the parameters largely affected by increasing concrete 

strength. Ultimate displacement decreases with increasing concrete strength while ultimate 
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strength also increases as shown in Fig. 2a. Yield displacement remains approximately 

constant despite variations in concrete strength. There is a difference of about 20% between 

the ultimate displacement of grade 80 columns and the equivalent moment capacity grade 

60 columns. The higher ultimate tensile stress of grade 80 reinforcement contributes to the 

larger deformation capacity of grade 80 specimens compared to grade 60. Use of higher 

strength concrete results in a smaller compressive stress block, and as a result, higher 

longitudinal bar tensile stresses and strains (NEHRP 2014) which works especially well in 

conjunction with higher grade reinforcement to produce the noticeable differences in the 

backbones curves of both specimens. Displacement ductility of the columns decreased by a 

value of 1 for an increase of 14 MPa in concrete strength (Fig. 2b).  

a b  

Fig. 2 – Force Displacement Behavior (a) and Displacement Ductility (b) with Increasing Concrete Strength 

4.2. Effect of Longitudinal Reinforcement 

Increasing the amount of longitudinal reinforcement in column specimens increases post-

cracking stiffness of sections while ultimate displacement capacity remained fairly constant. 

Specimens fail at displacements between about 10 and 11.5 cm except for section CL-60 

which reached failure load at an ultimate displacement of about 8.3 cm as shown in Fig. 3a. 

Yield displacement increases very slightly with sections featuring increased amounts of 

longitudinal reinforcement. However, this increase is negligible as yield displacements range 

from 0.7 to 0.75 inches for the grade 80 reinforced sections. As expected, the grade 60 

reinforced column section (CL-60) has a slightly lower yield displacement due to the lower 

yield stress of the steel. Despite the lower yield displacement, specimen CL-60 has a lower 

displacement ductility and deformation capacity compared to section CL5 which is detailed 

to have an identical moment capacity.  

Displacement ductility values fell within typical accepted values for all grade 80 

reinforced steel sections shown in Fig. 3b. An average ductility value of 6 was reported in 

the figure below for the grade 80 specimens. Specimen CL5 featured higher ductility values 

compared to its counterpart CL-60 grade 60 reinforced specimen. Concrete strengths of 48 

to 55 MPa used in conjunction with higher grade steel increased ductility. 
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a b  

Fig. 3 – Force Displacement Behavior (a) and Displacement Ductility (b) with Increasing Longitudinal Steel 

4.3. Effect of Transverse Reinforcement 

The transverse reinforcement ratio increases the deformation capacity of each column as 

shown below in Figs. 4a and 4b below, for spiral and hoop reinforced columns respectively. 

Spiral columns of Fig 4a experience sufficient deformation based on the displacement 

ductility values shown. Specimens CT2 and CT4 experience approximately equal force-

displacement behavior even though both had different spiral bar sizes (10 MM and 13 MM 

respectively). Columns CT3 and CT4 are also detailed similarly with equal transverse 

volumetric ratios and also experience almost identical force-displacement curves. 

Confinement is based on the volumetric steel ratio in the model proposed by Mander et al. 

(1988) and not directly by bar size so the similarities are expected. The hoop columns of Fig. 

4b perform almost identical to the spirally reinforced columns in terms of yield and ultimate 

displacements and forces. The purpose of these specimens is to observe the behavior of 

columns with small longitudinal steel ratios and typical volumetric ratios. Even with about 

half the longitudinal bars and the same transverse volumetric ratio, specimens CT2 and CT4 

still display better deformability compared to column CL-60 in Fig. 3. 

a b  

Fig. 4 – Force Displacement with Increasing Transverse Steel: (a) spiral, (b) hoop transverse reinforcement 
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Ductility values show promising results, as displayed in Fig. 5a for spiral columns, as 

almost all specimens reached ductility values greater than 4. The fitted trend line for the data 

is almost perfectly linear which is to be expected as the transverse reinforcement ratio 

governs the ductility of a column section. Specimen CT1 is an outlier not meeting typical 

ductility demand due to its relatively high spiral spacing of 7 cm with 10 MM spirals. For 

the rest of the specimens, grade 80 reinforcement provides sufficient confinement for 

circular concrete columns with low axial load ratios. Similar conclusions can be drawn for 

hoop reinforced columns based on ductility values shown in Figure 5b below. Special 

considerations need to be made to ensure that premature core failure does not occur for 

higher axial load ratios. However, for axial load ratios of between 5 and 10, typical design 

standards can be followed for transverse spacing requirements (ACI 2011), (Caltrans 2019). 

a b  

Fig. 5 – Displacement Ductility with Increasing Transverse Steel: (a) spiral, (b) hoop transverse 

reinforcement 

4.4. Effect of Axial Load Ratio 

High ALRs diminished the lateral deformation of the column specimens due to gradually 

shifting the section from tension to compression controlled. For this reason, Caltrans (2019) 

specifies a maximum ALR of 10% in seismic controlled members. The same observations 

can be applied to the deformation curves shown in Fig. 6a regarding the equal moment 

capacity sections of CA-60 and CA-1. The typical pattern of higher deformation capacity is 

present in the grade 80 reinforced section even with a reasonably high ALR of 15 for 

seismically controlled columns. ALR is a parameter that does affect the seismic performance 

of columns, so quantifying its influence on a grade 80 specimen is necessary to understand 

its implications on column behavior.  

Fig. 6b displays the ductility values obtained for the specimens with higher axial loads. 

None of the columns achieves ductility values greater than 3.0 and both specimens CA1 and 

CA-60 have almost identical ductility values. Although CA1 displays better deformation 

capacity, the higher yield displacement results in almost identical ductility values. Axial load 

significantly impacts ductility which is why there are limitations specified for column aspect 

ratios. Increasing the aspect ratio would lower the ALR on a column and achieve the required 

ductility values. 
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a b  

Fig. 6 – Force Displacement Behavior (a) and Displacement Ductility (b) with Increasing ALR 
 

6. Plastic Hinge Length 

The plastic hinge lengths calculated in this study followed the Priestley et al. (2007) hinge 

length model. Plastic hinges form over the length of the column where the yield moment of 

the section is exceeded which is referred to as the yield region. The curvature distribution 

past the initial yielding of the section becomes nonlinear which is where plasticity begins to 

spread forming a plastic hinge within the section. The curvature distribution can be assumed 

as bilinear (i.e. triangular) following the cited method to simplify the calculation of plastic 

hinge length over two points: first yield curvature and moment, ultimate curvature and 

moment. The plastic hinge length is then calculated by the integrated area (triangular) of the 

bilinear plastic curvature. 

 The plastic hinge length depends on multiple parameters such as section geometry, 

concrete strength, yield strength and curvature, ultimate curvature, axial load ratio, and bar 

diameter. Empirical formulas derived in the past decades typically only include parameters 

such as bar diameter, yield strength, and section geometry for simplicity. However, recent 

research suggests that variables such as concrete strength for example can affect plastic hinge 

lengths. Berry et al. (2008) conducted cyclic tests on four spiral-reinforced circular concrete 

columns to failure and discovered gradual decreases in hinge length for increased concrete 

strengths as shown in Fig. 7a.  

 The column specimens presented also exhibit a similar pattern of a gradual decrease 

in hinge length as well despite generally not fitting the hinge model proposed by Berry et al. 

(2008) This is caused by variations in column shear span ratio (i.e. Aspect Ratio) which 

largely impact the calculated plastic hinge length. Aspect ratio is also not typically included 

in hinge length models but is observed to also be a significant parameter that drastically 

impacts the plastic hinge length. Columns with aspect ratios equal to 5 appear to match the 

Priestley et al. (2007) model, while columns with shear spans equal to 4 diverge from any 

current hinge length model. Lastly, specimens with shear span ratios less than 3 match the 

hinge length model proposed by Berry et al. (2008). 

The columns studied mostly feature low reinforcement ratios of 1% which further 

lowers the plastic hinge lengths as shown in Fig. 7b. It should be noted that for columns with 

shear span ratios greater than 5, the area of longitudinal reinforcement has little effect on the 

plastic hinge length, similar to the observation made with regards to concrete strength. Thus, 

for columns following similar geometries, the empirical formula by Priestley appears to be 

most accurate. Low reinforcement ratios of 1% are also not typically used in the design, 
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however, due to the higher yield strength of grade 80 steel, a lower steel volume may be 

present in a column which will affect the plastic hinge length.  

a b  
Fig. 7 – Comparison of Hinge Length Models and Proposed 

 

Based on the analytical results obtained in this project, the following equation is proposed 

for equivalent plastic hinge lengths of high strength steel reinforced circular concrete 

columns: 

 𝐿𝑝 = 0.055𝐿 + 0.18 (
𝐴𝑠

𝐴𝑔
) + 84 (

𝐿

𝐷
) − 3.9𝑓′

𝑐
𝑘

 (1) 

Where L = length to nearest contraflexure (mm), D = diameter of section (mm), f’c = concrete 

strength (MPa), fy = yield strength of longitudinal reinforcement (MPa), As = area of 

longitudinal reinforcement (cm2), Ag = gross area of concrete (cm2), and k = 0.95.  

7. Conclusion 

This paper provides analytical results on circular, spiral-reinforced concrete columns 

modeled with A706 grade 80 steel with comparisons to columns reinforced with A706 grade 

60 steel. Despite the increased yield displacement in grade 80 reinforced columns, a 

significant effect on displacement ductility was not observed. Hoop and spiral reinforced 

columns had almost identical performance and can be used interchangeably. The presented 

results indicate that higher concrete strengths can be used in conjunction with A706 grade 

80 rebar to meet seismic performance standards. An equation for the equivalent plastic hinge 

length was derived to include parameters of steel reinforcement ratio and concrete 

compressive strength and compared to experimental data. The equation appears to be valid 

for some measured hinge length using steel conforming to the ASTM A706 standard. 

Discrepancies were present among comparisons across experimental tests using different 

steel grades. Furthermore, there is a small amount of available experimental data on 

equivalent hinge lengths for circular concrete columns featuring reinforcement ratios of less 

than one percent. Parameters such as concrete strength and shear span ratio significantly 

contributed to variations in plastic hinge length that deviated from current hinge length 

models. Columns with shear span ratios greater than or equal to 5 match the Priestley’s hinge 

length model closely. The analytical parameters presented in this project report should be 

verified with experimental testing via constructed specimens closely matching the detailing 

specified. 
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Abstract: A long-span cable-stayed bridge is planned in the section between Port Island and 

Wada Cape (Kobe-Nishi sea route) of the Osaka Wangan Expressway Western Extension. 

In the vicinity of the bridge, the Wada Cape Fault is distributed, and there is a possibility 

that flexure displacement with uncertainties will be caused by fault activities in the future. 

This paper studies the influence of flexure displacement on candidate bridge types for the 

long span bridge, taking into account the uncertainties. First, we calculated the amount of 

displacement at the top end of the foundations of the tower and piers from the estimated 

amount of displacement of the flexure using a two-dimensional FEM analysis model. Next, 

the displacements were applied as forced displacements to a three-dimensional framework 

models of the long span bridge, and confirmed the response of each member. As a result, we 

found that the flexure displacement was not significant enough to affect the safety of the 

superstructure in any bridge types. The one-tower cable-stayed bridge, whose tower is the 

farthest from the flexure belt, is considered to have the advantage among the three cases 

since it is relatively low in risk in terms of repairability after flexure displacement . 

Keywords: long span cable-stayed bridge, one-tower cable-stayed bridge, fault displacement 

1. Introduction  

Hanshin Expressway's 258.1km network is one of the major traffic arteries of urban areas 

in Kansai Region, Japan. With regard to network development, we proceed with the 

construction of the Osaka Wangan Route (Western Extension Project), which will dedicate 

to the sustainable development of the region by eliminating the missing network link, 

alleviating traffic congestion, and strengthening the logistic function of the region.  The 

western extension of the 

Wangan Route (Rokko Island 

North to Komae) is a 14.5-km 

line whose construction was 

launched as a joint project with 

the Ministry of Land, 

Infrastructure, Transport and 

Tourism. The planned route is 

shown in Fig. 1. The majority of 

the route is planned as a bridge 

structure, with long cable-stayed 

bridges planned for the Shinko-

to-Nadahama sea route and 

Kobe -Nishi Sea Route sections. 

 

 
Fig. 1 - Western extension of the Wangan Route 
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In the vicinity of the bridges, the Osaka 

Bay Fault Zone has been identified as 

shown in  and Fig. 2. The northern part 

of the Osaka Bay Fault Zone branches 

off in the Kobe harbor area, with the 

Maya Fault distributed between Rokko 

Island and Port Island, and the Wada 

Cape Fault between Port Island and 

Wada Cape. Therefore, the Wada Cape  

Fault is distributed in the Kobe -Nishi 

Sea Route section, where one of the 

long-span bridges is planned. The fault 

appears as a flexure in a geological rock 

formation at a depth of approximately 

2,000 m, and there is a possibility that 

flexure displacement will be caused by 

fault activities in the future. Although 

the location of the flexure belt, the 

amount of displacement, and the inclination angle of the flexure belt have been estimated 

by previous studies,(for example, Azumi et al. (2021); Earthquake Research Committee . 

(2005)) uncertainties remain. Therefore, it is necessary to proceed with the bridge design 

after fully considering the influence of flexure displacement on long-span bridges 

considering the uncertainties.  

This paper studies the influence of flexure displacement on candidate bridge types for the 

long span bridge over the Kobe-Nishi Sea Route section, taking into account the 

uncertainties. Specifically, first, we calculated the amount of displacement at the top end of 

the foundations of the tower/towers and piers from the estimated amount of displacement 

of the flexure caused by fault activities using a two-dimensional FEM analysis model  

consisting of the surface ground and foundations. Next, we gave the calculated amount of 

displacement at the top end of the foundations of the piers and tower/towers to the three-

dimensional framework models of the long-span bridge as forced displacement, and 

confirmed the response of each member. The uncertainty of the curvature displacement 

was taken into consideration by parameter studies for three parameters: the location of the 

flexure belt, the amount of displacement, and the inclination angle of the flexure belt. 

 

2. Bridge types to be studied and analysis cases  

2.1. Bridge types to be studied 

The target long-span bridge types are shown in Fig. 3. These were selected as candidate 

bridge types. Bridge 1(two-tower cable-stayed bridge) is a common type of cable-stayed 

bridges with the minimum span determined by the sea route width. Bridge 2 (The one-

tower cable-stayed bridge (Wada Cape)) is a proposed bridge type with one tower and 

cables for improvement of the alignment and scenic beauty. Bridge 3 (The one-tower 

cable-stayed bridge (Port Island: PI)) was selected, since the flexure belt on the Wada Cape 

Fault was estimated to be located almost perpendicular within the range shown in Fig. 3,3 

as a bridge type that avoids positioning the tower over the flexure belt. 

 

 

Kobe

Wada cape fault

 
Fig. 2 - Fault distribution in Osaka Bay 
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2.2. Analysis cases 

The location of the flexure belt, the amount of displacement, and the inclination angle of 

the flexure belt have been estimated based on the long-term assessment of the activities of 

the Osaka Bay Fault, past surveys (Nanayama et al. (1999);Sato et al.(2006)), and the 

results of the field  survey based on sonic surveys and boring investigations conducted 

after the launch of the project of the western extension of the Wangan Route (Fig. 4). In 

this paper, we set the standard parameters based on these results and used as the base case 

for the analysis. 

Specifically, we assumed that the flexure belt extended over approximately 700m, and the 

most acutely flexed area with the largest deformation on the flexure belt was located 

between PB-15 and PB-16 (hereinafter referred to as the “estimated flexure belt location”). 

We set the displacement as 1.23 m in the vertical direction with the fault activity interval 

as 5,000 years and the inclination angle of the flexure belt at 60° and 80° as two cases.  

However, we thought it desirable to take into account the effect on the parameters 

considering the uncertainties, since these parameters have varied in previous studies and it 

is not certain that flexure displacement will occur as expected during the next earthquake. 

Therefore, we decided to add cases in consideration of the uncertainties as shown in Table 

1. In terms of the location of the flexure belt, as shown in Fig. 5, we added three cases in 

which the most acutely flexed area was 72.5 m, 312.5 m, and 552.5 m shifted to the PI side 

from the estimated flexure belt location, assuming that the flexure belt would be located 

just below the tower/towers and in the middle of the maximum span, where the most 

acutely flexed area is considered to have a significant effect on the tower/towers. In terms 

of the amount of displacement, we added cases of 1.722 m in the vertical direction with a 

fault activity interval of 7,000 years 

(displacement factor: 1.4), and of 3.5 m in 

the vertical direction, which is the 

maximum amount of displacement in the 

entire Osaka Bay Fault Belt reported in 

previous studies Nanayama et al. (1999) 

(equivalent to a displacement factor of 2.85 

and an fault activity interval of 14,250 

years). In terms of the inclination angle of 

the flexure belt, we added a case with 45°, 

in which the amount of displacement in the 

horizontal direction is larger. 

most acutely flexed area

Vertical : Width = 10 : 1

The width of flexure (abut 700m)
 

Fig. 4 -  Flexure shape based on the results of the field 

survey 

Wada Cape sidePI side

PB-12 PB-13 PB-14 PB-15 PB-16 PW-1

Kobe-Nishi Sea Route

Possibly flexure zone (about 700m)
 

Bridge 1: Two-tower cable-stayed bridge 

PB-12 PB-13 PB-14 PB-15 PB-16 PW-1

Wada Cape sidePI side

Possibly flexure zone (about 700m)
 

Bridge 2: One-tower cable-stayed bridge (Wada Cape) 

PB-12 PB-13 PB-14 PB-15 PB-16 PW-1

Possibly flexure zone (about 700m)

Kobe-Nishi Sea Route

Wada Cape sidePI side

 
Bridge 3: One-tower cable-stayed bridge (PI) 

Fig. 3 - Bridge types to be studied 
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3. Estimate of the amount of 

displacement of the top end of the pier 

foundations 

For the analysis cases described in Chapter 

2, we conducted a two-dimensional FEM 

analysis to calculate the amount of 

displacement of the top end of the 

foundations of the tower/towers and piers. 

3.1. Analytical model 

As the analytical model, we used a two-

dimensional FEM analytical model 

consisting of the surface ground and 

foundations. We modeled the surface 

ground after a geological longitudinal 

section3 assumed based on the results of 

the field survey. We set the physical 

properties of the ground based on the 

results of the field survey. We determined the underside of the layer where a pronounced 

flexure structure was observed in the field survey (hereinafter referred to as the “undersurface 

of the flexure”) as the boundary surface to which the amount of flexure displacement is given. 

Figure 6 shows how to give the amount of displacement. Assuming that the distribution of the 

flexure displacement is the same as the shape of the flexure, we gave the vertical displacement 

set in Chapter 2 at the location where the height from the reference line on the lower board side 

to the undersurface of the flexure is the maximum (① in the figure). For the other points, we 

gave the vertical displacement according to the ratio of the height with respect to ① in the 

figure. We calculated the horizontal displacement from the inclination angle of the flexure belt 

and the vertical displacement at that point. For the foundations, we assumed steel pipe sheet 

pile foundations for the tower/towers and the piers at sea level, and cast-in-place pile 

foundations for the piers on land.  

312.5m

552.5m

most acutely 

flexed area

possibly 

flexure zone

Wada Cape sidePI side

Case 5

Case 6
Case 7

Case 8

 
Fig. 5 - Positional relationship between the long-span 

bridge and the most acutely flexed area 
 

 

Inclination angle 

of flexure zone

Underside of flexure

Reference line of footwall

①

 
Fig. 6 - How to give the amount of displacement 

Table 1. Analysis cases 

No.

Inclination 

angle of 

flexure zone

Displacement amount

Location of the flexure beltDisplacement

rate

Activity interval

(year/time)

Displacement

amount

(m/time)

1
(Base case)

80°

1.00 5000 1.23

Estimated point of flexure 
2 1.40 7000 1.72

3 2.85 14250 3.50

4
(Base case)

60°

1.00 5000 1.23

Estimated point of flexure 

5 Moves  72.5m from base case to PI side

6 Moves  312.5m from base case to PI side

7 Moves  552.5m from base case to PI side

8 1.40 7000 1.72
Estimated point of flexure 

9 2.85 14250 3.50

10 45° 1.00 5000 1.23 Estimated point of flexure 
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3.2. Analysis results 

As an example of the analysis results, 

the deformation diagram of the one-

tower cable-stayed bridge (Wada cape) 
is shown in Fig. 7. At PB-15, PB-16, 

and PW-1, displacement in the vertical, 

horizontal, and rotational directions 

occurred. 

 

4. Study of effect on bridge  

We gave the amount of displacement at 

the top end of the foundations of the 

tower/towers and piers in each analysis 

case calculated in Chapter 3 to the 

three-dimensional framework model as 

forced displacement, and confirmed the 

response of each member due to the 

flexure displacement. 

4.1. Analytical model 

As the analytical model, we used a three-

dimensional framework model that takes 

geometric nonlinearity into account. The 

shape of the tower (as an example, in the 

case of the one-tower cable-stayed bridge) 

and the main girder are shown in Fig. 8. 

We used a steel diamond type for the 

tower/towers and a steel slab single box 

girder for the main girder. The analytical 

model conditions for each member are 

shown in Table 2. The girder clearance 

between the adjacent spans was set at 1.0 

m. With the boundary conditions of the 

foundations of the tower/towers and piers 

fixed at the top end of the foundations, we 

gave the amount of displacement calculated 

in Chapter 3 statically as forced 

displacement, and set the value equivalent to 

the vertical displacement as the 

displacement in the direction perpendicular 

to the bridge axis, in reference to the 

previous survey Kataoka et al. (2005). 

 

 

PB-15(Main tower) PB-16 PW-1

PB-15 PW-1PB-13

147mm

PB-16

349mm 3.63×10-3

[rad]

955mm

658mm 3.03×10-3

[rad]

1,165mm

681mm 0.32×10-3

[rad]

PB-14

Wada Cape sidePI side

 
Fig. 7 - Results of ground FEM analysis 

(Bridge 2, analysis case 4) 

(Unit:m)
 

Fig. 8: Tower shape and main girder shape 

(Regarding the tower shape, in Bridge 2) 

Table 2. Conditions of the model 

Members Elements used Material used

Main girder Linear beam element SM490Y

Main tower Linear beam element SM490Y

Pier Linear beam element
σck＝30N/mm2, 

SD490

Cable Linear truss element
Tensile strength 

1570N/mm2

Bearing Linear spring element
Seismic bearing and

Elastic bearing
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 4.2. Results of the analysis 

 4.2.1. Results for analysis case 4 

As an example, the results for each bridge type in analysis case 4 are shown in Table 3. We set 

the cross-sectional force of each member as 100% at the time of yielding, and the inclination of 

the tower/towers as the maximum value of 1/100, which is the limit of repairability of steel 

piers against residual displacement.  

In all three types, the bending moment of the main girder was less than approximately 15% 

and the cable tension was less than approximately 10%. As for the bending moment at the base 

of the tower/towers, the bending moment at the base of the tower on the PI side of the two-

tower cable-stayed bridge was the largest at approximately 25%. However, the deformation 

was within the elastic region. As for the bearings, the seismic limit for shear strain is 250%, 

and shear strain on all members was less than 250%, which is within the limit. The decrease in 

girder clearance was less than 1.0 m for all bridge types, and no girder collisions occurred. As 

for the inclination of the tower/towers, that for the one-tower cable-stayed bridge (PI) was the 

smallest at about 1/1150, which is less than 1/1000 of the construction error of the steel piers 

considered in the design. 

4.2.2. When the location of the flexure belt was changed 

Figure 10 shows the bending moment at the base of the tower/towers and the inclination of the 

tower/towers in analysis cases 4 through 7 (displacement factor: 1.0, inclination angle of the 

flexure belt: 60°). Even when the location of the flexure belt was changed, the deformation at 

the base of the tower/towers was within the elastic region. This was also the case for the main 

girder and pier foundations. As for the inclination of the main tower/towers, in the case of the 
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Fig. 10: Results when the location of the flexure belt was changed (analysis cases 4 through 7) 

Table 3. Response of each member as a result of flexure displacement (analysis case 4) 

Bridge type 

Bending moment of the base

of tower main girder 

(Yeild stress ratio)

the inclination 

of the tower

Shear strain 

of bearing

Decrease in

girder clearance

Bridge 1

(Two-tower cable-

stayed bridge)

22% and 25%
1/720 and

1/430
80～120%

PI side: 310mm

Wada cape side: 

350mm

Bridge 2 

(One-tower cable-

stayed bridge)

11% 1/290 50~90%

PI side: 450mm

Wada cape side:  

230mm

Bridge 3

(One-tower cable-

stayed bridge (PI)

15% 1/1150 110~150%

PI side: 180mm

Wada cape side: 

490mm
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Bridge 2 and Bridge 3, the further away from the tower the location of the flexure belt was, the 

smaller the inclination. 

4. 2.3. When the displacement factor was changed 

 Figure 11 shows the bending moment at the base of the tower/towers and the inclination 

angle of the tower/towers in analysis cases 4, 8 and 9 (location of the flexure belt: the 

estimated flexure belt location, inclination angle of the flexure belt: 60°). As the displacement 

factor increased, the amount of displacement acting on the base of the piers and the 

tower/towers increased, and the bending moment at the base of the tower/towers increased 

linearly. The same trend was observed for the main girder and the base of the piers. For all 

bridge types, however, the deformation of each member was within the elastic region. As for 

the inclination of the tower/towers, nonlinear behavior was shown only for the one-tower 

cable-stayed bridge (PI), with a maximum inclination of only 1/500. This may be due to the 

fact that the location of the tower is far from the flexure location, and thus the effect of the 

flexure displacement was absorbed by the deformation of the main girder. 

4.2.4. When the inclination angle of the flexure belt was changed 

Figure 12 shows the shear strain of the bearings and the inclination of the tower/towers in 

analysis cases 1, 4 and 10 (location of the flexure belt: the estimated flexure belt location, 

displacement factor: 1.0). The shear strain of the bearings increased since the smaller the 

inclination angle of the flexure belt, the larger the horizontal displacement. For all bridge types, 

however, the shear strain of the bearings was within the limit in the event of an earthquake. 

The inclination of the tower tended to become larger as the inclination angle of the flexure belt 

became smaller, and this tendency was more pronounced for tower on the PI side 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1.00 1.50 2.00 2.50 3.00

Y
ie

ld
 s

tr
es

s 
ra

ti
o

Displacement rate

Bridge 1(PI)

Bridge 1(Wada cape)

Bridge 2

Bridge 3

        

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.010

1.00 1.50 2.00 2.50 3.00

R
el

at
iv

e 
d

is
p

la
ce

m
en

t 
o

f 
th

e 
to

p
 a

n
d

 t
h

e 

b
as

e 
o

f 
th

e 
to

w
er

 

Displacement rate

Bridge 1(PI)

Bridge 1(Wada cape)

Bridge 2

Bridge 3

 
(a) Stress ratio at the base of the tower/towers                            (b) Inclination of the tower/towers 

(bridge axis bending moment) 

Fig. 11: Results when the Displacement rate was changed (analysis cases 4, 8 and 9) 
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Fig. 12: Results when the Displacement rate was changed (analysis cases 1, 4 and 10) 
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5. Conclusion 

In Chapter 4, the response of each member to the flexure displacement was checked 

considering the uncertainties. In all bridge types, yield stress was not reached and deformation 

was within the elastic region. Therefore, we do not consider that the effect of flexure 

displacement on the superstructure is significant enough to affect safety. 

Next, regarding repairability after the flexure displacement, we consider that the bending 

moment of each member and the residual displacement of the main girder can be reduced or 

eliminated by replacing the bearings and adjusting the cable tension. However, the inclination 

of the tower/towers remained and it is difficult to restore it. Based on the above, it is 

considered that the one-tower cable-stayed bridge (PI), in which the location of the tower is far 

from the flexure belt and the inclination of the tower was small, is the best case in terms of 

repairability after flexure displacement among the three bridge types. In analysis case 7 

(location of the flexure belt: 552.5 m shifted to the PI side from the estimated flexure belt 

location, displacement factor: 1.0, inclination angle of the flexure belt: 60°), the inclination of 

the tower of the one-tower cable-stayed bridge (PI) was the largest. However, since the closer 

the location of the flexure belt is to the location estimated by the field survey the higher the 

probability of displacement occurring at that location, we considered that the one-tower cable-

stayed bridge (PI), in which the inclination of the tower was small when the location of the 

flexure belt is close to the location estimated by the field survey, had the advantage. 

From the above, we consider that the one-tower cable-stayed bridge (PI) is relatively low in 

risk since the effect of flexure on the tower, which is one of the most important members of a 

cable-stayed bridge, can be avoided as much as possible. 

6. Conclusion 

We studied the effect of flexure displacement on the long-span bridge that is planned to be 

constructed over the Kobe -Nishi Sea Route section on the western extension of the Osaka 

Wangan Route, which extends over the Wada Cape flexure belt, considering the uncertainties. 

As a result, we found that the flexure displacement was not significant enough to affect the 

safety of the superstructure in any case of a two-tower cable-stayed bridge, a one-tower cable-

stayed bridge (Wada Cape), and a one-tower cable-stayed bridge (PI). However, the one-tower 

cable-stayed bridge (PI), whose tower is the farthest from the flexure belt, is considered to have 

the advantage among the three cases since it is relatively low in risk in terms of repairability 

after flexure displacement . 
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Abstract: Polyurethane panels are used for façade cladding and roofing, 
mainly, of industrial objects, and as such allow for fast installation and 
reduction of building cost. According to current regulations in Macedonia, 
panels are only used as secondary load bearing elements. This work 
displayes the experiments used in order to determine the possibilities to 
replace the standard bracing for reduction of horizontal deflection with 
sandwich panels. For this purpose, 3 models in the scale of 1:1 of a building 
have been tested on a vibro platform. The models themselves are the same 
6m high building with the same load, only Model 3 is with panels, Model 2 
with bracing and no panels, and Model 1 is with no bracing or panels. The 
obtained results of the experiment show that the panels indeed can reduce the 
deflection of buildings in seismic areas.  

Keywords: panels, steel construction, stressed skin design  

1. Introduction  

The present use of sandwich panels in construction requires a significantly sophisticated 
method of structural analysis, one that accounts for the correlation of the panels and the 
main structure.  
Light sandwich panels used for cladding of modern buildings consist of two metal sheets 
for cover (flat or with trapezoidal profile) and an insulating core. Additionally to their 
primary role as shield from the outside elements, they also represent a very simple method 
to increase the stiffness of a building, providing an economical solution to the problems of 
deflection from horizontal influences. To make an analogy: the diaphragm acts as the web 
of an I beam in its role is to prevent shear deformation, while the outside elements of the 
diaphragm (the columns) are the flanges of the I beam.   
Undeniably, the structure and the cladding will always be in interaction, but what will their 
grouped response be, needs to be determined. Both as a response in deflections, and as 
response of the structure to the horizontal influences in terms of damage. This work 
analyses 3 models that are set on a vibro platform, and the response to damage their 
elements have.  
For this purpose the experiments are done in one horizontal direction, with the El Centro 
reecording of 1940 as the input data for the seismic load. The experiments are done on the 
seizmic vibro platform with five degrees of freedom in the Laboratory for dynamic 
research in the Institute of Earthquake Engineering and Engineering Seismology, UKIM-
IZIIS-Skopje.  
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2. Calculation of models 

For the experiments of this work, a HVAC shelter building is analyzed. The building 
is designed for an area with high snow load in order to be able to apply loads for seismic 
actions. The main reason for choosing such a type of a building is that its dimensions are 
such that they can be done in scale 1:1, and still be within the required dimensions that can 
be placed on the vibro platform, while demonstrating a representative building used in 
practice. Having this in mind, the obtained results from the experiment are a true picture of 
the response of such a building.  

The experiment itself analyzes 3 models, each of them a symetric 3D frame with 4 
columns, 4 beams and a height of 6m: 

1) Model 1: steel structure as a clear frame  
2) Model 2: steel structure with bracing   
3) Model 3: steel structure with facade panels  

 

 
Figure 1: Isometric view of the structure of Model 1 

The steel structure i.e. the 3D steel frame that undergoes the experiment has base 
dimensions of 3560.0mm х 3560.0mm and a height of 6000.0mm. The vertical element – 
columns are made of box profiles QR80x4 while the roof beams are hot rolled IPE160 
profiles. The anchoring of the structure, as well as all the connection with the models are 
with bolts.  
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Figure 2: Isometric view of the structure for Model 2  

On top of the structure itself lies a steel plate of 35mm thickness and weight of 
275kg/m2, which simulates the load of snow and permanent loads (roof panel and 
installations). The plate is bolted to the roof structure of the model via 104 bolts M12.0 X 
70.0 with material quality of 10.9. With the method for applying the load, it is possible to 
avoid the use of ingots for the loading of the structure, thus reducing the installation time 
on the vibro platform.  

The panels, for Model 3 are screwed to the structure with self tapping screws M6,3 
according to the recommendations from the producer of the panels (one screw per every 
angle of the structure). 

The bracing from Model 2 is fastened to the structure with M20x60 bolts with 
material quality 8.8, and between them (on the place where the system lines cross) there is 
a ring with thickness of 8mm in which all 4 segments of the bracing enter. The re-bars, 
from which the bracing is made, have a thread made on them, and all the elements are 
fastened with nuts.  

 
Figure 3: Isometric view of the structure for Model 1  
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3. Characteristics of the vibro platform  

The seismic platform on which the model was tested is in the Laboratory for 
dynamic research in the Institute of Earthquake Engineering and Engineering Seismology, 
UKIM-IZIIS-Skopje. The platform itself is a complex integral electro-hydraulic system 
(MTS-USA) which allows for programed generating of shear vibrations in vertical and 
horizontal direction. The platform is with dimensions of 5m x 5m, and is made of a stiff 
plate of pre-stressed concrete.     

4. Acquisition system  

The acquisition system for data in the laboratory for dynamic testing is a PXI 
modular system from National Instruments which contains 9 PXI-4472 modules for A/D 
conversion and one PXI-6713 for D/A conversion, fitted in one PXI-1006 18-sloth chassis. 
Each PXI-4472 module has a capacity for real time acquisition of 8 channels with 
maximum sampling speed of 102.4 kS/sec per channel. 

Therefore, the overall capacity of the measurement channels is 72, including the 
system ones. For these experiments, accelerometers, linear potentiometers and measure 
tapes were used.  

5. Instrumentation  

The scheme for instrumentation is defined in a way to get an optimal number of 
information from the experiment. Therefore, a total of 12 accelerometers (ACC), 8 
measuring tapes (SG) and 2 linear potentiometers (LP) were used in total. The same 
scheme of instrumentation was used for all the models.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4: Instrumentation scheme 
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6. Visual inspection of the structure 

6.1. Model 3 (model with panels) 

During the testing of Model 3, the structure behaved well without any deformation of 
the main load bearing structure. However, already at test 4 with acceleration of 0,143g, it is 
evident that there is horizontal deflection of the structure, with no damage to the facade 
panels. This situation indicates of damage to the connection between the panel and the 
structure, i.e. wrinkling of the  steel sheet of the panel (damage to the panel), or damage to 
the self-tapping screw (shear rip of the screw). The damage of the panels (nonconstructive 
elements) means that their behavior has passed into an non linear zone of behavior, while 
the columns as main structural elements (in all 3 models, as described before) stay in the 
linear zone of behavior.   

After the completion of the tests of Model 4, and the dismantling of the panels, it is 
clear that there is damage to the panels, as it is evident on the pictures below. The 
numeration of the panels is such that it goes bottom-up i.e. the panel on the bottom is 
marked with 1, while the top ones is marked with number 5, while the sides are marked 
right (R) and left (L).  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
On the panel itself, the screws are marked according to the scheme below, with 

markings a, b, c and d.  

Figure 5: Panel marking 
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Figure 6: Screws marking 

Visually, the biggest damage to the panels is on panel 3 (where there is a simulated 
window with a disruption in the panel continuity) i.e. where there is a sudden shift 
(decrease) in the stiffness. On that point, with a hole of d=6,3mm, there is such tearing of 
the sheet, that the hole becomes oval (in the direction of the horizontal force) up to 23mm. 
On the other hand, the smallest damage is on the top panel with an oval hole of d=12mm, 
and the bottom panel with an oval hole of d=9mm.  

 
Figure 8: Damage of middle right panel 

 

Figure 7: Damage of top right panel  
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Figure 9: Damage of bottom right panel 

6.2.  Model 2 (model with bracing) 

During the testing of Model 2, the structure behaved well without any deformation of 
the main load bearing structure. However, already at test 13 with acceleration of 0,143g, it 
is evident that there is horizontal deflection of the structure, with deformation of the ring 
(that was circular at the beginning of the experiment) which connects the bracing in the 
middle.  

 
 
 
 
 
 
 
 
 
 
 
 
 
The rest of the structure, visually, undergoes no damage.  

Figure 10: Position of rings for bracing connection 
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Figure 11: Deformed bracing ring 

6.3. Model 1 (model with no bracing or panels) 

Due to the big flexibility of the structure with no bracing or panels, the high period of 
the structure is more than evident. Due to the high period of the structure, the test have 
been ceased after applying 15% of the earthquake force, in order to prevent damage to the 
structure. However, in spite of the high period of the structure, the main constructive 
elements of the model have undergone no damage whatsoever.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

7. Conclusion 

In conclusion, as stated in the introduction, the panels can withstand the horizontal 
forces and decrease the deflection of the structure, but at what cost? In reality, the panels 
suffer such damage, that they are rendered unsuitable for ‘the next earthquake’, but also 

Figure 11: Model 3 after stopping of testing  
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this type of bracing undergoes the same level of damage. None the less, it is more than 
obvious that, although the panels allow for the same level of deflection decrease, the 
‘weakest link’ is in the connectoin of the panels with the main structure i.e. in the self 
tapping screws. If there is a possibility for a more equal distribution of force, instead of the 
concentrated points of force distribution, the panels will not suffer damage, and will still be 
useful for the next earthquake.  
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Abstract: The substitution of reinforcing steel with shape memory alloys has been offered 
as a solution for reducing residual displacements in reinforced concrete (RC) walls. This 
paper presents some recent experimental and numerical research efforts conducted by the 
authors and colleagues in the iMMC at UCLouvain focusing on the seismic performance of 
RC walls detailed with shape memory alloys. A summary of an experimental campaign is 
provided, which involved testing two large-scale planar RC walls. Some results from 
numerical simulations using state-of-the-art finite element modelling are also presented. 
Current and future research will focus, among others, on developing a more robust 
connection between the shape memory alloy and conventional steel rebars for 
implementation in concrete structures. 

Keywords: SMA, residual-based, reinforcement, operational, serviceability 

1. Introduction

In modern earthquake engineering, reinforced concrete (RC) walls are designed with the 
intention of providing sufficient strength and ductility (i.e., possibly large but controlled 
deformations) with the aim of avoiding collapse in case of a rare earthquake (Sritharan et 
al., 2014). To provide the required strength, modern walls are designed with additional 
(“lumped”) reinforcing steel at the boundary ends of the wall. The steel bars in these 
“boundary regions” are expected to perform inelastically to provide the required 
deformation capacity and energy dissipation. However, the plastic performance of the steel 
reinforcement in these boundary regions results in permanent damage and is typically the 
source of the residual displacements in RC buildings (i.e., the permanent relative 
deformation of a structure with respect to its foundation). For example, 25% of buildings in 
Christchurch, New Zealand were no longer vertical after the Mw 6.3 earthquake in 2011 
(Muir-Wood, 2015), where 60% of RC buildings over three storeys were demolished 
because of extreme building tilts after being declared “uneconomic to repair” (Gonzalez et 
al., 2021). While the primary performance level of no collapse for modern-designed RC 
structures can typically be achieved, the level of damage to structures and the economic 
losses are unexpectedly high (Goldsworthy, 2012). In the case of Christchurch, losses of 
more than $NZD 40 billion (i.e., 20% of the country’s GDP) were accumulated from the 
event (Marquis et al., 2017). The antiquated design philosophy of collapse prevention (or 
life safe), while deemed satisfactory to most engineers, no longer satisfies building owners 
and the public at large, whom are overwhelmed by the extent of damage, cordoning off of 
the city, and disruption of services (Goldsworthy, 2012). Thus, in addition to collapse 
prevention as a performance objective, sufficient attention needs to be paid to the post-
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earthquake reparability and serviceability of structures. While the former is primarily 
controlled by the peak inelastic displacement, the latter typically uses the residual 
displacement as an important criterion. 

Shape Memory Alloys (SMAs) have been attracting some interest from researchers and 
structural engineers because of their ability to (i) recover displacements upon removal of 
stress, (ii) dissipate energy through hysteretic damping, and (iii) provide strength and 
displacement capacities comparable to conventional steel reinforcement (Abdulridha & 
Palermo, 2017). It is for these reasons that SMA bars have the potential to be used as 
reinforcement in wall boundary ends, aiming to reduce residual displacements and 
ultimately decrease societal and economic impacts after seismic events. The authors are 
aware of three separate experimental research investigations that tested RC walls detailed 
with SMA bars (Abdulridha & Palermo, 2017; Cortés-Puentes et al., 2018; Kian & Cruz-
Noguez, 2018). All three of these wall tests experienced some experimental or laboratory 
limitations that essentially restricted the seismic performance of these specimens, 
including: (i) no axial load was applied to all three wall specimens, which has been shown 
to greatly reduce the residual displacements (Dazio, 2004; Hoult & Almeida, 2022a; 
Maciel et al., 2016) and (ii) small shear spans (i.e., ratio of wall height to length) were used 
for all three specimens, representing low-rise buildings only. Regarding the latter of these 
issues, the construction of considerably taller and more expensive units is not always 
possible (Holden et al., 2003). 

An experimental and numerical program was recently undertaken at Université catholique 
de Louvain (UCLouvain) in the Institute of Mechanics, Materials and Civil Engineering 
(iMMC) to investigate the seismic performance of RC walls detailed with SMA rebars. 
The experimental program included the testing of two large-scale (2:3) RC walls subjected 
to quasi-static cyclic loading protocols. In one specimen, ribbed steel rebars were replaced 
by nickel titanium (NiTi) SMA bars over a limited height above the base and inside the 
wall boundary element regions. The employed test setup allowed imposing an axial load as 
well as a large shear span, forcing the walls to behave in flexure as representative of 
medium to high-rise buildings. In the numerical program, an extensive number of walls 
were simulated using state-of-the-art finite element modelling. The purpose of this 
conference paper is to summarise some of the findings from these programs recently 
undertaken. Full details of these research investigations can be found in Almeida et al. 
(2020) and Hoult & Almeida (2022a,b). Finally, an overview of ongoing and future 
research being performed by the authors is also presented.  

2. Summary of large-scale experimental tests

Two wall units at 2:3 scale with identical geometry were tested: A RC wall detailed 
completely with conventional steel (herein denoted specimen RC) was designed in 
accordance to the Eurocode 8 (CEN, 2004); an identical RC wall was also tested but 
detailed with four SMA rebars at the base of each boundary element (herein denoted as 
specimen RC+SMA). Each wall unit was 2000 mm tall, 200 mm thick, and 1200 mm long, 
and included a top loading beam (450 × 400 × 2400 mm3) and a foundation block (600 × 
400 × 2800 mm3). Figure 1a illustrates some of the geometry and the reinforcement layout 
of the two test specimens. For the RC+SMA specimen, with detailing sketched on the 
right-half cross-sectional layout in Figure 1a, SMA rebars made of nickel titanium (NiTi) 
alloy were used with a diameter dbl = 12.7 mm, which replaced the bottom 270 mm of 
longitudinal steel reinforcement in the wall. Mechanical couplers were used to connect the 
SMA and conventional steel rebars. More information regarding the specifics of the 
material and mechanical properties of the concrete, steel, and SMAs can be found in 
Almeida et al. (2020). 
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The test setup was assembled at the technological platform Laboratoire Essais 
Mécaniques, Structures et Génie Civil (LEMSC) of the iMMC at UCLouvain. The setup is 
shown in Figure 1b and consisted of two independent steel frames fixed to the laboratory 
strong floor, one supporting the vertical actuators and the other serving as a reaction frame 
for the horizontal actuator force. The vertical actuators apply an axial load of 350 kN to the 
specimens, corresponding to an axial load ratio (ALR) of 7.3%, as well as applying a varied 
bending moment that maintains a shear span (M/VLw = He/Lw) of 3.6. The out-of-plane 
displacement at the height of the RC beam was prevented by using sliding supports that 
were attached to lateral bracing frames (represented in blue in Figure 1b). The horizontal 
actuator applied the reverse cyclic displacement history to the top RC beam of the 
specimens, which followed the quasi-static loading shown in Figure 2a and Figure 2b for 
RC and RC+SMA respectively. The loading protocol was displacement controlled, with 
each load stage an increment of drift until failure was determined. 

Figure 1 − (a) Geometry and reinforcement layout of test units RC and RC+SMA specimens, including close-
up of the cross-section (b) 3D sketch of the setup assembled at the technological platform LEMSC for the test 

of the two walls 

Figure 2 − (a) Loading protocol applied to specimen (a) RC and (b) RC+SMA 
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2.1. Response of specimen RC 

A stable hysteretic response up to the specimen peak force was observed for the specimen 
detailed with conventional steel. An “explosive” noise could be heard while loading from -
0.9% to 0.9% drift (i.e., from LS34 to LS35, Figure 2a), which corresponded to the 
formation of a large foundation cone and likely rebar fracture. The latter was accompanied 
by a sudden increase of the base crack width (at the tip of the cone), shown in Figure 3a, 
and corresponded to a reduction of widths of the cracks above this primary base crack. 
During loading towards LS41, at a drift of 1.37%, the sound of two additional rebar 
ruptures were perceived, corresponding to a drop in strength and onset of failure of this 
specimen. The test continued until the wall lost up to 70% of its maximum strength, along 
which five clear rebar rupture sounds were heard. Concrete crushing did not contribute to 
the drop in lateral strength and failure was entirely due to rebar rupture in the foundation. 
One of the reasons for the premature failure and much-reduced ductility capacity of this 
wall specimen included the relatively thin unit foundation block, which allowed the main 
base crack to dive into the foundation. 

2.2. Response of specimen RC+SMA 

An expected flag-shaped force-displacement response for specimen RC+SMA was 
observed. While progressing to a drift of 2.03% (i.e., LS49), steel rebar fracture could be 
heard, visibly causing a drop in the strength of the wall. It is likely that this steel rebar 
rupture was mixed with slipping of the SMA rebar in the coupler. Failure was attained 
during the second cycle at the same drift level (δ=2.03%, LS51), where another rebar 
rupture (i.e., rebar fracture) was distinctly heard and corresponded to a drop in strength. 
The response of this wall specimen indicated the activation of the superelastic SMA rebar 
behaviour while the stress in the steel rebars above the coupler remained below the yield 
stress. Unlike its RC counterpart, it was likely that concrete crushing, which developed in 
this specimen from drift levels of around 0.77% until drift at failure, contributed to the 
degradation of the strength observed (Figure 3b). 

Figure 3 − (a) the base of specimen RC with formation of foundation cone and primary crack (LS35, 
δ=0.9%) and (b) damage state of specimen RC+SMA, including concrete crushing observed at the wall toe 

(LS54, δ=-2.4%) 

The experimental force-displacement responses for both RC and RC+SMA specimens are 
shown in Figure 4a. Furthermore, the recorded residual displacements for both specimens 
are plotted in Figure 4b as a function of the in-plane drift. If the residual displacements are 
used as the engineering parameter to determine a wall’s performance, then it is clear that 
the RC+SMA specimen performed much better than the RC specimen. Exponential lines-
of-best-fit are also shown in Figure 4b to fit well to the results for both RC and RC+SMA 
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(r2 correlations of 0.94 and 0.89, respectively). Superimposed in Figure 4b is a permissible 
residual drift limit of 0.005 rad (i.e., 0.5%), which is based on building functionality, 
construction tolerance levels, and structural safety (McCormick et al., 2008). It can be 
observed that the permissible residual drift limit of 0.5% (=11mm for the current 
specimens) is reached at in-plane drifts of approximately 1% and 2% for the RC specimen 
and RC+SMA specimen respectively. 

Figure 4 – Experimental results for both test specimens RC and RC+SMA (a) force-displacement hysteretic 
response and (b) residual displacement as a function of the in-plane drift 

Digital image correlation (DIC) techniques were also used to determine the longitudinal 
strain distributed across the face of the walls using a base length of 100 mm. Micrometres 
were also used to determine a more accurate value of the tension strain at the base, which 
included the contribution of strain penetration into the foundation. Some of the resulting 
longitudinal strains are presented in Figure 5 in the form of heat maps. For specimen RC 
(Figure 5a), the longitudinal strains could only be calculated up to a wall height of 
1200mm. At the drift level (δ) of 1.3%, there are some, albeit limited, distributed inelastic 
strains up the height of the wall prior to a concentration of strain at the base crack, which 
ultimately resulted in failure of this specimen governed by rebar rupture. The strain heat 
map for specimen RC at this drift level appears to be typical of a flexurally-governed wall, 
depicted by the pattern of predominantly horizontal stripes of higher longitudinal strains at 
different heights, corresponding to horizontal cracks (Figure 5a), with large tension or 
compression strains being reached in the respective extreme fibre regions. In contrast, 
specimen RC+SMA (Figure 5b) shows large inelastic strains accumulating throughout a 
greater length across the section of the wall and into the web. Note that the SMA rebar 
length at the base (to the mechanical coupler) is 270 mm. This type of strain distribution 
could explain the steel rebar ruptures heard during testing (Almeida et al., 2020). Steel 
rebar rupture in, or close to, the web prior to the SMA bars in the boundary ends have also 
been reported in other testing on walls with similar detailing (Abdulridha & Palermo, 
2017; Kian & Cruz-Noguez, 2018). There are several reasons that could explain this 
behaviour, which include the light amount of steel used to reinforce the web region of the 
wall, as well as the large differences in stiffness between the SMA rebars used in the 
extremities of the wall and the conventional steel used in the web (e.g., the elastic Young’s 
modulus of the SMA and the steel is 31 GPa and 205 GPa, respectively). 
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Figure 5 Heat map of longitudinal strains (a) RC, δ=1.3% and (b) RC+SMA, δ=1.4% 

Using the automated-crack detection and crack measurement (ACDM) procedure (Gehri et 
al., 2020, 2022), crack patterns and crack widths were determined for specimens RC and 
RC+SMA. The large base crack that formed between the foundation and the wall for both 
specimens has not been included in these analyses. As such, only the principal strains from 
the DIC data are used here. Figure 6 illustrates cracking distributions using the ACDM 
procedure for specimen RC and RC+SMA at similar drift levels. A reminder that only the 
lower 1200 mm of this wall specimen was captured using DIC techniques, and hence the 
top 800mm of the illustrated wall in Figure 6a,b has been shaded. Near-horizontal cracking 
occurs for the RC specimen (Figure 6a,b), which was initially noted in Almeida et al. 
(2020), confirming the predominantly flexural behaviour of the structure, as was expected 
from the large applied shear span ratio (of 3.6). At large enough drifts levels, the RC wall 
specimen appears to form a wide crack in the web of the wall (Figure 6b), which has been 
detailed with a relatively low amount of longitudinal steel. This large web crack, 
corresponding to high tensile strains in the web, can help to explain some of the rebar 
rupture sounds heard during testing. For specimen RC+SMA (Figure 6c,d), a large crack 
appears to form and extend upward from the base in the extreme tension fibre region and 
across into the web of specimen RC+SMA. In comparison to the crack widths determined 
for specimen RC at similar levels of drift, specimen RC+SMA is estimated to have smaller 
flexural crack widths in the extreme tension fibre region of the wall and up the wall height, 
consistent with the observed concentration of strain and plasticity at the base. 
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Figure 6 – Cracking distributions (a) RC, 0.4% (b) RC, 1.5%, (c) RC+SMA, 0.4%, (d) RC+SMA, 1.4% (note 
that the large base crack between foundation and the wall, for both specimens, is not depicted). The numbers 
superimposed in each of the figures are indicating the crack width below (in mm). 

3. Numerical simulations

VecTor2 (Wong et al., 2013), a state-of-the-art nonlinear finite element (FE) modelling 
program for plane RC sections that is based on the disturbed stress field model (DSFM) 
(Vecchio, 2000), is herein employed to simulate the wall unit RC+SMA tested at 
UCLouvain. Plane stress rectangular elements are used to model the concrete, which are 
four-noded elements with uniform thickness (Wong et al., 2013). An element size 
corresponding to 0.33tw is adopted for the walls based on the mesh sensitivity analysis 
undertaken in Hoult & Almeida (2022a), where tw is the wall thickness. A maximum aspect 
ratio of 1.5 (Wong et al., 2013) is used for the elements of the wall. The longitudinal SMA 
reinforcement in the boundary ends of the wall is modelled using truss-link elements, 
which allowed the simulation of the bond behaviour between the smooth rebars and the 
concrete. The Eligehausen (1983) bond stress-slip model was used to characterise the 
stress-slip behaviour of the smooth SMA rebars, which has been successfully used for this 
purpose in some previous numerical research (Abdulridha & Palermo, 2017; Soares et al., 
2021). The longitudinal steel reinforcement was modelled using truss elements, which 
assumes a perfect bond. The transverse reinforcement and confinement are modelled using 
smeared reinforcement throughout the concrete plane stress rectangular elements. Figure 
7a illustrates the VecTor2 model of the RC+SMA wall specimen from Almeida et al. 
(2020). The material models are described in the study by Hoult et al. (2018), which are 
not repeated here for the sake of brevity. The full details and justifications for the chosen 
material models are provided in Hoult & Almeida (2022a). It is worth noting that, while 
the test specimen height was approximately 2200 mm (Figure 1), the VecTor2 model is 
extrapolated to a height that is equivalent to the shear span (Figure 7a), which was made 
possible experimentally with vertical actuators applying an overturning moment as 
mentioned above. 

The numerical force-displacement response from VecTor2 for the RC-SMA specimen is 
illustrated in Figure 7b. Superimposed in this figure are the experimental results from 
Almeida et al. (2020). A very encouraging simulation of the force-displacement response 
of this wall is obtained numerically. As can be observed, the onset of failure, caused by 
rupturing of the outermost layer of reinforcing steel bars, occurred during the cycle 
towards a drift of approximately 2.4%, corresponding to a reduction in the force capacity. 
The VecTor2 simulations also provide reasonable estimates of the residual displacements 
of the wall, as indicated in Figure 7c, which is important for future studies investigating 
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residual-based design measures. These results emphasise that it is possible to emulate the 
seismic response of RC-SMA walls to a fitting degree using state-of-the-art FE modelling. 
More information on the modelling procedure presented here, including further validation 
of the FE models using other experimental test results, can be found in Hoult & Almeida 
(2022b). 

Figure 7 – (a) VecTor2 model of specimen RC+SMA (b) simulation of the force-displacement response (c) 
VecTor2 results of the estimated residual displacement 

4. Current and future research

Mechanical couplers have been used in previous studies to connect the two different materials. 
In fact, all four tested RC-SMA wall specimens used mechanical couplers to connect the SMA 
rebars to conventional steel. The use of couplers has been also unavoidable for all beams, 
columns, and beam-column joints tested up to now (Raza et al., 2022). There are, however, 
some challenges with the use of couplers in practice, including a reduction of RC member 
displacement capacity (Dahal & Tazarv, 2020); for example, up to 43% reduction has been 
reported when using mechanical couplers compared to unspliced members. Furthermore, the 
use of long, thick, and rigid couplers can restrict the rotation capacity of the RC member 
(Tazarv & Saiidi, 2016) and also impose some difficulties with regards to member detailing, 
including increased concrete covers and providing closely space confining reinforcement. 
Slippage inside the couplers has also been reported in several experimental tests (Raza et al., 
2022). It is for the above reasons that the current seismic codes prohibit the use of mechanical 
couplers within the plastic hinge regions of RC structures.  

Thus, to avoid the use of couplers, the authors are currently developing a novel connection 
between SMA and steel rebars. A recent publication (Lezaack et al., 2022), under review, 
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demonstrates that a full-strength connection between NiTi SMA to conventional steel bars 
is possible through friction welding methods (Figure 8). While the performance of these 
connections was validated under quasi-static tensile monotonic loading, their response 
under dynamic, reverse-cyclic and fatigue loading is the subject of ongoing and future 
investigations, both under uniaxial tensile-compressive loading and as reinforcing rebars in 
RC structural members. The exploration of other materials within the SMA material 
family, namely Fe-based and Cu-based alloys, is also envisaged. The influence of the 
distinct axial stiffness between SMA and steel rebars on the evolution of the strain profiles 
along the length of RC walls – and its implications on structural performance and 
modelling – is also under investigation. 

Figure 8 – Tensile samples of the NiTi SMA and steel bars joined through friction welding (Lezaack et al., 
2022). Position control (PC) machine. Necking samples show fracture strength similar to the steel rebars. 

5. Conclusions

A mix of experimental and numerical research investigations performed recently and 
ongoing at UCLouvain, focusing on the seismic performance of RC walls detailed with 
shape memory alloy rebars, was presented. The primary focus of detailing concrete 
structures with SMA materials is ultimately to reduce the residual displacements after these 
structures are subjected to ground motions from large earthquake events. Firstly, a 
summary of two wall specimens tested at the LEMSC laboratory of the iMMC is 
discussed. These wall tests showed the intended effective reduction of residual 
displacements for high shear span ratios characteristic of medium-to-high rise buildings 
and helped validating numerical models using state-of-the-art finite element modelling for 
simulating the performance of RC-SMA walls. However, there are some impediments to 
get around before SMA materials are readily adopted by construction practices 
internationally. One of these obstacles includes the continued use of mechanical couplers, 
which are not accepted by current building codes within plastic hinge regions. Continued 
research in this area is being conducted by the authors and colleagues at UCLouvain to 
develop a novel and robust connection that will make it easier to implement in future 
practices. It relies on a more fundamental connection at a material level which can help 
overcome the limitations and doubts regarding the currently employed mechanical bar 
splices. Other future work includes the characterization of the response, both at the 
connection and structural levels, for fatigue loading and dynamic low-cycle large-
amplitude loading. 
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Abstract: A long-span cable-stayed bridge is planned in the section between Rokko Island 

and Port Island (Sinko-Nadahama sea route) of the Osaka Wangan Expressway Western 

Extension, and beneath the bridge is the Maya fault, the north end of Osaka Bay fault zone. 

Two options, the continuous cable-stayed bridge and single cable-stayed bridge are 

considered as bridge types. Because it is necessary to consider the impact of this fault, the 

location and the displacement amount of the fault are estimated by geological survey. As a 

result of the static analysis of the total bridge model in which the displacement amount at 

the bridge foundation is input as the forced displacement, any fatal damage did not occur for 

both bridge types and the safety against fault displacement was confirmed. Furthermore, as a 

result of the analysis in which the displacement amount is increased to examine the 

redundancy for unexpected fault displacement, it is confirmed that the continuous cable-

stayed bridge is superior for the inspection and the repair after fault displacement. 

Keywords: continuous cable-stayed bridge, fault displacement, structural redundancy

1. Introduction

The Osaka Wangan Expressway Western Extension is a 14.5-km-long motorway 
planned in Kobe City, Hyogo Prefecture (Fig. 1 (a)). For the motorway, a long 
cable-stayed bridge crossing sea routes is planned to be built over a maritime 
section from Rokko Island, an artificial island, to Port Island (hereinafter referred to 
as the Shinko-Nadahama sea-route section). The area of the Shinko-Nadahama 
sea-route section is estimated to be situated on the Maya Fault, which is located at 
the northern end of the Osaka Bay Fault, spreading in the north-to-south direction 
to the west of Osaka Bay (Fig. 1 (b)). So this means that the planned long cable-
stayed bridge is to be located at a site straddling the Maya Fault. The Maya Fault 
manifests itself over a depth of 2,000 m as flexures in deposited strata beds, but 
there are many unknown pieces of information on locations and properties of the 
flexures. Based on geological surveys, this examination estimates locations of 
flexures and the amount of displacement, studying possible impacts of the 
displacements of flexure on the planned long cable-stayed bridge. 

2. Geological Survey

A survey, conducted by the Hydrographic Department of the Maritime Security 
Agency and the Geological Survey of Japan after the 1995 Southern Hyogo 
Prefecture Earthquake1) 2), made clear that the Osaka Bay Fault is distributed 
along Awaji Island on the west side of Osaka Bay. The overall length of the fault is 
about 39 km, extending in the northeast-to-southwest direction. The fault is a 
reverse fault in which the west side of the fault zone rising relative to the east side 
predominates (including the slippage component on the right lateral side). With the 
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fault distributed continuously and almost linearly, the entire fault is deemed to act 
as one section. 

The fault manifests itself as flexures in the strata bed deposited over a depth of 
2,000 m. Since the fault exists on the seafloor, its distribution is estimated from the 
information obtained from a cross-sectional analysis of reflection-method-based 
seismic survey courses of traverse. This time, in order to accurately check and 
estimate locations and characteristics of flexures at the bridge-building point, we 
conducted boring surveys and sonic surveys. We regarded locations where past 
faulting had caused strata beds to deform as flexure zones and examined their 
distributions. Figure 2 shows the location map of the survey conducted this time. 
Based on the results of the survey, we studied locations of flexure and amounts of 
displacement. We evaluated the width of flexure at 1,400 m or so for the Shinko-
Nadahama sea-route section and determined that the point of sharp change in the 
flexure exists near main tower 3P. (Fig. 3). 

Fig. 1 (a) : A map showing the location of the Osaka Wangan Expressway Western Extension 

[Source] Maps from the Geospatial Information 

Authority of Japan (CYBER JAPAN WEB), with 

additional touches 
https://www.gsi.go.jp/tizu-kutyu.html 

Fig. 1 (b) : Fault distributions in Osaka 
Bay obtained by various surveys 

Fig. 2: Location of survey 
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Fig. 3: Cross-sectional view of the combination of information on the boring of the Shinko-all 
Nadahama sea-route section and the results of the reflection-method-based seismic survey 

3. Estimating the Amount of Flexure Displacement

Using the information from the boring samples and the drawing of the results of 
the analysis of reflection-method-based seismic surveys, we estimated the amount 
of displacement at the in-situ location. The estimation method is shown in Fig. 4. 
The head D of the basal plane of the Ma12 layer, which shows remarkable 
deformation, is read from the survey results and divided by the sedimentary age of 
the same layer to obtain the average slip rate (m/thousand years). By multiplying 
the obtained average slip rate by the average repeat time (thousand years/time) of 
the Maya Fault, the amount of displacement per activity (the amount of flexure 
displacement) is obtained. The average repeat time of the Maya Fault was set at 
5,000 years by evaluating the evidence data on the safe side, in comparison with 
the activity interval of 2,000 to 3,000 years3) estimated by the boring survey 
conducted at the time of construction of Kobe Airport. Since the head D based on 
the results of the survey this time was approximately 37 m, the average slip rate 
was estimated at 37 m ÷ 127,000 years = 0.294 m/thousand years, and the 
amount of deviation per flexure displacement at 0.294 m/thousand years x 5,000 
years/time = 1.47 m/time. 

Fig. 4: Method of estimating a fault displacement 

4. Examining the Impact on the Cable-stayed Bridge Constructed across the Flexures

 4.1. Estimating the amount of displacement of the bridge base crown accompanying 
the displacement of flexures 

We performed a two-dimensional linear FEM analysis on the ground of the 
Shinko-Nadahama sea-route section; in the analysis, we caused the amount of 
displacement of flexure defined in Chapter 3 to act on the underside of the Ma12 
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layer as forced displacement. This allowed us to calculate the amount of vertical 
displacement, the amount of horizontal displacement, and the amount of 
inclination (all in the direction of the bridge axis) at each main tower of the bridge 
and at the position of the crown of each pier. The bridge types under consideration 
were limited to “continuous cable-stayed bridge” and “single cable-stayed bridge”. 
Here, when forced displacement is inputted to the underside of the Ma12 layer, the 
inclination angle of the fault is taken into consideration. In the “Evaluation of the 
Osaka Bay Fault Zones” 4), the tilt angle is estimated to be 60 to 80° (3 km or less 
underground) based on the results of the geological structure survey and the 
reflection-method sound survey. It was therefore decided to set the angle of the 
fault deformation in the flexure zone in two ways, 60° and 80°, in this study to 
perform the analysis. Figure 5 shows an example of the calculation results.

Fig. 5 : Amount of displacement of the crown of the bridge base (Bridge type: a continuous cable-stayed 
bridge with a flexure angle of 60°) 

4.2. Method of assessing impacts on bridges 

Impacts are evaluated by inputting the amount of displacement of the base 
crown calculated in (1) as the forced displacement to the 3D skeleton models of a 
single cable-stayed bridge and a continuous cable-stayed bridge. For a single 
cable-stayed bridge, the main girder is supposed to be made of a steel one-box 
girder and the main tower is supposed to be made in a steel diamond type; for a 
continuous cable-stayed bridge, the main girder is supposed to be made of 2 steel 
one-box girders and the main tower is supposed to be made of type-A steel bridge 
axes (4 pillars at the base). Table 1 shows the conditions for the analysis model. 
Figure 6 shows the side view of the analysis model for the single cable-stayed 
bridge, and Table 2 shows the support conditions for the model. The single cable-
stayed bridge has a discontinuity at pier P8. Figure 7 shows a side view of the 
analysis model for the continuous cable-stayed bridge. Table 3 shows the 
conditions of support. The main girder of the continuous cable-stayed bridge 
continues from pier P3 to pier P6. The main girder is formed by two main girders 
separating the up and down lines, with the main girders connected by cross 
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girders at intervals of 15 m. For both models, the girder expansion spacing with 
the adjacent span is set to 1,000 mm. 

Table 1: Conditions for the analysis model 
Material

Single cable-stayed bridge Continuous cable-stayed bridge
Main girder Linear beam SM490Y SM490Y

SM400
Main tower Linear beam SM490Y SM490Y

SM570
Pier Linear beam σck=30N/mm2, SD490
Cable Linear truss Tension strength  Over 1570N/mm2

Bearing Bilinear Seismic Bearing Seismic Bearing
Elastic restraint

cable
Linear spring － Main tower position

Modeling

Fig. 6 : Side view of the analysis model (for the single cable-stayed bridge) 

Table 2: Support conditions (for the single cable-stayed bridge) 

P4 P5 1P 2P P6 P7 P8 P9 3P 4P P10 P11
Longitudinal
Transverse

Seismic bearing
Seismic bearing

P3 P4 1P 2P 3P 4P P5 P6

Fig. 7 : Side view of the analysis model (for the continuous cable-stayed bridge) 

Table 3: Support conditions (for the continuous cable-stayed bridge) 
P3 P4 1P 2P 3P 4P P5 P6

- - - -
Transverse Seismic bearing

Elastic restraint cable
Longitudinal

Seismic bearing

4.3. Results of the analysis of the impacts on the bridge 

Figures 8 and 9 show an example from the results of the analysis. For both 
bridge types, flexure displacements did not lead to critical conditions. 

4.3.1. Single cable-stayed bridge 

The single cable-stayed bridge on the end point side (on the 3P and 4P side) 
mainly undergoes the impact of the fault displacement. With the impact absorbed 
at the discontinuity section of pier P8, however, fluctuations in bending stress and 
the like on the main tower and main girder are relatively small. The girder 
expansion spacing at the discontinuity section becomes narrower to 398 mm due 
to the influence of fault displacement. 

4.3.2. Continuous cable-stayed bridge 

In the continuous cable-stayed bridge, the impact of fault displacement extends 
to the entire structure. For this reason, fluctuations in bending stress and the like 
of the main tower and main girder 
are slightly larger than in the single cable-stayed bridge. The girder expansion 
spacing on the start point side and the end point side decreases slightly due to 
fault displacement. However, a portion close to 900 mm remains left. 
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Fig. 8: Effect of flexure displacement (for the single cable-stayed bridge, with a flexure inclination angle of 60°) 
* Deformation magnification: 30 times

Fig. 9: Effect of flexure displacement (for the continuous cable-stayed bridge, with a flexure inclination angle of 
60°) * Deformation magnification: 30 times 

4.4. Evaluation of the practicability of emergency inspection and restoration 

The principal parts that need to be inspected, repaired or restored after 
undergoing flexure displacement are girder ends, main towers and supports. 
Regarding girder ends, the discontinuity section of pier P8 in the single cable-
stayed bridge is supposed to be certainly affected by the flexure displacement due 
to the bridge’s structural characteristics. With the motorway sandwiched between 
two sea routes and the motorway’s vicinity providing a limited space where 
breakwaters and dolphins are installed, however, the practicability of inspection in 
an emergency and the practicability of an early restoration are regarded as low. 
On the contrary, the girder end of the continuous cable-stayed bridge is close to 
land, and it is relatively easy to restore the girder end when restoration is required. 
Regarding other sections, no distinct difference is observed in the analysis 
between the single cable-stayed bridge and the continuous cable-stayed bridge, 
and the practicability of inspection and the practicability of easy restoration are 
regarded as almost identical for both types of bridges. Based on the above 
consideration, we regard the continuous cable-stayed bridge as superior in the 
practicability of inspection and the practicability of restoration in an emergency 
with all things considered. 

5. Examination of Redundancy in Bridges by Incremental Displacement Analysis

5.1. Bridge model and method of analysis 

For the purpose of checking the behavior of each member after yielding, we 
performed, in the process of a composite nonlinear analysis, a pushover analysis 
that doubles the amount of flexure displacement. Table 4 shows the modeling 
policy and material strength. The main towers, in which the axial force and the 
bending action are coupled, are modeled with fiber elements. We assumed that 
the piers would be designed so that a hierarchy of proof stress is formed in which 
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support rupture (a support rupture assumed to take place at a shear strain of 
300%) precedes. We therefore decided not to focus on plasticization here. 
 

Table 4: Conditions for the incremental displacement analysis model 
Material

Single cable-stayed bridge Continuous cable-stayed bridge
Main girder Linear beam SM490Y SM490Y 0.02

SM400
Main tower Fiber SM490Y SM490Y 0.01

SM570
Pier Linear beam σck=30N/mm2, SD490 0.05

Compression - free
truss

Bearing Bilinear Seismic Bearing Seismic Bearing 0.00
Elastic restraint

cable
Foundation - grand Linear beam 0.20

Tension strength  Over 1570N/mm2 0.01

Modeling Damping ratio

Bilinear － Main tower position 0.01

Cable

 

5.2. Results of analysis 

Having examined the redundancy of the entire bridge system, we show, in Table 5, 
the results of gradually increasing the amount of flexure displacement (the flexure 
angle θ = 60°) and organizing the order of the degrees of damage on each section 
of the single cable-stayed bridge and the continuous cable-stayed bridge. 
Collisions of girders at a discontinuity section (pier P8) have occurred 1.6 times 
more frequently in the single cable-stayed bridge than in the continuous cable-
stayed bridge, and a surrender of a main tower, which is the most important event 
for the safety of a cable-stayed bridge, also would occur at smaller displacement 
magnifications than at those in the continuous cable-stayed bridge. For this reason, 
it is considered that the continuous cable-stayed bridge has higher redundancy for 
a flexure displacement than the single cable-stayed bridge. For both types, main 
girders of the viaduct on the Port Island side would collapse from girder seats of 
piers at a displacement magnification of about 7 to 9. 

6. Conclusion 

6.1. Results of the fault survey 

We conducted a detailed boring survey and a sonic survey at the crosslinking 
point of the Shinko-Nadahama sea route. With locations where the stratum is 
thought to have been deformed by past fault movements regraded as flexure 
zones, we examined the distribution of flexures zones. These surveys and 
examination allowed us to assess the width of the flexure at about 1,400 m and to 
determine that a sudden change in the width occurs near main tower 3P. 

6.2. Effect of fault displacements 

Examining the two bridge types proposed for comparison on the structural 
safety under the effect of the amount of flexure displacement estimated based on 
the survey results, we determined that there is no problem with safety in either 
plan. The continuous cable-stayed bridge is considered to be superior in terms of 
both practicability of inspection and the practicability of restoration after flexure 
displacement. 

6.3. Structural redundancy with respect to fault displacement 

We organized the order of those degrees of damage on different sections of the 
single cable-stayed bridge and the continuous cable-stayed bridge which were 
observed as a result of doubling the estimated flexure displacement. The 
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organized outcome revealed that the damage event occurred in the single cable-
stayed bridge with smaller displacement magnifications in comparison with the 
continuous cable-stayed bridge. This allows us to consider that the continuous 
cable-stayed bridge has higher structural redundancy for flexure displacement 
than the single cable-stayed bridge does. 

 
Table 5: Order of the degrees of damage of members obtained by gradual increase displacement analysis 

Occurrence Maximum virtical
period displacement of fault

（year／times） (m)
1 5,000 1.47

1.60 (P8) Girder collision

2 10,000 2.94

3 15,000 4.41

4 20,000 5.88

5 25,000 7.35 5.20 (Port island side) Girder collision
5.32 (P11)Bearing rupture
5.34 (P10)Bearing rupture
5.36 (4P)Bearing rupture
5.36 (3P)Tower yielding (base)
5.38 (3P)Bearing rupture

6 30,000 8.82
6.46 (4P)Bearing rupture
6.60 (Port island side) Girder collision
6.74 (3P)Bearing rupture
6.80 (4P)Tower yielding (base)

7 35,000 10.29 7.08 (3P)Tower yielding (base)

7.68 (Port island side)Adjacent girder collapse

8 40,000 11.76
8.44 (4P)Tower yielding (base)

8.94 (P5)Bearing rupture
8.96 (P6)Bearing rupture

9 45,000 13.23 9.00 (Port island side)Adjacent girder collapse

10 50,000 14.70
10.52 (P9)Bearing rupture

11 55,000 16.17

12 60,000 17.64
12.96 (P8)Bearing rupture

13 65,000 19.11

・
・
・

20 100,000 29.40 20.16 (P8)Bearing rupture
20.18 (Discontinuity section)Girder collapse

Displacement
 rate

Displacement
rate

Event
Displacement

rate
Event

Single cable - stayed bridge Continuous cable - stayed bridge

 

References  

1) Yokokura et al.: Reflection depth structural survey in Osaka Bay, Geological Survey of 

Japan Monthly Report, 49, 571-590, 1998 
2) Iwabuchi et al.: Basement and active structure of Osaka Bay based on reflection sonic 

survey. Japan Coast Guard Hydrographic Department Research Report, 36, 1-23, 2000 
3) Sato et al.: Examination of seismic safety of the revetments and the runway in the Kobe 

Airport construction project. JSCE Proceedings F Vol.62 No.3, 502-512, 2006.7 

4) Earthquake Research Committee, Headquarters for Earthquake Research Promotion: 

Evaluation of the Osaka Bay fault zone, January 2005 

https://www.jishin.go.jp/main/chousa/katsudansou_pdf/98_osaka-wan.pdf 

588
3ECEES, September 2022, Bucharest, Romania



3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

Evaluation of the consistency between force-based and displacement-

based design provisions for marginal wharves in the United States   

Smith-Pardo, J. Paul - Seattle University, Seattle, USA, e-mail: smithjh@seattleu.edu 

Abstract: The Seismic Design of Piers and Wharves Standard ASCE61-14 permits the use 

of a force-based response spectrum design approach, but the response modification factor is 

limited to R = 2 only for plumb piles. The consistency of this approach with the 

displacement-based design philosophy embraced by the same standard is evaluated through 

analyses of a realistic marginal wharf model under a design earthquake (DE) in a moderate 

seismic-risk site and for alternative soil conditions ranging from weak to strong. The 

methodology to conduct the evaluation for a given DE consisted of first sizing the pile 

reinforcement using the force-based design provisions for values of  between two and six, 

and then for each case conducting a nonlinear static analysis of the structure to estimate 

strain demands in concrete and reinforcement. It was found that for piles proportioned using 

, the maximum material strain demands from nonlinear static analyses are 

significantly smaller than the prescribed strain limits for Life Safety. Because the ASCE61-

14 capacity-protection provisions for shear and minimum confinement lead to ample 

ductility capacity in piles, it is shown that significantly greater response modification factors 

 than currently permitted by the standard are fully justified. 

Keywords: marine structures, nonlinear analysis, performance-based design 

1. Introduction

A generic depiction of marginal wharf in a container terminal is shown in Fig. 1(a) to 

highlight some of the most salient features of this type of facility from a structural 

perspective. Dredging of a slope is required to provide sufficient draft for berthing of 

container vessels and this results on landside piles being much stiffer laterally than piles on 

the waterside. Under longitudinal excitation the response of the structure can be highly 

torsional, and damage tends to concentrate at the top of landslide piles because of the 

superstructure is extremely stiff (a by-product of design live loads as high as 50 kN/m2).  

Fig. 1 - Marginal wharf: a) generic 3D view, b) cross-section of case study 

(a) (b) 
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The purpose of ASCE 61 (2014) is to provide minimum requirements for the seismic 

design of non-public piers and wharves supported on concrete or steel piles. The provisions 

were formulated to promote the use of performance-based design but allowance for force-

based methods is also given to recognize the fact that these may be required by the port 

authority having jurisdiction.  

Acceptable performance-based analysis methods in this standard are nonlinear static 

procedures (NSPs) and nonlinear dynamic analyses. In the first case, Engineering Design 

Parameters (EDP) — such as displacements, forces, material strains — may be estimated 

using the results from pushover analyses. With the second procedure, EDPs are directly 

calculated via nonlinear response history analyses (RHAs) of a computer model subjected 

to a suite of ground motion records. Nonlinear RHA generally provide more accurate 

estimates of EDPs; however, the computational demand may be prohibitive in terms of 

time or budget constraints, so practitioners opt to use pushover procedures more often. 

Smith-Pardo and Firat (2008) showed that NSP based on simplified models where the piles 

are assumed fixed at a certain depth below mudline rendered overestimations of at most 

20% on the displacement demands from more elaborate models that considered the 

coupled nonlinearity of the piles and soil. More recently, Smith-Pardo et al. (2019) and 

Sandoval et al (2019) evaluated the NSPs procedures of ASCE 61 and determined that 

displacement and curvature demands for critical piles are overestimated for short period 

and underestimated for long period marginal wharves as compared to benchmark values 

from corresponding nonlinear RHA. Although relatively simpler, no effort has been 

dedicated to evaluating the consistency of force-based and displacement-based provisions 

of ASCE 61, so this paper is intended to point out some shortcomings and potential 

inconsistencies of a design standard that has worldwide application. 

2. ASCE 61 Force-based and displacement-based provisions

Force-based design provisions of ASCE 61 largely follow the criteria of ASCE 7 (2016) 

including the alternative use of Equivalent Lateral Force (ELF) or Response Spectrum 

Analysis (RSA) but it requires that the estimated fundamental period be based on a model 

that considers soil-structure interaction. Although relatively stringent detailing 

requirements are specified in the force-based chapter of the standard— such as adequate 

confinement of prestressed piles (through spiral reinforcement) and provisions to preclude 

shear failure (i.e., the ability to develop an overstrength moment capacity at critical 

locations)— the response modification factor is limited to R = 2 only for solid prestressed 

concrete or steel piles. The standard also allows using the equivalent pile depth to fixity 

approach in which a pile can be modelled as a column fixed at a certain depth below 

mudline so long the correct lateral stiffness is capture but without further consideration for 

restraining effects of the surrounding soil. 

In the displacement-based provisions of ASCE 61, lateral displacement and associated 

material strain demands are determined based on the nonlinear lateral load (pushover) 

response of the structure, the design pseudo-acceleration spectrum, and moment-curvature 

relations. The main source of nonlinear response comes from concentrated plasticity 

(plastic hinge) models at locations where peak flexural demands occur. Nonlinear static 

displacement demands are estimated using the substitute structure method (SSM) 

developed by Shibata and Sozen (1976). Corresponding material strain demands are 

compared to the strain limits for a given performance level. For solid concrete piles 

material strain limits are listed in Table 1.  
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Table 1. ASCE 61 Strain limits for solid concrete piles 

                            Hinge Location 

Component Performance Level Top of Pile* In-ground 

Concrete 

Minimal Damage 0.005 0.005 

Repairable Damage 0.005+1.1 0.025 0.005+1.1 0.008 

Life Safety No limit 0.005+1.1 0.012 

Steel 

Minimal Damage 0.015 0.015 (prestress) 

Repairable Damage 0.6  ≤ 0.06 0.025 (prestress) 

Life Safety 0.8  ≤ 0.08 0.035 (prestress) 

*  = volumetric ratio of spiral reinforcement, = strain at maximum stress = 0.12 for bars #10 (32mm) 

and smaller and 0.09 for #11 (36mm) and larger 

3. Description of case study structure 

Figure 1(b) shows a cross-sectional view of a 305-m long marginal wharf supported on 

610mm octagonal piles longitudinally spaced at 7.32m except along the crane rails 

(gridlines A and E) where the spacing is reduced to 2.44m to support the ship-to-shore 

cranes.  Such pile size and shape are typical in modern marginal wharves of container 

terminals in the United States. The piles are prestressed with 20-12.7mm-diameter strands, 

which after losses deliver an effective pre-compression of 7.0 MPa in the concrete. 

Precompression levels in the range of 6-8 MPa are commonly specified in practice to 

prevent pile cracking during driving operations. The superstructure consists of 400-mm 

thick precast/prestressed concrete deck panels supported on transverse pile caps plus two 

longitudinal crane beams at 30.48m (for a 100-ft crane gauge). Panels and pile caps are 

provided with sufficient transverse reinforcement projecting into a 200-mm cast-in-place 

concrete (CIP) topping to ensure composite behaviour and diaphragm action for the 

superstructure. Piles and panels are made of concrete with a 28-day compressive strength 

of 42 MPa, while topping and pile caps are made of concrete with 35 MPa.  

 

The structure was proportioned for self-weight and a uniformly distributed live load of 40 

kN/m2 using ACI 318 (2019) and for seismic actions using ASCE 61 (2014). A depiction 

of the structural representation of a transverse frame is shown in Fig. 2(a), where the piles 

were modelled as frame elements with flexural hinges at their top and below mudline 

(inground). Moment-curvature of the pile and their connection with the superstructure were 

used to define the flexural hinges for axial loads corresponding to self-weight of the 

structure. Expected material properties and models for unconfined and confined concrete 

models (Mander et al. 1988) as well as reinforcement were used in the calculation of 

moment-curvature relations. The capacity-protected superstructure components were 

modelled as linear elastic elements, while the restraining-effect of the soil was represented 

by nonlinear springs. The structural analysis software SAP2000® was used to model the 

case study marginal wharf. Because this paper deals with the evaluation of alternative 

design procedures, the selection of a software widely used in structural engineering 

practice was deemed more appropriate and consistent with the purpose of the study.   

 

Soil layer thicknesses and properties correspond to an actual consulting project in which 

the author was involved, although the wharf geometry of this study is different. 

Corresponding parameters used to estimate the p-y curves (nonlinear springs) for the soil at 

various depths are listed in Table 1. The numerical model developed by Matlock (1970) 

was used for the computation of the p-y curves for soft clays, whereas the numerical model 

developed by Reese et al. (1974) was used for modelling of sand. The calculated p-y 
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curves for the upper two layers of soil are shown in Figure 2(b), while the nonlinear 

springs for the remaining soil layers are not shown due to space limitations.  

 

 
Fig. 2 - Marginal wharf modelling: (a) transverse, frame (b) p-y curves for two layers of reference soil 

 

These p-y curves were assumed to represent the expected soil conditions at the site, and 

hereafter they are referred as to the “reference soil”. Two additional sets of p-y curves were 

also used in this study to establish upper and lower bounds for the estimated nonlinear 

response of the structure. The first additional set of p-y curves, which represents “strong 

soil” conditions, was obtained by multiplying the “p” values of the reference soil by a 

factor of five. The second additional set of p-y curves, representing “weak soil” conditions, 

was obtained by dividing the “p” values of the reference soil by a factor of five.     
 

Table 2. Reference soil properties/parameters 

Soil 

layer 
Soil type 

Thickness 

(m) 

Effective 

unit 

weight 

(kN/m3) 

Static 

lateral 

subgrade 

modulus 

(MPa/m) 

Undrained 

cohesion 

(kPa) 

Strain 

factor 

(e50) 

Friction 

angle 

(degree) 

p-y 

model 

I Soft clay 

(ML) 

5.0 5.8 7.0 10 0.02 0 

Matlock 

(1970) 

II Soft clay 

(ML) 

4.0 6.2 8.1 20 0.02 0 

III Stiff clay 4.0 6.2 27 40 0.005 0 

IV Stiff clay 6.0 6.2 136 60 0.005 0 

V Sand — 8.4 33 N/A N/A 36 
Reese et 

al (1974) 

 

The 5% ASCE7 design pseudo-acceleration spectrum shown in Fig. 3 was selected for this 

study to represent a site with intermediate seismic risk. The spectrum corresponds to a Site 

Class D soil type in Portland, USA. This spectrum was considered an appropriate 

compromise for the purpose of this study because using a lower seismic risk could render 

the piles to respond linearly, while a higher seismic risk could render force-based design 

impractical/unrealistic.  
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Fig. 3 - Design pseudo-acceleration spectrum for 5% damping 

4. Linear and nonlinear static analyses  

Linear elastic analyses of the model depicted in Fig. 2(a) were carried using the initial 

stiffness of the p-y curves. Fig. 4(a) shows the estimated period in the transverse direction 

and the elastic drift demand obtained from response spectrum analysis (RSA) for the three 

different soil conditions. The drift was normalized by the average equivalent length to 

fixity  of the critical pile at gridline E as obtained by using the point of fixity approach 

and the initial stiffness of the p-y curves for the three soil conditions. As expected, both the 

drift and the period are greater for softer soils and the two variables are essentially 

proportional to each other (thus allowing them to be plotted together).  It is interesting to 

point out that the square of the ratio between adjacent periods is approximately equal to 

two, indicating that a five-fold change in the lateral stiffness of the soil only results in a 

two-fold change in the lateral stiffness of the wharf structure. 

 

Fig. 4(b) shows a comparison of the moment demands for critical landside piles as 

obtained from using two alternative approaches available in ASCE 61: response spectrum 

analysis for a model with linear soil springs, and the point of fixity approach combined 

with the equivalent lateral load (ELF) method. It is observed that using the point of fixity 

approach can result in gross overestimations of the in-ground moment demands, especially 

for landside piles and weak soils.  
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Fig. 4 - Results from elastic analysis of marginal wharf: (a) fundamental period and drift, and (b) ratio of 

moment demand at critical piles from point of fixity and ELF vs linear soil springs and RSA. 
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Pile connections of the case study structure were successively designed using the elastic 

demands results from RSA but reduced by response modification factors R from two to six. 

This process was in-turn repeated for each of the three soil conditions, thus resulting in a 

total of 15 nonlinear models of the case study structure. ASCE 61-14 limits the value of R 

= 2 so the purpose of this exercise was to determine the material strain demands for 

structures more deliberately designed than what the standard currently prescribes. The 

required longitudinal reinforcement ratios,  for the most critical piles connection on 

gridline E is summarized in Fig. 5. Clearly, the ASCE 61 force-based procedures makes it 

impossible to design a connection for a typical 610-mm octagonal pile in a marginal wharf 

under intermediate seismic risk.  For this case, the minimum value of a response 

modification factor that could render a plausible pile connection design (with  < 4%) in 

force-based design procedures is R = 3 for weak soils and R = 4 y for medium to strong 

soils. Obviously, for higher seismic risk R would need to be even higher. Although the 

results shown correspond to a particular case study, similar observations came be expected 

for most practical applications since pile and frame spacing for modern marginal wharves 

in the United States are typically within 20% of what is presented in this paper. 

 

1.0

3.0

5.0

7.0

9.0

11.0

2 3 4 5 6


[%

]

R

Strong

Reference

Weak

 
Fig. 5- Required longitudinal reinforcement ratio () for piles on gridline E as a function of response 

modification factors (R) and soil conditions 

 

Lateral load (pushover) responses of the case study structure were successively calculated 

for the pile connections reinforcement that was obtained from the design with alternative 

response modification factors (2 ≤ R ≤ 6) and the various soil conditions (weak, reference, 

and strong). For the transverse direction of the structure the results are summarized in Fig. 

6 in terms of the drift normalized by the average equivalent length to fixity for the critical 

pile E and the lateral load normalized by the weight of the structure, W. It is observed that 

the response of the structure on weak soil highly depends on the stiffness and strength of 

the soil itself while R has little influence.  

 

The calculated lateral load responses such as those from Fig. 6 were used in the substitute 

structure method to iteratively estimate the maximum drift demands of critical corner piles 

on gridlines D and E. The corresponding maximum material strain demands at hinge 

locations were also obtained from the moment-curvature relations. In all cases, maximum 

strain demands occurred at the top of the piles because the very stiff superstructure 

imposed significantly greater curvature demands on the piles as compared to those caused 

by the relatively flexible soil. This suggests that in common cases inground hinging may 

be limited to tolerable levels by simply proportioning the pile prestressing to counteract 

induced tensile stresses from driving operations.  
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 Fig. 6 - Lateral load (pushover) response for structures designed with different R-values and for alternative 

soil types 

Fig. 7 shows the calculated maximum material strain demands in the critical pile 

connections as a function of the response modification factors (2 ≤ R ≤ 6) used to design 

the pile connections. The material strain limits from Table 1 for Minimal Damage, 

Repairable Damage, and Life Safety are included for comparison. The concrete strain limit 

for Repairable Damage was conservatively taken as that corresponding to the minimum 

spiral reinforcement ratio (=0.005) that ASCE 61-41 requires in the force-based chapter. It 

is observed that strain demands increase with R, especially for the connection 

reinforcement. In the displacement-based design approach of ASCE 61, material strain 

demands should be less than the Life Safety strain limits. Fig. 7, however, reveals that even 

for structures that are designed with R = 6 and the force-based approach, strain demands 

are less than the limits for Repairable or Minimal Damage, especially for weak soils.  This 

indicates that limiting the value of R to 2 in the force-based design of plumb piles is overly 

conservative and inconsistent with the displacement-based approach of the standard. Given 

that the force-based chapter of ASCE 61 has provisions to preclude the occurrence of 

brittle modes of failure and that significant spiral confinement is required in the connection 

zone for pile driving, the use of much higher response modification factors seems amply 

justifiable and would result in more economical designs of marginal wharf structures. 
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5. Conclusions  

The purpose of this study was to evaluate the consistency between the force-based and the 

displacement-based design provisions for marginal wharves in the standard ASCE 61-14. 

Using a case study structure with a configuration that is representative of consulting 

practice and considering a wide range of soil conditions, the following conclusions can be 

drawn: 

 

• For structures designed for  and the design earthquake, material strain 

demands from nonlinear static analyses are significantly smaller than the strain 

limits for Repairable Damage and in some cases smaller than the strain limits for 

Minimal Damage, especially for soft soils. If the force-based provisions were 

consistent with the displacement-based provisions in ASCE 61, then strain 

demands should be closer (although smaller) than strain limits for Life Safety.  

 

• The use of an equivalent pile depth to fixity in a force-based approach was found to 

provide gross overestimations of the in-ground moment demand, especially for 

weak soils, and therefore it is not recommended for design.  

 

• Proportioning of the prestress to produce a pre-compression of 7 MPa in the 

concrete—to counteract induced tensile stresses from pile driving— resulted in 

minor to no inground hinging for all the cases considered in this study.  

 

• Capacity protection for shear and minimum confinement provisions in ASCE 61 

force-base design chapter renders plenty of ductility capacity, thus justifying the 

use of much higher response modification factors than R =2. 
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Abstract: The research conducted in this work focuses on the uncertainties related to the 
mechanical properties of the construction material of interest (i.e., unreinforced masonry -
URM), and the influence of their variability on the seismic performance of a representative 
seven-story URM building of the Eixample district in Barcelona, Spain. The selected 
building typology represents 72 % of the building stock in this district, with a mean age of 
90 years and the use of early council guidelines that are considered as pre-code rules. The 
results are presented in terms of correlations between damage parameters and material 
properties. A numerical model of the building was developed and, considering the 
variability of the material properties, a sample of 1000 numerical models has been used as a 
benchmark. The seismic response of each variant of the building’s numerical model is 
obtained through a simplified non-linear static procedure aiming to compare and categorize 
the influence of each of the selected mechanical properties on the seismic performance of 
the building. The analysis carried out shows that the variability in the material properties 
generates important uncertainties in the seismic response of these URM buildings, leading to 
over or underestimate the damage when performing the analysis for specific buildings and 
without a probabilistic approach. 

Keywords: high-rise, unreinforced masonry, mechanical properties, fragility, damage ratio 

1. Introduction 

The assessment of the seismic vulnerability of structures can be achieved using a wide 
variety of analysis methods, in which different approaches can be followed to define the 
seismic action and the response capacity of structures. Along the different options, the 
capacity spectrum-based method (CSBM) defines both, the seismic action and the 
building’s capacity, by means of an elastic response spectrum and an incremental non-
linear static analysis (i.e., pushover analysis), respectively (Fajfar, 1999; L. Pujades et al., 
2012). 
The use of these type of analyses, from a probabilistic approach, facilitates the obtention of 
fragility models and curves, allowing to capture the importance and influence of the 
variability associated to the material mechanical properties, as well as the different 
possible uncertainties (Vargas et al., 2013). 
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2. Method 

2.1. The building 

2.1.1. Main structural features 

The building selected for this work corresponds to the high-rise URM building typology, 
which is widely extended in the city of Barcelona, Spain and especially in the district of 
Eixample. 
Built in 1934 with a load-bearing wall system, the seven-story structure has a rectangular 
floor plan with an open floor design for the base level, with the absence of interior walls, 
which is resolved by columns and metallic girders (Figure 1-left). Upper levels present 
masonry bearing and partition walls, and lower ceilings (Figure 1-right). Front and back 
façades, as well as some inner patios are characterized by the presence of big openings for 
doors or windows. The floor systema is solved using unidirectional iron beams-brick 
vaults. The lateral load bearing walls of the building were normally shared with adjacent 
buildings, composing an aggregate of buildings along the whole block. 
 

 
Fig. 1 – Inner distribution of base level (left) and upper floors (right) 

 
For more extensive and detailed information regarding the structures of this work, the 
reader is referred to (Benavent, 1981; Paricio, 2001; González-Drigo et al., 2015; Avila-
Haro et al., 2022) 

 
2.1.2. Computational model 
A 3d non-linear model of the structure was developed using the Tremuri (3MURI) 
program (Galasco et al., 2002; S.T.A. DATA, 2012; Lagomarsino et al., 2013). Original 
floor plans, in-situ visits, opinion of experts and different contemporary construction 
guidelines and laboratory tests reports were used for this purpose. 

 

2.2. Mechanical properties of the materials 

The extensive variability in the quality of the solid clay bricks caused by the production 
processes of the time is of particular interest for the studied typology. Therefore, the 
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compressive strength (fm), Young modulus (E), shear modulus (G) and shear strength (t0) 
are selected as the mechanical properties of interest (i.e., random variables) for this work 
(Lahuerta & Rodríguez, 1962; PIET-70, 1971; Arredondo, 1980; Hendry et al., 1987; 
Hendry, 1990; Drougkas et al., 2015, 2016).  
For each variable of interest, 1000 randomly generated and normally distributed elements 
were generated, conforming a total of 1000 sets of mechanical properties. Table 1 shows 
the target and generated mean and standard deviation values of the variables of interest. 

 
Table 1. Mean and standard deviation of variables of interest 

Variable 
Target Generated 

µ s µ s 

fm [MPa] 3,00 0,515 2,982 0,492 
E [MPa] 1500 257,58 1484,71 267,81 

G [MPa] 500 85,86 500,18 101,44 

t0 [MPa] 0,09 0,016 0,0897 0,016 

 

2.3. Modal and pushover analysis 

As suggested by different sources in the literature (Barbat, 1982; Priestley et al., 1996; 
Barbat et al., 2005; Fardis, 2009), three modes per floor were considered, for a total of 21 
modes for the structure. 
The pushover analyses for this work were performed in the +X direction of the structure 
with an invariant modal-shape load pattern. 
For the definition of the ultimate, two main criteria were considered originally: 1) a 20% 
decay of the maximum base shear (CEN, 2004; C.S.LL.PP., 2008), and 2) the parametric 
model approach (L. G. Pujades et al., 2015). For this work, the ultimate point was selected 
as a combination of the previous two criteria, using a minimum value (i.e., first to occur). 

2.4. Non-linear static procedures 

An extensive variety of NSP procedures can be found in the literature (ATC-40, 1996; 
Fajfar, 1999; Eurocode-8-1, 2004; FEMA-440/ATC-55, 2005; C.S.LL.PP., 2008). For this 
work, and due to the typology to be assessed, the N2 method is used (Fajfar & Gašperšič, 
1996). The method proposes an elastic-plastic bilinear representation of the capacity and 
an inelastic response spectrum for the seismic demand. 

2.5. Damage states 

Damage states allow to identify and classify the level of damage that a structure presents 
after an earthquake. The response of the structural elements is directly related with these 
damage states and their computation can be achieved using different variables. One of the 
most used criteria to define the damage states is by means of the observed displacements at 
the yielding (dy) and ultimate (du) points, which are obtained from the bilinear 
representation of the capacity of the structure in an acceleration-displacement format (AD). 
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The damage states used in this work were defined according to the RISK-UE document 
(Milutinovic & Trendafiloski, 2003), in which a total of four damage states and a null-
damage state are defined as: 1) none (DS1); 2) slight (DS2); 3) moderate (DS3); 4) 
extensive (DS4); and 5) complete (DS5).  

2.6. Fragility 

Fragility functions/curves are widely used to represent the probability that a structure 
reaches or exceeds a certain damage threshold as a consequence of an external input. 
Fragility curves are closely linked to the defined damage states, following a lognormal 
distribution. The exceedance probabilities are usually represented in terms of a previously 
selected intensity measure (IM), which for this work will be the spectral displacement 
(Eqn. 1): 
 

P(dsi | IM)= Q [1 / bdsi • ln(IM / IMdsi)] (1) 

 
where P(dsi | IM) represents the probability that the structure reaches a damage state, dsi, 
due to a given IM, Q is the standard normal cumulative distribution function, bdsi is the 
standard deviation of  ln(IM), and IMdsi is the mean value of the fragility function 
(Lantada et al., 2009; European Commission et al., 2013; Baker, 2014).    

3. Results and discussion 

3.1. Modal analysis 

The behavior of the structure is mainly governed by the first mode of the analyzed 
direction, activating most of the mass. The correlation between the fundamental periods of 
the analyzed directions and the variables of interest are low (Table 2). 

 

Table 2. Correlation between Sdy and Sdu, and non-null damage states 

Variable fm E G t0 

T1x -0,0611 -0,0646 -0,0697 -0,0691 
T1y -0,0547 -0,0637 -0,0791 -0,0546 

 

3.2. Pushover analysis 

3.1.1. Pushover curves 
The resulting capacity curves for the 1000 performed analysis in X direction of the 
structure are presented in Figure 1 (left). Additionally, Figure 1 (right) shows the mean 
bilinear representation (AD format) and the distribution of the yielding and ultimate points, 
obtained according to the N2 method. 
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Fig. 2 – Set of capacity curves (N=1000, Dir +X) (left) and distribution of yielding and 
ultimate points with median bilinear representation (NSP: N2, N=1000, Dir. +X) (right) 

 
The summary of the different correlations obtained between the variables of interest and 
the yielding (Sdy) and ultimate (Sdu) spectral displacements are presented in Table 2. 

 
Table 3. Correlation between variables of interest and Sdy and Sdu 

Variable Sdy Sdu 

fm -0,893 -0,772 

E -0,950 -0,778 
G -0,919 -0,704 

t0 -0,856 -0,755 

 

3.3. Fragility and damage 

The resulting fragility curves of the non-null damage states are presented in Figure 3, 
together with their probability density function (PDF). 
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Fig. 3 – Fragility curves (up) and lognormal probability density functions (down) for the 
non-null damage states (NSP: N2, N=1000, Dir. +X) 

It can be observed that lower dispersion of the parameters of interest are associated with 
narrower PDFs, having a wider dispersion for higher damages, in which the participation 
of the ultimate point must be considered in the formulations. 

Table 4 presents the correlation between the different variables of interest and the non-null 
damage states. It can be observed that, for all the cases, a strong negative correlation is 
obtained.  

Table 4. Correlation between variables of interest and non-null damage states 

Variable ds1 ds2 ds3 ds4 

fm -0,893 -0,893 -0,863 -0,772
E -0,950 -0,950 -0,894 -0,778

G -0,919 -0,919 -0,838 -0,704

t0 -0,856 -0,856 -0,836 -0,755

With the purpose of obtaining a global indicator of the expected damage in the structure, a 
mean damage value (i.e., Damage Index - DI) is obtained (Eqn. 2 and Fig. 4). 

DI = 1/n • sum(i •P(dsi))|i=0..n (2)
where, DI is the mean damage, n is the number of non-null damage states, P(dsi) is the 
probability that a damage state occurs, where i = 0, 1, 2, 3, 4. 
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Fig. 4 – Damage index (NSP: N2, N=1000, Dir. +X) 

 
A strong correlation can also be observed between the spectral displacements for both, 
yielding and ultimate points, with the non-null damage states (Table 4). 

 

Table 5. Correlation between Sdy and Sdu, and non-null damage states 

Variable ds1 ds2 ds3 ds4 

Sdy 1,000 1,000 0,955 0,843 
Sdu 0,843 0,843 0,965 1,000 

 

4. Conclusions 

The non-negligible expected damage of the building sample and the observed variability 
can be directly linked to the variability of the input mechanical variables. It can also be 
concluded that, for low-to-moderate earthquakes, the variability in response and observed 
damages is well correlated to the obtained IM (i.e., displacements), having a lower 
dispersion in the case of low displacements and, on the other hand, a significant dispersion 
for larger displacements. 
According to the obtained results, the behavior of the structure is mainly governed by the 
first mode of vibration in each of the analyzed directions, observing a nearly negligible 
correlation between vibration modes and the variables of interest of this study. 
Good correlation can be observed between the spectral displacement of the yielding point, 
Sdy, and the variables of interest. On the other hand, for the spectral displacement of the 
ultimate point, a lower correlation can be observed, confirming that, as the structure 
approaches the ultimate point, non-linear effects and uncertainties increase. 
The non-null damage states show significant correlation values for the DS1 and DS2 
damage states. This can be explained because of the implied formulation used for their 
definition, in which only the yielding point is considered. On the other hand, the partial and 
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total participation of the ultimate point for the definition of DS3 and DS4 damage states, 
respectively, explains the increase of uncertainties as the non-linear behavior of the 
building participates in a larger extent. 
The use of probabilistic evaluations of the seismic vulnerability allows to cover a wider 
variability of the behavior of these structures, avoiding the under or overestimation of their 
actual response if characteristic values were used (i.e., deterministic approach). 
An adequate selection as well as a complete and adequate characterization of the 
mechanical properties of the materials has a direct impact on the quality and confidence of 
the results of a structural analysis. 
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Abstract: The present paper investigates the influence of the vertical ground motion on the 

response of reinforced concrete planar frames. For this purpose, twenty single- and multi-

storey regular frames with various configurations are analyzed by means of linear time-

history analysis for twenty near field seismic excitations. In order to highlight the influence 

of the vertical ground motion two series of analyses are carried out, one with uniaxial 

horizontal seismic excitation and a second with concurrent action of both horizontal and 

vertical components of the ground motion. Then, the results of the two series of analyses are 

compared, in order to identify whether there are specific parameters related to the structure 

or to the excitation which affect the contribution of the vertical component to the overall 

seismic response. In particular, the comparison is conducted with the aid of a numerical 

measure of the vertical component influence based on the values of representative response 

quantities (axial forces, bending moments, displacements). The whole study demonstrates 

that the role of the vertical ground motion may be quite important. 

Keywords: seismic response; planar frames; vertical ground motion; time-history analysis; 

near-fault seismic excitation  

1. Introduction 

The influence of the vertical seismic component on the response of reinforced concrete 

buildings as well as on other structures such as bridges, base-isolated structures exposed to 

fire, steel, precast concrete and unreinforced masonry buildings has been investigated in 

the past by many researchers (e.g. Al-Attraqchi et al. 2020; Bovo et al. 2019; Colangelo 

2020; Di Michele et al., 2020; Elfeki and Youssef 2017; Gremer et al., 2019; Kim et al. 

2018; Landi et al. 2016; Mazza 2016; Mazza and Mazza 2012; Wilson et al., 2015). All 

these investigations concluded that the vertical component – especially for near field 

ground motions – may significantly affect several response parameters such as member 

forces, displacements, ductility demands etc. However, according to modern seismic codes 

the vertical seismic component is usually neglected. For example, Eurocode 8 (CEN 2004) 

specifies that if the design ground acceleration in the vertical direction is greater than 2.5 

m/sec2 the vertical component of the seismic action should be taken into account for 

horizontal or nearly horizontal structural members spanning 20 m or more and cantilevers 

longer than 5 m, for horizontal or nearly horizontal pre-stressed components, for beams 

supporting columns and in base-isolated structures.  
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The objective of the present paper is to further investigate the response of reinforced 

concrete regular planar frames under vertical seismic excitation. In particular, an extensive 

parametric study is conducted aiming to identify the influence of three specific factors: the 

number of storeys, the span length and the type of the seismic excitation (pulse-type or no 

pulse-type). For this purpose, twenty single- and multi-storey frames with various 

configurations are analyzed by means of linear time-history analysis for twenty near field 

seismic excitations. In order to highlight the influence of the vertical ground motion two 

series of analyses are carried out, one with uniaxial horizontal seismic excitation and a 

second with concurrent action of both horizontal and vertical components of the ground 

motion. In total 800 linear time-history analyses are carried out (20 frames x 20 

accelerograms x 2 series of analysis). Then, the results of the two series of analyses are 

compared, in order to identify whether there are specific parameters related to the structure 

or to the excitation which affect the contribution of the vertical component to the overall 

seismic response. In particular, the comparison is conducted with the aid of a numerical 

measure of the vertical component influence based on the values of representative response 

quantities (axial forces, bending moments, displacements). The whole study demonstrates 

that a possible revision of the relevant code provisions should be examined. 

2. Structural Modelling and Analysis

In the framework of the present study a total of twenty single- and multi-storey reinforced 

concrete regular planar frame models are examined (Figure 1). Each model is characterized 

by a string symbol comprising the letter M (from the word model) and two numbers 

separated by a dash. The first number (1, 2, 4 or 8) indicates the number of the frame’s 

storeys n, while the second (4, 8, 12, 16 or 20) indicates the span length L in m. For 

example, the symbol M-2-4 corresponds to a frame having two storeys and span length 

equal to 4 m. The height of all storeys is equal to 3 m. The mass of each floor is 5 t/m and 

it is distributed to five points of each beam. It has been demonstrated in previous studies 

(Manoukas 2021) that this approach is appropriate for the modelling of planar frames. The 

concrete is of class C20/25 (fck = 20 MPa) and the reinforcement steel bars B500C (fyk = 

500 MPa) according to the Greek standards. The cross-sections’ dimensions (Table 1) are 

selected based on engineering judgment and remain constant along the height of the 

frames. The fundamental natural periods T1 as well as the natural periods Tv dominating the 

response of all models under vertical excitation are also tabulated in Table1. The columns 

are considered fixed at base. 

Fig. 1 - Models of buildings with shell elements 
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Table 1. Cross sections’ dimensions (cm) and natural periods T1 and Tv (sec) 

Models Columns Beams T1 Tv 

M-1-4 25/25 25/50 0.448 0.108 

M-2-4 30/30 25/50 0.569 0.089 

M-4-4 40/40 25/50 0.787 0.078 

M-8-4 60/60 25/50 1.279 0.079 

M-1-8 30/30 30/60 0.457 0.268 

M-2-8 35/35 30/60 0.643 0.212 

M-4-8 45/45 30/60 0.982 0.177 

M-8-8 65/65 30/60 1.666 0.164 

M-1-12 35/35 40/80 0.411 0.345 

M-2-12 40/40 40/80 0.585 0.278 

M-4-12 50/50 40/80 0.888 0.232 

M-8-12 70/70 40/80 1.480 0.209 

M-1-16 40/40 45/110 0.370 0.370 

M-2-16 45/45 45/110 0.514 0.307 

M-4-16 55/55 45/110 0.766 0.258 

M-8-16 75/75 45/110 1.234 0.229 

M-1-20 45/45 50/125 0.441 0.441 

M-2-20 50/50 50/125 0.478 0.364 

M-4-20 60/60 50/125 0.738 0.310 

M-8-20 80/80 50/125 1.210 0.274 

 

All models are analyzed by means of linear time-history analysis for twenty recorded near 

field ground motions (10 pulse type and 10 no pulse-type) obtained from the Pacific 

Earthquake Engineering Research (PEER) Center ground motion database. Two series of 

analyses are carried out, one applying the horizontal seismic component of each excitation 

possessing the higher peak ground acceleration (analysis H) and a second with concurrent 

action of the aforementioned horizontal along with the vertical component of each 

excitation (analysis H+V).   

For each frame and for each analysis, the following representative response quantities are 

estimated: 

• Minimum and maximum value of vertical displacement at the mid-span of the 

upper floor (u). 

• Minimum and maximum value of bending moment at the left end of the upper 

storey beam (M1) 

• Minimum and maximum value of bending moment at the base of the left column 

(M2) 

• Minimum and maximum value of axial force at the base of the left column (N). 

For each frame and for each excitation j (j = 1, 2, ...20), the values of the response 

quantities resulting from analyses H and H+V are compared with the aid of a Vertical 

Component Influence (VCI) index which is calculated from the following equation:  

Hj,

Hj,VHj,

X

XX
VCI

−+
100 = (%) j                                          (1) 

where Xj,H, Xj,H+V, are the values of the response quantities resulting from analyses H and 

H+V for the excitation j respectively. Furthermore, the mean value MVCI for the 20 

excitations is determined using equation (2): 
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Mean values of VCI index are also calculated separately for each type of ground motion 

(pulse-type or no pulse-type). For this purpose, number 20 in equation (2) is replaced by 

number 10. 

3. Results and discussion  

For the sake of brevity, only selected representative results highlighting the influence of each 

one of the examined factors are presented here. Firstly, the role of the ground motion type in 

the influence of vertical ground motion on the overall response is investigated. Indicatively, the 

Mean Vertical Component Influence (MVCI) indices for the minimum value of bending 

moment M1 at the left end of the upper storey beam for each type of excitation are shown in 

Fig. 2. It is apparent that no considerable differences between pulse-type and no pulse-type 

excitations are observed. Similar conclusions can be derived for the other response quantities 

too. Thus, in the following paragraphs only the MVCI indices referring to the totality of twenty 

ground motions are presented. 

 

 

Fig. 2 - MVCI indices for the minimum bending moment M1 at the left end of the upper storey beam 

 

The MVCI indices based on all twenty seismic excitations for the examined response quantities 

(except M2) are shown in Figures 3 to 8.  Each curve illustrates the variation of MVCI with 

respect to span length for all frames with the same number of storeys. The main observation 

resulting from these Figures is that there is not any specific correlation between MVCI and 

span length. This quite unexpected finding is not in accordance with code provisions which 

consider that the vertical seismic component is important for very long beams only (for 

example > 20 m according Eurocode 8). This phenomenon may be attributed mainly to the 

increasing contribution of gravity loads with increasing span length.  

For the right interpretation of these results the following remarks have to be taken into account: 
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• Negative value of u corresponds to downward displacement while positive value of u 

to upward displacement. Negative or positive value of M1 corresponds to tension of top 

or bottom fiber of the cross-section respectively. Negative or positive value of N 

corresponds to compression or tension of a column. 

• A positive value of VCI or MVCI means that the absolute value of a response quantity 

increases due to the vertical seismic component. A value of VCI or MVCI between 0% 

and -100% means that the absolute value of the response quantity decreases due to the 

vertical seismic component. A value of VCI or MVCI below -100% means that the sign 

of the response quantity is reversed due to the vertical seismic component.  

Given the aforementioned clarifications, the following observations can be made:  

• Due to the symmetry of frames, the horizontal seismic component does not contribute 

to u. Thus, all minimum and maximum u values resulting from analysis H are 

produced exclusively by the gravity loads and - as a consequence - they are all negative 

and equal for all excitations. The vertical seismic component amplifies the maximum 

(in absolute value) vertical displacement by about 35% to 200% on average. These 

excessive percentages are quite misleading since - due to the configuration of the 

specific frames analyzed - the displacements resulting from analysis H are extremely 

small.   

• The minimum (maximum in absolute value) bending moment M1 at the left end of the 

upper storey beam increases up to 30% (Figure 5). Concerning the maximum 

values of M1, some huge MVCI indices observed in Figure 6 are not representative 

since they are associated to extremely small moments resulting from analysis H. 

• The bending moment M2 at the base of the left column is not considerably affected 

by the vertical excitation since MVCI indices (not graphically presented here) range 

between -9% and 6%.  

• The vertical seismic component amplifies the maximum (in absolute value) 

compressive axial force of columns by about 15% to 30% on average (except model 

M-1-4 where MVCI exceeds 50%). In case that horizontal excitation causes tensile 

axial forces, these forces may be doubled due to the vertical excitation (MVCI indices 

around 100% in Figure 8). Furthermore, tensile axial forces may occur exclusively due 

to the vertical excitation (MVCI indices below -100% in Figure 8). Obviously, 

diversifications of axial loads like those observed in the present study can significantly 

affect the column design. It is worth noting that according to some seismic codes (eg. 

Eurocode 8), the vertical component is important only for specific horizontal or nearly 

horizontal structural members. It is apparent that this consideration of codes is not 

verified.  

• Given that many MVCI (and even more VCI) indices are below -100%, it is concluded 

that many reversals of all response quantities’ signs (not only for N) occur.  

• In general, the influence of the vertical seismic component on u is more significant for 

tall frames. Concerning the other response quantities, no particular trend is observed 

with regard to the number of storeys.  
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 Fig. 3 – MVCI indices for the minimum vertical displacement u at the mid-span of the upper floor 

 

 

Fig. 4 – MVCI indices for the maximum vertical displacement u at the mid-span of the upper floor 

 

 

Fig. 5 – MVCI indices for the minimum bending moment M1 at the left end of the upper storey beam 
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Fig. 6 – MVCI indices for the maximum bending moment M1 at the left end of the upper storey beam 

Fig. 7 – MVCI indices for the minimum axial force N at the left column 

Fig. 8 – MVCI indices for the maximum axial force N at the left column 

4. Conclusions

Summarizing the results briefly presented in section 3, the following conclusions are 

derived: 
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• The vertical seismic component has a significant impact on the response quantities 

of beams regardless of their length. 

• The design of columns can be decisively affected by the vertical seismic 

component, since the latter may considerably amplify their compressive axial load 

or even cause tension.  

• As a consequence, a revision of code provisions regarding the vertical seismic 

component should be examined.  

Finally, it is worth noticing that generalization of the aforementioned conclusions requires 

further investigations, comprising application to a large variety of structures. 
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Abstract: This paper presents a tangent-stiffness-proportional viscous damping model 

independent of the geometric stiffness for time-history response simulation of frame 

structures. The nonlinear geometric effects are considered using a corotational formulation 

that allows to isolate the nonlinear effects of material and geometric sources, as well as the 

corresponding tangent stiffness contributions. Therefore, non-directly modelled sources of 

energy dissipation can be made proportional just to the material stiffness matrix term. After 

presenting the formulation and discussing the physical significance of the proposed model, 

an illustrative example of a slender reinforced concrete column is presented. Comparisons 

with the widely used total-tangent-stiffness-proportional approach show the advantages of 

the current proposal. 

Keywords: corotational formulation, time-history analysis, rayleigh damping, 

geometric stiffness matrix  

 Introduction 

The use of nonlinear analyses has spread during the last decades among the engineering 

community due to the availability of more advanced models and software running on 

increasingly powerful hardware, as well as the growing relevance of performance-based 

design and assessment of structures (Golesorkhi et al. 2017). Limit states associated with 

severe damage and collapse can be reached when structures are subjected to extreme 

loads, where nonlinear geometric effects often play an important role (Hardyniec and 

Charney 2015).  

For extreme loads and systems susceptible to large deformations, neglecting nonlinear 

geometric effects in the numerical response of the structure can lead to erroneous and 

unconservative analyses. However, the inclusion of these effects can also bring 

unwarranted consequences when considered in the definition of viscous Rayleigh 

damping (RD). This model is widely used as a proxy to simulate the energy dissipation 

of several complex mechanisms in structures, such as micro hysteretic curves of materials 

in the elastic range, friction between structural and nonstructural components, among 

others (Leger and Dussault 1992; Kareem and Gurley 1996).  

The system of equations expressing the dynamic equilibrium of a nonlinear multi-degree-

of-freedom (MDoF) planar (2D) system with viscous damping is as follows:  

[
𝑴𝑡𝑡 0
0 0

] {
�̈�𝑡(𝑡)

�̈�0(𝑡)
} + [

𝑪𝑡𝑡 𝑪𝑡0
𝑪0𝑡 𝑪00

] {
�̇�𝑡(𝑡)

�̇�0(𝑡)
} + {𝒇(𝑼(𝑡))} = {

−𝑴𝑡𝑡𝑱𝒙�̈�𝑔𝑥(𝑡)

0
} + {

𝑷𝑔𝑡
𝑷𝑔0

} (1) 

where M and C are the mass and damping matrices, respectively, and {𝒇(𝑼(𝑡))} 
expresses the nonlinear relation between resisting forces and displacements. The 
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subscripts t and 0 refer to degrees of freedoms (DoFs) with and without mass. The vectors 

𝑼 , �̇�, and �̈� depict the relative displacement, velocity, and acceleration of the DoFs. The 

right-hand of the equation contains two loading vectors corresponding to a time-varying 

component and a constant term. The former represents the effective earthquake forces 

where 𝑱𝑥  is the influence vector and �̈�𝑔𝑥(𝑡) is the corresponding component of the 

ground motion record. The gravity or static forces {
𝑷𝑔𝑡
𝑷𝑔0

} can be applied in all the DoFs 

of the structure. 

Using RD, the damping matrix C is obtained, with eq. (2), as a linear combination of the 

mass and stiffness (K) matrices. The multiplication coefficients are found from specified 

input damping ratios at two distinct frequencies with eq. (3) (Chopra 2015). This method, 

inherited from linear analysis, has shortcomings and inconsistencies when implemented 

for nonlinear response simulation, as recalled in more detail in this section. One of these 

inconsistencies, studied in the present work, is the physically groundless presence of the 

geometric stiffness matrix contribution (GSM) in the definition of the stiffness-

proportional term of the damping matrix, which appears when nonlinear geometric 

effects are considered. 

[
𝑪𝑡𝑡 𝑪𝑡0
𝑪0𝑡 𝑪00

] = 𝑎0 [
𝑴𝑡𝑡 0
0 0

] + 𝑎1 [
𝑲𝑡𝑡 𝑲𝑡0
𝑲0𝑡 𝑲00

] (2) 

{
𝜁𝑖
𝜁𝑗
} =

1

2
[
𝜔𝑖
−1 𝜔𝑖

𝜔𝑗
−1 𝜔𝑗

] {
𝑎0
𝑎1
} (3) 

The numerical simplicity of this model has made RD ubiquitous in FE software and the 

most common model for viscous damping in nonlinear dynamic analyses. In the case of 

a building, the mass-proportional term is difficult to interpret from the physical viewpoint 

because it would correspond to damping caused by the medium surrounding the structure 

or by the sliding masses, while the stiffness-proportional term is usually more 

straightforwarly understood as proportional to the deformations between floors. 

The mass-proportional term has been criticized because it can lead to unconservative 

results in nonlinear analyses, resulting in high damping forces compared to restoring 

forces (Hall 2006; Erduran 2012). In base-isolated systems, this arises in the overall 

structure when the damping matrix is defined based on the properties of the stiffer 

structure, resulting in a high effective damping ratio imparted by the mass-proportional 

damping term. The initial stiffness-proportional damping model leads to unrealistic 

response for yielding systems (Correia et al. 2013), creation of high spurious resisting 

damping forces, and moments in the massless DoFs (Bernal 1994). The latter moments 

can reach the yielding capacity of the structural elements and cause a general increase in 

the effective damping ratio of the structure, as indicated by Chrisp (1980),  Bernal (1994), 

and Charney (2008).  

To reduce the spurious damping forces caused by the stiffness-proportional term of RD, 

several authors (Leger and Dussault 1992; Charney 2008; Petrini et al. 2008; Sousa et al. 

2020) proposed updating the damping matrix with the tangent stiffness. It is now widely 

accepted that using the latter choice as damping proportionality matrix provides more 

physically meaningful results than the initial stiffness matrix (Priestley and Grant 2005; 

Chambreuil et al. 2021). In fact, the nonlinear relations {𝒇(𝑼(𝑡))} in eq. (1) are expected 

to simulate most of the energy dissipation through hysteretic response as displacement 

demands increase and yielding mechanisms gradually develop, implying that the 
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contribution of the damping model for energy dissipation should consequently be 

reduced. Since the tangent stiffness matrix reflects the course of such yielding, its choice 

is therefore compelling. This consideration is adopted in the present paper and refined in 

the next section. Other related problems are widely discussed in the literature, such as the 

significant decrease in the effective structural damping ratio when the stiffness decreases, 

as reported by Charney (2008) and Leger and Dussault (1992). To address this issue, the 

latter researchers proposed to update at each step the damping parameters a0 and a1 with 

the frequencies found using the tangent stiffness. 

Even though using the tangent stiffness partially solves some of the challenges of RD, it 

is not recommended by other researchers like Chopra and Mckenna (2016) who argue 

that the model has several conceptual limitations and a high calculation cost when the 

damping parameters are updated. The computation of the damping matrix at each step 

using the tangent stiffness matrix results in damping force-velocity relationships that 

exhibit hysteresis. In addition, for large deformations, negative damping forces can 

appear due to the negative slope in hysteretic nonlinear material rules or the effect of the 

GSM. 

The purpose of this study is to propose and investigate a redefinition of the stiffness-

proportional term of RD that excludes the contribution of the GSM, which has been 

included in all previous versions of this widely used damping model. Section 2 explains 

briefly the theoretical background of the new model whereas Section 3 presents an 

illustrative slender reinforced concrete column studied in detail, highlighting the 

innovative aspects and advantages of the current proposal. The conclusions and the 

outlook of this work are presented in the last section. 

 Material-tangent-stiffness-proportional damping model (MTSPD) 

2.1. Material and geometric terms of the stiffness matrix using a corotational 

formulation 

The corotational approach expresses the beam elemental displacements and internal 

forces in the three reference systems shown in Fig. 1 for a planar case: global (gl), local 

(loc), and basic (bsc). The basic system is defined with the current position of the 

element's nodes and follows the element as it deforms, allowing for a separation between 

the rigid body motion and the internal deformations. The latter are expressed in eq. (4), 

at the basic reference system, in terms of the local displacements (uloc) and the corotating 

angle (β) between the local and the basic reference system.  

𝑢1
𝑏𝑠𝑐 = 𝑙(𝒖𝑙𝑜𝑐) − 𝑙0, 𝑢2

𝑏𝑠𝑐 = 𝑢3
𝑙𝑜𝑐  −  𝛽, 𝑢3

𝑏𝑠𝑐 = 𝑢6
𝑙𝑜𝑐  −  𝛽 (4) 

where 𝑙(𝒖𝑙𝑜𝑐) and 𝑙0 are the current deformed length and the undeformed length of the

element, respectively.  
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Fig. 1 - Element forces and displacements expressed in the different reference systems. 

The incremental compatibility (𝜞𝑪(𝒖
𝑙𝑜𝑐)) matrix is obtained by differenting 𝜕𝒖

𝑏𝑠𝑐

𝜕𝒖𝑙𝑜𝑐
. At 

the basic level, it is possible to obtain the constitutive relations expressing the basic forces 

as a function of the basic displacements (𝒑𝑏𝑠𝑐(𝒖𝑏𝑠𝑐)). After they are found, they can be

expressed in the local reference system (𝒑𝑙𝑜𝑐) using equilibrium relations derived by

equilibrium in the deformed configuration.  

𝒑𝑙𝑜𝑐 = 𝜞𝐸(𝒖
𝑙𝑜𝑐) ∙ 𝒑𝑏𝑠𝑐(𝒖𝑏𝑠𝑐) = (𝜞𝐶(𝒖

𝑙𝑜𝑐))
𝑇

∙ 𝒑𝑏𝑠𝑐(𝒖𝑏𝑠𝑐) (5) 

The incremental relation between the global structural forces and displacements is 

required to solve the nonlinear problem and define a tangent-stiffness-proportional 

damping (TSPD). At the local reference system, the tangent elemental stiffness (𝒌𝑇𝑎𝑛𝐿𝑜𝑐)
is found through differentiation of eq. (5) with respect to the local displacements:  

𝒌𝑇𝑎𝑛𝐿𝑜𝑐 =
𝜕𝒑𝑙𝑜𝑐

𝜕𝒖𝑙𝑜𝑐
=
𝜕(𝜞𝐸(𝒖

𝑙𝑜𝑐))

𝜕𝒖𝑙𝑜𝑐
∙ 𝒑𝑏𝑠𝑐

⏟      
𝒌𝑇𝑎𝑛𝐺𝑒𝑜𝐿𝑜𝑐

+ 𝜞𝑐(𝒖
𝑙𝑜𝑐)𝑇 ∙

𝜕(𝒑𝑏𝑠𝑐(𝒖𝑏𝑠𝑐))

𝜕𝒖𝑏𝑠𝑐
∙ 𝜞𝐶(𝒖

𝑙𝑜𝑐)
⏟                 

𝒌𝑇𝑎𝑛𝑀𝑎𝑡𝐿𝑜𝑐

(6) 

The application of the chain rule of differentiation to the second term on the right-hand 

side brings out the incremental relation between the basic forces and the basic 

displacements, which is obtained according to the element formulation. The first and 

second terms on the right side of the equation above are the geometric and material 

components of the elemental stiffness matrix, respectively. The elemental global forces, 

and tangent stiffness matrix are then found with a rotation matrix considering the angle 

(θ) between the global and the local reference systems, and assembled to obtain the global 

resisting forces and tangent stiffness of the structure.  

2.2. Motivation and formulation 

As discussed, the most accepted models for RD or stiffness-proportional damping (SPD) 

models have previously been defined as proportional to the total tangent stiffness matrix 

(TSM) 𝑲𝑇𝑎𝑛. The total stiffness matrix also determines the natural frequencies of the

structure, which in turn are typically used to estimate the damping parameters  a0 and a1 

(for RD) or just a1 (for SPD).  

The present proposal uses a corotational formulation that allows a decomposition of the 

total tangent stiffness matrix of the structure into a material tangent stiffness matrix 

𝑲𝑇𝑎𝑛𝑀𝑎𝑡 and a geometric tangent stiffness matrix 𝑲𝑇𝑎𝑛𝐺𝑒𝑜, denoted with the acronyms

MSM and GSM, respectively. The advantages of using the above decomposition are that 
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it allows the MSM to be defined as a proportionality matrix for the damping model using 

consequential damping parameters a0 and a1 determined using the natural frequencies 

found with MSM alone. As far as the authors are aware, only Charney (2008) has briefly 

suggested not including the GSM in the calculation of the stiffness-proportional term of 

Rayleigh-based damping models.  

This approach aims at anchoring energy-dissipation simulation to material-related 

mechanisms. The extended physical meaningfulness of the material tangent stiffness 

proportional damping (MTSPD) herein proposed and studied preserves the advantages 

of SPD. Moreover, the new MTSPD avoids the introduction of energy into the post-peak 

response of MDoF systems due to nonlinear geometric effects that can occur when 

simulating the response of flexible structures under extreme loading events. 

Eq. (7) gives the damping matrix using the proposed damping model: 

[
𝑪𝑡𝑡
𝑀𝑎𝑡 𝑪𝑡0

𝑀𝑎𝑡

𝑪0𝑡
𝑀𝑎𝑡 𝑪00

𝑀𝑎𝑡] = 𝑎1𝑀 [
𝑲𝑡𝑡
𝑇𝑎𝑛𝑀𝑎𝑡 𝑲𝑡0

𝑇𝑎𝑛𝑀𝑎𝑡

𝑲0𝑡
𝑇𝑎𝑛𝑀𝑎𝑡 𝑲00

𝑇𝑎𝑛𝑀𝑎𝑡] (7) 

The damping parameter can be defined using the desired frequency according to 

following expression: 

𝑎1 =
2𝜁𝑖
𝜔𝑖

(8) 

The damping parameter a1 is commonly defined using the first mode's frequency 

satisfying eq. (9), in which case it is denoted a1T. In this work, the damping parameter a1 

is defined with the first mode's frequency satisfying eq. (10) and denoted a1M. 

𝑲𝑇𝑎𝑛𝝓1 = 𝜔𝑇
2𝑴𝝓1 (9) 

𝑲𝑇𝑎𝑛𝑀𝑎𝑡𝝓1 = 𝜔𝑀
2𝑴𝝓1 (10) 

where 𝑲𝑇𝑎𝑛 and 𝑲𝑇𝑎𝑛𝑀𝑎𝑡 in eqs. (7), (9), and (10) are the total tangent stiffness matrix

TSM and material tangent stiffness matrix MSM at the first step after applying the axial 

loads. 𝜔𝑇, 𝜔𝑀, and 𝝓1 are the frequencies and modal shapes satisfying eqs. (9) and (10). 

The models investigated and compared in the current work are summarised in Table 1. 

Table 1. Tangent-stiffness-proportional damping models analysed. 

Complete name 
Damping 

parameter 
Nomenclature Expression 

Total tangent stiffness-proportional 

viscous damping model 
a1T TTSPD_a1T 𝑪 = 𝑎1𝑇 𝑲

𝑇𝑎𝑛

Material tangent stiffness-proportional 

viscous damping model 
a1M MTSPD_a1M 𝑪𝑀𝑎𝑡  = 𝑎1𝑀  𝑲

𝑇𝑎𝑛𝑀𝑎𝑡

 Numerical cases studies 

Fig. 2 presents the structure that is used to illustrate the advantages and specificities of 

the proposed MTSPD model. As recalled in the previous section, the influence of the 

GSM becomes important in slender structures subjected to significant axial loads. 

Consider a cantilever column represented in Fig. 2 (a), which is subdivided into two 

force-based elements (Calabrese et al. 2010) using the cross-section presented and 

discretised in Fig. 2 (b) and the material rules of Table 2. The steel fibres employ the 

model by Menegotto and Pinto (1973) and the 64 concrete fibres along the height of the 

section use the model of Mander et al. (1988). The reinforced concrete column has a 
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translational mass (Mtranslation = 10 ton) and rotational inertia (Mrotation = 1.0 ton ∙
m2 ) at the top. At the first step, an axial load is imposed to the system to apply a specific

axial load ratio (ALR). 

Fig. 2 - (a) Cantilever reinforced concrete column modelled with two corotational force-based elements. 

(b) Fibre cross-section of the column.

Table 2. Material parameters of the models used for steel and concrete fibres. 

Steel Fibres fy (MPa) Eo (GPa) b R0 A1 A2 A3 A4 

Steel bars 515 210 0.00 20.00 19.25 0.15 0.00 1.00 

Concrete Fibres fc (MPa) Eo (GPa) εcu ft (MPa) εt beta 

Concrete cover 28.0 24.9 0.004 0 0 0.1 

Concrete core of the 

sections in the element at 

the base 41.7 35.4 0.020 0 0 0.1 

Concrete core of the 

sections in the element at 

the top 32.2 28.6 0.016 0 0 0.1 

The GSM affects the computed natural frequency (ωT) of the system and thus the 

damping parameters (aT). This effect may not be negligible for slender structures where 

the contribution of the GSM to the TSM is significant. This effect can be observed in Fig. 

3, which shows the variation of the fundamental frequency of the column under varying 

ALR. The fundamental frequency approaches a null value near the critical buckling load, 

and increases for less compressive values of the ALR. Conversely, the natural frequency 

independent of the GSM (ωM) does not present significant changes under compressive 

ALRs. Such small variation is only due to the reduction in the concrete Young modulus 

as the compressive load increases. Under positive ALR the stiffness of the concrete fibres 

is equal to zero, and the stiffness comes solely from the steel rebars. Thus, the 

fundamental frequency changes considerably when the concrete section is cracked.  
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Fig. 3 - Influence of the ALR (negative: compression) on the first natural frequency of the RC column. 

The variation of the fundamental horizontal frequency will also affect the damping 

parameter a1. Fig. 4 shows that the damping parameter a1T increases sharply for highly-

compressive ALR. Additionally, there is an opposite less critical effect under increasing 

ALR in tension, steadily reducing the magnitude of the damping parameter. The latter 

effects are not present in the damping parameter a1M, which is independent of the GSM 

and depends only on material-related mechanisms. 

Fig. 4 - Evolution of the damping parameter a1 for damping ratio of 2% at the first natural frequency. 

After imposing the specific ALR, the cantilever is subjected to the horizontal component 

of the Loma Prieta earthquake downloaded from the strong motion database of the 

Pacific Earthquake Engineering Research Center (2005) and shown in Fig. 5 (1989, 

Mw=6.2, station: APEEL 10 – Skyline). The traditional TTSPD_a1T approach and the 

MTSPD_ a1M model are compared assuming a damping ratio of 2% associated with the 

fundamental frequency, which is a commonly accepted value for nonlinear time-history 

analysis of reinforced concrete structures without non-structural elements.  

Fig. 5 - Ground motion record from the Loma Prieta earthquake (1989). 

The lateral displacement response at the top of the column with two different ALR and 

both damping models is shown in Fig. 6. It can be observed that the TTSPD_a1T outputs 

higher displacements and a slower movement decay at the last part of the response, which 

indicates a smaller effective damping ratio compared to the model MTSPD_a1M. It is also 

apparent that the difference between both models increases for more compressive ALR, 

since the relative importance of GSM becomes higher in comparison to the MSM. 

Additionally, the time-history response of bending moment and curvature of the cross-
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section at the base of the column, presented in Fig. 7 and Fig. 8, also exhibit significant 

differences that increase for higher compressive loads. 

Fig. 6 - Time-history response of cantilever top horizontal displacement under different compressive 

ALRs, for models MTSPD_a1M and TTSPD_a1T.  

Fig. 7 - Time-history of base cross-section bending moment under different compressive ALRs, for 

models MTSPD_a1M and TTSPD_a1T. 

Fig. 8 - Curvature of the cross-section at the base under different compressive ALRs, for models 

MTSPD_a1M and TTSPD_a1T. 
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This study case illustrates the practical influence of the GSM on the definition of the 

damping model, both as a proportionality matrix and through the calculation of the 

damping parameter. The response of the structure is different in terms of global 

displacements, internal forces, and deformations, even for small ALRs, increasing 

significantly for higher compressive loads. Typically, the damage index of structural 

elements depends on the reached maximal deformation response and/or the hysteretic 

rules' total energy (Park et al. 1987), and consequently the definition of a damping matrix 

including or excluding the GSM will also affect the assessment of the structure. 

 Conclusions 

This paper briefly presents a new viscous damping model solely proportional to the 

tangent material stiffness matrix (MSM), i.e. independent of the tangent geometric 

stiffness matrix (GSM). Its application to a slender reinforced concrete column, followed 

by a nonlinear dynamic analysis, reveals that the GSM affects the definition of non-

directly modelled sources of energy dissipation and the overall structural response. The 

traditional total-tangent-stiffness proportional damping (TTSPD_a1T) can be 

significantly affected by the GSM, which however reflects no clearly established link 

with energy-dissipation mechanisms. The magnitude of the damping matrix changes 

considerably as a function of the external axial load applied on the member.  

This investigation proposes a more physically consequential choice for the definition of 

tangent-stiffness-proportional damping models, based on adopting a matrix proportional 

to the MSM and a  damping parameter computed from the natural frequency found with 

the MSM alone.  
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Abstract. Structural collapses can occur as a result of a dynamic amplification of either, the building´s seismic 
response or the ground shaking by local site effects; one of the reasons is a resonance effect due to the proximity of 
the structural elastic fundamental period TE and the soil fundamental period TS. We evaluate the vulnerability to 
resonance effects in Guadalajara, México, in a three-step schema: 1) we define structural systems in the building 
environment of western Guadalajara, in terms of their construction materials and structural components; 2) we 
estimate TE with different equations, to obtain a representative value in elastic conditions for each structural system; 
and, 3) we evaluate the resonance vulnerability by the analysis of the ratio between TE and TS. We observe that the 
larger the soil fundamental period, the higher the resonance vulnerability for buildings with height between 17 and 
39 m. For the sites with a low TS, the most vulnerable buildings will be those with a height between 2 and 9 m. 
These results can be a helpful tool for disaster prevention, by avoiding the construction of buildings with certain 
heights and structural characteristics that would result in a dangerous proximity between TE and TS. 
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625
3ECEES, September 2022, Bucharest, Romania



Abbreviation list: 

TE: Structural elastic fundamental period 
TS: Soil fundamental period 
RC MRF: Reinforced Concrete Moment Resisting Frames 
Steel MRF: Steel Moment Resisting Frames 
RC MRF IP: Reinforced Concrete Moment Resisting Frames with Infill Panels 
Steel MRF IP: Steel Moment Resisting Frames with Infill Panels 
RC MRF Braced: Reinforced Concrete Moment Resisting Frames with Braces 
Steel MRF Braced: Steel Moment Resisting Frames with Braces 
RC SW: Reinforced Concrete Shear Walls 
MSW: Masonry Shear Walls 

626
3ECEES, September 2022, Bucharest, Romania



1. Introduction

The catastrophic damages in the building environment of Mexico City triggered by the Mw 8.1 19th September 1985
earthquake caused more than 20,000 deaths, and uncountable partial and total damages on many buildings (Flores-Estrella et 
al., 2007; Preciado, 2011; Preciado et al., 2017). These damages were mainly caused by a dynamic amplification, due to 
resonance phenomena between the structures (i.e. buildings) and the soil; these phenomena can occur when an earthquake 
induces enough acceleration to activate the mass of a structure, and they can become catastrophic when the fundamental 
periods of the structure and the soil are similar to the frequency of the ground motion. In the case of the 1985 earthquake, 
although the source was located more than 350 km away, the soft soil conditions in Mexico City changed the frequency 
content of the ground motion (Flores Estrella et al., 2007); the presence of non-engineered buildings (e.g. unreinforced 
masonry and deficient concrete buildings) and structures with elastic periods similar to those of the soft soil layers, caused 
brittle collapses. According to Ruiz-Garcia (2017), the seismic amplification effects by resonance occurred again in Mexico 
City in 2017 and caused strong damage by brittle collapses in different buildings, including those in southern states (e.g. 
Puebla, Morelos and Oaxaca). These two examples emphasize the importance of evaluating the vulnerability to resonance 
effects, to understand the ground motion effects on the building environment and to reduce structural catastrophic damages. 
We consider the resonance vulnerability as an essential issue on seismic risk evaluation (Preciado, 2011 and Preciado et al., 
2015), and we assume it is an intrinsic characteristic of every building, that depends not only on factors such as the level of 
seismic design, the structural system, the construction materials and the total height, but also on the characteristics of the site, 
mainly on the fundamental soil period. We propose a three-step schema: 1) the definition of structural systems in terms of 
their construction materials and different structural components, 2) the estimation of the structural elastic fundamental period 
for every structural system and, 3) the evaluation of the resonance vulnerability trough the analysis of the ratio between the 
structural elastic period and the fundamental soil period. 

The structural elastic period TE can be defined considering a numerical analysis with a building model or in a more 
simplified way by means of a system of masses interconnected by springs with a different level of stiffness and a dynamic 
degree of freedom per story. However, this is considered as unpractical for the assessment of different typologies of buildings 
at a territorial scale. To solve this issue, we present an extensive literature review to identify the most accurate formulations 
to determine TE by involving geometrical parameters, such as plan dimensions and height, structural system and construction 
material. We consider the fundamental soil period reported by previous works (Ramírez-Gaytan et al., 2020) and we show 
the results of a resonance vulnerability analysis using a representation beyond the traditional one, that uses tables or maps 
with punctual values, to highlight a visual expression of the resonance assessment. In this work, the estimation of results as 
accurate as possible is not enough; we aim to predict the vulnerability values at other locations between points by an 
interpolation process. 

We apply this analysis schema in Guadalajara City, which is the second largest city in Mexico, with more than 5 million 
inhabitants and an important economic growth (INEGI, 2010). It is located near a complex seismic region, where three 
tectonic plates converge and it is surrounded by three active seismic sources: the Pacific Subduction Zone, the Jalisco Block 
and the Colima Volcano (Fig. 1). The city has been historically affected by moderate and severe earthquakes (García-Acosta 
and Suárez-Reynoso, 1996; UCOL, 1997; Zobin, 2004; Quintanar et al., 2010; Preciado, 2011; Chavez et al., 2014; Suter, 
2015 and 2017; Castillo-Aja and Ramirez-Herrera, 2017); however, data from seismic instrumentation is scarce, which 
results in the absence of studies about the seismic risk at a territorial scale.  

Fig. 1. Tectonic map and seismic sources near Guadalajara City (small dark square). Dark lines show tectonic plates and 
blocks. Abbreviations: CV = Colima Volcano, GG = El Gordo Graben, CG = Colima Graben, ChG = Chapala Graben, TZG 
= Tepic-Zacoalco Graben (modified from Ramírez-Gaytan et al., 2020) 

Consequently, the first efforts to build microzonification maps cover just a part of the metropolis (Ramírez Gaytan et al., 
2020), and the construction of tall buildings still occurs without an adequate subsoil zonation, which increases the 
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vulnerability to resonance effects. Also, the proximityof the seismic source of the Jalisco Block (northern of Guadalajara) 
induces many uncertainties regarding seismic design that makes low, mid and high-rise buildings extremely vulnerable to 
suffer a partial or strong structural damage during possible future events. We estimate the vulnerability to resonance effects 
considering the most representative structural systems in Guadalajara, the soil fundamental periods from 17 sites where low, 
mid and high-rise buildings are constructed and that are located in the area with the greatest economic and urban 
development. 

We divide the study in three sections: 1) the definition of the structural systems; 2) the estimation of TE, where we 
present the different equations and the results for each structural system; finally 3) the resonance vulnerability analysis and 
the construction of vulnerability maps. 

2. Classification of structural systems

The building environment in the City of Guadalajara is quite heterogeneous, it varies from shear wall buildings (Fig. 2a)
to moment resisting frames with infill masonry walls (Fig. 2b) or diagonal bracing (Fig. 2c-d). We define eight building 
systems or groups (see Table 1) to estimate their structural elastic fundamental period TE. 

Fig. 2. Different structure typologies commonly found in the building environment in Guadalajara: a) masonry buildings; b) 
framed structures with infill masonry walls; c) reinforced concrete moment resisting frames with diagonal braces and d) steel 
moment resisting frames with buckling restrained braces. 
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Table 1. Definition of structural groups in terms of their structural characteristics 
Group Structural Characteristics Abbreviation 

1 Reinforced Concrete Moment Resisting Frames RC MRF 

2 Steel Moment Resisting Frames Steel MRF 

3 Reinforced Concrete Moment Resisting Frames with Infill Panels RC MRF IP 

4 Steel Moment Resisting Frames with Infill Panels Steel MRF IP 

5 Reinforced Concrete Moment Resisting Frames with Braces RC MRF Braced 

6 Steel Moment Resisting Frames with Braces Steel MRF Braced 

7 Reinforced Concrete Shear Walls RC SW 

8 Masonry Shear Walls MSW 

The structural groups one and two are reinforced concrete and steel moment resisting frames without any other structural 
element that increases their lateral stiffness; actually, buildings with this structural feature are very flexible against 
earthquake vibration. The structural groups three to six are moment resisting frames too, but with shear walls (i.e. diaphragm 
or infill walls) in some bays and either concentric or eccentric steel brace elements, which substantially increase the lateral 
stiffness of bare moment resisting frames systems. Group seven corresponds to reinforced concrete shear wall buildings, 
where the panels are vertical systems that carry most of the lateral forces due to its stiffness contribution along both 
perpendicular plan directions. Finally, the structural group eight refers to buildings with masonry shear walls (unreinforced, 
confined or internally reinforced).  

Concerning the horizontal resistant systems (covers and inter-story floor slabs) of most buildings in Guadalajara, they 
may be categorized into rigid and flexible diaphragms. Most framed buildings have a rigid diaphragm of reinforced concrete 
(solid section or lightened slab) or steel (steel-deck slab). On the other hand, in common residential masonry buildings, the 
cover system and inter-story floor slabs may be of different typologies including rigid diaphragms of reinforced concrete and 
flexible ones made of timber and fired clay roof tiles. Moreover, the combination of steel wide flange beams, with reduced-
span masonry arches among the beams, that makes a semi-flexible horizontal resistant system is typically built in 
Guadalajara. Arches are commonly made of masonry by combining fired clay bricks and mortar. 

Regarding the height of the buildings, we classify them in three main groups: i) low-rise buildings, with one to three 
stories and a maximum height of nine meters; ii) mid-rise buildings, with four to seven stories and a maximum height of 21 
meters; and iii) high-rise buildings, with eight to thirteen stories and a maximum height of 39 meters.  

3. Estimation of the structural elastic fundamental period TE

The structural elastic fundamental period, TE, is considered a key-parameter for the seismic design of buildings and
vulnerability evaluation (Goel and Chopra, 1997; Crowley and Pinho, 2010; Michel et al., 2010; Cinitha et al., 2012; 
Ditommaso et al., 2013; Salama, 2013; Al-Nimry et al., 2014; Sofi et al., 2015 and Salameh et al., 2016). The value of TE 
depends on the structural stiffness and the mass distribution along the structural length and height. Nowadays, there is an 
extensive number of formulations to estimate TE with an acceptable level of accuracy for different structural systems 
(Preciado et al., 2017). Regarding some of the simplified formulas Michel et al. (2010) and Salameh et al. (2016) affirm that 
there are three different kinds: (i) with linear behavior; (ii) with a power form, and (iii) those that consider the horizontal 
dimensions of the structure. After an extensive review of different seismic and construction codes and literature, we select 
five equations to estimate TE, which we list in Table 2, together with the structural system to which we apply it and the 
reference we consider. In all the equations N represents the number of stories, H the total height of the building and D 
corresponds to the length parallel to the direction under study, these two in m. 

Table 2. Equations we use to estimate TE for the eight structural systems; N indicates the number of stories, H the total height 
of the building and D corresponds to the length parallel to the direction under study, both given in m. For the classification of 
the structural systems see Table 1. 

Eq. 
 ID Equation Applied to  

structural system 
1 𝑇! = 0.1𝑁 all systems 
2 𝑇! = 0.075𝐻!.!" RC MRF (1) 
3 𝑇! = 0.085𝐻!.!" Steel MRF (2) 

4 𝑇! = 0.09𝐻/𝐷!.! 
RC MRF IP (3) 

Steel MRF IP (4) 
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RC MRF Braced (5) 
Steel MRF Braced (6) 

5 𝑇! = 0.05𝐻𝐷!.!" RC SW (7) 
MSW (8) 

*1 NEHRP (1994); 2, and 3 Goel and Chpra (1997); 4 ATC-3-06 (ATC, 1978); 5. UBC (1997).

Housner and Brady (1963) propose a simplified equation to obtain TE for reticular moment resisting frames (MRF) 
buildings of reinforced concrete (RC) and steel by a linear correlation, which considers as a variable only the total number of 
stories of a building, N. Salameh et al. (2016) affirm that this formula was included in some seismic codes such as the U.S. 
building code for steel and RC frames only, disregarding other building typologies with shear walls. 

𝑇! = 0.1𝑁 (1) 

In Eq. 1, N should not exceed twelve and the maximum inter-story height should be three meters (i.e. a total height of 36 
m). This equation is also known as General Equation because it estimates TE in a simple way, disregarding the structural 
system, construction materials and earthquake design level. 

The Applied Technology Council (ATC, 1978) propose an equation with a power function and a general form: 
𝑇! = 𝐶!𝐻!.!". The coefficient 𝐶! was initially proposed by Gates and Foth (1978), and depends mainly on the construction 
material of the building, resulting in 0.075 for RC MRF and 0.085 for steel MRF, respectively: 

𝑇! = 0.075𝐻!.!" (2) 

𝑇! = 0.085𝐻!.!" (3) 

For these equations, the Eurocode-8 (2004) considers a maximum total height H of 40 m for all buildings, because taller 
structures have a higher fundamental period with a more flexible behavior. These equations have been considered by the 
Eurocode 8 (2004) and the Canadian code (NBCC, 2005). 

Housner and Brady (1963) propose a period-height equation for MRF buildings that considers the horizontal dimension 
D and the contribution in stiffness by diagonal braces and infill panels (i.e. confined masonry walls, internally reinforced 
masonry walls or RC shear walls): 

𝑇! = 0.09𝐻/𝐷!.! (4) 

This equation is implemented in many seismic design codes worldwide, including USA, Canada, Europe and Mexico 
(RCDF, 2004). 

Finally, for shear wall buildings (RC, unreinforced masonry and confined/reinforced masonry), the UBC (1997) 
proposes:  

𝑇! = 0.05𝐻!.!" (5) 

In the Eurocode 8 (2004), the height-period relationship of Eq. (5) is under the classification of “other structures”. 
For our TE estimations we consider a maximum total height H of 39 m for all buildings, with an exception for masonry 

shear wall buildings for which we consider a maximum H of 15 m and 36 m with the use of the General formula. We 
consider D = 20 m, since most of the new vertical developments in the city (i.e. residential towers of concrete or steel of 
about 10-20 stories) have in average three to five bays, ranging from five to six meters each.  

3.1TE results 

In Table 3 and Fig. 3 we show the estimated TE values with the five equations for the eight structural systems, the 
different colors represent the combination of structural system and TE equation: the blue line with squares indicates the 
estimation from the General Formula (Eq. 1) for the eight structural systems. The red line with triangles shows the TE for the 
RC MRF group (group 1, Table 1) using Eq. 2. The dark line with circles illustrates the TE for structural group 2, steel MRF, 
using Eq. 3. The magenta line with stars depicts the results for groups 3, 4, 5 and 6 using Eq. 4. The cyan line with triangles 
shows the results for group 7 and the green line with diamonds for group 8, both using Eq. 5. 

We use the General Formula (Eq. 1) for the eight structural systems to get a reference value for comparative purposes. In 
Fig. 3, it is clearly visible that the TE values from power form formulas (Eqs. 3 and 4) for bare MRF, the one that considers 
the horizontal dimension of the building including steel braces and infill panels (Eq. 5) and for shear walls (Eq. 6) are 
different than the obtained by the General formula (Eq. 1) with linear behavior. 

The higher TE values are for the structural groups RC MRF (red line with triangles) and steel MRF (black line with 
circles), which indicates a flexible behavior. This trend agrees with the characteristic fundamental vibration periods of bare 
MRF structures, regarding the relationship between lateral stiffness and fundamental period. The lateral stiffness of flexible 
bare MRF substantially increases with the addition of steel braces and infill panels (shear walls) and reduces the elastic 
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fundamental periods at about 50% or even more if compared to bare MRF systems. According to some authors (Bazan and 
Meli, 2003; RCDF, 2004; NTC-DEM, 2017; Preciado, 2019), in MRF with braces or infill panels, the lateral stiffness 
increases by the steel ties and the compressive struts in infill panels, independently of the construction material of the MRF 
(e.g. steel or RC) and has a similar fundamental period. For simplification purposes, we include the steel and RC MRF added 
with infill panels and steel braces in one group, to estimate the TE with Eq. 4. 

Table 3. Estimated TE (in seconds) for the eight structural groups defined for Guadalajara City. N indicates the number of stories, H the 
total height of the building in meters, and D = 20 m. 

Eq. 1 Eq. 2 Eq. 3 Eq. 4 Eq. 5 Eq. 5 

N H 
[m] 

all structural 
groups 

RC 
and 

MRF 
Steel MRF 

RC MRF IP, steel 
MRF IP, RC MRF 
Braced and steel 

MRF Braced 

RC SW MSW 

1 3 0.100 0.171 0.194 0.060 0.114 0.114 

2 6 0.200 0.288 0.326 0.121 0.192 0.192 

3 9 0.300 0.390 0.442 0.181 0.260 0.260 

4 12 0.400 0.484 0.548 0.241 0.322 0.322 

5 15 0.500 0.572 0.648 0.302 0.381 0.381 

6 18 0.600 0.655 0.743 0.362 0.437 NA 

7 21 0.700 0.736 0.834 0.423 0.490 NA 

8 24 0.800 0.813 0.922 0.483 0.542 NA 

9 27 0.900 0.888 1.007 0.543 0.592 NA 

10 30 1.000 0.961 1.090 0.604 0.641 NA 

11 33 1.100 1.033 1.170 0.664 0.688 NA 

12 36 1.200 1.102 1.249 0.724 0.735 NA 

13 39 NA 1.170 1.327 0.785 0.780 NA 

For shear walls, we obtain TE with the power formula recommended by the Eurocode 8 (2004) for other buildings (Eq. 5) 
and a maximum total height of 15 m (5 stories) for masonry buildings and 40 m (13 stories) for RC. We include this restraint 
in the number of stories because RC buildings are stiffer than masonry ones and we expect to overcome this issue with Eq. 5. 
Moreover, by taking into account that the maximum allowed number of stories for masonry buildings is five or 15 m. 

Fig. 3. Estimation of TE using equations 1-5. The blue line with squares indicates the estimation from the General Formula 
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(Eq. 1) for the eight structural systems (Eq. 1 depends only on the total height of the building). The red line with triangles 
shows the TE for the RC MRF group (group 1, see Table 1) using Eq. 2. The dark line with circles indicates the estimation 
for the structural group 2, steel MRF, using Eq. 3. The magenta line with stars depicts the TE estimation for groups 3, 4, 5 
and 6 using Eq. 4. The cyan line with triangles indicates the results for group 7 and the green line with diamonds for group 8, 
both using Eq. 5. 

Moreover, by including internal panels or braces, the flexible bare MRF systems substantially increases their lateral 
stiffness, which is reflected by a shorter fundamental period than the rest of the structural systems (magenta line with stars). 
The masonry shear wall buildings, MSW, (green line with diamonds) have a more rigid behavior than bare MRF structures. 
According to the formulations for shear walls (RC and masonry), these structural systems have a similar behavior and 
stiffness, the main difference is in the total height limit (15 m for masonry and 40 m for RC). RC shear walls (cyan line and 
triangles) and masonry buildings are characterized for being rigid structures as illustrated in Fig. 3, where it may be observed 
that these structural systems have a fundamental period located almost in-between of the other systems. 

4. Resonance vulnerability analysis

The assessment of the vulnerability to resonance effects is of major importance in order to prevent extensive damage on
the built environment and human loss, and it may be of great help to reduce seismic risk at a territorial scale. The Mexican 
building code RCDF (2004) recommends the use of Eq. 6 to estimate the vulnerability to resonance phenomenon, and to 
avoid that newly designed/constructed buildings may suffer strong damage by dynamic amplifications due to resonance 
effects. This formulation considers the observed catastrophic experiences after the 1985 Mexico City earthquake, as well as 
generalized maps of soil fundamental periods and expected local site effects along the city. 

0.7 ≤ 𝑇!
𝑇! ≤ 1.2 (6) 

In Eq. 6, TE is the structural elastic fundamental period and TS is the soil fundamental period, both in seconds. This 
equation is valid in case of an undamaged state (i.e. linear-elastic range) where the building has not been affected by seismic 
loads and has no changes in its original stiffness, keeping TE without modifications. In case of damages or nonlinear 
behavior, TE substantially increases and may change several times due to the formation of failure mechanisms. Moreover, the 
soil nonlinear behavior may also affect the resonance vulnerability range. Therefore, Eq. 6 can only be used as an indicator of 
possible vulnerability to resonance effects, which is our main goal. 

We estimate the vulnerability to resonance effects with Eq. 6 for 17 sites in western Guadalajara, considering our TE 
results and the TS values given by Ramírez-Gaytan et al. (2020) (Table 4). We show these results in Figs 4.1, 4.2, 4.3 and 4.4. 
In these figures the vertical axis indicates the relation 𝑇! 𝑇! for each site, the horizontal axis represents the height of the
buildings, H, in m and the gray horizontal area shows the interval between 0.7 and 1.2, defined by Eq. 6. The color lines 
represent the 𝑇! 𝑇! relation for each combination between structural system and TE equation (Table 2) in the same way as in
Fig. 3, blue line for all structural systems (Eq.1); red line for RC MRF (Eq. 2); black line for steel MRF (Eq. 3); magenta line 
for RC MRF IP, steel MRF IP, RC MRF braced and steel MRF braced (Eq. 4); cyan line for RC SW and green line for MSW 
(Eq. 5). 

Table 4. Soil fundamental periods TS for 17 sites in western Guadalajara, Mexico (modified from Ramirez-Gaytan et al., 2020). 

No. Site Name TS [s] 
1 Catedral CATR 0.47 
2 Antigua Biblioteca Pública ABIB 0.38 
3 Registro Civil No. 1 REGC 0.40 
4 Javier Gamboa and Lerdo de Tejada LERD 0.64 
5 Hotel Riu Plaza Guadalajara HRIU 0.67 
6 La Gran Plaza GPZA 0.67 
7 Patria and Guadalupe PATG 0.53 
8 Lopez Mateos and Mariano Otero LMAT 0.99 
9 Colomos and Manuel M. Dieguez COLO 0.38 

10 Eulogio Parra and Pablo Casals PARR 0.68 
11 Pablo Neruda and Paseo Jacarandas NERU 0.41 
12 Punto Sao Paulo SAOP 0.06 
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13 Patria and Eva Briseño EVAB 0.16 
14 Patria and paseo Royal Country ROYA 0.47 
15 Paseo valle Real and Servidor Publico REAL 0.36 
16 Periferico and Laureles LAUR 0.73 
17 Nueva Biblioteca Publica NBIB 0.49 

Fig. 4.1. Resonance vulnerability for each station considering TS from Ramírez-Gaytan et al. (2020) and the estimated TE 
values. The vertical axis indicates the ratio 𝑇! 𝑇!, the horizontal axis represents the total height of the buildings in m and the

gray area represents the resonance vulnerability interval (see Eq. 6). The color lines represent the 𝑇! 𝑇!estimation for each
structural system: blue line and squares for all structural systems (Eq.1); RC MRF red line with triangles (Eq. 2); steel MRF 
black line with circles (Eq. 3); RC MRF IP, steel MRF IP, RC MRF braced and steel MRF braced magenta line with stars 
(Eq. 4); RC SW cyan line with triangles and MSW green line with diamonds (Eq. 5). 
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Fig. 4.2. Resonance vulnerability (see caption in Fig. 4.1 

634
3ECEES, September 2022, Bucharest, Romania



Fig. 4.3. Resonance vulnerability (see caption in Fig. 4.1). 
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Fig. 4.4. Resonance vulnerability (see caption in Fig. 4.1). 

For practical purposes, we explain in detail the results of the resonance vulnerability for site HRIU (left superior corner 
Fig. 4.2). At this site TS = 0.67 s; the mid and high-rise buildings with an H between 10 and 39 m height fall into the 
vulnerability zone. For the analysis with the General Formula (blue line), the buildings with H between 15 and 24 m would 
be vulnerable to resonance effects; for the groups RC (red line) buildings with H between 12 and 23 m and steel MRF (black 
line) with H between 10 and 20 m,. Moreover, the Steel and RC MRF systems combined with internal panels or braces 
(structural groups 3 to 6, Table 3) are vulnerable for an H between 24 and 39 m (magenta line). The vulnerability zone for RC 
shear walls (cyan line) would be for buildings with 20 to 39 m height. Finally, MSW structures (green line) are not vulnerable 
to resonance effects, considering the limited height of 15 m and reduced stiffness, if compared to the rest of the evaluated 
structural systems. 

From a general analysis of these results we define four zones, which correspond to Figs 4.1, 4.2, 4.3 and 4.4, 
respectively. In Zone 1 (Fig. 4.1) the most vulnerable buildings correspond to low and mid-rise buildings of Steel MRF and 
RC MRF, mid and high-rise buildings of MRF retrofitted with internal panels (e.g. masonry shear walls or RC shear walls) or 
steel braces. Moreover, vulnerable mid-rise masonry buildings. 

At Zone 2 (Fig. 4.2), the most vulnerable structures are mid and high-rise buildings of RC MRF mid-rise buildings of 
Steel MRF at all stations (with vulnerable high-rise buildings at LMAT and low-rise buildings at PATG). Furthermore, 
vulnerable high-rise buildings in case of MRF IP and MRF Braced, vulnerable mid and high-rise buildings of RC Shear 
Walls (at LMAT only high-rise buildings) and vulnerable mid-rise masonry buildings only at site PATG.  

At Zone 3 (Fig. 4.3), the most vulnerable buildings are identified as a combination of low and mid-rise buildings of RC 
MRF (with vulnerable high-rise buildings only at PARR station), low and mid-rise buildings of Steel MRF, vulnerable mid 
and high-rise buildings of MRF IP and MRF Braced at sites COLO, PARR and NERU, with exception of sites SAOP and 
EVAB where most vulnerable structural systems are low-rise buildings. The same trend as in case of the structural systems 3, 
4, 5 and 6 is identified for system 7, RC SW, but with fewer vulnerable high-rise structures. Finally, vulnerable low and mid-
rise masonry buildings, MSW.  

At Zone 4 (Fig. 4.4), we identify vulnerable buildings of RC MRF and Steel MRF mainly low and mid-rise with some 
vulnerable high-rise buildings, vulnerable mid-rise buildings of MRF IP and MRF Braced. Furthermore, a combination of 
vulnerable mid and high-rise buildings of RC Shear Walls (low-rise buildings only at site REAL), and low and mid-rise 
masonry structures from system MSW. 

These results are listed in Table 5, together with the zone division of the vulnerability analysis. 
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Table 5. Resonance vulnerability for each structural system in terms of the building height, H, in m, considering Eq. 6, the estimated TE and 
the TS from Ramírez-Gaytan et al. (2020). The interval for each station indicates the limits of H that fall into the resonance vulnerability 
window (gray area in Figs 4.1, 4.2, 4.3 and 4.4). N.V.= Non-Vulnerable. For the definition of Zones 1, 2, 3 and 4 refer to the text. 

Eq. 1 Eq. 2 Eq. 3 Eq. 4 Eq. 5 Eq. 5* 

Structural group 

Site Station all structural 
systems RC MRF Steel MRF 

RC MRF IP, steel 
MRF IP, RC MRF 
Braced and steel 

MRF Braced 

RC SW MSW 

Zo
ne

 1
 1 CATR 10-16 8-14 7-12 17-28 13-25 13-15

2 ABIB 8-13 6-11 5-9 14-22 10-19 10-15
3 REGC 9-14 6-11 5-10 14-23 10-20 10-15
4 LERD 14-23 11-22 10-18 23-38 19-38 NV

Zo
ne

 2
 5 HRIU 15-24 12-23 10-20 24-39 20-39 NV 

6 GPZA 15-24 12-23 10-20 24-39 20-39 NV 
7 PATG 12-19 9-17 8-14 19-31 15-29 15-15
8 LMAT 21-35 20-39 17-33 35-39 34-39 NV

Zo
ne

 3
 

9 COLO 8-13 6-11 5-9 14-22 10-19 10-15
10 PARR 15-24 12-24 10-20 24-39 21-39 NV
11 NERU 9-14 6-12 6-10 15-24 11-21 11-15
12 SAOP 2-2 NV NV 3-3 1-1 NV
13 EVAB 4-5 2-3 2-2 6-9 3-6 3-6

Zo
ne

 4
 14 ROYA 10-16 8-14 7-12 17-28 13-25 13-15

15 REAL 8-12 6-10 5-8 13-21 9-17 9-15
16 LAUR 16-26 13-26 11-22 26-39 23-39 NV
17 NBIB 11-17 8-15 7-13 18-29 14-26 14-15

4.1 Resonance vulnerability maps 

A well-recognized form of presenting and analyzing the obtained results of a vulnerability study, at a territorial scale, is 
the construction of maps with geographic information system tools, GIS (Carreño et al., 2007; Barbat et al., 2008; Vicente et 
al., 2008; Lantada et al., 2010; Erduran et al., 2012; Ahmed et al., 2014; Aungung and Tamia, 2013; Rezaie and Panahi, 
2015; Preciado et al., 2020), which may also help to construct different damage scenarios. We construct the resonance 
vulnerability maps for the different structural systems in western Guadalajara using an ordinary Kriging interpolation. In the 
construction of these maps, we face a major problem: the vulnerability resonance area has an upper and lower height limit for 
each site, that is, a couple of values; however, most of the common interpolation methods give a result from a single value; 
then, for each of the eight structural systems would be possible to construct two interpolation maps. From the analysis and 
comparison of lower and upper limits maps, we observe that the interpolation area around each site is almost identical (for 
each building typology) and only changes the representing color of the lower and upper limits. 

In Fig. 5 each subplot shows the resonance vulnerability interval (upper and lower bounds) for each TE equation and 
structural systems, depending on the height of the building H. The blue symbols illustrate the location of each site, the 
triangles represent the stations in Zone 1, the circles stations in Zone 2, squares stations in Zone 3 and stations in Zone 4 are 
depicted with diamonds. The values in black parenthesis show the resonance vulnerability in each point and the contour 
colors represent the interpolated values between sites (upper and lower bounds).  

The zone division that we define in the previous section is also correlated to the geography of the city, Zone 1 is located 
to the south east of Fig. 5, which corresponds to the city center; to the SW we have stations in zone 2, to the NE those stations 
in Zone 3 and finally to the NW the stations in Zone 4. From this figure we can say that when using the General Formula or 
Eq. 1, the eight structural systems are vulnerable to resonance effect if H varies from 2 (station 12) to 35 m (station 8). In the 
case of RC MRF and Eq. 2 the resonance vulnerability occurs for buildings with an H varying from 2 (station 13) to 39 m 
(station 8). For the structural system steel MRF and Eq. 3, if H varies from 2 (station 13) to 33 m (station 8) the structure 
could present resonance effects. For stiffer MRF of RC, or Steel in combination with internal panels or brace systems 
(structural groups 3 to 6 and Eq. 4), the lower height limit is 3 m at station 12 and the upper height limit at 39 m for stations 
5, 6, 8, 10 and 16. Regarding RC SW and eq 5, the lower height limit is 3 m at station 13 and the upper height limit of 39 m 
at 5, 6, 8, 10 and 16. Finally, buildings with their main structural system of MSW and Eq. 5 are more vulnerable to resonance 
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from 3 (station 13) to 15 m at nine stations: 1, 2, 3, 7, 9, 11, 14, 15 and 17. On the contrary, MSW buildings resulted as non-
vulnerable in the surroundings of seven stations: 4, 5, 6, 8, 10, 12 and 16.

Fig. 5. Interpolation maps for the seismic resonance vulnerability in western Guadalajara. Every subplot corresponds to a TE 
equation and structural system. The blue symbols show the location of each station for TS (Table 1); the triangles indicate 
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stations in Zone 1, circles for Zone 2, squares for Zone 3 and diamonds for Zone 4. Values in brackets show the lower and 
upper limits of H at each region. The color scale indicates the total height of the buildings allowed by each equation in 
section 2. 

5. Conclusions

Due to the economic growth in Guadalajara, Mexico, the building environment is quite diverse and heterogeneous. In
this work we define eight different structural systems in the western part of the city and obtain their structural elastic period 
TE using different formulations, that we select from a review of different building codes, especially from USA, Canada and 
Europe, where they use data from instrumented buildings under seismic conditions. We obtain the typical TE values for bare 
MRF buildings of different heights as well as the lateral stiffness contribution of internal panels and braces in a simplified 
way. These rigid elements contribute in a reduction of the fundamental periods of MRF systems in about 50%. RC and MSW 
buildings have a similar behavior and stiffness, which is a characteristic behavior of these rigid structures that results in TE 
values between the assessed structural systems.  

The comparison of the ratio 𝑇! 𝑇! for the estimated values with the allowed limits specified by the Mexican building
code, gives a resonance vulnerability interval in terms of the height of the buildings. For western Guadalajara, this interval 
includes all low, mid and high-rise buildings with H between 3 and 39 m, depending on the structural system and the soil 
fundamental period TS. We classify the buildings under study in four zones and identify the most vulnerable structural 
systems and heights depending on the soil fundamental period as follows: Zone 1: low and mid-rise buildings of masonry, 
Steel MRF and RC MRF, mid and high-rise buildings of MRF retrofitted with internal panels or steel braces; Zone 2: low-
rise Steel MRF, mid-rise buildings of masonry, RC shear walls and RC MRF, vulnerable high-rise structures of MRF IP or 
Braced and RC Shear Walls; Zone 3 a combination of low rise and mid-rise buildings of masonry, RC shear walls, RC MRF 
and Steel MRF, vulnerable low, mid and high-rise buildings of MRF IP/Braced and some vulnerable RC high-rise structures 
and Zone 4 vulnerable low and mid-rise buildings of RC MRF and Steel MRF with some vulnerable high-rise buildings of 
the same structural system, vulnerable mid-rise buildings of MRF IP/Braced, a combination of vulnerable low, mid and high-
rise buildings of RC Shear Walls and low to mid-rise masonry structures. So, the higher the soil fundamental period (e.g. 
LMAT site, TS = 0.99 s), the higher the resonance vulnerability for mid and high-rise buildings with H from 17 to 39 m 
height. The opposite occurs for soils with low fundamental period, as in the case of SAOP site (TS = 0.06 s) with a 
vulnerable height of 3 m (low-rise buildings of one story), and EVAB site (TS = 0.16 s) for buildings with H between 2 and 9 
m height (also low-rise buildings) 

We expect that the obtained seismic resonance vulnerability values and maps will help engineers and local authorities to 
have more information in different sites of the city. This can influence the regulation of seismic codes and construction 
licenses, to define the total building’s height and the type of structural system that would be safe in terms of resonance 
effects.  

As a perspective for future work, we expect to extend this investigation to the whole urban area of Guadalajara City. We 
recommend using the ratios between TE and TS from this work as an initial check of the structural safety of any building. 
These values can also be used to construct different numerical models with variations in shape, horizontal dimension, total 
height materials and structural system, considering a fixed-base condition or soil structure interaction. In order to calibrate 
these numerical models, we propose using experimental data in the dynamic range, through ambient vibration tests to obtain 
new practical expressions for the evaluation of elastic fundamental period
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Abstract: The process of design and construction utilizes modern analysis software and 

latest building materials on one hand. On the other hand, we are witnessing numerous 

damaged and inhabitable modern reinforced concrete structures during strong earthquakes. 

Having in mind the above stated, it can be concluded that there is still room for research and 

improvement in the field.  

This paper focuses on assessment of structural seismic capacity as an utmost importance in 

seismic regions and nonlinear static analysis “Pushover analysis” as a time and financial 

implications alternative to nonlinear dynamic analysis.  

Object of analysis is 3 spans, 9 storey frame system consisted of RC columns, beams and 

RC wall in the middle span. The purpose of the paper research is comparison of the results 

of several models that differ in the following: RC wall modeling type, load distribution 

along frame height as well as comparison between two codes ATC40 and FEMA356. The 

results were processed and compared in a comprehensive way and conclusions on the 

positive and negative aspects of each model are given in the paper. Recommendations are 

given for future researches: construction of real testing models and comparison of the 

methods’ results to ones of performed experimental testing. 

Keywords: pushover, performance point, demand displacement, nonlinear static analysis 
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1. Introduction

Structures are subjected to significant nonlinear deformations during earthquakes as their 

dynamical characteristics are changing during the earthquake. These conditions can not be 

covered within the scope of linear analysis and therefore, a nonlinear approach is needed. 

Nonlinear approach covers insight of “working conditions” of each element and the 

structure as whole in the area after first yield point (post elastic field). This provides 

determination of its failure mechanism as well as the weak points of the structure as a 

potential danger for progressive collapse.   

Nonlinear static analysis, also known as Pushover analysis, is an approximative method for 

analysis in which the structure is subjected to forces with varying distribution along its 

height, until a certain target displacement is reached. The transverse loading is applied to 

the structure after applying the dead and live loads.  

The purpose of the nonlinear static analysis is assessment of the expected behaviour of a 

given structural system through assessment of the strength and deformation demands by 

the design earthquakes and their comparison with the available system’s capacity. Thereby, 

the assessment is based on the parameters of behavior such as global displacement, storey 

displacement, nonlinear element deformations and element and node forces.  

2. Basics of the methods for assessment of seismic responses

2.1. Basis of conventional pushover analysis 

Conventional pushover analysis is based on the assumption that the response of a multi 

degree freedom system (MDFS) response can be represented through an equivalent single 

degree of freedom system (SDFS). Therefore, the structural response is controlled by one 

mode shape and that its shape  remains constant during time.  

Determination of the demand displacement is key when performing pushover analysis and 

the assessment of the seismic behaviour is done for this displacement. Demand 

displacement is considered as the expected global displacement (usually at the rooftop of 

the structure in the center of masses) that the structure shall undergo during design 

earthquake. Seifi et al (2009) 

2.2. Basis of Nonlinear static analysis under Capacity spectrum method 

Capacity spectrum method was established by the “Applied technology council” (ATC) in 

1996. The method results in graphical representation of the global force – displacement 

capacity curve aka pushover curve and its comparison to the spectrum response of the 

earthquake demand.  

Two key roles in the behaviour design of structures play capacity and demand capacity/ 

displacement. Namely, for any given structure and given ground acceleration during 

earthquake, the demand displacement is considered to be an assessment of the largest 

expected response during ground motion. The capacity reflects the structure’s ability to 

oppose the demanded seismic capacity and it depends on the strength and deformational 

capacities of its elements. In order to assess the post yield capacity, a nonlinear analysis is 

required, such as this pushover analysis by utilizing a series of consecutive static analysis.  
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2.2.1. Procedure for determination of capacity 

Capacity of a structure is represented through the pushover curve, and the simplest manner 

to compile the force displacement curvature is to track the lateral force in the base of the 

structure and the roof displacement at the top of it (Figure 1a).  

Nonlinear computer programs directly perform the iterative nonlinear static analysis.  

2.2.2. Procedure for determination of demand 

According to the Capacity spectrum method, demand displacement is a point on the 

capacity spectrum called Performance point. It represents the condition according to which 

the seismic capacity of the structure equals the seismic demand imposed by the specific 

ground motion. 

 

 

Figure 1a: Capacity curves for modelling the 

degradation of stiffness (left) ATC-40 (1996) 

Figure 1b: Equal displacement approximation 

(right) ATC-40 (1996) 

Figure 1b demonstrates the point of equal displacements and it has to meet two conditions: 

point must lie on the capacity spectrum curve and represent the structure for given 

displacement and point must lie on the demand capacity spectrum, reduced by 5% damping 

and represent the nonlinear demand for the same displacement. ATC-40 (1996) 

In order to apply the Capacity spectrum method, one must convert the capacity curve 

(lateral force at ground zero vs displacement at the top) into capacity spectrum which 

basically represents the response spectrum capacity curve in the format of spectral 

displacement – spectral acceleration (ADRS) as shown on Figure 2. 

 

Figure 2: Capacity spectrum vs response spectrum in traditional and ADRS format. ATC-40 (1996) 
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2.3. FEMA 356 Nonlinear static analysis procedure 

Direct implementation of the nonlinear load – deformation characteristics for each 

individual component and element is necessary when choosing pushover analysis for 

seismic analysis in accordance with FEMA 356 “Seismic rehabilitation codes”. Only then, 

the structure shall be subjected to monotonous ascending lateral loads that represent inertia 

earthquake forces, until demand displacement is reached.   

The demand displacement shall represent the probable maximum displacement during 

design earthquake. Since the model directly integrates the material nonlinear effects, the 

computed internal forces would be reasonable approximations of ones expected during 

design earthquake. 

2.3.1. Lateral load distribution 

Lateral loads are applied to the mathematical model in proportion to the distribution of 

inertia forces at storey plane level. At least two different lateral load distributions are 

applied and at least one out of the following two groups:  

1. Modal scheme selected from three suggested vertical distributions depending on the 

first mode shape, the percentage of total mass in the first mode shape and the value 

of it. 

2. Second scheme should be one of the following: even load distribution proportional 

to each storey mass or adaptive distribution dependant on the displaced structure 

positioning. FEMA 356 (2000) 

2.3.2. Idealized force – displacement curvature 

The nonlinear relation between lateral forces in the base of the structure and displacement 

at the control node is replaced with an idealized curve in order to calculate effective 

stiffness eK  and effective yield stiffness
yV . 

2.4. Pros and cons of nonlinear static analysis 

Most accurate method in the prediction of demand and behaviour assessment is the 

nonlinear time history analysis. However, this analysis requires availability of certain sets 

of ground motion records, frequency characteristics and etc, as well as knowledge to 

properly model the cyclic load – deformation diagram for all important elements. This 

being a time-consuming job, as well as the heavier financially implications, led the 

engineers to develop a simpler method with sufficient accuracy, such as the nonlinear static 

analysis. 

Nonlinear static analysis is expected to provide information that cannot be derived from 

the linear static or dynamic analysis, such as: Realistic assessment of demand forces in 

potentially rigid elements, Demand deformations in elements that are forced to yield in 

order to dissipate energy during ground motion, Identification of critical regions where the 

demand deformations are expected in a higher range etc…  and all of these with relatively 

high accuracy for structures that vibrate primarily in the first mode shape. Krawinkler et al 

(1998) 

However, this is an approximative method that might not detect certain deformation forms 

that occur during strong earthquakes or over accentuate others. The nonlinear dynamic 
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response can vary significantly than the predictions based on constant or adaptive loading 

scheme, especially in cases where the higher mode shapes are dominant. 

3. Modelling of mixed structural system elements for “pushover” analysis 

3.1 Computer software for performing “pushover” analysis 

SAP2000 was the selected software for this analysis. This software allows performing of a 

nonlinear static “pushover” analysis in which the model can include “frame” elements to 

model columns and beams and nonlinear layered shell elements to model slabs, walls etc. 

3.2. Modeling of plastic hinges along linear elements  

Each plastic hinge represents concentrated post-elastic behavior of one or multiple degrees 

of freedom. Plastic hinges in this program affect the structures behavior solely during 

nonlinear static analysis and nonlinear time history analysis with direct integration. 

Several plastic hinges are available such as: moment, torsion, axial and/ or shear hinges as 

well as complex axial force – moment hinges which is based on the axial force – bending 

moment around two axes. CSI Analysis Reference Manual for SAP2000 (2009) 

3.3 Modelling of reinforced concrete walls using nonlinear shell elements for 

performing “pushover” analysis 

SAP2000 utilizes the plane shell finite element for modelling of membranes, slabs and rc 

walls in 2D and 3D structures. Material nonlinearity can also be taken into account while 

using the layered shell finite element for the needs of both nonlinear static and dynamic 

analysis.  

The thick plate formulation (Mindlin/Reissner) that includes the effects of transverse 

deformations is used to describe the bending behavior of layered elements.  

3.4. Nonlinear static analysis 

The following nonlinearities are available in the computer software SAP2000: 1 Material 

nonlinearity (plastic hinges in frame elements); 2 Geometrical nonlinearity (P-delta effects 

and large displacement effects) and 3 Construction in phases. CSI Analysis Reference 

Manual for SAP2000 (2009) 

SAP2000 can perform two pushover analysis types: controlled by forces and controlled by 

deformations. The first type is applied in the cases when the full range of forces is known 

and they are applied in increments starting from zero to ending value.  

During pushover analysis that is controlled by deformations, forces are of unknown value, 

so the structure is being pushed to a target displacement value. This displacement is 

recommended to be in the range of 2% - 4% of the structure’s height. 

Two types of initial conditions are available: 

1. Zero initial conditions, where displacement and structure velocity equals to zero, 

elements are tension free and there is no history of nonlinear deformations, and 

2. Starting after a previous nonlinear load case where deformations, velocity, stress, 

loads and nonlinear history begin at the ending of the previous analysis. CSI 

Analysis Reference Manual for SAP2000 (2009) 
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After performing the analysis, one can do an insight of the pushover curve (deformation at 

the roof top of the structure vs lateral force at the base), deformed shape of the structure in 

every step of the analysis, plastic hinges in the frame elements, stress in the layered shell 

finite elements etc. creating a reflection of the behavior of the structure. The target 

displacement can also be seen, defining the displacement during design earthquake. 

Afterwards, the model (structure) is checked whether this displacement is affecting the 

structure in critical way. 

4. Seismic response assessment of a frame structure with RC wall  

4.1. Description  

Reinforced concrete frame consisted of three spans and rc wall in the middle span is the 

subject of analysis in this paper. As shown on Figure 3 below, it is a 9-storey frame with 

3m storey height and 3 spans of 5m, 4m and 5m. 

Cross sections are consisted of RC columns (60/60см and 50/50см), RC beams (40/50cm, 

40/40 cm and 30/40 cm) and reinforced concrete wall with thickness of 20cm. All elements 

are designed in accordance with Concrete and reinforced concrete code as of 1987 (PBAB 

1987). Mijalkova (2012) 

 

 

 

Figure 3: Model – reinforced concrete frame with 

wall (left) Mijalkova (2012) 

Figure 4: Mathematical model (right) Mijalkova 

(2012) 

4.2. Input parameters 

There are several nonlinear static analyses performed in this paper in regards of plastic 

hinge parameters (default, as well as parameters input by user). Characteristics 

)/()( mradkNmM   and the Moment – axial force interaction is calculated via 

Response-2000 software as shown in Figure 5 and Figure 6 below. Moment curvature 

diagrams are calculated for three force values, for example for the column 60x60cm, they 

are calculated for force equal to 0kN, 900kN and 1800kN. 
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Figure 5: Moment – Axial force interaction 

for column 60/60cm  Mijalkova (2012) 
Figure 6: Moment – curvature for several axial 

forcesfor column 60/60 cm Mijalkova (2012) 

Plastic hinges of type M3 are set along beams. Figure 7 below shows the bending moment 

– curvature diagram for beams 40x50cm calculated by Response – 2000 as an example. 

The multilayered shell element is set in accordance with the program Manual. Four 

separate cross sections are introduced to represent the densely reinforced part (fourth of the 

wall’s height) as well as the middle length wall part. Figure 8 shows the densely reinforced 

part of the wall from storey 1 to storey 3 as an example.   

As one can note, 5 layers are presented, two layers of steel in each longitudinal directions 

and a layer of concrete section. 

 

Figure 7: Moment – curvature diagram for beam 

40/50cm (left) Mijalkova (2012) 

Figure 8: Set characteristics of a multi-layered 

“shell” element (right) Mijalkova (2012) 

4.3. Review of analysis models 

Model 1 which includes multilayered shell element to model the RC wall and frame 

element for the rest. Default characteristics for plastic hinges, beams with M3 – ductile 

type, and columns with P-M2-M3 ductile type of plastic hinges. 

Model 2 which includes multilayered shell element to model the RC wall and frame 

element for the rest. User plastic hinges parameters are set as calculated by Response 2000 

and same type as in Model 1. 
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Model 3 includes frame elements for all elements. RC wall is modeled by Analogy of the 

frame model – wide column type situated in the wall axis and rigid beams on storey level. 

Plastic hinge type M3 is set for beams and P-M2-M3 ductile type for the columns and wall. 

The target observed displacement is 3% of total object height equaling to 80 cm. 

Lateral load distribution is applied in accordance with FEMA356. Two nonlinear static 

load cases are defined: evenly distributed lateral load and inverted triangle load shape (in 

accordance with the Rulebook on Technical Regulations for Construction of Buildings in 

Seismic Regions) PIOVS (1981). 

Load cases are subjected as follows: primary nonlinear static load case is the application of 

vertical loads. Then, two additional are applied: nonlinear case of uniformly distributed 

load and nonlinear case of triagonal load.  

Both nonlinear static load cases include material nonlinearity and their initial conditions 

are equal to the final values of the vertical load nonlinear case. 

4.4 Review of results  

Capacity curves are obtained for each Model and each load case as well as tabular 

representation of output results in accordance with ATC40 Capacity spectrum and FEMA 

356 Coefficient method (representatively shown for Model 2 on Figures below). Order and 

disposition of plastic hinges in frame elements as well as the stress in each layer of the 

shell elements are obtained and compared between analyzed models. 

 

 а) “pushover” curve                               c) FEMA 356                 b) SDSA acc ATC 40 

Figure 9: Capacity curves for Model no. 2 Mijalkova (2012) 

 

Table 1: “Pushover” analysis results 

“Pushover” analysis results 

Model 
Lateral load 

distribution 

ATC - 40 FEMA 356 

V [kN] d [m] Sa Sd 

[m] 

Teff Beff V [kN] d [m] 

2 Uniform 1368.3 0.093 0.279 0.065 0.962 0.185 1568.74 0.157 

2 Triangle 1083.24 0.110 0.228 0.075 1.152 0.198 1208.04 0.183 

3 Uniform 1554.47 0.08 0.32 0.055 0.825 0.191 1723.85 0.138 

3 Triangle 1215.23 0.093 0.256 0.064 0.998 0.213 1305.785 0.163 
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ATC40’s performance point for Model 2 is spotted to be between step 4 and 5 and for 

those steps, disposition of hinges is shown below on Fig 10 and recognized that there is no 

evidence of local failure. Same is shown for Model 3 on Fig 11.  

 

Figure 10: Plastic hinge disposition during 

performance point – Model 2 (triangle load) (left) 

Mijalkova (2012) 

Figure11: Plastic hinge disposition during 

Performance point – Model 3 (uniform load) 

(right) Mijalkova (2012) 

4.5 Discussion of results 

Slight difference in results is observed in-between pushover analysis results using the finite 

element model versus frame elements model. The first element model results in higher 

valued target displacement than the frame element method. The frame element model 

shows higher values of the lateral force in the base of the object for around 10%. 

In regards to distribution of lateral load, the triangle shape of lateral load results in higher 

target displacement than the uniform load. 

ATC40 generally generates lower underestimated target displacement than FEMA 356 

which overestimates it; therefore, it can be concluded that these two codes provide the 

lower and upper thresholds of the estimated displacement during design earthquake 

excitation.   

Both elaborated methods that predict the demand displacement are approximative since the 

seismic displacement of a multi degree structure system is determined via the demand of 

an equivalent single degree freedom system. 

Structures (buildings) that are of mixed structural system consisted of beam – column 

frames and RC walls provide significantly more favourable behaviour in case of 

earthquakes in comparison with more flexible frame systems. RC walls possess 

significantly higher strength and rigidity to absorb the lateral loads which results in lower 

storey displacements and lower damage of non-bearing elements. 

RC walls, when properly reinforced can show ductility at a satisfactory rate and a ductile 

RC wall usually yields in the base of the lowest storey by bending.   
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5. Conclusions and recommendations

- All models and lateral load distributions result in same plastic hinge scheme, first

appearing in beams, then in RC wall and columns. Therefore, the principle of aseismic

design is fulfilled.

- This analysis gives an insight of the number of plastic hinges and nonlinearity level at

time of the target displacement.

- Modelling of the multi-layered shell element provides insight of deformations and stress

in the finite elements in every step and every layer. However, it does not explicitly show

the formation of plastic hinges.

- Therefore, it is more practical to model the wall with frame elements in everyday use,

unless there is a need of more detailed information on concrete behaviour and rebar layers

separately. Downside of this model is the inability to evaluate stress values at the edge of

the wall.

- Recommendations for future investigations: Expansion of these methods to analysis of a

3D system. Verification of the methods through comparison of results of Nonlinear Static

Analysis and nonlinear dynamic analysis results as well as measured displacements in past

earthquakes. Construction of real testing models and comparison of the methods’ results to

ones of performed experimental testing.
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Abstract: An experimental study on the effects strain penetration on the lateral performance 
of reinforced concrete columns is presented. Two cantilever columns with a diameter of 610 
mm and an aspect ratio of 5.5 were tested under quasi-static cyclic loading. The specimens 
were nominally identical except for the anchorage of the column longitudinal steel in the 
adjacent footing. The first column had straight bar anchorages, while the second column had 
headed bars which were partially debonded along the footing to increase the effects of strain 
penetration and alleviate tensile strains in vertical steel. Optical deformation techniques were 
employed to monitor bar slip and base rotations during testing. Both columns presented a 
ductile response and failed by rupture of the vertical bars. The base rotation in the column 
with fully-bonded straight bars accounted for 25% to 35% of the total drift. In the column 
with partially-debonded headed bars, bar slip at the base of the column was more than doubled 
and base rotations accounted for 40% to 60% of the total drift. Partial debonding also resulted 
in more limited concrete damage and a larger deformation capacity. Experimental 
observations are complemented with nonlinear finite element analysis of the tests. 

Keywords: strain penetration, bar slip, reinforced concrete columns, seismic performance. 

1. Introduction

Current seismic design procedures for reinforced concrete (RC) structures favor the 
formation of plastic hinges in selected members, such as columns, to provide ductility to the 
structural system. Hinging columns are generally subjected to significant end rotations due 
to the bar slip associated with strain penetration of longitudinal reinforcement in adjacent 
members. Previous experimental studies on bridge columns (Lehman and Moehle 2000, 
Murcia-Delso 2013, Schoettler et al. 2015) have reported that the contribution of end 
rotations to the total lateral displacement can vary between 15% and 50%. Nevertheless, 
very few studies (Schoettler et al. 2015, Goodnight et al. (2015) have explicitly measured 
the slip experienced by longitudinal bars.  

This paper presents results of large-scale RC column tests conducted to study the effects of 
bar slip and strain penetration. Two cantilever columns with a diameter of 610 mm were 
tested under quasi-static cyclic loading. The specimens were nominally identical except for 
the anchorage details of the column longitudinal bars. One column had a conventional 
straight anchorage while the other had headed bars which were partially debonded to 
increase strain penetration. Optical deformation techniques were employed to monitor bar 
slip and base rotations during testing. The performance of the columns is compared in terms 
of their global force-displacement response, observed damage, measured strains, slip and 
end rotations. Nonlinear finite element analyses of the column tests are also presented to 
complement the findings of the experimental program. 
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2. Description of the testing program  

2.1. Column specimens 

Two large-scale cantilever columns representing modern bridge designs were fabricated. 
The geometry and reinforcement of the columns are presented in Figure 1. Both specimens 
were identical except for the anchorage detail of the vertical bars in the footing supporting 
the column. The columns had a circular section with a diameter of 610 mm and an aspect 
ratio of 5.5.  

 

Fig. 1 – Geometry and reinforcement of the column specimens 

The vertical column reinforcement was embedded in the specimen footing with sufficient 
anchorage length to develop its tensile strength. The vertical bars in Specimen #1 had a 
straight anchorage with an embedment length equal to 32 times de bar diameter (db), which 
satisfied the minimum development length required by AASHTO LRFD bridge 
specifications (AASHTO 2020). Specimen #2 had headed bars with a bonded length of 11db 
at the bottom of the footing, satisfying the development length required by Caltrans MTD 
20-7 (Caltrans 2016) for headed bars in column-slab connections. The headed bars were 
debonded in the upper part of the footing over a distance of 19db, as shown in Figure 1, to 
increase strain penetration. This design was intended to increase bar slip and base rotation 
of the column, and as a consequence, alleviate tensile strain concentrations in column 
reinforcement. Debonding was achieved by wrapping the bars with mastic tape and plastic 
film. 

The test specimens were made of concrete with a specified 28-day compressive strength of 
31 MPa. The compressive concrete strengths measured on the day of the test were 48.2 MPa 
and 49.6 MPa for the columns in Specimen #1 and #2, respectively, and 64.9 MPa and 52.4 
MPa for the footings in Specimen #1 and #2, respectively. US Grade 60 steel (specified yield 
strength of 414 MPa) was employed for the reinforcement. The actual yield strengths of the 
column bars were 503 MPa and 475 MPa for the longitudinal and transverse reinforcement, 
respectively. Circular heads with a net bearing area equal to 9 times the cross-sectional area 
of the bar were employed in Specimen #2. 
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2.2. Test setup and instrumentation  

The column specimens were tested under constant vertical load and a cyclic lateral load 
along the east-west direction. The loading setup is shown in Figure 2. A vertical load of 800 
kN was applied using post-tensioning rods controlled by hollow hydraulic jacks. The column 
was subjected to fully-reversed lateral load cycles of increasing amplitude, with two cycles 
per amplitude, using a servo-controlled hydraulic actuator. The deformation response of the 
column was measured using displacement transducers and electrical resistance strain gauges 
attached to reinforcing bars. In addition, an Optotrak vision system was used to monitor 
column curvatures and base rotation. A digital image correlation (DIC) system was used to 
measure bar slip of two vertical bars at the base of the column, as shown in Figure 2. To 
provide visual access to these bars, a small window (50 mm x 50 mm) with no concrete 
cover was created at column-footing interface, as shown in Figure 2. 

  

Fig. 2 – Loading setup and optical instrumentation 

3. Experimental results 

The test results are analysed in terms of the global response of the columns (lateral load-vs.-
drift relations and observed damage), the tensile strain and slip of the vertical bars, and the 
computed end rotations.  

3.1. Global column response 

Both columns presented a ductile flexural response and failed by rupture of the vertical bars 
in the plastic hinge region. The lateral load-vs.-drift relations of the columns are presented 
in Figure 3. The first bar rupture in Specimen #1 occurred during the second cycle at a drift 
ratio of 9.0%. The test was stopped after a second bar fractured on the other side of the 
column when reversing the load after the first rupture. In Specimen #2, the first bar rupture 
occurred during the first cycle at 10.3% drift. The test was stopped after two additional bars 
fractured in the same side of the column during the second cycle at this drift level. Hence, 
the specimen with partially debonded bars exhibited a delay in bar failure which resulted in 
a slightly higher deformation capacity. Nevertheless, it also presented a lower stiffness and 
lateral strength, as shown in Figure 3. 
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Figure 4 presents the damage in the plastic hinge region of the columns at different drift 
levels. As shown, Specimen #2 (with partially debonded bars) presented less intense damage 
and a shorter plastic hinge than Specimen #1. This reduction of damage can be explained by 
the larger rocking motion and smaller flexural deformation of the column in Specimen #2, 
induced by the increase of strain penetration as it will be discussed later. 

 
Fig. 3 – Lateral load-vs.-drift relations 

   

(a) Specimen #1  

 

   

(b) Specimen #2  

Fig. 4 – Damage at the base of the columns (west face) 

3.2. Tensile strains in vertical bars  

Figure 5 presents the tensile strains of the extreme east bars, measured at different cycle 
peaks. As shown, the maximum tensile strains in Specimen #2 (with partially debonded bars) 
were significantly smaller than those of Specimen #1. For example, the maximum tensile 
strains measured by the first strain gages above the column at a drift ratio of 3.9% were 1.9% 

2.6% drift 6.4% drift 
9.0% drift 

2.6% drift 
6.4% drift 9.0% drift 

655
3ECEES, September 2022, Bucharest, Romania



and 1.1% for Specimens #1 and #2, respectively. At a drift ratio of 5.2%, these strain 
measurements were 2.6% and 1.3%, respectively. Strain gages were damaged at higher drift 
ratios. Figure 5 also demonstrates that the tensile strains were practically uniform along the 
debonded length of the bar in Specimen #2, verifying the effectiveness of the debonding 
method. In conclusion, this method was successful in spreading tensile deformations and 
reducing strain peaks. 

 
Fig. 5 – Tensile strain demands in extreme east bars 

3.3. Bar slip and end rotations  

Figure 6 presents the evolution of upward slip for the extreme bars at the base of the column, 
measured at different cycle peaks. For Specimen #1, data was only obtained for the extreme 
west bar. As shown, the magnitude of slip increases with the drift demand. The slip 
experienced by the partially-debonded bars (Specimen #2) is between 2 and 2.5 times larger 
than that of the fully-bonded bars (Specimen #1), owing to their increased strain penetration. 
For example, at a drift ratio of 6.4%, the extreme west bars experienced un upward slip of 
4.9 mm and 11.9 mm in Specimens #1 and #2, respectively.  

 
Fig. 6 – Slip of extreme vertical bars  

To quantify the influence of bar slip on the lateral deformation of the column, the base 
rotation was computed based on Optotrack measurements. The base rotation 𝜃 and its 
contribution to the top displacement ∆  were computed as follows:   

656
3ECEES, September 2022, Bucharest, Romania



𝜃 =
𝑢 − 𝑢

𝑑
 (1) 

∆  = 𝜃· 𝐻 (2) 

where 𝑢  and 𝑢  are the vertical displacement of the east and west Optotrak markers placed 
at the base of the column, respectively, 𝑑 is the horizontal distance between the markers, and 
H is the height of the column. Figure 7 presents the contribution of the base rotation of the 
column to the total drift, at different cycle peaks. At high drift levels, rotation data was 
discarded due to concrete damage occurring near the sensors. As shown, the base rotation 
accounted for between 25% and 35% of the total drift in Specimen #1. For Specimen #2, the 
contribution of end rotation to the total drift was increased to between 40% and 60%.  

 
Fig. 7 – Contribution of end rotation to column drift 

4. Finite element modeling 

Three-dimensional nonlinear finite element (FE) models were developed to further 
investigate the response of the two column specimens. Figure 8 presents a scheme of the FE 
models. Half of the specimen is modeled taking advantage of the symmetry along the east-
west direction. Concrete is modeled using a triaxial constitutive model proposed by 
Moharrami and Koutromanos (2016). Steel is modeled using truss elements and a 
Menegotto-Pinto (1973) stress-strain law modified to account for low-cycle fatigue rupture 
using a criterion developed by Fawaz and Murcia-Delso (2021). The bond-slip behavior of 
vertical bars is simulated with a concrete-steel interface model proposed by Murcia-Delso 
and Shing (2015) and later enhanced by Fawaz and Murcia-Delso (2021). The concrete, steel 
and bond-slip model parameters were calibrated based on material test data.  

 

Fig. 8 – FE model of column specimen 
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Figure 9 compares the analytical and experimental lateral force-vs.-drift curves obtained for 
Specimens #1 and #2.  Overall, the analytical results are in good agreement with the cyclic 
hysteresis obtained in the tests. The FE models are capable of predicting the lower lateral 
strength of Specimen #2. The FE model of Specimen #1 is able to reproduce the failure 
caused by fracture of reinforcement, as indicated by the strength drop in Figure 9. However, 
the model for Specimen #2 does not capture the bar failure observed during the test at 10.3% 
drift. The overestimation of the failure delay provided by debonding is attributed to the 
phenomenological nature of the rupture criterion, which was originally developed for 
conventional column designs and did not explicitly account for the effect of buckling in bar 
rupture.  

Fig. 9 – Analytical and experimental lateral force-displacement relations 

Figure 10 compares the tensile strain distributions obtained experimentally and analytically 
for the extreme east bars in Specimens #1 and #2, corresponding to different drift levels. The 
models provide good predictions of the steel strains along the plastic hinge length as well as 
the strain penetration inside the footing. They also confirm the effects of debonding in 
spreading plastic strains and reducing peak tensile strains. 

Fig. 10 – Analytical vs. experimental tensile strain distributions in extreme east bars 

Figure 11 presents the axial stress of longitudinal bars at the base of the columns predicted 
by the FE models at a drift ratio of 1.8%. This drift level corresponds to the point at which 
the maximum lateral capacity was reached in both specimens due to crushing of concrete 
cover. As shown, all bar stresses are lower in Specimen #2 as compared to Specimen #1. 
The lower tension and compression forces carried by longitudinal steel at this point explain 
the lower lateral load capacity obtained for Specimen #2. 

Specimen #1 Specimen #2 

Specimen #1 Specimen #2 
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Fig. 11 – Longitudinal steel stresses at drift ratio of 1.8% (positive for tension, negative for compression) 

5. Conclusions 

The large-scale tests presented in this paper have provided valuable data to understand the 
strain penetration effects on the seismic performance of RC columns and to verify analytical 
models to predict bar slip and end rotation in hinging members. The column tests results 
have indicated that increasing strain penetration by partial debonding vertical bars is an 
effective way of spreading tensile strains and increasing bar slip and base rotation. Partial 
debonding increased the rocking motion, reduced flexural demands and concrete damage, 
and delayed bar rupture. However, it also reduced slightly the lateral strength and stiffness 
of the column. FE models of the tests have indicated that the strength decrease is related to 
a reduction of the stress demands in the longitudinal bars when concrete cover crushes.  
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Abstract: The paper presents the challenges of designing and building a new football and rugby 

arena with 31000 seats to the highest present-day standards, within budget and with very tight 

deadlines. The arena, built in Bucharest during 2019-2020, replaced the famous old Steaua Arena, 

also nicknamed "the temple of Romanian football". In the design phase, special attention was paid to 

the estimation of wind action on the roof, given the limited design code provisions regarding this 

type of structure. Mitigating the thermal effect requires the presence of joints, while the seismic 

action is better resisted by a compact and well-connected structure. To solve these conflicting 

criteria, the adopted solution was the use of lock-up devices, which create a structural system that 

behaves as a single block for more sudden seismic action and as independent sections for slower 

thermal action. Another aspect of designing such structures is the careful consideration of the 

vibrations induced by spectators, important both for structural safety and for comfort due to human 

perception. Some of the most notable aspects during construction, especially with respect to the 

metal roof, are also presented. 

Keywords: design & build, thermal effects, lock-up devices, precast concrete  

1. Introduction  

The project developed as a design & build project has as beneficiaries the National 

Investment Company (CNI) - S.A. during the investment period and the Ministry of 

National Defence, following the investment. The execution started in February 2019 and 

ended in December 2020, while the design process started in August 2018. It took only 12 

months for the main structure to be completed (see fig.1), from construction starting point 

and 18 months from signing the design & build contract. 

 

Fig. 1 – Steaua Arena – Bucharest (Romania) 

In plane, the building is divided into four areas: the west grandstand, the east stand, the 

north lawn, and the south lawn. 

West stand, the official grandstand has a height setup B + GF +4F, while the east stand and 

the lawns have a B +GF+E height setup (see fig.2). 

The maximum dimension in the plane of the construction is 225x175m.The height of the 

superstructure is 24 m (20 m at the upper elevation of the concrete), and the height of the 

infrastructure is 4.65 m. 

660
3ECEES, September 2022, Bucharest, Romania

mailto:mihai.bita@p-a.ro
mailto:bogdan.gagionea@p-a.ro
mailto:nelu.badea@p-a.ro


The arena has enclosed spaces related to different functions: area intended for athletes and 

officials, the press, the general public and VIP spectators. At the same time, the building 

has complementary functions: training camp, hotel, museum, administration offices, 

commercial and catering spaces, training and rehabilitation spaces for athletes, parking 

spaces. 

Around the sides of the pitch, the building is enclosed by the inclined plane of the rakers. 

They are divided into two sections that outline two rings: the lower stand located at the 

bottom of the stand near the pitch and the balcony located at the top of the stand. 

The two levels of the stands are served by an outer distribution ring, located at the level of 

the 1st floor from which the lower stand is accessed directly, and the balcony is accessed 

through the vomitories. The spectators' access to the stands is made through a perimetral 

concourse (floor above ground floor), provided with 10 monumental stairs and a car ramp 

for supply and intervention. 

The perimeter of the building is closed at ground level. Except for the west grandstand, the 

perimeter of the building from the first floor onward is open to the outside. 

The arena roof is made of steel that is covered by a metal deck and a polycarbonate cover 

at the inside edge. 

2. Overview of the Structural Frame 

The choice of the structural system, the materials and their execution system considered 

the following aspects in particular: 

• The structural frames of the superstructure need to be left apparent, raw concrete, 

• The structural elements have a certain degree of repetition, 

• Deadline for completion of works, 

• Technological capabilities of suppliers of construction materials and contractors in 

the Romanian construction market, 

• The limited budget of the investment. 

2.1. Superstructure 

The general construction system chosen for the superstructure is made of cast-in-place 

reinforced concrete frames. The rakers and the raker beams are made of precast concrete. 

At the basement level, cast-in-place reinforced concrete walls were provided as follows: 

perimeter walls on the entire outer outline of the building, in the ALA (anti raid shelter) 

(south lawn), in the areas of rainwater retention (southeast corner and north lawn), of the 

lawn drainage retention basin and of the drinking water tank (southwest corner), as well as 

in the access areas through the tunnels to the playing field (northwest and southwest 

corners). 

The raker beams corresponding to the lower stand are oriented towards the pitch. They 

play a dual role in the proposed structural solution, that is, to support the seating and to act 

as slanted columns, carrying the horizontal seismic forces to the foundation. 

In the upper stand (balcony), the horizontal load resisting system consists of a perimetral 

steel frame located at the top of the balcony. Vertical braces (portals) support the upper 

ring for the limitation of relative displacements between the level of the concourse and that 

of the connecting ring. 
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Fig. 2 - 3D view – Structural Frame 

The two central rows of columns which support the balcony and the roof loads (the latter 

only in the case of one of the rows) are 80x120cm. The inner columns supporting the lower 

stand have a cross-section size of 80x80 cm. On the outside, the metal roof is supported by 

steel columns at every gridline, either slanted toward the inside of the arena or towards the 

outside (see fig.3). Their base is pinned at the slab over the ground floor to reinforced 

concrete columns with sizes of 60x100cm or 60x120cm. 

  

Fig. 3 – Perimeter steel columns layout 

In the rest of the building, reinforced concrete columns with variable dimensions are 

provided: 45x45cm and 60x60cm. They extend the full height of the basement and the 

ground floor or only the height of the basement. Considering that the slab over the ground 

floor (concourse) extends outside the perimeter walls located in the basement, the edge of 

the concourse is supported by buried columns extending over the entire basement height. 

In the case of the VIP stand, the external circular reinforced concrete columns are slanted 

and have a diameter of 60 cm. Cast-in-place beams have variable dimensions between 

40x50cm and 40x90cm, depending on the openings. The floors are made of cast-in-place 

reinforced concrete and have a thickness of 20 cm. The roof structure consists of 32 m long 

cantilever radial truss frames, connected transversally to form a spatial system by means 

of: 

• Purlins placed in the nodes of the upper chord of the radial trusses 

• Horizontal braces at the upper and lower parts of the trusses 

• Vertical braces connecting the upper and lower parts of the trusses 

The trusses are supported on the concrete columns of the stands and overhang the arena 

having ties at the facade. The 8 m long field end of the cantilever and have built-up I-

Section (see fig.4, fig.6, fig.7). 
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Fig. 4 - Steel trusses to reinforced concrete columns connection Fig. 5 - Roof plan – truss types 

Roof trusses are divided into 3 categories according to the loads they carry, as follows: 

typical trusses - 50 pieces (red colour), corner trusses - 20 pieces (blue colour), special 

trusses - 8 pieces (purple colour) (see fig.5). 

  

Fig. 6 - Installation of roof metal truss Fig. 7 - Metal roof structure 

The trusses are made of H-section bars and have a variable height with a maximum of 5 m 

next to the support on the stands structure and with 2.00 m in the crossing area from the 

lattice section to the section made of welded plates. The section made of welded plates has 

a variable height from 2.00m to 0. 

Due to their length, the trusses are divided into three segments with the following overall 

dimensions: 5.20 m x 17.97 m, 3.82m x15.64m, 2.18m x8.37m. 

2.2. Substructure 

The substructure of the building is made entirely of cast-in-place reinforced concrete. It 

consists of the entire foundation system. The basement level structure is partially above 

ground, the embedment level in the foundation ground being at the top of the foundations 

next the pitch. 
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The foundation system was chosen according to the level of loads transmitted to them by 

the vertical elements and the level of effective pressures that are transmitted to the 

foundation ground.  

It was finally chosen a system of isolated foundations connected with grade beams in the 

case of the north, south, east stands and the outer basement adjacent to the west 

grandstand. For the west grandstand, where the height setup is B+GF+4F, a mat foundation 

system was chosen. The thickness of the isolated foundations is 1m and that of the slab is 

70cm.  

3. Main features of the calculation model 

The calculation of the structure was performed using the ETABS Nonlinear automatic 

computing program developed at the University of California Berkeley (see fig.8).  

 

Fig. 8 - Finite-element-based 3D computational model 

Both the modal analysis and the calculation of the relative level displacements and of the 

constructive elements related to the superstructure were achieved considering the built-in 

structure at the level of the foundation elevation. 

The seismic loads were determined through both the method of equivalent static seismic 

forces and by the method of modal calculation with response spectra. Checks were 

performed at the Ultimate Limit State as well as at the Serviceability Limit State. The 

construction was analysed on three-dimensional models, considering the following 

situations: 

• the entire structure (superstructure and substructure) constructed up to the level of 

the foundations 

• the entire structure (superstructure and substructure), considering Winkler elastic 

springs when interacting with the field. 

4. Structural Compliance Characteristics 

4.1. Wind Load Determination in Wind Tunnel 

As the applicable wind design code (CR 1-1-4-2012 - “Design code. Assessment of the 

Wind Action on Constructions”) presents ”practical methods and procedures for assessing 

the wind pressures/suctions and/or wind forces on common buildings and structures”, and 

an arena is not a common structure, for determining the static wind load on the roof of the 
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Steaua Arena in Bucharest, the beneficiary, SC Erbașu SA, requested the Laboratory of 

Aerodynamics and Wind Engineering (LAIV) attached to the Department of Hydraulics 

and Environmental Protection (DHPM) of the Technical University of Civil Engineering 

Bucharest (UTCB), the performance of a ”Study on the wind action on the static response 

model in the wind tunnel and the numerical model of the Steaua Arena following the 

distribution of pressures on the roof”. 

  

Fig. 9 - Photos of the Steaua Arena model introduced in the wind tunnel 

The aim was to determine the distribution of local pressure coefficients on the upper and 

lower surface of the roof, this providing both a picture of the flow of air around the roof 

and the possibility of determining the forces resulting from the action of wind on different 

surfaces and building elements belonging to the roof. 

  

  

Fig. 10 - Distribution of the difference of local cpi-cpe pressure coefficients on the Steaua Arena roof 

The results obtained on the numerical model led to the determination of the local pressure 

distribution pk (k = 1...120) on the upper and lower surfaces of the roof. Based on these 

pressure values pk, with the static pressure recorded in the numerical model p∞ and with the 
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air velocity U∞ measured at the reference height (z = 28.15 m), the values of the local 

pressure coefficients Cpk were determined (see fig.10). 

The experimental model of the Steaua Bucharest Arena that was tested in the wind tunnel 

was made of several materials: columns made of resin reinforced with carbon fibre, copper 

and brass, perimeter hangers, seating and the structure made of forex, beams and 

foundation made of MDF, and the roof made of acrylic glass. Interbond adhesive with 

activator and aluminium adhesive tape were used for connecting and coating (see fig.9).  

Similar to the numerical model, the results obtained on the experimental model of the 

arena led to determining the distribution of local pressures pk (k = 1...120) on the upper and 

lower surfaces of the roof. Based on these pressure values pk, and considering the static 

pressure recorded in the numerical model, p∞, and the air velocity, U∞, measured at the 

reference elevation (z = 25 m), the local pressure coefficients Cpk were determined. 

The values obtained from the experimental study resulted in lower values than those given 

by the design code. 

4.2. Analysis of the Thermal Actions Effects 

Considering the very large size of the structure, the effects produced by the thermal actions 

were analysed. The reinforced concrete elements, especially the long slabs, are subjected to 

important axial stresses generated by the thermal contraction of the concrete. 

  

Fig. 11 - Floor joints placement over basement Fig. 12: Roof plan – section name 

Two design situations were considered: one during the lifetime of the building (practically 

starting from the moment when the thermal insulation was installed at the top face of the 

slab over the ground floor, respectively the bottom face of the slab over the basement and 

the perimeter closures of the ground floor), and one during the construction process. 

In the slabs over the basement and over the ground floor, a number of nine joints were 

provided with the role of reducing the effects from the contraction and expansion of the 

concrete due to thermal actions (see fig.11). 

In the areas of these joints, steel connection elements have been provided that allow 

limited displacements generated by temperature variations. 

The problem of controlling the thermal effects also existed in the case of the upper 

perimeter ring. The connecting beams are exposed on all sides to important temperature 

variations that generate axial stresses from the contraction and expansion of concrete that 

cannot be taken over by classic solutions in the case of prefabricated beams pinned to the 
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supports. For this purpose, nine expansion joints with installed lock-up devices were 

provided (see fig.13). These devices allow limited displacements when the loads are 

applied slowly (in the case of charges from thermal actions) and function as a rigid 

connector when the loads are applied quickly (in the case of seismic action).  

 

Fig. 13: “Lock-up” device – Maurer supplier (www.maurer.eu) 

Regarding the roof, its steel structure was divided into 10 sections (see fig.12) that work 

independently in plane at loads induced by temperature variations, being able to develop 

horizontal displacements up to 40mm, but working together to resisting seismic loads. The 

connection between the sections is made through purlins offset from the primary purlins, 

being fixed at one end and having slotted holes at the other end. 

4.3. Precast raker beam joint details – monolithic reinforced concrete column 

Raker beams (the inclined beams supporting the seating) have stools on top. Their size, 

excluding the stools, are 60x80cm for the lower area of the stand and 60x100cm for the 

balcony (see fig.14). 

 

Fig. 14 - Prefabricated beam of lower stand 

At the level of the balcony, the precast beam is pinned at the top of the reinforced concrete 

columns by anchor rods installed in threaded holes. At the intermediate column, they are 

embedded on top of it through threaded holes in which the vertical bars of the column were 

installed, holes which are subsequently injected with high-strength grout. Considering the 

length of approximately 20m of the lower stand, the lower rakers were made up of two 

rigidly tied beams connected through a poured concrete joint. Ensuring the continuity of 

the longitudinal reinforcement bars from the beams in the monolithic joint was an 

important aspect with regards to construction tolerances. The following solutions were 

proposed to ensure continuity: the use of Groutec L injected with special cementitious 

grout with low shrinkage and resistance class R4 (Rcomp > 70Mpa) and complete joint 
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penetration welding of the rebars. The second solution was used during the construction 

(see fig.15). 

  

  

Fig. 15 - Assembly of prefabricated beams 

4.4. Precast Seating 

The seating is made of precast reinforced concrete and an element was designed to be 

composed of two steps (see fig.16).  

The seating was sized at both the Service Limit State, with the aim of limiting the long-

term deflections and at the Ultimate Limit State for resisting sectional stress. 

  

Fig. 16 – Typical seating section 

Another important aspect that led to the choice of the seating sizes was the problem of their 

dynamic response to the rhythmic action caused by human activity. The human perception 

of vibrations is sensitive and therefore the criteria for their acceptance must be set at a low 

level. The natural frequency of a system defines the extent to which it vibrates. 

Therefore, to accommodate the requirement for comfort due to vibrations, the seating was 

designed so that its frequency is higher than 8.4 Hz to eliminate the resonance effect that 

can be produced at the rhythmic action of the spectators. 
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Fig. 17 – Seating installation 

Due to the nature of the connections of the seating with the beams and the way of joining 

the segments together, they cannot ensure the effect of a rigid diaphragm to horizontal 

actions (see fig.17). Therefore, they were not considered in the structural analysis as a 

diaphragm capable of transmitting the horizontal forces induced by the seismic action to 

the bracing system. 

5. Conclusions 

Steaua Arena is undoubtedly an emblematic structure for Bucharest. The large in-plane 

size of the structure generated a series of challenges in the arrangement and design of the 

structural frame, the team of engineers and technicians who worked on this project being 

extremely large. 

However, the result was a building analysed and designed in accordance with the rules and 

regulations in force on the territory of Romania, for which the architectural requirements, 

the deadline for completion of the works, and the budget the investment had to comply 

with. 
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Abstract: Since a comprehensive study of the seismic behavior of structures requires 

consideration of many parameters, a great number of dynamic parametric analyses should be 

efficiently conducted. The Open Application Programming Interface (OAPI) capability of 

the SAP2000 software, can be utilized for automating such parametric analyses. In this 

research work, the main goal is the evaluation of the effectiveness and functionality of the 

OAPI of SAP2000, to perform a parametric study of the seismic behavior of typical 

buildings with earthquake induced torsion. Specifically, a specialized software («Change 

Angle») is developed, using the Python programming language, to automatically perform 

linear time-history analyses for all possible angles of the imposed seismic excitations, for a 

group of four 4-storey Reinforced Concrete (R/C) buildings with different dynamic 

characteristics. The conducted parametric analyses demonstrate that the OAPI capability 

could be utilized in the effective consideration of factors, such as the effect of the incidence 

angle of the imposed earthquake excitation, without the need of any user intervention. 

Regarding this particular structural aspect that has been selected to be examined, the 

conducted parametric analyses indicate that the peak seismic response of buildings with 

shear walls, is much more significant and it occurs at different angles of incidence from 

those of the main construction axes. 

Keywords: SAP2000 OAPI, parametric studies, incidence angle, torsional effects  

1. Introduction 

This research work assesses whether the provided by SAP2000 Open Application 

Programming Interface (OAPI) can be utilized to enable much more flexible and efficient 

ways of simulating structural models and performing parametric analyses to examine the 

effectiveness of alternative structural designs without the need of any user intervention. In 

particular, the OAPI of the SAP2000 is utilized to perform a comprehensive study of the 

seismic behavior of typical multi-story buildings, through a series of parametric studies, in 

relation to the incidence angles of structures with torsionally flexible behaviors. The issue 

of torsional effects has been widely researched in the field of civil engineering for over 60 

years with a total of more than 600 published articles, according to Anagnostopoulos et al. 

(2015). Among the relevant scientific literature, various models have been used to simulate 

the behavior and seismic performance of such structures, some of which were too 

simplistic. Nowadays, thanks to the constant technological innovations noted in software 

and computing capability, parametric analyses can be performed with more advanced and 

detailed models. Using the SAP2000 OAPI to simulate the seismic performance of 

structures and compute their peak seismic responses, enables the automatic parametric 

performance of dynamic analyses and the effective comparison of various parameters and 

characteristics.  

The main objective of the current research work is to evaluate the effectiveness and 

functionality of the OAPI of SAP2000 to automatically perform parametric studies, of 

structures under seismic excitations. To successfully examine this, issues related to the 

seismic behavior and response of buildings of a set of typical Reinforced-Concrete (R/C) 
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multi-story buildings with and without the usage of shear walls is analyzed. The seismic 

behavior and response of the considered buildings considering the presence of shear walls, 

which result in asymmetric stiffness under the imposed seismic excitations, are 

parametrically assessed. In order to parametrically study the seismic performance of the 

simulated buildings, linear elastic time-history analyses are performed, imposing seismic 

ground motions at different incidence angles, with respect to the two major construction 

directions, along which are customarily applied.  

The OAPI of SAP2000 is utilized through a custom-made software, developed in Python, 

which automatically performs series of dynamic analyses of each structural model under 

seismic excitations with varying incidence angles. Thus, the developed software enables 

the effective performance of parametric studies that can be used to compare the influence 

of the incidence angle of the imposed seismic excitations in combination with the dynamic 

characteristics of the simulated structures. The computed results, the time and effort 

required for studying the effect of incidence angle will determine the effectiveness and 

usefulness of utilizing the OAPI of SAP2000 in parametric studies of the seismic behavior 

and response of buildings. 

2. Literature review  

2.1 Earthquake induced torsion in buildings   

Earthquake induced torsion in buildings has been widely researched. The paper by 

Anagnostopoulos et al. (2015) categorized the causes of the earthquake induced torsion in 

buildings into three main categories. These are as follows: (a) non-symmetric arrangement 

of the load resisting elements (stiffness and strength eccentricity) or non-symmetric 

distribution of masses, (b) torsional motion in the ground caused by seismic wave passage 

and by ground motion incoherency, (c) other reasons that are not explicitly accounted for 

in the structural design (e.g. stiffness of non-structural elements, such as brick infill walls, 

non-symmetric yielding of the load resisting elements, etc.). However, the causes of 

earthquake induced torsion listed under (b) and (c) cannot be explicitly addressed in 

structural design. Therefore, building codes have been introduced to approximately 

account for them by requiring additional loading conditions generated by displacing the 

structural masses in both directions along the structure’s X and Y axes by a certain amount, 

which is defined as accidental eccentricity.  

Among the scientific literature that explored the earthquake induced torsion associated 

with non-symmetric arrangement of the load resisting elements or non-symmetric 

distribution of masses, various models and methods of analysis were used to assimilate the 

performance of real structures. The first one is by Rutenberg (1992), known as one story 

model, which consists of a typical 1-story rigid deck structure with two or three degrees of 

freedom supported on vertical shear beam type elements. However, the initial one-story 

model, was subjected to many assumptions and limitations. In the years that followed, 

more sophisticated models were introduced to study this problem, in which, the 

assumptions made were less restrictive, thanks to the technological advances in hardware 

and software capabilities. Therefore, the models were extended and refined, studying the 

elastic torsional response for multi-story models (MST). By using the above advanced 

models, the study of Stathopoulos et al. (2005) explored eccentric frame-type buildings. By 

using the response of the associated symmetric building as the basis for comparison, they 

found that frames at the ‘flexible’ sides experienced increased inelastic deformations and 

those at the ‘stiff’ sides decreased deformation. As a result, inelastic response measures, 
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such as ductility factors and damage indices, at the “flexible” side reached values more 

than twice than those at the “stiff” side. 

 2.2 Effect of incidence angle   

It is standard practice to apply a pair of seismic ground motions along the two principal 

horizontal directions of the building. However, the earthquake excitations, which can be 

recorded as fault-normal (FN) and fault-parallel (FP), can occur at any orthogonal 

horizontal axes, rotated randomly around the vertical axis. Firstly, Athanatopoulou (2005) 

conducted linear time-history analyses under several earthquake records and different 

incident angles. The findings showed that the critical value of a response quantity could be 

up to 80% larger than the corresponding values when the seismic components were applied 

along the major construction axes of the building. Secondly, Lagaros (2010) conducted 

parametric studies to explore the effect of the incidence angle on the structural response. 

Lagaros found out that the critical incident angle varies significantly, and this was also 

dependent on the intensity level. Finally, Mavronicola et al. (2017) pointed out that the 

critical angles significantly differ in the X and Y directions. Mavronicola concluded that 

the dynamic characteristics of the building and the excitation characteristics can 

considerably affect the peak inter-story drifts. Mavronicola, also observed that the 

amplification of the peak seismic responses depends on the excitation angles, leading to 

petal-like shape peak responses diagrams. 

3. OAPI of SAP2000 

3.1 Open Application Programming Interface (OAPI) of SAP2000 

An Open Application Programming Interface (API) is a software intermediary that 

provides the ability to the components of two applications, to interact with each other by 

using a set of simple commands. In other words, APIs are ‘messengers’ that deliver 

requests and return responses between applications. In each interplay, there is a server, 

which is the application providing the resource, and a client, which is the application that 

makes the request. The SAP2000, through the usage of its Open API (OAPI), provides the 

opportunity of developing plug-ins, which extend the program's usability and are totally 

embedded within the SAP2000 environment. In terms of computer programming, the 

OAPI consists of a software library that offers access to a collection of objects and 

functions capable of “remotely” controlling the way as noted in that the SAP2000 behaves, 

thus, overriding the standard point-and-click procedure, Sextos at el. (2011)  

Therefore, the OAPI of SAP2000 is a powerful tool that provides the ability to the users, to 

automate many of the processes required to build, analyze, and design structural models. 

Additionally, it allows obtaining customized analysis and design results. Furthermore, the 

fact that users are permitted to link SAP2000 with third-party software enables a two-way 

exchange of model information with other programs. SAP2000 could be accessed through 

the OAPI by several major and popular programming languages such as MATLAB, C#, 

Visual Basic for Applications (VBA), and of course Python, which is the one that is used 

in this research work. 

3.2 «Change Angle» application of SAP2000 OAPI  

The program «Change Angle» is specifically developed, using the Python programming 

language, to automatically conduct the parametric analyses needed for this research work, 
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without requiring any user intervention or action. The structure of the «Change Angle» 

program is based on the simplified flowchart, shown in Figure 1, which illustrates the 

typical data flow for coupling the Python Environment, the structural analysis program 

SAP2000 through the OAPI and exporting computed results to excel files. 

Fig. 1 - A simplified flowchart and the typical data flow for coupling the Python Environment and SAP2000 

through the OAPI and exporting results to excel files 

In the program «Change Angle», a path of the existing file is firstly chosen, saved in a new 

SAP2000 object. Then, via the usage of the OAPI features, the SAP2000 software starts 

running the existing file. To save the computed results, tables with zero values are created. 

Furthermore, a for-loop is used, in which the incidence angle for the applied seismic 

excitation is set. The model initially uses the zero-incidence angle, imposing earthquake 

excitations along the main construction axes. Then, using the OAPI, the SAP2000 software 

starts the dynamic time-history analysis for the initial zero incidence angle. After finishing 

this dynamic analysis, the maximum computed results of the selected quantities of interest, 

are saved in the tables that have been previously created. Subsequently, the incidence angle 

for the application of ground motions is increased by 5° and the same procedure is 

repeated, again and again, until the incidence angle reaches 360°. Finally, via the OAPI 

feature of the MS Excel software, files are created, in which the maximum computed 

results for each seismic excitation and for every incidence angle are transferred and saved. 
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4. Computed peak seismic responses with varying angle 

Using the above specialized software, «Change Angle», a group of four 4-Storey R/C 

buildings with the same geometric characteristics, but different dynamic characteristics, 

modified by the existence and location of shear walls, is parametrically studied. The group 

consists of the FS model-1 (without shear walls), the CSW model-2 (shear walls in the 

center of the floor plan), the SSW model-3 (shear walls on the side of floor plan) and the 

CRSW model-4 (shear walls at the corner of floor plan). Figure 2 shows the floor plans of 

the group, in addition, the purple arrow presents the direction of the Fault Parallel (FP), the 

red arrow illustrates the direction of the Fault Normal (FN) and the cyan arrow the 

clockwise course of the incidence by the change of angle in steps of 5°.  

 
Fig. 2 - The floor plans of the group of 4-Storey R/C buildings (FS Model-1, CSW Model-2, SSW Model-3, 

CRSW Model-4) 

 

In order to study the seismic behavior of the structural models under considerations, two 

sets of 5 ground motions are used. The two sets are categorized to Near Fault (NF) and Far 

Fault (FF) strong ground motions and they have been obtained from the PEER Pacific 

Earthquake Engineering Research Center (2011). The selections of the NF ground motions 

are based on the following criteria: (a) an earthquake magnitude of Mw> 6.0, (b) a distance 

to the fault rupture of Rrup<15km, and (c) the fault-normal (FN) value of PGV/PGA > 0.15 
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sec (Table 1). The FF ground motions criteria are: (a) magnitude of Mw> 6.0, (b) a distance 

to the fault rupture of Rrup > 40km and (c) the FN value of PGV/PGA < 0.15 sec (Table 2). 

In order to have consistent seismic response results, the two sets of accelerograms are 

scaled with respect to their PGA to be equal to 0.4g. 

 
Table 1. Main characteristics of the selected horizontal NF ground motions 

EQ 

No 

NGA 

seq 

No. 

Event Year Station Mw 

FN FP 
Rrup 

(km) 

Vs30 

(m/sec) 
PGA 

(g) 

PGA 

(g) 

1 171 
Imperial 

Valley-06 
1979 

El Centro Meloland 

Geot. Array 
6.53 0.32 6.57 0.07 265 

2 723 
Superstitio

n Hills-02 
1987 Parachute Test Site 6.54 0.43 8.92 0.95 349 

3 1489 
Chi Chi 

Taiwan 
1999 CHY057 7.62 0.28 10.85 3.8 487 

4 1176 
Kocaeli 

Turkey 
1999 Cekmece 7.50 0.23 6.56 4.8 297 

5 292 
Irpinia 

Italy-01 
1980 Arienzo 6.90 0.23 8.92 10.8 1000 

Table 2. Main characteristics of the selected horizontal FF ground motions 

EQ 

No 

NGA 

seq 

No. 

Event Year Station Mw 

FN FP 
Rrup 

(km) 

Vs30 

(m/sec) 
PGA 

(g) 

PGA 

(g) 

6 826 
Cape 

Mendocino 
1992 

Centerville 

Beach_Naval 
7.01 0.15 0.18 41.91 337 

7 946 
Northridge 

01 
1994 Pico Canyon Rd 6.69 0.05 0.07 46.91 573 

8 283 
Irpinia  

Italy-01 
1980 Sturno 6.9 0.03 0.03 52.94 613 

9 799 Loma Prieta 1989 Saratoga - Aloha Ave 6.93 0.24 0.33 58.65 190 

10 751 Loma Prieta 1989 Gilroy - Historic Bldg 6.93 0.07 0.12 78.41 512 

Subsequently, the peak seismic responses of the four models regarding the incidence angle 

of the imposed earthquake excitation are compared. To do so, utilizing the «Change 

Angle», the mean values of the results from all seismic excitations on each model and each 

incidence angle are calculated. Figure 3 provides the computed mean of the maximum 

relative displacements at the 1st floor under NF and FF ground motions and Figure 4, the 

average of all ground motions at each incidence angle for the four models. 

 
Fig. 3 – Mean values of maximum relative displacements at the 1st floor of the group’s model, in terms of the 

excitation angle under NF and FF ground motions 

675
3ECEES, September 2022, Bucharest, Romania



 
Fig. 4 – Mean values of maximum relative displacements at 1st floor of the group’s model, in terms of the 

excitation angle under all ground motions 

Firstly, comparing the relative displacements of the four models, it seems that in all 

incidence angles, the CSW model-2 (shear walls in the center of the floor plan) exhibits the 

lowest of the peak relative displacements, followed by the SSW model-3. The FS model-1 

(without shear walls) exhibits the highest computed results in most incidence angles, 

although in some angles, the CRSW model-4 (shear walls at the corner of floor plan) has 

the highest computed peak relative displacements. Furthermore, comparing the computed 

peak responses for NF and FF ground motions, all the models have similar fluctuations, 

almost throughout the changes of the incidence angle, with the results of the two categories 

not showing a significant difference. Finally, the beneficial effects of the shear walls are 

evident from the computed peak responses, as shown in both Figure 3 and Figure 4. 

Finally, Table 3 shows the ratio of the highest to the lowest peak relative displacement 

values among all different incidence angles, under NF and FF ground motions, as well as 

the average of the aforementioned ratio among all ground motions. It seems that the FS 

model-1 (without shear walls) has smaller ratios than the other models (with shear walls), 

with the ratio being about 1.10, while in the rest it is about 1.30. Therefore, fluctuations as 

the incidence angle changes are much more important in models with shear walls, with 

maximum values, along the critical incidence angle, that can range around 30% above the 

corresponding minimum values. 

Table 3 Ratio of the highest to the lowest peak relative displacement values, among all incidence angles, for 

each structure, under NF and FF excitations, as well the average of the ratio for all ground motions 

 NF FF Average 

FS Model 1 1.179 1.111 1.090 

CSW Model 2 1.348 1.266 1.244 

SSW Model 3 1.368 1.276 1.295 

CRSW Model 4 1.372 1.328 1.300 

In addition, beyond the peak relative displacements, the results of the peak absolute 

accelerations at the top floor are computed and compared for each different structure under 

consideration in this study. Figure 5 provides the computed mean of peak absolute 

accelerations at the top floor under both NF and FF seismic excitations, while Figure 6 

provides the average of all ground motions at each incidence angle for all four models that 

have been considered in this parametric study.  
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Fig. 5 - Mean of peak absolute floor accelerations at the top floor, for the 4 structural models, in terms of the 

excitation angle under NF and FF ground motions 

Fig. 6 - Mean of peak absolute floor accelerations at the top floor, for the 4 structural models, in terms of the 

excitation angle under all ground motions 

Firstly, comparing the peak absolute top-floor accelerations of the models, it seems that in 

almost all incidence angles, the FS model-1 (without shear walls) has the lowest of the 

peak top-floor accelerations. Then, the CSW model-2 and the SSW model-3 have similar 

results and, finally, the CRSW model-4 experiences the highest absolute top-floor 

accelerations. 

In addition, comparing the two categories of seismic excitations (NF and FF), it appears 

that the FS model-1 (without shear walls) presents almost the same results as the angle of 

incidence is modified, while the other models (with shear walls) show more significant 

fluctuations. This could also be seen in Table 4, which provides the ratio of the highest to 

the lowest of the computed peak absolute top-floor acceleration values, among all 

incidence angles, for each structure under NF and FF ground motions, as well as the 

average of the aforementioned ratio considering all seismic excitations. The FS model-1 

has the lowest ratio in all categories, with a value equal to 1.08. Then, the CSW model 2, 

presents high ratios in the two separate categories, although in the average of the two 

categories the ratio is significantly reduced. Finally, the SSW Model 3 and the CRSW 

Model 4 present the largest ratios of the order of 1.20. 
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Table 4 Ratio of the highest to the lowest peak absolute top-floor acceleration values, among all incidence 

angles, for each structure under NF and FF excitations, as well as the average ratio for all ground motions 

 NF FF Average 

FS Model 1 1.082 1.123 1.086 

CSW Model 2 1.233 1.301 1.110 

SSW Model 3 1.289 1.127 1.188 

CRSW Model 4 1.283 1.216 1.228 

5. Conclusions 

The aim of this research work was to investigate and evaluate the effectiveness and 

functionality of the OAPI of SAP2000 to automatically perform parametric studies of a set 

of typical R/C multi-story buildings under seismic excitations with minimal user 

interventions. The aforementioned goal has been achieved regarding both the effectiveness 

and the functionality of the OAPI of SAP2000, with the developed program «Change 

Angle» using the Python programming language. The developed program «Change Angle» 

is very effective and time-beneficial, as each model required 72 dynamic analyses, with 

these requiring only the computational time of the SAP2000 software, which was executed 

automatically without requiring any working time by the user or any intervention to 

modify and export the results. Simultaneously, some important conclusions can be drawn 

on the seismic behavior of the 4 structures under consideration for the specific problem 

that has been selected and used to assess the effectiveness of the SAP2000 OAPI. 

Firstly, almost all computed results, have shown that the presence of shear walls in the 

structures can reduce the relative displacements only when they maintain the symmetry of 

the stiffness of the structure. When the symmetry of the stiffness of the structure is 

affected, the peak relative displacements are similar, while in some cases, the presence of 

shear walls might cause even higher peak relative displacements than when there are no 

shear walls (Frame System model-1). Specifically, peak relative displacements of the 

Center SW model-2 (shear walls in the center of the floor plan) are much smaller in both 

directions. The Side SW model-3 exhibited reduced peak relative displacements only in the 

direction along which there is symmetry of stiffness. While the Corner SW model-4, which 

is asymmetric in both directions, exhibits similar, and in some cases higher, peak relative 

displacements than those of the Frame System model-1 (without shear walls). 

Subsequently, parametric investigation of the effect of the angles of incidence of the 

imposed seismic excitation showed that the maximum responses do not, in general, occur 

along the main axes for all four structures under consideration. The critical angle of 

incidence of a structure also differs for each combination of structure and imposed seismic 

excitation. By comparing the seismic behavior of each building, valuable insights into the 

effects on relative displacements and absolute peak floor accelerations can be revealed. 

Overall, the effect of the incidence angles of the imposed seismic excitation in all models, 

except the FS model-1, could be an increase up to 1.30 times at the critical incidence angle 

in relation to the most "favorable" incidence angle with the minimum response.  

In conclusion, the incidence angle is an important factor for the seismic behavior of 

buildings. The effect of the incidence angle on the maximum seismic response affects the 4 

four-story R/C buildings, with the least effect on Frame System model-1. Therefore, the 

incidence angle should be taken into account in seismic structural design, but probably in a 

different way from the simplified one currently used by seismic codes. 
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Abstract: Two full-scale wall samples, which were produced with glass fiber reinforced 

gypsum (GFRG) panels are tested under cyclic (fully reversed) loads. Dimensions of the 

wall samples are H=2550mm x L=3550mm x t=124mm. Edge cells of the produced wall 

samples were designed/detailed as small-scale columns as per the related codes. In the 

middle cells of one of these wall samples (W1), only the parts with connection points with 

the foundation and beam are filled with concrete while the other parts are designed as 

empty. In the other sample (W2), all cells were filled with concrete and a single longitudinal 

reinforcement was placed centrally in the cells. Comparing behaviors of W1 and W2 walls 

having two different configurations is aimed. Tests revealed that the most critical locations 

for damage vulnerability were the column-to-beam regions in W1 and column-to-foundation 

and column-to-beam regions in W2. According to the experimental data gathered, W2 

exhibited a more rigid behavior than W1. Lateral stiffness of W2 is approximately 1~3 times 

higher than the stiffness of W1. W1 and W2 are evaluated in two different regions in terms 

of energy calculations. While W2 was expected to absorb more energy, this specimen could 

not reach the desired displacement level mainly due to global buckling. Hysteretic damping 

ratios of W1 and W2 were about 16% and 10%, respectively, in the first cycle. Then, 

damping ratios of the samples W1 and W2 were stabilized around 10% and 4%, 

respectively. 

Keywords: GFRG, cyclic loading tests, energy dissipation, initial stiffness, damping ratio. 

1. Introduction

Studies on light and economical innovative building materials with good structural 

properties under earthquake loads are increasing (Naji et al., 2014), (Sesigur et al., 2007). 

As a recent example of innovative wall panels, glass fibre reinforced gypsum (GFRG) 

panels were developed in Australia in 1990s. This system, also known as a rapid wall, is 

basically obtained by adding glass fibres into gypsum plaster. Wu (2004) stated that these 

systems are generally used in residential, commercial, and industrial buildings. GFRG 

panels usually are manufactured with dimensions of L=12 m length, H=3 m height, and 

t=124 mm thickness and can be cut into desired dimensions according to IITM design 

manual (2011). Bandgar and Kumthekar (2016) stated that the cost-effectiveness, rapid 

manufacturability, energy-efficiency, and being a strong, durable innovative system make 

GFRG panels an alternative building system that can be replaced with brick or concrete 

blocks. From this perspective, it seems that such systems could be a viable alternative 

especially in low-rise mass housing units. Over the course of time, GFRG panels have been 

preferred due to their modular structure, good load carrying capacity, durability against 

fire, sound and humidity, and reducing the time and cost of construction. Omahen (2002) 

claims that such systems are preferred since these reduce the construction process and 

overall cost. 

As a result of the compression tests carried out under vertical load to understand the 

mechanical properties of GFRG panels, which emerged as a result of the search for fast 

and robust housing, it was seen that GFRG panels can be an alternative to various bricks 
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used in building walls. Therefore, these panels can be used in load-bearing/non-load-

bearing walls (Alagusankareswari et al., 2018). The added glass fibers significantly 

increase the strength of composite materials. Therefore, lightweight GFRG panels have 

high compressive, shear, and bending strengths as well as sufficient ductility, 

(Manjummekudiyil et al., 2015). Cavities/cells inside the GFRG panel can be filled with 

various materials such as concrete and insulation material to serve for different purposes. 

By this way, strength of the walls can be increased and heat and sound insulation can be 

improved (Wu, 2004). Compressive strength of the GFRG panel has increased by using 

different filling materials inside the GFRG panel (Manjummekudiyil et al., 2015). Axial 

and shear behavior of the panel having different filling ratios were investigated by others. 

It was observed that the empty panel experienced damage due to loss in strength of the 

plaster, while the filled panels had damage by buckling and developing deformations. It 

has been stated that the reinforcement does not contribute to the axial strength much, and 

the main factors affecting the compressive strength are the amount of eccentricity and the 

support conditions. Unlike conventional reinforced concrete systems, GFRG panels were 

found to be damaged by longitudinal cracks (Wu & Dare, 2004). The most important 

factors in the formation of longitudinal cracks are the weakening of adhesive and frictional 

forces between concrete and panel, and the formation of a sliding movement between 

concrete and panel (Wu, 2009). Shear failure of GFRG walls is more ductile than 

conventional reinforced concrete (RC) walls. Glass fibers inside the panel prevent brittle 

tensile failure of materials, and the unique longitudinal shear failure mode makes structure 

more ductile. When the behavior of the structure under axial loading is examined, the 

primary failure mode of the structure did not significantly contribute to the compressive 

strength of the reinforcement and concrete fill due to buckling (Wu, 2009). 

In the present study, hysteretic and backbone curves of load- story drift ratio, initial 

stiffnesses in the push and pull steps, and cumulative energy dissipation capacity values are 

obtained for two GFRG wall samples with and without concrete filled cells. Advantages 

and disadvantages of these two systems are discussed. To the best knowledge of the 

authors, such comparative experiments in the current literature are rare. Panels have been 

mostly used for formwork and their effect on system behavior has not been well studied.  

2. Experimental set-up and specimens 

Two near real-size wall samples were produced by using GFRG panels. Dimensions of the 

samples were determined so that these could represent wall components of low-rise 

buildings. Design parameters of the produced samples were determined as a result of 

preliminary investigations made on diagonal shear tests (Kapucu Guzelbulut et al., 2022). 

 
a) 

 
b) 

Fig. 1 – a) GFRG panel cell dimensions. b) General view of panels 

The edge cells of both samples are designed/detailed as columns in small dimensions. 

Middle cells of the first sample (W1) are empty; however, short anchor rebars were left in 

the middle cells in a way that they were connected to the foundation and top beam. Middle 
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cells were left completely empty while edge members and top beam were concreted. The 

second sample (W2) was filled completely with concrete. Central single reinforcements 

were used in the cells. Thus, it is aimed to examine the behavioral variations of 

completely-filled and unfilled load-bearing walls as shown in Fig.2(a). 

Wall samples W1 and W2 were tested under cyclic lateral load reversals. The experiments 

were conducted in the ITU Structural and Earthquale Engineeering Laboratory (STEEL) in 

order to examine the potential earthquake resistance of GFRG panels. Dimensions of the 

wall samples were designed in accordance with the the maximum dimensions provided by 

this setup (H=2550mm x L=3550mm x t=124 mm), as shown in the Fig.2.  

(a) (b) 

Fig. 2 – a) Geometrical properties of specimens, b) Overall view from the specimen prior to testing. 

A concrete class of C25 (fck=25MPa) has been used for structural concrete. Note that this is 

the minimum grade proposed by the current seismic code of Turkey (TBEC-2018) 

although some countries require a minimum strength of C20. Typical crash/material tests 

were implemented on concrete cylinders. The average compressive strengths of the wall 

samples W1 and W2 were found to be 25.08 MPa and 24.72 MPa, respectively. Similarly, 

experimentally obtained yield strengths of the rebars having diameters of Ø12 and Ø8 mm 

are obtained to be 459 MPa and 464 MPa, respectively. Simplified capacity calculations 

considering the manual of GFRP wall units (based on previous experimental studies and 

diagonal shear tests conducted in this project) and current structural codes (such as TS500) 

in Turkey give an estimation for lateral load capacities of 150 kN and 500~550 kN for 

specimens W1 and W2, respectively. 

3. Loading protocol, testing, and observations

Wall samples W1 and W2 were tested under the cyclic lateral displacement reversals in a 

displacement-controlled manner. Lateral loads were applied by one hydraulic actuator to 

specimen W1 and two hydraulic actuators to specimen W2 (due to increased capacity). The 

load capacities and displacement/stroke capacities of each hydraulic actuator are ± 250 kN and 

± 300 mm, respectively. The experimental setup used is shown in Fig. 3(a). The loading 

protocol of the experiments is given in Fig. 3(b) and Table 1. 

Table 1. GFRG wall tests – applied story drift ratio (δ/H) values 

Δ (mm) (δ/H) The number of repetitions 

2.35 0.0010 3 

5.88 0.0025 3 

11.75 0.0050 3 

23.50 0.0100 3 

47.00 0.0200 3 
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(a) 
 

(b) 

Fig. 3 - a) General view of test set-up for specimens, b) Loading protocol. 

 

Linear variable differential transducers (LVDTs) with different capacities were used as semi-

stroke at varying locations during the experiments. Totally, 14 LVDTs were placed on each 

specimen. Layout of the LVDTs is shown in Fig. 3. Straingauges were used around the end of 

each column and beam in the wall specimen W1. Additional straingauges were placed on 

longitudinal rebars in the middle cells of the wall specimen W2. A total of 18 and 30 

straingauges was used in W1 and W2, respectively. Layout of the straingauges is shown in 

Fig.4. 

 
(a) 

 
(b) 

Fig. 4 – Straingauge locations a) W1, b) W2. 

 

Tests were conducted in the order of W1 and W2. Both tests were video recorded. The  

specimens exhibited practically linear elastic behavior under the first cycles. The lateral 

force values were almost the same in either loading direction indicating a symmetric elastic 

response. In W1, yield deformation of longitudinal reinforcements around the junction of 

the wall and the beam was first observed at 0.25% drift and 187.70 kN lateral force. Some 

strength degradation was recorded in the hysteretic curves after the second excursions. The 

surface cracks of GFRG panel propagated and longitudinal cracks formed around the 

longitudinal ribs of the panel. Moreover, the edge columns and the GFRG panel stopped 

working together mainly from losing their adherence. This movement caused the formation 

of longitudinal cracks on the lateral surfaces. Testing was terminated at 2% drift level at 

which significant loss of strength was recorded. Damage state of specimen W1 during 

experiment is given in Fig.5. 

To perform a better comparison, similar loading protocols have been intended to use for 

specimen W2. Edge columns’ longitudinal reinforcements around the junction of the wall 

and foundation started to yield at 0.1% drift and 173.03 kN lateral force. Upon 

implementation of further displacements, yield deformations were attained in the 

longitudinal reinforcements of the wall-beam regions. The experiment was continued with 

a monotonic loading pattern at a drift level between (0.5~1.0)% mainly due to lateral 

683
3ECEES, September 2022, Bucharest, Romania



buckling caused by high slenderness of the wall specimen before the desired displacement 

levels. Therefore, from this drift level on, the testing was continued with a monotonic 

loading protocol until failure. The wall system was damaged by longitudinal cracks as the 

reinforced concrete block and GFRG panels lost their adherence and moved relative to 

each other. However, a distributed shear cracking pattern were obtained over both faces of 

the specimen. Damage of specimen W2 during experiment is given in Fig.6. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5 – Damage in W1 at different drift ratios a) 0.1% drift, b) 0.25% drift (first longitudinal cracks), c) 1% 

drift (increasing longitudinal cracks) d) 2% drift (end of testing). 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6 – Damage in W1 at different drift ratios a) 0.1% drift, b) 0.25% drift, c) 0.5% drift(lateral buckling), d) 

0.5% drift (end of testing). 

684
3ECEES, September 2022, Bucharest, Romania



4. Test results and discussion 

Impact of different filling ratios of the specimens on the maximum lateral loads, envelope 

(backbone) curves, energy absorption capacities, initial stiffness in the push and pull steps and 

stiffness degradations is investigated. Cyclic loading response (in the form of hysteretic 

curves) of the wall specimens of W1 and W2 are given in Fig. 7. This figure reveals that 

specimen W2 expressed a more rigid behavior when compared to specimen W1, as 

designed and expected. From the experimental hysteretic curves, displacement ductility of 

W1 ( ) is found to be 4.13. As for W2, the desired displacement levels were not 

achieved due to the reasons explained above. Instead, larger lateral load capacity and 

higher initial stiffness are obvious from Fig. 7. 

 
(a) 

 
(b) 

Fig. 7 - a) Hysteretic  curves, b) Envelope curves. 

 

Initial stiffnesses of the specimens were calculated by considering a range of (5~30)% of 

the maximum load and corresponding lateral displacement values. By this way, the 

computed initial stiffnesses of W1 and W2 under positive and negative loading directions 

are given in Fig. 8(a). The initial stiffness corresponding to W2 is higher than the stiffness 

of W1 by 60% and 15% under tension and compression cycles, respectively. Note that 

stiffness values were obtained at the first cycle of each story drift level by the slope of a 

line between maximum push and pull forces and corresponding displacements. 

Experimentally obtained stiffness degradation curves for W1 and W2 are depicted in Fig. 

8(b).  

 
(a) 

 
(b) 

Fig. 8 - a) Initial stiffnesses, b) Stiffness degradation. 

 

For any cycle, the total area under the experimentally obtained hysteretic curve shows the 

dissipated energy through inelastic behavior. This is especially important in the evaluation 
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of the seismic effectiveness of such walls. Hysteretic energy dissipation characteristics of 

specimens W1 and W2 are given in Fig. 9. At the end of each testing, W1 and W2 

dissipated a total of cumulative energies of 17486 kNmm and 7288 kNmm, respectively. 

For performance evaluation, this is not a fair comparison since the desired ultimate story 

drift ratio could not achieved for specimen W2 due to experimental difficulties such as 

stability problems of the wall. Therefore, a better way to calculate the dissipated energies 

at a common drift level that both specimens experienced. Therefore, similar number of 

cycles is considered and total dissipated energies are calculated at the end of the first 8 

cycles.This comparison shows that W1 absorbed/dissipated approximately 3 times higher 

energy than the specimen W2 since W1 displayed a highly inelastic behavior resulting 

from excessive cracking of the wall while specimen W2 still displayed weak inelasticity at 

this drift level.  

(a) (b) 
Fig. 9 - a) Cumulative energy characteristics, b) Dissipated energy levels in pull and push cycles. 

Effective damping of a wall system that corresponds to dissipated energy during the cyclic 

response at the design displacement can be obtained by using the equation given in Eq.1. 

Hysteretic damping characteristics of the specimens W1 and W2 are calculated by this 

formula and its variation versus cumulative number of cycles is drawn in Fig. 10.  

(1) 

Here, Ah is the area inside each full cycle in the load-displacement cycle curve of the 

system, and Fm and Δm are the maximum load and displacement values in a cycle. 

For any displacement cycle implemented in this testing program, hysteretic damping ratios 

of W1 are higher than damping ratios of W2 regardless the number of cycles. Fig. 10 

suggests that, in the first loading cycle, damping ratios of the specimens W1 and W2 are 

approximately 16% and 10%, respectively. These ratios had a tendency toward fluctuation 

at every cycle of testing within a range of (8~16)% for W1 and (4~8)% for W2. Again, 

note that W2 could not be tested to cyclically after the 8th cycle.   
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Fig. 10 – Variation of damping ratio versus cumulative cycles. 

5. Conclusions 

A near-full scale experimental study of the hysteretic behavior of glass fibre reinforced 

gypsum (GFRG) panels with two various cell infill configurations (unfilled and filled with 

concrete) has been presented. Behavioral values are obtained from experimental 

hystereses. The major conclusions reached from this experimental work are listed below: 

 As evidenced from straingauge data and damage photos, the most stressed region of 

specimen W1 was the junction between the edge columns and top beam while the most 

critical region of W2 was the junction between the column-to-foundation and beam-to 

column interfaces. 

 As expected, W2 behaved stiffer than W1. The initial stiffnesses of W2 are higher than 

the initial stiffnesses of W1 both in the directions of push and pull cycles. Numerically 

speaking, W2 is stiffer about 1~3 times than  W1 depending on the story drift ratio. 

Maximum ratio of peak strengths of W2 to W1 is around 2.0. These reveal that filled 

cells contributed to the behavior significantly.  

 In the cyclic testing range and at the same cyclic displacement level, Specimen W1 

dissipated approximately 3 times higher energy than the specimen W2 since W1 

displayed a highly inelastic behavior resulting from excessive cracking of the wall 

while specimen W2 still displayed weak inelasticity. Although it was expected to 

obtain more energy absorption for W2, the desired displacement levels were not 

reached due some stability problems during testing of W2.  

 Hysteretic damping ratios of W1 are higher than damping ratios of W2 regardless 

the number of cycles. Damping ratios had a tendency toward fluctuation at every 

cycle of testing within a range of (8~16)% for W1 and (4~8)% for W2.  
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Abstract: In this paper, we aim to develop a numerical model in order to study the dynamic 
behaviour of a series of shake-table tests (carried out at the TREES laboratory of the European 
Centre for Training and Research in Earthquake Engineering (EUCENTRE) in Pavia, Italy) 
on a half-scale four-story building with reinforced concrete and unreinforced masonry walls 
in which was subjected to several runs of increasing intensity. The software platform 
SeismoStruct is used to build the numerical model. Then, the simulated model is calibrated 
and validated against the experiment results through a comparison of measured and calculated 
responses. Next to these verifications, the paper shows the response of the numerical model 
in terms of different performance indices such as acceleration profiles and displacement time 
histories. The preliminary results of this study and the simulated model will be used in the 
ongoing research on vibration-based damage identification and evaluation of integration 
procedure between structural health monitoring and performance-based earthquake 
engineering for a multi-story building subject to incremental seismic demand. 

Keywords: Structural health monitoring, Performance-based earthquake engineering, 
numerical model, Seismostruct, vibration-based damage detection 

1. Introduction 

In structural and earthquake engineering, accurately assessing post-earthquake building state 
has long been a concern in a rapid response context. Assuming that relevant modelling 
information is available, sensor-engaged structural health monitoring (SHM) techniques 
linked to performance-based earthquake engineering (PBEE) schemes might estimate 
accurate damage states of buildings subject to earthquakes (Porter et al. (2006); Cremen and 
Baker (2018); Tubaldi et al. (2021)). For the needs of this concept, in this paper, which is a 
segment of a more comprehensive work related to the SHM-PBEE integration procedure for 
multi-story buildings, we tried to develop a nonlinear numerical model using the previous 
shaking table tests. This model serves as a basis for better understanding the system response 
and provides additional data for testing SHM algorithms under consideration. In other words, 
the SHM algorithms for dynamic identification will examine through the comparison with 
recordings from a series of well-documented (benchmark) shake table tests carried out in 
past initiatives. Therefore, we considered a large-scale four-story building with RC 
(Reinforced Concrete) and URM (Unreinforced Masonry) walls specimen subjected to 
cumulative damage throughout a series of shaking table tests (Beyer et al. (2015)). For the 
needs of this paper, we utilized the program SeismoStruct (SeismoSoft 2021) to carry out all 
simulations and analyses related to the fore-mentioned experiment.  
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This study used the frame finite element models to simulate the distributed nonlinear 
behaviour of the members. We adopted a constant-confinement model to represent nonlinear 
concrete behaviour; effective confinement stress describes the confinement effect, which 
depends on longitudinal and transverse reinforcement. We neglected the tensile concrete 
strength of the model. This analysis characterized the steel behaviour using uniaxial bilinear 
constitutive laws with kinematic strain hardening; the hardening rule for yield surface is a 
linear function of the plastic strain increment. By employing an inelastic masonry frame 
element and a multi-linear model with degradation and residual strength, we characterized 
the masonry behaviour of URM walls. Time integration was carried out using the Newmark 
algorithm. Three performance indices: Drift ratio, Base shear force, and Absolute 
acceleration, were applied to evaluate the analysis results.  
The remaining part of the paper proceeds as follows: The second section introduces the 
experimental setup (performed at the EUCENTRE Laboratories) of a 4-story building 
structure, which experienced cumulative damage due to a repetitive series of ground motion 
inputs. The third section expresses the details of the modelling scheme. The fourth section 
describes the simulation results, focusing on comparing numerical results with experimental 
data. Finally, Section 5 summarizes the remarks depicted in the study. 

2. Description of the physical model 

Beyer et al. (2015) had developed a test unit as a half-scale four-story building with RC and 
URM walls subjected to uniaxial excitation through shaking table tests performed at the 
EUCENTRE Laboratories. The combination of RC and URM wall lateral resisting 
mechanisms have provided a healthy pattern of the building stock, thus, becoming a good 
case study for sensor-informed damage detection methods. 
They had shaken the prototype specimen in a single direction, with the direction of motion 
associated with the structure's longitudinal axis (north-south axis). The frame's north and 
south URM walls had been loaded out-of-plane, while the east and west URM walls and two 
RC walls had been loaded in-plane. Along the north-south axis, the test unit was symmetric. 
The construction was asymmetric along the east-west axis because the URM walls had been 
loaded in-plane were grouped at the north end of the building, and the RC walls were 
clustered at the south end (Figure 1).  

 

 

Fig. 1 – Building views a) north, b) west, c) south, and d) 3D (Beyer et al. (2015)) 

This plan layout reflected the situation in actual buildings where RC walls are typically not 
evenly distributed over the floor plan. The test unit had uniformity in elevation. At each 
storey, the walls had been coupled by a RC slab and by masonry spandrels. Each story 
consisted of a 1400 mm precise length. The total mass of the structural (34.9 t) and externally 
added (34.9 t) masses was 69.8 t. C28/35, C40/50, and B450C were the concrete types for 
the superstructure, foundation, and steel reinforcement classes, respectively. The elasticity 
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modulus of representative concrete and masonry samples was 24.06 GPa and 5.46 GPa, 
respectively.  
The URM walls were built with half-scale clay brick blocks had been made especially for 
the project. The walls had been constructed using standard mortar of class M15; the thickness 
of the horizontal and vertical mortar joints was 5 mm thick. The URM walls were 95 mm 
thick. After an experimental campaign comparing the behaviour of URM walls at full-scale 
and half-scale, the brick units had been chosen to build the URM walls (Petry and Beyer 
(2014)). The geometry and reinforcing arrangement of the two RC walls were identical. The 
thickness of the RC slabs was 150 mm. The slab's top and bottom reinforcements had been 
made of a steel net with D10 mm bars spaced at 100 mm intervals. 
The building had been instrumented with numerous sensors, including 20 accelerometers, 
49 displacement transducers, 24 omega gages, and 492 optical markers on the west façade. 
In other words, the measurements had been classified into two, as conventional and optical 
sensing systems. Furthermore, two kinds of dynamic tests had been pursued: white noise and 
earthquake excitations. The earthquake sampling rate had been set to 1024 Hz for the 
conventional systems, whereas white noise excitations had a reduced rate equal to 256 Hz. 
The 60 Hz sampling rate had been followed for the optical systems, and distributed optical 
data had been combined through a synchronization scheme using matching markers and 
upsampling. Beyer et al. (2015) explained the test unit, material properties, instrumentation, 
and test data. 

3. Description of the numerical model

3.1. Numerical model 

This study used the software platform SeismoStruct 2021 (SeismoSoft 2021) to build the 
analytical model. We described the test unit's linear and nonlinear dynamic structural behaviour 
through 2-node frame finite element models; a single inelastic force-based frame element 
represents RC walls and the rectangular beams with effective width. This element is a force-
based 3D beam-column element type capable of modelling members of space frames with 
geometric and material nonlinearities. The sectional stress-strain state of beam-column elements 
was obtained by integrating the nonlinear uniaxial material response of the individual fibres in 
which the section has been subdivided, fully accounting for the spread of inelasticity the member 
length and across the section depth. 
By an inelastic masonry frame element, we represented the URM wall. This element is a 
combination of a 3D, force-based, plastic hinge element type used to model primarily the 
bending behaviour of the masonry member (herein referred to as the 'internal sub-element') and 
two links at the two edges used to simulate the member's shear behaviour (herein referred to as 
the 'external links' or 'link sub-elements'). The internal sub-element and the external links are 
connected in series, ensuring equilibrium in bending moment and shear force. The only 'active' 
degrees-of-freedom of the link sub-elements are the two translational ones in the shear directions 
(in-plane and out-of-plane). At the same time, the other four DOFs (axial and three rotational) 
remain perfectly rigid links. With this configuration, both masonry walls and spandrels may be 
precisely simulated. The shear DOFs of the link sub-elements feature a hysteretic curve that is 
based on SeismoStruct's built-in MIMK-pinched nonlinear curve (Modified Ibarra-Medina-
Krawinkler deterioration curve with bilinear hysteretic rules and pinching), according to a 
phenomenological law that describes the shear behaviour of the entire member (Ibarra et al. 
(2005)). Simultaneously, the fibre-section modelling allows for a relatively accurate description 
of the coupled axial‐flexural behaviour in the internal sub-element. The sectional stress-strain 
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state was obtained by integrating the nonlinear uniaxial material response of the individual 
fibres. The section has been subdivided, fully accounting for the spread of inelasticity along the 
member length across the section depth. 
The diaphragm effect of the floor slabs was taken into account by imposing rigid constraints 
among all the joints belonging to the same slab. The total construction weight, including the 
additional weight on the slab, was estimated to be around 676 kN without foundation. The model 
included the added weights as lumped masses at the mass centres.  
The nonlinear concrete behaviour was represented by a constant-confinement concrete model 
(Mander et al. (1988); Martínez-Rueda and Elnashai (1997); Madas (1993)) without considering 
the tensile strength of concrete; the confinement effect was described by effective confinement 
stress, which depends on the longitudinal and transverse reinforcement. The reinforcement steel 
behaviour was characterized by the uniaxial stress-strain relationship proposed by Menegotto 
(1973), coupled with the isotropic hardening rules proposed by Filippou et al. (1983).  
The time integration was carried out using the Newmark algorithm with γ = 0.5 and β = 0.25 
(constant average acceleration method) (Chopra 2012). Inside each time step, convergence was 
verified; the convergence criterion was based on displacement and rotation: the maximum values 
(along all the corresponding degrees of freedom) of the ratios between the increments of 
displacement and rotation and the prescribed tolerances should be less or equal than 1. The 
displacement tolerance was 10-4 m, and the rotation tolerance was 10-4 rad. For the sake of 
avoiding expensive calculations, in each time step, the maximum number of iterations was 300. 
The damping matrix was proportional to the initial stiffness; the damping ratio was assumed 
3.5% for RC members and 7% for masonry walls. 

3.2. Calibration of the masonry frame element  

The parameters corresponding to the inelastic masonry frame element were calibrated using the 
experimental data acquired from the test series on six identical unreinforced masonry walls 
(Figure 2a Petry and Beyer (2015)). The experimental campaign had comprised six tests on 
masonry walls that all had the same dimensions. The walls were named PUP1–6 and represented 
the first story of the shaking table test had performed at the EUCENTRE Laboratories (Beyer et 
al. (2015)). The test units had been subjected to quasi-static cycles of increasing drift demands 
(Figure 2b). The tests differed concerning the axial load and the moment restraint applied at the 
top of the walls.  

 

 

 

 (a) (b) 
Fig. 2 –  a) Test setup (Petry and Beyer (2015)), b) Loading history 
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The parameters required for the full definition of the element properties are the following: 
 The number of section fibres used in equilibrium computations carried out at each of the

integration sections of the internal sub-element.
 The elastic stiffness reduction (α) is the reduction of the uncracked elastic stiffness of

the shear force-deformation curve that is employed in the calculations.
 The total shear deformation capacity, which is the ultimate deformation capacity of the

member dtot = dyield + dplastic. It is noted that the program directly calculates the
deformation at yield from the elastic shear stiffness and the yield strength.

 The post-capping shear deformation capacity: this is the deformation level at which the
extrapolation of the descending branch of the shear force-deformation curve reaches the
zero axis.

 The ultimate shear deformation capacity: this is the deformation level, after which there
is no residual strength.

 The residual shear strength ratio is the ratio between the maximum strength (at the total
deformation capacity level) and the residual strength.

 The shear deformation hardening ratio is the ratio between the elastic and the plastic
branches of the shear force-deformation curve.

 The cyclic deterioration parameters for the shear strength and stiffness are the following
three parameters: (i) the cyclic deterioration parameter for strength deterioration and
accelerated reloading deterioration – Λs, Λα, (ii) the cyclic deterioration parameter for
unloading stiffness deterioration – ΛK, and (iii) the cyclic deterioration parameter for
post-capping strength deterioration– Λc. For all parameters, the smaller the factor, the
larger the imposed deterioration on the curve; however, note that a zero value leads to
no deterioration. For a complete description of the parameters, refer to the
documentation of the MIMK_bilinear curve (Ibarra et al. (2005)).

 The ratio between force at start of reloading to the force corresponding to the maximum
experienced deformation for positive and negative loading directions.

Table 1 shows the recommended values of the main parameters of the inelastic masonry frame 
element as well as the values that are finally implemented.  

Table 1. Recommended and used values of the main parameters of the inelastic masonry frame elements 

Parameter Used value (Number of Tests) Recommended values (by 
SeismoStruct) 

Section fibres 150 (all tests) 100 – 150 
Elastic stiffness reduction 0.5 (all tests) 0.5 
Total shear deformation capacity 
% 0.2 (all tests) 0.5 

Post-capping shear deformation 
capacity % 0.8 (1, 2, 3) and 0.4 (4, 5, 6, 7, 8) 0.6 

Ultimate shear deformation 
capacity % 0.3 (1, 2, 3) and 0.5 (4, 5, 6, 7, 8) 0.5 

Residual shear strength ratio 0.7 (all tests) 0.2 – 0.5 
Shear deformation hardening 
ratio 0.001 (1, 2, 3) and 0.03 (4, 5, 6, 7, 8) 0 – 0.5 

Cyclic deterioration parameters 
for shear strength / stiffness Λs, Λa = 0.7, Λk = 0.7, Λc = 0.7 (all tests) 0.6 

Ratio of the force at the start of 
reloading to the max. deformation 1.0 0 – 1 

In Table 1, out-of-range values were used for some parameters, leading to a better match with 
the experiment results. 
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Figure 3 displays the force-displacement hysteresis obtained from the conventional 
measurement devices in the experiment and the numerical model (after calibrating procedure) 
corresponding to the first wall (PUP1) and the second wall (PUP2) (Petry and Beyer (2015)). 
The first wall (PUP1) an the second one (PUP2) had been tested under double-fixed boundary 
conditions (i.e., shear span of 0.5H) and a shear span of 0.75H, respectively. 

(a) (b) 
Fig. 3 – Displacement-force hysteresis a) PUP1, b) PUP2 

Figure 3 confirms that the estimated parameters after calibration for the inelastic masonry frame 
element can simulate approximately the actual behaviour of the URM walls. Next, more 
calibrations were conducted based on the structure's overall behaviour to complete the 
development of the numerical model. Later, we utilized the input excitation of the shaking table 
test to perform a nonlinear time history (NLTH) analysis on the numerical model. The findings 
are summarized in the subsections below. 

4. Results and model verification with experimental data

4.1. Fundamental period verification 

Before starting the NLTH analysis, the fundamental periods (modal frequencies) were 
obtained using the classic linear eigenvalue analysis by discretizing the buildings with 
classical lumped masses models. Table 2 and Table 3 display the modal frequencies (Hz) 
corresponding to the numerical model for both directions, namely north-south (NS) and 
west-east (WE) directions (Figure 1). 

Table 2. Summary of modal frequencies (Hz) corresponding to the model per test (NS direction, Fig. 1d). 
Test No. 1 2 3 4 5 6 7 8 9 
Mode 1 7.12 7.12 7.12 6.56 6.17 5.74 5.65 5.04 4.50 
Mode 2 25.39 25.39 25.39 23.40 21.98 20.47 20.15 17.95 16.06 
Mode 3 53.91 53.91 53.91 49.71 46.69 43.47 42.79 38.12 34.10 
Mode 4 86.23 86.23 86.23 79.50 74.68 69.52 68.45 60.98 54.54 

Table 3. Summary of modal frequencies (Hz) corresponding to the model per test (WE direction, Fig. 1d) 
Test No. 1 2 3 4 5 6 7 8 9 
Mode 1 3.77 3.77 3.77 3.48 3.27 3.04 2.99 2.67 2.39 
Mode 2 8.11* 8.11* 8.11* 7.47* 7.02* 6.54* 6.43* 5.73* 5.13* 
Mode 3 12.14 12.14 12.14 11.19 10.51 9.79 9.64 8.58 7.68 
Mode 4 21.72 21.72 21.72 20.03 18.81 17.51 17.24 15.36 13.74 

*: the second mode in this direction is related to the torsion mode of the building. 
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Figure 4 displays the modal shapes of the building corresponding to the NS direction. 
Sketches from Figure 4 shows typical and expected behaviour. 

Fig. 4 – Modal shape of the numerical model corresponding to the NS direction 

Figure 5 demonstrates the comparison between the fundamental periods obtained from the 
experiment results and the ones obtained from the numerical model per test for both 
directions. 

Fig. 5 – Comparison between the fundamental periods obtained from different methods using the 
experiment results and the ones obtained from the numerical model per test for both directions 

As shown in Figure 5, there is a reasonable coherence between the numerical and 
experimental results in terms of fundamental period. It should be noted that only the results 
obtained from the numerical model for the west-east direction have been shown in Figure 5. 

4.2. Comparison of analysis results with the test data 

Numerical simulations were conducted using the FEM building model and, sequentially, the 
complete series of experimental input acceleration. As mentioned before, motions were 
scaled from 0.05g to 0.9g representing nine sequential tests from minor damage to near 
collapse states. In addition, the effect of cumulative damage in the numerical model was 
taken into account by reducing the moments of inertia of RC and URM walls for each test.  
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Since the main objective of future research is the near real-time seismic damage assessment 
paradigm with a dependency on damage levels experienced by the building, we established 
some performance indices for appraising each test. These indices were intended to quantify 
the analysis results. Three primary magnitudes were selected: 

 Drift ratio. The ratio between inter-storey displacement and storey height. This index 
provides information, for each storey, on the damage of structural members and 
walls. 

 Base shear force. Reports the demanding horizontal force on the foundation. 
 Acceleration. This index provides information on the damage to the non-structural 

components. The acceleration index was correlated to debris fall risk and other 
similar effects, such as out-of-plane failure of URM walls. 

Figure 6 and Figure 7 show two examples regarding the comparison of measured (Test 1 and 
Test 7) and calculated time-history results in terms of the top displacements (relative to the 
building base) and base shear force, respectively, for the NS loading direction. As mentioned 
above, relative displacements report structural damage (and to some types of non-structural 
damage, such as cracking of brittle elements), while the base shear were directly correlated 
to demanding horizontal force on the foundation.  

  

Fig. 6 – Measured and calculated time-history of the top displacement for NS loading direction a) Test 1, b) Test 7 

 

  
Fig. 7 – Measured and calculated time-history of the base shear forces for NS loading direction a) Test 1, b) Test 7 

 
The accuracy of the seismic responses of the numerical simulation was evaluated in Table 4 
based on normalized root-mean-square  error (NRMSE) (ranges between 0 and 1) of 
differences of measured and simulated results corresponding to the top displacement (δtop) 
response and base shear force (V).  
 
Table 4. NRMSE of the differences of measured and computed top displacement (δtop) and base shear force (V) 

Test 
Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 

δtop V δtop V δtop V δtop V δtop V δtop V δtop V δtop V 
NRMSE 0.15 0.1 0.18 0.23 0.2 0.27 0.18 0.08 0.17 0.09 0.13 0.11 0.12 0.07 0.15 0.1 
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From the data in Table 4, it is apparent that the numerical responses of the simulated model 
for each test match the experimental ones reasonably acceptable. It should be noted that 
strain rate effects in dynamic testing, damping ratio, coupling effects and modelling issues 
could influence the results.   

In the final part of the verification, as examples, the comparison between positive and 
negative envelopes derived from numerical simulation and experiment per test for NS 
loading direction is shown in Fig. 8. These values were normalized to the nominal PGA 
values corresponding to each test. In general, the plots of Figure 8 depicted an acceptable 
consistency between the results obtained from the numerical model and experiment. In more 
detail, Figure 8 shows that, for the low to medium reference intensity level (i.e., Test 1-Test 
4), the acceleration profiles corresponding to the experiment results and the numerical ones 
have almost similar shapes for positive and negative direction (NS loading direction). For 
larger intensity levels (i.e., Test 5-Test 8), the acceleration profile obtained from numerical 
simulation is relatively similar for the negative direction. However, the numerical results 
provide almost underestimated values for the positive direction. This consequence might be 
related to either input modelling parameters, coupling effects, strain rate effects in dynamic 
testing, analysis program capabilities, or a combination of these factors. However, it is 
impossible to isolate the source with the available data.  

Fig. 8 – Comparison between positive and negative acceleration envelopes derived from numerical 
simulation and experiment per test for NS loading direction 

5. Conclusions

The half-scale 4-storey reinforced concrete/unreinforced masonry building which had been 
tested in EUCENTRE laboratories was modelled in a fibre-based Finite Element program. 
An inelastic masonry frame element and inelastic force-based frame element were employed 
to describe the behaviour of the URM and RC walls, respectively, in an attempt to reproduce 
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the response of the tested building in which cumulative damage due to a repetitive series of 
ground motion inputs was imposed. The steps for calculating or selecting the parameters in 
the masonry frame element model are offered, together with a brief description of each 
parameter, providing basic information on the general employment of the masonry element. 
The obtained numerical results were compared to the experimental ones in terms of top 
displacement and base shear time-histories and acceleration profiles, exhibiting a 
satisfactory match.  
Thus, the preliminary results show typical and expected behaviour. This corroborates the 
accuracy and reliability of the used model. These results as well as the simulated model, will 
be employed in the study on vibration-based damage identification and evaluation of SHM-
PBEE integration procedure for a multi-story building subject to incremental seismic 
demand. 

Acknowledgements  

This study is supported by the European Union's Horizon 2020 research and innovation 
programme under grant agreement No 821046, project TURNkey (Towards more 
Earthquake-resilient Urban Societies through a Multi-sensor-based Information System 
enabling Earthquake Forecasting, Early Warning and Rapid Response actions).  

References  
 

Beyer K, Tondelli M, Petry S, Peloso S (2015) Dynamic testing of a four-storey building with reinforced 
concrete and unreinforced masonry walls: prediction, test results and data set. Bull Earthq Eng 13:3015–
3064. https://doi.org/10.1007/s10518-015-9752-z 

Chopra AK (2012) Dynamics of structures. Prentice Hall New Jersey 
Cremen G, Baker JW (2018) Quantifying the benefits of building instruments to FEMA P-58 rapid post-

earthquake damage and loss predictions. Eng Struct 176:243–253. 
https://doi.org/https://doi.org/10.1016/j.engstruct.2018.08.017 

Filippou FC, Popov EP, Bertero VV (1983) Effects of bond deterioration on hysteretic behavior of reinforced 
concrete joints. 137–147 

Ibarra LF, Medina RA, Krawinkler H (2005) Hysteretic models that incorporate strength and stiffness 
deterioration. Earthq Eng Struct Dyn 34:1489–1511. https://doi.org/10.1002/eqe.495 

Madas PJ (1993) Advanced modelling of composite frames subject to earthquake loading 
Mander JB, Priestley MJN, Park R (1988) Theoretical stress-strain model for confined concrete. J Struct Eng 

114:1804–1826 
Martínez-Rueda JE, Elnashai AS (1997) Confined concrete model under cyclic load. Mater Struct 30:139–147 
Menegotto M (1973) Method of analysis for cyclically loaded RC plane frames including changes in geometry 

and non-elastic behavior of elements under combined normal force and bending. In: Proc. of IABSE 
symposium on resistance and ultimate deformability of structures acted on by well defined repeated 
loads. pp 15–22 

Petry S, Beyer K (2014) Scaling unreinforced masonry for reduced-scale seismic testing. Bull Earthq Eng 
12:2557–2581. https://doi.org/10.1007/s10518-014-9605-1 

Petry S, Beyer K (2015) Cyclic Test Data of Six Unreinforced Masonry Walls with Different Boundary 
Conditions. Earthq Spectra 31:2459–2484. https://doi.org/10.1193/101513EQS269 

Porter K, Mitrani-Reiser J, Beck JL (2006) Near-real-time loss estimation for instrumented buildings. Struct 
Des Tall Spec Build 15:3–20. https://doi.org/https://doi.org/10.1002/tal.340 

SeismoSoft (2021) A computer program for static and dynamic nonlinear analysis of framed structures. 
Available from URL www.seismosoft.com  

Tubaldi E, Ozer E, Douglas J, Gehl P (2021) Examining the contribution of near real-time data for rapid seismic 
loss assessment of structures. Struct Heal Monit. https://doi.org/10.1177/1475921721996218 

698
3ECEES, September 2022, Bucharest, Romania



 

 

3rd EUROPEAN CONFERENCE ON  

EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

 

Seismic Response of R.C. Walls – Experimental Results versus Numerical 

Analysis 

Emir Hodžić - University of Sarajevo Faculty of Civil Engineering, Sarajevo, Bosnia and Herzegovina, e-

mail: emir_hodzic96@hotmail.com 

Senad Medić - University of Sarajevo Faculty of Civil Engineering, Sarajevo, Bosnia and Herzegovina, e-

mail: senad_medic@yahoo.com 

Mustafa Hrasnica - University of Sarajevo Faculty of Civil Engineering, Sarajevo, Bosnia and Herzegovina, 

e-mail: hrasnica@bih.net.ba 

Abstract: Experiments on scaled or even full-scale models of RC walls subjected to 

dynamic or cyclic static loading are a reliable way to examine the seismic behavior of the 

walls. A series of such experiments on scaled RC walls was performed at ETH-Zurich by 

Professor Bachmann and his research group. This study aims to numerically evaluate the 

influence of different reinforcement layouts on the load-bearing capacity and ductility of the 

slender RC walls. Three experimentally tested walls under in-plane static cyclic action were 

used to compare the results of numerical analysis by the finite element method. The walls 

were designed for different ductility classes according to EC 8. Two structural models were 

made using SAP2000nl. In the frame model, nonlinear behavior is localized in plastic 

hinges, using Takeda and Pivot hysteretic rules. Then the nonlinear layered shell model was 

applied using Mander’s definition of confined and unconfined concrete while reinforcement 

was assumed as hardening plasticity. Advanced numerical analysis on 2D models was 

performed using DIANA FEA adopting the smeared cracking approach. Concrete behavior 

was described with the total strain rotating crack constitutive law, while von Mises yield 

criterion defines the stress-strain relationship of embedded reinforcement. Relatively simple 

plastic hinge models require shorter calculation time predicting load-bearing capacity quite 

well. Shell layered model was mesh-dependent and extremely time-consuming, resulting in 

premature failure and energy dissipation mismatch with experimental results. Refined 

numerical models using powerful solvers in DIANA FEA proved to be the most successful 

regarding computational time and feasible mesh densities. Compared with test results, good 

agreement regarding dissipated energy, load-bearing capacity, and crack layout was 

obtained.  

Keywords: structural walls, earthquake, capacity design method, nonlinear analysis 

1. Introduction 

Reinforced concrete walls are a standard vertical bracing system for multi-story buildings 

in South-East and Middle Europe. Since the 1960s, they replaced masonry walls which 

represented traditional load-bearing structures for centuries. Generally, RC walls possess 

sufficient resistance to withstand earthquake loads and adequate stiffness to limit the 

horizontal floor drifts (Hrasnica (2012)). 

Some structural parts exhibit nonlinear behavior already by moderate earthquakes. The 

goal of the capacity design method, which is essential for all current seismic codes, is to 

attain a desirable plastic mechanism so that structures survive even major earthquakes 

without significant damage (Park and Paulay (1975)). Potential plastic regions within the 

structure are clearly defined and have to be designed and detailed carefully to ensure the 

required ductility of the structural system. Brittle failure modes must be avoided, such as 

shear failure or concrete crushing. Due to an earthquake, the energy introduced into the 
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structure should be dissipated mainly through flexure. Structural parts, which have to 

remain elastic and maintain structural integrity, are designed with additional capacity. 

Reinforced concrete walls, called structural walls or shear walls, can be designed to assure 

energy dissipation and reliable structural performance in the nonlinear range of the 

behavior. This is especially true for slender walls with a height to length ratio of h/l>2. 

Intended plastic regions within the structure are formed at the bases of the walls.  

Testing the reinforced concrete model walls subjected to dynamic or cyclic static loading is 

a reliable way to examine the performance of the walls exposed to an earthquake. The 

experimental investigation is followed by a sophisticated numerical analysis of the wall 

models. Complete research should yield beneficial conclusions for engineering and design 

praxis. A series of such experiments on scaled reinforced concrete walls were performed at 

ETH-Zürich by Prof. Bachmann and his research group (Dazio et al. (1995, 1999)). The 

specimens were designed according to the current seismic codes respecting the 

propositions and rules of the capacity design method. Tests results used in this paper are 

taken from the literature and were a motivation to perform numerical FE analysis of the 

same walls. The aim was to gain insight into the performance of the structural walls in the 

nonlinear range of the behavior. 

2. Experiments 

 

Fig. 1 - Real building (left) and scaled model (right), Dazio et al. (1995, 1999) 

 

 

Fig. 2 - Front view of the test set-up, Dazio et al. (1995, 1999) 

The six wall specimens WSH1 to WSH6 were tested under static-cyclic action simulating 

the lower half of a wall of a 6-story prototype building as shown in Fig. 1. The test set-up 

is shown in Fig 2. The wall footing is rigidly connected to the strong floor, and the wall is 
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laterally guided by low friction sliding bearings at the first and second floor levels. In 

reality, the seismic forces acting at the floor levels of the prototype building are distributed 

nearly triangularly with height. However, for testing purposes, the seismic forces are 

concentrated into a resultant Fk at one level near the top of the wall and simulated by a 

two-way acting hydraulic actuator (Fig. 2). 

Table 1. Mechanical properties of concrete 

Model WSH1 WSH3 WSH6 

Group 1-4 5-7 1-4 5-7 1-4 5-7 

Age [day] 59 48 192 178 227 216 

Density ρc [kg/m3] 
2397 

±28 

2399 

±22 

2381 

±18 

2373 

±15 

2383 

±22 

2384 

±8 

Cylinder compression strength f’c [MPa] 
45.0 

±2.1 

46.0 

±0.5 

39.2 

±2.2 

39.6 

±2.1 

45.6 

±0.3 

44.7 

±1.2 

Ultimate deformation ε’cu [‰] 
1.96 

±0.03 

2.10 

±0.17 

1.81 

±0.20 

2.04 

±0.26 

1.99 

±0.18 

2.02 

±0.13 

Elasticity modulus Ec [GPa] 
44.4 

±5.1 

41.4 

±5.5 

35.2 

±1.5 

36.2 

±3.8 

36.9 

±0.7 

38.0 

±0.3 

 

Table 2. Mechanical properties of reinforcement 

Ønom 

[mm] 

Rp0,2 

[MPa] 

Rm 

[MPa] 

Es,nom 

[GPa] 

fyi,stat 

[MPa] 

fti 

[MPa] 

Es,eff 

[GPa] 

12 
576.0 

±2.6 

674.9 

±1.8 

210.3 

±4.4 

542.2 

±3.6 

663.2 

±2.1 

206.6 

±4.2 

8 
583.7 

±5.5 

714.4 

±5.1 

219.5 

±2.3 

539.6 

±4.5 

689.7 

±4.7 

211.9 

±2.3 

6 
518.9 

±13.8 

558.7 

±6.7 

210.3 

±2.3 

501.6 

±13.3 

562.7 

±7.1 

211.8 

±2.4 

 

 

Fig. 3 - Front view of the test set-up, Dazio et al. (1995, 1999) 
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Tests on concrete and reinforcement were performed to determine the mechanical 

properties of the materials used in the experiment. The properties of concrete for three 

typical walls (WSH1, WSH3, WSH6) are provided in Table 1, and the properties of 

reinforcement are listed in Table 2 (Dazio et al. (1995, 1999)). 

The specimen dimensions were 2.00 m (horizontal wall-length lw) x 0.15 m (wall width bw) 

x 5.55 m (total height including footing). The vertical reinforcement in the web region 

consisted of bars with a diameter of either 6 mm or 8 mm and a horizontal spacing of 12.5 

cm or 14 cm. The horizontal web reinforcement consisted of bars Ø 6 mm with a vertical 

spacing of 15 cm (minimum reinforcement). In the boundary regions, six vertical bars had 

a larger diameter (Ø up to 12 mm) than the vertical bars in the web region. Except for wall 

WSH4, these bars were stabilized against buckling by additional closed ties and S-shaped 

ties with a diameter of 6 mm or 4.2 mm and a vertical spacing sh of 5 cm or 7.5 cm, acting 

also as confinement for the concrete compression zone (Fig. 3). 

The Fk-Δw force-displacement curves were determined for all the specimens separately. 

Besides this, wall deformations, formation of cracks, and crack width were monitored. An 

example of the force-displacement curve and crack formation from the experimental 

research can be observed in Fig. 4. 

 

Fig. 4 - Force-displacement curve (left), crack pattern (right) for Wall 6, Dazio et al. (1995, 1999)  

3. Numerical analysis 

Numerical modeling was first performed using SAP2000nl (plastic hinge concept in frame 

elements and nonlinear shell elements) and then employing DIANA FEA (regular plane 

stress elements) (CSI (2010), DIANA FEA (2016)). 

3.1. Numerical analysis in SAP2000 

Two models of RC walls were implemented in SAP2000nl (Hodžić (2019)). The first uses 

frame elements and plastic hinges, i.e., a beam element with the wall as a cantilever and a 

plastic hinge (link) element at the clamped end. The second modeling method was made 

with "Layered Shell" elements, i.e., a shell element made of "layers" of concrete and 

reinforcement. 

3.1.1. Plastic hinge model 

Takeda and Pivot models were used for modeling hysteretic behavior localized in the 

plastic hinge at the bottom of the cantilever (Takeda et al. (1970), Dowell et al. (1998)). 

For these models, the plastic hinge length was an essential value. First, the moment-

curvature relations were calculated, discretizing the section into fibers using the Section 
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designer subprogram. Mander confined, and unconfined concrete models were adopted 

(Mander et al. (1998)). The moment-curvature relationship had to be transformed into 

moment-rotation curves by multiplying the curvature with the length of the critical region, 

Ø = κꞏlp. The size of the critical region (plastic hinge) was determined by observing the 

formation of cracks from experimental tests as well as implementing the recommendations 

from the literature (Eurocode 8 (2005), Mattock (1965), Herbert et al. (1964)): 

- lp=lw, 

- lp = 0.5·d + 0.05·a, 

- lp = 0.25·d + 0.075·a 

where lp is the height of the plastic region, h is the height of the cross-section, d is the 

static height, and a is the distance between the zero point of the moment diagram and the 

support axis (critical section). For Wall 1, the plastic hinge length was 80 cm, which best 

agrees with the third recommendation and corresponds to less than a half wall length. As a 

comparison, it was found that the length of the critical region is equal to the beam depth for 

reinforced concrete beams investigated in Medić et al. (2018).  

For the Takeda model, aside from the moment-curvature relationship, no additional 

coefficients need to be provided for the definition of hysteretic behavior. Although the 

model is simple, it cannot describe the energy dissipation of reinforced concrete structures 

well. The pivot model offers more possibilities for describing structural behavior, 

including plasticity and damage. The basic hypothesis of plasticity models that the elastic 

response remains the same in loading and unloading is no longer valid if the elastic 

response is affected by inelastic deformation. This kind of phenomenon is indeed observed 

in loading/unloading cycles of brittle materials, such as concrete, where the inelastic 

behavior pertains to cracks which will also modify the elastic response in the unloading 

phase with respect to the elastic response of virgin material in loading (Ibrahimbegovic, 

(2009)).  

However, the choice of parameters is not simple, and they should be calibrated with 

respect to the experiment. Coefficients α and β that define the so-called pivot points and 

the shape of the curve in the Pivot model were calibrated iteratively using the experimental 

results. As an example, specific values for Wall 1 are α1= 1.6, α2=1.5, β1=0.5, and β2=0.7. 

It can be seen in Fig 5. that this model shows much better agreement. However, it is clear 

that without prior knowledge and analytical experience with similar structures, it is 

difficult to apply the Pivot hysteretic model for response prediction.  

 

 

 

Fig. 5 - Comparison of Fk-Δw diagrams for Wall 1 (Takeda and Pivot model)  
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3.1.2. Shell layered model 

Nonlinear analysis in SAP2000nl can be performed using shell layered elements (see Fig. 

6). Concrete and reinforcement layers were created based on the geometry provided in the 

experiment with two layers of reinforcement and one layer of concrete. The edge of the 

wall is modeled assuming confined concrete, while the inner part is modeled as unconfined 

concrete. Only the bottom portion of the wall with the height of the plastic region was 

modeled as a Shell Layered Nonlinear element, i.e., only that part of the wall was 

nonlinear. The rest of the wall was modeled using linear elastic thin shell elements. Such 

modeling reduces the computational time, while the differences in the results for the case 

of modeling the entire wall as nonlinear are negligible.  

 

Fig. 6 – Layered Shell element (CSI, (2010)). 

 

The wall was discretized with 20x20 cm finite elements. The analysis was very 

demanding, and it lasted about 24 hours for only four loading cycles. The shell layered 

model resulted in a different hysteretic response from the experimental (see Fig. 7). The 

initial stiffness is higher, and the unloading is purely plastic. Hence, stiffness degradation 

for cyclic loading is not captured.   

  

Fig. 7 - Comparison of Fk-Δw diagrams for Wall 1 (shell layered model). 
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3.2. Numerical analysis in DIANA FEA 

Advanced numerical modeling was performed using DIANA FEA (DIANA FEA, (2016)). 

Von Mises with isotropic hardening was assumed for embedded reinforcement. The 

constitutive model of concrete is based on the total strain, and it was developed along the 

lines of the Modified Compression Field Theory, initially proposed by Vecchio et al. 

(1986). Like the multidirectional fixed crack model, the total strain-based crack models 

follow a smeared approach for the fracture energy. Selby et al. (1993) proposed the three-

dimensional extension to this theory. The hypoelastic concept describes the stress as a 

function of the strain, with a modification that includes secant unloading. Stress and strain 

are coaxial, which means that the stress-strain relations are evaluated in the principal 

directions of the strain vector. There are two approaches regarding the crack model, which 

pertain to the calculation of stress-strain law in a fixed (fixed upon cracking) or a rotating 

(cracks can continuously rotate with the principal directions of the strain vector) coordinate 

system. The parameters of the model are given in Table 3 and Table 4. 

Table 3. Mechanical properties of concrete 

Material Unconfined concrete Confined concrete 

Elasticity modulus [N/mm2] 38000 38000 

Poisson coefficient 0.2 0.2 

Mass density [T/mm3] 2.384×10-9 2.384×10-9 

Crack orientation rotating rotating 

Tensile curve linear ultimate crack strain linear ultimate crack strain 

Tensile strength [N/mm2] 4 4 

Ultimate strain 0.0029 0.0029 

Compression behaviour fib Model for Concrete 2010 fib Model for Concrete 2010 

Compressive strength [N/mm2] 45 63 

Strain at ultimate stress 0.002 0.006 

Ultimate strain 0.0023 0.013 

Reduction model due to lateral cracking no reduction no reduction 

Confinement model no increase no increase 

 

Table 4. Mechanical properties of reinforcement 

Material Reinforcement Ø8 Reinforcement Ø12 

Elasticity modulus [N/mm
2
] 219500 210000 

Plastic hardening plastic strain-yield stress plastic strain-yield stress 

σ-ε diagram 0   583   0.124   715 0   550   0.108   675 

Hardening hypothesis  Strain hardening Strain hardening 

Hardening type Isotropic hardening Isotropic hardening 

 

The model of the reinforced concrete wall is schematically shown in Fig. 8. The 

numerically obtained hysteretic curve and comparison with the experimental results are 

given in Fig. 9. The cracking pattern for different stages is provided in Fig. 10, and the 

stresses in the reinforcement are shown in Fig. 11. 

It could be seen that the numerically obtained hysteretic curve fits very well with the 

experimentally obtained curve. One can conclude that the wall model in DIANA software 

could predict the seismic behavior of the reinforced concrete wall quite nicely. Further on, 

in Fig. 10, one can follow the gradual formation of cracks starting from the first short 

cracks at the bottom of the wall to the symmetrically formed cracks on both sides of the 

lower wall part. Cracks development corresponds to the increase of the imposed horizontal 

displacement at the top of the wall, and the displacements are developed up to 30 mm. It 

should be pointed out that the wall specimens are designed according to the rules and 
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recommendations of the capacity design methods. Hence, the ductile behavior of the wall, 

including energy dissipation, could be expected, as shown in Fig. 9.  

Fig. 8 - Numerical model of the test wall. 
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Fig. 9 - Comparison of response: experiment and FE model. 
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Fig. 10 - Cracking pattern for different stages of the loading program. 
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displacement Δ=2.03mm Δ=7.69 mm Δ= -1.78 mm 

Δ=-6.68 mm Δ=21.2  mm Δ= -19.9 mm 

Fig. 11 - Reinforcement stresses during cyclic loading for Wall 1. 

The comparison of FE models and the experimental research is shown in Table 5. 

Table 5. Agreement of experimental and numerical results 

Software SAP2000nl DIANAFEA 

Model 
Link – beam model 

Shell Layered Regular plane stress 
Takeda Pivot 

Initial stiffness good good reasonable reasonable 

Stiffness at the end of loading poor reasonable poor reasonable 

Loading capacity good good reasonable good 

Energy dissipation poor reasonable poor good 

Crack pattern - - - good 

4. Conclusions

Establishing an appropriate mathematical model for analyzing an engineering problem is 

based mainly on a sufficient understanding of the problem under consideration and a good 

knowledge of the finite element procedures available for solutions. This observation is 

particularly applicable in nonlinear analysis because the appropriate nonlinear kinematic 

formulations, material models, and solution strategies need to be selected.  

Accurate results using a beam model can be obtained if we use a Pivot model of hysteresis 

behavior for the link element. Using the coefficients that define the position of the 

characteristic points on the hysteresis diagram, the model can describe the behavior from 

the test very well. However, the key disadvantage is that such a model is not predictive. 

Namely, the mentioned coefficients of the model are determined solely by using items 

from the results of the experimental test itself. In engineering practice, these back-analysis 

results are what we are trying to get, and in this sense, this model is useless. The model can 

be helpful for structures where we expect similar behavior, and we have experimental test 

results for some of these structures. Generally speaking, a beam model can describe the 

load-bearing capacity of a structure, requires a short calculation time, is easily formed, and 

is nicely interpreted using the concept of stress resultants (sectional forces). Therefore, it 

can serve as a sound engineering basis for modeling these walls. The disadvantage of the 

model is the inability to perform more complex analyses and the inaccuracy of the results 
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regarding the decrease in stiffness and energy dissipation, and the difficulty in determining 

the height of the plastic joint. 

The more refined shell layered model includes different layers of confined and unconfined 

concrete and reinforcement. The shell model yielded poor stiffness and energy dissipation, 

omitting damage deformations entirely.  

In DIANA, numerical modeling was done with regular plane stress elements. The diversity 

of material modeling capabilities and the ease of defining the finite element mesh make it 

practical and useful for engineering tasks. The analysis was performed on models with 

different finite element dimensions (10x10cm, 20x20cm, 40x40cm, and 80x80cm). All 

calculations were completed using powerful solvers, and the longest (for Wall 6, 12 load 

cycles, about 2600 steps) was no longer than 120 minutes. Relatively simple models for 

concrete and reinforcement were selected, where it was necessary to define strength and 

deformation values without additional damage parameters. However, with this model, 

excellent agreement with the test results was achieved for the load capacity and the 

formation and propagation of cracks. The model showed good agreement on dissipated 

energy for Wall 6, while for Wall 1, there was some difference due to higher rigidity at 

unloading. Initial stiffness is the only parameter that does not have a nice matching with 

experimental tests, which might be due to the slight deformation of the footing in the 

experiment itself.  
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Abstract: The aim of this contribution is the assessment of vertical peak component 
acceleration demands of single-degree-of-freedom (SDOF) systems attached to an elastic 
eight-storey moment-resisting steel frame subjected to recorded ground motions. These 
demands correlate with the maximum strength demands of nonstructural components 
flexibly attached to the load-bearing structure. The results of this study show that the median 
vertical peak component acceleration can be up to five times larger than the corresponding 
peak floor acceleration of the connected node of the load-bearing structure for the numerical 
models used in this study. The most significant vertical accelerations of the SDOF system 
are found at the exterior column line if the frequency of the SDOF system is about the same 
as the fundamental vertical frequency of the load-bearing structure. The results of this 
contribution indicate that the vertical dynamic response of flexible nonstructural 
components should be considered and further investigated.  

Keywords: vertical acceleration, nonstructural component, floor response spectrum, seismic 
excitation 

1. Introduction

Knowledge in earthquake engineering has continuously increased but still the response 
behaviour of seismically excited buildings and its prediction are not yet fully understood. 
The last decades have shown that after strong earthquakes the load-bearing structures 
designed according to the latest provisions remained in general intact. In contrast many 
nonstructural components (NSCs) failed, even at moderate seismic events. NSCs are all 
parts of the building that do not belong to the supporting structure (i.e. suspended ceilings, 
façade elements, ...). They are considered an important part of the total seismic risk since 
damaged NSCs can leave the building inoperative (McKevitt et al., 1995, Filiatrault and 
Sullivan, 2014). Downtime after an earthquake cannot be accepted for lifeline buildings 
such as hospitals, for example. Further, up to 90% of economic losses after an earthquake 
can be ascribed to NSCs (Filiatrault and Christopoulos, 2001). Thus, it is well recognized 
in the engineering community that NSCs contribute considerably to the total seismic risk 
of a building (Miranda and Taghavi, 2009). 
Commonly, NSCs are classified as either acceleration-sensitive or drift-sensitive. The latter 
class, such as partition walls, are attached to the load-bearing structure at different fixed 
points. Therefore, damage is a result of excessive drifts between these attachment points. 
For acceleration-sensitive NSCs, the damage potential primarily results from the absolute 
acceleration (strength) demands imposed at their supports and/or attachment point(s) to the 
load-bearing structure. Thus, many methodologies have been developed to assess the 
seismic response of NSCs (Taghavi and Miranda, 2003), and various floor response 
spectrum (FRS) methods have been proposed, particularly for acceleration sensitive NSCs. 
An FRS represents the peak response of a single-degree-of-freedom (SDOF) system 
attached to a certain floor of a seismically excited load-bearing structure. For instance, 
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Gupta (1997) proposed a transfer function for NSCs to compute FRS directly from an 
acceleration series for elastic structures. Anajafi et al. (2021) studied the acceleration 
response of instrumented buildings to assess the accuracy of FRS spectra obtained through 
numerical simulations and to evaluate the impact of the viscous damping ratio on NSCs. 
Further, the studies of Medina (2013), Pozzi and Der Kiureghian (2015) and Moschen et 
al. (2016a) proposed modal combination rules for the assessment of the horizontal peak 
floor acceleration demand in elastic structures. 
The previously mentioned studies deal with the assessment of the horizontal acceleration 
response only, while the vertical component is often neglected because it is assumed that 
buildings behave practically rigidly in vertical direction. On the contrary to this widespread 
assumption, recent studies have shown that even with regular structures the vertical 
acceleration demand should not be neglected (Moschen et al., 2016b; Francis et al., 2017; 
Assi et al., 2017; Gremer et al., 2019). This contribution focuses on acceleration sensitive 
NSCs and aims to examine the vertical acceleration response of flexible NSCs attached to 
the load-bearing structure at different locations. 
This paper is structured as follows. After a short description of the utilized ground motion 
set, which serves as excitation for the response history analyses, the modelling of the 
considered regular steel frame structure is explained. Subsequently, the vertical 
acceleration response of SDOF systems attached to the frame structure is presented in 
terms of floor response spectra. The response of different attachment points and a coupled 
and decoupled modelling strategy is shown and discussed. 

2. Ground motion record set

The results of response history analyses, where both the vertical and horizontal 
components of the earthquake records simultaneously excite the considered frame model 
are based on the 90 earthquake records of the so-called vertical ground motion (VGM) 
record set. It was assembled in Moschen et al. (2016b) with focus on the characteristics of 
the vertical component of ground motions and was also used in Gremer et al. (2019), 
where the ground motion set is explained in detail.  

(a) (b) 

Fig. 1 – Response spectrum of the utilized vertical ground motion set (Gremer et al., 2019) 

This record set is particularly suitable for estimating the vertical seismic response for 
structures whose vertical fundamental frequency (f1,v) is in the range 
3.33 Hz ≤ f1,v ≤ 40 Hz. The vertical fundamental frequency of the considered frame model 
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falls within this frequency range. Figure 1 shows the response spectra of the horizontal and 
vertical ground motion components, where thin grey lines denote the response spectrum of 
a single record and bold blue lines refer to the statistical measures (median, 16th percentile, 
84th percentile). The solid black line in Figure 1 (b) shows the target spectrum, i.e., the 
normalized vertical NEHRP-response spectrum (FEMA P-1050-1, 2015). 

3. Frame models 

The analyses of this study are conducted on an eight-storey frame structure based on the 
FEMA P-695 archetype (FEMA P-695, 2009). The structural properties are adopted from 
the steel-moment resisting frames proposed as part of NIST GCR 10-917-8 (2010), which 
are designed in accordance with AISC 358-05 (2005), AISC 341-05 (2005) and 
ASCE/SEI 7-05 (2006). The model design is based on the response spectrum analysis 
approach considering the maximum spectral acceleration Dmax (NIST GCR 10-917-8, 
2010). The structure is modelled in OpenSees (McKenna et al. 2014), where material 
behaviour is assumed to be linearly elastic. First the geometry of the load-bearing structure 
is discussed. The first storey has a height of h1 = 4.57 m, whereas all other storeys have a 
height of hs = 3.96 m and all three bays have a width of b = 6.10 m. Each storey of the 
frame has a dead load of 4.31 kN/m2, a cladding load of 1.20 kN/m2, and a floor live load 
of 2.40 kN/m2, except for the roof in which the roof live load is 0.96 kN/m2. The structural 
mass of the model consists of 105% of the design dead loads and 25% of the live loads. 
For direct load transfer to the frame structure, the tributary area is 28.6% of the tributary 
area for the total storey mass (see Figure 2 (a)). That is, 28.6% of the total storey mass is 
allocated directly to the nodes of the frame in terms of lumped masses (blue area). The 
remaining 71.4% of the total mass (green area) is assigned to leaning columns on both 
sides of the frame at a given level to attain a symmetric frame structure. The seismic active 
mass is assigned to nodes along the beams and to nodes at the beam-column connections, 
as depicted in Figure 2 (b). The seismic active mass of each node is assigned to two 
translational degrees-of-freedom (DOFs), i.e. in the horizontal and in the vertical direction. 
No DOF is slaved, thus, resulting in 208 DOFs for the load-bearing structure. The lumped 
masses at the exterior beam-column nodes are larger compared to nodes along the beams 
because of a larger corresponding tributary area. Since all beam nodes have the same 
tributary area, the corresponding lumped masses have storey-wise the same value. The 
beam and column elements are defined as elastic Euler-Bernoulli beam elements. The 
cross section and the moment of inertia for the beam and column elements are taken from 
NIST GCR 10-917-8 (2010) and the Young’s modulus of steel E = 2×1011 N/m2 is used. 
Panel zones are neglected, whereas reduced beam sections (RBS) are considered. 
Therefore, each floor consists of beam elements that extend between the nodes of the RBS, 
and beam elements that connect the RBS to the column lines. Linear elastic rotational 
springs are located between the beam elements to model the structural behaviour of the 
RBS (Appendix B of Ibarra and Krawinkler (2005)). This yields a fundamental horizontal 
frequency of f1,h = 0.41 Hz and a fundamental vertical frequency of f1,v = 5.88 Hz. Further 
information on the structural and modal parameters of this frame model are discussed in 
detail in Gremer et al. (2019).  
To model a nonstructural component, the elastic spring of an SDOF system is connected to 
the load-bearing structure. The mass of the SDOF system is assigned a value of 
mSDOF,i =0.001×mstorey,i where mstorey,i denotes the storey mass of the i-th storey based on 
Lima and Martinelli (2019). The spring stiffness kn depends on the desired frequency fn of 
the SDOF system and is determined by kn = mSDOF,i ×fn×4p2. For this investigation, a 
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frequency range from 0.1 Hz to 30.0 Hz is investigated. The nonstructural component 
exhibits only one DOF in vertical direction, while the horizontal DOF is constrained to the 
horizontal response of the connection node of the load-bearing structure. Figure 2 (b) 
shows the left half of the symmetric eight-storey frame model with an SDOF system 
exemplary attached to the node of the exterior column line on the top floor (node “A8”). 
This model is herein referred to as coupled model. Further an uncoupled modelling strategy 
is used to decrease the computational costs. For the so-called uncoupled model, the vertical 
acceleration response of the load-bearing structure is computed without an attached SDOF 
system. Subsequently the acceleration responses of the nodes of the load-bearing structure 
serve as excitation for the SDOF system. The investigated locations of the SDOF systems 
in the load-bearing structure are nodes at each floor along the vertical axes A-A, B-B, C-C 
and D-D (Figure 2 (b)). Modal damping with a constant damping ratio of 0.05 for all 
modes is applied for all investigated models. 

  
(a)       (b) 

Fig. 2 – (a) Horizontal section of the frame building (modified from NIST GCR 10-917-8 (2010)) and 
(b) half of the coupled eight-storey frame model with an SDOF system attached to node “A8” (modified from 

Gremer et al. (2019)) 

4. Results and discussion 

Response history analyses are performed to estimate the vertical peak component 
acceleration demands (referred to as PCAv) of the SDOF system attached to the eight-
storey frame model. The analyses are conducted in OpenSees (McKenna et al. 2014) by 
imposing simultaneously the horizontal and vertical ground motion components of the 
considered VGM record set. First, the PCAv of the coupled model is shown in terms of 
floor response spectra for selected attachment points excited only with ground motion 
record “RSN 1000” of the PEER NGA database (PEER, 2010). Subsequently, the PCAv 
and the time histories of the coupled and uncoupled model are compared. Finally, the PCAv 
for selected nodes and all records of the VGM record set are discussed for the uncoupled 
model. The natural frequency of the SDOF system is varied in the range of 0.1 Hz to 
30.0 Hz with an increment of 0.5 Hz. For higher frequencies the response of the SDOF 
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system is almost identical to the response of the connected node of the load-bearing 
structure. The outcome of the response history analyses has been evaluated at all nodes, but 
only the results of the left half are shown and discussed because the frame structure and the 
response are symmetric. 

4.1. Response of the coupled system 

In the following, the response of the coupled model resulting from the excitation of the 
horizontal and vertical component of the scaled ground motion record “RSN 1000” of the 
PEER NGA database (PEER, 2010) is examined. Figure 3 shows the PCAv of the SDOF 
system attached to the nodes of the exterior column line (axis A-A in Figure 2) presented 
by solid lines and of the SDOF system attached to the central nodes of the second bay (axis 
D-D in Figure 2) represented by dashed lines. Black lines depict the response of the first 
storey, blue lines of the fourth storey and red lines of the eighth storey. The horizontal and 
vertical fundamental frequencies ( f1,h and f1,v) and the frequency at which the sum of the 
vertical effective modal masses exceeds 95% of the total mass ( f95%,v = 18.29 Hz) of the 
load-bearing structure are highlighted by vertical grey dashed lines. 
The floor response spectra in Figure 3 show that the acceleration response of the SDOF 
system is larger if it is attached to nodes of higher storeys. This can be attributed to the 
fact, that the vertical acceleration response of the load-bearing structure increases with the 
height of the structure. The maximum PCAv with a value of 25.12 m/s2 is achieved when 
the SDOF system with the natural frequency of fSDOF = 6 Hz is connected to node “A8” 
(node of the exterior column line at the top floor). This PCAv is about five times larger than 
the peak floor acceleration of the connected node. The nodes of the exterior column line 
exhibit their maximum value if the frequency of the SDOF system is near the vertical 
fundamental frequency of the load bearing structure. If the SDOF system is attached to the 
central node of the load bearing structure (axis D-D), the maximum acceleration is 
obtained at a higher frequency.  

 
Fig. 3 – Vertical peak component acceleration of nodes “A1SDOF”, “A4SDOF”, “A8SDOF” and “D1SDOF”, 

“D4SDOF”, “D8SDOF” for the coupled model subjected to the record “RSN 1000” 

4.2. Comparison of the coupled and uncoupled response 

As an example, the response of the coupled model discussed in section 4.1. is compared to 
the response of the uncoupled model for node “A8SDOF”. For this purpose, in Figure 4 (a) 
the floor response spectra of this node are compared for both models that were subjected to 
record “RSN 1000”. The response of the coupled model is shown by a red dashed line 

A1SDOF D1SDOF

A4SDOF D4SDOF

A8SDOF D8SDOF
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while the response of the uncoupled model is depicted by a solid blue line. The figure 
shows that both lines are identical. To substantiate this insight, Figure 4 (b) compares the 
time histories of the vertical acceleration of both models for an SDOF system with 
frequency fSDOF = 6 Hz, where the maximum response to record “RSN 1000” is attained. 
As observed, the acceleration response of both models, the coupled and uncoupled model, 
are also identical. Thus, it can be concluded that the SDOF system is decoupled from the 
load-bearing structure, and it is possible to compute the PCAv for all records with the less 
computationally expensive uncoupled model. 

(a)      (b) 

Fig. 4 – (a) Vertical peak component acceleration and (b) time histories of the vertical acceleration of node 
“A8SDOF” for the coupled and uncoupled model subjected to the record “RSN 1000” 

4.3. Response of the uncoupled system 

Subsequently the response of the uncoupled model resulting from the horizontal and 
vertical components of the VGM record set is examined. Therefore, response history 
analyses are conducted on the load-bearing structure, and the vertical acceleration response 
of the frame nodes serve as excitation for the response history analyses of the considered 
SDOF systems. Figure 5 shows the PCAv of the SDOF system attached to node “A8” 
depicted in Figure 2. Thin grey lines refer to the response to the individual records, 
whereas bold blue lines represent the statistical response measures (median, 
16th percentile, 84th percentile). The horizontal and vertical fundamental frequencies ( f1,h 
and f1,v) and the frequency at which the sum of the vertical effective modal masses exceeds 
95% of the total mass ( f95%,v) of the load-bearing structure are highlighted by vertical 
dashed lines.  

Fig. 5 –Vertical peak component acceleration of node “A8SDOF” for the uncoupled model subjected to the 
VGM record set 

coupled model uncoupled model

median
16th; 84th percentile
single record
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Figure 5 supports the previously discussed results. The maximum median PCAv with a 
value of 63.3 m/s2 is observed for the SDOF system with the frequency of fSDOF = 6.0 Hz, 
which is near the fundamental vertical frequency of the load-bearing structure. Compared 
to the response of record “RSN 1000”, the median acceleration response of the record set 
shows larger values, but the curves are qualitatively similar. 
Figure 6 depicts the median PCAv response of the SDOF systems attached to nodes of the 
top floor where the largest accelerations are observed. These floor response spectra are 
representative for all floors, whose responses are not shown herein. Solid lines present the 
response of the column lines (axis A-A and C-C), while dashed lines illustrate the response 
of the nodes in the centre of the beams (axis B-B and axis D-D). The left bay is depicted by 
red lines and the second bay by black lines. Figure 6 demonstrates that the maximum 
median PCAv of the left bay (nodes “A8SDOF” and “B8SDOF”) is observed at a frequency of 
fSDOF = 6.0 Hz, and the maximum of the second bay (node “D8SDOF”) at a frequency of 
16.0 Hz. The median PCAv of the SDOF system attached to the node of the exterior 
column line (axis A-A) is about five times larger than the median peak floor acceleration 
of the connected node of the load-bearing structure. For the SDOF system attached to the 
central node of the structure (axis D-D), the median PCAv is about three times larger than 
the median peak floor acceleration of the attached node of the load-bearing structure. 

 
Fig. 6 –Median vertical peak component acceleration of the SDOF system attached to nodes of the top floor 

using the uncoupled model subjected to the VGM record set 

5. Conclusions 

Recent studies have shown that in earthquake excited elastic steel structures, the vertical 
acceleration demand along the height is not negligible, which contradicts the common 
assumption that the vertical acceleration demand is constant along the height of a structure. 
However, these studies focus on the vertical peak floor acceleration demand and thus on 
rigid nonstructural components. This contribution studies the response of flexible 
nonstructural components. The outcome of the study presented herein show that the 
median vertical acceleration demand of a single-degree-of-freedom (SDOF) nonstructural 
component attached to an eight-storey steel frame can be up to five times larger than the 
acceleration response of the connected node of the load-bearing structure. It is further 
shown that the acceleration response of the SDOF system is decoupled from the 
acceleration response of the frame structure when the mass of the SDOF system is one 
thousandth of the storey mass. Important issues to be further investigated include the 
investigation of different frame models and the impact of nonlinear material behaviour on 
the peak component acceleration. 
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Abstract: This paper deals with the principles of calculating the axial force in a section of concrete 
pile, in a seismic situation. It is shown that the calculation of the axial force must be carried out in two 
phases, a static phase where a long-term concrete deformation modulus is used, then a seismic phase 
where an instantaneous modulus is used. In both phases, the calculation method uses a triply iterative 
algorithm, and an elastoplastic model for the behavior of the pile-soil interface (Frank & Zhao model). 

It is also shown that, in order to be on the safety side, it is necessary to make these calculations using 
a value of the soil-pile friction increased in relation to the values used to calculate the pile bearing 
capacity. We propose to multiply these values by a coefficient of 1.5, based on the analysis of 
experimental data. This coefficient might be adapted to the method of calculation of skin friction. 

Numerical examples show that the calculation error, if the calculations were made using the same 
concrete modulus for static and seismic loadings, can range from 10% to more than 100% depending 
on the cases studied. It is also shown that in certain cases, tensile stresses can occur in piles at great 
depth, even if the pile head remains subject to compression. Finally, for preliminary design, the 
suitability and limitations of the use of a simplified one-phase method are discussed. 

Keywords: concrete pile, seismic calculation, limit skin friction, increasing factor, axial force, two-
steps method, elastoplastic model, calculation algorithm.  

1. Introduction

Seismic calculations lead to mechanical efforts applied to the piles. Bending moment and 
shear force can be calculated in any pile section taking into account inertial and kinematic 
interactions. However, axial force P is calculated only at the head of the pile. A part of the 
pile vertical load is transmitted to the ground by skin friction, therefore the load in the pile 
decreases with depth. Compressive axial force plays a favorable role in the assessment of 
the resistance of a pile section, hence the estimation of the axial force in the pile, at the depth 
of the section studied, must be made rigorously so that the evaluation be valid. 

Models allowing to calculate pile 
settlement can be used also to calculate the 
evolution of the axial force in the pile. The 
load transfer method, relating skin friction 
and pile movement, was proposed by 
Coyle & Reese (1966), using experimental 
data from field tests and laboratory tests 
on model piles. Some load transfer curves 
(also called t-z curves) were developed by 
Seed & Reese (1957), Reese et al. (1969) 
and others, as recalled in Poulos & Davis 
(1980). Many authors subsequently 
proposed various curves for load-transfer, 
including Frank & Zhao (1982), Hirayama 
(1990) and Fleming (1992). 

Fig. 1: Load vs depth curves from pile load test 
(From Bowles 1996, after Coyle & Reese 1966).
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2. Principle of calculating axial force in a pile section in seismic situations

2.1.Modulus of elasticity of concrete

Settlement calculations involve Ec the modulus of elasticity of concrete. Long-term forces 
produce creep, and the settlement they generate must be calculated using long-term concrete 
modulus ELT, which is approx. one third of its instantaneous modulus Ei. This applies for 
permanent loads and a part of live loads. Short-term forces, such as seismic forces, do not 
involve creep and corresponding settlements must therefore be calculated using Ei modulus. 

2.2. Calculation method for axial force 
To calculate axial force, we adopt the following method (cf.Fig.2), whose algorithm involves 
three interlocking iterative processes, and was implemented in our “PSFC” program. 

Fig. 2: Soil-pile model for axial force calculation 

The pile is divided into thin slices; 
settlement w and axial force F are 
calculated iteratively on the slices, 
from the tip to pile head. A load 
transfer curve allows to determine 
point resistance, then skin friction at 

each slice, as a function of 
settlement. The resulting force from 
skin friction for a slice is added to the 
axial force at the top of the previous 
slice, which allows to calculate 
forces up to head force FN+1. Another 
iterations loop is performed so that 
FN+1 be equal to the given force P. 

Assuming that a slice (n) is 
sufficiently thin so that the variation 
of stress and strain can be considered 
linear on the height of the slice, and 
that skin friction ��,� is constant on 
the slice height hn, we have the 
following equations (1) to (6) for the 
slices (n) and (n+1). These equations 
allow to determine, by an iterative 
process, axial force and settlement 
(Fn+1, wn+1) knowing (Fn, wn). The 
function �� = �(��) represents the 
load transfer curve: equations (7) to 
(9) of Frank & Zhao model (cf. §2.3).
The pile is assumed elastic, D is its
diameter, S its section area, Ec the
modulus of elasticity of concrete.

��,� =
�������

�
 ��,� = ����,�� ���� = �� + ��,� . (��ℎ) (1)(2)(3) 

��,� =
�������

�
 ∆ℎ� = ℎ� .

��,�

�.��
 ���� = �� + ∆ℎ� (4)(5)(6) 

Initialization and incrementation of processes 1, 2, 3: 1) Process 2 is started with a value of 
w1; it results by iteration on the slices at a value of FN+1. 2) Process 1 increments w1 until 
FN+1 = P. Starting with a small value of w1, a new w'1 is chosen at each calculation stage: 

��
� = ��.

�

����
. 3) Process 3 must be started with a value of ��,� (or  ����). We choose as 

initial value ��,� = ��; this allows through equations 1 to 6, to calculate a value of ����, 
then a value of ����, which in turn allows to define a new value ��,�

� , then to calculate a 
new value ����

� , and so on until |����
� − ����| < � (� : the defined calculation precision). 
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2.3. Frank & Zhao model  

For the load transfer curve, we use Frank & Zhao model (1982), recommended by French 
standard NF P 94-262 (2012). It considers that the mobilization of forces at the soil-pile 
interface, in point or in friction, follows an elastoplastic behavior. Model details are given 
in Fig.3, Equations 7/7b to 9/9b, and Table 1, with: ks, kb: initial slopes of the curves, fs: 
skin friction, fb: point resistance, ws, wb: settlement, qs: limit value for skin friction (per 
soil layer), qb: limit value for point resistance, ws1 and wb1: settlement values for fs=qs/2 
and fb=qb/2, ws2 and wb2: settlement values when fs reaches qs or fb reaches qb

Figure 3: Skin friction and point resistance mobilization curves - Frank & Zhao model (1982) 

Skin friction fs

For fs ≤ qs/2: �� = ��. �� (7)

For qs/2 ≤  fs ≤ qs: �� −
��

�
 =

��

�
. (�� − ���) (8)

For �� ≥ ���: �� = �� (9) 

Point resistance fb

For fb ≤ qb/2: �� = �� . �� (7b) 

For qb/2≤ fb ≤ qb: �� −
��

�
 =

��

�
. (�� − ���) (8b)

For �� ≥ ���: �� = �� (9b) 

Table 1: Parameters ks and kb according to soil 
types 

Parameter 1: Fine soils 
and soft 

rocks

2: Granular 
soils 

ks 2 EM / D 0.8 EM /D 

kb 11 EM / D 4.8 EM /D 

EM: pressuremeter modulus of soil (per soil layer) 
D: pile diameter 

2.4. Two-steps calculation method  

The calculation principle for axial force in a pile section, in a seismic context, is as follows: 

- first, make a static calculation using ELT, under the effect of permanent loads and a part of
live loads. The resulting axial force and settlement in each section will be taken as the initial
state for seismic calculation.

- then, make a seismic incremental calculation, using Ei, under the effect of the earthquake,
which will give incremental axial force and settlement in each pile section; however, the
elastoplastic criterion of Frank & Zhao model must be verified in total stresses and total
settlement.

Since the building is subject to rocking under the effect of the earthquake, we must 
distinguish between the case of a downward seismic incremental force, which corresponds 
to an increase in the absolute value of the axial force at the head of the pile, and the case of 
an upward seismic incremental force, which corresponds to a decrease in the absolute value 
of the axial force at the head of the pile (or even its cancellation or putting the pile in tension).  

Indeed, in the first case, it is enough to check the elastoplastic criterion of Frank & Zhao 
model by adding the two forces, while the second case corresponds to an unloading, which 
will then have to lead to a decrease in the skin friction and point resistance, calculated with 
the initial slope of the model. 
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If the calculated skin friction decrease exceeds the value of skin friction mobilized under 
static loads, then a remobilization of skin friction occurs, in the opposite direction (cf. Fig. 
4). This can result in some sections of the pile being in tension, even if the total axial force 
at the pile head remains compressive. The case of point resistance is similar, but if the 
calculated decrease in point resistance exceeds the value mobilized under static loads, then 
the point resistance cancels out and there is no mobilization of a force in the opposite 
direction, due to the detachment between the pile tip and the ground. Residual settlement 
might occur along the pile due to the non-symmetry of loading and unloading operations, 
when the static loading results in mobilizing the plasticity of the soil for skin friction in some 
pile slices, or the plasticity criterion at the pile tip. 

Figure 4: Unloading – Case of skin friction and case of point resistance 

3. Limit skin friction values for axial force calculations

3.1. Role of the mobilization of skin friction in axial force

As we have indicated, compressive axial force plays a favorable role in the assessment of a 
pile section resistance to earthquake effects, hence its estimation must be made rigorously 
so that the evaluation be valid. However, the calculation of the axial force in each section 
depends directly on the mobilization of the skin friction, which itself depends on the value 
of the limit skin friction in each soil layer.

But the limit skin friction values defined in the regulations according to soil types and pile 
types are intended for the calculation of the bearing capacity of the pile; the safety 
requirement in this calculation of bearing capacity therefore requires that these values have 
been minimized. Thus, the actual skin friction values are higher than the regulatory values 
intended for bearing capacity calculations. 

For our analysis, the safety imperative requires, on the contrary, that we consider maximum 
values of the limit skin friction, so that the axial compressive force resulting in each pile 
section be minimized.  

This is directly true for the static case, as well as for the downward seismic case. This is also 
true for the upward seismic case because the unloading is done starting from the axial force 
values in the considered pile section, reached by the static loading.  

We can add that an underestimation of skin friction at a pile section will result in an 
overestimation of the compression axial force in all sections at a greater depth. Thus, if, for 
example, the upper soil layers are of low mechanical quality, and are not or are little taken 
into account in the bearing capacity calculation (which is often the case), neglecting them 
in the calculation of the axial force in pile sections, will lead to an overestimation of the 
axial force in all sections located at a greater depth, while these sections may be subject to 
significant bending moment and shear due to kinematic interaction. 
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We therefore recommend, for the calculation of the compression axial force for the 
assessment of pile sections resistance, to consider values of limit skin friction by soil type, 
��, increased compared to the values intended for bearing capacity calculations, ��

�  , by a 
factor of 1.5. 

�� = 1.5 ��
� (10) 

3.2. Justification for the factor 1.5 

3.2.1. Load tests skin friction results 

The data used by Frank & Zhao (1982) is based on the results of pile load tests analyzed by 
Bustamante & Gianeselli (1981) – 186 static load tests carried on 88 foundations of various 
technologies, on 43 sites, and involving various soils (clays, silts, marls, soft rock, sands, 
gravel and altered rock). In a majority of cases, load tests were conducted up to failure. 

Figure 5: Results of pile load tests – abacuses Abis to C (from Bustamante & Gianeselli, 1981) 

Bustamante & Gianeselli abacuses for limit skin friction were used in French regulation 
DTU 13.2 (1992) and are close to other regulation abacuses for piles bearing capacity 
(Fascicule 62 titre V, 1993), as detailed by Combarieu (1999), while other regulations (NF 
P 94-262, 2012) follow a similar pattern (with also additional tests results). Thus, the analysis 
of Bustamante & Gianeselli load tests results can constitute a valid basis for comparing the 
regulatory values of limit skin friction with the actual measured values. 

The 7 abacuses included 178 measured limit skin friction values, at 24 sites, through 64 pile 
load tests. Abis, A, B, C and D abacuses were recommended for clay, silt, marl, soft rock, 
sand and gravel soils; abacuses E and F for compact marls and rock. In Fig.5, 4 of the 7 
abacuses are reproduced. 

3.2.2. Analysis of actual �� measurements 

For the 7 abacuses, and for each measured value of limit skin friction, we reported the 
corresponding value deduced from the abacus (named "calculated value"). We then 
calculated the ratio: measured value / calculated value. We obtain the statistical distribution 
in Fig.6, for which: mean: m = 1.09, standard deviation: � = 0.43. The factor of 1.5 that we 
recommend is exceeded by 13.5% of the measured values. A factor of 2 would have been 
exceeded by 2.3% of the measured values.  
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Figure 6: Ratio measured qs/calculated qs

Assuming that this distribution is Gaussian, which is consistent given the large number of 
measurements and the diversity of cases, the value of 1.5 corresponds to (� + 1�) and 
would have a probability of exceedance of about 16%. The value of 2 corresponds to       
(� + 2.1�) and would have a probability of exceedance of about 2%. These theoretical 
percentages are consistent with the percentages calculated from the actual statistical 
distribution. We can thus generalize these conclusions. 

Further analysis shows that 102 measured values (57%) are above the calculated value, while 
76 values (43%) are below. In addition, curves D, E and F have 21 values (out of a total of 
39) where the limit skin friction had not been reached, which means that the above
proportions, mean value and probabilities of exceedance are underestimated. Other
complementary analyses, with the curves Abis to D, corresponding to soft soil and soft rocks
alone, and also with curves Abis, A, B, C alone, lead to conclusions that are much the same.
For this latter case, which has no value where the limit friction had not been reached, the
proportion of measured values greater than the calculated value is 59%.

3.3. Concluding remarks 

- We can conclude that, for the calculation of the axial force in a pile section in seismic
situations, the adoption of an increasing factor, relative to the values of maximum skin
friction intended for bearing capacity calculations, is necessary to estimate the axial force in
a sufficiently safe manner, as these values may be exceeded by the actual values, in almost
60% of cases, in the panel that we have analyzed and which is sufficiently representative.

- We recommend to adopt an increasing factor of 1.5, which would reduce the probability of
exceedance to about 16% – a factor of 2 would reduce this probability to about 2%.

- It goes without saying that this recommendation cannot in any case be applied to the
calculation of the bearing capacity of piles.

- The upper soft soil layers that would have been neglected in bearing capacity calculations
must be taken into account in axial force calculations.

- The analysis of additional load tests, and other regulations than those considered, might
eventually lead to a modified value of the increasing factor, but the general philosophy would
not be affected. For other methods of determination of skin friction for bearing capacity
calculations, the increasing factor value might be adapted to the method of determination.

4. Numerical examples

In the following, we give examples of calculating the axial force in a concrete pile, for the 
downward seismic case and the upward seismic case. Circular piles with a length of 30 m 
and diameter D are considered. Soil profile is given in Table 2. 
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At the head of the pile, an axial static force is noted Nstat, and an axial seismic incremental 
force Ns. 4 cases are studied: Case 1: D = 0.8 m; Nstat = 2500 kN, Ns = 1000 kN; Case 2: D 
= 0.9 m; Nstat = 2950 kN, Ns = 1250 kN; Case 3: D = 0.8 m; Nstat = 2500 kN, Ns = -1000 kN; 
Case 4: D = 0.9 m; Nstat = 2950 kN, Ns = -1250 kN; positive axial force is a compression. 

For each case, we calculate N25, the value of the axial force in the section at -25 m (above 
the marl layer), which would undergo significant bending moment and shear force due to the 
ground deformation under the effect of the earthquake (kinematic interaction). 

Table 2: Soil profile A 
Layer 

No
Description Thickness 

(m) 
��
�

(kPa)
pl 

(MPa) 
EM

(MPa) 
Soil 

Type (*) 

1 Soft Clay 1 7.5 20 0.5 5 1
2 Medium dense Sand 5 80 1 10 2 
3 Soft Clay 2 12.5 30 0.7 7 1
4 Marl > 5 150 2.1 30 1

��
� : Limit skin friction (for bearing capacity calculations) 
EM: Pressuremeter Modulus 
pl: Pressuremeter Limit Pressure 
(*) Soil Type for Frank & Zhao Model 

4.1. Influence of the value of  ��

We consider the cases �� = ��
�  and �� = 1.5 ��

�  . The results are in Table 3. For the case �� =
��
� , the axial force (at -25 m) is increased by 19% to 24% in the downward case, and by 57% 
to 74% in the upward case. This calculation illustrates how a minimized value of �� leads to 
overestimate the axial force, as explained in §3.1, which would not be safe.  

Figures 7 and 8 show axial force and settlement vs depth for D = 0.9 m (case  �� = 1.5 ��
�). 

Table 3: Influence of qs on the axial force at -25 m 
D (m) Downward: 

N25 (kN)
Upward: 
N25 (kN)

Case �� = ��
� 0.8 1672 592 

Case �� = 1.5��
� 0.8 1352 341 

Case �� = ��
� 0.9 2131 733 

Case �� = 1.5��
� 0.9 1798 467 

Figures 7 and 8: Downward case: Axial force and settlement vs depth (Pile diameter: 0.9 m) 

4.2. Influence of concrete modulus 

We compare the results of the 2-steps calculation using concrete modules ELT for static loads, 
and then Ei for seismic loads, with a calculation using the same modulus for static and 
seismic loads: only Ei or only ELT. The use of an "intermediate" modulus Emid was also 
studied. In all cases we took �� = 1.5 ��

� . The results are in Table 4. 
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Note: For the case of the downward seismic force, calculations using the same modulus for 
static and seismic loads can be performed in a single step by imposing at the head of the pile 
a load equal to (Nstat + Ns). The 2-steps calculation would give the same result. In the case 
of the upward seismic force, the calculation can only be incremental (in two phases) even if 
the same modulus is used for static and seismic loadings, because of the non-symmetry of 
loading and unloading operations due to the use of an elastoplastic model. 

Table 4: Influence of concrete modulus on the axial force at -25 m 
Modulus (MPa) D (m) Downward: 

N25 (kN) 
Upward: 
N25 (kN) 

2-steps calculation 10000/30000 0,8 1352 341 
Calculation with Ei = 30000 0,8 1694 722 
Calculation with ELT = 10000 0,8 1228 520 

Calculation with Emid = 20000 0,8 1521 667 

2-steps calculation 10000/30000 0,9 1798 467 
Calculation with Ei = 30000 0,9 2138 880 

Calculation with ELT = 10000 0,9 1653 687 
Calculation with Emid = 20000 0,9 1988 831 

Downward case: the calculation with Ei for static and seismic loads increases the axial force 
by 19% to 25%. This is not safe for the evaluation of the pile resistance. The use of Emid

increases the axial force by 10% to 13%. The relative increase is higher for smaller diameter. 

The calculation with ELT for static and seismic loads reduces the calculated axial force by 8 
to 9%. This is logical since the calculation with ELT for seismic loading increases the 
calculated settlements and consequently reduces the axial force in the sections studied. 

Upward case: the calculation with Ei for static and seismic loads increases the axial force by 
90% to 110%. This is not safe for the evaluation of the pile section resistance. Unlike the 
downward case, using ELT for static and seismic loads overestimates the calculated axial 
force by 47% to 53%. The calculation with Emid overestimates also the calculated axial force, 
by 78% to 95%.  The relative increase is higher for smaller diameter pile. 

Based on these numerical results, it appears that an incremental (two-steps) calculation using 
the modulus ELT for static loads and then the modulus Ei for seismic loads is the only correct 
and safe method for the case of upward seismic force. 

4.3. Upward case: tensile stresses in pile sections 

Figures 9 and 10: Upward case: Axial force and settlement vs depth (Pile diameter: 0.9 m) 

We have indicated in §2.4 that in the upward seismic case, tensile stresses may occur in some 
pile sections, even if the total axial force at the pile head remains directed downwards. This 
is due to permanent deformations in the soil during the static loading phase. These tensile 
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stresses occur when the absolute value of the upward seismic force exceeds a given 
proportion of the static axial force. This proportion depends on the data of the problem, 
including soil profile and mechanical properties of the soil. 

This is illustrated in the following example: Soil profile B (same as profile A, except for the 
thickness of layers 2 and 3: 10 m and 7.5 m); D = 0.9 m; Nstat = 2450 kN; Ns = - 2400 kN; Nstat

+ Ns = 50 kN. It can be seen on the graph of axial force vs depth (Fig. 9) that, despite a total
head force of +50 kN, the pile is in tension on 19 m (between –11 m and –30 m depth). The
graph of settlement (Fig. 10) shows an uplift of the pile tip (relative to its original position)
between –24 m and –30 m depth. It shows also a residual (positive) settlement, between –11
m and –24 m depth, whereas the pile is in tension at this depth. This residual settlement is
related to the permanent deformation of the soil under static loading, and reaches 43% of the
settlement under static loads, at the level of –11 m.

4.4. Upward case: comparison of loading path between one-step and two-steps methods 

In the following, we compare the loading path between a one-step method using ELT, and 
the correct two-steps method. The studied case is the same of Fig. 9 and 10. 

Figure 11: Axial force in two pile sections as a function of axial head force (Loading path) 

The graphs in Fig. 11 show the axial force as a function of axial head force (loading path), 
for 2 pile sections at 7 m and 25 m depth, named “N-7 m” and “N-25 m”. We distinguish 3 
loading phases: (a): Static loading, instantaneous modulus Ei; (b): Short-term/long-term 
transition with a constant load at the head of the pile, due to concrete creep. This involves a 
relaxation of axial force in all sections of the pile, accompanied by a transfer of load from 
the pile to the soil; (c): Seismic loading (which is here unloading), instantaneous modulus 
Ei. Discontinuous line curves "N-LT-7m" and "N-LT-25m" represent for each section the 
load curve with ELT modulus. This curve is the same as the one-step calculation using ELT.  

For the section at 25 m, the load curve with ELT deviates from the unloading curve (c) under 
seismic force, when the absolute value of the seismic force at the pile head Ns increases; the 
difference exceeds 10% for |Ns| > 0.34 Nstat. Fig. 9 shows tensile stresses in the lower 2/3 of 
the pile; this curve (c) shows that tensile stresses occur, in this section, for |Ns| > 0.75 Nstat. 

5. Suitability of a simplified method for preliminary design

5.1. Case of downward seismic force 
The calculations in §4.2 showed that a single-step calculation using ELT leads in the 
calculated axial force being underestimated, which is logical and can be generalized. We can 
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then conclude that, for the downward case, a single-step calculation using ELT and imposing 
at the pile head a load equal to (Nstat + Ns), is acceptable from the point of view of safety, 
and can therefore be used for preliminary design. 

5.2. Case of upward seismic force 
The examples in §4.2 showed that in this case, calculations using the same modulus for static 
and seismic loadings lead to overestimate the calculated axial force, regardless of the used 
modulus. The comparison in §4.4 leads to conclude that the use of a one-step calculation 
with ELT modulus for preliminary design could be done only with strong limitations, to be 
defined after a comprehensive study of various cases. The axial force calculations for the 
final project must use the two-steps method, for the case of the upward seismic force. 

6. Conclusion

Through a calculation algorithm (implemented in our “PSFC” program) using pile 
discretization, iterative approach and equations (1) to (6), based on simple assumptions, and 
using Frank & Zhao elastoplastic model for soil-pile interface, we were able to calculate 
axial force and settlement for each pile section. Our analysis shows that the correct way to 
calculate axial force in a concrete pile, in seismic situations, is a two-steps method using the 
long-term concrete modulus for static loads and the instantaneous modulus for seismic loads.  

For axial force calculations, in order to be on the safety side, the value of limit skin friction 
per soil layer should be higher than the regulatory values used in bearing capacity 
calculations. We propose to use a value increased by a factor equal to 1.5, based on the 
analysis of a broad number of pile load tests. For other methods of determination of skin 
friction, the increasing factor value might be adapted to the method of determination. 

Numerical examples show that, for the case of upward seismic force, tensile stresses might 
occur in the pile at depth if the seismic force at the pile head exceeds in absolute value a 
given percentage of the static load, though the total head force remains a compression. This 
is due to residual settlements related with the elastoplastic soil-pile interface model.  

Our study shows also that the use of a one-step method, with the long-term concrete 
modulus, and the sum of static and seismic forces at the pile head, might be suitable for 
preliminary design only for the downward seismic case, as this results in minimizing the 
axial force. For the upward case, such a calculation is not safe in many cases and could be 
used only with strong limitations, to be defined after a comprehensive study. 

References 

- Bowles J.E. (1996). Foundation Analysis and Design, 5th edition. McGraw-Hill
- Bustamante M., Gianeselli L. (1981). Prévision de la capacité portante des pieux isolés sous charge
verticale. Règles pressiométriques et pénétrométriques, BLPC 113, May-June 1981 : 83–108.
- Combarieu O. (1999). Estimation of lateral soil-pile friction using pressuremeter and shear
characteristics, BLPC 221, May-June 1999, Réf. 4255 : 37–54.
- Coyle H.M., Reese L.C. (1966). Load transfer for axially loaded piles in clays. Journal of the Soil
Mechanics and Foundations Division, ASCE, 92 (SM2): 1-26
- DTU 13.2 (1992). Deep Foundations for Buildings, French standard NF P 11-212, AFNOR.
- Fascicule 62 Titre V (1993). Technical Rules for the Design and Calculation of the Foundations of
Civil Engineering Works, Ministry of Equipment, Housing and Transport, March 1993.
- Frank R., Zhao S.R. (1982). Estimation par les paramètres pressiométriques de l’enfoncement sous
charge axiale de pieux forés dans des sols fins, BLPC 119, May-June 1982, Réf. 2712 : 17–24.
- NF P 94-262 (2012). Justification of Geotechnical Work – National application standards for the
implementation of Eurocode 7 – Deep Foundations, AFNOR, July 2012.
- Poulos H.G., Davis E. H. (1980). Pile Foundation Analysis and Design. John Wiley and Sons, New
York, N.Y.
- Seed H.B., Reese L.C. (1957). The Action of Soft Clay along Friction Piles, Transactions of the
ASCE, vol.122(1): 731-754.

726
3ECEES, September 2022, Bucharest, Romania



 

 

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

ESTIMATION OF SMALL STRAIN DYNAMIC SHEAR MODULUS 
FROM LAB AND IN SITU TESTS 

J. Bojadjieva – Ss. Cyril and Methodius University in Skopje-UKIM, Institute of Earthquake Engineering 
and Engineering Seismology-IZIIS, N. Macedonia e-mail: jule@iziis.ukim.edu.mk  

V. Sheshov – Ss. Cyril and Methodius University in Skopje-UKIM, Institute of Earthquake Engineering and 
Engineering Seismology-IZIIS, N. Macedonia e-mail: vlatko@iziis.ukim.edu.mk   

K. Edip – Ss. Cyril and Methodius University in Skopje-UKIM, Institute of Earthquake Engineering and 
Engineering Seismology-IZIIS, N. Macedonia e-mail: kemal@iziis.ukim.edu.mk  

A. Bogdanovic – Ss. Cyril and Methodius University in Skopje-UKIM, Institute of Earthquake Engineering 
and Engineering Seismology-IZIIS, N. Macedonia e-mail: saska@iziis.ukim.edu.mk  

T. Kitanovski – Ss. Cyril and Methodius University in Skopje-UKIM, Institute of Earthquake Engineering 
and Engineering Seismology-IZIIS, N. Macedonia e-mail: tonik@iziis.ukim.edu.mk  

I. Gjorgjeska – Ss. Cyril and Methodius University in Skopje-UKIM, Institute of Earthquake Engineering 
and Engineering Seismology-IZIIS, N. Macedonia e-mail: gj_irena@iziis.ukim.edu.mk   

D. Ivanovski – Ss. Cyril and Methodius University in Skopje-UKIM, Institute of Earthquake Engineering 
and Engineering Seismology-IZIIS, N. Macedonia e-mail: ivanovski@iziis.ukim.edu.mk   

 

 
ABSTRACT 

 
 An in situ geotechnical laboratory was established on one location of the preexisting 
analogue 3D seismic network in Ohrid, N. Macedonia originally installed in the 80’s with 
the support of USGS. The in-situ laboratory is located in the central urban part of the city of 
Ohrid and consists of a nine-story building site with two accelerometers installed on the 
building, 4 instruments installed at the foundation level as well as one surface and three 
downhole accelerometers installed 125 meters down the bedrock. With the recent activities, 
real time recording and health monitoring processes were enabled at the location. A 
comprehensive geotechnical investigation program consisting of geotechnical investigations 
and multiple geophysical measurements including seismic refraction tomography-SIRT, 
MASW (Multichannel Analysis of Surface Waves), REMI (Refraction Microtremor 
Method), registration of microtremors (HVSR methods) and direct simple shear and triaxial 
tests of the obtained soil specimens was performed at the site for the purpose of definition of 
the soil profile, strength, soil stiffness and shear wave velocity profile Vs. The objective of 
the investigations presented in this paper was focused on estimation of the small strain 
dynamic shear modulus along with comparison of three different approaches, namely, two 
types of lab tests, direct simple shear test and cyclic triaxial test as well as in situ 
geophysical investigation of shear wave velocity. A valuable contribution can be made by 
comparison of different methods of measuring the soil stiffness parameter and defining the 
level of axial strain to which this value is associated.  The exact value of soil stiffness is 
crucial for further numerical modelling, simulation and verification of the results in the in-
situ geo laboratory. 

Keywords: dynamic shear modulus, direct simple shear test, triaxial test, shear wave 
velocity. 

1. Introduction 

 
In order to study the local site effect on modification of strong ground motions and 
dynamic response of structural systems, a three-dimensional seismic network was 
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developed in the Ohrid Lake basin in the 80’s (Petrovski et al., 1995) with the support of 
USGS (United States Geological Survey). This 3d strong motion array consisted of three 
free field sites with one surface and three downhole instruments, each 125 meters down the 
bedrock; one nine story building site with two instruments installed on the building, 4 
instruments installed at the foundation level and an outcropping rock site with one 
instrument (location Tower). The characteristics of the instruments installed on these 
locations are presented in Figure 1 and Table 1. Parallel with the ongoing efforts for re-
establishment of the 3d array for continuous and permanent real-time monitoring of the 
location, an extensive framework for establishment of an in situ geo laboratory on one of 
the locations  (Tower location) was developed (Bojadjieva et al., 2021). As to Ohrid, 
previous research studies, such as Bojadjieva et al. (2019) that have so far been performed 
by IZIIS have shown that, geological conditions combined with a certain intensity of 
seismic exposure in some specific regions, can exhibit associated geotechnical hazards, 
which have an unfavourable effect on the building structures. 
The in-situ laboratory involved several research activities: geotechnical in situ 
investigations by use of direct and indirect methods, direct simple shear and triaxial tests 
on soil specimens taken from different depths and ambient vibration measurements of the 
structure. Presented in this paper is estimation of the small strain dynamic shear modulus 
Gmax by comparison of three different approaches, namely, two types of lab tests on one 
hand and direct simple shear test, cyclic triaxial test and in situ geophysical determination 
of the shear wave velocity on the other hand. The exact value of soil stiffness is crucial for 
further numerical modelling and simulation of the soil-structure interaction effects in the 
in-situ geo laboratory by real acceleration records.  
 

Table 1. Specification of instruments installed on Tower location – city of Ohrid 

 
Location – 1- 

Tower 
In situ laboratory 

Site type Instrumented 
building 

Instruments on the building 
structure 2 (6th and 9th story) 

Instruments at the foundation 
structure 4 

Instruments on the soil surface 1 

Instruments in the soil profile 2 (13.0m, 22.9m) 

Instruments at bedrock 1 

Total number of instruments 10 
 

728
3ECEES, September 2022, Bucharest, Romania



   
 Fig. 1 In situ geotechnical laboratory – a) Instrumentation of the Tower location b) 
The building structure c) The small house for instrumentation for real time recordings 

 

2. Experimental program 

The small strain dynamic shear modulus Gmax (G0) was measured using three different 
approaches: direct simple shear tests (Figure 2a), dynamic triaxial test (Figure 2b) and 
seismic refraction methods for Vs profile (Figure 2c), all performed in the Laboratory for 
Soil Dynamics and Foundation Engineering 
http://www.iziis.ukim.edu.mk/en/laboratories/laboratory-for-dynamics-of-soil-and-
foundation/, and the geophysical laboratory 
http://www.iziis.ukim.edu.mk/en/laboratories/laboratory-for-geophysical-surveys/ in 
IZIIS-Skopje, Macedonia. 
 

      
Fig. 2 a) Direct simple shear device, b) Dynamic triaxial tests c) Vs measurements  

 
2.1 Simple shear tests 
 
The laboratory tests started with uniaxial tests performed by use of the direct simple shear 
device on partially disturbed specimens for the purpose of defining the shear modulus and 
damping versus deformation curves.   
 
The cylindrical specimens were directly extracted by means of metal formworks whereat 
care was taken not to disturb the natural structure and compactness of the material. For 
each level from which material was taken, two uniaxial tests were performed. For the 

Boreholes with instruments 

Small house for instruments 
channels (30 chanals)  
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needs of the tests, a total of 16 partially disturbed specimens were extracted. Fig. 3 shows 
all the extracted, partially disturbed specimens starting from the shallowest to the deepest, 
from left to right, which clearly pointed to the diversity of the material along depth.  After 
building-in the specimens, they were consolidated by a corresponding effective stress that 
depended on the depth at which these were found in order to simulate the natural 
conditions.  

Table 2. List of performed experiments 

Experiment
Depth

(m)
Effective 

stress (kPa)

1
2
3
4
5
6
7
8

7.6-8.0 150

4.0-4.3 80

4.7-4.9 90

6.7-6.9 130

Fig. 3. Extracted specimens for the uniaxial device. 

Each individual experiment consisted of eight steps and load levels whereat loading was 
controlled through the deformation. The device applies shear load by means of a central 
plate placed between two specimens having a diameter of 6.1 cm and height of  ≈2.0 см. 
The strain range of the experiment was from 1*10-3 % in the first step to 3% in the last 
step. Recorded in each step were the nonlinear hysteretic curves (τ/y) that were further 
used to define the secant values of the shear modulus and the damping level (Figure 4).  
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Fig. 4 Hysteretic curves from experiment 4 

 
The summary results on the “backbone” curves are shown in figure 5, cumulatively for all 
depths.  From the curves of the shear moduli, one can observe the expected increase of the 
maximum value of the shear modulus, Gmax, with the increase in depth from which the 
specimen is extracted.  Such an increase is due to the increase of the effective stress and 
the probabilistic increase of compactness of the material along depth. The exception is the 
specimen extracted from depth 7.6 to 8.0 m that is characterized by considerably lower 
values compared to those of the preceding one, which leads to the conclusion that a 
material with considerably weaker physical-mechanical characteristics is at stake.  It is 
worthy to mention that, during the preparation of the specimens taken for the tests from 
depth of 7.6 to 8.0 m, it was concluded that their material was characterized by high 
plasticity and very small percentage of larger sand or gravel fractions that could be the 
reason for obtaining poorer results.  
 
From the damping curves, it can be concluded that the results are nearly identical for all 
depths, i.e., the materials are characterized by almost identical energy damping capacity 
with a certain minimal increase with depth. As in the previous case, the specimen taken 
from depth of 7.6 to 8.0 m shows poorer results, however, unlike the previous case, in this 
case, the difference is almost negligible.  
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Fig. 5 Summary results on shear moduli and damping ratio in respect to strain 

 
2.2 Triaxial Tests for Definition of Gmax  
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Triaxial tests for definition of Gmax were carried out by use of a triaxial system installed in 
the Laboratory for Dynamics of Soil, in accordance with the ASTM D3999-91 standard. 
The models were restored to the compactness and humidity percentage identical to those of 
the natural conditions from which they were taken prior to the uniaxial tests.  Then, the 
restored models were consolidated under effective stress corresponding to the uniaxial 
tests, i.e., the natural conditions in which the specimens were.  The consolidation process 
in all cases lasted approximately 24 hours during which the specimens were completely 
consolidated.    

In accordance with the regulations, each specimen underwent 40 cycles whereat the 
process was controlled through the strains limited to 0.01%, representing the minimal 
value that the equipment could correctly process.  First of all, the hysteretic loops from one 
of the experiments were presented and then the cumulative results from all the tests were 
given in Table 3.  

Table 3. Parameters for the triaxial tests specimens 
Consolidation

Depth
Dimension 

of speciment
H/D [mm]

Relative 
density
Dr [%]

Humidity
w [%]

Effective 
stress

σ [kPa]

Axial 
strain
ε [%]

Young's 
modulus
E [kPa]

Damping 
level
D [%]

6.7-6.9 137/71.69 58.03 15 130 0.01 100110 7.5
7.6-7.8 136/71.48 56.81 33 150 0.01 110755 12.1

Preparation of specimen Cyclic test (strain control)

3. Comparison of results obtained by lab and in situ tests

Differences in the obtained value of the small strain dynamic shear modulus Gmax (Figure 
6) can be observed between different methods as expected due to the different level of
strain for which the modulus is obtained. Thus, as presented in Table 4, for the triaxial
tests, the level of strain was approximately 0.015%, while in the direct simple shear tests, it
was around 0.001%.  The values obtained from the in-situ measurements were for strains
lower than 0.00001%. It is crucial to select the proper value for each level of strain in
further numerical modelling and simulation of soil structure interaction phenomena at the
selected site.

Table 4. Values of Gmax measured with different methods 

Gmax 

DSS
(kPa)

Gmax 

TS
(kPa)

Gmax 

Profil 1
(kPa)

Gmax 

Profil 2
(kPa)

Gmax 

Profil 3
(kPa)

Strain(%)
Depth (m)

0.001 0.0015 0.00001 0.00001 0.00001

4.0-4.3 14351 / 51755 95613 57604
4.7-4.9 35128 / 51755 29092 57604
6.7-6.9 40825 37640 33755 103469 109829
7.6-7.8 21138 23993 73091 103469 69777
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Fig.6. Comparison of obtained values of Gmax in depth 

 
4. Conclusions 
 
Often, monitored structures are testing sites developed only for research on high rise 
buildings where instrumentation is partial either on the structures or in the soil. Damage to 
buildings, structures and lifelines caused by earthquakes is known to depend on the nature 
of the arriving seismic energy as well as on the characteristics of the structures and the soil 
beneath. The absence of high-quality records of earthquakes in the Balkan region, 
especially multiple recorded acceleration at the same stations and different level of 
excitation, limits the ability of researchers to study local effects and predict earthquake 
triggered damages to buildings and soil failures. With its unique instrumentation data, the 
in-situ geo laboratory will give a significant scientific contribution by providing real 
earthquake data from an urban area, both from the soil and the structure behavior. The 
extensive geotechnical investigation provided a valuable dataset for further research. The 
dynamic shear modulus was estimated through comparison of three different approaches: 
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two types of lab tests, direct simple shear test and cyclic triaxial test and in situ 
geophysical investigation of shear wave velocity. A valuable contribution can be made by 
comparison of different methods of measuring the soil stiffness parameter and defining the 
level of axial strain to which this value is associated.  The exact value of soil stiffness is 
crucial for further numerical modelling, simulation and verification of the results in the in-
situ geo laboratory. Also, the obtained values can be used for further upgrading and 
comparison with the results from lab tests obtained for undisturbed specimens.   
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Abstract: This paper examines the response of reduced beam section (RBS) beam-to-column 

connections, through detailed nonlinear numerical assessments validated against four tests with 

distinct structural and geometry parameters. After describing the main test response parameters and 

failure modes, the modelling procedures and numerical results are presented. It is shown that three-

dimensional models incorporating solid elements assigned with plastic multilinear kinematic 

hardening material representations can predict reliably the stiffness, strength, and overall hysteretic 

response. The modelling procedures adopted were also able to capture local buckling, out-of-plane 

connection bending and overall deformations. To verify the numerical response, the plastic strain 

development versus the number of cycles was assessed for the main connection components and 

compared with established plastic strain-life, local buckling, and ultimate plastic rotation criteria. It 

is shown that this approach can be used to estimate the sequence of failure and potential weld 

fracture, in conjunction with the load-displacement and joint strain maps. The procedures adopted in 

this paper can be used to reliably assess the performance of RBS connections, enabling future 

nonlinear parametric studies for such configurations.   

Keywords: seismic response, nonlinear modelling, strain life, local buckling 

1. Introduction 

Steel moment frames were typically designed with rigid full-strength connections in 

welded or welded/bolted configurations. Such connections were nominally designed with 

sufficient overstrength such that dissipative zones develop in the beam. However, poor 

performance of such beam-to-column connections during previous seismic events involved 

excessive strain demands leading to brittle fractures. These failures initiated a series of 

studies in which alternative connection configurations with an improved inelastic response, 

were sought. In reduced beam section (RBS) connections, the beam flange is cut to 

facilitate inelastic development within the region. It is generally accepted that a reliable 

response of RBS connections is characterised by extensive yielding at the RBS, followed 

by limited yielding of the panel zone (PZ) and ultimately local flange buckling at the RBS. 

For moment connections with typical beam sizes, a balanced PZ yielding is preferred. 

The reduction of beam flanges can also produce early local buckling in the web (Jones et 

al., 2002). Such effects are typically minimised in the presence of a composite floor slab 

(Zhang et al., 2004). The presence of slabs can also reduce the out-of-plane column 

rotation and warping observed in RBS connections. This may be particularly significant for 

deep columns, often preferred in design as an economic solution to control seismic drifts in 

moment frames (Uang et al., 2000). Recent experimental studies indicated that RBS 

connections incorporating very large sections may develop unreliable responses 

characterised by simultaneous yielding at RBS and PZ, and possible fracture at the welds 

(Bogdan et al., 2019). For such connections with very thick flanges, a reliable response can 

be achieved by providing an extra-strong PZ to reduce the potential for fracture at the 

beam flange (Qi et al., 2021). This behaviour was observed in two test configurations with 

specimen parameters outside of the ANSI/AISC 358-16 prequalification limits. 
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Nonlinear numerical simulations are a suitable alternative to tests for obtaining an in-depth 

understanding of the inelastic response of RBS connections.  A comparative numerical 

study indicated that modelling RBS connections with two-dimensional four-node thin shell 

elements or three-dimensional eight-node solid elements can provide almost identical 

results in terms of stiffness, strength, and ductility (Pachoumis et al., 2010). Moreover, 

numerical models can reproduce the overall moment-rotation curves, inelastic distribution, 

as well as local buckling in RBS connections with both typical and large sections (Bompa 

et al., 2022). Effective simulation techniques showed that the nonlinear models of RBS 

connections can reasonably predict the global response, local buckling, local stress fields, 

and likely locations of fracture (Prinz and Richards, 2016).  

In this study, numerical assessments are carried out using nonlinear finite element 

procedures which are validated against the test results from two distinct test series 

incorporating a wide range of section sizes. The stiffness, strength and ductility 

characteristics are examined in detail in this paper alongside the inelastic strain 

distribution, failure modes and estimated fracture life. These approaches can then be used 

in future parametric investigations to understand the influence of beam RBS on the column 

moment ratio as well as the position and depth of the RBS cut on the ultimate response of 

RBS connections with large sections. 

2. Test specimens and results 

Four specimens from two distinct test series were modelled and used for validation of the 

nonlinear procedures adopted in this paper. The first test series included two RBS 

specimens (DC1-2) with deep columns (Gilton and Uang, 2002) which were used for 

setting the limits of the current North American prequalification standard (ANSI/AISC 

358-16). The second test series comprised two RBS connections (SP1-2) incorporating 

very large steel sections, with sizes outside the above prequalification limits (Landolfo et 

al, 2018). Table 1 lists the connection details of the four specimens. In both series, the 

columns were fixed at both ends and lateral cyclic deformations were applied at the end of 

a cantilever beam, as illustrated in Fig. 1. All test specimens were subjected to the 

ANSI/AISC 341-16 (AISC, 2016) displacement protocol. According to this code, a 

prequalified beam-column connection is deemed successful if the tested specimen reaches 

the second cycle at 4% of the prescribed loading protocol. 

Table 1. Specimen details and results 

 Beam Column Test Numerical 

Spec

imen 
Section 

fy,0.2%/ 

fu 

(MPa) 
Section 

fy,0.2%/ 

fu 

(MPa) 

Fy 
(kN) 

Fu 
(kN) 

δy 
(mm) 

δu 
(mm) 

Fy 
(kN) 

Fu 
(kN) 

δy 
(mm) 

δu 
(mm) 

SP1 
W 36 × 

655 

394/ 

559 

W 14 × 

873 

468/ 

627 
2799 3615 88.9 171 3079 3575 77.8 171 

SP2 
W 

44×230 

477/ 

513 

W 14 × 

342 

513/ 

645 
1013 1294 102 247 1019 1290 95.8 256 

DC1

* 

W 

36×150 

400/ 

455 

W27×14

6 

358/ 

474 
960 1103 37.6 54.7 919 1079 35.4 68.6 

DC2

* 

W36×1

50 

400/ 

455 

W27 × 

194 

427 

/453 
953 1093 37.6 75.5 888 1030 34.5 70.5 

* DC1 had 25.4 mm continuity plates and 9.5 mm doubler plates, DC had 25.4 mm continuity plates 

The test results indicated that the response of DC1 was characterized by initial PZ yielding, 

which was followed by web local buckling at the RBS, lateral torsional buckling, and local 

buckling at the compressed flange. The column experienced out-of-plane bending and 

torsion, unlike in more typical compact column sections. This behaviour largely results 
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from the RBS buckling laterally and introducing torsion in the column, typical for deep 

members. As shown in Fig. 2a, the beam tip displacement at peak force was 55 mm, 

corresponding to a rotation of 14 mrad, although the rotation reached around 30 mrad at 

20% reduction of force from the peak. Specimen DC2 had a similar response. The column 

of DC2 also experienced torsion and out-of-plane bending. As depicted in Fig. 2b, the 

displacement at peak force was 76 mm corresponding to 19 mrad rotation, whilst the 

displacement at 20% reduction of load in the post-peak regime corresponded to a rotation 

exceeding 30 mrad. For DC2, the PZ contributed about 17% to the total deformation. 

 

Fig. 1 – Schematic representation of: (a) testing arrangements, (b) models, (c) RBS region 

Specimen SP1, with significantly large member sizes, reached flexural yielding, exhibited 

hardening and failed shortly after reaching the interstory drift due to weld fracture at the 

extreme tension fibre of the beam (Qi et al., 2021). Close inspection of the response 

indicated that the RBS contributed about 66% of the connection deformation, whilst the 

column web panel contribution was about 34%. The test was stopped after the second 

excursion of 170 mm (corresponding to 30 mrad), although significant hardening was still 

occurring, to avoid deeper propagation of the crack and distortion of the specimen (Fig. 

2c). In the case of SP2, the specimen failed by beam flexural yielding and inelastic local 

buckling and achieved the large deformation capacity as depicted in Fig. 2d. The load-

displacement response for this specimen indicated typical flexural yielding and post-

buckling degradation. Yielding was followed by flange and web local buckling as well as 

lateral out-of-plane buckling around 100 mm displacement. Around 72% of the inelastic 

rotation was concentrated at the RBS, with about 28% contribution from the PZ.  

3. Modelling procedures and numerical validation 

Three-dimensional (3D) models of RBS connections were constructed and analysed using 

the non-linear finite element (FE) program ABAQUS (DSS, 2017). Eight-node reduced 

integration brick elements (C3D8R) were used in all models. Extruded solid elements 

representing the columns were connected to the beams using tie constraints. The 

specimens, including the four stub elements used as boundary conditions, were modelled 

as shown in Fig. 1. The exterior faces of the profile were connected to reference points, 
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assigned as boundary conditions, or loading points, by means of multi-point constraints. 

Cyclic displacements were applied at the beam tips through constraints and transfer plates 

simulating the experimental loading history.  

Mesh sensitivity studies were also undertaken indicating that a fine mesh within the RBS 

and column PZ (lm≈15-20 mm), combined with lm≈30-40 mm outside of the critical 

regions, resulted in reliable representations (Bompa and Elghazouli, 2017). The Newton-

Raphson approach was adopted for the numerical integration procedure. A plastic 

multilinear kinematic hardening constitutive representation was used to model the steel 

material properties. The material properties obtained from coupon tests (Table 1) were 

considered in a bilinear inelastic stress-strain curve with an inelastic strain at peak strength 

(fu) around 12%. Although the welds were not explicitly modelled, a mesh region of half 

the beam flange thickness consisting of flange and web elements, located in the beam at 

the column face, were assigned nominal properties of the welding electrodes. 

Fig. 2 – Lateral load – displacement curves of investigated connections: (a) DC1, (b) DC2, (c) SP1, (d) SP2 

The comparative load-displacement curves of Specimen DC1-2 in Fig. 2a,b show very 

good agreement with the tests in terms of stiffness, strength, hysteresis, and post-peak 

degradation. The strain maps and deformations illustrated in Fig. 3a,b reflect closely the 

experimental response. As noted before, Specimen DC1 experienced significant 

degradation in strength at the level of 3% beam drift, which compares well with the 

prediction from the numerical model (Fig. 2a). This is also captured by the Mises stress 

maps at the last cycle of the peak displacement applied, in Fig. 3a, which show local flange 

buckling at the RBS. The same maps also indicate that the highest stresses are localized in 

the RBS, with significantly lower stresses at the column face. This suggests that the 

demands on the welds were relatively low and weld fracture would not occur, as confirmed 

by the tests (Fig. 2b). The uneven stress distribution at the column flange above the beam 

corresponds to column twist due to the instability created at the RBS. For DC2, the stress 

maps show higher levels of stress in the PZ, as expected since DC2 did not have doubler 
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plates unlike DC1. Hence, a more balanced distribution of deformations occurred between 

the RBS and PZ for DC2. As shown in Fig. 2c and 3c, the behaviour of SP1 was well 

predicted in terms of capacity and corresponding displacement, but with some 

discrepancies in the shape of cyclic loops which are attributed to the idealisation of the 

cyclic material constitutive representation as well as the interaction properties between 

connected parts. For SP2, the stiffness and yield strength, the overall hysteretic response 

and distribution of plasticity in the RBS and PZ, as depicted in Fig. 3d, were very well 

captured (Bogdan et al., 2019).  

 

Fig. 3 – Mises stress distributions for: (a) DC1, (b) DC2, (c) SP1, (d) SP2 

4. RBS response characteristics 

4.1. Ultimate criteria 

The low cycle fatigue behaviour of steel under large-amplitude inelastic cyclic loading can 

be generally strain-represented (Nip et al., 2010). Most available models for predicting the 

ultimate fatigue response of welded connections essentially employ the Coffin–Manson 

(CM) (Coffin, 1954) strain-life model which assumes that the plastic strain decreases 

linearly with the number of reversals in a log-log scale: (Δεp/2)=εf’(2Nf)
c
, where Δεp/2 is 

the plastic strain amplitude, εf’ is the fatigue ductility coefficient, c is the fatigue ductility 

exponent and 2Nf is the number of reversals to failure. Iyama and Ricles (2009) proposed a 

model which can predict the crack length at failure based on the equivalent plastic strains 

and triaxiality ratio, obtained from nonlinear simulations at various locations of the 

connection. Using compatibility relations at the beam flange for the ultimate condition 

corresponding to fracture strain and the CM fatigue life model, the ultimate plastic hinge 

rotation capacity can be obtained (Lee and Stojadinović, 2008). Whilst the strain-life 

model assumes constant amplitude loading, the cycles under seismic loading are of 

variable amplitude. In cyclic testing, this is typically represented by a gradual increase in 

amplitude until failure occurs. To assess the ultimate condition of steel connections under 

variable amplitude loading, the linear damage accumulation Miner rule is used (Miner, 

1945). Through this method, the total number of cycles at variable amplitude is converted 

to an equivalent number of constant amplitude cycles, then used within the CM model.  

This approach was employed to obtain the relationship between the plastic rotation and the 

number of cycles at failure for SP1, using the fitting factors to match the expression 

proposed by Lee and Stojadinović (2008) for RBS connections (ΔθpNf
1.51=0.075). Fig. 4 

shows this relationship for the plastic rotation range (Δθp) against the number of half cycles 

to failure (2Nf), which includes the test data from the literature and SP1, showing that the 

approach can be used to determine the ultimate rotation (UR) of RBS connections. In 

addition to assessing UR, the CM model, in the form of (Δεp/2)=εf’(2Nf)
c, is also used 

herein for comparative purposes. For this, the plastic strain is replaced by the equivalent 

plastic strain (referred to as PEEQ in ABAQUS (DSS, 2017), denoted here as ξ, as 
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obtained from the analysis (Iyama and Ricles, 2009). The fatigue ductility coefficient (εf’) 

and exponent (c) are obtained from manufacturer datasheets (Arcelor Mittal, 2009).  

The approaches described above can be used to assess the ultimate condition in tension, 

whilst the local flange buckling can typically be estimated using the critical buckling strain 

εcr. This is the ratio between k×π2×E×εy and 12×fy×(1-ν2)×(b/t)2, in which the coefficient k 

depends on the boundary conditions and aspect ratio of the loaded plate, E is the elastic 

modulus, εy is the yield strain, fy is the yield strength, ν is Poisson ratio, b is the width of 

the plate and t is its thickness (Elghazouli and Treadway, 2008). In RBS connections, local 

buckling occurs within the reduced section in the form of a half wave, which largely 

corresponds to the cut length (Fig. 3a,b,d). In this study, the aspect ratio of the flange is 

considered as the ratio between the RBS cut length and the average outstand flange width, 

as this approach would give conservative estimates. Based on this assumption, the aspect 

ratio varied in the range of 4.52-7.19 for SP1-2 and DC1-2. For an idealized flat plate 

element subjected to compression, which is assumed to be fixed at one end, the elastic 

buckling coefficient is k=1.277. 

4.2. Plastic strain development 

Fig. 4 depicts the relationship between the number of cycles and the equivalent plastic 

strain development ξ, as obtained from the numerical simulations of the test specimens, for 

the main connection components: centre of the reduced beam section (RBS), welds at the 

column face (W), centre of panel zone (PZ), and in column flange (CF) at the connection 

to the beam flange. Additionally, the figure indicates: (i) plastic strain life estimate (PSL) 

based on the CM model as described above (dark black line), (ii) number of cycles at 

failure corresponding to ultimate plastic rotation (UPR) assessed using Lee and 

Stojadinović (2008) expression (vertical red line), and (iii) critical buckling strain 

(horizontal green line). A direct comparison between the development of equivalent plastic 

strains ξ at different connection zones versus the number of cycles indicates the main 

critical regions as well as the susceptibility to fracture at the welds. For ξ=0, the material is 

in the elastic regime, whilst ξ>0 indicates that the material yielded.  

As shown in Fig. 4a,b for DC1-2, the ξ development at RBS and PZ has a similar gradient 

and magnitude, indicating a balanced contribution of the two components to the joint 

response, whilst W and CF have a smaller gradient. More importantly, the LB curve 

intersects ξRBS, governing the response, before ξRBS intersects the PSL and UPR curves. 

This behaviour agrees with the experimental observations, load-displacement curves and 

strain maps in Fig. 2a,b and 3a,b, respectively. The same behaviour is captured in Fig. 4d 

for Specimen SP2. In all situations, LB occurred at the RBS before any other form of 

failure developed within the connection. For SP1, the strains at the RBS and W are largely 

of the same magnitude and similar gradient (Fig. 4c). Some inelastic strains are observed at 

CF with PZ remaining elastic. Both curves intersect the plastic strain life (PSL) curve at a 

similar number of cycles, and prior to local buckling (LB) occurring (i.e. the intersection 

point between ξW and ξRBS with PSL curve below the LB line). Additionally, the 

intersection between ξW and ξRBS, with PSL, is at a lower number of cycles than the 

number of cycles at failure associated with the ultimate plastic rotation (UPR). 

It is suggested that the intersection of ξW with PSL can provide an indication of potential 

weld fracture. Based on the above observations, by considering the ξ development at 

various connection components in conjunction with PSL, LB and UPR criteria, the 

sequence of failure and potential weld fracture can be estimated, but only in conjunction 

with the overall load-displacement or moment-rotation curves and joint strain maps. This 
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approach is used as a measure to assess the likelihood of fracture in the connections and 

can be used for further parametric studies on RBS connections with large sections. 

 

Fig. 4 – Low cycle fatigue plots for: (a) DC1, (b) DC2, (c) SP1, (d) SP2, (e) UPR 

4. Conclusions  

This paper examined the response of reduced beam section (RBS) beam-to-column 

connections incorporating large members, through detailed nonlinear numerical 

assessments validated against four tests with distinct structural and geometry parameters. 

Two of the specimens included typical section sizes, whilst the other two had large steel 

sections, with sizes outside available prequalification limits. After describing the main test 

response parameters and failure modes, the modelling procedures and numerical results 

were presented. It was shown that three-dimensional incorporating solid elements assigned 

with plastic multilinear kinematic hardening material representations are able to predict 

reliably the stiffness, strength, and overall hysteretic response. The modelling procedures 

adopted were also able to capture local buckling at the compressed flange, out-of-plane 

connection bending and the overall test deformations.  

As the continuum modelling employed in this paper is unable to directly estimate fracture, 

by assigning a mesh region located in the beam at the column face, with nominal properties 

of the welding electrodes, areas of high stress localisations where fracture may occur, were 

well identified. To verify the numerical response, the equivalent plastic strain development 

versus the number of cycles was determined at the main connection components and 

compared with established plastic strain-life, local buckling, and ultimate plastic rotation 

criteria. It was shown that this approach can estimate the sequence of failure and potential 

weld fracture, but only in conjunction with the overall load-displacement and joint strain 

maps. Thus, the modelling procedures, combined with the ultimate response criteria 

adopted herein, can be used to assess reliably the performance of RBS connections with 

large sections, hence enabling future nonlinear parametric studies on such configurations.   
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Abstract: The objective of the present paper is to assess the influence of various parameters 

on the in-plane behavior of reinforced concrete slabs with openings. In particular, the 

influence of the position and the size of the openings as well as the slenderness and the 

thickness of the slabs is evaluated. For this purpose, a series of single-storey reinforced 

concrete buildings are analyzed by means of response spectrum analysis using two 

alternative models for the in-plane stiffness of floor slabs: i) rigid diaphragm and ii) shell 

elements which is considered as the ‘exact’ model. The relative values of the horizontal dis-

placements of selected points resulting from the two models are used as a measure of the in-

plane deformability of the slabs. The whole study highlights the importance of each one of 

the aforementioned factors and leads to the derivation of interesting conclusions concerning 

the reliability of the commonly adopted rigid diaphragm assumption. 

Keywords: rigid diaphragm; in-plane deformability; response spectrum analysis; slab 

slenderness; slab thickness 

1. Introduction 

The in-plane behavior of reinforced concrete slabs has been investigated in the past by 

many researchers (e.g. Ali and Vimala 2019; Athanatopoulou 1991; Doudoumis and 

Athanatopoulou 2001; Doudoumis et al. 1996; Ju and Lin 1999; Khajehdehi and 

Panahshahi 2016; Kunnath et al. 1991; Saffarini and Qudaimat 1992, Manoukas and 

Athanatopoulou 2020; Moeini and Rafezy 2011; Moeini et al. 2008; Porco et al. 2017). All 

these investigations concluded that the deformability of floor slabs depends on several 

parameters such as the slenderness, the slab thickness and shape, the configuration of the 

lateral load resisting system, the relative stiffness of the vertical elements to the in-plane 

floor stiffness and the size and distribution of openings. As a consequence, it is very 

difficult to define efficient quantitative criteria in order to identify whether the rigid 

diaphragm assumption is reliable or not. Thus, the seismic codes use simplified criteria 

which take into account only some of the aforementioned parameters. For example, 

Eurocode 8 (CEN 2004) adopts some provisions concerning the shape and the slenderness 

of the building plan, but there is no any particular quantified criterion concerning the 

distribution and the size of openings in slabs.  

The objective of the present paper is to assess the influence of various parameters on the 

in-plane behavior of reinforced concrete slabs with one opening. In particular, the 

influence of the position and the size of the opening as well as the slenderness and the 

thickness of the slabs is evaluated. For this purpose, a series of single-storey reinforced 
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concrete buildings are analyzed by means of response spectrum analysis using two 

alternative models for the in-plane stiffness of floor slabs: i) rigid diaphragm and ii) shell 

elements which is considered as the ‘exact’ model. The relative values of the horizontal 

displacements of selected points resulting from the two models are used as a measure of 

the in-plane deformability of the slabs. The whole study highlights the importance of each 

one of the aforementioned factors and leads to the derivation of interesting conclusions 

concerning the reliability of the commonly adopted rigid diaphragm assumption. 

2. Structural Modelling and Analysis

In the framework of the present study a total of 300 single-storey reinforced concrete 

buildings with an opening in their slab are examined. Each building is characterized by a 

string symbol comprising two letters and three numbers separated by dashes. The meaning 

of the symbols is as follows: 

• The letters (CE or CO) indicate whether the opening lies at the CEnter or at the

COrner of the plan.

• The first number (1, 2, 3, 4, 5 or 6) corresponds to the slenderness of the floor plan

λ = Lmax/Lmin, where Lmax and Lmin are the larger and smaller in plan dimensions of

the building respectively. Lmin is equal to 4m for all buildings.

• The second number (10, 15, 20, 25 or 30) indicates the slab thickness t in cm.

• The third number (6.25, 14.1, 25, 39.1, 56.25) is equal to the percentage (%) of the

opening area to the total plan area.

For example, the symbol CE4-15-25 corresponds to a building with plan slenderness λ = 4, 

slab thickness equal to 15 cm and an opening of area equal to 25% of the total area of the 

building, lying at the center of the plan. 

Storey height of all buildings is 3 m. All beams have a height of 60 cm and a thickness of 

25 cm. The columns are square shaped with dimension of 30 cm and they are fixed at base. 

Apart from the self-weight of the slabs, an additional gravity load equal to 5 kN/m2 is 

taken into account.  

For each building two alternative options for the simulation of in-plane stiffness of floor 

slabs are adopted:  

• Rigid diaphragms, utilizing the relevant feature available in the software used. The

storey masses along horizontal axes as well as the storey mass moments of inertia

around vertical axis are concentrated in the mass center of the plan.

• 4-node shell elements, which is considered as the ‘exact’ model. The storey masses

are uniformly distributed on the slabs (masses along vertical axis included). The

dimensions of shell elements are 25 x 25 cm, although a coarser discretization mesh

would be adequate for the estimation of horizontal displacements (Doudoumis and

Athanatopoulou 2001; Doudoumis et al. 1996). This choice ensures that i) the

nodes of the discretization mesh include all connection points of vertical structural

elements with the diaphragms and ii) the area of all openings corresponds to an

integer number of shell elements. Indicatively the models of buildings CE3-t-6.25

and CO3-t-6.25 in the structural analysis program SAP 2000 is shown in Fig. 1 (t =

10, 15, 20, 25 or 30 cm).
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Due to the limited length of the present paper, the natural periods as well as the other 

dynamic characteristics of the 600 analyzed models are not presented. 

 

  
a) CE3-t-6.25 b) CO3-t-6.25 

 

Fig. 1 - Models of buildings with shell elements 

All buildings are analyzed by means of response spectrum analysis and the displacements 

of selected points resulting from the two alternative models are estimated. In order to 

identify whether the rigid diaphragm assumption is reliable, the following criterion adopted 

by Eurocode 8 (CEN 2004) is applied: ‘The diaphragm is taken as being rigid, if, when it is 

modelled with its actual in-plane flexibility, its horizontal displacements nowhere exceed 

those resulting from the rigid diaphragm assumption by more than 10% of the 

corresponding absolute horizontal displacements in the seismic design situation’. For the 

application of this criterion, the percentages of displacements exceedance (pi) for each 

point i of a diaphragm are calculated from the following relation:  

rdyi

rdyiseyi

u

uu

i
p

,

,,
100(%)

−
=                                                             (1) 

where uyi,se, uyi,rd are the maximum absolute displacement of point i along the short side of 

the buildings (direction y) resulting from the shell elements and the rigid diaphragm model 

respectively. The maximum value of pi (maxpi) for all points of a diaphragm is compared 

to the limit (10%) prescribed by Eurocode 8. Negative value of maxpi means that the rigid 

diaphragm assumption is conservative. Positive value of maxpi below or above the limit of 

10% means that the rigid diaphragm assumption is acceptable or unacceptable respectively.   

Given that according to the aforementioned criterion only the relative values of 

displacements resulting from the two alternative models are important, the use of a typical 

‘code’ response spectrum is not necessary. Hence, in the framework of the present study, a 

simple response spectrum with a constant value of spectral pseudo-acceleration equal to 10 

m/sec2 is applied. The seismic excitation is considered to act along the short side of the 

buildings. For rigid diaphragm models all three vibration modes are taken into account, 

while for shell elements models the first 12 modes. In all cases the modal superposition is 

conducted using the Complete Quadratic Combination (CQC) rule. 

3. Results and discussion  

For the sake of brevity, only selected representative results highlighting the influence of each 

one of the examined parameters are presented here. In particular, Figures 2 to 4 below show 
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maxpi only for buildings with slab thickness equal to 15 cm which is the usual dimension in 

common structures in Greece. Besides, a short comment on the influence of slab thickness is 

given at the end of the present section. 

Figure 2 highlights the crucial role of the opening position for the in-plane behavior of the 

slabs. Specifically, the blue curve illustrates maxpi values for slabs with the opening lying at 

the center of the plan while the green one illustrates maxpi values for slabs with the opening 

lying at the corner of the plan. The red line represents the limit prescribed by Eurocode 8 (CEN 

2004) above which the rigid diaphragm assumption is not acceptable. It is apparent that slabs 

with the opening at the corner of the plan are much more flexible in their plane in comparison 

with those with the opening at the center of the plan. This trend is more pronounced with 

increasing slenderness of the plan and size of the opening. 

 

Fig. 2 - maxpi for slabs with thickness equal to 15 cm 

In Figure 3 the influence of the opening size on the in-plane behavior of the slabs is examined. 

In particular, the opening size is expressed as the ratio of its area to the total area of the plan. 

Each curve in Figure 3 illustrates the variation of maxpi with respect to opening size, while the 

other parameters (slab thickness and slenderness, position of opening) remain constant. For 

example, the curve entitled “CE-1” corresponds to buildings with slab thickness t = 15 cm, slab 

slenderness λ = 1 and an opening lying at the center of the plan, namely to buildings CE1-15-

6.25, CE1-15-14.1, CE1-15-25, CE1-15-39.1 and CE1-15-56.25. In general, with increasing 

opening area the in-plane flexibility of the slabs and the maxpi values increase.   

Concerning the influence of the slenderness λ, as it is expected, the values of maxpi increase 

with increasing λ. This becomes even more clear from Fig. 4, where each curve illustrates the 

variation of maxpi with respect to λ, while the other parameters (slab thickness, position and 

size of opening) remain constant. For example, the curve entitled “CE-6.25%” corresponds to 

buildings with slab thickness t = 15 cm and an opening with area equal to 6.25% of the total 

plan area lying at the center of the plan, namely to buildings CE1-15-6.25, CE2-15-6.25, CE3-

15-6.25, CE4-15-6.25, CE5-15-6.25 and CE6-15-6.25. It is worth noticing that Eurocode 8 

(CEN 2004) in order to identify whether the rigid diaphragm assumption is reliable or not 

adopts (among others) the following simplified criterion: “the slenderness λ = Lmax/Lmin of the 

building in plan shall be not higher than 4, where Lmax and Lmin are respectively the larger and 

smaller in plan dimension of the building, measured in orthogonal directions”. Given the 

results presented here, it is apparent that compliance with the upper limit of slenderness ratio (λ 

≤ 4) prescribed by Eurocode 8 does not ensure the diaphragmatic behavior of the slabs, since 

maxpi can exceed the limit of 10% when large openings at the corner of the slab exist. Similar 

conclusions have been derived in previous studies (Manoukas and Athanatopoulou 2020) 
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which indicated that Eurocode 8 criterion is not efficient even for slabs without openings, 

especially when there are major differences between the stiffness of vertical structural 

elements. Thus, a revision of relevant Eurocode 8 provisions should be examined. 

 

 

 Fig. 3 – Influence of opening size on maxpi (slab thickness 15 cm) 

 

 

Fig. 4 – Influence of plan slenderness λ on maxpi (slab thickness t = 15 cm) 
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Finally, Figure 5 shows the correlation between the slab thickness t and the maxpi values for 

buildings with slenderness λ = 4 indicatively. In particular, each curve illustrates the variation 

of maxpi with respect to t, while the other parameters (plan slenderness, position and size of 

opening) remain constant. For example, the curve entitled “CE-6.25%” corresponds to 

buildings with plan slenderness λ = 4 and an opening with area equal to 6.25% of the total plan 

area lying at the center of the plan, namely to buildings CE4-10-6.25, CE4-15-6.25, CE4-20-

6.25, CE4-25-6.25 and CE4-30-6.25. A slight decrease of maxpi values with increasing slab 

thickness is observed. For example, tripling the slab thickness (from 10 cm to 30 cm) of 

buildings CO-56.25% a reduction of maxpi values by about 25% is achieved. Similar trends 

can be observed from analogous curves not presented here, regarding buildings with different 

plan slenderness values.  

Fig. 5 – Influence of slab thickness t on maxpi (plan slenderness λ = 4) 

4. Conclusions

The objective of the present paper is to assess the influence of various parameters on the 

in-plane behavior of reinforced concrete slabs with one opening. In particular, the 

influence of the position and the size of the opening as well as the slenderness and the 

thickness of the slabs is evaluated. Other parameters affecting the in-plane behavior such 

as the number of storeys of the building, the configuration and the stiffness distribution of 

the vertical structural elements and the shape of the plan are not examined here. A total of 

300 single-storey reinforced concrete buildings with various characteristics are analyzed by 

means of response spectrum analysis using two alternative models for the in-plane stiffness 

of floor slabs: i) rigid diaphragm and ii) shell elements which is considered as the ‘exact’ 

model. The relative values of the horizontal displacements of selected points resulting from 

the two models are used as a measure of the in-plane deformability of the slabs.  
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Summarizing the results briefly presented in section 3, the following conclusions are 

derived: 

• The most decisive parameter affecting the in-plane behavior of slabs is the position 

of the opening. In particular, slabs with the opening lying at the corner of the plan 

are much more flexible in their plane than those with the opening lying at the center 

of the plan. 

• The size of the opening is also very important for the in-plane stiffness of the slabs. 

Openings with relatively large area in relevance with the total plan area lead to 

significant increase of the in-plane deformability of the slabs. 

• As it is expected, the in-plane deformability of the slabs increase with increasing 

plan slenderness, regardless of any other parameter. 

• The compliance with the upper limit of slenderness ratio (λ ≤ 4) prescribed by 

Eurocode 8 does not ensure the diaphragmatic behavior of the slabs in case of 

openings lying at the corner of the plan. This indicates that a possible revision of 

this limit should be examined. 

• The slab thickness has a slight impact on the in-plane behavior of slabs. In other 

words, in order to achieve a considerable increase of the in-plane stiffness, a very 

large increase of thickness is required.  

Finally, it is worth noticing that generalization of the aforementioned conclusions requires 

further investigations, comprising application to a large variety of structures. 
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Abstract: Earthen architecture, even though still very present today, lacks meticulous 

research, especially in Croatia. Therefore, the aim of this research is to gain new insight on 

seismic behaviour of rammed earth walls. To accomplish that, two rammed earth walls were 

built using traditional techniques. In addition to that, preliminary numerical models were 

made using ANSYS (v. 2020 R2) software to predict load required for demolition of walls 

by pull down method. It was observed that out of two walls, built with 10 cm difference in 

thickness, the thicker wall achieves higher out-of-plane bearing capacity, of around 16 kN, 

while the thinner wall achieves out-of-plane bearing capacity of around 10.5 kN. Moreover, 

contrary to the initial opinion, thicker wall exhibited plastic behaviour at lower horizontal 

displacement. Therefore, it was observed that the thinner wall endured 20 % higher inter-

storey drift (IDR) before experiencing plastic behaviour. However, further numerical 

modelling and experimental testing of rammed earth walls are necessary.   

Keywords: traditional rammed earth building technique, seismic behaviour, numerical 

modelling, ANSYS, load bearing capacity 

1. Introduction  

According to Gomes et al. (2014), more than half of the world’s population today lives in 

earthen houses. Moreover, earthen architecture is located in both more or less seismically 

prone areas (Arrigoni et al. (2018); Arslan et al. (2017); Bui et al. (2011); Jaquin et al. 

(2009); Kraus et al. (2020); Lončar-Vicković & Stober (2011); Momin et al. (2021); Perić 

(2021); Perić et al. (2021a); Shrestha et al. (2020); Zhou & Liu (2019)). 

Earth-building techniques include adobe (Aguilar et al (2019); Momin et al (2021); 

Niroumand et al (2013)), cob (Hamard et al (2016); Vinceslas et al. (2016)), compressed 

earth block (Hema et al. (2020); Mostafa & Uddin (2015); Sassu et al. (2018)) and rammed 

earth (Gomes et al. (2014); Jaquin et al. (2009); Lončar-Vicković & Stober (2011)). 

However, this paper focuses only on walls built using unstabilized rammed earth 

technique.  

Out-of-plane behaviour of rammed earth walls has not been widely examined yet. To the 

authors’ best knowledge, merely five papers have been written on this topic to date. 

Hamilton et al. (2006) presented results from experimental testing of walls, with cyclic 

lateral force concentrated on top of the wall. Ciancio and Augarde (2013) tested out-of 

plane stability of walls subjected to wind load uniformly applied on the wall’s surface. 

Wangmo et al. (2018) described experimental testing and numerical modelling of two 

rammed earth walls, one as part of an old rammed earth building and one newly made for 

purpose of experiment. Allahvirdizadeh et al. (2019) and Bui et al. (2020) conducted 

extensive numerical modelling of U-shaped rammed earth walls subjected to lateral load.  
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Rammed earth walls are usually constructed inside wooden or metal formwork, where 

earthen material is poured in layers and compacted using manual or pneumatic rammers 

(Bui et al. (2014); Narloch & Woyciechowski (2020); Silva et al. (2018)). Process 

continues until desired wall height is reached. Later, the formwork can be removed and 

used at another construction site. The soil composition varies based on building location. 

However, suitable soil always comprises clay, silt, and sand (Arslan et al. (2017); Bui et al. 

(2011); Gomes et al. (2014)). Clay is the most important part since it acts as natural binder 

holding particles once the formwork is removed.  

Through the field research, the authors have observed a large number of earthen houses in 

Eastern Croatia. Despite being built in seismically prone area, over 100 years ago, a lot of 

those houses resisted the ravages of time and are still being used for housing or as 

outbuildings. However, no previous research on mechanical properties or seismic capacity 

have been conducted. Thus, this is the first research in Croatia dealing with assessment of 

seismic performance of earthen architecture. The aim of this research is to provide better 

understanding on the behaviour of rammed earth constructions through the combination of 

numerical and experimental techniques.  

This paper presents building process of two rammed earth walls for assessment of out-of-

plane behaviour. In this phase, preliminary numerical models were made using ANSYS 

(v.2020 R2) software to predict wall’s out-of-plane behaviour. The two walls were built 

with different thicknesses. Thus, the core assumption is that thicker walls can achieve 

higher load bearing capacity and endure greater horizontal displacements before beginning 

of plasticisation. 

2. Building process 

Two rammed earth walls were built by local experienced masons using traditional 

techniques. Walls were built inside of an industrial hall primarily for testing the air 

permeability and thermal conductivity of rammed earth. Thus, the walls were protected 

from natural weathering. After five months stored in the hall and in laboratory conditions 

and after conducting all the necessary experiments regarding energy efficiency, walls will 

be tested by pull-down method to gain additional data. Walls were built using local soil 

from Osijek. The soil used consists mostly of clay and silt (Figure 1). 

 

 
Fig. 1. Grain distribution of soil 
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Masons used 16 mm sieve (Figure 2a.) to prepare the material. Water was added by 

spraying the surface of the material (Figure 2b.) and mixing it on the ground using shovel. 

Wet material was stored for 24 h in the hall before the building began. 

 

 
a) 

 
b) 

Fig. 2. Preparing material: a) sieving, b) adding water 

 

Dimensions of the walls are demonstrated in Figure 3. The two walls were built in different 

thicknesses, in order to examine the influence of the thickness on their out-of-plane 

behaviour. At the beginning of the construction the formwork was risen to approximately 

half of the height of the wall (Figure 4.). Later more parts were added as the wall grew 

taller.  

 

  
a)  b)  

Fig. 3. Dimensions of the walls: a) wall W-50, b) wall W-40 
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Fig. 4. Formwork assembled before building the wall 

For every layer, approximately 0.15 m3 of prepared material was added. Before ramming, 

the material was first evenly distributed within the formwork. Then masons walked over 

the distributed material before ramming it by using manual rammer. The ramming was 

performed using wooden rammer (Figure 5.) until the layer was firmly compacted, not 

showing eye-noticeable large deformations after further blows. Water was then sprayed 

over the surface, before adding material for the new layer. The thickness of finished layer 

varied from approximately 9 to 12 cm.  

Fig. 5. Rammer used for building walls 

One week after completion of the walls, formwork was disassembled. The curing period of 

one week was necessary to minimize the creep caused by great self-weight of the wall. 

Moreover, lateral supporting wooden elements were left after the formwork was 

disassembled, only to secure the stability of the wall. 

3. Numerical models

Numerical models of the walls were made to predict their out-of-plane seismic behaviour 

before conducting the experimental testing in the next phase. Preliminary numerical 

models were made using academic version of ANSYS (v. 2020 R2) software. The models 
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were defined having the same boundary conditions. Since the material properties are 

unknown in this phase, the properties shown in Table 1 were used. 

 
Table 1. Material properties Perić et al. (2021b) 

Material property Symbol Value 

Density d [kg/m3] 1969 

Poisson's ratio v [-] 0,22 

Modulus of elasticity E [MPa] 900 

Compressive strength fc [MPa] 1.72 

Tensile strength ft [MPa] 0.22 

Cohesion c [kPa] 112.8 

Friction angle φ [°] 45.5 

 

The loading is planned at the upper third of the wall (Figure 6.). According to previous 

research (Hamilton et al. (2006); Wangmo et al. (2018)) the fracture is expected at the 

lower third of the wall, closer to the base. 

 

Fig. 6. Planned load placement at 2/3 hight of the wall 

Numerical models were divided into the finite elements of 100 mm. Namely, the number 

of finite elements is limited when using academic licence of ANSYS software. To simulate 

the influence of out-of-plane loading, wall models were rigidly constrained at their base. 

Out-of-plane loading was defined using the displacement control of 1 mm/s. Figure 7 

demonstrates the results of the conducted analysis for both walls. The behaviour of both 

walls subjected to out-of-plane loading is essentially the same, with difference in the 

bearing capacity.  
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Fig. 7. Capacity curves of rammed earth walls 

After meeting the peak force, slight drop in bearing capacity is exhibited. Model W-50 

achieved peak force of around 16 kN, while model W-40 achieved peak force of around 

10.5 kN. Moreover, for model W-50, plastic behaviour begins at 2.5 mm of horizontal 

displacement, while for model W-40 plastic behaviour begins at 3 mm of horizontal 

displacement. Thus, the inter-story drift (IDR) at the beginning of plasticisation is 1.76 % 

and 1.47 %, for W-40 and W-50 respectively.  

As it was expected, W-40 has lower load bearing capacity in comparison to W-50. It was 

noted that 10 cm reduction in thickness results in 50 % lower load bearing capacity. In 

addition, even though it was expected that the thicker wall will endure higher level of 

horizontal displacement before the onset of plasticisation, W-50 in fact exhibited plastic 

behaviour at lower level of horizontal displacement and IDR when compared to W-40.  

4. Conclusions

Earthen architecture makes up a large share of world building fund. In addition, during 

field research, authors have discovered a large number of earthen houses in Eastern 

Croatia. However, their deteriorated state is accounted for lack of research and building 

standards in Croatia. The aim of this research is, therefore, to gain new insight on seismic 

behaviour of rammed earth structures, especially on rammed earth walls built using 

traditional building techniques characteristic for Eastern Croatia. To comprehend that, two 

rammed earth walls, with different thicknesses, were built using the traditional building 

technique. Experienced masons used manual rammer to build the walls using local soil. To 

predict the load bearing capacity employing the out-of-plane testing method, two 

preliminary numerical models of the rammed earth walls were made using the ANSYS 

software. As expected, thinner wall had lower load bearing capacity than the thicker wall. 

Namely, when reducing the thickness of the wall for 10 cm, the load bearing capacity 

reduces for about 50 %. However, even though it was expected for thinner wall to achieve 

plastic behaviour before the thicker wall (i.e. at lower level of horizontal displacement), 

that was not the case. Namely, it was observed that a 40 cm thick wall can endure almost 

20 % higher level of IDR before experiencing plastic behaviour, when compared to 50 cm 

thick wall. Further investigation on the out-of-plane behaviour of rammed earth walls is 

still necessary to grasp better understanding on the behaviour of existing rammed earth 
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structures as well as to create the possibility on designing new rammed earth structures 

following specific guidelines and standards.  
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Abstract: In this paper, the influence of the fiber orientation and pattern on the vertical 
stiffness of the rubber bearing has been analyzed on 2D and 3D finite element model. The 
rubber behavior has been approximated by a hyperelastic material law, where the energy 
absorbing behavior has been neglected. Several hyperelastic material laws have been used to 
simulate the behavior of the rubber such as the Mooney-Rivlin, Neo-Hooken, Arruda-Boyce 
and Yeoh models. The three parameter Mooney-Rivlin model has been found to fit the real 
rubber behavior and to stay stable for all three stress states (uniaxial, pure shear and 
equbiaxial). The performed finite element analyses showed that the global fiber orientation 
and the fiber knitting pattern should both be considered when the compressive stress state of 
fiber reinforced rubber bearings is analyzed. 

Keywords: Base isolation, rubber bearing, carbon fabric, glass fabric, hyperelastic 
constitutive models 

1. Introduction  

The modern world relies to a significant extent on fiber-polymer composites, which consist 
of a fabric structure embedded in a matrix material. In fact, it is difficult to imagine the 
functioning of modern everyday life without the use of modern materials. Over the past two 
decades, there has been continued growth in the use of composite materials. One of the 
devices where the fiber-rubber composites have found application are rubber bearings Kelly 
(2001). The elastomeric fiber reinforced bearings, which are used for base isolation of 
structures, generally consist of rubber as matrix and fabric layers. The purpose of the fiber 
reinforcement is to provide sufficient vertical rigidity and yet to allow horizontal flexibility 
of the bearings Kelly (2012) & Pasakorn (2019). The applicability of those bearings has been 
proven by performed ample experimental investigations Gjorgjiev et al. (2008), Kelly 
(2001), Yasser (2017), Al-Anany (2015). Unfortunately, the analytical investigations 
concentrated on mechanics of bearings Kelly (2012) are not able to provide us a complete 
stress strain state inside the medium. Therefore, a more refined analysis is recommended to 
be performed. Imbimbo (1998) applied 2D and 3D finite element analyses to investigate the 
stress distribution and the stress concentration of steel reinforced rubber bearings under axial 
loads. In the case of fiber-reinforced rubber-like composites, the meso-macro modelling can 
be used to include the initial fabric imperfection Reese (2003). In addition to initial 
imperfection of the fabric, this paper analyses the influence of global fabric orientation on 
behavior of the rubber bearing in vertical direction.   
Nowadays, experimental investigations have become very expensive and are often not 
flexible enough to improve highly sophisticated modern technology. At this point, numerical 
simulations (carried out by means of the finite element method) are extremely valuable. 
Therefore, in the present investigation a two- and a three-dimensional finite element model 
of the fiber-reinforced bearing have been developed to analyze the influence of the fabric 
orientation and pattern on the vertical stiffness of the bearing. The quality of the numerical 
investigation depends crucially on the accurateness of the mathematical model i.e. material 
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model. In this investigation the rubber has been approximated by a hyperelastic material law, 
where the energy absorbing behavior has been neglected. Four hyperelastic constitutive 
laws, Mooney-Rivlin, Arruda and Boyce, Neo-Hooken and Yeoh model have been used to 
select best fitted material model for rubber. A different types of fabric materials such as 
carbon and glass fiber have been applied as reinforcement. Also, the influence of the knitting 
pattern on the vertical stiffness has been investigated. The fibers are oriented in both 0º and 
90º directions with inclination of 0.5, 1 and 2mm per 10mm. At the end, the global fiber 
orientation has been considered by modelling the fiber layers with one directional inclination 
and one directional wave shape.  
The performed curve fitting for defining the material coefficients for three stress states 
showed that modified Mooney-Rivlin model with three parameters best approximate the 
compressive stress state in the rubber. The finite element analyses showed that the global 
fibric orientation and the fiber knitting pattern should both be considered when the 
compressive stress state of fiber reinforced rubber bearings is analyzed. 

2. Description of the mathematical model 

In order to investigate the behavior of the rubber bearings under vertical load, a two and 
three dimensional finite element models have been developed (Fig . 1).   

  
Fig. 1 Two and Three dimensional analytical models 

Fabric material has been modelled as linear elastic truss element. The modelling of rubber 
material was according to hyperelastic constitutive models. Hyperelasticity refers to a 
constitutive response that is derivable from an elastic free energy potential and is typically 
used for materials which experience large elastic deformation. Applications for elastomers 
such as vulcanized rubber and synthetic polymers, along with some biological materials, 
often fall into this category. Polymers are usually isotropic at small deformation and 
anisotropic at larger deformation as the molecule chains realign to the loading direction. 
Under an essentially monotonic loading condition, however, many polymer materials can be 
approximated as isotropic, which has historically been popular in the modelling of polymers. 

The analyzed hyperelastic material constitutive models are derived from strain-energy 
potentials that are functions of the deformation invariants. The components of the second 
Piola-Kirchhoff stress tensor are expressed with following formula: 

𝑆𝑆𝑖𝑖𝑖𝑖 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝐸𝐸𝑖𝑖𝑖𝑖

≡ 2 𝜕𝜕𝜕𝜕
𝜕𝜕𝐶𝐶𝑖𝑖𝑖𝑖

      (1) 

X

Y

Z
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Z
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where, W is strain-energy function per unit undeformed volume, Eij is components of the 
Lagrangian strain tensor and Cij is components of the right Cauchy-Green deformation 
tensor. 

The Lagrangian strain can be expressed as follows: 

𝐸𝐸𝑖𝑖𝑖𝑖 = 1
2

(𝐶𝐶𝑖𝑖𝑖𝑖 − 𝛿𝛿𝑖𝑖𝑖𝑖)       (2) 

where, δij is Kronecker delta 

𝛿𝛿𝑖𝑖𝑖𝑖 = �1.0      𝑖𝑖 = 𝑗𝑗
0.0      𝑖𝑖 ≠ 𝑗𝑗       (3) 

The component of deformation Cauchy-Green tensor Cij is composed of the products of the 
deformation gradients Fij 

𝐶𝐶𝑖𝑖𝑖𝑖 = 𝐹𝐹𝑘𝑘𝑖𝑖 ∙ 𝐹𝐹𝑘𝑘𝑖𝑖 where 𝐹𝐹𝑖𝑖𝑖𝑖 = 𝜕𝜕𝑥𝑥𝑖𝑖
𝜕𝜕𝑋𝑋𝑖𝑖

     (4) 

Xi is undeformed position of a point in direction i, xi = Xi + ui is deformed position of a point 
in direction i and ui is displacement of a point in direction i. 

The energy stored in a material per unit of reference volume as a function of strain a point 
is called Strain-energy function and is expressed as in terms of strain invariants or principal 
stretches 

𝑊𝑊 = W(𝐼𝐼1, 𝐼𝐼2, 𝐼𝐼3) = W(𝐼𝐼1� , 𝐼𝐼2� , J)      (5) 

Where I1, I2, and I3 are three invariants of Right Cauchy Green deformation tensor defined 
in terms of principle stretch ratios λ1, λ2, and λ3 are given below 

�
I1 =  λ1

2 +  λ2
2 +  λ3

2
 

I2 = λ1
2

 λ2
2 +  λ2

2
 λ3

2 +  λ3
2

 λ1
2

 

I3 =  λ1
2

 λ2
2

 λ3
2 = 𝐽𝐽2

       (6) 

Six material constitutive models have been analyzed which includes incompressible or 
nearly-incompressible isotropic models.  

- two parameter Mooney-Rivlin is defined as 

𝑊𝑊 = 𝐶𝐶10(𝐼𝐼1� − 3) + 𝐶𝐶01(𝐼𝐼2� − 3) + 1
𝑑𝑑

(J − 1)2     (7) 

Where, C10, C01 and d are material constants 

  - three parameter Mooney-Rivlin is defined as 

𝑊𝑊 = 𝐶𝐶10(𝐼𝐼1� − 3) + 𝐶𝐶01(𝐼𝐼2� − 3) + 𝐶𝐶11(𝐼𝐼1� − 3)(𝐼𝐼2� − 3) + 1
𝑑𝑑

(J − 1)2  (8) 
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Where, C10, C01, C11 and d are material constants 

- five parameter Mooney-Rivlin is defined as 

𝑊𝑊 = 𝐶𝐶10(𝐼𝐼1� − 3) + 𝐶𝐶01(𝐼𝐼2� − 3) + 𝐶𝐶20(𝐼𝐼1� − 3)2 + 𝐶𝐶11(𝐼𝐼1� − 3)(𝐼𝐼2� − 3) +
𝐶𝐶02(𝐼𝐼2� − 3)2 + 1

𝑑𝑑
(J − 1)2       (9) 

Where, C10, C01, C20, C11, C02 and d are material constants 

- Neo-Hooken constitutive model is defined as 

𝑊𝑊 = 𝜇𝜇
2

(𝐼𝐼1� − 3) + 1
𝑑𝑑

(J − 1)2       (10) 

Where, µ and d are material constants 

- Aruda-Boice constitutive model is defined as 

𝑊𝑊 = 𝜇𝜇 �1
2

(𝐼𝐼1� − 3) + 1
20𝜆𝜆𝐿𝐿

2 (𝐼𝐼1�
2 − 9) + 11

2050𝜆𝜆𝐿𝐿
4 (𝐼𝐼1�

3 − 27) + 19
7050𝜆𝜆𝐿𝐿

6 (𝐼𝐼1�
4 − 81) +

519
673750𝜆𝜆𝐿𝐿

8 (𝐼𝐼1�
5 − 243)� + 1

𝑑𝑑
�J

2−1
2
− ln J�      (11) 

Where, μ is initial shear modulus of material, λL is limiting network stretch, d is material 
incompressibility parameter. The initial bulk modulus is: 𝐊𝐊 = 𝟐𝟐

𝒅𝒅
  

- Yeoh constitutive model is defined as 

𝑊𝑊 = ∑𝐶𝐶𝑖𝑖0(𝐼𝐼1� − 3)𝑖𝑖 + ∑ 1
𝑑𝑑𝑘𝑘

(J − 1)2𝑘𝑘𝑁𝑁
𝑘𝑘=1      (12) 

 Where, N is material constant, Ci0 is material constants, dk is material constants. The initial 
bulk modulus is: 𝐊𝐊 = 𝟐𝟐

𝒅𝒅𝟏𝟏
 . The initial shear modulus is defined: 𝛍𝛍 = 𝟐𝟐𝑪𝑪𝟏𝟏𝟏𝟏. The Neo-Hookean 

model can be obtained by setting N = 1. 

The constitutive material coefficients have been obtained by two equivalent testing modes: 
uniaxial compression and tension (Fig 2). The least squares fitting method (Eq 13) was used 
to fit the stress modes with experimental once. 

𝐸𝐸2 = ∑ �𝜎𝜎𝑖𝑖 − 𝜎𝜎𝚤𝚤��𝑎𝑎𝑖𝑖𝑖𝑖��
2

𝑛𝑛
𝑖𝑖=1      (13) 

Where, E is relative error, σi is experimental stress values, 𝝈𝝈𝒊𝒊� �𝒂𝒂𝒊𝒊𝒊𝒊� is Cauchy stress values 
(function of constitutive model constants), n is number of experimental data points. 
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Fig. 2 Uniaxial rubber material testing in compression and tension 

 3. Results 

Firstly, the influence of rubber material parameters on rubber material model stability for 
three stress modes was analyzed. The used rubber in this analysis was a rubber compound 
developed for production of a rubber bearing Gjorgjiev (2008). A material behavior of this 
rubber compound for three stress modes (uniaxial, pure shear and equbiaxial) was previously 
obtained by material tests as a part of activities for rubber bearing production Gjorgjiev 
(2008). Then, the influence of fabric properties and its orientation on rubber bearing’s 
vertical stiffness was analyzed by performing a parametric finite element analysis. The result 
from those analysis is presented as vertical stress-strain and force-displacement relationship. 

3.1. Influence of rubber material parameters on vertical stiffness of the rubber bearing 

The rubber behavior for three stress modes (uniaxial, pure shear and equbiaxial) was 
calculated for six material models namely: two (MR x2), three (MR x3) and five (MR x5) 
parameter Mooney-Rivlin, Neo-Hooken (Neo), Aruda-Boice (AB) and Yeoh (Yeoh x1). The 
material constants for each material models were obtained by applying the least squares 
fitting method (Eq 13) for uniaxial compression and tension stress states. The rubber 
behavior for all material models (MR x2, MR x3, MR x5, Neo, AB and Yeoh x1) was 
calculated for each stress modes (uniaxial, pure shear and equbiaxial) (Figure 3).  
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Fig. 3 Stress-strain relationship for uniaxial, pure shear and equbiaxial stress modes 

The presented results are showing the significant differences in stress states for used 
materials models, even there is a numerical instability. A five parameter Mooney-Rivlin 
model is best fitted for uniaxial and pure shear stress state, while for equbiaxial state becomes 
unstable at low strains. The performed comparison showed that Mooney-Rivlin model with 
three parameters is best fitted for all stress modes. 
The influence of material curve fitting procedure on behavior of rubber bearing under 
vertical load was investigated by comparing results from finite element analysis to behavior 
of tested bearing (Fig 4). The actual behavior of rubber bearing in vertical direction was 
obtained by test performed by Gjorgjiev (2018). The rubber was modeled by six material 
laws (MR x2, MR x3, MR x5, Neo, AB and Yeoh x1). By comparing the results from finite 
element analysis and real bearing behavior we found that the material models behave 
different at low and large strains. We can conclude that Mooney-Rivlin model with three 
parameters is best fitted for defined strain range. 

Fig. 4 Vertical stress-displacement relationship for rubber bearing 

3.2. Influence of rubber and fabric properties on vertical stiffness of the rubber bearing 

The influence of the bulk rubber modulus on vertical stiffness of the rubber bearing has been 
investigated by changing the bulk modulus in range of 100Mpa to 2000MPa in 3D finite 
element analysis. The obtained results are presented throw vertical stress-displacement 
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relationship (Fig 5.). It can be concluded that the analyzed bulk moduli don’t significantly 
influence on vertical bearing stiffness for analyzed strain range. 

 
Fig. 5 Influence of bulk modulus on rubber bearing behavior in vertical direction 

The second investigation is obtaining the influence of the fabric elasticity modulus and fabric 
thickness on vertical stiffness of the rubber bearing (Fig 6a & Fig 6b).  Two fabric materials 
were analyzed, mainly, carbon fabric with modulus of 230GPa and glass fabric with modulus 
of 74GPa. The thickness of both fabrics is equal to 0.2mm. It was observed that the elasticity 
modulus of the fabric is not significantly influencing the bearing behavior in vertical 
direction. The investigation of fabric thickness on vertical stiffness was performed for carbon 
fabric material with thickness in the range of 0.2mm to 2.0mm. Also, as fabric modulus of 
elasticity the influence of fabric thickness is neglectable. 
 

Fig. 6 Influence of fabric modulus of elasticity on rubber bearing behavior in vertical direction  a) 2D model  
b) 3D model 

 

3.3. Influence of fabric geometry on vertical stiffness of the rubber bearing 

Finally, the influence of geometrical properties of the fabric itself such as knitting pattern (local fiber 
inclination) and global fabric orientation on vertical bearing stiffness were also investigated by finite 
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element analysis. Several analytical models were developed with different local fabric inclinations 
which are in the range from 0 to 1mm per 10mm (0, 0.2, 0.4 and 1.0mm). Four layers of carbon fabric 
with thickness of 0.2mm were used as reinforcement. From obtained results (Fig 7a) can be 
concluded that local fiber inclination has significant influence on vertical stiffness, especially at low 
strains. At larger strains, a linear elastic behavior was observed. The global fabric orientation was 
analyzed on 3D models where fibers are following the triangle wave pattern with angles between 0 
and 6 elements per bearing width. From presented force-displacement relationship (Fig7b), can be 
concluded that the global fabric orientation has also a significant influence on vertical stiffness.  

Fig. 7 Influence of local fiber inclination  a) 2D model  b) 3D model 

 

4. Conclusions 

This paper deals with analyzing the behavior of fiber reinforced rubber bearings under 
vertical load. Therefore, a two- and three- dimensional finite element models have been 
developed. The modeling of the rubber material was according to hyperelastic constitutive 
models. Six rubber material models have been considered in order to obtain the best fitted 
material law. The three parameter Mooney-Rivlin model has been found to fit the real rubber 
behavior and to stay stable for all three stress states (uniaxial, pure shear and equbiaxial). 
The obtained results showed that the influence of the modulus of elasticity of the fabrics and 
its thickness on bearing behavior in vertical direction can be neglected. Finally, the influence 
of geometrical properties of the fabric itself such as knitting pattern (local fiber inclination) 
and global fabric orientation were investigated. The results showed that local fiber 
inclination has significant influence on vertical stiffness, mainly at low strains, while global 
fabric orientation has influence at larger strains. 
It can be concluded that the modeling of fiber reinforced rubber bearings should be done 
with caution, because there are many parameters that influencing the bearing behavior. The 
local and global fabric orientation always should be considered.  
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Abstract: A large experimental campaign on the in-plane seismic response of rubble stone 

masonry walls is currently under development at the Structural Engineering platform 

laboratory at EPFL (Switzerland). The main objective of this campaign is the experimental 

investigation of the size effect on the in-plane seismic response of rubble stone masonry 

walls. Additionally, new experimental evidence is sought on strength and displacement 

capacities of rubble stone masonry and particularly on drift levels corresponding to axial 

load failure. A total number of fifteen walls are tested: four under simple compression, two 

under diagonal compression and nine under in-plane quasi-static cyclic shear-compression. 

Wallets of 900 mm × 900 mm are tested under simple and diagonal compression, and 

rectangular walls of three different sizes (side lengths of 700 mm; 1400 mm; 2100 mm) are 

tested under in-plane shear-compression loading. All walls have the same thickness (400 

mm) and are constructed using the same material; irregular limestone units and lime-based 

mortar. Here, we present an overview of the experimental campaign, as well as the first 

results on the simple compression and shear-compression tests. 

Keywords: Rubble stone masonry, Shear compression test, Simple compression test, 

Diagonal Compression test 

1. Introduction  

Post-earthquake surveys (e.g. Atalić et al., 2021; Freddi et al., 2021; Stepinac et al., 2021; 

Vlachakis et al., 2020) complemented with experimental investigations (for a summary see 

Vanin et al., 2017) show that rubble stone masonry is among the most vulnerable masonry 

construction typologies (Gründthal et al., 1998). The high vulnerability of rubble stone 

masonry is the consequence of a combination of construction (e.g. lack of sufficient 

interlocking between stones and through leaves) and material characteristics (e.g. 

commonly the use of poor mortar).  

Over the last years, several experimental campaigns have been developed for the 

investigation of the in-plane seismic response of rubble stone masonry (Borri et al., 2012, 

2001; Corradi et al., 2014; Costa et al., 2011; Mazzon, 2010; Pinho et al., 2012; Rezaie et 

al., 2019; Silva et al., 2014). These in-situ and laboratory experimental works have 

provided valuable information for validating and improving lateral strength and stiffness 

criteria, and for developing empirical drift capacity models (Vanin et al., 2017). Still, there 

are two aspects that have not been thoroughly experimentally investigated: drift levels at 

axial load failure and size-effect. With regard to the former, there are only a few cases 

(Rezaie et al., 2019; Silva et al., 2014) providing experimental evidence on drift levels 

corresponding to the axial load failure, i.e. the loss of the capacity of the wall to bear 
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vertical loads. This information can be very useful for the estimation of the collapse risk of 

stone masonry buildings. With regard to the latter, there is a lack of experimental studies 

investigating the influence of the size of the wall on its in-plane seismic response (i.e. 

stiffness, force and displacement capacity and damage localisation). A potential size effect 

should be considered in the available analytical and empirical force and drift capacity 

models, while it will aid in the proper design of future experimental campaigns of rubble 

stone masonry walls and specimens. 

An extended experimental campaign is currently under development at the Structural 

Engineering platform laboratory of EPFL (Switzerland) aiming to provide experimental 

evidence to the two aforementioned aspects related with the in-plane seismic response of 

rubble stone masonry walls. The objectives of this campaign are: (i) to obtain experimental 

information on the size-effect of rubble stone masonry walls on their in-plane seismic 

response, (ii) to obtain experimental evidence on drift levels corresponding to different 

limit states and particularly to axial load failure, and (iii) to prepare digital twins of rubble 

stone masonry walls for the validation of numerical structural analysis approaches. In this 

paper, we describe the experimental campaign related with the first two objectives, as well 

as some preliminary results on the simple compression and shear-compression tests.   

2. Test units and construction materials 

The experimental campaign involves shear-compression tests on nine rubble stone 

masonry walls. Three wall sizes are investigated with dimensions 700 mm × 700 mm × 400 

mm, 1400 mm × 1400 mm × 400 mm and 2100 mm × 2100 mm × 400 mm (Height × Length 

× Thickness), with three specimens constructed for each wall size. Additionally, four 

simple compression tests and two diagonal shear tests are carried-out on wallets of 900 mm 

× 900 mm × 400 mm (H × L × T) for the mechanical characterization of the stone masonry. 

Aiming to avoid edge effects (i.e. use of longer stones with better interlocking at wall 

edges), the six wallets were obtained by cutting two long walls of 2700 mm × 900 mm × 

400 mm into wallets with a length of 900 mm.  

The used binder to aggregate volumetric ratio is 1:3, with a natural hydraulic lime 

(commercial product “Otterbein Hydradur® NHL5”) used as binder and river sand as 

aggregate. Water was added with a binder to water volume ratio of approximately 1:0.5. 

Two layers of plaster were applied to one side of all the walls in two stages. The purpose 

of the inner layer was to smoothen the wall surface and has a thickness of approximately 

30 mm to 50 mm. The thickness of the outer layer is approximately 10 mm. A commercial 

lime-based binder was used for the two layers (commercial product “GeoCalce 

Intonaco®”) consisting of pure NHL3.5 natural-lime-based mortar, geo-binder, siliceous 

washed natural river sand, dolomitic limestone, and pure fine white Carrara marble. The 

first layer was prepared with a binder to aggregate volumetric ratio of 1:2 mixed with half 

portion of water. No aggregates were used for the second layer with the volumetric ratio 

between water and binder of 1:5. 

The construction of the walls took place at the Structural Engineering Platform laboratory 

of EPFL by two experienced masons during a period of two weeks.  Figure 1 presents the 

walls of the three different sizes and a characteristic cross-section of the constructed 

masonry typology. 
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Fig. 1 – The three sizes of the rubble stone masonry walls constructed for shear-compression testing: (a) 700 

mm × 700 mm × 400 mm, (b) 1400 mm × 1400 mm × 400 mm, (c) 2100 mm × 2100 mm × 400 mm (Height × 

Length × Thickness). (d) Typical cross-section of the constructed walls. 

3. Test set-up and testing procedure

Figure 2 presents the experimental setup used for the in-plane cyclic shear-compression 

tests. All the walls are tested against in-plane shear-compression loading, under double-

bending conditions (i.e. the height of zero moment is at the half-height of the wall) and the 

same axial load ratio (i.e., the ratio of the applied vertical stress to the compression 

strength of masonry). The load and boundary conditions necessary for the representation of 

a double-bending state on the wall are applied using three servo-hydraulic actuators with a 

force capacity of ±1000 kN and a displacement capacity of ±500 mm. The height of the 

zero moment is kept constant during the test by using the two vertical actuators work under 

force control and coupling them to the force applied by the horizontal actuator, according 

to the procedure described in (Godio et al., 2019; Petry and Beyer, 2015). Each test is 

performed in two stages: first the vertical load is applied and second horizontal 

displacements is applied in cycles with target drift levels of 0.025%, 0.05%, 0.10%, 0.15%, 

0.20%, 0.25%, 0.30%, 0.40%, 0.50%, 0.60%, 0.80%, 1.00%, 1.50% and 2.00%. Two 

cycles are performed for each drift target level. Tests are continued until the wall lost its 

capacity to carry vertical loads, i.e. until axial load failure.  
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Fig. 2 – Test set-up and instrumentation used for the shear-compression tests on the nine irregular stone 

masonry walls of three different sides (dimensions in mm).  

The choice to test all the walls under the same load and boundary conditions aims at 

investigating the size effect on the seismic response of irregular stone masonry walls. 

Three walls are tested per size in order to reduce the variability in the seismic response 

given by the different microstructure and aleatory material variability. An axial load ratio 

of 17% (corresponding to the top of the wall) has been applied to all the walls, aiming to 

increase the experimental data on axial load ratios between 10% and 20% and to allow a 

direct comparison with available experimental results given by Rezaie et al. (2019) on  

rubble stone masonry walls of 1600 mm × 1600 mm × 400 mm. 

4. Instrumentation 

Displacements on the loading beam and on the short sides of the walls are measured using 

14 linear variable differential transformers (LVDTs), placed as shown in Figure 2. Three 

LVDTs are used per wall’s short side at different heights to measure vertical cracking 

through the wall thickness. Four LVDTs (two at the top and two at the bottom) measure 

the vertical displacements (due to tension or compression) at the top and bottom of the 

wall. The movement of the loading is was monitored using four LVDTs: two measure the 

horizontal displacements at the top and bottom on the south side of the loading beam and 

another two measure the vertical displacements at the south and north extremities of the 

beam. 

Along the above classical hard-wired system, we use an optical measurement system for 

obtaining the displacement field on the two faces of the wall using digital image 

correlation (DIC). This consists of two stereo-cameras at each wall side acquiring high-

resolution grey-scale images. The two wall surfaces are prepared using a speckle pattern 

with an average speckle size of 2 mm.  

5. Experimental Results 

Table 1 presents the results of the simple compression tests on four wallets. The average 

compressive strength is 0.67 MPa, corresponding to a low strength rubble stone masonry. 

According to this result, a vertical stress of approximately 0.11 MPa (corresponding to an 

axial load ratio of 17%) is applied at the top of the walls for the shear-compression tests. 
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Table 1. Results of simple compression tests on wallets 

 

Wall name 
Compressive 

strength (MPa) 

MC1 0.81 

MC2 0.43 

MC4 0.62 

MC5 0.82 

Mean ± Standard deviation  

(CoV: coefficient of variation) 

0.67±0.15 

(23%)  

 

Shear compression tests on the nine masonry walls are currently under development. 

Figure 3 presents the damage for different drift levels observed during the test of a 

medium-size wall (1400 mm × 1400 mm × 400 mm). The first damage of the wall were 

horizontal cracks at the top and bottom ends, which appeared before reaching the peak 

force. Diagonal shear cracks became visible for a drift of approximately 0.1%, which 

corresponded to the peak force of the wall (47.7 kN). Increased drift levels resulted in the 

further opening of the diagonal cracks, leading to the in-plane failure of the wall through 

the segmentation into four parts for a drift level of approximately 1.85%.  

 

   
Drift = 0.39 % Drift = 0.81 % Drift = 1.86 % 

Fig. 3 – Damage at the plastered side of a medium-size wall 1400 mm × 1400 mm × 400 mm for three 

different drift levels. 

4. Summary 

This contribution outlines the design and the first results of an undergoing experimental 

campaign for the investigation of the in-plane seismic response of rubble stone masonry 

walls. Irregular lime stones with lime-based mortar were used to reproduce a low-strength 

rubble stone masonry. The experimental campaign includes in total fifteen walls of 

different sizes. Six wallets with dimensions of 900 mm × 900 mm × 400 mm are used for 

the mechanical characterization of the rubble masonry through simple and diagonal 

compression tests. The in-plane response under seismic actions is reproduced under quasi-

static in-plane shear-compression tests. Nine rectangular walls of three different side 

lengths (700 mm; 1400 mm; 2100 mm) and with equal thickness (400 mm) are tested under 

the same axial load ratio and considering double bending conditions.  

The average value of the compressive strength obtained from simple compression tests of 

four wallets is 0.67 MPa. The first shear compression test on a medium size wall (1400 mm 
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× 1400 mm × 400 mm) has resulted in drift levels of approximately 0.1% and 1.85% 

corresponding to the peak strength (47.7 kN) and axial load failure, respectively. 

The remaining shear-compression tests aim to give experimental evidence on the size 

effect on the in-plane seismic response of rubble stone masonry and to extend the 

experimental data sets of stone masonry walls related with drift levels for various limit 

states and in particular for axial load failure.   
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Abstract: The minaret of the Great Mosque in Algiers is the highest in the world, with a 

total height of 265m above ground. The region has an important seismic risk, characterized 

by 6,5m/s
2
 peak ground acceleration and 1000 years return period. Due to the minaret 

slenderness (26,5m plan layout side) and to the special composite structure chosen to 

withstand lateral loading (composite walls, RC floors, steel trusses at overground level and 

basement composite walls supported by barettes at underground level) the structural design 

faced some challenging aspects.  Moreover the structural solution had to be adjusted in order 

to fit the architectural and usage expectations adopted for a millenium lasting building. 

Modal analysis for capacity design as well as push-over computations in order to check the 

overall structural force and displacement capacity, were considered. The paper presents the 

design philosophy, the results of the structural analysis of the stiffening system and the 

dimensioning of the structural cores.  

Keywords: highrise building, composite structure, push-over analysis, important seismic 

risk, slender structure 

1. Introduction 

The Great Mosque of Algiers has been planned by a German team of architects and 

engineers and has been erected by a Chinese company, (Akkermann et al. 2015).    
 

The minaret is a very slender parallelepiped with a total height of 265 m above ground and 

a squared plane with the side of 26,5 m (Figure 1a). Due to this slenderness, to the 

particularity of the stiffening system and to the strong seismicity of the region, the 

structural design of the minaret has faced several technical challenges. The minaret is the 

highest in the world and currently the highest skyscraper of Africa, (Constantinescu et al. 

2015). 
 

KREBS+KIEFER Ingenieure, Karlsruhe has been in charge with the structural design of 

the whole project. The first author has carried out the structural analysis of the stiffening 

system of the minaret and the dimensioning of the reinforced as well as the composite 

(reinforced concrete/steel profiles) part of it. The second author has led the design team of 

the minaret. 
 

The paper presents the design philosophy and some main features of the structure.  

2. Seismicity 

The north of Algeria is a very strong seismic region. The aseismic design of the minaret 

has been based on a special micro zonation study authored by the Algerian Centre of 

Applied Research in Earthquake Engineering (CGS). 
 

It recommended the design seismic spectrum given in Figure 1b. The spectrum 

corresponds to a peak ground acceleration of 6,5 m/s2 and to a return period of 1000 years. 
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The fundamental period of vibration of the minaret is about 3,7 s and corresponds to a 

translation. The first torsional period of vibration is 1,1 s. 
 

    
a)                                                                                      b) 

Fig.1 -  a) The Great Mosque of Algiers, visualisation; b) The elastic design spectrum (normalized by means 

of the gravitational acceleration g = 9,81 m/s
2
)   

3. Structure 

Over the height of the minaret there are 5 blocks of 5 stories, each separated by sky foyers. The 

story/sky foyer  height is 5,85 m/11,7 m. The transparent top of the minaret envelopes the 

summit small tower (Sommah), which is typical for Maghreb’s region. It is 41 m high and its 

structure is of steel and glass. The structure above the ground has a square plan with 26,5 m 

side and a total height of 265 m.There are two underground levels, with a total height of 11,2 

m and a square plane having a side of 50 m. This enlargement of the minaret foot was crucial 

for ensuring the corresponding seismic safety of the foundation system.  
 

From the ground level up to the bottom of the summit tube there are four composite 

(reinforced concrete (RC) / steel profiles) cores placed in the corners (Figure 2). They have a 

square perimeter with a side varying from 7,75 m at the ground level up to 7,5 m at their top, 

with wall thicknesses varying over the height and with external walls thicker than the internal 

ones in order to accommodate the embodied steel structure. They carry out the whole building 

weight of about 700 MN above ground. The cast-in-place RC floors are designed as girder 

grids. The main floor beams (blue in Figure 2) are also part of the horizontal stiffening system. 
 

 

Fig.2 -  Floor’s RC structure, (Constantinescu et al., 2015) 
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The four corner cores have a height to depth ratio of about 30 and are therefore not able to 

stiffen the tower even if the coupling floor beams are considered. The necessary lateral 

stiffness and load-bearing capacity can be achieved only if the whole building width is 

activated. An outer tube system had to be hence created, so that the height to depth ratio 

becomes about 10. This has been realized by coupling the RC cores by means of X-crossed 

façade diagonals made of steel sections (Figure 3). Due to aesthetical considerations the façade 

diagonals were not desired at the sky foyers, so that a discontinuous bracing had to be used. In 

order to avoid the transfer of the high internal forces from the coupling steel diagonals to the 

RC walls and back, a steel construction has been provided within the exterior walls of the cores 

(see the diagonal and horizontal cross-bars as well as the vertical bars depicted in Figure 3a).  

The composite stiffening system created combines the RC one made of the corner cores and 

the coupling floor beams with a spatial steel truss. To accommodate the embedded steel 

profiles the external walls of the cores have thicknesses varying from 1 m at the ground level 

and 45 cm towards the top. The corresponding internal walls are 75 and 40 cm, respectively. 

The coupling effect of the façade bracing is outlined in Figure 3b. The overturning bending 

moment M0 induced by the seismic action yields internal axial forces N and bending moments 

M within the cores. Their relative magnitudes depend on the relative stiffness of the two 

stiffening components, i.e. the cantilevered cores, on one side, and the spatial truss with very 

stiff flanges, eccentric joints and missing diagonals, on the other side. The truss response to 

loading is similar to that of a ‘Vierendeel’ beam, except that the coupling between the flanges 

is realized by means of axial forces within the diagonals instead of bending moments within 

the connecting members. Due to the relatively high bending stiffness of the cores and to the 

flexibility of the discontinuous bracing, the spatial truss takes over only some ¾ of the seismic 

action during an elastic seismic response. 

a) b) 

Fig.3 – a) Coupling façade diagonals and  steel members cast within the core’s external walls; b) Global effect of 

the façade bracing, (Constantinescu et al., 2015) 

An additional coupling element has arisen at the top of the tower cores from the walls existing 

over the height of the last two minaret stories, i. e. 9 m, both along the internal and the external 

walls of the corner cores. The internal walls have been required to fix the summit tube in the 
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minaret cores. These coupling walls were designed as composite RC – steel profiles (trusses), 

in order to control the concrete cracking during a strong earthquake and ensure a durable 

ductile behaviour. The steel trusses within the external walls are connected with those existing 

in the core walls (see Figure 3). The steel trusses within the internal walls transfer the internal 

forces to the RC walls over the height of two stories. 
 

The enlargement of the tower foot to the foundation foot required a stiff box over the height of 

the basement. This has been achieved by means of a grid of RC walls. They were designed to 

safely carry the vertical and horizontal forces induced at the tower base. 
 

The foundation is composed of a 3 m thick foundation slab and of 64 ‘barrettes’ (short sheet 

pile walls). The ‘barrettes’ have a cross-section with 1,2 m thickness and 7,2 m length at the 

exterior of the foundation slab and, respectively, 6 m at the interior. Their depth is 43 m. 

3. Design Philosophy 

The structural design of the minaret tower has been decisively influenced by the existing strong 

seismic risk and by the client requirement for a millennium lasting monument. The aseismic 

design follows the EC8-1 performance criteria. Accordingly, in order to ensure optimal energy 

dissipation during the design earthquake, one has to protect the ‘fragile’ members by 

increasing their resistance whereas the ‘yielding’ members have to possess a high ductility.   
 

To ensure a best possible combination of load-bearing capacity and ductility the main 

structural elements, i.e. the cores, their façade bracing, the basement walls, the foundation slab 

and the ‘barrettes’, have been designed as highly dissipative members (HDM), less dissipative 

members (LDM) and elastic members (EM), (Figure 4a).   
 

The necessary scaling of the members resistances is achieved by applying capacity design. 

From two connected structural members, the less ductile one should have a higher load-bearing 

capacity as the other.    

      

a)                                                                                     b) 

Fig.4 – a) Classification of the structure members according to their designed seismic behavior; b) Steel bracing – 

elevation example, (Constantinescu et al., 2015) 
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This design concept is outlined in Figure 4a. The magnitude of the maximal forces induced by 

the design earthquake within the structure is given by the maximal internal forces associated 

with the yielding of the HDM. Each point on the curve corresponds to a member yielding. The 

lower the internal force at the first yielding is and the more HDM yield, the lower the total 

force induced by the seism. At the same time the earlier a HDM enters its plastic range of 

behaviour, the higher should be its ductility. The seismic performance of the structure depends 

crucially on the safety margin between its maximum horizontal displacement induced by the 

design earthquake (in Figure 5 denoted as ‘target displacement’, TD) and that which the 

structure is capable to undergo without attending a major disruption.  

The chosen ‘fuses’ of the whole system, i.e. the HDM which do not allow the induced seismic 

force by a strong earthquake to exceed the designed values,  are the façade bracings and the 

main floor coupling beams. Only the central parts of the façade bracings are designed to 

dissipate energy through plastic deformation. They are made of steel grade S235 which is very 

ductile and has less strength than the grade S355 used for the other steel profiles (Figure 4b).  
 

In order to top the induced forces it has been required that the yield strength of S235 

must not exceed 245 MPa. This absolutely unusual condition forced the erection company to 

carefully choose the steel. The dissipative parts of the façade bracings are bolted with the rest, 

so that, if necessary, they can be easily replaced after a very strong earthquake. 

 

Fig.5 – Relationship between the base seismic force and the top displacement 

5. Analysis 

To achieve and check out the aseismic design concept following methods have been 

applied: modal analysis, push-over analysis and capacity design method, (CSI 2013). The 

considered seismic actions were parallel to both the façades and to the floor diagonals. 
 

The building weight has been either increased by 10% (EC8-1) or decreased by 20 % ( 

RPA 99) depending on which case was non-beneficial.  
 

5.1. Modal Analysis 

The elastic 3D-model used included the entire structure from the foundation slab up to the very 

top of the building. The plates and the walls were 3D modelled, whereas the coupling beams 

and façade bracing as bars. It has been assumed that the model is built-in at the base. 

Additional to each seismic action a simultaneous 30% - component in the perpendicular 

direction has also been considered (EC8-1).  
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The modal analyses have been used (i) to check out the compliance with the limit imposed by 

EC8 for the elastic relative story displacement (1% of the story height) and (ii) to proportion all 

structural members which could undergo plastic deformation during the design earthquake. To 

account for the plastic seismic response of the structure, the design elastic seismic forces have 

been reduced with a ‘behaviour’ factor q equal to 3,6. The proportioning refers primarily to (i) 

the steel sections of the facade bracings dissipative parts and (ii) the longitudinal reinforcement 

of the coupling floor beams ends as well as of the cross-sections at the core bottoms.   

5.2. Push-Over Analysis 

The non-linear 3D model for the push-over analyses assumes that the tower is built-in at the 

ground level and made only of bars (Figure 6a). The model considers the geometrical effect of 

the box-type cores. The vertical distribution of the seismic loads has been assumed to be either 

rectangular or triangular (EC8-1). 

                               

                                                                                      b) 

                               

 

a)                                                                       c) 

Fig.6 – Push-over analysis: a) 3-D Model (CSI, 2013); b) Bilinear force – deformation relationship; c) Capacity 

curves carried out for different directions of the seismic action and for different distributions of the seismic loads 

The RC cores were modelled as frame type elements, in order to keep the structural model as 

simple as possible and ensure the control of results. The section of the core frames is a hollow 

square without openings. Loads acting on the floors inside the cores are considered as axial 

forces acting in the core centre of mass at each level. Steel profiles inside the RC cores were 

modelled only there where they contribute to the nonlinear structural behaviour (i.e. at the base 

of the cores and at the last two levels, as coupling beams beneath the Sommah).   
   

The plastic behaviour of the bars was modelled by means of bilinear relationships force – 

plastic deformation as depicted in Figure 6b, EC8-3.  
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The bilinear relationships bending moments - end rotations for the RC bars (i.e. the floor 

coupling beams and the bottom of cores) were deducted by means of the constitutive 

relationships of concrete and reinforcement recommended in EC2 with the mean values of 

both strengths and strains from the Annex A. Both the confining effect of the transverse 

reinforcement and the influence of the axial forces have been taken into consideration. The 

reinforcement bars in the potential yielding zones have been designed with steel grade S500C 

in order to ensure the necessary ductility, EC2. 
 

The bilinear relationships axial force – axial displacement for the steel bars of the façade 

bracing correspond to the yield strength of S235 according to the special requirements imposed 

on the steel production (Table 1). The façade bracings are designed with welded sturdy H-

profiles. Their slenderness is less than 25 (class 1cross-sections acc. to EC3). 
 

Both tensile and compressive diagonals have been considered active. However, to account for 

the second order effects the assumed axial forces/ ultimate deformations of compressive 

diagonals where reduced to 80%/75% of the corresponding values of tensile diagonals. 
  

Table 1. Values used to define the constitutive relationship of steel plates with thickness up to 40 mm(*) 

Steel Grade 

Yield 

strength 

[Mpa] 

Ultimate 

strength [Mpa] 

Ultimate strain 

[%] 

S235 245 (245) 307 10 (15) 

S355 416 598 - (10) 

(*) The values given in parenthesis correspond to the requirements made for the steel used. Additionally it has been 

requested that the actual ultimate strength versus the actual yield strength should be in the range from 1,1 to 1,25. 
 

For the calculation of the ultimate axial deformations of the façade bracings only the 

‘dissipative’ parts of the diagonals, designed with S235 steel grade, have been considered (see 

detail in Figure 4b). Their length is 4000 mm at the 1st bracing and 3400 mm above.  
 

The results of the push-over analyses are depicted in Figure 6c.  
  

The red line corresponds to the displacement demand in Figure 7, called ‘target displacement’ 

(TD) in EC8-1. TD has been evaluated for the design spectrum from Figure 1b and resulted 

equal to 1,44 ∙ 75 cm = 1,08 m (EC8-1 Annex B), where 75 cm is the maximum displacement 

of the nonlinear equivalent system with a single degree-of-freedom (approximately the same 

for both seismic directions) and 1,44 is a factor accounting for the effect of multiple degrees-

of-freedom. The push-over analyses have been carried out up to 1.5 TD.  
 

Figure 6c shows that the structure is expected to respond to the design earthquake without any 

significant damage and that the maximum base shear forces will range between 100 MN and 

170 MN, depending on the seismic action direction and seismic load distribution over the 

building height. As expected the constant distribution yields higher seismic loads.  
 

For comparison the corresponding values according to the modal analyses are 64 MN for the 

base shear force, practically independent of the earthquake direction, and 48 cm / 34 cm for the 

elastic top displacement when the seismic action is parallel to the façade / floor diagonal.  
 

A rough idea on the influence of the plastic behaviour on the seismic response can be obtained 

by comparing the results of the two analyses. The ratio between the maximum seismic 

responses from the push-over and modal analysis varies between 1,5 and 2,2 in terms of both 

forces and displacements. These values give a hint of the behaviour factor q real magnitude. 
 

The push-over analyses yield some important detailed information on the plastic seismic 

response of the HDM and LDM (Figure 4a), which are crucial for the energy dissipation. They 

are to be discussed hereafter only for the triangular vertical distribution of the seismic loads as 
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this case is more plausible for the minaret. As expected for a mast-like tower with braced 

corner cores, the magnitudes of the plastic deformations of the façade bracings and of the 

coupling floor beams become larger when the seismic action is parallel to the façade, whereas 

the core dimensioning is associated with the seismic action along the floor diagonal. 
  

In Figure 7 all 11 façade bracings are shown over the minaret height together with the steel 

profiles within the walls coupling the cores at their top. The given steps of the top displacement 

correspond to the last 5 cross - marks on the blue line in Figure 6c. The points depicted: (i) 

‘orange’ denote initialized yielding; (ii)‘violet’ show plastic deformations smaller than 15% of 

the ultimate limit. As expected the compressive diagonals yield first and more than the tensile 

ones. At TD the largest plastic deformation occurs in the 4th bracing and reaches some 2% of 

the ultimate deformation. At 1,5 times TD the largest plastic deformations occur in the 6th 

bracing and amount to some 9% of the ultimate value in the compressive diagonal and, 

respectively, 6% in the tensile one. The 1st bracing and the steel bracing within the coupling 

walls at the top of the cores remain elastic even at 1,5 times TD. 
 

 

Fig.7- The degree of yielding of the façade bracings results from the push-over analysis carried out for the seismic 

action parallel to the façade with a triangular vertical distribution of the seismic loads. The situations depicted 

correspond to top displacements which are 85% (a), 100% (b), 120% (c), 140% (d) and, respectively, 150% TD  

Concerning the plastic behaviour of the coupling floor beams the results of the push-over 

analyses indicate that: 

• At TD all beams of the floors situated between the 1st and the 9th bracing in Figure 7 

yield, whereas the maximum plastic hinge rotation at the upper side amounts to 22% of the 

ultimate value and that at the lower side to 3% of its ultimate value; 

• At 1,5 times TD the beam yielding extends to all floors up to the coupling walls from 

the top of the cores. The maximum plastic deformations occur within the floors between the 

tops of 3th and the 8th bracings in Figure 15 and amount to 43% (at upper side) and 12% (at 

the lower side) of their respective ultimate values. 
 

Concerning the plastic behaviour of the cores at minaret base the push-over analysis yields the 

following results:  

• At TD no plastic deformation has occurred; 

• The first plastic hinge occurs within the tensile core when the top displacement 

amounts to a value 1,4 times higher as TD; 

• At 1,5 times TD the maximum plastic rotation at the bottom of the tensile core 

amounts to 1% of its ultimate value while all other cores behave still elastically. 
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6. Dimensioning of Composite Cores 

The cores have a composite cross-section (Figure 8a), built of concrete class C50/60, 

reinforcement bars from steel grade S500 and embedded steel members from steel grade S355. 
 

  
a)                                                                                         b) 

Fig. 8 – a) Core’s composite cross section. The section depicted  here corresponds to the middle part of the core 

height; b) Bending moments of the compressive core due to earthquake along the floor diagonal, (Constantinescu 

et al., 2015) 

The necessary vertical / horizontal reinforcement arose from the bending of the tower in a 

diagonal direction / direction parallel to the façade. The push over analyses results for the top 

displacement equal to TD have been used. However, the proportioning has been performed by 

means of bending moment envelopes of the results of both modal and push-over analyses, as 

the push-over analysis did not capture the influence of higher vibration modes. A typical 

example is given in Figure 8b. 
 

The vertical reinforcement at the bottom of the minaret has been finally decided by the internal 

forces of the tensile core. The safety margins of the both most stressed core cross-sections are 

outlined in Figure 9 by means of the difference between the acting bending moments MEd and 

the resistant moments MRd.  
 

  
a)                                                                 b) 

Fig.9 - Relationship between the acting design bending moments MEd (red point) and the resistant moments MRd 

(blue interaction diagram) for the tensile (a) and the compressive (b) cores at the minaret base when the design 

earthquake acts along the floor diagonal, (Constantinescu et al., 2015) 

The required horizontal reinforcement of the core walls arises from the design shear forces of 

the walls, corresponding to the rectangular distribution of the seismic forces over the tower 

height and to a top displacement 1,5 times higher than TD. To obtain these, the floor shear 

force had to be distributed first to the cores and afterwards to the core walls resisting shear. The 

distribution factors were chosen by means of the elastic model used for the modal analyses.  
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The shear force distribution between the four cores turned out to be: (i) practically equal (25%) 

for ‘parallel’ earthquake and (ii) 20% in the two cores situated on the diagonal along which the 

‘diagonal’ earthquake acts and 30% in the other two cores. 
 

Concerning the shear force distribution between the resisting walls it has been found that it can 

be considered proportional to the wall thickness if a corrective factor (1,15 for ‘parallel’ 

earthquake) is used for the external wall.  

7. Concluding Remarks 

To achieve the necessary seismic safety and minimize the post-seismic damages a special 

structural system has been designed on performance criteria. The magnitude of the maximal 

horizontal forces induced by the design earthquake has been controlled by choosing the façade 

steel diagonals as potential plastic zones and by imposing an upper limit of the yield strength 

for the steel used in these diagonals (S235 with fy,act≤245 MPa). This requirement is crucial for 

the seismic safety of the minaret. 
 

The member’s strength has been gradually increased from the highly ductile members over the 

less ductile ones up to the members which should respond elastically. The first category 

includes the façade steel bracing and the RC main floor beams. The second includes the 

bottom region of the tower cores and the coupling structural walls at the top of the cores. The 

latter category includes the rest of the core height and the members of the foundation system, 

i.e. the box-type basement, the foundation slab and the ’barrettes’. 
 

The push-over analyses confirmed the design philosophy. Plastic deformations were registered 

only within the zones with ductile behaviour and their maximal values have had a large safety 

margin to the ultimate ones, even for top displacements 1,5 times larger than TD (expected 

displacement induced by the design earthquake). 
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Abstract: High-strength concrete filled steel tube (CFST) piles have been developed for 
earthquake-resistant pile systems as an alternative to conventional reinforced concrete (RC) 
piles.  Since such piles and their design guidelines in Japan are being developed, the seismic 
performance of 4-, 8-, and 12-story RC buildings with CFST piles designed using standard 
methods is investigated and compared with the conventional RC pile systems.  The numerical 
models are developed in OpenSees, where for the high-strength CFST piles Concrete02HSC 
and SteelMPF material models are used for concrete and steel tube, respectively.  Nonlinear 
soil-pile-structure interaction is simulated using p-y, t-z, and q-z springs.  It is observed that 
the mean values of the peak inter-story drift is larger for the buildings supported by the RC 
piles, indicating more damage than the conventional RC buildings with high-strength CFST 
piles.  Results also indicated that the maximum bending moment on both piles occurred at the 
pile head and the second peak at the top third of the pile, which shows a significant benefit on 
using CFST piles. 

Keywords: concrete filled steel tubes; high-strength concrete; nonlinear soil-pile-structure 
interaction; piles, p-y springs 

1. Introduction

Conventional reinforced concrete (RC) piles are now used less in practice due to unexpected 
failure during moderate to severe earthquakes.  RC piles with large dimensions are also 
sometimes necessary to carry the heavy loads from the superstructure, leading to space and 
financial issues.  During earthquakes, large bending moments and shear forces together with 
axial loads cause severe damage to the pile heads as observed after the Hyogoken-Nambu 
earthquake in 1995 (Tokimatsu et al. 1996). 
Since 1968, the Japanese construction industry started using prestressed high-strength 
concrete (PHC) piles and subsequently prestressed reinforced concrete (PRC) piles and 
concrete filled steel tube (CFST) piles.  These PHC, PRC, and CFST piles have hollow 
concrete cores and can be manufactured depending on the requirements of the clients (see 
Fig. 1).  CFST piles due to its enhanced ductility capacity, have been widely used at the pile-
pile cap connection for mid-rise and high-rise buildings after the standardization in 1979 
(Hayasahi and Sakizaka 2007).  The construction practice is that the PHC and PRC piles are 
used at the middle and bottom of the pile length and CFST piles at the top of the pile due to 
its higher ductility (Thusoo et al. 2021).  However, survey reports of the 1995 Hyogoken-
Nambu earthquake ( 7.5)wM , the 2011 Tohoku earthquake ( 9.0)wM , and the 2015 
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Kumamoto earthquake ( 7.1)wM  revealed that the PHC and PRC piles are the most used piles 
and were heavily damaged due to its brittle nature under severe load (Tokimatsu et al. 1996, 
Sekiguchi 2015). 
The Architecture Institute of Japan (AIJ) provides design guidelines for PHC and PRC piles, 
however, there are no standard design guidelines for the CFST piles yet (AIJ 2017).  In 2020, 
Thusoo et al. (2020) proposed draft design guidelines for the determination of the bending 
moment capacity of CFST piles, however, the applicability for the design guidelines under 
severe earthquakes have not yet been verified.  In addition, the seismic performance of the 
RC buildings with high-strength CFST piles have not yet been studied. 
A numerical model to simulate the high-strength CFST pile has been recently developed by 
Thusoo et al. (2021) using OpenSees.  This fiber-based numerical model modifies an existing 
concrete material model (Concrete02) to capture the crushing of high-strength concrete and 
an existing steel material model (SteelMPF) for local buckling of the steel casing.  The 
widely used p-y, t-z, and q-z spring models are also available in OpenSees to simulate the 
nonlinear soil-pile interaction.  The numerical model of the high-strength CFST pile has 
been verified in Thusoo et al. (2021) and the p-y, t-z, and q-z springs to represent soil 
behavior have been verified in the existing literature (see for e.g. Boulanger et al. 1999, 
Rahmani et al. 2018). 
Previous studies have investigated the effect of soil-pile-structure interaction (see for e.g., 
Hokmabadi et al. 2014, Bagheri et al. 2018, Ansari et al. 2021) on the seismic performance 
of the buildings.  Hokmabadi et al. (2014) studied the effect of floating pile foundation on 
the superstructure response and found that the lateral displacements are larger for soft soil 
conditions.  Bagheri et al. (2018) showed that the shear force distribution along the height 
of the buildings varies with the change in the pile diameter, length, and configuration.  Ansari 
et al. (2021) conducted seismic fragility analysis for the high-rise buildings considering soil-
structure interaction effects. 
In line with the development of high-strength CFST piles for RC buildings, this study 
investigates the seismic performance of 4-, 8-, and 12-story RC moment-resisting buildings 
with high-strength CFST pile foundations.  End-bearing CFST and conventional RC piles 
are designed using the standard design approach and the conventional RC piles are modified 
so that both types of piles have similar bending moment capacities.  The mean values of peak 
inter-story drift of the superstructure, and the maximum bending moment and shear force 

(a) (b) (c) 

Fig. 1.  Common precast concrete piles: (a) prestressed high-strength  concrete (PHC) pile; (b) prestressed 
reinforced concrete (PRC) pile; and (c) high-strength  concrete filled steel tube (CFST) pile (source: 
Kodama Concrete Industry Co. Ltd.). 
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demands on piles of RC buildings with the high-strength CFST and RC pile foundations are 
discussed. 

2. Description and design of buildings  

The archetype RC buildings considered in this study are designed for a location in Los 
Angeles with coordinates 34.05°N, 118.25°W, and the soil is characterized as a stiff soil 
(Site Class D).  The mapped risk-targeted maximum considered earthquake R(MCE )  
spectral response acceleration parameters are 2.4SS g , and 1 0.73S g  at short periods 
and 1-s period, respectively (where g  is gravitational acceleration).  The corresponding 
design 5%  damped spectral response acceleration parameters are 1.6DSS g  and 

1 0.73DS g .  The buildings are intended to be used as residential buildings (Risk Category 
II). Based on the site class, design spectral accelerations, and risk category, the buildings 
come under seismic design category D.  The RC buildings consist of 4-, 8-, and 12-story, 
three-bay by three-bay buildings (Fig. 2).  The lateral load resisting system of the buildings 
consists of moment-resisting frames in N-S and E-W directions.  The plan dimensions are 
20 m × 20 m, the floor height is 3.5 m, and the slab thickness is 200 mm.  The dead load 
consists of member self-weight and a 21.2 kN/m  load because of floor finishing on slabs.  
The floor live load is 22.4 kN/m ,  and the roof live load is 21.0 kN/m .   The design base shear 
demands on RC buildings are estimated using the equivalent lateral force (ELF) procedure 
(ASCE 2017). The section size of structural elements is shown in Table 1. Detailed 
information regarding the design of buildings is given in the following subsections. 

Fig. 2.  The plan view of 4-, 8-, and 12-story RC moment-resisting frame buildings. 

N 
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Table 1. Section size of structural elements of RC buildings. 

 
Table 2. Details of the reinforcements in beams and columns for the RC buildings. 

 

2.1. Design of superstructure 

The RC buildings (4-, 8-, and 12-story) are designed following the guidelines in ASCE/SEI 
7 (ASCE 2017) and ACI 318 (ACI 2019).  The design compressive strength of concrete 

28 MPacf   , whereas the yield strength of longitudinal reinforcement bars and transverse 
reinforcement bars are taken as 413 MPa and 340 MPa, respectively.  The beam and column 
design demands are computed using a three-dimensional (3D) finite element model of the 
buildings subjected to prescribed lateral forces.  The required amount of reinforcement is 
calculated according to ACI 318 (ACI 2019) and details are given in Table 2. 

2.2. Design of substructure and soil conditions 

The two types of RC buildings have high-strength CFST pile foundations and conventional 
RC pile foundations.  The piles are considered as end-bearing piles and the soil is considered 
as sand with the unit weight of 317 kN/m , friction angle ( )  of 30°, Poisson's ratio ( )  of 
0.35, and average shear modulus (G) of 82 MPa for a 30 m depth of soil.  For both high-
strength CFST and conventional RC pile foundations, maximum vertical loads on each pile 
are determined to be 2,144 kN, 4,508 kN, and 7,441 kN for 4-, 8-, and 12-story RC buildings.  
Considering the frictional resistance (Das 2004) and toe resistance of the pile (Meyerhof 
1963), the required section size of the piles according to the conventional design approach 
is of diameter 400 mm, 500 mm, and 600 mm for 4-, 8-, and 12-story, respectively.  It is 
noted that the vertical resistance factor is considered as 0.45.  The thickness of the concrete 
is 65 mm, 80 mm, and 90 mm for 4-, 8-, and 12-story, respectively, and 6 mm thickness of 
the steel tube is considered for all piles.  The design compressive strength of concrete 

80 MPacf    and 35 MPa for high-strength CFST and RC piles, respectively.  The yield 
strength of the steel tube in high-strength CFST pile is 235 MPa, whereas the yield strength 
of longitudinal and transverse reinforcement bars for RC piles are taken as 413 MPa and 340 

Building Columns 2(mm )  Beams 2(mm )  
4-story 650 650  400 550  
8-story 750 750  400 650  
12-story 850 850  500 800  

Building Structural 
member 

Story 
number 

Longitudinal reinforcements 

Top Bottom 

4-story 
Column 1-4 8 No. 25 8 No. 25 

Beam 
1-3 3 No. 25 3 No. 25 
4 3 No. 22 2 No. 22 

8-story 
Column 1-8 12 No. 25 12 No. 25 

Beam 
1-5 4 No. 25 2 No. 25 
6-8 4 No. 22 2 No. 22 

12-story 
Column 

1-6 16 No. 25 16 No. 25 
7-12 4 No. 25 + 12 No. 22 4 No. 25 + 12 No. 22 

Beam 
1-9 5 No. 25 4 No. 25 

10-12 3 No. 25 2 No. 25 
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MPa, respectively.  Since this design does not consider the bending moment demand, the 
section moment-interaction diagram is drawn for both high-strength CFST and conventional 
RC piles.  The section sizes of conventional RC piles are adjusted to have a similar section 
capacity.  The adjusted section size of conventional RC piles are 500 mm, 600 mm, and 800 
mm for 4-, 8-, and 12-story, respectively.  The RC piles have 8 No. 22, 8 No. 25, and 12 No. 
25 longitudinal reinforcements arranged uniformly in the circular section.  It is noted that 
the maximum axial and bending moment demand on the pile from the ELF procedure are 
also satisfied for the designed section capacity of both high-strength CFST and RC piles. 

3. Numerical modeling  

Two-stage numerical modeling and analysis are carried out in this study.  In the first stage, 
free-field site response analysis is carried out for a soil column to obtain the displacement 
time histories at different vertical levels within the soil.  In the second stage, the recorded 
displacement time histories are applied to the nodes of the p-y spring elements that are 
connected to the pile.  For the numerical integration of the equations of motion, the Newmark 
constant average acceleration method ( 0.25, 0.5)    is used (see Fig. 4). 

3.1. Superstructure model 

A two-dimensional (2D) model of each RC moment-resisting frame capable of capturing 
material and geometric nonlinearities is created by using OpenSees (see Fig. 3).  Element 
modeling is done using lumped plasticity beam-column elements.  The beam and column 
inelasticity are modeled using concentrated springs that use Modified Ibarra-Medina-
Krawinkler (IMK) deterioration model with a bilinear hysteretic response.  The elastic 
portion of the beams and columns are modeled using elastic beam-column elements.  The 
cracked stiffness of the beams and columns is taken as the secant stiffness at the yield point 
and calculated from Sec. 3.4 of PEER ATC 72–1 (PEER 2010).  Note that beam-column 
joints in reinforced concrete frames are made stronger than the members framing into the 

Fig. 3.  Lumped plasticity approach to model the beams and columns of a 4-story RC frames. 

788
3ECEES, September 2022, Bucharest, Romania



joints, to transfer forces among interconnected members (Section 3.3.3, Moehle and Hooper 
2016).  Hence, the deformation of the beam-column joints is not considered. The gravity 
load of 1.0 0.25D L  (where D  is dead load and L  is live load) is applied to the frames by 
considering the tributary area. 

3.2. Substructure model 

The dynamic response of piles should allow for nonlinear soil behavior, nonlinear behavior 
of pile-soil interfaces, and energy dissipation through radiation and hysteretic damping.  In 
this study, the p-y springs, t-z springs, and the q-z springs are used to model the soil and pile-
soil interface.  For the p-y spring, t-z spring, and the q-z spring the PySimple1, TzSimple1, 
and QzSimple1 material models in OpenSees are used, respectively.  The PySimple1 and 
QzSimple1 material models account for the gapping behavior at the pile-soil interface.  In 
the present analysis 5% damping is considered.   
The conventional RC piles are modeled using displacement-based fiber beam-column 
elements with five integration points.  A section discretized into unconfined concrete fibers, 
confined concrete fibers, and steel fibers is located at each integration point in the element.  
Uniaxial material models with a nonlinear constitutive relationship are assigned to the fibers.  
For concrete, Concrete02 material model (OpenSees 2017) is used, where the modified Kent 
and Park model (Park et al. 1982) is used in compression, an initial linear elastic branch 
together with a linear softening branch up to zero stress is used in tension, and the model of 
Yassin (Yassin 1994) is used to account for concrete damage and hysteresis.  For reinforcing 
steel, Steel02 material model (OpenSees 2017), which is based on the constitutive model of 

Fig. 4.  Schematic of the application of the displacement time histories obtained from the free-field site 
response analysis to the corresponding nodes of p-y springs that are connected to the piles. 

789
3ECEES, September 2022, Bucharest, Romania



Menegotto and Pinto (Menegotto and Pinto 1973), is used with a strain hardening ratio of 
1% . 

The high-strength CFST piles are modeled using displacement-based fiber beam-column 
elements with five integration points.  A section discretized into concrete fibers, and steel 
fibers are located at each integration point in the element.  Uniaxial material models with a 
nonlinear constitutive relationship are assigned to the fibers.  For concrete, Concrete02HSC 
material model (developed by Thusoo et al. 2021) which is the modified concrete model of 
Kumuro et al. (2004) is used.  For reinforcing steel, SteelMPF material model, which is 
based on the constitutive model of Menegotto and Pinto (Menegotto and Pinto 1973) is used 
with a strain hardening ratio of 0.6% .  More details on the high-strength CFST pile modeling 
and validation are given in Thusoo et al. (2021). 

4. Earthquake ground motion selection and scaling

A total of 11 far-fault earthquake ground motions (Table 3) whose spectra resemble the target 
RMCE -level response spectrum (as per ASCE 2017) are selected from the PEER database 

(PEER 2017) for the NLRHA.  In the selection process, the following criteria are employed: 
(1) magnitude of the earthquake 6.5,wM   (2) closest distance to the fault rupture 
20 80 km,rupR   and (3) site class for recording station is D.  The ground motions are 
scaled using the interactive web interface of the PEER database (PEER 2017) such that the 
mean of the 5%  damped acceleration response spectrum evaluated from all the ground 
motions, closely follows the ASCE/SEI 7 (ASCE 2017) RMCE  spectrum for the period 
range of 1 10 2 1 5. T . T  (ASCE 2017), where 1T  is the fundamental period of RC buildings. 
The fundamental period 1T  of the 4-, 8-, and 12-story buildings considered in the study are 
0.84 s, 1.54 s, and 1.96 s, respectively.  The period range 1 10 2 1 5. T . T  corresponds to 
0 17 2 94 s. . .  The acceleration time histories of the earthquake records that are scaled to 
represent the RMCE -level target response spectrum are then multiplied by 2/3 to obtain the 
earthquake records representing design earthquake (DE) level.  

Table 3. Far-fault ground motions scaled to represent RMCE .

EQ 
no. Event Year Station wM Scale 

factor 
sv

(m/s) 
101 Imperial Valley-06 1979 Delta 6.53 2.50 242.05 
102 Superstition Hills-02 1987 Westmorland Fire Sta 6.54 3.26 193.67 
103 Landers 1992 Desert Hot Springs 7.28 3.94 359.00 
104 Northridge-01 1994 Northridge - 17645 Saticoy St 6.69 1.81 280.86 
105 Northridge-01 1994 Sun Valley - Roscoe Blvd 6.69 2.11 320.93 
106 Kobe, Japan 1995 Sakai 6.90 3.88 256.00 
107 El Mayor-Cucapah, Mexico 2010 MICHOACAN DE OCAMPO 7.20 1.41 242.05 
108 El Mayor-Cucapah, Mexico 2010 Calexico Fire Station 7.20 2.68 231.23 
109 El Mayor-Cucapah, Mexico 2010 Holtville Post Office 7.20 3.54 202.89 
110 Darfield, New Zealand 2010 Styx Mill Transfer Station 7.00 3.55 247.50 
111 El Mayor-Cucapah, Mexico 2010 Westside Elementary School 7.20 2.52 242.00 
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5. Seismic performance of RC buildings with high-strength CFST pile foundations and 
conventional RC pile foundations 

The nonlinear response history analysis (NLRHA) results of the 4-, 8-, and 12-story RC 
buildings under DE-level are discussed in terms of the mean values of the peak inter-story drift 
and maximum bending moment and shear force demands on the piles. 

5.1. Superstructure response 

The mean values of the peak inter-story drift (IDR) for the 4-, 8-, and 12-story frames are shown 
in Fig. 5.  It is observed that the IDR is less than 2% for all frames when high-strength CFST 
piles are used; however, the IDR exceeds 2% for the 8- and 12-story frames when conventional 
RC piles are used.  As the inter-story drift is larger for the frames with conventional RC piles, 
less damage on the superstructure can be expected for frames with high-strength CFST piles.  

5.2. Substructure response 

Figures 6 and 7 show the maximum bending moment demand along the length of the center 
piles of the 4-, 8-, and 12-story buildings under DE-level, of the exterior frame (grid Ⓐ) and 

interior frame (grid Ⓑ), respectively.  A slightly higher demand is observed in high-strength 
CFST piles.  For both CFST and conventional RC piles, the maximum demand is at the top of 
the pile and a second peak is observed in the top third of the pile length.  Since the CFST piles 
have higher ductility, it is expected to withstand a larger nonlinear deformation than the 
conventional RC piles.  A larger demand is observed for the piles of the interior frames when 
compared with the exterior frames for both CFST and conventional RC piles. 

 
Figures 8 and 9 show the maximum shear force demand along the length of the center piles of 
the 4-, 8-, and 12-story buildings under DE-level, of the exterior frame (grid Ⓐ) and interior 

frame (grid Ⓑ), respectively.  Similar to the bending moment demand, a slightly higher shear 
force demand is observed in the high-strength CFST piles.  For both CFST and conventional RC 
piles, the maximum demand is at the top of the pile.  A larger demand is observed for the piles 
of the interior frames when compared with the exterior frames for both CFST and conventional 
RC piles. 

  
 
 

 

 

(a) (b) (c) 

Fig. 5.  Mean values of peak inter-story drift under DE-level: (a) 4-story; (b) 8-story; and (c) 12-story. 

4-story 8-story 12-story 
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(a) (d) 

(b) (e) 

(c) (f) 

Fig. 6.  Maximum bending moment demand along the length of the center piles of the exterior frame (grid Ⓐ) 
of the 4-, 8-, and 12-story buildings under DE-level: (a)-(c) high-strength CFST piles; (d)-(f) conventional 
RC piles. 
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CFST Pile RC pile 

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 7.  Maximum bending moment demand along the length of the center piles of the interior frame (grid Ⓑ) 
of the 4-, 8-, and 12-story buildings under DE-level: (a)-(c) high-strength CFST piles; (d)-(f) 
conventional RC piles. 
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(a) (b) 

(c) (d) 

(e) (f) 

Fig. 8. Maximum shear force demand along the length of the center piles of the exterior frame (grid Ⓐ) of 
the 4-, 8-, and 12-story buildings under DE-level: (a)-(c) high-strength CFST piles; (d)-(f) conventional 
RC piles. 
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(a) (b) 

(c) (d) 

(e) (f) 

Fig. 9. Maximum shear force demand along the length of the center piles of the interior frame (grid Ⓑ) of the 
4-, 8-, and 12-story buildings under DE-level: (a)-(c) high-strength CFST piles; (d)-(f) conventional RC 
piles. 
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6. Summary and conclusions

This paper presents a seismic performance comparison of 4-, 8-, and 12-story RC buildings with 
high-strength concrete filled steel tube (CFST) pile foundations and conventional RC pile 
foundations.  The present study is an initial investigation, where the objectives of the study are 
in line with the scope of a project to develop guidelines for the use of high-strength CFST piles 
in Japan.  The numerical models are developed in OpenSees, where the superstructure is 
modelled with a lumped plasticity approach; piles with fiber-based beam-column elements; and 
soil and soil-pile interaction is modeled using p-y, t-z, and q-z springs.  Since, the adopted 
numerical model provides reliable estimates of the seismic response of the superstructure as well 
as the substructure as noted in the literature and also verified but not shown in the present paper 
due to reasons of brevity, such modeling techniques could be an alternative to the continuum 
approach leading to less computation time and complexity. 
Based on the results of the numerical analysis, the following conclusions can be drawn: 
1. A larger section size with heavy reinforcement is required for conventional RC piles to

account for the same bending moment demand, however a small section size with higher
ductility capacity can be achieved by using high-strength CFST piles leading to an
economical and reasonable design solution.

2. The mean values of the peak inter-story drift (IDR) of the 4-, 8-, and 12-story RC frames are
larger for the buildings with conventional RC piles than the high-strength CFST piles.
However, the IDR exceeds 2% for the 8- and 12-story frames when conventional RC piles
are used, indicating more damage on the superstructure with conventional RC pile
foundations.

3. The maximum bending moment and the shear force demand is at the pile head.  A second
peak of the bending moment is observed in the top third of the pile length.  It is beneficial to
have a CFST over the top third region of the pile head to increase the ductility capacity of the
piles.

Since the results shown in this study are of a preliminary nature, a detailed investigation 
regarding the design, modeling, and analysis can be carried out in subsequent studies.  Future 
investigations will continue to build up on the present study and refine the important findings 
from this study.  A three-dimensional continuum model could be used to further validate the 
results obtained from the present numerical model. 

Acknowledgements  

The authors S.C. and B.K.S. gratefully acknowledge Monbukagakusho (Ministry of 
Education, Culture, Sports, Science, and Technology, Japan) scholarships for graduate 
students.  The authors are pleased to acknowledge financial support from the Japan Society 
for the Promotion of Science (JSPS), under Grant-in-Aid for Scientific Research (A) No. 
19H00789: Performance evaluation of concrete piles and pile head joints against large 
earthquakes and proposal of secondary design method. 

References 

ACI. (2019). Building code requirements for structural concrete. ACI 318-19, American Concrete Institute 
(ACI), Farmington Hills, MI, USA. 

AIJ (Architectural Institute of Japan). (2017). Guidelines for seismic design of reinforced concrete foundation 
members [In Japanese]. 

Ansari, M., Nazari, M., and Panah, A. K. (2021). Influence of foundation flexibility on seismic fragility of 
reinforced concrete high-rise buildings. Soil Dynamics and Earthquake Engineering, 142, 106521. 

796
3ECEES, September 2022, Bucharest, Romania



ASCE. (2017). Minimum design loads for buildings and other structures. ASCE 7-16, American Society of 
Civil Engineers (ASCE), Reston, VA, USA. 

Bagheri, M., Jamkhaneh, M. E., and Samali, B. (2018). Effect of seismic soil-pile-structure interaction on mid-
and high-rise steel buildings resting on a group of pile foundations. International Journal of Geomechanics, 
18(9), 04018103. 

Boulanger, R. W., Curras, C. J., Kutter, B. L., Wilson, D. W., and Abghari, A. (1999). Seismic soil-pile-
structure interaction experiments and analyses. Journal of Geotechnical and Geoenvironmental 
Engineering, 125(9), 750-759. 

Das, B. M. (2004). Principles of foundation engineering. Fifth edition, Thomson learning, CA, USA. 
Hayasahi, T., and Sakizaka, D. (2007) Changes in precast concrete piles through ages [In Japanese]. The 

Foundation Engineering and Equipment, 35, 8-10. 
Hokmabadi, A. S., Fatahi, B., and Samali, B. (2014). Assessment of soil-pile-structure interaction influencing 

seismic response of mid-rise buildings sitting on floating pile foundations. Computers and Geotechnics, 
55, 172-186. 

Kodama Concrete Industry Co. Ltd. https://www.kodama-conc.jp/ 
Komuro T, Imai K, Muramatsu A, Korenaga T, Watanabe F. (2004). Compressive properties of reinforced 

concrete columns using high-strength concrete with compressive strength of 100–180 N/mm2 [In Japanese]. 
Journal of Structural and Construction Engineering (Transactions AIJ), 69, 77-84.  

Menegotto, M., and P. Pinto. (1973). Methods of analysis for cyclically loaded R/C frames including changes 
in geometry and non-elastic behavior under combined normal force and bending. Symposium of Resistance 
and Ultimate Deformability of Structure Acted by Well Defined Repeated Load, 15–22. Lisbon, Portugal. 

Meyerhof, G. G. (1963). Some recent research on the bearing capacity of foundations. Canadian Geotechnical 
Journal, 1(1), 16-26. 

Moehle, J. P., and Hooper, J. D. (2016). Seismic design of reinforced concrete special moment frames: A guide 
for practicing engineering. Second Edition, NIST GCR 16- 917-40. 

OpenSees (2017). Open system for earthquake engineering simulation. Computer program, University of 
California, Berkeley, California, USA. Accessed April 2017. http://opensees.berkeley.edu/. 

Park, R., Priestley, M. J. N., and Gill, W. D. (1982). Ductility of square-confined concrete columns. Journal 
of the Structural Division, 108(4), 929-950. 

PEER (Pacific Earthquake Engineering Research Center) (2017). PEER NGA database. Berkeley: PEER, 
University of California. https://ngawest2.berkeley.edu/.  

PEER/ATC. (2010). Modeling and acceptance criteria for seismic design and analysis of tall buildings. 
PEER/ATC 72-1. 

Rahmani, A., Taiebat, M., Finn, W. L., and Ventura, C. E. (2018). Evaluation of p-y springs for nonlinear static 
and seismic soil-pile interaction analysis under lateral loading. Soil Dynamics and Earthquake Engineering, 
115, 438-447. 

Sekiguchi T. (2015). Seismic performance of piles from damages in the 2015 Kumamoto Earthquake [In 
Japanese]. The Kenchiku Gijutsu, 787, 92-5. 

Thusoo, S., Kono, S., Hamada, J., and Asai, Y. (2020). Performance of precast hollow steel-encased high-
strength concrete piles. Engineering Structures, 204, 109995. 

Thusoo, S., Obara, T., and Kono, S. (2020).  Chapter 7 SC piles: Moment capacity of steel encased concrete 
piles (Draft). In. Report by Precast Concrete Pile Committee AIJ. 

Thusoo, S., Obara, T., Kono, S., and Miyahara, K. (2021). Design models for steel encased high-strength 
precast concrete piles under axial-flexural loads. Engineering Structures, 228, 111465. 

Tokimatsu, K., Mizuno, H., and Kakurai, M. (1996). Building damage associated with geotechnical problems. 
Soils and foundations, 36, 219-234. 

Yassin, M. H. M. (1994). Nonlinear analysis of prestressed concrete structures under monotonic and cyclic 
loads. Ph.D. dissertation, University of California, Berkeley, CA. 

 

 

 

 

797
3ECEES, September 2022, Bucharest, Romania



3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

Non-linear seismic analyses of reinforced concrete structures 

Larbi Walid – Ayoub Naim – Deü Jean-François, Laboratoire de Mécanique des Structures et des 
Systèmes Couplés (LMSSC), Conservatoire national des arts et métiers (Cnam), 292 rue Saint-Martin – 
75141 Paris cedex3, France, e-mail:  (walid.larbi, naim.ayoub, jean-francois.deu)@lecnam.net   

Abstract: This paper presents an extension of the Proper Orthogonal Decomposition method 
(POD) to nonlinear dynamic analysis of reinforced concrete multistory frame structure where 
the material nonlinearity is modeled by the multi-fiber section. To test the effectiveness of 
this approach, we first perform a nonlinear dynamic analysis under a seismic excitation using 
a direct implicit time integration scheme. Then, based on structural response observations, 
POD modes were extracted and used to reduce the structural system subjected to different 
earthquakes. A comparison was made between full model and reduced model analysis in order 
to assess the effectiveness of this technique 
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1. Introduction

This paper presents an extension of the Proper Orthogonal Decomposition method (POD) to 
nonlinear dynamic analysis of reinforced concrete multistory frame structure where the 
material nonlinearity is modeled by the multi-fiber section. 
The multi-fiber section model consists of dividing the structural element cross section into a 
set of longitudinal fibers. Each fiber is made up of a single material and has the potential to 
undergo nonlinear inelastic longitudinal deformation according to the uniaxial stress-strain 
behavior of its corresponding material [Kotronis et al. (2005)]. The layered shell element 
consists of dividing the 2D structural element into layers along its thickness. Each layer is 
made up of a single material and can behave nonlinearly in 2D [Cerioni et al (2008), Rojas 
et al. (2019)]. When dealing with nonlinearities, nonlinear solving techniques should be 
adopted. The classical and mostly used nonlinear solvers are the Newton-Raphson method 
and its derivatives, displacement control approach and the arc length technique. 
Dynamic excitations in structures are usually studied using direct integration time history 
analysis. In this approach, temporal discretization is considered and the direct time 
integration is conducted using implicit methods like Newmark-	 𝛽 [Newmark (1959)], 
Wilson 𝜃 [Wilson (1968)], HHT-	 𝛼  [Hilber (1977)] or explicit methods like central 
difference and Runge-Kutta. The main concern in using the direct time integration analysis 
for linear and nonlinear models is its high computational cost especially when applied in 
structural seismic analysis. In fact for seismic analysis, the structure is subjected to dynamic 
excitations at its base. These excitations are generally based on the accelerograms of 
previously recorded quakes in the region. In order to cover all probable scenarios, the 
structure should be subjected to multiple accelerograms vibrating in all different directions 
which greatly increases the time cost of this analysis technique. 
Due to this setback, several model reduction techniques have been proposed to decrease the 
time cost of the dynamic time history analysis. For linear systems, modal truncation can be 
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used to define the most influential mode shapes of the structure and then this truncated modal 
base is used to reduce the dynamic equation of the structural system [larbi et al. (2016, 
2019)]. For nonlinear structures, research based on the work of [Rosenberg (1966)] has been 
conducted to determine an analogy between nonlinear normal modes and linear ones. 
However, this nonlinear modal analysis is not widely used due to the limitation when non-
smooth nonlinearities are present in the structure [Shaw (1983)]. 
The Proper Orthogonal Decomposition (POD) is a data driven method based on the statistical 
Principal Component Analysis (PCA) of observations dataset. In other words, data obtained 
from observations at different time intervals (snapshots) are analyzed to determine the 
optimal subspace that can be used to recreate the entire dataset with minimum errors. This 
subspace is later used to reduce the model under consideration in calculation. The POD 
method dates back to the 1930’s and today is applied in fluid mechanics for model reduction 
of turbulent flow, model reduction of structural dynamics, damage detection, reduction of 
dynamic models for microelectromechanical systems and in lots of other domains. 
Seismic analysis considering nonlinear material behavior of reinforced concrete structures 
is classically conducted by two approaches. The first one is the pushover analysis which is 
a static nonlinear approach that tries mimicking the dynamic behavior of the structure by 
considering it to respond dynamically according to its fundamental mode shape only. 
Horizontal loads are distributed on the structure proportionally to this fundamental mode 
shape vector and are increased progressively while nonlinear material behavior is taken into 
account.  This approach is limited to structures where the fundamental mode shape is the 
dominant mode of vibration and thus limiting it to regular low-rise buildings where no 
response in function of time is required (only maximum values are provided). For other 
cases, the previously mentioned direct integration nonlinear time history analysis is used. 
According to the authors’ knowledge, the POD method was never used for reducing the 
direct integration nonlinear time history analysis of a Reinforced Concrete (RC) structure 
where material nonlinearity is modelled by the multi-fiber section approach. This paper 
presents a nonlinear multi-fiber RC multistory frame structure subjected to seismic 
excitations at its base and the POD is used to reduce the direct integration time history 
analysis cost. Section 2 presents the modeling of material nonlinear behavior for a RC beam 
element using the multi-fiber section approach. Section 3 is dedicated to the dynamic 
analysis of a RC element with material nonlinearities using classical and reduced POD 
procedures. Section 4 presents an application of the POD reduction method on the multistory 
frame structure under consideration while comparing the results with full model analysis. 
Section 5 summarizes the conclusions and future perspectives. 

2. Multi-fiber beam model  

The concentrated (lumped) plasticity is the simplest and most popular approach to model 
material nonlinearity in structural elements. However, this technique is based on the 
assumption that nonlinear material behavior occurs only at specified concentrated points of 
the structural member (which is a major simplification). In addition, interaction between 
bending moments and varying axial forces at the plastic hinge is not taken into account. 
Moreover, the plastic hinges behavior is defined by characteristic curves (Moment versus 
Rotation or Force versus Displacement) provided by the seismic codes. These curves are 
based on rough estimations and assumptions which reduce their accuracy. On the other hand 
and as we will detail in this section, the multi-fiber beam model assures the distribution of 
nonlinear material behavior all along the structural element length and all over its cross 
section (distributed plasticity approach). In addition, this technique takes into account the 
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interaction between bending moments and axial loads and can be applied to elements having 
non-typical cross sections. The fiber model approach is more computationally demanding 
than the concentrated plastic hinge technique however it remains efficient and very 
beneficial especially for wall elements modeled by the equivalent beam approach. 
Since 2D finite elements are not addressed in this paper, the multi-fiber beam approach is 
adopted in this work to model the nonlinear material in 1D finite elements (beams, columns, 
equivalent beam model for walls) while considering the Euler-Bernoulli hypothesis (planar 
sections before deformation remain planar and perpendicular to the element’s center line 
after deformation). 
As already mentioned, the multi-fiber beam approach consists of dividing the structural 
element cross section into a set of longitudinal fibers. As a consequence, using this modeling 
technique requires a 3 level analysis. 
Fibers are the fundamental level of analysis. Each fiber is made up of only one single 
material: for reinforced concrete members, the fibers can be made of steel reinforcements, 
confined or unconfined concrete. The fiber axial stress 𝜎!"#$% and the longitudinal tangent 
Young modulus 𝐸&	!"#$% are determined in function of the longitudinal fiber axial strain 
𝜀!"#$%. 

Figure 1. Multi-fiber reinforced concrete section 
The element’s cross section is the second level of analysis. Applying the Euler-Bernoulli 
hypothesis will result in perfect bond conditions between fibers (no sliding of a fiber with 
respect to another is allowed). In 2D structural analysis, for a fiber having its centroid located 
at the ordinate y in the section reference, the axial longitudinal strain in the fiber 𝜀(𝑦) can 
be determined in function of the section’s uniform axial strain along x axis 𝜀( and the 
section’s curvature along z axis 𝜙) 

𝜀(𝑦) = 𝜀( − 𝑦𝜙) = {1 −𝑦} 1
𝜀(
𝜙)2 (1) 

since in nonlinear analysis the calculation is done by increments and we get 

∆𝜀(𝑦) = ∆𝜀( − 𝑦∆𝜙) = {1 −𝑦} 4∆𝜀(∆𝜙)
5 (2) 

this axial strain increment of the fiber ∆𝜀(𝑦) causes an increment in the section’s internal 
axial force ∆𝑁 and bending moment along 𝑧 axis ∆𝑀). 

∆𝑁 = 𝐸&	!"#$%𝐴!"#$%∆𝜀(𝑦) (3.a) 
∆𝑀) = −𝑦∆𝑁 = −𝑦𝐸&	!"#$%𝐴!"#$%∆𝜀(𝑦) (3.b) 

for a single fiber, the resulting increment of internal forces in the section is 

{Δ𝐹*$+,"-.} = 4 ∆𝑁∆𝑀)
5 = 𝐸&	!"#$%𝐴!"#$% <

1 −𝑦
−𝑦 𝑦/ = 4

∆𝜀(
∆𝜙)

5 (4) 

for all the fibers, the entire resulting increment of internal forces in the section is 
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 {Δ𝐹*$+,"-.} = 4 ∆𝑁∆𝑀)
5 = ∑ 𝐸&	!"#$%	"

.!"#$%
"01 𝐴!"#$%	" <

1 −𝑦"
−𝑦" 𝑦"/

=
?@@@@@@@@@@A@@@@@@@@@@B

[3&]

4∆𝜀(∆𝜙)
5 (5) 

where 𝑛!"#$%is the total number of fibers in the section and [𝐾&] is the section’s tangent 
stiffness matrix. 
The entire element is the third level of analysis. Linear shape functions are considered for 
longitudinal translation and Hermite cubic shape functions are used for bending. Applying 
the principle of virtual work we get 

 {𝐹".,} = ∫[𝐵(𝑥)]& 4
1
−𝑦5 𝜎!"#$%(𝑥, 𝑦)𝑑𝑉 (5) 

 [𝐾&] = ∫[𝐵(𝑥)]& 4
1
−𝑦5𝐸&	!"#$%(𝑥, 𝑦){1 −𝑦}[𝐵(𝑥)]𝑑𝑉 (6) 

where {𝐹".,} is the internal nodal force vector of the element, [𝐾&] is the element’s tangent 
stiffness matrix and [𝐵(𝑥)] is the gradient operator containing the derivatives of shape 
functions. 
The volume integral required for the calculation of {𝐹".,} and [𝐾&] is split into a surface 
integral on the cross section and a 1D integral along the longitudinal axis of the element. 
Since the element’s cross section is already divided into fibers, we substitute the surface 
integration by the summation of fiber areas. Next, the longitudinal 1D integration is done by 
Gauss points. 

3. Full and reduced dynamic models  

As already mentioned, the classical time costly approach for capturing the nonlinear seismic 
response of a structure in function of time is the full model implicit direct integration 
nonlinear time history analysis. The Newmark-𝛽 method is one of the famous implicit direct 
integration techniques used for linear and nonlinear time history analysis. For this method, 
knowing the structural system state at instant 𝑡" (displacement, velocity and acceleration 
vectors) and assuming a variation pattern for acceleration between instants 𝑡" and 𝑡"51 (i.e. 
constant average acceleration) makes it possible to express the dynamic equation of the 
structural system at instant 𝑡"51 with only one unknown (the displacement vector at instant 
𝑡"51) and thus solving easily the system. 
The proper orthogonal decomposition POD also known as the Principal Component 
Analysis PCA and the Karhunen-Loève Decomposition KLD is a statistical analysis of 
observation data. Let’s consider a data matrix [𝑋] containing 𝑛 observation vectors [𝑋] =
[{𝑋1} ⋯ {𝑋.}] and each observation vector is made of m dimension 

 [𝑋] = [{𝑋1} ⋯ {𝑋.}] = P
𝑥11 … 𝑥1.
⋮ ⋱ ⋮

𝑥61 … 𝑥6.
T (7) 

{𝑆"} = {𝑥"1 ⋯ 𝑥".} is row 𝑖 in matrix [𝑋] and represents all the data collected on 
dimension 𝑖. If data set {𝑆"}	∀	𝑖 has a zero mean, the variance of {𝑆"} becomes 
 𝜎/({𝑆"}) =

1
.71

×∑ Y𝑥"8 −𝑚𝑒𝑎𝑛({𝑆"})]
/ =.

801
1

.71
×∑ (𝑥"8)/.

801 = 1
.71

{𝑆"}{𝑆"}& (8) 
and the covariance of {𝑆"} and ^𝑆9_  becomes 
 𝐶𝑂𝑉Y{𝑆"}, ^𝑆9_] =

1
.71

× ∑ Y𝑥"8 −𝑚𝑒𝑎𝑛({𝑆"})] b𝑥98 −𝑚𝑒𝑎𝑛Y^𝑆9_]c.
801  (9.a) 

 𝐶𝑂𝑉Y{𝑆"}, ^𝑆9_] =
1

.71
× ∑ (𝑥"8)Y𝑥98].

801 = 1
.71

{𝑆"}^𝑆9_
& (9.b) 

High value of 𝜎/({𝑆"}) indicates high action on dimension 𝑖 and vice versa. High value of 
𝐶𝑂𝑉Y{𝑆"}, ^𝑆9_] indicates high similarity between the actions on dimension 𝑖 and dimension 
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𝑗. On the other hand,  𝐶𝑂𝑉Y{𝑆"}, ^𝑆9_] = 0 indicates zero resemblance (total independence) 
between the actions on dimension 𝑖 and dimension 𝑗. 
If data set {𝑆"}	∀	𝑖 has a zero mean, the covariance of matrix [𝑋] becomes 

𝐶𝑂𝑉([𝑋]) = 1
.71

[𝑋][𝑋]& (10.a) 

𝐶𝑂𝑉([𝑋]) =

⎣
⎢
⎢
⎡ 𝜎/({𝑆1}) 𝐶𝑂𝑉({𝑆1}, {𝑆/}) ⋯ 𝐶𝑂𝑉({𝑆1}, {𝑆.})
𝐶𝑂𝑉({𝑆/}, {𝑆1}) 𝜎/({𝑆/}) ⋯ 𝐶𝑂𝑉({𝑆/}, {𝑆.})

⋮ ⋮ ⋱ ⋮
𝐶𝑂𝑉({𝑆.}, {𝑆1}) 𝐶𝑂𝑉({𝑆.}, {𝑆/}) ⋯ 𝜎/({𝑆.}) ⎦

⎥
⎥
⎤
 (10.b)

Determining the principal components of data matrix [𝑋] starts by finding a new 
orthonormal reference [𝑁]. The initial data matrix [𝑋] is expressed in this new reference as 
[𝑋′] = [𝑁]&[𝑋]. For [𝑁] to be containing the principal components of the data observation, 
𝐶𝑂𝑉([𝑋′])	 should be a diagonal matrix. In other words, we have zero similarity between 
actions on different new dimensions in reference [𝑁] (𝐶𝑂𝑉Y{𝑆′"}, ^𝑆′9_] = 0	𝑓𝑜𝑟	𝑖 ≠ 𝑗).  
Since 𝐶𝑂𝑉([𝑋]) is made up of [𝑋][𝑋]& so it is a symmetrical matrix and thus has real 
eigenvalues. 

[𝑋][𝑋]&[∅] = [∅][𝜆]  (11) 
where [∅] is the eigenvectors matrix and [𝜆] is the diagonal matrix containing the 
eigenvalues. Eigenvectors are orthonormal vectors and we can demonstrate that the new 
reference [𝑁] we were talking about in the previous paragraph is in fact the eigenvectors 
matrix ([𝑁] = [∅]) of [𝑋][𝑋]&. In fact for [𝑋′] = [∅]&[𝑋] we get 

𝐶𝑂𝑉([𝑋′]) = 1
.71

[𝑋′][𝑋′]& = 1
.71

[∅]& [𝑋][𝑋]&[∅]?@@A@@B
[∅][;]

= [𝜆] (12) 

𝐶𝑂𝑉([𝑋′]) is a diagonal matrix and 𝜎/({𝑆′"}) = 𝜆". We notice that the higher 𝜆" is the more 
we have actions on dimension 𝑖 in the eigenvectors reference. As a conclusion, principal 
components of the data set [𝑋] are the eigenvectors of [𝑋][𝑋]& and modes with high 
eigenvalues are the most influential in representing [𝑋]. 
The orthogonal eigenvectors obtained are called POD modes and the corresponding 
eigenvalues are called proper orthogonal values. The POD modes can be used to reconstruct 
the initial data matrix [𝑋]. The higher the eigenvalue of a POD mode is, the more essential 
this mode is in recreating [𝑋].  
By considering the most important 𝑠 POD modes (𝑠 < 𝑚) and placing them in [𝑇] ∈ ℝ6×=, 
the {𝑋,} snapshot vector previously expressed in 𝑚 dimensions can now be approximated in 
the lower 𝑠 dimensions 

{𝑋,}x
∈ℝ'×)

≅ [𝑇]z
∈ℝ'×*

{𝑄,}x
∈ℝ*×)

 (13) 

where {𝑄,} contains the coordinates of the snapshot vector in the new reference [𝑇]. The 
choice of the number 𝑠 of POD modes to consider in the reduced new reference should 
satisfy 2 conditions: 
The representation in the new reference should be accurate so the error should be minimal. 
The higher 𝑠 is, the more accurate the approximation is. 

𝑒𝑟𝑟𝑜𝑟 = ∑ |^𝑋,"_ − [𝑇]^𝑄,"_|
.
"01  (14) 

For the dimensions reduction to be efficient, the number of chosen POD modes 𝑠 should be 
relatively small. 
In order to balance between accuracy and efficiency, an energy criterion is considered to 
determine the optimal value of 𝑠. The Proper Orthogonal Value of a mode gives an indication 
on the energy carried by this mode. Generally, the first 𝑠 POD modes carrying at least 99% 
of the total system energy are considered for the new reduced reference. 
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 ∑ ;"
*
"+)

∑ ;,'
,+)

≥ 99% (15) 

In structural dynamics, the POD reduction can be applied on the direct integration time 
history analysis for linear or nonlinear structures. In order to get the observation data 
required for the POD, we initially do a classical implicit direct integration time history 
analysis of the full structural finite element model subjected to a specific base excitation. 
Let’s consider a nonlinear structural system with 𝑚 degrees of freedom and 𝑛 snapshots 
were taken. We calculate the POD modes and proper orthogonal values of the data matrix 
[𝑋] and then choose the subspace [𝑇] ∈ ℝ6×= containing the first 𝑠 POD modes satisfying 
the 99% energy criterion. The dynamic equation of the system is 
 [𝑀]^�̈�(𝑡)_ + [𝐶]^�̇�(𝑡)_ + 𝑅({𝑋(𝑡)}) = {𝐹(𝑡)} (16) 
By replacing {𝑋(𝑡)} and its derivatives by [𝑇]{𝑄(𝑡)} and multiplying both sides of the 
dynamic equation by [𝑇]& we get 
 [𝑇]&[𝑀][𝑇]?@@A@@B

[A%]∈ℝ*×*
^�̈�(𝑡)_ + [𝑇]&[𝐶][𝑇]?@@A@@B

[B%]∈ℝ*×*
^�̇�(𝑡)_ + [𝑇]&𝑅([𝑇]{𝑄(𝑡)})?@@@@A@@@@B

C%([&]{F(,)})∈ℝ*×)
= [𝑇]&{𝐹(𝑡)}?@@A@@B

{I%(,)}∈ℝ*×)
 (17) 

The previously 𝑚 degrees of freedom dynamic system is reduced to 𝑠 degrees of freedom. 
However, the nonlinear restoring force 𝑅([𝑇]{𝑄(𝑡)}) cannot be reduced and always needs 
to be calculated in the full coordinate model which makes this step the most time consuming 
part of the entire process. In this case, the most effective direct time integration technique to 
adopt will be the one with the least recurrence for the expensive nonlinear restoring force 
calculation. 
Implicit direct time integration techniques are usually used in conjunction with the Newton-
Raphson approach for solving nonlinear systems. In order to reach convergence with this 
approach, multiple iterations are required at each time step and for every iteration we need 
to calculate the tangent stiffness matrix, its inverse and the nonlinear restoring force which 
are all time costly. Using the constant stiffness Newton-Raphson approach will save us the 
need for the tangent stiffness calculation and its inverse but will increase the number of 
iterations required for convergence. 
On the other hand and for explicit direct time integration techniques, the popular central 
difference method requires only one iteration per time step and no expensive calculation of 
the tangent stiffness matrix and its inverse are needed (only the nonlinear restoring force is 
required). However, the central difference approach is conditionally stable and needs to 
satisfy the following stability condition 
 ∆𝑡 < /

J'-.
 (18) 

where ∆𝑡 is the time step and 𝜔6K( is the largest natural pulsation of the system. Generally, 
the full model of the structure has a relatively large number of degrees of freedom and will 
result in high natural pulsations (for high modes) hence requiring small time steps to 
maintain calculation stability and consequently increasing the computational cost. 
Nevertheless, when working with a reduced structural model, significantly fewer number of 
degrees of freedom are considered and thus the reduced system will have smaller natural 
pulsations which makes it possible to use larger time steps while maintaining numerical 
stability. For this reason, in this work the central difference method is considered to be the 
most effective direct time integration technique for reduced models. 
Various applications for this POD nonlinear dynamic model reduction are possible. As 
already mentioned for the dynamic seismic analysis, the structure is studied for a range of 
possible earthquakes and is analyzed and checked for each excitation (earthquake record) 
separately. Since we need to conduct an analysis for each excitation, we start with the classic 
full model implicit direct integration nonlinear time history analysis for the first excitation. 
By collecting snapshots from this initial analysis, we can determine the essential POD modes 
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and use them to reduce the dynamic model in the analysis of the remaining excitations. 
[Bamer et al. (2017)] proposed this approach and applied it on a small scale steel frame in 
addition to using it for studying seismic base isolators. In the current article, we will use this 
approach and extend it on a reinforced concrete multistory frame structure while the material 
nonlinearity is modeled by the multi-fiber section technique. 

4. Application

At first we need to consider the base vibrations to use. The following 4 earthquake recordings 
obtained from the Center of Engineering for Strong Motion Data CESMD 
(www.strongmotioncenter.org) were considered (refer to Table 1). 

Table 1: Considered earthquakes. 

Earthquake Location Date Magnitude Measurement
station 

Vibration 
direction 

Total 
duration 

Time 
step 

Northridge 
Los 
Angeles, 
USA 

01/17/1994 6.4 ML 
Newhall LA 
county fire 
station 

0° 60s 20ms 

Elcentro California, 
USA 05/18/1940 6.9 Mw Elcentro 0° 53.74s 20ms 

L’Aquila L’Aquila, 
Italy 04/06/2009 6.3 Mw 

L'Aquila 
V.Aterno
Centro Valle 

90° 60s 20ms 

Chile 

Off the 
coast of 
central 
Chile 

02/27/2010 8.8 Mw Constitucion 
city 90° 120s 20ms 

The structure is a 2D Reinforced Concrete (RC) multistory frame made up of 10 stories and 
5 spans with a 3 m story height, a 5 m span length, a 1T/m linear load is considered on beams 
and the structural self-weight is neglected (refer to Figure 3). All concrete columns and 
beams are divided into 1 m length finite elements and considered to have the same square 
cross section 40x40 cm with four 20 mm High Bond HB reinforcing bars at both top and 
bottom sides (refer to Figure 5). The cross section is divided into 4 concrete fibers and 2 
steel fibers. Rayleigh damping was used to get a 5% damping ratio for the first two 
eigenmodes (more than 90% of the total mass is participating in the first two eigenmodes). 
The energy criteria for POD modes selection is set to 99.99% (higher than 99% due to the 
complexity of reinforced concrete elements). 
Material nonlinearity is considered to occur in the elements near the beam column 
connections at the first 5 stories (refer to Figure 4). The steel rebar is considered to have a 
bilinear backbone curve (initially linear elastic then plastic with strain hardening) with a 
yielding stress of 400 MPa, a yielding strain of 2‰, an elastic Young modulus of 200 GPa, 
an ultimate stress of 420 MPa and an ultimate strain of 2.5%. Under cyclic loading, if 
nonlinearity is reached, the steel material will undergo a kinematic hysteresis behavior (refer 
to Figure 6). Concrete is considered to be unconfined and modeled according to a simplified 
version of Mander model [Mander (1988)] that takes into account the damaging phenomena. 
The maximum concrete compressive strength is 25 MPa at a corresponding strain of 2‰, 
the ultimate compressive strain is 4‰, the maximum tensile strength is considered 2.5 MPa 

804
3ECEES, September 2022, Bucharest, Romania



 
Figure 7. concrete axial stress-strain curve 

 

 
       Figure 4. Position of nonlinear elements in RC frame 

(10% of the compressive strength) at a corresponding strain of 0.1‰ and the elastic Young 
modulus is 25 GPa (refer to Figure 7). 

 
Figure 3. RC frame geometry and loading 

 
Figure 5. RC element multi-fiber section 

 

 
Figure 6. Steel reinforcement axial stress-strain curve 
 
Northridge earthquake is considered as the initial vibration. Full Model (FM) implicit 
nonlinear time history analysis with a 20 ms time step was carried on for this earthquake. 50 
snapshots were taken for the resulting displacement vector during the first 15 seconds of the 
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vibration (where most of the powerful exitation occurs) and at equally spaced time intervals. 
POD modes were extracted from the snapshot matrix and the dynamic system was reduced 
based on Northridge earthquake results. Then, Reduced Model (RM) explicit nonlinear time 
history analysis with a 20 ms time step was carried on for the remaining earthquakes 
(Elcentro, L’Aquila and Chile). 
It should be noted that for comparison purpose, FM implicit nonlinear time history analysis 
was conducted separately for Elcentro, L’Aquila and Chile earthquakes in order to have a 
base reference. Also RM analysis was performed for the Northridge earthquake for 
comparison with the initially calculated full dynamic model. 
For this structure, the reduced base is made of the first 4 POD modes since they represent 
more than 99.99% of the system’s energy. As a result, this structure with initially 1140 
degrees of freedom is reduced to only 4. 

 
Figure 8. Classic structural eigenmodes Vs POD modes 

By comparing the POD modes with the classical eigenmodes of the structure, we can clearly 
see the nonlinearity effect in the POD modes at the first 5 stories of the structure especially 
for modes 2 and 3. 

 
Figure 9. Structural top left corner horizontal displacement in function of time for Full Models (FM) and 

Reduced Models (RM) 
As we can see in Figure 9 the reduced models results are very close to the full models and 
at a fraction of the time cost, for further details refer to the following table 2. 
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Table 2: Accuracy and time saving of the Reduced Model (RM) with respect to the Full Model (FM). 

Earthquake  FM time RM time Time 
saving Speedup Average 

error 
Max horiz 
displacement 

Northridge  728.11 s 47.57 s 93.47% 15.3 2.07 cm 31.16 cm 
Elcentro  691.55 s 42.79 s 93.81% 16.2 0.53 cm 9.96 cm 
L’Aquila  740.68 s 48.15 s 93.50% 15.4 0.17 cm 12.05 cm 
Chile  1629.49 s 101.77 s 93.75% 16.0 1.01 cm 23.81 cm 

We can clearly see the time saving benefits of the POD modes in reducing the nonlinear 
structural system. In addition, the POD modes extracted from the Full Model (FM) analysis 
of Northridge earthquake are working well in the reduction of the structural model subjected 
to other excitations (Elcentro, L’Aquila and Chile Earthquake). 

4. Conclusions  

In this paper we extended the application of the Proper Orthogonal Decomposition to reduce 
nonlinear dynamic analysis of reinforced concrete multistory frame structure where the 
material nonlinearity was modeled by the multifiber section approach. We succeeded in 
reducing a 1140 degrees of freedom system to only 4 degrees while achieving a speedup of 
around 16 (the reduced model calculation is 16 times faster than the full model) and 
maintaining an acceptable accuracy level. It was also shown that POD modes obtained from 
the analysis of a full structural model subjected to a certain base vibration were also 
convenient for reducing the same model when subjected to different base excitations. The 
key point here is having a well representative snapshot matrix of the dynamic system. 
As perspectives for future work, we are looking forward for increasing the time saving, 
results accuracy and applying this approach on 2D reinforced concrete structural elements 
(plates, shells and membranes) by using the layered 2D element model. 
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Abstract: The experience of activities in the field of seismic protection shows that the main 

concept of seismic protection in Ukraine should be the introduction of seismic design and 

construction of housing and industrial facilities based on objective knowledge of the 

quantitative parameters of the actual seismic hazard in the areas where specific construction 

sites are located. To ensure the implementation of seismic protection of structures, objects 

and territories from future earthquakes, all subjects of state power and economic activity on 

the territory of the country should, within their competence. The level of seismic hazard is 

an objective characteristic of the territory and is determined by a set of works: general 

seismic zoning of the territory of the country, detailed seismic zoning of its individual areas, 

seismic micro-zoning (SMZ) of sites. The result of seismic micro-zoning works is a 

construction and installation map of the studied site and sets of design accelerograms for the 

reference point, or for each of the engineering and geological sites selected on the site. 

Keywords: earthquake, seismic micro zoning, design accelerograms 

1. Introduction

Protection of the population, objects of economy and national property of the state from 

the negative consequences of emergencies in Ukraine is considered an integral part of state 

policy, national security and state building, as one of the important functions of central and 

local authorities. 

The seismic danger of the territory of Ukraine is due to the close proximity of its western, 

southwestern and southern regions to a powerful seismically active belt of the planet, 

which was formed as a result of the collision of African, Arab and Eurasian continental 

plates. According to historical experience, earthquakes occur within all ancient tectonic 

platforms, although much less frequently than in seismically active zones [Kagan, 1999]. 

Moreover, earthquakes on relatively stable tectonic platforms, as a rule, lead to significant 

economic losses due to the unpreparedness of buildings and structures to their effects. 

Strong subcrustal earthquakes of the Vrancea region (Romania) are felt throughout 

Ukraine, the last of which occurred in 1940, 1977, 1986 and 1990 [Nemchinov et al., 

2013]. 
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Given the significant depreciation of fixed assets, the risks associated with the dangerous 

effects of earthquakes have increased significantly, which, in turn, increases the level of 

man-made danger in various sectors of the economy. 

There is no reliable forecast of the time of earthquakes, and the most effective way to 

reduce seismic risk to people and property is to ensure proper seismic design, construction 

and reconstruction of housing and important industrial facilities in seismic areas of the 

country. 

2. Seismic protection concept 

According to estimates of losses caused by natural disasters in the world, earthquakes are 

in first place. They cause great losses of people, singing commensurate with the scale of 

losses in major wars or car accidents. But the latter does not depend on nature. And from 

earthquakes, as one of the most destructive factors can be protected. 

Existing in the world modern scientifically substantiated effective concepts of seismic 

protection include: establishment (forecasting) of quantitative values of parameters of real 

seismic danger and risk; reducing the vulnerability of the population and important objects 

in seismic areas by increasing the seismic resistance of existing buildings and structures; 

development and implementation of seismic resistance standards that meet the real seismic 

hazard; control over seismic construction and proper operation of buildings and structures; 

raising public awareness through education and training; prompt notification of the 

occurrence of a strong earthquake and rapid response to it; assistance, rehabilitation and 

rehabilitation of the affected population and districts; earthquake insurance. 

Currently, one of the important tasks of seismic protection is the introduction into the 

practice of seismic design of forecast estimates of physical parameters of seismic impacts 

on the sites of buildings and structures to protect them from earthquakes. 

2.1. Seismic risk  

The risk of destruction (damage) depends on both the level of seismic hazard and the 

seismic vulnerability of buildings and structures. However, if the level of seismic hazard is 

an objective characteristic of the site where the structure exists or is designed, its seismic 

vulnerability depends entirely on the design, or if the object exists and is operated - on the 

actual physical characteristics that determine its seismic resistance (not vulnerable to 

earthquakes). 

Seismic risk describes the potential losses in a future projected earthquake. It depends on 

the level of seismic hazard of the site and its seismic vulnerability. Risk is measured as the 

percentage of probable destruction of an object, or the amount of economic loss. 

2.1.1. Components of seismic risk 

Seismic hazard of the territory (site, area) and its seismic vulnerability. The level of 

seismic vulnerability of structures can be determined either experimentally or by modeling 

the dynamic behavior (seismic response) of the structure as a whole, or its individual 

structures, during potential earthquakes. The latter approach has a significant advantage as 

one that allows multiple repetition of calculations on changing mathematical models of the 

structure. 

Seismic effects are measured in extrasystemic units (seismic intensity scores), or in 

systemic units: peak accelerations, velocities or peak soil displacements. 
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The most complete seismic hazard can be expressed in terms of the value of the condition-

pointing vector, which characterizes the flow of seismic energy per unit time per unit area 

of the site. This assessment is physical. The integral of the condition Pointing vector along 

the entire duration of the design accelerogram and the area of the base of the structure 

corresponds to the amount of seismic energy, due to which work can be performed to 

destroy the structure or its responsible structures. The magnitude of the flow of seismic 

energy is determined by the design accelerograms, which simulate the investigated site 

predicted with a given probability integral over the time of the full acceleration vector in 

seismic oscillations of the free soil surface. 

The spectra of design accelerograms, seismograms and bicycle diagrams allow 

determining the ranges of possible resonant amplification of seismic oscillations in 

construction sites and their individual structures, which in turn allows designing (build, 

strengthen existing) buildings with minimal resource costs to ensure their seismic 

resistance. 

Seismic hazard parameters are important areas of research: 

 Study of seismicity of the territory of Ukraine and adjacent areas: instrumental 

seismological observations and macroseismic surveys of earthquakes. 

 Development and improvement of equipment base for seismological observations. 

 Solving methods and technologies for solving inverse seismology and seismometry 

problems. 

 Analysis of materials of seismological observations and creation of seismological 

databases for the studied areas. 

2.1.2. Peak acceleration damping model 

The peak ground acceleration (PGA) attenuation model is given by the function G(m, r), 

which determines the dependence of the mean (natural) logarithm of the peak ground 

acceleration ln(PGA) on the event with magnitude m at a distance r. This function is a 

regression relationship based on a regional database of accelerograms obtained using a 

network of accelerographs. It usually has a look: 

 SCFCrCCrCmCCrmPGAAbsrmG 7654321 )ln())),((ln(),(|  (1) 

where Abs is the absolute value of the expression in parentheses, C1, C2 , C3, C4, C5, C6, C7 

are the regression coefficients, F and S describe, respectively, the dependence on the type of 

fault (Fault) and soil conditions of the site (Soil); σ - is the standard deviation. 

Dependence of intensity on fault length (Lroz in km), M - magnitude, I – intensity 

30)3.0^101.0(10lg5.3)1.1(5.1  MHMI  - Nearby area (2) 

3)5.0)^((10lg5.35.1  HHLLMI rozroz  - Distant area          (3) 

3. Regulatory documents 

There is an objective need for continuous improvement of state building codes (DBN), which 

is due to: the need to learn progressive world experience, comments from design and research 

institutions on some regulations that hinder the development of earthquake-resistant 

construction, increase the volume and quality of seismic data; harmonization of Ukrainian 

building codes with international standards, development of methods for determining the 
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parameters of seismic hazard and seismic protection of buildings and structures and 

accelerograms for modeling nonlinear effects in dynamic calculations of soil behavior. As a 

result, both the seismological part of the document and the regulatory requirements for seismic 

design and construction should effectively protect the population and economy from 

earthquakes [Nemchinov et al., 2014; Ryzhov and others. 2017]. 

The level of danger that earthquakes can cause is shown on the maps of the general seismic 

zoning (SSR) in the scores of the macroseismic scale MSK-64. Probability maps of general 

seismic zoning of the territory of Ukraine (SSR-2004) scale 1: 1000000 [National Atlas, 2007]. 

The map is based on an internationally approved methodology [GlobalSeismic…, 2015]. Maps 

of the USSR-2004: A, B and C - corresponding to 90%, 95% and 99% probability of not 

exceeding the predicted intensity of seismic shocks over the next 50 years. 

It should be noted that the SSR maps show the level of seismic hazard in points of the 

macroseismic scale MSK-64 for soils of the 2nd category on seismic properties, and each of 

the potential construction sites may be characterized by its soil, morphological and tectonic 

properties. The probabilistic relationship between seismic intensity in MSK-64 scale scores 

and maximum accelerations in soil oscillations in accelerograms recorded in earthquakes with 

different intensities of seismic shaking is given in [DSTU-B-B.1.1-2-28: 2010, 2010]. The 

ratios are based on [Aptikaev FF, Erteleva OO, 2016]. 

In order to harmonize with international standards for determining the parameters of seismic 

hazard and earthquake protection of nuclear energy facilities and in accordance with IAEA 

requirements and Articles 22 and 24 of the Law of Ukraine "On Nuclear Energy Use and 

Radiation Safety" developed a legal act "Requirements for seismic design and assessments of 

seismic safety of power units of nuclear power plants: NP 306.2.208-2016 "[Ryzhov DI and 

others, 2017]. 

Engineering and geological research for design and construction are performed in accordance 

with DBN "Exploration, design and territorial activities. Engineering surveys for construction 

"[DBN A.2.1-1-2014,… 2014]. 

Engineering-geological research is performed in order to obtain a set of data on engineering-

geological conditions that affect the seismic effect of the study area (including 

geomorphological, tectonic and geological structure, lithological composition, condition and 

physical and mechanical characteristics of soils, groundwater level, availability adverse 

physical and geological processes and phenomena, etc.), as well as possible changes in these 

conditions in the construction and operation of buildings and structures. 

The main type of engineering-geological research is an engineering-geological survey, which 

is carried out on a scale adopted during the design of the object under study in accordance with 

the basic requirements of applicable regulations. 

For objects located in seismic zones with 8 points and above, it is necessary to clarify the 

spatial variability of soil properties and determine the state, strength and deformation 

characteristics of soils in natural conditions by dynamic or static sounding in accordance with 

the requirements [Engineering research…, 2012; DBN A.2.1-1-2014…, 2014]. At the same 

time, special attention is paid to the study of dynamically unstable soil types (subsidence, 

swellable, bulk, alluvial, silt, flooded sands, etc.). 

The capacities of non-rocky soils overlapping erupted, metamorphic and sedimentary root 

rocks are established, the section is divided into lithological layers and the position of the 

groundwater level is determined using a set of seismic and electro-exploration methods 

(refractive wave correlation method), vertical electrical probing symmetrical, bilateral three-

electrode and dipole equipment). 
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3.1. Seismic micro zoning 

The purpose of seismic micro-zoning is to quantify the change (increase or decrease) of 

seismic hazard of the construction site compared to its background (initial) value, determined 

by the map ZSR-2004 and DBN B.1.1-12: 2014 [DBN B.1.1-12: 2014, 201 .2014], based on a 

comprehensive study of the seismic properties of local soils of the site [Recommendations 

for…, 1985], including: 

- taking into account the seismotectonic features of the territory (soil conditions, relief features,

the presence of seismically active tectonic disturbances, adverse physical and geological

processes and phenomena, etc.).

- Engineering and geological research, geophysical and other instrumental research, theoretical

calculations and special work on the selection of reference soils at the study site, or near it.

- The set of works on seismic micro-zoning includes the construction of three consecutive

construction and installation works: 1) by the method of engineering geological analogies, 2)

by the method of seismic stiffness and 3) by the method of registration of earthquakes,

explosions and short-period microseismic.

- The map of the MZ by the method of engineering and seismological analogies is the basis for

construction and installation work by the method of seismic stiffness, and the results of

construction and installation work by the method of seismic stiffness - the basis for

construction and installation of construction and installation work.

Models of soil complexes on taxonomic plots. 

Based on seismic materials made by the method of seismic stiffness, earthquakes, special 

explosions and high-frequency microseisms, models of soil complexes for all taxonomic areas 

are built taking into account the rheological properties of soils to take into account their 

behaviour at maximum seismic effects. 

Models of the structure of the environment under the site from the free surface of the soil to the 

depth of the roof of the consolidated foundation are being built. Depth is determined from deep 

wells or read from maps of the consolidated foundation. For each model of the structure of the 

environment under the sites of the site, the lithological composition, layer thickness, density, 

velocity of longitudinal and transverse waves, absorption decrements, etc. are specified. 

Formation of a database of digital records of earthquakes and explosions registered at the study 

site and on the reference soil. Construction of design accelerograms based on those observed 

on the reference soil and taxonomic plots, or selected from the databases of digital 

accelerograms (seismograms, bicycle diagrams). In fig. 1 shows a seismogram of the 

earthquake from the Vrancea zone on October 6, 2013, registered at the seismic station 

"LVVO" near the site of the Zaporizhzhia NPP. 

3.2. Seismic micro zoning Generation of computational accelerogram complexes 

Complexes of three-component design accelerograms are generated for all taxonomic sections 

of the studied site, which simulate the predicted seismic effects from earthquakes in the 

Vrancea zone and earthquakes from nearby potentially seismogenic zones, taking into account 

possible nonlinear behavior of local soils at maximum calculated lands. In fig.2 [Engineering 

research…, 2012; DBN A.2.1-1-2014…, 2014] shows one of a set of three-component design 

accelerograms generated to model the full vector of accelerations in seismic movements of the 

812
3ECEES, September 2022, Bucharest, Romania



soil surface at the Zaporizhzhia NPP site at the maximum calculated earthquake with an 

intensity of 7 points, which can be realized at the station site once every 10,000 years. 

 

 

Fig. 1. Record of the earthquake from the Vrancea area on October 6, 2013, registered at the LVVO seismic 

station near the ZNPP site 

 

 

 

Fig. 2. Graph of three-component design accelerogram for modeling the acceleration of oscillations of the 

free soil surface at the industrial site of Zaporizhzhia NPP during the implementation of the maximum 

calculated earthquake from the Vrancea zone. 

 

4. Conclusions  
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1. All subjects of state power and management on the territory of Ukraine must ensure the 

implementation of seismic protection of buildings, facilities and territories from future 

earthquakes. The state, represented by the central authorities, through the seismological 

service of the National Academy of Sciences of Ukraine must provide reliable and unified 

information on what to protect against. 

2. Progress in seismological observations and data processing allows us to predict not only 

the magnitude of spectral density but also the shape, duration, amplitude and phase 

spectrum of predicted oscillations, their time distribution, angles of seismic radiation, soil 

deformation in space during passage seismic waves of different types, the possibility of 

nonlinear effects in soils during powerful earthquakes. Seismic micro-zoning works should 

be based on seismic observations obtained by local seismological networks from 5-6 

observation points, whose additional task will be to control geodynamic phenomena in the 

areas of NPPs, HPPs, PSPs, other important sites and large settlements. The results of 

construction and installation work must correspond to specific sites, which will allow not 

only to ensure the seismic resistance of objects but also to do so without unnecessary 

material and financial costs. 

3. Records of seismic events from potentially dangerous seismically active zones, 

registered by modern digital equipment with reliable metrological support, are used to 

generate design accelerograms according to the developed method [Kendera et al. 1989; 

Steinberg W.W. et al. 1993. Guide…, 2000; GuideNo. SSG-9, 2010; Kender et al. 2014; 

Kender 2015a, b, c]. 

4. The result of seismic micro-zoning works is a construction and installation map of the 

studied site and sets of design accelerograms for the reference point, or for each of the 

taxonomic areas selected on the site. 
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Abstract: Major requirement to fulfil the dual system (DS) is based on the distribution of 

base shear to frames and shear walls, especially the percentage of resistance offered by frames 

and shear walls. Mostly, in various building codes for earthquake effects, the moment-

resisting frames in dual system are designed to resist at least 25% of the lateral force (e.g., 

IS1893(1), BNBC, KBC, SBC-301, ASCE-07) independently. But in Peru National Building 

Code, dual system is defined such that shear force taken by shear walls should be in the range 

of 20% to 70% of total base shear and frames shall be designed to withstand at least 30% of 

total base shear. Alternately, in Turkish Code, the design lateral force developed at the base 

of shear wall shall not exceed 75% of total base shear. Hence, the disparity in provisions given 

by various code provisions should be investigated to attain the required performance of the 

building. In this study, two dimensional reinforced concrete buildings with dual system are 

considered with different percentage of base shear distribution for frames, which includes: (i) 

DS 1 with 50% of total base shear, (2) DS 2 with 35% of total base shear, (3) DS 3 with 28 % 

of total base shear, (4) DS 4 with 18% of total base shear, and (5) DS 5 with 18% of total base 

shear,  but it is designed for amplified base shear (25% of total base shear), respectively. All 

the buildings are designed using IS 456 and IS 1893, and detailed using IS 13920. And, finally, 

the performance of buildings is assessed based on nonlinear static analysis using SAP2000. 

In overall, DS 5 shows less damage compared to other buildings at performance point and 

there are no significant changes noticed in the performance of DS 2, DS 3, and DS 4 

respectively.  

Keywords: Shear wall, moment resisting frame, base shear, nonlinear static analysis, 

performance point 

1. Introduction

Buildings with dual system are common in high rise multi-storied RC buildings 

(Fig.1). Under moderate to higher level of shaking, it is difficult to achieve code specified 

lateral story drift unless required amount of shear wall is provided in the building. Shear wall 

offers sufficient lateral stiffness and strength to the building depending upon in its 

orientation. Whereas moment resisting frame resist lateral force by rigid frame action, by 

developing bending moment and shear force in the frame member. Mostly, under lateral 

loading, deflected shapes of a shear wall structure will be flexural mode in high rise buildings 

depending upon their aspect ratio, but rigid frame structure show shear mode. The shear 

wall-frame interaction causes frame to restrain shear wall in upper storeys and shear wall to 

restrain frame in lower storeys. Thus, building with shear wall-frame (dual) system give 

better shear resistance to seismic load effects and their resistance can be increased by varying 

frame-wall stiffness and strength; it reduces lateral deflection and helps improving the 

efficiency of structural system. 
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In dual system, failure load of frame-wall system increases with increase in wall to 

column stiffness ratio. Such increase in magnitude is maximum for flexible frame with large 

lateral to vertical load ratio, whereas it is minimum in case of stiff frame with small lateral 

to vertical load ratio [Kayal, 1986]. Also, progressive collapse mechanism shall be achieved 

with enhanced lateral load resistance by using weak wall-strong column building [Ren et al, 

2014]. 

Dual system requirement is different for seismic codes of various countries.  In most 

code provisions, moment resisting frame shall resist 25% of seismic design lateral force (e.g., 

India, Bangladesh, Pakistan, Saudi Arabian, Korea, America). Whereas Peru National 

Building code defines that shear force taken by shear walls should be in the range of 20% to 

70% of total base shear. Frames shall be designed to withstand at least 30% of total base 

shear, and while Turkish Code (TBEC, 2018) defines that base shear for shear walls shall 

not exceed 75% of total base shear. Alternately, Egypt code (ECL, 2012) define that shear 

walls shall independently resist the entire lateral force; whereas ductile moment-resisting 

frame shall have the capacity to resist at least 25% of total base shear. These disparity in 

code provisions should be investigated to acquire expected performance of building under 

earthquake shaking. In this study, a spectrum of two dimensional (2D) reinforced concrete 

buildings with dual system having different percentage of base shear distribution for frames 

and shear walls are considered. Performance of these buildings are assessed using nonlinear 

static analysis using SAP2000.  

 

Fig. 1 – Dual system building [M. Farsi 2016] 

2. Numerical Study 

2.1 Modelling 

2D shear wall-frame system with G+4 storey is considered for the study. The 

building has 5 bays having 5m bay width and 3.5m storey height. A shear wall is provided 

at the middle bay throughout the height of building. The building is assumed to be located 

in seismic zone V with medium soil type. A live load of 3 kN/m2 is considered at all floor 

level except at roof, with roof live load of 1.5 kN/m2. Infill wall loads of 16 kN/m is provided 
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at all floors except roof. Buildings are designed detailed for gravity and earthquake load 

effects using IS 456, IS1893 and IS 13920. Concrete of M30 and Fe415 steel is considered. 

Diaphragm is assumed to behave rigid. Mass source is estimated from complete dead load 

and 25% of live load. Five different models were considered based on different base shear 

distribution among shear wall and moment resisting frame. It includes: (i) DS 1 having 50% 

of total base shear distributed to frames, (ii) DS 2 having 35% of total base shear distributed 

to frames, (iii) DS 3 having 28% of total base shear distributed to frames, (iv) DS 4 having 

18% of total base shear distributed to frames, and finally, (v) DS 5 having 18% of total base 

shear distributed to frames but designed with amplified base shear for 25% of total base 

shear. Details of beams, columns and shear wall of all the building configurations are given 

Table 1.  

Table 1: Size of beams, columns, and shear wall 

Building 

Model 

Percentage of base shear 

distributed to frames 

Size of beam 

(mm) 

Size of column 

(mm) 

Thickness of shear wall 

(mm) 

DS 1 50% 300×300 600×600 200 

DS 2 35% 300×300 500×500 200 

DS 3 28% 300×300 450×450 250 

DS 4 18% 300×300 400×400 300 

DS 5 18%  

(designed to resist 25% 

base shear) 

300×300 400×400 300 

 

SAP2000 is used to conduct the nonlinear static analysis. Shear wall designed as a 

non-linear layered shell element. Auto hinge properties are assigned to beams and columns 

(Fig.2). Non-linear static pushover analysis is performed for the five different buildings 

having different base shear distribution between walls and frames. The modelling and 

analysis using SAP2000 is validated through experimentally tested single bay frame 

[Vecchio and Emara, 1992] and an experimentally tested shear wall system [Qin and Jiaru, 

2002]. The effective stiffness of columns and beams are taken as 0.7 and 0.35 [IS 1893(1)] 

to account for cracked section property. 

 
 

 

Fig.2 – Building with dual system considered for numerical study using SAP2000  
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2.2 Nonlinear static analysis 

Performance assessment of the considered buildings are carried out using nonlinear 

static analysis (pushover analysis). In this study, Capacity Spectrum Method [ATC-40] is 

used, where the capacity of structure (Capacity Spectrum) is compared with the demands of 

the structure (Demand Spectrum). Here, the structure is loaded with gravity load effects, and 

then a specified load or displacement pattern is applied horizontally to push the structure 

until it collapses. The corresponding base shear versus monitored displacement graph is 

called pushover curve or capacity curve. This capacity curve helps to determine the yielding 

of structure and damage history under monotonic loading. The lateral load pattern is applied 

as per IS 1893(1) in building model, and the capacity curve is developed. It is compared with 

the demand curve estimated based on specified level of ground motion. Finally, performance 

of the buildings is assessed by the calculation of performance point, where demand curve 

meets the capacity curve. Responses (Fig.3) are represented using normalized base shear 

VBN (VB, normalised using seismic weight W) and normalized lateral drift δ (normalised 

using lateral displacement at top storey and building height H). Following are the 

observation made from the study (Figs. 3 and 5): 

1. There is no significant difference noticed in (i) initial lateral stiffness and (ii) 

performance point DS1 to DS 5 due to change in base shear distribution between 

frame and shear wall (Fig. 1). DS1, DS2 and DS3 have almost same ultimate 

deformation; DS1 have more strength in comparison with DS2 and DS3. Hence, 

increase in base shear distribution in frames does not influence the deformation 

capacity of buildings rather than increasing their strength; 

2. DS 5 shows lesser damage than DS 4 (Fig. 4); DS 5 has more strength but 

comparatively lesser deformation capacity than DS 4. DS 5 shows lesser storey drift 

than other models at the top storey. Thus, increase in strength only shows marginal 

variation in strength and deformation capacity of the building. Marginal increment 

in strength with amplified force demand from 18% to 25% for frames are acceptable, 

say from 15% to 25%. Beyond this limit, building may not sustain more deformation 

demand; and 

3. DS1 and DS2 shows more interstorey drift than other buildings (Fig. 5); hence it is 

preferable to increase the base shear distribution in frames up to a maximum of 25% 

as defined by the building code provisions. 

 

Fig.3 – Comparison of force-deformation behaviour of dual system building 
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(a) DS 1 (b) DS 2

(c) DS 3 d) DS 4

(e) DS 5

Fig.4 – Hinge formation in dual system building at performance point 
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Fig. 5 – Comparison of inter-story drift ratio 

3. Conclusion 

2D frame building designed for different base shear distribution in frames of dual 

systems based on various national building code provisions (like India, Peru National 

Building Code, BNBC, KBC, SBC-301, ASCE-07, Turkey). Performance assessment of 

these buildings are conducted based on nonlinear static analysis using SAP2000. DS 5 model 

shows better performance than others as it showed the least damage level in beams and 

column with a minimum level of inter-story drift at the roof level of 1.36%. It is preferable 

to provide at least 25% base shear distribution for frames in dual system; if the buildings 

have base shear distribution varying from 15% to 25%, their demand may be amplified and 

designed for 25% base shear. But, increasing base shear distribution in frames beyond 25% 

may not be economical except in increasing the strength of the buildings. DS 1, DS 2, and 

DS 3 models comparatively showed higher level of damage level compared to other 

buildings. Also, the inter-story drift for these buildings are too high. Increase in strength 

beyond a prescribed limit may not result in optimal design and building demands more 

damage. Also, at least a few frames (say at least 15 to 25% base shear distribution) should 

be provided to ensure sufficient deformability in buildings. Otherwise, buildings may not 

sustain sufficient deformation capacity. There is no significant difference in damage level 

when the base shear distribution is more than 25%. Hence, it is better to limit the base shear 

distribution to frames up to 25% so as obtain an optimum performance of the building. 
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Abstract: Open Ground Storey (OGS) buildings demand huge deformations at ground 
storey columns under earthquake shaking; such structures evidenced poor performance with 
complete storey collapse or damage due to lack of deformation capacity of vertical load 
resisting elements. Hence, various solutions have been suggested by different building code 
provisions broadly, including: (1) bracings or RC structural walls at the ground storey (e.g., 
IS 1893-2016 (1)), (2) magnification factor for the design of vertical elements at the ground 
storey (e.g., Eurocode 8), and (3) irregularity factor to amplify the response reduction factor 
(e.g., Peru National Building Code), respectively. In this study, Two Dimensional (2D) 
Reinforced Concrete Special Moment Resisting Frame buildings are designed using these 
three building code provisions. Performance of these buildings (including the effect of 
masonry infill) is estimated by Nonlinear Static Analysis using SAP 2000; The key factors 
such as Inter-storey Drift Index (IDI), damages in beams and column at the performance 
point under maximum considered earthquake (MCE) of these buildings are compared with 
general OGS buildings. Amplifying the response reduction factor may increase the strength 
of structures (e.g., Peru National Building Code) with huge damage confined to ground 
storey columns at maximum considered earthquake. But with the addition of structural walls 
(e.g., IS 1893-2016 (1)) or using magnification factor (e.g., Eurocode 8), damage levels are 
reduced, with most hinges lying in the elastic zone.  

Keywords: Open Ground Storey (OGS), magnification factor, irregularity factor (Ip), 
response reduction factor, maximum considered earthquake 

1. Introduction

In the present scenario, buildings are constructed with Open Ground Storey (OGS) 
to facilitate parking and other functional requirements at the ground storey (Fig. 1). It 
results in an irregular structure having soft and weak storey irregularities; the stiffness and 
strength of ground storey will be comparatively less than other storeys (with infill walls). 
Due to lesser stiffness, inter storey drift of ground storey will exceed the drift limit 
mentioned for general buildings of code provisions. This lateral drift will develop 
secondary demands on vertical elements of the open ground storey. Hence, usually, 
structural elements of OGS buildings are designed for demand due to gravity loads and 
earthquake load effects. With the increase in lateral deformation demand under earthquake 
shaking, the structural elements of ground storey OGS building enter the inelastic region 
showing plastic behaviour; with further increase in deformation demand, the structural 
elements undergo complete damage result in collapse mechanism; it leads to complete 
collapse of the building. 

Provision of RC structural walls with adequate structural wall plan density for 
specific geometric configuration of building will minimise the effect of open ground storey 
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[Emre Akin, 2019]. Otherwise, retrofitting columns or providing concrete service core or 
structural walls may increase the stiffness of ground storey column and enhance the 
performance of building with the open ground storey [Sahoo and Rai, 2013]. Alternately, 
various seismic strengthening strategies such as adding braces, providing extra columns, 
and designing for higher forces demand may increase performance [Kaushik et al., 2009]. 

Fig. 1 – Building with the open ground storey [Murty et al., 2012] 

Building codes usually suggest provisions for designing OGS or soft storey 
buildings; a few conditions directly prohibited the construction of buildings with the open 
ground storey (e.g., Taiwan, Chile, Iran, and Australia). IS 1893 (1) suggests including RC 
structural wall or braces in the open ground storey of building with a minimum structural 
wall plan density of 2%. Otherwise, Eurocode 8 uses a magnification factor to amplify 
lateral force demands on open ground storey columns. Alternately, Peru National Building 
Code suggests increasing buildings' strength using the irregularity factor (Ip) to amplify the 
response reduction factor for the soft storey.  

RC SMRF buildings are designed using three different codal provisions in the 
present study. Their performances are compared using nonlinear static analysis based on 
lateral force or deformation capacity and collapse mechanisms. And finally, solutions are 
suggested for building code provisions.  

2. Numerical study

2.1 Modelling 

2D OGS building with ten storeys is considered for the study. The building has three bays 
with 4 m bay width and 3.5 m height of each storey. Buildings are assumed to be 
vulnerable to earthquake effects and hence designed for gravity and earthquake effects. 
Four different buildings are considered (Fig. 2): (i) General OGS building designed for 
demand estimated using IS 1893(1) named as OGS 1 (i.e., without the addition of 
structural walls); (ii) OGS building with structural wall at the middle bay of ground storey 
using IS 1893(1) named as OGS 2; (iii) OGS building designed for the seismic demand 
calculated using Eurocode 8 named as OGS 3; and (iv) OGS building designed for the 
seismic demand calculated using Peru National Building Code named as OGS 4, 
respectively. Size of beams and columns are: (i) 400 mm 400 mm and 500 mm 500
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mm for OGS 1 and 2, (ii) 400 mm  400 mm and 700mm 700 mm (Ground storey); 500
mm x 500 mm (for columns of other stories) of OGS 3, and (iii) 500 mm 500 mm and
700 mm 700 mm for OGS 4, respectively. The structural wall thickness is taken as 150
mm for OGS 2 building. The thickness of infill walls is 230 mm. 

The buildings are assumed to be in seismic zone IV, with hard rock type soil. All 
buildings are designed and detailed using IS 456, IS 1893(1) and IS 13920. M30 grade 
concrete and Fe415 steel reinforcement bars are used. Unit weight of infill wall is taken as 
22.5 kN/m3. Only the self-weight of the masonry wall is considered in the linear static 
analysis for all the building frames. Live load and floor finish (including dead load from. 
the slab) is taken as 3 kN/m2 and 1.875 kN/m2, respectively. The design load combinations 
are considered as per IS 1893; finally, designed and detailed using IS 456 and IS 13920, 
respectively. The only 2D frame is assessed, and the effect of plan asymmetry is ignored. 
The roof diaphragm is assumed to be rigid. The strong column and the weak beam are 
insured in the design process. Elastic and inelastic structural analyses are carried out using 
SAP 2000. 

(a) OGS 1 (b) OGS 2 (c) OGS 3 (d) OGS 4

Fig. 2 – Four different OGS buildings considered for numerical study using SAP2000 

Nonlinear static analysis is performed for four building configurations (OGS 1 to 
OGS 4). The nonlinear properties of beams and columns are assigned using auto-generated 
hinge properties as per ASCE table 41-13. Response of an experimentally tested single bay 
frame [Vecchio and Emara, 1992] is used to validate nonlinear static analysis conducted 
using auto-generated hinge properties in SAP2000. The initial stiffness of lateral force-
deformation curves almost matches without including effective stiffness. But, effective 
stiffness (of 0.35 for beams and 0.70 for columns, as per IS 1893(1)) is considered inelastic 
analysis to account for variation in stiffness under nonlinear actions.  Variation in strength 
and deformability is around 2.52% and 4.48%, respectively. Structural walls are modelled 
using nonlinear layered shell elements (OGS 2). Infill walls are modelled as an equivalent 
diagonal strut element for inelastic analysis (Table 1) [Panagiotakos and Fardis, 1996]. 
Axial hinges are assigned for the equivalent diagonal strut to simulate the infill wall’s post-
yield behaviour, which influence the response of other structural elements. The effective 
width of the strut calculated using IS 1893(1) is 0.509 m, with a thickness of 0.23 m. 
Young’s modulus and compressive strength of infill are 3611 N/mm2 and 6.56 N/mm2. The 
value of α (stiffness reduction factor) lies between 0.05 to 0.10; residual strength varies 
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from 0 to 0.1Py. The shear strength of the infill wall is taken as 0.4 N/mm2 [Basha and 
Kaushik, 2015]. The load-deformation behaviour of infill walls is adopted from 
Panagiotakos and Fardis (1996) (Fig. 3). 

 
Table 1: Properties of Equivalent Strut [Panagiotakos and Fardis, 1996] 

S.No. Parameter Expression 
1 Initial Stiffness, Kel1 Kel = (Gw.tw.lw) /hw 

 
2 Shear cracking strength, Py Py = τcr.bw.tw 

 
3 Stiffness of second branch, Kel2 Kel = (Ew.bw.tw) /dw 

 
4 Maximum strength, Pm Pmax = 1.3 x Py 

 
5 Stiffness of third branch, Ksoft Ksoft = α x Kel 

 
Note:  
Gw is the elastic shear modulas; tw, the thickness of infill panel; lw = Length of infill panel, 
hw = Height of infill panel, τcr = shear strength of infill, Ew = Elastic modulas, bw = Effective 
width of equivalent strut, dw = Clear diagonal length of infill panel

  
 

 
 

Fig. 3 – Load-deformation behaviour of infill wall 

2.2 Nonlinear Static Analysis 

The behaviour of OGS buildings is studied using nonlinear static analysis. Responses are 
represented using normalised base shear VBN (VB, normalised using seismic weight W) and 
normalised lateral drift (δ, obtained by normalising lateral displacement Δ with building 
height H) at the top storey of the building. Using ATC 40 procedure, performance points 
are obtained for the maximum considered earthquake. Following are the observations made 
from the present study (Fig. 4, 5, 6, 7 and 8): 
(1) Presence of structural wall in building OGS2, increased lateral stiffness and strength; 

but the deformability is reduced (Fig. 4); 
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(2) Inelastic hinges of beams and columns of OGS 2 are within the elastic limit at 
performance point (Fig 4 and 5); 

(3) Initial lateral stiffness of OGS 3 and OGS 4 are almost the same; also, both these 
buildings are designed for amplified forces according to the considered code 
requirements (say Eurocode 8 and Peru). Therefore, OGS 4 building possesses more 
lateral force capacity than the other three buildings, as it requires increased section 
dimensions to meet the code requirements, resulting in increased reinforcements. These 
buildings sustained more damage than OGS 2 (with a few hinges formed in beams and 
columns). Alternately, OGS 3 shows an almost reasonable increase in strength and 
deformability compared to OGS 2. Thus, an increase in strength beyond a limit, 
without increasing lateral stiffness may not provide an affordable solution to OGS 
buildings (Fig. 5); 
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               Fig. 4 – Comparison of force-deformation behaviour of OGS buildings 
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Fig. 5 – Hinge formation in OGS buildings at performance point 
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(a) M-θ curve for OGS column in tension                                (b) M-θ curve for OGS column in compression

 Fig. 6 – Comparison of M-θ curve of OGS columns (at extreme ends) in tension and compression 
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Fig. 7 – Comparison of D/C of OGS columns (at extreme ends) in tension (a) and compression (b)

(4) Moment-rotation behaviour of exterior columns of the ground storey on both sides
(Figs. 6 and 7) shows that, on tension side, columns show more inelastic actions than
compression side. For all buildings, sudden failure of columns of ground storey is
observed due to sudden change in stiffness and strength; and

(5) Comparison of interstorey drift along the height of buildings at performance point (Fig.
8) shows more inelastic action and deformation at ground storey of the buildings;
OGS1 showed more deformation than other buildings. The addition of structural walls
in OGS 2 considerably reduced the inelastic deformation at ground storey than OGS 1,
OG3 and OGS 4 respectively. Hence, it is preferable to increase both stiffness and
strength at the ground storey of OGS buildings.

0

100

200

300

400

500

600

700

800

900

0 0.005 0.01 0.015

OGS 1

OGS 4

0

200

400

600

800

1000

1200

1400

1600

1800

0 0.001 0.002 0.003 0.004 0.005 0.006

OGS 1

OGS 4

M (kNm) 

θ (rad) 

M (kNm) 

θ (rad) 

Demand 

Capacity 

Demand 

Capacity 

Load (kN) Load (kN) 

828
3ECEES, September 2022, Bucharest, Romania



 
 
 

0

1

2

3

4

5

6

7

8

9

10

0 0.2 0.4 0.6 0.8 1

OGS 1

OGS 2

OGS 3

OGS 4

 

Fig. 8 – Comparison of interstorey drift 
 

2.3 Remarks on the design of OGS buildings 

OGS 2 model shows better performance than others due to their least damage level 
in beams and columns with a minimum level of inter storey drift at ground storey (say 
0.08%) and the maximum inter storey drift (of 0.51%) at the third storey. Also, OGS 3 
model showed satisfactory performance with all the hinges within elastic region and inter 
storey drift at ground storey is around 0.31% with a maximum inter storey drift of 0.54% at 
the second storey. But OGS 4 model comparatively showed highest level of damage even 
with huge capacity of structural elements. The maximum inter storey drift for OGS 4 is 
0.5% for the second storey. Therefore, the buildings designed using Peru National Building 
Code requires revision. Increasing strength without increasing the strength may not provide 
required response. 

 Buildings with open ground storey show significant stiffness and strength 
irregularity. Such buildings demand more interstorey drift at the ground storey, which 
increases secondary effects on the ground storey column; it results in severe damage of 
columns at the ground storey. In the present study, a comparison of seismic performance of 
OGS building designed using three different code provisions like IS 1893(1), Eurocode 8, 
Peru National Building Code is carried out. Following are the overall observation made in 
the study based on the performance of the buildings: 

(1) It is preferred to increase both stiffness and strength (as like OGS 2) at ground storey 
rather than increasing only the strength of ground storey columns (as like OGS 3 and 
OGS 4); and  

(2) Increasing strength alone might lead to more inelastic deformation demand and damage 
at ground storey. 
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3. Conclusions

The open ground storey 2D frame building models are designed as per different 
national building codes (like IS 1893(1), Eurocode 8, Peru National Building Code) and 
performances are checked based on nonlinear static analysis using SAP2000.  Based on 
their performance at maximum considered level of earthquake shaking, following 
conclusions are drawn from the present study: 

(1) Beams and columns of OGS 2 and OGS 3 are still within the elastic limit at the
performance point for the maximum considered earthquake;

(2) OGS 4 shows highest level of damage compared to other buildings (e.g., OGS 2
and OGS 3). Thus, the irregularity factor (Ip) defined in Peru National Building
Code requires revision; increasing only the strength of OGS buildings may not
provide expected performance. It is required to increase both stiffness and
strength to have a better performance as like OGS 2; and

(3) OGS 1 shows highest IDI at open ground storey compared to all other
buildings. Hence, it is preferable to design OGS buildings with additional
stiffness and strength at the ground storey.
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Abstract: When using a plastic hinge analysis, the displacement capacity of a reinforced 
concrete wall is highly dependent on the assumed value for the plastic hinge length (Lp). 
Most of the expressions that are available in the literature have been derived specifically for 
beams, columns, bridge piers, or planar (rectangular) walls with an applicability to a small 
range of design values. This paper introduces an expression for the Lp derived from recent 
research using an extensive database of experimental and numerical results of both planar 
and non-planar walls. The design expression presented for Lp is found to provide more 
conservative estimates in comparison to that currently used in some building codes of 0.5 
times the wall length. The assessment expression for Lp can provide more reasonable 
estimates, which will in turn provide more accurate estimates of the displacement capacity 
of the wall. 

Keywords: PHA, displacement-based, core, concrete, yielding, zone 

1. Introduction

In the seismic design of reinforced concrete (RC) wall buildings, it is important that the 
displacement capacity can be calculated with confidence. A plastic hinge analysis (PHA) is 
one of the most widely used and simplest methods for calculating the displacement 
capacity of RC structures (Almeida et al., 2016). Whilst the inelastic curvature will vary 
considerably up the height of the wall, it is common practice to simply assume that the 
inelastic curvature is uniform for a height above the base that is equivalent to the plastic 
hinge length (Lp) (Dhakal & Fenwick, 2008). Thus, the plastic deformation and 
corresponding ultimate displacement capacity of a wall using PHA is highly dependent on 
the assumed value of Lp. A plastic hinge length equal to 0.5 times the wall length (i.e., 
0.5Lw) was originally thought to provide a safe and lower bound estimate. Subsequently, 
Lp=0.5Lw has found its way into some building codes and standards, such as UBC-97 
(ICBO, 1997) and more recently the NZS 3101:2006 (Standards Association NZ, 2006). 
However, numerous experimental and numerical studies have shown that this simplified 
expression of Lp=0.5Lw provides a poor indication of the plastic hinge length (Aaleti et al., 
2014; Bohl & Adebar, 2011; Cheng & Zhang, 2021; Dazio et al., 2009; Hoult et al., 2018a; 
Kazaz, 2013; Lu et al., 2016). Often, it can provide an overestimation of Lp, which is 
potentially dangerous since this expression has been used for design purposes. Expressions 
in the literature to estimate the Lp of walls are typically limited to planar (i.e., rectangular) 
walls and only applicable within a specified range of the salient design parameters. It is 
emphasised here that RC core walls of mid- and high-rise buildings typically have 
different, non-planar cross-sectional shapes and their seismic performance differs 
substantially to planar walls (Paulay & Priestley, 1992). 

A recent research study investigated the efficacy of existing plastic hinge length empirical 
equations in comparison to an extensive database of experimental and numerical results of 
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both planar and non-planar walls (Hoult, 2022). This study is summarised here. Two 
expressions were derived from the study, which can be used to estimate the Lp of a wall for 
assessment and design purposes. Case study examples using two walls are conducted in 
this paper to show how these expressions can be applied to estimate the Lp of planar and 
non-planar RC walls. 

2. Plastic hinge length (Lp) expressions

Many empirical equations are available for calculation of the equivalent plastic hinge 
length (Lp). An extensive review of these equations has been undertaken by several 
researchers (Bohl, 2006; Bohl & Adebar, 2011; Hoult et al., 2018a,b; Kazaz, 2013). 
Instead, for sake of brevity, some expressions for Lp more commonly known and/or used in 
design codes are acknowledged here, assuming that these expressions reflect the latest 
developments in this area of research. 

Several researchers (Mattock, 1965; Moehle, 1992; Paulay, 1986; Priestley & Park, 1987; 
Paulay & Priestley, 1992; Wallace & Moehle, 1992) have recommended that Equation 1 be 
used to estimate a conservative value for the plastic hinge length. Subsequently, 0.5Lw has 
been used in building codes for determining plastic hinge lengths (ICBO, 1997; Standards 
Association NZ, 2006) and calculating boundary region lengths for confinement (ACI, 
1989; Canadian Standards Association, 2004). The ASCE (2007) also recommends that the 
Lp is to be set to 0.5Lw, but less than 1-story height, for analytical models of shear walls 
and wall segments. 

(1) 

A widely used expression from Priestley et al. (2007) is given in Equation 2. This 
expression represents the latest development in several modifications over decades from 
Priestley, Paulay, and Park. It should be noted that the shear lag term in Equation 2 is 
based on research by Paulay & Priestley (1992), who suggested 0.2Lw but reduced the term 
to 0.1Lw for design purposes (Beyer, 2007). 

(2) 
where k reflects the distribution of plasticity dependent on the ratio of the ultimate strength 
to yield strength of the reinforcing steel (k = 0.2(fu / fy-1) ≤ 0.08), He is the effective height 
of the wall (equivalent to the shear span, M/V), dbl is the diameter of the longitudinal bars, 
and fye is the expected yield strength (fye=1.1fy, expressed in MPa). 

An expression for the plastic hinge length is given in Annex A of Part 3 of Eurocode 8 
(CEN, 2005) for cyclic loading of members detailed for earthquake resistance: 

(3) 
where f′c is the compressive strength of the concrete (expressed in MPa). 

Bohl & Adebar (2011) studied the plastic hinge length of high-rise rectangular RC walls 
and derived Equation 4, which compared well to the numerical dataset. 

(4) 
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where ALR is the axial load ratio of the wall. 

A large parametric study was conducted by Kazaz (2013) using nonlinear finite element 
analyses to derive a plastic hinge length expression (Equation 5) for RC rectangular walls. 

(5) 

where ρsh is the transverse reinforcement ratio. 

Hoult et al. (2018a) conducted an extensive number of finite element analyses on lightly 
reinforced rectangular walls to derive Equation 6: 

(6) 

More recently, Hoult (2022) derived two expressions for the plastic hinge length of planar 
and non-planar walls. The first, indicated in Equation 7, was derived for the assessment of 
RC walls. 

      (7) 
where r is the secondary crack ratio (=1.0 for ductile walls, implying that longitudinal 
reinforcement ratio is sufficient to allow secondary cracking) and ν is the shear stress 
parameter (Equation 8). 

(8) 
where Vmax is the maximum base shear and Aw is the gross cross-sectional area of the wall. 
It should be noted that, for non-planar wall sections, only the wall segments parallel to the 
loading direction is used for calculating Aw (Constantin, 2016; Hoult et al., 2018b). 

The second equation developed, indicated below, is recommended for design purposes. 

(9) 

3. Comparisons to the experimental and numerical dataset

A database of numerical and experimental results on reinforced concrete walls was 
compiled to test the efficacy of the different plastic hinge length expressions given in the 
previous section. For sake of brevity, the database of numerical and experimental walls and 
corresponding details is not provided here, and instead the reader is directed to the 
published journal paper [see Hoult (2022)]. Furthermore, the dataset of walls, including the 
salient design and performance parameters, can be found via the online open repository at 
doi:10.5281/zenodo.5513710. In total, 487 numerical and 234 experimental planar and 
non-planar RC walls were compiled into a dataset and the corresponding Lp computed, 
which will be used here to test the expressions provided in Section 2.  

Figure 1 presents the observed Lp from the database of experimental and numerical walls 
compared to the estimated Lp using some of the expressions given in the previous section. 
In most cases, the expressions available in the literature appear to overestimate the Lp 
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calculated from the database of walls (i.e., the “observed” Lp). A matter of some concern is 
the large overestimation of Lp for most walls in the database when using the common 
building code expression of 0.5Lw (Equation 1, Figure 1a). The Eurocode 8 expression 
(Equation 3, Figure 1c) provides mostly conservative estimates of Lp for the walls, which is 
warranted for design purposes. The expression from Hoult et al. (2018a) (Equation 6, 
Figure 1f) provides overly conservative and unrealistic estimates of Lp for some walls. This 
observation was expected given that the expression was originally derived for lightly 
reinforced walls with a small range of design parameter values used for the derivation. The 
expressions from Priestley et al. (2007) (Equation 2, Figure 1b), Bohl & Adebar (2011) 
(Equation 4, Figure 1d), and Kazaz (2013) (Equation 5, Figure 1e) appear to provide more 
reasonable estimates of Lp, as further accentuated by the R2 values superimposed in the 
figures of 0.66, 0.70, and 0.68, respectively. The assessment equation derived from Hoult 
(2022) (Equation 7, Figure 1g) provides the highest R2 correlation compared to the other 
expressions. This observation is expected, as the dataset used to derive Equation 7 is the 
same dataset used here for comparison purposes. Conversely, the design expression from 
Hoult (2022) (Equation 9, Figure 1h) has one of the lowest R2 values, but provides mostly 
conservative esimates in comparison to the database values. To emphasise this, a linear 
best-fit line (red-dashed line) is superimposed in Figure 1h, which clearly shows the 
conservative nature of the results when using Equation 9 to estimate the design Lp of a 
wall. Further statistical parameters related to the expressions used here and the numerical 
and experimental dataset are given in the corresponding journal paper [see Hoult (2022)]. 

4. Case study examples 

Two RC walls were chosen to use as case study examples for applying the plastic hinge length 
(Lp) equations for assessment and design purposes (Equation 7 and 9, respectively). 

A planar wall, specimen WSH3 (Figure 2a) from Dazio et al. (2009), has a wall length (Lw) of 
2000 mm, thickness (tw) of 150 mm, and effective height (He) of 4560 mm. An axial load ratio 
(ALR) of 5.8% was applied to WSH3, and a concrete strength (f'c) of 39.2 MPa was indicated. 
The measured maximum in-plane shear demand (Vmax) was 450.5 kN. If Vmax is unknown, it 
can be determined from a simple sectional analysis (i.e., moment-curvature analysis) and the 
estimated maximum moment capacity (i.e, Vmax = Mmax/He). Using Equation 8, the shear stress 
parameter (ν) is calculated to be 0.24, which is slightly higher than that determined 
experimentally in Dazio et al. (2009). 

A non-planar (i.e., U-shaped) wall, specimen TUE (Figure 2b) from Hoult et al., (2020), has 
an in-plane wall length (corresponding to the flange length) of 1050 mm, tw of 100 mm, and He 
of 4250 mm. No axial load was applied to specimen TUE and f'c of 31.7 MPa was recorded on 
the day of testing. The measured Vmax was 163.2 kN and using Equation 8 the ν is calculated to 
be 0.14. Note that only the flange wall segments, parallel to the loading direction, were used 
to calculated Aw (i.e., neglecting the cross-sectional area of the web of the wall, which 
transfers a negligent amount of shear for this direction of loading). 

Substituting the values given above into Equation 7, a Lp is calculated for WSH3 and TUE of 
632 mm and 511 mm respectively. These Lp parameter values are summarised in Table 1. 
Using Equation 9, a more conservative estimate can be calculated warranted for design 
purposes, which equates to 450 mm and 300 mm for WSH3 and TUE, respectively. 
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Figure 1 – Comparison of experimental and numerical database of Lp values to the estimates provided by the 
different expressions (a) Lp=0.5Lw (b) Priestley et al. (2007), (c) Eurocode 8 (CEN, 2005), (d) Bohl & Adebar 

(2011), (e) Kazaz (2013), (f) Hoult et al. (2018a), (g) assessment equation in Hoult (2022), and (h) design 
equation in Hoult (2022) with dashed red line representing the best-fit line. Blue square markers correspond 

to the experimental dataset, the grey circle markers correspond to the numerical dataset. 
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Figure 2 – (a) planar wall specimen WSH3 (Dazio et al., 2009) and (b) non-planar wall specimen TUE 
(Hoult et al., 2020). The blue arrow indicates the direction of wall push. 

Table 1. Plastic hinge length parameters and estimated Lp according to Equations 7 (assessment) and 9 
(design) for specimens WSH3 and TUE 

Specimen 
Vmax 
(kN) 

Aw 
(mm2) 

f'c 
(MPa) 

ν 
Lw 

(mm) 
He 

(mm) 
ALR 

Lp – Eq. (7) 
(mm) 

Lp – Eq. (9) 
(mm) 

WSH3 450.5 300000 39.2 0.24 2000 4560 5.8% 632 450 

TUE 163.2 210000 31.7 0.14 1050 4250 0.0% 511 300 

The Lp was experimentally derived for specimens WSH3 and TUE as a function of the in-
plane drift in Dazio et al. (2009) and Hoult & Beyer (2021). In the case of Dazio et al. (2009), 
the Lp values were determined using plastic curvatures (Φp) computed from LVDT 

measurements and then back calculated from the flexural deformations (i.e., ). 
Conversely, the Lp values estimated in Hoult & Beyer (2021) were determined from the plastic 
curvatures computed from digital image correlation techniques and assuming that the plastic 
rotation (θp) is equivalent to an area with height of Lp and width Φp (i.e., 

). These experimentally derived Lp values are plotted in Figure 3. In both cases, 
the Lp value decreases as a function of the in-plane drift before plateauing to a more consistent 
value. One can see that the experimentally derived values of Lp tend to the proposed 
Equation 7 (for assessment), which is coherent with the original definition of plastic hinge 
(namely for WSH3). The large scatter of values for the same level of drift for wall specimen 
TUE is due to (i) two cycles being performed for each drift level, and (ii) two Lp values were 

836
3ECEES, September 2022, Bucharest, Romania



derived using the strain profiles in the two different flanges. An average of the experimentally 
determined Lp is also indicated in Figure 3. Superimposed in Figure 3 are the Lp estimates 
using Equations 7 and 9. For both wall cases, the assessment and design expressions 
(Equations 7 and Equation 9, respectively) provide reasonable estimates of the Lp in 
comparison to the experimentally derived values. It is worth noting that these two specimens 
were included in the dataset of 234 experimental wall results from which Equation 7 and 
Equation 9 were derived. 

  
Figure 3 – Plastic hinge length (Lp) results from the range of expressions (given in Section 2) compared to the 
experimental results for (a) specimen WSH3 (Dazio et al., 2009) and (b) specimen TUE (Hoult et al., 2020; 

Hoult & Beyer, 2021) 

5. Conclusions 

The displacement capacity of a RC wall is highly dependent on the assumed equivalent 
plastic hinge length (Lp) when using a plastic hinge analysis (PHA). A large dataset of 
experimental and numerical results of the Lp for planar and non-planar walls has revealed 
that the historically significant proposal of 0.5Lw, which found its way into some 
international design codes, is an approximation that provides a poor estimate of the actual 
plasticity. Often, this crude estimate of 0.5Lw overestimates the actual plastic rotation of 
the wall, which, in a design example, would falsely and dangerously overestimate the 
ductility of the wall in a large earthquake event. The database of experimental and 
numerical results was used to derive two Lp equations for assessment and design purposes. 
Importantly, the design expression (Equation 9) is shown to provide conservative estimates 
of Lp for both planar and non-planar walls and is recommended for future building codes. 
The two expressions derived in Hoult (2022) were used here in two case study examples to 
show how they can be used in practice. 
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Abstract: Pushover analyses are often used to evaluate the seismic performance of a structure. 
They give an estimate of the ultimate displacement a structure can undergo, as well as of the 
residual resisting forces in the post-peak response. When modelling masonry structures 
composed of multiple blocks, obtaining the post-peak branch of the pushover curve can be 
difficult with a classic displacement-control strategy. This paper describes a strategy designed 
to compute this branch for multi-block systems subjected to a given pattern of forces, without 
the need to apply a displacement-control algorithm. The strategy is general, therefore 
straightforwardly implementable in different software tools and applicable to complex block 
assemblies. In the present work, it is implemented in two different DEM software, namely 
LMCG90 and UDEC, and tested on a benchmark problem for evaluating the in-plane response 
of masonry walls.  

Keywords: masonry, URM, discrete elements, displacement-control, nonlinear response 

1. Introduction 

In the context of seismic design of buildings, pushover curves are a powerful tool to assess 
seismic performance (Krawlinker & Seneviratna, 1998). To simulate an earthquake loading 
on a structure composed of multiple blocks, a common strategy consists of applying on each 
block a horizontal force proportional to the weight of the block, simulating an equivalent 
static lateral force (Ferris & Tin-Loi, 2001). For the family of multi-block structures 
submitted to a pattern of forces, difficulties can arise when applying a simple displacement-
control method to obtain the descending branch of the pushover curve, because it is not 
always possible to impose multiple forces at once while monitoring the value of one degree 
of freedom (Bocciarelli & Barbieri, 2017; Mordanova & de Felice, 2018).  
This investigation describes an algorithm designed to overcome the above difficulty and 
obtain the force-displacement response of block assemblies subjected to a given pattern of 
forces, including the descending branch. The algorithm is implemented in two different 
discrete element method (DEM) software packages, namely LMGC90 and UDEC.   
UDEC is one of the most popular DEM software tools used in the masonry community 
(Lemos, 2007). It is a proprietary software developed by Itasca, and it implements the 
Distinct Element Method, first presented by Cundall in the 1970s (Cundall, 1971). In this 
work, we use UDEC 6.0 (Itasca, 2013). 
LMGC90 is an open-source DEM software tool implementing the non-smooth contact-
dynamics (NSCD) method (Dubois et al., 2018; Jean, 1999). It was originally developed for 
spherical elements and granular flows but eventually adapted to polyhedral elements. Its 
relevance for modelling URM structures has been growing ever since (Taforel, 2012), with 
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numerous examples available in the literature (Isfeld & Shrive, 2015; Rafiee et al., 2008). In 
this work, we use LMGC90 2021.rc1 (Mozul, 2021). 
LMGC90 has been investigated as an alternative to UDEC for modelling masonry structures 
through different benchmark problems, namely for assessing the vulnerability of ancient 
masonry towers (Ferrante et al., 2021), for simulating the rocking behaviour of columns and 
arches under dynamic loads, and for studying collapse mechanisms and deriving the in-plane 
force capacity of masonry panels (Bouckaert et al., 2021).  
This paper continues the investigation started with Bouckaert et al. (2021). By making use 
of the present algorithm, the analysis of the collapse mechanisms and force capacity of 
masonry panels is extended here to the computation of their full force-displacement response 
for the same panels. The pushover curves obtained with the present algorithm implemented 
in UDEC and LMGC90 are compared. 

2. Algorithm description

The present algorithm enables the user to run a pushover analysis in a dynamic numerical 
time-domain integration setting, in which a given pattern of forces is applied and controlled 
by a load multiplier, while monitoring the value of a given degree of freedom. This method 
differs from a classical displacement-control method by the fact that it does not require to 
solve a constraint equation to determine the load increment applied to the force pattern 
(Anthoine, 2006). In what follows the algorithm is described in detail. The flowchart of the 
algorithm is depicted in Fig.  1. 
We denote by F the load pattern [F1, …, Fn], where Fi represents a horizontal force applied 
on the centre of gravity of block i. The sum of all the applied forces, which is also horizontal, 
is denoted by ΣF. During the simulation, the load multiplier λb controls the intensity of the 
applied forces: in particular, at the time step i, the structure is subjected to the set of forces 
λbiF. When the simulation starts λb0 = 0. At each time step i, the parameter λxi is obtained as 
the sum of the horizonal reactions at the supports at the end of the current time step i divided 
by ΣF. 

At the end of each time step, the algorithm checks if ΣF is equal to the reaction sum at the 
support, i.e. if λxi = λbi, which corresponds to a structure in static equilibrium. If this is the 
case, the load multiplier is increased by a user-defined load increment Δλ at the next step, 
i.e. λbi+1 = (i+1) ·Δλ, which corresponds to the determination of the ascending branch of the
pushover curve. Note that the load multiplier increment Δλ should be small enough to stay
in quasi-static conditions during the whole simulation.

When reaching the peak of the pushover curve, increasing further the value of λb leads to 
applied forces that the structure can no longer sustain, therefore that λxi < λbi. This means 
that a portion of the applied forces is converted into inertia forces, causing some of the blocks 
to accelerate and entering the post-peak branch of the pushover curve. In this case, and since 
the proposed algorithm also intends to determine the subsequent post-peak branch of the 
pushover curve, the following modifications are introduced: the applied load multiplier at 
the next time step is set equal to the portion of applied forces that are effectively in 
equilibrium with the reaction forces (i.e. λbi+1 = λxi).  
To avoid accumulation of unbalanced applied forces causing excessive acceleration of some 
of the blocks composing the structure, the velocity of each of the blocks is set to zero at each 
time step when the algorithm enters the descending branch. The pushover analysis is carried 
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out until the value of the load multiplier, after reaching its peak, starts reducing to a value 
smaller than 0.01, as indicated in Fig.  1. Below this value, partial collapse of the structure 
typically results in blocks falling on the support, leading to values of λx that no longer verify 
static equilibrium. 

Once the algorithm enters the simulation of the descending branch, thus imposing λbi+1 =λxi 
at each time step, the forces applied at time step i+1 can be insufficient to increase further 
the value of the controlled displacement, probably due to the velocity-reset at each time step. 
In other words, instead of going past the peak of the pushover curve, the system tends to 
unload and revert to its original, undeformed state. This issue appears to be consistently 
solved by increasing by 5% the value of λbi+1 compared to the value of λxi, i.e. to apply λbi+1 
=1.05·λxi. We notice that λbi+1 is a decreasing quantity as the time steps progress, because 
λxi reduces in the post-peak branch. This adjustment enables the algorithm to get past the 
peak of the pushover curve, without causing the structure to collapse abruptly. Finally, the 
pushover curve is obtained by plotting the value of the displacement calculated at the end of 
each time step versus the value of the load multiplier λb that was applied during that step. 
Previous works have presented results obtained by applying the present strategy to masonry 
walls in UDEC (Godio & Beyer, 2019; Portioli et al., 2021). In this study, the strategy is 
implemented and tested in LMGC90 and the results from the two tools are compared. A 
similar strategy to obtain the full force-displacement response of masonry structures using 
DEM has been described in (Gobbin et al., 2021). Gobbin et al. (2021) include a method to 
compute the mass participating to the collapse mechanism, which represents a possible 
extension of the present strategy.  

 

Fig.  1 – Flowchart representation of the algorithm for generating pushover 
curves of block assemblies using the DEM method 
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3. Application example

The algorithm is applied on three dry-joint masonry panels with different geometries, one of 
which includes an opening (Fig. 2). The masonry units are 0.4 m wide and 0.175 m high and 
the edges are modelled with a rounding radius of 0.02 m, to simulate imperfections at the 
corners. The specific weight of the blocks is 10 kN/m³. These benchmark problems were 
first introduced in (Baggio & Trovalusci, 1998; Ferris & Tin-Loi, 2001). Both papers 
presented a limit analysis method used to compute the load multiplier leading the panels to 
collapse. The values of the collapse load multiplier computed by Ferris and Tin-Loi (2001) 
were later corrected by Gilbert et al. (2006). The collapse load multiplier is also computed 
with the present algorithm and corresponds here to the peak of the pushover curve. Besides 
computing the collapse load multiplier, the algorithm also computes the full force-
displacement response of the wall up to near-zero residual resisting force.  

This benchmark problem is implemented in UDEC and LMGC90. In both tools, the contact 
between bricks is modelled as a no-tension, non-associated Coulomb friction contact law, 
with friction coefficient μ = 0.65. The blocks are modelled as rigid bodies, and the 
deformability of the masonry is concentrated at the interfaces between blocks by the 
introduction of a contact stiffness parameter. The definition of this parameter differs between 
UDEC and LMGC90. In UDEC, for modelling elastic behaviour of dry-joint masonry under 
compression, the normal stiffness is set to kn = 108 Pa/m to compare with Portioli et al. (2021). 
The normal stiffness parameter Kn in LMGC90 is expressed in N/m, obtained by multiplying 
the value of kn introduced in UDEC by the surface associated to each contact, namely 0.1 m² 
for the bed joints and 0.0875 m² for the head joints (head and bed joints have respectively 2 
and 4 contact points in UDEC and LMGC90). Default input parameters in UDEC are also 
the dilatancy angle ψ and the shear stiffness of the joints ks. These parameters do not have 
an equivalent in the contact law used in LMGC90. Therefore, the values of the dilatancy 
angle is set to 0° and the shear stiffness is set to a value 1000 times higher than the normal 
stiffness (ks = 1011 Pa/m) to use comparable contact laws between both software tools. 
Another difference between UDEC and LMGC relies on how often contacts are detected. 
UDEC does not perform contact detection at every time step, but triggers detection of new 
contacts and deletion of old ones only when relative displacements between contact points 
exceed a threshold value within two consecutive time steps (Itasca, 2014). On the contrary, 
LMGC90 performs the contact detection at each time step. 
During the simulation, each block is subjected to its self-weight W and to a horizontal force 
pointing to the right, made proportional to W by the load multiplier λb described in the 
previous chapter. During the simulation, the monitored displacement is the horizontal 
displacement of the upper right corner of the upper right block, in each wall. This 
displacement is denoted as δc.  

Fig. 2 – Wall geometries 
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Fig.  3, Fig.  4 and Fig.  5 show the full pushover curve of each of the three walls obtained 
with UDEC and LMGC90, along with the collapse mechanism at δc = 0.2m. The collapse 
mechanism obtained with LMGC90 is plotted with the software ParaView (Ahrens et al., 
2005). Table 1 indicates the values of the maximal load multiplier λbmax from Gilbert et al. 
(2006) and computed with LMGC90 and UDEC, as well as the maximal displacement δc

max. 
The indicated error compares the value of the load multiplier obtained with UDEC and with 
LMGC90.   

Table 1. Maximal load multiplier λbmax and displacement δc
max at λb = 0.01 for the three walls 

 
5. Discussion and conclusion 
Good agreement is observed between the results obtained with UDEC and LMGC90, both 
in terms of maximal load multiplier (maximal difference of 2.93% for the second wall), and 
overall shape of the force-displacement response. The load multiplier appears to be up to 10 
% lower than the one found in Gilbert et al. (2006) by limit analysis, due to the rounding of 
the corners and the introduction of joint stiffness, which affect the elasticity of the system.  
With the presented numerical strategy, the full force-displacement response of three different 
block assemblies has been computed with small differences in the response obtained with 
both software tools. Since a different DEM formulation is adopted in LMGC90 and UDEC, 
the position of local peaks in the pushover curves can differ. These local peaks are due to a 
sudden detachment of one or multiple blocks, which is not detected at the exact same time 
instant, as a consequence of the difference in the contact detection algorithm mentioned in 
the previous section.  

 λbmax 

(Gilbert et al., 2006) 
λbmax 

(LMGC90) 
λbmax 

(UDEC) Error (%) δc
max 

(LMGC90) 

Wall 1 0.643 0.579 0.574 +0.86% 0.449m 
Wall 2 0.564 0.512 0.497 +2.93% 0.556m 
Wall 3 0.356 0.331 0.323 +2.42% 0.591m 

      

Fig.  3 – Wall 1: Pushover curves (left) and collapse mechanism at δc = 0.2m from LMGC90 (left) and UDEC (right) 
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Moreover, the results show that walls with a clear collapse mechanism (such as wall 3 or 
wall 1, where one single macroblock detaches from the rest of the structure) display a rather 
linear post-peak behavior that corresponds to the progressive tilting of the detaching block. 
On the contrary, walls for which the collapse mechanism displays multiple cracking lines 
(such as wall 2) display a less smooth post-peak behavior, with local peaks attributed to the 
sudden detachment of one block. 
The correspondence between the results of both software is encouraging regarding the use 
of LMGC90 as an open-source alternative for practitioners. Through its Python-interface, 
LMGC90 offers the possibility to implement algorithms that are more complex than a 
classical force- or displacement-control strategy. The possibility to extract results at any time 

Fig.  5 – Wall 3: Pushover curves (left) and collapse mechanism at δc = 0.2m from LMGC90 (left) and UDEC (right) 

Fig.  4 – Wall 2: Pushover curves (left) and collapse mechanism at δc = 0.2m from LMGC90 (left) and UDEC (right) 
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step during the simulation and to use these results in the next time step, one of the attractive 
features of UDEC, is also feasible in LMGC90 and offers significant flexibility to the user. 
After the relevance of LMGC90 had been explored for running time-history analyses, 
computing collapse load multipliers and identifying collapse mechanisms (Bouckaert et al., 
2021), the present paper contributes to increase confidence in the use of LMGC90 for 
running pushover analyses on masonry structures.  
However, it is important to note that the computational time needed to run a quasi-static 
analysis in LMGC90 is large compared to UDEC when the time step is not chosen carefully. 
The generation of the full pushover curve in LMGC90 can take up to one or two days on a 
personal computer with reasonable computational power, versus a few hours in UDEC. 
Adaptations of the applied algorithm to overcome this problem will be investigated in future 
works. The algorithm can also be implemented in structural analysis software other than the 
two considered here. 
Finally, the numerical strategy described in this paper can be applied to more complex 
structures than those herein presented. Its extension to 3D structures is a necessary step 
towards the application of the pushover curves for the seismic assessment of existing 
buildings.  
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Abstract: This work explains the development of a viscous damping model using the 

condensed tangent stiffness of the structure. It eliminates the spurious damping forces and 

avoids the high levels of damping presented by the condensed damping model defined with 

the initial properties. Additionally, this article elucidates some of the problems of the existing 

condensed models and compares them with Rayleigh or total initial stiffness proportional 

damping. The proposed damping model and the existing models are compared using a 

reinforced concrete frame subjected to a ground motion, where the main arguments to justify 

the newly proposed damping model are highlighted.  

Keywords: time-history analysis, viscous damping, condensed damping models. 

 Introduction 

Nonlinear analyses are commonly used in research and specialized structural engineering 

practice due to the community's growing interest in performance-based design, the use 

of seismic control systems, and the assessment of existing structures (Golesorkhi et al. 

2017). The system of equations expressing dynamic equilibrium for a viscous damped 

nonlinear multi-degree-of-freedom (MDoF) planar system subjected to earthquake and 

gravity (or static) loading is given in the next equation. It is noted that a viscous damping 

model is employed, which is commonly the case, which models the energy dissipation 

mechanisms that are independent of the material hysteretic rules (Chrisp 1980; Bernal 

1994). 

[
𝑴𝑡𝑡 0

0 0
] {

�̈�𝑡(𝑡)

�̈�0(𝑡)
} + [

𝑪𝑡𝑡 𝑪𝑡0

𝑪0𝑡 𝑪00
] {

�̇�𝑡(𝑡)

�̇�0(𝑡)
} + {𝒇(𝑼(𝑡))} = {

−𝑴𝑡𝑡𝑱𝒙�̈�𝑔𝑥(𝑡)

0
} + {

𝑷𝑔𝑡

𝑷𝑔0
} (1) 

where M and C are the mass and damping matrices, respectively, and {𝒇(𝑼(𝑡))} 

represents the nonlinear relation between resisting forces and displacements. The 

subscripts t and 0 refer to the degrees of freedoms (DoFs) with and without mass, which 

is an essential separation for inertial loadings. The vectors 𝑼 , �̇�, and �̈� are the vectors of 

relative displacement, velocity, and acceleration of the DoFs. The right side of the 

equation contains two loading vectors corresponding to a time-varying component and a 

constant term. The former represents the effective earthquake forces in the x-direction, 

where 𝑱𝑥  is the influence vector and �̈�𝑔𝑥(𝑡) is the corresponding component of the 

ground motion acceleration record. The gravity or static forces {
𝑷𝑔𝑡

𝑷𝑔0
} can be applied in 

all the DoFs of the structure. 

The damping matrix C is often defined with the viscous damping model proposed by 

Lord Rayleigh (Rayleigh 1877). This model is defined by equation (2) using the mass 

matrix and, originally, the initial stiffness matrix as proportionality matrices. The latter 
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are multiplied by two damping parameters found with equation (3) based on two selected 

frequencies (ωi, ωj) and a damping ratio ascribed to each frequency (𝜁𝑖, 𝜁𝑗). 

[
𝑪𝑡𝑡 𝑪𝑡0

𝑪0𝑡 𝑪00
] = 𝑎0 [

𝑴𝑡𝑡 0
0 0

] + 𝑎1 [
𝑲𝑡𝑡 𝑲𝑡0

𝑲0𝑡 𝑲00
] (2) 

{
𝜁𝑖

𝜁𝑗
} =

1

2
[
𝜔𝑖

−1 𝜔𝑖

𝜔𝑗
−1 𝜔𝑗

] {
𝑎0

𝑎1
} (3) 

Since the assigned damping ratios are small for common civil engineering structures 

analysed as linear elastic systems, the damping forces are also limited and consequently 

the inconsistencies of Rayleigh damping (RD) do not significantly affect the structural 

response. For instance, in a linear single-degree-of-freedom (SDoF) where a damping 

ratio of 5% is defined, the damping force may reach approximately 10% of the inertial or 

elastic forces of the structure (Carr 2007). With this argument, Wilson and Clough (1962) 

mentioned that it was justifiable to use this model for step-by-step linear dynamic 

analyses of MDoF systems, recognizing that the exact form of damping in most structures 

is unknown.   

The above rationale for using this model in nonlinear analyses is no longer valid. The 

damping forces for an inelastic SDoF defined with 5% of critical damping may reach 

20% of the inertial or material resisting forces (Carr 2007). During incursions in the 

inelastic range, the stiffness proportional term of RD triggers significant damping 

moments in the rotational massless DoFs reaching important magnitudes (Bernal 1994) 

and leads to an overall change in the effective damping ratio of the system during the 

analysis (Charney 2008), which has no physical justification and leads to unconservative 

analyses (Medina and Krawinkler 2003). For instance, underestimation of peak 

displacement demands, overestimation of peak strength demands. Despite the advantages 

of the mass proportional term (Correia et al. 2013), it has also been criticized because it 

can lead to high damping forces (Erduran 2012). In base isolated systems, Ryan and 

Polanco (2008) mentioned that the mass-proportional component of RD can generate 

unconservative analyses.  

Almost since the implementation of RD in nonlinear dynamic analysis, commercial and 

research FE software also allowed to define the damping matrix proportional to the 

tangent stiffness matrix (Kanaan and Powell 1973; Powell 1973; Sharpe 1974; Mondkar 

and Powell 1975). Recent studies, e.g. by Petrini et al. (2008),  Jehel et al. (2014), and 

Chambreuil et al. (2021),  recommend the use of this method because spurious damping 

forces are significantly reduced and overall better match with experimental results. Leger 

and Dussault (1992) and Charney (2008) proposed to update the coefficients ao and a1, 

at each step of the analysis, using the tangent stiffness matrix to find the frequencies of 

the structure and recalculate the coefficients using eq. (3). According to those authors, 

this methodology preserves a constant damping ratio throughout the analysis and 

artificial damping is eliminated. However, updating the damping parameters has in 

general an important computational cost. 

Specific issues arising by the use of a tangent damping matrix were described early in 

ANSI-I (Mondkar and Powell 1975) and DRAIN2D (Kanaan and Powell 1973). They 

include low damping forces when the structure yields and possible equilibrium 

unbalances that need to be accounted for, caused by the fact that the stiffness matrix of 

the previously converged step is normally used to define the damping matrix for the next 
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step. More recently, Chopra and Mckenna (2016) argued that the model has several 

conceptual limitations, including damping force-velocity relations exhibiting hysteresis 

due to the reformulation of the damping matrix at each step, and negative damping at 

large deformations. The former issue may be avoided as discussed by Correia et al. 

(2013). Other investigations (Bernal 1994; Carr 2007; Chopra and Mckenna 2016) have 

proposed to define non-null entries of the viscous damping matrix just for the entries 

connecting two DOFs with mass, the so-called condensed damping models, which 

implies that the damping forces and moments are completely eliminated in the massless 

DoF.  

The present paper aims at proposing a damping model proportional to the condensed 

stiffness matrix – in opposition to the total stiffness matrix – using the tangent stiffness 

matrix, which has not yet been explored in the literature. The motivation is introduced in 

the next section. The paper compares the behaviour of existing total and condensed 

damping models using a reinforced concrete (RC) frame subjected to a ground-motion 

loading, where numerical deficiencies of existing condensed damping models are 

highlighted. These numerical deficiencies are the main arguments justifying the proposed 

damping model, which is introduced following a review of existing condensed damping 

models. Section 3 compares a set of existing damping models for the study case referred 

above. Finally, the last section sums up the main conclusions.   

 Condensed-tangent-stiffness-proportional damping model 

2.1. Motivation 

Condensed damping models are those defined only in the degrees of freedom with mass 

and include: mass proportional damping (MPD), condensed initial-stiffness proportional 

damping (CISPD) as proposed by Bernal (1994), and the modal damping (MD) proposed 

by Wilson and Penzien (1972) for elastic response and later implemented for inelastic 

analyses by Carr (2007) and Chopra and Mckenna (2016). The main advantages of 

condensed damping models are the complete elimination of spurious damping forces and 

the fact that the damping matrix must be calculated only in one step of the analysis, which 

is preferable from a computational cost point of view.  

Even if spurious damping forces are eliminated with condensed models, they can cause 

an overdamped response in the structure due to the stiffness decay, implying levels of 

energy dissipation similar to the total initial stiffness proportional damping model 

(TISPD) or RD with ISPD, which are generally considered as inappropriate by the 

engineering community, see section 3. Additionally, except for MPD, all the other 

condensed damping models imply the occurrence of dashpots between the DoFs that are 

not physically connected by a structural element, which is regularly criticized (Hall 2016; 

Charney et al. 2017). Finally, Lanzi and Luco (2018) highlighted that the massless DoFs 

present significant oscillations on their velocity when step-by-step integration procedures 

are used, e.g. for nonlinear dynamic analysis of real structures. The mentioned issues are 

the motivation to study these models further and explore a new proposal. 

2.2. Existing condensed damping models 

 Mass proportional damping model  

The mass-proportional damping model is a particular case of the RD model presented in 

eq. (2) where just the first term is considered; the damping parameter is found as: 

𝑎0 = 2𝜁𝑖𝜔𝑖 (4) 
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 Condensed initial stiffness proportional damping model 

Bernal (1994) proposed a condensed-initial-stiffness-proportional (CISPD) damping 

model to eliminate the spurious damping forces in the massless DoFs. The author 

recognized that an MPD model also solves this pathology. However, the study mentioned 

that condensed stiffness preserves the potential to use the stiffness matrix without being 

affected by spurious damping forces. This model can be expressed as: 

[
𝑪𝑡𝑡 𝑪𝑡0

𝑪0𝑡 𝑪00
] = [

𝑪𝑡𝑡 0
0 0

] = 𝑎1 [�̂�𝑡𝑡 0
0 0

] (5) 

where �̂�𝑡𝑡 is the condensed stiffness matrix given by the next equation in terms of 

submatrices of the total initial stiffness matrix. 

�̂�𝑡𝑡 = 𝑲𝑡𝑡 − 𝑲0𝑡
𝑡 𝑲00

−1𝑲0𝑡 (6) 

 Caughey damping model 

Caughey damping model is a generalization of Rayleigh damping where is possible to 

assign N distinct damping ratios. This model is expressed by eq. (7): 

𝑪 = 𝑴 ∑ 𝑎𝑖[𝑴−1𝑲]𝑖

𝑁−1

𝑖=0

(7) 

where the damping parameters 𝑎𝑖 are defined solving the next system of equations: 

𝜁𝑛 =
1

2
∑ 𝑎𝑖𝜔𝑛

2𝑖−1

𝑁−1

𝑖=0

(8) 

Caughey damping presents some numerical difficulties explained by (Chopra (2015) for 

linear analysis. For example, the expression (8) used to find the damping parameters is 

often numerically ill-conditioned due to the difference between the order of magnitude 

of the frequencies. Additionally, when more than two terms are considered in equation 

(7), the damping matrix becomes fully populated in systems without massless DOFs. 

In common systems with massless DOFs, the total mass and stiffness matrix cannot be 

used because the total mass matrix does not have inverse. Thus, the model must be 

defined using the mass matrix (Mtt) and the initial condensed stiffness matrix (�̂�𝑡𝑡), 

according to Eq. (9). 

𝑪 = 𝑴𝑡𝑡 ∑ 𝑎𝑖[𝑴𝑡𝑡
−1�̂�𝑡𝑡]

𝑖
𝑁−1

𝑖=0

(9) 

 Modal damping (MD) 

Wilson and Penzien (1972) proposed a direct and efficient procedure to define a damping 

matrix that overcomes the difficulties of the Caughey series for linear analysis. Similarly 

to Caughey damping, this model allows to define a specific damping ratio for more than 

two frequencies, eliminating the important levels of damping in higher modes of 

vibration that RD imposes. Recently, Chopra and Mckenna (2016) proposed to use this 

model in nonlinear dynamic analysis and demonstrated that the definition of damping for 
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all the modes is not required to get an accurate response of the system. The study did not 

propose a criterion on how many modal frequencies should be considered. 

𝑪 = 𝑴𝑡𝑡 (∑ (
2𝜁𝑛𝜔𝑛

𝑴𝑔
)  𝜱𝑛𝜱𝑛

𝑡

𝑁

𝑛=1

) 𝑴𝑡𝑡 (10) 

2.3. Formulation and implementation of a condensed-tangent-stiffness damping 

As discussed above, Bernal (1994) proposed a damping model proportional to the 

condensed initial stiffness matrix to eliminate spurious damping forces. This model 

imposes zero damping between the massless degrees of freedom, which solves the 

problem of high damping forces or moments in these DoFs during incursions in the 

inelastic range. However, as shown in the next section, this model and MD can depict 

high levels of energy dissipation. The following section shows that the energy dissipation 

in these models is very similar to TISPD or RD (defined with the initial stiffness matrix), 

which are usually considered inappropriate for nonlinear dynamic analysis.  

Until now, from the extensive literature review, the damping model that appears to better 

fit experimental test results, on average, is the total tangent stiffness proportional 

damping model, which however does not eliminate spurious damping moments. The 

model explored in the present investigation seeks to combine the above desirable feature 

of tangent-stiffness proportionality with the main advantage of condensed models, i.e. 

the elimination of spurious damping moments. Therefore, the proposed model can be 

expressed by the following expression: 

𝑪𝑇𝑎𝑛  =  𝑎0,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∙ [
𝑴𝑡𝑡 0

0 0
] + 𝑎1,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 [�̂�𝑡𝑡

𝑇𝑎𝑛 0
0 0

] (11) 

where �̂�tt
Tan is the condensed tangent stiffness matrix found with eq. (6).
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 Numerical case study 

Figure 1 presents the structure used to compare a series of different viscous damping 

models. The RC structure is modelled using force-based elements, which consider 

distributed plasticity using four integration points (Calabrese et al. 2010). For simplicity, 

cross-section “Section 1” is used for all the columns, while cross-section “Section 2” is 

assigned to all the beams. The material rules considered are shown in Table 1. The model 

by Menegotto and Pinto (1973) was used to simulate the behaviour of all the steel fibres. 

The concrete fibres were simulated using the model by Mander et al. (1988), but with 

different input parameters to consider the different degrees of confinement. The tensile 

strength of the concrete was neglected. 

Fig. 1 - RC frame using distributed plasticity elements with section discretization on the right. 

A corotational formulation was employed to account for the nonlinear geometric effects, 

and rigid length offsets at the nodes were defined according to the dimensions of the 

structural members. All the masses are lumped at the nodes in the horizontal and vertical 

directions. Masses of 8.92 ton and 17.86 ton are considered at the central and edge nodes, 

respectively. One horizontal acceleration ground motion record of the Morgan Hills 

earthquake is applied to the structure. The dynamic analysis is performed with the 

authors' software (SAGRES) using the Newmark integration method (β = 1/4 and γ = ½) 

and a Newton-Raphson scheme.  

Table 1 Parameters of the material models assigned to the section fibres 

Steel Fibres fy (MPa) Eo (GPa) b R0 A1 A2 A3 A4 

Steel bars 515 210 0.00 20.00 19.25 0.15 0.00 1.00 

Concrete Fibres fc (MPa) Eo (GPa) εcu ft (MPa) εt beta 

Concrete cover 39.0 29.4 0.004 0 0 0.1 

Column's concrete 

core 52.7 39.6 0.018 0 0 0.1 

Beam's concrete core 46.0 34.6 0.014 0 0 0.1 

The damping models are described in Table 2, which includes a classification according 

to the positions in which the damping matrix is non-null: all DoFs or only DoFs with 

mass. The damping parameters are calculated using the initial frequencies of the structure 

and modal damping uses the initial modal shapes. All damping models are defined with 

a damping ratio of 3%.  
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Table 2 Damping models presented 

Complete name Nomenclature 

Non-null values in 

the damping 

matrix defined at: 

Total initial stiffness proportional damping TISPD all DoFs 

Condensed initial stiffness proportional damping CISPD DoFs with mass 

Total initial Rayleigh damping RD all DoFs 

Modal damping (all modes included) MD DoFs with mass 

Total tangent stiffness proportional damping TTSPD all DoFs 

Condensed tangent stiffness proportional damping CTSPD DoFs with mass 

The analysis of the structural response starts with the energy balance analysis presented 

in Fig. 2, where the total energy input (EI), the cumulative energy dissipated by the 

damping model (ED), and the energy dissipated by the material hysteretic rules (EM) are 

shown. 

Fig. 2(a) shows that the input energy is higher in those models proportional to the initial 

stiffness matrix (i.e., TISPD, CISPD, MD, and RD), while the damping models based on 

the tangent stiffness matrix present smaller energy input levels (i.e., TTSPD and 

CTSPD). The EI is dissipated by the damping model or by the hysteretic rules of the 

material. The latter can be used to determine the structural performance and the damage 

on the structural elements through damage index models.  

The damping models that dissipate more energy are those based on the initial properties 

of the system (TISPD, CISPD, MD, and RD, in descending order) and those that dissipate 

less energy are those proportional to the tangent stiffness matrix (TTSPD and CTSPD). 

Fig. 2(b) indicates that the energy dissipated by TISPD and CISPD are very similar, 

which is a direct consequence of defining the CISPD using the initial properties. RD and 

MD present similar levels of energy dissipation as well, even if RD defines a 3% damping 

ratio for the first and third mode, while MD imposes 3% damping ratio to all the modes 

of the structure. Finally, the curves of energy dissipated by the TTSPD and CTSPD have 

an equivalent response for this particular case study. 

The subtraction of the energy input and the energy dissipated by the damping model gives 

the cumulative energy dissipated by the hysteretic rules of the materials. When TISPD 

and CISPD are used, the energy dissipated through the hysteretic rules present a similar 

level of energy dissipation and the total energy is less than 80% of the energy dissipated 

when TTSPD or CTSPD are used. Additionally, when RD and MD are used, the energy 

dissipated by the materials presents also a similar response, which is only slightly less 

than the models proportional to the tangent stiffness matrix. The different levels of energy 

dissipation through the hysteretic rules of the materials mean that the elements with 

higher demands are in the structure with tangent stiffness proportional damping, where 

the effective damping ratio will decrease due to the stiffness decay in the structure, which 

is usually accepted as physically meaningful.  

As explained in Section 1, TISPD and RD (using the total initial stiffness) are considered 

to be inappropriate in nonlinear dynamic analysis. For this specific case, the 

comparatively high levels of energy dissipation of MD and CISPD may suggest that these 

models are physically less justifiable than the models proportional to the tangent stiffness 

matrix.  
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Fig. 2 - (a) Input energy, (b) cumulative energy dissipated by the damping model, and (c) cumulative 

energy dissipated by the hysteretic rules of the materials. 

Figure 1(a-c) shows the damping moments in the rotational DoF of the top left node for 

the various damping models. As discussed in Section 1, the stiffness proportional term 

of Rayleigh damping causes spurious damping forces and moments in the massless DoFs 

when the structure undergoes incursions into the inelastic range. One aspect to note with 

TISPD is that the spurious damping moments do not disappear even when the structure 

returns to a response in the elastic range. The latter is explained by the permanent loss of 

orthogonality in the system due to decay of stiffness in the concrete fibers during the 

earthquake loading. Oppositely, the TTSPD presents peaks of smaller absolute value 

during incursions in the inelastic range, and during unloading and reloading in the elastic 

range the spurious damping moments disappear because the system recovers its 

orthogonality due to the use of the tangent stiffness to define the damping matrix.  

The damping matrix is defined with zeros in the massless DoFs when condensed damping 

models are used, effectively implying that the spurious damping moments are eliminated: 

this has been the main argument to justify the use of condensed damping models. 

Nevertheless, the energy analysis presented in this paper shows that the condensed 

damping models proportional to the initial properties can cause an overdamped response 

of the structure, which will imply unconservative analyses, especially in RC structures 

where there can be important levels of stiffness decay. The TTSPD is the model that has 

to date better predicted experimental results (Petrini et al. 2008; Chambreuil et al. 2021), 

but this model still presents important spurious damping moment as can be seen in the 

figure below. The model that completely eliminates the spurious damping moments and 

does not present high levels of energy dissipation, preserving a physically consistent 

interpretation, is the CTSPD herein proposed. 
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Figure 1 Damping moments at the top left node of the RC frame for the various damping models (note 

the different vertical scales). 

 Conclusions 

This paper investigates the response of a proposed viscous damping model based on a 

tangent condensed stiffness proportional matrix. The latter is shown to eliminate spurious 

damping forces and avoids the high levels of damping presented by the condensed 

damping model defined with the initial properties. This approach also preserves a solid 

physical meaningfulness related to a reduction of the damping energy when hysteretic 

material response is activated. Through a case study, it was also seen that the condensed-

initial-stiffness-proportional damping and modal damping can have similar levels of 

energy dissipation than the total initial stiffness proportional damping and Rayleigh 

damping models. These are generally considered as inappropriate for nonlinear analysis 

due to spurious damping forces and increments on the effective damping ratio due to the 

stiffness decay. Such high levels of energy dissipation can affect considerably the total 

energy absorbed by the nonlinear hysteretic rules of the materials. 
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Abstract: Recent reports on the latest earthquakes in Italy and Turkey highlighted 

considerable seismic damages in non-structural elements on industrial precast reinforced 

concrete structures. Therefore, the seismic performance of these structures has been 

extensively investigated in the latest decades. The importance of the roof diaphragm and 

cladding wall panels with the structural elements may influence the seismic behaviour of the 

structures. This present article aims at investigating this interaction through non-linear static 

analyses using a simplified macro-element to simulate the behaviour of the cladding panels 

and an equivalent truss approach to simulate the roof in-plane stiffness. The analyses were 

performed considering two precast reinforced concrete industrial buildings with one storey, 

with or without cladding wall panels, and with rigid or flexible diaphragm roof. In addition, 

when the behaviour of the roof is not known, the preliminary results obtain appear to 

indicate that it is advisable to simulate the roof stiffness as a rigid diaphragm in the 

numerical models.  

Keywords: precast structures, seismic performance, roof diaphragm, non-structural 

elements, cladding wall panels. 

1. Introduction  

Recent earthquakes in Europe have exposed the main vulnerabilities of precast reinforced 

concrete (PRC) buildings, with both structural and non-structural damages. Several 

problems related to deficient diaphragm effect, poor connection details and improper 

separation of non-structural elements, have been reported in several past earthquakes, 

being the causes of non-seismically efficient responses of conventional PRC one-story 

buildings (Belleri et al., 2014; Ferrara & Toniolo, 2008). Bournas et al. (2014) reported 

that 25% of industrial PRC buildings designed with no seismic provisions had partial or 

total collapse of the roof and girders. Another critical problem presented in recent 

earthquakes in Italy is associated with the behaviour of cladding panel connections, these 

connections did not achieve the desired performance, causing the panels to collapse (Del 

Monte et al., 2019; Ostetto et al., 2021). 

Several authors (Belleri et al., 2014; Bournas et al., 2014; Liberatore et al., 2013; Magliulo 

et al., 2014; Minghini et al., 2016; Savoia et al., 2017) point that the deficiencies of the 

connections between the cladding panels and the main structure as one of the main sources 

of failure, which caused damage and collapses that affected industrial buildings in Emilia 

(Italy) in 2012. Therefore, these elements should be object of particular attention in the 

seismic performance assessment of PRC structures (Ercolino et al., 2018). It is believed 
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that most of current design practice for industrial buildings in the PRC is based on bare 

frame models without the contribution of the strength and stiffness from the cladding panel 

(Batalha et al., 2019; Ostetto et al., 2021). In addition, during the design phase, some 

simplified assumptions are often admitted in what regards the consideration of rigid or 

flexible roof diaphragms, due to the inherent difficulty in modelling the different 

components, i.e., the panels, the secondary beams and the connections elements, in an 

explicit manner (Dal Lago et al., 2019; Ercolino et al., 2018). 

Considering the ambiguity, the present study intends to investigate the interaction of effect 

of cladding wall panels and roof diaphragm. This parametric study was carried out 

considering the on the seismic response of two single-story industrial PRC buildings. The 

seismic assessment of the structures is performed through non-linear static analysis using 

the SeismoStruct software. Structural models are considered varying the presence of rigid 

or flexible roof and cladding façade panels. 

2. Case-study

To investigate the importance of cladding and roof panels in the seismic performance of 

PRC buildings a parametric study was carried out considering 4 case studies buildings that 

reflects the geometric and mechanical properties found in Portugal and other countries 

from the Mediterranean country, according with the characterization survey carried out by 

Rodrigues et al., (2020). These case studies feature similar properties but differ in some 

geometric characteristics, namely, story height, number of longitudinal and transverse 

spans. 

Regarding the reference model it features columns fixed to the foundations, with two 

different cross-sections: a 0.4 × 0.4 m2 section at the central columns and 0.5 × 0.4 m2 in 

the remaining ones. Regarding the roof system, it comprises two types of precast 

prestressed beams: the longitudinal beams with a cross section of 0.5 × 0.4 m2, and the 

transversal beams with a cross section of 0.4 × 0.3 m2. The concrete used was from the 

class C40/50 and the steel from the class S500 NR-SD. 

According to the same survey, the number of longitudinal spans (X direction) in buildings 

generally varies between one or two, while the transverse spans (Y direction) varies 

between four to eight. Regarding the number of storeys, the majority of the PRC industrial 

buildings are single-storey buildings with a total height that is generally lower than 10 m. 

Considering these reference values, two different configurations of this reference building 

were considered in order to access the relative importance of the cladding and roof panels. 

The configuration named “Building A” has a framed structure consisting of single-storey 

with 9 m height, in which four cladding panels are considered on the facades with a height 

of 2.5 m for each panel. The structure has four spans in the transverse direction (Y 

direction) with 7.4 m (edge spans) and 7.5 m (inner spans). The second configuration, 

named “Building B”, has a framed structure consisting of single-storey with a height of 

4.3m, in which two cladding panels are allowed on the facades with a height of 2.5m. This 

structure has eight transverse spans of 7.4 m (edge spans) and 7.5 m (inner spans). Of the 

two typologies described, each building will be analysed with one longitudinal span (Y 

direction) of 19.66 m and two longitudinal spans (Y direction) with 18.12 m and 21.2 m. 

Finally, each of these building configurations (Table 1) were analysed with and without 

cladding panels and with a different roof in-plane stiffness to evaluate how these two 

components influence the structural response of the buildings.  
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It is important to note that the two structures configurations (buildings with high columns 

and with less transverse spans vs. buildings with low columns and with higher number of 

transverse spans) intend to cover two situations where the expected contribution of the 

cladding panels is potentially higher and lower, respectively, with regard to the lateral 

strength obtained only with the contribution of the columns. 

Table 1 - Configurations of the buildings. 

Structure 

configurations 

Long. Spans 

(number and 

dimension, in m) 

Trans. Spans 

(number and 

dimensions, in m) 

Story height (m) 

Building A 
2 (18.12/21.2) 

4 (7.4/7.5) 9.0 
1 (19.66) 

Building B 
2 (18.12/21.2) 

8 (7.4/7.5) 4.3 
1 (19.66) 

3. Numerical modelling and analysis 

Analyses were performed following a non-linear static approach. According to the 

recommendations of Eurocode 8 – Part 3 (2005), two different load distributions should be 

applied in the pushover analysis, a uniform one and a distribution proportional to the 

fundamental mode of vibration. However, the uniform distribution is relevant and 

recommended for multi-storey buildings with a nearly uniform mass distribution along the 

height, and for buildings prone to develop a soft-storey mechanism at the ground level 

(Ostetto et al., 2021), which is not the case for the buildings under study. 

The load distribution pesented in the present study corresponds the conventional load 

distributions proportional to the first mode along the X and Y directions, as recommended 

in Eurocode 8 – Part 1 (2004). The results presented in the parametric study represent the 

analyses carried out along the two main directions with and without the consideration of 

the cladding panels and rigid diaphragm. 

The weight of the roof girders with a maximum height of 1.3 m, together with a light roof 

cladding system, were assumed in the numerical model through concentrated loads applied 

end nodes of the beams. Therefore, for the numerical analyses, the constant vertical loads 

concentrated were considered to simulate the dead load of the self-weight of roof. In the 

model developed, the columns were modelled with fibre-based nonlinear force-based 

elements while an elastic behaviour was assumed for both longitudinal and transverse 

beams, as they are expected to remain essentially undamaged. Although recognizing the 

importance of the beam-to-column connections in the seismic performance of these 

buildings (Sousa et al., 2020), in this study it was decided to consider a simple pinned 

connection in order to better understand the influence of the cladding panels with a 

minimum modelling bias in the other structural elements. Regarding the panels, they were 

modeled using a simplified macroelement developed by Ostetto et al., (2021), which 

simulates the contribution of the conventional horizontal cladding system (panels and 

associated connections).  

To investigate the actual behaviour of the structure through the stiffness of the bracing on 

the roof, pushover analyses were carried out for the different building configurations 

previously described with the insertion of circular trusses at the roof level with different 

diameters, in order to simulate different in-plane stiffness levels. The structural behaviour 

of the precast building was simulated along the two main directions with a 3D model using 
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the computer program SeismoStruct (Seismosoft, 2020). Figure 1 presents a general view 

of the building configurations analysed.  

a) Building A with two spans. b) Building A with one span.

c) Building B with two spans. d) Building B with one span.

Figure 1 - Three-dimensional overview of the buildings under studies. 

4. Analysis of the results

The present section shows the results of analysis carried out aiming to assess the expected 

effectiveness of the in-plane stiffness in the mobilization of the vertical elements, namely the 

cladding panels. 

To understand the behaviour of the roof diaphragm, it was defined as a relative 

displacement ratio consisting on the difference between the horizontal displacement of the 

structure measured at the mid-span and the edges, normalized by the same difference, 

measured in the same structure without bracings in the roof (Equation 1). In this equation, 

the dmid and dend represent the displacements of the middle and edge nodes, respectively, in 

the direction perpendicular to the one under analysis. On the other hand, the values in the 

denominator, taken as reference, represent the same displacements, but measured in the 

corresponding building without any in-plane stiffness at the roof level. Hence, this 

parameter approaches the value 1 (100%) as the roof is fully flexible and 0 (0%) as it 

offers an infinitely stiff diaphragm. 

𝛥𝑅 =
𝑑𝑚𝑖𝑑 − 𝑑𝑒𝑛𝑑

𝑑𝑚𝑖𝑑(𝑅𝑒𝑓) − 𝑑𝑒𝑛𝑑(𝑅𝑒𝑓)
(1) 
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Figure 2 shows the correlation between the relative displacement ratios and the in-plane 

stiffness ensured by the truss system. These plots include the different numerical models 

considered, except for the buildings with one span in the Y direction, as in this condition 

they behave as a rigid diaphragm. It should be noted that the axial stiffness of the struts 

represent in the plots, was calculated according to the analysed direction, being 

decomposed in order to obtain the stiffness contribution in the two main directions.  

  

a) Building A b) Building B 

Figure 2 - Relation between the bracing stiffness and the relative displacement ration for the different 

building configurations considered. 

From a general point of view, the results obtained and presented in Figure 2, indicate that 

the transition between the structures with and without diaphragm is very steep. Moreover, 

it appears that a rigid diaphragm effect can be achieved with reduced steel truss diameters 

(in the order of 5 cm). This behaviour is more pronounced for taller buildings (Building 

A), where the horizontal stiffness provided by the columns is lower when compared with 

the buildings with lower storey heights and elongated in plan (Building B). At the same 

time, for the Buildings B, the horizontal stiffness needed to ensure the rigid diaphragm 

effect is also slightly higher.  

In order to represent the values obtained in a more objective manner, the value corresponding 

top the attainment of a 10% of relative displacement ratio (approximately 2x25000kN/m) was 

converted in an equivalent concrete slab. For that, the in-plane stiffness of a slab was 

approximated through a system of equivalent elastic struts, such as the ones considered in the 

numerical models, considering the contribution by both bending and by shear mechanisms, as 

represented in Equation2. 

𝐾𝑆𝑙𝑎𝑏 =
1

𝐿3

12𝐸𝑐𝐼
+

𝐿
𝐴𝑙𝐺𝑐

 
(2) 

 

In this equaltio, L is the length of the slab, AL cross-sectional area, Ec is the modulus of 

elasticity of concrete, taken as 25 GPa GC is the corresponding shear modulus, taken as 

10GPa. The value obtained indicates that it is possible to achieve an essentially rigid 

diaphragm behaviour with an equivalent concrete slab of only 0.06 m. 
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4. Conclusions

The present work aims to verify the eventual effectiveness of the roof systems in ensuring 

a rigid diaphragm effect in industrial precast reinforced concrete buildings. Non-linear 

static analyses were carried out in four buildings that intend to represent common 

typologies of PRC industrial buildings in Europe, considering configurations that intended 

to represent existing building with high and lower horizontal stiffness. Regarding the 

behaviour of the roof, it was possible to observe that the transition between the responses 

consistent with the presence of flexible or rigid diaphragm is very abrupt. In addition, it 

was verified that a rigid diaphragm behaviour is expected in the presence of reduced 

equivalent trusses diameter or concrete slabs with reduced thickness, in the order of 6 cm, 

for the worst case and direction. These observations indicate that the consideration of a 

rigid diaphragm in numerical models may tend to produce a more realistic seismic 

behaviour of the overall structure, especially for more flexible ones with higher heights. 

Notwithstanding the indication extracted form these preliminary results, further analysis 

are currently undergoing to evaluate this impact in the seismic response of the buildings, in 

particular when considering the contribution of the cladding panels. 
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Abstract: With the introduction of performance-based earthquake engineering (PBEE), 
engineers have strived to relate building performance to different seismic hazard levels. This 
has been traditionally done using several intensities, or return periods, of seismic shaking to 
compute and verify the base shear force (and displacements) a structure is anticipated to 
withstand. In recent years, risk-oriented metrics like expected annual loss (EAL) and mean 
annual frequency of collapse (MAFC) have become prominent but tend to be limited to 
seismic assessment and evaluation rather than design and rehabilitation. This article reviews 
these traditional approaches available in most design codes to computing seismic design 
forces, quantifying performance and compares them with other contemporary approaches 
available in the literature. It aims to serve as a reference point from which designers can 
clearly see the differences, pros and cons and also underlying design philosophies and goals 
that they each follow to ultimately strive towards improving our current implementations of 
PBEE.  

Keywords: PBEE; design methods; risk; loss; collapse. 

1. Introduction
In recent years, earthquake engineers have worked to reduce damage to structural and non-
structural elements in frequent low-intensity earthquakes and prevent collapse in rare high-
intensity earthquakes. Following the economic impact of the 1994 Northridge earthquake in 
the US, largely due to the extensive damage and the overall disruption caused, an immediate 
shift was needed in defining building performance. Conventional objectives focusing on life 
safety and collapse prevention of buildings were not enough for acceptable building 
performance. This change materialised with the introduction of performance-based 
earthquake engineering (PBEE) during the latter half of the 1990s in the Vision 2000 
framework (SEAOC 1995). It related desired building performance to various seismic 
hazard levels via the definition of limit states or performance levels. These were termed fully 
operational, operational, life-safe, and near-collapse, corresponding to hazard levels of 
frequent, occasional, rare, and very rare events, respectively.  
In subsequent years, a probabilistic framework was developed and set the basis for what is 
known as the Pacific Earthquake Engineering Research (PEER) Centre PBEE methodology 
(Cornell and Krawinkler 2000). It quantifies the mean annual frequency of exceedance 
(MAFE), or failure, of a limit state, λf, by integrating the probability of failure for a chosen 
intensity measure (IM), P[f|IM=im], with the site hazard curve, H(im), as follows (Cornell 
et al. 2002): 
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This modernised approach quantifies the building performance in an overall risk sense and 
is flexible in its definition of failure, allowing consistent consideration across all pertinent 
limit states (e.g., onset of structural/non-structural damage and collapse). Therefore, the 
overall performance of the building can be quantified via more meaningful metrics to 
building owners or stakeholders (e.g., casualties, economic losses, anticipated downtime). 
Due to the probabilistic nature of the framework and its computationally expensive 
implementation in certain situations, it has been largely popular within academic research or 
specialised reports (FEMA 2012; CNR 2014) rather than widespread code implementation 
for practitioners to use. Furthermore, given the nature of the framework, it has been 
predominantly developed for the assessment of existing buildings as opposed to the design 
of new ones.  
This article reviews risk-targeted design methods proposed in the literature along with 
current code-based approaches. It first describes the general approaches followed before 
comparing them based on a series of criteria related to design objectives, ease of 
implementation and how PBEE-compatible, in the modern context, they really are. It is 
hoped that from this comparative discussion, practitioners can see the principal differences 
between methods and also appreciate the advantages and improvements offered via 
contemporary methods. 

2. Seismic design of structures 
2.1. Existing design code approaches 
Current seismic design codes primarily focus on ensuring the life safety of building 
occupants by avoiding structural collapse. Additionally, performance at frequent levels of 
ground shaking has to be checked and verified. These are termed the no-collapse 
requirement and damage limitation requirement in the current version of Eurocode 8 (EC8) 
(CEN 2004) and are implemented at ground shaking return periods of 475 and 95 years, 
respectively, with possible modifications to account for building importance class. New 
Zealand’s NZS1170 (2004) defines two limits states, termed as serviceability and ultimate 
with design return periods of 25 and 500 years, respectively, with the possibility of 
modification for different importance classes similar to EC8. A slightly modified approach 
is outlined in the recently revised design code in the US, ASCE 7-16 (2016), where the 
building is designed using a fraction of the maximum considered event (MCE) as input, 
which is determined from a series of risk-targeted hazard maps developed for a target 
collapse risk of 1% in 50 years. The design method employed in seismic design codes 
follows what may be referred to as force-based design (FBD). It calculates a design base 
shear force from a reduced elastic spectrum using either the equivalent lateral force (ELF) 
method or response spectrum method of analysis (RSMA). Despite seismic codes having the 
option to use non-linear numerical models for static pushover (SPO) analysis or non-linear 
response history analysis (NLRHA) with a set of suitable ground motion records, these 
approaches may be deemed too computationally expensive at times and not always 
implemented given the simpler linear-static options available.  
While FBD boasts an attractive simplicity, Priestley (2003) and others pointed out several 
shortcomings. The use of displacement-based design (DBD) was thus advocated, where 
deformation demands in the individual elements drive the design process, culminating in the 
development of the direct displacement-based design (DDBD) method (Priestley, Calvi, and 
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Kowalsky 2007a) and other similar methods (Sullivan et al. 2003). One of the principal 
arguments by Priestley et al. (2007a) was that it was not reasonable to quantify the expected 
ductility and spectral demand reduction for different structural configurations via unique 
behaviour factors and proposed employing a ductility and typology-dependant spectral 
reduction. Hence, the idea that one-fits all solutions could be used for design were found to 
be ill-conceived and the actual performance of structures depends on a more detailed 
consideration of behaviour. 
Both FBD and DBD methods can be good approximations for the initial seismic design of 
structures. However, neither explicitly quantify the structural performance in a manner that 
may be considered as having fully satisfied the goals of modern PBEE (i.e., the PEER PBEE 
methodology). This means that the actual performance of structures designed using these 
methods is not expected to be risk-consistent (i.e., the annual probability of it exceeding a 
certain performance threshold is not accurately known or consistent among different 
structures), and building performance parameters like collapse risk, expected economic 
losses and downtime do not feature in the design process. A recent initiative in Italy 
(Iervolino, Spillatura, and Bazzurro 2018) has shown that buildings designed according to 
the Italian national code (NTC 2018), which is similar to EC8, do not exhibit the same level 
of collapse safety when evaluated extensively, with large variations observed between 
different structural typologies and configurations. These FBD and DBD methods’ design 
solutions may be refined and modified to become more in-line with risk-based objectives, as 
discussed in O’Reilly and Calvi (2020), or the behaviour factors adopted for different 
structural typologies may be adjusted and refined (Vamvatsikos et al. 2020), for example. 
Nevertheless, the fundamental issue of modern PBEE not being at the core of these classical 
methods remains. 
2.2. Recent risk-targeted approaches 
Over the years, different design methods aimed at risk-targeting have been developed and 
are widely accepted to eventually be prescribed and recommended in future design codes 
(Fajfar 2018; Vamvatsikos, Kazantzi, and Aschheim 2016). The US has already 
implemented criteria in the seismic design code ASCE 7-16 (2016) and FEMA P-750 (2009), 
and the new draft version of EC8  (CEN 2018) will include an informative annex on the 
probabilistic verification of structures. Any risk-targeted approach aims to control the risk 
of exceeding a limit state related to the performance of the building. The concept of risk-
targeted behaviour factors (RTBF) was developed based on the work of Cornell (1996) and 
others, whereby behaviour factors are adjusted and revamped using more risk-consistent 
approaches. Procedures like FEMA P695 (ATC 2009) and recently by Vamvatsikos et al. 
(2020) outlined such approaches. Luco et al. (2007) introduced the concept of a risk-targeted 
design spectra to ensure uniform collapse risk for structures in the US. Douglas et al. (2013) 
and Silva et al. (2016) explored the extension of such an approach to Europe. Vamvatsikos 
and Aschheim (2016) introduced the yield frequency spectra (YFS) as a design aid to link 
the MAFE of any displacement or ductility-based parameter with the system design strength. 
Additionally, Žižmond and Dolšek (2019) introduced the risk-targeted seismic action 
method to be integrated with the current FBD procedures in EC8. Krawinkler et al. (2006) 
also introduced an early iterative approach, where effective structural systems are selected 
and sized and the performance of structural and non-structural elements and contents is 
evaluated for each. This approach utilises acceptable loss and collapse risk for decision-
making to intuitively aid designers when implementing the PEER PBEE framework in 
design. These aforementioned studies are not intended to be an exhaustive list of available 
methods but rather some of the noteworthy proposals to integrate modern PBEE in seismic 
design. 
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2.3. Integrated performance-based seismic design 
A novel conceptual seismic design framework that employs expected annual loss (EAL) as 
a design metric and requires very little building structure information at the design outset 
was initially developed by O’Reilly and Calvi (2019) and has been more recently formalised 
by Shahnazaryan and O’Reilly (2021) as integrated performance-based seismic design 
(IPBSD). It centres around defining a limiting value of EAL and identifying structural 
solutions through simplified hand calculations. Several assumptions were made to relate the 
performance objectives to a design solution space, which serves as an initial screening before 
detailing the structural members. Storey loss functions (SLFs) are used to relate expected 
loss ratios (ELRs, y) to engineering demand parameters (EDPs).  
The IPBSD framework uses mean annual frequency of collapse (MAFC), λc, to directly 
ensure an acceptable level of collapse safety and an EAL limit, λy,limit, to mitigate excessive 
monetary losses in a building. Both are set by the designer based on the desired building 
performance. The target MAFC, λc,target, is set and used to limit the actual λc described by: 

 𝜆% = # 𝑃[𝐶|𝑆𝑎(𝑇)]|𝑑𝐻(𝑆𝑎(𝑇))|
"#

$
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and the λy,limit limits the λy described by: 
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This integrated consideration of building performance in a risk-consistent manner represents 
a positive step for future revisions of design codes in line with the goals of modern PBEE. 

3. Discussion of performance-based seismic design methods 
With the brief overview of some of the currently available seismic design methods given in 
Section 2, a critical discussion is provided here. Figure 1 shows several design methods with 
the following abbreviations: IPBSD proposed by Shahnazaryan and O’Reilly (2021); FBD 
present in many seismic design codes (CEN 2004; NTC 2018; ASCE 7-16 2016; NZS 
1170.5:2004 2004); DDBD outlined by Priestley et al. (2007b); RTBF described by Cornell 
(1996), amongst others; conceptual performance-based design (CPBD) proposed by 
Krawinkler et al. (2006); risk-targeted spectra (RTS) proposed by Luco et al. (2007); YFS 
proposed by Vamvatsikos and Aschheim (2016); and the risk-targeted seismic action 
(RTSA) method comprising both the direct (D) and indirect (I) approaches by Žižmond and 
Dolšek (2019).  
The rows of Figure 1 list several categories common to each seismic design method. These 
are abbreviated and described as follows in the subsequent subsections: performance 
objective(s) (PO), which describe the primary quantity that each design method targets, 
limits or bases itself upon; seismic hazard (H) definition, meaning how seismicity is 
characterised in the design process; non-linearity (NL) meaning how ductile structural 
behaviour is accounted for to adequately determine a suitable set of reduced design forces; 
relative difficulty and directness (DD) meaning how difficult (i.e. is the method feasible with 
just a spreadsheet or is extensive NLRHA required?) and direct (i.e. are multiple iterations 
required to obtain the final solution?) the method is; (PBEE) whether or not the method is 
risk-consistent; and the flexibility (FLX) of the method meaning how easy is it to tailor the 
design targets beyond what it has been developed for so far.  
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Figure 1. Comparison of key similarities and differences of available seismic design methods. 

3.1. Performance Objectives 
The first comparative point concerns the POs. Beginning with FBD, the PO is related to the 
expected (or average) values of displacement, D, and lateral resistance, R, at specified return 
period, TR, intensities. This requires a designer to ensure sufficient lateral strength at very 
rare TR events, whilst limiting the expected displacement at frequent TR events. DDBD 
follows a similar approach whereby the expected level of displacement demand at multiple 
TR levels is used. This is quite typical of design codes, whereby a series of intensity-based 
checks with corresponding limit states are stipulated for practitioners to follow and verify. 
This essentially stemmed from the early interpretation of  PBEE in Vision 2000 (SEAOC 
1995). 
As research grew on probabilistic-related aspects, it became clear that such an intensity-
based approach may not be entirely appropriate for modern PBEE (Günay and Mosalam 
2013) and structures designed this way did not provide the consistent level of safety they 
were perceived to have (Iervolino, Spillatura, and Bazzurro 2018). This led to developments 
on how these approaches may be improved but maintaining the same intensity-based 
approach familiar to practitioners. RTS, RTBF and RTSA-I are examples of such 
developments, where some behind the scenes adjustments are made to maintain the familiar 
intensity-based approach via a UHS while seeking to maintain risk-consistency among 
designs. They typically have collapse safety as their PO but differ slightly in their definitions 
of it. For example, to identify suitable behaviour factors to reduce the UHS in design, FEMA 
P-695 (ATC 2009) employs a collapse margin ratio (CMR), whereas a recent proposal by
Vamvatsikos et al. (2020) for Europe employed λc.
YFS provides a way to identify structures that can limit the MAFE of deformation-based 
quantities like storey drift, θ, or ductility, μ. CPBD was a proposal that was in some ways 
ahead of its time as many of the tools needed to feasibly implement it were either not 
available, or yet to be developed. It discussed using an array of POs in its formulation and 
made an effort to illustrate these quantities for designers to understand. Further development 
of this approach by Zareian and Krawinkler (2012) utilised a storey-based approach with 
POs being defined as expected losses and collapse probabilities at specified intensities. This 
is one of the few methods that has attempted to directly incorporate economic losses into its 
formulation, although the manner in which it was framed appeared rather tough to practically 
implement at the time. The last is the IPBSD approach where the POs are the λc and the λy to 
target a certain collapse risk but also to limit the expected economic losses over all 
intensities. It is seen that the collapse risk objective is in line with other methods but the 
relatively simple integration of EAL as a design variable makes it an attractive option. This 
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was a key point highlighted by Krawinkler et al. (Krawinkler et al. 2006), stating that 
performance-based designs are not readily condensable to a single design parameter but 
multiple parameters that affect different facets of response; for example, should the building 
possess insufficient strength and ductility, its collapse safety may be inadequate, whereas 
should it be too flexible, it may accumulate excessive drift-sensitive loss at low TR events, 
but at the same time potentially accumulate too much acceleration-sensitive if too stiff, as 
demonstrated in Shahnazaryan et al. (2022). It was for this reason that O’Reilly and Calvi 
(2019) introduced the restriction of the initial period range and the subsequent identification 
of sufficient lateral strength and ductility.  

3.2. Characterisation of seismic hazard 
The next broad comparison is the manner in which they define seismic hazard. Traditional 
methods like FBD and DDBD rely on the use of a UHS at specified TR levels. These UHS 
are anchored to some level of ground shaking computed using PSHA. In the case of EC8, 
PGA on rock is used and a predefined shape for all other periods at that TR is fitted. It should 
be noted that while the use of specific TR levels may not be ideal, neither is anchoring the 
shape of the entire design spectrum to a single parameter like PGA. The main problem with 
using a UHS is that in order to make the resulting design solutions risk-consistent, they need 
to either have some modifications made in how they are utilised or how they are defined. 
For example, RTS attempts to define the anchoring value of a UHS whereas RTSA-I instead 
modifies how the force reduction is introduced.  
Alternatively, there is the use of seismic hazard curves determined from suitable PSHA, and 
are generically defined as H(IM), noting that different IMs may be used. The most common 
hazard curve definition is the spectral acceleration at the first mode period of vibration of 
the structure, H(Sa(T1)), which is employed by YFS, RTSA-D, RTSA-I and also IPBSD. 
The proposed method utilises several hazard curves defined within a range of feasible 
periods of vibration and not one specific value giving a degree of flexibility of final structural 
configuration when identified and sized. Other methods focus on the identification of a 
singular T1 assumption for design which needs to be then iterated should the actual value not 
match.  

3.3. Accounting for non-linear structural behaviour 
In terms of how each method deals with non-linearity, FBD uses the traditional approach of 
behaviour factors for each structural system whereas other methods like RTBF have 
attempted to correct the definition of these to be more risk-consistent. However, the 
underlying assumption of a single force reduction factor for certain typologies remains. RTS 
as defined in ASCE 7-16 (2016) also utilises force reduction factors but as pointed out by 
Gkimprixis et al. (2019), this use of traditional behaviour factors means that the risk-
consistency breaks down in this implementation of RTS. The RTBF approach attempts to 
rectify this inconsistency through appropriate behaviour factor calibration. DDBD utilises 
the concept of equivalent viscous damping, which is somewhat similar to behaviour factors 
but different because the spectral reduction is a function of the expected ductility demand 
rather than a fixed value. CPBD utilised a rather strenuous approach of multiple NLRHA for 
identification of suitable designs. The RTSA methods proposed by Žižmond and Dolšek 
(2019) account for non-linearity by assuming a set of values for the expected ductility 
capacity at near collapse, μNC, and overstrength of the structure, rs, which are later verified 
for the subsequent design and iterated if needed. An additional C1 parameter is also 
computed via an IDA analysis on an equivalent SDOF oscillator. It is worth noting that for 
the RTSA-I method, Žižmond and Dolšek (2019) describe how an equivalent risk-consistent 
behaviour factor may be identified, highlighting the link between it and other methods 
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discussed here. To circumvent the use of assumed values for force reduction and subsequent 
verification, YFS and the proposed IPBSD method both utilise the SPO2IDA tool 
(Vamvatsikos and Cornell 2005) to compute the force reduction distribution directly. This 
tool relates the distribution of dynamic behaviour to the expected backbone shape of the 
structure using an extensive library of empirical coefficients calibrated using NLRHA. This 
has the advantage of allowing the dynamic behaviour to be estimated with a high degree of 
accuracy prior to designing the structure without any numerical analysis.  

3.4. Ease of implementation 
Regarding the relative difficulty and directness of each method, a generic ranking has been 
provided based on the authors’ subjective opinion. Due to their direct nature and no essential 
requirement to iterate design solutions or conduct extensive dynamic verifications, the FBD, 
DDBD, RTBF and RTS methods are ranked as easy methods to implement. The CPBD 
method is ranked as very extensive due to the sheer amount of analysis required to implement 
it. The YFS and IPBSD methods are ranked as moderate as they do not require any dynamic 
analysis to implement. If the designer is confident in SPO2IDA tool’s ability to characterise 
the dynamic behaviour of the structure, then no great difficulty is encountered. Small 
iterations may be needed to refine the solution, with some being refined to a spreadsheet 
whereas others require pushover analysis of numerical models. The RTSA methods are 
denoted as extensive by requiring an IDA on an SDOF oscillator to determine one of the 
design parameters. Designs may take a few iterations, with full numerical models being 
required. The authors of this approach have, to their credit, provided ample parametric 
studies and practical guidance for designers (Sinković, Brozovič, and Dolšek 2016) on how 
to tackle this aspect and good initial assumptions can easily be made, still making it an 
attractive option. 
3.5. Method flexibility 
In terms of flexibility of tailoring the design targets, the methods using behaviour factors 
(FBD and RTBF) are relatively limited since their performance is inherently linked to the 
assumption made in the derivation of the behaviour factor and no end-control is left to the 
designer. DDBD’s use of equivalent viscous damping makes it somewhat more flexible as 
it allows designers to tailor their intensity-based drift limitations. The assumptions needed 
to derive RTS have been discussed by Gkimprixis et al. (2019) to not be without their 
difficulties as to how the general method ought to be employed and the spectra derived with 
different studies advocating different anchoring values of the parameter X (Douglas, Ulrich, 
and Negulescu 2013; Silva, Crowley, and Bazzurro 2016). All other methods are deemed as 
flexible as they let designers choose and tailor their specific design targets, increasing their 
appeal. 
3.6. PBEE compatibility 
Lastly, Figure 1 categorises the different methods as being PBEE-compliant or not. While 
this is not a new discussion (e.g. Vamvatsikos, Kazantzi, and Aschheim 2016), it is included 
here for completeness. Unsurprisingly, neither FBD nor DDBD meet modern PBEE goals, 
at least without some additional verifications (e.g. O’Reilly and Calvi 2020). Again, RTS 
fails this categorisation not because of a conceptual flaw but rather in how it has come to be 
implemented, as discussed by Gkimprixis et al. (2019). The other methods, including the 
proposed IPBSD, are all seen to be PBEE-compliant as their formulations directly 
incorporate the use of risk-oriented metrics implemented consistently. 
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4. Summary 
This paper has presented a review of different design methods typically found in current 
design codes and guidelines in addition to more contemporary methods available in the 
literature. It presented a brief overview of the methods followed by a detailed discussion into 
how they address different categories of desirability as a seismic design approach. These 
were first related to the performance objectives used in design, how the seismic hazard 
characterisation is quantified to be used in design and how the expected non-linear behaviour 
of the structures can be handled. It then looked at each methods’ difficulty to implement and 
overall directness (i.e., would iterations of the initial design be required?) followed by its 
flexibility in terms of how it can be modified to address different kinds of performance 
objectives according to a client’s needs. Lastly, the extent to which each method satisfies 
what is now widely accepted as performance-based earthquake engineering was assessed. 
Overall, it was seen how current design methods, such as those found in many design codes, 
deal with design without adequately accounting for the probabilistic nature of both seismic 
design input and structural response. More contemporary risk-consistent seismic design 
approaches are available; however, the willingness to adopt such approaches in future 
guidelines remains to be seen as their superiority in terms of the categories evaluated here 
should be abundantly clear. 
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Abstract: The present paper intends to illustrate the seismic behaviour of different 
configurations for a ten storeyed “inverted Y” eccentrically braced frame provided with 
rigid and/or pined beam/column and diagonal/column connections. Four configurations 
were analysed for the “inverted Y” braced frame, sized for the forces produced by the same 
code seismic base shear force. In the first configuration, rigid connections were used for all 
kind of structural elements. The second configuration had hinged beam/column and 
diagonal/column connections. In case of the third configuration, rigid connections were used 
among all kind of structural elements and additional potentially plastic zones with reduced 
cross-sections (resembling the “dog-bone” detail) were considered along the girders and 
braces, near the member ends connected to the columns. The fourth configuration had 
hinged diagonal/column connections and additional potentially plastic zones were provided 
only along the frame girders, near the girder ends connected to the columns. The behaviour 
of each frame configuration during static and dynamic nonlinear analyses was observed. The 
extreme values for deformations and member forces were compared. The steel consumption 
was estimated for each of the four considered configurations. 

Keywords: Nonlinear analyses, global plastic failure mechanism, estimated steel 
consumption, inelastic deformations 

1. Introduction  

The present paper intends to point out the main advantages and disadvantages of the 
seismic behaviour of different constructive configurations used for “inverted Y”-braced 
frames (eccentrically braced frames with the dissipative members located in vertical 
elements outside of the frame girders). 
A ten storey structure, located in Bucharest, Romania, having two spans and six bays of 
6.6m was considered. The storey height was 3.5m. The braced frames are located as shown 
in figure 1a. The braced frames were equipped with an eccentrically “inverted Y” bracing 
system and had vertical short dissipative members with the length of 1.2m (see figure 1b). 
It was considered that the whole horizontal seismic load was carried only by the braced 
frames (the contribution of the unbraced frames was neglected). Four configurations were 
analysed for the “inverted Y-braced” frames. 
In the first configuration rigid connections were used for all kind of structural elements and 
potentially plastic zones were considered in the vertical dissipative elements and near the 
bottom of first-storey columns and braces. In case of configuration one, a global plastic 
failure mechanism was not sized clearly by design for the eccentrically braced frame. The 
second frame had hinged beam/column and diagonal/column connections. Like for 
configuration one, potentially plastic zones were considered only in the vertical dissipative 
elements and near the bottom of first-storey columns. 
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The design of these two frames was performed according to the provisions of Eurocode 8, 
EN 1998-1 (2004) and the in charge Romanian seismic design code P100-1/2013 (2013). 
The dissipative members for all considered configurations of the eccentrically braced 
frames were sized for the forces generated by the same code seismic design force. 

a)           b)  

Fig. 1 - a) Location of the braced frame in the structure; b) Configuration of the eccentrically braced frames 

The design of these two frames was performed according to the provisions of Eurocode 8, 
EN 1998-1 (2004) and the Romanian seismic design code P100-1/2013 (2013). The 
dissipative members for all considered configurations of the eccentrically braced frames 
were sized for the forces generated by the same code seismic design force. 
In case of the third configuration, rigid connections were used among all kind of structural 
elements. Compared to configuration one, additional potentially plastic zones with reduced 
cross-sections (resembling the “dog-bone” detail) were considered along the girders and 
braces, near the member ends connected to the columns, according to Köber et al. (2009).  
The fourth configuration of the “inverted Y-braced” frame had hinged diagonal/column 
connections and additional potentially plastic zones were considered only along the frame 
girders, near the girder ends connected to the columns. 
A favourable global plastic failure mechanism was clearly sized by design for the “inverted 
Y-braced” frames in case of the last three considered configurations. Static and dynamic 
nonlinear analyses were performed with each of the four considered configurations.  

2. Behaviour during dynamic nonlinear analyses  

Dynamic nonlinear analyses, were performed for each braced frame, (see Tsai et al. 
(1994)), considering the acceleration records of several Vrancea earthquakes (the N-S and 
E-W components of Vrancea earthquakes from 1977, 1986 and 1990). The acceleration 
records were calibrated to a peak ground acceleration value of about 0.30 times the 
acceleration of gravity. Damping was taken into account using the Rayleigh procedure, 
considering mass and stiffness proportional damping factors. These factors were calculated 
using the periods of the first and the third eigenmodes (see Tsai et al. (1994)). 

2.1. Extreme values for base shear forces and lateral displacements 

The greatest base shear forces during the dynamic nonlinear analyses could be noticed for 
frame 3 (the frame equipped with bracing configuration three), while the smallest values 
cold be observed for frame 2 (the frame provided with the second bracing configuration). 
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The maximum differences among the extreme base shear force values were up to 32% for 
one sense of displacement and up to 28% for the opposite sense, as shown in figure 2a).  

a)  b)  

Fig. 2 - Extreme values for: a) base shear forces; b) horizontal floor displacements 

The largest lateral displacements were recorded in case of frame 2, while the smallest ones 
were noticed in case of frame 3 and frame 4 (see figure 2b). The maximum differences 
among the horizontal floor displacement values were up to 52% for one sense of motion 
and about 60% for the other sense. 

2.2. Plastic hinges distributions during nonlinear analyses 

The frames equipped with the second, third and fourth configuration had a favourable 
behaviour during the dynamic nonlinear analyses with the apparition of inelastic 
deformations only in the considered potentially plastic zones. Frame 1 on the other hand, 
sized strictly according to the provisions of the in charge seismic design codes had a less 
favourable behaviour during the static and dynamic nonlinear analyses. 

                
Fig. 3 - Plastic hinge distributions during the static nonlinear analysis of frame 1 

During the static nonlinear analysis unfavourable plastic hinge distributions could be 
noticed, with the development of a local plastic hinge mechanism in the seventh storey of 
the frame, (see figure 3). Also a lot of plastic hinges could be observed along the central 
and lateral columns between the fourth and ninth storey. As long as inelastic deformations 
were concentrated only in the dissipative members, frame 1 had a favourable, predictable 
behaviour (see figure 4a). When the loading level increased (see Köber et al. (2017)), 
plastic deformations appeared also in other types of members (braces, girders, columns) 
and the behaviour of the frame was difficult to control (as shown in figure 4b). 
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 a)            

            
        

  b) 
Fig. 4 - Plastic hinge distributions during the dynamic nonlinear analysis with the Vrancea 1977 N-S 

acceleration record  

2.3. Maximum deformations in the dissipative members 

During dynamic nonlinear analyses, the largest link deformations could be noticed in most 
cases for frame 2 and the smallest ones in case of frame 3 and 4, as shown in figure 5. This 
fact could be explained by the smaller number of potentially plastic zones and by the lower 
lateral stiffness of frame 2, compared to the other analysed frames. For all considered 
acceleration records, the maximum inelastic deformations in the links could be noticed in 
the middle part along the height of the frames (along the storey 4 ÷ 7). 

 
 

 
 Fig. 5 - Maximum link axis rotations 

2.4. Maximum inelastic deformations along frame girders 

Compared to frame 3, generally larger plastic hinge rotations could be observed in the 
potentially plastic zones located in the girders of frame 4 (see figure 6). Up to 2.8 time 
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larger deformations could be observed for the Vrancea 77 N-S acceleration record and 
about 30% greater deformations in case of the Vrancea 90 N-S acceleration record.   

 
 

 
     Fig. 6 - Maximum plastic hinge rotations along girders  

2.5. Maximum member forces during dynamic nonlinear analyses  

The maximum axial force values noticed in the girders were quite in the same range (see 
figure 7). On average the differences were smaller than 13%. In most situations, the 
smallest values axial force values were recorded along the girders of frame 3.  

 
 

 
Fig. 7 - Maximum axial forces and bending moments in the girders  
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The uncontrolled development of plastic hinges along the girders in case of frame 1, led in 
most cases to greater bending moments in the girders of this frame (see figure 7). The 
pined beam/column connections in case of frame 2 led to the smallest bending moment 
values along the girders, compared to the other analysed frames. These values were about 
70% smaller compared to frame 1. The potentially plastic zones with reduced cross-
sections along the girders of frame 3 and 4 is limiting the maximum bending moment  
values in the girders of these frames, compared to frame 1. The potentially plastic zones 
along the girders of frame 4 had larger cross-sections than those in frame 3, which explains 
the up 17% greater bending moments in the girders of frame 4, compared to frame 3. 

 
Fig. 8 - Maximum bending moments in the diagonals 

The maximum axial forces recorded in diagonals were quite in the same range for all four 
bracing configurations. On average, the maximum differences were in most cases smaller 
than 8%. The smallest bending moment values were noticed in the diagonals of frames 2 
and 4, which had a pined connection at the brace end connected to the columns (see figure 
8). These values were up to 3-times smaller compared to the ones recorded for frame 1. 
These values were up to 3-times smaller compared to the ones recorded for frame 1. In 
most cases, the biggest bending moments were observed in the diagonals of frame 1 and 
were caused by the uncontrolled development of plastic hinges, (see figure 8).  

 
 

 
Fig. 11 - Maximum axial forces and bending moments in the central columns  
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Generally, during dynamic nonlinear analyses the greatest axial forces in the central 
columns could be noticed for frame 2, while the smallest values were recorded for frame 1 
and 4. One average the maximum differences were up to 22% (see figure 9).  
The smallest bending moments in the central columns were recorded for frame 2, while the 
greatest values could be observed in case of frame 3 (see figure 9). Compared to frame 2, 
the values for frame 3 were about 4-times larger. The pined connections of the braces and 
girders to the central column explain these small bending moment values recorded along 
the central column of frame 2. The development of inelastic deformations in many of the 
potentially plastic zones, located near the ends of the girders and diagonals connected to 
the central columns, explain the much larger bending moment values noticed in the central 
column of frame 3. 

Fig. 12 - Maximum axial forces and bending moments in the lateral columns 

In most cases during dynamic nonlinear analyses, the greatest axial forces could be 
observed in the lateral columns of frame 1 and 3, while the smallest ones were recorded in 
case of frame 2. On average, the greatest differences were up to 50%. Compared to frame 
2, the maximum axial force values recorded in the lateral columns of frame 4 were one 
average about 26% larger. The greatest bending moment values were recorded in the 
lateral columns of frame 2, while the smallest values could be noticed in case of frame 3. 
These differences were one average about 37%. 

2.6. Maximum inter-storey drift 

Frame 3 and frame 4 appear to be the most advantageous from the point of view of the 
values and distribution of the relative floor deformations along the height of the 
eccentrically braced frames (see figure 13).  
The largest relative horizontal floor deformations were recorded in the central part of 
frame 2. The uncontrolled plastic hinges distributions in case of frame 1 led to great 
differences among the values of the relative deformations from one storey to another along 
the height of the structure, as indicated in figure 13. 
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Fig. 13 - Maximum inter-storey drift during dynamic nonlinear analyses 

3. Estimated steel consumption 

All kind of structural elements had I-shaped built-up cross-sections. The strength and general 
stability checks for all structural members (braces, beams and columns) were performed 
according to the provisions of Eurocode 3, EN 1993-1-1 (2005). 

a) 
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    b) 

0

6000

12000

18000

24000

[kg]

Estimated steel consumption for the 

frame girders

(kg) 18705 22883 17005 18938
Frame 1 Frame 2 Frame 3 Frame 4

 

c) 

0

4000

8000

12000

16000

[kg]

Estimated steel consumption for the 

central columns

(kg) 7028 7932 13523 8263
Frame 1 Frame 2 Frame 3 Frame 4

    d) 

0

9000

18000

27000

36000

[kg]

Estimated steel consumption for the 

marginal columns

(kg) 26744 33954 30775 30684
Frame 1 Frame 2 Frame 3 Frame 4

 

e) 

0

7000

14000

21000

28000

[kg]

Estimated steel consumption for the 

diagonals

(kg) 23629 26411 23629 22308
Frame 1 Frame 2 Frame 3 Frame 4

    f) 

0

25000

50000

75000

100000

[kg]

Estimated steel consumption for the 

whole frame

(kg) 78931 94757 87757 83073
Frame 1 Frame 2 Frame 3 Frame 4

 

Fig. 14 - Estimated steel consumption 
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The cross-sections of the vertical dissipative members were sized for all considered frame 
configurations, for the forces produced by the same code seismic design force, evaluated 
according to the in charge Romanian seismic design code P100-1/2013 (2013). The smallest 
estimated material consumption value for dissipative members was obtained in case of frame 1 
and frame 3. This value was about 2% smaller than the one observed for frame 4 and over 27% 
smaller than the one noticed in case of frame 2 (see figure 14a). It seems that the pined 
beam/column and diagonal/column connections of frame 2 led to the development of larger 
shear forces and bending moments in the dissipative members of frame 2 and to larger cross-
sections for this category of members, compared to the other analysed frames. 
The smallest estimated steel consumption value for the frame girders was observed in case of 
frame 3 (see figure 14b). This value was about 10% smaller than the one obtained for frame 1, 
up to 12% smaller than the one recorded for frame 4 and about 34% smaller than the one 
noticed for frame 2.  
In case of the central columns the smallest estimated steel consumption was noticed for frame 
1 (see figure 14c). Compared to this value larger material consumptions were estimated for the 
rest of the analysed configurations: about 13% for frame 2, up to 18% in case of frame 4 and 
about 86% for frame 3. The greatest estimated material consumption value for the lateral 
columns was recorded in case of frame 2 (see figure 14d). This value was over 27% larger than 
the one evaluated for frame 1 and about 15% bigger than the ones obtained for frame 3 and 4.  
For the diagonals the highest estimated material consumption value was noticed in case of 
frame 2 (as indicated in figure 14e). This value was over 18% larger than the one observed for 
frame 4 and about 6% bigger than the one obtained for frame 1 and 3.  
The smallest total estimated steel consumption was recorded for frame 1 (see figure 14f). 
Higher estimated steel consumption values could be noticed with about 5% in case of frame 4, 
with up to 11% for frame 3 and with over 20% in case of frame 2. 

4. Results and comments 

Frame 1 (the “inverted Y” eccentrically braced frame with rigid beam/column and 
brace/column connections sized strictly according to the provisions of the in charge 
seismic design codes) had a less favourable behaviour during the static and dynamic 
nonlinear analyses (see figures 2, 3). Several unfavourable plastic hinge distributions could 
be noticed during these analyses, with the development of local plastic hinge mechanisms.  
Frame 2, 3 and 4 had a favourable global plastic failure mechanism sized clearly by design. 
These three frames had a favourable, predictable behaviour during static and dynamic 
nonlinear analyses with all inelastic deformations concentrated only in potentially plastic 
zones (in the vertical dissipative members, near the bottom of first-storey columns and 
eventually near the girder and brace ends connected to the columns). 
During dynamic nonlinear analyses frame 2 (with pined beam/column and brace/column 
connections) suffered the largest lateral displacements and in most cases the greatest 
inelastic deformations recorded in the dissipative members. Generally, the smallest values 
for horizontal floor deformations and link axis rotations could be noticed in case of frame 3 
and 4. Smaller inelastic deformations could be observed during dynamic nonlinear 
analyses in the potentially plastic zones located in the girders of frame 3 (equipped with 
additional potentially plastic zones at the girder and brace ends connected to the columns), 
compared to frame 4 (provided with pined brace/column connections and additional 
potentially plastic zones only at the girder ends).  
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The greatest base shear forces during dynamic nonlinear analyses could be noticed for 
frame 1 and 3, while the smallest values were recorded in case of frame 2. 
The uncontrolled plastic hinges distributions noticed during dynamic nonlinear analyses in 
case of frame 1, led to greater bending moment values along the diagonals and girders. 
During the dynamic nonlinear analyses smaller bending moment values could be noticed in 
the girders, braces and central columns of frame 2 and in the lateral columns of frame 3.  
In most situations during dynamic nonlinear analyses greater axial forces could be noticed 
in the girders and central columns of frame 2 and in the lateral columns of frame 3. Smaller 
axial forces could be observed in the girders of frame 3, in the central columns of frame 4 
and along the lateral columns of frame 2.    
The largest estimated steel consumption was obtained for frame 2. This value was up to 
8% greater than the one obtained for frame 3 and about 14% bigger than the estimated 
material consumption value obtained in case of frame 4. Generally frame 4 had smaller 
cross-sections for the diagonals and central columns, while frame 3 had smaller cross-
sections for the girders. The estimated steel consumption values for lateral columns and 
dissipative members were in the same range for frame 3 and 4. 

4. Conclusions  

The „inverted Y” eccentrically braced frame with rigid beam/column and brace/column 
connections sized strictly according to the provisions of the in charge seismic design codes 
had a less predictable behaviour during the static and dynamic nonlinear analyses. It is 
desirable for the seismic behaviour of „inverted-Y” eccentrically braced frames to use a 
structural configuration, with a favourable global plastic failure mechanism imposed 
clearly by the seismic design procedure.  
Configuration 2 with pined diagonal/column connections leads in most cases to the largest 
values for lateral floor displacements, for plastic deformations in the dissipative members 
and for the estimated steel consumption. 
Configurations with reduced cross-sections for additional potentially plastic zones near the 
girder ends and with additional potentially plastic zones in the diagonals (in case of 
configuration 3) or eventually pined diagonal/column connections (in case of configuration 
4) lead to the most favourable behaviour during dynamic nonlinear analyses: smaller 
values for inelastic deformations and lateral floor displacements.  
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Abstract: The current analytical study proposes to observe the global seismic response of a 

Moment Resisting (MR) Reinforced Concrete (RC) monolithic frame model following five 

performance objectives. In this regard, nonlinear dynamic analyses were performed using 

the Antelope Valley 2021 accelerogram, which was scaled for five PGA values afferent to 

each performance objective. The MR RC frame model registered plastic hinges at both 

marginal areas of the columns being observed the accentuated fragile rupture mechanisms of 

these zones in parallel with the increase of the PGA values. The seismic energy dissipation 

mechanism registered in the marginal areas of the RC columns and RC beam-column joints 

was also recorded for the nonlinear static analysis performed for the same lateral structure. 
The obtained results do not validate the theorized ductile mechanism „Strong Columns – 

Weak Beams” of seismic response of the reinforced concrete frame structures because the 

monolithic slab affects the response of the structure. In conclusion, the RC columns and RC 

beam-column joints actively participate in the global seismic energy dissipation process and 

the current MR RC frame structures designed under actual seismic norms, have increased 

seismic sensitivity and can lead to the development of a weak storey mechanism. 

Keywords: nonlinear analysis, accelerogram, plastic hinges, RC columns, fragile fracture 

1. Introduction 

The purpose of this nonlinear dynamic analytical study performed with ETABS software 

(2021) is to verify the seismic response of the optimal MR RC monolithic frame model 

represented in Fig. 1 for five PGA values specified in Table 1. The main objective is to 

study how the monolithic slab will influence the initially designed ductile mechanism 

„Strong Columns – Weak Beams”. 

Details regarding the analytical process for obtaining these PGA values that correspond to 

the five performance objectives (FO; IO; LS; CP; SC) can be studied in the research study 

performed by Sococol et al. (2021 a). The representation of the optimal MR RC frame 

model can be found in chapter 2 of this research paper. 

The description of the nonlinear behavior of reinforced concrete in the process of seismic 

energy dissipation was performed with Takeda and Isotropic hysteretic models. 

Also, it was considered as input data in the nonlinear dynamic analysis Karimzadeh et al. 

(2017) the Antelope Valley 2021 accelerogram (see Fig. 2), which was scaled according to 

five PGA values (see Table 1) related to the FO, IO, LS, CP and SC performance 

objectives (ex.: Fig. 3). Thus, Fig. 4 are graphically represented the elastic response spectra 

in accelerations Lombardi et al. (2019) for scaled accelerograms and Antelope Valley 2021 

natural accelerogram. 
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This accelerogram (Antelope Valley 2021) was downloaded from the CESMD (Center for 

Engineering Strong Motion Data) International Database 

(https://www.strongmotioncenter.org/cgi-bin/CESMD/archive.pl?Archives=Significant), 

being part of the list of the significant earthquakes in the world. 

The output data were summarized in the real-time representation of lateral displacements 

Kayhan et al. (2018) from the top of the structure (see Fig. 6 (a)) and plastic hinge panels 

in distinct colors (see Fig. 6 (b) – Fig. 6 (f) and Table 1). 

The seismic response of the MR RC frame model obtained through nonlinear dynamic 

analyses was compared with the seismic response of the same structural RC frame model 

obtained as a result of nonlinear static analyses. 

Practically, the plastic hinges development Bruschi et al. (2021) was observed for both 

types of nonlinear analyses, in the marginal zones of the RC columns and total degradation 

of the RC beam-column joints for the MR RC frame model. 

2. Input data required for nonlinear dynamic analyses of the MR RC frame model 

The optimal MR RC frame model represented in Fig. 1 was developed based on a 

methodology specified in a research study conducted by Sococol et al. (2022). General 

aspects regarding the MR RC frame model (ex.: dimensions of the frame system; height 

regime etc.) are illustrated in Table 2. Dimensions of the RC structural elements and 

parameters considered in non-linear dynamic analysis for MR RC frame model Sococol et 

al. (2022) can be investigated in Table 3 and Table 4. Steel reinforcement types considered 

in RC structural elements Sococol et al. (2021 b) are specified in Table 5 – Table 7. 

In the nonlinear dynamic analysis, the hysteretic model Son & Lee (2021) Takeda were 

used for RC beams and the Isotropic model were used for RC columns, to describe the 

nonlinear behavior of reinforced concrete in the seismic energy dissipation process, taking 

into account in the analytical analyses the fragile cracking mechanism of the RC columns. 

  

(a) (b) 
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(c) (d) 

Fig. 1 – (a) General geometric dimensions of the ½ scaled RC frame model; (b) Representation scheme of the 

steel reinforcement cage for RC frame model Sococol et al. (2021 b) (see Table 4); (c), (d) longitudinal and 

transversal section for MR RC frame system Sococol et al. (2022). 

The horizontal load required for the analytical nonlinear dynamic study Honarparast & 

Chaallal (2019), Mokarram & Banan (2018), Nguyen et al. (2021), Nakamura (2017), Cuia 

et al. (2017) was considered the Antelope Valley 2021 accelerogram (represented in Fig. 

2), downloaded from the „CESMD (Center for Engineering Strong Motion Data) 

International Database” (https://www.strongmotioncenter.org/cgi-

bin/CESMD/archive.pl?Archives=Significant). 

The natural accelerogram represented in Fig. 2, was scaled according to the PGA values 

specified in Table 1, following the five performance objectives: FO, IO, LS, CP and SC 

(see Fig. 3). Also, in Fig. 4 are graphically represented the elastic response spectra in 

accelerations for scaled accelerograms and Antelope Valley 2021 natural accelerogram. 

Table 1. PGA values afferent to performance criteria from the analytical study conducted by Sococol et al. 

(2021 a) 

LSN LSN-A 
PGA 

(g) 
GR 

Fully Operational FO 0.239 

Immediate Occupancy IO 0.542 

Life Safety LS 0.704 

Collapse Prevention CP 0.837 

Side-sway Collapse SC 0.873 

where: LSN – Limit State Name; LSN-A - Limit State Name – 

Abbreviation; PGA – Peak Ground Acceleration; GR – Graphical 

Representation 
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Fig. 2 –Antelope Valley 2021 natural accelerogram (PGA=0.221g, t=8.98 s) represented by the PRISM 

software (2010). 

 

 

Fig. 3 –Antelope Valley 2021 accelerogram scaled to PGA=0.704g (t=8.98 s) corresponding to LS (Life 

Safety) performance objective and represented by the PRISM software (2010). 

 

 

Fig. 4 – Representation of the elastic response spectra in accelerations of the scaled accelerograms and 

natural accelerogram Antelope Valley 2021 (see Fig. 2), (ε=0.05). 

 

Table 2. General aspects regarding MR RC frame model (see Fig. 1 (a)) 

SC 
GDFS 
(mxm) 

HR 
SH 
(m) 

BCI TS Location SDC 

1/2 1.8x2.4 GF+1F 1.4 III 
Pure MR 
RC frame 

Iasi City, 
Romania 

DCH 

where: SC – Scaling Factor (see similarity laws in research study developed by El-Attar 

et al. (1991)); GDFS – General Dimensions of the Frame System; HR – Height Regime; 

GF – Ground Floor; F – Floor; SH – Story Height; BCI – Building Class Importance 
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(according to P100-1 norm, P100-1 (2013)); TS – Type of Structure; MR – Moment 

Resisting; RC – Reinforced Concrete; SDC – Structural Ductility Class (according to 

P100-1 norm, P100-1 (2013)) Sococol et al. (2022) 

 

Table 3. Cross-section dimensions of the RC structural elements (see Fig. 1 (c), (d)) 

RC C 

(mm) 

RC LB 

(mm) 

RC TB 

(mm) 

RC S - hs 

(mm) 

150x150 150x200 150x200 70 

where: RC – Reinforced Concrete; C – Columns; LB 

– Longitudinal Beams; TC – Transverse Beams; S – 

Slabs; hs – RC slabs thickness Sococol et al. (2022) 

 

Table 4. Parameters considered in non-linear dynamic analysis for MR RC frame model Sococol et al. 

(2022) (see Fig. 1 (b)) 

CG 
RC C 

(150x150) 

RC LB 

(150x200) 

RC TB 

(150x200) 

RC S 

(hs=70) 
CSR 

C20/25 4ϕ14 4ϕ8 4ϕ8 ϕ6 ϕ4 

where: CG – Concrete Grade; RC – Reinforced Concrete; C – Columns; LB – 

Longitudinal Beams; TC – Transversal Beams; S – Slabs; hs – RC slabs 

thickness; CSR – Cross-Sectional Reinforcement in RC C, RC LB and RC TB 
Sococol et al. (2022) 

 

Table 5. Steel reinforcement types considered in RC structural elements 

RC C 

(150x150) 

RC LB 

(150x200) 

RC TB 

(150x200) 
CSSR 

RC S 

(hs=70) 

Bst 500S Bst 500S Bst 500S Bst 500M 

standard welded wire type 116GQ283 

(6x100/6x100 – welded wire with 6 

mm diameter and square mesh) 

where: RC – Reinforced Concrete; C – Columns; LB – Longitudinal Beams; TC – Transverse Beams; 

CSSR – Cross-Sectional Steel Reinforcement; S – Slabs; hs – RC slabs thickness Sococol et al. (2022) 

 

Table 6. Steel reinforcement strength values considered in nonlinear analysis Sococol et al. (2021 b) 

MN 
EE 

(MPa) 

σy 

(MPa) 

σt 

(MPa) 
εlim 

Bst 500S 2.000E+05 575.000 632.500 0.060 

where: MN – Material Name; EE – Elastic Modulus 

 

Table 7. Concrete strength values considered in nonlinear analysis Sococol et al. (2021 b) 

MN 
EE 

(MPa) 

PR 

μ 

TS 

ft (MPa) 

CS 

fc (MPa) 

C20/25 CG 3.000E+04 0.200 2.200E+00 2.800E+01 

where: MN – Material Name; CG – Concrete Grade; EE – Elastic Modulus; PR – 

Poisson’s Ratio; TS – Tensile Strength; CS – Compressive Strength Sococol et al. 
(2021 b) 

3. Results and comparative aspects 

Output data were developed through tabular representation (see Table 8) and real-time 

representation of the seismic response at the top of the structure (see Fig. 6 (a)) in lateral 

displacements (see Fig. 5). 

The seismic response was studied for each scaled accelerogram and associated to touched 

performance objectives Sohn et al. (2022). 

In these conditions, it was observed an increase of the lateral displacements, accelerations, 

energy and base shear forces, parallel to the increased horizontal load of scaled accelerograms. 

This effect (seismic response) corresponds to the MR RC frame structures and maximum 

values of the lateral displacements from the top of the structure, not exceeding the maximum 

888
3ECEES, September 2022, Bucharest, Romania



limit value du=32.9 mm (see Table 8) for any performance objectives. On the other hand, the 

lateral system enters the yielding stage for LS performance objective, exceeding the value 

d*
y=18.6 mm, ensuring the safety of people’s lives. 

All these results seen in terms of the plastic hinges development in potential plastic 

deformation areas (especially in the marginal zones of RC columns) lead to the specification of 

the following ideas: 

i. laterally loaded RC frame system in the X direction with the Antelope Valley 2021 

accelerogram scaled to PGA=0.239g following FO performance objective, does not 

develop plastic zones (see Fig. 6 (b)); 

ii. laterally loaded RC frame system in the X direction with the Antelope Valley 2021 

accelerogram scaled to PGA=0.542g following IO performance objective, develops 

plastic hinges with maximum deformation in the inferior zones of the RC columns on 

the ground floor and plastic incursions of the superior end areas (below the RC beams) 

of the same RC columns (see Fig. 6 (c)); 

iii. laterally loaded RC frame system in the X direction with the Antelope Valley 2021 

accelerogram scaled to PGA=0.704g following LS performance objective, develops 

plastic hinges in all the marginal zones of the RC columns, adjacent to the RC beams 

with important plastic deformations in the RC beam-column joints on the ground floor 

(see Fig. 6 (d)); 

iv. laterally loaded RC frame system in the X direction with the Antelope Valley 2021 

accelerogram scaled to PGA=0.837g following CP performance objective, develops 

plastic hinges in all the marginal zones of the RC columns and RC beam-column 

joints, existing two plastic hinges in the superior zone of the ground floor RC columns 

(below the RC beams) that reach the deformation limit values (see Fig. 6 (e)); 

v. laterally loaded RC frame system in the X direction with the Antelope Valley 2021 

accelerogram scaled to PGA=0.873g following SC performance objective, develops 

plastic hinges with maximum deformations in all the end areas of the RC columns and 

RC beam-column joints on the ground floor (see Fig. 6 (f)). 

vi. seismic response of the laterally loaded RC frame system in the X direction with the 

Antelope Valley 2021 accelerogram scaled to PGA=0.873g following SC performance 

objective, is identical to the failure mode of the same RC structural system considered 

in nonlinear static analyses (see Fig. 6 (g) – Fig. 6 (h)). 

 

Fig. 5 – Lateral displacement at the top of the MR RC frame model (dmax=23.782 mm; t=8.1 s; d*
y=18.6 mm; 

du=32.9 mm – see Table 8, Fig. 6 (a)) loaded for horizontal action (in the global X direction) induced by the 

Antelope Valley 2021 accelerogram scaled to PGA=0.837g (t=8.98 s) corresponding to the CP (Collapse 

Prevention) performance objective. 
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Table 8. Value specification of the lateral displacements developed by the MR RC frame model laterally 

loaded with seismic action induced by the Antelope Valley 2021 accelerogram for each performance 

objective 

LSN LSN-A 
PGA 

(g) 

dmax 

(mm) 

t 

(s) 

du 

(mm) 

d*
y 

(mm) 

Fully Operational FO 0.239 6.627 

8.1 32.9 18.6 

Immediate Occupancy IO 0.542 15.296 

Life Safety LS 0.704 19.951 

Collapse Prevention CP 0.837 23.782 

Side-sway Collapse SC 0.873 24.816 

where: LSN – Limit State Name; LSN-A - Limit State Name – Abbreviation; 

PGA – Peak Ground Acceleration; dmax – peak value of the lateral displacement 

at the top of the structure; t – time; du – ultimate lateral displacement at the top 

of the structure (value obtained in nonlinear static analysis); d*
y – lateral 

displacement corresponding to the SDOF equivalent system structure (value 

obtained in nonlinear static analysis) Sococol et al. (2022). 

 

  

(a) (b) 

  

(c) (d) 
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(e) (f) 

  

(g) (h) 

Fig. 6 – (a) Representation of the point position in the top area of the MR RC frame structure (red dot) for 

which the seismic response was determined in lateral displacements. 

Representation of the plastic hinges development in the marginal zones of the RC columns for MR RC frame 

model loaded with horizontal action in the global X direction induced by the Antelope Valley 2021 
accelerogram scaled to: (b) PGA=0.239g (t=8.98 s) corresponding to the FO (Fully Operational) 

performance objective; (c) PGA=0.542g (t=8.98 s) corresponding to the IO (Immediate Occupancy) 

performance objective; (d) PGA=0.704g (t=8.98 s) corresponding to the LS (Life Safety) performance 

objective; (e) PGA=0.837g (t=8.98 s) corresponding to the CP (Collapse Prevention) performance objective; 

(f) PGA=0.873g (t=8.98 s) corresponding to the SC (Side-sway Collapse) performance objective. Plastic 

hinges colors represent the achievement of the performance objectives in Table 1. 

Representation of the: (g) Principal Fracture Strains Max (PFSM) and (h) Total Strain Eps zz (TSE) for the 

same optimal MR RC frame model performed with static nonlinear analysis in a research study developed by 

Sococol et al. (2022). 
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4. Conclusions 

The results obtained in the nonlinear dynamic (Time-History) analysis validate the 

principal seismic response elements of the reinforced concrete frame structure, that have 

been observed in nonlinear static (pushover) analysis performed with ATENA software. 

Practically, it was confirmed the developing process of the RC „beams-slabs-frame node” 

rigid common block in the composition of the MR RC frame system loaded to important 

seismic actions. It was also observed the seismic energy dissipation mechanisms through 

plastic deformations in the superior and inferior zones of the RC columns and complete 

fragile rupture of the beam-column joints were. 

Also, it was verified the methodology for establishing the input data in the accelerogram 

form with a specific PGA value adjacent to the particular performance objective, necessary 

for the experimental test on the seismic platform. 

This principle of lateral loading of the structure allows a controlled verification of the 

seismic behavior of the RC experimental frame model and a practical (visual) verification 

of the design principle following theoretically accepted performance objectives. 
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Abstract: The use of natural, local available construction materials is a possible solution for more resilient 

buildings. The paper presents particularities of the modeling process of timber stiffenings for walls with the 

TRAROM configuration. A simple model based on frame elements and axial force point hinges has been 

built for two specimen types. Overall wall stiffness, lateral force, drift capacity and failure patterns observed 

during the experiment were taken into account. A proper consideration of the connection capacity in the 

model turned out to be difficult to achieve. The displacement capacity of the plastic hinges was determined 

according to the following two approaches: (i) related to the wall drift value at maximum lateral load; (ii) 

considering the elastic elongation of the timber stiffenings. The wall model was kept simple in order to apply 

it to various wall geometries in architectural layouts and to predict the seismic behaviour of different 

lightweight timber-wall housings. 

Keywords: seismic design, experimental fit, connection capacity, push-over analysis, point plastic hinge   

1. Introduction 

Given the current struggle of humanity to deal with limited resources, resilient buildings 

become more and more important. One solution for this attempt is the use of natural, local 

available construction materials. Especially in rural areas, people often build their houses 

with timber beams and posts, stiffenings and various types of infills. As there are no 

standards for the design of traditional constructions, there exists a need for simple, good 

practice rules that can be applied by engineers as well as by common people.    
 

Romania is one of the European countries which joins a special seismic hazard, (Lungu, 

Arion, Aldea, & Vacareanu, 2007), and a large seismic risk. This study focuses on the 

vulnerability of timber self-built housing which may also be infilled with earth. It 

investigates two timber stiffening assembly geometries for walls. These geometries turned 

out to be most effective in the experimental series performed during the TRAROM project, 

(Dutu et al., 2018). Details regarding the analytical model are provided in order to fit the 

experimental results (Dutu et al., 2021). The adjusted analytical wall model is useful  to 

provide knowledge about the seismic response of houses built with such walls, and this is 

to be studied and presented in the future. 

2. Timber stiffening geometries and material characteristics for walls 

The elements of the stiffening wall assembly are composed of softwood class C16. The 

main material characteristics are shown in Table 1, (EN 1995-1-1, 2004; SR EN 338, 

2010). 

Table 1. Softwood characteristics C16 

γM kmod fc,0,k 

 

ft,0,k E0,mean E0,05 Gmean 

1,0 0,9 17N/mm
2
 10N/mm

2
 8kN/mm

2
 5,4kN/mm

2
 0,5kN/mm

2
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Two geometries were selected after the experimental program conducted during the 

TRAROM research project, (Dutu et al., 2021, 2018) which turned out to be the most 

effective ones, specimen S5 and S3. Figure 1 shows the geometry for specimen S5. 

Specimen S3 derives from the geometry of specimen S5, but is supplementary enforced by 

inclined spaced planks (22x120mm) on both wall sides. The spacing between the planks is 

about 19,5 mm such that 7 planks fit the wall length. The board inclination alternates 

orthogonal  from one wall side to the other. All posts are continuous vertical elements, and 

reach out from the bottom to the top beam. However, for the model the posts are 

considered long and short posts, thus considering their connections with diagonal or 

horizontal elements, which influence their buckling sensitivity. 

 

 Fig. 1 - Specimen S5 geometry: 5x15cm sections (except the blue ones) 

The planks of specimen S3 were defined in the same plane, connected just to the timber 

elements defined for specimen S5. The real specimen has diagonal distributed planks with 

orthogonal inclination on the wall sides. Figure 2 shows a 3D view of the specimen S3 

model. 

3. Modelling assumptions 

For the model of the stiffening system (which is the inner structure, without the planks) the 

ETABS software, (CSI, 2013), was used and static nonlinear analysis was performed. The 

model was adjusted in order to fit the maximum drift measured during the experiment. The 

main adjustments are explained hereafter and refer to: 
 

(i) the stiffness of the timber elements connections; 

(ii) the force-displacement curve to define the plastic hinge behaviour. 
 

The timber elements are connected by two nails/screws, typical for self-built constructions. 

The model provides fixed connections, bending moment releases and axial force, partial 

fixity for posts, diagonals, beams and planks (specimen S3). For details see Table 2. The 

axial force stiffness for posts and planks (S3) was defined according to the experimental 

tests on connections (Dutu et al., 2021). 
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Fig. 2 - Specimen S3 geometry 

The connections of horizontal elements and diagonals were not tested, so the axial force 

stiffness for those elements was estimated to fit the overall lateral force wall stiffness and 

turned out to be equal to the posts connection stiffness. The 100kN/m connection stiffness 

reduction from specimen S5 to S3 was thought to consider the timber weakening due to the 

large number of plank connections. 

        Table2. Stiffness considerations for wooden elements 

element bending moment end releases partial fixity for axial force 

S5 S3 

upper and bottom beams 

 (blue in Fig.1) 

none none none 

post at the connection with 

 the upper and bottom beam 

1000 kN/m* 900kN/m * 

horizontal stiffening element, 

diagonals 

yes 1000 kN/m* 900kN/m* 

Planks (only for specimen S3) yes - 200kN/m * 

        * acc. to connection tests, TRAROM project, (Dutu et al., 2018) 

At the ends of each timber element concentrated plastic hinges were modelled in order to 

catch the nonlinear wall behaviour (if any). The axial force capacities were computed for 

tension and compression. For the compression axial force capacity reduction factors were 

applied in order to consider the buckling sensitivity for each element.  
 

Two attempts were used to define the displacement capacity of the wooden hinges. The 

first attempt is based on the maximum drift value for the wall, observed during the 

experiment and considers the timber element and the connection behaviour.  
 

The displacement capacity was determined in a first attempt as follows: 
 

- the maximum wall drift value and the corresponding lateral force were taken from 

the experimental report; 

- according to the element’s length and position along the wall height, the drift 

amount applicable to the element was established; 
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- the element elongation needed to fit the drift value is computed (see Table 3 for 

specimen S5 and Table 4 for specimen S3). This elongation is caused by timber crushing in 

the screw hole. 

Table3. Displacement capacities for plastic hinges. Specimen S5 

element elongation [m] 

upper and bottom beams (blue in Fig.1) none 

short post 0,001 

long post 0,001 

diagonals 0,003 

lower horizontal element 0,019 

upper horizontal element 0,058 
         

Table4. Displacement capacities for plastic hinges. Specimen S3 

element elongation [m] 

upper and bottom beams (blue in Fig.1) none 

short post 0,003 

long post 0,003 

diagonals 0,021 

lower horizontal element 0,0285 

upper horizontal element 0,057 

planks ranging between 0,006 and 0,021 
         

This first attempt resulted in greater displacement capacities for the 22x120mm timber 

section (planks section) than for the 50x150mm section (post, diagonals and horizontal 

frames section).This cannot be assumed, although this attempt is based on the maximum 

lateral drift observed during the experimental series and considers therefore the timber 

element as well as the connection behaviour. 
 

So a second attempt was applied for the final model. It is based on the elastic elongation, 

considering the force capacity and the elasticity modulus for timber. This attempt 

disregards the connection capacities, assuming that connections are manufactured to be 

stronger than the connecting timber elements. In terms of compression, reduction factors 

for buckling are applied. See Table 5 for details.   
 

Table 5. Second approach. Displacement capacities for plastic hinges. 

element length 

[m] 

axial force 

compression 

[kN] 

deformation in 

compression 

[mm] 

axial force 

tension 

[kN] 

elongation 

short post 0,57 100,4 1,0 67,5 0,64 

long post 1,14 48,2 0,9 67,5 1,3 

diagonals 0,82 78,2 1,07 67,5 0,9 

lower 

horizontal 

element 

0,59 100,4 1,0 67,5 0,66 

upper 

horizontal 

element 

0,59 100,4 1,0 67,5 0,66 

planks 0,3;0,5; 

0,65; 0,85 

32,3; 19,0; 

11,0; 7,0 

ranging between 

0,28 and 0,46 

23,7 ranging 

between 0,34 

and 1,0 

 

Figure 3 shows the parameters of a short post plastic hinge, (CSI, 2013). 
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 Fig. 3 - Specimen S5. Short post plastic hinge definition [kNmm] 

Due to the buckling sensitivity of the marginal posts, specimen S5 has a very low lateral 

force capacity. As shown also during the experimental test, the model of specimen S5 

reveals no active hinges and has an elastic behaviour during the push-over load case. The 

stiffness of specimen S5 (observed during the experiment) could be modelled by means of 

bending moment end releases and axial force partial fixity (see Table 2). The outside 

buckling of the marginal posts may be observed in the model, even for gravity loading. In 

order to catch the effect of the diagonals detachment (observed during the experiment), the 

central diagonals from both lateral trusses were removed from the model, as shown in 

Figure 4. As expected, the model became more flexible, but no hinge became active. The 

push-over curve of specimen S5 is shown in Figure 6a, against the experimental curve. 

 

Fig. 4 - Specimen S5 with central diagonal detachment at lateral posts 

Specimen S3 shows active hinges in the compressed long posts and in some planks (see 

Figure 6b). The experiments revealed also detachments of the tensioned posts from the 

upper and lower beams (Fig. 5a). This may be explained by the fact that, in the model, the 

hinges become active, whereas in the experiment connections fail. The experiment shows 

also a failure of the upper left corner short plank, probably also due to the deformation of 

the frame corner (Fig. 5b). This behaviour is not shown by the model. The model reveals a 

higher overall wall lateral force capacity than observed during the experiment. This shows 
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also that the timber elements’ resistance is higher than the connections’ capacity. A proper 

way to consider the connection influence on the plastic hinge behaviour needs further 

investigations. The push-over curve of specimen S3 is shown in Figure 6b, against the 

experimental curve, whereas the force capacity of all hinges was reduced to 46% in order 

to fit the wall force capacity observed during the experiment.   
 

     

a)                                                                         b) 

Fig. 5 - Damages from the experiment: a) detachment of tensioned lateral post from bottom frame;  

b) failure of the upper left corner short plank 
 

 

  
a) 

 
                                                                          b) 

 

Fig. 6 - Push-over curve for: a) S5; b) S3 
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Figure 7 shows deformed shapes for both specimen under horizontal loading. The colour 

code for the hinges is explained in Figure 3. 

a)                                                                   b) 

Fig. 7 - Deformed shape under horizontal loading at maximum experimental drift for: a) S5; b) S3 

3. Concluding remarks

This study tries to find a simple model for timber wall stiffenings. The aim is to be used 

also by practicing engineers, not only by researchers. The model should fit the overall wall 

behaviour revealed by the experimental series. Maximum drift under horizontal loading, 

maximum lateral load and observed experimental failure were taken into account. 

It was possible to fit the wall stiffness by using end releases for bending moments and 

partial fixity for axial load. 

The model lateral load wall capacity is still too high compared to the experimental force-

displacement curve. In order to solve that, a proper consideration of the connections 

capacity needs to be introduced in the plastic hinge definition. 

The wall model which matches the experimental series will be further used to reveal the 

seismic behaviour of houses with TRAROM walls with and without earth infill.  
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Abstract: Different procedures for estimating the moment-rotation response envelopes of 

reinforced concrete structural elements, included in the current version and the draft of the 

second generation of Eurocode 8, were compared and evaluated against the experiments on 

two rectangular reinforced concrete columns. One of the columns was well confined with 

standard transverse reinforcement, while the other included substandard transverse 

reinforcement and was poorly confined. The empirical procedure included in the current 

version of Eurocode 8/3 (which agreed best with the experiments) was used as a basis to 

define an adequate numerical model of the post-capping response of rectangular reinforced 

concrete columns. In this effort, different trilinear and quadrilinear models of the flexural 

response were evaluated against the results of the cyclic tests. Among the considered models, 

the most general was the quadrilateral model with a bilinear post-capping region. This model 

simulated the response of the standard and substandard columns very well.  

Keywords: lumped plasticity model; near-collapse rotation; trilinear moment-rotation 

backbone; quadrilinear moment-rotation backbone; post-capping stiffness. 

1. Introduction  

Preventing severe structural damage in the case of strong earthquakes is crucial in 

strengthening seismic resilience, as it helps to avoid human casualties, high economic losses 

and lengthy operability interruptions. An established approach for assessing structural safety 

against strong earthquakes is to simulate the seismic behaviour of the structure up to the 

point of collapse and to estimate the ground motion intensities causing the designated 

damage states (e.g. Singhal and Kiremidjian, 1996; Melani et al., 2016; Babič and Dolšek, 

2016). For reinforced concrete columns with predominantly flexural response, such 

simulation of seismic behaviour can be performed using different models. One of the most 

used is the Giberson lumped plasticity model in combination with the Takeda hysteretic rules 

(Takeda et al., 1970). This model has been used for decades for the assessment of nonlinear 

response of reinforced concrete structures (e.g. Allahabadi and Powell, 1988; Kunnath et al., 

1990; Dymiotis et al., 1999; Pincheira et al., 1999). It has been shown that it can adequately 

predict the flexural response on reinforced concrete elements up to the near-collapse (NC) 

limit state, provided that the backbone of the plastic hinge moment-rotation relationship is 

correctly determined (e.g. Dolšek and Fajfar, 2002).  

The estimation of the parameters of the moment-rotation backbone up to the capping point 

has been well researched (e.g. Panagiotakos and Fardis, 2001; Haselton, 2006). However, 

the response after the capping point, where the most severe structural damage occurs, has 

received less attention in the literature. This part of the backbone, also called the post-

capping region, is usually defined by the post-capping stiffness and the point on the 

backbone that corresponds to the NC limit state as defined by Eurocode 8 (e.g. Fischinger et 

al., 2008; Jalayer and Ebrahimian, 2017). An advantage of defining the post-capping region 
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based on the NC limit state is that this approach allows to assess the seismic performance 

consistently with the code. However, such a modelling approach is not straightforward, as 

Eurocode 8 includes several different procedures for the estimation of the rotation at the NC 

limit state and the post-capping stiffness. No guidelines for their use are provided. In the 

available literature, several modelling approaches can be found. Most of them foresee a 

constant post-capping stiffness (e.g. Ibarra et al., 2005; Fischinger et al., 2008; Verderame 

et al., 2010; Kreslin and Fajfar, 2010). In the recent literature, suggestions for splitting the 

post-capping region into two branches with different stiffnesses can also be found (e.g. 

Anžlin, 2017). 

The presented study compares different approaches for modelling the post-capping response 

of reinforced concrete columns with predominantly flexural response. In the first part of the 

study (Chapter 2), Eurocode 8 procedures for estimating the rotation at the NC limit state 

were evaluated against the experiments on two rectangular reinforced concrete columns with 

different levels of confinement (Anžlin, 2017). The procedure included in the current version 

of Eurocode 8/3 (which agrees best with the experiments) was then used in the second part 

of the study (Chapter 3), where several models of the post-capping response were studied 

and compared to the experimental observations.  

2. Estimation of the near-collapse rotation according to Eurocode 8 

In the seismic assessment of reinforced concrete columns, Eurocode 8 defines the onset of 

limit states by the columns’ chord rotations. The chord rotation associated with the NC limit 

state is noted as the ultimate rotation and can be determined using different procedures. They 

are based on either empirical or theoretical approach. The latter differ regarding the 

formulation of the plastic hinge length, which crucially affects the chord rotation, as well as 

regarding the material constitutive laws defining quite different ultimate strains, which also 

lead to very different ultimate chord rotations.  

This chapter includes the evaluation and comparison of different Eurocode 8 procedures for 

the estimation of ultimate chord rotation for two experimentally tested rectangular columns. 

The most appropriate procedure was identified by comparing the analysis and experiments, 

which were conducted at the Slovenian National Building and Civil Engineering Institute in 

cooperation with the University of Ljubljana (Anžlin, 2017). 

2.1. Summary of Eurocode 8 procedures 

The ultimate (NC) rotations were calculated following the procedures included in Eurocode 

8/3 (CEN, 2005c), Eurocode 8/2 (CEN, 2005b) and the draft of the new Eurocodes 8/1 (CEN, 

2020). Current version of Eurocode 8/3 includes three methods for the estimation of the NC 

chord rotation: the ultimate rotation can be calculated using a theoretical approach following 

either Eurocode 2 (CEN, 2005a) or Eurocode 8/3 (CEN, 2005c) methods for the section 

analysis, or it can be calculated using a parametrical-empirical approach. Both Eurocode 8/2 

(CEN, 2005b) and Eurocode 8/3 (CEN, 2005c) include a theoretical approach. However, 

their formulations are different. Finally, the procedure from the draft of the new Eurocode 

8/1 (CEN, 2020) uses a combination of the theoretical approach (to determine the pre-yield 

part of the rotation) and a parametrical-empirical approach (to determine the post-yield part 

of the rotation). All considered procedures are summarized in Table 1.  
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Table 1. Summarized Eurocode procedures for calculating the ultimate (NC) rotation 

Procedure Equations  

EC8/3a&EC2: 

Eurocode 8/3 

(theoretical 

formulation) & 

Eurocode 2 

(section analysis) 

𝜃𝑦 = 𝜑𝑦 (𝐿𝑉 + 𝛼𝑉𝑧) 3⁄ + 0,0014 (1 + 1,5
ℎ

𝐿𝑉
) +

𝜀𝑦

𝑑−𝑑′

𝑑𝑏𝑙𝑓𝑦

6√𝑓𝑐
  (1) 

𝐿𝑝𝑙 = 0,1𝐿𝑉 + 0,17ℎ + 0,24 𝑑𝑏𝑙𝑓𝑦 √𝑓𝑐⁄         (2) 

𝜃𝑢𝑚 = 𝜃𝑦 + (𝜑𝑢−𝜑𝑦)𝐿𝑝𝑙 (1 −
0,5𝐿𝑝𝑙

𝐿𝑉
)   (3) 

EC8/3a: 

Eurocode 8/3  

(theoretical 

formulation) 

𝜃𝑦 = 𝜑𝑦 (𝐿𝑉 + 𝛼𝑉𝑧) 3⁄ + 0,0014 (1 + 1,5
ℎ

𝐿𝑉
) +

𝜀𝑦

𝑑−𝑑′

𝑑𝑏𝑙𝑓𝑦

6√𝑓𝑐
  (4) 

𝐿𝑝𝑙 = 𝐿𝑉 30⁄ + 0,2ℎ + 0,11 𝑑𝑏𝑙𝑓𝑦 √𝑓𝑐⁄          (5) 

𝜃𝑢𝑚 = 𝜃𝑦 + (𝜑𝑢−𝜑𝑦)𝐿𝑝𝑙 (1 −
0,5𝐿𝑝𝑙

𝐿𝑉
)  (6) 

EC8/3b: 

Eurocode 8/3 

(empirical 

formulation) 

  

𝜃𝑢𝑚 =

0,016(0,3𝜈) [
𝑚𝑎𝑥 (0,01;𝜔′)

𝑚𝑎𝑥 (0,01;𝜔)
𝑓𝑐]

0,225

(𝑚𝑖𝑛 (9;
𝐿𝑉

ℎ
))

0,35

25
(𝛼𝜌𝑠𝑥

𝑓𝑦𝑤

𝑓𝑐
)
1,25100𝜌𝑑  

(7) 

  

EC8/2: 

Eurocode 8/2 

(theoretical 

formulation) 

𝜃𝑦 = 𝜑𝑦𝐿𝑉 3⁄   (8) 

𝐿𝑝𝑙 = 0,1𝐿𝑉 + 0,015𝑑𝑏𝑙𝑓𝑦𝑘  (9) 

𝜃𝑢𝑚 = 𝜃𝑦 + (𝜑𝑢−𝜑𝑦)𝐿𝑝𝑙 (1 −
0,5𝐿𝑝𝑙

𝐿𝑉
)  (10) 

prEC8/1: 

Draft of the 

Eurocode 8/1 

(empirical 

formulation) 

𝜃𝑦 = 𝜑𝑦 (𝐿𝑉 + (𝑑 − 𝑑′)) 3⁄ + 𝜑𝛾
𝑓𝑦𝑙𝑑𝑏𝑙

8√𝑓𝑐
+ 0,0019 (1 +

ℎ

1,6𝐿𝑉
)  (11) 

𝜃𝑢𝑚 = 𝜃𝑦 + 𝐾 ∙ 0,016(0,2𝜈) [
𝑚𝑎𝑥 (0,01;𝜔′)

𝑚𝑎𝑥 (0,01;𝜔)
]

0,25

(min (2;
𝑓𝑐

25
))

0.1

  
(12) 

                                 (
1

25
𝑚𝑖𝑛 (9;

𝐿𝑉

ℎ
))

0,35

24
(𝛼𝜌𝑠𝑥

𝑓𝑦𝑤

𝑓𝑐
)
0.039  

𝜃𝑦 , 𝜃𝑢𝑚 – Yield and ultimate (NC) rotations 

𝐿𝑝𝑙 – Plastic hinge length 

𝜑𝑦 , 𝜑𝑢  – Yield and ultimate curvatures 

𝐿𝑉 – Shear span 

𝛼𝑉𝑧 =  𝑑 − 𝑑′ – Tension shift in moment diagram, if the shear cracking happens before the flexural yielding 

ℎ – cross-section height  

𝜀𝑦 – Longitudinal reinforcement yield strain 

𝑓𝑦 , 𝑓𝑦𝑤 , 𝑓𝑐  – Flexural and transverse reinforcement steel and concrete strength 

𝜈 – Axial load level 

𝜔, 𝜔′ – Mechanical reinforcement ratio of the tension and compression flexural reinforcement 

𝛼 – Confinement effectiveness factor 

𝜌𝑠𝑤 , 𝜌𝑠𝑥 , 𝜌𝑑 – Ratio of lateral reinforcement in the direction of loading, mean in both directions, and diagonal 

reinforcement, respectively 

𝐾 −  correction factor considering the ductility class (1.0 for DC3, 0.9 for DC2, 0.8 for DC1) 

 

2.2. Evaluation of Eurocode procedures against experiments 

The 1:2 scale cyclic tests, which were used to evaluate the presented analytical studies, had 

been conducted by Anžlin (2017) on a series of rectangular reinforced concrete columns 

with a different amount and detailing of lateral reinforcement. The columns’ cross-section 

height and width were 30 cm and 40 cm, respectively, while the shear span was 1.8 m. The 

level of axial load was about 10 % of design concrete strength (typical for bridges). 

Longitudinal reinforcement ratio was 1 %. Two columns SUB/90 (Fig. 1) and STD/135 (Fig. 

2) were considered in the presented study. The lateral reinforcement ratio was 0.25 % and 

0.55 %, and the stirrups’ hook angle was 90° and 135° in the specimens SUB/90 and 

STD/135, respectively. The specimens SUB/90 and STD/135 represented a column with 

sub-standard and standard lateral reinforcement, respectively.  
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The NC rotations of the two columns were predicted following the procedures described in 

Subchapter 2.1. For all procedures that required section analysis, the latter was performed 

using ZeroLength fibre section in OpenSeees (McKenna et al., 2000). Concrete was 

modelled using material Concrete04, while the longitudinal reinforcement was modelled by 

means of material Steel02. Confined concrete properties were defined as prescribed in the 

Eurocode that includes the specific procedure. The obtained moment-curvature relationships 

were idealized as elastoplastic. It was assumed that the ultimate curvature is reached when 

either the ultimate strain in the confined concrete or ultimate strain in longitudinal 

reinforcement is reached. Finally, ultimate rotations, corresponding to each Eurocode model, 

were calculated using equations in Table 1 and compared to the experiments.  

In Fig. 1, the estimated values of the NC rotation for column SUB/90 are compared. The NC 

rotation reported in the experiment, corresponding to the 20 % loss of the flexural strength 

in the post-capping region, was 5.5 %. All the procedures, except the one according to 

Eurocode 2, match with the experiment quite well.  

 

Fig. 1 – The cross-section of column SUB/90 (left) and the comparison of the predicted NC rotations with the 

experimentally determined value (right) 

The estimated values of the NC chord rotation of column STD/135 are presented in Fig. 2. 

Theoretical procedures included in Eurocode 8/3 (CEN, 2005c) and Eurocode 8/2 (CEN, 

2005b) that predicted the NC rotation of the poorly confined column SUB/90 well, resulted 

in significant overestimation of the NC rotation for the adequately confined column 

STD/135. The NC rotation obtained using the empirical procedure included in Eurocode 8/3 

(CEN, 2005c) was slightly lower than the experimentally measured value (7.5 %). The 

theoretical procedures employing the section analysis performed according to Eurocode 2 

(CEN, 2005a) or the draft of new Eurocode 8/1 (CEN, 2020) proved to be the most 

conservative.  

 

Fig. 2 – The cross-section of column STD/135 (left) and the comparison of the predicted NC rotations with 

the experimentally determined value (right) 
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The comparison of Eurocode 8 procedures showed that the empirical procedure in the current 

version of Eurocode 8/3 (CEN, 2005c) was capable to adequately estimate the NC rotation 

for both properly and poorly confined column. Therefore, this procedure was considered in 

further studies (presented in Chapter 3), where different approaches for modelling the post-

capping flexural response were analysed.  

3. Moment-rotation relationship for lumped plasticity models  

The moment-rotation backbone of the plastic hinges is one of the key features of the lumped 

plasticity models. Different procedures to define the backbone are available. The backbone 

is typically considered as a trilinear (e.g. Ibarra et al., 2005; Fischinger et al., 2008; Kreslin 

and Fajfar, 2010), having an initial elastic branch, a plastic branch and a post-capping branch 

(Fig. 3a). The trilinear model can be refined by increasing the number of branches. However, 

this makes the model more difficult to calibrate. An example is the quadrilinear moment-

rotation backbone model with a bilinear post-capping response proposed by Anžlin (2017), 

which is presented in Fig. 3b. Both possibilities were studied and evaluated by means of 

experiments summarized in Subchapter 2.2. 

a) b) 

  Fig. 3 – Moment-rotation backbone models: a) trilinear and b) quadrilinear 

An emphasis is given on the response in the post-capping region, which is especially 

important in the simulation of limit states associated with severe structural damage. This 

includes not only the NC limit state, but also the collapse limit state, which occurs at greater 

rotations and is directly related to the protection of human lives.  

3.1. Trilinear moment-rotation backbone 

The trilinear moment-rotation backbone (Fig. 3a) can be defined by three characteristic 

points. In this study, the first two characteristic points corresponded to the yield (Y) and NC 

limit states. The rotations at these limit states were defined according to empirical approach 

included in the current version of Eurocode 8/3 (see Subchapter 2.1). Following the typical 

procedures reported in the literature, the capping (Cap) point and the total collapse (TC) 

point were obtained based on the slope of the post-capping branch of the backbone curve. In 

an assessment of a code conforming structure, Žižmond et al. (2014) defined the post-

capping slope based on the ratio between the rotation at the TC point and rotation at the Cap 

point (𝑘𝑇𝐶/𝐶𝑎𝑝) equal to 3.5 (Model T1 in Table 2). This value is consistent with the 

observation from Dolšek (2010), who found that the ratio between the TC and Cap rotation 

in backbone models is usually between 3 and 4. In another study, Kreslin and Fajfar (2010) 

analysed an older structure and defined the post-capping slope based on the ratio between 

the plastic parts of the TC and NC rotations (𝑘𝑝𝑙,𝑇𝐶/𝑁𝐶) equal to 2.0 (Model T2 in Table 2). 

The comparison of these two studies suggests that the post-capping stiffness is affected by 

the level of design. Consistently with this observation, Anžlin (2017) proposed an equation 
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for determining 𝑘𝑝𝑙,𝑇𝐶/𝑁𝐶  based on the effective mechanical volumetric confinement ratio in 

the column 𝜔𝛼 = 𝛼𝜌𝑤𝑓𝑦𝑤 𝑓𝑐⁄  (Model T3 in Table 2): 

𝑘𝑝𝑙,𝑇𝐶/𝑁𝐶 = 𝑚𝑖𝑛(−0.02𝜔𝛼(%) + 1.55 ≥ 1; 1.34)             (13) 

Interestingly, 𝑘𝑝𝑙,𝑇𝐶/𝑁𝐶 in Model T3 was equal to the upper bound (1.34) for both columns. 

By considering these three approaches, three different models of trilinear moment-rotation 

backbone were defined. The corresponding moments were obtained from section analysis 

described in Subchapter 2.2, and by making the following assumptions: moments MY and 

MCap were considered equal to the maximum moment from the section analysis, moment 

MNC was considered equal to 80 % of MCap, and moment MTC was considered equal to 0. 

Moreover, the rotations at points Y and NC (see Fig. 3) were considered equal to rotations 

𝜃𝑦 and 𝜃𝑢𝑚, respectively. They were defined according to the Eurocode 8/3 empirical 

procedure (see also Chapter 2).  

Table 2. Characteristic points of trilinear moment-rotation backbone models 

Model 
Characteristic 

point 
Rotation 

Model T1 
Cap 𝜃𝐶𝑎𝑝 = 𝜃𝑁𝐶/1.5 

TC 𝜃𝑇𝐶 = 3.5𝜃𝐶𝑎𝑝 

Model T2 
Cap 𝜃𝐶𝑎𝑝 = 1.25𝜃𝑁𝐶 − 0.25𝜃𝑇𝐶 

TC 𝜃𝑇𝐶 = 𝜃𝑌 + 2.0(𝜃𝑁𝐶 − 𝜃𝑌) 

Model T3 
Cap 𝜃𝐶𝑎𝑝 = 1.25𝜃𝑁𝐶 − 0.25𝜃𝑇𝐶                      𝑘𝑝𝑙,𝑇𝐶 𝑁𝐶⁄ = 1.34 

TC 𝜃𝑇𝐶 = 𝜃𝑌 + 𝑘𝑝𝑙,𝑇𝐶 𝑁𝐶⁄ (𝜃𝑁𝐶 − 𝜃𝑌)      (SUB/90 and STD/135) 

The moment-rotation backbones were calculated for the two tested columns (Subchapter 

2.2) and compared to the experimentally obtained cyclic responses (Fig. 4). All three 

backbone models intersect at the NC point, which was one of the modelling assumptions. At 

this point, the models match well with the experimental results, which is a direct 

consequence of the capability of the Eurocode 8/3 empirical procedure to predict the NC 

rotation. It can also be observed that Model T1 and Model T2 provide a fair prediction of 

the post-capping region up to the NC point for both columns. This is an expected result, as 

these models were originally proposed for such purposes. On the other hand, Model T3 gives 

the best prediction for the poorly confined column from the NC point onwards. However, 

none of the trilinear backbone models appears to be suitable for modelling the entire post-

capping region of both types of columns. 

 
a) b) 

Fig. 4 – Comparison of trilinear moment-rotation backbones for column a) SUB/90 and b) STD/135 
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3.2. Quadrilinear moment-rotation backbone 

In order to achieve a better match of the post-capping response with the experimental results, 

four quadrilinear moment-rotation backbone models were also defined (Fig. 3b). The 

definition of quadrilinear backbone models includes an additional characteristic point as an 

independent parameter. The capping (Cap) point, which has already been addressed in the 

literature, was considered as this additional fourth characteristic point. For all quadrilinear 

backbone models, the capping rotation was calculated according to the empirical procedure 

proposed by Haselton (2006): 

𝜃𝐶𝑎𝑝 = 0.12(1 + 0.4𝛼𝑠𝑙)(0.2)𝑣(0.02 + 40𝜌𝑠𝑥)0.52(0.56)0.01𝑓𝑐(2.37)10𝜌𝑙 (14) 

where 𝑣 is the level of axial load, 𝑓𝑐 is the concrete compressive strength, 𝜌𝑙 is the 

longitudinal reinforcement ratio, 𝜌𝑠𝑥 is the ratio of lateral reinforcement in the direction of 

loading and 𝛼𝑠𝑙 is an indicator of the possibility of bond-slip. The moment corresponding to 

the Cap point was considered equal to the maximum moment from the section analysis in 

the same manner as for the trilinear backbone (Subchapter 3.1). Moreover, the moments and 

rotations corresponding to the Y and the NC point were also taken the same as for the 

trilinear backbone. 

The four quadrilateral models with different post-NC branches were considered (see Table 

3 and Fig. 5). Models Q1 and Q2 were defined based on the same assumptions as for the 

trilinear backbone models (Subchapter 3.1). In Model Q3, rotation at the TC point was 

obtained by using the ratio between the rotation at the TC point and the Cap point (𝑘𝑇𝐶/𝐶𝑎𝑝) 

proposed by Anžlin (2017) specifically for application in quadrilinear backbones:  

𝑘𝑇𝐶/𝐶𝑎𝑝 = 𝑚𝑖𝑛(0,19𝜔𝛼(%); −0,02𝜔𝛼(%) + 6.86; 4)           (15) 

In Model Q4, rotation at the TC point was obtained using empirical expression for post-

capping rotation capacity, developed by Haselton (2006): 

𝜃𝑇𝐶 = 𝜃𝐶𝑎𝑝 + 0.76(0.031)𝑣(0.02 + 40𝜌𝑠𝑥)1.02 ≤ 𝜃𝐶𝑎𝑝 + 0.1  (16) 

This model was selected due to the consideration of the capping rotation model (Eq. (14)) 

proposed by the same author. It should be noted that Eqs. (14) and (16) were originally 

proposed to be used in combination with the Ibarra hysteretic model (Ibarra et al., 2005). 

This model accounts for history-dependent strength and stiffness deterioration, which is not 

the case in the present study.  

Table 3. Characteristic points of quadrilinear moment-rotation backbone models  

Model 
Characteristic 

point 
Rotation 

Model Q1 
Cap 𝜃𝐶𝑎𝑝 − 𝑓𝑟𝑜𝑚 𝐸𝑞. 14 

TC 𝜃𝑇𝐶 = 3.5𝜃𝐶𝑎𝑝 

Model Q2 
Cap 𝜃𝐶𝑎𝑝 − 𝑓𝑟𝑜𝑚 𝐸𝑞. 14 

TC 𝜃𝑇𝐶 = 𝜃𝑌 + 2.0(𝜃𝑁𝐶 − 𝜃𝑌) 

Model Q3 
Cap 𝜃𝐶𝑎𝑝 − 𝑓𝑟𝑜𝑚 𝐸𝑞. 14        𝑘𝑇𝐶 𝐶𝑎𝑝⁄ = 2.1 (𝑆𝑈𝐵 90⁄ ) 

TC 𝜃𝑇𝐶 = 𝑘𝑇𝐶 𝐶𝑎𝑝⁄ 𝜃𝐶𝑎𝑝           𝑘𝑇𝐶 𝐶𝑎𝑝⁄ = 3.2 (𝑆𝑇𝐷 135⁄ ) 

Model Q4 
Cap 𝜃𝐶𝑎𝑝 − 𝑓𝑟𝑜𝑚 𝐸𝑞. 14 

TC 𝜃𝑇𝐶 − 𝑓𝑟𝑜𝑚 𝐸𝑞. 16 
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The considered quadrilinear moment-rotation backbones are compared with the experiments 

in Fig. 5. In the poorly confined column, post-capping response is very accurately predicted 

by Model Q3, while the other three models overestimated the total collapse rotation. The 

experimental response of the well confined column was simulated very well by Models Q1, 

Q3 and Q4. The model Q2 slightly underestimated the moments after the NC point. This 

outcome was expected because Model Q2 was originally used to predict the post-capping 

response of columns that did not meet the requirements of Eurocode. Based on these results, 

it can be concluded that Model Q3 is the most general and appears to be suitable for the 

prediction of the post-capping response of both poorly and well confined columns. 

 
a) b) 

Fig. 5 – Comparison of quadrilinear moment-rotation backbones for column a) SUB/90 and b) STD/135 

3.3. Application of the quadrilinear moment-rotation backbone model  

The best match with the experimental results was obtained with the quadrilinear backbone 

model (see Fig. 3b) defined by: (i) the Cap rotation calculated according to Haselton (2006), 

(ii) the NC rotation determined according to the empirical Eurocode 8/3 procedure (CEN, 

2005c) and (iii) the TC rotation as proposed by Anžlin (2017). Therefore, this model was 

chosen to be used for the simulation of the cyclic experiments. The experiments were 

numerically simulated in the OpenSees software (McKenna et al., 2000). Columns were 

modelled with the Giberson lumped plasticity model. The nonlinear response was modelled 

using a nonlinear ZeroLength element at the base. The rest of the column was represented 

with an infinitely stiff elastic element.  

Cyclic behaviour of the nonlinear element was modelled using TakedaDAsym material 

(Zevnik, 2007) that follows Takeda hysteretic rules (Takeda et al., 1970) and considers 

quadrilinear moment-rotation backbone. Analytical and experimental cyclic responses are 

compared in Fig. 6. They match reasonably well for both the poorly (Fig. 6a) and the well 

confined column (Fig. 6b). 

4. Conclusions 

Different procedures included in Eurocode 8 (current versions of Eurocode 8/2 – CEN, 

2005b; Eurocode 8/3 – CEN, 2005c; and the draft of the new version of Eurocode 8/1 – 

CEN, 2020), which can be used to estimate the near-collapse rotation of RC elements, were 

compared and evaluated by cyclic experiments of well and poorly confined RC columns. 

The empirical procedure included in Eurocode 8/3 (CEN, 2005c) was found the most general 

since it matched well with the experiments of both types of columns.  
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a) b) 

Fig. 6 – Results of numerical analysis for column a) SUB/90 and b) STD/135 

The Eurocode 8/3 (CEN, 2005c) empirical procedure for estimation of the near-collapse 

rotation was used to define several trilinear and quadrilinear moment-rotation backbone 

models. They were verified against the experiments and the most suitable model was 

proposed. The best match for both types of tested columns was obtained using the 

quadrilinear backbone model defined by: (i) the Haselton (2007) capping rotation, (ii) the 

Eurocode 8/3 (CEN, 2005c) near-collapse rotation and (iii) the total collapse rotation 

proposed by Anžlin for quadrilinear backbones (2017).  

It is proposed to use this quadrilinear backbone model in simulations of the flexural seismic 

response of reinforced concrete elements. The results suggest that the model is able to 

simulate well the seismic response at various intensity levels up to the point of total collapse, 

which makes it suitable for the studies aimed at estimating the risk of casualties. Moreover, 

the proposed model can be applied generally regardless of the structure’s seismic design 

level, which is a useful feature when analysing a portfolio of buildings constructed in 

different periods.  

It should be emphasized, however, that due to a small number of columns considered in this 

study, the observations made herein should be confirmed in the future based on a more 

extensive comparison between the numerical and experimental data. Moreover, further 

research is needed to evaluate the impact of the modelling uncertainty associated with the 

simulation of the post-capping response on the risk of casualties, as this would help to better 

understand the significance of appropriate modelling of the post-capping region.  
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Abstract: In November 2020, the third largest mosque in the world opened in Algiers. Its 

purpose as a monument for thousands of visitors and as a national landmark in the strong 

earthquake area required special calculation methods and earthquake protection systems. The 

prayer hall, designed for up to 32 000 prayers, was completely base-isolated using sliding 

pendulum isolators, the performance of which was enhanced by flanking viscous dampers. 
By means of parameter studies, an optimal setting for seismic isolation systems was calculated 

and validated by time-history methods. The world's tallest minaret - a slender skyscraper with 

a total height of 265m - is braced by means of a hybrid steel composite structure for which a 

special dissipation scenario was designed in the course of a push-over analysis. Due to the 

lack of regulations in the national standards for the special structures, the dimensioning of the 

complex in Algeria was permitted for the first time using the Eurocode family. The article 

gives an overview of the design process, the calculation methods and the executed 

constructions. 

Keywords: base isolation, viscous dampers, site spectrum, push-over analysis, robustness 

1. Introduction – Design of a Landmark 

At the beginning of the 21st century, the Algerian government has initiated the development 

of a new mosque complex in the capital Algiers (Fig. 1), becoming both the new Algerian 

national landmark building and the enhancement of the urban district of Mohamadia. 

Located nearby the Bay of Algiers, with a gross floor surface of 400 000m² and about 

120 000 expected visitors per day, the mosque is the third largest worldwide. 

 

 

Fig. 1 – The Great Mosque of Algiers – aerial view (© KREBS+KIEFER | Z. Zebar) 
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The minaret, containing a museum, scientific research facilities and a visitor’s platform is 

the largest in the world and with a height of 265m the highest building on the African 

continent. The total complex will also contain a convention centre, a library and a university, 

(Akkermann et al. 2015). 

The concept of the mosque complex provides an increasing closeness of the buildings to 

figure out the development of the open contact with the surrounding to a contemplative 

atmosphere of the prayer hall. With its open to the public facilities, the minaret is vertically 

structured by each five levels interrupted by a so-called sky foyer, giving the tower 

slenderness and transparency. The prayer hall with its three setback levels (Fig. 2): hall, cube 

and cupola, symbolises outwards closeness. In contrast to the external appearance, right from 

the start the architectural design provided a very high spatial transparency for the inner 

prayer hall to emphasise contemplative and transcendental aspects (Fig. 3).  

Fig. 2 – Longitudinal section with main dimensions 

As Algiers is located in a strong-motion earthquake area (VIII-IX at the Modified Mercalli 

Scale), the design of buildings is extensively influenced by seismic effects, generally. 

Following the design concept of the architecture, the combination of slenderness and 

transparency with the requirements of sufficient stiffening and robustness was the mayor 

challenge for the structural design. As shown in the following, for each aspect an individual 

solution based on recent design technologies was developed. Due to the high demand on the 

durability and robustness over a long period, solutions with relatively easy maintenance 

aspects and a high reliability were favourable. 

 Fig. 3 – Interior view prayer hall  Fig. 4 – Site design acceleration spectrum 
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2. Site spectrum 

As a result of the disastrous 2003 Bourmedes earthquake the national Algerian design code 

Règles Parasismiques Algeriennes (RPA) was adapted to the recent, worldwide used, design 

rules. In the RPA the highest value of the peak ground acceleration (PGA) is 0,4g (including the 

importance factor). The application of the RPA is restricted to ‘conventional’ buildings with a 

height up to 200 m. Advanced seismic protection devices as base isolators or damping elements 

are not treated. Therefore, in agreement with the national ministries of religious affairs 

(responsible for the project) and habitation (responsible for building codes) the application of 

the Eurocodes, especially EC 8, was adopted for the project. Due to the importance of the project, 

a site-specific seismic risk analysis was carried out by the Centre National de Recherche 

Appliquée en Génie Parasisimique (CGS). Supported by a microzonation study based on a 

special ground investigation campaign with downhole-tests the PGA and the distinctive values 

for the curve shape of a specific site spectrum (Fig. 4) were defined as the base of further 

calculations. With an increased PGA of 0,65g, a maximum elastic response of up to 1,95g was 

specified. 

3. Prayer hall  

3.1. Structural design of the stiffening system 

With a ground surface of 145m x 145m and a height of 70m the prayer hall is dimensioned for 

up to 32 000 people. From the outer cupola with a span of 52m, an inner cupola will be 

suspended (Figs. 3 and 5). Following the architectural design idea of highest transparency, all 

inner shear walls or bracings had to be avoided. The total stiffening system had to be realised 

only by the surfaces of the building (i.e. no inside walls or bracings). Thus, a jointless spatial 

stiffening system obtained by the interplay of the cupola with the roof and the wall diaphragms 

in case of horizontal forces (Fig. 6) assures the horizontal flux of the inertial forces. The inner 

columns just transfer the vertical loads resulting from the moments in the shear walls and the 

structure’s weight. 

        

                  Fig. 5 – Vertical section prayer hall                           Fig. 6 – Flux of horizontal forces 

3.2. Base isolation concept 

Because of the complex spatial stiffening system, the high slenderness of the inner columns 

bearing the cupola with a free height up to 40m, the high demand on the safety for the people 

and the integrity of the monument in case of an earthquake the solution of base-isolating the 

whole building was chosen. 
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Following the well-known principle (Kelly (2009) that base isolated buildings should consist of: 

(1) a rigid basement with the main part of the building mass and (2) a lightweight structure at 

rising height, the load bearing structures were divided into two mayor parts (Fig. 7), (Akkermann 

et al. 2015): 

(1) Basement, ground floor and mezzani-

ne: designed as reinforced concrete floors, 

columns and shear walls  

(2) 2nd level cube, roofs and cupola: 

designed as spatial steel truss  

Beside a lower weight, the choice of a 

spatial steel truss for the upper structures 

also allowed the combination of the 

stiffening purpose with the modelling of 

the complex inner surface geometry and 

the roof’s and façade’s application. 

Sliding-isolation-pendulum (SIP) bearings guarantee performance, durability and maintenance 

by:  

• low friction coefficients with the ability of re-centring, 

• a long life-cycle – even after minor earthquake loading, 

• low degradation due to ageing, 

• full replacement in case of a damage. 

The bearings are located between the foundation slab and the basement floor (Figs. 5, 7, 8). The 

basement consists of a shear wall grid to assure the load transfer between the single isolators by 

a rigid-box system. The foundation slab connects the footings under the isolators and the 

surrounding retaining walls with a height up to 8m. The base isolation system shifts the first 

natural period of the structure from T1 = 0,85s to T1,isolated = 3,1s, resulting in a significant 

decrease of response acceleration in the design spectrum (Fig. 4). 

Using SIP-isolators, the effective isolation stiffness 𝑘𝑏 consists of two parts: the re-centring force 

due to the curvature of the bearing and a friction force. On the one hand, a small dynamic friction 

coefficient μ leads to lower stiffness and therefore better isolation, (Huber et al. 2007). 

Furthermore, high friction restrains the re-centring. On the other hand, a certain sticking friction 

is advantageous to assure the position stability of the building under wind loads. Taking only the 

friction coefficient necessary for wind loads into account, the calculations resulted in design 

displacements of up to 1,2m that was too high for the buildings HVARC-connections and the 

access points. Hence, additional hydraulic damping devices were arranged (Fig. 5). Viscous 

instead of friction dampers were chosen because they provide forceless reactions to temperature-

induced displacements of the basement. Furthermore, due to their velocity dependence they 

develop the maximum forces during oscillations with phase shift to the re-centring forces of the 

isolators. 

Finally, the isolation system (Figs. 8, 9) with design displacements of up to 60cm consists of: 

• 246 SIP-isolators with curvature radius of 2,4m and dynamic friction coefficient of 3%, 

• 80 hydraulic dampers (40 in each x/y-direction) with damping exponent α = 0,4.  

Both elements are replaceable in case of damage due to earthquake. 

Fig. 7 – Prayer hall structural elements 
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Fig. 8 – Distribution of isolators and dampers           Fig. 9 – a) SIP isolators, b) fluid viscous damper 

 

3.3. Implementation of base isolation 

Before implementation, the seismic devices (isolators and dampers) were tested according 

to EN 15129. The isolation system was installed between the foundation slab and the 

basement. After placement of isolators on sockets of the foundation grid (Figs. 5, 7), the 

walls and beams of the basement were directly concreted on the isolators (Fig. 10).  

Shrinkage joints in the continuous basement that has a surface of 145m x 145m prevented 

cracks from major displacements. After hardening and closing the joints, dampers were 

installed, (Akkermann et al. 2018). 

 

Fig. 10 – Installed base isolation under prayer hall 

4. Minaret  

4.1. Hybrid composite stiffening system 

Based on a foundation slab with a surface of 50m x 50m the tower has a quadratic section with 

26,8m side length up to the height of 223,8m. On the top a traditional Mahgrebian Soummah, a 

short tower with smaller width and a cupola is arranged. A steel-glass-façade encase this tower. 

Because of the high seismic forces the tower section is expanded by a shear wall system over 

two basement levels to the foundation slab dimension. The slab with a height of 3m itself will 

be supported by a system of 60 barrettes, i.e. diaphragm walls with 7,2m x 1,2m cross-section 
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and 43 m depth (Fig. 11). The stiffening 

system of the rising structure is gained by a 

composite structure of four RC cores at the 

corners and slabs with a beam girder, also 

made by RC, as well as a stiffening system of 

steel profiles embedded in the RC cores and 

X-shaped bracings at the vertical surfaces. To 

accentuate the two-level sky foyers, no 

bracings were arranged there. This led to a 

combined system of a truss and a 

Vierendeel’s cantilever beam. With this 

composite system the slenderness of the tower 

is approx. h/d = 10. 

The first natural frequency of the tower was 

already low. Thus, a base isolation was not 

advantageous. Furthermore, tensile stress on 

the foundation due to the overturning moment 

under high seismic loads was unavoidable.  

Instead, a system of three categories for the 

structural members seismic behaviour 

verified by a push-over analysis was chosen, 

(Constantinescu et al. 2013). Following the 

strategy of capacity design, the steel bracings 

were designed as energy-dissipating members 

that yield before the foundation fails (Fig. 12). 

The load bearing structure consisted of three 

categories of seismically-resisting systems: 

 Highly dissipative members (HDM): i.e.

structural elements that will be the first to

yield and hence have to possess a high

ductility. They will dissipate the most part

of the energy will also act as ‘fuses’ within

the structure by limiting the internal

forces.

 Less dissipative members (LDM), i.e.

structural elements that will suffer small,

respectively moderate plastic deformation

during the design earthquake.

 Elastic members (EM), i.e. structural

elements that should remain elastic during

the design earthquake.

Within the bracings parts of the steel profiles (Fig. 12) shall act as HDM and hence were 

designed in steel grade S235 while the other parts were designed in S355. Also the core-coupling 

RC beams of the floor were designed as HDM. The RC cores were designed as LDM while the 

foundation structures i.e. shear walls, slab and barrettes were designed as EM. 

Fig. 11 – Vertical section and composite structure 

 of minaret 

Fig. 12 – Categories of seismic behaviour 

 at minaret 
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4.2. Construction stages 

The grid of barrettes was prepared with a diaphragm-wall grab. The barrette reinforcement 

baskets were prepared in two sections of 21,5m each and welded together after lowering the first 

one. After fabrication, the grid of barrettes was jointed with the foundation plate. In the dense 

reinforced 3m thick foundation plate a water-cooling pipe system against hydration heat was 

installed.  

The inner steel truss of the rising structure had to be installed before concreting the cores. 

Therefore, the pre-fabricated steel elements, the truss and the diagonal bracings, were jointed to 

the lower section by bolt connections (Fig. 13). Afterwards, core reinforcement and climbing 

formwork were installed. The facade elements made of natural stone and glass reinforced 

concrete were connected to the cores in an earthquake-proof manner (Fig. 14). 

     

Fig. 13 – Hybrid composite                             Fig. 14 – Construction site with façade work on minaret 

  structure of minaret   

 

5. Spun concrete columns 

For architectural and durability reasons the 618 repeating slender columns with large capitals 

(Fig. 3) are made of spun concrete with octagonal sections of a width of 81cm and 161cm (higher 

inner region of prayer hall), respectively. With precast spun concrete (i.e. rotating the formwork 

during hardening) a very dense concrete surface and a high resistance can be achieved. The same 

type of columns is used for all of the peristyles exposed to the atmosphere to satisfy the high 

durability requirements. The octagonal capitals of the columns in the prayer hall are shaped by 

a steelwork substructure with a lightweight cladding.  

The columns located outside the prayer hall have capitals made by precast concrete triangles. 

These capitals were also pre-mounted on site and connected by embedded steel elements after 

fixing at the column top. The columns clamped at the base connect with the couplers to form 

frames. The steel couplers between the capitals act here as plastic dissipators and were therefore 

dimensioned according to the capacity design (Fig. 15). 
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Fig. 15 – Octogonal spun concrete precast columns with dissipative steel couplers at capitals 

6. Conclusions 

Beside the enormous dimension of the project and the demands on the durability, the major 

challenge for the structural design of the Great Mosque of Algiers was the apparent 

contradiction between the architectural idea of transparency and slenderness and the seismic 

design in an area of high seismicity. However, following consequently the design principles 

for seismic isolation and capacity design and using both, intelligent and robust constructions 

this objective has been achieved successfully. 
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Abstract: The paper discusses seismic behaviour of prefabricated reinforced concrete (RC) 
buildings, known as large panel buildings (LPE), that were affected by the November 26, 
2019 Durrës, Albania earthquake (M 6.4). This was a common multi-family housing 
typology in urban areas of Albania and neighbouring countries, e.g. Yugoslavia, Romania, 
and Bulgaria, in the period from 1960.-1990. The paper outlines the key structural and 
seismic features of LPE buildings in Albania and Serbia, and discusses the observed damage 
of these buildings in the November 2019 Albania earthquake. The effect of in terms of the 
soil-structure interaction (SSI) and local soil conditions on seismic behaviour of LPE 
buildings has been examined. The overall impact of different soil conditions on the seismic 
forces and displacements in LPE buildings has been examined for a site located in Tirana, 
Albania. 

Keywords: earthquake damage, seismic analysis, soil-structure interaction (SSI), November 
2019 Albania earthquake, housing, large panel buildings, reinforced concrete structures 

1. Introduction  

Prefabricated reinforced concrete (RC) structures are composed of various elements which 
are manufactured in industrialized manner off the building site. The prefabricated elements 
can be connected by lapped, welded, or mechanically connected bars within the joints. One 
of the major advantages of this technology is speed of construction, which enables a large-
scale housing construction within a short timeframe. The other advantage is its cost-
effectiveness compared to the monolithic cast-in-situ concrete construction.  

Prefabricated structural systems can be classified into i) large panel wall systems, ii) frame 
systems, iii) slab-column systems with shear walls, and iv) dual frame-wall systems. One 
of the most widely used prefabricated systems is large panel wall system (referred to as 
LPE in this paper) which is common in urban areas of Albania and neighbouring countries. 
LPE system comprises of RC wall and floor panels which are connected at discrete points 
and form a box-like structure.   

Development of prefabricated RC construction technologies and building applications 
started after the World War II (WWII) in Europe, due to a significant housing demand due 
to rapidly growing urban population. Prefabricated construction practice was especially 
popular in countries with socialist/communist governments in which housing design and 
construction was performed solely through the public sector, for example the former Soviet 
Union and China, and was also widely used for the multi-family housing construction in 
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urban areas of several European countries, including Albania, Yugoslavia, Romania (NBS 
1977; Bostenaru Dan and Sandu 2004), and Bulgaria (Andonov 2019). A detailed 
overview of structural and seismic features of prefabricated RC building structures in the 
Balkan region was presented by UNIDO (1983). 

This paper outlines key structural and seismic features of LPE buildings in Albania and 
Serbia and discusses their seismic behaviour depending on the local soil conditions. The 
focus is on buildings located at sites with underlying soft soil conditions. At the Kombinat 
area of Tirana, Albania (Fig. 1 a) a significant number of LPE buildings were affected by 
the November 26, 2019 Durrës earthquake (M 6.4). There is also a significant stock of 
existing LPE buildings located at sites with soft soil conditions at the New Belgrade, a part 
of the Serbian capital Belgrade constructed after the WWII (Fig. 1b). 

 

 

 

 

 

 

 

a)                                                                             b) 

Fig. 1 – Examples of LPE buildings: a) Kombinat area, Tirana, Albania and b) Blok 63, New Belgrade, 
Serbia  

2. Structural and seismic features of LPE buildings 

Construction of LPE buildings in Albania started in the 1970s and continued until the 
breakdown of communism in 1990. Prefabricated construction technology was widely used 
for residential buildings in large Albanian cities, e.g. Tirana and Durrës. These buildings 
are usually 4-6 storey high and have a complex layout which consists of several blocks 
separated by seismic gaps, as shown in Fig. 2a). There are usually 10 to 20 blocks at a 
specific location. Each block has approximately 10 to 15 apartments and houses 
approximately 60 occupants. Fig. 2b) shows floor plan of a typical building block, with 
14.4 m length and 9.8 m width. 

LPE buildings consist of various prefabricated elements such as wall and floor panels, as 
well as other elements such as staircase and landing. The exterior loadbearing wall panels 
(PJ) were 22 cm thick while the interior loadbearing panels (PM) were 14 cm thick. 
Horizontal floor and roof panels are room-size elements which are connected via 
horizontal joints. These panels are usually 22 cm thick and span either in one-way or two-
way directions, depending on the architectural plan. 

Connections between adjacent panels in prefabricated RC buildings are critical for their 
structural and seismic safety. Note that “connection” is a general term which describes the 
region where elements are connected (e.g. wall-to-floor connection), while “joint” denotes 
an area between the connected elements where the force transfer takes place. Joints 
between the prefabricated RC elements are usually classified as “wet” and “dry” (UNIDO 
1983; FIB 2008). In Albanian LPE buildings majority of joints were achieved by field 
welding. There are vertical joints (VJ) between the prefabricated wall panels (interior and 
exterior), horizontal joints (HJ) between the floor/roof slab panels, and also horizontal 
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joints between the walls and floor/roof slabs. Note that vertical and horizontal joints in 
LPE buildings are located at discrete points. Fig. 2b) shows locations of typical vertical 
joints in a LPE building (VJ1, VJ2, and VJ3). Vertical joints connect the vertical edges of 
adjoining wall panels and primarily resist the effects of vertical shear forces due to seismic 
loading. Fig. 3 shows L-type connection between exterior wall panels (joint type VJ1), 
with joints at the base and the top of a panel. Joint at the base is achieved by lapping 
horizontal reinforcing bars and placing cast-in-situ concrete (see Fig. 3a), while joint at the 
top is achieved by horizontal steel plate welded to vertical bars (Fig. 3b). 

Based on the original construction drawings it was concluded that the walls were supported 
on strip footings made of low-strength unreinforced concrete which was cast in-situ 
(monolithic). Typical foundation width is 1.2 m and the depth is 1.3 m below grade 
(Abazaj, 2019). 

                              a) 

                                b) 

Fig. 2 – Typical Albanian LPE buildings: a) building layout showing building blocks and b) floor plan for a 
building block 

 

a)                                                                                          b) 

Fig. 3 – L-connection (joint VJ1) of wall panels in Albanian LPE buildings: a) joint at the bottom of the 
panel, and b) joint at the top of the panel 
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Prefabricated RC construction technology was also widely used in Yugoslavia for 
residential construction in the period from 1950s to 1990s. Application of prefabricated 
technology started in 1950s and was motivated by housing need in large urban centres. 
Many local construction companies were able to develop production lines for prefabricated 
elements at the construction sites, but at a later stage manufacturing of panels was moved 
to dedicated plants. LPE systems were particularly suitable for housing construction 
because the size of prefabricated elements matches the modules used in the design. More 
than 15 different systems were used in construction, and many of them were developed 
locally, e.g. IMS system (Dimitrijević, 2003), Trudbenik, Yugomont YU-61, etc. 
(Vuković, 2007). Some of the prefabricated systems were imported, and later modified to 
meet the construction requirements and architectural design features. Seismic behaviour of 
one of the most widely used imported LPE systems, Rad-Balency (originally developed as 
a French system Balency) was extensively studied in Yugoslavia (Velkov, Ivkovich, and 
Perishich 1984; Velkov 1981). The original system was modified to enable high-rise 
building applications. Prefabricated wall panels are connected via wet connections, which 
consist of horizontal steel hoops extending from the panels, and vertical reinforcement 
which is welded at specific locations (Fig. 4). The concrete is cast in-situ after the panels 
are placed in the final position. Horizontal prefabricated elements are 1.6-1.8 m wide 
planks which are connected by means of wet connections to form diaphragms. Wall and 
floor panels are connected at each floor level. Floor panels have specially designed end 
zones with anchor reinforcement, and the concrete is cast in-situ after the wall panels are 
erected in final position.   

  

 

 

a)                                                                      b) 

Fig. 4 – Connections in the Rad-Balency LPE system, Yugoslavia: a) vertical connection between adjacent 
wall panels and b) horizontal connection between wall panels and floor system (Velkov 1981) 

3. Seismic behaviour of LPE structures and experience from past earthquakes 

Lateral force-resisting system (LFRS) in an LPE building consists of vertical elements 
(walls), horizontal elements (diaphragms), and their connections. When these buildings are 
subjected to seismic loads, wall panels act as shear walls and floor/roof slabs act as 
diaphragms. These diaphragms need to have sufficient strength and stiffness to permit 
rotation and deformation of the entire floor, hence the connections between the slab panels 
need to be sufficiently strong. The diaphragms transfer lateral forces to wall panels through 
the connections at the interface between the diaphragms and wall panels. Fig. 5 illustrates 
types of internal horizontal forces in an LPE building subjected to seismic loading, 
including shear (V), tension (T), and compression (C) forces. It can be seen from the figure 
that diaphragms need to resist shear forces (1) due to in-plane lateral loading, as well as 
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tension and compression forces (2) along the perimeter (chord forces) due to in-plane 
bending moments. These forces need to be resisted by slab panels and their connections 
(Guri, Brzev, and Lluka 2021). 

Shear walls in LPE buildings need to resist seismic shear forces which are transferred from 
the diaphragms at each floor level and transmit these forces and bending moments to the 
foundations. These shear walls are composed of prefabricated wall panels connected  by 
means of horizontal joints (HJ) at each floor level and vertical joints (VJ) along the 
building height. Seismic failure mechanisms for shear walls in LPE buildings are 
significantly influenced by the type and integrity of panel connections.  

 
Fig. 5 – LPE building subjected to seismic loading: internal forces (Guri, Brzev and Lluka 2021) 

A prefabricated RC shear wall is expected to perform in the same manner as a monolithic 
(cast-in-situ) RC shear wall, provided that horizontal and vertical wall panel joints are 
sufficiently strong. However, if prefabricated RC shear walls have weak vertical joints 
between adjacent wall panels, a relative vertical slip may take place along the interface of 
adjacent wall panels, which may be subjected to rocking caused by overturning moments. 
Alternatively, when horizontal joints between the adjacent panels are weak, a horizontal 
(shear) slip may occur along the horizontal joints. Failure mechanism for LPE buildings 
with weak joints may be expected in older buildings of this type which were designed 
according to force-based seismic design approach. The damage is expected to be 
concentrated within the panel joints, and a combination of vertical and horizontal slip may 
take place in walls with weak horizontal and vertical joints.  

LPE buildings have been exposed to several damaging earthquakes in the past, including 
the 1976 Gazli, Uzbekistan (Soviet Union); 1977 Vrancea, Romania; and the 1988 Spitak, 
Armenia earthquake. In general, the performance of these buildings was satisfactory, 
without evidence of significant damage or collapse. These buildings were also exposed to 
the November 2019 Durrës, Albania earthquake. It was reported that LPE buildings 
performed better than other common building typologies, e.g. cast-in-situ RC buildings and 
masonry buildings (World Bank 2019). Seismic performance of LPE buildings is well 
documented (Guri, Brzev, and Lluka, 2021; EERI 2022). In general, these buildings either 
remained undamaged or experienced minor damage. In Tirana, damage to LPE buildings 
was reported only in the Kombinat area. The damage was not visible/easy to observe at the 
façade (probably due to absence of plaster), but it was visible inside the building. The 
damage was concentrated within the panel connections; hence the cracks were aligned 
either in horizontal or vertical direction. The extent of cracking ranged from minor plaster 
cracks to moderate cracking along the wall and slab panel connections. Cracking was not 
observed within the wall panels, which is in line with the failure mechanism expected in 
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LPE buildings with weak panel joints. Damage along the vertical and horizontal joints is 
illustrated in Fig. 6. 

Fig. 6 – Damage of LPE buildings due to the November 2019 Albania earthquake: cracking along vertical 
joint VJ1 and horizontal wall-to-floor joint along gridline A (Guri, Brzev and Lluka 2021) 

4. The effect of local soil conditions on seismic behaviour of LPE buildings

It has been recognized that LPE buildings located at sites with soft soil conditions are more 
vulnerable to seismic effects (UNIDO 1983). The results of forced vibration tests 
performed on LPE buildings in 1980s showed that soft soil conditions cause an increase in 
their fundamental period. These buildings are rigid box-like structures, hence lateral 
displacements induced by the foundation pressure may be significant, of the same order as 
inter-storey lateral displacements due to seismic forces (Kolleger and Bouwkamp 1980).  

A seismic microzonation map for Tirana is shown in Fig. 7. From the geological point of 
view the Tirana region can be divided into four zones, out of which 2 zones belong to the 
second terrace of the Tirana River, the third zone belongs to the first terrace of the Lana 
River, while the fourth zone belongs to the rocks of Upper Miocene molasse (with or 
without the eluvial-deluvial cover) (Aliaj, 2000; Aliaj, 2001). 

Fig. 7 – Seismic microzonation map for Tirana showing locations of LPE buildings exposed to the November 
2019 earthquake (Kombinat area labelled by number 7) (Guri, Brzev, and Lluka, 2021) 

It can be seen from the map that the Kombinat area (labelled with number 7 on the map) 
was assigned the highest seismic intensity (VIII) in Tirana according to the Albanian 
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seismic design code KTP-N.2-89 (1989). Soil in the Kombinat area can be classified as 
Type II soil according to KTP-N.2-89, or Type C ground according to Eurocode 8, Part 1 
(EN 1998-1:2005). Note that the design ground acceleration (agR) of 0.274g was adopted 
for Tirana (EERI 2022). The elastic response spectra are shown in Fig. 8.  

 

 

 

 

 

 

 

 

 

 

Fig. 8 – Elastic response spectra for the Kombinat area, Tirana according to the KTP-N.2-89 and Eurocode 8, 
Part 1 (EN 1998-1:2005) 

The results of geotechnical investigations at a few sites within the Kombinat area of Tirana 
were used to establish soil properties for seismic analysis (Limani 2020). The following 
soil properties were available based on the reports: modulus of elasticity 800-850 kN/m2 
and bearing stress of 140 kN/m2. Soil profile for a building at the Kombinat area of Tirana 
is shown in Fig. 9, which reveals a few distinct soil layers. The topmost layer is in the form 
of deluvial-alluvial deposits (brown clay), with relatively small thickness in the sloping 
parts and slightly larger in the flatter parts. Below the deluvial layer is eluvial layer that 
represents the permeable part of the bedrock with good engineering geological properties. 
Gravel layer represents the part of the former river bed which consists of gravel, silt and 
silty-clay saturated with water. Finally, blue and beige clay, silt and sand are neogenic 
deposits which are over-consolidated and are located at the depth of more than 9.5 m 
below grade at this site. 

 

Fig. 9 – Typical soil profile for a building site at the Kombinat area, Tirana (Limani 2020) 
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Since the available quantitative geotechnical information for the Kombinat area is 
insufficient for establishing soil spring properties which are required for advanced soil-
structure interaction (SSI) analyses, the authors decided to perform a parametric study to 
study the effect of SSI on seismic response of a typical LPE building. The overall building 
height is 14 m (based on 2.8 m storey height) and plan dimensions are 14.4 m length by 9.8 
m width (see Fig. 2b). Methodology for SSI seismic analysis is well established and has 
been applied in past research studies (Šešov et al. 2019). 

The building was modelled using a shear beam model with 5 masses lumped at floor 
levels. The foundation was idealized as a rigid beam, with the length equal to the length of 
floor plan. The structure was modelled using frame elements and considering shear 
stiffness due to LPE walls. The total seismic weight (W) of 12,000 kN was considered in 
the analysis. The analysis was performed for a fixed-base model and 5 otherwise similar 
models supported by vertical soil springs of varying stiffnesses. Schematic numerical 
models are shown in Fig. 10. A wide range of soil spring properties was considered in the 
study, ranging from 16,500 kN/m (model #1) to 198,000 kN/m (model #5). The reference 
spring stiffness (k) was determined based on the subgrade modulus of 17,400 kN/m3, while 
spring stiffnesses for various models ranged from 0.5k to 6k. Springs were spaced at 400 
mm in all models. Models #1 to 5 were restrained in horizontal direction by a roller 
support to prevent horizontal displacements. 

 
a)                                              b)  

Fig. 10 – Schematic numerical models for seismic analysis: a) fixed-base model and b) model with vertical 
springs 

Modal analysis was performed to determine fundamental period for all models. 
Subsequently, multi-modal (response spectra) analyses were performed to study the 
seismic response of different models. The results of modal analysis showed that the fixed-
base model is characterized by fundamental period of 0.17 sec, which is the same as for 
model #5 with the largest spring stiffness of 6k, see Fig. 11. Other models are 
characterized by higher periods, with the maximum period of 0.62 sec which corresponded 
to the lowest spring stiffness (model #1). It is noteworthy that model 4, with 50% less 
spring stiffness compared to the fixed-base model, is characterized by fundamental period 
of 0.3 sec. 

The results of response spectra analysis showed that the elastic base shear force (Vb) based 
on the KTP-N.2-89 code is practically constant for spring stiffness values of 1.5k and 
higher (models #3, 4, and 5), that is, the Vb values are on the order of 4,300 to 4,400 kN 
(corresponding to the Vb/W ratio of 0.36), see Fig. 11. 
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Fig. 11 – Fundamental period and seismic base shear for different numerical models 

The results also show a significant increase in lateral drift values for the models with more 
flexible soil springs (models #1 to #3 with spring stiffnesses ranging from 0.5k to 3k), see 
Fig. 12. Since LPE buildings are rigid box-like structures, lateral drifts are rather small 
(0.03% for fixed-base building), however there is a significant increase (almost 9 times) 
for model #1 with spring stiffness of 0.5k. Note that all drifts are rather small, with the 
maximum value on the order of 0.27%. It is expected that the LPE buildings in Albania are 
more sensitive to increase in forces than displacements/drifts due to the rigid wall and floor 
connections and a force-controlled failure mechanism. 

 

 

Fig. 12 – Lateral drift ratios for different numerical models 

5. Conclusions 

The paper discussed seismic performance of prefabricated reinforced concrete (RC) 
buildings, known as large panel buildings (LPE), in the November 26, 2019 Durrës, 
Albania earthquake (M 6.4). Although these buildings performed well in the earthquake, 
buildings at locations with soft soil conditions experienced more significant damage. It is 
believed that soft soil conditions were an underlying factor for damage of LPE buildings in 
the Kombinat area of Tirana (Guri, Brzev, and Lluka 2021). 

A parametric study was performed to examine the effect of SSI on the seismic response of 
LPE buildings with different soil conditions. Dynamic response of LPE structures with 
dominant SSI effect has shown that relative lateral displacements due to the SSI may be 
significantly larger than elastic displacements obtained from analysis of a fixed-base 
structure. Therefore, consideration of SSI is important for the regions characterized by low 
to moderate seismicity where structural response is dominantly in the elastic domain.   
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Abstract: Reinforced concrete core walls form the backbone of millions of buildings 
internationally, bracing the structure against wind and earthquake loading. Due largely to 
plan asymmetry, a torsional response of a building is possible, where the core wall will 
resist the twisting actions. There is currently no evidence for the torsional capacity of 
reinforced concrete U-shaped core walls, which are a popular wall geometry used in 
construction practice. An experimental campaign will be soon conducted in the laboratory 
LEMSC of the institute iMMC at UCLouvain, Belgium, to test three large-scale reinforced 
concrete U-shaped walls subjected to different combinations of flexure and torsion. A blind 
prediction competition was organised by the authors to estimate salient behaviour and 
performance characteristics of the walls subjected to pure flexure and pure torsion. This 
paper presents a summary of the experimental campaign and some blind predictions by the 
authors using finite element modelling. These predictions, as well as others submitted for 
the competition, will be compared to the experimental results during the conference 
presentation. 

Keywords: torque, torsion, C-shaped, high-rise, warping, thin-wall 

1. Introduction 

Reinforced concrete (RC) U-shaped walls (Figure 1a) are one of the most geometrically 
popular structural elements used in building construction practice. They form the 
“backbone” structural system in millions of RC buildings internationally, primarily bracing 
the structure against lateral loads (e.g., wind and earthquakes). Due to the increasing 
demand for more efficient use of the building area, the wall is sometimes placed on the 
perimeter of the building. Furthermore, one of the primary methods of strengthening older 
buildings is to add RC walls to the periphery (Lombard et al., 2000). The RC wall is 
typically much stiffer than any other structural elements in the building, which creates plan 
asymmetry due to offset of stiffness from the centre of mass. Thus, these building 
configurations have the potential to create a torsional response (i.e., twist) when subjected 
to earthquake ground motions. In fact, even for symmetric structures, accidental loading 
and mass eccentricities are inevitable and can trigger critical, unforeseen torsional 
responses. Furthermore, in low-to-moderate seismic regions, it is common to find just a 
single, peripheral U-shaped wall, which alone needs to resist the twisting of the building. 
In these regions, it is possible that the additional stresses induced in the wall from the 
twisting actions will result in a premature and brittle failure. However, even in regions of 
high seismicity, building codes do not cater for the design of open-section walls (e.g., U-
shaped) subjected to torsion. Importantly, if the U-shaped core walls do not have the 
required reinforcement detailing for the torsional demand, extensive damage will occur to 
structural (and non-structural) elements. This damage can result in large post-earthquake 

929
3ECEES, September 2022, Bucharest, Romania



retrofit costs or even demolition of the entire building, assuming that the worst-case 
scenario of catastrophic building collapse did not occur. 

There is a very limited amount of research that has focused on the torsional performance of 
RC walls. Some torsion related experimental research has been conducted on RC U-shaped 
beams due to the wide application of these types of elements in rail viaduct engineering 
(Krpan & Collins, 1981; Xu et al., 2018). However, the experimental results from beam 
specimens cannot be extrapolated to determine the expected performance on walls given 
the differences in (i) boundary conditions and restraints, (ii) reinforcement detailing, (iii) 
axial load, and (iv) loading conditions. To the knowledge of the authors, only two 
experimental campaigns have ever focused on the torsional capacity of RC walls. The first 
consisted in testing eight half-scale wall units for torsion (Peng & Wong, 2011). However, 
these specimens were all rectangular in cross-section, whereas RC core walls typically 
have non-planar sections (i.e., U-shaped). Further, they were subjected to monotonic 
loading, therefore missing the effects of cyclic loading. In the second test programme, core 
wall specimens with H-shaped cross-sections were tested for torsion (Maruta et al., 2000), 
but a highly-contentious scale factor of 1:12 was employed. While there has recently been 
some experimental testing on RC U-shaped walls (Beyer et al., 2008; Hoult et al., 2020), 
only a small twist was applied to these specimens as the aim was to provide information on 
the torsional stiffness rather than the capacity. Even though RC U-shaped walls are 
abundantly embedded within the RC building stock internationally, there is currently no 
experimental evidence for the performance and capacity of RC U-shaped walls subjected 
to either pure torsion or a combination of flexure and torsion, namely under cyclic loading. 

An experimental campaign will be conducted at the Université catholique de Louvain 
(UCLouvain), Belgium, in the technological platform LEMSC (Laboratoire Essais 
Mécaniques, Structures et Génie Civil) of the Institute of Mechanics, Materials and Civil 
Engineering (iMMC). The program, which will be carried out between March and June 
2022, consists of testing three large-scale RC U-shaped walls subjected to different 
combinations of flexure and torsion (M-T): 1-0 (i.e., pure flexure), 0-1 (i.e., pure torsion), 
and 1-1. An international blind prediction competition will be run in parallel in 2022 to 
predict the seismic behaviour and performance of the first two wall specimens, denoted 
here as UW1 and UW2, subjected to pure flexure and pure torsion respectively. This paper 
presents a summary of the testing campaign and some blind predictions by the authors. A 
presentation of these blind predictions, as well as others submitted by the participants for 
the competition, will be compared to the experimental results at the 3ECEES conference in 
September of 2022. 

2. Experimental setup and loading procedure 

Specimens UW1 and UW2 are half-scale specimens of a 5-story prototype core wall that 
was initially analysed. The test specimens are approximately 1.5-stories tall (Figure 1a), 
where an overturning moment will be applied to the head collar of test specimen UW1 to 
increase the shear span. The overturning moment (Mx) will be achieved through three 
vertical actuators (Figure 1b), whereas two horizontal actuators will apply the shear force 
to the wall (Fy). 

2.1. Test Units 

The half-scale U-shaped wall test specimens have a thickness (tw) of 100 mm, web length 
(Lw) of 1300 mm, and flange length (Lf) of 1050 mm, which correspond to the same cross-
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sectional dimensions of previously tested U-shaped wall specimens subjected to flexure 
(Beyer et al., 2008; Constantin & Beyer, 2016; Hoult et al., 2020). The geometry with 
reinforcement detailing is illustrated in Figure 2a, and the elevation view of the test 
specimen is given in Figure 2b. 

  

Figure 1 – (a) wall prototype and test specimen (b) 3D view of the laboratory setup 

  
Figure 2 – (a) cross-section and reinforcement detailing of the wall specimens (b) elevation view (not to 

scale) 

2.2. Material properties 

At the time of writing the paper, the concrete strength is unknown. The design concrete 
strength (f′c) is 40 MPa. A conservative concrete strength of 50 MPa is assumed for the 
blind prediction numerical simulations described in Section 3. Class C steel was used for 
the longitudinal and transverse reinforcement in the wall in accordance with Eurocode 8 
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(CEN, 2004). The corresponding mechanical properties of the rebars used in the wall units 
are given in Table 1. 

Table 1. Mechanical properties of the Class C bars used in the U-shaped wall units 

dbl fy fu εsy εsu Es 

[mm] [MPa] [MPa] [mm/mm] [mm/mm] [GPa] 
6 550 676 0.0027 0.095 207 
8 538 664 0.0027 0.120 196 
12 580 690 0.0029 0.101 199 

2.3. Test setup 

In total, five actuators are used to test the two wall specimens. The three vertical actuators 
shown in Figure 1b were used to apply an overturning moment and axial load to specimen 
UW1, which is subjected to pure flexure, whereas only an axial load is applied to specimen 
UW2. The two horizontal actuators are used to apply the cyclic lateral displacement and 
the cyclic torsional rotation to specimens UW1 and UW2, respectively. The horizontal 
actuators are connected to the wall at a height of hs=2250 mm from the foundation (Figure 
2b). 

A number of different instrumentation will be used to monitor the global and local 
behaviour of the wall specimens, including conventional equipment such as LVDTs, 
micrometres, potentiometers, and lasers. Digital image correlation techniques will also be 
employed to capture the displacement field of the east flange and web of the wall units. 
Furthermore, state-of-the-art high-definition fibre optic sensing (HD-FOS) is used to 
capture the strain distribution along the height of eight longitudinal rebars in the west 
flange. The blind test competition will request to the participants the prediction of several 
such measures. The data and results from these tests using such instrumentation and 
technology will be released in future publications. 

2.3. Loading Protocol 

Specimen UW1 will be loaded parallel to the flanges in the north-south direction 
(according to the cardinal points in Figure 2a). Two wall positions, C and D, correspond to 
bending about the minor axis with web in tension and web in compression, respectively. A 
displacement-controlled, reverse-cyclic, quasi-static loading protocol is used to test 
specimen UW1, with drift increments shown in Figure 3a and described below: 

 From 0.0% to 1.0% drift: one cycle at each drift level, 0.1% increments of drift 

 From 1.0 to 5.0% drift: two cycles at each drift level, 0.5% increment of drift 

The overturning moment (Mx, Figure 1a) applied to UW1 by the vertical actuators can be 
calculated as such: 

               (1) 

where Fy is the total force applied by the two horizontal actuators, heff is the effective 
height (=6720 mm) and hs is the specimen height (=2250 mm), refer to Figure 1. 

A torsional rotation will be applied to specimen UW2 by the two horizontal actuators. A 
rigid steel beam is used to connect the horizontal actuators to the wall (Figure 1b), which 
provides a lever arm (i.e., spacing between the actuators) of 2.4 m. A displacement-
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controlled, reverse-cyclic, quasi-static loading protocol is used to test specimen UW2, with 
rotation (θ) increments shown in Figure 3b and described below: 

 From 0 mrad to 20 mrad: one cycle at each rotation level, 2.5 mrad increments 

 From 20 mrad to 30 mrad: two cycles at each rotation level, 5 mrad increment 

 From 30 mrad to 80 mrad: two cycles at each rotation level, 10 mrad increment 

The rotation (θ) of the wall (in milliradian, mrad) can be calculated as: 

       (2) 

where Δ1 and Δ2 (in mm) correspond to the displacement of the west and east boundary end 
of the flange, respectively, which are equal in absolute value and opposite in sign. These 
displacements are taken at the same height as the imposed displacements from the 
actuators (=2250mm, Figure 2b). 

A constant axial load ratio (ALR=P/f′cAg) will be applied to both specimens UW1 and 
UW2, where P is the axial force applied by the vertical actuators and Ag is the gross cross-
sectional area of the wall specimens. The intended value of the axial load ratio is 6%, but 
the effectively applied axial load will depend on the concrete strength at the day of the 
testing, which is still currently unknown. The axial load is distributed evenly by the three 
vertical actuators. 

  
Figure 3 – Loading protocols applied to (a) specimen UW1 with lateral drift and (b) specimen UW2 with 

torsional rotation 

3. Finite element modelling simulation 

A state-of-the-art finite element modelling program, VecTor4 (Hrynyk, 2013), was used to 
generate the wall models of specimens UW1 and UW2 (Figure 4) and simulate their flexural 
and torsional behaviour. VecTor4 has successfully been used in previous research to simulate 
the seismic performance of RC U-shaped walls (Constantin, 2016). The two wall specimens 
were modelled using nine-node multi-layered shell elements with five degrees of freedom per 
node. For simplicity, specimen UW1 was modelled up to the effective height of the wall (6720 
mm, Figure 4a), whereas specimen UW2 was modelled up to the specimen height (2250mm, 
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Figure 4b). The same modelling approach and material models used to simulate the U-shaped 
walls in Constantin (2016) were defined here. A constant axial load of 6% was employed for 
these simulations, as well as a conservative concrete strength of 35 MPa as mentioned before. 

Figure 4 – VecTor4 models of specimen (a) UW1 and (b) UW2. Each colour represents the different concrete 
material properties, corresponding to different amounts of smeared longitudinal and transverse 

reinforcement. 

Figure 5 shows the results from VecTor4 for the monotonic pushover analyses that were 
conducted in both directions parallel to the flange (i.e., towards position C in Figure 5a and 
position D in Figure 5b). As expected, based on previous wall testing (Beyer et al., 2008; 
Constantin & Beyer, 2016; Hoult et al., 2020), the dominant direction for onset of failure 
occurs towards position C (Figure 5a). Failure in this direction is caused by crushing of the 
confined boundary ends, where an average compression strain of -10 mm/m is estimated at a 
displacement of 75.3 mm (δ≈3.3%, taken at the specimen height of 2250 mm). A larger 
displacement capacity of 143.3 mm (δ≈6.3%,) was predicted to be achieved towards position 
D (Figure 5b). A maximum force of 217.0 kN and 232.3 kN was estimated to be reached 
pushing the wall towards position C and D, respectively. 

  

934
3ECEES, September 2022, Bucharest, Romania



Figure 5 – VecTor4 results for the monotonic pushover analyses (a) towards position C and (b) towards 
position D 

Figure 6 shows the VecTor4 results for applied torsion to the model of specimen UW2. A 
displacement-controlled monotonic twist was first applied (Figure 6a), which shows onset of 
failure occurring at approximately 30.2 mrad due to crushing of the flange boundary end. A 
maximum strain of -13.6 mm/m is estimated in the flange boundary end in compression prior 
to the decrease in strength observed. The maximum torque (Tmax) was estimated to be 
approximately 387.8 kNm. A displacement controlled, reverse-cycle twist was then applied 
with a similar loading protocol used experimentally (Figure 6b), which shows similar results 
of the rotation and torque at onset of failure to the monotonic analysis, albeit a steeper post-
peak envelope. 

  
Figure 6 – Torque-rotation results from VecTor4 for the simulated specimen UW2 (a) monotonic twist (b) 

reverse-cyclic twist 

One of the engineering parameters asked by the blind prediction competition is to estimate 
the equivalent plastic hinge length (Lp) of wall specimen UW1. The predicted yielding 
lengths (i.e., the height over the wall for which plastic strains are observed in the bars) are 
indicated in Figure 7 for position C and position D. The longitudinal strains were assessed 
in the reinforcement, modelled as smeared reinforcement, in the elements located in the 
extreme tension fibre region of the wall for the results in Figure 7 and taken at different in-
plane drift levels. The resulting yielding length for position C and position D is 
approximately 1490 mm and 1224 mm, respectively. Approximated as half the yielding 
length (Bohl & Adebar, 2011), the resulting Lp for position C and position D is estimated 
to be 745 and 612 mm, respectively. If the newly developed expression from Hoult (2022) 
for Lp is used for these walls, values of 537 mm and 539 mm are estimated for position C 
and position D, respectively, which compare reasonably well to the VecTor4 values.  

935
3ECEES, September 2022, Bucharest, Romania



Figure 7 – Predicted yielding lengths with VecTor4, for different levels of cyclic drift up to 2.4%, for the 
simulated specimen UW1 at (a) position C (b) position D. The red-dashed line represents the idealised yield 

strain profile (assumed to be linear to the effective height). 

4. Blind Prediction Competition

In 2022, a blind prediction competition will be organised by the authors, with reference to 
large-scale tests to be performed at the laboratory LEMSC, in the iMMC at UCLouvain, and 
open to all international students, academics, and practicing engineers. The competition 
focuses on the prediction of seismic behaviour and performance of wall specimens UW1 and 
UW2, subjected to pure flexure and pure torsion, respectively. It will focus on the prediction 
and integrated comparison of both global and local measurements. The competition will run 
until Q3 of 2022, with a deadline for entries on August 13, providing ample time to compile 
some of the results and present them at the 3ECEES conference. 

At the time of writing, the wall specimens have not been tested. Thus, at the conference, 
comparisons of the blind predictions using VecTor4 from the authors (see Section 3), as well 
as other predictions submitted for the competition, will be presented in comparison to the 
experimental results. The wall specimens will be tested in Q2 of 2022. 

5. Conclusions

An experimental campaign will be conducted at UCLouvain in the laboratory LEMSC of 
iMMC to test three large-scale RC U-shaped wall units subjected to combinations of 
flexure and torsion. The extensive dataset that will be generated from these tests is 
important for the structural and earthquake engineering research community to better 
understand the torsional performance of open sections subjected to torsion and can help to 
recommend future building code revisions to create a more robust building stock 
internationally. The test units, experimental setup, loading protocol, and preliminary 
simulations of the response were presented in this paper. 
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Europ éen de Normalisation. 

Constantin, R. (2016). Seismic behaviour and analysis of U-shaped RC walls. École polytechnique fédérale 
de Lausanne, Lausanne, Switzerland.  

Constantin, R., & Beyer, K. (2016). Behaviour of U-shaped RC walls under quasi-static cyclic diagonal 
loading. Engineering Structures, 106, 36-52. doi:10.1016/j.engstruct.2015.10.018 

Hoult, R. (2022). A Universal Plastic Hinge Length for Reinforced Concrete Walls. ACI Structural Journal. 
Hoult, R., Appelle, A., Almeida, J., & Beyer, K. (2020). Seismic performance of slender RC U-shaped walls 

with a single-layer of reinforcement. Engineering Structures, 225. 
doi:10.1016/j.engstruct.2020.111257 

Hrynyk, T. (2013). Behaviour and modelling of reinforced concrete slabs and shells under static and 
dynamic loads. (Doctor of Philosophy). University of Toronto, Toronto, Canada.  

Krpan, P., & Collins, M. P. (1981). Testing thin-walled open RC structure in torsion. Journal of the 
Structural Division, 107(6), 1129-1140.  

Lombard, J., Lau, D. T., Humar, J. L., Foo, S., & Cheung, M. S. (2000). Seismic strengthening and repair of 
reinforced concrete shear walls. Paper presented at the Proceedings of the 12th World Conference 
on Earthquake Engineering. 

Maruta, M., Suzuki, N., Miyashita, T., & Nishioka, T. (2000). Structural capacities of H-shaped RC core 
wall subjected to lateral load and torsion. Paper presented at the Proceedings of the 12th WCEE. 
New Zealand: The New Zealand Society for Earthquake Engineering. 

Peng, X.-N., & Wong, Y.-L. (2011). Behavior of reinforced concrete walls subjected to monotonic pure 
torsion—An experimental study. Engineering Structures, 33(9), 2495-2508. 
doi:10.1016/j.engstruct.2011.04.022 

Xu, J., Chen, S., Guo, Q., Ye, Y., Diao, B., & Mo, Y. L. (2018). Experimental and Analytical Studies of U-
Shaped Thin-Walled RC Beams Under Combined Actions of Torsion, Flexure and Shear. 
International Journal of Concrete Structures and Materials, 12(1), 33. doi:10.1186/s40069-018-
0245-8 

937
3ECEES, September 2022, Bucharest, Romania



 

 

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

 

Experimental investigation of the sliding failure mode in full-scale squat 

reinforced concrete shear wall specimen 

Diego Pizarro – ETH Zürich, Zürich, Switzerland, e-mail: pizarro@ibk.baug.ethz.ch 

Milan Kovarbasic – ETH Zürich, Zürich, Switzerland, e-mail: kovarbasic@ibk.baug.ethz.ch  

Bozidar Stojadinovic – ETH Zürich, Zürich, Switzerland, e-mail: stojadinovic@ibk.baug.ethz.ch  

Abstract: Squat-reinforced concrete shear walls are used as a gravity and lateral load resisting 

system in structures such as buildings and nuclear power plants. Due to their low aspect ratio, 

they are prone to shear or sliding failure. A shear wall was subjected to a cyclic test at the new 

Multi-Axis Sub-Assemblage Testing (MAST) facility at ETH Zurich. The shear to span ratio 

was 0.51 and a vertical load of 5.61% of the axial capacity of the wall was applied. The wall 

had a sliding failure, with a peak load capacity of 2760 kN. Digital Image Correlations (DIC) 

results show how the shear crack developed until sliding started and, from this point on, the 

majority of the wall deformation originated in the wall-foundation interface. Sliding 

displacements consisted of more than 50% of the total displacements of the specimen in large-

amplitude cycles.  

Keywords: Shear wall, sliding, reinforced concrete, test, failure mode 

1. Introduction  

Reinforced concrete shear walls are structural elements commonly used for gravity and 

lateral load resistance systems. Their deformation could be decomposed into four response 

modes: flexure, shear, sliding, and rocking (associated with reinforcement bond-slip 

deformations). The deformation of a wall could be governed by one or a combination of 

them, or at large deformations, there could be a transition from one response mode to 

another, for instance, from flexure or shear to sliding.  

Sliding failure consists of a relative displacement between two interfaces of a structural 

element. In a reinforced concrete wall, slip could occur in the cold joint between the wall 

and its foundation. This interface is formed after successive load cycles, in which cumulative 

residual tension strain in the reinforcement can open cracks along the wall length. With load 

reversal, the steel must yield in compression before the crack close, and if it does not, those 

cracks could remain open and generate a weak interface where sliding displacement can 

occur (Moehle 2015). 

Sliding failure occurred in a fairly large number of shear wall tests. A database that reports 

tests with sliding failure can be found in Mangalathu et al (2020), and additional specimens 

not included in that database can be found in Luna et al (2013), Whyte and Stojadinovic 

(2014), Hube et al (2020), Baek et al (2020) and Terzioglu et al (2018). Furthermore, this 

failure was seen in a 4-story building tested at a shaking table test (Nagae et al 2015), where 

one shear wall had considerable sliding in the cold joint interface.  

The mechanics of sliding and friction in reinforced concrete element interfaces have been 

widely studied. Walraven (1981), proposed relationships that described the aggregate 

interlock effect, which is the mechanism of transmission of forces across cracks whose faces 

are subjected to shear displacements. He proposed expressions, based on tests, which related 
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the stresses in the crack with the crack width and slip. These expressions have been further 

developed by Gambarova and Karakoç (1983) and Li (1989). 

In shear walls, normal and shear stresses must be transferred and, due to bending, normal 

stresses are not constant and change along the length of the wall; this, in turn, means that 

shear stresses must be transferred through both tension and compression zones. Studies of 

transfer of shear stresses in tension have been conducted in concrete panels by Calvi et al 

(2017) and, on the other side, transfer in compression has been researched by Trost et al 

(2019). The latter proposed a mechanical model which considers bar kinging and aggregate 

interlock effect, with the addition of degradation of the aggregates. 

3. ETHZ MAST Facility 

The ETHZ MAST (Multi-Axis Sub-Assemblage Testing) Facility combines actuators, 

reaction walls, a crosshead, and a strong floor into an optimized machine that can handle a 

full node-wise coupling (3 translations and 3 rotations), between a numerical and physical 

sub-domain of a hybrid model (Abbiati and Stojadinovic 2018). It has 4 actuators in the Z 

direction (2 MN capacity each), 4 in X (1 MN each), and 2 in Y (1 MN each), and a crosshead 

of steel sections that transfers the loads from the actuators to the specimen (Figure 1).  

The ETHZ MAST Facility can control the 6 degrees of freedom in force or displacement 

control, using a 12-channel digital controller developed by INOVA. This helps to control the 

boundary conditions and to apply axial force during a displacement or force control test.  

To calibrate and test the facility, two pilot tests were conducted. The first specimen was a 

cylindrical steel column, and its main objective was to handle the six degrees of freedom 

control. In the second test, a squat reinforced concrete shear wall was subjected to cyclic 

loading to test the full-load capacity of the machine. The second test will be further described 

in this paper.  

 

 

Fig. 1 – ETHZ MAST Facility 
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4. Shear wall specimen and its test 

The specimen consists of a foundation, a wall, and a top cap-beam to facilitate the connection 

between the specimen and the ETHZ MAST cross-head. The geometry, material properties, 

and reinforcement are shown in Figure 2. The maximum concrete aggregate size is 16 mm.  

Because the vertical reinforcement was continuous, the casting sequence was singular: the 

wall was cast horizontally (as a slab), then, it was stood up and the top beam was cast from 

the bottom. Then, the specimen was rotated and the foundation was cast from the bottom.  

 

 

Fig. 2 – Specimen geometry and reinforcement. Non-displayed units in mm. 

 

The specimen was fixed to the strong floor and the steel crosshead with steel rods post-

tensioned to 1 MN (18 in the bottom and 12 in the top, Figure 1). As the test was conducted 

in-plane, torsion, and out-of-plane translation and rotation of the specimen were constrained. 

The control point of the test, where the displacements, rotations, forces, and moments are 

computed, was the center of the bottom flange of the steel crosshead, which is 3.25m above 

the interface wall foundation. The test was run in a fixed-fixed condition, which means that 

the system could not rotate at the control point, and therefore the shear-to-span ratio applied 

to the wall is M/VL = 0.51. 

An axial load of 1.8 MN was applied, which corresponds to 5.63% of the axial capacity of 

the wall, and a series of increasing amplitude cycles were applied to the specimen (Table 1). 

As the specimen was quite stiff, the first two cycles were force-controlled (to 400 kN and 

800 kN, respectively), whereas the subsequent cycles were in displacement control. 

Each actuator has its load cell which measures its force. These values are then used by the 

MAST controller to compute forces and moments at the control point. Translations and 

rotations at the control point are calculated by using kinematic transformations with the 

measured elongations of each actuator. Several LDVTs were placed to measure sliding or 

rocking between different interfaces. One side of the specimen was speckled to measure 

strains with Digital Image Correlations system (DIC), while the other side was instrumented 

with an infra-red target system (NDI). No sensors were placed on the reinforcement bars.  
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5. Results 

The control point horizontal force-displacement hysteresis curves are shown in Figure 3. 

Table 1 shows the displacement in each cycle, along with the proportion of the measured 

sliding deformation in the wall-foundation interface. The peak resistance was 2760 kN at a 

displacement of 20.81 mm (6.40‰ drift) 

From cycle N°7 (11.93 mm), upon each load reversal, there is a plateau in which no 

increment of force is needed to deform the wall due to sliding. Sliding increased after each 

cycle, and in the last two cycles (N° 11 and 12) the hysteresis loop shape is very similar to a 

frictional damper. Previous sliding failures with no or low axial loads do not show this 

behavior: the axial load applied in this test engaged the friction at the wall-foundation 

interface to provide lateral load resistance.  

 

Figure 3: Control point horizontal force-displacement hysteretic curve: (a) total displacement; (b) sliding 

component of the total displacement. 

Table 1. Measured specimen response. Only positive cycles, as shown in Figure 3, are tabulated.  

* Cycles conducted in force control. 

Cycle 
δtotal 

 [mm] 

     Δ  

[‰] 

First Cycle Second Cycle 

Force 

[kN] 

δsliding 

[mm] 

δsliding [%] 

   δtotal 

Force 

[kN] 

δsliding 

[mm] 

δsliding [%]       

δtotal 

1* 0.55 0.17 400 0.06 11.56 400 0.06 11.50 

2* 1.26 0.39 800 0.16 12.73 800 0.15 11.54 

3 1.65 0.51 1011 0.21 12.91 1013 0.21 12.43 

4 3.75 1.15 1821 0.58 15.49 1811 0.59 15.85 

5 

6 

7 

8 

9 

10 

11 

12 

6.03 

8.87 

11.93 

14.98 

17.85 

20.81 

24.10 

27.96 

1.86 

2.73 

3.67 

4.61 

5.49 

6.40 

7.42 

8.60 

2479 

2710 

2630 

2580 

2690 

2760 

2490 

1690 

1.04 

2.13 

4.97 

7.99 

10.17 

12.43 

15.73 

18.87 

17.31 

23.98 

41.65 

53.33 

56.98 

59.76 

65.26 

67.50 

2424 

2560 

2400 

2460 

2570 

2550 

1990 

1580 

1.12 

2.51 

5.84 

8.44 

10.50 

13.10 

17.79 

22.92 

18.55 

28.32 

48.92 

56.35 

58.84 

62.96 

73.82 

81.97 

 

After the sliding failure was triggered, the sliding displacement increased in the second cycle 

at each displacement amplitude (Table 1). This is because of the degradation of the aggregate 

in the interface, and it is consistent with the effect and formulation described by Trost (2018).  
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Figure 4: DIC displacement fields, showing the transition between shear and sliding.  

An analysis of the displacement fields measures using DIC (Figure 4) shows the 

development of the transition between shear and sliding deformation. Up to a drift of 1.86‰ 

(Cycle N°5), one predominant diagonal shear crack was formed. But from this point on, that 

crack could not continue its development because most of the deformation was taking place 

due to sliding in the wall-foundation interface. This interface can be noted clearly in the DIC 

images from cycle N°8. Table 1 also shows that from cycles N° 6 to N° 7 there was a large 

increase in the contribution of sliding deformation, which indicates that the sliding failure 

started to take place in the sixth cycle.  
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Even though the wall reached a peak load larger than its sliding resistance, for large cycles 

the force was almost constant and equal to 1350 kN, 29% percent lower than the sliding 

strength of 1984 kN obtained with Equation 1 (ACI Committee 318, 2014): 

𝑉𝑠𝑙𝑖𝑑𝑖𝑛𝑔 = 𝜇 ∙ (𝐴𝑠 ∙ 𝑓𝑦 + 𝑁)            (1) 

 

where 𝜇 is the friction coefficient (in this case, equal to 0.6), 𝐴𝑠 the area of reinforcement 

perpendicular to the interface, 𝑓𝑦 the yield strength of the steel, and 𝑁 the axial load. This 

low sliding strength can be attributed to the casting procedure, as shown by Zhang et al 

(2020). In their experimental campaign in push-off tests, they reported a decrease in the 

bonding strength between two different layers of concrete as a consequence of casting from 

the bottom to the top. 

6. Conclusions and future directions 

A shear wall test was conducted at the ETHZ-MAST Facility. The wall reached a peak lateral 

load of 2760 kN and had a sliding failure.  

To further investigate the transitions between different failure modes of squat shear walls, 

two experimental campaigns are currently being conducted, each one with a series of six 

specimens subjected to cyclic loading and hybrid simulation. The first one aims to study the 

transition between flexure and rocking, while the second targets to identify the transitions of 

shear/flexure to sliding. The specimens will be cast vertically to simulate on-site construction 

in both experimental campaigns.   

In the experimental campaign related to the sliding transitions, the influence of different 

parameters will be investigated:  

• Aspect ratio: Even though the aspect ratio does not directly affect the sliding 

resistance, it does to the flexure and shear strength.  

• Reinforcement ratio: the steel reinforcement which crosses the sliding interface acts 

through its tension against the crack opening, preventing it to increase its width. On 

the contrary, reinforcement perpendicular to the sliding interface (usually horizontal) 

doesn’t contribute directly to the sliding strength, but it affects the shear strength. 

Large reinforcement ratios mean larger shear strength, and therefore a sliding failure 

has a higher probability to occur.  

• Axial load: the higher the axial load, the higher the sliding strength. This parameter 

is interesting to vary because the majority of the tests where sliding had occurred 

were conducted with zero or low levels of axial loads.  

• Load sequence: As sliding failure develops throughout a displacement history, the 

type of load sequence will be investigated. For this purpose, two types of tests will 

be conducted: in-plane cyclic loading and hybrid simulation. Insights of this effect 

can be seen in tests conducted by Luna et al (2015) and Whyte and Stojadinovic 

(2014), where similar specimens were tested with different load sequences: the first 

one under cyclic tests, while the latter under hybrid simulation with a near-fault 

ground motion. In both cases, their specimens had a sliding failure.  
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Abstract: In existing Reinforced Concrete (RC) framed buildings, floor structural 

components (i.e. RC topping and joists) may play a crucial role in the seismic performance 

of the structure. The interaction between floor diaphragms and seismic-resistant frames can 

lead to different effects, depending on the relative stiffness and resistance of the elements 

belonging to the structures and on the adopted construction details. In this work, these 

aspects are deepened with reference to the institute “A. De Gasperi – R. Battaglia”, located 

in Norcia, Italy, chosen as case study. The seismic response of the building is investigated 

through pushover analyses by adopting a multi-layered shell element approach, where the 

mechanical nonlinearity is evaluated by using the PARC_CL 2.1 crack model, implemented 

as user subroutine in Abaqus FE package. The obtained results highlight that the modelling 

of the diaphragm increases the flexural resistance of the beams, so determining an increase 

of the seismic bearing capacity for frames characterized by ductile failure modes. The 

modelling of diaphragms may also alter beam-column strength hierarchy and stresses’ 

magnitude in beam-to-column joints, leading to anticipated brittle failures, that cannot be 

detected through the modelling of the bare frame. 

Keywords: existing structures, diaphragm, pushover, finite element analyses, seismic 

actions 

1. Introduction 

Most of existing Reinforced Concrete (RC) framed buildings across Europe were 

designed to sustain gravitational loads only, without the adoption of construction details 

able to cope seismic actions. However, an adequate seismic detailing is fundamental to 

avoid brittle failure modes, such as the achievement of members’ shear capacity and/or 

beam-column joint failures (CEN-EC8, 2004). In Italy, a larger part of existing RC 

buildings is characterized by the presence of primary strong frames arranged 

perpendicularly to the direction of RC joists used to realize the diaphragm. Frames parallel 

to the direction of joists are usually much more deformable and are often not equipped 

with beams connecting the columns, except for the peripheral sides. In these cases, the 

interaction between the elements forming floor diaphragms (i.e. topping and joists) and 

seismic-resistant frames may become significant, leading to different effects depending on 

the relative stiffness and resistance of the elements forming the bearing structure, and on 

the available construction details. In this paper, the interaction between the RC frames and 

the diaphragms – realised with RC joists, interposed hollow clay blocks and RC topping 

slab – is investigated to evaluate the effect of the diaphragm modelling on the seismic 

response of RC frames. 

A literature review on the influence exerted by RC slab floors on the response of RC 

beam-to-column joints was recently carried out by Streppone (2022). From the 
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experimental point of view, other studies investigated the role of RC diaphragms on the 

monotonic and cyclic/fatigue response of RC frames (Ahmed & Gunasekaran, 2014; 

Montuori et al., 2021; Ning et al., 2014). It was observed that the presence of RC floor 

slabs significantly enhanced the resistance of the whole system under cyclic/seismic 

loading compared to the counterpart without floor slabs, and the effect on beam-column 

joints was also investigated. In the context of numerical simulations, several modelling 

techniques are nowadays available to simulate RC frames subjected to seismic actions by 

adopting static and dynamic solutions (O’Reilly & Sullivan, 2019). Santarsiero & Masi 

(2020) investigated the role of RC floors by adopting a high-fidelity numerical approach 

with brick elements and discrete rebars. Similar outcomes were found by Masoudi & 

Khajevand (2020), who adopted a multi-layered shell element model in Opensees. The 

results available in the literature highlighted that detailed finite element models allow to 

realistically represent the interaction between floor slabs and frame elements, by also 

detecting damage evolution during the structural response under seismic action. In this 

work, the influence of floor diaphragms on the seismic capacity of a RC frame is 

investigated by performing pushover analyses. For this purpose, the institute “A. De 

Gasperi – R. Battaglia” located in Norcia (Lima et al., 2018) is chosen as case study. 

The structure is modelled by adopting the PARC_CL 2.1 crack model, implemented in 

the Finite Element (FE) code Abaqus as user subroutine (Belletti et al., 2017). The study 

represents an extension of a previous work (Belletti et al., 2019), and aims to show the 

relevant role played by the structural components of the floor on deformation mechanisms 

and structural performances of the frames forming the building. For this reason, two 

different cases are considered: in the first one (corresponding to the real geometry of the 

case study building, with RC joists perpendicular to the main beams of the frame), the 

attention is simply focused on the strength and stiffening effect exerted by the RC topping. 

In the second case, RC joist direction is assumed parallel to the main beams, so to include 

their structural contribution explicitly. The obtained results highlighted that the presence of 

RC topping and joists of the floor and their collaboration with the frame enhance the global 

bearing capacity of the structure, in terms of maximum sustainable base shear. According 

to the suggestions of relevant Standards, it can be observed that RC topping increases the 

strength of the beams, since it acts as an additional collaboration flange at beam extrados. 

Depending on the geometry and structural details of frame elements, this stiffening 

effect may alter the strength hierarchy of the system with respect to the case of the bare 

frame, leading to a change in the damage sequence in the structure, with a possible 

occurrence of soft floor mechanisms. For this reason, in case of existing structures, the 

common assumption of modelling only the bare frame structure, without explicitly 

including floor systems (and simply considering their effects as rigid constraint) may be 

not always on the safe side. 

2. Description of the case study 

2.1. Building geometry 

The “A. De Gasperi – R. Battaglia” school building is characterized by a RC frame 

system, depicted in Figure 1. The diaphragms at each floor are formed by RC joists (with 

interposed hollow clay blocks) oriented along the X direction, and an upper collaborating 

40-mm thick RC topping. However, in the performed numerical analyses, another floor 

arrangement, with RC joists aligned along Y direction, is also explored, to evaluate their 

possible influence on the structural response of the frame (refer to Figure 1, “modified plan 

layout”, in green). In both the considered cases, RC joists are assumed to be 120-mm width 
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and are reinforced with two 12-mm rebars. RC columns have a variable cross section along 

the height, with major local axis oriented along the Y direction, perpendicular to the 

original RC joists arrangement. The main beams of the frame, oriented along the Y 

direction, have a cross section equal 300 mm x 660 mm. In the original configuration of 

the building, transverse beams have a variable cross-section at different levels; most of the 

beams belonging to internal frame are 30-cm thick, while those belonging to the external 

frames are realized within the floor depth.  

In this study, the dimensions of transverse beams are changed so to be compatible also 

with the modified orientation of floor joists and are kept the same (600 mm x 300 mm) in 

all the performed analyses. A sketch of the cross –sections of beams and columns, with the 

corresponding reinforcement layout at the first-floor level is reported in Figure 2. 

However, detailing varies at different floors. Beam-to-column joints are reinforced with ϕ6 

mm stirrups with 8 mm spacing at the first floor, 10 mm at the second floor and12 mm at 

the fourth and fifth floors. For details refer to Lima et al. (2018). Inter-story height is 3.7 m 

at the first floor, 3.3 m for the other floors, and 2.5 m at the roof, as shown in Figure 1. In a 

previous study (Belletti et al., 2018) the non-linear response prediction of the building 

modelled by using beam elements and subjected to seismic action along X direction was 

analysed with and without the modelling of the diaphragm. The seismic response of the 

structure is investigated herein through PushOver (PO) analyses, by considering a lateral 

force distribution acting along Y direction and proportional to the seismic masses at each 

floor. The control point (CP) for the pushover analyses is shown in Figure 1d.  
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Figure 1 Building geometry: plan and elevation views: (a) plan view and diaphragm orientation assumed for 

Case C1 and Case C2, (b) composite floor adopted for the diaphragm, (c) plan view and diaphragm 

orientation assumed for Case C3, (d) section view. Dimensions in [m] and [cm]. 

(a) 

(b) 

(c) (d) 
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Figure 2 (a) Section view of the frame and reinforcement layout of the (b) beams and (c) of the column. Not 

to scale. 
 

2.2. Mechanical properties and applied loads 

The mechanical properties of concrete and steel derived from in-situ tests are reported 

in Table 1. The loads equivalent to the contemporary static combination by considering 

self-weights, permanent and variable floor loads are applied to beams. The corresponding 

seismic masses at each floor level are reported in Table 2. 

Table 1 Mechanical properties. 

Concrete Steel 

fc [MPa] fct [MPa] Ec [MPa] fy [MPa] fu [MPa] Es [MPa] εu [%] 

25.2 2.0 22000 375 450 200000 4 

 

Table 2 Seismic masses at each floor level. 

LV 1 [tons] LV 2 [tons] LV 3 [tons] LV 4 [tons] LV 5 [tons] 

320 317 326 299 116 

 

3. Numerical modelling 

The nonlinear behaviour of beams, columns and floor elements is modelled through a 

multi-layered shell element approach, by adopting the PARC_CL 2.1 crack model (Belletti 

et al., 2017), implemented into Abaqus (2018) FE package as User MATerial (UMAT) 

subroutine. The model is based on a fixed crack approach, and assumes the reinforcement 

as smeared within the hosting concrete element. The model is developed for elements 

subjected to plane stresses: for this reason, the thickness of each element can be subdivided 

into layers, each one formed by concrete with or without steel reinforcement. The 

PARC_CL 2.1 crack model has been used to model punching failure (Belletti et al., 2019) 

and structural robustness assessment (Martinelli et al., 2022). It has been recently updated 

by including rheological phenomena (Vecchi et al., 2022). Three modelling cases are 

investigated concerning the above-described case study (Figure 3). The first one represents 

(c) 

(b) 

(a) 
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the selected bare frame case C1, (Figure 3a), which is representative of the whole system 

response - analysed in the previous work by Belletti et al. (2019) -, in virtue of the building 

regularity and loading distribution. RC beams and columns of the frame are modelled 

through S4 shell elements (Abaqus, 2018), and steel reinforcement is smeared in the host 

concrete elements though adequate reinforcement ratios. RC columns are fixed at base 

nodes. The other two considered cases allow to investigate the influence of floor 

components on the structural response of the frame. Case C2 corresponds to the real floor 

arrangement (depicted in black in the upper part of Figure 1a), with RC joists 

perpendicular to the main beams. For this reason, their presence is neglected in numerical 

analyses and only the RC topping is included in the model, by using non-linear S4 shell 

elements with smeared reinforcement (Figure 3b). Case C3 corresponds instead to the 

modified building configuration (depicted in green in the lower part of Figure 1c), with 

joists oriented along the Y direction of the building and parallel to the main beams. In this 

last case, both RC topping and joists are included in the model. Joist reinforcement is 

simulated by means of nonlinear truss elements, properly connected to the corresponding 

bottom nodes of shell elements modelling the web of RC joists (Figure 3c). The 

nomenclature adopted in the study is summarized in Table 3 for sake of clarity. Both in C2 

and C3 cases, the part of transverse beams close to midspan are included in the analyses in 

a simplified way, by simulating their behaviour through linear elastic shell elements. This 

latter modelling choice allows to reduce the time and memory required for analyses 

without affecting the accuracy of the response that is dependent on plastic hinges 

formation at the beams’ ends. 

Table 3 Modelling cases analysed in the study. 

Item C1 C2 C3 

RC topping slab - x x 

RC joist - - x 

Transverse RC 

beams 
- x x 

 

 

(a) (c)

Transversal

beams

RC topping

RC 

beam

RC 

column

Fixed

(b)

Fixed

RC 

joists

Fixed

Truss

 

Figure 3 Modelling cases with solid shell views: (a) Case C1, (b) Case C2, and (c) Case C3. 
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4. Results and discussion 

4.1. Global response 

The results of PO analyses are plotted in Figure 4 in terms of total base shear vs 

horizontal displacement of the control point for the different modelling cases. It can be 

observed that the reference case C1 (without the explicit modelling of floor diaphragm) is 

characterized by lower stiffness and bearing capacity compared to the other cases. The 

highest stiffness and bearing capacity are associated to case C3, due to the presence of both 

RC joists and topping, while case C2 (with the only presence of RC topping) shows an 

intermediate behaviour. For sake of brevity, further discussions are only focused on the 

two limit cases C1 and C3. For these two cases, the sequence of ductile and brittle damages 

- detected during numerical analyses - is reported on the corresponding capacity curves 

(Figure 4). In the bare frame (case C1), a ductile behaviour is observed, with the formation 

of plastic hinges in the beams at all levels (except for level 4, which is stiffer due to the 

presence of the roof), followed by the yielding of longitudinal rebars at the base of the 

columns of the lower level. In more detail, the first plastic hinge forms at beam extrados 

(for negative moments) at LV1, followed by the appearance of another plastic hinge at 

beam extrados also at LV2, both in the right bay of the frame (near column 18, refer to 

Figure 1). It should be however observed that these hinges do not appear near the external 

column but are placed in a backward location, corresponding to the section where 

longitudinal rebars are bent-up to increase the shear resistance of the member (refer to 

Figure 2b). This latter observation could be relevant for simplified modelling of the frame 

by adopting beam elements and concentrated plasticity at beam’s ends because the 

discrepancy between the real position of plastic hinges and the modelled one, could play a 

relevant role. For increasing lateral loads, the following damage sequence is detected: 

yielding of longitudinal rebars at beam intrados (for positive moments), first at level LV1 

and then at level LV2; yielding of longitudinal rebars at beam extrados (for negative 

moments) at level LV3; yielding of the stirrups in beam-to-column joints at levels LV2 and 

LV1; yielding of longitudinal rebars at the base of the columns at level LV1. Finally, the 

ultimate strain is achieved in longitudinal rebars at beam extrados (in correspondence of 

plastic hinges location), both at levels LV1 and LV2 (refer to the failure mode contour in 

Figure 5a). As can be inferred from Figures 4-5, the presence of the RC diaphragm 

(topping and joists, case C3) significantly modifies the damage sequence and the failure 

mode of the frame, leading to a soft-storey mechanism involving the lower level of the 

building (refer to the failure mode contour in Figure 5b).  

Due to the increased strength of the beam (which is related to the presence of the floor 

topping, acting as a collaborating flange at beam extrados), the first plastic hinges appear 

in this case at beam intrados (for positive moments) in the left bay of the frame, first at 

level LV1 and subsequently at level LV2, as depicted in Figure 4c (near column 4, refer to 

Figure 1). Also in this case, the position of plastic hinges is influenced by the setting of 

longitudinal rebars, which are bent-up to increase shear resistance. The formation of plastic 

hinges at beam extrados (for negative moments) at levels LV1 and LV2 takes place almost 

at the same time as rebar yielding at the base of the columns. Later, the yielding of the 

stirrups of beam-to column joints at levels LV1 and LV2 takes place, followed by the 

formation of a plastic hinge at beam intrados (for positive moment) at level LV3. Finally, a 

soft-story mechanism takes place at level LV1, after the failure in compression of concrete 

struts in the central beam-to-column joint (refer to Figure 5b). 
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Figure 4 Pushover curves for seismic loading +Y applied to the different modelling cases and main events. 

4.2. Influence of floor modelling on the behaviour of frame elements and of beam-

to-column joint  

The response of beam-to-column joints is crucial to adequately redistribute the applied 

loads between resisting members during a seismic event and may affect the failure modes 

and strength hierarchy of the whole system. Within this context, Figure 6a reports both 

stirrup strains and concrete compression strains in correspondence of the central beam-to-

column joint at level LV1 for the two limit cases C1 and C3, as a function of the control 

point displacement. The curves highlight that in both cases, stirrups in beam-to-column 

joint are yielded but do not reach the ultimate strain value.  

On the contrary, when explicitly modelling floor elements (case C3), concrete strains 

are significantly higher with respect to the bare frame (case C1), and exceed the limit value 

of 3.5 ‰ - which is reasonable for unconfined members - for a displacement value of about 

150 mm. As can be seen from Figure 4, this displacement approximately corresponds to 

the onset of the soft-storey mechanism at level LV1. The stress state in the longitudinal 

rebars of RC joists placed near the main beam at level LV1 is depicted in Figure 6b. 

Rebars are yielded, so confirming their contribution in increasing the lateral resisting 

behaviour of the RC frame, and in reducing the stress state in the beam. The attention is 

focused on the right bay of the frame. 
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The graph shows that, for case C1, rebar strains are much higher at section BE2, near 

the external column, where the ultimate strain value is also achieved for a displacement 

almost equal to 150 mm, according to Figure 5a. On the contrary, in case C3, rebars appear 

to be yielded but remain far from the ultimate strain value and their trend is very similar in 

correspondence of both beam ends. The strain distribution in the longitudinal 

reinforcement of the topping is also shown, to further prove its collaborating effect on the 

beam. Finally, Figure 7b reports the strain distribution in the longitudinal reinforcement of 

the central column at level LV1.  The curves highlight the formation of a plastic hinge at 

the base of the column in both cases C1 and C3, but the presence of the floor slab 

determines an increase of the strain values, which causes the failure at the base of the 

column, associated the soft-floor mechanism highlighted in Figure 5b.  

5. Conclusions 

In this study, the role of floor elements (RC topping and joists) on the seismic response 

of frame structures is investigated by performing nonlinear finite element analyses. The 

“A. De Gasperi – R. Battaglia” school building located in Norcia is chosen as case study 

and an internal primary frame is extracted and modelled by using multi-layered shell 

elements. The response of the bare frame is compared to that obtained by including floor 

elements in the FE model. Two different floor arrangements are considered, with joists 

respectively parallel (original layout) and perpendicular to the X direction (modified 

layout). In the first case, only the RC topping is modelled, while in the second one, both 

RC topping and joists are considered. The main conclusions are reported as follows: 

- Pushover analyses show that the resisting contribution of the RC diaphragm 

considerable enhances both bearing capacity and lateral stiffness of the resisting system. 

If both RC topping slab and joists (C3) are included in the FE model, the maximum 

capacity increases of about 40% compared to the reference case study (C1 case). 

- Due to the presence of RC topping and joists, the strength hierarchy of frame elements 

may be modified, and the global failure mechanism may shift from ductile (Case 1) to 

brittle (Case 3). The topping acts as a collaborating flange working at beam extrados 

and this led to a change in the distribution of plastic hinges in the beam itself (from 

extrados to intrados). Moreover, while in the bare frame case the cross-section 

dimensions and reinforcement layouts of the elements correspond to a situation with 

“strong columns and weak beams” leading to a ductile global response, the modelling of 

RC joists and topping slab leads to the failure of some beam-to-column joint in 

compression at level LV1, associated with the formation of a soft-storey mechanism. 

- The current assumption of modelling the bare frame in existing RC structures, by only 

considering the effect of floor diaphragms as rigid constraint, is not always on the safe 

side, and the interaction between the beams and the floor elements should be inserted, at 

least in a simplified way, in numerical analysis. 

- The paper shows that the refined modelling by adopting multi-layered shell elements, 

allows to evaluate all the ductile and brittle phenomena occurring during loading 

without the need of a-priori hypotheses and a-posteriori controls of failure modes non 

considered in the model.  
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Abstract: An applied element method-based modelling strategy is proposed to simulate the 

seismic response of a large and complex monument: The National Palace of Sintra in 

Portugal. The monument is huge and composed of several sub-structures all of which are 

connected and interact with each other. The novelty of this work lies in the fact that: a) most 

of the conglomerate of buildings will be modelled and analysed together and b) detailed 

numerical modelling of most (if not all) structural components is envisaged to be carried 

out. The Palace was analized using a time history analysis (NLTH) with a set of bi-axial 

groundmotions taken from a similar study on Sintra (Malcata et al. 2020). The PGA is 

around 0.13g in both directions. The structure was observed not to present significant 

vulnerabilities. However, Bonet resulted to be the most vulnerable part of the entire 

building, presenting local collapse due to failure of vaults. The latter then triggers other 

mechanisms leading to a partial collapse of the building.  

Keywords: Rubble stone masonry, Numerical modelling, Historical constructions, 

Monuments 

1. Introduction  

This paper describes an ongoing effort to perform the detailed non-linear dynamic seismic 

assessment of the National Palace of Sintra, an UNESCO world heritage site which is 

emblematic of the city of Lisbon. While this monument has been the subject of previous 

works also aiming to assess its seismic behaviour (Malcata et al. 2020)(Ponte et al. 2021a), 

the novelty envisaged in the current work lies in the following aspects: 

• The seismic behaviour of complex monuments like the National Palace of Sintra is 

affected by the structural irregularity and the interactions between adjacent buildings that 
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compose it. The assessment of the response of such conglomerations is complex, due to the 

difficulty of modelling the entire aggregate as well as for the resulting computational 

issues/burden. Nevertheless, isolating and modelling just one structural unit of interest in 

the conglomerate, is in most cases not meaningful, due to interactions with adjacent 

buildings (Penna et al. 2022). In this work, most of the entire assemblage of buildings 

composing the National Palace of Sintra (see Fig. 1) has been modelled together in one 

numerical model. However, the model can be still influcend from the portion of buildings 

excluded from the analyses. For this reason, elasto-plastic links are modelled at the 

interface with the missing units, following Formisano 2018. 

Fig. 1 – (a) Aerial view of the National Palace of Sintra and (b) plan view indicating different buildings 

composing the conglomeration of buildings that composes the National Palace of Sintra (reproduced from 

(Ponte et al. 2021a)).  

• The seismic response of buildings especially those that have not been designed for

seismic resistance, can often be driven by local failures/collapse that may not be captured

in simplified models (Grant et al. 2021). Thus, previous studies, because of the
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simplifications in the modelling strategy adopted, might not provide results at the level of 

detail warranted by a monument such as the National Palace of Sintra. In this study, an 

applied element method (AEM) based modelling strategy that has been formulated and 

calibrated to capture the response of structures from elastic to collapse states is used 

(Malomo et al. 2020b).  

The paper is organized as follows: a general description of the structure is first provided 

along with a summary of the extensive information that is present on it as a result of 

geometric surveys, in-situ and laboratory testing. This is followed by a section which 

describes how this information was used to define the procedure adopted for numerically 

modelling it. Results of non-linear time history anlaysis are then presented along with 

remarks on how this work will be developed in further studies.  

2. The structure and performed laboratory/in-situ investigations 

The National Palace of Sintra is a complex monument built on the slope of a hill (see Fig. 

1a) and composed of several sub-structures (see Fig. 1b) with plan dimensions ranging 

from 28.4 × 26.1 m2 to 15.5 × 5.9 m2. All sub-structures have perimetral walls constructed 

in rubble stone masonry with thicknesses varying from 0.35 m to 2.20 m. These walls are 

constructed with different types of stones and qualities of air lime mortar, varying even in 

the same building between different storeys due to historical reasons. The number of 

storeys also range from 1 to 5 in the different sub-structures. Both timber floors and 

masonry vaults are present in each of the sub-structures. Other than building 10 (see Fig. 

1b) i.e. the kitchen which has the two iconic brick masonry chimneys on top of it, all other 

parts of the structure have timber trusses of different types. Detailed in-situ and laboratory 

investigations have been performed on the monument as a part of an ongoing project to 

safeguard its built and cultural heritage. In the following sub-sections, a brief description 

of these investigations and how they serve as input to the numerical model of the 

monument is provided.  

2.1. Laboratory investigations 

12 walls constructed in rubble stone masonry representative of the masonry which is 

present in the monument were tested in the laboratory under cyclic-in-plane shear 

compression loading (Ponte et al. 2021b). 10 of these walls were strengthened with fibre-

reinforced composite mesh systems and/or grout injection while 2 of them were tested in 

an unreinforced configuration. The walls of the monument are characterized by the 

presence of several voids inside them, and such voids were also present in the tested 

specimens. 

2.2. In-situ investigations  

Several in-situ investigations were performed in the monument. Simple visual inspection 

as well as detailed laser scanning surveys were performed to understand the geometry of 

the structure. Masonry quality and mechanical properties were assessed not only by 

extracting samples from the walls but also by performing flat-jack tests at several locations 

in the monument. In addition to the state of stress in the wall, the latter allows an 

experimental evaluation of the in-situ stress-strain behaviour of the masonry in a structure 

along with an evaluation of its Young’s modulus as well as compressive strength. Wall 
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morphology was also assessed by performing ground penetration radar surveys to detect 

the presence of voids, anomalies. Detailed inspection and diagnosis of the timber trusses of 

some parts of the structure ( in particular the chapel i.e. sub-structure 11 in Fig. 1b) has 

also been performed. These investigations also included wood resistance drill experiments  

performed to evaluate the quality of the timber. Ambient vibration tests allowing 

evaluation of the fundamental mode of vibration were also performed on several of the 

sub-structures composing the monument. For a more detailed description of the monument 

as well as the performed in-situ investigations the reader is referred to (Ponte et al. 2021c). 

It is worthy to mention that a unique feature of the performed in-situ investigations in this 

project is also their integration into a unified building information model (Godinho et al. 

2020).  

3. Numerical modelling and intergrating laboratory/in-situ investigations into the 

modelling strategy 

One of the novelties of this work, as already mentioned in the introduction is the fact that 

the entire conglomerate of buildings composing the palace has been explicitly modelled . 

While several modelling strategies to model masonry structures are available, keeping the 

aforementioned intention in mind, the applied element method (AEM) which marks several 

improvements, especially in terms of computation efficiency, over conventionally used 

finite element method (FEM) based approaches was used in this work. AEM marks such 

improvements by discretising the structure into assemblages of rigid blocks, each 

associated with 6 degrees of freedom which is significantly lower than the 24 associated 

with a typical solid 8 node finite element. Extensive details on AEM formulation is beyond 

the scope of this paper and can be found in several articles (Meguro and Tagel-Din 2000) 

(Meguro and Tagel-Din 2002) to which an interested reader is referred.  

The AEM model of all the buildings composing the National Palace of Sintra (Fig. 2) 

corresponds to a total of 193.875 elements. The following sections summarise the 

theoretical framework and assumptions that went into constructing this numerical model.  

   

Fig. 2 –Numerical model of all the sub-structures composing the National Palace of Sintra. 

3.1. Modelling rubble stone masonry 

Though brick masonry, has been simulated previously using the applied element method 

(Malomo et al. 2020a), this work represents one of the first (if not the first) instances in 

958
3ECEES, September 2022, Bucharest, Romania



which rubble stone masonry, the primary construction material of the monument has been 

simulated using it. Thus, as a first step in this work, the two unreinforced piers ( see section 

2.1) which were tested under cyclic in-plane shear compression loading by Ponte et al. 

(Ponte et al. 2021b) were simulated using AEM in-order to calibrate the material model 

that is going to be adopted for the full monument. Good agreement between experimental 

and numerical responses was observed for the tested representative unreinforced rubble 

stone masonry piers (Fig. 3). This excercise allowed not only the derivation of calibrated 

parameters but also giving confidence in the ability of the adopted modelling strategy to 

simulate the response of rubble stone masonry of the palace. 

 
Fig. 3 – Comparison between numerical and experimental response for a wall tested under cyclic in-plane 

shear-compression loading: (a) force-displacement hysteresis and (b) progression of damage. 

3.2. Modelling timber roof/floor systems and their interaction with the masonry 

structure 

The detailed inspection of the timber roof and floor systems (at least in some parts of the 

structure) allowed them to be explicitly modelled. In particular, all timber members were 

modelled to be non-linear and orthotropic corresponding to C14 strength class (Fig. 4a). 

Planks were also explicitly modelled to be corresponding to the same strength class. 

Timber to timber nailed connections were modelled explicitly when information was 

present. In case of timber to timber connections, where no information was present they 

were assumed to be two 8 mm diameter nails. The shear-slip behaviour of each nail was 

defined as per Dolan and Madsen, 1992 adopting shear strength and stiffness calculated as 

per Eurocode 5 (Fig. 4b) while their axial behaviour was defined as per O'Ceallaigh and 

Harte, 2019. Adopting this behaviour, 3 mm diameter nails at 100 mm spacing were also 

assumed between planks and the timber members supporting them (Fig. 4c). The shear 

stiffness of the planks was also reduced to discount contributions arising from interaction 

between adjoining planks and to account for the fact that each plank was not explicitly 

modelled with its correct dimension. Regarding the interaction between timber beams and 

masonry walls, interfaces simulating frictional behaviour were used. These interfaces were 

also assigned a specific separation displacement (based on the overlap/ length of joist 

pocket considered which in turn depended on the thickness of the wall) under shear and 

tensile actions in the case of floor joists being supported by walls. The use of such 

959
3ECEES, September 2022, Bucharest, Romania



interfaces allow the implicit consideration of not only possible failure of masonry and 

timber which are modelled non-linear but also timber-masonry connections which often 

represent weak links in historical masonry constructions with timber floors and roofs (Fig. 

4d). 

 

Fig. 4 – (a) Material behaviour assigned to timber in the numerical model, (b) Shear-Slip behaviour assigned 

to nailed connections, (c) Assumptions for timber to timber connections and (d) Examples of frictional 

interfaces with assigned separation displacement controlling interaction between timber and masonry. 

3.3. Material properties for masonry and eigenvalue analysis  

Regarding material properties, values derived by Ponte et al. (Ponte et al. 2021c) were 

used in conjuction with properties derived from the calibration procedure described in 

section 3.1 as an initial estimate. The values by Ponte et al. were calculated to match 1) 

frequencies obtained from a numerical model to those measured in ambient vibration test, 

2) local state of stresses measured in flat-jack tests as well as to be within the range of 

values proposed for such masonry in literature. These material properties were again 

updated in this study, especially in terms of stiffness, to match fundamental modes of 

vibration between eignevalue analyses run on the numerical model with that obtained from 

ambient vibration tests.  

The results of an eigenvalue analysis of the numerical model of the kitchen and chimney 

sub-structure (unit 10 in Fig. 1b) with those measured from the ambient vibration tests are 

shown in Fig. 5. Other than the second mode, which is also affected by adjoining sub-

structures 1 and 2 (see Fig. 1b), all other modes are estimated with less than 10% error 

with respect to their experimental counterparts. 
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Mode1 Mode2 

Exp. Num. Exp. Num. 

    

5.51 Hz 5.36 Hz 6.08 Hz 7.78 Hz 

Mode 3 Mode 4 

    

8.61 Hz 9.36 Hz 12.54 Hz 11.91 Hz 

Fig. 5 – Comparision of experimentally measured and numerically calculated fundamental modes of 

vibration of the kitchen with chimneys.  

3.4. Non-linear time history analysis of the entire monument 

The numnerical model was subjected to a bi-axial ground motion record (Fig. 6). The 

ground motion record used for this purpose is consistent with expected magnitude, source-

to-site distance, rupture mechanism and soil type at the site and matches the near collapse 

limit state EC-8 target response spectrum at the site.  The same records were also used by 

Malcata et al. (Malcata et al. 2020) for non-linear dynamic analysis of sub-structure 12 

(see Fig. 1b) of the monument.  

 

Fig. 6 – Bi-axial ground motion used for the non-linear dynamic analyses of the numerical model. 

3.4.1. Results of damage and local damage 

The model showed extensive cracking (Fig. 7) yet still possesses further load carrying 

capacity under these ground motions (Fig. 6). The parts of the model in red here 
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correspond to an open crack state i.e. whose cracking criteria has been achieved in the 

previous step of loading and also have a value of normal strain greater than zero. Thus, 

open cracks can show both opening and closing during the application of a cyclic loading 

history.  

  

Fig. 7 – (a) Open cracks in the numerical model at the end of the ground motion (b) Local collapse of Bonet 

 

3.4.2. Base shear-time histories  

Fig. 8 shows the total base shear in the two principal directions (X and Y). The maximum 

shear force in X direction is 6935 KN which corresponds to 10.54% of the seismic weight. 

Instead the maximum shear force in Y direction is 7096 KN which corresponds to 10.78% 

of the seismic weight. Looking to the mobilized mass (around 10% in both directions), it 

seems that the building overall has not achived a widespread plastic state, showing 

potentially some buildings still in linear-elastic condition.  
 

  
Fig. 8 – Base shear time-hisotry in global X and Y direction of the model 

 

3.4.3. Displacement-time histories 

As already mentioned in section 3.4.2, different parts of the buildings have reacted 

differently to the bi-axial ground motion. Fig. 9 shows some charts related to 

displacements (out of plane and interstorey drifts). Some buildings are still in the linear 

domain such as Sala Arabe (see Fig. 7 showing no cracks and Fig. 9c showing its low 

interstorey drift) while some other buildings, such as Chapel, are quite cracked and shows 

higher interstorey drift (see Fig. 7 showing  heavy cracks and Fig. 9c showing its moderate 

interstorey drift). 

(a) 
(b) 
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Fig. 9 – (a) Interstorey drift-time history of the two chimneys (b) Wall numbering of the chapel wall for the 

plot of Out of plane displacement-time histories and naming of the two chimneys (c) Interstorey drift-time 

history of Chapel and Sala Arabe (d) Out of plane displacement-time histories for one wall of the Chapel 

4. Concluding Remarks    

The paper presents preliminary results of an ongoing study to assess the seismic safety of 

an important and very complex monument: The National Palace of Sintra in Portugal. 

Results have been presented corresponding to simulation of laboratory and in-situ tests as 

well as a sub-structure of the monument. The numerical model of all the sub-structures 

composing the monument is an ongoing work currently (Fig. 2), but since a big part of it is 

already completed, it is part of this paper. Use was made of non-linear links to simulate the 

presence of the non-modelled buildings. A bi-axial ground motion (Malcata et al. 2020) in 

order to run a dynamic non-linear analysis. Many details have been modelled explicitely 

due to the available detailed inspections, such as: timber to timber nailed connections; 

planks to joists/purlins (3 mm diameter nails at 100 mm spacing); arches and vaults; and 

interaction between timber elements and masonry through pockets with frictional 

behaviour. 

Results are showing in some parts an extensive cracking state (moderate displacements) 

and in some other parts the almost absence of cracking (rigid behaviour with linear-elastic 

state). This is due to the different masonry properties, thicknesses and floor flexibilities. 

A local collapse of Bonet has been incoutered due the failure of a load bearing arch. The 

latter has the function to support some load bearing walls at the upper floors. This has 

naturally triggered a more extensive collapse of a part of Bonet (Fig. 7b). Despite the local 

collapse, the monument has shown an overall good performance considering the moderate 

PGA exposed (around 0.13g).  

(a) 

(b) 

(c) (d) 
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Abstract: A paradox relating to the designing of structures for earthquake excitation when 
compared to their actual response after an earthquake event, has been identified; Structures 
are designed using design spectra, but when they are excited by an earthquake with an elastic 
spectrum greater than the design spectrum of the structure, significant damages could be 
expected if not collapse. However, post-earthquake inspection of structures does not confirm 
the abovementioned expectation. Two recent earthquake events in the Greece; the Arkalohori 
in 2021 and the Larissa earthquake in 2020 followed by observations of the damages sustained 
in typical residential buildings are presented. In this paper the overstrength of a structure is 
scrutinized in order to assess whether it can explain this paradox. Moreover, the role of the 
design plasticity of the structure and the required plasticity to withstand the seismic excitation 
is investigated. 

Keywords: Earthquake engineering, overstrength, ductility, behaviour factor, response 
spectrum, design spectrum 

1. Introduction  

The design philosophy of current earthquake provisions and particularly Eurocode 8 is to 
design structures which, for the design earthquake, will sustain damages but will not collapse 
and for lighter earthquakes that they will not be damaged at all. Therefore, the structure is 
designed bearing in mind that if the exact design earthquake or a greater one takes place the 
structure should yield, cracks will propagate and damages will be observed in the structural 
elements. However, reality does not confirm this consideration; under greater earthquakes 
than the ones the structures were designed for, the structural elements do not always yield 
and therefore, no damages are observed. 
This phenomenon could be explained on the basis of the overstrength of the structure. Even 
in that case, however, if a structure has an overstrength of 20% and a real earthquake with a 
spectrum acceleration 20% greater than the design acceleration occurs, it will not necessarily 
make structural elements to yield. This paper aims at shedding light to this phenomenon and 
at determining the percentage of the spectrum acceleration over the design value that if 
reached will make the elements to yield. Lastly, the ratio of the elastic spectrum acceleration 
that leads to collapse over the design spectrum acceleration is derived and compared to the 
ductility of the structures under consideration. 

2. Theoretical background  

According to Eurocode 8, [1], a structure can be designed either according to the lateral force 
method or according to the modal response spectrum method, for both of which the design 
spectrum is pivotal. A structure with certain design parameters such as; behavior factor, q, 
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corner periods in the spectrum, depending on the soil type, (ΤΒ, ΤC, TD), reference peak 
ground acceleration on type A ground, (agR) and the importance factors for buildings, (γΙ), is 
designed to withstand a specific design spectrum acceleration, Sd(T1). On the other hand, 
every real earthquake has its own elastic response spectrum and exerts an acceleration of 
eq(T1) to the structure. 
Theoretically, it could be expected that when an earthquake excites a structure with a 
response spectrum greater that the design spectrum, for the natural period, the structural 
elements will yield and damages will be observed. The extent of the damage depends by 
how much the spectral acceleration resulting from the elastic spectrum of the earthquake is 
greater than the spectral acceleration resulting from the design spectrum. All the above are 
described in Figure 1(a).  

       
(a)         (b) 

Fig. 1 – Response and design spectra, (a) and the corresponding forces and displacement, (b), of a structure 
with period T1 

Structures are designed to withstand a design lateral load, Fd. However, a number of factors 
contribute to the overstrength of a structure, preventing it from yielding, under the design 
lateral load, Fd. In fact, it yields under a slightly greater load than Fd, termed yielding load 
Fy for the following reasons: 

• partial safety factors for actions and materials 

• capacity design 

• minimum reinforcement requirements 

• greater area of steel is provided compared to that required or 

• greater order sections are selected, in the case of steel structures 
The design load, Fd, the yielding load, Fy, the elastic force, Fel, that would be exerted on the 
structure if the latter was designed elastically and the force that is exerted by a random 
earthquake, , Feq(T1), together with the respective displacements are shown in Figure 1b. 
Then, the structure is design for such ductility, μ, that under the design load it deforms 
without losing its strength up to the limit point of collapse (Fy, umax). 

𝜇𝜇 =
𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚
𝑢𝑢𝑦𝑦

 (1) 

The overstrength, 𝑞𝑞0  is given by:  

𝑞𝑞0 =
𝐹𝐹𝑦𝑦
𝐹𝐹𝑑𝑑

 (2) 

T1 

Sd(T1) 

Sel(T1) 

eq(T1) 
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The ratio of maximum elastic load, 𝐹𝐹𝑒𝑒𝑒𝑒 to the yield load, 𝐹𝐹𝑦𝑦, of the structure is given by the 
factor qd : 

𝑞𝑞𝑑𝑑 =
𝐹𝐹𝑒𝑒𝑒𝑒
𝐹𝐹𝑦𝑦

 (3) 

The behavior factor, q, is related to the overstrength qo and factor qd as follows: 

q =
𝐹𝐹𝑒𝑒𝑒𝑒
𝐹𝐹𝜎𝜎𝜎𝜎

=
𝐹𝐹𝑒𝑒𝑒𝑒
𝐹𝐹𝑦𝑦

∙
𝐹𝐹𝑦𝑦
𝐹𝐹𝜎𝜎𝜎𝜎

= q0 ∙ qd (4) 

Ductility, μ, behavior factor, q and overstrength qo depend on the natural period of the 
system:  

𝜇𝜇 = �
qd           𝛵𝛵1 ≥ 0.5

   
𝑞𝑞𝑑𝑑2 + 1

2       𝛵𝛵1 < 0.5        
𝑜𝑜𝑜𝑜     𝜇𝜇 = �

qd           𝛵𝛵1 ≥ 𝛵𝛵𝑐𝑐

  1 + (qd − 1)
𝛵𝛵𝑐𝑐
𝑇𝑇1      𝛵𝛵1 < 𝛵𝛵𝑐𝑐         

 (5) 

In this paper a single degree of freedom system is studied and next multi degree of freedom 
systems will be analyzed. The design load, the elastic design load based on the related spectra 
and the yield force based on the overstrength of a single degree of freedom system were 
calculated. Consecutively, an earthquake was selected and the elastic response spectrum was 
calculated. Then, the two scale factors were determined so that the response spectrum leads to a 
spectrum acceleration equal to the design spectrum acceleration and the elastic design spectrum 
acceleration for the natural period of the single degree of freedom system. Next, nonlinear 
analyses were performed for different earthquakes in order to determine if yielding has occurred. 
In the case that no yielding occurs, the scale factor by which the starting earthquake must be 
multiplied so that yielding occurs is calculated. Lastly, the scale factor by which the starting 
earthquake must be multiplied so that collapse occurs is also calculated. 

3. Numerical analysis and results 

The properties of the single-degree of freedom system and the parameters for the creation of the 
elastic design spectrum according to EC8 are shown in Figure 2. The design force and the elastic 
force were calculated in relation to the mass, the natural period and the design spectrum 
accelerations. An overstrength of 20% was considered, leading to the calculation of yielding 
force, considering the stiffness of the system, the target design displacement, ud, the yielding 
displacement, uy and the elastic displacement uel. Next, using the behavior factor and the natural 
period the ductility and the maximum displacement, umax, was calculated. 
 

 
 
 

 
 
 
 
 

Fig. 2 – SDOF properties,seismic parameters foe elastic and design spectrum and forces and displacement at 
design , yield, elastic and collapse state. 

 

M=20t 
K=19739 KN/m 
T=0.2sec 

967
3ECEES, September 2022, Bucharest, Romania



The Athens earthquake was selected as the reference earthquake and the two scale factors were 
calculated to equate the response spectrum of the earthquake (in terms of eigenvalue period of 
the single degree of freedom system) with the elastic and the design spectrum, thus resulting in 
two more time histories; the "design earthquake" and the "elastic design earthquake". 

Athens earthquake: T=0.2sec, Sa=5.37m/s2 

EC8 Design and elastic Spectra 
Fig. 3 – Time history of Athens Earthquake, its acceleration spectrum and design and elastic Spectra. 

The following nonlinear dynamic analyses for the single degree of freedom system were then 
performed: 

• The strength of the single degree of freedom system equal to the design force Fd and time
history that of the design earthquake

• The strength of the single degree of freedom system equal to the yield force Fy and time
history that of the design earthquake

• The strength of the single degree of freedom system equal to the yield force Fy and
progressively increasing earthquake to the first yield (plastic hinge formation)

Then the first magnifying factor, by which the starting design earthquake was multiplied, was 
calculated. Consecutively, the earthquake was increased until the maximum displacement, umax, 
was achieved by the single degree of freedom system. At that point, the second magnifying 
factor, by which the starting design earthquake was multiplied, was calculated. Lastly, a final 
nonlinear analysis was executed for the elastic force Fel and the respective time history of the 
earthquake, “the elastic design earthquake”. 

The summary of numerical results is shown in table 1. 
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Fig. 4 – Response spectra of earthquake, elastic and design spectra 

 

 
Fig.5 – Time history response of SDOF for Fy and 1.3 times design earthquake 

 
 

Table 1. Scale factors of the design earthquake and corresponding behaviour of systems 
  

       
SDOF with T=0.2sec    SDOF with T=0.7sec 

 
The results show that the structure when the design earthquake is applied or even the design 
earthquake multiplied by the overstrength ratio is applied, it does not yield and its response stays 
in the elastic region. The structure starts to yield for a scale factor higher than the overstrength 
ratio for both systems. Furthermore, it stars to collapse for a scale factor greater than ductility, 
μ.   

4. Conclusion and discussions  

In this paper earthquake design according to Eurocode 8 was compared to damages observed 
after an earthquake event. Non-linear analyses were carried out and it was deduced that 
structures yield, in other words, sustain damages after earthquakes that have response spectra 
greater than the design spectra. 
 
 
 

Quake Scale Factor Response
Eq 1.00 elastic

1.2*Eq 1.20 elastic
1.3*Eq 1.30 yield
6*Eq 6.00 collapse

Name Scale Factor Response
Eq 1.00 elastic

1.2*Eq 1.20 elastic
1.32*Eq 1.32 yield

6*Eq 6.00 collapse
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Abstract: Elevator systems play a vital role in the functionality of important buildings. 

Exemplifying with hospital buildings, their functionality depends on the integrity of the 

vertical transport systems, in such a way that failure of those systems can be particularly 

critical in the aftermath of an earthquake event. 

Base isolated solutions in buildings provide an improved performance and control of the 

seismic behaviour, minimising the resulting structural and non-structural damage, to an 

extent that ensures the post-earthquake functionality of the building. Nevertheless, even in 

such buildings the elevator systems are subjected to the effects of the earthquake, thus 

requiring for explicit demonstration of their safety, as non-structural components. 

The current structural design codes pay attention to the damage control of the non-structural 

components, providing formulas to compute the horizontal seismic forces on these 

components. However, those formulas do not consider the case of base isolated buildings. 

The main objective of this paper is to rationally derive the formulas for the computation of 

the horizontal seismic acceleration imposed on the non-structural components in base 

isolated buildings. These formulas provide for the estimation of the maximum design 

acceleration, as a function of the ratio between the isolated and the fixed base periods, 

Tisolated/Tfixed, accounting also for other influencing factors. 

Keywords: design acceleration, structural types, guide rails, seismic categories 

1. Introduction 

The observation on the seismic effects in the buildings shows that, beyond the damage on 

structural elements, significant damages on the non-structural elements. Those damages 

can limit or stop the normal utilisation of the important buildings, for both public security 

and life protection. Exemplifying with hospital buildings, the perfect operation of hospital 

services is vital after an earthquake event. The failure of important non-structural elements, 

like the elevator system, in this type of building may make the vertical transportation of 

patients impossible, and thus not allow medical care at such a crucial time. 

Base isolation solutions in buildings provide an improved performance and control of the 

seismic behaviour, minimising the structural and non-structural damage, to an extent that 

ensures the post-earthquake functionality of the building. 

Elevator systems are sensible to the seismic action, and their seismic design follows EN 

81-77:2018 [5], articulated with Eurocode 8 [3]. Both standards do not give a formula to 

calculate the design acceleration in non-structural elements installed in base isolated 
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buildings. The obtainment of the value design acceleration that the elements are subjected 

to is essential to a proper seismic design of the element. 

This paper has the main objective of rationally deriving the formulas for the computation 

of the horizontal seismic acceleration imposed on the non-structural components in base 

isolated buildings 

2. Base Isolation 

2.1. Base Isolation Concepts 

Base isolation solution in buildings consists in the introduction of a low stiffness horizontal 

layer between the superstructure and the base (foundation or substructure), constituted by 

isolators. By this separation, the amount of energy that is transferred to the superstructure 

during an earthquake is reduced significantly. 

Countless types of base isolation systems exist, but all consist in the same concepts. The 

first one is making the building more flexible in order to have a higher fundamental period 

of vibration. Another aspect is the increase of the damping level due the non-linear 

behaviour of the isolators. In Figure 1 it is illustrated for a typical base isolated structure, 

the spectral response acceleration and displacement, with reduction values due the 

damping of the base isolated structure and the transition of the fundamental period of 

vibration. 

 

Fig. 1 - Effect of seismic isolation [9]. 

The shift between the base isolated period and the period considering the building as fixed 

base, Tisolated/Tfixed, is the primary measure of the efficacy of the base isolation system. In 

general this ratio has values between 2 and 3. The optimal isolated period values are 

generally considered to be of 2s [8], but  the 2s to 3s range should also provide for 

satisfactory performance. 

2.2. Base Isolation Devices 

The base isolation effect primarily depends on the type of isolator device to use. Nowadays 

are multiples types of isolator devices, but the more common ones are the elastomeric 

bearings and sliding systems. 

From the elastomeric bearings devices is highlighted the High Damping Rubber Bearings 

(HDRB) and the Lead Rubber Bearings (LRB). Those devices are constituted with 
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elastomer made of either natural rubber or neoprene [1]. A rubber-bearing typically 

consists of alternating laminations of steel plates and thin rubber layers, attached together 

to provide vertical rigidity and lateral flexibility [1]. 

Those bearings are very strong and stiff in the vertical direction, but flexible in the lateral 

direction. Vertical rigidity ensures the isolator will support the structure's weight, while 

horizontal flexibility transforms destructive horizontal shaking into smooth movement. The 

difference between these types of bearings is that HDRB is made with a high damping 

elastomer, having damping value between 10 and 15%. The LRB are made with low 

damping elastomer with an insertion of lead core inside the bearing, that provides the 

damping of the device, leading to higher damping values almost 30%. 

The second type of base isolation system is typified by the sliding system, most common 

used is the Friction Pendulum System (FPS). This device is constituted by an articulated 

friction slider, a spherical concave sliding surface, and an enclosing cylinder for lateral 

displacement restraint. During the ground motion, the structure is free to slide on the 

concave sliding surface [1]. 

3. Elevator Systems 

Elevator system have the function of establishing vertical connection in the buildings. This 

paper focuses only in electrical traction elevators because it is the most common use and 

the other types of elevators may not adequate for installation in base isolated structures. 

3.1. Components 

For a better understanding how an earthquake can affect an elevator system, the principal 

components of an elevator system are identified in Figure 2. 

 

Fig. 2 - Electrical traction elevator components [2]. 

The car and counterweight are the elements in the system with more mass, and they are the 

ones how generate large inertia forces due the horizontal acceleration in a seismic event. 

One of the principal components of the system and also normally the most affected by the 

seismic action is the guide rail system. The design requires additional verification in order 
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to guarantee the guide rails remains without some level of permanent deformation. This is 

crucial for all the system remains operational after the earthquake. 

3.2. Seismic Design to EN 81-77:2018 

The design of elevator systems under seismic conditions is covered by the European 

Standard EN 81-77:2018 [5] in articulation with the Eurocode 8 [3]. That standard defines 

rules of additional security, and is composed by both prescriptive and performance-based 

measures, dependent of the seismic elevator categories, in turn dependent on the seismic 

design acceleration, as show in Table 1. Some of the structural design checks for the 

elevator components depend on the specific value of the design acceleration too. Both EN 

81-77:2018 and Eurocode 8 prescribe formulas to calculate the design acceleration in the

element, but these formulas do not consider buildings with base isolation.

Table 1: Seismic elevator categories 

Category Design acceleration (m/s2) 

0 ad ≤ 1 
1 1 < ad ≤ 2.5 
2 2.5 < ad ≤ 4 
3 ad > 4 

One of the components of the seismic design is that of designing the guide rails (car and 

counterweight) for the seismic forces resulting the clash of the car, or of the counterweight, 

in the guide rails in the seismic event. The formula of calculus of those forces are given in 

EN 81-77:2018, and primarily depends on the design acceleration, ad, that the systems are 

subjected, and others variables in accordance with the standard EN 81-50:2014 [4].  

3.3. Elevators Systems in Base Isolated Structures 

In buildings that have the base isolated plan between floors and the elevator system as 

continuity through floors, leads to taking some measures to protect the system to the high 

displacements at the base isolation level. As show in Figure 3 one technical solution to 

protect the elevators is to suspend the elevator shaft on the superstructure. This solution 

leads that the elevator shaft is isolated, having the same displacements as the 

superstructure. Referring that the effectiveness of the solution implies that the shaft is 

separated from the substructure, by means of sizeable structural gaps to accommodate the 

displacements of the building. 

Fig. 3 - Section through an elevator shaft in a base isolated building [6]. 
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4. Numerical Models 

The numerical model for the derivation of the results that led to a set of formulas to 

compute the design acceleration, consists in a plane model with concentrated masses at the 

floor levels and was programmed in Python. The building models have a variable number 

of floors, N, between 2 and 10, because these values reflect the most common isolated 

buildings. It is assumed that the vertical structural elements have the same dimensions in 

all floors of the building, leading to the stiffness per floor, EIfloor, being the same in all 

floors. Figure 4 show the models for superstructure and base isolated structure. 

 

Fig. 4 - Model with concentrated masses at floors levels: Fixed base and Isolated base. 

It is assumed as well that the floor masses are a discrete system of concentrated masses. 

And was taken the option of fixing the mass per floor, including the mass at the base level, 

taking the value of 500 ton, for all the oscillators calculated. Because is intended that each 

oscillator has a determined fundamental period of vibration, fixing the mass value it is only 

necessary finding the floor stiffness, EIfloor, which satisfies that condition. 

The height between floors, h, was kept constant and equal to 3.2m. The base isolation 

system is modelled with an association of a horizontal spring in the model of the base 

isolated structure. The spring has the same stiffness as the effective stiffness of the system 

of the base isolation considered, Keff. 

This model was built distinguishing different structural types, based on the criterion 

defined in Eurocode 8, namely: frame system, dual system frame equivalent, dual system 

wall equivalent and wall system. The different structural types were differentiated in the 

numeric model by means of the introduction of an additional parameter that reflects the 

ratio between the contribution of frames and structural walls in the total stiffness per floor. 

Table 2 summarizes the distribution of the basal shear force in percentage, between frames 

and structural walls, for each structural type considered. 

Table 2: Structural types considered 

Structural type %Vframe %Vwall 

Frame system 80 20 
Frame equivalent 60 40 
Wall equivalent 40 60 

Wall system 20 80 
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5. Results 

This section aims to rationally derive the formulas for the computation of the horizontal 

seismic acceleration imposed on the non-structural components in base isolated buildings. 

Those formulas depend on the spectral acceleration and in one factor of amplification 

(global), that transforms the spectral acceleration of the fundamental mode in the maximum 

acceleration in the building. 

The results are presented in terms of the global amplification factor, separating the 

following two distinct contributions: spectral amplification (1) and amplification 

accounting for the higher modes of vibration (2) [7]. 

5.1. Spectral amplification (1) 

To consider the difference between the spectral acceleration and the maximum acceleration 

in the building it is presented the spectral amplification, 1, obtained by equation 1. 

  (1) 

Where P1x the modal participation factor for the 1st mode and 1N is the modal amplitude 

for the fundamental mode at the last floor. 

5.1.1. Variation in the number of floors - Wall system 

Figure 5a) shows the results of amplification factor as a function of the relation between 

the fundamental effective period and the fixed base period, Teff/Tfixed, for buildings with the 

structural type wall system and the numbers of floors of 2, 4, 7 and 10. 

a)          b)  

Fig. 5 - Amplification factor 1 in function of Teff/Tfixed, for structural type wall system: a) varying the number 

of floors; b) varying the structural type. 

As observed, the number of floors does not have a significant influence on the spectral 

amplification, while buildings with N=4 floors are those among the cases considered with 

an higher amplification. 

5.1.2. Variation of structural types - N=4 

In Figure 5b) the number of floors is fixed to 4 and the structural types are varied. The 

influence of the increase of the stiffness of the walls in the system is reflected in the values 
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of spectral amplification. Increasing the stiffness of the walls of the system increases the 

amplification values. For the particular case Teff/Tfixed = 3, for the frame system, the value is 

of 5.2% and for the wall system is of 7.5%. Concluding that for buildings with 4 floors the 

structural type wall systems present higher values of amplification. 

5.2. Amplification accounting for higher modes contribution (2) 

The amplification due to the contribution of the higher modes can be described by the ratio 

between the maximum acceleration in top with all modes combined, using a Complete 

Quadratic Combination (CQC), and the acceleration in the top of the building for the 

fundamental mode: 

  (2) 

The seismic action influences the results of the amplification 2, because it is calculated 

based on the spectral acceleration for all modes. The results were obtained for action Type 

1, as described in the Portuguese National Annex of Eurocode 8 (generally equivalent to 

Type 1 earthquake in the Eurocode 8, with high amplitude and epicentral distance).  

5.2.1. Variation in the number of floors -Wall system - Teff = 2s 

Figure 6a) presents the amplification factor in function of relation between fundamental 

effective period and fixed base period, Teff/Tfixed, for buildings with the wall system 

structural type, for the numbers of floors 2, 4, 7 and 10 and for a Teff equal to 2s. 

a) b)  

Fig. 6 - Amplification factor 2 in function of Teff/Tfixed, for structural type wall system, varying the number of 

floors: a) with Teff = 2s; b) with Teff = 3s. 

For this case, and focusing in values of Teff/Tfixed higher than 3, the amplification values are 

not significantly high. For the case of Teff/Tfixed equal to 3 the value of amplification is 

around 6%. The curve relative to the case of buildings with 2 floors present smaller values, 

is because those buildings have less modes of vibration, 3 in total, and in comparison with 

other curves, with more modes of vibration associated, leads to smaller values of 2. 

5.2.2. Variation in the number of floors -Wall system - Teff = 3s 

Figure 6b) presents the amplification factor in function of Teff/Tfixed for buildings with the 

wall system structural type, for the numbers of floors of 2, 4, 7 and 10 and for a Teff equal 
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to 3s. Considering a Teff equal to 3s results in higher values of amplification in comparison 

to the values for Teff equal to 2s. It is explained by the fundamental period in those cases 

are shifted to increasing values of periods in the response spectrum, leading to smaller 

spectral values, and the higher modes continues in the constant acceleration branch the 

spectrum or is close. Resulting in higher difference for the spectrum values of the higher 

modes in relation to the spectral value for the first mode, leading to higher values of 

amplification. For the case of Teff/Tfix equal to 3 and for the curve relative to buildings with 

7 floors, the amplification reaches the value of of30%. 

5.2.3. Variation of structural types - N=4 - Teff = 3s 

Figure 7 presents the amplification factor in function of Teff/Tfixed, for buildings with 

number of floors equal to 4, varying the structural types and for a Teff equal to 3s. 

Structural types with more influence of the structural walls lead to higher values of 

amplification. One possible explanation is the fact that the structural walls tend to increase 

the modal participation of the higher modes, thus leading to increase 2 values. 

 

Fig. 7 - Amplification factor 2 in function of Teff/Tfixed, for buildings with 4 floors  with Teff = 3s  and varying 

the structural type.. 

5.3. Global Amplification factor (global) 

The global amplification is a combination of spectral amplification and the amplification 

due the contribution of the higher modes, and is described by equation 3. 

  (3) 
 

5.3.1. Variation of structural types - N=4 - Teff = 2s 

Figure 8a) presents the global amplification factor in function of relation between 

fundamental effective period and  fixed base period, Teff/Tfixed, for buildings with number of 

floors equal to 4, varying the structural types and for a Teff equal to 2s. 
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a) b)  

Fig. 8 - Global amplification factor global in function of Teff/Tfixed, for buildings with 4 floors, varying the 

structural type: a) with Teff = 2s; b)  with Teff = 3s. 

As expected, like the factors 1 and 2, the amplification value increases with the increase 

of the relative participation of the structural walls in relation to the frames. For the case of 

Teff/Tfixed equal to 3, for frame structural type the global amplification takes the value of 9% 

and for the wall structural type takes 14%. 

5.3.2. Variation of structural types - N=4 - Teff = 3s 

Figure 8b) presents the global amplification factor in function of relation between 

fundamental effective period and  fixed base period, Teff/Tfixed, for buildings with number of 

floors equal to 4, varying the structural types and for a Teff equal to 3s. 

Similarly to the previous figure, the amplification values vary the same way with the 

structural type, but with the Teff equal to 3s the values are much more higher. For the case 

of Teff/Tfixed equal to 3, for frame structural type the global amplification takes the value of 

25.8% and for the wall structural type takes 36%. 

5.3. Proposed Formulas 

The global amplification factor global was shown to primarily depend on the relation 

between fundamental effective period and fixed base period, Teff/Tfixed. For a given 

combination of the effective period and structural type, the general trend of that 

dependence can be approximated by the following formula (equation 4): 

  (4) 

Considering an intermediate situation of a 4-storey building with an effective damping of 

the base isolation of 15%, the best fit parameters a, b and c for effective periods of 2s and 

3s are summarized in tables 3 and 4. 

 
Table 3: Best fit parameters for all structural types, Teff = 2s 

Structural type a b c 

Frame system 3.993 1.359 1.026 
Frame equivalent 4.501 1.361 1.028 
Wall equivalent 5.144 1.356 1.032 

Wall system 5.630 1.331 1.036 
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Table 4: Best fit parameters for all structural types, Teff = 3s 

Structural type a b c 

Frame system 3.317 0.845 0.992 
Frame equivalent 3.223 0.797 0.990 
Wall equivalent 3.112 0.741 0.983 

Wall system 3.001 0.690 0.980 

Figures 9 to 12 illustrate the aforementioned formula for the different structural types, with 

the gray triangular markers representing some of the global exact values. 

   

 Fig. 9 – global for frame systems Fig. 10 – global for frame equivalent systems 

   

 Fig. 11 – global for wall equivalent systems Fig. 12 – global for wall systems 

Considering the former results, the design acceleration can be computed according to 

equation 5. 

  (5) 

Where a and qa are, respectively, the importance factor and the behaviour factor of the 

element, with recommended values of 1 in this case. 

6. Conclusions 

The so-called design acceleration, an instrumental variable for the seismic design of 

elevator systems, cannot be directly computed in base isolated buildings based solely in the 
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provisions of Eurocode 8. The expressions proposed in 4.3.5 of Eurocode 8 for the 

computation of the connection forces for non-structural elements (and, indirectly, of the 

accelerations) does not account for the existence of isolators. 

Considering the former limitations, a comprehensive study was carried out for simplified 

models of base isolated buildings, considering a range of Teff/Tfixed, common values of Teff 

(2s and 3s), different structural types (ranging from the frame to wall buildings) and 

different number of storeys, accounting for both the spectral amplification and for the 

higher modes’ contribution. The results were expressed by means of a global amplification 

factor, global, dependent on the former variables and effects. The study ends with the 

proposal of formulas for the computation of the design acceleration as well as of the 

acceleration at different heights. 
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Abstract: Having in mind the lack of space in densely populated urban areas worldwide, 

vertical extension of existing structures has been increasing. The problem of adding floors 

becomes more emphasized in seismically active areas, especially in existing buildings 

designed according to older codes with little or no seismic design guidance. Light structure 

systems are a favourable choice, mostly due to their low mass that does not contribute much 

to the increase of seismic forces on the existing structure. At the Institute of Earthquake 

Engineering and Engineering Seismology IZIIS Skopje, experimental shaking-table tests of 

various upgrade systems applied on existing two-story RC structures were performed. In 

addition, the idea of these tests was to investigate comparatively the influence of the vertical 

extension on the integral structural behaviour. To confirm the experimental results, a 

separate numerical analysis using OpenSees software were performed. In this paper, 

investigations of origin specimens and steel upgrade systems are presented. Namely, first of 

all, modal (eigen) analyses for obtaining the natural frequencies and mode shapes of 

vibrations were performed. Then, pushover based nonlinear static procedure was carried out 

in both transverse and longitudinal direction. Modal force patterns for first-shape mode in 

the corresponding direction was used. Finally, dynamic analyses using ground motion 

registered during 1995 Kobe earthquake were performed. 

Keywords: added stories, seismic resistance, steel extension, OpenSees 

1. Introduction

There are various shaking-table tests carried out for the purpose of investigation of the 

seismic and generally dynamic behaviour of light and massive wooden structures as well 

as steel structures have been reported so far (see Ceccotti (2008), Chen at al. (2010), 

Filiatrault at al. (2010), Hristovski at al. (2013), Hristovski at al. (2014), John W. van de 

Lindt at al. (2010), Popovski at al. (2010)). Implementation of these systems for adding 

floors on existing RC structures has not been extensively investigated. For that purpose, at 

the Institute of Earthquake Engineering and Engineering Seismology IZIIS Skopje, 

experimental shaking-table tests of various upgrade systems applied on existing two-story 

RC structures were performed. It is hoped that this investigation will fulfil this gap, 

clarifying how the upgrade interacts with the existing structure, i.e. how it changes the 

dynamic properties and behaviour of the integral system. In addition, the idea of these tests 

was to investigate comparatively the influence of each different innovative upgrade system 

on the integral structural behaviour.  

Experimental investigations were consisted of harmonics, synthetic and real earthquake 

records as input in one horizontal direction. In order to verify the findings from tests, 
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separate numerical analysis using OpenSees software were performed. First of all, modal 

(eigen) analyses for obtaining the natural frequencies and mode shapes of vibrations were 

performed. Second, pushover based nonlinear static procedure was performed in both 

transverse and longitudinal direction. Force patterns for first-shape mode in the 

corresponding direction was used. Finally, dynamic analyses using ground motion 

registered during 1995 Kobe earthquake were performed. It should be noted that these 

analyses have a preliminary significance since many of the nonlinear phenomena in the 

materials and the connections were simplified. 

In this study, the discussion is limited to the origin specimens and steel upgrade systems 

that came out of those specimens. First of all, the specimens’ geometry and material 

properties are presented in the paper. Second, the methods for elaboration of measurements 

are explained. Third, test results and experimental observations are summarized. Finally, 

numerical investigations of basic and steel upgrade systems on existing RC structures are 

presented.  

2. Experimental Investigations  

2.1. Description of Specimens 

The basic three-dimensional RC frame (hereinafter referred to as RCF1 specimen) 

represents a two-story one-span simple structure with floor dimensions of 340 x 240 cm 

(Fig. 1a). Cross-section of columns and beams was 20 x20 cm. The floor slab was 7 cm 

thick. The columns were designed with 4 longitudinal reinforcement bars with diameter 

D16 mm and stirrups D8 mm/10(20) cm. The reinforcement in the beams has been placed 

symmetrically in the upper and bottom zone, with a total of 4 longitudinal reinforcement 

bars of diameter D14 mm and stirrups D8 mm/10(20) cm. The 20 cm high foundation 

beams were fixed to the shaking-table by use of special bolts. The symmetrical 

longitudinal reinforcement of 4 bars with diameter D14 mm were placed in the foundation 

beams with stirrups D8 mm/8(20) cm. 

The story height of the specimen was 2.5 m (see Fig. 1b). Тhe basic two-story specimen 

was rotated for 90 degrees (hereinafter referred to as RCF2 specimen) and upgraded with 

masonry infill (modular hollow blocks 19 x 19 x 29 cm) along the shorter direction. 

  
(a) (b) 

Fig. 1 – (a) Foor plan, (b) Side view of the basic test specimen with masonry infills  

The steel upgrade structure (hereinafter referred to as STL), see Fig. 2a, was made of two 

moment resisting frames with HEA 100 columns and IPE 120 beams. In the longer 
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direction, the structure was stabilized with 12 mm diameter diagonal braces. The yield 

strength of the steel elements was 235 MPa. The columns were connected to the RC slab 

with two 10 mm anchor bolts. It is worth mentioning that the connection was not designed 

as a moment resisting one. The roof structure of the steel upgrade was made of 10 cm thick 

CLT plate that was screwed to the IPE 120 beams with 8 mm self-tapping screws (Jancar 

et al., 2013).  

  
(a) (b) 

Fig. 2 - (a) Set-up of test series 2 - RCF1+STL; (b) Photo of the basic test specimen RCF1 with added mass 

on the first two floors (to simulate the service-imposed load), using steel ingots. 

2.2. Dynamic excitation 

2.2.1. Dynamic loading 

For the purpose of getting an insight into the elastic behaviour of the specimens, tests with 

low amplitude synthetic earthquake records (modified Landers earthquake) and real 

earthquake records (El Centro and Petrovac) of up to 0.1 g have been conducted. 

Acceleration spectra of above-mentioned records is presented in Fig. 3. 

 

Fig. 3 - Acceleration spectra for PGA 0.1 g of modified earthquake records used in the tests. 

2.2.2 Instrumentation 

The concept of the instrumentation of the specimen is given in Fig. 4. Two linear 

potentiometers for measurement of absolute displacement have been mounted on each 

floor (in total 6). In addition, two accelerometers in the test direction and two 

accelerometers in lateral direction for measurement of absolute accelerations have been 

mounted on each floor (in total 12). 
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(a) (b) 

Fig. 4 –Instrumentation: (a) Two linear potentiometers on each floor (a total of 6) mounted on the specimen, 

(b) Four accelerometers on each floor (a total of 12) mounted on the specimen. 

2.2.3 Observed response 

The protocol of the shaking-table tests for the specimen setup based upon RCF1 and 

RCF1+STL, together with the max/min obtained values of relative displacements due to 

earthquake tests are shown in Table 1. 

Table 1. Detailed test protocol and obtained story displacements for each test series with basic specimen 

RCF1 and RCF1+STL. 

Specimen 
Test 

No. 
Test Description 

Input 

PGA 

𝒖𝒎𝒂𝒙/𝒖𝒎𝒊𝒏 
𝟏 𝟏 

mm 

𝒖𝒎𝒂𝒙/𝒖𝒎𝒊𝒏 
𝟐 𝟐 

mm 

𝒖𝒎𝒂𝒙/𝒖𝒎𝒊𝒏 
𝟑 𝟑 

mm 

 0 Harmonic test, sinus 2 
Hz 

0.02g    

 1 Sweep test, 1-32 Hz 0.02g    

RCF1 1r EQ test, Landers 2% agmax 1.93/-2.28 3.59/-4.09  

 3 EQ test, Petrovac 2% agmax 2.31/-2.75 4.24/-4.73  

 4 EQ test, Landers 30% agmax 18.4/-17.5 15.9/-16.4  

 4r Sweep test, 1-32 Hz 0.02g    

 5 Harmonic test, sinus 1.5 
Hz 

0.02g    

RCF1+ 

STL 

6 Sweep test, 1-32 Hz 0.01g    

7 EQ test, Landers 3% agmax 1.49/-1.31 2.89/-2.58 2.66/-2.46 

8 EQ test, Landers 5% agmax 2.60/-2.35 4.95/-4.47 4.76/-4.43 

 9 EQ test, Petrovac 5% agmax 2.72/-2.66 5.16/-5.38 5.14/-5/43 

 10 Sweep test, 1-32 Hz 0.01g    

 

Some of the comparative results of the dynamic shaking-table test are shown in Fig. 5 and 

6. Fig. 5 relates to the response of the basic two-story specimen RCF1, while Fig. 6 shows 

the response of the three-story specimen RCF1+STL. It can be noticed that the amplitudes 

of the displacements on the third story of the upgraded specimen RCF1 + STL are less than 

those on the second story. This leads to the conclusion that higher modes become more 

significant in the dynamic response when material like steel is used for upgrading a RC 

structure. This finding has been, also, observed visually, during the test.  
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Fig. 5 - Experimentally obtained relative displacement and acceleration time histories for specimen RCF1: 

blue line – 1st story, red line – 2nd story (Test 03). 

Fig. 6 - Experimentally obtained relative displacement and acceleration time histories for specimen 

RCF1+STL: blue line – 1st story, red line – 2nd story, green line – 3rd story (Test 08). 

3. Numerical Investigations

3.1 Numerical model of test specimens 

Nonlinear analyses were performed in OpenSees (McKenna et al. (2010)). Columns and 

beams were modelled as lumped plasticity elements, comprising and elastic element and 

two fiber sections of each side of the elastic element. For modelling in the OpenSees 

BeamWithHinges elements were used. The nonlinear behavior of the masonry infills was 

modelled replacing the infill wall with equivalent diagonal strut. The nonlinear behavior of 
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diagonals was described by force-displacement relationship, according to the procedure 

proposed by Fardis et al. (Panagiotakos and Fardis, 1996; Fardis, 1996). For modeling in 

OpenSees truss elements were used, response of the infills was modelled using Hysteretic 

uniaxial material. Rigid diaphragms were considered at the floor levels. The total mass and 

mass moment of inertia of the structure were assigned in the mass nodes, located in the 

center of mass. The mass nodes of superimposed weights were horizontally connected with 

a rigid beam-column element to the centerline of the structure. Vertical load was applied as 

vertical point loads on the columns. P-Delta effect was taken into account. The columns 

were characterized to be fully fixed at the base. Since the connection between the steel 

columns and RC slab for STL specimen was not designed as a moment resisting one, two 

different approaches were considered. In the first approach, the columns were fully fixed, 

whereas in the second, the connection between the steel columns and RC slab was assumed 

to be flexible. Diagonal braces were modelled using truss element, considering only their 

tensile strength. Since the columns and beams were well-confined with enough transverse 

steel reinforcement, their shear behaviour was assumed to be elastic.The effective slab 

width was calculated according to the method proposed by Eurocode 2 (SIST EN 1992-1-

1, 2004). Plastic hinge length for RC members was calculated according to Eurocode 8 

(SIST EN 1998-3, 2005). For steel members the plastic hinge length equal to the depth of 

the cross section was adopted. Representation of the three-dimensional numerical model is 

shown in Fig.7. 

 

Fig. 7 - Representation of the three-dimensional numerical model. 

3.2 Modal analyses 

First, modal (eigen) analyses have been performed and results for the obtained periods and 

shape modes of vibrations have been compared with the experimentally obtained ones 

from the sweep shaking-table tests. The correlation between the test results and the results 

from the analysis is comparatively given in Table 2 (Note that values in the parentheses are 

for the flexible connection approach). 
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Table 2. Comparison of periods of vibration obtained from tests and analyses. 

Specimen RCF1 RCF2 RCF1+STL RCF2+STL 

Test values 

M
o

d
e 

sh
a

p
e
 1 0.390 / 0.510 / 

2 0.320 / 0.460 / 

3 0.190 / 0.250 / 

4 0.120 / 0.210 / 

Analytically obtained values 

M
o

d
e 

sh
a

p
e
 1 0.399 0.398 0.467 (0.617) 0.467 (0.616) 

2 0.357 0.118 0.403 (0.454) 0.249 (0.386) 

3 0.177 0.077 0.249 (0.372) 0.198 (0.372) 

4 0.118 0.052 0.204 (0.302) 0.125 (0.246) 

3.3 Dynamic analyses 

3.3.1 General 

The dynamic analyses were performed in the program sequence with gradually increasing 

amplitude of vibration (10, 25, 50 and 100 % amplitude of Kobe earthquake). Dynamic 

analyses were done in both directions separately. The results shown for RCF1 are for the 

excitation in the longitudinal direction, while for RCF2 they are for the excitation in 

transverse direction. Presented results for steel upgrade systems for both, RCF1 and RCF2 

refer to flexible connection between steel columns and RC slab. In the dynamic analysis, 

5% mass proportional damping was taken into account.  

3.3.2 Response of RCF1 specimen 

Story displacements and acceleration response history corresponding to the run Kobe 100 

% are presented in Fig. 8, Maximum displacement of about 80 mm was obtained at the top 

of the building under last excitation. This corresponds to 1.6 % roof story drift. 

Acceleration at the top of the building, under excitation with same intensity reached about 

1 g. The gradually decreased stiffness of the building can be obtained from presented 

results. Nonlinear response of the building was obtained within the last excitation. The 

peak lateral force corresponds to about 100 kN.  
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Fig. 8 -Numerically determined relative displacement and acceleration time histories for specimen RCF1: 

blue line - 1st story, red line - 2nd story, for run Kobe 100 %. 

3.3.3 Response of RCF1+STL specimen 

Story displacements and acceleration response history corresponding to the run Kobe 100 

% are presented in Fig. 9. Maximum displacement of about 150 mm was obtained at the 

top of the building under last excitation. This corresponds to 3 % roof story drift. 

Acceleration at the top of the building, under excitation with same intensity reached about 

10 m/s². The gradually decreased stiffness of the building can be obtained from presented 

results. Nonlinear response of the building was obtained within the last excitation. The 

peak lateral force corresponds to about 115 kN.  

 

 

Fig. 9 - Numerically determined relative displacement and acceleration time histories for specimen 

RCF1+STL: blue line - 1st story, red line - 2nd story, green line – 3rd story, for run Kobe 100 %. 
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3.3.4 Response of RCF2 specimen 

Story displacements and acceleration response history corresponding to the run Kobe 100 

% are presented in Fig. 10. Maximum displacement of about 25 mm was obtained at the 

top of the building under last excitation. This corresponds to 0.5 % roof story drift. 

Acceleration at the top of the building, under excitation with same intensity reached about 

10 m/s². The peak lateral force corresponds to about 110 kN.  

                    

 
Fig. 10 - Numerically determined relative displacement and acceleration time histories for specimen RCF2: 

blue line - 1st story, red line - 2nd story, for run Kobe 100 %. 

3.3.5 Response of RCF2+STL specimen 

Story displacements and acceleration response history corresponding to the run Kobe 100 

% are presented in Fig. 11. Maximum displacement of about 100 mm was obtained at the 

top of the building under last excitation. This corresponds to 2 % roof story drift. 

Acceleration at the top of the building, under excitation with same intensity reached about 

20 m/s². The peak lateral force corresponds to about 120 kN. 

 

 
Fig. 11 - Numerically determined relative displacement and acceleration time histories for specimen 

RCF2+STL: blue line - 1st story, red line - 2nd story, green line – 3rd story, for run Kobe 100 %. 
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4. Conclusions  

From this research, as observed from the tested specimens, it can be concluded that all 

upgrades differently contribute to the overall dynamic response of the integral systems. 

The steel frame (STL) upgrade has been shown to behave in a very flexible manner 

(particularly at the connections) because of its smaller stiffness compared to the stiffness of 

the two-story RC structure. In this case, the influence of higher modes has been shown to 

be significant. The connections with the concrete slab had certainly an impact on the 

response mechanism of upgraded systems. Contribution of the infills also seems to be 

significant in both, basic and steel upgraded system. From the numerical analysis in 

OpenSees software, it was concluded that the model was similar to the real specimen 

according to the modal analysis. The results from the earthquake records (Kobe) indicate 

similar features as the real specimen. The displacement time history had bigger amplitudes 

in the models without infills and with steel upgrade. The model with infill and steel 

upgrade had considerable larger amplitudes in the acceleration time history. In future, a 

more detailed analysis will be made, and all earthquake records as well as different types 

of upgrades will be included. 
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Abstract: The present paper is intended to illustrate some advantages and disadvantages of 
different bracing types, frequently used in multistoreyed steel structures located in seismic 
areas. Six different braced frames were sized for the same seismic action: two concentrically 
braced frames, two eccentrically braced frames and two buckling restrained braced frames) 
and their behaviour under several dynamic nonlinear analyses was compared. A favourable 
global plastic failure mechanism was sized by design for each analysed frame type. In case 
of the CBF- and BRB-frames, plastic deformations were accepted in the diagonals, at the 
bottom of first-story columns and in potentially plastic zones located near the ends of frame 
girders. For the EBF-frames, inelastic deformations were accepted in the dissipative 
members and in the potentially plastic zones located near the bottom of first story columns 
and braces. Dynamic nonlinear analyses were performed for each braced frame, considering 
the acceleration records of several Vrancea earthquakes (the N-S and E-W components of 
Vrancea earthquakes from 1977, 1986 and 1990). 

Keywords: Concentrically bracing, eccentrically bracing, buckling restrained bracing, 
dynamic nonlinear analyses, steel consumption 

1. Short description of the analysed frames 

A ten-storey structure, located in Bucharest, Romania, having two spans and six bays of 
6.6m was considered. The storey height was 3.5m. The braced frames are located in the 
structure as shown in figure 1. In order to simplify the erection of the building and to 
reduce overall steel consumption, pinned beam/column connections were provided for the 
unbraced spans/bays. So the contribution of the unbraced frames was neglected and the 
braced frames were sized to carry the entire horizontal seismic action. 
 

 
Fig. 1 - Location of the braced frames 

Six constructive systems were considered for the braced frames as indicated in figure 2: 
three frames with ascendant braces (DC-CBF, DC-BRB, DC-EBF) and three with 
descendant braces (DM-CBF, DM-BRB, DM-EBF). The same value of the seismic action 
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was used for the design of the main dissipative elements (the links of the eccentrically 
braced frames, respectively the diagonal members of the concentrically braced frames and 
the buckling restraint braced frames). The seismic design was performed according to the 
provisions of Eurocode 8, EN 1998-1 (2004) and the in charge Romanian seismic design 
code P100-1/2013 (2013). The value of the q-factor was considered equal to 4.0 for all the 
analysed braced frames. 
A favourable global plastic failure mechanism was sized by design for each analysed frame 
type (Köber at al. (2008)). In case of the CBF- and BRB-frames, plastic deformations were 
accepted in the diagonals, at the bottom of the first-storey columns and in the potentially 
plastic zones located near the ends of frame girders, according to Köber et al. (2009). For 
the EBF-frames, inelastic deformations were accepted in the dissipative members and in 
the potentially plastic zones located near the bottom of first-storey columns and braces. 
All structural elements had built-up I-shaped cross-sections except for the braces of the 
BRB-frames, which had “cross-shaped” elements placed inside the braces casing. The “I-
shaped” cross-sections of the CBF-frames diagonals were orientated with the web 
normally to the plane of the frame, (in order to avoid out of plane buckling of the braces). 
 

 
      DC-CBF                DM-CBF             DC-BRB                 DM-BRB                DC-EBF               DM-EBF 

Fig. 2 - Analysed braced frames 

2. Behaviour during dynamic nonlinear analyses 

Dynamic nonlinear analyses were performed for each braced frame, considering the 
acceleration records of several Vrancea earthquakes (the N-S and E-W components of 
Vrancea earthquakes from 1977, 1986 and 1990). The acceleration records were calibrated 
to a peak ground acceleration value of approximately 0.30 times the acceleration of 
gravity. Damping was taken into account using the Rayleigh procedure, considering mass 
and stiffness proportional damping factors (see Tsai at al. (1994)). These factors were 
calculated using the periods of the first and the third eigenmodes. 

2.1. Extreme values for base shear forces and lateral displacements 

The smallest base shear force values were recorded for the BRB-frames, whilst the greatest 
could be observed for the CBF-frames (as shown in figure 3.a). For each pair of the 
analysed bracing types, greater base shear forces could be noticed for the frames with 
descendant braces (the “DM-frames”). The greatest horizontal floor displacements during 
dynamic nonlinear analyses were noticed for the CBF-frames, whilst the smallest values 
could be observed for the EBF-frames (see figure 3.b). 
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Fig. 3 - Extreme values for: a) base shear forces; b) horizontal floor displacements 

2.2. Maximum inelastic deformations in the potentially plastic zones 

Much greater values of brace lengthening could be noticed by far in the last four stories of 
frame DC-CBF.  In the first five stories greater brace lengthening was recorded for frame 
DC-BRB (see figure 4.a). Except for the upper three storeys, greater cumulated brace 
lengthening values were recorded for the BRB-frames compared to the CBF-frames (see 
figure 4.b). This fact relays in the different post-elastic behaviour of the braces in the two 
types of frames. In case of the concentrically braced frames, the diagonals suffer only 
inelastic tensile deformations, whilst in case of the buckling restrained braced frames the 
diagonals suffer plastic deformations both in tension and in compression. The values of the 
maximum plastic deformations in the braces were in the same range for frame DC-BRB 
and DM-BRB. On the contrary, for the CBF-frames the values were quite different: greater 
brace lengthening values could be noticed for the middle part of frame DC-CBF and the 
top storeys of frame DM-CBF. 
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Fig. 4 - Maximum inelastic deformations in the braces of the CBF- and BRB-frames 

The greatest inelastic deformations along the girders were noticed by far in the potentially 
plastic zones located in the upper storeys of the girders of the DC-CBF frame. The values 
of the maximum plastic hinge rotations in the girders were in the same range for the first 
four storeys of the BRB- and CBF-frames (as shown in figure 5.a). The plastic 
deformations in the girders are decreasing in the upper four storeys of the BRB-frames. In 
case of the CBF-frames the greatest inelastic girder deformations were recorded in the 
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storeys 7, 8 and 9. The plastic deformations in the dissipative members were quite in the 
same range in the two EBF-frames (see figure 5.b). 
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Fig. 5 - Maximum plastic deformations along the girders: a) plastic hinge rotations for the CBF- and BRB-
frames; b) inelastic link axis rotations for the EBF-frames 

2.3. Maximum member forces in different categories of elements 

For all the considered bracing types (CBF, BRB and EBF), much greater axial forces could 
be noticed in the lateral columns of the frames with descendant diagonals (DM-frames). 
This can be explained by the fact that the values of the axial forces generated by the 
horizontal seismic forces in the lateral columns are proportional to the values of the global 
bending moment (the overall bending moment which is acting on the whole frame).  
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Fig. 6 - Lateral column axial forces caused by the horizontal seismic action 

Where: - M0 is the global bending moment at the bottom of the frame, 
             - M1 is the global bending moment of the frame at the bottom of the first story, 
             - D is the span of the frame, 
             - DM

bottomN  is the axial force in the bottom lateral column of frame DM-CBF, 

             - DC
bottomN  is the axial force in the bottom lateral column of frame DC-CBF. 

As indicated in figure 6, the axial force in the lateral bottom storey column of frame DM-
CBF is proportional to M0, whilst in case of frame DC-CBF the axial force in the lateral 
first-storey column is proportional to M1. M0 > M1 and so a greater axial force appears in 
the lateral columns of frame DM-CBF, compared to frame DC-CBF.  
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The greatest axial forces in the lateral columns were recorded by far for frame DM-CBF 
(see figure 7). The values were about 86% larger for frame DM-CBF compared to frame 
DC-CBF. In case of the BRB-frames the axial forces in the lateral columns of frame DM-
BRB were about 11% greater than for frame DC-BRB. For the EBF-frames the values 
were up to 15% larger in case of frame DM-EBF compared to frame DC-EBF. 
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Fig. 7 - Maximum axial forces in the marginal columns 

In most cases greater bending moments appeared in the lateral columns of the frames with 
descendant braces (DM-frames). In the first two storeys, the greatest bending moment 
values appeared in the lateral columns of frame DM-EBF. For the other storeys, larger 
values could be noticed for frame DM-CBF. In most cases larger bending moments could 
be observed in the lateral columns of the frames with descendant braces (see figure 8). The 
differences were about 50% for the EBF-frames, up to 10% for the CBF-frames and 
smaller than 4% for the BRB-frames. The greater differences in case of the EBF-frames 
can be explained by the fact, that the placement of the dissipative members near the lateral 
columns of frame DM-EBF increases the values of the bending moments in those columns 
(compared to frame DC-EBF where the links are not located near the lateral columns). 
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Fig. 8 - Maximum bending moments in the lateral columns 

In almost all situations, the greatest axial forces appeared in the central columns of the 
CBF-frames. For the first five storeys, the values were larger in case of frame DM-CBF, 
whilst for the upper five storeys the values were greater for frame DC-CBF, as indicated in 
figure 9. For the BRB-frames the values of the axial forces in the central columns were up 
to 55% larger in case of frame DM-BRB compared to frame DC-BRB. In case of the EBF-
frames the values were over two times greater for frame DM-EBF compared to frame DC-
EBF. In most cases, larger axial forces were noticed in the central columns of the frames 
equipped with descendant bracings (DM-frames), compared to the frames with ascendant 
bracings (DC-frames). This can be explained by the fact, that greater shortenings are 
experienced by the central columns of the DM-frames under the action of vertical loads.  
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Maximum axial forces in the central columns 

0

1600

3200

4800

6400

8000

9600

1 2 3 4 5 6 7 8 9 10story

(kN)

DC-CBF

DM-CBF

DC-BRB

DM-BRB

DC-EBF

DM-EBF

 
Fig. 9 - Maximum axial forces in the central columns 

Except for the first storey, the smallest bending moments in the central column were 
recorded for frame DM-EBF (see figure 10). Smaller bending moment values along the 
central columns were recorded also for the BRB-frames. The values were about 40% 
bigger for frame DM-BRB compared to frame DC-BRB. The greatest bending moments 
were noticed in most cases in the central columns of the CBF-frames. The values were 
quite in the same range for frame DM-CBF and frame DC-CBF. 
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Fig. 10 - Maximum bending moments in the central columns 

In case of the EBF-frames, the bending moments in the central columns of frame DM-EBF 
were over two times larger than those recorded in case of frame DC-EBF. These great 
differences, noticed for the EBF-frames, are caused by the placements of the dissipative 
members away from the central column in case of frame DM-EBF and respectively near 
the central column in case of frame DC-EBF. 
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Fig. 11 - Maximum axial forces along the girders 
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The axial forces in the girders were in the same range for each pair of the three analysed 
bracing types as shown in figure 11. Greater axial forces appeared in the girders placed in 
the lower storeys of the DM-frames, whilst for the upper storeys bigger values could be 
noticed in the girders of the DC-frames. The greatest axial forces appeared in the girders of 
the CBF-frames and the smallest in the girders of the EBF-frames. The values in the CBF-
frames were up to 50% larger than those in the EBF-frames and about 32% bigger than the 
ones recorded in the girders of the BRB-frames. 
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Fig. 12 - Maximum bending moments along the girders 

The greatest bending moments in the girders appeared by far in frame DM-CBF. The 
values for frame DM-CBF were up to 14% bigger than for frame DC-CBF. The values of 
the bending moments in the girders were smaller and in the same range for the two EBF-
frames as indicated in figure 12. The values in frame DM-BRB were about 17% greater 
than those in frame DC-BRB. 
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Fig. 13 - Maximum axial forces along the diagonals of the EBF-frames 
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The maximum axial forces in the diagonals were quite the same for the pairs of CBF- and 
BRB-frames. Up to 6% greater axial forces were noticed for the diagonals of frame DM-
EBF compared to the ones in the braces of frame DC-EBF (as shown in figure 13). The 
maximum bending moments in the braces of the two EBF-frames were in the same range 
(see figure 14). 

3. Estimated steel consumption 

The smallest estimated steel consumption was obtained for the BRB-frames, whilst the 
greatest values were noticed for the EBF-frames, as indicated in table 1 and figure 15. For 
all considered bracing types bigger steel consumptions were observed for the frames with 
descendant braces (DM-frames). The differences were about 2% for the EBF-frames, up to 
7% for the CBF-frames and greater than 6% for the BRB-frames. 

Table 1. Estimated steel consumption 

Elements Estimated material consumption (kg) 
DC-CBF DM-CBF DC-BRB DM-BRB DC-EBF DM-EBF 

Girders 14587 16795 13793 15370 16658* 16281* 
Diagonals 9281 9027 6056 5967 18314 18056 

Braces casing 0 0 8931 8931 0 0 
Marginal columns 25137 26958 21469 24230 20614 26566 
Central columns 11567 12070 7935 7300 10921 7031 

Total 60573 64850 58183 61798 66508 67934 
*Remark: The material consumption for the girders contains in case of DC-EBF and DM-EBF the steel 
consumption estimated for the dissipative members and for the adjacent beam segments! 
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Fig. 15 - Estimated material consumption 

The following remarks could be made by analysing the values in table 1: 
- The estimated consumption value for frame DC-BRB (smallest estimated material 
consumption value) was about 10% smaller than the one obtained for frame DC-EBF and 
over 16% smaller than the one evaluated for the DM-EBF frame (greatest estimated 
material consumption value). 
- The smallest steel consumption for the girders is noticed for the BRB-frames. In case of 
the BRB- and CBF-frames greater steel consumptions were observed for descendant 
bracings (DM-frames). The differences were up to 15% for the CBF-frames and greater 
than 11% for the BRB-frames. For the girders of the two EBF-frames the values of the 
estimated steel consumption were in the same range (differences smaller than 2%). The 
larger axial forces noticed in the girders of the concentrically braced frames do not appear 
at the same time with significant bending moment values and so in most cases smaller 
cross-sections were sized for the girders of the CBF-frames compared to the ones of the 
EBF-frames. 
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- The steel consumptions for the braces were quite the same for each pair of frames having 
the same bracing type. The greatest estimated material consumption for the braces was 
noticed for the EBF-frames. Compared to the CBF-frames these values were about two 
times larger. The estimated steel consumptions for the braces of the BRB-frames were up 
to 22% smaller than those for the EBF-frames. In case of an eccentrically bracing the 
diagonal is sized to carry in the elastic range of behaviour great compression forces 
together with a significant part of the bending moment recorded at the adjacent end of the 
dissipative member. This conducts to greater cross-sections for the braces compared to the 
diagonals of CBF- and BRB-frames which work mainly under axial forces. Having “I” 
shaped cross-sections that are working about the weak axis in the plane of the frame, very 
small bending moment values appeared in the diagonals of the CBF-frames and so these 
braces are dimensioned to carry mainly tensile axial forces. This explains the smaller 
material consumption for the braces of the CBF-frames. In case of the diagonals of the 
BRB-frames, the casing that prevents the buckling of the braces led to a greater overall 
steel consumption for the braces (inside core + outside casing). 
- Greater steel consumptions for the lateral columns are obtained for the frames with 
descendant bracings (DM-frames). The differences were up to 29% for the EBF-frames, 
about 13% for the BRB-frames and greater than 7% for the CBF-frames. The smallest 
estimated steel consumption was noticed for the lateral columns of frame DC-EBF. Placing 
the potentially plastic zones in the girders far away from the marginal columns reduces the 
bending moments and the cross-sections for the lateral columns of frame DC-EBF 
(compared to the other analyzed bracing configurations).  
- The biggest material consumption for the central columns was obtained in case of the 
CBF-frames (very unfavourable loading situations appeared in the central column when 
the adjacent compressed diagonals are out of work through elastic range buckling, whilst 
the adjacent tensile braces are still working; the large axial forces and bending moments 
that appear simultaneously in the central column, conducted to greater cross-sections 
compared to the ones obtained for the central columns of the EBF- and BRB-frames). The 
smallest estimated steel consumption was noticed for the central columns of frame DM-
EBF, where the dissipative members are connected to the lateral columns (away from the 
central column). 
- Larger steel consumptions are obtained for the frames with descendant bracings (DM-
frames). The differences were up to 29% for the EBF-frames, about 13% for the BRB-
frames and greater than 7% for the CBF-frames. The smallest estimated steel consumption 
was noticed for the lateral columns of frame DC-EBF. Placing the potentially plastic zones 
in the girders far away from the marginal columns, reduces the bending moments and the 
cross-sections for the lateral columns of frame DC-EBF. 
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Fig. 16 - Estimated material consumption for EBF sized for a modified seismic force 
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If the eccentrically braced frames are sized for the forces generated by a reduced design 
seismic force (evaluated with a q-factor value equal to 5.0, instead of 4.0), the estimated 
steel consumption will decrease with up to 13% for both eccentrically braced frames (see 
the estimated consumption values for frame DC-EBF and DM-EBF in figure 16). 

4. Conclusions 

The BRB-frames led to the smallest material consumption, whilst the greatest steel 
consumption was estimated for the EBF-frames. From this point of view ascendant bracings 
(DC-frames) appear to be more favourable than descendant bracings (DM-frames) for all the 
considered bracing types. 
In most cases the smallest values of bending moments and axial forces along the columns and 
girders appeared in the frames equipped with BRB-bracings. From this point of view, the 
concentrically bracing systems are the most unfavourable. Buckling of the braces conducts to a 
sudden unloading of the compressed diagonals and leads to great values of bending moments 
and axial forces especially in the central columns and girders of the CBF-frames. 
The greatest base shear forces and the biggest lateral displacements during dynamic nonlinear 
analyses were noticed in case of the CBF-frames. The smallest lateral floor displacements 
could be observed for the EBF-frames and the smallest base shear forces were recorded for the 
BRB-frames. 
The greatest inelastic deformations in the different potentially plastic zones along the girders 
were noticed in the middle storeys of the EBF-frames and in the upper storeys of the CBF-
frames. Generally the braces of the BRB-frames suffered much smaller plastic lengthening 
than the one in the CBF-frames. In most cases the plastic deformations in the diagonals and 
girders of the CBF-and BRB-frames were smaller for the DC-frames compared to the DM-
frames. The plastic deformations in the dissipative members of frame DC-EBF and DM-EBF 
were in the same range.  
At the end of dynamic nonlinear analyses, larger remaining floor deformations could be 
noticed in the girders of the frames with eccentrically bracings (compared to the CBF- and 
BRB frames). The smallest repair costs after a strong earthquake appear to be for the BRB-
frames. 
Taking into consideration the behaviour during dynamic nonlinear analyses and the estimated 
steel consumption, frame DC-BRB appear to be the most favourable from the six considered 
bracing types.  
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Abstract: Polyurethane panels are used for façade cladding and roofing, 
mainly, of industrial objects, and as such allow for fast installation and 
reduction of building cost. According to current regulations in Macedonia, 
panels are only used as secondary load bearing elements. This work displays 
the experiments used in order to determine the possibilities to replace the 
standard bracing for reduction of horizontal deflection with sandwich panels. 
For this purpose, 3 models in the scale of 1:1 of a building have been tested 
on a vibro platform. The models themselves are the same 6m high building 
with the same load, only Model 3 is with panels, Model 2 with bracing and 
no panels, and Model 1 is with no bracing or panels. The obtained results of 
the experiment show that the panels indeed can reduce the deflection of 
buildings in seismic areas.  
Keywords: panels, steel construction, stressed skin design  

1. Introduction

The present use of sandwich panels in construction requires a significantly sophisticated 
method of structural analysis, one that accounts for the correlation of the panels and the 
main structure.  
Light sandwich panels used for cladding of modern buildings consist of two metal sheets 
for cover (flat or with trapezoidal profile) and an insulating core. Additionally to their 
primary role as shield from the outside elements, they also represent a very simple method 
to increase the stiffness of a building, providing an economical solution to the problems of 
deflection from horizontal influences. To make an analogy: the diaphragm acts as the web 
of an I beam in its role is to prevent shear deformation, while the outside elements of the 
diaphragm (the columns) are the flanges of the I beam.   
Undeniably, the structure and the cladding will always be in interaction, but what their 
grouped response will be, needs to be determined. Both as a response in deflections, and as 
response of the structure to the horizontal influences in terms of damage. This work 
analyses 3 models that are set on a vibro platform, and the response to damage their 
elements have.  
While the original intention was to use the ElCentro recording, due to the dynamic 
characteristics of the models, the experiments are done with the Petrovac recording of 1979 
as the input data for the seismic load. The experiments are all done in one horizontal 
direction on the seismic vibro platform with five degrees of freedom in the Laboratory for 
dynamic research in the Institute of Earthquake Engineering and Engineering Seismology, 
UKIM-IZIIS-Skopje. The scale of the magnitude of the recording started from 5% to a 
maximum of 90%, with the following increments: 5%, 15%, 30%, 50%, 70%, 90%. 
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2. Calculation of models 

For the experiments of this work, a HVAC shelter building is analyzed. The building is 
designed for an area with high snow load in order to be able to apply loads for seismic 
actions. The main reason for choosing such a type of a building is that its dimensions are 
such that they can be done in scale 1:1, and still be within the required dimensions that can 
be placed on the vibro platform, while demonstrating a representative building used in 
practice. Having this in mind, the obtained results from the experiment are a true picture of 
the response of such a building.  
The experiment itself analyses 3 models, each of them a symmetric 3D frame with 4 
columns, 4 beams and a height of 6m: 

1) Model 1: steel structure as a clear frame as shown on Figure 1 
2) Model 2: steel structure with bracing as shown on Figure 2  
3) Model 3: steel structure with facade panels as shown on Figure 3 

 

 
Fig. 1: Isometric view of the structure of Model 1 

The steel structure i.e. the 3D steel frame that undergoes the experiment has base 
dimensions of 3560.0mm х 3560.0mm and a height of 6000.0mm. The vertical element – 
columns are made of box profiles QR80x4 while the roof beams are hot rolled IPE160 
profiles. The anchoring of the structure, as well as all the connection of the model 
(column-beam; beam-beam; bracing-bracing; bracing-column) are bolted connections.  
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Fig. 2: Isometric view of the structure for Model 2  

On top of the structure, lies a steel plate of 35mm thickness and weight of 275kg/m2, which 
simulates the load of snow and permanent loads (roof panel and installations). The plate is 
bolted to the roof structure of the model via 104 bolts M12.0 X 70.0 with material quality 
of 10.9. With the method for applying the load, it is possible to avoid the use of ingots for 
the loading of the structure, thus reducing the installation time on the vibro platform.  
The panels, for Model 3 are screwed to the structure with self-tapping screws M6,3 
according to the recommendations from the producer of the panels (one screw per every 
angle of the structure). 
The bracing from Model 2 is fastened to the structure with M20x60 bolts with material 
quality 8.8, and between them (on the place where the system lines cross) there is a ring 
with thickness of 8mm in which all 4 segments of the bracing enter. The re-bars, from 
which the bracing is made, have a thread made on them, and all the elements are fastened 
with nuts.  
While Model 3 (Mode 1 of 0,847sec) has half of the lateral stiffness of Model 2 (Mode 1 
of 0,453), both Model 2 and Model 3 are designed to withstand the full 100% magnitude of 
the recording of the Petrovac earthquake.  
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Fig. 3: Isometric view of the structure for Model 3  

3. Characteristics of the vibro platform  

The seismic platform on which the model was tested is in the Laboratory for dynamic 
research in the Institute of Earthquake Engineering and Engineering Seismology, UKIM-
IZIIS-Skopje. The platform itself is a complex integral electro-hydraulic system (MTS-
USA) which allows for programed generating of shear vibrations in vertical and horizontal 
direction. The platform is with dimensions of 5m x 5m, and is made of a stiff plate of pre-
stressed concrete.     

4. Acquisition system  

The acquisition system for data in the laboratory for dynamic testing is a PXI modular 
system from National Instruments, which contains 9 PXI-4472 modules for A/D 
conversion and one PXI-6713 for D/A conversion, fitted in one PXI-1006 18-sloth chassis. 
Each PXI-4472 module has a capacity for real time acquisition of 8 channels with 
maximum sampling speed of 102.4 kS/sec per channel. 
Therefore, the overall capacity of the measurement channels is 72, including the system 
ones. For these experiments, accelerometers, linear potentiometers and measure tapes were 
used.  

5. Instrumentation  

The scheme for instrumentation is defined in a way to get an optimal number of 
information from the experiment. Therefore, a total of 12 accelerometers (ACC), 8 
measuring tapes (SG) and 2 linear potentiometers (LP) were used in total. The same 
scheme of instrumentation was used for all the models.  
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Fig. 4: Instrumentation scheme 

6. Visual inspection of the structure 

6.1. Model 3 (model with panels) 

During the testing of Model 3, the structure behaved well without any deformation of the 
main load bearing structure. However, already at test 4 with acceleration of 0,143g, it is 
evident that there is horizontal deflection of the structure, with no damage to the facade 
panels. This situation indicates of damage to the connection between the panel and the 
structure, i.e. wrinkling of the steel sheet of the panel (damage to the panel), or damage to 
the self-tapping screw (shear rip of the screw). The damage of the panels (nonconstructive 
elements) means that their behavior has passed into a nonlinear zone of behavior, while the 
columns as main structural elements (in all 3 models, as described before) stay in the linear 
zone of behavior.   
After the completion of the tests of Model 3, and the dismantling of the panels, it is clear 
that there is damage to the panels, as it is evident on the pictures below. The numeration of 
the panels is such that it goes bottom-up i.e. the panel on the bottom is marked with 1, 
while the top ones is marked with number 5, while the sides are marked right (R) and left 
(L).  
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On the panel itself, the screws are marked according to the scheme below, with markings a, 
b, c and d.  

 
Fig. 6: Screws marking 

Visually, the biggest damage to the panels is on panel 3 (where there is a simulated 
window with a disruption in the panel continuity) i.e. where there is a sudden shift 
(decrease) in the stiffness. On that point, with a hole of d=6,3mm, there is such tearing of 
the sheet, that the hole becomes oval (in the direction of the horizontal force) up to 23mm. 
On the other hand, the smallest damage is on the top panel with an oval hole of d=12mm, 
and the bottom panel with an oval hole of d=9mm.  

Fig. 7: Damage of top left panel  

Fig. 5: Panel marking 
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Fig. 8: Damage of middle left panel 

 

 
Fig. 9: Damage of bottom left panel 

6.2.  Model 2 (model with bracing) 

During the testing of Model 2, the structure behaved well without any deformation of the 
main load bearing structure. However, already at test 13 with acceleration of 0,143g, it is 
evident that there is horizontal deflection of the structure, with deformation of the ring 
(that was circular at the beginning of the experiment) which connects the bracing in the 
middle.  

 
 
 
 
 
 
 
 
 
 
 
 Fig. 10: Position of rings for bracing connection 
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The rest of the structure, visually, undergoes no damage.  

 
Fig. 11: Deformed bracing ring 

6.3. Model 1 (model with no bracing or panels) 

Due to the big flexibility of the structure with no bracing or panels, the high period of the 
structure is more than evident. Due to the high period of the structure, the test stopped after 
applying 15% of the earthquake force, in order to prevent damage to the structure and of 
fear for the safety of the equipment. However, in spite of the high period of the structure, 
the main constructive elements of the model have undergone no damage whatsoever.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: Model 3 after stopping of testing  
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7. Conclusion 

In conclusion, as stated in the introduction, the panels can withstand the horizontal forces 
and decrease the deflection of the structure, but at what cost? In reality, the panels suffer 
such damage, that they are rendered unsuitable for ‘the next earthquake’, but also this type 
of bracing undergoes the same level of damage. Nonetheless, it is more than obvious that, 
although the panels allow for the same level of deflection decrease, the ‘weakest link’ is in 
the connection of the panels with the main structure i.e. in the self-tapping screws. If there 
is a possibility for an equal distribution of force, instead of the concentrated points of force 
distribution, the panels will not suffer damage, and will still be useful for the next 
earthquake.  
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Abstract: The seismic assessment of multi-story buildings at city scale requires robust but 

simplified modeling techniques to reduce the computational resources and time. This paper 

presents an equivalent beam model (EBM), issued from homogenization, capable of 

describing the seismic response of real tall buildings. The EBM is a generalization of the 

Timoshenko beam model. It integrates shear, global bending, and inner bending 

mechanisms, which are identified to control the response of reticulated structures such as 

buildings, foams, honeycombs, or lattice structures. The parameters of the EBM are 

obtained through the static analysis of a single building story. This work uses a new finite 

element formulation of the EBM to estimate the dynamic properties of buildings (i.e., 

eigenfrequencies and eigenmodes) and perform time history analyses with natural seismic 

records. This approach is validated through a real case study. The Grenoble City Hall 

corresponds to a regular 13-story reinforced concrete building located in Grenoble-France. 

The inner bending significantly influences its behavior, whereas usual beam models do not 

include this mechanism. The results obtained via this 1D simplified EBM match those 

obtained with a fully 3D finite element simulation, which are also very close to experimental 

data. 

Keywords: seismic response, tall building, homogenized beam, finite element method 

1. Introduction

In seismic assessment studies of a large group of existing buildings, simplified models for 

dynamic analyses keep being attractive despite the actual calculation capabilities of 

computers. At the local scale, information such as forces and deformations in the structural 

elements is of interest. At the global scale, modal parameters such as natural frequencies 

and mode shapes are fundamental for the dynamic description. The calculation of all the 

variables at both local and global scales is rarely performed by using a single simplified 1D 

modeling strategy. However, sophisticated techniques based on homogenization are able to 

keep the link between different scales.  

Two conditions are necessary to apply homogenization to building structures: periodicity 

and scale separation. Ordinary mid-rise and high-rise buildings are frequently periodic in 

height because a typical story is repeated all along the building height. The scale separation 

condition refers to the contrast between the size of the microstructure   , which is the 

height of one story, and the size of the deformation of the structure  , which is related to 

the wavelength. Alternatively,   can be expressed as a function of the height of the entire 

building and the mode number  : 
(  ) 

(Hans et al, 2008). The scale ratio, 

  , must be sufficiently small to allow homogenization. This scale separation 

condition is respected if the number of stories   and the mode number   verify:  
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and      . It is therefore possible to obtain homogenized 1D models for the dynamic 

characterization of numerous buildings in the frequency range, which is the most excited 

by earthquakes. 

This study is based on the equivalent beam model (EBM), issued from the homogenization 

method of periodic discrete media (HPDM) (Caillerie, 1989) applied to multi-bay frame 

structures (Hans et al., 2008)(Chesnais, 2010), and also on its finite element formulation, 
named the homogenized beam finite element model (HBFEM) (Franco et al., 2022). The 

HBFEM facilitates time history analyses and the integration of several story properties for non-

fully periodic structures made of “periodic sub-structures”. Herein, the HBFEM is utilized to 

perform dynamic analyses of an existing multi-bay frame building. The Grenoble City Hall 

(GCH) is a 13-story reinforced concrete building monitored since 2004 by the French 

Accelerometric Network (RAP). The GCH has served as a candidate in multiple research 

studies dealing with experimental dynamic characterization (Michel et al., 2006), 3D 

numerical model calibration (Michel et al., 2010) (Desprez, 2010), or fiber reinforced 

polymer retrofitting assessments (Desprez, 2010). Its building structure is not fully 

periodic: the structural element sections slightly decrease at mid-height. The HBFEM 

formulation proposed in (Franco et al., 2022) is used to integrate the properties of the 

typical stories of the GCH to build its 1D model.  

In this work, the analysis is focused on the linear elastic framework. The results of the 

GCH equivalent beam model are compared with those of its full detailed numerical model. 

The objective is three-fold:  

i) Detail the construction of the HBFEM model for real non-fully periodic structures.

ii) Demonstrate the capabilities of this simplified model in the computation of

dynamic properties and time history analyses.

iii) Highlight the advantages of the understanding of the mechanical functioning of

building structures.

2. Model formulation

The transverse dynamics of building-type structures (interconnected walls/columns and 

floors/beams) is described through the HPDM by (Hans et al., 2008). They focus on one-

bay frame structures as the one shown in Fig.1a. This idealized structure has a total 

height      , where   is the number of stories,    the height of the stories and    their 

width. A systematic study on these one-bay frame structures is conducted to assess the 

evolution of the overall structural behavior with respect to the stiffness contrast between 

the walls and the floors. Two significant results from this study can be highlighted: the 

identification of the structure governing mechanisms, and an analytical formulation, named 

equivalent beam model (EBM), describing the transverse dynamics.  

2.1 Governing mechanisms of building-type structures 

(Hans et al., 2008) reveals that three mechanisms govern the structural behavior in the 

transverse direction: the shear of the stories (stiffness   ), the inner bending (stiffness   ), 
and the global bending (stiffness   ) (Fig.1b). The story shear deformation is generated by 

the local bending (i.e., between neighboring nodes) of the vertical and/or horizontal 

elements. For the inner bending mechanism, the vertical elements behave as cantilever 

bending beams at the structure scale and are synchronized by the horizontal ones. These 

horizontal elements have a large axial stiffness and bend locally. The global bending 

mechanism occurs because of the out-of-phase tension-compression of the vertical 

elements. The relative importance of the mechanisms depends on the stiffness contrast 
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between the vertical and horizontal elements. For example, the inner bending can only 

appear if the horizontal elements are much more flexible than the vertical ones. 

2.2 Equivalent beam model (EBM) - analytical form 

The transverse motion of one-bay frame structures is parametrized by three kinematic 

variables: the mean transverse displacement,  , the story rotation,  , and the mean nodal 

rotation,  . The first two, representing the story rigid body motion, appear explicitly in the 

global dynamic description of the structure. Conversely,  , associated with the story 

deformation, is a hidden variable obtained from the rigid body motion thanks to the 

internal equilibrium of the story. Fig.1c illustrates the deformed one-bay frame structure 

and the associated kinematic variables. 

(a) (b) (c) 

Fig. 1 (a) Idealized one-bay frame structure studied in (Hans et al., 2008). (b) Mechanisms that govern its 

transverse behavior. (c) One-bay structure transverse deformation 

The three mechanisms governing the transverse vibrations of the EBM are associated with 

one force and two moments defined by the constitutive laws given in Equations (1) and 

related by the equilibrium equations (2).  

Constitutive laws: 
Shear force  

(generated by the shear of the stories)  (   ) (
  (   )

 (   )) 

Inner bending moment 
 (   )

 (   ) (1) 

Global bending moment 
 (   )

 (   )

 Equilibrium equations: 

 (   )  (   )
 (   )   (   )  (   )

 (   ) 

  (   )
 (   ) 

(2) 

where  corresponds to the total shear force,   (   ) is the linear density of the external 

transverse load, and Λ is the linear mass (mass of the story divided by its height ). The 

combination of these equations, in the harmonic regime ( (   )  and 

 (   )  [ ̂( ) ]),  leads to a sixth order differential equation (Hans et al., 2008): 

 ( )
( )

 ( )  ( )
 ( )

(3) 

where   is the circular frequency. For a structure clamped at the bottom and free at the top, 

the boundary conditions are    , 
  
    and  ̂=0 at     and  ̂   ,  ̂    and

 ̂    at    . Details on the construction of this equation can be found in (Hans et al.,

2008) (Chesnais, 2010). Note that the EBM is an enriched form of the fourth-order 
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Timoshenko beam equation. The higher differential equation order is attributed to an 

additional kinematic mechanism that may appear under large stiffness contrasts between 

the story structural elements. This sixth order differential equation can degenerate into 

more simplified beam models (e.g., shear beam or Timoshenko beam) according to the 

stiffness contrast between structural elements (see (Hans et al., 2008)). 

The implementation of the HPDM on two-bay frame structures done by (Chesnais, 2010) 

verifies and encounters these results, and further studies are performed in (Chesnais et al., 

2011) (Franco et al., 2019) to extend the EBM applications to real building structures. 

Comparisons with full finite element models show that the EBM can accurately describe 

the transverse dynamics of building type structures respecting the conditions mentioned in 

section 1. 

2.3 Equivalent beam model (EBM) - numerical form 

Aiming to perform extensive parametric studies, time history analyses, and extend the 

EBM applications to non-fully periodic structures, (Franco et al., 2022) proposes and 

verifies a finite element formulation of the EBM built via virtual power formulation 

principles. This homogenized beam finite element (HBFEM) model is a 1D beam model 

discretized in finite elements with three degrees of freedom at each node. These three 

degrees of freedom are associated with the transverse motion of the structure described by 

the transverse displacement  , the first derivative of the transverse displacement , and 

the story rotation  . The total number of degrees of freedoms  define the size of the 

structural response vector  ( ) depending on  , , and   at time  . The governing 

equation of the motion is expressed in matrix form as (Franco et al., 2022): 

  ̈( )    ̇( )    ( )   ( ) (4) 

where   (   ),  (   ),  (   ) are the time-invariant mass, damping and stiffness 

matrices of the structure, respectively. The vector  ( ) is the time dependent excitation 

force. The weak formulations of the HBFEM lead to a 6 × 6 generalized elementary 

stiffness matrix depending on the stiffnesses   ,   , and    and the finite element height 

 (Franco et al., 2022) states that with  taken as , it is possible to have very accurate 

results up to the third vibration mode. The resultant 6 × 6 generalized elementary mass 

matrix depends only on   and    and corresponds to the mass matrix of the classical Euler-

Bernoulli beam model where the rotational inertia is not involved because it is associated 

with much higher frequencies in frame structures (Chesnais, 2010).  The construction of 

this numerical formulation is well detailed in (Franco et al., 2022).  An example code of 

the HBFEM application was written in MatLab and is available in (Franco, 2022): 

https://doi.org/10.25578/ZV8CQK 

3. Case study: The Grenoble City Hall building

The performance of the HBFEM has already been investigated in (Franco et al, 2022) for 

the transverse dynamics of realistic multi-bay frame structures with various numbers of 

stories and stiffness contrasts between the vertical and horizontal elements. Herein, the 

validation focuses on its application to real structures. Then, the equivalent beam model 

construction of the Grenoble City Hall building is performed and its results are compared 

with the results of the (Desprez et al, 2015) full finite element model (see Fig. 2). This 

detailed numerical model (DFEM) is composed of 21102 elements and 12275 nodes.  Both 

HBFEM and DFEM models are clamped at the base. 
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3.1 Description of the structure 

The Grenoble City Hall (GCH) is a reinforced concrete structure with a square patio of two 

stories crowned with a tower at one side, which is the object of this study. The tower has 

11 stories above the patio building which sums 13 stories and 52m of height from ground 

to top (Desprez, 2010). The tower is 43m long and 13m wide (Fig. 2a). The structural 

components are columns, 4 pillars (containing the staircases and elevator shafts) and 

beams. The main hall, located at the ground story, is a floor with double height where the 

only vertical members are the four pillars. They support a prestressed transfer slab on 

which the tower is built. The cross-section of the pillars decreases after the transfer slab. 

The inter-story height is 3.2m for the typical stories of the tower. Every column starts in 

the prestressed transfer slab. The ten stories above the transfer slab have an identical 

structural distribution. However, the column sections slightly decrease from the 6th story 

above the transfer slab. In the last story (11
th

 from the transfer slab or 13
th

 from the

ground), this distribution changes and the structural components are basically shear walls. 

The building has also two basements with the same column distribution as the typical 

stories of the tower. The material properties are summarized in Table 1. The dimensions of 

the structural member cross-sections considered in the geometry definition of the 

numerical model are shown in Table 2. 

(b) 

Table 1. Main material properties 

Concrete properties 

32 GPa 

2400 kg/m
3
 

Steel properties 

200 GPa 

7800 kg/m
3
 (a) 

Fig. 2 The Grenoble City Hall tower block. (a)  Top:  General view and front side view of the tower block 

(Michel et al., 2010). Bottom: typical story and ground story plan views. (b) Full 3D finite element model by 

(Desprez, 2010) (Desprez et al, 2015) 

3.2 Construction of the equivalent beam model 

The construction of the HBFEM model for the GCH building, adopting the analytical EBM 

principles, requires two main steps, 1) computation of the macroscopic parameters: the 

linear mass Λ and the three stiffnesses   ,    , and   , and 2) a matrix assembly 

procedure, typically performed in finite element method, to integrate the properties for 

each of the typical stories. 
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Table 2. Geometrical properties extracted from the detailed numerical model. 
a
 Average of the two basement 

story heights=0.5× (3.47+4.68) m.
b
 4 and 

c
 3 beams in the longitudinal and transverse direction, respectively. 

Property Basement Ground story Typical story 1 Typical story 2 

Number of stories 2 1 5 6 

Story height,    (m) 4.08a 7.7 3.2 3.2 

Slab thickness (m) 0.14 0.16 0.14 0.14 

Beam sections (cm) 45   35 300   65b – 200   115c 45   35 45   35 
Column sections (cm) 40   50 40   50 30   40 
Pillar sections R-shape R-shape U-shape U-shape 

The computation of  ,  and  is performed through summations of the properties of 

the vertical elements: 

|  | (5) 

where  is the elastic modulus,  is the cross-section area,  is the lever arm, and   refers 

to the second moment of area. The estimation of  and  is realized in EXCEL. 

The computation of the shear stiffness  requires a static analysis of a single story. In 

Equation (5), is the shear force in each vertical element generated by a differential 

horizontal displacement  between the bottom and the top of the story. The procedure 

could be done by modeling numerically one single story as explained in (Chesnais, 2010) 

(Chesnais et al., 2011)  or in (Franco et al., 2019) for plane frame structures. In this 

section, we intend to detail this procedure for the GCH tower. 

To assess , we need to impose the macroscopic shear deformation on a finite element 

model of a single story with periodic boundary conditions for the other degrees of freedom 

(nodal rotations). We decide to perform the same analysis using two different FEM-based 

pieces of software, Cast3M (CEA, 2020) and ETABS (CSI, 2000), to present how to 

impose the periodic conditions identified by the homogenization with two different 

modeling strategies conditioned by the software environment. 

On the one hand, the story in Cast3M is modeled with the floor at the top level supported 

by the vertical elements (see Fig. 3a top). On the other hand, ETABS does not allow us to 

impose periodic conditions, so we opted for modeling the point with a bending moment 

equal to zero which is located at the mid-height of the vertical elements when the rotations 

are periodic. In this model, the floor is at mid-level with half of the vertical elements 

underneath and above the floor (Fig. 3b top). The walls are modeled in both pieces of 

software as frame elements (Euler-Bernoulli beams) with their corresponding cross-

sections. Here we list the required boundary conditions for the end nodes set in Cast3M: 

 The horizontal displacements   at the level  are set to zero (  ). 

 For all the nodes at the level , the horizontal displacements   are equal to the 

(we chose  (the height of the story) for convenience). 

 The vertical displacements of all the nodes are restrained (  ). 

 The nodal rotations must be periodic. All the nodes are left free to rotate provided

that the rotations are equal at both ends of every vertical element (       )

For the ETABS story model, all the listed conditions are applicable but the periodic 

condition (       ). The end nodes of the model, which correspond to the middle of 

the vertical elements, are simply set free to rotate. 

Figs. 3a and 3b (bottom) present the unit cell’s shear deformation in the longitudinal and 

transverse directions for the Cast3M and ETABS story models. The colors represent the 

vertical displacements. The results of the two modeling techniques for the computation of 

  for the two typical stories are presented in Table 3. Notice that there is a small 

difference (< 10%) for both directions between both modelling strategies. This 

comparison, although used only for the verification process, ensured the quality of the 

Cast3M results which are used herein for the rest of the computations.   
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Table 3. Comparison of the shear stiffness  obtained with the story model in Cast3M and in ETABS. 
Typical story Direction  (Cast3M) [MN]  (ETABS) [MN] |  | 

1 
Longitudinal 1087 1024 5.76 

Transverse 1276 1460 9.90 

2 
Longitudinal 706 658 6.75 

Transverse 979 1043 6.52 

 (a) (b) 
Fig. 3 Boundary conditions (Top) and shear deformation (Bottom) 

in the Cast3M (a) and ETABS (b) story models. 

3.3 The GCH building dynamic behavior 

Table 4 summarizes the macroscopic parameters of all the existing stories to build the 

HBFEM model of the GCH tower. Note that the magnitude of the parameters slightly 

differs between the typical stories but, for the ground story, these values are much larger. 

The contrast between the stiffnesses of a story compared to the scale ratio   can give us an 

insight on the building global dynamic behavior.  (Hans et al., 2008) proposes a map of the 

domains of the mechanism or the combination of mechanisms (i.e., shear, inner bending, 

and global bending) that can govern the building dynamics. This graph is particularly 

useful to select the beam model (shear beam, Timoshenko beam, or the full EBM) that can 

reproduce the dynamics of the analyzed structure with the minimum of calculations. For 

the two typical stories of the GCH tower,    is much larger than    and    in the 

longitudinal and transverse directions. According to (Hans et al, 2008), these contrasts 

correspond to a combination of the inner bending and shear mechanisms. The same 

behavior is found for the ground story in the longitudinal direction and the global bending 

must be added in the transverse direction.  Favorably, the inner bending and shear 

mechanisms can be captured by the generalized form of the EBM and, indeed, the 

HBFEM.  This mechanical functioning is characterized by a large interaction between the 

shear deformation of the story due to the local bending of the floor and columns, and the 

inner bending of the four pillars at the structure scale. This behavior cannot be described 

with a Timoshenko beam model which combines the shear deformation of the story and the 

global bending generated by the out-of-phase tension-compression of the vertical elements.  

Table 4. Macroscopic parameters for the different stories in the longitudinal (L) and transverse (T) directions. 

Macroscopic parameters 
Typical story 1 Typical story 2 Ground story Basement 

L T L T L T L T 

 , linear mass (ton/m) 164 158 263 198 

, shear stiffness (MN) 1087 1276 705 979 3482 34002 1391 1731 

 , inner bending stiffness 
 (MN m2) 

1.66 106 1.51 106 1.66 106 1.51 106 5.26 106 4.71 106 5.26 106 4.71 106

, global bending stiffness  

(MN m2) 

1.36 108 1.01 107 1.24 108 8.74 106 2.62 108 1.68 107 2.94 108 2.02 107

L 

T
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3.4 Modal analysis 

With the elementary stiffness    and mass  matrices totally solved, the modal analysis 

with the HBFEM model searches for the solution of the following eigenvalue problem: 

(6) 

where   and   are the square stiffness and mass matrices of the whole homogenized 

beam. The vector   corresponds to an eigenvector and    to the associated eigenvalue.  

Table 5 summarizes the first two eigenfrequencies          obtained for the HBFEM 

model in the longitudinal and transverse directions of the GCH tower. The in-situ results 

are shown for general information. The relative difference between the HBFEM model and 

the (Desprez, 2010) detailed numerical model is also presented. The overall results are 

satisfactory with differences no higher than 6% for the first vibration mode and slightly 

higher than 10% for the second vibration mode. Interestingly, the HBFEM frequencies are 

equal to the in-situ ones for the first mode in both directions.  Two main reasons can 

explain the discrepancies encountered for the second modes. Firstly, the accuracy of the 

HBFEM model directly depends on the value of the scale ratio   which becomes larger as 

the number of the analyzed mode increases. The larger   is, the less accurate the HBFEM 

model is. Thus, if the third vibration mode is estimated, it is normal to obtain even higher 

differences between the full detailed numerical model and the HBFEM model. Secondly, 

other mechanisms such as the shear acting on very thick vertical elements may emerge at 

the leading order, which could be the case for the walls of the staircases and elevator shafts 

of the GCH building (see (Chesnais, 2010)).  

The computed frequency ratios       (1; 4.58) are different from the common values 

found in the literature for shear beams (1; 3; 5) or Euler-Bernoulli beams (1; 6.25; 17.36), 

which agrees well with the inner bending and shear behavior encountered in section 3.3.  

Fig. 4 displays the first two mode shapes in the longitudinal and transverse directions. 

Although a difference between the natural frequencies is observed, the mode shapes of the 

HBFEM and DFEM are in pretty good agreement. 

Table 5. Comparison of the first two modal frequencies in the longitudinal and transverse directions for the 

different models of the GCH building and relative difference. 
Mode-

direction 

HBFEM 

(Hz) 

Ratio Detailed FEM 

(Hz) 

Ratio In-situ 

(Michel et al., 

2006)(Hz) 

Ratio R. difference 

between HBFEM 

and DFEM (%) 

1-L 1.16 1 1.10 1 1.16 1 5.45 

2-L 5.31 4.58 4.71 4.23 4.50 3.88 12.74 

1-T 1.22 1 1.19 1 1.22 1 2.52 

2-T 5.47 4.48 5.00 4.21 Not reported - 9.40 

Fig. 4 Comparison of the first two mode shapes obtained with the HBFEM model (black) and the detailed 

numerical model DFEM (red) for the longitudinal (left) and transverse (right) directions.  
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3.5 Time history analysis  

A transient dynamic analysis of the HBFEM and DFEM models of the GCH tower in the 

longitudinal direction is now performed using Newmark’s time integration scheme with 

the constant average acceleration assumption. 

For this computation, the viscous term   in Equation (4) corresponds to the Rayleigh 

damping matrix with 5% of the critical damping for the first two longitudinal modes. The 

seismic input corresponds to the north-south component of the ground accelerogram of the 

earthquake event recorded on August 2, 2017 in Ibaraki, Japan (see Fig. 5a). Its magnitude 

is Mw = 5.1 and the peak acceleration is 0.13g with most of the energy content between 5 

and 10 Hz (Fig. 5b). A total duration of 45s and a time step of 0.01s are considered. 

Figs.5c and 5d display the two simulations of the top roof displacement of the structure 

with respect to time and their amplitude Fourier spectrum, respectively. The results show a 

satisfactory agreement in terms of both time and spectral amplitudes. Nonetheless, the 

HBFEM model provides a maximum displacement value slightly higher than the one 

obtained with the detailed model (6.52mm vs 4.82mm). On the spectra of Fig. 5d the peak 

of the first modal frequency (around 1.16Hz) is well pronounced and its amplitude agrees 

for both models. These results are encouraging and show that the HBFEM model provides 

very good estimations of the structural response at lower computational costs. Once the 

geometry is defined in MatLab for the HBFEM model and in Cast3M for the detailed FEM 

model, the computation time of the dynamic analysis with the same resources could easily 

be two thousand times longer for the detailed FEM model (3s versus 100 min). 

(a) 
(b) 

(c) (d) 

Fig. 5 Time history analysis results. (a) Ground acceleration record and(b) its amplitude spectrum. (c) Top 

roof displacements and (d) amplitude spectra for the HBFEM model (black) and the (Desprez, 2010) detailed 

numerical model (red). 

4. Conclusions

This study clearly shows the numerical performance of the homogenized beam finite 

element model built with the EBM basis. An accurate description of the dynamics of the 

Grenoble City Hall tower is possible with the use of this 1D model approach. This study 
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validates the proposed strategy for analyzing a structure with different typical stories 

through the substructure assembly procedure and widens the application domain of the 

HBFEM model.  The eigenfrequencies and mode shapes are estimated with the HBFEM 

model and compared with the results of the fully detailed numerical model.  A time history 

analysis is also performed. The results show a satisfactory agreement between both models 

in terms of both time and spectral amplitudes in the lower frequency range. It was also 

possible to identify that the leading mechanism of the GCH structure corresponds to a 

combination of the inner bending of the four pillars and the shear of the story in the 

longitudinal and transverse directions. Future works will be dedicated to the integration of 

the HBFEM model in slight non-linear analyses.  
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Abstract: Non Linear Dynamic Analysis (NLDA) is increasing its popularity not only for 
research but also for the Performance-Based Design (PBD) and analysis of actual buildings. 
The standards and codes offer guidance and minimum requirements to perform NLDA, 
however, many aspects are open to expert judgement and such is the case of the input ground 
motions choice. In the Eurocode 8 (EC8), for example, a set of ground motions, artificial or 
recorded, can be selected and scaled so that their response spectra approximately characterise 
the desired target spectrum, and for this purpose, the spectral matching techniques are 
becoming more popular. This study aims to assess the influence of energy-related parameters, 
such as the significant duration (𝐷𝐷𝑎𝑎5−95) and Arias Intensity (𝐼𝐼𝑎𝑎) of spectrally matched 
records, on the NLDA damage results in terms of the well-known Park and Ang damage 
index. Particularly, variations in the damage of a real building were studied using a set of four 
different seismic records spectrally matched to several EC8 design spectra. The results show 
significant differences in the damage produced by the spectrally equivalent records. Records 
with larger energy input lead to greater damage compared to the shorter and less energetic 
records. It is concluded that the energy-related features of the input records might have more 
impact on the structural damage than the acceleration-related ones.  

Keywords: Eurocode 8, damage assessment, damage index, spectral matching, nonlinear 
dynamic analysis, performance-based design, energy 

1. Introduction

Worldwide design codes allow Performance-based Design (PBD) by means of non-linear 
dynamic analysis (NLDA). This type of analysis is considered a more realistic procedure to 
estimate the actual response of buildings subjected to ground-motions. However, there are 
issues, concerning the NLDA-based or PBD design methods, that have not been studied 
exhaustively. Such is the example of the selection of the input ground-motions. An 
inadequate assortment of seismic actions can lead to underestimate the seismic demand 
and/or to overrate the capacity of the structure (Chandramohan et al. 2016). 

Existing code guidelines for NDLA admit the use of as-recorded ground motions and 
synthetic records matching the site-uniform-hazard spectrum or the design spectrum. 
Spectrum-matched ground motions are also allowed. According to Eurocode 8 (CEN 2004a), 
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EC8, ground motions should reflect the characteristics of the dominant earthquake source 
and yet, no criteria for selection are provided. Therefore, the lack of guidelines regarding a 
proper choice of seismic records, can lead to over- or under-estimations of the expected 
structural damage, not only due to the hysteresis cycles but also to the maximum 
displacements. In this paper, two energetic characteristics of the ground motions are 
analysed: he significant duration (𝑫𝑫𝒂𝒂𝒂𝒂−𝟗𝟗𝒂𝒂) (Trifunac and Brady 1975) and Arias Intensity 
(𝑰𝑰𝒂𝒂) (Arias, 1970). The results of these analyses highlight the importance of taking into 
account also these features of seismic actions in the design or structural analyses based on 
NLDA. 

2. Methodology

Concerning to seismic actions, four acceleration records, with different Arias intensities and 
significant durations, have been selected for the analysis (see Table 1). Each record has been 
submitted to a spectral matching technique so that their 5% damped response spectra 
approximate the design spectra provided in the EC8 code for type A and D soils and for large 
(EC8 Type 1, 𝑴𝑴𝑾𝑾 > 𝒂𝒂.𝒂𝒂) and moderate earthquakes (EC8 Type 2, 𝑴𝑴𝑾𝑾  ≤  𝒂𝒂.𝒂𝒂). Thus, 
leading to a suite of 16 input records. Afterwards, the 𝑫𝑫𝒂𝒂𝒂𝒂−𝟗𝟗𝒂𝒂 and 𝑰𝑰𝒂𝒂 of each one of the 
spectrally matched records are obtained. 

Concerning the case-study structure, a building that was severely damaged by the Lorca 
(Spain, 2011) earthquake is modelled. The records are scaled to a PGA of 0.37g, which 
corresponds to the PGA of the Lorca earthquake. Then, NLDA is performed for each of the 
16 records and the well-known Park and Ang (1985) Damage Index (𝑫𝑫𝑰𝑰) is obtained. The 
resulting DIs are compared. Noticeable the 𝑫𝑫𝑰𝑰 damage index allows separating the energy 
and deformation contributions to the damage, which will be compared with 𝑰𝑰𝒂𝒂 and 𝑫𝑫𝒂𝒂𝒂𝒂−𝟗𝟗𝒂𝒂 
of each of the ground-motion records. In this way, the influence of these parameters on the 
expected damage is analysed, both in the energetic and deformation contribution, leaving as 
constants the intensity, measured as PGA, and the shape of the 5% damped response 
spectrum of the input ground motions. In the following sections, each of these points is 
presented in detail. 

2.1. The seismic records 

Four ground-motion records with different site, magnitude and duration characteristics where 
used. The records correspond to the Lorca (2011), Chi-Chi (1999) Hawaii (2006) and Tohoku 
(2011) earthquakes. The considered records and earthquake characteristics are detailed in Table 
1. 

Table 1. Main characteristics of the earthquakes and the seismic records 

Earthquake Taiwan Hawaii Tohoku Lorca 
Date (dd/mm/yyyy) 20/09/1999 15/10/2006 11/03/2011 11/05/2011 
𝑀𝑀𝑤𝑤 7.5 6.7 9.1 5.1 
Station TCU074 2825 MYG004 Lorca 
PGA (cm/s2) 584.2 1041.4 1268.5 360.4 
Component (º) 90 (E) 90 (E) 90 (E) 330 (N30W) 

2.2. Spectral Matching 
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The acceleration records have been matched to four design spectra that correspond to the 
EC8, for large earthquakes (type1) and moderate earthquakes (type 2) and for rock soil (A) 
and soft soil (D). For the purpose of this paper, a standard spectral matching technique as 
implemented by Pujades et al. (pers. comm.) has been used. This technique is based in the 
work of Zang et al. (2015) and a detailed description of this method can be found in Maruri 
(2018). Figure 1 shows an example of the comparison of the seed records for the four 
earthquakes with the spectrally matched records to the EC8 type 1 (large earthquakes) and 
soil type A design spectrum.  

 
Fig. 1 - Comparison between the seed and the spectrum-matched records for the four acceleration records (a) 

and 5% damped response spectra (b) for the case of the EC8 type 1 Soil A design spectrum) 

In Figure 1 the target spectrum of the EC8 spectra are compared with the 5% damped response 
spectra of each of the seed and matched records. As in this example, the records matching the 
other design spectra show excellent fits too. 

2.3. Arias Intensity and significant duration 

The 𝐼𝐼𝐴𝐴 proposed by Arias (1970) is defined by the following equation, 

𝐼𝐼𝐴𝐴 =
𝜋𝜋

2𝑔𝑔
�𝑎𝑎(𝑡𝑡)2𝑑𝑑𝑡𝑡
𝑇𝑇

0

 (1) 
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where the 𝑎𝑎(𝑡𝑡)2 is the square of the acceleration of the ground motion; 𝑔𝑔 is the gravity 
acceleration and 𝑇𝑇 is the total duration of the record. This intensity is associated with the time 
duration of the earthquake due to its integration over the time. Trifunac and Brady (1975) defined 
the 𝐷𝐷𝑎𝑎5−95 of an earthquake as the interval in which the 5% and 95% of the Arias intensity is 
accumulated. 
These two parameters are linked to the energy of the recorded strong motion, which in turn is 
related to the magnitude and distance to the source and to the site characteristics too (Kempton 
and Stewart 2006). Thus, significant differences in these parameters could be used to establish 
different conditions of soil and characteristics of the seismic sources that should be taken into 
account in the selection of ground-motion records for NLDA. 

2.4. Damage Index 

The well-known damage index of Park and Ang (1985) can be expressed as a linear 
combination of the contributions to damage of deformation of hysteretic energy dissipation. 
The following equation defines this DI. 

𝐷𝐷𝐼𝐼 is the Damage index, which is an empirical measure of damage in a structure (𝐷𝐷𝐼𝐼 ≥  1 
indicates total damage or collapse); 𝛿𝛿𝑀𝑀is the deformation and 𝛿𝛿𝑈𝑈 is the deformation at the 
ultimate (collapse) point, 𝑄𝑄𝑦𝑦 is the yielding strength, 𝑑𝑑𝑑𝑑is the incremental dissipated 
hysteretic energy and  𝛽𝛽is a coefficient for cycling loading effect.  
This damage index is then normalized to the maximum capacity of each element and it is 
weighted by an energy contribution factor in order to obtain an overall damage index that 
takes into account the contribution of each element to the total damage (3).  

It is important to mention that, for the purposes of this work, the energy (see equation 4) and 
deformation (see equation 5) to the damage index will be analyzed apart in order to focus on 
the contribution to damage of the energy term. 

3. The case of study: The San Fernando building

The structure under study was a mid-rise 5-storey reinforced concrete (RC) building (Fig. 
2), it was demolished after suffering severe damage during the Lorca 2011 earthquake. A 
higher density of non-structural partition walls from levels 2 to 5 generated a soft-story on 
the first floor where most of the seismic damage was concentrated. The geometry and 
reinforcement of the RC sections are summarized in the Table 2. Figure 2 shows the 
elevation and plan views of the building. This structure has been extensively studied in a 

𝐷𝐷𝐼𝐼 =
𝛿𝛿𝑀𝑀
𝛿𝛿𝑈𝑈

+
𝛽𝛽

𝑄𝑄𝑦𝑦𝛿𝛿𝑈𝑈
�𝑑𝑑𝑑𝑑 (2) 

𝐷𝐷𝐼𝐼𝑇𝑇 = �λi𝐷𝐷𝐼𝐼𝑖𝑖
𝑖𝑖

 (3) 

𝐷𝐷𝐼𝐼𝐷𝐷 = �λi
𝛿𝛿𝑀𝑀𝑖𝑖
𝛿𝛿𝑈𝑈𝑖𝑖𝑖𝑖

(4) 

𝐷𝐷𝐼𝐼𝐸𝐸 = �λi
𝑖𝑖

𝛽𝛽𝑖𝑖
𝑄𝑄𝑦𝑦𝑖𝑖𝛿𝛿𝑈𝑈𝑖𝑖

�𝑑𝑑𝑑𝑑 (5) 
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previous work by Vargas et al. (2017) where detailed information regarding the case study 
can be found. 

 
Table 2. Reinforced concrete sections and reinforcement of the San Fernando Building. (L means level) 

Element height (m) base (m) Long. Reinforcement Transv. reinforcement 
Columns L2-L5 0.25 0.25 4φ12mm 1φ6mm @ 15cm 

Columns L1 0.30 0.30 4φ12mm 1φ6mm @ 15cm 
Beams 0.25 0.25 4φ12mm 1φ6mm @ 18cm 

 

 
Fig. 2 - Elevation and plan view of the San Fernando building. 

3.1 The structural model 

In order to study the non-linear behavior of the structure with the selected seismic records, 
the RUAUMOKO 3D program (Carr 2000) was used. The non-linear behavior of the frames 
was modeled by means of bending and shear plastic hinges considering rigidity and 
resistance degradation. 
The modified Takeda model (Otani 1974) and the hysteresis law of Sina (Carr 2000) were 
used to define the flexural shear hinges, respectively. The strength degradation of was taken 
into account by linear reduction according the inelastic rotation cycles (Carr 2000). Because 
of the low percentage of transversal reinforcement, the unconfined model by Mander et al. 
(1988) was used.  
The horizontal slabs were modeled with shell elements to form a semi-rigid diaphragm and 
the vertical loads are obtained from Eurocode 2, CEN (2004b) recommendations. In relation 
to the masonry walls, the non-linear model proposed by Crisafulli (2007) was used. Then, 
sixteen NLDA in the Y direction of the building were performed by using the spectrally 
matched records described above. It is worth noting that all records were scaled to a PGA of 
0.37g.  

4. Results 

The following section presents the results of the comparison between the parameters of the 
records, 𝐼𝐼𝐴𝐴and the 𝐷𝐷𝑎𝑎5−95, and the DI obtained with NLDA of each one of the spectrum 
matched records. Figure 3 illustrates the case of the EC8 Type 1 Soil A spectrum where the 
𝐼𝐼𝐴𝐴 is normalized to its maximum value in order to represent the 5-95% 𝐼𝐼𝐴𝐴 interval in which 
𝐷𝐷𝑎𝑎5−95 is defined. It can be noted that the 𝐼𝐼𝐴𝐴 is slightly modified when using the spectral 
matching technique, but the 𝐷𝐷𝑎𝑎5−95 remains virtually the same. 

Y 
X 
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Fig. 3 - Normalized 𝐼𝐼𝐴𝐴, 𝐷𝐷𝑎𝑎5−95 and illustration of the 5-95% 𝐼𝐼𝐴𝐴interval for the seed records and the spectrum-

matched records for EC8 soil A type 1 response spectrum. 

Table 3 summarizes the results obtained in this paper. The Arias Intensity and the significant 
duration are shown for each of the spectrally-matched acceleration records, the Park and 
Ang damage index obtained from the NLDA is also presented. The energy and deformation 
contributions to the total damage index are shown as well. 

Table 3. Significant duration (𝐷𝐷𝑎𝑎5−95), Arias Intensity (𝐼𝐼𝐴𝐴 ) and Damage Index (𝐷𝐷𝐼𝐼) from the spectrally 
matched records (maximum values highlighted in bold). 

A tendency to increase the damage as the significant duration escalates can be observed 
when comparing 𝐷𝐷𝐼𝐼 with 𝐷𝐷𝑎𝑎5−95 of the input signal. This trend is clearly appreciated in 
Figure 4 where the 𝐷𝐷𝐼𝐼 results from the NLDA are compared with the 𝐷𝐷𝑎𝑎5−95 of the input 
ground records. The energy (𝐷𝐷𝐼𝐼𝐸𝐸) and deformation (𝐷𝐷𝐼𝐼𝐸𝐸) contributions of the DI are also 
depicted. The results are shown for the records matched to a) soil A - spectrum type 1, b) 
soil A - spectrum type 2, c) soil D spectrum type 1 and d), soil D – spectrum type 2. 

A similar trend is remarked in Figure 5 where the 𝐷𝐷𝐼𝐼 results of the NLDA are related to the 
𝐼𝐼𝐴𝐴 of the same input records. It should be noted that very different 𝐷𝐷𝐼𝐼 outcomes have been 
obtained for the NLDA, even though the input ground records are matched to the same 5% 
damped acceleration response spectrum. 

Spectrum type Seed record Da5-95 (s) IA (m/s) DID DIE DIT 

Soil A 
Type 1 

Lorca 3.7 0.065 0.19 0.03 0.22 
Hawaii 20.5 0.210 0.20 0.07 0.27 
Taiwan 26.9 0.260 0.23 0.09 0.32 
Tohoku 86.7 0.584 0.39 0.15 0.54 

Soil D 
Type 1 

Lorca 1.8 0.159 0.63 0.10 0.73 
Hawaii 24.3 0.477 0.66 0.31 0.97 
Taiwan 38.6 0.631 0.73 0.40 1.13 
Tohoku 88.5 1.493 1.16 0.61 1.77 

Soil A 
Type 2 

Lorca 4.4 0.074 0.09 0.01 0.10 
Hawaii 19.8 0.231 0.10 0.05 0.15 
Taiwan 20.1 0.238 0.12 0.04 0.16 
Tohoku 84.9 0.469 0.37 0.11 0.48 

Soil D 
Type 2 

Lorca 4.0 0.217 0.23 0.03 0.26 
Hawaii 20.0 0.686 0.35 0.13 0.48 
Taiwan 21.7 0.771 0.35 0.13 0.48 
Tohoku 86.4 1.655 0.60 0.28 0.88 
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Figure 4. 𝐷𝐷𝑎𝑎5−95 and 𝐷𝐷𝐼𝐼 results from NLDA with the spectrally matched records to the EC8 Soil A, type 1 
(a); Soil A, type 2 (b); Soil D, type 1 (c) and Soil D, type 2 (d). 

  

  
Figure 5. 𝐼𝐼𝐴𝐴 and 𝐷𝐷𝐼𝐼 results from NLDA with the spectrally matched records to the EC8 Soil A, type 1 (a); 

Soil A, type 2 (b); Soil D, type 1 (c) and Soil D, type 2 (d). 
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5. Conclusions 

In this work, the damage obtained by means of  NLDA is related to the Arias intensity (𝐼𝐼𝑎𝑎) 
and significant duration (𝐷𝐷𝑎𝑎5−95). Since these parameters are associated to the magnitude of 
the earthquake, the epicentral distance and soil characteristics, the following points should 
be considered: i) there is a clear tendency of the damage to increase with the 𝐷𝐷𝑎𝑎5−95 and 𝐼𝐼𝑎𝑎; 
both the contributions to damage of the energy and deformation increase. ii) The spectral 
matching technique used in this study slightly modifies the 𝐼𝐼𝑎𝑎 of the seed ground motion 
while the 𝐷𝐷𝑎𝑎5−95 remains practically unchanged when the records are matched to different 
acceleration response spectra. A more extensive study is including a greater number of 
seismic records with different characteristics that may lead to a better understanding on the 
influence of the energy-related parameters on the expected damage in building structures. In 
future work, more structural typologies can be considered as well as different spectral 
matching techniques.  
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Abstract: Post-tensioned rocking timber frames, also known as Pres-Lam frames, have 

received much attention in recent years due to their ability to minimize structural damage 

and residual drifts after an earthquake. Although Pres-Lam frames have shown promising 

structural performance, the effect of the rocking motion on the seismic demand on 

acceleration-sensitive non-structural elements within such frames requires further 

quantitative investigations. As large seismic demand on non-structural elements can 

compromise the safety of building occupants and lead to high economic losses, the main 

objective of this paper is to quantify the seismic demand on acceleration-sensitive non-

structural elements in buildings with Pres-Lam frames. Three case study buildings are 

designed with different values of re-centering vs. energy dissipation ratio. The seismic 

demand on non-structural elements is evaluated using a cascading analysis method in 

which the structural response, obtained from nonlinear time history analyses based on 

lumped plasticity models, is used as input to generate absolute acceleration floor response 

spectra.  
 

Keywords: post-tensioned timber, Pres-Lam, non-structural elements, nonstructural 

components, floor response spectra  

1. Introduction  

Damage to non-structural elements during an earthquake has been shown to have a 

significant impact on overall seismic economic losses, in addition to posing a safety risk 

(Miranda et al. 2012, Perrone et al. 2020). Many studies in recent years have focused on 

the seismic design of non-structural elements, as well as the harmonization of structural 

and non-structural seismic performance levels. 

In terms of structural performance, much effort has been paid over the last thirty years to 

the development of high-performance, cost-effective seismic resisting systems capable of 

withstanding a design level earthquake with limited or negligible damage and minimal 

residual deformations. Among these low-damage systems, self-centering rocking structures 

have received much attention due to their ability to return the structure to its original 

position after an earthquake, thereby minimizing structural damage. The controlled rocking 

mechanism was originally developed for precast concrete structures (Priestley et. al 1999) 
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and then successfully adapted to steel (Christopoulos et al. 2002) and timber buildings 

(Palermo et. al 2005). To obtain the self-centering rocking motion in post-tensioned timber 

Pres-Lam frames, mass timber structural beams and columns are jointed together using 

unbonded post-tensioned tendons. External energy dissipation devices might also be 

incorporated into the design to generate a global "flag-shape" re-centering/dissipative 

hysteretic response. 

Although the rocking motion minimizes structural seismic losses, it is still to be 

determined how it affects the seismic demand on acceleration-sensitive non-structural 

elements attached to post-tensioned timber frames. The increase in member forces caused 

by the structure vibrating in its higher modes during the rocking motion might lead to an 

increase in acceleration demand (Wiebe et al. 2013). Furthermore, Wiebe et al. (2010) 

showed that large accelerations should be expected in self-centering systems when the 

stiffness changes abruptly at a high velocity. Buccella et al. (2021) investigated the seismic 

demand on non-structural elements in buildings with steel Controlled Rocking Braced 

Frames (CRBFs), finding that the demand on acceleration-sensitive anchored non-

structural elements was larger than in structures with buckling restrained braced frames 

(BRBFs). Tri-dimensional shaking table tests on a 1:2 scaled two-story self-centering 

structural system (Bianchi et al. 2021) were also conducted to assess the seismic demand 

of non-structural elements during rocking motions. The structural skeleton of the test 

building consisted in unbonded post-tensioned rocking-dissipative concrete-timber frames 

in one direction and post-tensioned rocking-dissipative laminated timber walls in the other 

orthogonal direction. Based on the absolute acceleration floor response spectra from the 

shake table tests, the influence of the higher modes was seen to be relatively more 

significant at the first floor in the frame direction, while having a stronger impact on the 

spectral absolute accelerations at the top level in the wall direction. 

The objective of this study is to investigate numerically the seismic demand on 

acceleration-sensitive non-structural elements in Pres-Lam frames. The analysis is based 

on three four-storey case study buildings, each designed for a different value of re-

centering ratio, which corresponds to the ratio of the moment resistance provided by the 

post-tensioning to the total moment resistance. Using a cascading analysis approach, the 

seismic demand on non-structural elements is evaluated in terms of peak floor 

accelerations and absolute acceleration floor response spectra. 

2. Design and modelling of post-tensioned timber-framed case study buildings 

The case study buildings for this study are based on a modified version of the proposed 

working example shown in the New Zealand design guide for post-tensioned timber 

buildings (Pampanin et al. 2013). The basic configuration of the case study buildings is 

illustrated in Figure 1. It is a four-storey building with an approximate floor area of 

600 m2, located in Christchurch, New Zealand. The seismic force resisting systems are 

post-tensioned timber frames in the transverse direction and post-tensioned timber walls in 

the longitudinal direction.   

A key design parameter for self-centering rocking structures is the re-centering ratio  

which is defined for post-tensioned timber frames as the ratio between the moment 

capacity provided by the post-tensioned tendons MPT and the total moment capacity MCON 

(Equation 1). 

                                                                                         (1) 
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This ratio, despite its simplicity, serves as the foundation for understanding Pres-Lam 

system performance. Modifying its value has a direct influence on both capacity and 

demand since it affects both moment capacity and damping in the system. The quantity of 

post-tensioning should be adequate to guarantee effective self-centering behaviour, but 

when  increases, the seismic demand increases as well due to the reduction in damping. 

Energy dissipation devices, on the other hand, reduce seismic demand while guaranteeing 

structural redundancy for both moment and shear capacity; however, an excessive energy 

dissipation moment contribution compared to the post-tensioning moment contribution 

may compromise the re-centering of the building. In general,  values greater than 0.55 

should be used to assure re-centering; however, to provide redundancy and reduce seismic 

demand, a minimum level of energy dissipation should be incorporated in the design. The 

value of  in a conventional design is typically taken between 0.6 and 0.7. Two case study 

buildings were designed herein with  equal to 0.6 and 0.8, respectively. To compare the 

non-structural elements’ demand in self-centering buildings to that of a building without 

self-centering capacity, a third case study building was designed with a re-centering ratio 

equal to 0. Although it is not intended to represent an actual design configuration, this last 

case study building was used to compare the dissipative-re-centering "flag-shape" against a 

more conventional elasto-plastic hysteretic behaviour, as in the case of a TCY (tension-

compression yielding) beam-column connection with internally grouted mild steel rebars 

or high strength rods. The energy dissipation devices were located at all the rocking joints 

in the case study building with  = 0.6, but only at the column bases in the case study 

building with  = 0.8. 

 

Fig. 1 – Case study buildings: (a) plan view, (b) frame elevation view and (c) timber structural elements’ 

sections and generic hysteretic response for different re-centering ratio values. 

 

A Direct Displacement Based Design (DDBD) technique was used for the design of the 

case study buildings. The general procedure for DDBD is based on designing the structure 

to achieve a target displacement limit for a given seismic intensity. In this study, a target 

drift of 2% was used to define the target displacement at ultimate limit state (ULS) with a 

500-year return period. The design displacement spectrum was reduced based on the 

structural damping, which was calculated as function of the re-centering ratio  and the 

structure’s ductility   (Pampanin et al. 2013). An iterative process was used in the design 

of each case study building to obtain a ductility demand equivalent to the structure's actual 

ductility as determined by a pushover analysis.  

Numerical models for the case study buildings’ frame direction were developed in 

OpenSees (McKenna 2011). To capture the connection's moment-rotation behaviour in 

lumped plasticity models, two rotational springs were used in parallel with a multi-linear 
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elastic hysteresis rule for the post tensioning contribution and an elasto-plastic rule for the 

mild steel reinforcement.  A rotational spring with an elastic-perfectly-plastic rule was 

introduced to simulate the interface compression deformation, which accounts for an 

additional rotation due to the compression perpendicular to the grain of the wood. Finally, 

a rotational spring was located at the beam-to-column joint to account for the joint shear 

stiffness, as recommended by Smith et al. (2014).  

3. Non-structural elements’ seismic demand evaluation  

Using a cascading analysis approach, the structural response obtained from nonlinear 

dynamic response analyses (NLDRAs) was used as input for the evaluation of the non-

structural elements’ demand.  The NLDRAs were conducted for three different seismic 

intensity levels corresponding to 80%, 10% and 2% probability of exceedance in 50 years. 

Ground motion records for a representative site in Christchurch, New Zealand were 

selected for different probabilities of exceedance and intensity measures based on the study 

by Yeow et al. (2018), which used the generalized conditioning intensity measure 

technique to perform record selection for different sites in New Zealand. The spectral 

acceleration at 0.5 s was chosen as the intensity measure for the case study buildings 

designed for  = 0.6 and  = 0.8, which have a fundamental period of 0.68 s and 0.65 s, 

respectively. The spectral acceleration at 1 s was chosen as the intensity measure for the 

case study building with   = 0 with a fundamental period of 0.83 s. Figure 2 shows the 

spectral acceleration curves for the ground motion suite corresponding to 10 % probability 

of exceedance in 50 years assuming as intensity measure the spectral acceleration at 0.5 s 

and the spectral acceleration at 1s. It can be noted that the median spectral accelerations of 

the records at the selected periods are lower than the ones obtained using the design spectra 

from NZS1170.5:2004 (Standards New Zealand 2004). This is consistent with the 

difference between the design hazard in NZS1170.5:2004 and the hazard curve used by 

Yeow et al. (2018), which was obtained through probabilistic seismic hazard analysis in 

OpenSHA (Field et al. 2003) using New Zealand-specific rupture forecast models and 

attenuation relationships. 

 

(a) 

 

(b) 

Fig. 2 Ground motion suite for Christchurch subsoil class D, 10% probability of exceedance in 50 years 

assuming as intensity measure a) spectral acceleration at 0.5 s and b) spectral acceleration at 1s. 

 

Figure 3 shows the results of the NLDRAs in terms of peak floor acceleration, peak inter-

storey drift ratio and residual inter-storey drift ratio. Similar values of peak inter-storey 

drift ratio were obtained for the three case study buildings, because all the buildings were 

designed with a DDBD using the same target inter-storey drift. The variation of the re-
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centering ratio parameter affects, however, both the peak floor acceleration and the 

residual inter-storey drift values. For high  values, as the post-tensioning contribution to 

total capacity increases, the system's energy dissipation and hence structural damping 

reduces, resulting in a larger acceleration demand for the same drift level. This effect 

becomes more evident when the intensity level increases because for a seismic intensity 

with 80% probability of exceedance in 50 years the yielding deformation is not reached in 

the dissipation devices. In terms of residual inter-story drift, values of  equal to 0.6 and 

0.8 guarantee an adequate self-centering capacity across the different intensities while, as 

expected, the building with  = 0 exhibits some residual deformations for seismic 

intensities with 10% and 2% probability of exceedance in 50 years. 

 

80% probability of exceedance in 

50 years 

10% probability of exceedance in 

50 years 

20% probability of exceedance in 

50 years 

   

   

   

Fig. 3 – Nonlinear dynamic response analyses’ results for 80%, 10% and 2% probability of exceedance in 50 

years. 
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Depending on the non-structural element’s type and period, however, the peak floor 

acceleration might not be the best engineering demand parameter. For this reason, absolute 

acceleration floor response spectra were also estimated. The results for the three case study 

buildings, as well as the fundamental periods of the structures, are shown in Figure 4. 

 

80% probability of exceedance in 

50 years 

10% probability of exceedance in 

50 years 

20% probability of exceedance in 

50 years 

Top Floor 

   

Third Floor 

   

Second Floor 

   

First Floor 

   

Fig. 4 Absolute acceleration floor response spectra for 80%, 10% and 2% probability of exceedance in 50 

years. 
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The peaks in the absolute floor acceleration are close to the fundamental periods for the 

lower seismic intensity; only the case study building with  = 0.6 exhibits some slight 

period elongation due to a small gap opening at the base of the column. When the intensity 

increases, peaks in the absolute floor acceleration can be observed for all the case study 

buildings at elongated periods as consequence of the excursions of the structure into the 

nonlinear range. The results show large peaks in the absolute floor accelerations at the 

higher modes’ periods. The influence of the higher modes is more significant in the lower 

floors, with the highest peaks occurring in the building with  = 0.8, in which the energy 

dissipation devices were located only at the column bases.  

At the lower seismic intensity, the dissipation devices have not yielded and so the floor 

response spectra of the buildings with different  values are similar. When considering 

seismic intensities with 10% and 2% probability of exceedance in 50 years, the three case 

study buildings experience different levels of damping, and the magnitude of the spectral 

acceleration peaks increases with increasing values of  . Therefore, current loss estimation 

methodologies such as FEMA P-58 (FEMA 2018), which use peak floor acceleration as 

the engineering demand parameter for acceleration-sensitive non-structural elements, may 

underestimate the seismic demand on these elements. 

4. Conclusions  

This numerical study evaluated the seismic demand on acceleration-sensitive non-

structural elements in post-tensioned timber frames. Three four-storey case study buildings 

were designed with different values of re-centering ratio  which is the ratio of the 

moment resistance provided by the post-tensioning to the total moment resistance. 

Nonlinear dynamic response analyses were performed for different seismic intensity levels 

and the seismic demand on acceleration-sensitive non-structural elements was evaluated 

based on peak floor accelerations and absolute acceleration floor response spectra.  

The results showed that the Pres-Lam (rocking-dissipative) framed building with  = 0.8 

and  = 0.6 experienced an amplification of peak floor accelerations compared to the 

building with  = 0 for seismic intensity levels corresponding to 10% and 2% probability 

of exceedance in 50 years. When considering the absolute acceleration floor response 

spectra, spectral acceleration peaks occurred near the higher-mode periods of the case 

study buildings. At the lower seismic intensity, where no yielding has occurred in the 

dissipation devices, similar results were obtained for the three case study buildings. At 

seismic intensities corresponding to 10% and 2% probability of exceedance in 50 years, the 

magnitude of the peaks increased with increasing values of , as a result of the difference 

between the damping of the three case studies.  

The spectral acceleration peaks near the higher mode periods (around 0.2 s) suggest that 

the seismic demand of acceleration-sensitive non-structural elements in post-tensioned 

timber frames might be underestimated when using only the peak floor acceleration as the 

engineering demand parameter. However, further research is needed to investigate how 

this amplification of the peak floor acceleration affects the damage state of acceleration 

sensitive non-structural elements, as well as the impact of economic losses caused by these 

non-structural elements on overall seismic losses in buildings with Pres-Lam frames. 

In this study, the re-centering ratio was found to be a key design parameter for the 

acceleration-sensitive non-structural elements' seismic demand. A minimum re-centering 

ratio is required to ensure re-centering, however, the findings for the three analysed case 

study buildings showed that too high value of  should also be avoided to prevent high 
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peaks in the floor absolute spectral accelerations. As expected, a minimum value of energy 

dissipation contribution can be very beneficial in reducing the floor accelerations. More 

case study buildings should be investigated to confirm the sensitivity of absolute floor 

spectral accelerations to the re-centering ratio parameter for other building configurations 

and seismic hazards, as well as to provide information on which other structural design 

parameters or system attributes, such as the number of bays or floors, have a significant 

impact on the seismic demand on acceleration-sensitive non-structural elements in Pres-

Lam frames. 
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Abstract: The tallest building in Iceland, the Smáratorg tower, is known to be sensitive to 

wind- and earthquake-induced vibrations. Numerous news reports have been published over 

the years regarding the discomfort of the people that work in the building. A detailed three-

dimensional finite element model of the building was prepared and verified using system 

identification using recorded seismic response of the building. The finite element model is 

used to simulate wind and seismic-induced response of the building. To reduce the dynamic 

response of the building, a passive tuned mass damper is placed at the top floor of the 

numerical model of the building. The parameters of the tuned mass damper are optimized to 

minimize wind- and seismic-induced vibrations by tuning the damper to the appropriate 

vibration mode of the building. The results show that, tuned mass dampers, while very 

effective in controlling wind response, are not very effective in reducing seismic response of 

the building. 

Keywords: vibration control; tuned mass dampers; multi-hazard; Smáratorg tower. 

1. INTRODUCTION 

All structures are exposed to loads of dynamic nature that need to be tolerated during their 

lifespans. Wind and seismic forces are two of the most common dynamic loads. The low 

natural frequencies and damping ratios of high-rise buildings can often lead to unwanted 

vibration response during dynamic loads (Li et al., 1998). Strong winds and earthquakes can 

result in high accelerations on the floors of the building, and often repeatedly in long lasting 

events. This can greatly affect the comfort of residents or people working on the upper-most 

floors of high-rise buildings. 

Tuned mass dampers (TMDs) are devices used to reduce structural vibrations during 

dynamic loading. The simplest form of a TMD is a passive TMD, a device that consists of a 

mass, spring, and a viscous damper. The limitation of these dampers is mainly that they are 

tuned for a particular dynamic loading (Rahimi et al., 2020) and to a selected frequency, 

which also defines the strength of passive TMDs, which is its simplicity. This may 

sometimes lead to unfavourable situations where some dynamic loads can excite different 

modes of vibrations than what the TMD is tuned for. 

This paper explored the efficiency of a TMD by using difference tuning schemes. The effect 

of the application of a TMD is analysed using tuning parameters optimal for wind response 

reduction as well as parameters that are optimal for seismic response reduction. 
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2. CASE-STUDY STRUCTURE 

The Smáratorg tower is a 21-story reinforced concrete building, located in Reykjavik, and is 

the tallest building in Iceland. The building is a cast-in place RC structure, built in 2007, 

with 16 concrete columns and a shear-wall core support the concrete slabs. The building has 

rectangular shape where the two sides of the building are approximately 20 meters and 38  

 

Fig. 1. FE model of the building in SAP2000 and the actual building. 

The FE model is based on the original structural drawings of the tower provided by the 

engineering consultant office Ferill, who did the structural design of the Smáratorg tower. 

The model is made up of thin shell area elements for walls and slabs, and frame elements for 

the columns. The support restraints are modelled as fixed and the slabs are modelled with 

semi-rigid diaphragm constraints. The mass source of the model is determined using the self-

load of the building with 24% of imposed loads.  

The axes of the building are arranged according to Pálsson et al. (2022), where the strong 

axis is called EW and the weak axis is called NS, corresponding to the orientation of the 

building. The first 6 modes of vibrations of the FE model of the building can be seen in Tab. 

1. Further information about the FE modelling and system identification of the building can 

be found in Pálsson et al. (2022). 

Tab. 1 – First 6 modes of vibrations from the FE model of the building. 

No. 

Mode 

Natural 

frequency 

f [Hz] 

Mass participation 

 ratios 

Cumulative mass 

participation ratios 

  NS EW NS EW 

1 0.535 0.594 0.000 0.594 0.000 

2 0.720 0.000 0.648 0.594 0.648 

3 0.800 0.000 0.001 0.594 0.649 

4 2.388 0.179 0.000 0.773 0.649 

5 2.620 0.001 0.042 0.775 0.691 

6 2.667 0.000 0.101 0.776 0.792 
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3. MODELLING AND OPTIMIZATION OF TMDS 

Modelling of the TMD system is done in SAP2000. A special joint is created and attached 

to an existing joint at the roof of the structure. The joint is placed at the midpoint of the roof 

and is assigned mass, which corresponds to the calculated mass of the TMD. The special 

joint and the existing joint are connected via two-joint link element which has the properties 

of a spring and a viscous damper. This study focuses on reducing the accelerations in the 

weak axis direction, so the EW and vertical directions are defined as fixed. 

 

The optimal frequency, stiffness and damping of the TMD is calculated using the following 

equations: 

 𝜔𝑑 = Ω ⋅ 𝑓 

 

(1) 

 𝑘𝑑 = 𝜔𝑑
2 ⋅ 𝑚𝑑 

 

(2) 

 𝑐𝑑 = 2𝜉𝑑𝑚𝑑𝜔𝑑 

 
(3) 

The optimization of the TMD is heavily based on the calculations of the parameters 𝑓, the 

frequency ratio, and 𝜉𝑑, the damping ratio of the TMD. Two sets of tuning equations are 

used in this study, one intended for mass-excitation and one for base-excitation. 

Abubakar and Farid (2009) generalized the equations by Den Hartog (1956) to include the 

damping of the primary structure, 𝜉𝑝 in the calculations. The following equations were 

derived: 

 

𝑓 = (
1

1 + �̅�
) (1 − 1.5906𝜉𝑝 √

�̅�

(1 + �̅�)
) 

 

 

(4) 

 

𝜉𝑑 = √
3�̅�

8(1 + �̅�)
+

0.1616𝜉𝑝

(1 + �̅�)
 

 

(5) 

Sadek et al. (1997) presented equations for optimal values of the tuning parameters intended 

for base-excited response control. The equations are as follows: 

 

𝑓 =
1

1 + �̅�
 [1 − 𝛽√

�̅�

1 + �̅�
 ] 

 

(6) 

 

𝜉𝑑 =  
𝛽

1 + �̅�
+  √

�̅�

1 + �̅�
 

 

(7) 
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For both wind- and seismic-induced response reduction, the TMD is tuned to the first 

frequency in the NS direction. Additionally, the TMD is be tuned to the second frequency in 

the NS direction for seismic-induced response reduction. The damping ratios of the first two 

modes in NS direction are estimated by comparing the Fourier Amplitude Spectra of 

recorded and simulated seismic response of the building. The damping ratio of the first mode 

in the NS direction is estimated as 0.026 and 0.020 for the second mode. 

The effectiveness of the TMD is quantified using the following expression of a reduction 

factor (RF): 

𝑅𝐹 =
𝑅𝑐 − 𝑅𝑢

𝑅𝑢

(8) 

where 𝑅𝑐 is the controlled response of the structure and 𝑅𝑢 is the uncontrolled response of 

the structure. In this study, 𝑅 will be either peak roof acceleration response or the RMS of 

the response The equation is set up so negative sign means reduction of response. 

4. EFFECTIVENESS OF TMD

4.1. Wind-induced response reduction 

The wind response of the building is simulated in SAP2000 using 10 simulated wind fields 

obtained from a MATLAB function called windSim (Cheynet, 2020). The wind is modelled 

according to a Kaimal spectrum and a power law profile (α=1/7). Mean wind velocity at 10 

m height is assumed to be 25 m/s. 

The reduction factors for peak roof acceleration response and RMS roof acceleration 

response of the FE model controlled with a TMD can be seen in Tab. 2. and Tab. 3. The 

results show the reduction when the TMD is tuned with the equations from Abubakar and 

Farid (2009).  

Tab. 2 – Reduction factors of peak roof acceleration response by using tuning parameters according to 

Abubakar and Farid (2009). 

Wind 

field 
�̅� = 0.005 �̅� = 0.01 �̅� = 0.02 

no. NS EW NS EW NS EW 

1 -0.334 -0.051 0.321 -0.038 -0.363 -0.025

2 -0.428 0.056 0.486 0.056 -0.519 0.019

3 -0.236 0.000 0.318 0.000 -0.381 -0.020

4 -0.371 0.018 0.443 0.018 -0.506 -0.036

5 -0.425 -0.018 0.517 -0.036 -0.601 -0.055

6 -0.409 -0.021 0.508 0.000 -0.577 -0.043

7 -0.406 0.022 0.464 0.044 -0.534 0.067

8 -0.466 -0.069 0.474 -0.069 -0.485 -0.086

9 -0.436 0.000 0.512 -0.017 -0.556 -0.017

10 -0.508 -0.085 0.514 -0.102 -0.578 -0.153

Mean -0.402 -0.015 -0.456 -0.014 -0.511 -0.035
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Tab. 3 - Reduction factors of the RMS roof acceleration using tuning parameters according to 

Abubakar and Farid (2009). 

Wind 

field 

�̅� = 0.005 �̅� = 0.01 �̅� = 0.02 

no. NS EW NS EW NS EW 

1 -0.381 -0.002 -0.450 -0.002 -0.523 -0.016 

2 -0.395 0.011 -0.466 0.015 -0.537 0.009 

3 -0.373 0.003 -0.441 0.008 -0.510 0.003 

4 -0.401 0.016 -0.475 0.018 -0.545 0.012 

5 -0.397 0.014 -0.467 0.014 -0.539 -0.004 

6 -0.371 0.002 -0.438 -0.002 -0.505 -0.019 

7 -0.406 0.003 -0.477 0.001 -0.546 -0.014 

8 -0.408 -0.001 -0.475 -0.005 -0.541 -0.029 

9 -0.384 0.004 -0.457 0.002 -0.529 -0.018 

10 -0.420 0.003 -0.487 0.003 -0.550 -0.010 

Mean -0.393 0.005 -0.463 0.005 -0.533 -0.009 

The Welch’s Power Spectral Density of the uncontrolled and controlled response in the NS 

direction can be seen in Fig. 2. The figure shows that the TMD reduces the energy of the 

first mode of vibration. It can also be seen that higher mass ratio increases the reduction in 

energy of that mode. 

 

Fig. 2 – Welch’s PSD of roof acceleration response in the NS direction. 

4.2. Seismic-induced response reduction 

A total of 15 ground motion time series with various magnitudes and PGAs were used to get 

a comprehensive view of the reduction capabilities of the TMD system. The ground motions 

are taken from a database containing ground motions originating around the South Iceland 

Seismic Zone, collected from the years of 1987-2008, and can be seen in Tab. 4. 
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Tab. 4 – Magnitude, epicentral distance and PGA of both horizontal components for the 15 ground 

motion time series. 

Earthquake 

time series 

Magnitude 

[Mw] 

Epicentral 

distance 

[km] 

PGA 

[m/s2] 

   NS EW 

1 6.0 35 0.513 0.598 

2 5.4 6 1.332 1.702 

3 5.1 11 0.947 1.440 

4 6.5 5 3.311 3.118 

5 6.5 15 4.678 2.038 

6 6.5 7 5.018 6.136 

7 6.5 17 2.385 3.920 

8 6.4 13 1.718 1.062 

9 6.4 6 2.187 2.147 

10 6.4 10 2.412 2.060 

11 6.4 24 0.581 1.247 

12 6.4 5 8.218 7.295 

13 6.4 9 4.589 6.511 

14 6.3 9 1.033 1.278 

15 6.3 38 0.268 0.382 

 

The TMD intended for seismic-induced 

response is also tested when tuned to the second 

frequency in the NS direction. Snæbjörnsson 

and Ingólfsson (2013) showed that the seismic 

response of the building is dominated by the 

second mode in the NS direction, and this is 

therefore of great interest. This can be seen in 

Fig. 3 where the Welch PSD of the recorded 

seismic response of the building from an 

earthquake that occurred on the 7th of March 

2021. 

The reduction factors for peak roof acceleration 

and RMS roof acceleration of the FE model 

controlled with a TMD tuned to the first 

frequency are shown in Tab. 5 and second 

frequency in Tab. 6. The parameters are 

optimized using the equations from Sadek et al. 

(1997). 

 

 

 

Fig. 3. Welch PSD of the recorded acceleration 

on the 20th floor in the NS direction during the 

7th of March 2021 earthquake 
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Tab. 5 - Reduction factors for peak and RMS roof acceleration response for a TMD tuned to the first 

frequency in the NS direction. Parameters optimized using the equations by Sadek et al. (1997). 

Earthquake 

time series 

Peak roof acceleration 

RF 

RMS roof acceleration 

RF 

 NS EW NS EW 

1 0.004 0.095 -0.025 -0.057 

2 -0.017 -0.032 -0.103 -0.035 

3 -0.015 -0.020 -0.106 -0.030 

4 -0.115 0.023 -0.402 -0.031 

5 -0.070 -0.026 -0.189 -0.120 

6 0.024 -0.070 -0.234 -0.046 

7 -0.026 -0.066 -0.084 -0.065 

8 -0.068 -0.023 -0.186 -0.108 

9 -0.002 -0.057 -0.135 -0.028 

10 -0.001 -0.022 -0.162 -0.060 

11 -0.105 0.002 -0.266 -0.027 

12 -0.006 -0.006 -0.348 -0.016 

13 -0.056 -0.030 -0.335 -0.063 

14 -0.110 -0.020 -0.181 -0.029 

15 -0.016 -0.047 -0.272 -0.054 

 

Tab. 6 - Reduction factors for peak and RMS roof acceleration response for a TMD tuned to the second 

frequency in the NS direction. Parameters optimized using the equations by Sadek et al. (1997). 

Earthquake 

time series 

Peak roof acceleration 

RF 

RMS roof acceleration 

RF 

 NS EW NS EW 

1 0.018 -0.002 -0.031 -0.029 

2 0.026 0.016 -0.221 -0.016 

3 -0.112 -0.007 -0.205 -0.011 

4 0.022 0.006 -0.032 -0.004 

5 -0.134 -0.020 -0.287 -0.069 

6 -0.050 -0.041 -0.097 -0.059 

7 -0.028 -0.002 -0.060 -0.013 

8 -0.244 -0.013 -0.469 -0.107 

9 -0.202 -0.038 -0.406 -0.015 

10 -0.049 -0.015 -0.398 -0.046 

11 -0.270 -0.023 -0.226 -0.009 

12 -0.052 -0.018 -0.195 -0.012 

13 -0.061 -0.010 -0.074 -0.011 

14 -0.379 -0.005 -0.245 0.002 

15 -0.037 -0.027 -0.075 -0.028 

5. CONCLUSIONS 

The TMD is found to be very effective for reducing wind induced response. The reduction 

of seismic response proved to be harder to achieve. By using tuning equations for optimal 

parameters of the TMD by Abubakar and Farid (2009) for wind induced response reduction, 

mean peak acceleration was reduced by 45.6% and RMS of the response was reduced by 

46.3 %, for a TMD with 1% mass ratio. There was a significant difference between the RF 

for seismic response when the TMD was tuned to the first frequency and when tuned to the 

second frequency. The reduction of peak acceleration was on average 3.8% when tuned to 

the first frequency, but 10.8% when tuned to the second frequency. It should also be noted 

that because of the large difference of the modal mass of the two modes, the TMD tuned to 
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the second frequency is only around 27.7% of the mass of the TMD tuned to the first 

frequency. 

For wind vibration control, passive TMDs tuned to the first mode of vibration are the most 

effective. However, for seismic response control, the TMDs need to be tuned to the second 

mode of vibration. For the structure being considered, wind-induced accelerations are more 

critical than earthquake-induced response due to two main reasons (1) strong winds that can 

cause discomfort in the occupants are much more frequent than strong ground shaking (2) 

the seismic hazard at the building site is relatively low. However, for structures like this 

which are exposed to both strong winds and damaging earthquake ground motions, design 

of control systems need to consider the multi-hazard nature of natural forces. 

Most humans perceive acceleration of 5 cm/s2 or higher (Chang, 1973; Melbourne, 1998; 

Mendis et al., 2007). The results from the uncontrolled FE model showed that the maximum 

acceleration response exceeded that level during a 20 m/s wind event. The controlled system 

was able to reduce the maximum response of 9.03 cm/s2 to 4.91 cm/s2, below the human 

comfort limit. 
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Abstract: The need for transportation of fluids is increasing in recent years, calling for more 
complex analyses and design of the related facilities such as tanks, pumping stations, pipe 
racks, etc. If these are located in a high seismicity area and over a weak soil profile, the 
dynamic soil-structure-interaction gets even more difficult to deal with, considering the high 
number of unknowns and time constraints in most projects. In this paper, detailed dynamic 
analysis performed for the foundations of a pipe rack using finite difference software is 
presented. The pipe rack rests on single or braced barrette foundations in a drain column-
improved soil profile. In each analysis, the variation of acceleration along the soil profile 
and maximum moment and shear force values on the foundation elements are calculated. 
The most critical section, from the dynamic point of view, is found as the braced barrette 
foundations resting on the region where drain columns are 37 – 41 m long. Another 
interesting aspect of the analyses is the variation in the barrette forces when their 
orientations were altered by 90°. Analysis results show that the moment and shear forces for 
the “old” transverse direction can be used in the longitudinal direction in the revised 
orientation of the four-barrette group. 

Keywords: Dynamic soil-structure-interaction, transportation facilities, finite difference 
analysis, soil improvement with drain columns, barrette foundations.  

1. Introduction  

Design of fluid and gas transportation facilities located at high seismicity regions requires 
complex dynamic soil-structure-interaction (SSI) analyses. When these systems are located 
on relatively soft soil profiles, a comprehensive dynamic SSI analysis framework has to be 
developed, including carefully selected ground motion time series and sensitivity analyses 
for multiple important parameters. Menglin et al. (2011) provides extensive literature 
review regarding SSI as well as existing analysis methods with their advantages and 
disadvantages. Furthermore, there are various parametric studies examining the interaction 
between soil and foundation using different configurations (Chore et al., 2010). This 
contribution represents a state-of-the-art example for such complex cases: the results of the 
dynamic analyses of foundations for a 1307m-long, 7m-wide pipe rack supported by 
different foundation types sitting over an erratic soil profile is presented. As the pipe rack 
is a very long structure, it has been divided into 5 main blocks for the SSI analyses 
according to the changes in the soil profile and the structural requirements. In this paper, 
details of the analyses of two of the sections, 162 m-long Block 1 and 66 m-long Block 2, 
are discussed.  
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In these blocks, the pipe rack is supported by three different types of foundations, i.e., 
braced barrette foundations (consisting of 4 barrettes connected to each other), single 
barrettes, and the foundation at the intersection of the two blocks. Analyses for 
longitudinal and transverse sections along the pipe rack have been conducted. On the 
longitudinal cross-section, there are three different regions that may behave differently, 
considering the variable soil profile and patterns of drainage columns. Therefore, results 
from each of these three regions are considered for longitudinal section; whereas, the 
transverse section of only one region with the highest moment and shear force values 
among those three is conducted. The moment and shear values along the piles and barrette 
foundations are presented and discussed. Additionally, the changes in these values for the 
case when the orientation of the barrette foundations is altered by 90° are also presented in 
comparison with the previous foundation orientation.  

2. Analysis Inputs: Idealized and Improved Soil Profiles, Ground Motion Selection 

In the construction area, a number of geotechnical and geophysical tests including 
Standard Penetration Test (SPT), Cone Penetration Test (CPT) and PS Logging have been 
performed. According to the test results, the general soil profile consists of Fill (F), Silty 
Clay/Clayey Silt (SC-CS), Sand/Silty Sand (S-SS) and bedrock (Claystone / Siltstone / 
Sandstone; CSS) formations. The idealized soil profile and respective geotechnical 
parameters for the longitudinal (LS) and transverse (TD) cross-sections are presented in 
Table 1. The groundwater table is located just beneath the fill layer. The idealized soil 
profile models used for finite difference analyses of the longitudinal and transverse 
sections are presented in Figures 1 and 2, respectively. As shown in these figures, the 
thicknesses of the soil layers are variable along the pipe rack. For the dynamic analyses, 
the software FLAC2D v8.0 (Itasca Consulting Group Inc., 2016) which is based on finite-
difference modeling is utilized. The standard fixities at the sides and bottom of the model 
have been used for the initial static part of the problem; whereas, the free field boundary 
condition has been used for the dynamic part to minimize the effects of the 
reflecting/refracting waves from the boundaries of the model. 

Table 1. Soil parameters* used in the finite difference analyses 

Layers Elevation (m) 
LS 

Elevation (m) 
TD 

c’ 
(kPa) 

cu 
(kPa) 

φ’ 
(°) 

γ 
(kN/m3) 

G 
(MPa) 

K 
(MPa) 

F 0 – 2.5 0 – 3.5 1 - 30 19 104.1 225.4 
S-SS_1 2.5 – 10.5 3.5 – 10 1 - 28 20 111.4 241.3 
SC-CS_1 10.5 – 22.5 10 – 22 - 45 - 18 84.8 183.6 
SC-CS_2 22.5 – 41 22 – 41.5 - 60 - 18 793.8 172 
SC-CS_3 41 – 49 41.5 – 49.5 - 70 - 18 90.3 195.7 
SC-CS_4 49 – 57 49.5 – 57.5 - 80 - 19 150.3 325.7 
S-SS_2 57 – 68 57.5 – 69 1 - 33 21 349.6 757.4 
CSS 68 – 80 69 – 85 249  31 25 1440.2 2400.3 

*c’: Effective cohesion, cu: Undrained shear strength, φ’: Effective internal friction angle, γ: Unit weight, G: 
Shear modulus and K: Bulk modulus 
 
To reduce the probable post-construction settlements and decrease the probability of 
liquefaction, drain columns and barrette foundations are designed for improving the soil 
conditions under the pipe rack. For this analysis case, the ground improvement is utilized 
with drain columns of 80cm-diameters with lengths varying between 28 to 41 m. 
Additionally; barrette foundations of 1.0m x 2.80m are constructed under the foundations 
due to settlement-related problems. The width of the barrette is parallel to the longitudinal 
direction of the pipe rack. The barrette foundation lengths are variable since they are 
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embedded into the rock. These improved soil profiles are also presented in Figures 1 and 2 
for the longitudinal and transverse cross-sections. The spacing of the barrette foundations 
is 6-18 m. In these figures, the drain columns are shown with light green and the barrette 
foundations blue. For the barrette piles, the structural element “pile” in FLAC 2D software 
is utilized in the analyses; whereas, the drain columns are modeled as strengthened soils as 
in the static part of the problem. 
 

 
 

Fig. 1 - The drain columns and barrette foundations in the soil model for longitudinal cross-section 
 

 
 

Fig. 2 - The drain columns and barrette foundations in the soil model for transverse cross-section 
 

The construction site is located approximately 85 km away from an active fault system that 
was ruptured by large-magnitude (M>7) events in the last century. The site-specific 
probabilistic seismic hazard assessment (PSHA) of the site resulted in peak ground 
accelerations (PGA) of 0.23g for 475 years return period at the seismic bedrock. 11 ground 
motions are selected by using the Uniform Hazard Spectrum of the site, based on the 
guidelines given in Turkish Building Earthquake Code (2019) (Figure 3). Selected ground 
motions are scaled to match the PGA and the scale factors are presented in Table 2. 
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Fig. 3 - 475-years Uniform hazard spectrum of the site 

 
Table 2. Selected ground motions and scale factors 

Earthquake Name Magnitude Mechanism Rec ID RRUP (km) Vs30 (m/sec) Scale factor 
Taiwan SMART1(45) 7.30 Reverse 572 51.35 671.52 1.62 
Cape Mendocino 7.01 Reverse 825 6.96 567.78 0.15 
Landers 7.28 Strike-slip 891 50.85 659.09 4.61 
Landers 7.28 Strike-slip 897 41.43 635.01 2.83 
Duzce_Turkey 7.14 Strike-slip 1612 4.17 551.30 1.51 
Duzce_Turkey 7.14 Strike-slip 1618 8.03 638.39 1.43 
Manjil_Iran 7.37 Strike-slip 1633 12.55 723.95 0.44 
Hector Mine 7.13 Strike-slip 1795 50.42 686.12 2.65 
Hector Mine 7.13 Strike-slip 1836 42.06 635.01 3.42 
Darfield_ New Zealand 7.00 Strike-slip 6949 53.75 551.30 1.91 
Duzce_Turkey 7.14 Strike-slip 8165 4.21 760.00 0.31 

 

3. Discussion of the Analysis Results 

Three different types of foundations exist under this pipe rack: (i) single (unbraced 
foundation), (ii) four-barrettes connected to each other with a slab (braced foundation), and (iii) 
two-barrettes connected to each other between two structural sections. The distributed loads 
from the superstructure are approximately 135 kPa and 74 kPa for cases (i) and (ii) whereas, 
for the connection between two structural sections (case iii), the load is 89 kPa. Moreover, 
lengths of the drain columns also change beneath these foundations so that, as mentioned 
previously, three different regions have been studied for that purpose: region of a) 28 m long 
drains, b) 36 m long drains and c) 37m&41m long (repeating) drains. Figure 4 shows the 
variation of maximum accelerations along the soil profile for the longitudinal section using 11 
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different strong ground motions mentioned previously. As can be seen from Figure 4, the 
maximum acceleration is 0.52 g at the surface, however it becomes 0.64 g at about 50m depth. 

 
Fig. 4 - Variation of maximum acceleration along with depth for longitudinal cross-section 

 

For the barrettes in each region mentioned previously, dynamic analyses results are evaluated. 
Figure 5 shows the variation of moment and shear forces for the region where the maximum 
average moment value is obtained for the barrette foundation (case ii). This maximum value is 
observed in the region of 37 m – 41 m long (repeating) drains for the braced foundation type. 
 

  
(a) (b) 

Fig. 5 - Variation of the maximum moment (a) and shear forces (b) for braced foundation along with depth for 
longitudinal cross-section 
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The results for other cases are not presented here due to page limitations, however, the average 
of the moments and shear forces of each foundation type as well as each region are presented 
in Figure 6. 

(a) (b) 

Fig. 6 - Comparison of the average moments (a) and shear forces (b) for different foundation types and regions 

Figure 6 shows that moment and shear forces along with the barrettes for unbraced foundations 
are smaller than the other braced cases regardless of the lengths of the drain columns. 
However, the braced barrette foundations and the ones in the connection area between the two 
blocks are very close to each other.  

3.1. Transverse Cross-Section 

This part includes the analyses of the transverse cross-section including drains and barrette 
foundations together. For the transverse section, the analyses have been performed for only the 
most critical section and foundation type determined for the longitudinal section. The variation 
of maximum accelerations along the soil profile for the transverse direction for the same 11 
strong ground motions are provided in Figure 7 whereas the moment and shear forces can be 
seen in Figure 8. When the Figure 7 is examined, it can be seen that the maximum acceleration 
is 0.516 g at the surface, however, it becomes 0.682g at about 45m depth which is very close to 
the longitudinal one. 
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Fig. 7 - Variation of maximum acceleration along with depth for transverse cross-section 

 

  
(a) (b) 

Fig. 8 - Variation of the maximum moment (a) and shear forces (b) for braced foundation along with depth for 
transverse cross-section 

 

3.2. Orientation of Barrette Foundation 

This section tries to answer the problem of the variation of the values of moment and shear 
forces if the orientation of the barrette foundations changes by 90°, i.e., estimation without 
making more analyses to save time. The barrettes in the braced foundations have been rotated, 
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whereas the other types remained the same in the new configuration. To see the difference 
after the orientations of the barrette foundations have been inter-changed (i.e., longitudinal 
braced becomes transverse), an earthquake resulting in an average behavior in terms of the 
moments has been selected and the analysis is performed with the new orientation using only 
the selected event. After that, the obtained results are compared with the values of the “old” 
transverse direction.  
For braced (four barrette) foundations, as can be seen in Figure 9 below, the average moment 
and shear force values for the “old transverse direction” are very close to the “new longitudinal 
direction”. This means that the values for the “old” transverse direction can be used in the 
longitudinal direction in the revised orientation of the barrettes of four.  
 

  
(a) (b) 

Fig. 9 - Comparison of (a) moment and (b) shear forces for four barrettes connected to each other for old and 

new configurations 

4. Conclusions  

This contribution represents a state-of-the-art example for a very long pipe rack resting on 
a weak erratic soil profile in a high seismicity region. The foundation system of the pipe 
rack varies along its length including barrette foundations and drain columns. A detailed 
SSI analyses has been conducted which includes two-dimensional longitudinal and 
transverse direction analyses of the complete system, i.e., soil layers, drain columns and 
barrette foundations together. The structure over the foundations has been included as 
distributed load. The results are presented in terms of moments and shear forces along the 
barrettes as well as the acceleration values along the soil depth.  
For all types of barrette foundations, the maximum moment and shear force values for 
longitudinal and transverse sections are summarized in Table 3 below. 
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Table 3. Comparison of the obtained results 

Barrette type Moment (kNm) Shear Force (kN) 
Maximums Average Maximum Average 

Single barrette 1511 855 154 120 
Four barrettes 2046 1349 216 152 
Between structural sections 1916 1321 196 151 
Transverse direction 4267 3232 275 213 

 
It was seen that; the maximum moment and shear values, from the longitudinal section, are 
obtained for the case of braced foundations where four barrettes are connected each other. For 
this type of foundation where the most critical results are observed, maximum and average 
values of the moment and shear forces under each region are presented in Table 4 below.  
 

Table 4. Results for the most critical case 

Region Moment (kNm) Shear Force (kN) 
Maximum Average Maximum Average 

Drain lengths of 28 m 1830 1233 195 135 
Drain lengths of 36 m 2044 1342 169 142 
Drain lengths of 37-41m (repeating) 2046 1349 216 152 

 
Last but not least, after the orientation of the barrette foundations has changed, it was seen that 
the moment values have also switched between the “old” and the “new” orientation 
configuration. As a fact, project durations are very limited in most of the times and the time 
required to perform such detailed dynamic analyses is often too long compared to it. Therefore, 
it is proven that the values can be used interchangeably without making more analyses if a 
revision is required in the project design.  
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Abstract: This investigation examines the numerical cyclic response of historic masonry 

elements consisting of clay brick and lime mortar. The nonlinear procedures adopted for 

modelling the in-plane response of masonry panels under diagonal compression, as well as 

large walls under reverse lateral cyclic displacement and gravity load, are described. The 

numerical models are validated against the results of tests carried out under both dry and wet 

conditions which quantify the influence of moisture on the main response characteristics of 

the structural members. Considering the inherent material variability, the numerical results 

are shown to correlate well with the test results in terms of stiffness, strength, ductility, overall 

hysteretic response, and cyclic degradation. The numerical kinematics and stress distributions 

at failure are also found to be in good agreement with the test results including similar ultimate 

crack patterns. Overall, it is concluded that numerical models employing surface-based 

cohesive-contact approaches with due account for inelastic damage for modelling masonry 

interfaces, and damage-plasticity models to represent the constitutive behaviour of brick 

materials, can capture reliably the main structural response and failure modes.  

Keywords: lateral cyclic response, nonlinear modelling, cohesive contact, damage plasticity 

1. Introduction 

Heritage masonry structures are characterised by high material heterogeneity, irregular 

bearing elements as well as degradation of constituents due to environmental effects. 

Unreinforced masonry (URM) is rarely provided with appropriate insulation to prevent 

capillary absorption and are often partially or fully submersed in ground water (Hoła et al., 

2017). Seasonal variations produce wet-dry environmental cycling that is detrimental to the 

material properties and implicitly to the seismic response of masonry. 

The reduction in stiffness, strength and ductility of wet masonry are directly related to the 

lower material properties compared to dry counterparts, yet at a different degree depending 

on the governing mechanisms (compressive crushing, shear sliding and diagonal cracking), 

and the level of interaction between them (Bompa and Elghazouli, 2022). A lower mortar 

strength is associated with a lower elastic modulus and compression masonry stiffness. In 

the presence of moisture, the in-plane elastic stiffness and diagonal tension strength can be 

reduced by more than 40% compared to dry conditions (Elghazouli et al., 2021).  

To assess the influence of material properties on the seismic performance of masonry, 

nonlinear numerical modelling is typically employed. Masonry modelling is largely based 

on two approaches, macro and micro-modelling. In the former, the brick-mortar interface 

behaviour is implicitly modelled by a set of homogenised properties whilst, in the latter, the 

interface response is explicitly modelled (D’Altri et al., 2019). The micro-modelling block-

based approach is more suitable for element modelling due to its ability to clearly identify 

failure modes as well as the advantage of using small-scale experimental test results as input 

(Rahgozar and Hosseini, 2017). 
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In this paper, the block-based approach is employed to validate constitutive material 

parameters for the modelling of clay brick lime mortar masonry panels under diagonal 

compression, and large walls under reverse lateral cyclic loading. These approaches can then 

be used in future parametric investigations to understand the influence of moisture on the 

seismic performance of heritage masonry walls for a wider range of geometry and material 

parameters, and ultimately to support the development of design guidelines. 

2. Modelling approaches 

2.1. Masonry specimens 

The modelling was carried out to simulate the results of tests on masonry panels and wall 

elements. Commercial fired clay facing solid bricks with measured sizes of 229×110×66 

mm and 15.5 MPa unit strength in both dry and wet conditions were used for the construction 

of all specimens, representing 13th century historic masonry in Cairo (Bompa and 

Elghazouli, 2021; Elghazouli et al., 2022). Mortars incorporating natural hydraulic lime 

(NHL5) with a binder-to-aggregate ratio of 1:3, and measured cubic strength flm=0.58-5.06 

MPa were used.  

Thirteen diagonal panel tests on single leaf square panels of b×h×t = 710×710×110 mm in 

wet and air-dry conditions were carried out in order to assess the diagonal tensile strength of 

masonry (Fig. 1). The specimen reference adopts the format DX-Yz, where D stands for 

diagonal panel, X indicates the specimen batch (A or B), Y represents the conditioning (D 

for air-dry or W for wet) and z represents the specimen sequence (1, 2, 3, etc.). The panels 

had both horizontal and vertical lime mortar joints with an average thickness of 9 ± 1.5 mm.  

Four single leaf masonry walls of b×h×t = 1910 × 1300 ×110 mm and joint thickness of 9 ± 

1 mm were built using the same materials described above. The specimen reference adopts 

the format WX-Y, where W stands for wall, X represents the specimen batch: (A or B), and 

Y represents the conditioning (D for air-dry or W for wet). For example, WA-D is the first 

test on ambient-dry walls. After the application of the constant vertical load, corresponding 

to an axial stress around 1.0 MPa, the lateral deformations were applied based on a pre-

defined quasi-static cyclic history, by means of a 250 kN Instron actuator.  

 

 
Fig. 1 – Testing arrangements and specimen details: a) diagonal panels, b) large walls 
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2.2. Modelling procedures 

The block-based modelling approach, in which the masonry joint is considered of zero-

thickness, was adopted in this study. As shown in Fig. 2a, since the joint is relatively thin 

compared to the brick, it is reasonable to incorporate the joint thickness into the geometry of 

the brick unit, provided that the interaction between block surfaces reflect actual joint 

properties. A suitable contact approach, adopted in this paper involves compression, friction, 

and cohesion (DSS, 2014). A mesh of ratio 4×2×1 was used for a standard block unit based 

on a sensitivity study. A damage plasticity model was employed for masonry blocks, which 

can capture compressive crushing, tensile cracking, confinement, and associated damage 

effects (Bompa and Elghazouli, 2020b).  

Based on existing studies (D’Altri et al., 2019; Bompa and Elghazouli, 2020b), the basic 

plastic parameters for the damage-plasticity model were adopted (dilation angle f = 10°, 

eccentricity ϵ=0.1, yield surface shape Kc =0.667, biaxial-to-uniaxial compressive strength 

ratio fbia/funi =1.16, and the viscosity parameter 0.002). In terms of uniaxial material 

properties (Fig. 3a), the elastic modulus of masonry block Emb was assessed as a function of 

the masonry compression strength (Emb=620×fmb), with a scalar factor of 620 as calibrated 

against previous tests by the authors. The compressive strength was assessed from measured 

wet and dry brick and mortar strengths with the expression fmb=0.54×fb
0.8fj

0.2, in which fb is 

the brick strength and fj is the joint strength. A Poisson’s ratio of v = 0.2 was considered.  

Fig. 2 – Modelling approach: a) block-based model simplification, b) contact pairs and block meshes 

The compressive constitutive curve of the block consists of a linear ascending branch and a 

descending branch (Fig. 3a), with this bilinear and relatively rigid behaviour observed in 

previous tests (D’Altri et al., 2019; Bompa and Elghazouli, 2020b). For the tensile 

constitutive curve (Fig. 3b), a bilinear form was also used. The tensile strength ft = 0.15fmb, 

and an energy criterion in which the fracture energy Gf=0.025×(2ft)
0.7 were considered 

(Angiolilli and Gregori, 2020). A residual strength of 10% of peak strengths was considered 

both in tension and compression for convergence purposes.  

The mechanical properties of the interface involve normal contact, tangential friction, and 

cohesion (both in normal and tangential directions) (DSS, 2014). As shown in Fig. 2, the 

node-to-surface method was adopted since it allows for the representation of a coupled 

friction-cohesion behaviour. Hard contact was set in the normal direction, and penalty 

friction with a coefficient of μ = 0.55 was set in the tangential direction (D’Altri et al., 2019). 

As shown in Fig. 4, a cohesive behaviour was adopted to simulate the bond of joint. For the 

elastic part, the normal and tangential stiffnesses were determined based on Lourenço 

(1996), in which the normal stiffness Knn depends on the joint thickness, and elastic moduli 

of the brick and joint, whilst the shear stiffness Kss depends on the corresponding shear 

properties. For clay brick lime mortar masonry, Knn and Kss were around 36 N/mm3 and 15 
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N/mm3
, respectively (Bompa and Elghazouli, 2020b). Accordingly, a relationship for 

normal-to-shear stiffness of Knn = 5Kss was used, and shear stiffness as Kss=Ktt=60×fj/hj+10, 

in which fj and hj are the mortar joint strength and thickness, respectively, was calibrated.  

 
Fig. 3 – Constitutive representations of the masonry block: a) compression, b) tension 

 

For the normal tensile cohesive strength σnn, a value of 10% of the mortar compressive 

strength, but less than 0.3 MPa, was considered (Zimmermann et al., 2012). For the 

tangential cohesive strength τtt=τss=c+tanϕ<-σn>, a typical Mohr-Coulomb representation 

was accounted for, in which c is the initial cohesive strength, tanϕ is the cohesive friction 

coefficient, σn is the normal stress. The symbol <x>=(|x| + x)/2 denotes the Macaulay bracket 

function. For the initial cohesive strength c, a linear relationship with the mortar strength 

was taken with the coefficients calibrated from tests, with 0.01 ≤ c = 0.125fj – 0.143 ≤ 0.5 

(MPa). For the frictional part, the coefficient tanϕ for dry and wet mortar are taken as 0.62 

and 0.58, respectively (Bompa and Elghazouli, 2020b).  

 
Fig. 4 – Constitutive representations of the interface: a) normal, b) tangential 

An average compressive stress was applied in modelling, giving reliable estimates for the 

geometries considered. For the wall specimens, the level of normal compressive stress was 

equal to the applied stress, plus a reduction factor of 0.5 applied to the cohesive friction 

coefficient (0.5 tanϕ). This considers a reduction in the overall cohesion due to no normal 

stresses in vertical joints. For diagonal panels, a linear regression expression validated 

against test data was considered for the interface shear strength, as a function of the mortar 

strength (τtt=τss=0.14fj + 0.72). As for cohesive damage evolution, a linear descending 
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representation was considered as a function of the ultimate displacement corresponding to 

the direction considered. Based on existing studies δnn, δtt(δss) = 1.0 mm (D’Altri et al., 2019; 

Bompa and Elghazouli, 2020b). The cohesive parameter of the Benzeggagh-Kenane model 

was taken as 1.0 to model combined damage in tension and shear (Benzeggagh and Kenane, 

1996), is suitable when the fracture energies are the same in both tangential directions. 

3. Comparative results 

Fig. 5 depicts the load displacement response obtained from the tested and modelled 

diagonal panels, whilst Fig. 6 illustrates the typical crack patterns and numerical stress 

distributions at failure for a selected panel. The main parameters are given in Table. 1.  In 

the diagonal panel tests, the ultimate condition occurs when the principal tensile stresses 

perpendicular to the compressed strut reaches the maximum tensile strength of the masonry.  

 

Fig. 5 – Load-displacement curves of diagonal panels: a) DA-D, b) DA-W, c) DB-W, d) DB-W 

 

Table 1. Test and numerical results 

Specimen Ptest (kN) δpeak,test (mm) Pnum (kN) δpeak,num (mm) Ptest/Pnum (-) δpeak,test/δpeak,num (-) 

DA-D 26.9±2.3 0.54±0.08 28.8 0.63* 0.93 0.98 

DA-W 23.5±2.3 0.80±0.22 21.6 0.75 1.09 1.06 

DB-D 51.1±2.7 0.49±0.06 48.8 0.58 1.05 0.84 

DB-W 29.0±3.5 0.34±0.03 33.5 0.59* 0.87 0.63 

Specimen Ptest (kN) Δpeak,test (%) Pnum (kN) Δpeak,num (%) Ptest/Pnum (-) Δpeak,test/Δpeak,num (-) 

WA-D 110.6 0.45 111.1 0.30 1.00 1.50 

WA-W 101.6 0.35 111.0 0.40 0.92 0.88 

WB-D 144.3 0.53 143.6 0.18 1.00 2.94 

WB-W 128.1 0.33 126.6 0.42 1.01 0.79 

    Average 0.98 1.20 

*an average δpeak,num is considered for DA-D and DB-W models due a behaviour characterised by a plateau 
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Fig. 6 – Kinematics of diagonal panels: a) numerical failure pattern, b) Mises plot, c) test failure pattern 

As shown in Fig. 5, the stiffness and strength are reasonably well predicted for all dry and 

wet configurations. While repeated tests were carried out, average material properties were 

considered for each batch. Considering the unavoidable material variability, the numerical 

results are within reasonable ranges of the test results. The kinematics and stress distributions 

at failure in the models are also in good agreement with tests. A clear compression field 

could be seen in Fig. 6, and the ultimate crack patterns are very similar. The test and 

numerical lateral load versus drift (P-Δ) curves for the walls are depicted in Fig. 7, while the 

ultimate crack patterns are illustrated in Fig. 8, and the main parameters and results are also 

given in Table 1. Comparing the wet and dry specimens, the influence of moisture on the 

capacity of the members becomes evident, especially for WB specimens for which the 

mortars strength difference is larger than for WA specimens (2.7 MPa versus 1.0 MPa, 

respectively). In general, the overall cyclic response is captured well by the models, in terms 

of stiffness, strength, ductility. All specimens tested under cyclic loading had a brittle failure 

in diagonal tension with stepped cracks occurring at the two wall diagonals. 

 

Fig. 7 – Load-displacement curves of large walls: a) WA-D, b) WA-W, c) WB-D, d) WB-W 
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In terms of overall response, the response of both WA-W and WA-D walls was largely 

symmetric and governed by shear, ultimately failing in diagonal tension with the two 

diagonal cracks intersecting around the centre of the wall. On the other hand, Specimens 

WB-D and WB-W had a flexure-governed response indicated by opening of an interface gap 

between the supporting steel plate and the first brick course. Unreinforced masonry can 

develop such a response, as often explained by aspects of non-linear elastic behaviour (Petry 

and Beyer, 2015). Fig. 8 shows the typical cracking and failure pattern of masonry walls, 

which are in good agreement with the test results.  

 
Fig. 8 – Kinematics of large walls: a) numerical failure pattern, b) Mises plot, c) test failure pattern 

4. Conclusions 

The paper presented a nonlinear numerical evaluation of the structural response of clay brick 

lime mortar masonry elements under dry and wet conditions, with properties representative 

of some forms of heritage structures. After describing experimental details such as materials, 

specimens and testing arrangements, the nonlinear numerical procedures adopted for 

modelling the in-plane response of masonry panels under diagonal compression and large 

wall under reverse lateral cyclic displacement and gravity load, were described.  

A direct comparison between the force-displacement curves of dry and wet diagonal 

specimens, shows that the moisture reduced both the test stiffness and the test strength. 

Considering the inherent material variability, the numerical results were within reasonable 

ranges of the test results. The numerical kinematics and stress distributions at failure were 

also in very good agreement with the tests, with similar ultimate crack patterns. 

For the large walls subjected to cyclic loading, the overall test response was also closely 

captured by the modelling procedures employed in this paper, in terms of stiffness, strength, 

ductility and failure mode. The hysteretic response including degradation was also well 

predicted. Overall, the proposed modelling procedures gave reasonably good estimates of 

all main structural parameters. 

Overall, numerical models employing surface-based cohesive-contact approaches with due 

account for inelastic damage for modelling masonry interfaces, and damage-plasticity 

models to represent the constitutive behaviour of brick materials, were shown to be able to 

capture the main structural response and failure modes. It was also shown that the 

constitutive models and procedures proposed can be adopted for representing reliably the 

lateral cycling response of historic masonry walls, enabling further parametric studies with 

geometry and material properties outside of the existing test ranges. 

  

a) b) c) 
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Abstract In this paper, the procedure applied in the design of a 155 meter high 
telecommunication tower that is currently being built on Vodno mountain, Skopje, is 
discussed. The complex architectonic shape of the tower, the large number of users of the 
space with their own specific requirements and the expected flexibility of the structure made 
the design engineers define an objective and non-standard procedure of design and analysis 
of this complex structure. The design procedure defined by the design engineers was 
submitted to the Investor of the structure and it consisted from: 
- Research works on the location involving geological and geotechnical investigations,

geophysical surveys, definition of seismic design parameters, research for definition of
wind effects and meteorological investigations;

- Definition of the technological requirements of users of the space with data on
operational criteria, sensitivity to vibrations and technological loads;

- Definition of a modelling procedure, analysis and criteria of stability and serviceability.
- An experimental programme consisting of tower model testing in an aerodynamic

tunnel for definition of all possible wind effects, seismic shaking table testing of the
tower model, quasi-static tests of vital joints and a fragment of the main circular truss of
the platforms and quasi-static testing of the façade of the decorative elements.

Keywords: structural design, earthquake engineering, wind engineering, wind tunnel 
testing, shaking table testing, mega structures 

1. Introduction

In structural engineering practice, there are structures for which certain assumptions that 
are necessarily used in their analysis and design require additional expert verification.  This 
is particularly characteristic for complex or mega structures that may be exposed to wind 
and earthquakes or other dynamic effects in the course of their serviceability period.  In 
such cases, in addition to application of valid standards, design engineers should propose 
realization of certain experimental investigations and application of the obtained results in 
the phase of improvement of the design procedure and selection of a corresponding 
technology of construction and control of construction quality. The authors of this paper 
have made an attempt to present the procedure of design of the telecommunication tower 
that is being built on Vodno hill, in the immediate vicinity of Skopje city. Considering the 
architectural shape of the tower (Geotehnika, DOO Skopje,2012), the terrain topography, 
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the exposure to strong wind or earthquake effects, the specific requirements of users of the 
space, the design engineers were required to propose a non-standard design procedure. 
Within this limited space, the authors of this paper have tried to explain the applied 
procedure of design of the considered, relatively complex structure. 

2. Basic Architectural Data 

The architectural shape of the tower, as conceived by the architects, is shown in Fig. 1. The 
tower is located at an altitude of 1034 m, on the top of Vodno hill, on the south side of 
Skopje city.  So far, only the central reinforced concrete shaft has been built to the height 
of 112 m.   
 

          
 

Fig. 1. View of the tower -Architectural composition; Fig 2. North view of the tower with elevation of 
platforms 

 
The geometrical data on the height of the tower are shown in Fig. 2, view from the North.  
The cross-section of the shaft is variable along height and it represents an irregular 
quadrangle. The view from the fifth façade can be seen in Fig. 5. The north façade of the 
tower is vertical, whereas the remaining three sides converge upwards under a constant 
angle of 1.3 cm at each meter along height.  Fig. 4 shows the appearance of the shaft cross-
section, namely the change of its shape from level 0.0 to the top. The tower, which is of a 
complex architectonic shape, consists of the following physical components: a central shaft 
accommodating the vertical communications (staircases, elevators), sanitary premises and 
channels through which the installations run.  On the tower, there are four working 
platforms covering 200 m2 each, whereat the first three platforms are eccentrically drawn 
from the shaft (Fig. 3), while the fourth platform is centrically placed around the shaft. All 
platforms are of a circular shape or represent part of a circular segment with a diameter of 
18.0 m.  Fig. 5 shows the cross-section of the tower through platform 2 with a view 
downwards.  Below platform 2, one can see the roof of platform 1 with the position of the 
tendons. 
From level 112 where the reinforced concrete part of the tower ends, there starts the 
designed steel antenna truss ending at level 140.0 m with a special adapter for connection 
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to an antenna, which is planned to be 15.0 m high. The antenna in this project is treated as 
an equipment.  In addition to these functional components, the tower is also designed to 
have four decorative horn structures running from the terrain level and each ending below 
one of the platforms, incising the tower shaft.  Around these decorative elements, a highly 
porous cable mesh is to be placed. The characteristic cross-section of the horn structures is 
displayed in Fig. 6. In the phase of construction of the shaft, the operators – users of 
platforms 1, 2 and 3 requested removal of the façade from the platform galleries to 
eliminate refraction of rays directed to the antennas installed in the galleries with a 
diameter of 2.5 m. To respond to this requirement, the architects made a new solution with 
an open gallery that substantially changed the wind effect.  In the project, this phase is 
indicated as “new architectural design”. 
 

  
Fig 3. Top view from cross-section at height of 103.36 m; Fig. 4. Cross-section of the shaft at different levels   

 
3. Basic Structural Data 
 
The analysis and design of the tower structure were performed by dividing the structure 
into substructures that were independently modeled and then integrated into a complex 
structural system.  Considered as substructures were the following units: 
Foundation structure.  The geometry of the foundation structure at plan is shown in Fig. 
7, whereas Fig. 8 displays its cross-section.  The figures show that the foundation consists 
of two parts, namely a central stump that has the form of the tower plan at level 1034, 
descending to level 1028 and ending at level 1031.5 m above see level.  It is designed and 
constructed by use of concrete class CS20 and, on its upper side, it has a sufficient number 
of anchors for connection to a reinforced concrete plate. Designed over this  

 
Fig. 5. Cross-section at platform P2 (z = 66.88 m), platform below with position of the tendons; Fig. 6. 

Cross-section of the horn 
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stump is a foundation RC slab with thickness of 2.5 m over the stump and thickness of 2.0 
m at the ends.  For the most unfavorable loading conditions, maximum stress of 801 kN/m2 
< 1000 kN/m2 (allowed compressive stresses in the rock mass) was obtained. The 
overturning coefficient of the tower was defined to amount to 3.20. 
 

 

 
 

Fig 7 Top view of foundation structure 

 
Fig 8 Cross-section of the foundation structure 

 
Reinforced concrete shaft.  The cross-section of the shaft at level 3.04 m is presented in 
Fig. 9.  The figure shows that the external walls of this irregular quadrangle have a 
thickness of 55.0 cm, whereas the thickness of all internal walls is 20 cm. 
 

 

Fig. 9. Shape of the shaft at the base. 
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All walls are designed to be constructed of cast-in-place concrete class CS40 MPa.  During 
construction, the value of 45-50 MPa was achieved.  The thickness of the external walls is 
variable, ranging from 55 cm at the beginning, decreasing to 40 cm at the last 8 levels. The 
thickness of the interior walls is not varied along height as is not varied the thickness of the 
floor slabs that constantly amounts to 15 cm. The total weight of the shaft is 86812 kN, i.e., 
approximately 3472 m3 concrete mass. The reinforcement of the shaft is produced by SAH 
Stahlwerk Annahutte company in Austria. It is class 500/550 and its jointing for φ > 18 
mm is done by a coupling system produced by the same company, while the jointing of the 
φ < 18 mm reinforcement is done by overlapping. 
Working platforms. The first three working platforms are designed as cantilevers. Each 
consists of two rigid discs, one with a height of 1.0 m measured from the floor downwards, 
while the second is from the ceiling of the working platform 1.0 m upwards. The effective 
storey height is 3.70 m, i.e., the height of the platform from the lower façade to the roof is 
5.70 m.  The two discs are mutually connected and have identical structural solution that 
includes a small ring with a diameter of 3.0 m, a central circular truss and a façade frame.  
From the center of the small ring, radially in the lower and upper disc, 12 trusses with a 
height of 1.0 m are placed.  Fig. 10 shows the top view of the platform structures.  They 
are designed of steel class 355.  Tendons are also designed for the platforms. 

 

Fig. 10. View of the platform structure from the top. 

 
Antenna truss.  The antenna truss represents a steel 3D structure with a square cross-
section and axial distance of the sides of 2.20 m.  The storey height of the segments is 2.8 
m and there are 12 segments over level 112.0 m, meaning that the effective height is 28.0 
m.  Additionally, two storey heights are anchored to the reinforced-concrete shaft, meaning 
that the total length of this truss is 33.6 m.  It is designed of steel class 355. 
Decorative elements – horns and mesh.  The cross-section of the horns is variable along 
height and its shape is presented in Fig. 6. The bearing structure represents a quadrilateral 
3D truss with added steel 3D structure to which the façade is mounted.  Along length, the 
curvilinear horn structures are divided into rectilinear segments with a length of 1.75 m.  
Three segments form a fragment that is completely prepared on field and is mounted at the 
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corresponding place by use of joints designed for the needs of this structure. All four horns 
are supported at four points on a reinforced concrete horn with a length of 7.0 m measured 
from the terrain and at four points on the shaft for each horn structure with bearings.  For 
horn structures 2, 3 and 4, at half of the free height over the second support on the shaft, an 
additional horizontal truss is designed to connect the horn structure with the shaft.  This 
additional connection prevents the occurrence of vortex shedding [6].  Finally, each horn is 
connected by a horizontal truss to the platform – core connection at the level of the lower 
façade.   The façade of the horn structures is designed of hard styropore strengthened by 
polyurea with thickness of 3.0 mm from all sides. Fragments of the façade were quasi-
statically tested in the IZIIS’ laboratory, while the results are presented in the report cited 
under [8].  The decorative mesh is highly porous and is designed to be constructed of 
cables φ 100 mm. The mesh is suspended from a certain number of points on the horn 
structures. 
 
4. Preliminary Investigation 
 
For the needs of the project, at the request of the design engineers involved in the design of 
the structure, surveys of the tower site were done for the purpose of definition of the 
geological and geomechanical characteristics of the soil (Geotehnika DOO Skopje,2012), 
the geophysical characteristics (Aleksovski et al.,2012) and study of the seismic hazard and 
seismic design parameters (Stamatovska et al.,2012). The values of the spectral 
acceleration for a period close to zero amount to PGA = 0.140 g and PGA = 0.228 g in 
horizontal direction, corresponding to return periods of 95 and 475 years, while for vertical 
direction, these amount to PGA = 0.136 g and PGA = 0.222 g for return periods of 95 and 
475 years, respectively. 
The tower height and the terrain relief on which the structure is being built are particularly 
sensitive to wind effects. For a return period of 50 years and an altitude exceeding 1000 
meters, for  a 10 min- mean value in accordance with the regulations (National Codes), the 
main wind velocity of Vm,50,10 = 38.0 m/s was defined. This velocity acts upon the first 10 
meters of the tower height and then it is increased depending on the dynamic factor and the 
turbulence.  So, at level 112 meters, it reaches 53.33 m/s, whereas at level 140, it is 55.98 
m/s. The complex geometry of the structure and its exposure to wind effects were 
sufficient arguments for the design engineers to request additional control of the 
aerodynamic coefficients defined according to the national standards (National Codes).  
The investor accepted the arguments of the design engineers and asked Prof. Hans-Jurgen 
Niemann from the University in Bochum, Germany, to perform a study for definition of 
the wind effect based on experimental testing of a model exposed to wind effect in an 
aerodynamic tunnel. The view of the model in the tunnel is shown in Fig. 11.  The tests on 
the model enabled definition of the positive and negative wind pressure upon the shaft, the 
platforms and the horn structures. For all combinations of wind effect, these are presented 
in the report of 2014 (Niemann et al., 2014).  In the course of the construction of the shaft, 
at the request of the operators – future users of platforms 1, 2 and 3, a change of the façade 
of these platforms was made leading to essential change of the aerodynamic coefficients 
for analysis of the platforms. Therefore, Prof. H. J. Niemann was asked to perform a new 
study for definition of the aerodynamic coefficients of the platforms that was finished in 
October 2020. The results are presented in report (Rakicevic et al., 2017). To check the 
safety of the connection of the main circular truss with the shaft, quasi-static tests on a 
fragment of two fields to the scale of 1:2 (Rakicevic et al.,2017) was performed. Fig. 12 
shows the characteristic force – deformation relationship for the tested model no. 03. The 
results of these experimental tests were applied in preparation of the workshop 
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documentation on the steel structure. The dynamic behavior of the tower structure exposed 
to earthquake effect was confirmed by testing of a physical model on a seismic shaking 
table on which the earthquakes defined in study (Stamatovska et al.,2012) were simulated 
with a great accuracy. The results from the shaking table testing are presented in 
(Rakicevic et al.,2018). To check the safety of the façade of the horn structures against 
wind effects, quasi-static tests on a façade panel to the scale of 1:1 were carried out. The 
results from the tests are shown in (Rakicevic et al., 2018). 
 

 

Fig 11. Wind tunnel model – overview; Fig 12 Force deformation relationship for tested model No 03(7) 
 
5. Technological Requirements of users of platforms 
 
In the beginning, the design engineers involved in the design of the structure requested 
information from the potential users of the platforms about the technological requirements 
for proper functioning of their equipment. Each operator delivered information about the 
outline of the equipment, weight and operating conditions.  None operator stated an 
acceleration criterion as an unfavorable criterion when their equipment is exposed to wind 
or earthquake effect.  However, all operators requested that the vertical deformation of the 
platform is as little as possible, i.e., close to zero.  For gravity loads, technological loads, 
snow and wind effect, when rotation of the core cross-section is excluded, this requirement 
is fulfilled, but when rotation of the core cross-section at the points of the platform – core 
connection is included, the maximum vertical deformation will be approximately 10 cm, 
which will cause disturbance of the functioning of part of the equipment. These 
deformations take place in the case of wind with a return period of 50 years. 
 
6. Procedure of structural design of complex structures 
 
Under the notion “complex structure”, the authors of this paper mean a structure: 

• whose architectonic geometry has a number of non-standard components that are 
integrated into a whole, which in this case, are of a quite complex architectural 
form [Fig. 1]; 

• whose structural system as a whole consists of more than one structural material; 
• for which dominant effects on the integral structure and individual structural 

components cannot be a priori estimated as to which dynamic effect, earthquake or 
wind, it is more sensitive to; 

• for which there are different criteria for definition of the serviceability level and 
criteria for acceptability of solutions. 
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Starting  with the above stated arguments and the importance of the structure by which a 
higher level of quality of telecommunication services in the territory of the state is to be 
achieved,  the design engineers of the tower structure  proposed to the Investor of the 
structure a procedure of design consisting of traditional design based on the requirements 
contained in the national standards (National Codes) and application of the corresponding 
Eurocodes (Eurocodes 1,2,3,8) as an initial phase of elaboration of a working design of a 
higher quality. Based on the results from this phase, experimental investigations for correct 
definition of essential parameters were proposed for the purpose of objective prediction of 
the dynamic response of the structure.  Following the performance of the investigations 
and the obtaining of relevant data, the analysis of the structure was repeated by application 
of the obtained experimental data.  The procedure of design of this complex structure can 
be presented in a simplified manner as design by application of valid standards + 
experimental verification of vital parameters + redesign and re-analysis to obtain objective 
and optimal structural solution. It should be noted that this procedure is more time 
consuming and costlier compared to the traditional design, but the benefits in respect to 
safety of the structure and optimal solutions achieved with this procedure are greater. 
Finally, what is of a particular interest for the professional public, is the proposal of the 
design engineers about installation of a health monitoring system upon completion of this 
structure for the purpose of monitoring its dynamic response to earthquake and wind 
effects at several vital points of the structure that was already accepted and entered into the 
budget by the investor. 
 
7. Conclusions 
 
Based on the results and the knowledge gained in the phase of elaboration of the project on 
the telecommunication tower structure in the vicinity of Skopje, the authors of this paper 
consider that elaboration of design documentation on complex structures requires the use 
of a non-standard procedure of design in which it is necessary to experimentally verify 
certain procedures. This non-standard procedure is more time consuming and costly, but 
the benefits regarding the safety of the structure and optimization of the costs of 
construction completely justify this procedure. 
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Abstract: This paper investigates the role of strong motion duration in the collapse of moment 

resisting steel frames and explores the relationship between the duration effects and key 

structural characteristics. A set of 24 three and nine storey steel frames designed to European 

design guidelines are subjected to incremental dynamic analysis, using a suite of 70 ground 

motion records. The 5-75% significant duration is varied up to nearly 70s, while the 

acceleration response spectra of the selected records are matched to a target Eurocode 8 

spectrum. Duration effects are quantified by means of a proposed metric, based on the best-

fit between collapse capacities and duration. The results show that duration effects vary 

depending on the structural system. Structures with larger rates of degradation, lower levels 

of P-Δ and lower periods tend to exhibit a larger rate of capacity reduction with duration. This 

highlights the need to consider strong motion duration for a reliable collapse assessment of 

such multi-storey frame systems.  

Keywords: incremental dynamic analysis, spectral matching, Eurocode 8, degradation, P-Δ 

1. Introduction 

Seismic collapse prevention is of utmost importance for the design and assessment of structural 

systems, and therefore forms a fundamental requirement in seismic codes. Accurate assessment 

of the structural capacity to resist collapse entails detailed inspection of key ground motion 

parameters. In current seismic design standards, the amplitude and frequency content are viewed 

as the most significant features to consider. However, recent research has shown that strong 

motion duration may also have a notable effect. 

Different approaches have been followed to quantify the effect of duration on collapse capacity. 

One common method is to compare the median collapse capacities obtained with sets of long 

and short spectrally equivalent records pairs, which was introduced by Chandramohan et al. 

(2016). This method was applied for the assessment of various types of structures, including 

steel frames (e.g., Chandramohan et al., 2016; Bravo-Haro and Elghazouli, 2018; Barbosa et al., 

2017), reinforced concrete frames (e.g., Bhanu et al., 2021; Fairhurst et al., 2019) and wood 

frame buildings (e.g., Pan et al., 2019), with all studies demonstrating a reduced median collapse 

capacity for the long duration set, which could be up to 40% for steel buildings (Bravo-Haro and 

Elghazouli, 2018). Another approach is to match the suites of long and short records to the same 

spectrum instead of carrying out pair-wise matching. This ensures that the spectral shape is kept 

uniform among all the records. Studies adopting this approach in reinforced concrete structures 

(e.g., Han et al., 2017) or steel buildings (e.g., Tirca et al., 2015) also showed a reduction in the 

median collapse capacity when using long duration records.  

The use of spectrally equivalent pairs of records or spectrally matched records eliminates any 

spectral shape bias and allows for the differences in the results to be attributed to duration. 

However, the criteria for the definition of the long and short records are quite arbitrary, possibly 

affecting the observed duration effects. As demonstrated by Du et al. (2020), if the short and 

long records suites differ by less than 40% in terms of duration, no statistically significant change 
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in the median collapse capacities can be observed. Therefore, the lack of specific requirements 

regarding the duration distribution in the suites of long and short records may result in a broad 

range of record sets and, accordingly, duration effects on collapse. 

The objective of this study is to evaluate the role of duration in the collapse of moment resisting 

steel frames and to identify key properties that determine their sensitivity to duration. In contrast 

to most previous studies, instead of using two sets of long and short records, a single suite of 70 

spectrally matched records with varying duration is employed. This allows an explicit account 

of duration as a continuous variable. A new metric based on the best-fit between capacities and 

duration is proposed to examine duration effects. Incremental dynamic analyses (Vamvatsikos 

and Cornell, 2002) are performed at 3-storey and 9-storey frames designed to the new draft of 

Eurocode 8 (EC8) (CEN, 2020). The influence of degradation, P-Δ effects and period on this 

metric is assessed and the differences between 3-storey and 9-storey frames are highlighted. 

2. Methodology

2.1. Structural models 

Following the provisions in the new revision of EC8 (CEN, 2020), a series of 3-storey and 

9-storey steel moment-resisting frames (MRFs) were designed. All frames comprise 3 bays

of 6.0m each. The storey height is 3.5m, except for the first floor, where it is 4.5m. A yield

strength of 275 MPa was assumed. Dead loads of 5.75kN/m2 were applied at the floors and

4.75N/m2 at the roof. The corresponding imposed loads at floor and roof levels were

2.00N/m2 and 1.00N/m2, respectively.

Ground Types A, B, C and D, and drift limits of 0.5%, 0.75% and 1.0% were considered, 

resulting in 12 design cases. The behaviour factor was considered as 4.0 to reduce the elastic 

seismic action, without introducing excessive lateral frame overstrength. The peak ground 

acceleration was assumed as 0.36g, corresponding to the highest seismic zone in Greece. 

The set of 3-storey frames was designed with the lateral force method of analysis, while the 

9-storey frames were designed using the response spectrum method, according to the new

draft of EC8 (CEN, 2020). Optimal sections were selected for each design scenario with the

aim of minimising the total weight of the structure. Considering the practicality of

construction, the same column sections were used every 2 or 3 stories, for the 3-storey and

the 9-storey frames, respectively, while beam sections were kept uniform at each storey

level. The selected sections are presented in Tables 1 and 2, where the frame ID shows the

number of stories, ground type and drift limit for each frame.

Table 1. Beam and column sections of 3-storey frames 

Frame ID 
Beam Sections Column Sections 

1st 2nd 3rd 1st 2nd 3rd 

3A50 IPE400 IPE400 IPE270 HEB340 HEB340 HEB340 

3A75 IPE330 IPE330 IPE270 HEB280 HEB280 HEB280 

3A100 IPE300 IPE300 IPE270 HEB260 HEB260 HEB240 

3B50 IPE450 IPE450 IPE330 HEB500 HEB500 HEB340 

3B75 IPE360 IPE360 IPE270 HEB320 HEB320 HEB280 

3B100 IPE330 IPE330 IPE270 HEB300 HEB300 HEB240 

3C50 IPE450 IPE450 IPE360 HEB550 HEB550 HEB360 

3C75 IPE400 IPE400 IPE270 HEB360 HEB360 HEB320 

3C100 IPE330 IPE330 IPE270 HEB320 HEB320 HEB240 

3D50 IPE500 IPE500 IPE400 HEB900 HEB900 HEB650 

3D75 IPE450 IPE450 IPE450 HEB550 HEB550 HEB400 

3D100 IPE400 IPE400 IPE400 HEB400 HEB400 HEB320 

1072
3ECEES, September 2022, Bucharest, Romania



Table 2. Beam and column sections of 9-storey frames 

Frame ID 
Beam Sections Column Sections 

1st, 2nd, 3rd 4th, 5th, 6th 7th, 8th, 9th 1st, 2nd, 3rd 4th, 5th, 6th 7th, 8th, 9th 

9A50 IPE450 IPE450 IPE330 HEB600 HEB450 HEB400 

9A75 IPE400 IPE400 IPE300 HEB500 HEB400 HEB320 

9A100 IPE400 IPE360 IPE300 HEB450 HEB340 HEB300 

9B50 IPE500 IPE450 IPE360 HEB650 HEB550 HEB450 

9B75 IPE400 IPE400 IPE330 HEB550 HEB400 HEB320 

9B100 IPE400 IPE360 IPE330 HEB450 HEB340 HEB300 

9C50 IPE500 IPE500 IPE360 HEB800 HEB600 HEB550 

9C75 IPE450 IPE400 IPE330 HEB500 HEB400 HEB320 

9C100 IPE400 IPE360 IPE330 HEB500 HEB360 HEB300 

9D50 IPE600 IPE550 IPE450 HEM1000 HEM1000 HEM800 

9D75 IPE500 IPE500 IPE360 HEB900 HEB650 HEB650 

9D100 IPE450 IPE450 IPE360 HEB650 HEB500 HEB360 

 

Numerical models for the 24 frames were created in OpenSees (McKenna et al., 2011), based 

on lumped plasticity, as shown in Figure 1. The beams and columns were modelled with 

elastic elements, while their nonlinearity was concentrated at zero-length elements at their 

ends, representing plastic hinges. The modified Ibarra-Medina-Krawinkler (IMK) model 

was employed to define the hinge properties, calibrated with the equations derived by Lignos 

and Krawinkler (2011). The panel zones were modelled as a rectangular assembly of rigid 

elastic elements, pinned-connected at the three corners and with a rotational spring (zero-

length element) at the top right corner. The Hysteretic material was assigned to the spring, 

and it was calibrated according to Gupta and Krawinkler (1999). Geometric nonlinearities 

were captured with the corotational transformation. Seismic masses were calculated 

following the new version of EC8 and assigned at the top middle joints of the panel zones. 

The columns were fixed at the base and the displacements at each floor were constrained in 

the horizontal direction. Rayleigh damping of 2% at the 1st and 3rd modes was assigned to 

all elements, except for the zero-length springs, as recommended by Zareian and Medina 

(2010).  

 

Fig. 1 – OpenSees model for 3-storey frames 
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2.2. Ground motion records 

This study employed a suite of 70 records with their acceleration response spectra matched 

to a target EC8 spectrum and relatively uniform duration distribution. Spectral matching was 

performed to establish that the differences in response can be attributed primarily to duration 

and not to changes in spectral shape. In addition, to ensure that a wide range of duration is 

covered, 7 duration bins from 0 to 70s were considered and the 10 records from each bin 

with the closest match to the target spectrum were selected. The ground motion duration is 

measured herein through the 5-75% significant duration Ds (Somerville et al., 1997). 

The Eurocode 8 Type 1 elastic response spectrum for Ground Type B, Importance Class II 

and a reference peak ground acceleration of 0.36g, was chosen as the target spectrum. An 

initial catalogue of 12,196 recordings from the NGA-West-2 (Ancheta et al., 2014), the K-

Net (Kinoshita, 1998) and kik-net databases (Aoi, 2000) was collated, and appropriate scale 

factors were computed for each record, such that the sum of squared errors (SSE) between 

the spectral ordinates of the scaled record and the target spectrum was minimised. The SSE 

was computed based on 200 periods uniformly spaced from 0.04s to 6.0s, according to 

Equation 1 and the required scale factor SF was estimated as shown in Equation 2. Records 

that required a scale factor larger than 6 were discarded to prevent excessive initial scaling.  

𝑆𝑆𝐸 =  ∑ [𝑆𝑎𝑡(𝑇𝑖) − 𝑆𝐹 ∙ 𝑆𝑎(𝑇𝑖)]2
200

𝑖=1
(1) 

𝑆𝐹 =  
∑ 𝑆𝑎𝑡(𝑇𝑖)

200
𝜄=1

∑  𝑆𝑎(𝑇𝑖)
200
𝑖=1

≤ 6.0 (2) 

The 5% acceleration response spectra of the individual records, along with the target 

spectrum, are plotted in Figure 2.  

Fig. 2 – Acceleration response spectra of the selected records and target response spectrum 

Characteristics of the selected ground motions, including the number of records from each 

earthquake, the magnitude and range of the 5-75% significant duration, are given in Table 

3. It should be noted that longer duration records (Ds>40s) are obtained from the 2011

Tohoku earthquake, resulting in a total of 30 records from the same earthquake. Due to the

relatively low availability of long-duration records compared to shorter recordings, no other

earthquakes with an acceptable match to the target spectrum were identified. However, this

is not expected to bias the results, according to preliminary analyses conducted with varying

number of long-duration records.
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Table 3. Selected ground motion records 

Earthquake M 
Number of 

records 
Ds range 

1999 Chi-Chi, Taiwan 7.62 7 16.24-35.50 

1999 Chi-Chi, Taiwan-03 6.20 1 10.35 

1999 Chi-Chi, Taiwan-04 6.20 1 6.75 

1999 Chi-Chi, Taiwan-05 6.20 1 7.71 

1979 Imperial Valley-06 6.53 2 2.72-2.87 

1994 Northridge-01 6.69 5 6.78-12.67 

1986 Kalamata, Greece-01 6.20 1 1.95 

1999 Hector Mine 7.13 1 13.14 

1990 Manjil, Iran 7.37 1 16.41 

1952 Kern County 7.36 1 10.19 

1992 Landers 7.28 5 20.90-30.48 

2012 Kamaishi 7.30 5 35.64-39.69 

2005 Northwest of China 6.00 1 21.09 

2003 Hokkaido 8.30 4 14.04-24.71 

2004 Hokkaido 7.00 1 7.96 

2005 Hokkaido 6.30 1 5.84 

2011 Miyagi 7.10 2 20.49-21.61 

2011 Tohoku 9.00 30 40.45-69.24 

 

2.3. Numerical procedures 

The collapse capacity of the examined frames subjected to the suite of ground motion records 

was estimated through incremental dynamic analysis (IDA) (Vamvatsikos and Cornell, 

2002), assuming that collapse has occurred when the maximum inter-storey drift exceeds 

10%. The collapse capacity CC (Adam and Jäger, 2012) is defined as the first-mode spectral 

acceleration at the state of collapse Sac(T1), multiplied by the mass of the structure m and 

divided by the yield force Fy, which can be determined from pushover analysis. This is 

shown in Equation 3: 

𝐶𝐶 =  
𝑚 ∙ 𝑆𝑎𝑐(𝑇1)

𝐹𝑦
 (3) 

 

Correlation analyses were then carried out between the collapse capacity and strong motion 

duration for each frame to assess whether the effect of duration is statistically significant. 

The strength of the association was quantified through the Pearson’s correlation coefficient 

R2, and a significance level of 10% was adopted. A first-order trend line was also fitted to 

the data, and a new parameter s, based on its slope, was introduced to characterise the 

duration effect. This is defined as the percentage reduction in collapse capacity due to 

duration divided by the duration increase, according to Equation 4: 

𝑠 =  
𝛥𝐶𝐶/𝐶𝐶(𝐷𝑠,𝑚𝑖𝑛)

𝛥𝐷𝑠
 (4) 

 

where ΔCC/ΔDs is the slope of the trend line and CC(Ds,min) is the collapse capacity of the 

trend line, corresponding to the minimum duration. 

Figure 3 shows the IDA curves and the correlation between collapse capacity and duration 

for one of the examined frames (Frame 9A50). In Figure 3a, the points of collapse are 

indicated with circles for each record. The Pearson’s correlation coefficient R2, the p-value 

and slope s are noted in Figure 3b. 

1075
3ECEES, September 2022, Bucharest, Romania



               

                               (a)                                                                                            (b) 

Fig. 3 – (a) IDA curves, (b) correlation between collapse capacity and duration for Frame 9A50 

3. Influence of duration 

The results indicate that the effect of duration on the collapse resistance varies significantly 

among the examined frames. The main parameters affecting this trend are discussed below. 

3.1. Number of stories 

A stronger influence on collapse capacity was observed for higher frames. A summary of the 

correlation coefficient R2 and the slope s is given in Table 4. The collapse capacities of the 

examined 9-storey buildings exhibited significant correlation with ground motion duration, 

while lower levels of correlation were observed for almost all 3-storey frames. In addition, the 

slope of the trend line ranged from 0.42 to 0.85% for the 9-storey systems, as opposed to a range 

of 0.02-0.73% in the lower-height frames. This suggests that the capacity of some 3-storey 

buildings was almost unaffected by the duration. It is also worth noting that the p-values for 4 of 

these frames were larger than the significance level of 0.10. In the case of the 9-storey frames, 

all p-values were almost equal to 0, implying statistically significant correlations. 

 

Table 4. Correlation coefficient and slope values for 3- and 9-storey frames 

Number of 

stories 

R2 s(%) 

min max min max 

3 -0.38 -0.01 0.02 0.73 

9 -0.70 -0.34 0.42 0.85 

 

To investigate the reasons for these differences, two frames with the same period and 

different number of stories (3A100 and 9C50), both with a fundamental period of about 1.3s, 

are compared directly in Figure 4. The collapse capacity results for Frame 9C50 show a 

stronger dependence on duration, with a slope of 0.76%. However, for Frame 3A100, this 

value reduces by almost 60% to s=0.28%. This indicates that an increase in the 5-75% 

significant duration by 100s leads to a reduction in the collapse capacity of the former frame 

by 76% on average, while the latter frame will only exhibit a 28% reduction in its capacity. 

Having eliminated the period as a possible reason for observed differences, other structural 

parameters must be considered. As shown by the cyclic pushover curves of the two structures 

(Figure 4b), P-Δ effects and degradation govern the response of the 9-storey building. When 

subjected to longer duration earthquakes, the state of collapse is expected to be reached at 

lower intensities due to those phenomena. Hence, this largely explains the more severe 

reduction trend with duration for the 9-storey frame compared to its 3-storey counterpart. 
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                               (a)                                                                                            (b) 

Fig. 4 – (a) Collapse capacity against duration, (b) cyclic pushover curves for Frames 3A100 and 9C50 

High-rise buildings are generally expected to show more intense P-Δ and degradation 

phenomena, which results in them being more prone to duration effects. Parameters related 

to deterioration and second-order effects, as well as other key structural properties, are 

discussed further below. 

3.2. Degradation levels 

The level of degradation can be quantified through the parameter Λ of the IMK model that is 

assigned to the plastic hinges at beam and column ends. This parameter was calculated for each 

section based on the equations derived by Lignos and Krawinkler (2011). To facilitate the 

comparisons herein, an average value is determined for all beams Λb and columns Λc for each 

frame. In Figures 5 and 6, the slope s is plotted against Λb and Λc, respectively. Trend lines are 

drawn in each subfigure and the correlation coefficient and p-values are also shown. In all cases, 

lower values of Λb and Λc, which indicate higher rates of degradation, are associated with higher 

values of slope, namely larger duration effects. This tendency is more prevalent for the 9-storey 

frames, as suggested by the larger correlation coefficients. In general, the higher frames exhibit 

relatively lower Λb and Λc values, and hence, larger deterioration rates and in turn more 

significant duration effects.  

               

                               (a)                                                                                            (b) 

Fig. 5 – Effect of beam degradation on slope for (a) 3-storey frames, (b) 9-storey frames 
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                               (a)                                                                                            (b) 

Fig. 6 – Effect of column degradation on slope for (a) 3-storey frames, (b) 9-storey frames 

3.3. P-Δ effects 

The role of P-Δ effects is investigated herein through the descending slope of the pushover curve. 

A multilinear approximation of the pushover is first carried out and then the parameter θ-α is 

estimated, which is defined as the slope of the decreasing branch divided by the initial-branch 

stiffness (e.g., Bravo-Haro et al., 2020). The slope s is plotted against θ-α for the sets of 3-storey 

and 9-storey buildings in Figure 7. A decreasing trend of s with increasing θ-α is discerned in 

both cases. Large levels of P-Δ tend to instigate collapse rapidly, once the negative slope of the 

pushover curve is reached. Therefore, differences in the earthquake duration do not affect 

significantly the collapse capacity. This is consistent with findings by Liapopoulou et al. (2020), 

which investigated the effects of duration in single-degree-of-freedom systems. 

               

                               (a)                                                                                            (b) 

Fig. 7 – Effect of P-Δ on slope for (a) 3-storey frames, (b) 9-storey frames 

3.4. Fundamental period 

Figure 8 depicts the slope against the fundamental period for the 3-storey and 9-storey frames. 

It is observed that lower periods give rise to higher slopes. This means that the collapse capacity 

of stiffer structures is affected to a greater extent by strong motion duration, compared to more 

flexible buildings. Stiffer, short-period frames tend to undergo smaller displacements during the 

seismic response, causing lower levels of second-order effects, which contribute to higher levels 

of slope, as discussed above in Section 3.3. Hence, duration becomes more significant in frames 

with shorter period due to the higher P-Δ levels that are expected in such structural systems.  
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                               (a)                                                                                            (b) 

Fig. 8 – Effect of fundamental period on slope for (a) 3-storey frames, (b) 9-storey frames 

4. Conclusions 

This paper investigated the role of ground motion duration on the collapse of multi-storey 

buildings. A total of 24 three and nine storey steel moment frames were designed according to 

the upcoming version of Eurocode 8 and modelled in OpenSees with the lumped plasticity 

approach. To isolate the effect of duration from that of spectral shape, 70 ground motion records 

with varying 5-75% significant duration were matched to a target spectrum and employed in 

incremental dynamic analyses. A new slope metric was proposed to quantify the influence of 

duration on the collapse capacity of a structural system, based on the IDA results. A simple linear 

best-fit was selected in this study to obtain a constant slope and characterise the average 

reduction in capacity with duration. The maximum slope value among the considered frames 

was 0.85% in the case of a 9-storey frame. This indicates that for a 100s increase in duration the 

collapse capacity may reduce, on average, by up to 85%. In general, duration effects were found 

to be more significant for the 9-storey compared to the lower-rise frames. A larger degradation 

rate, lower level of P-Δ, and lower fundamental period were shown to result in higher rates of 

capacity reduction. Overall, structural systems that are more sensitive to duration effects collapse 

at significantly lower intensities, hence necessitating the consideration of duration in design. 
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Abstract 
This study proposes a multivariate demand model for Engineering Demand Parameters (EDPs) used in 
Performance Based Seismic Design (PBSD), where the dependence structure of the demand vector is 
characterized using Gaussian copulas. The merit of this proposal is evaluated by comparing EDPs generated 
using copulas with EDPs generated assuming a joint lognormal distribution (i.e., the conventional 
assumption) using a large population of EDPs as a point of comparison. This test is conducted for four special 
steel moment resisting frame buildings (2-, 4-, 8- and 12-story systems) located in Los Angeles, California 
considering ground motions with 10% and 50% probability of exceedance in 50 years. Results indicate that, 
for the majority of cases, using copulas to represent the dependence structure of EDPs better captures the 
characteristics of the population of EDPs rather than assuming a joint lognormal distribution. This study 
sheds light on the availability of more refined statistical tools that can be implemented in PBSD for the more 
accurate assessment of engineering demand parameters and seismic economic loss than the conventional 
joint lognormal distribution.  

Key Words:  
Seismic performance assessment, statistical modeling, engineering demand parameters 

INTRODUCTION AND MOTIVATION 

The accurate assessment of loss is an essential step towards minimizing earthquake associated risks. The performance 
based seismic design (PBSD) approach aims to accurately contain seismically induced loss through the design of 
structures that meet seismic performance objectives, which can be classified in terms of dollars, death, or downtime. 
In PBSD, successive numerical integrations of conditional probabilities in terms of site hazard, structural response, 
damage response, and loss response are combined where uncertainties are propagated in each step. There are three 
main components in PBSD: 1) ground motion hazard estimation, 2) structural response estimation, and 3) damage and 
loss estimation. To convey the results of PBSD to stakeholders, building performance is often measured through 
economic losses incurred due to seismic damage. In 2001, several organizations realized the great potential benefits 
of PBSD research and implementation in the field of earthquake engineering—including the Federal Emergency 
Management Agency (FEMA), the Pacific Earthquake Engineering Research Center (PEER, a National Science 
Research Center) and the Applied Technology Council (ATC). In the same year, ATC began working with FEMA to 
develop Next-Generation Performance-Based Seismic Design Guidelines for New and Existing Building, which are 
under ATC-58/ATC-58-1.  In 2012, FEMA P-58—Seismic Performance Assessment of Buildings, Methodology, and 
Implementation—was developed, which consists of a series of volumes with detailed recommendations and guidelines 
regarding seismic performance assessment via PBSD. Also included in this effort is the Performance Assessment 
Calculation Tool (PACT), which is software that practically implements the methodology outlined in FEMA P-58 
(2015). Baker et al. (2016) utilize the 2010-2011 Canterbury earthquake sequence and resulting extensive data sets of 
structural damage to present and evaluate FEMA P-58 (2015) guidelines. Although an extensive analysis of results is 
not provided, there are noted differences between results from FEMA P-58 and the actual loss incurred to the structural 
systems during the Canterbury earthquake.  

 In PBSD outlined by FEMA P-58, a joint lognormal distribution is used to represent the dependence structure 
of EDPs used for the quantification of damage and loss due to an earthquake. Several studies (Shome and Cornell, 
1999; Song and Ellingwood, 1999; Shinozuka et al., 2000; Sasani and Kiureghian, 2001; Miranda and Aslani, 2004, 
Aslani and Miranda, 2005) assume that fitting a lognormal distribution to individual EDPs is statistically acceptable 
in most cases, but they did not test or address if the collection of EDPs’ (EDP vector) true distribution is jointly 
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lognormal. Esmaili et al., (2016) addressed the issue small observation sample size of EDPs by utilizing Bayesian 
statistics but used a joint lognormal distribution to model EDP statistical dependence structure. Peak floor acceleration 
(PFA) and maximum interstory drift ratio (maxIDR) are commonly used in PBSD, as they are damage indicators for 
acceleration sensitive and drift sensitive components, respectively, and therefore provide a complete overview of 
building the response. Aslani and Miranda (2005) found that peak floor acceleration (PFA) did not fit a lognormal 
distribution as well as other EDPs but was still within an acceptable range when collapse cases were removed. The 
quantification of earthquake induced damage, and subsequent loss is highly influenced by the computation and 
modeling of EDPs. Goda (2010) studied the modeling of two demand parameters, namely maximum interstory drift 
ratio (MaxIDR) and residual interstory drift ratio (ResIDR), through the single degree of freedom structures. Goda 
and Tesfamariam (2015) investigated the joint probabilistic modeling of multiple EDPs using copulas, specifically for 
MaxIDR and ResIDR, and developed a multivariate seismic demand model that relates economic loss from 
earthquakes with specific cases including non-collapse, collapse, and demolition.  

Seismic performance assessment methodology, in general, relies heavily on the proper statistical representation 
of Engineering Demand Parameters (EDPs). However, current design guidelines assume that all EDPs have the same 
statistical dependence structure, i.e., a joint lognormal distribution is assumed. This assumption is restrictive and may 
lead to inefficiencies in the estimation of seismic losses in building structures. This study investigates the differences 
in using copulas to represent EDP dependence and assuming a joint lognormal distribution. These two sets of EDPs 
are chosen because of their respective influence on acceleration and drift, therefore encompassing a demand vector 
capable of presenting a holistic overview of response. Copulas have been used in a wide variety of applications, 
especially in the field of financial risk management to measure risk across a diverse range of areas in finance 
(Habiboellah, 2007), as they provide a convenient way to model the dependence between multivariate data (Goda and 
Tesfamariam, 2015; Genest and Favre, 2007). Both of these methods for generating demand realizations are applied 
to several special steel moment resisting frame buildings located in Los Angeles, California, a high seismicity region 
with an expected earthquake risk of hundreds of millions of dollars per year (Olshanksky and Yueming, 2001). The 
contributions of this study is the application and assessment of two separate methodologies for modeling the 
dependence between multivariate data (i.e., copulas and joint lognormal distribution) for generating values of 
economic loss in buildings due to earthquakes. 

BACKGROUND 

The performance based earthquake engineering (PBEE) methodology is used to probabilistically assess the 
vulnerability of structural systems during a seismic event. PBEE allows for multiple stakeholders—including 
engineering designers, developers, and building owners—to come together and decide what level of building 
performance they are interested in, with of course still meeting typical building code standards. The typical 
methodology of PBSD includes hazard analysis, structural analysis, and damage-loss analysis. In the structural 
analysis portion, several realizations of demand parameters are generated based on a smaller number of initial inputs. 
In mathematical terms, performance based earthquake engineering methods can be represented in the form of a triple 
integral that is based on the total probability theorem (Moehle and Deierlein, 2004): 

  𝑣(𝐷𝑉) = ∫∫∫𝐺⟨𝐷𝑉|𝐷𝑀⟩|𝑑𝐺⟨𝐷𝑀|𝐸𝐷𝑃⟩|𝑑𝐺⟨𝐸𝐷𝑃|𝐼𝑀⟩|𝑑𝜆(𝐼𝑀)  (1) 

Where IM is the intensity measure determined from hazard analysis, EDP is the engineering demand 
parameter obtained through structural analysis, DM corresponds to the damage measure from damage analysis, DV is 
the decision variable from the loss analysis, and λ(IM) is the mean annual rate of exceedance from probabilistic seismic 
hazard analysis procedures. These parameters can be scaler or vectors. This mathematical representation is complex 
and encompasses several layers of variability. In this study, we explore the variability that exists directly after the 
structural analysis, in the processes that can be used to generate realizations of EDPs, and also the variability in the 
estimated loss that exists based on these processes. Spectral acceleration at the fundamental period of vibration is used 
as a single variable IM, while PFA and MaxIDR are used as the multi-variate EDPs.  

As outlined by FEMA P-58-1 Appendix G (2015), simulated demand sets are determined through Monte 
Carlo simulation, which is used to generate a large number of demands from a small number of analyses by assuming 
that EDPs follow a joint lognormal distribution. After performing nonlinear time history analysis (NLTHA), the results 
from structural analysis are assembled into an m×n matrix, where m represents the number of rows, one for each 
analysis performed, and n represents the number of columns, one column per peak EDP (e.g., peak floor acceleration, 
maximum interstory drift ratio). This EDP matrix is considered to follow a joint lognormal distribution. The general 
procedure after obtaining the demand matrix is to determine the median values for each parameter and the covariance 
matrix, and then simulate a large number of demand vectors mathematically using a random number selection process 
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and the median and covariance matrices. The required number of analyses depends on many factors, and although 
Appendix G of FEMAP-58-1 states that datasets with non-full rank covariance matrices (n >m, or the number of 
variables are greater than the number of initial inputs) can be interpreted as a condition of insufficient data for 
generating the covariance matrix. It is stated that PACT can still handle non-full rank EDP covariance matrices. Yang 
(Yang et al., 2006; Yang et al., 2009) developed the algorithm used to generate the simulated demands (ATC, 2015). 
Equations (2) and (3) are used to simulate EDPs where Z is the vector of natural log demand parameters; U is a matrix 
of uncorrelated standard normal variables with a mean of 0 and a covariance matrix which is the identity matrix; and 
L and D are the lower-triangular decomposition of the correlation matrix and the matrix of standard deviations obtained 
from the covariance matrix of EDPs, respectively.  

    𝑍 = 𝜆𝑈 + 𝜇   (2) 

      𝜆 = 𝐿𝐷        (3) 

MODELING DEPENDENCE OF EDPS USING GAUSSIAN COPULAS PRESENTED THROUGH CASE 
STUDIES  

Modeling Dependence Structure of EDPs using Copulas 
Copulas are mathematical tools that can capture the dependence structure of multivariate data. They have several 
applications and have been widely applied in the fields of finance, insurance, reliability theory, and more recently, in 
the field of hydrology (Genst and Favre, 2007).  

Consider two EDPs, 𝑋 and 𝑌, whose distribution functions are 𝐹(𝑥) = 𝑃[𝑋 ≤ 𝑥]and, 𝐺(𝑥) = 𝑃[𝑌 ≤
𝑦],	respectively. The joint distribution of 𝑋 and 𝑌 is therefore 𝐻(𝑥, 𝑦) = [𝑋 < 𝑥, 𝑌 < 𝑦].	For all EDPs (𝑥, 𝑦) we now 
have three other numbers that can be associated: 𝐹(𝑥), 𝐺(𝑦), and 𝐻(𝑥, 𝑦), with all of these numbers lying in the 
interval [0,1].	Therefore, each ordered pair (𝐹(𝑥), 𝐺(𝑦))	corresponds to a number for the joint distribution 𝐻(𝑥, 𝑦) 
that lies within [0,1] and that this link between the ordered pair and the joint distribution is called a copula (Nelsen, 
1994), and according to Sklar’s theorem (Sklar, 1973), this copula is represented by C in Equation (4).   

   𝐻(𝑥, 𝑦) = 𝐶G𝐹(𝑥), 𝐺(𝑦)H         (4) 

Using Sklar’s theorem, the joint distribution can be modeled using the marginal distributions of the EDPs and the 
copula, without having any information regarding the joint distribution of the EDPs. This allows for greater flexibility 
when modeling the dependence structure of random multivariate data, like that of EDPs. For the dependence structure 
of X and Y, an empirical copula is used, represented by Equation (5) where 𝑅!	and 𝑆! are the rank of 𝑋!	and	𝑌! in 
ascending order, respectively and 𝑢 and 𝑣 represent 𝐹(𝑥) and	𝐹(𝑦), respectively (Genest and Favre, 2007).  

𝐶#(𝑢, 𝑣) =
$
#
∑ 1M %!

#&$
≤ 𝑢, '!

#&$
≤ 𝑣N#

!($   (5) 

For modeling dependencies using copulas, commonly used linear correlation coefficients, such as Pearson’s r, 
are not suitable as these linear measures of correlation are not preserved by the copula. This means that two pairs of 
variables that have the same copula can have differing linear correlation coefficients. Therefore, Kendall’s tau, denoted 
by τ, is used as it is a constant of the copula, which means that any correlated variables with the same copula will have 
the τ that corresponds to that copula. Therefore, when the marginal distributions are continuous, Kendall’s τ only 
depends on the copula and not on the marginal distributions of the variables. Kendall’s τ is calculated 
as	𝑃[𝑐𝑜𝑛𝑐𝑜𝑟𝑑𝑎𝑛𝑐𝑒] − 𝑃[𝑑𝑖𝑠𝑐𝑜𝑟𝑑𝑎𝑛𝑐𝑒], where two pairs of observations of EDPs, (𝑋! , 𝑌!) and	(𝑋) , 𝑌)), are 
concordant if 𝑋! < 𝑋) and 𝑌! < 𝑌) or if 𝑋! > 𝑋) and𝑌! > 𝑌) and are discordant if 𝑋! < 𝑋) and 𝑌! > 𝑌) or if 𝑋! > 𝑋) 
and𝑌! < 𝑌). Kendall’s τ can be written in the form of Equation (6) where, for random variables 𝑋$and 𝑋*, (𝑋Y$, 𝑋Y*) is 
the expectation of (𝑋$, 𝑋*) (Haugh,2016). If both probabilities are equal, then 𝜏(𝑋$, 𝑋*) =0.  

          𝜏(𝑋$, 𝑋*) = 𝑃[G𝑋$ − 𝑋Y$HG𝑋* − 𝑋Y*H > 0\ − 𝑃[G𝑋$ − 𝑋Y$HG𝑋* − 𝑋Y*H < 0\                  (6) 
One of the main difficulties in using copulas to model the dependence structure of variables in choosing the 

parametric family or distribution of the copula that best represents the link between the data. A Gaussian copula is 
used in this study as it is not only a common choice for multivariate data but also because previous literature has 
shown that a Gaussian copula can capture characteristics of the dependence structure of select maximum interstory 
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drift ratio and peak floor acceleration well (Goda and Tesfamariam, 2015). This study aims to present the utilization 
of Gaussian copulas in modeling EDP dependence yields accurate estimates of seismic loss rather than comparing 
EDPs modeled based on different families of copulas. Therefore, only Gaussian copulas are used to model the 
dependence structure of EDPs.  

Structural modeling and ground motion selection and modification for case study SMRFs  
Four special steel moment resisting frames (SMRFs) are utilized as case study structures, which include 2-, 4-, 8- and 
12- story buildings with corresponding first-mode building periods of 0.92, 1.61, 2.28 and 3.10 seconds, respectively.
These buildings are designed based on ASCE/SEI 7-02 (ASCE, 2010), and ANSI/AISC 341-05 (AISC, 2005) for a
site in downtown Los Angeles, California. The plan and elevation views of the buildings are shown in Figure 1. Static
pushover curves, shown in Figure 2, are generated for the buildings to show the general load-deflection relationship.
For further details regarding the modeling of these SMRFs, refer to the National Institute of Standards and Technology
GCR 10-917-8 report (2010).

Ground motion selection and scaling (GMSM) is done for a total of 200 ground motions per case study 
building based on the Conditional Mean Spectrum (CMS) method (Baker, 2010). Disaggregation for all buildings is 
accomplished using Open Source Seismic Hazard Analysis (Field et al., 2005). GMSM is performed for 10% 
probability of exceedance in 50 years seismic hazard (i.e., equivalent to the design basis earthquake, DBE), and a 
frequent event with 50% probability of exceedance in 50 years seismic hazard (Vs30 = 760 m/s is used). These are 
cases at which seismic loss and damages are highly sensitive to EDPs with not much contribution to collapse cases 
for well-engineered structures. The ground motions are selected from the Next Generation of Attenuation 
Relationships (PEER-NGA) database, which does not include records of event foreshocks or aftershocks. 100 ground 
motions per hazard level (100 for 10% in 50 years and 100 for 50% in 50 years) per building are selected and scaled 
to match the target conditional mean spectra for the location of the buildings (all buildings are modeled at the same 
location).  

Through nonlinear time history analyses (NLTHA), engineering demand parameters (EDPs) of peak floor 
acceleration (PFA), and maximum inter-story drift ratio (IDR) at all story levels are obtained.  The EDPs generated 
corresponding to these 100 selected and scaled ground motions per hazard level per case study structure are referred 
to as population EDPs, as they are directly generated via NLTHA and no simulations based on assumptions of EDP 
dependence are conducted. These EDP populations are used as the baselines for comparisons with the EDPs generated 
under copula and joint lognormal distribution assumptions.  

Sample EDPs generated using Gaussian copulas and joint lognormal distribution 
To investigate the accuracy of an EDPs generated using different numbers of initial data points, random samples with 
5, 11, 15, 25, 50 and 100 initial data points, sampled from the 100 EDPs (herein referred to as population EDPs) 
obtained from the 100 nonlinear response history analyses, are used to obtain 100 realizations of EDPs generated 
using Gaussian copulas (herein referred to as copula EDPs) and 100 realizations of EDPs generated using joint 
lognormal distribution (herein referred to as lognormal EDPs) for each aforementioned sample size. For example, 5 
rows of EDPs are randomly sampled from the population EDPs and used to generate 100 copula EDPs and 100 
lognormal EDPs, which is done 10 times per initial sample size (5, 11, 15, 25, 100), per case study SMRF (2-, 4-, 8-, 
12- story), per hazard level (10% and 50% in 50 years). A Kolmogorov-Smirnov (KS) goodness of fit test is used to
measure the equality of the sample distributions with the populations they are drawn from. A KS test is chosen as it is
a nonparametric test that does not require the sample or population to be from a standard distribution, unlike other
commonly used hypothesis tests, such as Student’s t-test. The KS statistic measures the greatest distance between two
empirical distribution functions and is calculated by Equation (7) where 𝐷+#	is the KS test statistic, 

𝑠𝑢𝑝
𝐸𝐷𝑃! , denotes

the supremum, 𝐹+(𝐸𝐷𝑃!	) is the cumulative distribution function of each population	𝐸𝐷𝑃!, and 𝐹#(𝐸𝐷𝑃!	) is the 
cumulative distribution function for each sample 𝐸𝐷𝑃!.  

  𝐷+# =
𝑠𝑢𝑝
𝐸𝐷𝑃!

|𝐹+(𝐸𝐷𝑃!) − 𝐹#(𝐸𝐷𝑃!)|        (7) 

The null hypothesis, 𝐻,, states that the sample data follows the same distribution as the population while the 
alternative hypothesis, 𝐻-,	states that the sample data does not follow the same distribution as the population. 10 
random samples from the population EDPs corresponding to each sample size are taken for a total of 60 random 
samples (6 different initial sample sizes used) per hazard level per case study SMRF. For each random sample that is 
drawn from the population EDPs, this same random sample is used to generate 100 copula EDPs and 100 lognormal 
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EDPs. Figures 3 through 6 present the results of the KS tests, where each number in the table corresponds to the 
percentage of failures of the 10 random samples for each considered sample size. The darker the grey shade, the larger 
the number of failures for that particular sample size and EDP. As the number of stories increases, the minimum 
required sample size to see a majority of sample distributions that match the population distributions increases. For 
the 2-story SMRF, the highest percentage of observed failures for any case is 30%, and there are several cases where 
all samples tested to match the population distribution. For the 8-story building, there are several cases that fail 60% 
of the time with smaller sample sizes, especially lognormal EDPs, even when a full rank covariance matrix is used. 
There are several other cases where, even with a full rank covariance matrix, lognormal EDPs exhibit 40% or more 
failure. For example, using a sample size of 15 for the 4-story SMRF, which is greater than the number of EDPs (9 
EDPs for the 4-story SMRF) by 6, still yields 40% failure is several cases at both hazard levels when a joint lognormal 
distribution is used. Even with increasing the sample size to 25 in the case of 10% hazard yields in several instances 
of 40% failure to match the population distribution.  

However, in the lower rise buildings (i.e., 2-story and 4-story systems) with smaller sample sizes, less rates 
of failure are observed for lognormal EDPs than for copula. The 4-story copula EDPs have two instances of 60% 
failure for the 50% in 50 years hazard, which is higher than that of the lognormal EDPs. This can be explained by 
understanding the nature of the two methods. A joint lognormal distribution provides a strict model for the variables 
to follow, which is why rates of failure are more stable and do not vary as much as sample size increases. In contrast, 
using copulas allows for more flexibility and less stringent assumptions regarding the joint distribution of variables 
and rates of failure become significantly less as sample size increases. In summary, recommendations regarding initial 
sample size are as follows: to achieve higher accuracy in simulated demand sets, at the expense of increased efficiency, 
use copulas to simulate demand sets with enough initial observations to achieve a full rank covariance matrix; with 
the aim of increased efficiency, at the expense of accuracy in simulated demand sets, use the joint lognormal 
assumption with a smaller number of initial observations.  

CONCLUSIONS 

This study presents an approach, using Gaussian copulas, to model the dependence of engineering demand parameters 
used in performance assessment of buildings subject to earthquake hazards. Current provisions outlined by FEMAP-
58 (2015) provide a methodology that assumes EDPs follow a joint lognormal distribution. Using Gaussian copulas 
allows for the generation of a suite of EDPs without the need for potentially inaccurate assumptions regarding EDP 
dependence. Peak floor acceleration and maximum interstory drift ratios for four special steel moment resisting frame 
buildings are obtained from a large suite of selected and scaled ground motion records. These values of demand are 
then used to generate EDPs that exhibit the dependence structure of Gaussian copulas and also, that exhibit a joint 
lognormal distribution, which follows the current methodology outlined by FEMAP-58 (2015). Results show that for 
lower-rise buildings (i.e., 2- and 4-story systems), approximately 30-40% accuracy (accuracy measured in terms of 
statistical similarities between simulated and observed demand sets) in simulated demand sets can be achieved through 
assuming a joint lognormal distribution even when the initial sample size is small. However, for the lower-rise 
buildings, using Gaussian copulas yields several instances where simulated demand is 90-100% accurate, but a larger 
number of initial observations must be used to achieve this accuracy. In contrast, even with more initial observations, 
EDPs generated by assuming a joint lognormal distribution still do not achieve the same level of accuracy as EDPs 
generated using Gaussian copulas. In higher rise buildings (i.e., 8- and 12-story systems), when generating EDPs using 
sample sizes that are significantly smaller than the number of variables being generated results are inaccurate for EDPs 
generated using both Gaussian copulas and a joint lognormal distribution. However, as sample size increases, there is 
a clear trend of significantly increasing accuracy in EDPs generated using Gaussian copulas, but this trend is not as 
strong for EDPs generated using a joint lognormal distribution. In summary, using copulas along with enough initial 
observations to achieve a full rank covariance matrix yields more accurate simulated demand sets while modeling 
EDP dependence by assuming a joint lognormal distribution may be more efficient, but less accurate overall, 
especially for lower-rise buildings; for higher rise buildings, Gaussian copulas provide more accurate representations 
of EDPs overall. This study contributes to a more holistically accurate methodology that will allow for more reliable 
engineered structures.  
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Figure 1: Plan and elevation views of case study structures 

Label Size Label Size
SMF BM1 W21x57 SMF C1 W24x31
SMF BM2 W21x73 SMF C2 W24x62
SMF BM3 W16x31 SMF C3 W24x33
SMF BM4 W30x132 SMF C4 W24x103
SMF BM5 W21x68 SMF C8 W24x84
SMF BM6 W24x84 SMF C9 W24x146
SMF BM7 W27x94 SMF C10 W24x162
SMF BM8 W30x116 SMF C11 W24x207
SMF BM9 W30x108

Beam Column

SMRF Beam and Column Schedule
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      Figure 2: Static pushover curve for 2-, 4-, 8- and 12-story case study SMRFs 
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      Figure 3: Percentage of failures for KS tests with multiple random samples of EDPs that are used to generate 
copula and joint lognormal EDPs for 2-story SMRF and 10% and 50% in 50 years hazard with the greyscale 

indicating levels of failure 

      Figure 4: Percentage of failures for KS tests with multiple random samples of EDPs that are used to generate 
copula and joint lognormal EDPs for 4-story SMRF and 10% and 50% in 50 years hazard with the greyscale 

indicating levels of failure 

2-story SMRF Joint Lognormal Samples 10% in 50 years 2-story SMRF Copula Samples 10% in 50 years
Sample

Size 5 11 15 25 50 100
Sample

Size 5 11 15 25 50 100

PGA 10 10 20 10 0 10 PGA 10 20 0 0 10 0
PFA1 20 10 10 10 0 10 PFA1 10 20 10 10 0 0
PFA2 30 20 10 10 20 0 PFA2 20 20 20 0 0 0
IDR1 10 20 10 10 10 0 IDR1 20 10 0 0 10 10
IDR2 10 10 20 10 0 0 IDR2 10 10 0 20 0 0
2-story SMRF Joint Lognormal Samples 50% in 50 years 2-story SMRF Copula Samples 50% in 50 years
Sample

Size 5 11 15 25 50 100
Sample

Size 5 11 15 25 50 100

PGA 20 10 10 10 10 0 PGA 10 10 0 0 0 0
PFA1 20 10 0 20 10 10 PFA1 20 10 0 0 0 10
PFA2 30 20 20 20 20 10 PFA2 20 10 10 20 0 0
IDR1 10 20 20 10 10 0 IDR1 20 20 0 20 0 0
IDR2 10 30 30 20 10 0 IDR2 10 10 0 10 0 0

4-story SMRF Joint Lognormal Samples 10% in 50 years 4-story SMRF Copula Samples 10% in 50 years
Sample

Size 5 11 15 25 50 100
Sample

Size 5 11 15 25 50 100

PGA 20 20 40 40 20 10 PGA 50 40 30 10 0 0
PFA1 50 40 30 30 10 10 PFA1 50 30 10 30 0 0
PFA2 50 30 50 50 40 30 PFA2 10 20 30 10 10 10
PFA3 30 20 20 20 30 30 PFA3 20 40 20 30 0 0
PFA4 30 30 30 40 10 30 PFA4 20 20 30 40 20 0
IDR1 40 30 30 10 10 30 IDR1 50 30 20 10 10 10
IDR2 50 30 30 30 20 30 IDR2 40 40 30 10 20 10
IDR3 20 20 20 40 20 30 IDR3 50 20 40 20 30 30
IDR4 40 30 30 40 20 30 IDR4 40 40 20 20 10 30
4-story SMRF Joint Lognormal Samples 50% in 50 years 4-story SMRF Copula Samples 50% in 50 years
Sample

Size 5 11 15 25 50 100
Sample

Size 5 11 15 25 50 100

PGA 40 40 40 30 30 0 PGA 50 20 10 40 10 10
PFA1 50 30 40 30 30 20 PFA1 20 20 10 20 10 0
PFA2 50 40 30 30 10 20 PFA2 50 30 20 20 10 0
PFA3 40 30 30 30 20 30 PFA3 40 50 30 20 20 10
PFA4 30 30 30 20 10 20 PFA4 30 40 20 10 0 0
IDR1 30 30 40 20 10 30 IDR1 60 20 30 20 0 30
IDR2 40 20 40 20 20 10 IDR2 60 20 30 10 10 20
IDR3 20 30 40 20 20 20 IDR3 20 20 30 10 20 10
IDR4 30 20 20 30 30 20 IDR4 30 30 40 10 20 20

1088
3ECEES, September 2022, Bucharest, Romania



      Figure 5: Percentage of failures for KS tests with multiple random samples of EDPs that are used to generate 
copula and joint lognormal EDPs for 8-story SMRF and 10% and 50% in 50 years hazard with the greyscale 

indicating levels of failure 

8-story SMRF Joint Lognormal Samples 10% in 50 years 8-story SMRF Copula samples 10% in 50 years
Sample 

Size 5 11 15 25 50 100
Sample 

Size 5 11 15 25 50 100

PGA 70 40 50 30 30 20 PGA 50 40 30 20 10 0
PFA1 70 50 50 30 30 20 PFA1 50 50 30 20 10 0
PFA2 60 40 40 20 20 20 PFA2 50 40 30 10 10 0
PFA3 30 40 30 30 40 20 PFA3 60 20 50 20 10 10
PFA4 30 50 20 30 30 10 PFA4 40 20 30 30 10 0
PFA5 30 40 20 10 30 20 PFA5 40 20 30 20 20 20
PFA6 50 30 40 20 30 10 PFA6 40 30 40 20 20 10
PFA7 50 40 50 20 40 30 PFA7 40 40 30 20 30 10
PFA8 50 40 50 30 30 30 PFA8 40 20 30 20 10 20
IDR1 60 40 50 10 20 30 IDR1 40 30 20 30 20 10
IDR2 60 50 50 40 30 30 IDR2 60 40 40 20 20 20
IDR3 60 50 50 40 30 30 IDR3 40 40 40 10 10 30
IDR4 40 50 40 30 30 30 IDR4 40 30 30 10 10 30
IDR5 40 50 50 40 30 10 IDR5 40 40 30 10 20 20
IDR6 60 70 60 50 40 40 IDR6 40 60 20 20 30 10
IDR7 60 40 40 30 30 30 IDR7 40 40 20 30 20 20
IDR8 60 30 50 50 40 30 IDR8 50 40 20 20 10 20
8-story SMRF Joint Lognormal Samples 50% in 50 years 8-story SMRF Copula samples 50% in 50 years
Sample 

Size 5 11 15 25 50 100
Sample 

Size 5 11 15 25 50 100

PGA 30 40 20 20 10 20 PGA 60 30 30 10 10 10
PFA1 30 40 40 20 10 20 PFA1 50 50 30 20 10 10
PFA2 40 30 30 20 20 30 PFA2 50 40 30 20 10 10
PFA3 30 30 40 30 40 10 PFA3 60 40 30 40 10 30
PFA4 50 40 40 10 30 10 PFA4 60 40 20 20 20 30
PFA5 60 50 50 40 20 0 PFA5 40 40 40 30 30 20
PFA6 60 40 40 40 20 20 PFA6 40 30 40 30 20 30
PFA7 50 50 40 20 10 30 PFA7 70 40 40 30 20 0
PFA8 60 30 30 30 40 30 PFA8 60 40 30 40 10 20
IDR1 60 30 30 40 20 20 IDR1 40 50 40 30 20 20
IDR2 60 30 40 30 20 20 IDR2 40 40 40 20 30 10
IDR3 50 30 40 30 20 10 IDR3 40 60 30 20 30 10
IDR4 50 40 50 30 10 20 IDR4 50 30 20 10 50 10
IDR5 60 40 40 40 20 20 IDR5 60 20 30 30 20 10
IDR6 60 40 30 30 20 10 IDR6 60 20 20 30 20 0
IDR7 40 40 40 20 30 10 IDR7 50 40 20 10 10 10
IDR8 50 50 40 20 30 20 IDR8 60 40 20 20 20 10
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      Figure 6: Percentage of failures for KS tests with multiple random samples of EDPs that are used to generate 
copula and joint lognormal EDPs for 12-story SMRF and 10% and 50% in 50 years hazard with the greyscale 

indicating levels of failure 

12-story SMRF Joint Lognormal Samples 10% in 50 years 12-story SMRF Copula samples 10% in 10 years
Sample 

Size 5 11 15 25 50 100
Sample 

Size 5 11 15 25 50 100

PGA 40 60 50 60 30 30 PGA 60 50 20 50 40 10
PFA1 40 60 40 60 40 30 PFA1 70 50 40 20 30 10
PFA2 50 60 40 60 40 30 PFA2 60 50 50 10 30 0
PFA3 60 50 50 50 50 20 PFA3 50 50 40 50 20 30
PFA4 60 50 40 60 20 20 PFA4 60 60 30 40 40 20
PFA5 60 60 50 50 20 10 PFA5 50 50 40 30 10 20
PFA6 40 60 50 30 10 20 PFA6 30 50 40 30 20 10
PFA7 60 70 60 50 20 20 PFA7 40 40 40 30 10 20
PFA8 70 50 40 50 30 20 PFA8 40 40 30 30 30 20
PFA9 60 50 30 60 30 30 PFA9 30 40 20 30 30 0
PFA10 70 40 40 30 10 30 PFA10 50 50 40 40 30 10
PFA11 70 40 30 30 30 10 PFA11 40 40 30 20 30 30
PFA12 70 40 30 40 20 20 PFA12 40 50 50 40 20 10
IDR1 50 50 40 40 50 10 IDR1 40 50 40 50 40 20
IDR2 60 60 30 30 20 20 IDR2 50 50 60 20 40 30
IDR3 60 40 50 30 20 20 IDR3 60 60 50 20 30 30
IDR4 40 40 50 30 30 20 IDR4 30 50 60 10 30 10
IDR5 40 40 40 50 40 30 IDR5 40 40 40 20 0 0
IDR6 50 30 40 30 40 20 IDR6 50 30 40 50 10 10
IDR7 40 40 50 40 10 10 IDR7 60 50 20 30 20 20
IDR8 50 40 30 40 10 10 IDR8 50 50 60 10 10 20
IDR9 60 50 30 30 30 20 IDR9 40 40 40 50 30 0
IDR10 70 60 40 40 20 20 IDR10 50 40 40 40 30 10
IDR11 70 50 30 40 20 10 IDR11 60 50 50 20 20 10
IDR12 70 60 30 50 20 30 IDR12 60 40 40 50 20 30
12-story SMRF Joint Lognormal Samples 50% in 50 years 12-story SMRF Copula samples 50% in 50 years
Sample 

Size 5 11 15 25 50 100
Sample 

Size 5 11 15 25 50 100

PGA 80 50 20 50 30 20 PGA 60 70 40 30 10 0
PFA1 60 40 50 30 40 10 PFA1 60 40 50 50 30 30
PFA2 60 50 50 40 40 20 PFA2 70 60 60 20 40 20
PFA3 30 60 60 50 30 20 PFA3 60 60 50 20 20 20
PFA4 40 60 40 40 20 20 PFA4 50 50 50 40 20 10
PFA5 30 70 50 20 30 30 PFA5 60 50 60 30 0 30
PFA6 50 50 60 60 30 20 PFA6 70 70 40 10 10 20
PFA7 50 60 50 50 0 10 PFA7 40 50 30 30 40 30
PFA8 50 70 30 40 30 10 PFA8 80 40 30 20 20 0
PFA9 40 70 40 50 20 20 PFA9 50 30 30 30 30 10
PFA10 70 70 20 50 10 10 PFA10 60 50 40 10 0 20
PFA11 60 40 60 30 40 20 PFA11 70 60 50 20 30 20
PFA12 80 50 40 40 20 30 PFA12 40 60 40 30 20 10
IDR1 60 60 40 40 20 30 IDR1 60 70 40 30 20 0
IDR2 50 50 30 30 30 30 IDR2 50 50 60 40 10 10
IDR3 60 50 50 30 40 20 IDR3 70 70 40 60 30 10
IDR4 40 60 40 40 40 30 IDR4 50 40 40 30 30 10
IDR5 40 40 30 50 20 10 IDR5 60 50 40 30 40 20
IDR6 50 30 40 20 50 30 IDR6 50 60 40 40 20 30
IDR7 50 60 50 40 40 20 IDR7 40 60 50 30 20 30
IDR8 50 60 60 40 20 10 IDR8 50 50 30 40 10 30
IDR9 60 70 30 30 10 10 IDR9 70 50 60 20 20 30
IDR10 60 50 30 30 20 30 IDR10 50 70 20 20 20 20
IDR11 50 40 40 50 20 20 IDR11 70 60 50 10 10 10
IDR12 60 50 50 60 30 20 IDR12 70 40 20 40 10 20
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Abstract: The Smáratorg tower, a 21-story RC office building in Reykjavík, Iceland, is 

known to be sensitive to wind- and earthquake-induced vibrations.  A detailed three-

dimensional finite element model of the building was prepared, and system identification 

performed using a stochastic state space method to extract dynamic properties of the building. 

System identification was performed using seismic response of the building recorded by three 

tri-axial accelerometers located on different floors of the building. The finite element model 

is updated and verified using the results from system identification and comparison of the 

recorded seismic response of the building and simulated response of the finite element model, 

using the recorded response in the basement as ground motion. The results show that the 

system identification provides reliable estimates of the dynamic properties of the structure, 

and that the model adequately simulates recorded seismic response.  

Keywords: system identification; finite element modelling; seismic response; Smáratorg 

tower. 

1. INTRODUCTION

Buildings respond to dynamic loading based on their dynamic parameters, such as natural 

frequencies and damping ratios. Wind and earthquakes are the two most common cases of 

dynamic loads that structures need to tolerate during their lifespan. High rise buildings are 

especially sensitive to these dynamic loads due to their low natural frequencies and low 

damping ratios (Li et al., 1998). Various measures to minimise dynamic vibration response 

have in common that an acceptable determination of dynamic parameters is needed.  

The combination of finite element modelling (FEM) and system identification (SI) is well 

known in the field of engineering. Liu et al. (2003) used system identification and FEM to 

study ways to improve linear FE models. They found out that refining mass calculations was 

the most efficient way of improving its accuracy. Furthermore, Liu et al. (2003), reported 

that recorded seismic data can very well be used for improving accuracy of FE models. 

Skolnik et al. (2006) used the N4SID algorithm with recorded seismic response to update a 

FE model of a 15-story building, resulting in a FE model that correlated well with both the 

identified parameters and could predict acceleration response with reasonable accuracy. 

This paper uses two methods of estimation of the dynamic parameters of a 21-story case 

study structure. A detailed three-dimensional finite element (FE) model of the building is 

prepared in SAP2000, based on the original structural drawings provided by the structural 
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designers of the building. From the FE model of the building, natural frequencies can be 

estimated. The parametric system identification method, N4SID, was then used to extract 

the natural frequencies and damping ratios, using recorded response of the building during 

four recent earthquake events that originated in the vicinity of the structure. 

2. SYSTEM IDENTIFICATION USING N4SID 

2.1. Case-study structure 

The Smáratorg tower is a 21-story reinforced concrete building, located in Reykjavik, and is 

the tallest structure in Iceland. The building is a cast-in place RC structure, built in 2007, 

with 16 concrete columns and a shear-wall core support the concrete slabs. The building has 

rectangular shape where the two sides of the building are approximately 20 meters and 38 

meters, with exception of the 20th and 21st floor where there is a cut-out corner. The layouts 

of the floors can be seen in Fig. 1. 

 

Fig. 1 – Layout of the 1st - 19th floors and the 20th - 21st floors 

There are three tri-axial accelerometers located in the building. The accelerometers are of 

type Etna 2 from Kinemetrics, and are in the basement, on the 15th floor and on the 20th floor. 

Absolute accelerations with a sampling rate of 200Hz are recorded in two horizontal 

directions and the vertical direction. The axes are set up parallel to the two sides of the 

building. The x-direction is referred to as the EW direction (East-West) and the y-direction 

as NS (North-South) direction, based on an approximation of the orientation of the building. 

The accelerometers on the 15th and 20th floor have GPS timing. 

2.2. Description of ground motion time series 

Response of the building during four recent seismic events was recorded by the 

accelerometers in the building. The earthquakes originated around the Reykjanes peninsula 

Southwest of the Smáratorg tower. Overview of the four seismic events used for system 

identification can be seen in Tab. 1. 

 

Tab. 1 – Overview of ground motions used for system identification 

Date Magnitude 

Maximum acceleration recorded 

in the basement [cm/s2] 

NS EW 

Feb 24th 5.6 13.03 - 

Mar 7th  5.2 8.43 4.68 

Mar 10th  5.1 4.51 4.00 

Mar 14th  5.4 7.16 5.48 
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The response of the building was successfully recorded in all directions for all events, except 

for the EW direction during the 24th of February event, where the accelerometer in the 

basement failed to record the response in the EW direction. The maximum accelerations 

recorded in the basement show that ground motions used for the system identification are 

stronger in the NS direction than the EW. 

2.3. Methods for system identification 

The N4SID algorithm presented by Overschee and Moor (1993) was used to identify both 

natural frequencies and damping ratios. As the N4SID algorithm operates using both input-

output and output-only measurements, a comparison of the two will be presented in this 

paper. The N4SID algorithm can be a relatively time consuming and computationally 

expensive method, so a model order ceiling of 80 was chosen. Model orders of 74, 76 and 

78 were also used, for verification of stable identification of the modes. 

As the input measurements are taken from the basement, where a GPS timing is not at hand, 

the time series needed to be manually aligned together. The time series were aligned by 

using the lag corresponding to maximum amplitude of cross-correlation functions of the 

recorded signals. The N4SID calculations were carried out using the n4sid built-in function 

in MATLAB’s System Identification Toolbox. 

2.4. Results from system identification 

2.4.1. Input and output measurements 

The results from system identification using input-output measurements with model order 

of 80 can be seen in Tab. 2. for measurements in the NS direction, and in Tab. 3.  For 

measurements in the EW direction. 

 

Tab. 2 – First four identified natural frequencies and damping ratios in the NS direction. Results from 

model order of 80 using input and output measurements 

Identified 

mode 

Natural frequencies 

F [Hz] 

Damping ratios 

[-] 

 Feb 24th Mar 7th Mar 10th Mar 14th Feb 24th Mar 7th Mar 10th Mar 14th 

1 - 0.564 0.566 0.541 - 0.018 0.027 0.097 

2 - 0.924 0.842 0.715 - 0.501 0.455 0.092 

3 - 2.288 2.309 2.299 - 0.021 0.026 0.024 

4 - 2.660 2.674 2.639 - 0.016 0.012 0.012 

 

 

 

Tab. 3 – First four identified natural frequencies and damping ratios in the EW direction. Results 

from model order of 80 using input and output measurements 

Identified 

mode 

Natural frequencies 

F [Hz] 

Damping ratios 

[-] 

 Feb 24th Mar 7th Mar 10th Mar 14th Feb 24th Mar 7th Mar 10th Mar 14th 

1 - 0.726 0.725 0.711 - 0.025 0.038 0.025 

2 - 2.653 2.591 2.558 - 0.032 0.032 0.040 

3 - 2.924 2.681 2.646 - 0.063 0.032 0.020 

4 - 4.464 4.695 4.525 - 0.054 0.013 0.047 
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2.4.2. Output-only measurements 

The results from system identification using output-only measurements with model order of 

80 can be seen in Tab. 4. for measurements in the NS direction, and in Tab. 5. for 

measurements in the EW direction. 

 

Tab. 4 – First four identified natural frequencies and damping ratios in the NS direction. Results from 

model order of 80 using output-only measurements 

Identified 

mode 

Natural frequencies 

F [Hz] 

Damping ratios 

[-] 

 Feb 24th Mar 7th Mar 10th Mar 14th Feb 24th Mar 7th Mar 10th Mar 14th 

1 0.563 0.566 0.593 0.578 0.003 0.032 0.066 0.039 

2 0.810 1.019 - 0.919 0.121 0.074 0.020 0.391 

3 -2.353 2.294 2.315 2.320 0.080 0.010 0.028 0.021 

4 -2.433 2.604 2.695 2.611 0.051 0.017 0.078 0.010 

 

 

 

Tab. 5 – First four identified natural frequencies and damping ratios in the EW direction. Results 

from model order of 80 using output-only measurements 

Identified 

mode 

Natural frequencies 

F [Hz] 

Damping ratios 

[-] 

 Feb 24th Mar 7th Mar 10th Mar 14th Feb 24th Mar 7th Mar 10th Mar 14th 

1 0.783 0.716 0.755 0.710 0.107 0.001 0.072 0.022 

2 2.639 2.625 2.639 2.597 0.142 0.023 0.042 0.129 

3 3.831 4.405 3.534 2.646 0.064 0.067 0.064 0.034 

4 4.717 4.587 4.505 4.425 0.030 0.085 0.015 0.024 

 

3. FINITE ELEMENT MODELLING 

3.1. Methods, geometry, and material selection 

A finite element model of the Smáratorg tower was created in SAP2000 20th version by 

Computers and Structures, Inc. (CSI). The FE model is shown in Fig. 2. 

The FE model is based on the original structural drawings of the tower provided by the 

engineering consultant office Ferill, who did the structural design of the Smáratorg tower. 

The model is made up of thin shell area elements for walls and slabs, and frame elements for 

the columns. The support restraints are modelled as fixed. The slabs were modelled with 

semi-rigid diaphragm constraints. The mass source of the model is determined using the self-

load of the building with 24% of imposed loads.  
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Fig. 2 – 3-dimensional finite element model of the Smáratorg tower in SAP2000. 

The material properties of the structural elements of the building were assigned according to 

the structural drawings and can be seen in Tab. 6. 

 

Tab. 6. – Material properties of the structural elements 

Element Concrete class 

EC2 

Density 

[kN/m3] 

Modulus of elasticity 

[MPa] 

Poisson ratio 

[-] 

Slabs C30/37 25 28.0 0.2 

Columns C40/50 25 29.7 0.2 

Walls* C25/30 25 31.5 0.2 

*Walls on 1st and 2nd floor are of class C30/37  

3.2. Results from modal analysis. 

SAP2000 was used to perform modal analysis. The natural frequencies, mass participation 

factors and the cumulative mass participation factors for the first 10 modes are shown in 

Tab. 7. 

Tab. 7 – Modal outputs of the FE model 

No. 

Mode 

Natural 

frequency 

f [Hz] 

Mass participation 

 ratios 

Cumulative mass 

participation ratios 

  NS EW NS EW 

1 0.535 0.594 0.000 0.594 0.000 

2 0.720 0.000 0.648 0.594 0.648 

3 0.800 0.000 0.001 0.594 0.649 

4 2.388 0.179 0.000 0.773 0.649 

5 2.620 0.001 0.042 0.775 0.691 

6 2.667 0.000 0.101 0.776 0.792 

7 4.945 0.000 0.003 0.776 0.795 

8 5.002 0.000 0.005 0.776 0.800 

9 5.051 0.000 0.004 0.776 0.805 

10 5.380 0.007 0.004 0.783 0.809 

⁝ ⁝ ⁝ ⁝ ⁝ ⁝ 

345 16.837 0.003 0.000 0.901 0.909 
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The first three modes of the FE model are (1) translation around the weaker axis, (2) 

translation around the stronger axis, and (3) torsional mode. The estimated modes from the 

FE model show that the natural frequency of the first mode is approximately 10% lower than 

results from previous studies done by Bjarnason and Hafsteinsson (2012) and Snæbjörnsson 

and Ingolfsson (2013), but the second mode is approximately 9% higher. There are many 

factors that can contribute to this difference such as the choice of Young’s modulus for the 

concrete, estimated mass source for modal analysis and the definition of constraints and 

support conditions. 

 

3.3. Comparison of natural frequencies from SI and FEM 

Comparison of natural frequencies from system identification and finite element modelling 

are calculated using the following expression: 

 𝑇𝑁4𝑆𝐼𝐷 − 𝑇𝐹𝐸

𝑇𝐹𝐸
 ∙ 100 =  𝛥𝑇 

(7) 

Comparison is shown in Tab. 8. for identification using input and output measurements. 

Table. 9. shows similar results but for identification using only output measurements. 

 

Tab. 8 – Comparison of natural frequencies of the mode from the FE model and identification using 

N4SID. Input-output measurements and model order of 80. 

Mode Difference of natural frequency [%] 

FEM and N4SID input-output 

 ΔT24Feb ΔT7Mar ΔT10Mar ΔT14Mar 

1 - -5.14 -5.40 -1.18 

2 - -0.94 -0.72 1.22 

3 - -13.37 -4.96 12.01 

4 - 4.30 3.34 3.82 

5 - -1.31 1.05 2.36 

6 - 0.27 -0.27 1.07 

7 - 10.89 5.45 9.41 

 

 

Tab. 9 – Comparison of natural frequencies of the mode from the FE model and identification using 

N4SID. Output-only measurements and model order of 80. 

Mode Difference of natural frequency [%] 

FEM and N4SID output-only 

 ΔT24Feb ΔT7Mar ΔT10Mar ΔT14Mar 

1 -5.03 -4.44 -9.74 -7.44 

2 -8.13 0.43 -4.75 1.37 

3 -1.12 -21.46 - -12.89 

4 1.43 4.06 3.10 2.86 

5 -0.79 -0.26 -0.79 0.79 

6 9.60 2.40 -1.07 2.13 

7 4.95 7.92 9.90 11.88 

The natural frequencies of the FE model fit the N4SID identified frequencies well. 

Frequencies estimated from input-output model are closer to the eigen frequencies obtained 

from the finite element model than those obtained from output-only identification model. 
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4. CONCLUSIONS 

Natural frequencies of a 21-storey RCC building were estimated using a detailed finite 

element model and by performing system identification using N4SID, where damping ratios 

were identified as well. The building’s response during four recent seismic events was 

recorded by accelerometers on three floors and used as measurements data for the N4SID 

algorithm.  

The natural frequency of the first mode of the FE model was found to be 0.535 Hz. The 

corresponding identified modes using N4SID ranged from 0.541-0.566Hz using input-

output measurements from three seismic events, but 0.563-0.593Hz using output-only 

measurements. The natural frequency of the second mode of the FE model was found to be 

0.720 Hz. The corresponding identified modes using N4SID ranged from 0.711-0.726Hz 

using input-output measurements from three seismic events, but 0.710-0.783Hz using 

output-only measurements. 

The 5.2 magnitude earthquake on March 7th resulted in maximum recorded acceleration of 

24.78 cm/s2, while the FE model predicted maximum acceleration of 20.48 cm/s2. Similarly, 

during the 5.4 magnitude, 14th of March earthquake, the acceleration was 31.98 cm/s2 and 

25.12 cm/s2. This shows that the FE model can predict the maximum acceleration response 

with reasonable accuracy but does in both cases give slight underprediction of the response.  
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Abstract: The seismic damage in non-brittle buildings, infrastructures and concrete and 
embankment dams depends on the acceleration response spectra, the dynamic characteristics 
of structures and in particular on the number of seismic load cycles, which is essentially a 
function of the duration of strong ground shaking. Therefore, in the seismic safety 
assessment of structures, which is based on nonlinear dynamic analyses, the selection of 
“safe” seismic records as seismic input for the time history analysis is essential. The 
duration  of  strong  ground  shaking  and  its  energy  input  are  unimportant  as  long  as  the  
acceleration records match a given acceleration response spectrum. However, this is 
different for most seismic damage processes in dams and other structures. The movement of 
sliding masses in slopes or concrete dams depends almost linearly on the duration of strong 
ground shaking. Therefore, for conservative safety assessments earthquakes with a long 
duration of strong ground shaking must be selected, which also includes possible aftershock 
events. These seismic input ground motions have little in common with real earthquakes but 
are chosen for a conservative seismic safety assessment only. Real earthquake records are, 
in general, not suitable for the seismic safety analysis of dams if their duration of strong 
ground shaking is short. Criteria for the selection of strong ground shaking are discussed in 
the paper. 

Keywords: sliding stability, strong ground shaking, earthquake duration, seismic damage, 
dam safety 

1. Introduction  

Large dams may be subjected to ground shaking, fault movements in the footprint of the 
dam or reservoir region, mass movements at  the dam site or in the reservoir region, non-
uniform ground displacements or liquefaction, etc. All earthquake guidelines for any type 
of structures are concerned with ground shaking. The exceptions are dams, for which 
several other seismic hazards must be considered, like fault movements in the footprint of 
a concrete dams or landslide-generated impulse waves in a reservoir, which may overtop 
erodible embankment dams or the liquefaction of the foundation of small dams, may be 
more dangerous than the effects of ground shaking. However, the main result from the 
deterministic and probabilistic seismic hazard analyses obtained from seismic hazard 
analysts are acceleration response spectra and uniform hazard spectra, respectively. 
Quantitative information on the other aforementioned seismic hazards is more difficult to 
obtain. The seismic hazard analysis methods for ground shaking have become very 
advanced, whereas the other hazards, except for liquefaction, still seem to be in an early 
stage of development.  
This paper is also concerned with the ground shaking hazard, as the dynamic analyses 
carried out by engineers are based on seismic design criteria and the corresponding ground 
motion parameters provided by seismologists based on their analyses. The engineers 
specify the return periods of the ground motion parameters, including the confidence level 
and the shear wave velocity in the foundation rock, for which the ground motion 
parameters have to be provided. Typical ground motion parameters are the peak ground 
acceleration of the horizontal and vertical earthquake components on the outcropping rock 
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surface as well as the corresponding acceleration response spectra, typically for 5% 
damping. 
However, acceleration response spectra or uniform hazard spectra can only be used for the 
response spectrum analysis of linear-elastic structures with proportional damping, i.e. this 
method would not be suitable for analysing dam-reservoir-foundation systems, where 
radiation damping (i.e. geometric damping) in the reservoir and its foundation are 
important. This is not new and can be found in any structural dynamics textbook. 

The most complete description of the ground motion is by means of acceleration time 
histories for structures, whose dynamic behaviour is determined by inertial effects, which 
differs from that of underground structures, which will mainly respond to imposed 
deformations caused by the seismic waves. 

Today, for large dams, linear and/or nonlinear dynamic analyses must be carried out in the 
time domain. The response spectrum method is outdated even in linear-elastic analyses of 
concrete dams, as this method has no real advantages over the more rigorous direct time 
history analysis, as, for example, in a three-dimensional (3D) dam, in which the maximum 
dynamic principal stresses have to be calculated, for which there are 6 stress components. 
As in the response spectrum analysis, the maximum of each stress component can have a 
plus or minus sign, i.e. 26 (=64) combinations are possible for these 6 stress components in 
calculating the resulting maximum principal dynamic stresses. Moreover, in 3D structures 
a large number of modes may have to be considered. Therefore, for concrete dams, the use 
of the response spectrum analysis does not have any computational advantages and must 
be considered as outdated.  
Today, the state-of-the-art procedure for the seismic analysis of large dams with large 
damage potential is the direct time history analysis method. For concrete and embankment 
dams with smaller failure consequences simplified seismic analysis methods may be used, 
not discussed in this paper (Wieland, 2019).  

2. Selection of acceleration time histories for the seismic safety analysis of dams 

The internationally accepted seismic design criteria for large dams are specified in ICOLD 
(2016). The ground shaking hazard obtained from seismic hazard analyses is usually 
represented by acceleration response spectra as shown in Fig. 1 for a large dam project.  

 
Fig. 1 – Acceleration response spectra for 5% damping and different return periods (rp)  
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However, since the seismic analyses carried out by dam engineers are in the time domain, 
the seismic input is required in the form of acceleration time histories (Wieland, 2014). 
Therefore, the question comes up, how acceleration time histories can be derived from the 
acceleration response spectra. Gasparini and Vanmarcke (1976) developed a widely used 
computer program SIMQKE, which allows the artificial generation of statistically 
independent spectrum-compatible acceleration time histories for different acceleration 
amplitude shapes. 
As an infinite number of acceleration time histories may be generated that match a given 
acceleration response spectrum, it is important to select representative records for the 
seismic  safety  of  dams  and  other  types  of  structure.  It  is  current  practice  to  use  the  
acceleration response spectrum for 5% damping, obtained from the site-specific seismic 
hazard analysis, as the so-called target spectrum. A damping ratio of 5% is selected 
because most structures have damping ratios in this range.  
In order to obtain spectrum-compatible acceleration time histories the following seismic 
input records could be used for calculating spectrum-matched acceleration time histories: 

(1) Use of acceleration records of earthquakes of similar magnitude to the controlling 
one for the dam site, with the same source mechanism, taken from locations with 
similar geological site conditions and rock types (Fig. 2), and 

    

    
Fig. 2 – Examples of recorded (top) and spectrum-matched (bottom) acceleration time histories from the 
1999 ML 7.3 Chi-Chi earthquake, Taiwan (left) and the 2017 Mw 7.3 Sarpolezahab earthquake, Iran  
(right) (spectrum-matching with target spectrum of Fig. 1 with a return period of 10,000 years) 
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(2) Use of artificially generated (synthetic) acceleration time histories in the range of -1 
to 1, which are multiplied by a time-dependent amplitude envelope function (Fig.3). 

               

 
Fig. 3 – Example of idealized amplitude envelope function of artificially generated acceleration time 

history for an earthquake of magnitude 5.5-6.0 (TA: duration of strong ground shaking, TB: earthquake 
duration; Jennings et al., 1968) (top) and artificially generated acceleration time history for peak ground 

acceleration of 1 m/s2 (bottom)  

In practice, method (1) is preferred, as the resulting spectrum-matched acceleration time 
histories still have some features of recorded earthquake accelerations, although these 
matched acceleration time histories have very little in common with real earthquakes. 
Today, there are data bases of strong motion records, from which suitable acceleration 
records may be selected; however, this search may be time-consuming and the number of 
records is still limited, especially for large earthquakes. From Fig. 2 it can be seen that the 
duration of strong ground shaking may vary substantially, depending on the earthquake 
magnitude, the earthquake mechanism, the local site conditions of the recording station and 
distance parameters of the site to the causative fault. 

Method (2) is more straightforward, as any shape of earthquake records can be generated 
(Fig. 3), which gives the dam engineer much greater freedom in defining the initial time 
histories for the spectrum-matching procedure, which is based on an iterative process. One 
of the oft quoted concerns regarding this method is that the energy content of artificially 
generated acceleration records may be significantly larger than that for real earthquake 
records. 

3. Effect of duration of strong ground shaking on the maximum dynamic response of 
linear-elastic structures 

For damped linear-elastic, single-degree-of-freedom (SDOF) structures, the maximum 
dynamic response is represented by response spectra. As there are many acceleration time 
histories that match the same response spectrum, the energy input of these records may 
vary significantly, so that the energy content of the acceleration record is not a decisive 
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factor in the seismic analysis of linear-elastic structures, in which only the maximum 
dynamic response is calculated. This is the usual case in the seismic analysis of linear-
elastic, single or multi-degree-of freedom (MDOF) structures. 

Therefore, for the dynamic analysis of linear-elastic structures the duration of spectrum-
matched strong ground shaking records is not a problem and the maximum dynamic 
response will be the same if methods (1) or (2), discussed in the previous Section, are used. 
It must be added that spectrum-matching covers the whole frequency range of the target 
spectrum. There are other concepts of spectrum-matching, in which the target spectrum is 
only matched in the range of the dominant eigenfrequency of the structure. This is correct 
for  the  seismic  analysis  of  SDOF structures,  but  is  problematic  for  MDOF structures,  in  
which higher modes may contribute to the dynamic response, which, for example, is the 
case of the stress analysis of dams. Depending on the shape of the matched acceleration 
record,  the  results  of  the  dynamic  analyses  may  be  on  the  safe  or  unsafe  side.  The  
difference may be small for the displacement response, but will be larger for the stresses. 
The main advantage of this method is that a simple linear scaling of a recorded 
acceleration record is possible. This concept is not really suitable for the seismic analysis 
of structures exhibiting nonlinear behaviour, as the dominant frequency of the dynamic 
response will vary with time. Moreover, there are nonlinear problems like the sliding 
analysis of rigid blocks, where no dominant frequencies can be determined at all. 
Therefore, the best procedure is to match the target response spectrum in the whole 
frequency range and not only for a single characteristic frequency. 

After this lengthy discussion of the seismic analysis of linear-elastic structures, where the 
duration of strong ground shaking of different earthquake records does not play any role as 
long as the scaled acceleration records match the same target spectrum, it is necessary to 
focus on the effect of the duration of strong ground shaking on the nonlinear dynamics of 
structures, as discussed in the subsequent section. 

4. Effect of duration of strong ground shaking on inelastic deformations and sliding 
movements of large dams 

As damage processes in dams, such as cracking and sliding movements, the build-up of 
pore water pressure in soils and the inelastic deformations that depend on the nonlinear 
material laws of the construction materials all depend on the significant number of load 
cycles of strong earthquakes, the duration of strong ground shaking and, as a consequence, 
the energy content of the seismic record have an important role. 

To illustrate the effect of strong ground shaking, the sliding stability of a concrete gravity 
dam shown in Fig. 4 was analysed by Wieland and Ahlehagh (2013). The sliding of the 
whole dam body along the dam-foundation contact surface was considered. As seismic 
input statistically-independent, spectrum-matched artificially-generated acceleration time 
histories of the horizontal and vertical earthquake components were considered, while 
taking  into  account  the  static  uplift  pressure  along  the  sliding  surface.  The  results  of  the  
nonlinear dynamic sliding stability analysis are shown in Fig. 4 for different friction angles 
along the sliding surface. We note from Fig. 4 that the relevant duration of strong ground 
shaking is about 20 s and that during a period of about 15 s of strong ground shaking the 
sliding movement of the dam body is increasing progressively, almost linearly, with time. 
The same behaviour can be seen for all three residual friction angles. For higher friction 
angles the period of sliding is decreasing as the yield acceleration of the rigid dam body is 
increasing. 
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Fig. 4 – Seismic sliding stability analysis of a concrete gravity dam; top: acceleration time history acting 
along the dam-foundation contact with indication of duration of strong ground shaking; bottom: almost 
linearly increasing sliding movement of rigid dam body for different residual friction angles (Wieland 

and Ahlehagh, 2013)  

If the duration of strong ground shaking of about 18 s in Fig. 4 would be extended by 50%, 
the sliding movement at the end of the earthquake would also increase by the same 
amount. If a spectrum-compatible acceleration time history with a duration of strong 
ground  shaking  of  say  2  s  would  be  used  for  the  seismic  analysis  of  the  dam,  then  the  
maximum dynamic stress and deformation response of the linear-elastic dam would be 
almost the same as that of a spectrum-compatible earthquake with much longer duration of 
strong ground shaking as shown in Fig. 4; however, if the duration of strong ground 
shaking were reduced from 18 s in Fig. 4 to 2 s, which corresponds to a pulse-like 
earthquake record, then the sliding movement would reduce by a factor of approx. 9. This 
is a very significant difference. From this example it may be concluded that in dynamic 
sliding stability analyses, which, besides stress and deformation analyses, must be carried 
out for all  dams, the duration of strong ground shaking plays a very important role when 
the peak ground acceleration exceeds the so-called yield acceleration of the rigid dam or 
sliding mass. The yield acceleration is the pseudo-static horizontal acceleration for which 
the sliding safety factor is equal to one. Besides the dead-weight, water and silt loads it 
depends on the uplift distribution and the residual shear strength along the sliding surface. 

Today, the main concern of seismologists is the evaluation of acceleration response spectra 
for different types of design earthquake and much related research is in progress. For 
special structures like large dams, however, different types of nonlinear seismic analyses 
must be carried out today, which require the seismic input in form of acceleration time 
histories and not acceleration response spectra. Therefore, the generation of spectrum-
matched acceleration time histories has become a relatively new task for seismic hazard 
analysts for critical infrastructure projects requiring high seismic safety standards. As 
shown in the example above, the safe evaluation of the duration of strong ground shaking 
may be more important than the sophisticated calculation of acceleration response spectra 
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or uniform hazard spectra. As damage processes in most structures depend on the duration 
of strong ground shaking as in the case of the common seismic sliding stability analysis,  
engineers must inform the seismic hazard analysts that for the safe design of dams and 
other structures, earthquake records with a long duration of strong ground shaking must be 
selected. This approach may go against the concepts of seismologists, who tend to propose 
ground motions that are as close as possible to reality. This contradictory problem between 
engineers, who are ultimately responsible for their structures, and seismologists, has been 
addressed in detail by Wieland (2018). 

5. Duration of strong ground shaking 

There are several methods for the definition of the duration of strong ground shaking. An 
oft used term is the significant duration, which is based on the Arias intensity. The 
significant duration is a characteristic parameter of strong motion records. However, for 
the selection of strong motion records from available databases, the engineers should focus 
on the number of significant load cycles as this parameter can best represent cumulative 
damage processes, such as progressive sliding movements of rigid bodies as discussed in 
the previous section or damage in reinforced concrete structures due to low-cycle fatigue, 
pore water pressure build-up in soils, etc. Therefore, records may be selected from 
earthquakes with larger magnitudes than those expected at the project site. This is not a 
problem as some scientific experts may believe, since by the process of spectrum-matching 
of such records, the acceleration records are no longer real ones. Long duration records 
may also account for aftershocks, occurring within a short time after the main shock 
(Wieland and Ahlehagh, 2019).  
If artificially generated, spectrum-compatible acceleration time histories are used, the 
duration of strong ground shaking may be defined as the stationary part of the amplitude 
envelope function (see Fig. 3 and the full line in Fig. 5). In the Swiss earthquake guidelines 
for dams (FOWG, 2003), which is based on a draft version of Eurocode 8, the duration of 
strong ground shaking is defined as follows: T = 50 PGA/g + 5 s with a minimum of 10 s, 
where PGA is the horizontal peak ground acceleration on the rock surface and g = 9.81 
m/s2. 

 
Fig. 5 – Possible definitions of duration of strong ground shaking  (artificially-generated, spectrum-

matched acceleration time history for the seismic analysis of the 250 m high Deriner arch dam in 
Turkey) 
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The duration could also be defined at  an acceleration limit  of 25% PGA, which in Fig.  5 
would  be  about  28  s  (dashed  line),  whereas  the  stationary  part  of  the  PGA  is  20  s  (full  
line). Such relations may be feasible in regions with moderate seismicity, but would result 
in durations that are too long for strong ground shaking at sites with high seismicity and 
high PGA-values. It is important to know that for the design of structures, in which seismic 
analyses must be carried out in the time domain, the duration of strong ground shaking 
should not be less than 8 s to10 s. In the Swiss dam safety guidelines (FOWG, 2003) the 
duration of strong ground shaking should also be extended by 5 s in one of the three 
earthquakes used for the seismic safety evaluation of dams. 

As mentioned in the previous section, the sliding movement of rigid blocks may increase 
proportionally to the extension of the duration of strong ground shaking (stationary part of 
amplitude envelope), but may have a different effect on other nonlinear damage processes. 
Besides rigid body sliding movements, which increase with time and thus are irreversible, 
there are other processes like the rocking motion of a 2D rigid block, which creates crack 
opening displacements at the block surfaces. However, the rocking motion is reversible 
and at the end of the earthquake the rocking concrete block is back in its original location. 
Therefore, the dynamic overturning stability of blocks in massive concrete dams is not a 
safety problem even when the pseudo-static overturning stability factor would be less than 
one. 

6. Conclusions  

Based on the discussion of the duration of strong ground shaking, the following 
conclusions may be drawn, which are mainly related to large dams but can also be applied 
to other critical infrastructure projects: 

(1) In the seismic design of large dams two levels of earthquake intensity are used, i.e. 
the operating basis earthquake (OBE) and the safety evaluation earthquake (SEE). 
For the OBE more or less linear-elastic behaviour is required, whereas during the 
SEE inelastic deformations are accepted as long as they do not cause the 
uncontrolled release of water from the reservoir. All seismic analyses for large dams 
should be carried out in the time domain using direct time integration methods. 

(2) For the OBE linear-elastic dynamic analyses can be carried out using spectrum-
compatible acceleration time histories. In these seismic analyses the duration of 
strong ground shaking is “irrelevant” and therefore short-duration records can be 
used as long as they match the target response spectra. For example, it would not 
make sense to analyse long-duration records from far-field large magnitude 
subduction type earthquakes as the same maximum dynamic responses could be 
obtained from a short-duration earthquake which matches the same target spectrum. 

(3) During the SEE inelastic or nonlinear behaviour of dams are accepted. Two types of 
dynamic analysis are carried out: (i) inelastic or nonlinear stress and deformation 
analyses, and (ii) simplified dynamic rigid body analyses such as sliding block 
analyses. Of course, these two types of analyses could be combined, but in practice it 
is advantageous to carry them out separately as with static and OBE analyses. 

(4) For sliding block analyses, the duration of strong ground shaking and the number of 
acceleration cycles of the SEE are key factors, especially when the acceleration 
amplitudes repeatedly exceed the pseudo-static yield acceleration. These are standard 
analyses for dams.  
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(5) Seismologists focus on acceleration response spectra, which are essential for the 
seismic design of linear-elastic structures and as well as “ductile” buildings and 
bridges. However, in the case of dynamic stability analyses, where the duration of 
strong ground shaking is even more important than PGA-values, future research 
should focus on this undervalued seismic parameter. However, in this case a close 
cooperation between the engineer and the seismologist is required, in order to 
understand the needs of the end user, i.e. the engineer. Sophisticated seismic hazard 
analyses, which cannot be used by the end users, are irrelevant. 

(6) The ground motions needed by the engineer for the design and safety evaluation of 
structures  are  models  of  ground  motion  that  may  have  little  to  do  with  real  
earthquakes. However, these ground motion models must be on the safe side. 
Therefore, when new important information on the seismic hazard is available and/or 
new seismic safety criteria are specified, renewed seismic safety reassessments may 
be necessary during the long economic life of structures. 

(7) It  is  an  exception  when  the  seismic  safety  of  a  dam  has  to  be  determined  using  
recorded ground motions. 

(8) Spectrum-matching of acceleration time histories is required for the whole frequency 
range of the target spectrum. 

(9) For nuclear facilities, which must behave elastically during the strongest 
earthquakes, the analysis criteria given for the OBE apply. 
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Abstract: The purpose of this paper is to assess the influence of soil-structure interaction 

and site effects on the seismic behavior of steel moment-resisting frames, with a view to 

describing the underlying “physics” behind the damage mechanisms triggered. We examine 

an idealized 2-story, 1-bay steel frame under various earthquake recordings and intensity 

levels, as well as different subsoil and foundation conditions. The story drift ratio 

distribution and the moment-rotation response, at the beam and column ends, are 

indicatively presented and discussed, setting the benchmark for future research. In the cases 

examined, soil-structure interaction leads to increased drift demands in the first story, while 

the flexural demands at the fixed end column reduce due to the induced soil flexibility, 

accompanied by higher inelastic demands at the first-floor steel beams.  

Keywords: Earthquake engineering, Soil-structure interaction, Steel moment resisting 

frames 

1. Introduction 

To date, the seismic behavior of steel frame buildings along with their vulnerability 

assessment is thoroughly investigated, involving large sets of nonlinear dynamic analyses 

(Gupta and Krawinkler 1999, Flores et al. 2014, Elkady and Lignos 2015, El Jisr et al. 

2022). However, these studies have neglected the influence of the underlying soil 

conditions, and particularly soil-structure interaction (SSI). In all cases, ideally fixed-base 

conditions have been considered for the respective nonlinear building models. It is well 

established that SSI may be either beneficial or detrimental to the seismic response of 

structures (Mylonakis and Gazetas 2000), however this influence is yet unquantified, as 

well as the nonlinear soil behavior effects that come along. This has also been recognized 

in NIST (2012). Various studies have demonstrated that SSI may significantly alter the 

structural response in terms of earthquake vulnerability (Rajeev and Tesfamariam 2012, 

Pitilakis et al. 2013, Behnamfar and Banizadeh 2016, Petridis and Pitilakis 2020; 2021), 

addressing reinforced concrete buildings. Regarding steel moment resisting frames (MRFs) 

that form the primary focus of this paper, Mashhadi et. al. (2021) adopted the beam-on-

nonlinear-Winkler foundation (BNWF) model to address SSI effects along with different 

seismic parameters, while Akhoondi and Behnamfar (2021) estimated the seismic fragility 

curves of typical steel buildings including SSI via the use of the BNWF model. Although 

these studies indicate the increased awareness of the soil-related effects, the influence of 

the underlying soil conditions remains vague.  

The scope of the present paper is to conduct a preliminary assessment by describing and 

discussing the underlying damage mechanisms triggered by SSI and site amplification, 

influencing the seismic response of steel MRFs.  
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2. Methodology 

To evaluate the effects of nonlinear SSI and site amplification on the seismic behavior of 

steel MRFs, we examine an idealized 2-story 1-bay steel MRF (Eads 2009). For this 

purpose, a set of ground motions is considered by explicitly modeling the underlying soil 

profile using the finite element method (FEM). The subsequent sections briefly describe 

the numerical models for both the steel MRF and soil profiles. 

2.1. Examined Steel Moment Resisting Frame  

Figure 1 shows the elevation view of the 2-story, 1-bay steel MRF. The steel MRF 

comprises wide-flange steel columns and beams with reduced beam section (RBS). The 

steel columns are assumed to be fixed to the foundation system with exposed column base 

connections, which are considered to be non-dissipative hereinafter, thereby concentrating 

potential inelastic deformations in the steel column base. The foundation is considered to 

be spread footings with no interconnecting beams. In particular, the foundation width is 2.5 

m, the foundation depth equals 2.0 m, and the material is typical reinforced concrete of 

C30/37.  

The steel MRF is modeled in the OpenSees simulation platform (McKenna 1997). Both 

columns and beams are idealized with elastic beam-column elements, with zero-length 

rotational elements at their ends (see Fig. 1). These are assigned the Modified Ibarra-

Medina-Krawinkler (IMK) deterioration model (Ibarra et al. 2005; Lignos and Krawinkler 

2011). This model explicitly simulates the cyclic deterioration in flexural strength and 

stiffness of the structural components of the steel MRF. The panel zones are modeled 

explicitly according to the approach summarized in Gupta and Krawinkler (1999) by 

featuring the trilinear panel zone model by Krawinkler (1978). A leaning column with 

gravity loads is linked to the steel MRF through axially rigid links (see Fig. 1) to simulate 

the destabilizing effects of gravity on the steel MRF response. The modeling approach is 

consistent with prior related studies on steel MRFs (e.g., Elkady and Lignos 2015). 

Damping is idealized with the Rayleigh model by considering a 2% damping ratio for the 

first and second vibration periods of the steel MRF. 

 

Fig. 1 - Schematic representation of the numerical model (adopted from Eads 2009) 
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2.2. Soil profiles examined 

Seven different profiles representing four different soil types according to Eurocode 8 

(CEN 2004) are numerically simulated to calculate the effect of nonlinear site 

amplification effects on the seismic behavior of the steel MRF. The characteristics of these 

profiles affect the stiffness and damping of the foundation system and are formulated as 

finite element columns using OpenSees.  

Table 1. Soil profiles. 

No. 1. 2. 3. 4. 5. 6. 7. 

Vs (m/s) >800 450 360 300 250 180 150 

Type (EC8) A B C C C D D 

 

Specifically, two-dimensional "Quad" elements model a pseudo-1D soil profile. Soil 

nonlinearities are inherently considered using the "PressureIndependMultiYield" soil 

material. A single "zero-length" element is used to define the damper according to Lysmer 

and Kuhlemeyer (1969). Therefore, the input motion at the base of the ground column is 

defined in terms of velocity. The corresponding time series in terms of force is obtained by 

multiplying the known velocity histories by a constant factor defined as the product of the 

area of the base of the ground column with the specific gravity and velocity of the shear 

waves of the underlying rock. The size of the finite elements is determined by ensuring that 

enough elements "fit" in the wavelength of the earthquake under consideration. This 

ensures that the model is sufficiently "shredded" so that the desired propagation wave 

characteristics are fully considered during the nonlinear response history analysis.  

Using OpenSees, each soil profile is modeled as a pseudo-1D equivalent of the physical 

free field to transfer the ground motion from the underlying bedrock to the surface. 

“PressureIndependMultiYield” material is adopted to account for nonlinear soil behavior. 

 

 

Fig. 2 - Schematic representation of the beam-on-nonlinear-Winkler-foundation model 
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2.3. Foundation model 

The beam-on-nonlinear-Winkler-foundation (BNWF) (Harden and Hutchinson 2009) 

simulation of the soil-foundation response is configured using the corresponding command 

in OpenSees ("ShallowFoundationGen"). The foundation model consists of a system of 

independent nonlinear springs located at a short distance from each other as shown in Fig. 

2. The vertical springs distributed along the sole are intended to simulate rocking, lifting, 

and settling. In contrast, the horizontal springs attached to the sides of the sole are used to 

simulate resistance to sliding and passive thrust. The BNWF model parameters have been 

calibrated to prior centrifuge experiments (Raychowdhury and Hutchinson 2009). 

2.4. Ground motion records 

We selected a set of eleven recorded seismic records from eleven independent seismic 

events. These earthquake histories were recorded on rock according to the EC8 soil type 

categorization. The records were selected to represent the movement on the firm bedrock, 

eliminating the influence and uncertainties of the soil. We deliberately excluded duplicate 

events to draw from a set of statistically independent records. All seismic events are 

characterized by 5.5 < Mw < 8.0 and are therefore related to the Type 1 spectrum by EC8. 

This filtering process is rather exhaustive for existing high-traffic databases, as only a 

limited number of such records are available. As presented in Petridis and Pitilakis (2020), 

this process is followed by an iterative routine, which attempts to approach, as an average, 

the target range of the EC8 and further eliminates several files. Table 2 summarizes the 

assembled set of ground motions. 

Table 2. Earthquake recordings. 

No. Location Database 

Code 

Repi 

(km) 

Mw PGA 

(m/s2) 

Vs,30 

(m/s) 

1 Tabas/Iran ESMD_59 12.00 7.35 3.16 826.00 

2 Montenegro/Montenegro ISESD_223 21.00 6.90 1.77 1083.00 

3 App.Lucano/Italy ITACA_614 9.80 5.60 1.62 1024.00 

4 Kobe/Japan NGA_1108 25.40 6.90 2.85 1043.00 

5 Sierra Madre/Mexico NGA_1645 6.46 5.61 2.71 821.69 

6 Loma Prieta/USA NGA_3548 20.35 6.93 4.12 1070.34 

7 Whittier Narrows/USA NGA_680 13.85 5.99 1.10 969.07 

8 Northridge/USA NGA_994 25.42 6.69 2.84 1015.88 

9 Izmit/Turkey T-NSMP_1109 3.40 7.60 1.65 826.11 

10 East Sicily/Italy ITACA_314 28.30 5.60 0.61 871.00 

11 Western Tottori/Japan KIK-Net_3775 31.37 6.60 1.55 967.27 

2.5. Nonlinear dynamic analyses 

Incremental Dynamic Analysis (IDA) is performed to estimate the seismic response of the 

steel frame under different levels of ground motion intensity (Vamvatsikos and Cornell 

2002; Vamvatsikos and Cornell 2004). We select PGA referring to the underlying bedrock 

as the intensity measure (IM), and story drift ratio (SDR), accompanied by moment-

rotation diagrams, to describe the structural behavior. While PGA is not an optimal IM for 

vulnerability studies (Kazantzi and Vamvatsikos 2015), qualifying PGA on rock conditions 

as an IM facilitates highlighting the differences introduced by soil nonlinearities.  
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3. Results 

Following an extensive analysis scheme, the results are presented and evaluated in terms of 

both story-based (i.e., SDR) and local (i.e., moment-rotation at the beam and column ends) 

engineering demand parameters (EDPs). These parameters are deliberately selected, since they 

are frequently preferred as damage indicators in literature and common engineering practice. 

The labeling convention of the results is as follows:  

Foundation (Soil Vs) - Earthquake ID - PGAbedrock [m/s2]; where, the foundation is noted as F: 

for the Fixed-base, and B: for the Beam-on-Nonlinear-Winkler (SSI).  

3.1 Nonlinear Static Analysis 

Nonlinear static analysis of the steel MRF is conducted based a first mode lateral load pattern. 

Figure 3 depicts the normalized base shear, V/W versus the roof drift ratio, δ/H of the steel 

MRF (i.e., W: seismic weight; H is the total height of the steel MRF). The steel MRF 

demonstrates a full beam collapse mechanism and exhibits softening at about 3% roof drift 

ratio due to strength deterioration of the steel beams with RBS.  

 

Fig. 3 - Pushover curve of the fixed-base steel MRF model 

3.2 Nonlinear Dynamic Analysis 

Figures 4-6 depict the SDR histories for selected scenarios, comparing the fixed-base (noted as 

“F”) and the flexible-base (BNWF, indicated as “B”) models. Since the scope of this paper is 

to gain an insight in behavioural characteristics of SSI effects on steel MRFs, the results 

are discussed with a primary focus to comprehend the ‘physics’ behind the observed 

damage mechanisms in the examined steel MRF, triggered by SSI and site effects. In the 

subsequent figures, SDR1 and SDR2 refer to the first and second SDR histories of the steel 

MRF, respectively.  
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Fig. 4 - SDR for the 1st story (left) and the 2nd story (right), for the ESMD_59 record (EQ No.1 in Table 2), 

scaled to 1.0 m/s2 at the bedrock level (PGAbedrock), comparing a foundation fixed at the bedrock 

(F(1000.0)) and a BNWF on a Vs=300 m/s soil profile (B(300.0)) 

Fig. 5 – Story drift ratios for the 1st story (left) and the 2nd story (right), for the ESMD_59 record (EQ No.1 in 

Table 2), scaled to 1.0 m/s2 at the bedrock level (PGAbedrock), comparing a foundation fixed (F(300.0)) and 

a BNWF (B(300.0)), both on a Vs=300 m/s soil profile 

Fig. 6 - SDR for the 1st story (left) and the 2nd story (right), for the NGA_1108 record (EQ No.4 in Table 2), 

scaled to 1.0 m/s2 at the bedrock level (PGAbedrock), comparing a foundation fixed (F(300.0)) and a BNWF 

(B(300.0)), both on a Vs=300 m/s soil profile 

Referring to Figure 4, soft soil profiles tend to amplify the ground motion records at the base of 

the steel MRF, thereby increasing the SDR demands. However, this effect holds true for low to 

moderate PGA values (i.e., up to 0.3-0.4g), while for higher PGA values at bedrock level, 

nonlinear site effects may lead to deamplification of the ground motion record (Bazzurro and 

Cornell 2004).  The former is characteristic of frequently occurring earthquakes (i.e., 50% 

probability of exceedance over 50 years). While structural damage in steel MRFs is generally 

negligible at about 0.6% lateral drift demands, damage to drift-sensitive non-structural 

elements may be a concern (e.g., Araya-Letelier et al. 2019). 

Furthermore, SSI effects increase the SDR demands at the ground story level and relieve the 

higher stories (Figures 4-6). While the fixed-base model demonstrates a balanced SDR 

distribution, SSI “concentrates” the SDR maxima in the first story. This is an important 

observation in code-based design, since MRFs would satisfy the lateral drift requirements 

when idealized as fixed-base. However, in reality, SSI effects would amplify the 

corresponding lateral drift demands, which could be detrimental for drift-controlled steel 

MRFs. The same findings hold from prior work in the field by Behnamfar and Banizadeh 

1114
3ECEES, September 2022, Bucharest, Romania



(2016) and Petridis and Pitilakis (2020) for reinforced concrete buildings. The present study 

shows that SSI effects cause residual lateral drift demands on the order of 0.25% in the 2-story 

steel MRF (see Figure 6) due to the increased peak SDR demands. 

To provide a more elaborate perspective of the results, Figures 7 and 8 illustrate the moment-

rotation diagrams for the column base (left) and the first-floor beam end (right). The simulation 

results suggest that in the examined cases, the flexural demands at the fixed end column reduce 

due to the induced soil flexibility, which is typically neglected in the conventional seismic 

design of steel MRFs. Conversely, the first-floor steel beams experience higher inelastic 

demands because of SSI, due to the shift in the moment gradient in the first-story steel 

columns. Interestingly, for one of the simulations shown in Fig.8, the steel beams experience 

softening due to the formation of inelastic local buckling within the RBS under cyclic loading.  

 

Fig. 7 – Moment rotation diagrams; column base (left) and first floor beam end (right), for the NGA_1108  

record (EQ No.4 in Table 2), scaled to 1.0 m/s2 at the bedrock level (PGAbedrock), comparing a foundation 

fixed (F(300.0)) and a BNWF (B(300.0)), both on a Vs=300 m/s soil profile 

 
Fig. 8 - Moment rotation diagrams; column base (left) and first floor beam end (right), for the NGA_1108  

record (EQ No.4 in Table 2), scaled to 3.0 m/s2 at the bedrock level (PGAbedrock), comparing a foundation 

fixed (F(300.0)) and a BNWF (B(300.0)), both on a Vs=300 m/s soil profile 

4. Conclusions 

Aiming to introduce SSI and site amplification effects on the seismic response of steel 

MRFs, we examined an idealized 2-story, 1-bay steel MRF under earthquake shaking. A 

set of real earthquake recordings was assembled and scaled appropriately to address 

different intensity levels. The analyses results suggest that SSI is found to increase the 
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SDR demands in the first story of the examined steel MRF, whereas reduced SDR 

demands are observed in the second story. Moreover, the flexural demands at the fixed end 

column reduce due to the induced soil flexibility, accompanied by higher inelastic 

demands at the first-floor steel beams. Furthermore, the observed increase in terms of 

SDR, due to the soil flexibility, is expected to increase damage in drift-sensitive non-

structural elements during frequently occurring earthquakes. To substantiate the preliminary 

findings further studies should be conducted.   
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Abstract: Experiences from previous earthquakes have shown that structural systems have 

different level of damages depending on foundation soil characteristics. It is noted that 

flexible structures such as reinforced concrete (RC) frames have higher probability to 

experience “soft storey failure” or collapse of whole structure when founded on poor 

grounds. In this paper, a six-storey RC frame structure was analysed. The structure is 

designed for ground type A in accordance with Eurocode 8 (EC8). The assessment of 

influence of foundation soil characteristics on behaviour of this structure is performed with 

nonlinear time-history analysis using software PERFORM 3D (Nonlinear Analysis and 

Performance Assessment of 3D Structures). Three groups of 7 records were analysed 

corresponding to A, B and C ground types. The groups of records are selected to match 

spectrum defined by EC8 and soil conditions corresponding to each ground type. The 

performance of structure is assessed in accordance with the limit states defined in EC8 

related to deformation, drifts and bearing capacity of brittle elements. Characteristic results 

are presented on the end of paper, with conclusions and recommendations. 

Keywords: time-history records, nonlinear dynamic analysis, ground type  

1. Introduction  

When the ground is subjected to the seismic ground motion, response of the structure is 

dictated by ground characteristics and characteristics of time-history records. Wave 

propagation theory stipulates that soil layers modify the characteristics of the input seismic 

waves while they are travelling though it (Kobayashi et al., 1986), therefore influencing the 

acceleration record. Research and experiences from past earthquakes have shown that 

ground motions have caused serious damages on flexible structures located close to 

epicentre or fault zones. The reason for this are longer periods of ground motions close to 

fault zones on which frame structures are more sensitive. The results from linear seismic 

analysis have shown significant difference of results depending on selected ground type 

(Rakocevic et al., 2020). 

In order to asses impact of foundation ground characteristics on the performance of 

structure ground motions performance of frame structure designed for ground type A was 

assessed via nonlinear time-history analysis for EC8 based records. Nonlinear analysis is 

used to check the performance because it can directly determine inelastic deformations of 

the element (e.g. rotation), as well as deformations of the structure (inter-storey drift). In 

addition, this analysis can be used to check the bearing capacity of the elements that should 

remain in the elastic region in accordance with the capacity design. The time-history 

records are been selected for similar seismographic conditions (magnitude, epicentre 

distance, earthquake intensity) but with the different type of soil on which the earthquake was 

recorded) and performance of structure was assessed. 
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2. Modelling and building data for linear analysis 

The analysed example is a 6-storey spatial reinforced concrete frame structure shown in 

figure 1. Columns and beams are modelled as prismatic 3D beam elements. Stiffness 

properties are taken as one-half of the corresponding stiffness of the un-cracked elements. 

For the adopted return period for the reference earthquake of 475 years, the peak ground 

acceleration agR= 0.36g. The ground type at the structure location is A. The structure is 

designed for high ductility class DCH. 

 

Fig. 1 - Spatial presentation of frame structure 

The layout of the building is rectangular in shape, measuring 16.8 × 16.8 m. In the X and Y 

directions layout has 3 bays, with dimensions 5.4, 6 and 5.4 m respectively. The floor 

height of the ground floor is 4.5m, and the other floors are 3.2m. The load from the 

reinforced concrete slab, thickness d = 15 cm, is transferred to the beams with dimensions 

b/d = 40/60cm, and from the beams to the columns with square cross section 50x50cm. For 

the linear elastic analysis the structure was modelled in the TOWER software package. 

Self-weight of the structure is automatically determined in the software. The adopted 

behaviour factor is 5.85. The total mass includes the dead load, 15% of the live load and 

30% of the snow load. The total mass of the inner frame with the corresponding load on 

the surface is M = 1708 tons. 

The seismic design is performed with multi-modal analysis in accordance with the 

recommendations of EC8-part 1 (2004). In addition, second-order effects had to be taken 

because the value of the interstorey drift sensitivity coefficient θ ≥0.1. Value of coefficient 

θ is 0.158 so effects are scaled with value 1.19.  
 

 

Based on the results of the calculation, taking into account (P-∆) effects, detailing is done 

in accordance with capacity design, and the adopted reinforcement is presented in the 

Figure 2.  
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Fig. 2 - Reinforcement of beams and columns 

2. Nonlinear time-history (dynamic) analysis  

2.1 Modelling for nonlinear analysis 

PERFORM 3d software package (CSI) was used for nonlinear modelling and the model is 

shown in figure 3. The floor diaphragms is modelled as rigid with the masses lumped at the 
corresponding centre of gravity. The number of modes calculated is 12, combined with 5% 

of modal damping and a small amount of β-K Rayleigh damping. The influence of P-∆ 

effects is considered. 

 

Fig. 3.   Spatial frame model in PERFORM 3D 

The beams and columns are modelled with nonlinear beam elements with lumped plasticity 

consisting of a central elastic part, plastic hinges and rigid zones (figure 4 and 5). Chord 

rotation of plastic hinges is calculated in accordance with EC8-part 3 (2005).  Rigid zones 

are modelled, as ‘default end zones’ with 10 x stiffness of the beam and a length equal to ½ 
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the width of the column (CSI user guide 2006). The central part of the beam is modelled as 

an elastic section with defined strength capacities in bending and shear in order to control 

if these sections remained in elastic range of (CSI Components and elements 2006). A 

model that takes into account the interaction of axial force and moment is chosen for the 

columns. The elastic-ideal plastic (EPP) moment-rotation model for hinges is defined with 

the component "P-M2-M3 hinge". Strength sections for bending and shear are assigned for 

all beam and column elements. In addition, deformation capacities for plastic hinges are 

assigned in accordance with prescribed EC8 limit states controlled during the analysis. 

Beam column joints are modelled as elastic zones ("Elastic panel zone" elements), to 

behave elastic during earthquake. Therefore, the stiffness and load-bearing capacity of 

every joint was defined. 

 

Fig. 4.   Beam compound component in PERFORM 3D 

 

 

Fig. 5.   Column compound component for ground storey and other storeys in PERFORM 3D 

In the verification procedure, a distinction is made between “ductile” and “brittle” 

structural elements. Ductile elements are checked in terms of deformations, brittle ones in 

terms of forces. Presentation of the results is done in a form of demand-capacity (D/C) 

ratios for limit states related to bearing capacity of element, deformation, drift. Limit states 

are defined in accordance with the damage limit states defined in EC8 part 1 and 

performance requirements defined in EC-part 3 (2005) related to Assessment and 

retrofitting of buildings. 

Following limit states are defined: 

 Rotation of plastic hinge with following performance levels defined in: 

o Rotation Damage Limitation (DL) ductile mechanisms are required to remain 

elastic (below yielding). 

o Rotation Significant Damage (SD) the deformations (chord rotations at member 

ends) of “ductile” elements are limited to 75 % of the deformation limit above 

in the “Near Collapse” (NC) level. 

o Rotation Near Collapse (NC), ductile elements are allowed to reach their 

ultimate deformation capacity 

 Load capacity of the joint in accordance with the no-collapse requirement defined in 
EC8-part 1 (2004) corresponding to NC. The capacity of the joint is checked for the 

transmission of moments from the beams on both sides of the joint. 

 Shear force capacity for beams and columns in accordance with the no-collapse 
requirement defined in EC8-part 1 (2004) corresponding to NC. The shear capacity of 

beams and columns is checked whether the elements remain in the elastic range 

regarding shear during the seismic action.  

 Interstorey drift relative to the damage limitation defined in EC8-part 1 (2004). 

1121
3ECEES, September 2022, Bucharest, Romania



 

2.2. Selection of ground motions time-histories 

Earthquake records are selected in accordance with EC8 recommendations (EC8-part 1 

(2004). REXEL v.3.3 (beta) software is used to select the earthquake records. The software 

was developed at the University of Naples (Università degli Studi di Napoli Federico II) by 

Iervolino et al (2009). The subject software enables the selection of records from the database 

that are compatible with response spectrum. In addition, other seismographic conditions that 

need to be met by an earthquake (magnitude, epicentral distance, earthquake intensity, type of 

soil on which the earthquake was recorded) can be defined during the selection. The software 

includes the European Strong-motion Database (ESD), the Italian Accelerometric Archive 

(ITACA) and selected records for the assessment and design of buildings in accordance with 

the Selected Input Motions for Displacement-Based Assessment and Design (SIMBAD) [11]. 

When using non-linear time-history analysis and employing a spatial model of the structure, 

simultaneously acting accelerograms are taken as acting in both horizontal directions. 

In accordance with this 3 groups of 7 time-history records, each group corresponding to 

ground type category A, B and C. All records in one group were recorded on same ground type 

category, epicentre distance was up to 20km and records correspond to same magnitude limits 

5.5<M <7.5. Groups of records were selected to match elastic response spectre in limits 90-

110%. Two X and Y components of record earthquake direction were selected to act 

simultaneously in the model.  

Presentation of selected groups of records for each ground type is given on figures  6, 7 and 8 

and detailed information related to PGA and magnitude is given in tables 1, 2 and 3.  

 

Fig. 6 – Selected records from ESD – ground type A 

Table 1. Information on selected records – ground type A  

Earthquake ID Recorded Mw 
PGA X 

[m/s^2] 

PGA Y 

[m/s^2] 

292 Campano Lucano 5.9 0,5878 0,5876 

6335 South Iceland AS 5.9 1,2481 1,1322 

4675 South Iceland 5.7 1,2916 1,5325 

182 Tabas 5.7 3,316 3,7789 

55 Friuli 5.9 3,4985 3,0968 

4674 SI 6.6 3,1176 3,3109 

198 Montenegro 6.6 1,7743 2,1985 

Medium value:  6.0 2,11 2,234 
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Fig. 7 – Selected records from ESD – ground type B 

Table 2. Information on selected records – ground type B  

Earthquake ID Recorded Mw 
PGA X 

[m/s^2] 

PGA Y 

[m/s^2] 

232 Montenegro  6,2 0,56 0,5426 

147 Friuli  6 1,3841 2,3189 

6501 Duzce 1 7,2 1,2273 1,5452 

233 Montenegro  6,2 1,1603 1,4867 

594 Umbria Marche 6 5,1383 4,5383 

535 Erzincan 6,6 3,8142 5,0275 

291 Campano Lucano 6,9 1,5256 1,7247 

Medium value:  6,44 2,11 2,455 

 

Fig. 8 – Selected records from ESD – ground type C 

Table 3. Information on selected records – ground type C  

 

Earthquake ID Recorded Mw 
PGA X 

[m/s^2] 

PGA Y 

[m/s^2] 

343 Christchurch 6,2 0,56 1,3823 

458 Northridge 6,7 1,3841 3,021 

317 EMILIA_Pianura_Padana 6 1,2273 1,6774 

459 Northridge 6,7 1,1603 2,1739 

411 Hyogo - Ken Nanbu 6,9 5,1383 1,7857 

340 Christchurch 6,2 3,8142 1,9239 

44 Mid Niigata Prefecture 6,6 1,5256 0,98415 

Medium value:  6,47 2,11 1,85 
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3. Results and discussion  

Structural response of structure is calculated for all 21 accelerograms acting in both horizontal 

directions. Presentation of the results is done in a form of demand-capacity (D/C) ratios for 

defined limit states as shown on figure 10. Detailed results related to limit states related to 

rotation of plastic hinges and drifts is shown on table 4. Results related to D/C ratio of shear 

capacity of columns and beams are given on table 5.  

  

 

Figure 10 – D/C ratio for rotation capacity in plastic hinges and shear capacity of beams and columns 

3.1. Characteristic results for records corresponding to ground type A 

Rotations of plastic hinges did not exceed the fracture limit X defined in the F-D diagrams in 

Pefrorm 3D in any of the records. In accordance with the limit state of deformation for all 7 

earthquakes, the deformation corresponding to Rotation SD - Limit state of damage limitation 

is satisfied with medium D/C ratio of 0.45. Damage limit state corresponding to interstorey 

drift was satisfied with medium value of 0.87%. Shear capacity of beams and columns was 

satisfied with max D/C ratio of 0.74. 

3.2. Characteristic results for records corresponding to ground type B 

In accordance with the limit state of deformation, the rotation of plastic hinges corresponding 

to Rotation SD - Limit state of damage limitation is satisfied for first 5 earthquake records. For 

record Erzincan structure has satisfied NC – limit state and for record Campano Lucano the 

fracture limit X defined in Pefrorm 3D was exceeded which corresponds to collapse of 

structure. Medium D/C ratio related to rotation of plastic hinges is 0.73 for SD-limit state. 

Damage limit state corresponding to interstorey drift was not satisfied and the medium value is 
1.25%. Shear capacity of beams and columns was satisfied with max D/C ration of 0.744. 
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3.3. Characteristic results for records corresponding to ground type C 

The rotation of plastic hinges corresponding to Rotation SD - Limit state of damage limitation 

is satisfied for 4 earthquake records. For three records the fracture limit X defined in Perform 

3D was exceeded which corresponds to collapse of structure. Medium D/C ratio related to 

rotation of plastic hinges is 0.67 % NC-limit state. Damage limit state corresponding to 

interstorey drift was not satisfied and the medium value is 2.11%. Shear capacity of beams and 

columns was satisfied with max D/C ration of 0.746. 

Table 4. D/C ratio related to deformation and drift limit state for ground type A, B and C 

Ground type 

category 
Earthquake ID Recorded 

Rotation of plastic hinge 

D/C  Interstorey 

drift 
DL SD NC 

A 292 Campano Lucano 5.8 0.3 0.2 0.55 

A 6335 South Iceland AS 4.7 0.4 0.26 0.8 

A 4675 South Iceland 7.8 0.52 0.35 1.3 

A 182 Tabas 5.8 0.3 0.2 0.57 

A 55 Friuli 3.6 0.29 0.19 0.55 

A 4674 SI 8.2 0.48 0.32 1.3 

A 198 Montenegro 12.5 0.86 0.58 1.05 

A Medium value:  6,91 0,45 0,3 0.87 

B 232 Montenegro 5.6 0.26 0.15 0.55 

B 147 Friuli 4.2 0.3 0.2 0.7 

B 6501 Duzce 1 6.3 0.32 0.21 1.0 

B 233 Montenegro 1.3 0.3 0.2 0.3 

B 594 Umbria Marche 2.6 0.25 0.115 0.5 

B 535 Erzincan 14 1.15 0.76 2.0 

B 291 Campano Lucano 22 2.5 1.67 3.75 

B Medium value:  8.0 0,73 0,47 1.25 

C 343 Christchurch 20.1 1.68 1.12 3.34 

C 458 Northridge 7.0 0.475 0.32 0.95 

C 317 EMILIA_Pianua_Padana 8.5 0.7 0.47 1.39 

C 459 Northridge 7.0 0.66 0.44 1.32 

C 411 Hyogo - Ken Nanbu 6.1 0.39 0.27 0.78 

C 340 Christchurch 22 1.75 0.76 3.25 

C 44 Mid Niigata Prefecture 13.8 1.875 1.27 3.75 

C Medium value:  12,71 1,076 0,67 2,11 

 

Table 5. D/C ratio related to shear capacity of beams and columns 

Limit state - bearing capacity D/C ratio shear 

capacity of beams 

D/C ratio shear 

capacity of columns 

Group of Earthquakes ground 

type A 

0.74 0.3 

Group of Earthquakes ground 

type B 

0.744 0.32 

Group of Earthquakes ground 

type C 

0.746 0.32 

It is noted that records from same earthquake recorded on different ground type gave 

significantly different results as result of nonlinear dynamic analysis. As example, nonlinear 

time-history analysis with record from Campano Lucano earthquake for type A and B ground 

had 3.8 higher results.  
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4. Conclusions  

Following conclusions and recommendations are obtained from results:  

- Large dispersion of results is observed in the results of NDA fir different records. The 

maximum NDA result in one group of records exceeds the medium value by 100%;  

- The medium value of interstorey drift obtained from NDA for group of records for ground 

type A corresponds to the values obtained by linear analysis, both on the lower and upper 

floors, and damage limitation limit state is satisfied; 

- The medium value of interstorey drift obtained from NDA for group of records for ground 

types B and C are above the limits defined for Damage Limitation limit state. For ground type 

B value is exceeded for 25%, and for type C value is exceeded for 76%; 

- Shear capacity of beams and columns and load capacity of joints was satisfied in accordance 

with the no-collapse requirement defined in EC8 for all time-history records. In accordance 

with this it can be concluded that application of capacity design method for frame structures 

safeguards structure from brittle failure mechanism irrelevant to the ground type this structure 

if founded on.   

- The structure designed for ground type A satisfies SD-limit state defined un EC8-part 3 for 

time-history records group for ground type A; 

- The structure designed for ground type A satisfies NC-limit state defined un EC8-part 3 for 

records in group for ground type B with note that for one of the records structural elements 

deformation capacity was exceeded. Average maximum rotation of hinge is 60% higher than 

for records for ground type A; 

- The structure designed for ground type A exceeds NC-limit state defined un EC8-part 3 for 

records in group for ground type C with note that for two of the records structural elements 

deformation capacity was exceeded. Average maximum rotation of hinge is 135% higher than 

for records for ground type A; 

- As conclusion from this analysis, it can be noted that flexible structures are very sensitive to 

foundation soil conditions. The lapse in choice of ground type during design process can result 

in structure that doesn’t satisfy “no collapse limit states” and elements of structure that would 

not have necessary load bearing capacity and ductility; 

- In accordance with the results and conclusions, the recommendation for frame structures is to 

be designed with small number of floors and to conservatively choose ground type category in 

design process.    
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Abstract: A five-story reinforced concrete building severely damaged during the Mw 5.1, 

May 11th 2011, Lorca earthquake (Murcia, Spain), has been monitored with an 

interferometric radar and has been numerically modelled with the aim to study the evolution 

of the structural damage. An initial non-damaged and a final damaged configuration of the 

building after the earthquake have been modelled first. Radar measurements helped to 

calibrate the models. Four intermediate models, with damage configurations representing 

four steps of cumulative damage of the building facing the earthquake, have been built 

based on the information related to the building seismic damage included in a technical 

report. The objectives were to obtain calibrated numerical models, to perform a modal 

analysis, to calculate the capacity curve, and to study the evolution of the natural periods 

and the strength capacity of the building within each damage configuration representing the 

incremental damage process. Results show that a growth of 20% in the values of natural 

periods and reductions of 50% in the capacity lead the building over the severe damage state 

threshold. The interferometric radar is a suitable remote sensing technique to identify, in a 

rapid screening, the natural periods of mid and tall damaged buildings.    

Keywords: RC buildings; Numerical models; Seismic damage; Remote sensing; Real 

Aperture Radar (RAR) 

1. Introduction  

Damage to buildings and constructions in general, causes a degradation in structural 

stiffness that modifies their dynamic response (Vidal et al, 2014; Alarcón and Benito, 

2014)). Capacity curves allow a reading of the damage evolution with respect to 

displacement, the demand parameter, measured at a control node located at the roof of the 

structure (Pujades et al, 2012; Pujades et al, 2015; FEMA-440, 2005). Similarly, it is 

possible to have information on the evolution of damage with respect to displacement 

using the fragility curves. However, it is not usual to record the maximum displacement of 
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a building exposed to a specific earthquake. Usually the maximum displacements 

developed by the building during the earthquake are not recorded except if an array of 

sensors is installed in the building. This raises the problem of what parameters to measure 

in damaged buildings to assess the degree of damage developed. The analysis of the 

fundamental periods and their changes are potentially interesting to answer this problem. 

Buildings modify their fundamental periods when they accumulate damage. In fact, what 

happens is that, as damage accumulates, the structure increases its fundamental periods. 

This property is useful since, once damaged, the building exhibits the new "damaged" 

fundamental period, i.e. the building records the period corresponding to the degree of 

damage reached. Periods can be measured with an array of kinematic sensors 

(accelerometers or velocimeters) installed inside buildings or, alternatively, by using non-

invasive and remote sensing measurements using interferometric radars (Alva et al, 2020; 

Alva, 2021; Gonzalez-Drigo et al 2019; Luzi et al 2012; Luzi et al 2014; Li et al, 2015). 

This migration in the periods when structures are damaged and the knowledge of the 

periods related to damage-free structures can be used to assess the degree of damage 

reached by the structures affected by the earthquake (Pujades et al, 2015).  

In this research work, a detailed analysis of the damage accumulated by a mid-rise 

reinforced concrete building, located in the San Fernando neighbourhood, which was 

severely damaged during the Mw 5.1, May 11th 2011, Lorca earthquake (Murcia, Spain) 

has been performed. A monitoring campaign, carried out in 2013 and using a real aperture 

interferometric radar (RAR), established the periods corresponding to the actual building 

damaged after the Lorca earthquake. In parallel, numerical models corresponding to the 

initially healthy building and to the building accumulating different degrees of damage 

were developed. 

The aim of the work is to obtain numerical models, suitably calibrated, that adequately 

represent the building when it has accumulated different degrees of damage and when it   

develops the damage observed after the Lorca earthquake. The numerical models that 

represent the healthy building and the same building with different degrees of accumulated 

damage, should allow estimating the value of the period at each stage of damage and 

assessing the residual or remaining strength capacity of the building at each stage. In this 

way, it is possible to establish a kind of resilience of the building related at each analysed 

stage. Each damage model designed in this work corresponds to a partial or stepped 

accumulation of the total damage accumulated during the Lorca earthquake.  

On the healthy building model and using the capacity spectrum method (CSM), the 

performance point of the building has been calculated by using the demand represented by 

the accelerogram of the Lorca earthquake and taking into account the effect of 

directionality (Pinzon et al, 2018). The numerical model of the building has been calibrated 

by adjusting the performance point and its associated period (TBeff), with the period of the 

actual damaged building (TRAR) obtained from the RAR monitoring measurements on the 

damaged building. The building damage observations described in the document of the 

technical inspection of the building (Artés-Carril, 2011) carried out a few days after the 

earthquake, have been used to define the damage stages accumulated and recorded, step by 

step, in the structural elements of the building. 

Using a numerical model of the healthy building as a starting point, five additional models 

of a damaged building were designed in correspondence with five well-differentiated 

stages of damage accumulated during the earthquake. In order to differentiate the stages of 

damage accumulation and to associate a numerical model to each of them, the evolution of 

the damage in the structural elements has been determined on a pushover analysis.  
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2. Methodology 

Starting from the numerical model corresponding to the San Fernando building free of 

damage, the aim is to generate a model that incorporates the damage described in the 

technical report edited by the regional institute of housing and land (Instituto de Vivienda y 

Suelo, IVS) (Artés-Carril, 2011), in order to represent the state of the structure affected by 

the Lorca earthquake of May 2011. In addition, numerical models will be generated, but 

with partial damage accumulations in order to represent the successive damage stages of 

the building until reaching the final damage state represented by the Lorca earthquake. The 

periods of the damaged building measured experimentally during the RAR monitoring 

campaign carried out in 2013 have been used to calibrate the numerical models used in this 

study (Figure 1). 

  

a) b) 

Fig. 1 - San Fernando building (Lorca). a) General view of the building during the experimental RAR 

monitoring campaign; b) Detail of damage to structural elements. 

 

The conclusions of the technical damage report (Artés Carril, 2011) indicate that the 

building suffered severe damage (Grade 4), according to the European macro-seismic 

scale, EMS-98 (Grünthal, 1998). In the model of the healthy building, the progress of each 

of the damage mechanisms in the different structural elements will be controlled by means 

of a function that allows releasing specific degrees of freedom in the frame elements. In 

this way, it is intended to evaluate the remaining structural capacity of the building in 

intermediate stages of damage accumulation until the final stage, corresponding to the 

building damaged by the earthquake, is reached. For this purpose, the capacity curve will 

be obtained in its principal axes X and Y and the modal parameters will be analysed for 

each of the damage accumulation stages. It is proposed to differentiate six stages of 

accumulated damage in the response of the building to the Lorca earthquake: 1) Healthy 

and undamaged building; 2) Widespread failure of the inner walls; 3) First plastic hinges, 

only in bottom or top of columns; 4) Plastic hinges in top and bottom of some columns; 5) 

Plastic hinges in most of columns; 6) Final distribution of hinges. The details on reported 

damage (Artés-Carril, 2011) are the basis for differentiating these six stages of 

accumulated damage. 

Figure 2 summarises and describes the reported damage to the structural and non-structural 

elements of the ground floor of the San Fernando building. The building had a soft-storey 

response during the earthquake, since the ground floor was completely supported by 

columns and there were practically no inner walls on the ground floor. The palafitic 

appearance of the building is due to a design aimed at avoiding the danger of flood hazards 

such as the flood that devastated part of the city in October 1973. 
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a) b) 

Fig. 2 - Damage report of the San Fernando building (Lorca) prepared by the institute of housing and land 

(Instituto de Vivienda y Suelo,IVS). a) Identification of the damage mechanism in the structural and non-

structural elements on the ground floor of the building; b) "Damaged" model developed in SAP2000 (CSI, 

2016). Coding of damage mechanisms: (F) collapse of masonry inner walls; (B) plastic hinges in column 

heads; (D) plastic hinges and crushing of columns. (Source: Artés-Carril, 2011). 

 

The damage mechanisms refer to the shear failure mechanism of the inner walls, coded -F- 

in the report; development of plastic hinges, coded -Dd-; and crushing of the columns, 

coded -Bb- in the report. The letters used in the coding indicate the severity of the failure 

mechanism. For the analysis presented in this section, each damage mechanism will be 

renamed as follows: d1 (F), d2 (D), d3 (d), d4 (b), d5 (B), with the null damage state 

represented by d0. With this code, the subscript indicates the degree of severity of the 

damage mechanism ('0' for zero damage and '5' for full damage mechanisms). For the San 

Fernando building, the damage mechanism, and the number of elements affected by the 

damage mechanism, are presented in Table 1. 

 

Table 1. San Fernando building (Lorca). Distribution of damage mechanisms in the structural and non-

structural elements of the ground floor. See coding of damage mechanisms in the text. (Source: Artés-Carril, 

2011) 

Damage  

Mechanism 
Element type 

Damage 

location (In 

element) 

Number of 

damaged 

elements 

Percentage 

of 

elements 

Non structural elements 

F Inner walls All the element 14 100 

Structural elements 

D Column Base 1 1.88 

d Column Base 1 1.88 

b Column Top 14 26.41 

B Column Top 8 15.09 

 

2.1. Technical damage inspection and damage simulation  

In the numerical model of the San Fernando building it has been possible to introduce 

modifications to consider the effect of specific damage on each structural element. For this 

purpose, a function is used, included in the SAP2000 program code (CSI, 2016), which 

allows one or both ends of an element of the model to be totally or partially released. 

1131
3ECEES, September 2022, Bucharest, Romania



The assignment of the damage mechanisms has been carried out according to the damage 

distribution plan shown in Figure 2. 

3. Results 

The periods recorded in the RAR monitoring of the damaged building are TRAR1=0.733s 

and TRAR2=0.661s. The capacity spectrum method (CSM) has been applied to the model of 

the healthy building using, as a demand, the accelerogram spectrum of the Lorca 

earthquake and taking into account the directionality of the seismic action. Once the model 

has been calibrated by applying the CSM, a period for the performance point TBeff =0.730s 

has been obtained. This period is close to the first period recorded with the RAR while the 

second mode (TRAR2=0.661s) cannot be observed/detected with the RAR. The reason is 

that the RAR equipment only records displacements aligned on the line of sight (LOS). 

Under these conditions, the measurements obtained by the radar would correspond to the 

respective predominant modes parallel to the measurement direction. The capacity 

spectrum method is also a unidirectional analysis because it is evaluated on the capacity 

curve obtained for a given axis of the model.  

To complete the analysis, the models of buildings with intermediate degrees of damage 

(Stages d1 to d4) and the model of the building with the total accumulated damage due to 

the Lorca earthquake (Stage d5) have been modelled and calibrated. In this context, there is 

a good coherence between the experimental measurements and those obtained from 

numerical simulation. Indeed, the result obtained on the damaged building model (Stage 

d5), TD1=0.721s, is very close to the experimental value obtained by radar, TRAR1=0.733s, 

and to the value calculated by applying the CSM, TBeff=0.730s. Regarding the second 

period detected experimentally with the RAR, TRAR2=0.661s, it is likely to be the 

projection of a torsional mode on the LOS measurement direction. 

Figure 3 presents all the results discussed, projected onto the building capacity spectrum 

obtained along the principal Y-axis parallel to the LOS measurement axis.  

 

Fig 3 - San Fernando building (Lorca). Results of the period of the damaged building obtained according 

to several methodologies and located on the capacity spectrum of the building. Capacity spectrum method 

(CSM), radar interferometry (RAR) and numerical model including damage simulation (SimNum).  

 

 

The summary of experimentally obtained results (RAR), applying the SCM and associated 

with the numerical model of the damaged building (Stage d5), are summarised in Table 2. 
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Table 2. San Fernando building (Lorca). Three alternatives to obtain the natural periods corresponding to 

the damaged building. Results were obtained by using the experimental radar interferometry technique 

(RAR), evaluated by applying the capacity spectrum method (CSM) and calculated on a numerical model in 

which the damage has been simulated (SimNum). 

Technique Period, T(s) 
Difference from experim. RAR 

measurements (%) 

RAR interferometry TRAR1 = 0.733 - 

 TRAR2 = 0.661 - 

CSM TBeff = 0.730 0.41 

Numerical Simulation on 

damaged models 

(SimNum) 

TD1 = 0.721 1.63 

 TD2 = 0.619 7.41 

 

The numerical modal analysis of the San Fernando building, in its healthy configuration 

(Stage d0), identifies three first periods: T1Y, first mode (translational in the Y-axis); T2Z, 

second mode (torsional) and T3X, third mode (translational in the X-axis). As damage is 

progressively induced in the numerical model, i.e. increase of the spectral displacement, 

the three fundamental periods migrate towards higher values because of the decrease of the 

global stiffness (Figure 3.a). The translational modes T1Y and T3X, which are the 

fundamental and translational modes on the Y and X axes, increase by almost 27% and 

26%, respectively, while the torsional mode T2Z increases by 9%. The same trend is 

observed in the analysis of the variation of the mass participation factors. The factors 

corresponding to the first mode, Γ1Y, and third mode, Γ3X, increase, while the factor 

associated with the second torsional mode, Γ2Z, remains almost constant (Figure 3.b).  

Figure 3 shows the evolution of the first three modes of vibration, as well as the variation 

of the mass participation factors as a function of the spectral displacement. 

 

a 

 

b 

Fig. 4 - San Fernando building (Lorca). Variation of the first three modes as a function of spectral 

displacement. a) Periods, T1Y, translational on the Y-axis, T2Z, rotational on the vertical axis, and T3X, 

translational on the X-axis. b) Variation of the mass participation factors of the corresponding modes. 

 

In this respect, if we observe the evolution of the period, T2Z, corresponding to the second 

mode (torsional), we find that its final value is TD2 =0.619s, also close to the second period 

determined by the RAR technique, TRAR2=0.661s. This circumstance could indicate that the 

radar would also be registering the component corresponding to the torsional movement, 

projected on the LOS. Regarding the third period (translational) in the X-axis, T3X, 

obtained in this numerical simulation, it cannot be compared and discussed with respect to 

the experimental RAR measurement, since it represents the period of vibration of the 

structure on the X-axis perpendicular to the LOS measurement direction. 
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Figure 5.a shows the projection of each of the obtained periods in each step of this 

numerical simulation on the capacity spectrum of the damage-free structure (configuration 

d0). The damage configurations d1, d2 and d3 are very close. This occurs because after 

removing the elements representing the inner walls on the ground floor, the number of 

columns representing damage configurations d2 and d3 is reduced to one in both cases, 

however, when the number of damaged columns increases, there is an increase in structural 

damage, and the period values for configurations d4 and d5 increase significantly. With 

reference to the damage states defined in RISK-UE (Milutinovic and Trendafiloski, 2003; 

Mouroux and Le Brun, 2008), the damage configuration d1 practically coincides with the 

moderate damage state while, in the final damage configuration, d5, the damage barely 

exceeds the severe damage state threshold. Figure 5.b details the percentage growth of the 

period with respect to spectral displacement, i.e. with respect to damage on the building. 

  

a) b) 

Fig. 5 - Damage configurations of the San Fernando building. a) Representation of the damage 

configurations on the capacity spectrum; b) Percentage growth of the first period for each damage 

configuration. 
On the other hand, Figure 6 shows the capacity curves for each damaged building model 

according to the configurations established in this study. It is observed that, as the structure 

accumulates damage, the capacity and tangent stiffness are reduced with a corresponding 

decrease in the fundamental period. The stiffness diminishes, along each of the principal 

axes X and Y. The final values are 0.74 T3X and 0.68 T1Y, respectively, indicating a loss or 

reduction of 26% and 32% measured along the respective principal axes and with respect 

to the initial values of the undamaged building configuration. 

 

a 

 

b 

Fig. 6 - Capacity curves for the six damage configurations (d0 to d5) of the San Fernando building along 

the X (a) and Y (b) axes. 

 

Table 3 shows a summary of the results obtained in the analysis of the damage 

configurations proposed for the San Fernando building. 
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Table 3. Damage configurations of the San Fernando building (Lorca). Synthesis of results for damage 

configurations d0 to d2.  

  Damage Configurations  

 ds0 ds1 ds2 

T1Y (s) 0.5704 0.6112 0.6167 

mX% 

mY% 

- - - 

84.1 90.1 89.4 

T2Z (s) 0.5675 0.5711 0.5754 

mX% 

mY% 

0.41 0.36 0.74 

- - 0.93 

T3X (s) 0.4545 0.5061 0.5095 

mX% 72.6 92.6 92.2 

mY% - - - 

Pushover X 

Capacity curve 

   

Pushover Y 

Capacity curve 

   
dsi damage configuration; Ti periods; mi% mass factor 
 

Table 3. (cont.) Damage configurations of the San Fernando building (Lorca). Synthesis of results for 

damage configurations d3 to d5. 

  Damage Configurations  

 ds3 ds4 ds5 

T1Y (s) 0.6224 0.6555 0.7210 

mX% 

mY% 

- - - 

86.5 78.9 69.4 

T2Z (s) 0.5832 0.6008 0.6190 

mX% 

mY% 

1.8 4 3.5 

3.9 12.8 23.7 

T3X (s) 0.5139 0.5365 0.5773 

mX% 89 91.8 87.8 

mY% - - - 

Pushover X 

Capacity curve 

   

Pushover Y 

Capacity curve 

   
dsi damage configuration; Ti periods; mi% mass factor 

4. Conclusions 

This research work identifies intermediate configurations of accumulated damage, and 

their corresponding numerical models, of the San Fernando building severely affected by 

the Mw 5.1, May 11th 2011, Lorca earthquake (Murcia, Spain). The intermediate 

configurations allow us to analyse the remaining capacity of the building at each stage of 

damage accumulation and compare them with the initial structural capacity of the healthy 
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building. For this study, it has been necessary to model the buildings and calculate the 

corresponding capacity curves and modal analysis for each damage configuration. Thus, 

we interpret the ratio of the capacity of the damaged building to the capacity of the healthy 

building as an approach to the resilience of the building. 

The RAR monitoring campaign has been necessary to calibrate the numerical models used 

in this study. It was also very useful to have a detailed technical report on the distribution 

and mechanisms of damage in the different structural elements of the damaged building. 

Without this report, it would not have been possible to model the intermediate and final 

damage configurations. 

The model representing the building damaged in the Lorca earthquake, configuration d5, 

has a capacity that represents 58.29% (X-axis) and 29.21% (Y-axis) of the capacity 

corresponding to the healthy building in the elastic domain. For the intermediate 

configurations (d1, d2 and d3) the capacity decreases less dramatically. Thus, configuration 

d1, which represents the collapse of the building inner walls located at the ground level of 

the building, has a capacity of 96.7% (X-axis) and 80.5% (Y-axis) relative to the healthy 

building. The most significant penalty occurs in the Y-axis. This first configuration (d1) 

makes it possible to identify the contribution of the inner walls to the total structural 

capacity. In the San Fernando building, the inner walls contribute to the 3.3% of the initial 

total capacity in the X-axis and 19.5% in the Y-axis. Configurations d2 and d3 slightly 

decrease the capacity compared to configuration d1. It can be stated that, up to 

configuration d3, the building maintains a reasonable capacity compared to the capacity of 

the healthy building. Configuration d4 means a change of trend since, for the Y-axis, the 

capacity drops to 54.6% of the initial capacity. In configuration d5, as already detailed, the 

loss of capacity is critical and the building exceeds the state of severe damage. 

Regarding the changes of the periods as a function of the accumulated damage, the 

increase is moderate up to damage configuration d3, with changes of 13% in the X-axis and 

9% in the Y-axis. It is in the d4 configuration, in which many of the column hinges on the 

ground floor are fully developed, that the periods increase significantly, 18.0% in the X 

direction and 14.9% in the Y direction. In the configuration corresponding to the damage 

induced during the Lorca earthquake, identified as slightly higher than the severe damage 

state, the periods of translational modes increase by 27.0% in the X direction and 26.4% in 

the Y direction. These increases are significant and, therefore, identifiable with remote 

monitoring techniques, making it possible, to identify damaged and potentially dangerous 

buildings. 
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Abstract: A novel macroscopic element for reinforced concrete structural walls that 

integrates the shear-flexure interaction phenomenon is proposed. The element, named as 

Efficient-Shear-Flexure Interaction (E-SFI) is based on the Shear-Flexure Interaction 

Multiple-Vertical-Line-Element-Model (SFI-MVLEM); however, the internal degree of 

freedom per RC panel element of the SFI-MVLEM is removed by incorporating an 

empirical equation into the model formulation to compute the horizontal normal strain; and 

therefore, removing the assumption of zero resultant horizontal stress to increase the range 

of applicability of the element. Three RC wall specimen tests reported in the literature were 

selected for validation, including the complete range of wall behavior (flexural-controlled, 

shear-flexure, and shear-controlled). Comparison between model predictions and 

experimentally measured responses reveals that the E-SFI element accurately estimates the 

global, flexural, and shear deformation components for all cases. Furthermore, a comparison 

of the runtime and current tangent convergence rate was performed to assess the E-SFI 

efficiency, revealing that the novel element has a significant improvement in the runtime 

and convergence rate compared to the SFI-MVLEM. 

Keywords: RC walls; Nonlinear analysis; Shear-flexure interaction; Model. 

1. Introduction  

Structural systems are usually designed using a prescriptive approach according to local 

design codes to have an adequate level of performance under service and extreme event 

conditions. More sophisticated methodologies for design (e.g., Performance-based design) 

require a reliable prediction of the nonlinear response of structural elements to evaluate the 

structural performance; thus, analytical models that can accurately capture the hysteretic 

behavior of structural members under generalized load conditions are a need. In seismic 

regions, reinforced concrete (RC) walls are commonly preferred to limit deformations due 

to their high in-plane strength, stiffness and ductility when is properly detailed. The 

nonlinear analysis of RC walls can be accomplished using a microscopic (finite element) 

or macroscopic (behavioral) approach. To date, macroscopic elements are still preferred 

due to their relatively simple formulation and reduced computational cost; however, their 

assumptions can limit their accuracy and range of applicability. Most of macroscopic 

models do not account for shear-flexure interaction (Oesterle et al., 1976; Massone et al., 

2004) as the MVLEM (Vulcano et al, 1988; Orakcal et al., 2004), which is adequate for 

relative slender walls but becomes relevant for squat walls or wall segments. Nowadays 

exist three models in OpenSees framework (McKenna, 2010) that include shear-flexure 

interaction: 1) dispBeamColumnInt (Massone et al., 2006), 2) truss2 (Panagiotou et al., 

2012), and 3) SFI-MVLEM (Kolozvari et al., 2015), however, computational cost makes 

these models less desirable than simple flexural models, although flexural models do not 

capture accurately the nonlinear response, especially for squat walls.  
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The objective of this paper is to present and validate a simple yet effective macroscopic 

element that incorporates the shear-flexure interaction phenomenon with accurate 

predictions from squat to slender walls and a computational cost similar to that of flexural 

models. 

2. Analytical model description 

The proposed element, named as Efficient Shear Flexure Interaction (E-SFI), was 

developed based on the methodology proposed by Kolozvari et al. (2015) and implemented 

in an in-house version of OpenSees. As presented in Fig. 1(a), an E-SFI element is 

described by two nodes, each containing two translation and one in-plane rotation degrees 

of freedom. The cross-sectional behaviour is described by two-dimensional RC panel 

elements; therefore, the shear-flexure interaction phenomenon is inherent to the element 

formulation. The curvature over the element height is assumed to be constant and the 

rotation is concentrated at height ch. The axial vertical strain (εy) for each panel element is 

computed based on the kinematic assumption of plane sections remain plane (Bernoulli-

Euler Hypothesis); whereas the shear strain (γxy) is computed based on the assumption of 

constant shear strain along the element cross-section. The horizontal normal strain (εx) is 

obtained based on a proposed equation at panel level (See section 2.1); therefore, this 

formulation removes the additional degree of freedom per RC panel element and the 

assumption of zero resultant horizontal stress (σx = 0) of the SFI-MVLEM, which is not 

adequate for squat walls (Massone et al., 2009). As shown in Fig. 1(b), a wall model is 

obtained by assembling n-number of E-SFI elements stacked one each other, resulting in a 

total number of N=3(n+1) degrees of freedom.  

 

 

(a) (b) 

Fig. 1 – Model degrees of freedom: (a) E-SFI element, (b) E-SFI wall model. 

 

The E-SFI stiffness matrix [Ke] relative to the element degrees of freedom {δ} is obtained 

as shown in Eq. 1. 

 𝐾𝑒 =  𝛽 𝑇 ⋅  𝐾 ⋅  𝛽  1  (1) 

 

where [β] is the transformation matrix that converts the element degrees of freedom {δ} to 

the element pure deformations of extension, relative rotation at the bottom, and relative 

rotation at the top of the element, given by Eq. 2. 
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 𝛽 =

 

 
 

0 −1 0 0 1 0

−1/ℎ 0 1 1/ℎ 0 0

−1/ℎ 0 0 1/ℎ 0 1 

 
 

 1 

 

(2) 

 

and [K] is the element stiffness matrix relative to the prescribed three pure deformations, 

given by Eq. 3. 
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(3) 

 

where ky,j is the vertical stiffness of the j-th RC panel, xj is the horizontal position of the 

centroid of the j-th RC panel relative to the central axis of the element, and ksh is the 

element shear stiffness. 

 

The resisting force vector {Fe} relative to the element degrees of freedom {δ} is given by, 

 

 𝐹𝑒 
𝑇 =  𝐹𝑠ℎ ;− 𝐹𝑦 ,𝑗

𝑚

𝑗 =1

;−𝐹𝑠ℎ𝑐ℎ −  𝐹𝑦 ,𝑗

𝑚

𝑗 =1

𝑥𝑗 ;−𝐹𝑠ℎ ; 𝐹𝑦 ,𝑗

𝑚

𝑗 =1

;𝐹𝑠ℎ 1 − 𝑐 ℎ +  𝐹𝑦 ,𝑗

𝑚

𝑗 =1

𝑥𝑗   1 

 

(4) 

 

where Fsh is the resultant force in the horizontal direction and Fy,j correspond to the force 
in the vertical direction for the j-th RC panel element. 

 

2.1. Calibration of the horizontal normal strain 

A database of finite element analysis of RC walls is used for the calibration of the 

horizontal normal strain (εx). The database was developed by Massone (2010) using a two-

dimensional four-node finite element model (2D-FEM) formulation with linear 

interpolation between the nodal displacements and a single integration point at element 

centroid. The database considers two traditional boundary conditions, single curvature (or 

cantilever) and double curvature (or zero-end rotation condition), and the response is 

analyzed varying different parameters such as: aspect ratio (hw/lw), vertical web distributed 

reinforcement ratio (ρv,web), horizontal web distributed reinforcement ratio (ρh,web), 

longitudinal boundary reinforcement ratio (ρb), axial load (N), compressive strength of 

concrete (f’c) and yield strength of steel (fy). The range of values selected for each 
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parameter was: hw/lw = 0.33 to 1.4; ρwh = 0 to 1%; ρwv = 0 to 1%; ρb = 1 to 6%; N = 0 to 

0.3Ag f’c (where Ag corresponds to wall cross-sectional area); f’c = 30 to 50 MPa; and fy = 

280 to 420 MPa. For each boundary condition a total number of 131 cases was analyzed, 

resulting in a total number of 262 analyses. Detailed information and validation of the 

database can be found in the publication by Massone (2010). In this approach, a single 

expression for the horizontal normal strain (εx) as a function of the shear strain (γxy) and 

the horizontal reinforcement ratio ρh is proposed. A best-fit analysis was performed by 

minimizing the mean squared error using the data provided by the finite element database, 

obtaining the expression shown in Eq. (5).  

 

𝜀𝑥 = 0.55 1 + 𝜌ℎ 
−60 1 − 3−800 𝛾𝑥𝑦   ⋅  𝛾𝑥𝑦   1 

 (5) 

 

Fig. 2 shows the average horizontal normal strain profile at different drift levels (δ) 

obtained by the finite element analysis (FEM) and by evaluating the calibration (CAL) for 

a RC wall under single and double curvature conditions with the following properties: hw = 

1500mm; lw = 3000mm; tw = 150mm; f’c = 30MPa; ρh,web = 0.5%; ρv,web = 0.5%; ρb = 6.0%; 

and N = 0.15Ag f’c. The analysis reveals that the calibrated expression, with a reasonable 

level of accuracy, reproduces the magnitude of the horizontal normal strain profiles at 

different drift levels. This behavior is observed in most 262 RC finite element analysis of 

the database. 

     

(a) (b) 

Fig. 2 – Average horizontal normal strain profiles: (a) single curvature, (b) double curvature. 

 

2.2. Material models 

The adopted RC panel model is the so-called Fixed-Strut-Angle-Model (FSAM; Orakcal et 

al., 2019). As shown in Fig. 3, the panel model is described by three stages: uncracked, 

after formation of the first crack, and after the formation of the second crack. The FSAM 

follows a rotating-angle approach, similarly to the Modified Compression Field Theory 

(Vecchio & Collins, 1986) and the Rotating Angle Softened Truss Model (Pang & Hsu, 

1995), until the formation of the first crack. Subsequently, a fixed-angle approach is used, 

setting the principal stress directions of concrete parallel and perpendicular to the first 
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crack orientation (θcr). Perfect bond assumption is considered between concrete and 

reinforcing steel bars, allowing to compute the strain of reinforcing bars for each direction 

and the resultant stresses are smeared over the panel based on the reinforcement ratios. The 

panel model incorporates a dowel action model defined by a dowel coefficient (α), and a 

shear aggregate interlock model defined by a friction coefficient (η). As proposed by 

Massone et al. (2021), the shear friction coefficient was taken as η = 0.35; whereas the 

dowel action coefficient was taken as α = 0.005 for slender and mid-rise walls, and α = 

0.0001 for squat walls. The compression softening effect is considered by using the 

“Model B” by Vecchio & Collins (1993), whereas the cyclic damage on concrete is 

represented by the model proposed by Mansour & Hsu (2005). 

 

   

(a) (b) (c) 

Fig. 3 –Concrete behavior stages in FSAM working principles: (a) uncracked, (b) after the formation of the 

first crack, (c) after the formation of the second crack. 

 

The uniaxial constitutive model developed by Chang & Mander (1994) was selected to 

represent the stress-strain behavior of concrete, whereas the constitutive model developed 

by Menegotto & Pinto (1973) as extended by Filippou et al. (1983) and by Kolozvari et al. 

(2018) was selected to represent the uniaxial stress-strain behavior of reinforcing steel 

bars. Both models are available ion OpenSees as implemented by Kolozvari et al. (2018). 

A complete description of material calibration and regularization issues can be found in the 

publication by Massone et al. (2021) and by López et al. (2022). 

3. Experimental model validation 

Three RC wall specimen tests with rectangular cross-section tested under constant axial 

load and reversed-cyclic lateral loading conditions were selected for the experimental 

validation of the E-SFI model, including the slender wall RW2 tested by Thomsen & 

Wallace (2004), the mid-rise wall RW-A15-P10-S78 tested by Tran (2012), and the squat 

wall SW-T2-S3-4 tested by Terzioglu et al. (2018). The main properties of the specimen 

tests are summarized in Table 1, whereas the material properties are presented in Table 2. 
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Table 1. Main properties of RC wall specimens. 

Specimen 

ID 

hw 

(mm) 

lw 

(mm) 

tw 

(mm) 

ρh,web 

(%) 

ρv,web 

(%) 

ρb 

(%) 

𝑀

𝑉𝑙𝑤
 1 

 

𝑃

𝐴𝑔𝑓𝑐
′
 1 
 

Failure 

Mode1 

RW2 3660 1220 102 0.33 0.33 2.93 3.00 0.09 CB 

RW-A15-P10-S78 1830 1220 152 0.73 0.73 6.06 1.50 0.10 DC/SS/LI 

SW-T2-S3-4 950 1500 120 0.68 0.68 5.15 0.63 0.00 DC 

1CB: concrete crushing/bar buckling; LI: lateral instability; DC: diagonal compression; SS: shear sliding. 
(According to the authors) 
 

Table 2. Material properties of RC wall specimens. 

 

The global, flexural and shear responses for the three specimens are presented in Fig. 4. 

The lateral load versus top displacement response is well captured in all tests, including the 

shape of hysteretic loops, stiffness, and lateral load attained at each drift level, as well 

initiation of lateral load strength degradation. The initiation of strength degradation can be 

improved in the slender and mid-rise models by incorporating a bar buckling model into 

the material formulation. For the three specimens, the shear and flexural responses are well 

estimated by the model. For the slender wall RW2, the maximum flexural deformation is 

underestimated by approximately 7%, whereas for the specimen RW-A15-P10-S78 is 

overestimated by approximately 22%, which is the main deformation component for both 

specimens. For the squat wall SW-T2-S3, which principal deformation component is due 

to shear, the maximum shear deformation is overestimated by approximately 7%. A 

complete validation of the element can be found in the publication by López et al. (2022) 

 

   

(a.1) (a.2) (a.3) 

Specimen  

ID 

 (MPa) 

unconf./conf. 

 (MPa) 

unconf./conf. 
 

(MPa) 
 

(MPa) 
 

(MPa) 
  

 
(MPa) 

  

RW2 42.8/47.6 0.0021/0.0033 2.03 448 448 0.020 434 0.020 

RW-A15-P10-S78 55.8/72.2 0.0024/0.0059 2.31 443 443 0.020 476 0.010 

SW-T2-S3-4 29.0/-- 0.002/-- 1.67 584 584 0.008 473 0.008 
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(b.1) (b.2) (b.3) 

   
(c.1) (c.2) (c.3) 

Fig. 3– Global, flexural and shear responses for specimen: (a) RW2, (a) RW-A15-P10-S78; (b) SW-T2-S3-4. 

 

4. Model efficiency benchmarking 

A benchmarking between the E-SFI, SFI-MVLEM, and MVLEM elements is performed to 

study the efficiency of the E-SFI model in terms of elapsed time and current tangent 

convergence rate for the three selected wall specimen tests using a standardized 

displacement-controlled iterative solution strategy in the OpenSees framework. The 

iterative procedure uses a constant displacement increment step value (Dincr). The 

benchmarking results are summarized in Table 3, whereas the predicted global responses 

are shown in Fig. 4. The analysis reveals an improved efficiency of the E-SFI model in 

contrast to the SFI-MVLEM model for all cases, which is related to the reduction in the 

degrees of freedom. On the other hand, the E-SFI model has shown to be slower than the 

MVLEM model with a similar current tangent convergence rate, which is related to the use 

of the panel element in the E-SFI element. A shown in Fig. 4, the flexural model MVLEM 

is adequate for the slender wall RW2 and overestimates the capacity, ductility, and 

dissipated energy, as the shear contribution to the global response increase, especially for 

the squat wall SW-T2-S3-4. On the other hand, the shear-flexure models agree with 

experimental results for all cases. 
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Table 3.  Model efficiency benchmarking results. 

Specimen  

ID 
Model 

Dincr
 

(mm) 

No. of 

Analysis Steps 

Current Tangent 

Convergence Rate (%) 

Runtime 

(mm:ss) 

RW2 

E-SFI 0.25 4104 99.1 00:43 

SFI-MVLEM 0.25 4104 73.2 02:27 

MVLEM 0.25 4104 99.8 00:13 

RW-A15-P10-S78 

E-SFI 0.25 2756 99.4 01:10 

SFI-MVLEM 0.25 2756 13.1 06:37 

MVLEM 0.25 2756 100.0 00:07 

SW-T2-S3-4 

E-SFI 0.10 4200 99.9 02:47 

SFI-MVLEM 0.10 4200 3.0 11:29 

MVLEM 0.10 4200 99.9 00:11 

 

   

(a) (b) (c) 

Fig. 4 – Global response for specimens: (a) RW2, (b) RW-A15-P10-S78, (c) SW-T2-S3-4.   

5. Three-dimensional element extension 

As shown in Fig 5a, the E-SFI element can be extended to a three-dimensional four-node 

element (E-SFI-3D) following the methodology proposed by Kolozvari et al. (2021).  The 

in-plane behavior of the E-SFI-3D is obtained by applying a geometric transformation that 

relates the six-DOFs of the two-node element with the twelve DOFs of the four-node 

element by assuming rigid offset between the centerline nodes and the corner nodes. The 

out-of-plane behavior of the E-SFI-3D is described by the linear-elastic four-node 

Kirchhoff plate formulation (Cook et al., 2002). The RC wall specimen SD-06-45 

(Habasaki et al., 1999), presented in Fig 5(b), was selected for validation of the model. 

This specimen, which is part of an experimental program for RC walls of reactor buildings, 

has a box-type geometry and a shear-span-to-depth ratio of 0.6, and was tested under a 

constant loading angle of 45 degrees and constant axial stress of 1.47MPa. The horizontal 

and vertical web reinforcement ratios were 1.2% with a yield strength of 345MPa, whereas 

the concrete compressive strength was 33.2MPa. As presented in Fig. 6, the model 

accurately predicts the lateral load at each drift level, the shape of hysteretic loops, and the 

initiation of lateral load strength degradation. 
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(a) (b) 

Fig. 5 – (a) E-SFI-3D idealization (Kolozvari et al., 2021), (b) SD-06-45 specimen (Habasaki et al., 1999). 

 

  
(a) (b) 

Fig. 6 – Lateral load vs. top displacement response for specimen SD-06-45: (a) E-SFI-3D, (b) Experimental 

(Habasaki et al., 1999). 

6. Conclusions 

A novel macroscopic element named as Efficient-Shear-Flexure Interaction (E-SFI) was 

developed for simulating the nonlinear response of RC walls. The element is based on the 

Shear-Flexure-Interaction Multiple-Vertical-Line-Element (SFI-MVLEM); however, the 

internal degree of freedom per RC panel was removed by implementing an empirical 

equation to compute the horizontal normal strain (εx); and therefore, removing the 

assumption of zero resultant horizontal stress (σx = 0) of the SFI-MVLEM, which is not 

adequate for squat walls. The analytically predicted and experimentally measured 

responses were compared for three RC wall specimen tests reported in the literature, 

including a slender, a medium-rise, and a squat wall. The results indicates that the E-SFI 

element accurately estimates the global, flexural, and shear responses for all cases. 

Furthermore, a benchmarking was performed by contrasting the runtime and current 

tangent convergence ratio for the three wall specimens by using the E-SFI, SFI-MVLEM, 

and MVLEM models, revealing a considerable improvement of the efficiency of the E-SFI 

element compared to the SFI-MVLEM. Furthermore, it has been shown that the model can 

be extended to a three-dimensional model yielding good results.  

Based on the presented research, it was proven that the E-SFI model, with a simple and 

efficient macroscopic formulation that incorporates the shear-flexure interaction, is a 

feasible modeling approach for simulating the nonlinear response from squat to slender RC 

walls.  

Loading direction 
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Abstract: In this contribution, importance factors of EN 1998-1 are determined for a wider 
European area based on the seismic hazard data from “SHARE” project. Seismic activity is 
represented by a hazard curve through a single parameter – exponent k as given in EN 1998-
1 that is related to the importance factors defined by the exponential relationship. Results are 
grouped based on PGA values representing low to high seismic hazard areas. Mean values of 
determined importance factors take range from 0.67, 1, 1.38, 1.83 for importance classes I-IV 
in areas with low seismic hazard (0.04-0.08g) and 0.75, 1, 1.26, 1.54 for areas with high 
seismic hazard. For majority of seismically active regions, the representative value of the 
exponent k is ~2.3. This value corresponds to the importance factors of 0.75, 1, 1.27 and 1.55, 
instead of predefined value of the exponent k equal to 3 and corresponding importance factors 
of 0.8, 1, 1.2 and 1.4. This study implies that values of importance factors in national annexes 
should be properly scaled to match the corresponding seismic activity since the difference 
between recommended and calculated importance factors can be underestimated by as much 
as 15% and 40% for importance classes III and IV. 

Keywords: seismic hazard, return period, exponent k 

1. Introduction 

This paper further discusses implications of the study of the exponent k firstly published in 
Dragojevic et al. (2022). Exponent k is defined in the note of article 2.1(4) of EN 1998-1 
(EN 2004) by means of an annual exceedance rate. As stated in this article, it is assumed that 
the annual rate of exceedance H(agR) may be taken to vary with agR as: 𝐻 𝑎 ~𝑘  𝑎         (1) 
where agR is the reference peak ground acceleration related to ground type A, and k is an 
exponent correlating the reference peak ground acceleration with the annual exceedance rate. 
The article also states that exponent k is dependent on seismicity and that it is generally of 
the order of 3. 
Analytical expression of seismic hazard results with an equation given in a closed form, 
preferably as simple as Equation (1), has advantages (Cornell et al. 2002) over the numerical 
approach of solving the hazard integral, as allows seismic hazard results to be further 
analytically treated in seismic demand or seismic risk problems (Cornell et al. 2002; 
SAC/FEMA 2000a; Yun et al. 2002).  
It is also worth noting the FEMA-350 report from 2000 (SAC/FEMA 2000a), where the 
analytical approximation of the seismic hazard curve is treated identically to Equation 1. 
This report also defines the default determination range on 2% and 10% probabilities of 
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exceedance in 50 years. It suggests default values of exponent k in a tabulated form taking 
values of 1, 2, and 3. The value of 3 is assigned to seismically most active regions. When 
comparing exponents k given in different studies and reports, care should be taken since this 
parameter is sensitive to chosen spectral period and approximation range. 
With the given simplified link between the hazard curve and exponent k defined in Equation 
(1), the hazard curve is practically approximated by an exponent function, equivalent to a 
linear function on a log-log scale. The note does not provide further instructions on how to 
determine exponent k or in what range, but it is reasonable to assume that, in the particular 
case, the interest is on return periods, which are of concern for the design of structures and 
are predefined in EN 1998-1 by choice of importance factors, which will be discussed in 
more detail further in the text. 
In addition, because of the characteristics of the probabilistic modelling of seismic hazard 
that is ultimately represented in the shape of an annual rate of exceedance curve, it is 
impossible to define a single k value that can represent the whole possible range of the curve. 
This implies that the k value is valid only within a limited determined range; the narrower 
the range, the more accurate the approximation is.  
The importance factor γI introduced in EN 1998-1 expresses the peak ground acceleration of 
the arbitrary return period TL related to the reference return period TLR as: 𝛾 ~         (2) 
and is also related to exponent k through different return periods. The idea behind this 
concept is to use a single seismic hazard map for design, corresponding to the reference 
return period (recommended as 475 years), while different return periods can be taken into 
account with importance factors calculated according to Equation (2). Although this concept 
simplifies the design procedure, it contains drawbacks inherent in the approximation process.  
In this study, we used the SHARE project dataset of seismic hazard data (SHARE project 
2014) for the wider European area to calculate exponent k according to Equation (1) and 
discuss the implications of the calculated values on the importance factors given in EN 1998-
1.  
The problem of fitting hazard curves is addressed at a general level in more detail in 
Vamvatsikos (2014), where the hazard curves are approximated by functions of the first and 
the second order and inherent errors of the process are evaluated, where the first-order 
function is a straight line in the log-log space, identical to the EN 1998-1 definition and 
Equation (1) of this manuscript. 
Unfortunately, only a few studies have addressed the problem of fitting the hazard curve 
data and exponent k to a given dataset, particularly for a wider area. Apart from the results 
of the SHARE study (Deliverable 2.7, Weatherill et al. 2013) that used the dataset on the 
wider European area, the same as in this paper, to our best knowledge, only Lubkowski 
(Lubkowski 2010) addressed this topic to a wider scale, namely, for 57 worldwide regions 
that include all continents covering low, moderate and high seismic hazard regions. Other 
studies that are worthy of being mentioned in the context of the results of this study addressed 
this problem either at a national level (Pavel et al. 2016; Solakov 2009; Larsson and 
Magnusson 2017; Schmitt 2020) or for particular sites of interest (Bursi et al. 2016). 

2. Importance factors and exponent K 
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EN 1998-1 categorizes buildings into four different importance classes – from I to IV. 
Importance class I corresponds to buildings of minor importance to public safety, and class 
IV refers to buildings of vital importance for civil protection. Importance factors are ascribed 
to each importance class (EN 1998-1/article 4.2.5) with recommended values of 0.8, 1.0, 
1.2, and 1.4 for importance classes I to IV, subjected to changes in national annexes. 
Importance class II is related to ordinary buildings for which the importance factor related 
to the reference peak ground acceleration of 475 years is 1.0. 
Given the predefined value of exponent k and the recommended importance factors, it is 
possible to determine the return periods TL corresponding to each importance factor by using 
Equation (2), as presented in the first column of Table 1. The importance classes for the I to 
IV return periods are 243, 475, 821, and 1303 years, respectively (rounded to a whole 
number). The return periods calculated in such a way can be used to calculate the importance 
factors for other values of exponent k, as presented in Table 1. 

Table 1 Importance factors (γI) calculated for return periods that correspond to the recommended values of 
importance factors and different values of exponent factor k 

TL k=1.5 k=2.0 k=2.5 k=3.0 k=4.0 
243 0.64 0.72 0.77 0.80 0.85 
475 1.00 1.00 1.00 1.00 1.00 
821 1.44 1.31 1.24 1.20 1.15 
1303 1.96 1.66 1.50 1.40 1.29 

 
The calculated results indicate that, in less seismically active regions, which correspond to 
smaller values of exponent k, larger values of importance factors are required for importance 
classes III and IV in order to preserve the same level of safety (expressed in return periods) 
as in areas with assumed seismicity represented by exponent factor of 3. On the other hand, 
in areas of higher seismicity, lower values of importance factors can be used for the same 
level of safety of importance classes III and IV. 

 
Figure 1 Relationship between return periods and importance factors for different values of exponent factor k 

The calculation is also presented in Figure 1 (Dragojevic et al. 2022), where, for various 
values of exponent k, the relationship between the return period and the importance factor is 
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presented. The appearance of the rotating effect of the curves around the focal point of the 
importance factor equal to 1 suggests that less seismically active areas require more time to 
express their full earthquake potential compared to areas of higher seismic activity. For 
instance, in low seismicity areas represented by exponent k of 1.5, the importance factor of 
γI = 1.4 would correspond to the peak ground acceleration for a return period of 787 years 
instead of 1303 years. Therefore, keeping the recommended importance factor in less 
seismically active areas represented by an exponent factor lower than 3 would lead to 
underestimation of the design forces for structures of importance classes III and IV, i.e., it 
would be as if we have used the acceleration values from the seismic hazard map for a return 
period of 787 years, instead of 1303 years. The inverse effect is presented for importance 
factor of γI = 0.8; however, the difference is not so prominent, and this importance factor is 
related to structures of minor importance for the public safety. 

2.1 Calculation of exponent factor K from EFEHR data 

Data for the calculation for the ESHM 13 model have been downloaded from the EFEHR 
website (www.efehr.org) using the provided MATLAB script. The requested data 
correspond to rock conditions (vs, 30 > 800 m/s), arithmetic mean aggregation level, and peak 
ground acceleration consistent with the EN 1998-1 requirements for hazard maps. 
Calculation of k exponents for each downloaded calculation point is discussed in detail in 
Dragojevic et al. (2022). Here it will be briefly noted that hazard results are converted from 
probability of exceedance in 50 years to annual rates of exceedance and approximation is 
performed on the points that fall between return periods not less than 70 years not greater 
than 5000 years. For each calculation geographic location, the total number of data points of 
the hazard curve varies between 3 and 14. Seismically active areas include less points, and 
vice versa, the less seismically active areas include more points. Considering the validity of 
the used minimum end year regarding the maximum year covered by the importance factor 
of 1.4, it can be concluded that all points take into account minimum and maximum return 
periods represented by reference values of importance factors and exponent k. i.e., selected 
points are well below 243 years that correspond to γI = 0.8 (importance class I), and greater 
than 1303 years, corresponding to the recurrence period bonded to the importance factor of 
γI = 1.4 (importance class IV), i.e., the selection is relevant for approximation.  

3 Results and analysis 

The calculated results for exponent k for the arithmetic mean values of PGA related to 
ground type A are presented in Figure 2. Unlike the statement made in EN 1998-1/article 
2.1(4) that for most sites, exponent k is generally of the order of 3, the results indicate that 
the value of exponent factor k of 3 is rather an exception than an expected value. The value 
of exponent factor of the order near 3, but still lower than 3, is expected only in the wider 
Vrancea region, originating from the Vrancea intermediate seismic zone. For the seismically 
active parts of the Mediterranean and Iceland, exponent k is of the order of 2.5. At the same 
time, for the north and north western Balkan Peninsula, it is of the order of 2. For the Iberian 
Peninsula, its values vary between 1.2 and 2.2. There is a general trend of decreasing values 
of exponent k in the continental part of Europe with the increase of latitude. Western 
Scandinavia has values of exponent k exceeding 1.5, reaching even the value of 2 at some 
points. In contrast, in eastern Scandinavia, the values fall below 1. The lowest k values of 
the order of 0.5 have been calculated for the south-eastern border zone between Russia and 
Finland. 
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Figure 2 Distribution map of Exponent k – arithmetic mean values for the PGA hazard and soil type A 

Calculated values of importance factors γI for importance classes I, III and IV are presented 
on Figure 3 (importance factor for importance class II is equal to 1). It should be noted that 
extreme values of importance factors given in Figure 3 and coloured in dark red colour 
correspond to areas with very low seismic hazard where seismic design is not mandatory 
according to EN 1998-1 (acceleration is smaller than 0.04g – article 3.2.1(5)P). 

 
Figure 3 Distribution map with values of importance factors γI for importance classes I, III and IV 

For the purpose of further analysis, calculated values of exponent k and importance factors 
are grouped into ranges of corresponding PGA values for 475 years return period with a step 
of 0.04g, except for the first step where points with values lower than 0.02g are neglected 
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due to low hazard values that are of no interest for design of structures. This range of 0.02g-
0.04g is kept for the purpose of comparison with other ranges. For each range of datapoints 
with given PGA values, the mean value and the standard deviation is calculated and the 
values are presented in Table 2. 
Table 2 Mean value and standard deviation of exponent k and importance factors for importance classes I, III 

and IV for given range of PGA values 

PGA for 475 y.r.p. exponent k γI,1 γI,3 γI,4 

Min Max mean k st. dev. mean st. dev. mean st. dev. mean st. dev. 
0.02 0.04 1.59 0.27 0.65 0.09 1.43 0.09 1.94 0.09 
0.04 0.08 1.73 0.27 0.67 0.07 1.38 0.07 1.83 0.07 
0.08 0.12 1.94 0.24 0.71 0.04 1.33 0.04 1.70 0.04 
0.12 0.16 2.06 0.25 0.72 0.04 1.31 0.04 1.65 0.04 
0.16 0.20 2.12 0.27 0.73 0.04 1.30 0.04 1.62 0.04 
0.20 0.24 2.20 0.18 0.74 0.03 1.28 0.03 1.59 0.03 
0.24 0.28 2.25 0.24 0.74 0.03 1.28 0.03 1.57 0.03 
0.28 0.32 2.26 0.15 0.74 0.02 1.28 0.02 1.57 0.02 
0.32 0.36 2.26 0.18 0.74 0.02 1.28 0.02 1.57 0.02 
0.36 0.40 2.31 0.19 0.75 0.03 1.27 0.03 1.55 0.03 
0.40 0.44 2.30 0.13 0.75 0.02 1.27 0.02 1.55 0.02 
0.44 0.48 2.35 0.14 0.75 0.02 1.26 0.02 1.54 0.02 
0.48 0.52 2.32 0.18 0.75 0.02 1.27 0.02 1.55 0.02 
0.52 0.56 2.30 0.17 0.75 0.02 1.27 0.02 1.55 0.02 
0.56 0.60 2.30 0.16 0.75 0.02 1.27 0.02 1.55 0.02 
0.60 0.64 2.35 0.07 0.75 0.01 1.26 0.01 1.54 0.01 

 
Values given in the Table 2 are also presented on Figure 4. Obtained results indicate that 
there is observable trend between exponent k and PGA acceleration values. The values of 
exponent k are lowest in the areas where seismic hazard is lowest (mean value is 1.59 for 
PGA range between 0.02g and 0.04g) and rise with increasing seismic hazard presented as 
PGA up to the range of 0.24g-0.28g where more-less stabilizes and fluctuates around values 
of 2.3 with increasing seismic hazard. The same correlation is true for standard deviation of 
the exponent k. 
The values of importance factors for importance classes I, III and IV follow the behaviour 
of the exponent k, but due to the exponential relationship between them, the variability of 
data is smaller as presented with lower values of standard deviation. For importance class I 
variability of importance factor is very small and is ranging from 0.65 for low seismic hazard 
areas to 0.75 for high seismic hazard areas. For importance classes III and IV values range 
from 1.43-1.26 and 1.94-1.54 correspondingly. Considering standard deviation of 
importance factors, due to exponential relationship between exponent k and importance 
factors, standard deviation is considerably lower in importance factors than in the exponent 
k values. Standard deviation decreases as PGA values increases. 
This study also shows that characteristics of seismicity of some regions are of such nature 
that it takes longer return periods to express non negligible earthquake potential, while for 
reference return period of 475 years the acceleration values can be considered negligible. 
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On Figure 5 are presented areas where values of peak ground acceleration for 475 years 
return period were lower than 0.04g, but when multiplied with calculated value of 
importance factor for importance class IV multiplied values are larger than 0.04g. 
Considering criteria for very low seismicity and recommended value of importance factor 
for importance class IV of 1.4, the recommended criteria is 0.056g (0.04g multiplied by 1.4), 
while values of acceleration given on Figure 5 show that there is non negligible areas with 
acceleration as high as 0.08g.  

 
Figure 4 Dependence of values of exponent k and importance factors on PGA 

 
Figure 5 Areas with peak ground acceleration lower than 0.04g, but when multiplied with calculated 

importance factor for importance class IV, product is larger than 0.04g 
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3.1 Comparison with national studies 

To some extent, the values of exponent k that govern the values of importance factors are 
available for comparison from various national studies of seismic hazard that are a good 
source for cross-validation of the results.  
Considering the most active seismic zone in Europe (based on the SHARE study results 
(Deliverable 2.7) – the Vrancea intermediate depth seismic zone, national studies of 
exponent k known to authors are available for Romania and Bulgaria.  
The seismic hazard analysis for Romania (Pavel et al. 2016) deals with this topic in some 
detail. It provides separate figures for exponent k for the national and SHARE studies. For 
the national study, the determination range of exponent k is between 30 and 2475 years, 
which is somewhat different from the SHARE study, but not in a way that could compromise 
the comparison of the results. The article demonstrated that, in the SHARE study, the total 
territorial coverage with maximum exponent k due to the Vrancea source zone is much 
smaller than in the national study. 
The seismic hazard study of Bulgaria (Solakov 2009) shows values of exponent k ranging 
from 1.6 to 4.8, the latter being controlled by the Vrancea intermediate seismic hazard zone. 
The maximum values of exponent k obtained in the national study are much higher than 
those in the SHARE study (Deliverable 2.7), particularly in northern Bulgaria, where the 
values of exponent k are approximately 2.2. The high values of exponent k in the national 
study also cover a significant part of the northern border zone of Romania.  
For Italy, the seismically active country that should be representative of the recommended 
value of exponent k given in the EN 1998-1, interactive results on seismic hazard are 
available online via the INGV service (http://esse1-gis.mi.ingv.it/), which can be used for 
the determination of exponent k. For the 50% percentile and available range of data that 
correspond to return periods between 30 and 2500 years, the values of exponent k in the 
areas of the highest hazard are of the order of 2.5, which is similar to the results of this study. 
Considering Table 1, the difference between the importance factors for categories III and IV 
is 3% and 7%. Also, according to Bursi et al. (2016), for the seismic zone in Sicily, the 
estimated value of exponent k equals 2. 
In his work, Schmitt (2020) partially addresses the topic of exponent k and notes that, for 
Germany, the evaluations of exponent k indicate that, for many seismic regions, the values 
are lower than 3. Further, the author presents the hazard curves for the cities of Heilbronn 
and Karlsruhe with the remark that exponent k of 2 instead of 3 would be suitable for the 
city of Karlsruhe. 
Considering the values of importance factors, for instance, in the Norwegian National Annex 
for EN 1998-1 (EN 1998–1:2004+A1:2013+NA:2014, Norwegian National Annex for EN 
1998–1), the adopted values of importance factors of 0.7, 1.0, 1.4, and 2.0 correspond to the 
value of exponent k of approximately 1.5, which is in good correlation with the results of 
this study based on the SHARE project data. Sweden has not yet issued a national annex for 
EN 1998-1. However, in the study (Larsson and Magnusson 2017), exponent k has been 
calculated for the city of Lund, for which a value of 1.4 has been obtained, similar to the 
results of this study.  

4. Discussion 

In the process of implementation of EN 1998-1 standards on a national level, one of the tasks 
is to define nationally defined importance factors. As presented in this study, importance 
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factors are linked to the exponent k via Equation 2, that is inherently linked to the seismic 
hazard results (annual probability of exceedance curve). EN 1998-1 predefines value of the 
exponent k to 3 and corresponding importance factors to 0.8, 1, 1.2 and 1.4 for importance 
classes I to IV. Following the previously stated, these values correspond to peak ground 
acceleration ratios of the return periods of 243, 475, 821 and 1303 years for reference return 
period recommended to be 475 years.  
To preserve the same level of safety as the recommended in the EN 1998-1, in cases where 
values of the exponent k differ from 3, importance factors should be proportionally scaled 
(with Equation 2) to match the difference between the local seismic activity and the 
recommended one expressed through the exponent factor k at a given point. This process 
corresponds to as reading seismic hazard results from maps with predefined return periods 
stated in the previous paragraph. 
Based on the results of this study, as well as in the other studies (Deliverable 2.7; Pavel et 
al. 2016; Solakov 2009; NS-EN 2014; Lubkowski 2010; Schmitt 2020; Bursi et al. 2016; 
Weatherill et al. 2013), a conclusion is drawn that for majority of active seismic regions of 
the European continent the value of exponent k is lower than 3 which is the EN 1998-1 
reference. This implies that the reference value of the exponent k given in EN 1998-1 should 
be revised since this value correspond to very few regions in Europe. Based on the results of 
this study, although individual values of the exponent k can be somewhat below 3 (for the 
Vrancea seismic zone), but still lower than 3, for majority of seismically active regions in 
wider European area, i.e. the mean value of the exponent k is ~2.3. This value corresponds 
to importance factors of 0.75, 1, 1.27 and 1.55. 
Furthermore, with the current reference value of the exponent k, values of importance factors 
in national annexes should be properly scaled to match the corresponding seismic activity. 
To our best knowledge, only Norway has implemented this in their national annex, with 
values of importance factors that are in good agreement with the results of this study. It is 
questionable why majority of European countries have not taken this in consideration. This 
is especially important for the countries with lower seismic hazard represented with values 
of PGA for 475 years return period lower than 0.2g where, according to the results of this 
study, the difference between recommended importance factors and calculated is largest and 
can be underestimated by 15% for importance class III and 40% for importance class IV. 
Another question arises on the definition of very low seismicity where provisions of EN 
1998-1 need not to be applied. Results of this study (Figure 5) shows that there are non 
negligible areas where peak ground acceleration for reference return period can be smaller 
than prescribed no seismic design criteria (0.04g, i.e., 0.056g for importance class IV), but 
when multiplied with calculated importance factor for importance class IV, values of 
acceleration can be as high as 0.08g. These values of acceleration are further subjected to 
soil factor amplification, that can yield significant acceleration values for structures that 
ought to be neglected for seismic design at the first place. Perhaps no seismic design criteria 
should take into account the importance class of buildings as well. 
Considering the territory of a country, and the variability of importance factors given in 
Table 2 and Figures 2-4, for many European countries a single value of exponent k can rarely 
be ascribed to the whole national territory with fair accuracy. At best, it is more likely that 
several values must be ascribed to different parts of the national territory, which can be 
accomplished by applying different values of the exponent k and thus importance factors to 
different seismic zones. It should be noted that previously stated is based on the results of 
this study which is based on the “SHARE” project data which are aimed to represent general 
seismicity of the European wider area. This approach implies larger seismic zonation and 
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somewhat smoother seismicity. In that sense, national seismic hazard studies are expected 
to give larger variability of seismic hazard and perhaps different results.  
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Abstract: The design of seismic resistant structures according to the current design codes is 
based on satisfaction of the prescribed design criteria, related to the requirement for structural 
stiffness, resistance and ductility. Considering that steel moment resisting frames are 
displacement sensitive structures, damage limitation requirement or inter-storey drift 
sensitivity coefficient limitation, which takes in to account a second order effects, can be a 
relevant or most influential criteria for the design of this type of structures. In order to quantify 
the influence of displacement based criteria on the bearing capacity of the steel moment 
resisting frames, a multi-level design has been carried out in this paper. Three multi bay 
structures with different number of storey were designed for two ductility classes and three 
level of seismic hazard, according to requirement of EN 1998-1. Seismic behaviour of all 
designed structures was evaluate thru the nonlinear static analysis. Obtained results shows 
that the second-order effects are more pronounced at the higher structures, designed with a 
high class of ductility. The level of design seismic hazard does not affect the inter-storey drift 
sensitivity coefficient. Overstrength of the structure, due to satisfaction of displacement based 
criteria is not in line with the assumed behaviour factor at the beginning of the design process. 

Keywords: inter-storey drift, damage limitation, second order effects, over-strength 

1. Introduction 

The best way to dissipate seismic energy in steel structures is to use the high mechanical 
properties and ductility of structural steel as a material, by directing the inelastic effects and 
energy dissipation to specific zones, so called plastic hinges. The nonlinear behaviour of 
plastic hinges is defined by the nonlinear characteristics of the adopted cross sections 
exposed to internal forces, depending on the type of considered structural element. 
Steel moment resisting frames, which are quite flexible and sensitive to seismic action, 
undergo significant deformation by penetrating into a nonlinear range of behaviour. 
Therefore, for determination of seismic action effects, the influence of second-order effects 
(P-Δ effects) is necessary to be taken into account. In case of large displacements, the gravity 
loads can additionally affect the deformed configuration of the structure, increasing the 
internal forces and deformation, that can initiate a potential structural collapse. Second-order 
effects on tall structures have a significant impact and can be a relevant factor for their 
design, Neuss and Maison, (1984), Juan and Manuel (2014). Limitation of inter-storey drift 
sensitivity coefficient in the design codes, initiates the need to increase the lateral stiffness 
of the structure, which inevitably leads to increasing of structural over-strength. Damage 
limitation requirement, associated with the limitation of inter-storey drift for seismic action 
with larger probability of occurrence is another factor which can contribute to increasing of 
structural over-strength, Elghazouli (2005).  
Implication of deformation related requirements, given in the Eurocode 8, on the structural 
over-strength and therefore on the seismic design of the steel moment resisting frames are 
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well known and fairly well identified and analysed in a number of studies and researches in 
the past. Many of them point the necessity of the second-order effects assessment procedure 
modification into the next generation of Eurocodes, Landolfo (2018), Tartaglia et al. (2019). 

2. Eurocode 8 displacement based criteria 

Storey displacements, that occur in structure during seismic action, are important for the 
serviceability and stability of the structure and represent a key parameter for control of 
seismic design of structures, Elghazouli (2008). Eurocode 8, CEN (2004), specifies a two 
criteria related with displacements, namely, control of second order effects and limitation of 
inter-story drift. The first criterion is related to the ultimate limit state and it’s need to be 
verified for design seismic action with a lower probability of occurrence, while the second 
one is related to the damage limitation state, which should be satisfied for seismic action 
with a larger probability of occurrence. 

2.1. Second order effects 

According to current version of Eurocode 8, the second-order effects can be neglected when 
the inter-storey drift sensitivity coefficient θ is equal to or less than 0.1. For each storey this 
coefficient is defined as the ratio of the secondary effects due to the additional moments 
(product of total gravity load, at and above the considered storey, and design inter-storey 
drift) to the primary moment (product of total seismic storey shear and inter-storey height). 

𝜃𝜃 = 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡∙𝑑𝑑𝑟𝑟
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡∙ℎ

       (1) 

If the inter-storey drift sensitivity coefficient is in the range 0.1 ≤ θ ≤ 0.2, the second order 
effects may approximately be taken into account by multiplying the relevant seismic action 
effects by a factor equal to 1/(1- θ). The sensitivity coefficient according to Eurocode 8 is a 
function of the secant stiffness on each storey, i.e. it depends on the behaviour factor 
involved in the design. In contrast, in ASCE 7-16, ASCE (2017), the same coefficient is a 
function of the elastic lateral stiffness, making it independent of ductility. Hence, this main 
difference explains the greater sensitivity of the frames according to Eurocode 8 when 
checking stability, Landolfo et al. (2017). 

2.3. Damage limitation 

For the verification of the damage limitation state, Eurocode 8 restrict the inter-storey drifts in 
the structure according to relation (2), 

𝑑𝑑𝑟𝑟𝜈𝜈 ≤ 𝛼𝛼 ∙ ℎ      (2) 
where: dr is the design inter-storey drift; ν is the reduction factor which takes into account the 
lower return period of the seismic action associated with the damage limitation requirements 
(recommended values are 0.4 or 0.5, depending on the importance class of the building); α refers 
to the type of non-structural element (recommended value are 0.5% for non-structural elements 
of brittle material, 0.75% for ductile non-structural elements and 0.1% for non-structural 
elements that do not interface with structural deformations); h is the storey height. 

3. Description of analysed structures 

The analysed structures in this paper have a square shape in the plan with dimensions of 18.0m 
in the both directions. The three analysed structures have different number of storey (3, 6 and 10 
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storey). Storey height of all structures is equal at 3.0m, with the exception of the first floor, which 
is 4.0m high. The steel moment frames are placed at a distance of 6.0m in four system axes in 
both directions. Fig. 1 shows the plan of a typical floor of analysed structures and the adopted 
orientation of the cross sections of the vertical elements. 

 
Fig. 1 – Typical plan of analysed structures 

The structure of analysed buildings is composed of columns as the vertical structural elements 
and primary and secondary beams as the horizontal structural elements. In the six-storey and 
ten-storey structures, the columns have a variable cross-section in height. The primary beams of 
all structures are placed at a distance of 6.0m from each other, while the secondary beams are 
placed at a distance of 2.0m. The cross sections of all structural elements are selected as hot 
rolled steel sections, steel grade S355, which according to the different design parameters for the 
three analysed structures are presented in Table 1. 

Table 1. Adopted cross section of analysed structures 

Number of 
storey 

Type of element/Ductility class 
Secondary 

beam Primary beam Columns 

DCM/DCH DCM DCH DCM DCH 
Inner Outer Inner Outer 

3 IPE240 IPE300 HEB340 

6 

1-3 
floor IPE240 IPE330 IPE360 

HEM500-A HEB500/ 
HEB500-A HEM650-A HEM550/ 

HEM550-A 
4-6 

floor HEM450-A HEB450/ 
HEB450-A HEM550-A HEM500/ 

HEM500-A 

10 

1-5 
floor IPE240 IPE360R IPE400 

HEM700 HEM650/ 
HEM650-A HEM1000 HEM900/ 

HEM900-A 
6-10 
floor HEM650-A HEM600/ 

HEM600-A HEM900-A HEM800/ 
HEM800-A 

Mathematical modelling and analysis of structures was carried out using the software package 
SAP2000, Figure 2. Seismic design effects were obtained with a multimodal response spectrum 
analysis. Design spectrum was constructed for spectrum shape type 1, ground type C and for 
two ductility classes with behaviour factors equal to 4 for medium ductility class (DCM) and 6.5 
for ductility class high (DCH). All structures are analysed for three different levels of seismic 
hazard, with a design ground acceleration on type A ground equal to 0.12g, 0.24g and 0.36g. 
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Fig. 2 – Mathematical models of analysed structures 

Assessment of seismic performance of analysed structures was done with the nonlinear static 
analysis. The nonlinear characteristics of structural elements were modelled using lumped 
plasticity approach, by defining moment-curvature relationship for the adopted cross-
sections for each model, respectively. The influence of axial force is included through the 
standard M-N interaction diagrams. 

4. Analysis of the obtained results 

This section presents the results obtained from the performed seismic analysis and discuss the 
degree of influence of the displacement based criteria for adopted different design parameters. 
From the results presented below, the increase of the value of the sensitivity coefficient θ can be 
noticed with the increasing of the number of storeys of the analysed structures. There is also an 
increase in the coefficient θ in structures with adopted high ductility class (DCH) compared to 
those designed with medium ductility class (DCM). Figure 3 show the obtained maximal values 
for the inter-storey drift sensitivity coefficient in both directions for the 3-storey, 6-storey and 
10-storey structure.  

  
Fig. 3 - Maximal values for the inter-storey drift sensitivity coefficient 

The sensitivity coefficient is less than 0.1 only for a 3-storey structure designed for medium class 
of ductility (DCM). In case of DCH, the coefficient θ reaches values above 0.1 on the first floor, 
specifically 0.149 in the x direction and 0.154 in the y direction. The obtained results for the 6-
storey structure are with a noticeable increase of θ, especially expressed on the second floor 
where they are 0.174 in x direction and 0.19 in y direction for DCH. The 10-storey building has 
drastically increased values in contrast to the other structures, with sensitivity coefficient greater 
than 0.2 from the second to the fifth floor for DCH in both direction. Exceeding the value of the 
sensitivity coefficient above 0.2 for a 10-storey structure designed for a DCH imposes the need 
to apply nonlinear analysis or redesign the structure with increased dimensions of the cross 
sections. 
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In addition to the criteria for verification of second-order effects, as criteria that is controlled by 
displacement, verification of damage limitation limit state is also controlled. Non-structural 
elements are considered not to cooperate with structural deformations, hence the inter-storey 
drifts are limited to 1% h. Fig. 4 shows the maximal values of the obtained inter-storey drift for 
analysed structures as a function of the level of seismic hazard and ductility class. 

 
Fig. 4 - Maximal values for the inter-storey drift demand for damage limitation check 

Through the conducted nonlinear static analysis, the bearing capacity, distribution of plastic 
deformation, as well as over-strength of the designed structures are obtained. The design base 
shear for the three levels of seismic hazard, as well as the bearing capacities for the analysed 
structures, are summarized in Table 2. From the same, the over-strength of the structures, due to 
the satisfaction of the previous descripted displacement based criteria is quite evident. 

Table 2. Design seismic forces, load bearing capacity and over-strength of the analysed structures 

  
Total over-strength of the structures is considered as a two-part product. First part is design over-
strength, which represents the ratio between yield force and design seismic force (Fy/Fd), while 
the second part is redundancy over-strength (Fu/Fy) which taking into account the structural 
hardening and redistribution of seismic action effect after the first yield occur. Design over-
strength, due to the satisfaction of the deformation based criteria, strongly depend on the design 
ground acceleration, as well as on the selected ductility class. Structures designed with DCH, 
exhibit more than 60% higher design over-strength, compared with the structures designed with 
DCM. Redundancy over-strength does not depend on the adopted ductility class, and is greater 
than 1.5 in all analyzed structures.  

0.12g 0.24g 0.36g 0.12g 0.24g 0.36g

x-x 319.7 639.5 959.2 6.4 4.60 2.30 1.53 2.42

y-y 289.2 578.4 867.6 3.9 3.09 1.55 1.03 3.97

x-x 196.8 393.5 590.3 6.4 7.48 3.74 2.49 2.42

y-y 178.0 355.9 533.9 3.9 5.03 2.51 1.68 3.97

x-x 405.5 811.2 1216.7 11.9 5.02 2.51 1.67 2.25

y-y 398.0 763.6 1145.4 15.8 6.44 3.36 2.24 1.67

x-x 298.3 596.7 895.0 12.2 10.42 5.21 3.47 2.04

y-y 277.9 555.9 833.8 15.0 12.68 6.34 4.23 1.73

x-x 530.3 1060.5 1590.8 19.7 6.13 3.07 2.04 1.83

y-y 512.2 1024.3 1536.5 23.4 6.95 3.47 2.32 1.65

x-x 392.9 785.7 1178.6 18.8 9.79 4.89 3.26 1.90

y-y 393.9 786.5 1179.7 22.8 10.76 5.39 3.59 1.69

Fy / Fbd
Structure direction

Design base shear Fbd (kN)
Yield 

force Fy  

(kN) (with 
P-Δ 

Yield 
displacemen

t Δy (cm)

M3_DCH

M6_DCM

M6_DCH

M3_DCM
3557.9

3556.3

1471.3

894.9

3844.6 7299.2

4238.9 7144.2

M10_DCM

M10_DCH

3557.7 5884.3

Fu/Fy

6333.8

6094.1

3253.0 5956.1

3557.9

894.9 3556.3

2034.9

2562.3

4578.6

4275.0

1471.3

3107.4

3524.1

Ultimate 
lateral force 

Fu (kN) (with 
P-Δ efects)
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5. Conclusions 

The influence of second-order effects can be relevant criteria in determining the dimensions 
of structural elements in steel moment resisting frames. In the codes for design of seismic 
resistant structures, the influence of the second order effects is controlled indirectly, by 
determining the inter-storey drift sensitivity coefficient. This coefficient in EN1998-1 is in 
function of the secant stiffness and is closely related to the assumed behaviour factor. 
The damage limitation criterion, expressed through the control of inter-storey drifts, does 
not depend on the selected ductility class. Therefore, to meet this criterion, structures with 
medium and high ductility class should have the same lateral stiffness. Due to the fact that 
stiffness of steel frames is proportional to the load-bearing capacity of the cross-sections, 
this requirement leads to higher over-strength for higher values of the behaviour factor. 
Over-strength is further increased for lower values of the design ground acceleration. The 
level of design seismic action does not affect the sensitivity coefficient. Due to the linear 
approach to analysis, structures designed for different design ground accelerations have the 
same ratio between the design seismic force and the resulting displacements, leading to the 
independence of the required horizontal stiffness from the design seismic hazard level. 
Higher structures designed for high ductility class are more sensitive to second order effects, 
compared to structures designed for medium ductility class. Increased stiffness 
requirements, which arises from the prescribed values of the sensitivity coefficient for 
structures with high ductility class, may lead to the need for increased member cross 
sections. This can mean that structures designed with a high ductility class, i.e. with a higher 
behaviour factor, will have a greater capacity of lateral loads compared to structures 
designed for a medium ductility class, which is contrary with the established assumptions 
for design. This finding imposes the need for modification of the approach for verification 
of second-order effects as are defined in EN1998-1. 
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Abstract: Reinforced concrete (RC) shear walls are commonly used in mid- to high-rise 

buildings to share the lateral seismic forces and to control the inter-storey drift in RC building. 

The effect of proportioning of different lateral load structural systems i.e. frames and shear 

walls, in the two orthogonal directions of the building is investigated in the present study. RC 

buildings with different heights (number of storeys) are designed using the modern design 

codes and dynamic capacity of buildings is evaluated using bi-directional nonlinear 

incremental dynamic analysis. Seismic fragility analysis of each building is carried out to 
evaluate its seismic performance.  It is observed that the dual system buildings with frame-

shear wall in one direction and frame in the other direction, as the lateral load structural 

system, are more vulnerable than the bi-symmetric frame-shear wall dual system buildings. 

Also, the collapse probability of buildings, conditioned to a given level of hazard, is 

influenced by the building height, indicating that a period independent behaviour (response 

reduction) factor is not rational.   

 

Keywords: Seismic fragility, collapse capacity; modern design code; incremental dynamic analysis; RC 

buildings 

1. Introduction  

Seismic fragility analysis evaluates the probability of a building undergoing a particular level 

of damage at different intensity levels of earthquake. Each point on a fragility curve shows 

the cumulative probability of exceeding a specific damage state as a function of a parameter 

representing the severity of an earthquake. It serves as an important tool for estimating the 

seismic performance of buildings and developing guidelines for the acceptable performance 

of new buildings, and evaluation and retrofitting of existing buildings. For the development 

of fragility functions for different types of buildings, a number of approaches are available 

in literature (Calvi et al. 2006; Meslem and D’Ayala 2012; D’Ayala et al. 2014a; Yepes-

Estrada et al. 2016), which can broadly be classified into three generic groups: (i) empirical 

methods (ii) analytical methods and (iii) hybrid methods. Empirical methods of fragility 

assessment are based on post-earthquake damage observations and are considered to be the 

most realistic approach of seismic fragility assessment. These methods are mostly based on 

intensity scales as an intensity measure of ground-motion severity. However, analytical 

methods are much more preferred over empirical method for seismic fragility assessment 

due to lack of sufficient and reliable post-earthquake damage data report. These analytical 

methods include the methods based on non-linear static analysis of structures e.g. ‘Capacity 

Spectrum Method’ (CSM; ATC 40 1996; FEMA 440 2005; Rossetto et al. 2016), or methods 

based on non-linear dynamic analysis of structures e.g. ‘Incremental Dynamic Analysis’ 

1164
3ECEES, September 2022, Bucharest, Romania

mailto:hvarum@fe.up.pt


(IDA; Shome and Cornell 1999; Vamvatsikos and Cornell 2002) and ‘Multiple Stripe 

Analysis’ (MSA; Koopaee et al. 2017). 

The technique of IDA for seismic performance evaluation and fragility analysis has been 

quite popular in the past two decades. However, the use of IDA in the past studies, is mostly 

limited to performance evaluation of RC moment frame buildings (Emami and Halabian 

2016). Shear walls are most commonly used in RC buildings along with frame members, to 

resist the lateral loads. The addition of shear wall in a frame provides increased stiffness and 

strength, thereby reducing the excessive inter-storey drift deformations. It has been observed 

in the past earthquakes that the addition of shear walls in buildings, reduces its vulnerability 

to damage and collapse (Almazan 2010, Fintel 1995, Doğangün 2004, Riddell et al.  1997, 

Westenenk et al. 2013). In a frame-shear wall building, lateral load is shared by both frame 

and shear wall in accordance with its relative stiffness and strength. Very few studies in the 

past have been carried out to evaluate the seismic performance of frame-shear wall buildings 

using IDA (Shafei et al. 2011, Tang and Zhang 2011, Aly et al. 2017, Emami AR and 

Halabian AM 2017, Gwalani et al. 2021). 

The objective of the present study is to evaluate the seismic performance of RC dual system 

(frame-shear wall) buildings designed using modern codes, in regions of high seismicity. 

Two archetype dual system buildings utilizing planar RC shear walls and moment frames, 

as the lateral load structural system, are designed according to the provisions of the latest 

Indian seismic design codes (IS 1893 Part 1 2016, IS 13920 2016), which are at par with 

other current national codes. Each archetype dual system building consists of 8-, 12- and 15-

storeys. The seismic collapse probabilities of considered three-dimensional (3D) building 

models are evaluated using bi-directional IDA. The assessment of seismic fragility and 

collapse margin ratio (CMR) for the considered building models is performed following the 

provisions of FEMA P695 methodology (FEMA 2009).  

 

2. Building archetype and design  

The plan is a generic representative of buildings with the length and width chosen from the 

observed plan dimensions in the field surveys conducted in the ‘NOIDA’ region, a township 

in the National Capital Region (NCR) of India (DEQ 2009). The heights of the considered 

buildings are 8-, 12- and 15-storeys, representing the low- and mid-rise dual system building 

infrastructure in India. The storey height of the buildings is set constant to 3.30 m and plinth 

level at 1.50 m. Two dual system building models with the same floor plan but different 

arrangement of shear walls in the two directions, as shown in Fig. 1 are considered. One of 

the dual system buildings (denoted as DS1) is configured to have shear walls in both the 

directions, while the other dual system building (denoted as DS2) has shear walls provided 

in one direction alone. The building DS1 is configured such that the frame in each orthogonal 

direction carries a minimum of 25% of the design base shear, while in building DS2, the 

frame carries the full design base shear force in one direction (without shear walls) and a 

minimum of 25% of the total base shear in the other direction having shear walls. 

Three-dimensional (3D) structural models of the considered buildings are developed in the 

integrated building analysis and design software ETABS 2018 (CSI 2018). Beams and 

columns are modelled using frame elements, while the slabs are modelled as rigid 

diaphragms. Shear walls are modelled as an equivalent column at the centroid of the wall 

section using the wide-column analogy. The finite size joint correction for beam-column and 

beam-shear wall joints is also considered in 3D modelling of buildings. The cracked section 

properties of RC beams and columns are considered according to the ASCE 41-17 (2017) 

guidelines. In case of beams, the effective section rigidity is considered as 30% of the gross 

section rigidity, whereas in case of columns, the effective section rigidity is considered as 
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30-70% of the gross section rigidity, depending on axial force ratio. For shear walls, the 

effective section rigidity is considered as 35% of the gross section rigidity. Dead loads and 

live loads on the buildings are considered according to IS 875 Part 1 (1987a) and IS 875 Part 

2 (1987b), respectively. Concrete and steel with the characteristic (95 percentile) strength of 

40 MPa and 500 MPa respectively, are considered as the representative of typical 

construction material used in the Indian region. The P-delta effect is considered in the 

analysis and the design. The buildings are ductile (special moment resisting frame) buildings 

designed for gravity and earthquake forces according to the Indian standards IS 456 (2000), 

IS 1893 Part 1 (2016), and IS 13920 (2016) for Seismic Zone V on Soil Type I (rock/hard 

soil). Mode-superposition (response spectrum) method is used for the seismic design of the 

buildings with a response reduction (behaviour) factor of 5 (for ductile RC dual system 

buildings) according to IS 1893 Part 1 (2016) guidelines. The period of the vibration of the 

building in the two orthogonal directions and the corresponding design base shear 

coefficients are shown in Table 1. The reinforcement in the beam and columns is maintained 

in the range of 0.2 - 1.50 % and 0.8 - 3.5 %, respectively. The planar shear wall is designed 

and detailed using the ductile detailing provisions of IS 13920 (2016). The vertical 

reinforcement in shear walls is provided in the range of 0.25 - 1.50 %. Adequate horizontal 

reinforcement is provided to avoid brittle shear failure and boundary elements are confined. 

The estimated member sizes for each building are presented in Table 2. 

 

Fig. 1 – Plan view of typical storey in the considered dual system building models 

 

Table 1. Design properties of the building models 

Building 

model 

Storey 

Level 

Period of vibration  

(T ) (in sec) 

Design base shear 

coefficient 

 (V/W) 

X Y X Y 

8DS1 
8-storey 

2.08 2.08 0.060 0.060 

8DS2 2.76 2.08 0.060 0.060 

12DS1 
12-storey 

3.13 3.13 0.044 0.044 

12DS2 3.81 3.09 0.044 0.044 

15DS1 
15-storey 

3.87 3.87 0.037 0.037 

15DS2 4.76 3.87 0.037 0.037 
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2.1 Nonlinear modelling and analysis  

Lumped plasticity model is used to model the flexural behaviour of the structural members.  

In beams, uniaxial moment (M3) plastic hinges are assigned at both ends. The backbone 

(moment-rotation) curve parameters for the uniaxial plastic moment hinges are obtained 

using ASCE 41-17 (2017) guidelines. The backbone curve parameters recommended in 

ASCE 41-17 guidelines are based on cyclic test envelopes and these parameters inherently 

include the strength degradation effects. On the other hand, the degradation of stiffness and 

energy dissipation capacity is modelled explicitly using an energy-based degrading 

hysteresis model in ETABS 2018 (CSI 2018). The details of calibration of the hysteresis 

model are available in Surana et al. (2018). It is important to be noted that in the backbone 

curves defined be ASCE 41, the post-capping strength drop occurs suddenly, however, such 

sudden drops are highly unrealistic and cause numerical instability problems in solution 

algorithm. Therefore, a gradual reduction in strength as recommended in PEER ATC 72-1 

(2010) and FEMA P58 (2012), has been used in the present numerical investigations. 

Table 2. Member sizes of the designed buildings 

Building 

model 
Beams Columns 

Design base shear coefficient 

 (V/W) 

X Y 

8DS1 300 x 400 350 × 350 / 300 × 300a 3000 × 200 3000 × 200 

8DS2 300 x 400 350 × 350 / 300 × 300a - 3000 × 200 

12DS1 300 x 400 400 × 400 / 350 × 350b 3000 × 250 3000 × 250 

12DS2 300 x 400 400 × 400 - 3000 × 250 

15DS1 
300 x 400 450 × 450 / 400 × 400c / 350 × 

350d 
3000 × 300 3000 × 300 

15DS2 300 x 400 450 × 450 / 400 × 400d - 3000 × 300 

Note: All dimensions are in mm. 
a Reduced column size in the upper four storeys, in 8-storey buildings. 
b Reduced column size in the upper six storeys, in 12-storey buildings. 
c Reduced column size in the storey levels 4,5,6, and 7, in 15-storey buildings. 
b Reduced column size in the upper eight storeys, in 15-storey buildings. 

 

Fibre-hinge lumped plasticity is used to model the nonlinearity in columns and shear-walls. 

A fibre-hinge is assigned at the two ends of the columns, at a distance equal to half the plastic 

hinge length measured from the face of the adjoining member. In case of shear walls, a fibre-

hinge is assigned at the base of the shear wall near the ground at the distance equal to half 

the plastic hinge length measured from the base. The cross-section at each fibre-hinge is 

discretised into fibres, each representing either confined concrete, unconfined concrete or 

reinforcing steel bar. Plastic hinge length for both columns and shear walls is taken as half 

of the maximum horizontal dimension of the member. The stress-strain relationship for 

confined and unconfined concrete is defined using Mander’s model (Mander et al. 1988). 

The stress-strain curve of the steel reinforcing bar is a trilinear elastoplastic model that 

considers strain-hardening. The cyclic degradation in the material properties is modelled 

using energy-based concrete and degrading hysteresis model for concrete and reinforcing 

steel, respectively (CSI 2018). The parameters for this hysteresis model have been calibrated 

with the experimental results, in earlier studies by the authors on columns (Gwalani et al. 

2021a) and on shear walls (Gwalani et al. 2021b). The same parameters are used in the 

present study.  

3. Nonlinear analysis  

The objective of the present study is to evaluate seismic collapse capacity and performance 

of RC dual system buildings. In order to investigate the dynamic capacity of the considered 
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building models, bi-directional incremental dynamic analyses (IDA) are performed. In the 

IDA, the actual earthquake ground-motion records are incrementally scaled in amplitude and 

applied to the structure till the structure collapses. IDA is conducted using the suite of 22 

far-field recorded ground-motions, as identified in the FEMA P695 (2009) project. To scale 

the bi-directional ground motion records, geometric mean of the chosen IM of individual 

components has been used. The IM used to scale the records is chosen as Sa,avg (0.2T-3T, 

5%) that represents the geometric mean of the 5% damped elastic spectral accelerations of 

the ground motion in the period range of  0.2T - 3T, where T is the period of vibration of the 

building. The use of Sa,avg (0.2T-3T, 5%) is preferred over other traditional IMs (like PGA, 

Sd(T), Sa (T)) because it considers the effect of higher modes and period elongation during 

nonlinear time history analyses. As the building models, DS2, have different periods in the 

two principal directions, the arithmetic mean of the periods in the fundamental translational 

modes in the two orthogonal directions has been used for computation of IM Sa,avg (0.2T-3T, 

5%), according to the guidelines of FEMA P58 (2012). The collapse has been defined as the 

point where a slight increment in the chosen IM, causes a large increase in damage measure 

(DM). In the present study, maximum inter-storey drift (max) obtained throughout the 

building height is considered as the damage measure (DM). A Rayleigh damping of 5% is 

assigned at periods corresponding to the fundamental mode and the mode resulting in a total 

of 90% cumulative mass participation in both the directions.  

The seismic fragility analysis of the buildings is carried out using the FEMA P695 

methodology (FEMA 2009). In the present study, the median collapse capacity (Sa,avg (C)) 

and record-to-record variability (RTR) are obtained from IDA for computing the probability 

of collapse of buildings. The estimate for modelling uncertainty (M) is obtained from the 

literature (Liel et al. 2009) and the total variability is computed as the sum of square root of 

modelling variability (M) and record-to-record variability (RTR). The collapse margin ratio 

of each building is computed as the ratio of median collapse capacity (Sa,avg (C), obtained 

from IDA) to the seismic demand on the building (Sa,avg (D)) corresponding to MCE (2% 

exceedance in 50 years or average return period of 2475 years). In order to compute the 

seismic demand of the building, a site in ‘Shillong’ region of India (seismic zone V) is 

considered. Probabilistic seismic hazard analysis (PSHA) is carried out for the site to 

compute the site-specific uniform hazard spectrum (UHS) using the open source seismic 

hazard and risk analysis tool OpenQuake (Silva et al. 2014). The source models of Indian 

region developed by Nath and Thingbaijam (2012) and already implemented in OpenQuake 

(Ackerley 2020) is used for hazard analysis. Conditional mean spectrum (CMS) (Baker 

2011) is obtained for each building model from the UHS. Disaggregation is carried out to 

compute the controlling magnitude-distance (M-R) pair and ‘ ’ at the corresponding 

conditioning periods of 2 s (for 8DS1), 2.5 s (for 8DS2), 3.0 s (for 12DS1), 3.5 s (for 12DS2), 

4 s (for 15DS1) and 4.5 s (for 15DS2) building. The value of ‘ ’ at other periods is obtained 

from cross-correlation coefficients recommended by Baker and Jayaram (2008). The value 

of seismic demand in terms of Sa,avg (0.2T-3T) is then computed indirectly from the CMS of 

each building. Fig. 2 shows the computed CMS for the considered buildings at the MCE 

level. 

4. Results and discussion  

Figure 3 shows the IDA curves for the 8-, 12- and 15-storey dual system buildings, 

considered in the present study. These IDA curves represent the plot of IM, Sa,avg (0.2T-3T, 

5%) versus the maximum inter-storey drift ratio (max). The blue horizontal line in these 

curves shows the median collapse capacity of the building, which is the spectral intensity, at 

which half of the selected ground-motions caused the structure to collapse. Table 3 presents 

the CMR obtained for the building models investigated in the present study. It can be 
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observed that the obtained CMR are on significantly higher side when compared with 

acceptable CMR (2.09) as recommended in FEMA P695 corresponding to 10% collapse 

probability. It is interesting to note that the collapse capacity of the dual system building 

reduces as the height (number of storey) of the building or the period of vibration increases 

for both the dual system building archetypes. However, a similar trend is not observed in 

case of the CMR of the buildings. The CMR of the 12-storey dual system building is less 

than that of the 8-storey building, while that of 15-storey building is more than that of the 

12-storey building. It can be due to the shape of the UHS curve. From Fig. 2, it can be seen 

that the demand at periods above 3.5 s is reduced considerably compared to shorter periods. 

Hence, the CMR of the 15-storey is higher than that of 12-storey building in spite of its 

capacity being lower than the 12-storey building. A slight reduction (less than 25%) is seen 

in the collapse capacity and CMR of buildings with shear walls oriented in one direction 

(DS2) alone compared to the bi-symmetric frame-shear wall building (DS1). This can be 

attributed to the different structural system resisting the lateral load in the two orthogonal 

directions (frame in one direction and frame-shear wall in other direction). 

 

 

Fig. 2 – Conditional mean spectra at the selected site, for the considered building models 

Table 3. Collapse margin ratio and collapse probability of the building models 

Building 

model 

Median 

seismic 

capacity 

(Sa,avg)C in g 

Seismic 

demand 

(Sa,avg)D in 

g 

Collapse 

margin 

ratio 

(CMR) 

Record-

to-record 

variability 

(RTR) 

Probability 

of collapse 

at MCE 

8DS1 0.29 0.07 3.92 0.20 1 

8DS2 0.22 0.08 2.75 0.23 4 

12DS1 0.15 0.05 2.88 0.27 3 

12DS2 0.12 0.05 2.52 0.23 5 

15DS1 0.11 0.03 3.67 0.26 1 

15DS2 0.09 0.03 3.00 0.25 3 
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Fig. 3 – Dynamic capacity (IDA) curves of the considered building models 

The fragility curves of the considered building models are shown in Fig. 4. The fragility 

curve, in the present study, is presented as the plot of the probability of collapse P[C|Sa,avg] 

of the buildings with the normalized IM. The IM Sa,avg in the present case is normalised with 

respect to the seismic demand at MCE (Sa,avg MCE) in order to allow a direct comparison of 

the fragility curves of different buildings with different period of vibration. The probability 

of collapse of the considered buildings corresponding to MCE level hazard is presented in 

Table 3. It is observed that the collapse probability follows the trend of CMR with the 

probability of collapse for the 8-storey and 15-storey building being almost equal and that 

for the 12-storey dual system building being the highest. For all building heights, the 

probability of collapse of buildings with shear walls oriented in one direction (DS2) alone is 

slightly higher than its bi-symmetric counterpart frame-shear wall building (DS1). It is 

interesting to note that the probability of collapse of each building is well within the 

acceptable range of collapse probability (10%) suggested by FEMA P695 (2009).     

 

Fig. 4 – Seismic fragility curves of the considered building models 
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5. Conclusions 

The seismic collapse performance and fragility of RC dual system buildings consisting of 

frames and shear walls designed according to the modern design code provisions, using a 

response reduction (behaviour factor) of 5, has been evaluated. The low- and mid-rise RC 

frame-shear wall buildings have been designed considering them to be located in the highest 

seismic zone (Zone V) of the Indian region. The performance has been evaluated by carrying 

out bi-directional incremental dynamic analyses. Comparison of collapse capacity of 

different building models shows that there is reduction in the seismic collapse capacity of 

the buildings with the increase in height (and hence in period of vibration) of the considered 

buildings, whereas a clear pattern has not been observed in case of CMR and the collapse 

probability. However, the performance of dual system buildings in which all the shear walls 

are aligned along one direction, is reduced than the corresponding bi-symmetric frame-shear 

wall buildings in all the considered cases.  
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Abstract: In the framework of the project ‘Geo information for Urban 

Planning and Adaptation to Climate Change’, a technical cooperation of the 

Geological Survey of Bangladesh (GSB) and the Federal Institute for 

Geosciences and Natural Resources (BGR) of Germany, a probabilistic 

seismic hazard assessment (PSHA) is performed for Bangladesh. In regional 

PSHA, the engineering bedrock is assumed as underground condition (Vs30  ≥ 

760 m/s). Input databases are selected from the literature, evaluated and 

modified to be used in the PSHA. The results of the regional PSHA are 

presented as peak ground acceleration (PGA) maps with 10% and 2% 

exceedance probabilities in 50 years. Site amplification is implemented into 

the regional PGA map to produce the local PGA map in the selected project 

areas (the example of Kushtia is shown here). The site amplification is 

estimated by means of empirical relationships as a function of Vs30 and 

regional PGA.  The seismic hazard results are compared with the seismic 

design PGA of the Bangladesh National Building Code (BNBC) for the 

project area Kushtia. From our study for Kushtia, the regional PGA on 

bedrock is 0.35 g with 2% exceedance probability in 50 years and the 

corresponding site amplification is 1.35 compared to 0.2 g and 1.15, 

respectively, from BNBC. The differences between this study and seismic 

design code are investigated in detail. 

Keywords: PGA map, Site amplification, Seismic design code 

1. Introduction 

A large part of Bangladesh is located in one of the most earthquake-prone regions of the 

world. The Indian plate moves north-eastward towards the Eurasian plate with a velocity of 

about 6 cm/year. This motion leads to thrusting to the north (Himalayas) and subduction to 

the east. These thrusting and subduction processes have caused large historical earthquakes 

inside Bangladesh (e.g. 1885 M7 Bengal Earthquake and 1918 M7.6 Srimangal Earthquake; 

CDMP, 2009). Therefore, it is crucial to assess the seismic hazard for urban planning 

activities in Bangladesh. Figure 1 displays the tectonic situation of the region. 
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Fig. 1- Tectonic situation of Bangladesh and the surroundings. Bangladesh is located inside the red rectangle. 

Thrusting to the north and subduction to the east of Bangladesh are expected due to the north-eastward 

motion of the Indian plate towards the Eurasian plate (Adopted from CDMP, 2009) 

This paper includes the methodology, input data, procedures and the results of the seismic 

hazard assessment for Bangladesh in the framework of the project “Geo information for 

Urban Planning and Adaptation to Climate Change” 

(https://www.bgr.bund.de/EN/Themen/Zusammenarbeit/TechnZusammenarb/Projekte/Lau

fend/Asien/2043_2016-2062-4_Bangladesch_Geoinformationen_Stadtplanung_en.html). 

The main aim of this project is to provide the city planners with a “Ground Suitability Map”, 

which consists of different geo-factors. Seismic hazard is one of these geo-factors.  

2. Input data and methods 

The databases required for the seismic hazard assessment are collected from literature, 

international projects and the project counterpart (GSB). They have been reviewed and 

evaluated extensively by Azari Sisi et al. (2021) in the framework of this project. As a result 

of this evaluation process, some databases are selected from the literature (e.g. the 

earthquake catalog). However, some of the databases (e.g. areal seismic sources) are 

determined and developed in this study. 

2.1. Earthquake catalog 

The earthquake catalog is a significant requirement in seismic hazard assessment to estimate 

the spatial distribution and magnitude recurrence models of seismic sources. The earthquake 

catalog of Kolathyar and Sitharam (2012) is selected in this study. The magnitude scale of 

this catalog is uniform in terms of moment magnitude. The catalog was declustered, i.e. 

duplicated earthquakes as well as aftershocks and foreshocks were removed from the 

earthquake catalog to obtain a reliable magnitude recurrence distribution, using the approach 

of Gardner and Knopoff (1974). The declustered earthquake catalog is shown in Figure 2. 
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Fig. 2- Distribution of epicenters of the declustered earthquake catalog of Kolathyar and Sitharam (2012) in 

and around Bangladesh. 

2.2. Active faults 

By interpreting satellite images, five active faults were identified in Bangladesh (CDMP, 

2009): Madhupur Fault (MF), Dauki Fault (DF), plate boundary fault 1 (PBF1), plate 

boundary fault 2 (PBF2) and plate boundary fault 3 (PBF3) (Figure 3). 

 

Fig. 3- Active fault map of Bangladesh given in CDMP (2009) 

The faults cannot be directly used in the seismic hazard assessment because important data, 

such as the recurrence period, are unknown. Instead, the active fault map in Figure 3 provides 

a guidance to characterize the spatial distribution of areal sources. 
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2.3. Areal seismic sources 

The areal seismic sources are characterized based on the clusters of major events and the 

active faults according to Figure 4. 

 

Fig. 4- The areal seismic sources characterized in this study based on the clusters of major events and active 

faults. The numbers of areal seismic sources are given inside the polygons. 

The spatial distribution of these areal seismic sources agrees fundamentally with the ones in 

Haque et al. (2020). The depths of the seismic sources are derived from the mean estimated 

hypocentral depths for each seismic source. They were then validated and modified with 

respect to the depth distribution of seismic sources in Haque et al. (2020). The depth values 

are 21 km, 29 km, 65 km and 32 km for the seismic sources 1, 2, 3 and 4, respectively. 

2.4. Magnitude recurrence distribution 

The magnitude recurrence distribution in this study is based on the Gutenberg-Richter 

recurrence model (Gutenberg and Richter, 1944). The lower bound of the Gutenberg-Richter 

recurrence model (i.e. minimum magnitude) is chosen as the magnitude of completeness. 

The magnitude of completeness is defined as the departure from the magnitude-frequency 

relationship and it is about 4.7 for the seismic sources. The upper bound of the Gutenberg-

Richter model or maximum magnitude is estimated using the largest historical earthquakes. 

For the Gutenberg-Richter recurrence parameters, the completeness analysis must be 

performed for each areal seismic source individually, as the earthquake catalog of 

Bangladesh is not complete. The magnitudes are divided into magnitude classes and the 

period of completeness is identified for each magnitude class (Stepp, 1972). Figure 5 shows 

the completeness analysis for source 2 as an example. 
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Fig. 5- Relative cumulative number of earthquakes in different magnitude classes of source 2. The red dots 

show the beginning of the completeness period for each magnitude class, so the completeness period is the 

period from the red dot until the end of the catalog. 

The earthquake catalog in each magnitude class is complete since the time from which the 

cumulative number of earthquakes increases with an evidently larger slope than before. The 

events of each magnitude class are distributed in completeness period according to the 

Weichert (1980) method. This process is accomplished using the SEISAN software 

(http://www.seisan.info/). The Gutenberg-Richter recurrence parameters are listed in Table 

1; υ stands for the annual rate of earthquakes with magnitudes larger than the minimum 

magnitude (i.e.: activity rate). The b value is the slope of the magnitude-frequency 

relationship. 

Table 1. Gutenberg-Richter recurrence parameters for the four areal seismic sources 

 υ (1/year) b Mmin Mmax 

Source 1 5.4 1.18 4.7 7.7 

Source 2 4.8 1.02 4.7 8.6 

Source 3 39.9 0.96 4.7 8.0 

Source 4 26.5 1.00 4.7 8.3 

2.5. Ground motion prediction equations (GMPEs) 

In this study, different GMPEs are used for the different tectonic regions, which are 

specifically derived for regions with similar tectonic properties. In this case, the GMPEs 

reflect the seismological characteristics of each seismic source in a reasonable manner. The 

GMPEs in Haque et al. (2020) for the different tectonic regions in Bangladesh are the basis 

for this study. They need to be updated, when more data are available. Figure 6 shows the 

GMPEs for the four seismic sources (corresponding to the four tectonic regions) in the form 

of a logic tree. 
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Fig. 6- GMPE logic tree used for the seismic hazard assessment of this study. The GMPE sets are shown for 

the four areal seismic sources, which correspond to the four different tectonic regions. The weights of the 

GMPEs are also expressed in the branches. 

2.6. Site effects 

The project area of Kushtia in the west of Bangladesh is presented here as an example. The 

average shear wave velocity in the uppermost 30 meters, VS30, is used to determine the site 

amplification. Figure 7 displays the VS30 map for Kushtia adopted from GPAC (2021), which 

is derived using engineering seismological measurements and SPT (standard penetration 

test) measurements in the framework of the project. VS30 is between 180 m/s and 220 m/s in 

the area of Kushtia. The site amplification factors are then obtained as a function of VS30 and 

the regional PGA using the empirical relationship of Seyhan and Stewart (2014). The site 

amplification is about 1.35 at period zero (regarding PGA) for the mean VS30 in Kushtia 

(meanVS30= 200 m/s). 

 

 

Fig. 7- Spatial distribution of VS30 (m/s) in Kushtia in the coordinate system of Bangladesh Universal 

Transverse Mercator (BUTM 2010) (Adopted from GPAC, 2021) 
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3. Results 

Providing the coordinates of the areal seismic sources, the Gutenberg-Richter parameters 

and the GMPEs as input parameters, the regional PSHA is achieved using the R-CRISIS 

software (http://www.r-crisis.com/). The results of the regional PSHA are presented in the 

form of PGA maps with 10% and 2% exceedance probabilities in 50 years in Figure 8.  

  

Fig. 8- Regional PGA maps with 10% and 2% exceedance probabilities in 50 years in and around Bangladesh 

in the BUTM2010 coordinate system. The solid circle denotes the location of Kushtia project area. 

The regional PGA values are multiplied by the site amplifications to produce the local PGAs 

in the Kushtia area. In the project area, the regional PGA value is around 0.2 g with 10% 

exceedance probability in 50 years and the local PGA amounts to around 0.27 g. The 

variation across the area is very small because the VS30 values are nearly constant. 

4. Seismic design code and comparison with the results for Kushtia 

In the Bangladesh National Building Code (BNBC, 2020), the design spectral acceleration 

is defined by  

�� �
�

�

��

�
	
,                                                                                                                  Eq. (1) 

with: 

Sa: Design spectral acceleration (in g)  

Z: Seismic zone coefficient, PGA with 2% exceedance probability in 50 years on bedrock 

(in g) (see Figure 9) 

R: Response reduction factor  

I: Structural importance factor 

Cs: Normalized acceleration response spectrum  
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S: Soil factor in Cs, which depends on site class (Table 2) 

 

Fig. 9- Seismic zone coefficients (Z-factors) for the different seismic zones of Bangladesh according to 

BNBC 

Table 2. Soil factors for different seismic site classes  

Site class S 

SA 1.0 

SB 1.2 

SC 1.15 

SD 1.35 

SE 1.4 

According to BNBC (2020), the PGA with 2% exceedance probability in 50 years on 

bedrock is 0.2 g in Kushtia. However, we determined it to be  about 0.35 g in this study. This 

difference is due to the different seismic source models used in the present study and the 

study of Al-Hussaini and Al-Norman (2010), which is the basis of the Z-Factors. The seismic 

sources in Al-Hussaini and Al-Norman (2010) do not cover the whole country. Additionally, 

the maximum magnitudes in Al-Hussaini and Al-Norman (2010) are smaller than those in 

this study, as the earthquake catalog starts later than in this paper. Another reason for this 

difference is that Al-Hussaini and Al-Norman (2010) considered only one GMPE for the 

whole country, whereas different GMPE sets have been used in the proposed study for each 

tectonic region, using the logic tree tool. 

Kushtia is located on the site class SC and the S-Factor (i.e. site amplification at period zero) 

is 1.15 in BNBC and 1.35 in our study. The site amplification is derived in BNBC for the 

average VS30 of each site class, while the site amplification factor in this study is obtained 
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based on VS30 of the project area. Both the regional PGA and the site amplification in the 

proposed study are larger than those in the seismic building code.  

5. Summary and conclusions  

In this study, the input databases, the methodology and the results of the probabilistic seismic 

hazard assessment are investigated in Bangladesh in the framework of a German-Bangladesh 

technical cooperation project. The input databases are extracted from the literature, 

evaluated, updated and developed to be properly used in the seismic hazard assessment. The 

regional PGA maps are presented for the whole of Bangladesh with 10% and 2% exceedance 

probabilities in 50 years and the local PGA is computed by combining the regional PGA and 

the site amplification in the project area of Kushtia. The results of this study are then 

compared with the BNBC seismic design code in terms of regional PGA and site 

amplification. For Kushtia, the regional PGA is 0.35 g with 2% exceedance probability in 

50 years and the corresponding site amplification is 1.35 from our study. The respective 

values from the seismic building code are the regional PGA of 0.2 g and the site 

amplification of 1.15. The proposed seismic hazard assessment stands on the safe side in 

comparison with the seismic design code because it uses different seismic source models, a 

more complete earthquake catalog, adjusted GMPEs and other site effects.  
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Abstract: Recent earthquakes showed that low-rise URM buildings following code-
compliant seismic design and details behaved in general very well without substantial 
damages. Although advances in simulation tools make nonlinear calculation methods more 
readily accessible to designers, linear analyses will still be the standard design method for 
years to come. The present paper aims to improve the linear seismic design method by 
providing a proper definition of the q-factor of URM buildings. Values of q-factors are 
derived for low-rise URM buildings with rigid diaphragms, with reference to modern 
structural configurations realized in low to moderate seismic areas of Italy and Germany. 
The behaviour factor components for deformation and energy dissipation capacity and for 
overstrength due to the redistribution of forces are derived by means of pushover analyses. 
As a result of the investigations, rationally based values of the behaviour factor q to be used 
in linear analyses in the range of 2.0 to 3.0 are proposed. 

Keywords: Unreinforced masonry buildings; modern constructions; seismic design; linear 
elastic analysis; behaviour factor q. 

1. Introduction 

The construction of new structural masonry buildings in European countries is still very 
widespread also in seismic areas, not only due to seismic/structural performance, but also 
to excellent thermal and acoustic characteristics and fire protection.  
However, in the technical and scientific community, there is still a rather common opinion 
that the use of structural masonry for newly designed buildings in seismic areas is “unsafe” 
since most collapses in recent earthquakes, e.g., in the 2012 Emilia (Penna et al., 2014) and 
the 2016 Central Italy earthquakes (Sorrentino et al., 2019) occurred on loadbearing 
masonry structures.  
At the same time though, recent earthquakes showed that low-rise URM buildings 
following code-compliant seismic design and details behaved in general very well without 
substantial damages up to about 0.25-0.30g (Butenweg, 2013; Penna et al., 2014; Morandi 
et al., 2020;). Such satisfactory seismic behaviour was achieved on those low-rise (two- or 
three-storey maximum) modern masonry buildings without significant irregularities in 
plane and elevation, characterized by a sufficient “wall density” or number of walls in both 
the main directions, built with good quality materials and following the correct detailing 
principles. The low damage grades of modern masonry buildings observed during these 
earthquake series highlighted again that codified design procedures based on linear 
analysis can be rather conservative.  
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In fact, the results of the safety checks adopting linear methods of analysis applied to 
common real structural configurations of masonry buildings using a q-factor equal to 1.5-
2.0, as suggested by some seismic codes like the current version of EC8, were found to be 
overly conservative and in contradiction with the experimental and post-seismic evidence, 
whereas the results of non-linear static analyses provided results more in line with the 
experience, as reported in the early studies by Morandi and Magenes (Morandi 2006; 
Magenes 2006). 
The outcomes of those researches proved that the main cause of such inconsistencies is not 
the definition of the level of the seismic action defined as the expected ground shaking, or 
the necessity of finding particular reserves of deformation or dissipation capacity in the 
non-linear range, but the design seismic action for the linear analysis and, therefore, the 
behaviour factor q. 
Although advances in simulation tools make nonlinear calculation methods more 
accessible to designers, linear analyses will still be the standard design method for years to 
come. Therefore, driven also by the development of the new seismic codes, in particular 
the new Eurocode 8, following the drafting of the recently released new national norms (as 
the Italian and German standards), there has been an occasion to reconsider the current 
criteria for seismic design of masonry buildings and their consequences on practice, with 
particular reference to the problem of defining rationally based values of the behaviour 
factor q to be used in linear analyses. 
Therefore, in this paper a proper definition of the q-factor of URM buildings is given and 
values of q-factors are derived for low-rise URM buildings with rigid diaphragms, with 
reference to recent structural configurations present in low to moderate seismic areas of 
Italy and Germany. The behaviour factor components for deformation and energy 
dissipation capacity and for overstrength due to the redistribution of forces are derived by 
means of pushover analyses. 

2. Definition of the behaviour factor for seismic design of masonry buildings  

According to the linear elastic analyses, the “ultimate” limit state is attained when any one 
wall of the building has reached its flexural or shear strength. This state is usually defined 
as the level of force Fel in Fig. 1, and does not correspond to the ultimate capacity of the 
building system. In fact, URM elements provide a limited deformation capacity in the non-
linear range that allows the building to sustain an increasing seismic load, beyond this 
“elastic” limit Fel, by increasing the forces on the other structural elements. The ultimate 
strength capacity (defined as Fy in Fig. 1 in the case bilinear idealization) is reached for 
higher values of base shear in comparison with Fel. Therefore, for masonry buildings, it 
appears evident that in the definition of the behaviour factor q it is necessary to introduce 
an overstrength ratio “OSR” (=αu/α1, as expressed in the current European Norms), as 
done for other structural typologies (r.c., steel structural systems), whereas in the current 
versions of EC8 the overstrength factor is not used. This factor for masonry buildings has 
been introduced for the first time by Morandi and Magenes (Morandi, 2006; Magenes, 
2006). The behaviour factor q can be therefore defined as follows: 

 
(1) 

where q* is the basic value that takes into account the deformation and dissipative capacity 
of the structure, multiplied by the “overstrength ratio” OSR=Fy/Fel. Fig. 1 shows the 
definition of q* and OSR on the example of a typical load displacement curve with a 
bilinear idealisation.  
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Fig. 1. Definition of the behaviour factor q. 

It is expected that the OSR should depend on many factors, for example on the structural 
configuration and redundancy, the assumed spatial distribution of seismic forces in 
elevation and in plan, the in-plane rigidity/flexibility of diaphragms, the modelling 
assumptions regarding coupling among shear walls (flexural coupling provided by r.c. ring, 
beams or by masonry spandrels…), collaboration between intersecting walls, structural 
role of walls orthogonal to the seismic force, and the strength criteria (e.g. shear 
resistance). Because several of these factors are related to modelling hypotheses, a 
consistent evaluation of the “overstrength ratio” OSR should be performed through 
numerical modelling carrying out non-linear analyses.  

2.1 Adopted criteria for the evaluation of q-factor 

The values of q* and of OSR (=αu/α1) for the evaluation of the q-factor defined previously 
have been estimated through the execution of a series of static non-linear analyses 
(“pushover”) on several different structural configurations of buildings. The prototype 
buildings, the material properties, the structural modelling, and the results of the analyses 
for the evaluation of the q-factors are reported in the following sections, according to 
Italian and German structural configurations. 
In the pushover analyses, different lateral force distributions typical of regular buildings 
have been applied to the structures. 
The analyses are carried out until the ultimate conditions of the building are exceeded, i.e., 
after a significant drop of the strength in the capacity curve. For each building and for each 
lateral force combination a nonlinear capacity curve (base shear vs horizontal displacement 
of the centroid of the upper floor) is obtained. For the evaluation of q* three methods are 
used in this study: the “N2 method” (Fajfar, 1999), the “modified N2 method (Guerrini et 
al., 2017)” and the Capacity Spectrum Method (“CSM”, Freeman, 1998). The two “N2 
methods” have been used for the Italian configurations, whereas the Capacity Spectrum 
Method for the German ones. 
The “over-strength ratio” OSR is instead estimated on the capacity curve as the ratio 
between the ultimate base shear of the buildings (Fy=Fu) and the base shear corresponding 
to the first failure, for flexure or shear, of a wall of a building (Fel). The values of Fy is 
evaluated with a bilinear idealization, where the elastic stiffness is found by drawing the 
secant of the curve in the point corresponding to 0.70 times the maximum value of the base 
shear, and the horizontal part of the bilinear (Fy) is found through the conservation of the 
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areas below the effective curve and the idealized one up to the ultimate displacement of the 
control node in the capacity curve, corresponding to the drop of 20% of the peak. 

3. Evaluation of the q-factor for “Italian” structural configurations 

Six different configurations of URM buildings with one to three storeys with a wall 
thickness equal to 240, 300, 350, and 400 mm have been considered (total of 72 prototype 
buildings). They are characterized by a rather simple configuration in plan and regularity in 
elevation, with a total area of shear walls ranging between about 3.2% and 8.6% of the 
total floor area in each principal direction (see Fig. 2).  
The clear inter-storey height in all buildings is 2.85 m and the height of the openings is 
equal to the inter-storey height, assuming the absence of structurally effective masonry 
parapets and spandrels. The floor slabs, realized with r.c. joists and clay tiles with a 50-
mm-thick r.c. topping (total thickness of 250 mm), are considered to have a rigid in-plane 
diaphragm behaviour. At each floor level, all walls are connected by continuous r.c. ring 
beams, which are assumed to have a width equal to the wall thickness and a height equal to 
the floor height. The ring beams are reinforced with 4 φ16 mm rebars (2 at the top and 2 at 
the bottom, 401+401 mm2) and φ 6 mm 2 leg closed stirrups at 250 mm spacing, 
corresponding to the minimum reinforcement required in the Italian national provisions. 
 

 
Fig. 2. Structural configurations in plan. 

The mechanical properties used in analyses are typical of modern masonry constructions in 
Italy, with fully filled general-purpose mortar head-and bed-joints. In order to estimate the 
properties of the masonry, the use of low values compressive strength of the units and 
mortar has been assumed, according to the recommended minimum values of the current 
EC8. Starting from these values, the characteristic values of the masonry parameters have 
been obtained according to NTC2018 and Eurocode 6 (CEN, 2005b). The mean values of 
the strength have been used in the non-linear analyses. 
All the pushover analyses have been carried out using software PRO_Sam (2Si) based on 
the solver SAM II (Magenes et al., 2006), which adopts the equivalent frame approach. 
The walls and the horizontal elements are considering having an elastic-plastic behaviour 
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with limited deformation; the elements have a linear elastic behaviour until one of the two 
possible failure criteria, for flexure or shear according to the strength criteria included in 
NTC2018 and EC6, is met. When the failure criteria are attained, plastic deformations 
occur, where a limit θu to the maximum chord rotation is set, beyond which the strength 
and the stiffness of the wall are zeroed. The chord rotation is expressed as the sum of the 
flexural deformation and the shear deformation as a generalization of the concept of drift 
for non-symmetric boundary conditions of a pier subjected to flexure and shear. In the case 
of flexural response, the ultimate deformation capacity of masonry walls has been imposed 
equal to 0.8% whereas, in the case of shear response, four different values have been used: 
0.20%, 0.25%, 0.30% and 0.40% and four different batches of analyses have been carried 
out. For the selected structural configurations, the limit governing the design has always 
resulted to be the deformation capacity in shear. 

3.1 Values of q-factor from the analyses 

On each of the 72 building prototypes (6 plan configurations x 4 different wall thicknesses 
x 3 storeys), 24 pushover analyses have been carried out (X/Y directions, +/- loadings, +/- 
accidental eccentricities, “inverse triangular-static”/ “inverse triangular-modal”/”uniform” 
lateral distributions). For each building prototype and for each direction, the minimum of 
the 12 values of the system ductility µS and OSR has been considered, in order to have a 
single value of these two parameters along X and along Y.  
Then, for the evaluation of the basic values of q*, the N2 method and modified N2 method 
have been used. Both methods need the evaluation of the spectral accelerations, which are 
provided with reference to type 1 and type 2 response spectra of the current version of EC8 
with 5 soil categories.  
Therefore, a total of 144 values of OSR have been obtained and, for each method, 1440 
values of q* and q. The values of the 5th, 10th, and 50th percentile have been calculated, 
with a fit using a lognormal distribution. In Table 1, the values of the 5th, 10th and 50th 
percentile of OSR, q* and q are reported on the flexural coupled models as a function of 
the wall deformation limit failing in shear set in the analyses, equal to 0.20%, 0.25%, 
0.30%, and 0.40%.  
 

Table 1. Values of the 5th, 10th and 50th percentiles of q*, OSR and q – buildings with 1, 2 and 3 storeys, 
“flexural coupled” modelling. 

 N2 method 
 θu,shear = 0.20% θu,shear = 0.25% θu,shear = 0.30% θu,shear = 0.40% 
Percentile 5% 10% 50% 5% 10% 50% 5% 10% 50% 5% 10% 50% 
q* 1.23 1.39 2.11 1.35 1.53 2.42 1.45 1.67 2.71 1.69 1.96 3.33 
OSR 1.43 1.56 2.08 1.46 1.58 2.11 1.49 1.61 2.16 1.51 1.63 2.16 
q 2.19 2.53 4.21 2.43 2.85 4.92 2.71 3.17 5.58 3.11 3.71 6.88 
 Modified N2 method 
 θu,shear = 0.20% θu,shear = 0.25% θu,shear = 0.30% θu,shear = 0.40% 
Percentile 5% 10% 50% 5% 10% 50% 5% 10% 50% 5% 10% 50% 
q* 1.26 1.38 1.89 1.32 1.45 2.05 1.36 1.51 2.20 1.38 1.54 2.26 
OSR 1.43 1.56 2.08 1.46 1.58 2.11 1.49 1.61 2.16 1.51 1.63 2.16 
q 2.17 2.45 3.76 2.31 2.62 4.12 2.45 2.80 4.50 2.49 2.86 4.64 
 
In general, the q-values are found to have a large range of variability, primarily depending 
on the structural configurations. In some cases, very large values of q can be found; these 
values are mainly due to the flexural behaviour of the walls. The parameter q*, i.e., the 
basic value that takes into account the non-linear capacity of the structure, increases as the 
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shear drift capacity increases, since shear failures govern the global seismic response of the 
considered buildings. On the other hand, the values of OSR do not vary significantly with 
the increase of the drift capacity. The N2 method in general provides values of q* (and 
therefore of q) larger than the modified N2 method, above all for low-rise buildings and 
larger deformation capacities. 

4. Evaluation of the q-factor for “German” structural configurations 

The study for the evaluation of the q-factor for the “German” structural configurations is 
based on the preliminary work carried out within the research project ISEDEM (Butenweg 
et al., 2019) which was financially supported by the German building authorities. A 
terraced, single-family and multi-family house with continuous shear walls and variable 
number of floors are considered for the brick types made of clay (CB), calcium silicate 
(CS), autoclaved aerated concrete (AAC) and lightweight concrete (LWC). The building 
configurations have been selected in close cooperation with the German masonry 
association DGfM. The building configurations can be regarded as representative for 
masonry buildings in Germany and provide a useful basis for the derivation of generally 
applicable behaviour factors. The resulting 28 building configurations are summarized in 
Fig. 3. The buildings are regular in elevation and can be also regarded as regular in plan. 
The total shear wall areas are ranging between 2.2% and 7.5% of the total floor area in 
each principal direction. The storey height in all buildings is 2.75 m and the continuous 
floors with a thickness of 180 mm are made of concrete with strength class C20/25 and 
reinforcement B500A.  

 
 Terraced house (TH) 

1-2 stories 
Single-familily house (FH) 

1-3 stories 
Multi-family house (MFH) 

2-4 stories 

C
B

 

 

C
S 
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Fig. 3. Structural ground plan configurations of the parametric study. All dimensions in meters. 

Mean values of the strength parameters and strength criteria according to Eurocode 6 
(CEN, 2005b) in combination with the German National Annex DIN EN 1996-1-1/NA 
(DIN, 2012) are used. The masonry walls of all building configurations are constructed 
with un-mortared head-joints and thin bed mortar for the bed-joints. 
All the pushover analyses have been carried out using the software MINEA (SDA, 2021). 
The masonry walls are idealized as Timoshenko beam elements considering bending and 
shear deformations. The stiffness of the walls is defined by the superposition of the shear 
and bending stiffness of the equivalent beam. In the nonlinear range, cracked stiffness 
values for shear and bending are calculated with respect to the compressed length of the 
wall. For each applied displacement step, the corresponding shear resistances are 
calculated as the minimum of the actual bending and shear resistances (VBA, VSS, VST). The 
moment distribution within the wall is described by the factor ψ as the quotient of the 
shear span h0 to the wall height h: 

 and  (2) 

A detailed description of the calculation procedure is given in Butenweg et al., 2020.  

4.1 Values of q-factor from the analyses 

A total number of 448 pushover analysis has been carried out to evaluate the basic values 
of q* and OSR by using the CSM method. The values of the 5th, 10th, and 50th percentile 
have been calculated for OSR, q* and q subdivided according to the deformation limits 
failing in shear. As the deformation limits strongly depends on the vertical load level, the 
applied limits in shear are defined with respect to the ratio of the vertical stresses σ0 in the 
seismic design situation to the characteristic compressive strength of masonry fk. Table 2 
summarizes the ultimate deformation limits for shear failures (for flexural failure the limits 
are always equal to 0.6%·h0/l, where h0 is the shear span and l is the length of the wall) and 
the results of the 5th, 10th, and 50th percentiles as the result for all considered configurations 
for “flexural coupled” models. 
As a special building type, the results for the German terraced houses with few walls and 
quite different resistances in each building direction are provided, but not considered in the 
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overall evaluation. The detailed evaluation of the results shows a large scatter of the basic 
value q* that takes into account the deformation and dissipative capacity of the building. 
The value of q* is mainly governed by the overall drift capacity of the building and the 
spectral shape. The overall drift capacity is usually limited by the shear drift capacity, 
except for buildings with flexural behaviour in case of shorter walls and lower vertical load 
levels. The main influencing parameter of the spectral shape is the control period Tc that 
increases for ground types with lower shear wave velocities. The increase of the control 
period Tc leads to a higher inelastic displacement demands that subsequently require a 
higher ductility of the building. In contrast, the values of OSR do not vary significantly 
with respect to the shear drift limit for one type of modelling for the investigated one and 
multi-family houses. This results from comparable load redistribution potentials of these 
building types due to the variation of the wall lengths and axial load ratios. Rather low 
OSR values close to 1.0 have been obtained for the terraced houses with only two main 
shear walls in each building direction. In this specific case, the terraced houses may 
collapse without further redistribution of horizontal forces due to the simultaneous failure 
of the main shear walls with identical lengths and comparable axial load ratios. This 
example clarifies that the calculated overstrength factors in the range of 1.5 can only be 
obtained with a sufficient number of walls with differing wall lengths and axial load ratios. 
However, it can be assumed that for most of the masonry buildings in practise, these 
criteria should be fulfilled.  
 
Table 2. Values of the 5th, 10th and 50th percentiles of q*, OSR and q – buildings with 1, 2, 3 and 4 storeys, 

“flexural coupled” modelling. 
 CSM - “Flexural coupled” modelling 
 θu,shear  θu,shear  
 σ0 ≤ 0.15 fk: 0.25% and σ0 > 0.15 fk: 0.20% σ0 ≤ 0.15 fk: 0.40% and σ0 > 0.15 fk: 0.30% 
Percentile 5% 10% 50% 5% 10% 50% 
q* 1.38 1.42 1.67 1.63 1.69 2.09 
OSR 1.48 1.50 1.66 1.50 1.51 1.66 
q 2.33 2.39 3.08 2.67 2.78 3.63 

5. Proposal for q-factor in seismic design codes 

The values of q*, OSR (αu/α1) and q have been estimated from the results of pushover 
analyses on different structural configurations, according to different deformation limits. 
Clearly, the evaluation of the q-factors cannot prescind by accurate estimation of the 
ultimate displacement capacity of the walls, which strongly affect the results of q*. In 
particular, the in-plane drift capacity of the walls failing in shear controls the displacement 
capacity of the building in most of the cases, as reported in the results of the non-linear 
analyses, where q* was found to increase as the drift capacity increases. Therefore, in 
order to propose a specific value of q, it is essential to provide proper values of drift limits 
for shear failure at ultimate conditions. Although a unanimous consensus on the evaluation 
of such deformation limits is not achieved yet and further studies are ongoing, the results 
of the tests (see, e.g., Morandi et al., 2018) clearly show that the drift limits for shear 
failures at Severe Damage limit state can be reasonably set ranging between 0.20% and 
0.40%.  
Given this range of values of displacement capacity of the walls failing in shear and 
according to the results of the pushover analyses conducted on the Italian (Table 1) and 
German configurations (Table 2), design values of q*, OSR (αu/α1) and q are here 
proposed. It seems reasonable with respect to the engineering practise to propose the 
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values of q-factors without differentiating on the number of storeys. For the Italian and 
German configurations, the proposed values of q-factors are reported respectively in Table 
3 and Table 4. They have been estimated as a low precautionary percentile of the results, in 
particular, equal to the 10th-fractile on “flexural coupled” models. In the case of building 
configurations that can exploit a full redistribution of the forces, as for the buildings 
considered in the evaluations, the values of q-factors can be taken as the values at the 
rightmost column of Table 3 and Table 4. It can be noticed that the product q*·OSR 
considering separately the 10th-fractile values of q* and OSR is lower than the 10th-fractile 
value of the overall q-factor, since this latter is derived for situations where the minimum 
contributions of q* and OSR do not occur simultaneously. On the other hand, in the case of 
configurations where the redistribution of the forces is not possible or it is limited, it is 
only feasible to use the value of q*, eventually multiplied by a reduced value of OSR.  
Overall, the results of the German study provide slightly more conservative results with 5-
10% lower design values of q*, OSR and q.  
The calculated values are applicable only for buildings regular in elevation and almost 
regular in plan. The values of q-factor should be properly reduced if the building is 
irregular. Furthermore, the proposed tables are only applicable for buildings with a 
sufficient number of walls with differing wall lengths and axial load ratios. Finally, it 
should be pointed out once again, that the given design values of q*, OSR and q are lower 
bound values as a result of the required generalization in the design codes.  
 

Table 3. Proposed values for q-factor (Italian Configurations) 
θSD,shear [%] q* [-] OSR (αu/α1) [-] q*·OSR [-] q [-] 

0.20 1.35 1.60 2.16 2.45 
0.25  1.40  1.60  2.24  2.60  
0.30 1.50  1.60  2.40 2.80  
0.35 1.55  1.60  2.48 2.85  
0.40 1.60  1.60  2.56 2.90 

Italic: Interpolated values 
 

Table 4. Proposed values for q-factor (German Configurations) 
θSD,shear [%] q* [-] OSR (αu/α1) [-] q*·OSR [-] q [-] 

0.25 1.40 1.50  2.10 2.40 
0.30 1.50 1.50 2.25 2.55 
0.35 1.60 1.50 2.40 2.65 
0.40 1.70 1.50 2.55 2.80 

Italic: Interpolated values 
 
According to the draft of EC8-Part 1 (CEN, 2019a), the q-factor can be written as a 
product of three factors: 

 (3) 

where qD is the behaviour factor component for the deformation and energy dissipation 
capacity (=q*), qR is the behaviour factor component accounting for overstrength due to 
the redistribution of seismic action effects in redundant structures (=OSR=αu/α1) and qS is 
the behaviour factor component accounting for overstrength due to all other sources. While 
on the contributions of qD = q* and qR = OSR a discussion is already done previously, 
some considerations on qS are reported here. The factor qS accounts to a large extent for the 
material overstrength, as well as for excess resistance due to unavoidable overdesign of 
sections (i.e., always the next larger section is chosen). For URM buildings, it is assumed 
that the qS factor can be affected by the contribution of the material safety factors in the 
safety checks and by all those effects that increase the strength but are typically not 
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accounted for when modelling masonry buildings. Furthermore, the accuracy of the 
analytical approaches for the estimation of the shear resistance in the design can affect the 
overstrength. A value of qS of about 1.3-1.5 can be justified in conjunction with a q* 
dictated by shear failures, depending on whether the flexural coupling given by ring beams 
or floors is explicitly considered or not. Such a parameter can be therefore taken into 
account to further increase the q-factor. Given all that, the authors believe that a minimum 
value of overstrength qR·qS equal to 1.50 can be always employed, also in case of structural 
configurations unable or with limited capacity to exploit the overstrength provided by the 
redistribution of the forces.  

6. Conclusions 

This paper focuses on the derivation of rationally based values for the behaviour factor q to 
be used in linear analyses. The behaviour factor q is subdivided into the components q*, 
that accounts for the deformation and energy dissipation capacity, and into the overstrength 
component OSR, that accounts for the redistribution of forces. The introduction of the 
overstrength ratio OSR in the definition of the q-factor for masonry buildings was firstly 
employed in the Italian Norms but it is a novel aspect within the EC8 framework.  
Based on a statistical evaluation of comprehensive pushover analyses results of 
representative Italian and German URM buildings, the 5th, 10th, and 50th percentiles of q*, 
OSR and q are derived. Results are given for ultimate shear deformation capacities of 
0.20%, 0.25%, 0.30% and 0.40%, since shear failures govern the global seismic response 
of the considered buildings. Although the building configurations, modelling approaches 
and procedures for the calculation of q* of the two studies are quite different, similar 
values for q*, OSR and q have been obtained. The authors recommend the use of the 10th-
fractile for design purposes, which provides, for “flexural coupled” buildings, values of q* 
between 1.35 and 1.70, as a function of the maximum shear deformations (range 0.20% - 
0.40%), of OSR of 1.50-1.60 and of q between 2.40 and 2.90. In the case of building 
configurations that can exploit a full redistribution of the forces, the values of q-factors can 
be taken as the provided overall q-values, independently by the single contributions of q* 
and OSR. On the other hand, in the case of configurations where the redistribution of the 
forces is not possible or it is limited, it is only feasible to use the value of q*, multiplied by 
a reduced value of OSR. Code-makers can take advantage by the outcomes of this study for 
the choice of proper values of q* and OSR to be included in standards and codes, possibly 
as a function of different masonry and structural typologies, once the evaluation of shear 
drift capacity of walls at ultimate limit state is defined.  
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Abstract: The current seismic hazard zonation map in Greece, published in 2003 following 

the catastrophic earthquakes that hit Greece between 1978 and 2001, includes three seismic 

hazard zones with PGA ranging between 0.16g and 0.36g. In the last two decades, a 

significant progress has been made towards the improvement of the seismic hazard maps 

worldwide using fully probabilistic models. At European level, in December 2021 the 

European Seismic Hazard Model ESHM20 was released, built upon recently compiled and 

fully cross-border harmonized datasets, information and models. One of the main goals of 

ESHM20 was to interact with the subcommittee responsible for the ongoing revision of 

Eurocode 8 within the European Committee for Standardization (CEN). Within this context, 

in this paper we propose a new seismic hazard zonation map for Greece, based on the results 

of ESHM20, for potential inclusion in the Greek National Annex which will accompany the 

revised Eurocode 8. The herein proposed zonation for rock sites according to EC8 with 

Vs>800m/s, includes four zones with PGA values ranging between 0.12g and 0.37g. For 

each zone the parameters Sα,475 and Sβ,475 are provided, which are the two seismic hazard 

parameters adopted in the revised Eurocode 8. 

Keywords: seismic hazard map, Greece, ESHM20, Eurocode 8 

1. Introduction  

Greece is the most seismically active region in Europe, and therefore the European country 

with the highest seismic hazard. The current seismic hazard zonation map for Greece, in 

force since 2003, is essentially an update of the zonation of the 1992 seismic code NEAK, 

and came as a consequence of the many catastrophic earthquakes that hit Greece in the 

period between 1978 and 2001 (e.g. Μs 6.4 Thessaloniki event in 1978, Ms 6.2 Kalamata in 

1986, Ms 6.6 Kozani-Grevena and Ms 6.4 Aigio events in 1995, Ms 5.9 Athens event in 

1999). This map was prepared jointly by the five main seismological research centers of 

Greece (University of Athens, Aristotle University of Thessaloniki, Geodynamic Institute 

of the National Observatory of Athens, Institute of Engineering Seismology and 

Earthquake Engineering and University of Patras) and includes three seismic hazard zones 

with peak ground acceleration values of 0.16 g, 0.24 g and 0.36 g (Fig. 1). No site-specific 

amplification factors are proposed in this version of the code. 

In the last two decades, a lot of efforts have been made to improve the seismic hazard maps 

worldwide, adopting the results of probabilistic seismic hazard analyses. In Italy, a new 

probabilistic seismic hazard model, MPS19, was developed in 2019 by the Seismic Hazard 

Center of the Istituto Nazionale di Geofisica e Vulcanologia (INGV), taking into account a 

large amount of recent data and methods (Meletti et al., 2021). This model will be taken 

into consideration to update the Italian building code (NTC, 2018), which is currently 

based on the previous MPS04 seismic hazard model. In Turkey, updated probabilistic 

seismic hazard maps were developed with the support of the Disaster and Emergency 

Management Authority of Turkey (AFAD) (Akkar et al., 2017), in line with the 

development of the new seismic design code. In USA the national seismic hazard model 
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was updated in 2017-2018 with the incorporation of an updated seismicity catalogue, new 

ground motion models and basin terms for long periods (Petersen et al., 2020). In New 

Zealand, a revision project for the National Seismic Hazard Model has recently 

commenced, expected to deliver a revised seismic hazard map in an open-source 

computational library, a web tool to make the results of the model openly available as well 

as peer-reviewed documentation by August 2022. Regarding similar efforts at European 

level, in December 2021 the European Seismic Hazard Model ESHM20 (Danciu et al., 

2021) was released, developed within the EU funded project “Seismology and Earthquake 

Engineering Research Infrastructure Alliance for Europe" (SERA). This model, which is 

fully probabilistic, is essentially an update of the previous ESHM13 (Woessner et al., 

2013), proposed in the framework of SHARE project (Giardini et al.,2013), and was built 

upon recently compiled and fully cross-border harmonized datasets (i.e., earthquake 

catalogues, active faults, ground shaking recordings), information (tectonic and geological) 

and models (seismogenic sources, ground shaking). The source data, input models and 

output of ESHM20 are online available at the portal of the European Facilities for 

Earthquake Hazard and Risk (www.hazard.EFEHR.org), which will maintain and further 

develop the model in collaboration with the GEM Foundation and the European Plate 

Observing System (EPOS).  

 

 

Fig. 1 – Current seismic hazard zonation map for Greece (EAK, 2003)  

Apart from the strictly scientific objectives of ESHM20, including the development of the 

actual updated and harmonized model and the support of the development of the European 

Seismic Risk Model (ESRM20, Crowley et al., 2021), one of the main objectives was to 

interact with CEN/TC250/SC8, i.e., the subcommittee of national experts that is 

responsible for the development of Eurocode 8 within the European Committee for 

Standardization (CEN), as well as with key experts at national level, to ensure the correct 

information and timely implementation of the ESHM20, and extend the output to serve 

additional engineering requirements as part of the update and revision of Eurocode 8. 

Within this context, ESHM20 produced two hazard maps for rock conditions and for the 

two seismic hazard parameters of the new under revision Eurocode 8 - Part1, Sα,475 and 

Sβ,475, which will be included in an Annex of the revised Eurocode 8, as an “acceptable 

representation of the seismic hazard in Europe for the return period of 475 years”. 
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However, the spectral acceleration maps to be used for design will still be provided by the 

relevant Authorities or the National Annex of each country. Within this context, the 

present work aims to propose a new seismic hazard zonation map for Greece, based on the 

results of ESHM20, for potential inclusion in the Greek National Annex which will 

accompany the revised Eurocode 8.  

2. Evolution of seismic hazard zonation in Greece 

The first seismic zonation map for Greece was published in 1939 in the journal “Technical 

Chronicles”, no 184 and was later reformed and included in the book by Roussopoulos 

(1949; 1956). The 1956 version of this map divides the Greek territory into 5 seismic zones 

with different seismic coefficients for each zone and for three types of soil conditions (soft, 

medium and hard soil), ranging between 0.01 g and 0.16 g. This zonation formed the basis 

for the first seismic code in Greece, published in 1959, which included three seismic zones 

and three soil categories, with seismic coefficients ranging from 0.04 g to 0.16 g. The 1984 

revision of the seismic code did not affect the seismic zonation. The next seismic code, 

NEAK, which was regulated in 1992 and implemented in 1995, included four seismic 

zones with peak ground acceleration (PGA) ranging between 0.12 g and 0.36 g, regardless 

of the soil type. This seismic zonation map was slightly modified in 1995 to upgrade some 

cities to a higher seismic zone. The same zonation was adopted by the 2000 version of the 

code (EAK, 2000). Finally, in the 2003 version of EAK, the zone of 0.12 g was removed 

and three seismic zones remained with PGA between 0.16 g and 0.36 g, again regardless 

soil conditions and site amplification. The evolution of the seismic zonation in Greece is 

shown schematically in Fig. 2. The 2003 zonation of EAK is currently used as seismic map 

for rock-site conditions in the Greek National Annex of Eurocode 8 (CEN, 2004), while it 

has not been designed for this purpose. This means that the PGA value of each zone is 

multiplied by an amplification factor (soil factor S) dependent on the soil type, which was 

not the case in NEAK and EAK, where it was assumed that all sites located within the 

same zone have the same PGA for seismic design regardless of soil type. We should stress 

that the evolution of the seismic codes in Greece included not only the update of the 

seismic zonation as described above, but also significant changes in the methods of 

analyses and in the practices of seismic design. 

 

 

Fig. 2 – Evolution of seismic hazard zonation in Greece 
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2. ESHM20 in the revision of EC8 

The seismic hazard results of ESHM20 are provided at a grid covering the whole Europe 

and Turkey, with grid points equally spaced at 0.1 to 0.1 degrees, resulting in a total 

number of 97920 grid points including points offshore. For each grid point, the following 

output is provided: (a) hazard curves depicting the mean, median (50th) and four 

percentiles (5th, 16th, 84th and 95th) for specified intensity measures (PGA and spectral 

acceleration values at periods in the range of 0.05s to 5s); (b) Uniform Hazard Spectra 

(UHS) depicting the mean, median (50th) and four percentiles (5th, 16th, 84th and 95th) for 

five mean return periods Tm (i.e. 50, 475, 975, 2500 and 5000 years). In addition, hazard 

maps are provided for all intensity measure types and for all return periods. 

As a result of the interaction of ESHM20 with CEN/TC250/SC8 for the development of 

the revised Eurocode 8, ESHM20 further provides for each grid point the two seismic 

hazard parameters used in the revised Eurocode 8 to anchor the horizontal elastic response 

spectra for rock conditions (Vs,30>800m/s), namely Sα,475 and Sβ,475. Sα,475 is the maximum 

response spectral acceleration (5% damping) corresponding to the constant acceleration 

range of the horizontal elastic response spectrum, while Sβ,475 is the spectral acceleration 

(5% damping) at the vibration period Tβ=1 s of the horizontal elastic response spectrum, 

both specified on site category A (rock site conditions) and for a return period of 

475 years. Sα,475 is linked with peak ground acceleration at rock site conditions for 

T=475 years, which is the seismic hazard parameter used in the current EC8 (denoted as 

agR) through parameter FA, defined as the ratio of Sα,475 to PGA and set equal to 2.5 in the 

absence of specific seismic hazard studies. On the other hand, Sβ,475 introduces a new 

concept in the definition of EC8 elastic response spectra, which are additionally anchored 

to a vibration period representative for flexible structures, Tβ, equal to 1 s unless otherwise 

specified. The Sβ,475 parameter strongly influences the shape of the normalized response 

spectrum, as it affects the corner period TC, which specifies the end of the constant spectral 

acceleration branch of the spectrum. The definition of the elastic response spectra in the 

revised EC8 with two parameters (Sα,475 and Sβ,475) is in line with the recent developments 

in the definition of seismic actions, including NEHRP seismic code provisions in the 

U.S.A. (FEMA, 2015). 

For each grid point, Sα,475 and Sβ,475 were computed from the respective UHS for a mean 

return period Tm equal to 475 years. For the computation of Sα,475, an averaging formula 

was applied over the values of the UHS for selected spectral values around the spectral 

period which provided the maximum value in the UHS. This means that Sα,475 is not the 

peak value of the UHS, and thus the spectral acceleration at the plateau of the of the elastic 

code spectrum (and consequently PGA) is a sort of “effective” value rather than the 

absolute maximum. For Sβ,475 the spectral value of the UHS for T=1 s was adopted. Mean 

and median values, as the 5th, 16th, 86th and 95th percentiles are provided by ESHM20 for 

both Sα,475 and Sβ,475. The spatial distribution of the median (50th percentile) and the 84th 

percentile for Sα,475 and Sβ,475 is shown in Fig. 3. 

3. Proposed seismic zonation map 

The new seismic hazard zonation proposed for Greece in this study is based on the output of 

ESHM20 for the grid points located in the territory of Greece, and more specifically on the 

median Sα,475 values (Fig. 3a), following the recommendations resulting from the discussions 

between ESHM20 and the respective Ad Hoc Group of CEN/TC250/SC8 on Seismic 

Hazard. 
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Fig. 3 – Spatial distribution of a) median Sα,475, b) 84th percentile of Sα,475, c) median Sβ,475 and d) 84th 

percentile of Sβ,475 derived from ESHM20 for Greece. 

To ensure smooth transfer of the new zonation in engineering practice as well as to the 

community and the economy, the proposed zonation should not differentiate dramatically from 

the current seismic map (Fig. 1). For this reason, the herein proposed zonation includes four 

seismic zones, i.e., only one additional zone has been added with respect to the current seismic 

map. 

The methodology adopted for the development of the new seismic hazard map can be 

summarized as follows: First, we applied the Natural Breaks (Jenks, 1967) algorithm, available 

in the open-source GIS software QGIS to break down the Sα,475 values of the Greek territory 

into four classes. This algorithm tries to find natural groupings of data to create classes so that 

the variance between individual classes is maximized, while the variance within each class is 

minimized. At this stage we used two different datasets: one corresponding only to the 

terrestrial grid points of the Greek territory (Fig. 4a) and one also including the offshore grid 

points of the Greek territory and a number of grid points located in the bordering countries at 

the northern and eastern cross border region of Greece (Fig. 4b). It is evident that the 

consideration of the additional grid points does not affect the resulting zonation of Greece, so 

in the following we used only the terrestrial grid points located in Greece (Fig. 4a). The 

borders of the zones defined by the points in each of the classes shown in Fig. 4 were then 

smoothed, so that they do not cross large urban areas with more than 2,000 buildings, while 

specific areas belonging in the same administrative units were harmonized to simplify the 

1199
3ECEES, September 2022, Bucharest, Romania



application of the seismic regulations in these regions. The seismic zonation map resulting 

from the methodology described above is shown in Fig. 5. 

 

 

Fig. 4 – Median Sα,475 values derived from ESHM20 for Greece. Classification based on the natural breaks 

(Jenks, 1967) method considering (a) only the terrestrial points of ESHM20 and (b) the terrestrial and the 

offshore grid points of ESHM20.  

 

 

Fig. 5 – Proposed seismic hazard map  

To gain a better insight on the distribution of the Sα,475 values at the different zones, and 

solemnly for checking in further detail the uncertainties involved, we divided each zone in 

a number of subzones and for each subzone we calculated the average Sα,475 as well as the 

range between the maximum and the minimum values of median Sα,475 (Fig. 6). The 

calculated median values and the scatter confirmed the reasonable decision of four zones 

as depicted in Fig. 5.  
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Fig. 6 – Average and range of median Sα,475 (right) at the subzones of the proposed seismic hazard map (left) 

As each zone has to be associated with a single Sα,475 value, for each one of the four 

proposed zones of Fig. 5 we calculated the average Sα,475 over the points located within 

each zone, as well as the respective average PGA (=Sα,475/2.5). The obtained values are 

shown in Table 1. 

Table 1. Mean Sα,475 , PGA and Sβ,475 for the seismic zones of the proposed seismic hazard map 

Seismic Zone  Proposed zonation - 

Sα,475 (g) 

Proposed zonation - 

PGA (g) 

Proposed zonation - 

Sβ,475 (g) 

Zone 1 0.31 0.12 0.13 

Zone 2 0.50 0.20 0.16 

Zone 3 0.71 0.28 0.24 

Zone 4 0.92 0.37 0.34 

 

Regarding the Sβ,475 parameter, which as was mentioned previously significantly affects the 

shape of the normalized elastic response spectrum, the use of higher percentiles than the 

50th (median) was explored. The use of higher percentiles allows for a better accounting of 

the epistemic uncertainties of the ground motion models and the seismogenic sources, 

which in the case of Greece are very high due to the very complex seismo-tectonic context 

of the region. An example of adopting different percentile for Sβ,475 is shown in Fig. 6, 

which compares for the proposed zone 3 of Fig. 5 the elastic response spectra for soil type 

A (rock site conditions) based on the revision of Eurocode 8 (CEN, 2021) using the 

average Sβ,475 value over the grid points located in this zone obtained (a) from the median 

Sβ,475 map shown in Fig. 3c (orange dashed line in Fig. 7) and (b) from the 84th percentile 

Sβ,475 map shown in Fig. 3d (orange solid line in Fig. 7). The elastic response spectra for 

soil type A of the current EC8 as well as EAK 2003 are also included in Fig. 7 for the sake 

of comparison. We observe that the use of the median Sβ,475 results in a spectrum with a 

significantly narrower branch of constant acceleration (plateau) compared to most seismic 

codes in force, which in its turn would result in a significant decrease of seismic force for 

buildings with spectral periods higher than 0.4s, including many typical 3-8-storey 

buildings in Greece. For this reason, we decided to adopt the use of the 84th percentile 

Sβ,475, which results in spectrum shapes which are more consistent with the current 

practice, respecting at the same time the seismogenic and ground motion features of the 

region.  

The proposed Sβ,475 values for the four zones of Fig. 5 were therefore calculated as the 

average of the 84th percentile Sβ,475 over the points located within each zone, and are also 

included in Table 1. 
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Fig. 7 – Elastic response spectra for rock site conditions based on the revision of Eurocode 8 (CEN, 2021) 
considering the median Sβ,475 map (orange dashed line) and the 84th percentile Sβ,475 map (orange solid line), 

and elastic response spectra of the current EC8 (black solid line) and of the EAK2003 (black dotted line) 

5. Comparisons with the current seismic zonation 

In Fig. 8 we compare the proposed seismic zonation map of Fig. 5 with the current seismic 

zonation map of Greece (EAK 2003, Fig. 1) in terms of peak ground acceleration (PGA). 

The highest discrepancies are observed in western Peloponnese and in the regions around 

the gulf of Corinth (red and orange symbols in Fig. 8), which in the proposed map are in 

zone 4 with PGA=0.37g, while in the EAK 2003 zonation they are in zone 2 (PGA=0.24g) 

or zone 1 (PGA=0.16g). On the contrary, in northern Greece and in the islands of the 

Cyclades, the PGA according to the herein proposed zonation is lower than the one in 

EAK. For the remaining territory of Greece, the discrepancies are limited.  

 

 
Fig. 8 – Spatial distribution of the difference between the PGA values of the herein proposed seismic hazard 

map and the PGA values of EAK 2003 

Similar conclusions can be drawn by the comparison of Fig. 9a and 9b, illustrating the 

EAK 2003 and the proposed zonation with the respective PGA values, indicating also the 

main cities in Greece. Considering that in EAK 2003 the PGA values are actually for 
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average soil and site conditions without considering any extra amplification as proposed in 

the current EC8, in Fig. 9c we provide the design PGA values in the four zones with an 

average amplification factor for Sa,475 equal to 1.2, which corresponds to soil conditions of 

medium stiffness and moderate seismicity, i.e. PGA values for rock conditions of the order 

of 0.25g.  
 

  

 

Fig. 9 – Spatial distribution of PGA according to (a) EAK 2003, (b) the herein proposed seismic hazard map 

for reference rock and (c) the herein proposed seismic hazard map for soil amplification factor S=1.2 

6. Conclusions 

We propose a new seismic hazard zonation map for Greece, based on the results of the 

newly released European Seismic Hazard Model ESHM20. The herein proposed zonation 

for rock sites for reference rock site conditions includes four zones with PGA values 

ranging between 0.12g and 0.37g. For each zone the parameters Sα,475 and Sβ,475 are 

provided, which are the two seismic hazard parameters adopted in the revised Eurocode 8. 

Compared with the current seismic zonation in force in Greece (EAK 2003), the peak 

ground acceleration values based on the herein proposed zonation are higher for western 

Peloponnese and in the regions around the gulf of Corinth, and lower for northern Greece 

and the islands of the Cyclades, while for the remaining territory of Greece, the 

discrepancies are limited. The proposed seismic zonation map could be considered for 

1203
3ECEES, September 2022, Bucharest, Romania



potential inclusion in the Greek National Annex which will accompany the revised 

Eurocode 8. 
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Abstract: The paper discusses specific features of the recently updated seismic design code 

SN KR 20-02:2018 for the Kyrgyz Republic. The key provisions are related to the 

determination of design seismic actions and loads on buildings and structures, as well as 

checking irregularities of building configuration in plan and elevation. Seismic hazard for 

the territory of the Kyrgyz Republic is characterized by these seismic code with complex 

seismic hazard maps, which have a deterministic basis. The maps contain information about 

earthquake intensity for various locations, and the corresponding peak ground accelerations 

depending on the rock geological formations. Seismic actions at a construction site are 

characterized by an acceleration response spectrum.  The design seismic loads for the 

designed facilities are determined taking into account their importance, regularity of their 

configuration in plan and elevation, as well as torsional resistance. According to these 

codes, buildings are classified into classes depending on their importance, occupancy, and 

the number of storeys. Each combination of building importance classes and number of 

storeys is assigned a specific importance coefficient which is taken into account in 

determining the design seismic loads. Structural configurations are classified by regularity 

in plan and elevation into regular, moderately regular and excessively irregular. 

Keywords: seismic response, seismic hazard map, earthquake intensity, peak ground 

accelerations 

1. Introduction 

In almost all CIS-countries, the source of the codes were the standards that adopted and 

worked precisely during the USSR period. Since independence, each country began to 

approach in its own way, develop separate standards, include its own coefficients, 

methods. Therefore, our standards vary slightly, but basic requirements remain similar. 

For example, Russian seismic codes basically is staying on last level and basis on new 

seismic hazard complex maps with probabilistic basis for Russian Federation with 10%, 

5% and 1% with probabilistic for 50 years. The indicated probability values correspond to 

the average time intervals between earthquakes of the calculated intensity: 500 years (map 

A), 1000 years (map B), 5000 years (map C). 

Kyrgyz Republic (KR) located in Central Asia and has the territories with high seismic 

hazard. Central Asia's earthquake activity has long been recognized as one of the highest in 

the world. A significant portion of the KR terrirory is expected to be exposed to 

earthquakes of magnitude 7.5 or higher per Richter scale (corresponding to the shaking 

intensity 9 per MSK-64 scale). The territory of the KR was subjected to several damaging 

earthquakes, including the 1992 Sysamyr earthquake (magnitude 7.3). In the period from 

June 1, 2009 to Sept. 30, 2010, the country experienced 2,398 earthquakes of magnitude 6 

or higher. The seismic codes for the country were developed on the basis of seismic hazard 

maps, which have a deterministic basis. 
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The paper discusses some peculiarities of the Building Code KR 20-02:2018 related to the 

determination of design seismic actions and loads on buildings and structures, as well as 

checking their regularity in plan and height. 

2. Peculiarities on determining of the seismic hazard area and construction site 

Seismic hazard for the territory of the KR is characterized by the code 20-02:2018 through 

seismic hazard maps which were developed and approved by the Institute of Seismology of 

the National Academy of Sciences of the KR, by Abdrahmatov et all (2018). The following 

maps are included in the Code: 

1) map of maximum local magnitude (MLH) distribution of active seismic faults and their 

segments, which generate earthquakes in the KR;   

2) map of peak ground accelerations in rock soils (Fig. 1) for the horizontal component of 

seismic vibrations within the KR’s territory (seismic-risk zoning map), and 

3) map showing intensities of earthquake vibrations for probable maximum earthquakes 

in the KR. 

The above-mentioned maps are supplemented by a list of settlements within the KR and 

the corresponding seismic hazard parameters, both in terms of the intensity and peak 

ground accelerations, Brzev and Begaliev (2018). 

The design value of the horizontal peak ground acceleration for a construction site ag takes 

into account its actual soil (ground) and topographical conditions, and it is defined from 

the following expression: 

ag = agR x S(agR) x ST     (1) 

where: 

agR – reference value of horizontal peak ground acceleration (as a fraction of g) for the 

considered construction site under soils type IA (rock soil), determined based on map of 

peak ground accelerations and/or based on list of settlements; S(agR) – a coefficient which  

takes into account the effect of the actual soil conditions of the construction site on the 

intensity of seismic impacts (actions) defined in accordance with Table 1; ST – a coefficient 

that takes into account the topographical effects of increasing horizontal seismic actions at 

the construction site. 

Table 1. Values of the S(agR) coefficients in Kyrgyz code 

Types of soil conditions by seismic properties (shear wave velocity 

in surface soil columns) 

KR Code: Value of S(agR) 

coefficient depending on agR  value 

IA – Rock soils (Vs,30≥800 m/sec.) 1,0 

IB – Coarse clastic soils - mainly from igneous rocks content more 

than 70% (Vs,10≥350 m/sec, 550≤Vs,30<800 m/sec) 

1,0≤(1,4- agR/g)≤1,2 

II – Coarse clastic soils of all types - with aggregate content more 

than 30% (230≤Vs,10<350 m/sec, 270≤Vs,30<550 m/sec) 

1,1≤(2,0 - 2,5 * agR/g)≤1,6 

III – Friable sands, coarse and mean size water saturated (Vs,10<230 

m/sec, Vs,30<270 m/sec)  

1,3≤(2,5 – 3,0 * agR/g)≤2,4 

 

The design seismic actions at a construction site are characterized by response spectra and 

peak ground accelerations. 
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Fig. 1 – Map of peak ground accelerations in rock soils for the horizontal component of seismic vibrations 

within the KR’s territory (seismic-risk zoning map) 
 

For the horizontal components of seismic action, the design response spectrum Sd(T) 

should be determined from expressions (2) and (3): 

0 ≤ T ≤ TC:           
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where: TC is the maximum value of period on the constant section of the spectral 

accelerations graph Sd(T), taken in accordance with the data in Table 2; T is the period of 

linear oscillations in horizontal direction; q is a behavior coefficient; note that q is an 

inverse value of the reduction coefficient k2, adopted in the previous seismic codes: q=1/k2; 

β is an indicator of lower limit of the spectrum taken as 0,2.  

For the vertical components of seismic action, the design response spectrum Sdv(T) should 

be determined using the expressions (4) and (5): 

0 ≤ Tv ≤ TCv:               
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where TCv  is the maximum period on a constant segment of spectral acceleration graph 

Sdv(T), taken equal to 0.2 seconds; Tv is a period of linear oscillations in vertical direction; 

k is an exponent depending on the type of soil, taken in accordance with Table 3; agv is a 
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design vertical acceleration at the construction site (see Table 4); qv is a behavior 

coefficient, whose value should always be taken as 1.5 (see Table 5). 

Table 2. Values of Tc periods                                                        Table 3. Values of k 

Type of soil Tc (sec)  Type of soil k   

IA and IB 0,48  IA and IB 0,60 

II 0,72  II 0,45 

III 0,96  III 0,35 

Table 4. Characteristic agv value depending on ag 

Type of soil  

ag≤0,12g 0,12g ≤ag≤0,4g ag≥0,4g 

IA, IB, II and III 0,7 0,8 0,9 

 
Table 5. Values of a behaviour coefficient q for buildings regular in height 

Type of structural system for buildings  q  

1 Buildings for which structural damages or inelastic deformations are not allowed. 1.0 

2 Buildings with loadbearing walls of cast reinforced concrete, large panel, volumetric-block:  

a) cross-wall structural systems with external and internal bearing walls located at spacing 

not exceeding 6 m, and slabs resting on four sides of the walls; 

 

 

5.0 

b) cross-wall structural systems with one loadbearing wall in each main direction; 

c) other wall structural systems.  

3.3 

4.0 

3 Frame buildings (except as specified in 7 and 8): 

a) with spatial channel frames having all rigid joints of columns and crossbars; with frame-

bonded skeletons having all rigid joints of columns and crossbars; with bonded frames, 

frame-wall structural systems; one-story frames of all structural systems, except for those 

specified in b); 

b) other structural systems, except as indicated in a). 

 

4.0 

 

 

 

3.3 

4 Buildings with monolithic masonry walls 3.5 

5 Buildings with loadbearing walls of brick (masonry) work of composite structure. 3.3 

6 Buildings with loadbearing walls of reinforced brick masonry with seismic safety measures 3.0 

7 Torsionally-pliable structural systems 2.0 

8 Structural systems of “inverted pendulum” type 1.5 

9 Wooden buildings in the form of: 

a) statically indeterminate portal frames with connections on pins or bolts; 

b) wall panels joined with nails and bolts; 

 

3.0 

4.0 

10 Buildings with loadbearing walls of local construction materials ( adobe and similar).  

Buildings with loadbearing walls of unreinforced brick masonry without seismic safety 

measures. 

To be 

determined 

based on the 

results of a 

special survey 

 Type of Engineered Structures  

1. Structures including free-standing towers, chimneys and masts: 

а) with loadbearing reinforced concrete or steel structures behaving as unbraced consoles 

for more than half of their total height; 

b) with reinforced concrete or steel structures behaving as a cantilever console for less 

than half of their full height or fixed by guy lines in the level of the center of the structural 

weight or above this level 

c) brick masonry structure. 

 

 

2.5 

3.5 

 

 

2.5 

2. Structures in the form of single pillars and towers serving as supports for reservoirs and 

tanks located at their top levels. 
1.5 

3. Structures of silage towers and elevators. 3.5 

4. Structures in the form of frame skeleton towers without infill 3.0 

5. Torsionally pliable structures. 2.0 

6. Other structures (not specified in 1-5). 3.0 
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3. Code provisions related to the design seismic loads and actions on buildings 

The design seismic loads for buildings are determined taking into account the importance of these 

facilities, the regularity of their structural layouts in terms of plan and height, as well as torsional 

resistance in plan. In the SN KR 20-02:2018 (2018), buildings are divided by importance: a) 

depending on the functional purpose (into 4 classes), and b) depending on the number of storeys 

(into 5 classes). Each combination of building importance classes and number of storeys in the SN 

KR 20-02:2018 are assigned corresponding values of importance coefficients which are taken into 

account in determining the design seismic loads, Itskov (2018). 

Structural schemes are classified in the building code by regularity in plan and elevation into three 

types as regular, moderately regular, and excessively irregular, while in terms of torsional 

resistance structural schemes are classified into schemes that possess adequate torsional stiffness, 

and torsionally-pliable schemes. The adopted classification system is based on the combination of 

features, which characterize structural systems both qualitatively and quantitatively:  

- by peculiarities of configurations in plan and/or elevation; 

- by balancing the distribution of mass and stiffness in plan; 

- by peculiarities of the distribution of mass and stiffness in elevation;  

- by the capacity of the slabs to perform the functions of horizontal stiffening diaphragms. 

The classification of structural systems according to regularity in terms of plan and elevation, and 

torsional resistance is important for the structural and seismic design aspects associated with the 

selection of the following seismic design parameters: 

- coefficient fvk which increases the effects of design seismic actions in the structure at storeys 

which due to a sharp increase in mass or decrease in stiffness, violate the uniformity of the 

structural scheme in elevation;  

- random eccentricity eak, which must be taken into account when determining the building 

torsion effects in plan, caused by spatial variations of the seismic movement, uncertainties in 

the location of the masses and the consequences of various nonlinear effects; 

- behavior coefficient q for torsionally-pliable structural systems in plan, which are defined as 

systems in which the first mode shape is torsional, and also for excessively irregular structural 

systems. 

In the process of performing calculations, structural and seismic analysis of buildings and 

structures, taking into account their interaction with the subgrade and/or basement soil, the 

parameters of equivalent elastic soil stiffness are allowed to be determined using: 

1) experimental data on the velocity of distribution of elastic waves in the soil layers below the 

base of the foundations; 

2) correlation of empirical relationships for the physical and mechanical soil properties under static 

loads with the velocity distribution of elastic waves through soil layers. When taking into account 

interaction of a building or structure with the basement soil, the following recommendations are 

provided: 

a) as the base parameter of the equivalent elastic soil stiffness, increase the value of its modulus of 

deformation determined by the results of static tests 10 times; 

b) consider two numerical design models for the same structure: a model in which the base 

equivalent stiffness of the foundation soil should be increased 1,5 times, and in the other in which it 

is reduced 1,5 times. 

c) adopt the highest values of seismic effects obtained from the numerical design models discussed 

under b). It should be noted that the seismic hazard assessment for construction sites in slopes are 

not taken into account when determining the design seismic actions, but are taken into account 
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when prescribing structural measures to be applied regardless of the analysis results for the 

designed structures. 

3. Conclusion 

The approaches to define of seismic hazard and seismic demand for building design is changed 

exactly according of the building codes of EU. 

In recent years the requirements of the seismic and/or building codes of the Kyrgyz Republic, 

governing and regulating the structural and seismic design in seismic areas and the seismic 

resistance assessment of existing buildings in the KR have undergone significant changes. 
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Abstract: With the development of the new technologies and the modern residential and 

industrial buildings typology the non-structural components and systems become major part 

of the total value in building construction. Their damage may result in loss of functionality, 

economic loss due to damage and even life safety hazards. Since their design is seldomly 

covered by building codes, their seismic response is not fully revealed, and they are 

potentially more vulnerable to earthquake shaking-induced damage than the primary 

structural system. Consequently, full-scale experimental testing is crucial to understand their 

behaviour under earthquake excitation. In this paper presented are testing procedures and 

results of experimental testing of different types of non-structural elements such as raised 

floor systems, partition walls and ceilings systems, performed at the Dynamic Testing 

Laboratory in the Institute of earthquake engineering and engineering seismology - IZIIS, 

Skopje, Republic of N. Macedonia. A steel cube structure was properly designed to simulate 

the seismic effects at a generic building story where different types and configurations of 

non-structural elements were incorporated. The instrumentation comprised of four different 

types of transducers, accelerometers, linear potentiometers, linear variable differential 

transformers, and strain gauges. For the purpose of seismic qualification and investigation of 

seismic behaviour, the excitations were generated according to AC-156. Significant number 

of results have been obtained in terms of accelerations, displacements and strains in 

characteristic points. Based on the complex experimental research it was observed that most 

of the tested non-structural elements fulfilled the seismic acceptance criteria for shake table 

testing of non-structural components and systems according to ICC AC-156. 

Keywords: shake table test, non-structural elements, raised floor systems, partition walls, 

ceiling systems, AC-156 
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1. Introduction 

Non-structural components comprise an integral part of the buildings. Due to their high 

inventory cost and effect on loss of operation, they are often critical to a buildings’ seismic 

performance. Recent earthquakes pointed out that non-structural component damage gives 

the largest contribution to the earthquake economic loss and that is the reason why should 

be subjected to a careful and rational seismic design. The limited data collected during past 

events are not sufficient to completely characterize the seismic behaviour of non-structural 

components and develop effective mitigation measures. Moreover, given the complexity of 

various typologies of non-structural components subjected to seismic excitations, 

systematic experimental testing is necessary for a better understanding of their seismic 

behaviour. For seismic qualification of specific types of raised floors, partition walls and 

ceilings systems by shake table testing, in the Institute of Earthquake Engineering and 

Engineering Seismology in Skopje, Republic of N. Macedonia a series of shake table 

seismic tests have been performed according to the ICC AC-156 criteria. Analysis of 

dynamic behavior has been performed and results on seismic response of the considered 

elements have been obtained. Many different configurations of products were tested based 

on the most frequent installation scenarios. More in detail, there were 32 different raised 

floor configurations, varying in height, constraints, etc., 24 different types of partition 

walls and 6 different ceiling configurations. All of them were subjected to biaxial, 

artificially produced earthquake excitation time history. Although most of the tested 

elements successfully fulfilled the standard requirements, valuable data regarding the 

seismic response of the specific nonstructural elements was also acquired. The testing 

procedure and selected results are briefly presented in this paper. 

2. Description of the tested non-structural elements 

In this paper, testing and results of raised floor systems, partition walls and ceiling systems 

will be described. In order testing to be according to the requirements’, the non-structural 

elements were tested within high stiff steel cube that was fixed on the shaking table using 

anchors. Inside the cube there were steel frames mounted at two different levels. The outer 

structure of the steel cube was welded on site.  

2.1. Raised floors 

Raised floor systems represent non-structural system of elements designed to provide 

walkable area. Different types of installations might be provided. Within this project, three 

different units were tested, consisting of vertical bearing support elements, steel pedestals 

with varying heights (0.5m, 1.0m and 1.5m) fixed on the bottom and on the top, connected 

by a grid of perpendicular steel beams. The distance between the pedestals in both 

orthogonal directions is 0.6m, i.e., the same as the sides of the floor panels. Additionally, 

adjustable steel bracing was inserted to limit the horizontal movements of the raised floor 

sub-structure and depending on the type of the raised floor different bracings were used.  

For determining the dynamic characteristics of the raised floor systems with height 

1500.0mm, configuration with different number of panels were tested, gradually increasing 

the number of panels. For determination of the seismic behavior of the systems 

configuration with different type of loads were tested, 3kn/m2 and 5kN/m2 + 15kN/m2 
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concentrated load for raised floor system with height of 500.0mm and 1000.0mm, 

respectively (figure 1). 

  
Fig. 1 - Testing of raised floor systems, height 500mm (left) and height 1000mm (right)  

Taking into the consideration few possible variables, regarding the bracings and the load, 8 

different configurations were tested for determination of the dynamic characteristics and 

24 different configurations of raised floors were tested for determination of the seismic 

behaviour.  

2.2. Partition walls 

Partition walls are non-structural elements designed to vertically separate an area. For the 

seismic certification of the partition walls according to AC156, 24 different types of 

panels, divided in two different layouts were tested. The first layout consisted of 10 

different types of panels (figure 2), whereas 14 type of partition walls are taken into 

consideration in the second layout. All partition walls are supported on steel profiles set in 

the steel cube. Four different configurations were tested, of which the first two 

configuration refer to the partition walls of layout 1, tested biaxial in both orthogonal 

directions (Y-Z and X-Z) and the other two configurations, three and four, are related to 

layout 2, tested biaxial in both orthogonal directions (Y-Z and X-Z). The usage of the 

seismic clip was optional in all configurations, and it was used when a partition wall 

without seismic clip does not satisfy the requirements of the AC156 Standard. 

2.3. Ceiling Systems 

Ceiling systems represent suspended nonstructural elements intended to architecturally 

form space and/or simultaneously provide space for the necessary air ventilation systems 

or other types of installations. Testing of ceiling systems has been carried out by 

examining 10 different types of panels divided into two layouts. Each layout consisted of 5 

different types of panels, supported by steel profiles set in the basic steel cube. Both 

layouts were tested biaxially in both orthogonal directions (Y-Z and X-Z), figure 3. For the 

ceilings of layout 1, some additional components as seismic clips, screws and stoppers 

were used, while for the ceilings of layout 2, stoppers and ropes were used. During the 

tests, additional load of different weight was added to some of the panels simulating real-

life exploitation scenarios. 
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Fig. 2 - Testing of partition walls Fig. 3 - Testing of ceiling systems 

3. Instrumentation setup 

Considering the geometry of the specimens, the instrumentation schemes were conceived 

in a way to get as many as significant and valid experimental results. Preparation of the 

instrumentation scheme include defining the types of measurement instruments, optimal 

location, and number of measuring points on the model, according to the available capacity 

of instruments and systems acquisition in the laboratory of IZIIS. Four different types of 

transducers, accelerometers (ACC), linear potentiometers (LP), linear variable differential 

transformers (LVDT) and strain gauges (SG) were installed to measure acceleration, 

absolute and relative displacement, and strain. On figure 4, presented is the instrumentation 

scheme for a characteristic configuration for the raised floor and ceiling systems.  

 
 

Fig. 4 - Instrumentation for the raised floor systems (left) and for the ceiling systems (right) 

4. Testing Procedure 

The testing program has been selected to comply with the seismic certification test 

procedure described in chapter 6 of AC156 - Acceptance Criteria for Seismic Certification 

by Shake Table Testing of Non-structural Components. Specifically, the criteria requires 
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simultaneous testing in both horizontal and vertical direction. Each specimen was tested 

under two different types of excitations, resonant frequency search excitations and time-

history seismic excitations, for determination of the natural frequencies of the specimens 

and the global dynamic response, respectively. All non-structural elements were tested in 

the Laboratory for Dynamic Testing in the Institute of earthquake engineering and 

engineering seismology. The IZIIS’ shake table comprises a 5m by 5m platform supported 

by two lateral and four vertical actuators, providing 5 degrees-of-freedom (DOF).  

For the resonant frequency search tests, random and sine sweep excitations have been 

applied in each direction, horizontally and vertically independently, before testing of each 

specimen (initial state), after certain biaxial tests and after all performed tests (final state). 

The performed random and harmonic tests were in a frequency domain of 1.0-35.0(40.0) 

Hz, with sweep rate of 2.0 octave/min and with peak excitation level of 0.01g-0.05g, in 

horizontal and vertical direction. Besides the standard resonant tests performed for each 

type of non-structural elements, additional sine-sweep tests were carried out for 

determination of the dynamic characteristics for different size and height of raised floor 

systems. These excitations were performed with 0.02g input acceleration in both X and Z 

direction, in frequency range of 1.0-40Hz and 1.0-45.0Hz for Y and Z direction, 

respectively. 

Bi-axial time history tests, in accordance with the 6.5 Multi-frequency Seismic Simulation 

Tests of AC156, were carried out by simultaneous, but independent inputs in the horizontal 

and vertical axes, each producing the Required Response Spectrum (RRS) along the 

respective reference axis calculated with 1/12 octave of frequency bandwidth, 5% damping 

and prescriptions reported in AC156. The non-symmetric, non-structural elements were 

rotated for 90° in order each direction to be tested. The tests were conducted by gradually 

increasing the intensity of the time history earthquake, starting with 0.23g and 0.17g and 

finishing with 0.92g and 0.64g in Y and Z direction, respectively. Figure 5 shows the 

maximum input acceleration time history plots in horizontal and vertical direction as well 

as the corresponding Test Response Spectra (TRS) that match the Required Response 

Spectra given in AC 156. 

 

Fig. 5 - Input time histories of the test with the highest excitation and TRS vs RRS 
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5. Results and discussion 

Regarding the raised floors, for the 1.0m high raised floor systems, based on the presented 

results, the following frequencies in horizontal direction were obtained: for the 

configuration with bracings starting from 1x1 panel, 3x3 panels, 5x5 panels and 7x7 

panels, frequencies of 30.02Hz, 11.35Hz, 7.32Hz, 6.19Hz were measured, respectively 

(figure 6). It was observed that the increase of the number of panels led to a decrease of the 

value of the resonant frequency. The same tendency is visible for the panels without 

bracings where, in the same configurations, the measured respective frequencies are 

significantly lower compared to the previous ones (configurations with bracings) due to the 

lower stiffness. If the results obtained for the frequencies are compared, it is clear that the 

increased number of panels and the use of bracings significantly reduce the value of the 

resonant frequency.  

The plot in figure 7 shows the input acceleration time history versus the acceleration time 

history at the level of floor panels. The maximum input acceleration is 0.85g and the top 

acceleration with certain amplification is 4.2g for the specific measured points.  

 

 
 

Fig. 6 - Change of dynamic characteristics of raised 

floors, 1.0m high 

Fig. 7 - Input TH vs output TH of acceleration at 

point 5, braced raised floors with 1.0m high 

 

Related to the dynamic behaviour during the most intensive seismic tests, there was 

noticeable sliding and slight separation of the raised floors panels, but there was no 

damage of the elements of the system and no change in the stability of the tested 

configurations. 

Concerning the ceiling systems, the maximum relative horizontal displacement of the most 

flexible ceiling panel was 13.5mm, while the maximum relative vertical displacement 

between the steel profile and the panel was 14.9mm, figure 8. The maximum measured 

acceleration in horizontal direction was 4.25g (ACC01) and the maximum measured 

acceleration in vertical direction was 3.20g (accelerometer ACC02). The selected time 

histories are shown in figure 9. 

 

  
Fig. 8 - Time histories of maximum relative 

displacement 

Fig. 9 - Time histories of maximum measured 

accelerations, ACC 02 
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During and after the seismic test, all units of the ceiling systems and their supporting 

structures showed neither damage nor loss of function, except two different types of 

panels, which fell during the strongest tests (figure 10 - left). 

In respect of the partition walls, 24 different types of partition walls were tested of which 

only 2 types of partition walls didn’t pass the acceptance criteria for seismic certification 

by shake-table testing of non-structural components according to standard AC 156 (figure 

10 - right). 

 

  
Fig. 10 - Damages of the non-structural elements, ceiling systems (left) and partition walls (right) 

6. Conclusions 

During earthquakes, non-structural components can be seriously damaged, and their failure 

can result in loss of human lives and extensive repair costs. Their stability and seismic 

performance are necessary to be verified according to the acceptance criteria in the 

prescribed standards.  

The presented testing of different configurations and layouts of raised floors, partitions and 

ceiling systems was performed according to the AC156 acceptance criteria for seismic 

qualification by shake table testing of non-structural components. Qualification by biaxial 

testing in horizontal and vertical direction was simultaneously performed with 

corresponding Test Response Spectra (TRS) that match the Required Response Spectra 

(RRS) given in AC156.  

The obtained results of this complex experimental research showed that almost all tested 

systems successfully passed the seismic acceptance criteria for shake table testing of non-

structural components and systems according to the applied standard. 
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Abstract: Due to the high seismicity of the Balkan region, most non-EU countries in this 

region are close to, or are intending to, formally adopt EN 1998 (Eurocode 8: Design of 

structures for earthquake resistance), the European standard that provides the principles for 

the design of structures for earthquake resistance. Facilitating the practical use of Eurocode 

8, the European Commission's Joint Research Centre (JRC) provided technical support 

through the organisation of the Eurocodes Balkan Summer School on the seismic design of 

concrete buildings (5-16 July 2021). The main objective of the Eurocodes Balkan Summer 

School was to assist the training of practitioners (design engineers) in the use of the 

Eurocodes in their day-to-day design practice. The high level of participant’s satisfaction is 

a strong indicator of the Summer School’s positive impact. It opens possibilities for similar 

events in the future and the transformation of the developed training materials into an e-

Learning course. The paper presents the objectives, programme, conclusions, and follow-up 

of the Eurocodes Balkan Summer School. 

Keywords: Eurocode 8, EN 1998, Summer School, training, earthquake resistance, seismic 

assessment 

1. Introduction  

The European Commission’s Western Balkans Strategy (COM (2018) 65 final) outlines, 

on the one hand, the reforms that are to be implemented by the Western Balkans for 

accessing the European Union (EU) and, on the other hand, the EU's increased 

commitment to support this process of change politically, technically and financially 

through six flagship initiatives1. The Strategy stresses that one of the key priorities for 

accession to the EU is for the Western Balkan partners to ‘properly apply EU rules and 

standards not only in law but in practice’. It also states that ‘the Commission will enhance 

its technical assistance to the Western Balkans to help them align with EU legislation and 

ensure its effective implementation in practice’. 

One feature of the EU laws and standards, the so-called acquis communautaires2, which 

have to be adopted or aligned to by candidate countries in order to join the EU, relates to 

                                                           
1 In the fields of the rule of law, socio-economic development, digital agenda, security and migration, 

transport connectivity, reconciliation and good neighbourly relations:  

https://ec.europa.eu/commission/sites/beta-political/files/six-flagship-initiatives-support-transformation-

western-balkans_en.pdf  
2 https://ec.europa.eu/home-affairs/pages/glossary/eu-acquis_en  
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the advanced common standardization environment of the Union. Within the construction 

sector, the European standards for structural design – the Eurocodes3, provide a common 

approach for the design of buildings and other civil engineering works and construction 

products.  

The Eurocode were published in 2007 and their implementation in the European countries 

started in 2010. Following their publication, many non-EU countries have shown strong 

interest in their adoption and now such process is gaining international momentum4. The 

second generation of the Eurocodes is currently under development following the 

Commission’s Mandate M/5155 to the European Standardisation Committee (CEN) and the 

standards are expected to be published after 2026. 

2. Support for the adoption and implementation of the Eurocodes in the Balkan 

region  

In the framework of its ex-Enlargement and Integration Action (E&IA), currently called 

Science and technology for Associated Countries (S&T for AC)6, the Joint Research 

Centre (JRC) of the European Commission has offered, since 2013, specialized workshops 

and provided scientific and technical support to non-EU Balkan region for the adoption 

and implementation of the Eurocodes.  

The first cycle of activities, under the umbrella of the JRC Enlargement and Integration 

Action (E&IA) 2013 – 2016, focused on assessing the state and specific needs for the 

adoption of the Eurocodes in the Balkan region. As illustrated in Fig. 1, JRC training 

activities and workshops on the Eurocodes for the Balkan region were held in Milan 

(2013), Skopje (2014), Zagreb (2015), Skopje (2016) and Tirana (2018)7. More than 250 

stakeholders from the Balkan region have participated in these workshops.  

The first cycle of Eurocodes-related dissemination events in the non-EU Balkan region 

made evident that further effort and technical assistance is necessary to support the 

introduction of the Eurocodes into the national regulatory environments and disseminate 

their use in practice. Particular importance was given to the elaboration of the Eurocodes 

Nationally Determined Parameters and the harmonisation of seismic hazard, snow, wind 

and thermal maps for use in the Eurocodes National Annexes (Formichi et al., 2019) 

A second cycle of Eurocodes activities in the Balkan region was designed for the period 

2018-2022 in the framework of JRC’s ex-E&IA. The activities aim to enhance building 

capacities within the National Authorities and facilitate the full implementation of the 

Eurocodes from the level of regulation to the practical use by the designers. The activities 

offer technical assistance at three different levels: 

                                                           
3 The Eurocodes refer to the European Standards EN 1990 – 1999: https://eurocodes.jrc.ec.europa.eu/ 
4 The Eurocodes map presents the status on the interest and adoption of the Eurocodes worldwide: 

https://eurocodes.jrc.ec.europa.eu/showpage.php?id=8  
5 M/515 Mandate for amending existing Eurocodes and extending the scope of structural Eurocodes: 

https://ec.europa.eu/growth/tools-databases/mandates/index.cfm?fuseaction=search.detail&id=523  
6 The Joint Research Centre (JRC) of the European Commission manages the Enlargement and Integration 

Action (E&IA), which supports countries to build the capacities to adapt their own national legislation to the 

EU legal framework (acquis communautaire) and also facilitates scientific and technical exchange. As of 

January 2022 a new Action, called ‘Science and technology for Associated Countries’ (S&T for AC), 

replaced the former Enlargement and Integration Action (E&I), with continuity in objectives and eligible 

activitie. 
7 Information on past Eurocodes workshops organised by the Joint Research Centre: 

https://eurocodes.jrc.ec.europa.eu/showpage.php?id=33#wslist  
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 National regulatory framework level – facilitating the implementation of the 

Eurocodes in the national regulatory framework. 

 Implementation level – assisting the training of practitioners (design engineers) to 

enable their understanding and use of the Eurocodes in day-to-day design practice. 

 Maintenance and upgrading level – increasing awareness of the National 

Authorities and National Standardization Bodies of the need to maintain the 

existing Eurocodes and keep pace with the forthcoming second generation of the 

Eurocodes (expected after 2026).  

 

 Fig. 1 - The timeline of the Eurocodes dissemination and training events for the non-EU Balkan 

countries, organised by the JRC in the period 2013 to 2018 

The Workshop ‘The way forward for the Eurocodes implementation in the Balkans’, 

(Tirana, 2018)8 was the first event in the second cycle, focused on the implementation of 

the Eurocodes in the national regulatory framework level (Athanasopoulou et al., 2018). At 

the workshop, significant progress has been reported by all non-EU Balkan countries in the 

adoption of the Eurocodes since 2016.  

There was also evidence of strengthened collaboration and information sharing among the 

non-EU Balkan countries and support given to the countries by neighbouring EU MS. 

Moreover, it was made clear that practitioners were acquainted with the Eurocodes system 

and their concepts and the Eurocodes were used in the design practice in the region, 

primarily for the design of high importance construction works (Athanasopoulou et al., 

2019).  

Within the second level of the technical assistance i.e., assisting the training of 

practitioners (design engineers) to enable their understanding and use of the Eurocodes in 

day-to-day design practice, JRC organised the Eurocodes Balkan Summer School on the 

seismic design of concrete buildings (5-16 July 2021)9. The selected details about the 

Summer School are discussed in the Section 3 and Section 4 below. 

                                                           
8 https://eurocodes.jrc.ec.europa.eu/showpage.php?id=2018_10_WS_Balkan  
9 https://eurocodes.jrc.ec.europa.eu/showpage.php?id=2021_balkan_summer_school 
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3. Eurocodes Balkan School on the seismic design of buildings 

3.1. Rationale  

Due to the high seismicity of the Balkan region, most non-EU countries in the Balkan 

region are close to, or are intending to, formally adopt EN 1998 (Apostolska et al., 2020), 

which provides the principles for the design of structures for earthquake resistance. 

Following this need, JRC provided technical assistance at the Eurocodes implementation 

level addressing the seismic design of concrete buildings through a Eurocodes Balkan 

Summer School in 2021. 

The Eurocodes Balkan Summer School aimed to assist the training of practitioners (i.e. 

design engineers) in the use of the Eurocodes in their day-to-day design practice. The 

Summer School provided hands-on training on the Eurocodes use (i.e. lectures with 

worked examples and interactive sessions for the participants) in addition to plenary 

sessions and keynote lectures given by experts in the field. As the topic addressed was the 

seismic design of concrete buildings, the main focus was on EN 1998 “Eurocode 8: Design 

of structures for earthquake resistance”. Naturally, relevant parts of EN 1990 “Eurocode: 

Basis of structural design”, EN 1991 “Eurocode 1: Actions on structures”, EN 1992 

“Eurocode 2: Design of concrete structures”, and EN 1997 “Eurocode 7: Geotechnical 

design” were also covered.  

3.2. School objectives, programme and participants 

The objective of the Summer School was to provide the participants with an overview on 

the seismic design procedures for typical multi storey reinforced concrete buildings using 

the Eurocodes relevant parts. At the end of the Summer School, the participants achieved 

to: 

 obtain an overall understanding of the seismic design concepts, procedures and 

current practices using the Eurocodes, enabling them to plan the design process and 

direct the construction activity appropriately; 

 understand the methodology of seismic design to be able to execute a proper design 

using EN 1998 and relevant Eurocodes; 

 have a better appreciation of various construction details with respect to seismic 

response when applying the Eurocodes. 

The Summer School scientific programme10 was structured in ten half-day sessions. A 

highly engaging and interactive programme was delivered, including keynote lectures and 

lectures with worked examples by the Eurocodes’ drafters, detailed presentations on 

worked examples and an interactive online classroom “talk with the expert” (Fig. 2). 

All the sessions were focused on the practical use of EN 1998 for the seismic design, 

assessment and retrofitting of reinforced concrete buildings, along with the relevant parts 

from EN 1990, EN 1991, EN 1992 and EN 1997. Hands-on work on the simulation of 

seismic response of concrete buildings, explaining various analysis methods, design 

verifications and use of appropriate software was also presented. An overview of the 

evolution of the Eurocodes towards the publication of their second generation (expected 

                                                           
10 The complete programme of the Scholl can be found at:  

https://eurocodes.jrc.ec.europa.eu/doc/2021_balkan_summer_school/2021_balkan_summer_school_announc

ement.pdf.  
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after 2026) was provided to facilitate the participants to keep up with the latest 

developments related to the seismic design of reinforced concrete buildings were delivered.  

 

 

Fig. 2- The different features of the Summer School programme – legend 

 

The participants were civil/structural engineers with a strong interest in seismic design and 

assessment of reinforced concrete buildings from the Western Balkan region (Albania, 

Bosnia and Herzegovina, North Macedonia, Kosovo(*)11, Montenegro and Serbia) and 

Turkey (Candidate country for EU membership).  

The participants were divided to two groups related to their design experience: (i) full 

participants - young/junior engineers with some professional knowledge on the design of 

building structures for earthquakes resistance with access to all feature of the Summer 

School and (ii) passive participants - senior structural engineers, following the keynote 

lecturers and lecturers with worked examples only (Fig 3). Interaction between younger 

and senior engineers of the region gave additional value to the Summer School programme 

and sessions.  

 

    

Fig. 3- Number of participants per country (left: full participants, right: passive participants) [Note for 

Kosovo: This designation is without prejudice to positions on status, and is in line with UNSCR 1244 and the 

ICJ Opinion on the Kosovo Declaration of Independence. 

4. Mapping of participants level of knowledge and their needs 

In order to assess the participants’ level of knowledge in some of the Summer School topics, 

evaluate if their specific needs were addressed, as well as to overcome the challenges from the 

                                                           
11 (*) This designation is without prejudice to positions on status, and is in line with UNSCR 1244 and the ICJ 

Opinion on the Kosovo Declaration of Independence. 

(*) (*) 
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absence of face-to face sessions, several live polls were launched during the Summer School, 

addressing particular topics (1-4) as given below (Figs. 4-7). These polls were answer by 50% 

to 60% of the participant attending the sessions. 

Topic 1: Design of reinforced concrete buildings according to the national 

seismic design practice and the Eurocodes 

The obtained results are illustrated in Fig. 4. It is noted that 50% of the participants answering 

to the polls reported to have very limited experience in the design of reinforced concrete 

buildings according to EN 1998 provisions and approximately 60% noted to have limited 

experience on the provisions of EN 1992 and EN 1998 design standards. On the contrary, 43% 

of the answering participants assessed to have satisfactory experience in designing according to 

the national seismic design practice. These results indicate a relative gap of knowledge and 

experience related to the seismic design with according to the Eurocodes but not an absence of 

awareness on the Eurocodes concepts and system.  

 

 

 
 

Fig. 4- Poll results related to the topic 1 

Topic 2: Nonlinearity, damping and capacity design 

From the collected answers (Fig. 5) it seems that the almost half of the participants are familiar 

with the concepts of “ductility”, “damping” and “capacity design” (38%, 45% and 40%, 

respectively). Despite the fact that 48% of the answering participants noted that they are 

familiar with the concept of nonlinearity, this is only on theoretical level and without further 

implementation in their daily practice. 

Topic 3: Analysis methods and selection of ground motions 

The collected answers (Fig. 6) point out that almost half of the participants have only some 

theoretical conceptual knowledge in the topics (in the range between 42% and 55%) and do 

not apply related provisions in their daily engineering design practice. 
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Fig. 5- Poll results related to the topic 2 

Topic 4: Seismic assessment and retrofitting 

Approximately half of the participants (Fig. 7) responded that they are only familiar with the 

procedures and concepts (43%, 41%, 57%, 46% and 54%, respectively) but do not implement 

them in their daily engineering design practice. 

The main conclusion from the collected views from the Summer School participants indicates 

that several gaps the participants reported had been adequately addressed by the topics of the 

Balkan Summer School 2021. 

5. Participants΄ satisfaction survey 

Shortly after the Summer School, the participants were invited to provide their feedback on 

the training activity along with any reflections or recommendations. More than 50 

attendees participated in the survey which included questions targeting the organisation 

aspects of the Summer School, the quality of the presentations and training material, the 

structure of the programme and technical details related to the online delivery of the event. 
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Fig. 6- Results related to the topic 3 

More than 80% of the responding participants have noted that they are very satisfied 

overall with the Summer School (organisation, communication, training material quality 

and support). The responding participants further assessed the Summer School with a high 

satisfaction rate compared to their expectations. The sessions with the highest satisfaction 

rate were the sessions with the worked examples, followed by the keynote lectures with 

integrated worked examples, confirming the great interest of the Eurocodes users in 

practical training. 

More than 85% of the responding participants answered that the presentation style in the 

lectures was fully suitable while 70% of them considered that the sessions addressed most 

of the topics relevant to their work and need. Approximately 75% of the responding 

participants commented that the length of the Summer School was appropriate while 20% 

noted that it was rather long and could be delivered in two separate blocks.  

In relation to the online delivery of the Sumer School, approximately 60% of the 

responding participants felt that the live chat and email communication could overcome the 

challenges from the absence of face-to-face sessions fully or to a great extent.  

Half of the responding participants indicated that they are involved or will be involved in 

training program on the Eurocodes in their countries, highlighting the importance of such 

training events in supporting capacity building and developing a community of trainers for 

the designers interested in using the Eurocodes.  

Many participants have requested further training events in the format and style of the 

Eurocodes Balkan Summer School covering other Eurocode parts and design topics.  

One of the most important takeaways as described by the participants was the possibility to 

ask questions directly to the lecturers, being also drafters of the Eurocode as such 

opportunity strengthens their understanding of the Eurocodes concepts and background 

information. 
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Fig. 7- Results related to the topic 4 

7. Conclusions and future activities 

Below are summarised the most important observations and conclusions based on 

Eurocodes Balkan Summer School sessions, discussions and collected views from the 

participants: 

 The objective of the Summer School – i.e. to provide an overview on the seismic 

design procedures for typical multi-storey reinforced concrete buildings - and the 

learning objectives set in the programme were fully met. 

 The overall level of satisfaction for the Summer School considering all aspects 

(organization, communication, training material quality, support) exceed 80% with 

four out of five participants expressing the highest grade for the School’s technical 

programme; such feedback represents a strong indicator of its positive impact. 

 Organisation of a future edition of the Summer School, as well as Summer Schools 

focused on other Eurocodes Parts or types of structures are of outmost interest for 

the designers in the non-EU Balkan countries, especially for younger engineers 

who are at the beginning of their professional careers. 
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 Considering that high percentages of the Balkan building stock is old, vulnerable to 

earthquakes and energy inefficient, the transfer of knowledge from the EU Member 

State countries in seismic assessment and integrated techniques for seismic 

strengthening and energy efficiency is one of the top priorities. 

 The event provided an opportunity to build upon the experience, initiatives, difficulties 

and solutions concerning the implementation of the Eurocodesin the Balkan region. 

Supporting further the practical use of the Eurocodes, the Summer School training material as 

well as a JRC Report summarizing the conclusions of the event and providing impact 

assessment of the activity is expected to be published in 2022. The material will be made 

available in the new JRC Eurocodes website to be launched in July 2022. The training material 

will also serve as a reference not only for practitioners in the Western Balkans but also 

worldwide as there are many third countries interested in the adoption of the Eurocodes and in 

particular, EN 1998. 

Due to high interest in the Summer School and several requests for future editions, an e-

Learning course on the same topic is under development. The course will be hosted in the 

EU Academy12 and it is expected to be available by the end of 2022. The course will be 

based on the training material developed for the Summer School and allow the participants 

to study the material in a self-paced mode complemented by several opportunities for self-

assessment of the learning outcomes. 
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Abstract: The evaluation of the in-plane displacement capacity of URM walls at different 

performance levels is fundamental for the seismic design and assessment of masonry 

buildings, since drift limits represent one of the main parameters for the control of the 

damage at serviceability and ultimate conditions and affect the non-linear models used in the 

structural analyses and the evaluation of other significant seismic parameters, such as the q-

factors for linear elastic analyses. However, the values of drift limits of masonry walls are 

still under discussion and a consensus in the technical and scientific community has not 

been achieved yet. In order to solve this issue, a new definition of performance levels 

specific for URM walls is provided in this work: four limit states are introduced based on 

the increasing extent of damage due to in-plane actions derived from the results of in-plane 

tests, and associated to different points on the experimental envelope curves. Then, the 

evaluation of the deformation capacity at the different limit states is carried out on a dataset 

of in-plane cyclic tests on URM walls, and cumulative distribution functions of the drift 

capacity have been also derived. 

Keywords: URM walls; seismic design and assessment; in-plane response; performance 

limit states; drift capacity 

1. Introduction 

The evaluation of the in-plane deformation capacity of unreinforced masonry (URM) walls 

at different performance levels is of fundamental importance for the seismic design and 

assessment of masonry buildings, since the displacement limits are one of the most 

important parameters for the evaluation of the seismic response of masonry structures. In 

codified procedures, limits expressed in terms of drift/chord rotations of walls are required 

at ultimate conditions and are defined as a function of the failure mechanisms (e.g., by 

shear or by flexure) and adopted for the definition of the constitutive models in non-linear 

analyses. These drift limits also influence the evaluation of other significant seismic 

parameters, such as the q-factors to be used in linear elastic analyses. Furthermore, limits 

in drifts of the walls at serviceability limit states are needed, for example, for the control of 

the damage at Damage Limit State. 

Regardless of their fundamental importance, the values of displacement capacities of 

masonry walls are still under discussion and a consensus in the technical and scientific 

community has not been achieved yet. The main issues regard the definition of the 
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performance limit states and the deformation limits associated to the different performance 

levels.  

The introduction of two different limit states at ultimate conditions, with the distinction 

between “Significant Damage (SD)” and “Near Collapse (NC)” limit states, addressed by 

recent codes (i.e., NTC2018 and draft EC8-Part 1-1, CEN 2019), has furtherly complicated 

the situation. In the past, without this distinction, the ultimate conditions has been 

conventionally assumed as a level of damage corresponding to a drop of 20% of the 

maximum resistance of the wall after the peak, without however specify if this condition 

was representative of a significant damage or a near collapse limit state (see, for instance, 

Tomaževič, 2007; Magenes et al., 2008; Costa et al. 2011). Moreover, a fully Operational 

limit state (“OP”) has been also introduced in recent codes in addition to the Damage 

Limitation (“DL”) requirement. However, the norms only provide general information in 

terms of overall building response, without specific descriptions for masonry elements. 

Therefore, a clear definition of the different limit states, both at serviceability and at 

ultimate conditions, is surely necessary for a correct and consistent evaluation of drift 

limits for masonry walls. 

The evaluation of displacement capacities of masonry walls is usually derived from the 

interpretation of experimental in-plane cyclic tests, considering the level of damage 

displayed during the experiments. Although some authors in the past proposed different 

interpretations, an unanimous definition of limit states on tested walls is not achieved yet 

and it remains a controversial issue. Several studies investigated the Limit States (LS) for 

URM buildings (see, for example, Grünthal, 1998; Calvi, 1999; Abrams, 2001; Lang, 

2002; Bosiljkov et al., 2003; Lagomarsino and Giovinazzi, 2006; Tomaževič, 2007), but 

most of these were developed for the whole structure. Within the few researches 

addressing the definition of limit states considering the wall response, there are FEMA 306 

(ATC 1998), Bosiljkov et al. (2003), Petry and Beyer (2015) and Morandi et al. (2018). 

In order to solve this issue, a new definition of specific performance levels suitable for the 

in-plane response of structural masonry walls is provided in this work, with the aim to 

rationalize and update past proposals. The limit state definition is based on the lateral 

performance evaluated on some significant experimental examples of in-plane cyclic tests 

on URM piers. Four limit states specifically referring to masonry walls are introduced, in 

accordance with the general definitions included in the modern codes, based on the 

increasing level of damage due to in-plane actions, and are associated to different points on 

the experimental envelope curves.  

The evaluation of the deformation capacity at the defined limit states is then carried out on 

several in-plane cyclic tests on URM walls performed all over the world considering 

different types of masonry units, of bed-and head-joints, dimensions, boundary conditions 

and applied vertical loads. Compared to previous publications (i.e., Morandi et al., 2018), 

this study proposes a more clear and systematic definition of the different limit states and 

an evaluation of drift capacities from experimental results through a statistical approach. 

2. Interpretation of experimental in-plane cyclic tests 

In this study, a series of in-plane cyclic tests on URM walls, collected within different 

research projects, is taken into consideration; in these shear-compression tests, a vertical 

load is initially applied, followed by a cyclic horizontal load at the upper part of the wall. 

The horizontal action is imposed in the form of programmed cyclic displacements, applied 

in both directions with step-wise increasing amplitudes up to ultimate conditions of the 

specimens; at each displacement level, the loading is repeated usually three (or two in 
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some cases) times. During the tests, forces and displacements acting on the specimens are 

recorded and hysteresis loops can be plot; pictures and/or sketches of the damage in the 

specimens are usually prepared after each displacement level or sometimes only at the final 

stages of the tests. An example of an experimental test set-up is shown in Fig. 1(a). 

The results of such kind of tests are usually interpreted in terms of elastic stiffness, lateral 

strength and displacement capacity, in function of the observed failure mechanisms; these 

parameters represent the main factors that influence the in-plane response of URM walls. 

The derivation of these parameters is represented on the experimental force-displacement 

envelope sketched in Fig. 1(b). As commonly performed in many researches in the past 

(e.g., Magenes et al., 2008, Wilding and Beyer, 2018, Morandi et al., 2019), the 

experimental elastic stiffness kel,exp is evaluated considering the slope of the secant at 70% 

of the maximum lateral force, Vmax,exp, of the force-displacement envelope. The 

deformation limits, often expressed in terms of lateral drift θ (equal to the horizontal 

displacement δ over the specimen height h), at peak force, θVmax, at 20% of strength drop 

after the peak, θ20%drop, and at maximum drift achieved at the end of the test, θmax, are 

usually identified. 

 

  

(a) (b) 

Fig. 1 - (a) Example of in-plane cyclic test; (b) Idealization of the cyclic response. 

3. Performance limit states for URM walls according to in-plane test results 

Performance levels on masonry walls can be defined as a function of the inter-storey drift 

and evaluated through the interpretation of the achieved levels of damage. However, 

related specifications proposed by international seismic standards (e.g., the Italian Norms 

for Constructions, NTC2018, 2018, EC8-Part 1, CEN 2004 and EC8-Part 3, CEN 2005) 

are rather generic and usually referring to the damage of the whole structure, and thus a 

commonly accepted definition of possible damage limit states related to specific 

performance requirements for masonry walls has not yet been established within the 

scientific community. 

3.1. Definition of performance limit states for URM walls 

A possible definition of specific performance levels for the in-plane response of structural 

masonry walls is here proposed, according to past research experience and to the general 

requirements provided by international standards.  

1232
3ECEES, September 2022, Bucharest, Romania



Four limit states specifically referring to masonry walls are here introduced, based on the 

increasing extent of wall damage due to in-plane actions, evaluated from experimental in-

plane cyclic tests on URM piers: 

• “Fully Operational Limit State” (OPLS). The wall is only slightly damaged and 

economic to repair, allowing continuous operation of systems and people hosted in the 

structure. The occurrence of this level of damage can be characterized by a very light 

and superficial cracking in the masonry panel, mainly concentrated in the bed- and in 

the head-joints, or by cracks in the plaster if present. A “cosmetic” damage without the 

need for repair, like the occurrence of very light cracks in the plaster does not belong to 

this damage state but could eventually be considered as an additional previous damage 

state level (“almost zero damage”).  

• “Damage Limitation Limit State” (DLLS). The wall is damaged, but can be effectively 

and economically repaired, with negligible permanent drifts, with limited decrease in 

stiffness but unaltered ability to withstand future earthquakes, retaining its full lateral 

strength and vertical-load bearing capacity. Damage of the masonry wall is expected 

through the formation of light but visible bi-diagonal cracking, involving both the joints 

and the units or diagonal step-wise cracking affecting mainly the bed and the head-

joints. Sliding in the bed-joints may also occur. In the case of flexural/rocking modes, a 

limited cracking of few units at the corners of the wall can be expected.  

• “Significant Damage Limit State” (SDLS). The wall is significantly damaged with 

possible moderate permanent drifts, with large decrease of stiffness, but with moderate 

reduction of the lateral strength and wide reserve on the vertical-load bearing capacity. 

The masonry is not repairable at reasonable costs. Significant sliding and displacement 

in the mortar joints and substantial development of cracks in the units is expected. In 

addition, crushing and spalling of units are widespread throughout the walls. 

• “Near Collapse Limit State” (NCLS). The wall is heavily damaged, with possible large 

permanent drifts, significant reduction of lateral strength, but maintaining a residual part 

of the vertical-load bearing capacity such that the wall does not collapse and lives are 

not threatened. The width of the cracking involving both the bed- and the head- joints 

and the units is extensive and spalling and crushing of blocks are widespread. 

Nevertheless, the position and the weight of masonry portions falling down is such to 

exclude the risk for the loss of human lives. The wall needs to be demolished. 

It is important to underline that only the in-plane response is considered in the definitions 

above; however, the overall performance criteria should obviously include also possible 

additional limit states considering the damage due to out-of-plane actions that could occur 

before the activation of the in-plane limit states. 

3.2. Correlation between performance limit states and experimental results 

According to the definitions provided in previous paragraph, the performance levels for a 

masonry wall can be identified in terms of inter-storey drift (θ) associated with a specific 

degree of damage. Therefore, for each experimental in-plane cyclic test, the values of drift 

corresponding to the attainment of the different limit states can be identified based on the 

extent of damage in the wall observed during the test, obviously only if the damage pattern 

is recorded for each imposed displacement level.  

Such interpretation, being based on the observed damage levels, could sometimes result in 

subjective and biased conclusions, in particular if the purpose is to provide a quantitative 

definition of the damage states. Associating the different damage levels with specific 
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points on the envelope of the experimental force-displacement curve can be a possible 

solution to this issue. 

In order to evaluate a possible correlation between the performance levels and specific 

points on the envelope curve, the results of cyclic tests on some significant specimens 

failing in shear (e.g. specimen MA5 in Morandi et al., 2019, specimen PUP1 in Petry and 

Beyer, 2014, specimen EC_COMP2_4 in Graziotti et al., 2016) and flexure/rocking (e.g. 

specimen MA6 in Morandi et al., 2019) have been considered.  

Based on the observed experimental damage, it seems reasonable to associate the different 

limit states defined above at specific points on the envelope curve, as follows. The 

following considerations are mainly based on the tests failing in shear or in hybrid modes 

where the shear is the governing mechanism: 

• it appears quite evident that the drift at peak force θVmax typically corresponds to the 

occurrence of the first visible cracks in the walls, with the formation of bi-diagonal 

cracking, involving both the joints and the units, or step-wise cracking, involving only 

the joints, or sliding in the bed-joints, or limited crushing of few units at the corner in 

the case of flexural/rocking behaviour. The level of the damage is such that the wall can 

be still effectively and economically repaired and is therefore reasonable to associate the 

drift at peak force θVmax to a “Damage Limitation Limit State” (DLLS). 

• The “Operational Limit State” (OPLS) occurs when the wall is only slightly damaged, 

with very light and superficial cracking in the masonry panel, mainly concentrated in 

the bed- and in the head-joints. A fraction of the drift at peak force θVmax can be 

considered suitable for the definition of OPLS; for example, a conventional value of 

drift of 2/3∙θVmax, as suggested in the Italian seismic design provisions NTC2018, may 

reasonably represent this damage condition from the test results. The definition of this 

limit is clearly subjected to uncertainties due to the difficulties to actually detect it 

during the tests; in fact, the first visible cracking usually appears close to the peak force 

and therefore, before this point, it is not easy to identify any crack, especially when the 

test is stopped between two displacement cycles.  

• The drift at 20% of strength drop after the peak force θ20%drop is characterized by the 

development of marked cracking with crushing and spalling of the units throughout the 

walls and, in some cases, by large sliding in the joints; the reparability is not convenient 

and neither possible, but the walls can still guarantee a sufficient margin in terms of 

lateral strength and a wide reserve on the vertical-load bearing capacity. At this point 

severe levels of damage begin to be evident, whereas, before this point (for example at 

Vmax or 0.9Vmax after the peak), the damage pattern is more similar to conditions of first 

visible cracking and more representative of a “first damage” state. However, the level of 

damage at θ20%drop is still far from an imminent collapse condition, which instead can be 

attained much or a little further according to the different masonry typologies. 

Therefore, this level of drift may be associated to a “Significant Damage Limit State” 

(SDLS) that was traditionally assumed as a level of life safety/ultimate design 

conditions by many authors since the ‘90s, without specifying if this condition was 

representative of a significant damage or a near collapse limit state.  

• The values of maximum drift achieved at the end of the tests θmax, always larger than 

θ20%drop in the case of brittle shear failure modes, usually corresponds to a very severe 

level of damage, where the number and the width of the cracks, involving both the bed- 

and the head- joints and the units, is generally very wide and spalling and crushing in 

the units are extensive. However, the position and the weight of masonry portions 

eventually falling down is usually such to exclude the risk for the loss of human lives. 

At θmax, the reduction of lateral strength of the wall after the peak can attain, in some 
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cases, relatively small values, in other cases, much larger, but always maintaining a 

residual part of the vertical-load bearing capacity, thus avoiding the collapse of the 

entire wall. In this case, the only possibility is to define the maximum drift θmax 

achieved at the end of the tests as the point of a “Near Collapse Limit State” (NCLS) of 

the walls, as also suggested in some studies in the past (e.g., Bosiljkov et al., 2003; 

Morandi et al., 2019). Nevertheless, the values of θmax can be affected by some degree 

of subjectivity, since many tests have been stopped before the attainment of actual near 

collapse conditions (for example to avoid the risk of loss of the instrumentation due to 

the complete failure of the specimen) and thus underestimate the maximum attainable 

drift at near collapse. 

A representation of the four limit states at the specified points on the envelope curve is 

provided in Fig. 2. 

 

 
 

Fig. 2 - Correlation between performance limit states and points on the experimental envelope curve. 

4. In-plane drift capacity at different limit states 

The evaluation of the deformation capacity at the different points of the envelope curves 

defined above and associated to the four previously described limit states has been carried out 

on several in-plane cyclic tests on URM walls. For each test, the drift at 2/3∙θVmax, at peak force 

θVmax, at 20% of strength drop after the peak force θ20%drop and at maximum drift achieved at 

the end of the test θmax, corresponding respectively to OPLS, DLLS, SDLS and NCLS as 

defined in Fig. 2, have been evaluated. The values of θmax have been derived both for the case 

in which the test has completed all the last programmed cycles (θmax,f ), and for the case where 

the test has not accomplished all the cycles at the last target displacement (θmax). 

The specimens included in the dataset developed by Morandi et al. (2018) have been 

considered. The in-plane cyclic tests were collected in various international research 

campaigns on masonry walls with bricks and blocks with different materials, bed-and head-

joint typologies, dimensions, boundary conditions and applied vertical loads. Within the 

collected tests, only the specimens with more than 7 courses and heights larger or equal to 1.50 

m have been considered in the following results, to avoid the problems of ‘‘size effect” 

affecting piers with very few courses of units and very low heights, which can alter the actual 

failure modes and deformation capacity due to the influence of the boundary conditions (i.e. 

the confinement provided by the top and the bottom reinforced concrete or steel spreader 

beams). 
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Therefore, a total of 135 specimens have been considered, including 62 hollow clay with 

vertical perforation (named “HC”), 11 lightweight aggregate concrete with vertical perforation 

(“LAC”), 18 solid unit calcium silicate (“CS”), 26 solid unit autoclaved aerated concrete 

(“AAC”) and 18 solid brick (16 clay-“SB-C” and 2 calcium silicate-“SB-CS”) masonry piers. 

General purpose or thin layer mortar bed-joints and different types of head-joints (completely 

filled, filled with thin layer mortar, with filled mortar pocket, unfilled with plain or tongue and 

groove units) characterize the masonry walls with blocks; the solid brick masonry, both in clay 

or in calcium silicate, is instead realized with general-purpose mortar. The height of the piers 

ranges from 1.52 m to 3.00 m. The majority of the tests are performed with ‘‘Cantilever” and 

‘‘Double Fixed” boundary conditions, with exception of few specimens performed with other 

intermediate conditions. The values of the ratio between applied vertical stress over 

compressive strength ratio (σv/f) range between 2% and 41%. The failure modes obtained in 

the tests cover several mechanisms from flexural/rocking (“F”) to pure shear (”S”) with 

diagonal or step-wise cracking involving the joints and the units, sliding at the ends of the piers 

(“SL”), ‘‘gaping” with stepped cracking (“G”), and hybrid modes (“H”) with the occurrence of 

two different failure modes. In this study, only flexural, shear and hybrid mechanisms have 

been considered, since they are the only ones with a significant number of specimens.   

The results in terms of drift have been then analysed, if the sample is sufficiently large, 

through a statistical approach with the derivation of cumulative distribution functions (log-

normal distributions) associated to the four drift levels, considering flexural, shear and 

hybrid failure modes separately, and also without any distinction between failure modes. 

Fragility curves have been evaluated considering all the specimens together and also 

divided according to the masonry typology; an example is reported in Fig. 3. Table 1 

resumes the main statistical parameters of the obtained lognormal distibutions, the mean, 

the median (e) and the log-normal standard deviation (), and the maximum and 

minimum values; when the statistical evaluation is prevented by the small number of 

available results, the “arithmetic” values are reported. 

Some preliminary considerations on the obtained results are here reported. The 

deformation capacity at the ultimate limit states (“SD” and “NC” Limit States) seems to be 

influenced by the failure mode (which depends in turn by the level of applied 

compression), and by the masonry typology (and, within the same typology, in relation 

with other characteristics such as the head-joint types). Even if no systematic relationship 

between drift capacity and vertical stress has been provided, it is clear that the 

displacement capacity reduces for shear failure modes, which are usually activated for 

higher values of compression.  

Consequently, in the case of pure shear failures, an overall median value of drift θSD equal 

to 0.28% has been obtained, with results ranging, as a function of different masonry 

typologies, from 0.24%, when calcium silicate blocks are considered, to 0.40%, in the case 

of solid clay bricks. Walls characterized by flexural/rocking mechanisms have instead 

provided much higher values of drift θSD, with an overall median value of about 1.00% 

(1.04%), whereas intermediate values of drift between the case of pure shear and flexural 

failure modes have been found in the case of hybrid modes (with a median value of θSD 

equal to 0.59%).  

Similar considerations can be done about the values of drift capacity at near collapse (θNC), 

since they differ significantly according to the masonry typologies and the different failure 

modes, attaining an overall median value of θNC(max,f) equal to 0.34% (θNC(max)=0.38%) in 

the case of pure shear mechanisms, an overall median value of 1.04% (θNC(max)=1.13%) for 

flexural modes, while hybrid modes still achieve intermediate values between these two 

(median value of θNC(max,f) andθNC(max) equal to 0.63% and 0.72% respectively).  
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On the other hand, the deformation capacity at “DL” Limit States (θDL) does not change 

significantly as a function of different materials, when a sufficient number of specimens is 

considered. The median value for shear failures is in fact equal to 0.18% when all the 

materials are considered, while, in case of flexural mechanism, the values of θDL are larger, 

being the median value considering all the masonry materials equal to 0.41%; as for the 

other Limit States, intermediate values of θDL, between the shear and flexural response, are 

found for hybrid modes (median value equal to 0.33%). Considering all the failure modes, 

the median value of θDL is instead equal to 0.24%.  

Finally, the same considerations done for the Damage Limitation LS are also applicable for 

the Fully Operational LS, since the results are evaluated as 2/3 of the values at “DL”, with 

median values of θOP equal to 0.12%, 0.27%, 0.22% and 0.16% respectively for shear, 

flexural, hybrid and all the mechanisms. 

 

Table 1. Values of drifts corresponding to the different Limit States defined above, divided by failure mode 

and masonry material. 
  FLEXURAL SHEAR HYBRID ALL 

  θOP        

[%] 

θDL     

[%] 

θSD    

[%] 

θNC(max,f) 

[%] 

θNC(max) 

[%] 

θOP        

[%] 

θDL     

[%] 

θSD    

[%] 

θNC(max,f) 

[%] 

θNC(max) 

[%] 

θOP        

[%] 

θDL     

[%] 

θSD    

[%] 

θNC(max,f) 

[%] 

θNC(max) 

[%] 

θOP        

[%] 

θDL     

[%] 

θSD    

[%] 

θNC(max,f) 

[%] 

θNC(max) 

[%] 

A
L

L
 

mean 0.37 0.55 1.16 1.28 1.36 0.14 0.21 0.30 0.37 0.41 0.26 0.38 0.69 0.72 0.80 0.19 0.29 0.52 0.58 0.64 

β 0.77 0.77 0.59 0.63 0.61 0.52 0.52 0.37 0.42 0.39 0.55 0.55 0.55 0.51 0.45 0.66 0.65 0.67 0.66 0.61 

median 0.27 0.41 0.98 1.04 1.13 0.12 0.18 0.28 0.34 0.38 0.22 0.33 0.59 0.63 0.72 0.16 0.24 0.41 0.47 0.53 

max 1.34 2.01 3.04 3.04 3.06 0.28 0.42 0.65 0.76 0.95 0.44 0.67 1.73 1.73 2.00 1.34 2.01 3.04 3.04 3.06 

min 0.07 0.11 0.27 0.27 0.33 0.03 0.04 0.14 0.14 0.19 0.05 0.08 0.14 0.14 0.24 0.03 0.04 0.14 0.14 0.19 

H
C

 

mean 0.22 0.32 1.06 1.30 1.41 0.13 0.20 0.27 0.35 0.39 0.26 0.38 0.69 0.71 0.82 0.16 0.24 0.46 0.55 0.61 

β 0.62 0.62 0.62 0.73 0.65 0.42 0.42 0.31 0.43 0.40 0.60 0.60 0.47 0.44 0.45 0.52 0.52 0.65 0.66 0.64 

median 0.18 0.27 0.87 1.00 1.14 0.12 0.18 0.26 0.32 0.36 0.21 0.32 0.62 0.65 0.74 0.14 0.21 0.37 0.44 0.50 

max 0.47 0.70 1.95 2.96 2.99 0.28 0.42 0.54 0.76 0.95 0.41 0.62 1.73 1.73 2.00 0.47 0.70 1.98 2.96 2.99 

min 0.07 0.11 0.27 0.27 0.33 0.06 0.09 0.14 0.14 0.20 0.07 0.10 0.34 0.35 0.38 0.06 0.09 0.14 0.14 0.20 

A
A

C
 

mean 0.25* 0.38* 0.79* 0.79* 0.79* 0.15 0.22 0.37 0.42 0.45 0.19 0.29 0.40 0.47 0.51 0.16 0.23 0.37 0.43 0.46 

β 0.00* 0.00* 0.00* 0.00* 0.00* 0.42 0.42 0.37 0.44 0.41 0.45 0.45 0.58 0.55 0.39 0.44 0.45 0.47 0.50 0.41 

median 0.25* 0.38* 0.79* 0.79* 0.79* 0.13 0.20 0.34 0.38 0.41 0.18 0.26 0.34 0.40 0.47 0.14 0.21 0.34 0.38 0.43 

max 0.25* 0.38* 0.79* 0.79* 0.79* 0.24 0.36 0.65 0.65 0.69 0.29 0.43 0.58 0.58 0.68 0.29 0.43 0.79 0.79 0.79 

min 0.25* 0.38* 0.79* 0.79* 0.79* 0.06 0.09 0.19 0.19 0.20 0.10 0.15 0.14 0.14 0.24 0.06 0.09 0.14 0.14 0.20 

C
S

 

mean 0.69* 1.04* 1.71* 1.71* 1.71* 0.15 0.22 0.26 0.31 0.39 0.30 0.46 0.92 0.92 0.96 0.24 0.37 0.62 0.65 0.71 

β 0.48* 0.71* 0.04* 0.04* 0.04* 0.67 0.67 0.40 0.43 0.41 0.65 0.65 0.52 0.52 0.51 0.83 0.84 0.86 0.79 0.70 

median 0.69* 1.04* 1.71* 1.71* 1.71* 0.12 0.18 0.24 0.28 0.36 0.25 0.37 0.80 0.80 0.84 0.17 0.26 0.43 0.48 0.55 

max 1.17* 1.75* 1.75* 1.75* 1.75* 0.26 0.38 0.58 0.58 0.68 0.44 0.67 1.44 1.44 1.53 1.17 1.75 1.75 1.75 1.75 

min 0.22* 0.33* 1.67* 1.67* 1.67* 0.03 0.04 0.15 0.15 0.19 0.08 0.12 0.42 0.42 0.43 0.03 0.04 0.15 0.15 0.19 

L
A

C
 

mean 0.45* 0.68* 0.68* 0.68* 0.71* 0.05* 0.08* 0.25* 0.32* 0.36* 0.29 0.44 0.75 0.84 0.88 0.34 0.51 0.70 0.75 0.79 

β 0.00* 0.00* 0.00* 0.00* 0.03* 0.00* 0.00* 0.00* 0.00* 0.00* 0.70 0.70 0.50 0.52 0.35 0.83 0.81 0.49 0.47 0.37 

median 0.45* 0.68* 0.68* 0.68* 0.71* 0.05* 0.08* 0.25* 0.32* 0.36* 0.23 0.34 0.66 0.73 0.82 0.24 0.37 0.62 0.67 0.74 

max 0.45* 0.68* 0.68* 0.68* 0.73* 0.05* 0.08* 0.25* 0.32* 0.36* 0.44 0.66 1.20 1.20 1.43 0.51 0.76 1.20 1.20 1.43 

min 0.45* 0.68* 0.68* 0.68* 0.68* 0.05* 0.08* 0.25* 0.32* 0.36* 0.05 0.08 0.25 0.25 0.48 0.05 0.08 0.25 0.25 0.36 

S
B

-C
 

mean 0.26* 0.39* 1.45* 1.45* 1.45* 0.20 0.29 0.42 0.46 0.46 0.27 0.40 0.76 0.77 0.91 0.23 0.34 0.79 0.81 0.85 

β 0.05* 0.07* 1.13* 1.13* 1.14* 0.80 0.80 0.36 0.26 0.25 0.39 0.39 0.43 0.43 0.45 0.66 0.63 0.66 0.61 0.62 

median 0.25* 0.37* 0.75* 0.75* 0.75* 0.14 0.21 0.40 0.45 0.45 0.25 0.37 0.70 0.70 0.82 0.19 0.28 0.63 0.67 0.70 

max 0.32* 0.48* 3.04* 3.04* 3.06* 0.26 0.39 0.55 0.56 0.56 0.41 0.62 1.01 1.01 1.27 0.41 0.62 3.04 3.04 3.06 

min 0.21* 0.31* 0.55* 0.55* 0.55* 0.03 0.05 0.20 0.30 0.31 0.18 0.27 0.45 0.45 0.45 0.03 0.05 0.20 0.30 0.31 

S
B

-C
S

 

mean 1.34* 2.01* 1.49* 1.49* 2.01* 0.03* 0.05* 0.25* 0.25* 0.30* - - - - - 0.69* 1.03* 0.87* 0.87* 1.15* 

β 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* - - - - - 0.65* 0.98* 0.62* 0.62* 0.85* 

median 1.34* 2.01* 1.49* 1.49* 2.01* 0.03* 0.05* 0.25* 0.25* 0.30* - - - - - 0.69* 1.03* 0.87* 0.87* 1.15* 

max 1.34* 2.01* 1.49* 1.49* 2.01* 0.03* 0.05* 0.25* 0.25* 0.30* - - - - - 1.34* 2.01* 1.49* 1.49* 2.01* 

min 1.34* 2.01* 1.49* 1.49* 2.01* 0.03* 0.05* 0.25* 0.25* 0.30* - - - - - 0.03* 0.05* 0.25* 0.25* 0.30* 

Note: * “arithmetic” values; in this case, β is the standard deviation 
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Fig. 3 – Example of fragility curves of the experimental drift values (considering all the specimens together). 

5. Conclusions 

In this paper, a definition of performance levels specific for the in-plane response of 

structural URM walls is proposed. Four limit states at incremental damage level, named 

fully Operational (OP), Damage Limitation (DL), Significant Damage (SD) and Near 

Collapse (NC), specifically suited for URM walls, are introduced in agreement with the 

general definitions of Limit States included in the most recent structural codes. The 

introduction of “OP” limit state and, above all, the distinction between “SD” and “NC” at 

ultimate limit state has complicated the interpretation of performance states, since the 

ultimate condition was traditionally assumed as a level of damage corresponding to a force 

drop of 20% after the peak force, without specifying if this condition was representative of 

a significant damage or a near collapse limit state. 

Analyzing the increasing level of damage on many experimental examples of walls 

subjected to in-plane cyclic tests, the values of drift at “DL” (θDL), “OP” (θOP), “SD” (θSD) 

and “NC” (θNC) have been respectively associated to the peak of the experimental envelope 

curves, to 2/3 of the drift at the peak, to 20% of drop after the peak and to the maximum 

drift attained in the tests.  

The evaluation of the deformation capacity at the different limit states have been then 

carried out, analysing the results of 135 in-plane cyclic tests on URM walls collected in a 

dataset on different masonry typology made up with bricks and blocks. The results of drift 

at the different limit states have been then analysed with a statistical approach, when the 

size of the considered sample made it possible, deriving cumulative distribution functions 

according to the different masonry typologies and of the failure modes (flexural, shear, 

hybrid). These “fragility curves” of drift capacity, derived by the experimental results, 

could also be employed in probabilistic seismic assessment of masonry buildings.  

Finally, it is important to point out that the drift limits at ultimate conditions could be 

refined, trying to find specific relationships as a function of relevant parameters such as the 

boundary conditions of the walls (for example through the ratio h0/h or h0/l) or the level of 

applied vertical compression. Moreover, when additional tests will be available, the results 

could maybe also be considered as a function of different characteristics within the same 

masonry typology (e.g., the bed- and head-joint types, the percentage of voids in the case 

of blocks). Furthermore, the question whether associating the drift limits to the failure 

modes or not is still unsolved and needs to be further investigated.  
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Abstract 

This study deals with changing the use of existing buildings in Iraq in the light of the Iraqi 

seismic code. The problem is interrelated with the random construction efforts occurring out 

of legislation especially in green agricultural areas like that in Hilla city (Babel governorate) 

and its surroundings. An existing building is taken as a case study to investigate whether it 

is satisfying the Iraqi seismic code if its use is to be changed from storing building to 

residential. This study shows that it is possible to make this decision by making a comparison 

in the seismic losses between the two situations: the recent usage and the alternative usage. 

Data was collected regarding the existing building including the structural and nonstructural 

components and the situations of occupancies of the two. The results have shown that a 

major economic loss and up to $436000 could happen due to the building change of use. 

These estimated losses and considerations were not considered in Iraqi seismic code in which 

essentially need to be addressed.   

 

1. Introduction 

The structural design of a building is the key factor which measures the load-bearing 

capability and primarily influences the seismic performance of buildings. Hence, the seismic 

building structural type (SBST) is considered as critical information to assess the risks of 

earthquakes (Belgiu et al., 2014; Majdi, 2020; An et al., 2021). With the recent rapid 

expansion of urbanisation due to the economical and industrial growth, many rural buildings 

are being increasingly upgraded to be used for various purposes such as industrial factories, 

residential blocks, and warehouses, etc. Moreover, most of the structural information of 

those upgraded buildings are outdated and inaccurate due to the lack of assessments and 

investigations in these areas, which essentially needs to be monitored and studied by relevant 

agencies. Based on this, there is a substantial realistic necessity to investigate proper methods 

for accurate evaluation of the SBSTs of the buildings in rural areas.  

In recent years, earthquake events have increased noticeably in Iraq in different locations 

and with different intensities. These events have caused many casualties and long-term 

injuries in Iraq.  Hence, there is a real risk with variable levels in existing buildings and 
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infrastructures. To address this problem, the efforts were directed in this research to examine 

the effects of upgrading existing buildings in rural areas on the seismic performance of this 

buildings taking in consideration two issues: the range of satisfaction of buildings to the 

adopted legal and seismic standards and the problem of changing the use of buildings with 

its impacts on seismic losses. A case study of the rural areas surrounding Hilla city was 

adopted in this assessment to highlight the focuses of this study. 

 

2. Case Study 

Babylon governorate ‘known as Babel as well’ is in the middle of Iraq and around 100 Km 

to the south of the capital city of Baghdad. It is positioned between the latitude of 32°5'41'' 

N and 33°7'36'' N, and longitude 44°2'43'' E and 45°12'11'' as shown in Figure (1). As listed 

in Table (1), some key facts of the governorate are provided. The Euphrates River runs 

through the governorate, splitting into the Hindiyah and Hilla branches just south of 

Musayib. A network of irrigation canals runs through the governorate, providing water to 

the region's farms and orchards. Babel has a traditional dry desert climate, with summer 

temperatures easily exceeding 40°C. Rainfall is extremely limited and occurs only between 

November and April (NCCIRAQ, 2015).In recent years a wide expansion has occurred in 

private construction in the surroundings of Iraqi cities. Hilla city is located on the site of the 

ancient Babylonian civilization, which dates to the beginning of the second millennium BC. 

Agriculture is accounting for 42% of the city’s GDP. Industry, commerce and tourism have 

been identified as potential areas for expansion (IAU, 2010). In Hilla city, the expansion of 

construction is made on the rural belt areas that surround the town. Wide green agricultural 

zones are transformed through continuous random process to residential blocks of buildings. 

One of the common behaviors of owners is to register buildings as an agricultural land type 

for short time and then to change the use of building for residential or commercial purposes. 

The results of the random construction and illegal urban expansion can be highlighted by 

this study which takes an existing four-story building as an example. This building was 

registered as a storing building for agricultural purposes and had been built legally according 

to the valid legislation. The location of the building is far from Hilla city by 15 km.    

 

1241
3ECEES, September 2022, Bucharest, Romania



 
Fig.1 - Babel governorate location in Iraq, Source from Chabuk et al. (2017) 

 

 

Table 1. Key facts of the demography of Babel governorate 

 

Information 

 

Value 

 

Source 

Governorate Capital Hilla / 

Area 5315 Km2 (Republic of Iraq Ministry 

of Planning, 2013) 

Population 2,092,998 (Republic of Iraq Ministry 

of Planning, 2013) 

Gender Distribution 50% Male, 50% Female (COSIT, 2019) 

   

Geographical Distribution Rural 53%, Urban 47% (COSIT, 2019) 

 

3. Iraqi Seismic Code  

The first Iraqi seismic code requirements for buildings were published in 1997. The major 

subjects of this code were: resistant design, evaluation of seismic actions, verification of 

structural behavior and construction of earthquake resistant structures. The code did not 

involve the treatment of the existing building in the cases of changing of the use (Iraqi 

Seismic Code 1997).  
In 2017, the Iraqi seismic code for buildings was updated. The code involved provisions for 

changing use of existing buildings in chapter 9 article 2. These provisions stated that if the 

use of the building is changed then it must satisfy (with its new use) the seismic requirements 

of the new buildings. Two exceptions are presented: one is for the case of low seismic 

intensities (lower than 0.33) and another one is for that case in which the building is still 

giving acceptable performance according to the chapter 8 of the Iraqi code. 
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4. Methodology  

4.1 Building Description and Modeling  

The building information are listed below in Table (2). It consists of 4 stories with height of 

3.5 m and a surface area of 218 m2 for each floor.  

 

Table 2. General information of the building 

Description  Quantity Dimensions (m) 

  No. of spans 4 15.4 

No. of bays 3 14.15 

No. of story 3 3.5 

 Ground level 1 4 

 

 

 

 

 

 

 
Figure (2) illustrates the plans view of the building as a warehouse building on the right, and 

after changing the use of the building to a residential purpose (apartments) on the left. The 

building is framed by RC beams and columns.  

 

Fig.2 - Building plans  

 

The typical plans of the four stories consist of a regular Cartesian grid. The average spacing 

is of about 4m in one direction and 5m in another direction. The only difference in the two 

plans is the existing of the partitioning walls that needed to make the new usage of the 

building (residential). Every story involves two apartments. The details of cross sections of 

the columns are illustrated in Figure (3).  

 

      Floor Number 

 

Floor name 

 

Height (m) 

 

Area (Sq. m) 

1 GF 3.5 218 

2 First floor 3.5 218 

3 Second floor 3.5 218 

4 

Total 

Third floor  3.5 

14 

218 

872 

1243
3ECEES, September 2022, Bucharest, Romania



 

 

Fig.3 - Sections of columns 

 

The utilized beam member types are shown in Figure (4). These types are shared by all floors 

of the structure.   

 

Fig.4 - Plan and sections of beams 

 

The two-way slabs used in the floor system carry gravity loads that consist of 6.5 kN/m2 and 

3.5 kN/m2 dead and live loads respectively in the existing warehousing building. If the 

change of use is taken in consideration, then live load would be altered to 2.5 KN/m² 

included the partitions. These loads are uniformly distributed over the floor areas at all 

stories.  

The Hilla city’s seismic parameter values used for determining the design spectrum of the 

ASCE 7-10 standard, include 0.25g and 0.12g values for the Ss and S1 parameters 

respectively. The rather low seismicity of the building site is regarded in determining an 

ordinary moment frame (OMF) type of detailing as per ASCE 7-10. The design of this RC 

OMF system has been carried out by employing R = 3, Cd = 2.5 and I = 1 factors per ASCE 

7-10 standard. 
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The empirical period of the structure computed following ASCE 7-10 is equal to 0.67s which 

results to a MCE acceleration of 0.43g and a design base shear coefficient of 0.107. The 

combined gravity load is computed for obtaining a total seismic weight of 29750 kN per 

ASCE 7-10’s suggestion. These values lead to a design base shear of 3183 kN.  

For performing the nonlinear dynamic analyses required within the IDA process and the loss 

estimation procedure, the displacement-based distributed plasticity method is utilized, and 

the members are meshed by 3 number of segments to enhance the accuracy of this type of 

elements.  

4.2 Population information  

Th population information of the building were obtained by PACT software on a daily 

estimation basis. The population occupancy estimations for both cases (warehouse and 

residential) are presented below in Figure (5) and Figure (6), respectively. 

 

 
Fig.5 - Daily population model of warehouse building 
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Fig.6 - Daily population model of residential building 

 

5. Estimated Seismic Losses 

The simplified evaluation explained in FEMA P-58 is used to analyse the results in this 

article. In this research, the PACT software, which is offered by the ACT team and is 

considered a key tool in the methodology for determining expected economic losses, is used. 

Two cases are taken in estimating the seismic losses: the existing usage of the building 

(warehouses) and the case of changing of use to residential purposes. An intensity-based 

performance assessment using simplified analysis is applying to calculate the economic 

losses for both case study buildings for each intensity level depends on the performance 

groups. These groups are collected from structural and nonstructural components of the 

building following the procedure of FEMA P-58 methodology. Twelve ground shaking 

intensities for structural analysis results are inputted. Following the methodology procedure, 

each demand vector, related with one ground motion includes input for floor acceleration 

and peak story drift at each level in each direction and maximum residual story drift with 

dispersion value of 0.3 as shown in Figure (7). 
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Fig.7 - Building residual story drift ratio 

 

The hazard modelling curve is shown in Figure (8). The intensity Sa (g) was chosen to be 

0.32 and the mean annual frequency of exceedance MAFE is 0.015912. 

 

 
Fig.8 - Hazard curve  

 

To obtain realistic seismic losses, the considered fragility specifications should be a good 

representative of the facilities and components contained in the building class regarding the 

regional norms and standards. The structural components that participate in the seismic 

losses should also match the type of structural system and the design consideration 

performed in detailing them. The building studied is an ordinary moment frame designed 

following Iraqi building blogs. Accordingly, the structural fragilities reflecting ordinary 

moment frames with expected damage in the joint and beam end areas are adopted here. The 

non-structural components include various architectural and mechanical equipment and 

components which were selected previously by Terzic et al. (2019) following the building 

class specifications.  

1247
3ECEES, September 2022, Bucharest, Romania



 

5.1 Estimated Seismic Losses for a Warehouse Building 

  

The estimations regarding the building include the total replacement cost (TRC) assumed as 

$327,000. The core and shell replacement cost assumed equal to $196,200. The replacement 

time which is assumed 150 days. The ratio of total replacement cost is 0.75. The maximum 

worker per sq. m is 0.001997. Curves of repair cost graphically for each intensity represents 

the relation between performance groups, costs in USD and their probability (Lognormal 

fitted curves & binned values). These curves are presented in the following Figure (8). 

 

 
Fig.8 - Repair cost for the warehouse building  
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The realization analysis for both repair cost and time are shown in Figure (9) and Figure 

(10): 

 

 
Fig.9 - The realization model of repair cost  

 

 

 
Fig.10 - The realization model of the repair time 

 

5.2 Estimated Seismic Losses for a Residential Building 

The estimations regarding the residential building include the total replacement cost (TRC) 

assumed as $436000. The core and shell replacement cost assumed equal to $327000. The 

replacement time which is assumed 240 days. The ratio of total replacement cost is 0.75. 

The maximum worker per sq. m is 0.014585. 

 

The models for repair cost and time in the case of residential building are shown below in 

Figure (11) and Figure (12): 
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Fig.11 - Repair cost for the residential building  

 

Fig.12 - Repair time analysis for the residential building 
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The repair time models for the residential building are shown in Figure (13) and Figure (14):  

 

 
Fig.13 - The realisation analysis of repair cost for the case of residential building 

 

 
Fig.14 - Realization analysis of repair time for the case of residential building 

 

6. Discussions and conclusions 

The results obtained in this study have shown that changing the use of the building from 

warehouse to a residential building can cause massive economic loss in terms of repairing. 

The PACT analysis results have shown a fraction of 0.5 can lead to a loss of the total 

replacement cost $436000 and 240-days repairing time. The Iraqi seismic code has stated in 
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article 9-2 that when the building use has changed from warehouse (category 1) to a major 

occupancy building with more than 300 person (category 3), there will be no requirements 

to be satisfied for the in relation to the seismic considerations. However, the code did not 

take in consideration the case of the residential building such as apartments. Moreover, the 

code did not consider the environmental aspects. These shortcomings in the code essentially 

need to be addressed in order to tackle the non-uniform changing the building nature of 

occupancy. Finally, this study recommends that the Iraqi seismic code should be modified 

to address these issues because of the increment of the recent earthquake events in Iraq.      
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Abstract: ACI 318 code, MC10 fib code and RILEM TC 162-TDF standard permit the use 

of Steel Fiber Reinforced Concrete (SFRC) e.g., the minimum shear reinforcement made of 

deformed steel bars in flexure-controlled elements. Other investigations have demonstrated 

the suitable performance of SFRC in shear-controlled members and for seismic 

rehabilitation applications. It has become apparent that the adequate use of SFRC depends 

on the knowledge and prediction capabilities of its tensile performance. The results of three-

point bending tests (3PBT) on SFRC beams using the test procedure established by the 

European standard EN-14651 are summarized herein. Tests were executed with 20 

standardized beams made of concrete with a nominal compressive strength of 24 MPa and 

hooked end steel fibers with an aspect ratio of 65 were applied. Variables were the fiber 

dosage (0, 20, 40, 60 kg/m3) and the number of fiber hooked ends (1, 1.5 and 2). A 

numerical model aimed at estimating the residual flexural tensile strength of the SFRC is 

presented.  

Keywords: SFRC, tensile strength, flexural tensile strength, residual strength, hooked end 

fibers. 

1. Introduction 

Previous studies have reported that the performance of Steel Fiber Reinforced Concrete 

(SFRC) is enhanced as the number of hooked ends of the fibers increases (Lee  et al., 2019; 

Venkateshwaran et al., 2017; Abdallah et al., 2016). Steel fibers improve the mechanical 

behavior of concrete because they provide a significant residual tensile strength to the 

cracked matrix (Zanjani et al., 2016). Such residual tensile strength is one of the main 

tensile design parameters of SFRC; in fact, the post-cracking strength is a critical 

parameter for the use of SFRC as shear reinforcement in slabs (McMahon and Birely, 

2018) and walls subjected to seismic actions (Carrillo et al., 2017). For this reason, the 

MC10 fib model code (2012) stablishes design equations for shear strength resistance of 

FRC depending on the residual strength. As the use of SFRC in construction practice 

becomes more widely accepted and new fibers are developed, new numerical models with 

simplified functional forms, including the effect of the characteristics of new fibers and 

calibrated using broader databases, are expected (Carrillo et al., 2021). 

Standards available in Europe to assess the flexural tensile strength of concrete are EN 

14651 (2008), EN 12390-6 (2010) and UNE 83515 (2010). EN 14651 (2008) is the 

standard referred to the RILEM standard and the MC10 fib model code (2012) for 

assessing the residual flexural tensile strength and for regulating the use of SFRC as shear 

reinforcement. The Three-Point Bending Test (3PBT) is an indirect method to evaluate the 

tensile performance of concrete. The EN 14651 standard proposes the 3PBT for evaluating 

the residual tensile strength of SFRC. The flexural tensile strength at the limit of 

proportionality (fLOP), and residual strengths (fR,1, fR,2, fR,3 and fR,4) related to four different 

Crack Mouth Opening Displacements (CMOD) (0.5, 1.5, 2.5 and 3.5 mm, respectively) are 

determined with the standardized 3PBT. MC10 fib model code includes design 

recommendations for steel fiber reinforced and prestressed concrete. MC10 fib model code 
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permits fibers for substituting conventional reinforcement at the ultimate limit state if the 

ratios fR,1/fLOP and fR,3/fR,1 are higher than 0.4 and 0.5, respectively.  

In this paper, the effects of dosage and number of hooked ends of steel fibers on the 

residual flexural tensile strength of SFRC using 3PBT are assessed. The experimental 

program included flexural tests on 20 standard beams and compression tests of 20 standard 

cylinders. Fiber content, slump, air content and unit mass of fresh concrete were measured. 

Two plain concrete (PC) beams and 18 SFRC beams with different dosages (20, 40 and 60 

kg/m3) and different numbers of hooked ends (1, 1.5 and 2) of fibers were tested. A new 

model to estimate the residual flexural tensile strength of the SFRC obtained through 3PBT 

is also summarized. Parameters of the model were selected based on results obtained from 

an analysis of variance (ANOVA). The ANOVA and the presented model were calibrated 

using a database of 256 tests.  

2. Three-point bending tests, 3PBT 

The 3PBT is an indirect method to assess the direct tensile strength of SFRC using results 

from beam flexural testing. The beams for 3PBT according to EN 14651 (2008) have a 150 

mm side square section and are 600 mm long. Beams are notched at mid-span by wet 

sawing throughout their width to induce failure at a defined section. Notches are 5 mm 

wide and 25 mm deep. During the 3PBT, the notched beams are loaded at mid-span (span 

= 500 mm), inducing a single crack at mid-span, where fibers are assumed to resist the 

tensile forces. The opening of such a crack, i.e. Crack Mouth Opening Displacement 

(CMOD) is the parameter for controlling the loading-rate of 3PBT. 

Parameters that must be determined per EN 14651 are the strength corresponding to the 

limit of proportionality (fLOP) and the residual flexural tensile strength corresponding to 

CMOD of 0.5, 1.5, 2.5 and 3.5 mm (fR,1, fR,2, fR,3 and fR,4, respectively). RILEM TC 162-

TDF and MC10 fib Model Code establish minimum values of the residual strengths of 

SFRC to guarantee a minimum performance of fibers where deformed shear reinforcement 

in flexure-controlled elements is replaced.  

3. Experimental program 

Variables of the experimental program were the fiber dosage (20, 40 and 60 kg/m3) and 

number of hooked ends (1, 1.5 and 2) of the fibers. The same basic ready-mixed plain 

concrete (PC) mixture was used for all SFRC mixtures. PC mixture had a normal weight 

with a nominal cylinder compressive strength (fc') of 24 MPa, a maximum size of the 

coarse aggregates of 12.7 mm, and nominal slump of 250 mm. The geometry of the fibers 

is defined by the length (lf), the diameter (df), the ratio between lf and df, also named the 

aspect ratio (lf/df), and the number of hooked ends (N). Fibers with 1, 1.5 and 2 hooked 

ends are identified as 1N, 1.5N and 2N, respectively, so that the SFRC with fibers were 

identified as SFRC 1N, SFRC 1.5N and SFRC 2N, respectively. Nominal tensile strengths 

of the steel fibers (fu) with 1, 1,5 and 2 hooked ends were 1160, 1500 and 2300 MPa, 

respectively. The fiber dosage is added next to the number of fibers; for example, the 

SFRC with 2N fibers and nominal dosage of 40 kg/m3 is identified as SFRC 2N-40. Fiber 

characteristics were selected considering the limit values established in ACI 318 code 

(2019) and EN 14651 standard (2008). Section 26.4.1.5.1(a) of ACI 318 code (2019) 

requires a fiber aspect ratio (lf /df) to be in the range of 50 and 100; a lf /df = 65 was 

selected. The corresponding length and diameter of fibers were 60 mm and 0.9 mm, 

respectively. According to EN 14651, 3PBT is intended for fibers no longer than 60 mm. 
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Section 26.4.1.5.1(a) of ACI 318 code also specifies that fibers shall be deformed and 

conform to ASTM A820 (2016), which requires that the tensile strength of the fibers (fu) is 

higher than 345 MPa.  

Fiber dosage (Df) and fiber volumetric fraction (Vf) characterize the fiber content of SFRC. 

Fiber dosage (Df) is the ratio between the fiber mass per unit volume of concrete. The 

corresponding volumetric fraction (Vf) is the percentage of fibers in a volume of concrete 

and is calculated as the ratio between the dosage (Df) and the density of the material of the 

fiber, in this study, the density of steel. Section 26.4.2.2 (d) in ACI 318 code (2019) 

prescribes that 60 kg/m3 is the minimum steel fiber dosage needed for a replacement of the 

minimum shear stirrup reinforcement in flexure-controlled beams. The EN 14889-1 

standard (2008) establishes that the fiber dosage must be selected so that the minimum 

values of fR,1 and fR,4 are 1.5 and 1 MPa, respectively. The manufacturer of the fibers used 

in this study recommends a minimum dosage of 15 kg/m3 to meet the requirements of the 

EN14889-1 standard. Considering that the MC10 fib model code does not prescribe an 

explicit minimum fiber dosage, the minimum value prescribed by ACI 318 code and the 

minimum fiber dosage recommended by the manufacturer were taken as a point of 

reference. Three dosages of 20, 40 and 60 kg/m3 were evaluated in this study, 

corresponding to 1/3, 2/3 and 1 times the minimum dosage of 60 kg/m3 according to ACI 

318. Tests were also performed on plain concrete specimens as a benchmark and to assess 

the influence of steel fibers on the mechanical performance of concrete. In this study, the 

aspect ratio (lf/df) and the volumetric fraction (Vf) are expressed together as reinforcement 

index (Vf×lf/df). The experimental program comprised testing of 20 square-section beams 

under 3PBT according to EN 14651 (2008) and compression tests of 20 cylinders 

following EN 12390-3 (2020). Sides and length of standardized beams were 150 mm and 

600 mm, respectively.  

4. Model for predicting residual tensile strength 

The stress–CMOD curves of the 3PBT tests for each of the specimens tested are shown in 

Fig. 1. These curves are organized according to the number of hooked ends of the fibers (1, 

1.5 and 2). As can be observed in Fig. 1, PC beams reached failure at a CMOD smaller 

than 1 mm; in contrast, tests of SFRC specimens were stopped before reaching the failure, 

at a CMOD larger than 6 mm. All residual strengths fR,1 and fR,4 in SFRC were higher than 

1.5 and 1 MPa, respectively, and thus the residual strengths complied with the minimum 

values prescribed by RILEM TC 162-TDF standard.  

 

 
Fig. 1 - Stress-CMOD curves for 3PBT: (a) PC, (b) 1N, (c) 1.5N, (d) 2N. 

A numerical model for estimating the residual flexural tensile strength of SFRC using the 

3PBT was developed by Carrillo et al. (2021). To calibrate the model, a database with 236 

results of 3PBT reported in the literature. To evaluate the influence of each variable on the 

residual strength, the database included results of 3PBTs of SFRC with values of fc varying 
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between 21 MPa and 78 MPa, Vf between 0.13% and 2.04%, lf/df between 44 and 100, steel 

fibers with 1, 1.5 and 2 hooked ends, and fu between 1000 MPa and 3100 MPa. 

Equations presented in this study to estimate the mean and characteristic residual flexural 

tensile strength of SFRC are summarized in Table 1. Eqs. (1), (3), (5) and (7) were 

proposed to estimate the mean residual flexural tensile strength of SFRC at different values 

of CMOD (fR,1, fR,2, fR,3 and fR,4). For code-based design applications, Eqs. (2), (4), (6) and 

(8) represent a characteristic residual strength for which the over-prediction is lower than 

5%. The characteristic strength is lower than the mean residual strength minus one time the 

standard deviation. 

Table 1. Numerical model for estimating residual strength of SFRC. 

 
 

Input data of the model are the compressive strength (fc) in MPa, the volumetric fraction 

(Vf) as a percentage (%), the aspect ratio (lf/df), the number of hooked ends of the fibers (N) 

and the tensile strength of the fibers (fu), in MPa. In the presented model, fR,i is the residual 

strength associated to particular values of CMOD measured during the 3PBT (fR,1, fR,2 ,fR,3 

and fR,4) in MPa.  

5. Final remarks 

The results of flexural tensile performance of SFRC measured with the 3-Point Bending 

Tests (3PBT) with different dosages (20, 40 and 60 kg/m3) and numbers of hooked ends of 

fibers (1, 1.5 and 2) have been presented. A numerical model has been presented herein to 

estimate the residual flexural tensile strength of SFRC with different dosages, compressive 

strength of concrete, tensile strength of fibers, aspect ratio and number of hooked ends of 

the fibers. The model presented herein is a practical tool for estimating the residual tensile 

strength of SFRC and for determining the required type and dosage of steel fibers for a 

partial or complete replacement of conventional shear reinforcement in flexure-controlled 

elements. For design purposes, equations to estimate a 95%-fractile characteristic residual 

strengths were developed. The model is expected to be used to extend the application of 

SFRC through international codes and standards for the design of new concrete structures, 

as well as for the rehabilitation of existing concrete structures. The applicability of the 

predictive equations is limited to SFRC with fc varying between 21 MPa and 78 MPa, Vf 

between 0.13% and 2.04%, lf/df between 44 and 100, steel fibers with 1, 1.5 and 2 hooked 

ends, and fu between 1000 MPa and 3100 MPa. 
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Abstract: This work compares the force-based (FB) design of moment resisting frames, as 
proposed in the next generation of Eurocode 8, with a complete displacement-based (DB) 
design approach, also introduced in the future code. After describing some of the evolutions 
in the FB approach, namely regarding the use of behaviour factor components, the main 
concepts of the DB approach are addressed, including the associated global and local 
verifications. The FB design of a set of reinforced concrete frames is described, followed by 
their nonlinear static analyses and DB-like verifications. These results are used to estimate 
the components of the behaviour factor, which are then compared with those adopted initially 
for the FB design. The level of conservativeness of the FB approach is estimated by comparing 
the ratios between the plastic deformation demand and capacity with the target values. 

Keywords: behaviour factor, reinforced concrete, moment resisting frame, pushover, bilinear 
idealisation 

1. Introduction 

The next generation of Eurocode 8 (CEN, 2021) (prEN 1998-1-1:2021), herein denoted EC8, 
is expected to be released around the middle of the present decade. With respect to the 
current generation (CEN, 2004), a major change is the inclusion of a complete displacement-
based (DB) design approach using nonlinear static or dynamic analyses, together with a set 
of verifications at the global or local levels. 

The new DB approach is offered as an alternative to the currently available force-based (FB) 
approach. The latter, familiar to all design engineers, employs a linear analysis – 
implemented with static lateral forces or response spectrum analysis – that implicitly 
accounts for the overstrength and the nonlinear response through a behaviour factor, and 
performs verifications mainly in terms of forces. In the next generation of EC8, engineers 
can opt for the DB approach as a method for analysis, verification and assessment that 
explicitly accounts for the structural nonlinear response. This new DB alternative may have 
potential significant implications in terms of engineering design practice. The objective of 
the current paper is therefore to perform a first comparative assessment of both approaches, 
in terms of relative safety, using as case studies several reinforced concrete (RC) moment 
resisting frame (MRF) structures. This paper is a highly abridged version of the work by De 
Visscher (2021), to which the reader should refer for more detailed information.  

The FB and DB approaches of prEN 1998-1-1:2021 are performance-based methodologies, 
meaning that different limit states (LS) are associated to different seismic intensity levels 
and consequence classes (similar to importance classes in the current EC8). The next 
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generation will consider the Ultimate LS of ‘near collapse’ (NC) and ‘significant damage’ 
(SD), as well as the Serviceability LS of ‘damage limitation’ (DL) and ‘fully operational’ 
(OP). The performance requirements differentiation is achieved by selecting return periods 
depending on the specified limit state and consequence class.  

An alternative basic representation of the seismic action is adopted in the next EC8 
generation: the horizontal response spectrum is no longer anchored to a design ground 
acceleration ag, and two types of spectra, as it is currently established. Instead, it will be 
based on a single spectrum type defined by the spectral accelerations S and S. S 
corresponds to the maximum response spectral acceleration at the constant acceleration 
range, whereas S corresponds to the spectral acceleration at the vibration period T, equal 
to 1 s, for 5% damping. One additional difference between the current and the future versions 
of the Eurocode 8 is the definition of new ductility classes (DC), ordered from DC1 to DC3. 
The ductility class DC1 mostly corresponds to the current ductility class DCL, where only 
the overstrength capacity is considered. It can be employed up to a higher maximum pseudo-
acceleration S=DC1 = 3 m/s2 for RC MRFs. DC2 corresponds to moderately ductile structures 
and considers local deformation capacity and energy dissipation, while controlling the 
formation of global plastic mechanisms. Finally, DC3 corresponds to highly ductile 
structures and takes into account additionally the ability of the structure to form a global 
plastic mechanism at SD. The current ductility class DCH requirements are simplified in the 
next-generation EC8, since experience showed they are too demanding in terms of design 
detailing for practical use. 

2. Displacement-based design versus force-based design in the next generation of 
Eurocode 8 

2.1. Force-based approach and components of the behaviour factor 

The FB design approach in the next-generation EC8 requires: (i) that action effects in the 
seismic design situation, expressed in terms of forces, do not exceed the corresponding 
resistance of the structural elements, Ed  Rd; (ii) a reduced-spectrum, which is obtained 
from the elastic response spectrum through a behaviour factor q. The most notable difference 
regarding the current version of EC8 is the explicit decomposition of the behaviour factor q 
into three components: 

q q q q         (1) 

where qS accounts for over-design and overstrength (equal to 1.5 for all DCs and types of 
structures), qR is the behaviour factor component reflecting the overstrength due to the 
redistribution of seismic action effects in redundant structures, and qD is the component 
accounting for the deformation and energy dissipation capacity. According to 
prEN 1998-1-2:2022 (CEN, 2022), the recommended values of the behaviour factor for 
multi-storey, multi-bay moment resisting frames (studied in this work), are q=2.5 (DC2) / 
q=3.9 (DC3), corresponding to components qR=1.3 and qD=1.3 (DC2) / qD=2.0 (DC3). 

2.2. Displacement-based approach: changes to the N2 method and new verifications 

The adaptation to the Capacity Spectrum Method-type of nonlinear static procedure known 
as N2 Method (Fajfar, 2000) is kept from the current EC8 version, but with some 
modifications. The pushover analysis should progress until a displacement du where an 
ultimate local deformation in a ductile post-elastic mechanism is attained, or brittle failure, 
whichever occurs first. The force-deformation curve of the equivalent single-degree-of-
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freedom (SDoF) system, F*(d*), is obtained from the curve total base shear Fb versus control 
displacement dn, using well-known transformation relations (Fajfar, 2000). A notable 
difference between the current and the next EC8 generations regards the bilinearisation of 
the capacity curve. Whereas in the present version an idealised elastic-perfectly plastic force-
displacement relationship is considered, for the next generation the F*(d*) relation may be 
always idealised as bilinear if the capacity curve is non-decreasing, see Figure 1(a). If the 
capacity curve exhibits a peak and a post-peak negative stiffness branch, see Figure 1(b), the 
bilinear idealisation may be adopted up to the peak for design purposes. Point A in Figure 1, 
with coordinates (d1*, F1*), corresponds to the first plastic hinge formation in the structure, 
which is intended to indicate the first yield chord rotation y attained in one element in the 
structure. This point defines the slope of the elastic region, characterised by an equivalent 
stiffness k*= F1*/ d1*. Point B corresponds to the maximum force and has coordinates (dm*, 
Fm*). Finally, the global plastification or yield point (dy*, Fy*) is computed such that the 
dissipated energy E* up to the maximum displacement dm*, under the real curve and the 
bilinear idealisation, is identical.  

 

Fig. 1 – Bilinear idealisation of the capacity curve for the next-generation EC8 in the case of a: (a) non-
decreasing response, and (b) response with a post-peak branch 

The determination of the target displacement, or performance point, after conversion of the 
bilinear SDoF force-displacement curve into a bilinear capacity spectrum in the ADRS 
(acceleration-displacement response spectrum) format, is similar to the current EC8. The 
novel checks concern the verifications associated with the DB approach at the Ultimate Limit 
States (SD and NC, with SD taken as reference), for which two possibilities arise. For 
structural types or materials for which local “yield” deformation are given, these 
verifications are performed locally at the member level. When that is not the case, for 
example for masonry or timber structures, the verifications are carried out globally in terms 
of displacements of the equivalent SDoF model. The capacity and demand are computed 
using mean material properties in nonlinear analysis, verification and assessment. The next-
generation EC8 proposes the following global verification/check for SD: 

𝑑∗ 𝑑 ,
∗

, ,
𝑑∗ 𝛼 , 𝑑∗ 𝑑∗    (2) 

where dSD* is the structural target displacement for SD, SD,d is the portion of the plastic 
deformation capacity of the equivalent SDoF displacement corresponding to the attainment 
of SD, and Rd,SD,d is a partial factor on resistance at SD. As it currently stands, the reference 
value for SD,d is equal to 35%.  

For structures where the local member behaviour is amenable to a clear definition of a local 
“yield” deformation, such as for RC or steel structures, the application of the previous global 

(a) (b) 
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verification will in general produce over-conservative results. In such cases, the following 
local verification of ductile mechanisms is proposed:  

𝜃 𝜃 ,
, ,

𝜃 𝛼 , 𝜃
      

(3) 

where SD is the chord rotation for SD, SD, is the portion of the plastic component of the 
ultimate chord rotation u

pl=u-y (computed with mean material properties) that 
corresponds to the attainment of SD, and Rd,SD, is a partial factor on resistance at SD. In its 
current version, the reference value for SD, is equal to 50%. It is noted that, still within the 
scope of local verifications in DB approaches, an additional check for brittle mechanisms 
needs to be performed, which is carried out in terms of strength.  

3. Design and analyses of 5-storey reinforced concrete frames 

3.1. Description of structures and design considerations 

The current investigation builds on a previous work by Varum, Maranhão, and Melo (2020), 
and some of the structures herein considered are similar. The case studies consist of 14 RC 
frames with five stories, two spans of 6 m, and an interstorey height of 3 m except for the 
ground storey whose height is 3.5 m. The spacing between the frames is assumed as 5 m. 
Two soil types (B and D), four peak ground accelerations (ag = 0.74 m/s2, 1.48 m/s2, 2.22 
m/s2, 2.84 m/s2), and three ductility classes (DC1, DC2, and DC3) are considered, as 
indicated in Table 1. The latter also includes a column referring to the maximum response 
spectral acceleration at the constant acceleration range S; the different values for the soil 
types B and D are due to the distinct soil amplification factors. A consequence class CC2 is 
assumed, hence the design spectrum does not require amplification. The table also shows the 
models’ label. 

Table 1. Summary of the 14 RC frames designed and analysed for the current work 
Soil 

Type 
No. 

Storeys 
Ductility 

class 
ag [m/s2] S [m/s2] q [-] Label 

B 5 

DC3 

2.84 8.5 3.9 5S-TypeB-DC3-0,85g 
2.22 6.7 3.9 5S-TypeB-DC3-0,67g 

1.48 4.4 3.9 5S-TypeB-DC3-0,44g 

0.74 2.2 3.9 5S-TypeB-DC3-0,22g 

DC2 1.48 4.4 2.5 5S-TypeB-DC2-0,44g 
0.74 2.2 2.5 5S-TypeB-DC2-0,22g 

DC1 0.74 2.2 1.5 5S-TypeB-DC1-0,22g 

D 5 

DC3 

2.84 9.6 3.9 5S-TypeD-DC3-0,96g 
2.22 7.5 3.9 5S-TypeD-DC3-0,75g 

1.48 5.0 3.9 5S-TypeD-DC3-0,50g 

0.74 2.5 3.9 5S-TypeD-DC3-0,25g 

DC2 1.48 5.0 2.5 5S-TypeD-DC2-0,50g 
0.74 2.5 2.5 5S-TypeD-DC2-0,25g 

DC1 0.74 2.5 1.5 5S-TypeD-DC1-0,25g 

The material properties, safety factors, gravity and seismic loads, and the details of the 
seismic design – including the specificities for the different ductility classes DC1, DC2, and 
DC3 – can be found in the work by De Visscher (2021). Two load combinations for the 
ultimate limit states are considered in the design of the structure, namely a ‘gravity design 
combination’ and a ‘seismic design combination’. The effective stiffness due to concrete 
cracking, in the beam models used, was considered by defining the effective elastic flexural 

1261
3ECEES, September 2022, Bucharest, Romania



stiffnesses as half of the corresponding uncracked stiffnesses. The fundamental elastic 
periods T1 for the several frames are included in Table 2. It should be noted that the limitation 
of the interstorey drift to 2%, which is independent of the ductility class, constrained the 
dimensions of the main elements of certain structures, namely of frames 5S-TypeD.  

3.2. Nonlinear static analysis 

The previously designed frames are subjected to pushover analyses aiming at determining 
the respective target points for the limit states of ‘damage limitation’ DL, ‘significant 
damage’ SD, and ‘near collapse’ NC. It is noted that the elastic response spectra associated 
to the limit states of DL and NC were obtained from the SD spectrum by application of a 
‘performance factor’ of 0.5 and 1.5, respectively. The software SeismoStruct (SeismoSoft, 
2021) is employed for the analyses. Again due to space constraints, the reader is referred to 
the work by De Visscher (2021) for a complete description of the nonlinear models, which 
resorted to fibre-based beam elements (Sousa et al., 2020), as well as the analysis procedure. 
The resulting capacity curves, obtained with an incremental first-mode pattern of loads, are 
shown in Figure 2. 

 
Fig. 2 – Pushover curves for the 14 RC frames: (a) 5S-TypeB, (b) 5S-TypeD (note different vertical scale) 

For identical design maximum spectral accelerations S, the DC3 frames tend to show a 
more ductile behaviour, with longer plastic plateaus, while DC1 and DC2 structures appear 
to show steeper post-peak branches. DC3 structures also tend to show a higher base shear 
strength, which is instinctively less evident since the design base shear force is smaller than 
for the DC1 and DC2 frames (due to the larger behaviour factor). This can be explained by 
the strict capacity design rules imposed for the higher ductility classes.  

The previous capacity curves were converted through the participation factors  shown in 
Table 2 into equivalent SDoF force-deformation relations. These capacity spectra were then 
bilinearised according to the indications of Section 2.2. The resulting effective elastic 
periods T* of the bilinearised capacity spectra are also reported in the table below. The target 
displacements for SD were obtained with the N2 method. Additionally, in order to trace the 
evolution of deformations and the distribution of damage inside the structures, the target 
displacements corresponding to the limit states DL and NC were also computed, see work 
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by De Visscher (2021). The results are shown in Table 2, wherein the displacements refer to 
the top storey in each frame. It shows that the displacements corresponding to attaining the 
limit states NC, SD and DL get closer to each other as the seismic intensity level decreases. 
Additionally, for the frames designed with S = 0.25g and S = 0.22g (soil types D and B 
respectively), the three limit states occur in the linear elastic region of the capacity curves, 
or at incipient levels of plasticity for NC – compare with the pushover curves in Figure 2. 
This can be explained by the fact that, for these low levels of seismic action, the design of 
the frames is governed by the gravity design combination and not by the seismic design 
combination.  

Table 2. Elastic period T1, participation factor , effective elastic period, and target displacement 

Label T1 [s]  [-] T* [s] dDL [m] dSD [m] dNC [m] 

5S-TypeB-DC3-0,85g 1.14 1.42 1.36 0.104 0.209 0.313 
5S-TypeB-DC3-0,67g 1.14 1.42 1.38 0.083 0.166 0.248 

5S-TypeB-DC3-0,44g 1.29 1.32 1.58 0.058 0.117 0.176 

5S-TypeB-DC3-0,22g 1.41 1.28 1.69 0.030 0.061 0.091 

5S-TypeB-DC2-0,44g 1.37 1.32 1.67 0.062 0.124 0.185 

5S-TypeB-DC2-0,22g 1.50 1.32 1.80 0.033 0.067 0.100 

5S-TypeB-DC1-0,22g 1.50 1.23 1.92 0.033 0.066 0.099 

5S-TypeD-DC3-0,96g 0.89 1.43 1.05 0.146 0.297 0.437 
5S-TypeD-DC3-0,75g 0.90 1.34 1.16 0.118 0.237 0.355 

5S-TypeD-DC3-0,50g 1.13 1.35 1.41 0.097 0.193 0.290 

5S-TypeD-DC3-0,25g 1.40 1.28 1.68 0.054 0.109 0.163 

5S-TypeD-DC2-0,50g 1.19 1.42 1.40 0.101 0.202 0.302 

5S-TypeD-DC2-0,25g 1.48 1.28 1.80 0.058 0.117 0.175 

5S-TypeD-DC1-0,25g 1.48 1.37 1.64 0.057 0.114 0.171 

4. Comparison between FB and DB design methods  

4.1. Components of the behaviour factor resulting from FB design 

Based on the previous results, it is possible to compute the actual reduction of the elastic 
forces for each frame and to calculate the three components of the behaviour factor q, namely 
qS, qR, and qD (see Section 2.1). Since the component qS, accounting for over-design and 
overstrength, is still not uniquely defined, two alternative approaches are herein proposed. 
First, with reference to Figure 3, qS is taken as the ratio Fy*/FEd* between the force 
corresponding to the yield displacement of the bilinear idealisation and the equivalent SDoF 
design force. In the second proposal, it is taken as F1*/FEd*, where F1* is the force 
corresponding to the first yield chord rotation y attained in one element in the structure. The 
component qR reflects the structural redundancy, i.e. the ability of the structure to form 
several plastic hinges before reaching collapse. Two situations can occur: (i) the structural 
response is inelastic, i.e. dSD*  dy*: qR is computed as the ratio between the force FSD* 
corresponding to the target displacement dSD*, and the force associated to the definition of 
qS as discussed above. In other words, qR=FSD*/Fy* for the first proposal and qR=FSD*/F1* 
for the second one; (ii) the structure responds elastically, i.e. dSD*  dy*. In this case, qR is 
computed using in the numerator of the previous expressions the maximum force of the 
capacity curve, Fmax*, instead of FSD*, which provides a measure of the potential robustness 
of the structure. Finally, the evaluation of the component qD representing the energy 
dissipation capacity is only meaningful if the structure responds inelastically, i.e. if dSD*  
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dy*. In such case qD=Fel*/FSD*, where Fel* corresponds to the intersection between the 
elastic response spectrum and the extension of the elastic branch of the bilinear idealisation. 

 
Fig. 3 – Auxiliary sketch with required quantities to compute the components of the behaviour factor q 

The full results of the application of the previous definitions to all the frames can be found 
in the work by De Visscher (2021). Figure 4 shows a first direct comparison between the 
behaviour factor used for design, qdesign, and the one obtained from analysis, qanalysis, 
depicting the frames where an inelastic response is observed, i.e. for S  0.5g (all the frames 
are DC3, except one DC2). It is apparent that qdesign  qanalysis, which can be largely explained 
by the modelling assumptions used for the lateral force method of analysis. Namely, 
employing half of the member uncracked stiffnesses results in fundamental periods T1 that 
are smaller than the effective elastic periods T* obtained through bilinearisation of the 
pushover curves – see Table 2. Consequently, the elastic design force Fel,design* is larger than 
Fel*, and hence so is qdesign with respect to qanalysis.  

1264
3ECEES, September 2022, Bucharest, Romania



 
Fig. 4 – Behaviour factor q and its components, for frames DC3 with inelastic response, as obtained from 

analysis and specified for design. On the right, the frame DC2, for which qdesign=2.5 and qD,design=1.3. 

From this admittedly reduced set of analysis, and representative of a limited type of regular 
RC MRF structures, one can interpret the results as follows. On average, the computed qS 
for the two approaches is close to the design value of qS = 1.5 assumed in the previous and 
current EC8 generations; the two alternative approaches provide upper and lower bounds. 
Similar comments can be made with respect to the computed component qR, whose average 
is even closer to the prescribed code value. The main difference appears regarding the 
energy-dissipation component qD, where the calculated average for DC3 is clearly lower 
than the prescribed value of 2.0 (note that for the particular case of frame 
5S-TypeD-DC3-0.96g, a close value of qD = 1.9 was obtained). The reasons for this 
discrepancy were pointed out in the previous paragraph. 

4.2. Global and local verification coefficients in DB approach 

In a displacement-based approach, the global and local verifications are outlined according 
to eqs. (2) and (3), which are now solved for SD,d and SD,. Three points relative to the 
computation of SD,d should be pointed out: (i) the displacement du* is obtained from the 
structural displacement du corresponding to the attainment of the first ultimate chord rotation 
u in one element in the structure; (ii) the yield displacement dy* and the target displacement 
dSD* were computed as discussed earlier in the document; (iii) the partial factor Rd,SD,d was 
taken as unity. On the other hand, the coefficient SD, was computed assuming: (i) a chord 
rotation at yielding y and a plastic component of the chord rotation u

pl evaluated according 
to the current EC8; (ii) a partial factor Rd,SD, = 1.575 according to the next-generation EC8; 
(iii) SD corresponds to the chord rotation, for each extremity of each element, attained at a 
top displacement dSD. Computations of SD, were done for both extremities of all columns 
and beams in each frame. The largest values, obtained among all the columns, SD,,c, and 
all the beams, SD,,b, were then recorded. The complete results can be found in the work by 
De Visscher (2021). Figure 5 includes a graphical representation for the frames where global 
inelasticity occurred, i.e. for the same frames of Figure 4.  
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Figure 5 also shows the results for the coefficients NC,d, NC,,b, and NC,,c, i.e. 
corresponding to the other ultimate limit state of ‘near collapse’ (NC). 

Analysing these results with the same cautions as mentioned in 4.1, one can interpret them 
as follows. For the frames analysed, the figure shows that a maximum coefficient SD,d of 
0.25 for soil type D is attained. For most frames such coefficient tends to be considerably 
smaller than the reference value of 0.35 defined in the next-generation EC8. This can be 
partly explained by the unitary value assumed for the partial factor Rd,SD,d. Concerning the 
local deformation limit SD, =0.5, it is not reached by any structure with the exception of 
the frame 5S-TypeD-DC3-0.96g. The low values of SD, seem to show that frame members 
tend to have in general a large reserve of deformation capacity. Moreover, it is observed that 
SD,,b  SD,,c, reflecting the effect of the capacity design rules. Unreported results also 
show that, for the ‘damage limitation’ limit state, the frames incur on negligible 
plastification. 

 
Fig. 5 – Plastic demand/capacity ratios for the frames with global inelastic response of Figure 4. Both global 

and local (columns and beams) verifications are depicted for the limit states SD and NC. 

5. Conclusions 

The next generation of Eurocode 8 will include a complete displacement-based (DB) design 
approach using nonlinear static or dynamic analyses, together with a set of verifications at 
the global or local levels. Such approach is offered as an alternative to the currently available 
force-based (FB) approach. The present investigation compared the relative performance of 
both approaches, based on a set of 5-storey RC frames for a range of peak ground 
accelerations, three ductility classes, and two soil types. This is a limited set of regular RC 
MRF structures, but it allows for interesting results to be obtained. 

The frames were designed according to a classical force-based approach with a design 
behaviour factor. Nonlinear static analyses were then performed to each of these structures, 
and the results were processed to estimate the effective behaviour factor and its components. 
It was shown that FB design tends to provide too conservative estimates (i.e. lower than 
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target) of the ratios ‘plastic deformation demand / capacity’, both for the global and local 
verifications. This is attributable in particular to the component of the behaviour factor 
accounting for energy dissipation. More extensive analyses including RC frames with 3 and 
8 storeys, and further detailed interpretations, can be found in the work by De Visscher 
(2021). 

Although it may be argued that a certain degree of conservativeness is expected and even 
desirable for the FB approach, since it is based on linear elastic models, this work shows that 
the conservativeness may be high for some types of frames. It is important for future design 
practice that both approaches are harmonised, in order to avoid a systematic engineering bias 
towards the DB design approach, on the grounds of the more affordable design it may 
produce. One such harmonisation procedure was proposed by the authors in a journal 
manuscript, currently under review. 

This study corresponds to an introduction to the concepts and approaches depicted in the 
second generation of EC8 and to an initial verification of the design approaches proposed 
therein. More complete analyses are required for robust and general conclusions and 
proposals. 
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Abstract: Longitudinal rebars of reinforced concrete (RC) columns require connection 

regions called splices. The splicing of the bars can be achieved by lapping or welding, as well 

as by the use of some mechanical couplers. Whereas the lap splices of the column 

reinforcements are allowed to be located right above the beam-column interface in the 

countries with low and medium seismicity levels, they are required to be facilitated at the mid-

height of the columns in the seismic design codes of the countries with high seismicity. In this 

paper, the effects of the location of lap splices in RC columns on the performance of structures 

were numerically investigated on a one-story and one-bay frame. The lap splices were located 

at the bottom section of the first column and at the middle part of the second one, which 

represents the lap splice requirements for RC columns in Turkish Earthquake Code-2007 

(TEC-2007) and Turkey Building Earthquake Code-2018 (TBEC-2018), respectively. The 

analytical modeling was carried out in Abaqus FEA software and validated using a benchmark 

experimental study. Yielding limits, plasticity concentration, and ductility were amongst the 

discussed parameters.  

Keywords: Abaqus; Finite element analysis; Reinforced concrete; Splicing; Seismic design 

codes 

1. Introduction 

Lap splicing of the longitudinal rebars is a necessity in reinforced concrete (RC) columns 

due to a couple of reasons including limited lengths of steel bars, installation of steel in site, 

and diameter change of steel bars in upper stories. Two important parameters in the design 

of a lap splice are its length and location. Numerous studies about the effects of lap splice 

length have previously been studied in the literature (Chinn et al., 1955; Ferguson and Breen, 

1965; Tepfers, 1982; Mendis and French, 2000; Hamad and Najjar, 2001; Pandey et al., 

2008; Eshghi and Zanjanizadeh, 2008; Goksu et al., 2014; Kim et al., 2019; Karimipour et 

al., 2021). On the other hand, there are a very limited amount of studies about the effects of 

the lap splice location on the behavior of RC frames. The lap splices are allowed to be placed 

at the bottom of the columns in regions with low or medium seismic risk, as in the case in 

the Turkish Earthquake Code-2007 (TEC-2007). However, the lap splices are usually 

required to be placed around the mid-height of the columns in regions with high seismic risk, 

as it is also required in Turkey Building Earthquake Code-2018 (TBEC-2018). 

Paulay (1982) carried out an experimental study to determine the amount of transverse 

reinforcement necessary to insure that splice can sustain at least 10 cycles of reversed cyclic 

loading up to 95 percent of ideal flexural strength (R) of the column section. A total of seven 

column samples with the cross-sections of one hexagon and six rectangles that have different 
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splice lengths and longitudinal bar diameters were utilized in the tests. The location of the 

lap splice of seven samples was at the end of the columns. Seven cantilever columns with a 

2/3 scale were subjected to cyclic loading for the performance criterion, the sustenance of 

10 reversed load cycles applied progressively at the levels of 0.70, 0.85, and 0.95R. During 

the first stage of loading with 0.70R, the average observed curvatures over the splice lengths 

were of the order of 10×10-6 rad/mm. However, as expected, curvatures at the outer and inner 

(adjacent to the center block) ends of the upper and lower splices were two and three times 

as large, respectively. These curvatures increased proportionally as the load was increased 

to 0.85R. At the end of the elastic phase of the test with 0.95R, except for splice ends, 

curvature increases were still proportional to load intensity. More significant increases 

occurred at the ends of the splices, particularly near the center block. Because of the 

significant reduction of yield length along bars, it is recommended that splice not be located 

in the regions where plastic hinges could develop. 

Lukose et al. (1982) investigated the effect of concrete strength, transverse reinforcement 

spacing, and offset methods of bottom and top spliced bars. According to the study, 

depending on the amount and distribution of transverse reinforcements along the splice 

length, failure can occur with the splitting of cover concrete around the splice location or by 

localized deterioration at the section with a high moment end. The second mode of failure is 

preferable because of the possibility of attaining a sufficient ductility level. It has been 

concluded that concrete strength and cover thickness are important parameters that affect the 

load transfer and bond stress redistribution. For higher-strength concretes, shorter splice 

lengths with smaller stirrup spacing are preferred as they permit a more even distribution of 

bond stresses. 

Pam and Ho (2010) investigated the lap splice location effect on the RC columns with high-

strength concrete. A total of four RC columns with different lap splice locations were used 

in the study: i. at the critical section; ii. outside the critical section; iii. staggered lap splicing 

which half of the splicing is at the critical section, and the other half is outside the critical 

section; iv. one reference column without any splicing. From the test results, it is shown that 

the flexural strength of RC columns would not be impaired by the presence of longitudinal 

steel lap splices at different locations in case of sufficient lap length is ensured. For the 

flexural ductility performance, the specimen that contained lap splices entirely within the 

critical region had the lowest ultimate flexural ductility factor. Similar results were also 

observed for the staggered lap spliced columns. The columns without any lap splices and 

with lap splice out of the critical section showed the best ductility performance. The reason 

for such difference was related to the change of the location of the damaged part of the 

columns. 

Pul and Senturk (2017) had experimental research on the effect of bottom lap spliced 

columns on the seismic behavior of the specimens. Two RC column specimens with bottom 

lap splicing and without any splicing were tested. Curvatures were observed at three different 

segments of the bottom part of the columns and a comparison was made. The degradation at 

curvature values from the first to the third segment was calculated to be two times higher for 

the column with lap splice at the bottom part, which indicates that the plastic hinge length is 

restricted in such columns. 

Kim et al. (2018) performed some experimental studies utilizing the columns with low axial 

load and different lap splicing methods including bottom bar offset, top bar offset, and side 

to side lapped spliced ones. In the case of the lower bar offset splice, where the lower bars 

were protected by the confined core concrete, early bond failure was restrained. Thus, 

columns showed relatively large ductility and deformation capacity. However, for all 

specimens with lower bar offset bars, the test strength of the columns was less than the 
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nominal strength based on the bar location without the bar offset bend. In the case of the 

upper bar offset splice and side-by-side splice, early bond failure occurred after spalling of 

cover concrete. Thus, the columns showed relatively low deformation capacity. On the other 

hand, the test strength of the columns was approximately 10% greater than the nominal 

strength. 

All the investigations have been performed on cantilever columns that behave single 

curvature bending. They all got similar results due to having the lap splicing at the bottom 

part of the columns, curvatures concentrate on regions with a very small length which means 

the plastic hinge length becomes less. In this paper, the columns have double curvature 

bending because the benchmark specimen is a full-scale RC frame. After performing the 

analytical modeling using the Abaqus FEA software, verification was made by comparing 

its results with the benchmark experimental study. The performance of two columns, one 

having the lap splices at the bottom part in and the second one with splicing at the mid-

height, were numerically compared with each other in terms of the yielding limits, plasticity 

concentration, and ductility. 

2. Benchmark study  

To investigate the effects of the location of column lap splices on the performance of 

reinforced concrete structures, an RC frame with lap splices located at different positions of 

its columns was experimentally tested by Safarli (2020). The tested RC frame was selected 

as a benchmark for validation of the numerical model in this study. 

The tested specimen was a full-scale one-story and one-bay RC frame with a height of 3.0 

m and a bay width of 4.0 m. The frame was built on a rigid foundation with the dimensions 

of 4.4 m in length, 1.3 m in width, and 0.4 m in height. The cross-sections of both columns 

and the beam are 0.3×0.3 m. The splicing length was selected as 1.0 m (62.5×ϕ). 

Fig. 1 shows general reinforcement details of the benchmark frame. The lap splices were 

located at the bottom part in the left column (C1) and the mid-height in the right one (C2). 

8ϕ16 longitudinal reinforcement bars were used for the columns and 6ϕ14 bars were used 

for the beam. The expected cast-in-place concrete strength was 30 MPa. Both longitudinal 

and transverse reinforcing bars were S420 type steel with a yield strength of 420 MPa. 

  

Fig. 1 - Geometry and reinforcement detailing of the benchmark RC frame  
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3. Numerical study of the RC frame 

For the evaluation of the nonlinear behavior of reinforced concrete structural members and 

systems, the usage of the finite element method (FEM) is very common. Many FEM 

packages are available in the literature for simulating the effects of different parameters on 

the behavior. In this study, Abaqus FEA software was used in the numerical modeling of the 

experimentally tested RC frame. 

3.1. Modeling Strategy 

To create the numerical model in Abaqus, the given steps were followed in order: Defining 

material, defining element, defining interaction between elements, creating the mesh, 

defining support conditions, choosing the analysis type.  

In Abaqus FEA material definition, true stress and strain values are used instead of 

engineering stress and strain. For this reason, all material properties used in this study were 

defined as true stress and strain using the relevant formulations. 

Steel behavior was defined as bilinear. While defining the material properties, the yield 

stress, ultimate stress, and ultimate strain values were taken as 420 MPa, 550 MPa, and 0.2, 

respectively. 

The concrete material can be defined using two modeling options: “Smeared crack concrete 

model” and “Concrete Damaged Plasticity Model (CDPM)”. The CDPM is a more complex 

concrete model which can be used with monotonic, cyclic, and dynamic loading conditions 

whereas the smeared crack concrete model is preferred for monotonic loading. For this 

reason, CDPM was utilized for the concrete material definition. The concrete compressive 

and tensile constitutive relationship, damage parameters, and some other special parameters 

required in CDPM were selected using the general material properties of C30 concrete in the 

literature used in this study. 

Concrete and longitudinal reinforcements were created as 3D solid elements while transverse 

reinforcements were created as 3D wire elements. The experimental setup was modeled 

exactly with the specified element types. Unlike the typical numerical models, reinforcement 

lap lengths and locations were precisely taken into consideration, Fig. 2. 

 

Fig. 2 - Parts of the numerical model 
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Embedded interaction was preferred to represent the relationship between steel and concrete. 

Concrete was chosen as a "host" element and steel as a "guest" element. In the embedded 

interaction definition, guest element translational degrees of freedom were equal to the host 

element. Thus, the principle of “the plane section remains plane” was achieved. 

Several analyses were performed to determine the size of the meshed elements. As a result 

of the convergence analyses, the optimum mesh size was determined as 5 cm for all 

elements, Fig. 3. 

As the procedure type, “Static, General Step” was chosen. In this type of analysis, inertial 

effects are neglected and analysis can be performed linearly or nonlinearly. 

 

Fig. 3 - Created mesh for the numerical model 

The movement of the frame was restricted in all degrees of freedom by defining encastre-

type boundary conditions at the bottom surface of the rigid frame. The loading protocol 

defined in ACI 374.2R –  “Guide for Testing Reinforced Concrete Structural Elements under 

Slowly Applied Simulated Seismic Loads” was used as the lateral loading at the top of the 

frame. The loading could assess the strength, stiffness, and deformability of the specimen 

under earthquake effects and give a vivid understanding of how it would behave in those 

circumstances. 

As a result of preliminary analyses, yielding displacement was obtained as 30 mm and the 

amplitudes of the loading protocol were determined accordingly. In the benchmark study, 

three cycles were applied at each displacement target. However, only one cycle was used in 

the numerical model for every displacement target due to computation time considerations, 

Fig. 4. 

  

Fig. 4 – The loading protocol 
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3.2. Verification of the numerical model 

Comparisons of the results obtained from the analysis using Abaqus FEA software and the 

experimental results are presented. Fig. 5 shows the experimental load-displacement result 

together with the one obtained from the analysis.  The initial stiffness and load values were 

predicted accurately. Since a perfect bond between reinforcement and concrete was achieved 

by the adoption of embedded interaction, the hysteretic loops obtained from the analysis in 

Abaqus FEA could not exhibit the pinching effects which may occur due to factors like shear 

and bond deterioration. 

 

Fig. 5 - Load-displacement hysteresis for the experimental and numerical studies 

4. Results and discussion 

In the numerical model, more concentrated tension damages were observed for the bottom 

and top sections of column C2 (with the lap splice zone at its mid-section). Tension damages 

in column C1 (with the lap splice zone at its bottom section) were seen to be more distributed 

through its height, Fig. 6 where the tension damages experienced in the concrete are shown 

with red color. Similar behavior was observed in the experimental study used as the 

benchmark for the validation of the numerical model. 

  

Fig. 6 - Tension damages in the numerical model (at 210 mm pull) 

It was observed that the plastic hinge length of column C1 is less than the plastic hinge length 

of column C2 by comparing the change in curvature values in different sections of the 

lapping splice zones. The change in the curvature was seen more rapidly in C1 compared to 

C2. It was proven by plotting the change in plastic strains in each 50 mm at the bottom of 

columns. It was exposed that the plasticity in column C1 was concentrated in a limited zone, 
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approximately 150 mm. No plastic strain was observed in the reinforcement after this height. 

Yet, the plasticity in column C2 was more distributed throughout its height, Fig. 7. 

  

(a) Column C1 (b) Column C2 

Fig. 7 - Numerically obtained plastic strains at the same height for both columns 

5. Conclusions 

The effects of the lap splice location in columns on the behavior of an RC frame were 

investigated numerically by having the lap splices at different locations in the columns of 

the frame. The following conclusions can be driven: 

- Yield stresses were reached in an earlier step for the column with the lap splice zone at 

its mid-section (C2) compared to the column with the splicing at its bottom section (C1). 

- The plasticity was concentrated on a zone with a length of about 150 mm at the end 

sections of column C1 as it is also taken the plastic hinge length in practice (Lp = 0.5d). 

However, the plasticity was seen to be distributed in column C2. 

- Even though the pinching effect cannot be addressed in the Abaqus FEA model, the 

initial stiffness and maximum strength were predicted accurately. Successful 

representation of the damages was also achieved. Furthermore, compatible results with 
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the experimental study were obtained for the plastic hinge length and assessing the 

displacement target for the yield of reinforcing bars. 
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Abstract: The Introduction provides a brief description of the seismic conditions of Almaty and a 

brief description of the last strong earthquakes that have occurred in recent years in the Republic of 

Kazakhstan. Over the past 100 years, three strongest earthquakes have taken place here: 

Vernenskoye in 1887, Chilikskoye in 1889 and Keminskoye in 1911. The magnitude of the last of 

them was close to 8.2 with an intensity in the epicenter of 10 to 11 points. Work covered 10,525 real 

estate objects, including 1,486 civil and public objects; 863 social objects; 8176 objects of multi-

apartment residential buildings. Based on the results of the technical survey, electronic passports of 

buildings were created. The results made it possible to identify earthquake-prone buildings, assign 

priority objects for their seismic reinforcement or demolition, determine the amount of costs for 
strengthening earthquake-prone buildings and demolishing dilapidated housing. Based on the results 

of that work, an electronic database on seismic vulnerability of buildings and structures in Almaty 

was created. An information model of urban development has been created in the ArcGIS 

"ArcScene" program. Based on the results of the research work carried out, work has begun on the 

creation of an electronic map of the seismic risk of Almaty. 

Keywords: earthquake, survey, research work, expert assessment of seismic vulnerability. 

1. Introduction

The territory of the city is located in one of the most seismically active regions of Central 

Asia. The Almaty seismogenerating zone borders in the south with the Trans-Ili, in the south-

east with the North-Kungey, in the south-west with the Kemin, in which the foci of the 

strongest earthquakes were located. Over the past 100 years, three strongest earthquakes 

have taken place here: Vernenskoye in 1887, Chilikskoye in 1889 and Keminskoye in 1911. 

The magnitude of the latter of them was close to 8.2 with an intensity in the epicenter from 

10 to 11 points [1]. The Almaty seismogenerating zone borders in the south with the Trans-

Ili, in the south-east with the North-Kungey, in the south-west with the Kemin, in which the 

foci of the strongest earthquakes were located. At the Vernensky earthquake on June 9 (May 

29), 1887 the magnitude (M) is 7.3, the intensity at the epicenter (10) is 9 or more points 

(here and further in the text, the intensity is indicated in the points of the descriptive part of 

the MSK-64 seismic scale), local time is 4 hours 35 min., most of the buildings of the city 

were destroyed or severely damaged, there is practically not a single house left that would 

not have suffered at least to a small extent. Gaps in the ground have formed in some areas 

of the city. In places , the width of the gaps reached 1 m at a depth of up to 5 m . At the time 

of the earthquake in According to various sources, there were 1,938 houses with walls of 

mud brick and stone, 938 wooden buildings in Vernon and suburban villages. During this 

earthquake, about 800 people were killed and injured in Vernon and suburban villages. At 

that time, about 30 thousand people lived in the city [2]. 
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On the first day after the earthquake, noticeable tremors followed with an interval of 2 to 3 

minutes. By the end of 1887, the number of aftershocks reached 250, and in the following 

1888, about 150 repeated aftershocks were noted [7]. 

 Fig.1 Vernensky earthquake of 1887 (М7,3)  Fig.2 Chilik earthquake of 1889 (М8,3) 

The number of weaker earthquakes with an intensity of 5-7 points is estimated in dozens. 

Zones of possible manifestation of tectonic faults on the Earth's surface, areas located on 

slopes with a steepness of more than 15% and composed of loose water-saturated and 

subsident soils or in areas of possible passage of mudflows have been identified on the 

territory of the city. According to the 1981 integrated seismic microdistricting map, the 

territory of Almaty is divided into zones with different intensity of predicted seismic 

impacts: zone I-8 points, zone II-9 points, zone III-10 points. Every year, on average, 15-20 

earthquakes with an intensity of up to 3-4 points occur in Kazakhstan [3]. 

2. General provisions

In the earthquake-prone regions of the Republic of Kazakhstan and in Almaty at different 

times, work was carried out on an expert assessment of the state of the existing development. 

An expert assessment of the condition of buildings in earthquake-prone areas of Kazakhstan, 

carried out in 1990, showed that, for example, residential buildings with a total area of 16.5 

million m2 (19%) required seismic reinforcement; 10 million m2 (12%) were subject to 

demolition. 

In 2008, under the auspices of the Japan International Cooperation Agency (JICA), a sample 

survey of 320- and multi-apartment residential buildings located in different administrative 

districts of Almaty was conducted. The survey showed that at least 30% of existing 

apartment buildings are not earthquake-resistant [4]. 

International experience shows that every devastating earthquake leads to a change in 

building regulations towards stricter requirements. In connection with the observed 

tightening of the requirements of the norms, researchers and designers face problems related 

to the assessment of seismic resistance and seismic safety of previously erected facilities [4]. 

At the same time, the deployment of a complex of works to prepare cities for natural disasters 

is currently hindered by the lack of information about the amount of necessary costs for 

carrying out protective measures of various significance. The justification for these costs can 

be estimates of the expected damage and possible manifestations of earthquakes, performed 

in the form of forecasts. At the same time, forecasting the consequences of earthquakes 

should become an intermediate stage between forecasting earthquakes and carrying out 

protective measures, and a strategy for preparing for single strong earthquakes should be 

adopted as the basis for the comprehensive implementation of forecasts [5]. 
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3. The purpose of the work

Determination of the need to implement priority measures to account for seismic risk, 

prevent socio-economic losses, to ensure safety and improve the quality of life of the 

population, sustainable socio-economic development; 

Creating conditions for the sustainable functioning of the main social infrastructure facilities, 

life support systems and housing stock of Almaty; 

achieving an acceptable level of seismic safety of buildings and structures in Almaty; 

Reduction of possible economic, social and environmental damage from seismic impacts; 

Creation of passports for the seismic resistance of real estate objects (apartment buildings 

and buildings of schools, kindergartens, hospitals, polyclinics) in Almaty; 

Creation of a risk map with the binding of the materials of the work of the surveyed objects 

in Almaty [6].   

4. The task of the work

Ensuring seismic safety of real estate objects in Almaty includes the following stages of 

work: visual inspection of buildings in Almaty in the context of administrative districts; 

Creation of an electronic passport of real estate objects in the GIS program with reference 

of objects to the local coordinate system of Almaty; 

Identification of seismically vulnerable objects, in relation to which measures should first be 

developed to reduce the seismic risk of their further operation to an acceptable level; 

Identification of the most earthquake-prone objects requiring priority demolition or 

reinforcement; 

Development of recommendations for further operation, seismic reinforcement or 

demolition of the facility; 

Assessment of the expected degree of damage to buildings and structures depending on their 

design solutions, wear and seismic strength at maximum seismic impacts; 

Assessment of economic and social damage from the consequences of possible earthquakes, 

assessment of the economic costs of seismic reinforcement in terms of the degree of damage 

to buildings in possible calculated earthquakes; 

preparation of a scientific and technical report. 

5. Executed works

International experience shows that every devastating earthquake leads to a change in 

building regulations towards stricter requirements. In connection with the observed 

tightening of the requirements of the norms, researchers and designers face problems related 

to the assessment of seismic resistance and seismic safety of previously erected facilities. 

Specialists of KazNIISA JSC carried out research work technical survey of buildings and 

structures of the existing development in Almaty. The scientific work consisted of two stages 

and was carried out in 2017-2018. In 2017, 7027 real estate objects in Almaty were surveyed, 

including 6493 multi-apartment residential buildings and 534 social facilities (schools, 

kindergartens, hospitals, polyclinics). According to the results of the work carried out in 

2017 on the technical survey of real estate objects in Almaty , it was revealed:  

Of the total number of buildings surveyed, the following are earthquake-resistant: schools - 

190 out of 323 (58.9%), kindergartens - 129 out of 246 (52.5%), hospitals – 76 out of 191 

(39.8%), polyclinics – 69 out of 89 (77.6%), apartment buildings – 4147 out of 6490 

(62.5%). In terms of construction volume (total area), 73.6% of schools, 62.1% of 
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kindergartens, 77.6% of hospitals, 91.5% of polyclinics, 82.1% of apartment buildings are 

earthquake-resistant. 

In 2018, a survey was conducted of 3169 residential and civil facilities in Almaty, including 

1,683 multi-apartment residential buildings, 1,486 civil and public buildings (administrative 

buildings, shopping centers, sports facilities, school and preschool buildings, sanatorium and 

resort buildings, recreation and tourism buildings, polyclinics) [9]. 

Of the total number of buildings surveyed, earthquake-resistant are: schools - 80 out of 96 

(83.4%), kindergartens - 84 out of 104 (80.8%), medical and wellness facilities - 267 out of 

365 (73.2%), other buildings (multifunctional, administrative, shopping and entertainment 

centers, shops, sports, etc.) 778 out of 922 (84.4%), apartment buildings – 1662 out of 1683 

(98.8%). In terms of construction volume (total area), 81.5% of kindergartens, 91.2% of 

schools, other buildings (multifunctional, administrative, shopping and entertainment 

centers, shops, sports, etc.), 99.6% of apartment buildings are earthquake-resistant. Seismic 

safety assessment of real estate objects is an urgent task not only for Almaty, but also for all 

settlements located in earthquake-prone regions of the Republic of Kazakhstan. The results 

make it possible to identify earthquake-prone buildings, assign priority objects for their 

seismic reinforcement or demolition, determine the amount of costs for strengthening 

earthquake-prone buildings and demolishing dilapidated housing. 

5.1 Apartment buildings 

Residential multi-storey buildings of the city of Almaty, approximately 80% are represented 

by brick, frame, large-panel and monolithic buildings erected according to standard and 

individual projects. A visual inspection of apartment buildings was carried out (Table 5.1). 

Table 5.1. Assessment of seismic vulnerability of residential buildings of different structural systems in 

Almaty. 

№ Series of houses 
Total 

number of houses 
Earthquake resistant 

Not earthquake 

resistant 

1 275 127 

5448 2723 

2 308 891 

3 VP 574 

4 VT 238 

5 70S 18 

6 1Kz-464DS 1287 

7 1Kz-464AS 501 

8 158 662 

9 A-147 28 

10 69 144 

11 IPder 627 

12 IPkar 1004 

13 IPkir 589 

14 IPmon 1420 

15 IPkp 36 

16 IPmetal 12 

17 SZHKU-9 13 

Total 8171 

Multi-apartment residential buildings with load-bearing brick walls 2 and 3 floors high with 

wooden beams and with frame-reed walls do not meet the modern requirements of 

earthquake-resistant construction, due to the state of load-bearing structures, they belong to 

dilapidated buildings and were recommended for demolition. 
Table 5.2. Dilapidated residential buildings in the context of the administrative districts of Almaty. 
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№ 
Administrative 

district 

Wall material 
Total 

walls frame-reed walls made of brickwork 

1 Almaly 5 189 194 

2 Auezov 24 7 31 

3 Bostandyk 60 196 256 

4 Zhetysu 90 26 116 

5 Medeu 9 52 61 

6 Turksib 119 153 272 

7 Alatau 10 2 12 

8 Nauryzbay 2 1 3 

Total 319 626 945 

5.2 Civil and public buildings 

A visual survey of civil and public buildings was carried out (Table 5.2). 

Table 5.2. Assessment of civil and public buildings in the context of administrative districts of Almaty. 

Administrative districts Number of objects Earthquake-resistant 
Not earthquake-

resistant 

Alatau 154 146 8 

Almaly 201 142 59 

Auezov 224 167 57 

Bostandyk 330 266 64 

Zhetysu 118 72 46 

Medeu 232 171 61 

Nauryzbay 139 119 20 

Turksib 88 46 42 

TOTAL 1486 1129 357 

The complex of works carried out on the visual inspection of civil and public buildings 

allows us to conclude the following: 

1. Buildings with load-bearing brick walls are earthquake-prone and are recommended for

demolition. Strengthening of buildings of this group is possible, but irrational from an

economic point of view.

2. The frame frames of polyclinic buildings meet the space-planning, structural and design

requirements of the norms, are earthquake-safe and do not require reinforcement measures.

3. The frame frames of kindergarten buildings, due to their increased responsibility, do not

meet the design and design requirements of the norms and require a technical survey with

the development of recommendations for their strengthening.

5. The frame frames of administrative buildings meet the space-planning, structural and

design requirements of the norms, are earthquake-safe and do not require reinforcement

measures.

5.3 Social facilities 

Buildings of schools, kindergartens, hospitals and polyclinics belong to buildings of 

increased social responsibility. As part of the communal property objects, a technical survey 

was carried out with the identification of earthquake resistance and the development of 

recommendations for social facilities (buildings of schools, kindergartens, hospitals and 

polyclinics) in Almaty. 

Table 5.3. Assessment of seismic vulnerability of social facilities in Almaty. 
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1 Hospitals 

1.1 earthquake 1 8 8 18 2 14 17 9 77 

1.2 resistant not earthquake resistant 1 17 23 21 1 26 1 19 114 

total 2 25 31 41 3 41 18 30 191 

2 Polyclinics 

2.1 earthquake 9 11 13 10 3 9 6 8 69 

2.2 -resistant not earthquake-resistant 3 3 2 5 2 2 3 20 

total 12 14 15 15 5 9 8 11 89 

3 Kindergartens 

3.1 earthquake 17 19 30 16 18 10 3 16 129 

3.2 -resistant not earthquake-resistant 1 10 27 38 10 13 18 117 

total 18 29 57 54 28 23 3 34 246 

4 Schools 

4.1 are earthquake 18 29 25 44 20 23 5 26 190 

4.2 resistant not earthquake resistant 25 8 23 15 9 25 13 15 133 

total 43 37 48 59 29 48 18 41 323 

Total 75 105 151 169 65 121 47 116 849 

The complex of works carried out on visual and detailed inspection, the results of 

calculations of buildings of schools, kindergartens, hospitals and polyclinics allow us to 

conclude the following: 

1. Buildings with load-bearing brick walls are earthquake-prone and are recommended for

demolition. Strengthening of buildings of this group is possible, but not rational from an

economic point of view.

2. The frame frames of polyclinic buildings meet the space-planning, structural requirements

of the norms, are earthquake-safe and do not require reinforcement measures.

3. The frame frames of buildings of schools, kindergartens, hospitals, due to their increased

responsibility, do not meet the design and design requirements of the norms and require

antiseismic measures.

5. Frame buildings of the 2Kz-200S series do not meet the requirements of current

regulations and are earthquake-prone. Buildings require a detailed survey with a

computational and analytical assessment of the bearing capacity of structures and the

development of antiseismic measures [10].

Of the processed real estate objects, 1,227 objects are located in the zones of manifestation

of tectonic faults: 940 residential buildings, 32 hospitals, 16 polyclinics, 36 

kindergartens/nurseries, 48 schools, 155 civil and public buildings (table 5.4). 

Table 5.4. Objects located in zones of manifestation of tectonic faults. 

Administrative districts 

(area code) 

Number of objects Objects in the fault zone 

Total 

objects 

Of them in the 

fault zone 

earthquake-

resistant 

Not earthquake-

resistant 

Alatau (321) 155 4 4 - 

Almaly (311) 201 31 22 9 

Auezov (312) 224 36 33 3 

Bostandyk (313) 329 39 35 4 

Zhetysu (314) 118 3 2 1 

Medeu (315) 232 39 30 9 
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Nauryzbay (322) 139 3 3 - 

Turksib (317) 88 - - - 

TOTAL 1486 155 129 26 

6. Conclusion

The results of technical survey made it possible to identify earthquake-prone buildings, 

assign priority objects for their seismic reinforcement or demolition, determine the amount 

of costs for strengthening earthquake-prone buildings and demolishing dilapidated housing 

[5].  

According to the received technical survey data, state programs have been adjusted (for the 

demolition of dilapidated residential buildings) and dilapidated residential buildings in 

Almaty are being demolished and new earthquake-resistant residential buildings are being 

built in their place. 

A spatial and territorial analysis of the data obtained with a seismic microdistricting scheme 

was performed. 

The classification of construction objects based on the seismic scale MSK-64 (K) was 

compiled. 

Based on the results of technical survey, electronic passports of the surveyed buildings were 

created with an assessment of their seismic vulnerability. 

The assessment of direct economic damage and social losses in case of damage to buildings 

from predicted earthquakes of intensity 7, 8, 9 and 10 points in the city of Almaty is given, 

the calculation methodology and expert assessment of economic damage and social losses 

in case of damage to surveyed buildings from predicted earthquakes of varying intensity are 

given. 

According to the results of scientific work, an electronic database on the seismic 

vulnerability of buildings and structures in Almaty has been created, which will increase the 

reliability of life support systems, reduce damage to buildings and structures and reduce 

population losses from destructive earthquakes.  

An information model of urban development has been created in the ArcGIS "ArcScene" 

program. 

Based on the results of the research work carried out, work has begun on the creation of an 

electronic map of the seismic risk of Almaty. 
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Abstract: Materials based on carbon fiber fabric are increasingly used in construction, 

including the strengthening of existing structures. Various reinforcement schemes using 

carbon fiber-based fabric are implemented in the reconstruction and repair of a large number 

of objects. As experience shows, materials based on carbon fiber canvases are well suited for 

strengthening both masonry and reinforced concrete structures.The article analyzes the results 

of experimental studies of stone samples reinforced with composite materials based on carbon 

fiber with a different number of layers of the material. The influence of several layers of 

reinforcement on the bearing capacity of masonry is determined. The analysis of different 

similar studies with the same material and different number of layers was performed. 

Analytical dependences are proposed to determine the increase of the shear force Q of the 

masonry with respect to the standard Q0. Based on the results of the comparison between the 

series and between the previously performed tests, for a more objective determination of the 

value of the physical characteristic k, the introduction of a correction factor for the second 

and third layers is proposed. The convergence of theoretical values with experimental data is 

from 10% to 40% in the direction of the load-bearing capacity, which, given the small number 

of samples, is justified. 

Keywords: samples of masonry, reinforcement, composites based on carbon fiber, layers of 

amplification, the relative load bearing capacity 

1. Introduction

This article presents the results of experimental studies of stone samples reinforced with 

composite materials based on carbon fiber with different number of layers. The effect of 

several layers of reinforcement on the load-bearing capacity of masonry was also determined 

and correction coefficients were introduced for several layers of reinforcement material. 

2. Experimental research

To consider the effect of the number of layers on the load-bearing capacity, samples were 

made of masonry with dimensions of 1060x1060x250mm [1], the design solution of which 

was the same as in the previously performed works [2]. Tests of experimental masonry 

samples reinforced with carbon fiber-based composite materials for the effect of static load 

in accordance with the test scheme as shown in figure 1.  
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Fig. 1 - General view of the experimental sample and the power frame. Sample loading scheme 

 

The samples in [2] of the K-II - K-IV series were tested using the same method of 

experimental research. In order to be able to compare the test results, the load was 

recalculated and it was reduced to a single strength of the KU-1 series solution equal to 4.7 

MPa. The results of previous tests are shown in table 1. A comparative table of the effect of 

the number of layers in the tests performed is presented in table 2. 

 

Table 1 – The results of previously conducted tests 
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U-1-230-1 9,98 3.7909 0.69 60.70 41.66  

43.07 

 

38.93 % U-1-230-2 10,62 3.9106 0.67 65.26 43.41 

U-1-230-3 11,25 4.0249 0.65 68.30 44.15 

К
-I

II
 U-1-530-1 10,06 3.8061 0.68 66.78 45.65  

43.07 

 

49.81 % U-1-530-2 11,50 4.0694 0.64 74.38 47.55 

U-1-530-3 8,55 3.5088 0.74 62.22 46.13 

К
-I

V
 U-3-230-1 6,12 2.9686 0.88 43.98 38.54  

39.44 

 

27.21 % U-3-230-2 6,45 3.0476 0.85 47.02 40.14 

U-3-230-3 7,05 3.1862 0.82 48.54 39.63 
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Table 2 – Effect of the number of layers on the excess load capacity 

Previously conducted tests Current tests  

 

 

Conditional 

series 

number 

Excess 

% 

The 

number 

of 

layers, n 

Conditional 

series 

number 

Excess 

% 

The 

number 

of 

layers, n 

The 

difference 

between 

the series, 

% 

1 layer 

difference, 

% 

К- II U-1-230 39,83 1 KU-2 39,89 3 0,06 0,03 

К-III U-1-530 49,81 1 KU-3 71,72 2 21,29 21,29 

К- 

IV 
U-3-230 27,21 

1 
KU-4 38.71 3 

11,5 5,75 

 

Attention should be paid to the increase in the load-bearing capacity of KU-3 series samples 

by 21.29% when using a double layer of FibArm Tape 530 material, and a slight increase 

(up to 5%) of the KU-2 series when using a triple layer of fibarm Tape 230 material. For the 

KU-4 series, the increase was 11.5%, that is, the second and third layer of FibArm Tape 230 

showed an increase of 5.75%. 

The relative increase is obtained by dividing the values for a double and triple layer and for 

a single layer. The effect of layers is shown in figure 2. 

 
Fig. 2 - Dependence of the number of layers on the load-bearing capacity (theoretical (■) and actual 

data (●)) on the example of the KU-4 and U-3-230 series 

 

In the reinforcement albums for stone buildings [3], it is recommended to use no more than 

3 layers of composite material to strengthen the masonry walls of buildings and structures 

operated in earthquake-prone regions with a site seismicity of 7-9. 

Thus, based on the results of comparison between the series and between previously 

performed tests, for a more objective determination of the value of the physical characteristic 

k, it is proposed to introduce a correction factor for the second and third layer. The correction 

factor for the second layer is suggested to be 0.2, and for the third layer 0.1. 

So for the KU-2 and KU-4 series n = 1+0,2+0,1 = 1.3; 

For the KU-3 series, n = 1+0.2 = 1.2. 
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Based on the results of the analysis, tests of masonry and the proposed coefficients, the value 

of the physical characteristics of the composite material will be as follows: 

 

k = (Aai/Ak) ∙ bfib ∙ δfib ∙ Rfib ∙ n, [dimensionless value],                      (1) 

where: 

Aai – the area of application of composite material, m2 

For tests conducted in the area of strengthening is: 

Aa2 = 0.4047 – for the KU-1 and KU-2 series; 

Aa3 = 0.7041 – for the KU-3 series; 

Aa4 = 1.1236 – for the KU4 and KU5 series; 

Aa5 = 2.2472 - for the KU-6 and KU-7 series. 

Ak – the area of the surface of masonry m2: 

Ak = 1.06 ∙ 1.06 = 1.1236; 

bfib - width of carbon fiber, m: 

bfib = 0.3 – for the KU-2 and KU-3 series; 

bfib = 0.9 – for the KU-4 series; 

bfib = 1.5-for ku – 6-KU-8 series; 

bfib = 1.5 ∙0.2 – for the KU-5 series, taking into account that the fiber width is 20% of the 

mesh width.  

δfib-tape thickness of one layer, m:  

δfib = 0.128∙10-3 – for the KU-2 and KU-4 series; 

δfib = 0.445∙10-3 – for the KU-6 and KU-8 series; 

δfib = 0.294∙10-3 – for the KU-3 series; 

δfib = 0.334∙10-3 – for the KU-5 series; 

δfib = 0, 250∙10-3-for the KU-7 series; 

Rfib-average value of the carbon fiber tensile strength, PA: 

Rfib = 3.6∙106;  

n - the number of layers of carbon fiber: 

for 3 layers, n = 1,3 for the KU-2 and KU-4 series; 
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for 2 layers, n = 1,2 for the KU-3 series; 

for the 1st layer, n = 1 for the ku-5 – KU-8 series. 

Thus the refined physical characteristic k is equal to: 

For the KU-2 series k =(0.4047/1.1236) 0.3∙0.128∙10-3∙3.6∙106∙1.3=64,74; 

For the KU-3 series k=(0.8094/1.1236) 0.3∙0.294∙10-3∙3.6∙106∙1.2=274,5; 

For the KU-4 series k=(0.7041/1.1236) 0.9∙0.128∙10-3∙3.6∙106∙1.3=337,83; 

For the KU-5 series k=(1.1236/1.1236) 1.5∙0.2∙0.334∙10-3∙3.6∙106∙1=360,72; 

For the KU-6 series k=(1.1236/1.1236) 1.5∙0.445∙10-3∙3.6∙106∙1=2403,0; 

For the KU-7 series k=(2.2472/1.1236) 1.5∙0.250∙10-3∙3.6∙106∙1=2700,0; 

For the KU-8 series k=(2.2472/1.1236) 1.5∙0.445∙10-3∙3.6∙106∙1=4806,0; 

At the obtained values of k, the theoretical increase in the load-bearing capacity of stone 

samples reinforced with a composite material based on carbon fiber is from 14% to 73% (see 

figure 3 and 4). 

 

 

Fig. 3 - Dependence of the relative load capacity on the physical characteristic k 
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Fig. 4 - Dependence of the relative load capacity on the physical characteristics k for the KU-5 series 

As a result of the analysis of the conducted tests, the following analytical dependencies are 

proposed to determine the increase in the shear force Q of the masonry in relation to the 

standard Q0: 

- for reinforced masonry using carbon ribbons and fabrics, the load-bearing capacity is 

proposed to be determined by dependence: 

Q = (0.0394∙ln∙ (k)+ 1.1659) ∙Q0,                                                             (2) 

- for reinforced masonry using carbon mesh, the load-bearing capacity is proposed to be 

determined by dependence: 

Q = (0.0209∙ln∙ (k)+ 1.0915) ∙Q0,                                                             (3) 

where Q0 is the load-bearing capacity of masonry without reinforcement, it is assumed to be 

equal to the load-bearing capacity under the action of the main tensile stresses. 

For the tested series, the theoretical carrying capacity of the reinforced samples will be: 

for the KU-2 series, Q = (0.0394∙ln∙(64,74)+1,1659) ∙21170=26192,8 kgf; 

for the KU-3 series, Q = (0.0394∙ln∙ (274,5)+1,1659) ∙21170=26716,1 kgf; 

for the KU-4 series, Q = (0.0394∙ln∙ (337,83)+1,1659) ∙21170=26791,3 kgf; 

for the KU-6 series, Q = (0.0394∙ln∙ (2403)+1,1659) ∙21170=27502kgf; 

for the KU-7 series, Q = (0.0394∙ln∙ (2700)+1,1659) ∙21170=27544,2 kgf; 

for the KU-8 series, Q = (0.0394∙ln∙ (4806)+1,1659)∙21170=27753,1 kgf. 
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for the KU-5 series, Q = (0.0209∙ln∙ (360,72)+1,0915)∙21170=24238,5 kgf. 

The convergence of theoretical values with experimental data is from 10% to 40% in the 

direction of the load-bearing capacity, which, given the small number of samples, is quite 

justified. 

In previous studies [2], the increase in masonry strength due to composite fiber 

reinforcement was described as a dependency: 

Q = (0.35∙ln∙(k+ 80)-0.53) ∙Q0,                                                                (4) 

3. Conclusion 

At the same time, the increase in masonry strength reached 120%, which is primarily due to 

different technologies used for gluing composite fiber. In the current tests, an improved 

version of the epoxy-based adhesive was used [4-5]. In [2], in addition, the leveling layer 

between the masonry and the composite material was not used. The fibarm Repair FS repair 

compound was used as the leveling compound for these tests [6], that is, the contact of the 

composite material with the masonry surface was carried out through the leveling repair 

compound. 
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Abstract: This paper presents a simulation-based method to evaluate the seismic performance 
of RC walls with lap splices. Computational analyses are conducted using a recent 
implementation of the nonlinear truss model. The uniaxial steel law used in the truss model is 
modified to account for lap-splice failure of vertical bars using a simple tensile strain criterion. 
Performance evaluation is conducted using a novel method that employs strain limits 
associated to damage in concrete and steel. The computational models and strain-based 
evaluation method are verified with experimental data from tests on wall components with 
lap splices at their base. Truss models are shown to accurately capture the force-displacement 
response and failures observed in these tests. The proposed evaluation approach allows for 
consideration of the post-yield capacity of lap-spliced bars, and the strain-based limits are 
shown to be consistent with the strength and stiffness deterioration of the walls. 

Keywords: RC walls, lap splices, performance-based assessment, acceptance criteria.  

1. Introduction 

Reinforced concrete (RC) structural walls in buildings constructed prior to the development 
of modern seismic design provisions may be vulnerable to non-ductile failures such as 
diagonal shear cracking or buckling of bars. This type of construction commonly includes 
lap splices in regions where inelastic deformations are expected to occur. Such walls are at 
risk of developing a fast load-resistance deterioration due to lap-splice failures, but they can 
exhibit different levels of deformation capacity. Failure may occur before any appreciable 
damage when the lap-splice length is insufficient to develop tension yielding of vertical 
reinforcement. If sufficient lap-splice length is provided, walls may be able to present some 
ductility capacity.  

This paper presents a novel method to assess the performance of RC wall components with 
limited ductility using computational models and acceptance criteria at the local (material) 
level. The modeling approach is based on a recent implementation of the nonlinear truss 
model for walls, which is enhanced to account for lap splice failures. The performance 
evaluation is conducted using a set of strain-based criteria, recently proposed by the authors 
in Deng et al. (2021), and supplemented here with additional criteria to account for the 
impact of lap-splice damage and failure. A preliminary validation of the performance 
evaluation scheme is conducted, using experimental data from tests on RC walls with lap 
splices reported in the literature.  
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2. Nonlinear truss modeling of planar walls with lap splices 

2.1. Description of the modeling approach 

The cyclic response of RC walls is analytically simulated using truss models, which have 
been shown in numerous prior studies (e.g., Lu et al. 2016, Lu and Panagiotou 2016, Deng 
et al. 2021) to accurately capture the hysteretic response and damage patterns of flexure- and 
shear-dominated walls. In a truss model, the wall component is represented with an 
assemblage of horizontal, vertical and inclined line (truss) elements, as shown in Figure 1, 
combined with uniaxial stress-strain laws for concrete and steel. The present study follows 
the modeling approach described in detail by Deng et al. (2021), which was shown capable 
of simulating flexural, diagonal tension and diagonal compression failures. The wall models 
have been developed through a user-friendly implementation of the truss modeling scheme 
in the program FE-MultiPhys (Koutromanos and Farhadi 2018), wherein each standard truss 
cell is represented as a 4-node macro-shell element, as shown in Figure 1.  

    
Fig. 1 – Nonlinear truss model of a RC wall (adapted from Deng et al. 2021) 

 
The adopted modeling approach includes a uniaxial steel law accounting for bar buckling 
and rupture developed by Kim and Koutromanos (2016). Material rupture occurs when a 
material internal variable D, associated with the cumulative inelastic work under tensile 
stress, reaches a critical value, Dcr. The steel law is modified in the present study to also 
account for lap-splice failures. Specifically, the material is assumed to completely lose its 
resistance once the tensile strain reaches a cap value, corresponding to the instant where the 
splice capacity has been reached. The strain cap value, εs,max, is based on the lap-splice 
strength equation proposed in ASCE/SEI 41-17 (ASCE 2017) and a modified version of the 
post-yield strain limit proposed by Tarquini et al. (2017). Specifically, εs,max is given by: 

𝜀 , =

⎩
⎪
⎨

⎪
⎧ 1.25𝜀

𝑙

𝑙

/

 , if  
𝑙

𝑙
  ≤  0.716

𝜀 + 0.65𝜌 + 0.005
𝑙

𝑙
  , if  

𝑙

𝑙
  >  0.716

 
(elastic range)    

 (1) (plastic range) 

where εy is the yield strain of the bar, lb is the lap-splice length, ld is the minimum 
development length required by the ACI 318 code (ACI 2019) and ρw is the confinement 
reinforcement ratio.  
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The elastic range expression in Equation 1 is obtained by dividing the lap-splice strength 
proposed in ASCE/SEI 41-17 (ASCE 2017) by the elastic modulus, and is applicable to cases 
where the splice strength is less than the steel yield stress. The only difference with the 
equation proposed in ASCE/SEI 41-17 is that the calculation of ld in the present study 
neglects the reinforcement size factor ψs of the ACI 318 code. This modification has been 
done on the basis of a preliminary study on the accuracy of the ASCE/SEI 41-17 equation. 
Specifically, this equation was used to estimate the strengths of 456 lap-splice tests from the 
ACI Database 10-2001 (ACI 2003), and it was found that slightly better predictions were 
obtained when neglecting the ψs factor, as shown in Figure 2. This conclusion is consistent 
with observations of the ACI-408R-03 document (ACI 2003) on the negligible effect of bar 
size on splice strength.  

The ASCE/SEI 41-17 equation cannot be used to determine the strain capacity for lap splices 
sustaining inelastic deformations because it caps the splice strength at the yield strength of 
steel, fy. Instead, the post-yield strain limit in Equation 1 is based on an expression proposed 
by Tarquini et al. (2017), which was calibrated combining wall test data and simulation. The 
original equation of Tarquini et al. (2017) normalized lb by the effective seismic height of 
the wall, Heff, to account for the effect of the moment gradient. However, the effective height 
(base moment divided by base shear) is not a constant value as it changes substantially during 
an earthquake. Considering that the influence of moment gradient is small as compared to 
that of the available lap-splice length and confining steel, the original term 0.03lb/Heff 
proposed in Tarquini et al. (2017) has been replaced by 0.005 lb/ld in the present study. This 
results in similar strain limits as those obtained with the original equation while allowing the 
use of a normalizing parameter (ld) whose value is constant. 

 
Fig. 2 – Lap splice strength predictions with ASCE/SEI 41-17 equation 

2.2. Experimental verification of truss models 

The accuracy of the criterion proposed in Equation 1 is validated through computational 
simulation of four planar RC walls that exhibited lap-splice damage or failure. Two of the 
analyses are focused on the wall specimens VK4 and VK5 tested by Hannewald et al. (2013). 
The walls were 3300 mm and 4500 mm tall, respectively, and their vertical reinforcement 
was spliced along 600 mm above the wall-foundation interface in both cases. Specimens 
VK4 and VK5 experienced lap-splice failures at a drift ratio of approximately 0.6% and 
0.9%, respectively. The other two walls analyzed correspond to specimens W-40-C and W-
60-C tested by Villalobos (2014). Both walls had a height of 3314 mm and the only 
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difference between them was in the lap-splice length, which equaled 1016 mm for W-40-C 
and 1524 mm for W-60-C. Specimen W-40-C exhibited a lap-splice failure at a drift ratio of 
2.5%, while W-60-C presented vertical splitting cracks along the splice length but eventually 
failed  due to fracture of the vertical reinforcement. 

The main characteristics of the truss models are summarized in Table 1. The material models 
for unconfined concrete, confined concrete and reinforcing steel were calibrated to the 
reported material data following the approach described in Deng et al. (2021). Based on 
Equation 1, the steel cap strain value, εs,max, was set equal to 0.0127, 0.0123, 0.0279, and 
0.0312 for walls VK4, VK5, W-40-C, and W-60-C, respectively.  

Table 1. Summary of walls considered in analytical study 

Wall ID Study 
θd 
(°) 

a 
(mm) 

Lw/a Lwb/Lw 
ρb 

(%) 
ρw,v 
(%) 

ρw,h 
(%) 

v 
(%) 

lb/ld 

VK4 
Hannewald 
et al. (2013)  

64.9 150 10 NA NA 1.10 0.08 7.2 1.46 

VK5 
Hannewald 
et al. (2013)  

64.9 150 10 NA NA 1.10 0.08 7.2 1.38 

W-40-C 
Villalobos 

(2016)  
45 150 10 0.10 5.00 0.40 0.55 10 1.29 

W-60-C 
Villalobos 

(2016)  
45 150 10 0.10 5.00 0.40 0.55 10 1.96 

Note: θd is angle between diagonal truss and horizontal direction in truss cell, a is horizontal length of truss cell, Lw is the 
wall length, Lwb is the wall boundary element length, ρb is the boundary vertical reinforcement ratio, ρw,v is the web vertical 
reinforcement ratio, ρw,h is the web horizontal reinforcement ratio, v is the wall axial load ratio, lb/ld is the ratio between 
provided development length in experiment and ACI required development length. 

 

The analytical force-displacement curves obtained for the four specimens are compared with 
their experimental counterparts in Figure 3. As shown, the truss models well reproduce the 
experimental results in terms of hysteric curve shape, failure mode, and drift at failure. The 
models for VK4 and VK5 approximately match the drift level at which lap-splice failure 
occurred in the tests, as well as the sudden strength degradation following this failure. For 
W-40-C and W-60-C, the models are capable of capturing the development of ductility prior 
to wall failure. For W-40-C, there is good agreement between the analytical and 
experimental lap-splice failures. For W-60-C, the analytical model predicts a lap-splice 
failure at a drift ratio of 2.2%, while the actual failure of the test specimen was caused by 
bar rupture at a similar drift level. It is worth mentioning that an analysis conducted without 
the consideration of lap-splice failure for that specimen predicted failure due to vertical bar 
rupture at a drift ratio of 3%.  

Figure 4 compares the maximum principal strain contours of the walls (right after failure) 
with the damage pattern observed at the end of the corresponding experimental test. A 
similar damage pattern can be inferred from the strain contours for all four walls, depicted 
by large tensile strain at the toe of the wall where the lap splice has failed, as shown in Figure 
4. There are also high tensile strains extending across the entire wall length near the base 
and propagating diagonally in the central portion of the wall. These tensile strain bands are 
consistent with the damage and cracking pattern observed in the experimental tests. 
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Fig. 3 – Analytical and experimental hysteretic curves of wall specimens with lap splices 
 

 

 

Fig. 4 – Experimental cracking pattern and analytical maximum principal strains   
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3. Strain-based performance evaluation 

3.1. Definition of performance acceptance criteria 

A strain-based evaluation method proposed by Deng et al. (2021) is extended here to account 
for lap splice failures. The original evaluation method was proposed for walls exhibiting 
flexure, diagonal tension and diagonal compression failures, and considered three 
performance levels representing different severity of damage. The performance levels 
correspond to the immediate occupancy (IO), life safety (LS), and collapse prevention (CP) 
states defined in ASCE/SEI 41-17. Specifically, IO corresponds to a state at which no 
permanent damage has occurred and the structure practically retains its original strength and 
stiffness, LS corresponds to a state in which the structure exhibits damage but still has a 
margin of safety against collapse, and CP is a state at which the structure is still capable of 
carrying gravity loads but has no margin of safety against collapse.  

As compared to ASCE/SEI 41-17, where performance is evaluated in terms of plastic hinge 
rotation or drift ratio, the method proposed in Deng et al (2021) employs acceptance criteria 
based on material strains or strain-related parameters obtained from nonlinear truss models. 
This approach is considered a promising alternative to empirically derived limits for hinge 
rotation or drift, given that material strains are more directly linked to physical damage and 
failure mechanisms.  

Table 2 presents the strain-based acceptance criteria with the addition of new criteria related 
to lap-splice damage and failure (highlighted in red). The original criteria for flexure- and 
shear-dominated walls were based on strains or strain-related parameters in vertical, 
horizontal and diagonal elements. The original IO criteria include exceedance of concrete 
and steel strains related to excessive cracking and spalling of concrete, while LS and CP are 
considered to be exceeded based on bar rupture criteria or excessive concrete strains 
associated to vertical or diagonal crushing. The newly added criteria for lap splices 
correspond to LS and CP, and depend on the tensile strain of vertical reinforcement, as 
shown in Table 2. Given the sudden nature of the failure, the CP limit is set to a steel strain 
equal to the strain at lap-splice failure, εs,max, obtained with Equation 1. To provide some 
safety margin for the LS state, the bar strain in the lap-splice region is limited to between 
0.5εs,max and 0.75εs,max, depending on the level of inelastic deformation. No specific criterion 
for lap splices is provided for the IO state, given the relatively fast damage evolution of this 
type of failure. 

To satisfy a specific performance level, all strain conditions in Table 2 corresponding to this 
level need to be met (i.e., exceedance of one condition implies exceedance of the 
performance level). Using the proposed evaluation method eliminates the need for prior 
determination of the dominant behavior mode of the wall, and mixed flexure/shear or 
flexure/splice failures can be naturally considered. Figure 5 presents two examples of wall 
evaluations conducted by Deng et al. (2021), corresponding to a flexure-dominated specimen 
tested by Dazio et al. (2009) and a wall exhibiting a flexure/diagonal compression mode 
tested by Oesterle et al. (1979). Both walls are predicted to exceed IO due to cover crushing, 
while LS and CP are exceeded due to vertical bar ruptures in the first case and due to diagonal 
web crushing in the other. These results are consistent with test observations. 
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Table 2. Strain-based acceptance criteria 
Performance 

level 
Type of damage to be prevented Acceptance criteria 

IO 
Large residual flexural cracking  

Large inclined (shear) cracks 
Concrete cover spalling 

εs ≤ 1.0% 
εc,diag ≤ wcr/Ld 

|εc,vert| ≤ |ε0| 

LS 

First fracture of vertical or horizontal steel 
Onset of confined concrete crushing 

Onset of web concrete crushing 
Onset of slip in lap splice * 

 

D ≤ Dcr 

|εc,vert.| ≤ 0.75|εcf | 
|εc,diag| ≤ |ε0| 

      εs ≤ 0.75εs,max for εs,max< εy     * 
     εs ≤ 0.5εs,max for εs,max>1.5 εy   * 

CP 

Fracture of more than 50% of boundary 
bars or horizontal bars 

Severe confined concrete crushing  
Severe web concrete crushing 

Failure of lap splice * 

D ≤ Dcr 
(in 50% of boundary/horizontal bars) 

|εc,vert.| ≤ |εcf | 
|εc,diag| ≤ |εu| 

     εs ≤ εs,max   * 
Note: εs is tensile steel strain, εc,diag is compressive concrete strain in diagonal elements, εc,vert is compressive concrete 
strain in vertical elements, D is damage parameter in steel law, Dcr is critical value of damage parameter, wcr is allowable 
crack width, Ld is length of diagonal element, ε0 is strain at peak strength of concrete, εcf  is failure strain of confined 

concrete, εu is ultimate strain of unconfined concrete. 
* Criterion applicable only to walls with lap splices.  

 

 

  Fig. 5 – Examples of wall analyses and evaluations from Deng et al. (2021) 

3.2. Performance evaluation of wall specimens with lap splices 

The strain-based evaluation method has been applied to the four wall specimens with lap 
splices modeled in the previous section. Figure 6 presents the points at which the IO, LS and 
CP limits are exceeded in the force-displacement curves. The IO limits are governed by 
diagonal cracking or cover spalling, and they are reached shortly before the effective 
yielding of the wall. The LS and CP performance levels are exceeded due to lap-splice 
damage and failure. The proposed LS limit provides a reasonable margin of safety against 
failure, and the CP level coincides with major loss of lateral strength. Overall, the acceptance 
limits are consistent with the deterioration of the load-carrying capacity of walls, as shown 
in Figure 6, and with the IO, LS and CP definitions in ASCE/SEI 41-17 (ASCE 2017).  
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Fig. 6 – Performance limits obtained for walls with lap splices 

4. Conclusions 

Nonlinear truss models and strain-based acceptance criteria have been proposed to evaluate 
the performance of RC walls vulnerable to lap-splice failure. The models are based on a 
recent implementation of the nonlinear truss model, capable of capturing flexure and shear 
failures, which has been extended here to represent lap-splice failures. The models are shown 
to successfully reproduce the cyclic response and lap-splice failures observed in wall tests. 
The proposed acceptance criteria allow for consideration of the post-yield capacity of lap 
splices, and have been appended to a general strain-based evaluation framework that also 
considers flexure, shear, and mixed-mode failures. The performance limits are shown to be 
consistent with the physical damage and deterioration of the load-carrying capacity of the 
walls.  
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Abstract: In order to estimate the seismic vulnerability of buildings located in Sarajevo a 

quick visual screening method was applied. Utilizing this simple method enables a researcher 

to obtain very quickly the requested information. In this preliminary analysis, 62 buildings 

were elaborated. The data was obtained from multiple sources: from street screening, via 

online sources using Google Maps and Google Earth, and data provided by the Federal Office 

of Statistics of Federation of Bosnia and Herzegovina. In this case, the qualitative method for 

calculation of the seismic vulnerability of buildings was applied, the so-called Rapid Visual 

Screening. Parameters that were used for the determination of the final performance score 

were the construction age of the building, gross area, occupancy of the buildings, type of the 

building, types of irregularities, and soil type. All the selected buildings are located in the 

Municipality Center in Sarajevo. If the area is exposed to the ground motion with the intensity 

of VIII, 33% of the existing buildings would be classified under medium priority, whereas 

62% would be considered buildings of low priority. This is a pioneer work in the application 

of the Rapid Visual Screening method in Bosnia and Herzegovina.  

Keywords: Rapid Visual Screening, performance score, masonry structures, reinforced 

concrete structures, GIS 

1. Introduction 

In the last decades, we have witnessed the devastating effect of earthquakes and their impact 

on buildings, especially in densely populated urban areas. The recent earthquakes which hit 

Zagreb, Petrinja, and Sisak in the Republic of Croatia awakened the seismic and earthquake 

community in the surrounding regions. The Zagreb earthquake occurred in March 2020 and 

had a magnitude of 5.5 on the Richter scale and an intensity of VII, and a depth of 10 

kilometers. Nine months later a devastating earthquake struck Petrinja having a magnitude 

of 6.2 according to the Richter scale, with a depth of 10 kilometers. According to the 

European macroseismic scale (EMS), the intensities ranged from VIII (Heavily damaging) 

to IX (Destructive) (Miranda et al. 2021). This was an awakening call for the engineering 

community in Bosnia and Herzegovina to conduct some preliminary studies on the seismic 

vulnerability assessment of existing buildings. In Bosnia and Herzegovina, from all the 

recorded earthquakes in the period from 306 to 2015, 29.7% have a focal depth of only 10 

km (Ademović 2011, Ademović et al. 2020a). 

Seismic assessment of existing buildings can be done with the application of various 

screening methods. Data obtained by this method are obtained from the on-foot survey which 
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usually takes around 30 minutes per building. Buildings are classified into different priorities 

based on the scoring values which are obtained based on the most important building’s 

features. This falls into the preliminary (first stage) assessment of existing buildings. The 

second stage considers detailed information regarding the site conditions, material 

characteristics, and structural elements. The third stage is reserved for in-depth investigation 

done by the sophisticated structural analysis (Jain et al. 2010).  

The Applied Technology Council (ATC) developed the Rapid Visual Screening (RVS) 

method for buildings exposed to ground motions (earthquakes) in the late eighties. The 

method was developed for a large audience from the engineers to the owners (Yadollahi et 

al. 2012). All data regarding the building was obtained from the visual inspection. In the 

years ahead improvements were done in the view of its usability and simplicity and 

determination of the numerical values of the seismic vulnerability with the application of 

fragility functions. The main goal of this method was to determine if the buildings were 

seismically hazardous or were acceptable as to risk to life safety (FEMA 154, 2002). In 

FEMA 154 (2002) the features taken in the calculation are soil type, valid code during the 

construction in relation to the detailing level, number of stories, and irregularities (plan and 

vertical).  

As in the RVA Method points represent a quantitative measure of the probability of collapse 

and collapse demolition is the predominant determinant of the life safety risk. The purpose 

of using this method is to review the stock of buildings based on cut-off values for final 

points, which are used to divide the inspected buildings into two groups (FEMA 154, 2002): 

 buildings with expected acceptable seismic behavior and 

 buildings for which high seismic damage is expected and need to be further studied. 

Generally, the RVS method can be applied either before or after the earthquake. Conducting 

such an analysis, before the earthquake, is done with the goal to envisage the possible risk 

to the urban area, in relation to the damage and potential collapse of buildings, if exposed to 

an earthquake motion of various intensities. As the method is purely visual, it cannot 

guarantee a high level of accurateness. 

The National Research Council, Canada (NRCC 1993) proposed an RVS method that is 

based on the Seismic Priority Index (SPI) which takes into account structural and 

nonstructural factors (this is explained in Chapter 2).  

In Turkey, the Middle Eastern Technical University (METU) developed an RVS method, 

and after the 1999 Düzce earthquake was upgraded by Sucuoğlu et al. (2007), a method for 

reinforced concrete frames was proposed Hassan and Sozen (1997). Demartinos and Dritsos 

(2006) after the 1999 Athens earthquake developed an RVS procedure based on fuzzy logic. 

A method that gives an approximate estimate of the seismic capacity of masonry infilled 

reinforced concrete buildings was developed by Islam et al. (2020). 

2. Applied Canadian Methodology 

In this specific case, it was decided to apply the Rapid Visual Screening (RVS) developed 

in Canada by Rainer et al. (1993). The starting point is this method is the determination of 

the key features that influence the behavior of structures exposed to earthquake movement. 

Secondly, the importance of the building has to be identified with respect to its purpose and 

occupancy. A numerical scoring system is used that refers to the requirements of earthquake 

design of Canadian regulations (NRCC 1993). The methodology is an extension and partial 

amendment of the ATC-21 manual for a quick visual inspection of buildings exposed to 
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potential seismic hazards. If the building obtains a high score this means that it is potentially 

hazardous and then an additional detailed analysis should be conducted. Even though no 

structural analysis is done, this method required serious assessment of the building which on 

average takes 30 minutes to an hour per building. Before the visual inspection takes place it 

is necessary to conduct a detailed analysis of all existing drawings, historical data, and any 

other information obtained about the building. 

According to this research, RVS points are used to assess the typology of buildings that are 

a priority for more detailed assessments and reconstructions. Valuable information (usually 

not visible from visual survey) is the construction year which on some occasions can be seen 

on the façade of the buildings. This is the case for some buildings that have been constructed 

in Sarajevo during the Austrian-Hungarian period. 

The methodology is based on key factors that can cause some kind of damage to the buildings 

once exposed to earthquake motion. The parameters that are taken into consideration are 

shown in Table 1. 

Table 1. Key parameters in the analysis (Rainer et al. 1993) 

Key parameters in the function of construction year  

Seismicity A 

Soil Conditions B 

Type of Structure C 

Building Irregularities (plan and vertical) D 

Building Importance (Purpose and Occupancy) E 

Structural index (SI) SI=A*B*C*D*E 

Non-Structural Hazard F 

Non-Structural index (NSI) NSI=B*E*F 

Seismic Priority Index (SPI) SPI=SI+NSI 

 

A review form is prepared with all the above-mentioned features and scoring factors. Once 

each key feature is selected and adequate scoring value applied the Seismic Priority Index 

(SPI) of each building is calculated. The higher the score, the higher the priority for further 

consideration of the building. The importance of the building in terms of its purpose and 

occupancy also has a significant impact, which has an impact on the consequences of 

earthquake damage.  

The final score SPI contains two components that can be processed separately. The first 

refers to the behavior of the structure defined as Structural index (SI), and the second to the 

behavior of non-structural elements referred to as Non-Structural index (NSI). Such 

separation is useful for future estimates and improvements. In the aftermath of the Croatian 

earthquakes, it was noted that non-structural elements had a significant impact on the 

damage (chimney falling, inadequate roof construction, gable walls, etc.)  

The proposed ranking of buildings is given in Table 2.  

Table 2. Ranking of buildings (Rainer et al. 1993) 

SPI Ranking level Color interpretation 

<10 low priority  

10-20 medium priority  

>20 higher priority necessary more detailed seismic investigations   

>30 potentially hazardous  

 

In this research, seismic assessment of 62 buildings located in the Municipality Center in 

Sarajevo was conducted using the proposed method.  
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2.1 Study area 

The capital of Bosnia and Herzegovina, Sarajevo, has a population of 275,524 citizens 

according to the Bureau of Statistics (2013). The city is located on the river Miljacka, a right 

tributary of Bosnia, in the eastern part of the Sarajevo-Zenica valley. The City of Sarajevo 

is composed of four municipalities (Centar, Stari Grad, Novi Grad, and Novo Sarajevo), 

while the Canton consists of nine municipalities. The total area of the Center Municipality 

is 32.9 km2 with a population of 54,091. Figure 1a) illustrates the municipality where the 

buildings are located, while Figure 1b) shows one of the blocks that were analyzed. 

 

 

a) b) 

Fig. 1 – a) Study area-Sarajevo (Municipality of Center); b) Selected block 

The data regarding the 62 buildings was obtained from multiple sources: from street 

screening, via online sources using Google Maps and Google Earth, and from the Federal 

Office of Statistics of Federation of Bosnia and Herzegovina.  

2.2 Calculation and discussion  

The selected buildings were mainly constructed before 1970, 70% of the buildings were 

constructed before 1970 and 30% after 1970 (Figure 2a). This construction range was taken 

in accordance with Rapid Visual Screening (RVS) developed in Canada by Rainer et al. 

(1993). The heigh range of elaborated structures is presented in Figure 2b. In the present 

case study, 32% of buildings had 4 floors, while 21% were high-rise buildings having from 

13 to 15 floors. The Rapid Visual Screening (RVS) developed in Canada does not take into 

account the height of structures like in the guidelines provided by the U.S. Federal 

Emergency Management (FEMA) (FEMA 154, 2002). Sucuoğlu et al. (2007) after the 

Düzce earthquake indicated that the number of stories can be treated as one of the most 

decisive parameters in assessing the seismic vulnerability of high-rise concrete buildings.  
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a)  

Fig. 2 – a) Construction period of buildings; b) Number of floors 

The available data provided by the Federal Office of Statistics of Federation of Bosnia and 

Herzegovina (2013) revealed the type of construction and after the visual inspection, the 

type of slabs for masonry buildings was determined. This is another aspect that is very 

important and has a great impact on the behavior of masonry structures which is not provided 

in this methodology. So, in this respect, all masonry structures were treated as unreinforced 

masonry (URM) which is on the safer side, however, not precise enough. The behavior of 

masonry buildings with rigid floors and confined mansory is much better in comparison to 

the URM (Ademović et al. 2020b). This was identified as another issue that has to be 

improved in order for this methodology to be applied in this region of Europe.  

The majority of structures were regular in plan, around 90%, while vertical irregularity was 

noted only in 7% of all elaborated buildings. 

Once the calculation was conducted for all 62 buildings the Seismic Priority Index was 

obtained (Table 3). 

Table 3. Seismic Priority Index for 62 buildings  

SPI Ranking level 
Earthquake intensity 

VII VIII IX 

<10 low priority 47 39 22 

10-20 medium priority 15 21 28 

>20 higher priority  2 10 

>30 potentially hazardous 0 0 2 

 TOTAL NUMBER OF BUILDINGS 62 62 62 

 

Based on these calculations, if the investigated area was to be exposed to earthquake 

intensity of VIII, 34% of buildings would require medium priority for seismic evaluation 

and upgrading, while 63% would be considered of low priority. In the case of earthquake 

intensity VII, this percentage is lower for 10% regarding medium priority and increased by 

13% for low priority. Higher priority interventions are noted mainly for the intensity IX 

(Table 3).  

SPI for the selected block is presented in Figure 3. It is evident that out of 12 residential 

buildings two are classified as a higher priority while all others are at the level of medium 

priority in the case of earthquake intensity VIII.  
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Fig. 3 – SPI for the selected block for VIII intensity 

3. Conclusion 

This study was done to determine the seismic vulnerability assessment of a selected number 

of buildings with the application of the Rapid Visual Survey proposed by Rainer et al. 

(1993). The data for each building was attained from several sources: from the Federal Office 

of Statistics of Federation of Bosnia and Herzegovina, from street screening, and by utilizing 

various online applications. As far as the authors are aware, this is the pioneering work in 

the rapid screening assessment of existing buildings and classification of their priority in 

relation to seismic exposure. This is the first step in the process of ranking the residential 

buildings if exposed to earthquake intensities VII, VIII, and IX. If the area is to be struck by 

an earthquake of VIII intensity one-third of all buildings could be classified to require 

medium priority. During the calculation, it was noted that there is a necessity to upgrade the 

existing methodology so that this method could be applicable in this part of Europe.  
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Abstract: The dynamic characteristics are essential parameters determining the response of 

the structures under earthquake excitations. Furthermore, they represent comprehensive base 

for validation of an analytical model, for the purpose of assessment, strengthening or health 

monitoring. This paper presents the methodology and results from experimental in situ 

testing performed by ambient vibrations measurements of eleven stories residential 

reinforced concrete building. The structural system of the building is mixed frames and 

walls system build in the 1980s. Measurements were performed in both orthogonal 

directions using PCB Piezotronics accelerometers, National Instruments data acquisition 

system and personal computer. The acquired data was further processed and analysed by 

ARTeMIS Modal software using the enhanced frequency domain decomposition and the 

Peak Picking technique. Dominant frequencies, mode shapes and damping were determined, 

thus allowing further enhanced numerical analysis and model calibration. 

Keywords: Frequency domain decomposition, dynamic characteristics, mode shapes, 

damping, experimental 

1. Introduction 

The seismic response of the structures is directly governed by the properties of its 

structural system. When assessing the existing structures, the dynamic characteristics are 

usually determined experimentally since they are first indicator of the global behaviour and 

valuable parameters for validation of the numerical models. The ambient vibration method 

takes the advantage over the others due to the relatively easy and efficient procedure 

allowing fully operational conditions of the building. For these reasons and for the purpose 

of wider range of activities undertaken for a specific residential building, in the year 2021 

the dynamic characteristics were determined by the ambient vibration method. The 
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acquired data was further processed and analysed by ARTeMIS Modal software using the 

enhanced frequency domain decomposition and the Peak Picking technique. Dominant 

frequencies, mode shapes and damping were determined. The obtained measurements and 

experimentally determined dynamic characteristics were further compared with the results 

from a previous campaign of ambient vibration measurements performed in 1985, 

Stojkovic and Petrovski (1985) as well as with the results from analytical model built in 

CSI SAP2000 software (CSI 2020). The previous procedure of ambient vibration 

measurements and calculations are out of the scope of this paper and the results are taken 

as they are for the means of comparison considering that they are relevant and correct. 

2. Description of the building 

The structure being point of interest for determination of the dynamic characteristics was a 

residential building, regularly operating during the time of measurements. The structural 

system is mixed reinforced concrete frames and walls system build in the 1980s in the city 

of Ohrid in the Republic of N. Macedonia. With typical squared shape base 24.0m by 

24.4m, the structure had ten floors in total, with heights 3.84m, 2.60m and nine times 

2.88m, for the base floor, service floor and residential floors respectively. The columns 

were rectangular and square shaped with different dimensions carrying the load from the 

reinforced beams and slabs. In the middle part there was a system of reinforced concrete 

seismic wall system and vertical communication, stairs and elevators. A typical floor is 

shown on figure 1. The foundation substructure was composed of a system of piles with 

fundaments on the top, interconnected with beams due to the low strength soil 

characteristics. Each fundament has been set on four piles, except the corner ones that have 

been set on three piles. All the non-structural parts, such as façade walls and partitions 

were constructed in situ by hollow clay bricks in the time of construction.    

2. Testing method and instrumentation setup 

Ambient vibration measurements present a comprehensive and reliable technique to 

identify the principal dynamic characteristics. The implementation of enhanced frequency 

domain decomposition (EFDD) and the Peak Picking technique permits efficient and 

convenient identification method, Hasan et al. (2018), Ivanovic et al. (2000). The 

accelerometers used for the purpose of this testing were PCB Piezotronics. National 

Instruments cDAQ card and National Instruments cDAQ data acquisition module as well 

as portable laptop were used for acquisition of the measured data. ARTeMIS Modal (SVS 

2022) system identification software was used in order to process the measured data and 

determine the dynamic characteristics.  

The accelerometers were placed on total of 42 points in both transverse and longitudinal 

direction, 4 per one level and 2 in the base ground, due to the limited access. They can 

detect the ambient vibrations induced by light breeze and light induced vibrations present 

on the day of measuring with typical acceleration range between 10-7 and 10-4 cm/sec2. 

The instrumentation setup of a typical floor and the measuring points is shown on figure 1. 

Two sets of portable perpendicular paired accelerometers were used to measure the 

accelerations on selected points whereas one set was placed on the top level during all 

measurements as a referent point. All measurements, total of 11 tests were recorded as an 

acceleration time-histories with length of 600 sec and sampling frequency of 2048Hz. On 

figure 2 a time history plot of acceleration over time is shown for the accelerometers 

named one and two, placed on the top floor. 
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Fig. 1 – Position of measurement points, characteristic floor – left, base floor – right 

 

 

Fig. 2 – Acceleration time history plot of the top accelerometers – representative test 1 

3. Numerical modelling in SAP2000 

As an initial step for further detailed analysis of the structure, a linear finite element 

numerical model was built in the CSI SAP2000. The model comprised of beams and 

columns designed as frame elements and slabs and walls designed as shell elements. Due 

to the lack of detailed description of the loads of the building, assumed values of 1.8kN/m2 

and 1.0kN/m2 were taken as live and dead loading respectively. The boundary conditions 

for the foundations were set to be fixed at the ground level, neglecting the foundation 

substructure. By performing simple modal analysis all the required comparable data was 

acquired. 

4. Results 

Presented in figure 3 is the peak picking of the dominant frequencies from the estimated 

decomposed spectral densities singular values. The values, hence, the determined eigen 

frequencies and modal damping are given in table 1. The dominant frequencies are in the 

range of expected values compared to similar types of structures as well as the previous 

measurements and the numerical model. The mode shapes are shown on figure 4. On table 

2, the obtained eigen frequencies obtained by the experimental activities from the past, 
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from the current and the values calculated by the finite element software analysis are 

presented.  

Table 1. Dominant frequencies of the structure (from ARTeMIS Modal) 

Frequency [Hz] 

[[[Hz] 

Damping [%] Mode 

1.6 2.9 First mode – X direction 

1.8 n/a Torsion 

1.9 2.5 First mode – Y direction 

5.0 2.9 Second mode – X direction 

8.4 n/a Second mode – Y direction 

 

Table 2. First eigen value comparison 

Tests and analysis 
Y-direction frequency 

[Hz] 
X-direction frequency 

[Hz] 

Ambient vibrations 

measurements in 1985 
2.10 1.75 

Ambient vibrations 

measurements in 2021 
1.90 1.60 

SAP2000 1.75 0.90 

 

 

Fig. 3 – Plot of the singular values of spectral densities 

 

Fig. 4 – Determined mode shapes of the structure as noted in table 1 from left to right respectively 
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Compared the two sets of ambient vibration measurements in 1985 and 2021 the values of 

the principal eigen values are similar and the slight differences could be addressed to the 

change of the non-structural part of the system, such as partition walls and change in load. 

On the other hand, the results from the numerical model are expected not to fit the 

experimental ones due to the fact that the walls are not considered, hence their influence on 

the global stiffness in linear range is neglected.  

4. Conclusions 

The presented results show clear peaks on the SVSD plot and clean modal shapes of 

vibrations of the structure confirming the validity of the performed tests and processed 

data.  

Ambient vibrations testing method and frequency domain decomposition combined with 

peak picking technique can be concluded to present reliable and feasible procedure to 

determine the dynamic characteristics. 

The results for this particular structure are consistent and comparable either by previously 

performed measurements or by analysis of the numerical model. 
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Abstract: In historically-grown urban areas it was common practice that land owners 
constructed buildings along the main streets, which were connected with the neighbouring 
buildings. These buildings have different dimensions, structural systems, foundations and 
different construction materials were used. These rows of buildings behave like elongated 
buildings during minor earthquakes. As the deformational and strength properties vary from 
building to building, some of the buildings may be damaged during strong earthquakes, 
changing the dynamic behaviour of the adjacent buildings. Moreover, differential 
settlements between adjacent buildings may be possible. Usually there is a so-called fire 
wall between interconnected buildings; however, this wall does not have the function of a 
structural joint. The main problem discussed in this paper is what may happen when one or 
several of the owners of these interconnected buildings, improve the seismic resistance of 
their buildings, whereas others do not. Therefore, due to seismic strengthening of an 
individual building, the seismic vulnerability of adjacent buildings may increase. It is 
obvious that the best solution would be that all building owners would agree to upgrade the 
seismic resistance at the same time. 

Keywords: existing buildings, seismic upgrading, interconnected buildings, seismic safety, 
dynamic response 

1. Introduction  

In several countries the reassessment of the seismic safety of different structures is taking 
place. The priority is with the most hazardous structures like nuclear power plants and 
large dams, vital infrastructure projects, vital buildings required in the case of emergencies 
and different types of government-owned buildings. The majority of private buildings, 
however, fall into lower priority classes, but eventually also the seismic safety of these 
buildings  must  be  reassessed.  The  priority  classes  of  structures  may  depend  on  the  
importance factors given in seismic building codes or according to the risk classification of 
structures. The author is most familiar with the risk classification of large storage dams, 
which is already a very ambiguous task as there is no unique risk classification. The risk 
classification is essential as the seismic design, performance and safety criteria depend on 
this classification. Another important point is that the lifespan of buildings and other types 
of structures is basically unknown. In seismic design codes the design lifespan of buildings 
is assumed as ca. 50 years and that of bridges, tunnels and dams etc. as about 100 years.  

But in most European cities, there are a considerable number of protected buildings, which 
are several hundred years old. To assign a fixed lifespan to buildings does not reflect 
reality and is a hypothetical concept in order to assess life-cycle cost. In reality, the 
lifespan of a building is as long as it is safe and usable. This implies that somebody must 
take care of the building and its maintenance. Therefore, well-maintained buildings and 
other structures may have lifespans that are substantially longer than that given in design 
codes. 
As seismic design criteria and safety and performance criteria are changing with time, it 
may be necessary to carry out seismic safety assessments of existing buildings and other 
structures repeatedly in order to ensure that these structures comply with current seismic 
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safety criteria. This would be the ideal situation for all buildings and structures and this 
would ensure that in terms of earthquake safety there is no difference for people living in 
an old or a new building. Such a goal can only be achieved stepwise in view of the huge 
number of existing buildings and structures and in view of the huge financial resources that 
would be needed to upgrade the safety of seismically deficient buildings and structures. 
Therefore, a prioritization concept is required. 
In the case of large dams, the author,  who is the Chairman of the Committee of Seismic 
Aspects  of  Dam  Design  of  the  International  Commission  on  Large  Dams,  has  
recommended the members of the committee, representing 35 different countries, to carry 
out  seismic  safety  evaluations  of  the  existing  dams for  the  last  23  years.  Some countries  
have done this and others are still in the planning stage. As this task is already very time-
consuming and progress is rather slow in the case of large dams, which belong to the class 
of high hazard projects, it must be assumed that similar seismic safety evaluations for 
buildings may be even more difficult to achieve than for large dams. Of course, the number 
of  older  buildings  that  were  not  designed  to  resist  earthquakes  or  do  not  comply  with  
current seismic safety standards is decreasing as a percentage of all buildings and 
structures, since they may be replaced and new buildings are constructed that follow the 
current seismic building codes. Therefore, the overall seismic safety of villages, towns, 
provinces or countries is increasing as a function of time, although older buildings may 
still remain seismically unsafe with respect to current seismic codes or guidelines. For 
example, in the medieval city of L'Aquila in Italy, a large number of old buildings were 
damaged during the Mw 6.3 earthquake of April 6, 2009 and about 65,000 people were 
made homeless. 

The current paper addresses some of the problems of the seismic rehabilitation of buildings 
within a row of interconnected buildings belonging to different owners and which were 
built  at  different  times  mainly  in  old  urban  areas.  Some  of  these  buildings  are  new  and  
others are old and may not have been designed to resist earthquakes. In the context of 
seismic upgrading, these rows of interconnected buildings cannot be considered as stand-
alone buildings as discussed in the subsequent sections. 

2. Seismic safety problems of rows of interconnected buildings 

Historically, in urban areas it was common practice that land owners constructed buildings 
alongside the main streets that were connected with the neighbouring buildings.  

 
Fig. 1 – Row of historically-grown interconnected buildings in Zurich, Switzerland 
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These buildings have different dimensions, structural systems, foundations using various 
construction materials (Fig. 1). Rows of buildings may behave like elongated buildings 
during minor earthquakes. However, as the dynamic characteristics and deformational and 
strength properties vary from building to building, some of the buildings may be damaged 
during strong earthquakes, changing the dynamic behaviour of the adjacent buildings.  

Moreover, differential or non-uniform settlements between adjacent buildings may be 
possible depending on the type of building foundation and the geotechnical properties of 
the ground. Usually there is a fire wall separating interconnected buildings; however, this 
wall does not have the function of a structural joint, which would allow the independent 
seismic response of each building. The variety in building types of such long building rows 
can be seen in Figs. 1 and 2. 

  

  
Fig. 2 – Examples of different types of interconnected buildings in Zurich, Switzerland 

The main question is what may happen when one or several of the owners of these 
interconnected buildings, are improving the seismic resistance of their buildings, whereas 
others are not. Therefore, due to the seismic strengthening of a building, the seismic 
vulnerability of adjacent buildings may increase. It is obvious that the best way would be 
for all building owners to agree to upgrade the seismic resistance at the same time. 
Unfortunately, this would probably be the exception in the case of private or mixed public-
private ownership of the buildings as seismic upgrading of old buildings may be very 
costly. 

If one owner of a building decides to strengthen his building, which is connected with 
other buildings, he may either disconnect his building from the adjacent ones and provides 
a seismic gap such that the neighbouring buildings are not damaged by mutual pounding. 
This may be a feasible solution if an old building is replaced by a new one. In the case that 
the structural system is modified by replacing, for example, wooden floors by concrete 
slabs and beams or brick masonry walls by reinforced concrete shear walls, etc., without 
changing the connection with the adjacent building, then his structural system may become 
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stiffer and the dynamic behaviour will change; furthermore, the deformational behaviour 
and the strength of the new structural elements will improve. However, due to the 
interaction with the adjacent buildings, the upgraded stiffer building will attract higher 
seismic forces, causing additional restraints in the adjacent buildings during an earthquake. 
On the one hand, the seismically upgraded building must be able to carry these additional 
seismic loads and, on the other, the additional seismic forces may cause damage in the 
adjacent buildings, which may not have occurred, if the building had not been 
strengthened. 
This is quite a complex matter, as if not all owners are willing to upgrade the seismic 
safety  of  their  buildings,  which  has  to  be  assumed  as  the  normal  case,  the  owner,  who  
wants to strengthen his building must have to check the consequences of his modification 
on all other interconnected building. In practice, this will be a challenging task, especially 
when some of the owners are not cooperative. In the worst case, the owners of the adjacent 
buildings may sue the owner of the seismically strengthened building for increasing the 
seismic vulnerability and, thus, the economic value of their buildings. 

What are the options in this situation for an owner, who is planning to seismically 
strengthen his building?  

(1) To pay for the seismic upgrading of the adjacent buildings,  
(2) To acquire the other buildings,  

(3) To separate the building from the adjacent ones by a seismic gap, 
(4) To place the building on seismic isolators, in order to minimize any dynamic 

interaction with the adjacent buildings,  
(5) To pay for an extra insurance coverage of damage to adjacent buildings, or 

(6) To decide not to strengthen his building.  
Other options or types of agreements with the other building owners would have to be 
assessed on a case-by-case basis, as usually each row of buildings is different.  

3. Seismic strengthening of existing buildings and comparison with concepts used for 
large dams 

Most of the seismic building codes are applicable to the design of new buildings. For example, 
in Eurocode 8 (2005) only Part 3 is concerned with the seismic retrofitting of existing 
buildings. However, this document focusses on individual buildings and provides no details on 
the strengthening of interconnected buildings, which are among the most vulnerable ones 
during strong earthquakes. This applies in particular to older masonry buildings in such 
building rows or blocks. 
Even for individual buildings it is difficult to provide general guidelines as most of them are 
unique and strengthening measures have to be looked at on a case-by-case basis. The situation 
is even more complex in the case of rows of interconnected buildings as explained in the 
previous Sections.  
In Switzerland the code SIA 269/8 (2017) provides guidelines on the seismic safety assessment 
and criteria for the seismic strengthening of existing buildings. In view of the huge number of 
buildings that may have to be checked and upgraded if the current seismic design codes for 
new buildings were to apply, a risk-based approach is used, in which among other things the 
remaining lifespan of the buildings and the acceptable cost of seismic upgrading for saving 
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people’s lives is taken into account. Using this concept, some buildings that do not satisfy the 
safety criteria of the current earthquake code are considered “safe”. As during the long lifespan 
of some of the buildings, several seismic safety assessments will be required, taking into 
account new seismic safety criteria. Therefore, a building may have to be strengthened 
repeatedly and eventually the same minimum seismic safety level may be reached for old and 
new buildings. This risk-based concept, summarized above, may be used for buildings, but 
would not be applicable to high failure-consequence structures like large dams, which, at 
present, have to withstand the worst earthquake effects at a dam site. Moreover, besides ground 
shaking, the main hazard considered in all seismic building codes, mass movements, faults in 
the footprint of a dam or in the reservoir and other site-specific seismic hazards must be taken 
into account in the case of large dams. The basic understanding is that new and existing dams 
must satisfy the same minimum safety criteria at all times. Therefore, in terms of safety, there 
should be no difference for people living downstream of a new or an old dam. This is not the 
case using the risk-based concept for the buildings mentioned above. 
It should be pointed out that during the long lifespan of well-maintained dams, several seismic 
safety assessments will be required and in the case of safety deficiencies different types of 
structural and/or non-structural measures have to be taken. In the case of storage dams, the 
reservoir level may be lowered, which increases the seismic safety of a dam and reduces the 
consequences in the case of the catastrophic release of the reservoir. This is a typical non-
structural measure, others involve emergency planning. Except for the evacuation, no such 
simple seismic risk-reducing measures are possible for buildings.  

4. Conclusions  

The objective of this paper is to draw attention to the need for improved seismic guidelines for 
the seismic safety evaluation and strengthening of buildings forming rows or blocks of 
interconnected buildings of different type and age, which are common in many European 
towns. 
Eventually, the new and the old buildings must comply with the same minimum seismic safety 
standards. Due to the large number of buildings and for economic reasons, this goal cannot be 
achieved in the short-term, and therefore, a risk-based approach to the strengthening of 
buildings that do not comply with current seismic safety standards may be acceptable. 
A ranking procedure is required to identify the most vulnerable buildings and among them are 
rows and blocks of interconnected buildings with different dynamic characteristics and 
structural elements with different strength properties and deformational behaviour. 

As there may be no government agencies concerned with the seismic safety of buildings 
similar to those checking, for example, the fire safety, the safety of electric power cables, gas 
mains and others, incentives for seismic upgrading could be provided by these government 
agencies, as well as insurances and the finance industry, which could reduce their earthquake 
risks. 
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Abstract: This work presents system identification of a 10 story dual frame-wall building in 
Kathmandu, Nepal. The building is 30m tall with moment resisting frames and shear walls. 
Vibration frequencies of the building were estimated from a stochastic sub-space 
identification algorithm using ambient vibration measurements. A detailed three-dimensional 
finite element model of the building is created from available structural drawings and material 
properties. The periods obtained from eigen modes of the finite element model are compared 
with those obtained from system identification. The results show that the periods obtained 
from the two methods are comparable, and that ambient vibration-based system identification 
provides a good estimate of the first few vibration periods of buildings.  

Keywords: ambient vibrations, system identification, finite element modelling, vibration 
period 

1. Introduction  

All structures, either natural or manmade, have their own dynamic properties. The effects of 
dynamic loads acting on structures from various environmental actions such as earthquake 
and strong winds are mostly influenced by the dynamic properties of the structure itself. 
Dynamic properties such as natural period (vibration period), damping ratios and mode 
shapes play a great role in how a structure responds to a dynamic load. Study of dynamic 
properties of various structures is therefore very important. 

The most common civil engineering structure, buildings, have characteristic vibration 
periods which depend on the material properties, shape and size of the building and its 
elements, and underlying foundation, among other factors. The change in dynamic properties 
during service life of a building can also be used as a measure for structural health monitoring 
(SHM). 

The vibration period depends on basic parameters such as building height or number of 
stories, types of materials, arrangement of structural and non-structural components, 
occupancy, and others. Building periods predicted using height as the parameter are widely 
used in practice although it has been observed that there is scope for further improvement in 
these equations since the height alone is inadequate to explain period variability (e.g., Dhakal 
et al. 2020). It is also known that the period of a reinforced concrete frame (RC frame) 
structure differs depending on whether the longitudinal or transverse direction of the 
structure is considered (Bhuskade and Sagane 2017). 
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System Identification (SI) is the process of modelling an unknown system based on a set of 
input–outputs and is employed in different fields of engineering. In the case of structural 
system identification, this can be done in the form of: (a) identifying structural parameters 
such as stiffness, vibration signatures such as frequencies, mode shapes, and damping ratios, 
and stress and strain energies, or (b) structural response. Some SI models have been 
developed for identifying damage in structural elements including steel and concrete beams, 
suspension cables, and concrete columns. These models have applications in health 
monitoring of civil infrastructure such as bridges, buildings, telecommunication towers, 
pavements, and railways (Sirca and Adeli 2012). 

This paper contains details of finite element model of a 10 storey dual frame-wall building 
(hereafter DHM building), analysis of model period of the building model, system 
identification (SI) of the same building using ambient vibration method and compares the 
findings from FE model with the system identification results.  

2. Finite element model of DHM building 

A Finite Element Model (FEM) of the10-storey dual frame-wall building is created using 
SAP2000 (CSI 2021). The building is 30-meter-tall. The building belongs to the Department 
of Hydrology and Meteorology (DHM), under the Ministry of Environment, Government of 
Nepal.  

2.1. Structural configuration 

The building is a reinforced concrete dual frame-wall building. It also has one shear wall in 
X direction (longer length) and eight shear walls in Y direction (shorter length) all the way 
from the bottom to the top of the building for extra stiffness. The plinth area of the building 
is approximately 185 square meters. 

The outer walls as well as the inner partition walls are made up of aluminium and 
prefabricated materials. At the time of ambient vibration measurement, the building was not 
occupied. The main structural elements, such as, foundations, columns, beams, shear walls 
and slabs were completed. Therefore, the partition walls are not taken into consideration in 
the finite element model.  

The columns are square with each side 800 mm. The shear walls are 350 mm thick and 1500 
mm long, extending from the bottom of the building all the way to the top of the building. 
All the beams are 450 mm wide and 750 mm deep. The density of concrete in all three types 
of elements is 24.5 kN/m3. The specified characteristic compressive strength of a cube 
(150mm dimension) in 28 days of the concrete is 20 MPa. Modulus of elasticity of the 
concrete is 22361 MPa. Fe415 deformed steel bars are used for reinforcement of columns, 
beams, and shear walls. The specified minimum 0.2% proof stress or yield strength of the 
corresponding grade steel is 415 N/mm2 (IS 1786-1985), and the modulus of elasticity is 
taken as 200 GPa. 

2.2. Finite element model 

A finite element model of the DHM building is created using SAP2000 software, version 
20.2.0 (CSI 2021). An extruded view of the building is shown in Fig 1. Beams and columns 
are modelled with elastic frame elements, and the shear walls are modelled with area 
elements. Dead loads on the slabs are distributed to the beams, and stiffness of the slab is 
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incorporated by using floor diaphragm constraints. The walls and columns are restrained at 
the base. 

 

Fig. 1 – Finite Element Model of the DHM building (beams and columns in blue, and shear walls in red). 

 
 

2.3. Eigen properties 

Dead load and 25% of imposed live loads are considered for modal analysis as per the code 
(IS 1893 (Part 1)- 2016). The modal frequencies and mode shapes of the building is estimated 
using Eigen analysis. The first mode shapes in X and Y directions can be seen in Figure 2a 
and 2b, respectively. Elevation and plan view of the first mode shape in X direction is shown 
in Figure 2c and 2d, respectively. The first mode shape of the building is pure translation in 
X direction. Second mode of vibration is dominated by translation along Y direction with 
some rotation about the vertical axis. 
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Fig. 2a – First mode shape of the building 
dominant translation along X axis (3D view) 

Fig. 2b – Second mode shape of the building 
dominant translation along Y axis (3D view) 

 
Fig. 2c – Front view of first mode shape of the 
building dominant on direction along X axis 

 

 
 
 
 
 

 
 

Fig. 2d – Plan view of first mode shape of the 
building dominant on direction along X axis 

 

Modal periods and mass participation ratios of the first 10 modes of vibration are shown in 
Table 1. 
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Table 1. Modal properties of the DHM building model 

Case Mode Period (sec) UX UY Sum UX Sum UY 

Modal 1 0.644 0.7700 0.00185 0.7700 0.00185 
Modal 2 0.562 0.002537 0.680 0.7725 0.6819 
Modal 3 0.476 0.00149 0.05471 0.7727 0.7366 
Modal 4 0.205 0.09743 0.000824 08701 0.7374 
Modal 5 0.186 0.000015 0.000693 0.8701 0.7381 
Modal 6 0.179 0.000761 0.1100 0.8709 0.8481 
Modal 7 0.151 0.000001 0.005748 0.8709 0.8538 
Modal 8 0.131 0.000001 0.000001 0.8709 0.8538 
Modal 9 0.120 0.00049 0.006112 0.8714 0.8599 
Modal 10 0.115 0.037960 0.00 0.9093 0.8599 

 

The first mode period of the building is 0.644 sec with mass participation of 77% along the 
X direction. The second mode period is 0.562 sec with mass participation of 68% along the 
Y direction of the model. The building is thus stiffer in Y direction, which is due to the 
presence of more shear walls.  

3. Vibration measurement and system identification 

This section describes the system identification (SI) of the DHM building using ambient 
vibration records, and comparison of the results with those obtained from the FEM.  

3.1. Ambient vibration measurement 

Three accelerometers were installed on three different floors to record ambient vibration of 
the building. The instruments were located on the ground, fifth and tenth floor of the 
building. The accelerometers used are ETNA2 units manufactured by Kinemetrics Inc. The 
instruments were fixed to the floor slab. Direction of the measurement with respect to 
accelerometer sensors are channel 1 parallel to the X-axis of the building (longer length), 
channel 2 parallel to Y-axis of the building (shorter length) and channel 3 parallel to the Z-
axis of the building (along the height). Channel 1 and channel 2 will be used for estimation 
of natural period of DHM building in X and Y direction. Sampling interval is 0.01s, i.e., 100 
samples per second.  

 

3.2. Pre-processing and system identification 

The recorded signals at the different floors are aligned in time. The recordings are then 
checked for transient offsets, which are windowed off. The total signal is then divided into 
twenty equal segments. Each segment was detrended and filtered with a fourth order 
Butterworth filter. Band-pass filter in the range 0.5Hz to 20Hz was used. System 
identification is carried out in each segment separately using the N4SID (Numerical 
SubSpace State Space IDentification) algorithm available in Matlab is used for identification 
modal periods and damping ratios. N4SID method is non-iterative, takes low computing 
time, has good convergence property and less sensitive to local minima, which is very 
advantageous (Overchee and Moor 1994) 
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Fig. 3 – Ambient vibration accelerations along the X and Y directions recorded at the three floors of the DHM 
building.  

 

3.2.1. Model order selection 

System identification using ambient records can result in spurious modes that are not actually 
present in the structure. Proper estimate of model order in the N4SID is therefore essential 
to identify suitable modes of the structure. The selection of a suitable model order can be 
decided from stabilization diagram. A stabilization diagram is made by selecting a wide 
range of model orders for the identification and by plotting all identified modes in a 
frequency versus model order diagram. 

Figure 4 and Figure 5 shows the stabilization diagram for segment 10 for channel 1 and 
channel 2 respectively. Plots from both figures show the estimated natural frequencies for 1 
to 20 modes using least square rational function (LSRF) algorithm. In Figure 4 and Figure 
5, if the modal frequency, damping ratio and related mode shape differences are within limit, 
the pole is labelled as stable. Figure 4 shows that some of the true modes, such as mode 4, 
is unstable until model order 6, but becomes stable from model order 8. Similar results can 
be seen from the plot in figure 5, where third mode is stable from model order 7. Based on 
these results, a model order of 10 was selected for all the segments of the recorded vibrations. 
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Fig. 4 – Stabilization diagram showing stable modes and averaged frequency response function for data 

segment 10 (channel 1) 

 

Fig. 5 – Stabilization diagram showing stable modes and averaged frequency response function for data 
segment 10 (channel 2) 

 

 

3.2.2. Results 

Table 2 shows the fundamental vibration period obtained from the twenty segments of data 
recorded at 10th floor along channel 1 and channel 2. Mean and standard deviations are also 
shown. The mean values of the first vibration periods along X and Y axis are 0.67s and 0.59s, 
respectively. The standard deviations in vibration periods are rather low, indicating the 
reliability of the estimation method.  

1323
3ECEES, September 2022, Bucharest, Romania



Table 2. Fundamental period for first mode for 20 different segments from N4SID algorithm for channel 1 
and channel 2 

Data Fundamental period (sec) Fundamental period (sec) 

Segment X direction (Channel 1) Y direction (Channel 1) 
1 0.682 0.578 
2 0.671 0.582 
3 0.669 0.596 
4 0.668 0.596 
5 0.694 0.589 
6 0.687 0.603 
7 0.671 0.593 
8 0.662 0.582 
9 0.667 0.568 
10 0.642 0.577 
11 0.691 0.564 
12 0.688 0.596 
13 0.669 0.578 
14 0.688 0.573 
15 0.664 0.589 
16 0.652 0.619 
17 0.684 0.601 
18 0.675 0.586 
19 0.672 0.588 
20 0.669 0.588 

Mean 0.673 0.587 
SD 0.0132 0.0129 

 

Periods obtained from FEM model and system identification are compared in Table 3. The 
results show that the difference in the periods obtained from the two methods is rather small, i.e., 
less than 5%.  

Table 3 Comparison of natural frequency and period obtained from FEM and system identification  
 

Channel 
FEM N4SID Percentage difference 

f (Hz)  T (s) f (Hz) T (s) Natural period, T (%) 
1 1.552 0.644 1.485 0.673 4.5 
2 1.779 0.562 1.703 0.587 4.45 

 

Vibration periods of moment resisting frame buildings with brick infill walls in Kathmandu 
have been estimated using ambient vibration measurements and finite element modelling by 
other researchers in the past (see, for example, Dhakal et al., 2020). These past studies, as 
well as Niraula (2022), show that vibration periods of such buildings are comparable to the 
infill-wall frame buildings in Turkey reported in Guler et al. (2008) and Kaplan et al. (2021). 
The model presented in Kaplan et al. (2021) is represented by  
 
 

𝑇 = 0.026𝐻 .                   (1) 
 

Where H is the height of the building measured in m. According to this model, the vibration 
period of the DHM building is 0.55s. The first vibration period estimated in this study, 0.64s, 
is slightly longer than that of the Kaplan et al. (2021) model. A notable difference in the 
DHM building is lack of brick infill walls. Brick infill walls provide significant stiffness to 
the structure (see, for example, Adhikari et al., 2021). On the other hand, the DMH building 
has shear walls which make it stiffer than a frame only structure. These two factors, one lack 
of stiffness from infill walls, and the other extra stiffness from shear walls have competing 
effect on the overall stiffness of the structure.  
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4. Conclusions  

This study presents an application of ambient vibration measurements to identify natural 
vibration periods of a tall reinforced concrete dual frame-wall building in Kathmandu, 
Nepal. The building is 30m tall, with moment resisting frames and nine shear walls (one is 
X direction and eight in Y direction) as structural elements. Ambient vibrations were 
measured at three floors of the building using tri-axial accelerometers. The measured 
vibrations were used in the N4SID algorithm to estimate vibration periods of the building 
along its two orthogonal axes. The periods of vibrations identified along the two axes are 
very similar to those estimated from eigenvalue analysis of a detailed finite element model 
of the building.  
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Abstract: We present a statistical investigation on the degree of influence that assumptions made in 
relation to the mechanical parameters of a pylon have on its ground-induced vibrations. The stand-
alone pylon with a uniform cross-section and fixity at its base is used as the ‘parental’ case, while the 
statistics are carried out using a dimensionless displacement ratio between the top and base of the 
pylon. We next defined ‘subsidiary’ cases for the pylon (a) resting on compliant soil, (b) having an 
attached top mass and (c) being non-uniform with height. The application example is for flexural 
vibrations of a typical R/C pylon used in power lines. Thus, Spearman correlation coefficients are 
calculated for the aforementioned combinations to establish validity bounds and to quantify the degree 
of influence of each case on the pylon’s dynamic response.  

Keywords: Pylons; statistics; Spearman coefficients; vibrations; structural attachments 

1. Introduction 

This work is a statistical assessment of the influence that mass attachments, soil support 
conditions and the actual geometric shape have on the vibratory motion of pylons for 
vibrations induced by ground motions. The use of such structures is quite common, e.g., in 
windfarms supporting the rotor mechanism, in electrified railways supporting transmission 
lines, in telecommunication lines supporting antennas and as lightning posts. The literature 
on the vibrations of beams and rods is vast (Rao (2007)], so here we briefly mention some 
early work on the transient response of beams with attached masses resting on either a fixed 
or a compliant base by To (1982) and Gurgoze (1983). When the external forcing function 
is ground motion, there is often the simplifying assumption that it is the relative motion of 
the pylon that activates the attached mass, when in fact it is the total motion. Similarly, if the 
attached mass is sizeable, then its inertia modifies the eigenvalue problem for the supporting 
pylon. Thus, more often than not, there is an implicit assumption that the attached mass is 
small compared to that of the supporting pylon. In terms of material behavior, it is important 
to assume the presence of structural damping, as this produces a ceiling for the pylon 
vibrations in zones of near resonance with either the ground motion frequency or the attached 
mass acting as a secondary system, see Freundlich (2019). When soil-structure-interaction 
(SSI) effects filter into the pylon response, the problem becomes exceedingly complex, both 
in terms of the computation of impedance functions and of how to combine these with the 
structural model, see Terzi (2022) for a recent detailed discussion. Thus, it becomes 
important to devise statistical models to gauge the relative importance of the parameters that 
enter the SSI problem. 
 

1326
3ECEES, September 2022, Bucharest, Romania



In here, we start with an analytical solution, see Manolis et al. (2020), to the governing 
equations of motion of an inhomogeneous cantilevered beam, which entails the recovery of 
the displacement function in the presence of both an attached top mass and of base springs. 
Results are first presented in terms of the ratio of the top pylon displacement amplitude to 
that of the base for harmonic motion. Following that, we investigate the degree of influence 
of the various assumptions made during the dynamic analysis of pylons. We define the 
‘parental’ degree-of-freedom as the dimensionless horizontal displacement at the top of the 
reference pylon. Pylon cross-section tapering is introduced with the attached top mass and 
SSI effects, each generating three levels of interaction: (a) low, (b) medium and (c) high. In 
principle, this gives an average of about ten ‘subsidiary’ possibilities. Spearman correlation 
coefficients, Smirnov (1948), are then computed for all combinations of the assumptions 
under consideration. The key variable in this study are the natural frequencies of the 
reference pylon, which are crucial in determining the frequency range that impacts on the 
importance and validity bounds of the various assumptions made regarding the mechanical 
parameters of the problem. This study is useful in structural health monitoring (SHM) 
studies, Smarsly and Law (2013). Furthermore, the presence of a top mass, which may also 
act as a passive damper, of compliant soil support, which may also act as a base isolator, and 
of the shape of the pylon, may either be beneficial or detrimental in terms of minimizing the 
kinematic field induced in the pylon by ground vibrations. 

2. Mechanical model and solution 

The generic pylon in Fig. 1 is modelled as tapered, cantilevered beam with a distributed 
mass, i.e., as a waveguide, Rao (2007). Ignoring any coupling between transverse and 
longitudinal motion, the governing equation for flexure is  
 

𝜕!

𝜕𝑥! #𝐸𝐼(𝑥)
𝜕!𝑤(𝑥, 𝑡)

𝜕𝑥! + + 𝑚(𝑥)
𝜕!𝑤(𝑥, 𝑡)

𝜕𝑡! = 𝑓(𝑥, 𝑡) (1) 

 
where 𝑤(𝑥, 𝑡) and 𝑓(𝑥, 𝑡) are the transverse displacement and external force, while 𝐸𝐼(𝑥) and 
𝑚(𝑥) are the flexural stiffness and mass per length. Next, the moment and shear are 
respectively defined as  𝑀 = −𝐸𝐼(𝑥)(𝜕𝑤! 𝜕𝑥!⁄ ), 𝑄 = −𝐸𝐼(𝑥)(𝜕𝑤" 𝜕𝑥"⁄ ). A state of quiescent 
past exists and three sets of boundary conditions (BC) are considered, namely the fixed base 
case, the fixed base case with a lumped mass at the top, and the elastic base case:  

 
𝑀(𝑎, 𝑡) = 𝑄(𝑎, 𝑡) = 0, 𝑤(𝑏, 𝑡) = 𝜕𝑤(𝑏, 𝑡) 𝜕𝑥⁄ = 0 

𝑀(𝑎, 𝑡) = 0, 𝑄(𝑎, 𝑡) = 𝑀#�̈�(𝑎, 𝑡), 𝑤(𝑏, 𝑡) = 𝜕𝑤(𝑏, 𝑡) 𝜕𝑥⁄ = 0 
𝑀(𝑎, 𝑡) = 𝑄(𝑎, 𝑡) = 0, 𝑀(𝑏, 𝑡) = −𝐾$𝜕𝑤(𝑏, 𝑡)/𝜕𝑥, 𝑄(𝑏, 𝑡) = −𝐾%𝑤(𝑏, 𝑡) (2) 

 
As shown in Fig. 1, L=b-a is the length of the cantilever, ML is the lumped mass placed at 
the top, and KY, KΘ are the base springs. By differentiating the variable stiffness terms, the 
equation of motion read as  
 

𝐸𝐼(𝑥)𝑤&&&& + 2[𝐸𝐼(𝑥)&]𝑤&&& + [𝐸𝐼(𝑥)&&]𝑤&& + 𝑚(𝑥)�̈� = 𝑓(𝑥, 𝑡) (3) 
 
For viscoelastic material behavior, the modulus of elasticity is a complex number, 𝛦> =
𝛦(1 + 𝑖𝛿), where δ is a dimensionless viscous coefficient. The notation introduced above 
uses primes (′) and dots (.) to denote differentiation with respect to the spatial coordinate x 
and the time variable t.  
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Fig. 1 – Tapered cantilevered pylon with a ring cross-section and added top mass and base springs  

The forcing function is harmonic ground motion, i.e., 𝑓(𝑥, 𝑡) = −𝑚(𝑥)�̈�'(𝑡) =
𝑚(𝑥)𝛺!𝑥'(𝑒)*+, where 𝛺 is the external frequency and 𝑥'(the amplitude of the ground 
displacement. For a pylon with uniform cross-section, the governing equation under 
harmonic conditions is a 4th order ordinary differential equation with a frequency-
dependent, complex coefficient �̂�, = 𝜌𝐴𝛺! 𝛦𝐼(1 + 𝑖𝛿)⁄ : 
 

𝑤(
&&&& − �̂�,𝑤( = �̂�, 𝑥'( (4) 

 
In the above, the transverse displacement 𝑤(𝑥, 𝑡) =  𝑤!(𝑥)𝑒"#$is a now a complex number, 
with amplitude 𝑤!(𝑥) = |𝑤!(𝑥)| 𝑒"%, and phase angle 𝜃. From Eq. (2), the BC for the stand-
alone, cantilevered pylon at the base 𝑏 = 0 and the top 𝑎 = 𝐿 respectively are 𝑤&(𝑏) =
0, 𝑤&'(𝑏, 𝑡) = 0 , 𝐸𝐼 𝑤&'''(𝑎) = 0, 𝐸𝐼 𝑤&''(𝑎) = 0. The solution to the above equation is 
𝑤&(𝑥) = 𝑐( sinh �̂�𝑥 + 𝑐) cosh �̂�𝑥 + 𝑐* sin �̂�𝑥 + 𝑐+ cos �̂�𝑥 −  𝑥,! and imposition of the BC 
allows for the evaluation of the four constants. We define the dimensionless displacement 
function as the ratio of top to base transverse displacements, 𝑤-(𝑥 = 𝐿)/𝑥'(, yielding   
 

𝑊-(𝛺) = (1 𝑥'(⁄ )(𝑐. sinh 𝑧̂𝐿 + 𝑐! cosh 𝑧̂𝐿 + 𝑐" sin �̂�𝐿 + 𝑐, cos �̂�𝐿) − 1, 
𝑐. = 𝑥'( {−cosh �̂�𝐿 sin 𝑧�̂� − sinh 𝑧̂𝐿 cos 𝑧̂𝐿} {2 + 2 cosh 𝑧�̂� cos �̂�𝐿⁄ } 

𝑐! = 𝑥'( {sinh �̂�𝐿 sin 𝑧�̂� + cosh �̂�𝐿 cos �̂�𝐿 + 1 } {⁄ 2 + 2 cosh 𝑧�̂� cos �̂�𝐿} 
𝑐" = 𝑥'( {𝑐𝑜𝑠ℎ 𝑧̂𝐿 𝑠𝑖𝑛 �̂�𝐿 + 𝑠𝑖𝑛ℎ 𝑧̂𝐿 𝑐𝑜𝑠 𝑧̂𝐿 } {2 + 2 cosh 𝑧̂𝐿 cos �̂�𝐿⁄ } 

𝑐, = 𝑥'( {1 − 𝑠𝑖𝑛ℎ �̂�𝐿 𝑠𝑖𝑛 �̂�𝐿 + 𝑐𝑜𝑠ℎ �̂�𝐿 𝑐𝑜𝑠 �̂�𝐿} {⁄ 2 + 2 cosh �̂�𝐿 cos 𝑧̂𝐿} (5) 
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Next are the vibrations of the uniform cantilevered pylon with an elastic base and an attached 
top mass 𝑀#, namely Eq. (4), but the BC are now  𝐾%𝑤-(𝑏) + 𝐸>𝐼 𝑤-

&&& (𝑏) = 0, −𝐾$𝑤-
& (𝑏) +

𝐸>𝐼 𝑤-
&&(𝑏) = 0, 𝐸>𝐼 𝑤-

&&(𝑎, 𝑡) = 0, 𝑀#�̈�'- + 𝑀#�̈�-(𝑎) = 𝐸>𝐼𝑤-
&&&(𝑎). Imposition of these BC in 

conjunction with Eq. (5) yields constants 𝑐. − 𝑐, from the following matrix equation: 
 

⎣
⎢
⎢
⎡ 𝐸%𝐼�̂�!                                         𝐾"

𝐾#�̂�                                           −𝐸%𝐼�̂�$
−𝐸%𝐼�̂�!                                             𝐾"

𝐾#�̂�                                                𝐸%𝐼�̂�$
sh �̂�𝐿           ch �̂�𝐿

�̂�! ch 𝑧𝐿 + 𝑅%𝐿 �̂�& sh 𝑧𝐿 �̂�! sh 𝑧𝐿 + 𝑅%𝐿 �̂�& ch 𝑧𝐿
− sn �̂�𝐿                     − cs 𝑧�̂�

−�̂�! cs 𝑧𝐿 + 𝑅%𝐿 �̂�& sn 𝑧𝐿  𝑧̂! sn 𝑧𝐿 + 𝑅%𝐿 𝑧̂& cs 𝑧𝐿⎦
⎥
⎥
⎤
 

 

∙ 7

𝑐'
𝑐$
𝑐!
𝑐&

9 = ;

𝐾"𝑥()
0
0
0

>                                                                                                                                        (6) 

 
In the above, 𝑠ℎ, 𝑐ℎ are the hyperbolic sines and cosines abbreviations, and 𝑠𝑛, 𝑐𝑠 are the 
abbreviations for the sine and cosine. Constants 𝑐. − 𝑐, are not evaluated explicitly but are 
calculated from numerical inversion of Eq. (6) at each frequency Ω step. They are inserted 
in Eq. (5) to yield the new dimensionless displacement functions 𝑊.(𝛺) through 𝑊"(𝛺), 
respectively defined for the three combinations, 𝐾% ≠ 0, 𝐾$ = 0, 𝑀# = 0, 𝐾% = 0, 𝐾$ ≠
0, 𝑀# = 0 and 𝐾% = 0, 𝐾$ = 0, 𝑀# ≠ 0.  
 
Finally, we now examine the tapered pylon with a variable cross-section radius 𝑟 that results 
in a quadratic cross-section area and a sixtic moment of inertia, 𝛢(𝑥) = 𝐴((𝑥/𝑎)!, 𝛪(𝑥) =
𝐼((𝑥/𝑎)/. By introducing a dimensionless variable = 𝑥/𝑎 , where 1 ≤ 𝜉 ≤ (𝑏/𝑎), Eq. (4) 
reads as  
 

𝜉, 𝑤(
&&&&(𝜉) + 12 𝜉" 𝑤(

&&&(𝜉) + 30 𝜉!  + 𝑤(
&&(𝜉) − �̂�,  𝑤( (𝜉) = �̂�,  𝑥'(                       (7) 

 
with complex forcing function amplitude of  �̂�, = 𝜌𝐴(𝛺!𝑎,/𝛦>𝛪0. The above is a fourth-order 
Euler equation, with complex parameter  𝑘> = 4 √�̂�, + 4 and whose solution is now given as  
 

𝑤((𝜉) = 𝑐. 𝜉1"
! 3 

456 3.7
! +  𝑐! 𝜉1" 

!1 
456 3.7

! + 𝑐"  𝜉1"
!  sin a

b𝑘> − 17
2 ln 𝜉e + 𝑐,  𝜉1"

!  cos a
b𝑘> − 17

2 ln 𝜉e − 𝑥'(
 

⇒ 

 
𝑤((𝜉) = 𝑐.𝐴.(𝜉) + 𝑐!𝐴!(𝜉) + 𝑐"𝐴"(𝜉) + 𝑐,𝐴,(𝜉) − 𝑥'(       (8) 

 
Next follows imposition of the BC, which are the same as those for the cantilevered, stand-
alone pylon, see Eq. (2). The system of equations yielding constants 𝑐. − 𝑐, is now 
 
 

⎣
⎢
⎢
⎡𝐴.(𝑏/𝑎) 𝐴!(𝑏/𝑎)
𝐴.

& (𝑏/𝑎) 𝐴!
& (𝑏/𝑎)

𝐴"(𝑏/𝑎)     𝐴,(𝑏/𝑎)
𝐴"

& (𝑏/𝑎)      𝐴,
& (𝑏/𝑎)

𝐴.
&&(1)      𝐴!

&&(1)
𝐴.

&&&(1)       𝐴.
&&&(1)

   𝐴"
&&(1)         𝐴,

&&(1)
     𝐴"

&&&(1)        𝐴,
&&&(1)⎦

⎥
⎥
⎤

∙ n

𝑐.
𝑐!
𝑐"
𝑐,

o = n

𝑥'(
0
0
0

o 

(9) 
 
In the above, the derivatives of 𝐴(𝜉) are with respect to the dimensionless spatial variable 𝜉. 
As before, it is not necessary to solve the above system explicitly, but to compute these 
constants by numerical inversion for every value 𝛺 of the frequency spectrum and insert 
them in the solution. Since we are looking at the top of the pylon, where 𝜉 = 1.0, the solution 
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simplifies because 𝛢.(1) = 𝛢!(1) =  𝛢,(1) = 1, 𝛢"(1) = 0. This last case dimensionless 
displacement for the tapered pylon is now  
 

𝑊,(𝛺) =  (1 𝑥'(⁄ ) ∙ (𝑐. + 𝑐! + 𝑐,) −  1 (10) 
 
3. Case study and statistics 

The pylon under study is a R/C cantilevered beam used for supporting power lines and/or 
lighting equipment. As shown in Fig. 1, the pylon is circular cylindrical with an annular 
cross-section of constant thickness 𝑑, length 𝐿 = 𝑏 − 𝑎 and a variable radius 𝑟(𝑥), measured 
as the mean radius. For small thickness 𝑑, the cross-section area and the moment of inertia 
are closely approximated as 𝐴 = 2𝜋𝑑𝑟, 𝐼 = 𝜋𝑟*𝑑, while the mass per unit length of the 
annulus is 𝑚 = 𝜌𝐴. If we assume a quadratic variation of the radius as 𝑟(𝑥) = 𝑟&(𝑥/𝑎)), the 
corresponding stiffness and mass respectively are 𝐸𝐼(𝑥) = (𝐸𝐼)&(𝑥/𝑎)-, 𝑚(𝑥) = 𝑚&(𝑥/
𝑎)). Note subscript zero indicates reference values computed at the top of the pylon. In order 
to generate the quadratic shape, the base radius is increased by 57% over the top radius.  

To account for viscoelastic material behavior, the damping coefficient for concrete is fixed 
at 𝛿 = 0.1 . Next, static soil springs modelling compliant ground are evaluated from formulas 
pertaining to a circular rigid foundation with the same radius as the base radius 𝑟 = 𝑟(𝑏) of 
the supported pylon, resting on a uniform soil half-space with shear modulus 𝐺 and a 
Poisson’s ratio of ν, see Veletsos and Wei (1971). These formulas give 𝐾% = 8𝐺𝑟/(2 − 𝜈) 
and 𝐾$ = 8𝐺𝑟"/(3(1 − 𝜈)). Starting with a shear wave velocity 𝐶8 = b𝐺/𝜌9, a soil density 𝜌8 
and a fixed value for 𝜈, typical values for the soil springs are computed corresponding to 
different soil deposits. All this information is listed in Table 1, along with the computed 
eigenfrequencies of the reference, stand-alone, fixed base pylon (Manolis et al., 2020). 
Finally, all computations were carried out in a Python (2001) programming environment. 

 
Table 1. Mechanical properties of the ‘parental’ and ‘sequential’ pylons 

 
  Properties   
 E (GPa) ρ (tn/m3) m0 (tn/m) δ 

R/C 30 2.5 0.295 0.1 
 

  Dimensions   
a (m) b(m) d (m) r(a) (m) r(b) (m) 
39.5 49.5 0.0875 0.215 0.3375 

 
 Section properties  Attached top mass  

I0 (m4) ML (tn) at RM=2% ML (tn) at RM=10% ML (tn) at RM=20% 
0.00273 0.037 0.186 0.371)  

 
  Soil properties    

Cs (m/s2) GS (kN/m2) ρS (tn/m3) νS 
Soft Soil 100 21,000 2.1 0.25 

Medium Soil  300 198,000 2.2 0.25 
Base rock 1000 2,300,000 2.3 0.25 

 
Sequence of eigenfrequencies 𝜔* (𝐻𝑧)   ‘parental’ pylon  

Eigenfrequency number n=1 n=2 n=3 
Eigenfrequency value 4.6 29.0 81.2 
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In order to carry out the statistical analysis and quantify the influence of the key mechanical 
parameters on the pylon’s dynamic response, we correlate the ‘parental’ dimensionless 
displacement response 𝑊-(𝛺) with the three basic ‘subsidiary’ responses 𝑊)(𝛺), 𝑖 = 1 − 4, 
which refer to the translational component of the foundation (𝑖 = 1), to the rotational 
component (𝑖 = 2), to the top lumped mass (𝑖 = 3) and to tapering (𝑖 = 4). The cases 
pertaining to the foundation and the attached mass have three subcases each, alluding to 
small, medium and large values of their parameters. Thus, a total of 10 correlation pairs can 
be defined with respect to the ‘parental’ case. An important issue is the frequency range to 
be examined, given the fact that the dominant eigenfrequencies of the ‘parental’ pylon fall 
in the 0 − 80 𝐻𝑧 range. Thus, each statistical study has to be performed twice, for the lower 
range followed by the higher range, i.e., 0 − 10 & 10 − 120 𝐻𝑧. If we are dealing with 
earthquake induced motions, the former range is relevant. However, the possibility of 
ambient vibrations, such as those induced by traffic, cannot be discounted, hence the focus 
on the higher frequency range.  
 
The hierarchy of correlations is like a cascade effect: First, the ‘parental’ case response is 
correlated with itself, which must give a correlation coefficient ρ=+1. This serves as a test 
for the computational framework developed for this purpose. Subsequently, the 
displacement of the first ‘subsidiary’ analysis (𝑖 = 1) and for the first (low) subcase is 
correlated with the remaining two subcases (medium and high) and with those from the 
second (𝑖 = 2) and third (𝑖 = 3) cases. This process is continued downwards resulting in a 
lower diagonal, 10𝑥10 matrix arrangement. The last entry in this matrix structure is the 
autocorrelation for the tapered pylon displacement response, which has no subcase of its 
own. 
  
The first step in the statistical analysis is to apply the Kolmogorov-Smirnov test in order to 
identify if the dimensionless displacements follow a uniform distribution or not (Smirnov, 
1948) within the prescribed frequency band. If this test disproves the hypothesis that the data 
comes from a standard normal distribution by yielding more than a prescribed (say 2% error), 
then the Pearson correlation, which refers to a linear correlation between two variables that 
are related to a normal distribution space characterized by n = 3, does not hold. Finally, the 
last step is a Spearman correlation analysis to assess the monotonic relation between two 
variables, denoted as 𝑋, 𝑌. The Spearman correlation coefficient is given as 
 

𝜌 =
∑ E(𝑅(𝑋+) − 𝑅(𝑋)GGGGGGG) ∙ (𝑅(𝑌+) − 𝑅(𝑌)GGGGGGGI*
+,'

J∑ E(𝑅(𝑋+) − 𝑅(𝑋)GGGGGGG)$ ∙ ∑ (𝑅(𝑌+) − 𝑅(𝑌)GGGGGGG$*
+,' I*

+,'

 (11) 

 
where 𝑅(𝑋)), 𝑅(𝑌)) are the ranks of variables 𝑋) , 𝑌) and overbars denote a mean value. This 
correlation coefficient is bounded as −1 ≤ 𝜌 ≤ +1, with the two endpoint values indicating 
a perfect monotone function (direct and inverse) between the ranks of the two variables and 
a value of zero indicating no association between these quantities. Actually, since the 
variables in question are all functions of frequency with the same frequency step starting 
from zero, their rank is already predetermined in ascending frequency order.  

4. Results and discussion 

At first, Fig. 2 is a frequency plot of the displacement at the top of the pylon normalized by 
that of its base. The influence of the following parameters is investigated: (a) the geometry 
of superstructure; (b) the inertial characteristics of the attached mass; (c) the stiffness 
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characteristics of the foundation. We observe that in the low frequency range the peaks 
clearly correspond to the first eigenfrequency of the particular subcase examined. Next, by 
examining the correlation tables in Figs. 3 and 4, we observe that for vibrations at the low 
frequency range which covers the first pylon eigenfrequency, the foundation springs 
corresponding to soft soil yields large negative correlations when the pylon supports a top 
mass and when there is tapering. As the foundation springs become firmer and approaches 
the fixed base, the correlation crosses the zero value and becomes positive. The presence of 
a small mass attachment at the top correlates perfectly with all other cases, implying that its 
presence is rather imperceptible. As the mass increases, positive correlation values start to 
drop but still remain close to unity. As the frequency range increases to cover the subsequent 
two eigenfrequencies, all cases give a correlation close to zero, meaning that all 
combinations yield dynamic responses that are independent of each other. In essence, what 
the Spearman correlation values imply is that the effect of two different mechanical 
configurations at a receiver point of a given pylon and within a certain frequency band may 
be indistinguishable if the correlation between them is high. That would cause problems 
when implementing SHM. Alternatively, a low correlation between two different 
mechanical configurations of the pylon indicates markedly different signals at a receiver 
point, which makes structural identification easier.  
 

 

1332
3ECEES, September 2022, Bucharest, Romania



 
 

Figure 2 - R/C pylon frequency graphs (first column is for the transfer function) and correlation plots 
between the ‘parental’ and the 10 ‘subsidiary’ cases in the range 0 − 10 (𝐻𝑧). Note: Blue diagonal graphs 

are for the probability distribution function of each subcase 
 
 

 
 

Figure 3 - R/C pylon flexural vibrations in the 0 − 10 (𝐻𝑧)  range: Spearman correlation coefficients for the 
‘parental’ case and 10 ‘sequential’ cases for SSI, for an attached mass and for tapering 
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Figure 4 - R/C pylon flexural vibrations in the 10-120 Hz range: Spearman correlation coefficients for the 
‘parental’ case and 10 ‘sequential’ cases for SSI, for an attached mass and for tapering 

 

5. Conclusions 

This work investigated the degree of influence that various assumptions made within the 
framework of the frequency-dependent, mass-soil-structure-interaction problem have on the 
dynamic response of cantilevered R/C pylons. The statistical correlations for ground- 
induced vibrations of pylons when soil conditions, supported external masses and tapering 
of the pylon are all included, were studied. As a result, the combinations of the underlying 
mechanical parameters were identified for which no correlation, full correlation and negative 
correlations are possible. The sorting out of all these cases is deemed important for setting 
up SHM protocols to be used in engineering practice.  
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Abstract: Many of the most industrialised areas spread over the Italian territory were 
declared seismically active since less than 20 years, meaning that a consistent part of the 
industrial built heritage of the Italian territory, consisting in the large majority in precast 
concrete structures, is a current potential source of seismic risk, also due to the peculiarities 
of the seismic behaviour of such structures, not seldom characterised by non-seismic 
conception of cladding panel connections, weak connections of horizontal members, and 
lack of diaphragmatic action. While recent research aimed at quantifying the seismic risk 
associated with these existing structures focused on rather small buildings, this paper 
investigates the seismic performance of existing large industrial buildings, by analysing a 
prototypal frame structure of 7500 m2 with 25x20 m column grid and clear height below the 
beams of 11 m. Non-linear time history analysis was carried out on an structural model 
including all members and connections of frame structure and cladding panels, highlighting 
the seismic performance of the structure under increasing level of hazard. 

Keywords: Industrial buildings, precast concrete, cladding panels, dowels, diaphragm, 
seismic performance, modelling, time-history. 

1. Introduction 

Past research activities within the RINTC–Implicit Seismic Risk of Code-conforming 
Structures funded by the Italian Civil Protection Department within the ReLUIS program 
have been devoted to assessing the probabilistic seismic vulnerability of single-story 
precast RC buildings designed in accordance with the current Italian building Code 
(Iervolino et al. 2018, Ercolino et al. 2018, Magliulo et al. 2018, Dal Lago et al. 2020, 
Gajera et al. 2021). Nonetheless, precast industrial buildings designed in Italy in 
accordance with older Codes are often characterised by critically poor detailing for their 
structural performance due to the limited past knowledge of seismic hazard and design. 
This paper describes part of the results obtained in the research project developed to extend 
the RINTC framework to existing structures designed in accordance with past Italian 
building Codes from 1960s to 1990s (Magliulo et al. 2019, Bressanelli et al. 2021, 
Magliulo et al. 2021, Bosio et al. 2022). The seismic performance of a large-span precast 
industrial building representative of the decade of ‘90s designed without seismic 
provisions is herein presented. The results of selected non-linear dynamic time-history 
analyses under combined accelerograms are discussed, emphasizing the interaction of the 
cladding systems with the structural behaviour of the resisting frame. 

2. Description of the case study industrial building 

Pictures in Figure 1 are taken from the real building representative of typical industrial 
precast facilities devoted to goods collection, warehouse or special industrial activities.  
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(a) (b) 

Fig. 1 - Aerial views of the reference building: (a) interior and (b) exterior 

The original existing building was considered with the same structural and cladding 
elements having the same connection and reinforcement details as extracted from a 
complete documentation. The plan shape was simplified, although considering a relevant 
portion in order to correctly investigate the diaphragm behaviour along both main 
horizontal directions. Figure 2 shows the technical drawings adopted for the simplified 
case study building. Figure 2a represents the investigated 100x75 m2 plan view, consisting 
of five principal frames with 20 m long H-shaped beams along direction Z and three 25 m 
long secondary frames along direction X. Figure 2b and Figure 2c represent the side views 
along longitudinal and transversal directions, respectively. Longitudinal and transversal 
cross-sections of the structural assembly are shown in Figure 2d and Figure 2e. The frame 
structure is composed by (1) 11m-tall columns with 0.7x0.6m2 rectangular cross-section, 
(2) H-shaped 1.6m-deep and 20m-long beams, and (3) 1.0m-deep and 2.5m-wide wing-
shaped roof elements characterized by 25m long and placed at distance of 5m with 
completing barrel vaults/shed roof closures. It is worth noting that bridge cranes are not 
installed. Concerning the perimeter of the structural assembly, three panels are stacked at 
the base and two panels are suspended at the top of the building leaving a continuous 
window stripe in between. Additional columns are present along the perimeter to support 
the perimetral horizontal cladding panels. More specifically, two panel-supporting-
columns per nave and one per bay are also placed along the perimeter. These panel-
supporting columns are not directly connected to the main frame system; they sustain the 
gravity load of the suspended top horizontal cladding panels, while retaining all panels 
against horizontal actions. Steel dowels constitute column-to-beam and beam-to-slab 
hinged connections, which were installed mainly to avoid overturning or sliding in 
transitory assemblage phases. It is worth noting that both dowel typologies are installed in 
couples at each element end, which provides thanks to the lever arm between the distanced 
dowels, a stiffening effect on the horizontal diaphragm. A shear key is present at the pier 
caps, preventing the transversal displacement of principal beams at the support. Classical 
channel-strap mechanical connections restrain the cladding panels in their out-of-plane 
direction. Steel brackets transfer the weight of the suspended panels to the columns. 

3. Structural Modelling 

A structural model was developed in OpenSees with the aim to reproduce all peculiarities 
of the seismic behaviour of the case study building. A twin model (Figure 3) was 
developed in Straus7 with the aim to check connectivity and element numbering. All 
building RC members were modelled with beam elements. The columns are fixed at the 
base. The beam-column joint was modelled as represented in Figure 4a. As a result, the 
column has two different shear spans of 11.0 m in the direction of the beams (i.e., the 
column clear height) and 12.6 m in the direction of the roof elements (i.e., the vertical 
distance between column base and beam-to-roof dowel connection). 
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(a) 

 

 

 
(b) 

Fig. 2 - Simplified building layout: (a) plan and side views; (b) longitudinal and transverse cross-sections of 
the structural assembly 

 
Fig. 3 – Isometric view of the FEM model visualised on the Straus7 engine 
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Columns are modelled as elastic elements with lumped plasticity at the base materialized 
by a nonlinear rotational spring characterized by the Ibarra-Medina-Krawinkler (IMK) 
constitutive model (Figure 4b, Ibarra et al. 2005). It is worth mentioning that the initial 
stiffness in the IMK model corresponds to the effective cracked stiffness of the cross-
section. Beams and roof elements are modeled as elastic elements. 

Column-beam and beam-slab dowel connections are modelled as nonlinear elements 
calibrated based on the critical analysis of existing formulations from technical codes and 
papers and phenomenological observation of the mechanical behaviour from experimental 
tests available in literature (Zoubek et al. 2015). A trilinear envelope diagram based on the 
IMK formulation is proposed for beam-to-column (Figure 5a) and roof-to-beam (Figure 
5b) connections. The elastic branch is associated to the first phase response of the dowel 
embedded into efficient concrete subgrade. The second branch is associated to the 
initiation of concrete cover cracking and spalling leading to non-linear deformation of the 
yielded dowel bar embedded into the concrete core confined by the additional rebars 
located inside the cone projection. The third and final branch models the post-peak 
softening behaviour. Failure is ultimately reached when the displacement limit is attained, 
which is calibrated based on experimental tests carried out on properly confined dowel 
connections. The shear key shown in Figure 2b increasing the shear capacity in the out-of-
plane direction is reproduced by a stiff elastic spring. The presence of completing barrel 
vaults/shed closures in between adjacent roof elements was considered in terms of mass, 
only, neglecting the possible influence of their weak connections. 

  
(a) (b) 

Fig. 4 – Column-to-foundation joint modelling: (a) Structural model; (b) Moment-Curvature diagram for 
calibration of backbone Moment-Rotation and hysteretic law (Lignos and Krawinkler 2012). 

  
(a) (b) 

Fig. 5 – Constitutive laws of structural connections: (a) beam-to-column and (b) beam-to-slab 

The mass distribution of the structural system was implemented based on a distributed 
mass model through the definition of the proper density for each element. It is worth noting 
that the density associated to the wing-shaped roof elements was fictitiously increased with 
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respect to that typical of reinforced concrete, to account for the non-modelled dead loads 
present on the roof, including completing barrel vaults/shed RC shells and 
insulation/waterproofing layers. In the model, masses are distributed along each member, 
including the non-structural ones (i.e., elastic elements simulating the cladding panels). 

The cladding panels are modelled as beam elements following the scheme of Figure 6. 
They are linked horizontally to the structure at four points corresponding to the actual 
position of the cladding connections. The lower panel is supported vertically and 
horizontally at the bottom over the foundation footings. The two panels above are leaned 
over the lower panel with a male-female joint, which is modelled as a friction support in 
the in-plane translation direction and as a fixed joint in all other directions except for the 
implementation of a cylindrical hinge releasing the rotation along the panel axis. On top of 
the horizontal continuous window strip, the fourth panel is leaned over steel corbels. The 
fifth and last panel is leaned over the lower with a male-female joint and it is connected 
horizontally to the top of either beam or roof element, depending on the side of the 
building where it is located, with four connections in a row instead of four connections at 
the panel corners as for the panels below. The possible effect of silicone sealant is ignored. 

The bearing connection placed below the 4th panel, right after the window strip, was 
modelled after the experimental results by Metelli and Riva (2007), as shown in Figure 7. 
The hysteretic law was implemented in OpenSees. The model described was implemented 
in both horizontal directions, while the vertical direction was perfectly restrained. 

 
Fig. 6 – Cladding panels structural model 

  
-30 -20 -10 0 10 20 30

disp
rel

    [mm]

-50

0

50

Fo
rc

e 
 F

 [k
N

]

 
(a) (b) (c) 

Fig. 7 – Panel bearing steel bracket: (a) picture of the specimen; (b) test results; (c) numerical model 
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The double-channel with strap cladding-to-frame connection was modelled with different 
laws in in-plane (Figure 8) and in out-of-plane (Figure 9) directions. The in-plane response 
was modelled after calibration of the results obtained by Zoubek et al. (2016) with a 
combination of an elastic-perfectly-plastic spring (friction component) in parallel to a gap 
spring (displacement up to structure-cladding contact), both linked in series with a further 
spring characterised by hysteretic material, whose properties were experimentally 
calibrated. Due to the small gap between the panel and the beam of the prototype (1 cm) 
compared to the gap tested (2.5 cm), a lower displacement capacity is considered for the 
connection: the peak corresponding to the closing of the gap is reached at 32mm, with a 
failure at about 10 kN. The out-of-plane response was modelled after the experimental 
findings from Menichini et al. (2020). The authors tested and characterised the behavior of 
both channels, the one cast into the panel subjected to axial load and the one cast into the 
structure subjected to shear. The channel inserted into the panel proved to be the critical 
one and its behavior was modeled based on a spring element in the panel out-of-plane 
direction calibrated with elastic-perfectly-plastic material and hysteretic law with strong 
pinching induced by the progressive plastic deformation of the channel lips. 
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(a) (b) (c) 

Fig. 8 – Cladding-to-structure double-channel with strap connection, in-plane behavior: (a) picture 
of the specimen, (b) test results; (c) numerical model 
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(a) (c) 

Fig. 9 – Cladding-to-structure double-channel with strap connection, out-of-plane behavior: (a) 
picture of the specimen, (b) test results; (c) numerical model 
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When the cladding panel connections reach their maximum displacement, the connection 
loses two degrees of restraint to the panels. In the structural model in OpenSees, the 
MinMax material is applied in series to the constitutive law to numerically capture this 
local failure mechanism. This might not be sufficient to induce the failure of the panels, 
since the panel is still restrained to the load bearing system. If another connection on the 
same panel reaches the maximum displacement, the panel collapses since it is no longer 
restrained. An automatic routine has been developed within the structural model to avoid 
free body motions after the occurrence of such event. More specifically, the failed 
connection set of a single panel which attained the collapse condition is removed. The 
panel removal also avoids the potential issue of a connection failing in one direction while 
still being active in the orthogonal one. Furthermore, element removal is activated also for 
panels leaned on top of a failed one, simulating their collapse after the loss of support. 

4. Results 

Selected non-linear dynamic analysis from a set of probabilistic-based multi-stripe 
analyses are herein reported with the objective to discuss and interpret the behaviour of the 
structural assembly under realistic accelerogram combination. Two accelerograms are 
simultaneously applied along both main directions. The vertical component is neglected. 

The displacement time-histories shown in Figure 10 highlight the different response of 
central and external frames. The investigated acceleration time-history is selected at 
intensity level of spectral acceleration Sa=0.079g anchored to a reference period of 3 s, 
associated to a return period T=100k years for the site of Milan (low seismic hazard), soil 
type C. Internal and external frames displace with different histories, due to the lack of a 
perfect diaphragmatic action. The frames are also characterised by a counter-phase 
vibration in the X direction between 20s-30s due to a significant influence of higher 
vibration modes associated with diaphragm effect. 

  
(a) (b) 

Fig. 10 – Vibratory curves of external and central columns for the earthquake combination under 
consideration: (a) direction X; (b) direction Z. 

Further insight on the influence of the cladding system on the structural response is shown 
in Figure 11. For the previously mentioned high-intensity earthquake ground motion, 
columns vibrate with relatively high frequency up to panels first failures (about 33s), 
related to the attainment of the in-plane failure condition, after which more flexible 
vibrations are experienced in the displacement time-history of columns up to a maximum 
displacement of about 15cm. Conversely, the response to a lower intensity ground motion 
(Sa=0.026g – 1/3 of the previous) with panel connections far from failure is showing high 
frequency-dominated displacement time-history for the external frame columns up to 
around 3cm, due to the stiffening effect of the cladding panels. 
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(a) (b) 
Figure 11 – Load history on cladding panel connections (CIMES): (a) under strong earthquake combination; 

(b) under mild earthquake combination 

 
The 3D scatterplot in Figure 12 shows the envelope displacements for the beam-to-slab 
dowel connections under strong earthquake combination, highlighting the relevant demand 
(although not critical) on them mainly promoted by the diaphragm distortion, as also 
suggested by their distribution, showing a demand concentration in the external bays, 
where cladding panels and panel-supporting-columns are present. Stress on beam dowels 
results being less severe. 

 
Figure 12 – Scatterplot envelopes of maximum displacements in Beam-Slab dowel connection 
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5. Conclusions 

This work investigated the seismic behaviour of long-span industrial precast concrete 
buildings, assessing the nonlinear dynamic response of a single-storey prototypal facility 
designed in the late ‘90s in a non-seismic area. Following the empirical observation of 
buildings characterised by this structural typology under recent seismic events, the focus 
was given to critical detailing issues such as the non-linear behaviour of frame connections 
and the interaction of the main bearing system with cladding panels. 
Cladding panels clearly altered the dynamics of the structural assembly before their failure, 
which first occurred at a top displacement of around 10 cm due to the in-plane behaviour 
of their channel-strap connections to the columns. However, this failure did not correspond 
to a strong global weakening of the structure, which afterwards vibrated more flexibly with 
moderate maximum drift with respect to the critical one associated to the failure of the 
column bases. High stress demand was detected for roof-to-beam dowels, although lower 
than the critical, emphasised for the dowels located in the external bays due to the non-
rigid diaphragm effect. The observed results confirm the large potential vulnerability 
associated with cladding panel and roof connections of existing precast buildings designed 
without seismic provisions, although associated with relatively large accelerations, 
highlighting the need for their proper check and possible retrofit. 
More information about the complete probability-based set of multi-stripe analyses 
encompassing buildings typical of different decades within the DPC/ReLUIS project 2019-
2021 are provided in Bosio et al. (2022), which will also be given in more detail in a future 
publication by the authors with reference to the prototype considered in this paper. Further 
developments will aim to address the beneficial effect of modern retrofit strategies, 
especially focusing on the cladding panel connections, as well as investigating the possible 
influence of the contemporary vertical acceleration history on their performance. 
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Abstract: In this study, experimental research was carried out on how elastic spring type 
dampers work. Both acceleration and displacement responses of a 3-storey building model 
placed on the shaking table under harmonic excitation were measured, and the effects of 
diagonal fixation of springs on the dynamic behavior of structures were experimentally 
investigated. The case of the building model on the shaking table without the spring added 
under harmonic loads and the case with the spring added to the building model were 
compared. In addition, the springs were installed in different ways and the effects of these 
differences on the structural model were compared. On each floor of the 3-storey building 
model, elastic springs were placed with different installation configurations. By operating 
the shaking table, acceleration and displacement responses were recorded. It was observed 
that the acceleration and displacement response values of the structure were less due to the 
installation of elastic spring dampers. It is shown that the effects of dynamic loads such as 
earthquake and wind are greatly reduced in structures by using elastic spring dampers. 

Keywords: Elastic spring, Strengthening, Acceleration Response, Displacement Response 

1. Introduction 

The elastomer and sliding isolation systems are arranged in such a way that they provide 
only horizontal isolation (Constantinou et al. 1992, Nagarajaiah et al. 1991, Mazza et al. 
2018). Three-dimensional insulation of the spring type can be created by utilizing 
elastomer bearing systems (Zhou et al. 2021). The GERB vibration control system was 
developed to isolate power plant turbine generation equipment from vibration (Hüffmann 
1985). There are large spiral steel springs in this system that exhibit flexibility in both 
horizontal and vertical directions. Vertical frequency is approximately three to five times 
that of horizontal frequency. The steel springs remain undamaged, and the system is 
equipped with vibration-reducing visco dampers. As with all three-dimensional systems, 
because the isolation system's center of gravity is above its center of rigidity, there is a 
strong interaction between horizontal and overturning movement. This system is feasible if 
the gravity and rigidity centers are located at the same level (i.e. reactor vessels in nuclear 
power plants). This system was evaluated on a shaking table in Skopje, North Macedonia 
(Rakicevic et al. 2012), and implemented in two residential buildings in Santa Monica, 
California, U.S.A., with a steel frame structural system (Makris & Deoskar 1996). These 
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residences were affected by the 1994 Northridge earthquake, and the isolation system was 
not effective in mitigating the accelerations caused by the overturning impact, as 
determined by the results of the powerful ground motion meters. Generally, rubber or slip-
type insulators are used to dampen horizontal movements. These systems will not suffice 
when three-dimensional isolation is required. Steel helical spring systems have been 
developed to help dampen horizontal and, more importantly, vertical vibrations 
(Constantinou et al. 1991, Parvin & Ma 2001). Their vertical frequency is between three to 
five times that of their horizontal frequency. Springs are virtually undamaged, and the 
system is frequently used in conjunction with viscous dampers. Seismic behaviour of a 
base-isolated building with high-damping GERB spring system subjected to near fault 
earthquakes has also been investigated (Tornello & Sarrazin 2012).  

In this study, an experimental study on strengthening structures with elastic springs is 
described. The springs were fitted in various ways in this manner. The effects of these 
differences on the building models are compared while the experimental results are 
discussed.  

2. Experimental Study 

In this section, acceleration and displacement measurements of a building model were 
made under harmonic loading, and the effects of diagonal spring fixation on the harmonic 
behaviour of structures were investigated experimentally. 

2.1. Building Model Used in the Experiment 

The building model used in the experiment, seen in Figure 1, is a 3-storey frame made of 
St37 steel. 
 

 
 

Figure 1 - Construction model fixed on the shaking table 
 

2.1.1. Features of the building model 

The material used is St37 steel with E=2*105 N/mm2 and a Poisson’s ratio of 0,3. The 
frame weight is 6500 g. The weights placed on the 1st, 2nd and 3rd floors are 10812 gr, 8346 
gr and 6718 g, respectively. The height of each floor is 35 cm. The column dimensions are 
1 cm by 0.2 cm. The beams are 1.5 cm by 1.5 cm, tube sections with a wall thickness of 
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0.1 cm. The slab dimensions are 24 cm by 24 cm. Each spring has a length of 34 cm 
(Figure 2). 

  

 
Figure 2 - 3D view of the building model both with and without springs 

 
The total weight of the building model (Figure 2), including the weights and fasteners, is 
approximately 33 kg (1st story mass is approximately 10812 + 6500/3 = 12978 gr ≈ 13 kg; 
2nd story mass is approximately 8346 + 6500/3 = 10512 gr ≈ 10,5 kg; and 3rd story mass is 
approximately 6718 + 6500/3 = 8884 gr ≈ 8,9 kg). 

2.2. Experimental Studies 

The shaking table is a small linear shaking table that fits on a desktop. It possesses precise 
positioning capabilities and is capable of producing harmonic and random loads. It 
generates the desired number of uniaxial (horizontal) vibrations with the desired frequency 
(1 – 10 Hz) and amplitude (-200 mm, +200 mm) with the help of the software in the 
shaking table computer and the control box device that performs closed-circuit conversion. 
Additionally, data were collected using a general-purpose dynamic data collection device. 
This device can be connected to accelerometers and displacement meters, and the data 
values recorded by the device can be retrieved using existing software. The springs are 
attached to the building model in pairs on each floor. The shaking table's frequencies of 1 
Hz, 1.1 Hz, 1.2 Hz, and 1.4 Hz have an effect on these various shapes. As a result of this 
motion, displacements and accelerations were measured separately for each floor under 
both with spring (Model 1, Model 2 and Model 3) and without spring (Model 4) 
conditions. These graphs of the with spring and without spring states are superimposed, 
and the resulting differences are visible on the graphs. These graphs demonstrate how the 
structure model behaves under various frequency conditions and mounting styles. 

2.3. Structure model in free vibration 

The calculation of the resonance frequency of the model in free vibration state is shown in 
Figure 3.   
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Figure 3 - Free vibration state 

The three-story building model was shaken freely to determine the frequency of its 
resonance state. The data were recorded, and a graph was obtained. The duration of period, 
T was read from this graph. By substituting the obtained T, period into the 1/T=f formula, 
the frequency was calculated. Time period, T=1.935-1.15 sec equals to 0.785 seconds, and 
f=1/0.785=1.2738 Hertz was determined. This frequency, f was used in conjunction with 
others in the measurements. The correction coefficients were used to obtain the 
displacement formulas for the 1st, 2nd, and 3rd floors. 

2.4. Comparison of Cases Both with Springs and without Springs 

Experiments were conducted at frequencies of 1 Hz, 1.1 Hz, 1.2 Hz, and 1.4 Hz. The 
figures below illustrate the results for the frequency 1.2 Hz case. 
 
In the case where the frequency is 1.2 Hz, the overlapping state of the acceleration-time 
graphs, both with and without springs, of the case where 2 springs are attached diagonally 
to each of the 3 floors (Model 1) is given below in Figure 4. 

 

Figure 4 – Acceleration-time histories for Model 1 and model without springs case (Model 4) under harmonic 
loading frequency, f of 1.2 Hertz 

The overlapped displacement-time graphs of the 1st, 2nd, and 3rd floors of both with and 
without spring states are shown below for the model described above (Figures 5-7). 
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Figure 5 – Displacement-time histories of the 1st floor for Model 1 and model without springs case (Model 4) 

under a harmonic loading frequency of 1.2 Hz 

 

 

Figure 6 - Displacement-time histories of the 2nd floor for Model 1 and model without springs case (Model 4) 
under a harmonic loading frequency of 1.2 Hz 

 

 

Figure 7 - Displacement-time histories of the 3rd floor for Model 1 and model without springs case (Model 4) 
under a harmonic loading frequency of 1.2 Hz 

 

Similarly, when the frequency was 1.2 Hz, the overlapped acceleration-time graphs of the 
model without springs (Model 4) and the model with 2 cross springs on the 1st floor, 1 
cross spring on the 2nd floor, and no springs on the 3rd floor (Model 2) were investigated 
experimentally. The overlapped displacement-time graphs of the 1st, 2nd, and 3rd floors 
were drawn for both models described above. 
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Furthermore, the overlapped acceleration-time graphs of the model with no springs (Model 
4) in the case of 1.2 Hz and the model with 3 cross springs on the 1st floor and no springs 
in the 2nd and 3rd floors (Model 3) were investigated experimentally. The overlapped 
displacement-time graphs of the 1st, 2nd, and 3rd floors were also drawn for both models. 

2.5. Comparison of Displacement-Time Histories for Three different models on each 
floor 

For Model 1, Model 2 and Model 3, when the frequency is 1.2 Hz, the overlapped 
displacement-time histories on the 1st floor are as follows (Figure 8).  

 

 

Figure 8 - Displacement-time histories on the 1st floor (Model 1, Model 2 and Model 3) 
 

The displacement-time histories of the 1st floor demonstrate that damping occurs faster as 
the number of springs attached to the 1st floor increases (Figure 8). However, when the 
springs are attached to each floor, it is observed that the displacement is the least.  

Meanwhile, when the frequency is 1.2 Hz, the overlapped displacement-time histories on 
the 2nd floor are as follows for Model 1, Model 2, and Model 3, respectively (Figure 9).  

 

 

Figure 9 - Displacement-time histories on the 2nd floor (Model 1, Model 2 and Model 3) 
 

1351
3ECEES, September 2022, Bucharest, Romania



The displacements measured for Model 2 reached the peak values using the values read 
from the 2nd floor displacement-time histories (Figure 9).  

In addition, when the frequency is 1.2 Hz, the overlapped displacement-time histories on 
the 3rd floor are as follows for Models 1, 2, and 3 (Figure 10).  

 

Figure 10 - Displacement-time histories on the 3rd floor (Model 1, Model 2 and Model 3) 

When the displacement-time histories of the 3rd floor are examined using all three models, 
it is discovered that the damping occurs faster as the number of springs on the 1st floor 
increases (Figure 10).  

3. Results and Conclusions 

The harmonic behavior obtained when using springs for strengthening in structures has 
been investigated experimentally. Under harmonic loads, the cases of the building models 
on the shaking table with the spring added to the building model (Model 1, Model 2, and 
Model 3) and the case without the spring added (Model 4) were compared. The springs 
were fitted in various ways in this manner, and the effects of these differences on the 
building models were compared. 

When the behavior in these situations where a spring is added to the structural model is 
observed, the acceleration and displacement values obtained are less. Various results have 
been obtained by installing the springs in various ways (Model 1, Model 2 and Model 3). 
Furthermore, the length of the spring to be placed in the building model was provided in 
the most appropriate manner. As a result, significant favorable contributions in terms of 
structural accelerations have been observed. 

Based on the findings, it is recommended that springs be used in structures. It will be 
ensured that the accelerations and displacements can be reduced using springs to be 
installed in structures subjected to earthquake and wind effects. According to the 
experimental results, when dynamic loads are applied to structures with springs, a 
significant decrease in acceleration and displacement is observed when compared to 
structures without springs. 
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Abstract: The use of carbon fibre-reinforced polymer (CFRP) jackets as external 

confinement is becoming popular, especially in seismic areas, as a result of its ability to 

enhance the strength and ductility of reinforced concrete. Therefore, many researchers have 

worked out for the prediction of strength and strain models of CFRP-confined concrete. In 

this study, improved models for the CFRP confined cylindrical concrete members were 

presented. Based on the previous experimental work of CFRP-wrapped concrete cylinder, 

the proposed model was verified using finite elements analysis (FEA), performed in the 

ABAQUS computer program. The accuracy of the FE strain model was quite satisfactory in 

comparison with the previous experimental study. Moreover, the examined experimental 

model was used for the parametric study to investigate the effect of CFRP material as an 

external confinement. As a result of the experimental study, the compressive strength of 

unconfined concrete, elastic modulus and compressive strength of the confined concrete 

were obtained. After that, using these parameters finite element modelling of the CFRP 

confined cylinder was performed. A close agreement among the finite element analysis and 

experimental outputs was observed. The average percentage discrepancies between the 

experimental and FEA was a result of difference between actual testing and boundary 

conditions, assumptions made during FEA and the accuracy of the testing instruments. This 

study will help in understanding the behaviour of sustainable CFRP external confined 

concrete members. 

Keywords: CFRP material, finite element analysis, confining, compressive strength 

1. Introduction  

A number of existing and new RC structures built in seismic prone regions, need repair and 

strengthening of the structural system. Most of the reasons are low material quality, as well 

as not fulfilling the requirements prescribed by modern standards for aseismic design. 

Recently, in earthquake regions, advanced FRPs are being used for the urgent retrofitting, 

rehabilitation and strengthening of damaged structures. It is due to the advantages of 

increasing the ductility and strength of reinforced concrete (RC) columns wrapped with 

externally FRPs confinements. The increase in axial strength and strain of RC columns is 

the main reason for the attraction of the use of FRP confinements (Hollaway et al. 2004). 

The factors affecting the FRP confinement are elastic modulus of FRP (Ef), thickness of 

FRPs, angle of orientation of FRP wraps, and unconfined strength of concrete material 

(f’co) (Seffo et al. 2012). In fact, the increase in strength and ductility of concrete members 

after FRPs wrapping is due to the confinement and prevention of the lateral expansion of 

concrete material. This effect of confinement is more dominant in case of triaxial state 

because the concrete would be subjected to multiaxial loads when FRP wrapping resists 

lateral expansion (Ann et al. 2013). 

As a result of the complexity of the strengthened cross-section by using of FRP material, 

the laboratorial boundary conditions, as well as the required time, analytical studies based 
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on finite elements are being done more often (Abed et al. 2020; Kadhim et al. 2020). Based 

on the experimental work, analytical models for the axial strain of confined concrete 

compression members were proposed (Fardis et al. 1982) which played an important role 

in predicting the approximate analysis results, but they do not fully explore the 

fundamental behaviour and interaction mechanisms between confinement materials and the 

concrete. To overwhelm the inadequacy of these proposed models for confined concrete, 

one can move towards the three-dimensional finite elements analysis (FEA) with all the 

deficiencies of analytical models explicitly represented. In comparison with the 

experiments, FEA simulations can save the cost and time by developing the numerical 

models, which predict the complex damage behaviour accurately. To speed up the 

simulations and simplify the FEA model, it is essential to consider some assumptions, but 

it is also important to follow the conditions to be applied in experiments. There should be a 

balance in model complexity, element types and mesh sizes to enhance the precision of the 

results and to reduce the time of calculation work. Thus, numerical methods with strong 

background knowledge of FEA are more efficient and convenient tools to be used for 

engineering research (Matthews et al. 2000).  

2. Experimental investigations  

In order to see the CFRP confining effect of concrete cylinder subjected to axial load, 

experimental tests on six cylinders were performed. Three of them were unconfined 

concrete, while the other three were wrapped with CFRP material (Table 1), where fibres 

were set in perpendicular direction along the element axis.  

Table 1. Characteristics of the CFRP material 

CFRP sheets with fibres in one direction Parameters  

Module of elasticity (KN/mm2) 240 

Fibres tensile strength (N/mm2) 3800 

Fibre weight (g/m2) 300 

Density (g/cm2) 1.7 

Thickness (mm) 0.176 

Maximal dilatation of fibre rupture (εmax -%) 1.55 

 

The cylinders were with dimension of 150mm diameter and 300mm height. All of them 

were exposed to monotonously increasing compressive force up to failure (Figure 1) 

(Roshi, A. 2020). 

The experimental tests were realized by the Institute of Testing Materials and Development 

of New Technologies (Laboratory for Mechanical Testing within the Institute for Testing 

Materials and Development of New Technologies “Skopje”, ZIM “Skopje” AD Skopje).  

     

Fig. 1 – Unconfined and confined concrete cylinder subjected to axial compression 
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Based on the results obtained, it can be concluded that the force inducing failure of 

concrete cylinders without CFRP amounts to 296kN, while for the cylinder with one CFRP 

layer, it amounts to 670kN. In other hand, the compressive strength amounts to 17Mpa for 

the concrete cylinder and 38Mpa for the CFRP confined cylinder.  

3. Finite element analysis (FEA) of the cylinders 

For the validation of experimental models, a nonlinear FEA was performed for unconfined and 

CFRP confined concrete cylinders. The FE modelling was based on the parameters obtained 

during the experimental examined models. The finite element modelling of cylinders was done 

using the commercial software ABAQUS. A control cylinder was used to propose a numerical 

model after the calibration of different parameters such as dilation angle, viscosity parameter 

of concrete, mesh size and element types of the concrete. The behaviour of concrete was 

simulated by using concrete damaged plasticity (CDP) model (Table 2).  

Table 2. CDP concrete parameters, based on ABAQUS recommendations 

Parameter Value  Descriptions 

Ψ 30 Dilatation angle 

Ꜫ 0.1 Eccentricity 

f bo/f co 1.16 The ratio of initial equiaxial compressive yield stress 

to initial uniaxial compressive yield stress. 

K 0.667 Kc, the ratio of the second stress invariant on the 

tensile meridian 

M 0.0001 Viscosity Parameter 

 

In other hand, CFRP wraps were simulated using Hashin’s damage model (Hashin, Z. 1980). 

The definition of the bonding behaviour between the CFRP sheets and concrete is very 

important for the precise predictions. The bottom end of cylinders was fixed for displacements 

and rotations in all directions. In addition, displacement control technique was used for the 

application of load on the top surface. The compressive and tensile behaviour as shown in 

Figure 2 was used for the concrete in this study (Ali, R. 2019). 

 

Fig. 2 – (a) Stress-strain curve for concrete and (b) modified tension stiffening mode 

The numerical model of the control cylinder presented here is highly depending upon the mesh 

size because of the strain localization phenomena. To achieve better results of control 

specimen, it is important to use smaller mesh size but not enough smaller to enhance the 

analysis time and burden of computer additionally to solve the equations formed by the FEA 

(Figure 3).  
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Fig. 3 – Finite element mesh of the cylinders  

The concrete part was composed of meshed elements with 20mm size and modelled by eight - 

nodes brick element (C3D8R). The CFRP sheets were modelled by four-node shell elements 

(S4R), while the connection between the CFRP material and concrete was simulated by eight-

node three-dimensional cohesive elements (COH3D8). In case of numerical calculations with 

the use of the method of finite elements, it was necessary some idealizations to be made for the 

embedded materials according to the given recommendations. 

3.1. FEA results  

As a result of the performed analysis, using the finite element method in the software program 

ABAQUS, the following results were obtained for both cylinders (concrete cylinder and CFRP 

wrapped cylinder). 

3.1.1. FEA results of the concrete cylinder 

The finite element crack patterns were represented through maximum principal plastic strains. 

It is because the concrete damaged plasticity model (CDPM) assumes that the cracks in the 

concrete start when there is a positive value of maximum principal plastic strain. The FEA 

cracks in concrete can also be represented by tensile principal stresses. Figure 4 represents the 

cracking patterns of a concrete cylinder followed with its maximum stress and strains. It can be 

visualized that the FEA crack patterns are in a close agreement with the experimental cracks 

proving that the FEA software ABAQUS accurately predicted the behaviour of the concrete.  

                              

(a)               (b) 

Fig. 4 – (a) Stress and (b) Strains in the concrete cylinder 
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3.1.2. FEA results of the CFRP wrapped cylinder 

The experimental results confirmed the increase in strength and ductility with adding of CFRP 

confinement. It shows that the confinement is effective in low strength concrete for both 

strength and ductility of concrete. 

The average percentage discrepancies between the experimental and FEA results of CFRP 

confined concrete cylinder were 7.3% for axial strength. These discrepancies may be due to the 

minor inaccuracies due to the difference between actual and testing and boundary conditions, 

assumptions made during FEA and the accuracy of the testing instruments. The crack patterns 

of some specimens obtained from FEA results are shown in Figure 5.  

          

        (a)                            (b)     (c) 

Fig. 5 – Stress in the (a) concrete, (b) CFRP and (c) CFRP wrapped cylinder 

The finite element crack patterns were represented through maximum principal plastic strains 

because the concrete damaged plasticity model (CDPM) assumes that the cracks in the 

concrete start when there is a positive value of maximum principal plastic strain. It can be 

visualized that the FEA crack patterns are in a close agreement with the experimental cracks 

proving that the FEA software ABAQUS accurately predicted the behaviour of CFRP-

wrapped concrete. 

On the Figure 6, compressive strength comparison of the experimental tests and FEA is 

presented. 

 

Fig. 6 – Compressive strength comparison of the experimental tests and FEA 
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According to the results, it can be noticed that FEA results are more optimistic than 

experimental results. As this is a part of ongoing project, the concrete cylinders were calibrated 

in terms of different input parameters such as a various viscosity parameters, stress-strain 

models etc., in order to achieve approximate finite element model in which the numerical 

results are in close agreement with experimental results. On the other hand, assumption of 

reaching the maximum tensile strength of the CFRP confinement in specific direction may also 

be one of the reasons for the appearance of certain discrepancies between the examined 

models. Also, during the defining of CFRP material properties same value for modulus of 

elasticity in longitudinal and transversal direction was applied. However, it doesn’t preclude 

the importance of FEA analysis as a verification tool. Taking into consideration the obtained 

FEA results, it can be noticed that in the future we should be very careful in terms of 

calibrating the models in the FE computer programs as well as choosing the suitable input 

parameters. 

4. Conclusions  

The present study aims to evaluate the effectiveness of CFRP wrapping on plain concrete. 

According the results obtained, the main conclusions derived from the present study work 

are as given: 

• The experimental tests and performed finite element analysis in this study, 

illustrated that externally bonded CFRP confinement is a viable solution towards 

enhancing the strength and ductility of concrete cylinders subjected to axial load.  

• The rupture of carbon fibres marks failure of all confined cylinders. It occurs 

prematurely, for stress level appreciably lower than the ultimate strength of the 

CFRP composite.   

• The average percentage discrepancies between the experimental and FEA results 

were 7.3% for axial strength for CFRP confined concrete cylinders and 15% for 

unconfined concrete cylinders. These discrepancies may be due to the minor 

inaccuracies due to the difference between actual testing and boundary conditions, 

assumptions made during FEA and the accuracy of the testing instruments.  

• From this study, it can be concluded that the proposed FEA models can predict the 

axial stress and strain of CFRP-confined concrete with certain accuracy. This 

method is helpful for engineers in analysing and designing the FRP-confined 

concrete compression members. 
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Abstract:  Recent catastrophic earthquakes have further highlighted the crucial need to 

develop and implement a medium-long-term national plan of seismic risk reduction in most 

of the seismic-prone countries worldwide. However, the constraint of economic resources 

and the lack of a prioritization plan are often deemed as primary obstacles to the practical 

implementation of such project. Moreover, when dealing with existing buildings, the 

technical complexity is further increased by building knowledge, often limited thus leading 

to higher uncertainty. To overcome this issue, improved and adaptive assessment procedures 

and tools should be developed. Following this goal, this paper presents a multi-knowledge 

level seismic assessment procedure based on the analytical-mechanical SLaMA (Simple 

Lateral Mechanism Analysis) method. An effective and supporting tool is developed to 

rapidly estimate the seismic safety and the socio-economic consequences/impact of 

buildings based on the data collected through assessment forms. An application of the 

SLaMA-based procedure is presented for a case-study building. Alternative scenarios are 

involved by assuming different data acquisition (knowledge) levels, from limited to 

complete. The range/domain of expected capacity curves, safety indexes and risk classes for 

all scenarios are identified. Results confirm the effectiveness of the proposed methodology 

and its possible implementation for seismic risk assessment studies at national scale.   

Keywords: Seismic vulnerability, seismic risk, school buildings, data uncertainty, economic 

losses.  

1. Introduction  

The severe socio-economic consequences of recent earthquakes (e.g. L’Aquila 2009, 

Canterbury sequence 2010-2011, Central Italy 2016) have dramatically confirmed the high 

seismic vulnerability of existing buildings, designed according to older (pre-seismic) code 

provisions. These disasters have triggered a step-change towards the implementation of 

seismic risk reduction strategies at national scale, through the introduction of either 

mandatory enforcements (MBIE 2016) or financial incentives (D.M. 65 2017). The 

urgency of a medium-long-term plan, involving the vulnerability assessment of the 

building stock in terms of safety and expected repair costs (direct losses) as well as the 

definition of effective and appropriate - easy to apply, cost-affordable, respectful of 

architectural heritage and cultural conservation - solutions, is evident in most of the 

seismic-prone countries worldwide. However, in addition to a higher technical complexity 

when compared to the design of new structures, the constraint of economic resources, as 

well as the lack of a prioritization plan at national scale, often represent primary obstacles 

to the practical implementation of such ambitious project.  

Particularly, improved and standardized tools and procedures are needed for the 

“diagnosis” and “prognosis” of the seismic vulnerability and expected performance of 

existing buildings, in order to estimate the seismic safety, the socio-economic 

consequences/impact and define adequate retrofit strategies (Giovinazzi and Pampanin, 
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2017; Pampanin 2021). These procedures should be based on state-of-the-art approaches, 

but simplified methodologies - preferably analytical rather than numerical - should be 

employed to identify the structural weaknesses of the building system while ensuring 

consistency of results, as well as define appropriate retrofit strategies through a cost-

benefit approach. To achieve this goal, the SLaMA methodology, acronym for Simple 

Lateral Mechanism Analysis” (NZSEE 2017), could be used as an effective tool for the 

implementation of national risk reduction plans. The SLaMA is basically an analytical-

mechanical procedure developed “by hand” or using a spreadsheet, rather than, and prior 

to, a numerical computer-based modelling or more sophisticated (but not necessarily more 

accurate) analyses (Pampanin 2017). This assessment procedure allows to evaluate the 

capacities of the structural elements, connections, subassemblies, and earthquake-resistant 

systems, as starting point for any vulnerability study (Fig. 1).  

 

Fig. 1- Key steps of the SLaMA analytical procedure (modified after Pampanin 2017). 

By comparing the building capacity curve, obtained through SLaMA method, and the 

seismic demand in terms of Acceleration Displacement Response Spectra (ADRS), in line 

with the Capacity Spectrum Method (CSM, ATC 40 1996) or similar approaches, the 

building performance under different earthquake intensity levels can be evaluated with a 

good level of approximation, as also proved in different analytical–numerical comparisons 

(Del Vecchio et al. 2018; Gentile et al. 2019 a,b; Bianchi et al. 2019). The SLaMA 

provides particularly satisfactory results when considering the simplicity of the method; 

therefore, this analytical procedure can represent an effective tool when urban scale 

investigations are developed as well as when different levels of building knowledge are 

involved. As a matter of fact, vulnerability assessment studies are significantly affected by 

the achievable level of building information, adding further uncertainties to an already 

complex problem. Based on the quality of data collected during initial screenings, 

assessment results can be less or more reliable. SLaMA can be easily implemented to 

develop preliminary evaluation of the probable building capacity, then results can be 

further improved if additional data are available. Similarly, preliminary outcomes of the 

SLaMA procedure can suggest specific and localized material/details investigations. To 

prove this concept, the paper focuses on the application of the SLaMA procedure, 

assuming different levels of available knowledge for the building.  
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2. Research methodology 

To assess the earthquake-prone status of buildings, initial screenings are needed in order to 

identify relevant building data (geometry, materials, structural details) and critical 

weaknesses that could potentially influence the building performance. Building data and 

key vulnerabilities can be collected through assessment forms and/or databases. Examples 

of these forms are, in Italy, the PdCM Level 0 and PdCM Level 1-2 institutional forms 

established by OPCM n. 3274 (2003), or the ARES (Anagrafe Regionale Edilizia 

Scolastica) database developed for school buildings and managed by the Italian regions, as 

well as enhanced forms aiming at disaster risk management (e.g. Blaso et al. 2021). The 

data within these forms can be identified by engineers from available architectural and 

structural drawings, in-situ testing/inspections, photographic records, and technical reports. 

The information collected through the vulnerability assessment forms can be processed and 

used to estimate the seismic risk of buildings (Fig. 2).  

 

Fig. 2- SLaMA assessment procedure based on building knowledge. 

Data quality influences the assessment analysis; the more complete the data are the more 

the results are reliable. If limited information is collected, assumptions/calculations should 

be made referring to codes or guidelines of the design/construction time of the building or 

uncertainties should be introduced following either deterministic (parametric) or 

probabilistic (mathematical distributions) approaches. Consequently, a range of seismic 

capacity curves (and seismic risk values), rather than a single capacity curve/risk value, 

can be identified for the building.  

In order to implement a vulnerability assessment based on different or increasing level of 

building knowledge, this research work investigates the SLaMA method as an effective 

and supporting tool to rapidly estimate the safety level and direct losses of buildings 

without any need for a computer/numerical model. The SLaMA-based multi-knowledge 

assessment procedure is implemented for a case-study school building. Alternative 
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scenarios, i.e. building knowledge levels, are assumed to account for different uncertainties 

and reliability of available information. The increase of uncertainties entails the decrease 

of accuracy and quality of data. SLaMA method is therefore applied to estimate the Safety 

Index (IS-V) and Expected Annual Losses (EAL or PAM) following the D.M. 65 (2017). 

The aim of the research is to maximize the benefits deriving from the analysis of available 

building information and to give a contribution to the advancement of existing seismic 

vulnerability procedures. 

3. Application to a school building 

3.1 Description of the building 

The proposed SLaMA-based assessment procedure is implemented for a 4-storey 

Reinforced Concrete (RC) building, characterized by global dimensions and plan geometry 

as shown in Fig. 3 (upper-left). This structure is part of a large data collection involving 81 

school buildings located in the province of Foggia, South Italy carried out under the 

UEFA/ELENA research project (Pampanin et al. 2020). Specifically, the case-study 

building is in Lucera (C soil type; Peak Ground Acceleration PGA = 0.252g).  

 

Fig. 3 - Global view of the case-study building (upper-left), geometrical details of the analysed RC frame 

(upper-right) and geometrical details of the RC members (bottom). 

The structural skeleton consists of moment-resisting 9-bay frames in the longitudinal 

direction and moment-resisting 3-bay frames in the orthogonal direction. Storey mass is 

around 500 tons for a typical storey and 420 tons for the roof. The structure was built in 

1972 and designed for gravity loads only, according to pre-seismic code requirements of 

that construction period. Therefore, the structure presents the typical structural weaknesses 

of old buildings (e.g. strong beam/weak column, inadequate transverse reinforcement and 

anchorage details, lower quality of materials). This study is developed referring to the 9-

bay longitudinal frame (Fig. 3 upper-right). Geometrical details of the RC members are 

shown in Fig. 3 (bottom). The mean concrete strength is equal to 16.0 MPa, while the 

mean steel yield stress is equal to 392.0 MPa.  

3.2 Case-study scenarios 

Historical design documentation (including architectural and structural drawings), tests on 

material samplings, in-situ inspection and photographic survey are available for the case-
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study school building. However, in order to implement the SLaMA-based multi-knowledge 

assessment procedure, four alternative building knowledge scenarios are assumed to 

account for different levels of available information (Fig. 4). 

 

Fig. 4 – Conceptual illustration of the case-study alternative scenarios. 

The alternative scenarios are herein discussed: 

Scenario 1: In the first scenario, geometrical details (i.e. plan dimension, total height, 

number of storeys and bays, inter-storey height, bay width, beam/column cross-sections) 

and construction period of the building are only available/collected. This information can 

be easily obtained from architectural drawings and/or rapid in-situ inspection. Neither 

reinforcement/construction details nor material properties are available. This scenario 

represents the minimum dataset required to implement the proposed methodology. 

Scenario 2: In the second scenario, in addition to the information on geometrical details 

and construction period of the building, material properties are available/collected (i.e., it is 

assumed that tests on material samples and/or design material properties are available). No 

information on reinforcement/construction details is collected. This scenario represents a 

typical case of incomplete data collection.  

Scenario 3: In the third scenario, geometrical details, and construction period of the 

building, as well as reinforcement and construction details are available/collected. 

Therefore, it is assumed that structural drawings and/or in-situ inspections are available, 

but no information on the material properties is collected. As for Scenario 2, this scenario 

represents a typical case of incomplete data collection.  

Scenario 4: The last scenario represents the case of complete building knowledge. All the 

information and details required for the seismic assessment of existing buildings, according 

to main international codes/guidelines, are available/collected. More specifically, historical 

design documentation, structural/architectural drawings, tests on material samplings, in-

situ inspection and photographic survey are available.  

It is worth noting that, the nomenclature used for the alternative scenarios does not directly 

represent nor necessarily imply an increasing Knowledge Level, KL; according to the 

definition of the Italian code provisions NTC2018 (i.e. Scenario 2 and Scenario 3 are 

characterized by similar Knowledge Level). Moreover, different reliability levels could and 

should also be identified for Scenario 4 (i.e. complete knowledge) based on the quality and 

quantity of the data collected.   
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3.3 SLaMA-based pushover analyses  

For each case-study scenario, nonlinear static (pushover) analyses are performed following 

the analytical-mechanical SLaMA procedure (NZSEE 2017). As mentioned above, this 

methodology allows to identify the hierarchy of strength and sequence of events at beam-

column subassembly level, as well as the global capacity curve of the structure. An 

example of results in terms of global plastic mechanism and hierarchy of strength for 

Scenario 4 (complete data acquisition) is presented in Fig. 5. 

 

Fig. 5 – Scenario 4: SLaMA global plastic mechanism (left) and hierarchy of strength at beam-column 

subassembly level (right). 

The frame structure is characterized by a mixed-sway mechanism coupling external beam-

columns joint failures with beam failures. This result is mainly due to a lack of capacity-

design principles, typical of pre-1970s buildings in Italy. 

To develop the multi-knowledge seismic assessment procedure, assumptions are made in 

case of incomplete data acquisition. Considering Scenario 1, a “simulated” structural 

design based on the design/construction period is required to evaluate the reinforcement 

details of structural members. The “simulated” design is thus developed considering the 

prescriptions from “Regio Decreto” RD 2229 (1939), reference code for pre-1976 

buildings in Italy. As a conservative hypothesis, the “simulated” design is implemented 

considering the lowest quality of materials allowed by RD 2229 (1939). Moreover, the 

SLaMA analysis is performed considering minimum-by-code amount of reinforcement and 

the weakest construction details.  

Moving to a slightly more complete data acquisition, assumptions on reinforcement details 

or material properties are needed. Specifically, for Scenario 2 (i.e. information on 

geometrical details and material properties are available), a “simulated” design is initially 

carried out to identify the minimum reinforcement quantities of structural members. Then, 

alternative configurations are assumed considering different bar diameters and anchorage 

details. Specifically, three different structural details are considered for beams and 

columns, involving the use of φ12, φ14, φ16 bar diameters, different stirrups diameter 

(φ6, φ8) and spacing (150/200mm). Moreover, three different structural details for the 

exterior joints are also considered. This leads to a total number of 108 parametric 

configurations, each analysed by using the SLaMA procedure. Therefore, a range of global 

capacity curves accounting for details uncertainties is obtained.  It is worth noting that the 

structural details of the exterior joint panels strongly affect their shear and deformation 

capacity (Priestley 1997, Pampanin 2002). In this study, the joint strength coefficients (kj) 

and deformation capacities provided by the NZSEE (2017) are considered.  
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Regarding Scenario 3, material properties are identified based on the construction period 

and available results from the most relevant works in literature. Specifically, mechanical 

properties of typical materials used in pre-1970s buildings are assumed according to 

Verderame et al. (2001a,b). For concrete compressive strength, a mean value fc=16.5 MPa 

and a Coefficient of Variation CoV=0.15 are considered; while, the mean value of steel 

yield strength is fsy =320 MPa with CoV = 0.08. For both concrete and steel strengths, nine 

equally spaced points in the range of μ ± 2σ (μ=mean, σ=dispersion) are sampled, 

according to a nine-factorial Design of Experiment (DoE) (as in Gentile et al. 2021). 

Therefore, 81 alternative configurations are finally employed.  

Results in terms of SLaMA-based capacity curves for all case-study scenarios are 

presented in Fig 6. 

 

Fig. 6 – Analytical capacity (push-over) curves for each case-study scenario. 

Global pushover capacity curves are obtained for each scenario, as well as the Beam-Sway 

(upper bound) and the Column-Sway (lower bound) capacity curves. When limited data 

collection is available, the multi-knowledge assessment procedure allows to identify a 

range of possible capacity values/curves without the need for numerical simulation. As 

mentioned above, a discrete number of building configurations is considered for Scenario 2 

and Scenario 3, i.e. 108 and 81 configurations respectively, therefore, a range of seismic 

capacity values in terms of both base shear and displacement are identified through the 

implemented assessment procedure. The normal (Gaussian) probabilistic distributions of 

the obtained base shear values are also reported in Fig. 6, highlighting that Scenario 2 is 

characterized by higher dispersion than Scenario 3. This result further confirms that the 

information on reinforcement/structural details strongly affect the strength capacity of the 

structure, and this is in line with other research studies in literature (e.g. Gentile et al. 

2021). Focusing on the displacement capacity, slight modifications are observed when 

comparing the case-study scenarios. This is mainly due to the obtained plastic mechanism, 

characterized by external joint shear failures in all scenarios. Ultimate global displacement 

capacity is thus limited by the Life Safety deformation capacity of external joints (fixed at 

inter-storey drift value of 1.0%, according to NZSEE2017) for all the case-study scenarios. 

Finally, regarding Scenario 1 (limited data collection) the range of possible capacity values 

is conservatively assumed to be limited by the Column-Sway and Mixed-Sway capacity 

curves, in order to account for the higher uncertainty affecting this case-study scenario. 
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3.4 Seismic risk classification 

The seismic risk class of each case-study scenario is assessed according to the Italian 

“Guidelines for the seismic risk classification of constructions” (DM 65 2017, Cosenza et 

al. 2018). In this document, a simplified methodology to evaluate the Expected Annual 

Losses (EAL) is proposed. The seismic risk class is identified as the minimum between the 

class describing the building life safety performance, related to a safety index IS-V 

(equivalent to the %New Building Standard, %NBS, used in the NZSEE 2017 guidelines), 

and the EAL class. To implement the methodology, the demand/capacity ratios at different 

limit states are evaluated applying the Capacity Spectrum Method (CSM, ATC40 1996). In 

the case of limited data acquisition, the CSM is applied considering all the parametric 

capacity curves. Therefore, different performance points are identified, as well as a range 

of IS-V and EAL values (Fig. 7). The IS-V and EAL indexes are also computed for the 

Beam-Sway and Column-Sway curves. The IS-V and EAL values, thus the seismic risk 

classes, are finally compared for each considered scenario (Fig. 8). 

 
Fig. 7 - Scenario 3: Performance points at Life Safety Limit State (LSLS) (left) and EAL curves.  

 

Fig. 8 – IS-V and EAL values for each considered scenario. 

Fig. 8 summarizes the expected, possible, and outstanding values obtained for both IS-V 

and EAL indexes. Considering Scenario 1, the highest range of expected values is found, 

due to a lack of knowledge and conservative assumptions made. The IS-V index values are 

in the range of 35-86% (IS-V class “DIS-V” and “AIS-V”, respectively), while EAL index 

values are in between 4.14% and 1.59% (EAL class “EEAL” and “CEAL”, respectively). Risk 

classes “A+
IS-V” and “AEAL” are obtained for the IS-V and EAL indicators, respectively, 

when the Beam-Sway capacity curve is also involved. Moving to an incomplete knowledge 

level, i.e. Scenarios 2 and 3, a significant reduction of expected value range is observed. 

For these knowledge scenarios, expected values of both indexes are evaluated considering 
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the different parametric configurations of the structural members, involving uncertainties 

related to reinforcement/structural details (Scenario 2) or material properties (Scenario 3). 

Considering Scenario 2, the expected values are IS-V = 85.8-100.4% (class “B”-“A”) and 

EAL = 1.39-1.17% (class “B”). Colum-Sway mechanism leads to IS-V =31.7% (class “D”) 

and EAL = 4.40% (class “E”). In Scenario 3 the expected values for IS-V index are in the 

range of 88.7-97.8%, while EAL values are 1.15-2.22%. It can be noted that a broader 

EAL range of values is obtained for Scenario 3 when compared to Scenario 2, while 

similar dispersion is obtained for both scenarios when considering the IS-V index. This is 

mainly due to the stiffness and the global displacement capacity at the yielding point of the 

structure, which strongly affects the seismic performance at lower intensity levels. Finally, 

in Scenario 4 (complete data acquisition) IS-V=96.5% and EAL=1.08% are obtained. 

Therefore, although the case-study building is designed for gravity load only, results 

highlight a good seismic performance of the structure, assessing a final seismic risk class 

“B” when complete knowledge is available. This is mainly due to the moderate seismicity 

of the site. Moreover, in this study, only the longitudinal 9-bay frame is considered, while 

the transversal 3-bay frame may lead to higher seismic vulnerability of the building. It is 

worth noting that both Scenario 2 and Scenario 3 provide a similar range of seismic risk 

class (“B” and “C”-“B”, respectively) when compared to Scenario 4 (“B”), confirming the 

effectiveness of the proposed methodology. Finally, Column-Sway and Beam-Sway are 

deemed as representative of probable and exceptional values, respectively. If specific 

information about structural weakness is collected, such as the presence of a pilotis storey, 

a soft-storey mechanism may occur, and the Column-Sway result should be considered. On 

the other hand, Beam-Sway results in terms of both capacity curve and seismic risk 

indexes could be useful to support decisions about retrofit strategies/solutions 

4. Conclusions  

This paper proposes and develops a multi-knowledge seismic assessment procedure for 

existing RC buildings. The procedure is based on the analytical-mechanical SLaMA 

(Simple Lateral Mechanism Analysis) method, allowing to assess the safety level and 

direct economic losses of buildings without any need for a computer/numerical model. The 

procedure is applied to a case-study school building, considering alternative scenarios 

accounting for different uncertainties and reliability of available information. Results 

confirm the potential of the proposed methodology to evaluate the range of expected 

vulnerability values (both in terms of Safety Index and Expected Annual Losses) based on 

different/increasing level of building knowledge. The methodology could be used in 

seismic-risk assessment studies at national level when limited building information is 

available. Moreover, the approach could be coupled with vulnerability assessment survey 

forms and/or databases, providing a dynamic and adaptive tool able to reduce the 

uncertainties in the results when more building data are collected. Nevertheless, future 

investigations are needed to further validate the proposed methodology. 
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Abstract: Multiple combined hazards can affect the structures during their live span and 

may conditionate the future structural behaviour for some types of loading. That is the case 

of a structure previously damaged by fire and then loaded under seismic loading. For 

seismic hazard zones it is important assess the seismic performance of existing reinforced 

concrete (RC) structures designed according to old codes and without seismic detailing. This 

structural seismic assessment is even more important for buildings that were previously 

damaged by fire. Therefore, it is critical develop and validate fire retrofitting methods that 

can also improve the seismic behaviour. This paper presents the results of a novel 

experimental campaign carried out on four (two of them repaired and strengthened with 

CFRP wrapping after fire exposure) full-scale reinforced concrete columns previously 

damaged by a 30 or 90 minutes standard fire and then tested under uniaxial cyclic lateral 

loading up to failure. Moreover, two additional control columns, one as-built and another 

strengthened, were cyclically tested for comparison. A considerable decrease in the 

deformation capacity and dissipated energy was observed in the columns after fire exposure, 

even for the 30 minute fire. Moreover, the post-fire repaired and strengthened columns may 

reach similar seismic performance than analogous strengthened columns without previous 

fire damages. 

Keywords: Existing RC columns, post-fire strengthening, post-fire cyclic loading, 

experimental cyclic tests 

1. Introduction 

Previous fire damages on structures located in a seismic hazard zone, may conditionate the 

seismic performance of the structures during an earthquake. The seismic assessment and 

retrofitting of RC structures previously damage by fire is even more important than the 

seismic assessment of non-damaged structures in seismic hazard zones once the structures 

may have larger vulnerability. Current design codes and guidance allow engineers to 

design for the primary performance drive, life safety (CEN 2002, CEN 2009, CEN 2014), 
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and more recently for property protection (Standards 2019). However, there is little data on 

the damage of RC structure to fire, with qualitative assessments for damage (Society 

2008), or quantitative assessments based on expert judgement (Ioannou, Aspinall et al. 

2017, Rush and Lange 2017). 

Several works have been developed on the post-earthquake fire behaviour of RC elements 

or structures (Behnam and Ronagh 2013, Kamath, Sharma et al. 2015, Shah, Sharma et al. 

2016, Vitorino, Rodrigues et al. 2020) and have concluded that the structures previously 

damaged by the seismic loads and then exposed to a fire are more vulnerable than those 

that are not damaged. However, the post-fire seismic performance of RC elements or 

structures have been less studied (Ni and Birely 2018, Li, Liu et al. 2019, Demir, Goksu et 

al. 2020, Demir, Unal et al. 2021) and there are no guidelines for the engineers in this 

situation. 

In the experimental study developed by (Li, Liu et al. 2019) on seismic performance of 

post-fired reinforced concrete frames it was possible conclude that the pinching effect was 

more remarkable for the post-fire RC frames than the corresponding unfired frames, higher 

stiffness degradation and considerably lower ductility and dissipated energy were observed 

in the post-fire specimens. Two works developed by (Demir, Goksu et al. 2020, Demir, 

Unal et al. 2021) about the time after fire of the post-fire seismic performance of RC 

columns and post-fire seismic behaviour of RC columns built with sustainable concrete 

have concluded that longer the time after fire higher is the stiffness of the columns due to 

the partial recover of the concrete properties (compressive and tensile strength and elastic 

modulus) and for the columns with sustainable concrete the fire expose did not 

significantly affected the ductility up to moderate fire, but for severe fire the ductility is 

dropped. 

This paper presents the main results of cyclic tests performed on repaired and strengthened 

RC columns previously damaged by fire. The repair and strengthening techniques aim 

increase the concrete strength, previously affected by high temperature, the ductility and 

the energy dissipation capacity of the RC columns. More information regarding this 

experimental campaign can be find in (Melo, Triantafyllidis et al. 2022). 

2. Details of the columns and experimental setups 

2.1. Columns detailing and material properties 

Six full-scale RC columns with the same square cross section and reinforcement detailing 

were built at the same time. The columns were designed according to the old Portuguese 

code (REBA 1967) and without any seismic and fire requirements. The geometry, cross-

section details and location of thermocouples are presented in Fig.1. Each specimen 

represents a half-storey cantilever column of a 3.0m storey height, at foundation level, of a 

structure with three or four storeys. Despite the specimens have 1.65m length, the lateral 

load is applied at 1.5m from the top foundation. The columns have square cross-section 

with dimensions of 0.30x0.30m2 and a stiff block with dimensions of 0.44x0.44x0.5m3 

simulate the foundation. The columns have eight 12mm longitudinal reinforcing bars 

(longitudinal reinforcement ratio of 1%) and stirrups of 6mm diameter spaced at 0.15m and 

with 90° anchorage hooks. The concrete cover is 25mm. The columns were casted together 

in a single phase and cured for at least 6 months at ambient laboratory temperature and 

relative humidity conditions, to reduce the risk of spalling during furnace testing. 
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The experimental campaign consisted in three different stages: i) fire tests; ii) repair and 

strengthening of the columns; iii) lateral cyclic loading test with constant axial load until 

failure. The six columns were distributed in two control columns (one as-built, C, and 

another similar strengthened column, C-S), two columns (M and M-S) were exposed to the 

30 minutes fire duration (medium fire) and two more columns (L and L-S) were exposure 

to the 90 minutes fire duration (long fire). One column exposure to medium fire (M-S) and 

another exposure to long fire (L-S) were later repaired and strengthened before the cyclic 

tests. All the columns were cyclic tested under the same load protocol. 
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Fig. 1 - Geometry and reinforcement detailing: a) global dimensions; b) cross-section; c) location of 

thermocouples (dimensions in mm). 

Table 1 summarises the mean values of the concrete and steel properties, where fcm is the 

concrete compressive strength of cylinder samples (Ø150mm × 300mm) according to the 

standard norm NP EN 206-1 (NP-EN206 2000), fym is the yield strength of reinforcement, 

fum is the ultimate tensile strength of reinforcement and εcu is the ultimate strain of 

reinforcement.  

Table 1. Mean values of the concrete and steel mechanical properties 

2.2. Fire exposure setup 

The fire tests were performed using a vertical furnace with internal dimensions of 3.1 × 3.1 

× 1.2 m3 (h × w × d) located at the Structural and Fire Resistance Laboratory at Aveiro 

University, Portugal. The furnace can perform standard fire resistance tests on materials 

and construction elements according to the European Standards. Fig. 2-a shows the front 

view of the furnace. The columns were placed centrally in the furnace and tested 

individually under the respective fire conditions. The block foundation and the top column 

were protected from heat with a 50 mm thick layer of ceramic fibre blanket insulation 

(density of 128kg/m3) to prevent fire damages where the column is restrained and the loads 

are applied during the cyclic test. 

Column Fire Strengthening 
Cyclic 

test 

Concrete Steel – 12mm Steel – 6mm 

fcm  

(MPa) 

fym 

(MPa) 

fum 

(MPa) 

εcu 

(%) 

fym 

(MPa) 

fum 

(MPa) 

εcu 

(%) 

C   Yes 

33.5 445 571 17.5 540 639 18 

C-S   Yes 

M 30 min  Yes 

M-S 30 min Yes Yes 

L 90 min  Yes 

L-S 90 min Yes Yes 
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a) b) 

Fig. 2 – a) Front view of the fire test setup; b) ISO 834 and imposed time-temperature curves. 

The temperature evolution during the fire tests followed the ISO 834 (ISO 1999) standard 

fire curve for 30 minutes (medium fire) in columns M and M-S and 90 minutes (long fire) 

in columns L and L-S. Standard fire durations of 30 and 90 minute were selected in order 

to induce relatively light and severe fire damage to the column specimens in line with the 

fragility curves developed by (Ioannou, Aspinall et al. 2017). The ISO 834 and the 

imposed time-temperature curves are presented in Fig. 2-b. The peak mean gas phase 

temperatures measured by the furnace plate thermometers were 842°C and 1006°C 

(standard deviations of ±14oC and ±8oC) for the adopted medium and long fires, 

respectively. After the fire exposures reached the time set point (30 or 90 minutes), the 

propane burners were turned off and the furnace was allowed to cool naturally. In the 

cooling phase, the furnace was kept closed until the interior temperature dropped to at least 

100°C. The cooling phase took 10 and 24 hours for the columns tested under medium and 

long fires, respectively. 

2.3. Cyclic loading test setup 

The cyclic tests were carried out in a rig available in the Structures Laboratory at Porto 

University for performing uniaxial and biaxial cyclic tests on reinforced concrete columns 

with constant or varying axial loads. The test rig includes a vertical actuator used to apply 

the axial compressive load and a horizontal actuator to apply the cyclic lateral 

displacements (dc). The axial load (N) was set to a constant value of 410 kN. The lateral 

displacements (dc) are imposed at 1.50 m from the foundation and each demand level cycle 

is repeated three times, with gradually increasing demand levels. The adopted lateral load 

path followed the nominal peak displacement levels of 3, 5, 10, 4, 12, 15, 7, 20, 25, 30, 35, 

40, 45, 50, 55, 60, 65, 70, 75, 80 (in mm). In this test setup it is assumed that the P-Delta 

effects are neglected. More information on this test rig can be found at (Rodrigues, Arêde 

et al. 2013) and (Lucchini, Melo et al. 2022). 

3. Fire tests results 

3.1. Temperature evolution 

The temperature evolution within the columns during the medium and long fire exposure 

and cooling stages are shown in Fig. 3 and Fig. 4, respectively. These show the envelope of 

all thermocouple measurements at each location for both cross-sections AA’ and BB’ (i.e. 

a set of eight readings for each of locations 1&7, 2&6, 8&11, and 9&10; and a set of four 

readings for locations 3, 4, and 5). The peak average temperature at the end of the 30 min 

heating phase was 772oC (standard deviation ±41oC) at the corner and 734oC ±39oC at 

surface centre of columns M and M-S. The respective temperatures for columns L and L-S 
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at the end of the 90 min heating phase were 967oC ±16oC and 949oC ± 15oC. In the 

concrete, temperatures increased at a slower rate and continued to increase even after the 

decay phase of the fire exposure had started. Following the 30 min fire exposure, the centre 

of the concrete core reached a peak temperature of 153oC ±12oC after approximately 4 

hours (280 minutes from start of the heating). In the case of the 90 min exposure, peak 

temperatures in the core reached 348oC ±27oC at 320 minutes from the start of the heating. 
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Fig. 3 – Temperature evolutions and average temperature evolutions: a) column M; b) column M-S. 
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Fig. 4 – Temperature evolutions and average temperature evolutions: a) column L; b) column L-S. 

3.2. Fire damage 

    
M M-S L L-S 

Fig. 5 – Damages observed after fire test. 

The damage observed after the fire exposure are presented in Fig. 5. After the medium fire 

were only observed transversal concrete cracks in the corners of the column. After the long 

fire spalling and cracks on the concrete cover were observed. The large concrete 

aggregates are limestone and the sand is quartz and therefore larger aggregates were more 
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affected by the long fire. After the long fire, the concrete surface was observed to became 

irregular and rough, and consequently it was not possible to identify the crack pattern. 

4. Repairing and retrofitting of the columns 

Columns M-S and L-S were repaired by replacing the concrete damaged during the fire 

exposure with new structural repair mortar. In column M-S only the concrete corners were 

removed while in column L-S the whole concrete cover was removed to the depth of the 

longitudinal reinforcement. The damaged concrete was replaced by a R4 class structural 

mortar according to EN1504-3 (CEN 2009) with a minimum compressive strength of 45 

MPa. The original cross-section dimensions of the columns were kept, and the edges were 

rounded to a radius of 25 mm. In strengthened control column C-S, the edges were also 

rounded to a radius of 25 mm. In all retrofitted columns, the concrete surface was 

roughened and cleaned.  

The columns were wrapped with three layers of CFRP sheet along their height to increase 

the concrete confinement. The wrapping method followed the same procedure already 

implemented in columns of beam-column joint specimens (Pohoryles, Melo et al. 2018). 

The CFRP sheet properties were: design thickness (tf) – 0.168mm; ultimate strength (fu,FRP) 

– 4300MPa; ultimate strain (εu,FRP) – 1.7%; and elastic modulus (EFRP) – 240GPa. 

5. Cyclic test results 
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Fig. 6 – Lateral load-displacement relationship: a) C and M; b) C and L; c) C and M-S; d) C and L-S. 
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The direct comparison between the control columns (C and C-S) and the other columns of 

the experimental cyclic results are shown in Fig. 6. Column M shows a reduction in the 

initial stiffness but similar maximum force and deformation capacity as the control column 

(C). In the case of 90-minute fire, a reduction in initial stiffness as well as a significant 

reduction in peak force and column ductility are observed in the column L as compared to 

the control specimen. The retrofitted columns with fire damage (M-S and L-S) reached 

lower peak loads and had lower initial stiffnesses than the retrofitted control column (C-S). 

The unloading-reloading stiffness, and consequently the pinching effect, is similar for all 

the retrofitted columns. 

Similar values of the peak force (Fc,max) were observed in columns C and M. Instead, 

columns L, C-S, M-S and L-S achieved -23%, +10%, +2% and -2% of the column C peak 

force, respectively. The Fc,max  of columns M-S and L-S were  -7% and -11% of that of 

column C-S. The displacement ductility differences between column C and columns M, L, 

C-S and M-S were -44%, -66%, +79% and +8%, respectively. The cumulative hysteretic 

dissipated energy values at the ultimate drift for columns C, M, L, C-S and C-M, were 

respectively 53.7 kNm, 45.1 kNm, 25.0 kNm, 175.5 kNm and 187.7 kNm. Columns M and 

L dissipated 16% and 53% less energy than the control column C up to the ultimate drift 

and columns C-S and M-S dissipated 227% and 250% more energy than column C. The 

fire damage decreases the energy capacity of the columns and the CFRP wrapping 

increases significantly the dissipated energy capacity for cyclic lateral loading. 

5. Main conclusions 

An experimental campaign performed on six full-scale RC columns was developed to 

assess the post-fire seismic performance of the columns and after post-fire strengthening. 

Based on the experimental results, the following conclusions can be drawn: i) After the 

medium fire (30 minutes) only transversal cracks in the corners of the columns were 

observed, but after the long fire (90 minutes) concrete cover spalling and general cracking 

were observed; ii) the displacement ductility and dissipated energy of columns M and L 

were respectively 44% and 66% and 16% and 53% lower than in the control column C. 

This shows that the cyclic response of column L was severely compromised by the long 

fire, which justifies the need for the column to be strengthened after the fire; iii) columns 

M-S and L-S (repaired and strengthened with CFRP wrapping after fire) showed better 

cyclic behaviour than the control column C with cumulative dissipated energy 227% and 

250% larger than column C, respectively; iv) the repair and strengthening method here 

studied improved the cyclic behaviour of the columns after a medium or long fire and they 

can have a significant better seismic response than the original control column C without 

fire exposure. Moreover, the post-fire of the strengthened columns can achieve similar 

seismic performance than analogous strengthened columns without previous fire damage. 
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Abstract: Most of the existing buildings in Greece are designed without seismic provisions, 

thus these structures generally possess low strength and ductility. As a consequence, they are 

prone to structural failure, which may lead to considerable economic and human losses during 

an earthquake. The reliable evaluation of the seismic safety of such buildings has received 

considerable attention in the last decades, especially in highly seismic-prone regions, as 

Greece. The present case study aims to evaluate the seismic performance of an existing gravity 

load-designed reinforced concrete framed building applying two variations of elastic dynamic 

analysis, according to the provisions of the Greek Code for Structural Interventions, namely 

analysis with a global behaviour factor q and analysis with local ductility factors m. The 

building, consisting of a basement and three storeys, is located in the city of Thessaloniki 

(Greece) and was constructed according to relevant information in the early 1900s without 

seismic code provisions. The analyses led to general conclusions concerning the two 

variations of analysis applied and the overall seismic behaviour of the building. 

Keywords: response spectrum analysis, reinforced concrete building, seismic assessment, 

seismic codes  

1. Introduction 

One of the most important loads that must be carried with safety by the structures is the one 

imposed by the earthquake ground motions. The evaluation of the seismic safety of existing 

buildings has received considerable attention in the last decades, as the majority of the 

buildings is constructed without modern seismic code provisions, so their seismic 

performance is not aligned with the most recent scientific standards. The problem is more 

pronounced for countries with regions of high seismicity, as Greece. The seismic action is 

particularly important for Greece, as it is located in one of the most active seismic zones of 

the earth. It is known that from ancient times the seismic activity in Greece was very intense, 

causing at times enormous losses in human lives and economy. Moreover, a great part of 

greek Reinforced Concrete (R/C) buildings are designed before the existence of seismic 

design codes or without proper provisions to resist earthquake loads. These buildings 

generally possess low strength ductility, so they are prone to structural failure, which may 

lead to considerable economic and human losses during an earthquake. Hence, seismic 

evaluation of these structures is essential to prevent a disaster during their conventional 

lifetime. 

From the above it becomes clear the necessity of developing reliable methods for seismic 

assessment and strengthening of these structures. One of these analysis methods proposed 

by the set of modern seismic code provisions worldwide (ASCE/SEI 41-13 (2014); EC8-1 
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(2005); EC8-3 (2005); FEMA 356 (2000); KAN.EPE. (2013)) is the elastic dynamic method 

of analysis. According to this method, the safety verifications are conducted using seismic 

demands determined by a response spectrum analysis. One of the greek seismic codes that 

is in force in the last years is the Greek Code for Structural Interventions KAN.EPE. (2013). 

The scope of this standard, which serves as a greek national annex for EC8-1 (2005) and 

EC8-3 (2005), is the enactment of criteria for the assessment of the structural capacity of 

existing structures and for their potential interventions, repairs or strengthening. According 

to KAN.EPE., two different variations of the elastic dynamic analysis are introduced, namely 

elastic dynamic analysis with a global behaviour factor q (method q) and elastic dynamic 

analysis with local ductility factors m (method m). Both the methods are based on the same 

general procedure. However, they have significant differences which may lead to different 

results. 

The objective of the present case study is the seismic assessment of an existing gravity load-

designed R/C framed building applying the two variations of elastic dynamic analysis, 

according to the provisions of KAN.EPE. (2013). The building, consisting of a basement 

and three storeys, is located in the city of Thessaloniki (Greece) and was constructed 

according to relevant information in the early 1900s. The main load bearing structure 

comprises beams and columns, whereas the foundation of the building consists of individual 

footings and connecting beams. Of great importance is also the presence of significant infill 

walls made of masonry along the perimeter of the basement, something which can explain 

the good behavior of the building during the earthquake of 1978. The analyses conducted in 

the present case study led to general conclusions concerning the two variations of analysis 

applied and the overall seismic behaviour of the building. 

2. Description and modeling of the investigated building 

2.1. Description 

For the analyses conducted in the present paper a R/C building consisting of a basement and 

three storeys (ground storey, 1st storey and 2nd storey) is considered. The building is located 

in the city of Thessaloniki (Greece) and was constructed according to relevant information 

in the early 1900s without following modern seismic code provisions. The general 

topographic diagram, as well as two street views of the investigated building, are shown in 

figure 1.  

 

Fig. 1 - General topographic diagram and street views of the investigated building. 

 

The two main parts of the building are separated in height by a 2.5cm thick construction 

joint, which divides the structure in two separate parts (part I and II, figure 1). In the present 

case study, the seismic behaviour of building I will be assessed. The plan-view of the 

building’s storeys, as well as the dimensions and the longitudinal reinforcement of the 
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structural elements, are shown in figure 2. The main load bearing structure consists of beams 

and columns. Note that the cross-sectional dimensions of the perimeter columns of the 

building are reduced in height. The longitudinal reinforcement of the beams and the columns 

are shown in figure 2, whereas the shear reinforcement of beams and columns is stirrups 

Ø6/250 and Ø6/200 respectively within both critical and non-critical regions. The slabs have 

a thickness of 12cm with reinforcement of Ø8/150 along the two horizontal axes. The 

foundation of the building consists of individual footings and connecting beams with 

dimensions of 50/55 (cm) and longitudinal reinforcement equal to Ø12/130 (bottom) and 

Ø12/260 (top). 

Of great importance is also the presence of significant infill walls made of masonry with a 

strength of 20 MPa and a thickness of 50 cm along the perimeter of the basement. This 

observation can explain the good behavior of the building during the earthquake of 1978. 

On the upper storeys, the masonry infills, which have a thickness of 10 to 20 cm, are made 

of bricks, whereas the characteristic compressive strength is rather low. 

The concrete category was found to be B300 (C20/25 according to EC2 (1991)) and the 

category of the reinforcing steel is S220 (Stahl I). The vertical loads of the slabs are the 

following:  

• Basement: dead load g=4.60 kN/m2 and live load q=5.00 kN/m2 

• Ground and 1st storey: dead load g=3.75 kN/m2 and live load q=5.00 kN/m2 

• 2nd storey: dead load g=4.60 kN/m2 and live load q=5.00 kN/m2 

2.2. Elastic modelling 

The building was modelled in the professional program for R/C building analysis and design 

RA.F. (2020). For the modelling of the building all basic recommendations of EC8-1 (2005) 

(e.g. diaphragmatic behavior of the slabs, rigid zones in the joint regions of beams/columns) 

were taken into account. The effective flange width for T and L beams was calculated using 

the relations given in EC2 (1991). Special attention was given to the modelling of the thick 

masonry infills of the basement, in order to reliably account for their influence on the seismic 

response of the building. Each masonry infill was modelled as a wall with the aid of two 

diagonal struts according to the modelling procedure proposed by Morfidis et al. (2008), 

where the elastic properties of the struts, as well as of the perimeter R/C frame (beams and 

columns) are given in details. Figure 3 illustrates the final structural model of the 

investigated building, as it was formed by the professional program for R/C building analysis 

and design RA.F. (2020).  
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      Fig. 2 - Plan views of the investigated building and properties of the structural elements. 
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Fig. 3 - Structural model of the building. 

3. Method of elastic dynamic analysis according to KAN.EPE. 

According to KAN.EPE. (2013), one of the methods that can be used for the buildings' analyses 

in the context of seismic assessment is elastic dynamic analysis, which is the same as the modal 

response spectrum analysis proposed by EC8-1 (2005). In particular, KAN.EPE. (2013) 

introduces two different variations of the method, namely elastic dynamic analysis with a global 

behaviour factor q (method q) and elastic dynamic analysis with local ductility factors m (method 

m). Both the methods are based on the same general procedure. In the following, the steps of the 

elastic dynamic analysis, as well as the data which are common for the two variations of the 

analysis (methods q and m) are given: 

• Elastic modeling of the building, in order to adequately represent the distribution of stiffness 

and mass. The elastic model of the investigated building was given in Section 2. Moreover, 

the masses of each storey were considered lumped at the centre of gravity, as a result of the 

rigid floor diaphragms. 

• Consideration of accidental torsion effects with the aid of accidental eccentricities, which 

equal to 5% of the building's dimension. 

• Conduction of eigenvalue analysis and determination of modes and periods of vibration. 

• Determination of the seismic action in terms of a response spectrum. For the present 

investigation the horizontal spectrum (design spectrum for method q and elastic response 

spectrum for method m) as defined in EC8-1 (2005) for αg=0.16g, viscous damping 5% 

and ground type C was used. 

• Conduction of modal response spectrum analysis. 

• Combination of modal responses and of the effects of horizontal bidirectional seismic 

components according to the methods given in KAN.EPE. (2013) and EC8-1 (2005). 

• Conduction of safety verifications for each critical cross section using a safety inequality 

according to the procedures given in KAN.EPE. (2013). 

The difference between the two variations of elastic dynamic analysis (methods q and m) refers 

to the way that the inelastic/ductile bending response of individual structural members, and 

consequently, the ability of the structure to dissipate hysteretic energy, is taken into account. 

More specifically, when the analysis is made with the use of the global behaviour factor 

method (q), the seismic bending demands are calculated by a response spectrum analysis 

using the design spectrum of the seismic code. Thus, the ability of energy dissipation is 

considered through the reduction of the 'global' seismic forces with the aid of the behaviour 
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factor q. On the other hand, when the analysis is made on the basis of the local ductility 

factors (m) the seismic bending moments are first calculated by a response spectrum analysis 

using the elastic response spectrum of the seismic code. Then, their values at every critical 

cross section are reduced locally by dividing them with the ductility factors m, which are 

determined by analytical formulae given in the standard. Thus, the ability of energy 

dissipation is taken into account locally, using different reduction factors for every critical 

element. In both methods the seismic shear forces are determined with the aid of capacity 

design principles.  

Note that method m, although it is harder to apply it than method q, attempts to provide a 

more rational and reliable estimation of the building's seismic behaviour, since it accounts 

in detail for the inelastic bending response (damage) in each possible position of formation 

of plastic joints. The hysteretic energy dissipated is calculated in detail and taking into 

consideration the special characteristics (dimensions, material, reinforcement) of each cross 

section. Furthermore, in case of method q the stiffness of the linear frames shall be estimated 

as a percentage of stage-I stiffness using predefined values given in KAN.EPE. (par. 4.4.1.4) 

(cracked R/C elements). On the contrary, when method m is adopted for the analysis, the 

effective stiffness of the R/C frame elements shall be determined on the basis of analytical 

formulae given in KAN.EPE. (par. 7.2.3). It must be mentioned that the values of effective 

stiffness calculated with the aid of par. 7.2.3 are usually rather smaller than the ones proposed 

in par. 4.4.1.4, something that leads to a more flexible structural model with considerably 

smaller values of vibration periods. 

4. General assumptions for the building's seismic assessment according to KAN.EPE. 

4.1. Objective of the seismic assessment 

According to KAN.EPE. (2013), in order to serve broader socio-economic needs various 

“performance levels” (target behaviours) are stipulated under relevant prescribed design 

earthquakes. The objectives of the assessment or redesign, which are shown in figure 4, consist 

of combinations of both a performance level and a seismic action, given an acceptable 

probability of exceedance within the technical life cycle of the building (design earthquake). 

Note that a nominal technical life cycle equal to the conventional lifetime of 50 years is generally 

accepted, regardless of the estimated actual remaining life of the building. The assessment 

objective of the investigated building can be chosen by the project owner provided that it is equal 

to or higher than the minimum acceptable objective, which is C1 according to KAN.EPE. Taking 

into account the minimum acceptable objective, for the needs of the present investigation, the 

assessment objective B1 is chosen, in order to be aligned with the seismic provisions of EC8. 

More specifically, according to B1 objective, the seismic behaviour of the building is assessed 

for an earthquake with a 10% probability of exceedance within the conventional life cycle of 50 

years (average return period of 475 years), whereas the performance level is Life Safety, that 

denotes a condition in which repairable damage to the structure is expected to occur, without 

causing loss or serious injury of people and without substantial damage to personal property or 

materials that are stored in the building. 

 

Fig. 4 - Objectives of seismic assessment according to KAN.EPE. (2013). 
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4.2. Uniform behaviour factor q 

As mentioned above, one of the assessment methods that is examined in the present study is 

method q. According to this method, the uniform behaviour factor q must be determined. The 

estimation of q is done taking into account the factors that participate in the seismic energy 

dissipation. According to KAN.EPE. (2013), depending on the intended performance level for 

the assessment of the structure, modified values q* which are given in figure 5(a) are used, with 

reference value q' estimated with the aid of the table in figure 5(b). For the building investigated 

herein, a value of q*=q'=1.7 was chosen (standards applied for design <1985 and without 

substantial damage in primary elements according to relevant technical reports). Note that this 

value is in general alignment with the seismic provisions of EC8-3 (2005), where a value of 

q=1.5 is proposed in case of R/C buildings. 

  

 (a)                                                                      (b) 

Fig. 5 - Values of q*/q΄ ratio (a) and values of q΄ (b) (KAN.EPE. (2013)). 

 

4.3. Data reliability level (DRL) 

The Reliability Level of Data (DRL) related to actions or resistances, signifies the adequacy of 

the information regarding the existing building and is taken into account in the assessment and 

redesign. According to KAN.EPE. (2013), there are three DRL categories (High, Sufficient and 

Tolerable), which can be different for the various sub-categories of information that can be 

determined. Note that the DRLs are equivalent with the Knowledge Levels (KL) which are given 

by EC8-3 (2005). The impact of the DRLs on the assessment of the building can be crucial, 

since, depending on them: 

• The appropriate safety factors γf for certain actions with uncertain values are selected. 

• The appropriate safety factors γm are selected according to the data for existing materials 

For the building under investigation the following assumptions about the DRLs were made: 

• The DRL for the concrete is sufficient, since information about the concrete strength is 

provided by measurements conducted in previous years. In particular, the concrete category 

was found to be B300 (C20/25 according to EC2 (1991)). 

• The DRL for the steel is sufficient. The category of the reinforcing steel was found to be 

S220 (Stahl I). 

• The DRL for geometric data is sufficient, since the data has been determined with the aid of 

measurements conducted with adequate reliability. 

4.4. Safety inequality and safety factors 

According to KAN.EPE. (2013), the safety inequality applied during the assessment and 

redesign of existing structures has the same general form also provided in the EC8-3 (2005): 
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where: 

• Sd is the assessment values of force or deformation measures that are caused by the 

imposed actions 

• Rd is the design assessment values of the available respective resistances (in terms of 

forces or in terms of deformations) 

• Sk is the representative values of basic and accidental actions, for which there is a certain 

probability of exceedance in 50 years 

• Rk is the representative values of material properties that determine the values of 

resistances and have a certain probability of exceedance 

• Rk is the representative values of material properties that determine the values of 

resistances and have a certain probability of exceedance 

• γf and γm are partial safety factors for actions and material properties through which the 

possible unfavourable deviations of the corresponding variables from their representative 

values are taken into account 

• γsd and γRd are partial factors which take into account the increased (compared to the design 

of new buildings) uncertainties of the models, through which the effects of actions and all 

types of resistances are assessed respectively 

For the building under investigation the following values of the partial safety factors determined 

on the basis of the DRLs were chosen: γm=1.0, γsd=1.1 (figure 6 - light and local damage 

according to the technical report), γf=1.1 (permanent actions of the seismic combination), γf=0.3 

(variable actions of the seismic combination). 

 

 

Fig. 6 - Values of partial factor γsd (KAN.EPE. (2013)). 

5. Comparative evaluation of analyses results 

The investigated building was analysed with the aid of the two variations of elastic dynamic 

analyses (methods q and m) proposed by KAN.EPE. (2013) and the safety verifications for 

bending moments and shear forces were conducted for each critical cross section. Figures 7 

and 8 illustrate the range of the capacity Ratios (CR), which are the ratios of seismic demand 

to capacity for the main internal structural forces (moment and shear, respectively). 

Moreover, in figure 9 the percentages (%) of bending and shear failures in all the critical 

cross sections of the building are shown. 

From the analytical study it was found that the seismic capacity of the existing gravity load-

designed structure is inadequate for the seismic requirements of modern seismic codes. As 

a general conclusion, the building's behaviour in bending is better than the one for shear 

forces. A comparison between methods q and m clearly reveals that method q was more 

conservative, leading to a larger number of failures than method m. This conclusion is valid 

for both bending and shear of beams and columns located at the three building's storeys, with 

the exception of shear forces of columns at the 2nd storey. The difference between the two 

methods can be large, for example note that in case of the ground storey columns' bending, 

40% of the critical cross sections were failed when method q was used, whereas only 3% of 

them failed when the analysis was conducted with the aid of method m. Similarly, in case of 
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the ground storey columns' shear, 47% of the critical cross sections were failed when method 

q was used, whereas none of them failed when the analysis was conducted with the aid of 

method m. Also, form figure 9 it can be seen that the differences between the two methods 

tend to be larger for the columns.  

  

 

(a)                                                                                    (b) 

Fig. 7 - CR ranges for the bending of the structural elements according to method q (a) and method m (b) 

 

    

 

(a)                                                                                    (b) 

Fig. 8 - CR ranges for the shear of the structural elements according to method q (a) and method m (b) 

6. Conclusions 

The objective of the present case study is the seismic assessment of an existing gravity load-

designed R/C framed building applying the two variations of elastic dynamic analysis, 

according to the provisions of KAN.EPE., namely elastic dynamic analysis with a global 

behaviour factor q (method q) or elastic dynamic analysis with local ductility factors m (method 

m). The building, consisting of a basement and three storeys, is located in the city of 

Thessaloniki (Greece) and was constructed according to relevant information in the early 
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1900s. The analyses conducted in the present case study led to general conclusions 

concerning the two variations of analysis applied and the overall seismic behaviour of the 

building:  

   

(a)                                                                  (b) 

Fig. 9 -Percentage of bending (a) and shear (b) failures (%). 

• The building is inadequate for the seismic requirements of modern seismic codes. The 

building's behaviour in bending is better than the one for shear forces. 

• Method q was more conservative, leading to a larger number of failures than method m 

in most cases. The differences between the methods tend to be larger for the columns.  

The difference between the two variations of elastic dynamic analysis can be attributed to 

the following reasons: 

• The values of the structural elements' effective stiffness used in case of method m are 

usually rather smaller than the ones proposed for method q, something that leads to a 

more flexible structural model with considerably smaller values of vibration periods, and, 

consequently, to smaller seismic forces. 

• Method m, although it is harder to apply it than method q, attempts to provide a more 

rational and reliable estimation of the building's seismic behaviour, since it accounts in 

detail for the inelastic bending response (damage) in each possible position of formation 

of plastic joints. The hysteretic energy dissipated is calculated in detail and taking into 

consideration the special characteristics (dimensions, material, reinforcement) of each 

cross section. On the contrary, method q attempts to capture the energy dissipation with 

the aid of a global and approximate (thus rather conservative) factor q. 
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Abstract: The misbehaviour of buildings during the recent earthquakes in the 
Mediterranean region resulted in significant loss of human lives, injuries and economic 
losses due to the poor capacity of their structural systems and built-in materials. Identifying 
existing buildings’ vulnerability, also reconsidering and improving their seismic safety, 
becomes a high priority in seismic prone regions. The goal of the presented work was 
defining a seismic safety assessment Protocol for existing buildings, applicable in regions 
with similar structural typology and construction practice. The Protocol is meant to be a 
practical tool for a reliable quantitative and qualitative assessment of the buildings’ 
vulnerability in regions with various seismic hazard levels. Three levels of assessment are 
contained: rapid visual screening procedure, simplified and rigorous seismic analysis of 
buildings. The procedure is meant to establish a seismic safety rating system - "Seismic 
Certificate" for buildings. The algorithm for each phase depends on the knowledge level of 
the relevant parameters (site seismicity, local soil conditions, structural system’s type and 
regularity, importance class, construction period, design and construction regulations at the 
time, construction control, history of changes in the structural system, previous exposure to 
other hazards etc.). Such evaluation would provide valuable knowledge on the seismic 
resistance of the existing building stock. 

Keywords: knowledge level, seismic design, construction practice, rapid visual screening, 
seismic safety score 

1. Introduction 

The latest inventories of buildings conducted every ten years in the European Union show 
that 80% of the total construction fund were built before 1990, while 40% were built 
before 1960. A significant percentage of the older buildings is classified as a cultural 
heritage. Due to the unexpected misbehaviour of the buildings while exposed to the recent 
earthquakes (Italy, Greece, Albania) which resulted in significant economic losses, serious 
injuries and loss of human lives, as well as due to high energy consumption, the need for 
reconsidering and improving the seismic safety and energy efficiency of existing facilities 
in the EU is becoming a priority (Gkournelos et al. (2019)). 
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As there is no regular building inventory in the country, official data can be obtained from 
the population and dwellings censuses, (the last one was carried out in 2021 but still 
without official data). With cross-analysis of the statistical data from the last censuses from 
1991 and 2002 and the available data from the State Statistical Office, it can be 
summarized that in 2002 the percentage of buildings built before 1970, out of the total 
number of particular type of facilities, is 35% for residential, 82% for school, 81% for 
tourist and 39% for health facilities (Shendova (2011), Shendova et al. (2019)). Based on 
the trend of newly built residential buildings in the last two decades, it can be estimated 
that nowadays the percentage of residential buildings, built before 1970, is certainly 
reduced, but the percentage of school and health facilities is still high. Thus, for a 
significant percentage of the construction stock in the country, the level of seismic 
protection is unknown. In such conditions, with the adoption of the first national regulation 
for energy performance of buildings from 2013, the first initiatives at national and local 
level to improve the energy efficiency of buildings begun, but without regulating a review 
of their seismic safety. 
The current European Disaster Management Strategy calls for increased resilience in urban 
areas - a qualitative response of the state and the community to disasters from the current 
emergency response to a more proactive prevention and preparedness. Three components 
are essential for seismic resistance of urban environments: (1) defining the seismic hazard, 
(2) inventory of the exposed facilities and (3) their vulnerability assessment. Until 
September 2020, when Eurocodes were adopted as parallel code, the regulation in the field 
of construction in North Macedonia does not prescribe a fully defined and standardized 
approach on when it is necessary to evaluate the seismic resistance of existing buildings 
and how the procedure should be performed. This was an indirect reason for the ignorant 
attitude towards the existing building structures while designing interventions for the 
increasingly popular purpose conversions, reconstructions, extensions, upgrades, energy 
efficiency improvements, renovations, etc. It results in a vast number of buildings which 
are decades old, but with new, often expensive interiors. 

2. Goal, activities and structure of the Protocol  

The goal of the presented work is defining a seismic safety assessment Protocol for 
existing buildings, meant to be a practical tool for a reliable quantitative and qualitative 
assessment of the buildings’ vulnerability in regions with various seismic hazard levels 
(Jekic et al. (2021)). The Protocol was designed to serve as a practically applicable 
procedure for each of the necessary phases of reliable quantitative and qualitative 
assessment of whether and how much the buildings in seismically prone regions are 
potentially risky for exploitation, and hence suitable for other types of future interventions. 
The Protocol’s structure follows the modern methodological approaches worldwide 
(Applied Technology Council (2015), Pinto & Franchin (2014), Ozdemir et al. (2005), Rai 
(2005), Boğaziçi Unіversіty (2003)), including pre-defined conditions and step procedures 
for identification of vulnerable buildings. It contains three levels of assessment: (1) Rapid 
Visual Screening (RVS) procedure, (2) Simplified Structural Analysis (SSA) and (3) 
Rigorous (in-depth) Seismic Analysis (RSA) of buildings. The assessment procedure is 
meant to take a major role in establishing a seismic safety rating system in North 
Macedonia - a "Seismic Certificate" for a specific building. The algorithm for each phase 
of the Protocol depends on the knowledge level of the relevant parameters: site seismicity, 
local soil conditions, type and regularity of the structural system, importance class, 
construction period, design and construction regulations at the time, control of the 
construction process, history of purpose conversion and changes in the structural system, 
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previous exposure to other hazards etc. Such evaluation, if made for a significant number 
of buildings, would provide a clearer picture of the seismic resistance of the existing 
building stock in the country. The flow chart of the activities is demonstrated in Fig. 1. 

 
Fig. 1 – Flow chart of the Protocol’s activities 

The RVS procedure for buildings’ seismic safety estimation is applicable for screening a 
larger number of buildings in a short period of time. The accomplishing RVS process 
involves filling out a form for the basic relevant building attributes, based on external and 
internal visual inspection, conducted by structural engineers with an expertise in 
earthquake engineering and the available data on the seismicity of the location and the 
building itself. Providing a specific information from the initial review significantly affects 
the need for the second and the third step for seismic safety estimation for as many 
buildings as possible. That way, it is possible for the seismically safe buildings to obtain a 
seismic certificate with a procedure that is relatively fast and easily applicable and without 
significant financial costs for the users, the local government unit, or any other person, 
company or institution that needs it.  
If the building does not meet the criteria of RVS, the following is a recommendation for 
moving to the second step - numerical analysis of the building’s stability (SSA), which 
should be performed by professionally trained structural engineers with practical structural 
design experience. 
The final (RSA) consists of a strength capacity analysis, stiffness and deformability, as 
well as a non-linear dynamic response analysis of the load-bearing structure to real seismic 
effects on the site. RSA will result in a final conclusion on the building stability and 
vulnerability. This type of analysis involves control technical measurements and on-site 
investigations to define the seismic potential of the site, identifying the geometry and 
ascertaining the condition of the load-bearing elements and the built-in material quality and 
quantity. Within this activity, identification of the structure’s weak points is enabled, i.e 
whether is there a lack of global structural stability or local stability of individual structural 
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elements, as well as guidelines for necessary interventions for the safety and stability 
improvement. 

2.1. Rapid Visual Screening procedure (RVS) 

The RVS procedure for specific buildings has been developed to assess the seismic risk to 
which they are exposed. The risk is assessed considering the seismic hazard on the 
location, the building’s structural integrity and the specific structural and non-structural 
parameters that affect their vulnerability. The purpose of RVS is that the buildings can be 
assessed as with a sufficient seismic safety (acceptable seismic risk), without being subject 
to numerical analysis where it is not necessary. 
Within this project, for the first time in North Macedonia, a form for visual inspection of 
buildings for assessment of their seismic safety is defined and proposed. If a building does 
not meet the established criteria through this assessment as seismically safe, or is identified 
as potentially hazardous, it should undergo additional analysis, conducted by qualified 
personnel to determine whether, in fact, they really pose a threat to the safety of users and 
the stored material values. The RVS procedure applies a methodology based on external 
and internal inspection and a data collection form. They include a space for documenting 
the identification information - photography, purpose, structural system and features that 
might reduce or increase the seismic safety. Based on the data, collected during the 
screening, a numerical result is calculated, indicating the expected building’s seismic 
safety. Once a decision has been made to conduct RVS for a group of buildings, the 
screening effort can be accelerated by on-site planning, including evaluators’ training and 
careful overall process management. 
The RVS procedure applies basic scores and their modifiers for two the most present 
structural systems in the region (reinforced concrete and masonry structures), and their 
subclasses. Filling in the field data collection form begins with identifying the primary 
structural system and built-in materials. Basic ratings for the different types of construction 
systems are given in the form. The evaluators begin the basic assessment for the 
appropriate structural system by initial scoring and further modify it by appropriate score 
modifiers. The score modifiers relate to a specific structural property and are then added to 
or subtracted from the basic score to obtain the final score. Addition to or subtraction from 
the basic score depends on whether the specific property is favourable or unfavourable for 
the structure’s seismic performance. The final score reflects the probability of damage or 
collapse in case of a design earthquake intensity scenario. Higher final score corresponds 
to higher seismic safety, thus to lower probability for severe damage or collapse. 
The entity that decides to implement a RVS program may be a state legislature, local 
authority, private company, school district or other organization and is referred to as the 
RVS Authority. The application of community based RVS allows the RVS Authority to 
classify the buildings into two categories: those that are expected to behave favourably 
during design seismic impacts and those that need to be processed with the next procedure 
(SSA) to assess their seismic resistance level. The value 2.0 is adopted as a threshold value 
of the final score for acceptable seismic risk. The threshold value is based on the thresholds 
in similar methodologies (Applied Technology Council (2015)) and verified by IZIIS' 
experience in numerous seismic safety analyses. If the building receives a passing score 
(2.0 or higher), it is considered that the data collected during RVS are sufficient for the 
building to be assessed as seismically resistant. According to the threshold value, the 
buildings with a final score of less than 2.0 should pass to the next (SSA) stage of seismic 
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safety assessment. The buildings with a lower final score should have priority over the 
buildings with a higher final score. 
2.1.1. Parameters defining the initial score 
Two parameters define the initial score: (1) location in accordance with one of the actual 
seismic hazard maps (Fig. 2), used for defining seismic actions in the structural design 
process and (2) the structural type. The initial scores for various types of structural system 
are shown in Table 1. 

 
Fig. 2 - Actual seismic hazard maps of North Macedonia, seismic intensity map from 1990 (left), PGA map 

from 2020 (MKS EN 1998-1:2012/NA:2020) (right) 

The building types are the following: C1 (Concrete moment-resisting frame buildings), C2 
(Concrete moment-resisting frame buildings with presence of shear walls), C3 (Concrete 
shear wall buildings) and URM (Unreinforced masonry bearing wall buildings). 

 
Table 1 – Initial building score values 

 Structural type 
Seismic zone C1 C2 C3 URM 

7 2.5 2.7 2.9 2.5 
8 2.2 2.4 2.6 2.2 
9 2.0 2.2 2.4 2.0 

 
2.1.2. Parameters defining the score modifiers 
The specific features that modify the initial score and thus determining the final score of 
buildings’ seismic safety assessment, are based on several aspects considering the 
construction period, available technical documentation, structural irregularities, local soil 
conditions, foundation, structural redundancy, post-construction modifications, repairs and 
strengthening, later modifications with no structural design process and visible structure 
deformations or damages. The score modifiers referring to the construction period are 
based on the design and seismic codes, as so as the construction control and other legal 
regulations and practice at the time of the structural design and construction of the building 
of interest. 
The features, shown in Table 2, are selected based on IZIIS' knowledge on seismic design 
and construction practice in North Macedonia. The score modifier for each of the listed 
feature is different for each seismic zone (Fig. 2). 
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Table 2 – Required building score modifiers information by structural system 
Score modifiers Reinforced concrete structures Masonry structures 

Basic score Seismic zone and building type (Table 1) Seismic zone (Table 1) 

Construction 
period 

Before 1964 
1964-1981 
1982-1990 
1991-2008 
2009-2013 
After 2013 

Bearing capacity knowledge level 

Vertical 
irregularity 

Sloping site Soft story 
Moderately weaker storey than the one 

above Vertical misalignment of openings 

Highly weaker storey than the one above Abrupt wall thickness change 
Column setback Number of stories 
Short columns Lower neighbouring buildings 

Split level No basement levels 
Any other obvious irregularity Any other obvious irregularity 

Plan irregularity 

Flat slabs above ground level High length/width ratio (3 or higher) 
Torsional irregularity “L” shaped in plan 

Out-of-plane offsets of beams Low lat. bearing capacity in one dir. 
Discontinued lateral bearing systems Large openings 

Non-orthogonal lateral bearing systems No horizontal belt courses 
Large diaphragm openings Flexible floor and roof diaphragms 

Flat slab cantilevers (3.0 m or longer) Horizontal misalignment of openings 
Any other obvious irregularity Any other obvious irregularity 

Foundation 
issues 

Soil type C or weaker (according to Table 3.1, clause 3.1.2, EN 1998-1) 
Unfavourable foundation conditions 

Redundancy 3 or more bays in both directions 

2 or more bays in both directions 
Nearly equal plan length and width 

Only one story above ground 
Wall thickness greater than 50 cm 

Post-
construction 

modifications 

Repaired and strengthened 

Additional stories (without structural design project) 

Other score 
modifiers 

Visible deformations and structural 
damages 

Visible deformations and structural 
damages 

Structural brick wall infills Vertical belt courses on critical joints 

2.2. Simplified Structural Analysis (SSA) 

If the building does not receive a passing final score of 2.0 during the RVS, the next step is 
required, which is essentially an elastic structural analysis of the building to static and 
seismic impacts, based on the actual codes considering the seismic hazard for the location, 
built-in materials’ quality and quantity and the existing structural elements’ dimensions. 
The structure is then “redesigned”. As a result, obtained from SSA, it is assessed whether 
the structure meets the current regulations in the country. 

2.3. Rigorous Seismic Analysis (RSA) 

If SSA determines that the building doesn’t meet the current regulations, performing an 
additional structural analysis is necessary to define the real load capacity and deformability 
for the real quality and quantity of built-in materials, followed by time history dynamic 
analysis for defined seismic parameters. 
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The load bearing and deformability capacity analysis for gravitational and seismic loads 
has to be made first and then applied as an input parameter in the time history dynamic 
response analysis. At the end of RSA the seismic safety and reliability of the existing 
structure are quantitatively determined. This methodology has been applied by IZIIS for 
seismic safety analysis of existing buildings for more than fifty years. 

3. Implementation of the Protocol 

Based on the defined RVS methodology, 161 residential buildings in Karposh municipality 
(located in 9th seismic zone) were evaluated and scored using data obtained from a 
previously conducted visual inspection (Necevska-Cvetanovska et al. (2013), Apostolska 
et. al. (2018)). The buildings were evaluated individually according to the RVS approach 
and a comparison with the previous assessments was made (methodology prescribed in 
FEMA-154) (Fig. 3). Differences between the two methodologies appear because the 
IZIIS’ RVS approach contains score modifiers that are specific to the region and to the 
history of the design and construction practice in the Balkans. 

 
Fig. 3 – Review of the final scores of 161 residential buildings in Karposh municipality                                               

FEMA-154 (left), IZIIS’ RVS (right) 

Most of the buildings that received a final score lower than 0.3, applying IZIIS’ RVS, are 
masonry structures that contain more than 3 storey levels. According to the actual seismic 
code, these structures are not permitted for construction in the 9th seismic zone, thus they 
automatically receive final score value of 0.0. 

4. Conclusions 

Within this project a system for a seismic safety evaluation of existing buildings is 
proposed in the form of a Seismic Certificate with specific numerical parameters. 
Procedures for three levels of seismic safety evaluation in the form of a Protocol are 
defined: 

• form for rapid visual screening of buildings; 

• required documentation and procedure for simplified seismic safety analysis and  

• necessary investigations and technical controls of the building’s location and 
necessary rigorous structural and seismic analyses for defining the seismic safety of 
existing buildings. 
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A scientific approach is applied in solving a problem that is becoming important and 
relevant, especially in the Balkan region due to existence of vast number of old buildings 
and a lack of building inventory. The development of the presented methodology and its 
transposition into a practically applicable Protocol provides opportunity for collecting 
information and relevant knowledge for many buildings in a short time. It gives a 
possibility for their prioritizing in future intervention plans such as purpose conversion, 
reconstruction, structural expansion, energy efficiency upgrades etc. It also contributes to 
decision making in implementation of the national earthquake disaster mitigation policies. 
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Abstract: With a seismic hazard considered as high in French Caribbean islands, and only 
recent seismic codes, a high number of buildings have been built with no or only low 
seismic design considerations and are potentially at risk. Facing to this issue, building 
portfolio owners needs first seismic risk evaluation to identify the risk by classification of 
the buildings that need to be retrofitted with an estimation of the necessary budget and a 
prioritization. This publication presents a recent application of a seismic assessment 
methodology toa health care building portfolio in Martinique which is composed of 166 
sites with 372 buildings (480'000 m2). 

Keywords: Risk, vulnerability assessment, portfolio, Martinique 

1. Introduction  

Seismic hazard is considered as high in French Caribbean islands, but seismic codes and 
regulations have only become effective recently in France (first code PS69 since in 1977 
with basic seismic considerations to Eurocode 8 since 2011). Consequently, most of the 
existing buildings have been built with no or only low seismic design considerations and 
are potentially subjected to a significant hazard. 

Since 2005 in the French Caribbean, different building portfolio owners have performed a 
first seismic risk evaluation to identify the risk of their portfolios (social housing, rescue 
center, public administration, educational and police buildings) by classification of the 
buildings that need to be retrofitted with an estimation of the necessary budget and a 
prioritization. 

Unlike in Switzerland, where a methodology for evaluating the seismic risk of building 
portfolios was proposed by the FOEN in 2005, 2006 and recently updated (2020), France, 
on the contrary, has no such guidelines or recommendations. Based on risk concepts, basic 
methodologies are developed and then, in each specific case, adjusted to the asset type, the 
number of the buildings, and the specific owners' objectives (Hauss et al. 2015). The main 
objective remains, as a first step, to identify the human and financial risk associated to the 
buildings knowing the seismic hazard, the seismic vulnerability and the human occupancy 
or the strategic value. The vulnerability assessment is performed with simplified 
approaches, generally based on only visual inspection. As a second step, for buildings with 
moderate or high risk, retrofitting measures are conceptualized and budgeted. And, as a 
third step, the interest of retrofitting in comparison to a reconstruction solution is analyzed. 
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2. Methodology 

The presumed vulnerability is assessed by highlighting the pathologies of the buildings. It 
is prior to any definition of possible reinforcements and makes it possible to assess the 
behaviour of buildings under earthquake, based on it's structural characteristics (structural 
type, nature and distribution of bracing elements, nature and condition of building 
materials...). The index method used is based on the AFPS method (AFPS-CT24, 2002) 
and Risk-EU (Milutinovic et al, 2003). It pairs a visual analysis of buildings, based on the 
recognition of vulnerability factors related to building design, with a model of structural 
behavior. Visual analyses of buildings and execution plans, where available, result in an 
estimate of the presumed vulnerability in the form of quantified indexes. This index 
approach allows comparison and prioritization of buildings belonging to same portfolio. 
The method used is therefore an expert's analysis but based on a formalized methodology 
and based on the feedback of past earthquakes. 

Risk of damage to buildings is based on the Risk-UE (Milutinovic et al, 2003) 
methodology. Probability of damage grade D0 to D5 (Grunthal et al, 2001) is estimated for 
a given hazard. Then, buildings are categorized in 3 groups as follows: 

– Group 1: Buildings with a low probability of significant structural damages, which 
should not compromise the safety of the occupants. These buildings does not 
require any specific action, or, at least, simple corrective actions. 

– Group 2: Buildings with probability of significant structural damages (moderate or 
high), which should intend to the occupant's safety. For these buildings, 
reinforcement actions are technically and economically relevant and are 
recommended.  

– Group 3: Buildings with probability of significant structural damages (moderate or 
high), which should intend to the occupant's safety. For these buildings, 
reinforcement actions are technically and economically not relevant and 
reconstruction is recommended. 

Reinforcement solutions are considered to increase buildings' resistance as close as 
possible to the regulatory level for new buildings (French decree of 22.10.2010). 
Reinforcement costs are estimated based on internal data base of past detailed 
reinforcement design. An economical performance criterion is defined as the ratio of 
reinforcement cost to reconstruction cost. A technical performance criterion is defined as 
the ratio of reinforcement resistance to resistance of a new building. Then the relevance of 
the reinforcement is defined following Fig. 1. 
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Fig. 1 - Economical and technical performance analysis of reinforcement 

 

4. Application 

In 2019, this methodology was applied to the Martinique health care buildings portfolio 
with 166 different sites with a total of 372 buildings (480'000 m2) (Fig. 2). Among them, 
only 27 % were built according to the most recent seismic codes (PS92 since 1998 or EC8 
since 2011) (Fig. 3). Structural typologies are principally concrete walls (24 %), masonry 
(19 %), and concrete beams/columns (16 %). The number of levels is principally low with 
43 % of one level, 32 % of 2 levels, 18 % of 3 levels. 

 

 
Fig. 2 – Localisation of sites in Martinique 
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Fig. 3 – Distribution of seismic codes 

 

Despite an old and vulnerable portfolio, the results show that half (50 %) of the buildings 
are in group 1 and require no actions. The other buildings show significant risk and need 
further actions. Amongst them, 13 % are in group 2 with relevant reinforcement, and 36 % 
are in group 3 with relevant reconstruction (Fig. 4). Then a budget is estimated for the 
reinforcement and reconstructions actions. A risk analysis identifies that the 6 % of the 
buildings show a high risk and should be considered at first with 23 % of the estimated 
budget. 

 

50%

13%

36%

  
 

    

  
 

 
Fig. 4 – Distribution of group classification 

 

4. Conclusion 

This application shows that for a large building portfolio, this methodology provided an 
efficient first screening of buildings to identify the ones at risk and to define a first budget 
to reduce the risk. The results can be included in the portfolio management strategy. 
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Abstract: Short coupling beams with conventional orthogonal reinforcement are susceptible 
to shear failure along inclined cracks. Typically, the failure occurs along wide diagonal 
cracks and can limit the displacement capacity of the member, which in turn limits the 
seismic performance of the entire coupled-wall system. A strengthening solution to suppress 
diagonal tension failure in conventional coupling beams is represented by fibre-reinforced 
polymer (FRP) sheets that act as external stirrups. However, despite that FRP materials 
possess high tensile strength, the FRP sheets exhibit debonding and brittle rupture. 
Therefore, their contribution to the shear resistance cannot be evaluated accurately without 
an explicit consideration of the compatibility of deformations with the existing beam, while 
existing residual crack width poses an additional challenge when designing such a 
retrofitting solution. To address this research gap, this paper presents a kinematics-based 
model able to predict the complete shear response of orthogonally reinforced short coupling 
beams with and without FRP strengthening. The kinematic model is validated with tests 
from the literature and is used to study the effect of FRP sheets, including the effects of 
debonding and rupture of the strengthening sheets. 

Keywords: short coupling beams, external FRP sheets, shear response, kinematic model 

1. Introduction 

Reinforced concrete (RC) coupling beams are important elements for the seismic 
behaviour of coupled-wall structures. Of particular interest for research are existing 
orthogonally reinforced short coupling beams which are susceptible to brittle shear 
failures. Such failures, observed in past earthquakes in vulnerable members with low 
amounts of stirrups, typically occur with separation of the shear span along a critical 
diagonal crack that can limit the ductility and energy dissipation capacity of the structure. 
Typically, coupling beams feature span-to-depth ratios less than 2.5 as their geometry is 
constrained by the presence of circulation openings in walls. Consequently, such members 
fall in the category of D-regions as deep members that do not adhere to the classical plane-
sections-remain-plane hypothesis, and therefore cannot be modelled based on the classical 
beam theory. Instead, the modelling of deep members is typically performed with strut-
and-tie or stress field modes that are based on the theory of plasticity and may not be well-
suited for the analysis of members with potential brittle failures. In addition, plasticity-
based approaches do not provide information about rotation capacity, limiting the 
interpretation of results to conventional strength comparisons which do not provide 
rational performance criteria under seismic loads.  

Therefore, this paper presents a two-parameter kinematic theory (2PKT) for modelling of 
the complete load-displacement response of shear critical coupling beams. Furthermore, as 
the model accounts explicitly for deformations along critical diagonal cracks, it is suitable 
for assessment of strengthening solutions such as externally glued sheets of fibre-
reinforced polymers (FRP). The FRP strengthening acts as external stirrups made of 
materials that possess high tensile resistance. This retrofitting solution has the potential to 
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improve the shear strength and ductility as well as supressing brittle shear failures prior to 
yielding of the flexural reinforcement in the end sections. However, it is well known that 
the main issue with this solution is debonding of the sheets from the concrete followed by 
sudden rupture of the brittle elastic FRP material. To address this modelling deficiency, a 
kinematics-based approach as the 2PKT, which accounts for the compatibility of strains 
between the existing coupling beam and the FRP sheets, can be used to evaluate the shear 
behaviour of deep beams with and without strengthening wraps. 

2. Two-parameter kinematic theory for short coupling beams 

The kinematics-based modelling approach for short coupling beams originates from a two-
parameter kinematic theory for deep beams proposed by Mihaylov et al. (2013).  Initially, 
the purpose of the 2PKT was to predict the shear strength of deep beams under single 
curvature, while subsequent developments improved on the same basis to extend the 
capabilities of the theory to predict the complete load-displacement response of deep 
beams (Mihaylov 2015), as well as modelling of other deep members such as shear walls 
(Mihaylov et al. 2016) and deep beams subjected to double curvature loading (Mihaylov et 
al. 2015). A particular case of the latter category are short coupling beams that typically 
feature an isolated shear span loaded in symmetrical double curvature by adjacent walls 
under seismic loads. The 2PKT for short coupling beams proposed by Mihaylov and 
Franssen (2018) takes advantage of the loading type and equal top and bottom flexural 
reinforcement to model the complete shear behaviour, including the kinematics of the 
critical diagonal crack, using only two degrees of freedom (DOFs). 

As illustrated in Fig. 1a (top), the flexural deformations are captured using the average 
strain εt,avg along the top and bottom flexural reinforcement representing the flexural DOF 
of the kinematic model. The other DOF is employed to model shear distortions by means 
of transverse deformations Δc in the critical loading zone (CLZ) where concrete crushes at 
failure. In the 2PKT, the shear failure is assumed to occur along a critical diagonal crack 
which divides the shear span into two fans of rigid struts connected to the top and bottom 
flexural reinforcement, respectively. As shown in Fig. 1a (bottom), the CLZ is assumed to 
form at only one end of the member. This particularity of the modelling framework is in 
agreement with experimental observations that compressive strains usually spread out over 
a larger surface at one end of the beam, and therefore only one corner is triggering the 
failure of the beam. 

As the deformations along the critical crack are derived based on the assumptions and 
geometry of the kinematic model, it is possible to evaluate the mechanisms of shear 
resistance across the diagonal crack in terms of the two DOFs, εt,avg and Δc. For 
conventional RC coupling beams, these mechanisms include the inclined compression 
carried in the critical loading zone VCLZ, aggregate interlock across rough critical cracks 
Vci, tension in the stirrups Vs, and dowel action of the bottom longitudinal reinforcement 
Vd. Appropriate constitutive relationships, which account for important effects such as 
tension stiffening, compression softening of concrete, and strain hardening of steel, are 
used to express the shear contribution of each aforementioned strength mechanism as a 
function of εt,avg and Δc. Once expressed with the two DOFs of the kinematic model, the 
components of shear resistance are used to establish the vertical and moment equilibrium 
of the member. A complete description of the four mechanisms, as well as the procedure 
for solving the equations of the 2PKT approach, are discussed in detail elsewhere 
(Mihaylov et al. 2018). 
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Fig. 1 - Two-parameter kinematic model for short coupling beams 

3. Modelling of a conventional short RC coupling beam 

In order to investigate the complete shear behaviour, the 2PKT method is applied to a lab 
test of a coupling beam with a 140x800 mm rectangular section tested under monotonic 
loading in double curvature by Mihaylov et al. (2021). The beam had a clear span of 1 m, 
resulting in a span-to-effective-depth ratio of 1.37. The beam featured conventional 
orthogonal reinforcement. The stirrup ratio of the beam was ρv=0.40%, while the 
symmetrical top and bottom flexural reinforcement had a ratio ρl=1.22%. The compressive 
strength of the concrete fc was 36.4 MPa and the maximum aggregate size ag was 16 mm. 
As shown in Fig. 2a, the beam failed in shear along the major diagonal crack without 
yielding of the flexural reinforcement. A comprehensive discussion on the lab test and the 
observed shear response of the beam is reported in Mihaylov et al. (2021). Figure 2b shows 
the predicted force-drift response of the coupling beam, as well as the experimental 
response. As can be observed, the 2PKT captures reasonably well the global shear 
behaviour, including the post-peak response. In particular, the stiffness is better reproduced 
after the formation of the critical diagonal crack at a shear of about 300 kN, while the shear 
strength of the member is accurately predicted within 1% difference. The figure also shows 
the contribution of the four mechanisms of shear resistance considered in the 2PKT. The 
dominant shear strength mechanism is the shear carried across the diagonal crack by 
stirrups Vs, accounting for 42% of the strength of the beam, while the second major shear 
component is VCLZ with about 31%. The rest of the shear force is transmitted across the 
crack by aggregate interlock Vci of 20%, while the dowel action is the minor contributor 
with 7%.  According to the model, the failure is triggered by the crushing of the concrete in 
the CLZ, where large diagonal compressive stresses occur. Such failure is commonly 
observed in deep members, and a similar region of heavily damaged concrete in 
compression is clearly visible in Fig. 2a.  
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a) Failure of a short coupling beam test specimen 

 

b) Measured and predicted shear response 

Fig. 2 - Shear response of a lab specimen tested by Mihaylov et al. (2021) 

It is important to mention that in the 2PKT the stirrup force Vs is evaluated from strain εv 
using an elastic-plastic constitutive model for steel that accounts for strain hardening. 
According to Eq. (9), in the expression of εv, the fraction represents the average strain in 
the smeared stirrups at halfway along the diagonal crack. The fraction is doubled to 
account, in an approximate manner, for the strain concentration that inevitably occurs in 
the crack. However, as coupling beams exhibit non-uniform crack opening along the 
critical crack, with distribution of opening similar to a lenticular shape, the stirrup strain 
profile along the crack is considered as a simplified rhombical distribution with a 
maximum value at halfway between the crack ends. Therefore, the tensile stress in the 
stirrups is not equal, and this effect is considered in the smeared modelling approach. 
Furthermore, the crack kinematics w and s are computed at mid-depth along the critical 
crack (see Eq. 10-11), and further used as input in an aggregate interlock constitutive 
model proposed by Li et al. (1989) to evaluate the average tangential stress vci carried 
along the crack. As can be observed in Fig. 2b, the interlock shear strength mechanism 
increases rapidly, being able to sustain a limited plastic plateau up to a point when it 
decays concomitantly with the excessive increase of crack width. It is important to mention 
that the interlock component is responsible for the sudden loss of resistance in the post-
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peak regime of the specimen. Although not of primary interest for the present analysis, a 
more accurate modelling approach of aggregate interlock can be employed as proposed by 
Trandafir et al. (2022).  

4. Effect of FRP Strengthening 

To account for the effect of external FRP wraps on the shear response of coupling beams, it is 
necessary to model the particular behaviour of FRP strengthened RC beams. The modelling 
will be performed by using a constitutive relationship from the literature (Lu et al. 2005 and 
Chen et al. 2012), which was previously simplified and implemented by Mihaylov et al. (2020) 
in the 2PKT. Figure 3 illustrates how the stresses in the FRP change in the vicinity of the crack 
as the crack widens. As can be seen in Fig. 3b, the first phase of the response is characterised 
by stress concentration within a transfer length Le on each side of the crack. The force in the 
FRP is transferred to the concrete by means of bond stresses up to the point when the vertical 
crack opening reaches wv1. Subsequently, in phase two of the response, the FRP sheet starts to 
debond causing the transfer length Le to shift away from the crack. As the bond between the 
two symmetrical transfer zones is lost, the strengthening sheet is subjected to uniform constant 
tensile stress. Finally, in the last phase, when the debonding reaches the top and bottom ends of 
the section, the transfer length is no longer shifting as the strip is almost perfectly anchored. 
Further opening of the crack results in uniform straining of the FRP across the entire section 
depth until the material ruptures. The FRP rupture is commonly triggered by strain 
concentrations at the edges of the section as demonstrated by Smith et al. (2010). 

As the 2PKT is able to predict the complete displacement field, including vertical crack 
displacements along the entire span, it is convenient to formulate the FRP response in terms of 
stress in the strengthening sheet in the crack σFRP and vertical crack displacement wv as 
suggested by Lu et al. (2005) and Chen et al. (2012), see diagram of Fig. 3b. As illustrated in 
Fig. 3, for simplicity, the response is approximated with a tri-linear response that features an 
initial linear part up to the initial debonding, followed by a plateau during debonding, and a 
final linear part representing the fully debonded FRP response up to rupture. Note that the 
discussed behaviour is valid only if the FRP sheets are fully wrapped around the section as the 
case discussed later in the paper. However, common applications of FRP strengthened 
members feature U-shape or side FRP sheets that are not effectively anchored at one or two 
ends, respectively. Such cases have been previously addressed by Mihaylov et al. (2020), 
where a more comprehensive description of the FRP constitutive relationship, including 
explicit equations, is provided.  
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a) Debonding process in a section 
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b) Constitutive relationship for FRP 

Fig. 3 - Behaviour of FRP wraps across cracks 

Two tests performed by Riyazi et al. (2007) are used to investigate the suitability of the 2PKT 
for modelling of the FRP strengthening effect in short coupling beams. As shown in Fig. 4a, 
the first test was performed on a conventional RC coupling beam loaded to failure, while the 
same beam was repaired and strengthened using fully-wrapped strips of carbon fibre polymer 
sheets (CFRP). Subsequently, the beam was tested to failure to investigate the effectiveness of 
the strengthening solution. The beam had a rectangular section with a width of 150 mm, a 
depth of 500 mm, and an effective depth of 450 mm that resulted in a span-to-effective-depth 
ratio of 1.33. The top and bottom flexural reinforcement ratio was 0.60%, while the stirrup 
ratio was 0.45% with a yield strength of 516 MPa. For the second test, the strengthening 
consisted of four strips of CFRP with a width of 50 mm and a thickness of 0.176 mm, 
featuring a tensile strength of 3800 MPa. For comparison, the CFRP strips had a stirrup-
equivalent ratio of 0.58%, which represents a relative increase of approximately 30% when 
compared to the amount of stirrups. All properties of the specimens are provided by Riyazi et 
al. (2007), while a few unreported parameters are estimated as suggested in Mihaylov et al. 
(2020). Figure 4b shows the predictions of the 2PKT in terms of force-drift response of the 
two tests together with the measured shear strengths. It can be seen that the kinematic model 
is able to produce accurate shear strength predictions with a slight degree of conservativism. 
This is, in part, due to the experimental setup that featured a non-negligible axial restraint able 
to increase the shear capacity of the specimens, as well as a minor potential shear contribution 
provided by four longitudinal web bars neglected in this study. 

              
  

 

 

P3  P3-RE 

 

a) Failure of test specimens with and without FRP strengthening 
(adapted from Riyazi et al. 2007) 
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b) Predicted complete behaviour and measured resistance of test 
specimens with and without FRP strengthening 

Fig. 4 - Effect of FRP wraps on the complete behaviour of short coupling beams 

The plot also provides the response under increasing drift of each shear strength mechanism, 
including the shear contribution of the FRP wraps VFRP. The failure mechanism of both tests is 
controlled by the crushing of the CLZ (component VCLZ), followed shortly by the loss of 
aggregate interlock. This failure mode is in agreement with the experimental observations, 
where the failure occurred along a critical diagonal crack with crushing of the concrete at the 
bottom-right corner of the beam, see Fig. 4a (left). Of particular interest is the response of the 
FRP-strengthened beam which exhibited substantial debonding and rupture of the CFRP strips 
as shown in Fig. 4a (right). This failure process is captured reasonably well by the proposed 
modelling approach as the VFRP mechanism shows a limited plasticity, characterised by a 
brittle failure, when the peak shear resistance of the component is reached. Furthermore, it is of 
interest to note that the strengthening solution is not only able to increase the shear capacity by 
27%, but also to improve the ductility of the member. The more pronounced plastic response is 
eventually limited by the rupture of the CFRP strips in the middle of the span. To this end, the 
residual crack widths from the previous test are not considered in the analysis as the authors of 
the experiment did not report residual deformations after the beam was repaired. Therefore, the 
potential initial damage as well as loading history is not considered in the simulations. 
Although not possible for the studied beam, such calculations are of great importance when 
analysing strengthening solutions for existing structures, where the effect of residual crack 
displacements should be considered. The kinematics-based framework allows for a 
straightforward and rational solution to the problem by implementing a vertical crack 
displacement offset in the constitutive relationship shown in Fig. 3b.  

4. Conclusions  

This paper presented a rational kinematics-based modelling approach for predicting the 
complete behaviour of shear critical coupling beams with and without FRP strengthening. 
This approach uses only two degrees of freedom to capture the deformations along the 
critical diagonal cracks and the complete displacement field of the member. As the crack 
displacements were expressed explicitly, they were used together with an existing model 
for FRP to evaluate the shear strength contribution of strengthening wraps. By using tests 
from the literature, it was shown that the model captures well the complete shear response 
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of short coupling beams featuring orthogonal reinforcement, including the shear strength 
and the effect of FRP sheets. Albeit the presented results are valuable, additional tests 
and/or rigorous numerical simulations are needed to further validate the proposed model, 
particularly for cases commonly found in the engineering practice such as U-shape sheets 
or side strips with different configurations.  
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Abstract: The authors have adopted a method of applying dampers to external seismic 

retrofitting reinforced concrete (RC) members as a seismic retrofitting method for existing 

RC buildings and are proceeding with research in this area. In previous studies, we 

conducted a subassemblage test of flexural-yielding-type RC frames strengthened by this 

method to understand its structural behavior. In this study, finite element analysis was 

conducted to imitate the subassemblage test of existing RC frames strengthened by 

external seismic retrofitting RC members with knee-brace dampers. The model analysis 

results agreed well with the test results. The direction of shear stress in the post-installed 

anchors used for joints between existing RC frames and external seismic retrofitting RC 

members changes around the gusset plate, depending on the presence or absence of a 

damper in the external part. The shear stress of the post-installed anchors used in this test 

had a sufficient margin for the ultimate shear strength, and results indicate that the number 

of post-installed anchors could be reduced. 

Keywords: earthquake engineering, RC building structure, seismic protection, friction 

damper, post-installed anchor 

1. Introduction 

As a seismic retrofitting method for existing reinforced concrete (RC) buildings, the 

method of applying dampers to external seismic retrofitting RC members has been 

employed by the authors, and they are proceeding with research on the area. In the 

proposed construction method, the damping efficiency of the damper attached to the beam 

end is expected to improve by the provision of a slit at the beam end of the external part 

that concentrates the deformation at the beam end. In previous studies (Nakano et al. 

(2019)), we conducted a subassemblage test of flexural-yielding-type RC frames 

strengthened by this method to understand its structural behavior. 

In this study, a finite element analysis (FEA) was conducted to imitate the test. Using the 

analysis model, the shear resistance of the post-installed anchor used for the joint between 
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existing RC frames and external seismic retrofitting RC members with dampers was 

examined. 

2. Experimental details 

This section presents the relevant details of the aforementioned tests. For further 

information, readers are directed to a previous study (Nakano et al. (2019)). 

2.1. Test specimens 

Fig. 1 shows the details of the specimen, and Fig. 2 shows the details of the damper. Fig. 

3 shows the configuration of the frames and dampers in the FT-R-D2 specimen. Table 1 

lists the specifications of the test specimens. Table 2 lists the material properties of the 

concrete while Table 3 lists the material properties of the rebar. 

The specimens were 1/2-scale RC beams and column subassemblies that resembled the 

trial design of existing RC frames with flexural yielding. The axial force ratio of the 

existing column was set to 0.1, and the axial force was applied using an unbonded 

prestressing rod. The subjects to be reproduced in the analysis were the FT-E, FT-R-0, 

and FT-R-D2 specimens from a previous study (Nakano et al. (2019)). 

The FT-E specimen comprised only existing RC subassemblies. The FT-R-0 specimen 

comprised applying an external seismic retrofitting RC member to existing RC 

subassemblies. The FT-R-D2 specimen comprised two dampers attached to the external 

seismic retrofitting part of the FT-R-0 specimen (Fig. 3). 

The external seismic retrofitting member was made of RC and joined to the existing frame 

using post-installed anchors. In the FT-R-0 specimen, the post-installed anchors were 

designed based on the assumption that a couple of the shear forces generated in the 

existing part would be transmitted to the external region. 

A steel plate with a gusset plate (G.PL) and stud bolts was embedded in the external beam 

and column to connect the damper. This method of connecting the damper to an RC 

member has been proposed in previous studies (Maida et al. (2021)). 

A friction damper with a ring-spring mechanism was used (Fig. 2). The inclination angle 

of the dampers was 45°. The sliding force in damper ND was set to 25 kN. For the FT-R-

D2 specimen, the post-installed anchors were designed based on the assumption that the 

coupled force generated by attaching the damper was added to the anchor burden. 

2.2. Loading 

The specimen was rotated 90°clockwise. The top and bottom of the existing column were 

supported by pins. The existing beam-free end was driven by horizontal displacement-

controlled jacks to impose deformations on the specimen. Quasi-static cyclic loading was 

conducted by increasing the displacement amplitudes. Each specimen was controlled 

using the beam drift ratio R. 
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Fig. 1 - Details of the specimens (unit: mm) 

 

 

Fig. 2 - Details of the dampers (unit: mm) 

 

 

Fig. 3 - Configuration of frames and dampers in FT-R-D2 specimen 
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Table 1. Specifications of the tested specimens 

Specimens FT-E FT-R-0 FT-R-D2 

Existing 

part 

Column 

Section dimensions (mm) 450 × 450 

Tensile rebars 3 – D19 

Hoop 2 – D6@75 

Axial force (kN) 455 

Beam 

Section dimensions (mm) 250 × 450 

Tensile rebars  2 – D19 

Stirrup 2 – D6@200 

External 

part 

Column 

Section dimensions (mm) - 200 × 450 

Tensile rebars - 2 - D10 

Hoop - 2 – D10@125 

Beam 

Section dimensions (mm) - 200 × 450 

Tensile rebars  - 2 – D10 

Stirrup - 2 – D10@125 

Post-installed anchor - D13@125 

Damper - Yes (2) 

 

Table 2. Material properties of concrete 

Parameters 
Specimens 

FT-E FT-R-0 FT-R-D2 

Existing 

part 

Compressive strength, fc (MPa) 22.5 25.5 

Tensile strength, ft (MPa) 2.43 2.57 

Young's modulus, EC (MPa) 27500 29600 

External 

part 

Compressive strength, fc (MPa) - 35.2 

Tensile strength, ft (MPa) - 2.82 

Young's modulus, EC (MPa) - 31200 

 

Table 3. Material properties of rebar 

Material type 

Yield 

strength, fy 

(MPa) 

Ultimate 

strength, fu 

(MPa) 

Young's 

modulus, ES 

(MPa) 

Existing part 
Rebar D19 (SD345) 358 560 188000 

Hoop and stirrups D6 (SD295) 351 520 193000 

External part 
Rebar, hoop, and stirrups D6 (SD295) 374 513 188000 

Post-installed anchor D13 (SD345) 358 503 192000 

3. Summary of the finite element analysis 

3.1. Modeling 

Fig. 4 shows the FEA model. FINAL software (ITOCHU Techno-Solutions Corporation 

(2011)) was used for the FEA. 

The concrete, steel plates, and G.PL were modeled using solid elements. The rebar of the 

existing part was modeled using truss elements. The post-installed anchors and stud bolts 

were modeled using beam elements. Joint-type elements were inserted between the 

concrete and longitudinal rebar of the existing part to incorporate bond–slip behavior. 

The shear reinforcement of the existing part was modeled as an embedded rebar. A perfect 
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bond was assumed for the bond–slip characteristics of the longitudinal rebar and shear 

reinforcement in the external part. Joint-type elements were inserted between the anchor 

and concrete and between the stud bolt and concrete to examine the bond characteristics. 

The damper was modeled using spring elements with complete elastoplastic history 

characteristics. 

 

 

Fig. 4 - Finite element analysis model 

3.2. Material properties 

3.2.1. Concrete 

In the tensile phase, the concrete model was treated using a linear model before cracking. 

After cracking, the specimens were subjected to tension softening based on Izumo’s 

model (Izumo et al. (1987)). In the compressive phase, the modified Ahmad model 

(Naganuma (1995)) was applied to the concrete model. The Al-Mahaidi model (Al-

Mahaidi, 1979) was used to assess the shear transmission characteristics of the cracking 

plane. 

3.2.2. Steel material 

Based on the experimental test results from the aforementioned study, the steel materials 

(longitudinal rebar, shear reinforcement, steel plate, G.PL, anchor, stud bolts, etc.) were 

assumed to obey the theory of elastoplasticity. 

3.2.3. Bond characteristics between concrete and steel material 

The CEB model (CEB (1990)) was applied to the bond between the concrete and the 

longitudinal rebar of the existing part. The bond–slip relationship between the anchor and 

concrete in the existing part was set based on Fukumoto's model (Fukumoto et al. (1998)). 

This relationship in the external part was the same as the relationship between the 

concrete and the longitudinal rebar of the existing part. The CEB model (CEB (1991)) 

was applied to the bond between the concrete and the stud bolts, and the joint-type 
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elements between the concrete and G.PL were described. Regarding the direction of the 

interface, the stress was transmitted only in the direction of compression. When the tensile 

stress reached the specified strength, the joint would loosen; subsequently, when stress 

occurred in the tensile direction, the stiffness would be set to zero. The stress–slip 

relationship in the shear direction was set using a multipoint polygonal line. When 

subjected to compressive stress, the increase in shear strength according to the acting 

stress was considered, and the friction coefficient was set to 0.68. 

3.2.4. Damper 

The sliding force of the damper NDS was the average of the absolute values of the positive 

and negative sliding forces in the calibration test. The damper axial displacement at the 

start of damper sliding DS was its value at the time of the subassemblage test. 

3.3. Loading and boundary conditions 

Fig. 4 outlines the loading and boundary conditions. The pin bearings of the top and 

bottom of the column were modeled with rigid truss elements; the displacement of the 

pin position was restrained in all directions, and the rotation around the Z-axis was free. 

The steel plates for the pin bearings at the top and bottom of the column, those for loading, 

and those at the beam ends restrained displacement and rotation in the Z-axis direction. 

For loading, a constant axial load equivalent to an axial force ratio of 0.1 was first applied 

to the steel plates at both ends of the column of the existing part as a uniformly distributed 

load. Subsequently, a horizontal displacement  was applied to all nodes in the loading 

position row at the steel plates to load the existing beam. The loading cycle alternated 

between positive and negative with beam drift ratios R = 1/5000, 1/1500, 1/1000, 1/500, 

1/200, 1/150, and 1/100 rad. 

4. Discussion on the analysis results 

4.1. Beam drift vs. shear force hysteretic loops 

Fig. 5 presents the plots of the beam drift ratio R versus the shear force Q obtained from 

the test and computational analysis. 

The analysis results of the FT-E model agreed with the test results when loaded on the 

positive side; however, the force was evaluated to be slightly lower when loaded on the 

negative side. The analysis results of the FT-R-0 and FT-R-D2 models also agreed with 

the test results. Hence, the applicability of the analysis model was confirmed. 

 

 

Fig. 5 - Plots of the beam drift ratio R versus the shear force Q: (a) FT-E, (b) FT-R, (c) FT-R-D2 
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4.2. Behavior of post-installed anchors 

Fig. 6 shows the element that outputted the analysis results of the shear stress in the post-

installed anchor. The shear stress of the element closest to the boundary surface between 

the existing and external parts was the output. Fig. 7 shows the shear stress of each anchor 

and its direction in the beam at R = +1/100 rad. 

The shear stress at the ultimate shear strength su per anchor was calculated using the 

following equation (Japan Building Disaster Prevention Association (2017)): 

𝜏su = 0.7𝑓y                 (1) 

This was calculated as 251 N/mm2. Comparing the analysis results of the FT-R-0 and FT-

R-D2 models, the direction of the shear stress in the anchor differed around the G.PL. 

The direction of the shear stress was observed to change around the G.PL, depending on 

the presence or absence of a damper. 

In both models, the shear stress in the anchor from the beam end to the vicinity of 1.0D 

(where D is the beam depth) was larger than that of the anchors in other parts. The 

maximum shear stress was 44 N/mm2 for the FT-R-0 model and 46 N/mm2 for the FT-

R-D2 model, both of which were less than 20% of the shear stress at the ultimate shear 

strength, su (= 251 N/mm2). A sufficient margin existed for the ultimate shear strength. 

Therefore, the number of post-installed anchors could be reduced. 

 

  
Fig. 6 - Output element of shear stress in anchor 

 

  
Fig. 7 - Shear stress of anchor and its direction in beam at R = 1/100 rad: (a) FT-R-0, (b) FT-R-D2 
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5. Conclusions 

In this study, a finite element analysis of existing RC frames strengthened by external 

seismic retrofitting RC members with knee brace dampers was conducted. The model 

analysis results agree well with the test results. The direction of shear stress in the post-

installed anchors used for joints between existing RC frames and external seismic 

retrofitting RC members was observed to change around the G.PL, depending on the 

presence or absence of a damper in the external part. The shear stress of the post-installed 

anchors used in this test had a sufficient margin for the ultimate shear strength, and, with 

these results, the number of post-installed anchors could be considered for reduction. 
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Abstract: This paper focuses on applying strengthening techniques, mortar injection and 

FRCM systems (glass or carbon meshes) to improve the in-plane behaviour of traditional 

rubble stone masonry walls. For that, a campaign of quasi-static cyclic tests carried out on 

eleven rubble stone masonry specimens with hydraulic lime mortar, representative of 

ancient Mediterranean buildings, is presented here. The walls were tested in pairs, without 

and with the different strengthening solutions: mortar injection, glass mesh FRCM system, 

carbon mesh FRCM system, and each of two FRCM systems simultaneously with mortar 

injection. The strengthening was applied only on one side of the specimens to consider the 

frequently existent limitations. The main experimental results obtained through envelope 

curves, in terms of resistance and deformation capacity, are presented here. Currently, there 

is a lack of data regarding the efficiency of these strengthening techniques applied in rubble 

stone masonry, especially when it regards the in-plane lateral deformation capacity. 

Therefore, the experimental campaign herein presented establishes important values for the 

development of reliable seismic assessment and design of strengthening solutions. 

 

Keywords: Rubble Stone Masonry; Quasi-static Cyclic Tests; Seismic Strengthening; 

FRCM; Grout Injection 

1. Introduction  

As seen by past events, a significant portion of the built cultural heritage is made of 

masonry and is vulnerable to seismic action. However, its strengthening is not an easy task 

as several requirements are necessary to consider, such as compatibility and durability of 

materials (ICOMOS, 2003). 

In this paper, two different strengthening techniques appropriate for historical buildings are 

studied on rubble limestone masonry walls. One is the injection of mortar, an ancient 

technique applied to rubble stone masonry that presents an important increase of 

mechanical properties but requires a careful application and a prior verification of the 

injectability of the wall (Silva et al., 2014). The other strengthening technique studied in 

this paper is the application of FRCM systems, using glass or carbon fibres and hydraulic 

mortar. The implementation of this retrofit solution, which was already in use for other 

applications and materials, has been recently increasing in the last years for the seismic 

retrofit of masonry structures. However, the information available regarding quasi-static 

cyclic tests in rubble stone walls is very scarce since these tests are expensive, and the few 

existent ones tend to be for brick masonry. The majority of in-plane characterization for 

strengthened rubble stone masonry existent in literature comes from diagonal compression 

tests (Ferretti et al., 2019; Guerrini et al., 2021; Garcia et al., 2022). However, parameters 
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such as in-plane drift capacity, equivalent stiffness, and lateral strength obtained from 

quasi-static cyclic tests are essential for the design of seismic retrofit solutions.  

2. Experimental program 

2.1. Characterization of specimens and materials 

The experimental campaign focuses on two-leaf rubble stone masonry walls with roughly 

cut limestone and premixed natural hydraulic lime mortar. The specimens were built to 

represent the current state of existing masonry walls present in historical buildings. Hence, 

several voids were left in the core of the walls, and the quasi-static cyclic tests were only 

carried out after at least four months of their construction. The eleven studied specimens 

presented dimensions of 1.2 x 1.2 x 0.4 m3 and were designated as according to Table 1. 

 

Table 1. Identification of specimens 

Specimen Strengthening 

URM 1, URM 2 No strengthening 

I 2 Injection 

G 1, G 2 Glass-FRCM 

C 1, C 2 Carbon-FRCM 

IG 1, IG 2 Glass-FRCM + Injection 

IC 1, IC 2 Carbon-FRCM + Injection 

 

The masonry components (stones and mortar) mechanical properties were obtained 

following the codes EN 1926 (CEN, 2006) and EN 1015-11 (CEN, 2019). The stones’ 

average value of compressive strength was approximately 50 MPa. While for the mortar at 

28 days, the average compressive strength was 1.9 MPa and the average flexural strength 

was 0.7 MPa. 

A concrete footing and a top concrete beam were built to help fix the base of each wall and 

distribute the applied load, respectively. The footing dimensions are 0.5 x 1.25 x 0.10 m3, 

and the beam’s are 0.5 x 1.25 x 0.10 m3. 

The strengthening solutions were only applied after the curing of the walls, a minimum of 

28 days. The voids at the surface of all walls were sealed as a preparation for the injection 

technique. The FRCM system was only applied on one face of the specimens to represent 

the frequent existing restrains due to the existence of mural paintings in historical 

buildings, or even in residential buildings due to the permanent use of the building. The 

mortar used for the injection presented an average compressive strength of 7.5 MPa and 

average flexural strength of 4.7 MPa, while the mortar used for the application of the 

FRCM system presented values of 9.7 MPa and 2.5 MPa, respectively. Both mortars are 

premixed natural hydraulic lime to ensure compatibility with the substrate. 

Regarding the FRP meshes, both are bidirectional and were chosen with the most similar 

dimensions and weight, considering the available products on the Portuguese market. The 

glass mesh has openings of 40 x 40 mm and weighs 160 g/m2, whereas the carbon mesh 

openings are 17 x 17 mm and its weight is 374 g/m2. 

The application of the mortar injection was made by gravity, at the height of about 5 m, 

and a total average of 3.7 bags of 18kg of premixed mortar per panel was injected, giving 

an average value of percentage of voids per wall of 5%. 
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The application of the FRCM system is presented in Fig. 1 and only differs for carbon and 

glass meshes systems in their mechanical anchoring solutions. In the case of the glass 

mesh, it was necessary to add an extra layer to help distribute the concentrated stresses at 

the anchorage area. For the carbon system, this was not necessary, as the anchor geometry 

already contemplated this problem (Fig. 1d). Regarding the ends of the FRCM system near 

the top beam and footing, no mechanical fixing solution was adopted. 

 

   
a) b) c) 

   
d) e) 

Fig. 1 - Strengthening procedure with an FRCM system: a) after drilling the holes, first mortar layer for 

surface smoothing; b) application of the bi-directional grid; c) application of the second layer of a G-FRP 

grid around the area of the connectors; d) application of connectors (left, carbon system, and right, glass 

system); e) application of the second layer of mortar 

2.2. Experimental Set-up 

The experimental campaign was all carried out in the Structures and Strength of Materials 

laboratory (LERM) of Instituto Superior Técnico Structures based on the experimental tests 

carried out by Milosevic et al. (2015) and the standard ASTM E2126-11 (2018). The 

specimens were built on a reinforced concrete footing to help fix the specimens, and at the top 

of the specimens, a reinforced concrete beam was built to help the distribution of the loads 

applied to the specimens. A vertical load causing a 0.3 MPa level of stress at the centre of the 

top of the specimen was applied and kept constant as much as possible during the quasi-static 

cyclic tests. The boundary conditions applied to the specimens were close to a cantilever. 

After the vertical load was applied, the horizontal load was applied with a mechanical actuator 

at the reinforced concrete beam at the top of the specimen. A system of plates with hinges and 

two steel rods provided the proper connection between the horizontal actuator to the specimen, 

as in Fig. 2. 
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Fig. 2 – Set-up of the quasi-static cyclic test 

The loading protocol was divided into two parts: first, a force-controlled with four cycles 

until reaching ¼ of the predicted maximum horizontal force, to characterize the elastic 

branch, and a second part that was displacement controlled. The displacement-controlled 

part was first characterized by five single fully reversed cycles for the displacements of 

1.25%, 2.5%, 5%, 7.5%, and 10% of the predicted ultimate displacement. After, the cycles 

start repeated three times for the same amplitude at displacements of 20%, 40%, 60%, 

80%, 100%, and 120% of the ultimate displacement, with additional increments of 20% 

until specimen failure. The first values of predicted ultimate displacement were considered 

taking into account the results obtained in Milosevic et al. (2015) and Vanin et al. (2017). 

They were later updated with the obtained values in the current study for the corresponding 

type of strengthening. 

4. Experimental results and discussion 

The behaviour of the tested specimens is here analysed in terms of hysteretic Force-

Displacement curves and crack patterns. For the specimens’ capacity curves (Fig. 3), the 

horizontal force (V) for the cantilever condition and the horizontal in-plane drift (δ) are 

displayed. The positive direction corresponds to a push movement and the negative to a 

pull movement. In addition, the hysteretic curves are presented together with their 

corresponding envelope curves until the end of the test. The tests were concluded when 

failure was attained, which was defined for a horizontal force V = 0.80*Vmax after 

reaching the peak load, or when the damage level of the wall was so high that its collapse 

was imminent. In the case of walls IG 2 and IC 2, it was decided to stop the tests for a 

displacement similar to the other specimens with the equivalent retrofit solution since IG 2 

and IC 2 did not present either strength reduction or damage. 

Moreover, in Fig. 4 are presented the crack patterns corresponding to the end of the quasi-

static tests, only for the walls with visible damage, without a pure rigid body behaviour. 
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Fig. 3 – Hysteretic and envelope curves from the quasi-static cyclic tests 

 
    

URM 1 (Shear) URM 2 (Shear) 
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G 1 (Rotation, Shear, Toe Crushing) G 2 (Rotation, Toe Crushing, Shear) 
    

C 1 (Rotation, Shear, Toe Crushing, Out-of-Plane) IC 1 (Rotation, Light Shear, Out-of-Plane) 

Fig. 4 – Damage pattern at the end stage of the quasi-static cyclic tests 

Specimens URM 1 and URM 2 were tested with the scope of serving as a reference for the 

behaviour enhancement of rubble stone walls with different types of strengthening 

solutions. It is clear for these walls that their behaviour is ruled by shear with a significant 

decay of the post-peak strength capacity and a significant lower drift capacity. Clear 

diagonal cracks on both sides of each specimen, and even detachment of some parts, are 

visible in the corresponding damage patterns presented in Fig. 4. 

When the strengthening solutions are applied, the walls’ failure mode is altered from shear 

to flexure or hybrid (flexure combined with another type of failure, like sliding and shear). 

With the strengthening, the weakest part of the system became the wall’s connection to the 

concrete footing, and the first crack to appear was always due to the detachment of the 

wall. This means the load capacity of the walls strengthened was not completely exploited; 

however, a clear improvement and alteration of behaviour were observed. 

All strengthened walls presented an initial rigid body behaviour, with detachment from the 

base followed by rocking. As it is typical of this type of behaviour, the absence of 

significant strength degradation was also observed. After, towards the end of the test, walls 

with only FRCM solutions and without injection presented several types of damages on the 

non-strengthened facade, such as toe-crushing and diagonal shear cracks, as it is possible 

to observe in Fig. 4. 

For walls in which mortar injection was applied, no damages were observed, presenting 

mainly a behaviour dominated by rocking and occasionally sliding. A clear improvement 

of behaviour in terms of damage conditions of the masonry was noted. In addition, this 

difference in behaviour for the walls with mortar injection was also noticeable in the lower 

energy dissipation that these walls presented. 

Furthermore, specimens C 1, I 2, and IC 1 presented an out-of-plane behaviour caused by 

the heterogeneity of the masonry, either due to light inclination in the height of the wall or 

to an eccentricity of the wall regarding the plane of the horizontal load application. During 
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the positioning of the walls in the test set-up, these deviations were corrected as maximum 

as possible. Nevertheless, it is always impossible to eliminate all sources of heterogeneities 

in a rubble stone masonry wall. Consequently, for these walls, the ultimate displacement 

was not conditioned by the in-plane capacity, but by the possible out-of-plane collapse 

mechanism. 

It is also worth noting that the FRP mesh was not detached from the masonry walls during 

the quasi-static cyclic tests, thus concluding the fixing system was sufficient and well 

applied. 

In Fig. 5, the average maximum lateral strength for each type of strengthening solution 

tested and their average ultimate drift are presented. It is immediately noticed that the 

strengthening solutions do not significantly enhance the lateral strength capacity of the 

rubble stone walls. However, there is a clear increase in drift capacity compared to the 

unstrengthened walls (URM). The different solutions present different results, being the 

strengthening with both injection and FRCM system the most effective, followed by the 

application of only FRCM system, and then mortar injection. However, in terms of 

differences in behaviour regarding the different mesh materials (glass and carbon), it is not 

possible to derive major conclusions since the full capacity of each mesh was not being 

used as they were not fixed to the foundation. The difference in drift results for the two 

types of mesh material depends on the criteria used for the definition of the ultimate 

displacement. For some walls failure was conditioned by the out-of-plane and not in-plane 

capacity. 

 

Fig. 5 – Average maximum lateral strength and ultimate drift for each type of strengthening solution 

Regarding the equivalent stiffness (Fig. 6), calculated as the secant stiffness at 0.7*Vmax, 

there is no correlation between the type of strengthening applied and the unstrengthened 

walls, as it depends on the detachment of the masonry wall from the concrete foundation. 

Hence, walls G 1, C 2, and IG2, with the lower equivalent stiffness, presented a horizontal 

crack along with their connection to the concrete footing for the first values of horizontal 

load applied.  

As for the ductility, it is possible to observe a general increase with the application of 

strengthening. Nevertheless, as it also depends on the yielding displacement and 

consequentially on the equivalent stiffness, it presents a large variability of values for the 

types of retrofit solutions. 
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Fig. 6 – Average equivalent stiffness and ductility for each type of strengthening solution 

5. Conclusions 

This paper presents the in-plane behaviour of eleven rubble limestone masonry walls 

subjected to quasi-static cyclic tests. Strengthening solutions (injection of mortar and 

FRCM system with glass or carbon FRP mesh) were applied to nine rubble limestone 

masonry walls that simulated the current state of ancient rubble stone walls. In the case of 

the FRCM, it was applied only on one side of the walls and without a fixing solution to the 

footing to represent the restraints that often exist in buildings. Two rubble stone walls were 

built without strengthening to serve as reference values. 

The results were displayed in terms of force-displacement capacity and damage patterns. It 

is possible to observe the modification of the collapse mode from shear (unstrengthened 

walls) to flexural or hybrid (mainly ruled by flexure). With this alteration of behaviour, the 

walls tended to present less energy dissipation, no strength decay, and higher drift 

capacities. In terms of lateral strength capacity, the increase was insignificant; however, 

regarding the ultimate drift capacity, there was a relevant increase of values. 

A clear distinction in damage state for walls with an injection of mortar and the ones 

without was noted, even when the FRCM was applied. All walls with the injection of 

mortar behaved as a rigid body without visible damages and rocking behaviour, with 

occasional sliding. For walls with just FRCM applied, the side of the wall without the 

strengthening was heavily damaged after the test. 

Due to the fixation system, the total capacity of the FRCM was not exploited. Therefore, in 

the future, tests with the FRCM fixed to the footing should be carried out. Even though 

more experimental tests should be performed to be possible to generalize the rubble stone 

behaviour when retrofitted, the results here presented are a valuable reference towards the 

seismic design of strengthening solutions for historical rubble limestone masonry 

structures. 
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Abstract: In the present work, a BIM environment has been employed in order to 

streamline the numerical modelling and structural seismic analysis of existing URM-RC 

buildings, taking advantage of the interoperability between the BIM modelling software and 

the numerical analysis software. Thus, the main objective is the validation of an assessment 

methodology based on the discussion and comparison between the experimental test results 

from a shaking table test campaign, and the numerical results obtained with two different 

approaches: an advanced numerical modelling approach based on Finite Element Models 

(FEM), and a simplified numerical modelling approach based on Equivalent Frame Models 

(EFM). A comparative study of the modelling strategies will put forward their advantages 

and limitations when applied to mixed URM-RC buildings, and to investigate the suitability 

of the chosen approaches to assess the influence of the strengthening interventions for the 

case-study building. 

Keywords: Mixed URM-RC buildings; BIM; Finite Element Models, Equivalent Frame 

Models, Seismic performance assessment 

1. Introduction 

The present article falls within the field of evaluation and reduction of the seismic 

vulnerability of existing unreinforced masonry (URM) structures to which new reinforced 

concrete (RC) structural elements have been added. This mixed construction typology – 

designated as “derived mixed URM–RC buildings” (Correia Lopes et al. 2019) – arose at 

the beginning of the twentieth century, driven by the development and progressive use of 

RC, namely in strengthening/retrofitting interventions of existing URM buildings. 

However, many of these mixed URM–RC buildings have revealed to be particularly 

vulnerable to seismic action, and their inherent complex structural behaviour such as the 

interaction effects from coupling RC structural elements to URM loadbearing walls is still 

a contentious issue for most of the research community (Correia Lopes et al. 2021). 

In the past the authors have investigated the variation of the seismic response of a case-

study building, depending on different strengthening interventions with RC, using an 

advanced numerical modelling approach based on Finite Element Models (FEM) (see 

(Correia Lopes et al. 2021)). This case-study building was subjected to extensive testing 

campaign performed at the European Centre for Training and Research in Earthquake 

Engineering (EUCENTRE), which has provided particularly relevant, well-documented 

experimental information for the validation of modelling approaches for derived mixed 
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URM-RC building typologies (Magenes et al. 2010, 2012; Penna et al. 2014, 2016; Senaldi 

et al. 2014). 

Keeping this line of thought, the present work aims to investigate the suitability of using a 

simplified numerical modelling approach based on 3D Equivalent Frame Models (EFM) in 

order to access the seismic performance of the same representative URM-RC prototype 

building, before and after the introduction of the RC strengthening elements, namely, the 

addition of reinforcement layers on the horizontal diaphragms, and the insertion of a RC 

ring beam at the roof level. 

As pointed out by several authors (Quagliarini et al. 2017), the use of the EFM emerges as 

a very suitable method for this kind of structures in engineering practice, establishing an 

optimal trade-off between computational effort and reliability of results. 

However, at the core of the EFM approach, amongst some initial considerations, lies the 

concern with the discretisation of the of the loadbearing URM walls into a set of 

macroelements (piers, spandrels, and rigid links) according to established rules, 

considering the nonlinear constitutive behaviour in terms of lumped nonlinear plastic 

hinges located at different locations along the deformable macroelements (piers and 

spandrels) in other to capture the predicted failure mechanisms due to flexure and shear, 

both in-plane and out-of-plane.  

Hence purpose of the numerical investigation is to address modelling issues, such as the 

idealisation of the geometry of the EFM, and consequently the model discretisation, and to 

explore if a simplified numerical modelling approach based on EFM can appropriately 

represent the seismic response of existing URM-RC building typologies, and result in a 

useful tool for their reliable assessment in the engineering practice. Finally, some critical 

points that should be investigated and developed in future research are identified. 

2. Numerical modelling and analysis tools 

2.1. Advanced numerical modelling approach – From BIM to FEM 

Within the framework of an advanced numerical modelling approach with FEM, different 

multi-purpose finite element software and formulations for the constitutive models of 

masonry materials have been developed, where the masonry is usually considered as a 

fictitious homogeneous material while the structure is described by means of a continuous 

mesh of 2D or 3D Finite Elements. 

As evidenced in (Quagliarini et al. 2017), the use of FEM, represents today a good 

compromise between accuracy and computational effort, allowing the evaluation of the 

combined in-plane and out-of-plane contribution to the global seismic response in terms of 

both stiffness and strength, without making any simplification on the localisation of the 

masonry damage pattern and the structure's geometry. For this reason, its use prevails in 

research or academic literature (especially for particularly complex existing URM 

structures). However, from a practice-oriented perspective, this approach still requires a 

high computational burden (especially for large structures), as well as the definition of 

many mechanical parameters that are not easily evaluable in practice (which may also 

strongly affect the analyses results, compromising the gain in accuracy provided by this 

approach towards more simplified methods). 

Considering the current interoperability between the BIM modelling and structural analysis 

software, it is possible to readily export the BIM structural analytical model into the 

structural analysis software, avoiding the need to manually recreate the structural models. 
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2.2. Simplified numerical modelling approach  – From BIM to EFM 

Despite the large number of available options, current modelling approaches proposed in 

international literature and seismic codes (mostly supported by post-earthquake damage 

observation), are converging towards the masonry idealisation as a 3D EFM, where the 

two main structural components – piers and spandrels – are responsible for representing 

the in-plane behaviour of masonry walls with openings (Cattari and Lagomarsino 2013; 

Penna et al. 2017). Naturally, the reliability of this method depends on the consistency 

between the strongly simplified hypothesis on which it is based and the real structural 

behaviour, both at the structural element scale and at the wall/building scale (Quagliarini et 

al. 2017). 

In order to automatise the process of modelling and analysing the equivalent frame models, 

it has been developed a Dynamo script for the creation of EFM from the BIM analytical 

models. 

The script’s process flow will consist of “deconstructing” the analytical BIM models into a 

set of nonlinear beams (piers, spandrels, and rigid links) with lumped plasticity based on 

the plastic hinge concept, in order to create the EFM according to established rules, 

considering the associated mechanical behaviour and expected failure mechanisms. Then, 

this model can be automatically exported to any available commercial software, thus 

facilitating the use of the EFM in engineering practice. 

Regarding the definition of the plastic hinges, it has been based on the multilinear 

constitutive laws proposed by (Petrovčič and Kilar 2013) for piers and spandrels according 

to different failure modes. Each pier has two in-plane (rocking failure mode, M3) flexural 

hinges positioned at the top and bottom of the piers’ effective height, two out-of-plane 

(M2) flexural hinges positioned at the middle and bottom (in order to represent two 

different boundary conditions: cantilever and clamped-clamped configurations, see 

(Doherty et al. 2002; Giordano et al. 2020)), and one shear hinge (diagonal cracking and 

shear sliding failure modes, V2) at the half-height. Each spandrel has one shear (V2) hinge 

at mid-span. The governing equations used for each specific failure mode of the 

macroelements can be seen in Table 1. 

The strength of each element in terms of the ultimate moment ( ) and the ultimate shear 

force ( ) was determined by considering only the initial axial gravity loads ( ), 

neglecting variations and interaction effects in these axial loads due to the effect of lateral 

loads. Since the assumption of constant compression along the height of the walls is not 

acceptable due to the significant amount of the compression level is due to the self-weight, 

the resisting moments were determined separately for the top and the bottom cross sections  

(Giordano et al. 2020). An effective height ( ) of the piers was also considered in 

calculations to account for the confining effect of the rigid nodes (cone diffusion) proposed 

by (Dolce 1989). 

The macroelements’ limit states are expressed in term of drift limits. The drift is the lateral 

displacement of the panel expressed as a percentage of the height and it is usually 

calculated at the two end sections of the elements by making reference to the inflection 

point or as an element's property. As pointed out by (Quagliarini et al. 2017), several 

uncertainties are present in the definition of the correct value of the displacement capacity 

due to the lack of test results and due to the high variability of the existing masonry 

typologies. For these reasons, design codes either prescribe specific drift limit values or 

include empirical equations for estimating the drift capacity of URM walls as a function of 

the failure mode and/or the aspect ratio. The empirical relationships are based on the 
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observation of quasi-static cyclic tests on single URM panels with specific dimensions and 

boundary conditions. The limit states used for each specific failure mode of the 

macroelements can be seen in Table 1. In the case of the in-plane loading of piers and 

spandrels they were determined in accordance with Eurocode 8 – Part 3, in which the most 

commonly specified structural performance requirements are represented by three discrete 

limit states (i.e., damage limitation (DL), significant damage (SD) and near collapse (NC)). 

The out-of-plane limits are derived from (Doherty et al. 2002) considering the state of 

degradation at cracked joint as “new” (as opted by (Petrovčič and Kilar 2013)). 

Moreover, both the governing equations and limit states values for the in-plane failure 

modes of the piers depend on the boundary conditions through the zero-moment coefficient 

. The (static-elastic) total deflection at the top of an element 

subjected to a constant lateral load, partly due to flexure and partly to shear, can be 

expressed by the following general equation using the Euler–Bernoulli beam theory: 

 

(1) 

where the coefficient  depends on the boundary conditions of the structural 

element and expresses the degree of rotational restraint between adjacent elements (vertical 

and horizontal ones), translated by the zero-moment coefficient. 

 

Table 1. Governing equations and limit states for each specific failure mode of the macroelements (adapted 

from (Petrovčič and Kilar 2013)) 
 Piers Spandrels 

 In-plane Out-of-plane In-plane 

 Flexure (θ-M3) Shear (δ-V2) Flexure (θ-M2) Shear (δ-V2) 

     

 

 

  

 

B (DL)     

C (SD)     

D (NC)     

E     

 
 

3. BIM-based seismic vulnerability assessment – case study 

3.1 Description of the examined building 

Given the relevance of the EUCENTRE campaign in the scope of the present investigation 

– derived mixed URM–RC buildings –, the same prototype buildings will serve as the 

basis for the case study buildings analysed in the next sections. The focus will be placed on 

the comparison of the seismic performance of the Building 1 (an “original” URM building 

with flexible timber diaphragms) and Building 3 (a “derived” mixed URM-RC building 

where an RC ring beam, an RC collaborating floor slab, and multi-layer plywood roof 

panels have been introduced). The non-consideration of Building 2 in the present article is 
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due to the fact that its strengthening did not involve RC elements, hence rendering it out of 

the scope of the present research goals. 

Besides, the shaking table tests, numerical analysis has already been performed using the 

EFM approach with the Tremuri software (Penna et al. 2016), as well as using the FEM 

approach using the DIANA software (Correia Lopes et al. 2021). 

3.2 Construction of the numerical models 

In the present work, a BIM environment has been employed in order to streamline the 

modelling process of the buildings, taking advantage of the interoperability between the 

BIM modelling software and the numerical analysis software. 

The BIM architectural models of the prototype buildings (unstrengthened and strengthened 

configurations) were developed using the Autodesk Revit software based on the 2D 

drawings (floor plans and elevations) from the literature (see (Magenes et al. 2014; Senaldi 

et al. 2014)). Then, the original architectural models were simplified to allow the automatic 

generation of adequate analytical structural models, minimizing the need of further manual 

adjustments. These models can store valuable information about each modelled object 

(e.g., materials’ physical properties, dimensions, nomenclature, etc.). 

For the advanced numerical modelling approach (FEM), the chosen structural analysis 

software was DIANA (DIsplacement method ANAlyser). The construction of the FEM 

from the BIM analytical models has been done with the help of the “REVIT-DIANA” 

Revit-DIANA plug-in v17.0, whose details can be found in (Correia Lopes et al. 2021). 

For the simplified numerical modelling approach (FEM), the chosen structural analysis 

software was SAP2000. The construction of the Equivalent Frame Model (EFM) from the 

BIM analytical models has been done with the help of the developed Dynamo script as 

described in 2.2, and is schematically ilustrated in Fig. 1. 

 

BIM from Revit  EFM from SAP2000 

   

 

 

 
Original architectural 

model 

Simplified physical 

model 

Analytical model Dynamo 

script 

Generated Equivalent Frame Model 

(EFM) 

Fig. 1. Scheme of the models from BIM to EFM 

 

To account for the presence of strengthening interventions on Buildings 3, beam elements 

were applied in the numerical models to represent the RC ring beam at the roof level, as 

well as additional layers on the diaphragms (layered shell elements). 

3.3 Parametric study of the seismic performance of URM-RC structures 

3.3.1 Eigenvalue analysis 

The first step of the numerical analysis carried out in the present paper concerns the 

attainment of the first numerical global modes and corresponding frequencies through a 

numerical eigenvalue analysis of the EFM (with the SAP2000 software) and their 

comparison with the ones obtained from the DIANA software. It should be noted that the 

experimental results are not presented in this paper, due to the aspects already discussed in 
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(Correia Lopes et al. 2021). Despite this, the results obtained from DIANA have been 

calibrated with respect to the experimental ones. 

According to the obtained results (see Table 2), the differences between the FEM and EFM 

approaches are much greater for the Building 1 (-22% for the first mode) in comparison 

with the Building 3, where a good agreement has been achieved (-5% for the first mode). 

The observed differences obtained for the unstrengthened building may be related to the 

approach of the EFM to build the structural model, i.e., beams and rigid nodes. It is noted 

that it was used the same material properties in both FEM and EFM modelling approaches. 

 

Table 2. Obtained frequencies of the analysed cases 

 Building 1 Building 3 

 
1st 

(longitudinal) 

2nd 

(transversal) 

3rd 

(rotational) 

1st 

(longitudinal) 

2nd 

(transversal) 

3rd 

(rotational) 

FEM (DIANA) 5.33 5.52 8.25 5.75 5.88 9.21 

EFM (SAP2000) 4.17 4.67 6.69 5.44 5.75 8.30 

Δf (%) -22% -15% -19% -5% -2% -10% 

 

3.3.2 Pushover analysis 

The next step of the numerical analysis regards the execution of the pushover analysis, 

definition of the capacity curves and damage patterns, and the respective comparison with 

the ones observed previously for Buildings 1 and 3, in both the positive and negative 

directions of the Y-axis. 

The pushover analyses were performed subjecting the structures to a modal load pattern, 

proportional to the mass and the fundamental mode in the seismic action direction, namely 

the Y modal components of the first mode shape. 

The comparison of the damage patterns and failure mechanisms is illustrated in Fig. 2 for 

the Building 3 (the only case where a detailed experimental survey of the crack patterns 

has been done). Herein, the damage patterns obtained in DIANA are expressed by means 

of the crack width (computed for the local direction 1 and considering the maximum value 

across the 5 layers of each element), and the failure mechanism obtained in the SAP2000 

EFM are expressed by means of the colour of the activated plastic hinges (with increasing 

level of severity: green, cyan, magenta, and red). 

 

 Seismic table tests FEM +Y EFM +Y FEM -Y EFM +Y 

NW 

N W
+Y      

SE 

S
E

+Y      
Fig. 2 Observed damage patterns and failure mechanisms for the Building 3 

 

The fairly good approximation of the experimental results obtained with the EFM approach 

in the case of the Building 3 is also visible when considering the damage mechanisms 

activated and the deformations sustained by the structure. The EFM captures well the 

1432
3ECEES, September 2022, Bucharest, Romania



rocking behaviour of the piers in the West and East façades, as well as the out-of-plane 

deformation of the North and South façades at the ground story. It must be pointed out, 

however, that the results of the analysis are sensitive to the choices made regarding the 

discretisation of the macroelements and the effective dimensions of the piers. The 

deflected shapes are also well approximated by the EFM, although some differences may 

be present.  

The eventual discrepancies in the deflected shapes, when comparing the deformed in-plane 

shapes, may be related to an overestimation of the torsional response of the structure in the 

EFM model, whereas during the experimental tests the response of the building was 

characterised by low torsional components (Senaldi et al. 2014). 

Finally, the capacity curves, obtained using the average Y displacement of the four corner 

joints at the roof level, are depicted in Fig. 3, for the following considered cases: (i) type of 

structure: original building (Building 1: “B1”) and strengthened building (Building 3: 

“B3”); (ii) type of analysis: the experimental tests (“Tests” curves in all charts of Fig. 3) 

from the EUCENTRE experimental campaign (Penna et al. 2016), and three different types 

of numerical analysis: (a) the “advanced” FEM results from (Correia Lopes et al. 2021) 

using the DIANA software (see Fig. 3 (a)); (b) the “simplified” EFM results from (Penna 

et al. 2016) using the Tremuri software (only for B3, see Fig. 3 (b)); (c) the “simplified” 

EFM results obtained within the scope of the present paper using the SAP2000 software, 

using two approaches for the computation of the zero moment coefficient: a fixed value 

(α=0.5, see Fig. 3 (c)) and a calculated value of α (see Fig. 3 (d)); and (d) pushover 

direction: positive (+Y) and negative (-Y), along the longest walls. 
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Fig. 3 Numerical vs experimental pushover results 
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According to the depicted results, it is possible to draw several conclusions. The 

experimental results obtained from the shaking table tests showed that the original 

unstrengthened configuration (Building 1) could withstand much lower levels of shaking 

intensity with respect to the Building 3, which fully exploited the in-plane capacity of 

the walls. 

Regarding the advanced approach, the capacity curves obtained with the DIANA software 

(FEM, Fig. 3 (a)) show a good agreement with the ones obtained experimentally, 

corroborating the fact that the inclusion of the RC strengthening elements has notably 

increased the seismic response of the building in terms of capacity and stiffness. In 

addition, thanks to the ability of the FEM to capture damage patterns, it was possible to 

compare the damage patterns obtained numerically with the ones observed experimentally 

for the Building 3 (see Fig. 2). 

Regarding the simplified approach, the EFM approximates fairly well the actual response 

of the Building 3 (Fig. 3 (b), (c) and (d)), but it is not capable to capture accurately the 

global seismic behaviour of Building 1 just on the basis on the EFM formulation envisaged 

in this work. It should be noticed that, according to the different code prescriptions, in the 

EFM the floor slabs are usually considered as infinitely rigid, as well as the wall-to-floor 

and wall-to-roof connections. In fact, regardless of the type of structure (original or 

strengthened configurations), the correspondent EFM incorporates a series of rigid nodes 

around the floor and roof levels, which increases the in-plane stiffness at these levels, 

approaching to an infinitely rigid diaphragm with perfect wall-to-floor and wall-to-roof 

connections, which is inexistent for Building 1, and thus overestimating the global seismic 

behaviour of the unstrengthened configuration. According to (Quagliarini et al. 2017), this 

aspect has not been enough investigated as well as the definition of equivalent strengths for 

diaphragms with ductile behaviour, leading to the conclusion that more research is needed 

in these fields. Regarding the post-peak softening visible in the last two cases (Fig. 3 (c) 

and (d)), it can be attributed mainly to the presence of out-of-plane hinges (which are not 

considered in the Tremuri software), and to the different formulations used by the Tremuri 

software and the multilinear constitutive laws of the plastic hinges used in this work. 

However, if the out-of-plane contribution is neglected, a general underestimation of the 

capacity curve (in terms of global initial stiffness and peak strength) may be obtained 

through the EFM (Quagliarini et al. 2017). This aspect is particularly relevant in buildings 

with traditional timber floors, which cannot normally withstand horizontal seismic loads 

without large deformations, which may lead to a corresponding out-of-plane collapse of 

masonry walls (Mirra et al. 2020). 

Finally, the option for computing the zero-moment coefficient individually for every pier, 

results in a slightly better approximation of the capacity curves in terms of ductility (the 

peak is shifted to the right, see Fig. 3 (c) and (d)), which requires the calculation of each 

contraflexure point on the basis of knowing the top and bottom bending moments derived 

from the lateral force distribution along the piers’ height. 

4. Final comments 

The present work has investigated the suitability of two different approaches for the 

seismic performance assessment of existing URM-RC buildings based on the comparison 

of the pushover analysis: an advanced numerical modelling approach based on FEM, and a 

simplified numerical modelling approach based on EFM. The considered numerical 

models, following both FEM and EFM approaches, tried to replicate the experimental 
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response of the unstrengthened and strengthened full-scale stone masonry buildings tested 

at the shaking table of the EUCENTRE. 

The presented BIM-based methodology for the seismic performance assessment of existing 

buildings, focusing specifically on mixed URM-RC building typologies, has allowed to 

simplify, automatise, and optimise several traditional engineering processes, particularly 

the construction of an EFM according to laborious criteria for the frame idealisation 

procedure, and the computation of the parameters for the definition of the plastic hinges. 

The implementation of the EFM approach has presented the following main advantages: 

(i) it is particularly easy to be implemented in practice-oriented commercial software; (ii) it 

is consistent with the recommendations included in several seismic codes (namely the 

EC8-Part 3); (iii) it is formulated based on few mechanical parameters that may be easily 

defined and related to in-situ tests. 

Although the EFM is today the most widely diffused analysis tool for the seismic 

assessment of the global seismic response of existing URM buildings in engineering 

practice, according to the obtained results, its application to them is not so trivial due to the 

possible presence of specific features that differentiate these buildings, particularly, 

between original and intervened buildings. 

Finally, some critical points that should be investigated and developed in future research 

are the influence of several factors on the modelling of the global response of the building 

prototypes, such as the discretisation/geometry of the equivalent frame model, enriched 

formulations for original URM buildings with flexible timber diaphragms (particularly the 

effect of the rigid nodes located at the floor and roof levels), the governing equations and 

limit states for each specific failure mode of the macroelements, and the variations and 

interaction effects of loads due to the effect of lateral loads. 
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Abstract: An alternative passive energy-based retrofit design is proposed for a reinforced 
concrete building, seismically retrofitted in 2013 and damaged by the 2016 Central Italy 
earthquake. An evaluation analysis carried out by referring to the pre-2013 conditions shows 
unsafe stress states in most structural members and severe damage in the masonry partitions 
and perimeter infills. The alternative retrofit strategy of the building, which consists in the 
incorporation of a dissipative bracing system equipped with pressurized fluid viscous 
spring-dampers, allows attaining a substantial seismic performance improvement. This is 
assessed by a safe response of all columns and beams, and at most a very slight damage in 
the masonry panels, in post-intervention conditions. 

Keywords: Seismic assessment, seismic retrofit, dissipation, reinforced concrete  

1. Introduction  

The design of seismic retrofit interventions on frame buildings involves, like for new ones, 
a comprehensive control of their response capacities up to the maximum hazard level 
established by the reference Technical Standards. In spite of this, the earthquakes occurred 
in the last decade sometimes highlighted unsatisfactory responses of non-structural 
elements, and particularly of infills and partitions, in recently retrofitted buildings for 
which, on the other hand, an adequate protection of the structure was normally observed 
(Mazzoni et al. 2017). This prompts to properly simulate the response of infills and 
partitions in retrofit design analyses, as well as to evaluate how these buildings would have 
responded should a different rehabilitation strategy be applied to them.  

This topic is developed in the study presented herein, where a representative building is 
examined, i.e. a school with reinforced concrete (RC) structure situated in the municipality 
of Norcia, Umbria, Italy. The building was seismically retrofitted in 2013 by means of 
buckling restrained braces in some perimeter alignments of the above-ground storeys. In 
spite of these rehabilitation measure, remarkable diffused damage to a wide portion of the 
clay brick masonry partitions and local damage to several perimeter infills of the building 
was caused by the 2016 Central Italy earthquake. The post-quake surveys and relevant 
assessment studies carried out on the building (Fiorentino et al. 2018) highlighted a 
delayed activation of the supplemental damping action of the buckling restrained braces, as 
a consequence of the high stiffness of the incorporated metallic yielding devices. Indeed, 
they responded like traditional non-dissipative braces up to an input acceleration value of 
about 0.2 g, providing an about 15% reduction of inter-storey drifts in the upper storeys 
before exceeding this threshold, counterbalanced by a comparable increase in the 
corresponding storey shears. In view of this, the system failed to protect partitions and 
infills, which started to damage below this acceleration threshold due to their interaction 
with the structural skeleton. At the same time, the plasticization of the metallic dampers 
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occurred for the subsequent higher acceleration peaks allowed to substantially protect the 
RC structure.  

Based on these observations, an alternative retrofit strategy is proposed here for the 
building, which consists in the incorporation of a dissipative bracing system equipped with 
pressurized fluid viscous (PFV) dampers, devised and applied in previous studies by the 
authors to several different types of buildings, including schools. In order to carefully 
evaluate the response of infills and partitions in the assessment and design analyses, they 
are modelled by means of diagonal no-tension struts with multilinear “concrete”-type 
hysteretic behaviour. A trilinear axial force-displacement backbone curve is defined for the 
equivalent struts, which is subsequently transformed in the lateral force-drift curve of the 
panels. The latter is subdivided in eight sub-branches by identifying a set of sequential 
performance ranges and relevant limits, by extracting and elaborating them from the results 
of experimental and numerical literature studies. 

The time-history assessment analysis developed on the structure in the conditions 
preceding the installation of the buckling restrained braces, the construction of the 
backbone curve of infill and partition panels, the design of the PFV-dissipative bracing 
system, and the verification analyses in the presence of the latter are presented in the next 
Sections. 

2. Case study building 

The case study school was built in Norcia, Umbria, Italy in the early 1960s, with a (59.6 × 
12.9) m2 sized rectangular plan (Fig. 1), and is composed of a basement, three above-
ground storeys and a gable roof. As shown in the longitudinal cross section of Fig. 1, the 
inter-storey heights are equal to 3.5 m (basement) and 3.3 m (above-ground). Fig. 2 shows 
the structural plans of the above-ground storeys with the alphanumerical identification of 
the fixed alignments.  

 

 

 

 

 

 
Fig. 1 - Structural plan of the above-ground storeys and longitudinal section of the building (dimensions in 

mm) 

 

 
 
 

Fig. 2 - Fixed alignments of the structural plan of the above-ground storeys 
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The structure is constituted by a RC frame system, with the primary beams situated in the 
alignments parallel to Y (numbered 1–18 in Fig. 2). A set of eight steel braces made of 
HEA 200 profiles was introduced in 2005 in the C longitudinal alignment of the basement, 
as visualized in the section of Fig. 1 too, and two in transversal alignments. This local 
intervention was conceived as a first-level retrofit solution after the 2003 reclassification of 
the municipality of Norcia in a higher seismicity zone, as compared to the previous 
categorization, dating back to 1996. The specific design objective of this intervention was 
to compensate for the elimination of some thick partitions on the basement caused by an 
architectural reorganization of relevant spaces, which emphasized the greater lateral 
deformability of this storey in X direction. 

Fig. 3 shows nomenclature and locations of the perimeter infills and internal partitions 
situated on the three above-ground storeys, all made of clay brick masonry. The infills on 
the basement are the same as for the above-ground storeys; the partitions coincide with the 
ones of the ground storey, except for the longitudinal alignment, where the panels of the 
odd spans were removed and replaced by steel braces in 2005, as observed above.  

 

 

 

 

 

 

 

 

Fig. 3 - Nomenclature and locations of infills and partitions (from top to bottom plan: ground, first and 
second storey) 

A careful investigation campaign on materials and structural members, and dynamic 
identification tests on the building were carried out prior to design the 2013 retrofit 
intervention. This campaign included on-site Son-Reb and pacometer analyses on beams 
and columns, and laboratory tests on concrete and steel bar samples. The following 
mechanical properties resulted from the experimental surveys: mean cubic compressive 
strength and Young modulus of concrete equal to 19.5 MPa and 22,000 MPa, respectively; 
yield stress and tensile strength of the reinforcing steel bars equal to 315 MPa and 490 
MPa, respectively. These were assumed as reference values for the finite element and 
stress check analyses, discussed in the next Section. 

3. Seismic assessment analysis of the building 

The seismic assessment study was developed via time-history analysis by using the main 
shock components of 30 October 2016 earthquake recorded by Norcia seismographic 
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station as input. The elastic pseudo-acceleration response spectra at linear viscous damping 
ratio ξ = 5% of the N-S, E-W and vertical component records are plotted in Fig. 4. 
According with the planimetric layout of the building, the N-S component was basically 
introduced in input along Y axis, and the E-W component along X. For the sake of 
completeness, different orientations were also considered for the two components by 
varying their incidence angle in plan. As a result of this enquiry, the highest seismic 
demand was determined by the N-S parallel to Y and E-W parallel to X basic input motion 
orientation. 

 

 

 

 

 

 

Fig. 4 - Pseudo-acceleration elastic response spectra of 06:40:18, 30 October 2016 Norcia seismograph 
station records 

The computational model of the infill and partition panels was based on the trilinear 
backbone curve traced out in Fig. 5, where Hp is the lateral force of the panel, Hp,max its 
maximum value, and dpr the drift ratio (i.e. the ratio of panel drift to the inter-storey 
height).  

 

 

 

 

 

Fig. 5 - Backbone curve for the analysis of infills and partitions 

The curve is subdivided in eight segments, named S1 through S8 in Fig. 5, scanned by 
means of seven dpr performance limit values, as summarized below.   

The first response branch (S1, traced out in green) corresponds to a non-cracked linear-
elastic behaviour of the panel, the end of which can be approximately fixed at a dpr value 
of 0.05%. The corresponding Hp value, which represents the cracking lateral force of the 
panel, is assumed to be equal to 0.4 Hp,max. A first set of diffused hairline and visible 
fissures (with maximum width of about 1 mm) starts at the end of B1, causing a loss of 
lateral stiffness and the beginning of the cracked response stage. More appreciable 
superficial cracks are displayed in the S2 (light blue) segment, with maximum width no 
greater than 2 mm, and limit dpr value of 0.1%. An accentuated manifestation of superficial 
cracking occurs in branch B3 (dark blue), with crack width reaching about 3 mm, up to a 
drift ratio of 0.15%. In depth cracking effects begin to develop along B4 branch (yellow), 
the drift ratio end threshold of which can be located at 0.33%. This value is also assumed 
by several international seismic Standards as the limit identifying the building Operational 
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performance level for frame buildings in the presence of masonry infills and partitions. 
Branch B5 (orange) identifies the response stage in which the lateral sides of the panel start 
to detach from the adjacent columns and the upper side from the top beams. Beginning 
from the B5 limit, identifiable with 0.4%, the first level of damage triggering the 
subsequent development of the prevailing failure mechanism tend to emerge in segment B6 
(red). Several different indications emerge in the literature as concerns the drift ratio upper 
limit of this branch, coinciding with the attainment of Hp,max, as it is the most widely 
influenced by the type of material constituting the panel. For standard hollow clay brick 
masonry typical of the 1960s with hole percent area (i.e. the percent ratio of the area of 
vertical holes to the horizontal area of brick) greater than 55%, the limit can be 
prudentially put at the 0.5% value identified by most seismic Standards as the threshold 
defining the building Immediate Occupancy performance level. The first softening branch 
following the peak point of the curve, B7 (light grey), corresponds to the progressive 
development of cracking effects related to the prevailing possible failure mechanism, with 
appreciable cracking throughout the brick units, their local crushing and spalling, as well 
as sliding in mortar joints. The transition to the second descending response branch (S8, 
dark grey) can be located at a drift ratio of about 0.66%. S8 ends when the effects began in 
S7 grow up to determine a limit state of irreparable damage of the hollow clay brick infills 
and partitions (i.e. a damage level for which their possible reparation cost exceeds their 
demolition and reconstruction cost). This limit state can be technically located by a point 
of coordinates 0.35 Hp,max and 1% for these types of panels. This point can be assumed to 
coincide with the attainment of the Life Safety performance level limit, as it normally 
implies marginal falling of masonry units, not threatening for the building occupants, and 
thus without risks of loss of human lives. 

In order to simulate the response of the panels in the finite element model of the structure, 
they are transformed in equivalent no-tension diagonal struts according to the classical 
geometrical criteria of Stafford Smith (1966). The hysteretic behaviour of the struts in 
compression is reproduced by means of a multilinear pivot-type rule. 

The results of the analysis in current conditions are synthesized by the graphs in Figs. 6 
and 7, which show, respectively: the biaxial moment interaction curves for the ground, first 
and second storey columns belonging to the B8 alignment; and the response cycles of the 
ground, first and second storey partition panels situated between C6 and C7 column 
alignments. Fig. 6 highlights a large overcoming of the boundaries of the elastic domains 
of the columns for all the storeys above the basement (in which this does not happen 
because it is almost blocked to horizontal translation by the presence of a RC slab 
connecting a large part of the perimeter cavity wall, in addition to the traditional steel 
braces installed in 2005, mentioned above). The maximum values of the demand/capacity 
ratio in these columns are equal to about 2.2 (ground storey), 1.8 (first) and 1.35 (second).   

 

 

 

 

 

 

Fig. 6 - Biaxial moment curves for B8 column alignment (from left to right: ground, first and second storey) 
and relevant safe domains 
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Fig. 7 - Response cycles of Lo2-type partition panels situated between C6 and C7 column alignments (from 
left to right: ground, first and second storey) 

Fig. 7 shows the achievement of drift ratios higher than 1% (beyond the dark grey branch 
of the reference curve), for the ground storey, approximately equal to 0.9% (dark grey 
branch), for the first, and 0.65% (near the end of the light grey branch), for the second. 
These data highlight that, in all cases, the average repairability limit — which, in the 
presence of hollow elements (as in the case of the infills and partitions of this building), 
can be fixed at about 0.5% — is exceeded. Moreover, a collapse condition is identified for 
the ground storey panel, and a damage level close to it, for the first storey one. The data in 
Fig. 6 underline an unsafe response of the considered columns, especially concerning the 
ground storey one. Similar results are observed for several other column alignments, 
assessing the need for a reduction of the seismic demand on columns in terms of normal 
force/biaxial flexure. The results in Fig. 7 highlight damage conditions ranging from severe 
to possible collapse for the panels of the considered vertical alignment, confirmed by a 
similar performance of most partitions and a considerable percent of perimeter infills. 

4. Dissipative bracing-based retrofit hypothesis  

As mentioned in the Introduction, the retrofit hypothesis proposed herein consists in the 
installation of a dissipative bracing system incorporating PFV spring-dampers as protective 
devices. Details on the experimental characterization and the computational modelling of the 
dissipaters and the system, as well as of their sizing and final design procedures can be found 
in Sorace and Terenzi (2008, 2014); the most recent advancements in the application to RC 
building structures in Terenzi et al. 2020. A view of the finite element model of the structure 
in the presence of the dissipative technology is displayed in Fig. 8, where the mounting 
scheme of a pair of PFV devices on tip of the supporting steel braces is illustrated too.  

 

 

 

 

 

 
Fig. 8 - Finite element model of the structure including the dissipative bracing system, and installation detail 
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By recalling the analytical expressions of the FD(t) damping and Fe(t), nonlinear elastic 
reaction forces of the spring-dampers: 
 

  (5) 

  (6) 

where: t = time variable; c = damping coefficient; sgn(·) = signum function; (t) = 
velocity;  |·| absolute value:  = fractional exponent, ranging from 0.1 to 0.2; F0 = static 
pre-load; k1, k2 = stiffness of the response branches situated below and beyond F0; and x(t) 
= displacement, by applying the energy-based design criterion formulated in (Sorace and 
Terenzi 2008), the spring-dampers selected for the case study building have the following 
mechanical properties: c = 38 kN(s/mm);  = 0,15; F0 = 60 kN and k2 = 1.55 kN/mm; 
nominal energy dissipation En = 25 kJ; and stroke xmax = ± 50 mm.  

By way of example of the spring-damper performance, the response cycles of the D1, D2 
pair of devices highlighted in finite element model view of Fig. 8 are plotted in Fig. 9. 

 

 

 

Fig. 9 - Response cycles of the D1, D2 damper pair highlighted in Fig. 7 

The improvement of building performance in retrofitted conditions is synthesized by the 
graphs in Figs. 10 and 11, which duplicate, in post-intervention state, the graphs displayed 
in Figs. 6 and 7 in original configuration. The biaxial moment interaction curves of 
columns belonging to the B8 alignment appear to be constrained within relevant safe 
domains, and the same occurs for all the remaining columns. The response of beams too, 
not commented here in detail for brevity’s sake, becomes safe thanks to the incorporation 
of the dissipative bracing system.   

 

 

 

 

Fig. 10 - Biaxial moment curves for B8 column alignment (from left to right: ground, first and second storey) 
in retrofitted conditions 

The peak drift ratio values of the partition panels in Fig. 11 are equal to about 0.45% 
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orange branch, light damage) and 0.18% (second storey, yellow branch, very slight 
damage). By considering that the panels which Figs. 7 and 11 are referred to are — storey 
by storey — the most severely damaged by the 2016 earthquake, the results graphed in Fig. 
11 assesses the substantial performance enhancement obtained for the non-structural 
elements too, with marginal repair works and related costs for a small number of partitions 
and perimeter infills in retrofitted conditions.  

 

 

 

 

Fig. 11 - Response cycles of Lo2-type partition panels situated between C6 and C7 column alignments (from 
left to right: ground, first and second storey) in retrofitted conditions 

4. Conclusions  

The alternative dissipative bracing-based retrofit hypothesis proposed in this study for the 
case study building, aimed at overcoming the limitations highlighted by the retrofit 
intervention made in 2013, produced a remarkable improvement in its seismic 
performance.  

Indeed, thanks to the installation of the dissipative bracing system incorporating PFV 
spring-dampers, reduction factors in the stress states of columns and beams up to 2.5    
were obtained as compared to the original (i.e. pre-2013 intervention) conditions. This 
allows attaining safe conditions in all structural members. 

A similar improvement is surveyed in the response of infills and partitions, for which at 
most moderate and easily repairable damage levels are noticed in the most stressed panels.  
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Abstract: The real-time estimation of building’s seismic damage level in City-Scale can 

significantly contribute to the reduction of seismic losses. Existing methods are mainly 

based on the pre-seismic vulnerability assessment of buildings using specific, pre-selected 

structural characteristics (i.e. the seismic vulnerability curves and the damage probability 

matrices) or on the “remote-sensing” assessment of the buildings’ seismic damage, using 

space-borne or air-borne data. To improve the effectiveness of such methods, the Artificial 

Neural Networks (ANN) provide modern and strong computational abilities. In the present 

paper an ANN based software application which can be implemented for the rapid 

estimation of reinforced concrete (R/C) buildings’ seismic damage level is described. This 

application is developed on the MATLAB software and its function requires seismic and 

structural data. The application exports rapidly the estimation of the seismic damage level of 

R/C buildings solving the problem as a Function Approximation problem or as Pattern 

Recognition problem. The proposed application is a first version of an in-progress software 

which can be connected to networks of accelerometers in order to receive in real-time the 

accelerograms of seismic events and will be capable to exports maps which illustrate the 

estimation of the damage level of the stricken regions’ R/C buildings.  

Keywords: Artificial Neural Networks, Real-Time seismic damage assessment, City-Scale 

seismic vulnerability, Software Development, Reinforced Concrete Buildings 

1. Introduction  

The ability for the real-time estimation of building’s seismic damage level in City-Scale is 

a definitive factor for the significant reduction of the losses which arise from strong 

earthquakes. More specifically, this ability, if exists, constitutes a significant decision-

making tool for the authorities in order to detect the zones of a stricken area which require 

urgent rescue measures. Thus, the development of methods that could provide real-time 

estimation of seismic damage for large building stocks is always a popular research field. 

To this end, several methods have been developed. Some of them are based on the pre-

seismic vulnerability assessment of buildings using specific pre-selected structural 

characteristics. Within this category lie the seismic vulnerability curves method by 

Anagnos et al. (1995), the damage probability matrices in ATC (1985) and the rapid visual 

screening of structures as stated in FEMA-154 (2002). Another methods’ category is based 

on “remote-sensing” assessment of the buildings’ seismic damage in the stricken area, 

using space-borne or air-borne data (e.g. Xiong et al. (2020)). The effectiveness of the 

aforementioned methods can be improved on the basis of their expansion using Artificial 

Intelligence (AI) based techniques. According to Haikyn (2009) the Artificial Neural 

Networks (ANN) are computational tools which belong to AI based procedures and have 

been successfully utilized in many engineering applications and, more specifically, for the 

rapid estimation of the seismic damage of structures (e.g. Lautour & Omenzetter (2009); 
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Arslan (2010); Rofooei et al. (2011); Vafaei et al. (2013); Jegadesh & Jayalekshmi 

(2015);). 

In the current paper an ANN based application which can be used for the rapid estimation 

of reinforced concrete (r/c) buildings’ seismic damage is presented. This application is 

developed on the MATLAB software platform, MATLAB (2017). Its operation requires 

seismic and structural data (e.g. Morfidis & Kostinakis (2018)). Regarding the seismic 

data, the software requires the introduction of earthquakes’ accelerograms.  A subroutine 

calculates the seismic parameters which are used as inputs for the in-built trained ANNs. 

For the structural data, the program requires the introduction of the values of pre-selected 

structural parameters which are used for the calculation of the structural inputs of ANNs. 

The application extracts rapidly the estimation of the damage level of r/c buildings solving 

the problem as Function Approximation (FA) problem or as Pattern Recognition (PR) 

problem, Morfidis & Kostinakis (2018). The presented application is a first version of an 

in-progress application which can be connected to networks of accelerometers in order to 

receive in real-time the accelerograms of seismic events and will be capable to extract 

maps which illustrate the estimation of the damage level of the stricken regions’ R/C 

buildings.  

2. Methods 

The presented software application is based on the implementation of optimum configured 

trained Multilayer Feedforward Perceptron Networks (MFPN) Haikyn (2009). The 

optimum configuration and the training of the utilized MFPNs arise from a well-

documented methodology which is briefly described in Figure 1 (more details see Morfidis 

& Kostinakis (2018)). In the same Figure the parameters selected for the problem’s 

definition and solution are also illustrated. Following the procedure of Figure 1, two 

optimum configured trained MFPNs are exported: one for the optimum solution of the FA 

problem, and one for the optimum solution of the PR problem. In terms compatible to the 

ANNs’ structure, a trained MFPN is stored in a file which contains the configuration 

parameters as well as the values of all synaptic weights and biases of the network after the 

training procedure. Two files (one for the solution of the FA problem, and one for the 

solution of the PR problem) are embedded to the application’s subroutine which simulates 

the function of the corresponding trained MFPNs (calling the subroutines of the neural 

networks tool of MATLAB) in order to extract the prediction for the seismic damage state 

of buildings. 

 

In Figure 2, the flowchart of the presented software application is illustrated. Based on 

Figure 2 it can be concluded that the application consists of five main components: 

(a) The Graphic User Interface (GUI) for the insertion of the input data (i.e. the 

accelerograms and the buildings’ structural data); 

(b) Subroutines which calculate the 14 seismic parameters and the 4 structural parameters 

that are utilized as inputs of MFPNs, using the inserted accelerograms and the inserted 

buildings’ structural data respectively; 

(c) Subroutines which form the cards for the graphic presentation of the intermediate 

results (i.e. the spectra, the 14 seismic parameters and the 4 structural parameters) and the 

final results (i.e. the MIDR values and the classification of buildings’ in damage states). 

(d) The subroutine which formulates the 18x1 input vector of the trained MFPNs; 

(e) The subroutine which simulates the function of the trained MFPNs in order to extract 

the damage predictions. 
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Fig. 1 - Procedure for the formulation of the problem in terms compatible to MFPNs 

 

 
Fig. 2 - Flowchart of the presented software application 

 

In the following Figures some of the basic screenshots of the application are presented. 

More specifically, Figure 3 illustrates the GUI for the insertion of the input data. 
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Fig. 3 - The GUI of the presented application for the insertion of data.  

 

In Figure 4 the cards presenting the intermediate results are illustrated, i.e. the spectra, the 

14 seismic parameters and the 4 structural parameters. 
 

 

 
Fig. 4 - Cards which present the intermediate results of the application 

 

Finally, in Figure 5, the card presenting the prediction of the seismic damage state of the 

examined building extracted from the simulation of the in-built trained MFPN, is 

illustrated. 
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Fig. 5 - Card which presents the final results of the application i.e. the seismic damage state. 

 

3. Results 

The software application was tested using a testing data-set which contains input vectors 

unknown to the utilized MFPNs. The aims of this testing are: 

(a) The reliability of the developed code in case of multiple runs; required in case that the 

application should be used for the (real time) vulnerability assessment of several types 

of buildings in a metropolitan area. 

(b) The generalization ability of the utilized MFPNs, i.e. their ability to extract reliable 

prediction for the seismic damage state of r/c buildings subjected to earthquakes which 

are both unknown to them. 

 

To this end a testing data set compounded of 240 samples was generated. For each one of 

the 240 testing samples the seismic damage state (i.e. the MIDR values and the 

classification in seismic damage classes) was also calculated by means of nonlinear time 

history analyses (NTHA). Thus, the predictions which were extracted using the presented 

application were compared with the reliable results of the NTHA. 

 

A batch file which executes multiple runs of the application for the 240 testing samples 

was developed. This batch file simulates the function of the application in its final form i.e. 

in the form which will lead to the generation of results for all buildings’ types in a 

metropolitan area. 

 

In Figure 6a the predictions of the MIDR values extracted for the application versus the 

corresponding values exported from NTHA (i.e. the results of the solution of the FA 

problem) are illustrated. Furthermore, the predictions extracted from the application for the 

classification of the examined buildings in the 5 pre-defined damage classes (Figure 2) 

versus the corresponding classification exported from NTHA (i.e. the results of the 

solution of the PR problem) are depicted in Figure 6b.  
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1 2 3 4 5 R

1 32 3 0 0 0 91.4%

2 3 18 3 0 0 75.0%
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Fig. 6 - Evaluation of the application’s results (a) in case of FA problem (b) in case of PR problem 

 

4. Conclusions  

 

The current paper describes a software application which can reliably predict the seismic 

damage state of R/C buildings. The prediction of the damage state is based on the 

implementation of Multilayer Feedforward Perceptron Networks (MFPN).  

 

The presented application is a first (testing) version of an in-progress application which 

can be connected to networks of accelerometers in order to receive, in real-time, the 

accelerograms of seismic events and will be capable to extract maps illustrating the 

estimation of the damage level of the stricken regions’ buildings stock.  

 

The application in the current form is tested here using a testing data set which contains 

samples unknown to the implemented MFPN. The test results highlight the reliability of 

the developed code not only related to the stable execution of multiple runs, but also to its 

ability to extract reliable predictions of the seismic damage state of numerous r/c 

buildings.  

 

The next steps of development include the insertion of the local soil conditions of the 

buildings as input parameters of the MFPNs, as well as the extension of the training data 

set in order to include buildings designed under the provisions of older seismic codes. 
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Abstract: Earth houses provide housing solution for around 30 % of the world's population. 

Building with soil is cheap and supports sustainable building. Albeit present, rammed earth 

(RE) houses in Croatia are mostly abandoned and heavily damaged due to an insufficiently 

raised level of awareness of their significance. In addition, current Croatian design standards 

do not recognize RE as a load-bearing element, and thus do not support the construction of 

new or reconstruction of existing earth houses. Project RE-forMS embodies the synergy of 

modern design of structural walls and traditional building with RE. Data and samples from 

existing earth houses will be collected through field surveys. The controlled cultivation and 

testing of agricultural crops will define the natural fibres for strategic reinforcement of RE 

walls. Properties of both RE samples from the field as well as improved RE mixtures 

reinforced with natural fibres will be determined in laboratories. Via experimental testing 

the thermal and seismic performance of RE walls and mock-up houses will be tested. 

Measured data will be used for studies through nonlinear numerical simulations. This 

project is transformational with expected impact on the preservation of cultural heritage, 

encouraging sustainable building and developing Croatian norms for design of RE houses. 

Keywords: sustainable building, rammed earth walls, design standards, agricultural crops 

1. Introduction  

Earth houses provide housing solution for around 30 % of the world's population (Perić, 

Kraus, Kaluđer and Kraus, 2021). Building with soil is inexpensive and supports 

sustainable building because soil contains low embodied energy (Bui et al., 2011; Tripura 

and Singh, 2015). Albeit present, rammed earth (RE) houses in Croatia are abandoned, in 
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deteriorated and heavily damaged state mostly due to an insufficiently raised level of 

awareness of their importance and significance. Moreover, earth houses in Croatia are 

often bypassed for modern housing because of their association with poverty. However, 

available evidences assert Eastern Croatia earth houses as masterpieces of Croatian rustic 

building and place vernacular Croatian earth houses as the national wealth as they embody 

authenticity (Lončar-Vicković and Stober, 2011; Španiček, 1992). On the other end, 

researchers from all around the world confirm the increased number of houses built from 

rammed earth because people have become aware of sustainable building (Baiche et al. 

2016, Cheah et al., 2012).  

 

a) 

 

b) 

Fig. 1 - Traditional Croatian RE house: a) view from the backyard, b) side view 

Although superior in terms of ecological and sustainable building, RE's Kryptonite is its 

low stiffness and strength. Namely, RE has almost 20 times lower strength than concrete or 

clay brick (Bui et al., 2011; Perić, Kraus, Kaluđer and Kraus, 2021).  

Earth houses were usually built ad hoc and by applying material which was a part of the 

immediate surroundings of the house or was a result of digging a basement (Lončar-

Vicković and Stober, 2011; Vinceslas et al., 2018). Empirically acquired knowledge was 

passed on the generations by word of mouth, with no scientific grant for load-bearing 

capacity and resistance of the structural elements. Given the fact that 30 % of the world 

population lives in earth houses mostly built without employing design standards, it is 

disturbing that most of such houses often appear in places with high seismic activity (Silva 

et al., 2014; Perić, Kraus, Kaluđer and Kraus, 2021). Due to very low compressive 

strength, and even lower tensile strength, it is clear that earth houses are positioned very 

low on a scale of houses safe to live in high seismically active areas, especially if the rules 

of seismic design are neglected. With the goal to improve the durability and bearing 

properties, the earth is stabilized by adding cement or lime (Ciancio and Boulter, 2012; 

Gupta, 2014; Narloch et al., 2015). By adding cement, one is detached from traditional and 

sustainable building, as the possibility to recycle building materials is lowered and 

embodied energy is increased. 

Croatia is located in a seismic-prone area where it is binding to design earthquake resistant 

houses. Yet, current Croatian design standards do not recognize RE as a load-bearing 

element, and thus do not support the construction of new or reconstruction of existing RE 

houses.  

Most of the previous research conducted at the Faculty of Civil Engineering and 

Architecture Osijek, in the context of large-scale projects financed by competent domestic 
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and international sources, was primarily focused on reinforced concrete structures with 

masonry infill, numerical analysis of the behaviour of reinforced concrete structures and 

concrete with addition of waste and recycled materials as a replacement for the natural 

aggregate.  

The installation research project RE-forMS (31 December 2020 – 30 December 2025) will 

assess the thermal performance of RE elements and also the resistance of RE walls to both 

gravity and lateral loads used to simulate earthquake action. The implementation of 

extensive numerical and experimental research in the field of rammed earth in Croatia 

began last year (Kraus, Perić, Kaluđer and Kraus, 2021; Perić, Kraus and Krstić, 2021; 

Perić, Kraus and Krolo, 2021). 

World examples show the possibility of reinforcing earth walls with hemp and straw 

(Cheah et al., 2012; Calatan et al., 2016). In this context, the main hypothesis of the project 

is formed by embodying the synergy of modern design of reinforced concrete walls and 

traditional building with RE, aiming to assess the possibility of reinforcing earth walls with 

the stems of different agricultural crops. 

Within the RE-forMS project, data, and samples from existing traditional RE houses from 

Eastern Croatia will be collected through field surveys. The physical, mechanical, and 

thermal properties of traditional materials collected in the field will be determined in 

laboratories. The tensile strength of the stems of different agricultural crops for micro-

reinforcement will be experimentally tested, and the strategy of reinforcing concrete walls 

will be applied to RE. Properties of both traditional RE samples from the field as well as 

improved soil mixtures reinforced with natural fibres will be determined in laboratories. 

Via experimental testing of RE walls and mock-up houses thermal performance and 

behaviour to simulated seismic action will be tested. All measured data will be used for 

studies employing nonlinear numerical simulations.  

2. Project objectives  

Traditional earth houses in Croatia are buildings with natural, locally available material as 

well as durability and integrity which were maintained during several decades in 

seismically active areas. It is a known that such houses can last more than 60 years (Bui et 

al. 2009).  

The main goal of the RE-forMS project is to make RE walls full-fledged structural 

elements for building in seismically active areas. This five-year project is directed towards 

perseverance of the traditional and cultural heritage, encouraging sustainable building in 

Croatia, and making of recommendations and guidelines for design of RE houses.  

The first and primary focus of the research within the project is the seismically resistant 

rammed earth wall strengthened with natural fibres. Fibre strengthening will be assessed 

by means of zone reinforcing of concrete wall, where the web is differently reinforced with 

respect to the flanges. The second focus is put on testing the effect of fertilization on the 

mechanical properties of crop fibres as a natural micro-reinforcement for rammed earth 

walls. Within the project, the mechanical properties of five crops will be examined, as well 

as the chemical structure and fibre structure. Also, model rammed earth walls will be tested 

subjected to in- and out-of plane loads while model rammed earth houses will be subjected 

to simulated earthquake using a shaking table. Prior to demolition by applying lateral out-

of plane load, the walls will be assessed during several months in the context of energy 

efficiency and thermal conductivity what is the third focus of the project. 
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Specific goals of the project include, inter alia: 

1) Establishing an interdisciplinary research group for the development of 

independent research in the field of RE. 

2) Analysis of physical, mechanical, and thermal properties of traditional and 

improved soil mixtures for choosing optimal mixtures for design of houses in 

seismically active areas. 

3) Assessment of the behaviour of RE walls and houses subjected to artificial ground 

motions, and development of strategic distribution of optimal soil mixtures for 

design of new and retrofit of existing RE walls in seismically active areas. 

4) At the level of load-bearing elements and houses, experimentally investigate the 

thermal properties of soil mixtures to encourage building of new houses. 

5) To prepare recommendations and guidelines for design of new and retrofit of 

existing RE structures in Croatia, but also to upgrade and improve Croatian design 

standards. 

6) Investigate the influence of plant species and mineral fertilization on stem 

parameters and the concentration of chemical elements to select the optimal 

agricultural crop for strengthening RE walls. 

7) Promote project results, and disseminate new knowledge and experience through 

workshops and mini-symposia organized by the RE-forMS group. 

3. Methodology  

The RE-forMS project will be conducted through three successive phases (Figure 2). In the 

first phase of the project material properties will be examined. The second phase will 

examine air permeability, thermal conductivity, and load-bearing capacity of walls on 

horizontal forces until the collapse. In the third phase, however, the resistance of mock-up 

RE houses to simulated earthquakes will be examined by employing a shaking table, also 

until the collapse. The very beginning of the project will include: i) a detailed review of the 

literature and ii) a field research with the goal to measure and photodocument the existing 

traditional earth houses, as well as to collect samples of traditional mixtures. 

 

Fig. 2 – Three phases of experimental testing within the RE-forMS project 

Most of the experiments will be conducted in testing facilities of the Faculty of Civil 

Engineering and Architecture Osijek, and the Faculty of Civil Engineering in Rijeka 

(Figure 3). The activities of the last year of the project will be carried out mostly in the 
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Laboratory for seismic testing in Žrnovnica, near Split. Laboratory for seismic testing in 

Žrnovnica is the only such institution in Croatia with a shaking table, which can truly 

reproduce arbitrary ground motions. 

Physical and mechanical properties will be determined on collected samples. These project 

activities will be mostly conducted in the laboratories of the Faculty of Civil Engineering 

and Architecture Osijek, Croatia. After testing of the traditional mixtures, optimisation will 

be conducted on 15 different soil mixtures with the goal to enhance strength, ductility, and 

resistance of RE houses to external actions. Local soil from around Osijek will be tested, as 

well as mixtures of local soil with the supplements (sand, lime, and plants/fibres of five 

different agricultural crops). Properties such as Atterberg’s limits, specific density, calcium 

carbonate and organic matter content, optimum compaction and thermal conductivity 

coefficient will be carefully determined for soil mixtures.  

 

a) 

 

b) 

 

c) 

Fig. 3 – Testing facilities: a) the Laboratory for Experimental Mechanics “Vladimir Sigmund” at the Faculty 

of Civil Engineering and Architecture Osijek, b) universal testing machine with temperature chamber at the 

Faculty of Civil Engineering in Rijeka, c) airtightness testing chamber at the Faculty of Civil Engineering 

and Architecture Osijek 

In total 945 samples of RE will be tested using universal testing machines and direct-shear 

devices to determine the mechanical properties of materials (compressive, tensile and shear 

strength, and elastic modulus). Assessment of mechanical properties of RE will be 

conducted on cubes, prisms, and cylinders. Measuring mechanical properties on the 

samples of different shapes (cube and cylinder) will provide correlation of the measured 

quantities, ease the use of data, and will provide comparison of the measured quantities in 

available literature. Every year during the project, shear strength of the earth material will 

be determined in a direct shear-testing machine. Shear strength will be determined for three 

different vertical stresses which are compatible with the state of the material in different 

places in real construction, and in different situations. The walls will be tested until the 

collapse in the second, third and fourth year of the RE-forMS project. 

In overall 12 walls subjected to cyclic in-plane loading will be tested using reactive steel 

frame and hydraulic presses while six walls subjected to a monotonically increasing out-of-

plane loading will be tested using a lever chain hoist. Tests conducted on RE walls will 

give insight into collapse mechanism which will contribute to a strategy of strengthening 

using natural fibres as micro reinforcement for such walls. A part of samples, taken from 

soil mixtures prepared for building walls, will be tested immediately prior to wall tests, 

while the rest of the samples will be tested during the following years of the project with 

the goal to investigate effects of aging and late strengths growth because of the pozzolanic 

reactions in soil mixtures with lime. 

Shaking tables enable assessment of building structures until collapse by applying 

simulated ground motions, and in such a way they provide a complete insight into a real 
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dynamic behaviour of buildings. There is a very limited number of institutions that have 

such sophisticated equipment for structural dynamic assessment. Two models of RE 

houses with the roof will be examined on the shaking table in Žrnovnica, Croatia. One 

model will represent a typical Croatian traditional RE house, while the other model of the 

house will be made by employing the improved soil mixture and strategically distributed 

natural fibres.  

Each large-scale experiment will be preceded by a blind prediction of the behaviour of the 

observed RE model using numerical simulations. After every experiment, numerical 

models will be calibrated and improved for implementation of the parametric studies. 

Studies on numerical models will be conducted using computer programs (e.g. ANSYS, 

OpenSees). Nonlinear static and dynamic numerical analyses will be conducted to carry 

out parametric studies and also to validate and verify constitutive models and analytical 

expressions for assessment of seismic performance of RE structures. 

The controlled cultivation of five agricultural crops (wheat, barley, rye, oat and industrial 

hemp) will provide fibres and stems for strengthening assessment of RE with natural micro 

reinforcement. The Faculty of Agrobiotechnical Sciences Osijek, Croatia will use the 

available mechanization for the needs of setting and implementing field tests on an 

experimental site. The tests will be set in three recurrences in which case the basic surface 

of each recurrence with agricultural crops will be 1000 m2, and with hemp 500 m2, which 

makes a total of 40.500 m2 of the sowed surface every year. Five agricultural crops and 

three levels of mineral fertilization of biological crop and other parameters of the plant 

(height, weight, N, P, K and Ca concentration, strengths, elasticity) will be examined. 

Electron microscope Olympus SZX9 with digital camera and belonging software will be 

used with the aim to determine stem diameter. 

The thermal conductivity coefficient λ for RE samples will be determined on 153 samples 

using FOX 200. Airtightness (Minneapolis BlowerDoor) will be assessed in a testing 

chamber with RE walls installed (Figure 3). The assessment of the thermal conductivity 

coefficient (U value) will be conducted on six RE walls in overall. These walls will be 

removed from the chamber by a lever chain hoist, which will give an insight into the wall 

behaviour under the action of a monotonically increasing lateral load that will simulate the 

earthquake action normal to the wall plane.  

The U value assessment will be conducted using two non-destructive in-situ methods: a 

Heat Flow Meter method by measuring the flow of heat through a building element and a 

Temperature Based Method, based on three temperature measures. During assessment of 

the U value of the walls in the model house, the temperature sensors will be additionally 

used with NI cRIO-9114, and the moisture and air flow from the internal and moisture 

from the external side of the wall will be measured. That part of the assessment will be 

conducted during winter months when it is possible to provide lower temperatures and 

necessary minimum temperature difference of the external side of the chamber.  

The walls will be examined continuously during three winter months. Such assessment will 

be conducted during three years, and at the end of each year walls will be replaced by new 

walls with different physical and mechanical properties. 

During the RE-forMS project, tensile strength of field crops will be examined in the 

laboratory of the Faculty of Civil Engineering in Rijeka, Croatia. With the aim to check the 

guidelines for making mixtures and implementation into the sample moulds and for the 

purpose of the cross examination of the measured quantities, the materials for making earth 

mixtures together with the recipes for making mixtures will be sent to Rijeka.  
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4. Expected impact and results 

Although present in Croatia, earth houses are abandoned and very often in an adverse state. 

The results which are realized by means of experimental and numerical assessment will raise 

the value of soil as a building material which is sustainable and safe for the environment and 

healthy living, as well as for perseverance of the existing traditional old earth houses.  

The results of the RE-forMS project will create a potential for building new RE houses and 

retrofitting the existing ones. New RE houses can easily serve as a temporary home for, for 

example people from war-affected areas or areas affected by natural disasters (e.g. flood, 

earthquake, wildfire). RE houses are possible to build from locally available material using 

simple technologies. When leaving those houses permanently, there is a possibility for load-

bearing walls to be recycled or returned to nature. Hard mechanization or use of explosives for 

example, is necessary for demolition of concrete structures in which case the constituent parts 

can no longer be returned to nature in their original state. So, it can be said that earth houses are 

almost perfectly compliant with ecological and sustainable building.  

Soil is easily available, cheap, easily recycled and leaves a very small ecological footprint. 

Scientific community will be provided with implementation of parameter studies by means of 

expanding the database of measured data which are a result of rare and expensive experimental 

research. Expanded database of experimental data will enable analysis by applying statistical 

methods, numerical programs for simulating behaviour of buildings and neural networks 

which will increase the level of knowledge regarding application of RE. Tests conducted on 

full-scale models and shaking tables are rare and expensive because structures of large mass 

and strength are examined until they collapse by means of strong devices for simulating 

destructive natural phenomena. However, such tests are extremely important as they give an 

insight into real phenomena and mechanisms. On the other hand, numerical assessment of 

structural behaviour is significantly faster, non-risky regarding people’s safety and relatively 

cheap if considered that in a very short time behaviour of a larger number of structures can be 

examined, and it can be done by way of making a model copy and by changing an input 

parameter.  

The analysis of mechanical properties of different agricultural crops for the purpose of defining 

natural fibres for micro reinforcement of RE wall will provide the results which will potentially 

give additional value to agricultural crops.  

Experimental tests of traditional RE walls and mock-up houses will give insight into the 

collapse mechanisms, which will enable the development of design and strengthening of RE 

walls using natural fibres.  

Acquired knowledge and measurement results of thermal properties of RE have the potential to 

complement technical regulation regarding rational use of energy and thermal protection in 

buildings which currently do not recognize soil as a building material. Acquired knowledge, 

skills, experience, and analysed measuring data will be dispersed among academic community 

and the profession as well as among students and interested public, and it will be carried out 

by: 

1) publishing scientific papers in international conferences and peer-reviewed journals 

2) organizing workshops and mini-symposia on the applicant’s Organization during the 

project 

3) webpage of home Organization and partner Organizations 
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4) participating on Science Festivals or other festivals whose goal is to encourage younger 

generations and the interested population to be engaged in science and innovations. 

Successful project realization opens a possibility of creating new course in civil engineering 

and architecture studies. All the steps within the project are directed towards persevering 

cultural heritage, encouraging ecological building, and making of recommendations and 

guidelines for design of houses made of RE in seismically active areas and all with the purpose 

to provide safe and healthy place to live. The project will produce the following key results: 

1) a booklet with a detailed description of traditional RE houses from Eastern Croatia, 

and an accompanying publicly available online database with measured physical, 

mechanical, and thermal properties of traditional soil mixtures 

2) a publicly available database of experimental test results conducted on 18 RE walls 

tested under monotonically increasing and pseudo-dynamic loading and two RE 

mock-up houses tested on a shaking table. 

3) a publicly available database of mechanical properties and results of chemical and 

fibre analysis for five different crops covered by the project. 

4) a publicly available database of thermal properties (U value and heat transfer 

coefficient) for the traditional and improved soil mixtures. 

5) publicly available online report describing hysteresis loops, capacity curves, 

equivalent viscous damping, limit states, failure mechanisms, and critical zones of 

RE walls 

6) publicly available report on the technologies and procedure of making RE walls 

and recipes for making earth mixtures 

7) guidelines and recommendations for the design and modelling of RE walls, 

complying with actual Eurocode standards. 

5. Conclusions and discussion 

Available evidences assert Eastern Croatia rammed earth (RE) houses as masterpieces of 

Croatian rustic building and place vernacular Croatian earth houses as the national wealth 

as they embody authenticity. Yet, the preservation of existing traditional earth houses is 

difficult and/or limited because actual Croatian design standards and technical regulations 

do not recognize soil as structural material for building in earthquake-prone areas. Studies 

on seismic performance of RE structures have been conducted worldwide, but not in 

Croatia. All the world studies were conducted on RE made using local materials peculiar to 

the observed area, so the obtained results cannot be fully used to understand the seismic 

resistance of Croatian traditional RE houses. Also, the potential of reinforcing earth walls 

using agricultural crops is not clear.  

The RE-forMS project implies the following: i) analysis of soil and plant material as 

architectural solution for green and sustainable living, ii) analysis of RE walls micro 

reinforced with natural fibres and by following the strategy of reinforcing concrete walls 

for seismically active areas, iii) analysis of dynamic properties of RE mock-up houses for 

behaviour assessment of new and existing traditional houses, and iv) analysis of thermal 

properties of RE walls to support energy efficiency. The project RE-forMS embodies the 

synergy of contemporary design of reinforced concrete and traditional building with soil, 

and thus closely intertwines the required knowledge in the fields of civil engineering, 

architecture, geotechnics, agriculture, and energy efficiency.  
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The main goal of the RE-forMS project is to make RE walls full-fledged structural 

elements for building in seismically active areas. This five-year project is directed towards 

perseverance of the traditional and cultural heritage, encouraging sustainable building in 

Croatia and making of recommendations and guidelines for design of RE houses. 

Furthermore, the results obtained from conducted experimental tests on both the 

airtightness of a house with RE walls and the thermal properties of the RE will sensitise the 

new use of traditional RE houses in earthquake-prone areas and create the potential to 

supplement Croatia's technical regulations regarding thermal properties of materials. The 

project is transformational with expected impact on the preservation of cultural heritage, 

encouraging sustainable building and developing standards for design of RE houses in 

seismic-prone areas. 
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Abstract: The increased awareness of the poor seismic performance of masonry buildings 

made of clay hollow bricks with horizontal holes and cement-based mortar, has drawn 

attention to this masonry typology, which was common practice in the early 1960. In this 

paper, the in-plane rocking behavior of slender masonry walls is experimentally 

investigated. The test results confirm that this construction typology performs quite poorly 

under horizontal loads; a brittle collapse was observed due to the brittle crushing of the pier 

toe subject to compressive stresses concentration. The brittle collapse mechanism also 

highlighted the inability of the wall to carry even only the vertical loads once the ultimate 

in-plane flexural capacity has been reached. 

Keywords: Hollow-brick, horizontal holes, experimental test, rocking behavior. 

1. Introduction 

Clay hollow bricks with horizontal holes and cement-based mortars were common practice 

in the construction sector for small or medium-sized buildings (up to three floors) in Italy 

from the 1950s to the late ‘60s Canal (2006); Zanni et al. (2019). Such buildings were 

designed for basic performances, without accounting for seismic issues, which were not 

contemplated in the regulation of that time in a large portion of the European territory. 

Recent earthquakes (e.g., the earthquake that hit the city of Salò in 2004, and the Emilia 

earthquake in 2012) proved that buildings featuring this masonry typology performed quite 

poorly when subjected to seismic actions. The early collapse was supposed to be caused by 

the brittle crushing of the hollow bricks due to stress concentration. Despite the relevance 

of the issue, a comprehensive study of the structural behavior of this construction typology 

has not been fully conducted; limited literature is available on the subject, and no explicit 

reference is made by the current codes NTC (2018), EC8 (2005). 

The structural behavior of hollow masonry bricks has rarely been analyzed. As for the 

general topic of hollow bricks, Ganesan & Ramamurthy (1992) investigated the behavior 

of concrete hollow bricks under axial compression. Lourenço et al. (2010) assessed the 

resistance of a novel clay hollow masonry unit proposed to ensure an appropriate thermal 

and mechanical performance; a set of in-plane cyclic tests were carried out on masonry 

walls made of hollow bricks with vertical holes to assess the performance of the system 

under seismic loading. 

The first research work which explicitly analyzed hollow masonry bricks with horizontal 

holes was made by Canal (2006), in which uniaxial compression tests were made on brick 

units and brick assembly. From the tests, the average uniaxial compressive strength of 

brick and masonry assemblies was equal to 4.57 MPa and 1.19 MPa, respectively. 
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Messali et al. (2017) focused on the in-plane cyclic behavior of squat and inverted-T walls 

built with hollow bricks with horizontal holes; reference was made to unreinforced 

masonry shear walls subsequently strengthened with Reinforced High-performance Mortar 

(R-HPM) coating. For the specimens, hollow clay bricks with geometry and mechanical 

characteristics resembling those of the units available in the ’60 were used (results of local 

tests on the masonry units were then validated through comparison with results obtained on 

3 original bricks). In particular, (245x245x120) mm3 hollow clay bricks having 10 cells 

and a void area equal to 60 % of the gross section area were used. As for the mortar, a 

4 MPa cement-mortar was estimated according to the results of in-situ penetration tests 

carried out on the same masonry where the three bricks were taken. 

Betelli and Belotti (2013), in their master thesis, investigated the diagonal-shear behavior 

of masonry walls made with hollow clay bricks with horizontal holes. Bricks of the same 

type as Messali et al. (2017) and an M5 cement-mortar were used CEN (1999). 

Valluzzi et al. (2014) analyzed the out-of-plane behavior of walls with hollow bricks 

within research focused on the effectiveness of the use of composite materials as a retrofit 

technique. Hollow masonry bricks of (250x250x120) mm3 and M5 cement-based mortar 

were considered CEN (1999). It is worth noting that, the research aimed at evaluating the 

out-of-plane behavior of these walls when they are used as non-structural components, and 

the masonry units were arranged to have a wall thickness equal to 120 mm. 

In this paper, the in-plane rocking response of slender masonry walls built with hollow 

bricks with horizontal holes and cement-based mortar is addressed through an 

experimental campaign in which full-scale specimens were tested under quasi-static cyclic 

horizontal loads. The focus was made on the assessment of the actual ductility exhibited in 

the case of the in-plane rocking mechanism. 

2. Experimental test 

Three major types of failure mechanisms can be expected in the case of masonry walls 

subject to in-plane loadings: diagonal-shear failure, horizontal slip-shear failure, and 

flexural (in-plane rocking) failure. Failure mechanisms are very much determined by the 

strength of the masonry assembly, the loading conditions, and the stress level for gravity 

loads, as well as the aspect ratio of the walls. In this experimental campaign, the aspect 

ratio of the full-scale specimens and the load conditions were designed to trigger a flexural 

mechanism. Attention is paid on the flexural mechanism because considering this 

construction typology as ordinary masonry, would lead to an overestimation of the in-plane 

flexural capacity of slender piers thus leading to a dramatically wrong assessment of the 

existing building capacity. 

2.1. Reference building and test specimens  

In order to define the geometry and structural characteristics of the specimens, reference 

was made to a typical 1950s-60s three-stories residential building located in the province 

of Bergamo, with bearing masonry walls made of clay hollow bricks arranged with 

horizontal holes, edge ring RC beams, and beam and block floor system (Zanni et al. 

2019). Two full-scale slender masonry walls (L=0.90m; H=2.20m; t=0.25m), with a heigh-

length ratio (H/L) equal to about 2.5 and thickness (t) equal to 0.25 m, were built and 

tested in the laboratory of the University of Bergamo (Figure 1b). The walls were built on 

an RC base chord (0.25x0.30 m2 cross-section area), while a 2.00 m RC chord having the 

same cross-section was placed at the top of the wall one week after the construction of the 
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specimens to avoid the horizontal-joint mortar overstress and excessive deformation due to 

the pressure exerted by the dead load of the chord. Each specimen was composed of 17 

courses of bricks, staggered by half-brick. The horizontal mortar joints were 9 mm thick 

and two different cement mortars were used (one for each specimen). Specimens were 

named after the type of mortar adopted in the construction: Specimens M5 and M20 

feature M2.5 and M20 cement-based mortar, respectively. 

2.1.1. Material properties and characterization tests on masonry assembly 

Bricks units with similar geometry, void area, and mechanical properties to the original 

ones were selected. Hollow clay bricks (245x245x120) mm3, having 12 cells, and a void 

area equal to 62% of the cross-section area were selected. Results of the compressive test 

carried out according to EN 772-1 CEN (2011) are reported in Table 1.  

M2.5 (compressive strength equal to 2.5 MPa), and M20 (compressive strength equal to 

20.0 MPa) pre-mixed cement mortars were tested CEN (1999). Flexural and compressive 

strength of mortar were determined according to EN 1015-11 (CEN, 1999); the elastic 

modulus was derived according to the procedure described in EN 14146 CEN (2004). The 

test results are summarized in Table 1. 

 

Table 1. Average results of the material tests obtained in the experimental campaign. 
Element Property Symbol Mean Value Unit 

Brick Compressive strength with horizontal holes 
,c bvf  3.38 MPa 

Mortar 

Compressive cubic strength 

2.5

,

M

c mR  
3.64 MPa 

20.0

,

M

c mR  
16.42 MPa 

Flexural strength 2.5

,

M

c mf  
1.79 MPa 

20.0

,

M

c mf  
4.23 MPa 

Elastic modulus 2.5ME  
3000 MPa 

20ME  
10000 MPa 

M. assembly: triplet 
Initial shear strength 

0vf  0.05 MPa 

Shear friction coefficient μ 0.70 MPa 

M. assembly: masonry portion 

Compressive strength 2.5

,

M

c vf  
1.10 MPa 

20.0

,

M

c vf  
1.45 MPa 

 

Mechanical tests were also carried out on masonry assemblies. The in-plane shear capacity 

of the horizontal joints was determined according to the standard procedure reported in EN 

1052-3:2002 CEN (2002). The initial shear strength (fv0) and the initial internal friction 

coefficient (μ) were evaluated; the tests showed similar results for the two tested mortars; 

the minimum average values are reported in Table 1. 

Uniaxial compression tests on masonry assemblies (l=0.50; h=0.78; t=0.25) m3 were 

carried out according to EN 1052-1 CEN (2001). Average compressive strength equal to 

1.10 MPa and 1.45 MPa were obtained for the assemblies featuring the M2.5 and M20.0 

cement mortar, respectively. 
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2.1.2. Test setup 

The test setup was conceived to reproduce the actual static conditions of the masonry piers 

of the reference structure, while the specimen geometry was calibrated to enforce the onset 

of a flexural behavior in the case of horizontal loads (Figure 1a). The static vertical loads 

acting on the masonry pier were simulated through two post-tensioned rebars introducing 

point loads (Fv1 and Fv2) on the extrados of the upper chord. 30 tons hydraulic jacks were 

adopted to apply the post-tensioning actions.  

The lateral displacement (d0) was applied by means of an electromechanical actuator 

connected to an RC reacting wall. 

The setup allows progressively shifting the position of the vertical resultant force 

(Fv=Fv1+Fv2) for increasing the applied horizontal displacement (resulting in increasing 

horizontal force, F0). Initially, uniform pressure distribution on the wall cross-section was 

imposed (Fv1=Fv2, F0=0) to resemble the static conditions, while, for increasing horizontal 

load (F0), Fv1 and Fv2 were manually varied. For example, referring to Figure 1, when 

pushing the wall rightwards, Fv2 was increased while Fv1 decreased. To allow controlling 

the vertical forces, some main steps were defined: Step 0 in which the static condition is 

reproduced, Step 1 represents the case of small eccentricity of the resultant, which is 

applied inside the inertia central core, in Step 2 Fv is applied on the boundary of the inertia 

central core. At this step, cracking initiation is expected. In Step 3, Fv shifts beyond the 

central core of inertia, and the cross section is cracks and partialized. For increasing F0, the 

triangular stress distribution progressively concentrates on an increasingly smaller portion 

of the masonry pier cross section, up to the limit condition of plasticization of the 

uncracked portion of the cross-section in Step 4. In the experimental tests, further steps 

were carried out by increasing the horizontal displacement up to reaching the ultimate 

rotation capacity of the specimens, whilst the horizontal load remains constant. 

Based on the characteristics of the reference building, a global vertical load of 45 kN 

corresponding to the uniform compressive stress of 0.20 MPa and 0.22 MPa at the top and 

base of the wall, respectively (considering a wall density equal to 12 kN/m3), was 

considered. The self-weight of the top chord and the metal carpentry were considered and 

subtracted (about 4.5 kN). 
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a)  b)  

Fig. 1 – a) static scheme identified to represent the flexural behavior of a masonry wall; b) test setup before 

the prestress application. 

The horizontal displacement imposed by the electro-mechanic actuator (d0) was monitored 

by a horizontal rectilinear displacement transducer. As for the forces monitoring, a load 

cell was placed at the end of the electro-mechanic actuator (F0), while the post-tensioning 

forces were monitored by pressure transducers placed on the hydraulic jacks’ electric pump 

control (Fv1, Fv2). 

2.2. Results 

The lateral-load drift curves of the two specimens (M2.5 and M20.0) are shown in 

Figure 2a in which cracking initiation (C), yielding (Y), and failure (F) points are 

highlighted on the two curves with empty rhombus. 

A flexural failure mode and an almost symmetric behavior were observed for both the 

specimens; the crack patter was entirely localized at the toe of the walls and no sliding 

displacements were recorded. A brittle failure due to the toe crushing was observed; in 

Figure 2b, the wall toe at the ultimate state is portrayed; the picture refers to the specimen 

with M20.0 mortar. It is worth noting that, in both cases, the unloading branches were not 

accurately controlled because of the inability of the specimens to withstand even the 

vertical loads after reaching their ultimate capacity. 

In the positive direction, maximum forces of about +15 kN, and +18 kN, and maximum 

drifts of +7 ‰, and +5 ‰ were recorded for the specimen with M2.5, and M20.0 cement-

mortar, respectively (Figure 2a). 

In the negative direction, maximum forces of about -14 kN, and -17 kN, and maximum 

drifts of -6 ‰, and -5 ‰ were observed (Figure 2a). 

In general, a drift reduction of -20 % was recorded with the M20.0 cement-mortar, which 

is likely to be associated with a higher nonlinear deformation of the joints in the case of 

M2.5 cement-mortar. 
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Preliminary experimental results show that: 1) little ductility can be relied upon even in the 

case of failure modes involving the rocking of the masonry pier; 2) the maximum drift and 

capacity are influenced by the maximum strength of the wall assembly under uniaxial 

compression; 3) the cement-mortar may influence the results in terms of ultimate drift, and the 

higher the grade of the mortar, the smaller the ultimate drift; 4) once the ultimate capacity is 

reached, the wall loses the ability to withstand even vertical loads. 
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b) c)  

Fig. 2 – a) drift-load curve of the full-scale tests (M20.0 in black full-line, M2.5 in dashed grey line); b) 

Picture of the crushed toe in the case with M20.0 cement-mortar; c) Picture of the damaged specimens after 

the test. 
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3. Final remarks 

Two full-scale specimens were tested to evaluate the in-plane rocking behavior of masonry 

walls built with brick with horizontal holes. Test results show that this construction 

typology performs quite poorly under horizontal loads, and for this reason, its behavior 

must be carefully evaluated.  

The experimental tests highlighted the limited ductility of the masonry walls with hollow 

bricks arranged with horizontal holes also in the case of rocking failure mechanisms. The 

maximum drifts at failure are approximately 50% smaller than those expected for other 

masonry typologies if reference is made to current standards (1%, NTC 2018). Such a limited 

deformation capacity may significantly affect the seismic behavior and may influence the 

design of possible strengthening solutions of existing buildings featuring this masonry 

typology.  

Based on such observations, limited ductility must therefore be reckoned with when 

considering existing structures featuring this particular masonry typology, and much research 

should be carried out to establish reference values to be adopted in the numerical modeling of 

these masonry structures.   
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Abstract: Although the time of catastrophic earthquakes is not predictable, some mitigation 

actions can be taken to enhance preparedness against such events. Hospitals and other 

healthcare facilities are expected to remain operational during and after moderate to severe 

earthquakes. Taking mitigation measures in hospitals that are located in earthquake-prone 

regions is a wise decision that can lead to less damage in case of large earthquakes. 

Prioritizing these measures is of great importance from the economical point of view. This 

study employs a recent decision-making approach based on multiple criteria and cost-benefit 

analyses to help prioritize feasible mitigation actions for a hypothetical healthcare facility. 

Keywords: Operational earthquake forecasting, mitigation action, earthquake emergency 

management plan, Sina Athar medical centre 

1. Introduction  

Earthquakes cause a worldwide average of 40,000 deaths and far more injuries every year. 

Between 1996 and 2015, 750,000 deaths were attributable to earthquakes, according to the 

Centre for Research on the Epidemiology of Disasters1 ; more deaths than all other natural 

disasters combined. Research by well-respected seismologists (e.g. Bilham, 2009) suggests 

that a single earthquake striking a heavily populated city (e.g. Tehran in Iran) could cause 

over one million deaths. 

Operational Earthquake Forecasting (OEF) is a method that can provide authorities with 

short-term earthquake predictions to help them take short-term mitigation actions (Jordan 

et al. 2011; Field and Milner 2018). These actions include reinforcing earthquake drills and 

having a survival kit available. In the last decade, several studies have developed short-

term earthquake forecasts and time-dependent seismic hazard assessment, especially in 

periods of increased seismicity, e.g. following a large earthquake (Convertito and Zollo 

2011; Peruzza et al. 2017; Douglas and Azarbakht 2021). However, making decisions that 

rely on OEF is challenging as the probability of severe earthquakes is often less than one 

per cent daily (Woo and Marzocchi 2014). The decision-making process has been 

facilitated by a cost-benefit analysis proposed by Douglas and Azarbakht (2021) as well as 

a hybrid approach (Azarbakht et al. 2021) combining cost-benefit analysis and the 

Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS). The current 

study presents a new application of the decision-making approach proposed by Azarbakht 

et al. (2021) for the case of hospitals and health facilities in the context of OEF. 

                                                           
1 https://www.cred.be/  
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Hospitals have been reported to lose up to 50% of their capacity at the time and aftermath 

of earthquakes in some countries, such as the 2003 Algerian earthquake and the 2005 

South Asia earthquake, which severely affected Pakistan (WHO, 2008-2009). Hospitals 

need to be operational during and after moderate and devastating earthquakes (Ceferino et 

al. 2020). It is worth mentioning that designing resilient health facility structures and 

considering mitigation actions during the construction phase will add no more than 4% to 

the building’s cost (WHO, 2009).  

A brief description of the employed methodology is presented in the following section. 

Consequently, a hypothetical hospital is introduced and a set of mitigation actions are 

proposed. The mitigation actions are compared using the cost-benefit analysis and TOPSIS 

algorithms and, finally, some conclusions are drawn.  

2. Methodology 

As mentioned in the previous section, decision making in the context of OEF is still a 

challenging area of research since many considerations influence this problem, and the 

likelihood of false alarms is always high. Multi-criteria decision making using TOPSIS 

was initially proposed in general terms by Hwang and Yoon (1981) and implemented in 

the field of earthquake engineering by Caterino et al. (2008). Cremen and Galasso (2021) 

have recently adapted this framework to earthquake early warning (EEW). However, EEW 

only considers two possible actions (trigger or not trigger an alarm), whereas many 

mitigation actions could be triggered by OEF. It is also worth emphasising that OEF 

concerns a longer time frame (often days or weeks) instead of a few seconds in the case of 

EEW. In EEW, it is considered almost certain that an earthquake will occur in the next few 

seconds (probability near to unity), whereas for OEF, the chance of an earthquake actually 

occurring during the forecast period (e.g. next days or next week) is small, which means 

the risk of a ”false alarm” is much higher, making it more likely that “no action” is best. 

Actions will generally be far reaching and have a more significant impact in the context of 

OEF than for EEW as they will be in place for a long time and affect many people. 

Nevertheless, significant planning for low probability/high consequence events (such as 

earthquakes) may be made without being overly disruptive to social and economic 

activities. This is because many actions triggered by OEF are actions that are routinely 

performed. Actions such as drills and exercises, communicating on recommended 

evacuation routes in case of tsunamis and having a survival kit can be reinforced during 

periods of enhanced seismic hazard since public concern about a possible event in the short 

term is increased. Therefore, being inspired by the approach of Cremen and Galasso 

(2021), Azarbakht et al. (2021) adapted the method in the case of OEF and it is applied 

here to systematically compare possible OEF mitigation actions for health care facitilies.  

The final output of TOPSIS is the ‘Closeness Value’, i.e. the similarity to the best possible 

solution. This could be used in future applications to determine which OEF mitigation 

actions are recommended, as the longer time frame for OEF compared with EEW allows 

for more thorough decision making. Besides, the TOPSIS results have been combined with 

a cost-benefit analysis (Douglas and Azarbakht 2021) to make a hybrid algorithm to also 

financially justify the selected actions. For more details, the reader is referred to the 

original manuscript (Azarbakht et al 2021). This method is demonstrated in the next 

section for a hypothetical hospital. 
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3. Mitigation Actions in a hypothetical hospital 

Hospitals and healthcare facility infrastructures become inoperable mostly when non-

structural elements (e.g. mechanical, electrical and communications equipment, shelving 

and water heating) are damaged (WHO, 2009; Achour et al. 2011). Retrofitting non-

structural elements surprisingly costs only about 1% of the hospital’s construction budget, 

nevertheless, it can safeguard up to 90% of its value (Guleria 2017). Proven measures 

comprise early warning systems, regular hospital safety assessments, protecting equipment 

and supplies, development and testing of emergency response plans, preparing staff to 

manage mass casualties and infection control measures (WHO, 2009). Using building 

techniques such as “base isolation technology” by which a building is isolated from the 

ground oscillation in earthquakes is considered to be another possible solution (WHO, 

2009).  

As mentioned earlier, a hospital’s functions are mostly interrupted when non-structural 

components are damaged, e.g. toppling of unanchored helium and oxygen gas cylinders, 

which was frequently reported during past earthquakes (FEMA, 2012). Therefore, 

mitigation actions on medical equipment, lifelines and architectural elements could be a 

rational decision. To elaborate on this concept, inspiration from an explosion that happened 

at the Sina Athar Medical Centre in Tehran on June 30th 2020 (Tehran Times, 2020) is 

discussed here. An electrical short circuit initiated a wide-spread fire. Gas leaks and a 

spread of the fire to helium and oxygen cylinders stored in the basement caused a massive 

explosion. Based on the ISNA news agency, 43 people were in the building at the time of 

the explosion, 19 people were killed and 14 were injured (Tehran Times, 2020).  

Although the Sina Athar medical centre disaster was due to an electrical safety issue, the 

same concept is a likely scenario after a moderate to severe earthquake in the case of 

unanchored cylinders in a hospital. It should be emphasized here that the above-mentioned 

explosion occurred as a result of the unsuitable preservation of about 30 gas cylinders. 

Therefore, anchorage of cylinders and building a new safe storage for the operation of 

cylinders are the two considered mitigation actions in the present study. These two 

mitigation actions will be later compared with a ‘No Action’ strategy. A hypothetical 

hospital is assumed here with a total area of 10,000 m2 over five stories and housing 500 

staff and patients. The cost of cylinder anchorage is assumed to be about $100 for each 

cylinder. We also assume 100 cylinders to be used by the different hospital wards. 

Therefore, cylinder anchorage is a mitigation action with an estimated total cost of 

$10,000. Building a new and safe place for cylinders’ storage is the second assumed 

mitigation action. Hence, a 200 m2 new storage space area is needed to appropriately 

manage the cylinders. Its cost has been estimated to be $500 per m2, resulting in a total 

cost of $100,000.  

On the loss side, a potential of causing 0.4 and 2 per cent death and injury due to this fire is 

also assumed (inspired by the discussion in Azarbakht et al. 2021). Considering 500 

hospital inhabitants, 10 people will be injured and two people will be killed in the case of a 

severe earthquake and consequent fire. In addition, we assume the cost of an injury is equal 

to $10,000 per person, and the cost of a casualty is $1,000,000 per person (Azarbakht et al. 

2021). The direct loss is assumed to be severe damage to at least one entire ward of the 

given hospital resulting in a loss of $800,000. The downtime is also assumed to be three 

days that will be needed for fire extinguishing and recovery. $100,000 loss for every 
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downtime full day for the hospital is assumed. Besides, equal weights (0.25) are used here 

for four considered criteria: direct cost, death, injury and downtime. The disaster duration 

is assumed to be 7 days and the site and seismic hazard input are the same as in Azarbakht 

et al (2021).  

 

Figure 1. (left): C versus different PGA thresholds, (right): R versus PGA thresholds for different OEF 

actions for a hospital.  

The results of the TOSIS algorithm is shown in Figure 1(left) which indicates that both 

mitigation actions are recommended and the ‘No-Action’ is never optimal. The 

‘Anchoring’ mitigation action is always superior when compared to the ‘Building new 

storage’ mitigation action as it is more affordable. The cost-benefit results are also shown 

in Figure 1(right), confirming the ‘Anchoring’ mitigation action is feasible up to about 

0.3g as the Threshold PGA. However, the ‘Building new storage’ mitigation action is less 

feasible (before 0.1g as the Threshold PGA). This is due to the very low probability of rare 

events with very high levels of PGAs. However, it is worth mentioning that Figure 1 is 

based on Probability Gain (PG) equal to 10, which means a heightened situation where the 

seismicity is 10 times the background long-term seismicity. It is worth noting that the 

feasible PGA Threshold will be equal to 0.85 g in the case of PG equal to 100, which 

indicates particularly heightened seismicity.  

We have assumed an equal scheme for weighting the different criteria within the decision 

matrix and only three days of downtime. However, one can significantly increase the 

weight and duration of a potential downtime since hospitals need to be operational during 

and after severe earthquakes. Then, in this case, the given mitigation actions will be better 

justified even for very rare earthquakes. 

4. Conclusions  

In the framework of operational earthquake forecasting, this study has applied a new 

approach to systematically examine the efficiency of mitigation activities for healthcare 

facilities during a period of increased seismicity. The decision support approach has been 

modified from a newly presented method for early warning systems. To analyse the 
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financial benefits of the advised activities, this algorithm was paired with a cost-benefit 

analysis. A hypothetical example involving ‘Anchoring cylinders’ and ‘Building a new 

storage’ for a hospital infrastructure was investigated. The findings suggest that mitigation 

efforts are effective when modest shaking levels cause damage and when the interventions 

are affordable and may offset a large proportion of the underlying risk. The method used 

can be modified to fit a variety of situations based on specific end-user preferences. 
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Abstract: There has recently been an increase in earthquake-induced damages since some 

buildings were constructed following non-standardized design techniques or moderate design 

standards. Therefore, determining seismic assessment of existing buildings to employ necessary 

precautions for reducing economic losses and eliminating potentially life-threatening hazards is 

essential. Seismic assessment of this type of buildings can be determined using a variety of 

methods from Detailed Vulnerability Assessment (DVA) to Rapid Visual Screening (RVS). 

Although the evaluations of DVA methods are more consistent, they are computationally 

expensive. However, RVS methods may be performed effectively and inexpensively to inspect 

large building inventories. Since the accuracy of the employed RVS methods is critical in order 

to take the appropriate precautions, these methods should be assessed by comparing them to the 

DVA methods prior to an impending earthquake. This study evaluates performance of a 

residential reinforced concrete buildings using FEMA P-154 and JBDPA RVS methods and 

compares results with pushover analysis. Thus, the investigation findings provide a comparison 

of the methods for determining building safety levels for application engineers, researchers, and 

decision-makers. 

Keywords: Rapid Visual Screening; Reinforced Concrete Buildings; Seismic Vulnerability; 

Pushover Analysis 

1. Introduction 

Building reliability, damage, and risk assessment are all central issue mitigating disasters and 

minimizing severe effects. Residential buildings, despite their low population density, demand 

extra care because they are the living spaces where people live in urban areas aged buildings, 

irregular layouts and other factors make them vulnerable to earthquakes. Seismic evaluation of 

structures is carried out using a variety of methods, ranging from Rapid Visual Screening (RVS) 

to Detailed Vulnerability Assessment (DVA). 

When a large number of buildings need to be evaluated, RVS methods are used, as they require 

less time than DVA methods. RVS methods are used to assess a building's safety level before 

and after an earthquake. RVS methods are applied by visual examination from the exterior 

and/or within the building using screening forms. The prevalent rapid visual screening methods 

are Japan (JBDPA 2001), USA (FEMA P-154 2015a, FEMA P-155 2015b; FEMA 310 1998), 

Greece (OASP 2000), Europe (EMS-98 1998; RISK-UE Project 2003), New Zealand (NZSEE 

2017), Canada (NRCC 1993), Italy (GNDT 1993a, GNDT 1993b),  India (IITK-GSDMA 

2005), Turkey (EMPI 2003) (RBTE 2019). 

DVA methods are used to conduct comprehensive structural seismic evaluation, which includes 

an investigation based on the linear and nonlinear assessments of each building component. 

DVA is carried out using methods such as Incremental Dynamic Analysis (IDA) and pushover 

analysis. Researchers applied IDA (Alothman et al., 2021; Bakhshi & Soltanieh, 2019; Belejo 

et al., 2017), and pushover analysis (Abd-Elhamid et al., 2020; Aşıkoğlu et al., 2021; Bilgin & 

Huta, 2018). 
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Among these RVS methods, the most apparently distinct methods are FEMA P-154, which is 

based on a scoring system, and JBDPA, which is based on an index method. Since RVS 

methods are used to rapidly determine the safety level of a structural system, they include 

vagueness and uncertainty. There has been little comparative assessment of the RVS screening 

methods with DVA to investigate differences of these methods in terms of identifying building 

damage state. Since it is necessary to compare the findings handled by utilizing RVS methods 

and DVA methods to determine the applicability of RVS methods, this paper will assess RVS 

techniques (FEMA P-154 2015a; JBDPA 2001) with a DVA method (static pushover analysis). 

This study aims to contribute to this growing area of research by exploring the applicability of 

RVS methods to Reinforced Concrete (RC) buildings for application by engineers, researchers, 

and decision-makers. 

2. Building Type and Site Seismicity 

Because about a third of the Gyor population lives in reinforced concrete buildings, it is vital 

to determine if the existing reinforced concrete structures are safe in the event of an earthquake. 

In this study, a residential reinforced concrete structure from Gyor, Hungary is considered. The 

considered building is a free-standing building consisting of 6 floors. The building is supposed 

to be designed based on higher standards and well detailed within 19 years. It is assumed that 

the building is not tilted, that there are no flaws in the columns and walls that affect the load-

carrying capacity of the building, and that the construction quality is good. Since the Gyor 

consists of eight different soil profiles as illustrated in Figure 1, the seismicity of these regions 

with different soil profiles varies. In order to assess the applicability of conventional RVS 

methods, the selected reinforced concrete structure is examined using JBDPA and FEMA P-

154 RVS methods and compared to the findings of pushover analysis.  

 

 
Figure 1. Micro zonation of Gyor (Kegyes-Brassai, 2014) 

 

In 456, an earthquake with a magnitude of magnitude 6.0 or greater struck near Savaria in 

western Hungary (Varga, 2019). The recurrence time of magnitudes of 6.0 and 6.5 earthquakes 

in the Szombathely area has been estimated to range between 1000 and 3000 years (Varga, 

2019). Also, the Komárom earthquake in 1763, estimated to have had a magnitude to be 

between 6.2 and 6.5, was the most catastrophic earthquake to strike the Hungarian Kingdom's 

Komárom District (Varga, 2019). According to the European Macroseismic Scale, this 
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earthquake was scaled as IX in Komárom, while it was scaled to be VII-VIII magnitude in 

Gyor. According to recent investigations on the extent of damage caused by this earthquake, 

substantial devastation occurred following the quake (Morais & Vigh, 2017). 

Figure 2 depicts the hazard map for Hungary, which is on the basis of the site's peak ground 

acceleration with a 10% probability of exceeding the 475-years frequency of recurrence (Tóth 

et al., 2006). Earthquakes with magnitude 6 have a recurrence frequency of 100 years, 

indicating moderate seismicity, whereas earthquakes with magnitude 5 have a recurrence 

frequency of 20 years in Pannonian area (Tóth et al., 2006). Gyor has been designated to 0.12g 

peak ground acceleration in the hazard map. 

 

 

Figure 2. Seismic hazard map of Hungary (GeoRisk Earthquake Engineering Ltd., 2006) 

3. RVS Methods 

To date, various RVS methods have been developed and introduced to examine building safety 

levels. RVS methods are employed since they are capable of assessing buildings and identify 

their corresponding seismic safety in a small amount of time. Therefore, the FEMA P-154 

(2015a) and JBDPA (2001) methods considered in this study are presented below, respectively. 

3.1. FEMA P-154 RVS Method  

The FEMA RVS method was initially developed in (1988) by the American Society of Civil 

Engineers (ASCE) for the rapid assessment of a building stock. FEMA RVS method is updated 

in 2002 (FEMA 154 2002) and 2015 (FEMA P-154 2015a) by taking into account damages 

after several earthquakes (1992 Landers, 1994 Northridge, etc.) and technological 

developments. 

When using RVS procedures taking into account FEMA P-154, the seismicity of the area is 

determined first. Then, the appropriate assessment form is selected depending on the site 

seismicity. In the selected evaluation form, the final seismic hazard score of the building is 

determined by using the scores given for different parameters, depending on the considered 

building type out of 17 building types. In the first stage building evaluation form, various 

building features such as latitude, longitude, address, a photograph of the building are recorded. 

Parameters affecting the Final Score (FS) value are site seismicity, vertical and plan irregularity, 

soil type, pre-code, post-benchmark are also required. The safety level of the building can be 
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identified by comparing the FS value (ranging from 0 to 7) assigned for the building with the 

“cut-off score”, which is relaying on acceptable risk (suggested to take as 2 by FEMA P-154 

standard). Building safety is determined according to the comparison of the FS value to the cut-

off score. If the FS value is greater than 2, the building will show an acceptable seismic 

performance during an impending earthquake. However, if it is less than the cut-off score, the 

building should be examined in detail by a professionalized structural designer. Also, the safety 

level of the building is determined by examining the calculated FS value according to the 

intervals shown in Table 1. 

 

Table 1. Final Score (FS) based building damageability relationship (Nanda & Majhi, 2014; Ningthoujam & 

Nanda, 2018) 

Final Score  Building Damage Grade 

S < 0.3 : High probability of Grade 5 damage: Very high probability of Grade 4 damage 

0.3 < S < 0.7 : High probability of Grade 4 damage: Very high probability of Grade 3 damage 

0.7 < S < 2.0 : High probability of Grade 3 damage: Very high probability of Grade 2 damage 

2.0 < S < 2.5 : High probability of Grade 2 damage: Very high probability of Grade 1 damage 

S > 2.5 : Probability of Grade 1 damage 

3.2. JBDPA RVS Method 

Since Tokachi-oki earthquake in 1968 causing a significant amount of damage the Japanese 

RVS method, JBDPA, was designed in 1976 to examine the safety level of existing buildings 

(Otani, 2000). The JBDPA technique is divided into three steps from simple to detailed. The 

first one as a RVS method was published in 1977. In the first stage of the JDPA method, in 

order to evaluate the seismic safety of the structure, the seismic index of structure (𝐼𝑆) is 

compared with the seismic demand index of structure (𝐼𝑆0) as given in Equation (1).  

 𝐼𝑆 ≥ 𝐼𝑆0 (1) 

The seismic index of structure (𝐼𝑆) given in Equation (2) can be calculated for each floor and 

direction. 

 𝐼𝑆 =  𝐸0 ∙ 𝑆𝐷 ∙ 𝑇 (2) 

where 𝐸0 represents basic seismic index of structure, 𝑆𝐷 represents irregularity index and 𝑇 

represents time index.  

The seismic demand index of the whole structure can be evaluated regardless of results obtained 

by Equation (2) as given in Equation (3). 

 𝐼𝑆0 =  𝐸𝑆  ∙ 𝑍 ∙ 𝐺 ∙ 𝑈 (3) 

where 𝐸𝑆 represents basic seismic demand index of structure regardless of the direction, 𝑍 

represents zone index, 𝐺 represents ground index and 𝑈 represents usage index.  

When assessing a building using this method, material properties of RC building and the size 

of the vertical load-carrying elements are taken into account. The shear strength of each floor 

is obtained as a consequence of this computation. Consequently, if 𝐼𝑆 is greater than 𝐼𝑆0, the 

building is classified as "Safe", where it will show the expected strength during an earthquake. 

Otherwise, the building is classified as "Uncertain".  

4. Static Pushover Analysis  
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RVS approaches and also detailed analyses can be employed, however, DVA methods are more 

time-consuming assessment techniques. Therefore, apart from a complete seismic evaluation 

of the whole building stock, it is important to select buildings that represent the building stock 

for DVA. Also, the accuracy of the RVS methods may be assessed by comparing the findings 

of RVS with the DVA approach (pushover analysis in this study) applied to the selected 

buildings. 

To assess the deformation demands that occur as a consequence of a strong seismic excitation, 

DVA methods (e.g., incremental dynamic analysis, pushover analysis) are performed. The time 

required to assess a single building varies depending on the DVA technique employed. This 

investigation uses the static pushover analysis method, also taking into account the nonlinear 

capacity of buildings describing better the seismic performance. Static pushover analyses are 

performed by exciting gradually increasing lateral static push loads to the building under 

vertical loads. Consequently, a static pushover curve demonstrates the relationship between 

base shear and roof displacement (or drift ratio). 

The generated pushover curve is converted to a capacity curve in order to establish a 

relationship with spectral demand and to perform the necessary comparison as shown in Figure 

3. Throughout this procedure, base shear is converted to spectral acceleration (Sa), while roof 

displacement is converted to spectral displacement (Sd) (FEMA P-155 2015b). 

 

 
Figure 3. Sample building capacity curve (FEMA P-155 2015b) 

 

Consequently, this study is going to determine building safety level of a reinforced concrete 

building based on static pushover analysis and compare with rapid visual screening (FEMA P-

154 2015a; JBDPA 2001) outcomes. The plan layout of the considered building is shown in 

Figure 4. 
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Figure 4. Reinforced concrete building plan 

5. Results 

In this investigation, RVS methods (FEMA P-154 2015a; JBDPA 2001) and static pushover 

analysis are utilized to examine an existing RC building that can represent an existing 

RC building stock. The findings of these assessments based on the RVS and pushover analysis 

methods, are presented below. 

5.1. RVS Implementation Results 

Site survey helps to classify buildings in two groups namely Safe and Uncertain. If a building 

is identified as safe means the building is going to show expected seismic performance during 

an impending earthquake. However, if the building is identified as Uncertain, further detailed 

vulnerability assessment methods are needed to be employed for examining the safety level of 

the building.  

FEMA and JBDPA RVS methods-based examination of the vulnerability of the RC building is 

performed. According to the FEMA P-154 RVS, the final score is 4.8, which is higher than the 

cut-off score (2). Therefore, the structure is classified as safe based on cut-off score and 

“probability of Grade 1 damage” based on the Table 1. In addition, the 𝐼𝑆 and 𝐼𝑆0 values 

evaluated for implementation of the JBDPA method were compared, and 𝐼𝑆 values were 

obtained to be greater than the 𝐼𝑆0 value for each floor. As a result, FEMA P-154 and JBDPA 

RVS methods-based building safety level classification identified the RC building as safe.  

5.2. Pushover Analysis Results 

The static pushover analysis method, which is one of the DVA methods, is widely used to 

determine a building's safety level. By implementing gradually increasing force in the lateral 

direction to a building under vertical loads, a pushover curve consisting of base shear and roof 
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displacement is determined. A 6-story reinforced concrete structure with the layout showed in 

Figure 4 was investigated in this study. The pushover curve of the examined reinforced concrete 

structure is shown in Figure 5. 

 

 
Figure 5. Static pushover curve of the building 

 

Figure 5 depicts the relationship between the base shear and the roof displacement, that may 

occur during an earthquake. Since the required base shear is less than the shear capacity of the 

building, the building is in the elastic stage. Therefore, based on the determined pushover curve, 

the building is in damage grade one. Although fine cracks may appear in the plaster of the load-

bearing elements, there will be no structural damage. The building experiences some non-

structural damage in the first damage level. Also, fine cracks in partitions and infill walls can 

be seen in damage state one. 

6. Discussion 

The FEMA RVS method is used to examine existing buildings based employing survey forms 

for the specified site seismicity of the area (site seismicity is moderate for this study). The 

parameters used to calculate the building's final score in these forms are vertical and plan 

irregularity, pre-code, post-benchmark, and soil type. The building under consideration has a 

regular plan and elevation, is a post-benchmark building, and has a soil type of C. Furthermore, 

the final score value is correlated to the "Probability of Grade 1 Damage" range in Table 1. 

Finally, the building has been designated as safe since the FEMA RVS method-based evaluated 

final score value was greater than the cut-off score. In addition, the JBDPA method is used to 

assess the safety level of the reinforced concrete building based on a relatively large amount of 

calculations, by considering the building's geometric and material characteristics. The 

building's safety level is identified by comparing the 𝐼𝑆 values calculated for each story with 

the derived 𝐼𝑆0 value for the entire building. Also, as a result of the JBDPA based examination, 

the building was categorized as safe. Since a single building is considered in this investigation 

and both assessment findings designate the building as safe, it is challenging to decide which 
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method is more accurate. Therefore, the static pushover analysis as DVA method-based 

building assessment findings are discussed below.  

Pushover analysis was performed in this study for a reinforced concrete building with regular 

in plan and elevation. As a result of the assessment performed using the pushover analysis 

method, the building's safety levels are determined by taking into account the pushover curve 

shown in Figure 5. The reinforced concrete building under consideration in this study has been 

classified as safe as a consequence of the pushover analysis-based assessment. Also, the FEMA 

and JBDPA RVS approaches were used to determine whether or not the building is safe. The 

damage states identified by the JBDPA and FEMA RVS methods and those established by the 

pushover analysis are consistent.  

Overall, the building safety level determined using FEMA and JBDPA RVS methods for the 

reinforced concrete building and the safety level determined using pushover analysis overlap 

each other. Taken together, these results reveal that there is an agreement between the RVS 

methods and pushover analysis of reinforced concrete buildings. However, these findings 

confirm the association between RVS and pushover analysis, further research should be done 

by examining a large number of buildings to demonstrate the accuracy of RVS methods.  

7. Conclusions 

The present study was designated to determine seismic vulnerability of a reinforced concrete 

building by employing FEMA P-154 and JBDPA RVS methods, and static pushover analysis 

method. The RVS methods are used to determine the seismic vulnerability of the building in a 

relatively short time. Also, buildings requiring further detailed assessment can be determined 

as a result of utilizing RVS techniques.  The examination of the reinforced concrete building 

by the RVS methods has shown the building is safe. The static pushover analysis method is a 

method for assessing buildings that require further comprehensive analysis and also serves as a 

possible tool for validating RVS methods accuracy. The examined building is also classified as 

safe, based on the results of the pushover analysis, as established by the RVS techniques. The 

results of this study support the idea that the pushover analysis method and the considered RVS 

methods are shown a good agreement. However, the effect of each parameter on results varies 

depending on the RVS methods. For example, in the Japan RVS method, the decisive parameter 

is whether shear walls exist or not, while in the FEMA RVS method, the decisive parameters 

are vertical and plan irregularities. 

Since the current study has examined a limited number of reinforced concrete buildings, the 

effectiveness of RVS methods and decisive parameters effect can be determined by comparing 

the findings acquired in future investigations using a larger number of buildings. So, this study 

serves as a basis for how RVS methods can be assessed for possible further enhancement. 

Further research in this field would be of great help in modifying existing methods or 

introducing new methods.  
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Abstract: TEASPA (Taiwan Earthquake Assessment for Structures by Pushover Analysis) is 

a seismic performance evaluation method proposed by the National Centre for Research on 

Earthquake Engineering (NCREE) for analysing existing buildings. TEASPA 4.0 adopts P-

M hinges for simulation of the nonlinear behaviour of columns. The P-M hinges of columns 

are suitable for the seismic simulation of mid- and high-rise buildings. Shaking-table tests are 

conducted on a 10-story full-scale RC building frame on the E-Defense in Japan. The tested 

building is designed in accordance with the provisions of a new building design code in Japan. 

In this study, we conduct pushover analysis on the tested building by using the nonlinear hinge 

properties using TEASPA 4.0 and ASCE 41-13. We compare the simulation and test results. 

The analysis results show that the TEASPA method can effectively simulate a specimen, 

yielding conservative results that agree well with the test results. Consequently, the TEASPA 

method can be applied to predict the seismic performance of newly designed buildings. 

Keywords: TEASPA, seismic assessment, nonlinear hinge, P-M hinge, shaking-table test 

1. Introduction 

National Centre for Research on Earthquake Engineering (abbreviated as NCREE) proposed 

the Taiwan Earthquake Assessment for Structures by Pushover Analysis (abbreviated as 

TEASPA) for existing RC buildings in Taiwan (Chiou et al., 2020). In the 1999 Chi-Chi 

earthquake, many old buildings severely damaged. To upgrade the seismic capacity of old 

school buildings, the NCREE conducted lots of study and experiments to propose a detailed 

evaluation method for old school buildings. The method (version 1) first proposed in 2008, 

and now has upgrade to V4.0 (Chiou et al., 2020). NCREE also carried out the in-situ 

experiments of real school buildings in 2005 to 2007 to verify the method. TEASPA V4.0 

was proposed in 2020. The version 4.0 improved simulate method for structural elements, 

functions, retrofitting methods and import a web-system for user service online as well.  

The E-Defense of NIED conducted the shaking table test of a 10-story full scale RC building 

frame in 2015 (Kajiwara et al., 2017). This study carried out pushover analysis to simulate 

the seismic performance of the 10-story RC building frame by TEAPSA 4.0 (Chiou et al., 
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2020) and ASCE 41-13 (ASCE/SEI 41, 2014). The paper reports the comparison of the 

simulating and the testing results, but also discusses the simulation of nonlinear behaviour 

of structural elements by TEAPSA 4.0 and ASCE 41-13. 

2. Introduction of TEASPA 4.0 

In this section, we will introduce the simulation method for members and the pushover 

analysis method that will be used on a specimen. Readers can find more details in the 

handbook of TEASPA 4.0 (Chiou et al., 2020). 

To use the method for mid-to-high-rise buildings, from V3.1 onward, NCREE developed P-

M hinges of columns. In addition, the Construction and Planning Agency of Ministry of 

Interior, CPAMI, confirmed that the method is no longer limited to six-floor buildings but 

can be used for mid- to high-rise buildings. Same as V3.1, V4.0 also considers various axial 

forces acting on columns. To consider the effect of axial forces and moments, V4.0 uses P-

M hinges to simulate the behaviour of columns (Fig. 1). To obtain the hinge properties of 

beam members, TEASPA 4.0 adopts the provisions of ASCE 41-13.  

 

 

(a) P-M curve of a column 

 

(b) Hinge properties of each point on the P-M curve 

Fig. 1 - Details of P-M hinges in the analysis software 

 

V4.0 uses the fibre section method to evaluate the nominal flexural strength of members. 

The “modified Kent and Park model (Scott et al., 1982)” is used to simulate the behaviour 

of concrete with the assumption that the steel bar is perfectly elastic. To obtain the rigidity 

coefficient after cracking of members, the V4.0 handbook revised the method of analysing 

members. In accordance with the provision of ASCE/SEI 41-17 (ASCE,2017), the reduction 

coefficient of rigidity is 0.3𝐸𝑐𝐼𝑔 for beam elements. Meanwhile that is 0.3𝐸𝑐𝐼𝑔 for column elements 

with less than axial loading of 0.1 𝑁 𝐴𝑔𝑓𝑐
′⁄ , that is 0.7𝐸𝑐𝐼𝑔for column elements with larger than axial 

loading of 0.5 𝑁 𝐴𝑔𝑓𝑐
′⁄ , and that can be linear interpolation between axial loading coefficient from 

0.1 to 0.5. To determine the elastic rigidity coefficient of beam members, V4.0 also refers to 

the suggestion of ASCE 41-13. 

3. Introduction to the 10-Story RC Building Model 

The National Research Institute for Earth Science and Disaster Resilience, NIED, conducted an 

experiment for a 10-story RC building that was designed in accordance with the RC code in 

Japan in 2015. The specimen configurations are shown in Fig. 2. The details of the sections can 
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be checked in Kajiwara et al. (2017). The material properties of the concrete and rebar for the 

analysis model are shown as Tables 1 and 2. The weight of the specimen is shown in Tables 3. 

(Kajiwara et al., 2017; Sato et al., 2017) 

First, to observe the behaviour of the structure, the response of the base slip was obtained 

experimentally. Next, a procedure was performed to make the base into a fixed base and 

NIED tested the response of the specimen. The test case is shown in Fig. 3 (Kajiwara et al., 

2017; Sato et al., 2017). In this study, we first discuss the frame direction of specimen, using 

pushover analysis to compare with the fixed-base case with a 100% magnification. The 

pushover analysis was conducted using the auxiliary program ETABS2016, and the derived 

3D model is shown in Fig. 4. 

4. Analysis Results 

By using the auxiliary program and TEASPA 4.0, we can conduct a pushover analysis of the 

specimen. To discuss the feasibility of applying TEASPA 4.0 to new buildings, we first 

study the frame direction of the specimen. After establishing the structure model and 

assigning necessary settings, we can assign nonlinear hinges from the web service. In this 

study, we also conducted nonlinear pushover analysis using the ASCE 41-13 method for 

comparison with TEASPA 4.0.  

The result of the pushover analysis with TEASPA 4.0 is shown in Fig. 5. The beam members 

in 5FL have flexural damage. The maximum base shear is 309.24 tf, and the relative 

displacement in the roof is 39.70 cm. The failure mode obtained with TEASPA is similar to 

the test result (Fig. 6). The maximum base shear obtained by the TEASPA method is 75.19% 

of the test result, whereas that obtained by ASCE 41-13 is 67.18%. The maximum story drift 

by both the TEASPA and test results is at 5FL, while that by ASCE 41-13 occurs at 4FL. 

The maximum story drift with the TEASPA method is 86.35% of the test result. The results 

for the relation between base shear and roof displacement and the maximum story drift are 

shown in Figs. 7 and 8. The figures indicate that all these parameters in the case of the 

TEASPA method are relatively more accurate. 

 

Table 1. Specifications of the concrete of each floor ( 2kgf /cm ) 

FLOOR 
cf   FLOOR 

cf   

2FL 700.31 7FL 492.86  

3FL 733.95  8FL 499.49  

4FL 587.16  9FL 529.05  

5FL 490.32  10FL 447.50  

6FL 463.81  RFL 417.94  

 

Table 2. Yielding strength of rebar ( 2kgf /cm ) 

REBAR 
yf  REBAR 

yf  

D10 3876.00  D19 3969.00 

D13 3680.00  D22 3954.00 

D16 3007.00  S10 9493.00 

 

Table 3. Weights of the floors of the specimen (Kajiwara et al., 2017; Sato et al., 2017)  
DL (tf) LL (tf) accumulated weights (tf) 

RFL 73.90 0.00 73.90 
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10FL 75.43 5.81 155.15 

9FL 70.74 2.85 228.75 

8FL 72.99 2.85 304.59 

7FL 96.74 2.85 404.18 

6FL 63.00 19.16 486.34 

5FL 79.51 2.85 568.71 

4FL 81.35 2.85 652.91 

3FL 83.28 2.85 739.04 

2FL 90.62 5.81 835.47 

1FL 186.54 2.96 1024.97 

 

 
1st floor plan 

 
2nd to 7th  floor plan 

 
 A, D frame B, C frame 

Fig. 2 - Plan and elevations of the specimen (Kajiwara et al., 2017; Sato et al., 2017) 
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Fig. 3 - Test case and input wave (Kajiwara et al., 

2017; Sato et al., 2017) 

 

Fig. 4 - 3D Model in the auxiliary program 

 

 

(a) Frame A    

 

 (b) Frame D 

Fig. 5 - Last step of the pushover analysis (TEASPA 4.0) 

 

Fig. 6 - Damage of specimen frame A (50% fixed base). (Tosauchi et al., 2017) 
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Fig. 7 - Comparison of the TEASPA 4.0 and ASCE 

41-13 results with the test results in terms of the 

relationship between base shear and roof 

displacement. (Testing data credited by Tosauchi et 

al., 2017) 

 

Fig. 8 - Comparison of the TEASPA 4.0 and ASCE 

41-13 results with the test results in terms of the 

maximum story drift. (Testing data credited by 

Tosauchi et al., 2017) 

5. Conclusions 

In this study, both the TEASPA 4.0 method and ASCE 41-13 were used on the frame 

direction of the test specimen. The results showed that the TEASPA method proposed by 

NCREE accurately simulates strength, damage mode, and drift tendency in comparison to 

the test results. The study also confirmed that TEASPA 4.0 yielded a good simulation for 

performing pushover analysis of newly constructed buildings. Thus, this method can be 

effectively applied for seismic performance prediction of new buildings in the future. 
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Abstract: The behavior of R/C columns before and after strengthening using FRP sheets is 

discussed here. The study focuses on the bending failure of columns. In particular, three numerical 

models of RC columns were developed representing a structural subassembly of a RC frame 

structure. One unstrengthened column and two strengthened with 1 FRP sheet and different bond 

strength. The numerical models employed all the mechanical properties of the materials explicitly, 

representing the concrete volume as solid finite elements, the steel reinforcement as wire elements 

and the FRP sheets as shell elements together with nonlinear interfaces capable to simulate the 

debonding mode of failure. The seismic type loads are applied as a monotonic horizontal load at the 

floor’s slab level. Furthermore, as the structural upgrade is limited due to the delamination of the 

strengthening coating, a mechanical anchoring system is investigated and two more models are 

developed. The numerical predictions exhibited a significant increase of bearing capacity, over 50%, 

when FRP sheets are mechanically anchored. 

Keywords: RC columns; FRP strengthening; Seismic type loadings; Numerical simulation; 

Nonlinear interfaces; FRP anchorage 

1. Introduction 

The use of fibre reinforced polymer (FRP) sheets attached to R/C structural members has 

become a widely common retrofitting technique, offering high strength jacketing and ease 

at construction, while the weight and the stiffness of the strengthened members are not 

changed. Extensive research has been carried out for the use of FRP jacketing both 

experimentally and numerically focusing on either flexural or shear reinforcement of RC 

members. Manos et al. investigated the use of U-shaped FRP sheets wrapped and attached 

to rectangular or T-shaped RC beams as shear reinforcement [1,2,3]. Both experimental 

measurements and numerical predictions exhibited the effectiveness of this strengthening 

scheme provided that the delamination is prohibited by mechanical anchoring. Katakalos et 

al [4] investigated cantilever T-shaped RC beams strengthened with steel fibre reinforced 

polymer concluding that the anchoring system has a significantly more pronounced effect 

on the performance of the beams and the mode of failure than the type or spacing of the 

strips. The investigation of a 3D RC joint under seismic loads is investigated by Melidis et 

al [5, 6]. To ensure the effectiveness of the FRP flexural strengthened beams and columns 

an anchoring system using steel sections near the joint core region was employed. The 

same conclusion has arisen by other researchers investigating different RC structural sub-

assemblies retrofitted with FRP jackets [7,8]. In order to prevent the debonding of FRP-

concrete interface, which is the typical mode of failure of an FRP-strengthened concrete 

structure, a proper mechanical fixation should be used. Herein, the behaviour of RC 
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columns before and after FRP strengthening are numerical investigated. The numerical 

models discussed here utilize solid finite elements to represent the concrete volume and 1D 

wire elements for the reinforcing rebars, longitudinal bars and stirrups, assigned with 

nonlinear constitutive laws derived by material testing. Shell elements were used to 

represent the FRP sheets bonded to the concrete surface using cohesive interfaces. The 

FRP mechanical properties were derived by material testing [9], while the interface 

behavior was calibrated according to available information over the literature [2,6]. The 

validation of the numerical methodology used here is verified by a number of other 

publications [2,5,6,10]. Thus, the numerical predictions discussed below can be considered 

realistic up to a point. The discussed here numerical methodology aims to evaluate FRP 

strengthening, with the proposed mechanical anchoring system, of RC structural members 

under seismic type loads.  

2. Modelling assumptions  

In what follows a brief description of the simulated RC columns is presented. The 

developed model refers to structural subassembly of a part of lower column and a part of 

upper column, which are hinged support at the location that the column’s bending moment 

due to seismic loads equal to zero. The horizontal load is applied at the level of the floor 

slab, representing the inertia load induced by the shaking of the floor diaphragm as 

depicted in figure 1. The reinforcing details of the column’s cross section with dimension 

25x25cm2 is shown in figure 1. The longitudinal reinforcement of the column consists of 4 

diameter 12mm steel rebars placed at each column’s corner. The shear reinforcement of the 

model differ in the lower part and the upper part of the column. The first model, which is 

the before strengthening model, called here C0 has closed steel stirrups with diameter 8mm 

spaced at 75mm. The mechanical properties of the constitutive law for the steel reinforcing 

bars are given in table 1. The concrete volume is considered to be C16/20.  

 

  
Figure 1: Representation of the geometry of the developed model in a 2D RC frame structure together 

with the bending moments developed due to earthquake motion (left) and the geometry of the 

developed model together with the reinforcing details (right).  

 

Table 1: Mechanical properties of steel reinforcing bars 

 

 

 

 

 

 

Steel reinforcing bars 
Yield stress 

fy (MPa) 

Yield 

strain εy 

Ultimate stress 

fu (MPa) 

Ultimate 

strain εu 

Diameter Φ12mm 

(longitudinal) 
549 0.0027 672 0.10 

Diameter Φ8mm 

(stirrups) 
549 0.0027 672 0.10 
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The presented modelling approach utilizes all the geometrical and mechanical properties 

described above. A detailed modeling is used. Concrete volume is represented with 3D 

finite elements assigned with a Concrete Damaged Plasticity constitutive law with 

compressive strength 20MPa. For this compressive strength, the detailed stress-strain 

relation was derived by the proposed methodology described in Eurocode 1992-1-1 (2004). 

For the plasticity parameters of the CDP law, the default values were chosen with a 

dilation angle equal to 40o. Longitudinal and transverse rebars are assigned with an elastic-

plastic constitutive law according to table 1, as this simplification does not affect the 

overall response. Perfect bond is assumed between concrete and reinforcing rebars, as the 

bond-slippage of steel rebars is not the focal point of this investigation. The effect of 

inadequate reinforcement anchoring in the bending behavior of RC columns was 

investigated here [10]. The simulated columns are subjected to monotonic 3-point bending, 

as depicted in figure 2, in an effort to reproduce the envelope curve of horizontal load 

versus the horizontal deflection at the level of the slab and to determine the bending 

moment bearing capacity. To validate the numerical predicted maximum bending 

moments, these values are compared with the bending moments calculated by cross section 

analysis using an appropriate software (Anysection [11]). 

 

 
Figure 2: The concrete volume, the hinge supports and the applied load at the top and the steel 

reinforcing bar configuration at the bottom. 

 

Following, 2 models are developed strengthened with FRP sheets only in the face under 

tension as shown in figure 3. The FRP sheets are bonded with a cohesive interface with 

bond strength 0.3MPa and 0.6MPa for the C-FRP-B03 and C-FRP-B06 models 

respectively. For the constitutive law, a brittle cracking model is utilized. This ideal elastic-

brittle law is capable to replicate FRP’s mechanical response with a rupture limit stress. 

The FRP sheets with thickness 0.13mm per sheet have a young’s modulus 260GPa and a 

rupture stress equal to 2400MPa, according to experimental measurements available over 

the literature [9]. Again, the models are subjected to 3-point bending and the predicted 
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behavior is compared with the virgin model (C0) in terms of load versus deflection curve, 

bending moment capacity and mode of failure. 

 

Finally, two more models are examined. The first one, called here “C-FRP-A1” was 

developed with the same FRP jacketing, but instead of simply bonding FRP to the concrete 

surface, this time a steel U section tied at each end of FRP layers and embedded perfectly 

to the concrete is utilized to simulate a mechanical anchoring system at the end of the FRP 

sheets, as shown in figure 4. The later model, was strengthened with the same 

methodology, but with 4 FRP sheets bonded and fixed. Again, the models are subjected to 

3-point bending and the predicted behavior is compared with the previously mentioned 

models in terms of load versus deflection curve, bending moment capacity and mode of 

failure. The following table enlists all the examined models and their strengthening 

scheme. 

 

 
Figure 3: Model with FRP sheet placed at the face of column under tension 

 
Figure 4: Model with mechanical anchored FRP sheets at each end of column with steel U-section 

(green lines) 
 
Table 2: Description and naming of all the numerical models developed 

 

 

 

3. Results and discussion 

Figure 5 depicts the response of the unstrengthened column in terms of horizontal load 

applied versus the corresponding deflection. The developed axial stresses of the reinforcing 

rebars are depicted at figure 5 as well. For an horizontal deflection almost 8mm, 

Model name Description of strengthening scheme 

C0 Control model - Unstrengthened 

C-FRP-B03 Strengthened with 1 FRP sheet bonded with bond strength 0.3MPa 

C-FRP-B06 Strengthened with 1 FRP sheet bonded with bond strength 0.6MPa 

C-FRP-A1 Strengthened with 1 FRP sheet bonded and anchored at each end  

C-FRP-A4 Strengthened with 4 FRP sheet bonded and anchored at each end 
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longitudinal rebars exceed the yield stress and the corresponding load equals to 74KN. For 

an horizontal deflection 40mm, the horizontal load equals to 79KN and the longitudinal 

rebars. The developed bending moments equals to 26.60KNm and 28.50KNm respectively. 

 

   
Figure 5: Response of unstrengthened model in terms of applied load versus deflection (left) and the 

developed axial stresses (MPa) of the reinforcing rebars at the yield load and the ultimate load (right). 

 

The behavior of the retrofitted models with 1 FRP sheet bonded either with bond strength 

0.3MPa or 0.6MPa are depicted in figure 6 in comparison with the control model C0. 

Additionally at the same figure the axial stresses developed at the reinforcing bars and the 

FRP sheet for the model with 0.6MPa bond strength are depicted at the maximum load and 

following the delamination of FRP that happens at the next step of the analysis that it is 

followed with a sudden loss of bearing capacity. For both models the longitudinal steel 

reinforcement yields for a deflection equal to 8.40mm, with a corresponding applied load 

88.5KN and a developed bending moment 31.85KNm. The maximum load equals to 

96.60KN and 110.40KN and the maximum bending moment to 34.75KNm and 39.75KNm 

respectively. 

   
Figure 6: Response of strengthened models with 1 FRP sheet bonded in terms of applied load versus 

deflection and comparison with the unstrengthened model (left). The developed axial stresses (MPa) of 

the reinforcing rebars and FRP at the maximum load and the delamination of FRP sheet (right)for C-

FRP-B06 model. 
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The last 2 models include the mechanical anchoring of the FRP’s ends to the concrete 

member. In this case, the delamination is prohibited and the effectiveness of the retrofitting 

methodology is greater. The response of these two models is shown in figure 7. The model 

strengthened with 1 FRP sheet exhibits nonlinear behavior for an horizontal load equal to 

88.50KN, where the longitudinal steel bars yield. The ultimate load is about 118.80KN and 

at this point the FRP jacket fails. The corresponding developed bending moments at the 

steel yield point and FRP rupture point equals to 31.85KNm and 42.75KNm. The last 

model with 4 FRP sheets exhibits yielding of the reinforcing steel bars for an horizontal 

load equal to 118.50KN and a corresponding bending moment equal to 42.65KNm. The 

ultimate load, that is followed by the FRP rupture, is 255.75KN and the corresponding 

bending moment 92.05KNm. 

  

Figure 7: Response of strengthened models with 1 FRP sheet and 4 FRP sheets mechanical anchored in 

terms of applied load versus deflection and comparison with the unstrengthened model (left). The 

developed axial stresses (MPa) of the reinforcing rebars and FRP at the maximum load and the 

delamination of FRP sheet (right)for C-FRP-A4 model. 

 

To validate the numerical predictions, a cross section analysis software was used to 

calculated the yield and ultimate bending moments for the control model and the models 

with mechanical supported FRP sheets. All the calculated moments, together with the 

numerical predictions for all models and the corresponding increase of moments in 

comparison with the control model are enlisted in table 3. Moreover, all the predicted force 

– deflection curves are plotted below at figure 8. 

 
Table 3: Summary results of numerical predictions and cross section analysis for all models in terms of 

yield bending moment (reinforcing steel yields) and the maximum bending moment.  

Model name Numerical predictions Cross section analysis [ ] 

 My (KNm) Mmax (KNm) My (KNm) Mmax (KNm) 

C0 26.60 28.50 25.50 28.70 

C-FRP-B03 31.85 (+20%) 34.75 (+21%) -  - 

C-FRP-B06 31.85 (+20%) 39.75 (+39%) - - 

C-FRP-A1 31.85 (+20%) 42.75 (+50%) 30.50 (+20%) 43.80 (+53%) 

C-FRP-A4 42.65 (+60%) 92.05 (+220%) 45.75 (+79%) 81.00 (+180%) 
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Figure 8: Comparison of numerical predicted response curves in terms of horizontal applied load 

versus horizontal deflection 

 

The use of 1 FRP sheet bonded to the concrete surface as flexural reinforcement leads to 

slight increase of yield and ultimate moment, about 20-40%. The increase increment is 

highly affected by the bond strength between the FRP jacket and the concrete. A 

conservative value of 0.3 MPa leads to an increase of ultimate moment about 21%, while 

assuming the bond strength 0.6MPa, which is a realistic value for application without any 

surface treatment, exhibits a maximum bending moment increase equal to 39%. In both 

cases, the mode of failure is the delamination of FRP sheet, before exploiting the FRP 

jackets tensile strength, which here was assumed 2450MPa. Following the 1 FRP sheet 

was fixed at its both ends with a U-shaped steel section. This strengthening scheme did not 

exhibit much higher bearing capacity, as for a slightly great moment (+50) the FRP 

developed stresses equal to its maximum stress and the rupture of the jacket occurred. 

Lastly, instead od 1 FRP sheet, 4 FRP sheets were used with mechanical support. This time 

the increase of the bearing capacity was remarkable, as the maximum bending moment 

increase almost 220%. 

4. Conclusions 

The behavior of R/C columns before and after strengthening using FRP sheets is discussed 

here. The study focuses on the bending failure of columns. For this purpose, 5 numerical 

models were developed simulating explicitly all the different materials used. The first 

model is the unstrengthened model. Its response is used as a comparison for the 

effectiveness of the FRP strengthening schemes. Together with Finite Element Analysis, 

Cross Section Analysis were conducted in order to validate the numerical predictions. The 

main conclusions of the present investigation can be summarized as follows: 

 

• The numerical models compared with the results of the cross-section analysis in 

terms of yield bending moment (the developed moment that the longitudinal rebars 

exceed yield limit) and the ultimate bending moment, can capture satisfactorily the 

bearing capacity of the examined RC column. 

•  In all cases the application of the FRP jackets to the RC column improved its 

overall response, exhibiting an increased bearing capacity ranged from 21% to 

220%. 
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• The attachment of FRP sheets simply bonded to the concrete surface, is highly 

affected by the bond strength between concrete and FRP sheet and the predominant 

failure of such members is the delamination of the strengthening jacket. Thus, the 

high tensile strength of the FRP is not fully exploited.  

• The mechanical anchoring system examined here for the FRP sheets effectively 

prohibits the delamination of the FRP and leads to a further increase of bearing 

capacity. The mode of failure of these models is the rupture of FRP sheets.  
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Abstract: Earthquakes can have several secondary effects, such as tsunamis, soil 
liquefaction, landslides, and fires. The consequences of post-earthquake fires in urban areas 
can be even worse than the consequences of the earthquake itself. To study the post-
earthquake fire behaviour on reinforced concrete frames it was developed several numerical 
models using the software SAFIR. The frames developed are representative of the 
Portuguese building stock. It was observed that heavily damaged frames have considerably 
lower fire resistance when compared with undamaged frames. After a large earthquake the 
rescue teams are very likely overloaded and consequently have higher response times. This 
aspect in conjunction with a lower fire resistance of the damaged structures can ultimately 
lead to the loss of lives and infrastructures. Therefore, it is essential to improve the 
understanding of post-earthquake fire behaviour to be able to provide recommendations that 
can ensure a safer performance of the reinforced concrete structures to these events. 

 
Keywords: Earthquake damage, Fire Resistance, Reinforced Concrete, Numerical Analysis 

1. Introduction 

Earthquakes can cause several ignitions that can lead to major fires and even to 
conflagrations, where the damage caused by the fire can be more severe than the damage 
caused by the earthquake, as was observed in the 1906 San Francisco and the 1923 Kanto 
earthquakes (Botting & Buchanan, 1998). Damages caused by post-earthquake fires may 
become extensive due to limited availability of firefighting resources, where multiple fires 
can occur at the same time and where the firefighters arrival can be delayed due to 
blockage of streets from collapse buildings, reporting delays caused by failure in 
communication systems, or traffic jams (Botting & Buchanan, 1998; Himoto, 2019; 
Sekizawa & Sasaki, 2014). The structural and non-structural damage caused by 
earthquakes can lead to the loss of integrity of the passive and active fire protection 
systems. The passive fire protection systems can be damage by breaking, buckling and by 
cracking, which can lead to openings that increase the ventilation of compartment fires 
(Botting & Buchanan, 1998). The active fire protection systems (detection, alarm, and 
suppression systems) may be faulty which consequently makes them unreliable. This 
situation can lead to undetected ignitions that can cause large fires that will be more 
difficult to extinguish (Botting & Buchanan, 1998; Sekizawa & Sasaki, 2014). It is very 
important to have adequate water supplies to be able to stop the fire spread but the 
earthquake shaking can cause failures in the water distribution systems (Botting & 
Buchanan, 1998; Yu et al., 2017). All the mentioned factors combined (failure of passive 
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and active fire protection systems, delays in the response of the fire brigades and reduced 
or exhausted water supplies) will decrease the possibilities of an immediate fire 
extinguishment. 
 

There are numerical studies regarding the post-earthquake fire phenomenon in reinforced 
concrete (RC) structures where is applied a sequential analysis method to consider the 
effect of both earthquake and fire. The method has three loading stages, the application of 
gravity loads, which are assumed to be static and uniform, followed by a pseudo 
earthquake load in a pushover style, and in the end it is applied a fire load to the structure 
(Behnam, Lim, & Ronagh, 2015; Behnam, Ronagh, & Baji, 2013; Behnam & Ronagh, 
2013, 2011; Ronagh & Behnam, 2012). The results show that structures that suffered 
significant damage from earthquakes have lower fire resistance when compared with 
undamaged structures, which indicates the impact of the damage in the fire resistance of 
the structures (Behnam et al., 2013). In some studies it was observed that the fire resistance 
rating when the whole frames are exposed to fire is very similar to the scenario where only 
the beams are exposed to fire, which seems to indicate that the fire resistance of the frames 
is mainly dependent on the resistance of the beams (Behnam et al., 2015; Ronagh & 
Behnam, 2012). It was observed in some works that the difference in time until collapse 
between an intact frame and a heavily damaged frame can be more than two hours, which 
shows the huge impact of earthquake damage on the fire resistance of the structures 
(Vitorino, Rodrigues, & Couto, 2020a, 2020b). 
 

The main objective of this work is to identify the impact that damage caused by an 
earthquake can have on the fire resistance of RC frames without seismic design that are 
representative of the Portuguese building stock. This study will allow a better 
comprehension regarding the post-earthquake fire phenomenon and can be vital for the 
development of recommendations that can guarantee a safer performance of RC structures 
to these events. 

2. Simplified Methodology for Post-Earthquake Fire assessment of RC Frames 

2.1. Numerical modelling assumptions 

The numerical models to investigate the post-earthquake fire on RC structures were 
developed in the software SAFIR (Franssen, 2005; Nwosu, Kodur, & Franssen, 1999). 
SAFIR can perform analysis of structures under ambient temperature and at elevated 
temperatures. The thermal and mechanical analysis are developed separately and 
subsequently and the temperature distribution have an high influence on the mechanical 
response (Franssen, 2005; Nwosu et al., 1999). The models of the concrete and steel 
defined in SAFIR are based on the constitutive models defined in EN 1992-1-2 (Eurocode 
2). Each fibre can be constituted of a different material, which permits the creation of 
reinforced concrete sections. The cross-section temperature distribution of the elements is 
obtained using a 2D analysis. SAFIR utilizes linear isoparametric finite elements with 
classical shape functions to represent the geometry and the temperature field in the 
element, which are based on the temperature of the nodes. In the material it is considered 
heat transfer by conduction according to the Fourier law. There is no discontinuity in the 
temperature fields between adjacent elements. The temperature at a common border is the 
same in both elements and the temperature changes linearly on all the borders of the 
elements (Gernay, 2012). 
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2.2. Seismic damage 

The seismic damage was considered in the definition of the cross sections. To simulate the 
damage caused by the earthquake it was considered a reduction of the cover in the RC 
elements. There are two scenarios regarding the damage represented in the analyses, 
undamaged elements (intact sections) and severely damaged elements (removal of the 
entire concrete cover). There are different scenarios regarding the damage in the columns 
and in the beams. The damage in the columns is considered to affect all the sides of the 
cross-section, and in the beams the damage was considered in the bottom and sides, it was 
assumed that the earthquake does not damage the top side of the beam and there is no 
detachment of concrete. In Fig. 1 is represented a schematic of the undamaged and 
severely damaged sections of the columns and beams. 
 

 

Undamaged 
sections 

 
Severely 

damaged sections 
Fig. 1 – Schematic of the sections of the columns and beams considered in the analyses 

2.3. Fire action 

The thermal analyses were developed considering the standard fire curve ISO 834 
(Eurocode 1), which is the most common fire curve considered in the numerical and 
experimental works found in the literature. The temperature evolution is calculated in 
SAFIR as a function of time and afterwards is used as input data in the subsequent step 
regarding the mechanical analyses. In this step the structural behaviour is calculated based 
on the geometry, support conditions, loads and the strength of the materials. The increase 
in temperature decreases the strength of the materials and leads to thermal elongation, 
which causes an increase in the displacements until the collapse of the structure. The 
numerical analysis will stop at a time defined by the user, if it finds numerical problems at 
the material level, or when it cannot converge to a state of equilibrium (Franssen, 2000; 
Franssen & Gernay, 2017). 

3. Post-Earthquake Fire assessment in RC frames 

3.1. Introduction 

Several numerical models were developed in SAFIR to study the effect of the earthquake 
damage on the fire resistance of RC structures. The schematic of the frame considered in 
all the analyses is represented in Fig. 2. It is three bays and two storeys plane frame with 
uniform distributed loads in the beams and vertical loads in the columns. The frame 
configuration regarding the location of the damage and the location of the fire is 
represented in Fig. 3. For all the analysis, the damage is considered in all compartments 
while the fire is considered only in the bottom compartments. The damage is in the 
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extremities of the columns and beams, with a length equal to the size of the respective 
section. 

 
Fig. 2 – Scheme of the frame considered in the numerical analyses. 

 

 
Fig. 3 – Frame configuration (location of damage and fire). 

 

3.2. Section’s properties and frame characteristics 
To define the numerical models that are representative of the Portuguese building stock it 
is important to adequately characterize the properties of the buildings. The parameters that 
are necessary to develop the automatic design of the frames were found in the literature 
(Sousa, Costa, & Costa, 2019). The design was developed based on the criteria presented 
in the Portuguese regulation for RC structures (RBA, 1935; REBA, 1967; REBAP, 1983). 
It is important to mention that there were no seismic concerns in the design of the 
structures. The parameters of the established distributions for the considered properties of 
the frames are presented in Table 1. The variable H1 corresponds to the height of the first 
floor, H>1 is the height of the second floor, Lbeam is the length of the beams, fcm is the mean 
value of concrete compressive strength, G is the self-weight, Ρl is the percentage of 
longitudinal reinforcing steel, fyk is characteristic yield strength of the reinforcing steel and 
c is the cover of the columns and beams. In Table 1 is also indicated the values A and B 
that are the truncation values considered. These values (A and B) reflect the extreme 
values presented in different studies (Sousa et al., 2019). The values presented in Table 2 
and Table 3 correspond to the properties of the concrete and reinforcing steel and are 
constant for all the frames developed. The design of each frame starts with a random 
selection (not correlated) of a value from each variable presented in Table 1. In the case of 
the fyk and the cover, the presented values have equal probability of being selected. With 
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the defined properties and characteristics, it was developed 100 different undamaged 
frames and 100 severely damaged frames. The only difference between these frames is 
related to the damage considered, all the properties and characteristics are the same. 
 

Table 1.Parameters of the established distributions for the considered properties of the frames. 

Variables Mean CV (%) A B Distribution 

H1 (m) 3.2 10 2.5 5 LogNormal 

H>1 (m) 2.8 6 2.5 4 Normal 

Lbeam (m) 4.4 16 2.5 6.5 LogNormal 

fcm (MPa) 23.8 49 18 36 Gamma 

G (kN/m2) 8 12.5 6 10 Normal 

Ρl (%) 1 40 0.3 3.5 LogNormal 

fyk (MPa) 235/400/500 - - - - 

c (mm) 10/15/20/25 - - - - 

 
 

Table 2. Concrete properties used in the numerical analyses. 

Concrete properties (Eurocode 2) 

Concrete model Siliceous aggregates (Eurocode 2) 

Specific mass of concrete 2300 kg/m3 

Water content 26 kg/m3 

Coefficient of convection 25 W/m2K 

Emissivity 0,7 

Tensile strength 0 

Poisson’s ratio 0,2 
 
 

Table 3. Reinforcing steel properties used in the numerical analyses. 

Reinforcing Steel properties (Eurocode 2); (Eurocode 3) 

Steel model Hot rolled. class B (Eurocode 2) 

Modulus of elasticity 210 GPa 

Poisson’s ratio 0,3 

Coefficient of convection 25 W/m2K 

Emissivity 0,7 
 

3.2.2. Time until collapse 
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With the development of the frames considered it is possible to analyse the time until 
collapse of the undamaged frames and the severely damaged frames. In Fig. 4 is 
represented the percentage of exceedance of the time until collapse of the frames. 
Regarding the undamaged frames, the higher time until collapse observed was of 93 
minutes, the lower time until collapse was of 26 min and the mean value of the time until 
collapse was of 53 minutes. Regarding the heavily damaged frames, the higher time until 
collapse observed was of 53 minutes, the lower time until collapse was of 22 min and the 
mean value of the time until collapse was of 31 minutes. The variability in the results of 
the undamaged frames is higher when compared with the heavily damage frames. This 
aspect can be related with the cover of the beams and columns. In the severely damage 
frames the collapse is expected to occur in the extremities of the columns and/or beams, 
where the damage is located, and the steel reinforcement is exposed to fire. In the case of 
undamaged frames there is a variability in the cover in these zones, which can explain the 
higher variability in the results of the undamaged frames. These results clearly show the 
impact of the earthquake damage on the fire resistance of the RC frames. 

 
Fig. 4 – Percentage of exceedance of the time until collapse of the developed frames. 

4. Conclusions 

Several RC frames were developed that are representative of the Portuguese building stock 
without seismic design to analyse the impact of earthquake damage on the fire resistance of 
the frames. It was observed a huge impact of the damage (loss of section cover) on the fire 
resistance of the RC frames. There is a higher variability in the results of the undamaged 
frames when compared to the severely damaged frames probably due to the different 
covers that could be selected for the design of the frames. These types of studies allow a 
better comprehension of the post-earthquake fire phenomenon in RC frames, and in the 
case of this work provide important knowledge regarding the post-earthquake fire 
resistance of structures representative of the Portuguese building stock. It is important to 
develop more extensive and in-depth studies to be able to draw more meaningful 
conclusions that could help developing guidelines and prescriptive measures that could 
help reducing the risk of post-earthquake fire. 
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Abstract: The buildings of the earthquake prone developing countries are vulnerable in 

general. For these countries, as they don’t have own standards on seismic evaluation and 

retrofit, the development of the seismic evaluation and seismic retrofit are urgent. In case 

they need these standards in practical applications, they are trying to use the American 

seismic evaluation standards for the existing buildings. However, these American evaluation 

standards are very complicated and hard for the ordinary structural engineers because of 

lack of knowledge and experience. Based on the above situation, we are proposing a new 

detail seismic evaluation combining the Japanese and American seismic evaluation 

standards. From both the Japanese and the American standards procedures, the target 

capacity, and the performance level for each member in the nonlinear stage can be obtained 

clearly. In this paper, the content of the proposed detail seismic evaluation method and one 

example building applied by the proposed evaluation method are discussed.   

Keywords: seismic evaluation, existing RC building, Japanese standard, American standard, 

performance criteria, Is index 

1. Introduction  

The seismic evaluation for the existing RC building in the developing countries, a new 

seismic evaluation method was proposed combing the Japanese Standard, JBDPA(2001) 

and American Standard, ASCE/SEI41-13(2014). The benefit of Japanese standard is that 

the seismic capacity can be expressed as simple seismic index (Is) and the quantality of 

retrofit can be calculated easily. On the other hand, American standards consist of the 

acceptance criteria for each structural member. From combination of both the Japanese and 

the American standards procedures, the target capacity and the performance level for each 

member in the nonlinear stage can be obtained. The original version of the proposed 

detailed seismic evaluation method (DSE) was issued by Nakajima et al. (2020), and this 

paper’s method is an updated one of the previously proposed contents based on more 

recent findings and application examples. Furthermore, one example building is introduced. 

2. Proposed Seismic evaluation combining Japanese and American Standards 

The proposed detail seismic evaluation method consists of the following four steps: 

    (1)  Calculation of the seismic index (Is) 

    (2)  Calculation of the seismic demand index (Iso) 

    (3)  Judgment of the seismic safety of building 
    (4)  Calculation of the required strength when the seismic capacity is insufficient  
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2.1 Calculation of the seismic index: Is 

The concept of the Japanese seismic evaluation standard, JBDPA(2001) is introduced here. 

The seismic index of structure (IS) is calculated by Equation (1). The calculation is done at 

each story and in each principal horizontal direction of a structure.  

                (1)  

 

 

 

 

2.1.1. Calculation of the basic seismic index: Eo 

In the Equation (1), the most important index Eo is calculated by Equation (2). 

 

    (2) 

 

 

 

 The collapse process of structural members in the nonlinear region when a building is 

subjected to seismic force can be obtained by Pushover analysis. The basic seismic index 

(Eo) of a building can be obtained from the spectral acceleration vs spectral displacement 

relationship curve of the equivalent one degree of freedom system. Fig.1 is a conceptual 

diagram of the pushover analysis. When the seismic external force is gradually increased 

and applied to the target building shown in Fig.1(a), the members gradually become plastic 

from the elastic region, and finally the members of the whole building become almost 

plastic and the strength does not increase, and the ultimate strength is reached. This 

performance is shown by the capacity curve in Fig.1(b). The CP point and LP point shown 

on the capacity curve are important points to determine the seismic performance of the 

building. 

 

 

  (a) Pushover analysis for multi-stories building    (b) Spectral acceleration-Spectral displacement curve 

Fig.1 - Conceptual diagram of the pushover analysis 

 

The American seismic evaluation standard, ASCE/SEI41-13(2014) and ATC40(1996) 

provide a ranking of hinge performance in the plastic range of structural members. Fig.2 

shows the performance of the three levels specified for the member. In this method, when 

the member reaches the CP point on just before the collapse, it is defined as the ultimate 

state of the member. In addition, Fig. 3 shows the variation of hinge status for each 

member by pushover analysis, and in this case, the columns and beams on the first floor 

reached the CP point. Therefore, the CP point in Fig.1(b) is defined as the point where the 

Where: 

E0 

 

: Basic seismic index of structure 

SD : Irregularity index 

T : Time index 

                                                                                                                              
   C : Strength index 

F : Ductility index 
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hinge of one or more important structural members of the building reaches the above- 

mentioned ultimate state. On the other hand, the LP point is the horizontal deformation 

limit of the building, and the maximum deformation at the seismic design is defined in the 

national seismic code of each country concerned. The CP point mentioned above cannot be 

known unless the pushover analysis is performed. However, in general the LP point tends 

to be formed in larger horizontal deformation. 

 

 

Fig.2 Acceptance criteria for 

the structural members 

(ATC40, ASCE/SEI41-13)         
Fig.3 An example of hinge mechanism by pushover analysis 

 

The basic seismic index CPEo at CP point and LPEo at LP point shall be calculated from 

following Equations (3) and (4), respectively using in Fig.4. 

 

CPE0=CPC x CPF =CPC x CPμ                                                            (3) 

LPE0=LP C x LPF =LPC x LPμ                                                            (4) 

                                

    Where, 

  CPC: Strength index at CP point, CPF: Ductility index at CP point, LPC: Strength index at 

LP point, LPF: Ductility index at LP point 

 

Finally, basic seismic index, E0 is calculated  by the following Equation (5). 

 

E0 = Min(CPE0 , LPE0)                  (5) 
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2.1.2. Calculation of the time index (T) and the irregularity index (SD) 

 1) Time index: T 

 The time index T evaluate the effects of the structural deteriorations such as cracking, 

deflection, aging, and similar phenomenon inspected on the building site. 

 2) Irregularity index: SD 

The irregularity index SD is to modify the basis seismic index by quantifying the effect of 

shape complexity and the stiffness unbalance distribution. 

2.1.3. Calculation of the seismic index: Is 

Finally Seismic index: Is is determined by Equation (1). 

 

2.2 Calculation of the seismic demand index: Iso 

The seismic demand index Iso is calculated by following Equation (6) mentinoned in 

JBDPS(2001) 

                                                                                      (6) 

     Where, Es: Basic seismic demand index, Z: Zone index, G: Ground index (in general, 

G=1.0) and U: Usage index 

In Equation (6), Es*Z is same as the design spectral accelerartion subjected to the code-

defined design basis earthquake of the target country. Fig.5 shows Sa in ASCE7-16(2017), 

which can be determinded by the fundermental building  period, T. 

 

 

 

 

 

 

 

 

Fig.5 – Design response spectrum (ASCE7-16(2017)) 

 

2.3 Judgment of the seismic safety of building 

Seismic safety of building is judged by Equation (7) and Table 1. 

                               (7) 

Table 1. judgement of seismic safety 

Comparison between 

Iso and Is 
Judgement recommendation 

Iso ≤ Is Safe - 

Iso > Is Unsafe 
Retrofit plan is 

recommended. 

 

Sa 

 

T 

1511
3ECEES, September 2022, Bucharest, Romania



3. An example building 

3.1. Outline of building 

The RC framed five-storied office building is selected for this paper. It contains brick masonry 

infilled RC frames that includes walls with opening also. The building does not have any RC walls. 

All vertical lateral-load-resisting elements are columns. The various essential properties, including 

geometrical and material-related properties, are shown in Table 2. The architectural 3D view is 

shown in Fig.6. The ground floor plan of the building is shown in Fig.7. And the elevation at 

Grid-1 is shown in Fig.8. This building was designed based on Bangladesh National Building Code 

(BNBC2020)                                                                                
Table 2. Basic properties of the building  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                    

Fig.6 - Architectural 3D view of the building 

 

Fig.7 – 1st floor plan with infill walls                                              Fig.8 – Elevation (Grid-1) 

3.2. Basic policies for analysis 

The following basic policies were considered when conducting this analysis, 1) Analytical 

model is 3-dimentional nonlinear type, 2) Analysis is performed for the longitudinal 

direction which is lower in capacity than the transverse direction, 3) The used software is 

ETABS, 4) After the seismic evaluation, check whether the capacity is deficient compared 

to the demand capacity and retrofit for the applicable cases. However, due to space 

Geometrical, load and material 

related properties 

Building name: 5 (five) storied 

administrative government 

building. 

Number of story: 5 (five) 

Framing: RC frame only (no RC 

shear wall) 

Occupancy category: II 

Importance factor: 1.00 

Seismic zone: 3 (Z=0.28 in BNBC 

2020) 

Soil type: SC (BNBC 2020) 

Concrete strength: 25 MPa 

Steel yield strength: 414 MPa 

Brick prism strength: 6 MPa 

Total seismic weight: 27486 kN 

Total area: 2295.20 m2. 

Construction year: 2018 
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limitations of paper, we will not describe a retrofit plan, 5) In this paper, the infill brick 

walls are not considered as the structural wall. Therefore, the analysed structure is 

considered as bare framed. 

3.3. Calculation of the seismic index (Is) for the example building 

3.3.1. Eo index by pushover analysis 

The seismic assessment was performed using the previously mentioned DSE method in 

Chapter 2 of this paper. After performing the pushover analysis and the hinge formation, 

CP points were observed as shown in Fig.9 (for +Ve X-direction push) for one sample 

elevations for X direction. From the formation sequence of CP points, it is obvious that in 

this building, except few cases, most of the joints are strong column-weak beam types. 

  

Fig.9 – Plastic hinge occurrence and CP point status(+ve Xpush) 

The calculated pushover curve is converted to the more representative ADRS format (as in 

ASCE/SEI41-13) as shown in Fig.10 (for X direction). The Is value is calculated as shown 

below. LP points are not shown since it is not governing, i.e. CP < LP (= 380 mm) for 

both directions. 

IS value for X direction  
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Fig.10 Spectral acceleration vs. Spectral displacement (ADRS curve) for +ve X 

push up to the formation of a sufficient number of CP points to evaluate IS index 

along X direction. 

3.3.2. Calculation of the seismic demand index ( Iso) for the example building 

According to BNBC(2020), instead of Equation (6), Iso can be determined by Equation (8). 

                           (8)  

     Where, Z: Seismic zone coefficient, I: structure importance factor, Cs: Normalized 

acceleration response spectrum 

For this building, Iso=2/3*0.28*1.00*2.297=0.43   

3.3.3 Judgment of the seismic safety of the example building 

 

Comparison between 

Iso and Is 
Judgement recommendation 

Iso ≤ Is Safe - 

Iso > Is 
Unsafe Retrofit plan is 

recommended. 

 

 

 

 

 

 

Fig.11 – Story-wise pushover analysis (X -direction) 

CP 

 
YP 
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As for making the retrofitting plan in next step in X-direction, the story-wise pushover 

analysis shall be necessary to account the quantity of retrofitting. The Is index of each 

story and shear index- ductility curve are shown in Table 3, Fig.11 and Fig.12, respectively、

where C index at each story is normalized by the story modification factor. According to 

the result, 1st story and 2ndstory don’t have sufficient capacity to satisfy the seismic 

demand. 

 

4. Conclusions   

From the results of this research, it can be concluded that the DSE method for seismic 

evaluation of building can assess the seismic performance and capture the failure initiation 

process effectively for the strong-beam weak-column cases. Since the story’s capacity is 

based on the two sets of   limiting criteria, i.e., CP points and LP points found from the 

pushover analysis, this is more advantageous because it additionally provides identification 

of structurally vulnerable members. This can lead to a more accurate evaluation and thus 

economic retrofit accordingly for the low-rise RC buildings of the developing countries. 
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Story 

X  Direction 

C F IS ISO 
Safety judgment 

(IS  ISO ?) 

5F (RF) 0.602 2.68 1.61 0.43 Safe 

4F 0.348 2.41 0.84 0.43 Safe 

3F 0.248 2.04 0.50 0.43 Safe 

2F 0.198 1.88 0.37 0.43 Unsafe 

1F (GF) 0.156 1.77 0.28 0.43 Unsafe 

Fig.12 – Judgment of seismic safety 

 (X direction) 

Table 3. Judgment on story-wise safety (X direction) 
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Abstract: Seismic retrofit of existing steel structures can employ modern systems for 

passive energy dissipation. Previous research of the authors confirmed the efficiency of a 

new retrofit technique based on adding friction-damped linked columns to low-ductile 

moment resisting frames designed to older generation seismic codes. This approach can be 

classified as a “soft intervention” because it avoids dramatic change in overall stiffness and 

massive strengthening of existing frame members and joints. To further enhance the 

practical applicability of the proposed retrofitting technique, an improved detailing is 

proposed for the link column bases in order to limit the build-up of large tension forces 

during strong earthquakes. This solution allows base uplift when the slip capacity of the 

added rotational friction dampers is reached. The numerical study on a representative three-

storey frame retrofitted with friction-damped linked columns with pier bases allowing uplift 

confirmed the efficiency of the concept. The results obtained by nonlinear time history 

analysis indicate that the seismic demand on the existing moment resisting frame can be 

significantly reduced through well-selected combination of added stiffness and supplemental 

damping. 

 

Keywords: seismic upgrade, friction damper, linked column, nonlinear analysis 

1. Introduction 

The Linked Column Frame is a seismic force resisting system initially developed for 

applications in newly constructed bridge piers and steel frame buildings. Its detailed 

description and features are given in Dusicka et al. (2009) and Malakoutian et al. (2012).  

For improving the seismic performance of existing seismic-deficient steel moment 

resisting frames (MRFs) designed to older generation seismic codes a new retrofitting 

technique was developed by Bonchev et al. (2018). By adding Linked Columns (LCs) to 

the original steel MRFs a dual lateral force resisting system is created with a complicated 

interaction between the two sub-systems. A typical LC consists of two closely spaced 

vertical piers connected throughout their height by short shear links (seismic fuses) 

typically arranged at each floor level. To avoid the limitations of conventional shear links 

which are expected to develop large plastic deformations and eventually may fail due to 

low-cycle fatigue, in the concept proposed by Bonchev et al. (2018) the ductile shear links 

of the LCs are replaced by rotational friction dampers (RFD). Friction dampers of this type 

have previously been used in many projects over the last two decades as described in 

Mualla and Belev (2015). They can be classified as displacement-dependent anti-seismic 

devices to CEN EN 15129 (2018) and have stable energy-dissipation capacity. RFDs of 

various designs and slip capacities are commercially supplied by the Danish company 

Damptech A/S. 
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The suggested retrofitting technique based on LCs with RFDs makes use of LCs arranged 

symmetrically on both sides of the interior columns of the existing steel MRFs. The set of 

all LCs is designed to perform as a primary lateral force resisting sub-system in the 

respective direction while the existing MRF-sub-system essentially supports the gravity 

loads and should supply the lateral stiffness required after the onset of RFDs slipping and 

for self-centering of the building structure following a strong earthquake.  

Our previous numerical studies on this retrofitting technique performed on low-ductile 

steel MRFs up to nine-storey high proved the efficiency of the embedded concept, but also 

showed that large tensile forces could arise in the LC piers with increasing the building 

height. This phenomenon may complicate their anchorage to the foundations and render 

the practical implementation of the concept difficult. The present paper describes a further 

improvement of the retrofitting technique based on LCs with RFDs which addresses the 

issue of high-tension forces build-up in the LC piers. To put an upper limit to the tension 

forces at the pier bases induced by strong seismic ground shaking, improved detailing of 

the LC-pier base allowing uplift was developed. It also provides supplemental damping via 

additional RFDs connecting the pier bottom ends to the foundation. 

The seismic performance of the original and retrofitted frames was assessed using dynamic 

nonlinear time history analysis (NLTHA) carried out by SAP2000 software (C&S, Inc. 

2019). The results obtained from the numerical analyses are presented and summarized. 

2. Overview of the proposed retrofitting technique 

The original retrofitting technique proposed in Bonchev et al. (2018) is based on adding a 

sub-system of LCs with RFDs to the existing steel MRFs. The Linked Columns are 

arranged symmetrically on both sides of the first interior columns of the existing frame in 

order to avoid possible conflicts with the façade envelope of the building. The lateral force 

transfer from the existing frame to the LCs is achieved by short tubular brackets joining the 

MRF beams and LC piers.  

The friction-damped LCs incorporate RFDs at each floor level as shown in Fig. 1. A 

similar approach for RFD installation within the coupling beams connecting reinforced 

concrete shear walls was previously proposed by Damptech A/S (Fig. 2). 

 

          

Fig. 1 – Layout of seismic link with RFD including          Fig. 2 – Layout of coupling beam with RFD for RC 

  two friction joints         shear walls (courtesy of Damptech A/S) 
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To limit the tension forces transferred to the foundation, a couple of pin-connected RFDs 

were added at the bottom end of each pier as shown on Fig. 3. In order to accommodate the 

uplift of a LC pier when its tensile force reaches the frictional resistance of the inclined 

dampers, the pier webs are bolted to vertical fin plates with vertically slotted (oval) holes. 

The compressive forces in the pier bottoms are transferred to the base plate in direct 

bearing via contact plates welded to the flanges of the cross-section.  

 

Fig. 3 - Layout of Linked Column base with added friction dampers 

Design provisions for structures with friction dampers are not available in CEN EN 1998-1 

(2004), but the European standard CEN EN 15129 (2018) for anti-seismic devices or 

alternatively ASCE 41-17 (2017) can be used as a basis for design of the proposed 

retrofitting system. 

The RFDs of the type shown on Fig.1 are attached to the vertical piers through bolted end-

plate connections for easier on-site installation. These connections typically employ high 

strength bolts working in tension and shear and can be designed in compliance with CEN 

EN 1993-1-8 (2005) provisions. According to CEN EN 15129 (2018) an over-strength 

factor γRd=1,1 and a reliability factor γx=1,2 shall be applied to the actions transmitted by 

the damper connections to the piers. 

3. Description of the investigated structure and response analysis method used 

The three-storey four-bay steel MRF shown in Fig. 4 was designed according to Bulgarian 

code for design of steel structures KTSU (1987a) applicable since 1987. The beam-to-

column joints are assumed rigid and the column bases are fully restrained. The member 

cross-sections are built-up welded I-sections in compliance with the local designers’ 

practice prevailing during the 1970-1990 period. 

1518
3ECEES, September 2022, Bucharest, Romania



 

Fig. 4 - Geometry and cross-sections of three-storey representative steel MRF 

The design seismic forces are obtained from the elastic response spectrum for Sofia region 

modified by a response factor R=0,20 as prescribed by the Bulgarian code for earthquake-

resistant design KTSU (1987b), which corresponds to assuming behaviour factor q = 5 to 

CEN EN 1998-1 (2004). For the sake of material savings slender cross-sections were 

typically used in the design of steel structures during the 1970-1990 period and such cross-

sections are usually classified as Class 3 sections to CEN EN 1993-1-1 (2005a). Class 3 

cross-sections are not allowed by CEN EN 1998-1 (2004) for the dissipative zones of steel 

structures of moment-resisting frames if q > 2. In addition, KTSU (1987b) did not impose 

capacity design requirements (“strong-column-weak-beam” rule for MRFs), which 

possibly can lead to formation of plastic hinges in the columns and consequently to weak 

stories. Furthermore, the seismic code of that time had simplified rules for estimating inter-

storey drifts and rather tolerant drift limits which could result in excessive structural and 

non-structural damage. 

The seismic upgrade solution includes one horizontal link per storey placed at each floor 

level with moment slip capacity of 20 kNm per friction joint. Wide-flange hot-rolled I-

section HEB400 is chosen for the linked column piers. The inclined pin-connected RFDs at 

the pier bases have assumed slip capacity of 150 kN. 

The seismic performance of the representative steel frame and its retrofitted counterpart 

was evaluated using NLTHA based on the Direct Time Integration method. A set of seven 

accelerograms compliant with the elastic response spectrum for ground type C of CEN EN 

1998-1 (2004), design ground acceleration ag = 0,23g and constant damping ratio of 5% 

were used. Material nonlinearity and P-delta effects were taken into account. Plastic hinges 

in the beams and columns of the MRF were defined by link elements with bilinear 

moment-rotation relationships based on ASCE 41-17 (2017). Beam-to-column joint panel 

zone distortion was accounted for using the popular Krawinkler model and the moment-

rotation behaviour of the friction hinges was defined by the Bouc-Wen model available in 

SAP2000 software. Gravity loads including 100% of the permanent loads and 24% of the 

characteristic imposed loads were applied prior to the seismic ground motion. The contact 

of LC piers with the base plate was modelled with a gap element, while the action of the 
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inclined RFDs was represented by link elements with bilinear axial force-displacement 

relationships. 

4. Results obtained from the numerical study 

The basic structural and seismic response parameters of the original MRF and its 

counterpart retrofitted by friction-damped LCs (MRF+LC) are summarized in Table 1.  

The retrofitted system has higher initial lateral stiffness than the original one as indicated 

by their fundamental periods of vibration. This is considered an advantage taking into 

account that the seismic design of conventional MRFs is commonly governed by inter-

storey drift limitations. Fig. 5 displays comparison of peak lateral displacements of the 

original and retrofitted frames. 

Table 1. Structural and response parameters of the investigated original and retrofitted frames 

 MRF MRF+LC 

Fundamental period of vibration, T [s] 1,29 0,66 

Roof displacement and average drift 
[cm] 11,6 5,5 

[%] 0,97 0,42 

Base shear 

Total 

[kN] 

398 504 

MRF sub-system 398 122 

LCs sub-system - 382 

Input seismic energy 
[kJ] 89,3 92,7 

[%] 100 103,9 

Hysteretic energy 
[kJ] 22,9 33,9 

[%] 25,7 38,0 

 

Due to the increased lateral stiffness the overall base shear in the retrofitted structure 

increases, but a major part of it is resisted by the Linked Columns. The base shear in the 

existing frame drops down by nearly 70 % which proves the role of LCs as a primary 

lateral force resisting sub-system and the benefits of it. The less loaded MRF develops 

smaller chord rotation of beams and panel zone distortions which respectively reduces the 

damage potential. 

 

 

Fig. 5 - Maximum lateral displacement of the original and retrofitted frames 
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The inter-storey drifts of both examined structures corresponding to the design quake 

intensity are shown in Fig. 6. The inter-storey drift limits according to CEN EN 1998-1 

(2004): 0,005h = 2,0 cm; 0,0075h = 3,0 cm and 0,010h = 4,0 cm where h is the storey 

height are indicated by dashed lines. These limits are applicable to inter-storey drifts 

induced by a “serviceability” quake with intensity equal to 40% to 50% of the design 

quake intensity used in the reported numerical study. Obviously the reduction of the inter-

story drifts is significant and the proposed retrofit approach easily overcomes the stiffness 

deficiency of the original (existing) steel MRF. 

 

Fig. 6 – Inter-storey drifts of the original and retrofitted frames 

Fig. 7 displays and compares the histories of the input seismic and hysteretic energies 

calculated for both examined structures. These energy histories were obtained by averaging 

the individual energy histories corresponding the set of seven ground acceleration time 

histories used as seismic input. The final values of the input seismic energy in the 

retrofitted and original structures differ only by 4%, while the hysteretic energy dissipated 

by the retrofitted frame is increased by 12%, as a result of adding dampers along the height 

of each LC and the supplementary RFDs at the pier bases. 

 

Fig. 7 – Averaged energy histories of the original and retrofitted frames 

The maximum tension force in pier bottoms reached 130 kN. Forces of this magnitude can 

be easily transferred to the foundation by anchor bolts without any special detailing. The 
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slip capacity of the inclined RFDs could be further optimized to reach a cost-efficient 

foundation design. 

4. Conclusions 

The paper presents an improved version of a seismic retrofitting technique based on added 

friction-damped LCs which was proposed by the authors in their previous research. 

Supplementary friction dampers are placed at the bases of the LC piers with the purpose to 

accommodate uplift and limit the magnitude of the tension forces which develop in the 

piers during strong ground shaking. The reported numerical study of a representative 

seismic-deficient steel MRF via NLTHA confirmed the efficiency of the proposed retrofit 

technique. The ductile response of the resulting dual structural system can be achieved 

without damaging the original (existing) steel MRF. The LCs equipped with RFDs can 

supply appropriate additional stiffness and supplemental damping to the existing frame 

structure, thus controlling the inter-storey drifts, reducing the base shear demand and 

protecting it from damage. 

The reported study also demonstrated that existing steel MRFs designed to older 

generation seismic codes can be successfully upgraded by the proposed approach of “soft 

intervention” without dramatically changing the lateral stiffness and massive local 

strengthening of existing frame members and joints. The seismic demands on the existing 

low-ductile steel frames can be efficiently reduced through a well-selected combination of 

added stiffness and supplemental damping.  
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Abstract: A new innovative clay brick unit is used for the construction of partially reinforced 

masonry wallets with thin mortar joints. The behaviour of these wallets is studied through a number 

specimens subjected to in-plane or out-of-plane loads. The results reported are a part of an extensive 

research effort having as objective to measure the basic mechanical and thermal insulating 

properties of this type of construction towards building low-rise housing with sufficient seismic 

resistance and thermal insulation. The basic mechanical properties of the examined construction 

system are measured by a series of tests for the innovative clay unit itself or through prisms built for 

this purpose with the test results compared with the corresponding values specified by Euro Code 6. 

In addition, diagonal compression or out-of-plane bending tests were conducted with masonry 

wallets built using this innovative construction having different reinforcing details. The obtained 

results are presented and discussed. As expected, the presence of partial reinforcing enhances the 

out-of-plane bearing capacity providing the bending behaviour with the desired ductility. The 

presence of horizontal joint reinforcement prohibits up to a degree the tested specimens to develop a 

sudden brittle type of failure mode. The experimental investigation is complemented with numerical 

models simulating the behaviour measured during testing. The numerically predicted behaviour for 

the tested wallets exhibits good agreement with the corresponding measurements in terms of load-

deformation response and damage patterns. 

Keywords: Partially grouted masonry, In plane behavior, Out of plane behavior, Laboratory 

measurements, Numerical Simulations. 

1. Introduction 

Ongoing extensive research at the Laboratory of Strength of Materials and Structures 

(Aristotle University of Thessaloniki) deals with the development of a novel clay brick unit 

for the construction of load bearing partially reinforced masonry structures. The clay unit 

included a number of vertical holes filled with expanded polystyrene EPS aiming to 

achieve proper thermal insulating properties. In addition, one of these vertical holes is 

designed to be able to host the desired longitudinal reinforcement. The final geometry of 

this brick unit and the configuration of the holes was designed utilizing extensive material 

testing combined with a series of numerical studies [1-5]. Extensive past research 

demonstrated that the presence of longitudinal and transverse reinforcement within 

partially grouted reinforced masonry walls could result in their enhanced performance 

when they are subjected to seismic loads [6, 7]. The employment of reinforcing bars to 

construct earthquake resistant partially grouted masonry structures has been widely 

investigated. Manos et al. [8, 9] tested partially reinforced piers with different reinforcing 

schemes. For the tested walls with a height over length ratio equal to 1 and horizontal 

reinforcing ratio values larger than 0.085%, the observed response is dominated by flexure 

together with the rather ductile plastic rotation response at the bottom of the wall, similar 

to a plastic-hinge type mechanism. Alternatively, for some of the specimens a compressive 

type of failure at the toes of these walls was also observed. Other researchers [10, 11] 
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investigated the influence of the horizontal shear reinforcement within partially grouted 

masonry piers subjected to combined horizontal and vertical loads. It was observed that 

shear reinforcement not only provided additional resistance, but also improved the post-

cracking performance. Recent studies investigate the behaviour of reinforced masonry 

walls using novel clay units with the appropriate thermal properties in an effort to improve 

the structures energy consumption together with an acceptable structural performance [12, 

13]. Again, the importance of units’ mechanical properties was noted as the deformation of 

these masonry walls appeared to be limited by the brittleness of the masonry units, because 

the crushing failure at the toes of these walls dominated their performance leading to low 

levels of energy dissipation. The ongoing investigation presented here investigates the 

behaviour of unreinforced and reinforced masonry walls under in plane and out of plane 

loads using this new unit and focusing on the influence of the reinforcement arrangement 

in the overall response. The mechanical properties of all the employed materials are 

defined through testing. Following, numerical predictions of this measured behaviour are 

also included. 

2. Methodology 

Masonry sub-assemblies were constructed and tested at the Laboratory of Strength of 

Materials and Structures (Aristotle University of Thessaloniki, Greece). Figure 1 depicts 

the geometry of the employed clay unit, the construction procedure and the reinforcing 

details of a specimen. All specimens were built with the new vertically perforated clay 

brick unit of nominal dimensions length=210mm, height=240mm and thickness=300mm. 

The used units are properly shaped to form two horizontal channels in order to embody the 

horizontal reinforcement and vertical holes are formed between the clay units used to host 

the vertical reinforcing bars. The basic mechanical properties of this unit were measured at 

the Laboratory. More specific, unit’s compressive strength perpendicular to the bed joint 

and parallel to the bed joint are measured by compression test according to EN772-1 [12]. 

The proposed reinforced masonry system uses the construction technique of thin mortar 

joint. The mechanical properties of the mortar material used, were obtained by material 

testing according to EN1015-19 [13]. Additionally, tensile tests for the used reinforcing 

steel bars with diameter 6mm and 8mm for the horizontal reinforcement and 14mm and 

16mm for the vertical reinforcement were conducted. The above-mentioned properties are 

listed at table 1 and table 2.  

Two different categories of specimens are discussed here, for two different experimental 

procedures of the in plane and the out of plane testing respectively. Firstly, square shaped 

wallets were built (1210mm by 1275mm and a thickness of 300mm) and were tested under 

diagonal compression. The used experimental set up are depicted in figure 2. The vertical 

compressive load was monotonic and was applied at a relative slow rate being measured by 

a load cell. Displacement transducers were also used to measure the vertical and horizontal 

variation of the length of the two main diagonals at both facades of the loaded specimen.  

For the second test series, the constructed specimens (length 970mm, height 1700mm and 

a thickness of 300mm) were tested under cyclic out of plane bending (figure 3). Before the 

out of plane loading, all specimens where subjected to uniform compressive load equal to 

4tn, which was kept constant during the out of plane loading sequence and was measured 

by a load cell. The horizontal load was applied at the mid height of each wallet by an 

actuator and was measured by a load cell. Displacement transducers were also used to 

measure the out of plane deflection of each specimen. Following, numerical models were 

developed adopting a macro-model approach for the masonry substrate (figure 4). This 

macro-modelling technique employs 3-D finite elements for the masonry with a “Concrete 
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Damaged Plasticity” constitutive law being calibrated from the laboratory measurements 

found during testing. The horizontal and vertical reinforcing bars were simulated by wire 

elements given an elasto-plastic material law obtained by the laboratory measurements (see 

table 2). A perfect bond between masonry and reinforcing bars were assumed. 

 

Table 1: mechanical properties of masonry materials used. 

Brick unit   

mean compressive strength perpendicular to bed joints (fb) 8.12 MPa 

mean compressive strength parallel to bed joints (fb,h) 2.73 MPa  

Mortar    

compressive strength (fm) 13.47 MPa  

flexural strength (fmt) 2.80 MPa 

 

Table 2: mechanical properties of steel reinforcing bars 

steel bar’s 

diameter 

yield stress 

(MPa) 

ultimate stress 

(MPa) 

yield strain ultimate strain 

D6mm 605 650 3.00‰ 4% 

D8mm 550 657 2.75‰ 15% 

D14mm 540 670 2.7‰ 12% 

D16mm 530 640 2.6‰ 11% 

 

 

  

Figure 1: The geometry of the novel brick unit (left) and the employed of horizontal bars (right) 

   

Figure 2: Experimental set-up of diagonal compression test (left) and the employed of horizontal bars 

(right) 
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Figure 3: Experimental set-up of out of plane bending test (left) and the geometry of tested specimens 

(right) 

  

Figure 4: Numerical model of diagonal compression test (left) and numerical model of out of plane 

bending test (right) 

3. Results and discussion 

The response of the tested specimens under diagonal compression is discussed in terms of 

equivalent shear stress versus shear strain together with the observed mode of failure. The 

unreinforced wallet, which represents the control specimen exhibited, as can be seen in 

figure 5, shear strength equal to 0.56MPa. The variation of the shear strain characterises its 

response as rather brittle. The formation of a typical diagonal tension crack characterizes 

the observed mode of failure of all specimens without or with horizontal reinforcing bars. 

The response of the reinforced specimens with 2 horizontal reinforcing rebars at each bed 

joint with diameter 6mm and 8mm are given in figure 6. The shear strength value is not 

altered by the presence of the horizontal joint reinforcement but is dictated by the 

development of the diagonal tensile crack followed by brittle response which seems to be 
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more characteristic for the unreinforced than for the specimens with horizontal joint 

reinforcement. In any case, this mode of failure should be avoided by seismic design. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Damage pattern of bare wallet (left) and its response in terms of shear stress versus shear 

strain (right) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

Figure 6: Response in terms of shear stress versus shear strain for reinforced wallet with D6mm 

reinforcing bars (left) and wallet with D8mm reinforcing bars (right) 

 

The observed out of plane performance of the tested specimens with or without vertical 

reinforcing bars is presented and discussed in terms of the variation of the out of plane load 

applied at mid-height versus the out of plane deflection together with the observed damage. 

Figure 7 (right) depicts the observed performance of the unreinforced masonry wallet 

without any reinforcement, which represents the control specimen. As can be seen a linear 

behaviour is observed till the first cracking at the minimum load (-5.0KN). At this point 

the flexural failure of the bed joint develops and it is followed by a sudden decrease of 

bearing capacity. Following, for the next cycles the bearing capacity is almost constant 

(+2.3tn, -3.0tn). This performance can be characterized rather brittle. At the same figure 

(figure 7 left) the formation of horizontal cracking along the bed joint at mid height is 

depicted. Following, the response of the tested specimens with vertical reinforcing bars is 

presented. The formation of horizontal crack at the mid-height bed joint characterizes the 

observed mode of failure for reinforced specimens as well. The bed joint failure develops 

again for a negative load about -5.0tn, but for the next cycles a ductile behaviour is 

observed, with a slight increase of the applied horizontal load. The maximum and 

minimum load was measured +5.9tn/-6.1tn and +6.1tn/-6.2tn for the wallets with 

reinforcing bar with diameter 14mm and 16mm respectively. 
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Figure 7: Damage pattern of unreinforced wallet under out of plane bending with simultaneous 40kN 

axial load (left) and its response in terms load versus deflection (right) 
 

  
Figure 8: Response of masonry wallets under out of plane cyclic horizontal load.  (left) one 14mm 

diameter vertical (right) one 16mm diameter vertical 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 9: Numerical predictions of unreinforced and reinforced models under diagonal compression 

test (left) and under out of plane bending test (right) 

Following, the numerical predictions of the diagonal compression and the out of plane 

bending tests are presented. Figure 9 (left) depicts the response of unreinforced and 

reinforced with horizontal reinforcing bars models in terms of equivalent shear stress 

versus shear strain compared with the corresponding tests. The numerical results of the out 

of plane bending simulations are given in figure 9 (right) as envelope curves. Numerical 

predictions are given, both of unreinforced and reinforced wallets, under 2 monotonic 

loads with positive and negative load explicitly versus the out of plane deflection. As can 
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be seen, the addition of the horizontal rebars does not affect the in plane bearing capacity 

of the models. However, a beneficial effect is observed by altering, up to a point, the brittle 

behaviour of the bare model. On the other hand, the addition of vertical reinforcing bars, 

strongly affects the predicted response by contributing in an increase of maximum 

predicted out of plane load and in a more ductile response. The maximum and minimum 

load was measured +4.2tn/-4.2tn, +6.3tn/-6.3tn and +6.4tn/-6.4tn for the wallets without 

reinforcement and with reinforcing bar with diameter 14mm and 16mm respectively. 

4. Conclusions 

The behaviour of reinforced masonry wallets under diagonal compression and out of plane 

bending is discussed here, mainly focusing on the contribution of the horizontal and 

vertical reinforcing bars in the overall wallet’s response. Apart from the experimental 

observations, numerical models were developed using all the available information about 

the mechanical properties of the materials used and the geometrical details in an effort to 

numerically reproduce the behaviour observed at the laboratory. The main conclusions are 

listed below: 

1. The observed damage pattern of wallets under diagonal compression is the cracking 

along the compressive diagonal. This does not change when horizontal reinforcing 

bars are added. The shear strength value is not altered by the presence of the 

horizontal joint reinforcement but is dictated by the development of the diagonal 

tensile crack followed by brittle response which seems to be more characteristic for 

the unreinforced than for the specimens with horizontal joint reinforcement. In any 

case, this mode of failure should be avoided by seismic design. 

2. The developed numerical models for predicting the diagonal compression, being 

calibrated with the unreinforced specimen’s response, can satisfactorily capture the 

observed behaviour of reinforced masonry wallets in terms of shear stress – shear 

strain response and predict the observed damage pattern. Critical parameter is the 

definition of the tensile strength for the masonry. 

3. The observed mode of failure of all specimens subjected to out of plane cyclic load 

was the cracking along the bed joint at mid-height. The existence of longitudinal 

reinforcing bar, placed vertically within a grouted hole, contributed to an increase 

of flexural capacity. The unreinforced masonry wallet exhibited a rather brittle 

performance; a sudden loss of flexural capacity was observed after the formation of 

cracking at mid-height. On the contrary, the partially reinforced masonry wallets 

exhibited an out-of-plane flexural performance with reasonable   ductility. 

Additional testing is under way by subjecting specimens to in-plane seismic type 

cyclic loading. 

4. The developed numerical models discussed here can satisfactorily capture the 

observed mode of failure, the maximum load measured and up to a point the force – 

deflection curves. 
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Abstract: A large part of the Italian existing building portfolio was not designed according 

to seismic code provisions. This study deals with the seismic vulnerability assessment and 

retrofit of an existing RC school building located in Lecce, in southern Italy. Two retrofit 

solutions have been investigated. In the first retrofit scheme the critical structural elements 

were retrofitted using the FRP technique, while in the second retrofit alternative an innovative 

system was installed on the roof of the building to control the structural dynamic behaviour. 

It is an innovative inertial system acting as Active Vibration Control.  The benefits of the two 

retrofit solutions have been compared in terms of structural performance by analysing the 

global seismic vulnerability as well as acceleration and drift profiles. The results of the study 

pointed out the advantages of the innovative technique also in regions characterized by a low 

seismic hazard.  

Keywords: Seismic vulnerability, retrofit, RC school buildings, Active Mass Damper 

1. Introduction  

Extensive damage and structural collapse observed in Italian school buildings during past 

seismic events, such as 2002 Molise Earthquake (Augenti et al. 2004), 2007 L’Aquila 

Earthquake (Ricci et al. 2011), 2012 Emilia Earthquake (Meroni et al. 2017) and 2016 

Amatrice Earthquake (Sorrentino et al. 2019), have pointed out the need for seismic risk 

mitigation programmes. In the absence of any other constraints, it would clearly be desirable 

to upgrade all buildings to the level of seismic resistance required under modern design 

provisions (Grant et al. 2007). This would involve seismic assessment of every building, 

and, if necessary, retrofit to the code design level. However, even if an unlimited budget was 

available, this is a prohibitive process and prioritization scheme should be implemented. 

These should identify the most vulnerable building typologies and reduce the earthquake-

related economic losses and casualties through adequate seismic retrofit strategies (Carofilis 

et al. 2020). The accurate selection of the more suitable retrofit solutions to achieve the 

requirements prescribed by the modern performance-based earthquake engineering 

methodologies is not a simple task because many parameters are involved in the retrofit 

design and in the performance assessment. In this study, the effectiveness of different retrofit 

techniques in the achievement of code requirements was investigated in order to identify the 

best retrofit alternative, also for buildings located in regions characterized by low seismicity. 

A case study RC school building has been analysed and the improvements in the seismic 

performance due to the implementation of a traditional and an innovative retrofit technique 

have been investigated.  
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2. Summary of the case study RC building  

2.1. Description of the building 

In order to evaluate the effectiveness of traditional and innovative seismic retrofit techniques 

a five-storey RC school building was analysed in this study. The building was built in the 

middle of 1900, and it is located in the southern Italy (Figure 1). According to the code 

provisions available in the construction period, the building was designed only for gravity 

loads.   

 

  
a) b) 

Figure 1 – (a) Main front of the building; (b) Posterior facade of the building 

The presence of the original drawings allowed to identify all the structural detailing and the 

structural material properties. The structural system consists of three RC frames along the 

longitudinal direction and two transverse RC frames in lateral sides. The interstorey height 

is equal to 3.3m (with the only exception of the ground floor which is characterized by a 

height of 3.7m) for a total height of the building equal to 22m. The foundation system is 

composed of RC isolated plinths. The structure is composed of four identical modules 

separated by thermal joints with a width equal to 5cm. The staircases consist of curved RC 

walls connected to the main structure trough transverse RC walls. In this study, only one 

module has been analysed because the structural configuration is almost the same for all the 

blocks (Figure 2). 

 

 
Figure 2 – Plan view of the case study building. 

The original drawings, as well as the in-situ inspections, allowed to identify the dimensions 

of the structural elements and the structural detailing. The section of the columns at the 

ground floor is 500x500 mm, while it reduces to 300x300 mm at the top floor. The steel 

reinforcements in the columns are characterized by a diameter of 22mm (16mm at the top 

floor). The stirrups spacing is equal to 250 mm. The dimensions of the beams are more 

variable and it was possible to observe both flat and deep beams. 

The floor slab system is the so called laterizio system (Bacco, 2009). This floor system was 

quite common in Italy for RC buildings built in the 1960s. Based on engineering judgement, 

such a floor system was not deemed flexible enough to have a great impact on the structural 

analysis results and was therefore assumed rigid. According to the seismic hazard map for 
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the Italian territory (NTC 2018), the building is located in a low seismic zone characterized 

by a design peak ground acceleration on firm soil of about 0.1g. 

 

2.2. Diagnostic and structural detailing 

In order to acquire an appropriate level of knowledge in-situ inspections were carried out to 

characterize the soil typology as well as the mechanical properties of the structural materials. 

Based on data from the geotechnical investigation, a soil type A, according to the NTC 2018 

classification, has been assumed. The material properties were taken from the original 

drawings and were verified through non-destructive tests. The concrete is characterized by 

a compressive strength equal to 25 MPa while steel rebars have a yielding strength equal to 

215 MPa (FeB22K). These properties are quite common in the Italian RC building portfolio 

built between 1950 and1980 (Verderame et al. 2002, Masi et al. 2014).  

According to the Italian Building Code (NTC 2018), based on the level of knowledge 

acquired during the in-situ inspections, a confidence factor should be accounted for during 

the analyses. Based on the information gained during the in-situ inspections a confidence 

coefficient equal 1.20 has been adopted. This confidence coefficient corresponds to a level 

of knowledge LC2 according to NCT 2018.  

 

2.3. Numerical modelling and seismic vulnerability 

The structure has been modelled in SeismoStruct (Seismosoft 2014), a Finite Elements 

software widely adopted to analyse existing RC buildings through static and dynamic non-

linear analyses (Figure 3). To simulate the nonlinear cyclic behaviour of the concrete 

elements, the constitutive relationship proposed by Mander et al. (1988) and the cyclic rules 

proposed by Martinez-Rueda and Elnashai (1997) were implemented in the numerical 

models whereas a bilinear stress-strain model with kinematic strain hardening was chosen 

for the steel rebars. The members were modelled using force-based nonlinear structural 

elements; the floor slabs were modelled as rigid diaphragms; and the geometric nonlinearity 

(P-Δ effects) was also considered. 

 

Figure 3 – 3D Structural model 

Non-linear time history analyses (NLTHAs) have been carried out to investigate the 

structural performance of the building. Three pairs of accelerograms have been selected for 

a return period equal to 475 years (design return period). According to the Italian Code 

prescriptions, two ground motions are simultaneously applied in the two main directions. If 

the analysis is performed in the longitudinal direction the ground motions applied in the 

transverse direction is reduced by a scaling factor equal to 0.3. A similar consideration 

applies when the analysis is performed in the transverse direction. Three artificial 

accelerograms have been used. They have been created in such a way as to ensure 

compatibility with the regulatory spectra for the location of the building. A trapezoidal 
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envelope was used so as to allow the creation of accelerograms lasting 25 s, with a stationary 

part of 10 s. The different time histories were obtained, paying attention that the average 

spectral ordinate has a deviation of less than 10% with respect to the corresponding elastic 

spectrum component. 

Table 1 reports the results of the NLTHAs comparing, for the three ground motions, the peak 

ground acceleration of the ground motion (PGAD) with the acceleration at which the life 

safety limit state is achieved (PGAC). The parameter zE is the ratio between the PGAC and 

the PGAD. The preliminary results reported in Table 1 demonstrate the vulnerability of the 

structure and the need for a seismic retrofit, although the structure is located in a low seismic 

zone. Table 2 reports the maximum displacements achieved in the two main directions for 

each analysis. Analysing the results, it is possible to state that in almost all the cases the 

displacement achieved at the top of the building is larger than the dimension of the thermal 

joint, this consideration is of paramount importance because, although the building is not 

characterized by significant structural deficiencies, pounding effects could be observed. 

 

 

Table 1. Vulnerability assessment 

Accel Direction 𝑃𝐺𝐴𝐶  𝑃𝐺𝐴𝐷  𝜁𝐸  

1_Y 30%x-

100%y 

0,119 0,119 1,0 

1_X 100%x-

30%y 

0,119 0,119 1,0 

2_Y 30%x-

100%y 

0,067 0,102 0,66 

2_X 100%x-

30%y 

0,062 0,102 0,61 

3_Y 30%x-

100%y 

0,075 0,098 0,76 

3_X 100%x-

30%y 

0,045 0,098 0,47 

 

Table 2.  Maximum displacement  

Accel Direction 𝐷(𝑥)𝑚𝑎𝑥  [𝑚] 𝐷 (𝑦)𝑚𝑎𝑥  [𝑚] 

1_Y 30%x-

100%y 

0,066 0,077 

1_X 100%x-

30%y 

0,062 0,054 

2_Y 30%x-

100%y 

0,070 0,068 

2_X 100%x-

30%y 

0,083 0,046 

3_Y 30%x-

100%y 

0,065 0,066 

3_X 100%x-

30%y 

0,098 0,055 

 

3. Seismic retrofit solutions  

3.1 Traditional retrofitting technique: FRP 

The first alternative adopted to improve the seismic performance of the case study structure 

consists in strengthening structural elements with fibre reinforced polymers (FRP). The use 

of this technique has been extensively experimentally investigated both for RC and URM 

structures (Ilki et al., 2004; Marcari et al. 2007). Its application is fast and relatively simple 

with low invasiveness that reduces labour cost and time. Additionally, as a lightweight 

material, FRP does not modify neither cross sectional properties of elements nor overall 

structural stiffness, as explained by Elnashai and Pinho (1998). Furthermore, FRP is less 

vulnerable to corrosion in comparison with other materials and its very high tensile strength 

provides not only strength improvement, but also a better deformation capacity to structural 

members. Many researchers have found that FRP composites applied to the RC members 

provide efficiency, reliability and cost effectiveness in rehabilitation (Rabinovitch AT AL. 
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2003, Dong-Suk Yang AT AL. 2008). In Italy, to design the FRP reinforcement the guideline 

provided by the National Research Council (CNT DT-200, 2014) can be adopted. In this 

study, FRP has been adopted for the strengthening of the critical structural elements 

identified in the seismic vulnerability assessment of the existing structure. Damages due to 

shear stresses and bending stresses has been observed. The identified critical columns and 

beams have been reinforced with two sheets of FRP. In particular, the beams at the centre of 

the basement floor and the external beams connected to the stairwell of the ground floor, 

first and second floor  have been reinforced. The two columns at the side of the elevator have 

been also wrapped with FRP material, for the entire building's height. Carbon fibres with 

density of 1,78-1,81  𝑔/𝑐𝑚3 and equivalent thickness of 0,337 𝑚2 were chosen. 

3.2 Innovative retrofitting technique: I-PRO 1 

The I-Pro 1 is an active smart system for the seismic dynamic response control of existing 

buildings. It is composed by four distinct sub-systems (Figure 4.(a) and Figure 4.(b) show 

the sub-system IP-D 01) installed on the building. Here a brief description of each: 

1. Machines IP-D 01: inertial masses moved by hydraulic actuators, allowing the 

generation of control forces, together with the electrical cabinets and the oil recovery 

units. They are installed in multiple arrays thanks to a supporting frame which connect 

the machines with the roof of the building. 

2. Sensors IP-S: analog accelerometer sensors with low electrical noise. They are installed 

on critical points of the building, allowing the structural monitoring and dynamic 

response control during an earthquake event. 

3. Central Computer IP-UT: real-time computational unit which acquire data from all the 

sensors installed and process them accordingly with the ISAAC control algorithm. 

4. Buffer Batteries IP-A: external power supply units together with UPS, supplying all the 

system with energy even in presence of electrical blackout. 

These sub-systems can be assembled into an Active Mass Damper (AMD) according with 

the ISO3010:2017, which allows the use of these devices nationally and internationally. The 

AMD proposed in this work is an innovative inertial system used as Active Vibration 

Control. Compared to other AMDs, each machine IP-D 01 uses an electro-hydraulic actuator 

to move the inertial mass of 2200 kg with a stroke of ±0.5 m and generate forces up to 220 

kN in one direction, with an overall size of 4.8m by 1.5m. Together with the machines IP-D 

01, the sensors are installed on the building and both are connected to the central computer 

 

 

(a) (b) 

Figure 4 – (a) Machine IP-D 01 without covering shelter; (b) Detalied view of the Machine  
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IP-UT, which monitors and controls the whole I-Pro 1 system. The electrical power supply 

is delivered by the buffer batteries IP-A which are attached to the external electrical network 

only for the charger operation. In this way, the UPS guarantees to power the system, for at 

least 24 hours, even in presence of an electrical blackout. The purpose of I-Pro 1 technology 

is to "counteract", thanks to the generation of forces by each machine IP-D 01, the movement 

of the building by reducing the amplitude of oscillation and consequently the stresses applied 

on the structural elements. The magnitude of the forces delivered is calculated in real time 

by the control algorithms, implemented inside the central computer unit IP-UT, based on the 

accelerometric measurements of the building itself, through the sensors IP-S installed in the 

significant points of the building. The system reaches the highest efficiency when the 

machines are placed on the roof of the building to be protected, to maximise the leverage of 

the force delivered with respect to the ground or, more generally, counteracting the first 

natural mode of the structure. The vibration control strategy is based on the Sky-Hook 

algorithm, where the “counteract” Force is evaluated as the building’s nodes velocity times 

the control gain; thus producing an increment of the overall structural damping. More details 

regarding the I-Pro 1 technology and its control algorithm can be reached in a dedicated 

paper (Rosti et al. 2022). 

 

This Active Vibration Control solution can be proposed as applicable in scale on buildings 

of different plant sizes and height increasing the number of machines IP-D 01 installed, 

without changing the actuation system but only with a proper tuning of the control algorithm 

accordingly with the structural dynamics characteristics. In Figure 5.(a) is shown a concept 

of the I-Pro 1 technology installation. Regarding the case study RC building, in order to 

seismic protect the structure, we choose to introduce four machines IP-D 01, two for each 

control direction, on the roof. Figure 5.(b) shows the installation layout considering the 

overall dimension of the system. For the dynamic analysis post-opera, the four machines 

have been approximated as dashpot fixed to the ground and to four roof nodes near the 

desired installation positions. The dashpots are similar to viscous damping devices which 

can faithfully describe the machines IP-D 01 under particular conditions: 

● maximum generated force up to 220 kN 

● maximum velocity up to 5 m/s 

● maximum displacement up to ±0.5 m 

These limitations represent the mechanical boundaries characteristic of the I-Pro 1 

technology, which if respected guarantees to obtain a simulation coherent with the machine 

behaviour. The damping coefficient of the four dashpot have been tuned in order to obtain 

the highest displacement reduction without overcoming the previous restraints. 

  

(a) (b) 

Figure 5 – (a) Concept Layout for the installation of the I-Pro 1 technology; 

(b) Detailed View of the I-Pro 1 system retrofitting on the case study RC building 
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3.3 Influence of retrofit techniques on the seismic vulnerability of the case study 

building  

In order to investigate the beneficial effects of the two retrofit alternatives the NLTHAs have 

been repeated using the same set of ground motions adopted to assess the original 

vulnerability of the case study building.  The results are presented in terms of zE (Table 3 

and Table 5) and maximum displacements (Table 4 and Table 6). Both retrofit alternatives 

allow to achieve a zE equal to the unity for all considered ground motions (with the only 

exception of Accel 3_X). This means that, considering the low seismicity of the site, both 

alternatives could guaranty the achievement of the life safety limit state for the analysed case 

study building.  

 
Table 3. Vulnerability assessment after retrofit 

with FRP.       
Table 4. Maximum displacements after retrofit with 

FRP. 
Acce

l 

Directio

n 

𝑃𝐺𝐴𝐶  𝑃𝐺𝐴𝐷  𝜁𝐸  

1_Y 30%x-

100%y 

0,119 0,119 1,0 

1_X 100%x-

30%y 

0,119 0,119 1,0 

2_Y 30%x-

100%y 

0,102 0,102 1,0 

2_X 100%x-

30%y 

0,102 0,102 1,0 

3_Y 30%x-

100%y 

0,098 0,098 1,0 

3_X 100%x-

30%y 

0,090 0,098 0,93 

 

 

Accel Direction 𝐷𝑥 𝐷 𝑦 𝛥 (%)𝑥 𝛥 (%)𝑦 

1_Y 30%x-

100%y 

0,068 0,081 -3,35% -5,19% 

1_X 100%x-

30%y 

0,063 0,048 -1,59% 10,42% 

2_Y 30%x-

100%y 

0,072 0,067 -2,34% 1,40% 

2_X 100%x-

30%y 

0,089 0,045 -7,17% 2,74% 

3_Y 30%x-

100%y 

0,065 0,066 0,00% 0,00% 

3_X 100%x-

30%y 

0,096 0,049 2,15% 11,03% 

 

Table 5. Vulnerability assessment after retrofit 

with I-PRO1. 

 

Table 6. Maximum displacements after retrofit with           

I-PRO1. 
 

Accel Directio

n 
𝑃𝐺𝐴𝐶  𝑃𝐺𝐴𝐷  𝜁𝐸  

1_Y 30%x-

100%y 

0,119 0,119 1,0 

1_X 100%x-

30%y 

0,119 0,119 1,0 

2_Y 30%x-

100%y 

0,102 0,102 1,0 

2_X 100%x-

30%y 

0,102 0,102 1,0 

3_Y 30%x-

100%y 

0,098 0,098 1,0 

3_X 100%x-

30%y 

0,098 0,098 1,0 

 

Accel Direction 𝐷𝑥 𝐷 𝑦 𝛥 (%)𝑥 𝛥 (%)𝑦 

1_Y 30%x-

100%y 

0,019 0,048 70,34

% 

37,45% 

1_X 100%x-

30%y 

0,037 0,027 39,90

% 

48,81% 

2_Y 30%x-

100%y 

0,025 0,048 63,93

% 

28,87% 

2_X 100%x-

30%y 

0,049 0,036 40,17

% 

22,33% 

3_Y 30%x-

100%y 

0,021 0,049 67,58

% 

26,22% 

3_X 100%x-

30%y 

0,049 0,037 50,11

% 

33,18% 

 

However, when dealing with seismic vulnerability assessment and loss estimation of existing 

buildings the strength of the structural elements is not the only parameter to be investigated. 

The drift and acceleration profiles should be also analyzed to evaluate the possible losses 
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related to the damage of drift-sensitive and acceleration-sensitive non-structural elements as 

well as to assess the effectiveness of structural joints between adjacent buildings. Table 4 

and 6 reports the maximum displacements at the top of the building for all considered ground 

motions. The results indicate that the maximum displacements in  the structure retrofitted 

with FRP are similar or greater than displacements of the original structure. This means that 

the pounding effect could became an issue in case of earthquake. If I-PRO1 is adopted, a 

significant reduction of the maximum displacements is observed. In particular, a mean 

reduction of about 55% and 32% has been observed in the X and Y direction, respectively. 

Although is not reported for space limitations, similar considerations can be done in terms 

of floor acceleration profiles. The FRP technique, acting at the local level, is not able to 

provide improvements in terms of displacement and acceleration profiles, while I-PRO1, 

acting as an active mass damper, is able to reduce both accelerations and displacements along 

the height of the building also significantly reducing non-structural losses. In particular, a 

percentage reduction of about 15% is observed in the peak floor accelerations at the top of 

the building retrofitted with I-PRO1 in both analyzed directions.  

4. Conclusions 

This paper discussed about different retrofit strategies aimed at improving the overall 

seismic response of existing RC buildings in Italy. A case study RC school building located 

in the south of Italy, in a region characterized by low seismicity, has been analysed to assess 

the effectiveness of two retrofit alternatives. A traditional retrofit technique which consists 

in the use of fibre reinforced polymers for the strengthening of the structural elements and 

an innovative technique which consists in the use of a smart active mass damper have been 

adopted. The results of the study pointed out that, although both retrofit solutions are able to 

improve the structural safety indices, only the innovative technique can act as a protection 

system in case of possible pounding effects as well as to mitigate the damage due to drift- 

and acceleration-sensitive non-structural elements by reducing the acceleration and 

displacements profiles along the height of the building. Although further numerical and 

experimental studies are still required, in the author opinion this retrofit solution could 

became an interesting alternative also in regions where, due to the low seismicity, the 

economic losses are mainly related to the damage of non-structural elements.  
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Abstract: The combined seismic and energy retrofit of existing aged buildings represents a topic of 

importance for the building stock. The current study summarizes the main aspects of the in plane 

and out of plane performance of 3 specific external thermal insulation composite systems (ETICS) 

attached on clay brick walls. A number of prototype specimens were constructed and tested at the 

Laboratory of Strength of Materials and Structures of Aristotle University, with or without 

insulation, under diagonal compression and out of plane bending tests, in order to replicate the state 

of stress that develops in such masonry walls forming the infills of multistorey structures subjected 

to earthquake motions. Based on these observations it can be concluded that such thermo-insulating 

panels may lead to a less vulnerable seismic performance than that of the same masonry panel 

without this thermal insulating attachment. Finally, numerical models were developed replicating 

the various parts of tested physical models. By comparing the measured response with the one 

obtained from these numerical simulations the validity of the employed numerical simulation 

methodology is demonstrated. 

Keywords: masonry infills; external thermal insulation composite system (ETICS); seismic 

and energy upgrading; numerical simulations 

1. Introduction 

The majority of buildings in Europe are over 50 years old. At the time of their construction 

neither energy performance regulations nor seismic design codes were enacted. This large 

existing stock of buildings is aggravating for the environment due to their high energy 

consumption. Buildings consume about 38% of the total energy consumption in Europe. 

Thus, this sector could offer large improvements in the overall energy consumption. The 

Energy Performance of Buildings Directive (European Directive 844/2018) depicts the 

importance of this approach as it emphasizes on the need of turning the existing building 

stock into nearly zero energy buildings by 2050. Another fact that raises concerns is the 

structural vulnerability of such constructions, especially under strong earthquake motions. 

The most common structural system used across Europe is multi-storey buildings made of 

steel or reinforced concrete (R/C) frames infilled with unreinforced masonry panels to 

form the exterior facades or the interior partitions. These panels are considered as non-

structural elements and are not included in the structural design. However, they interact 

with the surrounding structural members, following the displacement response of the 

supporting members (slabs, columns and beams), when they are subjected to strong 

earthquake motions, leading to potentially damaging conditions [1, 2]. This poor behaviour 

of infills is reported in numerous past earthquake events. Figure 1 depicts a typical damage 

pattern observed in numerous multi-story buildings in Durres, Albania due to the recent 

strong earthquake sequence (26th November, 2019). Similar damage patterns have been 
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observed in many past strong earthquake sequences in Greece (Kozani 1995, Aigio 1995, 

Athens 1999, Kefalonia 2014) as well as in many other countries (Italy, L’ Aquila 2009, 

Emilia Romana 2012) as depicted in figure 2 [3, 4]. 

 
Figure 1: Collapse of unreinforced masonry facades of multi-story R/C buildings at Durres, Albania 

(2019). 

 

 
Figure 2: Collapse of unreinforced masonry facades of multi-story R/C buildings in L’Aquila, Italy 

(2009) 

A quite recent subject of research is the combined seismic and energy retrofit of existing 

structures. D. A. Pohoryles et al. [5] evaluate the feasibility of combining energy with 

seismic retrofitting, based on the expected annual loss. Reduced losses from energy costs 

and seismic damage make the such renovation strategies more viable. If annual renovation 

rates are increased to 3% from the current rate 1%, the CO2 emissions across all cities 

could be reduced up to 30% by 2030. The need of simultaneous renovation actions, which 

combine both energy and seismic issues, in order to enhance the sustainability level of 

European cities is underlined by P. L. Greca [6]. Cost benefit analysis of M. F. Leone et al. 

[7] for seismic retrofitting and combined seismic and energy retrofitting highlights the 

benefit in terms of return of investment by the reduction of the energy consumption. 

Bournas et al. [8] investigate the effectiveness of TRM jackets combined with insulation 

panels for the simultaneous seismic and energy retrofitting of an old-type R/C multistorey 

building taking into account the expected annual loss of consumed energy and expected 

seismic loss. It was shown that the payback period of such a combined renovation is 

significantly reduced. The ongoing investigation presented here investigates how a 

common solution for energy upgrade, the thermal insulating attachments, perform when 

subjected to the stress field that arises to the host masonry panels when subjected to 

seismic loads and if the seismic performance of a masonry panel with ETICS becomes 
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more vulnerable to seismic loads than the corresponding performance of the same masonry 

panel without ETICS. 

2. Methodology 

The ongoing research at Aristotle University aims to investigate both the in plane and the 

out of plane behaviour of masonry panel specimens together with External Thermal 

Insulating Systems (ETICs). For this purpose, masonry sub-assemblies are constructed and 

tested at the Laboratory of Strength of Materials and Structures (Aristotle University of 

Thessaloniki, Greece). Figure 3 depicts the construction procedure of the specimens and a 

typical cross section of an insulated wall. All specimens were built with the same 12-hole 

clay brick unit of nominal dimensions length=320mm, height=180mm and 

thickness=150mm. This brick unit is commonly used in prototype construction for this 

type of unreinforced masonry panels in multi-story buildings in Greece. Similarly, a 

relative weak general-purpose mortar was used for all specimens. The thermo-insulating 

layer was added to one side of all specimens two months following their construction 

following the relevant construction practice. Three different thermo-insulating materials, 

with code names XPS, EPS and MW, were investigated, having a panel thickness of 

100mm. Specimens of all materials used for building these specimens were taken during 

construction and tested for determining the relevant mechanical characteristics. The 

mechanical properties of masonry materials are listed in table 1. Due to space limitations, 

the mechanical properties of ETICS materials are not reported here. However, their 

mechanical properties and the bond strength between ETICS and masonry substrate 

together with the behaviour of thermal insulated masonry wallets are extensively discussed 

before [9,10]. 

Initially, specimens of rather medium size, named “wallets”, were built and tested in order 

to investigate the behaviour of the thermo-insulating panel attached on the masonry when 

subjected to specific relatively simple loading conditions. For these wallets, one loading 

condition was designed to subject a specimen, with an almost square shape, to a 

compressive force (in-plane) along its main diagonal, as shown in figure 4 (left), thus 

resulting in a mainly in-plane state of stress. Figure 4 depicts the basic dimensions of such 

specimens. A second loading condition was designed to subject a wallet, with a rectangular 

shape (length 2000mm, height 970mm and thickness 150mm), to an out-of-plane forcing, 

as depicted in figure 4 (right).  This wallet was placed on a supporting steel frame having 

its upper and lower horizontal sides simply-supported, whereas the vertical sides were 

completely free. The out of plane load was introduced through an electronically controlled 

servo-actuator, as shown in figure 4, thus subjecting this wallet to out-of-plane flexure.  

The same figure depicts the thermo-insulating façade of one wallet specimen together with 

the instrumentation aimed to capture the out-of-plane displacement response. 

Table 1: Mechanical properties of the used brick and mortar 

 

 

 

 

 

 

Brick unit   

mean compressive strength 

perpendicular to bed joints (fb) 
2.97 MPa 

Mortar   

compressive strength (fm) 2.15 MPa 

flexural strength (fmt) 1.16 MPa 
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Figure 3: The different stages of the ETICS construction: completion of masonry wallet (a), bonding of 

thermal insulating panels (b), opening drill holes for the installation of anchors (c), placing the grid 

mesh (d), and the typical cross-section of a thermal insulated wall. 

 

 

  

Figure 4: The used loading arrangement of diagonal compression test (left) and the used loading 

arrangement for the out-of-plane flexural performance of masonry wallets with or without thermo-

insulating attachments (right). 

Following, numerical models were developed adopting a macro-model approach for the 

masonry substrate. This macro-modelling technique employs 3-D finite elements for the 

masonry with a “Concrete Damaged Plasticity” constitutive law being calibrated from the 

laboratory measurements found during testing. The attachment of the thermal insulation 

panels to the masonry is done with a layer of adhesive mortar which is numerically 
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simulated with two layers of nonlinear cohesive – friction interfaces; the first interface is 

joining the mortar joint with the numerical simulation of the masonry whereas the second 

interface is joining the mortar joint to the numerical simulation of the thermo-insulating 

panel.  The thermo-insulating panels were numerically simulated by 3-D finite elements. 

The ETICS properties and interface properties were defined from results obtained from 

material testing [10, 11]. The developed numerical models are shown in figure 5. 

 

 
Figure 5: Numerical model of bare masonry under diagonal compression (left), the developed model of 

insulated wallet under out of plane flexure (right) and the details of Cross-section of a masonry 

attached with thermal insulation model. 

3. Results and Discussion 

The observed in plane performance of the tested specimens with or without thermal 

insulation is presented and discussed in terms of the variation of the equivalent shear stress 

versus shear strain together with the observed damage. Figure 6 depicts the observed 

performance of the tested unreinforced masonry wallets and the wallets with ETICs 

applied. As can be seen the shear strength value is of the order of 0.3MPa for the bare 

wallets and the equivalent shear-stress versus shear stain variation characterizes this 

performance as being rather brittle. At the same figure the formation of a typical diagonal 

tension crack is shown, which characterizes the observed mode of failure. This diagonal 

cracking is observed for the insulated wallets at the same equivalent shear strain as well. 

However, the addition of the insulated panels resulted in an increase of the measured shear 

strength and also in differentiating stress-strain response from being brittle to attaining a 

relatively post-elastic branch which is quite dominant. The Mineral Wool panel-units did 

not exhibit any signs of distress before reaching the maximum load. However, partial 

debonding of the thermal insulation panels developed at the loading stage after maximum 

load was reached (figure 6). The EPS and XPS panel-units exhibited signs of distress and 

partial debonding of the thermal insulation panels developed at the corners after maximum 
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load was reached as well. At the same time the out-of-plane distortion of the thermo-

insulating attachment could be clearly seen (figure 6). 

  

   
Figure 6: The response of the tested specimens under diagonal compression in terms of shear strain 

versus shear stress (a), the diagonal cracking of the masonry substrate observed at all specimens (b), 

the bedonding of the MW panels following the diagonal cracking (c) and the out of plane deflection 

and the cracks observe at the outer plaster layer observed after the diagonal cracking of the wall at the 

EPS and XPS insulated specimens respectively (d), (e). 

The response of the out of plane tested specimens is given in figure 7. The diagram depicts 

the envelope curve of the cyclic tests, when the outer façade of the wallet, where the ETICs 

are applied, is under tension, in terms of horizontal load applied versus the horizontal 

deflection of the specimen at the mid-height. The increase of the bearing capacity is 

substantial when the thermal façade is under tension. The unreinforced wall reached a peak 

load equal to 8.81KN, while the thermal insulated wallets with MW, EPS and XPS panels 

exhibited a maximum load equal to14.77kN, 35.62kN and 38.91kN respectively. The mode 

of failure of all tested specimens was the cracking along the bed joint at the mid-height of 

the specimen. Following, the insulated walls exhibited partial debonding of the thermo-

insulating facades at their interface with the masonry substrate. 
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Figure 7: The response of the tested specimens under out of plane flexure in terms of horizontal load 

versus out of plane deflection (a), the cracking of the mid bed joint for the unreinforced masonry (b), 

the bedonding of the MW and EPS panels following the bed joint crack (c), (d) and brick failure at the 

top of the specimen insulated with XPS panels following the bed joint cracking (e) 

Following, the numerical predictions of the diagonal compression test are presented. 

Figure 8 depicts the response of the bare wallet in terms of equivalent shear stress versus 

shear strain compared with the unreinforced wallet tests and the predicted mode of failure. 

Figure 9 depicts the response of the thermal insulated models in terms of equivalent shear 

stress versus shear strain compared with the unreinforced model and the predicted mode of 

failure. Afterward the numerical results of the out of plane bending simulations are given. 

Figure 10 depicts the envelope response curves of all numerical predictions, both bare and 

insulated wallets, under monotonic out of plane bending, in terms of out of plane load 

versus out of plane deflection. At the same figure, the mode of failure of all models can be 

seen as plastic strains developed along a horizontal cross section of the masonry model 

representing the bed joint cracking and the detachment of the ETICs observed after the 

peak load step. It must be noted that this numerical simulation utilized all the necessary 

information relevant to the mechanical properties of all the employed materials as well as 

the necessary mechanical characteristics that govern the behaviour at the contact surface 

between brick masonry, adhesive mortar and thermo-insulating panels. The attachment of 

the thermo-insulating panels increased, up to a point, the equivalent shear strength capacity 

and the out of plane bearing capacity. In addition, the presence of the thermo-insulating 

panel units attached on the clay brick masonry wallets had an additional beneficial effect 

by altering, up to a point, the brittle behaviour of the bare models. 
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Figure 8: Response of bare masonry model in terms of equivalent shear stress vs shear strain and 

comparison with experimental results (right) and the plastic strains developed as damage prediction. 

  
Figure 9: Response of insulated models in terms of equivalent shear stress vs shear strain and 

comparison with bare model (right) and the plastic strains developed as damage prediction for the 

XPS insulated wallet model. 

   

    
Figure 10: Out-of-plane horizontal displacement at mid-height versus applied horizontal load for 

masonry models without or with thermo-insulating attachment 100mm thick (a). Accumulated plastic 

strains as predicted by the numerical simulation (b) Numerically predicted loss of contact strains at the 

interface between the masonry and the numerical simulation of the thermo-insulation (c) 

4. Conclusions 

The current research effort focuses on the seismic response of unreinforced masonry 

panels, which form the exterior facades or interior partitions of multi-story buildings. Such 

un-reinforced masonry panels interact with the surrounding structural members, when such 

structures are subjected to strong earthquake motions, leading many times to considerable 

damage even collapse of such panels. The focus of the present research effort is to study 

the performance of masonry assemblies incorporating thermo-insulating layers, when they 

are subjected to forces producing stress-fields resembling those that are resulting from 

seismic actions.   
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Summary results from the observed in plane and out-of-plane behaviour of masonry 

wallets constructed with prototype materials, with or without thermo-insulation (MW, 

EPS, XPS), are presented and discussed. It was observed that both in plane and out-of-

plane bearing capacity of the specimens including thermo-insulating panels, is larger than 

the corresponding bearing capacity of similar specimens without the used thermo-

insulating attachments. The observed limit state for the specimens with thermo-insulation 

was similar with the bare wallets in terms of cracking pattern observed at the masonry 

substrate and it was followed by partial debonding of the insulating panels. The used 

plastic anchors prevent, up to a point, the complete debonding of such thermo-insulating 

panels.  

3-D finite element simulations of the above-mentioned tests were formed utilizing the 

capabilities of commercial software. In these numerical simulations all the geometrical, 

loading and support details of tested specimens were numerically simulated. Such 

numerical simulations included non-linear interfaces in an effort to numerically simulate 

the observed behaviour. In this way, the observed response was successfully captured by 

these numerical simulations. The methodology adopted here includes testing samples of 

the materials used to verify their basic mechanical properties and sub-assemblies of 

masonry wallets with insulating panels subjected to seismic-type loading, combined with 

numerical models developed, and it is considered, up to a point, satisfactory. This 

methodology will be further validated with additional experimental results and parametric 

investigation in a variety of specimen geometry and materials used. 
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Abstract: This paper deals with the experimental investigation of the behaviour of timber frames with 

or without infill panels. The examined infill panels are diagonal timber bracers, masonry infill and 

Oriented Strand Board (OSB), as infill panels. The main scope of this effort is the investigation of the 

influence of the infill panels to the strengthening and the global behaviour of these frames. Eight timber 

frames were designed, constructed and tested at the metallic reaction frame of Frederick University 

under lateral monotonic loadings until the ultimate limit state. The lateral loading as well the lateral 

horizontal displacement and the uplift of the column which was under tension were measured and 

recorded using a data acquisition system. At the same time the observed modes of failures were reported. 

At last, but not least, the evaluation of these measurements through various analytical methods was 

completed. Through this effort, the absorbed energy from each timber frame is estimated and the 

contribution of each infill system to the global behaviour and       strengthening of the timber frame systems 

is defined and discussed. 

 

Keywords: Strengthening of timber frames, experimental investigation, analytical evaluation 

 
1. Introduction 

 

The majority of the historic buildings, both in Eastern Mediterranean region and throughout 

Europe, were built with load-bearing masonry wall system. Of particular interest, is the timber 

frame with masonry infill. A masonry timber frame is consisted by many parts created by 

horizontal, vertical and diagonal timber elements (fig. 1). The ease of construction, on one 

hand and the availability of the natural material, on the other hand, played an important role, 

on the wide use of the system throughout the world. The long-term existence of this system, 

proves its efficiency and its durability throughout the centuries. Even today, the timber frame 

system, in various forms and types, still plays a leading role in the building industry. For this 

reason, many experimental and numerical investigations have dealt with the behaviour and 

response of this system, Dujic, B. and Zarnic, R. (2002), Vasconcelos G. et al. (2013), Poletti 

E. (2013) and Steensels,. R. et al. (2017). While, this study evaluates, with the aid of 

experimental approach, the behaviour of various strengthening typologies of the system, in a 

way that this would be helpful to the maintenance and even strengthening procedures of 

existing structures. 
 

An experimental investigation approach, aiming to the strengthening techniques of historic 

timber frames is designed and is under develop at the Frederick University in Cyprus. The 

present study is focused on the basic part of a timber frame as explained above, as the first 

step of this effort in order to understand well the behaviour of such systems under lateral 

seismic loadings, the mechanisms of failure as well the contribution of various techniques for 

the strengthening of masonry timber frames. Therefore, eight (8) different timber frame
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specimens with various techniques of strengthening were designed, constructed and tested under 

monotonic lateral static loading. 

a) Timber frame structure with masonry infill b) Typical timber frame with masonry infill 

Fig. 1. Masonry timber frames on the upper storey of building structure in Cyprus 

 
 

2. Design and construction of the experimental timber frames 
 

As mentioned above, the experimental specimens examined in this paper represent a basic 

part of a real timber frame (see figure 1), in order to understand well the behaviour and the 

failure mechanisms of such sub-system as basic background to understand and explain these 

topics of a whole frame system. In addition to that, this effort has as main scope to investigate 

the influence of various strengthening techniques to the behaviour of timber frames such as 

diagonal timber bracers, masonry infill and the OSB as infill panel. Therefore, eight (8) timber 

frames in various forms were designed and constructed (fig. 2). All experimental timber 

frames have rectangular shape with height 0.77m (77cm) and the same dimension of the bay 

between the two vertical timber columns (77cm). 

The first frame (2CTF), which will be referred as reference frame in what follow, consisted by 

a horizontal timber beam as base level. Two vertical columns are connected at the base beam 

with nails. The two columns are connected at the top level also with a timber beam using 

nails. 

The second one (3CTF) has the same configuration; however, one more timber column is 

attached at the middle of the bay. 

The third one (2CXTF) has also the same configuration with the reference frame including 

diagonal timber bracers. 

The fourth one (2CMTF) is the same with the reference one but with masonry infill. 

The fifth one (2CXMTF), is the same with the third one including also masonry infill. 

The sixth one has the same timber skeleton with the third one (with diagonal bracers) but only 

with one OSB panel was attached at one side. 

The seventh one (2CTF - 1 OSB) has the same timber skeleton with the reference one 

however two OSB panels were used as infill panel attached in both sides of the frame. 

The eight one (2CXTF - 2 OSB) has the same timber skeleton with the third one (with 

diagonal bracers) but in this case two OSB panels were used as infill panel attached in both 

sides of the frame. 1551
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a) 2CTF 

 

 
b) 3CTF 

 
 

c) 2CXTF 

 

 
 

d) 2CMTF 

 
 

e) 2CXMTF 

 

 
 

f) 2CXTF - 1 OSB 

 
 

g) 2CTF - 2 OSB 

 

 
 

h) 2CXTF - 2 OSB 

Fig. 2. The facade of the designed and constructed specimens 
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3. Experimental test of timber frames 

3.1. Experimental setup 

All experimental timber frames were attached at the metallic reaction frame of Frederick 

University and were subjected to the lateral monotonic loading (fig. 3). The timber beam at 

the base of the frames was fixed at the horizontal steel beam of the reaction frame. The lateral 

loading was applied at the top of the timber frame using a hydraulic actuator. In order to avoid 

local modes of failures due to the point load, an additional timber beam was fixed at the top 

beam of the frames with an expansion to the hydraulic actuator. Therefore, the lateral load was 

applied in uniform distribution to the top beam of the timber frames. 

Two displacement transducers (LVDT) were used to measure the displacements of the timber 

frames. The first one measured the horizontal displacement at the top of the timber frames. 

The second one was attached at the base of the frame in order to measure the uplift of the 

timber column which was under tension during the experimental loading. This uplift was 

happened due to the extraction of the nails which connected the timber column with the beam 

at the base level. 

The measurements of the LVDT' s as well the loadings applied from the hydraulic actuator 

were restored in a data acquisition system in time domain. 

 

 

 

a) The experimental setup b) Instrumentation and data acquisition system 

 

Fig. 3. The Experimental setup 

 

 

3.2. Experimental measurements 

The lateral horizontal load vs the horizontal displacements for all the timber frames are 

presented in figure 4. We can see that the timer frames 2CTF and 3CTF (pure frames) have 

almost the same behaviour with the lower level of the lateral received load but with 

higher   level of lateral displacements. The timber frames with OSB can receive the higher level 

of the external loading. The other timber frames (with masonry infill or/and diagonal bracers), 

simulating traditional timber frames, have a capacity between the two previous categories as 

mentioned above (pure timber frames and timber frames with OSB). Similar observations had 

been made and for the measurements of the uplift at the bottom to the timber column 

with tensile stress. 
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Fig. 4 - Horizontal monotonic load vs horizontal displacements 

 

3.3 Observed damages 

The pure frames consisted only by columns and beams (2CTF & 3CTF) develop only 

horizontal displacements without any uplift at the left column. After the un-load of these 

frames a significant remain displacement was observed. The deformation shape of these 

frames it looks like shear deformation which is mean that the actual resistance during the test 

was the shear resistance of the nails which connected the timber structural elements (figure 5a 

and 5b). In the case of timber frames with diagonal bracers (2CXTF & 2CXTF - 1 OSB)) the 

behaviour is characterized by horizontal displacements and uplift of the left column at the 

base level as well the uplift of the diagonal timber element connected at this joint. After the 

un-load of these frames a remain displacement was observed as well uplift at the base level 

due to the extraction of the nails (figure 5b, 5d and 5c).The timber frames with masonry infill 

(2CMTF an 2CXMTF) develop similar behaviour with those with diagonal timber bracers 

including remain uplift and horizontal displacement after un-loading. However, in this case it 

was founded out that there are significant damages on the masonry infill characterized by 

disconnection from the timber frame as well diagonal shear cracks. These damages are more 

serious in the case of timber frame without diagonal timber bracers (figure 5d). In addition to 

that an interaction between        the masonry infill and the left timber column creating a flexural 

deformation on the left column (figure 5d). The timber frames with OSB infill (2CTF - 1 

OSB, 2CTF 2- OSB & 2 CXTF 2 -OSB)  developed much difference behaviour. Due to the 

OSB infill panel which was connected with the surrounding frame (columns and beams), the 

beam at the base level developed flexural deformation created by vertical loadings applied 

through the connections of the beam with the OSB. After the un-load of these frames the 

remain displacement and uplift was observed to be much smaller than the previous cases. 

However, a flexural deformation is remained at the beam at the base level (figure 5f, 5g, 5h). 
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5a) 2CTF 

 

5b) 3CTF 

5c) 2CXTF 5d) 2CMTF 

 
 

 

 

 

 

 

 

 

 

 

5e) 2CXMTF 5f) 2CXTF - 1 OSB 

5g) 2CTF - 2 OSB 5h) 2CXTF - 2 OSB 

 
Fig. 5. Modes of the observed failures of the timber frames 
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4. Evaluation and analysis of the experimental measurements 
 

The main scope of this effort is the investigation of the influence of the strengthening 

techniques to the global behavior of the studied timber frames. In this section an approach to 

investigate the global behavior of timber frames through the quantity of energy absorbed by 

each one and the correlation of this energy with that of the reference frame (2CTF) is 

presented. For each timber frame, the absorbed energy was estimated by the area below the 

curve of Lateral Force Vs Horizontal Displacement as defined by the experimental 

measurements. This absorbed energy was estimated until 40mm horizontal displacement for 

all the studied frames (figure 6). After that, the absorbed energy of each frame is correlated 

with absorbed energy of the reference frame (2CTF). The results from this effort are presented 

in table 1. 
 

 
Fig. 6 - Procedure for the estimation of the absorbed energy for each timber frame 

 

Timber Frame Absorbed Energy 

(J) 

Ratio of Absorbed 

Energy 

                                                                                                (frame i / 2CTF)  

Increasing of 

Absorbed Energy 

2CTF 32.5 1.00 0.0 % 

3CTF 40.6 1.24 24 % 

2CMTF 73.75 2.26 126 % 

2CXTF 113.0 3.47 247 % 

2CMXTF 114.0 3.50 257 % 

2CXTF (1 - OSB) 277.35 8.53 753 % 

2CTF (2 - OSB) 363.4 11.21 1021 % 

2CXTF (2 - OSB) 429.7 13.22 1222 % 

Table 1. Result from the estimation of the absorbed energy and correlation with the reference frame (2CTF) 
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5. Conclusions 

 
The behaviour of eight (8) timber frames was investigated under lateral monotonic 

loadings through an extended experimental investigation accompanied by the analysis and the 

evaluation of the experimental measurements. The reference timber frame was consisted by 

two vertical columns connected at the base level and at the top level with horizontal beams. 

The timber elements were connected with nails. All the other timber frames were strengthened 

using various strengthening techniques, such as additional vertical timber column, masonry 

infill, diagonal timber bracers and OSB as infill panel. According to the experimental 

measurements of the studied timber frames and the evaluation of the experimental results, the 

followed conclusions can be made: 

 

 The predominant modes of the observed failures can be characterized by the uplift of 

the vertical timber column which was under tension, due to the extraction of the nails 

at the base level, as well by shear and bending deformation of the frame. After the un- 

loading of the experimental frames, significant remained displacement of all the 

examined frames was observed. 

 

 In the case of the timber frames with masonry infill, sliding and disconnection of the 

masonry infill from the surrounding frame accompanied also by cracks of the masonry 

infill were occurred. 

 

 In the case of timber frames with OSB as infill panel, a flexural deformation at the 

bottom beam was observed due the connection of this beam with the OSB. 

 

 It was founded out that the max. values of the received lateral load (Fmax) is strongly 

depended by the strengthening technique with those of the timber frames with OSB to 

received much higher max. horizontal load than the other cases. 

 

 Finally, the increasing of the absorbed energy by the frames strengthened with OSB it 

was founded out that is much higher than the absorbed energy by the frames 

strengthened with other techniques. Also, the diagonal bracers have almost two 

times higher contribution in the absorbed energy than that by the masonry infill. 
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Abstract: A novel methodology for the risk assessment of ancient freestanding colonnades 

is presented. The modelling of the structures is based on proposed simplified approach that 

can be implemented in a general-purpose seismic design software, thus avoiding time-

consuming and/or complicated simulations. For the fragility assessment, pertinent 

performance criteria and intensity measures are proposed. The examples discussed show the 

capacity of the proposed modelling to simulate a variety of colonnade ancient structures and 

to quickly provide accurately the fragility curves using different Intensity Measures and 

considering as Engineering Demand Parameter the rotation of the column over its 

slenderness. 

Keywords: ancient structures, monuments, rocking, fragility, colonnades 

1. Introduction 

Ancient monuments, that have survived strong earthquakes during their long lifetime, 

consist of freestanding columns or colonnades. Following the partial collapse of ancient 

temples, such single columns and column arrays are often found nowadays in 

archaeological sites. Some characteristic examples are shown in Fig. 1. The term 

“freestanding columns” refers to a single freestanding column, while the “colonnades” are 

column arrays that consist of two, or more columns, capped with an epistyle, also known 

as “architrave”. The columns are usually made of marble and are either monolithic or 

consist of many drums stacked one on top of the other (multi-drum). The work presented 

here is focused on the monolithic case.  

Ancient freestanding columns and colonnades are essentially rocking structures and hence 

their dynamic behavior has similarities with the dynamics of the solitary freestanding 

column problem as has already been discussed in Diamantopoulos and Fragiadakis (2022). 

The freestanding column is the simplest “rocking problem” and one of the fundamental 

problems in earthquake engineering. Housner (1963) was one of the first to address the 

problem, while since then many researchers have worked on this topic using principles of 

analytical dynamics and also considering the analogy with the solitary rocking block as it 

has been discussed in DeJong and Dimitrakopoulos (2014) and Dimitrakopoulos and 

Giouvanidis (2015). As shown in Cheng (2008), Palermo et al. (2007) and Priestley and 

Tao (1993), rocking structures has remarkable stability against seismic loading despite the 

lack of a lateral load resisting mechanism.  

Psycharis et al. (2013) were among the first that assessed the seismic fragility of ancient 

columns proposing a fully Performance-Based Earthquake Engineering (PBEE) 

framework. The authors studied the behaviour of a multi-drum ancient column that 

consists of rigid marble drums stacked one on top of the other. The modelling adopted was 

based on discrete element (DEM) simulations, while synthetic ground motions were used. 
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The ground motions were developed for a given magnitude and distance scenario, 

circumventing the need for selecting a single scalar quantity to be used as intensity 

measure (IM). 

  

(a) (b) 

Fig. 1 - Examples of rocking frames: (a) Portara monument, Naxos island, Greece. A massive marble 

entrance of an unfinished temple that faces directly toward Delos island, the birthplace Apollo. Portara 

survived more than 2500 years.  (b) The Aphaia Athina Temple in Aegina island, Greece. 

The current work aims to first provide a generic and robust modelling for the seismic 

response assessment of monolithic freestanding frames that can be modelled as rocking 

structures. The work presents a fully performance-based and fast reliability-assessment 

framework for these structures. The models that will be adopted are based on previous 

works of the authors, i.e. Diamantopoulos and Fragiadakis 2019 and Diamantopoulos and 

Fragiadakis 2022 where it has been shown that freestanding columns and colonnades can 

be modelled using simple models, equipped with negative stiffness rotational springs at the 

rocking surfaces. This modelling can be extended to monuments with more than two 

columns (array of columns). It is, thus, shown that simple numerical models can be 

adopted for accurate solutions of a wide variety of structures with members that are 

allowed to uplift. 

2. Modelling of rocking colonnades 

Colonnades of two or more columns can be assumed as single-bay rocking frames and 

hence they can be simulated using the model of Figure 5a. This is an extension of the 

single-column model discussed in Diamantopoulos and Fragiadakis (2019). The model 

consists of nonlinear rotational springs placed at the rocking interfaces, i.e. between the 

columns and the ground and also between the top of the columns and the epistyle/ 

architrave. The parameters that should be defined are: (i) the entries of the mass matrix, i.e. 

how the mass and the rotational moment of inertia are defined, and (ii) the M − θ 

relationship of the rotational springs which should define the restoring moment, Mres. The 

model proposed practically solves the generalized equation of motion of a rocking frame as 

discussed in Diamantopoulos and Fragiadakis (2022). 

According to Fig. 2, it is assumed that the mass of the piers, mc, is concentrated at their 

center of gravity and that the mass of the deck/architrave, mb, is lumped at the nodes 

denoted D1, D2 and D3. The nonlinear springs at the base and the top of the columns fully 

describe the restoring moment of the system while sliding between the columns and the 

base or between the columns and the deck is neglected. Moreover, if the deck’s mass is 

lumped at the pivot point of the top of the columns and its distance from the pivot point of 
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the base is 2R, we assume that the rotational moment of inertia at the center of gravity of 

each column is IC1= IC2= IC2= 1/3mcR
2 + mcb

2. In the general case of N columns, the 

epistyle mass at the internal nodes is mb/(N − 1) and 0.5mb/(N − 1) at the end nodes. At the 

top nodes, the rotational moment of inertia will differ for the external and the internal 

columns. More specifically, at the external nodes D1s and DNs it will be equal to ID1s = ... = 

IDNs = [0.5mb/(N−1)](2b)2 and at the internal nodes D2s, . . . , D(N−1)s it will be ID2s =... = 

ID(N−1)s = 2ID1s. 

 

Fig. 2 – Proposed modelling approach. 

The M-θ relationship of each of the springs is obtained from the restoring moment, 

assuming that it is different, because of the different axial load, at the bottom and the top 

spring: 

   ( ) sin sgn sin sgn
( 1)

btm b
c

m
M m gR gR

k N
         


 

 ( ) sin sgn
( 1)

top bm
M gR

k N
    


    (1) 

where k = 1 for the internal and k = 2 for the two external columns. At rest the maximum 

restoring moment is obtained assuming θ = 0 and γ = mb/(Nmc). 

3. Fragility and risk assessment  

This model has been proved that works perfectly when the columns are rigid or pre-

stressed and is adopted for the reliability assesment that is described a few lines below. 

The Incremental Dynamic Analysis, i.e. Vamvatsikos and Cornell (2002), can be used for 

calculating the limit-state fragilities of a rocking structure. IDA involves subjecting a 

model to a large number of simulations considering different real ground motion records, 

each scaled to multiple levels of intensity. Thus, curves of demand versus seismic intensity 

are produced. In order for the fragilities curves of a rocking frame to be calculated, the 

EDP is typically the maximum rotation of the columns as the problem has one-degree-of-

freedom (EDP=θmax). The Intensity Measures (IM) adopted are: (a) the Peak Ground 

Acceleration over the acceleration that rocking starts, i.e. PGA/gtanα, and (b) the Peak 

Ground Velocity (PGV). The limit-state fragilities P(EDP>edp | IM) of a rocking frame 

can be calculated conditional on the IM using the formula: 

     logEDPP( EDP edp ) log( EDP / /     (2) 
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Using appropriate interpolation, the single-record IDAs are summarized to mean μlogEDP 

and the standard deviation β = σlogEDP as function of either the IM or the EDP, e.g. 

Vamvatsikos and Fragiadakis (2009). The EDP-IM pairs of every simulation are 

interpolated with appropriate splines to obtain a continuous curve in the EDP -IM plane. 

For rocking frames, practically similar approaches for calculating an individual block’s 

fragilities can be followed since practically the IM and EDP can be adopted. A 

fundamental difference between fragilities that have been proposed for non-rocking 

structures and fragilities that concern rocking blocks or rocking frames is that when a 

rocking structure is subjected to a seismic ground motion there are three possible types of 

response: (a) the structure may not rock at all or (b) it may rock or (c) it may overturn. A 

very common mistake that has been observed studying the literature is that often the no-

rocking and the overturning simulations are omitted and all calculations are performed on 

the rocking simulations only, e.g. using Eq. (2). This fact, almost always, leads to biased 

results. Therefore, if EDP is the Engineering Demand Parameter of interest, and P(EDP) is 

the abbreviation of P(EDP >edp | IM), which is merely the limit-state probability 

conditional on the frame’s IM, we may use the total probability theorem as: 

NoRock Rocking OvtnP(EDP ) = P(EDP| NoRock )P +P(EDP| Rocking )P +P(EDP|Ovtn )P    (3) 

where P(EDP|NoRock), P(EDP|Rocking) and P(EDP|Ovtn) are the probabilities that 

EDP=θ/α exceeds a threshold value edp and PNoRock, PRocking and POvtn are the 

corresponding probabilities of no rocking, rocking and overturning, respectively. All 

quantities are conditional on the IM. Frame structures that do not start rocking, will not 

exceed any limit-state and thus P(EDP|NoRock)=0, while overturning blocks always 

exceed the limit-state threshold resulting to P(EDP|Ovtn)=1. Therefore, the conditional 

limit-state probability becomes: 

1     Ovtn NoRock OvtnP( EDP edp ) P( EDP edp | Rocking )( P P ) P   (4) 

A very efficient alternative is to fit the CDF (cumulative distribution function) of a 

lognormal distribution on the striped EDP-IM data as discussed by Baker (2015). In this 

case, the whole fragility function is seen as a lognormal CDF: 

 
   

 

a

a

log( EDP / )
P( EDP edp )     (5) 

where θa and βa are parameters that we need to determine so that the CDF of Eq. (5) 

optimally fits the EDP-IM data. More specifically, θa is the “mean” of the fragility 

function, i.e. the IM value corresponding to limit-state probability equal to 0.5 and βa is the 

corresponding dispersion (standard deviation of log(IM)). The values of θa, βa are obtained 

from the EDP-IM data using a Maximum Likelihood Estimation (MLE) approach (Baker 

2015). 

 For assessing a system’s fragility or risk, a number of meaningful performance objectives 

related with the system’s modes of failure and damage, or limit-states, need to be 

identified. Rocking frames, in the context of this work, essentially are considered as single-

degree-of-freedom systems and overturning is their limit-state of interest. However, other 
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intermediate, limit-states may be possible and can be defined as function of the rotation of 

the columns θ over the slenderness value α. Furthermore, the limit-state risk is expressed 

as the limit-state mean annual frequency of exceedance, which is calculated using PEER’s 

formula: 

  fEPD IM
IM

 P( EDP | IM ) d      (6) 

where λEDP is the mean annual frequency of the frame’s EDP exceeding a threshold level, 

while dλIM is the slope of the site’s seismic hazard expressed using an IM that characterizes 

the ground motion. P(EDP|IM) is the frame’s fragility curve. The seismic hazard is 

expressed with the aid of an intensity measure (IM); the IMs chosen for rocking frames are 

the peak ground acceleration (PGA), or the peak ground velocity (PGV). Both PGA and 

PGV offer hazard computability and are closely correlated with the seismic demand of 

rocking systems. 

4. Numerical results 

The example presented is a colonnade with N = 3 columns of equal height. The colonnade 

has properties: 2h=5m, 2b=0.75m and γ = mb/(3mc) = 1, where mb is the mass of the 

epistyle and mc the mass of a single column. Therefore, the colonnade is capped with a 

rigid epistyle with weight that is equal to the sum of the weights of the columns. In order to 

validate the proposed modeling, the structure is subjected to a near-field and a far-field 

ground motion record. Fig. 3 shows the results obtained using the model of Fig. 2 which 

are compared against the solution of the equation of motion of the problem. For both 

records, excellent agreement is obtained confirming that the proposed model is accurate 

and stable. 

  

(a) (b) 

Fig. 3 - Response history of a colonnade modelled with the proposed model when subjected to: (a) a near-

fault record Loma Prietta 1989, (Saratoga - Aloha Ave), PGA=0.36g, (b) a far-field records Northridge 

1994,(MUL279 component), PGA=0.52g. 

Fragility analysis has been performed using a suite of thirty, non-pulse like, ground motion 

records representing a scenario earthquake. The ground motion list is used, also, in 

Diamantopoulos and Fragiadakis (2020). Three limit-states corresponding to θ/α= 0.15, 

0.35 and 1.00 have been considered and the intensity measure (IM) chosen is the 

normalized peak ground acceleration, PGA/gtanα. Fig. 4a compares fragilities obtained 
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from the EDP-IM using multiple stripe data.  The smooth curves correspond to the MLE 

fitting, while the chainsaw-like curves were obtained applying Eq. 4 directly on every 

stripe. The two approaches practically converge to the same fragility estimates. Fig. 4b 

compares the fragility curves of cloud analysis with the corresponding ones from the 

multiple stripe analysis. Although the fragility curves coincide for the first two limit-sates, 

for the overturning limit-state they differ considerably. This is due to the lack of a 

sufficient number records at high IM values which biases the fragility estimates of cloud 

analysis. Figure 11 compares the response of the colonnade with a single column with 

dimensions same to that of a column of the colonnade. Fig. 5 compares the fragilities of the 

column against that of the colonnade using as IMs the PGA/gtanα and the PGV. All 

fragility curves were obtained using the MLE approach on the stripped data. In all, it is 

clear that the colonnades are more stable compared to the single column regardless the IM. 

However, the IM choice does not affect the two lower limit state fragility curves (θ/α = 

0.15 and 0.35) but it becomes important for the overturning limit-state. 

  

(a) (b) 

Fig. 4 - (a) Chainsaw-like vs smooth fragility curves, (b) multiple stripe vs cloud analysis. The limit-states 

considered correspond to θ/α = 0.15, 0.35 and 1.00. 

  

(a) (b) 

Fig. 5 - Fragility curves of a column vs the colonnade with N=3 columns (γ=1, 2h=5.0m, 2b=0.75m): (a) 

IM=PGA/gtanα, (b) IM=PGV. 

5. Conclusions 

The paper proposed a PBEE risk and reliability assessment framework for freestanding 

monolithic ancient colonnades. An efficient numerical modelling approach has been also 

presented. The numerical examples have shown the capacity of the proposed modelling to 
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simulate a variety of problems and to provide accurate fragility assessment criteria within a 

fully performance-based framework. Initially, simple models based on the direct stiffness 

method can be adopted for easily and robustly solving various colonnade configurations. 

These models offer accurate solutions using simple structural response assessment tools. 

Their advantage is based on the reduction of the computational cost avoiding special 

treatment of either the interactions between the bodies or the handling of energy loss. The 

latter is common using commercial FEM or DEM models. The Engineering Demand 

Parameter (EDP) is always the normalized rotation θ/α, while there are various options for 

the Intensity Measure (IM). The fragility assessment can be performed with either a cloud 

or a multiple stripe analysis approach, but some caution is required for the simulations that 

produce overturning or do not uplift the structure. The fragility and risk assessment can be 

used in order to compare the capacity of different structural configuration and also to study 

the sensitivity of those ancient structures to different problem parameters. 
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Abstract: Groningen is the largest on-land gas field in the world. Extraction of gas is taking 
place since 60s. The gas extraction activities cause small magnitude shallow earthquake in 
the area, resulting widespread damages on built environment. Large scale seismic 
assessment and strengthening works show that one of the major problems is the out-of-plane 
strength of masonry walls, which is particularly prominent in double-leaf walls especially. 
Double-leaf walls are a Dutch practice where the internal vertical loads are transferred from 
slabs to the internal calcium-silicate layers, while the outer clay-brick layers are usually self-
standing and lightly connected to the internal leaf with weak metal ties. This paper presents 
the findings of a series of shake table experiments on out-of-plane tests on 8 walls 
specimens, both solid and double-leaf types, representing the residential buildings in the 
Groningen region. It was found that in double-leaf and solid walls, the peak strength is 
attained at 0.3 and 0.5% drift ratios, respectively. It is also shown that the out-of-plane 
natural period of the tested walls increased 35-45% after 2% maximum drift was reached, 
although no significant visible cracks were observed.    

Keywords: induced seismicity, double-leaf walls, cavity walls, out-of-plane 

1. Introduction 

Groningen is a Northern province of the Netherlands, often stricken by small shallow 
earthquakes that are caused by gas extraction operations and induced seismicity. The 
construction practice in the region lacks seismic design concerns due to no prior seismicity. 
When combined with the soft soil properties, shallow ground water levels and prior 
settlements, small earthquakes cause widespread structural damages that are difficult to 
handle from administrative, financial and social perspectives.  
A house strengthening campaign is currently taking place in the region. The strengthening 
design often includes wall-to-wall tie strengthening in the cavity (i.e. double-leaf) walls, as 
well as floor-to-wall and roof-to-wall connection strengthening. In-plane strengthening is 
not needed in most cases due to the decreasing hazard levels (Bal et al., 2019). 
Out of plane is a rather complex mechanism when other parameters, such as multiple wall 
layers, wall-to-wall connections, and floor connections are involved. Previous research on 
similar walls for un-strengthened (Graziotti et al., 2016) and strengthened (Turkmen et al., 
2019) cases were based on simple one-way bending; thus, the wall behaviour was largely 
governed by the wall geometric properties and the overburden pressure. The presented 
work however considers two levels of slabs connected to the walls. The complex out-of-
plane response of the cavity walls, especially, and the interaction with the floors, was 
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thoroughly studied in full-scale shake table tests of the Groningen houses (similar to 
Graziotti et al., 2017). 
Majority of the houses in Groningen were built by using cavity walls. This is a 
construction practice where the internal layer, typically 10cm thick, is built by using 
calcium silicate bricks. The sketch in Fig. 1 shows the typical cross-section of a Groningen 
house as well as the test specimen designed for the experiments.  
2 solid and 6 cavity walls (2 short and 4 tall) were tested. The tested walls were 1.46m 
wide. Cavity walls were net 2.59m, solid walls were net 2.58m, and the short cavity walls 
were net 2.27m tall. Dimensions of the specimens can be seen in Fig. 3.  
In line with the local construction practice, a 0.1MPa overburden pressure was applied on 
the solid wall, and on the calcium silicate (internal) layer in the cavity walls. The vertical 
load was kept almost constant by using two vertical springs on the two sides of the walls. 
Wall displacements and accelerations were measured at 3 levels, and in both leaves in case 
of cavity walls. Accelerations at the floors as well as on the shake table were measured. 
The distance between the leaves (in the cavity walls), and joist rotational and translational 
movements were also measured.  

2. Experimental setup and the tests 

As explained above, the houses in Groningen are characterized with solid and double-leaf 
cavity walls. The solid wall structures usually are older (pre-WW2) structures, while newer 
structures usually are constructed with the cavity walls. In order to represent the out-of-
plane response of perimeter walls of Groningen houses, a test setup is designed where two 
wooden floors are connected to a wall specimen placed on the shake table (see Fig. 1, Fig. 
2 and Fig. 3). In the Dutch construction practice, due to the presence of ground water, and 
as protection from floods and intrusion of water into the house, the ground floor slab is 
usually built above the soil level, creating a crawling space underneath. This results the 
stiff ground floor slab sitting on the walls not at the bottom (i.e. at the foundation level) but 
50-70cm above. This construction practice was represented in the test setup by placing the 
ground floor slab and wooden joists 50cm above the foundation level. 
It should be noted that especially the cavity walls have a complex kinematic behaviour 
because of the internal and external wall interactions, as well as due to the interaction of 
the internal layer with the slab and mass inertia acting via these slabs. The purpose of the 
rather complex test setup in this study was to consider this interaction in the dynamic shake 
table tests. The tested setup also represents the boundary conditions more closely to the 
real condition, as the boundary conditions constitute an important part of the overall out-
of-plane masonry wall response.       
Three accelerograms were used for the experiments, 2012 Huizinge (Groningen), 1945 El 
Centro and 1976 Friuli (Italy) as shown in Fig. 3. The records were scaled in a range from 
0.05g to 0.60g PGA and applied incrementally. 
The Huizinge record, although representing a small PGA of 0.076g, is known to be coming 
from one of the most damaging events in the Groningen gas field. This may also be 
attributed to a very distinct dominant period of the peak recorded acceleration at 0.22sec, a 
period within the range of structural periods of the Groningen-type houses. El Centro 
record, on the other hand, was selected due to its rich frequency content. However the 
shake table was not able to apply El Centro after certain scaling factors, because of the 
limitations in the stroke (+-7cm). In order to apply high accelerations with lower stroke, 
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and still presenting a variety of frequencies on the walls, Friuli record (1976, Italy) was 
also used. 
 

 
Fig. 1 – A section taken out from a Groningen house for designing the experiment (left), and the 

experimental setup (right) 

 

 

 
Fig. 2 – The experimental setup and its components 

 

As shown in Fig. 3(d), the cavity wall leaves were connected to each other via 3.4mm 
diameter metal ties. These ties can vary between 2 to 5 per square meter of wall area in 
practice. 4 ties per square meter was used in the experiments. More details on the wall-to-
wall ties in the Groningen houses can be found in Arslan et al. (2021a and 2021b). 

 

16

Earthquake Motion
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(a)                                                                       (b) 

                             
(c)                                                                       (d) 

Fig. 3 – Dimensions of the specimens; (a) tall cavity walls, (b) solid walls, (c) short cavity walls, and (d) 
brick unit, gap and tie dimensions of the cavity walls 

 

 
Fig. 4 – Accelerograms used in tests and their 5% damped elastic response spectra 
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3. Test results 

The wall reaction forces were calculated by multiplying the accelerations recorded on the 
walls with the tributary mass. The accelerations, and thus inertia forces, from the two slabs 
were also added. The displacements were measured at 3 levels, but the 1st floor 
displacement, which were always the highest, are used in plotting the force-deformation 
loops shown in Fig. 5.  
It can be seen in the plots in Fig. 5 that the cavity walls exhibited a strength of 5-6kN, that 
is very similar to the findings from Graziotti et al. (2016). The main difference is in the 
overall response, where the tests presented here exhibit a more complex hysteresis loop, 
probably affected by the higher modes coming from the two timber floors attached to the 
wall. Due to safety reasons, no wall presented here was allowed to reach collapse, thus a 
full analysis and comparison of the collapse displacement limit cannot be made here. 
However, the complex response, especially when the displacements change sign, is 
explained by the presence of two floor levels. 

 

 
Fig. 5 – Hysteresis loops from cavity walls (top), solid walls (middle) and the short cavity walls (bottom) 

 

Cavity Wall / Wall No 06 Cavity Wall / Wall No 08

Solid Wall / Wall No 13 Solid Wall / Wall No 16

Short Cavity Wall / Wall No 17 Short Cavity Wall / Wall No 18

Short Cavity Wall / Wall No 19 Short Cavity Wall / Wall No 20
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A silent recording was made at the end of each test, approximately 30 seconds long each 
time. This silent recording data, which was giving a clear indication of the free vibration 
characteristics of the walls right after the end of the forced vibration, was then used to 
estimate post-earthquake fundamental period of the walls. The main reason for this 
exercise was to see if progression of damage could be monitored instrumentally, 
considering that it is extremely difficult to monitor out-of-plane damage visually due to the 
fact that the cracks close almost without leaving any sign behind.  
The finding on the damage accumulation is particularly interesting because of the way the 
earthquake damages are compensated in Groningen. Although most damages are out-of-
plane, the damage assessment is done by counting the visible cracks. As shown here, 
however, although an up to 200% period elongation was instrumentally recorded, almost 
no crack was visible on the wall surface. This is easily explainable because of the opening-
closing mechanism of cracks in case of out-of-plane action.  
When testing the cavity walls, it was observed that the veneer wall, although connected 
with small metal ties to the internal calcium silicate layer, displaces outwards more than 
the rest of the system. This happens especially at the second-floor level. A specimen, not 
shown here due to the scope, also reached collapse of the veneer layer at the level of the 1st 
floor, due to the pounding of the floor outwards. A video to that experiment is referred to 
in the Acknowledgements section of this paper. The interaction between the two layers is 
largely dependent on the axial behaviour of cavity walls ties, on which the authors have 
published experimental results (Arslan et al., 2021a and 2021b).  

 

 
Fig. 6 – Change of the wall fundamental period during the experiments (tested PGA values are between 
0.05g and 0.60g, in ascending order with the experiment number, and the maximum drift ratios at the 1st 

floor were between 2.2 and 2.6%) 

4. Conclusions 

Experiments on the cavity and solid walls, representing Groningen houses, were presented 
here. It was shown that a up to 45% elongation of the wall fundamental period occurs 
although no cracks are not visible, since they open and close during the out-of-plane 
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response. This is an interesting finding relating to the current damage assessment 
procedures in the region which are based purely on visible cracks. 
The base shear capacity of the tested walls was found very similar to the previous 
experiments, although the force-displacement response is much more complex when the 
floors are present in the test setup. 
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Abstract: This study uses simplified micro-modelling (SMM) in OpenSees software to 
produce an accurate finite element (FE) model of two-storey school building template proposed 
by Smart Shelter Foundation, a non-governmental organisation’s (NGO) active in Nepal. 
Previous studies have proven SMM to be a precise form of analysis, especially in the case of 
masonry structures as it looks at each element of the masonry wall and the interface between 
them individually, providing a local understanding of internal forces through the structure. In 
this modelling approach, stones and cement mortar are modelled separately with their own 
material properties, with an increased accuracy that also has implications on 
computational demand. This accuracy is crucial in identifying mechanical parameters and 
accurately capturing the absence of box-behaviour. The aim of this study is to compare two 
models with and without additional reinforced concrete bands and quantify the benefits in 
terms of nonlinear static behaviour. 

Keywords: Masonry, Nepal, Template Design, Micro-Modelling, STKO, OpenSees 

1. Introduction  

Nepal is a highly seismic region located on the Main Himalayan Thrust, a fault line that 
produces regular severe earthquakes. The most recent of these occurred in 2015 with a 
magnitude of 7.8 and an epicentre in the Nepalese region of Gorkha (Gautam et al., 2016). 
This caused losses in terms of deaths and injuries and resulted in an estimated $300-$400M 
worth of damage and education losses for the Nepalese government (Government of Nepal 
2015). Given major earthquakes occur every 60-80 years in Nepal, the damage of this event 
highlighted the need for drastic improvement in the process that buildings, were designed 
and constructed in Nepal (Gautam et al., 2016). 

Implementing improvements in terms of code enforcement and construction practice is a 
considerable challenge. Nepal is one of the world’s poorest countries, with a per capita 
income of only $1,000 (Nepal Earthquake, 2015), and has 80.3% of its population living in 
rural areas with vulnerable unreinforced and non-engineered housing (DESA, 2019). With 
the significant risk to life from a further earthquake, this became a pressing international 
issue. Non-governmental organisations (NGOs) began working alongside the government in 
several programmes to aid the process of reconstructing and retrofitting Nepal’s housing and 
schools.  

Smart Shelter Foundation (SSF), a non-governmental organisation (NGO) active in Nepal 
and based in the Netherlands, produced a set of template designs for buildings to be built 
across the country. This is part of the overall aim of this NGO to provide an overview of 
design specifications in national seismic and masonry codes worldwide from improvement 
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of stone masonry constructions (Schildkamp et al., 2020). With Nepal being in the list of 
low and middle-income countries (LMICs), the population still hasn’t moved towards 
urbanisation with 80.3% of the population living in rural areas. Much of the building stock 
is non-engineered and with a low quality of construction. The distribution of building 
typology consists of 64% unreinforced brick/stone buildings and only 5% of school 
buildings is constructed using reinforced concrete with the rest being made up of 
unreinforced stone/brick masonry (Giordano et al., 2020). This indicates a wide use of 
unreinforced masonry (URM) buildings in Nepal most of which have a high seismic risk due 
to the lack of engineering or quality control during their construction. The way through 
which NGOs operate in the construction sector in LMICs is often through template designs. 
Even in a seismic prone region with largely variable seismic hazard such as Nepal, the same 
template design is repeated throughout the country (e.g., Cross et al. 2020). 
This paper aims to characterise how one of these template designs, a two-storey school 
building, would respond under intense seismic loading. There have been debates over the 
use of template designs due to the varying nature of materials, conditions, and construction 
methods, with 98% of rural buildings in Nepal constructed by owners who have been advised 
by local craftsman (Lourenço, 1997). However recently literature states that with a form of 
code enforcement and quality control, the in-depth analysis for a specific template design 
could produce a singular model which could be constructed across the country and guarantee 
an acceptable level of seismic risk even if non-uniform (Iervolino et al., 2020). 
The template design analysed in this study is a stone in cement mortar two-storey masonry 
structure proposed by SSF (Smart Shelter, 2021). Using OpenSees, this template design will 
be micro-modelled to produce a finite element model that can be used for finding the 
buildings mechanical parameters. This modelling method is fit for purpose as there is a lack 
of experimental data of Nepalese stone with cement mortar masonry making it difficult to 
model the masonry using other approaches such as macro-modelling or equivalent frame 
method which require the properties of the masonry and not the properties of the 
components. Data from Nepal are available for similar typologies such as brick masonry 
with mud mortar (Parajuli et al., 2020) as well stone masonry with mud mortar (Bothara et 
al., 2018).  
The use of SMM is also very useful to quantitatively assess the influence of adding 
horizontal reinforced concrete (RC) bands in the design of the template, a distinctive feature 
of the Smart Shelter template suggested by some rule-of-thumb guidelines for construction 
in LMICs. The inclusion of these bands is founded on multiple papers which show their 
importance in increasing the performance of the wall after initial cracks propagate (e.g., 
Mayorca et al., 2004). This is due to the containment of any cracks to the regions constrained 
by the bands, this helps to maintain the walls integrity at large deformations as flexural 
bending/ rocking is limited resulting in an increased seismic performance of the structure 
(e.g., Yadav et al., 2021; Aranguen et al., 2020). Although there are many possible materials 
for these bands including timber and poly propylene, reinforced concrete was selected as the 
material for this project as it is suggested in both the Nepalese and Pakistani building codes 
(NBC 203, 1994; ERRA 2006). The aim of this project is to analyse the effectiveness of 
additional concrete bands being used on the structure, and to quantify their effectiveness in 
increasing the structures seismic performance and assess if this is a viable choice for the 
design making the additional construction effort worth as counterpart of the performance 
improvement. 
Section 2 examines the template design provided by SSF, discussing the design choices 
made to increase the buildings seismic performance. This is followed by an explanation of 
how the material properties required by for modelling in STKO (Petracca et al. 2017a) and 
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OpenSees (McKenna et al. 2010) have been assumed. Section 3 provides an overview of the 
modelling of the 3D structure in STKO and OpenSees specifying how individual elements 
are incorporated into the model. Then, Section 4 provides the presentation and discussion of 
the results gathered from the pushover analysis performed on the two alternative models. 
Finally, section 5 provides overall conclusions from this study in relation to the effectiveness 
of the RC bands in aiding the structures seismic performance. 

2. Template Design 

The template design is for a two-storey building consisting of two 3200 mm x 3200 mm 
rooms and a 1400 mm x 6850 mm veranda on each floor providing four rooms and a balcony 
on the second floor (Fig. 1). The walls are made of sandstone rubble bound together using 
30 mm thick cement mortar, the first and second floors stand at a height of 3200 mm and 
2600 mm respectively and are 450 mm thick. Openings are regular and 900 mm wide (Fig. 
1c). At opening levels and at some additional levels, a set of additional horizontal reinforced 
concrete bands ranging from 75-150mm are included in the wall (Fig1b and 1c), which 
secure the masonry in segments and act as collapse protection for the wall during intense 
seismic loading (Kadysiewski et al., 2009).  

 

 
 

(a) (b) 

  
 

(c) (d) 

 

Fig. 1 - Drawings with dimensions of the two-storey Smart Shelter template: (a) plan view of the ground 
floor (with axes); (b) front elevation; (c) back elevation; (d) photograph of a completed building in Nepal, 

(adapted from Schildkamp et al. 2021). 
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The RC bands also act to improve the box behaviour of the building resulting in an improved 
out of plane stability for the walls (Yadav et al., 2021). The structure has light diaphragms. 
They do not provide all the advantages associated with rigid diaphragms which guarantee 
box behaviour and they do not increase the shear force or bending moment capacities as 
negligible axial stress is added to the walls (Schildkamp et al., 2021). The absence of box-
behaviour is also a key reason for the use of micro-modelling over alternatives such as the 
equivalent frame method. Micro-modelling enables us to capture the structure’s more 
flexible movement while still producing precise results. 

2.1. Material properties assumptions  

For the building to be accurately modelled, a range of material properties had to be gathered 
to characterise the non-linear material used to model stone and mortar. The values as 
displayed in Table 1 were gathered from a range of literature studies based either in Nepal 
or in regions nearby such as Pakistan and India (e.g. Parajuli et al., 2020; Abrams et al., 
1992). Certain stone material properties had to be adopted from experiments on regular 
masonry bricks due to the lack of empirical data on stones in Nepal. The value of the 
compressive elastic limit for the stone was obtained as 32% of the peak compressive strength 
obtained from Shakya et al. (2014) where the ratio was determined from Camata et al (2021). 
 

Table 1. Material properties for stone and cement mortar required for STKO. 

Symbol Property 
Material   

Stone Reference Cement 
Mortar 

Reference 

E Young’s Modulus 
(N/mm2) 

25000 (Guerrini et al., 2017) 300 (Camata et al., 2021) 

ν  Poisson’s Ratio 0.15 (Guerrini et al., 2017) 0.2 (Camata et al., 2021) 
ft Tensile Strength 

(MPa) 
1.22 (Camata et al., 2021) 0.04 (Camata et al., 2021) 

Gt Tensile Fracture 
Energy (N/mm) 

0.05 (Camata et al., 2021) 0.06 (Camata et al., 2021) 

fc0 Compressive Elastic 
Limit (MPa) 

2.96 (Camata et al., 2021; 
Shakya et al., 2014) 

2.0 (Camata et al., 2021) 

fcp Peak compressive 
strength (MPa) 

9.18 (Shakya et al., 2014) 6.2 (Camata et al., 2021) 
 

fcr Residual 
Compressive Strength 

(MPa) 

2.0 (Camata et al., 2021) 
 

1.8 (Camata et al., 2021) 

Ep Strain at Peak 
Strength 

0.05 (Parajuli et al., 2020) 
  

0.06 (Camata et al., 2021) 

Gc Compressive Fracture 
Energy 

10.0 (Camata et al., 2021) 
 

50.0 (Camata et al., 2021) 
 

 
This set of material properties is specific to the OpenSees tension/compression damage 
model available in STKO (Petracca et al. 2017b) and implemented in OpenSees as material 
for ASDShellQ4 shell element. This data on individual elements (stone and mortar) is far 
easier to obtain from literature. Stone and mortar experimental data are easier to be obtained 
in LMIC’s with respect to more complex and expensive experimental tests on masonry 
wallettes. 

3. Micro-Modelling approach in OpenSees and STKO 

STKO is an advanced graphical toolkit for OpenSees that allows the user to easily make full 
use of the programme. All the materials, elements, interactions and conditions are defined 

1575
3ECEES, September 2022, Bucharest, Romania



 

 

in the pre and post processor. Stone and mortar are modelled as nonlinear shell elements and 
RC bands as nonlinear frame elements. Once the model has been produced STKO allows 
the user to run a variety of analysis methods with OpenSees and view them in the post 
processor section of the toolkit (Petracca et al. 2017a). The entire merged structure is 
organised into a regular mesh which allows SMM analysis to be performed by breaking the 
structure down into individual components. Once the analysis is complete the results can be 
opened in the post processor as displayed in Fig. 2 (Petracca et al. 2017a). This study will 
investigate the effect of additional RC bands beyond those recommended by the Nepalese 
code (Nepal National Building Code, NBC 203, 1994). Figure 2b shows the building with 
the minimum code compliant bands (i.e. plinth, sill and lintel level). Figure 2a shows the 
building with additional RC bands. 

 
  

(a) (b) 

Fig. 2 - (a) 3D Model of SSF template with the additional horizontal RC bands; (b) alternative 3D model 
without the additional horizontal RC bands; points A, B and C are those used as control points in the 

pushover analysis. 

4. Results 

A nonlinear static analysis was performed on both structural models. A distribution of forces 
proportional to masses was employed, due to the design not including a rigid diaphragm, 
three critical points were chosen on the structure (see Fig 2) to carry out the relative pushover 
curves. Since the micro-modelling approach allows to capture local failures the overall 
comparison in terms of structural performances does not show significant differences in 
terms of pushover curves (Fig 3). 

Fig. 3 - Pushover curve of the SSF template with and without RC bands in (a) X direction and (b) Y 
direction, captured at three control points in the plan of the building (see Fig. 2). 

   
(a) (b) 
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Fig 4 provides a comparison between the deformed shapes of the buildings in the two 
principal directions. The deformed shapes emphasise how greatest displacements occur 
between the bands at the bottom of the building (Fig 4) indicating that the additional bands 
higher up the building do not influence significantly the building's performance. The 
building has a “soft-storey-like” deformed shape with concentration of displacement at the 
lower level. 
 

  
(a) (b) 

 

 
 

(c) (d) 

Fig. 4 - Deformed shape of the SSF template with RC bands in (a) X direction and (b) Y direction and 
alternative template without RC bands in in (c) X direction and (d) Y direction. 

 

The results in Table 2 emphasise how for local failures the additional horizontal bands have 
differing effects based on the presence of openings in the structure. As when comparing the 
effectiveness of the bands in the transversal (Y) direction this is significant in terms of 
displacements with respect to the longitudinal (X) direction. The difference can be 
determined by multiple factors and one of them is indeed the higher percentage of openings 
along the longitudinal direction. Additional bands increase the max displacement observed 
in the building in both directions with a significant increase along Y (i.e., 47%) introducing 
additional ductility to the structure but they do not change significantly the base shear (5% 
in both direction) 
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Table 2 – Results from of the pushover analysis for the X and Y direction, showing the peak shear and 

maximum displacement both with bands and without bands showing the percentage difference between each. 
 Peak shear (kN) Maximum displacement (mm) Relative difference  

[(w-w/o)/(w/o)] (%)   

 With RC bands Without RC 
bands 

With RC 
bands 

Without RC 
bands 

Peak 
Shear 

Maximum 
Displacement   

X  1508  1435 25.28   22.56 5 12   
Y 1517 1449 59.56 40.63 5 47  

5. Conclusion 

In this study, the analysis of additional horizontal RC bands for a two-storey building was 
performed. The overall aim of this research was to compare SSF template with a version 
with a lower number of horizontal bands. In this preliminary study, the comparison was 
made in terms of the deformed shape and static pushover. The analysis concludes that the 
bands increase the ductility of the building but do not increase the peak shear and they are 
more efficient in the case of limited openings such as in the transversal direction of the Smart 
Shelter template.  

This preliminary comparison does not investigate into the stress distribution that could be 
also affected by the addition of horizontal RC bands. Furthermore, investigation of different 
capacity limits can provide more detailed insights into the seismic performance comparison. 
The current example refers to a specific, literature-based set of material properties. Different 
assumptions on the strength of the cement mortar and its ration with the stone could lead to 
different results that need further investigation. 
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Abstract: This work aims at contributing to a more harmonized use of Finite Element (FE) 

and Structural Element (SE) modelling approaches in the seismic analysis of UnReinforced 

Masonry (URM) structures. The influence of different modelling assumptions on the 

seismic assessment was evaluated with reference to a wall performing pushover analysis in 

FE and SE software. The geometry of this wall is representative of a façade in an existing 

building, i.e., the P. Capuzi school in Visso (Italy), which was heavily damaged after the 

2016-2017 Central Italy earthquakes. When comparing the capacity curves resulting from 

the consideration of different assumptions, especially in the FE models, the differences in 

secant stiffness and maximum base shear are less than ±35%. A similar displacement 

capacity is predicted from all FE and SE models (about 12 mm), except in one case for 

which the displacement is much higher due to improper assumption in masonry modelling 

after cracking. This is also reflected in the wide range of acceleration capacity (2,21÷6,77 

m/s2). Predictions show a higher concentration of damage at ground level than at the actual 

wall, despite the failure mode of piers is consistent. Anyway, consistent results at wall and 

panel scales are obtained adopting compatible assumptions. 

Keywords: URM Structures, Macro Models, User Assumptions, Model Sensitivity, Seismic 

Assessment 

1. Introduction 

Practitioners often make numerous assumptions, consciously or not, related to different 

uncertainties when performing the seismic assessment of UnReinforced Masonry (URM) 

structures, from the numerical modelling phase to data processing. However, they are 

generally unaware of the consequences of these assumptions on the results. This is even 

more evident for complex seismic assessment approaches proposed in recent decades, 

which have been incorporated in design codes and software, due to much input data 

required to perform the assessment. Research works in the literature, e.g., Manzini et al. 

(2021); Marques and Lourenço (2011); and Ottonelli et al. (2021), demonstrated that very 

different results can be obtained even when considering the same approach, namely 

pushover analysis of equivalent frame models, and assuming a building box behaviour 

mainly driven by the in-plane response of the walls. Variances may increase if different 

macro modelling approaches, at material and panel scales, are compared, unless consistent 

assumptions are made to ensure compatible predictions, see Castellazzi et al. (2021). 

The research reported in this paper is a preliminary study addressed to a wider goal, i.e., 

harmonizing the use of approaches based on Finite Element (FE) and Structural Element 
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(SE) methods, typically adopted in practice, and make practitioners more aware of the 

influence of their assumptions on predictions. The final aim is to have more concordant 

predictions and assessments. Similar objectives were pursued within the scope of “URM 

nonlinear modelling – Benchmark project” by the ReLUIS network in Cattari et al. (2020) 

and Cattari and Magenes (2021). Indeed, the wall analysed here is representative of a 

façade in an existing URM building, i.e., P. Capuzi school in Visso (Italy), that is one of 

the benchmark structures proposed in that project. In this present paper, implications of 

different user assumptions on the seismic assessment of URM structures are evaluated by 

performing NonLinear Static Analysis (NLSA) of FE and SE models, like in Cattari et al. 

(2020) for other modelling issues. The adopted assumptions are briefly explained with 

reference to the modelling options allowable in the two approaches. Predictions were 

obtained from different FE and SE models, respectively developed in DIANA (2000) and 

TreMuri software packages, see Lagomarsino et al. (2013). The predicted capacity curves 

are compared, as well as the damage patterns, although the goal is not to accurately 

simulate the real response of the wall. 

2. Consistent modelling across FE and SE models 

An external URM wall of P. Capuzi school in Visso (Italy), indicated as W6 wall in Cattari 

and Magenes (2021), is taken as a reference for development of the present study (Fig. 1). 

This wall was selected as the first example due to the representativeness of its geometry, 

masonry type, structural details, and damage after the 2016-2017 Central Italy earthquakes. 

Piers are labelled as P#, similarly to the numbering in Cattari and Magenes (2021), where 

details on the modelling are also given in the supplementary material. Additional details on 

P. Capuzi school are available in the literature, e.g., Benchmark project report (Cattari et 

al. 2020), and Castellazzi et al. (2021); Ottonelli et al. (2021); Brunelli et al. (2021); 

Graziotti et al. (2019); Ferrero et al. (2018); and Ferrero (2017). The properties of the stone 

masonry are presented in Table 1. In this section, readers are challenged to analyse the 

consistency of typical assumptions in seismic assessment across FE and SE-based 

approaches. 

  
(a) (b) 

Fig. 1 Façade wall of P. Capuzi school in Visso (Italy): (a) actual view and (b) idealized geometry. Photo 

courtesy of the Department of Civil Protection (Ferrero 2017). 

Since the masonry behaviour is modelled at different scales in FE and SE models (Fig. 2, 

Modelling masonry behaviour), the possibility to have an equivalent response at panel 

scale should be verified and possibly validated against benchmarks, see D’Altri et al. 

(2021). Indeed, different stiffness and drift capacity values can significantly influence the 

assessment, e.g., through the N2 method by Fajfar (2000). For the FE-based approach, the 

rotating Total Strain Crack (TSC) model is adopted here, which simulates cracking and 
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crushing of masonry, while diagonal cracking (formulated according to Turnšek and 

Čačovič 1971) and flexural mechanisms are considered in the SE-based approach by using 

bilinear shear force–drift relationships (assuming cracked stiffness), as also recommended 

in the Italian Commentary (Circolare 21/01/2019). In the TSC model, exponential and 

parabolic stress–strain relationships are respectively considered in tension and compression 

according to Feenstra (1993). These relationships are dependent on the corresponding 

fracture energy, which is calculated according to the formulas in CEB-FIP Model Code 

(1990) for concrete (see Table 1) and is scaled by a characteristic FE length to ensure mesh 

independent results. After cracking, Poisson effect was deactivated, and reduction of the 

compressive strength is considered due to the coupling between the tensile and 

compressive behaviour, according to the formulation by Vecchio and Collins (1982) for 

Reinforced Concrete (RC). The diagonal cracking failure is adequately simulated by the 

FE approach if the mesh size is fine enough. In the shear force–drift relationships for the 

SE model, drift limits are assumed according to the Italian Building Code (NTC 2018): 1% 

and 0,5% for flexural and diagonal cracking mechanisms, respectively. 

Table 1 Masonry properties of walls in P.Capuzi school in Visso. 

 
fd Gfd ftd Gftd ν E w 

[MPa] [N.mm/mm2] [MPa] [N.mm/mm2] [-] [MPa] [kg/m3] 

Hammer-dressed 

stone masonry with 

good bonding 

2,67 4,272 0,0813 0,012 0,45 1740 2100 

fd: design compressive strength of masonry; Gfd: fracture energy in compression; ftd: design tensile 

strength; Gftd: fracture energy in tension; ν: Poisson’s ratio; E: elastic modulus; w: density. 

The values of Gfd and Gftd were calculated based on the following formulas for concrete, given in CEB-FIP 

Model Code (1990): 

Gfc = du,c · fc   with   du,c = 1,6 mm   for   fc < 12 MPa 

Gftc = GFo · (fc / fcmo)0,7   with   GFo = 0,025 N.mm/mm2   and   fcmo = 10 MPa 

fc: compressive strength of concrete; du,c: average ductility index in compressive; GFo: reference 

compressive fracture energy for maximum aggregate size of 8 mm; fcmo: reference mean compressive 

strength of concrete. 
 

Regarding the equivalent frame idealization, the discretization and dimensions of SEs are 

defined a priori, namely piers and spandrels, in which end- and mid-sections internal forces 

are evaluated. These cross-sections should be considered when post-processing the results 

from the FE approach, see Fig. 2 (Wall discretization). Here, the pier’s effective height is 

calculated according to the method by Lagomarsino et al. (2013), which frame idealization 

is similar to other existing methods in literature due to the regular opening layout, see 

Cattari et al. (2021). The reliability of this method has also been validated for P. Capuzi 

school, see Ottonelli et al. (2021) and Brunelli et al. (2021). Pier coupling highly depends 

on the modelling of spandrels, which are here assumed as effective beams due to the 

presence of RC ring beams at floor levels, as well as of RC clay lintels. Different levels of 

detail can be considered for the FE approach, see Fig. 2a (Spandrel modelling), but, in this 

work, RC ring beams are modelled with a single equivalent rebar running at half height of 

the beams. The same material model (rotating TSC) is also applied for concrete, which 

properties are consistent to those associated to grade C12/15, as given in Cattari and 

Magenes (2021). In the SE approach, beam elements with lumped plasticity are adopted 

with a full deformable length, e.g., from pier-to-pier’s top sections. The limited tying effect 

of lintels should be considered in FE models, which, in this work, was simulated by using 

Coulomb-friction interfaces. Since the intrinsic assumptions of the FE and SE approaches 

are different regarding the modelling of mass and load, they should be lumped at floor 

levels in both approaches for a fair comparison. All symbolic idealizations included in Fig. 

2 (Mass/Load modelling) are employed in the analysis. Compliance of assessment criteria 
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also depends on the limit state definition, particularly regarding the Near Collapse (NC) 

condition (Fig. 2, Limit state definition), see Marino et al. (2019). Here, an approach at 

multi-levels is adopted by defining the attainment of NC limit state for a given degradation 

of lateral resistance (20%) and a certain damage at wall scale (per floor). Finally, the 

displacement measure of the response is defined by the average of displacements at the 

wall top. 

(a) FE model (b) SE model 

MODELLING MASONRY BEHAVIOUR 

    
At material scale At panel scale 

  

WALL DISCRETIZATION 

    
Finite elements with and without reference cross-

sections to monitor internal forces 

Frame idealization based on the method by 

Lagomarsino et al. (2013) and Full Rigid Offset for 

pier’s effective height 
  

SPANDREL MODELLING 

    
RC ring beam and lintel modelling Full or reduced deformable length of RC ring beam 

    

MASS/LOAD MODELLING 

    
Distributed or lumped at floor levels Lumped at floor levels 
   

LIMIT STATE DEFINITION 

    
Element level Macro element level Global level Multi-levels 

Fig. 2 Symbolic flow of modelling for (a) FE and (b) SE-based approaches. 

3. Influence of user assumptions on seismic response 

In this section it is evaluated how and to which extent different sets of assumptions 

influence the seismic response of W6 wall in FE and SE models. Different assumptions are 

considered when compared to those described in Section 2, resulting in different models. 

The set of assumptions for the SE model reflects typical choices in assessment practice. 
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Left-to-right NLSA with load pattern proportional to mass is performed, according to EN 

1998-3:2005. 

3.1 Wall scale 

Predicted responses are compared in terms of secant stiffness, lateral resistance, softening 

behaviour, displacement capacity, and damage pattern which is also measured against 

actual evidence after the 2016-17 Central Italy earthquakes, see Fig. 3a. Differences 

between FE models are indicated in Table 2, where DM_# indicates DIANA Model_# 

while TM_0 stands for TreMuri Model_0. For most FE models, compressive strength 

reduction is considered for large tensile strains perpendicular to the principal compressive 

direction, except in one case (DM_1 model). Mass/load modelling for models DM_0, 1 

and 2 is consistent with the assumption of lumped mass and loads at floor levels for the 

equivalent frame approach, while DM_3 model presents distributed mass in the wall and 

floor loads. 

Table 2 FE model tags and corresponding main characteristics. 

Model tag 

Compressive 

strength 

reduction 

RC beam 

modelling 
Mass Pattern 

Participant mass in 

horizontal direction (and 

gravitational mass) 

    [ton] 

DM_0 ✔ Nonlinear Lumped 91,3 (117,6) 

DM_1 ✘ Nonlinear Lumped 91,3 (117,6) 

DM_2 ✔ Linear Lumped 91,3 (117,6) 

DM_3 ✔ Nonlinear Distributed 117,6 (117,6) 
     

The pushover curves of all FE and SE models are given in Fig. 3b and their parameters and 

percentage differences from the reference model (DM_0) are presented in Table 3. These 

parameters are the maximum base shear force (Vmax), the secant stiffness (k60%Vmax), and 

the displacement capacity (du). All values of k60%Vmax are lower than the theoretical elastic 

stiffness, in grey dashed line, which was calculated using the procedure adopted in the 

Benchmark project by Cattari et al. (2020). This calculation considers both results from 

software and analytical formulations according to a shear type behaviour. DM_3 model 

presents higher k60%Vmax values than those of models DM_0‒2 and TM_0, due to different 

mass amounts in the horizontal direction (117.6 and 91.3 ton, respectively). This reflects 

also in Vmax, with +31% for DM_3 model. 

Assuming that the mass portion at the wall base is not mobilized in seismic forces results 

in conservative predictions, consistent with the nature of the equivalent frame approach. 

Moreover, the pushover curve of TM_0 model present lower k60%Vmax when compared to 

DM_3 model, but consistent with models DM_0‒2 (‒18%) demonstrating that the stiffness 

of regular URM walls can be accurately predicted by using the equivalent frame 

idealization. Regarding du, differences are small, except for DM_1 model (+315%). This 

enormous overestimation is due to the deactivation of the compressive strength reduction 

in the corresponding TSC model, which influences the drift limits of piers. Moreover, 

assuming elastic or nonlinear behaviour of the RC ring beams, i.e., models DM_0 and 2 

respectively, has no significant influence on the results, the largest difference being for du 

(‒17%). This may be due to the geometry and opening layout of the reference wall, as 

larger differences between FE models considering similar assumptions for the RC ring 

beams were found by Occhipinti et al. (2022) for a five-storey URM wall with seven bays. 
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(a) (b) 

Fig. 3 Response of W6 wall: (a) actual damage and (b) pushover curves for FE and SE models. 

Table 3 Values and percentage differences for response parameters among models (DM_0 as reference). 

Model tag 
k60%Vmax Vmax du 

[kN/m] [kN] [mm] 

DM_0 81502 254 12 

DM_1 80033 (–2%) 270 (+6%) 52 (+315%) 

DM_2 81310 (-) 256 (+1%) 10 (–17%) 

DM_3 106409 (+31%) 344 (+35%) 11 (–11%) 

TM_0 66944 (–18%) 291 (+14%) 12 (-) 
    

Damage at NC limit state for models DM_0 and 1, and TM_0 is given in Fig. 4a-d, with 

corresponding displacement capacity in the pushover curves highlighted by circle markers, 

see Fig. 3b. Note that all models fail due to a 20% drop of Vmax, except DM_1 model for 

which the drift limits at the base piers are also exceeded. This model (DM_1) evidenced 

severe damage because the base piers load continuously, even after cracking, because of an 

improper modelling of the diagonal cracking mechanism (no reduction in compressive 

strength). However, the predicted damage for FE and SE models is consistent with actual 

evidence, especially at ground level, see Fig. 3a. All models predict diagonal cracking 

mechanism for central piers (P42‒44), even for P43 pier, although it shows horizontal 

cracks in Fig. 3a. External piers (P41 and P45) evidence a flexural-dominated failure 

which is predicted by TM_0 model, while FE models fail in simulating the sub-horizontal 

cracks for P45 pier as observed in the actual wall. This may be related to performing the 

pushover analysis in the left-to-right sense. Predicted damage to spandrels at the 1st level is 

not observed in the actual wall and, conversely, the heavy damage to the corners at the 2nd 

level due to interactions with the perpendicular walls, see Fig. 3a, is not predicted. 

     
(a) (b) (c) 

Fig. 4 Damage at Near Collapse for FE and SE models: (a) DM_0, (b) DM_1, and (c) TM_0. 

3.2 Panel scale 

The consistency of responses at panel scale between FE and SE models is verified in this 

section. Only models DM_0 and TM_0 are considered here due to their similar sets of 

assumptions. In fact, the suitability of the FE model has also been validated against the 
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results of representative shear tests of stone masonry piers by Magenes et al. (2010), as an 

initial step for W6 modelling, see Fig. 2 (Modelling of masonry behaviour). 

The flexural (fixed-fixed configuration) and diagonal cracking according to Turnšek and 

Čačovič (1971) strength domains are given in Fig. 5 for piers P42‒45, where triangle and 

circle markers indicate failure in FE and SE models, respectively. Note that, in both 

approaches, the drift limits are only attained for central piers, but the FE model predictions 

never intersect the diagonal cracking strength domain, see Fig. 5a. The damage of P45 pier 

in DM_0 model is not consistent with that associated with a flexural mechanism, see Fig. 

4a, which is predicted by TM_0 model (Fig. 4d) and evidenced in the actual wall (Fig. 3a). 

However, in the FE model, damage in the portion below P45 pier is detected consistently 

with the real evidence. The evolution of axial and shear forces, N and V, in base piers 

(P41‒45) is shown in Fig. 6. Compatible maximum values and a similar trend of N are 

observed for all central piers (P42‒44) across FE and SE models, with some differences 

when the drift limit (0,5%) is exceeded. The different force sharing results from dissimilar 

intrinsic properties of the two approaches. Indeed, once the drift limits are exceeded in SE 

models, axial loads can still be supported by piers due to the uncoupling of the vertical 

compression and shear behaviour. Instead, in FE models, shear failure makes the pier 

unable to withstand vertical loads. Lower N is observed for P45 pier, and higher N is 

observed for P41 piers, in DM_0 model when compared to TM_0 model, see Fig. 6a. 

Similar considerations apply for V, namely similar evolution trends for both models, see 

Fig. 6b, which demonstrate a good match of the response. As the pushover curve of DM_0 

model is a lower bound of W6 wall response, V values in piers are in general lower than 

those in TM_0 model. 

  

 
(a) (b) 

Fig. 5 Strength domains against predictions by SE and FE models for: (a) piers P42‒44 and (b) P45. 

  

 
(a) (b) 

Fig. 6 Evolution of (a) axial and (b) shear forces for piers P41‒45 in SE and FE models. 
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4. Differences in seismic assessment 

The implications of different assumptions on the seismic assessment are here evaluated by 

comparing the acceleration capacity predicted from all FE and SE models at NC limit state. 

The reference model is the one based on the equivalent frame approach (TM_0 model), as 

it is widely applied in practice. 

The seismic hazard parameters at NC limit state, namely design ground acceleration (ag), 

amplification factor (F0), and upper limit of the period in the constant spectral acceleration 

branch (TC), for a school located in Visso (Italy), are: ag = 0,37 g, F0 = 2,39, TC = 0,74 s. 

Due to its high consequence of failure or malfunction, importance class III is considered 

with a corresponding multiplier factor equal to 1,5, as specified in the NTC 2018. Thus, the 

design lifetime is increased by up to 75 years to obtain the same probability of exceedance 

adopted for higher seismic actions, see EN 1998-1:2004. The return period is 1475 years. 

The assessment procedure included in Annex B of EN 1998-1:2004 for NLSA based on N2 

method by Fajfar (2000) is applied in this work, but with additional simplifications. 

Indeed, the same transformation factor (Γ) value is considered for all models (Γ = 1,24). 

Moreover, the stiffness of the equivalent Single-Degree-Of-Freedom (SDOF) system 

passes through 60% of Vmax (k*60%Vmax) and the yielding force is at least 85% of V*max 

when equalizing the areas under the actual and equivalent force–displacement responses, 

as recommended in the Italian Commentary (Circolare 21/01/2019). The displacement 

capacity is finally transformed into acceleration capacity to proceed with the comparison 

between models. The acceleration capacity values for all models and the percentage 

differences from TM_0 model are given in Fig. 7a–b. The reference value is 2,26 m/s2. As 

expected, the range (and percentage difference) is high, i.e., from 2,21 m/s2 (‒3%) to 6,77 

m/s2 (+199%), with this last value due to the misprediction of DM_1 model. If this outlier 

is neglected, the range significantly reduces and the maximum acceleration is 3,05 m/s2 for 

DM_3 model. Note that this model (DM_3), which considers the mass distributed on the 

walls as usual in the FE-based approach, has a higher capacity when compared to TM_0 

model, which is mostly used in practice. The percentage difference for DM_3 model, i.e., 

+35%, demonstrates the conservatism of the equivalent frame approach for this wall. 

  
(a) (b) 

Fig. 7 Acceleration capacity: (a) value for each model and (b) percentage differences for NC limit state. 

5. Conclusions 

This work aims to evaluate and discuss the influence of different assumptions (in the 

modelling, analysing and post-processing stages) on the predicted pushover response and 

seismic assessment of URM structures. The final goal of the ongoing research is to 

contribute to harmonizing the use of advanced simulation approaches in practice. A 
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reference wall from P. Capuzi school in Visso (Italy) was considered for comparison 

purposes. This wall was assessed by means of pushover analysis of FE and SE models in 

DIANA and TreMuri software packages, respectively. Specifically, four FE models and 

one SE model were analysed because of different sets of assumptions being considered, in 

modelling the masonry behaviour, the spandrels, the building mass and loads. 

The predicted responses of the reference wall show large differences in terms of pushover 

curve parameters, namely secant stiffness (66944÷106409 kN/m), maximum base shear 

force (254÷344 kN), and displacement capacity (10÷52 mm). Differences are limited when 

comparing damage predicted by different models, and when validating damage against real 

evidence after the 2016/2017 Central Italy earthquakes, especially at ground level. 

Inaccurate predictions of damage mostly refer to spandrels at the 1st level for all models. 

For given FE and SE models with consistent assumptions (DM_0 and TM_0), coherent 

predictions of the wall response result in good agreement of internal forces in the base 

piers. When drift limits for central piers are attained, resistance drops at panel scale are 

typically observed. Since these drops also cause a decay in the response of the entire wall, 

the robustness of FE models in simulating the softening stage should initially be verified. 

However, even if the softening branch matches the typical drift limits in design codes, 

inaccurate predictions can occur if these limits are set regardless of the pier load ratio. 

Regarding the seismic assessment, the range of acceleration capacity values is large, i.e., 

from 2,21 m/s2 to 6,77 m/s2. This is because for one of the FE models (DM_1) an 

inadequate masonry behaviour after cracking is assumed. Note that for all models, once the 

central piers exceed the drift limit, the Near Collapse condition is generally attained due to 

the conventional drop (‒20%) of the base shear force. For buildings, this drop may be 

limited due to force redistribution between structural components and between walls, 

therefore, the definition of Near Collapse limit state is not straightforward and approaches 

at multi-levels should be adopted. 
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Abstract: Romania is a country with significant earthquake risk. While many of the existing 

buildings were built before modern earthquake design codes came into use, the risk 

perceived by the general population regarding the structural safety is low. This is obvious 

when regarding the very low number (less than 20%) of residential properties having 

mandatory disaster insurance. One of the reasons for this situation is the significantly low 

number of seismic assessments conducted in the last 30 years in Romania. While for 

complex buildings the seismic assessment is a rather intricate issue, simple fast methods can 

be used for low-rise masonry buildings. Such buildings represent a large proportion of the 

existing buildings stock. The possibility of creating and implementing an assessment 

method based on self-diagnosis for low-rise masonry buildings is discussed. The proposed 

method could be set up very fast and with low costs. While the reliability of the assessments 

would be limited, the implementation of this solution would improve the public awareness 

on the real earthquake risk level. 

Keywords: tier 1 screening, SMART, building owner, free of charge 

1. Introduction 

Romania is a country with significant earthquake risk. The World Bank's (2018) estimate 

(126154-RO report) is that a repeat of the 1977 earthquake would imply 11 billion euros 

through destruction, 25 billion euros in economic losses and leave 250,000 people 

homeless for months. 

For residential buildings, there is an obligation to have a disaster-risk insurance. This 

mandatory insurance has a relatively low cost. However, according to the 2020 PAID 

(Insurance Pool against Natural Disasters) report, only 1.7 million homes are covered by 

compulsory insurance, less than 20% of the total. The low level of insurance indicates the 

lack of awareness of the population on the level of risk - a situation that is also found in 

other countries with significant seismic risk, as shown by Bevere (2012). 

Currently, there are various types of evaluation methods for the seismic vulnerability of 

existing buildings. Based on their complexity, these methods can be classified into three 

categories. First level methods are rapid evaluation methods (visual screenings), generally 

designed to support the decision regarding the use of the building immediately after the 

earthquake. The second level methods involve more detailed examination, carried out by a 

civil engineer. Third level methods are thorough engineering procedures of evaluation, 

which are used when the structure can not be fully evaluated with only visual screening, or 

when repair or strengthening works are envisaged. The decision of structural intervention 

and its extents are based on third level methods. 

Currently, Romania only has a tier 3 assessment method available, P100-3 (2019). Because 

of this, a very low number of buildings have been assessed in the last 30 years. As an 

example, in Bucharest the total number of seismically assessed buildings is less than 5000, 
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as seen in the Bucharest City Hall List (2021) for earthquake assessed buildings. As a 

result of this situation, people consider that the large number of unassessed buildings are 

safe, as they do not appear in the official lists of earthquake-prone buildings. 

Romania has plans of creating and implementing tier 1 assessment methods over the next 

years. This is explicitly mentioned in the Romanian National Resilience Plan (2021). But, 

based on experiences from other earthquake-prone countries, we can assume that we are 

many years away from the actual large-scale implementation of this to-be-developed 

method.  

While for complex buildings the seismic assessment is a rather intricate issue, simple fast 

methods can be used for low-rise masonry buildings. Such buildings represent a large 

proportion of the existing buildings stock. Based on the results of the Romanian census 

(2011), there are over 1,000,000 residential buildings in Romania with exterior masonry 

walls built before 1980.  

While just the PAID yearly publicity budget is more than 600.000 euros (value for 2020, 

based on annual report), the number of mandatory insurances is still under 20% nationwide 

after more than 10 years of PAID activity. A much larger budget is spent annually through 

different public or private funded programs related to raising earthquake risk awareness. 

In this context, we propose a completely different approach: creating a free of charge 

online platform that building owners can use to obtain a preliminary risk assessment for 

low-rise masonry buildings. This method, that we will refer to as the HomeDiag method 

would cost less than 500.000 Euros and only require 25 months for being set-up. While 

some additional costs would be needed for maintenance and upgrades, the overall budget is 

extremely low when compared to budget and private spending in the last 30 years related 

to improving public awareness on the earthquake risk, through programs that were clearly 

not very successful.  

3. Learning from existing rapid evaluation methods 

Several countries with significant seismic hazard developed simplified methods for 

building assessment. Most of these are dedicated to the post-earthquake evaluation, in 

order to assess whether these buildings can be used as they are or, on the contrary, access 

and use should be forbidden. Therefore, the methods are mainly focused on the extent of 

damage. Most of the methods are accessible only to qualified personnel, with technical 

education and after a dedicated training for the correct use of the method. Not all of them 

are implemented as software applications. When such applications exist, in general they 

are not easily accessible (online, for example), or their cost is significant. 

Such current methods, used in the USA and some European countries, that we will further 

refer to are FEMA 154, FEMA 155, FEMA 306, FEMA 307, ATC 20, ASCE 41 and Rover 

app from the USA, AEDES and MEDEA from Italy and PEADAB from Greece. While other 

methods exist in countries such as Japan or New Zealand, we consider that the selected 

reference methods are relevant enough to explain the feasibility and the advantages of the 

proposed method. 

The analysis of the positive and negative aspects in the above-mentioned methods has 

allowed us to make a list of conclusions regarding the possibility of establishing a simple 

assessment method based on self-diagnosis. The analysis also allowed us to determine 

certain negative aspects in existing methods that could be easily rectified in the proposed 

method. 
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The main conclusions related to the feasibility of such a method are: 

▪ It is possible to create simplified methods (less time and less money) for the 

earthquake assessment of the existing buildings;  

▪ Preliminary assessment can be made by people with limited technical skills, not 

only by experienced structural engineers;  

▪ Multiple choice forms that cover all the relevant structural configuration typologies 

of the existing buildings can be developed and used (ex: AEDES); 

▪ Multiple choice forms that cover all relevant types of existing buildings for the 

definition of the level of damage can be developed (ex: AEDES);  

▪ It is feasible to design databases with text descriptions, photos and diagrams to 

cover all the patterns of damages for masonry buildings (ex: MEDEA). 

▪ It is feasible to calculate with a dedicated software certain risk parameters based 

only on simple data introduced by the users (for example, the level of seismic 

hazard to be automatically calculated based on geographic position of the building 

– in ROVER)  

▪ It is also feasible to automatically evaluate the safety of the building based on 

certain parameters introduced by the user (ex: PEADAB). 

Some of the necessary improvements (based on the shortcomings in existing methods) are: 

▪ FEMA 154 is too simplified: there is a basic score for all the buildings of a type 

and this score is adjusted only for the seismic hazard (including the type of soil) 

and by the geometry of the building. The specific structural characteristics for a 

given building are not analysed. The level of damage is not checked. Investigation 

is made generally from the outside of the building only, which can bring low 

confidence in the result of the evaluation. While a free of charge evaluation 

software – ROVER – was designed, it is still not finalised and only partially 

operational. 

▪ AEDES has an imagistic library, but it is limited: only a small number of damage 

patterns and a limited number of damage severity examples are included 

▪ MEDEA – implemented as a software – has a more extended library, including the 

mechanisms which produce the deterioration of masonry buildings, but the 

application is only available on CD, for a price. 

4. Proposed method based on self-diagnosis 

4.1. General presentation  

The proposed HomeDiag method includes some of the positive aspects in existing 

methods: 

▪ It can be also applied by people with limited technical skills, not only by structural 

engineers (as in FEMA 154 – ROVER method);  

▪ It will be based on multiple-choice forms, which cover all the relevant typology for 

structural configuration of the existing buildings (as in AEDES); 

▪ It will be based on multiple choice forms, which cover all the relevant types of 

existing buildings, for the definition of the level of damage (as in AEDES);  
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▪ The software will include text descriptions, photos and diagrams to cover all the 

patterns of damages for masonry buildings (as in MEDEA). 

▪ The method will automatically determine certain risk parameters based only on 

simple data introduced by the users (for example, level of seismic hazard to be 

automatically calculated based on geographic position of the building – as in 

ROVER) 

 

Fig. 1 – Principle of scoring based of input and computed data in the proposed method 

 

Some of the features of the proposed method, that are not covered by the existing methods:  

▪ It will be based on up-to-date earthquake hazard data (based on the latest European 

and national mapping); 

▪ It will cover all of the relevant (in terms of percentages of building stock) types of 

low-rise masonry structures (including types of materials and building details) in 

Romania;  
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▪ It will be designed to be used also before the earthquake (for prevention), not only 

after the event;  

▪ The evaluation will be based on all the three major criteria which are used in the 

detailed (tier 3) evaluations: configuration of the structure, level of damage, 

computed capacity of the building to resist lateral loads compared with the possible 

intensity of seismic action on the site;  

▪ The method will be implemented within a software freely available online and 

optimized for the use with mobile devices. 

4.2. A SMART method 

This method is a SMART method (simple, multimedia, autonomous, relevant, time and 

cost efficient)  

Simple:  

▪ The method can be used even by people with few technical skills;  

▪ It implies mainly visual observation of the building, based on which the evaluator 

fills a multiple choice form;  

▪ There are optional parameters which can be filled after using simple tools 

(ex: measuring tape), simple operations (digging a pit to uncover the foundation) or 

data collection (year of construction, built area), but the application is designed to 

produce a score even without certain information either impossible to be found by 

the user or which can bring errors (for example measurement errors of the user);  

▪ The method produces values automatically for some parameters after introducing 

simple data (for example automatically states the value of the potential seismic 

action based on the locality where we the building is situated);  

▪ It is designed for easy access – online application, optimized for mobile devices: 

tablet or smartphone;   

Multimedia:  

▪ It contains detailed explanation for each and every possible value of a parameter, 

enabling the user to choose the correct value from a proposed list with possible 

values;  

▪ It includes extended databases with images or sketches covering all usual 

typologies for configuration of the masonry buildings and also the most common 

types of damage;  

▪ It includes tutorials;  

Autonomous:  

▪ The method is designed to be used by a single individual without the need of 

external help;  

▪ It includes e-learning files, including self-evaluation tests;  

Relevant: 

▪ The evaluation takes into account all the three criteria used in tier 3 methods:  

o Structural configuration of the building;  
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o Damage level for the building;  

o Seismic hazard level;  

▪ It shows the owner of the building a general risk assessment marked as follows:  

o Green (reduced risk) – building which has no evident signs that might lead 

to the identification of a structural risk;  

o Blue (moderate risk);  

o Yellow (significant risk);  

o Orange (high risk); 

o Red (severe risk): building which presents features that could lead to major 

damage under earthquake loads;  

▪ The method gives detailed diagnosis of the safety for similar buildings located in 

different geographical areas or for different buildings located in the same area – 

this is an useful tool for somebody who wants to buy a building or for insurance 

companies;  

Time and cost efficient: 

▪ Evaluation carried out using the proposed method will take only a few hours;  

▪ Costs incurred by the user are much lower than for the currently used methods.  

4.2. Possibilities for further development 

The method allows for further development possibilities:  

▪ The method can be updated: for example, the iconographic database develops with 

the additional photos sent by the users;  

▪ The results of the evaluations can be integrated, in order to produce a cartography 

of the risk for a community (or even for a region / country), to be used by the 

public authorities responsible for solving the emergency situations. In such case, it 

is recommended to arrange cross checking with an independent observer for the 

risk levels of the buildings on the regional risk map, in order to avoid the mistakes 

generated by wrong or incomplete inputs; 

▪ The method is easy to modify for use in another country. Basically, the necessary 

modifications will be:    

o Translation of the documentation and development of the user interface in 

another language;  

o Readjustment for the specific of the new country for:  

▪ Criteria of structural configuration; 

▪ Scores for the criteria; 

▪ Iconographic database for the assessment of the level of damages; 

▪ Automatic calculation of the seismic hazard given by the geographic 

position of the building. 
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Multi-criteria comparison between existing methods and the HomeDiag method  

Comparison criteria 

Evaluation method 
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Evaluation achieved by technical experts ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Evaluation achieved by civil engineers or inspectors ✔ ✔ ✔ ✔ ✔ ✔ x ✔ 

Evaluation achieved by people without prior qualification in 

the area (e.g. the building’s owners) 
x x x ✔ x x x ✔ 

Evaluation method focused on masonry structures x ✔ x x ✔ ✔ x ✔ 

Evaluation of the structural configuration ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Includes the written description of the possible deficiencies in 

structural configuration for seismic areas 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Includes an extended imagistic database for the identification 

of different structural typologies 
x ✔ x x ✔ ✔ ✔ ✔ 

Evaluation of the level of existing damage ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Includes the written description of the possible levels of 

degradation 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Includes an extended imagistic database for the identification 

of the types of structural damage at masonry buildings 
x ✔ x ✔ ✔ ✔ ✔ ✔ 

Evaluation considering the computed seismic hazard in the 

specific geographic site of the building 
x ✔ ✔ x x x ✔ ✔ 

The evaluation method is implemented in a software 

application 
x x x ✔ x ✔ x ✔ 

The software application contains a multimedia database 

(images/sketches) to facilitate the evaluation 
n/a n/a n/a x n/a ✔ n/a ✔ 

The software application is available online and optimized 

for access from mobile devices 
n/a n/a n/a ✔ n/a n/a n/a ✔ 

 

Fig. 2 – Comparison with existing methods 

4. Conclusions 

Currently in Romania the level of earthquake risk perceived by the general population is 

low. This is mainly due to the lack of a fast (tier 1) assessment method for the seismic 

vulnerability of existing buildings. Such a method will be developed as part of the national 

resilience plan, but we are many years away from the actual large-scale implementation. 

While numerous public and private projects aimed at increasing the public awareness on 

the subject were done in the last 30 years, their actual efficiency does not seem as high as 

initially intended. 

In this context, a proposal is made to create a free-to-use online application such that 

homeowners can perform a preliminary assessment of the seismic vulnerability of low-rise 

masonry buildings. This assessment would be based on self-diagnosis, without needing the 

involvement of experienced structural engineers.  

By referring to different existing assessment methods in Europe and in the USA, the 

feasibility of the proposal is discussed. The proposed application would combine some of 

the features in the existing methods, while at the same time particularizing these methods 
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for the specificity of Romania buildings. It would also add additional features not included 

in the existing methods. While the results obtained by users would not be reliable enough 

to be directly used by decision-making bodies, this could be achieved by cross-checking 

the self-diagnosed buildings by a professional engineer. 

The low cost (when compared to other programs) and low set-up time (when compared to 

national implementation of tier 1 assessment methods) could make this proposal a very 

efficient way of  increasing public awareness on real earthquake risk. 
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Abstract: The modern earthquake-resistant design of structures aims to dissipate the seismic 

energy by supplementary fuse members rather than by plastic deformations on the structural 

members. Energy dissipative steel cushions were proven to efficiently serve this purpose due 

to their being easy to produce and place, high additional damping to the system, and large 

displacement capacities. One disadvantage of the steel cushions is their residual displacement 

after a strong ground excitation. This study numerically investigates the influence of material 

characteristics of different shape memory alloys (SMA) on the performance of energy 

dissipative cushions. To serve this purpose, the material tests conducted in the literature have 

been implemented to the generated finite element models. The force-displacement hysteresis, 

initial stiffness, dissipated energy and residual displacements for the cushions produced by 

different SMAs and mild steel were compared in the paper. Based on the obtained results, the 

optimal alloy for the energy dissipative cushions was determined to be nickel-titanium (Ni-

Ti) when considering the energy dissipation and recentering capability together. 

Keywords: Abaqus; Finite element analysis; Energy dissipator; Energy dissipative cushion; 

Metallic damper 

1. Introduction 

Strong ground motions release large amounts of seismic energy, which spreads within the 

structure and transforms into various energy forms. To reduce the amount of energy 

dissipation through the formation of plastic hinges on the structural members and to prevent 

the structures from being vulnerable to damage, a great portion of the seismic input energy 

is aimed to be dissipated by using energy dissipative fuse members in the modern seismic 

design principle. The use of fuse members results in no damage or very limited damage on 

the structural members due to the decrease in their energy demands. Additionally, Sadek et 

al. (1996) and Soon and Spencer Jr (2002) stated that the structural seismic responses (e.g. 

accelerations, inter-story drifts, and shear forces) can significantly be reduced and the 

seismic performance of the structures can be improved by the use of fuse members.  

Many types of energy dissipative fuse members utilizing different control systems, e.g. 

active (Liu et al., 2017; Luo et al., 2018), semi-active (Soto and Adeli, 2019) and passive 

control systems (Soydan et al., 2014; Saingam et al. 2020) have been studied in the literature 

and applied into the engineering structures. The fuse members with passive control systems 

use various energy dissipation mechanisms such as the hysteretic behavior of metals, friction 

between the metal layers, and viscosity of liquids.  

The energy dissipative steel cushion (SC), which is a metallic damper utilizing the geometric 

shape and the hysteretic behavior of steel, was initially developed in the content of the 

Safecladding Project (2015) as a mechanical connector between the structural system and 

reinforced concrete cladding panels (Karadoğan et al., 2019). Thereafter, the SC started 
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being used for the seismic performance enhancement of frame-type structures as well 

(Özkaynak, 2018).  

Yüksel et al. (2018) both experimentally and analytically studied the behavior of SC under 

combined actions of normal and shear forces. In the study, closed-form equations and a 

generic interaction curve were proposed. As a result, a displacement ductility ratio of 15 and 

an equivalent damping ratio of up to 50% were calculated for the tested specimens. 

Özkaynak et al. (2018) tested the SC under monotonic and cyclic loadings. The plate 

thickness of the SC was stated to be the most effective parameter on the ductility and energy 

dissipation capacity. The test results proved that the SC has high energy dissipation and a 

large displacement capacity.  

Güllü et al. (2019) generated the finite element model of the tested SC using the four-node 

general-purpose S4R element. The model successfully simulated the behavior of the SC. 

Developing the experimentally verified numerical model opened up the opportunity to make 

optimizations in the geometry of the cushions.  

Güllü et al. (2021a) and Güllü and Körpeoğlu (2022) performed multi-objective optimal 

sizing for the SC under longitudinal and transversal loadings, respectively to improve its 

performance and energy dissipative characteristics. A variety of mathematical optimization 

techniques were employed. Optimum ratios were suggested between the geometric 

parameters of the SC, e.g. length of the straight part (a), radius (r),  thickness (t), and width 

(b), Fig. 1. The design of the SC can be performed using the optimum ratios recommended 

in this study. 

  

Fig. 1 – Geometry of the cushion 

Güllü et al. (2021b) used nickel-titanium (Ni-Ti) shape memory alloys for energy dissipative 

cushions to gain recentering capability. Numerical studies performed on a reinforced 

concrete frame retrofitted with steel and Ni-Ti cushions showed that using the energy 

dissipative steel cushions reduces the peak responses more whereas Ni-Ti cushions are 

effective in reducing the residual displacements and deformations.  

The rationale of this study is to numerically investigate the effect of material characteristics 

of different shape memory alloys (i.e. nickel-titanium (Ni-Ti) and copper-aluminum-

manganese (Cu-Al-Mn)) on the seismic performance of energy dissipative cushions. The 

initial stiffness, energy dissipation capacity and residual displacements were compared for 

the cushions produced using steel and different shape memory alloys. 

2. Shape memory alloys for metallic dampers  

To avoid residual displacements and supply the self-centering ability, shape memory alloys 

(SMAs) with different material characteristics were employed in the energy dissipative 

cushions. Even though the SMAs experience high levels of post-elastic deformations during 
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loading, they can recover their initial shape when the load is removed. This phenomenon is 

achieved by the superelasticity of the material. 

The SMAs are phase-transforming materials consisting of two phases called austenite and 

martensite. In both of these phases, the material is assumed to be isotropic linear elastic. 

During loading and unloading procedures, the material experiences phase transformation 

between austenite and martensite. The elastic properties are calculated using the austenite 

and martensite parameters during the phase transformation, Fig. 2. 

 

Fig. 2 – Uniaxial response of the SMAs 

The mechanical properties of the two most popular shape memory alloys, i.e. nickel-titanium 

(Ni-Ti) and copper-aluminum-manganese (Cu-Al-Mn) were adopted from the literature 

studies. The properties to be used as input parameters for the superelastic material definition 

in the numerical modeling using Abaqus FEA software are listed in Table 1.  

Table 1. Mechanical properties of different shape memory alloys 

Parameter Ni-Ti Cu-Al-Mn 

Definition Symbol 

Cao and 

Ozbulut 

(2020) 

Duran et 

al. (2020) 

Young's modulus of austenite [MPa] A
E  38000 54600 

Young's modulus of martensite [MPa] M
E  38000 34400 

Poisson's ratio of austenite A
  0.33 0.33 

Poisson's ratio of martensite 
M

  0.33 0.33 

Uniaxial transformation strain L
  0.04 0.0622 

Stress at which martensite starts [MPa] 
S

tL
  418 162 

Stress at which martensite finishes [MPa] 
E

tL
  517 174 

Stress at which austenite starts [MPa] 
S

tU
  251 156 

Stress at which austenite finishes [MPa] 
E

tU
  102 145 

Stress at which martensite starts (comp.) [MPa]  
E

cL
  605 188 

Reference temperature (°C) 
0

T  22 22 

Slope of the stress-temperature curve for loading ( )
L

T   5 5 

Slope of the stress-temperature curve for unloading ( )
U

T   5 5 

3. Finite element models 

The numerical modeling of the SMA cushions was performed in the Abaqus FEA software using 

three-dimensional solid elements, Fig. 3. The cushion geometry optimized using the gradient-

based algorithm by Güllü et al. (2021a) was used in the present study. The smoothed geometric 
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parameters of a, r, t, and b were obtained as 31.5, 11.5, 1.0, and 20.0 mm, respectively for the 

selected cushion geometry. 

  

Fig. 3 – The numerical model of the cushion 

Surface-to-surface contacts with penalty-type friction formulation in the tangential behavior 

having a friction coefficient of 0.6 and hard contact in the normal behavior were defined between 

the cushion and infinitely rigid walls. Eight-node linear brick finite elements with hourglass 

control and reduced integration technique (C3D8R) with an approximate global size of 2 mm 

were utilized for all parts of the three-dimensional model.   

While the movement of the rigid wall at the bottom was restricted in all directions, a loading 

protocol was applied to the top rigid wall. The loading protocol was determined according to the 

shear angle (γ) of the cushion in a total of five displacement targets in 10 cycles, Fig. 4.  

  

Fig. 4 – The loading protocol 

The finite element model developed within the present study was verified using the literature 

model with two-dimensional and four-node S4R quadrilateral shell elements, which was created 

in the aforementioned study. After a steel cushion model was defined using S235 class steel with 

kinematic hardening behavior for verification procedure, the force-displacement curves obtained 

by both numerical models were compared, Fig. 5. Even though the computational time is 

increased with the developed model in this study, it yields more accurate results because of using 

three-dimensional finite elements and modeling each part precisely with their exact geometric 

properties.  

  

Fig. 5 – Force-displacement hysteresis for steel cushion using the models with different element types  
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After the numerical SC model was verified, two new models (for Ni-Ti and Cu-Al-Mn) were 

created using the same geometries but different material properties. In Abaqus FEA software, 

the mechanical properties of the shape memory alloys (Table 1) were defined under the 

superelasticity model.  

4. Results and Discussions 

The residual displacement is the main drawback of the energy dissipative steel cushions. This 

phenomenon can also be concluded from the force-displacement hysteretic curves of the 

cushions produced by S235 class steel, Ni-Ti, and Cu-Al-Mn, Fig. 6. While the residual 

displacement experienced by the steel cushion was around 32 mm after the end of the loading 

protocol, no residual displacement was observed in the SMA cushions made of Ni-Ti and 

Cu-Al-Mn. 

  

Fig. 6 – Force-displacement hysteresis for cushion made of different materials 

The maximum force, equivalent stiffness, dissipated energy and equivalent damping ratio 

values were calculated for each displacement target of the displacement protocol, i.e. 

longitudinal displacements of 1.15, 2.31, 5.87, 12.56, and 35.82 mm, Fig. 7. 

The force-displacement curves obtained for the cushions with SMA and mild steel can be 

used to calculate their equivalent damping ratio by Equation (1), Chopra (2001). Here, ES0 

is the elastic strain energy and ED is the cyclic dissipated energy, which was calculated 

through the loop discretization method for each cycle.  

0

1

4

D

S

E

E



=   (1) 

The cushion made of S235 class steel showed the best seismic performance in terms of both 

additional stiffness and damping properties. An equivalent damping ratio of up to 50.8% was 

calculated. The total dissipated energy throughout the displacement protocol by the steel 

cushion was 10.1 times the one dissipated by the Ni-Ti cushion and 52.3 times the one 

dissipated by the Cu-Al-Mn cushion.  

Among the SMA cushions, the performance of the cushion produced using Ni-Ti was much 

better than the Cu-Al-Mn cushion. While the total dissipated energy and maximum 

equivalent damping ratio were calculated as 6050 Nmm and 8.5% for the Ni-Ti cushion, they 

were computed as 1170 Nmm and 3.1% for the Cu-Al-Mn cushion. 
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(a) (b) 

  
(c) (d) 

Fig. 7 –Variation of (a) maximum force, (b) equivalent stiffness, (c) dissipated energy, and (d) equivalent 

viscous damping with increasing displacement targets 

Von Misses stress distributions on the cushions made of S235 class steel, Ni-Ti, and Cu-Al-Mn 

are presented in Fig. 8. As expected, the stresses were concentrated on the plastic hinge 

regions as visualized in Fig. 1. The stress levels experienced by Cu-Al-Mn cushion were 

much lower when compared with other cushions at maximum longitudinal displacement 

(35.82 mm). At the end of the numerical analyses, the SMA cushions returned their initial 

positions with no stresses on them whereas there still were high levels of stresses on the steel 

cushion. 

Material At maximum displacement At the end of the analysis Legend 

S235 

  

 

Ni-Ti 

  

Cu-Al-Mn 

  

Fig. 8 – Von Misses stress distributions on the cushions 

Additionally, the equivalent plastic strain distributions on the cushions were visualized in 

Fig. 9. High plastic deformations were observed for the steel cushion, especially at the 

straight-to-curved part transition regions. On the other hand, no plastic deformation has 

occurred on the SMA cushions throughout the analyses. 
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Material At maximum displacement At the end of the analysis Legend 

S235 

  

 

Ni-Ti 

  

Cu-Al-Mn 

  

Fig. 9 – Equivalent plastic strain distributions on the cushions 

5. Conclusions  

The energy dissipative steel cushions, which are proven to be efficiently used in the seismic 

response control of the structures, experience high residual displacements and deformations 

after a strong ground motion. The performance of the cushions made of S235 class steel, Ni-

Ti, and Cu-Al-Mn was numerically investigated. The comparisons were made in terms of the 

hysteretic curves, residual displacements, maximum forces, stiffnesses, dissipated energies  

and damping ratios. The following conclusions can be driven from the performed numerical 

study: 

- The steel cushion performed more efficiently in terms of the additional stiffness it brings 

to the system, the amount of dissipated energy and the damping ratio. Whereas amount 

of total dissipated energy and maximum equivalent damping ratio were calculated as 

61140 Nmm and 50.8% for the steel cushion, these values were 6050 Nmm and 8.5% 

for the Ni-Ti cushion, and 1170 Nmm and 3.1% for the Cu-Al-Mn cushion because of 

their flag-shaped hysteretic behavior. 

- The steel cushions experienced large amounts of plastic deformations throughout the 

analysis and a residual displacement of 32 mm was calculated. On the other hand, no 

residual displacement and deformation was observed in the SMA cushions. 

- The performance of the Ni-Ti cushion was more satisfactory when compared with the 

Cu-Al-Mn cushion due to higher stiffness, more energy dissipation and higher equivalent 

damping ratio. 

- Since the SMA cushions were proven to be more effective in terms of limiting the 

residual displacements and steel cushions are more efficient in the overall seismic 

performance, a hybrid energy dissipative system consisting of both Ni-Ti and steel 

cushions can be proposed for improving seismic performance. 
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Abstract: Advancements in engineering research and computational technologies enable the 

improvements of seismic codes and design practices, especially in seismically active 

regions. Turkey overlays one of the most seismically active regions and, therefore, should 

follow state-of-the-art practices. In 2018, the new Turkish Building Seismic Code was 

published and introduced significant changes not only in the countrywide seismic hazard 

map of Turkey but also in design and assessment practices. This paper is to present a case 

study application of seismic performance assessment of a 5-storey residential building in 

Istanbul to compare the seismic performance assessment procedures in the new Turkish 

Building Seismic Code (TBSC 2018) and its previous version, the Turkish Building Seismic 

Code (TBSC 2007). The building, constructed in 2006 and therefore assumed to be designed 

according to the Turkish Building Seismic Code 1998 (TBSC 1998), was identified as a 

risky building based on the simplified guidelines by the Ministry of Environment and 

Urbanization and demolished accordingly. The seismic performance assessment of this case 

study building is evaluated based on the provisions in TBSC 2018 and TBSC 2007. The 

reasons behind its identification as a risky building are also investigated. For these purposes, 

a detailed finite element model of the building is modelled on the basis of the blueprints; 

geometrical and material characteristics are modelled based on the in-situ measurements, 

field and laboratory test results. The structural system of the building, moment-resisting 

frames with two shear walls around the staircase, is represented by line elements utilising 

fiber-based distributed plasticity approach in OpenSees software. Nonlinear dynamic 

analyses are realised following seismic performance assessment regulations in TBSC 2018 

and TBSC 2007. 

Keywords: nonlinear dynamic analysis, earthquake performance, seismic regulations 

1. Introduction 

Seismic analysis methods are essential tools not only in the evaluation of existing 

structures but also performance-based design of new buildings. These methods are the 

integral contents of seismic codes, and different methods have been developed and 

improved throughout the years as a result of the advances in research and computer 

technology. All these continuous innovations and improvements inevitably promoted 

enhancements in seismic codes and regulations.  

In countries like Turkey, where the building stock, and hence the population in the country, 

is concentrated over seismically active regions, keeping up with these developments, 

conducting new research studies, and updating existing provisions is seen as a necessity 

(Dede, 2020). In 2007, the existing design code (TBSC 1998) was updated to include 

linear and nonlinear performance evaluation methods. In 2018, the latest Turkish Building 

Seismic Code was published and has been officially in force since January 1, 2019. TBSC 

2018 brought considerable changes in countrywide seismic hazard map, structural 
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modelling, damage limits, and analysis methods which are the essential components of a 

seismic assessment procedure. 

This paper, in addition to the comparative seismic evaluation of the building, shows the 

reasons behind the building’s identification as risky. 

2. A comparative seismic performance evaluation 

This chapter compares nonlinear dynamic analysis procedures to assess seismic 

performance, as defined by TBSC 2007 and TBSC 2018, over an existing building. The 

case study building was constructed in 2006, and it is assumed that the building was 

designed according to the provisions of the Turkish Building Seismic Code-1998. 

However, a field survey conducted in 2018 identified it as a risky building based on the 

simplified guidelines by the Ministry of Environment and Urbanization. This section 

presents step-by-step procedures for determining the performance levels of this risky 

building based on the latest and previous Turkish seismic codes. 

2.1. Building description 

The building is located in a neighbourhood of Istanbul and closer than 20 km to the nearest 

segment of the North Anatolian Fault. It is a 5-storey residential building with one 

basement floor surrounded by peripheral structural walls. The total height of the building is 

11.9 meters; 2.9 meters is the height of the ground floor, and 3.0 meters is the height of the 

upper stories.  

 

Fig. 1 - Floor plan of the normal stories 

 

Fig. 2 - Floor plan of the basement story 
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The structural system of the building consists of moment-resisting frames with two planar 

shear walls around the staircase, which can be seen in the Fig. 2 and Fig. 3. The building 

was investigated based on the Turkish seismic codes to check if there are any in-plan or 

elevation irregularities. Although none of the irregularities were found after these 

calculations, the first mode of vibration resulted in dominantly torsional. It is 

mathematically calculated that the presence of shear walls around the staircase shifted the 

stiffness centre of the building away from its mass centre, generating a torsional first mode 

of vibration. Due to page restrictions, neither irregularity calculations nor stiffness centre 

calculations are provided.  

Detailed field investigations revealed that transverse reinforcements lack 135-degree 

hooking, a critical criterion for confinement in seismic design applications, and therefore 

confinement effect is neglected. In Table 1, the results of concrete compression tests 

applied to core samples are presented.  

Table 1. Compressive strength properties of core samples 

Core Sample Corrected Compressive Strength (Mpa) 

C1 20.27 

C2 22.13 

C3 16.28 

C4 22.32 

C5 20.27 

 

2.2. Numerical model 

OpenSees software is utilised for modelling and analysis of the building due to its 

flexibility emerging from its script-based nature and robust solution algorithms. The 

numerical model in OpenSees is constructed based on blueprints of the existing building. 

Geometrical dimensions of the building are provided with the official field survey report 

and were directly modelled as they are. However, the material properties of the building 

were modified per TSBC 2007 and TBSC 2018.  

 

Fig. 3 - 3D view of the numerical model 

Rigid diaphragm constraints are assigned to enforce equal horizontal displacements on the 

joints on each floor. The lumped mass approach is adopted to define structural mass. Shear 

walls, columns, and beams are modelled as line elements. Wide column analogy is adopted 

to model shear walls where flexural stiffness of the shear walls is represented by vertical 
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line elements having the exact cross-sectional dimensions (Beyer et al., 2008). In-plan 

stiffness of the shear walls are represented by deep beam elements. 

Nonlinear behaviour is considered employing several fiber sections along the element 

lengths due to its ability to accurately capture flexural hysteresis behaviour and ability to 

automatically capture axial force-bending moment interaction under varying axial force 

levels. In this aspect, OpenSees has a wide variety of options in its library for modelling 

structural components. In our model, beamWithHinges element was used to model frame 

beams. The main reason behind this selection is this element's ability to limit the material 

nonlinearity to the element ends over pre-defined hinge lengths and its ability to preserve 

the correct numerical solution for linear curvature distribution (Scott and Ryan, 2013). On 

the other hand, for shear walls and columns, nonlinearBeamColumn element is preferred 

since a constant plastic hinge length assumption is not valid for vertical members due to 

varying axial force. 

Both element models are based on the force-based formulation where force-interpolation 

functions are applied through fiber-based integration points (Fenves and Flippou, 2004). In 

order to provide nonlinear behaviour at the material level, concrete04 and steel02 materials 

were used to represent concrete and reinforcing steel, respectively. Further information 

regarding material models can be found in McKenna and Fenves (2001). As indicated in 

the previous sections, limited knowledge level factors are applied to material strengths. As 

a result, two different numerical models with the same geometrical properties but different 

material strengths were created.  

2.3. Nonlinear dynamic analysis procedure 

Nonlinear dynamic analysis is still a computationally demanding procedure in the current 

technology; however, it is the most consistent and realistic analysis method for the 

assessment of a structure. This method numerically solves the equation of motion of the 

structural system under a given seismic loading, and all the local and global responses are 

calculated based on provided material and component models throughout time steps. In 

this regard, the accurate selection of time history records is one of the vital steps in 

nonlinear dynamic analysis to apply a seismic excitation coherent with the seismic hazard 

of the location. 

Two seismic codes, TBSC 2007 and TBSC 2018, have considerable differences in the 

application of time history analysis. In TBSC 2007, the analyst must have considered 

seven sets of records compatible with the code-based design spectrum if wishing to work 

with the arithmetic mean of the responses. On the other hand, in TBSC 2018, the analyst 

must use 11 sets of records compatible with the code-based design spectrum if wishing to 

work with the arithmetic mean of the responses. Another significant difference is the 

loading scheme; in TBSC 2018, the analyst must concurrently apply two horizontal 

components for the first case and the same horizontal components by changing the loading 

direction by 90o for the second case.  

For all of the records in both cases, the faulting mechanism was chosen as the strike-slip 

mechanism. Soil investigation reports concluded an average of 360 m/s shear wave velocity at 

the upper 30 meters of soil. Time history records were selected considering the dominant fault 

mechanism, soil type, and distance to the dominating fault and details of which are presented 

in Table 2 and Table 3. Amplitude scaling method was adopted to match the response 

spectrum (Heo et al., 2011).  
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Table 2. Properties of time history records selected for TBSC 2007 

Earthquake 

Name 
Year 

Station 

Name 
Magnitude 

Rjb 

(km) 

Vs,30 

(m/sec) 

5%-95% 

Duration (sec) 

Scale 

Factor 

Imperial V. 1979 Delta 6.5 22.0 242.0 51.4 2.0 

Superstition H. 1987 El Centro 6.5 18.0 192.0 35.7 1.4 

Kobe 1995 Fukushima 6.9 17.0 256.0 35.7 1.0 

Kobe 1995 Tadoka 6.9 31.0 312.0 43.8 1.0 

Kocaeli 1999 Bursa-Tofas 7.5 60.0 289.0 41.2 2.6 

Kocaeli 1999 Iznik 7.5 30.0 476.0 19.5 2.6 

Erzurum 1983 Horasan 6.9 34.0 - 19.0 3.0 

 

 

Fig. 4 - Matched spectrum for TBSC 2007 (North-South Components) 

 

 
Fig. 5 - Matched spectrum for TBSC 2007 (East-West Components) 
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Table 3. Properties of time history records selected for TBSC 2018 

Earthquake 

Name 
Year 

Station 

Name 
Magnitude 

Rjb 

(km) 

Vs,30 

(m/sec) 

5%-95% 

Duration (sec) 

Scale 

Factor 

Imperial V. 1979 Delta 6.5 22.0 242.0 51.4 2.0 

Superstition H. 1987 El Centro 6.5 18.0 192.0 35.7 1.4 

Kobe 1995 Fukushima 6.9 17.0 256.0 35.7 1.0 

Kobe 1995 Tadoka 6.9 31.0 312.0 43.8 1.0 

Kocaeli 1999 Bursa-Tofas 7.5 60.0 289.0 41.2 2.6 

Kocaeli 1999 Iznik 7.5 30.0 476.0 19.5 2.6 

Erzurum 1983 Horasan 6.9 34.0 - 19.0 3.0 

Hector Mine 1999 Amboy 7.1 42.0 383.0 26.7 2.0 

Landers 1992 Fun Valley 7.3 25.0 389.0 29.6 1.6 

Landers 1992 Morongo 7.3 41.0 368.0 32.9 2.4 

Darfield 2010 Heathcote 7.0 24.0 422.0 15.7 0.5 

 

 

Fig. 6 - Matched spectrum for TBSC 2018 

2.4. Results 

Critical sections of the structural members and outermost fibers were monitored 

throughout the time history analyses. For the beam sections, assessments were realised 

based on the section damage states, and material strains were utilised for the columns and 

shear walls.  

As seen in Table 4, a considerable number of first-story beams experienced damage states 

more severe than the visible damage. 
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Table 4. Damage states of the first-story beams 

  i end  j end   

Beam 

 avg  

of  

all records 

yield GC 

Section 

Damage 

State 

 avg  

of  

all records 

yield GC 

Section 

Damage 

State 

 Member 

Damage 

State 

B1  0.061 0.009 0.428 Visible  0.056 0.009 0.428 Visible  Visible 

B2  0.024 0.009 0.429 Visible  0.131 0.010 0.386 Visible  Visible 

B3  0.003 0.006 0.195 Limited  0.199 0.006 0.195 Collapse  Collapse 

B4  0.069 0.010 0.378 Visible  0.244 0.009 0.429 Visible  Visible 

B5  0.205 0.006 0.195 Collapse  0.008 0.006 0.187 Visible  Collapse 

B6  0.087 0.005 0.150 Visible  0.096 0.005 0.163 Visible  Visible 

B7  0.155 0.005 0.171 Significant  0.107 0.005 0.171 Visible  Significant 

B8  0.156 0.005 0.171 Significant  0.164 0.005 0.171 Significant  Significant 

B9  0.090 0.009 0.408 Visible  0.157 0.010 0.360 Visible  Visible 

B10  0.204 0.010 0.419 Visible  0.001 0.010 0.419 Limited  Visible 

B11  0.119 0.005 0.153 Significant  0.122 0.005 0.153 Significant  Significant 

B12  0.271 0.009 0.456 Visible  0.269 0.009 0.456 Visible  Visible 

B13  0.110 0.010 0.361 Visible  0.166 0.010 0.361 Visible  Visible 

B14  0.366 0.010 0.385 Significant  0.002 0.009 0.428 Limited  Significant 

B15  0.054 0.010 0.396 Visible  0.215 0.009 0.372 Visible  Visible 

The analysis algorithm in OpenSees was constructed in a way to terminate itself after 

excessive strain levels. Most of the analyses resulted in high strain demands at the bottom 

of the columns reaching up to ultimate strains. For most of the records, the building either 

became unstable or terminated itself at some point during the analysis and yielded very 

large top displacement values. Fig. 7 is to present an example of the stress-strain history. 

The building could not achieve the collapse prevention damage state at the global level. 

 

Fig. 7. - Stress-strain history of the outermost reinforcement at the bottom section of the left-shear wall. 

Record, Imperial Valley-Delta. 
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3. Conclusions 

Residential buildings shall meet life safety performance level criteria under the standard 

design earthquake ground motion, given the spectral parameters having 10% probability of 

exceedance in 50 years and the corresponding recurrence period is 475 years. However, the 

the presented building cannot meet life safety performance level under either case. 

Although it was found that the “columns stronger than beams” principle were satisfied, the 

collapse prevention level exceeded because of the damage concentrations at the bottom 

sections of the ground story columns and walls. One of the reasons behind the poor 

performance of the building was the insufficient amount of reinforcement in the columns 

and shear walls which had a major impact on the identification of the building as risky. 
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Abstract: This study presents experimental testing to examine the possibility of using 

recycled rubber as partial replacement aggregate for structural columns. Six reinforced 

concrete columns having 300×300 mm cross-section and 3250 mm total length were tested 

under axial compression and incrementally increased reversed cyclic loading. The results 

indicated that rubberized concrete columns made of self-compacting concrete can behave 

almost like the conventional ones. However, rubberized concrete can delay and reduce the 

amount of damage occurring under seismic loading. This is attributed to the higher 

deformability of rubberized concrete compared to conventional. Results demonstrated that 

rubberized self-compacting concrete provides an environmentally friendly alternative to 

conventional concrete in structural applications. 

Keywords: recycled rubber, self-compacting concrete, columns, cyclic loading, behavior 

1. Introduction  

Flammability, chemical composition, non-biodegradability, and also landfilling issues 

make tire waste an enormous global problem. Potential use of tire waste was found in 

construction. According to Oikonomou and Mavridou (2009) concrete is the most used 

material in this branch, one of the research directions lately is the use of recycled tire waste 

as a partial substitute to natural aggregate and/or cement to make rubberized concrete. 

Due to the low ductility and high brittleness of concrete which cause this material to 

fracture without significant deformations, behavior of concrete structures can be very 

unreliable under certain loads, primely seismic loads. However, this does not make 

concrete any less desirable on construction sites due to other advantages. Strukar et al. 

(2019) reviewed previous studies on rubberized concrete, including both normal and self-

compacting concrete, showing that the addition of recycled rubber particles caused 

decreased density, increased hardness and ductility, improved dynamic properties and 

resistance to crack propagation as is presented in papers written by Bompa et al. (2017), 

Khallo et al. (2008), Li et al. (2018), Zheng et al. (2008), Hernández-Olivares et at. (2002) 

and Strukar et al. (2018). Although the decrease of compressive strength and modulus of 

elasticity was also observed in Gupta et al. (2014), Ganesan et al. (2012), Ismail et al. 

(2015) and AbdelAllem et al. (2018) according to the stated advantages of rubberized 

concrete it can be concluded that recycled rubber particles have great potential in the 

production of light-aggregate concrete in structural elements.  Especially the ones that are 

likely to be exposed to earthquake actions where the goal is to reduce the risk of spalling of 
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the concrete surface and concrete cover as is explained in Youssf et al. (2015) and 

Moustafa et al. (2017). 

It is very important to know the response of reinforced concrete structures to earthquakes 

to ensure a structure withstands a given level of ground shaking. That is why seismic 

analyses and experimental investigations are unavoidable in the seismic assessment of 

structures. There are only a few experimental investigations regarding the seismic behavior 

of reinforced rubberized concrete columns. Son et al. (2011) and  Hassanli et al. (2017)   

investigated the effect of rubberized concrete on reinforced columns buckling behavior by 

testing columns under monotonic axial load. Their results implied that rubberized concrete 

columns were capable of absorbing a higher amount of energy before failure. Results also 

indicated that utilizing rubber particles in the concrete mix can result in improvement in 

curvature ductility of column specimens up to 90%. The number of cracks was increased, 

however, they were much narrower. Energy dissipation and viscous damping were also 

improved. It is also noticed that reduction of column’s load-bearing capacity is lower 

compared to a reduction of compressive strength on the material level. Behavior of 

rubberized concrete columns was also investigated under cyclic behavior by Youssf et al. 

(2015, 2016), Hassanli et al. (2017, 2018), Li and Li (2017), and Elghazouli et al (2018). 

Their results implied that with partial replacement of mineral aggregate with recycled 

rubber particles, the hysteretic damping ratio, and energy dissipation were increased. It is 

also observed that flexural and compressive toughness were increased, hysteretic curve, 

ductility are significantly enhanced. Moustafa et al. (2017) performed the first shake-table 

tests on two large-scale cantilever reinforced concrete columns. Columns were subjected to 

a sequence of ground motions scaled to a certain design spectrum. It was reported that in 

rubberized concrete columns lateral drift capacity and dissipated energy were increased. 

Rebar fracture was delayed due to the higher energy dissipation. Both hysteresis and 

viscous damping were higher. A more detailed compilation of these experimental 

investigations can be found in Strukar et al. (2019). 

The behavior of self-compacting reinforced rubberized concrete beam-column joints under 

monotonic and cycling loads was investigated by Ganesan et al. (2013). Monotonic, 

repeated and reversed cyclic loads were applied to the beam while the column was 

subjected to an axial compressive load. Results indicated enhanced elastic deformation and 

energy absorption capacity, while ultimate capacity was lower. Overall, this study indicates 

that this type of column exhibits high ductile characteristics that are more desirable for 

earthquake-resistant structures. 

An investigation on self-compacting reinforced rubberized concrete beam-column joints 

under reverse cyclic loading had been conducted by AbdelAleem et al. (2017) to evaluate 

their performance with different percentages of crumb rubber up to 25%. It was observed 

that with up to 15% of crumb rubber the tip deflection at ultimate load, the displacement 

ductility, and energy dissipation was increased, while the brittleness index was decreased 

by 21% which highlights improved ductility. Higher content of rubber particles caused a 

greater number of disadvantages such as decreased maximum crack width, great reduction 

of the initial stiffness, displacement ductility, compressive strength, and beam-column joint 

stiffness, while the increase of the brittleness index indicated low ductility. Elghazouli et 

al. (2018) in their paper examined the inelastic cyclic behavior of large-scale circular 

rubberized reinforced concrete beam-columns subjected to lateral cyclic deformations and 

co-existing axial loads. It is reported that rubber particles provide improved ductility and 

energy dissipation characteristics in comparison with conventional concrete. 
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The primary purpose of this study was to conduct an experimental evaluation of reinforced 

concrete columns using partially substituted aggregate with recycled rubber granules. 

Cyclic loading was employed to assess their behavior during earthquakes. 

2. Experimental program 

The six column specimens were cast using two self-compacting concrete mixtures. Target 

compressive strength for all specimens was 30MPa, the however first mixture was made 

from conventional self-compacting concrete (SCC-0CR) and in the second mixture (SCC-

10CR) 10% of the fine aggregate volume was replaced by rubber particles.  

2.1. Materials  

Materials used concrete mixtures production included Portland cement 42.5 R, which 

conforms to HRN EN 197-1:2005, mineral (MA) and recycled aggregates (RA), dolomite 

powder (DP), water and admixtures. Mineral aggregates consisted of fine aggregates (FA) 

of 0–2 mm and 2–4 mm fraction, and coarse aggregates (CA) which included gravel of 4–8 

mm and 8–16 mm fraction. Recycled aggregate crumb rubber (CR) with particles of 0.5–4 

mm size and density of 1050 kg/m3 was used in concrete mixes as a substitute for a 10% 

ratio of the volume of fine mineral aggregate. Dolomite powder was also used in order to 

fill pores in the concrete mixture. RheoMATRIX (RM) was used in order to enable the 

right balance between fluidity, passing ability, and resistance to segregation. 

2.1. Concrete mixtures 

Tables 1 and 2 summarises the components and properties of the concrete mixes used for 

specimens. 

Table 1. Proportions of concrete mixtures 

Mixture ID w/b 

Cement  

42.5R  

[kg/m3] 

Water 

[kg/m3] 

VMA 

[kg/m3] 

DP 

[kg/m3] 

CR  

0-4mm 

[kg/m3] 

FA  

0-2mm 

[kg/m3] 

FA 

2-4mm 

[kg/m3] 

CA 

4-8mm 

[kg/m3] 

CA 

8-16mm 

[kg/m3] 

SCC-0CR 0,40 450 180 1,35 80 0 324,45 614 362,18 452,72 

SCC-10CR 0,40 450 180 1,13 80 66 324,34 438,42 362,05 452,56 

The results of fresh properties of concrete are presented in Table 2 and it can be seen that 

mass and density are decreased with the addition of rubber particles. On the other hand, 

porosity increased with the addition of rubber while the addition of silica fume decreased 

it. Results regarding viscosity, flowability and passing ability met the criteria for self-

consolidating concrete. Compressive strength and modulus of elasticity were tested under 

uniaxial compression in a four-column high stiffness welded frame Controls Automatic 

Compression machine. 

Table 2. Results of fresh and hardened concrete properties 

Mixture ID 
Mass 

[kg] 

Density 

[kg/m3] 

Porosity 

[%] 

Viscosity Flowability Passing ability Compressive 

strength   

[MPa] 

Modulus of 

elasticity  

[MPa] 
T500  

[s] 

Slump flow 

[mm] 

PJ [mm] 

≤10≤ 
H2/H1 

SCC-0CR 8,06 2388,15 1,50 2,79 800 7 0,95 43,7 38576,62 

SCC-10CR 7,85 2327,11 1,90 3,26 735 10 0,90 31,25 35256,04 

Based on experimental results of mechanical properties of concrete mixtures it can be 

concluded that the addition of rubber has significant influence compared to the referent 
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self-consolidating concrete (SCC). Thus, compressive strength was reduced by 28.49% for 

10% rubber particles, respectively, while the modulus of elasticity was reduced by 8.57%. 

2.2. Reinforcing steel 

Ribbed reinforcement B500B with a diameter of 12 mm for longitudinal and 8 mm for 

transverse column reinforcement was used. The nominal yield strength of reinforcing steel, fym, 

is 500 MPa, while the elongation under ultimate strength is equal to 15%. The expected 

ultimate strength, ftm, and ultimate elongation are 600 MPa and 20%.  

 

2.3. Specimen geometry 

The length of the column from the fixed end to the point of application of the transverse 

force is equal to 200 cm, and the square cross-section is 30/30 cm, which makes the 

slenderness of the column equal to 23. The critical length of the element in which the 

formation of the plastic hinge is expected is 35 cm, measured from the fixed end of the 

column. In this area, the cross-section shown in Figure 2 is constructed. The longitudinal 

reinforcement consists of 8 bars Ø12 mm, which makes up exactly 1% of the gross cross-

section of the column, while the transverse reinforcement consists of square and diamond 

hoops with a Ø8 mm at 75 mm inside the critical zone and at 150 mm outside the critical 

zone. 

 

 
Fig. 1. Spatial scheme of the experimental setup (without display of 

measuring instruments) 

 
Fig. 3. Column geometry with 

respect to uniaxial bending 

 
Fig. 2. Reinforcement of characteristic cross-section of the column 
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The columns are constructed for single-curvature bending, and are tested in a horizontal 

position, using a computer-controlled universal compressive-tensile device for applying 

transverse force (Figure 1). The axial compressive load of a total of 300 kN was applied by 

two pre-tensioned steel bars, which corresponds to a 10% axial load capacity. Therefore, 

an angle of inclination between the horizontal direction and the direction of the 

compressive load imposed by the pretensioned bars existed because of the lateral 

displacement of the column. Because of this inclination, the pre-tensioned steel bars 

imposed a vertical force in the opposite direction of the applied lateral load. These effects 

must be considered so that the response of the columns can be compared with future 

numerical models and related experiments. 

2.4. Test protocol 

The specimens were subjected to a cyclic loading following the loading protocol suggested 

by FEMA 461 (2007), as shown in Figure 4. This protocol is commonly used for the 

seismic performance assessment of structural and non-structural components and 

equipment, as it allows all damage states to be quantified to develop the corresponding 

fragility models. The loading protocol consists of repeated cycles with an amplitude that 

steadily increases by 1.4 times at each step. Two cycles of loading are conducted at each 

amplitude level. At least six cycles must be performed before any damage can be observed. 

Therefore, a total of 14 amplitude levels were adopted, ending with a final 6% lateral 

displacement, or 120 mm. The load application rate is equal to 0.05 mm/s in the first 

cycles, gradually increasing to 0.5 mm/s in the last cycles, thus defining a total test 

duration of 90 minutes. 

 
 

 
 

Fig. 4. Loading protocol for cyclic tests suggested by FEMA 461 (2007), showing the amplitude levels for 

the first and second cycles 

 

2.5. Measurement of displacements and strains 

The measuring system is based on two synchronized Dewesoft SIRIUS DAQ systems with 

a total of 24 channels. A total of 3 channels measured the fluctuations of axial load and 

transverse force, 18 channels were used to measure global and local displacements (L1–
L18), most of which were used to estimate local deformations and cross-sectional curvature, 
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and 3 channels were used to directly measure reinforcement deformations using strain 

gauges in the plastic hinge zone. Displacement transducers L16–L18 were used to control 

the rotation and slippage of the foundation, which proved to be negligible throughout all 

tests. Displacement transducers were used to estimate the deformations and curvatures 

based on the concrete core (L2–L9) and longitudinal reinforcement (L10–L13) as shown in 

Figure 5. All channels were sampled at a frequency of 25 Hz, with a low-pass filter of 30 

Hz applied. In this paper, only the transverse force-displacement (L1) was used to describe 

the global behavior of the samples. 

 
 

 
Fig. 5. Positions of the linear displacement transducers to describe global and local behaviour 

 

3. Testing results 

By comparing REF and NC-R10 specimens (they had the same axial compressive load 

range) the REF specimen reached a maximum shear force of 56 kN at a drift of 3,1% 

before it reached an ultimate drift of 6% with the force of 48kN, as illustrated in Figure 6. 

 

 

Fig. 6. Hysteretic curves of  tested specimens 

The NC-R10 specimen, on the other hand, attained a maximum force of 51 kN at a drift of 

3% with the same ultimate force. As a result, the use of the rubber in the concrete may 
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decrease the maximum force while maintaining the ultimate. The REF specimen had an 

average fc of 43,7 MPa in comparison to fc of 31,25 MPa for the NC-R10 specimen, 

indicating that the rubberized column would have higher deformability.  

At 0,6% drift,  the first horizontal cracks appeared at a height of 250 mm above the footing 

in the REF specimen. Concrete cover spalling began at a drift of 2,2% in the bottom-most 

200 mm of the column above the footing and progressed to 250 mm height above the 

footing at the end of the test (6% drift). In the NC-R10 specimen, up to 1,1% drift, only 

some horizontal cracks at a height of 150 mm above the footing occurred without no 

concrete spalling. Concrete cover spalling started at 4,3% and continued up to 150 mm 

above the footing until the final 6.0% drift.  

 

Fig. 7. Global damage, horizontal crack extensions, and concrete cover spalling regions of tested columns:  

a) REF column; b) NC-R10 column 

These results revealed that rubberized concrete columns can act similarly to conventional 

concrete columns. Rubberized concrete, on the other hand, can postpone and decrease the 

a) 

b) 
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amount of damage caused by seismic loads. This is attributed to the higher deformability 

of rubberized concrete compared to conventional. Figure 7 indicates the test specimens' 

overall damage, horizontal crack developments, and concrete cover spalling locations and 

length. 

4. Conclusions  

The efficacy of crumb rubber concrete as a material for better energy dissipation of 

reinforced concrete columns is investigated in this research. Six reinforced concrete 

columns were tested under axial compression and reversed cyclic loading. Three of the 

columns were made of rubberized self-compacting concrete, while the other three were 

made of conventional self-compacting concrete.  

Even though its compressive strength was 28% lower, the rubberized column was able to 

withstand a lateral load of around 98% of the conventional column. This demonstrated 

that, despite its lower axial compressive strength, rubber can be utilized in concrete 

columns without compromising their final lateral strength and deformability. Rubberized 

concrete can also assist to postpone and decrease the amount of damage caused by 

earthquakes. Concrete cover spalling was postponed and concrete cracking was limited due 

to the increased ductility of rubberized concrete compared to conventional concrete, which 

maintained the column cross-section intact for a prolonged time during the test. 

Rubberized concrete is a sustainable substitute that may be utilized in structural elements 

that are subjected to moisture earthquake loads. 
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Abstract: Following an on-site visit requested by the owner, the development of some 

arrangement works around the church were undergoing in the immediate vicinity of the 

building. Mechanically compacted layers involve the use of mechanical compaction 

equipment that can induce vertical vibrations in the ground and naturally these vibrations 

can be transmitted from the ground to the structure of an existing building, thus causing 

non-structural degradation (cracks in the finishes, especially in very flexible wooden slab 

structures), or structural degradation (cracks in masonry walls). An evaluation of the 
possible effects of these works was requested by the owner and at the same time, a complete 

evaluation was performed, for the main building of the church. 

Keywords: historic building, simple masonry, seismic risk assessment 

1. Introduction 

This paper presents the evaluation work done for an existing church in Romania, which 

was initially erected between 1750 - 1755. 

The initial approach was to assess the influence of the neighbouring landscaping works 

but, following the initial site visit, a complete evaluation of the building was decided and 

crack monitoring was implemented (Figure 1). 

 

  

Fig. 1 – Initial crack monitoring program [1] 
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Based on historical / contemporary documents, the design of the structure was performed 

by a specialist. On the construction site a swampy soil was discovered, which first had to 

be filled. The large quantity of necessary bricks was produced and burnt by local 

inhabitants. The timber for structural supports is from oak trees. From a structural point of 

view, the building is made of simple brick masonry foundations and walls, slabs with 

wooden beams and the roof frame with wooden trusses. The church wall thickness is 1.30 

m, while the tower walls are 2.20 to 2.90 m. In 1847 the roof structure was damaged by 

fire. After that, between 1853-1854 the structure was modified by an experienced structural 

engineer. The eastern part was reconstructed due to subsidence. The actual form, shape and 

dimension was given in 1865. The external length is 52 m, the width is 18 m, the tower 

height including the star ornament is 41 m. The church has eclectic style, with neo-

Romanesque and classicist elements. 

2. Applied evaluation methodology 

In the first phase, monitoring was introduced to assess the existing crack stability, due to 

the neighbouring works and to see the degree of stability of the existing cracks; a weekly 

measuring program was introduced. The characteristic vertical cross-section of the 

building main body is presented in Figure 2. 

The applied analytical evaluation aims at determining the capable conventional seismic 

load of the analysed element, identifying the critical sections and elements, determining the 

nominal degree of utilization, for seismic actions, according to P100-3/2019 [2]. The 

methodology for calculating the R3 indicator consists of the preliminary qualitative 

evaluation (1st level methodology, acc. to D.3.2.1 in [2]), followed by the 2nd level 

methodology used for the evaluation by calculus, for the overall effect of seismic actions. 

 

Fig. 2 – Characteristic transversal vertical cross-section [3] 

3. The results of the load capacity evaluation 

A 3D model was created for the main structural elements of the building, using the AxisVM 

software [4], as presented in Figure 3. 
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Fig. 3 – 3D model generated in the static analysis software AxisVM [4]. 
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Fig. 4 – Masonry wall denomination, for 2nd level analysis, acc. to [2]. 

A calculation of the structure was performed with seismic response spectrum method, with the 

value of the gravitational acceleration of the terrain corresponding to a recurrence interval of 

40, 100 and 255 years, using a behaviour factor q=1.50. 

The 2nd level evaluation considered the evaluation of the in-plan capacity for the masonry 

walls, as denominated in Figure 4. 

The first evaluation, corresponding to a recurrence interval of 225 years (ag
225), leaded to the 

conclusion that the building has seismic risk category Rs I (e. i. buildings susceptible to 

collapse, in whole or in part, due to the design earthquake corresponding to the Ultimate Limit 

State), as can be seen form the evaluation presented in Figure 5, using the following notations: 

NEd – design axial load, MEd – design bending moment , Vy,Ed – design shear load in y 

direction, Vz,Ed – design shear load in z direction, VRd – design shear resistance, R3  - seismic 

safety degree in ULS. 
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Fig. 5 – Masonry wall evaluation, for a 225- and 100-years recurrence interval (ag
225 and ag

100). 

The second evaluation, corresponding to a recurrence interval of 100 years (ag
100), leaded to a 

similar conclusion, that the building has seismic risk category Rs I, as presented in Figure 5, 

too. Due to this fact, an additional evaluation for a reduced recurrence interval of 40 years was 

performed, to establish the necessity for urgent interventions on the building. This evaluation, 

detailed in Figure 6, lead to the conclusion that the seismic risk category in this case was Rs II 

(e. i. buildings susceptible to major damage due to the earthquake according to the Ultimate 

Limit State, which puts in danger the safety of users, but at which the total or partial collapse is 

improbable), so only partial intervention measures were necessary in this case. 

Fig. 6 – Masonry wall evaluation, for a 40-years recurrence interval (ag
40). 
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4. Conclusions

According to the evaluations carried out, intervention works are mandatory for the 

structural walls, especially the ones belonging to the tower. Some walls should exhibit a 

ductile behaviour, by eccentric compression, but the main walls supporting the tower of the 

church will develop a brittle failure mode.  

Intervention measures were necessary also for other structural elements, as the timber 

vaults and the roof structure; these works are in the process of cost evaluation at this 

moment. 

Considering the results of the performed calculations it is stated that interventions are 

necessary, the minimum requirement regarding these measures is that after strengthening 

the structure, the building can be included in the seismic risk category Rs III (buildings 

susceptible to moderate damage due to the earthquake corresponding to the Ultimate Limit 

State, which may endanger the safety of users). 
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Seismic Response Estimation of Shape Memory Alloy Reinforced Concrete Shear Walls 

Considering the Aftershock Induce Seismic Hazards 

ABSTRACT 

Reinforced concrete (RC) walls are a common structural element used in low and high-rise buildings to resist loads induced 

by the mainshock and aftershock earthquakes. Although the damaging effects of sequence seismic hazards have been 

gradually recognized as essential seismic damage index, the accumulated damage caused by the aftershock is not accounted 

for in the seismic loss assessment. In this paper, the seismic fragility of the 10-story RC steel wall and the novel superelastic 

shape memory alloy (SE-SMA) RC wall subjected to mainshock and aftershock sequences is compared. The study also 

evaluates the damage rating procedures based on the residual seismic capacity index (R) to determine the specific damage 

level for both walls. The results of this study confirmed that the seismic sequences had a significant effect on the 

vulnerability assessment of RC walls. In addition, the SE-SMA RC wall exhibited a slight to moderate damage level as 

compared with the steel RC wall, which exhibits a severe damage level at the same engineering demand parameter levels. 

KEYWORDS: Seismic fragility; shear walls, seismic sequence index 

1. Introduction

Reinforced concrete (RC) walls are extensively elements used in buildings to resist lateral loads induced by 

earthquakes. Although traditional seismic design philosophy is based on preventing the collapse of structures 

by introducing a sufficient level of ductility, RC walls were performed well due to their high strength and 

stiffness. However, when multiple earthquakes occur within a short time, damage may accumulate in RC 

walls, affecting their ability to stand beyond the seismic events. It is a common fact that strong earthquakes 

are generally followed by significant aftershock hazards that trigger higher drift demands and more 

significant residual drifts than those experienced during the mainshock [1].  

The structure response due to aftershock earthquakes has gained the attention of the seismic engineering 

community. Garcia and Manriquez [2] evaluated the effect of natural and artificial aftershock seismic events 

on steel-framed buildings. The study suggested the incorporation of aftershock effects on the structural response 

by utilizing natural earthquake records for multiple seismic hazard analyses. Zheng et al. [3] studied the 

sequential ground motion effects on the dynamic response of base-isolated RC buildings. The results indicated 

that relying on the mainshocks led to underestimating the isolator displacement. Higher risks of damage existed 

when considering a structure damaged initially by a mainshock than a mainshock alone. Raghunandan et al. 

[4] examined multiple RC moment frame structures that were designed to current code standards and subjected

to mainshock‐aftershock sequences. The results of the study showed that the collapse capacity of a structure

was not significantly influenced if a mainshock did not significantly damage the structure. However, if the

building was extensively damaged in the mainshock, the collapse capacity dropped significantly. From a public

safety perspective, it is, therefore, essential to mitigate the damage caused by the major and the aftershock

earthquake.

The recent trends toward resilience structures have focused on improving the post-earthquake functionality of

buildings by using various self-centering techniques, including the superelastic shape memory alloy (SE-

SMA). The material can undergo considerable strains and recover their initial shape through heating or

unloading in addition to their corrosion and fatigue resistance. In RC shear walls, several studies investigated

the use of SE-SMA as reinforced [5,6,7]. Results showed that SE-SMA recovered most of its large inelastic

deformation.

Other researchers have developed procedures to quantify the increase in the probability of collapse of buildings

already damaged by a mainshock earthquake. Luco et al. [8] determined the residual seismic capacity of the

mainshock-damaged building based on different intensity of the aftershock ground motions that caused damage

or collapse. This approach was extended by Ryu et al. [9], considering the uncertainty in the definition of

mainshock damage state. Although there has been substantial previous work focusing on utilizing SE-SMA
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bars in RC elements, the seismic response and the seismic fragility under mainshock and aftershock ground 

excitation have not been evaluated for RC SE-SMA walls. 

The objective of this study is to determine the influence of the mainshock and sequence seismic hazards on the 

fragility curves of steel and self-centering RC walls. Sequentially, the study discusses the damage rating 

procedures based on the residual seismic capacity (R-index) that is consistent with the Japanese Standard for 

Seismic Evaluation of Existing RC Buildings (JBDPA) [10].  

2. Case study buildings

A 10-story RC office buildings of 𝐿0 =12.2 m by 12.2 m in the plan and with typical story heights of 3.4 m is

selected for this study. The building is assumed to be located in the seismic zone of California (i.e., Los 

Angeles). As such, the steel RC walls in both diections, shown in Figure 1, were designed and detialed as 

special RC walls according to the requrements of the US seismic design codes [11,12]. The concrete 

compression strength fc
′ and the steel yield strength fy are assumed to be 40 MPa and 400 MPa, respectively.

Dut to the high cost of the SE-SMA relative to the conventional steel bars, the use of SE-SMA bars is limited 

to wall boundaries, where the damage expects to take place. The amount of steel reinforcement in the steel RC 

wall (reference wall) is replaced by the same amount of SE-SMA (SE-SMA RC wall).  

Fig. 1 Shear wall design details 

3. Numerical model

The numerical modeling and nonlinear analyses are conducted using the open-system for earthquake 

engineering simulation (OpenSees) [13]. Figure 2 shows the displacement beam-column element model, which 

is an account for axial flexural interaction and separated the plasticity. An elastic shear spring is assigned to 

each element using a section aggregator to account for the shear effect. The concrete in the numerical model is 

divided into the confined concrete, which is located in the wall boundaries while the unconfined concrete is 

located in the wall web and concrete cover.  

4. Ground motions

Twenty ground motion records are selected for mainshock-aftershock seismic damage assessment. These 20 

ground motions are selected to have a magnitude between 5.0 to 7.6. Two main criteria are applied to select the 

sequences of ground motions, includes (1) magnitude of aftershock event equal to or greater than 4.0; (2) 

seismic sequences having PGA of the mainshock and aftershock greater than 100 cm/s2 and 50 cm/s2, 

respectively. Table 1 lists relevant information about the selected sequence ground motions.  
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Fig. 2. Modeling of RC wall 

Table 1. Seismic sequences input and their characteristics 

Earthquake name Data Time Magnitude No. of selected sequences 

Hollister 4/6/1961 07:23 

7:25 

5.6 

5.5 
1 

Imperial Valley 15/10/1979 23:16 

23:19 

6.5 

5.0 
6 

Mammoth Lakes 25/05/1980 16:34 

16:49 

6.1 

5.7 
2 

Coalinga 22/07/1983 23:42 

2:39 

6.4 

5.8 
1 

Northridge 17/01/1994 12:31 

12:32 

6.7 

6.0 
5 

Chi-Chi, Taiwan 20/9/1999 09:20 

17:57 

7.6 

5.9 
5 

5. Main-shock incremental dynamic analysis

To apply incremental dynamic analysis (IDA), the twenty individual ground motions listed in Table 1, is scaled 

up by increasing the spectral accelerations at the fundamental period of the structures, 𝑆𝑎(𝑇1), and running

until collapse criteria specified in section 4.1 occurs. A 6-second of zero acceleration was added to the end of 

each ground motion to calculate the residual inter-story drift ratio (RIDR).    

In sequences IDA method, two main steps are required to apply the methodology: first, the mainshock record 

is scaled such that the steel RC walls and SE-SMA RC walls reach the damage states (DS) specified by FEMA 

P-58-1 [14], as shown in Figure 3a. These DSs (denoted as DS1 and DS2) are taking and corresponding to 

median inter-story drift ratio (IDR) at which various types of damages in RC walls occur. Subsequently, an 

aftershock record is applied to the mainshock damaged structure, as shown in Figure 3b. A time gap was applied 

between each scaled mainshock and aftershock record of 6 seconds to curb any transient vibration.  
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(a) 

(b) 

Fig. 3. Applying the sequences IDA: (a) Step 1; (b) step 2 

6. Results and Discussion

Figure 4 compares the median collapse fragility curves for two walls under mainshock seismic excitation in 

terms of the IDR and RIDR. It can be seen that significant gaps exist in the fragility curves between the steel 

RC wall and the SE-SMA RC wall for both engineering demand parameters, meaning that the collapse 

probability for the steel RC wall is higher compared to the steel RC Wall. For instance, the probability of 

collapse of the steel RC wall at the DS1 (1.0% IDR) and DS2 (2.2% IDR) is  24% on average, which is about 

six times the collapse probability of the SE-SMA RC wall (4% IDR on average). The difference in the RIDR 

between the two buildings at the DS1 level (0.2% RIDR) is almost negligible since both walls respond within 

the elastic range. At different damaging levels of RIDR, the fragility curve of the SE-SMA wall is lower 

compared to the steel RC wall due to the self-centering capability of SE-SMA material. Thus, the collapse 

fragility curves for the steel RC walls are more vulnerable than the curves of the SE-SMA RC wall at the two 

damage states.   

(a)    (b) 

Fig. 4. Mainshock seismic fragility: (a) IDR; (b) RIDR 
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The probability of collapse induced by the mainshock-aftershock seismic excitation under DS1 and DS2 

damage state is shown in Figure 5. It can indicate that the steel RC wall has a higher vulnerability than the SE-

SMA RC wall up to IDR of 5%, as shown in Figure 5a. For example, the steel RC wall has the probability of 

collapse of 23% and 17% at 2% IDR compared to the SE-SMA RC wall, which exhibits a 12% and 1% 

probability of the collapse in the case of the damage condition DS1 and DS2, respectively. This performance 

is reversed at higher levels of IDR due to the low bond between the concrete and SE-SMA reinforcement. 

Figure 5b shows the probability of the collapse of both damage conditions in terms of RIDR. At RIDR of 1.0%, 

the steel RC walls suffer significant damage with a probability of collapse of about 54% and 92%, respectively, 

while the SE-SMA wall has a significantly lower probability of collapse of 30% and 51%, respectively. Results 

confirm that the probability of collapse of the steel RC wall is significantly increased if the wall is already 

damaged, whereas the SE-SMA RC material significantly reduces the damage induced by the mainshock-

aftershock earthquakes. 

(a) 

(b) 

Fig. 5. Aftershock seismic fragility: (a) IDR; (b) RIDR 

FEMA P695 [15] defines the collapse probability at 50% as the median collapse capacity (ŜCT). The positive

change in the ŜCT indicates a less vulnerable wall, while the negative change indicates a more vulnerable wall. 

A pronounced reduction in the ŜCT value when the damage state varies from the mainshock to the aftershock 

levels, as shown in Figure 6. The aftershock collapse capacity becomes more distinct for the steel RC wall 

because irrecoverable damage has occurred. For example, the ŜCT value of IDR changes from 3.8 to 3.2 for 

DS1 and DS2 damage state, respectively; while the corresponding ŜCT of the SE-SMA RC wall is a constant 
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value of 4.0 for both damage levels. The same relative trend for RIDR is observed. The ŜCT value of the steel 

RC wall decreased approximately by 16% compare with negligible reduction in the case of the SE-SMA RC 

wall. 

Residual drifts are often the factor to determine whether a structure can be occupied or replaced after an 

earthquake. Studies by McCormick et al. [16] and Erochko et al. [17] identify residual drifts as an essential 

factor affecting the safety of buildings to resist aftershocks, and FEMA P-58-1 [14] guideline presents the RIDR 

limit of 0.5% (DS2) that allows repairs to non-structural and mechanical components and prevents the 

degradation in structural stability. Residual drifts limit beyond the 1% (DS3) is considered uneconomical or 

infeasible to repair damaged structures.  

Fig. 6. Aftershock seismic fragility: (a) IDR; (b) RIDR 

Figure 7 presents the whisker boxplot of RIDR for the considered walls under the mainshock and aftershock 

earthquake. The top and bottom of the box present the 25th and 75th percentile, and the band inside the box is 

the median value, while the ends of whisker represent the maximum and minimum values of the data. A general 

trend can be observed that the median percentile RIDR of steel RC wall is above the RIDR limit specified by 

FEMA P-58-1 [14], which makes the post-earthquake repair of the damaged wall uneconomical.  The SE-SMA 

RC wall exhibits a nearly negligible residual deformation (i.e., the median and the 75th percentile is less than 

0.33% and 0.45% on average, respectively).  

(a)                                                                                               (b) 

Fig. 7. Variation of RIDR with damage state of (a) Steel RC wall; (b) SE-SMA RC wall 
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7. Post-earthquake Damage Evaluation

Inspection of damaged structures after the mainshock earthquake is challenging for the scientific community 

to determine their safety and the appropriate maintenance actions. In general, engineers conduct post-

earthquake damage assessment immediately via site inspection. The ATC-20 document [18,19] assigning each 

building as one of the following three tags: green tag (safe to occupy), yellow tag (restricted use or need further 

detailed evaluation), and red tag (unsafe due to excisive of the RIDR). Following the visual inspection, the 

damage evaluation should be more precisely performed for structures. The JDBPA [10] is based on lessons 

learned from disastrous earthquakes such as the 1995 Kobe earthquake, is used to conduct the structural 

capacity evaluation. In the guidelines, damage state categories for structural members are divided into five 

levels, as shown in Figure 8.  

Fig. 8. Lateral for-displacement relationship and damage levels for ductile members [10] 

The reduction factor of seismic capacity for a damaged structural member (𝜂) can be defined as the ratio of the 

residual capacity of energy dissipation (𝐸𝑟) to the initial capacity of dissipation energy, and the reduction factor

can be estimated using Eq-1 [20]: 

𝜂 =
𝐸𝑟

𝐸𝑑+𝐸𝑟
 (1) 

Figure 9 shows the relationships between the base shear, calculated from IDA, and the IDR in order to calculate 

the 𝜂 factors. The obtained results for the 𝜂 factor is listed in Table 2 for both walls.  

(a)                                                                                            (b) 

Fig. 9. Lateral for-displacement relationship and damage levels for ductile members: (a) steel RC wall; (b) SE-SMA RC 

wall 
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The residual seismic capacity ratio, 𝑅, is then calculated using Eq-2 [20]: 

𝑅 =
𝜂.𝐸0

𝐸0
× 100  (2) 

where 𝐸0 represents the seismic index computed by multiplying the strength index 𝐶, which represents the

strength capacity as a form of the shear strength coefficient index, by the ductility index 𝐹, which indicates the 

magnitude of plasticity 𝜇. Table 5 list the procedure steps to determine the 𝑅 based on equation 4.  

Table 2. Evaluated seismic performance of the two damaged RC walls 

Wall ID 𝐶 𝐹 𝐸0 𝑆𝑎(𝑇1) 𝜂 𝜂. 𝐸0 𝑅 Damage 

Steel RC 

Wall 

DS1 0.17 1.0 1.87 0.64 0.90 1.68 0.89 I 

0.22 1.0 1.40 0.55 1.03 0.55 II 

0.32 3.2 1.92 0.29 0.54 0.28 III 

0.48 3.2 2.56 0.10 0.19 0.11 IV 

- - 3.20 0 0 0 V 

DS2 0.10 1.0 0.84 1.40 0.90 0.76 0.90 I 

0.13 1.0 1.92 0.55 0.46 0.55 II 

0.20 1.0 2.56 0.29 0.24 0.28 III 

0.25 3.2 3.20 0 0 0 IV 

- - 3.84 0 0 0 V 

SE-SM 

RC Wall 

DS1 0.10 1.0 0.83 0.64 0.95 0.79 0.95 I 

0.12 1.0 1.40 0.80 0.66 0.80 II 

0.18 1.0 1.92 0.75 0.62 0.74 III 

0.25 3.2 2.56 0.60 0.50 0.60 IV 

- - 3.20 0.45 0.37 0.45 V 

DS2 0.10 1.0 0.34 1.40 0.95 0.32 0.94 I 

0.12 1.0 1.92 0.75 0.26 0.76 II 

0.18 1.0 2.56 0.70 0.24 0.70 III 

0.25 1.0 3.20 0.60 0.20 0.58 IV 

- - 3.84 0.45 0 0 V 

The damage levels of a structures can be evaluated based on the R-index as following: [slight damage] for 𝑅 ≥
95%, [minor damage] 80% ≤ 𝑅 ≤ 95%, [moderate damage] 60% ≤ 𝑅 ≤ 80%, and [collapse] for 𝑅 = 0. 

The degree of damage corresponding to the earthquake intensity level of the SE-SMA RC wall is significantly 

lower than the steel RC wall. For example, the SE-SMA RC wall suffer minor and moderate damage up to 

𝑆𝑎(𝑇1) of  1.4 g and 2.5 g, respectively, compared to 0.64 g and 1.3 g for the steel RC wall.

In terms of IDR, the relationship between the R-index with the IDR caused by the mainshock and aftershock 

ground motions of both walls is shown in Figure 10. Under a mainshock, the R-index of the steel RC wall 

exhibits severe damage for IDR greater than 3% compared with minor damage in the SE-SMA RC wall. Under 

aftershock hazards inclusing the DS1 and DS2, the steel RC wall suffers a severe damage at IDR of 2.2% on 

average which is 68% (3.2%) lower than that in case of the SE-SMA RC wall.  
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Fig. 10. Relationships between the R-index and the IDR 

8. Conclusions

A 10-story RC shear wall buildings located in a highly seismic zone has been used to compare the seismic 

vulnerability assessment of steel and SE-SMA RC walls. These buildings were susceptible to mainshock 

and aftershock nonlinear dynamic analyses using twenty different earthquake records scaled to different Sa

levels. Fragility relationships are derived for two different cases (DS1 and DS2) based on the FEMA P-58-

1 [14]. The paper also presents the concept and supporting data of the residual seismic capacity ratio R-

index, which is assumed to represent post-earthquake damage of building structures. By comparing the 

results, the following conclusions can be drawn: 

1- The potential damage induced by the aftershock is high and has a significant effect on the seismic

fragility curves, which utilize to determine the damage assessment.

2- The aftershock collapse fragility of the steel RC wall is significantly increased if the wall is already

damaged in the mainshock. Therefore, utilizing the SE-SMA material as reinforcement in RC walls

reduces the damage induced by the mainshock-aftershock earthquakes.

3- The flag-shaped response caused by the use of SE-SMA material in the boundary regions of the

RC wall significantly reduces the residual drift ratio induced by the mainshock and aftershock

earthquake (i.e., 75% of data of RIDR are below than 0.5%).

4- The damage of the steel RC wall by applying the R-index procedure was large than that of the SE-

SMA RC wall in terms of 𝑆𝑎(𝑇1)  and IDR. Applied the R-index procedure can be used to predict

post-earthquake damage.
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Abstract: Public policy aiming at increasing the seismic safety in schools is extremely 

important in areas exposed to seismic risk, either due to vulnerable structures or to high 

seismic hazard levels. Damage recorded worldwide during past earthquakes for the 

education sector represents a strong proof of the need to reduce seismic risk. The present 

study is focused on assessing the seismic risk for education buildings from Romania that 

have masonry structures (unreinforced masonry, confined masonry and two types of 

retrofitted masonry structures). A brief overview of the entire building stock in the 

education sector was possible to be done using the building and exposure data collected 

through the Integrated Information System of Education in Romania (SIIIR), followed by a 

detailed fragility assessment of the masonry buildings based on a predefined taxonomy and 

numerical models representative for each structural typology. Results are presented in terms 

of expected losses in case of an earthquake with 100 years mean return period, as well as 

potential costs and benefits associated with investments in retrofitting works aiming to 

reduce the seismic risk in the sector.  

Keywords: unreinforced masonry, confined masonry, RC jacketing, exposure, prioritized 

investments 

1. Introduction  

Based on the seismic risk assessments done for the Andean Region, according to the 

International Labor Office/CRISIS (2010), most of structural systems from the education 

sector are made of unreinforced masonry, with more than 40% of the building stock of 

schools from Bolivia, Guatemala, Ecuador or Panama or confined masonry, which covers 

over 30% in countries like Nicaragua, Honduras and El Salvador. Unlike these countries, 

despite having high seismic hazard, Chile has a larger portfolio of reinforced concrete or 

reinforced masonry school units, which reduce the potential losses in the sector to half, 

when compared to more vulnerable structures. Out of the total number of buildings from 

the education sector in Romania, more than half are masonry structures, 21% are 

unreinforced masonry and other 31% confined masonry, according to the Integrated 

Information System of Education in Romania. This large share of masonry structures of 

high priority from the point of view of ensuring safety against seismic actions, confirms 

the need for in depth assessments for a better understanding of their vulnerability and 

design of adequate retrofitting solutions.  

2. Exposure data 
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In Romania, towards the end of the XIXth century, school units started to be more massive, 

built using rigorous symmetries, unlike the previous ones that usually had maximum two 

floors and the layout of a regular dwelling. These large structures built at the beginning of 

the XXth century in large cities had to respond to the increasing need for education and 

most of them are nowadays considered part of the built heritage.  

In order to have an estimate related to the percentage of historic buildings used for 

education purpose, two databases had to be used: the Integrated Information System of 

Education in Romania (SIIIR) and the List of Historical Monuments. The Integrated 

Information System of Education in Romania collects up to date information related to the 

building characteristics (year of construction, structural system, height regime, built-up 

areas, etc.) and to the exposure (number of students enrolled, number of shifts, teaching 

and auxiliary staff).  

Previous research done in this field indicated there are about 600 education buildings 

ranked as historical monuments, including also universities or public libraries, according to  

Nistor (2013). Out of the total sample of 29284 buildings with classrooms and laboratories 

from SIIIR, belonging to 15929 pre-university education units (kindergartens, schools, 

high schools), only 2% could be identified as historical monuments. Even if the List of 

Historical Monuments contains approximatively 550 building with education functions, 

only about 300 were found as hosting such activities in the present time. All the rest were 

either transformed in administrative headquarters, cultural centers, museums, hospitals, 

some of them were closed or simply not found after correlating both databases.  

For the 15929 education units assessed, there were about 2,395 million students enrolled, 

according to the data from 2018-2019. The densest areas are concentrated around large 

cities in the southern-central and eastern part of the country, including the capital (with 

1000 students/km2), compared to the national average of 35 students/km2.  

Looking at one of the most important parameters related to the seismic vulnerability, 

namely the structural system, the map shown in Fig. 1 presents the structural typologies 

distribution at county level. Unreinforced and confined masonry structures cover most of 

the entire building stock of education buildings, while there are only few timber, steel or 

RC large precast panel structures. Another relevant parameter is the one related to the year 

of construction, strongly related to construction and design practices and the level of 

seismic design associated with it. Considering the major milestones that marked important 

improvements in seismic design standards, Fig. 2 shows how many of the buildings 

analyzed were constructed before 1963, in between 1963 and 1977, 1977 and 1992 and 

after 1992. The largest share is represented by old structures with poor or no seismic 

design, built before 1963.  
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Fig. 1 - Structural systems distribution at county level for the entire data sample 

 

Fig. 2 - Distribution of buildings based on the period of construction 

3. Proposed taxonomy and fragility analysis 

Fragility analyses aim at estimating probabilities of reaching or exceeding certain damage 

levels, in case of a specific seismic action. Analytical methods applied for typological fragility 

assessments imply using the structural response of representative buildings, expressed by 

means of capacity curves derived from nonlinear static analyses of structural models. 

Simplified models were developed in Tremuri and 3DMacro software for typical historical 

masonry structures, starting from the study case of a primary and middle school from 

Bucharest, Romania. The building is included in the official list of historical monuments, was 

built in 1884 as an unreinforced masonry structure with flexible floors and was gradually 

transformed into confined masonry with rigid floors after several local retrofitting works 

performed initially in the 40s and later on, after the earthquake from 1977. Recently, it 

benefited from retrofitting works aimed at improving its structural behavior by reinforced 

concrete jacketing applied on one or two sides of the masonry walls and other local repairs.  

1640
3ECEES, September 2022, Bucharest, Romania



A quarter of the masonry buildings from the education sector were built before 1920, having 

structural characteristics similar to the building considered as representative in the nonlinear 

analyses. There is proof of previous interventions done on such structures, especially for the 

ones exposed to high seismic hazard level. Therefore, the sketches in Table 1 highlight five 

main typologies of masonry structures from the education sector, based on the gradual 

structural upgrades done, either through newer and better structural systems (confined masonry 

with rigid floors) or through invasive retrofitting works based on jacketing of the walls.  

Table 1. Structural typologies considered for the fragility analysis 

Structural 

typology 

Sketch adapted after  

Correia Lopes et al. (2019) 
Structural system 

Floor 

system 

URM_FF 

 

Unreinforced masonry with 

flexible floors 

flexible 

URM_RF 

 

Unreinforced masonry with 

rigid floors 

rigid 

CM 

 

Confined masonry rigid 

RM 

 

Reinforced concrete 

jacketed unreinforced 

masonry 

 rigid 

CM_RM 

 

Reinforced concrete 

jacketed confined masonry 

rigid 

 

In order to estimate the level of structural damage starting from the capacity curves, Level II 

methodology proposed within RIKS-UE project by Milutinovic and Trendafiloski (2003) was 

implemented. Using lognormal distributions for fragility functions has the major advantage of 

a reduced number of parameters, according to Porter (2015), namely only the median value of 

a structural linked parameter and the uncertainty expressed through the standard deviation. The 

formulas proposed in this methodology imply estimations for threshold limits for each damage 

state, computed based on the ultimate ductility, yield and ultimate spectral displacements, as 

per Lamego et al. (2016).  

The lognormal fragility functions obtained for each structural typology, with the parameters 

(median values and logarithmic standard deviations) shown in Table 2, were converted into 
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expected mean damage degrees for specific levels of spectral displacements 1 cm, 2 cm and 3 

cm. For low values of spectral displacements confined masonry with jacketed walls (CM-RM) 

indicates the lowest damage degree, namely 1.9 (on a scale from 1 to 5, where 1 is no damage 

and 5 is collapse), unlike the URM-FF that reach a 3.1 damage degree. When increasing the 

displacement, differences in between structural typologies start to be less significant, however, 

keeping the trend of highest values for URM structures and the lowest ones for the retrofitted 

structures (RM and CM-RM), as it can be seen in Fig. 3.  

Table 2. Fragility functions parameters for masonry buildings in the education sector 

 

Spectral displacements [cm] 

Minor damage Moderate damage Extensive damage Complete damage 

SDmed β SDmed  β SDmed β SDmed β 

URM_FF 0.24 0.35 0.35 0.45 0.62 0.66 1.42 0.85 

URM_RF 0.25 0.38 0.36 0.53 0.81 0.83 2.18 1.06 

CM 0.36 0.36 0.51 0.48 0.99 0.72 2.43 0.93 

RM_RF 0.47 0.37 0.68 0.52 1.51 0.81 4.00 1.04 

CM_RM 0.63 0.33 0.90 0.41 1.39 0.56 2.86 0.73 

 

 
Fig. 3 - Mean damage degrees for masonry structures, function of spectral displacements  

4. Risk assessment and prioritized planning of investments for retrofitting  

Seismic risk was assessed following the approach proposed by Kennedy (2011) which uses a 

convolution integral based on the latest seismic hazard analysis for Romania done by Pavel et 

al. (2016) and the fragility functions presented previously: 

0

( )
F a

F A

dP
P H a da

da

+

=             (Equations)  (1) 

In relation (1), PF stands for the annual probability of failure (exceedance of a damage degree 

of limit state), HA is the hazard function and PFa is the fragility function, the last two being 

evaluated for a ground motion parameter equal to a. The maps shown inside Table 3 overlap 

exposure data (in terms of number of exposed people and buildings) with the seismic risk 

maps. Each green dot corresponds to 100 people and each purple point corresponds to 2 

buildings only. The legend included in the table presents the annual probabilities of failure for 

exceeding damage degree 4, equivalent to partial or complete collapse, estimated based on 

seismic hazard and fragility of each structural typology. Based on available data related to 

previous retrofitting works in the education sector, a clear distinction between CM-RM and 

RM could not be done, therefore, it was considered that all previous interventions done in the 

sector lead to a structural behavior of a fully retrofitted masonry building (CM-RM) with tie 

beams, columns and RC jacketing of walls.  
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Table 3. Seismic risk and exposure maps for masonry buildings in the pre-university education  

Structural 

typology 
People exposed to seismic risk Buildings exposed to seismic risk 

Colour 

legend   
URM_FF 

  
URM_RF 

  
CM_RM 

  
 

CM 

  
 

The maps highlight that confined masonry structures are the most numerous ones, hosting also 

the largest share of people, out of which almost 20% are exposed to high seismic risk, with an 

annual probability of failure of 1 ‰. The highest risk is recorded for the URM-FF structures 

located in high seismic hazard areas, 7% of them reaching 1% annual failure probability 

(brown color) and other 70% reaching 1‰ (red color).  
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Prioritizing retrofitting interventions is possible to be done using such risk assessments for the 

entire education sector, aiming to direct funds towards areas where risk is high, thus 

maximizing the benefits right from the initial stages. Cost-benefit analyses were done for the 

part of the education sector building stock formed by masonry structures (15084 buildings), 

where the planning of investments took into account several prioritization criteria for ranking 

the buildings: seismic hazard level (PGA value according to Pavel et al. (2016)), year of 

construction, structural system and exposure (number of enrolled students). The seismic 

scenario considered for the analysis refers to an earthquake with 39% exceedance probability 

in 50 years, namely 100 years mean return period, corresponding, for example, to a 7.5 – 7.6 

Mw seismic event generated by Vrancea intermediate depth seismic source. The distribution of 

the total 3622 potential victims from the 15084 masonry school buildings is presented in Fig. 

4, the majority of them being concentrated outside the Carpathian arch, where the influence of 

Vrancea intermediate depth seismic source is stronger.  

 

Fig. 4 - Potential victims in masonry school buildings for the seismic scenario considered 

 

Fig. 5 – Evolution of undiscounted benefits and costs: without prioritization (left) and with prioritization 

(right) 

The prioritization step allows to reach the maximum benefits possible with the lowest level 

of resources involved, in a minimum timespan, as it can be observed in Error! Reference 

source not found. 5. Using a random way of investing in retrofitting the building stock 

leads to a maximum level of benefits achieved in about 15 years, while prioritizing 

investments reduces this time to about 10 years. Moreover, the cost-benefit analysis done 
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for the two scenarios: with and without prioritization, is able to highlight that after only 2 

years of investments, 70% of the potential victims (2500 students) are able to learn in safe 

schools if the prioritization is applied, unlike only 14% (500 students) in the case of 

random distribution of funds, not based on seismic risk and exposure data.  

5. Conclusions  

Previous research done in the field of seismic risk assessments for the education sector 

highlighted the great importance of comprehensive and reliable databases that can be used 

for planning investments aiming at reducing the seismic risk, according to a report 

published by OECD (2004). Considering the high seismic hazard that characterizes a large 

part of the country and also the increased vulnerability of masonry buildings that 

represents half of the building stock from the education sector in Romania, seismic risk 

assessments are an important tool to be used in the process of seismic risk reduction. The 

present analysis is based on a reduced number of numerical models, therefore more 

research needs to be done in order to better represent the characteristics of the entire 

portfolio of education buildings in the country. However, these preliminary assessments 

indicate that investments adequately directed in areas of outmost need make it possible to 

reach high benefits in short-medium term.  
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Reliable predictions and estimations of earthquake damage and seismic behaviour of 

buildings play an important role regarding seismic risk analysis. In this contribution, 

numerical damage criteria for five different damage grades are proposed that establish a 

correlation between observed damage patterns and the seismic response of the building in 

non-linear analyses. These criteria contain thresholds for material-specific as well as global 

characteristics to register all types of damage for reinforced concrete buildings. Via frequency 

and spatial distribution, these damage criteria with their defined limit values are assigned to 

the five damage grades. Interstorey-drift or spectral displacement values are derived from the 

relevant positions of the damage grades on the pushover curves. These are the basis for the 

explained procedure of developing fragility functions. The whole process is exemplarily 

illustrated for a four-storey reinforced concrete frame building. The positions of the damage 

grades on the pushover curve and the resulting fragility functions are presented. The results 

are discussed and validated with data from the literature. 

Keywords: pushover analysis, damage grades, material-specific criteria, risk analysis 

1. Introduction 

In the event of an earthquake, casualties and economic losses are mainly related to the 

seismic behaviour of structures. Hence, the estimation and prediction of earthquake damage 

as well as the classification of occurred damages are essential in order to effectively support 

rescue measures and to be able to assess the stability of structures. Innovative methods for 

estimation and classification of earthquake damage are being developed in the research 

project LOKI (Kohns et al. (2021)). The classification of earthquake damage is based on a 

so-called damage catalogue that contains specific damage patterns for the materials 

reinforced concrete and masonry, as well as global damage characteristics. This damage 

catalogue for five damage grades – slight, moderate, heavy, extreme and destruction - is 

proposed in Kohns and Stempniewski (2021). For the initial damage forecast, fragility 

functions for different buildings classes are used in the LOKI project. To link the observed 

damage, included in the damage catalogue, to the numerical seismic response of the building, 

several numerical criteria are defined to determine the location of the five damage grades on 

the numerically calculated response curve. The curves and the damage thresholds are the 

basis for the development of fragility functions covered for example in Crowley et al. (2021), 

D’Ayala et al. (2015) and SYNER-G (2011).  

In this paper, damage criteria for the non-linear pushover analysis of reinforced concrete 

buildings are presented and the assessment of the position of the damage grades on the 

pushover curve as well as the process of developing the related fragility functions are shown. 

1646
3ECEES, September 2022, Bucharest, Romania



These steps are explained in general and exemplarily illustrated for a four-storey reinforced 

concrete building modelled with SeismoStruct (Seismosoft (2022)).  

2. Damage criteria 

At first, the damage criteria for the definition of the damage grades are considered. The 

challenge is to define criteria that represent the observed damage patterns and mechanisms, 

as well as the applicability in numerical investigations. These criteria establish a correlation 

between the damage grades and the seismic response of the building - in this case, the 

pushover curve. Several types of criteria are considered for each damage grade in order to 

cover comprehensively possible damage patterns and failure mechanisms. Furthermore, the 

criteria are defined on two different scales – the element scale and the global scale 

represented by the pushover curve – to monitor all types of damages. The definition of the 

criteria is based on a literature review, adaptions are made and in this paper, results for the 

building material reinforced concrete are shown. The most important references include 

Paulay and Priestley (1992) and Biskinis and Fardis (2009) for the material related aspects 

as well as the standards Eurocode 8 part 3 (EN 1998-3 (2010)) and Eurocode 2 part 1-1 (EN 

1992-1-1 (2011)). Table 1 presents the material-specific damage criteria and the related 

thresholds for determining the damage development in reinforced concrete buildings. The 

required parameters are to be specified according to EN 1992-1-1 (2011). 

With damage criterion (a), εc describes the positive concrete strains larger than the ratio 

between the tension strength fctm and the initial stiffness Ec of the concrete material. For the 

negative concrete strains, thresholds are defined for the unconfined concrete (concrete 

cover (b)) and the confined concrete (concrete core (c)) on the basis of stress-strain 

relationships for both cases, proposed by Paulay and Priestley (1992). The reinforcing steel 

is taken into account for the two states yielding (d) and failure (e), whereby the latter one is 

reduced for cyclic loading to 3/8 of the elongation at peak load based on the investigations 

made by Biskinis and Fardis (2009). The curvature is used as criterion at the point of 

cracking (f) with εc at cracking and x as corresponding neutral axis depth based on Paulay 

and Priestley (1992) and at the point of yielding (g) according to Biskinis and Fardis (2009). 

The formulas for chord rotation (h, i) and shear strength (j) are recommended by 

EN 1998-3 (2010). 

The material-specific damage criteria with their defined limit values are assigned to the five 

damage grades via frequency and spatial distribution at element scale. In addition, criteria 

are used for each damage grade that relate to the global load-bearing behaviour and are thus 

defined directly on the pushover curve, such as maximum shear force or defined load drop. 

The decisive criterion for determining the damage grade is that, which occurs with the 

slightest displacement of the pushover curve and defines the position of the damage grade 

on the curve at this displacement. From these relevant positions of the damage grades on the 

pushover curves, interstorey-drift or spectral displacement values for the development of 

fragility curves can be derived. Due to this multiscale approach with different criteria, 

possible various damage mechanisms are included in the final parameters for the process of 

developing fragility functions described in the next section. 

3. Fragility functions 

Fragility functions define the probability of reaching or exceeding a damage state given a 

ground motion intensity measure (IM). For the development of these fragility functions, 

pushover curves and damage state thresholds are necessary. The damage thresholds as 

1647
3ECEES, September 2022, Bucharest, Romania



interstorey-drift or spectral displacement values are described in the previous part. Detailed 

guidelines for the different possibilities of developing analytical seismic vulnerability 

functions and the related processes are given in D’Ayala et al. (2015). One possibility for 

the application of the process is the open-source platform Vulnerability Modellers Toolkit 

(VMTK) by Martins et al. (2021) that is implemented in the Python programming language 

and consisting of seven modules along the process of analytical vulnerability modelling.  

One important aspect for the application is the transformation of the pushover curve of the 

multi degree of freedom (MDoF) system into an idealized curve for the single degree of 

freedom (SDoF) system in the acceleration-displacement-response-spectra (ADRS) format. 

Here the following formulas are used (cf. Chopra (2012) and Norda (2013)). For the first 

mode shape, the transformation factor Γ1 is given by 

𝛤1 =
𝛷1

𝑇𝑀𝑟

𝛷1
𝑇𝑀𝛷1

=
∑ 𝑚𝑗𝛷1,𝑗

∑ 𝑚𝑗𝛷1,𝑗
2  (1) 

Where Φ1 is the modal vector of the first natural mode, M the diagonal mass matrix and r 

the influence vector. The second part is the simplified summation form with the masses mj 

and related components of the modal vector Φ1,j due to the diagonal structure of the mass 

matrix. The mass of the related equivalent SDoF system m1
* is 

𝑚1
∗ = 𝛷1

𝑇𝑀𝑟 = ∑ 𝑚𝑗𝛷1,𝑗 (2) 

With Γ1, m1
* and Φ1,pushover for the control node, every point on the force (Fb) – displacement 

(xpushover) curve from pushover analysis can be transformed into the spectral acceleration (Sa) 

– spectral displacement (Sd) format. 

𝑆𝑎 =
𝐹𝑏

𝛤1 ⋅ 𝑚1
∗  𝑎𝑛𝑑 𝑆𝑑 =

𝑥𝑝𝑢𝑠ℎ𝑜𝑣𝑒𝑟

𝛤1 ⋅ 𝛷1,𝑝𝑢𝑠ℎ𝑜𝑣𝑒𝑟
 (3) 

The fragility analysis within the VMTK is done with the cloud analysis approach proposed 

by Jalayer et al. (2015) and the resulting fragility functions are defined using cumulative 

lognormal functions, whereby the output file of the VMTK contains the discrete values for 

IM and probability of exceedance for each defined damage grade. In the next sections, the 

applied software for the present study and the selected input parameters are described.  

4. Example of a four-storey reinforced concrete frame building 

4.1 Description of structure and model 

In this study, a typical four-storey reinforced concrete (RC) frame building is exemplarily 

investigated. The modelling and non-linear analysis is carried out with the software 

SeismoStruct 2022 (Seismosoft (2022)) for static and dynamic nonlinear analysis of framed 

structures. Beforehand, verifications of the design were carried out in the limit states. 

The building has four floors, each 2.5 meters in height, and a floor plan of 16 m x 12 m. The 

building consists of ten separated frames, five in each of the axes A-A to E-E and 1-1 to 5-5. 

Figure 1 shows the plan view, the 3D model and two elevation views of the investigated RC 

building in SeismoStruct. For the columns in all storeys, a section of 300 mm x 300 mm with 

a longitudinal reinforcement of 4Ø20 mm in the corners and 4Ø12 mm at the sides is 

defined. The transverse reinforcement consists of 10 mm bars with a spacing of 200 mm and 

two stirrup legs each along width and height. The beam section is 300 mm wide and 500 mm 

high with a longitudinal reinforcement of 4Ø20 mm at the top, 2Ø20 mm at the bottom and 
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2Ø12 mm at the sides. The transverse reinforcement is the same as for the column. For both 

sections, the confinement factors are calculated and considered in the analysis. 

 

  

Fig. 1 – Plan view (top left), 3D model (top right), elevation view A-A (bottom left) and elevation view 1-1 

(bottom right) of the investigated reinforced concrete building 

As concrete material, the strength class C30/37 is chosen and the material parameters for the 

non-linear concrete model proposed by Mander et al. (1988) are defined. With the 

Menegotto-Pinto steel model, a B500B steel is characterised for the reinforcement.  

The permanent loading of the 15 cm thick floors and the weight of the 13 cm thick masonry 

infill walls is calculated and applied as additional weight to the corresponding beams. The 

floors are assumed to be biaxial load bearing and accordingly the load is divided among the 

beams. The infills are only considered for the first to third floor. The permanent load of the 

floor finishing is calculated as 2.0 kN/m² and the live load is also 2.0 kN/m², but only the 

proportion according Eurocode 8 for the seismic load combination is considered. Self-

weights of columns and beams are automatically computed in SeismoStruct and the total 

load of floors and infills is considered as additional mass for the beam sections in the element 

classes.  

In total, four analyses are conducted. The two directions x and y are investigated. Due to the 

symmetry of the building, there is no difference between the positive and the negative 

direction for x and y respectively. Two different horizontal load patterns are analysed, a 

uniform and a modal distribution. For the modal distribution, an eigenvalue analysis is run 

prior to the pushover analysis to determine the load pattern for the modal form of each 

direction. These horizontal loads are defined as incremental loads at each node in the relevant 

direction, as shown in figure 1. 
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4.2 Description of the damage criteria and the pushover-curve 

The material-specific damage criteria are defined in the Pre-Processor in SeismoStruct. 

Table 1 shows in the right column the specific limit values for the damage criteria for the 

investigated RC building. In the Post-Processor, the defined criteria can be analysed for each 

step of the simulation. For each damage grade, various criteria are taken into account and 

the same criterion can be part of several damage grades with different frequencies. For each 

criterion, a frequency of exceedance of the threshold correlating with the investigated 

damage grade is defined. The damage criterion that occurs with the lowest displacement is 

the decisive one for the damage grade. For example, the criteria for the first damage grade 

"Slight" contain (a), (d), (h) and (f). In addition, at least 50 % of the maximum force must 

be reached on the ascending branch. The latter, in contrast to the material-specific criteria, 

refers directly to the pushover curve. For the remaining damage grades, there are also points 

defined on the pushover curve: For a “moderate damage” at least 75 % of the maximum 

force must be reached on the ascending branch, at damage grade “Heavy” the maximum load 

is attained and the damage grades “Extreme” and “Total collapse” have a load drop of 5 % 

and 20 % respectively.  

Table 1. Material specific damage criteria with thresholds and limit values for the investigated RC building 

Damage criterion Threshold Limit values 

(a) Concrete tensile strength εct = fctm / Ec εct = + 0.0001 

(b) Spalling concrete cover 

(unconfined concrete) 
εcsp = - 0.0025 εcsp = - 0.0025 

(c) Cracks concrete core 

(confined concrete) 
εc = - 0.01 εc = - 0.01 

(d) Yielding reinforcing steel εsy = + 0.002 εsy = + 0.002 

(e) Failure reinforcing steel εu = 3/8 * εuk  εu = + 0.01875 

(f) Cracking curvature φc = εc/x  φc = 0.00067 

(g) Yield curvature φy = (1.75 * fyk)/(Es * h)  φy = 0.0146 

(h) Chord rotation at 

yielding 
EC 8-3 (A.10a)/(A.11a) automatically defined 

(i) Chord rotation capacity EC 8-3 (A.1) automatically defined 

(j) Shear strength EC 8-3 (A.12) automatically defined 

The determination of the positions of the damage grades of all analyses on basis of the 

defined criteria was assessed with a set of Python scripts. Figure 2 presents the resulting 

pushover curves with the damage grades for the four analyses. Analysis 01 represents x-

direction with uniform horizontal load pattern, Analysis 02 x-direction with modal horizontal 

load pattern, Analysis 05 y-direction with uniform horizontal load pattern and Analysis 06 

y-direction with modal horizontal load pattern. It can be seen that there is a slight difference 

between the load directions, but a higher one due to the different load patterns. This 

highlights that it is important to investigate different load distributions. 

In the following, the damage grades for the Analysis 01 (x-direction with uniform load 

distribution) are described. The damage grade “Slight” is located at the ascending branch of 

the curve and the decisive criterion is the cracking curvature (a) that is reached in all columns 

at this state. The second damage grade “Moderate” shows the beginning of the non-linear 

behaviour and for this analysis, the criterion yielding reinforcing steel (d) in all columns in 

the first floor defines the position on the curve. Due to the global criterion, the damage grade 

“Heavy” is located at the point of maximum shear force. The global load drop of 5 % is 

decisive for the fourth damage grade “Extreme” that is located at the beginning of the 

descending branch. For the last damage grade “Total collapse”, the failure of the reinforcing 
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steel (e) in 30 % of the columns in the first floor defines the position on the descending part 

of the curve. This shows that it is important to take into account both materials and the related 

deformations as well as the global behaviour, as for the various damage grades different 

criteria are decisive. The overall evaluation of the criteria shows the exceedance for most 

thresholds initially in the first floor that fits to the soft-storey behaviour that can be seen at 

the end of the pushover-analysis. 

 

Fig. 2 – Pushover curves of the RC building for four analyses (x/y, uniform/modal) 

The positions of the damage grades are similar for the three remaining analyses, but differ 

slightly because other criteria can be decisive due to changes in direction and horizontal load 

distribution. These damage state positions are all within the expected ranges of the curves. 

4.3 Fragility curves 

The fragility functions are developed here with the VMTK by Martins et al. (2021) based on 

the calculated pushover curves and damage grade thresholds. As ground motion records, 

over 2000 records of the Engineering Strong Motion Database (ESM) (Luzi et al. (2015)) 

for Europe are selected as input and peak ground acceleration (PGA) is chosen as intensity 

measure. The pushover curves of the MDoF system are transformed into the SDoF system 

curves in the ADRS format via the formulas (1) to (3). Furthermore, they are approximated 

through four points for each curve and these four capacity curves are used as capacity in 

VMTK. For the calculation of the structural response, the degradation approach is used to 

take into account the decreasing strength and stiffness of reinforced concrete under cycling 

loading due to energy dissipation. A 5 % damping ratio is defined, which is the common 

assumption for reinforced concrete in literature, e.g. in Crowley et al. (2021). For the fragility 

analysis, a censored regression with a censoring factor of 1.5 is selected and for the building-

to-building variability, a value of 0.3 as recommended in Martins et al. (2021) is used. The 

calculated values of the previous section are utilized for the damage model, which defines 

the spectral displacement thresholds for the damage states.  

The output of the VMTK are discrete values for PGA and probability of exceedance for each 

defined damage state. These values are the basis to calculate the curve parameters, mean and 

standard deviation, for the continuous cumulative lognormal distribution with the method of 

least squares. In figure 3, the resulting fragility functions for the five damage grades are 

presented. 
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Fig. 3 – Fragility functions for five damage grades for RC building 

Table 2 contains the related curve parameters mean and standard deviation for the lognormal 

distribution for the five different damage grades. 

 

Table 2. Mean and standard deviation for the cumulative lognormal distributions [g] 

damage grade Slight Moderate Heavy Extreme Total collapse 

mean  -1.012 -0.106 0.440 0.771 1.026 

standard deviation 0.934 0.934 0.934 0.934 0.934 

A comparison to existing fragility functions from the literature like included in the 

SYNER-G report D3.1 for RC buildings (2011) or in the Technical Report of the European 

Seismic Risk Model by Crowley et al. (2021) shows that the herein developed fragility 

functions are located in the middle range of similar buildings. It has to be considered that 

this specific example was chosen to present the process and to focus on the determination of 

the damage grades. To develop fragility functions for a general building class, several 

simulations for varying material characteristics, reinforcement, dimensions of sections and 

directions are necessary. This explains that the standard deviation of this example is smaller 

than for a similar building class of ESRM20 (Crowley et al. (2021)) that is based on a great 

number of analyses for many variations. 

5. Conclusions 

The paper presents earthquake damage criteria for the non-linear analysis of reinforced 

concrete buildings. Material-specific as well as global criteria are important for investigating 

the seismic behaviour at different scales and linking it to observed damages of previous 

earthquakes. Furthermore, several criteria with defined frequency and spatial distribution are 

necessary to monitor all observed damages in the different elements and floors of a structure. 

With this approach, it is possible to detect damages that are not evident in the pushover curve 

and due to the local concentration of displacements like a soft-storey. The results of the 

pushover analysis - the curve and the damage grade thresholds - are the basis for the 

development of fragility functions. The process of developing lognormal distributed fragility 

functions with the vulnerability modellers toolkit by Martins et al. (2021) is presented. The 

whole procedure is demonstrated for a four-storey reinforced concrete frame building. The 

results are validated and verified in comparison to the literature (e.g. SYNER-G (2011), 

Crowley et al. (2021)). In this example, four analyses for one building are conducted. For a 
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general building class, several simulations with varying material characteristics, 

reinforcement and dimensions are necessary to represent the variability, resulting in a higher 

standard deviation. Further investigations will be conducted and the resulting fragility 

functions are part of the initial damage forecast of the research project LOKI. 
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Abstract: This study describes a thorough and innovative seismic vulnerability model for the 
classification of the existing residential building stock, by exploiting observed seismic 
damages detected on Italian buildings after the 2009 L’Aquila seismic event. Vulnerability 
classes of decreasing vulnerability are objectively identified by clustering empirical damage 
data via unsupervised machine learning techniques. Empirical fragility curves are derived for 
vulnerability classes, as a function of the peak ground acceleration, making use of a suitable 
statistical model and fitting procedure. In line with the conceptual framework of the 
macroseismic method, the vulnerability classification of the built environment is provided by 
considering the uncertain association of building types to vulnerability classes. The use of a 
robust post-earthquake database, gathering both damage and typological information, allows 
for an enhanced definition of building typologies representative of the Italian built 
environment. 

Keywords: Fragility curves, Unsupervised machine learning techniques, Macroseismic 
approach, Post-earthquake damage data, L’Aquila seismic event. 

1. Introduction 

Approaches for seismic vulnerability assessment are commonly classified into empirical, 
analytical, expertise-based and hybrid, depending on data source. Among expertise-based 
methods, macroseismic approaches (e.g. Lagomarsino and Giovinazzi 2006; Bernardini et 
al. 2011) allow for an exhaustive vulnerability classification of the building stock by 
referring to the six vulnerability classes of the EMS-98 (Grünthal et al. 1998) and by 
considering the uncertain association of building types to vulnerability classes. 
Implementation of macroseismic approaches is handled by closed-form analytical relations 
correlating seismic input and expected seismic damage, as a function of the assessed 
vulnerability (e.g. Lagomarsino et al. 2021). Seismic input is defined by macroseismic 
intensity, which is however a descriptive parameter affected by the characteristics, and thus 
by the vulnerability, of the exposed building stock. Despite their methodological consistency 
and mathematical “elegance”, use of macroseismic methods for seismic vulnerability and 
risk applications (e.g. da Porto et al. 2021; Dolce et al. 2021) requires the adoption of 
approximate and uncertain laws for correlating macroseismic intensity values and peak 
ground motion parameters (e.g. Bernardini et al. 2011). 
Keeping the conceptual framework of the macroseismic method (Lagomarsino and 
Giovinazzi 2006), this study describes a novel empirical vulnerability model, based on 
clustering of seismic damages observed on Italian residential buildings struck by the 2009 
L’Aquila earthquake. Main innovative aspects of this work are the adoption of the peak 
ground acceleration for seismic input characterization and the use of unsupervised machine 
learning techniques for removing any subjectivity in the definition of vulnerability classes. 
The uncertain attribution of building types to vulnerability classes is considered by an ad-
hoc strategy, relying on probability theory and using empirically-derived typological 
fragility functions as a target. In line with the EMS-98, a vulnerability table is proposed, 
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allowing for differentiating seismic vulnerability of the building stock based on selected 
building attributes. 

2. The post-earthquake damage database 

This work takes advantage of the L’Aquila (2009) post-earthquake damage database, 
available in the web-gis Da.D.O. platform (Dolce et al. 2019). Use of the L’Aquila damage 
database is motivated by the considerable number of inspected buildings and of completely-
surveyed municipalities (Fig. 1), identified by a completeness ratio (i.e. number of surveyed 
buildings over the total number of residential buildings evaluated from national building 
census, ISTAT 2001) higher than 90% (Rosti et al. 2021a, b). The possibility of accounting 
for the negative evidence of damage in the municipalities less affected by the ground shaking 
is a further advantage related to the L’Aquila (2009) post-earthquake database (Rosti et al. 
2021a, b). The considered post-earthquake dataset includes damage data of 37’406 
residential buildings, then integrated by 197’528 undamaged buildings sited in the Abruzzi 
non-surveyed and partially-surveyed (with completeness ratio lower than 10%) 
municipalities. 

 
Fig. 1 – Identification of the municipalities surveyed after the 2009 L’Aquila earthquake. 

2.1. Damage classification 

Existing literature damage rules are employed for converting information on structural (i.e. 
Rota et al. 2008) and non-structural (i.e. Del Gaudio et al. 2107) damage reported in the post-
earthquake survey form into discrete damage levels of the EMS-98 (Grünthal et al. 1998). 
Global damage levels are then associated with each building, based on the maximum seismic 
damage detected on preselected building components (i.e. Rota et al. 2008; Del Gaudio et 
al. 2017; Rosti et al. 2018). Damage classification of masonry and RC buildings of the post-
earthquake damage dataset is depicted in Fig. 2 (a) and (b), respectively. 

2.2. Seismic input characterization 

The peak ground acceleration (PGA) is selected for characterizing the ground motion 
shaking, consistently with the aim of this study. PGA values are estimated at each building 
location via updated INGV ShakeMap (Michelini et al. 2020), exploiting the newly 
developed USGS-ShakeMap version 4 (v.4) software (Worden et al. 2020), an updated Vs30 
map for local site effects and latest ground motion models. 
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2.3. Building taxonomy 

Starting from the main building attributes available from the post-earthquake survey form, 
residential buildings are allocated to 42 building typologies. Masonry buildings are classified 
into 32 typologies, accounting for the number of stories (i.e. 1, 2, 3 and ≥4), masonry type 
(i.e. IRR: irregular layout or poor-quality; REG: regular layout and good-quality), in-plane 
stiffness of intermediate diaphragms (i.e. F: flexible; R: rigid), presence (or absence) of 
aseismic devices, such as tie-rods and/or tie-beams (i.e. CD: with connecting devices; NCD: 
without connecting devices). RC buildings are categorized into ten building typologies, 
based on the number of stories (i.e. 1, 2, 3, 4, ≥5 storeys) and level of seismic design (i.e. 
buildings with seismic design, pre- and post-1981). The significant level of detail of the 
adopted building taxonomy allows for detecting possible similarities or differences in the 
empirical seismic vulnerability of the existing building stock, driven by the presence or lack 
of specific typological features or constructive details. Referring to the L’Aquila completely-
surveyed municipalities, Fig. 2 shows the typological classification of the residential 
building stock, in terms of construction material (c), masonry type (d) and number of stories 
(e, f).  

   
(a) (b) (c) 

   
(d) (e) (f) 

Fig. 2 – Damage classification of the residential masonry (a) and RC (b) building stock. Typological 
classification of the residential building stock: construction material (c); subdivision of masonry buildings 

based on masonry type (d); subdivision of masonry (e) and RC (f) buildings based on the number of storeys. 
L’Aquila completely-surveyed municipalities (Rosti et al. 2022). 

2.4. Seismic fragility assessment 

Typological fragility curves are derived by adopting the cumulative lognormal distribution 
(e.g. Rota et al. 2008; Del Gaudio et al. 2017; Ader et al. 2020; Rosti et al. 2020) for 
describing the probability of reaching or exceeding a given level of damage, as a function of 
the ground shaking, P(ds≥DSi|PGA): 

 �(�� ≥ ���|���) = 	Φ �
log(���/����

)

�
� (1) 
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where θDSi is the median PGA value associated with damage level DSi and β is the 
logarithmic standard deviation.  

Given the ground motion severity, the repartition of buildings in the different damage states 
(nij) is approximated by the multinomial distribution (e.g. Ioannou et al. 2021; Rosti et al. 
2021a, b): 

 ���~	�
��!

���!
���� = ���������

���

���

���

 (2) 

where Nj is the total number of buildings at the jth PGA threshold and P(ds=DSi|PGAj) is the 
conditional probability of occurrence of damage level DSi. 

The maximum likelihood estimate (MLE) approach is employed for simultaneously fitting 
fragility functions on all damage levels and building typologies, for which a common 
dispersion value is assumed (e.g. Karababa and Pomonis 2011; Ader et al. 2020; Rosti et al. 
2021a, b).  

For each building typology, the mean level of damage, μD, is then obtained (Fig. 3 a) by 
suitably combining probabilities of occurrence of the different damage states (e.g. Braga et 
al. 1982; Lagomarsino and Giovinazzi 2006), resulting from the corresponding fragility 
functions: 
 

��(���) = 	� � ∙ �(�� = ���|���)

���

���

 (3) 

For details the reader is addressed to Rosti et al. (2022). 

3. Identification of vulnerability classes via clustering techniques 

Most of existing studies focusing on the definition of vulnerability classes (e.g. Goretti and 
Di Pasquale 2004; Di Pasquale et al. 2005; Dolce and Goretti 2015) refer to the association 
rule between building types and vulnerability classes proposed by Braga et al. (1982). 
Starting from observed seismic damages detected on the existing building stock, this study 
makes use of unsupervised machine learning techniques to remove possible subjectivity in 
the identification of vulnerability classes. Fuzzy c-means (FCM) clustering (Bezdek 1981) 
is employed for partitioning empirically-derived mean damage data into a predefined 
number of clusters (i.e. here the vulnerability classes), permitting each data point to belong 
to multiple clusters with different membership degree. 
Six vulnerability classes of decreasing vulnerability (from A to F) are considered, according 
to the EMS-98. Each vulnerability class is then split into two subgroups based on the 
construction material (i.e. masonry and RC), to account for the different distance among 
damage levels observed in the typological fragility functions. Six vulnerability classes (i.e. 
A1, B1, C1, D1, E1, F1) are defined for masonry, whereas four out of six vulnerability 
classes are considered for RC buildings (i.e. C2, D2, E2, F2). RC vulnerability classes A2 
and B2 lack, as referring to RC buildings without seismic design, which are not available 
from the considered post-earthquake database, or to other more vulnerable RC building 
types, not contemplated by the adopted building taxonomy. 
Based on FCM clustering, observational mean damage data points (Fig. 3 a) are mapped to 
the most likely vulnerability class (i.e. the one with the highest membership degree) and to 
the other vulnerability classes with different membership degree (Fig. 3 b). This strategy 
allows for an objective identification of vulnerability classes, for which fragility functions 
are subsequently derived (Fig. 4). Parameters of the resulting fragility curves are reported in 
Rosti et al. (2022). 
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Fig. 3 – Empirically-derived mean damage values of masonry and RC building typologies versus PGA (a) 
and identification of the most probable vulnerability class (i.e. higher membership degree) based on FCM 

clustering algorithm (b) (Rosti et al. 2022).    

 
Fig. 4 – Fragility curves of the ten vulnerability classes, resulting from FCM clustering of the empirically-

derived mean damage values of Masonry (subscript 1) and RC (subscript 2) building typologies (Rosti et al. 
2022). 
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4. Vulnerability classification of the residential built environment 

The vulnerability classification of the exposed building stock is carried out by an ad-hoc 
procedure, allowing for modelling the uncertain association of building types to vulnerability 
classes. Fragility functions of vulnerability classes are linearly combined and empirically-
derived typological fragility curves are used as a target, to obtain optimal coefficients of the 
linear combination (wk), representing the degrees of belonging of the considered building 
typology to the kth vulnerability class: 

 
Φ�

log(���/����
)

�
� 	≈ 	 � ��

����������

���

Φ �
log(���/�����

)

�
� (4) 

where θDSi is the median PGA value associated with damage level DSi of the building 
typology under consideration, θDSik is the median PGA value associated with damage level 
DSi of the kth vulnerability class and β is the logarithmic standard deviation. 

The trend of the degrees of belonging (wk) is described by the binomial model, permitting to 
fully characterize the wk distribution by means of a unique parameter. Specifically, two 
binomial distributions are considered: one for “masonry” vulnerability classes and the other 
one for “RC” vulnerability classes. The degrees of belonging of a given building type to 
vulnerability classes are hence approximated by the joint use of the two binomial models, 
suitably scaled to account for the different weight that each binomial distribution takes on in 
the global wk distribution. Based on the abovementioned procedure, the fragility curve of 
damage level DSi of the considered building typology can be approximated as: 

Φ�
log(���/����

)

�
� 	≈ 	 ���� � �
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����! (5 − ����)!
	�
����

5
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5
�
������
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���

3
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���
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���

3
�
�����

�

�

�����

Φ �
log(���/�������

)

�
� 

(5) 

where cmas is the scaling coefficient, accounting for the weight that the “masonry” binomial 
distribution takes on in the global distribution of membership degrees, ymas and yRC are the 
binomial parameters of the “masonry” and “RC” binomial distributions, respectively, kmas 
ranges from 0 (F1) to 5 (A1) whereas kRC varies from 0 (F2) to 3 (C2).  

For each building typology, optimal values of the unknowns, i.e. ymas, yRC and cmas, are 
obtained by minimizing the global deviation between the sets of approximating and target 
typological fragility functions.  

Implementation of the abovementioned procedure is demonstrated by Fig. 5, showing 
resulting membership degrees of irregular layout or poor-quality masonry building 
typologies to vulnerability classes. Additional details on the adopted strategy and parameters 
(i.e. ymas, yRC and cmas) allowing for determining the wk distribution of each building typology 
to vulnerability classes are reported in Rosti et al. (2022), together with an example of 
application. 
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Fig. 5 – Degrees of belonging of irregular layout or poor-quality masonry building typologies to vulnerability 

classes (Rosti et al. 2022). 
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Comparison of approximating (continuous lines) and empirically-derived (dotted lines) 
fragility curves shows the adequacy of the pursued procedure. In some cases (e.g. building 
typologies IRR-R-CD-3/4+), the joint use of “masonry” and “RC” vulnerability classes 
permits to better approximate target typological fragility functions. 

Analogously to the EMS-98, Fig. 6 shows the proposed vulnerability table, allowing for 
classifying and comparing the seismic vulnerability of buildings based on specific building 
attributes. For each typology, the weighted mean “masonry” (black squared marker) and 
“RC” (white squared marker) vulnerability class, fully describing the overall distribution of 
the membership degrees to the vulnerability classes, is depicted. Grey and white bars denote 
the fraction of “masonry”/“RC” binomial distributions to be respectively considered within 
the global distribution of the membership degrees. 

 
Fig. 6 – Proposed vulnerability table for masonry and RC building typologies (Rosti et al. 2022).  

5. Conclusions 

This paper presents a comprehensive vulnerability model for residential masonry and RC 
buildings, based on a data-driven approach. The proposed vulnerability model allows for 
describing seismic vulnerability of existing buildings by empirically-derived fragility 
functions and for classifying the vulnerability of the exposed built environment based on 
essential building attributes. One of the most innovative aspects of this work is the use of 
soft clustering techniques for the objective identification of vulnerability classes, taking 
advantage of seismic damages observed on Italian building typologies after the 2009 
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L’Aquila earthquake. With respect to other studies considering macroseismic intensity, the 
use of the peak ground acceleration for characterizing the ground motion severity also makes 
the proposed model easily usable for seismic vulnerability and risk applications. In line with 
the conceptual framework of the macroseismic method (Lagomarsino and Giovinazzi 2006), 
the vulnerability classification of the exposed building stock is carried out by accounting for 
the uncertain association of building typologies to vulnerability classes. To this aim, the 
degree of belonging of each structural typology to different vulnerability classes is 
determined by an ad-hoc procedure, relying on probability theory and using empirical 
typological fragility curves as a target. Under the assumption of the binomial distribution, 
the weighted mean vulnerability class is provided for each building typology, permitting to 
fully model its uncertain association to vulnerability classes. Analogously to the EMS-98, a 
vulnerability table is provided for synthetically representing seismic vulnerability of 
buildings on the basis of selected structural attributes. In this context, the definition of 
building types representative of the Italian built environment is enhanced, thanks to the 
availability of a robust post-earthquake database, collecting both typological and damage 
information (Dolce et al. 2019). 
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Abstract: This paper summarizes the important features of the seismic hazard module of a 

catastrophic event loss assessment platform (CATMOD
©

) that is developed by the Turk 

Reinsurance Inc. catastrophic event modeling team. The module is capable of performing 

seismic hazard either by classical PSHA or Monte Carlo sampling technique for fault and/or 

area sources. The aleatory variability in earthquake locations, source geometry as well as 

within- and between-event components of ground motions is taken into account in the 

calculations. The ground-motion library of the model covers local-to-regional-to-global 

ground-motion models that are suitable for the dominant seismotectonic regime in Turkey. 

The use of different hazard computation techniques provides the risk expert to choose 

alternative portfolio loss assessment methodologies for a variety of insurance and reinsurance 

agreements. The comparisons of hazard results with OpenQuake (Pagani et al., 2014) that is 

frequently used for worldwide site-specific and regional hazard assessment show significant 

similarities. These observations advocate that the seismic hazard computation methodologies 

implemented in the CATMOD
©

 platform are reliable and can be used confidently for 

catastrophic portfolio loss. 

Keywords: Probabilistic Seismic Hazard Analysis, Monte Carlo Sampling, Latin Hypercube 

Sampling, Portfolio Loss for Insurance/Reinsurance  

1. Introduction 

Establishing sustainable and resilient financial markets against low-probability, high-

consequence events is crucial for insurance and reinsurance as such catastrophic events 

affect structures, infrastructures, commercial and industrial businesses simultaneously 

causing far-reaching economic and social impacts. To this end, catastrophic event modeling 

helps these financial structures to take critical decisions for mitigating as well as transferring 

the financial risks triggered by catastrophic perils such as earthquakes, tsunamis, hurricanes, 

floods, etc. Simulating the impacts of natural and human-made perils on economic and social 

losses requires a multidisciplinary framework including hazard modeling of primary and 

secondary catastrophic perils, and risk modeling of value at risk by considering its 

vulnerability and financial features. 

Earthquakes, in many aspects, are considered to be the primary catastrophic peril for 

insurance and reinsurance markets as they impose huge financial stresses for immediate 

coverage of losses that are underwritten in insurance agreements (Goda et. al., 2015). The 

CATDAT (a database compiling the financial losses after catastrophic events) reports $2 bn 

- $35 bn losses for the top 10 highest insured losses between the years 1900 and 2011 

(Daniell et al., 2011). The list includes devastating earthquakes of 2011 Tohoku (Japan), 

1994 Northridge (USA), 1999 Izmit (Turkey), 1989 Loma Prieta (USA), etc. This fact not 

only emphasizes the importance of accurate representation of catastrophic event’s hazard for 

insured risks but also pinpoints the indispensable importance of earthquake hazard modeling 

for seismic prone and densely populated regions. 
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Following the points summarized above the Turk Reinsurance Inc. has decided to develop a 

catastrophe modeling platform (CATMOD) to assess the financial losses of insured risks 

under company’s responsibility. The main motivation behind this initiative is to build a 

sustainable and transparent CAT modeling capacity in the insurance/reinsurance sector in 

Turkey that is open to improvements at international level. The platform has currently 

focused on the development of a hazard and risk assessment engine for earthquakes as this 

catastrophic peril is the most critical one for insurance and reinsurance companies taking 

actions in Turkey.   

This paper introduces the hazard module of CATMOD that uses probabilistic seismic hazard 

assessment (PSHA) methodology of which numerical simulations of earthquake recurrence 

and ground-motion prediction are implemented to compute annual exceedance rates of 

hazard at multiple sites of insured portfolio. The platform is capable of computing the 

earthquake hazard by two alternative approaches: namely the classical and the event-based 

(Monte Carlo) PSHA, using stratified sampling (Latin Hypercube Sampling) for magnitude 

recurrence. The module has a flexible structure to account for both epistemic and aleatory 

variability in source and ground-motion modeling. The current version of the platform 

considers area and fault source geometries for seismic source characterization and accounts 

for global, regional, and local ground-motion models to predict the ground-motion intensity 

measures. 

The paper starts by describing the hazard module and then focuses on the quality assurance 

tests of that are necessary and critical for such modeling platforms (Bommer et al., 2013). 

Consequently, the comparisons performed by using the OpenQuake hazard module (Pagani 

et al., 2014) are presented for a set of scenarios. 

2. Description of CATMOD’s hazard module 

The first stage in earthquake hazard modeling is the generation of a stochastic event set (or 

synthetic earthquake catalog) corresponding to each source typology, which can be 

accommodated either as area or fault sources. In CATMOD’s hazard module, the area 

sources are treated as polygons, whereas fault sources are modeled as line segments with 

specified dip and strike angles. Simulation of the earthquake catalogs considers the pre-

defined geometries of sources and statistical parameters of magnitude recurrence models 

(i.e., a and b values of Gutenberg-Richter relationship, minimum and maximum magnitudes, 

etc.). 

The Monte Carlo simulation technique is a widely used sampling approach to generate 

synthetic earthquake catalogs (Ebel and Kafka, 1999; Assatourians and Atkinson, 2013) that 

yields a sample space in a purely random fashion. This inherent feature results in inefficient 

sampling of (rare) large magnitude events (the tail of magnitude probability density 

distribution) while simulating the target earthquake catalog (Baker et al., 2021). The experts 

employing Monte Carlo sampling (MCS) overcome this weakness by generating large 

sampling spaces at the cost of computational burden. Methods such as importance sampling 

(Kiremidjian et al., 2007) or stratified sampling (Jayaram and Baker, 2010) can be used as 

alternative solutions to surmount this problem. We implement a stratified sampling method, 

Latin Hypercube Sampling (LHS), into CATMOD’s hazard module to sampling stochastic 

event sets. The stratified sampling in LHS results in a smaller sample space for 

approximating the actual earthquake distribution in an accurate manner. 

The Youngs and Coppersmith characteristic earthquake model (Youngs and Coppersmith, 

1985) and doubly bounded exponential magnitude distribution (Gutenberg and Richter, 
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1956) are among the available earthquake recurrence models in CATMOD and Figure 1 

shows examples of generated stochastic event sets by using MCS and LHS to approximate 

the target YC85 characteristic model. The target characteristic model has a characteristic 

magnitude of Mch 7.55, the activity rate of the source for M 5 is 0.18 whereas the activity of 

characteristic event portion is 0.011. Figure 1.a and 1.b compares the MCS results with 

theoretical YC85 model for approximately 1000 and 100,000 random simulations. Figure 

1.c shows the same case for LHS with a sampling space of 1000. The plots indicate that 

MCS follows the theoretical YC85 when number of samples reach to 100,000 whereas 

LHS, due to its stratified sampling property, approximates to target YC85 with 1000 

realizations. 

 

Fig. 1 – Target magnitude recurrence distribution (characteristic recurrence model; Youngs and Coppersmith, 

1985) characteristic model and different samplings by MCS and LHS to mimic the target: a) MCS with ~1k 

sampling, b) MCS with ~100k sampling, c) LHS with ~1k sampling 

The generated stochastic earthquakes through LHS are distributed over years by assuming 

that the earthquakes follow Poisson process. The sampled earthquakes are assumed to be 

uniformly distributed within the seismic source showing some differences that depend on 

the source type. They are used either in the classical or event-based (Monte Carlo) PSHA 

depending on the selected loss methodology for assessing the probabilistic loss of the insured 

risks. 

As indicated previously, the sampled earthquakes are located randomly on the fault by 

assuming uniform distribution along the fault length and width. In essence, the hazard 

module assigns a random epicentral location within the surface projection of the fault that 

can have several segments. The generated rupture trace is guided by the strikes of these 

segments for consistency with the fault geometry. The randomness of epicentral location is 

disregarded in area sources as the area source polygon is divided into user defined mesh 

grids. The epicenters of sampled earthquakes are defined at the centers of these grids and the 
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sampled earthquakes are assumed to occur for a range of strike and dip angles that are 

defined by the user. This approach mimics the aleatory variability in rupture geometry as 

well as earthquake location within areal sources. For both source typologies, the hypocenter 

location is the mid-point of the ruptured surface, and it is assigned randomly between the 

user-defined upper and lower seismogenic depths. 

Currently, the CATMOD hazard module defines the rupture geometry through two 

magnitude-rupture area (ARUP) scaling relationships proposed by Wells and Coppersmith 

(1994) and Leonard (2010). The physical dimensions of a rupture (rupture length and rupture 

width) are calculated from the predicted rupture area and aspect ratio (rupture length to 

rupture width ratio). The aspect ratio is defined as a function of magnitude and fault 

mechanism from Leonard (2010) as his scaling relationships produce consistent dimensions 

between rupture area, rupture length and rupture width.  For fault sources, the rupture length 

cannot exceed the mapped length of the fault trace. Such a limitation is not considered for 

area sources as the modeling approach is based on leaky boundary assumption (Pagani et al., 

2014). 

As all ruptures, regardless their magnitudes, have finite-rupture surfaces the hazard module 

computes not only the point-source distance metrics (epicentral distance; Repi, hypocentral 

distance; Rhyp) but also the extended-source distance metrics (rupture distance; RRUP, Joyner-

Boore distance; RJB). The calculation procedure of RRUP and RJB implements the rules given 

in Kaklamanos et al. (2011). 

The hazard module performs PSHA for a wide range of GMMs that predict ground-motion 

intensity measures (GMIMs) of PGA, PGV, and 5%-damped spectral acceleration. 

Currently, the GMMs of Akkar et al. (2014), Kale et al. (2015), Chiou and Youngs (2014), 

Abrahamson et al. (2014) and Boore et al. (2014) are available in the platform. All of these 

models represent shallow active seismotectonic regime that dominates the seismicity in 

Turkey and surrounding regions. The developers of the first GMM use pan-European 

(regional) shallow active recordings, the second GMM is solely developed from ground 

motions recorded in Turkey (i.e., local data) whereas the ground-motion databases of the last 

three models consist of global (worldwide) shallow active recordings. The ground-motion 

modeling in CATMOD is flexible enough to introduce new GMMs to keep the hazard 

module up to date. 

The hazard module computes the classical PSHA by implementing Cornell’s approach 

(Cornell, 1968) that uses total probability theory to compute the annual exceedance rate of a 

threshold GMIM by considering its conditional exceedance probabilities conditioned on the 

occurrence probabilities of all possible magnitude and distance pairs. The aleatory variability 

in GMIMs while computing their conditional exceedance probabilities are taken into 

consideration through the total standard deviation of the GMM. The GMIM distribution is 

assumed to be lognormal, which is the conventional approach in all hazard calculations. The 

marginal magnitude distribution is imposed by the magnitude recurrence model whereas the 

distance distribution depends on the variation of location of ruptures, rupture geometry as 

well as the definition of the distance metric (e.g., RRUP, RJB, etc.). 

The event-based PSHA samples a set of GMIMs given a rupture scenario (stochastic event) 

that is represented by a magnitude-distance pair. The sampled stochastic events are 

distributed over a specific catalog period that is determined from the total activity rate of the 

seismic source and the total number of events sampled by LHS. Consistent with the classical 

PSHA the sampling of GMIMs follows lognormal distribution and accounts for between-

event and within-event variability (Al Atik et al., 2010) by decomposing the total standard 

deviation of the GMM. Although the LHS sampling provides a reasonable number of 
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stochastic events that can accurately represent the target magnitude recurrence features at 

the source, the MCS used in populating GMIMs result in significant number of realizations 

to fully represent the randomness in ground motions due to between-event as well as within-

event variability. 

Given the site where the loss of insured risk (portfolio) is to be assessed, the hazard curves 

computed from classical PSHA and the vulnerability model(s) specific to the insured risk 

(portfolio) is convolved (Wesson et al., 2009) to determine the ground-up loss probability 

distribution from which one can determine the loss at different annual exceedance 

probabilities by imposing the probabilistic conditions of the specific insurance agreement. 

The CATMOD also employs the MCS based hazard results to directly compute the event-

based insured risk (portfolio) losses to compute the annual exceedance probabilities of target 

losses by imposing the insurance agreement conditions. The latter approach is 

straightforward and transparent with significant computational burden. 

3. Comparisons with OpenQuake 

The mathematical framework of seismic hazard procedure is straightforward but the 

complexities in its numerical implementation, while quantifying the uncertainties in seismic 

sources and ground motions, convert the process into a challenging task. To this end, 

performing validation tests of hazard calculations becomes compulsory for quality assurance 

(Hale et al., 2018). The quality assurance process (i.e., validation tests) is rather much more 

important for CATMOD hazard module as the risk module calculations directly rely on the 

computed seismic hazard. In this vein, we compare the classical and event-based PSHA 

hazard results of CATMOD with the widely used hazard platform OpenQuake (Pagani et al., 

2014) for area and fault source geometries. 

Given a seismic source OpenQuake defines its magnitude occurrence distribution by 

discretizing the earthquake recurrence model between minimum and maximum magnitudes 

(i.e., Mmin  M  Mmax) for a user-defined constant magnitude increment (e.g., M = 0.1M). 

The class center of a given magnitude interval is used to define the representative rupture 

area for that interval. OpenQuake uses a magnitude scaling relationship such as Wells and 

Coppersmith (1994) and Leonard (2010) for the rupture area calculation. The user-defined 

constant aspect ratio and the representative rupture area, given a magnitude interval, are used 

for calculating the rupture length and width. The rupture locations in OpenQuake’s classical 

PSHA are not randomly located along the fault length and width as it is case in CATMOD. 

Instead, OpenQuake shifts the representative rupture area along the fault length and width 

by user defined constant increments. Hence, the consideration of aspect ratio, magnitude 

discretization, and location of ruptures on the fault surface are the main differences between 

OpenQuake and CATMOD hazard modules. 

We select two sites in the provinces of İstanbul and Balıkesir, and a representative area and 

fault source to compare the hazard curves of OpenQuake and CATMOD hazard modules. 

The selected sites and seismic sources are presented in Figure 2. The site in Istanbul 

represents a near-fault case as it is closely located to the fault. The Balıkesir site, in this 

sense, is a far-fault case. 

The first comparison is between the PGV hazard curves of OpenQuake and CATMOD 

computed for the strike-slip fault source with a dip angle of 90°. The upper and lower 

seismogenic depths of the fault are 0 and 18 km, respectively whereas the aspect ratio is 

given as 8.0 in the QpenQuake input. (Given a magnitude value CATMOD computes the 

aspect ratio automatically from Leonard (2010) as explained in Section 2). The earthquake 
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recurrence model is YC85 having an activity rate of 0.18 at Mmin 5.0 and the characteristic 

magnitude of Mch 7.55 with an activity rate of 0.011 (already presented and discussed in 

Figure 1). 

 

Fig. 2 – Map showing the locations of the selected sites, and area and fault sources. 

Figure 3 compares the hazard curves of CATMOD and OpenQuake computed from classical, 

and Monte Carlo based PSHA. (The latter is also referred to as event-based PSHA as 

OpenQuake does). The results given in Figure 3 show a very good agreement between 

CATMOD and OpenQuake. The OpenQuake and the CATMOD classical PSHA hazard 

curves almost overlap each other for both sites. As for the event-based hazard curves (Monte 

Carlo sampling), the CATMOD results for the near-fault case (site selected from the 

province of Istanbul) slightly deviate from OpenQuake in the close neighborhood of 10-4 

annual exceedance rate. The different approaches between OpenQuake and CATMOD while 

sampling the magnitude catalogs and representing the magnitude occurrence distributions as 

well as rupture locations result in the observed deviations. Note that the far-fault case (site 

selected from the province of Balıkesir) does not show such discrepancies in Monte Carlo 

based hazard for both platforms. 

 

Fig. 3 – Comparisons of hazard curves obtained from OpenQuake and CATMOD for the sites: a) İstanbul, b) 

Balıkesir. (MC based hazard curves are obtained from 100,000 -100k- sampling). 

To test the CATMOD hazard module for area source modeling, we assume strike-slip fault 

mechanism for the selected area source geometry given in Figure 1. This source is defined 

by assigning a dip angle of 90°, the upper and lower seismogenic depths of 0 and 20 km, 

respectively. The minimum magnitude is taken as Mmin 4.5, whereas Mmax is modeled by 

considering the epistemic uncertainty that is represented with three alternative values: Mmax 
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7.4, 7.7, and 8.0. The hypocentral depth distribution is modeled with three alternative down-

dip locations (2, 10, and 18 km) for OpenQuake, whereas, as already stated, it is part of the 

aleatory randomness along the seismogenic crust interval in CATMOD hazard module. The 

earthquake recurrence model in this case is considered as Truncated Gutenberg-Richter with 

a and b parameters of 3.44 and 0.77, respectively. The comparisons of PGV hazard curves 

are displayed in Figure 4 that show a very good agreement between the two platforms. 

 

Fig. 4 – Comparisons of hazard curves obtained from OpenQuake and the CATMOD Classical PSHA for the 

sites: a) İstanbul, b) Balıkesir 

4. Conclusions 

Turk Reinsurance Inc. has initiated the development of a catastrophic event modeling 

platform (CATMOD©) for assessing insured portfolio losses. Earthquakes are the primary 

catastrophic peril in the current version. The reason behind this preference is that the densely 

populated urban settlements, and the most profitable commercial, industrial and 

transportation infrastructure are located in the vicinity of seismically active regions in 

Turkey (e.g., Marmara and Aegean regions, etc.). Consequently, the density of insured 

portfolio is high in these regions. 

The current version of the CATMOD© hazard module defines seismicity either by fault, area 

or the combination of these two source typologies. The seismic hazard is performed either 

through classical PSHA or Monte Carlo sampling technique. The stochastic event sets are 

populated from Latin Hypercube sampling to optimize the size of event sample space while 

mimicking the magnitude occurrence distribution of the seismic sources. The module has 

already built the well-known magnitude recurrence models for magnitude occurrence 

distributions such as the characteristic model by Youngs and Coppersmith (1985), the doubly 

truncated exponential model, pure characteristic model, truncated normal, etc. The aleatory 

randomness in earthquake location and the uncertainty in source geometry can be 

incorporated in the hazard calculations in CATMOD©. The ground motions of different 

intensity measures (e.g., PGA, PGV and 5%-damped spectral acceleration) are computed by 

five alternative GMMs that predict IMs for shallow active tectonics that control the seismic 

activity in Turkey. The GMMs in the current version represent regional, local, and global 

(worldwide) shallow active seismicity.  

Comparisons with OpenQuake hazard module suggest that the computed seismic hazard 

curves by these two platforms are very similar and the differences are within the tolerance 
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limits. These observations are equally valid for classical, and Monte Carlo based PSHA for 

both area and fault sources. 
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Abstract: A first-order model is developed for the seismic risk assessment of the water supply 
network and the structural integrity of the buildings of Rhodes under spatially correlated 
seismic loading. For its implementation, in-house software is coded in the object-oriented 
programming language Python. The water supply network is modelled via a graph theory 
approach and the vulnerability of the buildings takes advantage of the 2020 European Seismic 
Risk Model. An event-based probabilistic seismic hazard approach is employed, generating 
ground motion fields for 10,000 years with the OpenQuake platform. The intensity measures 
used are the peak ground velocity (PGV) for the water pipelines and Sa(1s) for the buildings. 
The close correlation of the two allows the creation of spatially cross-correlated PGV and 
Sa(1s) values that are otherwise not readily available. Results are obtained, per block, for the 
percentage of people that have no access to water and for the damage of buildings. This is 
enough to offer a preliminary determination of the disruption caused by each event in terms 
of available housing and utilities, in support of socioeconomic impact modeling. 

Keywords: Fragility curves, Vulnerability functions, Ground motion fields, Losses, Cost  

1. Introduction 

Risk assessment is a rapidly evolving field in engineering with more and more attention 
brought towards it, in an attempt to define and control, as much as possible, the effects of a 
catastrophic event. Risk assessment models can be applied to a variety of infrastructure and 
lifeline systems and used for multiple natural hazards, from earthquake to wind or snow. 
Combining all these data into one risk model can help manage the consequences and 
facilitate planning proper strategies and measures to effectively prepare, and therefore 
protect, a city in a time of need. Many studies in the past have dealt with simulating 
individual parts or utility networks of a city (Winkler et al., 2010; Esposito et al., 2015; Costa 
et al., 2018). Typically, the difficulty lies in interconnecting said networks (Dueñas‐Osorio 
et al., 2007) and integrating the results from different models onto one full model that 
correctly aggregates the impact of each system/network on the socioeconomic and business 
activities of the city.    

The EU-funded HYPERION research project (HYPERION, 2019) attempts to create an 
engine that can assess the risk of all major infrastructure that are important and affect the 
ability of a city to return to normality after severe natural disasters. In the context of this 
project, a methodology is being developed that aims in the creation of a realistic all-inclusive 
urban seismic risk model for the four European cities of Granada (Spain), Venice (Italy), 
Tønsberg (Norway), and Rhodes (Greece). Herein, a subset of its results is presented for the 
city of Rhodes, encompassing the buildings and the water supply network. In many ways it 
is a blueprint of what is being planned as the desired outcome for the project as a total is 
incorporating all utility networks and the transportation system to be connected to a 
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socioeconomic model that will eventually allow simulating the functionality of the entire 
city.  

2. Exposure model for the City of Rhodes  

For the case study of this preliminary urban model, fundamental infrastructure of the city 
was studied, herein comprising the water supply network and the building stock. In a 
touristic city, like Rhodes, the population is multiplied by factors of two or more during the 
summer months, something that is not taken into consideration; the population considered is 
only the permanent population of the city.  

The water supply system consists of the transmission system and the distribution system. 
The transmission system brings water from the sources, a dam and a boring site, to the urban 
distribution network that provides water for the consumers. The topology of the pipelines of 
the transmission system are known, while for the pipelines of the distribution system it is 
assumed that they follow the routes of the city streets. The population and building data for 
the city blocks is taken from the Hellenic Statistical Authority data, ELSTAT (2021) using 
the latest 2011 Census data. To achieve an efficient risk assessment model, a graph is created 
for the distribution system with the nodes being the points of water entry (dam, boreholes), 
the water outlets, and the joints of multiple pipe branches, while the edges represent the 
pipes. 

The census data offers information about the number, the age and the material of the 
buildings in the city per city block. Due to the complexity of a model that would include all 
those details, some simplifications were made. To be more specific, the type of buildings 
that are more probable to appear per block was chosen to represent it and therefore it is 
assumed that for each block only one building type is taken into consideration. Ultimately, 
a simplified model is produced where in the old city only masonry structures appear while 
the rest of the city is represented by reinforced concrete buildings. This assumption leads to 
more-or-less the same distribution of materials (or building types) over the entire city (Table 
2), with a slight heavier concentration of masonry in the cultural heritage downtown than 
otherwise expected. It is also accepted that each block is represented through its centroid 
where the total number of the buildings of the block is supposed to be concentrated. The 
centroid is also the point where each intensity measure is considered to be applied. 

 

Table 1. Percentage of building materials for the city of Rhodes Greece, as provided by ELSTAT and as 
adopted in the simplified city model  

% of material Actual  
Simplified city 

model  
Reinforced Concrete 75.5 82.7 

Masonry & Stone 22.9 17.3 
Steel  1.1 - 
Wood  0.1 - 
Other 0.4 - 
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Fig. 1 – Simplified city model and corresponding classification for the buildings of Rhodes  

 

Table 2. Chosen GEM buildings typology specifications chosen  

 Typology 1 Typology 2 

 CR_LFINF-CDM-15_H2 MUR_LWAL-DNO_H2 

Material Reinforced concrete Unreinforced masonry 

Lateral load resisting 
system 

infilled frame load bearing wall 

Code Level moderate code level non-ductile 

Lateral Force 
Coefficient 

15% — 

Number of stories 2 2 

3. Intensity measures 

There are multiple intensity measures (IMs) that can be used for urban area studies, such as 
the peak ground acceleration (PGA), peak ground velocity (PGV) or spectral acceleration 
(Sa), typically at a period of 0.2s or 1.0s. The type of intensity measure used depends on the 
type of assets that need to be assessed. For example, one may prefer PGA for lowrise 
structures and SA(1.0s) for highrise ones, while for the water supply system, PGV is a strong 
indicator of the possible damages that can occur to the pipelines according to ALA (2001). 
Generally, the ALA also takes into consideration the permanent ground displacement, but 
since there are no significant slopes, liquefaction and or important fault displacement for the 
case study site, this intensity measure is not accounted for.   

The problem is that combining different IMs can spell trouble, especially when examining 
seismic hazard over a whole city instead of a single site. For single sites, classic probabilistic 
seismic hazard analysis (PSHA) can be employed, its results summarized in familiar hazard 
curves. For multiple sites over an area, though, the Monte-Carlo-style event-based PSHA is 
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needed. Essentially, one needs to simulate a stochastic set of potential events over a period 
of several thousand years, each event matched with a spatially-correlated IM field, e.g. as 
generated by the OpenQuake engine (GEM, 2021). When multiple IMs are at play, said 
fields also need to be cross-correlated among the different IMs. At present, spatial correlation 
functions for PGV are not encoded in OpenQuake, while cross-correlation is not enforced, 
necessitating a slightly different approach if one wants to tackle both buildings and pipelines.  

As a compromise, we chose to use Sa(1s) as our primary IM for two reasons. First, 
appropriate models for its spatial correlation are available (Jayaram and Baker, 2009). 
Second, there is a strong correlation of the order of 0.8 between Sa(1s) and PGV (Bradley, 
2012). This allows us to essentially copy the correlation structure of Sa(1s) and paste it into 
the PGV fields. To do so, a single stochastic event catalogue was created, corresponding to 
a long enough investigation time of 10,000 years. Separate event-based analyses were run 
for each of the two IMs using an area source model, and employing the same catalogue and 
mesh. For simplicity, a single ground motion prediction equation by Cauzzi et al. (2014) was 
employed. For every field, the Sa(1s) values are sorted, e.g. from smallest to largest, as well 
as the PGV ones. Then, the PGV values are reordered by employing the sorted-to-original 
mapping of the Sa(1s) vector, so as to correspond to the initial ordering of the latter. In this 
way, the maximum PGV value appears at the same point where the maximum Sa(1s) value 
is; similarly, for the second largest and so on and so forth. In Fig. 2 an example of ground 
motion fields of a single event are presented, portraying the reordering of the PGV values to 
match the one of the Sa(1s). 

 

Fig. 2 – Example of the combination of Sa(1s) and PGV fields estimated for a single event to create a PGV 
ground motion field with spatial correlation  

Note that an investigation time of 10,000 years signifies 10,000 different realizations of a 
single year; therefore a large number of events with negligible impact on the system will 
appear that will not cause damage to the water pipes. To reduce the computational cost of 
the analysis, all ground motion fields with a maximum PGV value less than 5 cm/sec are 
discarded, as they cause no damage. This reduces the events to be considered from about 
130,000 to about 2,800 without any loss of accuracy. 
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4. Fragility/ Vulnerability 

4.1. Fragility/ Vulnerability of the water supply network  

The methodology used for the seismic assessment of the water distribution (pipe) network 
is based on the American Lifelines Alliance (ALA, 2001) guidelines. The pipe vulnerability 
function is given by: 

  
𝑅𝑅 =  𝐾 ∙  0.01425 ∙  𝑃𝐺𝑉 per 100 m of pipe length                     (1) 

 
where 𝐾 is based on the pipe material, joint type, diameter, and the soil type. The probability 
of failure (P ) for an individual pipeline and a given value of PGV is calculated as: 

                      𝑃  = 1 – 𝑒 ∙ 𝐿             (2) 
 

where L is the length of the pipe. According to HAZUS-MH (FEMA, 2003), as well as ALA, 
not all of the failures are breakages; per HAZUS-MH, 20% of such failures are breakages 
and 80% are leakages. Only breakages require immediate repair, as they stop a pipe from 
providing at least some water to the residents of the city.  

There are two approaches to integrating the damage of individual pipes and assessing their 
impact at the network level. The first involves solving the system of head-driven differential 
equations of flow (Cavalieri, 2020; Tomar et al, 2020); this is a computationally expensive 
but highly accurate approach.  The second option focuses on the connectivity of end-users 
to the water sources via a graph-theory approach (Gibbons, 1985; Fragiadakis et al., 2013); 
this is considerably more frugal and it is our choice. To create and study the resulting graph 
model, the python package NetworkX (Hagberg et al., 2008) was used. The overall network 
system reliability is assessed via the statistics of the considered scenarios, forming in effect 
a large-scale Monte Carlo simulation.  

 

4.2. Fragility of the buildings 

As far as the building stock of the city is concerned, it is important to be able to estimate the 
losses as well as the risk to completely access the impact of the seismic event (e.g., Kohrangi 
et al., 2021, Silva et al., 2015). The fragility curves for the buildings are taken from ESRM20 
(Crowley et al., 2021). In Table 3 the parameters of the fragility curves are presented, 
together with the relevant typology of the buildings based on the GEM building taxonomy. 
To assess damages at each city block and per each event, we use the Sa(1s) value of the field 
point that is closest to the block centroid. Four limit-states (LSs) are employed to define five 
damage states and the probability of being in each one. 

Knowing the number of buildings in each block as well as the probability of the block to be 
in each damage state, the number of buildings per block that belong to each damage state 
can be calculated by multiplying the probability with the total number of buildings in the 
block. 
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Table 3. Parameters for the fragility curves from ESRM20 for Sa(1s)  
Typology Median_DS1 Median_DS2 Median_DS3 Median_DS4 Beta 

CR_LFINF-CDM-15_H2 0.180 0.259 0.344 0.424 0.531 
MUR_LWAL-DNO_H2 0.052 0.166 0.286 0.402 0.869 

5. Results 

The overall impact to the city can be defined by assessing the percentage of the population 
that will have to abandon their house due to damage or potentially due to having no access 
to water. The latter is estimated as the percentage of individual pipes surrounding the block 
in question that cannot supply water. The developed methodology also allows the allocation 
of the buildings per damage state for the whole city. Fig. 3 presents three indicative scenario 
events: (i) An M7.1 event at a distance of 35km, (ii) An M7.9 event at 74km, (iii) a “design 
level” event that produces the 10% in 50yrs value of Sa(1s) at the center of the city. Results 
are illustrated in Fig. 4 to 6 in terms of (a) the percentage of population that has access to 
water per block, (b) the percentage of buildings that are in the DS4 and therefore are 
completely damaged per block. Clearly, the first two events, which are the strongest in the 
stochastic catalogue, represent rare extremes, and they end up severely damaging the city. 
The third is a more reasonable scenario (see the relevant PGA map in Fig. 3b), where 
moderate building damage is exacerbated by the lack of water supply.   

  

( a ) ( b ) 

  

( c ) ( d ) 

Fig. 3 – (a) Map displaying the epicentre of the seismic events presented below with their magnitude. The 
city itself is shown darkened at the northern tip of the island. (b) M7.9 event at 74km (c) M7.1 event at a 

distance of 35km (d) M7.3 “design level” event that produces the 10% in 50yrs (d)  
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(a) (b) 

Fig. 4 – Percentage (a) of access to water and (b) of buildings that collapse per block (M7.1) 

  

(a) (b) 

Fig. 5 – Percentage (a) of access to water and (b) of buildings that collapse per block (M7.9) 

  
(a) (b) 

Fig. 6 – (a) Percentage of access to water, (b) Percentage of buildings that collapse per block (M7.3) 
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For the chosen typologies of buildings, the losses are calculated from their vulnerability 
functions and are presented in terms of mean annual frequencies. The vulnerability functions 
used refer to:  

 Total replacement cost vulnerability functions 

       Mean loss ratio = 
  

  
                                                                 (3) 

 Occupants vulnerability functions 

                 Mean fatality ratio = 
  

  
                                                 (4) 

The mean annual frequency for the loss of life curve is multiplied by the number of occupants 
to present the number of fatalities (Fig. 7a). The mean annual frequency for the monetary 
loss represents the amount of an ‘average’ building that would need to be completely 
replaced after the event. The number does not actually indicate how many buildings will 
collapse, but rather what will be the aggregated monetary loss divided by the average 
replacement cost (Fig. 7b). Finally, Table 4 shows in more detail the statistics of losses from 
the design level event. Note, that there are fewer masonry buildings that need replacement 
simply because there are fewer of them overall, as is shown in Table 1. Percentage-wise, 
masonry buildings remain more vulnerable than reinforced-concrete ones.  

 

  

(a) (b) 

Fig. 7 – (a) Mean annual frequency of exceedance for loss of life, (b) Mean annual frequency of exceedance 
for the replacement cost   
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Table 4. Average annual losses and losses from design earthquake, differentiating pipes, masonry (MUR) 
and reinforced concrete (RC) buildings 

   Average Annual 
Loss 

Design Earthquake 

Buildings  Loss of life 0.19 18 
Replacement cost  Both 2.7 245 2.2% 

RC  1.72 194 2.1% 
MUR 0.98 51 2.6% 

Water Network Percentage of 
damaged length 

Leakages 0.7% 5.8% 
Breaks 0.2% 1.5% 

Percentage of failed 
pipes 

Leakages 0.4% 3.6% 
Breaks 3.2% 0.9% 

Percentage w/o water  3.2% 6.4% 

6. Conclusions  

The methodology developed is an efficient way to assess the risk for a water supply network 
and the buildings of the given city that accounts for both the topology of the system as well 
as the spatially correlated seismic intensities. The ALA guidelines are efficiently combined 
with graph theory and Monte Carlo simulation to provide results for the expected failures 
that will affect the water supply and the ESRM20 provides the damages inflicted to the 
buildings and the losses that occurred. The adopted method can take advantage of publicly 
available data to provide fast computations that combine two major infrastructure types of 
the city. It gives information about the extent of the failures for the entire system as well as 
localized information per city block that could be translated into useful results for the number 
of people that will be affected by a catastrophic seismic event in terms of both housing and 
accessibility in water. The correlation between the results shows that the most dangerous 
results for the water system might not be the worst possible for the buildings but the 
likelihood of simultaneous severe damages in buildings and lack of water is high especially 
in certain vulnerable parts of the urban grid. 
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Abstract: This research deals with the seismic risk assessment of existing masonry 

buildings and, more specifically, it focuses on the fragility component, i.e. the development 

of fragility curves. In the paper, fragility curves are derived by using a numerical approach, 

based on the execution of nonlinear dynamic analyses (NLDA) according to the Cloud 

Method. Among other possible different approaches (i.e. empirical, analytical-mechanical 

based, hybrid), the numerical approach has been selected as one of most suitable when the 

risk study is addressed to portfolio of buildings, like the examined case that focused on 

Italian unreinforced (URM) schools. In the paper, the adopted procedure to interpret the 

huge data provided by NLDA and convert them into the attainment of synthetic damage 

level is described. It has been tentatively applied to three URM schools.  

Finally, mechanical-analytical fragility curves and residential fragility curves, already 

available in literature, were used to compare and validate the derived numerical fragility 

curves. 
 

Keywords: Numerical Fragility curves; Cloud Analysis; Portfolio of buildings; Damage 

Levels. 

1. Introduction 

Seismic events of the last 10 years as the Molise (Italy) 2002, Boumerdes (Algeria) 2003, 

Bingöl (Turkey) 2003, Kashmir (Pakistan) 2005, Peru 2007, Sichuan (China) 2008, Haití 

2010 and Chile 2010, just to mention a few at international scale, have caused significant 

damage to school buildings and significant losses (Di Ludovico et al., 2019). 

Considering the occupancy of future generation and the vulnerability of their lives in 

school time, it is considered being a timely requirement to make a seismic risk assessment 

of school buildings. 
 

The national seismic risk assessment is an important risk mitigation tool as it can be used 

for the prioritization of regions within a country where retrofitting of the building stock or 

other risk mitigation measures should take place. The effective development of a seismic 

risk map involves the convolution of seismic hazard data, vulnerability predictions for the 

building stock and exposure data. In particular, this paper focuses on the fragility 

component, i.e. the development of fragility curves, aimed to support risk study on 

portfolio of buildings, i.e. the Italian Unreinforced (URM) schools. More specifically, the 

aim is to define a methodology to develop representative fragility curves by using a 

numerical approach. 
 

The research has been developed within the more general context of MARS (Seismic Risk 

Maps) project (Masi et al., 2021). The project has been promoted by the Italian Civil 

Protection Department (DPC) and the Network of University Laboratories for Earthquake 

Engineering (ReLUIS), conveying the effort of several Italian Universities to update the 

National Risk Assessment already released in 2018 (Dolce et al., 2021), in order to include 

not only residential buildings but also other strategic classes, such as schools and churches. 
 

Among possible methods to develop fragility curves (Rossetto et al., 2014; Rosti et al., 

2021; Donà et al., 2021), i.e. empirical, analytical based on simplified approaches or 

numerical based on more accurate models, the numerical one has been selected in this 

paper as most effective in assessing risk assessment on a specific portfolio of buildings, 
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like schools. Varying the adopted approach, different problems could arise and in general a 

quite tricky issue consists of applying a consistent approach in order to guarantee then a 

proper comparison among curves based on various methods. For example, the use of 

empirical approaches passing from an area to another is conventional, since in general the 

data on the observed damage are available only for specific territorial contexts. Moreover, 

although the empirical approach provides a valuable reference for validation aims, 

portfolio buildings are in general less representative from a statistical point of view and 

pose critical issues in the derivation of robust fragility curves. Conversely, the analytical 

approach (either numerical or mechanical-based) allows to better exploit the data collected 

at regional scale and differentiate the curves specializing the sub-types considered. 

Therefore, the research has been oriented to the numerical approach. 
 

More specifically, the approach adopted is based on the execution of nonlinear dynamic 

analysis (NLDA) on archetype school buildings identified to be representative of the class 

of existing masonry school buildings in Italy. The NLDA follow the Cloud Method 

(Jalayer et al., 2015). Moroever, the procedure proposed in (Brunelli et al., 2022, Sivori et 

al., 2022) to interpret the huge data provided by NLDA and convert them into the 

attainment of synthetic damage level has been adopted. In the paper, the results obtained 

for three schools are presented. Finally, the curves obtained have been compared with 

others already available in the literature.   

2. Adopted procedure for deriving fragility curves through nonlinear dynamic 

analyses 

There are several nonlinear dynamic analysis procedures available in the literature to 

statistically characterize the relationship between Engineering Demand Parameters (EDPs) 

and the Intensity Measures (IMs) of the recorded ground motions, such as the Incremental 

Dynamic Analysis (IDA, Vamvatsikos & Cornell, 2002), the Multiple-Stripe Analysis 

(MSA, Jalayer & Cornell, 2009), the Cloud Method (Bazzurro et al., 1998; Jalayer et al., 

2015). Moreover, several scientific contributions address the choice of optimal intensity 

measures for probabilistic seismic demand analyses (Shome, 1999; Elenas & Meskouris, 

2001; Luco & Cornell, 2007; Mollaioli et al., 2013; Minas & Galasso, 2019). In this 

context, the investigation should be aimed at the characterization of the statistical 

relationship between earthquake intensity and structural response and damage. 

2.1. Definition of archetypes and modelling approach adopted 

According to the inventory of Italian Ministry of Education, Italian URM schools are 

characterized by a number of stories rarely higher than three and the presence of rigid 

floors; moreover, in the case of ancient ones, a significant inter-story height and great 

distance between transverse walls are recurring features (Cattari et al., 2021). 

Three school buildings have been selected from the regional database provided by the 

University of Naples and Genoa (Ottonelli et al., 2019); it groups data collected during the 

support activity made by the ReLUIS consortium and DPC (Di Ludovico et al., 2017a; Di 

Ludovico et al., 2017b), requested by the Reconstruction Commissioner, nominated after 

the 2016/2017 Central Italy earthquake. 
 

Each building was chosen as archetype building of a defined sub-class because 

representative of the Italian masonry school building stocks. The classification was done 

on the basis of the taxonomy defined in MARS project. More specifically, the MARS-

taxonomy for schools considers: masonry typology (e.g., regular, irregular); age of 
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construction (before 1800, 1800 century, 1900-20, 1921-45, 1946-60, 1961-75, after 

1976); number of stories (i.e., 1,2,3, >4); plan area (i.e., <500 m2, 500-1000 m2, 1000-

2000 m2, 2000-5000 m2, and >5000m2); diaphragm type (e.g., concrete slab with clay 

units, wooden floor).  

More specifically, the three archetypes are inspired by some schools located in Visso 

(MC), Caldarola (MC) and Montegallo (AP). 

Visso’s school (construction period 1921-45, 2 storey, area 500÷1000 m²) is inspired by a 

building permanently monitored by the Seismic Observatory of Structures of the 

Department of Civil Protection (DPC) and now demolished after the severe damage 

suffered after the Central Italy earthquake in 2016. 

The second case study was inspired by the Caldarola school (construction period 1921-45, 

2 storey, area 500÷1000 m²). Also this building has been demolished due to the severe 

damage suffered during the seismic sequence in central Italy in 2016. 

The third case study was inspired by the Montegallo school (construction period 1946-60, 

3 storeys, area 25÷500 m²). This case study building is a two-storey structure above ground 

and a semi-basement. 
 

In Table 1 the main structural characteristics of the case studies are reported. 
 

Table 1. Structural details of the three study cases 

Case Study Masonry Type Floor Slab R.C. curbs Chains Roof 

Visso cut stone 
Concrete slab with 

hollow clay bloks 

Yes;  

R.C. beams 
No 

Wooden beams with 

concrete slab 

Caldarola uncut stone 
Concrete slab with 

hollow clay bloks 

Yes;  

R.C. beams 
No 

Concrete slab with 

hollow clay bloks 

Montegallo 
cut stone; 

modern masonry 

Concrete slab with 

hollow clay bloks 

Yes;  

R.C. beams 
No 

Concrete slab with 

hollow clay bloks 
 

The schools’ 3D structural models were generated through the equivalent frame approach 

by adopting 3Muri software (Lagomarsino et al., 2013). Equivalent frame modelling, 

among other possible choices suited for masonry structures (D'Altri et al., 2020), is 

proposed not only in literature (Lagomarsino et al., 2013) but also by some Codes (NTC, 

2018; CEN, 2004), since it reduces the degrees of freedom and therefore allows to perform 

nonlinear dynamic analyses of three-dimensional masonry structures with a reasonable 

computational burden. It is worth noticing the equivalent frame schematisation is 

particularly suitable if the walls geometry and the openings distribution in the building are 

characterised by a certain regularity, in particular with regard to the alignment of the 

openings. The equivalent frame models’ 3D view of the schools are reported in Figure 1. 

       a)          b)  c) 

 a)  b)    c)    

Fig. 1 – Equivalent frame model’s 3D view and plant of Visso (a), Caldarola (b) and Montegallo (c) school 
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The numerical masonry building models were developed in previous research works, in 

particular for the Visso model (Brunelli et al., 2021) and Caldarola model (Cattari et al., 

2022), allowing also a validation of the equivalent frame model reliability. For performing 

NLDA, the multilinear constitutive law developed by (Cattari and Lagomarsino, 2013), 

have been adopted simulate the in-plane nonlinear response and the hysteretic behaviour of 

masonry panels. Apart the numerical studies aforementioned, the efficiency of this 

modelling strategy has been proved in various works aimed to develop fragility curves 

(Angiolilli et al., 2021; Cattari et al., 2021). 
 

The constitutive laws assumed to describe the resistance to shear (Vdc) or flexural (PF) 

failure mechanisms of the masonry types are reported in Figure 2, and are coherent with 

literature values (Cattari et al., 2021), in which the drift (θ) and strength decay values were 

calibrated to be as representative as possible of reality and were consistent with the up-to-

date experimental evidence as reported in some databases (Vanin et al., 2017; Morandi et 

al., 2018; Rezaie et al., 2020). 

 a)    b) 
Fig. 2 – Constitutive laws for a) piers and b) spandrels, assumed according to (Cattari et al., 2021) 

The values assumed as mechanical parameters (e.g. shear strength (τ0), masonry 

compressive strength (fc), Young modulus (E) and density (ρ)) for the three masonry type 

schools are reported in Table 1 and calculated on the basis of the minimum and maximum 

value of the Italian Circular table C8.5.II (Circolare, 2019), increased due to possible 

improving coefficients (e.g. good mortar; good transversal connection between walls). 
 

Table 2. Mechanical parameters assumed for the schools of Visso (a), Caldarola (b), Montegallo (c) 

School model Masonry Type fc [N/mm2] τ0 [N/mm2] E [N/mm2] ρ [kN/m3] 

Visso, Montegallo Cut Stones 4.09 0.084 1965 21 

Caldarola Uncut Stones 3.55 0.061 1434 20 

Montegallo Modern Masonry 8.55 0.240 10182 18 

2.2. Selection of seismic input 

The nonlinear dynamic analyses were carried out with a selection of 155 accelerograms per 

A/B soil category (Paolucci et al., 2020). Each accelerogram is described by different 

characteristics in the two components H1 and H2, such as magnitude, station, Vs30 (m/s), 

PGA (m/s2), PGV (m/s). 
 

More specifically, the set of considered accelerogram is made by: 115 natural 

accelerograms; 20 accelerograms scaled to approximate the target spectrum, with return 

period (Tr) equal to 5000 years; 20 accelerograms scaled to approach the target spectrum, 

with return period Tr equal to 10000 years. 
 

It has been chosen to carry out the non-linear dynamic analyses assuming each building 

deterministic and described by the mechanical parameter’s values shown in Table 2. Thus, 

the fragility curves obtained are only characterised by record-to-record variability. 
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Thus, a total of 310 nonlinear dynamic analyses were performed by applying once the EW 

component of the accelerogram to the X-direction and the NS component of the 

accelerogram to the Y-direction, once by reversing (H2-X & H1-Y). 

3. Procedure adopted to correlate EDP to DL 

The nonlinear dynamic analyses were carried out using the Cloud Method (Jalayer et al., 

2015). The results have been interpreted to establish a statistical correlation between a 

measurable parameter – representative of the seismic response – and the simulated level of 

global damage (DL).  
 

The Engineering Demand Parameter (EDP) chosen is the ultimate displacement of the 

structure (du). The parameter chosen as intensity measure (IM) is the maximum peak 

ground acceleration (PGAmax) between the two PGAs of the accelerogram (PGAH1 and 

PGAH2). 
 

The procedure adopted to correlate the EDP to the DL was developed and already applied 

in other research works (Sivori et al., 2022; Brunelli et al., 2022). Damage levels aim to 

conceptually refer to those adopted in post-earthquake macroseismic assessment, such as 

those proposed in the European Macroseismic Scale (Grunthal, 1998). 
 

Two different checks were carried out to determine the damage level reached by the 

structure for each analysis. In particular, checks are performed at: 

• global response scale: by identifying the ultimate displacement reached by the 

structure through NLDA with respect to the displacement defined for each damage 

level (DL) on the pushover curves, depending on proper thresholds of strength drop of 

the base shear estimated from nonlinear static analyses. These thresholds are defined in 

terms of proper fractions of the overall base shear (Vb), namely: before the attainment 

of the maximum value (Vb,max), to define the DL1 (equal to 0.4 Vb,max) and DL2 (equal 

to 0.8 Vb,max); after the attainment of the maximum value, i.e. on the softening phase of 

the curve, to define the DL3 (equal to a residual capacity equal to 0.7 Vb,max), DL4 

(equal to a residual capacity equal to 0.4 Vb,max) and DL5 (equal to a residual capacity 

equal to 0.2 Vb,max); in this way we can obtain the damage grade of the structure at the 

global scale DGθ. 

• wall response scale: looking at both the damage reached by each wall at each level, and 

the spread of damage in the building considering the total number of walls; the aim of 

this control is to monitor the spread of damage along the building. The check is based 

on the evaluation of the damage severity and diffusion on vertical walls through the 

cumulative rate of walls that reached a given DL. More specifically, the attainment of 

the DL on a wall is checked in terms of the DLmin variable, as introduced in (Marino et 

al.,  2019). This variable assigns a damage level to the wall based on the minimum DL 

attained by all the masonry elements of a certain floor. The thresholds assumed for the 

cumulative rate have been defined to be consistent with the linguistic description of the 

damage grades proposed by the EMS98 (Grunthal, 1998); in this way we can obtain the 

damage grade of the structure at the wall scale DGw. 
 

For each record, the worst criterion (i.e. the one that occurs at first) is adopted to assign the 

final resulting global DL. According to this procedure, results of records can be properly 

grouped as those associated to the same DL. 

The relationship between DG and damage level according to the two controls is therefore 

summarised with proper thresholds, which are reported in Figure 3. 
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Fig. 3 – Relationship between DL and Cloud Method controls at global and local scale 

 

In Figure 3: w stands for wall, thus cw is the cumulate of the building walls; DLw is the damage 

level reached by each wall; PO stands for pushover (nonlinear static analysis), thus dPO is the 

displacement obtained by nonlinear static analysis in correspondence of certain thresholds of 

base shear strength drop (V/Vy). 

4. Results 

Finally, about the approach to fit the data and finally derive the fragility curves, a lognormal 

distribution has been assumed as usual in risk analyses (Baraschino et al., 2019). 
 

Thus, fragility curves were computed by estimating the probability of exceeding (pDLi) the 

different damage levels, DLi (i = 1 … 5), given a level of ground shaking quantified through 

the IM. The pDLi was computed from the lognormal distribution of the IM values causing the 

ith DL. The fragility curve is expressed by the median value IMDLi and the lognormal standard 

deviation DLi, according to Equation 1, where Φ is the standard cumulative probability 

function. 

 
(1) 

The Cloud Analysis allowed to associate a DL to each analysis performed. The maximum 

PGA between the two component H1/H2 of the accelerogram has been considered to define 

the IM. Then, the results were grouped as a function of the DL achieved in order to estimate 

DLi and IMDLi. As an example, Figure 4 reports the grouped records of the Caldarola’s school. 
 

 
Fig. 4 – Cloud Analysis of the Caldarola model, reporting the DL reached by the structure under each 

accelerogram (the dots) applied, according to its maximum PGA 
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The fragility curves obtained for the three models analysed are represented in Figure 5. 
 

a) b) c) 

Fig. 5 – Fragility curves for Visso (a), Caldarola (b) and Montegallo (c) schools 

4.1. Comparison of derived fragility curves with other available in literature  

 

To validate the obtained results, the numerical fragility curves have been compared with other 

ones already available in literature.  

Firstly, the fragility curves developed in (Cattari et al., 2021) through an analytical-mechanical 

approach (i.e. the DBV-masonry model) have been adopted. More specifically, the latter have 

been derived for 14 archetypes selected to be representative of the Italian URM school 

buildings: the three schools examined in the paper belong to this selection.  
 

For the purposes of a fully consistent comparison with the numerical curves herein developed, 

the DBV-model has been applied by adopting the same mechanical parameters’ values 

reported in Table 2 (actually, in Cattari et al. 2021, reference parameters were adopted to be 

representative of a masonry type class rather then those specific of each school) and 

constitutive law, so to have deterministic models. The comparison is reported in Figure 6:  

continuous lines refer to the numerical fragility curves, while the dashed ones to those derived 

from the analytical-mechanical approach. Only the first four DLs are reported since the 

estimate of DL5 is considered quite conventional from the mechanical-approach. 
 

a) 

b) 

Fig. 6 – Numerical (continuous line) and analytical-mechanical (dashed line) fragility curves compared; 

in a) the curves of Visso (in black) and Caldarola (in red) schools are reported, in b) the ones of Montegallo 

(in blue) school. 
 

Another comparison was made with the fragility curves illustrated in (Da Porto et al.,  2021), 

that refer to those developed for the Italian National Risk Assessment (NRA) of residential 

masonry buildings (Dolce et al. 2021). In this case, fragility curves refer to sub-types defined 

according to a taxonomy based on the ISTAT (ISTAT, 2011) census (i.e. on basis of the age of 
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construction and height). Figure 7 shows the results of such a comparison. The filled areas 

indicate the range outlined by the various methods adopted in NRA for residential buildings. 

More specifically, the adopted models rely on various approaches, namely: the pure empirical 

one, in three cases by referring to the data collected in the Da.D.O. platform (Rosti et al. 2021 

and Zuccaro et al.,  2021); the analytical approach (Donà et al.,  2021); the heuristic one 

(Lagomarsino et al.,  2021). Although results refer to two different assets (i.e. residential 

buildings and schools), the comparison still appears suitable and useful. In fact, the 

geographical context is the same thus with analogies in some recurring structural details and 

design practice (apart the physiologic differences produced in the architectural configurations 

by the different usability exigences). The curves are in a quite good agreement in terms of 

median IM value; the difference in the dispersion is mainly ascribable to the fact the numerical 

curves account only for the record-to-record variability. 

a)

 b) 
Fig. 7 – Numerical fragility curves of a) Visso (in black) and Caldarola (in red) schools, and b) Montegallo 

(in blue) school, compared with the literature (Da Porto et al., 2021) ones (grey screen for the 1919-1945 age, 

2 floors of Visso and Caldarola; black striped screen for the 1946-1960 age, 3 floors of Montegallo). 
 

It is worth noticing that the fragility curves obtained by numerical approach considers only the 

record-to-record variability. However, watching the results only referring to the median IM 

value, the numerical fragility curves are in good agreement with the fragility curves of 

references. 

5. Conclusions 

The paper presents a study on the use of numerical methods for deriving fragility curves of 

Italian masonry school buildings.  

The comparison done between the derived numerical fragility curves and other ones 

available from literature is promising. The potential of the numerical approach consists of 

accounting in an explicit way of specific features of this building stock. 

Of course, with the aim of using these curves to support seismic risk assessment at regional 

scale, a higher number of archetypes must be investigated to statistically describe in a more 

robust way the corresponding class of buildings with homogeneous behavior. To increase 

the number of archetypes for each class will allow to properly account for the inter-

building variability (and thus also include this source of uncertainty on the combined 

fragility curves).   
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Abstract: This paper focuses on the empirical seismic vulnerability of Italian unreinforced 
masonry (URM) churches, by statistically processing post-earthquake data collected during 
the Central Italy (2016-2017) damage and usability assessment campaign. The post-
earthquake database is first critically reviewed to identify the dataset of masonry churches to 
be used for statistical elaborations. Starting from damage information available from the post-
earthquake survey form, a global level of damage is associated with each inspected church. 
The peak ground acceleration (PGA), estimated from ShakeMaps and suitably accounting for 
the earthquake sequence, is considered for locally characterizing the severity of the ground 
shaking. Empirical vulnerability is quantified via damage probability matrices (DPMs), then 
fitted by the binomial distribution, allowing for a parametric representation of observational 
damage frequencies. Empirical damage distributions are derived by statistically processing 
the entire dataset of masonry churches, then allocated to various macro-categories accounting 
for plan area and construction age. Effect of damage progression due to repeated ground 
shaking on the empirical seismic vulnerability is also investigated.  

Keywords: Churches, heritage structures, post-earthquake damage data, damage probability 
matrices (DPMs), Central Italy (2016-2017) seismic sequence. 

1. Introduction 

Past earthquakes pointed out the significant vulnerability of masonry churches (e.g. Doglioni 
et al. 1994; D’Ayala 1999; Lagomarsino and Podestà 2004a; Lagomarsino 2012; Penna et 
al. 2019), primarily due to their architectural configuration, typically characterized by 
slender walls, large halls without internal diaphragms, presence of thrusting elements (e.g. 
vaults and arches). Considering the relevance of churches due to their public, societal and 
cultural value, several studies assessed their empirical seismic vulnerability, with specific 
focus on the Italian panorama (e.g. Lagomarsino and Podestà 2004b, c; da Porto et al. 2012; 
De Matteis et al. 2016; Cescatti et al. 2020; Canuti et al. 2021; Marotta et al. 2021).  

This paper provides some insights on the observational seismic vulnerability of Italian 
unreinforced masonry churches, by statistically processing post-earthquake damage data 
gathered in the aftermath of the Central Italy (2016-2017) seismic sequence (e.g. Sisti et al. 
2019), analogously to other empirical studies dealing with residential building stock (e.g. 
Rota et al. 2008; Rosti et al. 2021, 2022). The damage database, collecting 4016 post-
earthquake survey forms, is critically reviewed and churches for which multiple inspections 
were carried out during the earthquake sequence are identified. A global level of damage is 
defined for each inspected church, starting from the information available from the survey 
form, whereas seismic input is locally characterized by suitably accounting for the several 
main shocks of the earthquake sequence. Empirical seismic vulnerability is assessed via 
damage probability matrices (DPMs), representing the distribution of damage in the different 
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states, given the selected seismic intensity measure (e.g. Rosti et al. 2018). DPMs are derived 
for the whole dataset of masonry churches, then classified based on plan area, construction 
age and combination of both attributes. Parametric representation of resulting DPMs is also 
provided by exploiting the binomial distribution.    

2. The post-earthquake damage database 

This study takes advantage of a damage database, collecting 4016 post-earthquake survey 
forms compiled during the damage and usability assessment campaign on Italian churches 
hit by the 2016-2017 Central Italy seismic sequence (Fig. 1). The adopted damage database 
is the outcome of the intense and synergistic work between the Italian University 
Laboratories Network of Earthquake Engineering (ReLUIS) and the Eucentre Foundation, 
under the supervision of the Italian Department of Civil Protection (DPC). Together with 
damage data observed on Italian churches in the last 25 years, the Central Italy (2016-2017) 
database will be implemented in the web-gis platform Da.D.O.-Churches, analogously to the 
web-gis platform for residential buildings, called Da.D.O. (Dolce et al. 2019; Masi et al. 
2021). 

Post-earthquake assessment activities were conducted during three phases, with few days of 
interruption after the seismic events of October 2016 (Mw 6.5) and January 2017 (Mw 5.5), 
leading sometimes to multiple inspections of the same church due to repeated shaking (Penna 
et al. 2019). Based on this consideration, the post-earthquake database was critically 
analyzed to identify churches with multiple inspections and, thus, multiple post-earthquake 
survey forms. Database cleansing also involved removal of survey forms with missing 
information on damage assessment and/or usability outcome. Furthermore, survey forms 
compiled for structures different from churches (e.g. towers/bell towers) or for churches with 
vertical structure different from masonry were discarded. The critical analysis resulted in 
3375 post-earthquake survey forms associated with 2966 masonry churches, 1864 of which 
were considered in the following statistical elaborations. Fig. 1 shows the geographical 
location of the epicenters of the considered main shocks, together with the spatial 
distribution of the 1864 masonry churches. Colors of the markers indicate if a given church 
was inspected once or multiple times during the earthquake sequence. About 89% of the 
considered masonry churches were inspected once, whereas multiple surveys were 
conducted on 11% of the dataset.    

 
Fig. 1 – Geographical location of the epicentres of the considered main shocks (http://terremoti.ingv.it/) and 

spatial distribution of the 1864 masonry churches, with identification of multiple inspections.   
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3. Damage classification 

Damage and usability assessment was carried out by using the A-DC post-earthquake survey 
form (Modello A-DC, PCM-DPC-MiBAC 2006), which defines twenty-eight possible 
damage mechanisms (Fig. 2), referred to different macroelements constituting the church 
(Doglioni et al. 1994). The A-DC post-earthquake survey form allows for indicating the 
possible activation of each damage mechanism and the associated observed level of damage, 
graduated from 0 to 5 in accordance with the EMS-98 scale (Grünthal et al. 1998). 

Analysis of possible and activated collapse mechanisms highlighted the architectural 
simplicity of the available churches. Percentages of occurrence higher than 80% were indeed 
observed for damage mechanisms associated with basic macroelements, i.e. façade (M1, M2, 
M3), nave (M5, M6) and roof (M19). Although characterized by lower frequency of 
occurrence, some mechanisms showed high percentage of activation, pointing out the 
significant vulnerability of arches, vaults and domes, in line with past observations.   

 
Fig. 2 - Damage mechanisms indicated in the A-DC post-earthquake survey form (Adapted from PCM-DPC-

MiBAC 2006). 

By accounting for damage information on individual collapse mechanisms, the damage 
index (id) can be then computed as: 

 �� = 	
∑ ��
�
���

5�
 (1) 
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where n is the number of possible damage mechanisms whereas dk is the damage score (from 
0 - no damage - to 5 - collapse) associated with the kth possible damage mechanism. The 
damage index ranges from 0 (i.e. no damage) to 1 (i.e. collapse) and it is useful for arranging 
short-term countermeasures, provisional and restoration interventions. 

In line with existing studies (e.g. Cescatti et al. 2020; Canuti et al. 2021), the relation by 
Lagomarsino and Podestà (2004b) was employed for defining global levels of damage 
(Table 1), starting from damage information available from the survey form. Relying on the 
mean damage index (id), the adopted damage relation provides an estimate of the average 
level of damage suffered by a given church and therefore it does not allow for capturing 
peaks of damage. Global damage levels were evaluated based on damage data gathered 
during the first post-earthquake survey. In case of churches with multiple inspections, 
damage was also globally evaluated, considering damage information related to the last post-
earthquake survey. Fig. 3 shows the spatial distribution of the considered masonry churches 
with the identification of the associated global damage level, evaluated based on the damage 
data collected during the first (Fig. 3 a) and last (Fig. 3 b) post-earthquake survey. The 
frequency of occurrence of higher damage levels increases from the first to the last survey, 
due to damage progression implied by the cumulated effect of repeated shaking (Fig. 3). 
However, damage increment is globally limited, also considering that churches with multiple 
inspections constitute 11% of the dataset only. 

Table 1. Definition of damage levels based on the mean damage index (Lagomarsino and Podestà 2004b) 

Damage level Damage index Description 

0 id ≤0.05 No damage: light damage in one or two mechanisms 

1 0.05<id≤0.25 Negligible to slight damage: light damage in some mechanisms 

2 0.25<id≤0.40 Moderate damage: light damage in many mechanisms, with one or 

two mechanisms activated at medium level 

3 0.40<id≤0.60 Substantial to heavy damage: many mechanisms have been activated 

at medium level, with severe damage in some mechanisms 

4 0.60<id≤0.80 Very heavy damage: severe damage in many mechanisms, with the 

collapse of some macroelements of the church 

5 id>0.80 Destruction: at least 2/3 of the mechanisms exhibit severe damage 
 

 
Fig. 3 – Spatial distribution of the considered masonry churches with identification of global damage levels 
evaluated based on damage information collected during the first (a) and last (b) post-earthquake inspection. 

4. Seismic input characterization 

The ground motion severity was characterized by the peak ground acceleration (PGA), 
estimated from updated INGV ShakeMaps (Michelini et al. 2020). To account for the 
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earthquake sequence, a single value of seismic intensity was associated with each post-
earthquake survey form, by comparing the date of the field survey with the date of each 
considered main shock (Fig. 1) and by then taking the maximum PGA value recorded before 
the inspection. Fig. 4 shows the spatial distribution of the masonry churches with the 
identification of the experienced ground shaking, referring to the first (Fig. 4 a) and last (Fig. 
4 b) post-earthquake survey. 

 
Fig. 4 – Spatial distribution of the considered masonry churches with identification of the ground motion 

severity experienced at the first (a) and last (b) post-earthquake survey. 

5. Identification of macro-categories of masonry churches 

Considering that the structural complexity of a church, and consequently the number of 
possible local mechanisms, which is correlated to the number of macroelements, increases 
with the increase of the plan area (e.g. Cifani et al. 2005), masonry churches were classified 
into churches of small (i.e. < 150 m2), medium (i.e. 150-400 m2) and large (i.e. >400 m2) 
dimensions. Fig. 5 (a) shows the spatial distribution of the considered masonry churches, 
categorized based on the plan area. More than half (63%) of the available sample is 
constituted by churches of limited dimensions whereas churches of large dimensions 
represent 9% of the dataset (Fig. 5 a).  

 
Fig. 5 – Spatial distribution of the considered masonry churches with identification of plan area (a) and 

construction age (b). 

Consistently with exposure attributes, churches were also allocated to four categories 
accounting for the construction age: before XV, XV-XVI, XVII-XVIII, XIX-XXI. As 
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depicted in Fig. 5 (b), the considered masonry churches are rather homogeneously 
distributed into the four predefined classes of construction age (Fig. 5 b). 

6. Derivation of Damage Probability Matrices (DPMs) 

Damage probability matrices were derived by statistically processing the whole dataset of 
1864 masonry churches and considering five equally-spaced PGA bins (Fig. 6). 
Observational damage distributions were obtained in terms of global damage levels based 
on damage information collected during the first (Fig. 6 a) and last (Fig. 6 b) post-earthquake 
survey. In line with literature studies (e.g. Lagomarsino and Podestà 2004b, c; De Matteis et 
al. 2016; Canuti et al. 2021), the binomial model was employed for fitting empirical DPMs, 
with the advantage of describing the entire damage repartition by a single parameter, μD, 
representing the mean level of damage of the discrete distribution. Comparison of Fig. 6 (a) 
and (b) shows that the mean damage level increases from the first to the last post-earthquake 
survey. The effect of cumulated damage on empirical DPMs is however limited, given that 
the majority (89%) of the available churches were inspected once. Based on this 
consideration, only observational damage distributions related to the first post-earthquake 
survey are reported in the following. Empirical damage distributions were also derived for 
macro-categories of masonry churches (Section 5), accounting for plan area (Fig. 7), 
construction age (Fig. 8) and both attributes (Fig. 9, Fig. 10).  

 

 
Fig. 6 – Empirical DPMs for the whole sample of 1864 masonry churches. Global damage levels are based on 

damage information collected during the first (a) and last (b) post-earthquake survey. 

 

 
Fig. 7 – Empirical DPMs for masonry churches of small and medium-large dimensions. Global damage 

levels are based on damage information collected during the first post-earthquake survey. 

Considering the limited representativeness of churches with plan area higher than 400 m2 
(9%), the following elaborations are obtained by pooling together churches of medium (i.e. 
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plan area between 150 and 400m2) and large (i.e. plan area higher than 400 m2) dimensions. 
Results show the adequacy of the binomial model, generally well reproducing empirical 
damage distributions, provided that the sample is statistically significant in the considered 
ground motion interval. In some cases, the reliability of observed damage distributions and 
corresponding predictions is indeed affected by the limited number or even by the lack of 
data in predefined PGA bins. As expected, seismic vulnerability of masonry churches 
increases with the severity of the ground shaking and reduces with the construction age. 
Masonry churches of medium and large dimensions result to be slightly less vulnerable than 
the small ones. This outcome could be however affected by the limited representativeness of 
masonry churches of medium and large dimensions, being 37% of the available sample. 
Also, global damage levels are evaluated on the basis on the damage index, which averages 
the observed seismic damage over the total number of possible damage mechanisms. As a 
consequence, damage index values may be higher in case of churches of small dimensions, 
characterized by few macroelements. On the other hand, the structural complexity of larger 
churches involves the presence of more macroelements and, consequently, of possible 
damage mechanisms, implying relatively lower values of the mean damage index. This 
aspect, which requires further investigation, could be counteracted by accounting for the 
geometrical extent of each single macroelement when assessing global damage (e.g. 
Lagomarsino et al. 2019). 
 

 

 

 

 
Fig. 8 – Empirical DPMs for masonry churches with different construction age. Global damage levels are 

based on damage information collected during the first post-earthquake survey. 
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Fig. 9 – Empirical DPMs for masonry churches of small dimensions with different construction age. Global 

damage levels are based on damage information collected during the first post-earthquake survey. 
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Fig. 10 – Empirical DPMs for masonry churches of medium-large dimensions with different construction 

age. Global damage levels are based on damage information collected during the first post-earthquake 
survey. 
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7. Conclusions 

This study investigates the seismic vulnerability of Italian URM churches by statistically 
processing post-earthquake damage data collected during the Central Italy (2016-2017) 
seismic sequence. Statistical elaborations were carried out on a dataset of 1864 masonry 
churches, identified by critically reviewing the available post-earthquake database. Database 
cleaning involved both removal of post-earthquake survey forms with missing/incomplete 
information and identification of churches with multiple inspections. Damage information 
available from the survey forms and collected during the first and last post-earthquake 
inspection was respectively converted into global levels of damage, in accordance with 
Lagomarsino and Podestà (2004b). Seismic input was defined at each location by 
extrapolating PGA values from updated INGV ShakeMaps (Michelini et al. 2020) and 
suitably accounting for the earthquake sequence. Empirical damage probability matrices 
were derived by statistically processing the whole dataset of masonry churches, then refined 
based on further attributes (i.e. plan area and construction age) consistent with exposure data. 
Empirical damage distributions based on damage information, respectively collected during 
the first and last post-earthquake survey, showed some damage progression due to cumulated 
effect of repeated shaking. Increment of the observed damage was however limited, also 
considering that only 11% of the available churches were inspected multiple times. 
Comparison of observed and predicted damage distributions pointed out the general fitness 
of the binomial distribution to reproduce the repartition of damage in the different states, in 
accordance with literature studies (e.g. Lagomarsino and Podestà 2004b, c). Results 
confirmed the increase of seismic vulnerability with the ground motion severity and its 
reduction with the age of construction. Considering the plan area, churches of small 
dimensions resulted to be slightly higher vulnerable that those of medium and large 
dimensions. This finding can be however affected by both the limited representativeness of 
churches of medium and large dimensions and by the definition of global damage levels on 
the basis of the mean damage index. In the future, the effect of alternative damage metrics 
(e.g. damage levels based on the maximum observed seismic damage or accounting for the 
geometrical extent of each single macroelement) on the resulting damage distributions will be 
explored. Also, empirical fragility curves for Italian masonry churches will be derived by 
further processing the available dataset. The use of alternative seismic intensity measures 
for seismic input characterization will be also investigated.  
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Abstract: Estimation of the building damage after catastrophic earthquakes is an important 

issue in earthquake risk assessment. In 2020, two major earthquakes (Mw 6.8 Sivrice 

(Elazig) and Mw 6.9 Samos) strike Turkey and they cause several buildings to be damaged, 

also a few injuries and deaths are reported. In just the aftermath of the earthquakes, post-

earthquake surveys are made by the Minister of Environment, Urbanization, and Climate 

Change of Turkey, and the damage state of each building is determined. In this study, the 

estimated building damages by utilizing ELER software will be compared with the observed 

building damage data from field surveys. Intensity-based and analytical damage assessment 

methodologies will be used to detect damages on considered inventory, they will be 

compared with observed data and results will be discussed. 

Keywords: Earthquake risk assessment, Intensity-based damage assessment, Analytical 

damage assessment 

1. Introduction  

Constant threats from earthquakes and the vulnerability of existing building stock in our 

cities leads researchers to assess the earthquake risk. In the earthquake risk assessment, the 

building damages in a specific region can be estimated by using ground motion intensity 

values at the buildings’ locations, analytical or empirical fragility functions, and an 

inventory of damaged and undamaged buildings (Corbane et al. 2017, Hancılar et al. 2018, 

Crowley et al. 2019, IMM 2019). Furthermore, using damage-loss conversion functions, 

human casualties and economic loss can be calculated. 

In 2020, two major earthquakes occurred in Turkey that cause several damage. On January 

24, 2020 (17:55 UTC), the Elazığ earthquake occurred along the East Anatolian Fault Zone 

with a moment magnitude (Mw) of 6.8. Its epicenter (38.36° N- 39.06° E) is located within 

the Sivrice distinct, and its depth is approximately 8 km. This event also caused several 

damage to buildings. 41 people died, and 1607 people were reported injured (AFAD, 

2020). After less than a year, on October 30, 2020 (11:51 UTC), Western Turkey and 

Eastern Greece were rattled by a disastrous earthquake with a moment magnitude (Mw) of 

6.9. Its epicenter (37.88° N- 26.70° E) is located within the Aegean Sea, North of Samos 

Island, and its dept is 14.90 km. The event was strongly felt and caused significant damage 

and a tsunami that flooded parts of Seferihisar (Turkey). 115 lives were lost, 1035 people 

were injured, and about 4% of the city’s buildings were affected (Erdik et al., 2020).  

This study aims to evaluate the performance of the damage assessment estimations by 

using current fragility functions for Turkey. As a ground motion, shake maps from Kandilli 

Observatory and Earthquake Research Institute earthquake reports will be used. Besides, 

building inventory with observed damage data for 20233 buildings from Elazığ city and 

46098 buildings in Izmir city was taken from the Minister of Environment, Urbanization 

1702
3ECEES, September 2022, Bucharest, Romania

mailto:nurullah.acikgoz@boun.edu.tr
mailto:hancilar@boun.edu.tr


and Climate Change of Turkey and is classified according to the KOERI classification 

method which will be detailed in the following chapters.  

2. Building Inventory 

Traditionally, post-earthquake surveys are made by government officials after catastrophic 

events. Afterward, these 2 damaging earthquakes in Turkey, large-scale and detailed field 

observations were made. 92800 buildings in Elazig and 213776 buildings in Izmir were 

investigated in the scope of field surveys. Unfortunately, we had to remove most of the 

survey data from our dataset because of the lack of some necessary information (eg. 

Building age, coordinate of the building, number of the story). Even after this removal 

process, we have 19921 buildings in Elazig and 45250 buildings in Izmir. After this 

process, our building data can be considered high-quality survey data because they are 

derived from a reliable and detailed survey which consists of damage state, construction 

year, number of stories, structural system, and geographical coordinate.  

Both building inventories are classified according to KOERI building taxonomy (same as 

IMM, 2019). This classification method makes use of 3 different parameters, which are the 

structural system type (i), the number of stories (j), and the construction year (k), and the 

building types are called Bijk. Classification parameters and index numbers are given in 

Table 1. 

Table 1. Classification parameters and index numbers 

Index i j k 

1 Wooden 1-4 Story pre-1980 

2 Masonry 5-8 Story 1980-2000 

3 Prefabricated 9-19 Story post-2000 

4 Steel Frame >20 Story  

5 Reinforced concrete frame   

6 Reinforced concrete shear wall (tunnel formwork system)   

7 Reinforced concrete shear wall and frame    

8 Reinforced concrete and steel composite      

 

As a result, Table 2 which illustrates the building types and the corresponding number of 

buildings for Elazig and Izmir is obtained. It can be seen from the table that the building 

inventories of the two cities have different characteristics from each other. While the rate 

of the reinforced concrete buildings in the Izmir city is 84%, this rate is 42% in Elazig city. 

The reason for this difference is that Izmir is a very densely populated metropolitan city 

while rural life is common in Elazig with a small population.    

Building inventories are distributed throughout 0.05Ox0.05O geo-cells for both cities and 

geo-cells spatially combined with the buildings’ properties by utilizing ArcGIS (ESRI 

2010) software. The distribution of the number of buildings is illustrated in Fig. 1 and Fig. 

2 for the Elazig and Izmir, respectively. 
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Table 2. Considered Building Classes and Numbers 

Elazig Inventory Izmir Inventory 

Building 

Class 

Number 

of Building 

Building 

Class 

Number 

of Building 

B111 38 B111 12 

B112 8 B112 8 

B113 4 B113 6 

B211 4256 B211 3445 

B212 4579 B212 2733 

B213 2417 B213 874 

B221 118 B221 35 

B222 69 B222 32 

B511 244 B511 2879 

B512 1248 B512 14645 

B513 2427 B513 8459 

B521 200 B521 802 

B522 1761 B522 5350 

B523 2095 B523 4286 

B531 9 B531 102 

B532 104 B532 602 

B533 322 B533 919 

Total 19899 Total 45189 

 

 

Fig.  1 - Distribution of the number of considered buildings for this study in Elazig 
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Fig.  2 - Distribution of the number of considered buildings for this study in Izmir 

3. Analysis  

In the estimation of the building damage, ELER (The Earthquake Loss Estimation 

Routine) software (Erdik et al. 2010; Hancilar et al. 2010) was developed under the 

NERIES FP6 project (2006–2010) for rapid estimation of earthquake damages and 

casualties will be used. 

ELER (v3.1) has a modular structure that contains three levels of sophistication (level 0, 1, 

and 2) for the risk assessment. Building damage assessment can be performed with one of 

these three analysis modules. 

3.1. Intensity Based Damage Assessment  

Level 1 module of ELER software can estimate building damage based on the intensity-

based (macro-seismic) method. The use of intensity-based maps, this method can be used. 

3.1.1.  Intensity Measures to be Used 

Fig. 3 and Fig. 4 illustrate the spatial distribution of macroseismic intensity which are 

calculated by KOERI for the Elazığ and Samos earthquakes, respectively. 
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Fig.  3 – Spatial distribution of macroseismic intensity for Elazığ earthquake 

 

Fig.  4 - Spatial distribution of macroseismic intensity for Samos earthquake 

 

3.2. Analytical Damage Assessment  

In ELER software, level 2 analysis, the spectral capacity-based vulnerability assessment 

methodology is utilized for the building damage estimation. Analyses can be done by using 

the capacity method (CM), capacity spectrum method (CSM), modified acceleration-

displacement response spectrum method (MADRS), and Reduction Factor Method (RFM). 

3.2.1.  Intensity Measures to be Used 

While Level 1 analysis estimates building damages, casualties, and economic losses based 

on macroseismic intensity information, Level 2 analysis estimates building damages, 

casualties, and economic losses based on ground motion and spectral parameters. In this 
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study, the spatial distribution of SA (0.2) and SA (1.0) values which are calculated by 

KOERI for the Elazig and Samos earthquakes shown in Fig. 5 and Fig. 6, respectively. 

  
Fig.  5 - The maps showing the spatial distribution of spectral acceleration at 0.2 seconds and 1 second for the 

Elazig earthquake 

 

  
Fig.  6 - The maps showing the spatial distribution of spectral acceleration at 0.2 seconds and 1 second for the 

Samos earthquake 

3.2.2.  Existing Fragility Functions 

Several fragility functions can be used to estimate building damages. In this study, fragility 

functions from updating probable earthquake losses for Istanbul (hereinafter be called 

IMM 2019) study will be utilized. As an example, Fig. 7 and Fig. 8 show the spectral 

displacement-based fragility curves for reinforced concrete structures from IMM 2019 

study. 

 

Fig.  7 - Spectral displacement-based fragility curves for reinforced concrete buildings for slight damage and 

moderate damage. 
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Fig.  8 - Spectral displacement-based fragility curves for reinforced concrete buildings for extensive damage 

and complete damage. 

4. Results and Comparison 

In this study, damage assessment analysis is done for Elazig and Izmir inventories by using 

ELER software. Table 3 shows the observed and estimated building damages for 

considered inventories for damage states. After post-earthquake damage assessment 

studies, buildings defined as moderate, extensive, or complete damage levels cannot be 

usable after an earthquake. The summation of moderate, extensive, and complete damage 

is an important value since it is a parameter that determines the need for emergency shelter 

after an earthquake (Cetin and Erberik, 2017). Fig. 9 and 10 illustrate the spatial 

distribution of the sum of the number of buildings that experience moderate, extensive, and 

complete damage for Elazig and Izmir inventories, respectively.  

 

When we consider the Izmir inventory, the estimated No Damage is slightly larger than the 

observed one while the estimated Slight and the sum of the Moderate, Extensive, and 

Complete Damage values are approximately 20 percent less than the observed damage. In 

other words, the damage estimates obtained with the fragility curves from IMM 2019 study 

using the were lower than the actual values for Izmir inventory. Moreover, when we look 

at the damage estimates of the Elazig building inventory, the difference between the 

estimations and the actual damage data increases. 
 

 

Table 3. Observed and estimated damage numbers for Elazig and Izmir inventories. 

Damage State 
Elazig Inventory Izmir Inventory 

Observed 

Damage 

Estimated 

Damage 

Observed 

Damage 

Estimated 

Damage 

No Damage 9140 16926 42066 42646 

Slight Damage 6144 2018 2607 2140 

Moderate Damage 465 707 261 369 

Extensive Damage 3984 190 244 28 

Complete Damage 166 58 8 5 

Mod + Ext + Com 4615 955 513 402 

1708
3ECEES, September 2022, Bucharest, Romania



 
Fig.  9 - Distribution of moderate, extensive, or complete damaged buildings for the Elazig inventory.  

 

 
Fig.  10 - Distribution of moderate, extensive, or complete damaged buildings for the Izmir inventory. 

 

As a result, it is seen that it is difficult to make an accurate damage estimation with the 

fragility curve values we have, especially in places where rural life is common, such as 

Elazig. We mentioned that while the ratio of reinforced concrete buildings is high in the 

İzmir inventory, the ratio of masonry buildings is high in the Elazig inventory. The reason 

why we are far from the real value in Elazig may be that the fragility curves of masonry 
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building classes are more inconsistent than the curves of reinforced concrete building 

classes. Most of the fragility curves produced for Turkey are analytical fragile curves, 

these curves should be validated with new earthquakes and should be re-evaluated together 

with the post-earthquake damage assessment studies carried out because of recent 

earthquakes. 
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Abstract: In seismic hazard assessments the importance of knowing different input 

parameters accurately depends on their weights within the hazard model. Many aspects of 

such assessments require inputs based on knowledge and data from experts. When it comes 

to decisions about data collection, facility owners and seismic hazard analysts need to estimate 

the possible added value brought by acquiring new data along with the budget and time 

available for its collection. In other words, they need to answer the question “Is it worth paying 

to obtain this information?”. Assessing the value of information (VoI) before data collection 

should lead to optimising the time and money that one is willing to invest.  

In this article, we propose a method that combines available data and expert elicitation to 

facilitate the decision-making process within the site-response component of seismic hazard 

assessment. The approach combines Bayesian networks and decision trees to translate the 

causal-relationships between the input parameters in site-response analysis and Bayesian 

inference to update the model when new evidence is considered.  

Here, we assess VoI for a hypothetical site. Our analysis shows that VoI is highly sensitive to 

prior probabilities and the accuracy of the test to be performed. This highlights the importance 

of defining those from available information as well as considering only tests that are suitable 

for our needs and budget. 

Keywords: VoI, data collection, seismic hazard assessment, Bayesian updating, decision 

trees, site-response analysis  

1.Introduction

The safety of infrastructure including nuclear facilities must be guaranteed against external 

hazards, including earthquakes. There is a need for various types of data to assess the seismic 

hazard at a particular location accurately in order to design structures to withstand that level 

of hazard. Collection of new data and methods for the calculation of ground motion can be 

associated with considerable uncertainties but the collection of such data can decrease this 

uncertainty. New data collection, however, can be costly as well as time consuming.  

There is a pressing need to estimate the value of a piece of information (VoI) when it comes 

to considering the collection of data to enhance a seismic hazard assessment (SHA), in 

particular. In SHAs, multiple parameters need to be known to an accuracy that depends on 

their importance in the assessment. Assessments can be less sensitive to one parameter and 

very sensitive to others. In other words, uncertainties in a variable might lead to high 

variation in the results (hazard curves, uniform hazard spectra, and eventually the seismic 

design). Thus, it is important to know to what extent we should seek new information (data) 

to include in the seismic hazard analysis as it can sometimes lower the design requirements 

and hence, lower the construction costs of new facilities or the retrofit of existing ones. 

To estimate the VoI, it is crucial to develop a methodology that takes into account the causal-

relationships and the dependencies between parameters as well as the probabilities (beliefs 

of belief) assigned to each of them. When collecting more information, the method 

undertaken should be able to allow the updating of these probabilities according to new 

evidence. Moreover, the method should be able to answer the question “Is this parameter 
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worth investigating?”. This means that the consequences of decisions should be included to 

the framework as well as the monetary (and time) cost that the decision would imply.  

The overall aim of this study is to develop a method to assess the value of information of 

important parameters in SHA using various case studies and to suggest a framework that 

uses VoI as a measure to assess the feasibility and benefits of collecting more information. 

This article presents a simple application of this method, specifically for the case of a simple 

site-response analysis. 

VoI is a helpful tool to assess the importance of a parameter or a geophysical/geotechnical 

test as well as the maximum investments (in terms of money, time and resources) one should 

be willing to spend to obtain a piece of information. This guidance could be critical for 

seismic hazard analysts and/or facilities owners (clients) where budgets are balanced with 

safety requirements.  

2. Definition and applications of VoI

2.1 Definition 

The book of Raffai & Schlaifer (1970) pioneered the use of VoI and provides an introduction 

to the mathematical analysis of decision making in a world of uncertainty. Knowing that, 

generally, more information leads to a reduction in uncertainty, the question here is whether 

a decision should be made on current information or whether to invest in additional 

information by considering its potential impact on the payoff that, as a result, can lead to 

revisiting the decision. The VoI is a key tool to improving research prioritization and to the 

collection of more information to reduce uncertainty and make more accurate and less 

uncertain decisions.  

VoI can be considered the amount that you would be willing to pay to obtain a piece of 

information. It is the difference between the utility of having the information and the utility 

without that information. In several fields of research, the decision is often made from the 

information and measures available and, in case of uncertainties, the decision making relies 

on a subjective approach that constitutes a consensus among experts, decision makers and 

even stakeholders. VoI is used to tackle this uncertainty as it helps to illuminate the 

importance of understanding the uncertainty and taking it into account to substantially 

decrease the overall uncertainty.  

2.2 Types of VoI measurements 

How we define a VoI model is different in each field and each application. A utility function 

has to be defined as well as its unit. This depends on the stakeholders or the decision makers 

interests. This function will either help compute avoided losses, which is often used in the 

healthcare field and the evaluation of losses due to external hazards (Williams, Gardoni, & 

Bracci, 2009) or compute a maximization of gains, which is mainly considered in marketing 

and economics. The unit of this function can be monetary (dollars, euros etc.), representing 

profit or revenue, or it can be more abstract like welfare or happiness. Many more 

characteristics are important for VoI calculations. Some of these are the number of 

alternative decisions, the type and number of parameters considered and their type of 

uncertainty, e.g. probability values or functions.  
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VoI can be calculated by quantifying the Opportunity Loss which represents the cost of being 

wrong when making a decision. We can define the Expected Opportunity Loss (EOL) as: 

𝐸𝑂𝐿 = 𝑐ℎ𝑎𝑛𝑐𝑒𝑠 𝑜𝑓 𝑏𝑒𝑖𝑛𝑔 𝑤𝑟𝑜𝑛𝑔 × 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑏𝑒𝑖𝑛𝑔 𝑤𝑟𝑜𝑛𝑔       (1) 

Now that we have defined the EOL, the Expected Value of Information (EVI) is: 

𝐸𝑉𝐼 = 𝐸𝑂𝐿𝐵𝑒𝑓𝑜𝑟𝑒 𝐼𝑛𝑓𝑜 − 𝐸𝑂𝐿𝐴𝑓𝑡𝑒𝑟 𝐼𝑛𝑓𝑜 (2) 

The EVI simply represents the reduction in risk after considering extra information. When 

it comes to a perfect information that eliminates completely the uncertainty, the associated 

EOL will be zero and the EVI will simply be the EOL without that information. This is called 

the Expected Value of Perfect Information (EVPI). If EVPI has a value that is less than the 

cost of the obtained information, obtaining that information should be rejected because even 

when the information completely eliminates the uncertainty and leads to making the less 

risky choice, it is not worthwhile in terms of the unit considered (e.g. financial cost).  

Acknowledging that in this field of research and especially in SHA, perfect information does 

not exist and that whatever the measurements, uncertainties will always remain, we will 

likely not consider EVPI but instead the Expected Value of Imperfect Information (EVII).   

3. Assessing the value of information: The must-have

Assessing VoI has advantages in the optimisation of time and money that one is willing to 

spend. In the field of earth sciences and civil engineering, even if VoI is not always referred 

to as VoI, we find some attempts in estimating the benefit of a piece of information or a 

design. VoI has been used to assess risk and reliability of retrofitting structures (Williams et 

al., 2009), designing site investigations (Gilbert & Habibi, 2015) and making drilling 

decisions (Eidsvik et al., 2015). 

In order to consistently assess the VoI, there are the following three must-have to express 

the relationships and dependencies between the various variables. 

- Conditional probabilities

Conditional probabilities are important for VoI analysis as conditioning an observation from 

information could lead to improvement in decision making. It is essential, within the 

framework to be built, to express the dependencies between the variables.  

- Graphical models

To understand the degree to which variables are linked, connected and influenced by each 

other, graphical models are a powerful tool to serve this purpose. Such graphical models are 

referred to as Bayesian networks (BNs), Bayes nets or belief/decision trees. By using 

conditional probability density functions within the statistical model, the evidence regarding 

a parameter will be propagated to other nodes. 

- Priors, likelihood functions and Bayes’ rule

When collecting a piece of information y on a measure of interest x, y can be “perfect” 

meaning that it perfectly informs us about x, or “imperfect/partial” mainly because of noise 

or because it represents only one variable of a multivariate set. For example, in seismic 

hazard assessment, 1D shearwaves velocity (Vs) profile could be the measure of interest x. 
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We would like to compute the posterior model for x conditioned on y p(x|y). This is done 

using Bayes’ rule and requires a prior model for x, p(x), a conditional probability density 

function on the data y known as the likelihood function p(y|x) and the marginal probability 

density function on the data y, p(y). Thus, p(x|y) is expressed as follows: 

𝑝(𝑥|𝑦) =
𝑝(𝑦|𝑥)𝑝(𝑥) 

𝑝(𝑦)
 (3) 

The latter can be viewed as a trade-off between prior knowledge and information brought by 

the data. Bayes’ rule is used to construct posterior distributions that are essential for VoI 

calculations.  

4. Application of VoI for a hypothetical case study

Seismic hazard assessment is an essential step to define an appropriate seismic design for 

structures. Seismic design is mandatory in earthquake-prone regions to ensure sufficient 

levels of safety and to prevent significant damage and collapse. The higher the seismic 

design, the costlier it is to implement. Seismic design must serve two potentially conflicting 

purposes: safety and economics. Thus, there should be a trade-off between constructions 

costs and the acceptable target levels of safety. Risk-targeted and minimum-cost design 

procedures has proved to be effective in satisfying this compromise (Gkimprixis et al., 

2020). 

In this section, we define a case study to build a methodology for VoI and proceed to simple 

calculations to evaluate the VoI of a parameter used in site-response analysis and hence to 

infer an appropriate seismic design.  

4.1 Methodology 

We aim to determine an appropriate seismic design for a reinforced concrete four-storey 

building. We face a lack of information about one specific parameter, Vs30, i.e. the time-

averaged shear-wave velocity in the top 30m. The dilemma here is between two major 

options:  

1- Choose a particular seismic design and take the risk of choosing a higher, and more

costly, seismic design than needed, or choose a lower and less-resistant seismic

design where the seismic hazard and the soil response at the site of the building can

result in damage or even total collapse.

2- Conduct geophysical/geotechnical tests in order to decrease the uncertainties on

Vs30. This will reduce the risk of choosing an inappropriate seismic design.

Nevertheless, the test will have a cost that depends on the test type, the company

hired to perform the test and the price of renting the equipment.

In this specific case, Vs30 is likely to have one of two possible values: V1 or V2. Available 

data and experts’ knowledge will help assign prior probabilities to V1 and V2. We clarify 

that this is a simple case where the parameter of interest has binary possible values. More 

realistically, a probability distribution covering a range of Vs30 should be used - this is the 

object of ongoing work. 
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4.1.1 Inputs and parameters 

The purpose of the site-response analysis performed in this study is to estimate the resulting 

ground motion at a theoretical site, in terms of peak ground acceleration (PGA on soil), based 

on the PGA on a reference outcropping rock and the amplification factor of the site. This 

PGA on soil is used to choose the appropriate seismic design.  

Fig.1 - Framework for site-response analysis and the estimation of the expected costs and losses. Blue circles 

represent non-uncertain parameters and the red circle (Vs30) is the uncertain parameter. The lozenge yellow 

node is the outcome (estimated cost and losses) 

Fig.1 shows an influence diagram that summarises the parameters that are computed and/or 

used to infer the appropriate PGA to seismically design the building. 

In this simple case study, site-response analysis is simplified by neglecting the non-linear 

site amplification and by computing the frequency-independent amplification factor Fs of 

the site using Bindi et al., (2014) for PGA as follow: 

𝐹𝑠 = 𝛾 log10(
𝑉𝑠30

𝑉𝑟𝑒𝑓
)  (4) 

Where 𝑉𝑟𝑒𝑓 is fixed to 800 m/s and 𝛾= -0.3019. 

Prior probabilities 

The prior probability, p, is the probability that V1 is believed to be the Vs30 of the site. 

Similarly, 1-p is the probability that V2 is believed to be Vs30. These probabilities are often 

inferred by the seismic analyst from available data or expert knowledge. 

Probability of failure 

The work of Gkimprixis et al., (2020) provides the fragility curves for the defined building 

for different PGAd (PGA to which the building is designed). These fragility curves were 

derived using Incremental Dynamic Analysis (IDAs) (Vamvatsikos & Cornell, 2002). These 

fragility curves, fc, indicate the probability of total collapse for each PGA value.  

Outcomes: Expected Losses 

As the VoI here is in monetary units, we need to estimate the losses associated to seismically 

designing the building for a specific PGAd. The losses due to possible earthquakes are a 

function of the seismic hazard in the site location and the vulnerability of the structural and 

non-structural components. The decision’s outcomes are the expected consequences for each 

of the possible decisions. These expected consequences are defined to be the Expected Life-

Cycle Losses, E[LCC] in case of total collapse.  
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For one decision d, the expected outcomes are as follows: 

𝐸(𝑜(𝑥, 𝑑)) = 𝐶0 + ∑ 𝑜(𝑥, 𝑑)𝑝(𝑥)𝑥 (5) 

Where o(x,d) represents the outcomes for a decision d if Vs30 is in the state x. x is the measure 

of interest and p(x) is the prior probability of the state x. The outcomes for a measure x and 

a decision d are expressed as follows: 

𝑜(𝑥, 𝑑) = 𝐸[𝐿𝐶𝐶](𝑥). 𝑓𝑐(𝑑, 𝑥)      (6) 

Where 𝑓𝑐(d,x) is the probability of failure for a PGA associated with state x and extracted 

from the fragility curve for a PGAd of decision d. 

4.1.2 Calculations 

Decision trees are an excellent way of representing the various important parameters and 

their causal dependency.  

Fig.2 - Decision tree for the computation of EVPI (up) and EVII (bottom). Probabilities are displayed in red. 

pm is the marginal probability of test result being V1. 

In the decision trees presented in Fig.2, decisions emerge from the square nodes and 

probabilities from circle nodes. These two decisions trees depict three possible decisions: 

1. Applying seismic design 1 (associated with a Vs30=V1) with available data.

2. Applying seismic design 2 (associated with a Vs30=V2) with available data.
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3. Conduct a perfect test (left)/imperfect (right) test in order to have information about

Vs30.

Prior Value 

In the case of Before information, two choices are possible, applying Seismic design 1 or 

Seismic design 2. The expression of the associated Prior Value, PV, is as follows: 

𝑃𝑉 = 𝑚𝑎𝑥𝑑∊𝐷{𝐸(𝑜(𝑥, 𝑑))} = 𝑚𝑎𝑥𝑑∊𝐷{∑ 𝑜(𝑥, 𝑑)𝑝(𝑥)𝑥 }  (7) 

Where D is the domain of decisions d, o(x,d) represents the outcomes for a decision d if

Vs30 is in the state x  and, p(x) is the prior probability of the state x.  

Posterior Value 

EVPI 

The posterior Value PoV is the resulting outcome of conducting a perfect test and thus, 

obtaining perfect information about x (Vs30) and applying the appropriate design. 

𝑃𝑜𝑉 =  ∑ 𝐸(𝑜(𝑥, 𝑑𝑥))𝑝(𝑥)𝑥 (8) 

Where dx is the appropriate design decision for state x.  

EVII 

Realistically, geotechnical or geophysical information cannot be completely free of 

uncertainties, i.e. perfectly accurate. Because most surveys would need analysis and 

interpretation to infer the measure of interest, results are likely to have dispersion, 

characterised, for example, by a normal distribution with a given standard deviation. The 

test being imperfect, there is the need to include this uncertainty in the decision tree. An 

accuracy probability is then assigned to the test. This probability is set by experts from 

available information about the particular test or by the person applying the test and 

expresses its reliability.  If y is data from the imperfect test and x is the measure of interest, 

then the probability of the test being truthful to the real state of x is p(y|x), which is called 

the likelihood. This  equals 1 in case of perfect information. We define the posterior model 

of x conditioned on the data y, p(x|y), which is computed using Bayes’ rule in (3) to perform 

Bayesian updating. 

Therefore, the posterior value (PoV) is expressed as follows: 

𝑃𝑜𝑉 = ∑ 𝑝(𝑦). max 𝑦 {∑ 𝐸(𝑜(𝑥, 𝑑))𝑝(𝑥|𝑦)𝑥 }   (9) 

Where p(y) is the marginal probability. 

Value of Information 

The value of information is simply the difference between the posterior value and the prior 

value.   

    𝐸𝑉𝑃𝐼/𝐸𝑉𝐼𝐼 = 𝑃𝑜𝑉 − 𝑃𝑉  (10)

Irrespective of the type of value of information to compute, PV is always constant. VoI is 

never negative as adding information always has benefits or no impact in the decision-
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making process. The VoI is then compared to the cost of the test to decide whether to proceed 

with data collection. 

4.2 Results 

We acknowledge that the VoI definition and expressions are being used for the first time in 

this type of application. Thus, several sensitivity analyses need to be performed and key 

values computed to validate the method. 

The studied building is assumed to be located in the city of Patras, Greece. The hazard curves 

associated with this location were used to retrieve the expected losses and the PGA on a 

reference rock (PGAr). The PGAr is fixed to 0.43g as well as the Vs30 couple that translates 

our uncertainty and we proceed to the variation of the prior probability. V1 is fixed to 100 

m/s and V2 to 500 m/s in Fig.3. The likelihood probability in case of imperfect information 

is set to 70%. 

Fig.3 - Sensitivity to prior probabilities for the Expected outcomes of the three main decisions in the decision 

tree (left) and EVPI (solid line), EVII (dashed line) for the couple [100,500] m/s (right) 

Fig.4 - Sensitivity of EVII to likelihood probability for fixed prior probability (0.5) 

The left-hand graph in Fig.3 displays the expected outcomes in euros (losses) combining the 

construction cost and the expected damage for the three main branches of our decision tree 

Fig.2. In the legend, Ec1 refers to the expected consequences computed from the branch 

associated to performing Design1, Ec2 to Design2 and Ect perfect/imperfect are the expected 

losses after obtaining the perfect/imperfect information and choosing the optimal design. 
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The outcomes for each decision are computed for a range of all possible prior probabilities 

for V1 and V2. The right-hand graph represents the VoI for several prior probabilities. Having 

an imperfect information reduces the VoI independently of the prior probabilities. 

Fig.4 displays the EVII for fixed prior probabilities and different likelihoods. There is no 

EVII when the test accuracy is 50%. A test with 50% accuracy is of no help as there is 50% 

chance the test being right (or wrong). On the other side, a test accuracy of 100% is 

equivalent to a perfect test and EVII is then equal to EVPI. In our example, increasing the 

likelihood by 10% increases the EVII by around 2000 euros. The increase seems to have a 

linear behaviour. This linearity is further confirmed when visualising, in Fig.5, the EVII for 

several prior probabilities and different likelihoods where we can also verify that EVII for a 

test accuracy of 100% is equal to the EVPI. This is an additional validation of the method. 

Moreover, the less accurate the test, the smaller the range of prior probabilities given to V1 

and V2. If we take the example of a test that is 90% accurate, we find that beyond a V1 prior 

probability of about 85%, there is no value to the additional information. For any likelihoods, 

there is no value of information when the prior probability is equal or above the likelihood. 

In other words, it is not worth conducting a test if we are more confident about the value of 

the measure of interest than the test itself. 

5.Conclusion

In SHA and earth sciences in general, the EVII is more likely to be used as it expresses the 

uncertainties regarding the tests conducted to infer information. The developed method has 

been shown to validate the intuitive behaviour of VoI regarding the inputs. VoI decreases 

when information is imperfect, which makes EVII always smaller than EVPI. The level of 

confidence given to a test has a strong correlation with the prior probabilities when it comes 

to VoI. A test with less accuracy than the prior probabilities set by available data and experts’ 

knowledge is not worth conducting. Moreover, the more accurate the test the higher the 

benefits of obtaining the information. Another important finding is that for site rock 

conditions, uncertainties regarding the Vs30 have little influence on the EVPI and it might 

not be worthwhile to conduct tests to obtain more information. Calculations using extreme 

and specific values have enabled a validation of the presented method.  

Fig.5- Sensitivity of EVII to prior probability for different likelihoods and comparison with EVPI 
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These sensitivity analyses highlight the parameters and inputs that influence most the VoI. 

This stresses the fact that some inputs should be estimated and chosen carefully in order to 

have a high reliability in the VoI estimation. The prior probability given to the possible 

values of the uncertain parameter Vs30 was shown to highly influence the EVI. Thus, it is 

important to wisely and thoroughly use available information to infer the prior probabilities. 

The estimation can be given, for example, through experts from past experiences as well as 

through Empirical Bayes Estimation, which  has proven to provide a good estimate of these 

probabilities in other fields (Carlin & Louis, 1996; Casella, 1985; Efron, 2010; Robbins, 

1956). 

We recall that the binary uncertainty assumed for the distinction of interest Vs30 is not 

realistic, especially when V1 and V2 have a large gap. Uncertainties for a parameter like Vs30 

should be expressed continuously and ideally through probability distributions. Methods in 

the literature have proved to infer probability distributions from available data (e.g., 

Empirical Bayes Theory). An ongoing stage of the research aims at developing the method 

to express uncertainties with probability distributions. Nevertheless, this method is 

applicable to other case studies where choices or decisions can be binary. For example, this 

simplified method can be used when there is uncertainty about a fault being active or inactive 

(i.e. it does not generate large earthquakes). In this case, this method can be a great tool in 

justifying in-situ or satellite remote sensing data collection as well as estimating the 

maximum worthwhile investment in time and money. 
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Abstract: Historically, the Hindu Kush Himalaya has observed some of the most 

devastating earthquakes on earth. The continuous convergence of the Indian plate beneath 

the Eurasian plate dictates the Hindu Kush Himalaya to be one of the most seismically 

active regions in the world. Despite the severity of earthquakes, construction systems that 

are dominant in the Himalayas show little to no compliance against seismic excitations. 

Moreover, code conforming buildings are limited in the rural neighborhoods throughout the 

region. To quantify seismic vulnerability of rural buildings in Bhutan, this paper dissects the 

issues of rural residential buildings in Bhutan, the eastern fringe of the Himalaya. To date, 

limited works can be found regarding seismic vulnerability of Bhutanese rural buildings 

although some notable earthquakes in the past have already alarmed the earthquake 

engineering fraternity regarding the poor seismic performance of such constructions. Thus, 

we aim or pitch the vulnerability scenario of Bhutanese rural buildings so that new 

dimensions regarding aseismic provisions for the Bhutanese residential buildings could be 

surfaced and the issues could be embedded into seismic codes and regulations.  

Keywords: rural construction; stone masonry; rammed earth construction; seismic 

vulnerability; Bhutan.  

1. Introduction 

Himalayan earthquakes are known to have detrimental consequences in terms of loss of 

lives and property. Notable earthquakes such as the 1897 (MW 8.1) Shillong, 1905 (MW 

7.8), 1934 Bihar-Nepal (MW 8.1), 1950 Assam (MW 8.7), 1960 Southern Bhutan (MW 6.6), 

1988 Eastern Nepal (MW 6.5), 1991 Uttarkashi (MW 6.9), 2005 Kashmir (MW 6.2), 2009 

Mongar, Bhutan (MW 6.1), 2011 Sikkim-Nepal border (MW 6.9), 2015 Gorkha, Nepal (MW 

7.8), among others struck the region since the end of the 19th century. Bhutan is the eastern 

fringe of the Himalaya and is likely to observe destructive earthquakes because several 

active seismic thrust faults such as the Main Frontal Thrust (MFT), Main Boundary Thrust 

(MBT), Main Central thrust (MCT), and Kakhtang Thrust (KT) pass through Bhutan 

(Gautam et al. 2022). The recorded history of earthquakes in Bhutan depicts that Bhutan 

has only observed moderate earthquakes so far (Chettri et al. 2021a). However, the 

continuous convergence of the Indian plate beneath the Eurasian plate can result in strong 

earthquakes in the future. Despite the occurrence of minor to moderate earthquakes in 

Bhutanese territory, Bhutan has observed severe consequences due to the far-field 

earthquakes such as the 2011 Sikkim-Nepal border earthquake. A summary of the damage 

due to the 2011 earthquake is reported by Chettri et al. (2021b). Details of historical 

earthquakes and their consequences can be found in the paper by Chettri et al. (2021a). The 

historical earthquake damage statistics outlines that seismic capacity of Bhutanese 

buildings is below parity, except for the reinforced concrete and timber structures. Thus, 
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urgency can be felt in terms of seismic strengthening of residential buildings to check 

damage and losses considering both near-field and far-field events.  

We present a brief account of seismicity of the Bhutanese territory in this paper to 

highlight the future earthquake scenarios. Then, we discuss the vulnerability aspects of 

existing constructions in Bhutan and also develop an empirical vulnerability curve for 

stone masonry buildings-the most dominant construction form of rural Bhutan. Critiques 

are presented highlighting vulnerability aspects of constructions.  

2. Seismicity  

Bhutan Himalaya can be divided into Siwalik (SW), Lesser Himalaya (LH), Higher 

Himalaya (HH), and Tethyan Sedimentary Series (TSS) tectonics regions. Four active 

faults, namely the Main Central Thrust (MFT), Main Boundary Thrust (MBT), Main 

Central Thrust (MCT), and Kakhthang Thrust (KT) are responsible for the majority of the 

seismic events as shown in Fig. 1. The United States Geological Survey (2021) highlights 

the concentration of seismic activities in and around the MFT in the 20th century. Since the 

MFT does not passe through the Bhutanese territory entirely, earthquakes originating in 

Indian territories can result in the same amount of damage due to far field, or even near 

field, effects in southern Bhutan. However, a substantial understanding of earthquakes 

originating in MFT is not well established within the Bhutanese territories, unlike the other 

regions through which the MFT passes. The 2009 Mongar earthquake occurred in KT 

together with several other notable earthquakes with their epicenters in the Indian 

territories towards the east. The MCT might have zipped significant energy to result in a 

strong earthquake considering the convergence of the Indian plate beneath the Eurasian 

plate at the rate of 40-50 mm/year (Le Roux-Mallouf et al. 2015). The prolonged dormancy 

between eastern Nepal and Bhutan for more than 80 years since the great 1934 earthquake 

in eastern Nepal is ominous to highlight the possibility of moderate to strong earthquakes 

along the MCT as well. The existence of the Dextral Dhubri-Chungthang Fault zone (DCF) 

in western Bhutan is considered to have the potential of resulting in an earthquake of 

magnitude up to 7 (Diehl et al. 2017). The fault is considered to be the segmentation of the 

Main Himalayan Thrust (MHT) between western Bhutan and eastern Nepal. To this end, it 

could be said that multiple earthquake sources in Bhutan have the potential to generate 

considerable earthquakes, which may lead to severe losses of lives and properties. To 

quantify seismic hazard in various parts of the country, rigorous seismic hazard 

assessments are required. The concentration of historical seismicity in the southern parts 

Bhutan can be in particular detrimental since the population concentration is high in this 
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region but adequate seismic safety of the built environment is yet to be achieved. 

 

Fig. 1 – Seismicity of Bhutan Himalaya (modified from Long et al. 2011). 

3. Bhutanese building stocks  

One-third of the Bhutanese buildings are reinforced concrete (RC) constructions. Buildings 

constructed using ductile elements such as reinforced concrete are 33.37% and wooden 

buildings are 7.76% per the 2017 housing census (Fig. 2). Bhutan relies on the Indian Code, 

due to the lack of its own seismic code, for the design of RC buildings, and buildings are 

basically designed for seismic zones IV or V, which results in considerably good safety margin 

and ductile detailing of members. In the case of the occurrence of moderate earthquakes, RC 

buildings designed for high seismic regions such as IV and V are expected to show at least a 

life safety performance level. Wooden buildings constructed using local masons are connected 

by nailing, which is not done following any guidelines. Thus, discrepancies in performance can 

be observed in wooden buildings during earthquakes. Timber beams and planks are used for all 

types of structural as well as nonstructural components. Such buildings have light roofs, thus, 

expected to perform adequately well during moderate earthquakes. However, the foundation 

system in such buildings would not be robust enough to prevent cascading effects such as mass 

movement or rockfall. The second largest building category is comprised of highly vulnerable 

stone masonry constructions in mud mortar. Fieldstones are directly placed in mud mortar to 

construct such buildings. Due to shrinkage, multiple wythes with improper to no anchorage 

between stone units, and lack of seismic enhancements, stone masonry buildings are the most 

affected construction systems during every earthquake in Bhutan. For example, of 7965 

damaged houses by the 2011 Sikkim-Nepal border earthquake, 6977 were the rural stone 

buildings. The damage statistic is one of the largest in the history of Bhutanese earthquakes 

recorded thus far. Stone masonry in mud mortar construction is governed by local 
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workmanship and construction practices passed through lineages rather than engineering 

knowledge. One of the remedies against the compromised integrity in stone masonry could be 

to use cement mortar. 6.31% of the Bhutanese building stocks are stone masonry in cement 

mortar. Similarly, bamboo in mud mortar construction is 7.11% in Bhutan. Other notable 

building typologies are brick masonry, cement block construction, rammed earth buildings, 

and so on. 

 

Fig. 2 - Composition of Bhutanese building stocks (%) 

  

4. Seismic vulnerability of Bhutanese stone masonry buildings  

Chettri et al. (2021a) adopted the European Macroseismic Scale [EMS-98] (Grunthal 1998) 

to depict vulnerability of Bhutanese buildings and provided the most likely, probable, and 

rare levels of each building type as shown in Fig. 3. The same EMS-98 classes are assigned 

to each building class. As shown in Fig. 3, almost all existing RC buildings are classified 

as C (most likely) class. Similarly, stone in mud is assigned with most likely class of A and 

probable and rare ranges are not introduced because of poor performance track during 

historical earthquakes. It is shown that more than 80% of Bhutanese buildings can be 

classified between A-C classes (most likely). Thus, even moderate earthquakes in the 

future are expected to result in considerable damages and losses to residential building 

stocks in Bhutan.  
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Fig. 3 – Seismic vulnerability classes of Bhutanese buildings (modified from Chettri et al. 2021a) 

For numerical quantification of seismic vulnerability of Bhutanese buildings, we collected the 

damage statistics of the 2009 Mongar earthquake, 2011 Sikkim-Nepal earthquake, and the 

2021 Sonitpur earthquake. Damage statistics for the 2009 and 2011 earthquakes are obtained 

from Chettri et al. (2021b), similarly, the 2021 damage statistics are retrieved from Gautam et 

al. (2022). Then we processed the data to derive an empirical vulnerability curve for rural stone 

masonry constructions. We used 5886 buildings binned at the peak ground acceleration (PGA) 

range of 0.1-0.41g. The PGA at each damage location was estimated using a ground motion 

model proposed by Ramkrishnan et al. (2021) for northeast India as:  

 

Where, Y is the peak ground acceleration (g), X is the hypocentral distance in km, and M 

is the moment magnitude of the earthquake. The mean damage ratios were estimated for all 

PGA bins and a logistic regression function was fitted to create a vulnerability curve. The 

logistic regression function can be represented as follows: 

 
 

Where, p is the probability of occurrence of damage in terms of damage factor. Discrete 

damage data were converted to mean damage ratio to create seismic vulnerability curve for 

stone masonry buildings as shown in Fig. 4. Fig. 4 depicts that the Bhutanese stone 

masonry buildings are significantly damaged by low shaking intensities such as PGA up to 

0.2g. At 0.4g, the mean damage ratio (MDR) is obtained as ~0.2.  
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Fig. 4 – Seismic vulnerability curve for Bhutanese stone masonry buildings 

5. Final remarks 

Stone masonry buildings in Bhutan comprise the second largest fraction of the total 

building stocks. Due to their inherent vulnerabilities, damage statistics are fundamentally 

dominated by these buildings during each earthquake that struck the Himalayan region. 

There exists a clear gap in depicting seismic vulnerability and strengthening solutions 

considering seismic hazard scenarios. Furthermore, reflection of seismic vulnerability of 

stone masonry in seismic codes is a crucial step in enhancing safety against impending 

seismic events. So far, the statistic is confined to several thousand rural constructions as 

recorded earthquakes in Bhutan are moderate and mostly far-field earthquakes only. 

However, the active faults capable of originating strong earthquakes pass through the 

Bhutanese territories, thus it should be noted that the existing nonengineered constructions 

such as stone in mud mortar require an urgent attention towards strengthening and assuring 

adequate seismic safety. To achieve this, rigorous seismic hazard studies are also required. 

Apart from this, seismic vulnerability of Bhutanese rural stone masonry buildings deserves 

due attention as several minor to moderate earthquakes have already shaken these 

buildings for one or more time and the following event would result in more detrimental 

consequences. We conclude that the tendency of damage due to moderate shaking is very 

high as damage ratio is estimated to be around 0.2 at 0.4g shaking. Further understanding 

of seismic vulnerability of Bhutanese buildings can be achieved by using numerical and 

experimental characterization and assessments. In terms of preparedness, Bhutan requires a 

seismic code that outlines details of construction and vulnerability reduction aspects, 

especially for stone masonry and other nonengineered structural typologies.   
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Abstract: The seismic damage and the implied traffic delays are assessed for two 

structurally independent twin bridges, one per travel direction, which form the G7 bridge of 

the Egnatia highway in Greece. They are reinforced concrete structures with a monolithic 

pier-to-deck connection that were built using the cantilever method of construction. To 

enhance the seismic assessment resolution, a component-based approach is followed that 

allows evaluating damage scenarios for individual critical bridge components and 

propagating them to assess the performance of the entire system. This necessitates linking 

the component damages to the actions that the road operator would take in order effect 

repairs, i.e., by reducing the speed limit in any of the lanes and/or closing any of them until 

repairs are finished. These interventions typically lead to traffic delays for the entire 

highway that are computed on an event basis via event-based probabilistic seismic hazard 

analysis by considering the component-to-asset and asset-to-system interdependencies. The 

aim is to develop a decision support tool for pre-event risk assessment and rapid post-event 

inspection of critical road infrastructure by combining hazard, vulnerability and sensor 

information to predict the resulting consequences both on the asset and the system level at 

every step during an asset’s recovery back to full functionality. 

Keywords: road infrastructure, seismic risk assessment, bridges, traffic delays 

1. Introduction  

One of the greatest challenges that road operators are facing nowadays is the safe operation 

of road infrastructure (RI) networks as well as their fast and efficient inspection and 

recovery after catastrophic events. To this scope, considerable effort has been made for 

assessing the impact of any damaging event both on an asset-level, i.e., for the critical RI 

assets such as bridges and tunnels, as well as for the entire highway network, either 

focusing only the seismic hazard (Kilanitis and Sextos 2019; Pitilakis et al. 2014) or by 

considering multiple hazards (Argyroudis et al. 2020). Many researchers have focused on 

quantifying the impact of any damaging event on the highway, either in terms of loss of 

connectivity on one or more highway segments (Kang et al. 2008), or in terms of traffic 

delays and associated increases in travel time, as for instance by considering changes in the 

traffic flow capacity, disruption of specific routes of the network etc. (Costa et al. 2018; 

Miller 2014). Still, it remains a challenge to apply a practical multi-hazard approach on 

realistic infrastructure that allows assessing the follow-up to a failure in terms of traffic 

delays at every step of a system’s recovery back to full functionality. 

In response, the PANOPTIS project integrates multi-hazard resilience assessment of 

highway assets with real-time sensor information to provide a holistic decision support tool 

for pre-event assessment and rapid post-event inspection of critical road infrastructure 
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under multiple hazards. It helps road operators efficiently inspect, maintain and safely 

operate existing road networks and mitigate the risks. PANOPTIS focuses on multiple 

hazard and damage/consequence scenarios that allow accommodating rapid damage and 

consequence identification. To this scope, an enhanced resolution is adopted for the 

highway assets, allowing tracing back potential consequences to individual components 

with more ease, in order to facilitate the rapid inspection after a potentially damaging 

natural hazard event. The asset-level consequences are propagated to the entire system in 

order to assess the implied traffic delays after an event by considering the asset-to-system 

interdependencies. Herein, the framework for assessing the seismic damage is presented 

using the G7 bridge of the Egnatia Odos highway in Greece as the case study, while the 

implied traffic delays are computed by only considering the Metsovo-Panagia segment of 

the highway. 

2. Framework for quantifying traffic delays  

In case of any catastrophic event, the Road Operator (RO) might need to close a number of 

lanes and/or reduce the speed limit in the remaining open ones until inspection and repair 

actions are completed. These measures can either be employed locally, i.e., by restricting 

traffic before and after the damaged asset (e.g. bridge) or globally, i.e., along an extended 

segment of the highway. In both cases, this results in increased travel times and decreased 

highway traffic capacity. In PANOPTIS, the travel time and traffic capacity are assessed 

before and after the occurrence of a potentially damaging event, as well as at every time 

instance along the recovery process back to full functionality. To achieve this, the 

component/asset/system interdependencies are considered in all aspects of impact 

assessment, propagating said relationships to response, damage, direct and indirect losses, 

as well as the recovery process, naturally leading to the level of the entire system. 

Starting from individual assets, the baseline treatment of FEMA P-58 (2012) is employed; 

it utilizes component-based fragility curves, which provide the probability of a component 

violating the limit state of interest given its Engineering Demand Parameter (EDP), in 

order to assess damages on a local basis. The fragility curves are convolved with the 

damage-to-consequence/loss functions associated with each component. In our case, the 

consequences are quantified in terms of speed limit and/or number of lanes closed, as well 

as time needed for repair actions to be completed. The consequences effected by all asset 

components are combined together, summing up losses and downtimes, or choosing the 

worst-case traffic restrictions, to determine the recovery on an asset basis. The recovery 

status of all assets is merged over the entire highway to assess the implied traffic delays for 

the system.  

The traffic delays are assessed for the Metsovo-Panagia segment following a simplified 

approach, as its limited length of 16km, low number of interchanges in between and 

absence of alternative routes within the segment allows obtaining a good estimate of the 

traffic delays without employing more complex tools. Specifically, if the traffic demand is 

considerably lower than the capacity, any potential reduction of the speed limit in one or 

more lanes will only cause minimal delays, associated with the reduced speed limit itself. 

Still, if the reduced capacity falls close or under the traffic demand, significant delays 

should be expected, requiring additional time for each vehicle to traverse the highway. The 

delay per vehicle is affected by the ratio of the time that a vehicle needs to traverse the 

highway while driving under the original speed to the new time the vehicle needs, while 

additional delays due to queueing are approximated by employing the control delay of a 

vehicle approaching an unsignalized intersection (TRB 2000).  
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In our case, in order to simplify the illustrated example, it is assumed that the G7 bridge is 

the only earthquake-damageable asset within the Metsovo-Panagia segment. Thus, 

depending on the reductions of the speed limit and lane closures that are implied by any 

repair actions on the G7 bridge, Eq. (2) is used to determine the traffic delays for the entire 

highway. In case of any repair action that would require closing the highway, the vehicles 

are assumed to travel via the alternative road shown in Fig. 1. Still, this is an old road of 

poor maintenance, thus there is a great chance to be damaged even in less severe 

earthquakes than the ones that would cause significant damages on the G7 bridge. Herein, 

we assuming that the alternative route stays mostly intact, while moderate-to-heavy traffic 

would result to about 1.3hrs of travel time. 

 

Fig. 1 – Metsovo-Panagia segment of the Egnatia highway in Greece showing also the alternative road. 

3. Case-study bridge  

The G7 bridge (Fig. 2) consists of two structurally independent twin bridges with each of them 

carrying one traffic direction of two lanes. They were built following the cantilever method of 

construction with in-situ concreting. Both of them have three spans with a total length of 270m 

with their longitudinal axis being curved in both horizontal and vertical plane. The deck is a 

prestressed single-cell concrete box girder with varying depth and is monolithically 

connected to the two piers.  The piers are founded within the rock via concrete shafts while 

the deck is supported via two pot-bearings at each abutment that allow the horizontal deck 

movements in both longitudinal and transverse directions while a third bearing is added in the 

middle, having a transverse shear key that restricts transverse displacement until a maximum 

shear force of 2500kN is reached. 

During a seismic event, the bridge may displace longitudinally, transversally or even vertically. 

Due to monolithic pier-to-deck connection, such displacements become of importance at the 

abutments at which the deck is connected via bearings. Understanding the bridge behaviour in 

all possible directions is of significant importance in order to identify its critical components 

that might sustain damage during earthquakes and whose performance defines the damage 

states. For the G7 bridge, the piers, bearings, abutments, ballast walls, pedestals, deck and the 

expansion joints are considered as the critical bridge components (Fig. 3, Chatzidaki et al., 

2020). These are modelled in detail and their response is monitored during the analysis in order 

to allow assessing their potential damage and then propagate it to the entire system. 
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(a) location of the bridge (adapted from 

Google Earth) 

(b) G7 bridge 

Fig. 2 – G7 bridge of the Egnatia Odos highway in Greece. 

 

 
 

(a) longitudinal direction (b) transverse direction 

Fig. 3 – Critical bridge components of deck support at the abutment (adopted from Chatzidaki et al. 2020 and 

Giannelos and Vamvatsikos 2011). 

4. Assessing the seismic response of the bridge 

The nonlinear model of the bridge was developed by Vamvatsikos and Sigalas (2005) via 

the OpenSees platform (Mazzoni et al., 2000), as shown in Fig. 4. To assess its structural 

response, the model is subjected to Multi-Stripe Analysis using sets of ground motion 

records that are selected to be consistent to the site-specific hazard based on the 

Conditional Spectrum (Lin et al., 2013, Kohrangi et al. 2017). The state-of-the-art average 

spectral acceleration, AvgSa, (Cordova et al., 2001, Kazantzi and Vamvatsikos, 2015) is 

adopted as the Intensity Measure (IM): 

1/

1

( ) ( )

n
n

Ri Ri

i

AvgSa T Sa T
=

 
=  
 


           (3) 

It is the geometric mean of n spectral acceleration ordinates, Sa, at periods TRi. Each Sa 

ordinate is the geometric mean of the 5%-damped spectral acceleration from the two 

horizontal components of each ground motion. The periods, TRi, in our case are equally 

spaced in [0.3s, 3.0s] with an increment of 0.1s. During the analysis, the response of all 
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critical bridge components is monitored via properly selected Engineering Demand 

Parameters (EDPs) that can adequately characterize their response. For instance, the drift is 

selected for monitoring the response of the piers while the maximum deck-to-abutment gap 

closure is employed for the expansion joint and the ballast wall.  

The response of all bridge components is discretized into limit states, which for the pier are 

defined based on the closed-form equations of Stefanidou (2015), while for the rest of the 

components they are derived based on manufacturer data as well as discussions with 

professional bridge engineers. The consequences associated with each component and limit 

state in terms of speed limit and repair time are determined based on the standard operating 

procedures of the highway operator.  

 

Fig. 4 – Three-dimensional model of the G7 bridge (adopted Vamvatsikos and Sigalas, 2005). 

5. Seismic damage and traffic delay assessment 

5.1. Scenario-based traffic delays 

The traffic delays are firstly computed for an arbitrary seismic event that is randomly 

selected from the stochastic event sets of thousands of event realizations that represent the 

site-specific seismicity. The stochastic event sets are determined via Event-Based 

Probabilistic Seismic Hazard Analysis (PSHA, Cornell 1968, Weatherill et al. 2015). To 

this scope, the opensource OpenQuake software (Monelli et al., 2012) is employed using 

the area source model of SHARE (Giardini et al., 2013) and the ground motion prediction 

equation proposed by Boore and Atkinson (Boore and Atkinson, 2008). The AvgSa is 

adopted as the IM for the hazard assessment to ensure consistency with the structural 

analysis. The selected IM field is shown in Fig. 5 whose magnitude is M = 6.1 and AvgSa 

at the location of the G7 bridge is 0.26g. For the given event, multiple realizations may be 

generated by randomly sampling the damage and consequence distributions. In our case, 

for an arbitrary selected realization, damage is caused in both expansion joints while the 

rest of the bridge components do not sustain considerable damage. In order to repair the 

damage, the RO needs to reduce the speed limit to 60km/h in one lane per direction, while 

closing the second. By alternating the closed and the open lane, repairs can be effected 

across the entire width of the highway without shutting it down. These interventions are 

expected to last 3 days assuming that both expansion joints (one at each abutment) are 

repaired in parallel.  

1732
3ECEES, September 2022, Bucharest, Romania



If this happens in a day with light traffic, i.e., when traffic demand is significantly lower 

than the traffic capacity, the traffic delays are expected to be minimal since all vehicles 

will travel via the open lane without this resulting in queues. Essentially D < C, 

t0 = 16km / 90km/hr, and t1 = 16km / 60km/hr, leading to a delay of t1 − t0 ~ 0.09hrs. Still, 

if the event happens in a day of heavy traffic when many people use the highway, then 

considerable traffic delays are expected.  

 

Fig. 5 – Seismic intensity measure field showing the highway by the continuous black line, the location of 

the G7 bridge in red and the epicenter of the earthquake in magenta. 

4. Conclusions  

A methodology is presented for assessing the seismic response and the implied traffic 

delays for the highway due to a potentially catastrophic event. This approach can be 

applied for assessing damages on individual highway/road infrastructure assets while the 

combined results can be used for the assessing the traffic delays for the entire 

interconnected system. The framework is quite straightforward, still the toughest part is the 

definition of the limit states and associated consequences on a component basis in a 

consistent way for all components. This challenge requires the assistance of engineers 

specialized in the design and construction of similar structures as well as of road operators 

experienced in road maintenance, repair and rehabilitation actions. Once the damage states 

and consequences are defined, the implied traffic delays can be easily quantified.  
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Abstract: This paper presents fragility curves for RC building typologies representative of 

the Italian building stock, based on statistical processing of post-earthquake damage data 

collected after the Irpinia (1980) and L’Aquila (2009) seismic events. Consistently with the 

framework of the Italian national seismic risk platform, fragility curves are derived for five 

damage levels of the EMS-98, as a function of the peak ground acceleration (PGA), estimated 

from updated ShakeMaps. Twenty-four building typologies are defined based on the level of 

design, construction age and building height. Data analysis showed the general tendency of 

seismic vulnerability to reduce with design level and construction age and its increase with 

the number of storeys. Some anomalies were however detected in the observational seismic 

vulnerability of some building typologies, due to data paucity affecting the reliability of the 

obtained results. Based on this consideration, two innovative alternative empirically-based 

procedures, relying on different fitting strategies, are developed allowing for a robust seismic 

fragility model.     

Keywords: Seismic vulnerability, fragility curves, post-earthquake damage data, Irpinia 

(1980) seismic event, L’Aquila (2009) seismic event.  

1. Introduction 

Earthquakes represent one of the ten costliest and deadliest natural disasters events occurred 

worldwide between 1980 and 2015. Overall, the losses in Italy derived from seismic events 

occurred from the 1968 Belice to the 2019 Central Italy earthquakes amounted to more than 

two hundred billion euros (actualized to 2019) (Dolce et al. 2021). The expected losses after 

an earthquake depend on the amount and quality of damaged building stock and on the 

evaluated probability associated with single damage levels. Hence, a reliable estimation of 

seismic fragility curves, providing the probability of attaining different possible damage 

levels as a function of the earthquake intensity, is of essential importance for realistic loss 

assessment. 

Seismic vulnerability of buildings can be estimated by different approaches, typically 

classified as empirical (Braga et al. 1982; Sabetta et al., 1998 Orsini 1999; Di Pasquale et al. 

2005; Rota et al. 2008; Zuccaro et al. 2015; Del Gaudio et al. 2017; Rosti et al. 2018; Rosti 

et al. Rosti et al. 2020a; Rosti et al. 2021a) and analytical/mechanical (Lagomarsino and 

Giovinazzi 2006; Borzi et al. 2008; Del Gaudio et al. 2015; Del Gaudio et al. 2016; Del 

Gaudio et al. 2017; Del Gaudio et al. 2018). 
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This work derives fragility curves for Italian RC building typologies by exploiting post-

earthquake damage data collected after the Irpinia (1980) and L’Aquila (2009) seismic 

events and available in the Da.D.O. platform (Dolce et al. 2019). The post-earthquake 

damage databases are critically analysed and then integrated by census data, to suitably 

account for the negative evidence of damage in the municipalities les affected by the ground 

shaking. In line with other literature studies (e.g. Rosti et al. 2020b) and consistently with 

the framework of the Italian national seismic risk platform (Borzi et al. 2021), seismic input 

is characterized via PGA, estimated from updated INGV ShakeMaps (Michelini et al. 2020). 

In accordance with Rosti et al. (2021a), damage description from the post-earthquake survey 

forms is converted into discrete levels of damage of the EMS-98 (Grünthal et al. 1998), by 

employing literature damage conversion rules. RC buildings are allocated to refined building 

typologies accounting for design level (i.e. RC buildings designed for gravity loads and for 

seismic loads), construction age and number of storeys. Statistical processing of 

observational damage data showed the general trend of seismic vulnerability to increase with 

the number of storeys and to reduce with the design level and construction age. Some 

anomalies were however detected in case of less populated building typologies. Based on 

this consideration, two alternative procedures, relying on different fitting strategies and data 

processing techniques, are developed, allowing for resolving issues in seismic fragility 

estimates, driven by data paucity.  

2. Description of the post-earthquake damage databases 

Empirical fragility curves are derived by taking advantage of data from post-earthquake 

surveys carried out in Italy in the last 50 years. This valuable collection of damage data is 

managed by the Italian Department of Civil Protection, DPC, with the support of Eucentre 

and released to the scientific community through a web-based informatic platform, Da.D.O. 

(Dolce et al. 2019). The Da.D.O. platform refers to all the seismic events of national 

relevance in Italy (Dolce et al. 2019):. A total amount of over 300’000 buildings is available 

in the platform: 78% masonry buildings, approximately 8% RC buildings and the remaining 

14% other typologies.  

For each surveyed building, the database provides information on building position, building 

characteristics such as number of storeys, interstorey height, storey surface area and 

construction age, typological characteristics and damage information for different building 

components. 

Despite the availability of several damage databases, only the Irpinia (1980) and L’Aquila 

(2009) damage data were selected for the following fragility analysis, considering the 

significant availability of damage data related to RC Moment Resisting Frame (MFR) 

buildings and the availability of information concerning damage to both structural and non-

structural (i.e. masonry infill/partitions) building components  

In this study, updated ShakeMaps, derived and released by the Italian National Institute of 

Geophysics and Volcanology (Istituto Nazionale di Geofisica e Vulcanologia, INGV) are 

used for characterizing seismic input at the different building locations (Michelini et al. 

2020). The latter provides an interpolation procedure between real measurements and the 

values predicted by means of Ground Motion Prediction Equations (GMPEs), representing 

an update of previous version (Michelini et al. 2008), where a different way to account for 

stratigraphical amplification and different GMPEs are used. 

Damage levels were defined according to the EMS-98 (Grünthal et al 1998), considering 

five levels of damage (from DS1 - slight to negligible damage - to DS5 - collapse), in 

addition to the absence of damage (DS0). The damage conversion rule proposed by Braga 

et al. (1982) and Dolce et al. (2019) was used for converting the level of damage reported in 
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the Irpinia survey forms into the considered scale (Table 1). In case of the L’Aquila dataset, 

the damage rules proposed by Rota et al. (2008) and Del Gaudio et al. (2017) were instead 

employed (Table 1). The maximum level of damage observed between vertical structure and 

masonry infills/partitions was then associated with each inspected building (e.g. Del Gaudio 

et al. 2017; Rosti et al. 2018; Rosti et al. 2021a).  

Table 1: Damage conversion rules adopted for damage classification of RC buildings 

 

Irpinia survey form 
 

L’Aquila survey form 

Structural 

components 

Non-structural 

components 

 
Structural 

components 

Non-structural 

components 

DS0 No damage No damage  D0 D0 

DS1 
Insignificant 

Negligible 

Insignificant 

Negligible 
 

D1 - <1/3 

D1 - 1/3-2/3 

D1 - >2/3 

D1 - <1/3 

D1 - 1/3-2/3 

D1 - >2/3 

DS2 
Considerable 

Serious 

Considerable 

Serious 
 D2-D3 - <1/3 

D2-D3 - <1/3 

D2-D3 - 1/3-2/3 

D2-D3 - >2/3 

DS3 Very serious 

Very serious 

Partially-

collapsed 

Collapsed 

 
D2-D3 - 1/3-2/3 

D2-D3 - >2/3 

D4-D5 - <1/3 

D4-D5 - 1/3-2/3 

D4-D5 - >2/3 

DS4 
Partially-

collapsed 
  

D4-D5 - <1/3 

D4-D5 - 1/3-2/3 
 

DS5 Collapsed   D4-D5 - >2/3  

 

 

 

The adopted building taxonomy was defined based on the number of stories (1, 2, 3 and ≥4 

stories)), the design level (i.e. building designed for gravity loads only or also considering 

seismic loads) and construction age (1946-1970; 1971-1980; 1981-1990; >1990), leading to 

a total of twenty-four typological classes adopted for the derivation of fragility curves. 

As a matter of fact, the typology of buildings designed for gravity loads only corresponds to 

buildings affected by the Irpinia event, since the vast majority of the Municipalities hit by 

the Irpinia event were not yet classified as seismic in 1980. On the other hand, most of the 

Municipalities hit by the L’Aquila event were classified as seismic since 1915. 

Considering that it is very likely that buildings located in low-PGA areas were only partially 

inspected (i.e. only under the explicit request of the owner), the original post-earthquake 

database was then integrated for suitably characterizing the negative evidence of damage 

and avoiding any bias in the following fragility analysis. The number of undamaged 

buildings was estimated from National census data (ISTAT 2001).  

 

3. Derivation of fragility curves  

Empirical fragility curves were derived for predefined RC building typologies and five damage 

levels of the EMS-98 (Grünthal et al. 1998), suitably accounting for structural and non-

structural damage observed on preselected building components. Observational damage data 

were approximated as a function of the selected intensity measure by the cumulative lognormal 

distribution: 

 𝑃(𝑑𝑠 ≥ 𝐷𝑆𝑖|𝑃𝐺𝐴) =  Φ [
log(𝑃𝐺𝐴/𝜃𝐷𝑆𝑖

)

𝛽
] (1) 
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where P(ds≥DSi|PGA) is the probability of reaching or exceeding a given level of damage, 

as a function of PGA, θDSi is the median PGA value associated with damage level DSi and β 

is the logarithmic standard deviation. 

Given PGA, the subdivision of buildings in the different damage states (nij) was 

approximated by the multinomial distribution (e.g. Rosti et al. 2021a, b): 

 𝑛𝑖𝑗~ ∏
𝑁𝑗!

𝑛𝑖𝑗!
𝑃(𝑑𝑠 = 𝐷𝑆𝑖|𝑃𝐺𝐴𝑗)

𝑛𝑖𝑗

𝑛𝐷𝑆

𝑖=0

 (2) 

where Nj is the total number of buildings at the jth PGA threshold and P(ds=DSi|PGAj) is the 

conditional probability of occurrence of damage level DSi. 

Empirically-derived fragility curves were simultaneously fitted on observational damage data 

by the maximum likelihood estimate (MLE) approach. A unique constant value of dispersion 

(β) was enforced on design level, construction age, number of storeys and damage level. 

Resulting empirical fragility curves showed the general tendency of seismic vulnerability to 

reduce with the level of design and the construction age and its increase with the building 

height. However, the limited amount of the data of some building typologies sometimes 

limited the reliability of the obtained results, showing some anomalies in the observed 

seismic vulnerability. To overcome these issues, two alternative empirical-based procedures, 

relying on different fitting strategies, were developed for seismic fragility assessment.     

3.1. Empirical-Constrained (EC) procedure 

The Empirical-Constrained (EC) procedure was designed to impose an automatic correction of 

any “anomalies” to the solution of the non-linear optimization problem for the research of 

unknown parameters of lognormal fragility curves. In fact, the considered building stock 

provides a heterogeneous assortment of data, which results sometimes constituted by a potential 

limited number of buildings for some classes, thus resulting not adequately populated. The 

correction was performed by imposing, only if necessary, an inequality between the parameters 

of contiguous classes according to the observed macro-trends.  

In other words, the unknown parameters, constituted by 120 logarithmic mean, 𝜇𝑖𝑘, 

characteristic of the kth typological class (k = 1,…,24) and the ith DS (j = 1,…,5), and by a unique 

logarithmic standard deviation value, β, common to all classes, are determined through a unique 

non-linear optimization process, searching for the minimum of the multivariate likelihood 

function: 

 (𝜇, 𝛽) = argmax [∑ ∑ ∑ 𝑙𝑜𝑔 (
𝑁𝑗!

𝑛𝑖𝑗!
𝑃(𝑑𝑠 = 𝐷𝑆𝑖|𝑃𝐺𝐴𝑗)

𝑘

𝑛𝑖𝑗)

𝑖𝑗𝑘

] (3) 

 

 𝑃(𝑑𝑠 = 𝐷𝑆𝑖|𝑃𝐺𝐴𝑗)
𝑘

= {

1 − 𝑙𝑜𝑔𝑛𝑐𝑑𝑓(𝑃𝐺𝐴𝑗 , 𝜇𝑖𝑘 , 𝛽)                                           𝑖 = 1

𝑙𝑜𝑔𝑛𝑐𝑑𝑓(𝑃𝐺𝐴𝑗 , 𝜇𝑖𝑘, 𝛽) − 𝑙𝑜𝑔𝑛𝑐𝑑𝑓(𝑃𝐺𝐴𝑗 , 𝜇𝑖𝑘, 𝛽)      𝑖 ∈ [2; 4]

𝑙𝑜𝑔𝑛𝑐𝑑𝑓(𝑃𝐺𝐴𝑗 , 𝜇𝑖𝑘, 𝛽)                                                   𝑖 = 5

 (4) 

Thus, 306 linear constraints are applied to the solution imposing (where necessary) the 

compliance with the general hierarchies (with damage state, DS, number of storeys, NS, 

construction age, CE, design type, DT) shown by the critical analysis of the observed results 

obtained without any constraints: 

• 96 constraints require an increasing fragility increasing the severity of DS (𝜇𝑖|𝑁𝑆,𝐶𝑆,𝐷𝑇 −

𝜇𝑖+1|𝑁𝑆,𝐶𝑆,𝐷𝑇 ≤ 0); 
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• 90 constraints require an increasing fragility increasing the number of storeys 

(𝜇𝑁𝑆+1|𝑖,𝐶𝐸,𝐷𝑇 − 𝜇𝑁𝑆|𝑖,𝐶𝐸,𝐷𝑇 ≤ 0); 

• 80 constraints require a decreasing fragility increasing the construction age (𝜇𝐶𝐸|𝑖,𝑁𝑆,𝐷𝑇 −

𝜇𝐶𝐸+1|𝑖,𝑁𝑆,𝐷𝑇 ≤ 0); 

• 40 constraints require a decreasing fragility going from gravity loads- to seismic loads 

designed buildings (𝜇𝐷𝑇|𝑖,𝑁𝑆,𝐶𝐸 − 𝜇𝐷𝑇+1|𝑖,𝑁𝑆,𝐶𝐸 ≤ 0). 

These linear inequality constraints are effectively introduced through a matrix A of dimensions 

M (equal to the number of constraints = 306) x N (equal to the 121 unknown parameters): 

 𝑨 ∙ (�̃�, 𝜷) ≤ 𝟎 (5) 

where (�̃�, 𝜷) is the vector of the unknown parameters. 

3.2. Empirical-Approximated (EA) procedure 

The empirical-approximated (EA) procedure consists in fitting linear models, which provide 
median PGA values as a function of the design level/construction age and number of storeys, 
for each level of damage. Linear models are obtained by fitting empirically-derived median 
PGA values.  

Median PGA value of the ith damage level (DSi), PGA50th,DSi, is defined as: 

 𝑃𝐺𝐴50𝑡ℎ,𝐷𝑆𝑖
(𝐷𝑒𝑠𝑖𝑔𝑛/𝐴𝑔𝑒, 𝑆𝑡𝑜𝑟𝑒𝑦𝑠) = 𝐴 + B × 𝐷𝑒𝑠𝑖𝑔𝑛/𝐴𝑔𝑒 + C × 𝑆𝑡𝑜𝑟𝑒𝑦𝑠 (6) 

where A, B and C are the parameters of the linear model, defined for each damage level, resulting 

from fitting of the empirically-derived PGA median values. Design/Age and Storeys are the 

explanatory variables. Design/Age takes the following values: 1: Gravitational (G): 1946-70; 2: 

Gravitational (G): 1971-80; 3: Seismic (S): 1946-70; 4: Seismic (S): 1971-80; 5: Seismic (S): 

1981-90 and 6: Seismic (S): > 1990. The variable Storeys is instead defined as: 1: 1 Storey; 2: 2 

Storeys; 3: 3 Storeys and 4: ≥4 Storeys. 

Outcome of the EA procedure is depicted in Fig. 1, showing empirically-derived PGA median 

values (dotted markers) and approximating linear models, function of both design/age and 

number of storeys. For each building typology, the hierarchy among the different damage levels 

is ensured by non-intersecting planes. The application of an intrinsically hierarchical model 

based on empirically-derived PGA median values allows for resolving some anomalies in 

the vulnerability trends of some scarcely populated building typologies. 

  

Fig. 1 – Outcome of the EA procedure: fitting of empirically-derived PGA median values (dotted markers) 

by linear models, defined as a function of design/age and number of storeys. 

DS1

DS2

DS3

DS4

DS5

Design/Age
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3.3. Comparison of fragility functions resulting from the proposed approaches  

The feasibility of the proposed approaches is demonstrated by Fig. 2, comparing fragility 

functions of some RC building typologies, resulting from the EC (continuous lines) and EA 

(dashed lines) procedures, respectively, for seismic designed (SD) buildings, thus arising from 

L’Aquila 2009 database. 

    

  

  

  

 

Fig. 2 – Comparison of fragility curves of different building typologies, obtained via the EC (continuous 

lines) and EA (dashed lines) procedures.  
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4. Conclusions 

This paper derives fragility curves for RC building typologies representative of the Italian 

building stock, to be used for large scale seismic vulnerability and risk applications (e.g. da 

Porto et al. 2021; Dolce et al. 2021). To this aim, observational post-earthquake damage data 

of the Irpinia (1980) and L’Aquila (2009) seismic events are statistically processed. The 

ground motion severity is defined at the building locations by using updated INGV 

ShakeMaps (Michelini et al. 2020). Global damage levels are defined consistently with the 

EMS-98 (Grünthal et al. 1998), by employing literature damage conversion rules and by 

suitably accounting for both structural and non-structural damage observed on preselected 

building components. Empirical fragility curves are derived as a function of PGA, by taking 

advantage of the cumulative lognormal distribution and imposing a unique constant 

dispersion value on all damage levels, number of storeys, design level and construction age. 

Results showed the general tendency of seismic vulnerability to reduce with design level and 

construction age and to increase with the number of storeys. In some cases, some anomalies 

in the results were detected, mainly due to the limited amount of damage data of some 

building typologies, limiting the reliability of the obtained results. These issues were 

overcome by developing two alternative empirically-based procedures, taking advantage of 

different fitting strategies and data processing techniques. The Empirical-Constrained (EC) 

procedure consists in performing a constrained regression on observational damage data 

based on the vulnerability hierarchies observed in more populated building typologies. The 

Empirical-Approximated (EA) procedure consists in fitting linear functions of two variables 

on empirically-derived median PGA values. Approximating linear functions are defined for 

individual levels of damage, as a function of design level/construction age and number of 

storeys. 
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Abstract: Building damages caused by a specified ground motion can be estimated by the 

use of fragility curves and this allows us to contribute to decision-making processes for the 

risk reduction. Therefore, constructing comprehensive fragility curves is a challenging issue 

in earthquake engineering. After the 24 January 2020 Sivrice (Mw:6.8) and 30 October 2020 

Samos (Mw:6.9) earthquakes, the Turkish Minister of Environment, Urbanization and 

Climate Change conducted a detailed post-earthquake damage survey for both cities. In this 

study, empirical fragility curves for the Elazig and Izmir cities are obtained from the post-

earthquake damage survey data from considered destructive earthquakes. The building 

inventory of both cities is classified according to their structural system, the number of 

stories, and the construction year. All building classes are investigated separately to obtain 

different fragility curves for each building class. Therefore, obtained fragility curves can be 

used for earthquake risk assessment studies. 

Keywords: Observed Damage Data, Statistical Inference, Maximum Likelihood Estimation 

1. Introduction  

Seismic vulnerability is of key importance in predicting buildings' likely performance in 

future events. To estimate the seismic vulnerability of buildings, observed damage data 

from earthquakes can be utilized. Empirical fragility functions can basically be generated 

based on statistics of observed damage data collected by post-earthquake surveys. Since 

the observational data comprise uncertainties from both structural capacity and soil-

structure interaction, the most realistic way to model fragility is the use of observational 

data (Hancılar et al. 2013). Although several analytical fragility functions exist for Turkey 

(Erberik et al. 2008, Akansel et al. 2012, Hancılar and Çaktı 2015, Askan et al 2017, IMM 

2019), only too few empirical fragility functions are available because of the scarcity of 

data. An example of the fragility curves for reinforced concrete buildings from IMM 

(2019) study is shown in Fig. 1. 

In 2020, two major earthquakes occurred in Turkey that cause several damages. On 

January 24, 2020 (17:55 UTC), the Elazig earthquake occurred along the East Anatolian 

Fault Zone with a moment magnitude (Mw) of 6.8. Its epicenter (38.36° N- 39.06° E) is 

located within the Sivrice distinct, and its depth is approximately 8 km. This event also 

caused several damages to buildings. 41 people died, 1607 people reported injured and 547 

of observed buildings was collapsed (AFAD, 2020). After less than a year, on October 30, 

2020 (11:51 UTC), Western Turkey and Eastern Greece were rattled by a disastrous 

earthquake with a moment a magnitude (Mw) of 6.9. Its epicenter (37.88° N- 26.70° E) is 

located within the Aegean Sea, North of Samos Island, and its dept is 14.90 km. The event 

was strongly felt and caused significant damage and a tsunami that flooded parts of 

Seferihisar (Turkey). 115 lives were lost, 1035 people were injured, and about 4% of the 

city’s buildings were affected - six collapsing completely (Erdik et al., 2020). 
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Fig.  1- Fragility curves for reinforced concrete buildings 

 

The aim of this study is to generate empirical fragility functions based on MMI, PGA, 

PGV, SA(0.2), and SA(1.0) by using different ground motion inputs from KOERI, USGS, 

and ground motion simulations. For this purpose, data set from observed damage data for 

19899 buildings from Elazig city and 45189 buildings in Izmir city taken from Turkish 

Minister of Environment, Urbanization and Climate Change and they classified according 

to KOERI classification method which will be detailed in following chapters.  

2. Data Set 

Both building inventory is classified according to KOERI building taxonomy (same as 

IMM, 2019). This classification method makes use of 3 different parameters, which are the 

structural system type (i), the number of story (j), and the construction year (k), and the 

building types are called Bijk. Classification parameters and index numbers are given in 

the table below. 

Table 1. Classification parameters and index numbers of building types 

Index i j k 

1 Wooden 1-4 Story pre-1980 

2 Masonry 5-8 Story 1980-2000 

3 Prefabricated 9-19 Story post-2000 

4 Steel Frame >20 Story  

5 Reinforced concrete frame   

6 Reinforced concrete shear wall (tunnel formwork system)   

7 Reinforced concrete shear wall and frame    

8 Reinforced concrete and steel composite      

 

As a result, Table 2 which illustrates the building types and corresponding number of 

buildings is created.  
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Table 2. Number of buildings for all building typologies used in this study 

Elazig Inventory Izmir Inventory 

Building 

Class 

Number 

of Building 

Building 

Class 

Number 

of Building 

B111 38 B111 12 

B112 8 B112 8 

B113 4 B113 6 

B211 4256 B211 3445 

B212 4579 B212 2733 

B213 2417 B213 874 

B221 118 B221 35 

B222 69 B222 32 

B511 244 B511 2879 

B512 1248 B512 14645 

B513 2427 B513 8459 

B521 200 B521 802 

B522 1761 B522 5350 

B523 2095 B523 4286 

B531 9 B531 102 

B532 104 B532 602 

B533 322 B533 919 

Total 19899 Total 45189 

 

According to Rossetto et al. (2014), a minimum of 100 buildings should be used and at 
least 30 of them should have reached or exceeded a given damage state, again with the 
data points spanning a wide range of IM values, when obtaining fragility curves,. 
Therefore, in the scope of this study, we will obtain the fragility curves of the building 
typologies in bold that shown in Table 2. 

3. Analysis 

3.1. Ground Motion 

There are two main categories of ground motion intensity measures that are used in 

empirical vulnerability and fragility assessment: (1) those based on macroseismic intensity 

scales (e.g., Modified Mercalli Intensity, MMI); (2) those based on instrumental quantities 

(e.g., peak ground acceleration, PGA) (Rossetto et al., 2014). The incorporation of 

uncertainty in IM is important for an accurate evaluation of the vulnerability and fragility 

functions as well as their confidence and prediction intervals (Ioannou et al., 2014). To 

minimize uncertainty and to find the optimum of the fragility curves which is the one that 

yields the fitted fragility curve with the smallest confidence bounds, several intensity 

measures such as MMI, PGA, PGV, SA(0.2), and SA(1.0) will be utilized. Furthermore, 

ground shaking maps from KOERI (ELER Software), USGS (ShakeMap), and ground 

motion simulations will be used to generate consistent curves. Fig. 2 and Fig. 3 illustrate 

the grid-based PGA distribution of the Elazig city and the Izmir city according to USGS 

ShakeMap data. 
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Fig.  2 - Grid-based PGA distribution of the Elazig city after the Sivrice earthquake 

 

 
Fig.  3 - Grid-based PGA distribution of the Izmir city after the Samos earthquake 

 

3.2. Statistical Method 

The maximum likelihood estimation (MLE) method, which is the methodology given by 

Shinozuka et al. (2000) was utilized for the calculation of fragility functions. The principle 

of maximum likelihood estimation is to detect the highest probability of generating the 

data already available in a considered dataset by investigating the value of the parameter 

vector that maximizes the desired probability distribution, i.e., the likelihood function. The 

fragility function parameter determined in this paper for the derivation of fragility 

functions assumes that earthquake damage distribution can be represented by the 

cumulative standard lognormal distribution function (Kircher et al. 1997). To implement 

maximum likelihood estimation in our dataset a python script is written. 
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4. Results and Discussion 

In this study, by using post-earthquake damage data from 24 January 2020 Sivrice 

(Mw:6.8) and 30 October 2020 Samos (Mw:6.9) earthquakes, ground motion shakemap 

data from USGS, and the maximum likelihood estimation, fragility curves for Elazig city 

and Izmir city are obtained.  

As a result, PGA and MMI-based fragility curves are obtained for considered building 

classes in Elazig and Izmir. While constructing the Fragility curves, it was observed that 

the ranges of intensity measure values corresponding to the buildings were different in 

reinforced concrete and masonry structures, so they were obtained for different intervals. 

Obtained fragility curves are shown in Fig. 5 to Fig. 7 for slight, moderate, extensive, and 

complete damage states. Fragility curve parameters are given in Table 3 and Table 4 for 

Elazig and Izmir, respectively. 

Some inferences from this study can be listed below. 

- The building inventories of the two cities have different characteristics from each 

other. While the rate of the reinforced concrete buildings in the Izmir city is 84%, 

this rate is 42% in Elazig city. The reason for this difference is that Izmir is a very 

densely populated metropolitan city while rural life is common in Elazig with a 

small population. Therefore, obtained fragility curves for Elazig can be used in 

rural areas in Turkey while fragility curves from Izmir can be used for the 

metropolitan areas to estimate the building damages, severity, or direct economic 

loss. 

- The fragility curves for masonry buildings in Elazig have moderate and extensive 

damage curves very close to each other (see Fig. 6). This closeness indicates that 

the ductility capacity of the considered structures is low. 

- In the fragility curves for reinforced concrete buildings in Elazig (see Fig. 4 and 

Fig. 5) curves are ordered as slight damage, moderate damage, extensive damage, 

and complete damage which is sensible.  

- In some cases, the fragility curve of extensive damage exceeds the fragility curve of 

moderate damage which seems odd and illogical. This was the case for data points 

that are not distributed across a wide range of ground motion intensity values for 

the damage state.  

- While the rate of buildings with the least slight damage is more than 50 percent in 

Elazig, this rate is around 6 percent in Izmir city. This resulted in curves with very 

high median values even for slight damage. Since the rates of moderate, extensive, 

and complete damage are very low in Izmir, only the fragility curves obtained for 

slight damage are shown here.  

- It should be noted that these results are preliminary results for the derivation of 

fragility curves for Turkey. To validate these fragility curves, goodness of fit tests 

should be conducted, confidence intervals should be determined, and the results 

should be compared with the existing fragility curves. 

- Combining considered two databases of post-earthquake survey data and 

comparing them with existing fragility curves can be considered as the future aim 

of this study. 
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Fig.  4. Fragility Curves for Reinforced Concrete Structures (B511, B512, B513). The upper two rows 

represent PGA and MMI-based curves for Elazig city, and the lower two rows show the curves for Izmir 

City. Small stars illustrate empirical fragility data.  
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Fig.  5. Fragility Curves for Reinforced Concrete Structures (B522, B523, B533). The upper two rows 

represent PGA and MMI-based curves for Elazig city, and the lower two rows show the curves for Izmir 

City. Small stars illustrate empirical fragility data. 
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Fig.  6. Fragility Curves for Masonry Structures (B211, B212, B213). The upper two rows represent PGA 

and MMI-based curves for Elazig city, and the lower two rows show the curves for Izmir City. Small stars 

illustrate empirical fragility data. 
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Table 3. MMI and PGA-based fragility curve parameters for Elazig city 

MMI         

 B511  B521  B531  B211  

 μ  β μ  β μ  β μ  β 

Slight 6.27 0.40 6.14 0.08 - - 3.29 0.91 

Moderate 8.51 0.16 6.83 0.04 - - 7.00 0.59 

Extensive 8.82 0.16 7.80 0.20 - - 7.08 0.60 

Complete 9.60 0.14 7.70 0.08 - - 20.35 0.62 

 B512  B522  B532  B212  

 μ  β μ  β μ  β μ  β 

Slight 7.85 0.70 6.23 0.09 6.51 0.02 4.65 0.89 

Moderate 26.85 1.12 6.97 0.06 6.80 0.04 12.14 1.24 

Extensive 298.68 2.38 7.23 0.07 6.90 0.05 12.44 1.25 

Complete 11.85 0.22 8.23 0.11 - - 31.07 0.70 

 B513  B523  B533  B213  

 μ  β μ  β μ  β μ  β 

Slight 10.79 0.53 7.36 0.14 6.78 0.04 8.23 0.76 

Moderate 74.00 1.21 10.45 0.20 8.90 0.14 17.98 0.83 

Extensive 72.41 1.02 12.97 0.25 - - 19.37 0.88 

Complete - - 12.53 0.21 - - 95.48 0.99 

PGA         

 B511  B521  B531  B211  

 μ  β μ  β μ  β μ  β 

Slight 0.19 0.98 0.17 0.30 - - 0.12 0.94 

Moderate 0.66 0.74 0.24 0.11 - - 0.28 0.73 

Extensive 0.68 0.63 0.28 0.25 - - 0.28 0.73 

Complete 2.62 1.01 0.30 0.15 - - 1.64 0.98 

 B512  B522  B532  B212  

 μ  β μ  β μ  β μ  β 

Slight 0.41 2.88 0.20 0.15 0.21 0.06 0.16 1.17 

Moderate 7812.26 8.40 0.25 0.12 0.24 0.06 0.43 0.86 

Extensive 2.71E+6 10.13 0.26 0.12 0.24 0.08 0.44 0.88 

Complete 2.67 0.96 0.35 0.23 - - 3.88 1.17 

 B513  B523  B533  B213  

 μ  β μ  β μ  β μ  β 

Slight 7.51 4.050 0.38 0.81 0.24 0.15 0.41 1.60 

Moderate 366.00 3.743 0.75 0.53 0.74 0.59 1.11 1.09 

Extensive - - 0.81 0.48 - - 1.14 1.09 

Complete - - - - - - 21.22 1.53 
 

 

 

 

 

 

 

 

Table 4. MMI and PGA-based fragility curve parameters for Izmir city 

MMI         
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 B511  B521  B531  B211  

 μ  β μ  β μ  β μ  β 

Slight 63.27 1.53 10.08 0.56 - - 4050.22 5.19 

 B512  B522  B532  B212  

 μ  β μ  β μ  β μ  β 

Slight 7191.23 3.97 25.07 1.28 11.81 1.00 19.60 0.92 

 B513  B523  B533  B213  

 μ  β μ  β μ  β μ  β 

Slight 102.311 1.35 98.56 1.62 11.85 0.54 27.80 1.44 

PGA         

 B511  B521  B531  B211  

 μ  β μ  β μ  β μ  β 

Slight 14.17 2.91 0.57 1.45 - - 5.06 2.80 

 B512  B522  B532  B212  

 μ  β μ  β μ  β μ  β 

Slight 11291.9 6.23 5.91 3.27 0.56 1.94 27.61 4.16 

 B513  B523  B533  B213  

 μ  β μ  β μ  β μ  β 

Slight 1238.32 4.28 1393.24 5.33 3.49 2.74 0.46 1.07 
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Abstract: An approach for preliminary seismic risk assessment is presented for portfolios of 

cultural heritage assets of classical antiquity. As an example, three ancient columns are 

considered, located at different sites throughout Attica: The Temple of Aphaia in Aegina, 

the Temple of Olympian Zeus in the centre of Athens, and the Temple of Poseidon in 

Sounio.  Event-based probabilistic seismic hazard analysis is used for the definition of the 

seismic hazard via multiple correlated intensity measure fields. The seismic response of the 

columns is assessed via simplified equations for the prediction of the central value and the 

dispersion of the lognormal fragility function for rocking blocks. Afterwards, the seismic 

risk per asset is assessed both in terms of long-term averages, calculating the mean annual 

frequency of exceeding pre-defined limit states, as well as on an event-by-event basis, 

calculating the probability of exceeding limit states of interest per asset in scenario events. 

Overall, a comprehensive tool is offered for supporting decision-making on prioritizing 

rehabilitation actions for a portfolio of monumental structures.        

Keywords: seismic hazard, seismic risk, rocking blocks, decision support systems 

1. Introduction  

The protection of the cultural heritage assets against natural hazards is a crucial task that 

has raised the interest of researchers and society alike. After all, a society without cultural 

heritage will end up as a tree without roots and is thus doomed to wither. Attica is a 

distinctive example of a region where multiple cultural heritage assets are spread in close 

distances from each other. All these assets are exposed to the same seismic events but still 

each one is influenced to a different degree due to the spatial variability of the ground 

motion hazard (i.e., distance from the rupture, soil conditions, etc.) (Weatherill et al. 2015, 

Lachanas et al. 2022). Hence, in modern decision support systems (e.g., Pitilakis et al. 

2014, Vamvatsikos et al. 2022), seismic risk assessment has shifted from tackling each 

asset and site on their own to treating simultaneously groups of assets on an event-by-event 

basis. This approach is useful for stakeholders since it can be used as a tool for the seismic 

risk assessment of a portfolio of distributed assets on a long-term basis, using stochastic 

sets of potential seismic events, as well as on a near-real-time basis when convolved with 

on-site real-time monitoring.     

Aiming to provide a practical example, a set of cultural heritage sites of classical antiquity 

is considered in Attica, and a simple approach for assessing the ensemble seismic risk is 

presented. Three different monuments are investigated: The Temple of Aphaia in Aegina 

(Southwest Attica), the Temple of Olympian Zeus (centre of Athens), and the Temple of 

Poseidon in Sounio (Southeast Attica). In all cases, one single column per temple is 

adopted per site as the asset of interest.  Rather than performing structural analysis, 

fragility functions are constructed via the expressions of Kazantzi et al. (2021), which 

provide the parameters of the lognormal fragility function for rocking blocks. The seismic 
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risk per asset is offered both in terms of the long-term averages as well as under different 

potential scenario events of varying magnitudes and epicentre location. 

2. Seismic hazard calculations  

Event-based Probabilistic Seismic Hazard Analysis (PSHA, Weatherill et al. 2015) with 

spatial correlation (Jayram and Baker 2009) was employed to calculate the seismic hazard. 

This is performed by considering a stochastic event set of potential ruptures during a 

predefined time period on a one-by-one basis. Each event corresponds to an Intensity 

Measure (IM) field (Fig. 1). The OpenQuake open-source platform (GEM 2016) was used 

to perform the PSHA calculations for a grid of sites along Attica (Fig. 1) using the 

European seismic source model (ESHM13, Woessner et al. 2015). Of the available logic 

tree branches provided, only the area source model and the Boore and Atkinson (2008) 

ground motion prediction equation were employed. A uniform “rock” soil-type was 

assumed (Vs30=800m/s).  The geomean (geometric mean of the two horizontal components) 

peak ground acceleration, PGAgm, was employed as IM. An effective investigation period 

of 10,000 years was adopted; this was found by Lachanas et. al 2022 to be adequate for the 

case of Attica for calculating the Mean Annual Frequency (MAF) of exceeding PGAgm 

(
gmPGA ) when compared to the classical PSHA approach (Cornell 1968, Bommer 2002). 

Fig. 2, presents the location on map of the three cultural heritage assets under investigation 

(Fig. 2a) and the corresponding hazard curves (Fig. 2b). As presented, seismic hazard is 

reduced when moving from West to East Attica. In addition, event-based PSHA for an 

investigation period of 10,000 years leads to hazard curves that match those of the classical 

approach within an acceptable range. In other words, both methods capture equally well 

the frequent events (low PGAgm – high 
gmPGA ) that mostly matter for assessing loss and 

damage, whereas for the rarer ones longer investigation periods are needed.  

 

  
(a) (b) 

Fig. 1 – Example of IM fields representing: a) a possible rupture in the Northwest and b) a possible rupture in 

the East (spectral colormap from red to blue referring to the higher to the lowest IM values per field) 

 (map background from Google Earth, IM field plotted using QGIS)  
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(a) (b) 

Fig. 2 – a) Location of the monuments under investigation (map background from Google Earth, location of 

the assets plotted using QGIS), b) Mean hazard curves for PGAgm at the sites of interest (solid line: Event-

based PSHA for an effective investigation period of 10,000 years, dashed lines: Classical PSHA)  

3. Structural modelling  

Fig. 3a presents the typical planar model of a rectangular rigid block standing freely on a rigid 

support base and subjected to horizontal excitation ( )gu t . The geometry of the block can be 

defined by the slenderness angle 
1tan (2 / 2 )b h −=  and the half-diagonal 2 2R h b= + . 

Assuming that the coefficient of friction between the block’s base and its support surface is 

high enough to prevent sliding, the block undergoes rocking when the horizontal acceleration 

is strong enough to trigger uplift. After uplift, the block rocks between its pivot points O-O’. 

Housner (1963) proposed the rocking equation of motion. Afterwards, many studies (e.g., Yim 

et. al 1980, Ishiyama 1982, Zhang and Makris 2001, Makris and Konstantinidis 2003, 

Dimitrakopoulos and De Jong 2012, Makris and Vassiliou 2013 and references therein) have 

thoroughly investigated the dynamics of rocking. The oscillation frequency of a rocking block 

is not constant since it depends on the vibration amplitude (Housner 1963). However, in the 

rocking equation of motion (Housner 1963) the characteristic frequency p, which for a 

rectangular block is expressed as: (3g) / (4 )p R= , represents the dynamic characteristics of 

the block. Under only horizontal excitation, uplift occurs when g tangu   (Zhang and 

Makris 2001), whereas nominally overturning is captured when the tilt (rocking) angle θ 

exceeds the slenderness angle α.  

Fig. 3b captures the geometric and dynamic characteristics of the ancient columns at the three 

sites that are investigated herein. Specifically, column AC1 resembles a two-dimensional (2D) 

analogue of a monolithic column of the Temple of Aphaia, while AC2 and AC3 are 2D 

analogues of columns of the Temples of Olympian Zeus and the Temple of Poseidon, 

respectively. Although AC2 and AC3 refer to multidrum columns, herein they are treated as 

equivalent monolithic blocks. This assumption usually leads to more conservative results 

(higher values of the peak rocking angle) than analyzing the multidrum column (Konstantinidis 

and Makris 2005). However, the assumption of monolithic blocks is preferred for reasons of 

simplicity since complex models are needed for assessing the seismic response of multidrum 

blocks; this is out of the scope of the present study.  
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(a) (b) 

Fig. 3 – a) Planar rectangular rocking block on a rigid base, b) Dimensions (in meters), geometric, and 

dynamic characteristics of the three blocks under investigation  

By using the simplified 2D rocking model (Housner 1963) and employing Incremental 

Dynamic Analysis (IDA, Vamvatsikos and Cornell 2002, Lachanas and Vamvatsikos 2022) 

followed by non-linear regression, Kazantzi et. al 2021 proposed simplified expressions for the 

parameters (central value and dispersion) of the lognormal rocking fragility functions under 

ordinary (i.e., no pulse-like no long-duration) ground motions. The derivation of these 

equations was made by normalizing out the slenderness both in the IM and the engineering 

demand parameter (EDP). It was found that the seismic response of blocks of different 

slenderness, but equal size (p), tends to be equal to an acceptable degree for practical purposes, 

especially when rocking is treated under a probabilistic view. For the case of the dimensionless 

/ (g tan )gmPGA  , denoted here as / g tangmPGA  , the proposed expressions for the 

dimensionless median (IA50)  and the dispersion (βA) of the rocking fragility function given 

the normalized peak absolute rocking angle max  over the slenderness angle α (
max /  = ) 

are:  
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Table 1. Equations and constants used with Eq. (1)–(3) to define median and dispersion values when using 

PGAgm as the IM 

A1 B1 C1 A2 B2 
2.49740.4231p  2.56660.5980p  0.9631 1.1398  8.8161 

A3 B3 C3   
3 20.0529 0.4774

0.9416 0.9226

p p

p

−

+ +
 

3 20.0292 0.2602

0.9622 0.2140

p p

p

−

+ −
 0.1763    

 

 

Table 2. Median and dispersion via Eq. (1)–(3) for the three columns under investigation at the three LSs 

   
AC1 AC2 AC3 

50AI  
A   

50AI  
A  

50AI  
A  

0.15 2.085  0.444 4.248 0.673 2.235 0.470 

0.35 3.043 0.607 7.339 0.786 3.344 0.632 

1.00 4.360 0.708 11.395 0.753 4.855 0.720 

 

  
(a) AC1 (b) AC2 

 
(c) AC3 

Fig. 4 – Lognormal fragility curves for the three columns under investigation at the three LSs given PGAgm 

Table 1 captures the equations and constants that are used in Eq. (1)–(3). The median and 

the dispersion are calculated for three   thresholds that correspond to the Limit States 

(LSs) proposed by Psycharis et al. (2013) for classical columns. Specifically, damage 

limitation (LS1) is defined for 0.15 = , significant damage (LS2) for 0.35 = , and near 

collapse (LS3) for 1.00 = . Table 2 presents the median and the dispersion via Eq. (1)–(3) 

for AC1–AC3 for the three limit states. 
50AI  is converted to PGAgm by multiplying with 
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g tan  per block, offering the denormalized fragility curves presented in Fig. 3. Column 

AC2 is significantly taller than the other two columns (Fig. 3b), thus being more stable and 

showing lower probability of exceeding any of the limit states for any given intensity. The 

other two columns are of similar slenderness and size (p), showing similar fragility 

functions. Still, this is only valid under the monolithic assumption for AC3.   

4. Seismic risk assessment  

The asset risk is assessed on an event-by-event basis by using the IM-fields from the event-

based PSHA. For the three cultural heritage sites, both the long-term averages in terms of 

the MAF of exceeding an LS (λLS) as well as the probability of exceeding an LS on a 

scenario-based approach are offered, as detailed in the following. 

4.1. Long-term averages 

The λLS for the i-th LS is calculated in each case by taking the full set of IM-fields and 

summarizing them over the investigation period as:  

1

[ | ]

i

n

exc i j

j

LS

eff

P LS IM

t


=
=


 

(4) 

where n is the number of the IM-fields produced from the event-based PSHA, IMj the IM 

value of the j-th IM-field (herein in terms of PGAgm), [ | ]exc i jP LS IM  the probability of 

exceeding the i-th LS given the j-th IM value taken from the fragility function (Fig. 3) and 

teff the effective investigation period (herein 10,000 years). Eq. (4) should be employed 

carefully when multiple logic tree branches are employed for the event-based PSHA.   

Results of λLS can be expressed in terms of the return period of exceedance (Tr) as: 

1
i

i

r

LS

T


=  (5) 

Table 3 presents the results in terms of λLS and Tr for the three sites under investigation. As 

illustrated, AC1 is of higher seismic risk than the other two columns. This comes from its 

location in Southwest Attica and thus closer to the large faults that are located in the 

Corinth Gulf in the West, or Parnitha Mountain in the Northwest. On the other hand, for 

AC2, the long-term risk of overturning is significantly lower than the other two columns 

due to the aforementioned more stable behavior.  

 

Table 3. MAF of violating a LS (λLS) and the corresponding return period Tr via Eq. (4)–(5) for the three 

columns 

LS  
λLS / Tr (years) 

AC1  AC2 AC3 

1 0.0029 / 340 0.0018 /   543 0.0016 /  618  

2 0.0018 / 545 0.0008 / 1303 0.0009 / 1057 

3 0.0011 / 903  0.0002 / 4681 0.0005 / 1963 

 

1759
3ECEES, September 2022, Bucharest, Romania



 4.2. Scenario-based risk assessment 

 As already mentioned, the main advantage of event-based PSHA is the fact that it 

produces hazard results that correspond to specific events, offering a view of simultaneous 

consequences over a spatially distributed portfolio. As an example, a scenario-based risk 

assessment is performed for three characteristic events taken from the full stochastic set. 

The epicentres of the selected event are shown in Fig. 5, whereas Table 4 shows per event 

the exact location of the epicentre (longitude and latitude), the magnitude (M) as well as 

the PGAgm values that are captured at the three assets under investigation. Of the three 

events, Event 1 is a potential rupture in the Gulf of Saronikos, Event 2 resembles an 

extension of the Fili fault system in the area of Aspropyrgos, and Event 3 is a rupture off 

Cape Sounio, in the Aegean Sea.  

 

Fig. 5 – Location of the epicentre for three potential events close to Attica  

(map background from Google Earth, location of assets and epicentres plotted using QGIS) 

 

Table 4. Details of the selected events and the corresponding PGAgm per cultural heritage site under 

investigation 

Event  

Epicentre 

Magnitude  

PGAgm (g) 

lon. lat. Aphaia 

 (AC1) 

Olympian Zeus 

 (AC2) 

Poseidon 

(AC3) 

1 23.5383 37.8342 6.90 0.618 0.123 0.256 

2 23.6544 38.0141 7.10 0.201 1.076 0.134 

3 24.0671 37.5370 7.10 0.054 0.076 0.653 

 

Fig. 6, presents the probability of exceeding each LS per column for the three potential 

events. As shown, on a single event basis the seismic risk may be significantly higher for 

some columns (e.g., AC3 for Event 3) depending on the location of the epicentre. To this 

end, although the calculation of the long-term averages returns the summarized risk for 

each site during the investigation period, the scenario-based approach can be employed as 

a tool in decision support systems to monitor multiple assets under potential events either 

frequent or rare. 
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(a) AC1 (b) AC2 

 
(c) AC3 

Fig. 6 – Probability of exceeding the three LSs per site for three potential events close to Attica  

5. Conclusions  

Event-based PSHA offers a powerful basis for portfolio seismic risk assessment since it 

can produce IM-fields and capture the per-event spatial variability of ground motion 

hazard. Moreover, simplified models or even expressions for the direct estimation of the 

distribution parameters for the seismic response offer a fast way for assessing the fragility 

functions for multiple assets. Without doubt, structure-specific sophisticated structural 

models will offer a higher level of accuracy, but, at the same time, they need considerably 

more modelling and computing effort. Hence, either by employing structure-specific 

models or by treating the model uncertainty as an extra source of uncertainty, the proposed 

methodology can be easily expanded to cover any set of assets and be incorporated within 

decision-support systems. This will help the corresponding authorities for prioritizing 

immediate actions, funding allocation or post-earthquake damage restoration per asset.   
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Abstract: A realistic prediction of earthquake ground motion and of its spatial variability is
one of the key components in the chain of seismic risk assessment of spatially distributed
portfolios or infrastructural systems in large urban areas. In this work, a large-scale 3D
numerical model is developed to generate physics-based ground shaking scenarios in the
city of Thessaloniki in Northern Greece using the computer code SPEED
(http://speed.mox.polimi.it) as input for seismic risk studies. The numerical model accounts
for kinematic finite-fault sources, a 3D model of the propagation path and local site response
conditions. The case study of Thessaloniki is addressed due to the detailed knowledge on its
geologic, seismotectonic context as well as on up-to-date exposure and vulnerability models
which are key ingredients for future seismic risk analyses. To validate the numerical model,
simulated motions are compared against the recordings of a real small-magnitude (Mw4.4)
earthquake, and with predictions from conventional approach based on Ground Motion
Prediction Equations for historical 1978th Mw6.5 earthquake whose spatial correlation is
analysed.

Keywords: earthquake ground motion, 3D physics-based numerical approach, seismic risk,
spatial correlation

1. Introduction

A reliable estimation of earthquake ground motion and of its spatial variability is one of
the key components for seismic risk analysis especially for spatially distributed structures
or infrastructural systems such as pipelines in large urban area. Due to the developments of
computational ability and enrichment of seismology-related resources, numerical
simulations have gradually played a promising role as an alternative in predicting
earthquake ground motion intensities.

A 3D physics-based numerical simulation approach (3D PBS) whose computation code is
SPEED (Spectral Element in Elastodynamics with Discontinuous,
http://speed.mox.polimi.it/) that could handle different seismology aspects such as seismic
faults rupture, seismic wave propagation, localized site irregularities, soil-structure
interactions, attracts attention of seismologist and earthquake engineers. SPEED is an
open-source software package, developing by cooperation between Department of
Mathematics and Department of Civil and Environmental Engineering at Politecnico di
Milano, that successfully applied and verified in worldwide regions such as Grenoble in
France from Chaljub et al. (2010), L’Aquila, Po Plain in Italy check from Smerzini et al.
(2012), Paolucci et al. (2015), Christchurch in New Zealand from Guidotti et al. (2011) and
so on.

As the second-largest city in Northern Greece, Thessaloniki possess over million
population in its historical centre and metropolitan area, considered to be a major economic,
industrial, commercial, and political centre. Since medieval times, Thessaloniki was hit by
strong earthquakes, notably in 1759, 1902, 1978 and 1995, among which the destructive
one occurred on June 20th 1978 with Magnitude = 6.5 causing a series of considerable
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damages in the instrumental era. This 1978 earthquake, therefore, attracted significant
interest from seismologists and engineers as the first earthquake with a serious impact on a
big modern urban centre like the city of Thessaloniki. This stimulated a set of fruitful
investigations that led to a detailed knowledge of geological, geophysical and geotechnical
information, seismotectonic features, micro zonation studies, vulnerability and exposure
analyses for the Thessaloniki area to better constrain seismic hazard and risk assessment
studies (Pitilakis et al. 2015).

In this work, a three-dimensional numerical model of Thessaloniki area was updated by
integrating the detailed information on seismotectonic, geological and geophysical context
as a necessary component for 3D physics-based numerical approach. The results from
simulations were compared with recordings of a real earthquake event with magnitude =
4.4 for validation purpose. Then a comparison between simulated strong motions and
Ground Motion Prediction Equations (GMPEs) from 1978th 06.20 earthquake (Mw=6.5) is
analysed and the spatial correlation of spectral acceleration is computed and discussed.

2. An updated 3D numerical model of the study area

Due to the level of available information regarding Thessaloniki area, a large-scale 3D
numerical model is developed in this work by taking advantage of a pre-existing spectral
element model, as presented by Smerzini et al. (2017). Fig. 1 provides an overview of the
3D numerical model with volume size equal to 82 x 64 x 31 km3 indicating 4 seismic faults
and a zoom to point out mesh refinement on the top layer. Considering a third order
spectral degree, the numerical model consists of 98,297,229 degrees of freedom and it is
capable to propagate accurately frequencies up to 1.5 Hz. The mechanical properties
associated to the 3D numerical model are indicated in Table 1.

Fig. 1 – Mesh of the 3D numerical model

Table 1. Mechanical property of 3D numerical model
Material Thick

ness
(m)

VS

(m/s)
VP

(m/s)


(kg/m3)
QS QP

Bas
-in

Thessa
loniki

0-800
Soft: 300+13.5*z0.7

Stiff: 500+11.9*z0.7
Soft: 1800+21.4*z0.7

Stiff: 2000+19.8*z0.7
2000+0.4*z Note

below
2Qs

Mygdo
nia

0-450
200+15*z0.63 1500+32.8*z0.63 2075+0.55*z 0.1*Vs 2Qs

Crust 1 1000 Cotton et al. (2006) 2.25*Vs Cotton et al.
(2006)

0.1*Vs 2Qs

Crust 2 4000 3440 6060 2700 300 600
Crust 3 6000 3460 6070 2800 300 600
Crust 4 10000 3640 6370 2900 300 600
Crust 5 10000 3980 6960 3000 400 800

Note: Qs=20; z<=200, Qs=50; z<=500, Qs=100; z<=1000, Qs=150 (z=depth from ground surface)
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The 3D model includes the following key features:

 ground topography as retrieved from 90 m SRTM Digital Elevation Model
(http://srtm.csi.cgiar.org/), covering the broader Thessaloniki area;

 four main seismogenic sources posing a hazard to the city of Thessaloniki, namely,
(i) the Gerakarou Fault (i.e., the fault responsible of the Mw6.5 1978 Volvi
earthquake), (ii) the Langadhas Fault, (iii) the Angelochori Fault, and (iv) the
Souroti fault. The location and geometry of these faults were retrieved from the
GreDaSS database (http://gredass.unife.it/). The first two faults are segments of a
larger fault zone (Mygdonia Composite Source according to GreDaSS database)
that bounds the southern margins of the Mygdonia Basin, while the Angelochori
and Souroti faults constitute the Anthemountas fault system, southward of the city
of Thessaloniki;

 crustal model for deep rock materials (see Table 1), adapted from Ameri et al.
(2015) and with the modifications explained below;

 3D models of both Thessaloniki and Mygdonia basins.

The main improvements with respect to the existing model are outlined below.

2.1. Geological model: inclusion of Thessaloniki and Mygdonia basin

Efforts were devoted to the construction of a large-scale 3D geological model including, in
the same computational domain, both the Thessaloniki basin and the Mygdonia basin.
While the Thessaloniki basin model was taken from Smerzini et al. (2017), the 3D shape of
the Mygdonia basin is taken from Maufroy et al. (2016).

The 3D shape of both Thessaloniki basin and the Mygdonian basin is shown in Fig. 2.

Fig. 2 - Geological context of study area and depth of bedrock in Thessaloniki and Mygdonia basins

2.2. Updating of the shallow crustal model

The velocity of the uppermost layer of the crustal model was modified to provide a more
realistic velocity profile of the outcropping bedrock in the area under study. With respect
to Smerzini et al. (2017), where the outcropping bedrock layer consists of very hard rock
with constant shear wave velocity VS = 2000 m/s, the updated crustal model features a first
layer (see Crust 1 in Table 1) with a gradient of VS from a minimum value of 1150 m/s up
to a value of 3440 m/s at 1000 m depth from the topographical surface. The gradient of this
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velocity profile was calibrated based on the studies conducted by Cotton et al. (2006) on
rock velocity profiles.

3. Validation with M4.4 event

After a set of preliminary numerical tests, the numerical model was applied to simulate a
real small-magnitude (Mw4.4) earthquake event occurred on 12th, September 2005 near
the Mygdonia basin for validation purpose by comparing the results from simulations with
the recordings. Owing to the small magnitude, the finiteness of the fault rupture area is
neglected and a point-source was considered. This M4.4 event is selected because the
accuracy of simulations was controlled by uncertainties in the source properties,
propagation path and shallow layer structure, it is therefore recommended to prefer deep
event (depth > 8-10 km) for validation performance from Maufroy et al. (2016). Following
is the Table 2 with source parameters for Mw4.4 earthquake:

Table 2. Source information for Mw4.4 earthquake
Date Lat. (°) Long. (°) Depth(km) Mw Strike (°) Dip (°) Rake (°)

2005/09/12 40.7255 23.3408 10 4.4 281 52 -98

The earthquake was recorded by several stations (http://euroseisdb.civil.auth.gr/events),
and herein E03 station (Latitude: 40.6762, Longitude: 23.3241) is selected for comparison
between simulated and recorded ground motions.

Fig. 3 is the comparison of velocity waveforms and corresponding Fourier Amplitude
Spectra (FAS) in terms of three components (horizontal components (EW, NS) and vertical
component (UD)) between simulations (red) and the recordings (black) at E03 station.
Both are filtered below 1.5 Hz satisfying frequency-limitation of numerical simulation.

It is found that velocity waveform histories from NS component and vertical components
shows well agreement, especially for the starting time and maximum amplitudes, and
corresponding FAS also show general good agreement. On the other hand, for EW
component, SPEED tends to underestimate observations probably because of inaccuracies
in the source model and shallow layer properties.

The comparison herein is not only for a satisfactory level of validation of reliable
numerical model, but also indicate the potentiality of the numerical parameters in
predicting ground motions for future earthquakes.

Fig. 3 - Comparison of velocity waveforms and corresponding Fourier Amplitude Spectra
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4. Earthquake ground motion for the historical Mw6.5 1978 earthquake

The 1978 Thessaloniki earthquake with a normal focal mechanism (magnitude 6.5) is
regarded as the first destructive seismic activity in historical recording generation. The
earthquake is associated with EW trending Gerakarou fault at the southern area of the
Mygdonia graben according to Papazachos et al. (1979) and Mountrakis et al. (1983). This
section aims at providing a general overview of the estimated ground motion by comparing
the simulated results with the Ground Motion Prediction Equations (GMPEs) and by
computing the spatial correlation of horizontal PGA, SA (0.2s, 0.5s, 1.0s, 3.0s).

4.1. Comparison with Ground Motion Prediction Equations (GMPEs)

Fig. 4 shows the ground shaking map from 3D PBS in terms of peak ground velocity
(PGV), geometry mean of horizontal components (GMH). As we can see, maximum PGV-
GMH, up to 1.2 m/s, is found within Mygdonia graben because of the coupling of source
effects with basin amplification effect. It is worth to note that roughly 0.2 m/s is found
along the coastline in the Thessaloniki urban area.

Fig. 4 – PGV (GMH) from 3D PBS method

In order to check the overall consistency of the simulation, the decay of simulated
PGV(GMH) with distance (Rrup: rupture distance) is compared with the one from the
empirical model by Cauzzi et al. (2015), referred to as CEA15, as illustrated in Fig. 5.
Comparison is shown for three site categories (Site A, B, C) according to EC8 site
classification. The dark grey, red, and blue dots in Fig. 5 represent results from 3D PBS for
site A, B and C. Correspondingly, the black, red, blue lines denote PGV(GMH) values
from GMPE for site A, B and C. A general satisfactory agreement is found between
simulations and empirical predictions, especially in terms of site A (rock site) and Site C
(soft site), which are the predominant sedimentary deposit under broader Thessaloniki
region.
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Fig. 5 – Comparison of PGV(GMH) as a function of Rrup between 3D PBS and GMPE by Cauzzi et al.
(2015), referred to as CEA15

4.2. Overview of spatial correlation

One of the key components in the seismic risk assessment chain is spatial correlation of
earthquake ground motions, especially for spatially distributed structures. This work
employs a multi-stage approach by calculating and fitting semi-variogram, which is a
geostatistical tool that is commonly used in seismology field. We refer to Infantino et al.
(2021) for further details regarding the adopted methodology.

Fig. 6 shows the range as a function of period for the 1978 Mw6.5 earthquake in broader
Thessaloniki region on the left, and indicates the sample semi-variogram (grey dots) and its
fitting (black line) with respect to h (distance) for spectral acceleration at 2 second on the
right. Range means the separation distance at which the data can be considered fully
uncorrelated, which is the maximum correlated distance. As we could see from the figure,
as expected, the range shows an increasing trend as a function of period up to around 1 s
where a maximum range around 64 km is found. Beyond this period, range values drop to
around 20 km.

Fig. 6 – Range of semi-variogram of spectral acceleration (GMH) across different periods and the semi-
variogram for SA (2s)

5. Conclusions

In this research, a 3D numerical model of the broader Thessaloniki region is constructed by
including new features with respect to the pre-existing model. Specifically, the 3D seismic
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wave propagation model was updated by including the Mygdonia basin, in addition to the
Thessaloniki basin, and by modifying the velocity of the outcropping bedrock of the crustal
model. The 3D model is applied to the simulation of two real earthquakes, a small Mw4.4
event and the historical Mw6.5 1978 earthquake, both originating from the faults bordering
the Mygodnian basin, for validation purposes. The validation is conducted at two levels,
first by comparing the simulated velocities with the recordings (for the M4.4 event) and
with the empirical ground motion models (for the M6.5 event) and, second, by computing
the spatial correlation structure of spectral accelerations. These comparisons prove a
successful validation of the 3D physics-based approach, making them suitable to compute
realistic ground motion scenarios for application in seismic risk studies.
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Abstract: Neoclassical buildings in Nepal resemble the southern European architectural 

forms. Neoclassical buildings are limited to a few hundred in Nepal; however, due to their 

administrative usability, seismic vulnerability is of great concern. Due to the complex 

aggregate form of neoclassical structures, analytical vulnerability assessment is always 

challenging. To this end, semi-empirical approaches, if representative enough, can be useful 

in the rapid seismic vulnerability formulation of such structures. We deploy the 

macroseismic vulnerability approach to depict seismic vulnerability of Nepali neoclassical 

buildings and compare the semi-empirical approach with actual damage data from historical 

earthquakes. After the 2015 Gorkha earthquake, almost all neoclassical structures are either 

renovated or retrofitted; thus, we also present vulnerability function for retrofitted 

neoclassical. The results highlight that the macroseismic approach can be calibrated using 

real-time damage observations.  

Keywords: seismic vulnerability; macroseismic method; neoclassical building; Nepal.  

1. Introduction 

Neoclassical construction in Nepal is a relatively new structural form as this construction is 

adopted since the 19th century only. Neoclassical buildings were constructed as the 

residence of the ruling dynasty together with a few public infrastructures such as schools. 

The vast majority of such structures can be found in the Kathmandu Valley, the capital city 

region of the country. Neoclassical buildings are massive masonry constructions that 

comprise several rectangular faces with a central courtyard. Large masonry columns and 

thick multi-wythed brick masonry walls together with frequently placed wide windows and 

doors are characteristic features of neoclassical construction. In Nepal, neoclassical 

buildings were mostly built in the second half of the 19th century when the then ruler Jang 

Bahadur visited Europe. Nepali neoclassical buildings are blended with Greek and 

Romanic architectural forms. The great 1934 earthquake in Nepal significantly damaged 

many of the neoclassical buildings as reported by Rana (1935). All the damaged structures 

were reconstructed with the same technology that was adopted to build since the 1850s. 

This means that no significant improvement was made even after the 1934 earthquake to 

check seismic vulnerability of neoclassical constructions. Seismic vulnerability was feebly 

known back then and neither codes nor by-laws were in practice in mid-1930s. Once the 

Rana regime in Nepal toppled in 1950, most of the neoclassical buildings were sold to the 

government by the owners and were used mainly for administrative purposes. Per the use 

scenario, the interiors of the buildings were changed; however, the structural system was 

unaltered. Due to inherent vulnerability, most of the neoclassical buildings that existed in 

Kathmandu Valley sustained significant damage by the Gorkha earthquake and almost all 

such buildings were declared non-occupiable (Gautam 2017). Most of Nepal’s important 

administrative buildings are neoclassical buildings such as the presidential palace, and 
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office of the prime minister, to name a few. However, efforts in seismic vulnerability 

characterization are limited. Gautam (2017) reported damage observations and identified 

vulnerability aspects of heritage and monumental constructions including neoclassical 

buildings. Weise et al. (2018) reported the performance scenario and restoration efforts that 

were adopted in Nepal after the 2015 Gorkha earthquake. Both of these studies focus on 

the lack of connections between the orthogonal walls, massive construction system, large 

openings, and lack of preservation as the main factors that led to severe damage to 

neoclassical constructions. Adhikari et al. (2019) reported strengthening solutions for a 

pilot neoclassical building that sustained D3 damage level per the European Macroseismic 

Scale (EMS-98) classification system (Grunthal, 1998) during the Gorkha earthquake. 

Uncertainties in terms of dynamic characteristics of neoclassical buildings were addressed 

through dynamic identification by Rupakhety et al. (2022). It is worth noting that there 

exists a clear gap, especially, in terms of seismic vulnerability depiction as 

vulnerability/fragility functions are not developed for such structures to the best of our 

knowledge.  

To this end, we use the macroseismic approach to derive vulnerability function for Nepali 

neoclassical buildings. The function is tested against the real-time damage grades recorded 

during the 1934 Bihar-Nepal earthquake and the 2015 Gorkha earthquake.  

2. The macroseismic approach  

The macroseismic approach can be used for both individual as well as a building class as a 

whole. In this approach, the mean damage grade  per the EMS-98 (D0, D1: slight, D2: 

moderate, D3: heavy, D4: very heavy, and D5: collapse) for intensity measure (IM), i. e. 

macroseismic intensity (I, II, III, IV, …., XI) can be obtained using the formulation by 

Lagomarsino and Giovinazzi (2006) as:  

 

Where, I indicates the macroseismic intensity, V is the vulnerability index, and Q is the 

ductility index. The vulnerability index can be obtained as:  

 

Where,  is the building time-dependent vulnerability index, which attributes the 

typological definition as presented in EMS-98.  is associated with the regional 

vulnerability aspect, and  indicates seismic behavior modification factor. The range of 

values for each parameter is outlined in the contribution by Giovinazzi and Lagomarsino 

(2004). Since the type of construction matches the European construction system, Nepali 

neoclassical masonry structures are considered as M5 type. As suggested by Lagomarsino 

and Giovinazzi (2006), the ductility index value is adopted to be 2.3. We used the same 

approach to construct seismic vulnerability function for neoclassical constructions. An 

example of the construction system is shown in Fig. 1. We considered before and after 

retrofitting scenarios to estimate the value of V. Especially, V0 is the governing parameter 

to segregate before and after retrofitting scenarios in which the scores are significantly 

differed due to the presence or absence of retrofitting. Apart from this, the state of 

preservation, number of stories, structural system, plan and vertical regularity/irregularity, 

and building position govern the behavior modifier. Neoclassical structures were not 

appropriately preserved before the 2015 earthquake; thus, the state of preservation was not 
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good enough. Nepali neoclassical buildings are two to three-storied constructions having 

450 to 900 mm thick walls. The orthogonal walls are not well connected as there is not any 

special provision. The foundation of neoclassical buildings is a shallow foundation 

provided at the same level throughout. All neoclassical buildings are built as aggregate 

constructions without any special aseismic features.  

 

Fig. 1-Damaged Tangal Durbar after the Gorkha earthquake 

 

 

Fig. 2-Seismic vulnerability function for Nepali neoclassical buildings 
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Based on the values estimated for each variable, vulnerability functions for neoclassical 

buildings before and after retrofit are presented in Fig. 2. Observed damage grades for 

various intensities during the 1934 and 2015 earthquakes are also plotted in Fig. 2. The 

intensity values for the 2015 Gorkha earthquake are taken from the ShakeMap reported by 

the United States Geological Survey (2015). For the 1934 event, damage descriptions 

presented by Rana (1935) are converted to equivalent MMI scale. Similarly, damage 

grades are assigned based on field assessment for the 2015 Gorkha earthquake, whereas 

damage mechanisms reported by Rana (1935) are used to depict the equivalent damage 

level. As shown in Fig. 2, observed damage grades are reported for MM intensity V-IX. In 

most of the locations with neoclassical buildings, MM intensity of VIII-IX was noted 

during the 1934 earthquake. Similarly, MM intensity up to VIII was reported during the 

2015 Gorkha earthquake. Damage grades per the EMS-98 scales are assigned in whole 

numbers only, i. e. D0, D1, D2, etc. Thus, the computed and observed values slightly 

differ, especially at MM intensity VII. The macroseismic method does not account for 

more than one earthquake event. In this case, damage accumulation could easily aggravate 

the expected damage level. On the other hand, several other critical parameters that govern 

the damage state are not incorporated in the macroseismic approach. For example, site soil 

type is not introduced as a governing factor. It would be good to skip this parameter when 

buildings are located at stiff soil or rock sites; however, soft soil sites such as alluvial 

valleys may alter the performance of large masonry structures due to soil amplification.  

As shown in Fig. 2, MM intensity VI-VII can lead to damage grade 3 in non-retrofitted 

neoclassical structures. When retrofitted, neoclassical buildings are expected to sustain 

slight damage (<1 grade) only. At VIII MM intensity, the damage grade of 4 is expected in 

non-retrofitted neoclassical buildings, but the damage level is still confined to slight to 

minor for the same intensity when retrofitting is done. At MM intensity IX, the 

vulnerability curve shows almost collapse, similar observations were made during the 1934 

earthquake as well. It is interesting to note that retrofitted neoclassical structures depict 

damage grade less than 2 even at MM intensity IX. Thus, the efficacy of retrofitting would 

be instrumental in assuring seismic performance of neoclassical buildings as can be 

observed from the vulnerability curve for retrofitted structure. The vulnerability curve 

derived in this paper can be used for preliminary understanding of the level of seismic 

vulnerability under various MM intensities. Similarly, variation in terms of the 

performance of retrofitted and non-retrofitted structures can be shown using the 

vulnerability curves. As there is an appreciable agreement between the derived and 

observed levels of vulnerability, the curves reported in Fig. 2 can also be useful for 

retrofitting prioritization and use of a particular building for particular purposes. Means 

that if a building is to be used for the critical purpose such as fire brigade, then the 

immediate operation of the building will be highly questionable if an earthquake of 

intensity VII occurs. In this case, the use of the building for the fire brigade should be 

preceded by seismic retrofitting. Another important aspect is the level of seismic 

strengthening, which gravely governs the performance of buildings during an earthquake. 

When compared with the existing vulnerability curve for M5 building class as reported by 

Lagomarsino and Giovinazzi (2006), Nepali neoclassical buildings are found to observe a 

greater mean damage grade for all intensity levels. The higher mean damage grade 

scenario is attributed to inadequate preservation, irregularities, and the lack of seismic 

enhancements and strengthening. Notably, most of the Nepali neoclassical buildings have 

light roofs (iron sheets) unlike their European counterparts.  

3. Final remarks  
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We derive vulnerability functions for non-retrofitted and retrofitted Nepali neoclassical 

buildings and compare them with the observed damage scenarios during the 1934 and 2015 

earthquakes. The sum of findings highlights that the macroseismic method is promising to 

depict seismic vulnerability of Nepali neoclassical buildings and thus can be deployed to 

assess seismic vulnerability of individual as well as a group of buildings. Since 

neoclassical buildings are one of the most important architectural forms not only due to 

their architectural value but also due to their administrative use, seismic vulnerability 

assessment of such buildings is a must to assure seismic safety. Thus, we implemented the 

method and found the method rational. When compared with European buildings of 

comparable class, seismic vulnerability of Nepali neoclassical buildings surpassed the 

mean damage grade at all intensity levels. This is an alarming scenario since Kathmandu 

Valley observes greater intensity than almost all European cities with similar building 

types. To this end, the urgency of strengthening is more highlighted as earthquakes with 

VII or more intensity that result in the inoperability of the neoclassical buildings and all the 

administrative works might get affected. On the other hand, retrofitting is found very 

effective in controlling damage level even at higher intensities. Further works are planned 

to calibrate the damage observations with semi-empirical vulnerability curves including 

additional parameters such as site condition.  
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Abstract: The SafeSchools project aims at developing and pioneering an innovative system 

for early warning, real-time damage assessment, and protection of critical buildings like 

schools against an upcoming earthquake, which, with minor adaptations, can also be used 

for other natural disasters. The aim is to create a user-friendly real-time risk assessment tool 

for practical applications. The proposed system involves the integration of continuous 

seismic waveforms from nationwide seismological networks and on-site  permanent sensors 

monitoring critical buildings, alongside the development of appropriate software, which, 

using the aforementioned seismic data and a library of vulnerability functions for each target 

building, allows the estimation of: a) the main parameters of the incoming earthquake 

(magnitude, epicentre) for early warning; b) the intensity of the seismic ground motion at 

specific locations for the incoming earthquake; and c) the real-time estimation of the 

expected damage to critical buildings, in this pilot case to school buildings, with immediate 

notification of the end-users regarding the impending earthquake and prospecting damage.  

Keywords: Earthquake Early Warning, Real-Time Risk Assessment, Seismic Network, 

School Buildings, Building-specific Fragility Curves, Permanent and Temporary Strong 

Motion Instrumentation 

1. Introduction 

A modern tool for earthquake protection, developing rapidly in recent years, is earthquake 

early warning systems (EEWS). Early warning is an important element in the disaster 

reduction chain. The need to use early warning methods to reduce natural hazards in 

modern societies is related to their unprecedented dependence on technology. The 

increasing interconnection of societies and economies places modern populations at 

increasing risk of large-scale natural disasters, such as earthquakes. This dependency 

sparks efforts to develop systems that can reduce the negative impacts of such disasters in 

particular for critical facilities and infrastructures. Reducing this risk is a complex process 

that requires the cooperation of various specialists, including seismologists, engineers, IT 

scientists, and decision-makers.  

Several EEWS capable of rapidly performing seismological analysis of ground motion 

during a strong earthquake are currently operative or are under development and testing 

(e.g., in Japan, Taiwan, Mexico, Italy, Turkey, California, Romania, China, Italy, etc.; 

Kanamori, 2005; Allen et al., 2009, Cua and Heaton 2007; Satriano et al. 2011a). A key 

parameter of EEWS is the lead time, which is the time available for protective measures to 
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be taken at target sites once an earthquake has been promptly detected and, based on the 

expected ground motion at the site, an alarm is issued. Lead times depend on the distance 

between the earthquake source and the targets to be protected, as well as the time necessary 

for the implementation of protective measures, hence may vary from no warning at all (i.e., 

in the blind zone) to tens of seconds if the source is at a greater distance (e.g., further than 

100 km). In EEWS two different approaches are typically implemented (e.g., Satriano et al. 

2011b): regional (or network-based), and on-site warning. However, EEWS provide only 

an estimation of the upcoming magnitude and epicenetre, while it is equally important, if 

not crucial, to know in real-time if this upcoming event in a target building may produce 

damages, light, moderate or severe. To this regards the  REAKT project 

(http://www.reaktproject.eu/) was one of the pioneer efforts to bridge this gap using an 

onsite EEW system to estimate the real-time seismic vulnerability of targeted buildings 

like schools, hospitals, etc (Parolai et al. 2015, Pitilakis et al. 2016). In the framework of 

the SafeSchools project (www.safeschools.gr), a regional network-based early warning and 

risk assessment system for school buildings is further developed and is under validation in 

the broader area of Thessaloniki in Greece. 

2. The system 

The proposed SafeSchools tool for early warning system and real-time risk assessment, 

developed for specific critical structures, as for example school buildings, consists of four 

interconnected subsystems, shown in Figure 1, that communicate with each other: (a) 

integration of seismic records from monitoring regional and on-site networks, and 

development of a powerful database, archiving exposure and continuous seismological 

history; (b) a continuously (24/7) operating early-warning system using the regional and 

on-site network data; (c) appropriate building-specific vulnerability and risk assessment 

software and (d) visualization, alert and communication software.  

 

Figure 1. Overview of the SafeSchools early warning and risk assessment system 

2.1 Exposure, instrumentation, and database 

2.1.1 Exposure 

The development of the SafeSchools system needs accurate knowledge of the typology and 

structural characteristics of each school building to estimate the most appropriate and 

1778
3ECEES, September 2022, Bucharest, Romania



representative fragility and vulnerability curves to be used in the real-time risk assessment. 

This information is collected and archived in a database.  

2.1.2 Instrumentation 

The operation of any EEWS is based on the national, regional and on-site building-specific 

networks recording ground and structural motion. In the context of Safeschools, it has been 

decided to use PRESTO (PRobabilistic and Evolutionary early warning SysTem) software 

platform for regional earthquake early warning (Satriano et al., 2011). The proposed EEW 

regional system is configured to include the unified national network of seismographs 

(http://geophysics.geo.auth.gr/ss/ethniko-diktyo_en.htm#1) as well as the accelerometric 

stations of the Research Unit of Soil Dynamics and Geotechnical Earthquake Engineering 

of the Laboratory of Soil Dynamics and Earthquake Engineering of AUTH 

(http://sdgee.civil.auth.gr/) covering the broader area of Thessaloniki and allowing the 

continuous ground motion data flow (Figure 2). 

 

Figure 2. The layout of the Safeschools regional network used for the EEW 

The on-site and the building-specific permanent instrumentation of the schools comprises 

both classical triaxial accelerographs, i.e. ΕΤΝΑ2 (Kinemetrics Inc.) and low-cost triaxial 

digital accelerometers (Micro-Electro-Mechanical Systems – MEMS, Lawrence et al., 

2014; Hu et al., 2021) exclusively designed and further developed in the context of 

SafeSchools, by the Electronics Laboratory of the Department of Physics of AUTH 

(Konstantakos et al., 2021). The development of the low-cost MEM stations allows a wide 

application of the system, removing the obstacle of the high cost when using traditional 

seismometers and accelerometers. The local system installed in each school is working on 

a continuous 24/7 basis, is connected to the regional system dedicated to the EEW, 

allowing a continuous structural health monitoring of the school buildings. The analysis of 

the earthquakes recorded in the school system allows updating the numerical model of 

each building and improves the accuracy of the fragility and vulnerability functions, to be 

used for the risk assessment. Figure 3 presents the collocated installation of an ETNA2 

accelerograph and a MEM system in a school unit. 

In the framework of this project, a temporary array of broad-band seismometers has been 

also installed in each school to record ambient noise and identify the dynamic 

characteristics and the structural ‘health’ of the buildings. The computed dynamic 

characteristics of the building allowed updating the initial numerical model of each of 
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them, using the design and constructions drawings, which is used to develop the building-

specific fragility and vulnerability functions. 

The entire instrumentation is accompanied by a database, running on a local server. All the 

ground motion recordings are stored and they are thereafter utilized for calibration 

purposes. In particular, both the EWS (PRESTo) and the derived fragility curves may be 

updated after a seismic event, against real earthquake data. Additionally, the various 

instruments installed are cross-compared and validated, concerning their recordings. 

 

Figure 3. Collocated installation of an ETNA2 accelerograph and a MEM system in a school building 

2.2. Earthquake Early Warning System (EEWS) 

Our chosen EEWS module, PRESTo, is capable of estimating with good accuracy the main 

parameters of the earthquake (magnitude and epicentre), within a few seconds after the 

arrival of the P-waves in the recording station covering the region and the site. The 

algorithm uses empirical relationships, which relate the earthquake's magnitude to the 

displacement recorded at a seismic station, for a time window of 2-4 seconds. Ground 

motion parameters (PGA, PGV, etc.) are calculated at all remote target locations using a 

priori selected and implemented ground motion prediction equations (GMPEs) applicable 

to the region examined. 

To avoid false alarms PRESTo, like any other EWS, should be properly and continuously 

calibrated. To select the optimal values for the parameters, which determine the operation 

of PRESTo, the system is put into operation by back testing. The parameter values are 

updated, and the scenarios are re-run until convergence between the predicted ground 

motion and that recorded is achieved. Figure 4 shows an indicative playback scenario for 

which PRESTo was calibrated. The predicted magnitude and epicentre by PRESTo during 

the prediction and calibration process is shown and compared with the final estimated 

magnitude of the earthquake by the operating seismological network of the Aristotle 

University of Thessaloniki.  

However, the applications of engineering interest regarding the early warning systems shall 

be designed in such a way as to minimize the problems arising from false alarms. The 

design shall be application- and site-specific. For example, the economic and other 

consequences of stopping a train may be different, in different countries, but also differ 

from those of stopping the gas supply. The level of acceptance of a false alarm is the main 

decision parameter for any action to be planned, based on an early warning. 
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Figure 4. Playback scenario, as part of the EEWS calibration procedure; Earthquake 2018-06-25 :08:21:55.6 

(M4.2) - First prediction: M4.7 

In the context of the application in school buildings, the economic impact is minimal or at 

least negligible, as the sensitivity is mainly determined by the human factor, especially 

when children and young people are involved. Therefore, false predictions or 

overestimation of the expected intensity does not result in any direct economic losses. At 

the same time, in the early stages of implementing an early warning system, the issuing of 

false alarms is practically unavoidable due to the continuous calibration process of the 

system, which ultimately differs from the process of reproducing past seismic records. In 

practice, a period of pilot operation of the system is required, i.e. without informing 

schools of an expected event, to calibrate the system and finally define the level beyond 

which the warning is issued.  

2.3 Real-time seismic risk assessment  

The real-time seismic risk assessment comprises two main activities. The selection of the 

appropriate fragility and vulnerability curves for the specific school building and the 

integration of all activities from the early warning magnitude and location estimation of the 

upcoming earthquake to the estimation of the expected damages of the building. And all 

these should be performed and completed in a minimum time of a few seconds before the 

main parts of the seismic waves hit the target structure. 

2.3.1 Fragility and vulnerability  

Through the fragility and vulnerability curves, the input value of seismic acceleration is 

translated into damage. The vulnerability curves may be generic or derived analytically for 

each school building using the initial construction plans and proper calibration based on 

the structural monitoring data of the permanent and/or the temporary instrumentation of the 

school buildings (Fotopoulou et al. 2022). In particular, extensive sets of nonlinear 

incremental dynamic analyses may run, as in the frame of this project, to obtain the 

building-specific fragility and vulnerability curves of the buildings, concerning the existing 

design-stage drawings, provided by the Municipality services. An update of these curves 

may be performed after each seismic event recorded, to realistically approach the seismic 

response and fragility of the buildings.  
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Figure 5. Real-time damage estimation network, handled by the software developed 

2.3.2 Real-time risk and damage assessment software 

The SafeSchools software, which operates in real or near-real time, is specifically designed 

to estimate the expected level of damage due to the upcoming earthquake and then to 

visualise the impact and communicate the alert to the school itself and all other involved 

stakeholders. The software communicates with the early warning software (PRESTo), 

estimates the ground motion characteristics of the selected Intensity Measures (PGA, Sa), 

considering also the site effects, recalls the building-specific vulnerability curves, and 

translates the information into expected damage. In a parallel release the visualization, the 

alert, and the communication to all involved users and stakeholders. The real-time damage 

assessment is triggered from the first arrivals of the signals in the different stations of the 

operating seismological network covering the region, which allows in a few seconds from 

the beginning of the seismic fault rupture the estimation of the location and the magnitude 

of the upcoming earthquake. Then the software estimates the ground motion characteristics 

at the school site and recalls the appropriate vulnerability function describing the school 

building from the already existing database. The calculation tool is triggered to estimate 

the expected loss scenario once the intensity values (for example in terms of peak ground 

acceleration) exceed a certain value (Figure 5).  

In essence, the software performs three processes; (i) derives the estimated intensity of the 

incoming earthquake from the early warning software, PRESTo, (ii) performs 

computational processes "translating" the intensity estimate into expected damages, 

utilizing the available vulnerability curves and taking into account the local site effects, 

and (iii) generates and transmits a .json file to the visualization platforms, containing the 

information on the characteristics of the incoming earthquake and the expected damage. 
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Figure 6. Damage prediction sketch 

The visualization markings are indicated in the form of a colour tag (green, yellow, red) 

and corresponding alarm signals in the school and other initially selected users. The three 

collours for the visualization are according to current practices: “Green” for none or slight 

non-structural damages, “yellow” for moderate structural damages, and “red” for heavy or 

very heavy damages including partially and total collapse. The proposed system allows a 

timeline of a few seconds to take critical safety actions and measures for the building itself, 

the students, and the employees, reducing in that way the expected seismic risk. 

2.4 Visualization, alert, and communication 

The overall system informs-warns in two stages (levels). At the first level, it informs each 

school (through automation in the form of a siren; Figure 6) and the control centre (e.g. 

through a light indicator) about the intensity level of the upcoming earthquake, and at the 

second level, with a short time delay, it informs the responsible persons (e.g. Civil 

Protection, Municipality, school director) about the damage level for each school (green, 

yellow, red). A comprehensive visualization platform is developed (Figure 7). 

 

Figure 7. Visualization platform for the SafeSchools project 

4. Conclusions 

SafeSchools is an innovative system for earthquake early warning, and real-time damage 

assessment, specifically designed for the protection of critical buildings like schools. A 
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short description of the system was presented, providing information about the main 

components that compose a fully operational integrated system for early warning of the 

upocoming earthquake and the assessment of the seismic damages to school buildings in 

real time. For the damage assessment generic or improved building-specific vulnerability 

curves may be applied, using monitoring data from small seismic events and ambient noise 

measurements. To facilitate wide applicability of the system special low-cost 

acceleromentric stations (MEMs) have been designed and properly checked to complement 

or even replace the expensive on-site and building instrumentation. Special emphasis is 

given to the development of an efficient stakeholder-specific visualization and alarming 

scheme. The system is implemented and is currently under validation in a number of 

school buildings in Thessaloniki, Greece. 
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Abstract: Mainland Portugal is a region of moderate seismicity, and a large 

part of its building stock includes reinforced concrete (RC) buildings built 

before the introduction of modern seismic codes (<1983). Currently, the 

Lisbon building stock is composed of 45% of RC buildings, of which 71% 

were built in such a construction period. Being designed to only sustain 

gravitational loads and without inadequate lateral load resistance, these 

buildings are likely to be severely damaged during an earthquake. As such, 

the development of an exposure model that quantifies the building stock 

susceptible to be seismically damaged, in terms of structural characteristics, 

spatial location, and occupancy, is of major importance. The main purpose of 

this work is thus to contribute to the definition of a building exposure model 

for the city of Lisbon, focusing on a detailed structural characterization of 

these typologies in two of its parishes: Alvalade and Benfica, which were 

found to be representative of the RC building stock in the city. Then, the 

information collected is scrutinized and statistically post-processed through 

probability distributions that provide a clear insight on the RC typologies and 

their structural characteristics. The most relevant data collected and analysed 

is presented.  

Keywords: RC buildings; Structural characterization, Statistical 

characterization 

1. Introduction  

The first step of a seismic risk analysis is typically the development of an earthquake 

exposure model, which consists of a detailed database describing the assets that are exposed 

to seismic activity and are susceptible to be damaged. This is a challenging task due to the 

variety of building practices, materials, and configurations but mostly due to the complex 

process of gathering data as described in the case studies of Pittore et al. (2017) or Pavić et 

al. (2020). 

1785
3ECEES, September 2022, Bucharest, Romania

mailto:rita.couto@iusspavia.it


In this work, an in-depth analysis of the material, geometric and structural characteristics of 

RC buildings in Lisbon, where approximately 1300 drawings and design specifications have 

been collected in cooperation with the Public Municipal Archives, is performed. The purpose 

is first to assess the structural design and construction practices employed in different 

construction periods and different areas of Lisbon and, then, provide statistical information 

of structural parameters about the Lisbon RC building stock. The RC buildings collected in 

two civil parishes of Lisbon (Alvalade and Benfica) are gathered to develop an exposure 

model, which allows buildings to be classified according to a number of structural attributes, 

such as the main construction material, the lateral load resisting system, the number of 

storeys, the period of construction and the ductility level. Finally, an in-depth analysis of the 

material, geometric and structural characteristics of vertical structural elements of the RC 

buildings in these parishes of Lisbon is performed. The purpose is to evaluate the variability 

of structural design and construction practices employed in different construction periods 

and different areas. 

2. Seismic Vulnerability Assessment of Lisbon RC Building Stock 

According to the database of the 2011 Census (Instituto Nacional de Estatística 2012), RC 

buildings represent about 50% of the total building stock in the country, as described in Silva 

et al. (2015). The results for the Lisbon area indicate that 45% of the total building stock 

corresponds to RC buildings, of which 71% were built before the introduction of modern 

seismic codes. 

2.1. Characteristics of the RC Building Stock 

The building stock of Lisbon is essentially composed of masonry and RC buildings as 

illustrated in Fig. 1 (a). RC buildings, which are the focus of this study, can be classified into 

four different groups, concerning the period of construction (Appleton 2008): a. transition 

buildings or mixed masonry-RC buildings, built until the beginning of 1950; b. first phase 

RC buildings built before the introduction of seismic resistance codes, until around 1958; c. 

second phase RC buildings, built between around 1958 and 1983 and d. modern RC 

buildings, built after 1983. Fig. 1 (b) shows the disaggregation of data in terms of typology 

and for four construction periods, illustrating the different phases of construction observed 

in Portugal. While masonry constructions (with and without RC elements) are predominant 

before 1946, an evident expansion of RC buildings is observed from this year until 

nowadays, alongside a decrease in the construction with masonry. 

 

 
(a) (b) 

Fig. 1 - Distribution of Lisbon building stock based on the building typology and construction period. 
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The first category, which is beyond the scope of this study, together with the first phase of 

RC buildings, is the one that raises more concerns regarding its seismic behavior, mostly 

because these buildings were designed without any seismic resistance considerations. Table 

1 summarizes the main characteristics of RC typologies existent in Lisbon. 

Table 1. Summary of the RC typologies found in Lisbon. 

1st phase RC buildings 

 

Period of construction: End of 40’s – Beginning of 60’s. 

Codes: RPEBA (1918) and RBA (1935). 

Main characteristics: 

- designed only to sustain gravity-loads; 

- presence of beam-beam supports; 

- irregularities in plan and height (i.e. columns cross section decreases 

along the height and column’s distribution in plan is usually irregular and 

asymmetric); 

- frames oriented in one direction; 

- slender RC elements (columns, beams, and slabs); 

- inadequate reinforcement quantity and detail; 

- solid concrete slabs supported in beams and not on masonry walls; 

- unconfined concrete with low compressive strength; 

- materials with poor mechanical properties, as present in the studies of 

Costa et al. (2019) and Oliveira et al. (1985); 

- smooth rebars for reinforcement. 

2nd phase RC buildings 

 
 

Period of construction: Beginning of 60’s – End of 70’s. 

Codes: RSCCS (1958), RSEP (1961) and REBA (1967). 

Main characteristics: 

- unconfined concrete with low compressive strength; 

- presence of RC walls in the core of the building; 

- more regular frames and robust RC elements; 

- beam slab with the beams supported by the columns and later flat-slabs; 

- taller buildings and with greater spans; 

- absence of masonry infills on the ground storey due to architectural 

characteristics; 

- ribbed rebars for reinforcement after the 70’s. 

Modern RC buildings 

 

Period of construction: Beginning of 80’s 

Codes: RSA (1983), REBAP (1983), RBLH (1971) and CEN (1990) 

Main characteristics: 

- columns, foundations, and slabs with adequate reinforcement. 

- presence of fungiform slabs supported by columns and RC walls. 

- use of regular and symmetrical structures. 

- increase of span length and eventually the use of prestressing. 

- use of better materials (concrete and steel rebars). 

- use of mat foundations or piles as foundations. 
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2.2. Exposure Model 

The exposure model developed in this study was based on the updated version of the GEM 

taxonomy (Brzev et al. 2013) and only focus, as already mentioned, on the RC residential 

building stock of two parishes: Alvalade and Benfica, since they are found to be 

representative of the RC building stock in the city. The assessment includes 1306 RC 

buildings. 

In order to develop an exposure model for the RC residential building stock in Lisbon, only 

some of the GEM attributes were considered, since its list of attributes is highly complex 

and impracticable to fully collect in practice. Furthermore, since this study focused only on 

gathering data from RC buildings, the only material of lateral load-resisting system 

considered was cast-in-place reinforced concrete. For the lateral load resisting system, two 

types were considered: dual frame-wall system (LDUAL) and moment-frame (LFM). The 

orientation of the load-bearing walls was not considered. 

The ductility of the lateral load resisting system was defined considering the design code in 

use at the time of construction, following the recommendations of the SERA Project 

(Crowley et al. 2017). Pre/low code RC buildings are assigned with no ductility, moderate 

code RC buildings are assigned with low ductility and high code RC buildings are assigned 

with medium to high ductility. Regarding height, two possibilities were considered: the 

number of storeys above the ground and the height of the ground-storey. The first attribute 

helps to determine the dynamic characteristics of the buildings; shorter buildings generally 

have shorter periods of vibration. Regarding the second option, in Portuguese RC buildings, 

it is expected that the ground-storey height will be different from the remaining storeys due 

to the need for wider spaces (for commercial purposes or garages). Finally, the presence of 

structural irregularities in plan or height, such as the potential for the formation of soft-

storeys, was also assessed due to their influence on the seismic response of RC buildings. 

The distribution of buildings as a function of the lateral load resisting system and the period 

of construction or number of stories is shown in Fig. 2 (a) and Fig. 2 (b), respectively.  

(a) (b) 

Fig. 2. Distribution of buildings as a function of: (a) lateral load resisting system (LLRS) and period of 

construction, and (b) period of construction and number of storeys. 

Looking at the distribution of buildings between the two parishes, it can be noted that almost 

the entire RC building stock in Alvalade (mainly LFM buildings) was built before 1970, 

while for Benfica, even though most buildings were also built prior to 1970, an expansion 

of the RC building stock is also evident for the latest periods of construction. From 1970 to 

1983, a discontinuity of LFM buildings in favour of LDUAL building is observed. This 

period of construction is associated with major modifications and development of design 

rules and the necessity to build in height to take advantage of the in-plan area available 
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within the city. From 1983 onwards, even though a decrease in the number of new 

constructions is observed, preference is given to LDUAL structures regardless of the 

building height. 

Regarding the number of storeys, there is a tendency to use LFM structures for low/mid-rise 

buildings and LDUAL structures for high-rise buildings in both parishes. The seismic 

resistance of LDUAL structures is guaranteed by the interaction forces of the frame-wall 

effect, while in the LFM structures, the seismic resistance is associated essentially to the 

capacity in bending and shear of columns and beams. As expected, there is a tendency for 

the high-rise buildings to adopt LDUAL as a lateral load resisting system, to take advantage 

of the benefits of RC walls and the frame-wall effect along the building height. Moreover, 

an increase in high-rise buildings in Benfica is observed from 1970 onwards.  

Regarding the regularity in elevation according to EC2 (CEN 2004), the Alvalade parish has 

the most irregular buildings in elevation, unlike Benfica, where the majority are regular. 

Furthermore, as for the soft-storey data, after 1970 the buildings’ configuration tends to be 

all regular (although there is a decrease in their construction number). 

3. Structural Characterization 

This study intends to assess the material, geometric and structural characteristics gathered 

for the RC building stock available in the parishes of Alvalade and Benfica, and therefore, 

evaluate the variability of structural design and construction practices employed in different 

construction periods. Whenever it is possible, the collected data is grouped as a function of 

the type of lateral load resisting system (LLRS) and period of construction, to assess whether 

certain geometric and reinforcement properties were directly related to these attributes. 

From each analyzed structure, a group of attributes was collected, intended to describe its 

main characteristics. Several probabilistic distributions were fitted to each attribute (with 

mean value and coefficient of variation – COV) through maximum likelihood estimation 

(considering that a good approximation of probability distribution requires a significant 

sample size). To consolidate this method, the quality of the distribution fit was evaluated 

with the Pearson's chi-square test for different significance levels. 

Table 2 summarises the collected attributes and corresponding results for the RC building 

stock of each parish while Table 4 outlines the construction materials obtained for the RC 

building stock in each parish.  

 

Table 3. Summary of collected attributes 

Category Attribute 

General information Project number, building year and type of occupation. 

Global structural 

characteristics 

Storey number, ground and regular storey heights, construction 

materials, structure type, RC classes, type of configuration (LFM 

or LDUAL), slab type and thickness. 

Specific structural 

characteristics 

Detailed structural cross-sections (widths and depths), 

longitudinal and transverse rebar of RC elements data (columns, 

walls, and beams). 

Irregularities Soft-floors and/or plan or height irregularities. 
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Table 4. Summary of construction materials for the RC building stock. 

Attribute Benfica Alvalade 

Façade 
Masonry infills walls (as single or double 

plans) 

Masonry infills walls (as single or 

double plans) 

Façade coating Marble, Limestone and Evinel (as wall tile) No data available 

Roof Marseille and Lusa (as roof tile) Marseille and Lusa (as roof tile) 

Interior Walls Masonry infills walls Masonry infills walls 

Pavement floor 
Hydraulic, ceramic, and stone (as floor tile) 

and wood parquet 
Ceramic and stone (as floor tile) 

Soft floor 
Generally, do not have, however soft floors 

only appear in buildings built after the 1970s 
Generally, do not have 

Structure type Reinforced concrete Reinforced concrete 

Concrete B225 B180, B225, C20/25 and C40 

Steel rebars 
A40 (usually as smooth bars until 1970s and 

ribbed afterwards) 

A40 (usually as smooth bars and 

ribbed afterwards) and S235 

Foundation Pad footing (casually with strap beam) Pad footing 

3.1. Construction material 

The knowledge of the materials is essential when studying a building stock because it allows 

the estimation of load values, predict material degradation, or even assess the behavior of 

each structure. 

Portuguese concrete specifications have seen many changes over time. The first regulations 

that put forward a minimum value for the compressive strength were implemented in 1918 

(with low resistance for the average concrete compressive strength – fcm). In 1967, the 

regulations enforced the use of characteristic compressive strength – fck – and introduced the 

concept of concrete resistance classes with higher characteristic compressive strength values 

(between 18 MPa and 40 MPa). Finally, in 1983, and more recently with Eurocode 2, the 

concrete classes were adjusted to the international units and then extended for even higher 

compressive strength values. The results of the observed data allow to indicate mean values 

for the compressive strength in RC buildings of both parishes: 22.5 MPa (Benfica) and 25.1 

MPa (Alvalade).  

Regarding the steel rebars, the development of Portuguese steel specifications has also 

evolved like the concrete specifications. The first regulations date back to 1918 requiring the 

ultimate tensile strength of smooth steel bars to be greater than 387 MPa. Steel rebars, which 

are now mandatory according to design codes, were introduced at the end of the 1940s. In 

1967, three steel resistance classes were adopted, each characterized by characteristic 

yielding tensile strength (fyk) which were later updated to MPa and introduced in Eurocode 

2. In Portugal, most buildings have been designed using steel ribbed bars with a nominal 

strength of 400 and 500 MPa, and a smaller fraction with smooth bars with a lower 

resistance, mainly in RC buildings constructed until the 1970s. Nevertheless, these two steel 

classes were still employed in RC buildings after 1983 (Silva et al. 2015). Results obtained 

from the collected data indicate mean values for the steel yield strength in RC buildings of 

400 MPa for both parishes (Benfica and Alvalade). 

3.2. Vertical Elements’ cross-section 

Regarding the cross-section dimensions of the vertical RC elements, the data was analysed 

as a function of the number of storeys and construction period. During the data collection, it 

was often seen that RC frames and RC walls were the only structural elements considered 

for the lateral resistant capacity. 
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Regarding the column cross-sections, the data revealed a strong influence of the number of 

storeys and construction date. The correlation with the number of storeys is undoubtedly due 

to the higher axial loads for the taller buildings, which consequently lead to columns with 

larger cross-sections. As previously observed, RC buildings in Alvalade are generally taller, 

which is reflected in the column cross-sections. In general, column cross-sections are slightly 

larger in LDUAL buildings, due to the reduction of the number of columns and its 

replacement by RC walls. The cross-section depth tends to increase with the number of 

storeys to resist higher gravity loads, while there is no relevant trend for the width as a 

function of the number of storeys and construction date. Concerning the construction period, 

a strong adjustment on the columns’ cross-section is verified for buildings designed after 

1983. This fact is due to the implementation in 1983 of the seismic code RSA (1983), which 

resulted in higher bending moments in the design process, thus leading to larger sections, as 

was also verified for the beam depth. 

Regarding the RC walls cross-section, it is emphasized that all data available for RC walls 

is from the parish of Benfica. The data collection shows that the LDUAL buildings had few 

columns (with larger cross-sections) and the RC walls were located symmetrically in the 

centre of the plan. In brief, by increasing the cross-section dimensions, it was possible to 

reduce the number of columns, which were mostly replaced by the RC walls. In contrast, 

LFM buildings exhibit a greater number of columns (with smaller cross-sections) distributed 

uniformly and symmetrically in plan. 

3.3. Reinforcement details for vertical structural elements 

The reinforcement ratios were calculated according to EC2 (CEN 2004).  

3.3.1 Columns 

Fig. 3 (a) presents the distribution fit for the longitudinal reinforcement ratio (longitudinal 

reinforcement area divided by the cross-section area) of all RC column data with the 

indication of the minimum and maximum reference values for the longitudinal reinforcement 

ratio (As,min and As,max, respectively) according to EC2-1 (§9.5.2) to verify conformity with 

the current regulation. 

Regarding these limits, it is observed that 0.05% and 1.00% of the analysed buildings 

exhibit, respectively, columns characterized by longitudinal reinforcement ratios lower than 

the minimum required and higher than the maximum required. Hence, about 1.5% of the 

analysed RC buildings are not in conformity with EC2. According to a study conducted by 

Furtado et al. (2015) in which 500 columns of RC buildings located in Lisbon were analysed, 

the average value of the observed longitudinal reinforcement ratio was equal to 0.61% with 

a COV of 32%, which can be justified by the minimum reinforcement ratios required by 

REBA-67/76 (1967) and REBAP (1983). In another study conducted by Sousa et al. (2019), 

in which 500 columns from RC buildings built in Lisbon between 1950 and 2000 were 

analysed, significantly higher values were achieved with an average longitudinal 

reinforcement ratio of 1.27% and a COV of 40%. Both studies are consistent with the values 

obtained in this study, namely, an average longitudinal reinforcement ratio of 1.03% and a 

COV of 86%, as presented in Fig. 4. 

Fig. 5 (b) shows the distribution fit for the transverse reinforcement ratio of all RC columns, 

which follows a lognormal distribution with a mean of 0.13% and a COV of 66%. The 

transverse reinforcement ratio was computed with the largest cross-section dimension to 

obtain the lowest and most constraining values. Buildings designed before 1970 exhibit 

transverse reinforcement design with insufficient detailing (low diameter and large spacing) 
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for different structural elements since the buildings were not designed to resist lateral loads 

(low and constant transverse reinforcement for different structural RC elements). This 

justifies the lack of relevant differences in the transverse reinforcement ratios between 

different columns in the same building, as well as in the RC walls and beams. However, 

from around 1970 onwards, the average transverse reinforcement ratios value has increased 

twofold, which is justified with the introduction of REBA (1967) since this regulation 

introduced, for the first time, a more stringent requirement for the transverse reinforcement 

design to prevent the buckling of the longitudinal reinforcement bars and to ensure the 

concrete confinement. 

Even though the Alvalade building stock is characterized by high-rise buildings with larger 

column cross-sections and greater longitudinal reinforcement area than Benfica, the 

transverse reinforcement ratio is significantly lower. Hence, buildings located in Alvalade 

are characterized by columns with poorly confined concrete, which is reflected in the low 

ductility level of the structures. 

(a) (b) 

Fig. 6 - Distribution of buildings regarding (a) longitudinal reinforcement ratio (%) and (b) transverse 

reinforcement ratio (%) for all columns in building stock. 

Data regarding the spacing of the stirrups follows a normal distribution with a mean of 0.20 

meters and a COV of 26%, which, despite the relatively high value, is in accordance with 

the conditions established in EC2. 

3.3.2 RC Walls 

RC walls play a key role in LDUAL structures and should be designed as ductile, as 

recommended in EC8-1 (CEN 2010) and EC8-3 (CEN 2017). Fig. 7 (a) presents the 

longitudinal reinforcement ratio of RC walls observed in the parish of Benfica, with the 

indication of the minimum ratio recommended in EC2-1 (§9.6.2). This data follows a 

lognormal distribution with a mean ratio of 0.45% and a COV of 93% and 32% of the 

LDUAL analysed buildings exhibit RC walls with longitudinal reinforcement ratios lower 

than the minimum requirement of EC2. Regarding the transverse reinforcement ratio, the 

results obtained are shown in Fig. 7 (b). The results are similar to the ones obtained for the 

RC columns, where the average ratio is relatively smaller in buildings built before 1970, 

increasing significantly after this year (following the implementation of REBA (1967). It is 

noteworthy that there were no relevant differences in the transverse reinforcement ratio 

between distinct RC walls in the same LDUAL building period of construction, exhibiting a 

mean of about 0.16% and a COV of 74%. 
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(a) (b) 

Fig. 7. Distribution of buildings regarding (a) longitudinal reinforcement ratio (%) and (b) transverse 

reinforcement ratio (%) for all RC walls in building stock. 

Conclusions  

This study presents and describes the most relevant data obtained from an extensive 

collection and analysis of structural characteristics of RC buildings located in two 

representative parishes of Lisbon, namely Alvalade and Benfica. This information allows 

the development of exposure models following statistical structural characterizations that 

can be used to assess the seismic risk level of the building stock in Lisbon, estimating 

expected damage and economic losses. 

Based on the extensive data that was collected and analysed, it is concluded that most RC 

buildings were built before 1970, which emphasizes the potential high seismic risk 

associated with this building stock. Moreover, RC buildings in Alvalade until 1970 present 

more irregularities in elevation when compared to RC buildings in Benfica. Finally, an in-

depth analysis of the material, geometric and structural characteristics of the RC buildings 

located in the two selected parishes was performed, to evaluate the variability of structural 

design and construction practices employed in different construction periods and different 

areas of Lisbon. In this way, the data of various parameters was assessed but only the 

geometric and reinforcement properties of vertical structural are presented in this 

manuscript. This data is, in some cases, directly related to the construction date and/or 

number of floors. Statistical distributions were also tested and fitted to the data. Most of the 

collected data and corresponding statistical parameters are in line with the results obtained 

in past similar studies, which is interesting to observe and encouraging to be extended to 

other parishes in Lisbon. At the same time, it was also observed how the buildings in Lisbon, 

constructed before 1983, are characterized by very low transverse reinforcement ratios, with 

respect to buildings in past studies, which denotes a clear need for a careful shear capacity 

evaluation in future seismic risk endeavours for the Lisbon area. 
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Abstract: The statistical relationship between parameters that represent the intensity of 

ground motions induced by earthquakes (Intensity Measures, IM) and the nonlinear response 

of buildings (Engineering Demand Parameters, EDP) has been analyzed In this paper. To do 

so, the time-history response of a set of probabilistic 3D models, which simulate the dynamic 

behavior of Reinforced Concrete buildings, has been calculated via Non-Linear Dynamic 

Analysis. In this way, clouds of IM-EDP points are obtained and used to quantify efficiency 

and sufficiency. It has been observed that spectral velocity- and energy-based IMs are 

excellent proxies for EDPs; at least for those related to the deformation field of the structure. 

Finally, according to the epicenter location and azimuthal orientation of the models, subsets 

of results have been classified and statistically analyzed. The objective has been to present 

new evidence on the dependency between seismic fragility and the incidence angle of the 

incoming waves. 

Keywords: Efficiency; sufficiency; uncertainties; directionality; IMs; EDPs. 

1. Introduction 

Variables related to the acceleration response of single-degree-of-freedom systems (SDoF) 

are commonly used in designing or assessing civil structures subjected to ground motions 

induced by earthquakes. For instance, within the framework of the response spectrum 

method (Gupta and Hall, 2017), an acceleration design spectrum is used to determine seismic 

effects. Such approach results practical since structural design is based on Newtonian force 

applications, which allows combining equivalent static actions from different sources so that 

several stress- and strain-conditions can be verified.  

In the case of seismic risk, intensity measures (IM) based on spectral acceleration have been 

widely used to capture the randomness of the structural response (e.g. Eads et al. 2015). 

Based on this information, fragility functions providing the probability of exceeding a certain 

damage level can be developed (Jalayer et al., 2015). However, several researchers have 

presented evidence on the strong relationship between IMs linked to the amount of kinematic 

energy entering into the structure and the dynamic response of advanced structural models 

(e.g. Güllü et al., 2019). Consequently, because of the natural relationship between kinematic 
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energy and velocity, it is expected that velocity-based IMs have a higher prediction capacity 

of the seismic response of systems. 

The objective of this research has been twofold. First, IMs exhibiting the highest efficiency 

to predict the dynamic response of structures has been identified. The second one has been 

addressed to provide new evidence on the dependency between the seismic response of 

buildings and the incidence angle of the incoming waves. 

Specifically, in the first part, the efficiency between a set of IMs and an engineering demand 

parameter (the maximum inter-story drift ratio, MIDR) have been quantified. Sufficiency 

has also been analyzed (Luco and Cornell, 2007). To do so, multi-degree-of-freedom 

systems, MDoF, representing the behavior of Reinforced Concrete buildings, RC, are 

generated according to the strategy presented in Vargas-Alzate et al., (2021). These models 

have been subjected to a set of Near-Fault ground motions recorded around Europe, which 

are scaled so that the linear and nonlinear response of the simulated structures can be fully 

assessed.  

From these results, it has been observed that velocity- and energy-based IMs tend to be the 

most efficient to predict the MIDR. In terms of sufficiency, it has been found that several of 

the analyzed IMs meet this condition with respect to the magnitude, M, and epicentral 

distance, ED. It has to be said that ground motion records have been selected by limiting ED 

(ED<10 km), which makes them more likely to be sufficient. 

In the second part, it has been analyzed the sensibility of the EDP with respect to the 

incidence angle of the seismic waves. Therefore, simulation results have been classified 

according to the azimuthal angle between the seismic station (which represents the position 

of the structure) and the epicenter. It has been observed that MIDR is strongly dependent on 

this angle. Finally, in order to quantify the influence of the incidence angle on the seismic 

risk of structures, fragility functions have been derived by considering the incidence angle 

classification. Results point to a non-negligible bias that can be corrected if the azimuthal 

position of the structures with respect to the source is taken into account. 

2. Structural models 

Uncertainties in several variables should be considered when the seismic behavior of a group 

of buildings is modelled (Silva et al., 2015). Herein, randomness in gravity loads as well as 

in mechanical properties of the materials are considered. Live loads, LL, permanent loads, 

DL, concrete compressive strength, fc, yielding strength of the steel, fy, elastic modulus of 

the concrete, Ec, and elastic modulus of the steel, Es, have been considered as random 

variables. A continuous Gaussian distribution is assumed for them.  

The coefficient of variations, COV, for DL and LL have been set to 0.12 and 0.18, 

respectively (Melchers and Beck, 2018). Note that the COV of fc may vary from building to 

building, in the range of 0.07–0.2; the average value is about 0.15. Certainly, it depends on 

the quality control carried out during construction. For instance, a highly controlled concrete 

tends to exhibit a COV value close to 0.1 (Melchers and Beck, 2018); this value has been 

assumed for the concrete properties. In addition, since the quality control of steel is generally 

superior to that of concrete, the COV for properties of this material has been set to 0.07. 

Table 1 shows the assumed values for the aforementioned random variables. 

In order to consider variability in the geometrical properties, Vargas-Alzate et al. (2019) 

developed an algorithm that can be used to generate probabilistic MDoF systems 

representing the behavior of 2D RC frame buildings. This algorithm has been adapted to 
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analyze the seismic response of steel structures located in other seismic environments 

(Pinzón et al., 2020). In Vargas-Alzate and Hurtado (2021), this computational tool was 

adapted to simulate 3D RC frame buildings. This enhanced algorithm allows considering as 

random variables to the number of stories, 𝑁𝑠𝑡, number of spans, 𝑁𝑠𝑝, story height, 𝐻𝑠𝑡, and 

span length, 𝑆𝑙.  

Table 1 Mean, standard deviation and coefficient of variation of the random variables 

Variable µ (kPa) σ (kPa) COV 

DL 6 0.72 0.12 

LL 1 0.18 0.18 

fc 2.50e4 2.50e3 0.10 

fy 4.60e6 2.30e5 0.07 

Ec 2.30e7 1.60e6 0.10 

Es 2.18e8 1.09e7 0.07 

For the present study, 𝑁𝑠𝑡, 𝑁𝑠𝑝 ,𝐻𝑠𝑡, 𝑆𝑙 and coefficients 𝑐i, 𝑏i and 𝑔i (see Vargas-Alzate et 

al. (2019) are equal to the ones used in Vargas-Alzate and Hurtado (2021). Accordingly, 444 

building models have been generated to analyze the relationship between IMs and EDPs; 

Figure 1 shows a representation of one-hundred of them. 

 

Figure 1 One-hundred structural models 

3. Seismic hazard 

There are several methodologies to properly select ground motion records from a database 

that are consistent with a specific site-dependent spectral shape (Haselton et al. 2012). For 

the purpose of this study, the most important requirement is to have enough ground motion 

records which are scaled (if necessary) to analyze the generated structural models at different 

performance levels. It is also important to avoid excessive scaling of the records so that bias 

introduced by this procedure is negligible. The main steps followed to set up a proper suite 

of ground motion records are described in the following: 

Step 1: Identify the seismic database (the European strong motion database has been used 

to select the ground motion records, Luzi et al., 2016). 

Step 2: Define the IM for selecting and scaling the ground motion records. 

Step 3: Calculate the selected IM for each ground motion record. 

Step 4: Sort the ground motion records in descending order as a function of the calculated 

IM values. 

Step 5: Define 𝑁𝑖𝑛𝑡 intervals of the selected IM in descending order. 

Step 6: Define the number of records per interval, 𝑁𝑟𝑒𝑐. 
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Step 7: The ground motion record with the highest IM is scaled to fall into the highest 

interval. If the IM naturally fulfil the interval condition, no scale factor is considered. This 

step is repeated until having 𝑁𝑟𝑒𝑐 belonging to the highest interval. 

Step 8: Step 7 is repeated to have the desirable number of records within all the intervals.  

Regarding step 2, it seems reasonable to select an IM highly correlated with the structural 

response. In this respect, several researchers have proven that it is more efficient to use IMs 

based on the geometric mean of spectral acceleration values around the fundamental period 

than using the spectral acceleration value associated to it (e.g. Kazantzi and Vamvatsikos 

2015). Analogously, the arithmetic mean of spectral acceleration values around the 

fundamental period, AvSa, has been considered as IM to select and scale ground motion 

records. It has been preferred to use the arithmetic mean rather than the geometric one since 

it tends to be more correlated with the MIDR (Vargas-Alzate et al., 2021). Note that AvSa 

has been calculated by considering the geometric mean between the horizontal components 

of the ground motion record (see Table 2). 

Because of the probabilistic approach of this study, there is not a single structural model but 

a group of them. Therefore, the period range for averaging the spectral ordinates of the IM 

should be established from the dynamic properties of the entire population of buildings. In 

this way, 444 ground motion records have been selected and scaled so that AvSa values 

(calculated in the interval 0.2-1.6 s) are uniformly distributed within the bands defined by 

several intensity limits (Step 5). Specifically, 12 intervals containing 37 records each have 

been considered herein; the upper limit for scaling has been 0.7 g. Figure 2 shows the 

geometric mean spectra between the horizontal components of the selected records. 

 

Figure 2 Response spectra of the selected and scaled records 

4. Intensity measures and engineering demand parameters 

4.1 Intensity measures 

4.1.1 Spectral-based intensity measures 

The dynamic response of structures subject to ground motions has been correlated to the 

peak response of equivalent SDoF systems. It has been recognized that efficient IMs would 

be defined by response spectral ordinates, Bojórquez and Iervolino, (2011). This is why 

response spectral ordinates are extensively used to quantify seismic hazard. Such ordinates 

are obtained from the dynamic equilibrium equation for SDoF systems: 
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𝑚�̈�𝑛(𝑡) + 𝑐�̇�𝑛(𝑡) + 𝑘𝑢𝑛(𝑡) = −𝑚�̈�𝑔,𝑛(𝑡) Eq. 1 

where �̈�𝑛(𝑡), �̇�𝑛(𝑡) and 𝑢𝑛(𝑡) are the one-directional spectral acceleration, velocity and 

displacement time-history responses of the SDoF in the n direction, respectively; �̈�𝑔,𝑛(𝑡) is 

the acceleration ground motion; m, c, and k represent the mass, damping and stiffness of the 

system, respectively. Equations for one- and bi-directional calculations of IMs based on 

spectral quantities are presented in Table 2. 

4.1.2 Energy-based intensity measures 

Several researchers have found that the expected damage of structures can be strongly tied 

to the amount of energy introduced into the system (e.g. Benavent-Climent et al. 2004). In 

this respect, the equivalent velocity spectrum represents the amount of energy introduced to 

a set of SDoF systems. This energy can be calculated by rewriting Eq. 1 in terms of energy. 

That is, each term of this equation is multiplied by the differential increment of displacement 

(�̇�𝑛𝑑𝑡) and then integrating in the time interval (0, t), as follows (Akiyama, 1985): 

𝑚 ∫ �̈�𝑛�̇�𝑛

𝑡

0

𝑑𝑡 + 𝑐 ∫ �̇�𝑛
2

𝑡

0

𝑑𝑡 + 𝑘 ∫ 𝑢𝑛�̇�𝑛

𝑡

0

𝑑𝑡 = −𝑚 ∫ �̈�𝑔,𝑛�̇�𝑛

𝑡

0

𝑑𝑡 Eq. 2 

where 𝐸𝐼,𝑛 = −𝑚 ∫ �̈�𝑔,𝑛�̇�𝑛
𝑡

0
𝑑𝑡 is the energy introduced into the system by the ground 

motion. This latter is commonly expressed in terms of equivalent velocity, 𝑉𝐸, after 

normalizing with respect to the mass of the structure. 𝑉𝐸𝑛(𝑇𝑛,𝑗) and 𝐴𝑣𝑉𝐸𝑛 are IMs 

extracted from the VE spectrum. 

4.1.3 Intensity measures based on direct computations of the ground motion record 

IMs presented above use the spectral response of SDoF systems. However, other IMs can be 

obtained from direct computations of the ground motion record. The appeal of this type of 

IMs is that they do not depend on the dynamic properties of the structures. However, this 

lack of dependency causes a decrease of the efficiency for predicting EDPs. Note that 3D 

versions of these IMs are generally computed as the sum of the IM values calculated for each 

component of the record (see Table 2). 

Table 2 1D and 2D formulas for calculating IMs 

Formula 1D Formula 2D Formula 1D Formula 2D 

𝑆𝑎𝑛(𝑇𝑛,𝑗) = max(|�̈�𝑔,𝑛(𝑡)

+ �̈�𝑛(𝑇𝑛,𝑗)|) 𝑆𝑎 = √𝑆𝑎𝑥(𝑇𝑥,𝑗) ∗ 𝑆𝑎𝑦(𝑇𝑦,𝑗) 𝑃𝐺𝑉𝑛 = 𝑚𝑎𝑥(|�̇�𝑔,𝑛(𝑡)|) 𝑃𝐺𝑉 = √𝑃𝐺𝑉𝑥 ∗ 𝑃𝐺𝑉𝑦 

𝑆𝑣𝑛(𝑇𝑛,𝑗) = max(|�̇�𝑛(𝑇𝑛,𝑗)|) 𝑆𝑣 = √𝑆𝑣𝑥(𝑇𝑥,𝑗) ∗ 𝑆𝑣𝑦(𝑇𝑦,𝑗) 𝑃𝐺𝐷𝑛 = 𝑚𝑎𝑥(|𝑢𝑔,𝑛(𝑡)|) 𝑃𝐺𝐷 = √𝑃𝐺𝐷𝑥 ∗ 𝑃𝐺𝐷𝑦 

𝑆𝑑𝑛(𝑇𝑛,𝑗) = max(|𝑢𝑛(𝑇𝑛,𝑗)|) 𝑆𝑑 = √𝑆𝑑𝑥(𝑇𝑥,𝑗) ∗ 𝑆𝑑𝑦(𝑇𝑦,𝑗) 𝑆𝐸𝐷𝑛 = ∫ �̇�𝑔,𝑛(𝑡)2 𝑑𝑡
𝑡95%

𝑡5%

 𝑆𝐸𝐷 = 𝑆𝐸𝐷𝑥 + 𝑆𝐸𝐷𝑦 

𝐴𝑣𝑆𝑎𝑛 =
∑ 𝑆𝑎𝑛(𝑇𝑖)𝑛𝑇

𝑖=1

𝑛𝑇
 𝐴𝑣𝑆𝑎 = √𝐴𝑣𝑆𝑎𝑥 ∗ 𝐴𝑣𝑆𝑎𝑦 𝐼𝐴𝑛 =

𝜋

2 𝑔
∫ �̈�𝑔,𝑛(𝑡)2 𝑑𝑡

𝑡95%

𝑡5%

 𝐼𝐴 = 𝐼𝐴𝑥 + 𝐼𝐴𝑦 

𝐴𝑣𝑆𝑣𝑛 =
∑ 𝑆𝑣𝑛(𝑇𝑖)𝑛𝑇

𝑖=1

𝑛𝑇
 𝐴𝑣𝑆𝑣 = √𝐴𝑣𝑆𝑣𝑥 ∗ 𝐴𝑣𝑆𝑣𝑦 𝐼𝑐𝑛

= 𝑎𝑐𝑐𝑅𝑀𝑆𝑛
1.5 √∆𝑛 𝐼𝐶 = 𝐼𝐶𝑥

+ 𝐼𝐶 𝑦
 

𝐴𝑣𝑆𝑑𝑛 =
∑ 𝑆𝑑𝑛(𝑇𝑖)𝑛𝑇

𝑖=1

𝑛𝑇
 𝐴𝑣𝑆𝑑 = √𝐴𝑣𝑆𝑑𝑥 ∗ 𝐴𝑣𝑆𝑑𝑦 

𝑣𝑒𝑙𝑅𝑀𝑆𝑛

= √
1

∆𝑛
∫ �̇�𝑔,𝑛(𝑡)2

𝑡95%

𝑡5%

 𝑑𝑡 
𝑣𝑒𝑙𝑅𝑀𝑆 = 𝑣𝑒𝑙𝑅𝑀𝑆𝑥

+ 𝑣𝑒𝑙𝑅𝑀𝑆𝑦
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𝑉𝐸𝑛(𝑇𝑛,𝑗) = √2𝐸𝐼,𝑛(𝑇𝑛,𝑗) 𝑉𝐸 = √𝑉𝐸𝑥(𝑇𝑥,𝑗) ∗ 𝑉𝐸𝑦(𝑇𝑦,𝑗) 

𝑎𝑐𝑐𝑅𝑀𝑆𝑛

= √
1

∆𝑛
∫ �̈�𝑔,𝑛(𝑡)2

𝑡95%

𝑡5%

 𝑑𝑡 
𝑎𝑐𝑐𝑅𝑀𝑆 = 𝑎𝑐𝑐𝑅𝑀𝑆𝑥

+ 𝑎𝑐𝑐𝑅𝑀𝑆𝑦
 

𝐴𝑣𝑉𝐸𝑛 =
∑ 𝑉𝐸(𝑇𝑖)𝑛𝑇

𝑖=1

𝑛𝑇
 𝐴𝑣𝑉𝐸 = √𝐴𝑣𝑉𝐸𝑥 ∗ 𝐴𝑣𝑉𝐸𝑦 𝐶𝐴𝑉𝑛 = ∫ |�̈�𝑔,𝑛(𝑡)| 𝑑𝑡

𝑡95%

𝑡5%

 𝐶𝐴𝑉 = 𝐶𝐴𝑉𝑥 + 𝐶𝐴𝑉𝑦 

𝑃𝐺𝐴𝑛 = 𝑚𝑎𝑥(|�̈�𝑔,𝑛(𝑡)|) 𝑃𝐺𝐴 = √𝑃𝐺𝐴𝑥 ∗ 𝑃𝐺𝐴𝑦 𝐼𝐹𝑛
= 𝑃𝐺𝑉𝑛∆𝑛

𝛽 𝐼𝐹 = √𝐼𝐹𝑥 ∗ 𝐼𝐹𝑦 

j represents the mode of vibration 

𝑇𝑖 represents a vector of periods around the fundamental period of the structure. 

𝑛𝑇 is the length of 𝑇𝑖. 

∆𝑛 is the significant duration of the record in the n direction 

4.2 Engineering demand parameters 

The MIDR is probably the most used engineering demand parameter, EDP, when analyzing 

buildings subject to horizontal ground motions. A brief description of its calculation is 

presented in the following. For a story i, the evolution of the inter-story drift is given by: 

𝐼𝐷𝑅𝑖,𝑛(𝑡) =
𝛿𝑖,𝑛(𝑡) − 𝛿𝑖−1,𝑛(𝑡)

ℎ𝑖
 Eq. 3 

where 𝛿𝑖,𝑛(𝑡) is the time history displacement at the floor i of the structure; ℎ𝑖 represents the 

height of the story i. The maximum inter-story drift ratio at this story, MIDRi, can be 

calculated as follows: 

MIDRi = 𝑚𝑎𝑥 (√𝐼𝐷𝑅𝑖,𝑥
2 (𝑡) + 𝐼𝐷𝑅𝑖,𝑦

2 (𝑡)) Eq. 4 

In order to estimate the damage level of the most affected story, the maximum inter-story 

drift ratio observed in the building, MIDR, is given by: 

MIDR = 𝑚𝑎𝑥[MIDR1, … , MIDRNst
] Eq. 5 

5. Statistical analysis of IM-EDP pairs 

Once seismic hazard and exposure have been defined and characterized, 444 NLDA have 

been performed. The Ruaumoko software has been used to perform these structural analyses 

(Carr, 2000). Afterwards, the resulting clouds of IM-EDP points have been used to analyze 

several statistical properties related to the data variability. 

5.1 Efficiency 

Multi-regression models allow defining the optimal combination of several information 

variables, IVs, to explain an EDP. In this study, IV-EDP relationships have been 

characterized by means of a quadratic regression model in the log-log space. The following 

general linear least-square model allows several types of multi-regression analysis with 

respect to an EDP: 

ln EDP = 𝛼0 + ∑ 𝛼𝑗(ln IM)𝑗

𝑛

𝑗=1

+ 휀 Eq. 6 
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In terms of residuals, 휀, there are several variables that can be used to quantify the variability 

of IM-EDP clouds. For instance, Ebrahimian et al. (2015) considered the logarithmic 

standard deviation of the regression, 𝑆𝑦/𝑥, and the correlation coefficient, 𝑅2, to quantify the 

efficiency of IMs. These variables are used herein to provide an estimation of the variability 

of IM-EDP pairs. 

It is worth mentioning that several authors have called into question the use of linear 

regression when characterizing IM-EDP pairs (Baker, 2007). It has been stated that a linear 

relationship may not be reasonable for the entire IM range of interest. To overcome this 

limitation, in this research, it has been opted to fit a quadratic regression model (i.e. n=2 in 

Eq. 3). Figure 3 displays the relationship between IMs and MIDR. It can be observed that 

IMs related to velocity are the most efficient to predict this EDP. Table 3 complements 

results shown in Figure 3. It can be seen that AvSv is the most efficient IM.  

 

Figure 3 Clouds of IM-MIDR pairs 

Table 3 Statistical properties of 

IM-MIDR pairs 

IM 𝑅2 𝑆𝑦/𝑥 𝑝𝑣𝑀 𝑝𝑣𝐸  

𝑆𝑎 0.774 0.521 0.000 0.488 

𝑆𝑣 0.934 0.282 0.068 0.635 

𝑆𝑑 0.891 0.362 0.670 0.452 

𝐴𝑣𝑆𝑎 0.873 0.392 0.000 0.034 

𝑨𝒗𝑺𝒗 0.949 0.247 0.501 0.201 

𝐴𝑣𝑆𝑑 0.910 0.329 0.179 0.824 

𝑉𝐸 0.914 0.321 0.371 0.520 

𝐴𝑣𝑉𝐸 0.934 0.269 0.163 0.323 

𝑃𝐺𝐴 0.744 0.555 0.000 0.099 

𝑃𝐺𝑉 0.945 0.258 0.027 0.105 

𝑃𝐺𝐷 0.896 0.353 0.058 0.751 

𝑆𝐸𝐷 0.938 0.273 0.000 0.916 

𝐼𝐴 0.841 0.438 0.000 0.210 

𝐼𝐶  0.793 0.499 0.000 0.013 

𝑣𝑒𝑙𝑅𝑀𝑆 0.932 0.286 0.011 0.000 

𝑎𝑐𝑐𝑅𝑀𝑆 0.710 0.591 0.000 0.001 

𝐶𝐴𝑉 0.824 0.460 0.119 0.212 

𝐼𝐹  0.940 0.269 0.300 0.329 
 

5.2 Sufficiency  

A sufficient IM makes the statistical properties of a cloud of IM-EDP pairs independent of 

other parameters mainly related to the rupture (e.g. M and ED). This property can be defined 

through the correlation between the residuals of a cloud of IM-EDP pairs and a seismological 

parameter of interest, SP; the higher this correlation, the lower the sufficiency of the IM. 

p-values between the aforementioned residuals and SP have been used to verify the 

sufficiency of the IMs with respect to M (𝑝𝑣𝑀) and ED (𝑝𝑣𝐸𝐷) (Luco and Cornell, 2007); 

Table 3 shows these results. It can be seen that several IMs present p-values higher than 

0.05, meaning that they are sufficient with respect to the SP. Note that p-values have been 

calculated with respect to the nonlinear regression fit. 

6. Directionality effect 
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Vargas-Alzate et al. (2022) have presented numerical evidence on the dependency between 

seismic damage and the location of the epicenter. If accounted, this may reduce bias in 

damage estimations. Specifically, they have shown that seismic fragility consistently varies 

with respect to the source when Near-Fault records and three specific rotations are 

considered. In this section, further evidence on this tendency is presented. 

Accordingly, simulation results presented in Figure 3 have been classified by considering 

the position of the seismic source with respect to the location of the recording station (which 

represents the location of the building) and the variability of the horizontal stiffness of the 

structure. It means, depending on the back-azimuth formed by the record station with respect 

to the epicenter, φ, simulation results have been grouped to check if at specific orientations 

the seismic response is higher. Figure 4 can be used to define the incidence angle intervals.  

 

Figure 4 Incidence angle intervals based on the horizontal stiffness 

In Figure 4, angle β, which defines the horizontal plane with maximum stiffness, can be 

estimated as follows: 

𝛽 = tan−1 (
𝑘𝑦

𝑘𝑥
) Eq. 7 

where 𝑘𝑦 and 𝑘𝑥 are the stiffness related to equivalent SDoF oscillators whose fundamental 

periods are 𝑇𝑦 and 𝑇𝑥, respectively (see axes of the structure depicted at the center of Figure 

4). Considering that 𝑘𝑛 = 4𝑚𝜋2/𝑇𝑛
2, Eq. 7 can be rewritten as follows: 

𝛽 = tan−1 (
𝑇𝑥

2

𝑇𝑦
2

) Eq. 8 

Thus, if the orientation of the recording devices (Seismographs) along with the most flexible 

and stiffest of the model are known, one could estimate the azimuthal position of the 

simulated structure with respect to the epicenter. In this way, one would expect that if φ were 

in regions I, III, V or VII, the seismic response of the structure would be higher. This is 

because at these orientations, the horizontal stiffness is expected to be lower in RC frame 

buildings as the ones analyzed in this research. If φ were in even regions (i.e. II, IV, VI and 

VIII), the stiffness of the structure is expected to be higher and, consequently, the seismic 
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response lower. Thus, by considering the fundamental periods of the generated models, each 

outcome has been classified as a function of φ.  

Three types of situations have been considered depending on whether 𝑇𝑥 > 𝑇𝑦 or not. That 

is, if 𝑇𝑥 > 𝑇𝑦 (which implies that the most flexible axis is in the x direction), results related 

to records whose φ coincides with regions III and VII have been classified as critical-

incidence, CI. Under the same circumstance (i.e. 𝑇𝑥 > 𝑇𝑦), results related to records whose 

φ is in regions I and V have been classified as medium-incidence, MI. If 𝑇𝑥 < 𝑇𝑦, regions 

III and VII are used to define MI; consequently, regions I and V are used to define CI. In 

both situations (i.e. 𝑇𝑥 > 𝑇𝑦 or 𝑇𝑥 < 𝑇𝑦), the optimal-incidence, OI, is assigned to records 

whose φ fall in regions II, IV, VI and VIII. Thus, MIDR results have been classified and 

their mean values (𝜇MIDR) have been calculated; Figure 5 (Left) presents these results. It can 

be observed that the mean values related to the critical-incidence are higher than those for 

other orientations. 

 

Figure 5 Mean of MIDR values after classifying records according to φ 

In the context of seismic risk assessment, it will be of interest to analyze if the most efficient 

IMs (i.e. AvSv for MIDR) are able to represent the tendency observed when performing the 

incidence angle classification. This can be tested by deriving fragility functions using the 

subset of IM-EDP pairs associated to each classification. The methodology employed to 

derive these functions is cloud analysis (Jalayer et al., 2015). Figure 5 (Right) shows fragility 

curves for exceeding a MIDR-threshold equal to 0.02. Again, it can be observed that fragility 

functions based on CI points provides probabilities of exceedance higher than those using 

OI points; differences may reach values higher than 0.3. 

7. Conclusions 

Two main subjects have been addressed in this article. First, the efficiency and sufficiency 

of a set of IMs to predict an EDPs have been quantified. Then, simulation results have been 

classified by considering the location and azimuthal position of buildings with respect to the 

epicenter. In this way, the ability to represent the directionality effect of the most efficient 

IMs have been tested, with satisfactory results. 

Regarding efficiency, it has been observed that AvSv is the most efficient IM for predicting 

MIDR. In general, IMs based on velocity and energy exhibit high-efficiency with respect to 

MIDR.  
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Another statistical property analyzed has been sufficiency; several IMs met this property. 

This result was expected since ground motion records have been selected by limiting the 

maximum ED to 10 km. Note that when this restriction is not imposed (i.e. ED has no 

superior limit), sufficiency is barely met (Vargas-Alzate et al., 2021), at least for the 

seismologic environment analyzed (Luzi et al., 2016). 

The main findings of this research can be used to develop enhanced strategies to assess 

seismic risk. For instance, a large set of structural typologies has been defined to characterize 

urban environments. However, this number can be reduced by employing steadfastness IMs 

(i.e. IMs that makes the bivariate distribution of IM-EDP pairs insensitive to variations of 

physical properties like the number of stories, e.g. AvSv). In addition, bias related to the 

directionality effect in risk estimations can be corrected if the location of the faults, the 

azimuthal position of buildings along with the direction of their most flexible and stiffest 

axes are known and accounted for on an event-per-event basis. 

Finally, results presented in this article meet the principles of fair data. A text file containing 

the main results as well a document describing the data arrangement can be downloaded 

from the following website: http://kairoseq.upc.edu 
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Abstract: Within moments following an earthquake event, observations collected from the 
affected area can be used to define a picture of expected losses and to provide emergency 
services with accurate information. A Bayesian Network framework could be used to update 
the prior loss estimates based on ground-motion prediction equations and fragility curves, 
considering various field observations (i.e., evidence). The present study explores the 
applicability of approximate Bayesian inference, based on Monte-Carlo Markov-Chain 
sampling algorithms, to a real-world network of roads where expected loss metrics pertain 
to the accessibility between damaged areas and hospitals in the region. Observations are 
gathered either from free-field stations (for updating the ground-motion field) or from 
structure-mounted stations (for the updating of the damage states of infrastructure 
components). It is found that the proposed Bayesian approach is able to process a system 
comprising hundreds of components with reasonable accuracy, time and computation cost. 
Emergency managers may readily use the updated loss distributions to make informed 
decisions. 

Keywords: Bayesian inference; critical infrastructure; seismic risk; loss updating; road 
network 

1. Introduction 

Several rapid response systems have been developed worldwide, as detailed in the review 
by Guérin-Marthe et al. (2021). While such systems are mostly applied to common 
buildings and the estimation of casualties, the treatment of the performance loss of critical 
infrastructure and its consequences remains mostly overlooked. A rigorous rapid response 
system should ensure the propagation of the uncertainties due to the estimation of ground 
shaking up to loss predictions. Therefore, this paper investigates a proof-of-concept rapid 
response procedure that would integrate the following features, in answer to the 
aforementioned gaps: (1) loss estimation for built areas and infrastructure systems, (2) 
integration of various types of observations to constrain the predictions, (3) propagation of 
all sources of uncertainty, from hazard to losses, and (4) ability to treat real-world systems 
over large areas. 

Bayesian Networks (BNs) have emerged as a very promising mathematical tool, well 
adapted to seismic risk analyses that mobilize a probabilistic framework and dependencies 
between many variables (Bensi et al., 2013). The inference operations on a BN enable the 
combination of the initial estimates (i.e., prior distribution provided by predictive models) 
and of field observations (i.e., providing evidence at some nodes) in order to generate 
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updated posterior distributions of the variables of interest. Therefore, thanks to their 
probabilistic inference capabilities, BNs constitute an adequate solution for the updating of 
damage and loss estimates in the crisis phase (Bensi et al., 2015). While many previous 
studies have investigated the scalability issues of BNs (Tien et al., 2016; Gehl et al., 2018; 
Byun et al., 2019), their actual application to large real-world systems remains a challenge 
when considering the spatial distribution of the ground-motion field. 

Pending further developments of BN algorithms that are able to address some of the 
scalability issues, it is proposed here to adopt a more pragmatic approach based on a 
sampling inference algorithm (i.e., Monte-Carlo Markov-Chain sampling). The objective is 
to exploit state-of-the-art techniques in order to demonstrate the use of BNs in an 
operational capacity during the rapid response phase (see Figure 1). 

 
Fig. 1 - Proof-of-concept of the procedure for the rapid earthquake loss assessment of infrastructure systems. 

2. Bayesian model 

Relying on previous developments regarding the post-earthquake loss assessment of 
infrastructure systems (Bensi et al., 2013; Bensi et al., 2015; Cavalieri et al., 2017; Gehl et 
al., 2018), a tool using Bayesian updating is proposed for rapidly estimating losses to road 
networks. A BN is designed with the OpenBUGS tool (Lunn et al., 2009), which enables 
the modelling of continuous and discrete variables in the same BN. The OpenBUGS 
library is freely available, integrated in the R environment (www.r-project.org), and it uses 
approximate inference via Monte-Carlo Markov-Chain (MCMC) sampling. The developed 
BN relies on five main types of variables: 

• Spatially distributed intensity measure (IM) at the locations of infrastructure 
components (e.g., road bridges), which represents the distribution of the logarithm of the 
ground-motion parameter of interest (e.g., peak ground acceleration, PGA). A correlation 
structure is modelled to represent the contribution of intra- and inter-event error terms of 
the related ground-motion model (GMM) to the spatial distribution of the IMs at the 
various sites. 
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• Seismic capacity (C) of the infrastructure components, which represents the 
distribution of the logarithm of the seismic response components (e.g., fragility parameters 
expressed in PGA). A correlation structure may be introduced in order to represent 
structural similarities between components of the same typology, for instance. 

• Damage state (DS) of the components, depending on the IM level at the 
components’ sites and on their seismic capacity C. If only two damage states are 
considered (i.e., bridge is functional or non-functional), the following convention is 
adopted: DS = 1 if the bridge is intact, DS = 0 if non-functional. The assumption of binary 
damage states is followed for the rest of the study. Therefore, for component i, the damage 
state DSi is determined as follows: 

               (1) 

• Accessibility of a minimum link set (MLS) between two locations A and B of the 
road network. A MLS is defined as a minimum set of components whose joint survival 
ensures survival of the system (here, the connectivity between A and B). In the case of 
complex networks containing intersections or alternative routes, multiple MLSs exist 
between A and B, representing the number of different possible routes to reach the 
destination. By definition, a MLS represents a sub-system of components in series. The 
following convention is adopted: MLS = 1 if the MLS is accessible and MLS = 0 if not. 
Therefore, for a given MLS k containing p components, the associated variable MLSk is 
defined as follows: MLSk = DS1 x … x DSp (in the case of binary damage states). 

• Connectivity between the locations A and B, representing the system performance 
(S) for this specific objective. In a connectivity analysis, S is then determined by a system 
of MLSs in parallel (i.e., one accessible MLS is enough to ensure the connectivity between 
A and B): S = MLS1 + … + MLSq. 

The decomposition of a road network into MLSs is illustrated in Figure 2, where 4 MLSs 
are identified, each containing a different subset of components. Then, the corresponding 
BN may be built as shown in Figure 3. 

 

Fig. 2 - Decomposition of the A-B routes into four MLSs, for an illustrative network. Black dots represent 
intersections in the network, and grey rectangles represent components. The connectivity between A and B 

constitutes the system performance S. 
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Fig. 3 - BN corresponding to the illustrative example of Figure 2. The node IM is in bold because it 
represents the vector of spatially correlated IMs at the sites. 

Two types of observations may be entered as evidence in the BN: 

• Strong-motion recordings by seismic stations, which corresponds to evidence 
entered at the level of the IM variables; 

• Identification of the damage states of some components, e.g. with near-real time 
structural monitoring (Tubaldi et al., 2021), which corresponds to evidence entered at the 
level of the DS variables. 

With the BN implemented in the OpenBUGS tool, the evidence is then propagated through 
the related variables. In the inference algorithm, several MCMC chains are initiated: each 
chain is built with a Gibbs sampling scheme, where variables are successively sampled 
from the posterior distribution of previous variables. As a result, the BN generates 
thousands of samples for all variables, which are then assembled to estimate their posterior 
distributions given the evidence. Examples of these realisations are provided in Table 1 
and Table 2, where for a given earthquake event and related field observations, posterior 
statistics of variables of interest may be extracted from the BN inference. 

Table 1. Illustrative example of n MCMC samples for the damage states of the 10 components in Figure 2, 
assuming DS7 = 0 (failure of component #7) as an evidence. 

Sample # DS1 DS2 DS3 DS4 DS5 DS16 DS7 DS8 DS9 DS10 
1 1 1 0 1 1 1 0 0 1 1 
2 0 1 0 0 1 1 0 0 0 1 
… 0 0 0 1 1 0 0 1 1 0 
n 1 1 1 1 1 1 0 1 0 0 

 

Table 2. Illustrative example of n MCMC samples for the accessibility of the 4 MLSs in Figure 2, assuming 
DS7 = 0 (failure of component #7) as an evidence. 

Sample # MLS1 MLS2 MLS3 MLS4 
1 0 1 0 0 
2 0 1 0 0 
… 0 0 0 0 
n 0 1 1 0 

 

From Table 1 and Table 2, it is possible to extract damage and loss estimates in the form of 
probabilities, such as P(DSi=0) the probability of failure of component i, or P(MLSj=0) the 
probability of MLS j being inaccessible. 
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3. Definition of prior distributions 

The prior distributions of the variables that are probabilistically defined (IM, C) are 
assumed to follow normal/lognormal distributions, whose parameters are obtained from 
predictive uncertain models. 

In the case of IM, the mean of the logarithm of the ground-motion parameter distribution 
(µlogIM) is given by a ground-motion model (GMM), based on the earthquake 
characteristics that are assumed to be known with confidence shortly after the event. The 
covariance matrix ∑IM is assembled as follows: 

             (2) 

where ση and σξ respectively represent the standard deviations of the inter- and intra-event 
error terms, which are given by the GMM. The term ρij represents the spatial correlation of 
the intra-event error between sites i and j, and it may be defined by available models in the 
literature (e.g., Jayaram & Baker, 2009). 

The seismic response C of components is provided by fragility curves, where the elements 
of µlogC correspond to the median fragility, and the standard deviations of C correspond to 
the fragility dispersion β. The dispersion term β may be further decomposed into βR and 
βM, which respectively represent the uncertainty due to record-to-record variability and the 
uncertainty due to imperfect knowledge or modelling of the component (Crowley et al., 
2019). A third type of uncertainty, related to the definition of the damage state threshold, is 
neglected here for simplification purposes. Therefore, the covariance matrix ∑C is 
expressed as follows: 

            (3) 

The term ρR
ij, representing the correlation of the response due to record-to-record 

variability between components i and j, is very difficult to quantify without the knowledge 
of the seismic records used in the derivation of the fragility curves. A qualitative rationale 
may postulate that components i and j – if they are spatially very close to each other – may 
experience ground motion inputs with similar characteristics in terms of duration, 
frequency content, etc. and therefore their record-to-record variability should be fully 
correlated. On the other hand, spatially-distant components are likely to be subjected to 
different ground-motion (e.g., different spectral shapes), and therefore their record-to-
record variability should be uncorrelated. Such considerations are discussed in Silva 
(2019), who advocates the use of a correlation structure similar to the one that models the 
spatial correlation of the intra-event error. Although deserving further investigation, this 
assumption is also used here for the characterization of ρR

ij. 

The correlation of the component-to-component variability within the same class/typology, 
represented by ρM

ij, also requires more knowledge of how the corresponding fragility 
curves are derived. Therefore, it is proposed to consider the extreme cases in the 
application (see Section 4), namely fully correlated or uncorrelated variability, in order to 
investigate the impact of these assumptions on the posterior distributions. The 
decomposition of the dispersion into βR and βM is not always detailed in available fragility 
models (i.e., only the global dispersion β is specified). Various assumptions regarding this 
decomposition are also tested in the application example. 
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4. Application 

4.1. Description of the case-study area 

The proposed BN approach for rapid response is applied to a road network composed of 
118 bridges (i.e., vulnerable components), which connects 53 municipalities (i.e., built 
areas) located in a valley around Bagnères-de-Luchon (Pyrenees, France). The case-study 
area is detailed in Figure 4. 

 

 

Fig. 4 - Situation map of the Luchon case-study area. 

The typologies of the 118 bridges are identified based on photographs and aerial pictures, 
and their conditional probability of failure is defined by fragility functions, some of which 
are taken from the SYNER-G database (Crowley et al., 2011). In total, 18 different 
fragility curves have been assigned (3 models for 83 single-span bridges, 3 for 7 
continuous multi-span bridges, and 12 for 28 arch bridges). The fragility curve 
corresponding to the first limit state is considered as the threshold of the loss of 
functionality of the bridge (i.e., failure of the component), assuming that even small 
structural damage might be enough to prevent safe passage. 

The studied area is surrounded by several seismic stations (see Figure 4), which are used as 
sources of observations to constrain estimates of the strong-motion field. All selected 
fragility curves use PGA as IM; therefore, the regional GMM by Tapia (2006) is applied 
here for the estimation of the prior distribution of IM. For PGA, the spatial correlation 
model by Jayaram & Baker (2009) is used with a correlation distance of 8.5 km. Finally, 
site effects are modelled via soil amplification factors, which were estimated from local 
investigations and soil measurements (Roullé et al., 2012). 

The road network is simplified by considering only paths that need to go through bridges 
and by building abstract layers of Super-Nodes and Super-Edges (Gehl et al., 2022), as 
shown in Figure 5. From this conceptualization step, the MLS decomposition is performed 
via a recursive algorithm (Cavalieri et al., 2017). The connectivity between the town of 
Bagnères-de-Luchon (point A) and the Northern part of the network (point B) is 
investigated here, which leads to 60 MLSs (i.e., 60 different possible routes between A and 
B). 
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Fig. 5 – Left: abstraction of the network topology for connectivity analysis; Right: MLS decomposition 

between points A and B of the network. 

4.2. Loss updating results 

The updating capabilities of the BN are tested with a hypothetical Mw 6.3 earthquake 
scenario, located south of the road network (0.60° lon, 42.65° lat). Hypothetical 
observations from 7 seismic stations and damage measures on 5 bridges are set as evidence 
in the BN (2 survivals and 3 failures). It is assumed that one of the monitored bridges 
belongs to the identified MLSs, and it has been observed as intact (see Figure 5). 

Following the discussion of Section 3 on the assumptions to be made for the covariance 
models, three different correlation hypotheses are tested for the response C of bridges: 

• Corr1: no correlation is introduced, so that ∑C is simply a diagonal matrix. 

• Corr2: only the correlation of the record-to-record variability is introduced, with a 
correlation model decreasing with inter-bridge distance (i.e., Eq. 3 with ρM

ij = 0). 

• Corr3: in addition to the correlation of the record-to-record variability, a full 
correlation between bridges of the same type (i.e., using the same fragility model) is 
assumed, i.e. ρM

ij = 1 if bridges i and j are in the same typology. 

Global results for the system connectivity are detailed in Table 3, where it is shown that 
the proposed approach is also able to identify which MLS is the most likely to remain 
accessible (i.e., “best” MLS). 

Table 3. Results of the Bayesian updating, in terms of probability of disconnection between points A and B 
(i.e., S = 0) and of identification of the “best” MLS, for the various correlation assumptions. 

 Prior Posterior 
Corr1 Corr2 Corr3 

Pr(Disconnection) 0.095 0.342 0.353 0.435 
“Best” MLS #45 #49 #21 #3 

 

A significant difference is observed between the prior and posterior probabilities of 
disconnection, due to the assumption that the damage states of 5 bridges were entered as 
evidence (see Figure 5). The evidence of a bridge’s state has an impact on the system at 
various levels: 

1812
3ECEES, September 2022, Bucharest, Romania



• The observation of a bridge failure directly modifies the accessibility of the MLS(s) 
to which it belongs, and in turn system connectivity. 

• If the seismic response C is modelled with a constrained correlation model (i.e., 
Corr2 or Corr3), then the observation of a bridge’s state may modify the seismic response 
of other bridges, in turn modifying their probability of failure and ultimately the 
accessibility of the MLSs to which they belong. 

• Finally, the observation of a bridge’s state may also modify the distribution of the 
IM at the base of the bridge, in turn modifying the ground-shaking field in the vicinity. 

The differences between the three correlation models are noticeable: the extreme 
configurations Corr1 and Corr3 should be used as upper and lower bounds of the model 
outcome, pending an in-depth investigation of appropriate correlation models for the 
seismic response. Furthermore, each assumption leads to the identification of a different 
MLS as the least affected route, which could have a large impact on emergency operations. 
An example of the changes in the rapid estimate of the post-earthquake condition of the 
network is provided in Figure 6, both in terms of failure probability of bridges and 
identifying the most accessible MLS. 

 
Fig. 6 - Left: prior distribution using only the characteristics of the earthquake event; Right: posterior 

distribution using field observations (with Corr3 model). 

5. Conclusions 

This study has investigated the implementation of a Bayesian Network-based framework 
for improving situational awareness during the rapid response phase following an 
earthquake event. It has been demonstrated that a BN built in OpenBUGS environment is 
able to provide updated losses for a real-world road network and built areas based on 
available observations. The BN is solved with a MCMC sampling scheme, which delivers 
approximate posterior distributions: this approximate solution, as opposed to exact 
inference algorithms, is a necessary trade-off in order to treat systems of hundreds of 
components exposed to spatially distributed hazards. Moreover, the sampling inference 
scheme used in OpenBUGS can combine continuous (e.g., intensity measures, seismic 
capacities) and discrete variables (e.g., damage states), which has the benefit of introducing 
exact distributions instead of discretizing continuous variables. Regarding road networks, 
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when connectivity loss is used as a simple system indicator, the decomposition of the 
system into MLSs is also essential in reducing the complexity of the BN. As a result, in the 
studied example, posterior distributions are generated within 20 or 30 minutes. Moreover, 
the decomposition into MLSs has the benefit of identifying specific routes associated with 
probabilities of accessibility: this information has the potential to be used by emergency 
managers to set up dedicated evacuation routes or safe itineraries to hospitals. Each MLS 
can also be associated with a travel distance or travel duration, in order to develop more 
elaborate performance indicators than connectivity loss. Finally, the results of such a BN 
application can constitute the starting point of rapid repair strategies for bridges, in order to 
improve the seismic resilience of transportation systems (Sun et al., 2021). 
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Abstract: Probabilistic seismic hazard assessment (PSHA) is widely used in earthquake 

engineering practice and seismic risk management. The results of classical point-wise (PW) 

PSHA contain no information about simultaneous ground motions during one earthquake at 

different sites located within a defined area. Such multiple-site (MS) estimations are very 

useful for the analysis of damage of various structures and corresponding losses in densely 

populated areas and for analysis of lifeline performance. We analyse two characteristics of 

multiple-site seismic hazard. The first characteristic is called as MS-PSHA value that is the 

annual rate of ground motion level exceedance in at least one site of interest located within 
particular urban or industrial area. Such estimations are higher than those obtained in the PW-

PSHA because the MS-PSHA implicitly takes into account extreme ground motions inside 

the given area. Both PW- and MS-PSHA estimations may be used in definition of several 

levels of design seismic loads in building codes. The second characteristic describes 

probability that specified ground motion level (e.g. design ground motion, DGM) will be 

exceeded at least once in at least fraction of the reference area during specified period of time 

(e.g. 50 years). The characteristic was introduced by Wenzel and Sokolov (2018) and it was 

called as Fraction of Areal Exceedance (FAE). FAE could be useful for the risk management 

decisions providing a clue for the extent of potential damage. Joint consideration of the PW- 

and MS-PSHA estimations and estimations of FAE for given DGM may be used for selection 

of appropriate DGM given acceptable FAE. In this paper results of estimations of MS-PSHA 

and FAE are demonstrated on examples of different areas in Taiwan Island.  

Keywords: seismic hazard, multiple-site estimations, design ground motion  

1. INTRODUCTION 

Probabilistic seismic hazard assessment (PSHA) is widely used in earthquake engineering 

practice and seismic risk management. Recent large earthquakes stimulated long-lasted 

discussions related to the methodological and practical aspects of PSHA (see, for example, 

Sokolov and Ismail-Zadeh 2015, 2016, Mulargia et al. 2017, for the list of corresponding 

references). The results of the classical PSHA contain no information about simultaneous 

ground motions at different sites located within a defined area. Such areal (or multiple-site, 

MS) probabilistic seismic hazard assessment seems to be important in the face of some 

recent arguments related to apparent weakness of PSHA. The arguments are based on the 

observations that during recent large earthquakes the maximum recorded intensities of 

ground motion are higher than the design ground motions assigned in accordance with 

seismic hazard maps (e.g. Zuccolo et al. 2011, Kossobokov and Nekrasova 2012, Nekrasova 

et al. 2014). However, the probability that design ground motion threshold will be exceeded 

in the epicentral area is sufficiently high (Iervolino 2013, Iervolino et al. 2019ab). Thus, it 

may be reasonable considering ground motion with specific annual probability of 
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exceedance in at least one of several sites of interest located within specified area (Iervolino 

2013, Sokolov and Wenzel 2015, Sokolov and Ismail-Zadeh 2016).  

Sokolov and Wenzel (2015) and Sokolov and Ismail-Zadeh (2016) discussed application the 

areal hazard estimations as a basis for design loads. The areal hazard estimates are higher 

than the conventional PW-PSHA because the areal estimates implicitly take into account 

effects causing high level of ground motion at particular locations via consideration of high 

positive values of ground motion variability. Sokolov and Ismail-Zadeh (2016) suggested 

applying the MS-PSHA for selection of design ground motions (DGM) for urban areas and 

for zones of particular economic and social importance. The suggestion is in accordance with 

the proposals to make more stringent the requirements related to seismic design code 

provisions in urban areas taking into account high concentration of people and severe 

indirect damages (Wyss and Rosset 2013, Duvernay et al. 2018, Takagi and Wada 2019).  

The DGM value may be exceeded within certain fraction of the reference area during 

particular earthquake. To describe how large may be the fraction and how frequently the 

DGM value (or any other ground motion level) may be exceeded within the reference area, 

Wenzel and Sokolov (2018) introduced parameter called as Fraction of Areal Exceedance 

(FAE). The parameter specifies probability that particular ground motion level will be 

exceeded at least once in at least the fraction (percentage from 0% to 100%) of the reference 

area during considered time period. Sokolov and Wenzel (2019) performed sensitivity 

analysis of FAE considering various input characteristics that may influence on the FAE 

estimations. In this article we describe examples of application of areal characteristics of 

seismic hazard (MS-PSHA and FAE) for the Taiwan region. 

2. GROUND MOTION CORRELATION AND AREAL SEISMIC HAZARD ESTIMATIONS 

The areal estimations of seismic hazard require taking into account correlation of variability 

of ground motion parameters at several locations during particular earthquake (see Sokolov 

and Wenzel 2013, for literature review). The term “correlation of variability of ground 

motion parameters” (hereafter “ground-motion correlation”) is related to similarity of 

difference (residuals) between the observations and the results of modeling, for different 

earthquakes (between-earthquake correlation) and different locations (within-earthquake 

spatial correlation). The ground-motion correlation reflects a non-random component in the 

residuals. Several factors affecting the ground motion excitation and propagation are not 

accounted for by the used ground-motion model, and this is a source of non-random 

residuals. Thus, the ground-motion correlation constitutes epistemic uncertainty attributable 

to incomplete knowledge.  

Definition of the between-earthquake and within-earthquake correlations may be found 

elsewhere (e.g., Wesson and Perkins 2001, Park et al. 2007). Here we note that the 

parameters are determined by relationship between components of ground motion 

variability. In this work we concern with within-earthquake spatial correlation that can be 

described by so-called site-to-site correlation coefficient 𝜌𝜀(∆), as a function of separation 

distance between the sites ; for example, as 𝜌𝜀(∆) = [exp(𝑎∆𝑏)], where a and b are the 

empirically derived region-dependent coefficients. The function decreases from ~1 at very 

small site-to-site distance (very close sites) to almost 0.0 for the sufficiently large site-to-site 

distance. In general, the level of within-earthquake spatial correlation is usually described 

by so-called correlation distance RC (Wang and Takada 2005). The correlation distance  

denotes the site-to-site distance, for which the correlation coefficient 𝜌𝜀(∆) decreases up to 

1/𝑒 ≈ 0.368. Analysis of within-earthquake correlation (see review in Sokolov and Wenzel 

2013) showed that correlation distance may vary in a broad range from 1-2 km to 30-40 km 
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and even more. The small value of correlation distance or the low level of within-earthquake 

site-to-site correlation implies relatively high random variations of ground motion along an 

area, which result in the high difference between the recorded ground motion values. The 

large correlation distance or high level of within earthquake spatial correlation denotes 

almost similar variations of ground motion along relatively wide area caused, for example, 

by similar geological conditions (Sokolov and Wenzel 2013). 

The areal hazard estimations are performed using Monte-Carlo approach (Musson 1999; 

Sokolov and Wenzel 2011, Assatourians and Atkinson 2013). A synthetic earthquake 

catalog, or a set of synthetic earthquake sub-catalogs, is generated for given seismic source 

parameters (geometry, magnitude recurrence, hypocentral depth). Every synthetic catalog 

representing a possible variant of seismic process compatible with knowledge about the 

regional seismicity has a specified duration and contains significant number of earthquakes. 

Distribution of ground motion values for each seismic event in each synthetic catalog is 

calculated using specified ground motion prediction equation (GMPE) and corresponding 

characteristics of correlated ground motion residuals (see, for example, Park et al. 2007, for 

description of the procedure). The details of MS-PSHA estimation technique may be found 

in (Sokolov and Wenzel 2015, and Sokolov and Ismail-Zadeh 2016); the technique for 

estimation of FAE was outlined by Wenzel and Sokolov (2018) and Sokolov and Wenzel 

(2019). 

3. INPUT DATA AND PROCEDURE OF CALCULATIONS 

The seismic source characterization (SSC) model, which provides description of the spatial 

and temporal distribution of earthquakes in the region of interest, is based on the recently 

constructed areal seismic source model (TWSSHAC project 2017). Based on the seismicity 

distribution and tectonic structure around Taiwan area, a zoning scheme of TWSSHAC 

project is adopted and modified as shown in Fig. 1. The model parameters, namely: 

coefficients of magnitude-frequency relationship (a- and b-values), and upper-bound 

magnitude (MMAX), are determined for each sub-zone according to the updated earthquake 

catalog from year 1900 to 2015 (Wu et al. 2016). To take into account the completeness of 

the earthquake catalog, the confidence periods of completeness are checked for specified 

magnitudes and the dataset of equivalent annual cumulative number and magnitude can be 

obtained. The b-value is calculated based on the maximum likelihood method. 

The ground motion characterization (GMC) model concerned with features of ground 

motion excitation and propagation in the terms of ground motion prediction equations 

(GMPEs), the GMPE developed for Taiwan region by Sokolov et al. (2010) is used; the 

model describes earthquake ground motion in terms of peak ground acceleration (PGA) for 

so-called average soil condition.  

A set of synthetic earthquake sub-catalogs is generated for given characteristics of seismic 

source zones; some characteristics (b-value, upper-bound magnitude, earthquake source 

depth and dimensions, orientation of the source) are treated as random variables. Thus every 

sub-catalog represents a unique combination of all input parameters. Location of each 

epicenter within the given seismic source zone is generated randomly assuming that any 

location within the source zone has an equal probability of being the epicenter of the next 

earthquake. Duration of every sub-catalog is accepted to be equal to 20,000 years and 100 

sub-catalogs are generated producing total duration of seismic process 𝑇𝑡𝑜𝑡 = 2,000,000 

years. Three reference square areas with dimensions 12.5 km x 12.5 km are considered as 

follows (see Fig. 1): area TW1, location of the center 120.50E and 23.50N; area TW2, 

location of the center 121.50E and 25.00N; area TW3, location of the center 121.50E and 
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24.00N. The areas are divided into cells 1.25 km x 1.25 km, thus every reference area 

contains 100 cells. The earthquake ground motions are calculated from every earthquake in 

each synthetic sub-catalog for the centers of the cells using selected GMPE and random 

residuals that are generated considering different ground-motion correlation models (Fig. 2). 

The current practice accepted in PSHA is to truncate the distribution of logarithmic ground 

motion residuals at a fixed number 𝜖𝑀𝐴𝑋  (𝜖𝑀𝐴𝑋= 3-5) of total standard deviation; we use 

𝜖𝑀𝐴𝑋= 3 in our study. 

 

 

Fig. 1. Areal seismic sources in the Taiwan region, shallow seismicity. The reference areas are shown as 

black circles. (The SSC was modified from TWSSHAC project.) 

 

 

Fig. 2. Examples of distribution of residuals (log units) inside the reference area TW2. (a) spatially 

uncorrelated ground motion; (b) correlation distance 5 km; (c) correlation distance 40 km. 

 

We take into account both between-earthquake and within-earthquake residuals, as provided 

by corresponding GMPE, and apply the within-earthquake site-to-site correlation assuming 

correlation distances (𝑅𝐶) 5 km and 40 km. We also consider perfect site-to-site correlation 

(𝜌𝜀(Δ) = 1.0 for all separation distances ∆) and spatially uncorrelated ground motion 

(𝜌𝜀(Δ) = 0.0 for all separation distances ∆ except 𝜌𝜀(Δ) = 1.0 for ∆ = 0 km). These two 

extreme and unrealistic cases are included for comparative purposes.  
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4. RESULTS AND DISICUSSION 

4.1. MS-PSHA Estimations 

Distribution of amplitudes of earthquake ground motion within an area depends not only on 

earthquake magnitude, distance, and local site conditions but also on the ground motion 

correlation. Table 1 shows comparison of PGA values that were estimated for two return 

periods using the classical point-wise approach and the multiple-site hazard estimation 

technique considering different levels of spatial correlation (correlation distances). Note that 

the MS-PSHA estimations represent the levels of ground motion that will be exceeded in at 

least one point inside the areas. 

 

Table 1. Comparison between the point-wise PSHA and the multiple-site PSHA estimates, PGA, cm/s2. 

Return 

period, yrs 

Classical PW 

(point-wise) 

PSHA 

MS (multiple-site) PSHA 

Correlation distance 

Perfect spatial 

correlation 
40 km 5 km 

Spatially uncorrelated 

motion 

 Reference area TW1 

475 370 510 680 910 1000 

2475 620 830 1090 1430 1500 

 Reference area TW2 

475 220 280 390 510 570 

2475 350 470 630 820 900 

 Reference area TW3 

475 480 670 880 1150 1290 
2475 780 1050 1350 1750 1900 

 

As can be seen from the table, the lower level of spatial correlation (the smaller correlation 

distances), the greater the difference between the point-wise hazard estimates for individual 

sites and the multiple-site estimates (see also Sokolov and Wenzel 2015). The spatially 

uncorrelated ground motion field (or that with low level of spatial correlation) is 

characterized by high fluctuation of ground motion amplitudes from one location to another, 

even for neighboring sites (see Fig. 2a). Thus, there is relatively high probability that 

earthquake ground motion will exceed the design level at particular isolated locations. 

Sokolov and Ismail-Zadeh (2016) showed that MS-PSHA, when being performed for the 

standard return period 475 years for relatively small areas that are less than 100 km2, e.g. a 

zone of an industrial development or a city district, provides reasonable estimations of 

possible ground motions that may occur in epicentral areas during the earthquakes, 

magnitude of which is close to the maximum magnitude accepted in PSHA for the region. 

Besides the level of ground-motion correlation, the MS hazard estimations also depend on 

the size of area (Sokolov and Wenzel 2015, Sokolov and Ismail-Zadeh 2016) – the larger 

the area, the higher the MS hazard estimations. 

4.2. Fraction of areal exceedance (FAE) 

Examples of the FAE hazard curves constructed for the site TW1 assuming different models 

of spatial correlation are shown in Fig. 3. Two design ground motion levels are used, namely: 

reference probabilities 10% and 2% in 50 years that correspond to return period 475 years 

(𝐷𝐺𝑀475) and 2475 years (𝐷𝐺𝑀2475), respectively. These DGM values are estimated 

applying classical PW-PSHA approach (Table 1). The curves clearly reflect general features 

of areal seismic hazard assessment. For the spatially uncorrelated ground motion field that 

is characterized by high fluctuation of ground motion amplitudes (see Fig. 2), there is a 
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relatively high probability that earthquake ground motion will exceed the design level at a 

small number of particular locations (small percentage of total area). However, the 

probability that the DGM level will be exceeded at several locations simultaneously is 

relatively low, and the probability rapidly decreases with the increase of number of the 

locations.  

 

Fig. 3. The FAE hazard curves constructed for two levels of design ground motion in term of PGA estimated 

for site TW1.  Return periods (a) 475 years, 𝐷𝐺𝑀475= 370 cm/s2, and (b) 2475 years, 𝐷𝐺𝑀2475= 620 cm/s2 . 

Horizontal dashed lines mark 10% and 2% probabilities of at least one exceedance in 50 years. 

 

The larger level of within-earthquake site-to-site correlation, that is the larger correlation 

distance in the spatial correlation model, the higher probability that the ground motion 

fluctuations will be similar (by value) at several neighboring locations simultaneously. In 

the case of positive residuals, the amplitudes of ground motion at these locations will exceed 

the DGM level. At the same time, the amplitudes of fluctuations of ground motion from one 

location to another will not be high frequently that will reduce number of exceedances at 

particular isolated locations (small percentage), as compared with uncorrelated ground 

motions. 

The FAE hazard curves may be used to estimate the least fraction of the area, in which the 

design ground motion will be exceeded at least once with selected probability during 

considered period of time. The least fraction may be characterized by corresponding return 

period, for example 𝐹𝐴𝐸475 or 𝐹𝐴𝐸2475. From Fig. 3 it is seen that with 10% probability the 

corresponding design ground motion (𝐷𝐺𝑀475) will be exceeded at least once in 50 years in 

22% to 42% fraction of the area depending on the ground motion correlation properties, i.e. 

𝐹𝐴𝐸475|𝐷𝐺𝑀475 = 22% - 42%. Here the boundary values correspond to extreme variants of 

within-earthquake correlation – spatially uncorrelated ground motion and perfect spatial 

correlation. Bearing in mind coincidence of exceedance probabilities (or return periods) for 

design ground motion and the least fraction, the fraction may be called as DGM-consistent 

FAE. Approximately similar 𝐹𝐴𝐸2475  values are obtained for 𝐷𝐺𝑀2475 , i.e. the design 

ground motion will be exceeded with 2% probability at least once in 50 years in 20% - 40% 

fraction of the area. The estimations of FAE obtained for the sites TW2 and TW3 show 

similar characteristics. Thus, there is no surprise to observe significant exceedance of design 

ground motion during real earthquakes (e.g. Iervolino et al. 2019ab, see also Cito and 

Iervolino 2020).  
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4.3. Selection of optimal design ground motion level using MS-PSHA and FAE 

As can be seen from Fig. 3, the DGM-consistent FAE values for the considered areas are 

larger than 20%. From the point of view of earthquake risk management, such territory of 

urban area, in which the design ground motion may be exceeded at least once with given 

probability, may be considered as being unacceptably large. The shape and the ordinate 

values of FAE hazard curves depend on the specified ground motion level (SGML) that may 

be exceeded. The higher the SGML, the lower probability that the level will be exceeded 

during single earthquake and, correspondingly, the lower the FAE values. Wenzel and 

Sokolov (2018) and Sokolov and Wenzel (2019) noted that the MS-PSHA estimates (the 

annual rate of exceedance in at least one site of several sites of interest) introduced by 

Sokolov and Ismail-Zadeh (2016) may be considered as reasonable estimate of the upper 

level of SGML (𝑆𝐺𝑀𝐿𝑀𝑆) that provides almost zero exceedance fraction for given return 

period, i.e. the 𝑆𝐺𝑀𝐿𝑀𝑆-consistent FAE would be close to zero.  

 

 

Fig. 4. Effect of specified ground motion level (SGML) on the FAE estimations, reference area TW1, 

correlation distance 5 km. (a) The FAE hazard curves based on different SGML values selected as the 

percentage of the design ground motion (DGM) for return period 475 years (𝐷𝐺𝑀475= 370 cm/s2, Table 1). 

Horizontal dashed lines mark 10% probability of at least one exceedance in 50 years.  

(b) The SGML-consistent FAE versus the SGML values, as the percentage of the design ground motion. The 

symbols denote particular estimations, the dashed line shows interpolation between the estimations. 

 

Although the MS-PSHA estimates imply zero exceedance fraction for given return period, 

the MS-PSHA ground motion values (see Table 1) may be too high to be considered as the 

design ground motion. Thus, it may be useful to analyze the relations between the FAE 

hazard curves and the SGML. The dependence is illustrated by Fig. 4a, which displays the 

FAE hazard curves constructed considering different ground motion levels that are based on 

conventional design ground motion (DGM) values. The balance between the selected ground 

motion level and the least fraction of area, in which the ground motion level will be exceeded 

at least once with given probability, is shown in Fig. 4b. Such relations between the SGML 

and the SGML-consistent FAE allow selecting specific design ground motion that is 

appropriate for given territory and particular construction based on acceptable FAE.  

We have to note that the results described and discussed in this work are obtained using a 

single GMPE model developed for Taiwan region by Sokolov et al. (2010); the model 

describes earthquake ground motion for so-called average soil condition. Therefore, the 

results may be used only to illustrate major features and findings of the MS-PSHA approach. 
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Consideration of epistemic uncertainties in the median motions for given earthquake 

scenarios requires application of alternative GMPEs (e.g. Phung et al. 2018) that creates no 

problem for the applied technique based on Monte Carlo simulation.  

 

4. CONCLUSION 

Design ground motion level assigned to specific area in accordance with seismic hazard 

maps may be exceeded in certain fraction of the area during particular earthquake. Such 

cases will be observed more frequently with the growth of population and development of 

urban and industrial areas in earthquake prone regions. To characterize the phenomenon, it 

has been suggested considering two characteristics of the areal seismic hazard. The first 

characteristic, that is called as MS-PSHA (multiple-site), is the annual rate of exceedance of 

specified ground motion amplitude in at least one site of interest located within particular 

urban or industrial area (Sokolov and Ismail-Zadeh 2016). The MS-PSHA estimations, 

together with results of the classical point-wise PSHA, may be used for definition of several 

levels of design seismic loads in building codes. The second characteristic describes 

probability that specified ground motion level (for example, design ground motion, DGM) 

will be exceeded at least once in at least fraction (percentage) of the reference area during 

specified period of time. The characteristic, that was introduced by Wenzel and Sokolov 

(2018), is called as Fraction of Areal Exceedance (FAE). Likewise calculation of the ground 

motion hazard curves, the estimations of FAE for a range of fractions (for example, from 

1% to 99%) given specified ground motion level (for example, DGM) produce so-called 

FAE hazard curves.  

Our calculations applied for the Taiwan region show that the design ground motion assigned 

to specific area will be exceeded within more than one fifth part of the area with probability 

of exceedance comparable with the probability accepted for design ground motion. There is 

still significant probability that level of ground motion will be higher than a one and a half 

DGM level or more. Thus, there is nothing unusual that the maximum recorded intensities 

of ground-motion during some large earthquakes in epicentral areas were higher than the 

design ground motions assigned in accordance with the seismic hazard maps.  

To ensure the zero (or sufficiently small) FAE for given area, it is necessary to consider, as 

the design ground motion, the MS-PSHA estimation. However, the MS-PSHA ground 

motion values may be too high (up to 3 times higher than the standard PW-PSHA 

estimations), thus it may be useful to analyze the relations between the specific ground 

motion level (SGML), that is higher than the assigned DGM, and the SGML-consistent FAE. 

The relations allow selecting specific design ground motion that are appropriate for given 

territory and particular construction based on acceptable FAE.  

Procedures of aseismic design of ordinary structures are typically based on acceleration or 

displacement response spectra described by building codes (elastic design spectrum). The 

design spectrum contains so-called “anchor points”, which are used for construction of the 

shape and amplitude of the spectrum. For example, the design spectrum recommended by 

the Building Seismic Safety Council (BSSC) (FEMA 450, 2004, and later provisions) are 

controlled by spectral response acceleration at 0.2 seconds (𝑆𝐷𝑆) and 1.0 second (𝑆𝐷1) 

vibrational periods for 5% of critical damping. The Taiwan Building Code uses similar 

procedure to define the design spectrum. The amplitudes of spectrum at these “anchor 

points” are determined by probabilistic seismic hazard analysis. Thus, it may be necessary 

considering simultaneous exceedance of spectral accelerations at different vibration periods 
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(Sokolov and Wenzel 2019) and obtaining relevant FAE estimates, for example as follows: 

the probability that both levels of design ground motion (𝐷𝐺𝑀𝐷𝑆 and 𝐷𝐺𝑀𝐷1) will be 

exceeded simultaneously (𝐹𝐴𝐸𝐵𝑂𝑇𝐻), or that any one of the design ground motion values 

(either 𝐷𝐺𝑀𝐷𝑆 or 𝐷𝐺𝑀𝐷1) will be exceeded (𝐹𝐴𝐸𝑂𝑁𝐸).    

As noted by Wenzel and Sokolov (2018), FAE provides a clue for the extent of potential 

earthquake damage and it may be used as a parameter that implicitly characterizes 

earthquake losses within considered territory. Direct estimations of seismic loss require 

compilation of a huge database related to exposure and characteristics of vulnerability, 

analysis of interaction of lifeline components, and execution of time-consuming 

calculations. The larger the area of destructions caused by an earthquake in a densely 

populated area, the higher the cost and duration of repair. Hence, exceedance of the specified 

ground motion level (for example, collapse capacity) seems to be an appropriate parameter 

that characterizes, even if qualitatively and indirectly, the extent of earthquake damage and 

losses along the considered area. The established relationship between FAE and loss 

characteristics would allow preliminary estimations of the possible losses depending on the 

given level of ground motion. This is one of the goals of future studies related to application 

of the multiple-site hazard assessment for Taiwan region. 
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Abstract: In recent decades, vast efforts were made towards the prediction of physical 
damage within a probabilistic seismic risk framework. However, a gap still remains in the 
evaluation of fatalities, which in most cases is calculated following damage-dependent 
procedures. This study aims at developing analytical fatality vulnerability functions with 
basis on advanced structural modelling with application to limestone masonry buildings in 
Portugal. The modelling strategy consist in joining a set of elastic blocks by means of 
cohesive elements which can be deleted in order to release the blocks, thus allowing the 
explicit consideration of structural collapse. A set of representative archetypes were selected 
based on previous studies, and tested against a set of ground motion records. The internal 
volume reduction was calculated and associated to a fatality ratio according to post-
earthquake data, leading to a relationship between fatality ratio and intensity measures. 
Results suggest that conventional damage-dependent approaches tend to underestimate 
human losses for strong ground shaking. 

Keywords: Individual annual fatality risk, earthquake scenarios, LS-Dyna. 

1. Introduction 

Masonry buildings represent around 50 % of the building stock in Portugal, and host 
approximately the same percentage of the population. Several past events took place in 
Portugal (e.g. 1755 ~M8.5 Lisbon, 1969 M7.8 Algarve, 1980 M6.9 Azores earthquakes) 
which evidenced the poor performance of masonry buildings to earthquake loadings. The 
latter has been attributed to many reasons like the low tensile strength of masonry 
buildings, its massiveness, the lack of provisions to withstand lateral loadings, amongst 
others. According to recent studies, around 50% of the building stock and 45 % of the 
population is exposed to a minimum average seismic hazard for the 475 years return period 
(expressed in PGA) of 0.1g as shown in Figure 1. 

 
Fig. 1 – Percentage of exposed assets to a minimum seismic hazard expressed in terms of PGA (g) 
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Large efforts were made for the seismic vulnerability assessment of masonry buildings, 
ranging from SDOF representations, macro modelling, and detailed FEM approaches. 
However, as explained by Okada (1999), the damage in masonry buildings might not 
follow the same trends as in reinforced concrete buildings. The absence of rigid diaphragm 
as well as the activation of local mechanisms make inappropriate to use inter storey drift to 
quantify damage in masonry buildings. Therefore, a more comprehensive engineering 
demand parameter (EDP) should be used to quantify damage for this kind of building. This 
study aims at employing novel EDPs for the definition of damage in masonry buildings, 
that can clearly explain the extent of crack propagation and the extent of collapse. 
Conventionally, fatality ratios are calculated by means of fatality and collapse rates, 
multiplied by the probability of achieving a damage state obtained from fragility functions 
(i.e. damage-based approach). However, post-earthquake fatality reconnaissance studies 
(e.g. So (2016), Abeling & Ingham (2021)) consider the Internal Volume Reduction (IVR) 
as a better predictor of the human losses. The latter is also considered by Okada (1999), 
who highlighted the importance of the extent of collapse rather than the damage state for 
the fatality estimation. In the present study, the outcomes of advanced structural modelling 
are employed to calculate the IVR. Then, this EDP is associated to a fatality ratio based on 
post-earthquake data, leading to a fatality vulnerability function. The latter can be used for 
probabilistic seismic risk assessment, development of earthquake scenarios, and 
calculation of other risk metrics. Further research is still needed in order to perform 
validations at vulnerability and risk level, however current results as promising. 

2. Numerical modelling 

2.1. Modelling strategy 

The adopted strategy modelling consists in discretizing the structural elements into 
interlocked blocks connected by cohesive zero-thickness elements. Elastic behaviour is 
assigned to the block elements, while the cohesive elements concentrate all the non-linear 
behaviour. The modelling approach was implemented in the LS-Dyna software (2019) 
using the MAT_COHESIVE_MIXEDMODE material which exhibits a linear behaviour 
followed by a linear softening. Cohesive elements are deleted under the following deletion 
criterion: 

  (1) 

Where  and  are the shear and tensile stress in the interface,  and  are the 
shear and tensile maximum strength, respectively. Blocks are released when enough 
cohesive elements are deleted and the software searches for contact between blocks. When 
contact is found, it is modelled following a penalty-based procedure which consists in 
allocating springs to the nodes in contact. The stiffness of the spring is calculated as: 

  (2) 

Where all parameters are related to the element that contains the master node, K is the bulk 
modulus, A is the face area, V is the volume and  is the penalty stiffness factor, herein 
adopted as 1. It should be noticed that springs are allocated perpendicularly to the contact 
surface, while tangential forces are modelled following a Coulomb criterion with values of 
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0.6 and 0.8 for dynamic and static friction, respectively. Elements with constant stress and 
single integration points were used for blocks in order to reduce the computational effort.  
A routine was developed in the MatLab software (2018) in order to automatically generate 
the input structural model. This procedure was followed due to the large number of blocks 
(generally thousands) that shapes the building. Figure 2 shows examples of the numerical 
models that can be generated using the code herein developed. Any other arrange of 
rectangular elements can also be generated. 

 
Fig. 2 – Examples of numerical models. 

2.2. Mechanical properties 

The variability in the mechanical properties of masonry buildings is well known and 
highlighted in the literature. Outcomes of previous studies (Lovon et al. 2021a) were used 
here to derive fragility functions; a summary of the mechanical properties is shown in 
Table 1. 

Table 1 – Mechanical properties for limestone and granite masonry buildings 
Element Description Unit Limestone 

0.76 

Bricks 
(solid elements) 

Elasticity modulus GPa 
Poison ratio - 0.30 

Static coefficient of friction - 0.80 
Dynamic coefficient of 

friction - 0.60 

Penalty stiffness factor - 1.00 

Mortar 
(cohesive 
elements) 

Normal failure stress MPa 0.12 
Shear failure stress MPa 0.12 

Normal energy release rate N/m 30.0 
Shear energy release rate N/m 30.0 

Normal stiffness GPa 0.76 
Tangential stiffness GPa 0.76 

Beams 
Timber elasticity modulus GPa 7.00 

Design compressive strength MPa 16.00 
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2.3. Ground motion records 

Seismic demand was represented by a set of ground motion records selected according to 
its spectral acceleration (Sa) at 0.4 sec. Intensities ranging from 0.15 to 2.35g uniformly 
separated into 12 bins were used to select the records. Analyses are performed with 
horizontal earthquake loading in two directions. The geometric mean was used as the IM 
for each record. Figure 3 shows the response spectrum in the N-S and E-W direction. 

 
Fig. 3 – Response spectrum of records selected for structural analysis. 

3. Vulnerability assessment 

3.1. Physical damage fragility functions 

As previously explained, two novel EDPs were used for damage quantification. This was 
only possible because of the detailed numerical strategy adopted herein. The damage 
thresholds were defined according to the recommendations from the EMS-98 scale, based 
on 5 damage states. The cracked wall ratio was defined as the ratio between the cracked 
area and the total area of potential cracks (i.e. sum of the areas of all the cohesive 
elements). The volume loss ratio is the quotient between the volume of fell structural 
elements and the original volume of the structural elements. Cracked wall ratio was used to 
define damage states 1 and 2, as these damage states are characterized by the extension of 
cracks in structural elements. The volume loss ratio was used for damage states 3 to 5, the 
most extreme damage states, as they are characterized by the loss of structural volume. 

The damage thresholds were further calibrated according to post-earthquake data processed 
by So (2016). The latter study suggests loss of volume between 40 to 60 % for masonry 
buildings before loss of stability. Figure 4 shows sketches of buildings after structural 
analysis as well as the corresponding EDPs. The damage thresholds are given in table 2. 

Table 2 – Damage threshold 
Damage 

state EDP Value 

1 Cracked wall 
ratio 

0.20 
2 0.35 
3 Volume loss 

ratio 

0.10 
4 0.25 
5 0.60 
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Fig. 4 – Example of damage levels and corresponding EDPs values. 

Fragility functions were calculated using the cloud analysis proposed by Jalayer (2014). It 
consists in defining a linear relationship between the EDP and the Intensity Measure (IM) 
in the logarithmic space. A constant standard deviation is assumed around the regression 
line and the probability of exceeding a damage threshold for a given IM is find by 
calculating the integral of the normal function proposed at the defined IM. The dispersion 
between EDP and IM is shown in Figure 5. 

  
 a) b) 

Fig. 5 – Example of dispersion between EDP and IM in the logarithmic scale for 3-storey masonry buildings, 
a) for crack propagation, and b) for volume loss. 

The regression parameters were obtained using the maximum likelihood method. Building-
to-building variability was included by increasing the dispersion of the logarithms of crack 
propagation ratio and volume loss as explained in Lovon et al. (2021b). 

The obtained fragility functions are depicted in Figure 6. Fragility functions proposed in 
other studies (Martins & Silva 2020, and Borzi et al. 2008) were also plotted in the same 
graph to serve as baseline for comparisons.  
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 a) b) 

 
 c) d) 

Fig. 6 – Fragility functions for limestone masonry buildings of 1 to 4 storeys from a) to d), respectively. 

A good agreement is found with Martins & Silva (2020) fragility functions, however the 
current approach appears to predict a more brittle behaviour for 2, 3 and 4 storey limestone 
masonry buildings. The latter can be seen in fragility functions for damage states 1 and 2, 
which rise for lower IMs. This kind of behaviour is common in masonry buildings due to 
its very low tensile strength. Also, damage state 5 is related to the total loss of stability, 
hence obviously should develop beyond the ultimate damage state proposed in the baseline 
studies. As highlighted in some studies (e.g. Silva et al. (2013)) the used of uniform hazard 
spectrum in fragility assessment can lead to conservative results, which could justify the 
differences between the functions proposed herein and the ones from Borzi et al. (2008). 
Further verifications are necessary in order to validate the fragility functions herein 
developed. 

3.2. Fatality vulnerability functions 

Fatality assessment is conventionally calculated by applying collapse and fatality rates to 
existing fragility functions, which often use EDPs such as maximum inter-storey drift 
ratios or strain/stress in the structural elements. However, as discussed by Abeling & 
Ingham (2020), most extreme damage states do not explicitly capture the extent of 
collapse, which is fundamental for the assessment of fatalities. In this regard, post-
earthquake reconnaissance studies propose the IVR as a better predictor for fatality 
estimation.  

IVR is defined as the ratio between the volume covered by debris, and the “survival space” 
which is considered to be the volume that a person requires in order to survive. The 
survival space is defined as the volume of the free plan area in a height of 2 meters. Figure 
7 depicts a sketch of the IVR definition.  
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Fig. 7 – Internal volume reduction, adapted from Okada (1999) 

Some IVR-Fatality ratio relationships are available in the literature; however the data is 
still scarce. In this study, data shown in So (2016) was fitted to an exponential-linear 
function as shown in Equation 3: 

  (3) 

Where the IVR and the FR are both expressed as fractions. After that, the fatality ratio is 
calculated following three steps: 

a) The IVR is obtained from each dynamic analysis, leading to an IM-IVR pair per 
ground motion record. 

b) The IVR is paired to a fatality ratio according to Equation 3, leading to pairs of IM-FR. 
c) The pairs of IM-FR are used to fit a truncated lognormal cumulative probability 

density function. 

Lognormal cumulative density functions are widely used for vulnerability assessment, 
however in the current case, they need to be truncated based on the maximum FR found 
per building class. Fatality vulnerability functions are represented as: 

  (4) 

Where is the maximum FR obtained from all the records/buildings, is the logarithmic 
mean, and  is the logarithmic standard deviation both obtained using the least squares 
method. 

The FR is calculated for each storey and the average is taken to represent the overall 
building. Fatality vulnerability functions developed for limestone masonry buildings are 
shown in Figure 8. 

 
Fig. 8 – Fatality vulnerability functions for limestone masonry buildings 
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Sa at 0.4 sec was found to be the most efficient IM for fatality ratio prediction. A clear 
trend is found with higher fatality risk as the number of storeys increases.  The 
vulnerability functions herein developed can serve as input for earthquake scenarios, 
individual annual fatality risk assessment, among others. 

4. Conclusions 

Fatality vulnerability functions were developed for limestone masonry buildings in 
Portugal. The employment of advanced numerical models, capable to explicitly predict the 
collapse, allowed the use of two novel EDPs with a more comprehensive description of 
damage and extent of collapse. EDPs were used to develop physical damage fragility 
functions for limestone masonry buildings in Portugal. The modelling strategy also allows 
measuring the distribution of debris fell, which enables the prediction of the IVR. This 
EDP has proven to be a good predictor of fatalities. Fatality vulnerability functions were 
developed for limestone masonry archetypes from 1 to 4 storeys. Outcomes up to now are 
promising, however it should be noticed that further validation is needed. The presented 
models can enrich from the modelling of heavy roofs, which have been demonstrated to 
have a negative impact for life safety inside masonry buildings (So, 2016). 
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Abstract: Power interruptions are one of the most significant obstacles to successful 

administration of the post-earthquake processes. Although power outages primarily affect 

transportation and communication, the fact that they also affect vital operations such as 

hospitals following the earthquake poses a significant concern. The goal of this research is 

to collect data that may be used in a decision support system based on the Markov Decision 

Process (MDP), which was created to rapidly recover electrical distribution systems. A 

crucial prerequisite for the proper operation of electrical distribution networks is the ability 

to accurately detect the post-earthquake status of these systems. In this study, fragility 

analyses on the buildings that have power distribution systems in their basements were 

performed to determine the vulnerability probability of electrical distribution systems. 

Following an earthquake that severely damages these structures, the power distribution 

systems in question may become obsolete and unable to distribute electricity to their 

vicinity. Possible damage to the two buildings and the electrical distribution networks 

beneath these structures were investigated as part of the investigation. The fragility curves 

for various damage scenarios were created as inputs to the MDP-based decision support 

framework that aims to rebuild the regional electrical distribution system. 

Keywords: Post-earthquake reconnaissance, Rapid recovery, Markov decision process, 

Vulnerability 

1. Introduction  

The smooth functioning of modern society is entirely dependent on electrical energy in 

today's world. The safety of the energy supply is a significant concern, given the general 

use of electricity in the community. Many essential services (water, gas, communication, 

etc.) are provided depending on the continuity of electricity, which makes electrical 

continuity vital. 

It is of great importance that the re-electrification is carried out as soon as possible after a 

major event so that the communication infrastructure, which is a prerequisite for the rapid 

delivery of aid teams and vehicles to earthquake zones, is not interrupted. Possible power 

outages after the earthquake pose a threat to communication systems, drinking water 

treatment plants' sustainability, and hospitals' ability to continue their service. 

Hospitals may not provide services despite having structural damage due to the failure to 

maintain electricity after an earthquake. For example, after the 1999 Kocaeli earthquake, 
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half of the hospitals could not be fed with electricity Myrtle et al. (2005). Because of the 

power outages after the Kobe earthquake in Japan in 1995, the entire earthquake zone was 

without power for three to five days Shinozuka et al. (1999). Post-earthquake disaster 

management research that includes electrical power supply, energy supply systems, 

response plans, earthquake risk assessment and management is developing worldwide. 

Several studies focus on seismic performance analysis of electrical power systems A.P. E. 

Cooperation (2002), M. Shinozuka et al. (2007), M. Shinozuka et al. (2003). The 

restoration of electrical grids has been the subject of many studies in various respects Qiu 

et al. (2017), Zhao et al. (2018), Golshani et al. (2017), Ganganath et al. (2017), Neto et al. 

(2016), Ostermann et al. (2017), Loh et al. (2001). Qiu et al. (2017) and Zhao et al. (2018) 

have proposed network restoration methods for possible disasters. The location and the 

intensity of an earthquake directly affect the damage to structures. Therefore, an 

earthquake can result in an infinite number of destruction scenarios. This uncertainty 

restricts the availability of foot-to-foot strategies developed before a disaster occurs. The 

methods developed in the literature for the re-electrification process use predictive data 

according to the resulting scenario, not directly from the data from the field. The current 

study determines the decision system inputs using field data. Because for electrical 

distribution systems to function correctly, system observability must be ensured. 

This study aims to develop a support software to help re-electrify the medium voltage 

electrical distribution systems as soon as possible after an earthquake occurs. The most 

significant difference that distinguishes the power outages due to an earthquake from an 

operational failure is the changes in the grid structure. The main reason for the grid 

structure changes is that some system elements (electricity poles, panels, transformers, 

etc.) are damaged by earthquakes and unusable. 

The research question of electrification of the earthquake-damaged electrical network has 

been investigated by researchers for years and gained a certain maturity. After the 

earthquake occurs, it is vital to restore electrical energy to critical electrical loads such as 

hospitals, military bases, and important government offices. Therefore, re-electrification 

should be completed as soon as possible. While re-electrification is a problem, it becomes 

more challenging to solve in disaster situations that result in system component collapse. 

During and after an earthquake, the elements of the electrical networks (electricity poles, 

distributed production facilities, distribution transformers) can be damaged and become 

unusable by the demolition of the structures around them. 

This study aims to prepare the correct inputs representing the actual data in the field for a 

decision support system used by system operators on re-up to the power grid. The 

developed decision support system can use feedback from the site and detect the possibility 

of damage to the network elements using earthquake data. Thus, the best energization 

strategy to follow in this context by the operator is determined. 

2. Building Selection  

Power outages that occur after an earthquake cause different dangers directly and indirectly 

and constitute a major obstacle to resolving the post-earthquake chaos. In order to prevent 

interruptions, situations that threaten the safety of electrical distribution systems during and 

after an earthquake should be identified. The vulnerability of the buildings surrounding the 

electrical distribution system during earthquakes, which seriously threatens the security of 
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these systems, has been the starting point of this study. In this study, the probability of 

damage to the buildings surrounding these systems was calculated in order not to interrupt 

the activities of the electrical distribution systems, and the data obtained were used to re-

electrify the electrical distribution systems. Since the generation of fragility curves 

according to regional characteristics and building floor plans is a difficult and laborious 

task in general, existing fragility curves created as a result of international studies are used 

for damage estimates. However, since these simulated fragility curves do not represent all 

the details of the buildings and the ground where the buildings are located, the actual work 

can sometimes go away from the truth and cause the re-electrification process after the 

earthquake to be prolonged. For this reason, this study uses specific fragility curves 

obtained by meticulously carrying out all necessary procedures on existing structures. 

Since the fragility curves are directly related to the dynamic analysis results of the 

buildings, the buildings to be modelled should be selected first. 

2.1. Electrical Distribution Plan  

Transformers of electrical distribution systems in or around the building may become 

unusable due to damage to buildings in a possible earthquake; therefore, actual electrical 

distribution plans of the Kadıköy region are used during the building selection. The 

distribution plan includes electricity providers, the electricity routes that come out of them, 

transformers that provide electricity on these routes, and the addresses of transformers. 

Since the main goal is to examine the impact of possible damage to buildings, which are a 

part of the investigated electrical distribution systems, the choice is performed based on 

transformer locations. The buildings in the studied region are classified according to the g 

values. Fig. 1 shows the classification map of the buildings part of the electrical 

distribution systems according to their g values, where g values represent the peak ground 

acceleration values calculated for an earthquake with a return period of 2475 years.  

 

Fig. 1 Map of the classification of selected buildings according to g values. 
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2.2. Classification of Building 

Once the classification map was prepared, our research team performed an expedition in 

Kadıköy, Istanbul, to check the locations (transformers) of buildings part of the electrical 

distribution system. During this expedition, it was observed that some buildings were 

destroyed, some buildings were urbanely transformed. Thus, the transformers were moved 

outside. According to the data, only six buildings, which could damage the electrical 

distribution system after a significant event, were identified. This paper describes the 

studies and analyses for two of these six buildings. 

2.3. Floor Plans 

Dynamic analysis must be performed to obtain the fragility curves of the selected 

buildings. The building plans are needed to generate the building models. Since the 

buildings were built during 1970-1980, Kadıköy Municipality was contacted to get the 

necessary floor plans. 

3. Structure Modelling Structural Input Parameters 

SAP2000 (CSI, 2021) has been used for performing static and dynamic analyses in this 

study. Since there are deficiencies and partial inaccuracies in the floor plans of the 

buildings to be modelled, general or detailed assumptions were made on some subjects 

during modelling. These assumptions are described in the next section. 

3.1. Structural Input Parameters 

After the floor plans were obtained, 3D models were generated in SAP2000. Building 710-

31 consists of 3 different plans: basement, ground floor, and standard floor, and building 

1113-197 consists of two different floor plans: basement and standard floor. Both buildings 

have 12 stories. The height of building 710-31 is 33.4 meters, while the building 1113-197 

is 34.5 meters. 

3.2. 3D- Model and Modal Analysis 

As already mentioned, modelling of buildings was carried out in SAP2000 by using 

selected building parameters and floor plans. C30/37 class concrete and A615 Grade 60 

rebar steel were used. Because it is a nonlinear, dynamic analysis approach in which the 

equilibrium equations of motion are fully integrated while a structure is subjected to 

dynamic loading, direct-integration time-history analysis was selected as the appropriate 

analysis type. The Newmark method with β = ¼ was used. In order to simulate post-yield 

behavior, concentrated plastic hinges were assigned to the frames.  

4. Ground Motion 

During the earthquake record selection process, first, the design spectrums of buildings 

must be obtained. The ground motions to be analyzed should be selected and scaled 

according to the building behavior to perform the nonlinear time history analyses of the 

modelled buildings. Before the selection and scaling, design spectrums were created for the 

2475-year rotation period by referencing the Turkish Building Earthquake Code (TBEC) 

(AFAD, 2018) according to the latitude and longitude of the buildings. 
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Fig. 2 3D Models of (a) 710-31 (b) 1113-197 

 

Once the design spectrum is determined, the hazard spectrum is created and compared with 

the design spectrum to determine the target spectrum. The TBEC requires that the 

generated hazard spectrum cannot be less than 90% of the code generated design spectrum. 

Hazard spectrums were drawn using the OpenQuake GEM (2022) using Vs30 (average 

shear wave velocity) and Z1.0 (the depth at which the profile reaches a velocity of 1.0 km/s) 

as basic parameters Pagani et al. (2014). The Z1.0 values of the buildings are determined 

using Equation 1 and the Vs30 values are determined using the Vs30 map prepared by the 

Istanbul Municipality. 

 

 

(1) 

4.1. Construction of Design Spectrum and Hazard Spectrum 

In order for the natural vibration periods of the structures to influence the earthquake 

record selection, the determination of the target spectrum was continued with hazard 

spectrum calculations. The hazard spectrums of buildings are obtained using the 

OpenQuake, and the design spectrums are calculated according to the Turkish Building 

Earthquake Code. 
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4.2. Deaggregation Process 

The most effective earthquake scenario for the investigated structures can be defined by 

deaggregation. For the ground motion selection process, the reference ranges where the 

earthquake parameters (magnitude, Mw, Joyner-Boore distance, RJB) are most effective 

should be determined. The most effective earthquake scenario was determined by looking 

at the maximum probability of exceedance values for each building. According to the 

results of the decomposition process, 6.5 M size and 15 kilometers Joyner-Boore distances 

were determined as the scenario causing the most contribution for the two selected 

buildings. Figure 3 shows the results of the parsing process. 

 
Fig. 3 Deaggregation Process 

4.2. Obtaining Ground Motion Records 

According to the decomposition results, the first three earthquake scenarios with the 

highest probability of being exceeded were determined for each building, and four 

different groups were determined, a total of six earthquake scenarios for two buildings. 

Ground motion records were downloaded as four different earthquake parameter sets from 

the PEER (Pacific Earthquake Engineering Research Center) website. First set 6-7M for 

Mw, 0-20 kms for RJB and 600-900 m/s for VS30, second set 7-8M for Mw, 0-30 kms for RJB 

and 600-900m/s for VS30, the third set is 6-7 M for Mw, 0-20 kms for RJB and 400-500 m/s 

for VS30, and the fourth set is 7-8 M for Mw, 0-30 kilometers for RJB and 400-500 m/s for 

VS30 determined. 

4.2. Construction of Conditional Spectrum and Target Spectrum 

Target spectrum determination is very important in order to accurately select ground 

motions. The target spectrum was evaluated using four different methods in the study of 

Lin et al. (2013). In this study, since the four most effective earthquake scenarios were 

used, Method 4 was preferred. The conditional spectrum in Method 4 was calculated using 

four different 0.25-weighted mean and standard deviation values based on Akkar et al., 

(2013), Kale et al., (2015), Boore et al., (2014) and Chiou and Youngs et al., (2014). 

4.2. Ground Motion Selection and Scaling 

The selected real earthquake records are scaled according to the Sae value for the natural 

vibration periods of the buildings. In order to select the correct records, the x-axis in the 

period vs Sae graph has been updated to be in the range of 0.2 T-1.5 T. T represents the 

natural vibration period of each building and thirty different records were selected, falling 
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between μ - σ and μ + σ curves. Figure 4 shows μ - σ and μ + σ curves (Black dashed lines 

are μ – σ and μ + σ curves, black lines are conditional mean curves, gray lines are 

downloaded records). 

  
Fig. 4 Selected Earthquake Records 

5. Analysis Considerations 

After selecting the ground motion records, the target spectrum was determined using 

SeismoMatch (Seismosoft, 2020) according to the exceedance probability values 

corresponding to five different return periods, and the actual earthquake data of each 

ground motion record was matched. In the matches, 90 percent or more of the target 

spectrum and the ground motion recording were matched. 

5.1. Nonlinear Time History Analysis 

After the matching was completed, nonlinear time history analyses were started on the 

models prepared in the SAP2000 to obtain the fragility curves. Since there are 60 different 

records with five different probability values of exceedance for each building, non-linear 

time history analysis was performed for 300 records in each building. In other words, a 

total of 600 non-linear time history analyses were performed. The ground motion records 

selected in the SAP2000 were defined as functions and the analyses were completed 

successfully. 

5.1. Story Displacement 

Roof displacement values obtained by non-linear time history analysis with 300 different 

ground motion records for each building are listed according to the maximum displacement 

value. Analysis of the smallest exceedance probability (0.001) resulted in the highest 

displacement values. To determine the collapse capacity of the structure, several nonlinear 

dynamic analyses were performed until dynamic instability occurred. An inter-story drift 

ratio of 1% and the accompanying intensity measure are designated the structure's collapse 

capacity unless dynamic instability develops at a lower inter-story drift ratio than 1%.  

6. Fragility Curve 

A fragility curve represents the probability that the response of a given structure to various 

loading conditions will exceed a given performance limit state, so a fragility curve can be a 

conditional probability or specific damage corresponding to a structure for a given hazard 
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level exceeding the level. In this study, fragility curves were obtained to be used as input to 

the MDP application. In other words, the obtained curves will be used as inputs for re-

electrification of both an economic and a vital system. 

6.1 Construction of Fragility Curve 

The most common form of the seismic fragility function is the lognormal cumulative 

distribution function (CDF). This form is shown in Equation 2. Roof displacement data 

obtained as a result of 600 nonlinear time-history analyses were used as input to the 

lognormal cumulative distribution function, 

 

(2) 

where x is a particular value for roof displacement, F(x) is a fragility function, Φ(s) is the 

standard normal cumulative distribution function (often called the Gaussian), μ is the 

median value of max roof displacement for building, and σ is the standard deviation of 

max roof displacement for building. 

MATLAB (MATLAB, 2016) was used to obtain smooth fragility curves of all structures. 

Two separate fragility curves were obtained by providing the logarithmic distribution of 

point representations in the prepared MATLAB code. Figure 5 shows the fragility curves 

obtained for the selected buildings. 

 

Fig. 5 Fragility Curves 

The MDP-based decision support method, which will be developed in the later stages of 

this study, will work in two stages. When an earthquake occurs, the MDP will acquire the 

maximum energized area before any maneuver is performed. In the second stage, physical 

action will be taken in the field with the decision support mechanism. MDP solution will 

be updated according to successful or unsuccessful actions. 

The probabilities obtained with the fragility curves will be used to predict the post-

earthquake status of the vital components in the electrical distribution system, and it is 
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planned to obtain the most appropriate action for re-electrification after the earthquake by 

using this information as an input in MDP. MDP results will be obtained by combining 

different possibilities according to the g values selected for different combinations on an 

example electrical distribution system. 

6. Conclusions 

In this study, building models were generated using the SAP2000 from real floor plans for 

two buildings in the Kadıköy region with an electrical distribution system in their 

basement or their garden. The fragility curves were then obtained by performing nonlinear 

time history analyses with real earthquake data selected for the region. In future studies, it 

is planned to observe the effects of using fragility curves as inputs on re-electrification. It 

is also aimed to expand the pilot area in light of the results obtained from the MDP-based 

decision support method. 
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Abstract: Analytical fragility functions for pre-code mid-rise reinforced concrete frame 

residential buildings are derived. The buildings are called pre-code since they are not designed 

or constructed as per seismic code requirements and are known to have poor seismic 

performance. Uncertainties associated with structural properties, e.g. plan dimensions, first 

and regular story height, length of spans, section dimensions of beams and columns, 

reinforcement ratio, slab thickness, material properties, and concrete density, are considered 

with Monte Carlo sampling while creating generic three-dimensional reinforced concrete 

moment-resisting frame systems. Statistical distributions of structural properties of a building 

portfolio with 320 pre-code buildings are utilized for Monte Carlo sampling of structural 

properties of 30 three-dimensional generic building models with 6 stories. The creation of 

models and then performing dynamic analyses are executed in OpenSeesPy. The maximum 

inter-story drift ratio is chosen as the demand parameter to decide the damage state of the 

building. That of each building is obtained through multiple stripe analyses, which require a 

series of nonlinear dynamic analyses at different intensity measure levels. In this study, eleven 

ground motion pairs at four intensity levels defined in Turkish Earthquake Code (2018) are 

used. Likelihoods of being in different damage states are used to generate fragility functions 

for the study building classes. Fragility functions are derived in terms of spectral acceleration 

at the first natural vibration period of the building Sa(T1) and corresponding spectral 

displacement. It is aimed that the set of fragility functions derived herein will be representative 

for such building class that are an important portion of the Turkish building stock. These 

fragility functions serve for urban earthquake risk assessment and loss estimation studies. 

Keywords: multiple stripe analysis, intensity measure, demand parameter, uncertainty, 

fragility 

1. Introduction  

Devastating 1999 Kocaeli and Duzce earthquakes in Turkey demonstrated that residential 

buildings are vulnerable to seismic events because many of them were collapsed or heavily 

damaged. Lessons learned about the reasons for seismic damages from these earthquakes 

(Sezen et al., 2003) have led to improvements in construction quality with the use of better-

quality building materials, regulations on building inspection, and the implementation of 

earthquake-resistant design principles. Thus, the buildings constructed in the 2000s are 

expected to have better seismic performance compared to pre-2000 buildings. Considering 

seismic code developments over the years and the substantial variance in seismic 

performances of existing buildings, it is revealed that the necessity of seismic fragility 

assessment of building stock in Turkey.  

Pre-2000 buildings constitute gravity-only designed buildings (pre-code) and the ones 

designed in accordance with the Turkish Earthquake Code of 1975 (low-code). These 

building are seismically vulnerable based on reports of field observations after the major 

earthquakes. Many studies have been conducted about observed structural deficiencies and 

possible causes of building damage for such building class after the earthquakes (Sezen et 

al., 2003, Yakut et al., 2021). The primary problems highlighted in these studies for being 
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heavily damaged or collapsed structures are as follows: poor material quality, improper 

reinforcement detailing, 90-degree hooks and large spacings for transverse reinforcements, 

insufficient detailing at beam-column joints, presence of soft-story, and short-columns. This 

study focuses on probabilistic fragility assessment of pre-code mid-rise residential frame 

buildings which have abundant uncertainties in design and practice.  

A building portfolio including 320 existing pre-code buildings was evaluated as the database 

to construct 30 generic three-dimensional 6-story building models. To investigate damage 

probabilities when subjected to increasing levels of ground motions, multiple stripe analyses 

(MSA) are performed to obtain seismic responses of representative buildings. MSA requires 

a different sets of ground motions scaled to higher potential levels of ground motion intensity 

measures (IM). In this study, 4 IM levels and 22 ground motion records at each IM level 

were used. Seismic responses are measured with maximum interstory drift ratio (MIDR) of 

the buildings as a damage indicator. Fragility functions are derived to estimate the 

probability of exceeding a structural damage limit state as a function of IMs. Since epistemic 

uncertainties which are about unreliable construction practice or lack of knowledge due to 

structurally deficient building stock including construction quality, material properties, 

structural components may affect the results, the Monte Carlo sampling is employed. The 

steps applied in this study are as follows: derivation of structural parameters using for 

synthetic gravity-load designed models, ground motion scaling for each IM level, 

development of OpenSeesPy models, performing 2640 dynamic analyses (4 IM level x 22 

records x 30 6-story buildings), assessment of results, and derivation of fragility functions. 

2. Generic building models  

Uncertainties about existing buildings have to be considered to conclude with reliable 

fragility models especially for the pre-2000 buildings because the quality of construction 

and implementation of seismic codes are suspicious. The uncertainties associated with 

structural properties, e.g. plan dimensions, first and regular story height, span lengths, 

section dimensions of beams and columns, reinforcement ratio, slab thickness, material 

properties, and concrete density, are considered for performance assessment of 

representative buildings and the generation of fragility functions. Statistical distributions of 

considered parameters are collected from a building portfolio of 320 pre-code RC frame 

buildings with detailed information. These distributions were used to determine the 

characteristics of randomly generated regular in plan buildings by Monte Carlo sampling. 

To this end, all parameters of a generic frame are sampled as random variables based on 

their distributions of data compiled from building portfolio. By this way, 30 nonlinear 

generic 3D building models were generated in OpenSeesPy. 

Lognormal distribution of floor area of the buildings, with a 102 m2 mean and 38 m2 standard 

deviation, is obtained from a database of standard residential or commercial buildings in 

Istanbul used for earthquake loss assessment study of Istanbul (IMM 2019). Plan dimensions 

of sampled floor area is determined assuming that aspect ratio of plan dimensions is 

uniformly distributed between 0.30 and 1 (equal in both dimensions). Building models are 

regular in plan and floor area increase in the upper floors is ignored. The number of spans 

was calculated based on, supposedly, the length of all spans is at its mean value of 3 m. The 

skew-normal distribution of span length data collected considering average and maximum 

span length values of the buildings have a mean of 4.29 m and a standard deviation of 1.32 

m. The distribution was used to assign the random length to each span. Finally, those were 

summed iteratively until the decided plan dimensions are reached.  
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Regular story height is sampled based on the lognormal distribution of its data with 2.83 m 

mean and 0.13 m standard deviation. Then, it is multiplied by an exponentially distributed 

soft-story ratio (with a 1.05 mean and 0.10 standard deviation) to calculate the first story 

height. Also, it is revealed that, the distributions of floor area, regular story height, and the 

existence of soft-story (related with first story height) are similar with those given in Bal et 

al. (2008), which provides statistical distributions of structural characteristics of the Turkish 

RC building portfolio and those are used to generate fragility and vulnerability functions for 

randomly generated frames through Monte Carlo simulation (Silva et al. 2014).  

When details of buildings are evaluated, it is realized that the column sizes in a building 

might different. However, in this study, section dimensions of all columns and beams are 

same to ease modeling approach. It is noticed that there are commonly used values for width 

of columns and beams. For example; 25, 30, and 35 cm are used for column widths and 15, 

20, and 25 cm for beam widths in practice. The approach choosing section dimension has 

started with random choice of the width of columns and beams from the data. Then, the 

depth of columns is determined based on the ratio of the total shear area and the floor area 

which is skew-normally distributed with a mean of 0.015 and a standard deviation of 0.0038. 

The beam depth is sampled using a skew-normal distribution of filtered data based on 

selected smaller dimension value which has a 50 cm mean and 7.4 cm standard deviation. 

The material properties of the concrete used in building stock significantly vary for those 

constructed before 2000 since the use of ready-mixed concrete has become mandatory in the 

year 2000. The characteristic concrete compressive strength values of each investigated 

building were compiled based on experimental results. The concrete strengths were 

determined from concrete samples that were being taken from half of the columns having 

the lowest strength values examined by non-destructive methods. The dataset of concrete 

strength values demonstrated that the mean concrete strength of the building inventory is 

approximately 10 MPa, with the standard deviation of approximately 4 MPa. This result 

explicitly deduces that the building inventory does not comply with the seismic codes. Older 

versions of the Turkish Earthquake Code of 1975 and 1998 require the minimum concrete 

strength to be 18 MPa and 20 MPa, respectively.  

Two types of reinforcing steel are used in building inventory: S220 and S420 MPa. Since 

S220 type rebars has been widely used before aforementioned devastating earthquakes, 

almost all buildings evaluated herein (96%) has S220 type plain rebars. While both types of 

rebars used in some buildings (3%), S420 type rebars are also used in a small portion of 

building inventory (1%). For yield strength distribution of S220 type steel is adopted from 

the study by Akyuz and Uyan (1999) as suggested in Bal et al. (2008). The longitudinal 

reinforcement ratio of columns data was collected with both non-destructive and destructive 

methods. The distribution of the average reinforcement ratios shows that it is ranging 

between %0.6 and %1.2, which mostly does not satisfy minimum reinforcement ratio. 

Furthermore, corrosion is detected in almost all reinforcing steels embedded in concrete 

samples. Furthermore, the deterioration in reinforcement is considered as a reduction in the 

diameter of the steels with an average of 6%. Andisheh et al. (2019) concluded that corrosion 

in reinforcement causes propagation of vertical cracks in column cover and this led to 

significantly affect seismic performance of RC columns. 

Consequently, through the generic RC frame generation procedure, the final 3D geometry 

of a building model is constructed. Fundamental structural characteristics of 30 models are 

summarized in Table 1. It should be noted that these buildings satisfy minimum section 

requirements of gravity load-designed (pre-code) buildings. 

 

1846
3ECEES, September 2022, Bucharest, Romania



 

Table 1 Fundamental structural properties of generic RC frames 

Model 

No. 

Floor 

area 

(m2) 

First/Regular 

story height 

(m) 

Column 

dimensions 

(cm) 

Beam 

dimensions 

(cm) 

Column 

reinf. 

ratio 

Concrete 

strength 

(MPa) 

Steel yield 

strength 

(MPa) 

1 192 3/2.9 35/60 20/59 0.018 12.3 415.0 

2 293 3/2.9 32/65 20/53 0.010 13.3 387.0 

3 108 3.2/2.9 25/49 20/50 0.012 20.1 257.1 

4 117 3.1/2.7 25/36 20/45 0.018 14.6 391.8 

5 198 3.1/2.9 25/54 20/51 0.012 10.7 410.0 

6 220 2.9/2.9 25/70 20/55 0.007 11.3 393.0 

7 393 3.0/2.9 25/41 20/45 0.009 18.6 333.8 

8 154 3.2/2.9 30/58 20/48 0.008 10.2 208.9 

9 111 3.2/3.0 25/49 25/57 0.009 13.5 305.0 

10 195 2.9/2.8 25/45 20/43 0.013 14.0 319.0 

11 115 2.8/2.7 25/45 20/46 0.008 8.9 191.6 

12 119 2.8/2.8 30/54 20/38 0.011 12.4 331.8 

13 77 3.6/2.8 30/60 15/36 0.010 10.7 401.9 

14 92 2.9/2.9 30/55 25/59 0.009 10.9 385.0 

15 108 3.0/2.9 25/28 15/42 0.012 22.0 531.7 

16 342 3.0/3.0 25/65 20/65 0.012 13.9 369.4 

17 157 2.9/2.8 25/50 20/44 0.009 10.3 362.3 

18 182 3.3/3.0 30/61 20/35 0.013 12.7 481.8 

19 354 3.4/3.0 25/48 20/53 0.007 14.0 351.5 

20 473 2.9/2.8 30/51 15/52 0.011 15.6 389.5 

21 75 2.9/2.8 30/54 20/45 0.007 11.5 245.0 

22 70 2.8/2.8 25/50 15/51 0.008 13.1 489.0 

23 208 2.8/2.9 40/52 20/52 0.010 11.7 452.0 

24 223 3.6/2.8 30/57 20/42 0.008 14.8 192.8 

25 519 2.9/2.9 35/60 20/67 0.009 20.5 360.2 

26 214 2.8/2.8 25/44 20/58 0.011 15.9 310.5 

27 294 2.9/2.9 25/60 15/46 0.011 10.1 397.5 

28 111 2.8/2.8 25/75 20/56 0.013 16.5 282.1 

29 202 2.9/2.8 25/54 25/58 0.010 15.6 252.6 

30 113 3.0/2.9 25/58 20/44 0.011 12.6 178.3 

3. Analytical modeling of buildings 

In this study, random distribution of the parameters from existing buildings was used to 

easily construct various building models and also to account for uncertainties. Three-

dimensional 6-story generic frame models are created in OpenSeesPy. Working with 

OpenSeesPy allows user to utilize any other Python libraries for many purposes, such as pre-

processing for model creation, visualization of the model, performing all MSA in loops, 

post-processing of seismic demands, and derivation of fragility functions. 

The nonlinear behavior of the structural systems is reflected through the distributed plasticity 

approach. For this purpose, the finite length hinge model is used for the beams and the fiber 

section model for the columns for those modelled with nonlinear beam-column elements 

named as forceBeamColumn element object. The finite length hinge model distributes the 
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plasticity over the plastic hinge lengths at the element ends assuming the remaining part 

stays elastic. Based on the hinge model, beams are modeled with force-based beam-column 

element with Gauss-Radau integration which is applied over lengths of four times plastic 

hinge length (Lp) at both element ends. The fiber section model distributes the plasticity 

along the member length. Fiber sections involve the definition of uniaxial material models, 

section geometry, and reinforcing details. Each section at the integration point was 

discretized into a number of fibers concrete fibers in both local y and z directions. Fiber 

sections are then assigned to the force-based beam-column element. These elements 

distribute plasticity with five Gauss-Lobatto integration points through the member. The 

shear behavior of the vertical elements was modeled with a hysteretic material model with 

no stiffness reduction in series with a flexural beam-column element. SectionAggregator 

object is used to combine flexural and shear behavior of elements but there is no interaction 

between these responses. 

The stress-strain relationship of concrete material is defined by Concrete04 uniaxial material 

model that reflects the constitutive relationship proposed by Mander et al. (1988). The 

requirement of 135-degree hooks for transverse reinforcements at the confinement zone is 

not applied for any of the buildings, thus the whole cross-section of beams and columns are 

defined using unconfined concrete material.  

Floors were idealized as rigid diaphragms in the horizontal plane, two horizontal 

displacements on each floor and rotational degree of freedoms around the vertical axis were 

considered by assigning constraints. The mass source of the structure is defined at the center 

of mass of each floor as lumped mass. The mass of each floor is calculated as the sum of 

dead loads and 30% of live loads. 2 kN/m2 and 1 kN/m2 are considered as live loads and 

infill wall loads, respectively. 2.5 kN/m2 is considered for superimposed dead loads. The 

weights of structural members are applied to column tops as point load in gravity direction 

and live loads, superimposed dead loads, and wall loads are applied to the beams as 

distributed loads. 

4. Derivation of fragility functions 

Fragility functions representing probability of exceeding a damage limit state conditioned 

on selected IM are fundamental inputs for earthquake risk and loss modeling. They are 

obtained by statistical processing of the pairs of structural responses and ground motion 

intensity parameters. Statistical distribution methods are applied to chosen demand 

parameter of structural responses in order to achieve conditional probability of exceedance 

of each damage state corresponding to chosen intensity measure levels.  

In this study, spectral acceleration at the first natural vibration period of the building, Sa(T1), 

and associated spectral displacements (Sd) were chosen as IMs. In the literature, efficiency 

of alternative IMs is investigated through the quantification of the correlation between 

demand parameters and considered ground motion IMs. It is revealed that MIDR and Sa(T1) 

are well correlated for mid-rise structures (Hancilar and Cakti, 2015).  

MSA are conducted on synthetic building models at four IM levels. Dataset of ground 

motions are selected and scaled for earthquake levels of DD-1, DD-2, DD-3 and DD-4 as 

per Turkish Earthquake Code (TEC 2018) corresponding to 43-, 72-, 475-, 2475- return 

periods. 

Eleven ground motion datasets containing two orthogonal horizontal components were 

selected from the events that have moment magnitudes ranging from 6.5 and 7.6, source-to-

site distance up to 65 km, and accelerograms located in the site class C (360 ≤ Vs30 ≤ 760 
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m/s). The ground motion datasets are obtained from the database of Pacific Earthquake 

Engineering Research Center (PEER) (2009). Ground motion datasets were scaled to match 

the elastic design spectrum of each IM level constructed for a case-study location in Istanbul. 

IM levels in terms of Sa(T1) are 0.142, 0.220, 0.541, 0.940 g, respectively. Totally 2640 

dynamic analyses were carried out for 30 buildings at 4 IM levels and 22 ground motion 

records at each IM level.  

Damage limit states are thresholds separating performance levels on fragility functions. They 

are defined as slight damage, moderate damage, extensive damage, complete damage 

(collapse). MIDR is selected as demand parameter to assess probability of exceeding each 

damage limit state for increasing intensity levels. Threshold MIDR level of each damage 

limit state is defined based on HAZUS-MH Technical Manual (2003) for pre-code seismic 

design level. Thus, MIDR limit values are 0.0027, 0.0043, 0.0107, and 0.0267 for slight 

damage, moderate damage, extensive and complete damage, respectively.  

Statistical distribution methods are applied to structural responses in order to achieve 

conditional probability of exceedance of each damage state corresponding to seismic 

intensity measures. A lognormal cumulative distribution function is used to define fragility 

functions:  

𝑃(𝐷𝑎𝑚𝑎𝑔𝑒 ≥ 𝐿𝑆𝑖|𝐼𝑀 = 𝑥𝑖) =  𝜙 (
ln(𝑥𝑖/𝜃)

𝛽
) (1) 

Where 𝐿𝑆𝑖 is the threshold value for each damage limit state, 𝑥𝑖 is a given IM level in terms 

of 𝑆𝑎 or 𝑆𝑑. 𝜃 and 𝛽 are the median and the standard deviation of the fragility function, 

respectively. Parameters of lognormal distribution curve (𝜃 and β) are optimized to fit 

damage probabilities according to maximum likelihood method (Baker, 2015). 

 

Table 2 Parameters of fragility functions 

 Sa (g) Sd (m) 

 θ β θ β 

Slight Damage 0.153 0.817 0.016 0.817 

Moderate Damage 0.228 0.937 0.024 0.937 

Extensive Damage 0.539 0.69 0.056 0.69 

Complete Damage 0.796 0.517 0.083 0.517 

 

Fragility curves are generated in terms of 𝑆𝑎 and 𝑆𝑑 and given in Figure 1. Points in the 

figures illustrate the observed fractions of each damage state as a function of the associated 

IM level. 

 

Fig. 1 - Fragility functions in terms of Sa and Sd 
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4. Conclusions  

Pre-code RC frame residential buildings that are known to be vulnerable to seismic damage 

are investigated. Analytical fragility functions for pre-code mid-rise buildings are generated 

with MSA performing 2640 dynamic analyses (4 IM level x 22 records x 30 buildings). To 

this end, 30 generic frame gravity-only designed buildings are modeled. Structural 

characteristics of those building are sampled through Monte Carlo simulation. The statistical 

distribution of structural properties, e.g. plan dimensions, first and regular story height, 

length of spans, section dimensions of beams and columns, reinforcement ratio, slab 

thickness, material properties, and concrete density, are obtained from the building portfolio 

containing 320 existing pre-code buildings. By this way, abundant structural uncertainties in 

design and practice were taken into account. Consequently, analytical fragility functions are 

derived in terms of Sa and Sd for four damage limit states which are slight, moderate, 

extensive, and complete damage. Threshold values of damage limit states in terms of MIDR 

for pre-code buildings are adopted from HAZUS-MH Technical Manual (2003). 

For further studies, analytical fragility functions of RC frame and RC frame with shear wall 

buildings will be derived for other seismic design levels and building height classes. The 

development of a set of fragility functions for each subclass of RC systems in Turkish 

residential building stock will serve as a basis for regional or national earthquake risk and 

loss assessment studies. 
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Abstract: Critical infrastructures are on the verge of increasing risk due to extreme events 

like earthquakes. In the complex world of today where no system is independent, it is 

important to realize that a systemic approach, considering the interdependencies between the 

systems, is an indispensable tool to address the risk and the resilience of the critical 

infrastructures. Among various efforts, the framework developed in the SYNER-G project 

has delivered a systemic approach for the integrated seismic risk assessment considering the 

interaction among different components of a system as well as between systems at different 

urban and regional scales. Even though it is a powerful framework with a comprehensive 

approach, its current practical usage is limited, mainly due to the complexity of the tool that 

cannot be easily understood and applied by many end-users. In this regard, in this paper we 

discuss the future perspectives of the SYNER-G methodology for a more extensive usage by 

the disaster risk reduction community, through a possible integration of its framework in a 

widely accepted, well-calibrated, user-friendly and open-source software like the 

OpenQuake-Engine. Additionally, we present an application to highlight its efficiency and 

usefulness to assess the real impact when considering interdependencies among interacting 

systems, like for example the water supply system and electric power network at city scale. 

Keywords: Critical Infrastructure, Systemic approach, Interdependencies, SYNER-G 

1. Introduction  

It is coming to the realization that interdependent infrastructures are on the verge of 

increasing risk due to extreme events like earthquakes. Research in reliability and 

resilience of critical infrastructure exposed to multiple natural hazards is the urgent need of 

present and future demand and at the same time a challenging endeavour both in terms of 

physical and socio-economic aspects. Addressing the issue is not straightforward due to the 

growing complexity of interdependencies and the rigidity of the organization of the 

infrastructures itself, which might not be flexible enough to be easily adapted to the 

demanding resiliency requirement when treated interdependently. In our complex world, 

no system is independent anymore; each one depends more or less on the performance of 

other interconnected components and systems. Consequently, the systemic approach is an 

indispensable and vital tool to accurately address the risk and the resilience of the critical 

infrastructures and utility systems subjected to natural and anthropogenic hazards.  

While there are important achievements towards seismic hazard, vulnerability and loss 

assessment of independent exposed elements at risk, as well as towards its efficient 

mitigation and management, it is necessary now to formulate all these interactions and 

bring them together in a way to address the issue in a holistic manner with a systemic 

approach at different levels in urban, regional, national and international scale. This 

systemic approach would help to analyse the overall performance of the various critical 

infrastructures and utility systems both comprehensively and strategically. This 
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formulation would also help to look back into the individual components and evaluate the 

impact they pose to other systems and help in building a broader mindset for researchers, 

practitioners and decision-makers.    

The pioneering work in HAZUS (followed by ATC-25 and ATC-13) is among the 

important guidelines that include the risk assessment of critical infrastructures (ATC, 1985, 

1991; National Institute of Building Sciences (NIBS), 2004). Even though it is one of the 

milestones in terms of risk assessment and is widely used, intra- and interdependencies 

between components and systems have not been adequately addressed so far. There are 

several efforts towards this direction but due to the complexity of the problems involved, 

an efficient and friendly technology to account for the systemic approach of systems like 

lifelines and critical infrastructures is still missing. Among these efforts, the work in the 

framework of the SYNER-G project (Pitilakis et al., 2014) is probably the most ambitious; 

intra- and inter-dependencies between the components of a system and between different 

interconnected systems have been included in a comprehensive methodology to account 

for the systemic approach. The methodology incorporates the definition of the taxonomy 

and typologies, hazard computation, vulnerability assessment, intra- and inter-

dependencies modelling, definition of systemic performance indicators, socioeconomic 

impact, incorporating also relevant uncertainties. Even though the SYNER-G methodology 

is powerful, its practical implication to assess the systemic risk in urban or regional scale 

including possible intra- and inter-dependencies is still limited. As in many other scientific 

fields, extensive usage and practical applications are only possible when properly 

acknowledged by the larger community, in this case the community in the field of disaster 

risk reduction, which can be generally done through embracing the methodological 

framework to a widely accepted open-source tool. 

This paper describes shortly the scope and prospect of the incorporation of the SYNER-G 

methodology in the presently most widely accepted and open-source tool for seismic 

hazard and risk assessment, i.e. the OpenQuake platform. Introducing the SYNER-G 

methodology in OpenQuake, it is reasonably expected that it would be more efficient to 

highlight its efficiency and usefulness to assess the real impact when considering 

interdependencies among interacting systems, for example at the city scale. In the present 

work, the potential of this introduction and its efficiency are demonstrated considering the 

interdependencies between the water supply system and the transmission substations of the 

electric power network in the city of Thessaloniki, Greece for a specific seismic scenario. 

2. Modelling of Interdependencies of Interconnected Systems 

The operation of critical infrastructures, including the transportation system, water supply 

system, electric power network, wastewater system and many more, is crucial for the 

normal functioning of society. The notion of critical infrastructures and systems acting 

interdependently is described by Rinaldi et al., (2001). According to it, interdependencies 

can be classified as physical, geographical, cyber and logical. Unidirectional relationships 

between the systems are known as dependencies whereas, bidirectional relationships are 

called interdependencies. However, as practised in many other works, both dependency 

and interdependency are termed as ‘interdependency’ here. As an example, the water 

supply system, which is the focus of the application presented in this study, is 

interdependent primarily with electric power networks, but also with the building stock and 

other systems like for example the health care system. The interdependencies between 

them are physical, i.e. the state of one infrastructure affects the other. 
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Interdependencies can be of less importance under ordinary operational conditions but are 

more vivid, even crucial, in case of extreme events like strong earthquakes. Tohoku 

earthquake in 2011, Christchurch earthquake in 2011, Central Sulawesi earthquake in 2018 

are only some of the examples signifying the serious impact that interdependencies 

between the systems can have. There exist various modelling and simulation approaches 

for modelling interdependencies, grouped mainly into six types: empirical, agent-based, 

system- dynamics-based, economic theory-based, network-based and others (Ouyang, 

2014). Each one of them has its own significance and limitations. A better representation 

of the systemic effects, i.e. considering the whole rather than parts of the system, can be 

possible only through the combination of two or more of these approaches (Poudel et al., 

2021) 

3. The SYNER-G Methodology 

In SYNER-G, the integrated seismic risk approach provides the impact of earthquakes 

holistically, considering the interactions among different systems and infrastructures at 

different scales. The methodology incorporates in an integrated way all aspects in the 

chain, from hazard to the physical vulnerability and loss assessment of components and 

systems, as well as to the socio-economic impacts, accounting for relevant uncertainties 

and modelling the interactions between the multiple components and system. The 

methodological framework of SYNER-G is shown in Figure 1.  

 

Figure 1: Methodological framework of SYNER-G project. 

The elements at risk, namely inhabited areas, utility and transportation systems and critical 

infrastructures, represented as region-like, network-like or point-like systems, are classified 

in specific typologies based on appropriate taxonomy schemes. The results of the seismic 

hazard analysis are combined with the appropriate fragility models to obtain the fragility 

and vulnerability assessment firstly at the component level. Then, after processing the 

modelling of the intra- and interdependencies, the results of the analysis are expressed in 

terms of performance indicators that measure the overall impact to the system. The tool 

developed during the project is called OOFIMS (Object-Oriented Framework for 

Infrastructure Modelling and Simulation). It is developed in MATLAB and is based on the 

object-oriented paradigm (Franchin, 2014). Within SYNER-G, the proposed methodology 
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was applied to the city of Thessaloniki, the Brigittenau district in Vienna, the gas 

distribution system of L’Aquila, the road network of Calabria and the electric power 

network of Sicily (Pitilakis et al., 2014b).  

4. Prospect of SYNER-G 

In order to ensure the extensive utilization of the powerful concept of the SYNER-G 

methodology and to further familiarize the larger community with the systemic approach, 

which is of utmost importance at present, it has been decided to adapt it in a way that 

allows a simple and user-friendly usage coherent in current practices. In this respect, the 

integration of SYNER-G to the OpenQuake platform, referred to in the following as 

SYNER-G+, could be a rational solution.  

OpenQuake platform, developed by the GEM Foundation, is a hub for integrated seismic 

risk assessment and is being used widely around the globe. It provides an open-access, 

dynamic and interactive environment and is constantly developing. It includes scenario-

based, classical probabilistic and event-based probabilistic (suitable for spatially 

distributed system) hazard and risk analysis, including a large dataset and libraries to 

comprehend its usage globally (Pagani et al., 2014; Silva et al., 2014). For example, it 

already offers a large set of GMPE models (which is one of the limitations of the present 

OOFIMS tool developed in SYNER-G) that can be used for the systemic approach. The 

combination in SYNER-G+ of the capabilities of this powerful platform with the systemic 

methodology developed within SYNER-G is expected to result in a wide use of 

themethodology by the engineering community, as well as greater visibility, power and 

finally usefulness in practice. Eventually, this would help to establish the systemic 

approach and assist in a better communication between different stakeholders.  

At present, the OpenQuake tool already allows seismic hazard analysis with a large set of 

GMPE models, vulnerability and damage analysis of point-like components or region-like 

components which is the prerequisite for a systemic approach. OpenQuake directly 

includes a large set of taxonomy and fragility models only for buildings, therefore it would 

be necessary to incorporate models for the components (both nodes-like and edge-like) of 

the other critical infrastructures. Moreover, for the introduction of the systemic approach in 

the OpenQuake platform, the following capabilities will need to be incorporated in the 

platform:  vulnerability and damage analysis of line-like components like pipelines or 

cables, connectivity analysis through the network-based approach of the system, 

computation of systemic performance indicators. The incorporation through SYNER-G+ of 

the SYNER-G concept to OpenQuake would not only allow to establish a powerful 

systemic approach, but it would also further enhance the capabilities of OpenQuake, which 

is presently focused on buildings. The integration of the SYNER-G methodology in a 

widely accepted, well-calibrated, user-friendly and open-source tool like OpenQuake 

would certainly facilitate a better understanding of complexities due to interaction among 

critical infrastructure operations, and enable well-informed decision-making and efficient 

disaster risk management by infrastructure owners and operators, insurance companies, 

consulting agencies and local authorities. It would help to evaluate the overall impact of 

interdependencies on the performance at city/region scale, and assist in identifying the 

critical components or system as a whole for disaster mitigation. One can scrutinize in a 

backward direction each factor or component or method involved for identifying the 

topological insufficiency, functional vulnerability or do some sensitivity analysis to study 

its overall effect and come up with better mitigation plans or recovery models.  

1854
3ECEES, September 2022, Bucharest, Romania



OpenQuake is based on the PYTHON programming language and is available in public 

repository. PYTHON itself, being open-source, offers vast libraries support assisting to the 

wider application not limiting the usage to only core programmers. As a further research 

work in this direction, in SYNER-G+ abstraction of the concept and methodology is coded 

in PYTHON using various available libraries that are coherent to the development of the 

OpenQuake platform. For example, for the connectivity analysis of the water supply 

system (WSS) interdependent to electric power network (EPN), the two networks are 

formed with a set of nodes and edges. The damageability of each node-like vulnerable 

components of the interconnected systems is checked from the the hazard computation 

directly provided from OpenQuake. The capability of estimating vulnerability and 

damageability of the edge-like components directly from OpenQuake should be 

introduced. For instance, for pipelines, which have a varying topology due to their line-like 

structure, the assessment of damage may not be straightforward, since the respective 

fragility curves correlate repair rate with PGV and PGD, from which eventually the 

probability of damage is computed using Poisson distribution. Subsequently, the various 

conditional statement are introduced to model the interdependencies between various 

components of the systems and the functionality/operability of the components added to its 

own vulnerability should be updated. Ultimately, after knowing the state of each 

component, connectivity analysis of a system, in this example the WSS network, is 

performed using an algorithm based on graph theory to distinguish the isolated demand 

nodes from the sources and to compute the water connectivity loss. Similarly, other critical 

infrastructures shall be introduced accordingly based on a systemic approach.  

5. Application 

In the frame of this work, an application of the under development SYNER-G+ is 

presented. More specifically, the impact to the water supply system of Thessaloniki of the 

interdependent electric power network has been studied for a specific seismic scenario 

case. This analysis allows proper planning and prioritization of the mitigation actions 

before and after the earthquake, concerning in particular the vulnerability of transmission 

substations of electric power network and its effect on the connectivity loss of water supply 

system. At this stage, there is an ongoing process of implementing, and checking through 

application examples, as the one presented herein, the various new modules of the 

SYNER-G+ approach in OpenQuake.  

A simplified model of the water supply system (WSS) of Thessaloniki, considering only 

the main lines, is shown in Figure 2, consisting of pumping stations, storage tanks, 

pipelines and demand nodes. Interdependencies with electric power network (EPN) is 

taken into account considering the functionality of transmission substations to ensure 

electricity supply to pumping stations. The EPN substations are also shown in Figure 2. 

For the seismic hazard analysis, the scenario of the Mw 6.5 1978 Thessaloniki earthquake 

was applied using the OpenQuake engine. The event was simulated as an earthquake 

rupture using the fault rupture model by Roumelioti et al. (2007). For strong ground 

motion modelling, we used the GMPE model for active shallow crustal regions by Akkar 

& Bommer (2010). The local soil conditions are available for Thessaloniki from its 

microzonation study (Anastasiadis et al., 2001).  
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Figure 2: Water supply system and transmission substations of electric power network of 

Thessaloniki  

The calculated spatial variability of the appropriate intensity measures, namely PGA and 

PGV, have been then used to perform the vulnerability and damage analysis for each 

vulnerable component, i.e. transmission substations of EPN and pumping stations and 

pipelines from WSS with the help of appropriate fragility curves. Three types of 

substations are identified, i.e., as closed type, opened type and the mixed type and the 

fragility model is employed from SRMLIFE (2007). For simplicity, all the pumping 

stations are considered to be anchored components in low rise R/C buildings with a high-

level seismic design using adequate fragility curves employed from SRMLIFE (2007). For 

the pipelines, the fragility model is employed from  ALA (2001).  

After obtaining the damage state of each component, the next step is to model 

interdependencies and perform the connectivity analysis. Here, the interdependency 

considered refers to the linkage between electric transmission substations of EPN and 

pumping stations of WSS. It means that the functionality/operability of the pumping 

stations is not only dependent on its own vulnerability/damageability but also on the 

functionality and damages of the particular substation through which it gets an electric 

supply. The overall impact to the WSS is measured with an appropriate performance 

indicator, which in this case is the water connectivity loss (WCL). WCL gives the ratio of 

isolated demand nodes before and after the earthquake event. Box plot showing the value 

of WCL with and without interdependencies is shown in Figure 3. From this figure, it can 

be seen that the mean value of the water connectivity loss is increased from 0.048 to 0.082. 

Therefore, the effect of interdependencies is important and should be taken into 

consideration while analyzing the performance of WSS.   
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Figure 3: Box plot of water connectivity loss with and without interdependencies 

Assuming that the resources are limited both in terms of budget and manpower, the 

authorities may need to prioritize the mitigation strategies in the preparedness periods and 

the recovery phase. So, after knowing the overall impact to the WSS considering its own 

vulnerability, intra-dependencies between its components and the EPN, it is now necessary 

to identify the critical component for efficient mitigation and recovery planning. In this 

example, it has been decided to analyze only the 6 main transmission substations shown in 

Figure 2.  

The functionality of transmission substations themselves and the connectivity of those 

substations to pumping stations and eventually to demand nodes are the two factors that 

should be analyzed to check their effect on the performance of WSS. The functionality of 

the transmission substations is again dependent on its own vulnerability and the 

connectivity with other components of EPN. However, as transmission substations are the 

only components of EPN considered to be vulnerable, connectivity with other components 

of EPN is out of the scope in this study. Figure 4 shows the probability of the damage state 

of each transmission substation obtained from the OpenQuake engine according to the 

numbering given in Figure 2.  From this figure, we can observe that substation number 6 is 

the one most prone to damage due to its own vulnerability (without considering any 

interdependency). Secondly, the effect of each transmission substation to the pumping 

stations eventually impacting the demand nodes was checked in terms of network topology 

or connectivity. This was done by evaluating the effect of the non-functionality of each 

transmission substation assuming that the rest of the components of the whole system are 

not vulnerable in terms of water connectivity loss. This would help to see the effect of each 

particular transmission substation alone on the whole system applying network topology. 

Results of the effect of the non-functionality of each substation are shown in Figure 5. 

From this figure, we can observe that substation number 6, followed by 4 and 5, are the 

substations with higher interdependence with the WSS, impacting the overall connectivity 

loss. Transmission substation number 6, which is of closed type, is the most vulnerable in 

itself and also, produces the highest impact to the water connectivity loss. Regarding 

transmission substations 1-5, we can see that the probabilities of damage for all of them are 

comparable (Figure 4); however, substations 4 and 5 affect more the WCL followed by 2 

and 3. The results of this analysis, performed with the OpenQuake platform after 

integration of the SYNER-G methodology, allow us to identify the priority for the 

mitigation measures, allocation of redundant power supply and the actions in the recovery 

process, with respect to the impact on the water supply system.  
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Figure 4: Probability of damage of each transmission substation  

 

Figure 5: Effect to water connectivity loss due to failure of each transmission substation 

6. Conclusions 

In this paper, we shortly described the importance of a systemic approach while modelling 

the seismic risk assessment of interconnected critical infrastructures and utility systems. 

For that the SYNER-G approach has been used, which, while is a robust approach in itself, 

still has limited usage at present in the disaster risk reduction field. Therefore, it has been 

decided to incorporate the components and conceptual tools developed in SYNER-G in a 

powerful, globally used, user-friendly tool like OpenQuake to allow extensive usage by 

many stakeholders’ communities. The abstraction of the methodologies and framework of 

the SYNER-G is in process to be incorporated in the OpenQuake platform, which is 

expected to boost the platform towards seismic risk assessment of critical infrastructures 

including networks and eventually the systemic approach.  

To demonstrate the capabilities of the prospecting SYNER-G+, i.e. the integration of 

SYNER-G approach in OpenQuake, we selected to show here an application of the effects 

of the interdependencies between the water supply system and the electric power network. 

The results highlight the way the impact of the interdependencies between interacting 

systems may be evaluated through this promising incorporation of the systemic approach 

in an existing powerful hazard and risk assessment tool like OpenQuake. 
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Abstract: National seismic risk assessment for Montenegro was for the first time conducted 
after a devastating earthquake in 1979. It was based on extensive researches on 
consequences of the earthquake on the built environment. It is well known fact that seismic 
risk is a variable category since almost all the risk dimensions change over time. For that 
reason the seismic risk assessment studies must be periodically updated. Unfortunately, in 
Montenegro this was not the practice in past. Nowadays, Montenegro is among the Nations 
that participate in “Sendai Framework for Disaster Risk Reduction 2015-2030”. In order to 
meet the objectives of the Framework first priority, Department of Civil Protection 
conducted the evaluation of natural risks with the fundamental support of scientific 
community, at the end of 2021. The seismic risk assessment, as the part of this 
comprehensive study, was done in accordance with EU guidelines to ensure consistency and 
comparability in process of prevention, preparedness and planning with EU member states.  
Many challenges have emerged in this process and some of them will be discussed in this 
paper. The applied methodology as well as the main uncertainties related to vulnerability 
and exposure will be presented. Selection of impact indicators and aspects of final results 
presentation will be briefly described. 

Keywords: vulnerability, exposure, earthquake, impact indicator 

1. Introduction  

After devastating earthquake in Montenegro that happened over 40 years ago, a period of 
strong social activism of all relevant institutions in actions related to reducing seismic risk 
ensued. Some very important strategic documents have been produced among which is the 
first seismic risk assessment done in 1984, whose initial purpose was to be used as 
preparatory document for The Spatial plan (1986-2000). This study (Petrovski, J et al. 
(1984)) was based on research of the consequences on 40 000 affected facilities in six 
coastal and two central municipalities. Analysed facilities were not only residential but 
also facilities with cultural, tourism and education occupancy. This study was never 
updated and since risk is strongly dependant on parameters that changes over time such as 
exposed people, exposed buildings, vulnerability of structures and etc., an update of 
assessment is necessary. 

At the end of 2021 National risk assessment (NRA) (Tmusic et al. (2021)) was developed 
by the leadership of Department of Civil Protection (DCP), Ministry of interior, in 
response to specific requirements for state of Montenegro.  NRA was done by the 
fundamental help of scientific society that DCP coordinated trough their work. NRA arose 
from the obligations that Montenegro has as a candidate country for joining the European 
Union and the one of the nations that took part in “Sendai Framework for  Disaster Risk 
Reduction 2015-2030”. The state of Montenegro, in order to fulfil the first priority 
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(understanding risk) had an obligation to assess natural and technical-technological risks 
and to prepare a Risk Assessment, also planed in the dynamic action plan for 2018-2023 of 
Strategy for Disaster Risk Reduction for Montenegro. Seismic risk assessment is among 
totally 9 different natural and technical-technological risks (seismic, landslides, climate 
changes, floods, forest fires, epidemics, technical accidents, nuclear accidents, accidents in 
critical infrastructure) addressed by this document. Researchers from University of 
Montenegro, Faculty of Civil engineering and national Seismological Institute actively 
participated in this project, and their effective collaboration, under the guidance and 
coordination of DCP, led to new national seismic risk assessment. 

To produce document in coherence with risk assessments of EU member states, EU 
guidelines (EU Risk (2010)) were used. This is the way to promote common understanding 
of risks and possibly to facilitate common actions in prevention and mitigation of shared 
risks. This document is a preparatory document to be used in all future actions in risk 
prevention and preparedness. 

In the process of developing seismic risk assessment many challenges have emerged, some 
of which will be presented in this paper. A brief description of the used methodology and 
discussion on the main uncertainties in risk calculation will be reported for two physical 
parameters that contribute to seismic risk: vulnerability and exposure. Selection of impact 
indicators and aspects of final results presentation will be briefly described. Also, 
limitations of solutions selected for overcoming the challenges in assessment process were 
identified (here is important to notify that very strict time limitation existed for performing 
the assessment) and discussed as well as recommendation for future updates of NRA were 
made.  

2. Applied methodology and challenges  

As previously stated to develop seismic risk assessment EU guidelines and standards were 
used.  According to ISO 31010, risk is defined as a combination of the consequences of a 
hazard with specific probability of its occurrence. Also, consequences are considered to be 
the negative effects of a hazard expressed in quantitative manner trough impact indicators. 
Impact indicators can be various and may address human loses, economical loses, 
environmental impacts, political and social impact, etc. In the case of many natural 
hazards, such as an earthquake, impacts are independent of the probability of occurrence of 
the hazard, an risk can be expressed by the equation: 

	 	 ∗ ∗ 	                                                              (1) 
 

Seismic risk (Eq. (1)) can be interpreted as a convolution of probability of occurrence of 
hazard (p), vulnerability of community and assets (V) and their exposure (E). Vulnerability 
is a tendency of specific assets/property/system to experience certain level of damage when 
exposed to hazard with certain level of intensity, while exposure is total number of people, 
property, systems and other elements in hazard prone zones. In order to realistically assess 
risk all three components must be carefully estimated taking into account as much as 
possible regional characteristics. 

Risk, whenever possible, should be expressed trough quantitative parameters, called 
impact indicators. Impact indicators generally are divided into three categories: human 
impacts, economic and environmental impacts and political/social impacts.  First two can 
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and should be expressed in quantitative manner (i.e. number of deaths or injured people, or 
direct losses expressed in Euros or other currency), while for political/social impacts semi-
quantitative scale can be used to express important factors such us: public outrage and 
anxiety, encroachment of the territory, infringement of the international position, violation 
of the democratic system, etc. 

Visual representation of risk is done using risk matrix. Risk matrix is two dimensional 
chart with horizontal axis represent likehood of seismic event and vertical axis represent 
the certain impact. Finally, risk is assessed as low risk, moderate risk, high risk or very 
high risk/catastrophic, depending on level of consequences and event likehood. In 
Montenegro (see Fig.1) the used matrix is giving extra weight to likehood so events with a 
higher probability of occurrence will more easily produce risk that will be assessed as 
catastrophic or high risk regardless of the lower level of consequences (impacts). This is in 
line with Civil Protection need to take actions for events that pose the greatest threat.  

 
Fig 1. Risk matrix used in Montenegro 

 

To access in more detail way the seismic risk in Montenegro, two risk scenarios are 
developed for representation of the earthquake events with significant impacts. These 
scenarios are developed by researchers from Seismological Institute of Montenegro. In this 
paper challenges in developing scenarios will be only briefly discussed, to facilitate paper 
reading, since they are out of the scope of authors expertise. 

3. Challenges in developing risk scenarios  

 The working group decided to develop two earthquake scenarios with return period of 95 
and 475 years. Definition of scenarios implies defining the location, magnitude, intensity 
distribution, and soil amplification factors, time of occurrence and duration of an 
earthquake event. Tasks related to computing location and magnitude of an earthquake, 
intensity distribution and soil amplification factors will not be discussed here ( see Tmusic 
et al. (2021)). Scenarios developed in Montenegro are semi-probabilistic since the global 
location and time of occurrence needed to be defined very precisely. Here it is necessary to 
say that seismic hazard maps are developed for Montenegro, but it is concluded that using 
them as input would produce more conservative earthquake consequences results since 
maps are computed as statistical forecast of the maximal values of the earthquake 
parameters over the whole territory of the country.  

Choosing the adequate hypocentre location was challenging process, since Montenegro is 
located in seismic hazard prone. Based at historical data, three main locations were 
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candidates for location of scenario earthquake (each could produce similar intensity at 
epicentre zone): entrance to Bay of Kotor (south-west scenario), location at Budva 
municipality (central scenario) and location at municipalities Bar and Ulcinj (south-east 
scenario). South-east scenario was selected for further elaboration, after the consultations 
held with other entities and authorities in the field of economy and economic development. 
The decision was made having in mind the consequences that the earthquake would have 
on significant infrastructure facilities located in the most affected epicentre area, and based 
on the share of economic activities that take place in the area in total gross domestic 
product (GDP). However, it should be emphasized that all the considered locations belong 
to the most developed regions of Montenegro, with similar impact on GDP and that 
selection of economic criteria as principal should be supplemented in future with other 
criteria i.e  capacity for response, affected number of people in vulnerable groups, etc. 

Possibly, the future updates of the seismic risk assessment can include risk scenarios 
developed for other two stated locations. It is important to emphasise that for both 
developed scenarios, time of earthquake events occurrence is assumed to be during the 
summer season at night, since it is a time when the occupation of buildings is increased 
due to presence of tourist (whose number, as the data showed, exceeds the number of the 
resident population in that area). For an update of seismic assessment other time frames 
could be consider too. 

4. Challenges and uncertainties in exposure modelling  

Exposure modelling implies description of buildings, assets and population of interest in 
seismic prone zones. Modelling of exposed people is not only their geographical positioning, 
but also their positioning in a certain typology of residential facilities. These facilities must be 
classified in a manner so that those classes can be easily assigned to certain structural 
vulnerability.  

Based on available census data, residential population of Montenegro can be located at certain 
municipalities (as the unit of census data) and expressed as the exact number of people that live 
at certain municipality. Still, there is no systematic data base on residential buildings or 
building with commercial use that can provide: their location, structural typology, building 
material and number of floors. All these crucially important data for exposure modelling are 
not unfortunately collected during the census. This “lack” of data is to some extent present in 
all countries, and this was one of the main challenges that the authors faced during the 
research. Only possible way to conduct the study, at that point, was to use some of the existing 
developed models for the exposure. In Montenegro, for the purpose of national seismic risk 
assessment, SERA exposure model (SERA (2020)) is used. This model is based on 2011 
census data. 

The SERA exposure model provides the distribution of common structural systems of 
residential buildings in the territory of Montenegro with regard to the year of construction.  
Model is based on expert opinion and data from neighbouring countries. Fig. 2 presents one of 
the SERA model assumption for distribution of common structural systems in urban areas for 
certain time period.  For producing such model from census data, available data on the number 
of dwellings have been translated into the number of buildings, introducing the assumption of 
the number of dwellings in certain building typology and their number of storeys. Based on 
authors experience and knowledge as well as relevant documents (Protect and rescue plans 
developed by local civil protection units for certain municipalities), certain deviation from real 
site conditions in SERA model were observed such as overestimating the number of RC 
buildings especially in north region. At the time being, SERA model is used as it is. For the 
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future updates of seismic risk assessment some corrections can be made based on a modified 
SERA model, which is already under development by the authors. 

 

 
Fig. 2 - Distribution of common structural systems by year of construction for urban areas SERA 

(2020) 

  
One of the limitation in data usage was the publically availability of population census 
data. At this moment census unit data is municipality, so in the case when one municipality 
is divided into several intensity zones the assumptions about the percentage of the 
population that belongs to a certain zone of seismic intensity must be introduced.   It would 
be useful that census data on population can be used in non-aggregated form. In that way 
population exposure would be more accurately modelled. 

Seismic risk assessment is at the time being mostly focused on residential building, this is 
the practice in most countries that produced their NRA. Facilities with commercial use, 
healthcare facilities, educational facilities and important government facilities exposure 
model is not consider. Still, on the level of post-earthquake functioning of these facilities 
strongly influence the third group of impacts indicators (political/social indicators). In 
future an effort should be made to collect the information on structural typology of non-
residential facilities and to develop modern and usable database. Work should also be done 
on collecting data on cultural and historical monuments and critical infrastructure facilities 
(roads, railways, bridges, tunnels, ports etc.). It is worth to mention that Montenegro 
seismic risk assessment, unlike the most others countries assessments, at some extent 
included risk assessment for roadways since adequate data on exposure existed. 

5. Challenges and uncertainties in vulnerability modelling, Selection of impact 
indicators. 

To access the vulnerability of exposed assets in Montenegro the European Macro seismic 
Scale EMS-98 (1998) methodology was used. According to this methodology, buildings 
are categorized into four types of structures (by material) and six classes of vulnerability 
(from A to F). A is the most vulnerable class, while F is the least vulnerable class. Five 
degrees of damage levels for masonry and reinforced concrete structures are defined. 
Mainly challenges and uncertainties related to the application of this methodology can be 
summarized as follows: 

1) Due to the lack of data on possible retrofitting or weakening of building structural 
systems, it was necessary to introduce the assumption that all buildings of the same 
type are in the most probable class of vulnerability i.e. all confined masonry 
structures are placed in D damage class, even it is likely that some of masonry 
structures can belong to lower C or higher E vulnerability class. 
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2) In Montenegro there are no systematized data on vulnerability of building 
typologies characteristic for local construction conditions. At this point damage 
probability matrices were used (Table 1 shows such matrix for C vulnerability 
class). Quantitative parameters for the terms few, many and most are adopted based 
on expert judgment. For further research and future updates of seismic NRA it 
would be desirable to develop vulnerability curves for traditionally present building 
typology. This of course implies strong involvement of the scientific community 
and investments in seismic vulnerability assessment projects for traditional housing 
in Montenegro.  

 
Table 1. Damage probability matrix for vulnerability class C 

  Vulnerability class C

Intensity 
 

Level 1 Level 2 Level 3 Level 4 Level 5 

VII Few 
VIII Many Few 
IX Many Few 

 

 
3) Representation of the earthquake intensity by EMS scale is justified, but also 

intensity represented through value of peak ground acceleration or other more 
efficient intensity measures should be considered.  

After the calculation of damages on exposed assets, adequate selection of impact indicators 
is necessary that promote good emergency planning, enhance preparedness measures and 
enforce quality response in mitigation seismic risk. Following impact indicators are 
selected in Montenegro: expected number of deaths, injured and homeless people, 
expected number of collapsed and unusable buildings, direct economic losses (calculated 
as sum of cost of repair of residential buildings, cost of health care, and cost of repair of 
road infrastructure). Calculation of these parameters in quantitative manner was done by 
using adequate modelling techniques found in literature HAZUS (2003), IRMA (2018).  
Indirect economic loses are calculated, were possible, based on expert judgment and data 
from earthquake in 1979. Political/social impact indicator included semi-quantitative 
indicators for assessment of consequences on: functioning of government, psychosocial 
condition of people, internal political stability, the foreign policy and international position 
of the state. To calculate consequences of the critical infrastructure non-functioning 
(electricity and drinking water supply) some quantitative indicators were also introduced. 
Clearly data collection on costs of structural repair and health care and other services were 
the huge challenge in process, while i.e. assessment of number of injured and homeless 
people were done according to literature, still improvement is possible. Further 
improvement of NRA can be done by considering: 

1) Development of mathematical models for calculation of impact indicators from 
damages and consequences of Montenegro earthquake 1979, what would take into 
account local conditions, features and living habits in Montenegro  

2) Development of a national database on damage and losses due to earthquakes and 
other hazards could benefit to all future assessments, in order to produce a reliable 
source for studies on the NRA. One of the major challenges in the work of the 
NRA was the collection of data on the cost of services in the construction industry, 
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tourism, healthcare, but also the cost of non-functioning or critical infrastructure 
(roads, railways, power supply, water supply etc.) 

3) All the results at the end should be represented to end users in way that facilitates 
their the decision making process when planning reactions in emergency situations, 
planning preparedness or risk treatment measures. One possible outcome of NRA is 
created risk map. NRA 2021 did not produce seismic risk maps; only seismic 
scenario hazard maps were developed. In the spirit of increasing awareness of the 
seismic risk and in line with the tendency to digitize data, one possibility to present 
the results is an interactive web platform that would make an overview of the 
results easier. The authors are currently working on that task. 
 

6. Conclusions  

For the first time since 1984, when seismic risk assessment for Montenegro was 
conducted (but never updated),  at the end of 2021 as part of the project led by 
DCP, with the fundamental help of scientific community  (University of 
Montenegro, Faculty of Civil Engineering and the Institute of Seismology) a new 
study on seismic risk was prepared. The process of developing the document was 
accompanied by many challenges and some of which were presented in this paper. 
Most of the challenges during the research concern lack of data in the exposure 
model i.e. accurate spatial distribution of population and facilities, lack of building 
typology data, data on vulnerability of traditional housing facilities in Montenegro. 
To overcome shortcomings in the assessment process some assumptions were 
introduced, and where necessary, models from the literature were adopted. 
Limitations of those assumptions and models were identified and disused in this 
paper and recommendations for future update of seismic NRA were made.  
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Abstract: Urban historic centers, represented by unreinforced stone and brick masonry 

structures constructed before the introduction of a more demanding seismic design code, are 

important part of the cultural heritage. Beside their cultural-historic value, they usually 

represent important economic and touristic centers. Consequently, the vulnerability 

assessment of historic masonry buildings in a given urban area, is a key prerequisite for 

evaluating global risk. The considered vulnerability index method, obtained by the 

calculation of a score for a building as weighted sum of characteristic parameters related to 

the building’s seismic response and distributed into vulnerability classes, represents an 

innovative hybrid methodology for bridging the gap between empirical and analytical 

methods providing initial seismic vulnerability assessment. The knowledge gained through 

reviewing the literature, has been used to set-up of vulnerability index method, harmonized 

with the specific characteristics of urban historic centers in N. Macedonia. The paper will 

present selecting the specific independent parameters, characteristic for the urban historic 

center in the old part of the city of Skopje and establishing the relation between the chosen 

specific parameters and the vulnerability class levels for each of them, as well as calibration 

od the weight parameter by ranging the importance of each of the parameters.  

Keywords: Vulnerability assessment, historic centers, masonry structures  

1. Introduction  

Urban historic centers are important part of the cultural heritage. Beside their cultural-

historic value, they usually represent important economic and touristic centers. Within the 

broad range of construction techniques and building materials that might be included in the 

urban historical centers, seismically very vulnerable unreinforced stone and brick masonry 

structures, constructed before the introduction of a more demanding seismic design code, 

are one of the most common not only in Europe, but worldwide. 

On the territory of the historic city of Skopje, various cultures and spheres of influence 

intertwined, whose material remains have always attracted the interest of scholarly circles. 

Each of these cultures left its own mark both in the material and spiritual culture of the 

people. However, it seems that the Ottoman presence of five hundred years (XIV to early 

XX century) left a special mark and permanent traces in the physiognomy of the city which 

in this period achieved their cultural and economic rise.  

In addition, for urban historic center located in one of the seismically most active regions 

in Europe, the vulnerability assessment of historic masonry buildings in this urban area, is 

a key prerequisite for evaluating global risk. Within the framework of this work, the 

available literature on seismic vulnerability assessment of historical centers, that has been 

accumulated over the past decades and calibrated based on broad damage data obtained 

from post-earthquake damage surveys, has been chosen. The gained knowledge has been 
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used to set-up of vulnerability index method, harmonized with the specific characteristics 

of urban historic center in Skopje, the capitol of N. Macedonia. 

2. Historic center of Skopje (Old Bazaar) and its recent seismic history 

The capital city of Skopje is situated in the Skopje valley on the banks of the biggest 

Macedonian river Vardar. Next to the river is located heart of the city, the old part of 

Skopje, known as Skopje Old Bazaar, (Figure 1). It is one of the oldest and largest 

marketplaces in the Balkans and its trade and commerce center since at least XII century. 

Besides, it is known for its cultural and historical values. Although Ottoman architecture is 

predominant, remains of Byzantine architecture are evident as well, while recent 

reconstructions have led to the application of elements specific to modern architecture. 

   

Fig. 1 - Skopje Old Bazaar 

The Ottoman influence left a special mark and permanent traces in the physiognomy of the 

historic city of Skopje. The building of Ottoman structures reached its peak in the XV and 

XVI century, when a large number of mosques, baths, covered bazaars, inns and other 

facilities, mostly visible in the old part of today’s Skopje, were built as a reflection of the 

economical and politic circumstances, and represent an expression of the cultural and 

artistic tendencies and potentials of respective periods. Among them, Mustafa Pasha, 

Sultan Murat and Ishak Bay Mosques are among the oldest and best-preserved mosques in 

the Balkan region, while Kurshumli Inn, Suli Inn and Kapan Inn, all of them from XV 

century, together with Chifte Hammam and Daut Pasha Hammam represent the 

commercial and public bath areas. In addition, the presence of individual commercial 

buildings should be emphasized. They form almost 70% of the structure of the entire 

historic center. 

   

Fig. 2 - Typical street in the Skopje Old Bazaar 

The urban configuration of the historic center of Skopje is characterized with huge 

authenticity. The buildings are placed in the irregular urban mesh, with a couple of main 
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quite wide streets and the narrowness of the other streets and passes between them. A great 

percentage of the built urban stock is constituted without any earthquake resistant criteria. 

The masonry walls constitute the main structural elements with the timber floor slabs 

resulting in a very simple box-type structure. Brick and stone masonry are the most 

common building materials but adobe masonry with timber bracing can be found too. 

Regarding the geometry in height, the buildings usually are constituted by ground floor, 

one or two elevated floors (Figure 2). 

During XX century, the region of Skopje was affected by series of damaging earthquakes, 

which lasted from August to September 1921 with a magnitude of 4.6 to 5.1. Besides the 

local earthquakes, region of Skopje has suffered several times from earthquakes occurring 

at a distance. 

In the early hours of July 26, 1963, Skopje was struck by an earthquake with magnitude 

6.1, one of the most severe catastrophes in its history. The entire territory of SR Macedonia 

was shaken with intensities varying between V and IX, MCS. Major earthquake effects 

were manifested by loss of 1070 human lives and 3300 injuries, destruction and severe 

damage to a large number of buildings and other public and social facilities, damage to the 

infrastructure, lifelines, urban furniture, etc. Damage to existing buildings was tremendous. 

Out of the total building area 80.7% was destroyed or heavily damaged and about 75.5% of 

the inhabitants were left homeless. Only 19.7% remained non - or slightly damaged, 

which, in accordance with the damage and usability criteria were usable immediately after 

the earthquake, (Petrovski 2013) (Velkov 2013). 

In addition to the damage to residential and public buildings the catastrophic 1963 Skopje 

earthquake inflicted inestimable damage to cultural monuments and historic buildings. The 

entire monument fund of historical center of Skopje was damaged, while part of it was 

destroyed. Damages were manifested by failure of individual parts of the structures, large 

cracks, inclination and deformations of the walls, the vaults, the columns and other 

structural elements. 

Through the years following the catastrophic earthquake, there were works on protection 

of cultural historic structures considering their value and importance. Structural 

consolidation has been performed in the first phase, while during the renovation of the 

buildings, particularly those adapted to modern needs whose structural systems did not 

provide the necessary seismic safety, the principle of repair and seismic strengthening has 

been applied, involving reinforced concrete bearing structure, columns and belt courses 

interconnected and incorporated into the existing masonry. Cement as a material was also 

applied in repair of the medieval churches and monasteries through injection of the 

occurred cracks or rebuilding of the ruined parts and seismic strengthening 

On September 11, 2016, the city of Skopje and its surroundings was hit by a series of 

earthquakes with main shock of moderate size moment magnitude of 5.1. The main shock 

was felt in the urban city area with intensity of about VI to VII degrees according to EMS. 

Immediately after the occurring of the main shock, an activity of rapid visual screening 

was performed by IZIIS, within a framework of which 15 cultural heritage buildings and 

monuments were inspected, located in the old historic part of the city, (Shendova et al. 

2018) 

As known from history, interventions to a different extent have been taken in the past for 

all monuments in Skopje region, (National Concervation Center 1983). Table 1 presents 

the list of the inspected monuments along with the information on their previous 

interventions and damage level during the last earthquake. After the fast visual screening 

vast majority of inspected monumental buildings were assessed as safe and usable, since 
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their damage varies from slight non-structural one, (failing of pieces of mortar or bricks 

from the cornices or facade walls, hair cracks in mortar joints on facade walls and ceiling, 

breaking of glass from large windows), to very localized or negligible structural damage, 

(initial cracks to the walls and ceiling elements, falling of large patches of mortar from 

wall and ceiling surface, considerable cracks or partial failure of chimneys). However, 

there are isolated cases of considerable structural damage manifested as widening and 

elongating of older cracks or occurring of newly developed cracks, usually in the walls or 

along with the connection between the walls and vaults or domes. 

Table 1. List of inspected cultural heritage buildings and monuments 

Monument/ Historic 

building 

Period of 

construction 
Previous Intervention Damage description 

Church of Holy 

Salvation 

1817-1824 

(XIV century 

foundation) 

Repair, partial 

reconstruction, 

conservation, adaptation 

Extension of old minor cracks, 

Occurrence of new minor cracks 

between walls and ceiling surface 

Suli Inn 
First half of 

XV Century 

Reconstruction, 

strengthening with RC 

vertical and horizontal belt 

courses  

No new structural damage, 

Failing down of large windows 

Aladza Mosque 
Beginning of 

XV century 

Reconstruction of porch 

with RC elements, 

conservation, adaptation 

Cracks on north and south main 

vault, continuing into adjacent 

domes, failing of mortar from 

central dome 

Hadzi Balaban 

Mosque 
XV Century 

Replacement of original 

dome with wooden roof 

structure 

Separation of bearing walls from 

pendentives  

Bezisten, the central 

part of Old Bazar 

XIX century 

(XV century 

foundation) 

Repair, consolidation, 

adaptation 

Extension of old cracks in the 

walls, visible separation of bearing 

walls from ceiling structure 

Daut Pasha Hammam XV century 

Repair, consolidation, RC 

vertical and horizontal belt 

courses 

Major cracks in entrance dome, 

failing of mortar and cornices from 

facades, extension of old cracks  

Cifte Hammam 
First half of 

XV century 

Repair, consolidation, RC 

vertical and horizontal belt 

courses 

Initial minor cracks in bearing 

walls and over the openings 

Kurshumli Inn 
First half of 

XVI century 

Repair, reconstruction, 

strengthening with RC 

vertical and horizontal 

elements 

Structural damages along the walls 

and vaults, disturbed local stability, 

failing of partition wall, roof stones 

and chimneys 

Kale fortress XIV Century 

Repair, consolidation, 

adaptation, reconstruction 

with RC elements 

Minor cracks as extension of old 

one 

Sultan Murat Mosque XV Century 

Repair, strengthening with 

RC vertical and horizontal 

elements 

Initial cracks between walls and 

vaults, failing of mortar, extension 

of old cracks 

Mustafa Pasha 

Mosque 
XV Century 

Repair, dome strengthening 

with RC ring, upgrading 

with CFRP in 2006 

No visible cracks 

St. Panteleymon 

Church 
XII Century 

Repair, strengthening with 

RC vertical and horizontal 

elements 

Minor cracks in bearing walls. 

Failing of mortar from facades 

Hussein Shah Pasha 

Mosque 
XVI Century 

Repair, strengthening with 

RC horizontal elements 

Minor cracks in bearing walls. 

Failing of mortar from facades 

Historic building in 

the Old Bazar 
XIX Century 

Repair, consolidation, 

adaptation 

Structural damage, disturbed local 

stability 

Historic building in 

the Old Bazar 
XIX Century 

Repair, consolidation, 

adaptation 

Disturbed global stability (old 

substandard adobe structure) 
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3. Harmonized vulnerability index for urban historic center of Skopje  

The vulnerability assessment of historic masonry buildings in a given urban area is a key 

prerequisite for evaluating global risk. This is not only important because of the obvious 

physical consequences in the possible occurrence of an event but also because of its 

relationship with human presence and evacuation support systems, which are essential aspects 

in the definition of effective risk reduction strategies. The combination between vulnerability 

assessment of existing buildings and the implementation of appropriate seismic retrofitting and 

emergency planning solutions can help to reduce physical damages, human losses and critical 

emergency conditions for the population, as well as the economic impact of future events. 

The available literature on seismic vulnerability assessment of historical centers, related to the 

collected data that has been accumulated over the past decades about post-earthquake damage 

surveys and interventions in the historical center of Skopje, opens a unique opportunity to set-

up of vulnerability index method, harmonized with the specific characteristics of the specified 

urban historic center. This was the starting point of the internal IZIIS’ project as a contribution 

to the governmental long-term project on Skopje Old Bazaar revitalization. 

The considered vulnerability index method represents an innovative hybrid methodology for 

bridging the gap between empirical and analytical methods and provides seismic vulnerability 

assessment by using simplified scoring method. This method has been originally developed by 

(Benedetti et al. 1984), adapted and applied to several historic centres in Portugal (Vicente et 

al. 2011), (Ferreira et al. 2013), (Maio et al. 2015), and calibrated using post-earthquake 

damage data, (Ferreira et al. 2017). This methodology also has been successfully calibrated 

and implemented for vulnerability assessment in order to evaluate, manage and mitigate the 

earthquake risk in the historical center of Coimbra, Portugal, with the urban configuration very 

similar to Skopje old Bazar, (Zlateski et al. 2020). 

The vulnerability index is obtained by the calculation of a score as the weighted sum of 14 

parameters, 

                                                                          (1) 

Table 2. Vulnerability index associated parameters classes and weights 

Parameters 
Class, Cvi Weight, pi 

A B C D Original Calibrated 

1. Structural building system             

P1. Type of resisting system 0 5 20 50 0.75 2.50 

P2. Quality of resisting system 0 5 20 50 1.00 2.50 

P3. Conventional strength 0 5 20 50 1.50 1.00 

P4. Maximum distance between walls 0 5 20 50 0.50 0.50 

P5. Number of floors     1.50 0.50 

P6. Location and soil condition 0 5 20 50 0.75 0.50 

2. Irregularities and interactions           

P7. Aggregate position and interaction 0 5 20 50 1.50 1.50 

P8. Irregularity in plan 0 5 20 50 0.75 0.50 

P9. Irregularity in height 0 5 20 50 0.75 0.50 

3. Floor slabs and roofs           

P10. Alignment of openings 0 5 20 50 0.50 0.50 

P11. Horizontal diaphragms 0 5 20 50 1.00 0.75 

P12. Roof systems 0 5 20 50 1.00 0.50 

4. Conservation status and other elements           

P13. Fragilities and conservation status 0 5 20 50 1.00 1.00 

P14. Non-structural elements 0 5 20 50 0.50 0.75 
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Each parameter shown in Table 2 covers one aspect related to the building’s seismic 

response and is distributed into four vulnerability classes (cvi) of growing vulnerability: A, 

B, C and D, while two sets of weights show those originally proposed and recently 

calibrated by post - eq data, (Ferreira et al. 2017). 

Beside the weight parameter, essentially the most important issue in this method is to 

prescribe the vulnerability class for each of the parameter, which should be in relation with 

the specificity of historic buildings in the urban historic center in consideration. The most 

important part of this harmonization is setting up the specific independent parameters, 

characteristic for the urban historic centre in the old part of the city of Skopje, capital of 

North Macedonia, and establishing the relation between the chosen specific structural 

parameters and the vulnerability class levels A, B, C, D for each of them. 

Based on the acquired knowledge for Old Bazaar’ structures, what follows are established 

relation between the chosen specific independent structural parameters, (P1, P2, P4, P5, 

P6, P7, P8, P9, P10 and P11) and the vulnerability class levels, (Table 3, 4, 5, 6). The 

content of the Tables 3, 4, 5 and 6, along with the corresponding schemes and necessary 

explanations, like those presented on Figures 3, 4 and Figure 5, represent the part of 

harmonized vulnerability index regarding the independent parameters and associated 

vulnerability class levels, specific for the historic buildings in Skopje Old Bazaar. 

Table 3. Harmonized independent parameters associated to vulnerability class, Type of resisting system P1, 

Quality of resisting system P2 (P3, P13) 

Class 

C
vi

 
P1 

Resisting system 

P2, Quality of resisting system P3, P13 

Cracked 

stiffness 
Mortar 

w 

kN/m3 

fc 

kPa 

ft 

kPa 

E 

MPa 

G 

MPa 

A Confined masonry Cement 22 800 40 4200 1400 1.00 

B Brick/stone masonry Lime/cement 20 600 30 3300 1100 0.83 

C Brick/stone masonry Lime 19 400 20 2100 700 0.67 

D Adobe masonry Adobe mud 18 100 5 450 150 0.50 

Table 4. Harmonized independent parameters associated to vulnerability class, Distance between walls P4, 

Number of floors, P5, Location and soil type P6 

Class 

C
vi

 

P4 

Maximum distance between walls 

(l/d, h0/d) wall thickness: 

P5 

Number of floors  

P6 

Location and soil condition 

(according EN 1998-1) 

A 0.60 m 1 A 

B 0.50 m 2 B 

C 0.40 m 3 C 

D 0.30 m enlarging/ upgrading D, E 

Table 5. Harmonized independent parameters associated to vulnerability class, Position - interaction P7, 

Irregularity in plan P8, Irregularity in height P9 

Class 

C
vi

 P7 P8 

P9 

change in vertical 

elements’ geometry 

A Figure 3, a Figure 4, a 0% 

B Figure 3, b Figure 4, b up to 10% 

C Figure 3, c, d Figure 4, c (10 -20) % 

D Figure 3, e, f Figure 4, d (20 – 30) % 
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Table 6. Harmonized independent parameters associated to vulnerability class, Alignment of openings P10, 

Horizontal diaphragms P11, (Roof structure P12) 

Class 

C
vi

 
P10 

Alignment of openings 

P11, P12 

Horizontal diaphragms 

(Roof structures) 

A Figure 5, a, regular and aligned Rigid and well connected 

B Figure 5, b, horizontal misalignment Flexible and well connected 

C Figure 5, c, horizontal and vertical misalignment Rigid and poorly connected 

D Figure 5, d, large openings in ground floor Flexible and poorly connected 

 

Fig. 3 - Building position 

 

Fig. 4 - Plan regularity 

 

Fig. 5 - Alignments in openings 

With this part is prepared an understandable guideline for pre-earthquake vulnerability 

assessment of specific historic urban centre, which can be easily applied by the key target 

groups such as architects and civil engineers involved in the earthquake protection of 

structures pertaining to cultural heritage. The final aim is to be reached the vulnerability 

index method related to the specific independent parameters and associated vulnerability 

class levels, specific for the historic buildings in Skopje Old Bazaar. However, for making 

the vulnerability index method usable and applicable, it remains to calibrate the weight 

parameter, pi, by ranging the importance of each of the parameters (in terms of structural 

vulnerability). This should be done in near future with the application of the methodology 

of the entire historical center of Skopje, using and comparison of the knowledge from the 

past real events, and finally comparison with the results which uses the originally 

established methods. 

4. Conclusions 

The vulnerability assessment of masonry buildings in a given historical urban area is a key 

prerequisite for evaluating global risk which is defined as the probability of the occurrence 

of a seismic event of a certain intensity, at a specific site, during a determined period of 

time. The vulnerability analysis is not only important because of the obvious physical 

consequences in the possible occurrence of an event but also because of its relationship 
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with human presence and evacuation support systems, which are essential aspects in the 

definition of effective risk reduction strategies.  

In fact, the combination between vulnerability assessment of existing buildings and the 

implementation of appropriate seismic retrofitting and emergency planning solutions can 

help to reduce physical damages, human losses and critical emergency conditions for the 

population, as well as the economic impact of future events. Particularly regarding the 

seismic vulnerability assessment of masonry buildings in historical centers, the amount of 

knowledge that has been accumulated over the past decades, together with the broad 

damage data obtained from post-earthquake damage surveys, opens a singular opportunity 

to harmonized and calibrate effective seismic vulnerability assessment approaches. 

Given that the achievements were obtained as a result of recent knowledge in the field, 

calibrated methods using databases from previous earthquakes, as well as specific 

knowledge on the characteristics of the Old Bazaar’ historic buildings over time, the result 

are undoubtedly sustainable and could be successfully applied and easily modified in the 

case of a new event in the future.  

The proposed harmonized vulnerability index method, obtained by the calculation of a 

score for a building as a weighted sum of characteristic parameters related to the building’s 

seismic response and distributed into vulnerability classes, represents an innovative and 

effective tool for bridging the gap between empirical and analytical methods providing 

initial seismic vulnerability assessment. The knowledge gained through reviewing the 

available literature on seismic vulnerability assessment of historical centers, has been used 

to set-up of vulnerability index method, harmonized with the specific characteristics of 

urban historic centers in N. Macedonia. 
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Abstract: The reliable seismic vulnerability assessment of school buildings is of paramount 

importance to increase the safety of the school community and to allow the deployment of 

efficient and appropriate mitigation actions. Generic fragility curves for typical residential 

buildings are not always appropriate for school buildings which present several 

particularities. Under these considerations, three representative typologies of actual 

reinforced concrete (RC) school buildings in Thessaloniki, Greece are selected to conduct a 

detailed fragility analysis combining field inspection and structural monitoring data to 

advanced numerical modelling. Building-specific fragility functions are finally derived for 

the three selected school buildings based on three-dimensional incremental dynamic 

analysis (IDA) of the calibrated numerical models of the buildings. The procedure applied 

and the derived building-specific fragility functions may significantly contribute to reduce 

uncertainties associated with the vulnerability assessment specifically for school buildings, 

improving the robustness of decision-making procedures and risk mitigation strategies. 

Keywords: incremental dynamic analysis, structural monitoring, RC buildings, structure-

specific fragility curves, numerical modelling 

1. Introduction  

Probabilistic fragility curves are commonly used to assess the seismic vulnerability of 

buildings. However, fragility curves for residential buildings may be inappropriate for 

critical structures of high importance such as school buildings, potentially leading either to 

an underestimation or an overestimation of their actual vulnerability. Different parameters 

may affect the seismic structural performance and fragility of school buildings such as 

peculiar typology and construction materials compared to residential buildings, existing 

damages from previous earthquakes, progressive deterioration of material properties due to 

aging effects as many school buildings are very old, and chances in use that in the case of 

derivation of generic fragility curves are generally shortly considered or even neglected. In 

addition, generic fragility functions, which are widely used based on ordinary residential 

building typologies, are typically derived for common and rather simple structural 

typologies nor representative of school buildings. Therefore, special features such as the 

critical and societal importance of school buildings, which is generally reflected to the 

need of higher design, construction and safety standards, or the construction system 

including irregularities in plan and elevation, the presence of structural joints, material, 

mass, or even geometry characteristics that are particularly prominent in the case of 

existing school buildings, are generally not considered, increasing the associated 

uncertainties and risk. The present study aims at getting further insight into the 

vulnerability assessment of critical buildings such as schools, implemented in the 

framework of SAFESCHOOLS project (https://www.safeschools.gr/). Specifically, the 
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vulnerability of three typical RC school buildings in Thessaloniki, Greece, is assessed 

through a comprehensive methodology combining onsite inspection and monitoring data to 

advanced numerical modelling. The methodology results to the construction of building-

specific fragility functions for the three selected school buildings based on incremental 

dynamic analysis of the calibrated numerical models of the buildings.  

2. School buildings under study  

2.1. Description of structural characteristics 

Three school buildings of typical typologies in Thessaloniki municipality were selected as 

reference structures to cover different structural configurations, soil conditions, periods of 

construction, as well as levels of education (Figure 1). All three buildings are RC that is the 

most representative building typology in Thessaloniki.  

School building 1 (SB1) is a primary school building constructed in 1981 (Figure1). It is 

designed with low seismic code provisions according to the 1959 Greek seismic code 

(Royal Decree on the Seismic Code for Building Structures 1959) in which the dynamic 

features and ductility of the structure are neglected. It is a four-story RC structure with a 

total height equal to 14.0 m and an interstory height equal to 3.5 m. It is a symmetrical 

building with the longitudinal and transverse plan dimensions being equal to 15.0 m. The 

structural system of the building is characterized as a dual force resisting mechanism 

consisting of frames as well as RC walls. The RC walls are present along the perimeter of 

the structure while there are also internal walls. The foundation system is composed of 

isolated footings without tie beams. Soil subsurface conditions in the area refer to ground 

type C according to EC8 classification. 

School building 2 (SB2) is a secondary school building designed and constructed with high 

seismic code provisions (EAK2000) (Figure 1). It is a RC building made with a basement, 

ground floor and two floors. The floor plan is "L" shaped, and its external dimensions are 

50.75x20.50m. Due to the particular shape and significant dimensions of the building in 

plan, the superstructure of the building is divided by joints into two, structurally 

independent, parts, namely part A and B. The load-bearing structure of the building 

consists of slabs, beams, and columns, which form frames in two directions, except for a 

part of the ground floor ceiling slab, where there is a direct connection of the slab to the 

columns. In addition, there exist shear walls around the stairwell and the lift shaft that form 

mixed lateral load-resisting systems with increased capacity to withstand horizontal loads. 

Part A is a three-story building containing a basement with an 'L' plan. The gross height of 

the floors is generally 3.20 m, except for the part of the basement below the courtyard, 

where the height is around 2.20 m, and the multipurpose room with a gross height ranging 

from 5.50 to 7.60 m. This creates corresponding unevenness in the basement ceiling slab 

and the ceiling slab of the multi-purpose room. The cladding slab is curved, formed by a 

single curvature and an arc-shaped cross-section, with an outer radius of 48.0m and an 

angle of approximately 10.9o. Finally, due to the shape of the section in plan and in height, 

in the multipurpose room there is a D580/25 high-body beam whose role is both to limit 

the seismically induced displacement of the ceiling diaphragm, with respect to both the 

basement ceiling and the 2nd floor diaphragm. Similarly, part B is a three-story building 

with a basement, designed with a rectangular floor plan measuring 22.80 x 11.10 m. The 

gross height between the floors is around 3.20 m, except for the 2nd floor -due to the shape 

of the cladding slab- which is shaped as described for section A. A common mat 
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foundation of the two building parts has been constructed while the soil, which was 

susceptible to liquefaction and improved with jet grouting, may be classified as ground 

type C according to EC8. 

School building 3 (SB3) is a nursery school building built in 1985 (Figure 1). It is designed 

with low-code provisions according to the 1959 Greek seismic code with a design seismic 

peak ground acceleration equal to 0.08g. It is a one-story RC structure with a basement. 

The plan has total dimensions equal to 24.30 m × 15.80 m and height 3.85 m at the ground 

floor level. The basement covers only a small part of the ground floor in plan with 

dimensions equal to 9.20 m × 5.80 m. The structural system is characterized as a dual force 

resisting mechanism with walls symmetrically located along the transverse direction. The 

building is generally expected to exhibit torsional effects due to the eccentricities exist 

between the centre of mass and the centre of rigidity. Soil foundation conditions in the area 

may be classified as ground type B according to EC8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 - External view of the studied school buildings 

2.2. Structural monitoring configuration 

Temporary instrumentation arrays consisting of velocimeters were implemented in the 

three selected school buildings. Ambient noise measurements were conducted in each 

school in order to identify its dynamic characteristics. Each array comprises a number of 

DAS130 recorders connected to CMG-40T triaxial broadband velocimeters and GPS 

antennas, which guaranteed the time synchronization among them. The stations were 

deployed among the floors and close to selected RC columns of the schools to capture both 

the translational and torsional modes of the buildings. The horizontal components of the 

stations were oriented along the longitudinal and transversal direction of each school and 

SB2 
SB1 

SB3 
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ambient noise was recorded simultaneously to all of them for about 12 hours with a 

sampling rate of 200 Hz. The number of the stations deployed in each school depends on 

their dimensions and floors. Specifically, five sensors were installed in SB1 building, nine 

in SB2 (four of them in part A and five in part B of the building) and four sensors in SB3. 

The sensor configurations were sufficient to measure the first few modes of vibration.  

2.3. System identification and processing 

Data acquired from ambient vibration tests are used for the system identification and 

Operational Modal Analysis (OMA) of the school buildings using MACEC 3.4 software 

(Reynders et al., 2021). Only the two horizontal components of the measurements are used 

for the analysis considering that vertical mode shapes are not expected to affect 

predominantly the dynamic behaviour of the buildings. To examine possible variation of 

the modal parameters of the structure in different time periods during the day, different 

one-hour recording sets are analysed.  

Analyses are carried out using both non-parametric and parametric identification methods 

to better verify the modal identification results. Modal analysis of the identified non-

parametric models is performed by applying the Frequency Domain Decomposition (FDD) 

method (Brincker et al., 2001). Modal identification based on parametric methods is 

carried out using the stochastic subspace identification (SSI) method (Van Overschee and 

De Moor, 1996), which works in time domain. Figure 6 illustrates representative results in 

terms of eigenfrequencies of the FDD and SSI methods indicatively for school building 

SB1. As shown in the figure, the estimated frequencies for the first three modes of 

vibration have practically the same values for both methods that is also observed for the 

other recorded time windows. It is noted that there is also an identified frequency around 

0.9 - 1.0 Hz that is not shown to be related to the structure’ response and is probably 

associated to the fundamental frequency of the subsoil stratum. As far as modes shapes of 

SB1 are concerned, the first two modes are mainly translational along the longitudinal and 

transverse direction respectively while the third one is a rotational mode. A greater 

variation on the experimental results is shown for the less symmetrical school buildings 

SB2 and SB3. SB2 cannot be analysed as a single building ignoring the influence of the 

structural joint as preliminary finite element investigation of the whole SB2 model has 

shown that the mode shapes of SB2 for the two parts are out of phase. For SB2 part A the 

first identified frequency is coupled translational along the transverse direction with a 

significant torsional component with values varying depending on the recorded time 

windows between 5.26 to 5.33 Hz. The second frequency is mainly translational along both 

longitudinal and transverse directions and values around 9.34 Hz. The third frequency is 

coupled mainly translational along the longitudinal direction with a torsional component 

with values varying depending on the recorded time windows between 10.73 to 11.10 Hz. 

The coupled modes identified above are consistent with the typology of this building 

which has irregularities both in plan and in elevation. For SB2 part B the first identified 

frequency is coupled translational along the transverse direction with a significant torsional 

component with values around 5.16 Hz. The second frequency is mainly translational 

along longitudinal direction and values varying depending on the recorded time windows 

between 10.30 to 10.73 Hz. The third frequency is coupled mainly torsional with a 

translational component along the transverse direction with values varying depending on 

the recorded time windows between 13.75 to 13.98 Hz. Finally, for the one-story building 

(SB3) the first identified frequency is mainly torsional with values varying depending on 

the recorded time window between 7.92 to 10.31 Hz. The second frequency is coupled 

translational with a significant torsional component and values around 11.7 Hz. The results 
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are consistent with the typology of this building, which is generally expected to exhibit 

torsional effects due to the existing irregularities in plan and to the existence of the 

basement that covers only a small part of the ground floor.  

 

Fig. 2 - Typical modal identification results for a recorded time window using non parametric (left) and 

parametric (right) methods for SB1 based on the ambient noise tests 

3. Numerical modelling  

3.1. Initial elastic numerical modelling  

Initial 3D elastic numerical models of the school buildings are constructed based on the 

available design plans. Two different finite element (FE) codes are used i.e., SeismoStruct 

(Seismosoft, 2018) for SB1 and SB3 and SAP2000 (Computers and Structures Inc., 2004) 

for SB2. In both codes, frame elements are simulated as linear elastic beam-column 

elements. Moreover, for the reinforced concrete wall modelling, beam-column elements 

are also used; the existence of external masonry infill walls is neglected at this stage. 

Concrete B225 (fc=14 MPa) and steel class StIII (fy=420 MPa) are utilized for all RC 

members for SB1 and SB3 and Concrete C20/25 (fc=20 MPa) and steel class B500C 

(fy=500 MPa) for the SB2 based on the available design drawings. The mass is calculated 

considering the self-weight of the structural elements as well as additional dead and live 

loads acting on each floor level. All school structures are considered as fixed to their base 

ignoring possible soil-structure interaction effects. To account for the existence of the 

basement in SB2 and SB3 the translational degrees of freedom at the ground floor level are 

restrained. Appropriate constraints are used for the diaphragm modelling and gap link 

(compression only) elements are utilized to simulate the structural joint between the two 

parts in SB2. Figure 7 presents the 3D elastic structural models of SB1 and SB3 in 

SeismoStruct and SB2 in SAP2000. 

3.2. Finite element model calibration based on the experimental data 

The onsite inspection information and the measured modal parameters based on the 

monitoring data are used to calibrate the initial finite element elastic model that is based 

solely on the available blueprints. A crucial task during this calibration process is the 

selection of appropriate parameter(s) that will be used to update the initial elastic finite 

element model to better reflect the experimental results. Generally, a calibrating parameter 

related to material, mass or stiffness structural characteristics is likely to be selected. In the 

case of the school buildings, a stiffness parameter associated with the presence of external 

masonry infill walls is deemed more appropriate and finally used for the calibration 

process; it is defined based on visual investigation on the target school buildings. With the 
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consideration of this parameter, important uncertainties associated with the existence and 

exact location of infills in the structures, which may considerably influence their dynamic 

characteristics, may be adequately captured. 

 

Fig. 3 - View of finite element models of the selected school buildings. 

The initial and calibrated numerical model predictions are compared to the measured 

modal properties based on the experimental data in terms of natural frequencies and mode 

shapes for the first few modes of vibration. The comparison of the mode shapes is achieved 

thought the evaluation of the Modal Assurance Criterion (MAC, Allemang and Brown, 

1982). The evaluation of the MAC values is made at the nodes for which actual recorded 

noise measurements are available. MAC values higher than 0.8 imply that a good 

correlation between the experimental and numerical results in terms of mode shapes has 

been achieved. Table 1 provides representative comparisons of the experimental and 

numerical results of the initial and calibrated elastic models, in terms of mode shapes for 

the selected school buildings computed with the SSI method. It is seen that the dynamic 

features of the calibrated elastic models of all school buildings both in terms of natural 

frequencies and mode shapes are generally improved with respect to the ones of the initial 

elastic models, better reflecting the structural monitoring data. Overall, the comparisons 

are more satisfactory for the symmetrical school building SB1 compared to SB2 (parts A 

and B) and SB3. 

Updated 3D nonlinear finite element models of the calibrated school buildings are then 

constructed using SeismoStruct FE code for SB1 and SB3 and SAP2000 for SB2. Inelastic  

FE model of SB1 FE model of SB3 

FE model of SB2- part A FE model of SB2- part B 
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Table 1. Comparison of experimental and calibrated numerical results in terms of mode shapes for the 

selected school buildings. 

School Mode Mode shape 

MAC 

Experimental− 

Initial numerical  

Experimental− 

Calibrated 

numerical 

SB1 1 Translational  0.98 0.98 

 2 Translational  0.98 0.98 

 3 Torsional 0.97 0.97 

SB2- part A 1 Coupled translational- torsional 0.82 0.87 

 2 Translational 0.97 0.82 

 3 Coupled translational- torsional 0.90 0.91 

SB2- part B 1 Coupled translational- torsional 0.64 0.65 

 2 Translational 0.87 0.95 

 3 Coupled torsional-translational 0.64 0.84 

SB3 1 Torsional 0.64 0.81 

 2 Coupled translational- torsional 0.94 0.94 

force-based beam-column elements with six degrees of freedom are employed in both 

codes to simulate the bearing components of the structure, which permit both geometric 

and material nonlinearities to be accounted for. In both codes, the nonlinear concrete 

model of Mander et al. (1988) is applied while for the steel reinforcement a bilinear steel 

model with kinematic strain hardening is used. The masonry infill wall model in 

Seismostruct is based on the four-node inelastic infill panel element where each panel is 

represented by four axial (compression/tension) struts and two shear springs. For the 

simulation of the masonry infill walls in SAP the equivalent strut model is adopted to 

consider the in-plane stiffness of the infill panel. 

4. Fragility curves  

4.1. Incremental dynamic analysis 

To conduct the incremental dynamic analyses of the school buildings a target spectrum for 

stiff soil conditions corresponding to mean return period equal to Tm = 475 years and a 

suite of seismic records that adequately fit this spectrum is of prior importance. In this case 

the definition of the target spectrum is based on the disaggregation of the probabilistic 

seismic hazard analysis for Thessaloniki, which showed that the seismic fault mostly 

contributing to local seismic hazard is related to Anthemountas normal fault system 

irrespective of the return period. This fault gives the maximum annual exceedance 

probability for a specific PGA value with a moment magnitude Mw of 5.7 and an epicentral 

distance Repi of 12.0 km. The median spectrum plus 0.5 standard deviations provided by 

Akkar et al. (2014) is selected for the construction of the target spectrum as it may 

adequately capture the expected seismic hazard at Thessaloniki Municipality for the 475 

years seismic scenario. A set of 20 records was selected from the European Strong - 

Motion Database. They correspond to ground type B according to EC8 with moment 

magnitudes (Mw) between 5.5 < Mw < 6.5 and epicentral distances (Repi) between 0 < Repi 

< 45 km. The primary criterion set for the record selection is the mean acceleration spectra 

of the accelerograms to be of minimal “epsilon” at the period range of 0.00 < T < 2.00 s in 

regard to the corresponding target spectrum provided by Akkar et al. (2014).  
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The next step is the application of IDA procedure to assess the seismic performance and 

vulnerability of the updated nonlinear finite element model of the buildings. The maximum 

interstory drift ratio and specifically the maximum peak square root of the sum of the 

squares (SRSS) drift, maxISD, in the two principal directions is selected as engineering 

demand parameter (EDP). The PGA is selected as intensity measure (IM) due to its 

simplicity and practicality considering that the derived curves will be incorporated in an 

operational tool for earthquake early warning and real time risk assessment, which is 

currently under development (https://www.safeschools.gr/). IDA is performed for the 

calibrated nonlinear models of the buildings by applying the selected accelerograms (in 

both longitudinal and transverse direction), each progressively scaled until structural 

failure is reached. A tracing algorithm is employed for each record increasing the PGA 

using an initial step of 0.1 g, a step increment of 0.1 g and a first elastic run at 0.01 g. 

Figure 4 shows the derived IDA curves corresponding to each record. For certain records 

the reduction of the step size of the algorithm was necessary to enhance the accuracy of the 

IDA curve. The converging runs per record vary depending on the dynamic properties of 

the structures and the records themselves. 

 

Fig. 4 - IDA curves for the calibrated numerical models of the school buildings. 

4.2. Generation of fragility curves 

The definition of realistic damage limit states is a crucial issue in the fragility assessment. 

Four limit states are defined in terms of maxISD, describing the exceedance of slight 

(LS1), moderate (LS2), extensive (LS3) and complete (LS4) damage of the RC school 

building typologies. The adopted limit state values are defined based on the IDA analysis 

results combined with engineering judgement.  The fragility curves of the specific school 
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buildings are derived based on the results of the IDA in terms of PGA – maxISD values. 

Fragility functions provide the cumulative probability of exceeding a specific damage limit 

state LS conditioned on the seismic intensity measure IM (defined in terms of PGA). 

Probabilistic fragility curves are described as a two-parameter (median and log-standard 

deviation parameter β) lognormal distribution functions. The median values of PGA 

corresponding to the predefined damage states are determined based on linear regression 

analysis of the logarithms of PGA – maxISD pairs extracted from the IDA analysis. The 

log-standard deviation parameter β represents the total dispersion related to each fragility 

curve. Three primary sources of uncertainty associated to each damage state are 

considered, namely the dispersion associated to each damage state βLS, the capacity of the 

structure βC and the seismic demand βD, defined either empirically (i.e., βLS and βC) or 

analytically based on the regression analysis results (i.e., βD). Figure 5 presents plots of the 

derived building-specific fragility functions for the calibrated structural models of the 

school buildings. The corresponding fragility parameters, namely median (m) and log-

standard deviation (beta) are also shown. 

 

Fig. 5 - Fragility curves for the calibrated numerical models of the school buildings. 

We may see that the SB1 is more vulnerable compared to the other school building 

typologies for all damage limit states, as actually expected, considering that SB1 has been 

constructed with a low seismic code level. It is also shown that the fragility curves of the 

two parts of SB2 do not vary considerably even though their seismic performance in terms 

of maxISD is quite different (see Figure 4). This is also to be expected considering that 

damage limit states have been defined using different thresholds for the two parts of SB2 
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based on the IDA results and appropriate engineering judgement. Besides, both parts 

constitute three-story dual RC buildings with a basement designed with the same seismic 

code provisions and with a common mat foundation system. Finally, the fragility curves 

for SB3 are quite close to the ones developed for both parts of SB2 although the buildings 

have been designed with different code design levels (with low and high seismic code 

provisions respectively). This could be attributed to the complex structural configuration of 

SB2 (parts A and B) presenting specific structural irregularities both in plan and elevation, 

which allows, according to the IDA results, the building to develop relatively fast inelastic 

deformations and drift demands resulting to increased fragility estimates. 

5. Conclusions  

The construction procedure defining the actual seismic vulnerability of three typical school 

buildings in Thessaloniki, Greece has been presented using a comprehensive methodology 

combining advanced numerical simulation to onsite inspection and instrumentation data to 

derive updated structural models. Structure-specific fragility curves for four different 

damage limit states were derived in terms of PGA. Following this procedure representative 

and more accurate fragility curves for school building may be constructed reducing the 

inherent uncertainties in generic fragility models, and thus, improving the robustness of 

decision-making procedures and risk mitigation strategies. 
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Abstract Seismic hazard and risk assessment are of significant importance for many sectors, 

e.g., the insurance industry, as they can significantly affect many socio-economic factors. The 

efficiency of the seismic hazard and risk assessment process is based on the accuracy of the 

models used and their capability to manage to some extent the multi-nature sources of 

uncertainties involved in all stages. In this study, we use a fully probabilistic method to 

evaluate the seismic hazard for Thessaloniki, Greece, and the seismic risk of its residential 

buildings. For the seismic hazard assessment, we perform an Event-Based PSHA using as 

input the European Seismic Hazard Model ESHM20 and a very detailed site model developed 

for Thessaloniki using the available data from the microzonation study. We present seismic 

hazard maps for two different intensity measures and a set of return periods and hazard curves 

at four different locations with different site conditions. For the seismic risk, we perform a 

Stochastic Event-Based Probabilistic Seismic Damage Analysis for the residential buildings 

of Thessaloniki using the European Seismic Risk Model (ESRM20) vulnerability models. 

Seismic risk results are presented in terms of expected structural damage and economic losses 

for various return periods. 

Keywords: seismic hazard, seismic risk, ESHM20, ESRM20 

1. Introduction  

Seismic hazard and risk assessment are essential for many sectors, e.g., the insurance 

industry, as they can significantly affect many socio-economic factors. They are, therefore, 

a critical step in strategies related to the reduction of earthquake-induced losses at local, 

urban, national, and even continental scales. The efficiency of the seismic hazard and risk 

assessment process is based on the accuracy of the models used and their capability to 

manage the multi-nature sources of uncertainties involved in all stages (Riga et al., 2017). 

In the past few years, many seismic risk assessment studies used probabilistic methods to 

consider the arbitrary nature of this natural phenomenon (e.g., Silva et al., 2014b, Rao et al., 

2020). 

In this study, we use a fully probabilistic method for the seismic hazard assessment of the 

city of Thessaloniki, Greece, as well as for the seismic risk assessment of its residential 

buildings, using components of the newly developed open-access European Seismic Hazard 

(ESHM20, Danciu, et al., 2021) and Risk Models (ESRM20, Crowley, et al., 2021). Both 

models were developed within Horizon 2020 EU SERA project (http://www.sera-

eu.org/en/home/) and are available online at the European Facilities for Earthquake Hazard 

and Risk (EFEHR, http://www.efehr.org). 

Thessaloniki is the second-largest city in Greece and is very well documented in terms of 

local site conditions and exposure. The study area examined in this work consists of 16 

municipalities, as shown in Figure 1. For the seismic hazard assessment of Thessaloniki, we 

performed an Event-Based Probabilistic Seismic Hazard Analysis (PSHA) with the 
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OpenQuake-Engine (Pagani et al., 2014; Silva et al., 2014a) using as input the ESHM20 

seismogenic source model and ground motion model and a very detailed site model 

developed for Thessaloniki using the available data from the microzonation study (Riga et 

al., 2022). The seismic hazard is expected to be considerably high as the area's seismicity is 

affected by the Mygdonia and Anthemountas active faults, which are associated with severe 

earthquakes with magnitude up to Mw = 7.0 (Papazachos and Papazachou,1997). For 

instance, the 1978 earthquake (Mw=6.5, R = 30km) led to severe damages at about 4000 

buildings and caused 47 fatalities and 220 injuries (Penelis et al., 1988). 

Regarding the seismic risk assessment, we performed an Event-Based Probabilistic Seismic 

Damage Analysis using the OpenQuake-Engine for the residential buildings of the study 

area constructed with either reinforced concrete or masonry, which are around 75,000 

according to the results of the building census of 2011 for Greece (ELSTAT). Each of these 

buildings was classified to an appropriate building category using the GED4ALL Building 

Taxonomy (Brzev et al., 2021), a uniform classification system developed by the Global 

Earthquake Model (GEM). This taxonomy system is adopted in the European Seismic Risk 

Model (ESRM20) fragility and vulnerability models (Romão et al., 2021), which we used to 

perform Stochastic Event-Based Probabilistic Seismic Damage analysis. Seismic risk results 

are presented in terms of expected damages and economic losses for multiple return periods.  

 

 

Fig. 1 – Study area of Thessaloniki consisting of 16 municipalities. 

2. Local site conditions and seismic hazard assessment 

Thessaloniki the second largest city in Greece and is very well-documented in terms of local 

site conditions as several laboratory and in-situ geophysical and geotechnical tests have been 

carried out to validate the dynamic properties and geometry of its main soil formations and 

develop detailed geotechnical maps, 1-D profiles, and 2-D cross-sections in the framework 

of its microzonation study (Anastasiadis et al., 2001). Figure 2 illustrates the spatial 

distribution of Vs,30 based on the microzonation study for a grid of approximately 1x1 km 

consisting of 142 points and covering the whole study area (Riga et al., 2022). Based on this 

map, the coastal area is characterized by soft soil formations with low Vs,30 values. In 

contrast, in the north-east part the Vs,30 values are greater than 800 m/s, indicating rock-like 

formations and, thus, classified as soil type A according to Eurocode 8. 
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Fig. 2 - Spatial distribution of Vs,30 (m/s) in the study area on the detailed site model developed from the microzonation 

study of Thessaloniki, applied for seismic hazard assessment. The classification of the study area according to EC8 

(CEN, 2004) based on the detailed site model is also included in the figure. 

This detailed site model was used as input in the PSHA analysis that we performed in 

OpenQuake software, along with the ESHM20 seismogenic source and logic tree models 

(Danciu et al., 2021). We used the Event-Based Probabilistic Seismic Hazard calculator, 

which generates a large number of stochastic event sets (SES) that contain multiple possible 

earthquake scenarios using a Monte Carlo process and logic-tree methods for the seismic 

sources and the Ground Motion Prediction Equations (GMPEs). The calculator provides 

seismic hazard maps and hazard curves for each event set and the respective mean and 

quantile outputs. An extended and detailed explanation of the PSHA calculator is presented 

in GEM (2012). 

The resulting mean hazard maps of the Peak Ground Acceleration, PGA, and spectral 

acceleration at 1.0s, Sa(1.0s), for the return periods of 101, 475, 975, and 2500 years, are 

illustrated in Fig. 3 and Fig. 4, respectively. We should note that such analyses can provide 

results for multiple intensity measures and types. However, we are interested more in the 

values of PGA and spectral accelerations, Sa, at 0.3s, 0.6s, and 1.0s, which are then used in 

the fragility and the vulnerability functions of ESRM20 for the risk assessment. Higher 

values of PGA are obtained for the coastal area with soft-soil formations, while lower values 

are estimated for the rock-based northern-east part of the city (Fig. 3). Indeed, for the hazard 

scenario of 475 years, the PGA is almost 0.51 g in the coastal area, while in the northeast, it 

is as high as 0.35 g. As expected, the higher the examined return period, the higher the PGA 

values. 

The spectral acceleration at 1 s period, Sa(1.0s), is the most common intensity measure 

adopted to describe the seismic behavior of the buildings in this area (Pitilakis et al., 2022). 

Similar conclusions for the PGA can be derived for the Sa(1.0s). For the most commonly 

used hazard scenario of 475 years, the Sa(1.0s) in the city center of Thessaloniki reaches the 

value of 0.32 g, while in the northeast part of the city, e.g., the regions of Pefka, Sykies, 

Triandria, north Pylaia and north Panorama (see Fig. 1) the average Sa(1.0s) value is 0.16 g. 

For the more devastating hazard scenario of 2500 years, Sa(1.0s) ranges from 0.25 g to 

0.85 g.  
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Fig. 3 – Hazard maps in PGA terms for the return periods of a) 101 years, b) 475 years, c) 975 years, and d) 2500 years. 

 

  

Fig. 4 – Hazard map in Sa(1.0s) terms for the return periods of a) 101 years, b) 475 years, c) 975 years, and d) 2500 

years. 

Fig. 5 shows the hazard curves in terms of PGA and Sa(1.0s) for four examined regions: 

Evosmos (blue line), Thessaloniki city center (red line), Kalamaria (orange line), and Pefka 

(green line). The lowest probabilities of exceedance are assigned to the Pefka municipality, 

situated on very stiff soil. The highest probabilities of exceedance are assigned to the main 

city center of Thessaloniki at all ranges of PGA and Sa(1.0s). Riga et al. (2022) indicated 

the significant discrepancies of the estimated seismic hazard that can be found when moving 

from a large-scale analysis, e.g., for the whole city, to a smaller scale, as was also found in 

the present study.  
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Fig. 5 – Hazard curves in terms of PGA (left) and Sa(1.0s) (right) for the four examined regions: 1) Evosmos with the 

blue line, 2) Thessaloniki city center with the red line, 3) Kalamaria with the orange line and 4) Pefka with the green line. 

3. Seismic risk assessment in terms of physical damages 

In our region of interest, there are 75,169 residential buildings constructed from reinforced 

concrete or masonry according to the building census of 2011 for Greece (ELSTAT). We 

used the exposure model by Pitilakis et al. (2022), who assigned each of the buildings of 

every census sector to the building type categories of the GED4ALL Building Taxonomy 

(Brzev et al., 2021), according to critical attributes that characterize the seismic behavior, 

i.e., primary construction material, lateral load resisting system, height, and ductility level, 

which is assumed to be a function of the period of construction. The census sector is the 

geographic unit adopted by ELSTAT for the census and contains an average of 600 

residences. 69.6% of the buildings are reinforced concrete structures with infilled frames, 

while 24.5% have a dual lateral load resisting system with infilled frames and walls. Almost 

half of the examined building stock is assigned to the low ductility category, as they have 

been constructed between 1960 and 1985, thus designed with the first, but not adequate, 

seismic code in Greece.  

This taxonomy scheme is adopted by the European Seismic Risk Model (ESRM20, Crowley, 

et al., 2021) fragility and vulnerability models (Romão et al., 2021), which we applied for 

the seismic risk assessment analysis. For this, we used the Stochastic Event-Based 

Probabilistic Seismic Damage calculator of the OpenQuake-Engine, which estimates the 

expected damages for individual assets, as well as the aggregated damage for a spatially 

distributed portfolio of assets. To do so, it employs an event-based Monte Carlo simulation 

approach to produce a large set of possible ground motion realizations that characterize the 

probabilistic nature of the damage assessment. For each ground motion realization, a damage 

state is simulated for each building of every asset in the exposure model using the provided 

fragility model (GEM, 2012). 
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One of the primary seismic risk outputs regards the expected average annual number of 

buildings in each damage state, which was used to produce risk maps with the percentages 

of buildings expected to show greater than slight or complete damage (Fig. 6). The highest 

percentages are found at the historical center of the city, which can be attributed not only to 

the high seismic hazard of the area (see the previous section) but also to the low seismic 

design level of the majority of the buildings in this area, as almost 60% of the buildings have 

been constructed before 1985. The annual probability for the buildings in this area to show 

slight to complete damage (i.e., excluding the buildings with no damage) is up to 0.4%. On 

the other hand, the relatively new building stock of Pefka municipality (see Fig. 1) and the 

low seismic hazard in this region explains the lowest expected risk in this area. Regarding 

the study area as a whole, the annual percentage of the buildings expected to show no damage 

is 99.8%. In comparison, the annual percentage of buildings expected to exceed the complete 

damage state is 0.03%. Similar levels of seismic risk in terms of the expected number of 

collapsed buildings were noticed by Crowley et al. (2009) and Dolce et al. (2020) for many 

cities in Italy. 

Another significant thing to notice is that the considerable spatial variation of the seismic 

hazard and the affected building taxonomies result in significant spatial differentiations of 

the estimated risk, as shown in Fig. 6. This indicates the need for high-resolution analysis in 

terms of exposure modelling, as was the case in the present application, where the 

information in the adopted exposure model was available at the census sector level.  

 

 

Fig. 6 – Average annual damage maps in terms of the percentage of buildings which annually exceed the slight damage 

state (left) or complete damage state (right) 

4. Seismic risk assessment in terms of economic losses 

We added a consequences model to the event-based probabilistic analysis described above 

to estimate the expected economic losses. This model includes the loss indices (which is the 

ratio of repair cost to the cost of replacement) for every taxonomy based on the vulnerability 

model of ESRM20 (Romão et al., 2021). The following loss indices were adopted: 0.05 

(slight damage), 0.15 (moderate damage), 0.6 (extensive damage), 1.0 (complete damage).  

Fig. 7 shows the loss ratio maps for the return periods of 50, 200, 500, and 1000 years. We 

should highlight that this return period is referred to the risk part of the analysis. The 

tendency of the spatial distribution is the same for all the return periods, with higher values 

at the coastal area of the city and lower at the northeast part, following the distribution of the 
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expected damages. As was expected, the higher the return period, the higher the expected 

damages and, thus, the expected losses or loss ratio. According to the most devastating 

scenario of 1000 years, the maximum loss ratio is as high as 65% in the coastal area, while 

it is expected to be less than 15% for almost half of the study area. The average loss ratio 

assigned to the 200 years return period, which is a standard risk metric, is 19% at the coastal 

area of the main city center, while for the Pefka municipality, it is almost 0.5%. For the 

Kalamaria region, the mean expected loss ratio of 200 years return period scenario is 6%, 

but within this municipality of 7,7 km2 area there are considerable discrepancies of the loss 

ratio (from 0.6% to 15%). These big discrepancies indicate the need for analysis at the 

smallest possible scale. 

 

 

Fig. 7 – Expected loss ratio map for the risk return periods of a) 50 years, b) 200 years, c) 500 years, and d) 1000 years. 

Finally, in Fig. 8, we illustrate the loss exceedance curve, which describes the expected 

economic losses for the entire study area's multiple return periods (or annual frequencies of 

exceedance). The Gross Domestic Product 2020 (GDP) for Greece (217,7 billion €) is used 

for displaying the relative to the national GDP loss values on the labels. The losses at the 

100-year and the 200-year return periods are 1.2 billion € (0,56% GDP) and 2.6 billion € 

(1,18% GDP), respectively.  

The aggregate loss ratio for the whole study area at the 200-return period scenario is 7.3%, 

but it ranges from 0.1% to 25% at the census-sector level. This range increases as the 

examined return period increases. Indeed, for the risk return period of 1,000 years, the 

aggregate loss ratio for the whole study area is 19% (Fig. 8), but at the census-sector scale it 

varies from 1% to 65% (Fig. 7). The impact of exposure spatial resolution on seismic loss 

estimates in regional portfolios was highlighted by Dabbeek et al. (2021) and Fayjaloun at 

al. (2021). 
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Fig. 8 – Loss exceedance curve for Thessaloniki. The 2020 nominal GDP (217.7 billion €) is used for displaying the 

relative loss values on the labels. 

5. Conclusions and discussion 

This paper contributes to creating a probabilistic seismic risk model for the second largest 

city of Greece, Thessaloniki. Thessaloniki has suffered severe earthquakes in the past, which 

justifies the need for special studies and further examination. Its wide variety in terms of 

local site conditions and building categories amplifies the interest of the area. 

The open-source OpenQuake-Engine software was employed to perform probabilistic 

seismic hazard and risk analyses, leading to several significant results. We performed an 

event-based probabilistic seismic hazard analysis, considering the most recent and updated 

seismogenic source models and ground motion models of ESHM20. We also performed 

event-based probabilistic analyses for the risk component. The main outputs were multiple 

risk metrics like loss exceedance curves and loss maps for both the expected damages and 

estimated structural economic losses.  

Regarding the hazard, stronger earthquake ground motions are expected in the coastal area, 

while the hazard in the rest of the region of interest is reduced. For instance, for the most 

commonly used hazard scenario of 475 years, the expected PGA and Sa(1.0s) for the coastal 

area are 0.51g and 0.32g, when for the northern east part of the city, they are expected to be 

almost 0.35g and 0.16g, respectively. The tendency is the same when moving from hazard 

to expected structural damages and economic losses. The most vulnerable region is the city 

center, where the high seismic hazard is combined with the relatively old building stock. 

In addition, although the probabilistic analysis can provide aggregate values of any seismic 

risk metric for the whole study area, we noticed significant discrepancies when moving to a 

smaller scale. The higher the resolution of the exposure model, the higher the capability of 

the analysis to predict risk at a small scale and, thus, to efficiently contribute to the efforts 

for seismically sustainable cities. Dabbeek et al. (2021) examined and endorsed the high 

impact of the exposure spatial resolution in seismic risk assessment and, more specifically, 

to the average annual loss (ALL) estimation.  

Riga et al. (2022), performed a seismic risk analysis for Thessaloniki considering only the 

seismic hazard with a 475-year, which, besides, is the most widely adopted return period for 
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the seismic design of structures. We calculated both the hazard and the risk components for 

multiple return periods through an event-based probabilistic process for further 

investigation. At this point, we should note that the return periods of the hazard and risk 

components are not directly related. The results indicated that: a) both the seismic hazard 

and the seismic risk follow more or less the same tendency throughout the return periods 

examined, with the coastal part of the study area, where the central city and historical center 

are located, to be more vulnerable than the rest of the area, b) the need for more specific and 

high-resolution exposure and site model is more urgent for high return periods, where the 

aggregated risk values are not representative for the whole study area. 
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Peri-Urban Roads in a Context of Crisis Management 
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Abstract: The SISMET method aims to provide a preliminary assessment of seismic risk on 

existing road infrastructure in a context of crisis management at a urban or peri-urban scale. 

The method is based on the definition and assessment of vulnerability criteria of the 

different structures that compose road infrastructures such as bridges, retaining walls, 

tunnels and embankments. These vulnerability indices are then combined with various 

parameters that reflect direct and indirect hazards which may threaten the structures in the 

case of an earthquake event: ground acceleration including geological and topographical site 

effects, induced effects of soil liquefaction, rock fallings, landslides, and the risk of building 

falls on roads. Finally, an importance criterion is introduced to adjust the obtained risk value 

in terms of possible interruption of use of the route by rescue vehicles, in order to integrate 

the specific service issues into crisis management such as hospitals, fire and police stations, 

train station, airport, densely inhabited areas, etc.) as well as the possibilities of provisional 

recovery or alternative routes. The cartographic exploitation of the results at the scale of the 

study area allows to quickly visualize the points of weakness of the route and their cause for 

different earthquake scenarios. 

Keywords: Seismic risk, assessment, vulnerability, bridges, roads, urban area 

1. Introduction 

When a seismic crisis occurs, the maintenance of transport infrastructures takes on a 

particularly high stake, both with regard to the exposure to the risk of users (direct victims 

in the event of the collapse of a bridge, a rockslide on the road, risk of over-hazard in the 

event of an accident involving the transport of dangerous goods, etc.), but also and above 

all because of the indirect consequences associated with the role of these infrastructures in 

crisis management and the organization of relief: 

• Delivery of emergency relief (material and human) from neighbouring regions and 

access to disaster areas.  

• Evacuation of victims to hospitals and health centres. 

• Service to the strategic equipment of the territory (crisis PCs, barracks, vital 

networks and energy distribution, means of communication...). 

• Recovery of socio-economic activity. 

• Reconstruction... 

Feedback from past earthquakes has thus highlighted the vital role of transport 

infrastructure during the crisis and for its recovery. The l'Aquila earthquake (April 2009) in 

Italy [1] demonstrated in particular that in a mountainous region largely served by 

motorway structures, the good performance of these infrastructures was one of the key 

elements in the speed of access and intervention of relief workers from neighbouring 

regions, thus contributing very significantly to the limitation of the number of victims. 
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More generally, main major earthquakes that have taken place in the world in recent 

decades [2] have shown that damage to road infrastructure generally concerned only a very 

limited number of structures or sensitive areas throughout the existing park. In most cases, 

the notable damage leading to route cuts is concentrated as follows: 

• On the oldest structures (bridges or walls) or typologies identified as particularly 

vulnerable; 

• In areas exposed to induced boulder falls or landslides induced; 

• In areas of high urban density, due to the risk of building collapse on roads; 

• On portions of roads (in particular high-rise embankments or dikes) likely to be 

destructured by ground movements (especially in the event of liquefaction); 

These feedbacks have also shown that the situation can be considerably improved by 

concentrating efforts on the most strategic structures and at a relatively low cost (cost of 

strengthening the order of 10% of the reconstruction value of the structure). Thus, the 

previously reinforced structures have almost systematically displayed a completely 

satisfactory behaviour, with little or no damage, even when they had been subjected to 

earthquake levels significantly higher than that taken into account in the design. 

France, except for the West Indies where seismic hazard is described as strong, is generally 

described qualified as a moderate seismicity region in comparison with other regions of the 

the Mediterranean basin (Greece, Turkey, Italy, North Africa...). This territory has, 

however, experienced violent earthquakes in the past, which could well be repeated in the 

future. It should also be remembered that the quantification of seismic risk is not limited to 

that of hazard, but results from the intersection of hazards, vulnerabilities (constructions, 

equipment, organizations) and stakes (social, economic, environmental ...). Many existing 

infrastructures or buildings on the national territory have either been designed without any 

special seismic provisions or with seismic standards that now appear to be insufficient. 

This is why, even if the phenomenon can be described as rare, the seismic risk remains 

very present on French territory and requires special attention. 

Since 2010, the construction of new buildings and structures has been governed by the new 

national seismic regulations [4] [6], including a new national seismic zoning [5] that 

divides the French territory into five zones of increasing seismicity (Fig. 1). 

 

Fig. 1 - Historical seismicity of metropolitan France and national seismic zoning (revised January 2015) [5] 
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However, this regulation does not currently cover the specific problem of existing bridges 

and road works. This led national French road authorities to appoint Cerema to developed 

preliminary seismic risk assessment tools called  SISMOA, SISMUR and SISROUTE for 

the simplified seismic analysis of bridges, walls and current sections 

(embankments/cuttings) of roads [7][8][9], integrating aspects related to the vulnerability 

of structures and to the quantification of direct seismic hazards (ground vibration) or 

induced seismic hazards (soil liquefaction, induced gravity effects such as rock fallings or 

landslides). This assessment of seismic risks on road infrastructure consists of several 

phases, corresponding to a gradual tightening of the study perimeter and an associated 

refinement of the level of analysis [10]. The purpose, in the context of crisis management 

preparedness, is first to know what are the priority routes for crisis management in the 

event of an earthquake ; and then to assess whether the structures constituting these routes 

will be practicable for rescue vehicles and if necessary to identify those requiring a more 

precise assessment, possibly followed by seismic retrofitting. 

The SISMET approach is a variation of these tools integrating the specificities of seismic 

crisis management in a context of high urban density: risk of collapse of buildings on roads 

and their structures, specific issues related to the density of the network of transport 

infrastructures, the entrances to cities or the service of the most densely urbanized areas, 

connection to vital equipment in crisis situation (health establishments, fire stations, 

airport...). 

2. Method for preliminary seismic risk assessment of structures composing priority 

relief routes 

2.1. General principles 

As a general rule, the quantitative assessment of the vulnerability of a structure requires a 

fairly sophisticated structural analysis. In the context of asset management, however, it is 

important to have simple and rapid methods of assessing the overall sensitivity (or 

vulnerability) of the structures and allowing an initial prioritisation scheme in order to 

guide risk treatment measures in a relevant way. With this in mind, the objective of the of 

the SISMET method is to perform a preliminary assessment of the seismic risks that may 

threaten the structures and sections of roads constituting these routes. This analysis can be 

conducted for different hazard assumptions (regulatory acceleration levels of national 

seismic zoning associated with different values of return periods, deterministic type event 

corresponding to a seismic scenario earthquake) and for different meteorological contexts 

(favorable or unfavorable regarding induced seismic effects). 

This approach only requires access to specific typological and geometric structures 

characteristics that can be obtained through visual visits on site, last periodic detailed 

inspection records, general plans of the structures and supports, nature of the foundations, 

notes of general and geotechnical hypotheses, or design calculation notes of the supports 

and their foundations... The analysis is based on simplified approaches, more or less 

refined and precise depending on the nature of the object studied: 

• Qualitative from feedback and based on geometric and typological criteria for the 

analysis of bridges, tunnels, embankments and induced gravity phenomena 

(landslides and rock fallings). 

• Semi-quantitative based on more or less precise empirical analytical approaches 

according to the available input data for the analysis of walls and soil liquefaction. 
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As commonly used in risk analysis methods, the approach is based on the crossing of 

different indices or criteria of hazard (representative of the seismicity of the site in terms of 

ground acceleration and potentially induced effects), vulnerability of structures and 

importance (relating to the strategic stakes associated in terms of crisis management and 

organization of relief and resumption of socio-economic activity). The purpose and 

possible applications of the approach are multiple: 

• Global assessment of the seismic risk on the structuring routes of a given perimeter, 

by establishing realistic crisis scenarios in terms of the distribution of damage and 

cuts in anticipated routes. 

• Possible extension towards the realization of crisis management tools "in real time" 

allowing a pre-orientation of the rescues. 

• Simplified preliminary identification of the most sensitive and exposed structures, 

with a view to a targeted orientation of more in-depth assessment which may lead, 

if necessary, to retrofitting projects. 

This methodology allows, at the local level of a route or a section of route, a consideration 

of the anticipated vulnerability of each structure (bridges, walls, tunnels, road platforms or 

embankments) and local hazards (geological and topographic site effects and induced 

effects liquefaction of soils, falls of blocks, landslides and falls of buildings on the road). A 

criterion for "importance" weighs the results obtained in terms of the risk of interruption of 

possible use of the route by emergency vehicles, in order to integrate the presence of 

specific issues in crisis management immediately served (hospitals, train station, airport, 

densely populated areas ...) as well as the possibilities of temporary recovery or local 

deviations. 

2.2. Assessment of the seismic vulnerability of structures 

The SISMET tool is powered by the specific tools SISMOA [7], SISMUR [8] and 

SISROUTE [9] for the vulnerability assessment of bridges, retaining walls and road 

embankments/cuttings. These different tools require only relatively simple and easily 

accessible input parameters: 

• For bridges (Fig. 2) shape and regularity of the heights of piers, mass of the deck, 

support conditions, number of spans, curvature, skew, nature and depth of the 

foundations, structural redundancy, presence of external protections against falling 

blocks (screens, nets, merlons, pits ...), date of construction and pathological 

condition… 

• For retaining walls (Fig. 3) typology (stone or reinforced concrete walls, gabion or 

reinforced earth), height and thickness at the head, constitutive materials, general 

condition, slope and geotechnical characteristics, position in relation to the road... 

• For road embankments, slopes and basement: height and width of platform, slope 

of embankments, volumes of blocks or layers of movable land threatening to 

collapse, rate of water saturation, geotechnical characteristics of the soils (particle 

size, compactness ...). 

The method has been established and calibrated on different test routes in order to adapt as 

best as possible to the French context (seismic levels, typologies of structures or parts of 

structures and materials used). 
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Fig. 2 - Different configurations with regard to the risk of deck unseating in SISMOA [7] 

 

 

Fig. 3 - Fracture modes of retaining walls identified in SISMUR and associated impact on the level of service 

of the road [8] 

The analysis of the partial vulnerability indices associated with the different parts of 

structures, also allows a pre-identification (informative) of the potential weak points, 

parades or retrofitting techniques, as well as a statistical pre-evaluation of the associated 

relative costs (on the basis of flat-rate ratios). 

2.3. Quantification of hazards 

When the chosen seismic scenario is based on the national seismic regulations, the 

parameters for the definition of hazard resulting from ground vibration is quite straight 

forward. In the case of the simulation of a real earthquake, the generally available data are 

the magnitude, the location and the depth. From these data, the maximum bedrock 

acceleration at the location of the studied portion of the route is calculated using the 

propagation law of Ambraseys 1996 whose use is among the most widespread. 

The assessment of the hazard relating to soil liquefaction is essentially based on the so-

called "soil liquefaction potential index" method LPI. This index represents the weighted 

average, over a height of 20 m from the soil column, of the safety factor at liquefaction, 

calculated as the ratio between the cyclic resistance of the ground and the seismic stress, 

both expressed in normalized shear stresses under a conventional reference magnitude of 

7.5. 

The process of assessing the hazard induced by "landslides" and "rock falls" are 

established on the basis of bibliographic data, then calibrated from a crossing with more 

detailed analyses carried out on some routes. This involves parameters such as the 
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existence of phenomena identified in static, the presence of parades, the slope, the nature 

of the soil, the size of the blocks and their height of fall, the configuration (upstream / 

downstream, near / far) in relation to the road (Fig. 4). 

 

Fig. 4 - Three drag configurations considered in the SISROUTE [9] 

The hazard "building falls" is based on the degree of damage expected on a given building, 

depending on the acceleration it undergoes, and calibrated from the reference scale EMS-

98 [14]. The approach also incorporates the risk of damage to the road or structure by the 

collapsed building located nearby, depending on the mode of ruin, its geometry and 

distance from the road [15], as well as the height of fall (directly related to the height of the 

building) and the relative mass of the debris (related to the nature of the main constitutive 

material). 

It shouldbe noted that such phenomena as tsunamis and surface active fault ruptures, which 

are not inclined to occur on French national territory are not covered by the method. 

2.4. Risk indices and priority levels for intervention 

The crossing of the hazard and vulnerability indices associated with the various 

constitutive elements of the road (bridges, walls and tunnel heads, embankments, etc.) 

leads to the calculation of the risk indices of route cut-off. As previously indicated, these 

indices can be easily updated for different earthquake scenarios. 

Once weighted by the importance criteria, the risk indices finally lead, on the basis of a 

threshold established on a flat-rate basis, to the definition of priority levels which make it 

possible to identify the structures or sections of route requiring a high-priority intervention. 

3. Operational applications 

The SISMET approach has already been implemented and tested in the context of 

operational applications in various French areas including cities of Nice on the French 

riviera [12], and on emergency routes to the cities of Grenoble in the Alps Mountains [13] 

and Lourdes in the Pyrenean Mountains [16]. Other studies are planned in the metropolitan 

areas of Nantes on the Atlantic façade as well as on the Caribbean Island of Guadeloupe. 

Although the dynamic exploitation of results in GIS format is not directly integrated into 

the tool, the formatting of data and results is particularly suitable for this type of 

exploitation, thus allowing at the scale of a given route or area  (Fig. 5) : 

• To represent the vulnerabilities and risk indices of each element of the route. 
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• To visualize quickly and efficiently the risk of interruption of the route for the 

various considered seismic scenarios. 

• To quickly deduce the most critical points of the route by the location on the 

background of the traffic data, the strategic equipment to be served nearby 

(hospitals, barracks, airports ...) as well as any deviations and possible alternative 

routes with the associated journey times. 

 

Fig. 5 - Mapping of the results on the main access and crossing axes of Grenoble (regulatory scenario of 

475 years return period  with unfavourable weather context) [13] 

These first applications enabled to validate the relevance of the approach and its 

selectivity, making it possible to concentrate resources on targeted issues, with a view to 

reducing the vulnerability of existing transport infrastructures essential for crisis 

management in the event of an earthquake, in order to ensure the best possible protection 

of users and the maintenance in conditions of operation of these infrastructures and the 

equipment they serve, according to technical and economic constraints 

4. Conclusions 

A method, called SISMET, is proposed for the preliminary assessment of seismic risk on 

urban and peri-urban road infrastructures in a context of crisis management. This method 

allows the simplified seismic analysis of bridges, walls and current road sections. In 

addition to aspects related to the vulnerability of structures, the approach integrates the 

quantification of direct seismic hazards (ground acceleration) or induced (liquefaction of 

the soil, induced gravity effects such as rock fallings or landslides, and the risks of collapse 

of buildings on roads). 

This assessment of seismic risks on road infrastructure aims to evaluate whether the 

constitutive structures of these routes will be in condition to allow the circulation of 

emergency services and, if necessary, to identify those requiring a more precise 

vulnerability assessment, possibly followed by a seismic retrofitting study. 
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The first operational applications of the method on various areas and cities of the French 

territory highlighted the added value of the approach in terms of an exchange and decision-

making process tool between the various actors in crisis management: civil security 

services, prefectures, road infrastructure managers, managers of the main strategic 

equipment for the organization of emergency services (fire stations, hospitals, energy, 

communication or water networks, etc.). 

They also made it possible to validate the relevance of the approach and its selectivity, 

making it possible to concentrate resources on targeted issues, in the view to reduce the 

vulnerability of  existing transport infrastructures essential for crisis management and the 

organisation of relief in the event of an earthquake, in order to ensure the best possible 

protection  of users and the maintenance in the conditions of operation of these 

infrastructures and the equipment they serve, according to technical and economic 

constraints.  
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Abstract: In June 2000, two earthquakes of ~Mw6.5 struck in South Iceland, and in May 

2008 the same region was hit again further west, with Mw6.3 event. Almost 5000 residential 

buildings were affected in each of these two seismic events. To fulfil insurance claims, 

detailed, and complete loss data were collected in each case, and the 2000 dataset and 2008 

dataset were established. Having access to two high quality loss datasets from different size 

earthquakes, affecting the same building typologies in the same region, is rare to find in the 

literature. An advanced empirical vulnerability model based on zero-inflated beta regression 

was fitted to five building typologies, classified according to the GEM taxonomy system, 

independently for the 2000 dataset and the 2008 dataset. Status of seismic codes was 

considered when defining the building typologies. PGA was used as intensity measure. For 

all the five building typologies, the calibrated vulnerability functions and the fragility curves 

are substantially different from these two datasets. This indicates that PGA is not alone an 

adequate intensity measure to predict losses. The results also show that status of seismic 

code affects the performance of the buildings as one would like to see.  

Keywords: Zero-inflated beta regression, vulnerability, GEM taxonomy, seismic codes.  

1. Introduction  

Seismicity in Iceland is moderate to high and comparable to activity in Southern Europe 

(Einarsson, 2008). On 17 and 21 of June 2000, two earthquakes of similar size, Mw6.52 

and Mw6.44 (Jónasson et al. 2021), struck in the eastern part of the South Iceland Seismic 

Zone (SISZ) and affected nearly 5000 low-rise residential buildings. Eight years later, on 

29 May 2008, a Mw6.31 earthquake struck further west in the zone (Halldórsson et al, 

2009; Jónasson et al. 2021), and again nearly 5000 buildings were affected. The epicentres 

and fault ruptures of all the three events were close to small towns and farms (Fig.1). 

Despite, substantial damage, no residential building collapsed and there were no fatalities. 

Mandated by law, all properties in Iceland are insured against natural hazards, like 

earthquakes, at the Natural Catastrophe Insurance of Iceland (2022). Therefore, after the 

two 2000 earthquakes and again after the 2008 event, monitory losses were estimated for 

each damaged building to address insurance claims. Registers Iceland (2022) maintains a 

detailed property database for all building units in Iceland. Combination of the loss data 

and the property database were used to build two loss dataset hereafters referred to as the 

2000 dataset and the 2008 dataset, respectively. The two datasets include loss estimates 

for every building exposed to estimated PGA of 0.05g or more. Buildings that had no 

losses are also a part of the datasets, so they are complete. The two databases give unique 

possibilities to study different aspects of seismic vulnerability. This has been done to some 

extent. The first vulnerability model using only the 2008 dataset was presented by 

Bessason et al. (2012). As mentioned before the loss data is detailed, especially the 2008 
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dataset, which is classified into different subcategories and sub-subcategories of structural 

and non-structural losses. An overview of how the 2008 loss data was distributed in 

subclasses was reported in Bessason et al. (2014). In Bessason et al. (2016) fragility 

functions and vulnerability curves, using the lognormal distribution assumption, were 

calibrated using the 2000 and 2008 datasets combined into one dataset. New developments 

were done in a work by Ioannou et al. (2018) when an advanced beta-regression (Ferrari et 

al. 2004) was used to model the losses caused by the two June 2000 earthquakes. Bessason 

et al. (2020) improved this loss model by applying a zero-inflated beta regression model 

(ZIBRM) (Ospina et al. 2012).  Finally, Bessason et a al. (2022), used the ZIBRM again to 

model separately, the 2000 dataset and 2008 dataset, as well as to study the effect of status 

of seismic codes (Crowley et al. 2021) when defining the building typologies. Further-

more, the GEM taxonomy was used to define the building typologies (Brzev et al. 2013).  

To our best knowledge, the use of ZIBRM to model post-earthquake loss data has only by 

done twice, that is by the authors of this study (Bessason et al. 2020; 2022). The most 

important novelty of the ZIBRM is that it treats the no-loss buildings specially and helps to 

bend the vulnerability curves down towards zero loss at low intensity. By this the models 

better reflect the dominance of no-loss data in the low intensity range.  

The objective of this conference paper is to present and demonstrate the capability of using 

ZIBRM to model empirical loss data, using the 2000 and the 2008 loss datasets from 

Iceland. The model is believed to be an important contribution in modelling of empirical 

loss data. The ZIBRM model is fitted to building typologies based on the GEM building 

taxonomy (Brzev et al. 2013) and the status of seismic codes refer to classification given 

by Crowley et al. (2021) and can therefore be compared to other global models. 

Fig. 1 - Epicentre and fault ruptures of the South Iceland earthquakes in June 2000 and May 2008. The main 

towns and villages in the affected area are marked with their names on the map. Buildings in the Reykjavik 

capital area were not affected by these events (PGA < 0.05g). 
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2. The empirical loss data and building typologies

2.1. Loss data 

It is mandated by law in Iceland to have insurance against destructive natural events, like 

earthquakes, avalanches, floods etc. Therefore, after the June 2000 earthquakes, which 

occurred with four-day interval, losses were estimated by trained assessors in all damaged 

buildings in the affected area to fulfil insurance claims. Since only four days were between 

the two June 2000 earthquakes, the estimated losses include accumulated losses from both 

events. The shortest distance between the two fault ruptures is 15.5 km (Fig. 1). The 

attenuation of seismic waves is high Iceland due to geologically young, soft and cracked 

bedrock, and it has been argued that the great majority of the buildings in June 2000 were 

only affected by the earthquake closest to the building in question (Bessason et al. 2020). 

In addition, only relatively few buildings were located between the two faults and at 

similar distance from each of them, and thereby affected by both events (Fig.1). Similar 

loss assessment procedure was carried out after the May 2008 earthquake to establish the 

2008 dataset. Both, in 2000 and 2008, the insurance deductibles were low (650 euros per 

dwelling) so it believed that all owners announce damage of their properties in order to get 

insurance benefits. Therefore, it can be assumed the both the 2000 and the 2008 datasets 

are complete in the sense that they include all affected buildings in the region (PGA > 

0.05g) (see Rossetto et al. 2014). 

The two loss datasets include estimated repair cost of both structural and non-structural 

elements. Here, non-structural damage includes damage to all fixtures, as well as technical 

systems (plumbing, electrical installations etc.) but does not include damage of loose 

household items like furniture, TVs, computers, etc. In the 2000 dataset the damage 

(estimated repair cost) in each building was classified into five subcategories, two covering 

structural damage and three covering non-structural damage. In the 2008 dataset ten 

subcategories were used. For more details of the subcategories see (Bessason et al. 2014; 

2022). The subcategories in the 2008 dataset can effortlessly be combined to obtain 

identical categories as in the 2000 dataset. In this study the focus is however on total loss, 

i.e. the sum of loss in all subcategories (structural and non-structural losses). A damage

factor, DF, is computed for each building, which is defined as:

 Estimated loss

Replacement value

EL
DF

RV
= = (1) 

where EL cover the total estimated repair cost and RV is the fire insurance value obtained 

from the official property database. The RV is estimated as the depreciated replacement 

value plus the cost of dismantling and transporting the debris. Depreciation is based on 

age, main construction material and general condition. On the other hand, the repair cost 

was not depreciated.   

The DF can reach 1.0 (100%) for buildings with total damage and correspond to payment 

of full replacement values to the building owners. In practice damage equivalent to “total 

loss” was assigned to most of the buildings that suffered an estimated repair cost of more 

than 70% of their RV value in the 2000 dataset. In 2008, the level was lower and estimated 

on a case-by-case basis for each building with estimated loss in the range 50–70%. 
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The great majority of the buildings are low-rise with short natural periods, hence the PGA 

was adopted as intensity parameter. It was computed for each building site based on local 

ground motion prediction model given by Rupakhety et al. (2009).  

2.2. Building taxonomy 

The GEM taxonomy (Brzev et al. 2013) was used to classify all the buildings in the loss 

datasets. In the 2000 dataset, 54% of the buildings were built of reinforced concrete (RC), 

almost all cast-in-place (CIP). Furthermore, 37% were timber buildings (W+WLI), 9.3% 

masonry buildings (MR+CBH+MOC), and the rest (only 0.3%) used other main 

construction material. Moreover, 68% of the buildings were one-storey, 23% two-storey, 

7.9% three-storey, 0.3% four-storey, and no building was higher. In the 2008 dataset, 45% 

of the dwellings were built of RC, 48% timber and 7.6% masonry. Furthermore, 74% were 

one-storey buildings, 19% two-storey, 5.9% three-storey, and 0.5% four-storey. Since only 

a low fraction of the affected buildings are three-storey or higher in both datasets, all the 

buildings are placed in HBET:1,2 class. The lateral load resisting system for the great 

majority of the affected buildings in the two datasets are structural walls, hence LWAL is 

used to identify the structural system for the three building typologies. For more details of 

the building characteristic see Bessason et al. (2022). 

Crowley et al. (2021) classified status of seismic design codes in different European 

countries, including Iceland, in four categories based on construction period (Table 1).  

Table 1. Status of seismic design codes in Icelandic for different construction periods (Crowley et al. 2021) 

Status Description Comment Period 

CDN No Code No seismic design code  < 1958 

CDL Low code First generation of seismic codes 1958 – 1975 

CDM Moderate code Second generation of seismic codes 1976– 2001 

CDH High code Latest generation of seismic codes   2002 

In Bessason et al. (2022) it was argued that the no-code and the low-code (CDN,CDL) 

buildings could be combined in one class, and also the moderate-code and the high code 

(CDM,CDH) buildings. Since, 98% of the masonry buildings were built before 1976 all 

these buildings are in the CDN,CDL class with respect to status of seismic code. 

In summary, Table 2 gives the distribution of the buildings in the two loss datasets 

according to the GEM taxonomy and the status of seismic codes.   

Table2. Classification of residential buildings affected by the June 2000 and May 2008 earthquakes. 

GEM 

building 

June 2000 

earthquakes 

May 2008 

earthquake 

taxonomy Number (%) Number (%) 

CR+CIP / LWAL / HBET:2,1 / CDN,CDL 1665 64.7 1112 52.6 

CR+CIP / LWAL / HBET:2,1 / CDM,CDH 907 35.3 1003 47,4 

Sum: 2572  100 2115 100 

W+WLI / LWAL / HBET:2,1 / CDN,CDL 692 39.8 649 28,6 

W+WLI / LWAL / HBET:2,1 / CDM,CDH 1047 60.2  1623  71.5 

Sum: 1739 100 2272 100 

MR+CBH+MOC / LWAL / HBET:2,1 / CDN,CDL 443 100 359 100 

 Total sum 4754 4746 
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3. Statistical model.

In the June 2000 and May 2008 earthquakes high proportion of the buildings suffered no 

losses (DF=0). Total losses (DF=1) were on the other hand very rare. Since the loss data 

includes both “zero” values and “one” values and is bounded in the range [0,1], it is 

preferable to use a mixed continuous-discrete regression to model the data. That is, 

discrete models to cover the “zeros” and “ones”, and then continuous regression for data in 

the range (0,1). In our case where the data includes high fraction of zero loss incidents but 

negligible number of total losses, a zero-inflated beta regression model is well-suited 

(Ospina et al. 2012). The discrete modelling of the total loss buildings (DF=1) is omitted, 

but instead the DF for these buildings is assigned a value less than 1. A two-step 

regression process is used to construct the vulnerability model. This approach is explained 

schematically in Fig.2 but more details, and mathematical formulations, are available in 

Ferrari et al. (2004); Ospine et al. (2012); Ioannou et al. (2018); and Bessason et al. (2020; 

2022).  

In Fig.2a the loss data transformed to DF using Eq.(1) is shown. Loss data after the June 

2000 earthquake for RC buildings built before 1976 (CND,CDL) is used as an example 

(1665 datapoints, see Table 2). In Fig.2b the data is transformed to logistical data, i.e Y=0 

if DF=0 and Y=1 if DF>0. To better show the distribution of the data it is jittered in the 

range -0.05-0.05 for Y=0 and in the range 0.95-1.05 for Y=1. A logistical regression 

model (LM) is used to evaluate the probability of obtaining loss (Y=1) for a given PGA. 

Then, all data points with DF=0 are filtered out, and a beta regression is applied to model 

the continuous loss distribution conditioned on loss (Fig.2c). The logistical model and the 

condition beta model are then combined to obtain the vulnerability model (Fig.2d). From 

this model the probability density function for the DF for any given PGA can be found. An 

example of this is shown in Fig.2e for PGA=0.4g. Finally, by defining bins for different 

damage stages (see Table 3), desired fragility curves can be constructed (see Fig.2e and 

Fig.2f). All the above regression is carried out in R (R Core Team, 2022). 

Fig. 2 - Flowchart that schematically explains the main steps in the regression process to obtain vulnerability 

model and thereafter fragility curves. Real loss data for RC buildings built before 1976 (CR+CIP / LWAL / 

HBET:2,1 / CDN,CDL) for the 2000 loss dataset are used to describe the method (see Table 2). The damage 

stages shown in Fig.2e are defined int Table 3.  
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Table 3 – Definitions of damage states in this study. 

Damage state Description DF bins 

DS0 No damage DF=0 

DS1 Slight damage  0 < DF  0.05 

DS2 Moderate damage 5 < DF  0.20 

DS3 Extensive damage 0.20 < DF  0.60 

DS4 Complete damage DF > 0.6 

4. Results and discussion

The Zero-Inflated beta regression model described in section 3 was used to fit the five 

building typologies shown in Table 1 independently for both the 2000 and the 2008 

dataset. The mean vulnerability curves for RC buildings and Timber buildings are shown 

in Figure 3 and 4. The scatter in the loss data is quite wide although only data points in the 

DF range 0 to 0.4 are shown on the plot (some datapoints are located higher). As 

mentioned before when losses were in the range of 50-70% or higher of the replacement 

value for a given property, full replacement value was in most cases paid to the owner, 

making the effective DF equal to 1.0 in the loss database. 

Fig. 3 - Vulnerability model for RC buildings. Mean loss (blue curve) with 16% and 84% prediction limits 

(pink area). Black dots show loss data with DF>0 and green dots show no-loss data (DF=0) jittered: a) 2008 

dataset and CDN & CDL buildings, b) 2008 dataset and CDM & CDH buildings c) 2000 dataset and CDN & 

CDL buildings, d) 2000 dataset and CDM buildings. 
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Fig. 4 - Vulnerability model for Timber buildings. Mean loss (blue curve) with 16% and 84% prediction 

limits (pink area). Black dots show loss data with DF>0 and green dots show no-loss data (DF=0) jittered: a) 

2008 dataset and CDN & CDL buildings, b) 2008 dataset and CDM & CDH buildings c) 2000 dataset and 

CDN & CDL buildings, d) 2000 dataset and CDM buildings. 

This means that the DF in some of these cases does not reflect the actual damage and this 

also creates outliers that affect the regression. It can also be underlined that no buildings 

suffered full or partial collapse. To account for these outliers all data points with DF>0.85 

were replaced with a max value of DFmax=0.85. In the 2000 dataset this was done for 33 

buildings, and in the 2008 dataset for 23 buildings. To better show the high proportion of 

buildings with no damage (DF=0) these data points are randomly jittered and plotted in the 

range -0.1 to 1 (green dots). The horizontal blue arrow in Fig.3 and Fig.4 underlines the 

effect of increased magnitude size between the May 2008 event (Mw6.3) and the June 

2000 events (~Mw6.5). The mean vulnerability curve is considerably higher for the larger 

2000 events for alle the four building typologies. Furthermore, the vertical blue arrow in 

the figures show the effect of improved seismic codes. In all cases moderate-code & high-

code (CDM,CDH) buildings (grouped together) perform better than no-code & low-code 

buildings (CDN,CDL). The vulnerability model, calibrated for each building typology, 

consists of five parameters which are given in Bessason et al. (2022) along with all 

formulas needed to construct the curves in Fig.3 and Fig.4. 
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One simple measure of the quality of the vulnerability model is to use it to predict losses in 

a scenario event which is the same (size and location) as the event as the empirical loss 

data was obtained from. The predicted accumulated loss for given building typology can 

then be normalized with the actual observed accumulated losses. The results of this are 

shown in Table 4 for both the 2000 and the 2008 datasets. For RC and timber buildings and 

both datasets the ratio is within 10% from the actual losses except for the no-code & low-

code RC buildings (RCCDN,CDL) for the 2000 dataset which has also the largest spread of the 

data (see Fig.3). For the Masonry buildings the difference is up to 13% in the 2008 dataset.  

Table 4. Ratio of predicted accumulated loss to actual accumulated loss (RLoss) for the five building 

typologies and the two datasets. Weighting based on Eq. (10) was used in the regression and DFmax=0.85. 

Dataset RC CDN,CDL RCCDM,CDH WCDM,CDH WCDM,CDH MRCDN & CDL 

2000 1.19 1.04 1.07 1.09 1.11 

2008 1.09 0.99 0.99 1.01 1.13 

Finally, the model can easily be used to compute fragility curves (see Fig.2f, and Bessason 

et al. 2022) for desired damage states which must be defined by DF bins (see Table 3). 

5. Conclusions

In June 2000 two earthquakes (Mw6.52 and Mw6.44) struck in the South Iceland with 

four-day interval. Then in May 2008, the western part of the same region was hit again by 

single earthquake (Mw6.31). These events affected and damaged similar building 

typologies. This means that the same workmanship, building traditions, material 

properties, seismic codes, regulations etc., were used for all the buildings in the region, but 

of course some of these factors change with time. After the 2000 and 2008 events detailed 

and complete empirical loss data were collected and two independent loss datasets were 

established, that is the 2000 and the 2008 loss dataset. Each dataset includes nearly 5000 

residential buildings/dwellings. 

This study explores and compares the losses suffered by residential buildings during these 

events from different angles. To facilitate vulnerability modelling and comparison with 

similar structures, the GEM taxonomy was used to classify the affected buildings and in 

addition the status of seismic codes (no-, low-, moderate- and high-code) was used to 

subclassify them loss dataset. A novel statistical vulnerability models (VM) based on zero-

inflated beta regression were calibrated from the 2000 and the 2008 datasets. These models 

are denoted as ICE2000VM and ICE2008VM.  

One of the main findings of the study is the detected differences in loss patterns, and 

resulting vulnerability models, of buildings affected by the June 2000 (Mw~6.5) and the 

May 2008 events (Mw6.3). The losses caused by the 2000 events (larger magnitude) are 

substantially higher. The results show that two earthquakes that produce similar PGA at an 

given site can have very different impact on structures. The study demonstrates the 

limitation of PGA as a ground motion intensity measure and highlights the pitfalls of 

combining loss data from different-sized earthquakes in vulnerability modelling with 

simple intensity measures such as PGA. This all points towards a need for better ground 

motion intensity measures that can capture the event size effect better.  

The calibrated vulnerability models showed consistently that moderate-code & high-code 

buildings, which were grouped together in study, showed better performance than no-code 

& low-code buildings, which is expected, but important to report.  
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Owing to the differences in the two models, for seismic risk assessment in Iceland, it is 

recommended that ICE2000VM should be used for earthquake scenarios with Mw in the 

range 6.4-6.6 and the ICE2008VM for those with Mw range 6.2-6.4. Caution is need when 

extrapolating empirical vulnerability models calibrated from given destructive earthquake 

to other magnitude sizes.  
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Abstract: The spatial resolution of exposure data is one of the components of a seismic risk 

model that can have a substantial impact on the accuracy and reliability of seismic loss 

estimates. While several studies have investigated the influence of the geographical detail of 

urban exposure data in earthquake loss models, implications at the regional scale have so far 

been less explored. This study uses the exposure model of the European Seismic Risk Model 

2020 to investigate the effects of exposure resolution on probabilistic seismic losses by 

simulating dozens of exposure and site models (630 models) representing a wide range of 

assumptions related to the geo-resolution of the locations of the exposed assets and the 

associated site conditions. Losses are examined in terms of portfolio average annual loss 

(AAL) and losses at different return periods at national and sub-national levels. Results 

indicate that neglecting the uncertainty related to asset locations and their associated site 

conditions within an exposure model can lead to significant bias in the risk results. The 

analyses also demonstrate that the accuracy of the estimated losses can be improved by 

either disaggregating exposure to a grid or weighting/relocating exposure sites and their 

amplification properties using a density map of the built areas. 

Keywords: Exposure resolution, Site effects, Seismic risk, Europe 

1. Introduction

An issue frequently encountered in the modelling of earthquake risk is related to the 

resolution level of the exposure data. The exposure information available from public 

sources is typically aggregated into administrative regions, and provides very limited 

information (if any) about the actual spatial distribution of assets (e.g., Dabbeek et al. 

2020). This aggregation of the building portfolio usually leads to earthquake risk models 

representing all buildings in a region as located in a single site, which becomes the site at 

which the input ground motion is characterized, with the subsequent alteration of site 

properties and distance to earthquake sources.  This matter is not independent from the 

resolution of the site model, which is itself aggregated across a spatial extent (e.g., 30 arc-

sec grid cell) such that a range of site conditions are represented by a single, often 

uncertain, property such as topographically-inferred 30-m averaged shear-wave velocity, 

VS30. 

Though the practice of aggregating exposure may have its drawbacks in terms of accuracy 

and/or consistency with the seismic inputs, there are both practical and theoretical 

considerations that may necessitate it. The computational cost of the risk calculations and 
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the extent to which this impacts the risk model users are overarching considerations. 

Running probabilistic loss calculations at a regional scale using high-resolution exposure 

models requires significant computational resources, in terms of both infrastructure and 

time. Moreover, even where the locations of the assets are known to a high level of 

accuracy, there may be other components of the risk model that are known or modelled at a 

coarser resolution, such as site properties within a grid cell or geological unit, or the 

proportion of different kinds of building structures within an administrative district. In 

these cases, the increased computational cost of using a higher resolution exposure may not 

yield a greater return in terms of accuracy than that of a more coarsely aggregated model. 

The critical question, however, is whether the adoption of coarser scale exposure 

introduces systematic biases into the loss estimates and, if so, how these manifest and how 

they can be mitigated. 

The issue of spatial resolution has been investigated at the urban level in several studies 

(Bazzurro and Park 2007); Scheingraber and Käser 2019; Bal et al. 2010). Each of those 

studies considered spatial resolution to have a minimal influence when calculating 

portfolio mean loss/damage, due to an averaging effect of the over- and underestimation of 

the losses. However, these studies also indicated that uncertainty in location could lead to 

inaccurate loss estimates (both in terms of mean and distribution) when a single location is 

used to represent larger. Therefore, the first aim of this study is to investigate further the 

effect of exposure resolution beyond the urban scale, which is of particular importance for 

the national, regional and global studies of seismic risk (Crowley 2014). 

The second aim of this study focuses on the need to determine a ground-shaking input that 

accounts for both the location and local site conditions that are closest to the conditions 

affecting most buildings in a spatial region, for use with aggregated exposure (DeBock and 

Liel 2015). No evidence can be found in the literature at the present time on which would 

be the most reliable method to geolocate buildings and assign site properties for aggregated 

portfolios.  

The issues arising from low spatial resolution in exposure models have so far been 

managed in different ways, including modelling region-specific ground motions (e.g., 

Bazzurro and Park 2007; Stafford 2012), stochastic modelling of location uncertainty 

(Scheingraber and Käser 2019), relocation (Bazzurro and Park 2007), spatial 

disaggregation (Dabbeek and Silva 2020), and the use of Central Voronoidal Tessellations 

(CVT) (Gomez-Zapata et al. 2021; Pittore et al. 2020). This study will focus mainly on 

portfolio relocation and disaggregation methods as a way to treat the bias in risk arising 

from low spatial resolution. 

We present a sensitivity analysis that explores the effect of spatial resolution on exposure 

models (including site conditions) on seismic risk analyses as part of the testing activities 

of the European Seismic Risk Model 20201 (ESRM20, Crowley et al. 2021). The analysis 

focuses on 35 countries within the European exposure model (Crowley et al. 2020) and 

multiple test cases, exploring different spatial resolutions and strategies for best 

configuring the site and exposure models. Each test case is used to calculate portfolio loss 

for specific return periods and the average annual loss (AAL). These results are compared 

against the benchmark loss, calculated with the 30 arc-sec resolution exposure model, 

which is the highest resolution achievable with the input site characterization model, to 

identify the method that produces a desirable balance between accuracy and need for 

computational resources. 

 
1 To access risk services of the European Facilities for Earthquake Hazard and Risk (EFEHR), visit  

http://risk.efehr.org 
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2. Case study: European exposure and site models 

The exposure data used in this study has been obtained from the European exposure model 

developed by Crowley et al. (2020a), which is aggregated by administrative zone with a 

resolution that varies across countries and occupancies (i.e., residential, commercial and 

industrial). The maximum available resolution of residential and commercial 

administrative units is illustrated in Fig. 1, where it is possible to observe large differences 

in the surface areas across countries and occupancy levels. 

  
Fig. 1 - ESRM20 maximum available administrative resolution for residential (left) and commercial (right) 

exposure 

The site model used in the analyses has been developed for ESRM20 and makes use of two 

proxy datasets, topography and geology, both of which are rendered onto a regular 30-

arcsec grid (Weatherill et al. 2022). 

2. Sensitivity analysis design 

2.1. Administrative workflow 

In this type of exposure, each administrative unit is represented by a single location and 

site property. We considered four workflows (wf1, wf2, wf3, wf4), designed to allow 

independent testing of the effects of location and site conditions. These properties are 

either taken using the geometric centroid of the admin unit or are obtained using the 30 

arc-sec grid of the built-up area density grid, interpolated from the 250 x 250 m resolution 

built-up area density map (Pesaresi et al. 2015). In detail: 

• wf1, base model: geometric centroid of the admin unit used for both exposure and site 

properties; 

• wf2: geometric centroids used for locations, site properties represented by a (built-up 

area) density weighted-average of all the site conditions in the 30 arc-sec grid cells 

covering the admin unit; 

• wf3: density weighted-centroid of all the 30 arc-sec grid cells used for locations, 

density-weighted average values adopted for site conditions 

• wf4: locations placed at the maximum built-up area density within the admin unit, site 

properties as per the density weighted-average.   
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Fig. 2 - Comparison between exposure location weighting methods for the 2nd administrative level in Spain 

2.2. Gridded workflow 

The gridded exposure (wf5) is a regularly spaced grid of points disaggregated from the 

base model, using the Global Human Settlement Layer (GHSL) 250 x 250 m resolution 

built-up areas density map (Pesaresi et al. 2015). For this type of exposure, building 

locations and site properties correspond to the centre of the grid cell which is considered 

with six resolutions: 30, 60, 120, 240, 480 and 960 arc-sec, all of which were 

downsampled from the 250 x 250 m resolution built-up area density map. The maximum 

resolution was restricted to 30 arc-sec in order to manage the computational demand of the 

risk calculations, while the lowest resolution was limited to 960 arc-sec, a level that is 

similar to the resolution of some administrative units. 

  

Fig. 3 - Gridded exposure for Spain, 30 and 960 arc-sec 

3. Sensitivity analysis results 

3.1. Effect of administrative-based exposure on portfolio loss 
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The first set of analyses focuses on the impact of admin resolution on the cumulative portfolio 

loss when using the most common type of aggregated exposure models (wf1). Fig. 4 illustrates 

the difference in AALs (relative to the results with the benchmark 30-arcsec gridded exposure 

model) for five countries obtained from administrative divisions 1, 2 and 3. A clear association 

can be observed between admin resolution and the percentage change in AAL. The largest bias 

occurs at admin1 (mostly underestimation), followed by the higher resolutions (admin2 and 3). 

Portfolios that aggregate larger regions are likely to be associated with higher uncertainty in 

building locations and site conditions, due to the inability of a single point to adequately 

characterize the variability of site conditions and building locations across such a large surface 

area. 

 
Fig. 4 - Relative change in national AAL (with respect to the 30-arcsec benchmark case) for the exposure model 

aggregated at admin levels 1, 2, and 3 

To facilitate the comparison of the numerous case studies analyzed herein, we used an index to 

evaluate the overall performance of each model. The index describes the frequency distribution 

of performance between the workflows, that is, how frequently (i.e., in how many countries) a 

model ranks as the best, second-best, third-best and worst option, as shown in Table 1. 

According to this index, the best performing model is wf3 followed by wf2, wf4 and wf1. The 

highest index value indicates that wf3 (weighted centroids and sites) stands as the best (1st 

rank =13) and also as the second-best model (2nd rank =13). On the other hand, the lowest 

index value indicates that wf1 (geometric centroids and their site conditions) is the least 

effective model overall, even if it ranks as the best model in 7 cases. It should be noted that the 

meaning of the index is limited if the margin of difference is small (see, for example, 

Switzerland in Fig. 5). An alternative is to measure the sum of absolute changes in AAL for the 

35 countries, which are 940%, 830%, 600%, 730%, for each of wf1, 2, 3 and 4. Accordingly, 

these values confirm that there is a significant margin in the performance. 

Table 1 Performance index of administrative-based exposure workflows for admin1 level 

Workflow Rank a Index b 

1st    2nd    3rd    4th    

wf1 7 7 5 16 53.57 

wf2 7 9 16 3 64.29 

wf3 13 13 6 3 75.71 

wf4 8 6 8 13 56.43 

 N cases = 35     

a 1st = best, 2nd = second-best, 3rd = third-best, 4th = worst.  = 1, 0.75, 0.5, 0.25, respectively 

b  Index =   
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Fig. 5 Change in national AAL relative to the benchmark case (30 arc-sec model) for 6 countries, using 

admin1 exposure 

Fig. 6 shows the change in loss for different loss return periods for each of the four 

administrative workflows calculated using the admin1 exposure. Similar to observations by 

Bazzurro and Park (2007) and Scheingraber and Käser (2019), aggregation tends to 

underestimate losses for events with shorter return periods (i.e., 50 years) and overestimate 

losses for longer return periods (i.e., 2000). Assigning the same ground motion values to all 

structures within a broad area is effectively introducing an artificial correlation that broadens 

the uncertainties in the tails of the distribution, meaning higher probabilities of high losses and 

higher probabilities of lower losses than the case when correlations are weaker or absent.  

 
Fig. 6 - Change in loss for different return periods compared to the benchmark case (30 arc-sec model) for 

admin1 regions 
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3.2. Effect of grid-based exposure on portfolio loss 

The previous sections demonstrated that coarse administrative exposure could bias portfolio 

loss. Despite the improvements brought about by relocating exposure and site conditions in 

wf3, aggregation effects remain a concern, especially for exposure models developed at the 

first administrative division (e.g. Spain, Turkey, Austria). Fig. 7 presents a comparison 

between the grid and administrative-based resolutions for three countries. Admin resolutions 

(admin1, admin2 and admin3) correspond to wf3 (density weighted-average). The results 

indicate that the 120 and 240 arc-sec range or the admin level 3 generally leads to higher 

accuracy than the lower resolution grids (480 and 960 arc-sec) and coarser administrative 

levels (admin2 and admin1). The improvements below 120 arc-sec are minor, suggesting that 

resolutions smaller than an (approximately) 2 x 2 km2 grid are largely insignificant for 

calculating the AALs at the national scale. Overall, the sum of absolute change in AAL (35 

countries) for the 60, 120, 240, 480 and 960 arc-sec gridded exposure is 35, 48, 140, 185 and 

418%, respectively. Note that the low AAL bias for Italy at admin1 resulted here by chance as 

the underestimated and overestimated losses counterbalance each other.    

 
Fig. 7 - National AAL difference compared to the benchmark case (30 arc-sec model) by exposure spatial 

resolution for selected countries 

In terms of the effect of the spatial resolution on specific event losses (i.e., 50, 100, 200, 500 

and 1000 years), Fig. 8 illustrates that bias becomes more evident at lower resolutions (480, 

960 and admin 1). The influence of artificial correlation on the losses becomes more evident as 

the spatial resolution decreases, with the frequent loss events (50, 100 years) seemingly more 

sensitive. Generally, smaller, more frequent events lead to ground shaking that covers smaller 

extents and thus, any location shift in the assets can change the level of estimated shaking at 

the site (and therefore damage and loss) significantly. Additionally, there is a high sensitivity 

of small numbers to change. This sensitivity might be influenced by the types of structures 

dominating the portfolio as well. As short period motion attenuates more rapidly than long-

period motion, regions with low-rise structures (shorter vibration period) will be more sensitive 

to this attenuation.  
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Fig. 8 - Loss difference per spatial resolution (admin and gridded) and corresponding return period by 

country 

4. Portfolio size, hazard and site property effects on the estimated loss 

The relationship between the area of the administrative divisions in km2 and the corresponding 

average change in AAL relatively to the gridded 30 arc-sec model is clearly depicted in Fig. 9, 

which was generated based on 23,000 regions from admin1, admin2 and admin3. As can be 

seen, the bias in the AAL increases with the increase in the administrative area. Interestingly, 

the standard deviation values (named sigma) in Fig. 9 indicate a significant scatter around the 

average, demonstrating that the bias in equally sized regions can be much higher or lower than 

the average. For further discussion about the effect of the hazard variability and site effects 

please refer to the journal version of this paper (Dabbeek et al. 2021).  

  
Fig. - 9 Admin area (logarithmically-spaced bins) versus the average AAL loss difference, compared to 

benchmark case (30 arc-sec model) (left), and the sigma of AAL difference (right) 

5. Conclusions 

This study has investigated the influence of exposure spatial resolution on seismic risk 

analyses for large building portfolios, using eighteen different methods for modelling 

exposure and site models for 35 countries in Europe. Twelve of these methods are based on 

administrative distributions and consist of three resolutions (admin1, admin2 and admin3), 

and four workflows to assign buildings locations and site properties: a) geometric centroid 

and closest site property b) geometric centroid and density weighted-average sites c) 

density weighted-average location and sites d) maximum density location and density 

weighted-average sites. The other six methods are grid-based with spatial resolutions of 30, 

60, 120, 240, 480, 960 arc-sec. All the workflows described in this study and more can be 
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readily configured to allow risk modellers to explore these approaches themselves using a 

free and open set of tools: 

• Exposure Disaggregating Tool2 (https://github.com/GEMScienceTools/spatial-

disaggregation) 

• Site Preparation Tool (https://gitlab.seismo.ethz.ch/efehr/esrm20_sitemodel) 

The sensitivity analysis has shown that the spatial resolution of exposure has a significant 

impact on probabilistic seismic risk at the national and regional scale. Using admin1, 

admin2 and admin3 exposure with geometric centroid and closest site properties (wf1) 

leads to an average bias of 27%, 19% and 15% in the national AAL, respectively, while the 

60, 120, 240, 480, 960 arc-sec gridded exposure models lead to an average bias per country 

of 1%, 1.5%, 4.5%, 14%, 27%, respectively. Based on these results, it is worth increasing 

the resolution to 120 or 240 arc-sec in order to keep the bias below 5%. However, 

resolutions higher than 120 arc-sec did not bring meaningful improvements for the 

increased amount of computational resources they required. At the resolutions higher than 

that of the national level (i.e., provinces, cities, etc), the spatial resolution has more 

significant effect on the AAL. Therefore, lower ranges of the recommended spatial 

resolutions (i.e. 120 arc-sec or finer) can be considered when assessing risk at the sub-

national level. 

The results also demonstrated that the bias of the administrative-based exposure models 

can be reduced by using the density weighted-average location and site properties (wf3). 

For admin1 level, a reduction from 27% to 18% in the AAL was observed, on average, per 

country when using this workflow. This method seems to work when there is a high 

sensitivity to the choice of location caused by the high variability of hazard and soil 

properties within a region. In most cases, these regions are large enough (i.e., area larger 

than 500 km2) to allow hazard and site properties to change over space. The higher the 

resolution of the admin level, the less likely it is that any weighting method could 

significantly improve the accuracy of portfolio loss. 

Before extrapolating results to other regions, however, it is important to keep in mind the 

role of site model resolution, ground motion attenuation and seismogenic sources. 

Although this study explored a handful of strategies for modelling exposure resolution and 

site properties, there are others to be investigated, some of which are also available in the 

Site Preparation Tool. For example, the gridded exposure can be improved by weighting 

site properties within each grid cell or considering variable grids denser around the main 

faults and where site properties tend to vary. In addition, while this work has focused on 

regional scale risk studies, further analysis at sub-regional and urban scale is needed in 

order to understand where a suitable balance can be struck between exposure resolution, 

uncertainty characterization and computational cost, when more detailed information may 

be available. Since the effects of data resolution depend strongly on the variation in the 

hazard (see journal version of the paper), future studies should focus on mitigating the bias 

at the ground motion level. 

This sensitivity analysis was carried on as part of the testing activities of the European 

Seismic Risk Model (ESRM20, Crowley et al. 2019), initiated within the European 

Horizon 2020 Project SERA (www.sera-eu.org), and continuing under the umbrella of the 

European Facilities for Earthquake Hazard and Risk (EFEHR) Consortium (www.efehr.org). 

 
2 Note that the Exposure Disaggregation Tool uses WorldPop population by default, but it supports other raster datasets including the 

GHS built-density layer used herein available for download at: https://gitlab.seismo.ethz.ch/efehr/esrm20_exposure/-

/tree/master/spatial_disaggregation 
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For more detailed information about this work please refer to the journal version of this paper 

(Dabbeek et al. 2021).  
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Abstract: Seismic risk assessment plays a significant role to understand the impact of 

earthquakes on such as humans, structures, infrastructures, and it steps forward with 

awareness and preparedness against seismic risks. One of the main steps in seismic risk 

assessment and loss estimation study corresponds to the definition of a vulnerability model. 

This paper explains a newly proposed methodology that targets to improve the vulnerability 

estimation while proposing a direct correlation between the damage and the expected loss in 

a structural component. The methodology aims to compute the monetary loss of moment-

resisting reinforced concrete structures for regions where although there is moderate 

seismicity, there is also a lack of robust post-earthquake data to derive empirical 

relationships between damage and cost to repair. Structural components are dealt with one 

by one regarding their local behaviors and correlated with two engineering demand 

parameter(s) (EDPs) (drift and total rotation) in the proposed methodology. Besides the 

physical damages due to the deterioration in mechanical properties of the materials under 

repeated cyclic loading that are associated with the EDPs, changes in response in a local 

sense, at the material levels, are linked to the physical damages. Thresholds for each damage 

state are computed under several axial load levels to calculate the degree of loss in a 

component directly. The methodology is applied to a 2-D moment resisting reinforced 

concrete frame modelled on OpenSees using beam with hinge element. Incremental 

dynamic analysis is performed using a set of ground motions, 550 records in total. The 

methodology is verified through columns for now and the loss ratio for each column in the 

frame is computed in terms of two engineering demand parameters which can represent 

local or global behaviors of the structural elements. It is observed that the proposed 

methodology enables to calculate the monetary loss ratio lower than conventional methods. 

Keywords: Seismic risk, Monetary Loss, Reinforced concrete, Columns, Axial load 

1. Introduction 

Earthquakes are considered one of the most devastating natural hazards due to its own 

nature and they are responsible for high human, economic, and social losses across large 

regions. Since the seismic risk of structures on built environments increases by the time 

being due to deterioration in mechanical properties of the materials, stakeholders and 

decision makers always face with difficulties of selection between safety and economy to 

mitigate the seismic risk. Meanwhile, due to earthquakes uncertainty, loss estimation is 

needed in order to understand the impacts of the hazard, reduce the risks of events, plan 

emergencies of lives and manage insurance and other financial commitments. Modern 

seismic codes allow structures to have limited/slight damage or no damage under a design 

seismic load and limited damage under a higher probability of an earthquake. In order to 

quantify those damages on a structure/element, the damage is associated with a damage 

index and damage variables. The seismic damage indices display meaningful output for the 

decision-makers and stakeholders after relating to the seismic damage states. In current 

1924
3ECEES, September 2022, Bucharest, Romania



earthquake loss assessment approaches, the yielding and ultimate deformation of structures 

are considered the critical points along the numerical modeling of the response, and the 

damage is commonly defined base on ductility ratio, inter-story drift or dissipated energy, 

usually related with either global or local indices (Park & Ang, 1985), (DiPasquale & 

Cakmak, 1987), (Williams, & Sexsmith, 1995). Those indices can provide information 

about the vulnerability, performance evaluation and decision regarding rehabilitation of the 

structure. Even though the indices are able to capture non-damaged and severely damaged 

status well, they, however, poorly provide accurate results for intermediate damage states, 

which is the most critical stage regarding strengthening decision (Sinha & Shiradhonkar, 

2012). The assessment of seismic risk includes the three classical components: hazard, 

exposure and vulnerability. Hazard represents the peril subjected to the exposure, which is 

specifically a ground motion due to an earthquake in this study. In seismic risk assessment, 

exposure refers to assets that are exposed to risk to a certain hazard, such as people, 

buildings, crops or infrastructures. Existing structures can be classified according to their 

similarities in their behaviors under seismic action also called taxonomies. The last 

component, physical vulnerability can be described as a degree of loss on an element or 

elements, that are subjected to a given level of the hazard. Loss referred here can be 

calculated as repair cost, loss of life, a ratio of cost of repair to cost of replacement or a 

ratio of number of fatalities to the number of occupants. To derive vulnerability of an asset, 

the available approaches can be classified into two: direct and indirect approach. Direct 

vulnerability can be computed through data from the past earthquake in the region/area or 

through expert opinion. Indirect vulnerability can be computed combining the fragility 

functions with the consequence functions. A fragility function is a function of given 

intensity measure and probability of exceedance for given damage levels which can be 

continuous or discrete. The consequence functions (damage-to-loss functions), which 

provide a link between repair cost and damage states, are formed using available data sets 

from previous earthquakes in a region or area, but may not be available in most of the 

regions in where the seismic activities are low and moderate. In those cases, consequence 

functions are taken from different regions/countries from where this data is available, 

which may cause a reduction in accuracy on vulnerability derivation. The damage 

determination and loss estimation certainly contain a number of steps which could benefit 

from further improvements, such as the definition and the determination of damages, the 

relationship between damage and loss or the determination of loss. Herein, a need of a new 

methodology emerges to estimate vulnerability in a more accurate technique. 

2. Proposed Methodology 

This paper explains the steps of a newly proposed, advance, and trustworthy methodology 

by Tatar which is able to compute the monetary loss in RC structures directly without 

engaging consequence function (Tatar, 2019). The new proposed methodology targets to 

improve the vulnerability estimation in seismic risk assessment while proposing a direct 

correlation between the damage and the expected loss in a structural component, to 

improve the accuracy of monetary loss calculation and to provide an alternative solution 

for the area/region in which there is no adequate consequence function to be utilized. The 

methodology aims at finding a link between demand and loss straightly while answering 

two main questions: (1) when the damage occurs, which allows identifying the damage 

state in terms of EDP as comparing the demand and the capacity and determining the 

damage state on a component under the given seismic action and (2) where the damage 

occurs on the component which allows computing the damage in volumetric terms and 

yields to the correlation between the damage and monetary loss in a direct way. The 
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methodology begins with the determination of the physical damage states that the 

structural component may experience during a seismic event. A project named PRISE is 

employed to categorize and to describe the damage states in this work (Marques, 2015). 

According to the project, the damage states are grouped into six: (DS1) hairline cracking in 

which the crack width is equal or larger than 0.1 mm, (DS2) wide cracking in which the 

crack width is equal or greater than 0.8 mm, (DS3) light spalling (onset of spalling), (DS4) 

spalling, (DS5) buckling of a reinforcing bar and (DS6) failure of the component. Each 

damage state preserves a few suitable repairing techniques by the project and users are able 

to select those according to their financial concerns. 

 

Fig. 1 - Workflow of the proposed methodology (Tatar, 2019) 

The proposed methodology is divided into two phases: local and global phase (see Fig. 1). 

The local phase of the methodology decomposes the structure into elements and treats the 

element (structural or nonstructural components) one by one using a numerical tool, 

DIANA (DIANA, 2018). 3D detailed finite element modeling of the components is 

employed at this stage of the work in order to characterize the predefined physical damages 
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in a more accurate and detailed manner. If the selected component does have the results 

from experiment such as base shear-displacement, moment-curvature etc., the input 

parameters can be tuned against the experimental results. A this stage of the work, 

systematic calibration is established which consists of several steps including mesh size, 

geometric nonlinearity, compression fracture energy and bond-slip phenomena and 

interface intervention along with the normal direction. Through those steps, the material 

properties are validated on the numerical model and they are also utilized in whole 

structure modeling in the global phase of the methodology. This step of the work is not 

only important for the accuracy of the numerical modeling of the full frame structure, it 

also plays great role on precision of loss estimation. After obtaining the best match 

between the numerical response and the experimental results, it is assumed that numerical 

model is also able to represent the local behavior of the component. Deteriorations in 

response at the material level, such as; decreasing in axial load in a bar, a sudden drop in 

stress in concrete element, or the maximum stress in concrete element are chased for 

concrete or steel materials and are associated with the aforementioned physical damages. 

Each damage is investigated separately and the load step at the response variation is 

calculated in terms of drift and total rotation, as the engineering demand parameters. Since 

the calibrated material properties can be considered valid for further analyses, the models 

are executed under several axial load levels to create the database based on physical 

damage limit states and the thresholds are discretized over several axial load levels; 0, 10, 

20, 30, 40 and 50 % of the axial load capacity of the columns. This discretization allows 

users to compute the structural damage in a more realistic and detailed way, meaning that 

rather than investigating the behavior of the structure the whole structure or story by story 

as a common practice, the damage on members and monetary loss assessment can be 

computed element by element or region by region in an element. The ultimate goal of this 

step is to form a pool which contains the thresholds for the components for several 

geometrical and material properties and axial load levels in order to eliminate the local 

phase of the methodology. The global phase of the methodology deals with the full 

behavior of the frame and engages the computed thresholds with the demand under the 

seismic action to bypass the employment of the consequence function and to estimate the 

monetary loss directly. The full frame structure is modeled using finite element method 

with fiber elements and earthquake load is applied onto the structure while increasing the 

intensity gradually (Incremental Dynamic Analysis (Vamvatsikos & C. Allin, 2002)). For 

each intensity level, the repair cost for the individual structural elements one by one can be 

calculated using the newly defined damage indices, which correlates EDP with the 

observed damages. From the PRISE project it was found that, several repair techniques 

may be applied to a certain physical damage, with different unit costs. Finally, summation 

of each individual repair cost of each element provides the repair cost of the full frame. At 

the end of the methodology, fragility functions can be derived. 

The main assumptions in which the proposed methodology embraces are:  

▪  The methodology covers moment resisting reinforced concrete structures, 

▪ The structural members fail by ductile behavior, they have adequate shear 

resistance,  

▪ Failure of beam-column joints is omitted, 

▪ The cost of each repair technique is valid within Portugal but can be updated for 

other places in terms of material, equipment, etc., 

▪ The proposed cost of repair per unit does not involve indirect losses. 

1927
3ECEES, September 2022, Bucharest, Romania



3. Application of the methodology to the 2D frame 

The investigated frame consists of 3 stories with 3 bays by 6.6 m span length and designed 

under a 0.2 g design spectrum, representing the seismic hazard in Lisbon, Portugal. The 

columns have 20 cm by 40 cm with 3 m length and the beams are 20 cm by 50 cm. The 

frame is modeled using the open-source tool, OpenSees (OpenSees, 2006). Fig. 2 displays 

the drawings of the frame, the beams and the columns with their details. The calibrated 

material properties as described in the local phase of the work are used for both columns 

and beams. The columns in the frame are selected force-based element with Gauss Radau 

integration and the beam elements are employed force-based elements. The 5% tangent 

stiffness proportional damping is considered to the structure and the structures are allowed 

to keep vibrating freely until they are stabilized in order to determine potential residual 

drifts and rotations later on. The first three fundamental periods of the frame are 0.98 sec, 

0.28 sec and 0.14 sec. The selection and scaling of the earthquake records have been 

completed carefully given the importance of incorporating record-to-record variability on 

the seismic response of structures. The selection is completed using the approach called 

conditional mean spectrum (CMS), which incorporates the variability in target mean 

(Baker, 2010). A set of records (11 sets of records, 550 in total) is applied to the structures 

and variance and all the analysis is completed in Matlab®2019a scripts developed for pre 

and postprocessing algorithm. 

 

 

a) b) 
Fig. 1 - Schema of the frame a) the 2D frame drawing, b) sectional drawings 

4. Results and discussions 

The methodology is validated through columns for now and the damage and the loss are 

computed based on columns. The written algorithm tracks the maximum response of each 

column in the structure under the given earthquake in terms of drift (global EDP) or total 

rotation (local EDP), separately, and the corresponding axial load in the column. The 

structural damages are correlated with the EDPs using the corresponding thresholds, in 

accordance with the value computed in the local phase of the work, within the 

consideration of the axial load level on a column at the maximum response. Assuming that 

there are two columns sharing the same maximum response, but one is from a ground floor 

and the other one is the top floor: the calculated damages on those columns will not be the 

same due to the additional consideration of the axial load evolution. After the damage state 

determination, the cost matrix (which is based on damage in volume to needed repairing 

material in volume) is utilized and repair cost computed directly for each column. The total 

monetary loss is calculated while summing the loss from each column and it is normalized 

by the total cost of the replacement of all the columns. 
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4.1 Element-based Results 

Fig. 3 displays the results from two intensity levels for the representation purpose. The 

results are illustrated on graphs named “base graphs” in the methodology which are made 

of the thresholds for each damage state. The damage states are explicitly seen zone by zone 

and each colored area represents one damage state in the element on the graphs. It is also 

assumed that the thresholds for given damage states are not discrete, there is a linear 

relationship along with the damage states under increasing axial load level. Under a low 

axial load level in a column, the evolution of the damage states and the damage classes can 

be observed gradually; there is a smooth interchange from one to another. However, under 

a high axial load level, this smooth transition cannot be observed due to concrete crush and 

the element failures without sequential damage observations. Some damage states 

disappear when the axial load is high on a column, such as wide cracks, light spalling. 

Cracking displays an inverse relationship with the axial load ratio, if the axial load 

increases, cracking forms later in columns. In addition, under a high axial load level, there 

is a possibility not to form wider cracks (cracking w > 0:8mm) in columns (see the 

columns with 30, 40 and 50 % of the axial load capacity).  

  
a) b) 

  
c) d) 

Fig. 3 - Interior column behaviors under the given records a) Sa is 0.1g, EDP is drift, b) Sa is 0.1g, EDP is 

rotation, c) Sa is 0.5g, EDP is drift, d) Sa is 0.5g, EDP is rotation 

 

Note that the dashed line on the based graphs represents the second main visible hairline 

cracking in the columns. Even though it seems some contradictions between two damage 

states, light spalling may happen earlier than wide cracks (cracking w > 0:8mm) in 

columns. The main reason is that cracking is controlled by tensile behavior while light 

spalling is governed by compressive behavior. The columns may not present a sequential 
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damage form from light spalling to severe spalling under increasing axial load levels. 

Concrete spalling is followed by rebar bucking when the axial load ratio is very low, then 

this sequence becomes the other way around; rebar buckling occurs prior to concrete 

spalling. There could be two reasons for this behavior: one is the reinforcement ratio and 

the latter is stirrup spacing. Moreover, an increase in axial load ratio reduces the ductility 

of the columns and changes the failure mode in the columns; the high axial load level 

causes a brittle failure in a column. Each circle represents one earthquake result at the 

given intensity level and the colors show the results from different floors; black is the 

ground floor, blue is the midfloor and red is the top floor. In the graphs in terms of 

rotation, the top and the bottom ends show separately by circle and diagonal shapes, 

respectively. Fig. 3-a) shows the interior columns when the frame subjected to 0.1 g and 

drift is selected as EDP. The damage is concentrated on hairline cracking and non-damage 

zone. When EDP is total rotation, the same insight can be stated as shown in Fig. 3-b). 

When the intensity is increased to 0.5g, the dispersion can be observed not only under the 

given set of records, also between the selected EDPs (see Fig. 3-c) and Fig. 3-d)). 

4.2 Frame-based Results 

Figure 4 shows the loss ratio of the frame corresponding to the increasing seismic intensity 

levels. The mean values of the data from each intensity level are utilized while fitting the 

set of data in the lognormal cumulative function in the graph. It shall be noted that the 

monetary loss in this work refers to direct monetary loss due to structural damages 

occurring in columns. When the global EDP (drift) is employed, the damage in a column is 

reached to a higher damage state level sooner in general and vice versa. As a result of it, 

Fig. 4 displays a lower loss ratio in the structure for the local EDP (total rotation) and the 

distinction between these selected EDPs can be clearly seen when the intensity is higher 

due to the nature of earthquakes.  

 

Fig. 4 - Comparison of the monetary loss ratios of the frame 

 

The main reason for this difference is tracking the possible damages in the element 

separately, zone by zone. For instance, if total rotation is utilized as EDP, there is a high 

possibility for a column may form damages only one of its ends which reduces the possible 

monetary loss. If drift were selected, the same column might be considered fully damaged 

because of the nature of the assumptions made during the computation. In addition, 

monitoring the axial load level of each column provides more accurate results in terms of 

damage state evolution. The collapse of the structures can be noticed earlier in general 

when the global EDP is employed. The proposed methodology is compared with the 

simplified approach as well. The simplified approach in this work represents the 
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conventional perspective of the loss estimation, calculating the loss ratio while computing 

the maximum damage on a story level. The axial load level is considered constant and is 

equal to 10 % of the axial load capacity of the column and loss is computed according to 

the corresponding thresholds. The proposed methodology displays more conservative 

results in lower intensities than the simplified approach when EDP is global because it is 

able to capture lower damage states such as hairline cracks due to the additional 

consideration of the axial load level in a column. Under higher intensities, the proposed 

methodology with local EDP selection computes the loss ratio more than 30% lower than 

the conventional approaches for columns. 

 

5. Summary and Conclusion 

The aim of this paper is to introduce a new methodology for analytical and trustworthy 

seismic risk assessment for moment resisting reinforced concrete frame structures. This 

procedure is deemed crucial for regions in where although there is a moderate seismicity 

(i.e. Portugal), there is a lack of robust postearthquake data to derive empirical 

relationships between damage and cost to repair and thus, to develop appropriate risk 

management decisions from cost-benefit analyses. Due to the contribution of experience 

judgment and involvement of non-objectivity in previous aspects, a need of a new 

methodology exists and by the proposed methodology in this paper, an analytical, detailed 

and more reliable seismic risk assessment is sought for decision makers. Aiming to 

improve the accuracy of repair cost calculations, so that it is possible to provide an 

alternative approach for regions in which there is not a proper consequence function that 

relates each damage level to its cost of repair and to form a new damage index for each 

structural element type, this advanced methodology is proposed. The methodology is 

applied to a frame successfully. The local and global EDPs compute different loss ratios 

due to the difference in damage detection; the loss ratio computed through the local EDP 

suggests a lower loss ratio in general. The proposed methodology provides a smaller loss 

ratio compared to the conventional methods, specifically under high intensities. In addition 

to all, selection of EDP and consideration of axial load level on columns are very essential 

and they shall be taken into account directly on loss assessment. 
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Abstract: Many urban settlements have developed on seismically active regions and the 

buildings belong to different periods. Buildings built before the use of the seismic design 

codes increase the vulnerability to seismic risk of urban settlements. One example of such 

an urban settlement - Karposh district in Skopje is selected as a pilot case for this study. The 

existing building stock consists of reinforced concrete (34.90%), confined masonry 

(19.80%) and unreinforced masonry (46.30%) structures. These buildings belong to three 

construction periods: before 1964 (absence of seismic design), between 1964-1981 (seismic 

design -low code level) and after 1981 (seismic design – moderate code level). The hazard 

model was prepared based on the active faults source model provided by European Seismic 

Hazard Model (ESHM20). By using the OpenQuake engine software two deterministic 

scenarios were calculated for this pilot case, scenario 1: Mw6.6 at 10km distance and 

scenario 2: Mw7.1 at 100 km distance. The exposure model was prepared based on the data 

from a previous study done by IZIIS in 2013 and re-visiting it in accordance with the GEM 

taxonometry. For the fragility model the existing fragility curves provided by European 

Seismic Risk Model (ESRM20) were selected in corelation with the exposure model. The 

results from the scenario calculations could be further used to mitigate seismic risk and 

provide sustainable urban development. 

  

Keywords: earthquake scenario at urban scale, ESHM20, ESRM20, damages 

1. Introduction  

The aim of the presented research in the paper is to show the importance of assessing 

seismic risk at the existing urban environments in order to give guidance to the urban 

planning for developing earthquake safe built environments (Edip K., PhD thesis, in 

preparation). As a representative example of the urban planning practice in the city of 

Skopje, an urban region was chosen at the district of Karposh (Fig. 1). This pilot case 

mainly consists of residential buildings built in different periods. While the initial urban 

concept as well as most of the buildings belong to period before the 1963 Skopje 

earthquake, in the period following after the introduction of the seismic design codes in 

1981, many of the existing buildings have been modified with structural interventions and 

adaptations as well as some new buildings have been added to the urban region.  

City of Skopje, where the selected pilot case is located, is considered a highly seismic 

region. In the city’s history the 1963 earthquake (Mw6.1) was the greatest catastrophe with 

lots of damages and destruction of buildings where 1.070 people lost their lives, around 

3.300 people got injured and many were left homeless, (Milutinovic et al. 2015).   

In the most recent years, between August 28th and October 4th2016, in the territory of 

Skopje a few numbers of weak to moderate intensity earthquakes were registered among 

which the strongest was the earthquake which took place on 11.09.2016 at 15:10 by local 

time with EMS intensity of VI-VII. At the buildings built after 1963 there were no 

1932
3ECEES, September 2022, Bucharest, Romania



noticeable structural damages, and the non-structural damages were slight to moderate. On 

the other hand, buildings built before 1963 and buildings with substandard structures had 

minor structural damages and extensive non-structural damages.  

The seismic risk assessment of the pilot case urban region was done with the Open Quake 

engine software developed by GEM. In this study the input information for seismogenic 

source model and vulnerability model (fragility functions) were based on the European 

Seismic Hazard and Risk Models (Crowley et al. 2021, Danciu et al. 2021).  

 
Fig. 1: Pilot case in Karposh district - Skopje 

 

2. Seismic risk assessment and risk scenarios for urban region -Karposh district 

Seismic risk is a result of interrelationship of three components: hazard, exposure and 

vulnerability. The exposure model was defined according to the available data provided by 

IZIIS from studies made in 2013 and 2018 (Necevska-Cvetanovska et al. 2013, Apostolska 

et al. 2018). The hazard component was defined as earthquake magnitudes and ruptures 

selected according to the data of the active fault lines defined by ESHM20 (Basili et al. 

2013). The fragility functions were defined from ESRM20 (Crowley et al. 2021a). 

2.1. Defining the hazard model for deterministic scenarios 

Depending on the focus of the research, the seismic risk analysis can be based on 

deterministic approach where defined events are analysed or probabilistic approach to 

define all possible events with their probabilities (Poljansek et al. 2017). Comprehensive 

upgrade of the probabilistic seismic hazard for Republic of North Macedonia was done in 

2015 (Salic, 2015). An integral analysis of data from geological, tectonic, neo-tectonic and 

seismological investigations was combined with the existing regional seismic hazard 

studies, databases of national and regional strong motion records and GPS measurements 

in a qualitatively new approach for modelling of the spatial distribution of the seismicity 

(Salic, 2015). According to this research, for the territory of Skopje, PGA=0.1074g (for 

return period of 95 years) and PGA=0.2098g (for return period of 475 years). Based on the 

earthquake hazard disaggregation diagram of Skopje (Salic, 2015), the seismic hazard at 

the pilot study location is controlled dominantly by earthquakes ranging between Mw 4 

and Mw 6 at distance of 0 km to 30 km.  
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In this phase of the doctoral research, two earthquake scenarios based on deterministic 

approach were implemented and selected data is presented in the paper. In scenario 1 the 

earthquake magnitude was selected 6.6 with 10km distance to the location, while in 

scenario 2 the magnitude was 7.1 with rupture being at 100km distance.  

The earthquake sources (Fig. 2) were defined with the selection of highest average 

magnitude on the faults within 10 and 100 km distance to the location of interest. All the 

parameters of faults located within the radius of 100km distance to the pilot case region 

presented in Table 1, such as: fault id, type, depth, dip, rake and Mw were derived from the 

European Database of Seismogenic Faults (Basili et al. 2013). 

Based on the project for harmonization of seismic hazard maps in western Balkan 

countries (BSHAP), (Salic et al. 2018) from the European ground motion prediction 

equation models the GMPE model of Akkar et al. 2014 was selected for the pilot study.  

 

Fig. 2: ESHM fault sources in QGIS: earthquake ruptures within radius of 10km and 100km 

Table 1: Fault sources in the radius of 10km and 100 km (European Database of Seismogenic Faults) 

Fault id fault 

type 

min 

depth 

(km) 

max 

depth 

(km) 

dip min 

(degrees) 

dip max 

(degrees) 

rake min 

(degrees) 

rake max 

(degrees) 

Mw 

avg. 

MKCS010 NN 1 15 65 75 -70 -40 6.6 

MKCS006 RL 1 25 50 70 -170 -140 7.1 

ALCS008 NN 1 13 40 50 -90 -60 6.7 

KMCS001 NN 1 25 50 60 -90 -60 7 

KMCS006 RL 1 10 50 75 130 170 6.2 

KMCS007 RL 1 10 60 80 130 170 6.2 

RSCS001 NN 1 12 50 70 -120 -90 6.4 

MKCS012 NN 1 15 50 70 -120 -90 6.7 

MKCS019 NN 1 12 60 70 -70 -40 6.3 

MKCS008 NN 1 12 60 75 -60 -30 6.3 

MKCS007 NN 1 10 50 70 -130 -100 6.2 

MKCS009 NN 1 13 30 45 -130 -100 6.9 

KMCS002 NN 1 12 50 70 -120 -90 6.4 

MKCS015 RL 1 12 35 50 -160 -130 6.7 
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2.2. Defining the exposure model for the pilot case  

Rapid visual screening of the building stock in urban district in Karposh, Skopje for 

potential seismic hazards was carried out by IZIIS in 2013 (Necevska-Cvetanovska et al. 

2013). This study was used as basis for defining the exposure model for 149 buildings 

situated in the urban region. However, for the purpose of this research, the collected data 

was re-visited and translated into the taxonomy of GEM in order to be able to use the 

OpenQuake engine for running the earthquake scenario calculations.  

According to the taxonomy attribute – materials, 34.90% of the existing buildings are 

reinforced concrete (CR), 19.80% are confined masonry (MCF) and 46.30% are 

unreinforced masonry (MUR). The distribution of the buildings according to their year of 

construction is shown in the Figure 3. The buildings can be grouped in three categories 

according to their construction period and seismic code design levels. Buildings built 

before 1964, lack seismic design due to absence of seismic code (CDN), in period between 

1964 to 1981 buildings were designed and built according to low seismic design code 

(CDL) and the buildings built after 1981 are considered to be with moderate seismic code 

level (CDM) (Crowley et al 2021, Crowley et al 2021a). In total around 73.82% of the 

building stock consists of old buildings designed and built prior to the enforcement of the 

1981 seismic codes in North Macedonia. Regarding the height of the buildings the low-rise 

(1-3 floors) buildings are prevailing with 58.40% presence, also there are 38.25% mid-rise 

(4-7 floors) and only 3.35% high-rise (8 floors and up) buildings at the pilot case site.  

 

Fig. 3: Number of buildings according to their period of construction and structural material 

The buildings in the period prior to 1964 were mainly unreinforced and confined masonry, 

while very few buildings were with reinforced concrete frame with walls as dual lateral 

load resisting systems. In the period from 1964 to 1981, construction of masonry structures 

was predominantly replaced with their repair and strengthening and meanwhile the number 

of reinforced concrete structures started to rise. As the contemporary seismic design codes 

were introduced in 1981, reinforced concrete structural systems became the most preferred 

types. 53 buildings (predominantly constructed prior 1964) from total number of 149 

buildings in the pilot study, in the period from 1981 to 2013 were subject to various 

structural interventions such as repair and strengthening, reconstructions (as enlargements, 

building of additional storeys), etc. As a result, mixed entities appeared which are different 

from the originally developed building typology in the European building stock within 

ESRM20.  
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2.3. Defining the fragility model for the existing buildings in the pilot case  

Due to the fact that there are no up-to-date fragility curves modelled specifically for the 

existing building typologies which are present in the pilot study region, existing fragility 

curves available in the European Seismic Risk Model 2020 (Crowley et al. 2021a) were 

reviewed and selected according to the taxonomies defined in the exposure model (Fig.4). 

The selected fragility curves are best fitted regarding structural types, materials and 

engineering design and construction practices of the existing building stock in the pilot 

case.  

The mixed entities, in total 53 were classified into two groups: 

- first group: buildings where the original structure is separated with expansion joints 

from the later added structure (enlargements, additional storeys, etc.). 

- second group: structural interventions are made without the use of expansion joints. 

Buildings belonging to the first group were treated as two separate structures (original and 

annex), accordingly, for each type of structure a compatible fragility function was selected. 

For the second group of structures the fragility function was determined based on the 

original structure. 

 
Fig. 4: Taxonomy defined according to fragility function and number of buildings in each taxonomy 

3. Earthquake scenarios applied to the pilot case -Karposh district 

In the pilot case the hazard, exposure and structural fragility models described in previous 

chapters were used as input parameters for running the Open Quake engine damage 

calculator for calculating the damage distribution statistics (GEM, 2020) for damage 

scenario 1 (Mw6.6) and scenario 2 (Mw7.1). The rest of the required parameters for the 

scenario damage calculations were defined in the configuration file (job.ini). The hazard 

region grid mesh and the rupture mesh were set to 0.5km. Site conditions were selected as 

uniform with average shear wave velocity in the top 30m equal to 800m/s, 2km reference 

depth to 2,5km/s and 100m reference depth to 1.0km/s seismic wave speed. In the 

calculation parameters the Akkar et al, Rhyp2014 ground motion prediction equation was 

selected for the generation of ground motion fields. The maximum distance from hazard 

source to site was set to 10km and 100km respectively for earthquake scenarios 1 and 2. 

For both scenarios 1000 ground motion fields were generated with truncation level of 3.  

The output files generated from the Scenario Damage Calculator for each of the earthquake 

scenarios were the following: asset damage distributions, aggregate event damages, ground 
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motion fields and events. The calculation results were visualized in QGIS with the use of 

Open Quake engine - Integrated Risk Modelling Toolkit (IRMT) plugin.  

The results of the scenario calculations point out that the scenario 1 (Mw6.6) with hazard 

to site distance of 10km is more critical compared to scenario 2 (Mw7.1) at distance of 

100km. Accordingly, selected results mainly from scenario 1 are presented in the following 

pages. The results are shown with the damage states defined for the European fragility 

functions (Crowley et al. 2021), which are: slight, moderate, extensive and complete 

damage.  

  
Fig. 5: Damage distribution for earthquake  

scenarios 1 and 2 

Fig. 6: Scenario 1 (Mw6.6) average damage 

distribution: structural material 

As can be seen from figure 5 the earthquake scenario with magnitude of 7.1 does not have 

big impact on the buildings due to its distance which is 100km from pilot case site. For this 

reason, the earthquake scenario with magnitude 6.6 will be analysed more in detail. 

Regarding the structural material of the buildings in pilot case site, in scenario 1 (Mw6.6) 

mostly the unreinforced masonry structures will suffer damage (Fig.6). On the other hand, 

reinforced concrete structures show approximately 10% of probability of exceeding slight 

damage state (Fig 6). According to construction period (Fig.7), buildings with non 

seismically designed structural systems will suffer the most and they are mainly masonry 

structures built before 1964. Distribution of damage according to the height (Fig. 8) 

indicates that the lowrise masonry buildings will be mostly damaged because they are 

unconfined and short period structures.   

  
Fig. 7: Scenario 1 (Mw6.6) average damage 

distribution: construction period 
Fig. 8: Scenario 1 (Mw6.6) average damage 

distribution: building height and material
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The damage distribution per asset for both earthquake scenarios at structural damage level 

“slight” (Fig.9) shows that buildings with different probability of exceeding damage level 

are situated next to each other.  

Here the parameters such as structural material, structural system for lateral loads as well 

as building’s height are the determinants for the damage thresholds. The graphical 

representation of the damage distribution gives a different focus to the urban planning of 

existing structures.  
 

 
Fig. 9: Structural damage level slight for scenario1 (Mw6.6), rupture distance:10 km (left)  

and scenario 2 (Mw7.1), rupture distance:100km (right) 

4. Conclusions  

In correlation to the selected results of the earthquake scenario calculations done for the 

pilot case, it can be concluded that seismic risk assessment should be part of the process of 

urban planning of the existing regions. The figure 6 shows the importance of the structural 

material and figure 7 points out the contribution of seismic codes in creation of more stable 

and safer built environments.  

The guidelines that can be given to urban planners are as follows: 

- Buildings’ height should be determined initially with appropriate structural material 

and system which can endure the potential seismic forces 

- Buildings which are attached should have the same number of floors and height 

- Buildings’ position in relation to each other, building which potentially will suffer 

greater damage will also cause side effects to its attached neighbouring building 

- Allowing the structural adaptations such as additional parts and storeys should be 

abandoned from the urban planning practice because this type of structural 

interventions, without proper design and construction, could increase the seismic 

vulnerability of the buildings. 
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Abstract: This article studies the effects of the soil data and exposure data of residential 

building inventories, as well as their spatial resolution, on seismic damage and loss 

estimates for a given earthquake scenario. Our aim is to investigate how beneficial it would 

be to acquire higher resolution inventories, at the cost of additional effort and resources. 

Seismic damage computations are used to evaluate the relative influence of varying spatial 

resolution on a given damage model, where other parameters were held constant. We use 

soil characterization maps and building exposure inventories, provided at different scales 

from different sources: the European database, a national data set at the municipality scale, 

and local field investigations. Soil characteristics are used to evaluate site effects and to 

assign amplification factors to the strong motion applied to the exposed areas. Exposure data 

sets are used to assign vulnerability indices to sets of buildings, from which a damage 

distribution is produced (based on the applied seismic intensity). The different spatial 

resolutions are benchmarked in a case-study area which is subject to moderate-to-average 

seismicity levels (Luchon valley in the Pyrénées, France). It was found that the proportion 

of heavily dam-aged buildings is underestimated when using the European soil map and the 

European building database, while the more refined databases (national/regional vs. local 

maps) result in similar estimates for moderate earthquake scenarios. Finally, we highlight 

the importance of pooling open access data from different sources, but caution the 

challenges of combining different data sets, especially depending on the type of application 

that is pursued (e.g., for risk mitigation or rapid response tools). 

Keywords: Damage and loss assessment, site effects, exposure modelling, spatial 

resolution, earthquake scenario. 

1. Introduction 

Earthquake risk assessment is a complex exercise, involving the assimilation of geological, 

seismological, engineering, demographic, and economic data within a risk assessment 

model (Corbane et al., 2017). Significant efforts have been made in the last 25 years 

towards the development of regional, national, continental, or even global seismic hazard 

and risk models, such as the National Risk Assessment (NRA) for Italy (Dolce et al., 

2020), the Global Earthquake Risk Model developed by the Global Earthquake Model 

(GEM) foundation (Silva et al., 2020) and, more recently, the European Seismic Risk 

Model ERSSRM20, which is an output of the European Horizon 2020 SERA project 

(Crowley et al., 2020a), building upon the research efforts of many previous projects (e.g., 

LESSLOSS, SYNER-G, and NERA- SHARE) (Riga et al., 2021). Seismic damage 

assessment requires taking three main factors into consideration: hazard, exposure, and 

vulnerability. Hazard refers to a specific given scenario (deterministic study) or to the 
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aggregation of all possible future occurrences of seismic events (probabilistic study) which 

may have adverse effects on vulnerable and ex-posed elements. On the other hand, 

exposure refers to the inventory of elements in an area in which the hazard may occur, 

while vulnerability refers to the susceptibility of exposed elements, such as physical 

components (e.g., buildings), human beings, and their livelihoods, to suffer adverse effects 

when subjected to the hazard. Several models have been developed for assessing the 

vulnerability of buildings and estimating the expected earthquake damages and losses for a 

given scenario. The methods developed may be empirical, analytical, or mechanical, based 

on fragility curves of buildings or hybrid methods (Calvi et al., 2006). The methodological 

and input data choices inevitably introduce uncertainty in the results of the seismic risk 

assessment. A variety of uncertainties, originating from different sources, are present at 

every step of the risk assessment process (e.g., natural variability of the phenomena under 

investigation, in-completeness of input data, or inadequacies in the models and methods). 

Bal et al. (2010) studied the geographical resolution of exposure data and of the ground 

motion (PGA amplified by the soil effect) for the sea of Marmara region in Turkey, using 

several different levels of spatial aggregation to estimate the losses due to a single 

earthquake scenario. They showed that, if only mean estimates are needed, the effort 

required to refine the spatial definition of exposure data is not justified. The average 

damage values over the simulations were almost insensitive to the resolution of the ground 

motion field. Their results indicated that a significant reduction in the variability of these 

estimates can be achieved by moving to higher resolution ground-motion fields. As the 

effect of moving to higher resolutions is to introduce some regions with higher-than-

average damage and others with lower-than-average damage, these two effects largely 

cancel each other out.  

The collection of harmonized data at a regional scale, as well as at the local scale, still 

represents one of the major challenges in seismic risk assessment studies. Preparing for 

data inventory is usually the most time-consuming and costly aspect of a loss study. It is 

also the most frustrating as, in principle, it is ideal to develop a perfect inventory; however, 

in practice, compromises must be made. It is wise to compile and update inventories that 

are as accurate as possible, under the circumstances and re-sources available.  

In this study, we focus on two key inventories that are needed to estimate seismic damage: 

the soil database, which is part of the hazard factor when considering site amplification, 

and the building database, which establishes the exposure and vulnerability factors. The 

first inventory is about the local site conditions that have a great effect on earthquake 

losses. The second inventory is related to the buildings and their vulnerability. It provides 

the spatial distribution of buildings at the territorial scale (i.e., the number of buildings in 

each territorial unit of analysis), as well as the vulnerability classification of these 

buildings.  

A question thus arises: to what extent is acquiring a higher resolution inventory beneficial? 

This article aims to study the effects of spatial scale (i.e., the resolution of input data 

describing the soil conditions and the characteristics of residential buildings) on the 

estimation of damage and loss for a given earthquake scenario, by considering either ‘weak 

data’ (collected at a large-scale) or ‘more accurate,’ yet more difficult-to-obtain, detailed 

surveys. Specifically, we address the question of how detailed such data sets should be, in 

order to yield a robust enough estimation of damage and loss, and how this affects the 

information delivered to operational emergency managers. We conduct this investigation 

in the Luchon valley, located in the French Pyrenees, due to the wealth of available data on 

the exposure of residential buildings and on local site effects at different scales (Table 1 

and Figure 1). More detailed description of the different soil and building exposure 
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inventories are presented in Fayjaloun et al. 2021. The structural damage are estimated 

using the intensity-based empirical vulnerability relationships developed by Lagomarsino 

and Giovinazzi (2006), without considering site effects at first stage (constant PGA), to 

study the effect of exposure data resolution in a deterministic scenario; and with site 

amplifications at a second stage to study the effects of both soil and exposure data 

resolution on the damage estimates. Finally, two historical deterministic scenarios are 

studied. The findings of this study are detailed in Section 3. The objective of studying the 

two historical regional earthquakes is not to compare the damage prediction with the 

observed damages, but rather to illustrate the differences obtained using different 

resolution of the input data. Indeed, for these two earthquakes, documentary archives do 

provide descriptions of the damage observed following these two earthquakes, but these 

observations cannot be used for validation, because the distribution and vulnerability of the 

buildings in 1855 and 1923 are very different from today. 

2. Scenarios and Methodology 

The risk evaluation procedure used herein consists of various steps, which are briefly 

outlined in this section. The first step of the procedure is to set the level of strong motion 

for rock conditions (i.e., without site effects), expressed in Peak Ground Acceleration 

(PGA), using either (i) a user-defined PGA map, or (ii) calculation per-formed using a 

ground motion prediction equation (GMPE), based on the magnitude and location of the 

scenario-earthquake assuming rock site conditions. Then, the impact of site effects on the 

PGA due to local variations in the near-surface lithology—and, possibly, topography (not 

considered here)—are modeled, by applying soil amplification coefficients using a site 

classification map (ideally coming from a seismic microzonation study). The PGA maps 

are then converted into macroseismic intensity, in terms of the EMS98 European 

Macroseismic Scale (Grünthal, 1998), using a ground-motion-to-intensity conversion 

equation (GMICE developed by Atkinson and Sonley, 2000). The elements at risk (in this 

study, residential buildings) are characterized by vulnerability indices (Vi): a Vi value is 

assigned to each building type, defined in terms of its age, material, technique of 

construction and, potentially, other characteristics. Next, the damage degree is estimated, 

using the intensity-based empirical vulnerability relationships developed by Lagomarsino 

and Giovinazzi (2006) on the basis of the EMS98 macroseismic scale, where an analytical 

expression for the mean damage grade, μD (mean of the discrete beta distribution), is 

provided as a function of the macroseismic intensity and the Vi of a given building type. 

Finally, the distribution of damage at each location is assessed, based on μD and a value, t, 

which governs the spread of the discrete beta distribution. The outcome is the distribution, 

in terms of the six damage levels defined in the EMS98—D0 (undamaged), D1 (slight 

damage), D2 (moderate damage), D3 (heavy damage), D4 (partial collapse), and D5 (total 

col-lapse)—for each location, which are separately considered. This procedure was 

implemented in the in-house BRGM software Armagedom, which was used for the 

computations presented here. Armagedom software is accessible via BRGM VIGIRISKS 

platform, a web-tool for Single and Multi-Hazard Risk Assessment (https://vigirisks.fr/). 

Details on the procedure and the software have been provided by Sedan et al. (2013), 

Tellez-Arenas et al. (2019), Negulescu et al. (2019) and Negulescu et al. (2020). 

We identified three sources for the databases, concerning the soil classification maps: 

- The European map (issued from SERA project), Municipal level (Crowley at al., 

2019); 

- The National map (issued from collaboration between BRGM and CCR), 

Municipal level (Monfort and Roullé, 2016); and 
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- The maps issued from microzonation studies at the specific area (SISPyr project), 

District level (Roullé et al., 2012). 

We also identified three databases for collecting data concerning building exposure: 

- The European database (issued from SERA project), Municipal level (Crowley et 

al. 2018); 

- Data from the French national statistics institute (INSEE), Municipal lev-el—in 

which the spatial distribution is juxtaposed with the occupancy areas (Sedan et al., 2008); 

and 

- Data issued from site inspection at the specific area (SISPyr project), district level 

(Monfort et al., 2012). 

 

Fig. 1 - The site characterization maps and the building exposure used for the 3 scale-scenarios defined in 

this study. 

Table 1. Scale-Scenario description based on the source of databases to characterize the site amplification 

as well as the building exposure. 

Level of detail National statistics data In-situ investigation data 

Scale-Scenario SS1: Europe SS2: France SS3: Luchon 

Hazard Convention of the intensity from acceleration 

S
o

il
 

Site effect 

zonation 

European Geological 

map 

National geological map Regional geological map 

Geol map 

(1/1'000'000) 

Geol map (1/ 40'000) + Boreholes Geol map (1/ 10'000) + boreholes 

+ geophysical measurements 

Site effect 

amplification 

3 classes (1 - 1.35 - 

1.5) following EC8 

6 classes (1 - 1.2 - 1.35 - 1.5 - 1.6 

- 1.8) following EC8 (with 3 

classes only in the area of study) 

5 classes (1 - 1.18 - 1.35 - 1.5 - 

1.8) following EC8 

E
x

p
o

su
re

 

Inventory 

and zonation 

SERA INSEE and soil occupation Homogeneous census block 

53 zones 

(municipalities) 

53 zones (municipalities) 203 zones (infra-municipal 

districts) 

Vulnerability 

index 

Vi corresponding to 

SERA typology based 

on RISK-UE 

Vi from INSEE statistics (based 

on age, type, number of floor) 

Vi from INSEE statistics 

improved with Field inspection 
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D
a
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e Lagomarsino and Giovinazzi (2006) Methodology: Building Damage using EMS98 intensity-based buildings 

vulnerability 

 

Therefore, we defined three scale-scenarios, in order to estimate the seismic damage 

corresponding to a given ground-motion scenario, using the various data sources:  

SS1—Europe: using the European soil map and the European database for the buildings, at 

the municipal level; 

SS2—France: using the National soil map and the national statistics database for the 

buildings, at the municipal level; and 

SS3—Luchon: using the soil maps and building data issued at the district level. 

Then, we estimate the seismic damage, using a constant ground acceleration of 200 cm/s2 

in rock conditions. This is the value of the PGA for a return period of 475 years, given by 

the French Annex of Eurocode 8 (Eurocode C.E.N., 2004). In the first run, rock conditions 

and the site amplifications due to the variations in local site conditions were taken into 

account, in order to locally modulate the amplitude of strong motions. The resulting 

ground motion field was then applied to the buildings, in order to compute the associated 

damage. This allowed us to study the effects of both soil and exposure data resolution on 

the damage estimates. In a second time, we calculated two historical deterministic 

scenarios, for which the PGA was estimated by a GMPE applied to the magnitude and 

epicenter location of the scenario-earthquakes (M 5.4 event of 1855 and M 5.6 event of 

1923). By using these two scenarios with the characteristics of historical regional 

earthquakes, and by applying them to the current building, the objective is not to validate 

the damage prediction, but rather to illustrate the differences that may appear in terms of 

loss assessment, depending on the data used. 

3. Results and Discussion 

3.1. Damage estimation for the hazard of pga = 200 cm/s2 (on rock conditions) 

First, we observed the results for the simulations with a constant moderate ground 

acceleration of 200 cm/s2 applied to the buildings, without considering the local soil effect 

(Figure 2, values “w/o”). Next, we observed the results of the simulations computed for the 

three scale scenarios, where the ground motion was amplified by the corresponding site 

amplification factors (Figure 2, values “w”). SS1 (using the European soil map with an 

amplification factor up to 1.5 and the European exposure database) showed that 12.7% of 

buildings would face heavy damage to complete collapse, versus 18% following SS2 

(using the regional soil map with an amplification factor up to 1.8 and the National 

statistics database) and 20.3% following SS3 (using the local soil map with an 

amplification factor up to 1.8 and the field-investigation database). The impact of the soil 

conditions was not linear/translational. We noticed that the low resolution of the European 

soil map in SS1 barely changed the results when comparing the results with and without 

consideration of the soil amplification map, with a difference factor of only 1.1. This factor 

was about 2.2 and 2.5, respectively, for SS2 and SS3. Thus, SS1 highly underestimated the 

proportion of heavily damaged to collapsed buildings (D3–D5). Even though SS3 had the 

lowest vulnerability indices, it estimated the largest damages, due to the site effects highly 

amplifying the local ground motion at buildings. 
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Fig. 2 - The damage distribution per scale-scenario considering the ground motion amplification due to soil 

effects. The color shows the percentage of buildings per level of damage. The number shows the total 

number of damaged buildings: “w/o” for the scenario without considering the local soil effect and “w” for the 

scenario with local soil effect 

For the Luchon area and for moderate earthquakes, we conclude that SS1 overestimated 

the heavy damages, when considering the building database only, and under-estimated the 

heavy damages, when additionally considering the soil characterization maps. We also 

conclude that SS2 and SS3 generated comparable results, in terms of heavy damages. 

These results are in accordance with Kalakonas et al. (2020), who mentioned that the loss 

estimates become accurate and stable beyond a certain (fine) spatial resolution. They also 

proposed that a potential way to reduce this type of uncertainty is by improving the detail 

of information, concerning the location of the building inventory; however, this process 

can be time- and resource-demanding and, in many cases, it is simply impractical (e.g., for 

risk analysis at the national level). When we compare the simulations of the three data sets 

at the municipality level, the results were quite consistent; however, if we are interested in 
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the infra-municipality level, better resolution of the building data can provide some 

information about the spatial distribution of damage inside a municipality.  

We note that more outliers (or extreme values) were present for SS1 and SS2 than for SS3, 

where the latter database was collected from field inspections. The percentage of damages 

D3–D5 was, however, more uniformly distributed for SS3, compared to SS2 (for which the 

values of Vi were more variable). Pittore et al. (2020) concluded that an adaptive model is 

favorable, with higher spatial resolution in highly urbanized areas (where most of the 

assets are located) and lower resolution in rural, less-inhabited regions (where higher 

spatial aggregation could increase the robustness of the risk estimates). 

5.2. Application to two historical earthquakes  

Several destructive earthquakes have occurred in the past around the Luchon area, as 

evidenced by the historical seismicity database SISFRANCE (BRGM-EDF-IRSN: 

www.sisfrance.net; Scotti et al., 2004); including, in particular, two earthquakes that 

occurred in the 19th century—in 1855 and then in 1870—with an epicentral macro-seismic 

intensity of VII, felt in the Luchon valley with maximum macroseismic intensities of VII 

and VI, respectively. However, the most important recent regional earthquake remains that 

of Viella, which occurred on November 19, 1923 in Spain in the Aran Valley, with an 

epicentral macroseismic intensity of VIII, felt with a macroseismic intensity of VII in the 

Luchon valley: in Bagnères-de-Luchon, some walls, chimneys, and roofs had cracked. 

Considering the epicentral positions and the macroseismic intensity level in the area of 

interest, we evaluated the seismic damage in Luchon region for the two historical 

earthquakes (i.e., those of 1855 and 1923). Utilizing the characteristics of these two 

earthquakes (location, magnitude, and depth) determined by Manchuel et al. (2018) in their 

FCAT-17 parametric catalog, we use the GMPE of Ambraseys et al. (2005) to estimate the 

ground motion in the region, in terms of PGA. Then, the PGA estimated under rock site 

conditions was convoluted with site effects, following the three soil characterization maps 

corresponding to each of the three scale-scenarios.  

Table 2: Percentage and number of residential buildings per damage level per scale-scenario for the earthquake event of 

1855 and 1923 

 D0 D1 D2 D3 D4 D5 

1855 SS1 SS2 SS3 SS1 SS2 SS3 SS1 SS2 SS3 SS1 SS2 SS3 SS1 SS2 SS3 SS1 SS2 SS3 

%  65 50 43 21 25 27 9 14 18 4 7 9 1 3 3 0.1 0.4 0.3 

#  4262 4065 3562 1359 2037 2292 608 1172 1471 252 584 745 81 214 243 10 31 26 

1923 SS1 SS2 SS3 SS1 SS2 SS3 SS1 SS2 SS3 SS1 SS2 SS3 SS1 SS2 SS3 SS1 SS2 SS3 

%  87 85 83 11 12 14 2 3 3 0 0 0 0 0 0 0 0 0 

#  5691 6857 6897 712 1004 1162 147 211 243 21 30 34 1 2 2 0 0 0 

 

Concerning the 1855 earthquake, due to the proximity of the epicenter to the study area, 

high PGA values were obtained, resulting in damages up to D4 and D5 (Table 2). The 

distribution of the damage differed from one scenario to another and it was very sensitive 

to the soil characterization map, as well as to the resolution of the building distribution. 

Without considering site effects, SS1 generated higher D5 damages (almost double, 

compared to SS1 and SS2) and less D2–D3 damages, whereas SS2 and SS3 exhibited a 

similar distribution of damages. When considering the amplified ground motion due to site 

effects, the conclusions were reversed: SS2 and SS3 generated considerably more damages 

at levels D3–D5. Here, we focused on the Bagnères-de-Luchon municipality, where 

important differences appeared: only 10 buildings were expected to have D3 damage in 

1946
3ECEES, September 2022, Bucharest, Romania



this area when using SS1; however, 195 buildings were expected to have D3 damage when 

using SS2, and 190 in total with SS3, which were spatially dispersed. 

For the event of 1923 (Table 2), the epicenter being further away from the study area, low 

to moderate levels of PGA gave rise to relatively similar distributions of damage. Damages 

were dominated by levels ranging from D0 to D3. Without considering any soil 

amplification, SS1 scenarios were the most conservative, whereas SS2 and SS3 gen-erated 

a similar distribution of damages. When considering the amplified ground motion, this 

observation did not hold and SS3, followed by SS2, was slightly more conservative. 

Through observation of Figure 3, which shows the spatial distribution of D3 for the three 

scale-scenarios in the municipality of Bagnères-de-Luchon, we can estimate that six 

buildings reached damage level D3 using SS1, and 11 buildings using SS2; how-ever, 

checking SS3 at the infra-municipality level, we can notice that the buildings with damage 

D3 are spatially distributed with unit values. When collectively aggregated at the 

municipality level, the number rose to 10. SS2 and SS3 gave similar results. 

 

Fig. 3 - D3 damage distribution in the Luchon area in number of buildings at the 53 municipalities, due to the 

1923 earthquake. The site effect is considered here. 

We can notice that, for the two studied events, the site effect had a large impact on the 

proportion of destructive damage, and SS2 and SS3 resulted in similar damage distribution 

estimates, with SS3 having better spatial resolution of the building locations on the map. 

However, as this comparison is not based on damage observations, this study is not a 

validation of damage predictions, but rather an illustration of the variations expected in 

terms of loss assessment in the event of a major earthquake. 

5. Conclusions 

A major source of uncertainty in damage estimations is the intrinsically difficult inventory 

problem. Despite these limitations, it is important to thoroughly document the manner in 

which the inventories were established and damages were estimated, and that the main 

findings and conclusions are presented in a way that is useful and clear. Seismic damage 
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studies which are properly conducted and used with an under-standing of the strengths and 

limitations of the used method(s) can be of great value in planning, initiating, and updating 

programs for earthquake risk reduction and in emergency planning.  

This paper explored the impact of the resolution of both the ground motion field due to the 

soil effect and building exposure data on the estimation of seismic damages. The study was 

limited necessarily to a single seismic ground shaking affecting the region, and the damage 

calculations were carried out using only one methodology.  

For the Luchon area and for moderate earthquakes, use of the European soil map (with an 

amplification factor up to 1.5) and the European building database led to underestimation 

of the heavy damage classes (D3–D5). Using the regional soil map (with an amplification 

factor up to 1.8) and the National statistics building database resulted in similar estimates 

to those using the local soil map (with an amplification factor up to 1.8) and a field-

investigation database for the buildings; however, the spatial resolution to detect the 

locations of buildings of interest was unsurprisingly better when using the better-resolved 

exposure database. We would like to highlight that the main conclusions from this study 

are valid for the case of the Luchon area and, as such, their application to other countries or 

cities should be carefully considered. 
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Abstract: The quantification of the effects of surface waves on the seismic vulnerability of 

structures becomes relevant, especially in sedimentary basins, which tend to generate or 

amplify surface wave components carried by the seismic signals. Long-period large-scale 

infrastructures (e.g., high-rise buildings, bridges, liquid storage tanks) located on 

sedimentary basins may experience amplified seismic motions due to significant surface-

wave content characterized by long periods and long durations. This work proposes a 

strategy to quantify the effects of Rayleigh waves on seismic vulnerability assessment of 

bridge pylons by calculating analytical fragility curves as a function of peak ground velocity 

(PGV). The fragility curves of bridge pylons are obtained based on nonlinear incremental 

dynamic analyses on several simplified pylon mechanical models. The nonlinear analyses 

use a set of seismic records, in which the surface wave component can be considered or not, 

to quantify the additional seismic demand induced by surface waves. Based on relevant 

bridge pylon engineering demand parameters, four damage states are defined (slight, 

moderate, extensive, and collapse). This study allows quantifying the shift in a reference 

fragility curve (defined in terms of body waves only) for each damage state due to the 

incidence of Rayleigh waves. 

Keywords: bridge pylons; vulnerability assessment; fragility analysis; surface waves.  

1. Introduction  

Even though it is widely recognized that surfaces waves at the edges of sedimentary basins 

significantly contribute to strong ground motions (Joyner, 2000) (Meza Fajardo et al., 

2015), their effects on long-period infrastructures such as liquid storage tanks, tall 

buildings, and long bridges are still not widely studied. Several research studies have been 

conducted to assess the response of these modern large-scale infrastructures to strong 

ground motions (Liu et al., 2021). However, the direct effect of surface waves (in 

particular, Rayleigh waves) on their seismic response has not been explicitly assessed. A 

few research studies have suggested a decomposition of strong ground motions into a body 

wave and a surface wave component and have then quantified the effect of the surface 

wave component on high-rise buildings (Meza Fajardo et al., 2018) (Meza Fajardo et al., 

2019), and bridge piers (Chatzigogos et al., 2020) (Perraud et al., 2022).  

Understanding and quantifying the contribution of Rayleigh waves on the seismic response 

of long-period structures involves some basic steps. In references (Meza Fajardo et al., 

2019) (Chatzigogos et al., 2020) (Perraud et al., 2022), the following methodology is 

implemented: 1) Identification and extraction of Rayleigh waves component from recorded 

ground motions. 2) Estimation of the seismic response of the analyzed structure subjected 

to ground motion with and without Rayleigh waves through, for example, time history 

analyses. 3) Estimation of response amplification associated with the incidence of Rayleigh 

waves for a number of relevant Engineering Demand Parameters (EDPs) according to the 

context of application. 
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Studies on high rise buildings (Meza Fajardo et al., 2019) and bridge pylons (Perraud et al., 

2022) highlight maximum response amplifications of about 2 or 3 for linear analyses. For 

nonlinear analyses, response amplifications can reach up to an order of magnitude (~10) 

for certain signals and certain relevant engineering demand parameters (EDPs) (see also 

Perraud et al., 2021). 

In the continuation of (Perraud et al., 2022) works on bridge pylons, the present study 

evaluates the effects of Rayleigh waves on the exceedance probability to damage 

thresholds for various levels of ground shaking. The conditional probability, also called 

seismic fragility, is a primary indicator in seismic safety assessment procedures. Thus, in 

this work, we perform a fragility analysis to gather the results of all possible single-

performance scenarios in a continuous function. The distribution is measured by the 

probability distribution function (PDF) of a chosen engineering demand parameter (EDP) 

for an intensity measure (IM) of the characteristic ground motion:  (EDP—IM). 

The fragility assessment is conducted on the basis of transient analyses performed on eight 

bridge pylon models. The analyses are implemented in an IDA framework (Vamvatsikos  

et al., 2002) with two distinct loading cases: (i) signals without surface waves and (ii) 

signals with surfaces waves. The influence of long-period ground motions on the bridge 

pylon response is quantified by estimating the ratio between the areas of the fragility 

curves for cases (ii) and (i) pertaining to a given damage state. These studies will provide 

further insight as of how to incorporate the effects of surface waves on structural 

vulnerability and applied seismic design. 

2. Long period ground motions 

The ground motions used in this study consist of 12 natural seismic records from four 

earthquake events; Niigata-ken Chuetsu (2004), El Mayor-Cucapah (2010), Chi-Chi 

aftershock (1999), and Tohoku (2011) (see Appendix 1). The records were obtained from 

national databases and their Rayleigh wave component was extracted through a time-

frequency procedure based on the normalized inner product (polarization filtering) 

developed by (Meza Fajardo et al., 2015) Intensity measures of these records, such as peak 

ground acceleration (PGA), peak ground velocity (PGV), peak ground displacement 

(PGV), Arias intensity (  ), cumulative absolute velocity (CAV), and effective duration are 

presented in Appendix 1 for:  

a) Case 1: The signal without the Rayleigh waves component 

b) Case 2: The total signal, i.e., including the Rayleigh waves component 

Fig; 1 gathers the PGA and the 5% damped spectral acceleration values for the selected 

records. The red color is for the signals obtained after the Rayleigh wave extraction 

procedure (i.e., for Case 1: without the Rayleigh wave effect), and the blue color provides 

information about the total signal (Case 2). Note that the strongest ground motion record is 

the one recorded during the Tohoku event at station TKY018 (PGA=1.73m/s
2
). A 20% 

increase is obtained in PGA in passing from Case 1 to Case 2. 
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Fig; 1. PGA (Left) and spectral acceleration        (Right) of the seismic records (Blue) with Rayleigh 

wave effects and (Red) without Rayleigh wave effects. 

 

The central frequency of the extracted Rayleigh wave components has been reported in 

(Meza Fajardo et al., 2018) and oscillates between 0.14Hz and 0.20 Hz for the considered 

signals. 

3. Simplified numerical model for bridge pylon 

3.1 Main features of the bridge pylon model 

The model used to compute the nonlinear response of reinforced concrete bridge pylons is 

represented in Figure. 1. This model has been developed by (Chatzigogos et al., 2020) 

under the following assumptions: 

a) The pylon is a one-dimensional beam with a uniform circular cross-section 

discretized using multifiber beam elements. There is no explicit description of 

concrete and steel in the section, but each fiber has a simplified nonlinear 

elastoplastic constitutive law that allows obtaining the global yield moment of the 

section.  

b) Each node has three degrees of freedom, two translations and one rotation: 

            .  

c) The pylon supports a portion of the deck at the top end. A local spring-dashpot 

element ensures the deck-pier connection. At the bottom end, assuming that the 

foundation system is a shallow foundation, a lumped mass is applied on the first 

pier node, and a nonlinear foundation macroelement (Chatzigogos et al., 2011) is 

placed between a control point and the first pier node to reproduce some nonlinear 

behavior of soil-foundation system under earthquake action (uplift, sliding, soil 

plasticity). 

 

Further details on the mechanical characteristics of the pylon models, foundations, and 

soils can be found in (Chatzigogos et al., 2011) or (Perraud et al., 2022).  

 

3.2. Studied configurations 

In total, eight pylon configurations are studied with heights: 21m, 30m, 40m, 50m, and 

60m. Two foundation sizes are considered for the first three pylons. The pylon properties 

are presented in Table 1. Pylon diameter is    = 3m for all studied cases. Footing width is 

    = 7m for small foundation configurations (S) and     = 11m for large foundation 
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configurations (L). The longitudinal steel ratio of the base section is 1.10%. The studied 

configurations are summarized in Table 2. 

. 
Table 1. Parameters of the pylons 

Parameter 
 

Unit P21 P30 P40 P50 P60 

Pier height 

 

[m] 21.0 30.0 40.0 50.0 60.0 

Pier section diameter 

 

[m] 3.0 3.0 3.0 3.0 3.0 

Mass density of the bridge pier 

 

[t/m
3
] 2.5 2.5 2.5 2.5 2.5 

Mass of the deck 

 

[t] 1200 1200 1200 1200 1200 

Moment of inertia of the deck 

 

[tm²] 23400 23400 23400 23400 23400 

Young modulus of pier 

 

[MPa] 30000 30000 30000 30000 30000 

Basic damping ratio of pier  

 

[%] 5.0 5.0 5.0 5.0 5.0 

Equivalent yield stress of pier fibers 
 

[MPa] 16.22 16.22 16.22 16.22 16.22 

Hardening parameter for pier fibers 
 

[MPa] 0.001 0.001 0.001 0.001 0.001 

Fundamental period (fixed-base 

conditions) 

 

[sec] 1.206 2.036 3.149 4.445 5.914 

Total weight of bridge pier 
 

[MN] 15.41 16.97 18.71 20.44 22.17 

Table 2. Studied configurations 

 
P21 P30 P40 P50 P60 

Small foundation ( 𝑓= 7m) X X X - - 

Large foundation ( 𝑓= 11m) X X X X X 

4. Nonlinear dynamic analyses 

Calculation of seismic fragility requires a wide-range assessment of nonlinear structural 

response at multiple levels of intensity. Incursion on nonlinear range is essential for 

𝐻𝑝 

𝐷𝑝 

𝑚𝑑 

𝐽𝑑 

𝜌𝑝 

𝐸𝑝 

𝜉𝑝 

𝑓𝑦 

𝛼𝑘 

𝑇𝑝 

𝑊tot 

Fig 2. Bridge pylon simplified model (Chatzigogos et al., 2020). 
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defining fragilities for damage levels from moderate and beyond. Thus, a strategy based on 

incremental dynamic analyses (IDA) (Vamvatsikos et al, 2002) has been adopted for 

obtaining a set of nonlinear analyses that adequately describe the possible nonlinear 

structural states up to a collapse damage level. 

  

4.1 Definition of engineering demand parameters (EDPs) 

There are different EDPs (such as drift, displacement ductility, and curvature ductility) that 

can characterize the reinforced concrete pier behavior. Special attention must be given to 

the selection of EDPs according to the structure typology and the implemented modeling 

technique (Chen et al, 2019). The selected EDPs are used for the definition of the damage 

limit states for an a posteriori construction of fragility curves. In this study, three relevant 

EDPs are chosen to analyze the seismic response of the studied pylon configurations: 

- The curvature ductility ratio (CDR) at the base of the pylon which is defined as the 

maximum reached curvature      divided by the curvature at first yielding of the 

steel reinforcing bar and expressed as:  

       (
    

  
)     ( ) 

- The maximum total drift (MTD) which is defined as the top displacement due to the 

translation or/and rotation of the foundation and due to the pier bending.  

- The foundation settlement (FS) measures the vertical displacement of the 

superstructure due to the partial loss of bearing capacity of the soil. 

 

4.2 Incremental dynamic analysis (IDA) curves  

 

The results of IDA analyses of the pylons have been reported in (Perraud et al., 2022). The 

original natural seismic records were amplified with a scale factor (SF) to cover a wide 

range of signal intensities and develop some nonlinearities (uplift, sliding, soil plasticity, 

superstructure plasticity). Analyses have been performed for loading Cases 1 and 2 as 

defined in section 2. Five non-unique scale factors were used to fit specific IM values. In 

this case, PGV is chosen as the most relevant IM (see discussion in (Perraud et al., 2022) 

and similar studies (Wei et al., 2020). The seismic records for Case 1 are scaled to PGV 

values of 0.2, 0.4, 0.6, 0.8 and 1.0 m/s. The corresponding signal in Case 2 is amplified by 

the same SF as used for Case 1. In total, 960 transient analyses have been performed (8 

pylons   24 seismic signals   5 scale factors). All nonlinear analyses were run in the finite 

element platform (Code Aster, 2017). The IDA curves obtained from these analyses are 

presented in Figs. 3 and 4 for pylons P30S and P30L, respectively. These IDA curves plot 

the maximum response of the structure as a function of the peak ground velocity (PGV) of 

the scaled signal. Each line represents a specific ground motion. Significant demands are 

exhibited in both P30S and P30L for Case 2 (comprising Rayleigh waves). Foundation size 

determines the location of nonlinear response: in the pylon superstructure (P30L) or in the 

foundation (P30S). The nonlinear response of pylons founded on large foundations is 

localized on the piers, governed by large top displacements and significant ductility 

demands. For pylon configurations with small foundation, large top displacements are also 

observed but are associated with large foundation rotation. In this case, the nonlinear 

response is governed by important foundation settlements/rotation, and the pier response 

remains in the linear elastic range. Depending on foundation size and the subsequent 

nonlinear response mechanism, fragility curves will be generated using the relevant EDP. 
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(i)                                                  (ii)                                                    (iii) 

Fig. 3. IDA curves obtained for P30S. In red, for the seismic loading Case 1. In blue, for the seismic loading 

Case 2: (i) curvature ductility ratio (CDR), (ii) maximum total drift in m (MTD), (iii) maximum foundation 

settlement in m (FS). 

 

 

           (i)                                                           (ii)                                                      (iii) 

Fig. 4. IDA curves obtained for P30L. In red, for the seismic loading Case 1. In blue, for the seismic loading 

Case 2: (i) curvature ductility ratio (CDR), (ii) maximum total drift in m (MTD), (iii) maximum foundation 

settlement in m (FS). 
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5. Methodology for fragility calculation 

Numerous strategies are available in the literature for the construction of analytical 

fragility curves: moments approximation (e.g., Ibarra et al., 2005), maximum likelihood 

formulations (Backer, 2015), or regression techniques (e.g., Cornell et al., 2002 and 

Nielson, 2005). Each method can produce different fragility curves for a given dataset of 

structural response and one needs to use the most adapted method depending on the 

available data. In this study, fragility curves are obtained using the least squared regression 

procedure (LS) (Cornell et al., 2002). As we search to compare the fragility functions 

produced by the data obtained from two sets of different seismic demands (Case 1 and 

Case 2), we need to use the data without any binary prejudgment about the damage limit 

exceedance (exceeded/no exceeded). This is an element that is usually required in the 

maximum likelihood method. Furthermore, the LS approach can provide a robust 

relationship between EDP and IM with few data points. However, as verified in previous 

studies (e.g., Shome et al., 2000), LS regression can be problematic when developing near-

collapse or collapse fragility curves, since the results at these stages depend on the 

reliability of the data (structure modeling technique, nonlinear constitutive laws, loading 

factors, or ground motion records). For our purposes, this last problem may be considered 

minor as the main focus of this study is to highlight the differences in fragility with and 

without the consideration of Rayleigh waves. 

Outliers may also significantly affect the fragility curves obtained from LS. Thus, to 

decrease the influence of outliers present on the piece regressions over the different 

damage levels, we perform the regression over the whole IM range (from 0.2 m/s to 1.0 

m/s). 

 

5.1 Definition of damage states  

 

Results from IDA show that the nonlinear response of the bridge pylons, which develop an 

inelastic response on the pier, can be described by curvature ductility ratio (CDR) or the 

maximum total drift (MTD). In contrast, the response of pylons developing significant 

nonlinearities on the foundation is better assessed via foundation settlement (FS). Four 

discrete damage states for the pylons have been adopted following HAZUS-MH (FEMA, 

2003) definitions in terms of experimental responses and the considered EDPs: 

• Slight Damage: minor cracking, minor spalling at pier. Slight vertical displacement of 

the foundation. 

• Moderate Damage: moderate cracking and spalling of pier, cracked shear keys or bent 

bolts of connection, moderate settlement. 

• Extensive Damage: pier degrading, major settlement. 

• Collapse: pier collapse or foundation failure. 

The literature establishes admissible limit states of concrete piers similar to those of this 

study in terms of curvature ductility (CDR) with values of 1.0, 2.0, 4.0, and 7.0 for slight, 

moderate, extensive, and collapse, respectively (Pitilakis et al., 2014) (Choi et al., 2004). 

Slight damage limits in isolated foundation settlements, FS, by order of 0.05m or 

differential settlement between supports of 0.02m are proposed in SYNER-G (Pitilakis et 

al., 2014) used for roadway and railway components. Regarding drift ratios, (Li et al., 

2013) proposes the following limit states: 1.45%, 2.46%, 4.30%, and 6.90%, which 

correspond to yield, cracking, spalling, and reinforcement buckling, respectively. Table 3 

summarizes the adopted demand thresholds for the considered damage states in this study. 
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Table 3. Damage state limits for the tested bridge pylons 

EDP Units Slight Moderate Extensive Collapse 

Curvature Ductility Ratio-CDR (-) 1.00 2.00 4.00 7.00 

Foundation Settlement-FS (m) 0.02 0.08 0.22 0.70 

Maximum Total Drift-MTD /    (%) 1.45 2.46 4.30 6.90 

5.2 Least-squares (LS) regression procedure 

Once the damage state limits are defined, we derive fragility curves by applying the least-

squares regression procedure (or power-law approximation) commonly implemented in 

seismic fragility analyses (e.g., Cornell et al., 2002 and Nielson, 2005). The fragility 

function is then defined as the conditional probability that gives the likelihood that a 

structure seismic demand, or engineering demand parameter (EDP), meets or exceeds a 

specific level of damage (D) under a specific ground motion intensity measure (IM). The 

probability of exceedance can be written as:  

𝑓                |     (
  (     

  ⁄ )

 
)   (2) 

where      is the cumulative distribution function of the standard normal distribution.      

and    are the median values of the demand and capacity, respectively.      and    are 

the logarithmic standard deviations defined by: 

  √   |   
    

     ( ) 

   √                (4) 

   |    √∑                  
      ⁄      (5) 

where   is the number of ground motions.      is the peak value of the seismic response 

demand under the  -th ground motion.     is the variation coefficient of the component 

capacity. The adopted value of     is 0.25 for the slightly and moderately damaged states, 

and 0.5 for the severely and completely damaged states (Nielson, 2005). Fig. 5 presents the 

results of the probabilistic seismic demand model in terms of curvature ductility ratio 

(CDR) for P40L under the two loading cases; Case 1 and Case 2. 

 

  
 

Fig. 5. Regression of the probabilistic seismic demand model of P40L (in terms of CDR) for Case 1 (Left) 

and Case 2 (Right). 

The least-squares regression procedure entails the following steps:  

a) Computation of        and         (Fig. 5).      

b) Define damage state limits (D) that represent the median demand values    with its 

associated dispersion parameter    (Equation (4)) 
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c) Perform the regression of the data to estimate the coefficients   and   given by the 

intercept and slope, respectively. Parameters   and   are calculated as: 

          and                      ( ) 

   
 ∑    ∑  

  and   
 ∑   ∑  ∑ 

  ∑      ∑   
    ( ) 

where                    

d) Compute the median     √      
 and the dispersion parameter    |    (Equation 

(5)). 

e) With    and  , generate the fitting log-normal distribution function (Equation(2)). 

5.3 Fragility curves of bridge pylons 

From the previously described procedure, we generate the fragility curves for each pylon 

with three EDPs: the CDR, MTD, and FS. The parameters of the log-normal distribution in 

terms of medians and standard deviations are given in Tables 4 and 5 for each pylon and 

for Case 1 and 2, respectively. Fig. 6 provides the fragility curves for all pylons, for each 

damage level and for Case 1. Each color line represents a different pylon. All the EDPs 

have been combined, plotting the most critical case for each pylon (that is, the fragility 

curve with the smallest median value). For example, for pylons with large foundations, 

CDR controls the fragility at all the damage limit states. The fragility curves show that the 

peak ground velocity for a 50% probability of exceeding slight damage ranges from 

approximately 0.1 to 0.2 m/s for the eight pylon configurations. The pylons with large 

foundations appear to be the more fragile in all damage states, especially the more severe 

ones. It is seen that for the pylons on large foundations, there is a 50% probability of 

exceedance at lower values of PGV than those on small foundations. One should recall that 

the selected damage thresholds and the modeling technique strongly influence these 

results. Different conclusions could be obtained if, for instance, only the MTD was taken 

as the main EPD for the pylons with large foundations. 

Fig. 7 shows the fragility curves of P21L,S and P40L,S as a function of PGV of body 

waves (exempted of the Rayleigh wave component) obtained for the simulations without 

the effects of surface waves in red (Case1) and with the effects of surface waves in blue 

(Case 2). 

A simplified strategy to compare the fragility curves at each damage limit state is by means 

of the relative difference of the median between the curves               . Table 6 

(a) presents     values. A positive     means that the bridge pylon is more vulnerable to 

Rayleigh waves and a null or negative     means that the bridge pylon is not affected by 

the presence of Rayleigh waves. For the tested pylons,      reaches almost 60% at slight 

damage states and values around 40% at collapse. In the green – red scale, the light green 

and the strong red colors represent the lowest and the highest relative difference, 

respectively. This representation helps to qualitatively show that the fragility of Rayleigh 

waves increases with the damage level and the length of the pylon.  

Another simplified strategy to compare the fragilities with or without the Rayleigh wave 

effects is to compute the ratio between both fragility curve areas    through the 

amplification factor    defined in Equation (8). The fragility curve area is bounded by the 

PGV values at probabilities of exceedance of 0.05 and 0.95. These bounds can be varied to 

values of interest. The values of    for each pylon are given in Table 6. 

   ∫ 𝑓              
       

       
       

  

  
                                         ) 

where,  

              |             |                         |             |          
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Main important observations can be listed with the help of Tables 4, 5, and 6. 

• For all the tested pylons, fragility curves including Rayleigh wave effects are 

shifted to the left at 50% exceedance probability for all damage states. That is, the 

defined damage limit states are exceeded at lower PGV values than without the 

presence of Rayleigh waves.  

• Pylons of 21m, 30m, and 40m height with large foundations are less vulnerable 

than pylons of 50 m and 60m to Rayleigh wave components for all damage states. 

For slight damage state, the fragility curves for both Case 1 and 2 almost coincide. 

However, for the pylons with small foundations, the vulnerability can significantly 

increase for severe damage levels, namely extensive and collapse.  

• In general, the exceedance probability at a damage state seems to increase with the 

pylon height; this is consistent with the results plotted in Fig. 3 and Fig. 4. 

The intersections between fragility curves indicate that both loading Cases 1 and 2 lead to 

identical seismic demands at the intersection PGV values. This would be better appreciated 

under the superposition of the regressions for Case 1 and 2 in a representation similar to 

Fig. 5. 
Table 4. Parameters of fragility curves for bridge pylon limit state (Case 1) 

 
Table 5. Parameters of fragility curves for bridge pylon limit state (Case 2) 

 
Table 6. Comparison between fragility curves with and without the Rayleigh wave effects through (a) the 

relative median difference     and (b) the amplification factor computed with Equation (8)  

 
(a) 

 
(b) 
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Fig. 6. Fragility curves of Case 1 for all pylons and damage state limits. 

  

  

  

 

Fig. 7. Comparison of fragility curves for Case 1 and Case 2 in each damage state for P21L, P21S, 

P40L, and P40S. 
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6. Conclusions and perspectives 

In this paper, we have generated fragility curves for multiple pylon configurations based on 

the nonlinear results performed in (Chatzigogos et al., 2020) (Perraud et al., 2022). This 

paper has proposed a strategy to quantify the shift and the amplification in fragility curve 

for each damage state because of the presence of Rayleigh waves. We observed that an 

increase in the probability of exceeding a damage limit at a given PGV is obtained for all 

pylons when the Rayleigh wave effects are taken into account. In agreement with previous 

results, the fragility study performed in this work shows that pylons of 50m and 60m 

height, and pylons with short foundations are the most fragile to Rayleigh wave effects. 

Significant fragility shifts are observed for moderate and severe damage states. 

Acknowledgements  

This research work has received funding from the French National Research Project ANR 

MODULATE (2018 - 2022). More details and updates on ANR MODULATE can be 

accessed through the project website: https://modulate.brgm.fr 

References  

- Backer J W (2015). Efficient analytical fragility function fitting using dynamic structural analysis. 

31(1), 579-599. 

- Chatzigogos C, Figin I R, Pecker A, Salençon J (2011). A macroelement formulation for shallow 

foundations on cohesive and frictional soils. International Journal for Numerical and Analytical 

Methods in Geomechanics, 35, 902-931. 

- Chatzigogos, C, Meza Fajardo K,  Papageorgiou A (2020). Nonlinear response of bridge pylons to 

surface wave passage. Proceedings of 17WCEE. Sendai, Japan, September 13-18, 2020. 

- Choi E, DesRoches R.,   Nielson B (2004). Seismic fragility of typical bridges in moderate seismic 

zones. 26(2), 187-199. 

- Code Aster (2017).  Analysis of Structures and Thermomechanics for Studies and Research. 

Consulté le 2022, sur https://www.code-aster.org 

- Cornell A, Jalayer F,   Hamburger R O (2002). Probabilistic Basis for 2000 SAC Federal 

Emergency Management Agency Steel Moment Frame Guidelines. 128(24), 526-532. 

- FEMA (2003). HAZUS-MH MR1: Technical Manual (Vol. Vol. Earthquake Model). Washington 

DC: Federal Emergency Management Agency,. 

- Ibarra L F,   Helmut K (2005). Global collapse of frame structures under seismic. Stanford, CA: 

tHE John A. Blume Earthquake Engineering Center, Department of Civil Engineering, Stanford 

University. 

- Joyner W B (2000). Strong motion from surface waves in deep sedimentary basins. Bulletin of the 

Seismological Society of America, 90(6B), S95--S112. 

- Li J, Spencer B, Elnashai A (2013). Bayesian Updating of Fragility Functions Using Hybrid 

Simulation. 139(7). 

- Liu S, Jiang Y, Li M, Xin J, Peng L (2021). Long period ground motion simulation and its 

application to the seismic design of high-rise buildings. Soil Dynamics and Earthquake Engineering, 

143, 106619. 

- Meza Fajardo K C, Aochi H,   Papageorgiou A (2021). Comparative analysis of Rayleigh and Love 

waves detected propagating in the Nobi and Kanto basins during the 2004-, 2007- Chuetsu and 2011 

Tohoku earthquakes. 143(ISSN 0267-7261), 106606. 

- Meza Fajardo K,   Papageorgiou A (2018). Response of tall buildings to base rocking induced by 

Rayleigh waves. Earthquake Engineering and Structural Dynamics, 47, 1755-1773. 

- Meza Fajardo K,   Papageorgiou A (2019). Ductility demands of tall buildings subjected to base 

rocking induced by Rayleigh waves. Earthquake Engineering and Structural Dynamics, 1-21. 

- Meza Fajardo K, Papageorgiou A,   Semblat J-F (2015). Identification and extraction of surface 

waves from three-component seismograms based on the Normalized Inner Product. Bulletin of the 

Seismological Society of America, 105, 210-229. 

- Nielson B G (2005). Analytical fragility curves for highway bridges in moderate seismic zones. 

Georgia Institute of Technology. 

1961
3ECEES, September 2022, Bucharest, Romania



13 

 

- Perraud Y, Chatzigogos C,   Meza Fajardo K C (2021). Seismic performance of long period large-

scale infrastractures. Evaluation of structural response with surrogate models. France: French 

National Reseach. Project - ANR modulate. 

- Perraud Y, Chatzigogos C, Meza Farjardo K,   Labbé P (2022). Effect of Rayleigh waves on seismic 

response of bridge pylons via Incremental Dynamic Analyses. Soil Dynamics and Earthquake 

Engineering, 152. 

- Pitilakis K, Crowley H, Kaynia A (2014). SYNER-G: Typology Definition and Fragility Functions 

for Physical Elements at Seismic Risk (Vol. Geotechnical, Geological and Earthquake Engineering, 

27). Springer. 

- Shome N, Cornell C A (2000). Structural seismic demand analysis: consideration of collapse. 8th 

ASCE Specialty Conference on Probabilistic Mechanics and Structural Reliability, pp. 1--6. 

- Vamvatsikos  D,  Cornell C (2002). Incremental dynamic analysis. Earthquake Engineering and 

Structural Dynamics, 31, 491-514. 

- Wei B, Hu Z, He X,  Jiang L (2020). Evaluation of optimal ground motion intensity measures and 

seismic fragility analysis of a multi-pylon cable-stayed bridge with super-high piers in Mountainous 

Areas. Soil Dynamics and Earthquake Engineering, 129. 

 

Appendix 1. 

Table 7. Earthquake events and seismic records together with the intensity measures for the total signal (with 

Rayleigh waves) and the body wave signal (without Rayleigh waves)  

R
e
c
o
r
d

 

Earthquake Niigata-ken Chuetsu 
El Mayor-

Cucapah 
Chi-Chi aftershock 1803 Tohoku 

Year 2004 2010 1999 2011 

Magnitude 6.80 6.80 6.80 6.80 7.20 7.20 6.20 6.20 6.20 6.20 9.00 9.00 

Depth [km] 300.00 300.00 
300.0

0 
300.00 206.70 206.70 60.00 60.00 60.00 60.00 29.00 29.00 

Record Name 
CHB0

26 

CHB0

13 

SIT0

11 

TKY0

15 

GVDA

10 

GVDA

00 

TCU1

40 

TCU1

45 

TCU1

18 

TCU1

12 

TKY 

020 

TKY01

8 

C
a

se
 1

: 
T

o
ta

l 
si

g
n

a
l 

(w
it

h
 R

a
y
le

ig
h

 w
a
v

e
s)

 

PGA [m/s2] 0.06 0.07 0.26 0.15 0.18 0.17 0.36 0.40 0.45 0.36 1.15 1.73 

PGV [m/s] 0.01 0.01 0.03 0.03 0.03 0.03 0.16 0.14 0.15 0.12 0.25 0.36 

PGD [m] 0.01 0.01 0.02 0.02 0.06 0.04 0.13 0.12 0.10 0.09 0.10 0.10 

   [m/s] 0.00 0.00 0.02 0.01 0.01 0.01 0.11 0.09 0.09 0.06 0.97 2.01 

CAV [m/s] 1.56 0.83 2.69 3.17 1.72 1.67 6.35 5.44 4.63 3.63 23.28 32.20 

Effective 

Duration [s] 
243.26 87.94 70.16 157.70 46.01 40.77 58.33 62.01 47.76 43.33 103.32 95.40 

C
a

se
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: 
 B

o
d

y
 w

a
v

e
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o
m

p
o

n
e
n

t 

(w
it

h
o

u
t 

R
a
y

le
ig

h
 w

a
v
e
s)

 

PGA [m/s2] 0.06 0.07 0.26 0.15 0.11 0.16 0.31 0.36 0.36 0.25 1.07 1.42 

PGV [m/s] 0.01 0.01 0.03 0.02 0.01 0.01 0.10 0.08 0.11 0.07 0.23 0.29 

PGD [m] 0.01 0.01 0.02 0.02 0.02 0.01 0.08 0.07 0.07 0.06 0.10 0.10 

   [m/s] 0.00 0.00 0.02 0.01 0.00 0.01 0.06 0.05 0.06 0.03 0.69 1.23 

CAV [m/s] 1.42 0.78 2.51 2.98 1.36 1.36 4.73 4.06 3.62 2.43 19.01 25.26 

Effective 

Duration [s] 
261.95 81.11 75.97 170.54 78.37 51.56 61.87 64.50 49.39 50.24 96.92 95.08 
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Abstract: Open-frame reinforced concrete (RC) buildings for supporting essential 

mechanical/electrical equipment are encountered in almost all industrial plants. Hence, to 

ensure the undisrupted operation of an industrial facility, the integrity of such structural assets 

along with their nested nonstructural components should be verified against a spectrum of 

natural and man-made hazards. Focusing on the earthquake peril, this study presents an 

analytical seismic fragility assessment framework for two RC equipment-supporting 

buildings that are deemed typical to an oil refinery. The proposed fully-probabilistic fragility 

concept, utilises reduced-order building models for the evaluation of the induced seismic 

demands and accounts for both drift and acceleration-sensitive failure modes in the definition 

of the damage states. The findings can be exploited by designers and facility managers for 

developing efficient pre- and post-event risk-aware mitigation/response strategies and are 

delivered in a manner that can be readily integrated into the seismic performance assessment 

framework of an entire industrial facility. 

Keywords: seismic fragility, industrial building, critical infrastructure, oil refinery 

1. Introduction 

Assessing the seismic performance of critical industrial facilities in modern industrialised 

countries is a topic of paramount importance, since the impact of a potential failure incident 

to any of their structural and nonstructural assets could result to direct (e.g., fires or 

uncontrolled leakage) as well as to indirect (e.g., severe service disruptions) losses 

(Kiremidjian et al, 1985). Among the most critical industrial facilities, are the oil refineries, 

due to their key role in the fossil fuel production chain as well as due to the significant 

amount of hazardous materials that are being processed. Their importance is acknowledged 

in the design codes, which, in an attempt to secure their seismic structural and operational 

integrity, enforce strict design criteria integrated within a prescriptive intensity-based design 

framework (e.g., Kazantzi and Vamvatsikos, 2021). Yet, despite the conservatism that is 

imposed in the design process, natural-technological (NaTech) accidents are still triggered 

to such facilities by earthquake events (e.g., Hatayama, 2008; Krausmann and Cruz, 2021). 

This, essentially demonstrates that counting on an implicit risk-aware framework to deliver 

seismic integrity allows room for a nonnegligible failure potential that needs to be quantified 

by means of a seismic fragility assessment and then appropriately catered.  

Up until now, research on the seismic fragility of oil refinery structures is unevenly 

distributed among them. Hence, while some of them, such as the liquid storage tanks, the 

pipe-racks and the pressure vessels are considered well-studied (e.g., Patkas and Karamanos, 

2007; Bakalis et al, 2017; Vathi et al, 2017; Di Sarno and Karagiannakis, 2020), others, such 
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as the flare stacks, chimneys, piping and open-frame structures, have received comparatively 

less attention. Owing to the above, this study is built upon an analytical context for deriving 

seismic fragility curves for two low-rise industrial building-type assets, with structural 

configurations typical to an oil refinery, supporting several types of industrial equipment. 

Seismic damages are accounted for both the supporting structure as well as its nonstructural 

components, including nested acceleration-sensitive industrial equipment and other drift-

sensitive attachments. 

2. Case study open-frame equipment-supporting buildings 

Two reinforced concrete (RC) moment-resisting frames, namely RC1–2 as illustrated in Fig. 

1, are considered in the present work. The process equipment that are nested to each one of 

these open-frame structures is detailed in Table 1. From a structural point of view, the 

considered buildings are overdesigned as it is typically the case for the structures serving an 

industrial facility. Hence, little (if any) structural damage is anticipated even during strong 

ground shaking, under the assumption that appropriate routine maintenance is exercised 

throughout their life cycle. Regarding the process equipment, each is assigned to an 

importance category (IC) class in view of its failure impact on the refinery process. Hence, 

IC I denotes equipment of low importance (i.e. marginally no disruption in case of failure), 

IC II denotes equipment of moderate importance (i.e. limited disruption in case of failure) 

and IC III denotes equipment of high importance (i.e. severe disruption in case of failure). 

 

  

(a) RC1 (b) RC2 

Fig. 1 - 3D representation of (a) the 1-storey and (b) the 2-storey RC buildings along with their nested 

process equipment. 

Table 1. Nested equipment items per case study building with global axis designations per Fig. 1  

Building ID 
Elevation 

(m) 
Item 

Vibration period range OS 
IC 

𝑻𝒄𝒐𝒎𝒑,𝒙(sec) 𝑻𝒄𝒐𝒎𝒑,𝒚(sec) x y 

RC1 ±0.0 Pump 0.10 0.10 1.10 1.10 ΙΙ 

𝑇𝑥  = 0.08sec  Vessel 0.10 – 0.20 0.10 – 0.20 1.20 1.20 Ι 

𝑇𝑦= 0.08sec  Heat exchanger 0.30 – 0.50 0.10 – 0.20 1.20 1.50 ΙII 

 +4.5 Vessel 0.10 – 0.20 0.10 – 0.20 1.20 1.20 I 

  Vacuum charge 0.10 – 0.20 0.10 – 0.20 1.50 1.50 II 

RC2 ±0.0 4 × Heat exchanger 0.30 – 0.50 0.10 – 0.20 1.20 1.50 III 

𝑇𝑥  = 0.21sec +5.5 2 × Heat exchanger 0.30 – 0.50 0.10 – 0.20 1.20 1.50 III 

𝑇𝑦= 0.20sec  2 × Vessel 0.10 – 0.20 0.10 – 0.20 1.20 1.20 I 

  2 × Pump 0.10 0.10 1.10 1.10 II 

 +11.0 2 × Heat exchanger 0.30 – 0.50 0.10 – 0.20 1.20 1.50 III 

  Horiz. vessel 0.30 – 0.50 0.10 – 0.20 1.20 1.50 II 
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Reduced-order building models were developed for evaluating the seismic response of the 

aforementioned buildings, in an attempt to balance the accuracy and the needed 

computational efficiency for practical fragility applications. Given the high-strength low-

ductility design of the overdesigned structures, the two buildings were modelled in 3D using 

elastic beam-column elements in the OpenSees platform (McKenna and Fenves, 2001). The 

nonstructural components (equipment items) were not explicitly modelled. Instead, they 

were introduced to the building models as point masses only. 

3. Definition of Damage States 

For characterising the damage induced in the structural elements and the drift-sensitive 

nonstructural components attached to the building, a set of Damage States (DSs) was defined 

and the DSs were paired with specific maximum (over time and height) Interstorey Drift 

Ratio (IDR) Limit-State (LS) thresholds. Hence, DS1, associated with low damage, is 

assigned an IDR of 1%, as specified by EN1998-1 (CEN, 2004) for buildings without 

partition walls. DS2, associated with moderate damage, was paired to a threshold of 2% to 

account, among others, for any damage that is likely to occur in the vertical piping spanning 

across different storeys. The near-collapse DS3 is associated with a 4% IDR threshold.  

The same set of DSs was also utilised to characterise the damage in the nested acceleration-

sensitive nonstructural components (Table 1). In this case, the DSs were associated with 

damage that is likely to occur primarily in the component anchorage system, assuming the 

component itself does not fail earlier. The first failure of an IC I/II/II component, determined 

by the exceedance of its anchorage capacity, signifies the attainment of DS1/DS2/DS3, 

respectively, as per the description provided in Table 2. 

Table 2. Building DS classification and associated LS definitions  

DS 

LS threshold 

Drift-sensitive structural and 

nonstructural components 
Acceleration-sensitive nonstructural components 

DS1 𝐼𝐷𝑅 > 1% Anchorage failure of at least one component of IC I 

DS2 𝐼𝐷𝑅 > 2% Anchorage failure of at least one component of IC II 

DS3 𝐼𝐷𝑅 > 4% Anchorage failure of at least one component of IC III 

 

The anchorage capacity (in acceleration terms) of the acceleration-sensitive equipment was 

evaluated by Eq. (1), following Annex 4.3.5 of EN1998-1 (CEN, 2004) for estimating the 

design seismic coefficient, 𝑆𝑎𝑐, for each component. It was assumed that the component: (a) 

is located at the top of the building (irrespectively of actual position to account for typical 

engineering conservatism), (b) was designed to behave elastically (i.e. component behaviour 

factor 𝑞𝑎 =1.00), (c) has an overstrength factor (OS) as per Table 1 and (d) has an importance 

factor 𝛾𝑎 equal to 1.50 as proposed by EN1998-1 for tanks and vessels containing toxic or 

explosive substances. 

     𝑆𝑎𝑐𝑎𝑝
=

𝑆𝑎𝑐𝛾𝑎

𝑞𝑎 
∙ 𝑂𝑆 ∙ g     (1) 

where, g is the gravity acceleration. 

The component capacity acceleration 𝑆𝑎𝑐𝑎𝑝
 was then compared to the demand acceleration 

𝑆𝑎𝑑𝑒𝑚
 that was obtained for the above-ground supported components by amplifying the Peak 

Floor Acceleration (𝑃𝐹𝐴) estimated at the anchorage points with the component 
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amplification factor 𝑎𝑝, following the methodology proposed by Kazantzi et al. (2020) to 

account for component dynamic characteristics: 

    𝑆𝑎𝑑𝑒𝑚
= 𝑃𝐹𝐴 ∙ 𝑎𝑝       (2) 

The factor 𝑎𝑝 essentially quantifies the ratio of elastic Peak Component Acceleration (PCA) 

over the PFA, accounting for the component damping and the non-trivial amplification of 

demands when the fundamental period of the nonstructural component is close to a 

predominant modal period of the supporting structure. The fundamental period of vibration 

of the nonstructural component in the direction of interest was taken equal to the median 

value of the period ranges reported in Table 1. For ground-level components, the component 

acceleration demands are represented by the pertinent ground spectral acceleration ordinates.  

4. Seismic demand 

Targeting a refinery-wide application, the fragility curves were assessed for two Intensity 

Measures (IMs), these being: (a) the asset-agnostic peak ground acceleration, 𝑃𝐺𝐴, a 

reference IM often used in fragility studies, and (b) the asset-aware spectral acceleration, 

averaged over a period range, 𝐴𝑣𝑔𝑆𝑎 (e.g., Cordova et al, 2000; Tsantaki et al, 2017; Eads 

et al, 2015; Kazantzi and Vamvatsikos, 2015). Both IMs were evaluated in the geomean 

sense to comply with the majority of existing ground motion prediction equations. For PGA, 

this entails taking the geometric mean of the respective values recorded in the two horizontal 

directions. For 𝐴𝑣𝑔𝑆𝑎, we employed geomean spectral acceleration ordinates for periods 

spanning 0.1sec to 1.0sec at 0.1sec intervals. A set of 30 “ordinary” non-pulse-like, non-

long-duration natural ground motion records was employed to carry out the response time-

history analyses. The records were selected by Bakalis et al. (2018) for the same definition 

of 𝐴𝑣𝑔𝑆𝑎, using the conditional spectrum approach (Lin et al, 2013) to achieve hazard 

consistency with the considered site. 

5. Seismic fragility assessment 

Once the demand and capacity of the considered structures and their nested equipment have 

been evaluated, one may proceed to the fragility evaluation. Fragility curves constitute a key 

element in a seismic risk assessment since are used for quantifying the damage potential for 

the assets of interest. Thus, the probability of exceeding a specific LS, or equivalently the 

probability of being in a particular DS, is computed. The derivation of analytical fragility 

curves via response-history analyses has been demonstrated in several past studies (e.g., 

Dymiotis et al, 1999; Kwon and Elnashai 2006; Kazantzi et al, 2011). The fragility is 

essentially a function of the 𝐼𝑀 and may be expressed, under a typical lognormality 

assumption (Cornell et al, 2002), as: 

 𝑃[𝐷 > 𝐶𝐿𝑆|𝐼𝑀] = 𝑃[𝐿𝑆 violated | 𝐼𝑀] = Φ (
ln 𝐼𝑀−ln 𝐼𝑀𝐿𝑆50

𝛽𝐿𝑆
)  (3) 

where 𝐷 is the EDP demand, 𝐶𝐿𝑆 is the EDP capacity threshold paired to a specific LS,   

𝐼𝑀𝐿𝑆50 is the median IM value required to violate a given EDP threshold after Table 2, and 

𝛽𝐿𝑆 is the dispersion, equal to the standard deviation of the natural logarithm of the data. 

The drift-sensitive fragilities were treated in a global sense, via the maximum IDR over all 

floors. On the other hand, given that acceleration-sensitive components govern the response, 

they received a component-specific treatment, accounting for demand and capacity on a 

component-by-component basis. This treatment essentially necessitated a distinction 

between two flavours of fragility curves: (a) an “individual” component fragility curve that 

1966
3ECEES, September 2022, Bucharest, Romania



refers to the probability of exceeding the capacity of a specific (acceleration-sensitive) 

component given the IM and (b) a “combined” component fragility curve that denotes the 

probability of exceeding the capacity of any component of a specific IC in the building (see 

Table 1) given the IM. The latter condition in fact signals the transition of the entire asset to 

a specific DS due to nonstructural damage in the acceleration-sensitive equipment. 

Both aleatory and epistemic uncertainties were considered. The record-to-record variability 

was accounted for via utilising the suite of the 30 ground motion records. Further to the 

above, with reference only to the acceleration-sensitive nonstructural components, the 

component amplification factor 𝑎𝑝, was also assumed to be lognormally distributed with a 

median per Kazantzi et al. (2020) and a dispersion equal to 0.30. The component acceleration 

capacity 𝑆𝑎𝑐𝑎𝑝
 was assumed to be normally distributed, having a median value equal to that 

obtained from Eq. (1) and a coefficient of variation (CoV) equal to 0.20.  

6. Seismic fragilities 

6.1. Drift-sensitive structural and nonstructural seismic fragilities 

A drift-sensitive component fragility depicts the probability of a building violating a specific 

IDR limit (see Table 2) that is likely to induce damages in its structural or in its drift-sensitive 

nonstructural components. As expected for well-designed, constructed, and maintained low-

rise building-type refinery structures, the median of the fragilities was found to be over 2g 

for both of the considered IMs. Hence, they are inconsequential for the overall asset 

performance. On another note, the dispersion of the structural fragility was overall found to 

be higher when computed for 𝐴𝑣𝑔𝑆𝑎 (0.49–0.56) compared to PGA (0.28–0.35). This can 

be attributed to the periods of 0.1–1.0sec assumed for 𝐴𝑣𝑔𝑆𝑎, whereas the fundamental 

periods of the two considered buildings are in the range of ~0.1–0.2sec (Table 1). On the 

other hand, targeting a facility-wide application under a single IM, means that one may have 

to accept such larger dispersion as a compromise for using 𝐴𝑣𝑔𝑆𝑎, allowing a better 

evaluation for other critical facilities, such as liquid-storage tanks (Bakalis et al, 2018). 

6.2 Combined acceleration-sensitive component seismic fragilities 

The combined acceleration-sensitive component fragility curves are evaluated for the 

considered assets. To provide a comparative sense of component damageability, indicative 

fragilities are also presented for the individual components. The individual fragility curves 

of the 13 components (see Table 1 and Fig. 1b) nested in the 2-storey RC building (RC2) are 

depicted in Fig. 2a,b for PGA and 𝐴𝑣𝑔𝑆𝑎, respectively, computed separately for each one of 

the principal (x, y) axes to account for the different dynamic characteristics of building and 

equipment. There are four components at the ground level belonging to IC III, six at the first-

floor belonging to all three ICs, and another three at the roof level belonging to IC II and III. 

The weakest (and consequently most critical) components for IC I are the first-floor vessels 

in the x-direction (see Fig. 1b), for IC II the roof-level horizontal vessel in the y-direction, 

and for IC III a roof-level heat exchanger in the y-direction.  

The median and the dispersion of the weakest individual component fragilities presented in 

Fig. 2 are also summarised in Table 3. Interestingly, it was found that the failure of the 

weakest component belonging to IC III occurs prior to the failure of the other components 

belonging to ICs that are paired with less severe DSs (Table 2). Hence, for the RC2 asset, 

DS3 will be the most critical, not only because its attainment denotes more severe 

damageable consequences for the building but also because it occurs at lower IM levels 
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compared to the less severe DSs. This observation is by no means unusual and it holds for 

both buildings. From a practical point of view, to improve the seismic performance of such 

assets, one may consider strengthening the anchorage of the critical IC III components or 

consider repositioning (if possible) such vulnerable equipment. 

 

                     (a)                            (b) 

Fig. 2 - Individual component fragility curves for the RC2 nested nonstructural acceleration-sensitive 

components for (a) 𝑃𝐺𝐴 and (b) 𝐴𝑣𝑔𝑆𝑎. The critical component for each IC is shown with markers. 

Table 3. Median and dispersion of the individual component fragilities for the critical component of each IC 

(RC2 building). 

Weakest component per IC 
𝑷𝑮𝑨 𝑨𝒗𝒈𝑺𝒂 

median (g) dispersion median (g) dispersion 

IC I: First-floor vessel (x direction) 0.50 0.44 0.70 0.60 

IC II: Roof horizontal vessel (y direction) 0.38 0.51 0.53 0.56 

IC III: Roof heat exchanger (y direction) 0.38 0.53 0.53 0.58 

 

 

Fig. 3 - Combined component fragility curves for the (a-b) RC1 and (c-d) RC2 buildings.  
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Fig. 3 presents the empirical and the lognormally fitted combined component fragility curves 

for for both the considered buildings, whereas the combined fragility medians and 

dispersions are listed in Table 4. In all cases, the evaluation of the fragilities by 

simultaneously checking across components of the same IC for failure events, results in the 

fragilities being shifted to the left and to the dispersion being reduced, as opposed to the 

median and the dispersions that would have been obtained if the overall fragility was set 

equal to the fragility of the most critical component from each IC. Furthermore, as can be 

inferred from the results tabulated in Table 4, the attainment of the most severe DS3 occurs 

prior to DS1–2. This is simply a testament to the existence in each building of vulnerable, 

IC III equipment items that lead to early failures. Furthermore, among the two considered 

buildings, the most vulnerable is RC2. This is due to higher number of the above-ground 

critical components having periods very close to the fundamental periods of the supporting 

structure (0.20-0.21sec), a condition that essentially implies (near) tuning for these 

acceleration-sensitive components located at the first-floor and the roof and, consequently, 

high PCA demands. 

Table 4. Median and dispersion of the combined component fragilities for each building 

 
Damage States 

𝑷𝑮𝑨 𝑨𝒗𝒈𝑺𝒂 

Building median (g) dispersion median (g) dispersion 

 DS1 0.52 0.32 0.73 0.53 

1-storey RC (RC1) DS2 0.75 0.35 1.04 0.58 

 DS3 0.27 0.43 0.38 0.38 

 DS1 0.34 0.35 0.48 0.51 

2-storey RC (RC2) DS2 0.28 0.39 0.40 0.54 

 DS3 0.26 0.40 0.36 0.54 

7. Conclusions  

A methodology is proposed for evaluating analytical fragility curves of equipment-

supporting industrial buildings, in a way that can be readily integrated into the seismic risk 

assessment of an entire industrial plant. It was showcased that the seismic fragility of the 

nested acceleration-sensitive equipment is the one driving the overall seismic performance 

of such assets. The resulting models, data, and framework can be exploited for managing the 

seismic risk in such critical infrastructure. 

Acknowledgements  

The financial support provided by European Union through the Horizon 2020 research and 

innovation programmes “INFRASTRESS–Improving resilience of sensitive industrial 

plants & infrastructures exposed to cyber-physical threats, by means of an open testbed 

stress-testing system” under Grant Agreement No. 833088, and “HYPERION–Development 

of a decision support system for improved resilience & sustainable reconstruction of historic 

areas to cope with climate change & extreme events based on novel sensors and modelling 

tools” under Grant Agreement Νο. 821054 is greatly acknowledged. Thanks also go to Ms. 

E. Vourlakou for preparing the photorealistic images of the buildings.  

References 

- Bakalis K, Kohrangi M, Vamvatsikos D (2018) Seismic intensity measures for above-ground liquid 

storage tanks. Earthquake Engineering and Structural Dynamics 47(9): 1844–1863 

https://doi.org/10.1002/eqe.3043  

1969
3ECEES, September 2022, Bucharest, Romania

https://doi.org/10.1002/eqe.3043


- Bakalis K, Vamvatsikos D, Fragiadakis M (2017) Seismic risk assessment of liquid storage tanks via 

a nonlinear surrogate model. Earthquake Engineering and Structural Dynamics 46(15): 2851–2868, 

https://doi.org/10.1002/eqe.2939  

- CEN (European Committee for Standardization, 2004). Eurocode 8: Design of structures for 

earthquake resistance. Part 1: General rules, seismic actions and rules for buildings. EN1998-1. 

Brussels, Belgium, https://eurocodes.jrc.ec.europa.eu/showpage.php?id=138  

- Cordova PP, Deierlein GG, Mehanny SS, Cornell CA (2000) Development of a two-parameter 

seismic intensity measure and probabilistic assessment procedure. Proceedings of the 2nd US–Japan 

Workshop on Performance-based Earthquake Engineering Methodology for RC Building Structures, 

Sapporo, Hokkaido. 

- Cornell CA, Jalayer F, Hamburger RO, Foutch DA (2002) The probabilistic basis for the 2000 

SAC/FEMA steel moment frame guidelines. Journal of Structural Engineering (ASCE) 128(4): 526–

533, https://doi.org/10.1061/(ASCE)0733-9445(2002)128:4(526)  

- Di Sarno L, Karagiannakis G (2020) On the seismic fragility of pipe rack–piping systems considering 

soil–structure interaction. Bulletin of Earthquake Engineering 18: 2723–2757, 

https://doi.org/10.1007/s10518-020-00797-0  

- Dymiotis C, Kappos AJ, Chryssanthopoulos MK (1999) Seismic reliability of RC frames with 

uncertain drift and member capacity. Journal of Structural Engineering (ASCE) 125(9): 1038–1047, 

https://doi.org/10.1061/(ASCE)0733-9445(1999)125:9(1038)  

- Eads L, Miranda E, Lignos DG (2015) Average spectral acceleration as an intensity measure for 

collapse risk assessment. Earthquake Engineering and Structural Dynamics 44(12): 2057–2073, 

https://doi.org/10.1002/eqe.2575  

- Hatayama K (2008) Lessons from the 2003 Tokachi-oki, Japan, earthquake for prediction of long-

period strong ground motions and sloshing damage to oil storage tanks. Journal of Seismology 12: 

255–263, https://doi.org/10.1007/s10950-007-9066-y 

- Kazantzi AK, Righiniotis TD, Chryssanthopoulos MK (2011) A simplified fragility methodology for 

regular steel MRFs. Journal of Earthquake Engineering 15(3): 390–403, 

https://doi.org/10.1080/13632469.2010.498559     

- Kazantzi AK, Vamvatsikos D (2015) Intensity measure selection for vulnerability studies of building 

classes. Earthquake Engineering and Structural Dynamics 44(15): 2677–2694, 

https://doi.org/10.1002/eqe.2603  

- Kazantzi AK, Vamvatsikos D, Miranda E (2020) Evaluation of seismic acceleration demands on 

building non-structural elements. Journal of Structural Engineering (ASCE) 146(7): 04020118, 

https://doi.org/10.1061/(ASCE)ST.1943-541X.0002676  

- Kazantzi AK, Vamvatsikos D (2021) Practical performance-based design of friction pendulum 

bearings for a seismically isolated steel top story spanning two RC towers. Bulletin of Earthquake 

Engineering 19:1231-1248, https://doi.org/10.1007/s10518-020-01011-x   

- Kiremidjian AS, Ortiz K, Nielsen R, Safavi B (1985) Seismic risk to major industrial facilities. Blume 

Earthquake Engineering Center, Report No. 72.  

- Krausmann E, Cruz AM (2021) Natech risk management in Japan after Fukushima – What have we 

learned? Loss Prevention Bulletin, 277, https://www.icheme.org/media/15301/krausmannnew.pdf 

- Lin T, Haselton CB, Baker JW (2013) Conditional spectrum-based ground motion selection.  Part I: 

Hazard consistency for risk-based assessments. Earthquake Engineering and Structural Dynamics 

42(12), 1847–1865, https://doi.org/10.1002/eqe.2301  

- Kwon OS, Elnashai A (2006) The effect of material and ground motion uncertainty on the seismic 

vulnerability curves of RC structure. Engineering Structures, 28(2), 289–303, 

https://doi.org/10.1016/j.engstruct.2005.07.010   

- McKenna F, Fenves GL (2001) The OpenSees Command Language Manual (1.2 edn). University of 

California Berkeley, Berkeley, CA. 

- Patkas LA, Karamanos SA (2007) Variational solutions for externally induced sloshing in horizontal-

cylindrical and spherical vessels. Journal of Engineering Mechanics (ASCE) 133(6): 641–655, 

https://doi.org/10.1061/(ASCE)0733-9399(2007)133:6(641)  

- Tsantaki S, Adam C, Ibarra LF (2017) Intensity measures that reduce collapse capacity dispersion of 

P-delta vulnerable simple systems. Bulletin of Earthquake Engineering 15(3): 1085–109, 

https://doi.org/10.1007/s10518-016-9994-4  

- Vathi M, Karamanos SA, Kapogiannis IA, Spiliopoulos KV (2017) Performance Criteria for Liquid 

Storage Tanks and Piping Systems Subjected to Seismic Loading. Journal of Pressure Vessel 

Technology (ASME) 139(5): 051801 https://doi.org/10.1115/1.4036916  

1970
3ECEES, September 2022, Bucharest, Romania

https://doi.org/10.1002/eqe.2939
https://eurocodes.jrc.ec.europa.eu/showpage.php?id=138
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:4(526)
https://doi.org/10.1007/s10518-020-00797-0
https://doi.org/10.1061/(ASCE)0733-9445(1999)125:9(1038)
https://doi.org/10.1002/eqe.2575
https://doi.org/10.1007/s10950-007-9066-y
https://doi.org/10.1080/13632469.2010.498559
https://doi.org/10.1002/eqe.2603
https://doi.org/10.1061/(ASCE)ST.1943-541X.0002676
https://doi.org/10.1007/s10518-020-01011-x
https://www.icheme.org/media/15301/krausmannnew.pdf
https://doi.org/10.1002/eqe.2301
https://doi.org/10.1016/j.engstruct.2005.07.010
https://doi.org/10.1061/(ASCE)0733-9399(2007)133:6(641)
https://doi.org/10.1007/s10518-016-9994-4
https://doi.org/10.1115/1.4036916


 

 

3rd EUROPEAN CONFERENCE ON  

EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

 

INFORMATION SYSTEM FOR MANAGEMENT OF TRANSPORT 

INFRASTRUCTURE: RISK ASSESSMENT  

Marija Vitanova – Assoc. Prof. PhD, Ss. Cyril and Methodius University, Institute of Earthquake 

Engineering and Engineering Seismology, IZIIS, Skopje, N. Macedonia, e-mail: marijaj@iziis.ukim.edu.mk 

Julijana Bojadzieva – Assoc. Prof. PhD, Ss. Cyril and Methodius University, Institute of Earthquake 

Engineering and Engineering Seismology, IZIIS, Skopje, N. Macedonia, e-mail: jule@iziis.ukim.edu.mk 

 

Abstract: Information systems are usually used in management of structures. In the presented 

research, these have been applied in transport infrastructure elements: bridges and retaining 

structures. As vital parts of transportation networks, these structures are usually exposed to 

multiple hazards originating from different environmental and man-made sources. In the 

aftermath of such disasters, whose occurrence is often inevitable, it is increasingly recognized 

that proactive risk management through adequate prioritization and preventative measures has 

to be of an utmost importance. Regions with large infrastructure networks (e.g., roadway 

bridges and retaining walls) exposed to different types of hazards and structural 

ageing/deterioration over time are particularly vulnerable. Such vulnerability can become 

even more relevant in developing countries, which may face greater challenges in coping with 

extreme events. This study tends to focus on evaluation of the risk pertaining to the 

transportation infrastructure. Obtaining a quality information about the geometric and 

structural characteristics of the assets in a bridge and retaining structure inventory is 

fundamental to reliably estimate their physical vulnerability and potential economic losses 

due to natural hazards.  

Keywords: bridges, retaining walls, hazard, earthquake 

1. Introduction  

The objective of the presented research has been to focus on evaluation of the transport 

infrastructure, which is of a great importance when determining a community’s resilience to 

a disaster and its ability to resume normal activities. Obtaining quality information about the 

geometric and structural characteristics of the assets in a bridge and retaining structure 

inventory is fundamental to reliably estimate their physical vulnerability and potential 

economic losses due to natural hazards. 

Generally, a risk assessment system in the transportation infrastructure is usually mandatory 

for bridges. As reported in the Guide to Asset Management of Earth Retaining Structures 

prepared within the National Cooperative Highway Research Program (Brutus & Tauber, 

2009), there are thousands of Earth Retaining Structures (ERS) along U.S. highways and 

there is no exact number because only a few highway agencies have inventoried their ERS. 

Catastrophic failures of Earth Retaining Structures (ERS) are relatively rare, but some 

serious incidents in recent years have called attention to the need for better management of 

ERS. The experience from past earthquakes worldwide reveals that geotechnical structures 

are quite vulnerable to earthquake shaking. In addition to life and material losses, damage to 

roadway and railway elements (tunnels, embankments, trenches, levees, slopes, retaining 

walls, etc.) can seriously affect the transportation of people and products in both short-term 

(emergency actions) and long-term periods (Argyroudis et al., 2013) 
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Taking into account all these facts, an information system for seismic risk assessment of 

bridges has been developed by IZIIS (Vitanova et al., 2019a, Vitanova et al. 2019b and 

Sheshov et al. 2019). Its framework has been expanded by adding retaining structures in the 

system and, as such, it has been part of the investigation realized in the frames of an internal 

scientific project of the Institute of Earthquake Engineering and Engineering Seismology 

(IZIIS), Skopje, Republic of North Macedonia. The retaining structures of interest have been 

those associated with the road infrastructure in the country. Тheir connection and proximity 

to bridge structures has also been taken into account. 

2. Information system 

Statistical information on bridge and retaining wall inventory has been collected and 

processed by the IZIIS team using multiple sources of data. A thorough review of available 

information has been carried out, including inputs from open sources like OpenStreetMap 

(www.openstreetmap.org) as well as a more detailed account of the bridge inventory 

obtained from the Google Street View (www.maps.google.com) photography, in addition to 

other local sources (e.g., national/regional databases). Additionally, detailed information has 

been collected by site inspections, thus allowing the geometry and structural configurations 

of representative bridges to be fully characterized. 

The processing of this information has led to definition of a preliminary exposure model of 

existing bridges and retaining structures in the region of R.N. Macedonia as well as obtaining 

of a  valuable typology and geometrical information to be used for assessment of the fragility 

of the inventory. 

In order to collect information about different bridge and retaining wall typologies, IZIIS 

has developed a generic digital collection form that can also be used in other countries. The 

collection form for bridges includes information about location, material type, deck and pier 

details as well as information on supports and bearings in addition to general information on 

the current conditions of the bridges regarding damage and ageing. The retaining wall form 

includes data on location, structural type, wall height, thickness, foundation height, width, 

soil type, slope, etc. Using this data collection form, users may compile the relevant 

information in two ways: 1) through a desktop study whereat users do not physically visit 

the structures, but rather make use of the information that may be gathered online from 

sources like Google Street View or OpenStreetMaps; or 2) through full inspection by visiting 

the structures. 

  

Fig. 1 Levels of knowledge on bridges (left); Map of R. N. Macedonia, location of bridge structures, grey 
dots-Level 0, green dots-Level 1 and pink dots-Level 2 (right) 

To categorize different levels of bridge information that may be collected from different 

sources, these have been divided into the following levels of knowledge (Fig. 1): 
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• Level 0: Information on existence, location and overall length of a bridge is known. This 

information is used to determine the total number of bridges in the inventory. 

• Level 1: Basic information on the structural system and material of a bridge is known. 

There is also incomplete knowledge of the geometrical characteristics of the structural 

elements. This information can be used to classify assets according to a taxonomy scheme 

and, in some cases, perform simplified calculations related to the structural behavior of 

the bridge. 

• Level 2: Complete information on the bridge geometry is known and there is also 

information regarding the current state of the bridge.  Visible damage to the structure is 

also known and recorded. This information is usually gathered though a site inspection. 

• Level 3: Information on the structural reinforcement configurations, material properties 

and foundation characteristics is known. This information is gathered by processing and 

examination of construction blueprints. 

Initially, data have been collected by using the OpenStreetMap to get a general idea of the 

overall bridge populations. As a result, the quantity and length of bridges could be identified 

and disaggregated at a provincial level for each case study by using the GIS software. This 

has constituted the basis for the establishment of the bridge exposure model. 

For all these types of structures, a certain number of data have been provided and entered 

into the system. For most of the structures, detailed level 3 data are available. In addition to 

location and total length of a structure, these data include data on the structural system, 

complete geometry, foundation and reinforcement. For each bridge, data on the type of soil 

have also been integrated into the system. In addition to the basic geometrical data and data 

on damages, the information system contains data referring to the vulnerability of each 

structure as the basis for definition of the seismic risk for each individual structure. Most of 

the structures that are part of the information system belong to one of the different structural 

typologies for which two levels of vulnerability (damage and failure) have already been 

defined. The hazard conditions, as the second part of the information system, have also been 

implemented for each structure depending on the local soil conditions and the seismic hazard 

on the site. Finally, all relevant data in the already existing system have been harmonized.  

 
Fig. 2 RP475 Seismic zoning map of Macedonia, ground-type A, Vs ≥ 800 m/s (Milutinovic et al. 2016) 

The hazard has been defined through three parameters of expected seismic events: 1) 

Location (where), 2. Genesis and evolution (to what extent) and 3) Intensity (degree). 

Mapping of the hazard has been done by consistent and uniform discretization of the territory 

of N. Macedonia into smaller territorial units of a size suitable for reasonable monitoring of 
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changes of all parameters referring to the distribution and concentration of the hazard (Fig. 

2).  

 

Fig. 3 Number of bridges associated with a certain level of seismic hazard. 

Data on the bridges that have been included in the system show that most of the structures 

represent simply supported girder bridges (SSGB), a small number of structures represent 

frame structures (FS), but only few percent represent other systems. Fig. 3 shows the number 

of bridges located in zones of different hazard. From the figure, it can be concluded that most 

of the bridge structures represent 3 span, simply supported girder and frame bridges. Most 

of these are located in zones of low and mid hazard level (0.15g and 0.20g). 

The third part of the information system has involved activities related to risk assessment. It 

represents a factor that is not constant, but changes in the course of time. The frame for risk 

assessment and management provides a static current insight into the risk at a certain time 

and place that is changed by the dynamics of the hazard and the dynamics of the parameters 

affecting the vulnerability of the structures. In this phase, assessment of the current risk for 

the structures included in the information system has been made. 

 

Fig. 4 Probability of damage and failure of different bridge structural types exposed to different hazard 

levels. 

From the risk analysis assessment, it can be concluded that the probability of damage and 

failure of different types of bridge structures exposed to low and mid hazard level is not 

higher than 30%. That means that, generally, bridges in N. Macedonia are in the zone of low 

seismic risk. 

Retaining structures: 

A simplified methodology has been proposed to assess the vulnerability and risk of existing 

retaining structures, with a special focus on those located along the road infrastructure. First, 

retaining structures with available design projects since 2013 have been assessed. The 
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methodology can be extended further including other existing retaining structures, which are 

to be assessed by field inspections. Figure 1 shows a flowchart of the suggested methodology 

for seismic risk assessment of retaining structures: 

 

Fig. 5 Framework for the seismic risk assessment system for retaining structures 

The database inventory consisted of 3 groups of parameters:  

1. Basic parameters (title, number, coordinates, proximity to a bridge, road infrastructure 

etc.); 

2. Structural type and geometric characteristics of the retaining structure;  

3. Vulnerability parameters (slope of the terrain behind the wall, social index and soil type 

beneath the retaining structure according to Eurocode 8). 

Based on the parameters, a simplified approach based on height, soil type and slope has been 

proposed to assess the vulnerability level (Tab. 1). The seismic hazard has been defined 

through PGA and has been divided into 3 categories.  

Table 1. Vulnerability class  

Soil type A B C D 

Slope <45° ≥45° <45° ≥45° <45° ≥45° <45° ≥45° 

H<2 m low low low middle low middle middle middle 

H=2-4 m low middle low middle middle middle middle high 

H>4 m middle middle middle middle middle high high high 

Based on the vulnerability and hazard values, seismic risk assessment has been made (Tab. 

2). The simplified proposed framework has been a good, large scale starting point to 

recognize the most vulnerable retaining structures for which further detailed seismic analysis 

can be performed to obtain information regarding displacements, stresses and failure 

mechanisms and derive, if possible, fragility curves, as given in Argyroudis et al. 2013.  

Table 2. Risk class according to seismic zone and vulnerability 

  PGA 

Vulnerability < 0.15 g 0.15 g – 0.20 g > 0.20 g 

low low low low 

middle low middle middle 

high middle high high 

 

Database inventory:  

Basic parameters

Structural type

Vulnerability parameters

Structural type 

Height of wall [m]

thickness top, bottom [m]

Foundation height, weight [m]

Kh (Regulative for Eng. Str.)

Vulnerability assesment

(low, medium, high)

Earthquake hazard (PGA)

Risk assessment

(low, medium, high)

Vulnerability parameters:

Slope of terrain

Social index (Consequences-
of-Failure Factors)

Soil type (EC8)
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3. Conclusions  

The presented project has contributed a lot to getting a better insight into the risk pertaining 

to natural hazards to which the critical infrastructure is exposed by development and 

improvement of a many-faceted frame for assessment of vulnerability, with a special focus 

on seismic hazard and ageing/deterioration effects on the transportation infrastructure 

network that can be used independently by a number of countries. The results from the 

realization of these investigations are twofold: greater knowledge and increased awareness.  

By synthesis of data on exposure and vulnerability of the critical infrastructure in the 

territory of a country, new knowledge as well as a better insight into the current number, 

location and condition of existing elements of the considered critical infrastructure is 

obtained.  

Increased awareness of natural hazards and changes of existing critical infrastructure 

facilities is necessary for the success of strategies of response to emergency situations and 

definition of the resilience level of the European (and neighbouring) societies. 

By realization of all the activities anticipated with the project, the following has been 

achieved:  

• Integration and harmonization of data in the information system with information on 

the general exposure of structures that are part of main roads and high-ways in our 

country, including bridges and retaining walls, has been performed; 

• Existing seismic hazard models have been combined and included in the information 

system; 

• Characterization of the direct physical vulnerability and seismic risk has been 

performed by using an innovative approach; 

• Monitoring of the risk has been enabled through relevant factors for monitoring, 

parameters and data for identification of the efficiency of the existing frames of risk 

management; 

• The application of the information system in taking prevention measures, effective 

management of resources and prioritization, with a focus on the seismic hazard and 

the effects of ageing of bridges, contributes to the increase of the resilience of the 

critical infrastructure. 
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Abstract: Since modern approaches in seismic fragility calculation require multiple time 

history calculations of complex nonlinear models, only simplified models can be applied 

without high computational costs. For certain type of structures, simpler surrogate models 

able to replace classical large nonlinear FE 3D models for shorter calculation time are needed. 

To allow computational expensive nonlinear models within these approaches the use of Long-

Short-Term-Memory (LSTM) Networks for prediction of structural displacement has been 

investigated. Compared to simple feed-forward neural networks (ANN) this allows also the 

prediction of floor response spectra while having the same accurancy. The authors showed, 

that LSTMs can be as efficient as ANNs for seismic fragility calculation. 

Keywords: machine learning, fragility calculation, surrogate model, earthquake engineering 

1. Introduction 

For more detailed seismic vulnerability assessment of a structure, multiple non-linear 

dynamic analyses should be carried out. However, the aforementioned structure dependent-

analytical approach is computationally intensive and time consuming. The use of Machine 

Learning (ML) models as surrogates in non-linear dynamic analysis has been investigated 

in the last couple of years. For research purpose there are various approaches for the use of 

artificial neural networks in civil engineering (Adeli 2001). Lautour and Omenzetter 

(Lautour und Omenzetter 2009) used structural parameters and seismic intensity measures 

(IMs) for the initial data set containing relevant properties of the considered reinforced 

concrete structures and the description of the earthquake. Accordingly, they could 

successfully determine the Park-Ang damage indicator. However, for an unknown 

earthquake, they received a wide dispersion of results. While ANNs are perfectly useful for 

application in fragility analysis to predict the earthquake demand parameter (EDP) values, 

the ability to predict only the EDP is also a large limitation. The more complex alternative 

approach consists in the application of ML for the prediction of the whole EDP time series. 

This allows not only the prediction of the EDP value for fragility analysis but also the 

prediction of floor response spectra and the possibility to take a closer look at the actual 

reaction of the structure. In the contrary this approach is computational expensive compared 

to ANNs but still a lot faster than multiple non-linear dynamic analyses. The prediction of 

structural response time series has a few investigations in the last years with a big input from 

Ruiyang Zhang (Ruiyang Zhang et al. 2019b; Ruiyang Zhang et al. 2019a; Ruiyang Zhang 

et al. 2020) investigating the use of convolutional neural networks (CNN) and long short-

term memory (LSTM) models for the prediction of the structural response time series based 

on the earthquake time series. While Zhang focused on complex ML approaches for the 

detailed prediction of the response time series, this paper focuses on the prediction of 

1978
3ECEES, September 2022, Bucharest, Romania



fragility curves and the comparison to ANNs of an LSTM approach for structural response 

time series prediction. 

This paper discusses a Long Short-Term Memory model (Hochreiter und Schmidhuber 

1997) as a type of recurrent neural networks. Recurrent networks are designed to capture the 

temporal dependencies in data. One shortcoming for traditional neural network models is 

that they are memory-less and cannot consider previous events. Recurrent neural networks 

are designed to address this issue by passing information stepwise sequential data such as 

timeseries. LSTMs as a type of recurrent neural networks is capable of learning long-term 

dependencies. An LSTM layer takes input data one by one and passes through internal 

computational nodes and gates controlling the flow of information. 

2. Long Short-Term Memory Network  

Depending on the problem we can have different LSTM network architectures. In this 

research due to nature of the problem we want to model the displacement behaviour of the 

building based on given ground acceleration time series. Many-to-Many network 

architecture is required for such functionality. We have used a stacked LSTM model with 5 

LSTM layer of 50 neurons each and 20 percent of dropout after each layer and a time 

distributed dense layer with one neuron to output the prediction.  

3. Earthquake Data 

The selection of earthquake histories for the nonlinear analysis of a structural model is done 

by means of target spectrum according to Eurocode. A set of 190 earthquake acceleration 

time histories from New NGA-West 2 Ground Motion Database (Pacific Earthquake 

Engineering Research Center) is selected. The records have been selected for a distance 

between 15 and 100 km and a magnitude between 5.5 and 7.5. The Spectra are shown in 

Figure 1. Each time series in the dataset contains 6002 samples. The train test split is 

conducted with a ratio of 9:1. 

 

Figure 1: Target Spectra and Spectra of the selected Records 

 

 

 

0

0,5

1

1,5

2

2,5

0 0,5 1 1,5 2 2,5 3 3,5 4

A
c
c
 (

g
)

Period (sec)

1979
3ECEES, September 2022, Bucharest, Romania



4. Earthquake Demand Parameter 

In order to investigate the relationship between ground motion and the structural damage, a 

nonlinear single degree of freedom system (SDOF) was created in OpenSees (Mazzoni et al. 

2006). The SDOF has a frequency of 1 Hz and a bilinear material model to allow 

deformations for stronger earthquakes. The displacement of the head node is considered as 

EDP. 

5. Evaluation 

Based on the previous presented data, an LSTM was trained to predict the structural 

displacement time history of the structural model based on the earthquake acceleration 

signal. This approach results in an LSTM model which is capable of representing this 

specific structural model. Figure 2 shows the predictions of the LSTM and the actual target 

data from the non-linear dynamic structural model. It can be recognized, that the peak values 

are often not perfectly predicted, but in general the signal was predicted with a low error. 

Also, sections with divergent frequency contend were predicted with less accuracy than the 

rest of the signal. 

 

Figure 2: Prediction of the LSTM and target time series 

The EDP values of the LSTM predicted data have been calculated and the R² correlation 

coefficient has been calculated. Based on the same earthquakes, multiple IMs have been 

calculated and a multilayer perceptron ANN has been trained to predict based on the IMs the 

EDP values. This ANN is used for comparison. the correlation coefficient of the ANN for 

the testing data is 0,88 while the LSTM reached 0,97. In Figure 3 the correlation plot for the 

EDPs predicted by the ANN and LSTM is presented. 
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Figure 3: Correlation Plot with the true EDP values from the non-linear structural model on the x-axis and the 

predictions of the LSTM and ANN on the y-axis. 

To achieve a realistic comparison of the use in fragility curve prediction, four fragility curves 

have been calculated with the cloud approach (Jack W. Baker 2015). Now the dataset was 

split in 50% for training and testing and the other 50% for fragility calculation. The fragility 

curve was calculated based on the full dataset to have a comparison. Then half of the dataset 

was used for training and validation of the ANN and LSTM. A fragility curve was also 

calculated for the train/test dataset. Now the trained ANN and LSTM have been applied to 

the second half of the earthquake records without knowing the EDP time series. All four 

fragility curves are displayed in Figure 4. It can be seen, that the LSTM predicted fragility 

curve is the closest to the one calculated on the full dataset.  

 

Figure 4: Fragility curves predicted by the ANN, LSTM and calculated based on the training data and the full dataset 
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6. Conclusion 

The application of ML as surrogate models in earthquake engineering offers the possibility 

to apply complex and computational expensive methodologies from fragility analysis (like 

Incremental Dynamic or Multiple Stripe Analysis) or aftershocks in seismic fragility analysis 

while considering complex nonlinear structural models in the EDP calculation. Otherwise 

these approaches can only be applied with simplified models. The LSTM time-series 

approach offers more possibilities than the ANN method with the same accuracy in the 

prediction.  
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Abstract: This work is focused on the seismic vulnerability assessment of the city of 

Florence and the consequent economic losses involving the modern masonry buildings. The 

target of the research is pursued through a hybrid approach combining two different scales 

of interest. At the urban scale, archive research investigating the public housing consistency 

allowed the identification of the architectural and structural features of a significant sample 

of constructions realized during the XX century. Hence, a probabilistic framework based on 

nonlinear static analysis has been used to find analytical fragility curves. The results of this 

phase have been assumed in terms of general outcomes and adopted to calibrate a rapid 

vulnerability assessment available in literature. The latter has been implemented at the urban 

scale defining fragility curves for a larger number of structures. These results have been 

finally accounted to determine a first economic assessment on the impact of potential 

earthquakes in the city of Florence. The presented results can be considered as a starting 

point for further studies accounting for cost-effective mitigation strategies for modern 

masonry structures.  

Keywords: Modern masonry buildings, seismic vulnerability, economic losses, urban scale, 

hybrid approach  

1. Introduction  

Within the existing constructions, masonry buildings constitute a large percentage of the 

urban stocks. Concerning the seismic action, masonry structures evidence different levels 

of performance, depending on the disposition of the resistant elements as to the connection 

between the orthogonal walls. Generally, a box-behaviour where the different parts of the 

structure participate at the seismic capacity of the building is researched. The latter is 

effective only in case of good connections between the orthogonal panels and of rigid 

diaphragms distributing the horizontal actions. Dealing with the modern masonry buildings 

(MMBs), these constructions have been realized in recent years, following the technical 

renewals of the XX century. Therefore, a box-behaviour is generally guaranteed, thanks to 

the presence of regular masonry dispositions, RC ring beams at the connection within slabs 

and walls, as for rigid/semi-rigid membranes. If the structural features of these building 

typologies encourage the seismic assessment of the MMBs by means of global analysis, 

the post-damage evidence of these structures indicates the possibilities of significant 

damage (Penna et al. 2014, Calderoni et al. 2020). In fact, the structural characteristic of 

the MM structures leads to a weak-spandrels-strong-piers behaviour (WSSP) where the 

seismic performances are mostly driven by the shear capacity of the masonry piers at the 

lowest levels. In this work, a seismic vulnerability loss assessment for the MMBs of the 
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city of Florence is presented. The study has been executed at the urban scale by the 

implementation of analytical results to a higher number of structures through a hybrid 

approach. The seismic vulnerability of a selected case study has been investigated through 

an analytical procedure based on nonlinear static analysis. Then, the seismic losses have 

been accounted in terms of direct economic losses assumed through a hybrid procedure. 

The definition of the Damage Levels (DLs) -namely DL0 no damage, DL1 negligible, DL2 

moderate, DL3 severe, DL4 severe to near collapse, DL5 collapse - was done executing an 

analytical framework based on nonlinear static analysis. Then, the Expected Annual Loss 

(EAL) was computed according to the Italian Guidelines (Ministry Decree n. 58, 2017). 

The economic costs have been finally assumed from the evidence of the L’Aquila event 

(Di Ludovico 2017 a, b) The research has been finally extended at the urban scale targeted 

at a first evaluation of the impact of an earthquake scenarios to the outskirts of Florence.  

2. The hybrid approach  

The MMBs of the city of Florence have been investigated through a hybrid approach (Fig. 

1). The latter is targeted at the: i) identification of the building typologies and their main 

structural features; ii) selection of a representative case study and execution of an 

analytical framework addressed at determining fragility curves; iii) implementation of the 

numerical outcomes from a building to a wider number of MM structures and extension of 

a simplified procedure for the economic loss assessment in case of seismic scenario.  

 

Fig. 1 - Flow-chart of the hybrid procedure. 
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Although the city of Florence is known all over for the outstanding value of its historical 

centre, most part of the contemporary city has been built since the XIX century through the 

realization of modern outskirts. The city is considered a seismic zone only from 1982, 

therefore most part of this expansion has been realized without seismic codes. In this 

context, the majority of the constructions were made by masonry buildings, with a lower 

percentage of RC structures or other building typologies (Cardinali et al. 2019). The 

targeted structures have been investigated at different scales of interest. At the urban scale 

an archive-based study has allowed the identification of over 300 masonry structures 

representative of a wider urban stock. Within the MM structures, the research of the 

projects and the original designs has been done within the social house consistency. The 

public housing interventions contributed at the realization of numerous external districts all 

over Italy. Especially with the INA-Casa plan (1949), the government promoted a 

significant National investment to provide houses for the citizens. Hence, a series of 

guidelines and indications were given by modern architects, authors of important outskirts 

along the peninsula. The investigated structures have been later identified and the CAD 

plans of each design has been replicated. The buildings have been finally divided within 

structural typologies based on their architectural scheme. Later, a selected case study has 

been chosen and a probabilistic framework based on nonlinear static analysis and 

equivalent frame modelling has been followed for in-depth studies. The analytical part 

allowed the derivation of fragility curves pointing out the vulnerability of these buildings. 

The numerical outcomes have been adopted to calibrate a rapid seismic assessment which 

has been targeted at the implementation of the results at a wider building typology. Finally, 

the impact of the earthquake scenarios has been evaluated in terms of direct economic 

losses.  

2.1. Analysis at the urban level: the building taxonomy 

At the urban level, archive-based research allowed the identification of over 300 masonry 

structures (Fig. 2). For the different structures a series of architectural and structural 

features were collected, together with the re-drawing of the building plan. As these 

buildings follow standard design and technical solutions, the identification of the main 

architectural and structural features of these buildings can be extended, in general, to the 

MMBs of Italian and European contexts. 

 

Fig. 2 – On the left: in red, the identification of the collected MMBs, in blue the perimeter of the historical 

city centre. On the right: the CAD plans of the identified structures 
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The Archive research allowed the identification of a taxonomy for the MM structures made 

in Florence. The main architectural features, as the approach adopted for the mechanical 

properties are listed in Table 1. Regarding the mechanical properties of the masonry 

typologies, the research assumed the experimental evidence coming from in-situ campaign 

performed in the Tuscany region for XX century masonry typologies and published in the 

Tuscany Masonry Database (TMDB). Once identified the masonry typologies adopted for 

the MMBs in Florence (rubble stone masonry at the lowest levels, clay brick masonry at 

the intermediate floors and hollow brick masonry at the top ones), the initial mechanical 

values were assumed accounting on the MIT (2019) properties. Then, the Bayes’ inference 

based on the Bayes’ theorem has been used to update the initial probability distribution.  

Table 1. MMBs taxonomy 

Modern masonry building taxonomy 
Architectural 

features 

Number of floors 2 levels - 11% 

3 levels- 43% 

4 levels - 38% 

5 levels - 6% 

6 levels - 1% 

Inter-story height 3.00 – 3.50 m 

Roofs Wooden beams covered by wooden planks and roof tiles  

Prefabricated RC joists with hollow tiles  

Diaphragms Concrete ring beam at each level 

RC joists alternated with hollow clay elements, topped 

by a concrete slab  

Ceilings: same technology with lower thickness (12/16 

cm) 

Bearing walls 

 

Density and thickness reduction along the height 

Ground floor Ventilation floor under the slab – 42% 

Underground cellars – 49% 

Pavement over the ground – 9% 

Foundations Masonry foundations 

Concrete / inert-materials foundations 

Mechanical 

properties 
Masonry Bayesian update of the MIT values through the TMDB 

database (Boschi et al. 2019) 
Concrete Experimental values coming from public buildings of 

Tuscany (Cristofaro et al. 2019) 
Steel Experimental values coming from the Campania region 

(Verderame et al. 2001) 

2.2. Analysis at the building level and derivation of fragility curves 

Finally, a specific MMB has been selected for in-depth studies (Fig. 3). The building 

constitutes a standard building plan characterized by a central stairwell serving two symmetric 

apartments per floor. The numerical assessment was based on nonlinear static analysis 

(NLSA). Equivalent frame modelling was realized through the Tremuri code (Lagomarsino et 

al. 2013, Cattari and Lagomarsino 2013). In the analysis, both epistemic and aleatory 

uncertainties have been considered. Different logic tree branches have been modelled to 

account on the lack of knowledge regarding the probabilistic disposition of the masonry 

typologies along the height of the structures. To compare the seismic capacity with the seismic 

demand, the Capacity spectrum method (Freeman 1998) was adopted. The Florentine area is 

characterized by a moderate telluric activity. Historical records show that the most severe 

earthquakes occurred in 09/28/1453 and 05/18/1895, both estimated at VII-VIII MCS level 

(Rovida et al. 2016). The seismic demand was considered selecting a sample of 30 

accelerograms soil-compatible with the Florentine area (return period 475 years and soil type 
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B), conditioned over the mean fundamental period of the structural models (Fig. 3). For the 

ground motion research, the European strong motion database has been adopted (ESM 

working group, 2015). The sensitivity analysis pointed out how the mechanical properties of 

the masonry constituted the parameter that influences the most the structural response. The 

outcome of the research highlights a significant vulnerability where the failure of the building 

is mostly driven by the shear failure of the piers at the ground level (Cardinali et al. 2022). In 

both direction the model exhibits a low ductility during the nonlinear phase, denouncing a 

relevant vicinity between the PGAs attaining the highest damage levels (DL3 and DL4). The 

same results are expressed in terms of fragility curves (Fig. 4). In X direction the damage 

scenarios point out, for 475 years return period, a probability of 47.6% is expressed for DL4, 

with 35% for DL5 and 8.8% of DL3. In Y direction, the probability tends to the highest DLs, 

with a 50.1% of probability for DL4 and 38.6% for DL5. 

 

 

 

  

 

Fig. 3 – On top left: the selected case study; on the right: the selection of the accelerograms sample: below: 

analytical fragility curves according to both directions. 

2.3. Hybrid approach: implementation of the analytical results and calibration of a 

rapid procedure 

The results of the analytical phase have been expressed in terms of generic outcomes valid 

for the Florentine MMBs. The numerical results have been adopted to calibrate the DVM 

method (Cattari et al. 2004), which constitutes a rapid performance-based assessment 

targeted at the definition of bilinear capacity curves according to the two directions. The 

bilinear curves are obtained by geometrical and structural parameters, determining the 

maximum base shear, the stiffness of the linear phase, the definition of the yielding and 

ultimate displacement. Specifically, the calibration allowed the determination of 

relationship within a spandrel contribution factor and the WSSP behaviour. Finally, the 

1987
3ECEES, September 2022, Bucharest, Romania



calibrated rapid methodology has been adopted to investigate a wider building class 

characterized by 45 plans design. With the latter a total of 112 MM structures has been 

realized in Florence. In Fig. 4 both capacity and fragility curves according to the two 

directions are plotted. The bilinear curves show the variability of the results depending on 

the structural characteristics of the buildings. Then, for the mean models (highlighted 

through bold lines), the relative fragility curves are presented. According to the latter, the 

mean curves for a seismic motion of 50 years return period leads to 43.3 % of probability 

to attain DL1 and 32.3% for DL2 in X direction; Y direction points out more conservative 

results with a 33.5% of probability for DL0, 32.9% for DL1 and only 16.7% for DL2. On 

the other side, for bigger earthquakes, the Y direction is slightly more vulnerable. For 475 

years return period, in the X direction a 48.6% of attaining DL4 and 39.0% for DL5 are 

expected; in the Y direction, 49.3% and 40.5% for the two DLs are forecasted, 

respectively. 

 

 

 

 

 

Fig. 4 – On the left: bilinear capacity curves of the investigated structures through the DVM. On the right: 

fragility curves, the continuous lines are referred to the mean model, the dot ones to the mean model 

considering the double of the standard deviation of the sample.  

2.3. Computation of direct economic losses 

Finally, the direct economic losses have been computer. The latter have been extended to 

the total amount of MM structures in Florence. In this work, the simplified approach 

assumed from the Italian Guidelines for seismic risk classification of constructions 

(Ministry Decree n.58, 2017, Cosenza et al. 2018) has been adopted. The risk assessment is 

obtained in terms of EAL curves. Given the PGA values for capacity and demand, the 

return period of the intensity measure attaining a certain LS is given by:  

                      (1) 

Where TrC and TrD are the return period of the capacity and demand respectively. The 

coefficient η assumes different values based on the maximum acceleration of the seismic 

demand on rigid soil (η=1/0.49 if ag≥0.25 g; η=1/0.43 if 0.25 g≥ag≥0.15 g; η=1/0.356 if 

0.15 g≥ag≥0.05 g; η=1/0.34 if 0.05 g≥ag) 
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The EAL curves are expressed in terms of a λ parameter (λ=1/Tr) and the percentage of 

repair costs (Rc). The latter have been calibrated on the basis of the Rcs coming from 

L’Aquila event (Di Ludovico et al. 2017 a,b). Herein the following percentages have been 

associated with the different DLs: 80% for SLC, 50% for SLV, 15% for SLD and 7% for 

SLO. It is worth noting that these parameters have been defined accounting on different 

building typologies; the vicinity within DL3 and DL4 expressed in the analytical results 

points out some incoherencies that require further insights. In this work, these percentages 

have been associated to compute the different EALs. Considering the MMBs of Florence, 

the reconstruction costs represent a tricky parameter, since it is related to the economic 

costs that are needed to reconstruct a building with structural deficiencies but following the 

ongoing prices. Another possible solution would regard the assumption of the economic 

costs for new constructions which follow the architectural design being also code 

compliant. In this work, to avoid this issue, the economic market value of the residential 

houses of the city has been accounted. Excluding the historical centre, which has higher 

costs due to its exceptionality, considering 12 different macro-areas of external outskirts 

the mean market value for January 2022 is rated at 3600 €/m². Considering the investigated 

database, the mean floor area for the simple block structures is equal to 192 m² per level, 

while it increases up to 302 m² in case of all the building typologies (standard deviations 

equal to 24 and 194 m² respectively). Regarding the number of floors, the majority of the 

investigated structures has 3 storeys (Table 1), therefore this number of floors has been 

accounted for this final part. In Fig. 5, the EAL curves for the simple block structures are 

shown. The curves are plotted on the data of the mean fragility curve and accounting on 

the standard deviation. Furthermore, the min and max values coming from the building 

database are plotted. The mean EAL is equal to 1.22%, with the EAL ranging within 

0.72% and 3.57. The results show a variability which is higher than the one obtained from 

the simplified approach of the Italian Guidelines (1.5-2.5%), pointing out the importance 

of the analytical approaches and the variability of the results accounting geometrical and 

structural features.  

 

Fig. 5 – EAL curves for the MMBs of Florence. 

For the mean building, considering an area of 192 m² and 3 storeys, assuming a seismic 

event with a return period of 50 year, the highest DS is given by DL1, leading to a Rc of 

228’312 €, with a probability ranging within DL0 (no Rc) and DL2 (486’240 € of Rc). 

Given the DL4 as the most-likely scenario (49%) the economic loss would cost 1’658’880 
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€, assumed equal to the 80% of the market value. Finally, an extension of these outcomes 

at a wider scale allows to estimate the impacts of a potential seismic event to the city of 

Florence. The ISTAT data counts a total of 13’453 residential masonry buildings realized 

in the period 1919-1980. Considering the mean floor surface of 302 m² and 3 storeys per 

floor, the occurrence of a 50 years return period earthquake for the considered structures 

would lead to a mean Rc of 3’071’481’336 €, with the spread economic costs ranging 

within 0-64 M€/km². Evaluating a return period of 475 years, the Life Safety Limit State 

represents the most-likely scenario, and it is estimated a total of 35’102’643’840 €. It is 

worth noting that the variability of these results can be significant, based on the attainment 

of the DLs as variabilities in the geometrical features or strengthening solutions. Assuming 

the closest DLs, DL3 and DL5 the economic costs wave in a range of values within 22 and 

44 bn of Euro, equals to 214-428 M€/km². The economic results of this phase, although the 

limited accuracy due to the urban scale analysis, point out relevant costs that are coherent 

with the high exposure of the goods.  

3. Conclusions  

In this work a seismic assessment of the modern masonry buildings of the city of Florence 

is presented. Besides the historical centre with its monumental area, Florence is 

characterized by a series of external residential districts realized during the XIX and XX 

centuries. The research took advantage of a hybrid approach suitable to investigate recent 

constructions realized through standardized procedures and coherent technologies. At the 

urban scale, archive research allowed the identification of over 300 MMBs located in the 

city. The architectural and structural features of each design have been listed and the 

buildings have been divided into typological classes. Within the database, a selected case 

study has been selected for in-depth studies. Equivalent frame modelling was executed, 

and a probabilistic framework based on nonlinear static analysis has been performed. The 

numerical phase accounted both epistemic and aleatory uncertainties, targeted at the 

assessment of the sensitivity of the different parameters influencing the seismic response. 

Finally, analytical fragility curves were found, pointing out the seismic vulnerability of the 

building. The results of the analytical phase have been accounted in terms of generic 

outcomes and adopted to calibrate a simplified procedure available in literature. Hence, the 

DVM procedure, based on structural and geometrical features have been implemented at 

the urban scale. The hybrid methodology allowed finally the definition of fragility curves 

for a sample of 112 structures, highlighting the variability of the response based on 

architectural characteristics. In the final part of the paper, the direct economic costs of 

assumed from the Italian Guidelines have been adopted to estimate the EAL curves of the 

investigated structures. In terms of EAL, the outcomes of the research point out a higher 

variability compared to the one assumed with the simplified approach presented in the 

Italian recommendation. Finally, the paper presents a first evaluation of the impact in terms 

of economic costs in case of earthquake scenarios. The computation considers only the 

direct economic effects on the buildings accounting on the market value of the goods. 

Although the limits of this final phase, the latter points out significant costs which require 

particular attention. Further studies will concern the evaluation of compatible mitigation 

strategies targeted at the seismic risk reduction, assessing both the retrofitting design as the 

cost-benefit effects. Other studies will still regard the implementation of the research at the 

urban scale, integrating other building typologies in the assessment and managing the 

information in GIS-based scenarios.  
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Abstract: A probabilistic earthquake risk assessment was developed for urban planning and 
emergency response activities in the landscape unit of "Pla de Barcelona", Catalonia, Spain. 
This assessment was developed under an integral territorial management project framework 
to develop a pilot platform for territorial prediction (plates.cimne.com). Using state-of-the-
art methodologies, risk results in different metrics were obtained after assessing the feasible 
losses on a high-resolution exposure database. Critical earthquake scenarios have been 
identified to provide emergency and territorial management information to the Department 
of Vice-presidency, Digital Policies, and territory; of the Generalitat of Catalonia.  

Keywords: Probabilistic seismic hazard analysis; earthquake risk assessment; disaster risk 
management; Pla de Barcelona 

1. Introduction 

Despite having moderate to low seismic activity, some earthquakes have occurred in 
Catalonia over the past centuries. For instance, during the 14th and 15th centuries, the 
seismic activity reported in Catalonia was over its usual average, and several earthquakes 
caused damages in Barcelona and other locations of Catalonia (e.g., 1373, 1427, 1428, and 
1448). More recently, smaller earthquakes have been felt by the population of Barcelona 
(e.g., MW: 4.6 on May 15th, 1995, and Ml: 4.0 on September 21st, 2004), fortunately, 
without causing damages to people and infrastructure. 

Different studies to assess the earthquake hazard and risk have been developed during the 
past 20 years, highlighting the considerably high vulnerability of the built environment in 
the region, partly explained by the lack of recent events (ICC, 1999; ICC/CIMNE, 2004; 
Lantada N., 2007; Marulanda et al., 2013). As a reference value from these studies, the 
peak ground acceleration for the 475-year return period in Barcelona has been estimated at 
around 0.10g. Earthquake hazard values tend to be higher towards the Pyrenees, and the 
hazard contour levels tend to be aligned with them. 

Catalonia is divided into 134 landscape units for territorial management purposes. Each of 
these units has a character of its own. Their limits are defined by aspects related to the 
combination of natural, cultural, and symbolic features providing a different character than 
the others and recognised as such by the population.  
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PI-PLATES is a multidisciplinary and regional project with the main objective of 
developing a pilot platform for territorial diagnosis and prediction, addressing several 
issues related to urbanism, air quality, and biodiversity for the 22 landscape units of the 
Catalan coast. In the framework of such a project, an earthquake risk assessment with high 
resolution for the landscape unit Pla de Barcelona has been completed. 

The Pla de Barcelona comprises 13 municipalities containing the urban area surrounded 
by the Serra de Collserola Natural Park and the Mediterranean Sea, between the Llobregat 
and Besos Rivers, as shown in Figure 1. 

 
Fig. 1 –Pla de Barcelona and its municipalities 

The population of the Pla de Barcelona is 2’630,602 inhabitants (IDESCAT 2021), with a 
mean population density of 10,915 persons/ km2. Most of the population is concentrated in 
the city of Barcelona (1’636,732 inhabitants), where most of the building stock was 
constructed when no seismic-resistant construction codes had been developed for Spain. 
Although guidelines are available, their use is not mandatory, and use/enforcement is low. 
The combination of very old buildings constructed without seismic conscience and a 
densely populated and active area can be extremely risky under the effects of even a 
moderate earthquake.  

Risk assessments performed with probabilistic methodologies can use the limited available 
information to predict future scenarios best, considering the different uncertainties 
involved in the analysis. Therefore, and for territorial management purposes, the risk 
assessment should be prospective, anticipating scientifically credible events that might 
happen in the future and not only examining what has been recorded in the past. The 
earthquake occurrence models are developed using seismological and historical data to 
generate stochastic event sets that can represent the different ways earthquake hazard can 
manifest within the domain under study, properly characterizing the occurrence 
probabilities of each earthquake in the set. 

This article presents the results of a probabilistic seismic risk assessment developed for the 
Pla de Barcelona as part of the PI-PLATES project. Two modelling tools were used: R-
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CRISIS for the probabilistic seismic hazard analysis (Ordaz et al., 2021), and R-CAPRA 
for the probabilistic seismic risk assessment (ERN, 2021). 

2. Probabilistic Seismic Hazard Analysis 

The seismic hazard, at bedrock level, was calculated using the latest version of the program 
R-CRISIS (Ordaz et al. 2021a; b) that incorporates the classic PSHA formulation by 
Esteva (1967) and Cornell (1968). Once the hazard parameters are established for each of 
the seismogenic areas, the stochastic event set was generated, containing approximately 
400,000 events. Each event is characterized by the main parameters such as location, 
depth, magnitude, ground motion model, rupture characteristics (strike, dip, shape, aspect 
ratio), and annual occurrence frequency.  

The base of the PSHA model is the national analysis previously developed by Salgado-
Gálvez et al. (2015), updated and improved in particular aspects of the modelling, such as 
the ruptures’ characteristics and the consideration of multiple ground motion prediction 
models in the form of hybrid (composite) GMPEs. GMPE selection and the 
characterization of the sources from the base model were improved using the SHARE 
project's results (Woessner et al., 2015). From this model, classic hazard representations 
such as hazard maps or uniform hazard spectra for different return periods can be obtained, 
although the main goal herein is the generation of the event-set to later quantify the 
feasible losses in the domain under study. Figure 2 shows the 50-year probability 
exceedance curve for peak ground acceleration at a representative point within the Pla de 
Barcelona. 
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Fig. 2 – PGA exceedance probability in 50 years at the Pla de Barcelona 

 

 

3. Exposure model  

In fulfilment of the INSPIRE Directive1, the General Directorate for Cadastre contributes to 
the Spatial Data Infrastructure of Spain (IDEE), offering the transformed data and services of 

                                                           
1 European Directive INSPIRE /Directive 2007/2/EC, Infrastructure for Spatial Information in Europe 
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the different data sets. The exposure model for the Pla de Barcelona was developed with a 
building-by-building resolution level, using the information from the INSPIRE Services of 
Cadastral Cartography2. This database includes information for each building, such as the 
cadastral reference number, construction year, primary use, conservation status, municipality, 
and plan area, among other characteristics. 

Previous efforts had been made to identify and classify the buildings typologies for the city of 
Barcelona (Lantada, 2017; ICC/CIMNE, 2004). Several verifications and validations were 
performed to obtain additional details for the other municipalities within the Pla de Barcelona 
(e.g., reviewing the validity of a typology by considering the age and rise of the building). In 
total, 109,540 buildings have been included in the database. As mandatory for developing an 
earthquake risk assessment, the replacement cost needs to be defined for each entry in the 
database. For this case, the economic appraisal used as reference mean cadastral values, which 
were available for the city of Barcelona for residential buildings. Figure 3 shows the 
geographical distribution of the exposed value within the Pla de Barcelona. A major difference 
has been noted on this stage compared with previous works for Barcelona, where an 
underestimation of this value by a factor of approximately 5. The total exposed value for the 
Pla de Barcelona was set at about 200 Billion euros. 

 

 
Fig. 3 – Assigned replacement cost for the buildings in the Pla de Barcelona 

 
The typologies of the buildings of Barcelona were defined from a previous study by 
ICC/CIMNE (2004), which are valid and representative not only for the city but to the 
surrounding municipalities. Table 1 summarizes the identified typologies.  
 
 
 
 
 
 
                                                           
2 https://www.catastro.minhap.es/webinspire/index_eng.html 
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Table 1. Building typology matrix for the Pla of Barcelona After:ICC/CIMNE (2004) 
TYPOLOGY CODE DESCRIPTION 

UNREINFORCED 
MASONRY 

M3.1 Unreinforced masonry bearing walls with wooden slabs 
M3.2 Unreinforced masonry bearing walls with Masonry vaults 

M3.3 
Unreinforced masonry bearing walls with composite steel and 
masonry slabs 

M3.4 Reinforced concrete slabs 

REINFORCED CONCRETE 

RC3.1 
Concrete frames with unreinforced masonry infill walls with 
regularly infill frames 

RC3.2 
Concrete frames with unreinforced masonry infill walls with 
irregularly frames (i.e., irregular structural system, irregular 
infill, soft/weak storey) 

STEEL MOMENT FRAMES S1 A frame of steel columns and beams 

STEEL BRACED FRAMES S2 
Vertical components of the lateral-force-resisting system are 
braced frames rather than moment frames. 

STEEL FRAMES WITH 
UNREINFORCED 

MASONRY INFILL WALLS 
S3 

The infill walls usually are offset from the exterior frame 
members, wrap around them, and present a smooth masonry 
exterior with no indication of the frame. 

STEEL AND RC 
COMPOSITE SYSTEMS 

S5 
Moment resisting frame of composite steel and concrete 
columns and beams. Usually the structure is concealed on the 
outside by exterior non-structural walls. 

WOOD STRUCTURES W 
Repetitive framing by wood rafters or joists on wood stud 
walls. Loads are light and spans are small. 

 

Most buildings in the domain under study are unreinforced masonry units, followed by 
reinforced concrete buildings, whose construction has increased rapidly in recent decades. 
Steel structures are less used and usually have no residential use but for industrial or other uses 
such as markets or sports arenas. Wood structures are nowadays practically inexistent, and 
masonry units of different types are typically found in the historical centres of each 
municipality. Figure 4 shows the distribution of the building typologies. 

 
Fig. 4 – Building typologies in the Pla de Barcelona 
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4. Seismic vulnerability 

There are different ways to characterize earthquake vulnerability, a complete summary can be 
found in Salgado-Gálvez et al. (2015), Salgado et al. (2016), Cardona et al. (2014) and 
Cardona et al. (2013). In this study, the approach known as vulnerability functions has been 
chosen since it provides a continuous, quantitative, and probabilistic representation of the loss 
levels as a function of the hazard intensity. For this assessment, the chosen hazard intensity 
measure was the spectral acceleration for the fundamental period of each typology, and only 
direct losses were computed. A set of functions representative for the characteristics of the 
structures in the analysis area, which had been previously reviewed in earthquake risk 
assessments in Spain, has been used in this case. Based on the typology, a unique vulnerability 
function has been assigned to each building included in the exposure database. In addition to 
the characteristics listed in Table 1 for the typologies, a differentiation into height ranges was 
performed to have low, mid, and high-rise groups.  

Loss functions previously developed for the study area have been chosen for this analysis 
(Salgado-Gálvez et al. (2015), Salgado et al. (2016), Cardona et al. (2014) and Cardona et al. 
(2013)). Further research is currently undergoing for the enhancement of the functions. 

5. Earthquake risk assessment  

For this case study, the probabilistic assessment of seismic risk was performed using the 
computer program R-CAPRA (ERN, 2021), which implements several improvements and 
enhancements with respect to the original CAPRA-GIS tool sponsored by The World Bank 
and the Inter-American Development Bank. The methodological framework of the risk 
assessment is event-based, meaning that the expected losses and all needed parameters to 
describe the loss probability function are calculated for each of the earthquakes included in 
the stochastic event-set. 

In a nutshell, the exceedance rate of different loss values, (p), is calculated, representing 
the average number of times per year that losses equal to or larger than p occur. This 
exceedance rate can be computed by using the total probability theorem. 

 

     (1) 

 

where Pr(P>p|Event i) is the probability of exceedance of the loss p given the occurrence 
of the event i, and FA(Event i) is the annual occurrence frequency of event i. The complete 
details of the methodological framework can be found in Ordaz (2000) and Salgado-Gávez 
et al., (2014). Figure 5 shows the loss exceedance curve obtained for the Pla de Barcelona. 
The average annual loss (AAL) is obtained by integrating this curve. In this case, the AAL 
is 11.8 million euros, corresponding, in relative terms, to 0.006% of the total exposed 
value. This is a considerably lower value than previous studies where the same metric was 
comparable to locations with high earthquake vulnerability but located at very active 
seismic zones in the world. 
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Fig. 5 – Loss exceedance curve for the Pla de Barcelona 

6. Identification of relevant seismic scenarios for territorial management 

Besides calculating the loss exceedance rates for different values, R-CAPRA allows 
obtaining an event loss table (ELT) which lists, for each earthquake in the stochastic event 
set, its expected loss, occurrence frequency, and the Beta probability distribution 
parameters needed in this loss assessment framework. 

Using this information and considering that the objective of this project was to perform 
loss assessments for territorial management activities, it is of little use to have at hand and 
visualize all the losses associated to the hundreds of thousands of events included in the 
event-set. For this, 10 representative earthquakes have been chosen by considering the 
following characteristics: 

 Seismogenic zone 

 Modelled expected loss 

 Event’s occurrence frequency 

 Magnitude 

With this, results were rearranged relative to the product of the expected loss and the 
occurrence frequency of each event, a good indicator that captures both the severity and 
the recurrence. In a region with moderate to low seismicity, it does not make much sense to 
prepare for extreme events that, despite being feasible, are highly unlikely and have 
associated very long return periods for their occurrence. In other words, in a region with 
low seismicity and poor earthquake resistant construction practices, the most relevant 
planning could be for moderate magnitude events that do not necessarily cause catastrophic 
losses. 

Losses in the Pla de Barcelona were calculated individually for each of these events, 
allowing obtaining the geographical distribution as shown in Figure 6, which depicts the 
results for an earthquake with Mw 6.7 with the epicentre approximately 150km away from 
Barcelona. 
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Fig. 6 – Example of a hypothetical earthquake scenario for territorial management purposes 

 

7. Information platform for territorial management  

Hazard, exposure, and risk data generated in this project are available on a web-based 
viewer that contains all the results of the PI-PLATES project (https://plates.cimne.com/). 
During the project's development, different meetings with local and institutional experts 
from Catalonia have been held to socialize and validate the used data, overall results, and 
their usability in the territorial management activities. 

The tool is publicly accessible, and besides the earthquake risk results for the Pla de 
Barcelona, it addresses several issues related to urbanism, air quality, and biodiversity for 
Catalonia, including the flood risk. 

It is expected that the work will continue to generate similar results with broader 
geographical coverage, such as the totality of Catalonia, and with an exposure database 
including, for example, critical infrastructure. 

8. Conclusions  

This study presented an updated and improved fully probabilistic risk assessment for the 
Pla de Barcelona, expanding beyond the geographical domain of study covered in 
previous works (ICC/CIMNE 2004, Lantada 2007, Marulanda et al. 2013). An updated 
exposure database has allowed significant refinements in different attributes relevant for 
risk assessments, such as the distribution of building typologies and more detailed 
economic appraisals in terms of the replacement cost of each building. 

The objective of this study went beyond the estimation of physical risk and aimed at 
generating information to support decision-making processes related to territorial planning, 
developed with official and validated data generated and/or provided by different 
institutions of Catalonia. 
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Abstract: Heritage buildings represent part of our identity as a community, so they must be 

protected in order to ensure the inheritance of the next generations. Natural hazards, such as 

earthquakes, represent a high risk factor for historic buildings, which were built before the 

existence of any seismic design code, so their seismic vulnerability must be assessed. This 

paper presents a case study for historic buildings in Fabric district, Timisoara city with the 

purpose of assessing their seismic vulnerability. The aim of this study is to provide 

important information to owners and to local authorities, as a first step for making a priority 

list for rehabilitation work. The assessment is based on European existing empiric 

methodologies that was adapted for Banat seismic area based on the results of several 

previous numerical analysis and comparison with past earthquakes damages. In the end, the 

empirical results lead us to a seismic risk map for the area, which highlight the opportunity 
of the study. Moreover, some studies regarding the risk reduction policies for urban area are 

presents, highlighting the necessity of a multidisciplinary approach. The applied 

methodology is simplified, appropriate for large-scale investigated areas and can be applied 

on any site with minimum calibration.  

Keywords: earthquake, vulnerability, assessment, heritage, masonry  

1. Introduction  

Timisoara represents one of the most important cities in Romania, dating from the XII th 

Century, located in Banat seismic area, which is characterised by crustal earthquakes with 

small focal depths (Oros et. al., 2008) and a peak ground acceleration of 0.20 g (Romanian 

Design Code, 2013). 

Fabric district appeared as a settlement for craftsman, with a population bigger then Cetate 

district, which is the district inside the former fortification walls. The district is a historical 

one, with a large number of heritage buildings built in Secession, Art Nouveau and in some 

cases Baroque architectural style (Figure 1), located in the eastern part of Timisoara 

(Figure 2), connected with the city centre through a historical bridge. There were selected 

the buildings along the main street, as presented in Figure 3 (Apostol, 2020), leading to a 

total number of 37 investigated buildings. 

 

Fig. 1 – Image of Fabric area 
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Fig. 2 – The location of the case study area 

 

Fig. 3 – The 37 investigated buildings in Fabric area 

The urban configuration of the buildings is an aggregate one, meaning closed contours 

with interior yards (Onescu et.al., 2019), as presented in Figure 4 (Apostol, 2020). 

 

Fig. 4 – Aggregate condition typical for Fabric area 
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The height regime in Fabric district is varying from buildings with basement and ground 

floor to buildings with basement and 3 levels. Most of the buildings in the area present 

basement, ground floor and one superior floor, as presented in Figure 5 (Apostol, 2020). 

 

Fig. 5 – Height regime map for Fabric area 

In the majority of cases, the ground floor presents commercial spaces, while the upper 

floors present both small offices and residential spaces. Due to the large number of owners 

for each historic building, from which many of them present a low income level, the 

conservation state for the investigated buildings is medium to low. Many of them haven`t 

been consolidated or rehabilitated in more than 20 years, as presented in Figure 6 

(Mosoarca et. al., 2019). 

 

Fig. 6 – Conservation state map for Fabric area 

The buildings are made in brick masonry of burnt clay brick and lime, with perimetral 

walls of 40-80 cm thicknesses and also a thick median longitudinal wall. The transversal 

walls are 10-15 cm thick and in most of the cases there isn’t any connection with the 

façade walls. Most of the buildings present basement, with brick arches and vaults of 15-20 

cm thickness, while the rest of the floors are usually made in wood with a single or double 

layer of wooden beams (Mosoarca et. al., 2020). The majority of buildings present a 

massive slope roof with complex and rigid wooden framework that can reach up to 4 

meters height (Mosoarca et. al., 2018). The typical structural conformation is presented in 

Figure 7 (Apostol, 2020). 
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Fig. 7 - The typical structural conformation for buildings in Fabric area 

The assessment of the seismic vulnerability of historical buildings is very important not 

only for ensuring the safety of its inhabitants, but also to make sure there will be no 

irreplaceable losses in terms of architectural-artist assets. Even a moderate level of damage 

to a heritage building could lead to severe decay to artistic assets, as it is presented in 

Figure 8 (Apostol, 2020). 

 

Fig. 8 – Correlation between expected damage and artistic assets decay  
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2. Empiric vulnerability assessment  

Based on the considered peak ground acceleration for Timisoara, the most probable 

macroseismic intensity in case of an earthquake was determined to be IX EMS-98, 

following Equation 1 (Chieffo et. al., 2019). 

ln(PGA) = 0.24 x IEMS-98 – 3.9               (1) 

The empiric seismic vulnerability assessment is based on a quick and simplified 

methodology that was proposed at first by Benedetti and Petrini (Benedetti et.al., 1984) 

and developed later by Mazzolani and Formisano (Formisano et. al., 2010). The final 

procedure consists in fulfilling a vulnerability form of 15 parameters, each with a specific 

weight, as presented in Table 1 (Mosoarca et. al., 2019). 

Table 1. Vulnerability form  

No. Factor 
Class 

Weight 
A B C D 

1 Vertical structure organisation 0 5 20 45 1 

2 Vertical structure`s nature 0 5 25 45 0.25 

3 Type of foundation and location/soil 0 5 25 45 0.75 

4 Distribution of structural elements in plan 0 5 25 45 1.5 

5 Regularity in plan 0 5 25 45 0.5 

6 Regularity in elevation 0 5 25 45 1 

7 Floors type 0 5 15 45 1 

8 Roofing 0 15 25 45 0.75 

9 

Other details that might influence the seismic 

behavior 0 0 25 45 0.25 

10 Conservation state 0 5 25 45 1 

11 

Different height between current and adjacent 

buildings -20 0 

 

15 45 1 

12 Location of the building into the aggregate -45 -25 -15 0 1.5 

13 Staggered floors 0 15 25 45 0.5 

14 Structural or typological heterogeneity  -15 -10 0 45 1.2 

15 Opening area percentage among adjacent façade -20 0 25 45 1 

 

The vulnerability index that results from the vulnerability form is the sum of the specific 

weighted parameters, following the Equation 2 (Chieffo et. al., 2018), 

       (2) 

,where si represents the score of the class and wi represents the weight factor associated for 

the parameter.  

Based on years of research in the field of seismic vulnerability assessment of historical 

buildings in Banat seismic area and various numerical analysis, the formula for the 

determination of the mean damage was calibrated for Timisoara city, following Equation 3 

(Apostol, 2020). The calibration refers to the adaptation of the parameter that influences 

the vulnerability curve slope, from an original proposal of 6.25 to 12.50. 

     (3) 
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, where V represents the normalized vulnerability index, following Equation 4 (Apostol, 

2020). 

       (4) 

Considering the original proposed formula by the author, there were determined the 

vulnerability indexes for each of the investigated building in Fabric area, as presented in 

Figure 9 and also the vulnerability curves for each investigated building, as presented in 

Figure 10 (Apostol, 2020). 

 

Fig. 9 – Normalized vulnerability index for buildings in Fabric area 

 

Fig. 10 – Vulnerability curves for buildings in Fabric area 

The average vulnerability curve and vulnerability range for the investigated building was 

determined (Figure 11) following the possible variability of damage (V MEC mean – 2σ; 

V MEC mean– σ; V MEC mean + σ; V MEC mean + 2σ), where σ represents the standard 

deviation of the vulnerability indexes, Considering the most probable IX EMS-98 

macroseismic intensity for Timisoara, that was previously determined, the results indicate 

a moderate medium vulnerability of D3 damage state, with a range of reaching D1-D4 

damage states (Apostol, 2020). The correlation of the damages states D1-D5 with the 

expected real damage for masonry buildings in areas with shallow earthquakes was 

proposed by the author and is illustrated in Figure 12 (Mosoarca et. al., 2020). 

 

Fig. 11 – Mean vulnerability curve and vulnerability range for buildings in Fabric area 
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Fig. 12 – Correlation between damage states and expected real damage for masonry buildings 

Considering the fact that the height of the buildings influences its seismic vulnerability, 

especially for masonry buildings, there were also determined the mean vulnerability curves 

and vulnerability ranges for each class of height regime, as presented in Figure 13, Figure 

14 and Figure 15 (Apostol, 2020). 

 

Fig. 13 – Mean vulnerability curve and vulnerability range for buildings with basement and ground floor  

 

Fig. 14 – Mean vulnerability curve and vulnerability range for buildings with basement, ground floor and one 
upper floor 

 

Fig. 15 – Mean vulnerability curve and vulnerability range for buildings with basement, ground floor and two 
or more upper floors 
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4. Results and conclusions  

The vulnerability curves indicate the fact that the mean vulnerability of Fabric historic area 

for the indicated seismic scenario can be considered a medium one, with high possibility of 

having moderate to severe damages to non-structural elements and small to considerable 

damages to structural ones. The detailed results are presented in Table 2 (Apostol, 2020). 

Table 2. Expected damage states for the investigated buildings in Fabric district  

Historical 
district 

Damage 
state D1 

Damage 
state D2 

Damage 
state D3 

Damage 
state D4 

Damage 
state D5 

Fabric 11.00% 38.00% 37.50% 13.50% 0.00% 

 

The height regime can also give some important information regarding the vulnerability of 

masonry buildings, showing that the most vulnerable buildings are the highest. For 

buildings with only one level above basement, the average vulnerability indicates a most 

probable D2 damage state and no expected real damages to structural elements. For 

buildings with 2 levels above basement, the mean vulnerability indicates a most probable 

D3 damage state, while for buildings with 3 or more levels above basement, the average 

vulnerability indicates a most probable D3-D4 damage state. The detailed presentation of 

the expected damage state for each investigated building, for a IX EMS-98 macroseismic 

intensity is presented in the seismic risk map for Iosefin district, in Figure 16 (Apostol, 

2020). 

 

Fig. 16 – Seismic risk map for the 37 investigated buildings in Fabric area 

Despite the medium vulnerability indicated by the methodology, there must be considered 

another important factor, such as the historical and architectural-artistic value of the 

investigated buildings. Even non-structural damage can lead to severe decay to artistic 

assets, so the expected damage level for buildings with heritage value should be limited 

through prevention and intervention measures (Lagomarsino et. al., 2011). Such measures 

should be part of a multidisciplinary strategy with the main purpose of preparing the city, 

the community and the authorities for preventing losses, reducing damages and seismic 

risk (Cardona et. al., 2003). 

2009
3ECEES, September 2022, Bucharest, Romania



Moreover, a very important aspect in the process of risk reduction analysis of an urban area 

(Flesch, 2007) is represented by the assessment of the possible evacuation paths and safely 

evacuation spaces, in the proximity of the investigated buildings. This study was also made 

for Fabric area by identifying the empty spaces that could become temporary shelters and 

also the safe buildings with public functions that could become indoor shelters for the 

affected people, as presented in Figure 17 (Apostol, 2020). 

 

Fig. 17 – Study for the identification of possible evacuation spaces for the affected people in Fabric district 

The study revealed the fact that each building has an evacuation point close enough and 

that the possible shelter spaces could accommodate the entire area. Despite this results, 

there must be considered the possibility that the historic buildings located in corner 

position within the aggregate could present out-of-plane failure mechanism and could lead 

to the blockage of the evacuation paths. This conclusions highlight the necessity of taking 

further this kind of studies and to identify the safest way from each point until an 

evacuation space.  
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Abstract: This research combines the physical science of structural engineering with social 

science by looking to align performance levels for wooden-framed houses in major seismic 

events with expected damage from the perception of homeowners. Through a questionnaire 

motivating factors triggering preparedness and homeowners’ expectations of damage to 

their wooden-framed houses has been explored. The responses of the homeowners indicated 

that previous earthquake experience was not enough to trigger structural strengthening.  

However, homeowners of wooden-framed houses expected a better seismic performance of 

their house after undertaking structural strengthening. In order to analyse whether the actual 

conditions of wooden-framed houses align with anticipated damage for future earthquakes 

by homeowners, a follow-up structural survey was carried out in the Wellington Region. 

Data from the survey has been used to develop a typology of Wellington timber framed 

houses predominately on slopes. Numerical models of the typology will be used to 

investigate the effects of variables, such as wall distribution, slope, and vertical shape, on 

the performance measures including drift and acceleration.  

 

Keywords: Housing, preparedness, retrofit, mitigation, resilience.  

1 Introduction 

For decades globally, government authorities and nongovernmental organizations have 

made substantial investments in preparing communities to face major earthquakes. 

Research has shown that prior experience and trust in sources of information are crucial in 

establishing linkages between intentions to seek information and undertaking preparedness 

actions such as retrofitting houses (Paton, Smith et al. 2005, Miranda, Becker et al. 2021). 

Additionally, positive beliefs towards the use of preparation actions have been shown to 

increase the likelihood of taking those preparations (Şakioroğlu 2011, Miranda, Becker et 

al. 2022). Engaging and understanding decision making factors will help to reduce 

damage, which have been significant in the residential sector (Thomas and Shelton 2012). 

Retrofitting old buildings – which were generally designed with poorer design procedures 

– aims to bring them up to current satisfy the best standards (i.e., design of new buildings), 

which are developed to protect the life safety of building users (King 1999, FEMA P50-1 

2012, FEMA P50 2012, NZSEE 2017). However, although observations of damage after 

major earthquakes align the concept of life safety, economic losses in the residential sector 

have been significant (Thomas and Shelton 2012). It is suggested then, that housing should 

not only be engineered for life safety but should also be of a standard where it is unlikely 

to require significant repairs, thus limiting losses and ensuring housing remains liveable 

and functional (Todd, Carino et al. 1994, Kirkham, Gupta et al. 2014). Questions whether 

the life safety objectives used in codes around the world are adequate or appropriate have 

arisen (Tanner, Chang et al. 2020, Porter 2021). Engineering studies mention the need of 
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meeting societal demands of damage (Takagia and Wadab 2019, Tanner, Chang et al. 

2020); however, they do not refer to any systematic analysis examining such social 

demands of damage after a major earthquake (Pampanin 2012, Takagia and Wadab 2019). 

Even if life safety is achieved the gap between no damage (i.e., fully operational or 

operational – minor damage or disruption) and life safety (i.e., moderate damage to 

extensive damage) might be too large, while the gap between life safety and collapse is too 

small (Priestly 2000). However, owners are generally not aware of what design codes aim 

for (Porter 2021), and when it comes to voluntary building strengthening they might not 

fully understand the benefits or outcomes of such strengthening. 

The Wellington region of Aotearoa New Zealand is likely to experience a major 

earthquake and, unfortunately, research has shown that Wellingtonians are relatively 

unprepared for such a major event (Johnston, Becker et al. 2013, Orchiston, Mitchell et al. 

2018). The large sample of wooden frame buildings in the Wellington region, which are 

mostly located on steep slopes, comprising its residential area in Wellington, influences its 

dwellings’ vulnerability against earthquakes (Todd, Carino et al. 1994, Thomas and 

Shelton 2012). Hence the necessity to further examine the performance of wooden 

structures with vertical irregularities caused by steep terrain. By conducting a questionnaire 

to study people’s beliefs about future earthquake damage and a second structural survey 

looking at structural features of houses, this research aims to understand whether offered 

strengthening solutions align with homeowners expected outcomes of strengthening after 

an earthquake, in alignment with the type of house they own (i.e., a wooden-framed 

house). A better understanding of the relationship between expectations of strengthening 

and likely outcomes after an earthquake, can help with developing clear information that 

motivates appropriate structural preparedness actions. 

2 Methodology 

This study targeted homeowners of wooden-framed houses in Wellington, Aotearoa New 

Zealand. Wooden-framed houses are one of the oldest construction types used in many parts of 

the world, including the Wellington Region, making up more than 80% of its residential 

housing stock (Miskell 2008). The majority of the existing wooden-framed houses in 

Wellington were built before the first introduction of building standards (1980), which makes 

them likely to need structural strengthening.  

Three thousand questionnaires were distributed in the Wellington Region during January and 

February 2020 (see Figure 1). Participants were asked about previous earthquake experience; 

whether they had undertaken structural strengthening; and what level of damage they think 

their house would suffer in a future major earthquake. Answers to these questions were used to 

divide the sample into participants’ groups: aware of the possibility of strengthening their 

house, and not aware of the possibility of strengthening their house. Later, participants were 

then asked whether they had applied any strengthening to their houses. This allowed us to 

further subclassify the sample into three subgroups: Prepared Participants (aware of 

strengthening and used strengthening); Unprepared Aware Participants (aware of strengthening 

but have not done anything); and Unprepared Not aware Participants (not aware of 

strengthening so strengthening has not been used). We therefore also had a sub-group of 

Unprepared Participants which includes Unprepared Aware Participants and Unprepared Not 

Aware participants. 

In order to capture homeowners’ perceptions of damage to their house during potential major 

future earthquakes, prepared participants, were asked to select one level of damage from the 

damage scale (see  Table 1) they think would have happened before undertaking strengthening 

during a future hypothetical MM8 earthquake (described as involving difficulty standing, 
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general alarm causing panic, and the whole town feeling the shaking). Then, prepared 

participants were asked to indicate the levels of damage to their houses during the same 

earthquake but after applying strengthening (i.e., the current situation for prepared 

participants). Similar questions were asked to unprepared participants. First, they were asked 

what level of damage they thought would happen to their houses during a hypothetical MM8 

earthquake. Then, unprepared participants were asked to imagine that they had undertaken 

strengthening and to indicate the expected level of damage to their houses during the same 

earthquake but after applying strengthening.   

 
Figure 1 Study area and distributed questionnaires. Wellington, Aotearoa New Zealand 

 

Table 1 Scale of damage and respective observations 

Level of damage Observations 

1 Undamaged No damage at all 

2 Minimal 
Internal hair-line cracks in wall, which can be solved 

by painting over 

3 Minor Cladding or stucco fell, or some windows broken 

4 Moderate 
Some walls replaced or fixed up. The chimney fell. 

Cracks in floor or damage to foundations 

5 Major 
The houses would not collapse but it would be 

inhabitable 

6 Extreme Total Collapse 

 

 

The questionnaire finally asked participants whether they would be able to take part in a 

follow-up structural survey, which contributed data to analyses of the seismic vulnerability of 

Wellington residential building stock and commonly used strengthening techniques. By April 

2020, 567 completed questionnaires were received (19% response rate). Among the 567 

completed questionnaires, 376 participants (66%) showed interest in participating in the 

structural survey, but only 80 samples were chosen randomly. By undertaking the structural 

survey geometric features of houses were documented, such as the number of floors, building 

height, plan and vertical shapes, type of foundations, main structural elements, location, and 

horizontal and vertical wall distribution. The qualitative data was collected and sorted by using 
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photographs, drawings and handwriting homeowners’ information about structural 

modifications or strengthening.  

3 Questionnaire’s results 

Results from the questionnaire indicated that 66% of participants reported they were aware 

of the possibility of structurally strengthening their house to face major earthquakes. Of the 

ones that stated they were aware of strengthening only 41% affirmed that they had 

undertaken some strengthening. A paired sample t-test revealed that prepared participants 

expected a significantly worse seismic performance of their house without the strengthening 

they had implemented, expecting on average between moderate (4) and minor (3) damage (M 

= 3.38, SD = 1.05), compared to after strengthening, expecting between minor (3) and minimal 

(2) damage (M = 2.33, SD = 0.88), t(152) = 15.7, p < .05 (see Figure 2). Similar responses

were given by unprepared participants (including aware and not aware participants), who

expected a worse structural seismic performance of their houses without strengthening (M =

3.35, SD = 0.87), between moderate (4) and minor (3), than after imaginarily undertaking

strengthening (M = 2.44, SD = 0.86), minor (3) and minimal (2), t(403) = 26.6, p ≤ .05 (see

Figure 2).

When comparing the difference between before and after undertaking structural strengthening 

for prepared and unprepared participants (i.e., variable known as outcome which represents the 

extent to which participants think that strengthening will reduce damage to their house in the 

event of an earthquake; a higher score represents stronger perceptions of outcome expectancy), 

an independent sample t-test revealed that the mean score of outcome expectancy among 

prepared participants (M = 1.05. SD = 082) significantly differed from the mean score for 

aware but unprepared participant (M = 0.82, SD = 0.71), t(296.14) = 2.26, p < .05. Although 

both groups demonstrated positive, rather than negative, outcomes expectancy, this finding 

suggests that prepared participants think that strengthening is more effective in improving the 

seismic performance of their houses than aware but unprepared participants. Additional 

information can be found in Miranda, Becker et al. (2022). 

Figure 2 Distribution of prepared participants based on expectations of damage to their houses before and 

after strengthening; and unprepared participants without strengthening and after applying strengthening 

(imaginarily). 
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4 Follow-up structural survey 

The follow-up structural survey considered 80 randomly samples of wooden-framed 

houses, where 61 presented some degree of discontinuous plan elevation due to the steep 

slope, which has been globally recognised to affect the overall seismic performance of 

houses. Vertical discontinuity was observed and classified into two vertical models which 

also varied depending on cut-off down and up slope (see Figure 3). Additional information 

can be found in Miranda, C. et al. (2022). Additionally, more than 50% had a rectangular 

plan shape, although those houses presented a concentration of openings, mainly, on the 

downslope side, which could result in torsional issues (Liu and Beattie 2012). 

Figure 3 Typology – vertical classification of houses 

Most of the surveyed houses had less than three levels, which meant they were beyond the 

scope of the Earthquake prone provisions, meaning that those houses have to be 

strengthened voluntarily (see Figure 4a). Additionally, on average, the year of construction 

of the surveyed houses was 1925. More than 90% were built before the official 

introduction of timber NZ standards (NZS 3604:2011), and are likely to need retrofitting 

(see Figure 4b).  

Figure 4 (a)Percentage of houses by number of floors and (b) year of construction grouped into ranges 

of surveyed houses  

Finally, only 41% of the surveyed houses were self-identified by the homeowners as 

having structural strengthening already implemented. Types of strengthening noted 

included replacement of rotten piles; addition of new connections between piles, footings 
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and bearers; and addition of bracing (diagonals) elements (examples of which are shown in 

Table 2). 

Table 2 Examples of strengthening solutions identified by homeowners 

Type of structural 

strengthening stated by 

owners 

Photos 

Carried out by 

(e.g., engineer, 

builder, or 

homeowner) 

Comments 

Replaced rotten old piles and 

added wire tie to bearer  
Builder 

Extreme slope. Two-

level house.  

Replaced rotten old piles and 

added extra bracing 
Builder 

Extreme slope. Two-

level house. 

Added wire tie to bearer Homeowner 

Perimeter piles 

replaced and 

strengthened. No 

access to central 

piles.  

Replaced rotten old piles and 

added wire tie to connect 

concrete footings and timber 

piles. 

Engineer 

Included total 

renovation of the 

house.  

Added bracing. Engineer 

Homeowner wanted 

to strengthen the 

house beyond the 

code. 

House was completely re-piled Builder 

Recommendation of 

re-piling by builder 

while undertaking 

different work 

within the house 
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5 Discussion 

The questionnaire highlighted motivating factors triggering preparedness and homeowners’ 

expectations of damage to their wooden-framed house. The results indicate that questionnaire 

respondents expect a better seismic performance of their houses after undertaking mitigation 

actions. Other sources of information must be provided to the homeowners to prompt 

preparedness, such as information about the benefits of strengthening houses. Better 

dissemination of available earthquake strengthening options and their effects on the likely 

seismic performance of houses is needed to not only enhance preparedness but also increase 

levels of trust towards proposed strengthening solutions. Further details are presented in 

Miranda, Becker et al. (2022). 

Regardless of the use (or not) of strengthening techniques, participants expected a seismic 

performance lower than level 5 – life safety – (i.e., they expected a better seismic performance 

of their house than what the current seismic standards ensure). Expectations of damage by 

homeowners therefore do not appear to align with the objectives of current New Zealand 

building codes, which aim to achieve life safety. This can be aggravated by the fact that some 

homeowners likely undertook strengthening expecting a certain level of performance which 

that strengthening does not ensure as a tool for achieving a life safety standard. In an outcome 

expectancy context that means understanding some of those benefits beyond life safety (i.e., 

functional recovery) which can then be used to motivate structural preparedness as a way of 

achieving those benefits/aims/outcomes. Additionally, open communication between 

communities, engineers and builders would help homeowners to understand future damage 

and avoid once again a lack of trust in the engineering community after a major event 

(McClure, Sutton et al. 2007, Egbelakin and Wilkinson 2010, Vinnell, Milfont et al. 2019) 

In order to gather, analyse and communicate information about earthquake strengthening 

options the follow-up structural survey provided information to develop a structural typology 

of houses and classify commonly used strengthening techniques. Categorising buildings has 

become an essential tool for earthquake loss estimation studies. Although vulnerability 

analysis have been developed worldwide grouping buildings considering plan shapes, 

materials, year of construction, etc. (Uma, Bothara et al. 2008, Lucksiri, Miller et al. 2012), 

Wellington housing stock is unique and the presented typology confirms that the majority of 

the houses are located on slopes, which result in vertical irregularities, and concentration of 

opening in the down-slop side. All this factor has been mentioned in the literature as 

aggravating seismic performance (Lew 1989, Todd, Carino et al. 1994, Porter 2002, Liu and 

Beattie 2012).  

Additionally, several strengthening techniques solutions were observed. While some would 

meet current seismic designs standards, others would be questioned, and others went beyond 

what current seismic standards ask for. Future work will classify observed strengthening 

techniques solutions, which can also vary from engineered solutions to builder and owners 

instigated ideas. Although, recommendations on how to strengthen wooden-framed houses can 

be found in the literature (Thomas and Irvine 2008, Nishikawa and Takatani 2012), most of 

them were not observed while carrying out the structural survey. Participants were optimistic 

that structural strengthening would improve their outcome in a future strong earthquake, 

however, a few observed retrofitted houses might not meet such expectations. This can be 

aggravated by the fact that the strengthened of houses was carried out voluntarily, meaning that 

participants have paid and decided to better prepare their house without external incentive, 

such as subsides.  

In terms of future research,  typologies and numerical models – to later present the result using 

fragility curves - are currently being developed to evaluate the effectiveness of the most 
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common strengthening techniques and where strengthening can be targeted to effectively 

reduce damage. Modelling will be validated through comparison with full scale testing of shear 

walls and foundations done by a partner organisation (BRANZ) (Thomas and Shelton 2021). 

The results hope to better understand the actual vulnerability of wooden-framed houses in 

Wellington and whether used strengthening techniques will meet or not homeowner 

expectations of damage in a future major earthquake. This research will help to gather, 

organise and deliberate clear information about the benefits of strengthening houses. In 

consequence, this information would increase the uptake of retrofitting and, in turn, allow 

homeowners to shelter in place following a catastrophic event, which is one the objectives of 

building a resilient community. 

6 Conclusions 

By combining the physical science of structural engineering with social science, this research 

is looking to align performance levels for wooden-framed houses in major seismic events with 

expected damage from the perception of homeowners. The results of the first questionnaire 

demonstrated that although there cannot be a reliance on direct experience of earthquakes to 

motivate earthquake strengthening, homeowners did see the benefit of strengthening their 

house. Thus, the follow-up structural survey sought to collect data on the real conditions of 

houses and commonly used strengthening’s techniques, of which the results also helped to 

develop a building typology of the typical houses in Wellington. The building typology is 

being used to evaluate the vulnerably of wooden-framed houses in Wellington, and to later 

analyse how people’s perceptions aligned with the actual conditions of their house. This 

multidisciplinary and innovative research will contribute to the suite of research being 

conducted around the Wellington Scenario and to the ongoing work on building a resilient 

community. This research will also help inform government authorities and nongovernmental 

organizations of the structural performance objectives to satisfy community demands and the 

extent of intervention required to achieve these. 
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Abstract: Functional recovery of buildings following earthquakes requires resources and 
services shared among damaged buildings on a community or regional level. Tools that can 
identify the relation between community’s pre-disaster supply of such resources and 
services and the recovery time of its built environment can inform disaster preparedness 
measures. This paper presents how community disaster recovery models based on the iRe-
CoDeS framework can be used to identify such a relation and provide probabilistic estimates 
of resource and service quantities a community requires for an efficient post-earthquake 
recovery. Such capabilities of the iRe-CoDeS recovery models are illustrated using a 
regional recovery simulation for the region of Kraljevo, Serbia, following the M5.4 2010 
earthquake. Results show that 200 workers are sufficient to repair residential buildings that 
experienced major structural damage in less than 550 days after the earthquake.  

Keywords: recovery resources, functional recovery, supply, iRe-CoDeS, resource 
constraints 

1. Introduction

Current state of practice in reducing earthquake risk is mandated by the building codes that 
usually aim to provide structures that ensure life safety following earthquakes. However, a 
large portion of earthquake-induced losses are caused by the downtime of damaged 
buildings or infrastructure components, not addressed by most current building codes. 
Such prolonged drops in the functionality of the built environment can take large tolls on 
communities, causing outmigration, reducing the tax base and potentially preventing the 
community from ever recovering to its pre-disaster state. Thus, in the last two decades 
researchers have been developing methods that focus on improving the resilience of the 
built environment (FEMA/NIST, 2021; Koliou et al., 2018; Miles et al., 2019; NIST, 
2016). Resilient communities have the capacity to bounce back quickly after a disaster, 
minimizing both direct and indirect losses.  

Bruneau et al. (2003) recognized resourcefulness as one of the primary resilience 
characteristics. The ability of a community to mobilize resources needed for its recovery 
represents one aspect of resourcefulness. The iRe-CoDeS framework captures this 
resilience dimension by explicitly considering community supply capacity for recovery 
resources and services (R/Ss) and preventing the recovery of components whose recovery 
R/S demand is not met. Furthermore, an iRe-CoDeS model can assess the amounts of 
recovery R/Ss that minimize the effect of R/S constraints on the recovery process 
(Blagojević & Stojadinović, 2022b). Establishing the relationship between recovery time 
and recovery R/S supply capacity is key for better disaster preparedness. 
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2. Community disaster recovery simulations using the iRe-CoDeS framework

Building recovery time consist of repair time and delay time, the time between the 
occurrence of the disaster and the start of building repair, composed of times needed to 
overcome various impeding factors (Comerio, 2006). Repair time of buildings is often 
calculated following the FEMA P-58 methodology (ATC, 2018), while the delay time is 
captured using empirical or expert-based estimates (Almufti & Willford, 2013). However, 
building recovery time cannot be properly estimated by treating the considered building in 
isolation, as functional recovery depends on the supporting infrastructure, socio-economic 
factors and R/Ss shared on a regional or community level (Blagojević et al., 2021a; 
Blagojević & Stojadinović, 2022b; Costa et al., 2020). Thus, regional recovery models are 
required, increasing the complexity of building recovery time estimation. The iRe-CoDeS 
framework offers a method for regional recovery simulation that profits from the research 
done on building-level recovery time estimation, but also accounts for the interaction 
among recovering buildings on a regional scale using a demand/supply model. Each 
damaged building has a recovery demand, that can depend on its properties (e.g., number 
of floors, occupancy type, socio-economic characteristics) and state of damage. Recovery 
of a building is simulated as a sequence of events, occurring in serial or in parallel, such as 
inspection, permitting and repair, where for each a duration, demand and preceding 
activities must be defined. During the recovery simulation, available R/Ss are distributed 
among damaged buildings and only the buildings whose recovery demand is met are 
recovered. Such an approach is also capable of capturing components’ functional 
interdependency and quantifying disaster resilience (Blagojević et al., 2021b). 

3. Simulating the recovery of Kraljevo following the 2010 earthquake

The region of Kraljevo was struck by a M5.4 earthquake on November 3, 2010, causing 2 
fatalities and 180 injured. Recovery of about 16,000 damaged single-family buildings and 
8,500 multi-family dwelling lasted about 18 months (Marinković et al., 2018; RTS, 2011). 
Following interviews with engineers involved in the recovery and the available literature, 
the necessary information to simulate recovery of the Kraljevo region using an iRe-CoDeS 
recovery model is obtained (Blagojević et al., 2022a).  

In this study, initial building damage is assigned based on the damage reported after 
the event. However, the proposed recovery model can also be employed when such 
information is not available. In that case, initial building damage can be estimated using 
the common regional earthquake damage assessment workflow: the spatial distribution of 
earthquake intensity measures is obtained in the hazard module using ground motion 
models, and, subsequently, the initial building damage is estimated in the vulnerability 
module using fragility curves. 

Exposure information is sampled from a sequential Gaussian Process model (Figure 
1), trained using the information on 1,600 buildings collected by the authors (Blagojević et 
al., 2022a). Three building construction types are considered: masonry structures without 
and with lateral confinement (types A and B) and reinforced concrete structures (type C). 
Recovery activities sequence for each damaged buildings, conditioned on the initial 
damage and ownership structure, is presented in Figure 2. Each of the considered activities 
was defined by its duration, assuming no R/S constraints, and the demand for R/Ss it 
requires to progress. Building damage was categorized after the earthquake into six 
categories (K1 to 6) using locally developed building damage inspection forms and 
condensed to four damage states (DS1 to 4) in this study, as proposed by (Blagojević et al., 
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2021c). Recovery simulations stops once all buildings are at their pre-disaster state of 
damage. 

Fig. 1 - Spatial distribution of buildings in the Kraljevo municipality (a), and proportions of the number of 
storeys (b) and construction type (c) building attributes in ten sampled exposure models (Blagojević et al., 

2022a). 

Fig. 2 - Recovery activities sequence for single-family houses (a) and multi-family buildings (b). Damage 
categories K1 and 2 correspond to DS1, K3 to DS2, K4 and 5 to DS3 and K6 to DS4. No multi-family 

buildings were categorized as DS4 (K6), thus the recovery activities sequence for such cases was not defined 
(Blagojević et al., 2022a). 
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4. Relation between the supply capacity for recovery resources and community
recovery time.

The recovery model presented in this paper provides a relation between community supply 
capacity for recovery R/Ss and community’s recovery time. Figure 3 presents such a 
relation for community supply capacity for repair workers, labelled as Wmaj, required for 
repairs of DS3 buildings. The recovery model distributes the available supply of Wmaj to 
DS3 buildings, and only the repair of DS3 buildings to which sufficient Wmaj are assigned 
can progress, while the repair of other DS3 buildings is suspended until enough Wmaj are 
available. At each supply capacity value of Wmaj investigated in this study, 100 realizations 
of the probabilistic recovery model are simulated to capture the uncertainty in the recovery 
model, caused by uncertain durations of recovery activities. For supply capacities higher 
than 200 Wmaj there is no significant decrease in the recovery time, as the community’s 
recovery time is now governed by the recovery of DS1, DS2 and DS4 buildings. The 
recovery time achieved with this supply capacity is about 550 days. If the recovery time 
needs to be further reduced, increasing the supply capacity for other R/Ss (e.g., workers 
repairing DS1 and DS2 buildings) should be considered and may change the observations 
made in Figure 3. Furthermore, recovery time of buildings in a single DS, instead of the 
recovery time of the entire community, can be used to identify the adequate supply of 
workers. The uncertainty in community’s recovery time increased as the supply of Wmaj 

increased. The reason is that in this study the recovery time of DS1, DS2 and DS4 was 
more uncertain than of DS3 buildings, thus once these buildings governed the 
community’s recovery time, the recovery time predictions had a higher variance. 

Fig. 3 - Relation between recovery time and supply of Wmaj in Kraljevo, simulated using 
the iRe-CoDeS recovery model.  
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5. Conclusion

A significant portion of earthquake losses are due to building downtime following 
earthquakes. Concepts such as functional recovery and community resilience are being 
explored by the research community to provide measures that can minimize earthquake 
losses worldwide, particularly indirect losses caused by building downtime. To 
instrumentalize such concepts, tools and methods are needed to guide actions resulting in 
buildings swiftly regaining their functionality after an earthquake and, thus, make 
communities more earthquake-resilient. However, designing for and assessing functional 
recovery of buildings require regional simulations, not common in civil engineering 
practice and research. In this study we present how the iRe-CoDeS framework can be used 
to develop regional recovery models that can inform disaster preparedness measures by 
assessing the sufficient supply capacity of a community for recovery resources and 
services. This is illustrated by using the 2010 Kraljevo earthquake as a Case Study and 
estimating the adequate number of repair workers. Results indicate that no more than 200 
workers are needed to repair structurally damaged but repairable buildings in the Kraljevo 
region following the considered 2010 earthquake. Similar analysis can be done for other 
recovery resources and services, such as building material or engineers trained for building 
inspection, increasing community disaster preparedness, and thus making it more 
seismically resilient. 
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Abstract: Timber frames with various infills can be found in many countries around the world, seismic 

or not. In the seismic countries, during the past earthquakes they proved to be resilient, most of them did 

not collapse, although withstood damages. 

The paper provides a general view on the characteristics of timber frames with infills in some seismic 

countries, along with the earthquake and experimental proofs where these exist. A recent proof of the 

resilience of timber framed masonry traditional houses is the Haiti 2021 earthquake and the behavior of 

such houses is explained. The conclusions are that traditional timber frames with infills represent an 

interesting housing solution, adapted to the local culture and availability of the materials, and although 

nowadays it is seen as obsolete, it proved that it doesn't kill people during earthquakes, and can be easily 

built/rebuilt in case of a reconstruction area. 

Keywords: earthquake, damages, structural behavior, traditional 

1. Introduction

Although timber framed masonry (TFM) buildings may look old, with poor construction details 

and with such simple materials, since specialists started to actually look at them and study their 

behavior they found that they are quite interesting. They suffer damages, but rarely collapse. 

Even the ones that were abandoned many years before a seismic event, proved quite reasonable 

behavior.  

There are now several experimental studies on this topic, Vieux-Champagne et. al (2014) 

studied the Haitian type kay peyi, Ruggieri et. al. (2013) studied the casa baraccata, Ali et. al 

(2012) studied the dhajji dewari and on this type there are also shaking table tests available (Ali 

and Fahim, 2011) and based on the extensive studies, many reconstruction materials were made 

by (Schacher and Ali, 2009) easy to understand and apply after the Kashmir earthquake. (Qu et 

al., 2020) also studied experimentally the Chuand Dou, (Vasconcelos et al., 2013) and 

(Gonçalves et al., 2012) studied the Pombalino buildings, (Aktaş et al., 2014) tested the himis 

buildings, and (Dutu et al., 2018) studied the Paianta houses. 

However, the best proof to support the theory that TFM buildings are resilient are the actual 

earthquakes. Several earthquakes revealed the satisfactory seismic behaviour of such buildings, 

and actually triggered specialists to study them more, to understand why they do not actually 

kill people as the unreinforced masonry buildings do, or even the poorly executed RC frames 

with infills sometimes do, as stated by (Gülkan and Langenbach, 2004). 
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In this paper short explanations of earthquake proofs are shown, with a special focus on the 

most recent Haitian earthquake, which showed that although the infills have fallen, the timber 

structure still stood up and protected the life of its occupants. 

While such buildings (TFM) may not be suitable for developed countries, in the still developing 

countries, which are not few, these findings are important, because specialists can give people 

who lost their houses during the earthquakes a housing solution easy to build with local 

materials for the reconstruction of their house. Of course, the material availability is also 

important, but timber and brick or stone masonry are easily available in many developing 

countries. 

2. Earthquake and experimental proofs of the TFM buildings resilience

Several earthquakes will be mentioned, those where TFM buildings were found. For each type 

of house, a brief explanation about existing experimental proofs will be mentioned. 

2.1. Kocaeli 1999 - Turkey 

The himis buildings (Fig. 1) were first built in the 15th century and they were used until the end 

of the 18th century when the bağdadi buildings took over, with plaster replacing the masonry 

infill (Dişkaya, 2007). Himis can still be found in many places in Turkey, one of the most 

famous area is Safranbolu. 

The post-disaster investigations of himis after the Kocaeli earthquake in 1999 showed that the 

structure could dissipate seismic energy and exhibited good behaviour through the straining and 

sliding of the masonry and timber elements (Gülkan and Langenbach, 2004; Doǧangün et al., 

2006). It was curious to see that the traditional buildings sometimes behaved better than the 

reinforced concrete ones nearby (Fig. 2).   

Fig. 1 - A timber framed masonry building in Bursa city (@ Dr. Fatih Sutcu) (left) and damaged himis building after the 

Kocaeli earthquake (Koca, 2018) 

One experimental campaign was conducted so far on himis buildings, to validate the typology 

in the laboratory and understand more about its seismic behaviour. The details are reported in 

(Aktaş et al., 2014; Aktaş, 2017). 
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Fig. 2 - Himis (traditional construction), Turkey; non engineered system behavior front modern structure, after 

earthquake 1999 (Gülkan and Langenbach, 2004) 

2.2 Port-Au-Prince 2010, Haiti 

Within the building stock of Haiti, we may find Gingerbread houses and kay peyi, both with a 

timber frame infilled with masonry. The first one has an influence from the colombage building 

from France, while the second one is the traditional type, found in areas with less wealthy 

people. After the Port-au-Prince earthquake in 2010 the Gingerbread houses proved a good 

behaviour (Langenbach et al., 2010) and even if the infills sometimes collapsed, this didn’t 

cause the general collapse of the building. This means that the timber frame is the main 

structure, while infills only increase the stiffness. An interesting detail is also the presence of 

timber boards on the inside of the walls. 

The kay peyi houses (Fig. 3) also showed a resilient behaviour, usually not collapsing even if 

they suffered damages such as infills falling. 

Fig. 3 - Gingerbread house after the Haiti 2010 earthquake (Langenbach et al., 2010) (left) and The kay peyi 

house  (Vieux-Champagne et al., 2014) (right) 

An extensive experimental program was conducted for the kay peyi type of structure, starting 

from cell level and walls in a static cyclic regime, and then a full house on the shaking table 

(Caimi et al., 2013; Vieux-Champagne et al., 2014, 2017). 

2.3 Messina 1906, Italy 

The casa baraccata’s  resistance to the 1908 earthquake shows slight damages in the "Messina" 

building, such as failures due to dynamic actions with the expulsion of material on the upper 

part of the building and overturning on the exterior face due to the direction of the seismic 

action perpendicular to the reinforced masonry. The damages present in the corner of the 
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property were attributed to poor execution (Fig. 4), with the loss of balance of the building and 

the overturning of a part of the wall as a recurring failure. However, in this building, the seismic 

action did not cause damage to the wooden structure, involving only the infill masonry with a 

partial turn towards the outside, without the collapse of ceilings and floors, guaranteeing the 

safety of people's lives (Ruggieri and Zinno, 2014) (Paz Valencia, 2020). 

Fig. 4 - Baraccato building characterized by the overturning of the external leaf, after 1908 earthquake 

(Ruggieri, 2016) (left) and an abandoned casa baraccata in Mileto (right) 

Two types of Italian timber frames were tested, one by (Ceccotti et al., 2006) and the other by 

(Ruggieri and Tampone, 2015) to study deeper the seismic analysis of such system.  

2.4 Lushan 2013, China 

Chuandou frame systems are traditional houses used in China. They are featured by beam-to-

column joints with a direct tenon penetration connection in the transverse direction and many 

of them have brick masonry infills, which did not easily collapse in the last seismic events, 

especially when the panels’ dimensions are small (~ 1 m2). In the Lushan earthquake in 2013, 

the seismic report denotes poor connection between the timber frame and the infill masonry, 

and some out of plane failure could be observed, although the timber frame didn’t collapse. 

However, as seen in Fig. 5, if the lower connections fail, which are usually simply supported, 

the structural system can collapse (Qu et al., 2015). 

After the Lushan earthquake in 2013, these houses were investigated by  (Qu et al., 2015) and 

the results showed that such traditional houses exhibit damages, but rarely collapse. In general, 

they behave better than URM houses, but less than reinforced masonry ones. The field study 

also showed that even if masonry infills collapse, the lateral load can be carried by the timber 

frame alone. 

This result inspired further studies of such houses, and experimental tests were recently 

conducted by (Huang et al., 2018) on Chuandou with/without wattle and daub infill, by (Xue 

and Xu, 2018) on timber frames with/without wallboard infill and by prof. Zhe Qu on timber 

frames with and without brick masonry infill.   

Fig. 5 -  Masonry infilled Chuandou frame residence no damage (left); and out-of-plane damage  in a façade 

(right) (Qu et al., 2015) 
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3. Petit-Trou-de-Nippes 2021, Haiti

While many RC frames with infills or unreinforced masonry structures were badly damaged or 

fully collapsed (Fig. 6), which were obviously poorly constructed, traditional houses with 

timber frames and stone infills were sometimes undamaged (Fig. 7). In some other houses, the 

infills totally or partially collapsed in the out-of-plane direction, unburdening the timber frame 

of most of the seismic weight (Fig. 8).  

The masonry infills in kay peyi are usually made of stone with a mud mortar. The timber 

columns are simply supported in small holes and are painted at the bottom and at the upper part 

with a lime mix, to prevent damage from termites. The houses are usually single-storey 

buildings. The connection details show mortise-tenon type of joints (Fig. 9), but poorly 

executed as they seem to have big initial gaps. These gaps, although significant, do not actually 

induce the collapse of the timber structure, instead they seem to give the structure areas where 

the seismic energy can be dissipated by the structure without producing the total collapse. The 

infills may fall out-of-plane entirely, as seen in Fig. 10 and Fig. 11, but the timber structure, 

that is not well connected to the stone masonry infill walls,  stands, showing no major 

deformations or damage. 

Fig. 12 shows a traditional house with horizontal timber boards on the inside of the walls, thus 

preventing the infills to fall at the interior of the house, as seen also after the Haiti 2010 

earthquake. The building’s layout is closer to Gingerbread type, and also presents diagonal 

timber elements and interior horizontal timber planks. Some infills collapsed, but the main 

structure, made of timber, withstood the seismic forces despite the poor quality of the 

construction. 

In Fig. 11 the stone masonry collapsed for all the walls, interior and exterior, and although the 

timber elements’ dimensions are not very big, around 10x12 cm cross-section, they didn’t 

collapse, carrying the roof with no problem. Another interesting detail is that the part where the 

foundation is supposed to be, and instead there are just simply supported columns, is 

undamaged. 

To clearly see the behaviour in the same earthquake of unreinforced masonry and the timber 

framed masonry structures, Fig. 13 show a house having both types of materials, and while the 

unreinforced masonry fully collapsed, the entire house is supported by the still standing timber 

structure. 

Fig. 6 - Collapsed RC frame house in the Haiti 

Petit-Trou-de-Nippes earthquake 2021 (Fieser and 

Wyss, 2021)  

Fig. 7 – An undamaged kay peyi house 
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Fig. 8 -  Partially collapsed houses in Cavaillon 

Fig. 9 – Column-beam connection (mortise-tenon 

or notch and dowel) in a traditional kay peyi house 

in Camp-Perrin 

Fig. 10 – A kay peyi house in Camp-Perrin  with its 

infills collapsed 

Fig. 11 – A kay peyi house in Camp-Perrin with all its infills collapsed (views from different angles) 
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Fig. 12 – A kay peyi house in Aquin having interior 

horizontal timber boards  

Fig. 13 -  A house where the left part in masonry 

collapsed, leaning on the timber & stones right part 

4. Conclusions

The seismic resilience was defined by many researchers and specialists (Bruneau and Reinhorn, 

2006; Georgescu, 2017; Mironescu et al., 2018) and the general concept applied for buildings 

is that if they are resilient, the buildings are expected to withstand a strong earthquake without 

a significant disruption of functionality. If disrupted, the recovery time should be as short as 

possible to the initial functionality condition. 

Timber frames with infills showed in past earthquakes a surprising behaviour. They may look 

vulnerable to the seismic action, but the timber’s flexibility in collaboration with the infills’ 

stiffness make a resilient combination. The capacity to withstand large deformations of the 

timber structure is limited by the infills’ presence.  The timber structure is usually able to 

withstand the loads even after the infills collapse,  despite the poorly executed connections that 

often have  significant gaps. In fact, due to their characteristics, the timber connections offer 

the possibility to dissipate more energy by friction without getting damaged. Even if the infills 

collapse, the main timber structure usually resists and the infills can be reconstructed with the 

same materials. If necessary, small improvements can be made with very little costs. 

Several experiments were conducted to validate the resilience of TFM structures, and the results 

are usually in accordance with the theory and with the behaviour and damages seen in real 

earthquakes. 

This paper has the objective to promote TFM traditional structures, because in many cases, in 

the rural areas greatly hit by earthquakes, such a structural solution is feasible especially in 

developing countries. While the structures, as they are, show resilience, there are affordable 

ways to improve them locally, depending on the materials availability and also the damages 

they have exhibited in earthquakes. And as a bonus, this type of house is also eco-friendly, 

being built with local and natural materials. 
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Abstract: This work presents the main outcomes of an experimental hybrid test campaign 

performed by UNITN, in the framework of the European funded Dissipable project. The 

testing specimen is a composite frame equipped with easily replaceable dissipative seismic 

components, called DRBeS. Such components are realized by truncating the composite beam 

close to the beam-column joint and re-establishing the continuity by means of web and flange 

plates, that constitute the fuse elements. First, the hybrid test procedure is presented, along 

with the practical issues encountered while performing such tests and the adopted methods 

for solving them. After this, the experimental results related to the Near Collapse limit state 

test are presented and discussed. The frame was capable to overcome the NC ground motion 

and the connections showed a wide hysteretic behaviour. Finally, the algorithmic correction 

is quantified for the three tests performed on the frame; it revealed to be negligible as the 

intensity of the input ground motion increases. 

Keywords: composite frames, dissipative components, repairability, hybrid simulations, 

pseudodynamic method 

1. Introduction 

For decades, capacity design has been the main design strategy in structural engineering, 

becoming the base of many design codes all over the world. Such technique revealed to be 

beneficial in avoiding brittle structural failure, but also to lead to consistent structural 

damage in the case of a seismic event. Because of this, capacity designed buildings can avoid 

catastrophic collapses, but still need to be demolished and replaced after the occurrence of 

an earthquake. In this perspective, effort has been made among the structural engineering 

community in order to develop new design strategies for providing the possibility to repair 

a structure after a consistent damage introduced by an earthquake, see Kanyilmaz et al. 

(2019), Valente et al. (2016 and 2017). In the context of repairability, the RFCS-Dissipable 

project aimed to test real steel structures endowed with ad-hoc components. These are 

designed to permit a consistent and stable dissipation of energy through hysteresis, and to be 

replaceable after incurring yielding due to seismic 

action. Within the Dissipable project, the 

contribution of UNITN consisted in an 

experimental campaign, where five full-scale steel 

and composite frames were tested by means of the 

hybrid simulation technique. This paper is devoted 

to i) report the main experimental outcomes of the 

hybrid tests performed on a composite frame 

equipped with dissipative replaceable beam splices 
Figure 1 - DRBeS connection 
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(DRBeS) connection, represented in Figure 1, and ii) underline the main experimental issues 

faced within the hybrid tests campaign. 

2. Hybrid test procedure and practical issues 

With the aim to investigate the seismic response of the plane DRBeS frame and in particular 

of its dissipative components, a series of hybrid tests at different limit states were carried out 

in increasing order of intensity. Three tests at different levels of seismic intensity were 

performed, namely Damage Limitation (DL), Significant Damage (SD) and Near Collapse 

(NC) limit states. The tests were performed in increasing order of intensity, and between SD 

and NC test, the connections were replaced. The frame specimen was tested by means of 

heterogeneous (numerical/physical) simulation based on the dynamic sub-structuring 

technique, which was deeply studied in a previous work (Andreotti et al. (2020)). The 

physical substructure (PS) was experimentally tested, whilst the numerical substructure (NS) 

was numerically simulated. The tests were conducted by means of a partitioned G-α 

algorithm, described by Abbiati et al. (2019), based on the finite element tearing and 

interconnecting (FETI) method (Fahrat et al. (1991)). The spatial domain is partitioned into 

two totally disconnected subdomains and Lagrange multipliers are employed to guarantee 

compatibility at the interface DOFs. The method consists in solving separately the 

subdomains and imposing the continuity constrain on the interface boundary at each step of 

the simulation. The tests performed were hybrid pseudo-dynamic tests, therefore, to avoid 

the effect of the structure inertia, a testing time scale λ is introduced to expand the test 

duration. The restoring force is algorithmically calculated for the numerical subdomain and 

obtained as feedback from the actuators for the physical one. The latter was initially 

corrected as described by Bursi and Shing (1996), in order to mitigate the effects of 

displacement control errors in pseudo-dynamic tests, as: 

 𝑅𝑛+1
𝑃 = 𝑅𝑛+1

𝐹𝐵𝐾 + 𝐾𝑃 ∙ (𝑌𝑛+1
𝑃 −  𝑌𝐹𝐵𝐾

𝑃 )  (1) 

in which 𝑅𝑛+1
𝑃  is the algorithmic force acting on the physical subdomain, 𝑅𝑛+1

𝐹𝐵𝐾 is the actuator 

force feedback, 𝐾𝑃 is the stiffness matrix, 𝑌𝑛+1
𝑃  denotes the displacement computed by the 

algorithm, and 𝑌𝐹𝐵𝐾
𝑃  represent experimental feedback displacement from the actuators. After 

preliminary testing the frame, considerable discrepancies were found between the actuators 

feedback and the algorithmic solution. Hence deeper analyses on the algorithmic correction, 

herein briefly exposed, were required. Since the floor is considered as a rigid diaphragm in 

the reference FEM model, lateral beams were placed at the floor level to impose the same 

displacement at each column and to avoid the application of a significant axial force to the 

beams and the connections. In addition, two beams with high axial stiffness were placed at 

the level of the higher actuator to impose the same displacement at the top of each column, 

see Figure 2. At both levels, the connection 

between the axially rigid beams and the 

structural elements was realized by means of 

hinges consisting of three plates, through 

which a pin is inserted. Such hinges were 

employed, rather than a fixed joint, to avoid 

any residual bending moment that would 

increase the real stiffness of the original 

frame. Nevertheless, due to the absence of 

clearance between the pin and the hole, it was 

necessary to lathe all the pins in order to 

assemble the hinges, causing the formation 
Figure 2 - Experimental frame specimen  
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of a gap between the pin and the plate. With the intention of decreasing such gap, the pins 

were welded to the external plates. To consider the source of error introduced by the gap, 

auxiliary displacement transducers were installed on the opposite frame side to the actuators 

on an external ground-fixed frame (visible on the right side in Figure 3), in order to measure 

the absolute displacements of the right column. Hence, a correction of the physical feedback 

force was introduced for accounting the discrepancies between the displacement imposed by 

the actuators and the displacement on the opposite side of the frame. The overall correction 

of the physical feedback force reads 

 
𝑅𝑛+1
𝑃 = 𝑅𝑛+1

𝐹𝐵𝐾 + 𝐾𝑃 ∙ (𝑌𝑛+1
𝑃 −  

𝑌𝐹𝐵𝐾
𝑃 + 𝑌𝐴𝑈𝑋

𝑃

2
) (2) 

where 𝑌𝐴𝑈𝑋
𝑃  is the displacement feedback of the auxiliary transducers. The second term in 

Eq. (2) is the algorithmic force correction, which is proportional to the difference between 

the algorithmic displacement and the mean displacement of the columns. 

3. Test configuration and setup 

A schematic representation of the hybrid test simulation is depicted in Figure 3. The 1st floor 

of the frame constitutes the physical substructure, while the remaining floors are included in 

the numerical substructure. The physical part, built in the laboratory, is composed of three 

columns and two composite beams, at the ends of which the dissipative DRBeS components 

are located. Moreover, half of the second floor was also included in the physical substructure 

in order to control the translational degree of freedom able to impose bending moment at the 

floor level of the column. These horizontal displacements were imposed by means of a lower 

and upper actuator, namely MOOG1 and MOOG3. 

 

Figure 3 - DRBeS Hybrid Test Configuration 

Three dissipative components were instrumented with strain gauges applied to the 

reinforcement bars for detecting any possible yielding. Moreover, as illustrated in Figure 4, 

three sections of each composite beam were instrumented with strain gauges for measuring 

the strain of the concrete slab upper edge and the lower part of the steel beam and estimate 

then the related curvature. For the steel beam, the strain gauge was located on the web rather 

than the flange to avoid the influence of shear-lag effects. The bending moment on each 

instrumented section could then be estimated. Such bending moment values, in the elastic 

region of the beam, were then linearly interpolated for evaluating the bending moment at the 

DRBeS cross sections. In order to measure the rotation of the connections, two displacement 

transducers were placed at the level of the concrete slab upper edge and of the lower steel 

flange. 
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a) 

 

b) 

 

c) 

 

d) 

Figure 4 - Strain gauges employed for concrete a) and for steel b), displacement transducers employed for 

concrete c) and for steel d) 

Nonetheless, an important point to investigate is whether the 

column base undergoes plastic deformations under the seismic 

load. With this aim, inclinometers were placed at different levels of 

the columns, as depicted in Figure 5. By measuring the rotations in 

two different sections of the column, the moment at the base of the 

columns could be estimated using the elastic beam theory.  

4. Hybrid test results 

In this paragraph, the results of the NC limit state test are presented. 

Figure 6a shows the test results as comparison between the hybrid test 

and the reference model, in terms of actuators algorithmic forces. 

 

a) 

 

 

b) 

Figure 6 – Actuators forces as output from the hybrid test algorithm (a) , Base Shear vs. Top Floor 

Displacement (b) 

 

Figure 5 - Inclinometers 

employed for steel columns 
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Figure 7 – Experimental flange strain (a) and rotation (b) of the DRBeS connection 4 (εy = 1234.3 μs 

 φy
+= 0.78 mrad – φy

--= 0.54 mrad) 

  

a) b) 

Figure 8 – Reinforcement bars strain for, in order, connection n. 2, 3 and 4 (a); columns bases moment histories (b) 

 

a) 

 

b) 

Figure 9 – Experimental Moment-Rotation diagram of the DRBeS connections (a) and picture of the connection 

during the test peak response 

Figure 6b shows the comparison, in terms of Base Shear vs. Top Floor Displacement graph, 

between the hybrid test and the reference model. The graphs are superimposed with the reference 

model pushover curve too. Clearly, the structure exhibited significant inelastic behaviour; this is 

also confirmed by the results in terms of flange plate strain and connection rotation depicted in 

Figure 7, which shows how the connection deforms beyond the yielding limits both in sagging 

and hogging. It is worth noting that in compression the flange plate strain measurement is 
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affected by the buckling behaviour of the plate. Figure 8a shows that the strain of the steel 

reinforcement bars does not exceed the yielding limit, while Figure 8b shows the bending 

moment at the base of the left and central column. Here, the yielding limit is only slightly 

exceeded for both the columns. Figure 9a shows the experimental moment-rotation diagram for 

connection number 4, estimated by means of instrumentation system. A wide and stable 

hysteretic behaviour was detected, and the connection was able to reach a total rotation of about 

25 mrad. Figure 9b shows connection number 4 at the peak response, whose plates are clearly 

bent and plasticised. 

5. Algorithm correction 

As described in the previous paragraphs, the actuator force feedback was corrected to 

consider the effect of the gap between the pin and the supporting plates of the truss members 

placed at both the actuators levels. The most significant part of the response, both in terms 

of displacement and force, is given by actuator MOOG3, for which the force feedback 

correction is quantified in Figure 10, together with the difference in terms of displacements 

between the left and right columns of the frame. It is worth observing such quantities for 

each of the three tests performed, namely DL, SD and NC limit states. As shown, the 

displacement difference is significant with respect to the total displacement for DL test, 

where the gap, heavily affects the frame response, given its low magnitude. Such 

displacement difference becomes less important for SD test and almost negligible for NC 

test, which means that the gap influence is lower as the response amplitude increases. 

Consistently, the force feedback correction is less important for increasing magnitudes of 

the seismic input, meaning that, for the most severe limit state tests, a good estimation of the 

peak response force can be obtained even without the algorithmic correction. 

  

Figure 10 - Algorithm correction quantification 

6. Conclusions 

The hybrid tests performed on the frame endowed with the DRBeS provided a 

comprehensive information about its seismic behaviour. Indeed, it was possible to analyse 

the whole frame with a high degree of accuracy by keeping a full-scale test. The specimen 

was subjected to natural accelerograms and the response of the physical substructure was 

influenced by the presence of the five floors above, that were numerically simulated. 

Moreover, by dividing the frame into a physical and a numerical substructure it was possible 
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to perform the test in the laboratory by consequently cutting the costs. At the NC limit state, 

the DRBeS connections experienced significant inelastic behaviour, exhibiting a wide and 

stable hysteretic behaviour. Despite the fact that the structure was not designed for the NC 

limit state, it survived the strong motion, which is a favourable outcome in terms of the 

structural response.  
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Abstract: The aim of the study is to evaluate the possibility of seismic strengthening of 
existing steel frames. Based on the computational analysis of the given existing bare frame, it 
is necessary to propose two types of seismic strengthening. In a preliminary calculation with 
numerical models, the expected behaviour of each of the three tested steel frames was 
determined. Based on the numerical analysis of the bare frame, the dimensions for two types 
of strengthening were determined: a frame supported by a special inverted V-bracing system 
and a frame with a dissipative TADAS connection. After designing the strengthening, a total 
of three frames with static reversed cyclic displacement control were tested. The global 
responses are presented, and the advantages of each strengthening system are highlighted.  

Keywords: steel frames, seismic strengthening, special moment-resisting frame (SMRF), 
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1. Introduction 

Some of the most important conditions for the behaviour of the structure under seismic 
action are the prevention of collapse or severe damage to the structure during infrequent 
destructive earthquakes, the prevention of damage to the supporting structure and the 
reduction of structural damage during occasional moderate earthquakes, and the prevention 
of damage to non-structural elements during frequent weak earthquakes. The most important 
behavioural criteria for earthquake resistance of structures are therefore the extent of 
acceptable damage and the cost of repairs. The challenge in designing earthquake-resistant 
structures is to find a balance between the seismic requirements and the capacity of the 
structure. 
Steel is a material with high strength, ductility and the ability to dissipate energy by yielding 
and large plastic deformations. Its low specific weight and relatively high fracture toughness 
make it an ideal material for use in seismic calculations. 
For steel to perform better in an earthquake, certain conditions must be met: a) a structural 
system must be created in which inelasticity is ensured throughout the system, not only in 
the individual elements but also in columns, to prevent buckling under cyclic loading; b) 
appropriate lateral restraints must be created to prevent lateral buckling and c) elements with 
a compact cross-section must be created to prevent local buckling. 
Strengthening steel structures is about improving seismic behaviour through various 
methods - increasing the load-bearing capacity while maintaining ductility and reducing the 
cross-sectional dimensions of the elements. 
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2. Relevant strengthening methods 

Structural strengthening and seismic safety verification of steel structures can be carried out 
by first identifying the weak points of the structure. If the structure has a large constant load, 
this is an important factor affecting the increased seismic demands on the structure. It would 
make sense to reduce the existing constant load and then apply the necessary strengthening 
techniques to the structure's horizontal load-bearing system. The use of steel for seismic 
strengthening can be considered economical and efficient: 

• steel structures are particularly efficient in performance-based design (PBD), 

• steel elements show ductile behaviour even after reaching the yield point and thus 
dissipate a significant amount of energy before failure, 

• steel elements have a high strength/stiffness to weight ratio, which is why they attract 
lower seismic forces.  

Concentrically braced frames resist horizontal action and displacement primarily through 
the longitudinal strength and stiffness of the braces. They are designed so that the centroid 
axes of the columns, beams and braces coincide, which reduces bending effects. Low 
inelastic deformation is expected and they are designed for larger seismic actions to 
compensate for the lack of ductility. They are desirable in smaller buildings because the 
calculation is simpler compared to other types of braced frames. They are more economical 
than regular moment-resisting frames due to lower material consumption and are less 
desirable in larger buildings and buildings with higher seismic demands (AISC, 2018). 
In particular, special concentrically braced frames have additional requirements compared 
to normal frames that concentrate the inelastic behaviour of the structure on the braces and 
increase the ductility of the braces and their connections. These requirements allow for 
higher energy dissipation and ductility, which is why these frames can be designed for lower 
loads compared to regular braced frames. The higher energy dissipation capacity and 
ductility make them more suitable for use in higher seismic demands. Typical configurations 
of concentrically braced steel frames are shown in Figure 1. 
Other common strengthening techniques include eccentrically braced frames and buckling-
restrained braced frames (BRBF), which are not the subject of this study. 

 
Fig. 1 – Typical configurations of centric steel braced frames (Ülker et al, 2017) 

 
Many studies have been conducted to improve the seismic performance of Chevron braced 
frames (Inverted V-Bracing). In particular, the use of new technologies such as dampers has 
been studied by researchers, and each system has advantages and disadvantages. The first 
idea of using dampers in bracing systems came from Whittaker et al. (1989), who invented 
the ADAS (Added Damping and Stiffness) system and Tsai et al. (1993), who invented 
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TADAS (Triangular Plate Added Damping and Stiffness) and conducted experimental tests 
and theoretical studies.  
The ADAS and TADAS steel plate devices (Figure 2) are a series of steel plates designed 
for use in frame structures. They are activated upon relative storey displacement, causing the 
top of the plate to move horizontally relative to the bottom of the plate. The yielding of steel 
plates allows the ADAS/TADAS device to dissipate a significant amount of energy during 
an earthquake. Energy dissipation by yielding ADAS/TADAS devices has several 
advantages: 

• the energy dissipation is concentrated in the designated places, 
• the energy dissipation requirements of other structural elements are reduced, 
• the yielding of the ADAS/TADAS device does not affect the capacity of the vertical 

load-bearing system carrying the gravity loads, as the device is part of the horizontal 
stiffness system and does not significantly affect the vertical stiffness. 

 

 
Fig. 2 – The behaviour of ADAS (upper) and TADAS (lower) dampers during an earthquake (Whittakar, A., 

1989, Tsai et al., 1993) 

3. Geometric and material properties of the frame specimens 

The steel frame specimens consist of HEA 120 columns connected at the top to the HEA 120 
beam. At the ends of the beams is a face plate whose purpose is to increase the contact area over 
which the shear load is applied. The columns are connected at the bottom by a beam with the 
HEB 220 cross-section (Figure 3). 
The yield strength and tensile strength are taken from Radić (2012). The average yield 
strength is 337 MPa, while the average tensile strength is 483 MPa. The modulus of elasticity 
is 210 GPa. It should be noted that the frames used for this work have already been tested 
by Radić (2012), and as such have negligible imperfections due to residual deformation, as 
the frame specimens barely reached the yield strength. A bare frame is shown in Figure 3a. 
The rotational stiffness of the joint was determined numerically to be 2 MNm/rad, which is 
important for future numerical analyses. 
It was decided to use the Special Concentric Braced Frame (SCBF) in combination with the 
dissipative TADAS device. All the steel used for the strengthening is S235. Chevron-shaped 
Special Concentric Braced Frame (SCBF) allows for in-plane or out-of-plane buckling of 
the diagonal elements. For architectural and safety reasons, a design was chosen in which 
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the diagonals are buckled in-plane. The diagonal buckling is ensured by a knife plate with a 
clear width of 3·tp, where tp is a knife plate thickness of 8 mm. The calculation of all details 
was carried out iteratively. The adopted dimensions can be seen in Figures 3b and 4, which 
ensure over 85% utilisation of the element and the compliant hierarchy of diagonal brace 
elements (HSS 50×50×3.2 mm). 
The same brace cross-section is used when the bare frame is strengthened with a TADAS 
dissipation device. In this case, the utilisation of the diagonal braces is slightly lower because 
the buckling length is smaller. The calculation was made according to Tsai et al. (1993), 
whose dimensions can be seen in Figures 3c and 6. 

 
a) 

 
b) 
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c) 

Fig. 3 - Finite geometries of test steel frames: a) Bare frame, b) Inverted V-braced frame/ Chevron frame, c) 
TADAS frame 

 

 
Fig. 4 - Details of diagonal element connections, gusset plates, knife plates, clearance distances and welds 
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Fig. 5 – Steel frames within reaction frame for cyclic testing 

 
TADAS was designed and ultimately consisted of 9 plates of class S235, height of 200 mm, 
base width of 80 mm and thickness of 20 mm (Figure 6). Before the static cyclic tests, the 
first three natural frequencies were determined and summarized in Table 1. 

 

 
 

Fig. 6 – Geometric details of the TADAS dissipative element 
 

Table 1. Natural frequency values for all tested frames 

Eigenmode 
shape 

Natural frequencies [Hz] 

Bare frame Chevron frame (Inverted 
V-braced frame) TADAS frame 

#1 / Out-of-plane 8.36 9.40 7.20 
#2 / Torsion 10.80 12.45 12.51 
#3 / In-plane 30.09 86.30 46.88 
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4. Global response of all steel frames 

The static cyclic tests were performed according to the protocol of FEMA 461 (FEMA 461, 
2007), with a total of 13 cycles to target displacement. The frames were loaded in the 
horizontal direction only, without constant gravity loading. 
The difference in maximum lateral load capacity is twice as large for the Chevron frame (up 
to 200 kN) and three times as large for the TADAS frame (up to 300 kN) compared to the 
bare moment-resisting steel frame (up to 100 kN), as shown in Figure 8. Testing was 
interrupted for the bare and TADAS frames after significant out-of-plane instability 
occurred, and for the Chevron frame after a diagonal tensile failure (Figure 7).  
 

 
a) 

 
b) 

 
c) 

 
d) 

   
e)                                           f) 

   
g)                                           h) 

Fig. 7 - Photos of steel frame specimens during static tests, a) Bare frame, b) Chevron frame (Inverted V-
braced frame), c) & d) TADAS frame, e) rotation of knife plate on Chevron frame due to buckling of 

compression diagonals, f) & g) before and after fracture of tension diagonals in Chevron frame, h) out-of-
plane instability of frame (torsion), whereupon tests on TADAS frame were stopped. 
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In the case of the TADAS frame, buckling of the compression diagonals did not occur, which 
could happen with the larger displacements achieved, as the dissipative TADAS element with 
its 9 plates hardens during the test. 

 a)  b) 

 c) 
Fig. 8 - Global hysteresis responses of all steel frames, a) Bare frame, b) Chevron frame (Inverted V-braced 

frame), c) TADAS frame 

4. Conclusions 

The use of strengthening techniques can contribute significantly to a better response of the 
steel frame structure in a seismic design situation. The strengthening measures can be 
applied during the design of the structure or after the structure has been built. During design, 
the application of strengthening measures can reduce the dimensions of the column cross-
section, resulting in a more rational design. By strengthening the existing structure, an 
increase in horizontal stiffness can be ensured.  

Both types of strengthening brought a higher load-bearing capacity compared to the bare 
frame. The diagonally braced frame (Chevron frame) achieved twice the lateral load-bearing 
capacity compared to the bare frame, while the TADAS frame achieved almost three times 
the load-bearing capacity compared to the bare frame. A frame with concentric bracing could 
only achieve just under half the displacement compared to a bare frame. The frame with the 
dissipative connection TADAS achieved 32 % greater displacement than the frame stiffened 
with concentric bracing. The TADAS frame is more ductile than the Chevron frame and has 
a higher load-bearing capacity, which is a favourable behaviour. The behaviour of a bare 
frame can be predicted well. The damage occurs at the expected locations, namely at the 
base of the columns. It is assumed that the bare frame would have made larger displacements 
if there had not been a loss of out-of-plane stability. 

It was expected that the TADAS frame would withstand a greater load than a Chevron frame, 
which was the case. The advantage of this type of strengthening is that it has retained the 
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best behavioural characteristics of the other two types of strengthening, i.e. the advantage of 
higher load-bearing capacity with sufficient ductility. 
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Abstract: Decision making to mitigate the effects of natural hazards, such as earthquakes, 

has always been a challenging subject. This is particularly the case in periods of increased 

seismicity (e.g. in a foreshock or aftershock period of a major earthquake) when the 

population is anxious and would like advice but when the chance of potentially damaging 

earthquake ground motions in the coming days remains low. In this study, a decision-

making method based on multiple criteria is combined with cost-benefit analyses to create a 

hybrid decision-making framework to help decide amongst potential loss mitigation actions. 

The proposed framework is demonstrated for a hypothetical case study. The results show 

that the proposed approach is flexible enough to adapt to new problems, end-users and 

stakeholders. Additionally, it is revealed that reasonable mitigation actions are viable and 

financially beneficial during periods of increased seismic hazard in order to reduce the 

potential consequences of earthquakes. 

Keywords: Operational earthquake forecasting, mitigation action, time-dependent seismic 

hazard, earthquake emergency management plan, TOPSIS. 

1. Introduction 

A disaster is a social situation characterised by non-routine, life-threatening physical 

destruction (Quarantelli 1998). Disasters can be classified as: natural, for those caused by 

geophysical, hydrological, meteorological, biological, extra-terrestrial, or climatological 

hazards; anthropogenic (technological); or technological triggered by a natural disaster 

(Natech) (Guha-Sapir et al. 2016). Until recently, droughts and floods killed most people 

worldwide, but deaths from these events are now generally low. The deadliest disasters 

today (apart from disease pandemics) tend to be triggered by earthquakes (e.g. Haiti 2010, 

Tohoku 2011) (Ritchie 2014). 

Disaster/emergency management is the body of policy and administrative decisions, the 

operational activities, the actors, and technologies that pertain to the various stages and 

levels of a disaster (Lettieri et al. 2009). Due to the immense losses caused by natural 

hazards, effective disaster management is vital. Because of the changing nature of disasters 

and the uncertainty in managing them, disaster management is studied across many 

disciplines. Disaster management involves strategic interactions among various decision-

makers, including different levels of government, private companies and non-profit 

organisations, making Operational Earthquake Forecasting (OEF) an exciting approach in 

this field (Goltz 2015). OEF is an emerging concept that aims to provide short-term 

forecasts of earthquakes to increase alertness and readiness among decision-makers and to 

initiate civil protection actions (Jordan et al. 2011; Field and Milner 2018). 

Procedures for short-term forecasts through time-dependent seismic hazard assessment 

have been applied in various studies over the past decade, particularly in periods of 

increased seismicity such as following a large earthquake (Convertito and Zollo 2011; 
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Peruzza et al. 2017). Despite acknowledged weaknesses (Jordan et al. 2011; Wang 2015; 

Wang and Rogers 2014), OEF is the best available approach to forecast future earthquakes. 

The short-term probability of a severe earthquake is low (often less than one per cent daily) 

even in a heightened hazard situation, which presents a formidable challenge when making 

decisions based on OEF (Woo and Marzocchi 2014). Therefore, no comprehensive 

framework for OEF decision-making is yet available in the technical literature, although 

using cost-benefit analyses has been proposed (e.g. Douglas and Azarbakht, 2021). The 

purpose of this article is to propose another approach for decision making in the context of 

OEF. 

Decisions to undertake mitigation actions based on OEF depend on the balance between 

costs and benefits, which are specific to the risk at hand (Field et al. 2016). Because these 

decisions are contingent on a host of economic, political, and psychological considerations 

that lie beyond the science of hazard analysis, scientific information about future 

earthquake activity should be developed independently of any specific risk assessment or 

mitigation effort (Field et al. 2016). Moreover, all validated OEF information should be 

made available to all potential end-users in an appropriate well-formatted and timely 

manner. These hazard-risk separation and transparency principles imply that seismologists 

should provide potential end-users with complete, probabilistic forecasts, including their 

epistemic uncertainties (Jordan et al. 2014). The OEF systems should be policy-neutral. In 

other words, OEF systems should not withhold information until some activity level or 

probability threshold is exceeded, or until a “significant” mainshock has occurred. 

Otherwise, doing so would not only imply that we know how to define these things for all 

potential users, but would also effectively put scientists in the inappropriate role of making 

policy decisions (Field et al. 2016). In summary, OEF systems should be used to inform 

potential decision-makers at all levels, not as a holistic decision-making tool itself.  

Recent events have revealed the public’s hunger during ongoing earthquake sequences for 

information from OEF. It is well known that information vacuums invite unfounded 

predictions and misinformation (Mileti and Peek 2000), such as the rumours on Twitter 

that “experts are holding back on a prediction to avoid panic” within hours of the 2010 El 

Mayor–Cucapah earthquake (Jordan and Jones 2010). The level of apparent certainty 

provided by amateur predictors can also be particularly attractive and therefore distracting 

(Marzocchi 2012). The infamous L’Aquila trial, in which seven Italian officials were 

charged with involuntary manslaughter, was at least partly a consequence of 

miscommunications about earthquake risk by the Italian Department of Civil Protection 

(Field et al. 2016). That agency convened its Grand Risk Commission before the L’Aquila 

earthquake to address ill-founded earthquake predictions that were worrying the public 

during the seismic sequence preceding the L’Aquila mainshock. Still, this Commission 

lacked the operational capabilities to accurately assess and report on the evolving seismic 

hazard (Marzocchi 2012). The best solution in such predicaments is to have an OEF 

system that produces authoritative scientific information (Jordan 2013; Jordan et al. 2011). 

The probability from a time-dependent forecast, produced by short-term forecasting 

models, can be quite high (Probability Gains, PG>100) relative to the time-independent 

probability (e.g. Gulia et al., 2016). In these situations, the forecasting intervals are 

typically much shorter than the recurrence intervals of large earthquakes (days compared to 

hundreds of years), and the probability of potentially damaging earthquakes remains much 

less than unity (generally <1% per day). As a result, although the value of long-term 

forecasts for ensuring seismic safety is clear, the interpretation of short-term forecasts is 

problematic, because earthquake probabilities may vary over many orders of magnitude. 

Such forecasts cannot provide earthquake ”predictions” associated with high probabilities. 
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Translating such low-probability forecasts into effective decision-making is a difficult 

challenge. Therefore, it is necessary to establish earthquake probability thresholds for 

different mitigation actions by means of, for example, a cost-benefit analysis (Douglas and 

Azarbakht 2021; Azarbakht et al. 2020) and also by taking psychological preparedness and 

resilience into account. In this context, a multi-criteria decision support system (DSS) is 

also helpful since cost-benefit analyses are only straightforward when one action is 

compared to the case of no action, and such analyses cannot account for end-user priorities 

that are not expressed in financial terms. Alert procedures should be standardised to 

facilitate decisions at different levels of government and among the public if necessary. 

Moreover, the principles of effective public communication established by social science 

research should be applied to delivering seismic hazard information (Jordan et al., 2011).  

In the present study, we adapt a recent multi-criteria DSS, initially introduced by Cremen 

and Galasso (2021) for Earthquake Early Warning (EEW) systems, for use in an OEF 

framework. The method is briefly described in the following section; however, the reader 

is referred to the journal article (Azarbakht et al 2021) for more details. This method is 

then applied to a case study regarding earthquake drills and evacuation and finally some 

conclusions drawn. 

2. Methodology 

As mentioned in the previous section, decision making in OEF is still a challenging area 

of research since many considerations influence this problem, and the likelihood of false 

alarms is always high. Multi-criteria decision making using the Technique for Order of 

Preference by Similarity to Ideal Solution (TOPSIS) was initially proposed in general 

terms by Hwang and Yoon (1981) and implemented in the field of earthquake engineering 

by Caterino et al. (2008). Cremen and Galasso (2021) have recently adapted this 

framework to EEW. However, EEW only considers two possible actions (trigger or not 

trigger an alarm), whereas many mitigation actions could be triggered by OEF. It is also 

worth emphasising that OEF concerns a longer time frame (often days or weeks) instead of 

a few seconds in the case of EEW. In EEW, it is considered almost certain that an 

earthquake will occur in the next few seconds (probability near to unity), whereas for OEF, 

the chance of an earthquake actually occurring during the forecast period (e.g. next days or 

next week) is small, which means the risk of a ”false alarm” is much higher, making it 

more likely that the best action is “no action”. Actions will generally be far reaching and 

have a more significant impact in the context of OEF than for EEW as they will be in place 

for a long time and affect many people. Nevertheless, significant planning for low 

probability/high consequence events (such as earthquakes) may be made without being 

overly disruptive to social and economic activities. This is because many actions triggered 

by OEF are actions that are routinely performed. Actions such as drills and exercises, 

communicating on recommended evacuation routes in case of tsunamis and having a 

survival kit can be reinforced during periods of enhanced seismic hazard since public 

concern about a possible event in the short term is increased. Therefore, being inspired by 

the approach of Cremen and Galasso (2021), the method is adapted here in the case of OEF 

in order to systematically compare possible OEF mitigation actions (Azarbakht et al 2021).  

The final output is the ‘Closeness Value’, i.e. the similarity to the best possible solution. 

This could be used in future applications to determine which OEF mitigation actions are 

recommended, as the longer time frame for OEF compared with EEW allows for more 

thorough decision making. Besides, the TOPSIS results have been combined with a cost-

benefit analysis (Douglas and Azarbakht 2021) to make a hybrid algorithm to also 

financially justify the selected actions. For more details, the reader is referred to the 
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original manuscript (Azarbakht et al 2021). This method is demonstrated below for a 

hypothetical example but the method can be applied to help guide other decisions in the 

context of OEF. 

3. Earthquake drills and evacuation 

Community earthquake drills aim at simulating the scenarios that might accompany a 

serious earthquake to improve disaster preparedness. This is an opportunity for the 

community residents to speak freely about scenarios that are too frightening and chaotic. 

The quality of the drill exercise is dependent on the skills of both planners and participants. 

Additionally, a large scale community-based earthquake drill has the power to change the 

political climate of support for such activities (Simpson 2002).  

Evacuation is the most difficult and disruptive decision that authorities could make prior 

to an earthquake or during an aftershock sequence. Evacuation as a mitigation action is 

likely rarely cost-effective (e.g. Van Stiphout et al. 2010). That is why we choose 

earthquake drills and evacuation as two contrasting mitigation actions to be compared with 

taking no action. The input variables for this situation is summarised in Table 1. As seen in 

Table 1, we have assumed that the population of the community is 100,000, that a severe 

earthquake will cause injuries to 2 per cent of the population and kill 0.4 per cent (Van 

Stiphout et al. 2010) in the absence of any mitigation actions. The annual cost of an 

earthquake drill is taken as $150,000, the cost of an injury equal to $10,000 per person, and 

the cost of a casualty as $1,000,000 per person. Finally, it is assumed that the earthquake 

drill will reduce the injuries and casualties by a factor of 5, and the evacuation will 

eliminate the entire risk of casualties and injuries. Evacuation will cost $500 per person per 

day. Hence, the total evacuation cost is the product of $500, the community population and 

the duration of the crisis. A comprehensive sensitivity calculations are also available in the 

original manuscript (Azarbakht et al 2021) for interested readers. 

 
Table 1. Input parameters for earthquake drills and evaluation in a community example.  

Type of parameter Value 

Crisis period 7 days 

Community population 100,000 

A severe earthquake scenario with 2 % injury and 0.4 % casualty (no 

action) 

 

Annual earthquake drill cost  $150,000 

Injury cost $10,000/person 

Casualty cost $1,000,000/person 

Annual earthquake drill will reduce the injury and casualty by a factor 

of 

5 

Evacuation cost $500 per person per day 

Weightings of each criterion, [Wdirect_cost, Wdeath, Winjury] [1/3 1/3 1/3] 

 

The results are shown in Figure 1 and 2. As seen in Figure 1, an earthquake drill is 

recommended for all PGA thresholds and it is preferred over evacuation by a considerable 

distance. Additionally, the benefit-to-cost ratio for earthquake drills is always greater than 

unity; however, evacuation, at least within the assumed variables here, is not recommended 
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financially. The level of financial feasibility is shown in Figure 2 where an earthquake drill 

is highly cost-beneficial up to 0.35g, clearly cost-beneficial between 0.4g and 0.5g, 

moderately cost-beneficial between 0.55g and 0.7g, and marginally cost-beneficial 

between 0.75g and 0.85g and not cost-beneficial beyond 0.9g. 

 

Figure 1. (left): C versus different PGA thresholds, (right): R versus PGA thresholds for different OEF 

actions for earthquake drills in a community example.  

 

 

Figure 2 The final result of the TOPSIS only algorithm (top row) and the combination of TOPSIS and 

cost-benefit analysis for the community example. 

4. Conclusions 

This study has introduced a new approach to systematically investigate the effectiveness of 

mitigation actions during a period of heightened seismicity in the context of operational 

earthquake forecasting. A recently proposed decision support algorithm for early warning 

systems has been adapted to the problem of operational earthquake forecasting. This 
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algorithm has been combined with a cost-benefit analysis to examine the financial benefits 

of the recommended actions. A hypothetical case was studied regarding earthquake drills 

and evacuation for a community. The results show that mitigation actions are beneficial if 

damage is caused by low shaking levels and when the actions are cheap enough and can 

mitigate a significant portion of the underlying risk. The employed approach has the 

potential to be adapted to various contexts. Tailoring the methodology for a specific end 

user is a vital next step. 
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Abstract: Life-cycle structural reliability of deteriorating systems and multi-hazard risk 
assessment of aging infrastructure networks involve complex time-variant processes 
characterized by impactful uncertainties. Simulation methods are frequently the only viable 
tools to accurately estimate time-variant failure probabilities and risk metrics. However, 
simulation-based techniques are time-consuming and might be computationally inefficient 
and unfeasible in practice, particularly when analysis of large-scale systems are required to 
assess numerically sensitive performance indicators. This paper proposes a novel 
computational approach based on Importance Sampling to efficiently estimate the time-
variant seismic risk of aging road networks. In the proposed methodology, the seismic 
capacity of deteriorating structural systems is efficiently simulated to account for the time-
variant model uncertainties typical of life-cycle structural reliability problems. The possible 
improved trade-off in terms of sample size and estimate accuracy is tested in comparison with 
traditional Monte Carlo simulation approaches based on a practical application concerning 
the life-cycle seismic risk assessment of a road network with spatially-distributed 
deteriorating vulnerable bridges. 

Keywords: Seismic Risk, Life-Cycle Assessment, Bridge Networks, Structural Deteriora-
tion, Simulation Techniques, Importance Sampling. 

1. Introduction 

The prosperity of communities in hazard-prone areas is crucially linked to the performance 
of infrastructure systems under emergency conditions. The performance of vulnerable 
infrastructure systems in the aftermath of extreme detrimental events, such as earthquakes, 
can be assessed based on the concept resilience, which is the ability of a system to withstand 
the effects of disruptive events and to recover promptly and efficiently the pre-event 
functionality (Bruneau et al. 2003, Capacci et al. 2022a). The seismic resilience of 
infrastructure networks can be severely impaired over time by environmental stressors that 
may adversely affect the structural capacity of key vulnerable system components, such as 
critical bridges subjected to mechanical deterioration mechanisms (Biondini and Frangopol 
2016). Despite the recognized impact of long-term damage phenomena, their incorporation 
in risk assessment frameworks for large-scale assets and lifelines may be challenging (Silva 
et al. 2019). 
A novel simulation-based strategy is discussed in this paper to efficiently estimate the life-
cycle seismic risk of spatially-distributed aging bridge networks (Capacci and Biondini 
2021a, 2022). The proposed procedure aims at reducing the computational effort based on 
Importance Sampling, a variance reduction technique herein adopted to account for the time-
variant model uncertainties typical of life-cycle reliability problems. In the context of 
seismic risk assessment of aging transportation networks, the time-variant bridge 
vulnerability is accounted by efficiently selecting a set of sample structural capacities based 
on a stationary proposal distribution of seismic fragility curves. In the proposed framework 
for seismic risk assessment, the proposed Stationary Proposal Importance Sampling (SP-IS) 
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methodology is compared with time-variant Monte Carlo simulation to numerically estimate 
the mean annual rate of exceedance of prescribed resilience thresholds. The estimate 
accuracy of the proposed strategy is also investigated provide practical guidelines on the 
selection of stationary proposal distributions to find the optimal trade-off between 
computational effort and estimate accuracy while accounting for uncertainties in regional 
seismic hazard, time-variant bridge vulnerability, and traffic detour-based exposure analysis. 

2. Simulation-based life-cycle reliability estimates 

2.1. Monte Carlo simulation for aging systems 

Life-cycle analysis problems inherently require evaluating the evolution in time of the failure 
probability estimates due to progressive mechanical deterioration exacerbated by 
environmental processes. The occurrence probability of a failure event P[E]=pE associated 
with the exceedance of a prescribed limit state can be formulated based on the failure domain 
g(Z)≤0 as a function of time-variant basic Random Variables (RVs) Z(t) characterized by 
time-variant joint PDF fZ(t)(z): 

 𝑝𝑝𝐸𝐸 = ∫ 𝐼𝐼(𝐙𝐙) ⋅ 𝑓𝑓𝐙𝐙(𝑡𝑡)(𝐳𝐳)𝑑𝑑𝐳𝐳𝐳𝐳  (1) 

The indicator function I(Z)=I[gE(Z)≤0] is a Heaviside step function, which is unitary in the 
failure domain gE(Z)≤0 and null in the safe domain gE(Z)>0. 
Monte Carlo Simulation (MCS) allows numerically solve multidimensional integrals based 
on the generation of nj samples zj with j=1,…,nj of the basic random variables Z. In the 
context of reliability analysis, the sample mean of the indicator function is an unbiased 
estimator of the failure probability defined as follows: 

 �̂�𝑝 = 1
𝑛𝑛𝑗𝑗
∑ 𝐼𝐼𝑗𝑗(𝑡𝑡)𝑛𝑛𝑗𝑗
𝑗𝑗=1  (2) 

where Ij=I[gE(zj)≤0]. The Coefficient of Variation (CoV) of the failure probability is a 
statistical descriptor that quantitatively measures the accuracy of the MCS reliability 
estimator, and it is analytically defined in terms of the estimated failure probability �̂�𝑝 and 
sample size nj (Melchers and Beck 2018): 

 𝛿𝛿𝑀𝑀𝑀𝑀𝑀𝑀 = �
1−𝑝𝑝�
𝑛𝑛𝑗𝑗⋅𝑝𝑝�

 (3) 

2.2. Stationary-Proposal Importance Sampling (SP-IS) for aging systems 

Advanced simulation techniques rely on alternative formulations of reliability metrics to 
reduce the variance of their estimators. The accuracy of time-variant reliability estimates can 
be improved by reformulating the failure probability in terms of an alternative sampling 
distribution ψZ(z), also referred to as proposal distribution or Importance Sampling (IS) 
distribution (Melchers 1989): 

 𝑝𝑝𝐸𝐸 = ∫ 𝐼𝐼[𝑔𝑔𝐸𝐸(𝐙𝐙) ≤ 0] ⋅ 𝑓𝑓𝐙𝐙(𝑡𝑡)(𝐳𝐳) ⋅ 𝜓𝜓𝐙𝐙(𝐳𝐳)
𝜓𝜓𝐙𝐙(𝐳𝐳)𝑑𝑑𝐳𝐳𝐳𝐳  (4) 

The failure probabilities at time instants t are estimated by weighting each failed sample 
based on its time-variant likelihood of occurrence. The formulation of the failure probability 
estimator relies on the sample mean of the indicator function scaled by a suitable time-variant 
weighting coefficient wj(t): 
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 �̂�𝑝𝐼𝐼𝑀𝑀(𝑡𝑡) = 1
𝑛𝑛𝑗𝑗
∑ 𝐼𝐼𝑗𝑗 ⋅ 𝑤𝑤𝑗𝑗(𝑡𝑡)𝑛𝑛
𝑗𝑗=1  (5) 

The j-th time-variant IS weighting coefficient wj(t) is the ratio between the actual and 
sampling joint PDFs evaluated at each generated sample of the basic RVs zj: 

 𝑤𝑤𝑗𝑗(𝑡𝑡) = 𝑓𝑓𝐙𝐙(𝑡𝑡)�𝐳𝐳𝑗𝑗�
𝜓𝜓𝐙𝐙�𝐳𝐳𝑗𝑗�

 (6) 

The accuracy of the IS reliability estimator can be evaluated based on the variance of the 
failure probability (Melchers and Beck 2018): 

 Var�𝑃𝑃𝐸𝐸,𝐼𝐼𝑀𝑀� = 1
𝑛𝑛𝑗𝑗
�∫ �𝐼𝐼[𝑔𝑔𝐸𝐸(𝐙𝐙) ≤ 0] ⋅ 𝑓𝑓𝐙𝐙(𝑡𝑡)(𝐳𝐳)

𝜓𝜓𝐙𝐙(𝐳𝐳) �
2
⋅ 𝜓𝜓𝐙𝐙(𝐳𝐳)𝑑𝑑𝐳𝐳 − 𝑝𝑝𝑓𝑓2𝐳𝐳 � (7) 

which can be numerically estimated based on sample size nj, weighting coefficients wj, and 
failure probability estimate �̂�𝑝𝐼𝐼𝑀𝑀 (Capacci and Biondini 2021a): 

 Var�𝑃𝑃𝐸𝐸,𝐼𝐼𝑀𝑀� ≈
1

𝑛𝑛𝑗𝑗−1
� 1
𝑛𝑛𝑗𝑗

 ∑ �𝐼𝐼𝑗𝑗 ⋅ 𝑤𝑤𝑗𝑗2(𝑡𝑡)�𝑛𝑛
𝑗𝑗=1 − �̂�𝑝𝐼𝐼𝑀𝑀2 (𝑡𝑡)� (8) 

In life-cycle-oriented applications, “crude” MCS samples are generated based on time-
variant distributions, requiring one simulation with sample size nj per observation time 
instant t. On the other hand, the proposed IS methodology with stationary distribution ψZ(z) 
efficiently select the samples of basic RVs, requiring a single simulation spanning the entire 
system lifetime. 

3. Resilience-based seismic risk assessment of aging bridge networks 

3.1. Probabilistic seismic hazard 

Probabilistic Seismic Hazard Analysis (PSHA) allows identifying the exceedance 
probability of large seismic intensities ib at the site of the b-th vulnerable structure within 
the infrastructure network. Classical PSHA approaches describe earthquake recurrence as 
Poissonian processes, for which the occurrence probability of at least one event in a 
prescribed time interval is fully identified by the mean annual rate of occurrence ν (Cornell 
1968). Among macroseismic measures of earthquake intensity, the moment magnitude Mw 
is widely recognized to be representative of sizeable seismic events (Hanks and Kanamori 
1979). The Gutenberg–Richter law is a commonly adopted model to capture the recurrence 
of major earthquakes based on the following truncated exponential Cumulative Distribution 
Function (CDF) of the moment magnitude Mw given the occurrence of a seismic event 
(Baker et al. 2021): 

 𝐹𝐹𝑀𝑀𝑤𝑤(𝑚𝑚) = 1−10−𝑏𝑏(𝑚𝑚−𝑚𝑚min)

1−10−𝑏𝑏(𝑚𝑚max−𝑚𝑚min) (9) 

This model relies on the empirically-based assumption of proportionality between 
magnitude m and rate of occurrence νmin of earthquakes with magnitude larger than mmin. 
Shape parameter b as well as lower and upper bounds mmin and mmax are all calibrated based 
on historical and geological data. 

Seismic hazard uncertainties also involve the epicenter location {X,Y}e and the related 
source-to-site Reb distance with the vulnerable component, such as the b-th bridge in the 
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network located at site {x,y}b. Active faults in seismically hazardous region can be described 
by refined seismogenic models as linear faults or via area sources that account for distributed 
seismicity. Suitable ground motion prediction models allow describing in probabilistic terms 
the ground shaking severity in terms of the seismic intensity measure at the b-th bridge site 
Ib [g] based on seismic hazard parameters generally associated with earthquake magnitude, 
source-to-site distance, and other structural properties and geological features of the site 
(Douglas 2003). The statistical description of these predictive models typically relies on joint 
lognormal models characterized by within- (or inter-event) and between- (or intra-event) 
variability (Jayaram and Baker 2010). Finally, predictive models of spatial correlation of 
seismic intensities at different sites are often calibrated based on the geological features of 
the investigated area (Infantino et al. 2021). 

3.2. Life-cycle seismic fragility curves 

The seismic capacity of bridges is often based on the formulation of fragility curves. 
Lognormal models have been historically adopted due to their simplicity and 
representativeness of earthquake damage fragility (Lallemant et al. 2015). Therefore, the 
conditional probability of exceedance of a prescribed damage state sb given the measure of 
seismic intensity at the bridge site ib can be defined in terms of the following parametric 
formulation:  

 𝑃𝑃[𝑆𝑆𝑏𝑏(𝑡𝑡) ≥ 𝑠𝑠𝑏𝑏|𝑖𝑖𝑏𝑏] = Φ�ln 𝑖𝑖𝑏𝑏−𝜆𝜆𝑏𝑏(𝑡𝑡)
𝜁𝜁𝑏𝑏(𝑡𝑡) � (10) 

where λb and ζb are the time-variant fragility curves parameters, whilst Sb is a discrete random 
variable representing the post-event bridge damage state. The structural performance of 
aging bridges can be affected due to environmental processes and the fragility parameters 
such as the median seismic capacity ib,m=exp(λb) can severely deteriorate in time. The 
sampling likelihood progressively shifts throughout the system lifetime towards the regions 
of the sample space characterized by low seismic capacities. 

The loss of seismic capacity coupled with the occurrence of strong ground motions may 
induce structural damage impairing the safety to transit of road users. Therefore, bridge 
closure due to extensive damage up to structural collapse imposed by infrastructure 
managers would affect the functionality of the overall infrastructure. 

3.3. Resilience-based network exposure 

Daily trips of road users in the network are generated and attracted by Origin O and 
Destination nodes D, respectively. Travel times tOD and distances lOD for each Origin-to-
Destination traffic demand fOD are assigned based on traffic flow analysis. The post-event 
network functionality Q depends on the states of the nb bridges within the network collected 
in the vector of bridge damage combination S and it can be defined as follows (Capacci et 
al. 2020): 

 𝑄𝑄(𝐒𝐒) = 𝑇𝑇𝑇𝑇𝑇𝑇0
𝑇𝑇𝑇𝑇𝑇𝑇(𝐒𝐒) (11) 

where TTT is the Total Travel Time of all road users in the network: 

 𝑇𝑇𝑇𝑇𝑇𝑇(𝐒𝐒) = ∑ ∑ 𝑓𝑓𝑂𝑂𝑂𝑂 ⋅ 𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 (𝐒𝐒) (12) 

2063
3ECEES, September 2022, Bucharest, Romania



and TTT0=TTT(S=0) is the Total Travel Time in unrestricted conditions. 

Repair activities allow releasing at discrete time instants tj the traffic restrictions when the 
bridge load-carrying capacity is restored, leading to a stepwise system functionality profile 
defined from the time of seismic event occurrence t0 up to a fixed horizon time th. In the 
proposed framework, the recovery process is directly related to the post-earthquake damage 
state of each bridge and the resilience measure is quantified given the occurrence of a bridge 
damage combination s as the integral mean of the functionality profile (Capacci et al. 2022a): 

 𝑅𝑅(𝐬𝐬) = 1
𝑡𝑡ℎ−𝑡𝑡0

∫ 𝑄𝑄(𝑡𝑡; 𝐬𝐬)𝑑𝑑𝑡𝑡𝑡𝑡ℎ
𝑡𝑡0

 (13) 

3.4. Resilience-based life-cycle seismic risk metrics 

The network performance and recovery in the aftermath of ground motion events is affected 
by uncertainties related to the regional seismic hazard, vulnerability of spatially-distributed 
aging bridges and the constitutive parameters of the functionality profile. Based on the total 
probability theorem (Ang and Tang 2007), the time-variant CDF of the resilience measure 
conditional on a given seismic intensity scenario i can be defined as the weighted sum of the 
marginal resilience measure CDFs associated with a prescribed bridge damage combination 
s weighted by its probability of occurrence under given i (Capacci and Biondini 2020): 

 𝐹𝐹𝑅𝑅(𝑡𝑡)|𝐢𝐢 = ∑ 𝐹𝐹𝑅𝑅|𝐬𝐬 ⋅ 𝑃𝑃[𝐒𝐒(𝑡𝑡) = 𝐬𝐬|𝐢𝐢]𝑛𝑛𝑓𝑓
𝑘𝑘=1  (14) 

Given the Poissonian nature of seismic hazard, the annual failure rate of meeting a prescribed 
target for the resilience measure can be adopted as a representative measure of the time-
variant seismic risk of the infrastructure system: 

 𝜈𝜈𝑅𝑅≤𝑟𝑟(𝑟𝑟, 𝑡𝑡) = ∫ 𝐹𝐹𝑅𝑅(𝑡𝑡)|𝐢𝐢(𝑟𝑟|𝐢𝐢) ⋅ |𝑑𝑑𝑑𝑑(𝐢𝐢)|ℜ+
𝑛𝑛𝑏𝑏  (15) 

where |𝑑𝑑𝑑𝑑(𝐢𝐢)| is the differential annual rate of exceedance of a given seismic intensity 
scenario. Further insight on the analytical risk framework and the integrated simulation 
strategies for can be found in Messore et al. (2021) and Capacci and Biondini (2021b). 

4. Application 

4.1. Case study bridge network 

The road network exposed to the seismogenic area source in Figure 1 is considered (Capacci 
and Biondini 2021a, Lu et al. 2022). The occurrence probability of the epicenter distance Reb 
is defined by assuming equal likelihood of occurrence at all locations of the prescribed 
squared area source. The recurrence of seismic events is modelled as a Poisson process with 
parameters collected in Figure 1. The seismic intensity measure at each b-th bridge site Ib 
[g] is defined in probabilistic terms based on the ground motion prediction model in Bindi 
et al. (2011) with soil of type C of Eurocode classification and normal faulting type. Finally, 
correlation between residuals of bridge pairs bl and bk depend on their relative distance 𝑟𝑟𝑏𝑏ℎ𝑏𝑏𝑘𝑘: 

 𝜌𝜌 = exp �−
𝑟𝑟𝑏𝑏ℎ𝑏𝑏𝑘𝑘
𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓

� (16) 

with constitutive correlation parameter rref=10 km. 
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Fig. 1 – Road network case study and seismogenic area source. 

The life-cycle seismic fragility of the three spatially-distributed vulnerable aging bridges is 
described by a time-variant lognormal model. Two possible bridge states are considered. 
The Boolean random variable Sb represents the undamaged and fully operational bridge state 
as Sb=0 and the collapsed and fully closed bridge as Sb=1. Constant standard deviation of the 
logarithm of the seismic capacity ζb=0.60 and statistical independency between seismic 
capacities of different bridges are assumed. The median seismic capacity ib,m with respect to 
structural collapse varies in time due to the progressive deterioration induced by 
environmental aging based on the following degradation law (Ghosh and Padgett 2010, 
Messore et al. 2021): 

 𝑖𝑖𝑏𝑏,𝑚𝑚(𝑡𝑡) = 𝑖𝑖𝑏𝑏,𝑚𝑚0 − 𝑘𝑘𝑏𝑏 ⋅ 𝑡𝑡2 (17) 

with median of the pristine structure ib,m0=0.7, 0.8, and 0.9g and decay rate parameter kb=15, 
18, and 25×10-5 g/years2 for bridges B1, B2, and B3, respectively. 

The network is composed by three nodes originating and attracting daily road users' trips are 
connected by main highways, each one with a single bridge, and secondary detour roads. 
Highway lengths are reported in Figure 1, whilst detour lengths are ldetour=30 km for all OD 
pairs. Maximum speed limits for highways and detour vlim are 110 and 70 km/h, respectively. 
Daily traffic demands fOD are herein modeled as symmetric triangular distribution over the 
range 𝒇𝒇𝑶𝑶𝑶𝑶𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 ± 1500 cars/hour, with 𝒇𝒇𝟏𝟏𝟏𝟏𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎=3500, 𝒇𝒇𝟏𝟏𝟏𝟏𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎=3000, and 𝒇𝒇𝟏𝟏𝟏𝟏𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎=4000 cars/hour. 
Traffic demands are assumed to be perfectly correlated within the same OD pair (e.g., f12 
and f21) and statistically independent across OD pairs (e.g., f12 and f13). Travel Time TTT is 
obtained based on shortest path analysis. Finally, the adopted model for post-earthquake 
bridge recovery under uncertainty related to the assessment of functionality profile and 
network resilience is presented in Capacci and Biondini (2020). 

4.2. Resilience-based time-variant risk estimates 

Figure 2 represents the model adopted for time-variant seismic vulnerability and simulation 
strategies. Figure 2a shows the fragility curves for all bridges in pristine conditions (i.e., t=0) 
and at 50 years of lifetime defined based on the time-variant median seismic fragilities ib,m. 
Although bridge B3 is characterized by the largest initial seismic capacity, it is also the most 
vulnerable after 50 years due to the fast deterioration rate. Concerning the preliminary 
analyses carried out with the SP-IS strategy, a lognormal time-invariant distribution 
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characterized by median 0.3g and dispersion 1.0g is selected for all bridges. Figure 2b shows 
the comparison between the time-variant seismic fragility curves of bridge B1 and the time-
invariant SP-IS distribution adopted to simulate the bridge seismic capacities. The time-
variant weighting coefficients are also presented, showing a progressive increase in time of 
the importance of low seismic capacity levels, which are most likely inducing bridge closure 
and, therefore, failure in accomplishing prescribed resilience targets. 

   
 (a) (b) 

Fig. 2 – Seismic vulnerability model: (a) Time-variant fragility curves and median capacity for all bridges; 
(b) Stationary proposal distribution and time-variant weighting coefficients for bridge B1. 

The mean annual failure rate νr in meeting a prescribed target of seismic resilience r is 
estimated by the SP-IS approach in comparison with MCS from 0 to 50 years every five 
years (i.e., nt=11 time instants). A single simulation with sample size nj=106 is carried out 
for the SP-IS strategy, whilst the actual computational cost of MCS in life-cycle reliability 
problems also account for the total number of simulations to be carried out for each 
observation time instants (i.e., nt=11 times nj=90,909 samples per simulation). Figure 3a 
shows the evolution in time of the mean annual failure rates for resilience targets failure 
r=60%, 70%, and 80% estimated by MCS (circle markers) and SP-IS (continuous lines). 
MCS estimates are not reported for r=60% at 0 and 5 years since the samples do not include 
any failure. Figure 5b proves the higher efficiency of the proposed SP-IS procedure in terms 
of the estimate CoV with nj=106. For any time instant and resilience target, the estimate 
variance with SP-IS is lower than MCS considering the same total sample size. 

   
 (a) (b) 

Fig. 3 – Time-variant (a) mean annual failure rate and (b) CoV estimates of resilience target with total sample 
size nj=106 by MCS (circle markers) and SP-IS (continuous lines). 
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4.3. Optimal design of SP-IS sampling distribution 

The choice of a suitable proposal distribution is critical to mitigate the computational effort 
required to obtain sufficiently accurate estimates. Figure 4 shows the CoV in logarithmic 
scale for prescribed pairs of stationary lognormal model parameters (i.e., median capacity im 
and dispersion ζ) of the mean annual rate of failure in meeting the resilience target r=80%. 
On the one hand, selecting dispersions for the SP-IS distributions larger than the modeling 
one (i.e., ζ=0.6) is generally beneficial for the accuracy of the risk estimates. On the other 
hand, the reduction in time of seismic capacity induces more accurate results for very low 
median capacities (i.e., around λ=0.2, lower than the modeling ones at 50 years), whilst the 
CoV tends to be minimized with moderate seismic capacities when. In general, the minimum 
CoV tends to decrease in time from pristine conditions (Figure 4a) to 50 years (Figure 4b).  

   
 (a) (b) 

Fig. 4 – CoV of SP-IS estimate of mean annual failure rate of resilience target r=80% with sample size 
nj=105 for prescribed pairs of lognormal fragility model parameters for all bridges. (a) t=0 and (b) 50 years. 

Methodologies based on cross-entropy (CE) minimization have been developed to 
adaptively find near-optimal simulation densities from a chosen family of parametric 
distributions (Kurtz and Song 2013, Yang et al. 2017). A similar approach is herein adopted 
to find a near-optimal joint normal SP-IS distribution to simulate the lognormal independent 
bridge fragilities and standard normal correlated seismic intensity residuals. Four rounds of 
presampling are carried out with 25,000 simulations each (npre=105), starting from standard 
normal residuals and fragility distributions with median 0.3g and dispersion 1.0g. Weighting 
coefficients for the updating rule are averaged based on the estimated failure probabilities 
across the investigated time instants and resilience targets. The results in Figure 5 show the 
improvement in numerical accuracy of the newly calibrated SP-IS density with sample size 
nj=9·105. The potentialities of the adopted CE approach lie within its capability of levelling 
the CoV across the infrastructure lifetime. In this simulation, the maximum CoV over time 
is 5.0%, 2.8% and 1.8% respectively for r=60%, 70% and 80%. 

   
 (a) (b) 

Fig. 3 – Time-variant (a) mean annual failure rate and (b) CoV estimates of resilience target with total sample 
size nj=106 by MCS (circle markers) and cross-entropy-based SP-IS (continuous lines). 

2067
3ECEES, September 2022, Bucharest, Romania



5. Conclusions 

The paper discussed a novel simulation-based strategy to efficiently estimate the life-cycle 
seismic risk of multi-hazard spatially-distributed aging bridge networks based on Importance 
Sampling with stationary proposal distributions. The SP-IS approach is investigated in 
comparison with traditional Monte Carlo simulation (MCS) for a simple network with three 
bridges characterized by deteriorating seismic capacities close to a seismogenic area source. 
Both simulation strategies adopted in this paper allow estimating the proposed time-variant 
performance metric encompassing all dimensions of life-cycle seismic risk assessment (i.e., 
seismic hazard, time-variant bridge vulnerability, network damage occurrence and exposure 
analysis). The major novelty introduced by the SP-IS approach lies in the fact that the 
structural performance decay is accounted by suitably time-variant weighting coefficient that 
allow carrying out a single simulation representative of the overall infrastructure lifetime to 
efficiently map the space of bridge structural fragilities. 

The proposed methodology can thrive in the context of life-cycle structural reliability 
analysis, since sampling the indicator function may lead to unfeasible computational effort 
when complex models and tools are involved, such as nonlinear structural analysis (Capacci 
and Biondini 2022). The methodology may also lead to fruitful applications for parametric 
analyses on the basic random variables involved in environmental hazard and other 
phenomena affecting in time the structural behavior, such as climate change scenarios 
affecting the deterioration rate (Capacci and Biondini 2021b). 

One of the major drawbacks of the IS methodology is the tendency to produce inefficient 
probability estimates when a large set of basic random variables are involved in the sampling 
procedure (“curse of dimensionality”, Au and Beck 2003). Further research should be 
devoted to critically assess the feasibility limitations of the SP-IS approach for large-scale 
problems with complex deterioration processes and possible solutions to bypass the 
dimensionality issues, such as model reduction and approximate formulations of the 
weighting coefficients (Capacci et al. 2022b). 
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Abstract: CRISIS project aims at improving the disaster and emergency management 
through building a harmonized and efficient system for risk assessment of basic services and 
transport infrastructure in the targeted cross-border region. The main project activities 
include: (1) Cross-border multi hazard assessment; (2) Needs assessment; (3) Cross- border 
multi-risk assessment; and (4) Development of cross-border web base platform for risk 
assessment and management. The main stakeholder of the project will be the civil protection 
and disaster management national authorities in the cross-border region where more than 
500.000 inhabitants live, as well as all academic partner institutions that will share the 
knowledge and strengthen the mutual cooperation. The expected results of CRISIS are 
twofold: enhanced cross-border cooperation and coordination in disaster risk management 
based on developed models and tools and raising public awareness and preparedness for 
disasters. 
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1. Introduction  

The European continent is characterized by a history of natural disasters: earthquakes, 
floods, landslides, draughts, extreme temperatures, forest fires and tempests with extensive 
economic, social, and ecological consequences that affect human wellbeing and the 
wellbeing of the society in a long run. These natural disasters often exceed the capacity of 
countries to manage emergency situations in the aftermath of a natural disaster and call for 
cross-border and regional cooperation.  In addition, the preparedness and prevention level 
vary from country to country, whereat, achievement of the necessary preparedness level 
requires existence of a well-coordinated regional and international cooperation that will 
include recent scientific knowledge in the field of natural disaster risk management. 
This paper refers to activities carried out in the frame of project entitled ‘Comprehensive 
RISk assessment of basic services and transport InfraStructure - CRISIS’ 
(http://www.crisis-project.org/). The CRISIS project is supported by the Directorate 
General for European Civil Protection and Humanitarian Aid Operations, DG – ECHO as 
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part of the European Commission. Project consortium includes five partners: Ss. Cyril and 
Methodius University in Skopje, Institute of Earthquake Engineering and Engineering 
Seismology-IZIIS as coordinator and Crisis Management Centre, Government of the 
Republic of N. Macedonia, Polytechnic University of Tirana, Faculty of Civil Engineering, 
Albania, Aristotle University of Thessaloniki, Greece and European Centre for Training 
and Research in Earthquake Engineering – EUCENTRE, Italy, as partners (Fig.1). 
The CRISIS project  is aimed at improve the management of natural disaster consequences 
through establishment of a harmonized and efficient system for assessment of the risk 
pertaining to vital structures and transportation infrastructure in the cross-border region of 
North Macedonia, Greece, and Albania.  
At the moment of paper submission to the Conference programme, the project is still 
ongoing and only selected results of already finished activities will be present in the paper.  

 
Fig. 1 - CRISIS Project consortium 

 

2. Project Objectives 

The main objective of the CRISIS project is providing a solid basis for development of a 
cooperative approach to prevention and preparedness in disaster management in cross-
border regions of the neighbouring countries located in the West Balkan region, by means 
of: (a) Assessment of natural cross-border hazards to basic services and transport 
infrastructure; (b) Collection, harmonization, and improvement of existing data and tools 
for risk assessment on critical assets; (c) Development and testing of the methodology 
incorporated in the web-based platform for rapid screening of vulnerable infrastructure 
nodes within a region. 
Within the project, a comprehensive exposure model has been defined. The model is based 
on identified relevant goods associated with vital buildings and transportation 
infrastructure exposed to natural disasters that are relevant for the region of interest. To 
effectively manage emergency situations, a web platform that will integrate all natural 
hazards, the exposure model and analysis of different risk scenarios is being developed. 
The developed methodology and web platform will sustainability contribute to create a 
network of competent entities and development of disaster management plans in the cross-
border regions. 
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3. Main project tasks 

The project is being realized through 4 main tasks (Fig. 2): 
1. Identification of natural hazards in the cross-border region that affect the functioning 

of vital structures (health care institutions, institutions dealing with emergency 
situations, educational institutions, etc.) and the transportation infrastructure. 

2. Review of existing legislation (EU and regional) related to management of emergency 
situations and risks. Pros and cons analysis related to management of emergency 
situations and risks. Pros and cons analysis with the purpose of identify existing 
omissions and bottlenecks.  

3. Assessment of risk pertaining to vital structures and transportation infrastructure as the 
basis for the definition of key points in the entire system of emergency and disasters 
management. 

4. Development of a geo-referenced web platform that will contain data related to: vital 
structures and transportation infrastructure in the cross-border region, natural hazards 
and vulnerability parameters of all elements at risk. This platform should be able to 
immediately provide information on the hazard, the exposure model and the risk and 
enable the assessment of possible losses and disruptions of the critical functions. 

 

 
Fig.2 General block-diagram of the project 

 

3.1 Methodology for identification of natural hazards 

For the identification of hazards in the cross-border region version 2 of the ThinkHazard! 
screening tool (thinkhazard.org) has been used, developed by the World Bank Global 
Facility for Disaster Reduction and Recovery (GFDRR - www.gfdrr.org), which enables 
users to screen project locations for multiple natural hazards, Fraser et al. (2017). 
ThinkHazard! translates technical hazard data describing hazard intensity, frequency and 
susceptibility in scientific parameters. The hazard metrics is: very low, low, medium and 
high. The hazard classification is used to communicate hazard to users who are not expert 
in natural hazards but require hazard information for project planning and disaster risk 
management purposes. The four hazard levels (very low, low, medium and high) are 
derived from hazard maps, which present the spatial distribution of hazard intensity (e.g., 
flood depth, ground shaking) at a given frequency or return period. 
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3.1.1 Identification of natural hazards at the cross-border region 
The classification of the hazard levels for all the different hazards included in 
ThinkHazard! (with the exception of volcano, tropical cyclone, tsunami, and coastal 
flood)) are shown in Table 1. The selected municipalities extracted from the full list of 
municipalities of the cross-border region are taken into account. 
 

Table 1. Classification of the hazard levels of the municipalities of the cross-border region  
Municipality Earthquake Landslide Wildfire Extreme 

heat 
Water 
scarcity 

River 
flood 

Urban 
flood 

Filiates High High High Medium Low High Medium 
Konitsa High High High Medium Low Very 

low 
Low 

Pogoni High High High Medium Low Very 
low 

Low 

Florina Medium Low High Medium Low Low Medium 
Kastoria Medium Medium High Medium Low Very 

low 
High 

Bitola Medium Medium High Medium Low High High 
Bogdanci Medium Medium High Medium Low High High 
Centar Zupa Medium Medium High Low Low High Low 
Debarca Medium Low High Low Low Low High 
Debar Medium Medium High Low Low High Low 
Bulqize Medium High High Low Low High High 
Delvine High High High Medium Very 

low 
Very 
low 

High 

Devoll High High High Low Low Low High 
Diber Medium High High Low Low High High 
Dropull High High High Low Low High High 
…. …. …. …. ….. ….. … …. 

 
As far as earthquake is concerned (Fig.3), the whole cross-border region is characterized 
by medium to high earthquake hazard. High level of earthquake hazard is concentrated at 
the western part of the cross-border region, covering a significant area of both Grece and 
Albania of the cross-border region, while North-Macedonia is characterized by medium 
seismic hazard level. 
Regarding landslide hazard (Fig. 4), the hazard levels at the cross-border region range 
between very low and high. High landslide hazard level is observed at the western part of 
the cross-border region, with the whole of the Albanian part being characterized with high 
hazard level. 
The earthquake and landslide hazard are considered as the most crucial types of hazards for 
critical infrastructure in the cross-border region. 
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Fig. 3. Spatial distribution of earthquake hazard levels at the cross-border region 

 

 
Fig. 4. Spatial distribution of landslide hazard levels at the cross-border region 

 
3.1.2 Earthquake hazard at the cross-border region 
For a more comprehensive presentation of the earthquake hazard at the cross-border 
region, the 2013 European Seismic Hazard Model (ESHM13) was used, Woessner, J. et al. 
(2015), which resulted from a community-based probabilistic seismic hazard assessment 
supported by the EU-FP7 project “Seismic Hazard Harmonization in Europe” (SHARE, 
2009–2013) Giardini, D. et al. (2014). The ESHM13 is a consistent seismic hazard model 
for Europe and Turkey which overcomes the limitation of national borders and includes a 
through quantification of the uncertainties. Fig. 5 illustrate the spatial distribution of the 
mean Peak Ground Acceleration (PGA) at the cross-border region for a reference rock 
condition, i.e. Eurocode 8 Type A with an average shear wave velocity vs30 = 800 m/s, for 
a 475-year respectively, obtained from ESHM13. Results are provided for sites equally 
spaced at 10 km. For T=475 years, PGA ranges between 0.21 and 0.45g. Results for T=975 
years return period due to space limitation are not presented here. The regions where the 
highest levels of PGA are observed are the western coasts of the cross-border region to the 

2074
3ECEES, September 2022, Bucharest, Romania



Ionian Sea, as well as the island of Corfu. It should be noted that these PGA values refer to 
rock-site conditions and are expected to be amplified if local site conditions are considered. 
 
3.1.3 Landslide hazard at the cross-border region 
A landslide susceptibility map subdivides the terrain into zones with differing likelihoods 
that a landslide may occur. Landslide susceptibility assessment can be considered the 
initial step towards a landslide hazard and risk assessment, but it can also be ‘end product’ 
in itself that can be used in land-use planning and environmental impact assessment.  

 
Fig. 5. Spatial distribution of PGA at the cross-border region for a reference rock condition (Vs30 = 800 m/s) 

and for a 475-year return period 

The landslide susceptibility map of the cross-border region is presented based on the Pan-
European Landslide Susceptibility Map version 2 (ELSUS v2, Wilde, M., et al. (2018)), 
Fig. 6. The map can be viewed at scales up to 1:200,000 as determined by the cell size of 
200 × 200 m and should not be enlarged to greater scales. 
 

 
Fig. 6. Landslide susceptibility of the cross-border region (where landslide susceptibility 1 = very low; 2 = 

low; 3 = moderate; 4 = high; 5 = very high) 
 
The methodological approach for the elaboration, validation and classification of 
ELSUSV2 is the same as the previous version called ELSUS 1000 reported by Günther, A. 
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et al. (2014). More specifically, a semi-quantitative method is used, combining landslide 
frequency ratios information with a spatial multi-criteria evaluation model of three 
thematic predictors: slope angle, shallow subsurface lithology and land cover. A landslide 
susceptibility index (LSI) for each model zone is computed based on the specific weight of 
these three thematic predictors for ‘plain’ and ‘mountainous’ model zones.  
 
3.2 Evaluation of credible scenarios 
 
3.2.1 Earthquake scenarios 

Evaluation of credible earthquake scenarios that may seriously affect basic services and 
critical infrastructure in cross border region is of the outmost importance. Scenarios are 
defined primarily on available seismological and seismo-tectonic data for the region of 
interest (databases ESHM13). For that purpose, 11 real earthquakes that have struck in the 
cross-border region and its vicinity were selected, as well as 9 seismogenic faults, 
considering the spatial distribution, level of seismic hazard and frequency of the 
earthquakes(see Fig.7). Although the parameters related to the selected earthquakes from 
SHARE European Earthquake catalogue slightly differ in relation to the parameters given 
in the official national earthquake catalogues, to keep a harmonization pattern, the 
parameters are not modified. 
 

 
Fig. 7. Spatial representation of earthquake scenarios 

 
3.2.2 Landslide triggering scenarios 
 
Based on its scope and objectives, the earthquake as a triggering effect to cause landslides 
is taken into consideration to produce landslide hazard maps in terms of permanent 
displacements caused by different earthquake scenarios. Earthquake induced land sliding 
of a hillside slope occurs when the static plus inertia forces within the slide mass cause the 
factor of safety to temporarily drop below 1.0. The value of the peak ground acceleration 
within the slide mass required to cause the factor of safety to drop to 1.0 is denoted by the 
critical or yield acceleration ac. Two seismic scenarios are defined with return periods 
equal to 475 years (magnitude M=6) and 975 years (magnitude M=7) based on ESHM13. 
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To define the PGA value at surface, the V30 map proposed by US Geological Survey 
(earthquake.usgs.gov/data/vs30/) is used to categorize the ground type based on EC 8. The 
final product of the landslide hazard zonation is presented by digital maps of expected 
permanent displacements for the pre-defined earthquake scenarios (Fig. 8). The presented 
approach for the cross-border region is a simple tool which is used to recognize the 
hazardous areas, where limited available geotechnical and seismological datasets exist. 
 

 
Fig. 8. Spatial distribution of permanent ground displacement, seismic scenario of 975 years return period 

4. Conclusions  

The paper presents main findings and results achieved within the CRISIS project (project 
on going). Identification of natural hazards and most credible risk scenarios in the cross-
border region between N. Macedonia, Albania and Greece that affect the functioning of 
basic structures and transportation infrastructure were presented. The project is still active, 
ongoing and further developments (harmonized regional risk exposure model, vulnerability 
assessment based on seismic and landslide hazard, development of web-based platform…) 
are expected to be done according to a pre-defined time schedule.  
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Abstract: Building resilient communities is currently the overarching goal of risk reduction 

policies. Structures and infrastructure assets should be able to absorb and recover from the 

effects of an external event and adapt to the changing environment. When dealing with 

earthquake risk reduction, general assessment frameworks have been developed to define 

and manage building resilience. Yet, these procedures have recently been applied to existing 

buildings and considering single hazard levels. Rather, resilient-based studies should also be 

developed for new buildings in order to target resilient-enhanced solutions at early stage 

design. Furthermore, seismic resilience should be integrated in multi-criteria performance-

based design procedures, typically including environmental sustainability as one of the 

primary decision factors. This paper investigates the seismic resilience of new buildings 

accounting for the long-term impact of climate change. The study is implemented for a 

multi-storey building comprising different earthquake-resistant and energy-efficient 

systems. Seismic and energy risk analyses, involving epistemic uncertainties and 

earthquake/weather variability, are carried out. Results are elaborated to estimate and 

compare the loss of resilience of the alternative design solutions. The research outcomes 

show the efficacy of applying integrated resilience-enhanced solutions, allowing for high 

reductions of resilience loss (> 80%) and a more efficient allocation of resources.  

Keywords: Performance-based, Downtime, Low-damage, Integrated design, Uncertainties.  

1. Introduction  

Recent earthquake disasters and their severe consequences on world economies and 

societies have dramatically confirmed the need for safer and more resilient structures and 

infrastructure assets. Building resilient communities should be, and is increasingly being 

recognized as, a socio-political priority. The concept of resilience is defined differently 

depending on the research field and is typically related to the capacity of a system to 

“bounce back” to equilibrium within a recovery time, after absorbing the impact of an 

external (natural or man-made) event. Resilience generally refers to both strength and 

flexibility of an asset and, when dealing with seismic resilience, the concept is much wider 

than the evaluation of the seismic response, in terms of e.g. accelerations and 

displacements, and goes beyond the estimation of socio-economic losses. 

Research on seismic resilience has been recently fostered and general frameworks have 

been developed to define, assess, manage and enhance the seismic resilience of 

communities, as in Bruneau et al. (2008), Almufti and Willford (2013), FEMA P-2090 

(2021), Marasco et al. (2022). These frameworks generally encompass the principles of 

resilience or the so-called 4R's (Bruneau et al. 2003), namely: (1) Robustness, describing 

the inherent strength of a system to withstand external demands without degradation or 

loss of functionality; (2) Redundancy, defining the system properties allowing for alternate 

options and substitutions under stresses; (3) Resourcefulness, i.e. the capacity to mobilize 
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resources and services under emergency conditions; (4) Rapidity, representing the speed at 

which disruption can be overcome. 

Focusing on building systems, Fig. 1 shows a schematic flowchart for seismic resilience. 

Building knowledge and location are input data to the process, which involves structural, 

damage and loss analyses. Fragility functions, describing the probability of an asset to 

exceed defined limit states, provide the robustness of the building to seismic hazard and 

define the functionality drop for a specific intensity-based event. The recovery phase of a 

single building after disruption is strictly related to the downtime, i.e. the time needed to 

achieve a defined recovery state, such as re-occupancy of the building, pre-earthquake 

functionality and full recovery. 

 

Fig. 1 – Seismic resilience assessment framework 

Resilience-based assessment has been recently adopted in practical applications of 

important facilities, such as school buildings (e.g. Samadian et al. 2019). These research 

works focused on the study of resilience-enhanced and economic retrofit solutions for 

existing buildings, i.e. vulnerable structures designed according to pre-seismic code 

provisions and further exacerbated by natural aging and possible deterioration of the 

mechanical properties of materials. However, resilience considerations should be 

embedded in common practice approaches in order to support decision-makers towards the 

goal of risk reduction for the overall building stock. Furthermore, resilience studies should 

be part of the design process of new buildings. Targeting a damage-resistant system, 

including superstructure and foundations, would represent a more tangible step towards the 

goal of building community resilience (Pampanin 2012). This would lead to reduced 

failure probabilities, reduced consequences from failure (referring to the building only; 

however, consequences should also account for the overall structure/infrastructure/ 

organization system and their interdependencies), and reduced time to recovery, deemed as 

primary properties of a resilient system (Bruneau et al. 2003).  

In the last decades, damage-control technologies, such as base isolation, dissipative braced 

systems or recentering-dissipative solutions, have become well established, while 

improved design methods and damage-mitigation solutions for non-structural components 

have been developed and are being further explored. Furthermore, probabilistic procedures 
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based on risk assessment as well as developments in computer simulation currently allow 

engineers to realistically predict the seismic performance of buildings. All these 

advancements make it possible to design cost-efficient resilient buildings which will suffer 

far less damage in strong earthquakes than conventional code-compliant solutions.  

However, an important gap in the current resilient assessment frameworks for buildings is 

that they typically consider single hazards as an extreme event with specific return period. 

Rather, multiple hazards, their variability and possible impacts during the overall building 

lifetime should be taken into account. This would lead to significant cost savings and a 

more efficient allocation of resources (Anwar et al. 2021). Particularly, climate change 

adaptation is one of the primary concerns in the current performance-based design of 

building systems, therefore this aspect should be integrated in disaster risk reduction 

frameworks. In addition to the impact of possible extreme weather events, the long-term 

effect of climate change affects the Robustness of a building. Thus, this impact should be 

included within risk-based design/assessment methodologies. Following this goal, this 

paper focuses on the integrated study of seismic and climate change resilience. The 

research methodology is discussed within the next section and the proposed procedure is 

applied to new buildings. Specifically, alternative design solutions for reinforced concrete 

multi-storey buildings, involving integrated earthquake-resistant and energy efficiency 

solutions, are investigated and compared in terms of resilience.  

2. Research methodology 

Disaster resilience is typically measured based on functionality, defined as the building 

performance over time from an initial equilibrium state. In a more general and robust 

framework, functionality should account for all the interdependencies between systems, 

uncertainties, and the effect of multiple hazards or events. Furthermore, both long-term and 

event-related impacts should be considered (Fig. 2).  

 

Fig. 2 – Building functionality (Q): a) standard scenario for a non-degrading (1) and degrading structure (2); 

b) extreme scenario for non-degrading structure and possible recovery paths: baseline recovery (1), full 

recovery (2) and enhanced recovery (3) 
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When dealing with the seismic and energy performance of building systems, long-term 

impact entails the effect of degradation, but also the gradual weather changes impacting the 

energy behaviour (Fig. 2a). The occurrence of a disaster at time t0 causes damage to the 

overall system, consequently a drop in the building functionality. Then, the building is 

restored to achieve a new functionality level over a specific time period (Fig. 3b). The loss 

of resilience R is evaluated as the quality degradation of the system Q(t) over the recovery 

period, and can be mathematically defined as (Bruneau and Reinhorn 2004): 

 

 

Where t0 is the time when an earthquake occurs, while tR means the time when the 

structure is completely repaired. However, the building functionality should be expressed 

based on the integrated performance (seismic + energy, in this specific study) rather than 

the single performance. The application of a multi-criteria decision making procedure 

would allow to identify effective refurbishment/retrofit interventions or resilient design 

solutions by integrating earthquake-resistant and energy-efficient solutions, in order to 

target a specific resilience index/value based on stakeholders requirements or desired 

recovery state. This accounts for the fact that single mitigation measures are not always 

efficient across multiple hazards, whilst integrated strategies would lead to compounded 

and higher economic benefits and savings. 

Following this approach, this paper investigates and quantify the resilience of alternative 

design solutions when both long-term impacts of climate change and the immediate impact 

associated with an earthquake event are involved. To improve the quality assurance in 

numerical predictions and obtain more reliable outcomes, seismic and energy risk analyses 

are carried out accounting for both epistemic and aleatoric uncertainties. Resilience curves 

for the single (seismic or energy domain) and integrated (multiple domain) performance 

are finally obtained and compared to quantify the convenience of applying resilience-

enhanced and sustainable solutions for the overall building system.  

3. Application  

3.1. Case-study description  

The proposed procedure is applied to a 5-storey reinforced concrete building. The case 

study has been selected from a previous research work developed by the same authors 

(Bianchi et al. 2021). The building has a rectangular plan of 32x18m and an inter-storey 

height of 3.8 m. The first two floors have residential use, the other two are offices, while 

the roof is not accessible. The building is located in L’Aquila (IT), a high-seismicity zone 

(Peak Ground Acceleration, PGA of 0.35g, C soil type) characterized by short, warm, and 

mostly clear summers and long, very cold, and partly cloudy winters.  

The structural skeleton consists of two seismic-resistant lateral frames in one (X) direction 

(0.4x0.75m beams, 0.75x0.4m columns) and two 0.4x6.0m lateral walls in the orthogonal 

(Y) direction. Two alternative types of structural connections are investigated: (1) 

monolithic (cast-in-situ) connections, (2) low-damage connections, that is, the so-called 

PRESSS (PREcast Seismic Structural System) technology (Priestley et al. 1999). The latter 

means the adoption of hybrid connections consisting of the combination of internal post-

tensioned cables/tendons (re-centring capacity) and external Plug and Play (Sarti et al. 

 

(1) 
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2016) dissipaters (dissipation capacity). Both structural systems are designed following the 

Direct-Displacement Based procedure (DDBD) (Pampanin et al. 2010) and the main 

design parameters are summarized in Table 1.  

Table 1. Design parameters from DDBD 

 Traditional High-Performance 

Parameter Frame Wall Frame Wall 

Base Shear [kN] 2611.5 2944.5 2725.9 3390.8 

Teff - effective period [s] 2.59 2.37 2.56 2.07 

Design Disp. [mm] 160.1 159 166.5 139.2 

Design Drift [%] 1.5 1.2 1.5 1.2 

µ - ductility 3.4 3.2 3.5 3.2 
 

The building has precast concrete facades, connected to the structural system through 

typical tie-back or dissipative U-shaped Flexural Plate (UFP, Baird et al. 2013) and bearing 

connections, in the frame direction and glazed curtain walls (dry or wet) in the wall 

direction. To implement the numerical study, the following non-structural components are 

also involved: steel-framed gypsum partitions (fixed above/below or comprising the low 

damage detailing proposed by Tasligedik and Pampanin 2014), fully floating suspended 

ceilings (conventional or including an elastic insulation foam into the lateral gaps), 

building services and contents. Fig. 3 presents the two alternative design configurations to 

be compared in terms of resilience. 

 

Fig. 3 – Alternative building configurations: Traditional vs. High-Performance (structural/non-structural) 

Design requirements are set for the internal comfort of building occupants. The cooling 

and heating set point temperatures are 24°C and 19°C, respectively. For the internal heat 

gain of office/residential floors, equipment load is 5/10 W/m², artificial lighting load is 

10/5 W/m², while the density of occupation is 0.01/0.005 persons per square meter. The 

desired rate of outside air infiltration is 0.0003 m³/s per square meter of floor. Typical 

energy efficiency strategies are employed for the traditional building configuration (double 

glazing windows; insulated walls), while additional measures are considered for the high-

performance solution (double glazing windows with low-e coatings; sandwich concrete 

panels; shading systems; air infiltration reduction measures).  

3.2. Seismic resilience 

Following the steps described in the previous Fig. 1, structural analyses are firstly carried 

out by developing numerical lumped plasticity models in Ruaumoko 2D software (Carr 
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2003). The inelastic behaviour of the structural members is concentrated at the end sections 

by using rotational springs, properly calibrated from the section design. For the monolithic 

connections, the springs represent plastic hinge regions (Takeda hysteresis), while for the 

low-damage systems two rotational springs are introduced to simulate the combined action 

of external dissipaters (Ramberg-Osgood hysteresis) and post-tensioning (multi-linear 

elastic). Structural degrading behaviour is also taken into account in the numerical models. 

The building facades are modelled by introducing equivalent spring models. The concrete 

facades are described through a linear elastic spring (panel), shear springs (top 

connections, tie-back or UFP) and rigid links (bottom connections, bearing). The glass 

facades are modelled by an equivalent spring accounting for (1) the aluminum frame and 

its rotational stiffness, (2) the glass-aluminum frame gap clearance and local impact, (3) 

the response of the gasket (Caterino et al. 2017). 

The two numerical models (Traditional vs. High-Performance) are initially validated using 

non-linear static (push-over) analysis. A set of 50 alternative configurations are identified 

for each model in order to account for epistemic uncertainties related to material 

properties. Probabilistic distributions for strength, stiffness, deformations, mass density for 

both concrete and steel of the structural members and concrete facades are built referring to 

literature data (Hess et al. 2002, Celarek and Dolsek 2013). Then, Latin hypercube 

sampling method is used to sample the uncertain variables and define the set of structural 

models. Performing push-over analysis, the design points and damage states of both 

structures are also identified (e.g. Fig. 4a, for the low-damage frame). 

  
(a) (b) 

Fig. 4 – (a) Range of push-over curves with design and damage points for e.g. the low-damage frame; (b) 

Loss curves (Repair Cost as percentage of Replacement Cost, RC) at SLV  

Non-linear dynamic (time-history) analyses are performed to study the building response at 

a selected intensity: Life Safety or SLV, as per NTC (2018), with return period (TR) of 475 

years. A set of ground motions, comprising both far field and near fault records, is selected 

and scaled at this specific level following the scaling procedure in NTC (2018). Numerical 

analyses are carried out for the 50 models x 2 case studies and results are elaborated to 

define the full range of inter-storey drift ratios and floor accelerations to be used in the loss 

assessment analysis. A fragility study of both structural members and building facades is 

developed by identifying the achievement of specific damage states in the components, as 

described in Bianchi et al. (2021). The obtained fragility functions are used within the 

probabilistic-based methodology proposed in FEMA (2018) to derive the expected repair 

cost and time through an intensity-based approach. Combining the seismic demand with 

the building component fragilities, expected losses are obtained (e.g. Fig. 4b). It is worth 

noting that the fragility specifications of all the other building components (glass facades, 

partitions, ceilings, services and contents) are identified referring to existing fragility 

collections (FEMA 2018, Bianchi and Pampanin 2022). Moreover, to develop the loss 
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analysis, the total replacement cost and time of both case studies are also computed 

considering the regional public works price list and the men-days (the High-Performance 

system has 10% more and 25% less of replacement cost and time, respectively, when 

compared to the Traditional system). The advantage of applying high-performance 

integrated (structural/non-structural) earthquake-resistant technologies is certainly evident. 

When referring to the Probable Maximum Loss (90th percentile of loss curve) a reduction 

of around 30% of repair cost is obtained (Fig. 4b). Therefore, although the monolithic 

structure is designed considering an advanced displacement-based procedure rather than a 

force-based code-compliant approach, designing better to achieve enhanced resilience and 

greater safety is proved to be economically convenient in all cases. 

Loss assessment results also provide the repair time needed to recover the building. 

Following the procedure described in Almufti and Willford (2013) the full sequence of 

repairs for structure, interior components and exterior walls can be identified. Additional 

delays to recovery time is due to the so-called “impeding factors”, including post-

earthquake inspections, secure financing for repairs, mobilize engineering services, obtain 

permitting, mobilize a contractor and necessary equipment, and for the contractor to order 

and receive the required components. Impeding factors and repair time define the overall 

downtime (Fig. 5a). Functionality curves can thus be obtained by coupling the performance 

drop when a SLV intensity earthquake occurs with the estimated downtime, as well as 

considering a step-by-step recovery based on the repair sequence. By referring to the same 

reference period of 617 days, resilience index (R from Eq. 1) results to be 0.73 and 0.96 for 

the Traditional and High-performance system, respectively, and the loss of resilience 

reduces by 78% when the High-Performance configuration is employed. This further 

confirm the potential of an integrated low-damage building to significatively enhance the 

seismic resilience of our built environment, thus representing the ultimate target for the 

next generation of building systems. 

  
                            (a) (b) 

Fig. 5 – (a) Downtime timeline for e.g. the Traditional building; (b) Seismic resilience curves  

3.3. Climate change resilience 

The energy performance of the building systems is studied through hourly dynamic 

simulations implemented in EnergyPlus software (Mc Neel et al. 2010). Following the 

same approach adopted for the seismic analysis, uncertainties are considered for specific 

input parameters, i.e. material properties (conductivity, density and heat capacity of both 

concrete and glass) for the outside walls and design variations (equipment density, lighting 

density, load people, heating and cooling set points). The probabilistic distributions of 

these input data are assumed based on literature (Hopfe et al. 2011, Sun et al. 2016). 
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Uncertainty in weather condition is also involved by considering three alternative climate 

change scenarios for L’Aquila (IT), defined through the generator tool developed by 

Jentsch et al. (2013). 150 scenario analyses are thus run for each case study, by combining 

these 3 weather conditions with 50 possible combinations of the uncertain input 

parameters, whose values are selected through a Latin hypercube sampling.  

The results obtained from the energy simulations can be elaborated to determine the 

expected loss functions in terms of Energy Use Intensity (EUI) (comprising lighting, 

equipment, heating and cooling), converted into cost by adopting the electricity and gas 

prices provided by Eurostat for the Italian territory. Comparing the loss curves obtained for 

both case studies (Fig. 6a) and still referring to the Probable Maximum Loss (PML), it is 

found that the energy efficiency strategies introduced in the High-Performance 

configuration allow to reduce the energy cost by around 20%. Finally, outcomes can be 

further elaborated to identify the functionality curves for the energy performance, 

representing the long-term effect of climate change (Fig. 6b). It is worth noting that the 

degrading trend of these curves is primary associated with the cooling performance. 

 
 

(a) (b) 

Fig. 6 – (a) Loss curves (Energy Cost as percentage of Replacement Cost, RC) for L’Aquila site; (b) Long-

term climate change resilience curves 

3.4. Integrated resilience 

Functionality curves coupling seismic and energy performance are developed to assess and 

compare alternative design configurations for the case-study buildings. The functionality at 

time t0 is now related to the long-term effect of climate change. When an earthquake 

(herein assumed as the only disruptive event) occurs, the functionality drop is due to the 

building seismic vulnerability. Considering alternative design options at early stage design 

of building project, the integrated resilience can be a supporting tool to estimate and 

compare the efficacy of design decisions. Particularly, this specific study highlights that 

the 78% reduction of resilience loss due to the use of an integrated structural/non-structural 

low-damage system is further enhanced when energy efficiency techniques are also applied 

(86% reduction) (Fig. 7a). It is also highlighted that the use of the sole energy efficiency 

techniques allows to reduce the loss of resilience by around 11%. Furthermore, different 

restoration strategies could be considered following the occurrence of the seismic event. 

E.g., if engineers decide to use an improved solution for the building envelope while 

implementing the seismic repairs for the overall building, this would lead to a reduced loss 

equal to around 26% for the case under investigation (Fig. 7b). 

Designing buildings to withstand less damage in earthquakes is certainly a key component 

of resilience-based design. This significantly decreases the uncertainty in the building 

behaviour and increases the confidence that the building will perform as intended. 
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However, the seismic safety should be integrated with other performance measures, such 

as the environmental sustainability, to estimate the real lifetime building resilience and 

identify the most convenient and effective design or retrofit/refurbishment solution. 

  
(a) (b) 

Fig. 7 –Functionality curves for: (a) monolithic (Trad S) or low-damage (HP S) structure with traditional 

energy-efficient techniques (Trad E), monolithic (Trad S) or low-damage (HP S) structure with enhanced 

energy-efficient techniques (HP E); (b) traditional vs. enhanced energy-efficient techniques  

4. Conclusions  

The paper has focused on the study of the integrated seismic and climate-change resilience 

of building systems. The investigation is developed for multi-storey reinforced concrete 

buildings consisting of alternative earthquake-resistant technologies (monolithic cast-in-

situ or post-tensioned dissipative structural connections; traditional or low-damage facades, 

partitions and ceilings) and energy efficiency solutions (traditional or enhanced). 

Numerical seismic (push-over and time-history) and energy (dynamic) analysis are 

developed accounting for both modelling (epistemic) and hazard-related (earthquakes and 

weather) uncertainties, in order to better gain knowledge of the risks associated with a 

specific design solution. Seismic and energy results in terms of expected losses are 

elaborated to derive functionality curves, thus estimate the loss of resilience associated 

with a specific design configuration. The research outcomes highlight that the use of an 

integrated seismic and energy resilience-enhanced solution is able to reduce the loss of 

resilience by 86%. The implemented study shows the potential of a framework based on a 

generalized resilience to support decision making during the design process of a building 

or the selection of a retrofit intervention (pre- and post-event), as well as to identify 

efficient risk mitigation and restoration strategies to target a specific resilience index. 

Further research is needed to prove the efficacy of integrated technologies or strategies 

when different seismic intensity levels and weather scenarios are involved. Future work 

will focus on the development of a general framework for life-cycle resilience assessment 

for both new and existing building systems. 
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Abstract: Croatia is located in the seismically active part of Europe, but since there have been no 

strong earthquakes on its territory for decades, the seismic risk awareness was very low until the 

unfortunate events in 2020. When the earthquake struck the country’s capital Zagreb in March 2020 

and caused major building damage, the system was completely unprepared. There were neither 

official forms nor systematically trained experts to carry out the damage and usability assessments of 

affected buildings. Therefore, a few researchers and professionals got together and created an online 

platform called www.hcpi.hr (Croatian abbreviation for the Croatian Centre for Earthquake 

Engineering). It contained training materials for engineers, guidelines for citizens and many other 

materials useful for the post-earthquake situation. First steps for formalization of this platform 

started after the Zagreb earthquake, but the process was accelerated after the strong earthquakes in 

central Croatia in December 2020, when the relevant institutions finally recognized the need. Firstly, 

the branch was established at the Faculty of Civil Engineering Zagreb, the institution that took the 

major part in the organization of the system, followed by the establishment of the Intervention 

Service on the national level. This paper describes the process of the establishment of this platform 

which could be of interest for all countries located in areas of high seismic risk, but where the 

activities aimed at its mitigation do not follow the need. 

Keywords: post-earthquake building inspections, emergency response, intervention service, 

research centre 

1. Introduction 

For many years the experts have warned the relevant institutions in Croatia that activities 

aimed at seismic risk reduction are not sufficient for a country located in seismically active 

zone, with an aged buildings stock consisting of more than a third of residential units built 

before any seismic regulations. All the official disaster risk assessments pointed to seismic 

risk unacceptable for the country (Atalić & Hak (2014), Atalić et al. (2018)). However, the 

risk reduction activities did not follow these documents mostly because of lack of 

resources (capacities). Since 2015, there were five unsuccessful attempts from the Faculty 

of Civil Engineering, University of Zagreb, directed to the relevant stakeholders to 

establish a centre of excellence that would be dedicated to seismic risk reduction. 

Although the framework of the system for seismic risk reduction in Croatia is well 

established, especially through the Croatian Platform for Disaster Risk Reduction within 

the Directorate of Civil Protection of the Ministry of Interior (DCP-MI), the activities 

carried out are not enough given the level of seismic risk. Mostly, performed activities 

were directed to improving Civil Protection capacities in response phase, e.g. acquisition 
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of equipment and training of intervention units (for instance, search and rescue teams). 

However, there was a lack of activities directed to prevention, such as strategy for the 

seismic renovation of the aged building stock or assessments and retrofitting of critical 

infrastructure buildings. There are some positive examples of the local offices. For 

instance, the Office of Emergency Management operates at the local level of the City of 

Zagreb (EMO). It organizes various activities related to post-earthquake situations (drills, 

equipment acquisition, etc.) and supports financially studies that examine various issues 

related to earthquake risk reduction. 

When the earthquake struck the capital of the country Zagreb, it may be stated that the 

community was not prepared. The earthquake caused widespread psychological shock 

which was further aggravated by the subsequent aftershocks amidst the COVID-19 

lockdown and culminated after the December 2020 earthquakes that hit Sisak-Moslavina 

County, with epicentres approximately 50 km SE of Zagreb. What emerged as the post-

earthquake activities that were crucial for the citizens to return to their everyday life, were 

the field inspections of damage and usability of buildings. 

Unlike many other countries located in earthquake-prone regions, such as Italy, Greece, 

Slovenia, N. Macedonia, Romania, Turkey, USA, Japan, Colombia (Goretti (2015)), 

Croatia did not have official survey forms for inspections and the number of trained 

professionals was below 20, what was much less than required for the extent of damage. 

What will be shown later, the total number of field inspections carried out after Zagreb and 

Sisak-Moslavina County earthquakes was higher than 75,000. Few visualisations from the 

GIS-based database (CCEE (2022)) are presented in Fig. 1. 

    

Fig. 1 GIS-based database: a. usability assessment of residential and commercial-residential buildings in the 

city of Zagreb (Šavor Novak et al. (2020)) and b. damage assessment results in Sisak (CCEE (2022)) 

This paper describes the gradual establishment of the Croatian Centre for Earthquake 

Engineering (CCEE), which after 2020 earthquakes emerged from a five-year vision to a 

solid platform. The first key step was creation of informal online web page vital for 

response after the Zagreb event which in few months has grown to the platform connecting 

most of the Croatian experts in state and from abroad. Several minimal organizational steps 

were managed, but earthquake risk awareness and the awareness of the importance of the 

platform itself began to significantly drop from the focus of the stakeholders, until the 

devastating earthquakes in Sisak-Moslavina County. That was a crucial point in changing 

the future of the informal online platform, from going back to just a vision of a few, to 

formalization and implementation in the earthquake risk reduction activities with the full 

support from the stakeholders. Formalization of the platform started with the branch at the 

Faculty of Civil Engineering, University of Zagreb (FCE-UNIZG) responsible for 

supporting all the research activities aimed at earthquake risk mitigation. It continued with 

the establishment of the Intervention Service as a non-governmental organization (NGO) 

that gathers numerous relevant institutions, researchers and professionals (which carried 
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out the most activities after the earthquakes) dedicated to creating the system for 

participation of engineers in the Civil Protection system. Furthermore, future plans and 

opportunities for this platform will be presented, which may be of great interest to all 

countries similar to the Republic of Croatia, in which the culture of earthquake risk 

prevention is not at a very high level. 

2. Organisation of the system for post-earthquake field inspections after earthquakes 

in 2020 

2.1. Zagreb earthquake response  

When the earthquake struck Zagreb in early Sunday morning, fortunately the city was still 

asleep. There were no people in the streets which was also due to the strict Covid-19 

measures that were imposed a few days before. Immediately after the main shock, the Civil 

Protection services were activated for emergency measures. As there were no collapsed 

buildings, there was no work for the search and rescue teams which were prior to 

earthquake the focus of prevention activities (and investment) at the national and municipal 

levels (Šavor Novak et al. (2020), Atalić et al. (2021)). 

In coordination of the DCP-MI, Zagreb EMO and the FCE-UNIZG the Crisis Management 

Headquarters for operational management was established in the EMO. The focus was on 

assessing the damage and usability of the affected buildings and infrastructure. In the 

absence of a previously established inspection plan at the city level, the technical experts 

organized themselves, drawing on their experience and previous collaborations and guided 

by experts from the FCE-UNIZG. Since the extent of the destruction was not known in the 

first hours, all the engineers who had completed post-earthquake building inspection drills 

and training were called in through private calls.  

In parallel, fine-tuning of the initial methodology for assessing safety and usability was 

initiated at EMO headquarters. A general call was promptly sent out to mobilize all 

engineers with expertise in post-war reconstruction in the 1990s or knowledge of 

traditional masonry buildings. The Croatian Chamber of Civil Engineers was instrumental 

in providing the support. On the first day alone, over 150 engineers voluntarily responded 

to the call and began inspecting and assessing the building damage. Protective equipment 

required for safety when entering damaged buildings, as well as masks, disposable gloves 

and Covid-19 disinfectant were distributed to all responders. At the end of the first day, 

programming of a mobile application (Collector for ArcGIS) to record field observations 

was begun, which was then tested the next day and put into use a day later (Fig. 2).  

      

Fig. 2 Application for the data collection: a. data on COVID-19 infected and self-isolated people, b. map 

selection, c. area selection, d. building selection, e. attribute collection, f. usability assessment  
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The form was created following mostly the Italian experiences (Baggio et al. (2007)), 

taking into account local building features and observed characteristic damage on gable 

walls, roofs and chimneys. All data were stored in a GIS-based database to allow an 

efficient two-way flow of information. For example, experts in the field were also able to 

access data on people who had been sickened and self-isolated by Covid 19, which is 

important for safety and limiting the spread of the epidemic (Fig. 2a).  

In the first week, the number of volunteers increased to more than 500, but Covid 19 

measures prevented engineers from other parts of the country to join the response. Damage 

assessment teams consisted of at least two civil engineers and/or architects, with the 

number increasing with the size and occupancy of the building. The formation of teams of 

experienced engineers, especially those who had undergone training and exercises, with 

younger colleagues contributed to knowledge transfer and a higher inspection rate. There 

were three WhatsApp communication groups which proved effective for sharing important 

information between field teams, including advices for younger engineers. 

Training a number of engineering professionals with a focus on the typical damage 

observed in the field proved critical to the quality of inspections. The training initially took 

place in person at EMO headquarters (Fig. 3). The methodology of the damage and 

usability assessments is described in detail by Uroš et al. (2020). 

Given the pandemic circumstances, a web page (www.hcpi.hr) was established to serve as 

an informal online platform called the Croatian Centre for Earthquake Engineering 

(CCEE). It was designed to provide on-site inspection teams with necessary information, 

host trainings along with an accompanying manual and webinars, allow live monitoring of 

the status of inspected applications, and was also used to prepare and educate citizens on 

building inspection method. The main idea of the platform was to help the citizens and 

engineering professionals, providing knowledge, guidelines and expert advices. On the 

main page it stated “this is not an institution” pointing out that a real institution/centre of 

excellence, connecting many experts dealing with earthquake risk reduction activities, is 

still missing although it is essential for the country with high seismic risk such as Croatia. 

    

Fig. 3 - Training on building inspections in EMO Headquarters 

The organization of the post-earthquake building inspections should be just one of the 

tasks of the platform CCEE and the volunteers recognized that and immediately took 

action to ensure quality, speed, transparency and many other activities necessary for a 

reconstruction process in Zagreb, but also in every other city in Croatia. Therefore, after 

the field inspections of the buildings were completed (in total there were more than 25,500 

carried out in three months), the platform was used to prepare and host webinars aimed at 

raising knowledge (every 22nd of the month). On the first anniversary of the earthquake, 

the 1st Croatian Conference on Earthquake Engineering (1CroCEE) was organized, with 

the moto “shake Zagreb with knowledge”, gathering researchers and professionals from 26 

countries. The other activities aimed at raising knowledge included the preparation of the 
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manuals, books and other materials needed by professionals during the reconstruction. In 

addition, all materials from seminars, conferences and meetings were systematized to make 

the platform a base (meeting point) where experts can return and get all the necessary 

information, but also offer some new innovative solutions. One of the innovative solutions 

was the interactive manual https://www.hcpi.hr/uppo/, currently aimed only at urgent 

(emergency) measures on buildings. This manual outlines the idea of this platform, i.e. the 

goal of connecting all stakeholders for better quality solutions in reconstruction. 

The process of forming a comprehensive platform dedicated to earthquake risk reduction 

requires a great support (legal, financial, etc.). However, the usual decrease in earthquake 

risk awareness has taken its toll in a very short time, and several months after the Zagreb 

earthquake, no systematic measures aimed at implementing lessons learned were 

undertaken on the state level. Possibility of formalization of the platform once again started 

to fade away, even regarding the clear evidence that it is needed in the Republic of Croatia. 

2.2. Sisak-Moslavina earthquake response  

Unfortunately, it was only after devastating earthquakes in December 2020 in Sisak-

Moslavina County, approximately 50 km SE of Zagreb, when the relevant institutions 

finally recognized the need for building up capacities and formalization of the platform. 

The ML5.0 earthquake struck Sisak-Moslavina County on December 28 and as it would be 

known the next day, it was only the foreshock. However, it caused damage to many 

buildings and immediately after the event a group of civil engineering experts, which were 

the main core of the activities after the Zagreb earthquake, accompanied by the Civil 

Protection arrived in Petrinja to conduct an initial assessment of the building damage with 

the aim of determining the extent of damage and organize a system for field inspections. 

Other experts were invited to join through the communication channels used in the Zagreb 

earthquake, so early in the morning of the next day, December 29, an organized inspection 

began, and more than 50 engineers came to the field. Unfortunately, a devastating ML6.2 

earthquake occurred at 12:19 p.m. CET, causing 8 fatalities, many injured, but also caught 

some of the civil engineers performing inspections in vulnerable and already damaged 

buildings. Three experts remained trapped under the collapsed roof (Fig. 4). 

   

   

Fig. 4 – Civil engineers caught in the building during the mainshock 
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After the earthquake, all engineers were recalled to reorganize and assess the situation 

before taking further actions related to their emergency mission. In addition, all available 

civil protection and emergency response personnel from across Croatia were immediately 

dispatched to Sisak-Moslavina County to provide assistance. The area affected by this 

earthquake was much larger than by the Zagreb earthquake (Fig. 5.a) and required huge 

capacities which did not exist in the Civil Protection System, but luckily, they came from 

outside the system, more specifically in form of thousands of volunteers.  

Among these volunteers were the CCEE engineers who once again took on the important 

task of assessing the usability of damaged buildings and infrastructure, but this time the 

extent of damage was much higher. In total, more than 1,700 engineers from all over 

Croatia participated in the process of usability assessments (Fig. 5.b).  

    

Fig. 5 – a. affected regions in Croatia and b. residence of the volunteers 

After the earthquakes in Sisak-Moslavina County, since the consequences were that 

significant, CCEE engineers started to get involved in other response activities that 

required civil engineering knowledge which Civil Protection system lacked. 

One of the main activities was the organisation and supervision of the construction of the 

buildings and infrastructure related to direct earthquake relief. Involvement of CCEE in 

these activities started almost immediately after the earthquake when all the relevant 

stakeholders from Civil Protection system recognized that they needed a headquarters for 

next weeks.  

In a very short time, the headquarters was set up in Petrinja and CCEE had their main 

headquarters there also, but due to the size of the affected area and in order to organize and 

distribute the available experts, smaller headquarters were established in Glina, Sisak and 

Zagreb to cover the populated areas better. Citizens were able to report damage by phone, 

email, and through the ArcGIS Survey Poll web form. The total number of valid damage 

reports was about 50,000 (Fig. 6). All damage assessments were entered on the field 

through the Collector for ArcGIS application which was an updated and improved version 

of the one used after the Zagreb earthquake by CCEE. Results were stored in a GIS-based 

database and were immediately visible to the field experts and to the relevant institution. 

Many unexpected difficulties arose in the field during the inspections, such as multiple 

inspection requests, difficult-to-access remote villages with no GSM signal, bad reactions 

from residents (who were unfamiliar with inspection methods) who sometimes came to the 

verge of conflict with the experts conducting the inspections, some residents preferred to 

stay at home even though the building was red-tagged, and a lot of contradictory and 

confusing information appeared in the media. Furthermore, it was a huge challenge to 

adapt a large number of experts into the improvised system, mobilize them through the 

system of the Civil Protection, finance the necessary equipment for engineers (helmets, 
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vests, hammers, stickers, and other), manage donations that could not be handled through 

the faculty system while the CCEE formally had not existed, insure for experts and 

vehicles during operations, etc. In addition, there were about 10 injured engineers and 5 

damaged cars that could not receive proper compensation due to the lack of a system.  

Fig. 6 – Data analysis in the GIS platform after earthquakes in Sisak-Moslavina County(CCEE (2022)) 

It can be stated that Zagreb earthquake had pointed out that it was necessary to 

significantly increase the capacity and systematically organize engineers. However, after 

this earthquake it was more obvious than ever that the country needs a well-established 

system, with clear responsibilities, and the need for a centralised institution which would 

guide the field inspections of damage and usability of buildings. 

It is important to highlight again the fact that the CCEE became recognizable within the 

community and stakeholders, although it formally had not existed. With the establishment 

of the National Civil Protection Headquarters for mitigating the consequences of the 

devastating earthquake (in early January), CCEE participated very actively in a number of 

activities as an essential element in the state system. The created GIS-based database of the 

damage and usability assessment results also became focal point for making several 

decisions on local and national level, e.g. depending on the category of the building 

usability, owners had or did not have rights to get free temporary shelter and 

reconstruction, distribution of food and other supplies, but also to be spared of paying the 

electricity and gas bills, among all decisions.  

It can be stated that these earthquakes in 2020 caused a major change of the earthquake 

risk perception, but also of importance of civil engineering profession and CCEE, in the 

community and among the relevant institutions. Everybody became aware of the 

insufficient capacities for dealing with disasters. The experts that had tried to establish the 

system for years, finally got a chance to do it from scratch, of course with the help of many 

enthusiastic people from different institutions, companies, and local offices. 

3. The Croatian Centre for Earthquake Engineering (CCEE)

3.1. CCEE at the Faculty of Civil Engineering Zagreb 

As already described before, researchers of the FCE-UNIZG took a major part in the 

organisation and were essentially the core of the system for damage and usability 

assessments of buildings after earthquakes in Croatia in 2020. In addition, they participated 

in many other post-earthquake activities aimed at mitigating the earthquake effects such as 

publishing manuals for the retrofit of buildings; organising a workgroup consisting of 
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experts from all fields regarding the main points of the reconstruction plan resulting in the 

basis for development of technical laws and regulations; advising various local and state 

institutions on the reconstruction topics; participating in the damage assessment and 

estimation of reconstruction costs with the World Bank experts for the Croatian 

Government (RDNA), etc. Furthermore, prior to earthquake they have collaborated with 

relevant local and national institutions on the topic of earthquake risk. They authored the 

official Earthquake Risk Assessment for Croatia in collaboration with the Ministry of 

Physical Planning, Construction and State Assets, and the Civil Protection Directorate of 

the Ministry of the Interior and have been conducting the Study on Seismic Risk 

Mitigation in the City of Zagreb for eight years with the EMO. They are also involved in 

MUSAR team within the CPD-MI. 

Few months after the Zagreb earthquake, a process was initiated to build up capacities and 

strengthen earthquake-related activities at the faculty. It was only formalized around a year 

after the Zagreb earthquake in and a few months after earthquakes in Sisak-Moslavina 

County by formation of branch of the faculty named the Croatian Centre for Earthquake 

Engineering. The idea of the branch inside the faculty is to build up research capacities in 

the field of earthquake engineering; educate professionals, intervention teams, civil 

servants and other public sector and business employees in the field of earthquake risk 

mitigation and earthquake engineering and provide support to relevant institutions.  

3.2. CCEE-Intervention Service (CCEE-IS) 

The association CCEE-IS was founded by 40 subjects, out of which 16 were legal entities 

(faculties, chambers and professional associations) and 24 were individuals (prominent 

volunteers who participated in the response to the earthquake). In this way, relevant people 

with knowledge and experience were brought together to ensure the quality of the initial 

development of the association. The CCEE-IS immediately established six branches, 

covering the entire territory of the Republic of Croatia, but also a central branch, that 

serves as a coordinating body, and ensures a balanced and coordinated development of the 

association in all areas. The mission of the CCEE-IS is to provide expert technical 

assistance capable of giving support in the aftermath of any disaster where civil engineers 

are needed, and other activities related to the ultimate goal of the risk mitigation. The 

establishment of the system will ensure the continuous training of engineers as well as the 

acquisition of the necessary equipment to increase the level of preparedness.  

The tasks of CCEE - IS in the response phase are defined according to the activities carried 

out by the members of CCEE -IS after the 2020 earthquakes. The main task of CCEE-IS is 

to conduct the field inspections of damage and usability of buildings. In addition, CCEE -

IS will conduct the preliminary inspections under emergency procedures (emergency 

relocation / emergency response / safety corridors) and organize and supervise the 

construction of buildings and infrastructure for disaster response. 

Due to their importance within the civil protection system, the heads of CCEE -IS are also 

involved in the work of the Civil Protection Headquarters, which coordinates all civil 

protection activities in their area of operation. In addition, CCEE -IS makes its platforms 

and databases, which are extremely valuable and mostly unique, available to all relevant 

institutions that need to use data for their risk management or mitigation activities. It is 

expected that CCEE-IS is going to expand its activities with time and regarding its 

capacities, but also the needs of the Civil Protection System.  

In addition to the operational activities in the response phase, CCEE -IS is dedicated to 

raising awareness of risks (of earthquakes and other hazards) among the population, as 
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well as to connect all experts in the field of earthquake engineering to improve research 

and the profession, mainly through the development of unified methodologies, knowledge 

sharing and digitalization. 

3.3. Future steps 

The earthquakes that struck central Croatia in 2020 have raised general awareness and it 

will now be easier to systematically and comprehensively solve the numerous existing 

problems related to the lack of activities in the prevention phase. Hopefully, the long-term 

strategy will be developed in the future at the level of the Republic of Croatia and also at 

the local levels.  

One of the key steps for future mitigation of the seismic risk is to continue working on the 

establishment of the CCEE platform which will be the frontrunner and will gather 

researchers and professionals dealing with earthquakes to make a strong capacity of 

knowledge and operational force for reaction when a next disaster hits, whether it is an 

earthquake or other type of hazard.  

Currently, CCEE is at its onset, and it is limited by existing demands and current legal 

framework. To fit into existing requirements, each part of the platform is starting to get 

formalized as a standalone organization. On the operational level, inside the Civil 

Protection System, CCEE-IS is formed as a NGO and it is expected to make significant 

progress in establishing the system for the response of the engineers in future disasters. 

On the research level, along with the already formed branch at the University of Zagreb, it 

is expected that similar branches will be formed at other universities. It is also expected 

that more courses and studies dedicated to earthquake engineering will be created, what 

will enhance the education of future civil engineers in earthquake engineering topics.  

On the professional and networking level, the plan is to establish a Network of engineers as 

a communication tool among all the engineers involved in earthquake engineering.  

Those are the three levels or pillars on which the CCEE platform will rise and develop in 

the future. It is important that all the parts form and act without difficulties on their own 

levels and after that, the platform can be formalized as a top coordinating body of all the 

subsidiaries without being confined with legal framework for carrying out all the activities.  

Official web page that was a starting point of the platform will continue to serve as a 

digital and visual counterpart of the platform itself and is currently under construction. It 

will play a significant role in making the CCEE gradually more accessible and with that, 

along with the development of the CCEE itself, a recognizable, respectable and reliable 

institution.  

4. Conclusions

Croatia has many mistakes from the past, mainly lack of earthquake risk mitigation 

activities in the prevention phase, that can be attributed to limited financial sources and 

low earthquake risk awareness. The 2020 earthquakes in Croatia were a clear warning to 

Croatian decision makers and a painful indicator not only for Croatia but also for all 

neighbouring countries. We hope that if another earthquake strikes, we will be prepared 

better. It is crucial to take advantage of this opportunity and the increased awareness of 

society and take measures that were proposed long ago to mitigate the impact of potential 

disasters. The engagement of relevant persons and institutions in the Republic of Croatia 

should be guided by the strategy and vision of natural disaster risk management and focus 
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on seismic measures within an appropriate legal framework and programmes. They should 

primarily aim at raising public awareness to earthquake vulnerability and improving all 

components of community resilience, especially in the preparation and mitigation phases. 

It is impossible to address long-term neglect in a short period of time, but the small steps 

must be taken and finally, the relevant institutions are supporting them. 

With all that in mind, and based on the experience gained in other countries, the Croatian 

Centre for Earthquake Engineering was established. CCEE gathers experts, both practicing 

engineers and researchers, who deal with seismic risk management issues and support and 

advocate the realisation of comprehensive and feasible measures to mitigate the effects of 

earthquake, including international networking and continuous exchange of experience. It 

should also be able to provide assistance to the affected regions and relevant stakeholders 

after the earthquake or other hazards. 

CCEE is built on the three standalone levels that complement each other. The research 

level allows state-of-the art research activities and education, the professional level allows 

for implementation of knowledge, and the operational level allows for giving back to the 

community when it needs it most. 
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Abstract: Communities need to be resilient to minimize direct and indirect losses due to 
earthquakes. To develop and compare effective resilience improvement measures, tools that 
quantify community earthquake resilience are needed. The iRe-CoDeS framework 
quantifies resilience by monitoring the post-disaster supply, demand and consumption of a 
community, viewed as a system-of-interdependent-systems, for various resources and 
services. Lack of Resilience is defined as the unmet demand of a community for a certain 
resource or service during the recovery period. This study illustrates the application of the 
iRe-CoDeS framework to quantify housing resilience of Kraljevo, Serbia, following the 
M5.4 2010 earthquake. Furthermore, damage prediction models are updated using the early 
arriving inspection data and the effect of updated damage assessment on the estimated 
resilience metrics is studied. Resilience quantification results obtained using the iRe-CoDeS 
model are compared to data collected after the event to validate the proposed resilience 
quantification model. 

Keywords: housing, recovery, iRe-CoDeS, regional simulations 

1. Introduction 

Aging infrastructure, urbanization and the increasing value of assets in disaster-prone 
regions are increasing disaster risk worldwide. To reduce the potential impact of disasters 
on communities, numerous institutions are advocating for an increase in disaster resilience 
of communities (EERI, 2016; PPD-8, 2011; UN, 2015). In the past two decades 
researchers have been developing tools and methods that could guide the efforts towards 
disaster resilient communities (e.g. NIST, 2016). One of the crucial steps in this direction 
is resilience quantification. Most of the scientific community adopted the swoosh-shaped 
curve, representing the immediate post-disaster drop and the subsequent recovery in the 
performance of a system, as the appropriate way to measure disaster resilience (Bruneau et 
al., 2003). The Re-CoDeS framework uses the community-level supply and demand for 
resources and services to measure system performance over time after a disaster and 
quantify disaster resilience (Didier et al., 2018). This study shows how such a resilience 
quantification framework is applied to quantify housing resilience of the Kraljevo region 
following the 2010 earthquake. Furthermore, inspection data obtained in the first few days 
after the event is used to update the pre-disaster damage prediction and recovery model 
(Blagojević et al., 2022a; Bodenmann et al., 2022). The results are then compared with the 
post-event data to validate the resilience quantification model. 
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2. iRe-CoDeS resilience quantification framework

This paper employs a recovery and resilience quantification model developed using the 
iRe-CoDeS framework, an extension of the Re-CoDeS framework that accounts for 
component interdependencies. In the iRe-CoDeS framework, a community is discretized 
into components belonging to various interdependent systems (Blagojević et al., 2021a). 
Each component can supply and/or demand resources and services (R/Ss). During the 
recovery period components’ supply and demand values change as it experiences damage 
caused by a disaster and recovers from it. At each time step of the recovery period, R/Ss 
are distributed among components as defined in the system R/S distribution model. R/S 
distribution allows the calculation of R/S consumption, accounting for the state of the 
distribution networks, component prioritization and technical and physical laws governing 
the R/S distribution. Additionally, components whose demand is not met at a time step are 
not operational and thus, their supply capacity is reduced, capturing the interdependency 
effects. The iRe-CoDeS framework is extended to capture R/S constraints related to 
component recovery by introducing component’s recovery demand (Blagojević et al., 
2021b; Blagojević & Stojadinović, 2022). Community-level supply, demand and 
consumption for all considered R/Ss is obtained by aggregating component-level values. 
Then, community’s Lack of Resilience (LoR) is calculated as the difference between the 
community’s demand and consumption over the entire recovery period (Blagojević et al., 
2021a) or at certain post-disaster time steps (Blagojević et al., 2022b). 

3. Case Study: 2010 M5.4 Kraljevo Earthquake

The city of Kraljevo was struck by a M5.4 earthquake on November 3, 2010 (Antonijević 
et al., 2013), damaging around 16,000 houses and 8,500 multi-family dwellings (RTS, 
2011). 462 single-family houses experienced complete damage and were replaced, while 
around 20% of single-family houses that experienced moderate to major structural damage 
were evacuated. This Case Study employs a probabilistic iRe-CoDeS recovery model to 
simulate housing recovery following the 2010 Kraljevo earthquake.  

The recovery model employed in this study considers around 57,500 buildings 
located in the Kraljevo region. The geolocation, plan area and building density (defined as 
the number of buildings within one km distance from the considered building) was 
obtained from the GIS data provided by the City of Kraljevo (City of Kraljevo, 2022). A 
sequential Gaussian Process model is then used to estimate the remaining required building 
information, such as number of storeys, occupancy and construction type, based on a 
training set of 1,600 buildings, created by the authors relying on expert opinion and Google 
Street View (Anguelov et al., 2010). Building population is estimated by distributing 
municipality-level population, available in GIS format, to the individual residential 
buildings based on their footprint area multiplied by the number of stories. These values 
are then used to estimate buildings’ supply and demand for housing. 

Ground motion and spatial correlation models (Akkar et al., 2014; Esposito & 
Iervolino, 2011) were used to generate spatial distribution of intensity measures for the 
considered earthquake. Fragility curves, proposed in the European Seismic Risk Model 
(Crowley et al., 2021), are employed to estimate building damage state probabilities. A 
recovery model developed within the iRe-CoDeS framework is then used to simulate the 
recovery of damaged buildings, considering community-level resource and service 
constraints. All the inhabitants of completely (DS4) damaged residential buildings and 
20% of the inhabitants of the extensively (DS3) damaged residential buildings are assumed 
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to have vacated their houses, thus these buildings do not have housing supply capacity 
until repaired. 

 Hazard intensity measure (Fig. 1) and the ESRM-based damage predictions (Fig. 2) 
are updated using the inspection data collected for around 600 damaged houses following 
the method proposed by Bodenmann et al. (Bodenmann et al., 2022). Updated damage 
predictions are subsequently used to generate updated housing recovery estimates. Apart 
from the ESRM-based damaged prediction model, labelled as Initial Damage (ID) model, 
and the updated ESRM damage prediction model, labelled Updated Damage (UD) model, 
recovery results obtained for the Reported Damage (RD) model are presented. The RD 
model assigns initial damage to all considered buildings such that on a regional level the 
number of damaged buildings corresponds to the reported damage data. The resilience 
quantification results for all three models are compared and discussed. Further details 
regarding the exposure, hazard, vulnerability and recovery models can be found in 
(Blagojević et al., 2022a).  

 

Fig. 1 - Updated map of median peak ground acceleration (PGA) for the 2010 Kraljevo earthquake (a), where 
dots indicate the locations of inspected buildings visible in the zoomed rectangular (b). The updated marginal 
distribution of PGA at site S (c) is compared to the pre-updated ground motion model results. (Blagojević et 

al., 2022a) 
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Fig. 2 - Frequency histograms for the predicted number of slightly (a), moderately (b), extensively (c) and 
completely (d) damaged single-family houses, compared to reported values for the Kraljevo municipality. 
Updated predictions are based on inspection results from about 600 damaged buildings (Blagojević et al., 

2022a) 

4. Housing Resilience Quantification Results and Validation 

Figure 3 presents the post-earthquake housing supply capacity normalized with respect to 
the total pre-disaster housing supply of the Kraljevo region (i.e., the total number of people 
living in the region) of about 123,000. Solid lines represent median values, while dashed 
lines delimit the 90% credible interval, estimated based on 100 realizations of the 
probabilistic recovery model. Uncertainty in the results is due to the uncertainties 
contained in the hazard and vulnerability models, and in the time needed to overcome 
impeding factors and repair damaged buildings (Blagojević et al., 2022a). 

 The predicted initial drop in housing supply is a result of damaged residential 
buildings that were declared unsafe and had to be vacated. Reported estimates on the 
number of displaced people in the immediate aftermath range from about 722 (UN, 2011) 
to the upper-bound estimate of 8,000 (IFRC, 2010). Furthermore, engineers involved in the 
recovery of Kraljevo estimated that around 1000 people were displaced. RD model 
estimates that about 1,150 people, or about 0.93% of total population, vacated their houses 
in the immediate aftermath, with the 90% credible interval spanning from 970 to 1,350. 
These estimates match the information reported by UN and Kraljevo engineers with good 
accuracy. As the ID model underestimates the number of DS3 and DS4 buildings (Figure 
2) compared to the reported data, the median displaced population predicted by the ID 
model is only about 450. However, the uncertainties are high: the bounds of the 90% 
credible interval are from 50 to 4,100 people. The UD model overpredicts the number of 
DS4 buildings, resulting in a higher estimate of displaced population: median value is 
3,430 and the credible interval bounds span from 1882 to 5,523. While the ID model was 
closer to the lower-bound validation data than the UD model, the uncertainty of the UD 
model was slightly smaller.  

 As the recovery progressed, damaged houses were repaired and their housing 
supply increased. Two years after the event no people were housed in temporary shelter 
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(RTS, 2012). Housing supply estimated using all three recovery models predicts that after 
2 years (730 days) less than 0.04% or about 50 people are displaced, providing a good 
agreement with the reported data. 

Fig. 3 – Post-earthquake housing supply in the Kraljevo region normalized by the total population predicted 
using the Initial Damage (ID), Updated Damage (UD) and Reported Damage (RD) model. 

5. Conclusion

Recovery modelling and resilience quantification tools are necessary for disaster resilience 
planning and implementation. Such tools are still being developed; hence their validation is 
crucial for their future practical application. In this study, the iRe-CoDeS model is used to 
simulate the recovery following the 2010 Kraljevo earthquake. Recovery model 
predictions are updated using the inspection data that becomes available in the first few 
days after the event. Housing resilience quantification results are then compared to the 
reported data. Results indicate that at this stage such models can provide fairly accurate 
estimates on the number of displaced people in the immediate aftermath. Additionally, 
recovery models estimated the time needed to repair the unsafe houses with good accuracy. 
However, further research is needed to validate the proposed recovery models on 
additional Case Studies and decrease resilience quantification uncertainty.  
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Abstract: This paper reports the main experimental results of a series of experimental tests 

performed at University of Trento by means of the hybrid simulation technique. The testing 

specimen is a single storey braced frame, part of a six-floors structure, endowed with DRBrC 

components. Such components are designed in order to protect the remaining parts of the 

frame, i.e. columns, beams and braces. After a brief introduction on the dissipative 

component, the hybrid simulation framework employed for carrying out the tests is presented. 

The main results of the hybrid tests are then shown for the near collapse limit state test 

performed on the frame endowed with mild steel components. The favourable performance 

of the frame and the connection are highlighted. Finally, the mild steel components and the 

HSS components are compared in terms axial force-displacement diagrams. The hysteretic 

behaviour of the connections reveals that no actual benefit could be achieved by employing 

HSS in fabricating DRBrC boxes. 

Keywords: structural resilience, steel frames, dissipative connection, replaceability, hybrid 

tests 

1. Introduction 

Braced frames are a popular structural solution for steel buildings, especially when these rise 

in seismic areas. According to capacity design, such frames shall be designed to concentrate 

damage in the braces, which are non-necessary elements for withstanding vertical gravity 

loads. Thanks to this strategy, it is possible to avoid structural collapses that would be 

triggered from the damage of other elements, e.g. the columns. Nevertheless, it is still 

considerably expensive and operatively cumbersome to replace the whole bracing elements 

after undergoing severe damages due to earthquake events. Because of this, wide research 

activity has been carried out in order to provide repairability to steel buildings, by means of 

easily replaceable dissipative components (Kanyilmaz et al. (2019), Valente et al. (2016 and 

2017)). RFCS-Dissipable, is a European funded research project, that aimed to test real steel 

structures equipped with such components, under 

the earthquake load. With respect to braced 

frames, a particular dissipative replaceable brace 

connection (DRBrC), depicted in Figure 1, was 

conceived for locating damage into a pin 

supported by plates forming a box. This element is 

designed to protect the remaining parts of the 

frame and to be replaced after the occurrence of a 

seismic event causing the yielding of the pin. 

Moreover, in order to investigate the possible 

benefits of composing the supporting boxes with 

high strength steel (HSS) plates, the same tests Figure 1 - DRBrC connection 
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were conducted both for mild steel (S355) and HSS (S460) supporting boxes, while the pin, 

being the fuse element, was made in steel S235 for both cases. The objective of this work is 

to present the main results of an experimental campaign performed by UNITN on full scale 

braced frames endowed with DRBrC components both with mild steel and HSS components. 

2. Hybrid test framework 

Within the Dissipable project, a series of experimental hybrid tests were carried out at 

LPMS-Trento on a steel frame endowed with DRBrC components, aiming to investigate the 

behaviour of both the frame and the components under the seismic loading. In particular, 

three tests for each steel grade of supporting boxes were performed in increasing order of 

intensity, according to European standards, namely Damage Limitation (DL), Significant 

Damage (SD) and Near Collapse (NC) limit states. The components were replaced between 

SD and NC tests. Given that no damage was detected in the remaining parts of the frame 

even after NC test, such parts were employed both for mild steel and the HSS specimens. 

With respect to the hybrid test methodology, the tests were conducted by means of a 

partitioned algorithm based on the finite element tearing and interconnecting (FETI) method 

(Farhat et al. (1991)). The spatial domain is partitioned into totally disconnected subdomains 

and Lagrange multipliers are introduced to enforce compatibility at the interface nodes. The 

method consists in solving separately the subdomains getting the free solutions and then 

imposing the continuity constrain on the interface boundary. A particular FETI algorithm, 

the G-α algorithm described by Abbiati et al. (2019), was employed for the tests. The pilot 

buildings were tested by means of heterogeneous (numerical/physical) simulation based on 

dynamic sub-structuring. The issues related to the sub-structuring technique were widely 

studied in a previous work (Giuliani et al. 2020). The physical substructure (PS) was 

experimentally tested by means of a hydraulic actuator, whose displacement was 

numerically controlled by a target PC, on which the numerical substructure (NS) was 

simulated. The tests performed were hybrid pseudo-dynamic tests, in which the mass 

contributions are numerically simulated for both PS and NS. Therefore, to avoid the effect 

of the structural mass inertia, a large testing time scaling factor λ was used to decrease 

physical velocities and accelerations. 

3. Test configuration and experimental setup 

A schematic representation of the hybrid test simulation is depicted in Figure 2. As shown, 

the testing specimen, which constituted the physical substructure (PS), was the first floor of 

the frame, while the remaining floors were included in the numerical substructure (NS). 

 

 Figure 2 - Hybrid Test Configuration of DRBrC frame 
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The physical part is composed of three columns, two beams and two braces for the left span. 

The dissipative DRBrC components are located at the braces ends, as illustrated in Figure 2. 

The hydraulic actuator was attached to the braced span rather than the unconstrained span, 

for avoiding any gap in the transmission of forces to the fuses. As shown in Figure 3a, in 

order to measure axial forces, strain gauges were applied at the end of braces in couples, for 

then averaging the measurements and account for any out-of-plane deformations that could 

introduce non-symmetries in the strain field of the instrumented sections. Moreover, 

displacement transducers were also installed on both the sides of DRBrC connections, as 

depicted in Figure 3b. 

 
 

a) b) 

Figure 3 - Connections instrumentation: a) strain gauge, b) displacement transducers 

As for all the other connections, also the columns bases 

were considered as hinges in the computational model 

built for performing hybrid tests. Clearly, such 

connections have a certain degree of rotational stiffness, 

introduced by the bolts working in tension and the width 

of the column base section supported by the base plate. 

Here, for measuring residual bending components, two 

couples of strain gauges were adopted to instrument the 

base column sections, see Figure 4. The chord rotation was 

estimated as the ratio between the horizontal storey 

displacement and the column height, in order to evaluate 

the bending stiffness of the column bases. After some 

preliminary cyclic tests performed on the frame, the base 

columns bending stiffness was estimated to be 14836 

kNm/rad. This stiffness value was included in both the 

reference model and the algorithm stiffness matrix 

necessary for running the hybrid tests. Furthermore, the 

same preliminary cyclic tests, highlighted the presence of 

a gap tolerance between the pin and the plates of the DRBrC components. For a consistent 

behaviour between the PS and NS, a gap-like constitutive law was implemented and 

introduced in series to the Pinching4 constitutive law (see Giuliani et al. (2020)) of all the 

NS connections and adopted throughout all the hybrid tests. 

 

Figure 4 - Base column 

instrumentation: strain gauges 
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4. Hybrid test results 

This paragraph reports the results of the NC limit state test, performed on the frame endowed 

with mild steel components, highlighting the comparison with the reference model built in 

Opensees. The suitability of the testing technique to reproduce reliable results is therefore 

underlined. Figure 5 show the test results in terms of force of the actuators compared with the 

Opensees reference model, denoting a satisfactory comparison between the two time history 

responses. 

 

Figure 5 - Actuator displacement and force as output from the algorithm 

  

a) b) 

Figure 6 - Base shear vs. 1st floor displacement (a) and experimental axial force-displacement diagrams (b) 

Figure 6a shows instead the comparison in terms of Base Shear vs. 1st Floor Displacement 

between the hybrid test and the OpenSees reference model. The graphs are superimposed with 

the pushover curve of the structure obtained from the reference model. Clearly, the yield limit is 

widely exceeded, approaching the third branch 

of the pushover curve, which highlights that 

the structure was subjected to large plastic 

deformations. Figure 6b depicts the axial 

force-displacement diagram of connection 

number 1 in the test specimen, highlighting a 

remarkable nonlinear behaviour and a 

significant dissipation capability of the DRBrC 

component. A significant pinching effect was 

detected in the hysteretic cycle of the physical 

DRBrC component, which is due to the 

ovalization of the holes and the gap clearance. 

Figure 7 reports the pictures of connection 
Figure 7 – Connection 1 during frame peak response 
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number 1 during the NC peak response of the 

frame. As described in the previous 

paragraphs, the column bases were 

instrumented in order to estimate the column 

bending moments. The related moment-

rotation diagram is depicted in Figure 8, 

which shows a linear behaviour, highlighting 

that the irreplaceable parts were efficiently 

protected by the DRBrC fuses. 

5. HSS Components 

Within the Dissipable project, the potential 

benefits of employing High Strength Steel in the components fabrication was investigated. 

In particular, numerical analyses proved that no actual benefit can be given by realizing the 

pin with a high tensile strength, since it constitutes the dissipative element. Therefore, the 

box plates are chosen to be composed of HSS, to evaluate the possible benefits obtained 

from the reduction of the hole bearing and ovalization, as the reduction of the pinching effect 

in the hysteretic behavior of the DRBrC components. Nevertheless, such benefits were not 

observed in the hybrid tests performed by UNITN. For the test campaign, a steel grade S460 

was employed for the box plates. Same accelerograms of the DRBrC mild steel tests were 

adopted in order to obtain a consistent comparison of the experimental tests outcomes. Note 

that the same numerical model was used for both the mild and HSS cases and the same 

periods were obtained for the two structures. Moreover, the same test configuration of the 

mild steel frame tests was employed for the HSS frame tests. Figure 9 shows the comparison 

between mild steel and HSS DRBrC connection number 1 in terms of axial force-

displacement diagrams, obtained from the 

NC tests. Note that, each component had a 

different gap value owing to the tolerance 

between the hole and the pin, which is 

considered to be the main reason for the 

difference in the axial force-displacement 

diagrams between the two types of 

connection. As a conclusion, at least for the 

ground motion intensities examined in this 

experimental campaign, no significant 

improvements or differences are found in the 

behaviour of DRBrC HSS components with 

respect to DRBrC mild steel components. 

6. Conclusions 

The pseudodynamic hybrid tests performed on the frame equipped with DRBrC components 

provided a comprehensive and detailed information on its nonlinear behaviour under 

earthquake loads. The nonlinear behaviour under natural earthquake accelerograms was 

tested and it was possible to analyse the entire frame including the five floors above in the 

numerical substructure, while keeping the physical substructure in full-scale. Preliminary 

cyclic tests highlighted the existence of a gap between the hole and the pin in the DRBrC 

component, that increased the pinching effect in the hysteretic behaviour. Nevertheless, a 

large and stable hysteretic capability of the DRBrC component was noticed for the NC tests. 

Figure 9 - Superposition of Mild Steel and HSS 

DRBrC axial Force-Displacement diagrams 

Figure 8 - Base columns Moment-Rotation 

diagrams (a) and node equilibrium 
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The irreplaceable members of the frame did not experience damage and this was an 

important outcome of the tests. Indeed, damage was instead confined into the dissipative 

replaceable connections. Particular attention was given to the column bases that did not 

exhibit plastic deformation even at NC limit state test. Finally, at least for the ground motion 

intensities examined in this experimental campaign, no significant improvements or 

differences were found in the structural performance of HSS DRBrC components with 

respect to DRBrC mild steel components. 
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Abstract: An educational community represents the number of local communities from its 
catchment area along with itself. The practice of using school infrastructures as temporary 
shelters after the disaster is common globally. The resilience of educational communities, as 
a response to natural and man-made hazards, requires the safety and protection being 
gradually built towards resilience enhancement. Pre- and post-disaster management efforts 
usually focus on the sustainability of school infrastructure and policies targeting shelter, 
recovery, and reconstruction. Community preparedness in dealing with shocks and stresses is 
related to this synergy. Towards this goal, community resilience should be assessed through 
a multidisciplinary, participatory, and critical approach. A methodology has been developed 
on a bottom-up inclusion of all major contingents and stakeholders of educational 
communities in developing countries such as students and parents, teachers, headteachers, and 
school management committees. Mobile and web applications have been used for the survey 
and result dissemination to the community and policymakers. A Survey of educational 
community resilience of 15 school communities has been concluded in Namobuddha 
municipality, Nepal. This paper presents the first results of the survey and the effectiveness 
of educational resilience self-assessment using smart tools, while the survey campaign is 
ongoing. 

Keywords: Seismic resilience, educational community resilience, disaster preparedness, 
smart tools 

1. Introduction  

Understanding and prioritizing the risk policy to achieve the sustainable development goals 
are enhanced through several efforts at national and international levels, like Sendai 
Framework for Disaster Risk Reduction (SFDRR) which sets agendas on Disaster Risk 
Reduction (DRR) (United Nations, 2015). The comprehensive School Safety (CSS) 
framework has been prepared in line with the SFDRR incorporating school disaster 
management and risk reduction and resilience education along with safe learning facilities 
(UNDRR, 2017). Nepal had signed on the SFDRR and followed the path set by the 
document, and has been implementing the policy through guidelines and strategies locally 
in 2019 (Government of Nepal, 2019b, 2019a). Infrastructure resilience of network of school 
facilities is introduced through the Safer and Resilient School Program coordinated by the 
World Bank, however, social resilience is not considered (International Finance Corporation 
(IFC), 2010; World Bank, 2019). 
The resilience of a system, community, or individual focuses on its ability to cope with 
shocks and stresses in multiple disciplines (Allan & Bryant, 2014; Kilanitis & Sextos, 2018). 
Along these lines, the multidisciplinary research project “Seismic Safety and Resilience of 
Schools in Nepal” (www.safernepal.net) funded by EPSRC, UK responded to the structural 
and social needs of the educational communities in Nepal to enhance the resilience of 
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schools. The project contributes towards community preparedness by studying soil 
stratification (Gilder et al., 2020), seismic hazards (Pokhrel et al., 2019), vulnerability of 
school buildings (Giordano et al., 2020), low-cost seismic isolation, and retrofit techniques 
(Tsiavos et al., 2021), and quantification of educational community resilience framework 
(Parajuli et al., 2020). A mobile app and the corresponding GIS-based, webapp have been 
prepared and used across Nepal to assess both the (a) structural integrity and safety as well 
as (b) educational community resilience. Structural health of school buildings for the cases 
of pre- and post-event of disaster, mainly focusing on earthquake are also evaluated. The 
mobile app, designed to facilitate the data collection, uses background algorithms in line 
with the FEMA (Federal Emergency Management Agency (FEMA), 2015) and ASCE/SEI  
(American Society of Civil Engineers (ASCE), 2017) guidelines for the structural 
assessment thus evaluating the overall condition with a quantified score that effectively 
reflects the relevant probability of collapse.  
As a key concept to human welfare, community resilience pertains to every aspect of human 
existence (psychological, physical, social, financial, and environmental). It results from the 
synergy among society, infrastructure, economy, and environment within the geographical 
limits of a specific area. This paper focuses on the educational community which comprises 
users of the school and the local residents who are directly or indirectly associated with the 
schools. Understanding risk and preparedness at the community level highly depends on the 
risk perception and awareness, which is lacking in developing countries, to act properly 
during the disaster event (Parajuli, 2020). For resilience assessment, the use of online tools 
and participatory methods are better to collect the independent views and ground reality of 
the community which also helps in raising awareness and preparedness (Annette et al., 2018; 
Cui & Han, 2019; Edwards et al., 2021; Khazai et al., 2018). Hence, participatory methods, 
assuring representation of all stakeholders from the educational community in disaster drills, 
risk mapping, evacuation planning, etc. would better help in understanding risk, 
preparedness and response. A framework and smart tool, SCORE (School Community 
REsilience) has been proposed for the self-assessment of educational community resilience 
for developing countries (Parajuli et al., 2020). SCORE uses different fourteen indicators to 
assess the resilience of the educational community under four dimensions (governance and 
funding, school curriculum, school community, and infrastructure and environment) as 
shown in Table 1. Such a method and tool can be used to gather the evidence of risk 
understanding and preparedness from the local level which is key in disaster risk 
management (Alexander, 2021; Saja et al., 2021).  

Table 1 - Dimensions and indicators used in school community resilience assessment 
Dimension Indicator 

Governance and funding 

I1. Hazard awareness and integration 
I2. Preparedness and training 
I3. Resources (human & financial) 
I4. Governance 

School curriculum I5. Hazard education and awareness 
I6. Richness and diversity 

School community 

I7. Local culture 
I8. Social cohesion 
I9. Health and well-being 
I14. Socio-economic state 

Infrastructure and environment 

I10. Ecosystem and environment 
I11. Access and use 
I12. Non-structural health (services) 
I13. Structural health 
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This study briefly describes the scenario in the community, resilience indicator scores of the 
study area. The purpose of this paper is to present the result of resilience of educational 
communities using smart tools along with the discussion on several aspects of using such 
tools for self-assessment. 

1.1. Study area 

Nepal, a Himalayan country situated along the boundary of Eurasian and Indian plates, was 
recently hit by Gorkha Earthquake 2015 that claimed nearly 9000 lives which is the deadliest 
earthquake after the 1935 Nepal-Bihar earthquake (Parajuli & Kiyono, 2015). It hardly hit 
the central and eastern parts of the country. National Planning Commission of Nepal had 
categorized affected districts in severe, moderate, and none (Government of Nepal, 2015). 
Study area, Namobuddha municipality is located in Kavrepalanchok district, a severely 
affected district by the Gorkha Earthquake 2015. A total of fifteen secondary school 
communities within the administrative area of the municipality are assessed using smart 
tools. Figure 1 shows the location of the study area. 

 
Figure 1 Study area showing in map of Nepal 

1.2. Smart tools for community resilience assessment 

The dedicated mobile app and webapp are the smart tools developed to collect, analyze, 
visualize data and disseminate results to the corresponding stakeholders. Participation of 
end-users, decision- and policy-makers alike are arranged in the smart tools. Different layers 
of users can be registered to access the data where privacy and data protection are considered 
with top priority. Mobile and webapp both are designed for two sections where one is 
dedicated to structural health/condition assessment and the other is community resilience 
assessment. Specific knowledge of structural engineering is required to use the structural 
assessment, however, no specific knowledge is required for conducting community 
resilience, and both can be used independently or jointly. The major objective of designing 
the community resilience assessment tool in such a manner is to develop the tool as a self-
assessment tool. Community resilience assessment can be easily done by the school 
community with the help of simple guidelines. The mobile app can be downloaded from the 
google play store (https://play.google.com/store/apps/details?id=uk.ac.bristol.rit.safer). This 
tool is now dedicated to Nepal and Malawi and will be available soon for use on a global 
scale.  
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Community resilience self-assessment can be done using smart tools where two stages of 
the process have to be followed. First, registration of the school has to be done which will 
provide the stakeholder's code to use in the second stage. The registration part will collect 
the basic information of the school and community including hazards in the locality, and it 
can be done by any representative of the school or local government officer if designated to 
do so. The second part of the assessment includes the tailored questionnaire for the 
stakeholders from the community, where Headteacher, School Management Committee 
(SMC) representative, Teachers, Students, and Parents will respond to the questions 
designed for them. It will collect the major stakeholders’ experience, knowledge, and 
preparedness associated with several aspects of the community contributing to different 
resilience indicators. Agarwal et. Al. 2022 provides information on the design of the 
questionnaire, their quantification, and algorithm to process the indicator and overall index. 
The webapp is designed to analyze and visualize the data and to send back the feedback and 
result to the related authority who has been assigned to receive the report. Statistics of the 
data in different administrative levels, or a single community, results of different indicators 
score on the map can be seen in just clicks, where the graphs and maps can be generated as 
required. It also generates the automated feedback report, based on the result from the 
assessment. Results and the screenshots of results from webapp are presented in section 3. 

2. Methodology and data collection

This study uses the smart tools of a mobile app and the webapp to collect the data and process 
the result. A local team has mobilized to collect the data from school communities. A smart 
tool (mobile app) was used to collect the data, engineers with knowledge of structural 
engineering were assigned to assess the structural condition assessment of school buildings, 
and the persons without having specific knowledge were mobilized to collect data from 
community members (all stakeholders). Users of the mobile app were registered before 
sending the data to the server. The server is being maintained by the University of Bristol. 
A total of 271 participants contributed through the questionnaire from 15 school 
communities. Fifteen Headteachers, 15 SMC chairman/members, 60 teachers, 121 students, 
and 60 parents have participated in the assessment. After the data collection, an automated 
report with the result has been disseminated to the corresponding stakeholders. 

3. Results

Educational community resilience indices of all schools are analyzed using the SCORE 
algorithm. The average overall score of the schools found 57.7 with a standard deviation of 
3.9. Average values of resilience indicator 39.4 for preparedness and training to the 
maximum of 81.5 for social cohesion. The average, mean, and standard deviation of the 
indicator scores are shown in Table 2.  All scores, including overall (represented by I00 in 
the figure) and indicator scores of all 15 school communities (S01-S15) are shown in Figure 
2. Green and red bars represent the score above and below the average score of that indicator
for that school community.
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Figure 2 Overall score (I00) and fourteen indicators (I01-I14) for all school communities (S01-S15) 
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Table 2 Average and standard deviation of indicator scores of fifteen school communities in study area 

Variables/Indicators I1 I2 I3 I4 I5 I6 I7 

Mean 55.7 39.4 72.9 72.4 63.4 68.8 67.5 

SD 13.5 10.2 6.4 10.3 11.6 6.6 4.7 

Variables/Indicators I8 I9 I10 I11 I12 I13 I14 

Mean 81.5 60.7 61.8 46.0 59.1 56.4 60.6 
SD 5.3 5.7 3.6 5.7 7.1 6.2 5.1 

 
3.1. Result visualization in the webapp 

Results of the overall indicators and indicator scores represented in the previous sections can be 
seen in the webapp, on the map. There is a dropdown menu to select a range of a single school 
to the national level, which provides the radar image of the indicator scores and the overall score. 
Whereas colored dots can be seen in the map for overall scores and any indicator scores of 
interest on the map as shown in Figure 3. 

  

4. Discussion 

Data collection using smart tools like a mobile app is efficient from every aspect of the 
assessment. Completeness of data, reliability, anonymity of the participant can also be achieved 
easily. Paper-based questionnaires were used in the previous phase of the study when the 
framework for the quantification is being developed. Participants were hesitant to provide the 
actual responses with their perception and knowledge due to fear of lack of anonymity. Some 

Figure 3 Screenshots from the webapp showing (a) Overall score (I00), (b) Hazard awareness and 
integration (I01), (c) Non-structural health (I12), and (d) Structural health (I13) of the study area 

(a) (b) 

(c) (d) 
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participants skipped several questions intentionally to complete the survey faster. Those 
problems are overcome by the use of a mobile app. Every question has to be answered to proceed 
further, hence skipping by intent is not possible. However, outliers could be there who randomly 
answer the questions and choose the wrong options knowingly. Maximizing the number of 
participants will minimize the effect of such outliers. Hence, data collection using smart tools is 
very effective. 
Data analysis and results can be done swiftly using webapp, which drastically reduces the time 
of data processing. Uploaded data from the mobile app to the server automatically calculate and 
update the results for the community. Webapp can also be used to check the number of data 
received and the corresponding results. Results can be seen on the map, spider charts, or any 
other diagrams for a single school community or the municipality or district or province, or at 
the national level. Different other maps can also be overlaid and compare the resilience 
indicators. For example, a map of the impact of the Gorkha Earthquake 2015 can be compared 
with several indicators on a national scale; the socio-economic condition of the areas can also be 
compared spatially with relevant resilience indicators. Results and data visualization are very 
effective using webapp which help with policy and decision making. 
The mobile app can be used offline as it stores data on the device temporarily and it can be 
sent to the server when connected to the internet, hence such tools can be used anywhere 
even though the internet connection is not available. One can share the same device with 
multiple participants of individuals could do it on their own, downloading the app on their 
device from the internet that provides the flexibility on using the tool.  

5. Conclusions  

Smart tools on the self-assessment of community resilience and other purposes are found 
very effective from several perspectives. These tools have flexibility and ease of use that 
helps to use in self-assessment where no specific knowledge/people is required to perform 
the assessment. Swift data processing and result visualization inform the policy and decision-
makers in nearly real-time. Educational communities can easily perform the self-assessment 
of resilience in a regular frequency with a very limited time and budget. Progress on the 
resilience indicators and impact of updated policies, projects can be monitored effectively 
and acted upon to improve resilience. Any level of government can conduct such activity in 
the school communities within their administrative region in a limited resource and time to 
monitor or update the policy. Hence, using smart tools in resilience assessment is very 
efficient. 
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Abstract: An extreme mainshock can trigger a series of aftershocks leading to additional 

structural damage. The inelastic displacement ratio is a typical index used to predict the 

maximum inelastic displacement demand from the maximum elastic displacement. In this 

paper, this ratio is combined with the aftershocks’ occurrence probability during a specific 

time interval following a mainshock to propose a novel, more reliable index to estimate 

inelastic displacement demand. The proposed methodology integrates the deterministic 

conventional spectra and the aftershocks occurrence probability to introduce a reliable and 

efficient inelastic index to predict the maximum inelastic displacement of structures 

schematized as SDOF systems subjected to succeeding aftershocks. The presented spectra 

appear to be a promising and useful tool for the post-earthquake assessment of structures. 

Keywords: Multiple aftershocks, Daily rate of aftershocks, Inelastic displacement ratio, 

Constant-strength spectra, Post-earthquake structural assessment 

1. Introduction 

An extreme mainshock can trigger a series of aftershocks during a short period of time 

increasing thereby potential for structural and non-structural damage. Several major 

sequential earthquakes caused deadly and costly disasters over the past decades. One of the 

most striking observations in this regard is related to the moment magnitude (Mw) 9.0 

Tohoku earthquake that struck Japan in 2011. Numerous aftershocks took place within 

three months of the main event, namely five aftershocks with Mw ≥ 7.0, 82 aftershocks with 

Mw ≥ 6.0, and 506 aftershocks with Mw 5.0 or higher. Around 15,782 deaths, 128,530 fully 

destroyed and 240,332 half-destroyed houses have been attributed to the combined actions 

of the main earthquake, aftershocks and associated tsunami (Kazama and Noda, 2012). In 

2015, the Mw 7.8 Gorkha earthquake hit Nepal triggering numerous strong aftershocks with 

moment magnitudes between 6.5 and 7.3. According to the government of Nepal, the 

seismic sequences led to collapse of 498,852 residential buildings and damaged 256,697 

residential buildings (Gautam and Chaulagain, 2016). Other examples of recent devastating 

sequential earthquakes are the 2016 Central Italy earthquake and the 2017 Kermanshah 

earthquake in Iran, which induced major structural and non-structural damage (Babaie et 

al., 2018; Durante et al., 2018).  

The above-mentioned events and their consequences clearly demonstrate that the effects of 

aftershocks need to be considered in the seismic design and evaluation of structures. This 

is particularly important to quantify properly the seismic resilience of structures, whose 

seismic response can be significantly affected by the mainshock-aftershock sequences. For 

such structures, the estimation of the number of probable subsequent aftershocks and their 

potential to exacerbate the damage during a particular time interval after an extreme 

mainshock is crucial. 
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Several past studies have examined the seismic performance of structures under sequential 

ground motions, using SDOF system representation (Goda and Taylor, 2012; Wen et al. 

2018; Amiri and Bojórquez 2019; Di Sarno and Amiri 2019; Amiri et al. 2021), and 

MDOF system representation (Ruiz-García and Negrete-Manriquez, 2011; Raghunandan et 

al., 2015; Shokrabadi and Burton, 2018; Di Sarno and Wu, 2021; Kalateh-Ahani and Amiri 

2021). Inelastic displacement ratio, defined as a ratio between the maximum inelastic 

displacement and the maximum elastic displacement of structures, has been studied by 

many researchers (e.g. Ruiz‐García and Miranda, 2003; Iervolino et al., 2012; Durucan and 

Dicleli, 2015; Yaghmaei-Sabegh et al., 2020). Few studies also addressed this ratio under 

multiple earthquakes (Hatzigeorgiou and Beskos, 2009; Zhai et al., 2015), but no research 

has been conducted so far to assess the inelastic displacement ratio under mainshock-

aftershock sequences considering the occurrence probability of multiple aftershocks after a 

mainshock. The decision-making process regarding the behaviour of mainshock-damaged 

structures under subsequent aftershocks is a challenging task. Incorporating the probability 

of occurrence of aftershocks following the mainshock into inelastic conventional spectra is 

preferred to put forward a reliable tool for seismic assessment of mainshock-damaged 

structures.  

In this study a novel index to predict the inelastic displacement ratio is proposed with 

intended application to seismic resilience quantification of critical infrastructures under 

mainshock-multiple aftershocks sequences. The index includes the aftershock occurrence 

probability during a specific period of time after an extreme mainshock. The presented 

spectra to estimate the inelastic displacement demand of mainshock-damaged structures 

following multiple aftershocks can be practical and rapid tool in the context of seismic 

resilience of structures schematized as equivalent SDOF systems. Incorporation of hazards 

of subsequent aftershocks following a major mainshock into conventional inelastic spectra 

is necessary to perform a reliable and realistic seismic assessment of structures and 

efficiently quantify their time-dependent functionality due to time-varying hazard of 

consecutive aftershocks.  

2. Methodology

The inelastic displacement ratio, CR, is expressed as the maximum inelastic displacement 

(δin) demand normalized by the maximum elastic displacement demand (δel): 

el

in
RC




= (1) 

In Eq. 1, δin is calculated using the constant strength approach, and the lateral strength of a 

system is obtained by the strength modification factor (R): 

y

a

F

Sm
R = (2) 

where m is the mass of the system, Sa is the spectral acceleration, and Fy denotes the lateral 

yield strength. 

The proposed inelastic spectra are obtained by combining the probabilistic approach 

presented by Yeo and Cornell (2009) and the conventional deterministic spectra 

considering different time intervals of the aftershocks after the mainshock. Yeo and 

Cornell developed an aftershock probabilistic seismic hazard analysis (APSHA) to predict 
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the occurrence probability of a ground motion intensity measure (e.g., peak ground 

acceleration, PGA) generated by mainshock-aftershocks sequence. In this procedure, the 

rate of aftershock occurrence declines as the elapsed time from the mainshock occurrence 

increases. The APSHA uses the modified Omori law (Utsu,1961), that determines 
EMA| , 

the daily rate of aftershocks at the time τ, given that the mainshock of magnitude mE 

occurred at initial time, τ=0: 




)(

1010
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c
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+

−
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−+

(3) 

In this equation mA,min is the minimum magnitude of subsequent aftershocks considered, 

always smaller than mE, a and b are constant parameters that characterize the magnitude 

distribution and c and ρ are constants used to describe the temporal decay in the number of 

subsequent aftershocks. The average number of subsequent aftershocks during a given time 

interval, intervalt , )( intervaltu  is obtained from Eq. 4: 

=
inervalt

EMAtu
0 |interval)(  (4) 

Hence, the occurrence probability of nth aftershock, P(n) during the time interval 

(0, intervalt ) can be determined as: 


−
=

−
−= 1

0
)interval(interval

!

)]([
1)( n

x
tu

x

e
x

tu
nP

(5) 

The values of constant parameters a, b, c, and ρ are taken from a study conducted by 

Reasenberg and Jones (1989), namely a = -1.67, b = 0.91, c = 0.05 days, ρ = 1.08. The 

index presented in this study, denoted as RseqC , is obtained by multiplying CR, determined 

from Eq. 1., by P(n), taken from Eq. 5: 

)(nPCC RRseq = (6) 

The procedure to determine the proposed index for a typical sequential earthquake can be 

outlined as follows: 

a) Select a real seismic sequence including one mainshock and n aftershocks;

b) Separate consecutive ground motions into multiple sets with different numbers of

aftershocks, namely: (1) sequence with mainshock and one aftershock; (2)

sequence with mainshock and two aftershocks; (3) sequence with mainshock and

three aftershocks, …, (n) sequence with mainshock and n aftershocks;

c) Compute CR for specific T, R, and n using Eq. 1., where T is the vibration period of

the system, R denotes the strength modification factor, and n stands for the number

of aftershocks;

d) Compute the occurrence probability of n subsequent aftershocks using Eq.5. for

specific n and intervalt ;

e) Compute the proposed index ( RseqC ) by multiplying CR, obtained in step (c), by 

P(n), obtained from Step (d);

f) Plot inelastic spectra based on RseqC  for different T, R, n, and intervalt . 
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The outlined methodology is applied using the 1999 Chi-Chi seismic sequence (Taiwan) 

for a combination of one mainshock with Mw 7.62, and four aftershocks. Ground motion 

records are selected from the PEER ground motion database. 60 seconds interval with zero 

acceleration ordinates is placed between these consecutive ground motions to guarantee 

that the systems attain their rest position between these events. Moreover, a  one-month 

time interval is considered between the mainshock and the occurrence of probable 

aftershocks. Structures under study are modelled as nonlinear SDOF systems with the 

elastic perfectly-plastic behaviour model. The strength modification factors (R) equal to 2, 

4 and 6 were selected while the natural vibration periods of SDOFs, T, ranged between 0.2 

s and 3 s. 

3. Results

Several aftershocks occurred after the 1999 Chi-Chi mainshock (Mw 7.62) in Taiwan. The 

sequential earthquake, constructed for this study using one mainshock and four aftershocks 

is illustrated in Fig.1.  
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Fig. 1 – Time history of the sequential earthquake considered in this study 

Following the methodology described in the previous section, the computation of an 

inelastic spectra based on RseqC  was initiated by the calculation of CR ratios from Eq. 1. 

The occurrence probability of the first aftershock to fourth one is calculated next from Eqs. 

3 to 5. Finally, inelastic spectra based on RseqC  under the mainshock and four subsequent 

aftershocks (n = 1-4) for R = 2, 4, and 6 are determined by multiplying CR by the 

occurrence probability of the aftershocks (P(n)). Note that n=1 indicates that the nonlinear 

dynamic analysis is performed under the mainshock and the first aftershock. Similarly, n=2 

means that the nonlinear dynamic analysis is performed under the mainshock, the first and 

the second aftershock. Consequently, n=4 denotes that the nonlinear dynamic analysis is 

performed under the mainshock, and the sequence of first to the fourth aftershocks.  

The spectra for the sequential earthquake illustrated in Figs. 2, 3, and 4 for intervalt   equal 

to 5, 15, and 30 days, respectively, show that RseqC decreases when the number of 

aftershocks increases. For example, when intervalt =15, T=2.0 s, and R=4, RseqC is equal to 

1.911 for n=1 (one aftershock), while this index drops to 0.389 for n = 4 (four aftershocks). 

Moreover, it can be observed that RseqC  values tend to rise as R increases. For instance, if 
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intervalt =5, n=3,  RseqC  for T = 1.0 s, R = 2 is 0.288, whereas it becomes 0.307 and 0.496 for 

R =4 and 6, respectively. Also, the proposed index converges approximately to 1 in the 

long period region (T > 2.5 s). 

Fig. 5 compares the RseqC  spectra in the case of R = 4, and n = 3, for intervals equal to 5, 

15, and 30 days. It can be deduced that the structures exhibit smaller RseqC during 5 days

after the mainshock compared to 30 days. For instance, for T = 0.8 s and R = 4, the value 

of the index is 1.325 for 5 days, as a time interval, compared to 1.986 during 30 days after 

the mainshock. 
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Fig. 2 – Inelastic spectra in terms of RseqC  for intervalt =5 days and different number of aftershocks: (a) R=2;

(b) R=4; and (c) R=6
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Fig. 3 – Inelastic spectra in terms of RseqC  for intervalt =15 days and different number of aftershocks: (a) R=2;

(b) R=4; and (c) R=6

It is worth noting that these figures are provided only under one sequential earthquake 

(the 1999 Chi-Chi earthquake), however, more mainshock-aftershock sequences should be 

used to develop such spectra, leading to more reliable results. The current paper only aims 

to propose a probabilistic methodology to develop conventional inelastic spectra under 

multiple earthquakes. Moreover, other types of Engineering demand parameters, such as 

Park-Ang damage index can be considered to present these spectra. 
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Fig. 4 – Inelastic spectra in terms of RseqC  for intervalt =30 days and different number of aftershocks: (a) R=2;

(b) R=4; and (c) R=6
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Fig. 5 – Inelastic spectra in terms of RseqC for R=4, n=3: intervalt =5, 15, and 30 days
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4. Conclusions

In this study inelastic spectra were developed using a probabilistic approach to estimate 

inelastic displacement demands under mainshock-multiple aftershocks sequences. The 

conventional inelastic displacement ratio was combined with the occurrence probability of 

multiple aftershocks to define a novel index named RseqC . The methodology was applied 

using the Chi-Chi earthquake. The effects of structural vibration periods, strength 

modification factors, number of aftershocks and time interval after the mainshock were 

considered. The results show that the RseqC decreases as the number of aftershocks 

increases. Moreover, the proposed index converges approximately to 1 when T > 2.5 s. 

Smaller values of RseqC  were recorded when the shorter time delays occurred between the 

mainshock and aftershocks. The presented inelastic spectra appear promising to predict 

probable inelastic displacement demands induced by subsequent aftershocks in the post-

mainshock environment. The proposed methodology can be used in the process of seismic 

resilience investigation of structures under mainshock-multiple aftershocks sequences, in 

which the quantification of seismic damage under subsequent major aftershocks and 

corresponding time intervals following the mainshock is significant. The preliminary study 

presented in this paper shows potential to introduce such probabilistic approaches in 

seismic assessment of structures under multiple earthquakes. However, this first research is 

based on SDOF systems, extending the proposed methodology for MDOF systems by 

considering the recovery process damaged buildings is ongoing. 
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Abstract: The restoration and reconstruction process of Mashiki Town from the April 2016 

Kumamoto earthquake was monitored using multi-temporal PALSAR-2 data and the results 

were compared with optical images from Google Earth and our field survey data. 

Significantly changed areas, such as construction of temporary housing complexes, 

demolition of large buildings, and new construction of public apartment buildings, were 

recognized from the SAR data because the SAR backscattering intensity increased or 

decreased significantly for these areas. Thus, remote sensing is considered to be useful for 

monitoring wide areas in a long term after a natural disaster strikes. 

Keywords: Synthetic Aperture Radar, Google Earth, demolition, reconstruction, housing 

1. Introduction

When a natural disaster occurs, information gathering is often hindered by the disruption of 

road networks and telecommunication systems. In that situation, remote sensing 

technologies have been used to assess the extent and degree of various damages (Dong & 

Shan 2013). There are mainly two categories of remote sensing from the sensor type: 

passive (optical and thermal sensors) and active (mainly radar sensors) remote sensing. 

Optical satellite systems work in the daytime and cannot observe objects under cloud-cover 

conditions. However, a radar system as Synthetic Aperture Radar (SAR) overcomes this 

problem and has been used in all-day and all-weather conditions (Dell'Acqua & Gamba 

2012). Both optical and SAR sensors onboard satellites have been used in emergency 

response to extract heavily affected areas after major earthquakes, such as the 2009 

L’Aquila earthquake (Uprety et al. 2013), the 2011 Tohoku earthquake (Liu et al. 2013), 

and the 2015 Gorkha, Nepal, earthquake (Watanabe et al. 2016).   

Satellite remote sensing can also be used to monitor the recovery and reconstruction 

processes after major disasters (Ghaffarian et al. 2018). Using very high-resolution optical 

images, Meslem et al. (2012) observed the damage situation and reconstruction of 

Boumerdes City after the 2003 Algeria earthquake. Hoshi et al. (2014) conducted urban 

recovery monitoring of Pisco City after the 2007 Pisco, Peru, earthquake. Hashemi-Parast 

et al. (2017) evaluated the urban reconstruction process of Bam City, Iran, after the 2003 

Bam earthquake. These studies used high-resolution optical satellite images because they 

are easy to understand and different satellite sensors can be used for long-term monitoring.  

On the contrary, satellite SAR sensors are more difficult to use for long-term monitoring 

because different SAR sensors cannot be used for change detection due to different radar 

wavelength (frequency) and spatial resolution. Even using the same SAR sensor, 

observation conditions are not always the same due to different flight paths and incidence 

angles, and in such cases, the direct change detection is not possible. Another drawback for 

SAR sensors is their short lifespans. For example, PALSAR sensor onboard ALOS satellite 

(JAXA 2022) had been in operation from January 2006 to April 2011. Although 
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PALASAR provided a lot of images before and just after the 11 March 2011 Tohoku 

earthquake, its data could not be used for reconstruction monitoring. The successor of 

PALSAR is PALSAR-2 sensor onboard ALOS-2 satellite, which was launched in May 

2014 and has been in operation up to now (May 2022). Since PALSAR-2 has higher spatial 

resolution than PALSAR, the direct comparison of their data is not possible. 

For the April 2016 Kumamoto earthquake, the authors conducted damage detection of 

Mashiki Town (Yamazaki et al. 2019), the most heavily affected area in the earthquake, 

using PALSAR-2 data (Liu & Yamazaki 2017) and Lidar data (Moya et al. 2020). In this 

study, the recovery process of Mashiki Town is monitored using multi-temporal PALSAR-

2 data, and the results are compared with optical images from Google Earth and our field 

investigation data.  

2. The 2016 Kumamoto earthquake and building damage in Mashiki Town

A Mw-6.2 earthquake hit Kumamoto Prefecture in the western Japan on April 14, 2016 at 

21:26 (JST). Considerable structural damages and human casualties had been reported due 

to this event, including 9 deaths. The epicenter was located in the Hinagu fault with a 

shallow depth. On April 16, 2016 at 01:25 (JST), about 28 hours after the first event, 

another earthquake of Mw 7.0 occurred in the Futagawa fault, closely located with the 

Hinagu fault. Thus, the first event was called as the "foreshock" and the second one as the 

"main-shock". The focal planes of the both events were located just below or close to the 

center of Mashiki Town (about 33-thousand population), which is to the east of Kumamoto 

City (about 735-thousand population). A total of fifty (50) direct-cause deaths were 

accounted by the earthquake sequence, due to the collapse of wooden houses in Mashiki 

Town and landslides in Minami-Aso Village etc. (Yamazaki & Liu 2016). 

Figure 1 shows the location of these causative faults and Japanese national GNSS Earth 

Observation Network System (GEONET) stations, operated by the Geospatial Information 

Authority of Japan (GSI), in the source area. The displacement of 75 cm to the east-

northeast (ENE) was observed at the Kumamoto station while that of 97 cm to the 

southwest (SE) was recorded at the Choyo station during the main-shock. These 

observations validated the right-lateral strike-slip mechanism of the Futagawa fault. A 

GEONET
Kumamoto

GEONET
Choyo

GEONET
Jonan

GEONET
Kikuchi

75 cm

97 cm

44 cm

25 cm

MW 7.0
MW 6.2

Hinagu
fault 

Futagawa
fault 

Mashiki

Town
Kumamoto 

City

MW 6.0

Fig. 1 - Location of causative faults and GNSS stations in the 2016 Kumamoto earthquake (left) and the 

extent of the left figure (blue square) including Mashiki Town (yellow square) in Kyushu Island, Japan 

(right). 
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detailed distribution of coseismic displacements in Mashiki Town was estimated by Moya 

et al. (2017) using the airborne Lidar data acquired before and after the April 16 main-

shock by Asia Air Survey Co., Ltd. 

Moshiki Town Government (2017) issued the summary report on the response/recovery 

activities for the Kumamoto earthquake. The building damage was classified into five 

classes, following the unified loss evaluation method in Japan, shown in Table 1. An 

approximate correspondence with visual inspection methods (Grünthal ed. 1998; Okada & 

Takai 2000) is also shown in it. Figure 2 shows the location and damage category of the 

10,159 buildings in Mashiki Town. The major damage buildings are distributed widely, 

especially along the Futagawa fault. The overall damage grade got smaller in the northern 

and western areas. Based on the building damage datasets of Mashiki Town and Uki City, 

Torisawa et al. (2022) recently developed fragility curves for Japanese buildings covering 

a wide range of ground motion, considering structural type and construction period. 

No damage (158)

Minor (4325)

Moderate – (2442)

Moderate + (791)

Major (3026)

No damage
Minor
Moderate –
Moderate + 
Major 

Fig. 2 - Distribution of damaged buildings in Mashiki Town based on the town government’s survey 

(left) and its enlargement for the central urban area (right) 

Table 1. Earthquake loss evaluation classes of buildings by local governments in Japan and schematic 

images of other damage classification methods (Yamazaki et al. 2019) 
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3. Multi-temporal PALSAR-2 data for reconstruction monitoring

The study area focuses on the affected densely inhabited districts (DIDs) of Mashiki Town. 

Eight pre- and post-event PALSAR-2 data were used in this study as shown in Figure 3. These 

images were taken in the StripMap mode by the HH polarization from the descending path No. 

23. The acquisition conditions are also listed in the figure. In order to avoid seasonal changes

of vegetation in change detection, the scenes taken at the same time of the year (November)

were selected to monitor the recovery and reconstruction process. The image taken two days

after the main-shock (2016/4/18) was also included to observe the impact from the event (Liu

& Yamazaki 2017).  The SAR data were provided as Level 1.1 data in the slant range,

represented by complex I and Q channels to preserve the amplitude and phase information.

The 8 datasets were registered in a sub-pixel level before the change extraction. A globally 

available digital elevation model (SRTM: shuttle radar topography mission) was used to 

compensate the image distortion caused by the terrain heights. Then they were projected to a 

World Geodetic System (WGS) 84 reference ellipsoid with a resampled square pixel size of 

2.5 m. The amplitude information was converted to the backscattering coefficient (sigma 

naught) in the dB unit, according to the calibration factor (JAXA 2022).  

Figure 4 (a) shows the color composite of the two post-event images (Nov. 2016 and 2020) 

for the central part (DID) of Mashiki Town. The built-up areas look basically blighter than the 

surrounding agricultural lands. Although the same season of the year was selected, the changes 

in backscatter are still observed in agricultural lands even for the L-band SAR, which is most 

insensitive for vegetation. Four areas, which exhibit apparent changes, were selected as 

samples for recovery and reconstruction monitoring. In the figure, the difference of the sigma 

naught values is shown in (b), showing the increase (red) and decrease (blue) of the value. The 

intensity correlation (c) and coherence (d) of the two SAR data were also shown in the figure. 

The both values are large for built-up areas and small for agricultural lands and trees, but it 

looks difficult to observe reconstruction process only from these values. Optical images 

acquired on 2016/4/30 (e) and 2020/11/21 (f) from Google Earth are also shown in the figure. 

Fig. 3 - Color composite of the geo-coded pre- and post-event PALSAR-2 backscattering coefficient 

images taken from the path 23. The observation year/data/time of 8 PALSAR-2 data and their acquisition 

condition are also shown in the figure. 
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The restoration and reconstruction process of Mashiki Town was further examined for the four 

sample areas. Figure 5 shows the color composite of the two-temporal PALSAR-2 images (R: 

2016/11/14, G&B: 2020/11/09) and the optical images from Google Earth on 2016/4/30 

(2017/3/11 for area B) and on 2020/11/21 for the four sample areas in the central district of 

Mashiki Town.  

Area A (Kiyama) is located in the northern part of the town. Farmlands and greenhouses were 

extended when the earthquake occurred. After the earthquake, a temporary housing complex 

with 220 units (https://www.town.mashiki.lg.jp/kiji003844/index.html) were built in the 

farmland (upper yellow square). This is the second largest temporary housing complex, and it 

still remains five-year after the earthquake. The complex was completed in June 2016, and 

hence it is shown as bright grey texture in the color composite. Since the Mashiki town 

government office building was severely damaged, the temporary prefabricated office opened 

D

C

B

A

(a)

(c) (d)

(b)

D

C

B

A

D

C

B

A

D

C

B

A

2016/4/30 2020/11/21

(e) (f)

D

C

B

A

D

C

B

A

Fig. 4 – The color composite (a), difference (b), correlation (c), and coherence (d) of the two-temporal 

PALSAR-2 images (2016/11/14 vs 2020/11/09) for the central district of Mashiki Town. The optical 

images from Google Earth on 2016/4/30 (e) and 2020/11/21 (f). The locations of four significantly 

changed areas are shown by squares. 
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in a crop field (lower yellow square) and has been in operation up to now (Feb. 2022). Four 

new (permanent) public apartment buildings were built in March 2020 

(https://www.town.mashiki.lg.jp/kiji0032591/index.html) in the south of the temporary town 

office building. These new buildings generated radar shadows (red) as well as brighter areas 

(cyan) in the color composite. 

Area B a is located in the western part of the town and it was mostly crop fields (Mamizu) and 

newly developed residential area (Yasunaga) when the earthquake occurred. After the 

earthquake, two temporary housing complexes with 77 units and 54 units were built (two left 

yellow squares), but they were closed and the places returned to farmland by 2020. Four new 

public apartment buildings were built at two locations (lower yellow squares: Mamizu and 

Yasunaga) in March 2020. These new buildings created brighter areas (cyan) in the color 

composite by the double bounce reflection of radar, but more detailed examination is necessary 

since the areas experienced continuous reconstruction works. 

R: 2016/11/14

G&B: 2020/11/09

Google Earth Google Earth

(a) Close-up of Area A (Kiyama)

R: 2016/11/14

G&B: 2020/11/09

Google Earth Google Earth

(b) Close-up of Area B (Mamizu & Yasunaga)

R: 2016/11/14

G&B: 2020/11/09 Google Earth Google Earth

(c) Close-up of Area C (Miyazono)

R: 2016/11/14

G&B: 2020/11/09 Google Earth Google Earth

(d) Close-up of Area D (Sports Park)

Fig. 5 – The color composite (left) of the two-temporal PALSAR-2 images (R: 2016/11/14, G&B: 

2020/11/09) and the optical images from Google Earth on 2016/4/30 (2017/3/11 for Area B) and on 

2020/11/21 for the four sample areas in the central district of Mashiki Town. The locations of newly-built 

and demolished buildings are shown by squares. 
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Area C (Miyazono) is located in the central part of the town and it was densely built-up when 

the earthquake occurred. The central yellow square includes the town government office 

building and other public buildings. Due to their significant damages, these buildings were 

demolished in the period from Dec. 2017 to July 2018. Thus, the backscatter reduced (red) 

significantly in 2020. Construction of the new town office building is now on going as of Feb. 

2022. The yellow rectangle in the south of the town office building is the most severely 

affected area (along the prefectural road No. 28) due to earthquake. Demolition of collapsed 

houses and removal of debris (Moya et al. 2020) started soon after the earthquake, but 

reconstruction works took time. Hence, a lot of open spaces are still seen in 2020. A new 

public apartment building (right yellow square) was built in the east of the town office building 

in March 2020. A clear increase of backscatter (cyan) is seen for the site in the color composite. 

The fourth example is Area D (Sports Park), which is located to the south of the central district, 

between Akitsu and Kiyama rivers, surrounded by farmlands. This area served as the largest 

refugee shelter and the disaster response site after the earthquake. The yellow square in the 

center is the main gymnasium of the town. Although the (old) gymnasium, which was built in 

1998, was the largest shelter with the maximum of 1,350 refugees, it was demolished during 

Sept. 2017 and Jan. 2018. The new gymnasium was completed in March 2019. Since the 

shapes of the two buildings are different, red and cyan colors are seen in this site. The yellow 

square in the east is the reconstruction center of Kumamoto Prefecture, where debris were 

gathered on the ground. Strong backscatter (red) is recognized in this site. The restoration work 

of banks of Kiyama river (yellow rectangle in the south) can be observed both in the SAR and 

the Google Earth images. 

4. Field investigations of Mashiki Town

For gathering the damage, response, and reconstruction information of Mashiki Town from the 

2016 Kumamoto earthquake, the authors have conducted field surveys of the affected areas in 

the town a total of seven times (2016/04/16-17, 06/6-7, 07/3-4, 08/8-9, 2018/04/19-20, 

2020/07/21, 2021/12/23-24). We flew a UAV in some affected areas in the survey during 

2016/08/8-9 (Yamazaki et. al 2017), but the central area of Mashiki Town was not included. 

Selected ground photos in the surveys on three dates are shown in Figure 6. In Area C 

(Miyazono), the debris of collapsed houses mostly remained in June 2016, reconstruction 

2018.4.19 2021.12.242016.6.7

(a) Ground photos in area C (Miyazono)

2018.4.19 2021.12.242016.6.7

(b) Ground photos in D (Sports Park)

Fig. 6 – Field survey photos by the authors on 2016/06/07, 2018/04/19, and 2021/12/24 for Area C (the 

south of the prefectural road No. 28) and Area D (Main Gymnasium). 
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works were seen in April 2018, and new houses were completed but open spaces extended 

widely in Dec. 2021.  

In Area D (Sports Park), the main gymnasium served as the largest refugee shelter in June 

2016, the demolition of the old gymnasium finished and the site became open space in April 

2018, and new gymnasium had completed in Dec. 2021. 

In the field survey on 2021/12/24, we flew a very small UAV (DJI Mini 2, 199 g) form the 

south of Akitsu river (outside of DID), to the west of Sports Park. Figure 7 shows aerial 

images taken from the UAV at the altitude about 80 m. Open spaces extended in Area C 

(a) UAV photo of Area C (Miyazono), looking to the north

(b) UAV photo of Area D (Sports Park), looking to the east

Fig. 7 – Field survey photos by the authors on 2016/06/07, 2018/04/19, and 2021/12/24 for Area C (the 

south of the prefectural road No. 28) and Area D (Main Gymnasium). 
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(Miyazono) while some new houses are seen. For Area D, the new gymnasium and 

construction of a new bridge over Akitsu river are observed. 

The results of the field investigations confirmed that the restoration and reconstruction 

process of the town were recognized from the multi-temporal SAR and optical remote 

sensing data. We will continue to monitor the reconstruction process of the affected areas 

due to the 2016 Kumamoto earthquake based on remote sensing data and field 

investigations.  

5. Conclusions

In this study, the restoration and reconstruction process of Mashiki Town from the 2016 

Kumamoto earthquake was monitored using multi-temporal PALSAR-2 data and the 

results were compared with optical images from Google Earth and our field survey data. 

Significant changes such as construction of temporary housing complexes, demolition of 

large buildings, and new construction of public apartment buildings were recognized from 

the SAR data because of the increase or decrease in the SAR backscattering intensity. 

Although it was not so easy to extract small changes from the change parameters from the 

SAR intensity data, the constant acquisition of SAR data for a long time is quite useful to 

monitor and overview the resilience of urban areas after natural disasters.  
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Abstract: The seismic resilience of bridges has been herein studied by performing 3D 
numerical simulations of three single-span bridge configurations. Non-linear dynamic 
analyses were performed to account for the deck-abutment interaction due to non-linear 
hysteresis and plasticity that are responsible for structural damage. The role of the bridge 
deformability was investigated by calculating the seismic resilience of each configuration 
with reference to the longitudinal displacements of the deck.  
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1. Introduction

Seismic resilience is an important parameter for road infrastructures and particularly in the 
assessment of the seismic vulnerability of bridges. Most of the previous contributions do 
not consider the bridge-abutment foundation that may drive the seismic vulnerability of the 
entire bridge. In order to fill this gap, the present study focuses on single-span bridges and, 
thus, on the role of the bridge abutments on the seismic vulnerability of the entire structure. 
In addition, the seismic resilience is calculated and used as a convenient parameter to 
compare three selected configurations. The paper has several novelties: (1) the 
implementation of a restoration function, following that proposed in Forcellini (2020); (2) 
the assessment of losses calculated from the repair time (RT), deduced from the PBEE 
methodology (more details in Forcellini, 2020 and 2021), and (3) the calculation of 
resilience as the primary parameter used to guide investment decisions for a bridge after an 
earthquake (see Forcellini and Walsh, 2021). In particular, resilience is defined by the 
rapidity for a system to return to pre-disaster levels of performance and can be calculated 
following the procedure by Cimellaro et al. (2010). The results show that resilience is the 
most suitable parameter that may allow the comparison between several configurations in 
order to assess the optimal investments between various options. This is fundamental for 
stakeholders, such as infrastructure owners and administrator for pre- and post-event 
evaluations.  

2. Finite Element models

This paper considers three bridge configurations, which have been modelled by three 
different finite element (FE) models selected in order to assess the seismic resilience of the 
structure. In this regard, the configurations consist of 1-span bridge with several geometric 
characteristics. 
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2.1 Bridge model 

This paper aims to consider three configurations of single-span bridge configurations that 
represent typical Californian bridges. A three-dimensional (3D) FE analysis has been 
employed to consider the effects of the rotations along the vertical and transversal axes, 
which is not possible to be simulated in a two-dimensional (2D) FE analysis. Thus, the 
state-of-the-art open access software OpenSees (Mazzoni et al., 2009) has been employed. 
The developed FE model is shown in Figure 1 (3D and schematic plan view). The designed 
longitudinal elastomeric bearing pads on the abutments perform correctly and thus the deck 
may be assumed to be capacity designed, so that it is able to respond in the elastic range. 
The decks were modelled using beam elements with linear elastic properties. The cross 
section area (A), the moments of inertial in the transversal and longitudinal directions (ITR, 
ILG) are summarised in Table 2. A linear elastic model has been employed to model the 
concrete deck: the modulus of elasticity of the concrete, Poisson’s ratio and the unit weight 
are considered equal to 2.8 × 104 MPa, 0.20, and 24 kN/m3, respectively. The deck slabs 
have been connected with the abutments with elastomeric bearing pads, which 
characteristics are also reported in Table 2.  

(a) 

(b) 

Fig. 1 –: a) 3D view of the FE bridge model; and b) schematic view of the bridge 

Table 1: Geometric and Material properties of decks 

Bridge 
Configuration 

L (ft) L (m) A (m2) ITR (m4) ILG (m4) 

B1 40 12.19 3.36 1.65 31.71 

B2 60 18.29 3.46 1.70 32.56 

B3 80 24.38 3.61 1.77 33.97 
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Table 2: Geometric and Material properties of Bearing Pads 

Bearing Pads: Properties Values 

Number 3 

Height (m) 0.05 

Shear modulus G (kPa) 1034 

Young Modulus E (kPa) 34474 

Yield displacement (%) 150 

Ultimate displacement (%) 300 

2.2 Abutment model 

This section shows the design of the selected bridge configurations that were selected in 
order to focus on the role of abutments on the seismic vulnerability of the structure. In this 
regard, the configurations consist of 1-span bridge with several geometric characteristics. 

Abutments are built to provide an economical means of resisting bridge inertial seismic 
loads. As demonstrated by Lam and Martin (1986), traditional theories based on active and 
passive earth pressures cannot be used during seismic events since the massive bridge 
structure induces higher than anticipated passive earth pressure conditions. This is mainly 
true for Ordinary Standard bridge structures in California with short spans and relatively 
high superstructure stiffness where the embankment mobilization and the inelastic 
behaviour of the soil material under high shear deformation levels dominate the response 
of the whole bridge (Kotsoglu and Pantazopoulou, 2006 and Aviram et al. 2008). In 
particular, the abutment participating mass has a critical effect on the mode shapes and 
consequently the dynamic response of the bridge as shown in Aviram et al. (2008).  

In this regard, short-span bridges are the most affected by the resistance-induced 
mechanisms and the mass of the abutment. In order to model realistically those bridges, 
Aviram et al. (2008) suggested to use the spring model since the simplified abutment 
model may considerably underestimate the transversal displacements and, thus, 
underestimate the risk of shear key failures. In the present paper, a spring model has been 
applied in order to include realistic 3D nonlinear responses and the participating mass of 
the corresponding concrete abutment and mobilized embankment soil. The longitudinal 
response is controlled by elastomeric bearing pads, gap, abutment back wall, abutment 
piles, and soil backfill material. In particular, prior to impact (or gap closure), the 
elastomeric bearing pads transmit the seismic forces to the stem wall, to the piles and to the 
backfill soil. After the gap closure, the bridge deck transfers the seismic forces to the 
abutment back walls that mobilize the full passive backfill pressure. 

In Figure 2, the response of the longitudinal elastomeric bearing pads and the gap closure 
behaviour are illustrated by L1. The transversal behaviour was modelled with distributed 
zero-length elements along two rigid elements in order to represent the combined 
behaviour due to the superstructure rotation about the vertical bridge axis (Figure 2). It is 
worth noting that the bearing pads create a series system between the two transverse rigid 
elements (Rigid element 1 and 2). Rigid element 1 is connected to the deck end by a rigid 
joint. 

The number and distribution of the bearing pads were based on the number and location of 
the girders in the box, as specified in Table 2. The yield and ultimate displacement of the 
bearings were set as 150% and 300% of the shear strain, respectively. In order to guarantee 
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that the shear failure occurs prior to the sliding of the bearing pad, a dynamic coefficient of 
friction of 0.40 for neoprene on concrete was used. The two zero-length elements at the 
extreme locations of rigid element 2 (designated as L2) model the longitudinal backfill 
backwall and the pile system response of the abutment The abutment stiffness (Kabt) and 
ultimate strength (Fabut) were obtained from Caltrans (2019), as specified below.  
The transverse response was determined by the stiffness of the elastomeric bearing pads 
and the shear keys, which strength was assumed the 30% of the superstructure dead load. 
In this regard, a hysteretic material was considered by defining a tri-linear response 
backbone curve with two hardening and one softening stiffness values (more details in 
Aviram et al. (2008). Figure 2 shows also the parallel system of transverse bearing pads 
and shear keys with T1. In order to compute the transverse stiffness and strength of the 
backfill, the wing wall, and the pile system, were defined by considering a series of 
elements: 1) a rigid one with shear and moment releases, 2) a gap with boundary 
conditions at each end (that allows only transversal translation), and 3) a zero-length with 
an elastic-perfectly-plastic (EPP) backbone curve with abutment stiffness (Kabut) and 
ultimate strength (Fabut) were obtained from Caltrans (2019), as specified below. The 
stiffness and strength are distributed equally to the two extreme zero-length elements (T2) 
of rigid element 2. The vertical response of the abutment was modelled with 1) the vertical 
stiffness of the bearing pads (V1) and 2) the vertical stiffness of the trapezoidal 
embankment (V2). In order to obtain a lumped value, the critical length was introduced 
inside the formulation proposed by Werner (1994) and Zhang and Makris (2002) to 
calculate the stiffness per unit length of embankment. The nominal mass of the abutment 
was assumed proportional to the superstructure dead load (including the structural concrete 
and the soil mass). The participating mass of the embankment was calculated by 
considering an average of the embankment lengths obtained from Zhang and Makris 
(2002). 

Fig. 2 Abutment model: general scheme, Aviram et al. (2008). 

In order to consider representative cases where the seismic response of the bridge is 
dominated by the abutments, the criterion (6.3.1.3-1) from Caltrans (2019) was considered 
and the abutment displacement coefficient, RA was calculated as: 

(1) 
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where ∆D is the longitudinal displacement demand at the abutment and for single span 
bridges and it needs to be determined as follows:  

(1) the tributary weight (W) of the superstructure and the effective abutment longitudinal 
stiffness (K) were calculated to determine the structure period, T using Eqn. (2): 

 

 

 

(2) 

where g is the acceleration due to gravity. 

(2) The spectral acceleration (Sa) by introducing the period inside the Design Spectrum 
that was chosen as the maximum between the selected ones (SCS: PGA: 0612g; PGV: 
116.85 cm/s and PGD: 54.19 cm, see Figure 3) and,  
(3) the longitudinal displacement demand (∆D) was determined from Eqn. (3):  

 (3) 

 
Table 3 shows the calculated longitudinal displacement demand at the abutment (∆D), by 
assuming the design spectra for the three considered single span bridges. 

In Equation (1), ∆eff is the effective abutment longitudinal displacement when the passive 
force reaches Fabut (in). Fabut (in) was defined by Caltrans (2019, 6.3.1 2-4 and 6.3.1 2-5), 
respectively as: 

 

 
(4) 

 
(5) 

where:  
 needs to be taken as  for seat abutments,  
 needs to be taken as  for seat abutments and  

 is taken 1 for non-skew bridges. 

In addition, following Caltrans (2019, C6.3.1.1), a bilinear representation of the full 
nonlinear abutment backbone curve was considered. Therefore, for seat-type abutments, 
∆eff corresponds to the sum of the width of expansion gap at seat abutment (Δgap) and 
abutment displacement at idealized yield (Δabut), formula 6.3.1.2-2, by Caltrans (2019). 
Δabut was calculated as the ratio between the idealized ultimate passive capacity of the 
backfill behind abutment backwall (Fabut) and the abutment longitudinal stiffness (Kabut). 

Table 4 reports the calculation of the effective abutment longitudinal displacement (∆eff) 
and the abutment displacement coefficient (RA) for the three considered single span 
bridges. It can be seen that RA is less than 2 for all the three configurations demonstrating 
that the bridge response is dominated by the abutments. 

Overall, it is important to consider that the presented model was created according to the 
current design procedure Caltrans (2019), under the assumption that the abutment backwall 
is intended to break off and mobilize the longitudinal resistance of the approach fill. It is 
considered that the passive earth resistance is activated behind the abutments as to protect 
the foundation from excessive deformations. This approach generally overestimates the 
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stiffness of the entire system, due to the fact that 1) it does not depend on the 3D geometry 
of the abutment and (2) it neglects the contribution of the abutment foundation stiffness. 
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Fig. 3. SCS spectrum used as design spectrum for calculation of Sa 
 
 

Table 3: Calculation of longitudinal displacement demand ( ) 

 W (kN) T (s) K (kN/m) Sa (m) 

B1 935 0.185 11531 1.01 0.0086 

B2 1440 0.245 96437 0.97 0.0144 

B3 2000 0.360 62281 0.93 0.0230 

 
Table 4: Calculation of the effective longitudinal displacement ( ) 

 h (ft) w (ft) Fbw kabut (m) (m) (m) RA 

B1 1.3 92 239 2498 0.096 0.0254 0.121 0.07 

B2 1.4 95 281 2632 0.106 0.0254 0.132 0.109 

B3 1.5 100 333 2825 0.118 0.0254 0.143 0.209 
  

3. Seismic scenario 

The seismic scenario was described by 100 input motions, selected from the PEER NGA 
database (http://peer.berkeley.edu/nga/) that were applied at the base of the models, along 
the x-axis (longitudinal direction).  

The input motions were selected in order to consider a wide potential scenario with 
multiple levels of intensities, and thus to obtain distributed outputs and develop 
representative fragility curves. The motions were divided into 5 groups of 20 motions each:  

1) moment magnitude (Mw) 6.5–7.2 and closest distance (R) 15-30 km,  

2) Mw 6.5–7.2 and R 30–60 km,  

3) Mw 5.8–6.5 and R 15–30 km,  

4) Mw 5.8–6.5 and R 30–60 km, and  

5) Mw 5.8–7.2 and R 0–15 km.  

The cumulative density function (CDF) of the selected motions is shown in Figure 4, 
where the Peak Ground Acceleration (PGA) was selected as the reference intensity 
measure.  
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4. Results 

The results comparing the various configurations are reported in Figure 5, in terms of 
repair time (RT). For example, considering PGA = 0.50 g, the results in terms of Crew 
Working Days (CWD) for the various configurations are: 100 CWD, 280 CWD and 430 
CWD for B1, B2 and B3 respectively. It is worth noting that the length of the bridge drives 
the damage since the more deformable the system becomes, the more RT increases. In 
particular, this means that: 

1) strengthening the abutments has beneficial effects in reducing the vulnerability of the 
system for all the level of intensity.  

2) this effectiveness is verified for all the considered levels of intensity, with relatively 
similar trends;  

3) there is a level of PGA (0.22 g) after which the damage increases significantly for all the 
configurations until a relatively medium seismicity of 0.68 g.  

4) after that, there is a big increase of damage (expressed in repair time) for all the 
configurations, reaching the maximum values of 260 CWD, 360 CWD and 680 CWD for 
B1, B2 and B3 respectively.  
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Fig. 5: Repair Time Vs PGA for the various bridge models 
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Overall, these results demonstrate that the seismic response of the bridge is dominated by 
the abutments, since the three models were selected by following CALTRANS 
specifications (criterion 6.3.1.3-1). Moreover, the presented results are limited to the 
selected case studies and future studies are necessary in order to propose design 
considerations and code provisions. 

5. Resilience 

The results in terms of resilience are shown in Figure 6. They compare the various 
configurations for various values of the exponent of the growth (named  and  equal to 
1, more details in Forcellini and Walsh (2021). In general, it worth noting that resilience 
can summurise into a unique parameter the rapidity of recover to the bridge functionality, 
giving the possibility to compare between several configurations and, thus, to decide the 
best investment. The figure shows that various models have similar trends: resilience 
increases when alfa increases. Moreover, it is worth to notice that B1 presents the biggest 
values of resilience if compared with the other two, meaning that the bridge stiffness drives 
the resilience of the systems. For example, for the values of the seismic resilience 
(SR) are: 4.03, 13.67 and 26.98, respectively for B3, B2 and B1, while for the 
values of the seismic resilience (SR) are: 12.40, 19.55 and 29.30, respectively for B3, B2 
and B1. 

Overall, the presented results can be interesting for multi-sectorial actors, such as bridge 
owners, transportation authorities and public administrators. In particular, the framework 
can have interdisciplinary applications, such as recovery techniques and solutions and/or 
new easy-to-use decision-making approaches.  
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6. Conclusions 

The assessment of seismic resilience for bridges has been herein investigated by 
considering a 3D bridge-foundation-ground numerical model of three single-span bridges. 
The recovery model is based on the application of a power model that quantifies the 
recovered functionality after the event. The loss model is assessed by performing the PBEE 
framework to calculate the total repair times. The paper demonstrates that resilience may 
be applied as a parameter to present readable findings for a wide range of different 
stakeholders, particularly for bridge decision-makers who may be interested in assessing 
the best investments between several options. 
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Abstract: This study aims to the investigation of site effects parameters in Algiers city 

using simulation approach. Local site effects can strongly affect observed ground motion 

parameters, especially the seismic signal amplitude and frequency. This study focuses on the 

analysis of one-dimensional equivalent linear seismic soil response taking into account the 

variation of shear wave velocity. Seismic analysis of the soil response was carried out using 

simulation of the initial ground motion at the bedrock and analyzing its propagation using 

twenty-eight different soil profiles. The hypothetical model scenario is assumed to be 

generated by a magnitude M6.5 event occurred at a distance of 20 km. This scenario 

corresponds to a PGA equal to 0.23 g set at the bedrock. Subsequently, the one-dimensional 

soil response analysis is applied using the equivalent linear method. The former analysis 

allows us to derive the ground motion parameters in presence of local site effects; namely, 

the natural period T, the Spectral Acceleration Ratio (SAR) and the Peak Ground 

Acceleration (PGA). The results show that the highest PGA and SAR values reach about 

0.84 g and 4.85 in Hammamet and Beni Messous, respectively. These results show clearly 

that site effects can affect significantly the calculation of PGAs and SARs and should be 

taken into account in seismic risk assessment. 

Keywords: Site effects, Peak Ground Acceleration, Design Spectra, Simulation 

1. Introduction  

Site effects are common phenomena potentially observed after major events. In particular, 

ground motion amplification has been reported and linked to seismic hazard analysis (e.g., 

Mezouar et al. 2007; Mobarki et al. 2014). Indeed, local site conditions can affect 

significantly seismic signal parameters especially ground motion amplitude and frequency. 

In general, site effects depend on soil profile geometry, its thickness and its profile 

properties together with input movement characteristics. In application, effects of local site 

conditions on ground motion can be assessed by performing soil response one-dimensional 

analysis using equivalent linear or non-linear methods (Idriss et al. 1968; Seed et al. 1970). 

It is better to carry out a non-linear soil response analysis when shear modulus, damping 

curves or a constitutive model specific to the site are available. However, when such input 

materials are not available, the equivalent linear method is applied systematically using a 

modification of Kelvin-Voigt model to take into account soil non-linearity. Since Algiers is 

classified as low to moderate seismicity region (Yelles et al. 2017), it is expected that 

equivalent linear method succeeds quite well to predict the ground motion in Algiers city. 

The application uses an iterative procedure for the calculation of shear modulus and 

damping ratios values corresponding to the equivalent constraint using a uniform 

percentage in each layer and underlayer. The equivalent linear method is applied using the 

DEEPSOIL software with a set of initial values for bedrock acceleration, shear modulus or 

shear wave velocity, damping, thickness and total unit weight affected to each soil deposit 

layer. The analysis of the ground response is carried out for twenty-eight borehole sites 
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located in Algiers city. The output signal is used to compute PGA, SAR and the natural 

period T for different soil profiles.  

2. Tectonic overview 

Algiers city experienced historical damaging earthquakes, such as the 1365 and the 1716 

earthquakes with intensity X. Similarly, the recent period registered the occurrence of the 

1980 Mw7.3 El Asnam and the 2003 Mw6.8 Zemmouri earthquakes. Figure 1 shows the 

Algiers city study region situated within the spatial windows delimited by latitudes 36.65 

and 36.85, and longitudes 2.85 and 3.3. In terms of active tectonics, the study area is a 

complex zone located at the interface between the Eurasian plate in the north and the 

Africa plate in the south (e.g., Meghraoui et al. 1996; Mezcua et al. 1991).  Two structural 

zones can be observed in the western and eastern parts of Algiers city. The first zone forms 

a discontinuous band along the Mediterranean coast. In the north of Algeria, these areas 

include the Paleozoic massifs of Bouzareah and Chenoua. The second zone is composed of 

calcareous soil and calcareous marls dating back to the Mesozoic and Cenozoic eras. In 

terms of lithology, Quaternary formations are observed along large parts of Algiers coastal 

region. Quaternary terraces include sands, gravels and sandy clays. They are formed during 

four periods corresponding to the principal quaternary transgressions; namely the 

Calabrian, the Sicilian, the Tyrrhenian and the Versilian. Eastern Algiers terraces are 

characterized by milky quartz pebbles in yellowish sand with stony limestone or sandy 

beach lenses. The western terraces are composed, from bottom to top, by limestone 

gravels, beach sand and more or less solidified deposits. The Quaternary marine terraces 

are located at about 200 m and 325 m altitude in the eastern and western parts of Algiers, 

respectively (Djediat 2000). Marine terraces are the result of vertical tectonic activity. The 

first period of the Pleistocene is depicted by red clays, while the Holocene is characterized 

by beach sand dunes. 

 

 
 

Fig. 1 - Map of Algiers city and its surrounding areas. Inverted triangles show the position of the 28 

boreholes used in this study 

 

3. Local site effects modelling 
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The maximum ground motion amplification is expected to occur near the fundamental 

frequency. Therefore, thicknesses of soil layers are important when estimating ground 

motion effect of the total stratigraphic well log. The soil frequency is sensitive to shear 

wave velocity in presence of site effects. To evaluate ground response, the transfer 

functions can be used to formulate various response parameters, such as displacement, 

velocity, acceleration, shear stress and shear strain. Although this study is limited to the 

analysis of linear systems, nonlinear soil properties are replaced by equivalent linear soil 

properties. The substrate motion (input) is modeled using fast Fourier transform. Similarly, 

surface ground motion (output) can be expressed in the time domain using inverse fast 

Fourier transformation. The transfer function is used to describe how the rock motion 

(input) is amplified or reduced for each frequency when propagating along the borehole 

soil. In application, the analysis is carried out using a set of input parameters affected to 

soil deposit layers including shear modulus or shear wave velocity, damping, thickness and 

layers total unit weight. Starting with a maximum shear modulus for each underlayer and a 

low damping value, an initial set of values for the former input parameters essentially 

compatible with deformation (difference less than about 1%) can be obtained for different 

soil profiles after few iterations.  

4. Methodology Outline 

4.1. Determination of the Shear Wave Velocity 

In this study, soil layers shear rates are estimated from the Standard Penetration Testing 

(SPT) borehole data. An important and reliable database for a number of boreholes in and 

around Algiers city has been collected by the Laboratoire Nationale de l’Habitation et de la 

Construction (LNHC). It is a well-known geotechnical agency in Algeria. Soil layers 

composition and their geotechnical properties were estimated from the compiled data. The 

shear wave velocity Vs can be calculated similarly using the P-S velocity or the standard 

penetration test (SPT) results (JICA report 2006). Subsequently, P-S Logging tests are used 

to check the quality of the former obtained velocities Vs. The velocity of P and S waves 

provide valuable information on the fundamental properties of soil. Indeed, the P-S 

velocity data are essential to evaluate the response of the site. In addition, P-S velocity 

information is useful for stratigraphic delineation and calculation of bulk density and initial 

modulus of elasticity. In particular, it is used to measure the properties of soils such as 

shear modulus, compressibility and Poisson ratio. Figure 2 shows an example of a borehole 

P-S velocity and SPT results used in this study.  

 

 

 

 

 

 

 

 

 

 

2149
3ECEES, September 2022, Bucharest, Romania



 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 - Example of a borehole shear wave velocity and SPT variation diagrams. 

4.2. Dynamic soil properties 

It is important to note that stress-deformation behavior is not linear, and affects shear 

modulus and damping differently for each soil. The equivalent linear approach assumes an 

initial shear modulus and damping values. Then, one-dimensional site response analysis is 

performed by updating shear stress level using an iterative process. In general, shear 

modulus and damping curves for each material type are obtained from laboratory tests as 

simple shear, torsional shear and cyclic triaxial and Resonance (Dorourdian et al. 1995). 

However, limited resources and the existence of standard curves for each material type 

offers a good potential alternative used in most site response studies (Stewart et al. 2001). 

These curves can be selected according to soil type, plasticity index (PI) and other soil 

properties. Figure 3 shows selected damping and shear modulus curves for different soil 

types. The standard shear modulus and damping curves proposed by Seed et al. (1971) are 

used for clay and sand soil type. Similarly, shear modulus and damping curves derived by 

Schnabel (1973) are used for rock soil type. 
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Fig. 3 - Soil dynamic property used in this study 

 

4.3 Selection of input acceleration time history 

To be realistic, synthetic accelerograms must have energy, duration, and frequency 

reflecting actual physical conditions linked to the temporal evolution of recorded 

accelerations. Four steps are used to generate acceleration. In the first step, n random 

numbers issued from the standard normal distribution N(0,1) are generated. A time 

function y(t) is defined by taking as images the former random numbers with n equidistant 

time abscises. In the second step, the first form of the accelerogram a(t) is formulated as 

the product a(t) = y(t).f(t), where the non-stationary function f(t) reproduces amplitude 

variations observed in real accelerograms. The third step focuses on integrating a 

frequency content similar to that observed in real accelerogram, to the obtained 

accelerogram a(t). In this step, the accelerogram Fourier transform A(f) is filtered to 

attenuate both the excessively high and low frequencies. Then, an accelerogram b(t) 

similar to the real accelerogram in frequency and shape is obtained using inverse Fourier 

transform in the fourth step, simulated spectrum is compared to the data real spectrum in 

the frequency domain. Finally, the accelerogram whose spectrum reproduces the best 

elastic response with 5% damping is derived in the sense of Eurocode8 (2005). Figures 4 

and 5 below show an example of a simulated accelerogram and its corresponding spectra 

fit with 5% damping ratio, respectively. The fit is quite good with a spectral ratio not 

exceeding 10% over the whole period range [0.1 s, 0.5 s]. 
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Fig. 4 - Example of simulated accelerogram spectrum obtained using 5% damping ratio 

 

 

 

Fig. 5 - Spectrum fit with 5% damping ratio 

 

5. Results 

The study area is divided into a number of sub-regions according to bedrock nature. 

Bedrock is defined as a rock with high impedance contrast to superficial deposits. In the 

northwest and northeast parts, it is depicted as schist with a velocity Vs  1100 m/s reached 

at shallow depths d with d < 20 m. In the eastern part, it is depicted as healthy marls 

observed at intermediate depths d with 20  d < 120 ms. However, in some areas, schist is 

not observed even at depths d ≥ 120 m. In such cases, blue marls with shear wave 

velocities Vs ≥ 700 m/s are defined as bedrock (Mezzouar et al. 2007). In the eastern zone, 

borehole depths range from 30 to 99 ms with a clay, sandy clay, and sand and sandstone 
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geological alternations. These formations surmount more or less altered marls formations 

(Oubaich 2011). Obtained ground motion parameters are summarized in the following 

Table 1. 

 

 

Table 1 local site conditions stratifications and characteristic parameters for superficial geology and     
list of PGA, period and spectral accelerations estimated parameters for different borehole sites 

 

 

 

6. Discussion 

Borehole Stratification Depth Vs(m/s) Unit Weight (KN/m3) PGA(g) T(s) SAR(T=0,5s) 
1 Sand  3,5 270 1,92 0,36 0.52 3,31 

3 Altered Silt-Clay 8,5 280 18,7 0,58 0,19 1,61 

4 Embankment 1,1 160 1,54 0,84 0,15 1,11 

6 Altered Silt 6,5 120 1,78 0,31 0,75 1,45 

9 Embankment 1,5 120 1,34 0,51 0,07 1,03 

13 Embankment 2,5 260 1,35 0,64 0,09 1,04 

14 Embankment 3,0 160 1,54 0,62 0,17 1,17 

16 Embankment 3,0 210 1,54 0,49 0,46 4,28 

17 Embankment 2,2 230 1,56 0,57 0,21 1,34 

18 Altered Sandy Clay 6,6 160 1,94 0,5 0,44 4,22 

21 Embankment 14 280 1,62 0,62 0,59 4,85 

23 Sand Clay 9,9 300 1,91 0,6 0,34 2,33 

28 Loamy Sand 15,5 680 1,96 0,36 0,75 1,58 

32 loamy sand 10,5 320 1,93 0,67 0,68 2,90 

33 Sandy Loams 2,5 210 1,91 0,57 0,1 1,02 

34 Embankment 5,5 150 1,56 0,78 0,14 2,12 

35 Alternance Clay-Marne 20 300 1,94 0,6 0,56 3,81 

36 Embankment 3,0 180 1,54 0,33 0,69 1,95 

37 Embankment 2,0 120 1,34 0,56 0,65 2,68 

39 Embankment 6,5 180 1,36 0,73 0,67 3,54 

41 Sand 8,5 500 1,96 0,42 0,48 3,85 

42 Embankment 11 220 1,51 0,57 0,45 4,28 

43 Clay 18 210 1,86 0,31 1,56 1,44 

44 Clay 17 240 1,86 0,46 0,45 3,50 

45 Clay Fill 8,8 220 1,56 0,34 0,93 1,33 

47 Sand Clay 8,5 290 1,86 0,48 0,45 3,80 

49 Embankment 12,5 290 1,61 0,38 0,7 1,85 

50 Embankment 1,5 120 1,52 0,4 0,03 1,01 
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In this study, seismic risk is characterized using site characteristic or natural period map 

plotted in Figure 6. The shortest period T = 0.03 s has been registered in El Marsa B50. In 

the north western part of Algiers city, three sites, namely Bab El Oued B9, Sidi Youcef 

B13 and Hammamet B4 are characterized by short periods not exceeding 0.15 s. Idem for 

Birkhadem B33 and Gue de Constantine B34 situated at the southern part of Algiers city. 

These short values are probably linked to the rocky nature of soils in these sites. All other 

sites are characterized by long periods exceeding 0.3 s. Figure 7 plots the spectral 

acceleration ratio SAR for the period 0.5 s using the response spectra obtained from the 28 

boreholes. The period 0.5 s belongs to the typical period range [0.1, 0.5] recommended by 

Kramer et al. (2004). It shows that amplification occurs in many parts of Algiers city, but 

significant amplification with SAR > 4 occurs in Algiers B21, Dar El Beida B42, Beni 

Messous B16 and El Biar B18. Significant amplifications with SAR > 3 are registered in 

Mohammadia B41, Djasr Ksent B35, Bordj Al Bahri B47, Dar El Beida B39, B44 and Ain 

El Benian B1. Observed amplification can be explained by the presence of deep terrains 

made with clay and sandy clay especially in the central and eastern parts of Algiers city. 

Figure 8 plots PGA map with values ranging roughly from 0.4 g to 0.8 g. The largest PGA 

value has been registered at the west of Algiers city in El Hammamat B4 with a value 

around 0.84. On the other hand, PGA values exceeding 0.6 g are registered in Gue de 

Constantine B34, Dar El Beida B39 and Badjarah B32. These high PGA values are linked 

probably to the nature of site soil with is composed by soft layers. 

 

 

Fig. 6 - Characteristic period map 
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Fig. 7 - Spectral acceleration ratio SAR map at 0.5 s 

 

 

Fig. 8 - Peak ground acceleration PGA map 
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7. Conclusion 

This study used one-dimensional soil response analysis performed using an equivalent 

linear method to estimate ground motion parameters taking into account site effects. The 

results of the ground response analysis show sites characteristic periods ranging from 0.03 

s to 1.56 s for Algiers. The shortest periods have been registered in El Marsa with T = 0.03 

s. Some sites located in the north western and southern parts of Algiers city registered low 

period values not exceeding 0.15 s. SAR map shows that amplification occurs in many 

parts of Algiers city, but significant amplification with SAR > 4 occurs in four sites located 

in Algiers city center and at its eastern and western sides. Observed amplification is linked 

to deep terrains made with clay and sandy clay especially in the central and eastern parts of 

the city. The largest PGA value has been registered at the west of Algiers city with a value 

around 0.84. On the other hand, PGA values exceeding 0.6 g are registered in eastern 

Algiers city and one site at the south. High PGAs are linked probably to soft layers soil 

composition at those sites. These results show clearly that seismic risk assessment should 

take into account local site effects to get significant results and reduce potential bias. 
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Abstract: One of the main challenges of our time is to reduce the seismic vulnerability of 

existing buildings designed for gravity loads only, especially in high earthquake-prone areas 

such as Italy. The seismic behaviour of structures depends on many factors, among them the 

local soil conditions, which can strongly modify the seismic motion expected on the soil 

surface. For this reason, fully coupled soil-structure analyses should be performed to estimate 

the effects of the soil conditions, as well as the kinematic and inertial interaction (DSSI) 

between soil and structure.  

The present paper shows the FEM analyses concerning a typical reinforced concrete building, 

designed for gravity loads only, located in Fleri (Catania, Italy), which was severely damaged 

during the 26th December 2018 earthquake. The numerical results show clearly that a high 

acceleration peak at the bedrock level and soil filtering effects have an essential role in 

amplifying the seismic motion expected on the soil surface, which was able to trigger the real 

structural damage observed in the building.  

Keywords: Soil filtering effects, Retrofitting of structures, FEM analyses, Seismic risk 

1. Introduction 

Local soil conditions and dynamic interaction between the soil and structures (DSSI) can 

strongly influence the response of structures to earthquakes. In current design practices (EN 

1998-1, 2004; NTC, 2018), the soil amplification effects are evaluated using simplified 

approaches, which do not take into account the real geometry and physical properties of the 

soil (Andreotti et al., 2018; Pitilakis et al., 2019). In this context, numerical analyses of the 

local seismic response (LSR) should be strongly encouraged, especially in countries 

characterised by a medium-high seismic hazard and extremely vulnerable existing structures 

(Abate et al., 2020). The DSSI could play a fundamental role, varying the characteristics of 

seismic motion which are not captured by LSR analyses, generally performed in free-field 

conditions. Thanks to the tremendous technological advancements in recent years,  FEM 

modelling of fully coupled soil-structure systems is now a valuable tool for estimating the 

seismic soil amplification or de-amplification and for giving an appropriate evaluation of 

DSSI effects (Massimino et al., 2019a-b; Chaudhuri et al., 2020). Therefore, it is always 

desirable when studying structures to include the significant volume of the soil interacting 

with them and an appropriate constitutive model. 

The present paper examines the effects of soil behaviour on the seismic response of a 

reinforced concrete (r.c.) building, located in Fleri (Catania, Italy), which was severely 

damaged during the 26th December 2018 earthquake. Dynamic FEM modelling of the fully 

coupled soil-structure system was performed using the ADINA finite element code (Bathe, 

1999), considering an equivalent visco-elastic behaviour for the soil and a visco-inelastic 

behaviour for the structure. The FEM results allow us to reproduce the real damage observed 

in the structure. 

2. Seismological setting and earthquake data  

The eastern flank of Mt. Etna (Italy) is classified as a medium-high seismicity area due to 

the tectonic activity of the Timpe Fault System, characterised by seismic events of a low 

recurrence time (about 20 years), an epicentral intensity of VIII≤I0≤IX–X EMS and a 
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shallow hypocentral depth (Azzaro et al. 2011). The seismic event on 26th December 2018 

(Mw 4.9), located at a depth of less than 1 km, took place on the south-eastern flank of Mt. 

Etna, producing severe damage in the town of Zafferana Etnea and its neighbouring village, 

Fleri (Civico et al., 2019). The SVN station, placed on soil type A (Luzi et al., 2019), was 

the closest to the epicentre (Fig. 1.a) and it provided an acceleration peak equal to 0.56 g 

(Fig 1.b). The acceleration peak furnished by the in-force Italian building standards (the 

NTC 2018), for the same area considering a soil type A and a return period of 475 years, is 

0.22 g, which is much lower than the one registered. The spectral acceleration peak was 

equal to 1.4 g (at a period T = 0.26 s). Its response spectrum was considerably above the 

elastic response spectrum provided by the NTC 2018, for the same soil type (A) and a 

damping ratio of 5% (Fig. 1.c). It is worth highlighting that the period range (T = 0.2-0.4 

s) around the one registered (T = 0.26 s) is critical for r.c. or masonry structures having one-

to-three elevations, such as that investigated in this paper. This seismic event confirms the 

high level of hazard and relevance of the local seismicity for the area analysed, as indicated 

by previous studies (Azzarro et al., 2008, 2013), and the need to identify the zones that are 

more exposed to seismic shaking. 

 

 

 

 

 

 

 

 

 

 

Fig. 1 - (a) Location of the Fiandaca Fault (FF), the epicentre of the 26th December 2018 earthquake and the 

SVN station; (b) acceleration time histories recorded and (c) elastic response spectra (5% damping)  

3. The building and its subsoil  

The building investigated in this study is a r.c. framed structure with three elevations (Fig. 2.a) 

designed in accordance with the 1976 Italian Building Code (D.M., 1976) for gravity loads only. 

This is a typical structure considering the building heritage in Italy. During the 26th December 

2018 earthquake, the frame was damaged due to the shear forces which occurred in the columns 

between the 2nd stair beam and the 2nd floor (Fig. 2.b). The DSSI analyses shown in this paper 

refer to the frame highlighted in red in Fig. 2.a. In order to define beam and column cross-

sections and reinforcements, a simulated design was performed in line with the D.M. 1976, based 

on the allowable stress method. In agreement with Italian construction practices in the 1980s, it 

was assumed that the characteristic cylinder strength of the concrete (fck) was equal to 20 MPa 

and the steel grade of the rebars was FeB38k. The following cross-sections were assumed: 30x60 

cm for the superstructure beams, 50x70 cm for the foundation beam, 30x50 cm and 50x30 cm 

for the inside and outside columns on the first and second elevations, 30x40 cm and 40x30 cm 

for the inside and outside columns on the third elevation. The area of rebars was evaluated 

considering gravity loads only. More precisely, rebars with a diameter of 14 mm were assumed 

(b) 

0.56 g 

(c) 

(a) 
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for the column sections, while rebars with a diameter of 14 mm and 20 mm were assumed for 

the beam sections. Rebars with a diameter of 8 mm were used for the stirrups. The characteristic 

values of the permanent and variable loads were considered equal to 6.0 kPa for the deck, 10.1 

kPa for the stairs, 8.0 kPa for the balcony and 6.8 kPa for the infills. The building investigated 

was not designed to sustain seismic action and, therefore, it would be expected to have poor 

inelastic capacity when compared to structures properly designed to sustain seismic action. But 

the dimensions of the column cross-sections were larger than those strictly required to sustain 

gravity loads; so, the low axial load ratio improved the local ductility of the members slightly. 

MASW geophysical surveys were carried out in close proximity to the building under 

investigation. Thanks to the shear wave velocity profile (VS vs z), the bedrock was found at a 

depth equal to 19 m (Fig. 2.c). As for the seismicity of the investigated area (Fleri), the seismic 

parameters were evaluated for a return period Tr = 475 years. The soil is type B and the value of 

the amplification factor (S) is 1.16, considering Ss=1.16 (Ss has the same meaning as the 

amplification ratio RA) and ST=1 (NTC 2018). Finally, the peak acceleration at the soil surface 

(ag·S) is equal to 0.26 g. The mechanical properties of the soil are shown in Table 1, where the 

shear modulus at small strain, Gs0, was obtained according to Eq. 1, being ρs the soil density. 
2

0s s sG V=              (1) 

In order to take into account the soil non-linearity, the value of the shear modulus (Gs0) and 

damping ratio (Ds0) were modified in line with Eurocode 8 Part 5 (EN 1998-5, 2004), with 

reference to the peak acceleration at the soil surface (see modified values Gs
* and Ds

*). In the 

numerical analyses (Section 4), Gs
* and Ds

* were used (Table 1). 

 

 

 

 

 

 

 

 

 

Fig. 2 - (a) View of the building investigated, measured in meters; (b) Shear failure of the column, between 

the 2nd stair beam and the 2nd floor; (c) Shear wave velocity profile (VS vs z) from MASW surveys 

4. FEM modelling  

In this paper, two FEM models, named Model 1 and Model 2, were investigated adopting the 

Adina code. Model 1 was a 2D finite element model involving the fully-coupled soil-structure 

system reported in Fig. 3, to take into account the filtering role of the soil and to check possible 

DSSI effects. Model 2 was a FEM model involving only the frame of Fig. 3. The frame was 

fixed at the foundation level (Fig. 4). In Model 1 a visco-elastic behaviour was assumed for the 

soil, adopting the “modified” parameters in Table 1 while, for the structure, a visco-inelastic 

behaviour was assumed. Model 1 had a total depth (z- direction) of 19 m, according to the soil 

profile discussed in Section 3, and a total mesh length of 100 m (y- direction), in order to 

minimize boundary effects as far as possible. The modelling of the structure was carried out 
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using 2-node Hermitian beam elements. More precisely, the beams and columns were 

modelled by elastic members with finite length plastic hinges at the two ends. Several 

moment-curvature M- curves were assigned within the plastic hinge region, equal to the 

height of the member cross-section, for prefixed values of the axial force (Fig. 5). These 

curves were preliminarily determined by the M- analysis carried out with the aid of the 

OpenSees (Mazzoni et al., 2007) code, using concrete parameters furnished by Masi et al. 

(2014) and Simeone (2018) for steel rebars. 
 

 Table 1. Main geotechnical parameters of the soil 

 

Plane strain 4-node 2D-solid elements were used for the soil layers. The deformability of the 

bedrock was properly considered using dashpots at the base of the soil mesh, according to 

Lysmer and Kuhlemeyer’s formulation (Lysmer and Kuhlemeyer, 1969). Along the lateral 

boundaries of the soil, the horizontal displacements (in y- and z- directions) were linked by 

“constraint equations” that imposed the same horizontal y- and z- translations. Z-translations 

were fixed at the base of the dashpots, allowing only the y-translations. The horizontal 

displacements of the beams along the y-direction were linked by “constraint equations” that 

imposed the same y- translation to reproduce an axial rigid diaphragm.  

For modelling probable uplifting and/or sliding phenomena, contact surfaces were modelled 

between the foundations and the soil, considering a friction angle equal to 2/3 φ’.  

The size of the elements adopted was chosen in order to reproduce all the waveforms of the 

whole frequency range under study (the element size should be 1/8 of the minimum wavelength) 

and to have a finer discretization near the structure.  

The material viscosity was modelled according to the Rayleigh damping coefficient and the 

double frequency approach was used (Hashash and Park, 2002). So, the Rayleigh damping 

factors αR and βR were computed according to the following expressions:  

( ) ( )1 2 1 22R D    =    + ; ( )1 22R D  =  +        (2) 

in which D is the damping ratio of each material (assumed equal to Ds
* for the soil elements 

and equal to 5% for the structure), 𝜔1 and 𝜔2 are the angular frequencies, computed 

according to the frequencies of the soil (f1=3.52 Hz, f2=10.55 Hz) and the structure (f1=1.37 

Hz, f2=4.00 Hz). Distributed loads in the seismic design combination (according to those 

presented in Section 3) were applied to the beams and the acceleration time history recorded 

at the SVN station (Fig. 2.b) was applied to the dashpots. As regards Model 2, the SVN 

seismic motion, scaled to the value of ag·S, according to the NTC 2018, was applied to the 

Soil parameters 
Layers 

1 2 3 Bedrock 

Unit weight γs [kN/m3] 18 18 18 22 

Friction angle φ’ [°] 33 33 33 40 

Cohesion c 0 0 0 0 

Poisson ratio νs 0.3 0.3 0.3 0.45 

Layer thickness h [m] 2.4 4.6 12.0 11 

Shear wave vel. Vs [m/s] 209 320 460 953 

Mod. shear wave vel. Vs
* [m/s] 135 207 460 953 

Shear modulus small strain Gs0 [kPa] 78625 184320 380880 1998060 

Mod. shear modulus  Gs
* [kPa] 32875 77068 380880 1998060 

Damping ratio small strain Ds0 0.02 0.02 0.02 0.01 

Mod. damping ratio Ds
* 0.085 0.085 0.085 0.01 

(*) Shear wave velocity, shear modulus and damping ratio were modified according to 

Eurocode 8 Part 5 (EN 1998-5, 2004) to take into account soil non-linearity 
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foundation.  Z-translations and rotations were fixed at the base of the frame, allowing only 

the y-translations.  

Fig. 3- Numerical model of the fully-coupled soil-structure system (Model 1) 

Fig. 4- Numerical model of the fixed base frame (Model 2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5- (a, b, c, d) Moment-curvature curves for the 30x50 cm, 30x40 cm column section; (e) moment-

curvature curves for the 30x60 cm beam section 
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5. Results  

Fig. 6.a shows the amplification ratio profiles RA(z) obtained for the FF alignment and the 

four DSSI alignments for Model 1 (see Fig. 3). The soil amplification ratio at the ground 

surface, computed according to the NTC 2018, is also reported. The amplification ratios (RA) 

are equal to 2.44, 2.11, 2.16, and 2.18 for the 4th, 3rd, 2nd and 1st DSSI alignment, 

respectively, compared to RA = 2.22 for the FF alignment. As regards the 4th DSSI 

alignment, the RA value at the soil surface is greater than one for the FF alignment. So, for 

this alignment, the presence of the structure slightly influenced the soil seismic response, 

suggesting that foundation uplifting occurred between the foundation and the soil 

(Massimino et al, 2019b; Chaudhuri et al., 2020). As for the remaining DSSI alignments, the 

RA value at the soil surface is approximately equal to that of the FF alignment. Moreover, 

the amplification ratios obtained by the FEM analysis are significantly greater than the one 

expected at the soil surface according to the NTC 2018 (RA = 1.16). These results highlight 

the different soil amplification phenomena predicted by the NTC 2018 and those that 

actually occurred, as confirmed by other studies (Ferraro et al. 2015, 2018) for the same area. 

In Fig. 6.b, the seismic response of the structure, in terms of PHA (Peak Horizontal 

Acceleration) profiles versus hc, for Model 1 and Model 2 is examined (i.e the fixed-base 

frame model subjected to the SVN seismic motion scaled to the value of ag·S according to 

the NTC 2018). hc is the height starting from the foundation level. It can be noted that the 

PHA profile of  Model 1 is very different from the same one obtained for Model 2. This has 

a non-negligible effect on the prediction of possible structural damage due to the earthquake 

effects, as highlighted in Fig. 7.  Fig. 7 reports the trend of the dimensionless ratio Vmax/VRd 

versus hc. Vmax is the maximum shear force and VRd is the resistant shear force for the four 

frame columns. VRd was evaluated as the minimum between the shear force, which can be 

sustained by the yielding shear reinforcement and the shear force, which can be supported 

by the member, limited by crushing the compression struts. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

Fig. 6 – (a) RA profiles along the soil in free-field conditions (FF alignment) and under each column frame 

(DSSI alignments) for Model 1; (b) PHA profile along each column of the fixed-base frame for Model 1 and 

Model 2 

Due to the uncertainty of the resistance parameters, the occurrence of shear failure was 

established when Vmax/VRd ≥ 0.9. Model 1 provides values near Vmax/VRd ≥ 0.9 in the 3rd 

column close to the 2nd stair beam and the 3rd stair beam, i.e. the column damaged by the 

seismic event on 26th December 2018. For the remaining columns, the Vmax/VRd is far from 

the failure conditions. For Model 2, the values of Vmax/VRd are much smaller than 0.9. Thus, 

according to a traditional analysis following the NTC 2018, the building would not have 

1.16 1.16 
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2162
3ECEES, September 2022, Bucharest, Romania



suffered any damage. A comparison between Model 1 and Model 2 clearly shows that the 

real soil amplification phenomena are not well captured by the stratigraphic amplification 

coefficient reported in the NTC 2018. Moreover, the site seismicity between that in the NTC 

2018 and that actually recorded is very different (as discussed in Section 2 in terms of 

acceleration peaks), underlining the great variability of hazard on a local scale. The results 

confirm that the damage after an earthquake is not necessarily a "physical" process for 

vulnerable buildings and for the present case study, the high acceleration peak value at the 

bedrock level and local soil amplification phenomena (Fig. 6) triggered the damage 

observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 – Dimensionless ratio Vmax/VRd along the frame columns hc 

5. Conclusions  

The main task of this work was to investigate the role of soil filtering effects in modifying 

the seismic motion expected on the soil surface, for a non-seismically designed building 

damaged by the 26th December 2018 earthquake in Italy. FEM analyses of the fully coupled 

soil-structure system were performed. The seismicity in the area investigated deserves 

specific attention, because very frequent, local volcano-tectonic earthquakes cause severe 

economic losses and the destruction of buildings. The acceleration predicted by the Italian 

building standards NTC 2018 (ag = 0.22 g, for a return period of 475 years) at the bedrock is 

much lower than that recorded by the SVN station (ag = 0.56 g) during the 26th December 

2018 earthquake. The variation of the seismic motion, due to soil filtering phenomena, 

together with the aforementioned site seismicity, is a key aspect when evaluating the seismic 

response of structures. The value of the acceleration amplification ratio, RA, at the soil 

surface indicated by the NTC 2018 (equal to 1.16) is significantly lower than the RA value 

obtained through the FEM analyses for the free field (FF) conditions (equal to 2.22). Local 

site response analysis should be more greatly encouraged, also in routine design. The 

analyses performed on the fully coupled soil-structure system allowed us to highlight the 

failure condition in the column damaged by the seismic event on 26th December 2018. 

Otherwise, according to a traditional analysis following the NTC 2018, the building would 

not have suffered any damage. FEM analyses must also be encouraged for all buildings, not 

only for those considered to be more important.  

Unlike common numerical analyses on soil-structure systems, in this study the FEM analyses 

were performed on a real structure, with the possibility of checking the real damage suffered. 

The results show that the damage after an earthquake is not necessarily a "physical" process 
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for a non-seismically designed structure. The damage observed was triggered both by the 

high value of acceleration at the bedrock level and the local soil amplification phenomena.   
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Abstract 
Beirut, the capital of Lebanon, is surrounded by active faults that had generated historically destructive earthquakes. 
The most destructive one remains the 551 A.D. earthquake, estimated to MS7.3, and was followed by a tsunami causing 
the death of ten thousands of people. The 551 event occurred on the Mount Lebanon offshore fault. However, other 
major inland faults related to the same Levant fault system, e.g., the Yammouneh and the Roum strike-slip faults 
located at 25 and 15 km distance, respectively, can also generate large earthquakes that may cause significant impact on 
Beirut city. There also exit minor faults at closer distance that may generate shallow, moderate shocks. 

By using the most recent GMPEs that can be applied on a tectonic context similar to Beirut, scenarios corresponding to 
the historical earthquakes of 551(MS=7.3), 1202 (MW=7.6) and 1837 (MS=7) that occurred respectively on the offshore, 
Yammouneh and Roum faults were calculated, together with a few other hypothetical moderate events (MW 5 to 6) on 
nearby faults. As the GMPEs require the use of the average shear waves velocity in the upper 30 m of the soil Vs30, the 
estimation was made for different values of Vs30, typical of what has been actually measured at various locations 
within Beirut (760 m/s for rock, 600, 400 and 250 m/s).  

A series of PGA and acceleration response spectra to be expected on different site conditions in Beirut for a number of 
realistic scenario earthquakes are presented. They inform the engineering community and the decision makers about the 
ground-motion level to expect in Beirut in the advent of comparable events. This study also highlights the most 
threatening events and causative faults that would deserve further investigations. These deterministic values will be 
discussed in the light of a parallel, probabilistic study, and will be compared to the presently existing seismic 
regulations in Beirut. 

 

Keywords: seismic hazard; Beirut; deterministic; scenario earthquakes; site conditions. 
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Abstract: Many studies demonstrate the powerful influence of soil properties in the damage 

produced by earthquakes. For this reason, the characterization of the subsoil is indispensable 

in seismic hazard studies. In this sense, the analysis of data obtained from seismic noise array 

measurements provides a good estimation of Rayleigh wave dispersion curves. The shear-

wave velocity profiles can be obtained through the inversion of these curves. The essential 

equipment to acquire data from the seismic noise array includes at least several sensors and a 

multichannel seismic noise recorder system. This is usually very expensive, even more, if it 

is a wireless system. In this work, the implementation and validation of a wireless 

multichannel seismic noise recorder equipment are exposed. The detailed schemes and the 

source code have been shared. Besides, a graphical user interface has been developed to 

provide an easy way to use the system. The validation of the presented equipment has been 

done through several laboratory tests. Furthermore, several field campaigns have been done, 

and the comparison of Rayleigh wave dispersion curves obtained with commercial equipment 

and the developed equipment demonstrates the performance of this system for seismic noise 

array data acquisition.  

Keywords: seismic noise, Arduino, seismic recorder, geophone sensor network, XBee 

1. Introduction 

The research community has verified over the last decades the relationship between local 

geology and the level of damage when an earthquake occurs. The study of the local or site effect 

is, therefore, an indispensable stage for the development of seismic risk studies since depending 

on the characteristics of the terrain the seismic signal and the associated damages can be 

amplified. This effect can produce considerable damage when it occurs in urban areas placed 

over soft sediments that significantly amplify vibrations. Consequently, the determination of the 

characteristics of the subsoil is essential to carry out the analysis of seismic hazard (Benito et al., 

2010). Thus, it is crucial to determine which urban areas are located on soft materials (Firat et 

al., 2015; Verma et al., 2014).  

The soil characterization can be performed using geophysical methods and geotechnical 

methods. Among the geophysical methods, we can find the seismic methods and more 

specifically the seismic noise-based methods, which are non-invasive and cheaper than 

geotechnical methods. Techniques based on seismic noise analysis are especially recommended 
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for urban areas (Bonnefoy-Claudet et al., 2006). There are currently multiple methods to analyze 

these signals. Many of these methods are based on the recording of data simultaneously through 

a network of sensors distributed following a specific geometry. All these methods allow 

obtaining information about the velocity of propagation of surface waves, which is usually called 

dispersion curve. The inversion of this curve (Wathelet, 2008; Sambridge, 1999; Lomax and 

Snieder, 1994) is a non-single solution problem that results in the estimation of the Vs profile. 

For the application of seismic noise methods based on data acquisition through a sensor network, 

it is necessary to have a minimum of three sensors and a seismic recorder (Rost, 2002). 

There are currently multiple seismic data acquisition systems on the market. In general, most of 

them share several disadvantages: they are usually dependent on the operating system installed 

on the computer that is used to configure them; the software provided by the equipment 

manufacturer is closed software, which cannot be adapted to the specific needs that may arise 

during the development of the investigation. Finally, the cost of this equipment is usually very 

high, even more, if the communication system used is wireless. All this keep off the access to 

this equipment for institutions without enough economic capacity to acquire them. 

In this work, we expose the details of the implementation of a wireless seismic data acquisition 

equipment based on open-hardware and open-software, as well as the laboratory and field tests 

carried out to validate the correct functioning of the equipment. The article is structured in the 

following sections: hardware implementation, software implementation, laboratory tests, field 

tests and conclusions. 

2. Description of the proposed system 

2.1. Hardware implementation 

The wireless multichannel seismic noise recorder is composed of two types of nodes: Control 

Node (CN) and Recording Node (RN).  In practice, the implemented system is deployed in the 

field following a star topology (Figure 1), the central node is the CN and around it, the recording 

nodes are installed. The distribution of the stations can correspond to a circular or polygonal 

geometry, depending on the characteristics of the site and the method of analysis to be used, 

because some methods require a certain geometry to be applied. 

 

Fig. 1 – A typical distribution of the wireless nodes in the field. 
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The Control Node (CN) is connected directly to the computer via the USB port and it is 

composed of 5 components (Figure 2): Arduino Due microcontroller; DS3231 clock; Arduino 

Wireless SD shield; and low-power Xbee S1 module with an omnidirectional antenna of 2.4 

GHz and 3 dBi (gain decibels on an isotropic radiator). 

 

 

Fig. 2 – CN module components. It is connected through the USB port to a laptop. 

 

The Recording Nodes are connected to the sensor directly by a short cable. The analog signal 

produced by the sensor goes through it to the internal digitizer of the RN. The CN send the 

instructions to the RNs wirelessly. RNs are composed of the following elements (Figure 3): 

Arduino Due microcontroller;  Arduino Wireless SD shield;  Xbee A1 module;  2.4 GHz 3 dBi 

omnidirectional antenna; RoyalTek REB-5216 GPS module; GPS antenna IM120717003; 5v 

and 500 mA power module; Rechargeable lithium-ion battery 3.7V 2050 mAh; signal 

conditioning circuit. 

The signal conditioning circuit includes an instrumentation amplifier (INA 155); an antialiasing 

filter (MAX7404) and a software-selectable gain amplifier (LTB5). This design has been 

successfully used for the conditioning of seismic noise signals previously (Soler-Llorens, et al., 

2018). 
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Fig. 3 – Component diagram of the RN module connected to a vertical geophone 

  

2.2. Software implementation 

For setting up this wireless equipment, three programs have been developed. Two Arduino 

scripts for the RN and CN, and one Graphical User Interface (GUI) implemented by 

Processing.  

The CN implemented software follows the next steps in order to coordinate the RNs to 

measure the seismic noise:  

- Identification of the active RNs. 

- Requesting GPS information from all active RNs. 

- Sending configuration parameters to the active RNs. 

- Requesting synchronization of the internal clock of each RN with the CN internal 

clock. 

- Reading acquisition confirmation packets from the active RNs. 

The RN developed software starts waiting for Xbee instructions packets from de CN. The 

RN acts executing the commands and instructions requested by the CN, that trigger a set of 

actions such are: 

- Identification of the internal number of the station. 

- Collecting GPS data and sending it to the CN. 

- Receiving configuration data and preparing the system for acquisition. 

- Sending the synchronization packets to the CN. 

- Sending the internal clock synchronized value. 

- Starting data acquisition with millisecond precision. 
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When the RN starts the data acquisition, it works in an independent way carrying out the 

subsequent actions: 

- Collecting sensor data in a memory buffer according to the configuration parameters. 

- Dumping memory buffers on the internal SD card file. 

- Reading and saving GPS information in a data file. 

- Sending information to the CN about how the data collection is going. 

- Checking whether data recording should be finished already, depending on the time 

duration indicated by the CN. 

The developed GUI (Figure 4) guides the user step-by-step through the configuration and 

data acquisition procedure. This process is composed of four main steps: 

- Connection configuration, where the user selects the serial port for CN 

communications and the number of active RN stations. 

- Stations position and date-time, where this data is shown for each active RN station. 

- Data acquisition configuration, where the user establishes the main acquisition 

parameters: sampling rate, amplification, recording duration. 

- Information about the data collection for each RN station. 

 

 

Fig. 4 – Graphical user interface developed in Processing. 

3. Results and discussions 

3.1. Laboratory tests 

The performance of the developed data acquisition system has been assessed through two 

laboratory experiments: frequency response analysis, and synchronization of the recorded 

data test. 
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In the first test, the transfer function of each node has been obtained in the laboratory. A 

function generator was used to send an impulse signal to each RN module at the same time 

during a record. This signal was recorded at a 100 Hz sampling frequency. Figure 5 shows 

the frequency response of twelve RN modules in purple and the average value in blue. The 

decay of the signal can be observed after 30 Hz, which is out of the range of interest for 

seismic engineering purposes (Strollo et al., 2008) or for site effect estimation (Bonnefoy-

Claudet et al., 2006). There are two main objectives with this test: to know the frequency 

response of the system and to assess the repeatability of the results for each station. 

 

 

Fig. 5 – Frequency response of the twelve RN modules in purple and the average value in blue.  

 

In the second test, focused on the analysis of the synchronization of the nodes, a common 

input signal was sent simultaneously to the twelve RN modules, and then the records were 

compared. The selected sampling frequency was 500 Hz and the selected recording duration 

was 5 s. Figure 6 shows the signals recorded by the 12 RN modules, for sine waves of 1, 5, 

10 and 15 Hz. The recorded signals state that exists a good synchronization among every 

RN module for the frequency range of interest. 

 

 

Fig. 6 – Signals recorded by the 12 RN modules, with sine waves of of 1, 5, 10 and 15 Hz.  

              

              

   

   

   

   

   

   

 

 
 
 
  
  

 
 
  
 
 
 

                  

     

        

   

   

   

   

 

 
 
 
   
 
 
 
  
 
 
  
 
 

     

        

   

   

   

   

 

 
 
 
   
 
 
 
  
 
 
  
 
 

     

        

   

   

   

   

 

 
 
 
   
 
 
 
  
 
 
  
 
 

     

        

   

   

   

   

 

 
 
 
   
 
 
 
  
 
 
  
 
 

                                                          

2171
3ECEES, September 2022, Bucharest, Romania



3.2 Field tests 

Seismic methods include the active and passive methods. The passive methods are based on 

the measurement of ambient noise or ambient vibrations, produced by natural phenomena or 

by human activities. Seismic noise signals include body and surface waves, although the 

latter ones are the most coherent components of the signal (Lacoss et al., 1969) and the ones 

that make the main contribution amount of energy (Toksöz and Lacoss, 1968). Thus, surface 

waves analysis allow us to accomplish the soil characteristics associated with the site where 

the signals have been recorded. There are many techniques for analyzing seismic noise 

signals. In order to apply analysis techniques based on array data acquisition, the signal must 

be recorded simultaneously by a set of sensors. These techniques provide information on the 

propagation characteristics of surface waves. More pecifically, they allow obtaining the 

velocity-frequency response (dispersion curve) associated with the soil under study. In this 

work, we have selected the frequency-wavenumber (f-k) method analysis from among the 

multitude of existing techniques (MASW, ReMi, ESAC, SPAC, etc) for the validation of the 

development equipment.  

Two different field surveys were carried out in the province of Alicante (Southeastern Spain) 

for the evaluation of the reliability of the wireless multichannel seismic noise recorder 

system. The selected sites were Rojales (−0.7202º, 38.0913º) and Almoradí (−0.7829º, 

38.1118º). These places were chosen because several array measurements were taken by us 

using the commercial system Earth Data pr6 portable digitizer in 2011 (Rosa-Cintas et al., 

2011). The comparison of the Rayleigh wave dispersion curves obtained from data recorded 

using commercial digitizers and the developed system provides a good way to show the 

performance of the proposed system. This comparison is possible thanks to the temporal 

consistency and repeatability of the soil properties, as it is stated in previous studies 

(Bonnefoy-Claudet et al., 2006). 

In the 2011 field survey with commercial equipment, nine Mark L4 sensors were deployed 

in two semicircular arrays of different apertures, 25 and 100 m diameter for each site. In the 

field survey with wireless equipment, a circular array of approximately 40 m diameter was 

deployed in each site with several 1 Hz vertical sensors (Mark L4).  Concretely eleven 

sensors were deployed in Almoradí and nine were used in Rojales.  

The f-k analysis was carried out using Geopsy software (Geopsy, 2022).  The f-k 

configuration parameters applied for the analysis was the same in all cases. The theoretical 

array response was used to establish the validity range of the obtained dispersion curves, 

which depends on the number of stations and their relative position in the array. 

In Figure 7, the dispersion curves for the Almoradí site, estimated using the data recorded 

with the developed wireless equipment (blue curve) and the Earth Data commercial 

equipment (purple curve), are shown. The common valid range is in the white space of the 

graphic. The mean relative difference between curves is 5.6%, measured in the valid 

frequency range of 3–7 Hz. These differences could be associated with the differences 

between the geometries and positions of the arrays. 

In Figure 8, the dispersion curves for Rojales site are shown following the same colour 

criteria. In this case, the measured mean relative difference is 7.3%. The shape of the curve 

is the same, with slight differences of 30–40 m/s in the range of 3–5 Hz. 
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Fig. 7 – Estimated dispersion curves for the Earth Data commercial equipment and the developed  wireless 

equipment in Almoradí site. The values outside the mutual validity range are indicated by the grey area. 

 

 

Fig. 8 – Estimated dispersion curves for the Earth Data commercial equipment and the developed  wireless 

equipment in Rojales site. The values outside the mutual validity range are indicated by the grey area. 

4. Conclusions 

In this work, a wireless seismic data acquisition system has been developed. The designed 

system allows making seismic noise array measurements without the use of cables. The 

developed system is based on open-source software and hardware. 

Recording Nodes are equipped with a conditioning circuit, which have been designed with 

an antialiasing filter, instrumentation amplifier and programable gain amplifier. These nodes 

are also equipped with a GPS device that provides the position of the stations in the field and  

avoids the requirement to manually measure the distances between stations.  

Several laboratory tests have been made to assess the performance of the wireless recorder 

system. In these tests, frequency response of the equipment and the synchronization between 

wireless stations have been successfully evaluated. 

In order to demonstrate the suitability of the system for seismic noise array measurements, 

two field campaigns were carried out. Subsequently, the f-k analysis was applied to the 
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recorded data, and the corresponding dispersion curves were obtained. The obtained results 

were compared with the dispersion curves estimated in other previous studies using 

commercial equipment. The comparison revealed a good agreement between both analyzed 

cases. 

The commercial equipment is usually expensive, which limits the application of the array 

techniques, especially for research groups with few economic resources. The developed 

system is an economic option for small research groups or universities that want to carry out 

these studies but lack the economic resources to acquire commercial equipment. 
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Abstract: Geophysical survey play a very important role in definition of the local soil 

conditions, which have a crucial impact when it comes to seismic hazard assessment. The 

surface seismic methods represent non-invasive, widely accepted geophysical methods for 

near-surface characterization and definition of parameters that have a direct influence on the 

site response during an earthquake. Presented in this study are results from а survey 

performed at different locations in North Macedonia by use of the multi-method approach 

for different purposes, but the same goal i.e., detailed site characterization of strong motion 

station locations to seismic modelling of sedimentary basins. Particular attention was paid to 

the practical, cost and time effective way to perform in-situ measurement and processing by 

using different active and passive seismic methods as are seismic refraction, seismic 

reflection, Multichannel Analysis of Surface Waves (MASW) and Horizontal-to-Vertical 

Spectral Ratio of Microtremors (MHVSR) method in an integrated approach. Each of these 

methods have advantages and limitations, but their application in an integrated approach 

enables the results to be compared and complement each other, reducing thus the likelihood 

of making errors in interpretation and providing a higher accuracy subsurface modelling. 

Keywords: geophysical survey, seismic methods, integrated approach, soil conditions, Vs 

model 

1. Introduction  

А number of geophysical techniques have been developed and have advanced in recent 

years in order to increase the quality and accuracy of site characterization. Surface seismic 

geophysical methods have been applied in IZIIS for a longer period. They represent non-

invasive, widely accepted geophysical methods for near-surface characterization and 

definition of parameters that have a direct influence on the site response during an 

earthquake. 

In this paper, the practical, cost and time effective way of performing in-situ measurement 

and processing by using active and passive seismic methods as seismic refraction, seismic 

reflection, MASW and HVSR method, is presented through the results from the surveys 

performed at different characteristic locations in North Macedonia. 
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The purpose of the surveys carried out at most of the locations, was near-surface 

characterization of the potential strong motion station sites. The potential sites were, first 

of all, selected based on desktop studies, which included parameters such as geographical 

region of interest, geological characteristics, seismic noise, accessibility, electricity, 

communication, transport, etc (Gjorgjeska et al. 2021b). They are situated in both urban 

and rural areas, in a wide variety of geologic conditions ranging from valleys with deep 

sediments to rock outcrop.   

 

Fig. 1. Location map of the study sites. Red markers represent investigated sites discussed in this paper 

For the active methods, the same seismic equipment and, in most of the cases, the same 

acquisition parameters were used, enabling time and cost-effective surveys for subsurface 

characterization. Experimental research was carried out for a long period using the above-

mentioned seismic methods to define the optimal parameters for successful application of 

an integrated technique in future research (Gjorgjeska et al. 2018a). 

For processing of seismic refraction data, the tomographic approach was used (White et al. 

1989; Tien-When et al. 2002). The approach is based on a gridded initial model of an 

iterative process aimed at determination of the velocity of individual 2-dimension grids 

within a profile as opposed to modelling the subsurface structure as constant velocity 

layers, or the so-called “cake layers”. It provides a better resolution to modelling of 

complex subsurface structures. The limitation of this method is that it cannot register 

seismic velocity inversion, i.e., trapped low velocity layers. However, using the seismic 

refraction in combination with the MASW method, complements these limitations 

(Gjorgjeska et al. 2018b; Gjorgjeska et al. 2020). 

The MASW method is based on the Rayleigh waves dispersive characteristics (Park at al. 

1999). The result of the MASW surveys is the 1DVs model or the 2DVs map of the shear-

wave velocity variation in depth and laterally. In-situ 1D MASW measurements are 

simpler and faster than refraction measurements due to the higher signal-to-noise ratio. The 

2D roll-a-long survey needs more effort and time to be performed, but the advantage of 

this technique is that, by choosing optimal acquisition parameters, the data can be used for 
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seismic reflection processing, which results in more accurate, high-resolution modelling of 

the subsurface. 

Microtremor measurements for HVSR analysis were applied at certain locations mainly to 

obtain the fundamental frequency and to identify the depth to bedrock. At the sites where 

the fundamental frequency indicated deeper sediments, a joint inversion of HVSR and 

surface-wave dispersion curve was applied. 

A number of geophysical surveys were performed at Skopje valley, as well, using the same 

approach, for definition of thickness variation of alluvial unconsolidated deposits that 

constitute the Skopje sedimentary basin (Gjorgjeska et al. 2021a). 

This paper shows the results from the surveys performed at 4 of the selected locations 

(Fig.1). The terrain structure of each location is composed of Pliocene-Quaternary 

sediments according to the existing geological data. The main objective of the survey at 

these locations was evaluation of the parameters that represents the most important 

indicators for site characterization: fundamental frequency (f0), shear-wave velocity profile 

(Vs), Vs30, depth of seismological and engineering bedrock (Cultrera et al. 2021). 

2. Research Methodology 

At each selected location, surveys were conducted by joint acquisition of seismic 

refraction, seismic reflection, and Multichannel Analysis of Surface Waves (MASW) data. 

Microtremor measurements for HVSR (Horizontal to Vertical Spectral Ratio) analysis 

were also performed for definition of the predominant frequency and joint inversion of the 

dispersion and HVSR curve. 

The in-situ measurements by active methods were performed using the SoilSpy Rosina 

multichannel digital seismograph (MoHo - Science & Technology, Italy). The seismic 

energy was generated by vertical 10 kg sledgehammer blows on an aluminium plate and 

was recorded by 4.5 Hz vertical geophones.  

Single station microtremor measurements for HVSR analysis were performed by using the 

3-componental Tromino seismometer (MoHo - Science & Technology, Italy). 

2.1. Data Acquisition and Processing 

Some site-specific details on the “in situ” measurements are:  

• Seismic refraction measurements at most of the locations were performed along a 

seismic spread of 17 channels using the following acquisition parameters: spacing 

between geophones 5m, near off-set (minimal source to receiver distance) of 5m, 

excitation step 20m at 5 points through the seismic spread, duration of seismic 

record 0.5s and sampling frequency 512 Hz. Exception was made only at one of the 

investigated sites (Skopje, Kurshumli An), with the measurements being performed 

using inter-geophone distance of 3m and excitation step of 12m. 

• For the 1D MASW and seismic reflection measurements done by use of a fixed 

seismic spread, the same acquisition parameters and geometry as those for the 

seismic refraction were used.  

• 2D MASW vs Seismic Reflection Joint Acquisition in roll along mode was 

performed along a seismic spread of 17 channels by using the following acquisition 

parameters: spacing between geophones of 2m, excitation step of 2m, near off-set 6 

m, duration of seismic record 0.5s and sampling frequency of 512 Hz.  

2177
3ECEES, September 2022, Bucharest, Romania



 

 

• Single station microtremor measurements were performed by using the 3-

componental Tromino seismometer, with recording length of 20 min 

 

The pre-processing of the data was performed using the SoilSpy Rosina and Grilla 

software, MoHo - Science & Technology, Italy. The consecutive analyses and 

interpretation of seismic refraction and reflection data were carried out applying the 

ReflexW software - Dr. K-J. Sandmeier, Germany.  

Processing of the seismic refraction data using the tomographic approach consists of: the 

first arrival travel time estimation, definition of an initial model, application of a 

simulation technique of tomography for estimation of the final model. The algorithm is 

based on an iterative adaptation (SIRT-Simultaneous Iterative Reconstruction Technique).  

Processing of the seismic reflection data was performed using the Common Mid Point 

(CMP) technique, which consists of stacking the seismic records reflected from the same 

point at the stratigraphic boundaries (Knapp et al. 1986). A pre-stacking static correction 

and 1D and 2D filtering was applied on the raw data as was also post-stacking depth 

migration. The complex processing of the seismic reflection data allows definition of the 

layer boundaries, local deformations and discontinuities with a very high accuracy and 

resolution. 

The SurfSeis 3.06 of the Kansas Geological Survey (KGS) software was applied for the 

processing of the MASW raw data. The general process included: generating dispersion 

images, extraction of effective dispersion curve and inversion of the dispersion curve to 

estimate Vs shear wave velocity model. The dispersion images were generated using the 

“wavefield transformation” method (Park at al. 1998). The next step consisted of effective 

dispersion curve extraction. The dispersion curves were extracted for each source-receiver 

configuration displacement. The inversion was performed for each of the dispersion curves 

by the iterative process proposed by Xia et al. (1999). For HVSR analysis and joint 

inversion with the Rayleigh waves dispersion curve, Grilla software was applied 

(Castellaro et al. 2016). 

3. Results 

The results from the geophysical survey are presented as 1D and 2D Vs models, 2D Vp 

models and seismic reflection depth sections. The seismic models in combination with the 

geological data reflect the seismo-geological characteristics of the site.  

Fig. 2 shows the results from the geophysical survey performed at Pehchevo station site. Joint 

acquisition using three different methods was performed along the same profile line. The 2D 

Vp velocity model and the 2D seismic reflection section refer to the same position, while the 

1D Vs model resulting from surface wave analysis refers to the middle of both 2D models.  

The lateral variation of the physical-mechanical characteristics in the 2D Vp refraction model 

indicates an anomaly of the terrain structure (Fig.2a). This anomaly i.e., the sharp change in 

thickness of the unconsolidated sediments is registered at each seismic profile. These 

deformations have also been defined in sections obtained as a result of the surveys done by 

application of seismic reflection as well as use of the 1D MASW method, being manifested by 

inversion of the shear velocity at depth of 20 – 25 m (Fig.2c) The reflection sections also 

indicate disturbances and discontinuities in deeper layers (red dashed line) (Fig.2b). The 

thickness of the surface unconsolidated sediments (Vs<600m/s) in the central part of the 

location reaches depth of down to 25 m.  To compute Vs30, two representative models have 

been distinguished. According to the value of Vs30 = 380-450m/s, soil type B has been 

defined. Based on the measurements that have so far been performed for this location, the 
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depth of the engineering bedrock has been defined at the depth from 12m at the peripheral 

parts to 25m in the central part of the site. 

 

Fig. 2 - The seismic models as a result of the survey performed in Pehchevo a) Vp seismic refraction 

tomography model  b) 2D Seismic reflection section. c) 1D Vs model as a result of the MASW survey 

Additional microtremors measurements and MHVSR analysis are planned as well as EHVSR 

(horizontal to vertical spectral ratio of earthquakes) analysis for predominant frequency 

estimation and HVSR vs dispersion curve joint inversion to possible seismic bedrock depth 

definition.      

At the location of Lisiche dam, surveys along 1 research profile have been carried out. The 

seismic refraction and seismic reflection methods have been used. The records obtained by 

application of these 2 methods have also been used for analysis of surface waves, i.e., the 1D 

MASW method has been applied (Fig.3). The interpretation of the final models has led to the 

conclusion that the surface unconsolidated sediments (Vs<600m/s) reach a depth beyond 30 m. 

The 1D MASW Vs model obtained as the result of the joint inversion of HVSR and dispersion 

curve points to a more compact medium at depth of approximately 55 m that could be treated 

as a seismic bedrock because of the high impedance contrast (Fig.4c). The peak amplitude with 

a frequency of 1.5Hz at the HVSR spectrum, refers to the unconsolidated sediments/ bedrock 

interface as a most expressed reflector (Fig4a). To compute Vs30, 1 representative model has 

been distinguished. According to the obtained value of Vs30 ≈350m/s, soil type C has been 

defined.  
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Fig. 3 - The seismic models as a result of the survey performed in Lisiche. a) Vp/Vs seismic refraction 

tomography model. b) 1D Vs MASW model 

 

 

Fig. 4 – HVSR vs Dispersion curve joint inversion - Lisiche. a) HVSR curve. b) Dispersion curve and c) 1D 

Vs model  

From the interpretation of the final seismic models obtained for the Ohrid location, it can be 

concluded that, down to the depth of approximately 10 m, the deposits have quite weak 

physical-mechanical characteristics, while the velocities of propagation of the seismic shear 

waves through these media are in the interval of Vs=150-300m/s (Fig.5).   

With the increase in depth, the characteristics of the Quaternary deposits are improved and 

down to depth of 10 – 25 m, they reach Vs values in the interval of Vs=300-500 m/s.  The 

transitional layer of Quaternary into Neogene sediments is quite more compact and is 

characterized by Vs=500-600m/s. Recorded below the Quaternary sediments are Pliocene 

sediments that become more compact with depth and are characterized by Vs = 650-800m/s. 
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Fig. 5 – 2D MASW survey -  Ohrid. a) Dispersion curves b) 2D Vs model 

The investigations by application of a combined approach, namely, HVSR and MASW enable 

definition of the depth of the two most expressed reflectors of the terrain structure which are 

the boundary between the Quaternary and Neogene sediments and the boundary between the 

Neogene sediments and the Paleozoic shales (Fig.6).  

 

Fig. 6 - HVSR vs Dispersion curve joint inversion -  Ohrid. a) HVSR curve. b) Dispersion curve and c) 1D 

Vs model 

From the HVSR spectrum resulting from the analysis of the recorded microtremors, 2 

important peak amplitudes have been obtained (Fig.6a). The most expressed is the peak 

amplitude with a frequency of 1.5Hz, which refers to the boundary between the Neogene 

sediments and Paleozoic rocks. In the frequency range of 2.5-4 Hz, there occur peaks referring 

to shallower reflectors and the boundary between the Quaternary and Neogene sediments. To 

compute the 1D Vs model, a combined inversion of the MASW dispersion curve and the 

HVSR curve has been applied. According to the final model, the boundary between the 

Neogene and Quaternary sediments has been defined at a depth of 21 m (engineering bedrock), 

whereas the contact between the Neogene sediments and the Paleozoic shales has been defined 

at depth of approximately 130 m (seismic bedrock) (Fig.6c). According to the obtained value 

of Vs30 ≈310-350m/s, soil type C has been defined. 

The 4th survey site is situated in the Skopje urban zone where the thickness of the 

quaternary deposits is lower then 30m. The survey using three different methods was 

performed along the same profile line. Seismic reflection was performed in roll-along 

mode and the recorded data were used for Rayleigh wave analysis as well i.e 2D MASW 
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survey. The 2D MASW model refers to the position of 15-39m along the seismic refraction 

and reflection profile (Fig.7). 

According to the 2D Vp and Vs models the thickness of the quaternary deposits 

characterized by seismic velocities Vs=100-600m/s, varies in the range of 8m to 15m. This 

anomaly i.e., the sharp change of the quaternary thickness is registered at each seismic 

profile. The anomaly is clearly mapped on the seismic refraction model (along a distance 

of 10-38m) and the MASW model (Fig.7a, Fig.7c). The same variation of the bedrock 

topography is interpreted at the seismic reflection 2D model. The reflection model 

indicates deformations in the deeper layers, as well (Fig.7b). Pliocene sediments 

underlying the Quaternary deposits mainly composed of gravel, sand, sandstones, are 

characterized by Vp>1800m/s, Vs>600m/s and in this case represent the engineering 

bedrock of the terrain structure.  To compute Vs30, 2 representative model has been 

distinguished. According to the obtained value in range of Vs30=380-450m/s, soil type B 

has been defined. 

 

 

Fig. 7 - The 2D models as a result of the survey performed in Skopje, Kurshumli An a) Vp seismic refraction 

tomography model  b) 2D Seismic reflection section. c) 2D Vs model as a result of the MASW survey 

4. Conclusions  

From the above presented, it can be concluded that, the use of the multi-method approach 

improves the quality and reliability of subsurface modelling. For site characterization, 

combined methods of seismic refraction, seismic reflection, MASW and HVSR were 

applied at 4 characteristic locations in N. Macedonia. The in-situ measurements and data 

processing were conducted in the most practical, cost- and time-effective way, by joint 

acquisition in most of the cases. 

The combination of four different seismic methods for site characterization obtained good 

quality data and very promising results. Each of the techniques showed limitations and 

disadvantages, but their application in an integrated approach enabled the results to be 

compared and to complement each other, which reduced the error likelihood in the 

interpretation.   
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According to the results from the geophysical survey performed at each location, the 

seismic refraction method proved to be a great tool for subsurface characterization and 

detecting potential anomalies. The tomographic approach to data processing enabled 

modelling of the subsurface with both lateral and vertical velocity variation, which 

provided high resolution imaging of the subsurface structure. The limitation of this method 

is that it cannot register seismic velocity inversion, i.e., trapped low velocity layers.  

However, in combination with the active MASW method, geological media down to 30m 

and engineering bedrock were successfully distinguished and defined, mapping the 

velocity inversion i.e., the trapped low velocity layer, as well. Аlthough, the surface wave 

method has also weaknesses and limitations, both methods in combination complemented 

and improved the subsurface modelling of the investigated locations. The roll-a-long 

MASW technique, enabled the data to be used for seismic reflection processing.  Using the 

CMP method for reflection processing resulted in definition of the layer boundaries, local 

deformations, and discontinuities up to 100m.  

Microtremor recording and HVSR analysis proved, once again, as the most time and cost-

effective method for preliminary assessment of local soil conditions. For the surveys 

presented in this paper, microtremor measurements were performed at 2 sites, namely 

Lisiche and Ohrid sites, along with successful definition of predominant frequency. HVSR 

curves with low frequency peaks indicated deep bedrock. Through joint inversion of the 

HVSR curve and Rayleigh wave dispersion curves as a result from active MASW survey, 

the depth of engineering and seismic bedrock has been defined. Further steps include 

microtremor measurements at all sites of interest, as well as upgrading of the survey with 

eHVSR (horizontal to vertical spectral ratio of earthquakes) analysis. 
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Abstract: FS (0.2 s) and F1 (1.0 s) factors used for modifying the design spectrum (VS30 = 760 

m/s) of Turkish Earthquake Building Code (TEBC) relative to various site conditions were 

originally developed using a database governed by Western United States strong ground 

motions. Thus, these values might not reflect the site amplification at regions of interest in 

Turkey and need to be tested through site-specific studies. This paper performed a small-scale 

parametric study of 1,320 one-dimensional nonlinear and equivalent-linear ground response 

analyses using 15 medium stiff-to-stiff site profiles from the southern coast of Izmir and 184 

motions to produce simulated amplification factors. The simulation-based F1 from both 

analyses with mid-to-high intensity motions are noticeably higher than the corresponding 

values in the TEBC, resulting in the fact that the design spectra computed using simulated 

factors cover the code-based spectra for periods greater than 0.5 s which includes the range 

of resonance periods of most mid-to-high rise structures. Such observation indicates that a 

more comprehensive and large-scale parametric study incorporating a wide range of site and 

motion conditions would be recommended. 

Keywords: Site amplification, site response analyses, Turkish Earthquake Building Code, 

design spectrum 

1 Introduction 

West Turkey is known to be one of the most seismically active regions of Turkey due to the 

Aegean Subduction Zone (ASZ) subducting beneath the Anatolian Plate (Bozkurt et al., 

2001). Recently, the city of Izmir was exposed to an earthquake with a moment magnitude 

(MW) of 7.0 and epicenter at a latitude of 37.879 and longitude of 26.703 that occurred in the 

Aegean Sea on 30th October, 2022 (Cetin et al., 2020). The 2020 Samos (Aegean Sea) 

seismic event led to a large loss of lives (114 people) along with significant damages to the 

structures located in the Bayrakli district of Izmir (Gulerce et al., 2022), which is mainly 

attributed to the site and/or basin amplification. This observation indicates the necessity of 

accounting for the site effects in seismic hazard calculations accurately, and two main 

approaches exist to quantify the amplification at the site of interest: 

i. NEHRP-based site factors (Borcherdt, 1994; BSSC, 2015) based on the site classes 

dependent on VS30, which is time-averaged shear wave velocity at the upper 30 m of 

the site. 

ii. Empirical (Sandikkaya et al., 2013; Parker et al., 2019), semi-empirical (Seyhan and 

Stewart, 2014 (SS14); Stewart et al., 2020), and simulation-based models (Hwang 

and Huo, 1997, Darragh et al., 2015; Harmon et al., 2019a, b (HEA19); Ilhan, 2020) 

that integrated with seismic hazard computations. 

The first methodology above is worldwide adopted in building codes to adjust design 

spectrum relative to reference condition and in financial loss modeling for insurance 

applications. Similarly, the Turkish Building Code (TEBC, 2018) suggests site factors, 
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which are denoted as FS and F1 throughout this document, as a function of location-based 

spectral accelerations (SS and S1) and 5 different VS30-based site classes. However, these are 

shown to be identical to those of SS14 that were developed using dataset (Ancheta et al., 

2014) governed by Western United States (WUS) GMs and might not reflect the 

amplification characteristics of Izmir. As a result, this study aims to evaluate the FS and F1 

values in TEBC (2018) through simulation-based amplification factors generated using one-

dimensional (1D) nonlinear (NL) and equivalent-linear (EL) with medium stiff-to-stiff site 

profiles classified as ZD (180 m/s ≤ VS30 ≤ 360 m/s) from the southern coast of Izmir and 

GMs occurred in Aegean region. 

2 Small-Scale Study of One-Dimensional Site Response Simulations 

Fig 1 illustrates the parametric study tree for conducting small-scale 1D NL and EL site 

response analyses (SRA) such that each element of this design can be detailed as follows: 

a. Eleven strong ground motions were randomly selected from 184 motions recorded 

on the stations with VS30 ≥ 700 m/s from 19 earthquakes with MW of 3.0 to 6.0 (Fig 

2) and were assigned to each site profile. 

b. A total of 15 site profiles (Bozkurt, 2010; Yalcin, 2008) from the southern coast of 

Izmir (Fig 3) classified as ZD with respect to TEBC (2018) was adopted. For 6 of 

these profiles, the shear wave velocity (VS) information is not available, and thus the 

relationship in the eqs. (1a) (Ohta and Goto, 1978) and (2b) (Hardin, 1978) were used 

to estimate the VS information. Fig 4 presents the VS profiles that were gradually 

extended to the estimated depth (Kuruoglu and Eskisar, 2015) of reference condition 

of VS = 760 m/s. 

 𝐺𝑚𝑎𝑥 = 20000 ⨯ (𝑁1)60
0.333 ⨯ 𝜎′𝑚

0.5
 for cohesionless soils (1a) 

 𝐺𝑚𝑎𝑥 = 625 ⨯ 𝐹(𝑒) ⨯ 𝑂𝐶𝑅𝑘 ⨯ 𝑝𝑎
0.5 ⨯ 𝜎′𝑚

0.5
 (2b) 

where N1,60 is the SPT-N blow counts corrected for 60% energy ratio, σ'm is the mean 

effective vertical stress, F(e) is a function depending on the void ratio, OCR is the over-

consolidation ratio, and pa is the atmospheric pressure. 

c. Each VS profile is subdivided using the fmax value of 30 Hz, which is the maximum 

frequency that can be propagated through each layer during time-domain analysis. 

 

 

Fig 1 The parametric study tree 
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d. The modulus reduction and damping (MRD) curves were generated using Darendeli, 

(2001), and General Quadratic and Hyperbolic GQ/H model (Groholski et al., 2016) 

was fit to each MRD curve to represent the limiting shear stress at large strains. 

e. The design spectra of TEBC (2018) relative to ZB site condition for the probability 

of exceedance (PoE) of 2%, 10%, 50%, and 68% in 50 years were produced using 

the location-based spectral accelerations (SS and S1) in TEBC (2018). 

f. The randomly assigned 11 motions to each site profile were scaled as consistent with 

the design spectra for 4 PoE levels via SigmaSpectra (Kottke and Rathje, 2010) as 

presented in Fig 5. 

 

 

Fig 2 The selected earthquakes for 1D analyses 

 

Fig 3 Medium stiff-to-stiff site profiles 

 

This work results in 1,320 1D SRA (660 NL and 660 EL), which were performed via 

DEEPSOIL V7.0 (Hashash et al., 2017) and were utilized to propose simulated-based 

amplification factors used for the evaluation of FS and F1 values in TEBC (2018). 

 

 

Fig 4 VS profiles of ZD site 

classes 

 

Fig 5 An example of scaling original motions relative to different PoE 

levels of TEBC (2018) ZB spectra through SigmaSpectra 
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3 Simulated Site Response Spectrum (RS) Amplification Factors 

Site amplification is defined as the ratio of ground motion intensity measure (GMIM) at the 

ground surface to GMIM at reference condition to be compatible with the FS and F1 values 

in TEBC (2018). Therefore, the surface response spectrum (RS) from each NL and EL 

analysis is divided to corresponding input motion to calculate the simulated amplification at 

oscillator periods (TOSC) from 0.01 s to 10.0 s. It should be noted that the NL and EL analyses 

with maximum strain greater than 1.0% (Harmon et al., 2019b) and 0.3% (Kim et al., 2013), 

respectively, were excluded from amplification calculations. 

Fig 6 presents the comparison of site amplification computed from 1D NL analyses with site 

factors of TEBC (2018) determined as a function of location-dependent spectral acceleration 

(SA) relative to VS30 = 760 m/s and site class of ZD along with the mean of simulated 

amplification ∓1 standard deviation (σ). For analyses with motions scaled to ZB design 

spectra of PoE levels of 2% and 10%, TEBC (2018) factors at short oscillator period (TOSC 

of 0.2s) are notably larger than simulated amplification such that the latter seems to be closer 

to mean+1σ. The opposite condition is observed at long period (TOSC of 1.0s) and is 

attributed to the period elongation behavior of soil columns during NL simulations. In the 

cases of PoE of 50% and 68%, the code-based factors are demonstrated to be consistent with 

mean for both long and short periods. 

 

 

Fig 6 The comparison of simulation-based amplification factors from NL analyses and FS and F1 values from 

TEBC (2018) for probability of exceedance values of (a) 2%, (b) 10%, (c) 50%, and (d) 68%. 

 

Similar evaluation is conducted using EL analyses (Fig 7) since it is known to be extensively 

used and verified as compared to the NL technique which adopts stress-strain relationships 

along with hysteretic reloading-unloading formulations to account for site behavior more 

accurately. Even though the number of EL analyses included in the comparison process is 

2188
3ECEES, September 2022, Bucharest, Romania



significantly reduced due to the max. strain threshold defined above, the overestimation of 

the FS and F1 from TEBC (2018) by amplification from EL analyses is pronounced relative 

to NL case for both short and long TOSC as given in Fig 7a and b due to the overestimation 

of resonant responses in EL (Rathje and Kottke, 2011). Additionally, simulated and TEBC-

suggested factors appear to be similar to each other at 0.2 s and 1.0 s for PoE levels of 50% 

(Fig 7c) and 68% (Fig 7d).  

 

 

Fig 7 The comparison of simulation-based amplification factors from EL analyses and FS and F1 values from 

TEBC (2018) for probability of exceedance values of (a) 2%, (b) 10%, (c) 50%, and (d) 68%. 

4 Design Spectra through Simulated Site Factors and Study Implications 

This section is designed to assess the design spectra for the different probability of 

exceedance levels obtained using simulated site factors relative to those of TEBC (2018) 

since TEBC (2018) recommends that the response spectrum derived from site-specific 

analyses exceeding that suggested by Turkish code can be adopted for design purposes. 

Thus, FS and F1 RS factors from NL and EL analyses are extracted from Fig 6 and Fig 7 as 

illustrated in Table 1 such that both mean of all simulated-based amplification and the 

mean∓1standard deviation (σ) is considered for design spectrum computation. 

 

Table 1 FS and F1 factors from NL and EL analyses and TEBC (2018) 

FS (0.2 s) F1 (1.0 s) 

PoE TEBC Mean Mean+1σ Mean-1σ TEBC Mean Mean+1σ Mean-1σ 

- - NL EL NL EL NL EL - NL EL NL EL NL EL 

2 1.00 0.52 1.27 0.83 1.65 0.22 0.90 0.90 2.00 2.04 2.47 2.34 1.54 1.75 

10 1.06 0.80 1.27 1.21 1.75 0.40 0.79 0.79 2.26 2.33 2.73 2.77 1.79 1.90 

50 1.47 1.37 1.05 1.82 1.36 0.92 0.75 0.75 2.30 2.27 2.67 2.65 1.93 1.88 

68 1.56 1.23 1.23 1.58 1.56 0.88 0.90 0.90 2.26 2.23 2.64 2.63 1.88 1.83 
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Fig 8 exhibits (i) the design spectra via mean of FS and F1 from NL and EL analyses together 

with ∓1σ, (ii) Turkish code-based spectrum, and (iii) the envelope computed through taking 

the maximum of all spectra at each TOSC for four levels of PoE. For PoE of 2%, all simulated 

response spectra except mean-1σ of NL overestimate the TEBC (2018) for TOSC ≥ 0.5 s. 

However, the observably larger response of mean and mean∓1σ of EL should be utilized 

carefully due to the small number of EL analyses incorporated into the computations of site 

amplification (Fig 7a), indicating that it would be reasonable to adopt TEBC (2018) for TOSC 

< 0.5 s. Moreover, the underestimation of the code-based spectrum relative to simulation-

based response spectra is explicit for short-to-long periods for the PoE levels from 10% to 

68% (Fig 8b from d). Hence, the use of either mean of EL or mean+1σ of NL for TOSC > 0.1 

s would be recommended as per the requirements of TEBC (2018) for PoE from 10% to 68% 

except for very short periods (TOSC < 0.05 s). 

 

 

Fig 8 Comparison of design spectra calculated using mean and mean∓1σ of FS and F1 factors from all NL and 

EL simulations with those of TEBC (2018) for the probability of exceedance levels of (a) 2%, (b) 10%, (c) 

50%, and (d) 68%. 

5 Discussion and Conclusions 

The west of Turkey is known to be a very seismically active region due to Aegean 

Subduction Zone (ASZ), and therefore the city of Izmir which is one of the densest cities of 

Turkey is prone to large magnitude earthquakes. The recent Samos earthquake of magnitude 

(MW) of 7.0 that occurred on 30th October, 2020 resulted in casualties (114 people) along 

with a significant number of building damages in the Bayrakli district attributed to site and/or 

basin effects. To account for the site influence on ground motion (GM) attributes, the 

Turkish Building Code (TEBC, 2018) proposes site factors (FS and F1 for 0.2 s and 1.0 s, 

respectively) for the adjustment of the design spectra (VS30 = 760 m/s) for various probability 

of exceedance (PoE) levels (2%, 10%, 50%, and 68%) in 50 years relative to site conditions 
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described via VS30-based classes in TEBC (2018). However, these factors are shown to be 

identical to those developed using the ground motion dataset governed by the Western 

United States (Seyhan and Stewart, 2014), indicating that current values in TEBC (2018) 

might not represent the site amplification characteristics of Izmir. Hence, this study compiled 

(i) 15 medium stiff-to-stiff profiles (ZD class) and (ii) 184 strong GMs that were recorded 

in the vicinity of Izmir and were scaled with respect to 4 PoE levels of location-dependent 

Turkish design spectra of ZB condition (360 m/s ≤ VS30 ≤ 760 m/s) to perform a total of 

1,320 1D nonlinear (NL) and equivalent-linear (EL) site response analyses for the evaluation 

of code-based site factors. 

The mean of simulation-based amplification values for long periods (1.0 s) from NL analyses 

is demonstrated to be observably larger than their TEBC (2018) counterparts (F1) suggested 

for ground motions corresponding to PoE levels of 2% and 10%. This overestimation is 

pronounced in the case of comparison with those from EL simulations. For short periods (FS 

at 0.2 s), the opposite situation is observed after the use of NL analyses. Such outcomes 

necessitate the assessment of the Turkish design spectrum for all PoE degrees in that the 

spectra calculated using simulated FS and F1 values are compared with code-based ones. The 

site-specific design spectra determined using mean and mean+1standard deviation (σ) of all 

amplification factors from NL and EL analyses are seen to cover TEBC (2018) design 

spectra for all PoE levels for TOSC > 0.5 s which is thought to involve the resonance period 

ranges of most mid-rise and high-rise structures located in Izmir. As a result, broader 

research encompassing a wide range of site and motion conditions would be recommended 

to test the current FS and F1 values of TEBC (2018) and even to develop region-specific 

factors for Turkey. 
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Abstract: Geotechnical characteristics of the site were evaluated by the collection of a large 

amount of borehole data from various sources. The bedrock depth could not be determined 

due to a lack of deep boreholes, however, traces of rock found in the obtained data 

suggested outcrop rocks in this area. The water table was also measured. According to 

geotechnical categorization, the soil samples of Karbala are characterized by sandy or silty 

sand soil. The purpose of this paper is to provide an analytical strategy for investigating four 

selected sites in Karbala-Iraq, utilizing Proshake program for site responsive investigation to 

ground movement. For a given value of ground motion acceleration amplitude 0.05g, the  

corresponding linear analysis shows that the peak surface ground acceleration ranges 

between 0.0507 g and 0.089 g, which has been identified in most sites of the study area. For 

selected places in Karbala city, the amplification factor for acceleration differs between 

1.016 and 1.78. 

Keywords: Geotechnical characteristics, microzonational investigation, regional 

distribution,  Karbala, soil layers.  

1. Introduction  

The most essential and obvious feature of seismic analysis is the dynamic response study 

of horizontal layers of soil to earthquakes. The degradation of material characteristics 

and/or liquefaction of the soil layer must be taken into account when computing surface 

acceleration. 

Due to the fact, that seismic waves can penetrate tens of kilometers through bedrock, but 

just a few hundred meters through soil, the soil is conclusive in identifying earth's surface 

movement features (Wang and Law, 1994). Location response spectrum analysis is 

required for planning and designing applications to determine the response of a soil layer 

to movement of the bedrock directly beneath the soil, as well as the impact of development 

soil properties on the seismic wave amplifier and thus site response spectra prediction. 

(Kramer, 1996). Peak Ground Acceleration (PGA) is a useful measure of the 

intensity of the higher frequency components of a ground motion since it represents the 

greatest absolute value of acceleration. Geometrically, it is based on the most accurate 

ground shaking estimation available. Strong motion records, site response, and calibrated 

attenuation relationships are some of the estimation approaches (Moss et al., 2006). 

In any seismic microzonation investigation, determining the soil amplification factor is 

important. The PGA at ground level was calculated in this study by graphing the variation 

of peak ground acceleration as a function of depth, using the Proshake program (PGA). 

Karbala is regarded as a major urbanized area and a basic tourist town. As a result, this 

research will shed light on the peak ground acceleration and amplification factors of soil in 

Karbala. The previous studies that guided this study are:    
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Al-Khafaji (2010) used the cross hole seismic method to determine the geotechnical 

chaactiresticts of the soil at Al-Abbas holy shrine in Karbala city, and the Ground 

Penetrating Radar (GPR) to identify the cavities under the site. 

Shakir (2012) used ground non - destructive seismological examinations, as well as boring 

in situ measurement, to find out the determinants of subsoil and provide details about the 

sub-grade soil for about the first 30 meters of the subsurface. Also to check the  

multichannel evaluation of wave propagation method in a city area.  Additional variables, 

including average S-wave speed in top 30 m (Vs 30), soil nature, sensitivity to amplifying 

group, as well liquefied sensitivity were computed due to  Vs values . 

Trivedi (2011) used the computing system Proshake for seismic site evaluation to explore 

soil amplification in the Ahmedabad district and analyze soil amplifying of maximum 

vertical accelerations owing to the soil. To evaluate the impact of local soil properties on 

seismic wave amplification, a location response spectrum investigation was necessary to 

analyze the response of a subsurface to the movement of the rock directly beneath the 

earth. 

2. The  Study Area  

The study region is about 100-120 kilometers south and southwest of Baghdad, in Karbala 

governorate, Iraq. Karbala is roughly 40 meters above sea level, as clarified in  Figure 1. 

 

Fig. 1 – Spatial  location map of the project area. 
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3. The study's objectives 

1- identify technical characteristics to generate soil patterns in the research region, using 

significant technical drilling information acquired from survey work and a variety of 

individuals and organizations. 

2- Determination peak ground acceleration and amplification factor values for Selected Sites in 

Karbala City. 

4. Geological conditions of the investigated area 

The strata units discovered in Karbala region are described in Table 1, and a geological map of 

the  study sites is shown in Figure 2. 

Table 1. Geological setting  of the investigated area. 

 

No. Time in Geology Formation'

s Name 

Explanation of the geology 

1 Upper Miocene  Injana 

Formation 

The bottom tereginous part 

is comprised of various 

ratios or admixtures of 

siliciclastic stones   

(claystone, sandstone, and 

mudstone).                 .                                                       

Claystone can also be silty, 

brown to reddish brown, 

conchoidally fragmented, 

massive, tough, cliff-

forming, and it can convert  

into mudy claystone 

(Hassan, 2007). 

2 Pliocene- Pleistocene Dibdibba 

Formation 

Sand and pebbly sand, 

quartz, chert, carbonate and 

clay cement (Bellen et  al.,  

1959).  

3 Paleocene and Holocene  Quaternary 

deposits 

Depressed filling materials, 

windy deposition, fluvial 

sediments, gypcrete 

accumulations, and inland-

sabkha (Al-Khateeb and 

Hassan, 2007). 

 

5. Seismicity of  the Study Area 

 According to extant seismic surveys in Iraq and adjacent regions, the pattern of seismic events 

in Iraq rarely follows structural properties, that include the greatest notable faults and fractures 

in the northeastern and northern parts of Iraq. As a result, seismic activity is concentrated in the 

country's northeast and north, particularly on the Taurus and Zagros faults in the north and 

northeast. 

 Despite the fact, that seismic activity is prevalent in Iraq's south and southwest, they are 

usually caused by local tectonic activity. It is worthy to note that the number of earthquakes in 

the survey area (Karbala province) is limited, because it is outside of Iraq's earthquake zone.  

This does not rule out the possibility that earthquakes that occur outside of the research area 

have an influence on where ground shaking generates effects and structural damage. However, 

if the earthquakes are strong enough to cause such damage and occur more than 300 kilometers 

away. Furthermore, the thickness and character of different types of sediment soils affect the 

2195
3ECEES, September 2022, Bucharest, Romania



amplification and attenuation of seismic energy caused by earthquakes (Alsinawi, and Al-

Qasrani, 2003). Figure 3 shows Probabilistic seismic hazard in Iraq with a 2% chance of 

exceedance in 50 years in terms of spectral acceleration at 0.2 s.  

The history of seismic activity in Iraq has a good notarized. The  boundaries of the major 

tectonic elements display a good specified style for the historical seismicity in Iraq. 

Earthquakes in this seismic zone, particularly in the eastern region of NE Iraq, can generate 

extensive structural damage. The northern and eastern borders of the Arabian plate are 

relatively active seismic zones in Iraq (Alsinawi, and Al-Qasrani, 2003).  

6. Method and materials  

To get a better understanding of the topic area, all available publications concerning the survey 

area were collected and reviewed, as well as papers about soil analysis studies, information 

acquired,  geologic maps, and satellite pictures. 

In Karbala, two research topics were chosen. The soil investigation for the first project was 

achieved in April of 2012, while the investigation for the second project was done in June of 

2016. Four sites were selected for this study. The first borehole, represented the first site, was 

drilled in  Karbala city, within the New Karbala Laboratory Building (NKL), approximately 

ten kilometers from the city center of Karbala. The other three sites were; Educational Hospital 

(600-Beds) for Karbala University site (K2), Kerbala water treatment plant site (K7), and 

Kerbala Sewage Treatment Plant site (K16). In the New Karbala Laboratory Building, 

standard examination procedures ASTM D-1452 (2009) and D-5783 (2012) had been used, 

with a digging depth of 10 meters from the original earth level. At different depths, 15 soil 

samples were obtained from these drilled boreholes. In the field, The standardized testing 

technique has been carried out. The test investigations listed in Table 2 were done at the 

Central Institute for Building Labs in Hilla at this period. 

Table 2. Lab experiments, and their specifications. 

 

Types of 

Examinations 

Number of samples 

examined 

Methods of 

Testing 

Moisture 

concentration 

10 (ASTM- D 

2216-

05,2006). 

Atterberg 

restrictions 

3 (ASTM-

D4318-05, 

2006). 

Specific 

gravity 

3 (ASTM - 

D854-

2006). 

Measurement 

of particle 

sizes 

12 (ASTM - 

D422–

2004). 

Soil 

categorization 

6 (ASTM D-

2487-

2004). 
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Fig 2- A geological map of the investigated area (Barwary and Slewa,  1995). 

 
Fig. 3- Probabilistic seismic hazard in Iraq with a 2% chance of exceedance in 50 years in terms of spectral 

acceleration at 0.2 s (Wathiq Abdulnaby et al, 2020)  
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7. Analysis Using Proshake Program 

To solve the ground response trouble, Proshake applies a frequency domain method. The input 

movement could be described as a series of sine waves with varying amplitudes, frequencies, 

and phase angles. To get  the reaction of the soil sediments to any of the supplied sine waves, a 

basic method for determining the soil site's response to sine waves of various frequencies (in 

the manner of a transfer function). The total response could get by adding the  Independent 

replies to every input sine waves.  

 8. Selection of Design Earthquakes           

In this study, For such chosen location responding evaluation of the work sites, the Iraqi 

seismic has been utilized, with a maximum magnitude of 0.05 g. Even though the peak ground 

accelerations are similar. Vertical ground motion shows substantially less energy than 

horizontal ground motion. This is due to the fact that vertical ground motions occur more 

frequently than horizontal ground motions. Vertical ground motions reflect much less energy 

than horizontal ground motions, even for short periods. As a result, the horizontal components 

of ground acceleration are the only ones taken into account. 

9. Iraqi earthquake 

On the 25th of June 2009, the chosen earthquake struck Iraq at 15:04:54 universal time, UTC. 

It was established near the Iranian border in  Badra area in the center of Iraq, with lattitude: 

33.102' and longitude: 46.341'. It recorded 4.4 of Richter magnitude, a focal depth of roughly 8 

km, and an epicentric distance of about 33 km from Badra station (ISN, 2009). 

The velocity time history of the Iraqi earthquake, which had a maximum acceleration of 0.05g, 

is shown in Figures 4 and 5. 

 

Fig. 4 - Acceleration – time history of the 0.05g Iraqi earthquake. 
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Fig. 5 - Acceleration – time history for site NKL during a 0.05g Iraqi earthquake. 

10. Results of Analysis Using Iraqi Earthquake 

In this section,  the response analysis of sites under Iraqi seismic with maximum earth,s 

reaction of 0.05g will be presented. 

A. Calculating the peak ground acceleration (PGA)                                                            

Proshake software is used to create site-specific acceleration depth maps over all sites, and the 

PGA results are calculated at the ground level. Table 3 shows the calculated peak ground 

acceleration values for all locations. Depth plots are helpful to look at how ground motion 

amplitudes fluctuate with depth. These graphs were used to calculate the amplified peak 

ground acceleration (PGA) at the earth's surface. 

         Table 3: Peak  ground acceleration  and soil amplification factors for different sites. 

 

B. Factor of Amplification (AF) 

The soil amplitude illustrates how the underlying strata can magnify or reduce displacements 

during an earthquake. In any seismic microzonation research, the soil amplifying ratio must be 

determined.  The PGA at ground level was calculated in this study by graphing the depth graph 

for fluctuation of peak ground acceleration using the Proshake program (PGA). This is based 

on location input data for influence on the real soil properties at each location. 

𝑨𝑭 =
 𝒂

𝒈𝒓𝒐𝒖𝒏𝒅(𝒎𝒂𝒙)

𝒂
𝒆𝒂𝒓𝒕𝒉𝒒𝒖𝒂𝒌𝒆 (𝒎𝒂𝒙)

                                       (1) 

site 

No. 

PGA 

at earthquake 

(g) 

PGA at 

the surface of the 

earth (g) 

S.A.F at acceleration 

amplitude 

0.05g 

N.K.L 0.05 0.0508 1.016 

K2 0.05 0.089 1.78 

K7 0.05 0.0548 1.096 

K16 0.05 0.0523  1.046 
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where: 

A.F: Amplifying factor of acceleration,  

a ground (max): Maximum ground acceleration at the earth level, and 

a earthquake (max): Maximum amplitude of the earthquake's ground acceleration. 

This has been calculated at numerous soil sites within Karbala. For Karbala city, the soil 

amplification factor (SAF) ranges from 1.016 to 1.78 (Table 3). 

1.New Kerbala Laboratory Building site, NKL 

The acceleration increased from around 0.0483g at depth 8 m to 0.0508g at the ground 

surface, as shown in Figure 6. As a result, at a 0.05g acceleration amplitude, the 

amplification factor of soil layers equals 1.016 (Table 3), as calculated by equation (1). 

The soil profile was shown in Figure 7. Depth plots are important when looking at how 

ground motion amplitudes change with depth. 

2. Educational Hospital (600-Beds) For Karbala University site (K2)  

It is with a 0.05g amplitude. Figure 8 exhibits that the acceleration increased from 0.038 g 

in depths 36m to 0.089 g at ground surface, resulting in an amplification factor of 1.78 in 

the K2 location, with an acceleration amplitude of 0.05 g (Table 3). On the other hand, 

Figure 9 represented the soil profile of site K2. 

3.Kerbala  water  treatment plant  site (K7)  

It is of amplitude 0.05g. Figure 10 presents the acceleration developed from 0.0424g in 

depth 25 meters to 0.0548g in the depth of the earth's surface. The amplitude of soil layers 

is 1.096, under acceleration amplitude 0.05g (Table 3). Figure 11 illustrated the soil profile 

to site K7. 

4. Kerbala  Sewage Treatment Plant site (K16)  

The site is of amplitude 0.05g. Figure 12 demonstrates that the acceleration increased from 

depth 15.9m to ground surface by around 0.0469g to 0.0523g, respectively, resulting in an 

amplification factor of 1.046 in the k16 site, with an acceleration amplitude of 0.05g 

(Table 3). Figure 13 shows the soil profile at location K16. 

 
Fig. 6 - Acceleration vs. depth for site (NKL) during a 0.05g Iraqi earthquake. 
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Fig. 7 -  Borehole log for the site (NKL) in Karbala city. 

 

 
Fig. 8 - Acceleration vs. depth for site (K2) during a 0.05g Iraqi earthquake. 

 

 
Fig. 9 - Borehole log for the site (K2) in Karbala city. 
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Fig. 10 - Acceleration vs. depth for site (K7) during a 0.05g Iraqi earthquake. 

 

 
Fig. 11- Borehole log for the site (K7) in Karbala city. 

 

 
Fig. 12 -  Acceleration vs. depth for site (K16) during a 0.05g Iraqi earthquake. 
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Fig. 13 - Borehole log for the site (K16) in Karbala city. 

10. Conclusions  

1- The local site effects information is useful in the modeling of earthquake motions, 

therefore the site response studies results are one of the most important inputs for seismic 

risk  assessment of a region. 

2- A site response calculation is a very important part of any seismic evaluation. The 

findings of the seismic response analysis of Karbala city can be utilized as a guide for risk 

assessment, and event planning in the future. To analyze and address geotechnical and 

structural hazards, a site's response to seismic shaking is required. 

3- It is required to combine and integrate the significant geotechnical drilling data collected 

for geotechnical evaluation, and with one and two-dimensional soil samples, as well as 

local site effects PGA, should be generated for this purpose. 

4- The amplification factor for acceleration is illustrated in lower amplification values 

which indicates low amplification potential, and hence lesser seismic hazard. 

5- In most of the research region, the amplitude ranges between 1.016 and 1.78. The fact 

that the frequency of the foundational movements coincides with the frequency 

components of the soil profile may explain the large value of surface accelerations at 

specific sites. 
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Abstract:  Transfer functions were estimated by means of cross- and auto-power PSD 
spectrum for different depth intervals at the CDAO Mexico City seismic station.  
Fundamental (f0) and the two high order vibration modes (f1, f2) were clearly identified at the 
depth intervals of the accelerometers vertical array of CDAO. The transfer function 
amplitudes distribution as a function of the vibration frequencies was clearly associated with 
the layers geometrical and physical properties. From their amplitude and frequency 
distribution associated with the layers geotechnical properties, the layers contribution was 
clearly identified. Fundamental vibration frequency is dominated by shallow layers and small 
shear wave velocities, while high order vibration frequencies were due to the deep rigid layers 
with relative large shear wave velocities. 

Keywords.  2017 and 2020 Mexico City earthquakes,  Fundamental- and high order-vibration 
mode,  PSD spectrum,  Accelerograms,  Geotechnical. 

 

1.  Introduction 
This work addresses the problem of site characterization in terms of the Transfer Function 
(TF), as well as analysis of local site effects resulting from dynamic excitations produced by 
earthquake seismic waves.  In addition, an alternate data processing method based on cross- 
and auto-power power spectral density (PSD) functions is proposed.  In designing critical 
and/or strategic facilities, estimating local site effect on ground motion is an important step 
that requires contributions from earthquake engineering, seismology and geotechnical 
engineering.  We must define which parameters of ground motion are most critical, what the 
input field is, and how to characterize a site physically.  Detailed knowledge of the site 
conditions in terms of its geometry, topography, sediment thickness, velocity, density and 
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damping is essential to fully describe the site effect and to thereby facilitate safe secure 
constructions.  Our objectives were: (a) to characterize the dynamic site response in terms of 
its spectral characteristics from in-situ recorded earthquakes of the Mexico City CDAO 
experimental site (shown in Figure 1), (b) to determine the local site effect produced by the 
top 60-m shallow soil layers, (c) to estimate the transfer function at different depth intervals 
(shown in Figure 2) within the top 60 m with the aim of identify the frequency content 
contribution and apparent amplification factor of the particular layers. 
The time series used in our analysis were recorded in the vertical array configuration of 
accelerometers shown in Figure 2.  The earthquakes characteristics used are provided in 
Table 1, and their geographical distribution is provided in Figure 1. 
 

 
 

Figure 1.  CDAO experimental site (shown with triangle), and earthquakes location (stars). 
 

 
 

Figure 2.  Tri-axial accelerometers vertical array at CDAO experimental site, and soil layers geometrical 
distribution and estimated shear wave velocities. (SL: Surficial Layer, TCL: Top Clay Layer, HL: Hard Layer, 

LCL: Lower Clay Layer, DD: Depth Deposits). 
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Table 1.  Earthquakes Characteristics and epicentral Location, and CDAO Site location 

Date Lat-N Long-W Mag (MW) Depth (km) Focal Mech. Characteristics 
24/10/1993 16.540 98.980 6.6 19 Inverse Interplate 
09/10/1995 18.740 104.670 8.0 5 Inverse Interplate 
11/01/1997 17.910 103.040 7.1 16 Inverse Interplate 
30/09/1999 15.950 97.030 7.4 16 Normal Interplate 
19/09/2017 18.400 98.720 7.1 57 Normal Intraplate 
23/06/2020 15.780 96.120 7.4 22 Inverse? Intraplate 
CDAO Site 19.373 99.098 N/A N/A N/A N/A 

 

2.  Local site characterization/response: General concepts 
The local site effect and site response upon dynamic loads are commonly attributed to the 
effect of the shallow soil layers.  Local site effects resulting from dynamic input have been 
documented and studied since the 1950’s by Kanai et al. (1956), Gutenberg (1957) and more 
recently by Roesset and Whitman (1969), Aki (1957, 1988, 1993), Seale and Archuleta 
(1989), Anderson et al. (1996), Bard (1995), Field and Jacob (1993, 1995), and Theodulidis 
et al. (1996) among others. 
In engineering seismology, studies of site characterization and local site effects are carried 
out by means of instrumental as well as numerical approaches.  The study of the response of a 
soil deposit subjected to dynamic loading, caused either by seismic excitation or prescribed 
forces, falls into the area of wave propagation theory.  The formalism to study the 
propagation of waves in layered media was first presented by Thomson (1950) and Haskell 
(1953) based on the use of transfer matrices in the frequency wave-number domain.  The 
solution technique resolves the loads in terms of their spatial and temporal Fourier 
transforms, and formally corresponds to the use of the method of separation of variables to 
find solutions to the wave equation. 

3. Instrumentation and Data acquisition 
To evaluate horizontal spectral ratios from TF in CDAO site, we use the available data 
recorder in this site trough 37 years (from 1985 to 2020).  The Instituto de Ingeniería 
(IINGEN), of the Universidad Nacional Autónoma de México (UNAM) and the Centro de 
Instrumentación y Registro Sísmico (CIRES) provided seismic data recorded in this site. 
Trough 37 years eight different earthquakes were recorded at CDAO station.  However, we 
remove from our analysis two events: the event of 1985 because at this time there were not 
instruments in depth, and the event of June 1999 because the instrument in surface was not 
working properly.  Table 1 list the six large magnitude (6.6≤MW≤8.0) events used in this 
study that were recorded in a vertical array of three-component accelerometers located at 0m 
(surface), -12m, -30m, and -60m. 
The nominal full scale sensors 0.5g, accelerometers response is flat at frequencies ranging 
from DC-30 Hz, 0.7 critical damping, and sampling rate of 100 Hz for the data of 1993, 1995, 
1997, 1999 earthquakes.  For the data of 2017 and 2020 earthquakes: the nominal full scale 
sensors was 8g for the sensor at surface, and 7g for sensors at depth, the accelerometers 
frequency response curve is flat at frequencies ranging from DC-500 Hz, 0.7 critical 
damping, and sampling rate of 200 Hz. 
3.1 Geotechnical information of CDAO site 

Yoshitaka Yamazaki 1988, reported a typical profile obtained from logging for CDAO site.  
Table 2 and Figure 2 show the estimated profile parameters as thickness (h), S-wave Velocity 
(Vs), density (ρ),  P-wave velocity (Vp), and Quality factor (Q).  Through this study we use 
the parameters of this profile to evaluate how the physical and mechanical characteristics of 
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each geotechnical stratum contribute to the amplitude and fundamental frequency of the 
estimated TF calculated in each instrumental interval. 

Table 2.  Geotechnical characterization from Yoshitaka Yamazaki 1988 for CDAO site 
Thickness 

h (m) 
P-wave velocity

Vp (m/s)
S-wave velocity

Vs (m/s)
Density 
ρ (g/cm3) 

Quality factor 
(Q) 

5 1326 104 1.42 1 
36 1370 52 1.22 5 
5 1511 203 1.6 20 

11 1638 167 1.49 17 
- 1704 387 1.96 40 

4. Data Processing,  Cross- and auto-power PSD spectral ratio method.
4.1. PSD spectrum estimates

In general, this process follows general rules of Fourier analysis, like those described in 
Oppenheim and Shafer (1975), and Bendat and Piersol (1971).  PSD spectral estimations 
were obtained using time series sub-segments of 8192 samples with an overlap of 75%, and 
averaging the final number of sub-segments.  The D.C. offset was removed from the selected 
time series.  In computing cross and auto-PSD functions, more stable and reliable PSD 
estimates were obtained with larger ensembles of time series in the averaging process.  The 
averaged PSD estimates were then normalized by multiplying the frequency increment Δf, 
the amplitude scaling factor, and dividing by the number of data points, N.  The frequency 
domain analysis consisted of Fourier transform and power spectral density (PSD) estimations.  
Standard processing of acceleration records was applied obtaining the .V1 (units conversion 
and no instrument correction), .V2 (units conversion, instrument correction, and velocity and 
displacement conversion), and .V3 (response spectra of the above). 
4.2. Cross- and Auto Power PSD functions and Transfer Function estimation. 

4.2.1.  Cross-power spectrum  
The cross-power spectrum, Gyx(f) is defined by 

Gyx(f)=Sy(f) S*x(f) (1) 
Where Sy(f) is the linear spectrum of the output and S*x(f) is the complex conjugate of the 
linear spectrum of the input. This function is a complex function and can be presented with 
real and imaginary components, or with magnitude and phase.  The magnitude corresponds to 
the mutual power between the input and the output signals. The phase is indicative of the 
relative phase between the two signals due to any time delay or propagation delay. As the 
phase is relative phase, synchronized triggering is not necessary. 
4.2.2.  Auto-power spectrum  

The auto-power spectrum, Gxx(f) is defined by 

Gxx(f)=Sx(f) S*x(f) (2) 

Where Gxx(f) is the auto-power spectrum, and S*x(f) is the complex conjugate of the linear 
spectrum, Sx(f).  The magnitude of Gxx(f) is equal to the magnitude of linear spectrum 
squared.  However, as the linear spectrum is multiplied by its complex conjugate, Gxx(f) is a 
real value function. 
An excellent and rapid means of enhancing the quality of data collected in the field is the 
averaging process of several records. In addition, the advantage of using Gxx(f) over Sx(f) in 
averaging is the no synchronized triggering is needed to evaluate Gxx(f) when signaled 
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averaged.  The Gxx(f) is often used to identify the dominant frequencies (also called natural 
frequencies of a system). 

4.2.3.  Transfer Function 
The ratio of the linear spectra of output over input is termed the transfer function, TF(f) or 
frequency response function and is defined as: 

TF(f)=Sy(f)/Sx(f) (3) 

If the numerator and denominator are multiplied by the complex conjugate of the linear 
spectrum of the input signal so that: 

TF(f)=[Sy(f) S*x(f)]/[Sx(f) S*x(f)] (4) 

the numerator and denominator represent the cross-power spectrum and the auto-power 
spectrum of the input, respectively, i.e: 

TF(f) = Gyx(f)/Gxx(f) (5) 

These functions [Gyx(f) and Gxx(f)] are usually determined before the transfer function is 
determined.  As such, it is preferable to estimate TF(f) from the above equation and is the 
procedure we implemented in this study.  The transfer function is a complex number at each 
frequency.  The magnitude is equal to the magnitude of the cross power spectrum normalized 
by the magnitude of the auto-power spectrum of the input.  The phase is identical to that of 
the cross-power spectrum as the auto-power spectrum in the denominator is a real value 
function.  Therefore, the phase information of the transfer function can be used for whatever 
need. 

The transfer function obtained this way can be used to identify natural frequencies, the 
damping properties of a linear system, and allows a clearly identification of at least the first 
and second vibration modes, in addition of the fundamental vibration mode, that can be also 
associate due to the effect/contribution of the deep hard layers of the system, following the 
relationship 

fn=(2n-1) (Vs/4h) (6) 

Where n is the vibration mode (n = 1, 2, 3, 4,…), Vs is the average shear wave velocity, and h 
is the layer thickness. 

5. Analysis
To conduct an adequate analysis of results, we compare TF in different ways and plot these 
combinations. Our main objectives are: (i) to evaluate a possible consolidation trough the 
years in each interval, (ii) evaluate the contribution of shallow and depth layers to 
fundamental period, and (iii) because CDAO site it is located within the lake area where 
saturated soils are presented in Mexico city, we conduct several TF combinations to evaluate 
which specific layer of the subsoil is the responsible of the high site effect. 
To achieve the above objectives in Figures 3 we show the first combination.  The three insets 
of Figure 3 plot the TF for each interval for each event in chronological order.  The 
geotechnical profile/model associated with the depths of the vertical array of the 
accelerometers, as mentioned before is provided by Yositaka Yamazaky (1988).  The layers 
included in this profile model are: (SL: Surficial Layer, TCL: Top Clay Layer, HL: Hard 
Layer, LCL: Lower Clay Layer, DD: Depth Deposits).  The specific location of instruments 
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in depth profile are (surface, -12m, -30m, and -60m).  This location is not coincident with the 
borders of geotechnical layers.  The intervals here analyzed in the six events are surface to 
12m (s-12) represented with blue line, surface to 30m (s-30) represented with green line, 
surface to 60m (s-60) represented with red line, 12m to 30m (12-30) represented with cyan 
line, 12m to 60m (12-60) represented with magenta line, and finally 30m to 60m (30-60) 
represented with black line.  To facilitate the comparison, colors that represent TF are the 
same for the lines that represented these intervals in the geotechnical profile.  Although the 
above, does not allow us to derive the specific contribution of each geotechnical layer to 
fundamental (f0) and high order vibration frequencies (f1, f2), it is possible to find an apparent 
relationships between shallow/intermediate/depth stratums and soil vibration frequencies.  In 
general, shallow intervals (soft layers) show the relative contribution of soft layers with low 
shear velocity (Vs) and low values of vibration frequency, while depth intervals show the 
relative contribution of depth and hard layers (hard and consolidate stratums with major 
rigidity) with large shear velocity (Vs) and large values of vibration frequency. 
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Figure 3.  H/H ratios for six intervals in CDAO site for 1993, 1995, 1997, 1999, 2017, and 2020 events.  For 
comparison purposes of the accelerometers vertical array intervals, the reader may refer to Figure 2. 

The purpose of first comparison is to evaluate how the physical and mechanical 
characteristics of each geotechnical stratum contribute to the amplitude and f of each interval. 
6. Discussion and Conclusions

From the six events, and for practical purposes, we next discuss in detail the results of TF 
comparison for different intervals of 2020 earthquake (Figure 3) as follow:  
The analysis of Figure 3, shows that five of the 6 intervals are contained within 2 or more 
geotechnical layers.  The only exception is the 12-30 interval (cyan), which is completely 
contained within the stratum (TCL).  
Five of the six intervals show a f0 range in 0.34-0.39 Hz. Several peaks above 0.6 Hz and 
particularly those close to 1-1.17 Hz, could correspond to high order normal vibration modes. 
In the cases where the large peak close to 1.1 Hz is larger than the identified as the 
fundamental mode, may be an indicator of an apparent non-linear soil materials response. 
For blue line no lowest f0 is expected because is located in the shallow interval of all (s-12) 
and because a small portion of this interval locate in a soft stratum with the lowest Vs (52 
m/s).  As expected, this interval does not show any peak in the range from 0.34-0.39 Hz. 
Black interval (30-60) shows two peaks above 1 Hz than could be generated by the two 
deeper and hard stratums contained in this interval (LCL Vs=167 m/s and DD Vs=387 m/s). 
The location of 18m of this interval into the soft layer TCL seem to be the cause of the peak 
in 0.37 Hz. 
A largest portion of 29m of the interval (12-60) magenta line locate in the soft stratum TCL, 
(with exception of the interval that contain all stratums s-60 red line), the 12-60 is the interval 
with the largest portion contained in this soft stratum and could explain the largest amplitude 
of magenta line, that have the largest amplitude of all. 
Coincidently, although interval s-60 (red line) contains entirely the softest stratum (TCL), the 
inclusion of the upper hard consolidate stratum (SL) could be the cause of the considerable 
amplitude reduction. 
Interesting, the interval (12-30) cyan line show a peak in 0.39 Hz and don’t show any peak in 
1 Hz this could be explained because the completely interval located only in the single softest 
stratum (TCL) and no contained any portion in any hard stratum.  
Green line that represents the stratum s-30 show a similar behavior, it is a peak in 0.37 Hz, 
and other peak in 1 Hz. This peaks and the correspondent amplitudes seems to be influenced 
by the portion of the interval contained in hard and soft stratums. 
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To evaluate TF amplitudes we construct a plot were we combine only the peaks of TF 
amplitudes of each stratum in each year (see Figure 4). On this way we globally apply the 
above criteria to six events. 
The comparison of all intervals for year shows that in all cases with the exception of 2017 
and 2020 events, major TF amplitudes (for the six earthquakes) correspond to interval s-60, it 
is the interval that contain all geotechnical layers. 
Amplitudes for interval 30-60 (Deeper, hard layer, with major Vs values) have the most 
stables amplitudes (closet range of amplitudes). Amplitude values keep close than in other 
intervals in the six earthquakes. 
Amplitudes for interval s-12, the shallowest interval, that contain the softest stratum with 
lowest TF amplitudes values, have unstable amplitudes (amplitude values don’t keep close in 
the six earthquakes). 
This is the same case for interval s-60. This interval in addition to contain all stratums 
contains the softest stratum with lowest Vs values. 
Interesting, there seems to be an unexpected relationship between distance and amplitude. 
Figure 4 shows than for interval s-60 (interval that contain all stratums), TF amplitudes are 
major when earthquake located to major (distance from source to station, SSD) and 
amplitudes decrease when SSD are minor.  This is a not a logic result because we expect 
minor amplitudes when SSD are major this result is contrary to what expected. 
We don’t observe any relationship between fault mechanism and amplitudes. Amplitude 
values for two normal events (1999 MW7.4 and 2017 MW7.1 events) are completely different 
(28.9 and 2.31 respectively for s-12 interval). 
Inclusion of 1993 and 1997 (12-60 and 30-60) intervals show the same trend and fit for other 
events. 

Figure 4.  Peak TF for six intervals in CDAO site for the six events analyzed in this work. For comparison 
purposes right inset show the intervals and the geotechnical profile for CDAO station.  

The implemented method of obtaining the Transfer function by means of the cross- and auto-
power spectra, PSD, the clear identification of not only the fundamental vibration mode, but 
the firth and second order vibration modes of the system was a significant issue in the signal 
processing procedure, and We were able to identify and conclude that each stratum 
contributes in different way to characterize the site vibration modes (fundamental [f0], first 
[f1], and second [f2]).  This contribution is provided through the specific and individual 
characteristics of stratums contained in soil structure (geometry and physical proprieties). 
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Abstract: Significant damages of built environment recorded during past seismic 

events have led to consider Romania's capital city Bucharest as one of the major 

earthquake risk-prone urban area worldwide. Historical strong ground motions 

have outlined that variability and specific parameters of layered unconsolidated 

sedimentary young deposits represents one of key component in site-response 

analysis. A significant number of shallow and deep boreholes tests, standard 

penetration tests and non-invasive field techniques as MASW have been carried 

out in Bucharest sites by National Center for Seismic Risk Reduction, NCSRR 

(now https://ccers.utcb.ro) and UTCB staff. The main results are presented in this 

paper. Starting from 2003, NCSRR received ground investigation equipment as 

a donation from Japan International Cooperation Agency (JICA) through the 

Technical Cooperation Project ”Reduction of Seismic Risk for Buildings and 

Structures in Romania”. Shear wave velocities (VS) and penetration resistance 

(N-SPT) have been set as main indicators in quantifying ground seismic 

properties. Empirical correlations to predict VS from N-SPT test values were 

developed by using nonlinear and linear statistical methods. The end-results can 

be considered as efficient guidelines to predict the potential effect of site 

conditions on similar soil types, and might be useful for evaluation of buildings 

safety and optimization of seismic risk management strategies  

Keywords: down-hole, SPT, MASW, correlations, Bucharest 

1. Introduction

During the past decades, intensive process of urbanization has led to the development of built 

environment on unstable soils due to space restrictions, which involves risks and uncertainties 

of structural safety during seismic ground motions and site safety related to geotechnical 

characteristics and behavior. A large number of studies focused on the impact of site conditions 

on the characteristics of seismic motion at ground surface (Borcherdt, 1970; Seed et al. 1987; 

Idriss, 1991; Bard, 1995). Initial investigations of site effects were primarily concerned on 

predicting an overall regional seismic response, without special attention of the local site 

behavior estimation. 

Destructive seismic events occurred worldwide during 20th century: 1940 El Centro (Mw=6.9), 

1964 Niigata (Mw=7.6), 1971 San Fernando (Mw=6.7), 1985 Michoacan (Mw=8.0), 1989 Loma 

2215
3ECEES, September 2022, Bucharest, Romania



Prieta (Mw=6.8), 1994 Northridge (Mw=6.7), 1999 Kocaeli (Mw=7.6) and 21st century: 2003 

Tokachi-Oki (Mw=8.3), 2008 Sichuan (Mw=7.9), 2010 Christchurch (Mw=7.1), 2010 Chile 

(Mw=8.8), 2011 Tohoku (Mw=9.0). Data demonstrated that distribution of severe structural 

building damages in a specific area is often controlled by surface geology and the effect of local 

soil conditions. The seismic codes, regulations and standards (Uniform Building Code, 1997; 

International Building Code, 2009; Building Standard Law in Japan, 2000 Romanian P100-

1/2013, NEHRP 2003, EN 1998-1: 2004) includes seismic provisions regarding the 

consideration of site conditions. In mentioned codes, site effects are either quantified by seismic 

response coefficient linked to soil category and seismicity level and/or through different 

spectral shapes specific for defined soil types. Generally, ground conditions refer to soil classes 

differentiated by qualitative criteria as soil type and lithological profile and quantitative ones 

as average shear wave velocities and penetration resistance values. 

Bucharest city is the most affected urban concentration by Vrancea subcrustal earthquakes, with 

a high density of building damages, casualties and economic loss due to its relative proximity 

to the seismic source and to the specificity of surface geology. Major historical seismic events 

generated by Vrancea source (1802: Mw=7.9; 1940: Mw=7.7 and 1977: Mw=7.4) have indicated 

the great influence of characteristics of soil layers on seismic motion parameters. The surface 

geological deposits from Bucharest area are composed from unconsolidated alluvial layers of 

cohesive and cohesionless soils with a significant variability in thickness and spatial 

distribution. The relative heterogeneity of young formations in an alluvial basin explains the 

peculiar site response during Vrancea strong motions. In the recent decades, due to upgrading 

and extending of seismic networks, modern equipment used for data recording, storage and 

real-time transmission, development of specialized software for scenarios and seismic response 

modelling, as well as improvement of ground investigation techniques, the studies concerning 

local site effects assessment on Vrancea strong ground motions have substantially research has 

intensified (Lungu et al. 2000, Aldea et al. 2003, Arion et al. 2007, 2012, Pavel et al 2015).  

The present paper is in line with the international practice approach by providing reliable data 

obtained from detailed surveys performed on different areas in Bucharest and proposing 

empirical correlations of specific indicators (VS and N-SPT) for site characterization of near-

surface sediments to be further integrated in seismic response studies. 

2. Geology of Bucharest from surface to the bedrock

South of Romania belongs to Moesic Platform and at the north of Danube this zone it called 

“Romanian Plain”(Liteanu 1952, Lungu et. al, 1998). The underground structure of “Romanian 

Plane” is formed by Paleozoic, Mesozoic and Neozoic deposits. Neozoic deposits are over 

Mesozoic deposits. Miocene are represented by Tortoniane deposits consist of marls, marls with 

gritstones and by Sarmatiane deposits (compact grayish marl with rare insertion of sands). 

Pliocene are formed by detritus –Meotian period (marls, sandy marls with insertion of sands), 

psamito- pelite – Pontian period (marls, sandy marls), detrito-pelite  - Dacian period (sands with 

insertion of marls and clays), and pelite  - Levantine period (clays, sands and marls). Inferior 

Pleistocene deposits consist of clays, fine sands and gravels. The layers of sand and sand with 

gravels are also called at south of Ploiesti “Fratesti” layers and at north of Ploiesti “Candesti” 

layers. Medium Pleistocene deposits consist of marls and clays with insertion of sands and 

clayey sands. Superior Pleistocene deposits consist of alternation of clays, sandy clays with fine 

and medium sands (“Mostistea” sands). Holocene deposits consist of yellow clays, sandy clays, 

clays with gravel, boulders, gravels, gravels with boulders. 

Starting from the grade towards the bottom, the lithology of the soil layers in the Bucharest area 

was classified by Liteanu (1952) as follows, Figure 1: 
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Fig. 1 - Soil profiles in Bucharest indicating the thickness and depth of the intermediate deposits of lacustral 

origin, 80% clayed (Lungu et al 1998 and by Metroul S.A. Bucharest). 

The Bucharest soil profile generally contains the following 7 typical layers (having various 

thickness from site to site):  

(1) Backfill,

(2) Sandy-clay superior deposits: shear wave velocity Vs  150m/s,

(3) "Colentina" gravel: Vs  360m/s,

(4) Intermediate deposits of lacustral origin, 80% clayed: Vs  250m/s,

(5) "Mostistea" banks of sand: Vs  290m/s,

(6) Lacustral deposits of marled clay and fine sand with some lime: Vs  340-390m/s,

(7) "Fratesti" gravel: Vs  400m/s.

Starting from the grade towards the bottom the characterization of the soil layers in Bucharest 

area is as follows (Liteanu, 1952): 

1. Backfill and vegetal soil. It is a non-homogenous layer, usually composed of a vegetal soil

and demolition rests, with a variable dept of 0.3-3 m. There are some exceptions where this

layer has 7-10 m, as a result of landscape works.

2. Sandy-clay superior deposits. They consist of loess soils and lens of sand. Based on their

structure, two categories can be pointed out:

3. “Colentina” gravel. This layer consists of sands and gravel with a high variation of the grain

size distribution in horizontal and vertical planes; the deposit spreads under the whole city with

a thickness of 2-20m.

4. Intermediate deposits of lacustral origin. The deposits consist of a variety of soils,

predominantly clayed (80%) but also granular (sands).

5. “Mostistea” thick bank of sands. This layer spreads continuously under the whole Bucharest,

with a thickness of 10-15m; the sands present inclusions of various sorts of clay.

6. Lacustral deposits. The deposits have a thickness of 10-60 m and consist of lens of marled

clay and fine sands; the layers (lens) alternate and do not have continuity.
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7. “Fratesti” gravel. That is a type of “bedrock” layer for Bucharest. It spreads continuously

under the whole Bucharest with a thickness of 100-180m, consisting of 3 banks of gravel and

sands separated by 2 layers of clay.

3. METHODS USED FOR INVESTIGATIONS OF DYNAMIC SURFACE GEOLOGY

PARAMETERS

To assess the site effects of near-surface layered structures on seismic ground response, an 

accurate determination of soil characteristics beneath a target site is required. Usually, site 

characterization in calculating seismic hazard is governed by shear wave velocities values (VS). 

Average Vs values considered as one of the most important input data for ground motion studies 

and soil-structure interaction analysis. The use of VS has the advantage of being based on an 

objective measure which affects ground motion in a way that can be modelled. Conventional 

criteria used for earthquake engineering design purposes (Borcherdt, 1994) are typically based 

on the weighted average of shear wave velocities in the upper 30 m of surface soil stratigraphy 

(Vs,30). Considered as a reference index of dynamic behavior at small-strain levels, Vs,30 is used 

to classify site conditions for seismic analyses. Although there is a wide application of this basic 

elastic soil property, it can be noticed that there is no complete agreement of using Vs,30 as single 

parameter for estimating seismic site effects. Recent studies have highlighted additional input 

parameters for ground response assessment, as vibration fundamental period of soil column by 

referring to thickness, topography and source directivity (Mucciareli and Gallipoli, 2006). 

Complementary, the number of blow counts gathered from Standard Penetration Test (N-SPT) 

can be used for seismic classification of soils.  

3.1 Geophysical investigations 

Japan International Cooperation Agency (JICA) within the Technical Cooperation Project on 

Reduction of Seismic Risk for Buildings and Structures in Romania (2002-2009) made a 

donation of equipment for seismic instrumentation, dynamic characterization of soil and 

transferred the state-of-the-art knowledge in the domain of earthquake resistant design and 

seismic rehabilitation.  

One of the low-strain field tests is PS Logging, a seismic down-hole technique. In the down-

hole method the sensors (Figure 2) are placed at various depths in the borehole and the source 

of vibrations is above the sensors - usually at the surface. This technique does not require as 

many borings as the cross-hole method, but the waves travel through several layers from their 

source to the sensors. Thus, the measured travel time reflects the cumulative travel through 

layers with different wave velocities, and interpreting the data requires sorting out the 

contribution of the layers. Since S and P wave velocities are calculated from the slope of a 

depth/travel time curve, the velocities are not for each incremental interval but for a velocity 

layer that has a certain thickness (including several measuring points as an average values). The 

P-waves are generated by hitting a wooden pile with a large wooden hammer (as shown in

Figure 3), and S-waves are generated by horizontally hitting the end of a plank with the same

hammer (as shown in Figure 4).

UTCB conducted PS Logging tests in more than 35 sites in Bucharest with an investigated 

depth up to more than 150 m (Table 1). During down-hole measurements, the sensor was 

lowered in borehole up to a predetermined depth investigation, being blocked on the boring 

wall at 1m intervals for detecting the waves generated by the surface source.  
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Fig. 2 - Borehole sensor for PS logging Fig. 3 - Generation of P-waves Fig. 4 - Generation of S-waves 

Table 1.  Shear wave velocity averaged on different depths (30m, 50m, 70m,100m) 

Vs,30 Vs,50 Vs,70 Vs,100 

No. of boreholes 37 35 10 4 

Mean values (m/s) 281.8 314.5 336.0 357.0 

Standard deviation (m/s) 18.3 16.8 18.1 14.4 

Minimum value 223 264 303 341 

Maximum value 316 343 365 379 

According to the seismic codes provisions, the average shear wave velocity of the upper 30 m 

can be calculated with the Equation 1: 

(1) 

where: di and Vsi denote the thickness (m) and shear wave velocity of the i-th layer from the 

upper 30 m. After processing field data measurements and determining Vs profiles, Vs,30 values 

were calculated in accordance with Equation 1. Values ranged from 223m/s to 316m/s, as 

illustrated in Figure 5.  

Fig. 5 - Variability of Vs,30 values on Bucharest sites  
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The sites are classified in soil class S, which correspond to a stiff soil profile (Vs,30=180-360m/s) 

according to UBC 97, IBC 2009 and NEHRP 2003 provisions. Vs,30 values belong to class C 

corresponding to intermediary soil profile according to EC8 and P100-1/2013, consisting in 

deep deposits, with thick dense and medium dense sand, gravel and clay. Also, velocities 

averaged over different depths were calculated. In Table 1 are presented the synthetic indicators 

of the averaged shear waves velocities for the Bucharest sites. In Figure 6 is presented a linear 

regression among those averaged shear waves velocities.  

Vs,50 = 140.04 + 0.6188Vs,30 

Vs,70 = 93.26 + 0.8503Vs,30 

Vs,100 = 63.64 + 1.025Vs,30 

Fig. 6 – Bucharest - Linear regression of Vs,30 versus shear wave velocity averaged on different depths. 

The values of shear-wave velocities gathered from down-hole measurements were grouped and 

statistically analyzed for estimating a potential correlation and relation with the depth of the 

measured velocity. Using a nonlinear regression, one can observe a strong correlation of VS 

values calculated for each depth for the cohesive (eq.2) and granular (eq.3) soil types, reflected 

by coefficient correlation of about R2=0.81, respectively R2=0.86, Figure 7. The figure reveals 

a relative low increase of S-velocities ranging from 10% up to 15% for most of the sites. For 

deep depth measurements, the increase of VS values calculated for total investigated thickness 

of soil layers can reach 20-30%, so it can be mentioned that thickness of sedimentary layers 

intercepted in boreholes can represents an important factor in velocity profiles, especially in 

case of deep alluvial deposits. 

Vs = 63.943 + 80.887ln(h) cohesive soils (2) 

Vs = 67.058 + 84.166ln(h) granular soils (3) 

Fig. 7 – Bucharest - Shear waves velocities versus depth  
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An alternative technique to obtain S-wave velocity profile at near-surface is the multi-channel 

analysis of surface waves (MASW) method, in which the dispersion character of Rayleigh 

waves is analyzed (Hayashi et al. 2004). The method was also applied for Bucharest sites (Arion 

et al 2007). The MASW method is considered as non-intrusive, cost effective, easy procedure 

and less time consuming as compared to other seismic methods used for shallow deposits. By 

using data recorded during MASW tests, phase velocity of Rayleigh waves of different 

frequencies have been used to determine Vs profiles. After calculating the dispersion curve, an 

initial Vs model (1D model) is proposed and inversion algorithms search an optimum Vs profile 

that best fits dispersion curve of experimental data (2D model), as in Figure 8. 

Fig. 8 – Example of 1D and 2D shear wave velocity profiling for MASW method in Bucharest 

For several sites where geophysical survey was conducted by UTCB through both down-hole 

and MASW methods, a comparative analysis of Vs values corresponding to each depth interval 

in soil profile and average Vs,30 has been performed, as shown in Figure 9. Vs,30 obtained from 

MASW are ranging from 189 m/s to 302 m/s, which can indicate that sites are included in soil 

class C according to EC8, similar to the soil class defined based on the down-hole seismic 

method. It can be observed that data collected from MASW application are grouped in a 

constant interval velocity 150-250 m/s comparing to a larger and gradually increased one 

obtained from down-hole technique.  

Fig. 9 – Bucharest - VS data comparison from down-hole (blue) and from MASW (orange) 
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Differences between Vs,30 values obtained in down-hole and MASW surveys are ranging from 

15-35%, probably due to constrain of sensors sensitivity, procedure and equipment specificity

and lateral discontinuities of soil profiles.

3.2. Standard Penetration Test (SPT) 

Standard Penetration test (SPT) represents one of the oldest, popular and common geotechnical method 

for in situ investigation used in geotechnical and earthquake engineering projects because of the 

simplicity of equipment and the efficiency of test procedure. The N-value become a guideline of 

hardness and softness of soil (the foundation material). Due to large data availability, SPT tests are 

widely used for seismic site characterization, site response and liquefaction studies towards seismic 

microzonation (Dobry et al. 2000, Arion et al. 2015). Many local site specific correlations as well as 

general correlations, relating SPT blow count and the engineering behavior of earthworks and 

foundations are available. Penetration resistance values are used as a supplementary parameter or 

combined with Vs for defining soil categories and seismic site characterization (Eurocode 8). The 

disadvantage of the method consists in the limited shallow depth investigation (up to ~30 m) and soil 

disturbance, being considered an invasive geotechnical technique. The resistance to penetration is 

obtained by counting the number of blows required to drive a steel tube of specified dimensions into the 

subsoil, to a specified height using a hammer of a specified weight (mass). The results of the SPT 

measurements are quantified in the number of blows required to affect that segment of penetration, NSPT. 

Several researchers developed equations for specific soils, depth, geological age, or corrected 

penetration resistance. In Table 2 are presented proposed the correlations between VS and NSPT, 

expressed as: B

sV A N=  , where A and B are constant parameters determined by statistical regression.

Table 2.: Correlations VS – SPT values (examples) 

Researcher Proposed correlation Soil type 

Yokota et al. (1991) 
0,27121sV N=  All soils 

Hasancebi&Ulusay (2007) 
0,25104,79sV N=  All soils 

Imai & Tonouchi (1982) 
0,31496,9sV N=  All soils 

One of the aims of present study is the development of statistical correlations based on VS, NSPT 

and h (measurement depth) values corresponding to different sites located in Bucharest area. 

Selected S-wave velocities values from PS logging provided 316 pairs of data for all types of 

soils (from 23 locations in Bucharest) and selected S-wave velocities values from MASW 

logging provided 99 pairs of data (from 5 locations) at depths nearest to the ones where N-SPT 

value was recorded. All the tests/measurements were performed by UTCB/CNRRS 

The proposed prediction equations (4) and (5) are obtained by multilinear regression for VS, 

NSPT and h, the resulting correlation coefficients being 0.5 and, respectively 0.6: 

Vs = 213.7 + 4.74h + 0.51N   (Downhole) (4) 

Vs = 162.5 + 3.77h + 0.32N   (MASW) (5) 

4. CONCLUSIONS

For assessing the near-surface site effects in case of strong earthquakes, it is essential to 

characterize the sites according to a seismic classification. In the present paper, over 30  sites 

located in Bucharest are characterized by using the shear wave velocity Vs,30, in order to obtain 

a comprehensive database to be used in site response analysis. Based on data measured by 

NCSRR/UTCB (geotechnical and geophysical investigations), various key parameters for 
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dynamic behavior analysis have been gathered. Besides soil stratigraphy, layer thickness and 

other important geotechnical parameters, dynamic soil parameters have been obtained by down-

hole, MASW and SPT measurements. For each investigated site, VS and N-SPT profiles have 

been determined for a better structuring of the local soil conditions database. Geotechnical 

parameters and elastic properties determined by indirect measurements through correlations 

from VS and N-SPT are reflecting the large variability in thickness of stratified alluvial deposits 

formed by cohesive and granular soils. MASW surveys may to be used only for limited depths 

and only for an unsophisticated estimation of the site class. 

Soil information can contribute to the development of earthquake disaster mitigation strategies 

and to the continuous improvement of earthquake-resistant design regulations. Data related to 

the seismic caracterisation of ground conditions (stratigraphic profiles, densities, velocity 

profiles, equivalent-linear soil behavior curves, etc.) will be integrated into a national internet-

based platform SETTING (2021-2023) that will provide thematic services in the field of Earth 

observation, as a contribution to the European Plate Observing System EPOS. The platform 

will also include the directory of Romanian laboratories and institutions performing 

geotechnical and geophysical investigations of interest for seismology and earthquake 

engineering purposes. This data will accompany on the platform seismology and GPS/GNSS 

data.   
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Abstract: In this work we present a new force balance accelerograph which uses three 

similar acceleration sensors, one per axis. The sensors are based on a linear geometry 

mechanical system, made mostly by common commercially used materials and typical FR4 

printed circuit boards. The mechanical system uses a double force actuator to provide 

symmetrical axial feedback force to the seismic mass. The signal of the three sensors goes to 

a high resolution 32bits ADC digitizer with an open Linux operating system that makes it 

ideal for local and remote seismic monitoring applications. The mechanical system of the 

sensor has been extensively simulated for having its main oscillation mode frequency into 

its recording band and all other oscillation modes frequencies far outside the recording band. 

Extensive parametric analysis of the seismic mass supporting spring resulted that the 

optimal spring shape is the ellipsoidal. The feedback electronic circuit has been carefully 

designed towards very low electronic noise, which in addition with the mechanical system 

noise, will result in a total sensor self-noise level, lower the Accelerometer Low Noise 

Model (ALNM). The digitizer supports seedlink encoding real time data streaming and local 

storage through locally running open-source components ported on an ARM Linux board. 

The accelerograph tested and compared against a commercial accelerometer and provided a 

similar performance in terms of noise level and recording bandwidth. The new design offers 

a simpler sensor at a lower cost. 

Keywords: Buildings Monitoring, Earthquake Early Warning, Low noise, Low Cost 

1. Introduction  

Seismic accelerometers are classified according to their construction technique and their 

incorporated technology or principle of operation. Some main types are the piezo-electric, 

the micro-electromechanical (MEM) and the force-balance accelerometers (FBA) (Piersal 

and Paez, 2010; Santos et al, 2019; Ringler, 2015 & 2020). 

Several types of accelerometers have been presented according to the incorporated 

technology, size, power consumption and cost. The self-noise of an accelerometer is a key 

parameter in earthquake and structural monitoring where ambient noise measurements are 

required. The highest dynamic range is provided by the FBA accelerometers that exceeds 

150dB and therefore these sensors are ideal for seismic or ambient noise measurements. 

For example, the majority of the sensors used in bridges structural monitoring networks are 

FBAs. In this application the bridge modal analysis was performed (TALHA et all, 2003)  
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Several pendulum spring-mass mechanism FBAs have been described in the past, e.g.  

Hitachi Ltd. (1985) and Kinemetrics Inc. (1997 & 2005). In this work we describe a linear 

motion mechanical system, abutted on two leaf springs and carefully shaped in order to 

minimize unwanted torsional motion. With the use of carefully selected electronic 

components, like ultra-low noise operational amplifiers and with careful design of the 

feedback loop, a high-performance FBA with a wide bandwidth from DC to 200Hz and 

dynamic range over 150dB is built. 

The digitizer of the accelerograph is implemented over a single high density, multilayer 

PCB board. It is mainly designed according to a two-processor architecture that channel 

sampling and data timestamping are located in dedicated real-time CPU board section. The 

Seedlink encoding, streaming and local storage through locally running open-source 

components ported on the ARM Linux board section. On-demand streaming based on local 

Seedlink server chains, local signal processing and trigger detection based on multiple 

schemes (amplitude, STA/LTA etc.) through open-source components ported from the 

Earthworm toolchain. MQTT-based signalling for trigger event distribution supporting 

multiple centralized or distributed schemes.    

The overall performance of the instrument is described in terms of its transfer function and 

its excellent noise behaviour is illustrated in a comprehensive manner with spectral density 

noise plots. Finally, the power spectral density plots of some common earthquake 

recordings of the presented FBA and of a reference instrument are presented. (Fig. 4) It 

results that the proposed FBA design has a performance like that of other well-established 

strong motion sensors, while being more robust and cost effective.  

2. Sensor design - General description  

The accelerometer sensor design is based on two main parts: a) a mechanical 

accelerometer spring-mass system, along with a double electromagnetic force actuator and 

b) the electronics board. The mechanical system has been extensively simulated in order to 

calculate the spring shape and material. The simulation outcome was sown that an ellipsoid 

shape spring must be used. The main free oscillation mode was found by 58.16Hz (Fig. 2) 

and all other oscillation modes have a frequency far outside the recording band (DC-

200Hz) The block diagram of a horizontal FBA component is presented in Fig.1.  The 

same design can be used as a vertical component if rotated by 90o, after the proper 

mechanical adjustment of seismic mass position. The mechanical system is firmly 

positioned in a hollow aluminium frame, which in turn is tightly anchored with screws on a 

steel base. The acceleration is applied to the frame along the axial direction of the sensing 

element and causes a displacement of the mass relative to the frame. The mass 

displacement is sensed by a capacitance transducer with a sensitivity At [V/m]. The 

transducer’s output voltage is fed to a low noise preamplifier with gain A1. In the next step, 

the signal is fed to a demodulator that derives the seismic signal from the amplitude 

modulated carrier signal. The carrier signal is generated by the signal generator “~” 

(Fig.1), which is a sinusoidal signal, with amplitude 15Vpp, frequency 30kHz and 180o 

phase difference between the two capacitor plates. The output goes to amplifier A2 at the 

open loop path. Its output is converted to a current signal by an R-C network, and through 

a dual stage current amplifier goes to the double coil force transducer (forcer). The forcer 

applies a restoring force to the seismic mass, with a proportionality constant Gc [N/A]. The 

term “double” denotes that there are two coils on the seismic mass, electrically connected 
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in series, interacting with two permanent magnets placed on both inner sides of the metal 

frame, as illustrated in Fig.1. The output of A0 amplifier represents the acceleration signal 

and it is driven to the digitizer which is connected to the output of each acceleration sensor 

(three channels digitizer). 

 

 

Fig. 1 – Simplified block diagram of the FBA accelerometer. 

 

  

Fig. 2 – 3D view of the spring-mass system at the first normal oscillation mode. 

 

 

3. Sensor’s noise – noise power spectral density evaluation 

The prototype accelerograph was tested at the seismic vault of the Seismological Laboratory of 

the University of Patras, to derive its ability to properly resolve seismic signals. For the 

sensor’s self-noise calculation, one Guralp 5T sensor connected to a GEObit digitizer was used 

as the reference instrument. Both recording systems was left to record for several days at 

100sps. The digitizer filter setup was also the same for all the channels.  The total noise power 

spectral density (PSD) of each sensor, which is the sum of the instrument’s self-noise plus the 

site’s ground noise, has been derived using a quiet signal part, taken from the long-term 

recordings. The Welch averaging method (Welch, 1967) was used for the calculation of the 

power spectra density (PSD) for both recording systems. Results are presented in Fig.3, where 

the red graph represents the noise PSD of the proposed accelerograph, and the blue line 

represents the noise PDS of the reference sensor. It is evident that the two recording systems 
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depict exactly similar behaviour over all the recording band. This is a direct proof of 

prototype’s ability to accurately record ground motion in a broad band range.  

4. Conclusions  

We present here a newly designed accelerograph based on force-balance accelerometers. 

The accelerometers spring-mass mechanism has two leaf springs and a double coil forcer, 

attached on a movable conductive plate in between two stationary plates, which form a 

capacitive displacement transducer. The double-spring and the double-coil ensure a linear 

motion of the seismic mass and a symmetrical operation on both sides of the sensor’s rest 

position. The output signal is connected to high resolution 32 bits ADC digitizer with a 

Linux board running open-source components ported on the ARM processor. The 

instrument’s performance, in terms of noise level and signal response, is evaluated in 

comparison to a well-established commercial product. The new accelerograph was found 

to satisfy the expectations of its suggested specifications (200Hz bandwidth, +/- 4G). Its 

low-cost characteristics (raw materials, easy design process, available electronic 

components) guarantee easy manufacturing and high repeatability in a production line. 

 

 

 

Fig. 3 – Total noise PSD diagrams for the proposed accelerometer (GBT) and the reference instrument (5T). 
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Fig. 4 – PSD diagram of an earthquake signal as recorded by the proposed accelerograph (GBT) and the 

reference instrument (5T). 
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Abstract: Dynamic characteristics of the damaged pile foundation building are investigated 

and amplitude dependence of natural frequency is clearly shown by microtremor 

measurement and earthquake observation records. Primary natural frequency indicates 1.3-

1.6 times of difference between microtremor and small earthquake and strong earthquake. 

Regressive curve of exponential function is proposed to express the decrease of the natural 

frequency with respect to the maximum acceleration of 1F. 

Keywords: Pile foundation, Natural frequency, Irregular ground, Earthquake observation, 

Microtremor measurement 

1. Introduction  

The author has been investigating the vibration characteristics of the RC building damaged 

by the 2011 Tohoku Earthquake (Mitsuji et al. (2014), Mitsuji et al. (2017)). The building 

features the long plan in EW direction and supported by different length of piles in north and 

south side of structural frame. Pile supporting stratum is indicating inclined down from south 

to north, and this fact is crucial to the seismic input motion to the building. Following the 

damage investigation just after the earthquake, the authors conducted the two trials of 

microtremor measurements and aftershock observation for about a year (2012.10-2013.10). 

The important findings from the previous observations are 1) primary natural frequencies of 

the superstructure are 3.5Hz in TR (NS) direction and 3.0Hz in LN (EW) direction, 2) soil-

structure interaction effect can lower the natural frequency by about 10%, 3) horizontal 

ground motion at the building site tends to be larger in NS direction than EW direction, 4) 

ground motion at east side on the building can be more  amplified by about 10%  than the 

centre of the building.  

The building suffered from many earthquakes, especially damaged by the 1978 Miyagi 

earthquake and the 2011 Tohoku Earthquake. The building is considered to be accumulated 

slight and intermediate damage many earthquakes in long years. Damaged building can be 

thought to decrease its initial stiffness and strength by strong shaking. However, the vibration 

characteristics of the building under large amplitude of earthquake have not been 

quantitatively investigated. Therefore, earthquake observation of the building has been 

needed to study the dynamic behaviour of the superstructure, and earthquake observation 

has newly started since 2021.3 to investigate the seismic response characteristics of the 

superstructure under the large amplitude of shaking. Microtremor measurement was also 

conducted again to confirm whether the natural frequency of the building has changed or not 

after the 10 years since the 2011 Tohoku Earthquake. 

In this paper, following the report of the results of the microtremor measurement, dynamic 

behaviour of the building by earthquake observation is introduced under small to large 

amplitude of earthquake. Amplitude dependence of natural frequency is discussed as 

important results of earthquake observation. 
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2. Outline of the building  

The building is the five-story pile foundation RC structure constructed in 1971 on the 

boundary site of the reclaimed fill and cut area in Sendai city severely damaged by the 2011 

Tohoku Earthquake. The important characteristics of this building are 1) the pile lengths are 

different on each foundation especially between north and south side of the structural frame, 

so the pile supporting stratum is inclined down from south to north, 2) the building plan is 

long in EW direction, and there is the retaining wall at east edge of the site, so this leads to 

the assumption that soil may be soft at the east side of the site. 

Simple foundation plan of the building is shown in Fig.1 with photos of the damage in the 

2011 Tohoku Earthquake. 

The plan of the building is the long rectangular shape of 103m in the longitudinal and 9m in 

the transverse direction (NS). The building has the three sets of the staircase towers adjacent 

to the north side. The building consists of 17 structural frames named as frame A to Q, and 

the numbers of (1) to (9) indicating the structural frame for the microtremor measurement in 

2020. The pile lengths of each foundation are indicated in Table 1. All the piles turn out to 

be PC pile with the diameter of 350mm. Difference of the pile length of the north and the 

south foundations are clearly shown. Piles supporting the staircase towers are much longer 

than those of the building. The inclination of the pile supporting stratum from south to north 

is assumed by the difference of the pile length of the staircase tower, the north and the south 

foundations of the building. 

The authors conducted damage survey of the building after the 2011 Tohoku Earthquake. 

One of the most specific characteristics of the damage is the leaning staircase tower due to 

the damage at the foot and the pile head of the tower. All of the three towers indicated the 

leaning to the north. Bending failure at the foot of the tower was observed in the first and 

second towers. Severe damage at the pile head may have been occurred in the third tower, 

because minor and intermediate cracks were observed, but any significant failure couldn’t 

be found at the foot of the third tower. The tower indicates the inclination over the angle of 

1/30. On the other hand, superstructure of the building didn’t show any significant structural 

damage, but the large shear cracks on the non-structural walls of a lot of housing units and 

the large bending cracks at the centre of the girder at the east edge of the building were 

observed. 

Regarding the dynamic characteristics of building with long plan, Asayama (1993) proposed 

the computational formulation of vibration equation for acquiring response and input ground 

motion the acceleration records on the base of long structure. Todorovska and Trifunac 

(1989) studied quantitative analysis of the antiplane vibrations of long structure and discuss 

the wave-passage effect related to what frequency is important. Todorovska and Trifunac 

(1990) proposed analytical, closed-form solutions for antiplane earthquake wave-passage 

effect in long structure by two-dimensional continuous model. Jalila and Trifunac (2011) are 

conducting a theoretical study on the out-of-plane torsional response when a pulsed SH wave 

is input to a long structure. 

As pointed out in these previous studies, the vibration characteristics of a building with a 

long plane shape are that the torsional vibration of the superstructure due to the phase 

difference occurring at different positions on the plane and rocking motion in the transverse 

direction are excited. In this building, the pile lengths differ greatly between the north side 

and the south side, which are in the transverse direction. Fig. 2 shows the perspective of the 

entire building including the pile foundation. As shown in the figure, the pile length is 6-
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10m on the south side of the building and 8-17m on the north side of the building. All piles 

are PC piles with a diameter of 350φ. 

 

Fig. 1 – Foundation plan of the building with photos of the damage in the 2011 Tohoku Earthquake 

(modified after Mitsuji et al. (2014)) 

 

Table 1. Pile length of each structural frame and staircase tower (unit: m, modified after Mitsuji et al.(2014)) 

 

19 15 18

Frame A B C D E F G H I J K L M N O P Q

North Pile 8 12 16 17 16 13 10 8 8 10 10 10 10 13 12 12 12

South Pile 7 10 10 8 6 6 6 6 6 6 6 6 6 6 6 6 6

1st. Str. Tower 2nd. Str. Tower 3rd. Str. Tower

 

 

   

Fig. 2 – Perspective views of the building with piles under ground level 

 

 

1st Staircase Tower
2nd Staircase Tower

3rd Staircase Tower

N

Pile Length of North Frames：8m-17m

Pile Length of South Frames：6m-8m

9,000

103,200

A B C D E F G H I J K L M N O P Q

(1) (2)         (3)       (4) (5)          (6)         (7) (8)           (9)

N

Building A

Staircase 

Tower

Pile length

6-10m Pile length

8-17m
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3. Natural frequency estimated from observed data 

Natural frequency of the building is estimated by microtremor measurement in tiny amplitude 

and earthquake observation record from small to large amplitude of shaking. Following sections 

mention the results respectively. 

3.1. Microtremor measurement 

Microtremor measurements have been carried out in 2012 and 2013 after the 2011 Tohoku 

Earthquake to estimate dynamic characteristics of the building. The results were already 

reported and discussed the dynamic characteristics of the building and the staircase tower 

(Mitsuji (2014)).  

Figures in Fig. 3 show the amplitude ratios of 5F / 1F in the transverse (TR) direction and 

longitudinal (LN) direction of the building obtained in the observation in 2020. The grey 

dashed lines in the figures indicate the amplitude ratio of each structural frames of (1)-(9) in 

Fig. 1, and the solid black lines are the averages of (1)-(9). From Fig. 3, the average of the 

first-order natural frequencies was 3.6 Hz in the TR direction and 3.1 Hz in the LN direction. 

This is almost the same as the result obtained from the previous observations in 2012 and 

2013, and it is considered that the vibration characteristics of this building are almost the 

same as those immediately after the 2011 Tohoku Earthquake at the microtremor amplitude 

level. However, in the TR direction, torsional response tends to predominate compared to 

the results of previous microtremor observations. 

 

Fig. 3 – Amplitude ration of 5F/1F from structural frame (1) to (9), and the average 

3.2. Earthquake observation 

Previously, the authors installed seismometers at two locations on the first floor of the 

building for about one year from October 2012 to observe aftershocks. Since the soft 

subsurface layer of the site ground is greatly inclined from south to north, the ground motion 

in the north-south direction is amplified. As there is a retaining wall with a height of about 

2 m on the east side of the building site, response of the east side of the site was larger than 

the centre. By comparing with the seismic records installed in the neighboring elementary 

school, we obtained findings such as evaluating the predominant frequency of the ground of 

this building and estimating the S wave velocity of the surface layer. However, the vibration 

characteristics of the superstructure could not be investigated under the amplitude level of 

earthquake. Therefore, we installed seismometers on the 5th and 1st floors of the building 

and started earthquake observation to understand the vibration characteristics of the 

superstructure. Observations started in March 2021 and are ongoing as of March 2022. 
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Table 2 shows five observation records up to March 2022 with the highest maximum 

acceleration. In the table, "No." in the left column indicates the earthquake number, and the 

earthquakes observed by the seismographs on both the 5th and 1st floors are assigned in the 

order of the observation date and time. For the epicentre information in Table 1, refer to K-

NET (NIED (2022)). 

Fig. 4 shows the acceleration time history of the earthquake record of March 20, 2021, which 

was the largest in the observation records. Fig. 5 shows the 5F / 1F amplitude ratios of the 

No. 6 earthquake of the small earthquake of the first floor below 5cm/s2, and the No. 1 

earthquake of the largest maximum acceleration. The natural frequency of the superstructure 

is clearly different, and in the No. 6 earthquake, which is a small earthquake, it is 3.5 Hz in 

the TR direction and 3.0 Hz in the LN direction, which is almost same as the result obtained 

from microtremor measurement. On the other hand, in the No. 1 earthquake where the 

maximum ground acceleration exceeds 300cm/s2, it is 2.2 Hz in the TR direction and 2.4 Hz 

in the LN direction. There is a difference of 1.6 times in the TR direction and 1.3 times in 

the LN direction compared to when it comes to microtremor amplitude level. In the No. 1 

earthquake with large amplitude, a peak frequency of torsional motion is seen immediately 

after the primary natural frequency in the TR direction, while in the No. 6 earthquake with 

small amplitude, a small peak frequency of torsional vibration is seen in the LN direction. 

Table 2. List of observed earthquakes (five records of large amplitude) 

TR(NS) LN(EW) TR(NS) LN(EW)

1 20210320181012 311.9 234.9 391.2 241.7 59 6.9 4.8 65 Miyagi

3 20210514085831 29.4 18.4 106.5 35.5 46 6.3 2.9 97 Fukushima

7 20210822112453 42.3 26.5 56.2 41.8 60 5.1 2.8 96 Fukushima

21 20211208162233 10.4 5.8 18.9 11.5 53 5.0 1.7 83 Fukushima

27 20220218115519 17.8 18.0 50.5 39.7 50 5.2 2.6 68 Miyagi

No. Data / Time

Max.Acc.(cm/s
2
)

Depth

(km)
M

Epicenter

Dist.

(km)

Epicenter1F 5F SI

 

 

 

Fig. 4 – Acceleration records of 5F and 1F of No.1 EQ. (2021/03/20 18:10:12) 
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Fig. 5 – Amplitude ratio of 5F/1F on No.1 (large amplitude) and No.6 (small amplitude) EQ. 

 

Fig. 6 shows the relative displacement waveform obtained by integrating acceleration of the 

No. 1 earthquake, which is the largest record in the observation record, from the acceleration 

records on the 5th and 1st floors. In determining the relative deformation, a band pass filter 

was applied in the range of 1.0-5.0 Hz including the first natural frequency of the 

superstructure, and numerical integration using the Fourier transform was performed twice.  

 

 

Fig. 6 – Time history of relative displacement of 5F/1F of the building in case of No.1 EQ. 

Fig. 6 also shows the dynamic characteristics between the relative acceleration and the 

relative displacement of the 5th and 1st floors by dividing the 20-45 seconds of the relative 

displacement waveform into a time interval of 5 seconds. In both the TR and the LN direction, 

the amplitude is small when the time interval is 20-25 seconds, and the relative acceleration-

relative displacement relationship, which indicates the horizontal stiffness of the 

superstructure, also shows a large gradient. It can be seen that the gradient becomes slightly 
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gentle at 25-30 seconds, and becomes even smaller at 30-35 seconds when it shows the 

maximum amplitude. In this section, the relative acceleration-relative displacement 

relationship shows an inverted S-shaped shape, which is a characteristic of non-linearity as 

shown in Motosaka et al (2015). At 35-40 seconds and 40-45 seconds after the maximum 

amplitude, the amplitude becomes smaller, but the gradient of the curve is gentle, and it can 

be seen that the horizontal stiffness has not returned to its original state. From this, it can be 

seen that the vibration characteristics of the superstructure obtained from the No. 1 

earthquake are significantly different from the tendency obtained from small earthquakes 

and microtremor observation records. 

4. Amplitude dependence of natural frequency 

From the results of seismic observation records, it became clear that the natural frequency 

of the superstructure varies greatly depending on the amplitude level. Fig.7 shows the 

relationship between the maximum acceleration on the 1st floor and the first-order natural 

frequency. From the figure, it can be seen that the primary natural frequency begins to 

decrease when the maximum acceleration at 1F exceeds about 5 cm/s2. Therefore, we 

obtained a regression curve showing the decrease in the first-order natural frequency with 

respect to the maximum acceleration on the 1st floor. For the regression curve, the 

exponential function shown in Eq. (1) is adopted, and the data with clearly different 

tendencies (data indicated by red × in the figure: 3 for TR and 1 for LN) are removed and 

applied. The estimated exponential regression curve is shown by the blue dotted line in Fig. 

7. The coefficients of the exponential function in Eq. (1) were obtained as shown in Table 3. 

 

𝑦 = 𝑐 + 𝑎 ∙ 𝑒−𝑏𝑥                             (1) 

 

Table 3. Coefficients of regression curves of eq.(1) 

a b c

TR(NS) 1.385 0.037 2.217

LN(EW) 0.647 0.102 2.402
 

 

 

  

Fig. 7 – First Natural frequency versus maximum acceleration of 1F 
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5. Conclusions 

The fluctuations in the natural frequency of the pile foundation RC building damaged by the 

2011 Tohoku Earthquake were examined using microtremor measurement and earthquake 

observation records. 

1) The primary natural frequency of the superstructure obtained from the microtremor 

measurement record is almost the same as the result observed immediately after the disaster, 

3.6Hz in the TR direction of the building and 3.1Hz in the LN direction.  

2) From March 2021 to March 2022, there are 27 earthquake records observed on both the 

5th and 1st floors, of which the largest record is the No. 1 earthquake (March 20, 2021). The 

primary natural frequency of the superstructure is estimated 2.2 Hz in the TR direction of 

the building and 2.4 Hz in the LN direction, and the results obtained from small earthquakes 

and microtremor measurement records. The difference was 1.6 times in the TR direction of 

the building and 1.3 times in the LN direction. 

3) In the relative acceleration-relative displacement relationship between the 5th and 1st 

floors of the No. 1 earthquake, it was observed that the horizontal stiffness decreased in the 

process from the preliminary motions to the principal motions in the No.1 earthquake, and 

did not recover even in the process of the preliminary tremors. 

4) A clear amplitude dependence is seen from the relationship between the maximum 

acceleration of the 5th and the first floor and the primary natural frequency of the 

superstructure, and when the maximum acceleration of the first floor exceeds about 5cm/s2, 

the primary natural frequency decreases.  

5) The relationship between the maximum acceleration of the first floor and the primary 

natural frequency of the superstructure could be expressed by regressive curve of 

exponential function. 
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Abstract: The Building Research Institute (BRI) of Japan is operating a strong motion 
network that covers buildings in major cities across Japan. As one of the stations in the BRI 
strong motion network, Miyako City Hall was instrumented in September 2018. Nearly 200 
strong motion data were obtained within 40 months after the installation of the monitoring 
system. The daily natural frequencies and damping ratios in both the horizontal directions of 
the building were identified from the ambient vibration data recorded on the sixth floor. The 
natural frequencies could be stably identified and decrease with time. The damping ratios are 
distributed between 2% and 6%. Moreover, the fundamental dynamic characteristics of the 
building are discussed through the analysis of the strong motion data. The natural frequencies 
in the horizontal directions vary between 1.4 Hz and 1.8 Hz. It was confirmed that the 
amplitude dependence of the natural frequency was one of the causes of the variation. The 
damping ratios identified from strong motion data were 3% or less and widely vary. The effect 
of changes in temperature on the dynamic characteristics was also examined. These results 
will be useful for structural health assessments of the building in the future. 

Keywords: Structural health monitoring, Strong motion data, Ambient vibration data, System 
identification, Steel building 

1. Introduction 

The Building Research Institute (BRI) of Japan is a national institute engaged in research 
and development in the fields of architecture, building engineering and urban planning. As 
one of its research activities, BRI operates a strong motion network that covers buildings in 
major cities across Japan. A great number of strong motion data has been accumulated in the 
long history of the BRI strong motion network. 
As one of the stations in the BRI strong motion network, Miyako City Hall was instrumented 
in September 2018 as reported by Kashima et al. (2020). The city of Miyako is on the Pacific 
side of northern Japan and was hit by a tsunami during the 2011 Great East Japan Earthquake 
(Tohoku Earthquake). The main building of the city hall at that time was inundated to the 
second floor. A strong motion instrument installed by BRI continued to record strong motion 
data of the main shock and aftershocks of the Tohoku Earthquake until the sensors were 
submerged. The building was restored and used for seven years after the disaster, and then a 
city hall was built at another location in 2018. BRI started seismic monitoring of the new 
city hall when it was completed. 
This paper discusses the dynamic characteristics of the new city hall using ambient vibration 
and strong motion data. 

2. Target building 

Miyako City Hall was built as a core facility for the central city area development project in 
2018. The city hall is a six-storey steel building and is a complex that combines the functions 
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of a communication and health centre. Table 1 and Fig. 1 show the overview and external 
appearance of the building. 
The ground condition is that soft silty and sandy layers are deposited on a firm gravel layer 
with a depth of about 35 m. The building is supported by concrete piles with a length of 37 
m. 

Table 1. Overview of the target building. 
Use City office, communication centre health centre 
Structure Steel frame 
Number of storeys 6 
Building area 4,842.31 m2 
Total floor area 14,068.48 m2 
Height 26.45 m 
Foundation  Cast-in-place concrete pile (l=37m) 

 

 
Fig. 1 - External appearance of the target building. 

3. Seismic monitoring system 

The seismic monitoring system installed in the building has three triaxial acceleration sensors 
on the ground, first floor and sixth floor. The sensor configuration is illustrated in Fig. 2. The 
acceleration sensors are installed along the axis of the building, and this paper treats the direction 
heading north as X and the direction heading west as Y. All acceleration signals are continuously 
recorded with the logging system placed on the first floor. If any component of the sensor on the 
first floor detects an acceleration of 0.01 m/s2 or more, the acceleration data is saved as an event 
file separately from the continuous data. The system has a connection to the Internet via the 
mobile communication network. 
The seismic monitoring system stores continuous data as one-hour files in addition to event-
triggered data. The data files from midnight every day and event files are manually transferred 
to BRI via the Internet. 
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(a) Ground plan 

 

(b) Cross section 

Fig. 2 - Sensor configuration. 

4. Analysis of ambient vibration data 

Continuous recording data from midnight every day can be used as daily ambient vibration data. 
The natural frequencies and damping ratios in the X- and Y-directions of the building are 
identified by the random decrement (RD) technique proposed by Tamura, et al. (1993) using the 
ambient vibration data on the sixth floor (“06F” in Fig. 2). 
Identified natural frequencies and damping ratios using the ambient vibration data are plotted in 
Fig. 3 as a relation to time. Light red circles and light blue triangles indicate values in the X- and 
Y-directions, respectively. The natural frequencies seem to be estimated stably throughout the 
monitoring period. As a general tendency, it is recognised that the natural frequencies are 
gradually decreasing with time. The damping ratios in both directions widely vary and are 
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distributed between 2% and 6%. There are wavy fluctuations suggesting that the damping ratios 
is in winters larger than these in summers. 
 

 

Fig. 3 - Natural frequencies and damping ratios obtained from ambient vibration data. 

 

For reference, the changes in daily midnight temperature and relative humidity in Miyako city 
are shown in Fig. 4. Light red circles and light blue triangles indicate the temperature and relative 
humidity, respectively. The meteorological data were provided by Japan Meteorological 
Agency (2022). In Japan, winters are cold and dry, and summers are hot and humid. The 
periodic fluctuation in the damping ratios (and slightly in natural frequencies) appeared in Fig. 
3 seems to be related to temperature changes. 
 

 

Fig. 4 – Daily midnight temperature and relative humidity at Miyako city. 

 

To clarify the relation of time and temperature to the natural frequency and damping ratio, 
regression analysis was performed. For the natural frequency and damping ratio, regression 
models shown in Eq. (1) and Eq. (2) were adopted, respectively. 
 

𝑓𝑓(𝑦𝑦,𝑇𝑇) = 𝑎𝑎1 + 𝑏𝑏1𝑦𝑦 + 𝑐𝑐1𝑇𝑇      (1) 
 

ℎ(𝑦𝑦,𝑇𝑇) = 𝑎𝑎2 + 𝑏𝑏2𝑦𝑦 + 𝑐𝑐2𝑇𝑇       (2) 
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where 𝑓𝑓(𝑦𝑦,𝑇𝑇) and ℎ(𝑦𝑦,𝑇𝑇) are natural frequency and damping ratio, 𝑦𝑦 is years since the 
completion of the building, and 𝑇𝑇 is midnight temperature in °C. 𝑎𝑎1, 𝑏𝑏1, 𝑐𝑐1, 𝑎𝑎2, 𝑏𝑏2 and 𝑐𝑐2 
are regression coefficients. 
As the result of the regression analysis, the coefficients were determined as shown in Table 
2. Although the correlation coefficients of Eq. (2) are small, it has been confirmed by the 
hypothesis testing that all regression models are significant. 
 

Table 2. Regression result 
Regression 

model Direction Regression coefficient (𝑖𝑖 = 1, 2) Correlation 
coefficient 𝑎𝑎𝑖𝑖 𝑏𝑏𝑖𝑖 𝑐𝑐𝑖𝑖 

Eq. (1) X 1.876 −0.03130 0.001021 0.7279 
Y 1.788 −0.02444 0.001049 0.8930 

Eq. (2) X 0.04493 0.001690 −0.0002050 0.3549 
Y 0.03821 0.002724 −0.0003154 0.4824 

 
The regression lines given by the regression models considering only the contribution of time 
are plotted with broken lines in Fig. 3. Dark red and blue broken lines correspond to X- and Y-
directions, respectively. The regression results show that the natural frequencies in the X- and 
Y-directions at the time of building completion were about 1.88 Hz and 1.79 Hz and drop by 
0.031 Hz and 0.024 Hz per year, respectively. The damping ratios at the time of building 
completion were 4.5% and 3.9% in the X- and Y-directions, respectively, and slightly increase 
with time. 
The residuals of the regression model of Eq. (1) are plotted in Fig. 5. Light red circles and light 
blue triangles indicate values in the X- and Y-directions, respectively. Overall, the decreasing 
tendency for the natural frequencies over time was removed. The seasonal fluctuations also 
decreased, but some periodic fluctuations remained. 
Figure 6 shows the residuals of the regression model of Eq. (2). This regression model considers 
contribution of both the time and temperature to the damping ratio. The residuals vary widely, 
but there is no change that depends on the passage of time or the season. 
 

 
Fig. 5 – Residuals of regression model Eq. (1). 

 
Fig. 6 – Residuals of regression model Eq. (2). 
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5. Analysis of strong motion data 

By the end of 2021, nearly 200 strong motion data were obtained after the installation of the 
monitoring system. The amplitudes of the ground motions were small to medium, and the 
maximum peak ground acceleration (PGA) was 0.116g. Among them, 157 strong motion data 
with the JMA (Japan Meteorological Agency) seismic intensity scales were 1 and higher were 
selected for the analysis. 
From each strong motion data, the fundamental natural frequencies and damping ratios in two 
horizontal directions of the building were identified using a parameter optimization technique 
introduced by Kashima et al. (2006). With a single-degree-of-freedom system, the natural 
frequency and damping ratio that had the most fitted response displacement were determined 
using the grid search. Strong motion data on the first and sixth floors were adopted as the input 
and output motions, respectively. 
Figure 7 indicates changes in the natural frequency and damping ratio identified from strong 
motion data of the building with time. Red circles and blue triangles correspond to the X- and 
Y-directions, respectively. The error bars on the right outer side show means and standard 
deviations of the natural frequencies and damping ratios identified from the ambient 
vibration data. 
The natural frequencies in both directions are distributed between 1.4 Hz and 1.8 Hz. The 
damping ratios vary somewhat but are less than 4%, which are smaller than the values obtained 
from the ambient vibration data. In the identification using strong motion data, the influence of 
the soil-structure interaction (SSI) is eliminated by assuming that the first and sixth floors are 
input and output positions. In contrast, the identification using ambient vibration data is affected 
by SSI, since it uses only acceleration data on the sixth floor. The SSI effect can be one of the 
causes of difference in damping ratios. 
 

 
Fig. 7 - Natural frequencies and damping ratios obtained from strong motion data. 

Dependence of dynamic characteristics on response amplitude is examined using the 
maximum displacement angle 𝜃𝜃max defined by Eq. (5). 
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where, 𝑥𝑥06F(𝑡𝑡) and 𝑥𝑥01F(𝑡𝑡) are the time histories of the displacements on the sixth and first 
floors, respectively, and 𝐻𝐻 is the height of the sixth-floor level from the first-floor level. 
The relation of the natural frequency and damping ratio to the maximum displacement angle 
𝜃𝜃max is plotted in Fig. 8. Red circles and blue triangles indicate the values in the X- and Y-
directions, respectively. Red and blue broken lines represent the results of the regression 
analysis in the X- and Y-directions, respectively. The error bars on the right outer side show 
means and standard deviations of the natural frequencies and damping ratios identified using 
the ambient vibration data. 
There is apparent amplitude dependence in the natural frequency. When the response 
amplitude increases ten times, the natural frequencies decrease by about 0.1 Hz in both 
directions. The variations in the natural frequencies shown in Fig. 7 are due to the amplitude 
dependence. The amplitude dependence of damping ratios is less obvious. Generally, it 
seems that the damping ratios tend to increase as the response amplitude increases. 
 

 
(a) Natural frequency 

 
(b) Damping ratio 

Fig. 8 - Relation of natural frequency and damping ratio to maximum displacement angle. 

6. Conclusions 

As one of the stations in the BRI strong motion network, Miyako City Hall, which is a six-storey 
steel building, was instrumented in September 2018. This paper discussed the dynamic 
characteristics of the building using ambient vibration and strong motion data. 
The daily natural frequencies in the horizontal directions of the building identified from the 
ambient vibration data were stable and decreased gradually with time. The daily damping ratios 
widely varied and showed seasonal fluctuations. The regression analysis results suggest that 
changes in temperature affect the natural frequencies and damping ratios as with time. 
The mechanism by which temperature affects the dynamic characteristics of the building is not 
clear. Generally, rising of temperature causes materials to expand. The expansion of the 
materials and members can be considered to affect the stiffness and joining conditions of the 
materials and members. Furthermore, the foundation and supporting ground can be affected by 
temperature changes. As a result, the temperature may contribute to changes in the dynamic 
characteristics of the building. 
The natural frequencies and damping ratios of the building were estimated from the strong 
motion data as well. The natural frequencies in both horizontal directions showed apparent 
amplitude dependence and decreased with the increase of the response amplitude. In the case of 
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this building, the natural frequency decreased by about 0.1 Hz when the response amplitude 
increased tenfold. The damping ratios estimated using the strong motion data varied somewhat 
and showed smaller values compared with the values obtained from the ambient vibration data. 
The SSI effect can be one of the causes of the difference in damping ratios. 
It should be considered that the dynamic characteristics of a building can change under the 
influence of various factors, even in the elastic range. 
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Abstract: The main results of the operational modal analysis of a school building are 
shown. The building has a four-stories framed-reinforced-concrete structure and it was in-
strumented with 7 triaxial accelerometers, recording along eight days. Also, specific remote 
measurements were made with an interferometric radar. The purpose was: i) to monitor pe-
riods of activity-inactivity, ii) to identify modal frequencies; iii) to validate a numerical 
model of the structure and iv) to analyse the feasibility of the radar for remote operational 
modal analysis. This research allowed us: 1) to quantify clear variations in noise intensity, 
matching the school activities, 2) to identify the fundamental modes and natural frequencies, 
which were of 4.4 Hz and 5.4 Hz, in the longitudinal and transversal directions, respectively, 
3) to observe slight variations of modal frequencies throughout the day, attributed to the 
loading/unloading of the building, and at night, attributed to variations in temperature; 4) to 
confirm the usefulness and suitability of frequency experimental measurements to improve 
the quality and reliability of building numerical models and, 5) to evaluate the potential of 
radar measurements for operational modal analysis; radar operates better in tall and flexible 
buildings, than in rigid ones. 

Keywords: Operational Modal Analysis (OMA). Essential/special buildings. Numerical 
models. Remote sensing. Real Aperture Radar (RAR) 

1. Introduction 

This research is part of a work carried out within the framework of a POCTEFA 2014-
2020 project, (España-Francia-Andorra, EFA), entitled "For a common culture of seismic 
risk", with reference EFA158/16 POCRISC. More specifically, within the framework of 
Action 4, devoted to reducing the seismic vulnerability of essential buildings, and in 
which, three essential buildings were instrumented: a civil protection and emergency man-
agement headquarters in Andorra, a hospital in France and a school in Spain. The aim was 
to apply Operational Modal Analysis (OMA) and to model these buildings and to analyse 
the feasibility of remote measurements to determine their modal properties. For each build-
ing, the following analyses were carried out: i) instrumentation, recording and analysis of 
environmental noise, ii) building numerical modelling and iii) analysis of results and dis-
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cussion. In this paper, the main results obtained in one of the buildings of the “Institut San-
ta Eugènia”, in Girona (Spain) are presented and discussed. This building was chosen, on 
the one hand, for its special function and high occupancy level, as well as because of its 
potential strategic value in case of an earthquake emergency and, on the other hand, due to 
the existence of plentiful structural and architectural documentation, as well as because of 
the ease of access. Fig. 1 shows a general picture of the building. 

 

Fig. 1 - Picture of the building. 

A measurement campaign was carried out between May 2 and 9, 2019 and 7 Güralp Forti-
mus triaxial accelerometers were used, all of them operating, in continuous and synchro-
nous recording, during the 8 days. On May 9, RAR measurements were made from 6 posi-
tions, with approximate durations, of the displacement recordings, between 20 and 30 
minutes. Fig. 2 shows the accelerometer and the RAR device used in the measurements. 

9 a) 

 

 b) 

Fig. 2 - a) Accelerometer Güralp Fortimus. b) Interferometric radar. 

The acceleration sensors were oriented in the long, longitudinal, HN1, and short, transver-
sal HN2, directions of the building. The vertical component, HNZ, was also recorded. The 
results of the sensor referenced as YK-C011, which was installed on the upper floor, where 
the largest amplitudes were recorded, are presented herein. The main results of the acceler-
ation measurements are shown below, including the analysis of the time variation of the 
intensity of the vibration of the building, the operational modal analysis and the modelling. 
The results of the RAR measurements are also summarized. 
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2. Acceleration measurements 

2.1. Vibration intensity 

The intensity of the building vibration, is quantified by means of the root mean square am-
plitude, ARMS, as defined in the following equation, 

( )2

1

1 N

RMS j
j

A a
N =

= ∑
 

(1) 

where, ja is the j element of the time series and, N es is the number of elements.  

Fig. 3 a, b, shows two examples of acceleration time series. Preliminary treatment and fil-
tering between 0.1 and 10 Hz have been applied, to correct for severe baseline variations in 
the raw data. The signals correspond to Friday, May 3, and Saturday, May 4. In the same 
figure, below, the time variation of noise intensity can be seen on Friday, May 3, and Sun-
day, May 5. Higher levels of vibration are observed on school days. Likewise, intensity 
peaks are observed during school hours, between 8:00 and 14:30 (local time). 

9

 

a) 

 

b) 

c) d) 

Fig. 3 -. Above: acceleration records for Friday, May 3 and Saturday, May 4 (a and b). Bottom: variation in 
noise intensity on Friday, May 3 and Sunday, May 5 (c and d). 

Besides, Fig. 3 c) shows intensity peaks that have been identified and compared with the 
schedule of school activities. Table 1 shows the comparison between the school hours and 
the intensity peaks identified in the records for Friday, May 3 and Monday, May 6. 

2.2. Modal identification 

To analyse the eigenfrequencies, the power spectral density (PSD) has been used. Table 2 
shows the peaks, which were observed 3 days or more, in the horizontal components. In 
this table, the period, T, frequency, Freq., standard deviation, SD, coefficient of variation, 
CV, and the number of days, N, in which the peak was detected, are shown. 
Fig. 4 shows the average of the spectral densities of the eight days of recordings, and the 
peaks detected. The size of each peak is proportional to N, and the width of the error bars 
corresponds to the 95% confidence interval. 
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Table 1. Hourly table of the main noise peaks between 08:00 and 14:45 on May 3 and 6. (See also Fig. 3). 

Activity 
time 

May 03, 2019 (Friday)  May 06, 2019 (Monday) 
HN1 

(Long) 
HN2 

(Trans) 
HNZ 
(Vert) 

 HN1 
(Long) 

HN2 
(Trans) 

HNZ 
(Vert) 

08:00:00 08:06:40 08:03:20 08:03:20  08:03:20 08:05:00 --- 
09:00:00 09:03:20 09:03:20 09:03:20  09:03:20 09:05:00 09:03:20 
10:00:00 10:03:20 10:01:40 10:01:40  10:01:40 10:01:40 10:03:20 
11:00:00 11:00:00 11:01:40 11:01:40  11:01:40 11:01:40 11:01:40 

        

11:30:00 11:33:20 11:33:20 ---  11:35:00 11:36:40 11:35:00 
12:30:00 12:33:20 12:33:20 12:33:20  12:35:00 12:35:00 12:35:00 
13:30:00 13:33:20 13:33:20 13:33:20  13:31:40 13:31:40 13:31:40 
14:45:00 14:45:00 14:45:00 14:45:00  14:45:00 14:45:00 14:45:00 

 
Table 2. Periods and frequencies detected in the YK-C=011 registers. (See also Fig. 4) 

HN1 Longitudinal  HN2 Transversal 
T 
(s) 

Freq. 
 (Hz) 

SD 
(Hz) 

CV 
(%) 

N 
(days)  T 

(s) 
Freq. 
 (Hz) 

SD 
(Hz) 

CV 
(%) 

N 
(days) 

0.106 9.436 0.106 1.12 3  0.107 9.382 0.007 0.1 5 
0.115 8.722 0.070 0.80 4  0.113 8.866 0.074 0.8 7 
0.205 4.871 0.060 1.24 6  0.129 7.747 0.109 1.4 6 
0.228 4.379 0.020 0.47 8  0.186 5.379 0.058 1.1 8 
0.499 2.004 0.026 1.29 7  0.496 2.014 0.000 0.0 3 

SD: standard deviation. CV: Coefficient of variation (%). 
 

 

Fig. 4 -. Average PSD's and overview of the frequencies detected. 
(See Table 2 and explanation in the text). 

The frequency of 4.379 Hz stands out in the HN1 component and the one of 5.379 Hz, in 
the HN2. The frequency of 5.379 also appears in the vertical component. These frequen-
cies are clearly observed the 8 days and, it is assumed they correspond to the fundamental 
modes in the longitudinal and transversal directions. 

2.3 Stability of the measurements (spectrograms) 

The stability of the identified frequencies has been analysed. Fig. 5 a), b) and c) show the 
spectrograms of the HN1, HN2 and HNZ components, as functions of time, for the record-
ing of Friday, May 3. The period of 0.228 s can be observed in the HN1 component and, 
the period of 0.186 s, in the HN2 and HNZ components. A nice stability is observed 
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throughout the day, regardless of the level of the intensity of the signal (see Fig. 3). Fig. 5. 
d) focuses on the (0.2-0.3) s period range. 

a) b) 

c) 

 

d) 

Fig. 5 - Spectrograms of the HN1, HN2 and HNZ components (a, b and c) of the YK-C011 acceleration rec-
ords, from Friday, May 3, 2019. d) Spectrogram enlargement in the range between 0.2 and 0.3 s. The periods 

with maximum PSD are also shown. 

Small variations are observed. The period slightly increases, during working hours and it 
decreases, also slightly, at night. These variations are attributed to a greater load of the 
building during school hours, with increases in mass, which causes increases in the period, 
and, to a lower temperature, at night and early in the morning, which produces an increase 
of stiffness and, consequently, a period decrease. 

3 Modelling 

The numerical structural analysis of the building was carried out using the ETABS soft-
ware (CSI, 2022). First, the framed building was modelled and, later on, the “complete 
building”, including the partition walls and other non-structural elements (Garzón-Andrade 
2020). Obviously, the complete building, because it better matches the completed and in-
use building, provided greater consistency with the results of the experimental analysis. 

3.1 Modal analysis 

Table 3 shows the periods and modal participation factors of the first 3 modes found. In 
Fig. 6 the first two modes, both translational, of the complete building are represented. 

Table 3. Results of modal analysis of the “complete building”. 

Mode T 
(s) 

Freq. 
(Hz) 

   Modal participation factor 
  (x-HN1) (y-HN2) 

1 0.28 3.57   0.83 --- 
2 0.24 4.17   0.02 0.64 
3 0.21 4.76   0.02 0.19 

A reasonable consistency with the experimental periods is observed in the longitudinal di-
rection (x-HN1), but less, in the transversal one (y-HN2). 
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3.2 Pushover analysis 

Fig. 6 shows the capacity spectra, and their bilinear forms, in the x-HN1 and y-HN2 direc-
tions. Table 4 shows the spectral accelerations and displacements of the yielding, (Say, 
Sdy), and ultimate capacity, (Sdu, Sau), points.  

Table 4. Yielding and ultimate capacity points of the capacity spectra ( Fig. 6 b, d). 

 Yielding point Period  ultimate capacity point 
 Sdy (cm) Say (g) T0 (s)  Sdu (cm) Sau (g) 
HN1-x (Long.) 1.06 0.92 0.215  3.10 1.37 
HN2-y (Trans.) 0.67 0.81 0.182  3.14 0.46 

The periods, T0, of the initial stretch of the capacity spectra are also shown. Fundamental 
periods in the longitudinal, 0.215 s, and transversal, 0.182 s, directions show a good corre-
lation with the periods identified in the acceleration measurements; 0.228 s and 0.186 s. 
(see Table 2 and Fig. 4). 

a) b) 

c) d) 

Fig. 6 - Translational modes and capacity spectra in the HN1 (a and b) and HN2 (c and d) directions. 

4 Radar measurements 

Radar measurements were carried out by the Remote Sensing Department of the “Centre 
Tecnològic de Telecomunicacions de Catalunya” (CTTC). Measurements were taken from 
6 positions; each one of these measurements lasting about 20 to 30 s. A summary of the 
CTTC report can be found in Pujades et al. (2022). While installing the radar device, the 
position and angle of inclination of the antennas are fixed, so that there is a good return 
signal. To this end, the radar provides a signal-to-noise ratio diagram, known as Range 
Bins (rbin’s). Fig. 7 shows an example of this kind diagram and a sketch of the radar-
building system. 
On the basis of this graph, rbin’s showing the best signal-to-noise ratio are chosen. In this 
case, rbin 17 to 25 were selected, being rbin 24, the one with the best signal/noise ratio. 

2252
3ECEES, September 2022, Bucharest, Romania



a) 

 

b) 

Fig. 7. a) Diagram of the quality of the reflected signal. b) sketch of the geometry of the measurement 

4.1 Eigenfrequencies 

A systematic analysis of the data did not 
allow us to identify clear frequencies of the 
structural response. Once the modal fre-
quencies were known from the acceleration 
measurements, the rbin 24 of position 2 was 
carefully analysed, focusing on the period 
range between 0.1 and 0.5 s. Fig. 8 shows 
the results of this exercise. 
It can be observed how, although extremely 
contaminated, the PSD allows to see peri-
ods close to 0.19 and 0.24 s. The question 
is, if it would have been able to identify 
some preferred periods, among the many 
ones identified in this figure. 

  

 
Fig. 8 Focus of the PSD of the radar record in the 

range of periods between 0.2 and 0.5 s. 

 

Although there are more sophisticated techniques (Alva et al. 2020, Alva 2021), which can 
improve the analysis of these signals, in our opinion, the problem lies in the very low am-
plitude of the signal to be analysed, which is far below of the resolution capacity of the ra-
dar used. 

5 Final thoughts 

The long-time continuous instrumentation of buildings is an excellent resource that allows 
to monitor the periods of activity/inactivity inside them, and even, to identify specific 
events that are carried out in the observed buildings. Moreover, this monitoring, provides 
the main modal characteristics of the building, including likely variations induced by dam-
age or modifications to the building, both in the structure and/or in non-structural elements. 
Another interesting aspect to highlight is the analysis of the time variability of the period. 
Period increases have been observed during daytime and school hours, and decreases dur-
ing the night. These small variations have been attributed to mass increases related to 
building occupancy levels and stiffness variations related to temperature changes. 
Thus, the OMA is a good tool for structural health monitoring (SHM) of buildings. Indeed, 
the monitoring of the time variation of the noise intensity has made it possible to correlate 
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the intensity peaks with the school hours and also, the main modal shapes of the building 
can be characterized by means of the spectral analysis of the time series. 
Modelling is an excellent tool to understand the modal behaviour of a building. However, 
the variability and uncertainty of the parameters involved on the structural response, may 
complicate the comparison between the results of the numerical model and the ones com-
ing from the observation. In this sense, the OMA allows a calibration of the parameters of 
the structural model, including materials, geometry and boundary conditions, among oth-
ers. 
One of the objectives of this work in the POCRISC project, has been to analyse the feasi-
bility of OMA as a damage detection tool. It is known that the modal properties and peri-
ods of buildings vary with the damage. 
Fig. 9 (Vidal et al. 2014) shows the vari-
ability of the periods of reinforced con-
crete buildings, low and medium height, 
with 2 to 13 stories, in the city of Lorca, 
(Murcia, Spain) before and after the 
earthquake that occurred on May elev-
enth, 2011. The study was based on the 
analysis of 59 healthy buildings, before 
the earthquake, and 34 damaged build-
ings, after the earthquake. It was ob-
served how the period and its variability 
with the damage, both grow with the 
number of floors. Other works have 
shown that slight and moderate damage 
can lead to variations of the period be-
tween 5 and 20% and that, at the thresh-
old of complete damage state, there may 
be variations of the period of about 60%. 
Close to collapse, variations even higher 
than 100% can occur (Hidalgo-Leiva 
2017). 

 

 

Fig. 9. Variability of the period with damage for 
reinforced concrete buildings, before (light 
markers) and after (black circles), the Lorca 

earthquake (Vidal et al. 2014). 

 

Thus, a very relevant issue, when seeking to use the empirical measurement of the eigen-
period of a building, to detect the possible level of damage suffered during a catastrophic 
event, is the knowledge of its initial period of vibration; that is, the one of the healthy 
building. It is also very relevant, a condition sine-qua-non, to know the relation between 
damage levels and eigen-periods’ increases. A small variation in period, in the case of stiff 
and brittle buildings, with little ductility, may indicate that the building is close to, or even 
at, the collapse. However, ductile, flexible and deformable buildings can show significant 
variations from their healthy period, even for moderate damage levels. These two aspects: 
i) characterization of the healthy building and ii) variation of the period with the damage, 
are essential for the structural health monitoring (SHM) of buildings. 
In the event of a seismic catastrophe, it is interesting to have a diagnosis tool to know 
about the safety status of buildings, without accessing them. Interferometric radar is a good 
candidate for this kind of remote measurement (González-Drigo et al. 2019). However, for 
the building analysed herein, the eigen-frequencies are above 4 Hz. For high frequencies, 
the displacements are very small compared to the acceleration ones. Thus, in these rigid 
buildings, the used radar lacks sufficient resolution to deal with the expected displace-
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ments. Indeed, in our case, the nominal sensitivity of the device is 0.01 mm; that is, for 
good resolution, we need displacements of several tens of microns (μm), and the displace-
ments of the building are tenths of a micron. Researches on other buildings (Pujades 2015, 
Pujades et al. 2022) have shown that interferometric radar can be useful in tall buildings, 
with relatively low natural frequencies, and high excitation levels. 
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Abstract: Society has become increasingly reliant on sensory electronics within smart 

appliances like phones, tablets, and laptops. These have become democratised to monitor 

our behaviour, health, and environment. Consequently, these gadgets have extended into 

security-critical applications from simple personal sensory apps to medical devices to 

nuclear power plants. Many organisations are fully aware of the risk of software 

vulnerabilities. However, there are further susceptibilities where systems can be deceived 

through acoustic, electromagnetic and radio frequencies transmitted intentionally or 

inadvertently. The lack of hardware protection against such threats has not received 

thorough and rigorous attention and it has been proposed to define a unifying evaluation 

framework of test regimes to counteract these vulnerabilities and the effects of such 

transmissions. Nonetheless, this framework is in its infancy and no defining test regime is in 

place to recognise, quantify and remove these threats. It is presented through testing of 

related Electro Magnetic interference (EMI) emitting from a modern industrial induction 

motor, that transmissions of the phenomena of EMI, can generate an intrusive impediment 

to not only disrupt a sensor but also harm the micro-controller systems that deliver this data. 

Therefore, fooling an embedded electronic system into misread data or a software reset. The 

purpose of this investigation is to test the vulnerabilities of common digital Micro-

electromechanical system (MEMS) accelerometers which are essentially analogue signals, 

processed by an onboard Analog to Digital Convertor (ADC).  Experimental procedures will 

introduce an unpredictable EMI signal caused by an electric motor, which can establish a 

disruption of the low voltage sensor readings through the connection cables and ascertain 

the level of hazard to real systems.  

Keywords: MEMS, ACCELOROMETERS, EMI, VULNERABILITIES. 

1. Introduction  

In our daily routine, society interacts with dozens of sensors: from motion detection in 

home security systems and tyre pressure monitors in cars, to accelerometers in 

smartphones and heart rate monitors in smartwatches. To meet the demanding goals of 

cost, performance, size, weight, and power consumption. MEMS present a feasible low-

cost alternative to high end components in respect of developing countries wishing to 

monitor critical infrastructure. The integrity of these sensor outputs is crucial, as many 

security-critical decisions are taken in response to the sensor values. However, MEMS 

devices are not without flaws as the construct and combined components of these systems 

have further vulnerabilities that are inherent in analog devices that sense signals in the 

order of a few millivolts which are particularly sensitive to electromagnetic interference 

(Kune et al., 2013) that traditional shielding techniques improve but do not eliminate. 

It has now become credited that adversarial signals can be used to remotely induce 

waveforms into the outputs of these sensors, thereby attacking pacemakers (Kune et al. 

2013), temperature sensors (Fu & Xu. 2018), smartphone microphones (Goldwasser, 
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Micali & Rivest. 1988) and car braking mechanisms (Shoukry et al. 2013). These crafted 

attacks can cause an electronic system to report values which do not match the true sensor 

measurements and trick it into performing dangerous actions such as raising false alarms.  

The root cause of these vulnerabilities lies in the unintentional side effects of the physical 

components of a system which can become what is known as the victim circuit. For 

example, the wires connecting sensors to microcontrollers behave like low-power, low-

gain antennas, and can thus pick up high-frequency electromagnetic radiations. Although 

these radiations are considered “noise" from an electrical point of view, hardware 

imperfections in the subsequent parts of the circuit can transform inadvertent transmissions 

into meaningful waveforms. Specifically, these radiations are digitized along with the true 

sensor outputs, which represent a physical property as an analog electrical quantity. This 

digitization process is conducted by ADC’s, which, when used outside of their intended 

range, can cause high-frequency signals to be interpreted as meaningful low-frequency 

signals. Thus, current assumptions of data integrity from these devices should be brought 

into question.  

2. Methodology  

The test apparatus consisted of 3 identical accelerometers attached to MCU’s through 

various types of transmission cables. The signal cables consisted of 3 typologies single, 

twisted, and shielded wire along a material transparent to EMI of 2 meters length. 

Simultaneous recordings were taken of the 3 sensors via a battery powered laptop that 

delivered power to the connected MCU’s without the need for an AC supply that could 

introduce error. See Fig 1. Readings were taken with the analog signals and then the digital 

signals to ascertain the level of interference through the connection cables. 

 

 

Figure 1 Test Apparatus. 
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2.1. Stage 1 

To ascertain validity of readings taken from 3 separate accelerometers and MCU’s 

systems, it was first necessary to do a sensitivity test by rotating the 3 Axis analog outputs 

through the typologies of cables into the MCUs to define any changes of noise normally 

inherent in MEM’s accelerometers. 

2.2. Stage 2 

Tests were performed in the ambient environment of the intended disruption to ascertain 

and record the inherent noise level of the individual electronic systems and the 

surroundings in question. Thus, providing a baseline of noise errors that are common in 

sensors that measure accelerations. 

2.3. Stage 3 

The sensors units were then tested again at distances 50,100, and 150 cm from the 

activated interference source for 60 seconds. A handheld EMI Meter was positioned at mid 

length of the analog wires in relation to the distances throughout all the final tests to 

provide an indicator of EMI field present. 

3. Results 

3.1. EMI Results 

Acquisition of data from the EMI Meter at intervals corresponding to the stage 3 data 

reveal from the graph (figure 2.) that the strength of EMI is inversely proportional to the 

distance from the source of interference.  

 

 
 

Figure 2. Measurement of EMI at Distances from the Source 

 

3.2. Analog Signal Results 

As an example, figure 3 indicates on the left the X, Y and Z analog signals fed through 

single, twisted cables, respectively. The most desirable analog signal would be flat without 

spikes to provide a clean conversion of the variable voltage through to the ADC. Thus, 

providing a stable digital output into a narrow range. However, it should be observed that 

the signal of the single cables has the highest content of interference caused by the EMI 

compared to the twisted and shielded with a lessening of interference from top to bottom 

through the differing typologies of cable. On the right of Figure 3 are the corresponding 
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histograms to each of the converted signals that provide insight into the variation of ranges. 

The ideal digital output from the stationary MEMs signal would be very narrow with a 

high kurtosis as shown in the shielded histogram at the bottom right. But it is indicated as 

you move up through the different typologies of cable from shielded to twisted to single 

that the logical ranges increase and can cloud the accuracy of the MEMS Sensor with 

outliers. 

 
Figure 3. Normalised XYZ Analog Signals with Corresponding Histograms 

 

To appreciate the levels of splash over into the far extremities of the digitally converted 

signals. Figure 4 indicates the combined histograms of the 3 typologies of cable. Again, it 

should be noted that a high positive kurtosis as shown by the shielded cable would provide 

the most stable data readings and would lessen the inaccuracies. 

 

Figure 4. Combined Single, Twisted, and Shielded Cable ADC Outputs into Histogram. 
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To confirm the previous results, simultaneous data readings were taken with a rotation of 

the cable typologies from the outputs from the MEMS accelerometer to the MCUs. It can 

be seen in Figure 5 that similarities in Error by standard deviation exist through the cable 

typologies. 

 

Figure 5. Sensitivity Test of Rotation Of X, Y, And Z Axis Outputs into The MCU’s 

To clarify the effects of the interference from the 2 induction motors at ever closer 

distances to the sensor units. It can be ascertained in Figure 6 from ambient condition, then 

moving to closer proximity respectively that the standard deviation of error increases 

because of the ever-increasing EMI. Thus introducing uncertainty into the data. 

 

Figure 6. Standard Deviation Plot of Analog Errors in Respect to Proximity of the Interference Source. 

2260
3ECEES, September 2022, Bucharest, Romania



3.3. Digital Signal Results  

The results for the digital signal transmitted along the different typologies of cable is 

conceived as less prone and more discrete to the effects of EMI due to the nature of the 

signal transferred in binary. However, there are small changes that can be registered due to 

the proximity of the sensor with combined ADC to the source of interference. It can be 

seen in Figure 7 that the range is far smaller without significant data into the outer ranges 

which provides a better signal. However, there is a variation in the typologies which may 

be inherent to the proximity of the sensors and ADC to the EMI. 

 

Figure 7. Histogram of Digitized Signals Through Different Typologies of Cable 

To examine the previous results in further detail, data readings were taken with a rotation 

of the cable typologies from the outputs of the ADCs to the data logger. It is expected that 

digital signals are less prone to EMI. It can be observed in Figure 8 that negligible Errors 

exist of deviation through the cable typologies. However, this may be associated with 

bandwidth errors sometimes inherent in sensor. 

 

Figure 8. Sensitivity test of Rotation of Typologies of Cable 
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To explore this further an experimental analysis of distances was again used to define the 

errors associated with the interference. It can be seen in Figure 9 that the deviation of error 

is much lower than analog but again distance to the source of interference infers a loss of 

clarity and goodness of data 

 

Figure 9. Standard Deviation Plot of Digital Errors in Respect to Proximity of the Interference Source. 

4. Conclusion 

In this paper we have validated self-assembled low-cost acceleration sensor units using 

different typologies of cables for the purpose of signal transmission. The focus of this 

paper has been to alert the earthquake engineering community on issues related to the 

suitability of analog systems and respective construction of for seismic monitoring. 

Adverse interference from EMI environments has been stressed. Based upon the observed 

correlations between different proximities and different typologies of transmission cables, 

the low-cost sensor platforms are an attractive proposition that can lead to an embedded 

design within a short period. However, it is important to benchmark throughout the design 

method, the device and cabling susceptibility to EMI noise. 

Onboard digital MEMS sensor systems appear to offer an improved alternative for 

infrastructure sensing but due to the nature of the digital circuits which also include analog 

sensors. They are not totally immune to EMI but offer an improved level of confidence in 

data due to onboard digital conversion, therefore communication cables relay only binary 

data as opposed to a variable voltage which reduces the antenna effect.  

In all cases, it seems prudent to improve shielding of not only the housing of the 

acquisition system but also enhanced shielding of the sensor within the design. However, 

the earthquake engineering community is cautioned that studies with MEMS conducted on 

un-controlled environments that were not purposely designed for electronic testing and 
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manufacture should report on the steps taken to prevent EMI or their quantification, and 

that EMI shielding is a very important consideration for low-cost MEMS acceleration 

deployments in various infrastructure. 

Rigorous testing regimes should be employed in development and reasoned with in 

situation of deployment in mind, to not only negate the environmental influences of 

deployment but also the adversary disruption experienced by devices when deployed in 

more critical systems. 
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Abstract: We  present  a  pipeline  for  the  automatic  generation  of  digital  twins  of  free-
standing buildings for damage assessment. Our method takes multiple view images of the
target building as input and processes them to produce a 3D model in levels of detail (LOD)
format  containing  damage  information.   The  proposed  methodology  combines
photogrammetry,  specifically  structure  from  motion  (SfM),  and  deep-learning-based
segmentation  techniques.  First,  we  run  a  SfM  framework  with  the  building  images  to
generate sparse point clouds and camera poses. The point cloud is post-processed to extract
planar primitives, which are then used to create a watertight polygonal surface model. This
model is augmented by projecting opening (e.g., doors, windows) and damage information
segmented from images using the camera poses recovered by SfM. We hope to contribute to
research in construction management and structural health monitoring by providing a simple
yet  efficient  and  reliable  method  of  documenting  building  and  damage  assessment
information. 

Keywords: 3D building modeling, damage assessment, structural health monitoring, SfM,
computer vision, machine learning

1. Introduction

The current approach to assessing damage after earthquakes is time-consuming, subjective,
and poorly documented. A group of engineers gathers and visually inspects the state of
structures comparing observed damages to sketches or images of typical damages observed
after  past events and concluding,  based on codes or guidelines,  on the usability  of the
damaged structure. Such visual inspection is time-consuming, often limited by the number
of  engineers  available  for  inspection  and  the  results  of  the  inspection  are  often  non-
objective  and  poorly  documented.  This  situation  calls  for  the  use  of  cutting-edge
methodologies  to  accelerate,  objectify  and document  the  inspection  process.  Computer
vision  and  machine  learning,  thanks  to  recent  breakthroughs,  can  contribute  to  these
improvements. With these, engineers can automate some of the current work they do when
assessing the structural conditions of damaged buildings. 
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Our approach of automating the inspection process builds on image data. It exploits the
latest evolution of image acquisition devices such as mobile phones, hand-held cameras,
and drones,  which  at  reasonable  prices  not  only allow access  to  difficult  areas  of  the
structures but also provide high-quality images as output. These images, in conjunction
with computer vision and machine learning, can be processed in a variety of ways, such as
automated segmentation of various types of damage or the generation of 3D models that
benefit  in  inspection procedures.  Our goal  is  to  provide a  reliable  tool  that  allows for
proper documentation of damaged buildings following earthquake events.

In our work, we combine computer vision and machine learning techniques to generate
digital twins of damaged masonry buildings. We rely on photogrammetry techniques to
reconstruct 3D models and recover camera poses from image data. Damage is detected
using  deep  learning  methods  such  as  Convolutional  Neural  Networks  (CNN),  whose
outputs can be mapped to 3D thanks to photogrammetry.  

We propose a pipeline that begins with the use of Structure from Motion (SfM), which
generates 3D sparse point clouds representing the structure of the building scene and finds
camera poses associated with the structure and images representing the scene's motion. To
generate  3D models,  our  framework employs  the  methodologies  proposed by Pantoja-
Rosero  et  al.  (2022b),  specifically  Level  of  Detail  (LOD)  models,  which  represent  a
faithful  simplified representation of the building (Biljecki et al.  (2016)). Later,  damage
segmented using the Pantoja-Rosero et al.  (2021a) method is triangulated to the LOD3
model using motion information from the SfM. 

2. Method

Figure 1 shows a schematic representation of our approach for creating digital twins with
damage information.  First,  we use the LOD3 generation pipeline proposed by Pantoja-
Rosero  et  al.  (2022b)  to  generate  a  3D polygonal  surface  model  of  the  building  with
opening information. In that paper, the authors create a sparse point cloud and use the SfM
technique to find camera poses. Later, they employ the Polyfit algorithm proposed by Nan
et al. 2017 to generate LOD2 models by solving a linear optimization problem on planar
primitives  detected  in  the  SfM  sparce  point  cloud.  After  segmenting  openings  with
convolutional neural network models and triangulating them to 3D space using camera
poses recovered on SfM, LOD3 models are generated. Finally, we used the trained deep-
learning algorithm proposed by Pantoja-Rosero et al. (2022a) to segment cracks, and we
projected those cracks to 3D space using camera poses, merging them with the LOD3
model to generate our final model of the damaged building. 
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Fig. 1 – Digital twin for damage assessment pipeline

2.1. Deep learning models

Convolutional neural networks are used to segment the building in order to extract information
from the facade, openings, and cracks. Pantoja-Rosero et al. (2022a) trained the models for
opening  and  facade  segmentation,  while  Pantoja-Rosero  et  al.  (2022b)  trained  the  crack
segmentation models. The authors used a TernausNet architecture (Iglovikov et al. (2018)) for
both works, which is a CNN composed of an encoder and decoder (U-Net, Ronneberger et al.
(2015)) with the convolutional part of a pre-trained VGG network (Simonyan et al. (2015)) as
its encoder. Figure 2 depicts the architecture diagram. The results obtained using the models
presented by Pantoja-Rosero et al. (2022a) and Pantoja-Rosero et al. (2022b) are depicted in
Figs. 3 and 4, respectively. 

Fig. 2 – Convolutional neural network architecture used for segmentation (Iglovikov et
al. (2018))
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Fig. 3 – Facade and opening segmentation results using Pantoja-Rosero et al. (2022b)
model

z

Fig. 4 – Crack segmentation results using Pantoja-Rosero et al. (2022a)  model

2.2. Polyfit

The generation of a LOD2 model is required as part of the pipeline proposed by Pantoja-
Rosero  et  al  (2022b).  This  is  a  watertight  3D polygonal  surface  model  that  contains  no
information about openings. For this purpose, it is employed the Polyfit method proposed by
Nan et al (2017).  The authors use a linear optimization problem to abstract the required model
by intersecting planar primitives segmented on point clouds. Figure 3 depicts the graphical
representation of the Polyfit pipeline. 

Fig. 5 – LOD2 model using Polyfit framework 
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2.3. Triangulating openings and cracks to 3D

Pantoja-Rosero  et  al.  (2022b)  perform traditional  triangulation  of  2D image  information,
specifically opening vertices, to 3D space to upgrade the polygonal surface model in order to
contain opening information.

This  is  accomplished  using  epipolar  geometry,  which  allows  for  the  creation  of  a  3D
representation of a point X using 2D point correspondences (x,x′) that represent the projection
of X to two images (I, I'). In this paper, we use the same approach to augment the model with
damage data. The camera poses or projection matrices (P,P′) recovered from SfM are used for
this. The projection matrices represent the transformation of 3D information (X) to the 2D
image space (x,x’) following the relations x = PX and x’ = P’X. The relations among x, x’, P,
P’ and X can be written in matrix form as: 

[ P −x 0
P ' 0 −x ' ][

X
λ
λ ' ]=0

where λ and λ’ are constants that represent the position of X over back-projection rays that
pass through camera centers and point correspondences (x,x').  Singular value decomposition
can be used to find the solution to that matricial equation for X (R. Hartley et al. (2001); R.
Szeliski et al. (2011)). Correspondences (x, x') in our problem represent the opening vertices
(as Pantoja-Rosero et al. (2022b)) and crack skeleton observed from two views (I, I'). 

2.4. Damage augmented digital twin

Having the 3D information of the polygonal surface model with openings and cracks, we can
merge them to produce the final result presented in Fig. 6.

Fig. 6 – Damage augmented digital twin
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4. Conclusions 

In  this  paper,  we  present  a  method  for  creating  digital  twin  models  of  free-standing
buildings that include damage information. Our main goal is to provide a tool that can be
used for damage inspection activities and to contribute to the current challenges they face
because they are time consuming, subjective, and difficult to document. We used cutting-
edge AI technologies related to machine learning and computer vision for this, specifically
SfM  and  convolutional  neural  networks.  We  demonstrate  the  capabilities  of  such
technologies on an example masonry building.  Future work based on this is planned, such
as the inclusion of other types of damages (e.g., spalling, re-bar exposure), with the goal of
developing an automated damage assessment framework based on image data. 
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Abstract: Bayesian optimal sensor placement (OSP) strategies are presented for civil 

engineering systems subjected to earthquake excitations. The design of optimal sensors in 

terms of type, number, and location is decided by maximizing the information gained from 

the sensors for parameter estimation and response prediction purposes. Information gain from 

the sensors is expressed with a utility function and it is defined as the Kulback-Leibler 

divergence between the prior and posterior distribution of the model parameters or predictions 

estimated using Bayesian inference. The proposed OSP methodology considers uncertainties 

in excitation characteristics, environmental conditions, and modelling errors. In OSP for 

parameter estimation, asymptotic approximations are proposed for estimating part of the 

multidimensional integrals arising in the utility formulation. The multidimensional integrals 

are estimated by using Monte Carlo methods. The optimization procedure is carried out by 

using heuristic sequential sensor placement algorithms. Examples are presented on the 

systems representing the civil engineering structures subjected to unknown earthquake 

excitations modelled by stochastic processes that correspond to parameterized seismic 

spectra. 

Keywords: Bayesian inference, Parameter estimation, Response reconstruction, Stochastic 

excitations. 

1. Introduction 

Experimental data obtained from the civil engineering structures which are subjected to 

uncertain dynamic loads, provide vital information in building trusted virtual models and 

improving their predictive capabilities. Information extracted from the physical system can 

be used in virtual sensing (response prediction) to reconstruct the response quantities of 

interest (QoI) such as accelerations, displacement, stresses at unmeasured locations to 

foresee the remaining lifetime of structural components (e.g., fatigue lifetime) and leads to 

robust decision-making regarding safety through predictive and preventive maintenance 

actions. Additionally, by optimizing the experiments in terms of sensor type, number and 

locations the quality of the data can be improved for the estimation of the model parameters, 

damage detection and model selection. 

In this study, a Bayesian optimal sensor placement methodology is presented for response 

prediction and model parameter estimation. In relation to previous works on optimal sensor 

placement for parameter estimation where the input is considered known, the present 

approach takes into account the temporal variability of the earthquake excitation and the 

uncertain features of the excitations. This variability is quantified by using available site-

specific stochastic models for earthquake excitations. In the applications, input variability is 

considered and it is integrated into the OSP designs formulations by using stochastic process 

models with spectra and intensity forms that account for the seismic load characteristics.  
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2. Bayesian optimal sensor placement 

Bayesian optimal experimental design is formulated based on the information theory 

presented by Lindley (1956) with a utility function 𝑈 that measures the expected information 

gain from the data. Information gain is quantified by the Kullback-Liebler divergence 

between the prior and posterior PDF of the model predictions or the model parameters. The 

posterior PDF is obtained by applying Bayes theorem. The utility function can be shown to 

depend on the sensor configuration 𝛿. An optimal experimental design 𝛿 is accomplished by 

maximizing the expected utility function 𝑈(𝛿) over all possible data generated from the 

prediction error model, as follows 

 𝛿𝑜𝑝𝑡 = argmax
𝛿

𝑈(𝛿) (1) 

2.1. Optimal sensor placement for response predictions 

OSP for response prediction is performed by using the theory and tools presented in Ercan 

and Papadimitriou (2021). The method is based on the modal expansion technique. 

Employing the Gaussian nature of the response estimates for linear models of structures, the 

utility function is formulated in terms of the prior and posterior covariance matrices of the 

error in the estimates of the response predictions. Specifically, using the expected KL-div 

between the prior and posterior distribution of the output quantities of interest (QoI) to be 

reliably predicted using the measurements, the utility function which quantifies the 

information gained from a sensor configuration is finally expressed as follows: 

 

𝑈(𝛿) = −
1

2𝑛𝑧
∫ 𝑙𝑛 ∏

Ψ𝑖
𝑇(𝜑) [Φ𝑇(𝜑)𝑄𝑒

−1(𝛿, 𝜑)Φ(𝜑) + 𝑆−1]
−1

Ψ𝑖(𝜑) + 𝑄
𝑖

Ψ𝑖
𝑇(𝜑)𝑆Ψ𝑖(𝜑) + 𝑄

𝑖

𝑛𝑧

𝑖=1Φ

 

 

(2) 

where 𝑛𝑧 is the number of prediction locations, Φ ∈ 𝑅𝑛×𝑚 and Ψ ∈ 𝑅𝑛×𝑚 are the mode 

shape matrices corresponding to the observed (sensor locations 𝛿) and unobserved DOFs 

respectively. 𝑄𝑒 and 𝑄
𝑖
 represents the covariance matrix of the total prediction error (sum 

of model and measurement error) and the variance of prediction error expected for the 

predicted response QoI. S is the covariance of the prior distribution of the modal coordinates. 

Here 𝜑 is a parameter set containing the uncertain non-updatable model parameters specific 

to the stochastic nature of the input. 

2.2. Optimal sensor placement for parameter estimation 

OSP design for estimating the model parameters 𝜃, maximizes the expected information gain 

over all possible data that can be obtained over all possible values of the model parameters. 

Asymptotically for a large number of data and small prediction errors, the expected utility 

function to be maximized with respect to the sensor configuration 𝛿 is given by the multi-

dimensional integral:  

 

𝑈(𝛿) = −
1

2
∫ ∫ 𝑙𝑛

𝑑𝑒𝑡 [𝑄(𝛿; 𝜃, 𝜑) + 𝑄𝜋(𝜑)]

𝑑𝑒𝑡 [𝑄𝜋(𝜑)]
𝑝(𝜃) 𝑝(𝜑)𝑑𝜑

ΦΘ

 

 

(3) 

where 𝑄 (𝛿; 𝜃, 𝜑) is the Fisher information matrix, a semi-positive definite matrix given by:  
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𝑄 (𝛿; 𝜃, 𝜑) = ∑ ∇𝜃𝑔 (𝜃; 𝛿, 𝜑)
𝑇

Σ𝑒(𝜃; 𝜑)∇𝜃
𝑇𝑔 (𝜃; 𝛿, 𝜑)

𝑛𝑑

𝑘=1

 

 

(4) 

where 𝑛𝑑 is the number of data, ∇𝜃= [𝜕/𝜕𝜃1, . . , 𝜕/𝜕𝜃𝑛𝜃
] is the gradient operator and 

𝑔 (𝜃; 𝛿, 𝜑) is the vector of model response time histories (of linear or nonlinear models) 

related to the sensor locations. Σ𝑒 is the covariance matrix of the prediction error, which is 

assumed as the sum of model and measurement error. 𝑝(𝜃) and 𝑝(𝜑) are postulated prior 

distribution of the model and nuisance parameters, respectively.  

2.3. Implementation 

Sparse grid or Monte Carlo sampling (Ercan and Papadimitriou (2021)) can be used to 

evaluate the multi-dimensional integrals in the utility formulations. Heuristic sequential 

sensor placement algorithms (Papadimitriou (2004)) are proposed for computationally 

efficient solutions to the sensor optimization problem. Genetic algorithms (Worden and 

Staszewski (2000)) can also be employed to solve the sensor optimization problem.   

3. Application  

The effectiveness of the OSP method is first demonstrated for parameter estimation of a 20-

DOF shear model (given in Fig. 1) subjected to earthquake excitation modelled by a 

stochastic process. The Kanai-Tajimi (KT) spectrum proposed by Kanai (1957) and Tajimi 

(1960), is considered as one of the alternative stochastic models available for modeling the 

ground excitation. The parameters of the KT filter are selected as follows: a constant filter 

parameter ζ𝑔 = 0.64 as proposed in Neckel and Rupp (2013) and an uncertain filter 

parameter ω𝑔 that is included in the parameter set 𝜑 along with the large number of Gaussian 

variables defining the white noise sequence that is the input of the KT filter and account for the 

variability of the earthquake excitation.  

 

Fig. 1 – A multi DOF shear building model. 

Optimal locations of the acceleration sensors are found for reliable estimation of the stiffness 

parameters of the first 10 stories. The prior PDF of the model parameters are selected to follow 

a Gaussian distribution, θ~𝑁(1,0.1). It is assumed that ω𝑔 follows a Gaussian distribution with 

a mean 15 (rad/sn) and 0.1 standard deviation. The standard deviation of the model prediction 

error is selected to correspond to 1% model prediction error and ~10% measurement error. The 

portion of the response that is included in the utility estimation corresponds to the time interval 
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from 5–10 seconds. The best sensor locations and the normalized maximum and minimum utility 

values are presented in Fig. 2. 

 

Fig. 2 - OSP (left); Maximum and minimum normalized utility values (right). 

According to the best location result, the first 10 sensors are placed on the first 10 floors to 

reliably estimate the model parameters of the lowest 10 floors. As observed from the utility 

values, there is a significant information gain when the first sensor is optimally placed in the 

system to estimate the model parameters since this sensor accounts for 75% of the maximum 

information that can be obtained by placing acceleration sensors in all floors. Each additional 

sensor provides some extra information for estimating the model parameters.  

In the second example, acceleration sensors are optimized for the reliable prediction of floor 

accelerations over the structure. In this case, a zero-mean white noise base excitation is 

considered with standard deviation 1 and time step 𝑑𝑡 = 0.01 (here time history of input is 

not available). It is assumed that 5 modes contribute to the response. OSP results are 

presented in Fig. 3. According to the best location result, the 13th, 2nd, 5th, 7th, and 20th 

floors are found to be the most informative positions for 5 sensors. As observed from the 

utility values, the difference between the best and worst utility values are not very high, 

especially for the number of sensors smaller than 4. A high percentage of the maximum 

information (93%) of the maximum can be obtained by placing 5 acceleration sensors to 

their best locations. After 5 sensors are placed to their optimal positions, information gain is 

relatively small. 5 sensors can be considered enough to obtain most of the information for 

reliable acceleration prediction of all floors.   

  

Fig. 3 - OSP (left); Maximum and minimum normalized utility values (right). 
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4. Conclusions  

An OSP strategy was presented based on information and utility theory. Compared to 

previous studies, the proposed OSP approach is applicable to cases where the loads and 

system characteristics are uncertain. In particular, it is applicable for studying the effects of 

the variability of loads expected to be exerted in a structure. Although herein the OSP 

methodology has been applied to structures subjected to earthquake excitations. It can 

readily be used for a wide variety of structures subjected to other types of uncertain loads 

such as wind loads, waves, etc. These studies are important to demonstrate the capabilities 

of the proposed OSP framework for the structures operating in a highly dynamic and 

uncertain environment.  
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Abstract: In this study, the main structural characteristics of an arch bridge have been identified using 

the ambient noise deconvolution interferometry (ANDI), based on wave propagation analysis. The 

proposed approach has been applied to the 'Langer' Gravina Bridge located in Matera (Southern Italy). 

The ‘Gravina’ is a 144 m long bow-string arch bridge with a base isolation system constructed on 

outcropping calcarenites. Two ambient vibration measurement campaigns were performed to characterise 

the dynamic behaviour of the road infrastructure. First, a brief structural description of the bridge and the 

experimental setup is provided and, second, the results are presented and discussed. Modal analysis has 

been carried out using the Frequency Domain Decomposition (FDD) method, a non-parametric 

identification technique to estimate the modal properties (eigenfrequencies and mode shapes). The 

deconvolved wavefields and the wave propagation velocities are determined by an interferometric 

approach along the main bridge axes. The interpretation of the deconvolved wavefield is facilitated using 

the results obtained from FDD. 

Keywords: Ambient vibrations · Ambient noise deconvolution interferometry · Bridges · Structural 

Health Monitoring · Frequency Domain Decomposition 

1. Introduction  

Structural health monitoring plays a key role in preventing catastrophic events related to the 

bridges’ structural failure. Today, the technical community is moving beyond the classical 

maintenance policy based mainly on visual inspections; indeed, the number of bridges under 

automated seismic and operational monitoring has increased (e.g., Magalhães et al., 2012; Cross 

et al., 2013; Sun et al., 2017; Celebi et al., 2019). In Italy, Structural Health Monitoring (SHM) 

has taken a well-defined direction aiming at both development and innovation (Gentile and 

Saisi, 2015; Macias and Ubertini, 2021). Exponential growth of data acquisition and processing 

capabilities allowed achieving precious advances in SHM. Identifying the variations of modal 

parameters before and after seismic events (Snieder et al., 2007; Gallipoli et al., 2020) or before 

and after retrofit (Celebi and Liu, 1998) is of great importance. Risk assessment and estimation 

of structure’s response to earthquakes represent a major goal of seismologists, geophysicists, 

and civil engineers. In this context, dynamic parameters (eigenfrequencies, modal shapes and 

viscous damping factors) can be estimated by using earthquake spectral analysis techniques 

(Trifunac et al., 2001a,b; Clinton et al., 2006, Snieder and Şafak, 2006; Kohler and Heaton, 
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2007). Currently the use of generated sources, weak/moderate earthquakes, and ambient 

seismic noise, limited to the linear elastic range of deformations, is growing to evaluate the 

dynamic properties of civil engineering structures (Parolai et al., 2005; Michel et al., 2008; 

Prieto et al., 2010; Stabile et al., 2013; Serlenga et al., 2021). Great advances in the dynamic 

characterization of built structures have been made through seismic interferometry applied to 

ambient noise (Snieder et al., 2009, Nakata and Snieder, 2013). Deconvolution interferometry 

gives excellent results when applied to civil engineering structures (Todorovska and Trifunac, 

2008; Petrovic et al., 2017). This technique was applied to both earthquake recordings (Snieder 

and Şafak, 2006; Kohler et al., 2007; Nakata et al., 2013) and ambient seismic noise (Prieto et 

al., 2010; Nakata and Snieder, 2013) to analyse the wave propagation through buildings in the 

past. In the field of SHM, Operational Modal Analysis (OMA) for structural monitoring is 

highly effective for detecting damage at global-scale but may fail to detect local-scale damages. 

Combining ambient noise deconvolution interferometry (ANDI) and OMA methods (e.g. 

Frequency Domain Decomposition, FDD) makes it possible to study the structure at both scales, 

the local and global ones, respectively. 

Many authors have jointly applied ANDI and OMA to study the building's dynamic behaviour. 

Bindi et al. (2015) and Petrovic et al. (2015) applied them to an 8-story RC hospital in 

Thessaloniki (Greece) and on eight buildings of different construction types in the cities of 

Bishkek (Kyrgyzstan) and Dushanbe (Tajikistan), respectively; Garcia-Macias et al. (2019) and 

Lacanna et al. (2019), tested them for the dynamic identification of heritage structures; 

Todorovska et al. (2020) implemented a system in a 48-story skyscraper located in Kunming, 

China. The potentiality of ANDI for SHM of other structural typologies has been explored by 

e.g. Salvermoser et al. (2015), Jian et al., (2020), Garcia-Macias and Ubertini (2021). 

Salvermoser et al. (2015) carried out structural monitoring of a highway bridge using ambient 

noise recordings of road traffic. Jian et al., (2020) studied the response of the Bay Bridge in 

California using multichannel deconvolution of both earthquake and ambient noise recordings. 

Garcia-Macias and Ubertini (2021) combined ANDI and OMA techniques for the dynamic 

characterization of the Chiaravalle Viaduct (Marche Region). The combination of ANDI and 

standard OMA-based SHM will probably gain more and more importance in the future. In this 

study, we explore the implementation of FDD and ANDI to extract the modal properties 

(eigenfrequencies, eigenmodes, and mode shapes of the deck and arch) and to estimate the 

ambient noise wave propagation velocities of the Gravina Arch Bridge, respectively.  

2. The Gravina Arch Bridge 

The Gravina bridge is a 144 m long bow-string arch bridge, with a shallow foundation, 

constructed in 2015. The deck is composed of a steel – concrete system composed of 19 pairs 

of suspension cables connected to a steel arch (Matildi et al. 2015; Matildi 2018). The Gravina 

bridge has a base isolation system of 8 elastomeric isolators: four below the arch bases and four 

placed underneath the main girders (Figure 1).  

3. Experimental setup 

To obtain the structural dynamic parameters and the ambient noise wave velocities along the x, 

y, and z directions of the Gravina bridge (deck and arch), on-demand ambient vibration 

measurements have been carried out for two configurations (Figure 1, configuration I: deck, 

pink dots, configuration II: arch, green dots) by using seismic arrays.   

Configuration I) Five SARA velocimeters (4.5 Hz velocimeters with a 200 Hz sampling rate) 

were installed on the deck at L/4, L/2, 3L/4 and at the supports (0 and L), where L represents 
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the infrastructure length along the longitudinal axis. The sensors at the supports were placed 

close to the elastomeric isolators (Figure 1).  

Configuration II) Five Lunitek – Sentinel GEO (4.5 Hz velocimeters with a 250 Hz sampling 

rate) were placed inside the arch: at 0 and L (in line with the elastomeric isolators of the arch 

bridge, inside the arch trapdoors), at L/8, L/2, and 7/8L (Figure 1).  

 

Fig. 1. a) Section of the Gravina Bridge and southside prospect. Configuration I: deck, pink dots, configuration 

II: arch, green dots; up-right the reference system of the sensor array. Further, the stratigraphical layering of the 

foundation soil is shown. b) Planimetry of the Gravina Bridge and experimental set-ups. c) Detail of location of 

the sensor 00 (red) of the configuration I between the elastomeric isolator underneath the main beam and the one 

below the arch base. d) Photo (southside) of the Gravina Bridge 

4. Results 

The modal parameters (i.e., vibrational frequencies, eigenmodes, mode shapes) and the ambient 

noise wave velocities have been estimated using the FDD (Brincker et al., 2001; Gentile and 

Saisi, 2019; Lacanna et al., 2019; Macias and Ubertini, 2021) and the ANDI (Prieto et al. 2010; 

Nakata and Snieder 2014; Bindi et al. 2015; Petrovic et al. 2015) methods, respectively. 
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Frequency Domain Decomposition has been applied on ambient noise recorded on both the 

deck and arch, providing a global characterization of the dynamic behaviour of the bridge. The 

analysis of the two data sets allowed us to (i) confirm the first 6 eigenfrequencies of the Gravina 

Bridge calculated by Serlenga et al. (2021), and (ii) to evaluate the related mode shapes of both 

deck and arch (Tab.1). The 1st mode of the deck and the arch at f = 0.76 Hz and f = 0.78 Hz, 

respectively, is mainly vertical. The mode shapes of the two structural parts are similar. Both 

for the deck and the arch, the 2nd mode at f ≈ 1 Hz is a combined mode which is mainly 

transverse. The 3rd
 global mode at f = 1.37 Hz represents the 2nd vertical mode both for deck 

and arch, which are similar in shape. The 4th mode (f = 1.55 Hz) is a combined mode. With the 

FDD technique we also identified the 5th mode (2.0 Hz) mainly in vertical direction with 

contributions in all components for both the deck and the arch, and the 6th mode at 2.1 Hz that 

is related mainly to a transverse motion of the arch and a vertical one of the deck.  

Table 1. Dynamic characteristics of the Gravina Bridge estimated by FDD. 

Deck  Arch 

mode n. f (Hz) mode direction f (Hz) mode direction 

1 0.76 VERTICAL 0.78 VERTICAL 

2 1.04 TRANSVERSE  1.00 TRANSVERSE 

3 1.37 VERTICAL 1.38 VERTICAL 

4 1.56 TRANSVERSE 1.56 VERTICAL 

5 1.95 LONGITUDINAL 2 VERTICAL 

6 2.11 LONGITUDINAL 2.1 TRANSVERSE 

 

The deconvolution interferometry is performed for the two horizontal (transverse and 

longitudinal) and the vertical directions of the Gravina Bridge. The reference sensors for both 

the arch and deck were those located near the elastomeric isolators under the arch base on the 

Matera side. From the time lag between the forward and backward propagating pulses and the 

distances between the sensors, the backward and forward propagating wave velocities were 

estimated for the three directions of the deck (Tab. 2). The vertical wave propagation velocity 

(≈430 m/s) is the smallest one, probably linked to the first flexural mode, i.e. the least rigid one. 

In the transverse direction, the velocity is about 800 m/s and in the longitudinal direction ≈2800 

m/s which is the most rigid direction of the bridge (under stationary conditions). 

Table 2. Wave propagation velocities obtained with ANDI 

Deck Wave Velocity 

v transverse (m/s) ≈ 800  

v longitudinal (m/s) ≈ 2800  

v vertical (m/s) ≈ 430  

6. Discussion and Conclusions 

In this study, a structural characterization of the Gravina Bridge, a bow-string infrastructure 

located in Matera (Southern Italy), has been carried out by applying the FDD and ANDI 

techniques by using two different ambient noise datasets (collected on the arch and on the deck). 

The primary modal parameters of the bridge have been identified through the FDD (frequencies, 

eigenmodes, and mode shapes) and the wave propagation velocities have been extracted using 

the ANDI. The proposed approach based on the combination of ANDI and FDD methods 

allowed us to improve the knowledge of the structural behaviour of the Gravina bridge. 
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Abstract: Seismic instrumentation of buildings is conducted in Romania starting from the 

late 1960s, when the INCERC seismic network was established. For more than five decades, 

several buildings in Bucharest and in other cities were instrumented, permanently or 

temporarily, and significant information was obtained about the evolution of their dynamic 

characteristics, with positive outcomes for building design and research. However, this 

process faced several challenges, some of them still having to be dealt with nowadays, such 

as the lack of correlated multi-annual instrumentation and research programmes or that of a 

consistent legal and regulatory framework. Based on an overview of seismic instrumentation 
in Romania, the paper proposes a set of future actions aimed at responding to these needs 

and at implementing a more coherent approach in the field at national level. The envisaged 

outcomes of these actions are highlighted and some ways for promoting their application are 

suggested. 

Keywords: structural health monitoring, seismic behaviour, dynamic identification, 

planning, regulation  

1. Introduction 

Building instrumentation for vibration monitoring represents, together with ambient 

vibration tests, the main experimental method for the determination of the dynamic 

characteristics. While ambient vibration tests characterise only the elastic behaviour under 

low-amplitude vibrations, permanent building instrumentation also provides data on 

building response during earthquakes. Furthermore, over longer time spans, recorded data 

can be used to identify possible changes in the structural health condition of the building. 

Vibrations can be induced by various sources, including seismic ground motions of 

different intensities. In case of strong earthquakes, structural damage can be detected from 

the abrupt variation of modal properties. In countries prone to seismic activity, such as 
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Romania, building instrumentation has a particular relevance, since it can provide the basis 

for the rapid damage detection in monitored buildings after strong earthquakes and help 

establishing the needs for post-earthquake intervention. 

Seismic instrumentation, as well as related regulations, have a rather long history: ever 

since 1965 the Los Angeles Municipal Building Code has conditioned building permits 

issuance on the installation of accelerographs or accelerometers with central recording 

units at the base, mid-point and roof of buildings complying with certain criteria (Skolnik, 

2008). The condition referred to conventionally-designed buildings (i.e. for which the 

nonlinear response history procedure was not required for design by the ASCE 7 code), 

more than ten story-high, and to buildings with more than six stories and an aggregate floor 

area of over 60,000 ft
2
 (~5574 m

2
). Thus, a rather large number of buildings were falling 

into the addressed category. This initiative was later completed by the “Specifications for 

Strong-Motion Accelerographs & Requirements for Installation and Servicing”, published 

in the Information Bulletin of the Los Angeles Department of Building Safety and updated 

periodically. Several documents in the field, including technical recommendations, were 

published over the years in various countries, as attempts to standardize and optimize the 

quality of the instrumentation process. 

The advantages of seismic instrumentation were best synthesized by Çelebi (1998), who 

proposed a combined approach for evaluating and improving seismic behaviour and 

performance, i.e. by using instrumented buildings as full-scale specimens in the “natural 

laboratory”, determining the shortcomings of certain designs and then using traditional 

(“controlled”) laboratory testing within research programmes for developing better 

designs. 

Structural health monitoring (SHM), as a vibration-based damage assessment method 

(Farrar et al., 2001), represents the main objective of seismic instrumentation. Various 

standards and instructions in the field have been already developed in several countries. A 

list of various regulatory documents and guidelines from various countries, including 

full-text links for some of the references, is available from (TDG, 2022). The Romanian 

seismic design code, P100-1/2013 (MDRAP, 2013) also includes brief prescriptions 

regarding seismic instrumentation. However, at global level, aspects such as the 

improvement of the algorithms required for data processing, the selection of the optimal 

number and placement of sensors or damage localization still make SHM an open field for 

research. 

Based on an overview of some key points of the seismic instrumentation and SHM in 

Romania, the paper suggests a set of future actions aimed at responding to the future needs 

in this field, at national level. The main objectives are the implementation of a more 

coherent approach of the research in the field and the development of a detailed regulatory 

framework. Each proposed action is substantiated based on the current situation and its 

envisaged outcomes are highlighted. 

2. Brief overview of seismic instrumentation in Romania 

In Romania, the first buildings were instrumented in the 1960s, for research purposes, in 

conjunction with the establishment, in 1967, of the seismic network of the National 

Institute for Building Research, INCERC
1
. At the time of the Mw=7.4 March 4, 1977 

earthquake, two multi-storey residential buildings were instrumented, with MO-2 

                                                        
1 Merged in 2009 into the newly-founded National Research and Development Institute in Construction, 

Urban Planning and Sustainable Spatial Development, URBAN-INCERC. 
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strong-motion accelerographs placed in the basement and at the top storey, while three 

other buildings were partially instrumented - with only one strong-motion accelerograph - 

of MO-2 (New Zealand) or RMT-280 type (United States) (Berg et al., 1980). Temporary 

instrumentation was also used at INCERC, starting with the 1960s, for vibration period 

measurements, using Ranger SS-1 and VEGIK-M instruments (Sandi et al., 1982). Over 50 

multi-storey reinforced concrete buildings were included in a research program in which 

fundamental periods corresponding to the main vibration planes were determined. The 

results were used, among others, to develop empirical formulas for the assessment of 

natural periods of high buildings (Sandi et al., 1964, Sandi and Şerbănescu, 1969). For 20 

of the mentioned buildings, fundamental shapes and other relevant parameters, including 

the conventional stiffness factor for tilting ground distortion, were determined as well. 

Since a large number of these buildings suffered different degrees of damage from the 

1977 earthquake, new measurements performed by the authors of the cited studies on 47 

buildings in the set provided key insights on the correlation between damage levels and the 

variation of the fundamental period (Sandi et al., 1982). 

The substantial donation in seismic recording and processing equipment received by 

INCERC from USAID after the 1977 earthquake (Craifaleanu et al., 2011) contributed 

significantly to the development of the network. In addition to stations installed in 

free-field conditions, seismic instrumentation was deployed in several multi-storey 

buildings in Bucharest and in other large cities of Romania. This allowed obtaining 

important information on the evolution of their dynamic characteristics and on their 

behaviour during the Mw=7.1 August 30, 1986, Mw=6.9 May 30, 1990 and Mw=6.4 May 31, 

1990 Vrancea earthquakes. 

After 1989, the INCERC seismic network underwent major changes. Digital instruments 

were installed, first of type ADS-2016 and ADS-3016 (of Romanian fabrication, starting 

from the mid-90s) and then ETNA accelerometers from Kinemetrics (starting from 2002-

2003) (Craifaleanu et al., 2011). However, there were many changes to face as well. 

Accelerographs from the SMA-1 set installed in the years following the 1977 earthquake 

went gradually out of service, and difficulties appeared in procuring the 35-mm film 

needed by these instruments for recording. Moreover, since apartment buildings that were 

in state property before 1989 were sold to the tenants, some of the new owners did not 

agree to keep the accelerometers on their property. Similar issues occurred with changes of 

the property status of other types of station locations. Consequently, some stations had to 

be closed or moved to another location. Thus, the number of stations in operation largely 

fluctuated, with network administrators striving to maintain or to replace the obsolete 

equipment. 

In parallel, other initiatives for building instrumentation were taken. Three buildings, of 

which one experimental, were instrumented starting with 1996 within the collaborative 

project SFB 461 “Strong Earthquakes: A Challenge for Geosciences and Civil 

Engineering” (Wenzel, 1997, Aldea et al., 2004) of the German Research Foundation, in 

which the National Institute for Earth Physics (INFP), INCERC and the Technical 

University of Civil Engineering (UTCB) participated as partners from the Romanian side. 

Other temporary instrumentation projects, targeting public buildings, were conducted by 

INFP and UTCB in the first decade of the 2000s (Tiganescu et al., 2022). 

A significant project, which included also the instrumentation of four high-rise buildings in 

Bucharest, was the Technical Cooperation Project "Reduction of Seismic Risk for 

Buildings and Structures", funded by the Japan International Cooperation Agency (JICA) 

(2002-2009), and in which researchers from UTCB and INCERC participated within the 
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National Center for Seismic Risk Reduction (Aldea et al., 2004a, Aldea et al., 2007a, 

Aldea et al., 2007b). 

At present, 22 buildings are permanently instrumented, in Bucharest and in other cities of 

Romania, by URBAN-INCERC (8 buildings), INFP (10 buildings) and UTCB (4 

buildings) (Tiganescu et al., 2022). Some other instrumentation initiatives of smaller extent 

began to emerge in the private sector. A large-scale initiative for the temporary 

instrumentation and dynamic identification of the premises of national research and 

development institutes in Romania and other public buildings is ongoing within the 

ECOSMARTCONS project at URBAN-INCERC, a number of 22 buildings being already 

included. Figure 1 illustrates some of the buildings instrumented by the three organizations 

above. 

 

   

(a) Office building in 

Bucharest 

(b) Office building in Ploieşti 

(temporary instrumentation) 

(c) Romanian National Television 

in Bucharest 

 

(d) Arch of Triumph in Bucharest and types of sensors used for instrumentation 

(heritage building recently provided with seismic isolation) 

Fig. 1 – Examples of buildings instrumented by: URBAN-INCERC (a), (b), UTCB (c) and INFP (d) 

Structural health monitoring for high-rise buildings is performed at URBAN-INCERC by 

using the ARTeMIS program
2
 (Dragomir et al., 2017, 2019, 2020) and at INFP by using 

specific data processing algorithms (Tiganescu et al., 2020, 2021a, 2021b). 

                                                        
2 www.svibs.com 
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More details on the past and present seismic instrumentation of buildings and on various 

projects in the field, conducted in Romania, can be found in (Craifaleanu et al., 2011; 

Marmureanu et al., 2021; Tiganescu et al., 2021c and Tiganescu et al., 2022) 

3. Future actions needed for a coordinated approach in seismic instrumentation in 

Romania 

Even though seismic instrumentation and monitoring have been a constant preoccupation 

in Romania for several decades, there is a need for a more coordinated approach at national 

level in this field, in order to make the most of the acquired data, know-how and expertise. 

Some proposals are made in the following. 

1. For buildings that are scheduled for seismic rehabilitation, dynamic identification 

should be performed before and after the retrofitting works. Even though this 

procedure is applied at present by some experts, this should become common practice 

and should be included in the rehabilitation design documentation. Data would be 

analyzed in correlation with the results obtained by numerical simulations, for a better 

calibration of the structural model. Moreover, the values obtained on the rehabilitated 

building could be used as a reference for monitoring the health condition of the 

structure during its future service life. 

2. During the decades of communist regime, tenths of thousands of residential, 

educational, social and industrial buildings all over the country were constructed in 

Romania based on standardized designs. The vast majority of these buildings are still in 

use. At least one representative building (preferably more) for each significant, 

large-repeatability standardized design should be instrumented and monitored, as this 

would provide essential information on a very large number of similar buildings. Even 

though results from a single building or a small sample cannot be completely 

extrapolated to the entire portfolio, the benefits of such an initiative would be 

indisputable. 

3. The Romanian seismic design code, P100-1/2013, specifies in Annex A, clauses A.4(1) 

and A.4(2), short rules for seismic instrumentation with digital accelerometers. These 

clauses are applicable only to buildings located in areas with design ground 

accelerations larger than 0.25 g, classified either in the exposure-importance class I, or 

in the exposure-importance class II and being over 45 m-high. However, no specific 

technical regulations are available in Romania for seismic instrumentation. The 

development of such prescriptions would be an essential prerequisite for the proper 

application of all instrumentation programmes. 

4. Critical buildings and infrastructures should be subject to a national program of seismic 

instrumentation and monitoring of their structural health condition. Recorded data 

should be processed in real-time and reported to the responsible authorities. 

5. The buildings that have been instrumented before and after the earthquake of March 4, 

1977 and for which period determinations were performed, along with other studies (as 

referred in Section 2 of the paper), should be subject to a new instrumentation program. 

This program, which would build upon and use as a reference the previous results, will 

further investigate, by combined methods, the evolution of the dynamic characteristics 

and structural health condition of these buildings. 

6. Legislation should be amended to regulate the relation between building owner and the 

organization performing instrumentation, both in the cases when instrumentation is 
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done for research purposes, or for owner’s benefit. The P100-1/2013 seismic code 

specifies that the instrumentation, maintenance and service should be done on owners’ 

expense and that records obtained during strong earthquakes should be provided to 

authorities. However, issues such as access in the building, instrument ownership, 

security and maintenance, communication equipment and communication costs, 

recorded data policy and access should be clearly regulated, in a specific document. If 

permanent instrumentation is not possible (e.g. lack of owner’s agreement, lack of 

secure locations for equipment etc.), temporary instrumentation at scheduled time 

intervals should be considered and specified as an alternative. 

7. Especially for the buildings for which instrumentation is compulsory according to the 

P100-1/2013 seismic code, extensive instrumentation should be installed. The code 

specifications should be considered as minimal. 

8. Databases of data recorded on instrumented buildings should be created at national 

level for research and seismic assessment purposes, along with associated metadata 

describing the building and site characteristics. This data could be used as a benchmark 

for the validation of new analytical models. 

9. The information in the above database referring to new buildings should be used in 

studies aimed at validating or updating of empirical formulas used in the seismic code 

for the determination of natural periods for various building typologies. This database 

should cover not only buildings specified as needing to be instrumented by the P100-

1/2013 code, but, in general, new buildings. 

10. The use of advanced technologies, such as those in the fields of artificial intelligence 

and data mining, in the processing and interpretation of data recorded on instrumented 

buildings should be promoted as a distinct research direction of the national research 

and development strategies. 

4. Conclusions 

Seismic instrumentation of buildings is performed in Romania ever since the 1960s and 

several research projects have been conducted during this period based on recorded data 

and measurements on a large number of buildings. A brief overview of the progress and 

current state of seismic instrumentation was presented, highlighting the achievements, but 

also the challenges that this activity is facing at present. Based on this background, a list of 

future actions needed for a coordinated approach in seismic instrumentation in Romania 

was formulated. 
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Abstract: In this study we analyze nonlinear elastic response in buildings of different 
typologies. These buildings are monitored under earthquake loadings over several years, 
showing frequency variations and recovery effects over time and under different levels of 
damage. The main purpose is to observe similarities and variabilities in the response 
between different buildings. Our results show a general tendency of nonlinear elastic 
processes that is independent of building typology. However, the intensity with which these 
processes are demonstrated is clearly dependent on the structural material as well as on the 
structural state (damage). Analyzing frequency drops and recovery effects after earthquakes 
is therefore a potential means of monitoring structural health for several reasons: firstly, 
because results suggest that different building typologies behave in the same manner under 
certain degrees of variability. Secondly, because nonlinear elastic processes are produced at 
different levels of loading and can be observed by short- and long-term monitoring during 
one or several earthquakes. Thirdly, because the recovery effects might describe internal 
properties linked to structural damage. Extending the behavior observed to buildings with 
different characteristics is an important step that might constitute the basis for a general 
method to estimate overall structural health, based on the monitoring of nonlinear elasticity 
and recovery effects after earthquakes.  

Keywords: structural health monitoring, fundamental frequency, earthquake response, 
earthquake database.  

1. Introduction 

The estimation of the fundamental -or natural or resonant- frequency is a relevant issue in 
the context of seismic risk assessment. The fundamental frequency is the primary dynamic 
property of a building system. Dependent on mass and stiffness, this parameter is used in 
both the design of new buildings and the assessment of existing ones. The fundamental 
frequency describes the behavior of buildings under different loadings, including 
earthquakes (i.e. Trifunac et al., 2001; Kohler et al., 2005; Clinton et al., 2006; Guéguen et 
al., 2016; Chiauzzi et al., 2012; Astorga et al., 2018 and 2019a). In most building codes, 
the fundamental period (i.e. inverse of fundamental frequency) appears in the equation to 
calculate the design base shear and lateral forces. Moreover, structural damage generally 
causes variations in the building frequencies. 
On the other hand, a linear-elastic response is generally assumed for structures below a 
certain level of deformation, which is usually around 10-3 for common buildings. Below 
this threshold, the stress vs. strain relationship is assumed to be linear, with no alteration of 
the fundamental frequency. Above this threshold, the structural response is expected to 
enter the nonlinear range, usually accompanied by non-reversible, plastic deformations (i.e. 
damage). However, several authors have proved that the behavior of fundamental 
frequency in buildings is more complex, manifesting both nonlinear and elastic properties 
under different loading conditions (i.e. Kohler et al., 2005; Johnson, 2006; Clinton et al., 
2006; Guéguen et al., 2016; Michel and Guéguen, 2010; Chiauzzi et al., 2012; Astorga et 
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al., 2018 and 2019a). For example, Clinton et al., (2006) observed that the natural 
frequencies of the Millikan Library in California changed significantly during strong 
shaking, but also showed measurable changes during minor earthquakes and weather 
conditions at strain levels below 10-6 (well below the threshold generally defined for 
nonlinear behavior). Similarly, Kohler et al., (2005) detected frequency variations during 
earthquakes and ambient vibrations in the UCLA Factor Building; Todorovska et al., 
(2006) observed analogous behavior in the responses of 21 buildings during weak and 
strong earthquakes. The above authors observed that the building frequencies recovered 
somewhat after moderately severe shaking events, which is a sign of elasticity. Temporary 
frequency variations during seismic excitation have been interpreted as a transitory 
nonlinear softening in the system stiffness, attributed to the nonlinear response of the soil-
structure interaction (i.e. Todorovska and Trifunac, 2008, Todorovska, 2009) or to 
nonlinearities in the system caused by the opening/closing of preexisting cracks in the 
superstructure (i.e. Luco et al., 1987; Clinton et al., 2006; Michel and Guéguen, 2010; 
Mikael et al., 2013, Astorga et al., 2018). These variations might occur in the short or long 
term, and may or may not be reversible (i.e. Clinton et al., 2006; Todorovska and Al 
Rjoub, 2006, Astorga and Guéguen, 2020). Permanent frequency variations might appear if 
structural damage occurs (i.e. Celebi et al., 1993; Dunand et al., 2006; Clinton et al., 2006). 
The nonlinear structural softening and recovery -or relaxation- observed in buildings after 
earthquakes have not been properly characterized. However, analogous behavior has been 
observed in laboratory tests and seismological observations; and the conclusions imply that 
it might be possible to characterize variations of internal properties -which might be related 
to damage- by analyzing nonlinear elastic processes. 
In this study we analyze real earthquake data recorded in real buildings. The main 
objective is to provide data-driven elements about the structural response. Fundamental 
frequencies of several buildings of different typologies are monitored to detect nonlinear 
elastic processes that might be related to damage. We wonder whether it is possible to 
extrapolate the results observed in one building to other buildings with different 
characteristics. What variability is associated with the structural material? What is the 
influence of the loading amplitude on the observed response? 

2. Data  

The data used in the following analyzes are included in the NDE1.0 database of earthquake 
recordings (Astorga et al., 2019b). The data processing is described in the corresponding 
reference and therefore not explained here. The fundamental frequency, corresponding to 
the soil-structure system, is tracked over time by means of the Wigner-Ville distribution 
(see Astorga et al., 2019b for details). In this study, a total of 9343 earthquake recordings 
from 36 Japanese buildings were used, distributed as follows: 3076 recordings in 14 
reinforced concrete structures (i.e. RC), typically with 1 to 4 floors, 4313 recordings in 14 
steel-reinforced concrete structures (i.e. SRC), typically with 4 to 9 floors, and 1954 
recordings in 8 steel buildings (i.e. S), represented by high-rise structures (≥ 10 floors). 

3. Building response 

Astorga and Guéguen (2020) showed fundamental frequency variations over time for two 
buildings of similar typology. The study shows that variations are well correlated with 
loading amplitudes and structural degradation, and that they are notably modified after the 
largest earthquakes. A similar case is presented in figure 1, which shows the fundamental 
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frequency variations of a building in Ecuador during the Mw 7.8 earthquake in April, 2016 
(after Guéguen, 2016, personal communication). Higher acceleration causes frequency 
drops, followed by total recovery (i.e. during the foreshock and the aftershock) or partial 
recovery (i.e. during the mainshock) that might help us to infer structural damage.  
Figure 2 shows the frequency variations of 36 long-term monitored buildings grouped by 
structural material. The structures were monitored between 1998 and 2014. All of the 
buildings recorded the great (Mw 9) Tohoku earthquake (March, 2011) and some 
important aftershocks. Several buildings also recorded other significant damaging 
earthquakes (i.e. Nigata-Chetsu in 2004, Miyagi in 2005 and Iwate in 2008). For each 
recording, the frequency variation was computed according to the procedure explained in 
Astorga et al., 2019b. 

 

 
Fig. 1 - Fundamental frequency variations of a building in Ecuador during the Mw 7.8 earthquake in April, 

2016. Frequency drops corresponding to loading acceleration are observed followed by partial or total 
recovery, according to permanent or transient structural softening, respectively. (After Guéguen, 2016, 

personal communication) 
 
Frequency variations in Fig. 2 are given as the difference between the co-seismic and the 
pre-seismic fundamental frequency values. The co-seismic frequency, fmin, is understood as 
the minimal frequency value within the time-frequency distribution. The pre-seismic 
frequency is the initial value, fi, observed in the time-frequency distribution. Values shown 
in figure 2 were normalized with respect to fi. The color curves (i.e. blue, red and black) 
correspond to the smoothed functions (Savitzky-Golay, 3rd order) of the mean frequency 
variations according to building material (i.e. SRC, S and RC, respectively), with shaded 
areas representing one standard deviation. The total response, µ ± σ (i.e. MeanALL), is 
computed using all the buildings, and represented by yellow markers. MeanALL is 
computed considering different weights for each typology, according to the amount of data 
contributing to the overall analysis (0.46 for SRC, 0.33 for RC and 0.21 for S). Mean and 
standard deviation values are given Table 1. 

 

2291
3ECEES, September 2022, Bucharest, Romania



 
Fig. 2 - Fundamental frequency variations over time for Japanese buildings of different typologies: RC 

(black), SRC (blue) and Steel (red). The main curves correspond to the mean response per typology 
computed each 10-time bins, and smoothed with a 3rd order Savitzky-Golay filter. The shaded areas 

represent inter-typology variability (i.e. one standard deviation). The mean response ± standard deviation of 
all typologies is represented in yellow. a) Frequency variations with the arrows on the X-axis indicate the 

occurrence of known damaging earthquakes. b) Zoom on the frequency variations after the Tohoku 
earthquake in 2011. 

 
Regardless of the building typology, the tendency of the fundamental frequency variations 
over time shows surprisingly similarities to that observed in the Ecuadorian building (Fig. 
1) and in the studies of Astorga et al., (2018) and Astorga and Guéguen (2020). Three 
time-periods are distinguished in the frequency variations, notably marked by the 
occurrence of major earthquakes: before 2005, between 2005 and 2011, and after 2011. A 
systematic decrease in frequency is observed for the most serious earthquakes, followed by 
recovery during conditioning (i.e. loading) in the aftershock sequence. 
Before 2005, frequency shift corresponds to an average reduction of 9.3±6.5% for S 
buildings, 13.8±8.8% for SRC, and 15.0±9.5% for RC buildings, respectively. For the 
Nigata-Chetsu earthquake in October 2004, a frequency shift is observed followed by 
recovery, which lasts until the Miyagi event in August 2005, causing a new frequency 
decrease and subsequent recovery. In 2008, the same tendency is observed with the 
occurrence of the Iwate earthquake. The average frequency variations over this period (i.e. 
2005-2011) are 9.6±6.4%, 17.8±8.9%, and 15.3±9.6% for the S, SRC and RC structures, 
respectively. With the occurrence of the Tohoku event in 2011 and its aftershock sequence, 
variations increased sharply for all building typologies, especially for SRC structures. 
From 2011 to 2014, average reductions were 13.9±5.5%, 28.7±12.3% and 19.3±8.8% for 
S, SRC and RC buildings, respectively (Table 1). 
 

Table 1. Mean and standard deviation values associated with Fig. 2 
 Before 2005  2005-2011 After 2011 

SRC 0.138 ± 0.088 0.178 ± 0.089 0.287 ± 0.123 
RC 0.150 ± 0.095 0.153 ± 0.096 0.193 ± 0.088 
S 0.093 ± 0.065 0.096 ± 0.064 0.139 ± 0.055 

meanALL 0.132 + 0.031 0.158 ± 0.041 0.222 + 0.063 
 
Before 2005, RC structures show the largest frequency decrease as a consequence of the 
energy-dissipation mechanisms of cracking in concrete material (Astorga et al. 2018, 
2019a; Astorga and Guéguen, 2020). The opening/closing of preexisting cracks leads to a 
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co-seismic softening of the medium, and the cumulative effect over time induces a 
progressive softening of the system because some of the cracks remain open after 
excitation. After 2005, the mean frequency variation for all structures changes slightly 
(Tab. 1) after the 2004 Nigata-Chetsu event. This relatively strong earthquake suddenly 
increased the degree of cracking, particularly in RC and SRC buildings, thus making the 
formation of new cracks less likely during the 2005-2011 period, before the major Tohoku 
earthquake in 2011. The most significant frequency drop after major earthquakes and their 
aftershocks is recorded in SRC buildings. This might be explained by the interaction 
between steel and reinforce-concrete structural elements, representing an important source 
of variability in overall structural behavior, particularly under strong shaking. 
Steel structures have the smallest frequency variations during the whole period analyzed. 
Nonlinear elastic signatures have been observed in metallic materials under laboratory tests 
(i.e. Johnson and Sutin, 2005) and Astorga et al., (2019a), Astorga and Guéguen, (2020), 
showed a direct correlation between frequency variations and the presence of 
heterogeneities. In steel buildings, cracks might appear under certain conditions (i.e. 
fatigue, extreme temperatures or stress corrosion). In an earthquake situation, we assume 
that the frequency variations are related to joint deformations and other heterogeneities or 
discontinuities, caused, for instance, in the connections between structural and non-
structural elements, which therefore have a greater effect on the frequency variations in RC 
and SRC structures. 
Fig. 2 gives MeanALL values with standard deviation. The values per period are 
13.2±3.1%, 15.8±4.1% and 22.2±6.3%, before 2005, between 2005-2011, and after 2011, 
respectively. In Fig. 2 and Table 1, the meanALL values are predominantly influenced by 
RC and SRC structures, i.e. heterogenous materials control the mean frequency variations 
of the whole dataset.  
The variability associated with each building-specific response is confirmed over the 
period 2005-2011 (Fig. 2), as a result of the variability of damage experienced by each 
building. The responses of RC and Steel structures show smaller standard deviations after 
the largest earthquake in 2011 (i.e. σ = 0.088 and σ = 0.055, respectively) than SRC 
buildings (i.e. σ = 0.123). The higher variability among SRC structures after the Tohoku 
earthquake is probably due to hybrid contribution of steel and RC behavior to the global 
response of a specific SRC building. 
On the other hand, figure 3 shows that the maximum frequency variation is related to 
loading and structural material, indicating also a clear link between material and damage. 
In figure 3, we used the long-time relaxation model proposed by Ostrovsky et al., (2019) to 
fit our building recovery data and describe recovery effects during long-term frequency 
variations. For details about the model and its adaptation to the building data, please refer 
to Ostrovsky et al., (2019); and Astorga and Guéguen, (2020), respectively. Figure 3 shows 
the mean frequency variations before and after the Tohoku earthquake, for each building 
typology and according to the level of structural deformation (i.e. proxy of loading. 
Structural deformation in this case corresponds to the structural drift, computed as the 
relative displacement between the base and the top of each building, divided by the 
building height). Two groups of data are displayed in Fig. 3 corresponding to structural 
drifts, ∆2 ranging from 5x10-6 to 1x10-5, and ∆5 from 1x10-4 to 5x10-4.  
The mean (µ) and standard deviation (σ) values are shown in the Table 2. For all 
typologies, the mean frequency variation and its variability increase as loading increases 
(i.e. from ∆2 to ∆5) and as damage increases (i.e. from before to after Tohoku), 
corresponding to the observations made by Astorga et al., (2019a). RC is the typology with 
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the highest values of µ and σ (Table 2). For example, after Tohoku and for ∆5, the 
variations are 12.357±7.076, 10.518±3.722 and 5.426±1.119 for RC, SRC and S, 
respectively. Frequency degradations in RC structures are approximately twice those of S 
buildings. This proves the sensitivity of fundamental frequency fluctuations to the presence 
of heterogeneities in the material, confirming the conclusions of Fig. 2. 
 

 
Fig. 3 - Recovery of the fundamental frequency over time for RC, SRC and S buildings and different strain 
amplitudes a) before the Tohoku earthquake and b) after the Tohoku earthquake. The solid curves represent 

the mean frequency recovery, ∆f, normalized to the final frequency, ffapp, observed in the time-frequency 
distribution. The colors correspond to two drift ranges (∆2= 5x10-6 - 1x10-5 and ∆5= 1x10-4 - 5x10-4). 

 
Table 2. Mean and standard deviation of fundamental frequency variations of the curves shown in Fig. 3 for 
time-period, material and strain (i.e. drift) level. 
 

 
 

Before 2011 After 2011 
 

 
µ ± σ    µ ± σ    

 RC 7.155 ± 2.928 9.380 ± 3.667 
∆2 SRC 4.620 ± 1.774 6.313 ± 2.970 

 S 3.389 ± 0.324 4.468 ± 1.443 
 RC 9.691 ± 2.832 12.357 ± 7.076 
∆5 SRC 9.889 ± 2.526 10.518 ± 3.722 

 S 5.105 ± 1.316 5.426 ± 1.119 

 
Todorovska et al., (2006) and Guéguen et al. (2016) attribute the recovery of the system 
frequency in buildings to changes in the soil or in the soil-structure boundary. Astorga et 
al., (2018) showed that soil effects cannot be ignored, particularly after major earthquakes 
causing high strain values in the uppermost soil layers. However, the authors concluded 
that recovery effects observed in the analyzed building were mainly controlled by its 
structural state. Further analyses are needed in order to understand and quantify the 
influence of soil and superstructure itself on the nonlinear elastic response of buildings.  
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4. Conclusions 

The fundamental frequency of a structure varies proportionally to the square root of its 
stiffness. Detecting frequency changes might therefore represent stiffness changes, which 
is fundamental to monitor structural degradation and damage. Damage assessment is 
usually based on visual inspections; however, civil infrastructures suffer from 
modifications of their internal properties that are not visible, but that can accumulate to the 
point of causing macroscopic changes and compromising the safety of the structure. One of 
the advantages of examining nonlinear elasticity is that we can infer internal degradation 
due to aging or external forces, which enables structural response variations to be tracked 
and damage to be detected at an early stage. Fundamental frequency, however, is just a 
global indicator of damage; it cannot detect stiffness changes if the damage is localized. A 
complementary study is therefore necessary to include the analysis of higher modal 
frequencies.  
Our results show a general tendency of frequency variations and recovery effects over time 
that is independent of building typology. However, the intensity with which nonlinear 
elastic processes are demonstrated is dependent on the structural material as well as on the 
structural state. Frequency drops and recovery effects are much more pronounced in 
granular, heterogeneous materials, such as RC or SCR. Steel buildings also show nonlinear 
elastic signatures, but to a lesser extent, and the mechanisms governing the response might 
be more related to heterogeneities in border conditions or joint deformations.  
Response variability is also associated with building typology and structural state. Steel 
structures show an almost uniform response, with little inter-building and inter-event 
variation. Conversely, RC and SRC structures show higher inter-building variability, due 
to different levels of cracking and the contribution of responses from different structural -
and nonstructural- elements. Variations in environmental conditions can also modify 
system response (Clinton et al., 2006; Todorovska and Al Rjoub, 2006). The characteristics 
of our data do not enable quantitative correlation between weather conditions and 
frequency variations. However, ambient effects are assumed to be small (i.e. around 1%) 
and compensatory during long-term monitoring. The degree of frequency variation 
observed is directly linked with the occurrence of strong motions. Soil effects are also 
known to contribute to the system frequency variations, but in our case, more analyses are 
needed to quantify these effects on the overall response. 

Acknowledgements  

This work was funded by the URBASIS-EU project (H2020-MSCA-ITN-2018, grant 
number 813137). Part of this work was supported by the Real-time earthquake risk 
reduction for a reSilient Europe (RISE) project, funded by the EU Horizon 2020 program 
under Grant Agreement Number 821115. The data were obtained from the BRI website 
(http://smo.kenken.go.jp/).  P.G. would like to thank LabEx OSUG@2020 
(Investissements d’avenir-ANR10LABX56).   

References  

- Astorga A., Guéguen, P., and Kashima, T. (2018). Nonlinear elasticity observed in buildings during 
a long sequence of earthquakes. Bulletin of the Seismological Society of America (2018) 108(3A), 
pp. 1185-1198. DOI: https://doi.org/10.1785/0120170289. 

- Astorga A., Guéguen P., Rivière J., Kashima T., and Johnson P.A. (2019a). Recovery of the 
resonance frequency of buildings following strong seismic deformation as a proxy for structural 
health. Structural Health Monitoring, DOI: 10.1177/1475921718820770 

2295
3ECEES, September 2022, Bucharest, Romania



- Astorga A.L., Guéguen P., Ghimire S., Kashima T. (2019b). NDE1.0 – a new database of 
earthquake data recordings from buildings for engineering applications. Bulletin of Earthquake 
Engineering. DOI: https://doi.org/10.1007/s10518-019-00746-6 

- Astorga A. and Guéguen, P. (2020). Structural health building response induced by earthquakes: 
Material softening and recovery. Engineering Reports. DOI: https://doi.org/10.1002/eng2.12228 

- Çelebi, M., Phan, L.T., and Marshall, R.D. (1993). Dynamic characteristics of five tall buildings 
during strong and low-amplitude motions. The Structural Design of Tall Buildings, 2(1), pp. 1-15. 

- Chiauzzi, L., Masi, A., Mucciarelli, M., Cassidy, J.F., Kutyn, K., Traber, J., Ventura, C., Yao, F. 
(2012). Estimate of fundamental period of reinforced concrete buildings: code provisions vs. 
experimental measures in Victoria and Vancouver (BC, Canada). Proceedings of the 15th world 
conference on earthquake engineering, Lisboa. 

- Clinton, J., Bradford, C., Heaton, T., and Favela, J. (2006). The observed wander of the natural 
frequencies in a structure. Bulletin of the Seismological Society of America 96(1), pp. 237-257. 
https://doi.org/10.1785/0120050052 

- Dunand, F., Guéguen, P., Bard, P-Y., Rodgers, J., and Celebi, M. (2006). Comparison of the 
dynamic parameters extracted from weak, moderate and strong building motion. Proceedings of the 
1st European Conference of Earthquake Engineering and Seismology. Geneva, Switzerland, paper 
1021. 

- Guéguen, P., Johnson, P., and Roux, P. (2016). Nonlinear dynamics induced in a structure by 
seismic and environmental loading. The Journal of the Acoustical Society of America, 140(1), pp. 
582-590. 

- Johnson, P.A., and Sutin, A. (2005). Slow dynamics and anomalous nonlinear fast dynamics in 
diverse solids. The Journal of the Acoustical Society of America, 117(1), pp. 124-130. 

- Johnson P.A. (2006). Nonequilibrium Nonlinear Dynamics in Solids: State of the Art. In: Delsanto 
P.P. (eds) Universality of Nonclassical Nonlinearity. Springer, New York, pp. 49-67. 

- Kohler, M., Davis, P.M., and Safak, E. (2005). Earthquake and Ambient Vibration Monitoring of 
the Steel-Frame UCLA Factor Building. Earthquake Spectra, 21(3), DOI: 10.1193/1.1946707 

- Luco, J.E., Trifunac, M.D., and Wong, H.L. (1987). On the apparent change in the dynamic 
behavior of a nine-story reinforced concrete building. Bulletin of the Seismological Society of 
America, 77(6), pp. 1961-1983. 

- Michel, C., and Guéguen, P. (2010). Time-frequency analysis of small frequency variations in civil 
engineering structures under weak and strong motions using a reassignment method. Structural 
health monitoring, 9(2), pp. 159-171. 

- Mikael, A., Gueguén, P., Bard, P.-Y., Roux, P., and Langlais, M. (2013). The Analysis of Long-
Term Frequency and Damping Wandering in Buildings Using the Random Decrement Technique. 
Bulletin of Seismological Society of America, 103(1), pp. 236-246. DOI: 10.1785/0120120048 

- Ostrovsky, L., Lebedev, A.V., Rivière, J., Shokouhi, P., et al. (2019). Long-time relaxation induced 
by dynamic forcing in geomaterials. Journal of Geophysical Research. B: Solid Earth 124(5), pp. 
5003-5013. 

- Todorovska, M., Hao, T.-Y., and Trifunac, M. (2006). Variations of apparent building frequencies – 
lessons from full-scale earthquake observations. First European Conference on Earthquake 
Engineering and Seismology, Geneva, paper N°. 1547.    

- Todorovska M.I., and Al Rjoub, Y. (2006). Effects of rainfall on soil-structure system frequency: 
example based on poroelasticity and a comparison with full-scale measurements. Soil Dynamics and 
Earthquake Engineering, 26 (6-7), pp. 708-717.  

- Todorovska, M., and Trifunac, M. (2008). Earthquake damage detection in the Imperial County 
Services Building I: The data and time-frequency analysis. Soil Dynamics and Earthquake 
Engineering, 27(6), pp. 564-576. 

- Todorovska, M. (2009). Seismic interferometry of a soil-structure interaction model with coupled 
horizontal and rocking response. Bulletin of the Seismological Society of America, 99(2A), pp. 611-
625. 

- Trifunac, M.D., Ivanovic, S.S., and Todorovska, M.I. (2001). Apparent periods of a building. II: 
time-frequency analysis. Journal of Structural Engineering, 527.  

 

2296
3ECEES, September 2022, Bucharest, Romania



 

 

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

 

Design and implementation of a remote data acquisition system for 
seismic noise measurements in building monitoring  

Jornet-Monteverde Julio Antonio – Dept. Physics, Systems Engineering, and Signal Theory, University of 
Alicante, Alicante, Spain, (julio.jornet@ua.es) 

Galiana-Merino Juan Jose – University Institute of Physics Applied to Sciences and Technologies and Dept. 
Physics, Systems Engineering, and Signal Theory, University of Alicante, Alicante, Spain, (jj.galiana@ua.es)  

Soler-Llorens Juan Luis – Dept. Earth Sciences and Environment, University of Alicante, Alicante, Spain, 
(jl.soler@ua.es) 

Abstract: This article presents a new wireless seismic sensor network system, especially 
design for building monitoring. The designed prototype allows remote control, and remote 
and real-time monitoring of the recorded signals by any internet browser. The system is 
formed by several Nodes (based on the CC3200 microcontroller of Texas Instruments), which 
are in charge of digitizing the ambient vibrations registered by three-component seismic 
sensors and transmitting them to a central server. This server records all the received signals, 
but also allows their real-time visualization in several remote client browsers thanks to the 
JavaScript's Node.js technology. The data transmission uses not only Wi-Fi technology, but 
also the existing network resources that nowadays can be found usually in any official or 
residential building (lowering deployment costs). A data synchronization scheme has been 
also implemented to correct the time differences between the Nodes, but also the long-term 
drifts found in the internal clock of the microcontrollers (improving the quality of records). 
The completed system is a low-cost, open-hardware and open-software design. The prototype 
has been tested in a real building, recording ambient vibrations in several floors and observing 
the differences due to the building structure. 

Keywords: wireless sensor networks; Wi-Fi networks; CC3200; Node.js; ambient vibrations 

1. Introduction 

The degree of building damage caused by earthquakes is strongly related to soil 
characteristics (local site effects) and the dynamic behaviour of structures (Panzera et al., 
2013). In the case of structures, numerical modelling and experimental measurements are 
widely used to estimate the dynamic properties of a building, although only experimental 
procedures allow real behavior to be obtained. 
Earthquakes (e.g. Trifunac et al., 2001a; Trifunac et al., 2001b; Clinton et al., 2006), forced 
vibrations (e.g. Mucciarelli et al., 2003; Gallipoli et al., 2006) and ambient vibrations (e.g. 
Mucciarelli  and Gallipoli, 2007; Oliveira and Navarro, 2009) can be used as input signals. 
Among these, ambient vibration (or ambient noise) measurements have become a widely 
used alternative, as it is the fastest, cheapest and easy-to-implement experimental approach. 
In this case, a minimum of two three-component accelerometers or seismometers located on 
the ground and top floors can be used (Gallipoli et al., 2009). About the recording duration, 
measurements ranging from a few minutes (Panzera et al., 2013) to several days (Tiganesku 
et al. 2021) can be found in the literature. Once the data is recorded, it is subsequently 
processed to estimate the building properties, such as the fundamental frequency (Salawu, 
1997; Xia and Hao, 2003).  
Ambient noise recordings are saved commonly in the internal memory of the seismograph. 
Once the measurements have done, the data are recovered individually by connecting a 
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computer to them or by copying the memory cards one by one (Gallipoli et al., 2009; Panzera 
et al., 2013; Acunzo et al., 2018). Alternatively, wireless seismographs can be employed, 
although they are very expensive, such as Unite System by Sercel (2020), Sigma Systems 
by iSeis (2020), or FierFly System by INOVA (2020).  
The high cost of instrumentation and the rise of low-cost microcontrollers, each time with 
more functionalities, is what motivates the increasing number of proposals for measurement 
systems developed by the research groups themselves. Thus, wireless solutions can be found 
in the literature for seismic exploration (e.g. Yin et al., 2020; Attia et al., 2020), 
microzonation studies (e.g. Picozzi et al., 2010; Dai et al., 2015; Soler-Llorens et al., 2018; 
Liu et al., 2020) and building monitoring (e.g. Nastase et al., 2008; Hou et al., 2013; Valenti 
et al., 2018), among others.  
In this work, a new prototype has been the designed for remote data acquisition. Concretely, 
the developed system provides remote and real-time control, data monitoring and saving, as 
well as data synchronization along all the measurement period. The proposed design uses 
not only the wireless communication, but also the existing network resources of the 
monitored building, reducing the expenses. Regarding the implemented data 
synchronization approach, it takes into account not only the time differences between the 
Nodes, but also the long-term drifts found in the internal clock of the microcontrollers, what 
improves the quality of records. Finally, the implementation is carried out with low-cost 
microcontrollers and microcomputers, providing an open-hardware and open-software 
system.  

2. Description of the proposed system 

2.1. General scheme 

In order to monitor and record the vibrations that occurs in different zones of a building in real 
time, a model based on the Client-Server concept has been designed. The clients are 
implemented using a Texas Instruments (TI) CC3200 microcontroller (Texas Instruments, 2020) 
(Nodes) and the server is configured though a Raspberry Pi computer (Raspberry Pi, 2020)  (RPI 
Server). The system consists of several Nodes located on different floors of the building. Each 
Node incorporates a specially designed expansion board with a conditioning circuit (Soler-
Llorens et al., 2019) which is connected to a three-component seismic sensor for the X-Y-Z axes. 
The Nodes are connected to the Wi-Fi on each floor where they are located and through the 
building's internal local network, they connect to the RPI Server via a TCP (Transmission 
Control Protocol) connection. A JavaScript (JS) server has been developed in the RPI Server 
that manages the TCP connections of the Nodes and receives the samples from each Node. 
Besides, the received data are saved in local files and displayed through a web user-interface. 
Figure 1 shows the diagram of the developed system. It should be noted that from the designed 
web user-interface, it is possible to set up the number of Nodes that will be running 
simultaneously in the system.  
Due to the characteristics of the signal to be sampled (ambient vibrations or seismic noise), the 
proposed system has been designed to work with a sampling frequency of 100 Hz, what it is 
enough for the expected frequencies. The three components of the seismic sensor are digitized 
through the 12-bit ADCs incorporated in the microcontroller. A minimum of 2 bytes (16 bits) is 
required to record each of these data. Besides, for synchronization purposes, a millisecond mark 
is also transmitted with the data. Thus, a constant rate of 100 samples x 4 values x 16 bit = 6.4 
Kbps is the minimum payload that the protocol must assume. To be as efficient as possible, a 
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single Ethernet frame is used to transmit a block of samples. The maximum size of the Ethernet 
frame is 1518 bytes, so we will transmit blocks of 100 samples (800 bytes) every second, as two 
seconds would exceed the maximum size and we will have to use segmentation. 

 

 
 

Fig. 1 – a) General scheme of the developed system and its elements. b) General three-dimensional schematic 
of a monitored building. 

2.2. Raspberry Pi Server 

The server has been developed over a Raspberry Pi 3 Model B v1.2 with Raspbian GNU/Linux 
9 core 4.19. This model incorporates the Wi-Fi interface that can be configured as an access 
point (AP) to provide coverage to the nearest Nodes. In our architecture the RPI Server is 
connected to the internal network through the RJ45 connector and the internal network is 
responsible for providing connectivity to the different Nodes. This computer has been chosen 
because one of the objectives is to design a portable, low-cost system that allows us to easily 
instrument a building temporarily.  
The Node.js package (Node.js, 2020) has been installed in order to provide the Web service and 
execute the JavaScript code of the Server. The main features implemented in the code are TCP 
connection management; management of received packets and storage of samples; and 
synchronization management. 
The SCP (Secure Copy Protocol) service has also been installed to access the sample files and 
download them for a possible subsequent signal processing, for example with MATLAB.  

2.3. Nodes 

The TI CC3200 platform has been used for the development of the Nodes due to its low power 
consumption and the easy integration through its Wi-Fi interface. Specifically, the CC3200 
LaunchPad development board has been chosen. 
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These are the main functions carried out by the Nodes: Controlling the main timer and 
synchronization; controlling the sampling; controlling the Wi-Fi and NTP connections; 
controlling TCP connection; and CLI (Command Line Interface). 
Nodes are connected to a three-component sensor through a conditioning circuit (Soler-Llorens 
et al., 2019). In our case, the sensor Mark-l-4C3D, with a natural frequency of 1 Hz, has been 
used. The conditioning circuit is connected to the three inputs of the ADC1, ADC2 and ADC3 
to sample each of the three components.  

2.4. Wi-Fi – TCF Communications 

This is one of the most important blocks in the designed system since it must be capable of 
transmitting all the captured samples to the RPI Server without any loss. As the CC3200 board 
incorporates the Wi-Fi interface inside, the sending and receiving of messages can be handle 
from the designed code using the libraries provided by Texas Instruments. 
We have chosen the TCP protocol as the container for our own layer and packet system. Three 
tasks have been created to manage all the events created: Wi-Fi, ServerTCP and ClientTCP 
Tasks.  
Once all the peripherals are initialized and the required variables (e.g. the SSID and the 
password) are read from a flash memory, the Main task starts the Wi-Fi connection by sending 
an event to the Wi-Fi task. At this moment, the board automatically performs everything 
necessary to connect to the wireless access point (AP or WAP) and provides an IP. If there were 
any error, the function would return an error code. Once the connectivity has been established, 
the current date/time will be requested to the NTP server in order to be synchronized.  
The ServerTCP task is in charge of listening and receiving TCP packets coming from the RPI 
Server, and the ClientTCP task is in charge of creating and sending packets to the RPI Server.  
 When the system is registering, each Node generates a constant traffic of 6.5 Kbps, so we must 
consider the load of the network so that no data is lost. The theoretical limit of our system in 
terms of the maximum number of Nodes that can support will be given by the load of the network 
and the RPI Server. If the network interface of the RPI Server runs at a theoretical velocity of 1 
Gbps, considering a limit of 25% so as not to saturate the OS, RPI processes and the Node.js 
server, we get an approximate theoretical calculation of 38 Nodes. In the experiments we have 
tested up to 2 Nodes working perfectly.  

2.5. Synchronization process 

A new synchronization scheme has been designed based on the Precision Time Protocol (PTP) 
(Committee, 2008) and the Doze Mechanism (Cui et al, 2018). The developed approach consists 
of two phases: the first phase calculates the offset and drift between the Nodes and the RPI 
Server; and the second phase tries to correct the Node time drift. 
The Nodes use the timers provided by the hardware of the CC3200 board and its quartz crystal. 
These crystals are not of very good quality and therefore small timing differences occur, which 
are increased over time (drift). In order for the Nodes not to have time differences at the moment 
they have to read the samples (jitter) and to be as accurate as possible when taking the sample, 
they must have the same time reference as the RPI Server. Thus, the offset and drift of each 
Node with respect to the RPI Server must be calculated and its time reference adjusted. 
Since the transmission times of messages in a Wi-Fi network is inconsistent and when higher is 
the network traffic worse are the times obtained, it is necessary to implement methods that 
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provide stability and a better approximation to the values of the calculated times. For this 
purpose, an algorithm based on the Doze Mechanism (Cui et al., 2018) has been implemented.  

2.6. User interface of the Web Client 

The Web client part (Figure 2) has also been developed with JavaScript language. It consists of 
a panel where the current signal is displayed, taking into account that only one of every 10 
samples received is displayed so as not to saturate the RPI Server or the Web client. It is to 
display an approximation of the received signal.  
 From the web page, the number of Nodes can be configured, A panel has also been 
designed to display a table with the important data related to the current sampling block such as 
the start of the sampling, the number of packets received, etc. And on the right side of the screen 
a panel has been implemented to display important system messages and configuration, as well 
as the statistics at the end of a sampling block. 
 

 
Fig. 2 - User interface of the Web client. 

3. Results and discussions 

3.1. Designed prototype 

Figure 3a shows the prototype of the conditioning circuit connected to the LaunchPad CC3200 
backplane. The black connectors for the connection with the three-component sensor are shown. 
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Fig. 3 – a) Conditioning circuit assembled into Launchpad CC3200. b) Node connected to sensor. 

3.2. Experiments 

In order to test the correct functioning of the synchronization and sampling processes, a series 
of tests have been performed in a two-floor house with Wi-Fi connectivity. The scenario 
developed is as follows: two Nodes have been installed, one on the first floor and the other on 
the opposite side of the second floor. Each of them connected to different AP and within the 
same LAN together with the RPI Server. The same output of the sinusoidal signal generator 
(Multicomp MP750064) has been connected to each Node's ADC1, which generates a 1 Hz and 
1.2 Vp signal, so both Nodes will receive the same signal at the same time. Therefore, the signal 
obtained from the user interface of the Web client should be exactly the same. 
The initial test is related with the starting synchronization. The proposed prototype has been 
designed to avoid delays or differences in the sampling times between the Nodes, or at least that 
they are as small as possible. Figure 4 shows the initial phase shift of the same signal (1Hz 
sinusoidal signal) between two Nodes, with and without applying the synchronization algorithm. 
 

 
Fig. 4 – a) Start delay between Nodes without synchronized start. b) Delay with synchronized start. 

 
Figure 5a shows the signal at the end of the recording, observing some time shift when no 
synchronization is applied. With the synchronization algorithm (Figure 5b), the test results show 
a better synchronization since the adjustments are more continuous and do not drag the drift in 
time. 
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Fig. 5 – a) Final signal in 24h register without synchronization. b) Final signal in 24h register with 

synchronization. 
 
The comparison of the signals recorded in each of the Nodes shows a correct synchronization. 
Once we have confirmed with the signal generator that the Nodes remain synchronized at all 
times and maintain the sampling frequency at 100 Hz, we connect the Nodes to the three-
component sensors (Figure 3b). 
Figure 6 shows in MATLAB the detailed sampled signals contained in one of the files generated 
by the RPI Server and with a duration of 15 minutes. The file corresponds to April, 23 (2021) 
between 17:45 and 18:00 hours. The peak recorded by Node 1, located on the ground level, 
corresponds to the opening of a motorized door and the subsequent footsteps of people. 

 
Figure 6. Example of 15 minutes 
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Figure 7. Power spectral density of the recordings shown in Figure 20 

Figure 7 shows the power spectral density of the two Nodes monitoring the building (Figure 6): 
Node 1 located in the ground floor; Node 2 located in the second floor. Channel 1 of the two 
Nodes corresponds to the Horizontal-Longitudinal component; channel 2 to the Horizontal-
Transverse component; and channel 3 corresponds to the Vertical component. The Horizontal-
Transverse component of Node 2 clearly shows a peak at 9.03 Hz corresponding to the resonance 
frequency of the building. According to the study of Vidal et al. (2014), the relationship between 
the period of the building (T) and the number of floors (N) is fulfilled, being for our particular 
case of 0.11 s (T = 0.054*N), corresponding to 9.09 Hz as reference value of Vidal et al. (2014). 

4. Conclusions 

In this work, a wireless seismic data acquisition prototype has been developed. The designed 
system transmits the signal recorded by the Nodes to a central server (RPI Server) and allows 
remote viewing of the seismic signal in different web browsers at the same time, all in real 
time. In the developed system, the RPI Server has been programmed with Node.js 
technology that receives the frames with the samples and saves them in files or sends them 
to the client's web browsers. In the developed web user interface, different controls and 
objects have been implemented to start and stop a recording, as well as different options. 
Therefore, it is not necessary to have a person in the field to start/stop the sampling. From 
any place with an Internet connection, it is possible to send the commands and also view the 
signals. In addition, it is also possible to download the log files for further processing with a 
maximum waiting time of less than 15 minutes, since the server generates a file every 15 
minutes. 
Wi-Fi connectivity has been used in the Nodes to be able to transmit the captured samples 
in a reliable and orderly manner, so it is necessary to have a Wi-Fi network deployed in the 
work environment. The chosen microcontroller has been the LaunchPad CC3200 since it 
implements a chip to provide the Wi-Fi interface, which also has a 32-bit ARM chip. 
The experiments were carried out in a two-story building with two Nodes and it was verified 
that the system is capable of automatically synchronizing and adjusting itself in time to 
correct delays and deviations. 
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In the development, the use of low consumption and low-cost components has been taken 
into account. The software and the programming of the different elements have been 
developed with open-source tools. 
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Abstract: The need for better-informed post-earthquake decision-making regarding the 
occupancy and continued use of buildings stems from the global prevalence of economic 
disruption due to over-reactions such as unnecessary evacuations and facility shutdowns. A 
brief, but thorough discussion on existing commercially supported and public domain 
solutions reveals a gap in the offerings for individual non-critical buildings that do not have 
dedicated resources such as professional emergency managers. A simple tool that combines 
some of the useful features from the existing solutions is presented in the form of an 
automatic post-earthquake report. The reports are designed to provide decision-makers with 
timely helpful information on the expected impact from shaking on their building including 
the contents and occupants housed within. Empowered with greater situational awareness, 
decision-makers can react more systematically and minimize economic disruption from 
unnecessary evacuations and facility shutdowns. 

Keywords: Structural Health Monitoring, Post-event assessment, Seismic instrumentation, 
ShakeMap 

1. Introduction 

Large earthquakes that happen to strike close enough to populated areas often lead to 
catastrophe with widespread loss of life (or injury), property and communal function. 
Several factors such as seismic hazard, infrastructure vulnerability, population 
preparedness, and time of day of occurrence can influence the severity of the impact a 
particular earthquake would have upon an urban area. As such, multi-disciplinary efforts 
are required to implement effective mitigation strategies. Currently, it is widely believed 
the best defence against earthquake catastrophe is to build resilient communities: Bruneau 
et al. (2003); Poland (2009); Almufti et al. (2013); and Jones (2018). For the structural 
engineer, that typically means designing buildings and infrastructure capable of 
withstanding expected seismic demands without significant loss of function. Tools such as 
performance-based design help enable engineers to achieve this Krawinkler et al. (2014). 
However, there are many larger challenges to overcome such as to establishing political 
will to enact retrofit requirements for vulnerable buildings, requiring higher than life-safety 
minimum performance levels in our building design codes, and/or justifying increased 
costs in developer budgets. Large earthquakes beget large challenges. 
Moderate earthquakes that occur within urban areas (e.g., magnitude M5-6’s), as well as 
large-but-distant earthquakes (e.g., magnitude M8, 800km away), are much less likely to 
cause significant damage but can still be traumatic, induce panic, and lead to widespread 
economic disruption from mass evacuations, shutdowns and prolonged downtime; Skolnik 
(2022). Although not as catastrophic as the potential loss from larger damaging 
earthquakes, the aftermath of these often-unnecessary urban disruptions can still be 
extremely costly as well as dangerous. Consider, for example, the danger from evacuating 
and relocating (transport via medevac) critical patients, as was reported locally (foxla.com) 
at Ridgecrest Regional Hospital after the M6.4 struck on July 4, 2019. Also consider, the 
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extensive disruption stemming from the shutdown of a major airport and diverting dozens 
of flights, as was reported locally (sltrib.com) in Salt Lake City after the Magna M5.7 
event on March 18, 2020. In both these cases, officials reported flooding due to broken 
pipes as a major reason behind the evacuation. If it were not immediately preceded by an 
earthquake, would the same level of damage warrant the same level of response?  
Unfortunately, as shown in Fig 1, local media reports of widespread urban disruptions, 
many of which are later deemed unnecessary often follow an earthquake. Also, of note is 
how this is not only an earthquake country problem, but also affects typically aseismic 
zones like New York City and Dubai (not shown).   

 
Fig. 1 - Local media reports of widespread evacuations due to moderate or large-but-distant earthquakes 

[Sources, from left to right: https://www.thesun.ie/news/1805041/south-korea-hit-by-5-5-magnitude-
earthquake-as-locals-reported-seeing-buildings-shake/; https://newyork.cbslocal.com/2011/08/23/6-0-

earthquake-rattles-new-york-city-east-coast/; https://gulfnews.com/uae/terrifying-earthquake-causes-shock-
waves-across-uae-1.1339531; https://www.dailysabah.com/istanbul/2019/09/26/powerful-magnitude-58-

tremor-shakes-istanbul] 

2. Post-Earthquake Decision-Making & Existing Solutions 

Folks in earthquake country should be prepared for an earthquake and should know what to 
do during the shaking: Drop, Cover, and Hold on. But when the shaking stops and dust 
settles, we all face the same difficult questions: Now what? Is the building safe? Do we 
need to evacuate? Is it safe to re-occupy (for those already evacuated)?  
Some critical buildings, like hospitals, have dedicated emergency managers who are 
trained on standardized emergency response procedures like the Hospital Incident 
Command System (HICS) by the California EMSA (2014). Most buildings, however, do 
not have dedicated trained professionals, let alone well-documented procedures for making 
safe and timely post-event decisions. Instead, decision-makers are typically individuals 
(e.g., facility or human resource managers) who must rely on what they can immediately 
see or how strong the shaking felt. This lack of situational awareness, coupled with an 
elevated emotional response (even moderate earthquakes are traumatic after all), is what 
leads to overreactions such as unnecessary evacuations, and prolonged business disruption. 
Thus, a solution to this issue would be to provide decision-makers with timely helpful 
information on the expected impact from shaking on their building and the contents and the 
occupants housed within to improve situational awareness. Empowered with this 
information, decision-makers can react more systematically with an informed and 
appropriate level of response. 
Two currently available solutions for informing post-earthquake decision-making, one 
commercially supported and the other in public domain, are described and compared. 
OasisPlus® from Kinemetrics Inc. is described as the integration of four components. First, 
seismic instrumentation installed throughout the building collect response data similar to a 
building within the California Strong Motion Instrumentation Program, CSMIP 2017. Second, 
a performance-based engineering evaluation, such as nonlinear FEM dynamic analyses per 
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ASCE/SEI-41 (2014), is carried out to obtain a multi-dimensional matrix of response 
parameter thresholds for converting measured response data into expected performance levels. 
The modelling requires a full set of architectural and structural drawings, construction reports, 
and potential onsite surveys. Third, post-earthquake response procedures based on either 
standard or custom documentation are streamlined for user resources and capabilities. Lastly, 
mobile and web applications provide managers/decision-makers with centralized situational 
awareness, responding inspectors with organized and rehears-able actions (e.g., safety 
checklists), and occupants with the ability to submit hazard/injury reports and receive up-to-
date information/instructions from the emergency management team. All this to say, 
implementation of OasisPlus demands significant effort and user resources. For these reasons, 
it is best suited for critical buildings such as hospitals and financial markets that have capable 
resources and a profound need to remain operational.  
ShakeMap® and ShakeCast® from the USGS (2020) also aims to provide information to 
support post-earthquake decision-making. ShakeMap concisely illustrates the expected impact 
as mapped instrumental intensity over a large region based on interpolated peak ground 
motions from publicly operated strong-motion networks. It has proven to be one of the seismic 
community’s most useful tools for information dissemination, especially to the public. It might 
even one-day replace the drum recorder as the media’s go-to-graphic for all earthquake related 
stories. However, it cannot account for building type. A person at any particular point on the 
ShakeMap can have a very different experience based on the structural characteristics of the 
building, not to mention where in that building, they happen to be in. ShakeCast does account 
for structure type by using the HAZUS (2012) framework with estimated peak ground motions 
(i.e., ShakeMap) as input to a portfolio of stock or custom fragilities, that in-turn quickly 
compute probabilities of expected damage states of each structure. This is best suited for 
owners/managers of a large inventory of distributed assets (e.g., DOT’s) for managing 
resource allocation. Although it is based on estimates of ground motion, that can be improved 
upon by anchoring the ShakeMap with a local ground station. 
Thus, we submit there is a gap between ShakeMap/ShakeCast and OasisPlus for something 
new to address the needs of owners/managers of individual non-critical buildings. Something 
that leverages the powerful and intuitive color scale like ShakeMap, accounts for individual 
structure type without extensive modelling and analysis like ShakeCast and is based on 
measured building response data instead of input-only ground motions. Equally important is 
ease of implementation and of use for decision-makers who are not professional emergency 
managers. Table 1 summarizes some key elements of the two previously described existing 
solutions (ShakeMap/ShakeCast and OasisPlus) as well as the novel tool, subsequently 
described.  
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Table 1. Comparison of three solutions for informing post-earthquake decision-making based on measurements 

Requirement ShakeMap/ShakeCast Building Occupancy Shake 
Impact (BOSI) OasisPlus 

Data Source From public strong motion 
networks, but can be 
improved with local 
anchor station 

Minimum code-level building 
instruments as required by 
local municipalities (e.g., LA-
DBS) 

Dense level of instruments 
typical for buildings within 
CSMIP 

Engineering 
Knowledge 
of Building  

Classification based on 
height, structural system 
type, and seismic design 
code level 

Same as ShakeCast but can be 
improved with FEMA P-58 
fragility database 

Full set of structural 
drawings, construction 
reports, and original seismic 
design basis 

Type of 
Engineering 

Analysis  

Fragility functions, default 
HAZUS or custom 
provided by user 

Same as ShakeCast for 
structural & nonstructural 
impact (and ShakeMap for 
occupant perception) 

Performance-based 
evaluation (e.g., ASCE/SEI-
41) 

Typical User 
Resources  

Remote Onsite or remote with access 
to occupants/tenants 

Onsite 24/7 operations, 
dedicated emergency 
management 

Ideal Users  Owners/managers of large 
inventory of distributed 
assets (e.g., DOT’s, 
Target) 

Owners/managers of 
individual non-critical 
buildings with instrumentation  

Owners/managers of critical 
facilities (e.g., hospitals, 
financial markets) 

Licensing Public Domain TBD, but most likely perpetual 
use 

SaaS 

3. Building Occupancy Shake Impact (BOSI) Scale 

The idea for a ShakeMap-like scale but for individual buildings is not new; Skolnik (2020). 
Its original inspiration was the success of ShakeMap as a communication tool, the utility of 
categorized fragilities from HAZUS, and the large number of instrumented buildings 
dotted along the US west coast. Presented here is a further developed version of that idea 
referred to as Building Occupancy Shake Impact (BOSI) scale. It produces a heat map to 
illustrate the expected impact on structural and non-structural systems and contents as well 
as occupant perception of shaking distributed throughout a building. Similar to ShakeCast, 
it comes with default limit values, which can be updated, based on more extensive 
engineering knowledge, or desired level of conservatism.  

Occupant level of perception or potential for panic is based on limits of peak floor 
acceleration (PFA) and velocity (PFV) from the cooler side of ShakeMap’s instrumental 
intensity scale. Expected impact on structural and non-structural systems & contents is 
based on PFA and PID (peak interstory drift ratio) limits published in HAZUS for various 
performance levels and representative building size, structure type, and seismic design 
vintage. In both cases, default values can be updated with next generation fragilities from 
FEMA P-58 (2018).  

To demonstrate how BOSI helps communicate expected impact for greater situational 
awareness, it is implemented in post-event report, Fig 3. Details on processing and how the 
report is created are not presented here (see Skolnik 2020), but for clarity, it is created with 
a commercially available program that automatically processes event data then creates and 
emails highly customized pdf reports within a few seconds of an earthquake. What is 
important is how effective the information within the report improves situational 
awareness of a would-be decision-maker. If well designed, its utility should be self-
evident. Upon initial glance, the first thing you see is the alarm bar on top with the max 
expected BOSI level of 5.3. This single number is based, and indicated, on the BOSI scale 
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for this particular building. The 3D heat map displays the most critical impact per floor and 
the table to the right breaks down impact by type for each floor. The remaining 
supplementary information are noted in Fig 3 as well.  

 

 
Fig. 2 – Example post-earthquake report with BOSI scale 

4. Conclusions 

The need for better-informed post-earthquake decision-making in individual buildings is 
demonstrated. Two existing solutions are presented. A commercially supported product is 
best suited for critical buildings like hospitals that have trained professional emergency 
managers. The other solution, in the public domain, is best suited for managing resources 
required for a large inventory of distributed assets. A third solution called BOSI that 
combines useful features of the two existing solutions is presented to fill a gap between the 
two existing solutions. The novel approach is implemented into automatic post-earthquake 
reports in order to be immediately valuable and viable for decision-makers, specifically 
those for the hundreds of buildings already instrumented under CSMIP or per their local 
municipality requirements.  
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Abstract: Strong earthquakes always draw attention to the behavior of engineering structures of 

major importance, such as dams, in which the assessment of seismic risk is a very difficult task, 

mainly because of the lack of real records from the impact of strong earthquakes on this type of 

engineering structures and lack of data on their response to such type of excitement. Modern, digital 

systems for seismic oscultation enable continuous and reliable monitoring of the seismic activity 

and recording the occurred earthquakes. For the purpose of the red mud deposit that comes as a 

product of the production process in the factory “Alumina” Zvornik, embankment dam was built in 

1978 with clay core and  45 meters of height.  

The dam has been overbuilt on several occasions, and each overbuild of the dam means changing its 

geometric and dynamic characteristics. 

Having in mind that the territory of Bosnia and Herzegovina is exposed to significant seismic 

activity, and the materials stored in the dump represent major threat to the environment downstream 

of the dam, preparation of project for seismic monitoring of the dam is necessary. This paper shows 

all the phases of monitoring, defining the technical characteristics of the necessary equipment, 

method of installation, integration and data processing. 

 

Keywords: waste dam, earthquakes, seismic monitoring, seismic risk 

1. Introduction  

Dam seismic risk assessment is a very complex task. Apart from the fact that the dam itself 

is a relatively expensive facility, it also has a direct impact on the overall economy of the 

region, that is the country due to the importance of uninterrupted electricity production, 

irrigation, control of water flow, especially large rivers and the like. The latest scientific 

knowledge in the field of earthquake engineering is increasingly confirming this as well as 

the fact that only real earthquake records represent the most reliable ways to realistically 

assess the input seismic parameters and confirm analytical calculations.  

Additionally, waste dams are particularly important structures especially in relation to 

water retention as a by-product of industrial or mining process and if they are located in 

seismically active areas, their response to seismic actions must be subject to continuous 

monitoring. Instruments for registration of strong earthquakes enable obtaining basic data 

on the behavior of the dam during the earthquake, which is conducive to making decisions 

on further operation or rehabilitation of the dam immediately after the earthquake. For 
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example, if the dam is designed with a = 0.15g, as a design parameter, and the maximum 

amplitude of the registered acceleration is less than this value, then, with great reliability, a 

decision can be made for further operation of the dam without special rehabilitation or 

reinforcement. However, if the registered acceleration is greater than 0.15g, then it is 

desirable that even in the absence of visible damage, make a special study to determine the 

magnitude of stress and deformation of the dam caused by the forces of the registered 

earthquake. The instruments are located at the characteristic points of the base and the 

body of the dam, and the eventual registrations represent a real treasure for the verification 

of the mathematical model of the structure and its behavior on the action of a real 

earthquake. A particularly important element in these instruments is their output 

information. It should be in such a form, so that basic information of the earthquake, as 

well as the behavior of the structure under that earthquake action, can be obtained on the 

spot, immediately upon its occurrence. 

For the needs of depositing red mud which is created as a product of the production 

process of the “Alumina” factory near Zvornik, an embankment dam with a clay core of 45 

meters height was built in 1978. Having in mind that the territory of Bosnia and 

Herzegovina is exposed to significant seismic activity, and the material stored in the waste 

dams poses a great danger to the environment downstream from the dam, project for 

seismic monitoring of this dam has been prepared. 

2. Seismicity of the location 

In structural terms, the considered area belongs to the northern Bosnian synclinorium in 

which Neogene basins are usually limited by deep discontinuities. The area itself is 

relatively steady in the tectonic sense, and seismic earthquakes registered so far have 

usually been associated with epicentral areas outside the observed terrain or along the 

routes of deep discontinuities along the outskirts of Majevica - Tuzla epicentral zone. The 

wider area of the reservoir is divided into two zones of different degrees of seismic 

intensity, and the border between these two zones goes directly across the reservoir itself.  

The zone east of the Đulići-Visoka Glava section has seismicity of the VIIo MSC scale, 

and the seismic activity is mainly from earthquakes which epicenters are located in the area 

of Mount Gera in Serbia. The zone west of the Đulići-Visoka Glava section has the 

seismicity of the VIo MSC scale, and is triggered by earthquakes from the Tuzla epicentral 

zone or earthquakes on the Majevica mountain, Fig.1. For the considered terrain, it is 

important to mention that along the valley of the river Sapna, there is a deep fault which is 

traced by breakthroughs and outbursts of magnetic rocks. Since fracture structures of such 

importance are sources of tectonic impulses along special blocks, their presence should be 

accepted, although in the last hundred years no earthquake with epicentre in the immediate 

vicinity of the dam  has been identified. 

 Previous research has shown that the fault on the Zvornik – Doboj strech, belongs to the 

active fault with a rare instantaneous stress equalization, so earthquakes of higher intensity 

should not be expected. The Drina fault should also be mentioned here when the 

northeastern part of the Tuzla-Prnjavor block and the eastern part of the Sava block in 

Semberija sink. This fault has not only geological significance but is also characterized as 

an earthquake epicentral zone with the appearance of thermal baths in Koviljača, but with a 

lower degree of seismic activity, since its activity consists of occasional instantaneous 

stress equalization.  
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Zvornik - Janja zone, has an area of about 304 km2, has a seismicity of VIIo MSC scale, 

and the most significant of the registered earthquakes is the one on April 13, 1964 in the 

area of Janja, north of the terrain where the Diljogora earthquake was felt more strongly. 

All earthquakes in northeastern Bosnia are exclusively of tectonic origin, and in most 

cases, the depth of the hypocenter of stronger earthquakes ranges from 15-30 km. 

  
 

Figure 1. Seismotectonic map of the wider region of the location   

3. Seismic Monitoring 

Waste dams are critical facilities of vital importance because they are first built to the initial 

stage (ie, to a certain height of the dam crest). When the height is reached, the disposal of 

waste and further upgrading (raising the crown) of the dam begins. Due to the fact that they are 

constantly being filled, and never emptied, this type of dams are being built in stages, the speed 

of construction depends on the needs of the industrial process. “Crveni mulj”dam has been 

overbuilt several times, last time in 2015 and today it is 60 meters high. Considering that the 

capacity of the waste dam is almost fulfilled, a new upgrade of the dam up to 65 meters in 

height is planned (Table 1). 

Table 1. “Crveni Mulj”dam overbuilding 

 1978 Planned Overbuild 

Dam crest level 218,00 m.s.l 238,00 m.s.l 

Max.filling level  216,00 m.s.l 236,00 m.s.l 

Crest lenght 310,00 m 685,00 m 

Dam Height 45.0 m 65.0 m 

Waste dam capacity 7,5 x 106 m3 24,1 x 106 m3 

* 

* 
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For efficient and rational observation of seismicity of the dam location and dynamic 

behavior of its structure, a special project for seismic monitoring was prepared (IZIIS 

Report 2016-50, "Project for seismic monitoring of the bulk tailings dam near Zvornik", 

December 2016). The basic parameters for the development of this project can be 

classified into two groups: 

General parameters for defining seismic dam monitoring and Parameters determined by the 

location and construction of the dam. The first group of parameters is in principle defined 

by the Rulebook for Seismic Monitoring. The parameters of the second group are defined 

separately for each dam and depend on the following: (1) seismic regime of macro and 

micro regions; (2) strength and dynamic characteristics of the local soil; (3) method of 

foundation; (4) type of dam and foundation; (5) dynamic characteristics of the dam; (6) 

interaction of soil and dam foundation; (7) geometric characteristics of the dam. All of the 

above components have a partial and interactive effect on the dynamic characteristics and 

dynamic behavior of the dam. These characteristics, which have a great effect on seismic 

monitoring, are usually determined by dynamic analysis of a mathematical dam model or 

by testing a full-size dam with forced vibrations or ambient vibrations based on which: (1) 

natural frequencies are determined; (2) the damping capacity of the structure and (3) the 

dams fundamental periods of vibration. 

In accordance with the principles of seismic monitoring, instruments type BASALT and 

OBSIDIAN product of Kinemetrics were used for the instrumentation of the waste dam 

near Zvornik. Two instruments (BASALT) were installed on the downstream side of the 

dam, at elevations 182 at the base of the dam, and 223 in the body of the dam (Fig.2). In 

2020, BASALT instruments were replaced with QDR instruments also product of 

Kinemetrics, USA (Fig.3 and Table 2), and another OBSIAN type instrument Kinemetrics, 

USA is installed on the crust of the dam (location BIR2), QDR instrument install on 

bedrock (location 3, BIR3) and other QDR install on basement of the dam (location 1, 

BIR1). Currently delivery of more modern digital instruments type OBSIDIAN is expected and 

they will be installed upon their arrival, to replace QDR instruments during 2022. 

 

Figure 2. Location of the instruments, waste dam “Crveni Mulj” 
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Figure 3. a) BASALT b) OBSIDIAN c) QDR   

3.1. Description of the instruments 

Accelerometers are the basic and main part of any seismic monitoring system for 

monitoring the dynamic behavior of buildings, their foundations and soils during strong 

earthquakes. After installation, the accelerometer is put into "operational condition", and 

registration takes place permanently. The proposed type of instruments for seismic 

monitoring of the waste dam near Zvornik has important technological advantages based 

on the application of microprocessor technology and appropriate high quality software. 

Maintenance and control are simple and automated. 

• Access to data (calibration records and accelerograms), is direct and simple (under 

software control of a laptop). 

• No additional data conversions required. 

• Archiving original records is in the form of computer files and is much simpler compared 

to archiving original records with other types of accelerographs. 

The OBSIDIAN accelerograph is Kinemetrics’ new product matched to Kinemetrics’ 

exemplary EpiSensor accelerometer performance. It represents a new paradigm in open-

architecture seismic data acquisition systems defining the World’s Next Generation of 

products. It is designed to give the flexibility of capturing very-small to very-large 

earthquake sequences with a single sensor. Some basic characterises of instrument: Built-in 

GPS/GNSS, built-in PTP; Ultra-Low latency data for Earthquake Early Warning Systems; 

Wireless communications via cellular modem; Extensive state-of-health monitoring, 

including input and system voltages, internal temperature, humidity, communication link 

diagnostics; Application Programming Interface (API) to develop personalized add-on 

software modules. 
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Table 2. Digital instruments for seismic monitoring 

BASALT, Kinemetrics, USA 

Range ±2g, ±4g,  

Frequency Range DC-200 Hz 

Dynamic Range 155 dB+ 

   Sensor Type Triaxial EpiSensor Force Balance 
Acceleromer 

А/Д Converter 24 bit 

Sampling rates 1,10,20,50,100, 200, 250,500,1000,2000 sps 

Threshold trigger Selectable from 0.01% to 100% of full scale 

Communication Ethernet, PC/RS-232 port or modem 

OBSIDIAN, Kinemetrics, USA 

Range ±2g, ±4g,  

Frequency Range DC-200 Hz 

Dynamic Range 155 dB+ 

   Sensor Type Triaxial EpiSensor Force Balance 
Acceleromer 

А/Д Converter 24 bit 

Sampling rates 1,10,20,50,100, 200, 250,500,1000,2000 sps 

Threshold trigger Selectable from 0.01% to 100% of full scale 

Communication Ethernet, PC/RS-232 port or modem 

QDR, Kinemetrics, USA 

Range  g 
±1 vertical/ 

±2horizontal 

Frequency Range Hz DC-25 

Memory  m 15 

Time before event s 40 

Connection Master/slave m/s 

Frequency range of the starter Hz 0-10 

 

3.2. Processing of the records 

Processing of the recorded data consists of: 

• determination of calibration characteristics of instruments, 

• archiving of the records 

• computer data processing in the time and frequency domain. 

Computer data processing consists of: 
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• conversions of digitized data in units according to international systems of units, 

• obtaining uncorrected acceleration data (uncorrected accelerogram), 

• calculation of corrected data on acceleration, velocity and displacement (corrected 

histograms), 

• calculation of response spectra and Fourier spectra. 

The computer program developed in IZIIS, which has been upgraded according to the 

latest knowledge in this field, is used for data processing, and the obtained results are 

compared with commercial signal processing software. The computer program follows the 

procedure developed in IZIIS according to a standard method based on a concept generally 

accepted in the world, and is described in detail in IZIIS publication 66-1977. The software 

also enables 24h recording of signals from the accelerograph and generates alarms in the 

event of a large-scale earthquake (Fig.4). 

 

Figure 4. Software developed in IZIIS 

4. Conclusions  

The territory of Bosnia and Herzegovina is exposed to significant seismic activity. Design, 

construction and operation of structures, especially waste dams in seismically active areas 

is a very complex and responsible work, given their relatively long period of operation and 

the real possibility of earthquakes in this period. Based on the previous experiences in 

relation to the seismic monitoring of dams, it is important to point out that for each dam it 

is necessary to develop a special project for setting up the network for seismic oscultation. 

Continuous upgrading of the seismic monitoring network will enable obtaining quality 

digital records of the response of the dam in different points along it height and width thus 

creating a data base for reliable analysis of the behaviour of this type of structure exposed 

to strong seismic excitation. The data on basic seismic parameters (time histories of ground 

acceleration, velocity and displacement will help in decision making process in the 

immediate aftermath of eventual extreme event regarding the dam. 
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Abstract: This paper presents the results of an experimental program involving shake table testing 

of two full-scale reinforced concrete frame buildings. These tests were conducted to investigate the 

effectiveness and reliability of a newly proposed servo-hydraulic Active Mass Damper (AMD) that 

can be designed to enhance the target seismic performance of a building at multiple earthquake 

intensity levels. 

The two nominally identical case-study buildings were intentionally designed to exhibit a “soft 

story” mechanism at the first level when subject to ground shaking of sufficient intensity, but one 

was equipped with the newly proposed AMD, installed on the roof. The two specimens were then 

subject to the same loading protocol consisting of a ground shaking sequence of varying intensity, 

with the seismic input consisting of a selected natural ground motion. 

The experimental results demonstrated that the proposed AMD is extremely effective at enhancing 

building seismic performance. Specifically, the AMD provided peak displacement reductions in the 

order of 70% and was shown capable of absorbing more than 60% of the total input energy. As a 

consequence, the un-retrofitted structure suffered nontrivial structural and non-structural damage, 

while the AMD-retrofitted building remained virtually undamaged at all shaking intensities 

considered. 

 

Keywords: active mass damper; full-scale shake table; reinforced-concrete buildings; 

enhancing seismic performance; tuned-mass damper. 

1. Introduction  

A novel servo-controlled Active Mass Damper (AMD) for the protection of structures 

against the effects of earthquakes was recently proposed in Rebecchi et al. (2022) A 

prototype is shown in Fig. 1. It consists of an innovative inertial system used as Active 

Vibration Control device that, differently from other AMDs, uses an electro-hydraulic 

actuator to move the inertial mass. The design, fabrication and preliminary testing of the 

prototype AMD has been carried out at the Politecnico di Milano, Italy. A brief description 

of the system is provided herein, while more details can be found in the companion paper 

by Rosti et al. (2022). For a more comprehensive discussion on active mass dampers, 

interested readers can refer to De Roek (2011), Dyke et al. (1996), Forrai et al. (2001), 

Moutinho et al. (2011), Chu et al. (2005), Saito et al. (2001), Xu et al. (2014), Connor and 

Laflamme (2014), Yamamoto and Sone (2014), Nakamura et al. (2001). 
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Fig. 1 - The AMD proposed: 1) hydraulic cylinder; 2) oil restoration control unit; 3) control panel and fault 

management; 4) control panel and fault management of hydraulic control unit  

The AMD prototype is made up of a fixed part which transmits the force to the floor of the 

building it is connected to, and a moving part which is responsible for generating the 

control force. The latter has a weight of 2200 kg, while the overall weight of the system is 

4000 kg. The plan dimensions of the device are 4.8 m by 1.5 m, the height is 1.3 m.  

The purpose of the AMD is to generate inertial forces that "counteract" the movement of 

the building by reducing the amplitude of oscillation and, consequently, the earthquake-

induced forces experienced by the structural elements. The magnitude of the inertial forces 

to be generated is calculated in real time by the control algorithm, based on the 

accelerometric readings of sensors installed at certain locations across the structure.  

Ideally, the AMD is to be installed on the roof of a building, with one or more devices 

acting in at least two orthogonal directions to reach the desired three-dimensional 

performance (optimal arrangement is determined on a case-by-case basis). It is also 

possible to install the AMDs at lower levels, if compatible with architectural and 

construction constraints.  

The AMD comprises four main subsystems: sensors, controller, actuators and power 

system. The sensors are elements which provide the feedback needed for the control. They 

are installed on the structure to measure system response variables, such as displacements, 

velocities and accelerations. The sensors can also be used to perform tasks such as 

structural health monitoring, by allowing the dynamic identification of the structure during 

its life cycle. The controller is the core of the AMD because it implements the vibrating 

control algorithm. It produces actuation signals by a feedback function of sensor 

measurements and defines the inertial mass displacement in time. Many types of control 

exist in the literature. The “Sky-Hook”, a direct velocity feedback control which does not 

need the creation of a building model, was chosen for its performance and robustness. The 

algorithm defines a control force proportional to the relative velocity of the building and 

this force is produced by the double acting hydraulic actuator used to move the inertial 

mass. The actuator can generate a linear force up to 220 kN, with maximum velocity and 

displacement amplitude of 5 m/s and ±0.5m, respectively. 

The AMD has been tested and tuned via Hardware-In-the-Loop (HIL) simulations over the 

course of previous studies. In these hybrid analyses the AMD prototype was coupled with 

numerical models of case study buildings, to assess its behavior in real-time. These tests 

were used to study the response of the AMD and its effects on the structure at different 

earthquake intensities. Due to the limitations of the HIL test rig, earthquake inputs with a 

maximum PGA of 0.15g were simulated. Promising results were obtained, including 

reductions in roof displacements and accelerations of about 70% and 50%, respectively. 

During all tests, the AMD displayed excellent behavior, tracking with high accuracy the 

reference force to be generated. 
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The study presented in this paper investigated the performance of the newly proposed 

AMD under more realistic working conditions, further assessing its capabilities at 

enhancing the seismic performance of buildings. This was achieved via shake table testing 

of two nominally identical full-scale reinforced concrete frame structures with masonry 

infills, one of which equipped with the AMD, installed on the roof. The two specimens 

were not designed according to any particular design code and were not intended to be 

representative of any specific building typology or class of buildings. However, they were 

intentionally designed to exhibit a “soft story” mechanism at the first level when subject to 

ground shaking of sufficient magnitude. Soft story issues have been observed repeatedly 

and extensively over the course of past seismic events (e.g., Olive View Hospital during 

1971 San Fernando, California earthquake, Bertero et al. (1973)), making the case-study 

building ideal candidates to demonstrate the effectiveness of the proposed AMD at 

enhancing the seismic performance of realistic structures affected by a major structural 

deficiency. 

In the sections that follow, the results of the shake table experiments are discussed and 

used to draw some preliminary conclusions pertaining to the behavior, reliability, and 

effectiveness of the proposed AMD, and to assess the enhanced seismic performance of 

AMD-retrofitted RC buildings. More details can be found in Rebecchi et al. (2022). 

2. Experimental program and setup 

2.1. Description of the specimens 

The elevation views of the nominally identical full-scale specimens are shown in Fig. 2a). The 

two specimens were 3-story one-bay (in both directions) frame buildings, made of RC columns 

with 20 x 20 cm cross section, connected to 40 cm thick RC slabs. The columns were 

reinforced with 4 longitudinal 16 mm diameter steel bars in the corners, and 8 mm diameter 

closed stirrups spaced at 100 mm (Fig. 2b).  

The floor plan dimensions were 5.0 x 2.1 m, and the clear inter-story height was 2.5 m. 

Building A (not equipped the AMD) had a total height of 8.84 m, while Building B was 8.7 m 

tall. The different building height was due to the increased slab thickness (from 40 cm to 54 

cm) at the roof level of Building A (see Fig. 2). This was done to compensate the roof weight 

added by the AMD in Building B which resulted in a total increase of mass of only the 1%. It 

should be noted that in case of real structures, the weight added by the AMD system(s) is not 

expected to exceed 1% of the total weight of the building.   

   
(a) (b) (c) 

Fig. 2 - a) Elevation view of the buildings; b) Reinforcement details of the columns; (c) The buildings tested 

in the Eucentre laboratory: 1) AMD; 2) masonry infills; 3) columns; 4) foundation slab connected to the 

shake table; 5) floor slabs. 
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Infill masonry walls made of 8 x 25 x 25 cm clay blocks were installed in the N-S direction 

(i.e., the excitation direction) at each floor. The infill walls were coated externally with a layer 

of plaster and presented a series of openings, as shown in Fig. 2a. 

The two specimens were connected to the same foundation slab, which was bolted down to the 

shake table using post-tensioned steel bars. The distance between the two buildings was about 

20 cm. A view of the buildings and AMD control system in their pre-test configuration is 

shown in Fig. 2c. 

The response of both the shake table and the specimens was monitored in real time through an 

array of instruments including 20 accelerometers, 19 displacement transducers and an optical 

acquisition. 

2.2. Experimental setup and loading protocol 

The full-scale specimens described in the previous section were tested on the unidirectional 

shake table in the Shake-LAB at the Eucentre facility, Italy.  

The specimens were tested by applying the E-W component of the Irpinia earthquake, which 

hit central Campania and central-northern Basilicata on the 23rd of November 1980. The main 

characteristics of this record are: a) peak ground acceleration PGA = 0.32 g; b) effective 

duration TD = 6.32 s; c) Arias intensity Ia = 1.41 m/s; d) absolute cumulative velocity CAV = 

10.88 m/s. The acceleration history record and acceleration response spectrum for the 100% 

intensity level are presented in Fig. 3. 

  
(a) (b) 

Fig. 3 - a) Acceleration history of the reference record; b) pseudo-acceleration response spectrum at 5% 

damping  

The shake table experiments were conducted in 5 phases, over the course of three days. Each 

testing phase involved the application of the Irpinia record (i.e., the reference earthquake), 

considering scale factors ranging from 0.10 to 1.37, for a total of 19 tests, labelled CMP1 to 

CMP19. More details can be found in Rebecchi et al. (2022). 

3. Experimental results 

3.1 Damage progression 

In this section, the performance of the specimens is assessed as a function of the level of 

damage detected following each test. The key observations can be summarized as follows:  

• For earthquake intensities ranging from 10% to 60% of the reference input ground 

motion, both buildings exhibited essentially elastic behavior, with only a few small 

cracks (less 0.5 mm wide) occurring in the corner of infill panel at ground floor; 

• For earthquake intensities ranging from 60% to 70% of the reference input ground 

motion, Building A (uncontrolled) suffered nontrivial widening of the existing cracks 

and experienced the formation of widespread new cracks in the infill walls of the 

2324
3ECEES, September 2022, Bucharest, Romania



ground floor; in contrast, Building B (controlled) only exhibited minor propagation of 

the pre-existing cracks; 

• The 137% earthquake intensity (the largest scale factor considered) induced 

considerable damage in Building A that included extensive cracking and spalling of the 

infill walls in the top corner regions of the first floor (Fig. 4a) and structural damage in 

the form of diagonal cracks in the nodal panels of the slab-column connections. In 

contrast, Building B remained virtually undamaged (Fig. 4b), only exhibiting 

negligible widening of some of the cracks formed during previous testing phases.  

 

  

(a) (b) 

Fig. 4 - Detailed view of a selected region of the Buildings: a) cracking of the column-slab joint region of the 

first floor in Building A, b) column-joint region of Building B with no signs of distress. 

3.2 Floor displacement and AMD time-history response 

The floor displacement/drift results of the shake table tests are presented in this section. Figure 

5 shows the peak first floor inter-story drifts for the two specimens during all testing phases. At 

shaking intensities ranging from 10% to 70% of the reference earthquake (CMP 1 to CMP 11), 

the maximum first story drift recorded for Building B was consistently 50% to 65% lower than 

that recorded for Building A. This is evidence that the AMD is beneficial and provides good 

control of the structural response at low-to-medium intensity shakings (i.e. at “serviceability” 

conditions).   

The benefits of the AMD with respect to limiting the inter-story drift of the critical floor 

become even more prominent (and somewhat more relevant) in the case of high-intensity input 

ground motions. During test CMP 19, the first story of Building A reached a peak horizontal 

displacement of 22.5 mm, corresponding to a 0.90% inter-story drift ratio. For the same 

seismic input, the peak displacement of the first floor of Building B was only 6.3 mm, equaling 

an inter-story drift ratio as low as 0.25%. Thus, with the structures subject to high intensity 

shaking, the AMD induced a drift demand reduction of 72% at the critical level. As discussed 

in the previous section, this translates into a remarkable reduction of the extent of damage 

experienced by the building.    

It is evident that the inter-story drifts for Building A were critical at the first floor (as per 

design objectives). However, while not explicitly shown here, they were relatively controlled 

at levels 2 and 3, with peak ratios recorded during test CMP 19 of 0.32% and 0.14%, 

respectively. At those same levels, Building B reached peak drift ratios of 0.18% (at both 

floors), thus exhibiting a uniform building response, with well-controlled drift values across 

the height. This is an excellent outcome as it confirms that the AMD successfully addressed 

the existing structural deficiency at the first floor, without compromising the structural 

response at other levels.  
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Fig. 5 - Graphical and numerical representation of the maximum interstory drift recorded at the first floor of 

both buildings during each test. 

Fig. 6 (left) shows the first floor inter-story drift for both Buildings A and B. All of Building 

A’s peak drifts exceeding 20 mm are identified on the graph and marked with blue asterisks. 

The corresponding peak drift values recorded for Building B are marked with red circles. Note 

that there is a slight time misalignment between the peak displacements experienced by the 

two buildings (due to the different response of the two structures), but this offset never exceeds 

0.5 s.  

 
 

Fig. 6 - First floor inter-story drift for both buildings (left) and AMD control force (right) during test (CMP 

19) 

It can be seen that the five largest peak drifts of Building B are, on average, about 18% of those 

recorded for Building A (3.94 mm against 21.42 mm). It is clear that this remarkable drift 

reduction is to be attributed to the contribution provided by the AMD. To emphasize this 

aspect, the AMD control force time history is provided in Fig. 6 (right). The five force values 

corresponding to the peak displacements outlined in Fig. 6 (left) are identified and marked. It 

can be seen that large forces with opposite sign with respect to the 1st floor inter-story drift 

detected for Building A are generated, that effectively counteract the movement of the building 

by reducing the amplitude of oscillation. 

These results demonstrate that the performance of the case study building was significantly 

enhanced by the presence of the AMD, in terms of inter-story drifts and overall damage to 

structural and non-structural elements. The two main aspects that contribute to enhancing the 

building seismic performance are the inertial force generated and the amount of input energy 

absorbed by the AMD. 

The maximum displacement of the mobile mass relative to the roof recorded during the 

strongest shaking was 116.7 mm, while the maximum inertial force generated by the AMD 
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was approximately 51 kN. The AMD displacement and force limits are 500 mm and 220 kN, 

respectively. Thus, enhancing the performance of the case-study building tested in this study 

required the AMD to reach only 23% of its peak capacity.  

The energy absorbed (comprehensive of the kinetic energy) by the various components of the 

structures is shown in Fig. 7. Several observations can be made from the available data. For 

instance, the input energy for Building B is about 32% higher than for Building A (16.2 kJ and 

12.6 kJ, respectively). However, the AMD dissipated roughly 63% of the total input energy, 

with the structure absorbing the remaining 37%. This corresponds to only 6.1 kJ, against the 

12.6 kJ energy absorbed the structure of Building A. Thus, the energy dissipated solely by the 

structure in the AMD-equipped system was only 50% of the energy absorbed by the un-

retrofitted building.  

 

Fig. 7 - Energy balance in both buildings (test CMP 19). 

Evidently, the lower the amount of energy to be absorbed, the lower the extent of damage to 

structural and non-structural elements. It is also interesting to notice that in the un-retrofitted 

case (Building A), about 71% of the total input energy was absorbed by the first floor. This is 

consistent with the results presented in the previous sections, and with the notion that the most 

severe seismic demand occurs at the first story that exhibited the greatest extent of damage and 

experienced the highest horizontal displacements. However, a much different trend is seen for 

Building B. By virtue of the AMD, there is a clear and favorable energy absorption shift 

whereby the amount of energy affecting the first floor is reduced to only 15% of the total input 

energy. This value is much closer to that observed for the second and third floors, indicating a 

much more uniform structural response. The reduction obtained on energy absorption of the 

overall structure is slightly more than 50%, but this percentage raises up to a 71% reduction on 

the first floor elements that are the most critical elements during a seismic event. 

4 Conclusion 

Full-scale shake table tests were conducted to investigate the effectiveness of a newly proposed 

AMD, at protecting structurally deficient RC buildings from the effects of earthquakes. The 

operating principles of the tested AMD are based on the feedback received by sensors installed 

at strategic locations across the building. These measurements are processed by a central 

computer and the data elaborated via a control algorithm allow the actuator to move the inertial 

mass on the building roof. A control force is generated in real time that counterbalances the 

forces of inertia induced by the earthquake. 

The AMD was installed on the roof of one of two nominally identical full-scale RC frame 

building specimens, intentionally designed to exhibit a “soft story” mechanism at the first 

level. The buildings were tested on the unidirectional shake table available in the Shake-LAB 

at the Eucentre facility (Italy), under a real ground motion of increasing intensity. 
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The experimental results showed that the un-retrofitted building (i.e., the building not equipped 

with the AMD) suffered significant structural and non-structural damage, particularly at the 

first floor of the building. In contrast, the AMD-retrofitted structure remained virtually 

undamaged even after being subject to the strongest shaking considered. It was shown that the 

AMD absorbed about two thirds of the total input energy, and provided excellent building 

protection, substantially reducing floor displacements and leading to a significantly more 

uniform building response. Most notably, the AMD induced a 72% reduction of the peak inter-

story drift recorded at the critical level, effectively addressing the main structural deficiency 

that affected the case-study buildings. This reduction of the peak inter-story drift is consistent 

with the results of the energy balance that highlight a 71% reduction of energy absorbed by the 

elements of the first floor in the AMD-retrofitted building.   
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Abstract: Reports after major earthquakes have shown that seismic pounding between 

adjacent structures can be damaging. Various solutions to reduce the risk of pounding have 

been proposed in the literature. Tuned mass damper inerters are known to be effective in 

controlling seismic response of buildings. To reduce risk of pounding, response of both 

structures needs to be considered in proper optimization of control device. This paper 

investigates two schemes of novel double-mass-tuned-damper-inerter (DMTDI), as an 

extension of the ordinary tuned mass damper inerters. The first scheme consists of 

independent DMTDIs installed on both structures (i-DMTDIs). In the second scheme, 

adjacent structures are coupled via a DMTDI device on the top of the structures (c-DMTDI). 

The properties of the control devices are designed by multi-criteria optimization based on 

largest amplitude of the frequency response function of both inter-story drifts and inter-

building separation distance. Seismic response of two generic buildings with and without 

control device is compared to evaluate the control performance of the two schemes. The 

results indicate that the c-DMTDIs device are superior to i-DMTDIs 

Keywords: seismic pounding, inerter, adjacent buildings, double-mass tuned damper inerter, 

optimization,  

1. Introduction  

Limited land and high population density in large cities are challenging architects and 

engineers to build modern and super-rise buildings close to each other (Doroudi & 

Lavassani, 2021; Matsagar & Jangid, 2005; Tiwari et al., 2021). Such closely spaced 

buildings are exposed to risk of pounding during strong ground shaking. (De Domenico et 

al., 2020; Song et al., 2018). Damage to adjacent building during strong earthquakes is well 

documented in the literature. Tuned mass dampers (TMDs) along with inerter devices are 

gaining popularity in vibration control research (Marian & Giaralis, 2014; Smith, 2002) . 

The inerter is a two-terminal device capable of developing a resisting force proportional to 

the acceleration of its extremities with a constant referred to as inertance, measured in mass 

units. Due to mass amplification effect, the TMDI acts like a TMD with a larger mass to 

accomplish enhanced performance than classical TMD (Di Matteo et al., 2022). To date, the 

TMDI has been investigated and utilized in a large number of contexts in the civil 

engineering field, such as base-isolated structures (De Domenico & Ricciardi, 2018a, 2018b, 

2018c; Di Matteo et al., 2019; Masnata et al., 2021), high-rise chimney (Zhang et al., 2021), 

cables (Lazar et al., 2016), long-span bridges (Xu et al., 2019), wind excited buildings (Dai 

et al., 2019; Giaralis & Petrini, 2017; Petrini et al., 2020), wind turbines (Sarkar & Fitzgerald, 
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2020; Zhang et al., 2019), and seismic pounding mitigation (Djerouni, Abdeddaim, & Ounis, 

2021; Djerouni et al., 2022; Mazza & Labernarda, 2021, 2022; Palacios-Quiñonero et al., 

2017). Recently, as an extension of the concept of TMDI, the Multi-Tuned Mass Damper 

Inerter (MTMDI), has been proposed (Palacios-Quiñonero et al., 2019) and tested in 

pounding mitigation of two adjacent  low-rise adjacent buildings. (De Domenico et al., 2020) 

use Multi-Tuned Mass Damper Inerter (MTMDI) to control dynamic response caused by 

higher vibration modes and to avoid damage due to mutual collision of high-rise adjacent 

buildings in a real case study project. Both studies have shown that MTMDIs are more 

effective than Multi-Tuned Mass Damper (MTMD). A novel device termed Double Mass 

Tuned Damper Inerter (DMTDI) was proposed by (Djerouni, Abdeddaim, Elias, et al., 

2021). It consists of multiple TMDs installed at the same floor level. The two masses of the 

TMDs are linked by an inerter. This device is used herein in mitigation of seismic pounding. 

The performance of this scheme is compared in two configurations (i) independent-DMTDI 

(i-DMTDI) installed at the top floor of each building, and (ii) coupled-DMTDI (c-DMTDI), 

where the two buildings are connected at the roof level by a DMTDI. Optimal parameters of 

the devices are estimated by a “pattern search” algorithm. Consequently, optimal i-DMTDI 

and c-DMTDI are designed, and their performance under some representative ground motion 

records is analyzed and discussed in both frequency and time domains.  

2. 2. Mathematical model  

Two 8-story shear frame buildings shown in Fig. 1 are considered for numerical simulation. 

The configurations of DMTDIs are shown in Fig. 1.  The dynamic properties such as mass, 

stiffness, damping coefficient, and natural frequency of the buildings are available in the 

literature (Abdullah et al., 2001; Rupakhety et al., 2020). The dynamic response and seismic 

excitation are assumed to be unidirectional for each building. 

The governing equation of motion of the two buildings subjected to seismic excitation �̈�𝑔is 

[𝑀𝑡]{�̈�𝑡} + [𝐶𝑡]{�̇�𝑡} + [𝐾𝑡]{𝑥𝑡} = −[𝑀𝑤]{1}�̈�𝑔 (1) 

Where the matrices [𝑀𝑡], [𝐶𝑡], and [𝐾𝑡] represent mass, damping, and stiffness of the two 

adjacent building system. Similarly, {�̈�𝑡}, {�̇�𝑡} and {𝑥𝑡} are respectively the unknown floor 

acceleration, velocity, and displacement vectors at the degrees of freedom (one in each floor 

level) of the two buildings.  
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Fig. 1- The n-story adjacent buildings, (a) equipped with i-DMTDI, (b) equipped with c-DMTDI. 

Also, [𝑀𝑤] and {1} are mass matrix similar to [𝑀𝑡] with null inertance (𝑏 = 0) and unit 

column vector, respectively. The relevant matrices for the system with c-DMTDI are: 

[𝑀𝑡](𝑁+2)×(𝑁+2) =

[
 
 
 
 
 
 
 
 
𝑚1,1 ⋯ 0

⋱
𝑚1,𝑛

𝑚2,1 ⋮

⋱
𝑚2,𝑛

𝑚𝑡 + 𝑏 −𝑏

−𝑏 𝑚𝑑 + 𝑏]
 
 
 
 
 
 
 
 

, (2) 
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[𝐶𝑡](𝑁+2)×(𝑁+2)

=

[
 
 
 
 
 
 
 
 
𝑐1,1 + 𝑐1,2 −𝑐1,2 ⋯

⋱ ⋮
𝑐1,𝑛 + 𝑐𝑡 −𝑐𝑡

𝑐2,1 + 𝑐2,2 −𝑐2,2

⋱
𝑐2,𝑛 + 𝑐𝑛 −𝑐𝑛

𝑐𝑡

𝑆𝑌𝑀 𝑐𝑛 ]
 
 
 
 
 
 
 
 

, 
(3) 

 

[𝑘𝑡](𝑁+2)×(𝑁+2)

=

[
 
 
 
 
 
 
 
 
𝑘1,1 + 𝑘1,2 −𝑘1,2 ⋯

⋱ ⋮
𝑘1,𝑛 + 𝑘𝑡 −𝑘𝑡

𝑘2,1 + 𝑘2,2 −𝑘2,2

⋱
𝑘2,𝑛 + 𝑘𝑛 −𝑘𝑛

𝑘𝑡

𝑆𝑌𝑀 𝑘𝑛 ]
 
 
 
 
 
 
 
 

, 
(4) 

 

where the subscript 𝑁 represents the total degree of freedoms. Here, 𝑚𝑡, 𝑐𝑡 and 𝑘𝑡 are the 

mass, damping factor, and stiffness terms corresponding to the TMD installed on building 

1, respectively. Similarly, 𝑚𝑑 , 𝑐𝑑 and 𝑘𝑑 are the mass, damping factor, and stiffness terms 

correspond to the TMD installed on building 2, respectively. Corresponding matrices for 

adjacent buildings equipped with i-DMTDI can be found in the literature (Djerouni, 

Abdeddaim, Elias, et al., 2021). 

 

3. Optimization problem  

The properties of the DMTDIs in Fig. 1 are optimally designed to mitigate interstory drift as 

well as minimum gap required to avoid pounding. To this aim, an optimal DMTDI tuning 

problem is formulated, taking the peak interstory drift as the response parameter to be 

minimized. The 𝐻∞-norm of the transfer function of the adjacent buildings equipped with i-

DMTDI or c-DMTDI from the external disturbance to the interstory drift of each building 

with respect to the ground is minimized in the optimization procedure. 𝑆even variables, 

namely mass, damping factor, stiffness, and inertance of the c-DMTDI are optimized. The 

number of variables to be optimized in the i-DMTDI system is 14. The optimization problem 

is numerically solved using a pattern search algorithm with an iteratively updated search 

range of the primary variables in MATLAB version R2019b. The upper and lower bounds 

of the optimization problem are presented in Table 1. The optimal parameters are shown in 

Table 2. 
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Table 1. The lower and upper bounds of the optimization problem used in this study 

 Mass (tons) Damping (KN. s/m) Stiffness (KN/m) Inertance (tons) 

Lower bound 0.2540 7.7508 234.1567 25.402 

Upper bound 76.205 2.2051.104 1.1147.105 1.2701.103 

 
Table 2. The value of optimal parameters 

 tm (tons) tc (KN. s/m) tk (KN/m) dm (tons) dc (KN. s/m) dk (KN/m) b (tons) 

i-DMTDI 
76.205 8.314 2297.705 76.205 325.772 2150.189 237.322 

0.322 3760.009 94530.830 76.205 118.066 4286.960 25.402 

c-DMTDI 76.204 2304.233 45669.248 68.608 2130.843 235.667 522.056 

4. Results 

To illustrate the effectiveness of the DMTDI proposed device, we consider two eight-story 

adjacent buildings described previously. The adjacent buildings are shear frames. Seismic 

response of the controlled and uncontrolled buildings is numerically simulated using four 

ground motion records (two far-fault and two near-fault). These ground motions are taken 

from the Pacific Earthquake Engineering Research Centre (PEER) database (Caicedo et al., 

2021; Ohtori et al., 2004). The Fourier Amplitude Spectra (FAS) of these ground motion 

records is shown in Fig 2. 

 

Fig. 2- Ground motion records FFT 

Maximum inter-story drifts over the height of the adjacent buildings with and without control 

devices under Hachinohe, Northridge, Loma Prieta, and Kobe ground motions are shown in 

Fig 3. The results show that the two schemes (i-DMTDI and c-DMTDI) effectively reduce 

maximum inter-story drifts of building-1 and building-2. Due to irregular distribution of 

stiffness in the two buildings, the inter-story drift is the largest at lower floors. The control 

devices are effective in controlling the largest inter-story drifts. It is also interesting to note 

that the two schemes are more effective in controlling the peak drift of building 1 than that 

of building 2 except under Kobe ground motion, where the reduction provided from the two 

schemes is similar.  

2333
3ECEES, September 2022, Bucharest, Romania



 

Fig. 3- Distribution of peak interstory drift and minimum separation distance over the height of the eight-

story adjacent buildings under Hachinohe, Northridge, Loma Prieta, and Kobe, respectively. 

 

The minimum separation required to avoid pounding is presented in the middle column of 

Fig 3. The percentage reduction is also included in Fig 3. It is evident that the two schemes 

are effective in reducing minimum separation gap, i.e., reduce the risk of pounding. 
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Percentage reduction in pounding distance varies from one ground motion to another. This 

reduction is within the range of 40-72% for the i-DMTDI scheme and 65-74% for the c-

DMTDI scheme. However, it should be noted that the results obtained by the c-DMTDI 

control scheme are all noticeably superior to those produced by the i-DMTDI control 

scheme. Higher pounding risk is noted under stronger ground motions: Northridge and Kobe. 

While the two schemes are similar in terms of controlling inter-story drift of individual 

buildings, i-DMTDI is superior in reducing pounding distance.  

 

Further investigation of the performance of the two schemes can be made from Fig. 4, where 

the maximum singular value of the frequency response functions (FRF) corresponding to 

inter-story drift and pounding distance are presented. The first two peaks of the uncontrolled 

response are related to the two buildings’ first vibration frequencies. The comparison shows 

the superior performance of the i-DMTDI in reducing the first resonant peak 0.5-1.5 Hz. In 

contrast, c-DMTDI seems to outperform i-DMTDI in reducing the higher resonant peaks. 

The relative amplitudes of these peaks are much lower than the first peak.  

  

 

 

Fig. 4-Frequency transfer function of the inters-tory drift and pounding distnace of the adjacent buildings 

with and without control devices. 

5. Conclusions and remarks  

This paper presents a coupled- double mass tuned damper inerter (c-DMTDI) and an 

independent double mass tuned damper inerter (i-DMTDI) for reduction in seismic pounding 

distance between two adjacent buildings. Two 8-story buildings represented by shear frame 

models are used for numerical analysis. The properties of the control devices are optimized 

by minimizing the 𝐻∞-norm of the transfer function corresponding to inter-story drift. 

Performance of the two devices in reducing inter-story drift and pounding distance is evalued 

by comparing their response to four selected ground motions. The results show that both 

devices are effective in reducing inter-story drifts of the two buildings, with superior 

performance in controlling building 1, which is more flexible than building 2. The devices 

are also effective in reducing minimum separation gap required to avoid pounding between 

the two buildings. In this aspect, the c-DMTDI is superior to the i-DMTI. In this study, only 

a single objective function, based on inter-story drift is used. Multi-criteria optimization, for 
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example, including the transfer function of inter-building gap, might potentially yield better 

control performance. Further investigation is needed under a large set of ground motion 

records (Djerouni, Abdeddaim, & Ounis, 2021; Rupakhety et al., 2020) and different types 

of adjacent buildings (Djerouni et al., 2022) to provide a clear and general conclusion on the 

performance of the proposed control devices. 
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Abstract: The study presents an experimental assessment of an emerging energy dissipation 
device, namely Lead Damper (LED), which provides a resistive force by the friction created 
between a lead core and a shaft. Tests are performed according to the European standard EN 
15129. The damper shows a rigid-plastic behavior without strength degradation regardless 
of the imposed deflection; the shape of the hysteresis loops is essentially rectangular, 
resulting in an effective damping of 0.55; the device is able to sustain multiple cycles of 
motion at the basic design earthquake displacement, providing maintenance-free operation 
even in presence of repeated ground shakes.  

Keywords: Lead Damper, EN 15129, energy dissipation, rigid-plastic hysteretic loop, 
experimental assessment 

1. Introduction  

Supplemental energy dissipation appears an appropriate and affordable solution to reduce 
the vulnerability of ordinary structures, such as residential, school and industrial buildings 
[Aliakbari et al. (2020), Gandelli et al. (2021), Garivani et al. (2020)]. It is typically 
implemented by providing the structure with dissipative bracing systems, made of steel 
braces equipped with dissipation devices, which aim at achieving two effects, namely 
increase the structural stiffness, with consequent reduction of displacements, and dissipate 
much of the seismic energy, leading to a reduction of the accelerations [Bruschi et al. 
(2020)].  
Nowadays, it is evident the urgency to guarantee the community resilience, which is the 
ability to return to ‘normal’ conditions after a seismic event within the shortest possible 
time [Manyena (2006)], and the currently available energy dissipation devices seem not 
meeting this target. In fact, the design of dissipative bracing systems is performed 
respecting the “structural safety requirement” at the Ultimate Limit State only [Bruschi et 
al. (2022), Di Cesare et al (2017), Mazza and Vulcano (2015), Mazza (2019)]; indeed, the 
devices are designed not to be engaged under normal service loads and weak seismic 
excitations [Martínez-Rueda (2002)]. Consequently, under small earthquakes, a structure 
equipped with dissipative braces is subjected to greater accelerations than the bare 
configuration [Gandelli et al. (2021)]. Another problem concerns mainly hysteretic 
dampers, which need to be replaced or restated after a major earthquake, because of low-
cycle fatigue and residual stresses; this introduces a potential threat to the safety of the 
structure, which is left exposed to aftershocks which may occur in a short time after the 
main event [Quaglini et al. (2021a)]. 
Moreover, when inserted in a structure, the energy dissipation devices increase the internal 
forces in beams and columns, cause the modification of the building layout, and in case of 
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retrofit, require a significant amount of construction work, resulting in heavy disturbance 
to the occupants [Martínez-Rueda (2002)].  
Therefore, a novel energy dissipation device should satisfy several objectives [Quaglini et 
al. (2021b), Rodgers et al. (2008)]: (i) should not require maintenance after a major 
earthquake, in order to guarantee a high safety level and maintain an economical appeal, 
especially for the retrofitting of conventional buildings; (ii) should not be at risk of low-
cycle fatigue bar fracture, which is a typical problem of current hysteretic devices; (iii) 
should ensure the re-centering of the structure at the end of a seismic event; (iv) should be 
characterized by a compact and architecturally low invasive design in order to reduce the 
impact on the building layout;  and (iv) the cost of devices should be economical compared 
with conventional design solutions. 
The present study deals with a novel Lead Damper (LED), which dissipates the seismic 
energy through the friction created between a lead core and a shaft and achieves high 
specific output force through preloading of the working material during the assembly 
[Rodgers et al. (2007)]. The performance of the damper is assessed experimentally to 
verify the compliance to the requirements of the European standard EN 15129 for 
Displacement Dependent Devices [CEN 2009]. 

2. Experimental investigation 

2.1. Description of the prototype 

A prototype of the prestressed Lead Damper (LED) has been experimentally investigated 
in the study. The prototype has four main components, namely the shaft, the tube, the cap 
and the working material (Fig. 1). 

 

Fig. 1 - Cross-section of the prototype LED 

Tube, shaft and cap are made of structural steel, while the working material is 99.99% pure 
lead. The shaft is plated with hard chromium (70 µm thickness) in order to minimize friction 
and wear during sliding through the bushing provided in the cap. The cap is fixed to the tube 
wall by means of eight screws.  
The prototype features a shaft diameter , an inner diameter of the tube 

, and a length of shaft in contact with the working material . The 
design deflection is  in either direction (i.e.,  total stroke). The prototype 
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was designed for a nominal force of . In order to avoid off-axis loads, self-lubricating 
spherical hinges with a minimum rotation capacity of ±2° are provided at both ends of the 
damper, namely at one end of the shaft and on the bottom of the tube. 

During the assembling process, the working material was prestressed by tightening the screws 
connecting the cap to the tube wall to a torque of . The assembling process is sketched 
in Fig. 2. 

 
Fig. 2 - Prestressing of the working material 

Three thermocouples were inserted into  blind holes drilled in the lateral wall of the 
containing tube, about 5 mm away from the chamber filled with the working material, in order 
to measure the temperature rise during the extrusion process.  

2.2. Experimental protocol 

The experiments were performed at the Materials Testing Laboratory of Politecnico di Milano, 
using a  servohydraulic testing machine (MTS Systems, Eden Prairie, MN), Fig. 3. 

 
Fig. 3 - Prototype installed on the testing machine 

The specimen was subjected to the type testing protocol prescribed in the European standard 
EN 15129 (CEN 2009) for assessment of Displacement Dependent Devices (
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Table 1). The hysteretic force-deflection response was evaluated by imposing harmonic cycles 
of increasing amplitude at 25%, 50% and 100% of the design deflection , at a 
loading frequency of . Five cycles for each intermediate amplitude and ten cycles for the 
maximum amplitude were applied. Eventually, a ramp test at 0.1 mm/s rate was performed to 
the amplified design displacement  (where  and  are the 
amplification factor and the reliability factor given in the standard, respectively), to assess the 
failure condition under quasi-static condition. 
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Table 1. Testing protocol according to EN 15129 (CEN 2009) 

Test Amplitude 
[mm] 

Frequency 
[Hz] 

n° of cycles [-] 

cyclic 
  5 
  5 
  10 

ramp   1 

In order to investigate the dependence upon the velocity, three additional tests were performed 
at the design deflection  with different frequencies, Table 2. 

Table 2. Testing protocol to investigate the dependence upon the velocity 

Test Amplitude 
[mm] 

Frequency 
[Hz] 

n° of cycles [-] 

rate 
  5 
  5 
  5 

Finally, the dedicated test prescribed by the Italian Building Code (CSLLPP 2018) for 
Displacement Dependent Devices and consisting in the application of 5 cycles at  to the 
Collapse Limit State displacement  was performed.  

3. Results 

The force–displacement behavior of the tested prototype observed in a preliminary cycle to 
check the axial displacement capacity is shown in Fig. 4. The prototype shows an initial elastic 
deformation, followed by a plastic behavior (i.e., constant force independent of the 
accommodated displacement) after the breakaway friction resistance of the working material 
has been overcome and sliding of the shaft has been engaged. It is also worth noting that due to 
the high elastic stiffness of the steel shaft the hysteresis loop has an almost perfectly 
rectangular shape, and the reaction provided from the damper either in extension (N > 0, shaft 
mowing outwards) or in compression (N < 0, shaft moving inwards) resembles the design 
force. The behavior of the device is essentially symmetric in tension and compression. The 
small changes in the output force close to motion reversals suggest that the friction between the 
shaft and the working material has a shallow dependence on the velocity, though this 
dependency does not affect too much the overall response. The idle displacement observed 
after the motion reversal and highlighted in the figure by red arrows is due to the clearance of 
the spherical hinges. 

 
Fig. 4 - Hysteresis loop of the LED prototype 
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Fig. 5 shows the hysteresis loops of the cyclic test according to EN 15129 (CEN 2009), 
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Table 1; the results of the additional tests of Table 2 are reported in Fig. 6, while the test 
prescribed by the Italian Building Code (CSLLPP 2018) is presented in Fig. 7.  
A decrease in the output force occurs in the tests at  and  when the damper 
switches from compression (N < 0, shaft moving inwards) to extension (N > 0, shaft mowing 
outwards). This behavior is possibly due to the leakage of the working material during the 
outwards movement of the shaft due to an excessive clearance between shaft and bore. 
Another possible reason is the progressive loosening of the screws caused by the movement of 
the shaft. Therefore, the asymmetric behavior observed in the cyclic test and absent in the 
preliminary loop shown in Fig. 4 is ascribed to manufacturing faults of the tested prototype, 
and not inherent to the LED design. 
Similar comments are valid also for the tests shown in Fig. 5 and Fig. 6. 

 

Fig. 5 - Hysteresis loops of the LED prototype at the cyclic tests according to EN 15129 (CEN 2009) 

 

Fig. 6 - Hysteresis loops of the LED prototype at different frequencies 

 

Fig. 7 - Hysteresis loops of the LED prototype at the cyclic test according to the Italian Building Code 
(CSLLPP 2018) 
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Two quantities are calculated at each cycle and used to characterize the response of the LED, 
namely the effective stiffness and the effective damping, determined through the expressions 
Eq. (1) and Eq. (2): 

 
 

(1) 

 

 

(2) 

where  is the output force of the prototype,  is the maximum cyclic deflection, and  is 
the area of the hysteresis loop, i.e., the amount of energy dissipated in the cycle. 
The European norm prescribes that both quantities  and  remain essentially constant as 
the cycles proceed, as shown in Table 3, where  is the cycle number ( ) and  and 

 are the effective stiffness and the effective damping at the third cycle respectively. 

Table 3. Requirements of the European norm EN 15129 (CEN 2009) 

Requirements 

 

 

Fig. 8 shows the cyclic variation of the effective stiffness and the effective damping assessed 
in the tests of 
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Table 1, highlighting a robust and stable behavior. Both  and  essentially fulfill the 
stability requirements of Table 3, with a maximum change in the effective damping of  in 
the test sequence at . The average value of  over 10 cycles performed at the 
design deflection is 0.55, i.e., 86% of the effective damping of an ideally rectangular loop, 
confirming the good dissipation capacity of the LED. After each sequence of tests, the 
prototype was left at ambient temperature for some time (45 min ÷ 90 min) and then subjected 
to the next sequence of cycles; the stiffness and damping were practically unchanged from the 
previous sequence. After cooling lead recrystallizes and recovers its original properties, 
thereby providing a reliable and consistent response even in case of multiple loading sequences 
occurring within short time 
Eventually, in the monotonic ramp test the prototype was able to sustain the amplified design 
deflection  and the force–deflection curves present a stable behavior, demonstrating the 
ability of the device to accommodate the prescribed displacement without any mechanical 
damage or deterioration of its stiffness.  
Fig. 9 shows the cyclic variation of the effective stiffness and the effective damping assessed in 
the additional tests performed to check the velocity dependence and the respect of the 
requirement of the Italian Building Code (CSLLPP 2018): the response of the device shows a 
light dependence upon the velocity, already observed in Fig. 4, and both stiffness and damping 
confirm their substantial stability over repeated cycles.  

 
Fig. 8 - Plots of (a) effective stiffness , and (b) effective damping  of the LED vs. number of cycles 

at different deflection amplitudes  

 

Fig. 9 - Plots of (a) effective stiffness , and (b) effective damping  of the LED vs. number of cycles 
at different frequencies 
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4. Conclusions  

The Lead Damper (LED), an emerging energy dissipation device, has been experimentally 
investigated. The device provides energy dissipation through the friction created between 
the lead core and a shaft and achieves high specific output force through preloading of the 
working material during the assembly. 
A prototype of the LED was experimentally assessed according to the provisions of the 
European standard EN 15129 for Displacement Dependent Devices. The damper exhibits a 
consistent rigid-plastic behavior, with an equivalent damping ratio of 0.55, close to the 
maximum theoretical value of 0.63.  
Cyclic tests were used to evaluate the response of the damper at different displacement 
amplitudes and showed a strength degradation when the damper switches from 
compression (N < 0, shaft moving inwards) to extension (N > 0, shaft mowing outwards), 
especially for larger amplitudes. The difference among the two phases is primarily due to 
the leakage of the working material when the shaft moves outwards, due to an excessive 
clearance between shaft and bore, and to the lengthening of the screws in the cap, rather 
than being not an inherent feature of the LED device. 
The tested specimen is able to sustain multiple sequences of motion at the basic design 
earthquake displacement, demonstrating its ability to provide maintenance-free operation 
even in presence of repeated ground shakes. Though a certain softening of the working 
material is observed due to heating, the changes in damping capacity over 10 cycles at the 
design deflection lie within the ±10% bound. The effect of heating is only temporary, and 
when the damper is cooled down to ambient temperature, the stiffness and damping 
characteristics return to their original value.   
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Abstract: Tuned mass damper inerter (TMDI) is relatively a novel concept as a passive 

vibration control device. The TMDI consists of an inerter mechanism linked to the tuned mass, 

parallel to the spring and dashpot of a classical tuned mass damper (TMD). The inerter tool 

provides a mass amplification effect on the classical TMD leading to greater vibration control 

capabilities. Double-Mass Tuned Inerter Damper (DTMDI), which consists of a double mass 

TMD (DTMD), with the two masses connected by an inerter device, has recently been found 

to be very effective in seismic vibration control of buildings. This contribution presents a 

comparison of the DTMDI and DTMD through time and frequency domain investigations. 

Selected “pattern search” algorithms are used to estimate optimal parameters of the control 

devices. Using a case study example of a benchmark building, superiority of the DTMDI over 

DTMD is presented and discussed. 

Keywords: inerter, double-mass tuned damper inerter, optimization, double-tuned mass 

damper, vibration control, tuned mass damper inerter, ground motion, pattern search 

1. Introduction  

The tuned mass damper (TMD) is an effective device among various structural vibration 

control mechanisms (Li et al., 2021). A TMD is a totally passive device that consists of a 

mass, a spring and a dashpot. A TMD device absorbs the vibration energy of the main 

structure (Cao et al., 2020). TMDs are generally effective when the first mode contribution 

to the response is dominant (Hussan et al., 2018; Soong & Dargush, 1997). Moreover, 

heavier TMDs perform better in seismic response control of structures (Nigdeli & Bekdaş, 

2019). Employing double-TMD (DTMD) with different dynamic characteristics has been 

investigated as a superior solution to a single TMD (see, for example, (Elias et al., 2016; 

Elias et al., 2019; Elias et al., 2020); (Elias; Elias & Matsagar, 2014; Elias & Matsagar, 

2019); (Stanikzai et al., 2019; Stanikzai et al., 2020); (Gaur et al., 2020)).. The DTMD has 

two TMDs. each having its own mass, stiffness and damping coefficient and tuned to a 

different natural frequency around the dominant frequency of the main structure (Cao et al., 

2020). In recent years, inerter devices, originally proposed by Smith (Smith, 2002), is 

gaining popularity in vibration control of structures. An inerter is a two-terminal element 

producing a force proportional to the relative acceleration across its terminals. The 

proportionality constant is called inertance and has units of mass. The inertance of such 

devices can be thousands of times its real mass (Nyangi & Ye, 2021).  (Marian & Giaralis, 

2014) proposed tuned mass damper inerter (TMDI) by incorporating an interter into a 
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classical TMD. (Djerouni et al., 2021) proposed a novel double-mass tuned damper inerter 

(DMTDI) device. In a classical TMDI, one of the terminals of the inerter is connected to one 

of the floors of the building. In a DMTDI, the masses of two TMD devices are connected by 

an inerter.  This contribution investigates the performance of the DMTDI in seismic 

vibration control of a building, represented by a benchmark model. A 10-storey shear frame 

building having one translation degree of freedom (DOF) at each floor level, with DMTDI 

on its top floor is considered for numerical study. The DMTDI parameters are optimized 

based on 𝐻∞-norm of the transfer function associated with the top floor displacement of the 

benchmark structure. A “pattern search” optimization algorithm is used to determine the 

mass, inertance, stiffness and damping coefficient parameters of the individual TMDIs. Then 

the performance of the DMTDI is evaluated in terms of response parameters such as 

displacement, acceleration, base shear, and TMD stroke using recording ground motions 

from past earthquakes.  Moreover, the performance of a DMTDI and a DTMD having the 

same total mass is compared.  

2. Numerical model

The governing equation of motion of the multi-story structure equipped with a DMTDI at 

the top, visually illustrated in Figure 1 (right), can be written as in Eq. (1) 

[𝑀𝑠]{�̈�𝑠} + [𝐶𝑠]{�̇�𝑠} + [𝐾𝑠]{𝑥𝑠} = −[𝑀𝑙]{1}�̈�𝑔 (1) 

Where [𝑀𝑠], [𝐾𝑠], and [𝐶𝑠] are the mass, stiffness and damping matrices of the structure, of

order (𝑁 + 𝑞) × (𝑁 + 𝑞), and 𝑁 and 𝑞 are the degrees of freedom (DOF) for the structure 

and DMTDI, respectively.  {�̈�𝑠}, {�̇�𝑠}, {𝑥𝑠} = {𝑥1, 𝑥2, … , 𝑥𝑁−1, 𝑥𝑁 , 𝑥𝑡1, … , 𝑥𝑡𝑞}
𝑇
 are the

unknown relative nodal acceleration, velocity, and displacement vectors, respectively. The 

earthquake ground acceleration is denoted by �̈�𝑔, and {1} is the vector of influence

coefficient. The mass, stiffness, and damping matrices are  reported in (Djerouni et al., 2021) 

. The corresponding matrices for a structure equipped with DTMD can be obtained by setting 

the inertance value to 0. The equation of motion in state-space can be written as 

�̇�(𝑡) = [𝐴]𝑌(𝑡) + [𝐵]𝑢(𝑡) 

𝑧(𝑡) = [𝐶]𝑌(𝑡) + [𝐷]𝑢(𝑡) 
(2) 

Where 𝒀(𝒕) = {{𝒙(𝒕)}, {�̇�(𝒕)}}
𝑻
is thestate vector, 𝒛(𝒕) is the output vector, and

[𝐴] = [
[0] [𝐼]

−[𝑀𝑠]
−1[𝐾𝑠] −[𝑀𝑠]

−1[𝐶𝑠]
] , [𝐵] = [

[0]

−[𝑀𝑠]
−1[𝑀𝑙]

] , [𝐷] = [0] (3) 

Where  [𝐴], [𝐵] and [𝐷] are system matrix, input matrix, and direct transmission matrix, [𝐼] 
and [0] are identity and null matrices, respectively (Ahmad et al., 2019). The transfer 

function matrix of the state-space system in Eq. (2) as a function of circular frequency 𝜔 is 

given by  

𝐺(𝑖𝜔) = [𝐶](𝑗𝜔[𝐼] − [𝐴])−1 [𝐵] (4) 

Where 𝑗 is the imaginary unit, the superscript (-1) denotes matrix inversion. 
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Fig. 1- Structural configurations with double-tuned mass damper (DTMD) (left), double-mass tuned damper 

inerter (DMTDI). 

3. Optimization problem

The optimization problem is solved numerically using a standard “pattern search” algorithm 

available in MATLAB (MathWorks, Iceland) to determine optimum design parameters of 

passive control devices DMTDI and DTMD installed at the top of benchmark building. 

Different response indexes such as peak floor displacement, peak floor acceleration, peak 

inter-storey drift, energy dissipation, etc., can be considered as an objective function in the 

optimization procedure. The 𝐻∞-norm of the transfer function of peak roof floor 

displacement is chosen as the objective function in this study. The parameters to be 

optimized are the mass, inertance, stiffness, and damping factor collected into the vector 
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𝑃 = [𝑚𝑡𝑞 , 𝑏, 𝑘𝑡𝑞 , 𝑐𝑡𝑞] of the individual TMDs and TMDIs in DTMD and DMTDI, 

respectively. The optimization problem can be formulated as:       

Find 𝑃, 

Minimize |𝑂𝐹(𝑃)|∞ = 𝑚𝑎𝑥|𝐺(𝑖𝜔)|, 

Subjected to 

{
 
 

 
 
𝑚𝑡𝑞
𝑚𝑖𝑛 ≤ 𝑚𝑡𝑞 ≤ 𝑚𝑡𝑞

𝑚𝑎𝑥,

 𝑏𝑚𝑖𝑛 ≤ 𝑏 ≤ 𝑏𝑚𝑎𝑥 ,

𝑘𝑡𝑞
𝑚𝑖𝑛 ≤ 𝑘𝑡𝑞 ≤ 𝑘𝑡𝑞

𝑚𝑎𝑥,

𝑐𝑡𝑞
𝑚𝑖𝑛 ≤ 𝑐𝑡𝑞 ≤ 𝑐𝑡𝑞

𝑚𝑎𝑥,

 

(5) 

 

The bounds of these design parameters are summarized in Table 1. Interested readers are 

referred to Ref.(Özsarıyıldız & Bozer, 2015) for further details on the selected lower and 

upper bounds. To make a valid comparison between DTMD and DMTDI, the total mass in 

both devices should be equal. This condition is set during the optimization as a constraint. 

The optimal parameters of DTMD and DMTDI are presented in Table 2. Four ground motion 

records obtained from the PEER database of the Pacific Earthquake Engineering Center 

(http://peer.berkeley.edu/nga) are used for response analysis and performance assessment of 

the control devices. Details of these records are summarized in Table 3.  

Table 1.  The range values of the optimization   

Design parameters  Unit Lower bound Upper bound 

Mass (𝑚𝑡𝑞)  (tons) 1.5 42 

Inertance (𝑏)  (tons) 15 560 

Stiffness (𝑘𝑡𝑞)  (KN /m) 38 3.5 103 

Damping (𝑐𝑡𝑞)  (KN. s/m) 5 2.5 103 

 
Table 2. Optimum design parameters of DTMD and DMTDI 

 Unit  DTMD DMTDI 

Mass (𝑚𝑡𝑞) (tons) 41.55 41.55 41.55 41.55 

Inertance (𝑏) (tons) - 554 

Stiffness (𝑘𝑡𝑞) (KN /m) 39.8587 322.6587 203.9248 366.0994 

Damping (𝑐𝑡𝑞) (KN. s/m) 92.9565 41.8379 29.3541 52.9767 

 
Table 3. Details of the natural ground motion records (Council, 2009) 

RSN Earthquake Year Magnitude Station 
PGA 

(g) 

PGV 

(cm/s) 
Characteristic 

1503 
Chi-Chi, 

Taiwan 
1999 7.60 TCU065 0.82 127.7 NFP 

160 Imperial Valley 1979 6.5 Bonds Corner 0.76 44.3 NFNP 

900 Landers 1992 7.3 
Yermo Fire 

Station 
0.24 52 FF 

1633 Manjil, Iran 1990 7.4 Abbar 0.51 54 FF 
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PGA-peak ground acceleration; PGV-peak ground velocity; NFP-near-fault pulse; NFNP-near-fault no pulse; 

FF-far-fault 

4. Results  

The results presented here correspond to a 10-story benchmark building This model has been 

used in the literature to represent a typical tall building with an approximate floor space of 

400m2. The building has irregular dynamic parameters (i.e., mass, stiffness, damping factor) 

in all the floors. This benchmark building has often been used to study the performance and 

effectiveness of different passive devices such as multiple-TMD, multiple-TMDI, TID, and 

TMD (Djerouni et al., 2021; Hadi & Uz, 2015; Ali Kaveh et al., 2020; A Kaveh et al., 2020; 

Nigdeli & Bekdaş, 2019; Sadek et al., 1997; Singh & Suárez, 1987). The dynamic properties 

of the 10-story benchmark structure are available in (Sadek et al., 1997). 

Top floor displacement, total acceleration, base shear, and TMD stroke of the buildings 

controlled with DTMD and DTMDI are compared to the response of uncontrolled structure 

in Figures 2-5.  

The DMTDI is superior to DTMD in controlling displacement response of the top floor. 

Control effectiveness varies with ground motion. When subjected to the ground motions 

listed in Table 3, displacement response reduction by the DMTDI is 60, 48, 54, and 50% for 

the four-ground motion in the order listed in the table. The corresponding reduction by 

DTMD is 50, 45,52, and 45%.  

 
Fig. 2- Time history of top floor displacement for Chi-Chi 1999 (near-fault with a pulse), Imperial Valley 

1979 (near-fault without pulse), Landers 1992, and Manjil 1990 (far-fault) ground motions, respectively. 

Figure 3 compares total acceleration of the controlled and uncontrolled building. The DTMD 

is marginally superior to the DMTDI for all ground motions except the Manjil ground 

motion. Response reduction of with DMTDI is in the range of 12~59% and that of DTMD 

is in the range of 19~60%.  
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Fig. 3- Time history of top floor acceleration for Chi-Chi 1999 (near-fault with a pulse), Imperial Valley 

1979 (near-fault without pulse), Landers 1992, and Manjil 1990 (far-fault) ground motions, respectively. 

The normalized base shear response of the benchmark structure subjected to all the selected 

ground motions is presented in Figure 4. As it can be seen from the figure, both DTMD-

equipped and DMTDI are ineffective under Imperial Valley ground motion. The response 

reduction from DMTDI 46, 0, 53, and 46% under Chi-Chi, Imperial Valley, Landers, and 

Manjil ground motion, respectively. Corresponding reduction ratios for DTMDI are 49, 0, 

52, and 35%.    

Fig. 4- Time history of base shear for Chi-Chi 1999 (near-fault with a pulse), Imperial Valley 1979 (near-

fault without pulse), Landers 1992, and Manjil 1990 (far-fault) ground motions, respectively. 

Finally, the stroke of the individual TMD, TMDI in DTMD, and DMTDI are presented in 

Figure 5. It is interesting to note that the two masses of the DMTDI move almost in phase. 

Except for the Imperial Valley ground motion, stroke of the DMTDI is smaller than that of 

DTMD. 
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Fig. 5- Time history of TMD stroke for Chi-Chi 1999 (near-fault with a pulse), Imperial Valley 1979 (near-

fault without pulse), Landers 1992 and Manjil 1990 (far-fault) ground motions, respectively. 

The difference in the performance of the two devices can also be studied by inspecting the 

response in the frequency domain. The transfer functions for the displacement and 

acceleration are plotted in Figure 6. For ease of visualization, the transfer functions are 

normalized by the peak of the transfer function of the uncontrolled structure. The dominant 

frequency of the building herein normalizes the frequency range. The frequency response of 

the uncontrolled structure is also shown as a reference. The plots show that the DMTDI-

equipped response peak is slightly lower than the uncontrolled and DTMD-equipped peaks 

at first and second resonance frequencies.  

Fig. 6- Frequency transfer function [𝐻(𝜔)] curves of displacement and acceleration responses at the top floor 

of the structure for the cases of uncontrolled, DTMD equipped, and DMTDI-equipped. DTDM: double-tuned 

mass damper; DMTDI: double-mass tuned damper inerter. 
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5. Conclusions

This contribution presents a study of double mass tuned damper inerter (DMTDI) in 

controlling seismic response of a benchmark building. Using four real ground motion, its 

performance in response reduction is compared to a classical double TMD (DTMD). The 

main difference between the DTMD and the DMTDI is that while the TMD masses in the 

former move independently, those in the latter are coupled via an inerter. The results show 

that both devices can significantly reduce top floor displacement of the studied building. The 

DMTDI is superior to the DTMD in this aspect. In most cases, the DTMD is marginally 

superior to the DMTDI in reducing base shear and top floor acceleration. The device stroke 

is, in most cases, smaller in. DMTDI, except for one of the four ground motions used in this 

study.  
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Abstract: This paper analyzes the polyurethane material that can be used for the 

construction of seismic isolation devices based on rolling of elastomeric spheres. Such 

isolators could be used in low-income countries. Uniaxial tensile tests were performed on 

dumbbell-shaped polyurethane 95 ShA specimens under two different loading protocols. 

Protocol 1 consisted of applying a cyclic saw-tooth loading centered on a pre-imposed initial 

deformation, while Protocol 2 consisted of consecutive loadings followed by relaxation at 

three different deformation levels. Then, a material model comprising three-chains in 

parallel was calibrated against the tests. The model combined the Yeoh hyperelastic and 

Bergstrom-Boyce models. The results of the parameter calibration showed that different 

testing protocols could lead to different model parameter values. In terms of fitting errors, it 

is observed that fitting to Protocol 1 generates a good prediction on Protocol 2 with an error 

of 0.26%; however, when fitting to Protocol 2, the behavior observed on Protocol 1 could 

not be accurately predicted, resulting in an error of 9.10%. Moreover, when comparing 

fitting to match only Protocol 1 with considering both protocols simultaneously, the total 

error is only reduced from 0.32% to 0.20%, suggesting that Protocol 2 adds redundant 

information already contained in Protocol 1. Additional tests with different deformation 

rates and ranges need to be conducted to define an optimal protocol for material calibration.  

Keywords: Bergstrom-Boyce, Yeoh hyperelastic, hyperelasticity, rubber modeling, 

parameter calibration, parallel rheological framework, testing protocol. 

1. Introduction 

Seismic isolation has matured during the last decades. However, its application in low-

income countries is very limited for several reasons, including the cost of the isolators 

themselves. Several isolation devices that have the potential to be manufactured at a low 

cost have been proposed, including the Fiber Reinforced Elastomeric Isolators (FREIs) 

(Kelly, 1999; Kelly & Konstantinidis, 2011; Naeim & Kelly, 1999) and the Spherical 

Deformable Rolling Seismic Isolator (SDRSI) (Cilsalar & Constantinou, 2019; 

Katsamakas et al., 2021, 2022)  (Figure 1, top). The latter uses an elastomeric sphere 

rolling on a concave concrete surface. Typically, FREIs would use a soft rubber 

compound, while SDRSIs would require much harder compounds (harder than 95A). 

Moreover, typically FREIs would mainly involve shear deformation, while the strain state 

of a rolling elastomeric sphere is more complicated and would also involve compression  
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Figure 1. Top: The Spherical Deformable Rolling Seismic Isolator (rigid body approximation) Bottom: 

Influence of the flexibility of the rubber (from Katsamakas et al., 2022) 

and tension, a strain state that also appears in other rubber isolation devices (Reyes et al., 

2020, 2022; Reyes & Almazán, 2020). 

First results have shown that the behavior of SDRSIs is more complicated than that of a 

rigid sphere rolling on a spherical surface. The sphere deforms under creep and develops 

flat spots against the top and bottom support surfaces. When it rolls, its oblong shape 

results in non-smooth rolling motion (Figure 1, bottom). The behavior of such a system 

depends on the elastic, creep, and cyclic behavior characteristics of the elastomeric 

material. Modelling such rolling behavior requires a material constitutive law that takes 

into account rate dependence (as there is both creep and rate dependence of the rolling 

behavior), as well as damage (as the spheres creep to flattened spheres under compression 

but do not recover their original shape when the load is removed). 

Calibrating material models for elastomeric materials under different strain conditions and 

different deformation modes (e.g., tension, shear, and biaxial extension) would be ideal, 

but performing several physical experiments is highly expensive and time-consuming. 

However, it has been shown that uniaxial tensile tests (ASTM, 2018) can provide reliable 

information on the behavior under other deformation modes, as well (Bergstrom, 2015; 

Forouzesh & Azadi, 2011; Beckmann et al., 2018).  

This paper proposes a model to describe the behavior of polyurethane of Shore hardness 

95A. It then proceeds with evaluating the effect of considering two different uniaxial 

testing protocols on the calibration of the material parameters. This is done on water-cut 

standardized dumbbell tensile specimens obtained directly from a polyurethane ball used 

for tests on SDRSIs. 
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2. Description of the experimental campaign

2.1. Dumbbell specimen 

The polyurethane ball considered in this study had a nominal Shore A hardness of 95  5. 

Purchasing standardized tensile dumbbell specimens together with the balls coming from 

the same material batch was not possible due to manufacturer production line restrictions. 

Thus, the specimens for the material parameter calibration were obtained directly from a 

100 mm diameter ball with a water-jet cutting machine.  

The ball was cut into two-millimeter slices, from where the tensile specimens were later 

obtained. Figure 2 presents the water-jet cutting process and the final dumbbell tensile 

specimens. Type 2, Type 3, and Type 4 specimens (according to ISO37 standard) were 

obtained; however, only results associated with Type 2 specimens are reported herein.  

The water-cutting machine parameters were set to 4500 Bar of pressure and 250 g/m of 

sand on a 0.5 mm cutting system. Cutting the slices out from the ball was performed at a 

considerably lower speed (by a factor of 25, approximately) than cutting the specimens out 

from the slices. 

2.2. Applied displacement protocols 

Two displacement protocols were applied on the same preconditioned Type 2 tensile 

specimen. These protocols were named Protocol 1 and Protocol 2, respectively. The first 

protocol consisted of cyclic saw-tooth loading centered on a pre-imposed initial 

deformation. The second protocol consisted of consecutive loadings followed by relaxation 

at three different deformation levels. In both cases, loading, unloading, and reloading paths 

were performed at engineering strain rates of 0.093 s-1. The strain of the specimen was 

measured with a standard extensometer with its gauge length set at 20 mm and placed at 

the narrow part of the specimen. Figure 3 presents the experimental setup, the applied 

deformation protocols, and the obtained stretch-stress relationships.  

Figure 2 – From left to right: i) Cutting drawings, ii) water-jet cutting process, iii) final dumbbell specimens, 

iv) Type 2 ISO37 specimen. All dimensions in mm.
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Figure 3 – Experimental setup and testing protocols 

3. Constitutive modeling and equations

This section briefly presents the modeling approach and the main equations of the 

considered constitutive model. The constitutive model equations presented herein were 

chosen to be consistent with the implementation in the MSC Marc software (Marc, 2019), 

which may slightly differ from modern textbooks or recent papers. 

The Parallel Rheological Framework (PRF) approach was used for the constitutive 

material modeling. This approach decouples the behavior of the material to different 

parallel chains with a given individual constitutive behavior. The PRF is already 

implemented in some FE commercial software, such as MSC MARC (MSC Software 

Corporation, 2019), and is helpful for modeling rubberlike materials (Marc, 2019). When 

modeling rubber, the standard approach is to separate the behavior of the material into a 

primary nonlinear hyperelastic chain (which provides the time-infinite equilibrium 

response) and several secondary viscoelastic chains (which provide the hysteretic and 

time-dependent behavior).  

In this work, one primary and two secondary chains are considered, as shown in Figure 4. 

For the primary chain (i.e., Chain A), the Yeoh hyperelastic model is considered (Yeoh, 

1993). For the secondary chains (i.e., Chains B and C), the Bergstrom-Boyce (BB) model 

is used, which is composed of an Eight-Chain (EC) hyperelastic model element in series 

with a nonlinear viscous flow element (Bergström & Boyce, 2001). For all cases, the 

isotropic and incompressible material formulation is considered. Figure 4 presents the 

rheological representation of the complete model with their respective material parameters.  

Figure 4 – Rheological representation of the constitutive material with the involved material parameters on 

each chain. Figure adapted from (Bergstrom, 2015).  
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It has been shown that the Yeoh and EC hyperelastic models have good predicting 

capabilities on various deformation states simultaneously while having fewer material 

parameters (Bergstrom, 2015). Moreover, both models depend only on the first invariant of 

the stretch tensor I1, which is a better choice when only uniaxial data is available (given the 

strong dependence of I2 on other deformation states, such as biaxial loading). Therefore, 

these models are a suitable choice for this study. 

3.1. Yeoh hyperelastic model  

The Yeoh hyperelastic model (Yeoh, 1993) corresponds to a phenomenological third-order 

polynomial that depends only on the first deformation invariant I1, neglecting the 

contribution of the second invariant I2. The strain energy function of the incompressible 

Yeoh model is: 

( ) ( ) ( )
2 3

10 1 20 1 30 13 3 3YeohW C I C I C I= − + − + −             (1) 

where C10, C20, and C30 are the model parameters, and I1 is the first invariant of the right 

Cauchy-Green deformation tensor. Given the higher order I1 terms, this model can 

represent S-shaped stress-stretch relationships more accurately than lower-order models. 

Moreover, neglecting the dependence on I2 makes it easier to be Drucker stable (Yeoh, 

1993). 

3.2. Eight-Chain hyperelastic model 

The EC hyperelastic model (Arruda & Boyce, 1993) corresponds to a physics-based model 

that assumes that the chain molecules of the material are, on average, located along the 

diagonals of a unit cubic cell located in the principal stretch space. The stress-strain energy 

function of the EC model involves the Langevin function; however, it is generally 

expressed as a series expansion, yielding the following expression (Marc, 2019): 

( ) ( ) ( ) ( ) ( )2 3 4 5

1 1 1 1 12 3 4

1 1 12 19 519
3 9 27 81 243

2 20 1050 7000 673750
ECW nkt I I I I I

N N N N

 
= − + − + − + − + − 

 
     (2) 

where nkt and N are the model parameters, representing the initial modulus and limiting 

chain extensibility, respectively. Here, I1 also corresponds to the first invariant of the right 

Cauchy-Green deformation tensor. 

3.3. Nonlinear viscoelastic element on Bergstrom-Boyce model  

The BB model is a constitutive model for representing the nonlinear time-dependent large-

strain behaviour of elastomeric materials (Bergström, 1999; Bergstrom, 2015; Bergström 

& Boyce, 1998, 2000, 2001; Bergström & Boyce, 1999). According to the MSC Marc 

implementation, the flow rate rule of the nonlinear viscous element is given by (Marc, 

2019): 

( )2 3

1 1
C C

chain
C    

 
= − +              (3) 

where C1, C2, and C3 are the model parameters, λchain is the viscous element stretch, ξ is a 

small positive constant (e.g., 5×10-3) for stability in undeformed configurations (i.e., λchain 

≈1), and τ is the effective stress driving the viscous flow. This model considers the 

multiplicative decomposition of the deformation gradient (i.e., λi=λi
eλi

p), where the elastic 

part is associated with the EC model and the plastic part with the non-linear viscous 

element.  
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4. Material parameters calibration results 

The considered model has a total of 13 parameters: C10, C20, and C30 for the Yeoh model in 

chain A; nktB, NB, C1
B, C2

B, and C3
B for the BB model in chain B; and nktC, NC, C1

C, C2
C, 

and C3
C for the BB model in chain C. However, parameters C2

B and C2
C can be set to -1 

since they are constrained to be close to that value due to reptational dynamics (Bergström 

& Boyce, 2001; Schäfer et al., 1999).  

The remaining 11 parameters were obtained under an optimization scheme using the 

Covariance Matrix Adaptation Evolution Strategy (CMA-ES) (Hansen & Kern, 2004). The 

objective function to be minimized was set as:  

( )
exp

2
exp

1

exp 2

1

,( )

( )

pred

i i

n
pred

i i
i

n

i
i

f  

 



=

=

−

=



            (4) 

where exp
i  and pred

i  are the measured and predicted stress values during the tests, 

respectively. The predicted stresses were obtained applying both displacement protocols to 

the proposed numerical model for a given case of optimal parameters. Three cases were 

considered for the optimization: (i) fitting the parameters to match Protocol 1 (Case A), (ii) 

fitting them to match Protocol 2 (Case B), and (iii) fitting to match both Protocols 1 and 2 

simultaneously (Case C). Table 1 presents the optimization results, including the objective 

fitting protocol, search domain, the optimal parameter values, and the fitting error per 

protocol as a percentage (i.e., exp ,( ) 100pred

i if    ). Parameters not included in the 

optimization are bolded. 

It can be observed that for most of the parameters, the optimal values for Cases A and C 

are similar. Moreover, the overall error does not change much between Cases A and C 

(from 0.32%, it drops to 0.20%). On the contrary, when one calibrates based only on 

Protocol 2 (i.e., Case B), a) the model parameters are very different, and b) the total error is 

much larger (9.12%). Therefore, training on Protocol 1 to predict the response of Protocol 

Table 1. Summary of the obtained material parameters. 

 Search domain 
Objective fitting protocol 

Case A Case B Case C 

Yeoh 

(Chain A) 

C10 [1, 2.5] 1.88 1.00 1.81 

C20 [-1, 1] -5.13×10-1 1.10 -4.61×10-1 

C30 [0.01, 1] 2.30×10-1 5.20×10-2 2.16×10-1 

Bergstrom-Boyce 

(Chain B) 

nkt [0.1, 20] 2.73 1.45 2.15 

N [1, 5] 5.00 1.00 2.10 

C1 [0, 5] 1.25×10-3 2.48×10-4 8.06×10-3 

C2 - -1.00 -1.00 -1.00 

C3 [1, 10] 3.50 4.70 3.60 

ξ - 5.0×10-3 5.0×10-3 5.0×10-3 

Bergstrom-Boyce 

(Chain C) 

nkt [0.1, 20] 11.8 3.59 10.3 

N [1, 5] 3.60 4.10 3.80 

C1 [0, 5] 5.00 1.0×10-2 5.2×10-2 

C2 - -1.00 -1.00 -1.00 

C3 [1, 10] 7.40 5.70 2.50 

ξ - 5.0×10-3 5.0×10-3 5.0×10-3 

Fitting errors 
exp ,( )pred

i if    x 100 

Protocol 1 0.06 9.10 0.06 

Protocol 2 0.26 0.02 0.14 

Total sum 0.32 9.12 0.20 
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Figure 5 – Performance of the three sets of obtained parameters when the two testing protocols are applied to 

the proposed numerical model: (a) Protocol 1 and (b) Protocol 2. 

2 is feasible, while the opposite is not. Moreover, training on both Protocols 1 and 2 

simultaneously, does not seem to offer a significant advantage compared to training solely 

on Protocol 1. Therefore, there does not seem to be a reason to experimentally test under 

Protocol 2. Figure 5 presents the performance of the three sets of obtained parameters. It 

can be observed that, in fact, Cases A and C yielded better and similar results compared 

with Case B. In addition, no substantial improvement is observed in the fitting when 

protocol 2 is included. 

Other interesting results are the nkt values obtained on Chains B and C. A high nkt value is 

generally associated with a stiff instantaneous (short-term) response on the chain, while a 

small nkt value with a flexible long-term behavior. In both Case A and C, the optimization 

procedure assigned a small and a large value in each chain, thus decoupling its long- and 

short-term behavior. In fact, in these cases, Chain B (small nkt value) provides the 

relaxation behavior, while Chain C (larger nkt value) provides the hysteretic loops. 

5. Conclusions and further work

This study included uniaxial tests on a dumbbell-shaped Polyurethane specimen of 95A 

hardness under two different loading protocols. It proposed a three-chain parallel 

rheological constitutive model to compute the rate-dependent hysteretic cyclic response 

and evaluated the usefulness of each loading protocol. Protocol 1 consisted of applying a 

cyclic saw-tooth loading centered on a pre-imposed initial deformation, and Protocol 2 of 

consecutive loadings followed by relaxation at three different deformation levels. 

The main conclusions of this work can be summarized as follows: 

• The testing protocol has a strong influence on the obtained parameters since it

affects the types of phenomena captured (e.g., Creep, relaxation, hysteresis, etc.)

• Performing only monotonically increasing deformation protocols (even with

intermediate relaxations) does not suffice for a proper material calibration, since

2365
3ECEES, September 2022, Bucharest, Romania



information related to unloading or cyclic deformation is missing and is not 

captured by the model. 

• Applying cyclic protocols at a fixed range of deformation during extended periods 

of time may provide information about the relaxation behavior as well, since 

relaxation behavior is observed when cycling at a pre-imposed deformation during 

extended periods (few seconds). 

• Considering two secondary chains in the Parallel Rheological Framework gave the 

model an adequate response. Moreover, the obtained parameters were associated 

with different behaviors: (i) one chain representing the energy dissipated on cyclic 

deformations, and (ii) the other chain representing the relaxation behavior. The 

optimal number of parallel chains is still unclear and needs to be further studied. 

• More tests and analyses need to be performed to define an optimal set of protocols 

for material characterization.  

• The deterioration in time of the polyurethane mechanical properties need to be 

further investigated since other elastomeric devices have evidenced changes on its 

long-term mechanical behavior and property modification factors have been 

proposed (Mazza, 2019; McVitty & Constantinou, 2015). 
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Abstract: A three-segment steel panel damper (SPD) consists of top and bottom elastic 
joints (EJs) and an inelastic core (IC) in the mid-height. This paper report the seismic 
performance of two identical 1m deep and 2.6m tall specimens fabricated from using a 
hybrid steel wide-flange section with 30mm SN490 steel flanges and 8mm SN400 web. In 
each specimen, elastic joints are stiffened with 10mm web doubler plates and plug welds. 
The only difference is in the stiffener layouts in the two 750mm-tall IC webs. They were 
stiffened, meeting the proposed design procedures simplified from the model building 
specifications, to develop a peak shear deformation up to 0.08 and 0.13 radians, respectively. 
Cyclic loading tests indicate that both two SPD specimens performed remarkably well, all 
sustained a peak IC shear deformation larger than 0.12 radian without obvious stiffness or 
strength degradation. Both two specimens fractured near the fillet weld attaching the 
stiffener to the IC web during the first cycle of 0.15 radian shear deformation. Whilst the 
peak strengths of the two specimens are almost the same, all the EJs performed as intended, 
maintained elastic throughout the tests without any sign of yielding or instability.  

Keywords: seismic damper, shear yielding, capacity design, web stiffener 

1. Introduction 

Recent researches on steel dampers have focused on providing supplemental energy 
dissipation for improved seismic performance. For example, from Argentina, the multiple 
friction damper is composed of friction elements that can be stacked around an existing 
column to dissipate energy (Martinez and Curadelli 2017).  In China, the curved surfaces 
of the arc-surfaced frictional damper in a diagonal brace, result in damping forces that vary 
with displacement (Wang et al. 2017). Korean researchers have combined a steel slit 
damper and rotational friction dampers for seismic retrofit of a reinforced concrete moment 
frame (Lee et al. 2017). Using a different mechanism, the stiffness, strength and ductility 
of a steel moment frame can be enhanced by incorporating the steel panel dampers (SPDs) 
in some or all stories as shown in Fig. 1. The proposed SPDs include three segments using 
two different steel wide-flange sections (Tsai et al. 2018). During small earthquakes, the 
entire SPD should remain elastic. Under strong earthquakes, the top and bottom two 
segments, which use the same cross-sectional properties, are designed to remain elastic 
while the middle segment can undergo inelastic deformations thereby dissipating seismic 
energy. Whilst the top and bottom segments, which use a stronger section, are named as 
the elastic joints (EJs), the middle segment is defined as an inelastic core (IC), which uses 
a thinner or weaker grade of steel than the EJs.  
The SPD must be properly portioned using capacity design principle for the flanges and EJ 
webs. Stiffness and strength of the proposed SPD can be decoupled (Tsai et al. 2018). The 
overall stiffness of a SPD with a specific shear strength can be increased, by either 
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reducing the IC height or increasing the EJ web thickness beyond that required from the 
capacity design point of view. Moreover, the boundary beams, which support the SPDs 
from the given and adjacent stories must be properly proportion to achieve a desirable 
yielding mechanism (Tsai et al. 2018, Tsai and Chang 2019). Thus, a cost-effective design 
can be achieved by considering the stiffness contributions from both the SPDs and the 
boundary beams (Tsai and Chang 2019). 

SPD

Boundary Beam

Beam-SPD Panel Zone

Deformed Shape

 

Buckling 
Restraining 
Stiffeners

End-Stiffeners

Elastic Joint
(EJ)

Elastic Joint

Inelastic Core
(IC)

L

 
Fig. 1 – Schematics for the SPDs in an MRF and the definitions of various segments and stiffeners 

In the prior researches (Tsai et al. 2018, Tsai and Chang 2019), the construction of SPDs 
adopted two continuous SN490-steel flanges, two thick SN490-steel EJ webs and one thin 
SN400-steel IC web. The IC web is properly stiffened with buckling-restraining stiffeners 
(Fig. 1), whilst the three web plates must be properly cut, fitted and welded to the flanges 
and the end stiffeners. In fact, fabricating built-up wide-flange sections using submerged 
arc welding process joining the three plates is rather common in Taiwan. There could be 
some cost saving if a long-span wide-flange hybrid steel section can be fabricated first 
from two continuous SN490 flanges and one single SN400 web. Then, the SPD can be 
conveniently cut and fabricated from such a long member since there are likely more than 
one SPD with specific strength in a building construction project. After cutting, in this case 
the IC web is continuously extended into the EJs (Fig. 2), and the EJs are strengthened 
beyond the dividing end-stiffener using web doubler plates. The objectives of this research 
are to develop and validate: (1) the capacity design procedure for the SPDs using doubler 
plates for the EJs; (2) a simplified design procedure for the IC web stiffeners. 

 

 

 

 

Fig. 2 – Schematics of three-segment SPD constructions: (left) using separate plate for the IC and EJs, 
(right) using a continuous web and two doubler plates. 

2. Experimental Program 
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2.1. Design of Specimens 

2.1.1. Capacity deign of SPDs 
The nominal shear strength the proposed SPD, Vy can be computed considering the shear 
are of the IC and the shear yield stress of the IC steel grade: 

 ,0.6y y w ICV F dt=  (1) 

The maximum possible strength the SPD, Vmax can be estimated from the possible material 
over-strength (Ry) of the given steel grade and strain hardening (ω) of the IC web when it is 
undergo large inelastic deformation: 

 max y yV R Vω=  (2) 

Thus, the flexural demands (Mu) vs. the required capacities (Mn) at the outer ends of IC and 
EJ can be evaluated using Eqs. 3 and 4 using LRFD procedures (AISC 2016) and a 
strength reduction factor φ =0.9. Note that the IC web is not considered in computing the 
flexural capacity at the IC end when it is undergoing large inelastic shear deformations. 

 , 2
max IC

u IC
V hM = , , 2

max SPD
u EJ

V hM =   (3) 

 u ,IC n,IC f yfM M = Z Fφ φ≤ , ( )u ,EJ n,EJ f yf w,EJ yw,EJM M Z F Z Fφ φ≤ = +   (4) 

Considering the load capacity of the experimental facility, the size of the full scale 
specimens were designed as large and as practical possible. The overall height of the 
specimens 2.6m is considered from a story height of 3.4m and the depth of the boundary 
beam of 800mm. The SPD is 1m in depth, with an 750mm-tall IC and two 925mm tall EJs 
as shown in Fig. 3. The SN490 steel (Fy=325MPa) is considered for the 30mm-thick 
flanges, whilst SN400 steel (Fy=235MPa) is assigned for the 8mm-thick IC web and the 
10mm-thick doubler plates in the EJs. These aforementioned sizes and steel grades meet 
the requirements described in Eqs. 1 to 4. Complete joint penetration welds (E70 electrode) 
were adopted to connect the IC web plate to the SPD flanges. Before the fabrication, 
additional Abaqus finite element model analysis results confirmed the requirements of the 
10mm-thick doubler plate and the plug welds to ensure the stability of both the EJ web and 
the doubler plate when the IC undergoes lager inelastic deformations. 
 

2.1.2. IC web stiffener layout and designs 
For the design of IC web stiffeners, provisions for the shear link in the eccentrically braced 
frames (AISC 2016) and those for SPDs (AIJ 2014) were compared. It is prescribed for the 
AISC shear link that web stiffeners be devised on both sides of the web transverse to the 
flanges, whilst stiffeners be placed transversely on one side of the web and longitudinally 
in the opposite side for AIJ SPDs. Both two specify the stiffeners’ spacing based on the 
estimated peak shear deformation demands. AISC prescribes that the shear deformation 
demand be less than 0.08 radian. It can be found that the AIJ provisions result in an overall 
slightly lighter weight of stiffeners. The two-way stiffeners factually divide the entire IC 
web into several subpanels thereby stabilizing the entire IC to undergo large inelastic shear 
deformations. Both AISC and AIJ provisions prescribe the minimum thickness or stiffness 
of the stiffeners. In this study, design procedures of the AIJ provisions are chosen, 
simplified and summarized below: 
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(1) Calculate the depth the height ratio, αs of each subpanel after deciding the number of 
the longitudinal (nL) and transverse (nT) stiffeners, using the net distance dw=d-2tf : 
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(2) Check the height-to-thickness ratio of the subpanel to meet the estimated peak shear 
deformation demand γu: 
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(3) Determine the thickness ts and width bs of the stiffeners considering the minimum 
hight-to-thickness ratio of 9.0 (AIJ 2014). Compute each stiffener’s flexural stiffness Is 
and the relative stiffness γs:  

 
3

3
s s

s
t bI = , s

s
w IC

EI
d h

γ =  (7) 

(4) Compute the optimal relative stiffness γs
* considering the aspect ratio of the subpanel. 

Empirical Eq. 9 is the regression result from this study based on an important data base 
(Tamai and Seo 2014) in which the AIJ provisions are developed from. When the 
subpanel aspect ratio is close to 1.0, γs

* approaches the minimum. 

 ( ) ( )2* 152.7 log 21.14log 26.34s s sγ α α= + +  (8) 

(5) If the stiffener’s stiffness ratio γs/γs
* equals to 1.0, it implies the inelastic shear buckling 

resistance of the subpanel and the entire IC web is about the same. It is suggested that 
γs/γs

* be greater than 3.0 (AIJ 2014). 
Accordingly, Specimens SPD-4L2T and SPD-3L4T are designed for an estimated peak 
shear deformation γu of about 0.08 and 0.13 radians, or story drift θu of 0.025 and 0.04 
radian based on the SPD height of 2.6m. As shown in Fig. 3, 4L2T stands for the layout of 
the 4-longitudinal and 2-transverse stiffeners. Key specimens’ dimensions are listed in 
Table 1.  

Table 1 Dimensions of the specimens (mm) 
Specimen h d        
SPD-4L2T  

2600 1000 250 8 8+10 30 750 
12 × 90 

SPD-3L4T 9 × 80 
 
Key design parameters are given in Table 2 using the IC web nominal yield stress with 
Ry=1.3 and ω=1.5 for Eqs. 1 and 2. Note-worthy stating that the stiffness ratio γs/γs* of 
SPD-3L4T is 1.2, only slightly larger 1.0. In Table 2, the values of (hs/tw)req are computed 
from Eq. 6 using the nominal yield stress of SN400 steel. Each end of the SPD specimens 
was fully welded to an end plate before anchoring into the loading apparatus. 
 

Table 2 Key design parameters of the specimens 

Specimen Vy 
(kN) 

Vmax 
(kN) 

uθ  
(%rad) 

uγ  
(%rad) 

s

w req

h
t

 
 
 

 s

w

h
t

 
*
s

s

γ
γ

 

SPD-4L2T  1128 2200 2.5 7.9 34.3 31.3 3.2 
SPD-3L4T 4.0 12.9 19.4 18.8 1.2 
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2.2. Experimental Setup, Instrumentation and Loading Protocol 

In this research, the 6-DOF multi-axial testing system (MATS) in National Center for Research 
on Earthquake Engineering (NCREE) is adopted as in the previous study (Tsai et al. 2018). 
Strong steel bearing blocks were placed on the top and bottom of the SPD specimen end plates. 
Post-tension rods were used on the stiffened end plates in order to securely anchor the 
specimen into the MATS. Various displacement transducers, strain gauges and optical 
displacement sensors were instrumented at each segment of the specimens. The cyclically 
increasing lateral displacements followed those prescribed in the model specifications for 
testing of welded moment connections (AISC 2016). Applying the MATS platen’s 
longitudinal translations without introducing rotations, the in-plane target cyclic inter-story 
drift ratios (IDR) are 0.125%, 0.375%, 0.5%, 0.75%, 1%, 1.5%, 2%, 3%, 4%, and 5%, each 
with the required number of cycles. Throughout the cyclic loading test, a constant 500kN 
compression was imposed on each SPD specimen to simulate the effects of the gravity loads. 

Table 3 Tensile coupon strengths of the steel plates 

Material Grade Thickness 
(mm) 

Fy 
 (Mpa) 

Fu  
(Mpa) 

Flange SN490 30.2 366 523 
Web SN400 8.01 337 450 

Doubler plate SN400 10.1 354 451 
Stiffener SN490 12.1 405 525 
Stiffener SN490 9.04 285 414 

3. Experimental Results 

Tensile coupon strengths of various plates are listed in Table 3. Key force and deformation 
responses of the specimens are given in Fig. 4 and Table 4. In the table, experimental yield 
strength Vey is computed from the IC web plate’s tensile coupon strength. The experimental 
ultimate IDR θeu considers the peak deformation cycle imposed on the specimens before the 
failure of the specimens occurred.  The experimental ultimate shear deformation γeu is the peak 
shear deformation developed in the IC before the loading cycle where failure or strength 
degradation of the specimens occurred shown in Fig. 4. The cumulative plastic deformation 
(CPD) of the IC is normalized with respect to the shear yield strain γy=0.0026 using τ=0.6Fy 
and the IC web’s tensile coupon strength. In the right four columns of Table 4, experimental 
flexural strength Men,IC and Men,EJ are evaluated using Eq. 4 with tensile coupon yield stresses 
of the flanges, web and doubler plates, whilst experimental flexural demands Meu,IC and Meu,EJ  

  
Fig. 3 – Dimensions of SPD-4L2T  specimens and experimental setup 
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are computed from using experimental peak lateral force Vemax and Eq. 3. 
Table 4 Key experimental responses of the specimens 

Specimen Vey 
(kN) 

Vemax 
(kN) 

Vemax/ 
Vey 

θeu 
(%rad) 

γeu 
(%rad) CPD Men,IC Meu,IC/ 

Men,IC Men,EJ 
Meu,EJ/ 
Men,EJ 

SPD-
4L2T  1618 

2438 1.51 4.0 12.1 410 2324 0.35 3530 0.80 

SPD-
3L4T 2507 1.55 4.0 12.0 404 2324 0.35 3530 0.80 

 

  
Fig. 4 – Experimental later force vs. deformation relationships of the specimens of 

(left) the entire 2.6m-tall SPDs, and (right) the 750mm-tall ICs 
 
Test results indicate that both specimens performed remarkably well. The EJs in the two 
specimens performed as expected, remained elastic throughout the tests. Specimen SPD-4L2T 
was fabricated with a larger height-to-thickness ratio (31.3 vs. 18.8), but performed not 
noticeably worse, than SPD-3L4T. This should be attributed to the stiffer stiffeners (12×90 vs. 
9×80mm) adopted in the 4L2T. The requirement of the stiffness ratio be greater than 3.0 
appears conservative. However, it has made SPD-4L2T to sustain cyclically increasing shear 
deformations well beyond the expected 0.08 radian without a strength degradation. The peak, 
cumulative deformational capacities, and the peak strengths of the two specimens are 
extraordinarily similar. 

4. Conclusions 

From the tests of the two SPD specimens, conclusions can be made as follows: 
(1) Properly designed and fabricated three-segment SPDs can sustain a large inelastic story 

drift without noticeable stiffness or strength degradation, thereby dissipating large 
significant amount of seismic energy. 

(2) SPDs can be effectively fabricated from the proposed method using a hybrid steel 
beam member, dividing end-stiffeners, EJ web doubler plates and IC web buckling 
restraining-stiffeners. The hybrid steel beam member consists of SN400 web and 
SN490 flanges. 

(3) Using the proposed procedures, the IC web stiffeners can be layout and proportioned to 
meet the specified large inelastic shear deformation demand. Test results suggest that 
the proposed SPD design and fabrication procedures are practical and conservative for 
severe seismic services. 
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Abstract: This paper describes a novel integrated damping system that is able to generate 

significant levels of damping by employing the own mass of the structure as damper mass. 

Differential movements between the main building and the movable portion are controlled 

by fluid viscous dampers which are used to provide damping and control accelerations. 

Additionally, springs working in parallel are employed to resist the static loads applied to 

the moving mass. Thanks to the large mobilized mass, the system is able to significantly 

enhance the dynamic behaviour of the building with minimum differential displacements. 

The feasibility of the concept is firstly investigated using an idealized two-degree of 

freedom structural representation. This is then followed by a more detailed implementation 

in an illustrative 300 m tall building. The benefits of the proposed system are shown through 

the assessment of five key performance indexes under both wind and a selected suite of 

earthquake records. The system is shown to clearly overcome the limitations of most 

conventional damping systems while achieving a favourable performance both in terms of 

additional equivalent damping and improved seismic response.  

Keywords: damping systems, dynamic response, energy dissipation, mass dampers 

1. Introduction 

The traditional approach of designing buildings to dissipate seismic energy via inelastic 

behaviour following capacity design principles is often replaced by the more contemporary 

methods of incorporating supplementary damping systems to achieve low or no damage 

solutions and a more resilient seismic design. For tall buildings, under either wind or 

seismic excitations, it is also now widely accepted that a more efficient solution can be 

achieved by adding a supplementary damping system. 

Since the first elastomeric viscoelastic dampers were used to control wind-induced 

vibrations in the World Trade Center in 1969, various studies have demonstrated their 

effectiveness in reducing both wind and seismic excitations (Samali & Kwow, 1995). 

However, because of their relatively reduced energy dissipation capacity and the fact that 

they dissipate energy through heat while having highly-temperature-dependent properties, 

their use diminished as fluid viscous dampers were introduced. 

Fluid viscous dampers (FVD) are characterized by a high energy-dissipation capacity with 

small movements and a lack of static stiffness for excitations below a 4 Hz cut-off 

frequency, as employed in numerous studies and practical applications (Symans and 

Constantinou, 1998; Constantinou et al., 2001; Smith & Wilford, 2007; Taylor, 2016). 

However, despite their significant energy dissipation capacity, the lack of static stiffness 

typically results in the presence of practical height limits for its applications. 

One of the most common tall building damping systems is the tuned mass damper (TMD). 

This is due to its relatively good performance, simplicity, and adaptability to be added late 

in the design stage without affecting the building dynamic properties. Although the damper 

mass is the parameter most affecting the TMD performance, this is typically kept at a 

maximum of 0.5% to 1% of the building mass due to practical reasons. This results in a 2% 
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to 4% additional equivalent damping. Despite their extended use, TMDs have a series of 

limitations, including: (i) occupying a large valuable space at the top of the tower; (ii) 

requiring strengthening schemes; (iii) ineffectiveness to reach a resonant response when 

subjected to a pulse or random base-excitation and their specific first-mode tunning; and 

(iv) their high-sensitivity to detuning. Moreover, as the TMD is a non-redundant system 

and can be under maintenance when the building is subjected to wind or seismic events, 

their added damping cannot be accounted for to reduce strength loads. This differs from 

distributed damping systems, which can reliably mitigate wind and seismic lateral loads 

hence bringing considerable savings to the superstructure and the foundations.  

The paper describes a recently developed system (Martinez-Paneda & Elghazouli, 2020), 

referred to as the “integrated damping system (IDS)”. This represents a variation of the 

TMD and relies on the mobilization of a significant portion of the building mass as a 

damper mass by connecting it to springs in parallel with FVDs. The proposed approach has 

the advantage of being a redundant damping system that overcomes most limitations of 

conventional TMDs while providing large levels of additional equivalent damping. In 

subsequent sections, the fundamental principles of the IDS are outlined followed by a 

description of its implementation within an illustrative 300m tall central-core building. The 

response is investigated under seven real seismic excitations through five key performance 

indexes, namely: additional supplementary damping, top displacement, inter-story drift, 

absolute accelerations, and differential displacements.  

2. Large mass damper 

One of the key ideas behind the integrated 

damping system is that, by using the building 

own mass, it is possible to mobilize a far larger 

damper mass than what would be practically 

possible in a conventional TMD. Moreover, this 

additional mass would not have the shortcoming 

of requiring any floor space or increased 

structural elements to support it. The behaviour 

of a large mass TMD can thus be investigated by 

using a 2-DOF idealized representation (Figure 

1). The main structure is represented as a single 

DOF, to which the additional TMD is attached, 

and connected via a spring and damper in 

parallel. This widely used simplification to 

investigate the TMD behaviour has been verified 

by numerous researchers and has proven to 

provide accurate results provided that the 

building natural frequencies are well separated, 

as is typically the case for tall buildings 

(Warburton, 1982). 

By subjecting the main structure mass, m, to a harmonic excitation and assessing the 

response modifying the TMD mass, md, while keeping the damping ratio and frequency of 

the TMD to their optimum values (Connor, 2003), it is possible to observe how the 

variation of the mass ratio, µ, between the damper mass and main structure mass, can 

greatly enhance the level of equivalent damping, ξe, (Figure 2).  

Fig. 1 - Simplified two degrees of freedom 

representing a single degree of freedom 

structure with an attached tuned mass damper 
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The same simplified model can be used to investigate the relationship between the damper 

mass to main mass maximum displacement amplitudes, Ud/U, under harmonic excitation, 

constant level of damping, and varying mass ratio (Figure 3). This is another key parameter 

underlying the IDS formulation. As depicted in the figure, the relative displacement 

decreases as the mass ratio increases for a set level of additional equivalent damping. 

 

From the results in Figures 2 and 3, the main concept of the IDS is thus evident: if a large 

enough mass is mobilized, a considerable amount of damping can be generated with 

minimum differential displacements. 

Further investigations on large mass TMDs also show reduced sensitivity to detuning. By 

mobilizing a larger mass, the system is able to provide a more robust response dampening 

the building response over a wider range around the main natural frequency (Rana & 

Soong, 1998). This enables the system to effectively mitigate the building response under 

higher-mode excitation, thus becoming suitable to deal with both wind and seismic loads. 

3. Integrated Damping System 

Rather than adding an additional mass, the IDS proposes to use a portion of the own 

building mass as a damper mass. This, used in conjunction with minimum structural 

movements, has the potential to obtain considerable damping levels by controlling the 

differential movements that take place between the damper mass and the rest of the 

building. The principle enabling part of the building mass to be used as a damper mass is 

the notion that, provided that accelerations are controlled, the movement of a usable part of 

the building is not a limiting factor from the point of view of human perception (Kareem, 

1983). 

The underlying idea of the IDS is to identify a portion of the building which would be 

allowed to move differentially from the lateral force-resisting system and connect it via 

springs in parallel with FVDs. The latter act as energy-dissipation elements while 

controlling serviceability accelerations within the movable portion. The springs, on the 

other hand, compensate for the FVD lack of static stiffness to resist the mean wind load, 

acting as a static load, to the movable portion. In addition to this, the stiffness of the spring 

also has an impact on the degree of relative movement between both parts of the building, 

hence having a direct influence on the level of the supplementary damping that the system 

Fig. 2 - Equivalent damping under harmonic 

excitation 

Fig. 3 - Variation in the ratio of maximum 

displacement amplitudes with respect to mass ratio 

for a target equivalent damping 
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can generate. While in a conventional TMD, due to its small relative mass, tuning of the 

spring is a key requirement, that is not the case in the IDS due to its large mobilized mass. 

The stiffness of the spring is not set to that required for an optimum TMD, but to that 

required to control the movable mass motion under wind loads. While this detuning would 

lead to a decrease in performance for the same mass ratio, by having the spring stiffness 

match the stiffness required to control movable mass movements, it is possible to mobilize 

a far larger mass, including external mass, which greatly compensates for the detuning 

detriment while also increasing the system versatility. 

4. Practical implementation 

The behaviour of the integrated damping system is assessed by incorporating it to the upper 

third of an illustrative 300 m tall building. As depicted in Figure 4, the building is designed 

with a central steel braced core with dimensions of 20 m x 20 m, and an overall footprint of 54 

m x 54 m. The tower has a total of 65 floors with a typical floor-to-floor height of 4.5m at all 

floors except for the ground and transition floors at the bottom of the upper third, where it is 9 

m tall. The structure is designed using the commercial finite element analysis design software 

ETABS following EN 1993-1-1 provisions (CEN, 2005). The floors are composite decks with 

a lightweight topping on the lower two tiers, and normal-weight concrete on the upper tier. The 

core and perimeter columns are designed as concrete-filled steel tubes, with the perimeter 

elements only designed to resist gravity loads and taking no part in the lateral stability of the 

building. The steel braced core is thus the only element in charge of providing the lateral 

stability for the building. It is designed to meet the strength requirements and stiffness limits. 

The top displacement is set as H/500 and the inter-story drift as h/300 under the 50-year 

reference London wind base speed of 21.4 m/s, as defined in the UK NA to EN 1990-1-4 

(CEN, 2010). Further building information can be found elsewhere (Martinez-Paneda & 

Elghazouli, 2021). 

 

Fig. 4 - Illustrative tall building elevation and Tier 3 floor plan with IDS system implemented 
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The integrated damping system is implemented in the upper third of the tower. The floor 

connection to the core to ensure their lateral stability is replaced by a series of springs in 

parallel with FVDs disposed at 45º. The 45º arrangement is set to increase the damper end 

displacement, hence maximizing energy dissipation capacity, but also to enable the IDS to 

provide damping in the torsional vibration mode, which many conventional systems fail to 

mitigate. The spring joining the core and the movable floors is one of the key elements, with its 

stiffness determining the level of differential displacement. For the present study, the spring 

stiffness was set to allow a maximum movement of 150mm under the 50-year return period 

wind load. Although it is expected that this value might be exceeded if the tower is subjected to 

the Risk-Targeted Maximum Considered Earthquake (MCER), it was selected after studies 

showed it to be a value that could ensure occupant comfort and within conventional movement 

joint service splices. As the system spreads through several floors with several dampers per 

floor, it can be considered as a redundant system and hence use the additional equivalent 

damping to reduce the strength-level wind and seismic loads. 

4. Performance assessment 

The dynamic response of the building incorporating the IDS is investigated using a simplified 

model matching the original building mass and stiffness properties (Figure 5). The model 

includes all floors modelled as lumped mass encompassing the core or the office floor masses, 

mc and mf respectively, at their respective heights. The lower two tiers are modelled as rigidly 

connected, kR. The top tier changes to a spring, kf, and parallel damper, c, configuration as 

corresponding to the IDS implementation. Dampers are modeled as linear dampers using a 

Maxwell model formed by a linear spring in series with a dashpot to capture the damper and 

brace stiffness effects in the formulation. The vertical distribution of the damper coefficient 

was set following a uniform arrangement. The total damper coefficient was evenly distributed 

between all dampers. The simplified structure is modelled in the commercial finite element 

software SAP2000 and benchmarked against the original building to ensure its adequacy. 

Five key performance indexes are identified and investigated to assess the system response. 

The first, the level of additional 

supplementary damping that the building is 

able to generate, is examined under first mode 

forced vibration. The remaining four: top 

building displacement, inter-story drift, 

absolute accelerations, and differential 

displacement, are assessed under seven real 

earthquake acceleration time histories. The 

seven records were selected to match closely 

the EN 1998-1 Type 1 Soil C target spectrum, 

minimizing the normalized root mean square 

deviation, DRMS, over a period range from 2 to 

10 s, with a magnitude, M, from 5.0 to 7.5 s; a 

distance from the fault from 10 to 100km; and 

a shear wave velocity, Vs, from 180 to 800 

m/s. The records were scaled to match the 

EC8 response spectrum with a peak ground 

acceleration of 0.25 g (Table 1). Fig. 5 – Idealized mode representation of the tall 

building for dynamic analysis 

2379
3ECEES, September 2022, Bucharest, Romania



Table 1. Seismological and scaling data for the seven selected records 

NGA 

Record 

No. 

Earthquake Name Date Magnitude Distance 

to Fault 

(km) 

Vs30 

(m/s) 

PGA 

(g) 

Scale 

Factor 

DRMS 

00127 T Friuli, Italy 1976-09-11 5.5 15.1 339 0.04 8.72 0.28 

00138 L Tabas, Iran 1978-09-16 7.4 24.1 339 0.11 1.08 0.28 

00293 T Irpinia, Italy 1980-11-23 6.9 59.6 660 0.05 1.14 0.37 

00302 T Irpinia, Italy 1980-11-23 6.2 22.7 339 0.10 7.36 0.27 

00564 L Kalamata, Greece 1986-09-13 6.2 11.2 339 0.25 1.84 0.18 

01144 L Gulf of Aqaba 1995-11-22 7.2 43.3 355 0.10 1.88 0.19 

01155L Kocaeli, Turkey 1999-08-17 7.5 60.5 275 0.10 0.61 0.33 

 

The level of additional damping that the IDS can generate was estimated using the half-power 

bandwidth method. The system was subjected to a series of harmonic sweep excitations with 

varying frequencies within a range around the fundamental frequency until reaching a steady-

state response. The peak response was evaluated for different damper coefficients and used to 

post-process the results to obtain the additional damping under first mode excitation. The level 

of additional damping versus the total damper coefficient is depicted in Figure 6. As shown, 

the system is able to effectively generate nearly 6% equivalent damping accounting for its 

0.8% intrinsic damping. Although previous 

studies have shown that the optimum damper 

coefficient for wind-induced vibration does 

not necessarily need to match that for 

improving seismic response (Martinez-

Paneda & Elghazouli, 2020), the optimum 

total damper coefficient to increase 

equivalent damping was selected as the total 

damper coefficient to assess the system 

response under the seven seismic excitations. 

The building seismic response is significantly improved when the IDS is incorporated. This is 

evident in Figure 7, where the top displacement of the building under the 00302T record, as an 

example, is plotted against time and compared to the fixed configuration. As shown in Figure 

8, the top displacement is considerably reduced for all seismic records. The average reduction, 

when compared to the fixed case, is 37 %. As expected, the results also show that the level of 

reduction depends on the properties and characteristics of each record. 

Inter-story drifts are a measure of damage in both structural and non-structural elements and 

are a key parameter, often governing the design of tall buildings under both wind and seismic 

excitations. As shown in Figure 9-a, drifts are significantly reduced in the presence of the IDS 

when compared to those experienced by the conventionally fixed. A slightly larger inter-story 

Fig. 6 - Equivalent damping versus damper coefficient 

Fig. 7 - Displacement time history response under the 

00302T record 

Fig. 8 - Maximum top displacement under 

selected earthquake records 
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drift, 1 %, can be observed at the transition level due to the IDS floors behaving as a TMD and 

hence moving opposite to the building. However, it is worth noting that transition levels can be 

designed as MEP or other special floors, and hence can easily accommodate such movements. 

Drifts over the whole height of the building are reduced by 36 % over those of the fixed case. 

   

Fig. 9 – Averaged responses over the seven records a) maximum inter-story drifts, b) maximum absolute 

accelerations at the office floors, and c) maximum differential displacements. 

 

Absolute floor accelerations in the movable floor are a key indicator of damage to non-

structural elements and user comfort service conditions. When investigating it for the seven 

records, it can be observed that accelerations induced in the movable portion are drastically 

reduced within the movable portion of the building, as this is isolated from the seismic 

excitation through the parallel spring and damper, but also for the overall building (Figure 9-b). 

A 25 % reduction in overall building accelerations is achieved when compared to the fixed 

configuration. 

The results from the analysis also show that the maximum differential displacement averaged 

over the selected records falls behind those estimated for the statically applied wind load. The 

average maximum displacement over the height is 58 mm versus the 150 mm value that was 

used to set the spring stiffness. This demonstrates the actual behaviour of the system under 

realistic dynamic conditions rather than an idealized static case, and the feasibility of defining 

the spring stiffness based on the serviceability loads. Although wind and seismic intensities 

will vary depending on the site, it is worth noting that no unexpectedly large motions have 

taken place due to a typical seismic excitation. 

5. Conclusions 

The new Integrated Damping System (IDS) described in this paper originates from the idea 

of using the own mass of the building as a damper mass and generating large levels of 

damping by allowing two usable parts of the building to move differentially. By using the 

building own mass, it is possible to mobilize a far larger mass than that of conventional 

systems, with minimum differential displacements. A usable portion of the building is 

employed by acknowledging that users do not experience movements themselves, rather 

only accelerations. FVDs, designed to dissipate energy and control accelerations, are 

placed at the interface together with springs, which resist the wind static component, hence 

enabling the use of an exterior portion of the building as damper mass. 

The IDS performance was investigated through an illustrative 300 m tall building which 

showed highly favourable performance in all key performance indexes. The system was 
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able to generate 5 % additional equivalent damping; and, when investigated for the average 

of seven real seismic excitations, reduced the top displacement by 37%, inter-story drifts 

by 36%, absolute accelerations by 25 %, and kept the differential displacement at about 

one-third of those set for wind serviceability.  

The proposed system has the benefits of not only being a redundant system that enables its 

added damping to be used to reduce strength loads but also, and contrary to many 

distributed systems, not to require a reduced overall stiffness to increase deformation levels 

to dissipate energy. This makes the system suitable to buildings of all heights and 

permitting its use over a wide range of applications. 
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Abstract 
This paper summarizes the experimental campaign carried out for the development of a new steel energy 
dissipative device named Slit Dampers (SDs) designed for earthquake protection of structures. SDs consist in 
shear steel plates with appropriately shaped cut-out portions of material for allowing the maximum spread of 
plastic deformation along the device and then maximizing the hysteretic dissipative behavior. A total of 
eighty-two steel shear plates with different openings and thicknesses are tested to investigate their behavior 
under cyclic pseudo-static loading. Six types of steel shear plates are studied, including the SD with narrow 
slits that divide the plate into rectangular links, and the butterfly fuse with a diamond-shaped opening that 
creates butterfly shape links in the plate. Other varying test parameters are loading rate, material strength, and 
the number of in-parallel damper elements. It is expected that the proposed model can be successfully used to 
predict the behavior of dampers in real-world applications.   

Keywords: Experimental, Energy dissipation, Cyclic load, Metalic damper, Hysteresis Model, etc. 
 

1.0 INTRODUCTION  
Conventional design concepts of earthquake-resistant structures are not intended to avoid damage on the 
structures but to ensure the safety of humans under severe earthquakes. Using the inelastic deformation of 
metals is a useful strategy to dissipate input energy in structures due to the earthquake loads. In traditional 
structures, this inelastic deformation is generally concentrated in beam-column joints and thus is associated 
with damage to the main structural elements.Dampers are passive control systems or passive energy 
dissipation devices that are implemented in the structures to protect against seismic excitation(Fig.1). Passive 
control systems absorb energy induced by an earthquake in various mechanisms, such as metal yielding, 
friction, fluid orifice, and viscous elastic deformation of solid. These passive control systems are categorized 
based on their dispersing mechanisms: metallic ADAS-device [3] , Tadas-device [2], friction, thick liquid , 
and viscoelastic dampers (rigid) [19]. Metal dampers dissipate energy through inelastic deformation and 
provide a stable hysterical envelope. Excellent hysteretic behavior, easy accessibility, simple replacement 
after an earthquake, and low fabrication costs are some advantages of steel slit dampers [6]. Slit devices can 
be used at different configurations such as bracing joints [2,4,6], beam-to-column connections [18], and steel 
slit walls as fuses [18,6,3]This paper concentrates on a detailed investigation of the structural performance  
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                                      Fig. 1 – Use of dampers as part of bracing and wall type systems 
 

of a slit damper and butterfly damper proposed by the authors. With this purpose in mind, various conditions 
focusing on real-world applications of the damper were established as variables, specifically loading type, 
loading rate mm/s, the material strength of the steel, and the number of damper plates used. From the 
experimental results, the structural characteristics are compared and discussed in terms of failure mode, 
strength, stiffness, deformation, and energy dissipation. 
 
2.0 Device design 
The Dampers were manufactured in Kosovo, using water cutting technology(Fig.2, Fig.3). Water cutting 
capabilities were found to be common in large machine shops and therefore not expensive. The slits are 
rounded at their ends, thereby reducing stress concentration in reentrant-corners.  The device is a weld-free 
design, thus eliminating the uncertainties and imperfections associated with welding. 
 

                                       
             Fig.2.Shows the water cutting process                             Fig.3 After water cutting    
 
Elastic moment of bending in the slit, Under sufficient displacement, plastic hinges are formed at both ends 
of each strip. Consequently, the mechanical properties of the crack absorber can be described in relation to 
the length of the strip L0, strip depth b, and thickness t(Fig.3). Supposing elastic behavior perfect plastic, the 
device gives the load Py can be determined based on an analysis of the plastic mechanism.        

                                                               
                                                          Fig.3 Details of the test specimens 
      

Speciemens Material  Thickness Width 
(mm) 

Height 
(mm) 

Loading 
Amplitude 

Specimens.A1 S-235 4mm 60 200 Increasing-AISC 

Specimens.A2 S-355 10mm 60 200 Increasing-AISC 

Specimens.A3 S-275 20mm 60 200 Increasing-AISC 
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Specimens.B1 S-275 20mm 60 200 Constant-B1 

Specimens.B2 S-275 20mm 60 200 Constant-B2 
Specimens.B3 S-275 20mm 60 200 Constant-B3 
Specimens.B4 S-275 20mm 60 200 Constant-B4 

                                                    Table 1:Table test specimens 
 
3.0  Experimental Program 
 
3.1 Test Specimens 
 
The specimen properties are listed in Table 1. 
 
3.2 Loading Protocol 
 
Cyclic tests were carried out on 4 specimens: 
Constant cyclic loading, in which maximum displacement (Dmax) is constant over the entire cycle as 15 mm 
(Specimen A1), 35 mm (Specimen A2), 48 mm (Specimen A3), and 56 mm (Specimen A4). The purpose of 
this program is to obtain fatigue parameters.(Fig.5) 
The loading protocol for the steel damper test was created based on the AISC code loading. The AISC 
protocol was modified by adding three extra sets of six low amplitude cycles preceding the prescribed 
loading procedure.(Fig.4) 
 

        
                  Fig.4 -AISC Modified protocol                                                  Fig.5-Constat cyclic 
 
3.3 Experiment Setup 
 
Various types of cyclic tests were performed using a 500 kN hydraulic servo fatigue test machine MTS 
Loading was controlled by displacement with an inner displacement transducer mounted on the test machine. 
The loading rate (v) was fixed as 0.5 mm/s, except for incremental amplitude cycling.Fig.7 
 
3.4 Material Properties 
Plate Material Tests, five dogbone-shaped tension coupon tests were conducted on the fuse plate material. the 
tests took place at the Department of Structural and Geotechnical Engineering. the coupon specimens were 
tested using an MTS machine in fig.7 
 

                                           
                                       (a)                                                              (b) 
                            Fig.6 Coupon test setup: a)Before the test, b)Necking 
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          a)                                                                                               b) 
                Fig.7: a)Setup detail(Photo) ,b)Schematic 
 
 

                  
                 Fig.8- Engineering stress-strain curves S-235           Fig.8”- engineering stress-strain curves S-275 
 
Three types of steel were selected: S-235, S-275. Fig.8 demonstrates their constitutive curves obtained 
through uniaxial tensile tests and table 2. 
Coupo
n 
S-235 

Fy 
(MPa) 

Fu (MPa)   Elongat
ion % 

E Coupon 
S-275 

Fy 
(MPa) 

Fu(MPa
)   

Elongat
ion % 

E 

1 246,3 327,3 45,2 200 000 1 291,3 425,3 37,5 200 000 

2 219,0 328,0 50,0 
200 000 2 295,3 426,1 40,4 200 000 

3 
227,1 328,0 49,6 

200 000      

Average 230.8 327.8 48.3 200 000 Average 293.3 425.7 38.95 200 000 

                                        Table 2 - Summary of mechanical properties 
 

                Set-up Metalic Dampers Testing-University of Rome La Sapienza-2020 

MTS-Machine 

More test 
setup details 

AKTUATOR 

Damper 

Pinned 
and links 

Direction of Loading 

Set-up 
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4.0 TEST RESULTS 
Four specimens deformed stably under the cyclic tests.  Specimens butterfly was loaded 
until fracture during the tests. Ductile cracks initiated at the toe of the butterfly close to 
the rounded toes of the slits during the loading of all specimens. Under further loading, 
those cracks propagated wider and longer, which led to the decrease of the load-
carrying capacity of the dampers. 
It is clear that all specimens have yielded at large displacement and exhibited very 
stable hysteric behavior and the shape of the loops which close to a rectangular 
indicates high energy dissipation capacity. Strength degradation started to appear when 
cracks slowly formed at the ends of the rounded corner of fixed ends due to stress 
concentration, which propagated longer and wider during the test until the specimen 
reached fracture. The tests were stopped after steel plates completely fractured and the 
load sustained was significantly reduced. 
 
 
 
 
 
 
  
 
   
                                                

                  
Fig.9 . Force-displacement hysteresis(SpeciementA1-15mm)           Fig.10 . Time History, Force-time(s) 

 
 
 
 
 
 
 

      
                        a)                                                                                 b) 
Fig.11 . Photo of Speciements A1: aStart of the test,b) Fracture-end test 

Link: https://www.youtube.com/watch?v=oG46PPyLIrw&t=260s  

 

 

 

 

 

 

 

 

 

 

 

              

Fig.12 . Force-displacement hysteresis(SpeciementA2-35mm)         Fig.13 . Time History(SpeciementA2), Force-

time(s) 
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Fig.14 .Force-displacement hysteresis(SpecimA3-48mm)         Fig.15 Force-displacement hysteresis(SpeciemA3-

56mm)     

 

 

 
 
 
 
 
 
 
 

             
Fig.16 . Force-displacement hysteresis(SpeciemB1-3mm)         Fig.17. Force-displacement hysteresis(SpeciemB2-

8mm)   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              

Fig.18 Force-displacement hysteresis(SpeciementB3-20mm)                     Fig.19 . Low Cycle Coffine-Manson. 

 
     
5.0  Energy dissipation 
 
To investigate the effect of test parameters on the energy dissipation capacity of 
dampers, hysteretic curves for dissipated energy were shown in Fig.16,Fig.17, Fig.18. 
The dissipated energy of specimens with depth ratio (B/t) of 66.67, 25, and 10 is higher 
than that of specimens with depth ratio of 3mm,8mm, 20mm. 
Specimens B1 with a depth 3mm, which have steel plates with the least depth variation, 
dissipated energy very low and failed at a relatively low cumulative 
displacement,Fig.16. 
Specimens B2 with a depth of 8mm, which have steel plates with the least depth 
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medium, dissipated energy very large and failed at a relatively medium cumulative 
displacementFig.17. 
Specimens B3 with a depth of 20mm, which have steel plates with the depth large, 
dissipated energy very large and failed at a relatively large cumulative 
displacement,Fig.18. 
Figure 9 shows the failure mode of the A1 specimen under constant cyclic loading. For 
A1, small cracks start to occur at the 78th repeated cycle. After repeatedly receiving 
more than 63 tensile and compressive loads, the cracks gradually deepened at the 
expected plastic hinge location and finally fractured with a sudden load reduction 
beyond the 82nd cycle, marking the end of the experiment. The low-cycle fatigue test of 
the coke damper indicates that the coke damper exhibits resistance to low-cycle fatigue 
with sufficient inelastic deformation beyond the 82th cycle after yielding, and the final 
fracture occurs at the expected plastic locations,Fig.9. 
Figure 12 shows the failure mode of the A2 specimen under constant cyclic loading. 
For A2, small cracks start to occur at the 24th repeated cycle. After repeatedly receiving 
more than 28 tensile and compressive loads, the cracks gradually deepened at the 
expected plastic hinge location and finally fractured with a sudden load reduction 
beyond the 32nd cycle, marking the end of the experiment. The low-cycle fatigue test of 
the coke damper indicates that the coke damper exhibits resistance to low-cycle fatigue 
with sufficient inelastic deformation beyond the 32th cycle after yielding, and the final 
fracture occurs at the expected plastic locations. 
Figure 14 shows the failure mode of the A3 specimen under constant cyclic loading. For 
A3, small cracks start to occur at the 6th repeated cycle. After repeatedly receiving 
more than 6 tensile and compressive loads, the cracks gradually deepened at the 
expected plastic hinge location and finally fractured with a sudden load reduction 
beyond the 8nd cycle, marking the end of the experiment. The low-cycle fatigue test of 
the coke damper indicates that the coke damper exhibits resistance to low-cycle fatigue 
with sufficient inelastic deformation beyond the 8th cycle after yielding, and the final 
fracture occurs at the expected plastic locations. 
Figure 15 shows the failure mode of the A4 specimen under constant cyclic loading. For 
A4, small cracks start to occur at the 4th repeated cycle. After repeatedly receiving 
more than 4 tensile and compressive loads, the cracks gradually deepened at the 
expected plastic hinge location and finally fractured with a sudden load reduction 
beyond the 5nd cycle, marking the end of the experiment. The low-cycle fatigue test of 
the coke damper indicates that the coke damper exhibits resistance to low-cycle fatigue 
with sufficient inelastic deformation beyond the 5th cycle after yielding, and the final 
fracture occurs at the expected plastic locations. 
 
6. Conclusions 
The present paper presents the experimental study of steel slit-dampers with various 
depth.The number of loading cycles until the ultimate state of a slit-damper is found to 
match very well to the Manson-Coffin relation Fig.19. 
The following conclusions are made from this study: 
1. Damper configuration with increased height of the strip has low stiffness and 
provides stable hysteretic curve under large displacement irrespective of strip width at 
mid-height. 
2. Reducing the strip width at the mid-height has a high influence on the damper 
performance by avoiding brittle damage at the end from stress concentration. 
3. Further, varying the thickness and strip width at mid-height enhance the damping of 
the specimen. 
4. Based on the response surface methodology, effective stiffness and effective damping 
is 
expressed as a function of strip width at mid-height (bc), height of the strip (h) and 
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thickness of the damper (t). 
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Abstract: This study aims at presenting the experimental and numerical assessment of a 

novel dissipative connection system (DCS) designed to improve the seismic performance of 

prefabricated sheds. The device, which is placed on the top of columns, exploits the 

movement of a rigid slider on a sloped surface to dissipate seismic energy and control the 

lateral displacement of the beam, and to provide a recentering effect at the end of the 

earthquake. The backbone curve of the DCS, and the effect of vertical load and sliding 

velocity were assessed in experimental tests conducted on a scaled prototype, according to a 

test protocol designed accounting for similarity requirements. In the second part of the 

study, non-linear dynamic analyses were performed on a finite element model of a portal 

frame implementing, at beam-column joints, either the DCS or a pure friction connection. 

The results highlighted the effectiveness of the DCS in controlling beam-to-column 

displacements, reducing shear forces on the top of columns, and limiting residual 

displacements that can accrue during ground motion sequences.  

Keywords: prefabricated sheds, energy dissipation, seismic retrofit, beam-to-column 

connection, recentering 

1. Introduction  

Recent earthquakes have dramatically reaffirmed the seismic vulnerability of prefabricated 

industrial sheds typical of past Italian practice. The Emilia earthquake of May 2012 hit an 

area with a high density of productive activities, striking mainly industrial buildings in 

precast reinforced concrete (RC) [Belleri et al. (2015a), Bosio et al. (2020] rather than in 

steel [Formisano et al. (2018)]. The structural deficiencies of this kind of structures are 

primarily related to the mechanisms of transmission of horizontal loads between structural 

elements [Belleri et al. (2015b)]; in fact, their static scheme consists of structural elements 

(beams, columns, and roof elements) connected with joints usually realized in simple 

support or through pin-end connections with insufficient resistance to seismic loads. This 

kind of connections relies solely on friction and is inadequate to properly transfer the 

horizontal loads [Belleri et al. (2014), Liberatore et al. (2013), Magliulo et al. (2008)] and 

accommodate compatible rotations and displacements [Brunesi et al. (2015), Casotto et al. 

(2015), Colombo et al. (2016), Demartino et al. (2018)]. Indeed, the most common failures, 

causing the collapse of entire portions of buildings, included drop of roof elements and 

precast beams due to the loss of support, and collapse of the forks at the top of columns 

caused by off-axis loads. 

Within the framework of global retrofit interventions, the study aims at introducing a novel 

dissipative connection system (DCS), designed to improve the behavior of beam-to-

column connections and reduce the seismic vulnerability of precast RC industrial buildings 
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[Mari et al. (2021)]. The DCS, which is placed on the top of columns, is basically 

composed of two mating truncated-pyramidal steel plates, one concave and the other one 

convex in shape (Fig. 1) and is intended to transmit vertical and horizontal loads at the 

node. The system exploits the movement of a rigid block sliding on a sloped surface to 

provide horizontal stiffness and a certain re-centering effect, and dissipates part of seismic 

energy by friction.  

 

Fig. 1 - Sketch of the dissipative connection system and typical installation at beam-to-column joint 

[Quaglini et al. (2022)] 

In the present study, the DCS has been investigated both experimentally and through 

numerical analyses, in order to assess the actual force-deflection behavior and evaluate its 

performance under seismic loading. 

2. Experimental investigation 

2.1. Description of the prototype 

The study is conducted by referring to a DCS unit rated for a vertical load Nd = 360 kN and 

a horizontal deflection dbd = 60 mm. In order to match the capacity of the available testing 

equipment, the experimental characterization was performed on a DCS prototype scaled by 

a geometric factor SL = 0.4 and fabricated in steel (i.e., the scale factor for modulus of 

elasticity is SE = 1), which resulted in a design vertical load of the prototype Nd,s = 57.6 kN 

and a related design deflection dbd,s = 24 mm [Mari et al. (2021), Quaglini et al. (2022)]. 

The main dimensions of the DCS prototype are shown in Fig. 2. 

 

Fig. 2 – Geometry [in mm] of the small-scale prototype of the DCS: (a) convex plate; (b) concave plate 

[Quaglini et al. (2022)] 
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2.2. Experimental protocol 

The experiments were performed at the Materials Testing Laboratory of Politecnico di Milano, 

using a proprietary biaxial testing system. The system comprises a rigid frame with four 

columns and two fixed crossbeams, which form a closed ring wherein the forces are confined 

and is provided with two servo-hydraulic actuators arranged orthogonally to each other, in 

order to apply a vertical load on the specimen and a concurrent horizontal deflection. The tests 

were performed on a set of two identical specimens, arranged in an up-side-down 

configuration (Fig. 3): the concave elements of the two specimens were mounted on a plate 

moved by the horizontal actuator, while the two convex elements were clamped to the vertical 

actuator and the lower crossbeam, respectively. This configuration was intended to minimize 

the moment on the testing machine caused from the eccentricity of the vertical load applied on 

the prototype when the convex plate is in an offset configuration away from the center of the 

concave plate [Quaglini et al. (2022)]. 

 

Fig. 3 – Experimental setup: biaxial testing machine (left) and specimen configuration (right) [Quaglini et al. 

(2022)] 

The mating surfaces of the prototypes were lubricated in order to provide the target coefficient 

of friction of 0.10. The tests were conducted by applying to the pair of specimens a constant 

vertical load and a simultaneous horizontal deflection. The test protocol is reported in Table 1.  

Table 1. Testing protocol [Mari et al. (2021)] 

ID N [kN] dS [mm] VS [mm/s] n [-] 

Static Test (S) 

S1 14.4 24 0.672 3 

S2 28.8 24 0.672 3 

S3 57.6 24 0.672 3 

Dynamic Test (D) 

D1a 28.8 24 3.36 5 

D1b 28.8 24 6.72 5 

D1c 28.8 24 16.8 5 

D1d 28.8 24 33.6 5 

D2a 57.6 24 3.36 20 
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2.3. Experimental results 

The prototypes exhibited an almost rigid-plastic behavior, where it is possible to recognize 

four different phases, as shown in Fig. 4: (1) at the beginning of the motion, before sliding 

is triggered between the mating surfaces of the two plates, the force follows an almost 

proportional relationship with the displacement; (2) when sliding between the convex and 

the concave plate is engaged, a constant force is developed independently of the deflection; 

(3) when the convex plate reaches the boundary of the concave plate, and the actual contact 

area between the mating surfaces of the two plates decreases, the force too undergoes a 

decrease; (4) when the convex plate moves back to the origin, the reaction force is virtually 

negligible.  

 

Fig. 4 – Constitutive behavior of the DCS and different phases of motion [Quaglini et al. (2022)] 

To identify the characteristic parameters of the system, two quantities are defined: 

• Effective stiffness Keff = Fmax / ds 

• Effective coefficient of friction µeff = EDC / (4 ds N) 

where EDC is the energy dissipated per cycle, Fmax is the maximum force in the cycle, dS is 

the maximum deflection, and N is the vertical load applied to the specimen. 

The effect of the vertical load on the mechanical behavior of the connection system was 

assessed in static tests S1 to S2, which showed that the shape of the backbone curve is 

substantially unaffected by the vertical load and the force F increases almost linearly with 

the load (Fig. 5).  

The influence of the velocity was investigated in dynamic tests D1a to D1d and D2 on the 

scaled specimen does not significantly affect the overall shape of the force–deflection 

diagram and has only a minor effect on the maximum force. Moreover, also the effective 

coefficient of friction held stable over the investigated speed range [Quaglini et al. (2022)]. 

 

Fig. 5 – Force – deflection diagram obtained from the static tests performed at different levels of vertical load  
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3. Numerical Investigation 

The DCS has been inserted in a 1-story single-bay frame representative of a typical precast 

industrial building. The geometry and the overall dimensions are reported in Fig. 6; both 

columns and beams are made of C40/50 concrete with B450C steel rebar, additional 

information are reported in Quaglini et al. (2022). 

 

Fig. 6 – Geometry of the case-study portal frame [Quaglini et al. (2022)] 

Non-linear dynamic analyses were performed in order to assess the performance of the DCS 

and evaluate its effectiveness in comparison to the beam-to-column pure friction joint typical 

of past building practices. The structural model was implemented in SAP2000 v21.1.0 

software, by defining the columns as linear elastic elements with a plastic hinge at the basis 

(formulated according to Table 10-8 of ASCE 41-13) and rigidly fixed to the ground; the beam 

was assumed to behave as linear elastic, and a “body” constraint was introduced to enforce 

equal displacement at both ends of the beam. 

The connection between the beam and the column was modelled through a “multilinear 

plastic” link, with two different formulations in order to distinguish the DCS from the beam-

to-column pure friction connection [Quaglini et al. (2022)]:  

(i) the DCS was modelled by means of a force—deflection curve evaluated experimentally on 

the prototype that was scaled up to the full size of the device; the hysteretic behavior was 

modelled by assigning a pivot hysteresis type, with hysteresis parameters: α1 = α2 = 1010; β1 = 

β2 = 0; η = 1; 

(ii) the beam-to-column pure friction connection was modelled by assuming a constant friction 

coefficient μcc = 0.30, coupled to an isotropic hysteresis type. 

Non-linear dynamic analyses were performed considering a set of seven unidirectional ground 

motions selected from the European Ground Motion Database [Ambraseys et al.] using the 

computer program REXEL [Iervolino et al. (2010)]. The seismic inputs agree with the elastic 

spectrum at 5% equivalent viscous damping ratio defined by the Italian Building Code 

[CSLLPP 2018] for the life-safety limit state (SLV) of an ordinary structure (functional class 

cu=II) with a nominal life Vn = 50 years, located in Potenza (15.8094° longitude, 40.6435° 

latitude), topographic category T1, soil type B. 

3.1. Numerical results 

The effectiveness of the DCS over the pure friction (P-F) joint has been examined in terms 

of (i) maximum resisting force of the beam-to-column joint Fmax, (ii) maximum horizontal 

displacement of the beam with respect to the column dmax, and (iii) residual displacement 

of the beam at the end of the ground motion dres. Fig. 7 shows the comparison of the 

seismic response of the DCS and P-F joints in terms of maximum force, maximum 

displacement and residual displacement of the seven accelerograms, while Fig. 8 shows the 
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mean of the maxima of the response parameters (maximum force Fmax, maximum 

displacement dmax and residual displacement dres) for the set of seven accelerograms. 

a) b)  

c)  

Fig. 7 – Comparison of the seismic response of DCS and pure friction (P-F) joint in terms of maximum force 

(a) a maximum displacement (b) and residual displacement for the set of 7 accelerograms 

a)  b)  c)  

Fig. 8 – Comparison of the seismic response of DCS and (P-F) joint in terms of: (a) maximum force; (b) 

maximum displacement; (c) residual displacement [Quaglini et al. (2022)] 

The P-F joint develops a maximum resisting force Fmax about 40% greater than the DCS; 

however, it better limits the displacement of the beam during the earthquake, with a maximum 

slippage of 38 mm vs. 58 mm of the DCS (Fig. 8). Nevertheless, it must be noted that the 

maximum displacement of the beam supported by the DCS, i.e., dmax = 57.8 mm, matches the 

design value dbd = 60 mm of the system, and can therefore be accommodated by the 

mechanical joint. The most interesting result is the comparison in terms of the residual 

displacement: with the DCS the offset of the beam at the end of the ground motion is as small 

as dres = 4 mm, whereas with a P-F joint is about 20 mm.  

Analyzing the hysteretic loop of the two constraints, for accelerogram 291xa Fig. 8, it is 

possible to notice both the force reduction in the DCS case and the unbalanced behavior, in 

terms of displacements, in the P-F case. In particular it is visible how for the loop P-F, there is 

the cumulation of displacement in three different instants; in fact, analyzing the loop it can be 

seen how there is a void, in correspondence of d1, d2 and dres, that underlines that the 

displacement has not been recovered. This is reflected in the time-displacement graph, and it is 

interesting to note how the residual displacements as a function of time accumulate Fig. 9c; in 

particular it is visible that, for the accelerogram considered, there are three instants of 

accumulation (corresponding to d1, d2, dres) and this is partially visible in the hysteretic cycle. 
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a) b)  

c)  

Fig. 9 – With reference to the accelerogram 291xa:(a) hysteretic loop of P - F joint;                                      

(b) hysteretic loop of DCS joint; (c) time - displacement  

This is due to the fact that the sliding motion of the P-F joint is engaged when the seismic 

action exceeds the friction resistance at the beam-to-column interface, and therefore occurs 

only during the strong motion stage of the earthquake. During the coda stage the ground 

acceleration is not sufficient to trigger sliding, and the beam remains in the offset position 

achieved at the end of the previous stage, leading to a huge residual displacement. In contrast, 

the DCS develops larger displacements during the strong motion stage (Fig. 8a) but owing to 

the restoring force provided by the sloped surfaces, it tends naturally to recover the original 

configuration as the ground acceleration gets down. 

4. Conclusions  

In the present work a dissipative connection system (DCS), intended for the seismic 

protection of precast RC industrial sheds, has been investigated with an experimental 

campaign and performing non-linear dynamic analyses to prove the effectiveness of this 

system over the traditional pure friction joints. The experimental campaign investigated the 

effect of the axial load and of the velocity on the force-displacement behavior of the 

system, concluding that that the horizontal force increases almost linearly with the vertical 

load on the support but is scarcely affected by the velocity. Non-linear dynamic analyses 

proved the effectiveness of the DCS to control the relative displacements at the beam-to-

column joint, and the maximum shear force transmitted to the column head, and most 

importantly, the restoring capacity of the system, which is able to control the residual 

displacement at the end of the ground motion within small values. This feature is really 

important to guarantee the capability of the structure to withstand aftershocks, which can 

happen within a short time from the main shock, as occurred for example in the Centro 

Italia Earthquake 2016. 

d1 

d2 

dres 

d1 d2 

dres 
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Abstract: A seismic retrofit intervention based on the use of Added Damping and Stiffness 
(ADAS) steel dissipaters is proposed for a 6-storey building with reinforced concrete 
structure, an assessment analysis of which shows poor seismic performance capacities. The 
dampers are pre-sized by an energy-based design criterion formulated in this study, which 
directly relates the total number of plates of the dissipaters to the supplemental damping 
energy needed to jointly reduce stress states and storey drifts. A comparative analysis among 
three different installation hypotheses of the ADAS devices allows to select the distribution 
capable of attaining the best performance of the retrofit measure.  

Keywords: ADAS dampers, seismic assessment, seismic retrofit, reinforced concrete  

1. Introduction  

Incorporation of dissipative bracing systems is an emerging seismic retrofit strategy for 
frame structures. Among the several types of devices currently adopted as passive protection 
elements, Added Damping and Stiffness (ADAS) steel dissipaters have a well-established 
tradition (Aiken et al. 1993; Hanson and Soong 2001; Teruna et al. 2015). This is a 
consequence of their plain working principle, based on the elastic-plastic behaviour of the 
constituting plates, as well as of their relatively easy installation. In spite of this, the design 
of ADAS dampers is not simple, because it requires a proper balance between the addition 
of energy dissipation and horizontal translational stiffness. The former allows remarkably 
reducing the plastic demand on the structural members. The latter is always beneficial in 
terms of lateral displacements but, as long as the dampers respond elastically, it causes a 
significant increase in base shear, and thus in the stress states of the frame elements and the 
foundations.  

In view of this, an energy-based pre-sizing criterion of ADAS dampers was recently 
proposed by the first two authors (Sorace and Terenzi 2016), aimed at achieving a joined 
control of stress states and displacements. According with this criterion, the total number of 
plates is tentatively fixed by: a. pre-estimating the energy dissipation capable of providing a 
target drop of base shear in retrofitted conditions; and b. computing the energy dissipation 
by assuming a maximum displacement of the dissipaters calibrated on a target reduction of 
storey drifts.  

In this paper a new energy-based pre-sizing procedure is formulated, where the energy 
dissipation capacity of the dampers is evaluated by expressly taking into account the 
reduction of the fundamental vibration period of the structure caused by the bracing system-
related increase of horizontal stiffness.   

This new sizing criterion is demonstratively applied to a representative case study, i.e. a 6-
storey residential building with reinforced concrete structure situated in the municipality of 
L’Aquila, Abruzzo, Italy. Based on the results of a seismic assessment analysis initially 
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carried out, three different installations of the ADAS dissipaters in plan and along the height 
of the building are comparatively examined, with the aim of providing practical suggestions 
on the best placement of the protective system for target performance levels.  

2. Case study building 

The case study building is located in L’Aquila, Abruzzo, Italy, and was designed according 
with the 1986 edition of the Italian Seismic Standards. It has a (21.05 × 11.45) m2 sized 
rectangular plan (Fig. 1, referred to the lower three storeys), and is articulated in six above-
ground storeys, with inter-storey heights equal to 3.4 m (first storey) and 3.04 m (remaining 
ones). 

The structure is constituted by a reinforced concrete frame skeleton. Columns have the 
following cross sections: 600×300 mm2 (highlighted in red in Fig. 1), 550×300 mm2 (blue), 
500×300 mm2 (green) and 400×300 mm2 (black) on the three lower storeys, and 300×300 
mm2, on the three upper storeys. Perimeter beams have out-of-depth sections sized 300×500 
mm2, and internal beams have in-depth sections sized 800×300 mm2 (2X-5X alignments in 
Fig. 1) and 600×300 mm2 (2Y and 3Y alignments), at all floors.  

 

 

 

 

 

 

 

 
Fig. 1 - Structural plan of the building 

A view of the finite element model of the structure, generated by SAP2000NL software (CSI 
2021), is displayed in Fig. 2. A modal analysis carried out by this model highlighted two 
main translational modes in current state, along x and y axis in plan, with vibration periods 
equal to 0.79 s and 0.72 s, and effective masses of 84% and 82.7%, respectively.   

Based on the data from the available technical documentation, the following mechanical 
properties were assumed for the materials: mean cubic compressive strength of concrete 
equal to 25 MPa; yield stress of the reinforcing steel bars equal to 430 MPa. These were 
assumed as reference values both for the finite element and stress check analyses.  

3. Seismic assessment analysis of the building 

The seismic assessment study was developed via time-history analysis by using in input a 
set of seven accelerograms for the two axes in plan and the vertical axis, generated from the 
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pseudo-acceleration response spectra plotted in Fig. 3. Therein, the three spectral graphs for 
the horizontal and vertical components are referred to the Serviceability Design Earthquake 
(SDE), Basic Design Earthquake (BDE) and Maximum Considered Earthquake (MCE) 
hazard levels, for C-type soil and T1-type topographic category. The corresponding peak 
ground acceleration values are: 0.156 g (SDE), 0,347 g (BDE), and 0.407 g (MCE), for the 
horizontal components; 0.045 g (SDE), 0.180 g (BDE) and 0.261 g (MCE), for the vertical 
one.  

 

 

 

 
 
 
 

 
Fig. 2 – View of the finite element model 

 

 

 

 

 

 

 
Fig. 3 – Horizontal (left) and vertical pseudo-acceleration elastic response spectra for L’Aquila – SDE, BDE 

and MCE hazard levels 

The results of the analysis in current conditions are synthesized in Tables 1 and 2.  

Table 1 reports the maximum storey shears along the two axes, Vx and Vy, and their ratios, 
sx and sy, to relevant strength values, VxR and VyR. Table 2 lists the maximum inter-storey 
drifts, ux and uy, and their ratios,ux and uy, to the Immediate Occupancy drift performance 
limit for buildings with masonry infills and partitions, IdIO, fixed at 0.5% of the inter-storey 
height h by the Italian Technical Standards.  

As shown in Table 1, s ratios greater than 1 are found for the two lower storeys at the SDE 
and for the four lower storeys at the BDE, reaching values of about 3 for the latter. s values 
below 1 come out only for the top storey at the MCE, the maximum values for which are 
equal 3.66.  

Table 2 highlights ux and uy ratios always below 1 at the SDE, assessing a satisfactory 
performance in terms of drifts for the earthquake level. At the same time, ux and uy values 
significantly greater than 1 are observed at the BDE and the MCE for the firsts through fifth 
storey, with peak values above 2 (BDE) and 2.5 (MCE), assessing severe damage conditions 
of infills and partitions. 
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Table 1. Current conditions: maximum storey shear and s values 

S 
VxR VyR                     SDE                   BDE         MCE 
(kN) (kN) Vx 

(kN) 
Vy 

(kN) 
sx sy Vx 

(kN) 
Vy 

(kN) 
sx sy Vx 

(kN) 
Vy 

(kN) 
sx sy 

1 1996 2337 2772 2571 1.39 1.10 5967 6193 2.99 2.65 7315 7383 3.66 3.16 
2 1814 1912 1846 1520 1.02 0.79 4245 3654 2.34 1.91 5259 4403 2.89 2.30 
3 1667 1813 1485 1379 0.89 0.76 3155 3288 1.89 1.81 3934 3857 2.36 2.12 
4 1696 1696 1157 1949 0.68 0.62 2419 2531 1.43 1.49 3002 2993 1.77 1.76 
5 1696 1696 827 752 0.48 0.44 1638 1664 0.96 0.98 2053 2074 1.21 1.22 
6 1696 1696 378 374 0.22 0.22 725 767 0.43 0.45 890 975 0.52 0.57 

 
Table 2. Current conditions: maximum inter-storey drift and u values 

S 
uR                     SDE                   BDE         MCE 

(mm) ux 
(mm) 

uy 
(mm) 

ux uy ux 
(mm) 

uy 
(mm) 

ux uy ux 
(mm) 

uy 
(mm) 

ux uy 

1 17 13.4 9.8 0.78 0.57 28.1 23.6 1.65 1.39 34.4 29.7 2.02 1.75 
2 15.3 14.4 11.3 0.94 0.74 31.7 27.3 2.07 1.78 39.0 34.9 2.55 2.28 
3 15.3 13.7 11.3 0.89 0.74 29.7 27.3 1.94 1.78 36.8 33.5 2.40 2.19 
4 15.3 11.7 10.3 0.76 0.67 23.6 24.6 1.54 1.6 29.2 28.8 1.90 1.88 
5 15.3 7.7 7.0 0.50 0.46 15.5 18 1.01 1.17 19.7 19.6 1.28 1.28 
6 15.3 3.6 3.7 0.23 0.24 7.90 10.4 0.52 0.68 9.8 10.3 0.64 0.67 

4. Dissipative bracing-based retrofit – Sizing criterion and application to different 
design solutions  

As mentioned in the Introduction, the retrofit hypothesis proposed herein consists in the 
installation of a dissipative bracing system incorporating ADAS steel dampers with triangular 
shape (also named T-ADAS) as protective devices. The geometry of a plate and the schematic 
hysteretic cycle of a damper are traced out in Fig. 4.  

 
 

 

 

 

 

Fig. 4 – Geometry of a triangular plate and hysteretic cycle of a device 

The preliminary sizing procedure of the dampers proposed in this study is based on a quick 
estimation of the protective system energy dissipation capacity by which a pre-established 
reduction of lateral displacements and base shear is attained. For frame structures with a 
substantially regular geometry in plan and elevation, this evaluation is carried out in terms 
of spectral quantities, by referring to the periods of the first translational modes along the 
two coordinate axes in plan (which a predominant portion of modal masses is associated 
with, in the above-mentioned hypothesis of structural regularity). Both in current and 
retrofitted conditions, these periods are assumed to be included in the wide period interval 
TC-TD of the response spectra that corresponds to the constant pseudo-velocity branch, where 
the fundamental vibration periods of low through mid-to-high rise reinforced concrete frame 
structures are always situated.  

For each one of the two axes in plan, named TIN the fundamental period in current state, the 
procedure starts by fixing a tentative reduction, SD-, of the spectral displacement SD 
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computed for TIN. Then, named SV,cost the value of the horizontal branch of the pseudo-
velocity spectrum, the period in retrofitted conditions, TFIN, given by the difference between 
TIN and the period reduction T caused by SD-, can be evaluated as follows:  

𝑇 = 𝑇 − 𝛥𝑇 = 𝑇 −
∆

 (1) 

As illustrated in Fig. 5, a rise (SA+) in the initial pseudo-acceleration ordinate comes out 
when passing from TIN to TFIN, as a consequence of the stiffening effect of the dissipative 
bracing system. The supplemental damping contribution of the latter must guarantee a drop 
in the spectral ordinate, SA-,diss, significantly exceeding SA+ and capable of reaching the 
target SA(TFIN) value in retrofitted conditions. The corresponding reduction in base shear, 
V, is obtained by multiplying SA-,diss by the seismic mass M of the building. 

  

 

 

 

 

 
 
 

Fig. 5 – Quantities involved in the sizing procedure 

Hence, the tentative energy dissipation capacity to be assigned to the protective system is 
computed as:  

𝐸 = 4∆𝑉∆𝑆  (2) 

Based on the values calculated by (2) for the two axes in plan, Ed,x, Ed,y, the corresponding 
total numbers of plates, np,x, np,y, are evaluated by dividing Ed,x, Ed,y by the maximum energy 
that each plate can dissipate in a cycle bounded by the maximum estimated displacement, 
Ed,pl, multiplied by 4 to take into account the energy dissipated in the remaining cycles, 
characterized by smaller amplitudes (Sorace et al. 2016, Gandelli et al. 2021). In the Ed,pl 
calculation the maximum plate displacement, dmax, is tentatively put as equal to IDIO, in order 
to obtain a substantial constraint of drifts up to the highest normative earthquake level 
considered in the analysis (BDE or MCE).  

The diagonal braces are sized by evaluating the increase in lateral stiffness of the structure, 
K, deriving from the T transition from TIN and TFIN induced by the incorporation of the 
protective system, as follows: 

 

Δ𝐾 =  (3) 

For the case study application, by referring to the nomenclature in Fig. 3, the geometric sizes 
selected for the plates are: H=150 mm, t=15 mm, and B=75 mm. The constituting steel is 
type S275, with yield stress and tensile strength equal to fyk=275 N/mm2 and ftk=430 N/mm2, 
respectively. By assuming a target SD(TFIN) value of the centre of mass of the building equal 
to 0.5% of its height, i.e. SD(TFIN) = 62.7 mm, by applying relations (1-3), the following 
demands in terms of plate numbers are computed for the two references axes.  
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x axis: TIN,x = 0.79 s, SD,x(TIN,x) = 84.1 mm, SV,x = 665.7 mm/s, SD-,x = (84.1 – 62.7) mm = 
21.4 mm, TFIN,x = 0,594 s, SA,x(TFIN,x) = 0.537 g, M = 1675.4 kN/g, Ed,x = 801 KNm, Ed,plate,x 

= 1.68 KNm; y axis: TIN,y = 0.72 s; SD,y(TIN,y) = 76 mm, SV,y = 665.7 mm/s, SD-,y = (76 – 
62.7) mm = 13.3 mm,  TFIN,y = 0,595 s, SA,y(TFIN,y) = 0.589 g,  Ed,y = 497 KNm; Ed,plate,y = 1.04 
KNm. The ratios of Ed,x to Ed,plate,x, and Ed,y to Ed,plate,y result in the following numbers of 
plates in x and y: npx=477 and npy=478. The total number of plates for the building, np,tot, is 
equal to 955.  

Based on this preliminary sizing, three different installation solutions — named RS1, RS2, 
RS3 in the following — were designed by varying the distribution in plan and elevation of 
the dissipative braces, as described below. In all cases, no dampers are installed on the upper 
floor, because of the elastic response of relevant structural members in current state up to 
the BDE.  By complying with (3), a circular tubular section with a 150 mm diameter, 4.6 
mm thick in x and 3 mm thick in y, was selected for the supporting steel braces. 

RS1 retrofit solution. 12 plate-dampers placed in 6 bays along x, and 8 in y, giving rise to 
np,x = 360, np,y = 480, and np,tot = 840. This choice is aimed at minimizing the architectural 
impact of the intervention in x. 

RS2 retrofit solution. 12 plate-dampers placed in 8 bays both along x and y, with np,x = np,y 
= 480, and np,tot = 960, nearly coinciding with the tentative plate numbers calculated by the 
sizing procedure. 

RS3 retrofit solution. 12 plate-dampers on the first storey, 14 on the second and third, 10 on 
the fourth and 8 on the fifth in 8 bays for each direction, resulting in np,x = np,y = 464, and 
np,tot = 928. This distribution is approximately proportional to the first modal shapes of the 
structure in x and y. 

RS1 – Results 

The two fundamental translational modes in x and y are kept, with modified periods of 0.67 
s and 0.64 s, and effective masses of 73.5% and 80.7%, respectively. The mass reductions 
are due to a little transfer to the torsional mode contributions caused by the asymmetric 
installation of the bracing system in plan (along 6 bays in x, and 8 in y).  

The results of the time-history analyses are recapitulated in Tables 3 and 4. A generalized 
improvement of seismic performance is observed, except for the first storey, where the 
energy dissipation benefits do not compensate for the response increase caused by the 
stiffening effects of the protective system. Moreover, the higher number of bays where it is 
placed, as well as of correspondingly installed plates, tends to provide fewer enhancements 
in the response along y, rather than greater ones, as intuitively expected.   

RC2 – Results 

The two fundamental translational modes in x and y have periods of 0.622 s and 0.619 s in x 
and y, and effective masses of 72.2% and 76.5%, respectively, highlighting small reductions 
as compared to the RS1 solution, but virtually equal values of periods and closer values of 
masses for the two axes.  

As highlighted in Tables 5 and 6, the time-history response in terms of stress states is 
virtually coincident with the RS1 one in y, whereas it is slightly decreased (SDE), increased 
(BDE), or very similar (MCE), in x. At the same time, drifts are lowered up to about 10% in 
y and 15% in x.  
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Table 3. Retrofitted conditions – RC1: maximum storey shear and s values 

S 
VxR VyR                     SDE                   BDE         MCE 
(kN) (kN) Vx 

(kN) 
Vy 

(kN) 
sx sy Vx 

(kN) 
Vy 

(kN) 
sx sy Vx 

(kN) 
Vy 

(kN) 
sx sy 

1 1996 2337 1975 2478 0.98 1.06 4689 7331 2.35 3.13 6326 8614 3.17 3.68 
2 1814 1912 1085 1106 0.59 0.58 2841 3236 1.56 1.69 3844 3797 2.12 1.98 
3 1667 1813 764 877 0.46 0.48 1979 2578 1.18 1.42 2357 3022 1.41 1.66 
4 1696 1696 552 585 0.32 0.34 1448 1725 0.85 1.01 1917 2018 1.13 1.19 
5 1696 1696 342 380 0.20 0.22 958 1128 0.56 0.66 1233 1317 0.73 0.77 
6 1696 1696 98 141 0.06 0.08 223 402 0.13 0.23 275 456 0.16 0.27 

 
Table 4. Retrofitted Conditions – RC1: maximum inter-storey drift and u values 

S 
uR                     SDE                   BDE         MCE 

(mm) ux 
(mm) 

uy 
(mm) 

ux uy ux 
(mm) 

uy 
(mm) 

ux uy ux 
(mm) 

uy 
(mm) 

ux uy 

1 17 8.8 9.6 0.52 0.56 23.9 26.6 1.4 1.56 29.5 31.5 1.73 1.85 
2 15.3 8.6 9.5 0.56 0.62 23.4 26.3 1.53 1.72 28.9 31.3 1.88 2.04 
3 15.3 7.4 7.9 0.48 0.52 20.6 22.1 1.35 1.44 25.6 26.2 1.67 1.71 
4 15.3 5.5 6.5 0.36 0.42 15.8 18.6 1.03 1.22 19.5 21.9 1.27 1.43 
5 15.3 3.6 4.8 0.23 0.31 10.3 13.5 0.67 0.88 12.9 15.9 0.84 1.04 
6 15.3 1.6 2.3 0.10 0.15 4.30 6.50 0.28 0.42 5.2 7.60 0.33 0.49 

 
Table 5. Retrofitted Conditions – RC2: maximum storey shear and s values 

S 
VxR VyR                     SDE                   BDE         MCE 
(kN) (kN) Vx 

(kN) 
Vy 

(kN) 
sx sy Vx 

(kN) 
Vy 

(kN) 
sx sy Vx 

(kN) 
Vy 

(kN) 
sx sy 

1 1996 2337 1711 2462 0.86 1.05 5039 7259 2.52 3.10 6224 8676 3.12 3.71 
2 1814 1912 1020 1106 0.56 0.58 3064 3233 1.68 1.69 3757 3850 2.07 2.01 
3 1667 1813 691 849 0.41 0.47 2171 2581 1.30 1.42 2662 3068 1.59 1.69 
4 1696 1696 490 588 0.29 0.35 1572 1730 0.93 1.02 1984 2049 1.17 1.20 
5 1696 1696 316 384 0.19 0.23 1012 1129 0.59 0.66 1281 1333 0.75 0.78 
6 1696 1696 62 140 0.04 0.08 164 407 0.09 0.24 192 449 0.11 0.26 

 
Table 6. Retrofitted Conditions – RC2: maximum inter-storey drift and u values 

S 
uR                     SDE                   BDE         MCE 

(mm) ux 
(mm) 

uy 
(mm) 

ux uy ux 
(mm) 

uy 
(mm) 

ux uy ux 
(mm) 

uy 
(mm) 

ux uy 

1 17 7.4 8.7 0.43 0.51 21.7 25.6 1.27 1.50 26.8 30.5 1.57 1.79 
2 15.3 7.1 8.5 0.46 0.55 21.5 24.9 1.40 1.63 26.4 29.6 1.72 1.93 
3 15.3 6.1 6.1 0.39 0.47 18.9 21.0 1.23 1.37 23.2 25.0 1.51 1.63 
4 15.3 4.4 4.4 0.28 0.37 14.0 17.0 0.91 1.11 17.6 20.3 1.15 1.32 
5 15.3 2.7 2.7 0.17 0.26 8.5 12.1 0.55 0.79 10.9 14.3 0.71 0.93 
6 15.3 0.9 0.9 0.06 0.14 2.5 6.60 0.16 0.43 3.10 7.80 0.20 0.51 

 
RC3 – Results 

The two fundamental translational modes have periods of 0.621 s and 0.618 s in x and y, and 
effective masses of 75.3% and 77.1%, respectively, i.e., practically coincident periods with 
the RS2 solution, and an about 3% increased mass in x and less than 1% in y, as compared 
to it.  

As illustrated by Tables 7 and 8, the first mode-proportional distribution of dampers along 
the height provides, with a 3.3% smaller number of plates than for RS2, an additional 
regularization of the demand on the various storeys due to the highest dissipation offered by 
the protective system on the second and third ones, in terms both of stress states and drifts. 
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Table 7. Retrofitted Conditions – RC3: maximum storey shear and s values 

S 
VxR VyR                     SDE                   BDE         MCE 
(kN) (kN) Vx 

(kN) 
Vy 

(kN) 
sx sy Vx 

(kN) 
Vy 

(kN) 
sx sy Vx 

(kN) 
Vy 

(kN) 
sx sy 

1 1996 2337 1636 2428 0.81 1.04 5058 7222 2.53 3.09 6222 8578 3.12 3.67 
2 1814 1912 938 1032 0.52 0.54 2948 3021 1.62 1.58 3601 3570 1.98 1.86 
3 1667 1813 638 818 0.38 0.45 2086 2422 1.25 1.33 2534 2852 1.52 1.57 
4 1696 1696 521 581 0.34 0.34 1659 1722 0.98 1.01 2055 2015 1.21 1.18 
5 1696 1696 351 385 0.21 0.22 1102 1140 0.65 0.67 1406 1323 0.83 0.78 
6 1696 1696 52 121 0.03 0.07 136 354 0.2 0.21 162 384 0.09 0.22 

 
Table 8. Retrofitted Conditions – RC3: maximum inter-storey drift and u values 

S 
uR                     SDE                   BDE         MCE 

(mm) ux 
(mm) 

uy 
(mm) 

ux uy ux 
(mm) 

uy 
(mm) 

ux uy ux 
(mm) 

uy 
(mm) 

ux uy 

1 17 7.3 8.6 0.43 0.50 21.7 25.4 1.27 1.49 26.6 30.6 1.56 1.80 
2 15.3 7.0 8.2 0.46 0.53 20.8 23.9 1.36 1.56 25.4 28.7 1.66 1.87 
3 15.3 5.8 6.9 0.38 0.45 18.3 20.2 1.19 1.32 22.3 24.3 1.46 1.59 
4 15.3 4.7 5.8 0.31 0.38 14.6 17.0 0.95 1.10 17.9 20.4 1.17 1.33 
5 15.3 3.2 4.2 0.21 0.27 9.3 12.2 0.60 0.79 11.9 14.7 0.77 0.96 
6 15.3 1.0 2.2 0.06 0.14 2.6 6.4 0.17 0.42 3.10 7.60 0.20 0.49 

4. Conclusions  

The energy-based sizing procedure for ADAS dampers proposed in this paper, based on 
simple spectral relations for the original structure, schematized like a SDOF system in the 
hypothesis of a substantial regularity in plan and elevation, was demonstratively applied to 
the seismic retrofit of a 6-storey reinforced concrete residential building.  

Starting from the estimated minimum number of plates needed to reach the target 
performance, three different solutions for the installation of the protective system were 
designed and comparatively evaluated.  

Although the assessed performance was similar for the three hypothesis, both in terms of 
stress states and inter-storey drifts, the analyses highlighted that the most effective 
distribution of plates is obtained by conceiving it as proportional to the lateral deformation 
of the original structure.  

This is underlined by the RS3 retrofit solution, which complies with this concept. Indeed, 
although including a smaller total number of plates as compared to RS2, characterized by a 
uniform distribution of plates in elevation, RS3 guarantees the best combined performance 
by constraining further the response of the second and third storey, where the highest drifts 
resulted in original conditions. At the same time, very slight differences are observed 
between RS2 and the other uniform-distribution intervention, RS1, in spite of the fact that 
the latter incorporates a 12.5% smaller number of plates. 
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Abstract: An external seismic retrofitting method for existing reinforced concrete (RC) 

buildings can ensure usability and workability during construction. In this study, a method 

was devised comprising the application of a damper to external seismic retrofitting RC 

members with the aim of further improving their seismic resistance. Structural tests were 

conducted on beam-flexural-yielding-type RC frames strengthened by external seismic 

retrofitting RC members with knee-brace dampers. The test results confirmed that dampers 

exhibit stable hysteretic behavior in the system and can improve the stiffness, strength, and 

energy dissipation capacity of the existing RC frame. However, there was a difference in the 

axial displacement of the damper between the tension and compression sides; this is because 

the neutral axis of the RC beam is closer to the compression edge, so the axial displacement 

occurring in the damper is larger during tension and smaller during compression. 

Keywords: earthquake engineering, RC building structure, seismic protection, friction 

damper, post-installed anchor 

1. Introduction 

To ensure the usability and workability of existing reinforced concrete (RC) buildings during 

seismic retrofitting construction, an external seismic retrofitting method can be employed. 

In this study, a method aimed at further improving the seismic resistance of RC members 

was devised, which consisted of applying a damper to external seismic retrofitting RC 

members. If a knee-brace damper is used to secure the opening, damping efficiency is 

reduced. If this damper can be attached to an external seismic retrofitting member, which 

would not result in reduced damping efficiency, a retrofitting method with high seismic 

resistance performance can be realized while ensuring an opening. In the devised 

construction method, the damping efficiency of the damper attached to the beam end is 

expected to improve by the provision of a slit at the beam end of the external part that 

concentrates the deformation at the beam end. 
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In this study, a cyclic loading test was conducted on existing beam-flexural-yielding-type 

RC frames strengthened by external seismic retrofitting RC members with knee-brace 

dampers, and its structural behavior and damping efficiency were confirmed. 

2. Experimental program 

2.1. Specimens 

Fig. 1 and Fig. 2 show the details of the specimen and damper, respectively. Table 1 lists the 

specifications of the tested specimens, Table 2 lists the material properties of concrete and 

the design parameters of the specimens, and Table 3 lists the material properties of the rebar. 

The specimens were 1/2 scale RC beam and column subassemblies resembling the trial 

design of existing beam-flexural-yielding-type RC frames. The axial force ratio of the 

existing column was set to 0.1, and axial force was applied using an unbonded prestressing 

rod. Four specimens were tested:  FT-E specimen comprised  only the existing subassemblies  

(Fig. 3 (a)), FT-R-0 specimen wherein the external seismic retrofitting RC members were 

applied to the existing subassemblies (Fig. 3 (b)), FT-R-D1 specimen wherein one damper 

was attached to the external seismic retrofitting part of the FT-R-0 specimen (Fig. 3 (c)), and 

FT-R-D2 specimen wherein two dampers were attached to the external seismic retrofitting 

part of the FT-R-0 specimen (Fig. 3 (d)). 

The external seismic retrofitting member was made of RC and joined to the existing frame 

using post-installed anchors. Typically, a slit is provided at the beam end of the external part 

between the column and beam, which does not contribute to the improvement in the flexural 

strength of the existing frame. In the FT-R-0 specimen, the post-installed anchors were 

designed based on the assumption that the couple of shear forces generated in the existing 

part is transmitted to the external part. 

A steel plate with a gusset plate (G.PL) and stud bolts was embedded in the external beam 

and column to connect the damper. The effectiveness of this connecting method has been 

confirmed in a previous study (Maida et al. (2021)). 

A friction damper with a ring-spring mechanism was used (Fig. 2). In this friction damper, 

the inner diameter of the C-shaped ring is made smaller than the outer diameter of the rod, 

and the tightening force of the C-shaped ring generates a frictional force between the rod 

and the C-shaped ring. The inclination angle of the dampers was 45°. The sliding force of 

the damper ND was set to 25 kN. For the FT-R-D1 and FT-R-D2 specimens, the post-

installed anchors were designed based on the assumption that the couple force generated by 

attaching the damper was added to the anchor burden. 

2.2. Loading setup 

Fig. 4 shows the test setup. The specimen was rotated 90° clockwise. The top and bottom of 

the existing columns were supported by pins. The existing beam-free end was driven by 

horizontal displacement-controlled jacks to cause deformation in the specimen. 

Fig. 5 shows the loading protocol. Quasi-static cyclic loading was conducted by increasing 

the displacement amplitudes. Each specimen was controlled using the beam drift ratio R. 
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Fig. 1 - Details of the specimens (unit: mm) 

 

 

Fig. 2 - Details of the dampers (unit: mm) 
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Fig. 3 - Configurations of the frames and dampers: (a) FT-E, (b) FT-R-0, (c) FT-R-D1, (d) FT-R-D2 

 

Table 1. Specifications of the tested specimens 

Specimens FT-E FT-R-0 FT-R-D1 FT-R-D2 

Existing 

part 

Column 

Section 

dimensions (mm) 
450 × 450 

Tensile rebars 3 – D19 

Hoop 2 – D6@75 

Axial force (kN) 455  

Beam 

Section 

dimensions (mm) 
250 × 450 

Tensile rebars  2 – D19 

Stirrup 2 – D6@200 

External 

part 

Column 

Section 

dimensions (mm) 
- 200 × 450 

Tensile rebars - 2 – D10 

Hoop - 2 – D10@125 

Beam 

Section 

dimensions (mm) 
- 200 × 450 

Tensile rebars  - 2 – D10 

Stirrup - 2 – D10@125 

Post-installed anchor - D13@125 

Damper - Yes (1) Yes (2) 
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Table 2. Material properties of concrete and the design parameters of the tested specimens 

Parameters 
Specimens 

FT-E FT-R-0 FT-R-D1 FT-R-D2 

Existing 

part 

Compressive strength, fc (MPa) 22.5 25.5 

Tensile strength, ft (MPa) 2.43 2.57 

Young's modulus, EC (MPa) 27500 29600 

External 

part 

Compressive strength, fc (MPa) - 35.2 

Tensile strength, ft (MPa) - 2.82 

Young's modulus, EC (MPa) - 31200 

 Flexural strength of beam, Qmu 

(kN) 
32.9 

 Shear strength of beam, Qsu (kN) 79.1 81.3 

 Shear capacity of beam, Qsu / Qmu 2.40 2.47 

 Axial sliding force in the damper 

(DU), NDU (kN) 
- 23.6 25.6 

 Axial sliding force in the damper 

(DD), NDD (kN) 
- 24.9 

 

Table 3. Material properties of rebar 

Material type 

Yield 

strength, fy 

(MPa) 

Ultimate 

strength, fu 

(MPa) 

Young's 

modulus, ES 

(MPa) 

Existing part 
Rebar D19 (SD345) 358 560 188000 

Hoop and stirrups D6 (SD295) 351 520 193000 

External part 
Rebar, hoop, and stirrups D6 (SD295) 374 513 188000 

Post-installed anchor D13 (SD345) 358 503 192000 

 

 

Fig. 4 - Test setup (unit: mm) 
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Fig. 5 - Imposed displacement protocol 

3. Test results and discussions 

3.1. Beam drift vs. shear force hysteretic loops 

Fig. 6 shows the relationship between the beam drift ratio R and shear force of the entire 

system Q, which is represented by the jack load. In the FT-E specimen, the first positive side 

cycle of R = 1/200 rad and all cycles of R = 1/150 rad were excluded from the graph because 

of a loading defect. 

There was almost no difference in the bending yield strengths of specimens FT-E and FT-

R-0; this is due to the slit provided at the beam end of the external part. When R was in the 

range of 1/200–1/100 rad, force increased by approximately 5 and 10–13 kN for the FT-R-

D1 and FT-R-D2 specimens, respectively, with respect to FT-R-0. 

When R exceeded 1/100 rad, force increased by approximately 6–8 and 11–13 kN for the 

FT-R-D1 and FT-R-D2 specimens, respectively, compared to the FT-E and FT-R-0 

specimens. 

 

 

Fig. 6 - Beam drift ratio R vs. shear force Q (R = 0–1/33 rad): (a) FT-E, (b) FT-R, (c) FT-R-D1, and (d) FT-

R-D2 

3.2. Equivalent viscous damping factor 

Fig. 7 shows the equivalent viscous damping factor (Jacobsen (1960)) of the first cycle of 

each beam drift ratio. 

The equivalent viscous damping factors were 1.04–1.17 and 1.11–1.40 times for the FT-R-

D1 and FT-R-D2 specimens, respectively, compared to the FT-R-0 specimen. Thus, it can 

be concluded that the application of a damper in an external seismic retrofitting RC member 

can add stable energy dissipation capacity. 
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Fig. 7 - Equivalent viscous damping factor of the first cycle of each beam drift ratio 

3.3. Damage to RC frames 

Fig. 8 shows the damage on the RC frames at R = ±1/50 rad. 

Cracks occurred in the existing part at R values of 1/1500 and 1/5000 rad for the FT-E and 

FT-R-0 specimens, respectively. It is probable that the slit at the beam end of the external 

part caused deformation to concentrate on the beam end of the existing part, and cracks 

occurred early. 

At the end of the R = ±1/50 rad cycle, the number of cracks in the existing part of the FT-R-

0 and FT-R-D2 specimens was smaller than that in the existing part of the FT-E specimen, 

and damage was suppressed by the external seismic retrofitting RC member. 

 

 

Fig. 8 - Damage of the RC frames at R = ±1/50 rad: (a) FT-E, (b) FT-R-0, and (c) FT-R-D2 

3.4. Behavior of the damper 

Table 4 lists the beam drift ratio and damper axial displacement at the start of damper sliding. 

Fig. 9 shows the variation in the axial displacement of damper D vs. the axial force in the 

damper ND. 
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All dampers started sliding with the assumed displacement, and energy dissipation could be 

processed earlier than the RC frame. In all specimens, the damper exhibited stable hysteretic 

characteristics until the end of the test. However, the results in Fig. 9 suggest that there was 

a difference in the axial displacement of the damper between the tension and compression 

sides. This is because the neutral axis of the RC beam is closer to the compression edge, so 

the axial displacement occurring in the damper is larger during tension and smaller during 

compression. 

 

Table 4. Beam drift ratio and damper axial displacement at the start of damper sliding 

 
Beam drift ratio at the start of damper 

sliding, RDS (rad) 
Damper axial displacement at the 

start of damper sliding, DS (mm) 

FT-R-D1 DU 1/950 0.67 

FT-R-D2 
DU 1/1680 0.47 

DD -1/1030 0.68 

 

 

Fig. 9 - Variation in the axial displacement of the damper D vs. the axial force in the damper, ND (R = 0–

1/33 rad): (a) DU in the FT-R-D1 specimen, (b) DU in the FT-R-D2 specimen, and (c) DD in the FT-R-D2 

specimen 

4. Conclusions 

In this study, a loading test was conducted on existing beam-flexural-yielding-type RC 

frames strengthened by external seismic retrofitting RC members with knee-brace dampers. 

The test results confirmed that dampers in the system exhibit stable hysteretic behavior and 

can add stiffness, strength, and energy dissipation capacity to the existing RC frame. 

However, there was a difference in the axial displacement of the damper between the tension 

and compression sides. This is because the neutral axis of the RC beam is closer to the 

compression edge, so the axial displacement that occurs in the damper is larger during 

tension and smaller during compression. 
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Abstract: This study aims to highlight the performance of the Tuned Mass Damper (TMD) 
in controlling vibrations of flexible structures subjected to wind and earthquake actions. A 
tall building and a long-span suspension bridge are used as case study structures. A single 
TMD placed at the top of the building and mid-span of the deck is used as control 
mechanism. The TMD is tuned to different modes of vibration of the structures. Control 
performance in terms of structural displacement and acceleration when subjected to wind 
and earthquake forces are evaluated by numerical simulation of uncontrolled and controlled 
structures. The results show that selection of an optimal TMD, i.e., the vibration mode it is 
tuned to depends on which response parameter is desired to be controlled. In addition, it 
depends on the limit state considerations. For the tall building, ultimate limit states are more 
likely to be governed by displacement response, which is dominated by seismic action. In 
such a case, TMD tuned to the first vibration mode is desirable. Nevertheless, floor 
accelerations due to some ground motion might exceed ultimate limit states, in which case 
TMD tuned to higher modes is more effective in vibration control. On the other hand, 
serviceability limit state, relating to discomfort and non-structural damage caused by floor 
accelerations might be exceeded by long-duration vibrations caused by wind. In this case, 
TMD tuned to the first vibration mode is more desirable. Structural safety of the long-span 
bridge is controlled by displacement response subjected to wind forces, and TMD tuned to 
the first vibration mode is desirable. Although, seismic induced accelerations of the bridge 
are large than those due to wind, long-duration vibrations, albeit of lower level, can result in 
fatigue of cables and other components of the structure. In this sense, control of wind-
induced acceleration is important, for which TMD tuned to the first mode of vibration in 
desirable.   

Keywords: Multi-Hazard, Long-span Bridge, Tall Building, TMD, Wind and Earthquake 
Engineering. 

1. Introduction 

Skyscrapers and long-span bridges are among the complex structures with specific 
geometrics that make them vulnerable to natural destructive forces such as earthquakes and 
wind. Although the probability of simultaneous occurrence of high-intensity loading by 
these natural hazards (earthquake and wind force) is very low, such structures can be 
exposed to these forces once or more during their useful life. Vibration control systems 
should therefore be robust against different forces that might act on the structure.  

Several control devices to mitigate structural response of tall buildings and bridges have 
been reported in the literature. In most cases, the studies focus on either wind or seismic 
loads. Frequency content of seismic ground motion and wind forces are different, thereby 
exciting different vibration modes of a structure. Most seismic ground motions may not 
excite fundamental vibration mode of very flexible structures. On the other hand, they 
might resonate with higher vibration modes. Wind forces, on the other hand, might excite 
lower vibration modes of the structure. Since most control devices work by tuning them to 
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a certain vibration mode, a device tuned for seismic loading might not work or even have 
adverse effects on wind response, and vice versa.  

To control vibration of tall building subjected to wind and seismic forces, several devices 
such as semi-active friction damper (Cao et al., 2018), passive energy dissipation (Dogruel 
and Dargush, 2008; Roy and Matsagar., 2019; Roy and Matsagar., 2020), viscous fluid 
dampers (Chapain and Aly., 2019), and tuned mass damper (Elias and Matsagar, 2015; , 
Elias et al., 2019; Shalom et al., 2020 ) have been proposed in the literature. To the best of 
our knowledge, vibration control of long-span bridges under multi-hazard conditions has 
not been reported in the literature.  

This study aims to illustrate multi-hazard effects in performance of vibration control of tall 
buildings and long-span bridges using to case study examples, one of each structural type. 
TMDs tuned to different modes of the structures are evaluated in terms of their response 
reduction capacity when subjected to wind or earthquake force.  

2. Mathematical models 

Two different structures, each having a low fundamental frequency in their kind, are used. 
The first one is the Runyang Suspension Bridge (RSB) that crosses the Yangtze River in 
Jiangsu Province, China. RSB has a length of 1490m at the main span (see Fig. 1). The 
span of this bridge is hanged from two sides through two towers, each 210 m high. Each 
tower is constructed from two steel-concrete columns and three prestressed concrete cross 
beams (see Fig. 1-(a) & (b)). The main cables is 0.9m in diameter and composed of 127 
steel wires, each of 5.3mm diameter steel wire having tensile strength of 1670 MPa. Each 
suspension point has two vertical suspenders. Each vertical suspender contains 109 steel 
wires with 5 mm diameter and 1670 MPa strength. The steel girder in the deck is 38.7 m 
wide and 3m thick, with a 2% slope on each side (see Fig. 1-c). The main components of 
the deck are deck plate, longitudinal beams (U-ribs), and transverse beams (transverse 
diaphragms). More details of the structure can be found, for example, in Ji et al. (2006). A 
finite element model (FEM) of the RSB is prepared in SAP2000 (CSI, Computer and 
Structures 2009) and its eigen frequencies are validated against those reported in Li et al. 
(2010). The first transverse mode of vibration has a frequency of 0.049 Hz (period of 
20.4s). A single Tuned Mass Damper (TMD) is placed at the mid-span of the bridge (see 
Fig. 3). 

The second structure is a 76-story benchmark building with plan dimension of 42 m × 42 
m and a height of 306.1m. Detailed description and mathematical models of the building 
are taken from Yang et al. (2004). The building is modelled with one degree of freedom 
per floor (see Fig. 2). The first five natural frequencies of this building are 0.1600, 0.7651, 
1.9921, 3.7899, and 6.3945 Hz. Wind-induced vibration control of this building using 
TMD, is reported in Elias and Matsagar (2014). FEM model of the building is prepared in 
Matlab.  
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Fig. 1. Runyang Suspension Bridge (RSB). (a) elevation. (b) The general layout of the RSB tower.  (c) Cross-
section of the steel box girder. All dimensions are in meters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 - 76-story benchmark building. (a) Plan view. (b) Elevation view with a schematic representation of a 
Tuned Mass Damper placed at the top floor. All dimensions are in meters. 
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Fig. 3. FE model of the Rungyang Suspension Bridge with a schematic representation of a Tuned Mass 
Damper placed at the mid-span of the deck. 

3. Numerical study 

Two earthquake ground motions are used in this study. The first ground motion record is 
from the 1979 Imperial Valley Earthquake with 6.53 magnitude and a moderate Peak 
Ground Acceleration (PGA) of 0.349g. The second one is from the 1978 Tabas Iran 
Earthquake with moment magnitude 7.35 magnitude and PGA of 0.857g.  The ground 
motions are applied in the transverse direction of the RSB model and x-direction of the 
building model. The details of each ground motions are presented in Table 1.  

Table 1, Specification of selected ground motion records 
Earthquake Station Year Magnitude PGA (g) 

Imperial Valley El Centro 1979 6.53 0.349 
Tabas-Iran Tabas 1978 7.35 0.854 

 

The fluctuating wind force is modelled based on Kaimal power spectral density function 
(Kaimal, 1972). An online tool by Kwon and Kareem (2006) is used for simulating the 
time series of wind velocity at different heights of the structures. The parameters used for 
simulating the velocity time series are; 3-sec gust wind speed U3s,10 = 47m/s, cutoff 
frequency is fc = 2 Hz, Exposure category is C, sampling interval Δt = 0.25s, and the the 
drag coefficient CD = 1.2. The fluctuating force at elevation i is calculated as 

Fi (t) = ρCDAiUiui (t)                                            (1)        

where ρ is the density of air (taken as 1.2 kg/m3), Ai is the tributary area at that elevation, 
Ui is the average wind velocity, and ui (t) is the fluctuating wind velocity. For the building 
structure, wind forces are based on wind tunnel tests as reported in Yang et al. (2004). 

The simulated wind-induced force is applied along the height in the transverse direction of 
the RSB tower and distributed along the deck as point loads applied at the location of each 
cable. It is applied in the x-direction of the building model at each floor.  

For vibration control of the building and bridge, a Single TMD (STMD) consisting of a 
spring, a mass, and a dashpot is considered. It is placed at the top floor of the building and 
at the mid-span of the bridge. The TMD mass moves in the X-direction but is fixed in the 
other two directions. The equations in Sadek et al. (1997) are used to estimate optimal 
parameters of the TMD. The mass of the TMD is taken as 1% of the total structural mass.  
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For the building structure, there cases are considered, with TMD tuned to the frequency of 
the first, the third, and the fifth mode in the X-direction. Similarly, for RSB, three cases of 
TMDs, tuned to the frequency of the first, the seventh, and the eleventh mode were 
considered. These modes were selected based on their mass participation ratios and modal 
amplitudes at the mid-span. The parameters of TMDs are presented in Table 2. 

The peak displacement and acceleration response of structures (top floor of the building 
and mid-span of the RSB) controlled with each one of these three types of TMDs 
compared with the uncontrolled (NC) structure in Table 3 and Table 4.  

 
Table 2, TMDs parameters 

 Building RSB 
 Mass ratio Damping Tuning frequency Mass ratio Damping Tuning frequency 

TMD1 1% 5% 0.16 Hz 1% 5% 0.05 Hz 

TMD2 1% 5% 0.76 Hz 1% 5% 0.63 Hz 

TMD3 1% 5% 1.99 Hz 1% 5% 0.96 Hz 

 

Table 3 Peak displacement and acceleration response of the top floor of the 76-story building under wind and 
earthquakes forces. 

 
  Structure Response reduction (%) 
 

Excitation NC TMD1 TMD2 TMD3 TMD1 TMD2 TMD3 

D
is

pl
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em
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t 
(m

) 

El-Centro  0.84 0.44 0.71 0.71 47.18 15.92 15.78 

Tabas  2.86 2.23 2.63 2.89 22.28 8.06 -0.93 

wind 0.35 0.23 0.30 0.30 35.65 15.55 15.67 

A
cc

el
er

at
io

n 
(m

/s
ec

2 )
 

El-Centro  10.4 10.36 9.92 6.81 0.60 4.81 34.61 

Tabas  36.0 35.75 29.93 29.01 0.72 16.88 19.43 

wind 0.32 0.14 0.26 0.28 54.91 17.34 11.70 

 
Table 4 Peak displacement and acceleration response of the mid-span under wind and earthquakes forces. 

   
Structure Response reduction (%) 

 
Excitation  NC TMD1 TMD2 TMD3 TMD1 TMD2 TMD3 

D
is

pl
ac

em
en

t 
(m

) 

El-Centro 0.84 0.83 0.76 0.78 1.08 8.53 6.53 

Tabas 0.85 0.81 0.82 0.83 4.36 3.54 2.83 

wind 5.51 3.95 5.51 5.58 28.23 -0.03 -1.30 

A
cc

el
er

at
io

n 
(m

/s
ec

2)
 El-Centro 1.22 1.19 1.09 0.70 2.50 10.25 42.73 

Tabas 4.88 4.83 3.58 2.29 1.02 26.52 53.09 

wind 0.47 0.30 0.47 0.47 35.68 -0.56 -1.59 

 

In the tall building, the TMD1 is more effective in controlling seismic-induced 
displacement response than the other two TMDs. Seismic-induced acceleration control is 
better with TMD2 and TMD3. This is because while the displacement response to seismic 
load is mostly contributed by the first vibration mode, higher modes play significant role in 
acceleration response. The control performance varies from one ground motion to other as 
the frequency content of ground motion changes relative to the tuning frequency of the 
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TMDs. For wind loads, TMD1 is better than TMD2 and TMD3 in controlling both 
displacement and acceleration of the building. It is important to note that seismic forces 
induce much higher displacement on the building than wind forces. Therefore, to multi-
hazard displacement control of the building needs to be based on seismic loads. The wind-
induced accelerations of the building are much lower than those due to ground motions. 
While these accelerations might not be critical for structural safety, they are well-above 
human comfort criteria, which is usually taken around 6-10 cm/s2. Since wind-induced 
accelerations last for much longer duration than seismic-induced acceleration, even lower 
level of acceleration can be critical for occupant comfort and non-structural elements. 
Therefore, TMD1 is more suitable acceleration control for serviceability requirements. On 
the other hand, some ground motion, like the Tabas used here, induce extremely high floor 
acceleration that might be critical for structural safety. In this case, TMD3 is the most 
effective in reducing floor acceleration. These results show a complex interplay between 
response parameter and load type determining the tuning frequency of the TMD in a multi-
hazard scenario. 

For the long-span bridge, displacement response is more critical than acceleration response 
in terms of structural safety. Acceleration response might be, however, important in terms 
of fatigue effects in the cables, and traffic safety in extreme conditions. As expected, for a 
flexible structure like the RSB bridge, displacement response is controlled by wind forces. 
Displacement response of the bridge to wind forces is dominated by the first vibration 
mode, and therefore TMD1 provides the best performance. Acceleration response of the 
bridge is controlled by higher modes of vibration responding to seismic action, and 
therefore TMDs tuned to higher modes are more efficient. However, the acceleration 
induced by earthquakes, although larger than those due to wind, are not large enough to be 
critical for the structural. On the other hand, wind-induced acceleration, although relatively 
low, can be critical in terms of fatigue loads. Therefore, it appears TMD1 is the best 
solution for overall control of the bridge.  

4. Conclusions  

This study illustrates multi-hazard consideration in vibration control of very flexible 
structure. A tall building and a long-span bridge are taken as case study examples. Wind 
and seismic loads are considered as environmental actions. A single TMD placed at the top 
of the building and mid-span of the bridge deck is used as a control mechanism. Numerical 
simulations of structural response with and without control devices are used to evaluate 
control performance of structural displacement and acceleration response to wind and 
seismic forces. The TMDs are tuned to different modes of vibrations of the structures to 
investigate optimal tuning frequencies. The results show that the vibration mode the TMD 
needs to be tuned to is controlled by the environmental action, i.e., wind or earthquake, as 
well the response parameter to be controlled. For the building, TMD tuned to the first 
mode is most desirable to control displacement response, which can be critical for 
structural safety. To control high accelerations corresponding to limit state of the structure, 
TMDs tuned to higher vibration modes are more desirable. However, TMD tuned to the 
first mode is better in controlling wind-induced acceleration, which although relatively 
low, can be critical for occupant comfort and non-structural elements. For the bridge 
structure, displacement response is more critical than acceleration response, which means 
TMD1 is desirable, and wind is the dominating action. TMDs tuned to higher modes are 
better for controlling seismic-induced deck accelerations. However, short-duration 
accelerations due to ground motions might not be as significant as long-duration 
accelerations due to wind in terms of fatigue of cables. Therefore, TMD1 appears to be the 

2422
3ECEES, September 2022, Bucharest, Romania



best control strategy for the bridge. Control of higher modes might, however, be more 
relevant for other response parameters such as displacement/acceleration of the tower, 
which need to be further investigated. In summary, in a multi-hazard scenario, selection of 
a proper control device needs to rely both on the type of environmental action and the 
response parameter desired to be controlled. 

Acknowledgements 

The first author is financially supported by a doctoral grant from the University of Iceland. 
This work was also supported by research grants from the University of Iceland, and the 
Icelandic Road and Coastal Administration, Vegagerðin.  

 

References 

- Cao, L., Laflamme, S., Hong, J., & Dodson, J. (2018). Input space dependent controller for civil 
structures exposed to multi-hazard excitations. Engineering Structures, 166, 286-301. 

- Dogruel, S., & Dargush, G. F. (2008). A framework for multi-hazard design and retrofit of passively 
damped structures. In AEI 2008: Building Integration Solutions (pp. 1-12). 

- Roy, T., & Matsagar, V. (2019). Effectiveness of passive response control devices in buildings 
under earthquake and wind during design life. Structure and Infrastructure Engineering, 15(2), 252-
268.  

- Roy, T., & Matsagar, V. (2020). Probabilistic assessment of steel buildings installed with passive 
control devices under multi-hazard scenario of earthquake and wind. Structural Safety, 85, 101955. 

- Chapain, S., & Aly, A. M. (2019). Vibration attenuation in high-rise buildings to achieve system-
level performance under multi-hazard. Engineering Structures, 197, 109352. 

- Elias, S., & Matsagar, V. (2015). Optimum tuned mass damper for wind and earthquake response 
control of high-rise building. In Advances in structural engineering (pp. 1475-1487). Springer, New 
Delhi. 

- Elias, S., Rupakhety, R., & Olafsson, S. (2019). Analysis of a Benchmark Building Installed with 
Tuned Mass Dampers under Wind and Earthquake Loads. Shock and Vibration, 2019. 

- Shalom Kleingesinds, Oren Lavan & Ilaria Venanzi (2020) Life-cycle cost-based optimization of 
MTMDs for tall buildings under multi-hazard, Structure and Infrastructure Engineering, DOI: 
10.1080/15732479.2020.1778741 

- Ji, L., & Zhong, J. (2006). Runyang Suspension Bridge over the Yangtze River. Structural 
engineering international, 16(3), 194-199. 

- Li, Z., Li, A., & Zhang, J. (2010). Effect of boundary conditions on modal parameters of the Run 
Yang Suspension Bridge. Smart Struct. Syst, 6(8), 905-920 

- Yang, J. N., Agrawal, A. K., Samali, B., & Wu, J. C. (2004). Benchmark problem for response 
control of wind-excited tall buildings. Journal of engineering mechanics, 130(4), 437-446. 

- Elias, S., & Matsagar, V. (2014). Distributed multiple tuned mass dampers for wind vibration 
response control of high-rise building. Journal of Engineering, 2014. 

- Kaimal, J. C., Wyngaard, J. C. J., Izumi, Y., & Coté, O. R. (1972). Spectral characteristics of 
surface‐layer turbulence. Quarterly Journal of the Royal Meteorological Society, 98(417), 563-589. 

- Kwon, D., & Kareem, A. (2006). NatHaz on-line wind simulator (NOWS): simulation of Gaussian 
multivariate wind fields. NatHaz Modeling Laboratory Report: Univ. of Notre Dame. 

- Sadek, F., Mohraz, B., Taylor, A. W., & Chung, R. M. (1997). A method of estimating the 
parameters of tuned mass dampers for seismic applications. Earthquake Engineering & Structural 
Dynamics, 26(6), 617-635. 

- CSI, SAP2000: Integrated software for structural analysis and design, Computer and Structures 
2009, Inc., Berkeley, CA, USA. 

 
 

 

2423
3ECEES, September 2022, Bucharest, Romania



 

 

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

 

Application of a simplified design procedure for the seismic 
rehabilitation of RC framed structures equipped with hysteretic damped 

braces 

Eleonora Bruschi - Politecnico di Milano, Department of Architecture, Built Environment and Construction 
Engineering, Piazza Leonardo da Vinci 32, 20133 Milan, Italy, e-mail: (eleonora.bruschi@polimi.it) 

Virginio Quaglini - Politecnico di Milano, Department of Architecture, Built Environment and Construction 
Engineering, Piazza Leonardo da Vinci 32, 20133 Milan, Italy, e-mail: (virginio.quaglini@polimi.it) 

Paolo M. Calvi - University of Washington, More Hall, Department of Civil and Environmental 
Engineering, Seattle, WA 98195, USA, e-mail: (pmc85@uw.edu)   

Abstract: The study presents a simple and affordable procedure for designing the seismic 
rehabilitation of frame structures equipped with hysteretic dampers. The method is aimed at 
leading the designer to proportion the damper device(s) in order to achieve a desired 
structural performance level. The structural system composed by frame and dampers is 
replaced by an equivalent Single Degree of Freedom (SDOF) system, characterized through 
its secant stiffness and equivalent viscous damping, both defined in relation to a 
“performance point” which is assigned on the basis of the allowable damage of the frame 
and on the first mode deformation of the main structure. The global stiffness and strength of 
the equivalent SDOF system are then distributed along the height of the frame according to 
a stiffness-proportionality criterion, and the properties of the damper units are calculated 
depending on the chosen layout. Two case-studies relevant to as many reinforced concrete 
frames are provided to demonstrate the effectiveness of the suggested procedure, obtaining a 
satisfactory agreement between the design target and numerical capacity curves.  

Keywords: Seismic retrofit, RC frame structures, hysteretic damper, non-linear static 
analysis, non-linear dynamic analysis 

1. Introduction  

Most of the Italian structures were built in compliance to old seismic standards; for this 
reason, they may be unable to survive ground motions, even of medium intensity [Studio 
CRESME (2020)]. Hence, the development of seismic rehabilitation technologies is a key 
step to pursue the target of reducing the failure probabilities and consequently increasing 
the resilience of the Italian community. Many techniques are available for upgrading 
existing structures, which can be used alternatively or in combination to increase the 
capacity of the structure and/or to reduce the seismic demand, e.g., CEB, (1996) and 
Quaglini et al. (2021). Among them, supplementary energy dissipation is an appealing one, 
especially for reinforced concrete (RC) structures, which represent one of the most 
common structural typologies in Italy [Studio CRESME (2020)]. This technique can be 
applied to both new and retrofitted constructions in order to prevent structural damage, 
increase life-safety and achieve a desired level of performance [Di Cesare et al. (2017)] 
appearing an appropriate and economically affordable solution to reduce the vulnerability 
of ordinary structures, such as residential, school and industrial buildings. Unfortunately, 
despite of remarkable improvements in dampers’ technology, and even if several 
procedures have been proposed in literature for the design of supplementary energy 
dissipation systems [e.g., Di Cesare et al. (2017), Mazza and Vulcano (2015), Mazza 
(2019), Nuzzo et al. (2019)], nowadays practitioners still have little confidence in 
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implementing supplementary energy dissipation strategies due to lack of both design 
procedures to be easily adopted and seismic codes that properly address specific provisions 
[Nuzzo et al. (2019)]. The common practice consists in determining the size and the 
suitable location of the dissipation units within the building starting from a trial 
configuration based on the engineer’s expertise, and then verifying the retrofitted structure 
through dynamic or static analyses; this procedure is iterative until the target performance 
is reached [Kim et al. (2006)].  
The present work aims at presenting a design procedure for the seismic upgrade of RC 
frame structures equipped with hysteretic dampers. The ease and effectiveness of the 
method is illustrated analyzing two existing frame buildings: one is an existing 4-story 
frame building located in a medium/high seismic area and designed according to outdated 
standards [Di Cesare et al. (2017)], which needs to be retrofitted to comply with the 
performance requirements of the most recent Italian norm; the second structure is a 
residential 6-story building, designed according to the current Italian Building Code 
[CSLLPP 2018] for a low seismicity zone [Faleschini et al. (2019)], which is upgraded to 
resist higher seismic excitations corresponding to a high seismicity area. The procedure is 
applied to the case-studies and the main results from non-linear static and dynamic 
analyses (NLSAs and NLDAs) are discussed. 

2. Design procedure of the damped brace system 

The design procedure consists of 5 steps, shown in the flowchart in Fig. 1 and detailed in 
the work of Bruschi et al. (2022). The method is developed in the acceleration-
displacement response spectrum (ADRS) space and the damped brace (DB) capacity curve 
is obtained as the difference between the capacity curve of the Frame + Damped Brace 
(F+DB) system achieving the target displacement dp, and the capacity curve of the bare 
frame (F).  Then, the mechanical properties of the identified equivalent Single Degree of 
Freedom (SDOF) damped brace are distributed at each story according to a proportionality 
criterion with respect to the first mode properties of the unbraced frame. It is necessary to 
recall that a pre-requisite for the application of the procedure is that the behavior of the 
frame building is governed by the first mode, which legitimates the condensation of the 
Multi Degree of Freedom (MDOF) structure to the equivalent SDOF system (Fig. 1). The 
procedure is iterative and can be implemented in a spreadsheet, reaching the convergence 
in few steps. In addition, the graphical representation of the capacity curves in the ADRS 
plane has the added advantage of giving the engineer the opportunity to visualize at any 
iteration the relationship between demand and capacity. 
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Fig. 1 - Flowchart of the proposed procedure, Bruschi et al. (2022) 
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3. Assessment of the design procedure 

In order to prove the effectiveness of the method, the proposed procedure is applied to two 
case-study structures. The first one is an existing 4-story reinforced concrete (RC) building, 
located in Potenza (Italy), a medium/high seismic area with PGA of 2.45 m/s2, and it is 
assumed to be founded on soil type B with topographic factor T1 [Di Cesare et al. (2017)]. The 
main dimensions of the building are sketched in Fig. 2; information on materials, 
reinforcement, masses and loads are reported in the reference Di Cesare et al. (2017). 

 
Fig. 2 - Existing RC case-study 1 building in Potenza: (a) elevation view; (b) layout of steel hysteretic braces, 

installed in the perimetral frames [Bruschi et al. (2022)] 

The second structure is a residential 6-story RC building, designed according to the most 
recent Italian Building Code [CSLLPP 2018], which provides a similar approach to the 
Eurocode 8 [CEN 2005]. Sketches of the building, with the dimensions of sections, inter-story 
height and spans, are reported in Fig. 3; structural loads and additional design information are 
reported in the reference Faleschini et al. (2019). According to the assumed code, the structural 
frame was designed with seismic details for a low seismicity zone corresponding to the 
municipality of Pordenone, Italy [CSLLPP 2018], characterized by a PGA = 1.91 m/s2 and soil 
type B. In this study, the structure is upgraded to resist to higher seismic excitations 
corresponding to a high seismicity area, considering the seismic loads provided by the code 
[CSLLPP 2018] for life-safety limit state (SLV), site of L’Aquila (Long 13° 23.9724’, Lat 42° 
21.033’), functional class cu = II, PGA = 4.062 m/s2, soil type C and topographic factor T2. 

 
Fig. 3 - Existing RC case-study 2 building in Pordenone: (a) elevation view; (b) layout of steel hysteretic 

braces, installed in the perimetral frames [Bruschi et al. (2022)] 
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In both structures, the design procedure is separately applied to both X and Z directions. The 
bilinear curves of the equivalent SDOF systems of the two as-built structures in either 
horizontal direction (X and Z) are determined from the MODAL capacity curves. The target 
displacement is calculated considering a maximum inter-story drift of the braced structure 
equal to ∆d = 0.005 m/m, to satisfy the stability requirement for non-structural elements at the 
ultimate limit state, as recommended in the Italian Building Code [CSLLPP 2018]. The 
parameters of the equivalent bilinear capacity curves of the two main frames in the two 
horizontal directions are reported in Table 1 and Table 2. 

Table 1. Properties of the equivalent SDOF system and bilinear capacity curves of case-study 1 structure in the 
two horizontal directions 

Direction  
 

 
 

 
 

 
 

 
 

 
 

 
 

        
        

Table 2. Properties of the equivalent SDOF system and bilinear capacity curves of case-study 2 structure in the 
two horizontal directions 

Direction  
 

 
 

 
 

 
 

 
 

 
 

 
 

        
        

 
The retrofit is performed by using diagonal steel braces, equipped with hysteretic devices with 
ductility level μDB = 10 and κDB = 1, which corresponds to an equivalent viscous damping ratio 

. Table 3 reports the values of the yield strength and target displacement  of 
the SDOF damped brace obtained at the end of the iterative procedure for the two case-study 
structures along either direction: in both cases, the convergence is reached at the third iteration. 
The damped braces are inserted in the facades, according to the layout shown in Fig. 2 and Fig. 
3, by using 4 units at each floor in both X- and Z- directions. 

Table 3. Properties of the SDOF damped brace for the two case-study structures 

 Case-study 1 Case-study 2 

Direction  
 

 
 

 
 

 
 

     
     

3.1. Numerical investigation 

In order to validate the procedure, NLSAs and NLDAs are performed on both as-built and 
retrofitted configurations. A full 3D numerical model is formulated within the OpenSees 
framework [MecKenna et al. (2000)], by using the forceBeamColumn element object 
[Scott et al. (2006)] (in the form of the beamWithHinges) for beams and columns, as 
reported in [Bruschi et al. (2021)] and applied in [Bruschi et al. (2022)] and choosing a 
modelling approach consistent with the European design code [CEN 2005]. For sake of 
brevity, only the results of the NLSAs performed on the case-study 1 structure are 
reported: Fig. 4 compares in the ADRS plane the capacity curves of the upgraded building, 
which meet the design target in either building direction. 
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Fig. 4 – Capacity curves of the upgraded case-study 1 structure along X- and Z- directions 

Since NLSAs evaluate the response of the retrofitted structure in terms of global quantities 
only, inter-story drift ratios and shear forces at each story are evaluated by applying 
bidirectional NLDAs in compliance with the Italian Building Code [CSLLPP 2018], 
considering two sets of seven artificial ground motions generated using the computer code 
SIMQKE. Fig. 5 and Fig. 6 show the numerical results in terms of maximum inter-story 
drift ratio 𝛥𝛥 and maximum shear forces V at each story of the two case-study structures, 
comparing the as-built configuration to the retrofitted configurations. 

 

Fig. 5 – Comparison of maximum inter-story drift ratio (left) and maximum shear forces at each floor (right) 
of the case-study 1 structure obtained by bidirectional NLDAs with and w/o damped braces  

 

Fig. 6 – Comparison of maximum inter-story drift ratio (left) and maximum shear forces at each floor (right) 
of the case-study 2 structure obtained by bidirectional NLDAs with and w/o damped braces  
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In both structures, inter-story drift ratios 𝛥𝛥 drastically decrease when the damped braces 
are introduced, producing at each floor maximum 𝛥𝛥 values smaller than 0.5%, which is the 
design target drift ratio. It is worth noting that in the case-study 2, the inter-story drift ratio 
𝛥𝛥 at the third floor, which is the weak floor, is exactly equal to 0.005 m/m.  
As expected, the shear forces V increase in both braced structures: for the case-study 1, the 
shear forces seem only slightly affected from the upgrade, with increases lower than 10% 
at each floor but for the last one (almost equal to 11%), whereas the case-study 2 building 
undergoes a more significant increment of forces at each floor, as shown in Fig. 6. 

4. Conclusions

The present work aims at presenting a handy-to-use design procedure for the seismic 
upgrade of RC frame structures equipped with hysteretic dampers. The procedure is 
suitable for professional applications and consists of two main parts: (i) a simple algorithm 
based on the Capacity Spectrum Method to define the global properties of the damped 
brace system, described by means of an equivalent SDOF system; and (ii) a strategy to 
determine the distribution of the properties of the equivalent SDOF damped brace along 
the height of the structure, by assuming that the lateral deformation of the retrofitted frame 
matches the first mode deformation of the main frame. The strength of the proposed 
method relies on its simplicity: only one NLSA of the as-built structure is performed at the 
beginning of the process, to determine the capacity curve of the main frame, and at each 
iteration the capacity curve of the upgraded frame is calculated by means of analytical 
equations; in this way, the iterative procedure can be implemented in a spreadsheet (such 
as Excel), and convergence is usually reached in few steps.  
To demonstrate the effectiveness of the suggested procedure, two case-study RC structures 
have been considered and the design has been performed in order to guarantee an elastic 
behavior of the upgraded structure, avoiding any structural damage under the design 
earthquake. The results of NLSAs and NLDAs have proved that the design requirement is 
satisfied, showing a consistent reduction in terms of inter-story drift ratios Δ with respect 
to the bare configuration. The maximum inter-story drift ratio was less than 0.5% at each 
floor of both buildings and in particular, the drift of the weak story of the case-study 2 
structure was exactly equal to the assumed elastic limit Δ = 0.005 m/m.  
In conclusion, owing to its ease, the procedure is aimed at enhancing the confidence of 
practitioners in using supplementary energy dissipation systems by providing a simple, 
fast, and handy procedure to tune the effective parameters of the damped braces.  
However, further investigations are necessary in order to make the procedure more 
general: the method should be extended also to irregular buildings and to other structural 
typologies, such as steel structures and composite structures. Moreover, the seismic 
rehabilitation should include also the constitutive behavior of other steel hysteretic 
dampers, characterized by a hardening ratio r > 0. 
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Abstract: The use of a steel exoskeleton equipped with dissipative braces and links (DEX) 

represents an effective, functional and economic solution for outside seismic retrofitting of a 

building. In this paper, the attention is focused on the interaction between viscous DEXs and 

reinforced concrete (RC) framed structures. The exoskeleton is meant to remain elastic and 

rigidly coupled with the existing structure, while added damping is obtained using a damped 

bracing system. A displacement-based design procedure of the DEX is adopted, making a 

distinction between mass, stiffness and strength properties of steel exoskeleton and added 

damping of nonlinear fluid viscous dampers. A six-storey RC framed structure designed in 

L’Aquila (Italy) for moderate seismic loads is to be retrofitted in a high risk-seismic region. 

Two configurations of masonry infill (MI) are considered: i.e. bare frame, with nonstructural 

MIs; infilled frame, with a uniform in-elevation distribution of structural MIs. DEXs parallel 

to all façades of the building are designed for three performance levels, corresponding to the 

attainment of different target displacements. The OpenSEES platform is considered for the 

numerical modelling of the original and retrofitted structures, considering ductile and brittle 

failure modes of structural and nonstructural elements. 

Keywords: framed buildings; seismic retrofitting; displacement-based design procedure; 

concentrically braced frame; viscous damped brace. 

1. Introduction 

New perspectives in supplementary energy dissipation for seismic retrofitting of structures 

are represented by dissipative exoskeletons (DEXs), corresponding to different typological 

choices satisfying structural and energetic requirements (Menna et al. (2021); Passoni et al. 

(2020)). Referring to the location of dissipative devices, it is possible to have dissipative 

braces, inserted within an external support structure (Mazza and Mollo (2021)), and 

dissipative links, placed at the base (Gioiella et al. (2018)), at the end or mid-span sections 

of frame elements of the exoskeleton (Manfredi et al. (2021)) or at the floor connection 

with the existing structure (Barbagallo et al. (2018)). Referring to the stress transfer, partial 

or uniform distributions are possible for DEXs parallel and perpendicular to the façades to 

which they are connected through shear and axial links, respectively. Finally, in alternative 

to a continuous vertical shape, tapered and strong-back (Simpson and Mahin, 2018) 

solutions can be adopted in order to follow shear and bending moment distributions and 

uniformly distribute the frame deformation along the building height, respectively. 

In the present study, the effectiveness of a displacement-based design procedure of DEX 

(Mazza and Mollo (2021)) is examined with reference to reinforced concrete (RC) framed 

structures and fluid viscous dampers (FVDs). An elastic-linear behaviour is hypothesized 

for steel chevron braces of the EX, which is designed to prevent yielding in tension and 

buckling in compression of all members, while a nonlinear viscous response is assumed for 

the chevron bracing system with FVDs. A six-storey RC framed building, representative of 

the residential buildings constructed in Italy during the 1990s, is selected from the RINTC 
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project (Ricci et al. (2019)). Two alternative retrofits are designed, with reference to both 

bare and infilled framed structures, assuming parallel disposition of the DEX around all 

four façades of the building, with non-tapered configuration along the height. DEXs are 

designed at the life-safety limit state (NTC18 (2018)), considering three damage thresholds 

in terms of inter-storey drift ratio. Nonlinear seismic analyses of the original and retrofitted 

structures are carried out with the OpenSEES code (McKenna et al. (2000)), considering 

records scaled in line with a high-risk seismic region. 

2. Bare and infilled original structures

A six-storey RC framed structure (Figures 1a,b), representative of typical Italian residential 

buildings constructed during the 1990s, is selected from the RINTC project (Ricci et al. 

(2019)). Located in L’Aquila, it was designed as bare frame for a medium-risk zone, in line 

with provisions of a former Italian seismic code (DM86 (1986)). Masonry infills (MIs), 

with a double leaf (8cm+12cm) of hollow clay bricks and dead load of 3.5 kN/m2, are 

placed along the perimeter façades, with a percentage of openings depending on the in-plan 

architectural layout (Figures 1c,d): i.e. 0%, MI.M in magenta; 22%, MI.O in orange; 40%, 

MI.B in brown; 100%, MI.Y in yellow. Vertical gravity loads are represented by 7 kN/m2,

on the roof, 8.3 kN/m2, on the other floors, and 10.3 kN/m2 on the staircase. The structure

has deep beams, along the perimeter and in the knee configuration of the staircase, and two

typologies of flat internal beams (* and **); columns with rectangular cross-section are

oriented as shown in Figure 1a. Reduced concrete elastic moduli are used for the beams

(Ec,beam=0.5Ec) and columns (Ecm,columns=0.75Ec) in order to account for cracking of RC

frame members, with cylindrical compressive strength of 25 MPa, while yield strength of

430 MPa is considered for the steel reinforcement.

(a) (b) 

(c) (d) 

Fig. 1 – Bare and infilled original RC structures (unit in cm) 
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Cross-section of RC structural members is reported in Table 1, while dynamic properties of 

bare (BF) and infilled (IF) frames are shown in Table 2: i.e. vibration periods for the four 

main modes (T), two for each in-plan principal direction, and corresponding translational 

effective masses (me,X and me,Y), expressed as a percentage of the total mass (mtot).  

Table 1. Geometrical properties of the original structure (unit in cm) 

Storey 
Beams Columns 

Deep Flat(*) Flat(**) Exterior/Interior 

1 30×60 80×25 60×25 30×60 

2 30×60 80×25 60×25 30×60 

3 30×50 80×25 60×25 30×50 

4 30×50 80×25 60×25 30×50 

5 30×50 80×25 60×25 30×40 

6 30×50 80×25 60×25 30×40 

Table 2. Dynamical properties of the original structure (mtot=1566 t). 

Bare frame (BF) Infilled frame (IF) 

Mode T (s) me,X (%mtot) me,Y (%mtot) T (s) me,X (%mtot) me,Y (%mtot) 

1 1.302 79 0 0.618 84 0 

2 0.961 0 77 0.587 0 84 

3 0.455 13 0 0.211 11 0 

4 0.329 0 8 0.201 0 11 

Nonlinear pushover curves of the original BF and IF structures are shown in Figure 2, with 

reference to modal (Figure 2a) and uniform (Figure 2b) invariant lateral force patterns 

along the in-plan X and Y directions. In the OpenSees platform (McKenna et al. (2000)), 

zero-length flexural- and shear-controlled elements are used in order to describe the 

inelastic response at the end-sections of RC frame members, while a zero-length rotational 

spring is adopted for the beam-columns joints, reproducing shear failure prior to or after 

the yielding of the adjacent beams and columns (Ricci et al. (2019)). 

(a) 

(b) 

Fig. 2 – Pushover curves for bare (BF) and infilled (IF) original RC structures 
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The nonlinear in-plane behaviour of masonry infills, considered as structural elements for 

the IF structure, is represented by truss elements following a trilinear backbone curve with 

modification factors accounting for the effect of openings. As can be observed, maximum 

normalized base shear (i.e. Vbase/Wtot,Wtot being the total seismic weight) corresponds 

always to the IF and this is more evident in the Y direction where perimeter MIs without 

openings are placed (Figure 2b). Attention will be given below to the modal capacity 

curves for both BF and IF, because these curves are characterized by the lowest shear 

strength at the selected performance displacements. 

3. Bare and infilled structures retrofitted with dissipative exoskeleton

Dissipative exoskeleton (DEX) is designed at the life-safety ultimate limit state provided 

by current Italian code (NTC18 (2018)), assuming high-risk seismic zone (peak ground 

acceleration on rock, ag=0.261g) and moderately-soft subsoil (class C, site amplification 

factor S=1.33). In particular, concentrically chevron braced frames and chevron braces 

with nonlinear fluid viscous dampers (FVDs) are arranged in parallel to all façades and 

rigidly connected to the existing structure (Figure 3). Bare (i.e. DEX.BF, Figures 3a,c) and 

infilled (i.e. DEX.IF, Figures 3b,d) framed structures are retrofitted with DEXs ensuring 

elastic behaviour of the original structure (i.e. equivalent viscous damping of the original 

frame h,F=0) and fulfilling damage thresholds of masonry infills, in terms of inter-storey 

drift ratio, corresponding to full operativity (i.e. ΔX/h=ΔY/h =0.33%) and operativity (i.e. 

ΔX/h=ΔY/h =0.5%) limit states provided by NTC18. The design of DEXs is carried out by 

a four-step displacement-based procedure (Mazza and Mollo, 2021), with a double-

iteration scheme for mass (m) and stiffness (K) ratios. Main parameters of the equivalent 

SDOF systems are reported in Tables 3a,b (DEX.BF) and Tables 4a,b (DEX.IF). 

(a) (b) 

(c) (d) 

Fig. 3 – Bare and infilled retrofitted RC structures with DEX 
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Table 3a. Main properties of the SDOF system equivalent to DEX.BF along the X direction 

(units in cm, kN, t and s) 

d*
p F Ke,F me,F h,F m K  v,DB0 v,DB DEXF Te,DEXF Vd,DEXF 

2.91 1.0 213 931 0.0 0.034 7.0 0.7 20.0 20.0 22.4 0.486 4678 

4.64 1.6 188 931 1.0 0.031 7.2 0.7 20.0 17.4 20.4 0.699 3567 

6.96 2.4 166 931 2.8 0.027 6.5 0.7 20.0 15.4 18.7 1.014 2558 

Table 3b. Main properties of the SDOF system equivalent to DEX.BF along the Y direction 

(units in cm, kN, t and s) 

d*
p F Ke,F me,F h,F m K  v,DB0 v,DB DEXF Te,DEXF Vd,DEXF 

1.48 1.0 414 923 0.0 0.034 7.0 0.7 20.0 20.0 22.4 0.347 4638 

4.64 3.1 216 923 6.5 0.031 8.8 0.7 20.0 14.2 18.4 0.671 3847 

6.96 4.7 190 923 7.6 0.027 7.9 0.7 20.0 12.6 17.0 0.976 2740 

Table 4a. Main properties of the SDOF system equivalent to DEX.IF along the X direction 

(units in cm, kN, t and s) 

d*
p F Ke,F me,F h,F m K  v,DB0 v,DB DEXF Te,DEXF Vd,DEXF 

2.15 1.0 489 991 0.0 0.036 4.0 0.7 20.0 20.0 21.6 0.415 5057 

4.74 2.2 324 991 9.3 0.031 4.8 0.7 20.0 15.8 19.7 0.703 3865 

7.11 3.3 250 991 11.6 0.026 4.0 0.7 20.0 14.0 18.5 1.030 2691 

Table 4b. Main properties of the SDOF system equivalent to DEX.IF along the Y direction 

(units in cm, kN, t and s) 

d*
p F Ke,F me,F h,F m K  v,DB0 v,DB DEXF Te,DEXF Vd,DEXF 

1.78 1.0 589 938 0.0 0.036 4.0 0.7 20.0 20.0 21.0 0.376 4843 

4.74 2.7 421 938 9.7 0.031 4.7 0.7 20.0 14.9 19.0 0.694 3764 

7.11 4.0 321 938 13.4 0.026 4.1 0.7 20.0 13.2 18.2 1.024 2587 

4. Numerical results

Bi-directional nonlinear seismic analysis of the original (i.e. BF and IF) and retrofitted (i.e. 

DEX.BFi and DEX.IFi, i=1-3) structures is carried out with the OpenSees code (McKenna 

et al. (2000)), considering seven real records selected from the PEER database (Ancheta et 

al. (2014)) and scaled in order to match on average the life-safety acceleration design 

response spectrum provided by NTC18. Elastic behaviour of the steel EX is assumed under 

seismic loads, checking yielding and buckling in the chevron braces, columns and beams. 

Moreover, elastic chevron braces are arranged in series with nonlinear FVDs having an 

exponent =0.7. The following results are obtained as the mean of the maximum values 

obtained for each pair of accelerograms. 

Firstly, the reliability of the proposed displacement-based design (DBD) procedure of DEX 

is investigated in Figure 4, where design values of performance displacement (empty box) 

are compared with maximum values of displacement at the top floor (filled box) resulting 

from nonlinear seismic analysis along X and Y principal directions. Specifically, results for 

bare (i.e. BF and DEX.BFi, i=1-3) and infilled (i.e. IF and DEX.IFi, i=1-3) original and 

retrofitted structures are shown in Figures 4a,b and Figures 4c,d, respectively. As shown, 

the response of the retrofitted structures is in good accordance (DEX.BF2 and DEX.IF2) 

and in some cases more conservative (DEX.BF3 and DEX.IF3) than design values, when 

plastic deformation are experienced by the existing structure. Significant underestimation 

of numerical values is obtained when behaviour of the retrofitted structure is forced within 

the elastic range (DEX.BF1 and DEX.IF1). This kind of behaviour can be interpreted 

noting that too high stiffness of the exoskeleton, in order to reduce seismic demand in the 

original structure, may have the counterpart of an increase of overall seismic loads that 

prevails on the beneficial effect deriving from additional damping. 
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(a) (b) 

  
(c) (d) 

Fig. 4 – Performance displacements for the original and retrofitted bare (a, b) and infilled (c, d) structures 

Then, mean values of the maximum base shear of the original and retrofitted structures are 

reported in Figure 5 (bare structures) and Figure 6 (infilled structures), distinguishing the 

contribution of framed structure (i.e. (DEX).BF and (DEX).IF in Figures 5a,b and Figures 

6a,b, respectively) and DEX (i.e. DEX.(BF) and DEX.(IF) in Figures 5c,d and Figures 

6c,d, respectively). 
 

  
(a) (b) 

  
(c) (d) 

Fig. 5 – Seismic demand in terms of base shear for the original and retrofitted bare structures 
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(a) (b) 

(c) (d) 

Fig. 6 – Seismic demand in terms of base shear for the original and retrofitted infilled structures 

Evidence of the effectiveness of the proposed retrofitting strategies results from base shear 

related to (DEX).BF and (DEX).IF, whose value is between one third (Figures 5a,b and 

Figures 6a,b) and one half (Figures 5c,d and Figures 6c,d) that given to the corresponding 

BF and IF structures. The proportion between the base shear corresponding to DEX and 

BF and IF structural parts highlights a good fit with the design value of K (see Tables 3a,b 

and Tables 4a,b), thus further confirming the reliability of the proposed DBD procedure of 

DEXs. As expected, decreasing values of the base shear are obtained for the DEX when 

increasing target displacement are considered for the original structure.  

Amplification of floor acceleration is found in all DEX.IF systems compared to the 

original infilled frames (Figure 7), with values increasing towards the upper levels where it 

represents a potential risk for the out-of-plane seismic collapse of acceleration-sensitive 

masonry infills. Specifically, NTC18 threshold is exceeded by DEX.IF1 and DEX.IF2 

along the Y direction (Figure 7b). 

(a) (b) 

Fig. 7 –Seismic response of masonry infills for the original and retrofitted infilled structures 
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5. Conclusions 

A new retrofitting technique of buildings based on a dissipative exoskeleton parallel to all 

façades and made with concentric steel braced frames and fluid viscous dampers is 

investigated herein. A six-storey RC structure located in L’Aquila (Italy) is assumed as an 

archetype, assuming design performance levels corresponding to elastic behaviour of the 

original frames and damage thresholds of masonry infills. Nonlinear dynamic analysis of 

bare and infilled retrofitted structures is proved in good accordance and in some cases 

more conservative than results of preliminarily design of DEX based on nonlinear static 

analysis. All DEX solutions are resulted favourable for the reduction of base shear on 

(DEX).BF and (DEX).IF, whose value reduces to one third and one half that given to the 

corresponding BF and IF structures, respectively. The use of DEXs leads to an overall 

increase in stiffness of the structure which may have adverse effects on masonry infills. 
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Abstract: Seismic protection devices such as energy dissipators have been used in 
structures for many years. However, it has not been until the last years that computers 
allowed assessing the full advantages of these devices in large structures by means of 
nonlinear dynamic analysis. Previous analysis/design techniques for these devices were 
based on simplified linear approaches such as considering an equivalent increment to the 
global damping. In this paper we evaluate the performance of the Shear Link Bozzo (SLB) 
seismic dissipators of two real high-rise buildings, located in a seismic prone area. In the 
first case study we compare the performance of the bare structure to a similar protection but 
using Buckle Restrained Braces and the bare structure. In the second case study, we show 
that a potential rebar optimization can be achieved using SLB devices without 
compromising the structural performance and satisfying the code requirements in high-rise 
buildings. The use of SLB devices showed not only economic advantages but also achieve a 
better performance compared to the bare structure and the equipped with BRBs. 

Keywords: Seismic dissipators, Shear Link Bozzo (SLB), non linear time –history analysis, 
building performance 

1. Introduction

Since the 1980s, various energy dissipation or additional damping systems have been 
proposed both for seismic structural rehabilitation of buildings and for new structures 
(Bozzo&Barbat, 1999). Many of these systems are relatively flexible (e.g. ADAS) or are 
expensive and complex to calculate (e.g. BRBs). The development of the BRB devices 
started in Japan (Watanabe, et al., 1988) and these devices consist of three elements: a steel 
core, a steel tube that confines it, and an interface between the two that can be made of 
concrete or mortar. The design of these devices is complex given their own configuration 
and interface, requiring full-scale tests to determine their design properties. 

Shear Link Bozzo (SLB) energy dissipators began to be developed in the early 2000s and 
are a type of dissipator in the form of a vertical metal profile generated by milling. Since 
SLB’s present very large in-plane rigidity, the devices start to yield with very low lateral 
displacements (tenths of a millimeter). In this type of devices, there are no welds in the 
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yielding zone, thus avoiding the generation of residual stresses and reducing the cyclic 
performance of the device (Franchioni G., 2001). 

SLB devices have a large number of applications as they have shown to provide great 
versatility at a low cost. Currently, they are being used both in new buildings and in 
rehabilitations. In this paper we assess the use of the SLB devices in two new high-rise 
buildings and the seismic performance in an earthquake prone area is evaluated. In 
addition, for the second case study, the behavior of the building achieved using SLB is also 
compared to the behavior of the same structure equipped with BRB devices. 

2. SLB Dissipators

In order to characterize the properties of the SLB devices, full scale specimen tests were 
performed at the University of Cantabria, Spain in November 2020 (LADICIM, 2020). The 
results showed a stable hysteretic behavior, with convex area and no bottleneck, as can be 
seen in the hysteretic curve of one specimen in Figure 1. This figure also compares the 
hysteretic behavior of the specimen with the results of the finite element model used in the 
design process of the SLB devices showing a good agreement. In the numerical models the 
Von Mises isotropic hardening model (Chai, 2020) and the Nadai approximation for the 
behavior of the material (Nadai, 1937), was taken into account. 

Fig. 1 – Force vs Displacement curve for SLB device (Bozzo, 2021) 

As the area enclosed in the hysteretic curve is proportional to the energy dissipated, the 
SLB devices are presented as a good candidate not only for displacement control but also 
for extra energy dissipation in structures. More importantly, the devices reached 
displacements of +-50mm following the AISC-16 loading protocol (AISC, 2016) which 
implies an inelastic rotation of 0.18 and a length ratio of 1.1, a remarkably good behavior 
with a very high inelastic rotation for their length ratio. Comparing the SLB devices with 
eccentric braces, it can be seen, as shown in Figure 2, that the plastic rotation capacity is 
significantly higher than other reported eccentric braces (Ji et. al., 2016). 
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Fig. 2 – Inelastic rotation vs length ratio for different short shear links (Adapted Ji, et. al., 2016). The star 
presents the results of the SLB devices test (LADICIM, 2020) 

The finite element models of the SLB (such as the one showed in Figure 1), although very 
accurate, are not practical or efficient for nonlinear analysis of complex real structures with 
thousands of degrees of freedom. For this reason, simplified hysteretic models are 
required, such as the Wen model (Wen, 1976), which is commonly used for this type of 
devices. In this model nonlinear links are defined based on 4 parameters: 𝑲𝟏, 𝑲𝟏/𝑲𝟐, 𝑭𝒚 
and 𝒏. 𝑲𝟏 is its elastic stiffness; 𝑲𝟏/𝑲𝟐 is the plastic to elastic stiffness ratio; 𝑭𝒚 is the 
elastic limit and 𝒏 is the plastification exponent that defines the curve between the initial 
slope and the post-yield slope. Wen's model allows simulating various elastoplastic, 
bilinear or linear responses, but not all its parameters have a clear interpretation which is 
why some authors have adapted some terms from their original model. Bozzo et al. (1996) 
defined the hysteretic behavior of the dissipator with the parameter𝒏 𝟏 or 𝒏 𝟐giving 
an optimal smoothness to the hysteretic curve.  

3. Case studies

In this document, two real projects under construction that incorporate SLB devices are 
studied. Building A is a 33-story building with a framed structure and building B consists 
of 38 levels (plus 5 underground parking) with more than 170m height and a total area of 
1200m2 which makes it a highly complex building.  

We studied the advantages of the seismic protection systems by comparing the 
displacement and shear base results from the models of the structures with and without 
seismic protection. In this sense, we start from a 3D base model including all the loads and 
seismic actions using real seismic acceleration records compatible with the site-specific 
seismic hazard. Direct integration nonlinear time history analyses (NLTH) have been 
carried out, by means of 6 seismic records for building A and 11 records in building B. All 
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the records are accordant to the ASCE standards (ASCE-7-16, 2016). Both structures were 
modeled using the finite elements software ETABS (CSI, 2016).   

3.1. Case study A 

The first case study, Building A, consist of an L shaped high-rise building shown in Figure 
3. In the original project, two seismic protection alternatives were suggested for the
building, one using BRB devices and the other using SLB devices.

Fig. 3 – Case of study A. Isometric view of the building (left); plan view of the building (right) 

As we can see in Figure 4, both systems substantially improve the behavior of the 
unprotected structure. The results in Table 1 show the average demand obtained from the 
NLTH analyses. The results show an important reduction of the inter-story drift ratio 
(MIDR) demand in both the building equipped with SLBs and the building BRBs. 
However, it can be observed a greater reduction of MIDR demand at the top levels (up to 
13%) in the case of the structure with SLB devices compare to the one with BRS. In Table 
1, the SLB dissipators present a higher MIDR demand reduction in most part of the 
structure except for the first four stories. We can observe that as the building increases in 
height, the improvement of the SLB with respect to the BRB also increases, showing a 
better overall performance of the SLB devices in this type of structures. 

Table 1.Drift Comparison between SLB vs BRB for each story in Building A 

Underground – 
First floor 

Story 2 to 5 Story 6 to 13 Story 14 to 22 
Story 23 to 

Rooftop 

From 10 to 14% From 0 to7% From 1 to 4% From 5 to 12% 13% 
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Fig. 4 – Average inter-story drift results from 6 different seismic records for the model: 1. With SLB; 2. With 
BRB; 3. Without protection 

Table 2 shows the maximum base shear of the structure equipped with a SLB solution and 
a BRBs solution. The base shear is reduced, on average by 15% when employing SLB 
devices compared to the structure equipped with BRBs. It is important to mention that the 
cost of implementing SLB devices in this structure was about 10 times less than the total 
cost of the BRBs system so a clear decision was taken by the owner.  

Table 2.Average total base shear for each model 

BRB SLB %Reduction 

Average base shear 
(kN) 78698.35 66846.48 15 

3.2. Case study B 

Case study B is a squared plan high-rise building with high complexity. Not only because 
it is over 170m tall but it also has large spans of up to 11 meters, double-height columns 
and significant variations in mass between floors, among other factors. In projects of these 
characteristics located in seismic prone areas, it is of paramount importance to ensure an 
efficient structure without compromising the seismic performance. 
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Fig. 5 – Case of study B. Isometric view of the building (left); plan view of the building (right) 

Project B has no structural walls so it is a flexible frame structure. The fundamental period 
of the structure without seismic protection is 8.74 seconds, and by using the SLB a 
reduction of the fundamental period to 7.9s is achieved (around 10% reduction). Also, it 
can be observed in Figure 6 that the structure without protection exceeds the inter-story 
drift limit of the code. In order to reduce the lateral displacements it is possible to increase 
the beams and columns sections but the architectural restrictions and the cost increment led 
to consider the use of seismic protection devices (SLB) to control the lateral displacements. 

Compared to the structure without SLBs, the behavior of the structure equipped with SLBs 
improves notoriously by reducing 40% the inter-story dirft and allowing the structure to 
meet the code requirements. The amount of SLB installed is 242 units at different levels 
but not in all levels. One of the SLB characteristics is that they do not transfer axial load at 
their connections which allows them to be installed at the specify areas where they are 
required for stiffness. 
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Dir X Dir Y 

Fig. 6 – Average inter-story drift results from 11 different seismic registers with and without SLBs for 
direction X and Y 

Table 3 shows the average maximum base shear force for the 11 signals of both the 
structure equipped with the SLB solution and without protection (bare frame). The base 
shear is reduced, in average, 11% for the option with SLB devices. Consequently, using 
these devices both the drift and the base shear are reduced. 

Table 3.Average total base shear for each model 

Model without 
protection 

Model with SLB %Reduction 

Average base shear 
(kN) 6716.14 5948.01 11 

3.2.1. Complete nonlinear dynamic analysis 

For the results obtained in chapter 3.2 we assumed non-linearity only for the SLB devices. 
A more complete and precise analysis of the structure considering also nonlinear plastic 
hinges in all elements was carried out. This analysis would be a more accurate 
representation of how the structure would behave during an earthquake and it would allow 
showing were the non linear hinges would be expected to appear. As this type of analysis 
has a large computational cost, for this paper we considered only one signal. As shown in 
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Figure 7 the maximum drift was reduced by 50% using dissipators which is very similar to 
what we obtained in the previous analysis. Furthermore, the drift distribution is more 
uniform using SLB devices since for the bare frame and from levels 25 to 35 there is very 
large drift concentration caused by a large number of plastic hinges appearing at those 
levels. Consequently, in the bare frame a soft level is generated around the double height 
area of the tower, this behavior is not present in the structure with the SLB devices.  

Fig. 7 – Inter-story drift for the models with and without SLBs using a complete nonlinear dynamic analysis 

Regarding plastic hinges, we can observe that an important number of beams and columns 
in the model without SLBs yield generating over 60 plastic hinges whereas in the model 
with SLBs present only 7 plastic hinges, only in beams, in this sense, protecting the 
building with SLB dissipators avoided the formation of plastic hinges in columns. This not 
only shows that the SLBs reduce ten times the apparition of hinges in the structural 
elements but that they allow the structure to concentrate the energy dissipation in the SLB 
devices which act like fuses, preventing damage and reducing significantly eventual long 
term damage reparation costs.  

Another relevant aspect not considered in this article is that the use of SLB devices was 
used to reduce substantially the costs in reinforcement steel. A reduction of 15% the 
amount of steel reinforcement in beams was achieved with the SLB devices using a 
performance-based design. Since each NLTH analysis took about 12hours and a minimum 
of about 11 signals is required it is clear that, for practical purposes, this type of 
optimization is time consuming. However, it is clear that actual computational capabilities 
allow to this type of analysis and result in a significantly overall cost reduction using 
seismic devices. Furthermore, concentrating plasticity in the SLB devices and not in 
beams, columns or walls is a more reliable solution that can prevent future repair costs 
after a seismic event. 
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4. Conclusions

The Shear Link Bozzo (SLB) devices represents a good solution protecting structures from 
induced vibrations due to earthquakes or wind. These devices provide a significant 
contribution reducing the inter-story drift and base shear. They also allow the structure to 
concentrate the plastic deformations in the devices, preventing the structuralelements from 
damage. This is a key difference compared to the old design of redundant ductility because 
this way the damage is concentrated in the devices and they are easy to check and replace 
if necessary. 

The SLB dissipators, although being relatively new devices, have already been installed in 
more than 40 projects, including the two shown in this paper. For both project A and 
project B, a great improvement in the resilience of the building and a reduction in the 
damage suffered in the event of a potential earthquake can be observed. Comparing the 
results obtained with the BRB and SLB for project A, we observe that the latter solution 
generates a lower inter-story drift ratio in most of the building. As the inter-story drift ratio 
is related to the structural and non-structural damage, less or no repairs are expected after 
seismic event. Due to the better performance and considerably lower cost, SLBs were the 
solution adopted for this project. 

For case study B, we can observe an improvement in the inter-story drift and the story 
shear because of the original disposition of the supporting elements and the architectural 
restrictions originated a torsional first mode of vibration. Thanks to the SLBs in plane 
disposition this issue was resolved, leading to an overall improvement in the structure 
behavior. The final results led to a reduction of the amount of steel for the beams up to 
15% for each floor resulting in great economic advantages for tall buildings especially. 

Finally, it was also shown that for the full nonlinear analysis of the structure in Project B 
the structure without SLBs presented ten times the number of nonlinear hinges compared 
to the structure with SLBs. More importantly the second mode effects in the bare frame 
causes a soft story around level 25 which is fully avoided using the devices. This result is 
significant since it opens the door to structural steel optimization focused on concentrating 
damage in the SLB devices that are easy to inspect and eventually replace, compared to the 
damage in beams, columns or walls which in case of damage are expensive and 
complicated to repair. 
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Abstract: A novel frictional sliding on a sprung slope (FSSS) device is proposed. The device 

has a gradually increasing resistance as sliding deformation increases in amplitude. There is 

no friction threshold level for activation of the device. Hence, it can dissipate energy for a 

complete range of ground motion amplitude levels and guarantees re-centring when utilized 

in a self-centring post-tensioned (PT) frame system. The mechanical schematisation of the 

device is explored by theoretical analysis that quantitatively defines its force-deformation 

relationship. A 1/4 scaled physical model was constructed and its hysteretic behaviour was 

characterised experimentally for a range of amplitude levels. Finally, an application scenario 

of the device used in a PT frame is discussed with its gramophone-horn like hysteretic curve. 

Keywords: frictional damping device, post tensioned frame, cyclic test, hysteretic curve 

1. Introduction 

Ductile energy dissipation is the core logic of current ductility-oriented performance-based 

seismic design in many codes (CEN, 2014; ASCE, 2017). By using a response modification 

factor, it improves the seismic-resistant capability of structures while also seeking to ensure 

life safety. This design philosophy has helped to balance the trade-off between structural 

safety and construction costs.  

The conventional philosophy of ductile design expects damping ‘devices’ to be used to 

dissipate some of the induced seismic oscillations of the structural system. For most 

structures, hysteretic damping, i.e. the yielding of steel elements (Nakaki et al., 1999; Qiu et 

al., 2019; Dietz et al., 2010; Mohsenian et al., 2019), is employed in plastic hinge zones. 

These have the down-side of inducing permanent damage to the structural system. An 

alternative is damping devices based on friction from surface sliding (Christopoulos et al., 

2008; Sano et al., 2019, or a combination of hysteretic and viscous absorbers (Kam et al., 

2010). However, these friction dampers have to balance two competing design requirements 

that of (i) large energy dissipation (requiring high friction coefficient and high normal 

pressure at the sliding interface) and (ii) low activation sliding force (requiring low friction 

coefficient and low normal contact pressure at the sliding interface). This low activation 

sliding force enables the damper to function for a larger range of excitation amplitude levels. 

In the friction pendulum system, the compromise is low friction coefficient and high normal 

pressure with a concave sliding surface that permits recentring post-earthquake. However, 

because of the high normal contact pressures, there exists an implicit non-zero activation 

level for this system.   

In this paper, an alternative approach is proposed that builds on an existing technology of 

self-centring post-tensioned (PT) frame systems. These PT frames effectively replace plastic 
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hinge zones with joints that can open by permitting the post-tensioned cables to stretch. This 

enables a period elongation of the structural system along with larger deformations. 

However, the problem with this approach is the lack of energy dissipation in the form of a 

damage free mechanism. The initial proposal of sacrificial re-bars within the concrete section 

is not very attractive (PRESSS building (Priestley, 1991)) as it encourages internal damage 

that could be difficult to repair after an earthquake. The introduction of conventional 

frictional dampers (braced) is a possibility. However, the activation threshold for sliding 

initiation do not guarantee re-centring. This is because of the trade-off between large energy 

dissipation and low activation force discussed previously.  

In this paper, we propose a novel sliding mechanism a Frictional Sliding on a Sprung Slope 

(FSSS) device. This energy dissipation device enables both large energy dissipation and zero 

activation force. The device has a gradually increasing resistance as sliding deformation 

increases in amplitude. The device does not need an activation force, thus could dissipate 

energy for a smaller vibration scenario (such as wind and crowd loading as well as 

earthquakes) and will not inhibit the self-centring when utilized in a self-centring system. 

The mechanical schematisation of the device is sketched first. Then, theoretical analysis of 

the FSSS device was employed to quantitatively evaluate the properties of the device by 

deriving its force-deformation relationship. In addition, a 1/4 scale-reduced physical model 

was designed and manufactured. Its hysteretic behaviour subjected to a quasi-static cyclic 

load was observed and analysed to demonstrate a practice of the FSSS device. Finally, an 

application scenario of the device used in a PT frame is discussed with its gramophone-horn 

hysteretic curve. 

2. The mechanical schematisation of the novel FSSS device 

As shown in Figure 1, the FSSS device consists of one slider block, two slope blocks, and  

two spring blocks. The slope blocks and the spring blocks are constrained by a stiff restraint 

case to move or deform only normal to the motion of the slider (i.e., the y direction in the 

figure). The device is activated by the malposition between the slider block and the restraints 

case in its working direction (i.e., the x direction in the figure), and generates resistance force 

and dissipates energy by the frictional sliding along the inclined planes of the slider block 

and slope blocks. When the device is activated (e.g., the slider moves to the right as shown 

in Figure 1 (b)), the compression in the spring blocks increases gradually induced by the 

movement of the slope blocks and this generates and increases the normal contact force at 

the sliding interfaces. This is similar to the behaviour of a mechanical wedge grip used in 

standard tension tests. At a velocity sign reversal of the slider, it moves back toward its 

neutral position, and the friction force decreases with a gradual loosening of compression in 

the spring blocks. Hence, we have a system that the resistance force is proportional to the 

slider displacement. In addition, the arrangement of the device is symmetric such that 

movement to sway motion, of the slider, to right and left produce identical behaviour.  

 
Fig. 1  Kinematic schematic of the FSSS device: (a) initial state, (b) when the slider moves right (slope 

blocks move normal to the motion of slider and spring blocks are compressed) 
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3. Force – displacement relationship of the FSSS device

This section derives the force-displacement relationship of the FSSS device by analysing an 

assemblage of a slider block and two slope blocks when the slider moves toward the right-

hand side as shown in Figure 2 (a). In the figure,  is the angle of the sliding surface, x is the 

displacement of the slider, 𝐹𝐹𝑆𝑆𝑆 is the resistance force (i.e., the force causing sliding), R are 

the longitudinal constraining force applied by the stiff restraint case, Rs are spring reaction 

forces due to the compression of the spring blocks, and couple 𝑅′are the forces provided 

from the restraint case for moment equilibrium.  

Fig. 2 Free-body diagrams when the slider moves to the right for (a) the slider block and the slope blocks 

together; (b) the slope block alone 

In Figure 2 (a), the equilibrium in x direction results in:  

FFSSS=2R (1) 

Similarly, in Figure 2 (b), the force equilibrium gives following equations: 

R=Ffcosβ+Nsinβ (2) 

Rs=-Ffsinβ+Ncosβ (3) 

In these equations, the relationship between the normal force 𝑁 and the friction force 𝐹f is 

assumed as: 

Ff=sgn(ẋ)μN (4) 

where sgn(�̇�) is a signum function,  is the friction coefficient. According to the kinematic 

relationship, the spring force can be expressed regarding the slider block displacement as 

follows: 

Rs=
k

2
tan(β)x (5) 

where 𝑘 2⁄  is the stiffness of one spring block. 

By substituting Eq. (4) for 𝑁 and Eq. (5) for 𝑅s into Eq. (3), the sliding force 𝐹f can be 

resolved as follows: 

Ff=(
tan(β) sgn(ẋ) μ

cos(β) - sin(β) sgn(ẋ) μ
)
k

2
x, ∀ β < β

crit
(6) 

where the critical slope angle 𝛽crit is the value causing Eq. (6) to become singular and is the 

upper design limit because, over this value, we cannot obtain a positive resistance force 

while the FSSS device is loading. 𝛽crit is defined as: 
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β
crit

=arctan (
1

μ
) (7) 

By substituting Eq. (6) and Eq. (2) into Eq. (1), the expression of 𝐹FSSS could be expressed 

as: 

FFSSS(x,ẋ)=kFSSSx, kFSSS= {
(μcosβsgn(xẋ)+sinβ))tanβ

cosβ-μsinβsgn(xẋ)
} k (8) 

where 𝑘FSSS is the stiffness of the FSSS device. Here, because of the geometrical symmetry, 

sgn(ẋ) is simply replaced by sgn(xẋ) so that the expression is valid for both movements of 

the slider to the right and left.  

4. Experimental demonstration

4.1 The specimen and test setup 

A 1/4 scale-reduced experimental specimen was designed and manufactured to demonstrate 

a practice of the FSSS device as shown in Figure 3. The specimen was a bidirectional device 

with two pairs of symmetric sliding surfaces, where each pair works in both directions. The 

slider block was made from four smaller angles and bolted under two larger angles. The 

spring blocks were realized by cantilevers, which were made from steel bars with a section 

of 25×100 mm. These cantilever bars also assumed the role of the stiff restraint case shown 

in Figure 1 to provide the constraining force. The slope blocks with an angle of 3.9° were 

cut from the top of the cantilever bars directly. The friction surfaces were steel (slope blocks) 

against brake lining (pads on slider angles) with a friction coefficient of 0.4. All components 

of the specimens were designed based on the capacity design philosophy and maintained 

elastic during the test. 

Fig. 3 Finished product of the specimen 

In the test, a support system was added below the slider block to carry its self-weight. This 

self-weight is borne by a beam in a real frame. To eliminate the friction force in the self-

weight support system, a linear guide ball bearing with additional friction force of 0.05 kN 

was installed on the top of the supporter.  

The test was carried out at the Heavy & Light Structures Laboratory in the University of 

Bristol. Instron servo-hydraulic test machine was utilized as an actuator. A displacement-

controlled quasi-static cyclic loading protocol was utilised in the test. There were 9 loading 

steps in total, and the peak displacement of each step was gradually increased from 4mm to 

36 mm with an increment of 4 mm. Each loading step included three repeat triangular waves 

with a pulling and pushing excursion. In the test, the strength of the specimen was measured 

by the load cell mounted on the actuator, and the displacement was recorded by an LVDT. 
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4.2 Test results 

The specimen exhibited a stable behaviour during the test. When the slider block was 

horizontally pushed or pulled by the actuator, the slider climbed the slope blocks, and the 

cantilever bars gradually bent normal to the motion of the slider. It is worth noting that only 

the slope blocks on the same side with the slider excursion touched with the slider block, 

while those on the other side left the slider. After the test,  abrasion was observed on the 

brake lining pads and slope blocks, and no visible damage was observed in other 

components.  

A stable and repeatable triangular-shaped hysteretic curve without any in-cycle strength 

degradation was recorded as shown in Figure 5. The hysteretic curve is located in all four 

quadrants, indicating a force-carry capability in both loading and unloading stages and 

considerable energy dissipating character. Figure 5 also shows the envelope estimated by 

Eq. (8). Both loading and unloading envelopes fit the test results very well, indicating a 

satisfactory consistency between the theory and the practice of the FSSS device. Note that 

small peaks exist at the beginning of the unloading stages of all cycles. These peaks were 

induced by the higher static friction coefficient to the kinetic friction coefficient at the point 

where the slider velocity changed sign.  

Fig. 4 The hysteretic curve of the specimen 

5. An application scenario of the FSSS device

No frictional activation force makes the FSSS device suitable for various systems, especially 

those expecting considerable energy dissipation but in small vibration scenarios or requiring 

the self-centring feature. This section presents an application scenario of the FSSS device 

used in a PT frame. The PT frame prototype exampled in this paper is a one-storey one bay 

nonlinear elastic frame abstracted by (Oddbjornsson, 2009) from the PRESSS frames. 

Because of the lack of energy dissipation devices, the peak drift ratio of the bared PT frame 

could be significant in a large earthquake event. For this frame, there are many design 

options, such as the sacrificial re-bars in the original paper (Priestley, 1991). However, the 

inevitable damage leads to difficulty in its repair. Other solutions such as a metallic shear 

panel dissipator or traditional friction dampers (which typically have a parallelogram-shaped 

hysteretic curve) would result in either re-centring inhibition or undesirable energy 

dissipation. In other words, the traditional damping ‘devices’ with a parallelogram-like 

hysteretic curve cannot permit both of these competing design criteria: (i) large energy 

dissipation and (ii) a low sliding activation force threshold and hence re-centring.  
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The PT frame provides an excellent application scenario for the proposed FSSS device.  The 

device is expected to be installed within the PT frame by sitting below the beam. As 

presented in the paper (Alexander et al., 2011), the hysteretic curve of the bared PT frame 

could be expressed by the equation: 

FPT(θ) =
∑(

1
6
biF0,i)λi

H

(9) 

where bi and F0,i are the contact width and the pretension force of the ith joint, respectively, 

and the non-dimensional moment i, is defined by 

λi=

{

bi
2
ks,i

2F0,i

θ,          |θ|≤
2F0,i

bi
2
k

s,i

(
3

𝜔𝑖
+

12

𝜔𝑖2
+

8

𝜔𝑖3
)
bi

2
ks,i

2F0,i

θ+

(

3+
9

𝜔𝑖
+

6-6√ψi
𝜔𝑖2

-
6√ψi
𝜔𝑖3

-
2ψ

i
3/2

𝜔𝑖3(
bi

2
ks,i

2F0,i
θ)

2

)

 sgn(θ), |θ|≥
2F0,i

bi
2
k

s,i

(10) 

and 

ψ
i
=(1+𝜔𝑖)(ϕ

2
+𝜔𝑖 |ϕ|)     (11) 

𝜔𝑖=
ks,ibi

kc,i

(12) 

where ks,i and kc,i are the stiffness of the cable and contact, respectively. The accuracy of 

these equations has been verified by the paper (Alexander et al., 2011). 

In Eq. (9),  can be assumed to be equal among beam-column and column-foundation joints 

as well as the roof drift ratio, as the discrepancies induced by the geometric second-order 

effect among them are ignorable for simplicity. Thus, the base shear - drift ratio relationship 

of a one-storey one-bay PT frame with an FSSS device can be expressed as: 

FPT+FSSS(θ)=FPT(θ)+FFSSS(Hθ)                                        (13) 

Based on Eq. (13), a possible loop (blue lines) of a case PT-FSSS frame is shown in Figure 

6. The height and the span of this 1/4 scale-reduced frame are 900 mm and 2100 mm,

respectively, with a beam and column section of RHS 100x40x3 mm. The FSSS device

assumed in this frame has a sliding angle of 3.9°, a friction coefficient of 0.4, and a loading

stiffness of 258 N/mm. The PT-FSSS system possesses a  gramophone-horn hysteretic curve

with a negative unloading stiffness. This negative stiffness reflects the force-carry capability

in the unloading stage of the FSSS device and improves energy dissipation. Note that a

positive unloading stiffness also can be achieved in a PT-FSSS system by adjusting the

parameters of the FSSS device, although this option may not be attractive because of its

weaker capability in energy dissipation. The PT-FSSS system is inherently self-centring in

an earthquake because its hysteretic curve is entirely in the first and third quadrants (see

Figure 6). Note that Eq. (13) is derived from a system without any plastic deformation. The

fully recentre requires the PT-FSSS frame is designed and perform elastic in an earthquake.
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Fig. 5 The possible hysteretic loop of a case PT-FSSS frame 

6. Conclusions

This paper reports an innovative frictional sliding on a sprung slope (FSSS) device. The core 

unit of the device includes a slider block, two slope blocks and two spring blocks. By 

deriving its theoretical force-displacement relationship, a triangular-shaped hysteretic curve 

was identified. The resistance force of the device is proportional to the sliding deformation. 

There is no friction threshold for activating the device, thus it could dissipate energy in a 

small vibration scenario and does not inherit the self-centring when utilized in a self-centring 

system. The mechanics of the device were demonstrated and verified by a quasi-static cyclic 

test of a 1/4 scale-reduced physical model. The test results indicate that the hysteretic 

behaviour of the FSSS device is stable and repeatable. Finally, an application scenario of the 

FSSS device used in a PT frame is presented, and a gramophone-horn hysteretic curve of the 

PT-FSSS frame is produced. 
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Abstract: This paper presents preliminary results from earthquake numerical simulations of 

an eighteen-story building model with a reinforced concrete core wall seismic force-

resisting system. Friction-based force-limiting connections with three types of force-

displacement responses are used between the floors and the core wall. The first type of 

force-displacement response simulates a friction-based connection with constant limiting 

force (i.e., the Coulomb model). The second type of force-displacement response simulates 

a friction-based connection with linearly varying limiting force (i.e., constant positive post-

elastic stiffness). The third type of force-displacement response simulates a friction-based 

connection with discrete variable limiting force. The preliminary seismic responses of the 

building models with friction-based force-limiting connections are compared with the 

seismic response of the building model with connections that simulate a monolithic 

connection between the floors and the core wall. The preliminary results show that the use 

of friction-based force-limiting connections reduces the seismic induced force and 

acceleration responses of the building. The use of friction-based force-limiting connections 

with discrete variable limiting force results in the smallest seismic induced displacement 

demand in the floors relative to the seismic induced displacement demand in the core wall 

compared to the use of friction-based force-limiting connections with constant or linearly 

varying limiting force. 

Keywords: friction-based force-limiting connection; tall buildings; reinforced concrete core 

wall system; higher mode responses; floor accelerations. 

1. Introduction

The reinforced concrete core wall system is a widely used seismic force-resisting system 

for tall buildings because of its high lateral stiffness and its capacity for dissipating energy 

[1]–[6]. In the core wall system, the wall piers are typically connected by reinforced 

concrete coupling beams along the height of the structure [7]. The core wall system is 

designed in a way that the nonlinear inelastic mechanism takes place at the coupling beams 

and at the base of the walls, with the rest of the structure remaining linear elastic [7]. The 

inelastic response at the wall base reduces the first mode response. However, the higher 

mode responses are not affected significantly by the inelastic response at the wall base and 

they can have large participation in the total dynamic response of tall buildings [8]. The 

large participation of higher mode response in the total dynamic response of core wall 

buildings leads to seismic amplification of story shear forces and floor accelerations. 

Practical force-limiting connections between the floors and the vertical elements of seismic 

force-resisting systems (e.g., reinforced concrete planar walls and rocking steel braced 

frames) in earthquake-resistant buildings have been developed [9]–[16]. Fig. 1 shows a 

schematic example of a building with planar walls and force-limiting connections. The 

force-limiting connections consist of limited-strength load-carrying hysteretic components 

(friction devices or buckling-restrained braces) and low damping rubber bearings. The low 

damping rubber bearings provide out-of-plane stability to the planar walls of the seismic 
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force-resisting system and post-elastic stiffness to the force-limiting connections. The post-

elastic stiffness in the force-limiting connections limits the seismic induced displacement 

of the floors relative to the planar walls of the seismic force-resisting system. The force-

limiting connections are designed to accommodate the seismic induced three-dimensional 

kinematic requirements between floors and planar walls of seismic force-resisting systems. 

The use of force-limiting connections in these buildings (1) limits the seismic induced 

force and acceleration responses (2) reduces the variability in the force and acceleration 

responses due to the ground motion variability, and (3) mitigates the effects of higher 

mode responses on the dynamic response of buildings. 

Fig. 1 - Schematic example of a building with planar walls and force-limiting connections. 

Force-limiting connections between floors and a core wall could be used to mitigate the 

higher mode effects on the dynamic response of tall buildings with core wall seismic force-

resisting system. However, the force-limiting connections developed for buildings with 

planar walls cannot be used in buildings with core walls. The three-dimensional kinematic 

requirements in force-limiting connections between the floors and the core wall are 

different from the three-dimensional kinematic requirements in force-limiting connections 

between floors and planar walls. For example, the wall piers of a core wall can maintain 

their out-of-plane stability without the use of rubber bearings. In addition, the high 

stiffness of the rubber bearings under compression constrains the relative movement 

between the floors and the core wall, making the force-limiting connection ineffective, as 

shown in Fig. 2. Thus, the force-limiting connection between the floors and the core wall 

should be modified to eliminate the use of low damping rubber bearings without increasing 

the post-elastic displacement demand in the floors relative to the core wall. 

Fig. 2 - In contrast with the planar wall system, the relative movement between the floors and the core wall 

system is constrained by the rubber bearings. The planar wall system is shown in (a) and the core wall system 

is shown in (b).  

Numerical earthquake simulations are required to understand the effect of the force-

displacement response of the force-limiting connections in the seismic response of 
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earthquake resistant reinforced concrete core wall buildings. This paper presents 

preliminary results from earthquake numerical simulations of an eighteen-story building 

model with a reinforced concrete core wall seismic force-resisting system subjected to the 

scaled ground acceleration record from the 1987 Superstition Hill event. Friction-based 

force-limiting connections with three types of force-displacement responses are considered 

between the floors and the core wall. The first type of force-displacement response 

simulates a friction-based connection with a constant limiting force. A limiting force at a 

given floor (FLx) is the force at which the force-limiting connections transition from linear 

elastic to post-elastic force-displacement response. This force-displacement response is 

possible using a friction device [14]. The second type of force-displacement response 

simulates a friction-based connection with linearly varying limiting force. This force-

displacement is possible using a friction device in parallel with a linear elastic component 

that provides positive post-elastic stiffness, similar to the low damping rubber bearings. 

Adding positive post-elastic stiffness in the force-displacement response potentially 

reduces the post-elastic deformation demand in the force-limiting connection. The third 

type of force-displacement response simulates a friction-based connection with discrete 

variable limiting force. A modified version of the friction devices studied in past research 

[14] is currently under development to achieve this type of force-displacement response.

The force-displacement response of the modified friction device can potentially reduce the

post-elastic deformation demand in the force-limiting connection, without the need for low

damping rubber bearings. The preliminary seismic responses of the building models with

friction-based force-limiting connections of the three types of force-displacement

responses are compared with the seismic response of the building model with connections

that simulate a monolithic connection between the floors and the core wall.

2. Building model

An eighteen-story core wall structure from Tauberg et al. (2018) [4] is used for the 

preliminary earthquake numerical simulations. The structure is a typical core wall structure 

with four L-shaped wall piers connected by coupling beams along the height, as shown in 

Fig. 3. The typical story height is 3048mm (10ft), the length of the wall is 2743mm (9ft), 

the aspect ratio of the coupling beam is 3.0 with a length of 2286mm (7.5ft) and a height of 

762mm (30in). The slab is 203mm (8in) thick with a 1829mm (6ft) cantilever slab 

overhang. Twelve gravity columns are located along the edge of the slab with a 9144mm 

(30ft) distance. The structure is designed for Seismic Design Category (SDC) Dmax as 

defined in FEMA P695 [17].  

Fig. 3 - Schematic of the building and the elements of a typical floor in the building model. 
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A numerical model of the eighteen-story core wall structure was developed in Opensees 

[18]. Fig. 3 shows the elements of a typical floor in the building model of the eighteen-

story core wall structure. The four wall piers of the core wall in each story of the building 

model are simulated using force-based nonlinear elements with fiber sections. The gravity 

columns are simulated with four linear elastic beam elements. The wall pier elements are 

connected by a series of elements that simulate the inelastic response of coupling beams. 

The floor diaphragm and the core wall internal slab are simulated using elements with high 

in-plane flexural stiffness (i.e., diaphragm action) and low out-of-plane flexural stiffness 

(i.e., assuming cracked section). The core wall internal slab elements have low axial 

stiffness to represent voids inside the core whereas the floor diaphragm elements have high 

axial stiffness (i.e., diaphragm action). Each floor is connected to the core wall using four 

truss elements that simulate the inelastic force-displacement response of the force-limiting 

connections. Two elements are used along the global X direction and two elements are 

used along the global Y direction. 

3. Analysis cases

In this preliminary study, numerical earthquake simulations of the eighteen-story core wall 

structure are conducted to compare the seismic response of the building model considering 

four types of connections between the floors and the core wall.  

The first analysis case assumes Rigid Elastic (RE) connections to simulate monolithic 

connections between floors and the core wall. The second analysis case assumes friction-

based force-limiting connections with constant limiting force (FD connections), as shown 

in Fig. 4(a). The third analysis case assumes friction-based force-limiting connections with 

linearly varying limiting force (FD+RB connections), similar to the ones proposed in 

Tsampras et al. [11] for buildings with planar walls, as shown in Fig. 4(b). The fourth 

analysis case assumes friction-based force-limiting connections with discrete variable 

limiting force (Modified FD connections), as shown in Fig. 4(c).  

Fig. 4 - Force-displacement response of friction-based force-limiting (a) FD connection, (b) FD+RB 

connection, and (c) Modified FD connection considered in this preliminary study. 

The limiting force at a given floor (FLx) is computed using a force-based design method 

[16] and is the same for FD connection, FD+RB connection, and Modified FD connection.

The calculated values of FLx are 614.57 kN (138.16 kips), 722.57 kN (162.44 kips), 902.50

kN (202.89 kips), 1082.43 kN (243.34 kips), and 1262.41 kN (283.80 kips) for floors 1 to

14, floor 15, floor 16, floor 17, and floor 18, respectively.

4. Earthquake ground motion

The earthquake ground motion selected for this preliminary study is from the 1987 

Superstition Hill event recorded at Peo Road with a scale factor of 2.0. The scaled ground 

acceleration of the two horizontal components B-POE270 (H1) and B-POE360 (H2) are 

shown in Fig. 5(a) and Fig. 5(b), respectively. Fig. 5(c) shows the response spectra of the 

scaled ground acceleration and the design spectrum. H1 and H2 are applied at the base of 

the model along the global X and Y direction, respectively. 
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(a) (c) 

(b) 

Fig. 5 - Scaled ground acceleration of the two horizontal components (a) B-POE270 (H1) and (b) B-POE360 

(H2), and (c) pseudo acceleration response spectra of scaled ground motions and design spectrum with a 5% 

damping ratio. 

5. Numerical simulation results

Fig. 6 shows the maximum responses at each floor or story of the building models 

subjected to H1 and H2.  

The use of force-limiting connections reduces the maximum floor total accelerations 

compared to the use of RE connections. The use of Modified FD connections results in 

equal or higher floor total accelerations compared to the use of FD connections and 

FD+RB connections. At displacements smaller than 50 mm, the Modified FD connection 

in this preliminary study is designed to result in higher force compared to FD connection 

and FD+RB connection which explains the observed higher floor total accelerations. 

The use of force-limiting connections reduces the maximum shear force at the base of the 

core wall compared to the use of RE connections. The wall base shear is similar when FD 

connections, FD+RB connections, or Modified FD connections are considered. 

The maximum story drift in the core wall along the global X direction is smaller when 

force-limiting connections are used compared to RE connections. The maximum story drift 

in the core wall along the global Y direction is larger when force-limiting connections are 

used compared to RE connections. The maximum deformation in the force-limiting 

connections varies from 25 mm to 75 mm. The Modified FD connections result in the 

smallest maximum deformation demands in the force-limiting connections.  

Fig. 7 shows the time history of the displacement at the top of the core wall divided by the 

total height of the building (i.e., wall roof drift ratio). The peak wall roof drift ratio is 

similar in all analysis cases. The maximum residual wall roof drift ratio in the global X 

direction is reduced approximately by 50% when force-limiting connections are used 

compared to when RE connections are used. The maximum residual wall drift ratio in the 

global Y direction is approximately 55% larger when force-limiting connections are used 

compared to when RE connections are used. 

6. Conclusions

The preliminary study showed that the use of force-limiting connections between floors 

and a core wall can improve the seismic response of the eighteen-story core wall building. 

A force-limiting connection with the force-displacement response of the Modified FD can 

be used in the eighteen-story core wall building to potentially limit the floor total 

accelerations and the core wall base shear while reducing the maximum deformation 

demand in the force-limiting connection. 

Further numerical studies are required to determine the design of the Modified FD force-

limiting connection that will result in improved seismic performance of the eighteen-story 

core wall building considering the effect of the variability in the ground motion 
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characteristics. Further numerical studies will also assist the development of the physical 

embodiment of the Modified FD force-limiting connection. Experimental tests are required 

to validate the force-displacement response of the Modified FD force-limiting connection 

and to validate that the three-dimensional kinematic requirements between the floors and 

the core wall can be accommodated. 

Fig. 6 - Maximum responses of the building models. 
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Fig. 7 - Time histories of the wall roof drift ratio. 
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Abstract: By applying vertical seismic isolation technique, a structural system is  divided 
into two stiffness and mass subsystems connected by dampers. In the present article, by 
attaching constraining frames to the vertical seismic isolation system, the deformed shape of 
the stiffness subsystem under seismic excitations is changed from flexural mode to shear 
mode. By this change, the shortcoming of the vertical seismic isolation technique due to 
localization of vertical actions at the lower parts of the stiffness subsystem is effectively 
suppressed. In addition, other advantages such as reduction of lateral displacement, 
reduction of interstory drifts and reduction of required number of dampers are gained. To 
demonstrate the benefits of the proposed technique, a case study on a low-rise steel structure 
using two-dimensional structural models is presented. Through a set of time-history 
analyses in the case study, the structural responses of the vertical seismic isolation system 
without and with the constraining frames are numerically evaluated and compared. 

Keywords: stiffness and mass subsystems, damping capacity, flexibility, energy dissipation 

1. Introduction

In the vertical seismic isolation (VSI, hereafter) technique, a structural system is divided 
into two subsystems including a stiffness subsystem (SS) and a mass subsystem (MS) 
connected by dampers. The MS carries most of the mass of the system and is designed to 
transfer gravity loads to the base. The SS is designed to withstand lateral loads exerted by 
the dampers during seismic excitation. By applying the VSI technique, different dynamic 
characteristics in the SS and the MS are provided which yields performance advantages 
over the non-isolated system (Ziyaeifar 2000, Nekooei and Ziyaeifar 2008, Ziyaeifar et al. 
2012). These advantages come from two key factors. First, the vibrational period of the 
MS is significantly increased which reduces inertial forces in the system considerably. 
Second, due to major differences between vibrational displacement amplitudes of the SS 
and the MS, the large force-displacement loops required to dissipate seismic energy and 
control the structural displacements are provided by the dampers (Ziyaeifar et al. 2012). 

So far, various researches have been carried out to study the VSI technique. A major part 
of the researches is dedicated to modelling and numerical simulation of the VSI system 
with emphasis on the role of damping in the seismic performance the system (Nekooei and 
Ziyaeifar 2012, Ziyaeifar et al. 2012, Milanchian and Hosseini 2019, Milanchian and 
Hosseini 2020, Abdi et al. 2021). In some other researches, the focus of the study has been 
on the analysis and design of the SS and the MS (Boujary and Ziyaeifar 2019a, Boujary 
and Ziyaeifar 2019b, Nekooei and Rahgozar 2021). Although the VSI system is classified 
as a high-performance system, stability of the VSI system is a challenging issue especially 
in design of the MS (e.g., Boujary and Ziyaeifar 2019a). 

Characteristically, in the VSI system under seismic excitations, the SS and the MS deform 
in flexural and shear modes, respectively. Due to the flexural deformation in the SS, the 
vertical loads are localized at the bottom of the structure height; therefore, it is expected to 
cause structural damage or instability in case of severe earthquakes (Nekooei and Rahgozar 
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2021). In the present article, by attaching constraining frames (CFs) to the VSI system, the 
deformed shape of the SS is changed from the flexural mode to the shear mode. With this 
change, the unfavorable localization of the vertical forces in the SS is effectively 
suppressed. In addition, other advantages such as reduction of lateral displacement, 
reduction of interstory drift and reduction of required number of dampers are achieved. In 
the following sections, the seismic performance of the VSI system without and with the 
CFs are compared through a numerical study on a low-rise steel structure. 

2. The vertical seismic isolation technique 

2.1. Design philosophy 

According to current design codes, seismic design forces are calculated by reducing the 
lateral loads obtained from the elastic design spectrum (e.g., by applying the response 
modification coefficient in ASCE7-16). However, this reduction is allowed if the ductility 
requirements are met. To provide ductility in a structural system, three factors play 
significant roles. The first one is the ability to reduce the stiffness of the structural system 
in order to produce the displacement amplitude required for the seismic energy dissipation. 
The second factor is the capacity of the structural system to develop plastic deformations 
and the third one is to retain load-carrying capacity during plastic deformations. From a 
structural dynamics point of view, the first factor is equivalent to increasing the vibrational 
period of the structural system and the second and third factors are together equivalent to 
increasing the damping capacity of the system. 

In the VSI technique, a different approach from the conventional ductility design approach 
is adopted in order to increase the vibrational period and the damping capacity of the 
structural system (Ziyaeifar et al. 2012). In this approach, the structural system is divided 
into the SS and the MS connected by the dampers as shown in Fig. 1. 

  

Fig. 1 - The isolation of a structure in the VSI technique to produce flexibility and energy dissipation 

The MS, which comprises the majority of the mass of the system, is designed to carry 
gravity loads only and consequently possesses much lower lateral stiffness compared to the 
non-isolated system. Therefore, the MS, owing to its flexibility, plays the role of increasing 
the vibrational period in the VSI technique. The SS is specifically designed to withstand 
inertial forces passing through the dampers and transfer them to the base. Because of a 
remarkable characteristic difference between the lateral stiffness of the SS and the MS, the 
SS effectively acts as the support for the dampers. The support-like role of the SS, allows 
the dampers to form large force-displacement loops to dissipate the seismic input energy. 
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By the cooperative actions of the SS and the dampers, the damping capacity required to 
dissipate seismic energy is obtained. The flexibility and the damping capabilities provided 
by the VSI design approach, eliminate the need for the plastic deformations and thus, the 
structural elements remain undamaged at the design earthquake level. 

2.2. The constrained vertical seismic isolation system 

The difference in the structural design and configurations of the SS and the MS, affects the 
deformed shape of these subsystems in response to lateral loading. As schematically shown 
in Fig. 2(a), the SS and the MS tend to deflect in flexural and shear modes, respectively. 

Fig. 2 - The constrained VSI system by applying constraining frames to the mass and stiffness subsystems 

In a regular VSI system, the first vibrational modes in the SS and the MS contribute to the 
majority of the seismic response of the system. The first flexural mode shape in the SS, 
results in localization of the vertical forces at the lower parts of the structure. This 
localization can lead to failure of the structural elements and instability of the SS against 
severe earthquakes (Nekooei and Rahgozar 2021). In order to suppress the localization of 
the vertical forces in the SS, the idea of applying constraining frames to the VSI system is 
proposed in the present work. As it is shown in Fig. 2(b), the role of the CFs is to change 
the deformed shape of the SS from flexural mode to shear mode. The constraints applied 
by the CFs on the SS are only in the vertical direction which imposes the SS to comply 
with the shear deflection and delocalizes the vertical forces over the higher parts of the SS. 
The reaction forces from the SS on the CFs are transferred to the MS and then carried to 
the ground, or more precisely, the MS acts as a vertical support for the CFs. 

Furthermore, the employment of the CFs brings other benefits to the VSI system. The 
constraints added by the CFs, provide more stiffness to the VSI system and give the system 
more lateral stability. In addition, due to the horizontal constraints on the MS (Fig. 2b), the 
interstory drift of the MS is tightly controlled along the height of each CF. As a result, only 
one damper along the height of each CF is reliably sufficient to control the lateral 
displacements of the constrained stories; thus, the total number of the dampers can be 
considerably and reliably reduced in the constrained VSI system. 

3. Numerical case study

3.1. Structural model 

To compare the seismic performance of the VSI system without and with the CFs, a six-
story office building with a steel structure is considered. The schematic plan of the 
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structure along with the three-dimensional representation of the SS, the MS and the CFs 
are depicted in Fig. 3. The plan of the structure is a square with sides of 14 meters long and 
the height of each story is 3.5 meters. 

Fig. 3 - The plan and the three-dimensional representation of the MS, the SS and the CFs in the case study 

To analyze the structural system, a simple two-dimensional model is constructed (Fig. 4). 
Regarding the symmetricity of the structural system, the two-dimensional model represents 
the half of the corresponding three-dimensional structure in X-Z plane. In the constructed 
model, the SS and the MS structural systems are selected respectively as an inverted-V and 
a moment-resisting frame connected by the identical linear dampers; also, the CFs are 
modelled as concentric braces constraining the SS and the MS according to Fig. 2(b). 

Fig. 4 - The two-dimensional models of the unconstrained and constrained VSI systems in the case study 

3.2. Structural design and modal analysis results 

In the structural design, it is assumed that the building is located in a site with soil type C 
and spectral acceleration parameters of SDS = 0.8 and SD1 = 0.4 according to ASCE7-16 
(2016). In order to calculate the design base shear force, a response modification 
coefficient (R) of 2 is used. The reason of using R = 2 is to exclude that part of R which is 
related to ductility of the system. To obtain the design forces, the non-isolated version of 
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the structural system (i.e., the locked VSI with no relative displacements between the SS 
and the MS) is employed to determine the maximum lateral force on the SS. 

The dynamical properties of the designed non-isolated VSI system in case of both 
unconstrained and constrained systems are given in Table 1. From the table, the total mass 
of the frame per unit area for both non-isolated systems are almost equal to each other. 
This is mainly because that in the constrained system, the additional weight of the CFs is 
compensated by the reduced weight of the column elements of the SS. Since the weight (or 
alternatively the construction cost) of the designed unconstrained and constrained 
structural systems are almost the same, the seismic performance determines which system 
is superior from a value-based point of view (Ramezani and Ziyaeifar 2017). 

Table 1. The dynamical parameters of the designed VSI system (corresponding to non-isolated system) 

Dynamical parameter 
VSI system

unconstrained constrained 
Total mass (kN s2/m) 311 312 
Mass of SS (kN s2/m) 57.7 55.1 
Mass of MS (kN s2/m) 253.3 256.9 
Total mass of frame per unit area (N s2/m3) 47.9 49.2 
First modal period of non-isolated system (s) 0.677 0.567 

Figures 5 and 6 show the classical mode shapes of the unconstrained and constrained VSI 
systems in addition to their modal vibration periods and participating mass ratios (PMRs). 
Comparing the first mode shape of the SS in the figures clearly demonstrates the change of 
the vibrational mode from the shear mode to flexural mode. Moreover, it can be seen that 
the modal periods of the constrained VSI in Fig. 6 are lower than their counterparts in Fig. 
5 as a result of the stiffening effect of the CFs. 

Fig. 5 - The first five classical modal periods and mode shapes of the unconstrained VSI system obtained by 
the two-dimensional model 

Fig. 6 - The first four classical modal periods and mode shapes of the constrained VSI system obtained by the 
two-dimensional model  
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3.3. Time-history analysis results 

For performance evaluation of the unconstrained and constrained VSI systems, time-
history analyses are performed. In this regard, a set of seven earthquake records are 
selected from the PEER strong motion database and then matched to the spectrum used for 
structural design. The results of the seven time-history analyses are then averaged to obtain 
the mean values of the maximum responses. In the analyses, it is assumed that the damping 
provided by the dampers is 25% of the critical damping of the corresponding non-isolated 
system which falls in the optimal range (Lee and Taylor 2001, Ziyaeifar et. al 2012). The 
inherent damping ratio of the system is 3% that is assigned to the first mode of the SS and 
the MS in both systems. The resulted maximum axial forces of the structural elements are 
illustrated in Fig. 7. From the figure, it can be observed how the axial forces of the SS are 
delocalized over the other elements by the role of the CFs. 

Fig. 7 - The maximum axial force of the elements in the unconstrained and constrained VSI systems 

The performance evaluation parameters calculated for the both structural systems are given 
in Fig. 8. Figs 8(a), 8(c) and 8(e) show that the presence of the CFs has no significant 
effect on the displacements, the interstory drifts and the accelerations of the SS; whereas 
the opposite is true for the MS. From the graph shown in Fig. 8(b), it is observed that 
nearly all the story displacements of the constrained MS are lower than the corresponding 
unconstrained ones, suggesting that the global stability of the VSI system is improved by 
the CFs. In Fig. 8(d), the drifts at stiffened stories are remarkably reduced because of the 
horizontal constraints applied by the CFs according to Fig. 2(b). By this effect, the number 
of the dampers in the model can be reliably decreased from 12 to 6 without a significant 
change in the maximum displacements; albeit the damping constants should be roughly 
doubled. From a value-based perspective (Ramezani and Ziyaeifar 2017), the ability to 
reliably reduce the required number of the dampers and their related costs, improves the 
justifiability of the constrained VSI system to be used instead of the unconstrained system. 

In the constrained MS in Fig. 8(d), the interstory drifts at the non-stiffened stories are 
increased compared to the corresponding ones in the unconstrained system; however, on 
average, the drift is reduced by the constrained VSI system. In Fig. 8(f), the constrained 
VSI system shows the slightly higher acceleration responses than the ones in the 
unconstrained system which is related to the lower vibrational periods in the constrained 
VSI system (Figs 5 and 6). In the constrained VSI system, the pattern of the damper 
displacement in Fig. 8(g) agrees with the corresponding force pattern in Fig. 8(h); while 
this does not happen in the unconstrained VSI system. 
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Fig. 8 - The performance parameters for the unconstrained and constrained VSI systems

A set of 14 performance parameters with their maximum values are presented in Table 2 to 
make a more detailed investigation on the behavior of the two systems. Besides, the 
performance parameters of the non-isolated VSI system are given in the table. Regardless 
of the isolation type (unconstrained or constrained), it is indicated by the table that the VSI 
technique is capable of effectively reducing the seismic effects compared to the non-
isolated system. 

Table 2. The performance parameters for the non-isolated, unconstrained and constrained VSI systems 

Performance parameter 
Non-isolated system VSI system 

unconstrained constrained unconstrained constrained 
SS MS SS MS SS MS SS MS

Max. story displacement (cm) 7.9 7.9 7.6 7.6 3.1 6.2  2.8 5.3 
Max. interstory drift (%) 0.49 0.49 0.50 0.50 0.17 0.57 0.16 0.64 
Max. story acceleration (g) 0.86 0.86 1.07 1.07 0.47 0.31 0.46 0.33 
Max. base shear force (kN) 1153 74 1667 136 460 129 521 249 
Max. column compression force (kN) 3339 406 2447 890 1338 395 1078 529 
Max. column tension force (kN) 2810 0 1744 201 809 0 385 0 
Max. brace compression force (kN) 1048 - 1520 - 396 - 442 - 
Max. brace tension force (kN) 1020 - 1493 - 368 - 413 - 
Max. compression force on support (kN) 4093 406 3733 890 1648 395 1453 529 
Max. tension force on support (kN) 3527 0 2961 198 1082 0 726 0 
Max. damper displacement (cm) 0 0 6.2 5.2 
Max. damper force (kN) - - 42 51 
Input energy (kN m) 120 137 130 137 
Dissipated energy by dampers (kN m) - - 115 122 

Comparing the performance parameters of the unconstrained and constrained VSI systems 
given in the table above, it can be seen that although the base shear is increased in the 
unconstrained system, the maximum compressive and tensile forces of the columns are 
significantly reduced. Likewise, the maximum compression and tension forces on the 
supports are decreased in the constrained VSI system which results in a lower construction 
cost of the foundation. The shear deflections imposed by the CFs make the maximum axial 
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forces of the braces increase compared to the ones in the unconstrained VSI system. The 
maximum displacement of the dampers in the constrained system is reduced compared to 
the unconstrained one; conversely, the maximum force corresponding to the dampers is 
increased. The comparison of the input energy and the dissipated energy between the two 
systems does not show any significant differences. 

4. Conclusions

In the present study, the application of the constraining frames is proposed to improve the 
performance of the vertical seismic isolation technique. In the proposed technique, the 
stiffness subsystem and the mass subsystem as the two parts of the VSI system are 
constrained by the CFs in order to change the deformed shape of the SS from the flexural 
mode to the shear mode. Through a numerical case study on a six-story steel structure, the 
structural responses of the VSI system without and with the CFs are evaluated and 
compared. The results indicate that the constrained VSI system with no significant increase 
in the structural weight compared to the corresponding unconstrained system, is able to 
reduce the seismic responses including the story displacements, the interstory drifts, the 
internal forces of the columns and the reactions at the supports. Furthermore, by applying 
the CFs, the required number of the dampers in the VSI system can be considerably and 
reliably reduced. However, more in-depth studies are necessary on the seismic behavior, 
the design method and the structural detailing of the constrained VSI system. 
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Abstract: Design errors are an all-too-common occurrence in structural engineering, often 
with dire consequences such as collapse during earthquakes. Inspired by real events, this 
paper explores the consequences of several design errors on a seismically isolated concrete 
bridge, including the use of inappropriately high response modification coefficients (R-
factors), under-design of piles, and under-design of expansion joints, using code-based 
margin-of-safety approaches, deterministic nonlinear response history analysis, and 
probabilistic incremental dynamic analysis. While these errors can lead to increased 
demands on elements and greater anticipated damage, the inherent enhanced performance of 
isolation systems can ensure that code-required collapse reliability is still met, even with the 
errors. The authors also provide discussion on the code-intended relative performance of 
seismically isolation structures in relation to fixed-based structures, and the relation to the 
consequences of design errors.  

Keywords: seismic isolation, collapse analysis, performance-based engineering, forensic 
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1. Introduction

Post-earthquake reconnaissance investigations (Yen et al. 2011, Sarrazin et al. 2013), as 
well as experimental tests (Ghobarah and Ali 1988) have demonstrated that seismically 
isolated bridges are likely to sustain less damage than non-isolated bridges under seismic 
action. By decoupling the superstructure from the substructure and localizing earthquake-
induced deformations to the seismic isolators, the demands on the piers are reduced and the 
structural performance of the bridge is greatly improved (NCHRP 2013).  
According to modern international bridge design codes (e.g., AASHTO, Eurocode 8), the 
performance requirements for a bridge is that of Life Safety and is independent of the 
structural system or the choice to implement energy dissipation or isolation devices. The 
performance level is dictated not by the structural form, but by the bridge’s level of 
importance: critical, essential, or ordinary (analogous to risk categories for buildings). The 
bridge importance and post-earthquake operability are used to define the levels of seismic 
damage deemed acceptable. Following performance-based earthquake engineering 
principles, four Damage States (Minimal, Moderate, Significant and Collapse) are used to 
characterize the damage for a concrete bridge in Fig. 1 (NCHRP 2013). For an ordinary 
bridge, the piers may sustain significant damage (DS-III, or Life Safety) that could result in 
disruption to service, but the probability of collapse must be acceptably low. 
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Fig. 1 – Bridge damage states (NCHRP 2013). 

As a hypothetical example, suppose that a code-compliant bridge was shown to sustain 
Moderate Damage given a design earthquake (Fig. 2). If a single rebar is omitted in the 
pier, the bridge might no longer be strictly code compliant, but will likely achieve the same 
level of performance. At the other extreme end, if virtually all rebars were omitted, the 
bridge would most likely not satisfy the Life Safety target. If a defect is somewhere 
between a minor omission and the extreme case (such as various rebars being omitted), the 
bridge would not be code compliant, however, the expected impact on performance would 
be unknown. In this situation, nonlinear dynamic analyses are necessary to characterize the 
expected performance and evaluate the collapse risk of the bridge. 

Fig. 2 - Impact of design errors on seismic performance of bridges. 

Based on situations that have arisen on recent projects, this study aims to answer determine 
if a seismically isolated bridge with design deficiencies can still meet code objectives 
through numerical simulations. The impact of key design errors is characterized through 
nonlinear dynamic analyses, and incremental dynamic analysis is used to compute the 
collapse probability and asses the safety of the bridge. 

2475
3ECEES, September 2022, Bucharest, Romania



2. Structure description

The prototype bridge used for this study consists of a viaduct with total span of 438 m with 
a 14 m wide deck (bridge carries traffic in a single direction), which is divided into ten 
equal spans of 43.8 m (Fig. 3). The maximum pier height is 40.8 m (at Pier 3). The 
superstructure consists of precast concrete deck girders which are supported by lead rubber 
seismic isolation bearings, which are then supported by rectangular cast-in-place concrete 
piers. The pier foundations are comprised of nine concrete bored piles of 1.2 m diameter 
joined by pile caps 3.0 m thick at the base of the piers. Based on the site conditions, the 
seismic design category is SDC C and the bridge is classified as ordinary per AASHTO 
Seismic Specifications 2011.  

Fig. 3 – Bridge structure elevation view. 

For an isolated bridge, the substructure is required to be designed assuming essentially 
elastic response, whereby energy-dissipation and inelastic behaviour is confined to the 
seismic isolation devices, which consists of steel and rubber layers with a lead core (Fig. 4, 
left). The lead core provides the yielding mechanism, while the steel and rubber layers 
provide vertical stiffness but very low lateral stiffness to permit relative movement 
between the deck and concrete piers. 

Fig. 4 – Bridge pier structural system with isolation bearings. 

3. Design Errors

As part of a seismic evaluation, the isolated bridge was found to contain several design 
errors, particularly relating to seismic design of the piers. These errors included the 
incorrect use of the strength reduction factor (or R-factor) for the piers, the incorrect design 
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assumptions for the pile design, and expansion joints incompatible with expected isolation 
displacements. 

3.1. Incorrect R-factor 

The piers were designed with an R-factor of 3.0, which is typical for conventional 
reinforced concrete bridges per AASHTO Seismic Specifications (2011). However, for a 
seismically isolated bridge, an R-factor of no greater than 1.5 must be used for the piers 
according to AASHTO Seismic Isolation Specifications (1999). The same limit on the 
strength reduction factor is found in Eurocode 8 for seismically isolated bridges (i.e., q ≤ 
1.5). This translates in a calculation of seismic forces on the piers which are too low by a 
factor of two.  
According to Quarshie and Constantinou (1998), which is referenced in AASHTO, the 
reasons for limiting the R-factor are: “(a) elastic or nearly elastic substructure behaviour is 
required for proper behaviour of the isolation system and (b) isolated bridges exhibit more 
sensitivity in the substructure in-elastic response due to variability in the seismic input.”  

The limit on the response modification factor is meant for conservatism and to ensure (to 
the extent practical) that the simplified elastic code-based analysis and design procedure 
accurately predicts the expected response of the bridge under design loads. However, 
yielding of the substructures during an earthquake does not necessarily imply unacceptable 
seismic performance, although a linear analysis would be ineffective in determining the 
implications of this yielding. Only a nonlinear analysis can accurately capture the 
behaviour of inelastic piers acting in series with seismic isolators, and hence, determine the 
impact of the R-factor error on the seismic performance of the bridge.  

3.3. Foundations 

Due to SDC C designation of the bridge, according to AASTHO Seismic Specifications 
(2011), the piles must be designed using capacity design. This ensures that if any inelastic 
behaviour occurs, plastic hinges occur first at the base of the piers before any yielding of 
the piles, which cannot be readily repaired for a prompt post-earthquake operability. The 
original design assumed reduced linear elastic forces, and therefore, the piles do not meet 
the capacity design force checks and are therefore under-designed.  

3.4. Expansion joints 

The expansion joints are not able to accommodate the relative displacement of the decks in 
a seismic event, which can result in pounding in the event of an earthquake.  

4. Performance-Based Assessment

Although the bridge contains design deficiencies, due to inherent conservatism in material 
properties and simplified elastic design procedures, the consequences of these errors on the 
safety and seismic performance of the bridge are unknown without rigorous analysis. 
Linear elastic procedures are largely unable to characterize the behaviour of seismically 
isolated bridges in cases where there is potential inelastic deformations in the piers. 
AASHTO Seismic Specifications (2011) state that:  
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Seismically isolated structures with long periods or large damping ratios require a 
nonlinear dynamic analysis because the analysis procedures using an effective 
stiffness and damping may not properly represent the effect of isolation units on the 
response of the structure.  

Thus, nonlinear dynamic analysis must be conducted to evaluate the impact of the design 
errors on the expected seismic performance of the bridge.  

4.1. Structural Model 

A nonlinear 3D model of the bridge is constructed in OpenSees to investigate the seismic 
performance of the bridge and evaluate the collapse probability. The rectangular concrete 
bridge piers are modelled as nonlinear force-based elements with fiber sections to capture 
inelastic behaviour of the piers. The seismic isolators are modelled as zero length elements 
with bilinear behaviour and kinematic hardening. Geometric nonlinear behaviour is 
accounted for using a co-rotational formulation. The nonlinear material models for 
concrete and steel are the Mander and Menegotto-Pinto models, respectively. 
Soil-structure interaction is ignored, since the soil is assumed to be competent, and the 
bottom of the piers are modeled with fixed boundary conditions. Elastic elements are used 
to model the deck, thus all inelastic behaviour is confined to the piers and isolators. 
Pounding is ignored due to the difficulty in accurately capturing this effect. Moreover, 
post-earthquake reconnaissance reports have shown that pounding leads primarily to 
localized damage, especially spalling of the deck (Kawashima et al., 2008, Cole et al., 
2011). Research studies have also shown that pounding can lead to energy-dissipation, 
reducing force demands on the piers (Malhotra, 1998, DesRoches and Muthukumar, 2002). 

4.2. Seismic Hazard 

Due to the lack of seismological data available for the site, it was necessary to construct 
the AASHTO code-based spectrum from a probabilistic seismic hazard analysis (PHSA) in 
the region. The seismic hazard curve for Site B, which is closest to the bridge location, is 
used to construct the code-based spectrum from AASHTO 2007. A set of hazard-consistent 
11 ground motion record pairs is spectrally matched to the design spectrum, which 
corresponds to a 1,000-year earthquake (Fig. 5). These 11 records are used for the 
deterministic analysis and performance assessment of the design deficient bridge.  

Fig. 5 - Uniform hazard spectra at sites near bridge (left) and design spectrum with suite of spectrally 
matched ground motions (right). 
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4.3. Performance Assessment 

To evaluate the seismic performance, several key engineering demand parameters are 
analysed: pier curvature, rebar strain, concrete strain (both core and cover) and isolator 
displacements. As an example, the four damage states considered in this study (Minimal, 
Moderate, Significant and Collapse) are shown in terms of pier curvature in Fig. 6. 
Importantly, seismic damage is characterized by levels of deformations and not forces. 
Therefore, code-based procedures, which are based on linear elastic behaviour and force-
based design, are not adequate at capturing expected level of damage and performance.  

Fig. 6 – Pier moment curvature plot and damage states. 

Performance of the Piers 

To evaluate the performance of the worst pier (P5) for the deficient bridge design, the 
moment-curvature hysteretic curve is plotted along with the hysteretic curve envelope 
corresponding to each Damage State (Fig. 7). When subjected to this design-level 
earthquake, the pier undergoes Moderate Damage, which is repairable and still represents 
an acceptable performance level.  

Fig. 7 – Moment versus curvature hysteresis plot for Pier 5 alongside the Damage State limits. 
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Performance of the Isolators 

The displacement demands are compared to the actual capacities of the isolators based on 
ultimate failure from rupture of the rubber or separation from the upper and lower flange 
plates. Taking the median value from the nonlinear responses, all isolators have demand 
capacity ratios (DCR) below 1 when subjected to the design earthqauke, and thus are not 
expected to experience any failure that degrades their gravity load carrying capacity (Fig. 
8). In addition, only two isolators, abutment right and Pier 7 left, have DCRs greater than 
0.5. No isolator under any ground motion experiences failure.  

Fig. 8 – Isolated demand versus capacity. 

Performance of the Piles 

The structural performance of the piles is assessed considering both compression and 
uplift, basing the design forces on the median demand. The capacities are based on 
expected material properties and strengths. The demand on the corner piles is derived 
based on the reaction forces at the foundations from the nonlinear dynamic analysis results, 
which are then used to compute axial forces in the piles using a simplified elastic analysis 
assuming competent soil. Based on the results, the piles have adequate capacity for 
compression with DCRs all below 0.7 for all piers. However, in tension, the corner piles 
have DCRs ranging from 1.4 to 1.5. Although this could imply some yielding of the corner 
piles under seismic action, there is considerable conservatism built into foundation design. 
Yielding of the piles does not imply loss of bearing capacity of the piles. A soil-structure 
interaction analysis would be necessary to characterize the actual performance of the piles, 
but this is beyond the scope of this paper. 

4.4. Deterministic Analysis 

The collapse risk of the bridge is assessed deterministically based on the response of the 
bridge to the eleven spectrally matched ground motions at maximum considered 
earthquake (MCE) intensity. According to ASCE7-16 (which contains state-of-the-practice 
recommendations for collapse risk assessment), the probability of collapse shall be less 
than 10% in the event of an MCE earthquake. This was assessed with reference to the core 
strain of the concrete and steel reinforcement strain in the piers. The concrete core crushing 
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strain limit at collapse is taken as 0.015 (Mander et al. 1988) and the steel reinforcement 
fracture strain limit is taken as 0.09 (FHWA 2006). Based on the nonlinear dynamic 
analysis results, the margin of safety against collapse for all piers (taken as the ratio of the 
collapse strain limit to the median strain demand) is greater than 3.2, which is the limit 
specified in ASCE7-16 for deformation-controlled components considering variability in 
both demand and capacity. Secondly, none of the eleven individual records triggers a 
collapse considering either core crushing or steel rebar fracture in the piers (Fig. 9). Thus, 
the bridge meets the deterministic collapse risk criteria in ASCE7-16.  

Fig. 9 – Concrete core and rebar strains in the piers compared to collapse limits for all ground motion records 
at MCE intensity level. 

4.5. Probabilistic Analysis 

Although, these deterministic collapse risk assessments show that the bridge satisfies the 
required margin of safety against collapse, the collapse risk can only truly be quantified 
through a probabilistic collapse risk assessment. Here, an incremental dynamic analysis 
(IDA, Vamvatsikos and Cornell 2002) is used to compute the probability of collapse in 50 
years, and is compared to ASCE7-16’s implied maximum of 1% in 50 years.  
A broadband set of 40 ground motion records pairs are scaled based on both longitudinal 
and transverse periods: 2.56 s and 1.56 to match the uniform hazard spectrum at site B 
(Fig. 10). The collapse probability is evaluated for both periods considering the previously 
defined concrete core crushing and rebar fracture limits and isolator failure.  
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Fig. 10 – Mean scaled record spectra and uniform hazard spectrum at MCE intensity at site B, scaled based 
on the longitudinal period of 2.56 s. 

The bridge is subjected to the suite of ground motions at 4 intensity levels: MCE, 2X 
MCE, 3X MCE and 4X MCE for both longitudinal and transverse directions (and scaling). 
The resulting fragility curves for rebar strain exceeding the fracture limit and isolator 
displacements exceeding the failure displacement are shown in Fig. 11 for the longitudinal 
direction of the bridge. The fracture limit is based on a rebar strain of 0.09, which is 
consistent with recommendations from the FHWA (2006). The failure displacement of the 
isolators is computed as the minimum of the stability and shear strain limits for each 
isolator. The fragility curves were fit to the model outputs with a maximum likelihood 
method and using a lognormal cumulative distribution function (Baker 2015). 

Fig. 11 – Fragility curves for rebar strain (left) and isolator displacement (right) based on the longitudinal 
direction scaling. 

The probability of collapse in 50 years is computed by integrating the fragility curves with 
the hazard curves. The probability of collapse in 50 years based on isolator failure is 0.72% 
and 0.58% based on transverse and longitudinal direction scaling, and the probability of 
collapse in 50 years based on pier failure is 0.12% and 0.22% for the two scaling methods. 
Thus, despite the design errors, the bridge meets the ASCE7-16 collapse risk criteria.  
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5. Conclusions

The implications of seismic design deficiencies on this isolated bridge can only be 
evaluated through nonlinear dynamic analyses. It was found that, under the design 
earthquake, only a single pier is expected to undergo even Moderate Damage (concrete 
spalling). Deterministic analyses at MCE intensity demonstrate that the bridge margin of 
safety against collapse is below code-acceptable levels. Finally, through a probabilistic 
collapse analysis, the probability of collapse is at most 0.72% in 50 years, which is below 
the ASCE7-16 implied collapse risk limit of 1% in 50 years. Thus, although the bridge has 
some design deficiencies, the collapse risk of the bridge meets code-based criteria.  

A common misconception is that isolated structures must have better performance. 
However, the collapse risk and performance expectations for bridges are dictated by 
function and not form. AASHTO standards explicitly state that the seismic performance of 
ordinary bridges is independent of damping or isolation devices. Often isolation will be 
chosen by the designer to obtain better performance, but there is no mandate to achieve 
better performance. This issue is worthy of further consideration by code-writers.  
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Abstract: This paper presents a comparison between the inelastic behavior of seismically 

isolated structures and fixed-based structures subjected to extreme, above-design earthquake 

events. The comparison is performed through a large-scale shaking table investigation of the 

seismic behavior of a steel structure with a concentrated mass on top. The steel structure is 

seismically isolated using four friction pendulum bearings. The variability in the inelastic 

response of the seismically isolated structure and the corresponding fixed-based structure 

are shown for three repetitions of the same ground motion and through the excitation of both 

structures by a ground motion ensemble, corresponding to three different, above-design 

seismic hazard levels. 

Keywords: seismic isolation; shaking table tests; reliability; inelastic behavior; dispersion 

1. Introduction

The attractive performance of seismically isolated structures for the design seismic hazard 

level has been demonstrated numerically and experimentally by many researchers in the 

past (Constantinou and Tadjbakhsh 1984, Buckle et al. 2002, Quaglini et al. 2019, De 

Domenico et al. 2020, Furinghetti and Pavese 2020, Castaldo and Amentola 2021a,b, 

Losanno et al. 2022). However, the seismic behavior of these structures when they are 

designed inelastically or when they are subjected to earthquake events exceeding the 

design hazard level has not been extensively studied in the past. Tsiavos et al. have 

quantified analytically (2013, 2017b) and experimentally (2017a, 2021) the relations 

between the ductility demand and the strength reduction factor for seismically isolated 

structures. Kitayama and Constantinou (2018) have investigated the collapse performance 

of seismically isolated structures designed with the American Code provisions. Tsiavos et 

al. (2016) presented a probabilistic assessment of the inelastic behavior of seismically 

isolated structures designed with Eurocode 8. Ponzo et al. (2021) presented an analytical 

risk assessment of RC seismically isolated buildings designed with the Italian Seismic 

Code Provisions. However, these studies did not investigate experimentally the response of 

seismically isolated structures subjected to ground motion ensembles that correspond to 

predetermined seismic hazard levels and did not show the comparison of their response 

with the corresponding fixed-based structures. 

Along these lines, the aim of this paper is to present the results of shaking table tests on the 

investigation of the inelastic response of seismically isolated structures for different 

seismic hazard levels and to compare this response with the corresponding fixed-based 

structures. 
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2. Experimental setup 

The experimental setup comprises a 1.9m tall, seismically isolated steel structure that is 

subjected to earthquake ground motion excitation through the shaking table of ETH 

Zurich. The fixed-base vibration period of the structure is Tn=0.5s. The steel superstructure 

consists of two steel columns supporting a steel mass on top and is connected with a steel 

base plate through a mechanical clevis connection. This mechanical clevis connection 

consisting of two hinge elements an a couple of replaceable steel coupons (Nominal size: 

M16, Body Diameter D = 16 mm, nominal strength fy= 275 MPa) was designed to facilitate 

a parametric investigation of the inelastic behavior of the structure for varying values of its 

strength, as shown by Tsiavos et al. (2021). This novel design configuration enables the 

fast experimental determination of the fragility curves of structures subjected to earthquake 

ground motion excitation through the direct replacement of the damaged steel coupons 

after every shaking table excitation.   

The steel structure is seismically isolated using four friction pendulum bearings 

constructed by the company MAGEBA with friction coefficient µf=0.083. The radius of 

curvature of each bearing was 1.5m, leading to a fundamental natural period of the isolated 

structure T= 2.46 s≈5Tn, while the bearing displacement capacity was 0.15 m. 

The experimental setup is shown in Fig. 1 below: 

 

 

Fig. 1 – Experimental setup of the shaking table excitation of the steel structure. 

 

 

2485
3ECEES, September 2022, Bucharest, Romania



3 

3. Shaking table test results

3.1 Ground motion ensemble 

The steel structure presented above was subjected to an ensemble of recorded earthquake 

ground motion excitations. Three ground motion sets are used, which are scaled to match 

three different seismic hazard levels corresponding to two locations: Sion (Switzerland) 

and Αthens (Greece). Each ground motion set comprises 6 ground motion records shown in 

Table 1.  

The three different seismic hazard levels are quantified using uniform hazard spectra with 

2% probability of exceedance in 50 years for Sion, Switzerland (S1 hazard level), 1% 

probability of exceedance in 50 years for Sion, Switzerland (S2 hazard level) and 2% 

probability of exceedance in 50 years for Athens, Greece (S3 hazard level), as presented in 

Fig. 2. The uniform hazard spectra were obtained from the online platform of the European 

Facilities for Earthquake Hazard and Risk (EFEHR), using the ESHM13 Mean Hazard 

Model (Woessner et al., 2015). The ground motion ensemble was used to excite the 

seismically isolated structure (Fig. 1) and the corresponding fixed-based structure. 

Fig. 2 – Uniform hazard spectra corresponding to three different seismic hazard levels and two locations. 

Table 1. Ground motion ensemble corresponding to three different seismic hazard levels: Sion 2% in 50 

years (S1), Sion 1% in 50 years (S2) and Athens 2% in 50 years (S3). 

Sion 2% in 50 years (S1) 

Earthquake Station Component PGA 

(g) 

Scale 

factor 
PGA, scaled (g) 

Val Nerina 0018/Spoleto, Italy Η1 0.041 8.44 0.35 

Umbria 0125/Gubio, Italy Η1 0.040 10.99 0.45 

L’Aquila 3633/Bazzano, Italy Η2 0.053 7.85 0.42 

Friuli 0009/Buia, Italy Η2 0.040 11.28 0.45 

Strofades 2424/PYRI, Greece Η1 0.052 6.18 0.33 

Ano Liosia, Athens 2474/Athens, Greece H1 0.084 5.10 0.44 
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Sion 1% in 50 years (S2) 

Val Nerina 0018/Spoleto, Italy Η1 0.041 12.07 0.51 

Umbria 0125/Gubio, Italy Η1 0.040 15.60 0.63 

L’Aquila 3633/Bazzano, Italy Η2 0.053 11.18 0.60 

Friuli 0009/Buia, Italy Η2 0.040 16.19 0.65 

Strofades 2424/PYRI, Greece Η1 0.052 8.93 0.48 

Ano Liosia, Athens 2474/Athens, Greece H1 0.084 7.26 0.62 

Athens 2% in 50 years (S3) 

Izmit 3294/ USGS Golden Station Η1 0.045 12.07 0.69 

Umbro-Marchigiano 124/Gubbio Piana Η2 0.058 10.30 0.61 

Bingol 0229/Bingol, Turkey Η2 0.031 16.87 0.54 

Kalamata 2313/Messini Town Hall Η1 0.28 2.26 0.63 

Managua Managua, ESSO ESO090 0.37 1.71 0.64 

Kobe Kobe University KBU090 0.33 1.59 0.52 

 

3.2 Inelastic Response-Variability for the same earthquake ground motion excitation 

The variability of the inelastic displacement response of the superstructure subjected to 

three repetitions of the ground motion excitation recorded at the Umbro-Marchigiano 

earthquake (Fig. 3) with PGA=0.61g (Table 1) is shown for the seismically isolated 

structure and the fixed-based structure in Fig. 4 and Fig. 5. The steel coupons were 

replaced after each repetition of the ground motion, thus facilitating the excitation of an 

undamaged structure in each of the shaking table tests. As shown in Fig. 4, the activation 

of seismic isolation leads to substantially lower maximum and residual inelastic 

displacement of the superstructure compared to the fixed-based structure (Fig. 5). 

Furthermore, the lognormal distribution that was fitted to represent the variability of the 

inelastic displacement at t=58s for both records shows that the dispersion of the inelastic 

displacement is substantially shorter for the seismically isolated structure.  

 

Fig. 3 –Umbro-Marchigiano ground motion record. 
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Fig. 4 – Variability of the inelastic displacement of the seismically isolated superstructure for three 

repetitions of the same ground motion excitation (Umbro-Marchigiano, Table 1). 

Fig. 5 – Variability of the inelastic displacement of the fixed-based superstructure for three repetitions of the 

same ground motion excitation (Umbro-Marchigiano, Table 1). 

3.3 Inelastic Response-Variability for different seismic hazard levels 

The comparison of the variability between the inelastic response of fixed-based and 

seismically isolated structures for different above-design seismic hazard levels yields 

insight into the performance of these structures for cases in which the design hazard level 

is exceeded. Therefore, the fixed-based and the seismically isolated structure were 

subjected to the ground motion ensembles (Table 1) corresponding to the seismic hazard 

levels shown in Fig. 2 using the shaking table of ETH Zurich. The displacement ductility 

demand of these structures for the selected seismic hazard levels is shown in Fig. 6. 
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Fig. 6 – Ductility demand of the fixed-based structure and the seismically isolated structure for the three 

different seismic hazard levels (S1, S2, S3) presented in Fig. 2. 

As shown in the box plot presented in Fig. 6, the fixed-based structure manifested slightly 

higher median ductility and variability compared to the seismically isolated structure for 

the seismic hazard level S1. However, the median ductility and the dispersion in the 

inelastic response of the seismically isolated structure was significantly smaller than the 

fixed-based structure for the seismic hazard levels S2 and S3. 

4. Conclusions 

This study demonstrated the results of a large-scale shaking table investigation on the 

differences between the inelastic response of fixed-based and seismically isolated 

structures for three seismic hazard levels corresponding to two locations: Sion 

(Switzerland) and Αthens (Greece). A 1.9m tall steel structure with a concentrated mass on 

top was subjected to an earthquake ground motion ensemble through the shaking table of 

ETH Zurich. The structure was first seismically isolated using four friction pendulum 

bearings. After the end of these tests, the corresponding fixed-based structure was 

subjected to the same earthquake ground motion ensemble.  

A novel mechanical clevis connection consisting of two hinge elements and a couple of 

replaceable steel coupons enabled the conduction of a large number of shaking table tests 

of high seismic intensity that led to seismic damage in the superstucture, through the direct 

replacement of the damaged steel coupons after every shaking table excitation.   

The experimental results demonstrated the smaller variability in the inelastic response of 

the seismically isolated superstructure for three repetitions of the same above-design 

ground motion record, compared to the corresponding fixed-based structure. The 

experimental investigation of the response of the seismically isolated structure for a wide 

spectrum of ground motions corresponding to three different above-design seismic hazard 

levels elucidated a substantially smaller medial ductility demand and dispersion in the 

inelastic response compared to the fixed-based structure. 
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Along these lines, it can be concluded that the inelastic response of seismically isolated 

structures subjected to extreme earthquake events is characterized by smaller variability, 

higher repeatability and higher robustness compared to fixed-based structures. 
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Abstract: Seismic isolation is not applied in residential structures in the developing world 

due to the associated high cost. The present study shows the preliminary experimental results 

of a novel, low-cost spherical isolator, aiming to be used in low-rise masonry structures in 

developing countries. The examined system is based on mortar-filled, used tennis balls, 

rolling on concave or flat concrete surfaces. Distributing such isolators underneath the 

masonry walls would not require a heavily-reinforced isolation slab above the isolation level, 

further reducing construction costs. The experimental investigation comprised compressive 

and lateral cyclic tests of these systems. Parameters of investigation were the geometry of the 

rolling surface (i.e., flat or concave) and the applied vertical load (i.e., weight of the supported 

structure). First, the compressive behavior of the isolators was investigated showing that, if 

they are closely spaced, the isolators could support a low-rise building. Subsequently, lateral 

cyclic tests were performed, showing that the lateral cyclic response is bilinear when concave 

plates are used. The rolling friction coefficient (defined as the ratio of lateral to vertical force 

at zero displacement) was in the range of 4.7–7.2%, hence, suitable for seismic isolation 

applications. Special care should be given to the casting procedure since imperfections may 

affect the cyclic response of the system. 

Keywords: low-cost seismic isolation; rolling bearings; re-using tennis balls; sustainability; 

low-cost construction  

1. Introduction 

Modern earthquake engineering was developed in the financially developed world. 

Therefore, the suggested methods and materials are often too expensive to be applied in low-

income countries. This calls for engineering methods that could be applicable to low-income 

regions of the globe. Seismic isolation is a well-acknowledged technology of seismic 

protection; however, it is not applied in the developing world, due to its high cost. The high 

cost originates from the cost of each isolator, which is more than $10,000 (with multiple 

isolators needed in an application), and from the cost of the additional heavily-reinforced 

concrete slab that is typically constructed at the isolation level.  

There are three main categories of seismic isolators: a) Flexible rubber bearings, b) Sliding 

bearings, and c) Rolling bearings. During the last decades, there have been proposals of low-

cost isolators based on all three categories. Previous studies (Das et al, 2016; Kelly, 1999; 

Kelly & Takhirov, 2001; Kelly, 2002; Kelly & Calabrese, 2012; Konstantinidis & Kelly, 

2012; Osgooei et al, 2014,2017; Pauletta et al, 2017; Russo & Pauletta, 2013; Russo et al, 

2013; Strauss et al, 2014; Toopchi‐Nezhad et al, 2009; Tran et al, 2020; Van Engelen et al, 

2014,2016; Van Ngo et al, 2017) proposed the replacement of the steel shims with fibers in 

conventional flexible rubber bearings, leading to the “Fiber Reinforced Elastomeric Isolators 

(FREIs)”. 
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Fig. 1 - Envisaged application of the tennis ball isolator in a residential structure in a low-income country. 

Replacing the steel shims significantly reduces the cost and weight of each bearing. 

However, FREIs remain too stiff to isolate lightweight structures. Conventional Friction 

Pendulum Systems (FPS), require polished metals and Teflon layers for the low-friction 

interfaces; and this increases the cost of each device. Jampole et al. (2014, 2016) and 

Swensen et al. (2014) proposed the use of high-density polyethylene sliders on galvanized 

steel for the friction interfaces. However, communication with engineers from Peru and 

Cuba has revealed that in many low-income countries, neither galvanized steel nor 

polyethylene is available at a low cost. More recent studies suggested the construction of a 

sliding layer below the isolation slab using sand and PVC (Tsiavos et al, 2020, 2021). 

Several studies proposed rolling isolators made of steel or rubber to isolate non-structural 

components or entire structures (Cui et al, 2012; Cilsalar and Constantinou, 2019a, 2019b, 

2019c; Foti and Kelly, 1996; Foti, 2019; Harvey and Kelly, 2016; Katsamakas et al, 2021a, 

2021b, 2022a, 2022b; Katsamakas and Vassiliou, 2022; Menga et al, 2017, 2019; Tsiavos 

et al, 2021). It is noted that a seismically-isolated superstructure should be designed to 

remain practically elastic during seismic excitation (Vassiliou et al, 2013).  

2. Methodology

2.1. Envisaged application of the isolator in low-rise residential structures in the 

developing world 

The proposed seismic isolator comprises a mortar-filled tennis ball that rolls between two 

concrete surfaces. The isolator could have one flat and one concave concrete surface or two 

flat concrete surfaces. The envisaged application of the proposed isolator could be in low-

rise masonry dwellings in a developing country. In these areas of the globe, the construction 

of low-cost seismically-isolated masonry structures could be viable. In conventional 

applications of seismic isolation, the high cost of seismic isolation originates both from the 

cost of each isolator and from the heavily-reinforced concrete slab, which is typically 

constructed at the isolation level. To limit the load carried by each sphere, a large number of 

the proposed low-cost isolators could be placed below the masonry walls in contact with a 

concrete ring beam (Fig. 1). 

In addition to the proposed isolator, a low-friction sliding layer, similar to the one described 

by Tsiavos et al. (2020, 2021), would support only the gravity load of the concrete slab (Fig. 

1). With the slab supported by the sliding layer, the concrete thickness, and the required steel 

reinforcement could be significantly reduced (e.g., to 10 cm). During earthquake loading, 

the masonry house would roll on the rolling isolators, whereas the concrete slab would slide 

on the low-friction sliding layer. The lateral displacements of the slab and the masonry 

structure are coupled, since the sides of the concrete ring beam and the concrete slab are 

connected with PVC joints (Fig. 1). It is noted that the sliding coefficient of the layer below 
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the concrete slab is at the order of μs = 0.2, which is higher than the rolling friction coefficient 

of the isolators (μroll). However, this does not jeopardize the efficiency of the proposed 

methodology. The weight of the slab is low in comparison to the weight of the structure 

(Wslab < Wstructure). Hence, the total “sliding” coefficient (μtotal) will increase only moderately, 

up to a value that is low enough for seismic isolation applications. It is expected to be high 

enough to avoid motion of the system under service loads (e.g., wind) (Equation 1). The 

whole structure moves as one since the sides of the concrete ring beam and the concrete slab 

are connected with PVC joints. 

 
( ) ( )slab slab roll structure

total

total

W W

W

 


  
  (1) 

2.2. The spherical rolling seismic isolator  

The isolator proposed in the present study comprises a mortar-filled tennis sphere rolling 

between two concrete surfaces. It is analogous to the friction pendulum bearing (Fenz & 

Constantinou, 2006; Bao & Becker, 2019) that relies on rolling instead of sliding. This paper 

examines both systems with one flat and one concave surface and systems where both 

concrete surfaces are flat, to understand the rolling behavior of the sphere, without 

considering the influence of the concave plates. The dimensions of the concave plates could 

be optimized for the application of interest. An approximation of the behavior of the 

proposed system can be obtained by assuming a rigid behavior for the mortar-filled tennis 

ball and the concrete plates. Then the force-displacement relation is (Cilsalar and 

Constantinou, 2019a, 2019b, 2019c): 

    sign
4

roll

eff

W
F u W u

R
              (2) 

where 
effR R r  , R is the radius of curvature of the spherical plate and / 2r D  is the 

radius of the rolling sphere. The quantity W/(4uReff) sources from gravity, and is the restoring 

force of the system. The “4” factor in the denominator makes the system 4 times more 

“flexible” than an FPS with the same radius of curvature. The quantity  signrollW u is the 

rolling friction of the system. The displacement capacity of the system is do -D. The lateral 

cyclic response predicted by equation (2) is bilinear.  

2.3. Manufacturing of the tennis ball isolator and the concrete plates 

Tennis balls are made of a hollow, two-piece rubber shell filled with pressurized gas. The 

external diameter of the tennis balls ranges between 65.4 and 68.6 mm. The rubber shell of 

a tennis ball is covered with yellow felt (made from nylon or wool) and has an approximate 

total thickness of 5 mm (Good, 2018). For the tests, we obtained used tennis balls from local 

tennis clubs. In fact, used tennis balls are linked to an important waste management problem, 

since after each tennis game, the balls become softer and unsuitable for further use, and they 

are discarded. Every year, 300 million tennis balls are discarded globally. In the USA alone, 

125 million tennis balls are sold every year, with most of them ending up in landfills (Miller, 

2016). No viable solution towards the mass-scale re-use and sustainable management of this 

large number of tennis balls has been proposed so far. 

Using tennis balls in the proposed seismic isolators has three major advantages: a) The balls 

are used as a spherical mold to cast mortar spheres, b) The rubber shell of the balls reduces 
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stress concentration at the contact area and increases damping, c) A sustainable solution for 

the re-use of tennis balls is proposed.  

A 15 mm-diameter hole was drilled and a piping bag with a steel tip was used to fill the core 

of the sphere with mortar.  Initially, 7 different mixes were tested to cast the tennis balls. 

The optimal mix would have high strength, high fluidity, and low shrinkage. Three variations 

for each mix were tested. a) Using 3 orthogonal nails or b) Using 3 orthogonal screws as 

reinforcement for the ball; c) Using no reinforcement. The screws and nails were used as 

practical and low-cost alternatives to reinforcement. Three specimens of each variation were 

cast, resulting in a total of 3×3×7=63 spheres. Four additional spheres of Mix 7 (without 

reinforcement) were cast, leading to a final number of 67 spheres. The specimens were 

named MX-Y, where X denotes the mix number and Y is 0 for the specimens without 

reinforcement, N or S for the specimens with nails or screws, respectively.  

Mix 1 and Mix 7 used the same cement (Holcim Portland Cement CEM I 52.5 R), with a 

water ratio (W/C) equal to 0.6 and 0.5, respectively. These two different W/C ratios were 

tested, trying to optimize strength and fluidity. Mix 2 was the commercial cementitious mix 

“Lugato Fliesst & Fertig”, which includes quarzitic and calzitic fillers together with organic 

additives. Mix 3 was “Sikacrete-08SCC”, a self-compacting concrete mix, with a maximum 

aggregate size of 8 mm. A W/C = 0.2 was used. Mix 4 was the only non-cementitious mix, 

employing “Saing-Gobain Hartform Gypsum” (Alpha plaster), with W/C = 0.45. Mix 5 used 

Holcim Portland cement CEM I 42.5 R, which is similar to the one used in Mix 1 and 7, but 

of the lower class. Finally, Mix 6 was “Sikagrout 212”, a cementitious grout with selected 

fillers, aggregates, and additives and with W/C = 0.17 (Katsamakas et al, 2021b). 

A commercial low-cost M15 concrete mix was selected for the construction of the concrete 

plates, with a maximum aggregate size of 4 mm. The plates were unreinforced. The 

construction of the concave plates utilized plastic molds carved in the desired dimensions. 

2.4. Experimental setup and tested configurations 

A detailed description of the experimental setup is presented in (Katsamakas et al, 2021a), 

but the main components are also presented herein for completeness. The shake table of the 

ETH was used as an actuator to perform the cyclic tests. An isolator consists of an upper 

concrete plate, a bottom concrete plate, and a mortar-filled tennis ball that rolls between 

them (Fig. 2, Right). In all configurations, the bottom concrete plate was flat. The top plate 

can be either concave (“Concave configuration”) or flat (“Flat configuration”). Four isolators 

(i.e., four pairs of concrete plates with a tennis ball in between) were placed on top of the 

shake table in a 2 by 2 configuration. Variable weight was placed on top to emulate the 

weight of the superstructure. All tests are in full scale. In plan view, the diameter of the 

concave concrete plate was 350 mm (Fig. 2, left). The radius of curvature of the concave 

concrete plates (R) was R = 750 mm. Assuming a tennis ball with a diameter of Dt = 67 mm 

and based on equation (1) this would give an isolation period of 3.4 seconds. 

A typical unconfined masonry house in Cuba was considered for the calculation of the 

gravity load, resulting in a vertical load of 4.4 kN on each isolator, for isolators placed every 

40 cm (Katsamakas et al, 2021b). Three compressive loads (2.08 kN, 3.23 kN, 4.74 kN) 

under 2 rolling surface geometries (flat and concave) were tested, corresponding to a total 

number of 6 configurations. A different set of 4 spheres was used in each weight / geometry 

configuration, resulting in 4 × 6 different spheres. Cyclic sinusoidal tests with an amplitude 

of ±115 mm were performed. All configurations were subjected to at least 5 full cyclic loops, 

with a frequency of f = 0.2 Hz. 
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Fig. 2 - Left, Dimensions of the utilized concave concrete plates; Right, Tennis ball isolator during lateral 

cyclic testing. 

 

Fig. 3 – Compression tests of the different mixes used to fill the tennis balls. 

2495
3ECEES, September 2022, Bucharest, Romania



Fig. 4 - Compression tests. Left, Force displacement response for the different mixes; Right, Tennis ball 

isolator under compression 

3. Results

3.1 Compression tests 

The isolators were subjected to monotonic compression 28 days after casting. As a first level 

of quality assurance, spheres with visible casting flaws were excluded from testing.  

The results of the compression tests appear in Figure 3. It is evident that the screw and nail 

reinforcement do not improve the performance of the spheres, potentially due to the 

associated casting imperfections. Hence, this reinforcement procedure is not further 

investigated or recommended. Based on the results Mix 3, 6 and 7 are further evaluated 

(hereafter noted as Mix A, B, C). Figure 4 shows the force deformation diagrams of the 

compression tests of the three final mixes (Mix A, B, C). Based on the results, the following 

conclusions are drawn:  

a) There is a significant scatter of the mechanical properties even among the specimens

of the same mix.

b) The minimum compressive strength of the balls was 12.5 kN which is approximately

3 times higher than the expected (design) static vertical load of 4.4 kN.

c) For the vertical loads tested (2.08 kN, 3.23 kN, 4.74 kN) the vertical displacement of

the tennis spheres was in the range of 4.5 mm, 5 mm, and 5.8 mm, respectively. This means

that the shape of the isolator deviates from being spherical, since the top and bottom end of

the tennis balls is flattened.

Based on the above tests (Fig. 3,4), the spheres of Mix C were selected for cyclic testing. 

3.2 Cyclic tests 

Figure 5 shows the ratio of lateral-to-vertical force (F/W) against the lateral displacement, 

as obtained from the lateral cyclic tests. The rolling friction coefficient (μroll) is equal to the 

F/W ratio at zero displacement. Based on the results of the cyclic tests (Fig. 5), the following 

observations can be made: 

a) Τhe curvature of the concrete plate influences the response moderately. This is

explained by the curvature of the plates that leads to a high isolation period of 3.4 seconds

and by the moderate amplitude of lateral displacements, which, induces a maximum uplift

of 2.2 mm, according to the rigid body model. Therefore, for small displacements, the local
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imperfections (due to compressive load or due to casting imperfections) of the isolator 

overshadow the uplift due to the concave plate.  

b) Two configurations (Concave, 2.08 kN and Concave, 3.23 kN) demonstrated 

significant fluctuations, which were consistent over the cycles. These fluctuations are 

attributed to the insufficient casting of some of the spheres, which, during rolling, ended up 

with the flattened surface in contact with the concrete plates (Fig. 6, Left). This flat surface 

pre-existed in the sphere and was not created during rolling. Hence, for the configurations 

tested, this effect is not related to the vertical load but to the casting procedure. A very high 

compressive load (e.g., higher than the compressive strength of the sphere) could lead to a 

similar effect. However, as such loads are higher than 12.5 kN (minimum compressive 

strength), they fall outside the design range, and were not tested. The fluctuations led to 

intense vertical motion of the slab, affecting the restoring force and the overall force-

displacement response. Avoiding casting imperfections in a practical application is crucial. 

It is interesting to note that significant fluctuations of the force-displacement loop also exist 

in other rolling systems, comprising seemingly “perfect” rolling objects, such as rubber 

wheels (Nikfar and Konstantinidis, 2017). 

c) For the configurations of W = 4.74 kN/sphere (concave plates) the response is very 

close to bilinear. This test was used as a case study, to assess whether the analytical bilinear 

model (equation (1)) can predict the experimentally obtained plot. This configuration was 

used since: a) the spheres were properly cast and demonstrated no surface imperfections, as 

seen in Figure 6 (Middle, Right), and, b) concave plates were used. The effective radius of 

curvature Reff was equal to 716.5 mm. The rolling friction coefficient (μroll) was set to 5.4 %, 

which is the experimentally obtained value. The numerical results are closely correlated to 

the experimental ones for this configuration, indicating that, when casting is successful, the 

response of the isolator is indeed bilinear (Fig. 5).  

d) The spheres deteriorated only marginally under cyclic loading and their response was 

stable even after 5 circles, with the exception of the configuration using concave plates and 

W = 3.23 kN. This indicates that, when the spheres are properly cast, their response can be 

stable and sustain sequential seismic loading without damage.   

e) During rolling, the isolators dissipate energy. Energy dissipation increases with 

increasing compressive load and is related to the rolling friction coefficient (μroll). The 

friction coefficient (μroll) ranges between 4.7 and 7.2%, which is within the range of friction 

coefficients used in sliding bearings.  

 
Fig. 5 - Lateral cyclic response of the proposed isolator, under different vertical load levels. 

W = 2.08 kN W = 3.23 kN W = 4.74 kN
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Fig. 6 - Tennis ball isolator after lateral cyclic testing. Left, Insufficient casting under W = 3.23 kN; 

Middle, Right, Sufficient casting under W = 4.74 kN 

4. Conclusions 

This paper presents an experimental study on the compressive and cyclic response of 

sustainable, low-cost seismic isolation bearings, comprising mortar-filled tennis balls. The 

envisaged application of the isolator would be in masonry structures in low-income 

countries. The spheres would be closely-placed and could carry the gravity load of the 

structure. The concrete slab would be placed on a low-friction sliding layer, hence its 

thickness and reinforcement would be substantially reduced. Reducing the cost of the 

isolation slab is crucial to make seismic isolation affordable in low-income countries. 

A full-scale model of prototype bearings was tested, comprising four isolators capped with 

a slab. The parameters of investigation of the cyclic tests were the vertical force on each 

rolling isolator (i.e., 2.08 kN, 3.23 kN or 4.74 kN) and the geometry of the rolling surface 

(i.e., flat or concave). The vertical loads were computed based on the assumption that the 

balls will be placed underneath the masonry walls of a typical one-story residential house in 

Cuba, at a distance of 40 cm.  

Tennis balls are used as a permanent mold, meaning that they are not removed after casting. 

This has 3 main advantages: a) The rubber shell of the tennis ball offers increased energy 

dissipation, b) Damage at the contact area is avoided since the shell offers stress distribution, 

and, c) The proposed isolator offers a sustainable solution towards the re-use of tennis balls, 

which is an important environmental problem with no viable mass-scale solution so far.  

The experimental results showed that the investigated system has the potential to reduce the 

inertia forces transmitted to the superstructure. The sufficient bearing capacity of the 

isolators under vertical load and the corresponding lateral force-displacement response, 

confirm the feasibility of the proposed isolator. The casting quality influences the rolling 

response of the proposed isolator. When the isolators are properly cast, the resulting lateral 

force-displacement response is bilinear, as a rigid body model suggests. For the lateral 

displacements considered, the influence of the concrete plate curvature is moderate since, 

sphere imperfections dominate the response. Even in case of insufficient casting, the system 

maintains low lateral-to-vertical force ratios, suitable for seismic isolation applications.  

The main limitations of the present study are related to the casting procedure of the isolator. 

The development of better cementitious mixes, which will ensure fluidity, high strength, less 

shrinkage, and better quality assurance, the optimization of the casting procedure (e.g., 

utilized tools, diameter of the casting tip, etc.), are topics open to further research. The 

ultimate objective of this project is to create practical guidelines that will optimize the 
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aforementioned parameters and can be implemented in the developing world. Moreover, 

bearings of smaller radius of curvature should be tested under larger lateral displacements. 
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Abstract: Seismic protection of the buildings is an important aspect in countries with high 

seismicity. This protection can be achieved through a “traditional” design or by using 

innovative devices to control the buildings behaviour. 

The paper presents a comparative study between two seismic isolation systems. The first 

system is composed of low damping rubber bearings, linear motion guides, lead dampers 

and steel dampers (LDRB+LMG+LD+SD) and the second system is composed of friction 

pendulum bearings with two sliding surfaces (FPB2S). The study shows that the minimum 

response – in terms of relative displacements and base shear forces - is obtained for the 

structure isolated with FPB2S system. The minimum accelerations are obtained with 

LDRB+LMG+LD+SD isolation system. Regarding the dissipated energy, the 

LDRB+LMG+LD+SD isolation system dissipates more energy, than the FPB2S isolation 

system. 

Keywords: friction pendulum bearing, lead damper, low damping rubber bearing, nonlinear 

time-history analysis, steel damper. 

1. Introduction 

This study makes a comparison between two different seismic isolation systems in terms of 

relative displacements, absolute accelerations, base shear forces and dissipated energies, 

considering the seismic action from the Vrancea source. The comparison was made on a 

reinforced concrete building having the height regime of ground floor and eight storeys. 

Dănilă, et al. (2014). 

The first system (LDRB+LMG+LD+SD) is composed of fifteen low damping rubber 

bearings - one bearing under each column, ten linear motion guides – two LMGs under 

each reinforced concrete wall, six lead dampers of U2426 type and six steel dampers of 

TSUD50x4 type. 

The second system (FPB2S) is composed of twenty-five friction pendulum bearings with 

two sliding surfaces - one bearing under each column and two bearings under each 

reinforced concrete wall. 
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2. Description of the Building and of the Seismic Isolation Systems 

The analysed structure is a dual structure, with reinforced concrete shear walls and frames, 

for which was considered the Bucharest location.  Dănilă (2013); Dănilă, et al. (2014). The 

building has ground floor and eight stories and the height of each storey is 2.8m. 

 

Fig. 1. – The analysed building 

3. The Seismic Action 

The adopted ground motions for nonlinear time-history analysis are described by 

four recorded seismic motions and three artificial accelerograms compatible with the 

design spectrum for Bucharest.  

Because there were made 3D nonlinear time-history analyses, there were used all 

three components of the recorded earthquakes (two horizontal components and one vertical 

component). The horizontal component with the maximum ground acceleration, was scaled 

to the design ground acceleration for Bucharest. The other two components, of the same 

recorded earthquake, were scaled with the same scaling factor to which was scaled the 

horizontal component with the maximum ground acceleration.  

The recorded earthquakes are: 

- INCERC (1977):  the seismic action corresponding to the March 4, 1977 recorded 

earthquake, on the INCERC-Bucharest site; 

- INCERC (1986):  the seismic action corresponding to the August 30, 1986 

recorded earthquake, on the INCERC-Bucharest site; 

- ISPH (1986):  the seismic action corresponding to the August 30, 1986 recorded 

earthquake, on the ISPH-Bucharest site; 

- Otopeni (1986):  the seismic action corresponding to the August 30, 1986 recorded 

earthquake, on the Otopeni site. 
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The artificial accelerograms were generated by means of SeismoArtif computer 

program. 

 

Timpul [sec]
40353025201510

A
cc

el
er

a
ți

a 
[c

m
/s

ec
2
]

100

50

0

-50

-100

-150

-200

Frecvența [Hz]
0.1 1 10

A
m

p
li

tu
d

in
ea

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

 
a) 

Timpul [sec]
40353025201510

A
c
c
e
le

ra
ți

a
 [

c
m

/s
e
c
2

]

200

150

100

50

0

-50

-100

-150

Frecvența [Hz]
0.1 1 10

A
m

p
li

tu
d

in
e
a

0.3

0.2

0.1

0

 
b) 

Timpul [sec]
40353025201510

A
cc

el
er

a
ți

a 
[c

m
/s

ec
2
]

40

20

0

-20

-40

Frecvența [Hz]
0.1 1 10

A
m

p
li

tu
d

in
e
a

0.3

0.2

0.1

0

 
c) 

Fig. 3.1. – The recorded accelerogram of August 30, 1986 Vrancea Earthquake on INCERC-

Bucharest site and it’s power spectral density: a) N-S component, a) E-W component, c) Vertical component. 

 

4. Nonlinear Time-History Analysis and Comparative Results 

The nonlinear dynamic analysis of the isolated structure was performed using the 

SAP2000 v15.1.0 computer program, considering the structural elements and the isolation 

systems with nonlinear behaviour. Dănilă (2013); Dănilă, et al. (2014). 

The nonlinear behaviour of beams and columns was modelled with plastic hinges at the 

elements ends (concentrated plasticity model) of M3 type and PM2M3, respectively. 

Dănilă (2013); Dănilă, et al. (2014).   

The shear walls were modelled with shell layered-nonlinear elements, with nonlinear 

behaviour in both bending with axial force and shear force. For the concrete from the 

boundary elements of the shear wall was used a model with constant confinement - Mander 

(1988) model - and for reinforcement was used the model automatically generated by the 

program with yielding plateau and post-elastic hardening. Dănilă (2013); Dănilă, et al. 

(2014). The strength of the materials was considered with mean values. Dănilă (2013); 

Dănilă, et al. (2014).   

In Table 1 there are given the parameters of the devices which compose the 

LDRB+LMG+LD+SD isolation system, used in the nonlinear time-history analysis. 

2503
3ECEES, September 2022, Bucharest, Romania



Table 1. Parameters of LDRB+LMG+LD+SD isolation system used in nonlinear dynamic analysis. 

Direction 

LDRB LMG LD SD 

Linear Gap Friction Isolator Hook Plastic (Wen) Plastic (Wen) 

ke ke ke μf(slow) μf(fast) ξ R ke ke fy kp/ke k ke fy kp/ke k 

[kN/m] [kN/m] [kN/m] [-] [-] [m/s] [m] [kN/m] [kN/m] [kN] [-] [-] [kN/m] [kN] [-] [-] 

U1 2·105 3·106 1.5·106 - - - - 1.4·106 10 - - - 10 - - -

U2 727.9 - 14044 0.007 0.0075 100 0 - 30000 225 0 20 8320 232 0.017 20

U3 727.9 - 14044 0.007 0.0075 100 0 - 30000 225 0 20 8320 232 0.017 20

where: ke is the elastic stiffness; fy is the yielding strength; kp is the post-elastic stiffness; k is the yielding 

exponent, μf is the friction coefficient; ξ is the rate parameter; R is the radius of curvature. 

In Table 2 the parameters of the devices which compose the FPS2S isolation 

system, used in the nonlinear dynamic analysis are given. 

Table 2. Parameters of FPS2S isolation system used in nonlinear dynamic analysis. 

Direction 

Rubber Isolator 1 Rubber Isolator 2 Gap 

ke fy kp/ke ke fy kp/ke ke 

[kN/m] [kN] [-] [kN/m] [kN] [-] [kN/m] 

U1 0 - - 0 - - 3250000 

U2 800000 78.8 0 808.22 118.2 0.5 - 

U3 800000 78.8 0 808.22 118.2 0.5 - 

where: ke is the elastic stiffness; kp is the post-elastic stiffness; fy is the yielding strength. 

The elastic damping was taken into account by using Rayleigh damping, considering 

the damping ratio of 3% for the vibration modes between 0.2T1 and 1.5T1 (T1 is the period 

of vibration in the fundamental mode). Dănilă (2013); Dănilă, et al. (2014).   

4.1. The Response in Relative Displacements 

The response in displacements of the isolated structure was evaluated under each 

seismic action described in the Chapter 3 and for each horizontal direction of the structure. 

The mean relative displacements of the two isolation systems are given in Fig. 2. For 

both x direction and y direction of the building, the minimum displacements are obtained 

with the FPB2S isolation system. The percentage difference between the two isolation 

systems, at the level of the isolation plane, is 7.3% for the x direction and 7.9% for the y 

direction of the building. 

a) b) 

Fig. 2. - The mean relative displacements of the structure, isolated with LDRB+LMG+LD+SD and FPB2S 

system: a) x direction; b) y direction 
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4.2. The Response in Absolute Accelerations 

In certain practical design cases it is necessary to limit the building accelerations in 

order to protect valuable contents. Because of this, there were made comparisons in terms 

of accelerations both at the level of the isolation plane and at each floor level of the 

structure. 

The mean absolute accelerations of the two isolation systems are given in Fig. 3. In 

both horizontal directions of the structure, minimum accelerations are obtained with the 

LDRB+LMG+LD+SD isolation system. The percentage difference between the mean 

absolute accelerations at the level of isolation plane for two isolation systems is 21.1% for 

the x direction of the building and 20.5% for the y direction. 

 
a) 

 
b) 

Fig. 3. - The mean absolute accelerations of the structure, isolated with LDRB+LMG+LD+SD and FPB2S 

system: a) x direction; b) y direction 

4.2. The Input and Dissipated Energies 

In the “traditional” design, the energy induced by an earthquake is dissipated through 

the post-elastic deformations of the structural elements. Through base isolation, the 

dynamic properties of the structure are changed, so that the energy induced by an 

earthquake is greatly diminished and is dissipated, most of it, by the isolation system. To 

analyze the dissipated energy by the two isolation systems, the hysteretic curves were 

integrated through the entire duration of the seismic actions described in the Chapter 3. 

Dănilă, et al. (2014).  
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Fig. 4. – Hysteresis curves 

In Fig. 4 there are presented the hysteretic curves for a low damping rubber 

bearing, a linear motion guide, a steel damper and for a lead damper. The hysteretic curves 

correspond to the seismic action of March 4, 1977 earthquake in the y direction of the 

building.  

The mean energies induced by the seismic actions and dissipated through various 

mechanisms are presented in Fig. 5.  

The following notations were used. Dănilă (2013); Dănilă, et al. (2014): 

- Ei: the energy induced by the seismic actions;

- Eis: the energy dissipated by the isolation system;

- Es: the energy dissipated by the structure through post-elastic deformations and

elastic damping;

- Ek: the kinetic energy;

- Ep: the potential energy.

In order to have a fair indicator of the energy dissipated by the isolation systems and by the 

structure, this must be reported to the energy induced by the seismic actions. Thus, for the 

x direction of the building, the isolated structure, with the LDRB+LMG+LD+SD system, 

dissipates 83.2% of the energy induced by the seismic actions through the isolation system 

and 12.2% through post-elastic deformations and elastic damping.  

The isolated structure with the FPB2S system, dissipates 82.2% of the energy induced by 

the seismic actions through the isolation system and 12.8% through the post-elastic 

deformations and the elastic damping.  
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a) 

 
b) 

Fig. 5. - The mean energies of the two isolation system: a) x direction; b) y direction 

For the y direction of the building, the isolated structure with the LDRB+LMG+LD+SD 

system, dissipates 82.9% of the energy induced by the seismic actions through the isolation 
system and 12.7% through the post-elastic deformations and elastic damping. The 

structure, isolated with FPB2S system, dissipates 81.8% of the energy induced by the 

seismic actions through the isolation system and 13% through post-elastic deformations 

and elastic damping. 

4.3. The Base Shear Forces 

The base shear force is a key parameter in characterizing the seismic response of the 

structures and it is used to design them. Dănilă (2013).  

The mean base shear forces, for the two isolation systems, are presented in Fig. 6. 

For both horizontal directions of the building, the maximum base shear force is obtained 

for the structure isolated with the LDRB+LMG+LD+SD system. The percentage 

difference between the two isolation systems is of 9.2% on the x direction and of 8.3% on 

the y direction. 

 

Fig. 6. - The mean base shear forces for the building isolated with the LDRB+LMG+LD+SD system and the 

FPB2S system 

5. Conclusions 

The performed study examines the seismic performance of two different isolation 

systems, considering a vibration period of the isolated structure of 3.5s and a damping ratio 

of 28%. It was analysed the response in displacements, accelerations, energy dissipated 
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and base shear forces of the structure and isolation systems to recorded and simulated 

earthquake ground motions.  

The minimum displacements and minimum base shear forces are obtained with the FPB2S 

isolation system. With the LDRB+LMG+LD+SD isolation system are recorded the 

minimum accelerations, both at the level of the isolation plane and in the building. The 

LDRB+LMG+LD+SD isolation system dissipates more energy than the FPB2S isolation 

system.  

Both isolation systems have advantages and disadvantages. Depending on the design 

requirements, it can be used a system or another; for example, if it is required the limitation 

of the storey accelerations, the LDRB+LMG+LD+SD isolation system is more suitable. 
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Abstract: New technologies such as the structures with energy dissipation systems have 
proven to be a very effective solution to attain the objectives of Performance Based Design. 
These energy dissipation devices are responsible of absorbing most of the energy input 
exerted by the earthquake, preventing any plastic deformation on main structural components. 
They have also proven to be an efficient tool for seismic retrofitting of under-designed 
buildings enhancing its seismic performance and preventing damage, therefore increasing 
resilience in the building stock. This paper proposes a new damper following a tube-in-tube 
configuration. It relies on the flexural/shear yielding of the steel strips formed by opening slits 
on the walls of hollow structural sections. The new design bestows a multiphase behaviour to 
the damper by using a gap mechanism that prevents high cycle fatigue damage under wind 
loads. The performance of the damper to different demand scenarios is proven by 5 quasi 
static tests on representative prototypes.  

Keywords: Energy Dissipation Devices, Hysteretic Damper, Performance Based Design, 
Energy Based Design 

1. Introduction. 

The earthquakes occurred since mid-twentieth century have proven that conventional seismic design relying in 
dissipating the energy input trough the plastic deformation of the main structure (i.e. safeguard of life approach) 
is no longer valid. Although the designs under this approach have saved thousands of lives, the effort of 
demolishing and rebuilding a city is not an option nowadays, from both economic and environmental point of 
view. In this sense, there has been a transition towards a Performance-Based seismic Design (PBD), which 
aims to control/minimize the structural and non-structural damage and the interruption of a building’s use after 
the event. New technologies such as the structures with energy dissipation systems have proven to be a very 
effective solution to attain the objectives of PBD. In these designs, the gravity load and lateral load bearing 
systems are separated and work in parallel. The latter is formed by specially engineered components called 
energy dissipation devices (EDDs) or dampers. These EDDs are responsible of absorbing most of the energy 
input exerted by the earthquake, preventing or limiting plastic deformation on main structural components. In 
addition, the presence of the EDDs reduces the lateral displacements of the structure and this reduces 
displacement-sensitive non-structural damage. As damage attractors, the EDDs must be inspected and replaced 
or repaired after a seismic event of a severe (commonly called “design earthquake”) or an extreme (“maximum 
credible earthquake”) ground motion. Likewise, the global environmental challenge claims for a much 
sustainable use of resources, that fosters retrofitting approaches rather than demolishing and rebuilding. Hence 
there is an urge to upgrade our building stock against earthquakes.  The EDDs have also proven to be an 
efficient tool for seismic retrofitting of under-designed buildings (X Benavent-Climent, A. (2011); Benavent-
Climent, et al. (2017); Mota-Páez, S., et al. (2021)), enhancing its seismic performance and preventing damage, 
therefore increasing resilience in the building stock. 
Amongst EDDs one of the simpler ones are the metallic dampers (also called hysteretic dampers) (Soong, T.T., 
et al. (2002); Constantinou, M. C., et al. (1998); Symans, M. D., et al. (1999); Housner, G., et al. 1997)). A 
thorough state-of-art review on metallic EDDs can be found in (Javanmardi, A., et al. (2020) 
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). The damper proposed follows a well-known design called slit-type damper (Benavent-Climent, A., et al. 
(1998)), that consist of strips of steel, made by opening slits in a steel plate. The mechanism for energy 
dissipation resides in plastic bending/shearing de-formations of the steel strips as shown in figure 1. However, 
under frequent loads such as wind loads, they can suffer damage due to high cycle fatigue, compromising the 
efficiency of the damper against the main shock. This problem has caused severe damage or even collapse in 
the past in steel elements such as cantilever steel structures or poles (Repetto, M. P., et al. (2010)). 

 
Fig 1. Slip type damper detail 

 

The new damper proposed is evolution from the tube-in-tube (TTD) damper design of Benavent-Climent 
(Benavent-Climent, A. (2010)) based on the flexural/shear yielding of the steel strips formed by opening slits 
on the walls of hollow structural sections. The new TTD design avoids the problem of high cycle fatigue by 
using a gap mechanism. This paper presents part of the results of an extensive experimental campaign and 
shows that the new damper has stable restoring force characteristics and a very large energy dissipation 
capacity.   

2. The multiphase tube in tube damper 

The multiphase tube in tube damper (TTD-MP) comprises two hollow rectangular sections in a telescopic 
setting as depicted in figure 2. The TTD-MP was designed to be installed in the main structure as part of a 
brace/diagonal members. The larger parallel faces of the outer tube are cut forming two rows of strips which 
will be the dissipative component of the device. Both rows of strips join together in a central spine which react 
against a steel stop posttensioned to the inner tube. The reaction of the spine against the stop imposes a flexural 
deformation to the strips as in figure 1. To prevent high cycle fatigue due to deformations induced by wind 
loads, there is a gap that allows the axial free movement of the outer and inner tube before the damper is 
engaged (see detail in figure 1c). The gap, δg, defines 4 different phases in the axial deformation δ of the 
damper: 

- Phase I – (δ<δg). In this phase there is a free movement within inner and outer tube without engaging the 
damper.  

- Phase II – (δg<δ<δy). In this phase the gap closes, and the spine reacts against the inner tube imposing a 
recoverable elastic flexural deformation to the strip, hence storing elastic strain energy. Here δy is the axial 
displacement of the damper (measured from the initial zero position at the beginning of phase I) associated 
with the onset of yielding of the steel strips. 

- Phase III – δy<δ<δs. In this phase the strips deform beyond the elastic deformation, sustaining irrecoverable 
plastic deformations, hence dissipating plastic strain energy. Here δs is the deformation associated with the 
onset of second order geometrical effects. 

- Phase IV – δ>δs. In this phase the MP-TTD experiences second order geometrical effects that increase 
significantly the lateral stiffness and strength. 
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Fig. 2. TTD-MP specimen: (a) elevation; (b) section A-A’; (c) detail of the gap and the stops. Units in mm. 

 
 
 
The characteristic values of δg δy and δs can be easily tunned controlling the geometry and number of strips in 
the damper, in a way that in performs in: i) phase I for wind loads; ii) phase II for frequent earthquakes; iii) 
phase III for severe earthquakes (i.e. the design earthquake) and IV) phase IV for rare earthquakes (i.e. the 
maximum credible earthquake).  
To take advantage of the free movement given by the gap in Phase I, a viscoelastic material could be introduced, 
between the two faces of the inner and outer tube that are not slitted, enhancing the performance of the damper; 
this constitutes an ongoing research.  However, this paper will focus in the hysteretic part only that uses the 
plastic deformation of the steel strips as a source of energy dissipation. 

 

3. Experimental programme 

Five specimens following the specifications in figure 2 were built and tested under quasistatic cyclic loads up 
to failure (considered as the onset of strength degradation under imposed deformations).  The same batch of 
hollow tubes were employed to ensure identical steel properties amongst specimens. The dimensions were 
#200.120.4 and #180.100.4 (width, depth, and thickness in mm) for the outer and the inner tube respectively. 
The gap was selected as 𝛿𝛿𝑔𝑔 = 5mm, that corresponds to a 0.19% drift in a regular frame with 5m bay and 3m 
height. This value is smaller than the typical drift values for yielding in steel and RC framed structures (about 
0.5%). Hence assuring that for the damper´s phase I, the structure will behave in elastic range. The steel was 
ordinary S275JR and the mechanical properties from standard coupon tensile test were: Young modulus E = 
210 GPa, yield stress σy = 362 MPa ultimate stress σu = 530 MPa, and the corresponding strains εy = 0.349% 
and εu = 9.70%. 
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3.2. Experimental Set-Up and Loading Histories. 

The tests were carried out using a universal testing machine with a maximum load capacity of 1000 kN (Figure 3). 
For the tests, the inner tube was bolted to the base of the reaction rig, whereas the outer tube was bolted to the loading 
plate connected to the actuator. The specimens were instrumented with two LVDTs, that measured the relative axial 
displacement of the inner tube with respect to the outer tube, and a load cell to measure the imposed load. Each 
specimen was subjected to a different loading path under displacement control with a quasi-static load rate.  All load 
paths consisted of cycles of incremental amplitude ∆𝛿𝛿, normalized by the yield displacement 𝛿𝛿𝑦𝑦 expressed by 𝜙𝜙 =
Δ𝛿𝛿/𝛿𝛿𝑦𝑦. The differences among different loading paths were the value of the coefficient 𝜙𝜙 = 1,2 & 3 per cycle, and 
the repetitions per amplitude applied. 

 

 
Fig. 3. Experimental set-up for quasi-static tests 

3. Results 

Figures 4 a to e show the load Q versus displacement δ loops obtained in the quasi-static tests. From figure 4 the 
following characteristics can be found: (i) the Q-δ loop is split and shifted along the x-axis, due to the gap δg 
introduced (ii) there is an increment of the plastic stiffness for large deformations beyond 20mm, as seen in Figs. 4d 
& 4e; (iii) after failure, the degradation of strength is gradual.   
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(a) 

(b) 

(c)

(d)

(e) 

Fig. 4. Force displacement Q-δ curves for different loading paths  
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With the help of the backbone diagram in figure 5 the performance of the TTD-MP can be more clearly explained 
as follows: 

1. There is a free movement of the damper when the outer tube moves within the range of (-δg ,+δg), producing 
the segment 0-1 within the phase I of the damper. 

2. When one of the gaps closes, the central spine reacts against the stop deforming the strips in bending 
following the segment 1-2 beyond the yielding displacement covering phase II and entering phase III. 

3. Once reached the maximum positive displacement the unloading follows the segment 2-3 with the elastic 
stiffness. 

4. When fully unloaded, the increase of negative displacements produces again a free movement covering a 
distance along x-axis of 2δg until the negative gap closes (segment 3-4) 

5. Upon increasing negative displacements the strips deform covering phases II and III (segment 4-5) until 
point 5 where deformations are very large and nonlinearities due to geometrical restrictions appear, hence 
entering phase IV. This nonlinearity causes a significant increase in strength and stiffness that could be 
very beneficial in case of earthquakes larger that the design earthquakes since reduces dramatically the 
lateral displacements and controls the second order effects on the overall structure.  

 
 

 
Fig. 5. Force displacement Q-δ backbone 

4. Conclusions 

This paper presents a new multiphase metallic damper to protect structures against earthquakes. From the results 
obtained with 5 quasi static tests of representative specimens the following conclusions can be drawn 
 
• The proposed damper presents very stable hysteresis loops up to failure, without showing any sign of strength 

or stiffness degradation. 
• The multiphase feature of the damper allows for adapting the performance of the damper to different scenarios: 

i) phase I for wind loads; ii) phase II for frequent earthquakes; iii) phase III for severe earthquakes (i.e. the 
design earthquake) and phase IV for rare earthquakes (i.e. the maximum credible earthquake). 

• The limiting values for the different phases can be easily tunned by changing the mechanical and geometrical 
properties of the steel strips conforming the damper. 
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Abstract: In this paper, an optimization approach for the seismic retrofitting of inelastic 

Moment Resisting Frames (MRFs) equipped with nonlinear Fluid Viscous Dampers (FVDs) 

and Negative Stiffness Devices (NSDs) is presented. The goal of the optimization is to 

minimize a cost related objective function, which accounts for the cost of the supplemental 

FVDs and NSDs. The mechanical properties and the topological layout of both the FVDs and 

NSDs are considered as design variables and simultaneously optimized during the 

optimization process. A loss estimation analysis is utilized as a performance constraint, where 

the PEER framework is adopted. The structural response is evaluated using a Nonlinear Time 

History Analysis (NTHA), which accounts for the nonlinear behaviour of the MRF elements, 

FVDs, and NSDs. The optimization problem is formulated using differentiable functions only, 

making it suitable for an efficient gradient-based optimization solution scheme. The gradients 

are efficiently derived using the adjoint sensitivity analysis approach. A numerical example 

shows the robustness and efficiency of the presented methodology, where the optimized 

design relies on NSDs and FVDs. 

Keywords: seismic retrofitting; negative stiffness device; fluid viscous damper; structural 

optimization 

1. Introduction  

In the last decade it has been acknowledged that damage to non-structural components may 

often lead to comparable losses, or even higher losses, compared to damage to structural 

components [Viti et al. 2006; Filiatrault and Sullivan 2014]. Therefore, considering damage 

to both structural and non-structural components in the design of retrofitting is essential and 

may have an effect on the selected retrofitting strategy. Because damage to non-structural 

components is correlated to both Peak Floor Accelerations (PFAs) and IDRs. This is 

especially the case when essential facilities, that are expected to remain functional, even 

under severe earthquakes, are considered [Viti et al. 2006]. In such cases and others, it is 

important to consider both the IDRs, and the PFAs when evaluating the economic losses. 

Although Fluid Viscous Dampers (FVDs) are effective for reducing both IDRs and PFAs, 

their reduction of PFAs may be limited. To address this need and simultaneously reduce both 

IDRs and PFAs, the weakening and adding damping retrofitting strategy was developed 

[Reinhorn et al. 2005; Viti et al. 2006; Lavan, Cimellaro and Reinhorn 2008; Lavan 2015]. 

The motivation behind this retrofitting approach is that while the weakening reduces lateral 

strength and accelerations, the damping is added to control deformations. Despite the 

efficiency of the weakening approach in controlling accelerations, this approach still relies 

on yielding of structural components and requires structural modifications in the elements 

of the main structure. To avoid weakening actions in the main frame, the concept of apparent 

wakening has been proposed [Nagarajaiah et al. 2013; Pasala et al. 2013]. The apparent 

weakening is achieved using Negative Stiffness Devices (NSDs). NSDs are characterized by 

a nonlinear elastic behavior, which assists motion. The assembly of the main structure and 
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the NSD is characterized by apparent yielding, for displacements that are smaller than the 

yielding displacement of the structure. This apparent yielding effect reduces acceleration 

without plastic deformations developed in the main frame; and as a result, no actual 

weakening actions in the main frame are needed. 

This paper aims at formulating and efficiently solving a proper optimization problem for the 

design of retrofitting of MRFs using NSDs and FVDs. The optimization problem is 

formulated to obtain minimum retrofitting cost while the present expected loss of the 

structure is formulated as a constraint. The design variables represent the mechanical 

properties and topology of both the FVDs and NSDs. A cost correlated objective function is 

being formulated, where this function is evaluated based on two components, representing 

the FVDs and the NSDs cost and the installation cost of these devices. The expected loss 

constraint relies on the Aslani and Miranda (2005a) probabilistic assessment, including the 

nonlinear regression analysis procedure suggested by Aslani and Miranda (2005b). Using 

these objective function and constraint functions, the initial retrofitting cost is minimized for 

a predefined allowable present expected loss, considering a given site, characterized by a 

given hazard curve. The structural response is evaluated using a NTHA, considering the 

nonlinear behavior of the main structure, FVDs and NSDs. A spread plasticity beam element 

has been adopted to model the structural elements; the Maxwell model is used for the 

nonlinear FVDs, accounting for the supporting brace and dashpot properties; the NSDs 

follow the analytical model presented by Sarlis et al. (2013). An efficient gradient-based 

solution scheme is utilized for the optimization problem, while the problem's sensitivities 

are derived by the discretized-then-differentiate adjoint analytical method [Michaleris et al. 

1994; Pollini et al. 2018a]. A numerical examples of a five-story plane frame is presented; 

this example converges successfully to an optimized solution that relies on FVDs and NSDs. 

Moreover, the efficiency of the proposed methodology is being exposed by this example. 

that also reveal an efficient conceptual design of such retrofitting.  

This paper is a summary of the formulations and the findings from a journal paper that was 

recently published by the authors in Earthquake Engineering & Structural Dynamics [Idels 

and Lavan 2021]. The reader is referred to the journal paper for the full description of the 

formulation and results. 

2. System response 

In this section, the governing equations of the dynamic response of a nonlinear MRF with 

nonlinear FVDs and NSDs are described. These are given in eq. (1) for a base excitation. 

𝐌�̈�(𝒕) + 𝐂𝒔�̇�(𝒕) + 𝐟𝒔(𝒕) + 𝐟𝒅(𝒕) + 𝐟𝑵𝑺𝑫(𝒕) = −𝐌𝐞𝐚𝐠(𝒕) 

𝐮(𝟎) = 𝐮𝒔𝒕𝒂𝒕𝒊𝒄;  �̇�(𝟎) = 𝟎; 𝐟𝒔(𝟎) = 𝐟𝒔,𝒔𝒕𝒂𝒕𝒊𝒄;  𝐟𝒅(𝟎) = 𝟎;  𝐟𝑵𝑺𝑫(𝟎) = 𝟎  
(1) 

where 𝐌 is the mass matrix, 𝐂𝒔 is the inherent damping matrix; 𝐟𝒔, 𝐟𝒅  and 𝐟𝑵𝑺𝑫 are the 

vectors of resisting forces of the structural elements, dampers and NSDs, respectively, 𝐮(𝒕), 
�̇�(𝒕) and �̈�(𝒕) are the displacements, velocities and accelerations of the degrees of freedoms 

relative to the ground as a function of time, 𝒕, respectively; 𝐞 is the influence vector, 𝐚𝐠(𝒕) 

is the ground motion acceleration over time. 𝐟𝒔,𝒔𝒕𝒂𝒕𝒊𝒄, 𝐟𝑵𝑺𝑫,𝒔𝒕𝒂𝒕𝒊𝒄 and 𝐮𝒔𝒕𝒂𝒕𝒊𝒄 are the vectors 

of structural elements resisting forces, NSDs resisting forces and displacements under 

gravity loads, respectively. 
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The vector of structural resisting force is evaluated based on a spread plasticity element, also 

considering the interaction between axial force and bunding moment. Next, the vector of the 

added dampers resisting force is estimated using the Maxwell model, accounting for the 

stiffness of the supporting braces. For more information about the numerical procedure, see 

Pollini et al., 2018b. The final nonlinear resisting force vector is due to the NSDs, where the 

analytical model presented by Sarlis et al. (2013) is adopted.     

After each one of the forces generated by the main structure, FVDs and NSDs are given, a 

closer look at the dynamic response of the combined system is now given. Fig. (1a) shows 

the cyclic force-displacement relation of each component, where the main structure, FVD 

and NSD forces are plotted as function of the displacement on the same graph. Fig. (1b) 

presents the combined force-displacement behavior of the three components compared to 

combined action of a structure equipped with a FVDs only. This comparison highlights the 

potential effectiveness of the NSD in reducing the total story force and, as a result, in 

reducing accelerations and related economic losses. The force reduction is achieved by the 

apparent yielding effect of the NSD + GSA device, which in most cases, takes place for 

small displacements and may shift the yielding from the main structure. It should be noted 

that the reduction of the total force can be achieved only with the right tunning of the 

parameters of the NSD. If tuned unproperly, the NSD may actually increase the total force. 

An example to that is a case where the NSD engages the positive stiffness branch at a small 

displacement and, as a result, develops a positive force.     

(A) (B) 

Figure 1 – force-displacement relation of the main structure, FVD and NSD (A); the response of the 

combined system with and without NSD (B) 

3. Expected loss

To estimate the present expected loss of a structure while considering the seismic hazard and 

structural response uncertainty, the performance evaluation should rely on a probabilistic 

calculation. Therefore, in this work, the PEER framework is adopted [Cornell and 

Krawinkler 2000]. The economic loss accounts for damage to structural and non-structural 

components, where two Engineering Demand Parameters (EDPs) are considered: The peak 

Inter-story Drift Ratio (IDR) and the Peak Floor Acceleration (PFA). This loss computation 

adopted follows the procedure suggested by Aslani and Miranda (2005a). Accordingly, the 

present expected loss of the building, 𝐸[𝐿𝑇], is evaluated as follow:  
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𝐸[𝐿𝑇] =
1 − 𝑒−𝜆𝑡

𝜆
∫ 𝐸[𝐿𝑇|𝐼𝑀]

∞

0

|𝑑𝜈(𝐼𝑀)| (2) 

where 𝜆 is the discount rate per year, 𝑡 is the design life of the building, 𝐸[𝐿𝑇|𝐼𝑀] is the 

expected annual loss for a given intensity measure, 𝐼𝑀, and 𝜈(𝐼𝑀) is the mean annual rate 

of exceedance of the intensity measure. This equation is evaluated using a numerical 

integration.  

To reduce the required number of NTHA to be performed, and as a result, reduce the 

computational cost of the proposed method, a nonlinear regression analysis is used [Aslani 

and Miranda 2005b]. The regression estimates the mean and standard deviation of the EDPs 

as a function of IM. These estimates are then used to assess the probability of exceeding the 

various limit states. The regression is based on the responses obtained using NTHA for 

ensembles of ground motions at three intensity levels only. The median and the standard 

deviation values of an EDP (IDR or PFA) for each story/floor as a function of the IM are 

given by the following expressions: 

𝜇 = 𝛼1𝛼2(𝐼𝑀)𝛼3 

�̃� = 𝛽1 + 𝛽2(𝐼𝑀) + 𝛽3(𝐼𝑀)2   
(3) 

where 𝜇 and �̃� are the median and the standard deviation of either the IDR[%] or the PFA[g], 

respectively; 𝛼1, 𝛼2, 𝛼3 and 𝛽1, 𝛽2, 𝛽3 are constants computed using nonlinear regression 

analysis based on three pairs of 𝐼𝑀 − 𝜇 or 𝐼𝑀 − �̃�, respectively.  

 

4. Problem formulation  

In this section, a formal optimization problem for the seismic retrofitting of frame structure 

with nonlinear FVDs and NSDs is formulated. The design variables represent the locations 

and parameters of both the FVDs and NSDs. A cost correlated objective function is 

formulated along with a constraint on the performance that relies on the expected loss of the 

building. The formal optimization cost is gives in eq. 4, for more details the reader refers to 

Idels and Lavan (2021). 

 

             𝑚𝑖𝑛 
𝒙

𝐽 = 𝐽𝐹𝑉𝐷 + 𝐽𝑁𝑆𝐷   

s.t.:  

             
𝐸[𝐿𝑇]

ELall
≤ 1.0 

             0 ≤ 𝑥𝑖 ≤ 1 

With: 

             𝐌�̈�(𝑡) + 𝐂𝑠�̇�(𝑡) + 𝐟𝑠(𝑡) + 𝐟𝑑(𝑡) + 𝐟𝑵𝑺𝑫(𝑡) = −𝐌𝐞ag(𝑡) 

             𝐮(0) = 𝐮𝑠𝑡𝑎𝑡𝑖𝑐;  �̇�(0) = 𝟎; 𝐟𝑠(0) = 𝐟𝑠,𝑠𝑡𝑎𝑡𝑖𝑐; 

             𝐟𝑑(0) = 𝟎;  𝐟𝑵𝑺𝑫(0) = 𝐟𝑵𝑺𝑫,𝑠𝑡𝑎𝑡𝑖𝑐   

 

(4) 

where the 𝐽, 𝐽𝐹𝑉𝐷 and 𝐽𝑁𝑆𝐷 are the estimated total cost, FVDs cost and NSDs cost, 

respectively.  𝐸[𝐿𝑇] is evaluated using eq. 2 and ELall is a pre-defined allowable value. The 

𝑥s are the design variables that control the FVDs and NSDs properties.  
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5. Numerical results 

In this example, the retrofitting of the five-story steel plane frame shown in Fig. (2) is 

optimized. The potential locations for the FVDs and NSDs are in the central bay of each 

story. The potential dampers are to be mounted diagonally. The bare frame is characterized 

by a natural period of 1.23 [sec], while the columns have IPB550 sections and the beams 

have IPE400 sections. The steel yield strengths of the columns and beams are 345[MPa] and 

248[MPa], respectively. For more details see Idels and Lavan (2021). 

                             
6m 6m 6m

4.5m

3.5m

3.5m

3.5m

3.5m

Potential locations for 
FVDs and NSDs

 

Fig. 2 - Elevation view of the MRF and the potential locations for the FVDs and NSDs  

                               

The retrofitting of the FVDs and NSDs was optimized using the proposed approach. Figs. 

(3a) and (3b) show the convergence of the objective function and the expected loss 

constraint, respectively versus the optimization iteration count. As can be seen, the 

convergence of the constraint is smooth, where the optimization process starts from the bare 

frame as the initial design, characterized by a present expected loss of 1.6m[$]. The objective 

function massively increases within the first ten iterations, because dampers and NSDs are 

added to satisfy the constraint. After 30 iterations, when initial convergence is obtained the 

final properties and locations of the NSDs and FVDs are determined, using a unique 

penalization technique [Idels and Lavan, 2021].  

 
 

(A) (B) 

Fig. 3 - (A) convergence of the objective function; (B) convergence of the constraint 

The optimization process fully converges after 56 design iterations when the two stopping 

criteria are met. The economic loss of each story of the optimized structure, including the 

contributions of damage to both structural and non-structural components, is presented in 

Fig. (4a), where the loss is evaluated using eq. 2. This figure also includes the total story 

losses of the bare frame for the sake of comparison. This figure shows that the optimized use 

of FVDs and NSDs led to significant reductions in the economic losses at all stories. Fig 
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(4b) presents the mean of the peak components of the story shear forces of the retrofitted 

structure under the MCE ensemble contributed by the MRF elements, FVDs and NSDs.  

 

 

)A( )B( 

Fig. 4 - (A) economic loss of each story; (B) mean of the peak horizontal forces under the MCE ensemble 

 

As mentioned above, the dynamic response of the structure is evaluated under an ensemble 

of records at three intensity levels. The mean values of the IDR and PFA of the bare structure 

and the retrofitted structure for each intensity, are given in Fig. (5). The bare frame responses 

are shown in dashed lines while those of the retrofitted structure are shown in solid lines. As 

can be seen, the IDRs and PFAs of the retrofitted structure are considerably smaller than 

those of the bare structure, except for the first story IDR under the 2% in 50 years ensemble. 

The first story IDR has slightly increased under this intensity due to the NSD forces at this 

level. However, the PFA at the first story and both IDRs and PFAs at all other stories 

significantly reduced. This shows, again, that the optimized solution, where the NSD is 

located in the first story, behaves in a similar fashion to a base isolated structure. This is 

obtained with no need for expensive work on the foundations.  
 

 

Fig. 5 - Mean values of the structural response under the three examined intensity levels. 

 

Using the nonlinear regression analysis suggested by Aslani and Miranda (2005b), the EDPs 

are computed as a function of the intensity measure, using eq. 3. Figs. (6a) and (6b) present, 

respectively, the mean values of the roof PFA and first story IDR of the retrofitted frame 

compared to those of the bare frame.      
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)A( )B( 

Fig. 6 - PFA (A) of the roof and the IDR of the first story (B) as a function of the spectral acceleration 

As can be seen, the PFAs of the retrofitted structure are smaller than those of the bare 

structure at all levels of IMs. The IDRs of the first story of the retrofitted structure, on the 

other hand, are smaller than those of the bare structure at IMs up to 𝑆𝑎(𝑇1) = 0.3g, but larger 

for larger values of IMs. It should be noted that, even if the IDR of the first story only is 

considered, the reduction of the IDR for smaller IMs leads to a considerable reduction in the 

losses. This is due to the high frequency of smaller events. The increase in the IDR for large 

values of IMs is actually associated with rare events and thus has a smaller effect on the 

losses.  

Fig. (7) shows the story shear-inter-story drift relation of the first story for each one of the 

eight records of the 2% in 50 years ensemble. For every ground motion the contributions of 

the MRF, the FVDs and the NSD are given along with the total forces. Although all the 

records have the same spectral acceleration, there is variation in the magnitudes of the IDRs 

and story shear forces. It can also be seen that for most records of the MCE ensemble, the 

NSD in the first story remains in the negative stiffness branch and does not reach the positive 

branch. As a result, the IDRs in this story remains similar to those of the bare frame. 

However, this behavior leads to a significant reduction in the PFAs of all stories and the 

IDRs of all the other stories except the first one. Subsequently, the optimization prefers this 

solution in terms of total expected loss.  

Fig. 7 - Force-displacement hysteretic behavior of the first story under the 2% in 50 years ensemble. 
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6. Conclusions  

In this paper, an efficient methodology for optimization of seismic retrofitting of nonlinear 

steel MRFs using nonlinear FVDs and NSDs was presented. This methodology is aimed to 

be used at the conceptual and initial design stages. The optimization process aims to 

minimize the retrofitting cost, while the building's present expected loss is limited to a 

predefined value. The mechanical properties and locations of the NSDs and FVDs are 

considered as design variables and are simultaneously optimized. The expected loss is 

calculated based on a probabilistic assessment using the PEER framework, while the 

structural response is evaluated using NTHA. An efficient gradient-based optimization was 

adopted to lead to an efficient solution scheme. The gradients were derived using the 

discretized-then-differentiate adjoint analytical method to achieve a very small 

computational cost.  
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Abstract: The study aims to determine the seismic reliability of bridges having multi-span 
continuous static scheme. The proposed modelling approach is able to account for 
vibrational modes of the reinforced concrete piers (supposed to be elastic) and assume an 
infinitely rigid deck supported by the isolator devices. The interaction between the piers and 
the abutment have been accounted for within the investigation. The randomness of the 
values assumed by friction coefficient on sliding surfaces is modelled adopting normal 
distribution. The non-linear dependence on the sliding velocity have been appropriately 
considered within the model adopted for friction coefficient. The seismic inputs adopted for 
the analysis have been selected in order to consider record-to-record variability selecting a 
set of natural accelerograms. Then, the fragility curves of both the pier and isolation system 
supporting the deck are determined. Finally, including the site information related to seismic 
hazard, the seismic reliability curves are derived and discussed.  

Keywords: Risk analysis; composite bridges; concrete bridges, friction coefficient, 
structural safety.  

1. Introduction  

Bridges seismically isolated are largely employed to reduce the deck acceleration and 
forces that are transmitted to the piers during seismic events, as discussed by Jangid (2004) 
and Ghobarah et al. (1988). More efficient infrastructures (Troisi et al. (2019), Troisi et al. 
(2022)) with reference to seismic reliability issues can have relevant and positive 
consequences within the surrounding territory and urban areas. One of the principal gains 
of adoptig the friction pendulum isolation systems (FPS) results into have an isolation 
period which is not dependent from the mass associated to the superstructure (i.e., the deck 
in case of bridges) Zayas et al. (1990). In this investigation the randomness of the friction 
coefficient on sliding surfaces is accounted for according to law dependent from the 
velocity of motion Mokha et al. (1990), Constantinou et al. (1990) and Castaldo et al. 
(2020).  

Several researches have introduced the seismic reliability-base design (SRBD) for 
structures equipped with the FPS isolators, as for example Nassar et al. (2019), Tsiavos et 
al. (20221a, 2021b). In Castaldo et al. (2021a), a methodology for seismic reliability 
assessment have been proposed including variability of the properties of the seismic 
isolation devices considering different structural configurations. Instead, Castaldo et al. 
(2021b) proposed the evaluation of optimal values of the friction coefficient with the aim 
to minimize the seismic response on the piers.  
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In investigation, the reliability analysis with reference to seismic actions of multi-span 
continuous bridges isolated with FPS devices is carried out considering a wide range of 
configurations. The modelling approach for the isolated bridges consist of a five-degree-of-
freedom (dof) system which rely to behaviour of the RC pier supposed as elastic. A further 
dof is considered to reproduce the response of the RC deck supported by FPS devices. The 
deck has been considered as infinitely rigid. The RC abutment is reproduced as a rigid 
structure. Adopting the mentioned above modelling approach the pier-abutment-deck 
interaction is included in the analysis, even if the backfill soil interaction with the abutment 
is neglected Mitoulis et al. (2012).  

According to the approach, the relevant random variable associated to the friction 
coefficient have been considered. The Latin hypercube sampling method (LHS) is adopted 
according to Celarec et al. (2013). Furthermore, 30 natural seismic records having different 
characteristics has been properly scaled to various intensity levels according to the seismic 
hazard of the site of realization (i.e., L’Aquila (Italy)). The incremental dynamic analyses 
(IDAs) (Vamvatsikos et al. (2002)) have been performed in order to determine the 
response in terms of peak deck displacement and peak pier displacement. The results are 
useful to determine the seismic fragility curves Castaldo et al. (2018). The so far derived 
fragility curves help to evaluate the seismic reliability of bridges isolated with FPS devices 
Cornell et al. (2000) adopting the hazard curves of the site and a specific design reference 
life.  

2. Modelling of dynamic response of continuous deck bridges   

The seismic behaviour of the bridge is modelled by means of a six-degree-of-freedom (dof) 
scheme in which 5 dofs relates to the lumped masses of the pier and 1 additional dof is 
associated to the rigid RC deck Castaldo et al. (2021a). The friction pendulum devices (FPS) 
are located both on the top of the pier and of the abutment as shown by Figure 1. 
The equations of motion derived in line to Figure 1 are the following:  

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

5 4 3 2 1

5 5 5 4 5 3 5 2 5 1 5 5 5 5 5

4 4 4 3 4 2 4

( )d d d p d p d p d p d p d d b a d g

p p p p p p p p p p d d p p p p b p g

p p p p p p p

m u t m u t m u t m u t m u t m u t c u t f t f t m u t

m u t m u t m u t m u t m u t c u t c u t k u t f t m u t

m u t m u t m u t m

+ + + + + + −

+ + + + − + + − −

+ + +

+ + =

=

       

       

    ( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( ) ( )
( )

1 5 5 5 5 4 4 4 4 4

3 3 3 2 3 1 4 4 4 4 3 3 3 3 3

2 2 2 1 3 3 3 3 2 2 2 2 2

1 1 2

p p p p p p p p p p g

p p p p p p p p p p p p p p p g

p p p p p p p p p p p p p g

p p p p

u t c u t k u t c u t k u t m u t

m u t m u t m u t c u t k u t c u t k u t m u t

m u t m u t c u t k u t c u t k u t m u t

m u t c u

− − + + −

+ + − − + + −

+ − − + + −

−

=

=

=

  

     

    

  ( ) ( ) ( ) ( ) ( )2 2 2 1 1 1 1 1p p p p p p p gt k u t c u t k u t m u t− + + −= 

  (1a,b,c,d,e,f) 

where ud is the relative displacement of the deck evaluated at the top of the pier, upi (i=1:5), 
denotes the relative displacement of the i-th mass of the pier referred to the lower one, md 
represents the mass of the deck, mpi is the mass of the i-th lumped mass of the pier, while kpi is 
the related stiffness. The coefficient of viscous damping of the devices and of the pier masses 
are, respectively, cd and cpi; t is the time variable. With reference to the resisting forces that 
arises within the FPS bearings, these are denoted respectively as fa(t) and fp(t). Such kind of 
reactions can be derived as follows according to Zayas et al. (1990): 
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In Eq.(2a,b) Ra and Rp are the radii of curvature of the FPS devices which is placed on the 
abutment and on the pier. The same values are adopted for both Ra and Rp; the stiffness of the 
deck, coming from the elastic component of the reaction force over the FPS, is evaluated as 

/ /= =d dk W R m g R ; g is the gravity constant; µ  the sliding friction coefficient of the isolator 
on the abutment or of the isolator on the pier, ( )u t  is the sliding velocity. Finally, sgn(∙) 

denotes the sign function.  
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Figure 1 – Modelling approach for the bridge isolated by FPS devices (a) – 6 dofs; response of the FPS on 

the top of the pier/abutment (b).  

The fundamental period of the deck isolated with FPS devices can be expressed a:  
2 / 2 / gπ π= =d d dT m k R .  

 
The present investigation considers the dependency of the sliding friction coefficient on the 
velocity of motion according to Mokha et al. (1990) and Constantinou et al. (2007): 

( ) ( ) ( )max max min expµ α= − − ⋅ − d du f f f u  (3) 

where maxf  and minf  define, respectively, the sliding friction at large and low velocity, 
α governs the transition mode from large to low velocities. Experimental results suggest to 
assume max min3=f f  and 30α =  Castaldo et al. (2018). Dividing Eqs.(1) by the value of md, 
which represents the deck mass, dimensionless relationships can be derived according to 
Castaldo et al. (2021b). 

3. Probabilistic model for input random variables  

3.1. Seismic action  

In line with the Performance Based Earthquake Engineering approach (PBEE) Porter (2004), 
this investigation adopts specific values of intensity measure (IM) to scale a set of 30 natural 
records. The mentioned records are selected from different databases (i.e., PEER, ITACA, 
ISESD-Internet Site for European Strong-Motion Data), see also Castaldo et al. (2021b). The 
intensity measure herein adopted is the spectral-displacement ( ),ξD d dS T  determined in 
concomitance of the isolated period of the bridge system, 2 /π ω=d dT  with a value of the 
damping ratio ξd  set equal to zero Castaldo et al. (2021)b, Iervolino et al. (2005). For 
instance, the IM is denoted from now on as ( )D dS T  and a range of variability between 0.10m 
and 0.45m (see Table 2) is considered to realize the IDAs according to the seismicity of the 
considerd site (L’Aquila (Italy)), NTC18 (2018). 
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Table 1. Selection of values associated to the intensity measure ( )S TD d . 
IM  1 2 3 4 5 6 7 8 
( )D dS T  [m] 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 

 

3.2. Friction coefficient on sliding surfaces  

With reference to the uncertainty associated to the friction coefficient Wei et al. (2020), 
Castaldo et al. (2017), the value of maxf con be probabilistically modelled according to a 
normal PDF truncated between 0.5% and 5.5% with a mean value equal to 3%, Castaldo et al. 
(2015). The, the LHS method has been adopted to generate 15 different samples. 
Concerning the structural properties, a large parametric analysis has been realized considering 
different types of bridges. In particular, the isolated superstructure period Td varies between 1s 
and 4s; the RC pier period pT  equal to 0.05s; 

1,5
/λ

=

= ∑ pi d
i

m m , denotes the overall mass ratio 

related to the sum of the i-th mass ratios (assumed equal), ranges between 0.1, 0.15 and 0.2.  

4. Methodology to perform Incremental Dynamic Analysis  

Considering all the possible combinations related to deterministic ( dT , λ  and pT ) and random 
parameters, the set of Eqs. (1) have been solved for the 30 seismic records. The latter has been 
scaled to 8 values of ( )D dS T  as reported in Table 1. Then, the IDAs (De Iuliis et al. (2012)) are 
performed using the Matlab® platform. 
The outputs of the mentioned above IDAs have been derived assuming the following 

engineering demand parameters (EDPs): ,maxdu  and 
5

,max
1 max=

 =  
 
∑p pi
i

u u . In this way, a set of 

samples is collected for each EDP at the fixed level of IM. The samples of the EDPs are 
assumed to be in line with a probabilistic lognormal distribution. The statistical parameters 
associated to the lognormal distribution can estimated for each EDP by calculating the sample 
lognormal mean ln ( )µ EDP  and the sample lognormal standard deviation, ln ( )σ EDP  according 
to the maximum likelihood Castaldo et al. (2018), Castaldo et al. (2022), Troisi et al. (2021) 
and Gino et al. (2016). Finally, the relevant 50th , 84th  and 16th  percentiles related to the 
specific PDF can be derived Castaldo et al. (2015). 

5. Evaluation of the seismic fragility  

The evaluation of the seismic reliability requires the determination of the seismic fragility 
curves introducing the probabilities fP  of exceeding specific limit states (LSs) with reference 
to each level of the IM. Concerning the LS thresholds associated to the system of isolation, 
nine values of the in-plan radius of the single concave surface of FPD devices have been 
considered according to Castaldo et al. (2017), as shown in the Table 2. With reference to the 
pier, four LSs (LS1, LS2, LS3 and LS4) are considered referring to “fully operational”, 
“operational”, “life safety” and “collapse prevention”, in line with suggestions of SEAOC 
Vision 2000 (1995). The adopted parameter to characterize the LS is the pier drift index 
(PDI) (see Table 3) Castaldo et al. 2020. 

Table 2. Specification of the LS thresholds concerning the isolation system, Castaldo et al. (2017).  
  1 2 3 4 5 6 7 8 9 
r[m] 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 
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Table 3. Specification of the LS thresholds concerning the pier, SEAOC Vision 2000 (1995). 
LS1 Fully Operational LS2 Operational  LS3 Life Safety LS4 Near collapse 

IBPDI PDIIB=0.23% PDIIB=0.5% PDIIB=0.83% PDIIB=1.67% 
fP 15 10−⋅  11.6 10−⋅  22.2 10−⋅  31.5 10−⋅  

Next, the probabilities Pf related to the exceedance of the mentioned above LSs with regard to 
the isolation system (i.e., of the deck) and to the RC substructure/pier have been determined. 
The Figure 2 and the Figure 3 relates to the the fragility curves of the isolation system 
evaluated for the values of pT  and dT , for each LS and each value of λ . It can be highlighted 
that the seismic fragility decreases with the increasing of dT . In case of bridges decks with low 

dT , an increase of pT  carry to small increase of the seismic fragility. 
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Figure 2 – Seismic fragility curves related to the deck for Tp=0.05s and a) Td=1s, b) Td=4s. 
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Figure 3 - Seismic fragility curves related to the deck for Tp=0.2s and a) Td=1s, b) Td=4s. 
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Figure 4 - Seismic fragility curves related to the pier for Tp=0.05s and a) Td=1s, b) Td=4s. 
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Figure 5 - Seismic fragility curves related to the pier for Tp=0.2s and a) Td=1s, b) Td=4s.  

6. From seismic fragility to seismic reliability  

By means the combination of the seismic fragility curves with the site specific (L’Aquila 
(Italy)) seismic hazard curves, it is possible to determine the mean annual rates of exceedance 
for specific LSs. In particular, adopting the Poisson probabilistic model, the probabilities of 
exceedance over 50 years of design service life (Vamvatsikos et al. (2002)) can be evaluated. 
The seismic reliability curves associated to the isolation devices are derived, as reported by 
Figure 6. The mentioned above curves may be used with the aim to perform preliminary 
design (i.e., determining the radius in plan, r,) of the FPSs. 
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Figure 6 - Seismic reliability curves related to the deck for a) Td=1s, b) Td=4s. 

7. Conclusions  

The investigation focuses on the evaluation of the seismic reliability of bridges decks having 
multi-span continuous static scheme in presence of single concave friction pendulum (FPS) 
isolation system. In particular, a large parametric analysis related to both the properties of the 
isolators and of the bridge have been carried out.  
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In particular, the randomness of the friction coefficient on sliding surfaces has been modelled 
by means effective probabilistic distribution. Firstly, a group of 30 natural records have been 
considered to take into account the uncertainties related to the seismic input. Then, the natural 
records have been scaled to different values of the intensity measure according to the site-
specific information. Secondly, the fragility curves associated to both the continuous deck and 
the RC pier, have been derived and used to determine the seismic reliability including also the 
information related to the seismic hazard of the construction site. As a result of the fragility 
analysis, it can be recognised that the seismic reliability of the deck decreases when the value r 
(i.e., radius of curvature of the FPS isolator) increase. This is because of the relevant seismic 
hazard of the considered construction site. With reference to the pier, the seismic reliability 
decreases in case of high natural periods and high isolated periods because of the randomness 
of the friction coefficient on sliding surfaces and of the relevant seismic hazard of the 
construction site. 
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Abstract: Commonly, the influence of soil deformability on the peak seismic response of a 
base-isolated building is ignored, assuming that it can be only beneficial. However, in some 
cases, ignoring the effect of soil deformability, might lead to a lower estimation of the actual 
peak seismic response. In this study, the peak seismic response of a base-isolated building is 
negatively influenced by the soil deformability. Specifically, the developed maximum 
interstorey drifts and, more importantly, the maximum relative displacements at the isolation 
level of the base-isolated building under consideration, are higher when soil deformability is 
taken into account, than when it is ignored. The entire procedure of configuration and 
parametric analysis of the structural models, in this research work, are conducted through 
the SAP2000 software, using the provided Open Application Programming Interface (OAPI) 
of SAP2000 in combination with the Python programming language. The conducted 
research work shows that, parametric analyses can be easily conducted with great flexibility 
and efficiency, while computed results can be effectively postprocessed through the OAPI 
of SAP2000. 

Keywords: base isolation, SAP2000 OAPI, parametric analyses, soil deformability 

1. Introduction  

The seismic design of a structure is implemented according to the relevant provisions of 
the seismic codes of each country. Most earthquake-resistance design codes, including the 
Eurocodes, allow the commonly used assumption that the structure is fixed-supported to a 
rigid ground. Traditionally, soil deformability is neglected assuming that it is beneficial for 
the seismic response of structures compared to the rigid ground assumption. Thus, in many 
seismic codes this assumption has been adopted as a most likely conservative 
simplification (Mylonakis and Gazetas, 2000), allowing the omission of soil deformability. 

However, in some cases the peak seismic response of a fixed-base supported structure, 
ignoring soil deformability, might lead to a lower estimation of the actual peak seismic 
response. According to the literature review provided by Mahmoud, Austrell and 
Jankowski (2012), who examined the influence of soil deformability on the seismic 
response of base-isolated buildings, the soil deformability might remarkably affect the 
seismic response of base-isolated buildings. Specifically, the superstructure’s response was 
affected, especially for the structures with longer natural eigenperiods or for seismic 
excitations with high peak ground acceleration (PGA). Furthermore, previous observations 
(Gazetas and Dobry, 1984; Kavvadas and Gazetas, 1993) had demonstrated that the 
seismic response of large structures founded on soft soil conditions, might be remarkably 
affected by the soil deformability. Moreover, a more recent research work by Aden et al. 
(2019), concluded that the soil deformability reduced the efficiency of the base isolation 
system due to the provided additional flexibility to the system, which led to an increase in 
the deformations of the structure. Therefore, the seismic response of a structure when the 
soil deformability is taken into account, may significantly differ from that of the same 
structure with the rigid base assumption (Gowda, Narayana and Narandra, 2015). Hence, it 
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is essential to examine how soil deformability may influence the computed peak seismic 
response of a typical base-isolated building. 

In this research study, the peak seismic response of a typical base-isolated two-story 
reinforced concrete (R/C) building, founded on three different soil types: rock, sand and 
soft clay, is examined in order to assess the potential soil deformability effects. Nonlinear 
time-history analyses are performed for the base-isolated building. The entire 
configuration, design and analysis procedure of each examination model, is conducted 
using the SAP2000 Open Application Programming Interface (OAPI). Specifically, the 
proper commands are provided in the Python programming language and the connection 
with the SAP2000 software is achieved through its OAPI, which is the interface tool that 
translates the given data from Python to the SAP2000 software. In this way, it is very 
effective and efficient to conduct parametric analyses. In addition, the postprocess of the 
computed peak seismic responses is available through the OAPI interactions, in order to 
compare them through the parametric studies. 

2. Utilization of the SAP2000 OAPI through Python programming 

2.1. OAPI of SAP2000 

The Application Programming Interface (API) is an intermediary software that provides 
the ability to components of two applications, to interact with each other by using a set of 
simple commands. APIs work quietly in the background making that interactivity possible. 
More specifically, APIs act like ‘messengers’ that deliver requests and return responses 
between applications. In each interplay, there is a server, which is the application providing 
the resource, and a client, which is the application that makes the request. While the server 
can implement the request of the client, the API returns the respective resource. 

The API provided by SAP2000, called Open API (OAPI), is a powerful tool that provides 
the ability to the users, to automate many of the processes required to configure, analyse, 
and design structural models. Additionally, it allows the user to obtain customized analysis 
and design results. Furthermore, the fact that users are permitted to link SAP2000 with 
third-party software leads to a path for two-way exchange of model information with other 
engineering software.  

In the current research work, the SAP2000 OAPI is utilized using the Python programming 
language, in order to provide access during run-time to the analysis software. Basically, the 
OAPI translates the given data from Python to SAP2000. More specifically, the required 
data, functions and parameters for the configuration of the examined model and for the 
implementation of the dynamic analysis, are written in Python and transferred to SAP2000, 
by the OAPI. Hence, the SAP2000 software, taking into account the provided data, creates 
the model and executes the dynamic time-history analysis. In addition, by using the 
SAP2000 OAPI, direct control and access to the analysis data, is provided. Therefore, it is 
very easy and effective to automatically make changes to the analysis data. With this 
approach, parametric analyses can be easily conducted with great flexibility and efficiency. 
Furthermore, computed results can be efficiently and effectively postprocessed through 
OAPI interactions, in order to compare them through the parametric studies. 

2.2. Python programming language 

Python is an interactive, interpreted, and object-oriented programming language. It 
embodies a lot of capabilities, such as modules, exceptions, dynamic typing, high level of 
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dynamic data types and classes. Furthermore, it supports several programming paradigms 
apart from the object-oriented programming, such as procedural and functional 
programming. Despite the significant capabilities of Python, it has a very clear and simple 
syntax. Furthermore, Python’s syntax and dynamic typing in combination with its 
interpreted nature, make it an ideal language for scripting and rapid application 
development, for many cases. Moreover, Python language is widely used due to its 
compatibility with most operating systems. Additionally, its syntax provides the ability for 
developers to develop programs with fewer lines of code in comparison with other 
programming languages. However, since Python runs on an interpreter system, where the 
code can be executed simultaneously, while it is written, it is much slower than compiled 
languages. Nevertheless, the major computational demands correspond to the performed 
dynamic analyses by the compiled and executable files of SAP2000 and not the 
preparation of the input data and the postprocessing of the computed results. 

3. Computed peak seismic response of the base-isolated building 

3.1. Peak interstorey drifts 

The seismically isolated building that is examined in this study, is a typical two-storey R/C 
building with a hybrid isolation system. Specifically, the seismic isolation system consists 
of NRBs and LRBs, with the latter being necessary to provide the desired energy 
dissipation mechanism. In order to assess the potential soil deformability effects, the base-
isolated building is founded on three different soil types: rock, sand and soft clay. The 
base-isolated building is indicatively subjected to the Cape Medocino seismic excitation. 
Specifically, the excitation that is used is the one that had been recorded at Eureka-Myrtle 
and West, during the 7.01 Mw Cape Medocino Earthquake, which happened in California 
(USA) in 1992. The earthquake data has been obtained through the Pacific Earthquake 
Engineering Research Center (PEER) ground motion database. 

The peak, in absolute values, interstorey drifts, which can be essentially associated with 
potential damage on structural and non-structural elements due to deformations, are 
provided in Table 1 and displayed in Figures 1 and 2 in the two orthogonal horizontal X 
and Y directions respectively, for the loading combination G+0.3Q+Ex+0.3Ey, of the base-
isolated building founded on rock, sand and soft clay. 

 

Table 1. Maximum interstorey drifts in the two horizontal directions of the base-isolated building under the 
loading combination G+0.3Q+Ex+0.3Ey for the three soil types 

 

 

 

 

 

Floor 

level 

Rock Sand Soft Clay 

ΔUx (mm) ΔUy ( mm ) ΔUx ( mm ) ΔUy ( mm ) ΔUx ( mm ) ΔUy (mm) 

2nd 2.2 1.4 2.9 1.3 12.1 5.1 

1st 5.3 2.1 6.1 2.4 14.2 5.9 

2534
3ECEES, September 2022, Bucharest, Romania



 

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in Figure 1, the soil deformability can have a significant influence on the 
developed peak interstorey drifts of the base-isolated building, since the building founded 
on soft clay exhibits the highest values. Specifically, the values of the interstorey drifts for 
the structure founded on rock are 2.2 mm for the second-floor level and 5.3 mm for the 
first-floor level. Furthermore, a slight increase in the values can be noticed for the structure 
founded on sand, compared to the rock’s values. However, the values for the structure 
founded on clay show a remarkable increase of the peak interstorey drifts. At the second-
floor level the maximum interstorey drifts are larger about six and four times than the 
corresponding values of rock and sand, respectively, while at the first-floor level there is an 
increase of about 64% and 57% in comparison to the rock and sand values, respectively.  

Similar behavior is exhibited in Figure 2, which provides the peak interstorey drifts for the 
base-isolated structure in the Y direction. Specifically, the building founded on clay 
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Fig. 1 - Peak interstorey drifts in the horizontal X direction of the base-isolated building under the 
loading combination G+0.3Q+Ex+0.3Ey for rock, sand and clay 

 

Fig. 2 - Peak interstorey drifts in the horizontal Y direction of the base-isolated building under 
the loading combination G+0.3Q+Ex+0.3Ey for rock, sand and clay 
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develops the highest interstorey drifts, while the base isolated building founded on either 
rock or sand has almost identical interstorey drift values. Similar results, have been 
computed for the loading combination G+0.3Q+0.3Ex+Ey.  

3.2. Peak relative displacements at the isolation level 

The main requirement in the utilization of seismic isolation is the necessary provision for 
securing sufficient clearance, as a seismic gap, perimetrically of a seismically isolated 
structure, in order to facilitate the expected large relative displacements at the isolation 
level and avoid potential pounding with the moat wall or adjacent structures. Nevertheless, 
ensuring a sufficiently wide seismic gap is not always possible, principally in densely 
populated areas, due to the spatial constraints and the urban planning regulations. 
Therefore, the examination of the influence of soil deformability on the maximum relative 
displacements at the base isolation level, which determines the width of the required 
seismic gap, is of paramount importance. 

The selection of the seismic ground motion records that are used for the dynamic time-
history analyses of the base-isolated building, is based on specific criteria, as stated by 
Mavronicola (2016). It is worth to mention that the selected ground motion records are 
calibrated to have a PGA equal to 0.3g. Relevant information is provided in Table 2. 

Table 2. Description of the selected earthquake ground motion records 

Figure 3 provides the maximum relative displacements at the base isolation level for the 
base-isolated structure founded on rock, sand and clay, in the horizontal X direction for the 

EQ 

No. 

NGA 

seq. 

No. 

Event Year Station Mw 

FN FP 
Rrup 

(km) 

Vs30 

(m/sec) PGA 

(g) 

PGA 

(g) 

1 171 
Imperial 

Valley-06 
1979 

El Centro - 

Meloland 

Geot. Array 

6.53 0.32 0.30 0.07 264.57 

2 723 
Superstition 

Hills-02 
1987 

Parachute 

Test Site 
6.54 0.43 0.38 0.95 348.69 

3 1489 
Chi Chi - 

Taiwan 
1999 CHY057 7.62 0.28 0.24 3.80 487.30 

4 1176 
Kocaeli - 

Turkey 
1999 Cekmece 7.50 0.23 0.32 4.80 297.00 

5 292 
Irpinia Italy - 

01 
1980 Arienzo 6.90 0.23 0.32 10.80 1000.00 
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load combination G+0.3Q+Ex+0.3Ey for the selected ground motion records. Moreover, 
the peak relative displacements for each soil type are provided in Table 3. 

 

Table 3. Peak relative displacements at the isolation level in the X direction for the selected earthquake 
ground motion records for the base-isolated building founded on rock, sand and clay, under the loading 

combination G+0.3Q+Ex+0.3Ey 
 

 

 

Fig. 3 – Peak relative displacements at the isolation level in X direction of the base-isolated building under 
the loading combination G+0.3Q+Ex+0.3Ey founded on rock, sand and clay for the selected earthquake 

ground motion records 

 

First of all, it is noted that the structure founded on rock, represents the typical assumption 
of a rigid ground, whereas the structure founded on sand and soft clay are the cases where 
the soil deformability is taken into consideration. The results of the dynamic time-history 
analyses (see Table 3) show that the required seismic gap that is needed for the base-
isolation, to operate without limitations for the structure founded on a rigid ground, is 15.5 
cm, 42.8 cm, 11.8 cm, 17.7 cm and 20.9 cm under the excitations of EQ1, EQ2, EQ3, EQ4 
and EQ5, respectively. 

According to the computed peak responses, the consideration of soil deformability 
remarkably influences the required width of the seismic gap. Specifically, in all cases, the 
width of the required clearance is significantly higher for the structures founded on sand 
and clay compared to the structure founded on rock. More specifically, for the EQ1 there is 
a rise of about 10% of the maximum relative displacement at the isolation level in the case 

Maximum relative displacements (cm) 

 EQ1 EQ2 EQ3 EQ4 EQ5 

Rock 15.5 42.8 11.8 17.7 20.9 

Sand 17.1 46.1 9.90 16.9 22.8 

Clay 21.5 44.1 15.1 19.0 24.9 
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of sand and an increase of about 39% in the case of clay, in comparison to the rock’s value. 
Moreover, the results of the EQ5 ground motion are similar to the EQ1, with an increase of 
9% and 19% compared to the corresponding value of rock. However, the required 
clearance in the case of sand, under the excitation of EQ3, is nearly 2cm smaller than the 
corresponding of rock, but clay’s required gap is larger by more than 3 cm and 5 cm, 
compared to the sand and rock, respectively. The same trend happens under the EQ4, too. 
The only difference is observed in the case of EQ2, where the base displacement for the 
base-isolated structure founded on sand, is the highest among the three cases and rock’s 
value is still the smallest. Similar results, regarding the peak relative displacements at the 
isolation level in Y direction have been computed and provided in Table 4 and Figure 4. 

 

Table 4. Peak relative displacements at the isolation level in Y direction for the selected earthquake ground 
motion records for the base-isolated building founded on rock, sand and clay, under the loading combination 

G+0.3Q+Ex+0.3Ey 
 

 

 

Fig. 4 – Peak relative displacements at the isolation level in Y direction of the base-isolated building under 
the loading combination G+0.3Q+Ex+0.3Ey founded on rock, sand and clay for the selected earthquake 

ground motion records 

 

According to the computed peak responses in Y direction for the loading combination 
G+0.3Q+Ex+0.3Ey, the consideration of soil deformability significantly influences the 
required width of the seismic gap. Specifically, in all cases, except in the case of NF5, the 
width of the required clearance is higher for the structures founded on soft soils compared 
to the structure founded on rock. 

Maximum relative displacements (cm) 

 EQ1 EQ2 EQ3 EQ4 EQ5 

Rock 7.70 4.20 0.40 4.02 4.91 

Sand 8.60 4.42 5.60 5.64 0.43 

Clay 10.71 0.91 1.39 6.99 2.29 
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Also, similar results have been computed for the peak relative displacements in both X and 
Y directions for the other loading combination, which are provided in Tables 5 and 6 and 
Figures 5 and 6, respectively.  

 

Table 5. Peak relative displacements at the isolation level in X direction for the selected earthquake ground 
motion records for the base-isolated building founded on rock, sand and clay, under the loading combination 

G+0.3Q+0.3Ex+Ey 
 

 

 

Fig. 5 – Peak relative displacements at the isolation level in X direction of the base-isolated building under 
the loading combination G+0.3Q+0.3Ex+Ey founded on rock, sand and clay for the selected earthquake 

ground motion records 

 

 
 

Table 6. Peak relative displacements at the isolation level in the Y direction for the selected earthquake 
ground motion records for the base-isolated building founded on rock, sand and clay, under the loading 

combination G+0.3Q+0.3Ex+Ey 

Maximum relative displacements (cm) 

 EQ1 EQ2 EQ3 EQ4 EQ5 

Rock 4.90 8.90 2.50 5.50 5.60 

Sand 5.40 11.80 2.40 5.10 6.40 

Clay 6.71 11.89 6.51 5.09 7.49 

Maximum relative displacements (cm) 

 EQ1 EQ2 EQ3 EQ4 EQ5 

Rock 28.03 14.05 17.32 27.71 16.10 

Sand 30.84 13.11 15.20 25.82 16.80 

Clay 38.31 15.79 12.81 19.91 17.81 
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Fig. 6 – Peak relative displacements at the isolation level in Y direction of the base-isolated building under 
the loading combination G+0.3Q+0.3Ex+Ey founded on rock, sand and clay for the selected earthquake 

ground motion records 

 

Overall, it is clear that the required width of the seismic gap that is demanded for the base-
isolated structure under consideration in order to avoid structural pounding with adjacent 
structures or the surrounding moat wall due to the expected large relative displacements at 
the isolation level, is significantly affected considering the soil deformability. Specifically, 
in most of the cases, the required width of the seismic gap is increasing with the soil 
deformability. Therefore, the consideration of soil deformability is crucial in the design of 
a base-isolated structure, for the proper estimation of the required width of the provided 
seismic gap at the isolation level, in order to avoid potential structural pounding during 
very strong earthquake excitations. 

4. Conclusions 

In this research study, a typical base-isolated building with a seismic isolation system that 
consist of a combination of NRBs and LRBs, is founded on three different soil types: rock, 
sand and soft clay, in order to examine the potential effect of the soil deformability on the 
structure’s peak seismic response. Through the computed peak seismic responses, it has 
been shown that the soil deformability can be disadvantageous for a base-isolated building 
and may negatively affect its dynamic response.  

More importantly, it has been considered essential to assess the potential soil deformability 
effects on the required width of the seismic gap that is provided perimetrically of a 
seismically isolated structure, in order to avoid collisions with the moat wall or adjacent 
structures due to the expected large relative displacements at the isolation level. The 
study’s computed results show that in all cases, the width of the seismic gap that is 
required around the base-isolated structure significantly increases when that is founded on 
soft soil compared to the same building founded on rock. Hence, neglecting the soil 
deformability, may lead to an underestimation of the required width of the seismic gap, 
which can be extremely detrimental for the proper operation of the seismic isolation and 
the adequate protection of the building and its contents, as it may render the base isolated 
building vulnerable to potential earthquake induced pounding. 
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Abstract: This paper presents the compressive and lateral cyclic response of low-cost seismic 

isolators comprising a deformable sphere rolling on concrete surfaces. The proposed use of 

the isolator is in low-rise residential structures in low-income countries. The investigated 

spheres were made of polyurethane and had a diameter that ranged between 80 and 100 mm. 

The influence of a 50 mm-diameter steel core inside the spheres is elucidated in an attempt to 

increase their stiffness. Initially, the proposed isolators were tested under compression. 

Subsequently, the isolators were subjected to design-level vertical loads and rolled on flat or 

spherical concrete plates under large lateral displacements. The isolators had sufficient 

bearing capacity under vertical loading. Under lateral cyclic loading, they demonstrated a 

rolling friction coefficient between 3.7% and 7.1% that is suitable for seismic isolation 

applications. The deformability of the sphere due to compression and its shape change during 

rolling lead to a cyclic behavior that comprises both negative and positive stiffness branches. 

The system dissipates energy through rolling friction since the sphere constantly deforms 

during rolling.  

Keywords: seismic isolation, low-cost seismic design, rolling rubber bearings, lateral cyclic 

testing 

1. Introduction  

Even though earthquakes are a global phenomenon, their impact, both in terms of fatalities 

and economic loss, is mainly concentrated in the low-income countries of the globe (Fink et 

al, 2017). Seismic isolation is a well-established method of seismic protection and is based 

on the uncoupling of the superstructure from the ground shaking. However, this technology 

is not implemented in the developing world due to the associated high cost. Contemporary 

seismic isolators could be distinguished in three main categories, namely: a) Flexible rubber 

bearings; b) Sliding bearings; c) Rolling bearings. There have been studies suggesting low-

cost devices based on all these three categories.  

In rubber bearings, the replacement of steel shims with fiber reinforcement was proposed 

leading to the “Fiber Reinforced Elastomeric Isolators (FREI)” (Das et al, 2016a, 2016b; de 

Raaf et al, 2011; Kelly and Takhirov, 2001; Kelly, 2002; Kelly and Calabrese, 2012; 

Konstantinidis and Kelly, 2012; Mordini and Strauss, 2018; Osgooei et al, 2014, 2017; 

Pauletta et al, 2015, 2017, 2018; Pauletta, 2019; Ruano and Strauss, 2018; Russo et al, 2013; 

Russo and Pauletta, 2013; Strauss et al, 2014; Toopchi‐Nezhad et al, 2009; Tran et al, 2020; 

Van Engelen et al, 2014a, 2014b, 2016; Van Ngo et al, 2017). Nevertheless, FREIs remain 

too stiff to isolate lightweight (i.e., one or two-story) residential buildings. Advanced sliding-

based seismic isolators such as the Friction Pendulum System (FPS) require polished metals 

and Teflon surfaces for the sliding interfaces; and these materials are not available at low 

cost in the developing world. Trying to replace these materials, Jampole et al. (2014, 2016) 

and Swensen et al. (2014) have tested high-density polyethylene sliders on galvanized steel. 

In another sliding-based system, Tsiavos et al. (2020, 2021) have suggested the use of sand 

grains enclosed in PVC sheets as isolation layers below the foundation slab.  
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Previous studies that investigated systems based on rolling (Foti and Kelly, 1996; Foti, 2019; 

Harvey and Gavin, 2014; Harvey and Kelly, 2016; Harvey and Zéhil, 2014; Harvey, 2016; 

Tsiavos et al, 2021) mainly used steel bearings rolling on steel surfaces. Aiming at increased 

energy dissipation and avoidance of failure at the contact areas (Menga et al, 2017, 2019; 

Katsamakas et al, 2021a, 2021b, 2022a, 2022b; Katsamakas and Vassiliou, 2022) focused 

on the use of rubber at the contact interfaces.  Based on the work of Cui et al. (2012), one of 

the most recent suggestions for low-cost isolation has been the Spherical Deformable Rolling 

Seismic Isolator (SDRSI) by Cilsalar and Constantinou (2019a, 2019b, 2020). The spheres 

of the SDRSI could include a steel core, which would make the sphere stiffer and reduce 

creep under gravity load. For the small lateral displacements considered in previous 

experimental tests, the observed stiffness was 2-3 times stiffer than analytical rigid-body 

predictions (Cilsalar and Constantinou, 2019a, 2019b, 2020). This is due to residual “creep” 

deformation of the sphere under vertical compressive load that results in essentially rolling 

an oval-shaped sphere rather than a perfect sphere (Katsamakas et al, 2021a, 2022a) (Fig. 

1).  

This study presents experimental tests on Polyurethane spheres of shore 95A with and 

without a steel core. The isolators are subjected to large lateral displacements since both the 

behavior of the sphere and the influence of the geometry of the concrete plate heavily depend 

on the amplitude of the lateral displacement. The use of 95A PU, instead of softer rubber 

compounds (Katsamakas et al, 2021a, 2022a), results in smaller compressive deformations 

and more limited shape change, hence lower rolling resistance. 

2. Methodology 

2.1. Description of the proposed isolator and its potential application in low-rise 

residential structures  

The proposed seismic isolator comprises a deformable polyurethane sphere that rolls 

between two concrete surfaces. The present study investigates isolators where both concrete 

surfaces are flat and isolators with one flat and one spherical concrete surface. A potential 

application of the proposed isolator could be in one- or two-story masonry houses in 

countries where reinforced concrete is too expensive. In these regions, the construction of 

seismically-isolated masonry structures could be a viable solution for earthquake-resistant 

structures. The high cost of seismic isolation originates both from the cost of each isolator 

and from the need to construct a heavily-reinforced concrete slab at the isolation level.  

Fig. 1 - Left; Initial condition of the spherical isolator, Middle; Isolator under compressive load with evident 

compressive displacement, Right; Isolator under compressive and lateral load, with evident uplift. 
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Fig. 2 - Representation of a potential application of deformable rolling isolators in low-rise masonry 

buildings. 

The present study proposes the use of a large number of closely-spaced isolators placed 

below the masonry walls, in contact with a concrete ring beam, that would carry the weight 

of the structure (Fig. 2). Moreover, a low-friction sliding layer, similar to the one described 

by Tsiavos et al. (2020, 2021), would be placed below the concrete slab to carry only the 

weight of the slab. Since this slab is fully supported by the sliding layer, its thickness could 

be significantly reduced (e.g., to 10 cm), and only minimal steel reinforcement is required. 

During seismic excitation, the masonry house would move laterally, together with the rolling 

isolators, whereas the concrete slab would slide on the low-friction sliding layer. It is noted 

that the sliding coefficient of the layer below the concrete slab is at the order of μs = 0.2 (or 

higher), which is significantly higher than the rolling friction coefficient of the isolators 

(μroll), as described in detail in section 3.2. However, this is not a limitation of the proposed 

application. The weight of the slab is low in comparison to the weight of the structure (Wslab 

< Wstructure). The total weight is: Wtotal = Wslab + Wstructure. Hence, the total “sliding” coefficient 

(μtotal) will increase only moderately, up to a value that is low enough for seismic isolation 

applications, and high enough to avoid mobilization of the system under service loads (e.g., 

wind) (Equation 1). The whole structure moves as one since the sides of the concrete ring 

beam and the concrete slab are connected with PVC joints. 

 
( ) ( )slab slab roll structure

total

total

W W

W

 


  
  (1) 

2.2 Experimental setup and tested configurations 

The experimental setup is described in detail in (Katsamakas et al, 2021b, 2022a) but is 

briefly described in this section for reasons of completeness. The utilized setup comprised 4 

isolators placed in a 2 by 2 grid. An isolator comprises a polyurethane (PU) sphere rolling 

between two concrete plates. In all tested configurations, the lower concrete plates were flat. 

The upper concrete plates were either flat (“flat configurations”) or spherical (“spherical 

configurations”). During cyclic testing, the shake table applied the sinusoidal motion to the 

bottom concrete plates, the top plates were kept in place by two rigid rods, and shearing of 

the isolators was achieved. 

Three types of spheres were tested: Solid spheres with a diameter of 100 mm, spheres with 

a diameter of 100 mm and a 50 mm steel core inside (spheres 100/50 mm), and spheres with 

a diameter of 80 mm and a 50 mm steel core inside (spheres 80/50 mm). The spheres were 

made of polyurethane (PU) with a shore hardness of 95A. The steel core was made of Gcr15 

steel. The cost of 100 mm, 100/50 mm, and 80/50 mm spheres was 23 $, 30 $, and 25 $ per 

piece, respectively. 

A commercial low-cost M15 concrete mix was selected for the construction of the concrete 

plates. The material for each of these plates cost 6 $ and the plates were unreinforced. Due 
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to setup limitations, a geometric scale factor of 0.5 (SL=0.5) was chosen for the tests (Table 

1). Therefore, to ensure similitude of stresses, the force scaling factor is SF = 0.25. Table 1 

shows the values of the main design parameters in model and prototype scale. In plan view, 

the diameter of the spherical concrete plate was 350 mm. The radius of curvature of the 

spherical concrete plates (R) was R = 750 mm. This radius of curvature gives a period of 

3.44 seconds and 4.8 seconds in the model and the prototype scale, respectively, according 

to the rigid body model (Katsamakas et al, 2022a). This rather high isolation period was 

selected based on the conclusions of previous studies (Cilsalar and Constantinou, 2019a, 

2019b, 2020), where it was suggested that the rigid-body model significantly overestimates 

the eigenperiod of the isolator. 

To calculate the compressive load that should be applied, a modern unconfined masonry 

house in Cuba was considered (Katsamakas et al, 2022a), resulting in a gravity load of 11 

kN, per isolator (i.e. 2.75 kN in the model scale). Four compressive loads (2.08 kN, 3.23 kN, 

4.74 kN, or 8 kN per sphere in the model scale) under 2 rolling surface geometries (flat and 

spherical) were planned for all 3 spheres. However, due to time limitation, some 

configurations were not tested. 

Table 1. Summary of the main quantities of the experimental model and the corresponding prototype 

structure. 

Quantity Model Scale  Prototype Scale 

Radius of spherical concrete plates (R)  750 mm 1500 mm 

Eigenperiod of spherical concrete plates  3.44 sec 4.87 sec 

Plan view diameter of the spherical isolator 350 mm 700 mm 

Diameter of rolling spheres 

25 mm 50 mm 

100 mm 200 mm 

100/50 mm 200/100 mm 

80/50 mm 160/100 mm 

Vertical load 2.08, 3.23, 4.74, 8 kN 8.32, 12.92, 18.96, 32 kN 

Amplitude of cyclic test ± 115 mm ± 230 mm 

Equivalent amplitude of one-sided cyclic tests ± 230 mm ± 460 mm 

 
Fig. 3 - Compression testing results. Left: Force-displacement; Right; Force-displacement (detail) 

3. Results 

3.1 Compression tests 

The spheres were first subjected to monotonic uniaxial compression. The maximum load 

that the spheres sustained under these testing conditions was 105.2 kN, 118.8 kN, and 102.5 
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kN for the 100 mm, 100/50 mm, and 80/50 mm spheres, respectively (Fig. 3). Therefore, the 

bearing capacity of the isolators is substantially higher than the load they would sustain in a 

practical application. Notably, loss of the bearing capacity was reached only for the spheres 

with a steel core, whereas for the solid spheres, the force-deformation relationship increased 

monotonically. In the solid spheres, after removing the load, there was a permanent 

deformation and shape change. As expected, a comparison of the 100 and 100/50 spheres 

shows that the presence of a steel core increases the stiffness of the sphere. 

3.2 Lateral cyclic tests 

The actuator used in the lateral cyclic tests had a stroke of 230 mm. To test the isolators 

under larger lateral displacements, all isolators were first subjected to cyclic (“0/+230”) tests 

with the shake table applying 3 loops of a sinusoidal motion to the bottom concrete plate 

between zero and +230 mm. Right after that, the same isolators were subjected to cyclic (“0/-

230”) tests with a motion between zero and -230 mm. Finally, the isolators were subjected 

to a sinusoidal motion between -115 and +115 mm. The excitation frequency of all cyclic 

tests was f = 0.2 Hz. Before the lateral cyclic tests, the spheres were subjected to sustained 

compression for 7 days, under a vertical load equal to the one used in the lateral cyclic tests, 

so their creep was practically concluded. 

The cyclic response obtained from the (“0/+230”) and the (“0/-230”) tests overlaps the 

response obtained from the (“-115/+115 mm”) test. Therefore, the (“-115/+115 mm”) tests 

are only used to obtain the rolling friction coefficient (μroll) of the isolators. The rolling 

friction coefficient (μroll) is defined as the ratio of lateral-to-vertical force at zero lateral 

displacement, and shows the energy dissipation of the isolation system. Figure 4 summarizes 

the force deformation loops for all the ±230 tests and notes the corresponding μroll. Since μroll 

was obtained from the ±115 mm loops, there are configurations where μroll is provided 

without the corresponding cyclic plot. This is because, for a limited number of 

configurations, only ±115 mm tests were performed due to time limitation. The first 

observation is that the behavior of the system is clearly not bilinear elastoplastic since the 

sphere has deformed to an oval-shaped object. This results in a fluctuation of the restoring 

force and both positive and negative stiffness.  

Based on the lateral cyclic tests, the following conclusions are drawn: 

1. The coefficient of rolling friction increases with compression. The influence of the 

vertical load (i.e., weight of the supported superstructure) is moderate, with an increasing 

vertical load leading to a mildly higher rolling friction coefficient (μroll) and higher 

energy dissipation. This effect was more pronounced when W = 8 kN, since this vertical 

load leads to the most significant compressive deformation of the rolling sphere.  

2. For small displacements (smaller than 50 mm) the curvature of the concrete surface does 

not influence the response. However, for larger displacements, where the flat case 

exhibits negative stiffness, the positive stiffness induced by the concrete curvature, keeps 

the overall tangent stiffness around zero. Using spherical plates with a lower radius of 

curvature (R) would lead to an even more pronounced effect of the geometry. As 

expected, the curvature of the isolator does not influence the rolling friction coefficient. 

3. The presence of a 50 mm steel core inside a sphere with an external diameter of 100 mm 

leads to slightly lower values of the rolling friction coefficient and, thus, to decreased 

energy dissipation. These differences are negligible under low compressive load (e.g., 

2.08 kN/sphere) but become more pronounced under high compression (e.g., 8 

kN/sphere). 
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Fig. 4 – Summary of the lateral cyclic tests using different isolators, different geometries of concrete plates and 

vertical load levels. 

4. Conclusions 

The present study investigated the compressive and lateral cyclic response of a low-cost 

isolator based on rolling polyurethane (PU) spheres (with and without steel core) rolling on 

concrete plates. Four different vertical load levels and two concrete plate geometries were 

tested under lateral cyclic loading. According to the experimental results, the following 

conclusions are drawn: 

1. The compressive strength of the spheres is substantially higher than the estimated design 

vertical load applied to the spheres considering an application in a low-rise residential 

masonry structure in low-income countries. The presence of the steel core makes the 

isolators stiffer. 

2. The lateral cyclic response differs substantially from the one that a rigid body model 

would suggest. Under vertical load, the spheres deform and their lateral cyclic response 

comprises both positive and negative stiffness branches. Change in restoring force occurs 

not only due to the uplift induced by the curvature of the concrete surface but also 

because of the oval shape to which the spheres deform. 

3. The lateral cyclic response is affected by the geometry of the concrete surface. When 

spherical plates are used, the stiffness of the system increases. For the tested geometry 

of concrete plates, this effect is mainly evident in large lateral displacements (larger than 

50 mm) and less pronounced in smaller lateral displacements. 

4. An increase in the vertical load (W) leads to an increase of the rolling friction coefficient 

(μroll). The rolling friction coefficient is directly linked to energy dissipation. Different 

rubber or polyurethane compounds would have a different compressive behavior and, 

therefore, could exhibit different rolling friction. 

5. The lateral-to-vertical force ratio maintains low values (below 0.15) for the whole range 

of lateral displacements. These values are suitable for seismic isolation applications. 
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Abstract: While base-isolated structures undergo smaller deformation of the main structure, 

they suffer from large isolation displacement when subjected to strong ground motion. 

Displacement control of such structures is therefore important for satisfactory response 

reduction. This paper examines the use of the double-mass tuned damper inerter DMTDI to 

control the response of a base-isolated structure under stochastic horizontal base acceleration. 

A numerical study is carried out using an analytical model of a benchmark base-isolated 

building equipped with the DMTDI (BIS-DMTDI). The structure is isolated using laminated 

rubber bearing (LRB) and is modelled as a shear-type frame with a lateral degree of freedom 

at each floor level. A single-objective optimization aimed to minimize the bearing 

displacement response of the structure is used to estimate the optimal design parameters of 

the DMTDI device using the Particle Swarm Optimization (PSO) algorithm. A set of real 

earthquake ground motions are used for simulating the response of the BIS building, the BIS 

building equipped with DMTDI (BIS-DMTDI) and one equipped with an ordinary TMDI 

(BIS_TMDI). The results show that the DMTDI is superior to the TMDI and offers practical 

advantages over it.  

Keywords: optimization process, base-isolated structure, ground motion, double-mass tuned 

damper inerter, optimal design, base displacement, particle swarm optimization, inertance. 

1. Introduction  

A tuned mass damper (TMD) is an effective classical engineering device among various 

structural vibration control techniques (Li et al., 2021; Salah et al., 2019). TMD is an entirely 

passive device consisting of a mass, a spring, and typically a viscous dashpot attached to a 

primary vibrating system to reduce unwanted vibration at a particular frequency (Charrouf 

et al., 2019; Stanikzai et al., 2019b). In the field of structural vibration control, the base-

isolation system (BIS) is also one of the most effective passive techniques for structural 

vibration control (Li et al., 2021; Salah et al., 2019). The BIS works by making the isolated 

structure more flexible at the base, lowering the superstructure’s acceleration response and 

hence the structure’s base shear force. As a result of the increased flexibility, the structure’s 

displacement demand increases, and more damping is given to ensure the displacement 

demand is within acceptable limits (Charrouf et al., 2019; Stanikzai et al., 2020). Hybrid 

systems including BIS and TMDs are also reported in the literature (i.e., (Palazzo et al., 

1997; Stanikzai et al., 2019a; Stanikzai et al., 2020; Taniguchi et al., 2008; Tsai, 1995; Xiang 

& Nishitani, 2014; Yang, Danielians, et al., 1991)).  
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The effectiveness of multiple-TMDs installed at different floor levels and/or at the same 

floor (parallel or series) in controlling the seismic response of BI buildings subjected to 

earthquakes has been investigated in recent times (Stanikzai et al., 2019b; Stanikzai et al., 

2020). Other studies have investigated ways to enhance the TMD's effectiveness by 

including inerter devices to that provide very large apparent mass compared to their real 

mass. The inerter integrated into the classical TMD is generally referred to as tuned mass 

damper inerter (TMDI). Use of inerter in mechanical and structural vibration control is well 

established in the literature (Smith, 2002). An inerter can produce an apparent mass or also 

called virtual mass, which makes the TMDI behave like a TMD with a higher mass (De 

Domenico & Ricciardi, 2018; Li et al., 2021; Masnata et al., 2021). Use of such devices in 

vibration control of different types of structures such as bridges, base-isolated buildings, 

high-rise chimneys, wind turbine towers, wind excited buildings, have been reported in the 

literature. An extended version of the TMDI has recently been proposed by (Djerouni et al., 

2021). It consists of two TMDs whose masses are connected by an inerter. Such a device, 

herein called as DMTDI, has been found to be effective in controlling inter-story drift in 

building structures (Djerouni et al., 2021). In this study, a benchmark base-isolated multi-

story structure is equipped with the DMTDI, called hereafter as BIS-DMTDI is investigated. 

The optimal parameters such as mass, stiffness, damping coefficient, and inertance of 

DMTDI are estimated through a particle swarm optimization algorithm (PSO). minimizing 

the 𝐻∞-norm of transfer function corresponding to base displacement. Then, the robustness 

and effectiveness of DMTDI is presented by comparing seismic response of the controlled 

and uncontrolled structure to a large set of naturally recorded earthquake ground motions.  

2. Structural Model  

Fig.1 shows a schematic illustration of the two control systems. An idealized 𝑛-story base-

isolated structure is demonstrated in Fig 1a. Only one horizontal translation degree of 

freedom (DOF) is assigned to each floor level. The masses of the structure are lumped at 

floor levels. During the seismic excitation, the superstructure stays linearly elastic. The 

system is subjected to a single-direction horizontal ground motion. The effects of soil 

structure interaction (SSI) are not considered. In Fig 1a, multiple TMDs are placed at 𝑛th 

floor and linked via an inerter, and the scheme is termed as BIS-DMTDI. When a single 

TMD is placed at the roof with an inerter connecting the TMD mass to a lower floor, the 

control configuration is termed as BIS-TMDI, as shown in Fig 1b. The system equation of 

motion subjected to ground shaking can be written as (Abdeddaim et al., 2018; Mahdi 

Abdeddaim, 2019): 

[�̃�]{�̈�(𝑡)} + [�̃�]{�̇�(𝑡)} + [�̃�]{𝑥(𝑡)} = −[�̃�𝑙]{𝛬}{�̈�𝑔} (1) 

Where the [�̃�] is the mass matrix; [�̃�] is the damping matrix and [�̃�] is the stiffness matrix 

of the structure; {𝒙} = {𝒙𝒃, 𝒙𝟏, 𝒙𝟐, . . . 𝒙𝒏−𝟏, 𝒙𝒏, 𝒙𝒕, 𝒙𝒅}
𝑻,  {�̇�} and {�̈�} are the unknown 

relative (isolator, floor, and DMTDI) displacement, velocity, and acceleration vectors, 

respectively; {�̈�𝒈} is the earthquake ground acceleration, and {𝜦} is the vector of influence 

coefficients. The[�̃�],[�̃�] and [�̃�] matrices of the structure with BIS-DMTDI can be written 

as 

[�̃�] = [

[𝑚𝑏]1×1 [𝑀]1×𝑛 [𝑚]1×𝑞
[𝑀]𝑛×1 [𝑀]𝑛×𝑛 [0]𝑛×𝑞
[𝑚]𝑞×1 [0]𝑞×𝑛 [𝑚]𝑞×𝑞 + [𝜆]𝑞×𝑞

] ; 
 

(2) 
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[�̃�] = [

[𝑐𝑏]1×1 [0]1×𝑛 [0]1×𝑞
[0]𝑛×1 [𝐶]𝑛×𝑛 + [𝑐]𝑛×𝑛 −[𝑐]𝑛×𝑞
[0]𝑞×1 −[𝑐]𝑞×𝑛 [𝑐]𝑞×𝑞

] ; 

[�̃�] = [

[𝑘𝑏]1×1 [0]1×𝑛 [0]1×𝑞
[0]𝑛×1 [𝐾]𝑛×𝑛 + [𝑘]𝑛×𝑛 −[𝑘]𝑛×𝑞
[0]𝑞×1 −[𝑘]𝑞×𝑛 [𝑘]𝑞×𝑞

] ; 

[�̃�𝑙] = [

[𝑚𝑏]1×1 [𝑀]1×𝑛 [𝑚]1×𝑞
[𝑀]𝑛×1 [𝑀]𝑛×𝑛 [0]𝑛×𝑞
[𝑚]𝑞×1 [0]𝑞×𝑛 [𝑚]𝑞×𝑞

] ; 

where [𝒎𝒃] is isolator mass matrix, [𝑴] is superstructure mass matrix, and [𝒎]is the

DMTDI mass matrix. [𝒄𝒃],[𝑪], and [𝒄]are the corresponding damping matrices. Similarly,
[𝒌𝒃]is isolator stiffness matrix, [𝑲]is superstructure stiffness matrix, and [𝒌]is the DMTDI

stiffness matrix. The 𝒏 -story structure is isolated by a single DOF isolator and equipped by 

𝒒 number of TMDIs, that results in the matrices of the order (𝒏 + 𝒒 + 𝟏) × (𝒏 + 𝒒 +
𝟏).(DJEDOUI & OUNIS, 2014; DJEDOUI et al., 2014) (Djedoui et al., 2016; Djedoui et al., 

2018). 

Eq. (1) can be put into the first order classical form of the State Space representation by 

introducing the 2(𝑛 + 𝑞 + 1) × 1 state vector 𝑧 = [�̇� 𝑥]𝑇, which contains absolute

velocities and relative displacements  

{
�̇� = [𝐴]{𝑧} + [𝐵]{�̈�𝑔}

𝑦 = [𝐸]{𝑧} = [𝐸𝑜𝑣]{�̇�} + [𝐸𝑜𝑑]{𝑥}
(3) 

where: 

[𝐴] = [
−�̃�−1. �̃� −�̃�−1. �̃�

𝐼(1+𝑛+𝑞)×(1+𝑛+𝑞) 0̃(1+𝑛+𝑞)×(1+𝑛+𝑞)
] ; [𝐵] = [

−�̃�−1�̃�𝑙

0̃(1+𝑛+𝑞)×1
] ; 

[𝐸] = [𝐸(1+𝑛+𝑞)×(1+𝑛+𝑞)
𝑜𝑣 𝐸(1+𝑛+𝑞)×(1+𝑛+𝑞)

𝑜𝑑];

(4) 

In which ovE and odE are the system’s velocity and displacement output matrices, 

respectively. Then, the frequency response matrix is given by: 

𝐻(𝜛) =
𝑋(𝜛)

𝑈(𝜛)
= (𝑠[𝐼] − [𝐴])−1. [𝐵]. 𝑠 (5) 

where 𝑠 = 𝑗𝜛, the (𝑛 + 𝑞 + 1) × 1 matrix 𝐻(𝜛) represents transfer function relating the 

𝑋(𝜛) to the seismic excitation 𝑈(𝜛)(Palazzo et al., 1997). Further details about the State 

Space and frequency response matrix  can be found elsewhere (Djerouni et al., 2022) 
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Fig. 1- Schematic models of a 𝑛 -story structure with (a) base isolated-double mass tuned damper inerter 

(BIS-DMTDI) scheme and (b) base-isolated- tuned damper inerter (BIS-TMDI) scheme. 

 

3. Optimization  

Metaheuristic algorithms such as genetic algorithm, particle swarm optimization, grey wolf, 

differential evolution, ant colony etc. are powerful in solving complex optimization 

problems. The Particle Swarm Optimization (PSO) algorithm is used in this study to estimate 

the parameters of the DMTDI and TMDI. The search range of the optimization problem is 
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presented in Table 1. Various response indexes such as roof displacement, interstory drift 

(ISD), absolute acceleration, base displacement, energy dissipation and so on, could be 

selected as the objective function in the optimization procedure. In this study, the objective 

of the optimization problem is set to minimize the 𝐻∞-norm of the transfer function 

corresponding to base displacement, also known as bearing displacement. Optimization 

problem is solved numerically using MATLAB. The resulting optimal parameters are 

presented in Table 2. To make the two passive control devices comparable, the equivalent 

real mass in TMDI is kept equal to the summation of real masses in DMTDI.  
 

Table 1. The search range of variables optimized in this study 

 𝑚𝑡(tons) 𝑘𝑡(KN /m) 𝑐𝑡(KN. s/m) 𝑏(tons) 

Min values 0.321 39.530 3.583 32.148 

Max values 64.296 11722.67 7968.278 1607.4 

 
Table 2. The optimal parameters of the DMTDI and TMDI devices 

 𝑚𝑡(tons) 𝑘𝑡(KN /m) 𝑐𝑡(KN. s/m) 𝑚𝑑(tons) 𝑘𝑑(KN /m) 𝑐𝑑(KN. s/m) 𝑏(tons) 

DMTDI 63.940 296.507 26.485 0.351 6750.22 94.369 
1390.32 

TMDI 64.296 7574.756 263.017 / / / 

 

4. Numerical Simulation  

This section uses the optimal parameters obtained from the optimization statement described 

in section 3 to investigate performance of the control device in the frequency domain and 

time domain. Response of the structure with and without the control devices are simulated 

using four ground motions. The selected ground motions are (i) 1940 Imperial Valley, (ii) 

1952 Kern County, (iii) Imperial Valley 1979, and (iv) 1992 Landers. The Fourier amplitude 

spectra of these ground accelerations are shown in Fig 2. The ground motion records are 

taken from the Center for Engineering Strong Motion Data (http://strongmotioncenter.org/). 

Further details information for these earthquakes ground motions considered in this study 

given in Table 3.  

Table 3. List and information of considered earthquakes  records  (De Domenico & Ricciardi, 2018)  

Earthquake Date Recording station Mw PGA(g) 

Imperial Valley May 18, 1940 El Centro 6.9 0.348 

Kern County July 21, 1952 Taft Lincoln School Tunnel 7.3 0.156 

Imperial Valley Oct. 15, 1979 El Centro-Imperial Co Srvcs Bld 6.4 0.542 

Landers June 28, 1992 Joshua Tree-Fire Station 7.3 0.284 

 

 
Fig. 2- Fourier spectrum of the considered real earthquake ground motions 

An 8-story building in which every story unit is identically constructed is considered in this 

study. The structural properties of each story unit and the isolator are reported in (Yang, Li, 
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et al., 1991). It is noted that the stiffness of each story unit is designed such that yielding 

occurs simultaneously in each story unit. The robustness and behaviour of the two passive 

control schemes are studied firstly in their frequency response plots. Fig 3 shows the 

frequency transfer function of the base displacement as well as absolute roof acceleration 

with two passive control schemes and the BIS structure. For ease of visualization, the range 

of the natural frequencies is normalized by the dominant frequency of BIS structure. The 

transfer function amplitudes are normalized by the maximum amplitude corresponding to 

the BIS structure. A clear reduction in the peak of the transfer function amplitude is achieved 

by both the control schemes, with DMTDI showing superior performance.  

 
Fig. 3- Frequency response function FRF in terms of base displacement (left) and roof absolute acceleration 

for structure with BIS-TMDI (solid violet line), with BIS-DMTDI (solid green line), and base-isolated 

structure BIS (orange dashed line). 

Time history response of base displacement, roof displacement and absolute acceleration 

during 1940 Imperial Valley and 1952 Kern County earthquakes are presented in Fig. 4. In 

general, the BIS-DMTDI scheme's performance is significantly better than the BIS-TMDI 

scheme. It is interesting to note that the second extremity of the inerter in the BIS-TMDI 

scheme is hooked two floors below the top floor where the TMD installed. It is observed 

that although the objective target is set to minimize the transfer function of base 

displacement response, the absolute acceleration is also slightly reduced.  
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Fig. 4- Response in terms of base displacement, roof displacement, and absolute roof acceleration to the (a) 

1940 Imperial Valley and (b) 1952 Kern County. 

In Fig 5 similar results and trends are observed for the 1979 Imperial Valley and 1992 Lander 

earthquake ground motions. Overall, the DMTDI-BIS scheme is always superior to the BIS-

TMDI scheme in reducing both bearing displacement and roof acceleration. The control 

performance varies with frequency content of ground motion.  
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Fig. 5- Response in terms of base displacement, roof displacement, and absolute roof acceleration to the (c) 

1979 Imperial Valley and (d) 1992 Landers. 

Fig 6 shows a comparison of peak response of the different control schemes. It is observed 

that the BIS-TMDI scheme with similar physical mass and inertance of the BIS-TMDI is 

slightly better in reducing inter-story drift. However, the base shear demand is marginally 

amplified by both the control schemes. This is generally not a critical issue as the base shear 

demand is already reduced by the isolation system. Furthermore, the device stroke of the 

DMTDI is much lower than that of BIS-TMDI. In addition, the inerter used in BIS-TMDI is 

connected to the TMD mass and a lower-level floor, which can be a practical disadvantage 

of the device.  
 

 
Fig. 6- Response in terms of peak response values of (a) interstory drift (ISD), (b) base shear Vb and (c) 

stroke displacement subject to natural earthquakes. 
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5. Conclusions  

A recent innovative double mass tuned damper inerter (DMTDI) is investigated further in 

this study to reduce base displacements of a base-isolated building subjected to strong 

ground shaking. The DMTDI consists of two TMDs placed at the roof of the building with 

the masses of the TMDs connected by an inerter. The performance of this device is compared 

to a TMDI, which consists of a classical TMD at the roof with its mass connected to a lower 

floor. The PSO algorithm used to optimize the parameters of the control devices with the 

objective of minimizing the base displacement. Numerical simulations using four ground 

motions are performed to estimate the response of the controlled and uncontrolled structures. 

The results show that both the control devices are effective in reducing displacement 

demands at the base and the roof of the building. Roof acceleration is only marginally 

reduced by the devices, and there is slight amplification of base shear. The DMTDI provides 

better displacement reduction than the TMDI. The DMTDI offer additional advantages over 

the TMDI such as (i) the TMD stroke is much lower, which is important for saving space 

required by the control device, and (ii) unlike the TMDI, the device can be placed on a single 

floor, and is therefore practically more appealing.  
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Abstract: Bangladesh is a earthquake prone country. In Bangladesh, where the population 

density is high and there are many vulnerable buildings, it is important to take counter 

measures to reduce the risk in the event of an earthquake disaster. In the capital city of 

Dhaka, firefighting facilities are indispensable for crisis management in the event of the 

earthquakes, and the firefighting headquarters that controls the firefighting branch facilities 

of the entire city of Dhaka will be constructed with a seismic isolation structure. Seismic 

isolation structures are structures that can significantly reduce the seismic force that enters a 

building during an earthquake, compared to ordinary seismic resistant structures. This 

building has a seismic isolation design that can ensure sufficient safety against large 

earthquakes stipulated by the Bangladesh National Building Standards (BNBC), and the 

design method is introduced in this paper.  

Keywords: seismic isolation, RC building, isolator, equivalent static analysis, nonlinear 

time history analysis 

1. Introduction  

Bangladesh is known for its high population density and high earthquakes. Especially 

Dhaka, the capital city, vulnerable buildings are concentrated, and the fire headquarters 

building was planned by JICA project with a seismic isolation structure to reduce damage 

in the event of an earthquake. Seismic isolation structures are currently in the stage of 

widespread use as a technology that guarantees high seismic safety, and in Japan, more 

than 9000 buildings have been constructed at present. Although Bangladesh's National 

Building Standards (BNBC(2020)) also stipulates seismic isolation structures, since they 

have no technical experience, JICA project plans to design and construct this building by 

making use of Japan's abundant experience and high technology. In this paper, the design 

methodology of this building is introduced. 

2. Outline of the building 

A whole view of the building is shown in 

Fig.1, a sectional view is shown in Fig.2, 

and a plan view is shown in Fig.3. 

According to them, it is an RC building 

partially steel structure with 10th roof 

floor above ground and 1st roof floor. The 

seismic isolators are installed between the 

basement and the ground. 

Fig.1 – Whole building 
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Fig.2 - Section 

 Fig.3 - Typical plan 

3. Seismic Isolation design

3.1. Design Principle 

In Bangladesh National Building Code (BNBC(2020)), two design procedures such as the 

Equivalent Static Analysis and the Nonlinear Time History Analysis are stipulated. The 

former is a simple analysis with the limitation, such as building size, regularity, etc., 

however, the latter is the accurate procedure with detail and complicated calculation and 

high-level analytical technique. In this paper, for the preliminary design, the former 

analysis is used and for the detail design, the latter analysis is used, respectively. And the 

validity of these two methods is discussed.  

3.2. Equivalent static analysis 

3.2.1. Displacement of isolation system 

The design displacement of the isolation system, DD, in the most critical direction of 

horizontal response shall be calculated in accordance with the following formula in 

BNBC(2020) and ASCE7-16(2017). 

𝐷𝐷＝
𝑆𝑎𝑔

4𝜋2
𝑇𝐷

2

𝐵𝐷
（１） 

Where, Sa=design spectral acceleration for the design basis earthquake(DBE), 

g=acceleration due to gravity, BD=damping coefficient related to the effective damping  

βD, TD=effective period of seismically isolated structure at the design displacement. The 

isolation system composes of the damper and the isolator as shown in Fig.4. The 

calculation of displacement of isolation system can be performed using the code defined 

response spectrum as shown in Fig.5. The design response displacement subjected to the 

design base earthquake (DBE): DD is calculated by iterative procedure considering the 

damping as shown in Fig.5. As the result of calculation, the following optimum design 

values were obtained by the response spectrum analysis for this building as shown in Fig.6. 

In this preliminary design, the many combination of αS and Tf are selected in order to get 

Y 

X

+45°

-45°
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the optimum values which makes the displacement and the shear force smaller. Finally, the 

following values were obtained. 

    Period of isolator:    Tf = 5.00 sec, 

     Base shear design coefficient for superstructure: α1 = 0.037 

    Maximum response displacement of isolator: DD = 13 cm 

 Fig.4 - Modelling of isolator        Fig.5 – Displacement against the target response spectrum 

 Fig. 6 – Adopted design displacement and base shear coefficient 

3.2.2. Lateral design force at the ground floor 

Based on the above calculation, the base shear shall be calculated as follows: 

  Base Shear, Vs = α1*W   

    Where, W: Total weight of superstructure (=513,000KN), αI : Base shear design coefficient 

     ∴VS = 0.037*513,000 KN = 18,981 KN 

 This total base shear, Vs shall be distributed over the height of the building above the isolation 

interface. The superstructure is designed with 18,981 KN. 

3.2.3. Selection of isolator 
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The selected isolators are the high damping isolators and each isolator’s location is shown Fig.7. 

The high damping rubber bearings have two functions: building support and additional damping. 
Inside the building, a bearing with a large diameter is used because of the large axial force, and 

around the building, a bearing with a small diameter is used because of the small axial force.. 

Fig.7 – Location of isolators 

3.3. Nonlinear time history analysis 

3.3.1. Input ground motions 

The selected ground motions are shown in Table 1. As the nonlinear time history analysis 

(NTHA) is used in the detail design for this building, MCE (Maximum Considered 

Earthquake) level ground motions in Dhaka are used. The peak accelerations are 

normalized as matching to the level of MCE at the site of this building. The ground 

motions are categorized into two types: One is the typical recorded ground motions in the 

world and the other is the artificial ones considering the site soil property and the 

seismicity, etc. and for the phase angle of duration time, the recorded ground motions are 

used. Total number of motions are six and three of them are the recorded ground motions 

and three of them are artificial ones. 

Table1. Summary of input ground motions 

3.3.2. Analytical model 

The three-dimensional (3D) frame model is shown in Figure D.4.3.2-1. The whole 

structure consists of structural members, such as the columns, the beams and seismic 

Name 
Peak Acceleration 

(cm/sec2) 

Duration time 

(sec) 
Phase angle 

El Centro NS (1940) 200.0 53.8 - 

Taft EW (1952) 200.0 54.4 - 

Hachinohe NS (1968) 200.0 51.0 - 

Artificial-1 249.9 53.8 El Centro NS (1940) 

Artificial-2 232.8 54.4 Taft EW (1952) 

Artificial-3 237.5 51.0 Hachinohe NS (1968) 
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isolators. These structural members have the nonlinear restoring force characteristics. 

Fig.9(a) shows the restoring force model of beam and column, and Fig.9(b) shows a high 

damping rubber bearing which was achieved by Kato et al. (2014). 

Fig.8 – The whole structure model (3D model)  Fig.9 – Restoring force model 

3.3.3. Performance criteria 

The performance criteria of the result of analysis for MCE level earthquakes are 

summarized in Table 1. In BNBC(2020), there is only the criteria of story drift of the 

superstructure for DBE level earthquake, therefore the most of criteria are defined based on 

the JSSI(2018), Japan. The criteria are categorized into two parts, one is for the 

superstructure and the other for the seismic isolator. As for the superstructure, it behaves 

almost in the elastic range, namely, story drift is less than 1/200, stress of whole restoring 

force is less than yield stress and base shear coefficient is less than the design base shear 

coefficient. In BNBC(2020), only the story drift limit is defined as less than 0.015*hx (hx: 

story height). On the other hand, in BNBC(2020) there is no provision on the isolator, then 

Japanese provision were used here. As for the maximum displacement, the performance 

guaranteed displacement shall be recommended not more than 300 % of shear strain 

considering the safety margin defined in Fig.10 after BCJ Technical report (1989). And 

regarding axial stress applying to the isolator, compressive stress shall be less than 

designed limited stress as 60MPa and tensile stress shall be less than allowable stress as 0.1 

MPa after Notification of MLIT (1989,2000) shown in Fig.11. 

Table 2. The performance criteria for MCE level earthquakes 

Structural part Items Criteria 

Superstructure 
Base shear coefficient Less than design base shear coefficient 

Lateral story drift** Less than 1/200 

Isolator 

Recommended maximum 

displacement 

Less than performance guaranteed displacement 

(shear Strain:γ≦300%) 

Axial stress 

Compression: less than designed limited stress (60 

MPa) 

Tension: Less than allowable stress (0.1MPa) 

(a) beam and column

(b) isolator
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Fig.10 – Design displacement of isolator   Fig.11 – Design stress of isolator 

3.3.4. Result of calculation 

1) Summary of the result: Three directions of input ground motion were selected because

the plan view of this building is symmetry around 45-degree axis in Fig.3. Table 3. shows

the result of -45-degree direction due to MCE events by the nonlinear time history analysis

(NTHA). In addition, these response values are compared with the designed values shown

in Table 2. All the response values satisfy the designed values.

2) Maximum story drift: Fig.12 shows the story drift in -45°direction. Fig.12(a) is seismic

isolated building and for a comparison, Fig.12(b) is the fixed base. The maximum

displacement of the isolator is 186mm and the shear strain is 93 % of the criteria of 300%.

The story drift of each story of the superstructure is very small and maximum value is

about 7.87mm and corresponds to about 1/496 story drift in case of -45°direction analysis

to Artificial-3 ground motion. This value is also less than the design value of 1/200. On the

other hand, in case of fixed-base case, the story drift becomes more than 1/100 and it

reaches the nonlinear stage beyond yielding.

3)Maximum story shear coefficient: Fig.13 shows the shear force coefficient. Fig.13(a) is

the case of seismic isolated building and for a comparison, 13(b) is the fixed-base case. In

the figure, the design base shear coefficient is also shown. In case of seismic isolated

building, the base shear coefficient is the same as the designed one which has already

calculated in.2.2 equivalent static analysis. On the other hand, in case of fixed base, the

base shear coefficient becomes about four times of designed value, and it can be predicted

that it reaches the nonlinear stage.

Table 3. Summary of nonlinear time history analysis (-45°direction) 

Structural part Items Response 
Ground 

motion 
Criteria (Table 2) 

Superstructure 

Base shear 

coefficient 
0.039 

Artificial-3 

≦design base shear 

coefficient 

Lateral story 

drift 
1/496 < 1/200 

Isolator 

Maximum 

displacement 

93 % 

(186 mm) 
Artificial-2 

shear Strain:γ≦300% 

(displacement≦600 mm) 

Axial stress 
Max: 21.6 MPa 

Min: 2.2 MPa 

Compression: < 60 MPa 

Tension: < 0.1MPa 
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(a) Seismic Isolation (b) Fixed base

  Fig.12 - Story drift (Artificial-1, -2 and -3) (-45 direction) 

(a) Seismic Isolation (b) Fixed base

Fig.13 – Story shear coefficient (Artificial-1,-2 and -3) (-45 direction) 

4) Failure mechanism: Fig.14 shows the failure mechanism of the whole building in X-

direction, The acceptance criteria in ASCE41(2013) is also shown in Fig.14. Fig.14(a)

shows the seismic isolation case and Fig.14(b) shows the fixed-base case. From this result,

most of structural members remained in elastic range (Range A-B) in seismic isolation

case, but for fixed-base case, most of members reached the nonlinear range (Range B-C).

Fig.14 – Failure mechanism of whole building (X-direction, Artificial-1) 

5) Axial stress of isolators: Fig.15 shows the axial stress of several number of seismic

isolators. Three kinds of axial stress are plotted, one is the service load and the others are
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maximum and minimum stress. From this result, the axial stress of isolators is within the 

design limitation in Table 3. 

Fig.15 – Axial stress of isolators 

4. Conclusions

The optimum seismic isolation system was obtained by the equivalent linear analysis due 

to DBE events. As a result, maximum displacement of 13 cm and maximum base shear 

coefficient of 0.037 for the seismic isolation system were obtained. For the design force of 

the structural elements of superstructure, the shear coefficient of 0.037 was used. The 

maximum predicted isolator displacement for MCE events is 186 mm, which is less than 

the design limit of 600 mm. Overall response values met the performance objectives 

achieving that the story drift of superstructure is within the elastic range and shear force is 

almost same as the designed force and furthermore, they are considerably decreased than 

the fixed-base building model. 
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Abstract: A high-fidelity, 3D finite element model consisting of a realistic, nonlinear code-
conforming reinforced concrete moment-frame building surrounded and protected by seismic 
resonant metamaterials is developed in Real-ESSI Simulator to study the metamaterial-soil-
structure interaction (meta-SSI) in nonlinear soil. The main objective of the study is to verify 
the most critical components of the complex numerical model and, in addition, to demonstrate 
the effectiveness of resonant metamaterials as a novel seismic risk mitigation method for 
existing structures. To that end, the structural model is initially verified both at material and 
system level. Verification of the inserted seismic wave field (SH waves generated using the 
Domain Reduction Method) and of the model size follows. The results indicate that for the 
case of a relatively soft soil profile, a significant reduction of the interstory drift ratios and of 
the accumulated—in the structure—plastic energy dissipation can be achieved by using 
properly tuned metamaterials; that is, the resonating masses are oscillating out-of-phase with 
the soil at excitation frequencies close to the first resonant frequency of the inelastic structure. 

Keywords: Seismic Protection Devices, Seismic Metamaterials, Metabarrier, Meta-SSI, 
Domain Reduction Method (DRM), Real-ESSI Simulator  

1. Introduction

The emergence of metamaterials has recently given us the ability to control the propagation 
of waves across the entire frequency spectrum, both in terms of wave attenuation and wave 
guidance (Aguzzi et al., 2022). In civil engineering, and specifically in earthquake 
engineering, researchers have mainly focused their interest on the use of seismic resonant 
metamaterials as a novel method for vibration mitigation and seismic protection of structures 
(Cacciola & Tombari, 2015; Colombi et al., 2020). Seismic resonant metamaterials are 
typically composed of multiple unit cells embedded into the ground (metabarrier) or installed 
at the base of a structure (metafoundation). Each unit cell is equipped with an inner vibrating 
mass, usually polarized either in the horizontal or in the vertical direction to couple with the 
desired wave component (e.g., horizontally vibrating masses aiming to couple with vertically 
propagating horizontal shear SH waves). Their inertial-related beneficial effect becomes 
evident when the inner masses are at resonance, oscillating with maximum amplitudes, and 
also out-of-phase with the surrounding soil that imposes the excitation, thus applying 
opposite forces to the soil and reducing its response (Kanellopoulos et al., 2022).  
As of now, the relevant published research is still at a conceptual, preliminary stage with 
very few realistic applications having been studied (e.g., La Salandra et al., 2017; Sun et al., 
2020). To bridge this gap in literature, this paper presents a case study of a typical code-
conforming reinforced concrete (RC) moment-frame building protected by seismic resonant 
metamaterials. The main objectives are first to provide verification for the most important 
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components of this rather complex 3D finite element (FE) model, and second to showcase 
the effectiveness of resonant metamaterials as a novel seismic risk mitigation method for 
existing structures. 

2. Finite element model − Description 

High-fidelity, 3D FE models (Fig. 1) are developed to study the dynamic metamaterial-soil-
building interaction using the Real-ESSI Simulator (Jeremic et al., 2022; http://real-
essi.info), which is a FE software specifically developed for realistic simulation of seismic 
wave propagation, soils, structures, and their interaction. 

 
Fig. 1 – Overview of the 3D DRM FE model with the resonant metamaterials around the RC building. 

A uniform, 20 m thick, inelastic soil layer with shear wave velocity 𝑉𝑉𝑆𝑆 = 110 m/s, undrained 
shear strength 𝑆𝑆𝑢𝑢 = 35 kPa, soil unit weight 𝜌𝜌𝑠𝑠 = 1.6 Mg/m3, and Poisson’s ratio 𝜈𝜈𝑠𝑠 = 0.4 is 
rested on top of an elastic rock layer with 𝑉𝑉𝑆𝑆,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 700 m/s, 𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 2.4 Mg/m3, and 
Poisson’s ratio 𝜈𝜈𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 0.3. For the inelastic soil layer a von Mises elastic-plastic constitutive 
model with Armstrong-Frederick nonlinear kinematic hardening (Frederick & Armstrong, 
2007) is employed, suitable for modelling pressure-independent materials (such as saturated 
clays). Both layers are modelled with 8-node brick-type continuum element, with at least 10 
elements per wavelength, when the excitation frequency approaches the dominant ones of 
the structures or of the soil. 
On top of the soil layer, supported by a RC slab foundation (modelled with 8-node elastic 
brick elements), stands a four-story RC moment-frame building that is described in detail by 
Haselton et al. (2008) (design E). The beams and the columns of the building are modelled 
with 3D fiber beam-column elements (Spacone et al., 1996). The uniaxial nonlinear 
concrete02 material model by Filippou et al., (1983) is assigned to each concrete fiber 
(unconfined compressive strength of 34.5 MPa), while the uniaxial nonlinear steel02 
material model by Menegotto & Pinto (1973) is assigned to each steel fiber (elastic modulus 
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of 200 GPa and yield strength of 500 MPa). The RC slabs of the building are modelled with 
elastic 4-node shell elements, 0.2 m in thickness. Finally, the RC elastic modulus is set to 
𝐸𝐸𝑅𝑅𝑅𝑅  = 25 GPa, and its unit weight to 𝜌𝜌𝑅𝑅𝑅𝑅 = 2.5 Mg/m3. 
All around the building, embedded into the ground, the seismic resonant metamaterials are 
installed in a 3x3 configuration. Each unit cell comprises an RC hollow cube with sides equal 
to 1.5 m and an inner concentrated nodal mass connected to the box with horizontal springs 
and dashpots, allowing only horizontal oscillation. The total metamaterial oscillating mass 
is set equal to the total mass of the building (𝑀𝑀𝑚𝑚,𝑡𝑡𝑟𝑟𝑡𝑡 = 𝑀𝑀𝑏𝑏𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏), while the natural oscillation 
period of the masses is set to 𝑇𝑇𝑚𝑚 = 0.85 s (slightly larger than the expected secant vibration 
period of the inelastic building), as proposed by Kanellopoulos et al. (2022). 
The seismic wave field is inserted into the model using the Domain Reduction Method 
(DRM) (Bielak et al., 2003). By applying effective DRM forces on the nodes of the DRM 
elements (Fig. 1), it is possible to realistically generate both body and surface waves, and 
propagate them through the main model, which is surrounded by the DRM elements. 
Elements with progressively increasing Rayleigh damping ratios (going outwards)— 
damping elements (Fig. 1)—are used to damp out any outgoing waves produced by the 
oscillation of the structure and the metamaterials. In this study, the input seismic wave field 
is assumed to have only one horizontal component (1C) and is materialized with vertically 
propagating body shear waves (SH), resulting in the targeted seismic excitation at the ground 
surface. Two earthquake excitations are considered: (a) an artificial wavelet, called Ormsby 
wavelet (Jeremić et al., 2022), calibrated so that its amplitude spectrum exhibits a plateau 
over the frequency range 0.5-10 Hz; and (b) a real ground motion recorded during the 1940 
Imperial Valley (El Centro) earthquake (https://ngawest2.berkeley.edu). 
All the interfaces in the model (building-foundation, foundation-soil, metamaterials-soil) are 
tied using bonded contact elements. Finally, fixed boundary conditions are applied at the 
perimeter of the model (i.e., bottom and lateral sides of the model). 

3. Finite element model − Verification

Starting the verification process for the RC building at the material  level, Fig. 2 compares the 
results of Real-ESSI, after proper calibration of the uniaxial material models, to the results of 
Haselton et al. (2008). The typical column cross section shown in Fig. 2 consists of uniaxial 
confined concrete fibers (light grey squares), unconfined concrete fibers at the perimeter of the 
cross-section (dark grey squares), and steel fibers (black circles). Applying a monotonic/cyclic 
axial load on a single confined concrete fiber, an almost perfect match with the respective curves 
of Haselton is observed (Fig. 2a). The same holds for a steel and an unconfined concrete fiber 
subjected to cyclic and monotonic axial loading, respectively (Fig. 2b and 2c).  
Moving from the material to the system verification level, Fig. 3 compares the pushover 
response curves of a typical 2D frame, using an inverted triangular load pattern. To capture the 
severe strain-softening caused by rebar buckling, Haselton used a lumped-plasticity model to 
perform the pushover analysis. Although this model is more suitable for simulating the near-
collapse response of the building, it underestimates the initial stiffness. On the other hand, fiber 
models are better suited for simulating the structural response from low-intensity levels up to 
higher ones, which, however, do not lead to structural collapse (up to 2% in 50 years non-
exceedance probability ground motion levels). Since the drift at yield agrees fairly well with the 
one from the lumped-plasticity model, the fiber model used herein is considered verified at the 
system level too. 
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Fig. 2 – Material-level verification of the structural elements. Typical cross section of a fiber column 

element. Comparison of the predicted monotonic/cyclic uniaxial response to Haselton’s fiber model for a 
single: (a) confined concrete; (b) steel; and (c) unconfined concrete fiber. 

 
Fig. 3 – System-level verification of the structural elements. Comparison of predicted monotonic pushover 
response (base shear−roof drift ratio, 𝐹𝐹 − 𝛿𝛿) of a typical 2D frame to Haselton’s lumped-plasticity model. 

To verify that the desired acceleration time histories (i.e., Ormsby wavelet, El Centro) can be 
successfully generated on the soil surface, a free-field 3D model is developed (Fig. 4), where 
shear waves are propagated vertically through the rock and soil layers using the DRM. In Fig. 
4a, where the soil behaves elastically, both acceleration time histories are reproduced with high 
precision. However, when soil inelasticity is considered (Fig. 4b), the output acceleration time 
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histories are visibly decreased in amplitude compared to the target motions. This is not a 
shortcoming of the DRM as a method, but has to do with the fact that the effective forces applied 
on the DRM elements have been calculated in a previous step, assuming linear elastic soil 
response. Under inelastic soil response, the waves are unavoidably filtered. The stronger the 
excitation, the more inelastic the soil response, and therefore, the less likely is the desired 
acceleration time history to be precisely reproduced. In order to precisely reproduce a ground 
motion under strongly inelastic soil response, the elastic horizontal rock motion at the rock-soil 
interface should be known as well. With that known, and using an auxiliary free field model (no 
DRM) with inelastic soil and input excitation at the base of the soil layer, the exact time history 
at the ground surface can be matched, and then the effective forces to be used as input for the 
DRM nodes of the main model can be calculated.   

 
Fig. 4 – Seismic wave field verification. Cross section of 3D free-field FE models. Comparison of target 
input to the resulting time histories at the ground surface: (a) elastic soil layer; and (b) inelastic soil layer. 

The final verification step is related to the size of the model. Three progressively increasing in 
size models (i.e., distance 𝑎𝑎 = 30, 60, 90 m) are compared in Fig. 5. Linear elastic soil conditions 
(5% Rayleigh damping ratio) are assumed in order to be on the conservative side, as the waves 
can propagate at larger distances in elastic media. Both excitations are targeted again at the soil 
surface and the acceleration time history of the top floor corner is recorded. All three models 
yield approximately the same results, confirming the adequacy of the small size (𝑎𝑎 = 30 m) 
model, therefore minimizing the computational cost. 

 
Fig. 5 – Model size verification. Acceleration time histories of the building’s top floor corner node for 𝑎𝑎 = 

30, 60, and 90 m. 
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3. Results 

To demonstrate the potential effectiveness of seismic resonant metamaterials as a seismic 
protection method, a direct comparison should be made between the case of the protected 
(“with”) and the unprotected (“without”) building. The left-hand side of Fig. 6 contains the 
results corresponding to the Ormsby wavelet excitation, while on the right-hand side the results 
from the 1940 Imperial Valley earthquake record are plotted. Starting with the top diagrams 
(Fig. 6a), where the top floor acceleration (𝑎𝑎𝑡𝑡𝑟𝑟𝑡𝑡) time histories are plotted, it is observed that 

 
Fig. 6 – Comparison of the protected (“with”) and the unprotected (“without”) building excited by the 

Ormsby wavelet (left) and the El Centro record (right). The effect of metamaterials on building response in 
terms of: (a) top floor acceleration (𝒂𝒂𝒕𝒕𝒕𝒕𝒕𝒕); (b) accumulated plastic energy dissipation (𝐴𝐴𝐴𝐴𝐸𝐸𝐴𝐴); and                          

(c) interstory drift ratio. 
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the presence of the resonant metamaterials is “felt” by the building after the first few cycles, as 
the metamaterial masses need some time to start oscillating with larger amplitudes. Although 
the overall decrease in 𝑎𝑎𝑡𝑡𝑟𝑟𝑡𝑡 is not so impressive given the large amount of oscillating 
metamaterial mass used, in terms of the accumulated plastic energy dissipation (𝐴𝐴𝐴𝐴𝐸𝐸𝐴𝐴) in the 
structural fiber elements, which is intrinsically connected with the structural damage, the results 
are quite promising: an almost 50% and 80% reduction is noticed at the end of the analyses for 
the Ormsby and the El Centro excitation, respectively. The inset at the left of Fig. 6b clearly 
shows the much larger amount of plastic dissipation density that is concentrated at the top of the 
ground floor columns in the case of the unprotected building (“without”) at the end of the 
analysis. Finally, for both excitations, a significant reduction of the interstory drift ratios is 
presented in Fig. 6c. 

4. Conclusions 

A realistic, 3D FE model of a RC moment-frame building surrounded by seismic resonant 
metamaterials is developed in the Real-ESSI Simulator to demonstrate their potential 
effectiveness as a novel seismic protection strategy for existing structures. Initially, the 
structural model was verified both at the material and the system level. Verification of the 
vertically propagating seismic wave field (SH shear waves) and of the model size followed. 
For the moment-frame building founded on a relatively soft soil layer, it was shown that by 
using seismic resonant metamaterials both the plastic energy dissipation of the structural 
fiber elements and the drift ratios for each floor can be significantly reduced. Notably, the 
metamaterial becomes more effective after the first few cycles of motion, as the metamaterial 
masses need some time to start oscillating out-of-phase with the soil for excitation 
frequencies close to the building’s resonance. A shortcoming of resonant metamaterials for 
seismic risk reduction is the large oscillating metamaterial mass (on the order of the total 
mass of the building) that is required to achieve a meaningful improvement of seismic 
performance.  
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Abstract: This work deals with the evaluation of the seismic performance of multi-span 
continuous deck bridges isolated with single concave friction pendulum bearings. A six-
degree-of-freedom system is modelled to represent the seismic behaviour of the bridge, 
while the friction pendulum device is modelled by including the non-linear dependency of 
the friction coefficient from the sliding velocity. The isolator is considered on top of the 
abutment and of the pier. Different bridge models are obtained by changing different 
properties (i.e., deck and pier masses and fundamental periods) within a parametric study. 
Then, for each of the bridge models, a non-dimensional analysis is performed to normalize 
the equations of motion with respect to the ratio between the peak ground acceleration and 
the peak ground velocity and those equations are solved for a set of 40 near fault seismic 
inputs. The final goal is to elaborate an optimal value of the friction coefficient in order to 
reduce the seismic response of the pier. 

Keywords: seismic isolation, FPS device, optimal coefficient  

1. Introduction  

In the context of civil structures and infrastructures, seismic isolation is one of the most 
adopted techniques Ghobarah and Ali (1988). The goal of seismic isolation is to decouple 
the substructure from the superstructure in order to reduce the transmission of the forces 
caused by the seismic action. In the specific case of bridges, seismic isolation is aimed at 
reducing the inertia forces on the deck and successively transmitted to the substructure 
Zayas et al. (1990), Su et al. (1989). In particular, when adopting the friction pendulum 
system (FPS) devices for the isolation, the advantage is that the isolation period is not 
dependent from the mass of the deck, but only on the geometrical characteristics of the 
isolator (i.e., the radius of curvature) Mokha et al. (1990), Constantinou et al. (1990). 
Within the research community, many are the studies elaborated to model the behaviour of 
these isolators Almazàn and De la Llera (2003), Mosqueda et al. (2004), Jangid (2000), 
Tsiavos et al. (2021a-b). For instance, a three-span continuous deck bridge seismically 
isolated with double concave friction pendulum bearings is presented in Kim et al. (2007), 
while seismic reliability analyses for base-isolated buildings are elaborated in Castaldo et 
al. (2015) and Castaldo et al. (2017). Many are the works focused on finding optimal 
values to design FPS bearings, with the aim of reducing the response of the substructure (in 
case of bridges) or the superstructure (in case of buildings), e.g., Castaldo et al. (2018) or 
Castaldo and Amendola (2021a-b). These concepts were first studied by Jangid in Jangid 
(2005a-b). However, the challenge is to find an optimal value that is independent from the 
characteristics of the seismic input.  

This work regards the evaluation of the optimal friction coefficient in case of seismic 
isolation of multi-span continuous deck bridges. To model the bridge, six degrees of 
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freedom (dof) are considered: 1 for the reinforced concrete (RC) infinitely rigid deck and 5 
for the lumped masses composing the pier. The isolation is made by means of two FPS 
devices, placed on top of the elastic pier and the fixed reinforced concrete abutment. To 
include the uncertainty in the seismic input, a set of 40 natural near fault ground motions is 
considered. In addition, by including different values for: the pier fundamental period, the 
friction coefficient of the FPS bearings, the mass ratio and the ratio between the 
fundamental periods of the deck and of the ground motion, many bridge models are studied 
within a parametric analysis. Non-dimensional equations of motion are then solved for 
each of these bridge models and for all the seismic records. The non-dimensional analysis 
is such that the response is independent from the peak ground acceleration-to-velocity ratio 
(PGA/PGV). Finally, relations between the optimal friction coefficient (i.e., corresponding 
to the minimum of the substructure response) as function of the ground motion period and 
the deck period are obtained. 

2. Seismic non dimensional response  

A six-degree-of-freedom (dof) system is adopted to model the multi-span continuous deck 
bridge, considering 1 dof for the infinitely rigid RC deck and 5 additional dofs for the 
lumped masses of the elastic RC pier. According to Castaldo and Amendola (2021a), the 
use of 5 dofs to model the pier is a good compromise to avoid high computational efforts 
and to obtain reliable enough results. Regarding the FPS bearings, two isolators are placed 
on top of the rigid RC abutment (modelled as fixed) and the elastic RC pier.  

The equations of motion for the bridge subjected to a horizontal seismic input, for all the 6 
dofs, are expressed as follows: 
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where ud is the relative displacement of the rigid deck with respect to the pier top, upi is the 
displacement of the i-th lumped mass relative to the successive one, md is the deck mass, 
mpi is i-th pier lumped mass, kpi is the i-th stiffness of the pier lumped mass. The 
coefficients cpi and cd indicate the damping coefficient for the pier masses and for the deck, 
respectively. The resisting forces acting on the FPS devices are Fp(t) and Fa(t) for the 
bearings on top of the pier and the abutment, respectively. These forces are expressed by 
Zayas et al. (1990): 
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where Rp and Ra are the radii of curvature of the bearings on top of the pier and the 

abutment, respectively, g is the gravity constant, p  and a  are the sliding friction 

coefficient of the devices on top of the pier and the abutment, respectively. In this work, 
the radii are assumed equal. It has to be mentioned that the resisting forces are given by the 
sum of an elastic component and a viscous component. Furthermore, the expressions in (2) 
indicate that the stiffness of the deck can be computed by / /d dk W R m g R   and it is 

subdivided in two: half for the device on the pier and half for the device on the abutment. 
This means that the fundamental period of the deck depends only on the geometrical 
characteristics of the isolator, since it is given by the expression 

2 / 2 / gd d dT m k R   .  

Regarding the formulation of the sliding friction coefficient, there are many expressions in 
literature where this coefficient depends on many properties (e.g., the sliding velocity, the 
temperature, cumulative movements) as reported in Zayas et al. (1990), Mokha et al. 
(1990), Jangid (2005) and Constantinou et al. (2007). In this work, the sliding friction 
coefficient is computed according to Zayas et al. (1990) as follows: 

     max max min expd du f f f u             (3) 

where fmin and fmax are the sliding friction parameter at zero and large velocities, 
respectively, while   is a coefficient that controls the transition from low to large 
velocities. In this work the following assumptions are valid min max1 3f f  and  30   

according to Constantinou et al. (2007). 

In this study, the equations of motion are modified in order to obtain their non-dimensional 
form according to the Buckingham’s Π-theorem, as explained in Makris and Black (2003), 
Castaldo and Tubaldi (2015) and Castaldo and Tubaldi (2018). For this purpose, a time 
scale given by 1/ g  and a length scale given by 2

0 / ga   are introduced. In particular, 

g PGA PGV   is the circular frequency of the ground motion assumed equal to the peak 

ground acceleration-to-velocity ratio, while 0a  is the intensity measure of the seismic 

input. The time scale is used to scale from the time t to  such that gt  . This scaling 

also implies that the seismic input of the expression in (1) is given by: 

0 0( ) ( ) ( )gu t a l t a             (4) 

On the other hand, the length scale is used to divide all the expressions of (1) for its value, 
so to obtain the non-dimensional form of the equations of motion as follows: 
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where 2
0pi pi gu a   and 2

0d d gu a   are, respectively, the non-dimensional 

expressions for the displacements of the pier top and of the deck,  pi pi pik m  and  

d d dk m  are, respectively, the circular vibration frequencies of the i-th lumped masses 

of the pier and of the deck, 2pi pi pi pic m   and 2d d d dc m    are the damping factors, 

respectively, for the i-th lumped masses of the pier and of the deck and, finally, 

p pi pi dm m    is the mass ratio of the i-th lumped mass of the pier. Since all the 

masses of the pier are assumed equal, also the mass ratio is equal. In the end, the 
parameters Π used for the non-dimensional expression of the equations of motion are: 
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In this work, the non-dimensional parameter   is substituted by *
max 0f g a   such 

that it is not included its dependency on the velocity. 

3. Parameters of the analysis 

The seismic performance of the multi-span continuous deck bridge isolated with FPS 
devices is investigated by changing many problem’s parameters within a parametric 
analysis. More precisely, it has been considered: 

- 3 mass ratios 0.1,0.15,0.3p    

- 15 fundamental period ratios in the range 0.1 1.6d gT T   ,  

- 2 pier periods 0.05 ,0.2pT s s  

-  85 non-dimensional friction coefficients in the range * 0 1.5     

Two fixed values for the damping coefficients are considered according to Ryan and 

Chopra (2004) and Castaldo et al. (2017), i.e., 5%
d

   and 0%
p

  .  

Regarding the seismic input, a set of different 40 near fault (NF) ground motion inputs is 
included, with the following main characteristics: peak ground acceleration-to-velocity 
ratios between 0.21 and 0.97, closest distance ranging between a minimum of 0.07 km up 
to a maximum of 24 km, magnitude between 6.19 and 7.62 and soil types B and C. 
Furthermore, according to the Performance Based Earthquake Engineering approach 
(PBEE) Aslani and Miranda (2005), Porter (2003), the uncertainty in the seismic input is 
included by introducing an intensity measure (IM). In the present study, the seismic 
intensity is given by the parameter peak ground acceleration (i.e., PGA), herein indicated 
as 0a .  

Each of the bridge models obtained by changing the parameters previously discussed is 
subjected to the set of 40 NF records and numerically solved in Matlab-Simulink Math 
Works Inc. (1997), through the Bogacki-Shampine solver.  

3. Seismic response in terms of optimal friction coefficient 

The performance of the bridge is evaluated by computing the maximum response of the 
substructure in terms of non-dimensional displacement 2

p,max p,max 0gu a  , where 

5

,max
1 max

p pi
i

u u


   
 
 . In particular, results are computed in terms of geometric mean (GM) 

of the response parameter (i.e., p,max ), assuming that the response is distributed with a 

lognormal distribution Castaldo et al. (2017) having geometric mean equal to: 
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 p,max p,max,1 p,max,...N
NGM           (7) 

where p,max j  is the j-th result in terms of the response parameter as function of the 40 NF 

seismic inputs (i.e., j=1,…,N with N=40). Then, the k-th percentile of the response 

parameter is given by      p,max p,maxexpkd GM f k      , where  f k  is equal to 0, 

1 and -1 for the 50th, 16th and 84th percentile, respectively according to Hang and Tang 
(2007) and   is the dispersion.  

The results for the response parameter ,maxp  have shown that its geometric mean slightly 

decrease and then increase as function of the normalized friction coefficient, suggesting the 

existence of an optimal value of *
  able to minimize the seismic response of the pier (i.e., 

the substructure). These considerations lead to the computation of the optimal value of the 

normalized friction coefficient *
,opt  as function of the ratio /d gT T  and fixing the two 

values of pT  and the three quantities of p . These results are shown in Fig.1 in terms of 

the 50th percentile. It can be noted that *
,opt  is not really influenced by the mass ratio nor 

the pier fundamental period. This suggests computing an expression that relates the 
optimal value of the friction coefficient as function of the only parameter 

g . This 

relation is obtained through a linear regression of the data as illustrated in Fig. 2 and 
computed as follows: 

*
, 1 2 0

gopt b b           (8) 

where the linear regression coefficients b1 and b2 and the R-squared values are summarized 
in Table 1.  
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Fig. 1 - Optimal value for *
  as function of the ratio /d gT T  for 0.1,0.15,0.2p   

 for a) 0.05pT s  and b) 0.2pT s  

 

Table 1. Parameters for the linear regression 
 50th  16th  84th  

R-squared 0.9292 0.8872 0.8588 

b1 -0.0093 -0.0130 0.0172 

b2 0.5430 0.5190 0.5069 
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Fig. 2 – Linear regression of *
,opt for minimizing the a) 50th percentile b) 16th percentile and c) 84th 

percentile of the pier maximum response 

4. Conclusions 

This work focuses on the computation of the optimal value of the friction coefficient able 
at minimizing the seismic response of isolated multi-span continuous deck bridges. 
Different bridge models are obtained by changing many parameters of the problem. After 
that, all the bridge models have been subjected to a set of 40 near fault seismic inputs in 
order to include the uncertainty in the seismic input. The maximum non-dimensional 
response of the pier is computed in terms of the geometric mean in a normalized form (i.e., 
normalized with respect to the peak ground-to-velocity ratio). The results have 
demonstrated the existence of an optimal value for the friction coefficient that lowers the 
pier response. Thus, the final result of this work is an expression of this optimum friction 
coefficient as function of the deck fundamental period and the ground motion fundamental 
period through a linear regression of the seismic response data.  
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Abstract: The role of secondary perils is receiving increased attention in the insurance 

industry. The consequences of liquefaction have been made widely evident during the past 

decade, with devastating events costing billions in total economic losses. The insurance 

industry was caught unprepared by such events, with catastrophe models underestimating the 

extent and severity of liquefaction manifestations. Despite the relevance of loss experienced, 

some catastrophe models still account for liquefaction by applying a simple factor to shaking-

induced losses. Thus, this paper suggests a remedy to this practice by proposing a more 
sophisticated approach to incorporate the effects of liquefaction in loss models. Taking 

Singapore as a case study and one generated seismic event, losses imposed explicitly by the 

shaking itself and the liquefaction are estimated. The comparison of the results suggests that 

the liquefaction contribution to total losses may vary significantly, depending on the site and 

building type. As main conclusion, it is recommended that seismic loss models are 

complemented with secondary perils, to more realistically represent the losses induced by 

earthquakes. 

Keywords: Liquefaction, Earthquake insurance, Seismic loss assessment, secondary perils, 

seismic risk management 

1. Introduction 

Lessons learnt from past natural catastrophes have highlighted the critical role insurance 

plays in managing the imposed damage and, consequently, economic losses. In the field of 

earthquake engineering, the importance of moving from flat-pricing insurance to defining 

premiums based on catastrophe models which predict expected losses due to future seismic 

events has been discussed in the literature (Maccaferri et al., 2011; Yucemen, 2013; Goda et 

al., 2014; Gkimprixis et al., 2021). It is noteworthy that the various uncertainties inherent in 

the hazard and structural modelling can significantly affect the estimated losses and, 

consequently, the premium estimates (Gkimprixis et al., 2021).  

The quantification of these effects is essential for modern underwriting products. The 

industry requires further detailed consideration in the catastrophe models and pricing 

approaches to provide comprehensive insurance protection, considering these secondary 

perils. 

The above highlight the need to use high-level loss-based frameworks in the insurance 

industry. One crucial point to consider in such a framework, in order to provide 

comprehensive protection on the market, is losses deriving from secondary perils (Stripajova 

et al., 2020). Indeed, the role of hazards like soil liquefaction is receiving increased attention 

in the insurance industry.  

Liquefaction is a form of ground failure in which saturated soil loses its strength and stiffness 

due to excess pore water pressure generated by a seismic event. Not all soils are susceptible 

to liquefaction; it is more likely to occur in soils that are sands and silty sands or 

unconsolidated or uncompacted artificial fills (Manzanal et al., 2021). This phenomenon can 
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cause vertical settlements and lateral spread, which, in turn, can lead structures to lose their 

bearing capacity due to damage to their foundations. Indeed, recent catastrophic events in 

Europe (e.g. 2012 Emilia, Italy; 2014 Kefalonia, Greece) and worldwide (e.g. 2010-2011 

Canterbury Earthquake Sequence - CES, New Zealand; 2018 Sulawesi, Indonesia) have 

proven the detrimental impact of such ground failures (Bertelli et al., 2019). For illustration, 

the CES caused between NZD 25-30 billion in total economic losses, most coming from 

liquefaction damage to buildings and infrastructure (Cubrinovski et al., 2012).   

The insurance industry was caught unprepared by such events, with catastrophe models 

underestimating the extent and severity of liquefaction manifestations (Drayton and Verdon, 

2013). This underprediction is mainly related to methods applied by some of the loss models, 

which (if indeed they estimate the liquefaction-induced losses) account only for the soil 

susceptibility to liquefaction, and then use a modifier to amplify the losses based on the 

ground shaking intensity (Drayton and Verdon, 2013). The liquefaction susceptibility 

assessment is conducted qualitatively, considering only the superficial geology and 

groundwater table depth (Youd and Perkins, 1978). However, underwriting based only on 

soil susceptibility information is not ideal, as it lacks the context of whether certain ground 

motions will occur. Similarly, the loss amplification factor does not acknowledge that 

damages might not be proportional to the ground shaking as liquefaction can be triggered at 

relatively low intensities (Quigley et al., 2013).  

Thus, there is a need in the insurance industry for more sophisticated loss estimation 

procedures that include secondary perils. This paper highlights the importance of including 

secondary perils, such as liquefaction, when constructing catastrophe models that predict 

earthquake losses. At first, the framework developed to include additional losses due to 

liquefaction when calculating earthquake losses is presented. The approach is then 

implemented by taking Singapore as a case study. The application considers different low- 

and mid-rise building typologies and a characteristic generated seismic event. Finally, a 

comparison is made between the resulting losses with or without considering the liquefaction 

contribution. 

2. Methodology 

The economic losses imposed by a seismic excitation are relevant to the associated hazard 

intensity and the corresponding damage, based on the structural response. Therefore, the first 

step of a loss assessment framework is to estimate the expected hazard, which in our case 

means the expected shaking due to future seismic activity.  

For this, it is necessary to define regional seismicity, by collecting information for the 

effective seismic sources (location, geometry, characteristics of earthquakes they can 

generate, e.g. magnitude, frequency of occurrence), and also choose appropriate ground-

motion prediction equations (GMPEs) that estimate the expected ground motions given a 

seismic event. The output of a GMPE is a median value for the ground motion, together with 

an associated variability to consider epistemic uncertainties. Many different GMPEs are 

available in the literature (Douglas, 2022), even for the same tectonic region, thus imposing 

additional epistemic uncertainties that affect the hazard estimates. A logic-tree approach can 

be followed, assigning different weights for each GMPE to be considered.   

Monte Carlo sampling can be used to generate stochastic event sets, i.e. synthetic earthquake 

catalogues (thus, the method is also known as stochastic modelling), considering the 

advantages over other methods (e.g. the classical Probabilistic Seismic Hazard Analysis), 

which have been discussed in the literature (Musson, 2000; Crowley and Bommer, 2006). 
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The method also allows the implementation of spatial correlation of the ground motions (e.g. 

see a review of available models in Schiappapietra and Douglas, 2020).  

The following step is to evaluate the structural response to the expected hazard levels. The 

seismic response of a structure for an intensity measure (𝐼𝑀) level can be evaluated based 

on predefined damage states (𝑑𝑠), e.g. yield or collapse, described by relevant response 

limits (e.g. in terms of storey drifts or accelerations) and associated damage or cost (for 

repair/replacement) ratios. This is summarised in the following equation, which gives the 

mean loss ratio (𝐿𝑅) at various 𝐼𝑀 levels, considering 𝑛 damage states with associated cost 
𝐶𝑖: 

                                         𝐿𝑅|𝐼𝑀 = ∑ 𝑃(𝑑𝑠 ≥ 𝑑𝑠𝑖|𝐼𝑀) ∙ 𝐶𝑖
𝑛
𝑖=1                                            (1) 

where 𝑃(𝑑𝑠 ≥ 𝑑𝑠𝑖|𝐼𝑀) is the probability of being at or exceeding a damage state equal to 

𝑑𝑠𝑖. This probability is usually referred to as fragility curve, while the above equation 

describes a vulnerability curve. It is noteworthy that 𝐿𝑅 refers to mean losses, meaning that 

considerations can be made to incorporate the variability across this mean estimate (Silva, 

2019).  

Various methodologies have been discussed in the literature for the seismic performance 

assessment, generally based on empirical, analytical or expert-judgement-based methods 

(Baker et al., 2021; Martins and Silva, 2021; Gkimprixis et al., 2019; D'Ayala et al., 2015; 

Rosssetto et al., 2014; Milutinovic and Trendafiloski, 2003). In the following, the analytical 

approach is adopted due to the lack of efficient empirical data.  

A summary of the performance assessment framework adopted herein based on Martins and 

Silva (2021) is presented in Fig. 1 (adapted from D'Ayala et al., 2015). Firstly, it is necessary 

to define numerical models that represent the assessed buildings; equivalent single-degree-

of-freedom (SDOF) systems are used herein. Subsequently, nonlinear time history analyses 

are performed, subjecting the defined oscillators to different ground motion records. Then, 

a statistical approach is followed to process the analyses output and derive fragility and 

vulnerability curves, based on the damage states considerations, following Eqn.(1).  

 

Fig. 1 Summary of the basic framework to assess losses due to earthquake shaking 

The losses obtained from Eqn.(1) refer to the damage caused by the shaking itself. Next, a 

framework is developed to include additional losses due to liquefaction, following recent 
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work done by Aon Impact Forecasting for Canada (Stripajova et al., 2020). The liquefaction 

loss assessment is conducted in three stages (Bird et al., 2006; Kongar, 2017). First, it is 

essential to determine soil susceptibility to liquefaction, based on the soil type information. 

The next step is to determine the liquefaction triggering, i.e. the probability of liquefaction 

for a given seismic event, based on the soil susceptibility and ground shaking information. 

Finally, the consequences of liquefaction can be evaluated by the ground deformation 

(vertical and lateral), leading to the estimation of the likelihood of building failure.  

For the scope of this paper, liquefaction susceptibility and liquefaction triggering are 

computed based on the geospatial procedure proposed by Zhu et al. (2015, 2017). This 

method is selected because it is based solely on geospatial data freely available in the public 

domain, making it appropriate for regional-scale applications for insurance purposes. The 

input data necessary is the earthquake moment magnitude 𝑀𝑤, the peak ground acceleration 

(PGA), the average shear wave velocity across the top 30m of soil (Vs30) which is used as a 

proxy of the type of soil, and the compound topographic index (CTI) as a proxy of the soil 

saturation. The method is based on the logistic function given in Eqn.(2), where 𝑋 is the 

linear function of the aforementioned predictor variables and is estimated by Eqn.(3). In that 

function, 𝑃𝐺𝐴𝑀,𝑆𝑀  is used to correct 𝑃𝐺𝐴 to earthquake magnitude, as expressed in Eqn.(4). 

                                                  𝐹(𝑋) = 1/(1 + 𝑒−𝑋)                                                        (2)                                                                              

            𝑋 = 24.10 + 2.067 ∙ ln(𝑃𝐺𝐴𝑀,𝑆𝑀) + 0.355 ∙  𝐶𝑇𝐼 − 4.784 ∙ ln(𝑉𝑠30)                (3) 

                                                𝑃𝐺𝐴𝑀,𝑆𝑀 = 𝑃𝐺𝐴 ∙
𝑀𝑤2.56

102.24                                                     (4) 

The aforementioned equations are first used for the liquefaction susceptibility estimation, 

omitting the PGA term in Eqn.(3). The resulting values, referred to as susceptibility indexes, 

are grouped into six classes (“none”, “very low”, “low”, “moderate”, “high”, and “very 

high”), adopting a similar susceptibility classification as the one proposed by the geology-

based method of Youd and Perkins (1978). Then, the liquefaction probability is estimated 

from Eqn.(2), including the PGA term in Eqn.(3). Following Stripajova et al. (2020), the 

spatial extent of liquefaction is computed by multiplying the predicted liquefaction 

probability by a map unit factor, similar to the Hazus approach (FEMA, 2016). The map unit 

factor is kept constant within each susceptibility class, with values of 0.25, 0.20, 0.10, 0.05, 

0.02 and 0, going from “Very high” to “None”. 

Hazus (FEMA, 2016) provides guidance for estimating permanent ground deformations 

(𝑃𝐺𝐷) at a regional scale. First, the expected horizontal 𝑃𝐺𝐷, 𝑃𝐺𝐷ℎ, for a given 

susceptibility category under a specified level of normalized ground shaking 𝑃𝐺𝐴𝑛 is 

estimated after Youd and Perkins (1978) as (converted herein in cm):  

    E[𝑃𝐺𝐷ℎ|(𝑃𝐺𝐴 𝑃𝐿𝑆𝐶⁄ ) = 𝑎] = {

    2.54 ∙ (12 ∙ 𝑃𝐺𝐴𝑛 − 12), for 1 < 𝑃𝐺𝐴𝑛 < 2

    2.54 ∙ (18 ∙ 𝑃𝐺𝐴𝑛 − 24), for  2 < 𝑃𝐺𝐴𝑛 < 3 

  2.54 ∙ (70 ∙ 𝑃𝐺𝐴𝑛 − 180), for  3 < 𝑃𝐺𝐴𝑛 < 4 

        (5) 

where 𝑃𝐺𝐴𝑛 = 𝑃𝐺𝐴 𝑃𝐺𝐴𝑡⁄ , with 𝑃𝐺𝐴𝑡 being the liquefaction triggering threshold inferred 

for a specified susceptibility class. 
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Then a correction factor, 𝐾∆, is introduced according to the following equation: 

                   𝐾∆ = 0.0086 ∙ 𝑀𝑤
3 − 0.0914 ∙ 𝑀𝑤

2 + 0.4698 ∙ M𝑤 − 0.9835                      (6) 

Thus, the horizontal permanent ground deformation (in cm) is: 

𝑃𝐺𝐷ℎ = 𝐾∆  ∙ E[𝑃𝐺𝐷ℎ|(𝑃𝐺𝐴 𝑃𝐿𝑆𝐶⁄ ) = 𝑎]                                   (7) 

Similarly, the vertical permanent ground deformation is estimated based on the characteristic 

settlement amplitudes of each susceptibility class multiplied by the liquefaction probability. 

The amplitude values as well as the 𝑃𝐺𝐴𝑡 thresholds are based on Hazus (FEMA, 2016) 

suggestions, but are further modified based on the local soil conditions, using knowledge 

from past research and Aon Impact Forecasting experience, e.g. similar research done for 

the Canada model (see Stripajova et al., 2020).  

The final step for the liquefaction loss assessment is to estimate the associated fragility and 

vulnerability functions. The probability of building failure is evaluated by adopting the 

Hazus approach (FEMA, 2016), i.e. using the permanent ground deformation induced by 

liquefaction as an input. It is highlighted that different fragility curves distinguish between 

ground failure due to lateral spreading or vertical settlement and shallow or deep 

foundations. 

3. Application: a case study for Singapore 

This section applies the methodology presented in the previous paragraph to investigate the 

importance of including secondary perils, such as liquefaction, in seismic model 

development. Such considerations are very important when underwriting insurance, 

especially in low to moderate seismicity areas, since the premiums can be significantly 

increased. To demonstrate this, the case study herein focuses on a low-seismicity country in 

the Asia-Pacific region, Singapore.  

Although it is a low-seismicity region, many past earthquakes have been felt in Singapore, 

mainly from long-distant events associated with the Sumatran tectonic zone (Pan and Sun, 

1996). Earthquake considerations in Singapore are also essential if the exposure data is 

considered. Indeed, this area is within the countries with the highest population density 

worldwide, with high-importance buildings located in reclaimed land, where amplified 

ground motions can be expected.  

Information for the source zones boundaries in the vicinity of the studied area can be found 

in the literature (e.g. Petersen et al., 2007). The seismic source model defined is comprised 

of: (a) fault sources (simple and complex) as well as point sources (distributed seismicity) 

to model the active shallow crust and the subduction zone (inslab and interface) in the 

Sumatra region based on Irsyam et al. (2020), and (b) additional point sources data defined 

for the area in the vicinity of Singapore, which falls within the stable Sunda plate.  

The hazard input’s logic tree is defined by assigning appropriate GMPEs and corresponding 

weights to each tectonic region. The GMPEs are quite sensitive to the soil conditions input. 

Therefore, in contrast to other studies (e.g. Du and Pan, 2020) that use data from global 

sources, e.g. USGS, herein a robust Vs30 model is defined based on local measurements (Zhu 

and Kusnowidjaja, 2011), that reflects the geological profile of Singapore. An example of 
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the composite geological profile of Singapore and the Vs30 data adopted in the model is 

shown in Fig. 2a and Fig. 2b, respectively. 

 
Fig. 2 (a) Geological formations map, (b) Vs30 estimates. 

Hazard analyses are then performed with the Monte Carlo approach (see Section 2), using 

the OpenQuake engine (Pagani et al., 2014). Spatial correlation of the ground motions is also 

considered, using the Jayaram and Baker (2009) model. For each event generated, event 

footprints are produced, i.e. maps showing the intensity measure levels resulting from each 

event. The intensity measures used are PGA and spectral acceleration (Sa) for periods of 

vibration relevant to the properties of the structures of the assessed areas.  

For the scope of this article, a single event of the generated scenarios is selected for further 

investigation. The generated event refers to a deep intraslab event of 𝑀𝑤 7.8. The footprints 

of the event in terms of PGA and Sa(0.3s) are shown in Fig. 3a and Fig. 3b, respectively. 

 
Fig. 3 Footprints of the generated event in terms of (a) PGA and (b) Sa(0.3s). 

This case study focuses on low-rise and mid-rise buildings, for which vulnerability curves 

in Sa(0.3s) have been developed. Then, three nearby locations, A, B, and C, are selected 

with Sa(0.3s) values of 0.3g, 0.5g, and 0.4g, respectively. Interpolation of the vulnerability 

curves of the various buildings for these accelerations provides the losses implied by the 

shake peril. For this study, no additional variation of the mean damage ratio is implemented. 

The resulting losses due to earthquakes only are estimated at up to 4% for location A, 

between 1% and 10% for location B, and between 1% and 7% for location C, depending on 

the structural type of the various studied buildings in the selected sites.  

The PGA values of Fig. 3a are then used to estimate the losses due to soil liquefaction, 

following the methodology presented in Section 2. In this regard, the thresholds for the 

susceptibility classes are herein adapted to the local soil conditions. In particular, the derived 

susceptibility indexes are cross-referenced with the type and age of soil deposits, shown in 

(a) (b) 

(a) (b) 

PGA Sa(0.3s) 
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Fig. 4(a) and Fig. 4(b), respectively. The values are then grouped into six susceptibility 

classes, similarly to what Youd and Perkins (1978) proposed.  

 
Fig. 4 (a) Type of soil, and (b) age of soil deposit for Singapore. 

The derived susceptibility map is shown in Fig. 5a, while Fig. 5b reports the locations where 

the studied event causes liquefaction-induced ground deformations. Fig. 5b also illustrates 

the locations of the assessed sites. For locations A, B, and C, the PGA levels are 0.25g, 0.2g, 

and 0.3g, respectively. For the vulnerability component, the assumption of shallow 

foundations is made, based on the building typologies considered in this example. The 

probabilities of building failure due to ground deformations, and consequently the losses due 

to liquefaction only, are calculated equal to 5%, 7% and 2%, respectively, for locations A, 

B, and C. 

 
Fig. 5 (a) Susceptibility map for Singapore, and (b) locations where liquefaction occurs for the selected 

event, together with the three studied locations. 

From the results, it is concluded that the contribution of liquefaction to the total losses ranges 

from 60% to 90% for location A, 40% to 80% for location B, and 20% to 50% for location 

C. These outcomes highlight the importance of including secondary perils such as 

liquefaction in earthquake loss assessment. Given that the results are representative of the 

selected case study, it is emphasised that the liquefaction contribution might be even more 

significant for other locations, building types and seismic events. 

 

 

 

 

 

 

(a) (b) 

(a) (b) 
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4. Conclusions 

The aim of this article is to raise awareness about the importance of considering secondary 

perils, such as liquefaction, when constructing catastrophe models for insurance purposes. 

For this, a methodology is first constructed that explicitly considers losses attained due to 

liquefaction, on top of those caused solely by the ground shaking itself. The approach is then 

applied to a low seismicity country, Singapore, in order to further highlight the importance 

of such considerations, especially in low to moderate seismicity regions. The hazard input 

regards a generated seismic event in Sumatra subduction zone. Various structural typologies 

are considered in the case study, to characterize the variability in the building population of 

the region. Then the event losses due to damage to the studied buildings are estimated, 

explicitly for the earthquake shaking itself and the liquefaction. The comparison of the 

results shows that the liquefaction contribution to total economic losses imposed by this 

scenario varies from 20% to 90%, depending on the site and building type. It should be noted 

that these numbers refer only to a particular event and are representative of the case study, 

thus are provided here qualitatively. From these results, it is concluded that secondary perils 

can significantly affect the total losses caused by a seismic event, and this should be seriously 

considered when underwriting for insurance.  
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Abstract: An earthquake risk pool approach is proposed for resolving Canada’s earthquake 

insurance gap problems. The risk pool integrates existing Government’s disaster financial 

assistance programs with private earthquake insurance to create more comprehensive and 

affordable earthquake insurance coverage for homeowners. To investigate the effectiveness 

of the proposed earthquake risk pool approach, surveys on homeowners’ choice regarding 
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the risk pool approach. 
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1. Introduction 

The main issues of the current earthquake insurance scheme in Canada, offered by private 

insurers, are that residents in British Columbia with earthquake loss coverage will need to 

pay significant portions of seismic damage costs out of their savings or to borrow money to 

finance their recovery, while most residents in Quebec are unprotected due to low take-up 

rates (Goda, 2022). A possible solution to these issues is to establish a new earthquake risk 

pool through a public-private partnership between insurers and the Government. The new 

risk pool is based on the following design: 

• All homeowners are included but may choose to opt out from the earthquake risk pool 

in exchange for lower insurance costs. 

• The costs for the new insurance scheme reflect relative seismic hazards and risks to 

which they are exposed. Pricing is risk-based and is determined by using the state-of-

the-art earthquake catastrophe model for Canadian residential buildings (Goda, 2022). 

• In the case of a major earthquake, homeowners pay the first $1,000 (deductible which is 

similar to typical fire insurance coverage), the Government (federal/provincial) covers 

damage up to $100,000, while loss exceeding $100,000 will be covered by private 

insurers.  

Related to the third point above, values for Government’s coverage (e.g., $1,000 and 

$100,000) are tentative and need to be determined carefully and agreed upon by all 

stakeholders eventually. The financial subsidy from public funds is compatible with the 

current practice. For instance, Quebec’s Disaster Financial Assistance (DFA) program 

conditionally covers costs up to $200,000, while the Quebec government recovers up to 

90% of its costs from the federal Government. In the risk pool approach, homeowners will 

be better protected with affordable price and thus substantially more homeowners are 

expected to be a part of the risk pool. The active participation of the Government will be 

viewed favourably by the public by expending the costs similar to the DFA funds spent for 

the disaster relief. From insurers’ perspectives, increased take-up rates will stabilize their 

businesses, by reducing the dependency on expensive reinsurance risk transfer. Therefore, 

the proposed earthquake risk pool offers significant benefits to all stakeholders.  
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Under the current situation without DFA, uninsured homeowners are not protected, while 

insured homeowners still face a high deductible (e.g., British Columbia). Under the current 

situation with DFA, those uninsured may receive financial support from the Government. 

It is important to recognize that this fundamentally undermines voluntary purchase of 

earthquake insurance coverage. In the earthquake risk pool approach, insured homeowners 

will be comprehensively protected with lowered and affordable earthquake coverage 

premiums (i.e., the first layer by the Government and the second layer by private insurers). 

Prices for earthquake insurance coverage will be substantially lowered because the 

premiums only reflect the portions that are covered by the private insurers (i.e., with a 

higher upper bound of Government’s coverage, the portions that are undertaken by the 

insurers are reduced and thus prices go down). On the other hand, uninsured homeowners 

in the risk pool approach are not protected, but they voluntarily choose to opt out from the 

program with acknowledged notification that they will not be eligible to receive public 

support/aid. This will eliminate possible false ideas that general home insurance policies 

cover earthquake risks and that the Government will step in to help rebuild the damaged 

homes.  

To explore the viability of the risk pool approach, survey data from a hypothetical choice 

experiment with homeowners in British Columbia and Quebec (Kunreuther et al., 2021) 

are analyzed. The survey investigated how Canadian homeowners respond to different 

earthquake insurance options (i.e., current private insurance approach versus new risk pool 

approach and opt-in framing versus opt-out framing). A brief background of the choice 

survey and the results are presented in Section 2. Subsequently, using the earthquake 

catastrophe model for Canadian homeowners (Goda, 2022), portfolio financial risk 

analyses are performed to examine how the risk pool approach alters financial risk 

exposures of different stakeholders (i.e., owners, insurers, and the Government). The 

results will provide valuable insights as to how the new earthquake insurance policy can be 

created and implemented to resolve the earthquake insurance gap problems for Canadian 

homeowners.  

2. Insurance survey for earthquake risk protection options 

2.1. Survey set-up 

The survey regarding earthquake risk protection was designed to estimate homeowners’ 

demand for different earthquake insurance plans by considering representative houses in 

British Columbia and Quebec. Details of the survey questions can be found in Kunreuther 

et al. (2021). The questions included realistic descriptions of earthquake hazards and 

potential damage for a house in British Columbia and Quebec. Respondents of the survey 

chose whether they buy one of the two voluntary earthquake protection plans that are 

offered in two different framing options. Total numbers of respondents in British Columbia 

and Quebec were 1198 and 1224, respectively. 

The baseline plan was the status-quo policy that covers the property value of a home with a 

deductible and annual premium reflecting typical policies currently sold in each province 

based on the CatIQ data. The British Columbia policy had a $50,000 deductible (6.67% of 

home value) and a $650 annual premium, whereas the Quebec policy had a $15,000 

deductible (3.75% of home value) and a $200 annual premium. The second plan was the 

public-private risk pool policy, which would cover earthquake damage above a $1,000 

deductible. The first layer of earthquake damage between $1,000 and $100,000 was 

covered by the Government, while the layer above the public layer was covered by 
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insurers. The integration of the public layer facilitated the reduction of premiums charged 

by private insurers and thus improved the affordability of earthquake insurance coverage 

for homeowners. Based on the premium calculations using the earthquake catastrophe 

models, the reduced insurance premiums for British Columbia and Quebec were calculated 

as $400 and $100, respectively.  

The survey also examined the effectiveness of opt-in versus opt-out policy designs. The 

opt-in design considered a default option of non-enrollment, whereas the opt-out 

considered a default option of automatic enrollment. Empirical research has demonstrated 

that opt-out enrollment increases take-up of an option relative to opt-in enrollment across 

diverse subjects from health insurance prescription drug plans (Brot-Goldberg et al., 2021) 

to retirement saving (Madrian and Shea, 2001). In addition, opt-out enrollment has 

increased the take-up of property insurance against natural disaster risk in surveys with 

hypothetical purchase decisions (Robinson et al., 2020).  

In web-based survey experiments, Canadian homeowners from British Columbia and 

Quebec were asked to decide whether to purchase earthquake coverage in the context of a 

specific earthquake protection plan. To test the different options, participants were 

assigned to one of the experimental conditions by varying the insurance plan and default 

policy enrollment option. Finally, proportions of respondents who chose to purchase 

different earthquake insurance coverage were compared to determine the effectiveness of 

the risk pool approach in increasing the insurance take-up rates in the two provinces.  

2.2. Survey results 

Figure 1 shows the take-up rates for the four tested combinations of protection plans and 

options, namely, status-quo & opt-in (current situation), status-quo & opt-out, risk pool & 

opt-in, and risk pool & opt-out (risk pool). The proposed risk pool approach is more 

attractive to Canadian homeowners and 74% and 69% of the respondents in British 

Columbia and Quebec are willing to participate in the risk pool. The survey results also 

show that the opt-out design increases the take-up of earthquake insurance coverage and is 

essential for a successful voluntary insurance program. Note that a more formal logistic 

regression analysis of the survey data can be found in Kunreuther et al. (2021). 

 

Fig. 1 - Survey take-up rates for British Columbia and Quebec. 
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Fig. 2 - Survey data for British Columbia: (a) status-quo & opt-in take-up rate, (b) risk pool & opt-out take-up 

rate, (c) CatIQ take-up rate, and (d) peak ground acceleration. 

 

Fig. 3 - Survey data for Quebec: (a) status-quo & opt-in take-up rate, (b) risk pool & opt-out take-up rate, (c) 

CatIQ take-up rate, and (d) peak ground acceleration. 
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The survey responses can be analyzed spatially. Figures 2 and 3 show the status-quo & opt-

in take-up rate data and the risk pool & opt-out take-up rate data for British Columbia and 

Quebec, respectively. As benchmark, CatIQ take-up data and peak ground acceleration data 

from the Geological Survey of Canada (at the 2475-year return period) are also included in the 

figures. The peak ground acceleration data serves as objective seismic hazard indicators. The 

results clearly show that when the current approach is changed to the risk pool approach, the 

take-up rates from the survey are increased significantly. The increase of the take-up rates is 

more noticeable in Quebec than British Columbia. It is noteworthy that the discrepancy 

between the surveyed (hypothetical) take-up rates and the actual (CatIQ) take-up rates in 

Quebec is significantly larger than that in British Columbia, although similar levels of seismic 

hazards are indicated for these two seismic regions.  

To further investigate the relationships between objective seismic hazard indicators and 

take-up rates (both surveyed and actual), three ranges of peak ground acceleration are 

considered, and the corresponding average take-up rates are displayed in Figure 4 by 

considering the status-quo & opt-in case and the risk pool & opt-out case. For the status-quo 

case, the surveyed take-up rates for British Columbia tend to increase with peak ground 

acceleration, while those for Quebec do not depend on peak ground acceleration (note: there 

are major differences in the absolute levels of take-up rates between the surveyed data and the 

CatIQ data). When the risk pool approach is considered, the surveyed take-up rates for both 

seismic regions become uniformly high and do not depend on peak ground acceleration.  

 

Fig. 4 – Relationship between peak ground acceleration and take-up rates (based on surveys and CatIQ data) 

for British Columbia and Quebec: (a) status-quo & opt-in, and (b) risk pool & opt-out. 

3. Financial portfolio risk assessments for Canadian homeowners 

The survey results shown in Section 2 clearly indicate that Canadian homeowners have 

strong preference to the earthquake risk pool approach over the current private earthquake 

insurance. The risk pool approach offers more affordable and comprehensive earthquake 

coverage. With the subsidized public layer between $1,000 and $100,000 and opt-out 

framing design, 70% take-up rates in British Columbia and Quebec can be achieved 

(Figures 1 and 4). On this basis, portfolio seismic loss estimations based on the risk pool 

approach are carried out for the Vancouver-Victoria and Montreal regions, and seismic 

loss proportions that are incurred by different stakeholders are evaluated. The earthquake 

loss modelling methods are the same as those described in Goda (2022).  
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3.1. British Columbia (Vancouver-Victoria region)  

Figure 5a shows exceedance seismic loss curves for homeowners, insurers, and the 

Government for the Vancouver-Victoria region by considering the current earthquake 

insurance and the earthquake insurance risk pool situations. The incurred risks by homeowners 

are reduced significantly; most of the homeowners’ risks are sustained by those who opt out 

from the risk pool program. The seismic loss curves for insurers with the current and risk pool 

situations are similar. This is because although significantly more homeowners enroll the new 

earthquake insurance program, the deductibles for insurers are effectively increased (from 

$50,000 on average to $100,000) and thus the total financial risk exposures for insurers are not 

significantly changed. This means that the similar levels of financial risk transfer to 

reinsurance markets can be maintained, and thus charged premiums for the insurers’ layer do 

not have to be changed significantly. It is noted that under the new risk pool program, the 

Government plays a critical role by assuming significant portions of the financial risks (45% to 

55%).  

3.2. Quebec (Montreal)  

Figure 5b shows exceedance seismic loss curves for homeowners, insurers, and the 

Government for the Montreal region by considering the current earthquake insurance and the 

earthquake insurance risk pool situations. There is a drastic reduction of the risk proportions 

incurred by homeowners, because most Quebec residents will enroll the risk pool program, 

which is influenced by reduced insurance premiums as well as clarity as to unavailability of 

ex-post disaster relief funds from the Government. The improved communication among the 

stakeholders is the real benefit of the earthquake risk pool program. Due to the large number of 

new enrollments to the risk pool program, insurers’ risk proportions must increase. Up to 30% 

of the total financial risks will be sustained by insurers. On the other hand, the Government 

would cover 40% to 50% of the total financial risks.  

 

Fig. 5 - Exceedance seismic loss curves for homeowners, insurers, and the Government by considering the current 

earthquake insurance and the earthquake insurance risk pool situations: (a) Vancouver-Victoria region and (b) 

Montreal region. 

4. Discussions and conclusions 

This study outlined a new approach of resolving earthquake insurance gap problems for 

Canadian homeowners by unifying the private sector approach and the public sector 
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approach (e.g., DFA and ad-hoc post-disaster relief). For this purpose, the recent survey 

responses on hypothetical choice regarding the earthquake insurance coverage by residents 

in British Columbia and Quebec were analyzed to estimate the extent of increased take-up 

rates by introducing the risk pool approach with the opt-out design. The risk pool program 

considered the insurance policy with $1,000 deductible for homeowners, while the 

remaining earthquake risk was split into the public layer between $1,000 and $100,000 and 

the private insurance layer above $100,000. The survey results indicated that the affordable 

and comprehensive earthquake risk coverage can achieve the take-up rates of 70% or 

greater in British Columbia and Quebec. It is important that the adopted values of the risk 

pool are tentative, and these values must be agreed upon by all stakeholders.  

Subsequently, using the earthquake catastrophe model for Canadian homeowners, financial 

risk exposures to homeowners, insurers, and the Government were evaluated based on the 

risk pool approach and were compared with those based on the current earthquake 

insurance scheme. As expected, in the new risk pool program, homeowners who do not opt 

out from the program are well protected financially, while those who opt out should have 

clear understanding that the public funds will not be accessible in post-earthquake 

situations. In British Columbia, insurers will have similar financial risk exposures under 

the current and risk pool programs, whereas in Quebec, insurers must assume larger 

financial risks due to increased earthquake insurance take-up (which comes with adequate 

premiums). From the Government’s viewpoint, the new risk pool approach clarifies how 

much potential financial liability exists in post-earthquake situations, which is ambiguous 

under the current DFA programs in Canada.  

The portfolio seismic risk assessment results for major urban areas indicate seismic losses 

in the order of tens of billions of dollars are possible. These estimates are for residential 

buildings only and exclude the financial risks to other types of buildings as well as critical 

infrastructure. Moreover, they do not include other damage and losses due to fire-

following, geohazards, and tsunamis. Under such situations, large proportions of the loss 

must be born by the Government and insurers (when the take-up rates are significantly 

increased compared to the current situation under the risk pool scheme). The worst-case 

seismic loss assessment has important implications on both insurers’ and the Government’s 

financial liabilities. Currently, the property and casualty (P&C) insurance industry in 

Canada accommodates worst-case loss by pooling/sharing the risks within the industry 

through the Property and Casualty Insurance Compensation Corporation (PACICC). 

Although the P&C industry buys reinsurance coverage that are sufficient for the solvency 

requirements, a catastrophic earthquake event that costs more than $35 billion could trigger 

industry-wide systemic failures (Kelly, 2021). The portfolio loss results indicate that for 

very rare situations, events causing several tens of billions of dollars for insurers are 

possible (e.g., an earthquake magnitude 6.5 event hitting Greater Montreal directly). The 

developed seismic loss model can provide additional information as to how such events 

affect different stakeholders and how the risk pool parameters change the likelihood of 

such catastrophic events. Although some alterations to the worst-case risk exposures for 

insurers are possible by adopting a risk pool structure, such changes do not completely 

eliminate the possibility of very large insurance losses, because insurers are undertaking 

the upper tail portions of the earthquake risks. To resolve this issue, a separate financial 

security measure, such as Government back-stop, will be necessary.  
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Abstract: The early identification of areas of high seismic risk remains one of the most important 
tools for the design and implementation of risk mitigation strategies. Current seismic risk 
assessment measures predominantly rely on having separated models for seismic hazard, 
exposure and vulnerability, which are then combined following a probabilistic or event based 
approach. Deep learning algorithms provide an enticing new alternative to regular seismic risk 
assessment methodologies with potential to simplify the overall risk assessment procedure while 
improving on accuracy and reliability. This study describes a novel end-to-end deep learning 
algorithm to estimate building and contents losses of a portfolio of assets directly from simple 
earthquake features (i.e. magnitude, distance to rupture, and ground shaking intensity) and an 
encoding of the building class. The performance of the model was tested against conventional 
vulnerability curves using the 6th of April 2009 M6.23 L’Aquila earthquake resulting in loss 
estimates comparable to these more traditional risk assessment methods.  

Keywords: Machine learning, Earthquake risk assessment, Scenario risk, Seismic vulnerability 

1. Introduction 

Earthquakes are amongst the most damaging natural hazards, being responsible for over one 
million fatalities and nearly one trillion dollars in economic losses in the last century (Sen 
2009). Informal construction or structures built following inadequate seismic regulations are 
responsible for the majority of the human and economic losses. It is thus relevant to evaluate 
the seismic vulnerability of the building stock in order to improve our understanding of the 
geographic distribution of seismic risk, and to support the development and implementation of 
risk mitigation strategies.  

In the last three decades, there have been hundreds of studies that focused on the development 
of methodologies for vulnerability assessment, derivation of fragility functions, and more 
recently, on the creation of tools for vulnerability analysis. That said, many of these studies still 
derive vulnerability from loss data from past earthquakes or by creating numerical models of a 
limited number of building archetypes and performing nonlinear time-history analysis. 
Furthermore, the majority of fragility or vulnerability functions are defined based on one 
intensity measure (IM) using a cumulative lognormal distribution. Such procedure has several 
limitations, and affects the reliability and accuracy of the resulting risk estimates.  

Recent advances in artificial neural networks and deep learning algorithms offer an enticing 
new alternative for seismic vulnerability and loss assessment. The studies by Riedel et al 
(2015), Ferreira et al (2020), and Kalakonas and Silva (2022) provide a few examples of the 
application of artificial neural networks (ANN) in the field of earthquake engineering. The 
results from these studies suggest a superior performance of ANN models over traditional 
vulnerability models, with potential improvements on reliability and accuracy in the final loss 
estimates. That said, a common feature of these studies is that they either focus on a single 
building typology (e.g. masonry - Ferreira et al (2020)), or on a specific network for each 
building class (e.g. Kalakonas and Silva (2022)). This study improves on past efforts by 
providing a single end-to-end model to estimate portfolio earthquake losses.  
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2. Training data 

The nature of deep learning algorithms means that a good performance is directly proportional 
to the size and quality of the training dataset. Ideally, recorded losses from past earthquakes 
filtered by building class and occupancy would be used to train the neural network. However, 
this abundance of data is usually not available. Therefore, since fulfilling the requirements for 
training a neural network solely on empirical loss data is unfeasible, an analytical approach is 
often followed to generate the necessary datasets. 

2.1. Building class and encoding strategy 

The first step in developing the algorithms presented herein was to select a list of meaningful 
building classes to run nonlinear time-history analysis and estimate losses. To this end, the 
exposure model for the country of Italy recently developed within the scope of the H2020 
European project SERA (Crowley et al 2020) was considered, and to reduce the number of 
features of the network, only the unique building classes that cumulatively accounted for 95% 
of the total exposed value were selected (see Table1).  

Table 1. Building classes considered in ANN 

Building class Material 
Lateral load 

resisting 
system 

Ductility 
level 

No. of 
storeys  

Soft 
storey 
(Y/N) 

MUR+STRUB/LWAL+DNO/H2 Unreinforced 
masonry, rubble stone Shear wall Non ductile 2 N 

MUR+STRUB/LWAL+DNO/H3 Unreinforced 
masonry, rubble stone Shear wall Non ductile 3 N 

MUR+STRUB/LWAL+DNO/H1 Unreinforced 
masonry, rubble stone Shear wall Non ductile 1 N 

CR/LFINF+DUL/H2 Reinforced concrete Infilled 
frame 

Low 
ductility 2 N 

CR/LFINF+DUL/H3 Reinforced concrete Infilled 
frame 

Low 
ductility 3 N 

CR/LFINF+DUL/H4 Reinforced concrete Infilled 
frame 

Low 
ductility 4 N 

MUR+STRUB/LWAL+DNO/H4 Unreinforced 
masonry, rubble stone Shear wall Non ductile 4 N 

CR/LFINF+DUL/H5 Reinforced concrete Infilled 
frame 

Low 
ductility 5 N 

CR/LFINF+DUL/H8 Reinforced concrete Infilled 
frame 

Low 
ductility 8 N 

CR/LFINF+DUL/H6 Reinforced concrete Infilled 
frame 

Low 
ductility 6 N 

MUR+CL99/LWAL+DNO/H3 
Unreinforced 

masonry, fired clay 
bricks 

Shear wall Non ductile 3 N 

CR/LFINF+DUL/H1 Reinforced concrete, 
infilled frame 

Infilled 
frame 

Low 
ductility 5 N 

MUR+STRUB/LWAL+DNO/H5 Unreinforced 
masonry, rubble stone Shear wall Non ductile 5 N 

CR/LFINF+DUL/H7 Reinforced concrete Infilled 
frame 

Low 
ductility 7 N 

MUR+CL99/LWAL+DNO/H5 
Unreinforced 

masonry, fired clay 
bricks 

Shear wall Non ductile 5 N 

MUR+CL99/LWAL+DNO/H4 
Unreinforced 

masonry, fired clay 
bricks 

Shear wall Non ductile 4 N 

2603
3ECEES, September 2022, Bucharest, Romania



MCF/LWAL+DUL/H2 Confined masonry Shear wall Low 
ductility 2 N 

CR/LFINF+DUL/H8/SOS Reinforced concrete Infilled 
frame 

Low 
ductility 8 Y 

CR/LFINF+DUL/H4/SOS Reinforced concrete Infilled 
frame 

Low 
ductility 4 Y 

CR/LFINF+DUL/H5/SOS Reinforced concrete Infilled 
frame 

Low 
ductility 5 Y 

MCF/LWAL+DUL/H3 Confined masonry Shear wall Low 
ductility 3 N 

CR/LFINF+DUL/H3/SOS Reinforced concrete Infilled 
frame 

Low 
ductility 3 Y 

CR/LFINF+DUL/H6/SOS Reinforced concrete  Infilled 
frame 

Low 
ductility 6 Y 

Neural networks require the input data to be translated into a numerical format. For this reason, 
it was necessary to design a system to encode each building class. The encoding system was 
inspired by the GEM taxonomy (Silva et al 2022) by dividing the unique features of each 
building class in (i) material, (ii) lateral load resisting system, (iii) ductility, (iv) height, (v) soft 
storey and (vi) type of occupancy. This approach defined an array of features: ['CR', 'MCF', 
'MUR+CL99', 'MUR+STRUB’, 'LFINF', 'LWAL', 'DNO', 'DUL', 'H', 'SOS', 'RES', 'COM', 
'IND']. For example, according to this classification system, an unreinforced rubble stone 
masonry residential building with two storeys is encoded with the vector 
[0,0,0,1,0,1,1,0,2,0,1,0,0]. 

2.2. Ground motion records 

For the purposes of assessing structural performance and training the neural network, it was 
necessary to select records from a wide range of magnitudes (Mw), distances (Repi) and soil 
conditions (Vs30). It was also deemed essential to ensure that the records were capable of 
covering all ranges of possible structural response (i.e. capable of exciting the structures from 
the elastic range to collapse). For this study, records from the NGA-West (Ancheta et al 2014) 
and European Strong Motion (Luzi et al 2016) databases were selected. However, it was 
observed early on that these needed to be complemented with other sources due to the paucity 
of records capable of causing heavy damage/collapse, and the skewness on the distribution of 
intensities towards the low range that could introduce a bias in the training data. For this reason, 
the natural records were supplemented with synthetic records computed following the 
methodology proposed by Sabetta et al (2021). This achieved two goals: (i) having a large set 
of records for training purposes, and (ii) covering a wide range of intensities with reduced 
skewness (see Fig. 1 (iv)).  

As observed in Fig 1, the complete set of ground motion records comprises over 1200 records 
with magnitudes between 4.0 and 8.0, epicentral distances ranging between 1.5 and 200 
kilometres and a peak ground acceleration between 0.05g and 1.82g.  

(i) (ii) 
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(iii) (iv) 

Fig. 1. Histograms of different parameters of dataset of ground motion records: (i) moment magnitude, (ii) 
epicentral distance, (iii) shear wave velocity in the first 30 metres of soil and (iv) peak ground acceleration  

2.3. Computing structural, nonstructural and content losses 

In order to provide the network with the expected losses, it was necessary to first estimate the 
expected losses as a function of the ground shaking intensity for the building classes listed in 
Table 1 from the records selected in section 2.1. The methodology followed herein follows a 
similar approach to Martins and Silva (2021) where the performance of the building is assessed 
through nonlinear time-history analyses on equivalent single degree of freedom (SDOF) 
oscillators. The analyses were performed using the Vulnerability Modellers Toolkit, an open 
source software created by Martins et al (2021) intended for the development of earthquake 
vulnerability models.  

2.3.1. Structural losses 

Damage to structural components was assumed to be drift sensitive, and its initiation is defined 
by the yielding point. Before this point, the building was assumed to deform elastically, and 
thus with no significant damage. Thus, the damage criterion shown in Table 2 (defined as a 
function of the yield (Sdy) and ultimate (Sdu) displacements) can be used for the structural 
components. 

Table 2. Structural damage thresholds and corresponding loss 

Damage state Structural drift sensitive damage threshold Loss ratio 
Slight damage Sdy 0.05 

Moderate damage 0.67*Sdy+0.33*Sdu 0.15 
Extensive damage 0.33*Sdy+0.67*Sdu 0.60 
Complete damage Sdu 1.00 

2.3.2. Nonstructural losses 

Nonstructural losses comprise losses from a combination of drift sensitive (e.g. infill walls) and 
acceleration sensitive (e.g. ceilings) components. The breakdown between drift-sensitive and 
acceleration-sensitive depends strongly on the type of occupancy. For example, non-structural 
components in residential buildings are mostly drift-sensitive, while in industrial buildings the 
opposite is true. For this reason, it was necessary to develop occupancy-dependent loss 
estimates. The proposed distribution of value between both types of nonstructural elements per 
occupancy class is presented in Table 3. 

Table 3. Distribution of value between drift sensitive and acceleration sensitive nonstructural elements 

Occupancy Drift sensitive value Acceleration sensitive value 
Residential 75% 25% 
Commercial 40% 60% 

Industrial 20% 80% 
Damage to the drift sensitive elements was defined as a function of the yield (Sdy) and ultimate 
(Sdu) displacements, as presented in Table 4, along with the respective loss ratios 
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Table 4. Nonstructural drift sensitive damage thresholds and corresponding loss 

Damage state Nonstructural drift sensitive damage threshold Loss ratio 
Slight damage 0.75*Sdy 0.05 

Moderate damage 0.50*Sdy+0.33*Sdu 0.15 
Extensive damage 0.25*Sdy+0.67*Sdu 0.60 
Complete damage Sdu 1.00 

For the non-structural components that are acceleration-sensitive, a review of the types of 
components typically found in residential, commercial and industrial facilities was performed 
using the FEMA P-58 (FEMA 2012) document. This source of fragility functions has several 
models for components such as regular objects, shelves, computer equipment, workstations and 
machinery. It is also worth mentioning that for this type of components, the majority of the 
literature recommends assuming only two damage states (i.e. undamaged or damaged). This 
assumption is due to the fact that these components (e.g. electronics, furniture, machinery) are 
unlikely to be classified in different damage states or to even be repaired. Instead, most likely 
they will be fully replaced. The damage thresholds for these components are listed in Table 5. 

Table 5. Nonstructural acceleration sensitive damage thresholds. 

Occupancy Nonstructural acceleration sensitive damage threshold (non ductile/low ductility buildings) 
Residential 0.7g 
Commercial 0.6g 

Industrial 0.8g 

2.3.2. Content losses 

The damage suffered by the contents is assumed to be acceleration-sensitive, and consequently 
the same damage criterion presented previously in Table 5 was adopted. It should be noted that 
due to the limited base shear capacity of some building classes, it is possible that a given 
building will never experience levels of acceleration capable of causing significant damage to 
the contents. For this reason, if the structure has experienced complete structural damage, a 
complete loss of contents was equally considered. 

3. Defining the neural network 

3.1. Input features 

In order to increase the usability of the network, when conceptualising the architecture for the 
neural network it was decided to limit the input vector only to features that would be easily 
available to an earthquake risk modeller.  

With this consideration in mind, an earthquake event was defined solely through its moment 
magnitude (Mw) and distance to epicentre (Repi), both generally available as part of the metadata 
of the ground motion records. For the intensity of ground shaking at the site, it was decided to 
use the same intensity measure types used by the USGS in their ShakeMap system (i.e. peak 
ground acceleration (PGA) and spectral acceleration at 0.3s and 1.0s (SA(0.3s) and SA(1.0s)). 
As discussed previously, the characteristics of the assets at risk are provided to the network 
using the encoding system proposed in section 2.1. All of these considerations led to a final 
input vector composed of a total of eighteen features as depicted in Fig. 2. 

3.2. Architecture, training and assessment of performance 

The goal when developing a neural network is to achieve satisfactory accuracy in the 
predictions while avoiding overfitting (i.e. the model performs significantly better in the 
training set than in the test dataset) or underfitting (i.e. the model is incapable of adequately 
capturing the trends in the data). Deeper neural networks (i.e. with more hidden layers) are 
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usually capable of learning the intricate relationships between the input features, but are also 
susceptible to overfitting. This can be countered by either reducing the number of neurons per 
hidden layer or by applying techniques like dropout or L2-regularisation. Because the order of 
magnitude of the different features of the input vector differ quite significantly, it is good 
practice to normalise it before feeding it forward to the hidden layers. After testing different 
architectures (e.g., shallower networks, and deeper networks with several levels of dropout) the 
architecture proposed in Fig. 2 (i) was established. The final ANN is composed of three hidden 
layers with the number of neurons increasing by powers of 2 (starting with the first power of 2 
larger than the number of input features). 

Prior to training the neural network, the complete dataset of earthquake losses computed in 
Section 2 was randomly shuffled and 20% of the dataset was assigned to the validation set (used 
to assess the network’s ability to generalise predictions beyond the cases for which it has been 
directly trained and evaluate the potential for overfitting). The neural network was trained 
monitoring the loss function (i.e. defined as mean squared error) in both the training and 
validation sets. Training was stopped after 40 epochs since it was observed that increasing the 
number of epochs brought only marginal reductions on the loss function. As seen in Fig. 2 (ii), 
the effects of overfitting have been properly mitigated in the proposed network since the loss 
for the validation set is higher than the loss for the training set, while still remaining in the same 
order of magnitude. Furthermore, the low values for the loss function depicted in Fig. 2 (ii) also 
provide evidence for the case that the network is capable of adequately capturing the trends in 
the data and providing reliable predictions. 

(i) 

 
 
 

(ii) 
Fig. 2. (i) Proposed architecture (an arrow indicates a fully connected layer), (ii) Training and validation loss per 

epoch. 

4. Application to the 6th of April 2009 L’Aquila event 

In order to evaluate the model in a real loss assessment application, the L’Aquila earthquake of 
6th of April 2009 was selected. The ground shaking was computed with the OpenQuake-engine 
(Pagani et al 2014) using the information listed in Walters et al (2009) to define the rupture 
parameters. For simplicity, locations beyond 200 km from the epicentre were discarded and 
ground shaking was not computed. Fig. 3 (i) depicts the ground shaking computed for the event. 
The neural network predicted a total direct loss (i.e. the sum of structural, nonstructural and 
contents loss) of about 5.6 billion euros for this event, with the losses in the municipality of 
L’Aquila amounting to nearly 1 billion euros (see Fig. 3 (ii)). This value is much lower than the 
reported economic losses for this event (above 15B EUR), but we note that our estimates only 
include direct losses due to damages in the residential, commercial and industrial building 
stock. 
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(i) (ii) 

Fig. 3. (i) Peak ground acceleration contours for the L’Aquila earthquake, (ii) Direct loss predicted by ANN 
aggregated at municipality level (PGA>0.05g only) 

In order to assess the quality of predictions of the neural network against more traditional 
seismic risk assessment methodologies the total loss by asset predicted by the neural network 
was plotted against the estimates from vulnerability curves. The results show good agreement 
between both methodologies having achieved a R2 above 0.85 (see Fig. 4). 

 

Fig. 4. Total loss computed using vulnerability curves and predicted with the proposed neural network. 

5. Conclusions 

Recent advances in deep learning algorithms provide an enticing new alternative to traditional 
seismic risk assessment methodologies. In this study a novel end-to-end neural network capable 
of predicting structural, nonstructural and content losses from simple macroseismic parameters 
has been proposed. The approach followed in the manuscript also improves on earlier attempts 
to introduce neural networks to the field of seismic risk by being able to estimate losses for an 
entire portfolio of assets instead of a single building class. 

The neural network was tested in a real seismic risk assessment by estimating the losses for the 
6th of April 2009 L’Aquila event. The losses predicted by the model show good agreement with 
empirical losses and with the losses computed using traditional methods (i.e. using vulnerability 
curves).  

The results described in this manuscript support the notion that artificial neural networks have 
the potential to become important tools in seismic risk assessment. Furthermore, the end-to-end 
architecture developed for this study has the potential to greatly simplify the process of 
earthquake loss estimation since only information on the magnitude, distance to rupture, ground 
shaking intensity and type of asset are required to estimate structural, nonstructural and contents 
loss. All of this while still retaining good accuracy when compared to traditional risk assessment 
strategies. 
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Abstract: In the last two decades, less than one-third of the losses caused by natural disasters 
were insured. High-income countries cover on average 30% of their losses, while low-income 
countries insured only 1% of their losses. Notably, in most parts of the Middle East, insurance 
and other disaster risk financing instruments are rarely used. We developed an earthquake loss 
model covering the residential building stock of 12 countries in the Middle East. Then, we 
explored different strategies to diversify the risk, and potentially decrease the cost of insurance 
policies.  We demonstrate that aggregating earthquake risk from several countries in the same 
pool can decrease considerably the cost of insurance in the region, consequently improving 
affordability. 

Keywords: Earthquake losses, seismic hazard, exposure, Middle East, insurance. 

1. Introduction 

Economic losses due to disasters can represent a significant financial burden to governments 
due to the statuary obligation to cover response, recovery, and reconstruction costs. Some 
developed countries can rely on public revenues to fund disasters, which are based on a deep 
and wide taxation system. On the contrary, developing countries often face ongoing 
economic pressures limiting their ability to depend on public resources solely. Efficient 
disaster risk financing strategies use a combination of public and private resources. The high 
cost of insurance is one of many challenges facing states to obtain sovereign insurance or 
other risk transfer mechanisms (Cummins and Mahul 2008).  
Insurance underwriters need both the expected loss and loss distribution to price premiums. 
The expected loss for a portfolio is simply the sum of the expected losses for the individual 
locations. However, the uncertainty of the aggregated loss is not equal to the sum of the 
individual uncertainties. A positive correlation for a group of random losses can yield 
extreme values, which affects the distribution of the aggregated losses significantly.  
Generally, a fair premium reflects the expected loss. However, due to the large uncertainty 
associated with disaster losses, insurers need to hold a large amount of capital to protect 
against extreme events. This generates capital costs, and therefore as compensation, insurers 
load the expected loss by an additional amount proportional to the riskiness of the insured 
portfolio. The additional amount is called the risk premium, and it ensures the survival and 
profitability of insurers. Risk premium can, however, surpass the expected loss considerably 
(Kousky and Cooke 2012; Goda et al., 2015b;  Lane and Olivier 2008; Cummins and Mahul 
2008), leading to unaffordable premiums. Through diversification, insurers can select 
uncorrelated portfolios, which can reduce the uncertainty and consequently lower their 
premiums. In this study, the focus is dedicated to portfolio loss volatility and how different 
diversification options can reduce this variability, which will ultimately reduce premiums, 
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and consequently improve insurance affordability. We investigated four portfolios with 
different geographical extents, as well as distinct modeling conditions. The factors examined 
included portfolio size, geographical extent and set of building classes. 

3. Catastrophe Premium Pricing 

In theory, insurers charge premiums proportional to the level of risk. For instance, the closer the 
property to a river, the higher the premium. Risk-based premiums account for the three 
components of risk (i.e., exposure, vulnerability and hazard). A recent review on flood insurance 
programs in 25 countries illustrated that in most cases, premiums are partially risk-based (i.e., 
rates are differentiated only based on the hazard intensity), and in some cases, premiums are flat 
(Atreya et al. 2015). We considered here a risk-based approach to price insurance premiums 
suggested in a large number of studies (e.g., Kreps 1990; Cummins and Mahul 2008; Dong 
2002; Goda et al., 2015): 

 𝑃 = 	𝑝!"#$ + 𝑝#%&' + 𝑒 (1) 
Where P denotes the total premium, 𝑝!"#$ (pure premium) is the portfolio expected loss E(L), 
𝑝#%&' (risk premium) is a proportion of the standard deviation of the expected loss (α *	𝜎()), and 
𝑒 refers to the expenses coming from managing, marketing insurance policies, and it also 
includes a margin for profit. The risk premium is added to protect against the uncertain losses 
and α is known as the risk load factor, and it is assigned given the insurers' available capital, 
reinsurance coverage fees, market regulatory conditions (e.g., solvency limits) and attitude 
towards risk. From equation (1), the total premium is proportional to the loss standard deviation. 
Goda et al., (2015) argues that the risk premium 𝑝#%&' is not negligible and is relatively large 
compared to the pure premium. 
The variability in the loss estimates simulated from a model depends on several factors. The 
uncertainty is usually separated into two components: aleatory and epistemic. The former 
represents the randomness of events (e.g., the chance of observing the 6-face after rolling a dice), 
this type of uncertainty is treated by exploiting a suitable modeling approach to avoid bias, and 
this component cannot be diversified. The latter is related to knowledge (e.g., uncertainty in the 
geographical location of buildings), and this type can be treated by acquiring additional data. For 
insurance applications, both uncertainties are significant and they contribute directly to the 
riskiness of their portfolios. The factors affecting portfolio loss volatility considered in this study 
are: 

• Portfolio geographical extent and size: when the distance increases between two assets, 
the chance that both are affected by the same event reduces. We considered in our 
experiment four portfolios with various geographic extents (local, national, sub-regional 
and regional). 

• Diversity of vulnerability: if a building portfolio is distributed equally across 5 building 
types, the variability in the loss ratio (LR) is lower than the variability of the LR of a 
portfolio consisting of one building class. Portfolios consisting of unique buildings are 
more sensitive to correlation, which leads either to low or high losses, compared to 
mixed portfolios. We investigated this aspect by considering only one building class in 
one case, and full diversity (30 building types) in another case. 

 To investigate how model diversity can influence portfolio loss estimates, we considered four 
portfolios with different sizes as described below: 

• Portfolio 1: at the sub-national level (15 thousand buildings – the smallest), located in 
Beirut (Lebanon), with an estimated surface area of 84 km2. 
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• Portfolio 2: at the national level (0.4 million buildings): located in Lebanon with an 
estimated surface area of 10.4 thousand km2. 

• Portfolio 3: at the sub-regional level (1.1 million buildings), composed of three countries 
(Lebanon, Palestine, and Jordan) with a total surface area of 285 thousand km2. 

• Portfolio 4: at the regional level (14.8 million buildings - the largest), composed of 12 
countries covered (Jordan, Lebanon, Syria, Palestine, Kuwait, Iraq, Saudi Arabia, 
Yemen, Oman, Qatar, Bahrain and United Arab Emirates), with a total surface area of 
3.82M km2. 

 
We used the probabilistic seismic risk model for the region proposed by Dabbeek et al. 
(2020) to estimate economic losses for each portfolio, considering different aggregation 
levels for the building classes. The average annual losses for the 12 countries are presented 
in Figure 1. 

 
Fig. 1 – Average annual losses for 12 countries in the Middle East due to seismic hazard. 

3.1. Impact of the portfolio size 

The results in Table 1 illustrate that the variability of losses decreases for larger portfolios. 
The coefficient of variation decreased by 73% (i.e., from 2.18 to 0.95). Such reduction in 
the variability is attributed to the geographical distribution of the building stock. Suppose 
Portfolio 4 is concentrated in a small region, then each event would have affected the entire 
portfolio simultaneously, leading to extreme losses. As the distance between buildings 
increases, the loss correlation decreases. It is worth noting that the model considered here 
assumes full independence between consecutive events, meaning that the occurrence of one 
event does not affect the others (i.e., time-independent hazard).  

Table 1. Portfolio size effect on loss estimates, absolute values are in USD. 

Portfolio AAL 

(million) 
𝜎!" 

(million) CoV 𝜎!" 𝑅𝑃𝐿⁄  
(%) 

1 7.13 15.5 2.18 0.314 
2 72.04 90.9 1.26 0.143 
3 121.3 116.6 0.95 0.081 
4 302.0 178.0 0.59 0.014 
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3.2 Diversity in the building classes 
Another factor that influences the variability of loss is the number and distribution of 
building classes. In particular, the diversity of construction is noticeably larger in urban areas 
than in rural ones (e.g., Dabbeek and Silva 2020). The assumption here is that portfolios with 
different building classes are less sensitive to correlation than portfolios with a single 
building class. To explore this aspect, we estimated economic losses for Portfolio 2 using 
two cases. First, considering all the building classes, and then, considering only one building 
class at a time. In the latter case, buildings were grouped in four main categories: RC low-
rise with low-ductility, RC mid-rise low-ductility, RC mid-rise medium-ductility and 
unreinforced masonry with no ductility.  
The results in Table 2 illustrate that the CoV is always larger when considering a single 
building class, with the exception of RC low-rise low ductility. This building class is 
particularly evenly distributed across the region (i.e., it is the most common building classes 
in the portfolio), and thus there is already a significant level of diversification (i.e., losses 
that occur in a particular area will not be correlated with losses that occur in another distant 
area). On the other side of the spectrum, we have RC mid-rise with moderate ductility. This 
building class presents the highest discrepancy in the CoV. This case was further explored, 
and it is was found that mid-rise with moderate ductility buildings are concentrated mostly 
in two adjacent regions (i.e., Beirut and North mount Lebanon - it only represents 2% of the 
building stock). This means that there is a high likelihood that any destructive event will 
affect a large portion of the entire portfolio of this building class. This demonstrates that 
although the building stock at the national scale seems to be distributed and thus more 
diversified, there is still a possibility that some building types prevail in one specific region.  

Table 2 - Diversity of building types on loss estimates 

Cases AAL 

(million) 
𝜎!" 

(million) CoV 

All buildings 74.9 86.75 1.15 
Low-rise, low ductility RC 14.62 16.22 1.1 
Mid-rise, low ductility RC 32.59 39.74 1.21 

Mid-rise, moderate ductility RC 8.1 15.44 1.91 
Low-rise unreinforced masonry 19.6 23.6 1.2 

4. Diversification Effects on Premiums 

The main goal of this study was to explore the benefits of risk pooling in the Middle East. 
Equation (1) was utilized to estimate a per-country premium before and after diversification. 
For the second component of the Equation (i.e., risk load factor α), we assumed a constant 
value (i.e., 20%). This value reflects the appetite for risk; insurers need to keep more capital 
in hand than the expected loss to protect against large losses. This factor is subjective and 
depends on many factors, for example, insurance regulators such as governments usually 
define the acceptable insolvency probability which should not be exceeded. To satisfy this 
constraint, insurance companies are required to either increase their capital by increasing the 
risk load or reducing the amount of risk they hold. Risk perception also plays an important 
role in defining this factor. For example, a survey of underwriters showed that premiums are 
priced differently according to the ambiguity of risk (Kunreuther et al. 1995). The load value 
is not trivial, a review of 250 catastrophe bonds showed that the price of catastrophe risk is 
a function of the peril type, expected loss, risk profile (riskiness), and the market cycles. The 
catastrophe risk price was found 2.69 times the expected loss (Lane and Olivier 2008). We 
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decided to use a minimal value for α based on the literature (Dong 2002). The expense 
component in Equation (1) is not considered here since this type of information is not 
available, though statistical analysis of non-life insurance illustrates that the expense ratio is 
similar in most countries (i.e., 20-25% - Cummins and Mahul 2008).  
 
Table 4.7 depicts the premiums required by each country in two cases, one without 
diversification (i.e., individual country), and the other with diversification (all states in one 
pool) represented earlier by Portfolio 4. At the regional level, the reduction in the total 
premium reached 10%. At the country level, the decrease in premiums varied between 5% 
to 60%. This variety is obviously related with the range of coefficients of variation 
depending on the modeling options. For example, Syria has the least volatile losses (i.e., 
CoV equals 0.87), and thus the premiums dropped only 4.7%. This suggests that the portfolio 
at the national level is already geographically diversified. It is worth mentioning that the 
large reductions (i.e., above 15%) are due to significant variations caused by small losses. 
To illustrate the effect of the load factor (α) on premiums, we assumed a 50% load, which 
led to a 30% reduction in the total premiums. 
 
Table Error! No text of specified style in document..1. Earthquake premiums before and 
after diversification. 

Country Individual risk Pool 
AAL 

(million) 
𝝈𝑨𝐋 

(million) CoV Premium 
(million) 

Premium 
(million) 

Difference 
% 

Lebanon 66.80 89.3 1.34 84.67 74.78 11.68 
Syria 96.37 84.2 0.87 113.22 107.88 4.71 

Palestine 19.29 27.0 1.40 24.69 21.59 12.53 
Jordan 49.45 65.9 1.33 62.63 55.36 11.61 

Iraq 44.50 53.6 1.20 55.22 49.82 9.79 
Kuwait 0.00 0.0 8.99 0.01 0.00 59.99 
Oman 0.24 1.1 4.53 0.45 0.27 41.29 
UAE 0.05 0.3 6.22 0.10 0.05 50.13 

Saudi Arabia 2.81 9.5 3.39 4.72 3.15 33.29 
Yemen 1.49 2.5 1.70 1.99 1.66 16.45 
Total - - - 347.7 314.5 10 

5. Conclusions  

This study investigated the effect of diversification on portfolio loss analysis. We explored 
the sensitivity of the portfolio aggregated loss (mean and dispersion) to portfolio size and 
building diversity. The results demonstrated that portfolio size has the strongest influence 
on the volatility of losses. Furthermore, the results illustrated that small homogenous 
portfolios (with similar structures or soil conditions) are the most sensitive to correlation, 
and thus, their losses are more volatile. This sensitivity diminishes with the increase of the 
separation between assets, and with larger portfolios the uncertainty of the aggregated loss 
decreased despite the degree of diversity in the model components.  
The applicability of the proposed catastrophe insurance pool has several limitations. From 
the organizational side, the pool requires close collaboration among countries. This can be 
facilitated starting from existing regional organizations that offer necessary frameworks for 
cooperation. From the supply side, the insurance pool requires a robust local insurance 
market to access global markets (i.e., reinsurance). This could be a challenging condition in 
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low-income countries (e.g., Yemen, Syria) where insurance markets are immature or 
disrupted. From the demand side, the need for insurance in some countries (e.g., United Arab 
Emirates, Oman and Kuwait) seems very low, as these countries are expected to have large 
resources and little exposure to floods and earthquakes. To make the pool beneficial for 
them, additional perils that affect this region can be added such as cyclones which affect 
Yemen and Oman, or sand storms and heat waves that disrupt business in the southern part 
of the region. 
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Abstract: The assessment of earthquake and risk, on an urban or regional scale, constitutes 

an important element in the mitigation of economic and social losses due to earthquakes, 

planning of immediate post-earthquake actions as well as the development of earthquake 

insurance schemes. Earthquakes also create contingent liabilities for governments for 

recovery and an expedient return to normalcy. Earthquake insurance assists in the 

management of the financial impacts of earthquake risk and public earthquake insurance 

schemes have been established in several countries. Earthquake risk assessment models are 

in the insurance industry to support informed decisions and pricing for earthquake insurance 

and reinsurance. Earthquake loss and risk assessment models consider and combine three 
main elements: earthquake hazard, fragility/vulnerability of assets and the inventory of 

assets exposed to hazard. Challenges exist in the characterization of the earthquake hazard 

as well as in the determination of the fragilities/vulnerabilities of the physical and social 

elements exposed to the hazard.  

Keywords: Earthquake, risk, insurance  

1. Introduction 

Earthquakes are one of the most destructive natural perils and can lead to severe economic, 

social and environmental impacts. Rapid urbanization and the accumulation of assets in 
seismic areas have led to an increase in earthquake risk in many parts of the world.  

In UNISDR terminology, “Risk” is defined as “the combination of the probability of an 

event and its negative consequences”, and “Risk assessment” is defined as “a methodology 

to determine the nature and extent of risk by analyzing potential hazards and evaluating 

existing conditions of vulnerability that together could potentially harm exposed people, 

property, services, livelihoods and the environment in which they depend”.  

Earthquake risk can be defined as the probable economic, social and environmental 

consequences of earthquakes that may occur in a specified period of time and is 

determined by using earthquake loss modeling procedures. In this context, the loss is the 

reduction in the value of an asset due to earthquake damage and risk is the quantification of 

this loss in terms of its probability (or uncertainty) of occurrence. In simpler terms, the 

“loss” is the reduction in the value of an asset due to damage and the “risk” represents the 

uncertainty of this “loss” 

Public and private enterprises analyze their portfolio of assets to assess and manage their 

earthquake risk. In calculating the earthquake risk of each asset, social and economic 

losses, due to not only physical damage to buildings and facilities but also to the non-

structural damage, consequential damage and business interruption are considered. In 

insurance terminology, these risk assessments and estimations are called “Catastrophe (or 

simply, Cat) Modeling”. Insurance companies use these cat models for insurance pricing, 

portfolio management, to monitor their capital requirements and solvency and to determine 
their reinsurance needs.  

For a given inventory of elements (location and physical characteristics) exposed to 

seismic hazard, the important ingredients of this earthquake risk estimation flowchart are 

Ground Motion, Direct Physical Damage, Induced Physical Damage, and Direct/Indirect 
Socio-Economic Losses. 
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Almost all earthquake risk assessment schemes rely on the quantification of the earthquake 

shaking as intensity measure parameters using probabilistic or deterministic earthquake 

hazard models. For a given ground motion (intensity measure) the direct physical damage 

is determined by the fragility/vulnerability relationships that provide the probability of 

damage/loss, conditional on the level of intensity measure. Each step of the process 

incorporates stochastic or random variation associated with all aspects of the modeled 

phenomenon. Consequently, the earthquake risk estimations should consider the 
uncertainties in these steps. 

In 1990, under the UN-IDNDR (International Decade for Natural Disaster Reduction) 

program the RADIUS (Risk Assessment Tools for the Diagnosis of Urban Areas against 

Seismic Disasters) project promoted the earthquake risk assessment and mitigation in the 

international scale (UNISDR, 2000). One of the most used methodologies of earthquake 

risk assessment originate from HAZUS (www.fema.gov/hazus) where, HAZUS-MH MR4 

is a damage- and loss-estimation software developed by FEMA to estimate potential losses 

from natural disasters. The World Bank’s CAPRA (http://www.ecapra.org/) project has 

also developed the widely used probabilistic risk assessment tools and software. Besides, 

several European Projects have also contributed to the development of comprehensive 
methodologies and tools for earthquake-risk assessment.  

The Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe 

(SERA, http://www.sera-eu.org/en/home/) as a Horizon 2020-supported program, works to 

develop a comprehensive framework for seismic risk modelling at European scale. This 

risk modeling involves: European capacity curves, fragility, consequence and vulnerability 

models; European seismic risk results in terms of average annual loss (AAL), probable 

maximum loss (PML), and risk maps in terms of economic loss and fatalities for specific 

return periods and; Methods and data to test and evaluate the components of seismic risk 

models. 

GEM initiative (www.globalquakemodel.org), which started in 2006 to develop global, 

open-source earthquake risk assessment software and tools, has contributed profoundly to 

the earthquake hazard and risk assessment standards, developed guidelines, the 

OpenQuake (www.globalquakemodel.org/openquake) software and the global earthquake 
hazard and risk maps (https://www.globalquakemodel.org/gem). 

2. Earthquake Risk Assessment Models  

The estimation of the earthquake risk due to deterministic earthquake scenarios is of use 

for communicating seismic risk to the public and to decision makers. However, a 

probabilistic assessment of earthquake risk (generally called, Probabilistic Seismic Risk 

Analysis-PSRA) is needed for risk prioritization, risk mitigation actions and for decision-
making in the insurance and reinsurance sectors. 

Since the PSRA encompasses multitude sources of uncertainties stemming from hazard, 

inventory and vulnerability (or fragility and consequence) functions, Monte Carlo 

simulations are routinely employed to facilitate the orderly propagation of these 

uncertainties within the process. Such event-based simulation involves suites of 

probabilistically characterized deterministic risk scenarios (e.g. Crowley and Bommer 
2006, Silva et al. 2013).  

Similar to PSHA, the results of a PSRA can also be deaggregated to identify the 

components of the overall system (i.e. earthquake scenarios) that are contributing 

significantly to the seismic risk (e.g. Goda and Hong, 2008; Jayaram and Baker, 2009). 
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One of the first rational assessment of earthquake risk is carried out by Whitman et al. 

(1973) using MMI versus Damage Ratio matrices. Similar studies in USA led to the 

development of HAZUS (FEMA, 2003) Some of the open access and state-of-the-art 
software packages for earthquake risk assessment can be listed as follows: 

• CAPRA GIS- Earthquake module, http://www.ecapra.org/software 

•EQRM,http://www.ga.gov.au/scientific-

topics/hazards/earthquake/capabilties/modelling/eqrm 

• ERGO (MAEviz/mHARP), http://ergo.ncsa.illinois.edu/?page id=48 

• HAZUS-MH earthquake module, http://www.fema.gov/hazus 

• OpenQuake, https://www.globalquakemodel.org/openquake/ 

• ELER, http://www.koeri.boun.edu.tr/Haberler/NERIES%20ELER%20V3 .1 6 

176.depmuh 

• RiskScape-Earthquake, https://riskscape.niwa.co.nz/ 

• SELENA, http://www.norsar.no/seismology/engineering/SELENA-RISe/ 

• EQVIS, http://www.vce.at/SYNER-G/files/downloads.html 

 

The OpenQuake Engine (https://www. globalquakemodel.org/)is GEM 's state-of-the-art 

software for seismic hazard and risk assessment at varying scales of resolution, from global 

to local. It is open-source, fully transparent and can be used with GEM or user-developed 

models to carry out scenario-based and probabilistic hazard and risk calculations and 

produce a great variety of hazard and loss outputs. Spatial correlation of the ground motion 

residuals and correlation of the uncertainty in the vulnerability can be modeled. Main 

calculations performed in connection with the earthquake loss assessment can be listed as: 

Scenario risk; Scenario damage; Classical PSHA-based risk; Probabilistic event-based risk 

and; Retrofitting benefit-cost ratio. Comprehensive global earthquake risk maps were 
provided by GEM (https://www.globalquakemodel.org/gem). 

Today, the seismic risk/loss assessment can be essentially grouped under the following 

three approaches (Silva et al., 2013 and 2014): 

• Deterministic Risk/Loss Calculation (analysis due to a single earthquake scenario);  

• Probabilistic Risk/Loss Calculation (an analysis that considers a probabilistic 

description of the earthquake events and associated ground motions) and; 

• Classical PSHA-Based Risk/Loss Calculation (analysis based on conventional 

probabilistic earthquake hazard assessment) 

3. Metrics Used in Earthquake Risk Assessment related to Earthquake Insurance 

For the measurement of risk for a single asset or portfolio of assets, several metrics, in 

physical and financial loss terms, are used. Following is a brief explanation of these 

metrics. 

The Loss Exceedance (or Exceedance Probability, EP) curves, the Average Annual Loss 

(AAL) and Probable Maximum Loss (PML) constitute the important metrics of the 

risk/loss assessment. In engineering terms, the losses associated with the building stock are 

generally quantified in terms of Los Ratio (LR), defined as the repair cost divided by the 
replacement cost. LR is also called as the damage factor, damage ratio and fractional loss. 

Loss Exceedance Curves (EP Curves) describe losses versus probability of exceedance in a 

given time span (generally, annual). EP Curves are used for cat modelling, as it is 

beneficial to identify attachment or exhaustion probabilities, calculate expected losses 

within a given range, or to provide benchmarks for comparisons between risks or over 
time. 
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Occurrence Exceedance Probability (OEP) is the probability that the associated loss level 

will be exceeded by any event in any given year. It provides information on losses 

assuming a single event occurrence in a given year. Aggregate Exceedance Probability 

(AEP) is the probability that the associated loss level will be exceeded by the aggregated 

losses in any given year. It provides information on losses assuming one or more 

occurrences in a year.  

The AEP and OEP can be used for managing exposure both to single large event or to 

multiple events across a time period. They can be similar when the probability of two or 

more events is very small; they are identical when there is zero probability of two or more 

events. However, AEP can be very different from the OEP when the probability of two or 
more events is significant. 

Value at Risk (VaR) is equivalent to the Return Period, and measures a single point of a 
range of potential outcomes corresponding to a given confidence.  

Tail Value at Risk (TVaR) measures the mean loss of all potential outcomes with losses 

greater than a fixed point. When used to compare two risks, along with mean loss and 
Value at Risk, it helps communicate how quickly potential losses tail off. 

VaR and TVaR are both mathematical measures used in cat modelling to represent a risk 
profile, or range of potential outcomes, in a single value. 

Average Annual Loss (AAL) (or Annual Estimated Loss - AEL) is the expected value of a 

loss exceedance distribution and can be computed as the product of the loss for a given 

event with the probability of at least one occurrence of event, summed over all events. 

AAL is the average loss of all modeled events, weighted by their probability of annual 

occurrence (EP curve) and corresponds to the area underneath the EP curve. If the loss 

ratio (LR) is used for the quantification of loss, then the term Average Annual Loss Ratio 

(AALR) is used in lieu of AAL. For earthquake insurance purposes, the AAL or AALR is 

of particular importance in determining the annual pure premiums. 

Pure Premium represents the average of all potential outcomes considered in the analysis, 

and could be considered to be the break-even point if such a policy is to be written for very 
large number of times. 

The Probable Maximum Loss (PML) is one of the most popular metrics in financial risk 

management, and there are several definitions. Conventionally, it was defined as a fractal 

of the loss corresponding to the return period of 475 years. In Japan, the PML is defined as 

the (conditional) 0.9-fractile value for a scenario that corresponds to a selected probability 

level (typically, return period of 475 years).  

ASTM E2026-16A use specific nomenclatures for seismic risk assessment of buildings. are 

in use: Scenario Upper Loss, based on deterministic analysis) (SUL) is defined as the 

earthquake loss to the building with a 90 percent confidence of non-exceedance (or a 10 

percent probability of exceedance), resulting from a specified event on specific faults 

affecting the building. If the specified earthquake hazard is the 475-year return period 

event, then this term can be called the SUL475, and this term is the same measurement as 

the traditional PML defined above. Scenario Expected Loss, based on deterministic 

analysis, (SEL) is defined as the average expected loss to the building, resulting from a 

specified event on specific faults affecting the building. If the specified earthquake is the 

475-year return period event, then this term can be called the SEL475. The Probable Loss, 

based on probabilistic analysis, (PL) is defined as the earthquake loss to the building(s) 

that has a specified probability of being exceeded in a given time period from earthquake 

shaking. The PL is commonly taken as the loss that has a 10 percent probability of 
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exceedance in 50 years, which is called the PL475, because it corresponds to a return 
period of 475 years. 

4.Probabilistic Earthquake Risk Calculation  

In the Probabilistic Loss Calculation process the probability of losses and loss statistics are 

computed using Monte-Carlo simulations, based on stochastic event sets and associated 

ground motion fields. The flowchart of the process is shown in Fig. 1. For the realistic 

calculation of the ground motion field for each event, the sampling of the inter-event 

variability and the spatial correlation of the intra-event residuals of the ground-motion 

model should be considered. The set of ground-motion fields are combined with the 

exposure and vulnerability model to obtain losses. For the computation of the loss 

exceedance curve: the cumulative histogram, built using the list of losses per asset (of a 

given typology) in selected bins of loss over the time span, can be considered. An 

aggregated loss curve, representative of the whole set of assets within the region (or  

portfolio) can be obtained by aggregating all the losses. 

 

Figure 1. Simplified flowchart of the Probabilistic Loss Calculation process 

Following are some earthquake risk assessment examples, where, probabilistic earthquake 

loss calculation procedure is used. 

Probabilistic Earthquake Risk Assessments for İstanbul 

Using GEM OpenQuake Probabilistic Loss Calculation process, Crowley et al. (2011) 

present (respectively in Figures 2 a and b) a loss map and a total loss exceedance curve for 

a probability of exceedance of 10% in 50 years for reinforced concrete buildings located in 

the metropolitan area of Istanbul. 

    

Figures 2 a and b. Loss map and loss exceedance curve for a probability of exceedance of 10% in 50 years 

for reinforced concrete buildings located in the metropolitan area of Istanbul (Crowley et al.,2011) 
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Akkar et al. (2016) have computed the earthquake losses in central Istanbul using the 

probabilistic loss calculation process. The earthquake risk was assessed using intensity-

based fragility relationships of Lagomarsino and Giovinazzi (2006), where the 

instrumental intensities were computed using the Akkar and Boomer (2010) and Akkar et 

al. (2014) -based PGA and PGV values.  Figures 3 a and b show probability exceedance of 

very heavy damage state (DS4 in EMS’98) in 50 years for post-2002 low-rise RC buildings 
erected after 2002.  

    

Figure 3 a, b. Probability exceedance of very heavy damage state (DS4 in EMS’95) in 50 years for post-2002 

low-rise RC buildings built after 2002. Akkar and Boomer (2010) (a) and Akkar et al. (2014) (b) GMPMs are 
used. 

5.Classical PSHA-Based Earthquake Risk Calculation 

In this approach, classical PSHA assessment (Cornell, 1968; McGuire, 2004) can be used 

to calculate loss exceedance curves for single assets, calculated site by site, on the basis of 

hazard curves. The flowchart of the process is shown in Figure 4. Discrete vulnerability 

functions are converted into a loss exceedance matrix (e.g. a matrix which describes the 

probability of exceedance of each monetary loss value or loss ratio for a discrete set of 

intensity measure levels).  The values of each column of this matrix are multiplied by the 

probability of occurrence of the associated intensity measure level, extracted from the 

hazard curves. To compute the loss exceedance curve: the probabilities of exceedance of 

the loss (or the loss ratio) curve are obtained by summing all the values per loss (or loss 
ratio).  

 

Figure 4. Simplified flowchart of the Classical PSHA-Based Loss Calculation 

Demircioğlu et.al (2012) has computed the grid-based building damage distributions, Loss 

Ratios (LR) and Average Annual Loss Ratios (AALR) corresponding to 72, 475, and 
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2475-year average return periods. Figure 5 provides sub-province based LR values for 

Turkey for the 475-year average return period. In Figure 6 the sub-district based AAL 

values are shown. 
 

 
Figure 5. Sub-province based loss ratios for 475-year average return period 

 

 
Figure 6. Sub district-based Annual Average Loss Ratios for Turkey (Demircioğlu et.al, 2012) 

 

6. Uncertainties in Risk Assessments 

The main sources of uncertainties in earthquake risk assessment are:   

• Hazard uncertainty (seismic source characterization and ground motion modeling)  

• Vulnerability uncertainty  

• Uncertainty in the assumptions and specifications of the risk model  

• Portfolio uncertainty (location and other attributes of the building classes)  

 

In general, there exist two types of uncertainties that need to be considered in earthquake 

risk/loss assessments: aleatory and epistemic. Aleatory uncertainty accounts for the 

randomness of the data used in the analysis and the epistemic uncertainty accounts for lack 

of knowledge in the model. Aleatory variability, that generally affects the loss distributions 

and exceedance curves is directly included in the probabilistic analysis calculations 

through the inclusion of the standard deviation of a GMPM considered in the analysis. 

Epistemic uncertainties, which can increase the spread of the loss distributions, are 
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generally considered by means of a logic tree formulation with appropriate branches and 

weights associated with different hypotheses. Similarly, Monte-Carlo techniques can also 

be used to examine the effect of the epistemic uncertainties in loss estimates. 

Fig. 7 (after Wong et al, 2000) illustrates the effect of uncertainties on loss estimation. 

Uncertainties arise in part from incomplete inventories of the built environment, 

inadequate scientific knowledge of the process, earthquake ground motion (IMs) and their  

effects upon buildings and facilities (fragility/vulnerability relationships). The reliability of 

the fragility/vulnerability relationships is essentially related to the conformity of the 

ground motion IMs with the earthquake performance (damage) of the building inventory. 

These uncertainties can result in a range of uncertainty in loss estimates, at best, a factor of 

two. The general finding of the studies on the uncertainties in earthquake loss estimation is 

that the uncertainties are large and at least as equal to uncertainties in hazard analyses 

(Stafford et al., 2007; Strasser et.al, 2008). It should also be noted that the estimates of 

human casualties are derived by uncertain relationships from already uncertain building 

loss estimates, so the uncertainties in these estimates are rather compounded (Coburn and 

Spence, 2002).  

 

 
Figure 7. Effect of Uncertainties on Loss Estimation (Wong et al, 2000) 

 

7. Conclusions 

Earthquake risk and loss assessment is needed to prioritize risk mitigation actions, 

emergency planning, and management of related financial commitments. The insurance 

sector has to conduct the earthquake risk and loss analysis of their portfolio to assess their 
solvency in the next major disaster, to price insurance, and to buy reinsurance cover.   

Due to the research and development on rational probabilistic risk/loss assessment 

methodologies and studies conducted ın connectıon with several important projects, today 

we have substantial capability to analyses the risk and losses ensuing from low-probability, 
high consequence major earthquake events.  

In this regard, the selection of appropriate ground motion models, that are compatible with 

the regional seismo-tectonic characteristics, and the selectıon of vulnerability (or fragility 

and consequence) relationships that are compatible with the IMs and appropriate wıth the 
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inventory of assets ın the portfolio are of great importance. The mean damage ratio is 
highly sensitive to the consequence models (i.e. loss ratios assigned to each damage state). 

The probability distribution function for the loss to a portfolio depends on the spatial 

correlation of the ground motion and the vulnerability of the buildings. The consideration 

of the spatial correlatıon does not change the mean loss but increases the dispersion in the 

loss distribution, which can have a profound influence on loss and insurance-related 

decisions. When spatial correlation is considered, the losses at longer return periods 

increase. On the opposite side, the losses at shorter return periods may be overestimated if 
the spatial correlation is not included in the analysis. 

The reduction of the uncertainties in earthquake risk/loss assessment is an important issue 

to increase the reliability and to reduce the variability between the assessments resulting 

from different earthquake risk/loss models. In this connection, earthquake risk/loss 

assessment models should explicitly account for the epistemic uncertainties in the 

components of analysis, especially in the inventory of assets and vulnerability 
relationships. 

The practice of earthquake risk and loss assessment is now established. However, a 

number of research issues, such as: uncertainty correlation in vulnerability, logic-tree 

modeling of epistemic uncertainties, and treatment of uncertainties in exposure modeling, 
remain for treatment in future applications.  

New earthquake insurance products based on parametric indexing are being emerged. 

These insurance products could further improve the efficiency earthquake insurance pools 

by making them more attractive to individuals, thereby scaling up their contribution to 
building resilience. 
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Abstract: This study establishes a multi-hazard probabilistic assessment procedure for 

assessing the integrity of monopile offshore wind turbines (OWT), considering combined 

loads of stochastic wind, wave, and earthquake, as well as stochastic site and structural 

properties. The deduced cloud-based multi-hazard fragility surface deals with the entire 

operational range of inflow wind speed (i.e., 3-25 m/s), from which nonnegligible probability 

of failure is indicated under multi-hazard excitations. It is also shown that the contribution of 

seismic structural demand driven by design-level earthquakes is comparable with those 

caused by operational-level wind and wave loads. The sensitivity of the derived fragility 

surfaces to a variety of statistical regression methods is scrutinised by examining the 

efficiency and sufficiency of alternative wind – ground motion intensity measure pairs (IM-

pairs). Regression methods are comparatively assessed, and IM-pairs are provided for the 

purpose of assessing operating OWT multi-hazard fragility functions. The optimum IM pairs 

are then employed in a trained Gaussian Process Regression (GPR) scheme for cloud data 

regression to assess the multi-hazard fragility of the system. 

Keywords: NREL 5 MW reference OWT; seismic analysis; wind – ground motion fragility 

1. Introduction 

In light of the rapidly growing offshore wind projects in earthquake-prone areas, the 

historical prospect of low seismic risks associated with offshore wind turbines (OWT) is 

recently re-examined. This is due to seismic-induced damages of monopile-supported OWTs 

that have been reported (Katsanos et al. 2016; Ali et al. 2020) and the result of theoretical 

studies which have highlighted the seismic vulnerability of OWTs to specific site conditions 

(Mardfekri et al. 2013), ground motion types or directionality (de Risi et al. 2018; Kaynia 

2019; Sigurðsson et al. 2020). Contrary to some other engineering structures where each 

hazard can be reliably examined separately, OWTs require a multi-hazard framework due to 

the frequent and excessive aerodynamic and hydrodynamic loads that may be coupled with 

earthquake-induced forces (Zhao et al. 2019). It was found that depending on whether 

hazards are assessed independently (as per existing design guidelines) or jointly, significant 

differences in predicted OWT structural demands may arise (Valamanesh et al. 2014). Apart 

from the variable loads, which are of random nature, large uncertainties also manifest 

through stochastically distributed structural and soil properties. They complicate the 

problem and urge for a comprehensive understanding of structural demand and capacity 

using appropriate probabilistic tools. This is typically done in the form of a dual-intensity-

measure (IM) fragility assessment, which results into fragility surfaces (Martin et al. 2019). 

It is then quite common to either assume the OWT in parked condition or to limit the 

considered range of inflow wind speed entirely below or above the rated wind speed (Asareh 

et al. 2016), to avoid the problem being entangled with OWT’s blade-pitch control. The latter 

is a power control mechanism fitted on most modern commercial-scale wind turbines, which 

actively adjusts the flow-geometry of the turbine’s blades to ensure safety and power 
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efficiency. In this study, we demonstrate that multi-hazard fragility surfaces covering the 

OWT’s entire operational range of inflow wind speed can be determined based on cloud data 

obtained from simplified, yet accurately calibrated, finite-element models, provided that 

appropriate regression methods and IM-pairs are employed. A variety of candidate 

regression models and IM-pairs were comparatively assessed, aiming to outline their ranked 

efficiency and sufficiency for assessing wind – seismic ground motion fragility functions of 

operating OWTs. 

2. Numerical modelling 

2.1. Characterisation of the site and the structure 

The NREL 5 MW reference OWT (Jonkman et al. 2009) with its standard turbine, tower, 

transition piece and monopile geometry and material properties was used in this study (Fig. 

1(a)). The seabed was situated 20.0 m deep below the mean sea level (MSL) and the 

monopile was embedded 36.0 m into the seabed. The turbine was assumed to operate in wind 

speeds ranging from 3 to 25 m/s and its rated wind speed was taken at 11.4 m/s. When the 

inflow wind speed is lower than the rated value, the turbine rotates at variable speed from 

the minimum of 6.9 rpm to the maximum of 12.1 rpm; on the other hand, when the inflow 

wind speed is above the rated value, the turbine is power controlled via a blade-pitching 

mechanism to maintain constant rotation speed and electric power output (Fig. 2). This 

results into a non-monotonic relationship between the inflow wind speed and the total rotor 

thrust exerted onto the OWT structure, as indicated in Fig. 2c. The soil profile was assumed 

homogenous and was characterised by nominal values of unit weight γsoil = 18.0 kN/m3, 

Poisson’s ratio νsoil = 0.25, internal friction angle φsoil = 35.0 °, and pile-tip shear modulus 

Gsoil,t = 60,000 kPa. Structurally, Rayleigh damping ζ = 3 % was adopted (De Risi et al. 

2018) for the first two lateral vibration modes of the OWT. 

 

Fig. 1 – Sketch of the OWT: a) geometries, b) illustration of OpenSees models. 
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Fig. 2 – Steady-state responses of the NREL 5 MW OWT versus wind speed, (a) blade-pitch angle, (b) rotor 

speed, (c) rotor thrust, after (Jonkman et al. 2009). 

Beam-on-nonlinear-Winkler-spring representations of the OWT (Fig. 1b) were modelled in 

earthquake engineering software OpenSees v3.2.0 (McKenna 2011), whilst the aero-hydro-

servo-elastic simulator OpenFAST v2.3.0 (NREL 2020) was used in conjunction, to 

individually calibrate each wind and wave input time histories in a corresponding pair of 

base-fixed OWT models. This process ensured the accuracy of wind and wave inputs before 

they were used in the subsequent OpenSees nonlinear time history analyses. For seismic 

excitation, 300 earthquake records of different ground motion characteristics were selected 

according to a set of well-established rules (Katsanos et al. 2014) to prevent bias. 

Four established engineering demand parameters (EDP) were sourced from the literature to 

describe failure criteria associated to two limit states. Two kinematics EDPs defined the 

serviceability limit state (SLS), namely the tower-top chord rotation rtop and the tower-top 

lateral acceleration atop. A threshold of ±0.5 ° was prescribed for rtop (De Risi et al. 2018) 

and a threshold of 0.6 m/s2 was prescribed for atop (Ramachandran et al. 2017). The ultimate 

limit state (ULS) was defined by the other two stress-related EDPs, namely the Von Mises-

equivalent design stress σeq and the Eurocode-compliant buckling-check stresses (CEN 

(European Committee for Standardisation, 2007), which were derived along the perimeter 

and the elevation of the entire OWT support-structure. The nominal yield strength of steel 

was taken as fy = 3.55×105 kPa to calculate the above two stress related EDPs. For each limit 

state, failure was identified when the demand to capacity ratio Y exceeded unity. 

2.2. Latin Hypercube sampling of stochastic model parameters 

It is known that model uncertainties have an important impact on all limit states employed 

to assess the performance of OWTs (Wilkie and Galasso 2020). On this account, stochastic 

assignment of model parameters was applied for all loads, OWT geometries, structural 

material properties, and soil properties. Latin Hypercube sampling (Olsson et al. 2003) was 

performed to generate 300 samples of near-random model parameters from a prescribed 

multidimensional distribution. Stochastically sampled model parameters (Fig. 3) included 

average wind speed Vave, significant wave height Hs, representative OWT wall-thickness t, 

steel yield strength fy, steel elastic modulus Esteel, soil unit weight γsoil, soil friction angle φsoil, 

soil shear modulus at pile-tip Gsoil,t, and ground motion direction θ. The targeted probability 

distributions for model parameters were acquired from the literature (Ferreira and Guedes 

Soares 1999; Hess et al. 2002; Jones et al. 2002; Wais 2017). All randomly assigned model 

parameters were assumed to be uncorrelated, except for the generated mean wind speeds and 

significant wave heights (Fig. 4), between which a correlation coefficient of 0.85 was applied 

(De Flippo 2015).  
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Fig. 3 – Latin hypercube sampling of the nine stochastically assigned model parameters. The orange solid 

curves are the targeted probability density functions (PDF), the orange dashed lines mark nominal values 

taken for each model parameters except for the uniformly distributed earthquake directionality, and the blue 

bins represent 300 generated samples.  

 

Fig. 4 – (a) Correlation between generated samples Hs and Vave, and (b) an example of uncorrelated samples 

of φsoil and Esteel. 

3. Cloud-based multi-hazard fragility analyses 

After the completion of parameter sampling and finite-element model generation, 300 

nonlinear time history analyses were conducted in OpenSees to produce cloud datasets for 

each limit state. A multiple regression analysis was then conducted for each logarithmic 

transformed dataset, which consisted of one dependent variable, i.e., demand over capacity 

ratio, ln(Y), and two independent variables, i.e., wind and ground motion IMs, [ln(IMeq), 

ln(IMwind)]. Such a regression analysis outputs estimations of conditional logarithmic mean 

and standard deviation across the desired range of prediction, can then be used to calculate 

multivariable fragility functions (Elefante et al. 2010). 

3.1.1. Implementation and assessment of candidate regression models 

Seven regression models were examined in this study, inlcuding linear regression (LR), 2nd 

to 5th order polynomial regression (PR) models, generalised linear model (GLM), and a 

trained Gaussian Process Regression (GPR) model. Among these models, both the LR and 

the GLM provide linear approximations of the relationship between 300 scalar-valued 

observations of Y and the vector-valued explanatory variable [IMeq, IMwind], whereas the PR 

and the GPR models are of nonlinear nature. 
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All regression analyses were done in MATLAB (Mathworks 2020). Key MATLAB 

functions for the LR and PR models include: fit for fitting the data to obtain LR or PR model 

parameters; confint for obtaining 95 % confidence intervals of the fitted surface; normfit and 

makedist for determining the value of logarithmic standard deviation; and normcdf for 

calculating the fragility function. For the GLM method, key MATLAB functions used glmfit 

for fitting the data to obtain GLM parameters and glmval for computing predictions given 

the estimated GLM parameters. Additionally, the 300 observations of demand over capacity 

ratio Y were transformed into categorical data which follows binomial distribution, (i.e., y = 

0 indicated a safe case and y = 1indicated a failed case). For categorical data, the normal 

inverse cumulative distribution function, also known as the probit function in the context of 

GLM, was used as the GLM link function. For the GPR model, key MATLAB functions 

used include fitrgp for training of the model; trainedModel.RegressionGP.Sigma for 

acquiring logarithmic standard deviation of the prediction; trainedModel.predictFcn for 

acquiring logarithmic mean of the prediction; and normcdf for calculating the fragility 

function. 

Efficiency of the regression models were assessed by comparing their logarithmic standard 

deviation βY|[IMeq, IMwind] and root-mean-square error (RMSE) values. Visual inspection, which 

is of equal importance, of the cloud data fitted surfaces and the derived fragility surfaces was 

also performed to avoid strong underfitting or overfitting of the data. 

3.1.2. Assessment of candidate IM-pairs 

A variety of wind and ground motion intensity measures (IM) were assessed as combinations 

of IM-pairs. Candidate IMs are summarised in Table 1. 

Table 1. Candidate wind (IMwind) and ground motion (IMeq) intensity measures. 

 Type of IM Symbol Description 

IMeq 

acceleration-related 

PGA peak ground acceleration 

Ia Arias intensity 

SMA sustained maximum acceleration 

velocity-related 
PGV peak ground velocity 

SMV sustained maximum velocity 

displacement-related PGD peak ground displacement 

time-related PGV/PGA peak ground velocity divided by peak ground acceleration 

structure-specific Sa(T1) spectral acceleration at the OWT’s first natural period 

IMwind 

wind-speed-related 
Vave short-term average wind speed 

Vmax.instant. maximum instantaneous wind velocity 

structure-specific 
FFTv(T1) 

fast Fourier transform (FFT) of Vave at 1st mode frequency 

of the OWT 

FFTv,filtered(T1) Savitzky-Golay filtered FFTv(T1) 

Efficiency of the IM-pairs was assessed by comparing their conditional logarithmic standard 

deviation βY|[IMeq, IMwind] and root-mean-square error (RMSE) values determined using a 

trained GPR model. Relative sufficiency of the IM-pairs was assessed by comparing their 

coefficient of determination R2 (Wang et al. 2018).  

4. Results 

4.1. Regression models 
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Fig. 5 – Comparison of ULS fragility surfaces computed by: (a) LR model, (b) GLM, (c)-(f) 2nd to 5th order 

PR models, (g) trained GPR. In each subfigure, the dashed curve marks the locations where Sa(T1) = Se(T1) = 

0.189 g, whereas the solid curve is an isopleth with P(YULS > 1) ≡ P(YULS > 1|[0.189 g, 11.4 m/s]). 
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Fig. 6 – Comparison of SLS fragility surfaces computed by: (a) LR model, (b) GLM, (c) - (f) 2nd to 5th order 

PR model, (g) trained GPR. In each subfigure, the dashed curve marks the locations where Sa(T1) = Se(T1) = 

0.189 g, whereas the solid curve is an isopleth with P(YSLS > 1) ≡ P(YSLS > 1|[0.189 g, 11.4 m/s]). 
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Comparison of coupled wind – ground motion fragility surfaces for ULS and SLS were 

computed by the seven candidate regression methods as shown in Fig. 5 and Fig. 6. The LR 

and the GLM methods, which share the same linear principle, were found unable to 

adequately capture the underlying pattern from the obtained Y-[IMeq, IMwind] cloud data. 

Vastly underfitted fragility surfaces have been produced which failed to reveal the non-

monotonic nature of the structural demand versus wind speed relation caused by the OWT 

blade-pitch control mechanism (Fig. 2c). The PR models and the GPR model, due to their 

nonlinear nature, were able to reflect better the trend of the data. This can be confirmed by 

a protuberance located along the OWT rated wind speed of 11.4 m/s, at which the total rotor 

thrust exserted onto the OWT tower was known to be maximised. For the PR models, 

however, it was noted that evident underfitting or overfitting could occur when the order of 

the polynomial was selected to be either too small or too large (this is also data-dependent). 

On the other hand, sophistication of the trained GPR model was revealed qualitatively by its 

ability to yield a fitted surface with the most complex shape without producing noticeable 

overfitting. Quantitatively, a comparison of the multi-variable logarithmic standard 

deviation βY|[IMeq, IMwind] and root-mean-square error (RMSE) of these regression models (not 

applicable for GLM) confirmed the efficiency of the trained GPR model in terms of its much 

lower statistical dispersion (Table 2). 

Additionally, two types of curves were plotted on each computed fragility surface. The 

dashed red curve refers the Eurocode-based design elastic spectral acceleration, Se(T1) = 

0.189 g, which was calculated assuming an anonymous site with authority-specified 

reference peak ground acceleration on type A ground agR = 0.5 g (CEN (European 

Committee for Standardisation), 2004). The solid red curve is an isopleth, on which P(YULS 

> 1) ≡ P(YULS > 1|[0.189 g, 11.4 m/s]), where 0.189 g is the abovementioned design spectral 

acceleration and 11.4 m/s is the OWT’s rated operational wind speed. It can be observed that 

an operating OWT’s probability of failure under this design-level load combination was 

similar to that when a feathered OWT is subjected to solely ground motion but around twice 

more intensive. 

Table 2. Ranked recommendations of IM-pairs for operating OWT multi-hazard fragility assessment. 

Index Ranked Recommendations 

β
Y|[IMeq, IMwind]

 GPR model > PR model (3rd order) > rest 
RMSE GPR model > PR model (4th order) > rest 

4.2. IM-pairs 

Relative efficiency and sufficiency rankings of wind – ground motions IM-pairs are 

summarised in Table 3. Note that single-IM proxies based on simple linear regressions 

conducted on Y-IM data pairs, which are typically used in seismic IM evaluation for ordinary 

civil structures, are not applicable for wind. This is because simple linear regression is 

inappropriate for the non-monotonically related magnitudes of OWT structural demand and 

operational-level wind. By assessing IM-pairs collectively using statistical indexes 

associated with the GPR model, which is multivariable and nonlinear, it was found that 

[IMeq, IMwind] = [PGV, V
ave

] and [IMeq, IMwind] = [SMV, V
ave

] were among the best overall 

performers. Moreover, the commonly used IM-pair of [IMeq, IMwind] = [Sa(T1), Vave] was 

found to be not only reasonably adequate in terms of its pure efficiency and sufficiency 

performances, but it could also be more easily compared to code-compliant quantities such 

as the Eurocode 8 design elastic spectral acceleration Se(T1), as well as many results from 

past studies in the literature. On the contrary, other IM-pairs were found inappropriate for 

assessing operating OWT multi-hazard fragility functions. The frequently used [IMeq, 

IMwind] = [PGA, Vave] was found to be among the worst performers. We also noted that when 
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the average wind speed Vave was included in an IM-pair, the IM-pair’s performance was 

often but not necessarily always better than other wind IMs in the combination, with 

differences that were always marginal. This is potentially due to the fact that periods with 

significant spectral accelerations in a typical wind spectrum are nowhere near the 

fundamental period of a typical monopile-supported OWT (De Risi et al. 2018). Considering 

the popularity of Vave in the literature, not only for wind turbines but also as a legacy passed 

down from studies of skyscrapers or tall bridges (which, unlike operating wind turbines, are 

not aerodynamically controlled against wind speed), it is still considered preferable. 

Table 3. Ranked recommendations of IM-pairs for operating OWT multi-hazard fragility assessment. 

Index Ranked Recommendations 

efficiency 
β

Y|[IMeq, IMwind]
 [PGV, V

ave
] ≈ [SMV, V

ave
] > [S

a
(T

1
), V

ave
] > [PGD, V

ave
] > rest 

RMSE [PGV, V
ave

] ≈ [SMV, V
ave

] > [S
a
(T

1
), V

ave
] > [I

a
, V

ave
] > rest 

sufficiency R
2

 [PGV, V
ave

] ≈ [SMV, V
ave

] > [S
a
(T

1
), V

ave
] > [I

a
, V

ave
] > rest 

5. Conclusions 

This study evaluates multi-hazard fragility functions for stochastically modelled operating 

monopile-supported OWTs. Impact of employing different statistical regression models and 

IM-pairs for deriving OWT multi-hazard fragility surfaces were scrutinised and the main 

findings are summarised below: 

• OWTs are found to have non-negligible probability of exceeding SLS and ULS failing 

criteria under combined exposure to moderate (design-level) seismicity and wind load. 

• Contrary to conclusions drawn from some of the recent studies, such as (Katsanos et al. 

2017) and (Asareh et al. 2016) where “environmental” loads were significantly 

overpowered by earthquake forces, the present study found that the contribution of OWT 

structural demand driven by design-level earthquake excitations and those driven by 

operational-level wind and wave loads are comparable. 

• The GPR model was found to be the best candidate regression method for assessing 

multi-hazard fragility functions of operating monopile-supported OWTs. Other 

nonlinear regression methods are also deemed suitable, such as a PR model with an 

appropriate order. Linear-based regression methods were found inappropriate in cases 

where the OWT’s entire range of operational inflow wind speed is of interest. 

• A velocity-related ground motion IM in combination with average wind speed Vave 

makes the most efficient and sufficient IM-pair. The frequently used [IMeq, IMwind] = 

[Sa(T1), Vave] was found adequate in terms of IM performance, but are also desirable for 

its good interpretability with reference to established design codes and a vast number of 

published studies. The other frequently used IM-pair, [IMeq, IMwind] = [PGA, Vave], were 

deemed undesirable for assessing multi-hazard fragility functions of operating monopile-

supported OWTs. 
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Abstract: We describe two alternative earthquake loss methods being implemented in Turk 

Reinsurance Inc.’s catastrophic event modeling platform (CatMod) for aggregating insured 

portfolio losses. The procedures use Convolution Theorem and Monte Carlo sampling to 

compute insured portfolio loss at target annual exceedance probabilities. We present simple 

cases studies to discuss the similarities and discrepancies in aggregate portfolio losses by these 

alternative procedures.  
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1. Introduction 

In re/insurance industry, decisions on risk transfer against catastrophic events rely on the 

computation of portfolio losses for target annual exceedance probabilities. Consequently, 

the modelers establish probability based platforms while computing aggregate losses of 

insured portfolios subjected to catastrophic events.  

Probabilistic portfolio losses can be computed by utilizing either event-based (Bazzuro and 

Luco, 2007) or convolution (Wesson et al., 2009) approaches. The former uses Monte Carlo 

sampling and the aleatory variability and epistemic uncertainty in portfolio vulnerability 

modeling as well as the hazard model triggering the loss are determined by prior 

distributions. If the catastrophic event of interest is earthquakes, Monte Carlo simulation can 

(a) mimic the aleatory variability in ground-motion intensity metrics (GMIMs) triggering 

the portfolio losses, and (b) account for the epistemic uncertainty in source activity, 

maximum magnitude, seismic source geometry, etc. It can also consider the epistemic 

uncertainty in portfolio vulnerability such as the uncertainty in damage states, distribution 

of damage given a GMIM level, etc. The Monte Carlo sampling can easily integrate the 

spatial correlation in GMIMs, which is of importance when the assets in a given portfolio 

are closely spaced (within few hundred meters to few kilometers) provided that their geo-

coordinates are precisely defined in the portfolio. If spatial correlation is disregarded in 

Monte Carlo simulations, the resulting motion intensities for all assets at a given site would 

be either fully correlated or partially correlated depending on the ground-motion sampling 

strategy implemented in the procedure. Full correlation would be achieved by simulating a 

single within-event variability component for all assets located at the same region. On the 

other hand, partial correlation would be obtained if a different within-event component is 

simulated for each asset within a given region. 

Given an earthquake scenario having a magnitude M = m, the convolution approach uses the 

ground-motion probabilities conditioned on predefined fractions of between-event standard 

deviation,, (i.e., ;  is standard normal random variable,   N(0,1)). Consequently, the 

GMIMs at the sites of interest only differ by the random within-event standard deviation 

component  (  N(0,1)) and they can be assumed to be independent. Under the 

conditionally independent ground motions, the losses to the assets in the insured portfolio 

can also be considered as independent. The conditionally independent probability densities 
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of individual losses are convolved through Fast Fourier Transformation (FFT) to obtain the 

aggregate loss distribution to the insured portfolio. As the within-event standard deviation 

component () in the ground-motion model is considered to be an independent random 

variable, the convolution approach would yield sum of uncorrelated losses in the insured 

portfolio for each event.   

Event-based and convolution approaches have their advantages and disadvantages. The 

Monte Carlo simulation requires a large sampling space for an accurate portfolio loss 

distribution. This means powerful computational platforms and management of big data. 

Conversely, the convolution approach can be faster but requires a careful structuring of 

cumbersome numerical analyses. Notwithstanding, this approach has been criticized for 

disregarding the spatial correlation of GMIMs (i.e., independency of ground motions even 

at closely spaced sites leading to uncorrelated losses) increasing the possibility of biased 

portfolio losses. The last point may not be significant, if the insured portfolio at a specific 

region (such as a town), is defined at a single geo-coordinate.  

This note is a follow up of Yazgan et al. (2022) and briefs the earthquake loss modeling 

methodologies in Turk Reinsurance Inc.’s catastrophic event modeling platform (CatMod). 

The paper starts by explaining the probabilistic convolution framework and its 

implementation to reinsurance financial structure for computing the aggregate losses at 

different annual exceedance probabilities. This discussion is followed by explaining the 

event-based approach that constitutes the alternative to the convolution method while 

assessing yearly-based reinsurance coverages for treaty and facultative portfolios. The paper 

concludes by presenting some case studies to show the differences between these two 

approaches in earthquake loss modeling.       

2. Convolution approach for aggregate portfolio losses 

The conditionally independent loss probability density function (pdf) of ith asset, Li, in an 

insured portfolio conditioned on a specific magnitude M = m, source-to-site distance D = d, 

and a fraction of between-event standard deviation BE = j (j  N(0,1)) is 

𝒇𝑳𝒊|𝑴,𝑫,𝑩𝑬 (𝒍𝒊|𝑴 = 𝒎, 𝑫 = 𝒅, 𝑩𝑬 = 
𝒋
)

= ∫ 𝒇𝑳𝒊|𝑰𝑴(𝒍𝒊|𝑰𝑴) ∙ 𝒇𝑰𝑴|𝑴,𝑫,𝑩𝑬(𝒊𝒎|𝑴 = 𝒎, 𝑫 = 𝒅, 𝑩𝑬 = 
𝒋
)𝒅𝒊𝒎

∞

𝟎

. 
(1) 

𝒇𝑳𝒊|𝑰𝑴 represents the pdf of asset’s vulnerability model and 𝒇𝑰𝑴|𝑴,𝑫,𝑩𝑬 is the ground-motion pdf 

conditioned on a specific earthquake scenario represented by a magnitude, distance and fraction 

of between-event standard deviation.  

Given a set of 𝑩𝑬 = 
𝒋
 covering the entire range of between-earthquake variability for the 

seismic source of concern and the range of magnitudes having a finite occurrence probability on 

the seismic source, the recursive use of Eqn. (1) together with Total Probability Theory would 

yield the loss pdf of the ith asset (𝒇𝑳𝒊
) in the portfolio. Recall that derivation of 𝒇𝑳𝒊

 relies on 

conditionally independent ground motions and asset losses in the portfolio.  

Eqn. (2) shows the implementation of convolution approach for computing the annual 

probabilities of aggregate portfolio loss (LT) exceeding a set of loss levels (i.e., 𝑷[𝑳𝑻 > 𝒍].  

𝑷[𝑳𝑻 > 𝒍] = ∫ 𝒇𝑳𝑻
(𝒍)𝒅𝒍

𝒍

𝟎
   where   𝒇𝑳𝑻

(𝒍) = (𝒇𝑳𝟏
∗ 𝒇𝑳𝟐

∗ … ∗ 𝒇𝑳𝑵𝒆
 ) (𝒍) (2) 
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where 𝒇𝑳𝑻
(𝒍) and fLi(l) are the pdfs of LT and Li, respectively. The operation designated using 

‘*’ symbol represents convolution operation. Often closed-form solutions cannot be 

obtained for 𝒇𝑳𝑻
(𝒍) and fLi(l). Hence, LT and Li are typically modelled using discrete random 

variables. For this purpose, the entire range of considered losses (i.e., [0, lmax]) are discretized 

into N intervals. The upper boundary of the jth interval is defined as follows: 

𝒍𝒋 = (𝒋 − 𝟏)𝚫𝒍   where   𝚫𝒍 = 𝒍𝒎𝒂𝒙/𝑵 (3) 

Once the discretization scheme is defined, an efficient FFT procedure for evaluating the 

annual probability 𝑷[𝑳𝑻 > 𝒍] as given in Eqn. (2) is presented in (Wesson et al., 2009). We 

note that similar to other numerical calculations involving nonlinear functions and 

convolutions, the discretization scheme has a strong impact on the numerical precision and 

the computational workload. Therefore, lmax and N should be selected with care to achieve 

reasonable accuracy with efficient use of processing power.  

A recursive N and lmax strategy, and a sequential procedure for computing 𝒇𝑳𝑻
 is used in 

CatMod’s convolution approach in loss assessment. The 𝒇𝑳𝑻
 is evaluated in multiple 

convolution steps (Yazgan et al., 2022).  

3. Implementation of reinsurance financial structure to convolution approach 

3.1 Background 

Given an insured asset, the re/insurance structure divides asset’s total value (hereafter sum 

insured, SI) into three components shown as a financial box structure on the left hand side 

of Figure 1. The ground up loss distribution (plotted to the left of the financial box) shows 

the loss probabilities given a specific percentage of SI value. Although this distribution is an 

important metric showing the likelihoods of loss with regards to SI value, its use is quite 

limited for re/insurance  as it ignores the financial aspects of the agreement signed between 

the client and the re/insurer. The “limit” lB designates the fraction of SI and it is determined 

from asset’s probable maximum loss (PML) value. PML is calculated for the catastrophic 

earthquake event that is likely to hit the asset. In essence, lB shows the maximum 

responsibility level of the re/insurer for loss payment under the signed agreement. Deductible 

limit (lA) is the loss limit below which only the client is responsible for loss compensation. 

Hence, ground up losses over lB (over limit) and below lA (below deductible) stay outside 

the responsibility of re/insurer. Consequently, the hatched areas in ground up loss pdf show 

the probabilities of `no payment” by the re/insurer. The re/insurer, to decide on next year’s 

financial coverage and hence the risk transfer, needs a probabilistic model to assess the 

likelihoods of consolidating specific “gross” loss amounts (Lg) given the catastrophic event 

occurs.             
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Fig. 1 – Financial re/insurance structure of an asset at risk under a catastrophic event. (a) Ground up loss 

distribution and financial reinsurance structure depicting “over limit”, “gross loss”, and “below deductible” 

components, (b) Modified financial box for probabilistic loss modeling of the asset that accounts for gross 

loss under the responsibility of re/insurer  

To establish the probabilistic loss model, we modify the loss probability distribution for 

gross loss only. This is illustrated by the second financial box structure on the right hand 

side of Figure 1 (hereafter “gross loss financial box”). The pdf on the right hand side of gross 

loss financial box shows the conditional loss probabilities in which the re/insurer is not 

responsible for payments below and above lA and lB, respectively, while the loss under 

re/insurer’s responsibility is somewhere between these limits (i.e., 

𝑓𝐿
𝑔(𝐿𝑔 ≤ 𝑙|0 < 𝐿𝑔 < 𝑙𝐵 − 𝑙𝐴)). Note that the area under this conditional pdf should be 1 and 

the probabilities of 𝑃[𝐿𝑔 = 0] and 𝑃[𝐿𝑔 = 𝑙𝐵 − 𝑙𝐴] are computed from the hatched areas 

under the ground up loss pdf.    

The left and right panels of Figure 2 show the cumulative distribution functions (cdfs) of 

conditional (𝐹𝐿𝑔|0 < 𝐿𝑔 < 𝑙𝐵 − 𝑙𝐴)and unconditional gross losses (𝐹𝐿𝑔(𝑙)), respectively. 

𝐹𝐿
𝑔

|0 < 𝐿𝑔 < 𝑙𝐵 − 𝑙𝐴 is computed from 𝐹𝐿𝑔 as given in Eqn. (4). The cdf on the right hand 

side of Figure 2 shows all the terms in Eqn. (4).  

𝑭𝑳𝒈|𝟎<𝑳𝒈<𝒍𝑩−𝒍𝑨
=

𝑷[𝑳𝒈≤𝒍∩𝟎<𝑳𝒈<𝒍𝑩−𝒍𝑨]

𝑷[𝟎<𝑳𝒈<𝒍𝑩−𝒍𝑨]
=

𝑷(𝑳𝒈≤𝒍)−𝑷(𝑳𝒈=𝟎)

𝟏−𝑷(𝑳𝒈=𝟎)−𝑷(𝑳𝒈=𝒍𝑩−𝒍𝑨)
. (4) 

 

Fig. 2 – Conditional (left panel) and unconditional (right panel) cdfs of gross loss of an insured asset 

3.2 Aggregation 

Perhaps, the easiest way to explain the implementation of aggregation concept to our 

probabilistic loss model is to work on a case that aggregates two individual assets 

underwritten in two different agreements for Client-1 and Client-2. Once the probabilistic 

case is established for this case aggregating consequent risks is done recursively. Let the 
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gross losses from the first agreement is designated by 𝐿1
𝑔

 and let 𝐿2
𝑔

 designate the gross losses 

from second agreement. The aggregated loss (i.e., LT) requires the consideration of multiple 

(joint) probabilities arising from the reinsurance structures of  𝐿1
𝑔

 and 𝐿2
𝑔

. This issue can be 

addressed by using Total Probability Theorem that is presented in Figure 3. 

 

Fig. 3 – Conditional probabilities that the probabilistic loss model accounts for when aggregating the gross 

losses of two individual assets each with different deductible (lA), limit (lB) and SI values.  

The notation in Figure 3 uses the indices “1” and “2” to designate the re/insurance 

agreements signed with Client-1 and Client-2, respectively. Each region (shown in Roman 

numerals) represents a conditional probability for LT such that LT  l is conditioned on the 

joint probability describing the specific re/insurance agreement terms set with Client-1 and 

Client-2. For example, Region I represents the conditional probability 𝑃[𝐿𝑇 ≤
𝑙|𝐿1

𝑔
= 0,𝐿2

𝑔
= 0] describing the annual non-exceedance probability of LT for a threshold 

loss value l when the gross losses in both agreements are equal to zero (i.e., 𝐿1
𝑔

= 0 and 𝐿2
𝑔

=
0). (Such a condition occurs when the losses in the assets are less than their deductible limits, 

𝑙𝐴1
and 𝑙𝐴2

). The sum of all nine conditional probabilities gives the annual non-exceedance 

probability of aggregate loss given a threshold loss level, l (i.e., P[LT  l]). Eqn. (5) shows 

the entire set of conditional probabilities to compute P[LT  l]. 

 

The above probability expressions, except Region V can be readily computed from the 

conditional and unconditional Lg cdfs of each agreement. The calculation of conditional 

probability in Eqn. (5.e) requires additional explanation. As such, we present Figure 4 

illustrating a basic representation of the conditional probability in Eqn. (5.e). Given a 

specific threshold loss, l, the shaded area represents all possible values of LT’s satisfying the 

conditions  0 < 𝐿1
𝑔

< 𝑙𝐵1
− 𝑙𝐴1

 and 0 < 𝐿2
𝑔

< 𝑙𝐵2
− 𝑙𝐴2

. The computation of aggregate loss 

distribution satisfying the given specific condition can be done through the convolution   

theorem (Section 2). 

2640
3ECEES, September 2022, Bucharest, Romania



 

Fig. 4 – Illustration of conditional probability component in Eqn. (5.e). Probable gross losses from Client-1 

and Client-2 risks contributing to LT should fall on the l-axis 

The calculation of Eqn. (5) would yield the aggregate loss cdf of two individual assets 

underwritten in two different agreements. The procedure is implemented sequentially by 

aggregating subsequent agreement over this cdf, and proceed until the entire insurance 

agreements in a given portfolio are fully considered. The final result would be the annual 

loss probability cdf of the entire portfolio and the complementary cdf would yield the annual 

exceedance probabilities of loss levels that are of interest to re/insurer.        

4. Event-based Portfolio Loss Computation via Monte Carlo Simulation  

Monte Carlo simulation technique can be used effectively in event-based portfolio loss 

computation while describing the earthquake hazard and resulting loss to the re/insurance 

portfolio composed of multiple risks (assets) at multiple sites. Given the seismic sources of 

interest, Monte Carlo simulation populates the scenario earthquakes by using the source 

specific magnitude-frequency distributions. The scenario events are distributed randomly 

along the seismic sources to compute the ground-motion distributions at the insured portfolio 

sites.  

Given a seismic source, the ground-motion distributions at the portfolio sites are computed 

from Eqn. (6) for events sampled from the source-specific magnitude-frequency distribution.   

𝒍𝒐𝒈(𝒀𝒆𝒔) = 𝒍𝒐𝒈(𝒀𝒆𝒔
̅̅ ̅̅ ) + 𝝉 ∙ 𝜼𝒆 + 𝝓 ∙ 𝜺𝒆𝒔 ∙ 𝑳𝒔𝒔  (6) 

Yes and 𝒀𝒆𝒔
̅̅ ̅̅  are e by s matrices keeping the spatially correlated and median GMIM 

distributions, respectively at the portfolio sites. The indices s and e represent number of 

portfolio sites and number of sampled earthquake scenarios generated by Monte Carlo 

simulation, respectively. As already explained, 𝜏 and 𝜙 designate, respectively the between-

event and within-event standard deviations of the GMIM used in defining the ground-motion 

distributions. 𝜼
𝒆
and 𝜺𝒆𝒔 are the randomly sampled between- and within-event residuals that 

follow normal standard distribution. 𝑳𝒔𝒔 is the s by s lower triangular matrix obtained from 

Cholesky decomposition such that 𝑳𝒔𝒔 ∙ 𝑳𝒔𝒔
𝑻 = 𝑪 where C is the positive definite correlation 

matrix to consider the spatial correlation of ground motion between sites. The correlation 

matrix C is computed from a relevant spatial correlation model in the literature.    

Aggregated loss distribution to insured portfolio (𝑳𝒆) for the set of sampled events is 

computed from Eqn. (7). V(𝒀𝒆𝒔; 𝒄𝒔) is the vulnerability model for the set of risks that belong 

to vulnerability classes cs at sites s. ivs is the vector of insured values and Yes is the spatially 

correlated GMIMs triggering the portfolio loss at the portfolio sites.  
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𝑳𝒆 = 𝐕(𝒀𝒆𝒔; 𝒄𝒔) ⋅ 𝒊𝒗𝒔  (7) 

Since Monte Carlo simulation technique allows the computation of loss for each individual 

risk in the portfolio, the re/insurance financial structure imposed by the re/insurance 

agreements are implemented directly to the ground-up and gross losses without going 

through the steps discussed Section 3.  

5. Case Studies 

We present simple cases to delineate the differences and similarities in convolution and 

event-based portfolio loss calculation methods. As stated previously in the paper, the 

convolution approach yields uncorrelated losses because the method imposes conditionally 

independent losses for each risk in the portfolio given a specific seismic event. The Monte 

Carlo sampling, on the other hand, can determine the loss between full and no correlation 

depending on the proximity of the sites where the risks are located. This point is illustrated 

in Figure 5 by displaying the within-event residual sampling and corresponding damage 

ratios of two similar risks located at two different site. The fully correlated (Figures 5.a) and 

uncorrelated (Figure 5.b) hazard assumption (represented by within-event residual 

distributions) lead to fully correlated (Figure 5.c) and uncorrelated (Figure 5.d) losses 

(represented by damage ratios) of these two assets. The presented marginal loss distributions 

would eventually affect the total (aggregated) loss of the two risks. Needless to say, the 

actual (realistic) portfolio losses should lie between the above two marginal ends that 

depends on the portfolio distribution over the region of interest. 

 

Fig. 5 – Fictitious cases showing (a) fully correlated and (b) uncorrelated residual sampling, and the 

corresponding (c) fully correlated and (d) uncorrelated loss (damage ratios) of two assets located at two 

different sites  

The case study presented in Figures 6 and 7 discusses how far the correlated and uncorrelated 

aggregate loss of two risks differ depending on the change in the proximity of two sites. For 

simplicity, the two risks are assumed to have the same mean vulnerability model with 
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different sum insured (SI) values. Figure 6 defines the fictitious earthquake scenario for this 

case study. A magnitude M7.5 earthquake occurs on the fictitious fault and affects the two 

insured assets. The first asset is located at Site 1 and the second insured asset is assumed to 

move from Site 2 to Site 5. The aggregate loss of the two risks are computed using 

convolution and event-based Monte Carlo sampling approaches as the second risk is 

sequentially moved from Site 2 to Site 5. Note that Site 2 is in the close proximity of Site 1 

(0.5 km of difference between Site 1 and Site 2) whereas Site 5 is the farthest point from 

Site 1 (10 km difference between Site 1 and Site 5). For event-based Monte Carlo sampling, 

the PGV (GMIM for vulnerability model), spatial correlation model by Esposito and 

Iervolino (2011) is used. The calculations are done by CatMod. 

 

Fig. 6 – Fictitious earthquake scenario, location of the sites and their proximities with respect to Site 1 

The left panel of each row in Figure 7 shows the correlated within-event residuals between 

Site 1 and the other site and the right panel illustrates the aggregated loss of the two risks 

computed by convolution and event-based Monte Carlo sampling approaches. Recall that 

the first risk is always located at Site 1 and the location of the second risk is moved each 

time from Site 2 to Site 5 to compute the aggregate loss. The first row in Figure 7 shows the 

case for Site 1 and Site 2 (Site 2 is 0.5 km away from Site 1), whereas the last row describes 

the case for Site 1 and site 5 (Site 5 is 10 km away from Site 1). The sampled within-event 

residuals in the first raw display a very high spatial correlation as the slope of the linear line 

(dark red color) fitted on the sampled residuals is close to the black diagonal line 

representative of the full correlation trend. The aggregate loss exceedance probability curves 

by convolution (that is based on uncorrelated hazard and loss) and event-based Monte Carlo 

sampling procedures (that accounts for the correlation in hazard and loss) differ from each 

other for exceedance probabilities smaller than 210-2. The spatially correlated hazard 

between the two sites decrease gradually and becomes almost negligible for Site 1 and Site 

5 (i.e., when the distance between the two sites is 10 km) as the dark red trend line fitted on 

the sampled within-event residuals for this case is almost parallel to the horizontal axis. 

Consequently, the aggregate loss exceedance probability curves by convolution and MCS 

approaches follow each other very closely for exceedance probabilities down to 210-4. 

Though not discussed, the observations about aggregate loss exceedance probability curves 

for Site 1-Site 5 case are also valid for Site 1-Site 4 case where the two sites are 5 km from 

each other. 
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Fig. 7 – Comparisons of convolution and event-based aggregate losses for two insured assets located at two 

sites separated by 0.5 km (top row), 1 km (second row), 5 km (third row), and 10 km (last row). 

6. Summary and Conclusions 

Currently, Turk Reinsurance Inc.’s catastrophic event modelling platform for portfolio loss 

(CatMod) uses convolution and event-based (via Monte Carlo sampling) methods to 

compute yearly re/insurance portfolio coverages at the desired probability levels. These two 
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approaches have different limitations for their implementation in practice. The convolution 

approach is faster and does not require large numbers of sampling but assumes uncorrelated 

hazard and loss. One can surmount the latter shortcoming by event-based Monte Carlo 

sampling at the expense of computational burden. The simple case study presented in this 

paper indicates that the convolution approach can be used with confidence while aggregating 

the losses when the sites (so the insured assets) are in the proximity of 5+ km with each 

other. 
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Abstract: Parametric insurance solutions, which provide coverage based on measurements of 

an event’s parameters rather than on actual damage, are becoming more prominent in the 

industry as insureds seek more transparent and fast recoveries. Many solutions use epicentral 

coordinates and magnitude of an earthquake to assign a payout but the role of the depth 

parameter is less clear. In many of the large parametric transactions placed to provide 

coverage to sovereign countries, payouts did not reflect the fact that two events with the same 

epicentral location and magnitude but two very different depths will differ dramatically in the 

damages they produce. Some are in fact designed to pay the same amount regardless of 

whether the event depth is 200km or much shallower. In this paper, we argue that event depth 

needs to be explicitly included in the optimization and design of these financial tools. As an 

illustration, doing so for a hypothetical cat-in-a-box transaction for the Vrancea region 

increases the utility of the coverage, triggering payouts for more historical events, without 

changing the cost of the transaction. The savings come from carving out coverage for those 

events unlikely to cause significant damages due to their location, magnitude or depth. 

Keywords: Insurance, reinsurance, risk management, risk transfer 

Parametric insurance solutions use measurements of relevant physical parameters of the 

earthquake event in order to determine the payout of the policy. This is in contrast to traditional 

indemnity insurance which requires an assessment of damage (loss adjustment in insurance 

terms) to identify an appropriate compensation. Parametric mechanisms offer fast and 

transparent payments because the parameters used to determine payouts are usually publicly 

available in near-real-time, within hours of the event; however, the lack of loss adjustment 

increases their basis risk (i.e. the difference between actual losses and payouts). Parametric 

products provide a strong complement to other insurance solutions within earthquake mitigation 

frameworks (Franco, 2014). Since their appearance in Japan in the late 1990s, parametric 

earthquake insurance has blossomed in many applications. Several governments such as those 

of Mexico, Peru, Colombia or Chile to cite a few have purchased these types of solutions at the 

national level to offset emergency and recovery costs (Artemis, 2022a). More recently, well-

established insurers have started to offer parametric products to commercial clients and a 

growing number of innovative startups such as Jumpstart in the US (recently acquired by 

Neptune), Bounce in New Zealand, or Super in Mexico have targeted the retail market.  

Parametric earthquake solutions are classified according to what type of near-real-time 

information they use (Wald and Franco, 2016; Goda et al., 2019). Some offer higher 

simplicity and transparency, relying on just the event’s magnitude and location. Others 

promise greater precision by tying the payouts of the policy to estimates of shaking intensity 

at specific locations. Their utility often depends on the type of insurance coverage pursued, 

the region where they are implemented, and on other more nuanced design choices. In this 

paper, we look in particular at the role of the depth parameter in parametric transactions.  

The 2012 Multicat transaction that provided earthquake coverage to Mexico, for instance, 

assigned a specific payout to events with epicentral locations within certain zones. However, 

once the event was located within some of these zones, the payout assigned was the same for 
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depth ranges from zero to 200km (Artemis, 2022b). In other words, the depth parameter was 

not considered to differentiate two events with similar magnitude and similar epicentral 

coordinates as long as both their depths were under 200km. However, in effect, two events 

with dramatically different depths will of course cause dramatically different impacts. 

Therefore, in order to minimize basis risk, it might behoove the insured to consider decreasing 

payouts as the depth increases. The May 26th 2019 M8.0 123km deep event in Peru offered an 

opportunity to see this effect in action to some extent. The Pacific Alliance transaction, a $1.36b 

earthquake protection mechanism for Peru, Mexico, Chile, and Colombia paid out $60m (30% 

of the limit assigned to Peru) after this event. According to the USGS’s event report (USGS, 

2022), “two people [were] killed and 15 injured; 833 homes and 175 buildings [were] damaged; 

2 bridges collapsed in the Yurimaguas area and northern Amazonas. Fifteen people [were] 

injured, some houses damaged and landslides and power outages occurred in Loja and Zamora-

Chinchipe, Ecuador.” Reports from insurance publications (Reinsurance News, 2019) described 

the damage as causing “minimal impact to the domestic insurance markets in Peru, partly due to 

the low insurance penetration in the region, and partly due to the fact that it primarily affected 

fairly remote and less populous regions of the country.” It is impossible to judge without having 

access to the exposure information used in the design whether the triggering of 30% of the limit 

was justified for this strong but deep and remote event. We know, however, that in similar 

transactions in the region increasing event depths were not assumed to gradually decrease the 

payouts, which may have introduced some positive basis risk (overpayment) in this instance.  

We argue in this paper that an appropriate optimization of the parametric solution including 

its consideration of the event depth reduces basis risk and cost of the coverage. In the section 

that follows, we first provide a brief description of the most usual alternatives for parametric 

earthquake risk transfer alongside some arguments that we deem useful to help select a 

particular option. We apply these criteria of design to Romania as an illustrative example and 

we argue that a “cat-in-a-box” solution similar to the Pacific Alliance solution in Peru might 

be attractive in this context. We then analyze the parametric trigger, paying special attention 

to the treatment of the depth parameter, critical in the presence of the deep Vrancea Zone, one 

of the most active and complex seismic areas in Europe.  

2. Types of Parametric Transactions and their Limitations 

Earthquake parametric solutions date back to the placement of the Parametric Re cat bond 

in 1996 (Artemis, 2022c). Today, there are mainly two classes of earthquake parametric 

solutions. First generation or cat-in-a-box triggers use what we call the fundamental 

parameters of the earthquake, which typically include its epicentral location, focal depth, 

and magnitude, descriptors of where the earthquake originated and how much energy it 

released. Second generation or ground motion indices use local intensity measurements, 

which reflect the level of ground motion at particular geographical locations. 

2.1. First Generation or Cat-In-A-Box Triggers 

Epicentral location, focal depth, and magnitude may only serve as rough proxies of loss but 

they are simple to understand and readily published with transparency by the US Geological 

Survey (USGS). Solutions that strictly use these four parameters are widely known as “cat-in-

a-box” triggers because they use polygons, zones, or “boxes” to identify whether an event 

triggers a payout depending on whether its location falls into one of the defined geographic 

regions and its magnitude attains or exceeds a certain threshold. Although they date back to 

the mid-1990s, “cat-in-a-box” parametric solutions have evolved considerably since their 

appearance in the insurance market. The usage of higher resolutions to refine the geographic 
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discretization has helped to better classify events (Franco 2013) and the implementation of 

numerical optimization methods to identify the appropriate magnitude payment thresholds has 

contributed to minimizing their basis risk (Franco 2010; De Armas et al. 2016; Bayliss et al. 

2020). This type of solution is adequate in circumstances when the loss sources are loosely 

defined, as is often the case of business interruption or region-wide infrastructure disruptions, 

when the cover targets large events, or when simplicity and transparency are paramount. 

Implementation examples include the Mexican cat bond series over the period 2006-2020 

(Cardenas et al., 2007), the previously mentioned Pacific Alliance transaction or the Acorn 

Re Ltd. Series 2015-2021. Many governments and corporations choose this option because it 

is straightforward to understand across the organization and because there is little room for 

misunderstandings or divergences in interpretation. 

2.2. Second Generation or Ground Motion Indices 

In their purest form, these transactions use networks of actual seismometers, instruments 

deployed on the field. In their more generalized implementation, they might use a field of 

estimated ground motions as provided by USGS ShakeMap (Worden et al., 2020), for 

instance. Some of these solutions use one particular station located in proximity of the 

covered asset. Others use numerous stations aiming to capture large swaths of ground motion 

patterns over an extensive territory. The 2008 Muteki Ltd. and 2012 Kibou Ltd. cat bond 

transactions, for instance, relied on the 1,000+ K-Net and Kik-Net instruments in Japan. 

Muteki produced a full $300m payout after the 2011 Tohoku earthquake (Artemis, 2022d). 

Although these solutions are not devoid of challenges (i.e., Edmonds, 2013; Pucciano et al., 

2017), there is a strong consensus that usage of widespread networks of seismic stations 

provide a more precise and locally relevant picture of the impact of an earthquake than just 

relying on four fundamental parameters of the event. The caveat is that very few countries 

have instrumental networks comparable to Japan’s. Some parts of the United States are 

thoroughly instrumented, as are the cities of Istanbul or Mexico. In general, however, 

instrumental networks that provide their measurements openly, rapidly, and transparently on 

the Internet, as K-Net does, are terribly scarce. This limits the range of applicability of this 

second class of earthquake parametric solutions to just a handful of regions, worldwide.  

To circumvent this problem, some parametric solutions in the market aim to substitute the 

usage of an actual instrumental network with ShakeMap, a product developed and 

maintained by the USGS (Worden et al., 2020). ShakeMap provides a ground motion 

footprint after an event, portraying the distribution and severity of the shaking. ShakeMap, 

in the words of its creators, is “a model of intensity of a model of an earthquake” as Dr. 

David Wald and colleagues wrote in their recent paper (Wald et al., 2021). Therefore, in 

circumstances where we can assume that this “model” is of good quality, ShakeMap 

represents a great option for the construction of parametric indices. 

3. Design of a Parametric Solution for Romania 

Table 1 lists the events in Romania in the ANSS Comprehensive Earthquake Catalog 

(ComCat) of USGS (USGS, 2017) for which a ShakeMap solution is available. The 1990 

M7.0 earthquake has the highest number of instrumental station (75), while for the other 

events in the table only a few instrumental data are available. As a comparison, a similar 

analysis for California would show hundreds, if not thousands, of recording stations. 

Whereas for California the ShakeMaps will have plenty of “control points” provided by 

instrumental data, in Romania, with only of a handful of seismic records, ShakeMaps would 

likely rely on available ground motion prediction equations (GMPEs).  
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Table 1. Earthquakes in Romania with a magnitude greater than M5.0 and available instrumental or macro-

seismic data in the development of USGS ShakeMap 

Name of Event Assigned by USGS Year Mag 
Depth 

(km) 

Instrumental 

Data 

Macro-Seismic 

Data 

2 km N of Spulber, Romania 1977 7.5 94 3 747 

5 km W of Nistoreşti, Romania 1990 7.0 89.3 75 1,671 

7 km W of Paltin, Romania 2004 5.9 95.8 0 16 

5 km E of Panciu, Romania 2014 5.6 32 4 2 

7 km WNW of Nereju Mic, Romania 2016 5.6 92 1 89 

13 km W of Nereju Mic, Romania 2016 5.6 97 2 67 

15 km SE of Comandău, Romania 2018 5.5 151 2 34 

The Vrancea deep seismogenic source, which dominates the seismicity in Romania, is a 

unique seismological setting. As described in Vacareanu et al. (2015), the Vrancea 

seismogenic source is among the few cases of localized intermediate-depth seismicity far 

from active plate boundaries. It is located on the South Eastern Carpathians, north of 

Bucharest, and occupies a relatively small and roughly cylindrical shaped volume, extending 

vertically from about 60km to 170km in depth. Despite active research and significant 

improvements in the last decade in the development of GMPEs for the Vrancea region, the 

scarcity of data -especially of high magnitude- has limited their accuracy (Weatherill et al. 

2018). Such lack of data has suggested the adoption of regional and international records in 

the development of Vrancea-specific GMPEs (Vacareanu et al., 2015), or the adoption of 

GMPEs calibrated for similar seismological settings (i.e., Abrahamson et al. 2016). Since 

available GMPEs are likely subjected to significant uncertainty and since only limited 

control points provided by actual seismic data are available, maps of shaking intensity for 

Romania produced by ShakeMap are also likely to contain numerous uncertainties. For the 

sake of this illustration, we are going to assume that these existing uncertainties make it more 

appealing to use a simpler cat-in-a-box mechanism for the transfer of risk in Romania, 

although this is not an absolute conclusion and, were we to consider a real application, other 

factors would need to be considered such as exposures, market appetite, etc.  

3.1. Domain Discretization and Definition of Rate and Risk 

To design a parametric solution we first identify the domain of interest. This application 

covers an area extending from 16.0E to 33.0E degree in longitude and from 39.0N to 52.0N 

degree in latitude, including Romania and portions of the surrounding countries. The domain 

is three-dimensional with a depth extending up to 200km to include the Vrancea seismogenic 

source. The parametric design process uses as input the results of a catastrophe risk model, 

which provides a synthetic catalog of seismic events with their physical characteristics (i.e. 

magnitude and location) and modelled losses. Figure 1 shows the events causing the highest 

losses to the considered exposure in Romania for four depth layers or 50km strata. Each dot 

represents a stochastic event and its color is an indication of the severity of the event in terms 

of its estimated loss, with red identifying event losses with the highest return period. 

Discussions on the foundations and workings of these within the insurance industry is readily 

available in the literature (i.e., Grossi et al., 2005; Mitchell-Wallace et al., 2017). In this 

paper, the proposed prototypes rely on the Verisk Touchstone Re v8 Model (Rong et al., 

2011; Lai et al., 2012). We then discretize the domain of interest into a grid of hexahedra 

(they would be “cubes” if their sides were the same in all three dimensions). For this 

particular parametric cover we use a fine discretization of 0.5x0.5 decimal degree on the 

horizontal plane. In order to highlight the role of the vertical (depth) discretization, we design 

two parametric solutions: a single-depth layer solution, with a single depth layer of 200km 

(similarly to some transactions mentioned in the introduction used to transfer risk in Mexico, 

for instance), and a multi-depth layer solution, with four depth layers of 50km each. 
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Figure 1 – Left to right, top to bottom: stochastic damaging events in each depth layer, from the shallowest to 

the deepest. Events are colored according to the magnitude of the losses they cause, with red identifying the 

highest loss causing events. Each depth layer has a thickness of 50km. 

The single-depth layer solution results in a regular grid of 884 non-overlapping hexahedra, 

while the multi-depth layer solution results in a grid of 3,536 elements. To each hexahedron, 

we associate the corresponding portion of stochastic events. This allows us to assess the 

frequency and the risk associated to each element of the discretized domain. 

As an example, Figure 2 shows a longitudinal profile crossing the Vrancea seismogenic 

source, considering all the hexahedra included between 16.0E to 33.0E degree in longitude 

and between 45.5N to 46.0N degree in latitude. The top two plots represent, for a single and 

a multi-depth layer parametric cover, the frequency of the stochastic events in each 

hexahedron, while the bottom two plots depict the risk or average annual loss, i.e. the product 

of frequency and loss. We observe that both parametric covers (with a single or several depth 

layers) successfully identify the hexahedra characterized by the highest frequency and risk 

corresponding to the Vrancea seismic zone. However, the multi-depth layer solution 

provides a significantly higher precision in capturing both the geometry of the seismogenic 

source and the location of the most potentially damaging events within it, indeed confined 

between the second and third depth layers (50-150km). Furthermore, the multi-depth layer 

discretization shows that the frequency and risk of the shallower events is confined to just 

the first depth layer (0-50km), following the evidence that deep events in the considered 

domain happen within the relatively limited extension of the Vrancea seismogenic source. 
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Figure 2. Top 2 plots: Rate distribution by hexahedron for a longitudinal section with latitude between 45.5 and 

46 decimal degrees.. Bottom 2 plots: Risk distribution by hexahedron for the same longitudinal section. In each 

pair of plots, top: single-depth layer solution; bottom: four-depth layer solution 

3.2 Formulation of the Optimization Problem 

Once the rate and risk for each hexahedron in the domain have been identified, the design of 

a first generation “cat-in-a-box” parametric cover consists in assigning to each of them a 

magnitude threshold. Based on the combination of magnitude thresholds in each hexahedron 

it is possible to determine the efficiency of the parametric cover (in terms of the portion of 

loss-causing events that produce a payout in average) and its expected frequency of payment, 

which determines its cost or premium charged by the insurer. As presented in a number of 

applications in the literature (Franco 2010, 2014; Franco et al. 2018, 2019; Guidotti et al., 

2022) the design problem can be formulated as an optimization problem to determine the 

combination of magnitude thresholds in each hexahedron such to maximize the transferred 

risk at a given trigger rate (i.e., policy premium): 

max ∑ ∑ 𝑇𝑘𝐸𝑘𝑄𝑖

𝑠. 𝑡.  ∑ ∑ 𝑅𝑘𝐸𝑘𝑄𝑖
≤ 𝑅𝑚𝑎𝑥

 .    (1) 

In Equation 1, 𝑇𝑘 is the risk associated to the stochastic earthquake 𝐸𝑘, for hexahedron 𝑄𝑖, 

and it is given by the product of the corresponding rate of occurrence 𝑅𝑘 and the loss caused 

by the event. 𝑅𝑘𝑚𝑎𝑥 is the target trigger rate and, as such, represents the budgetary constraint. 

The budgetary constraint, however, is not the only constraint, as additional horizontal 

constraints are imposed to “smooth” the solution, i.e., to avoid abrupt changes in magnitude 

thresholds amongst neighboring hexahedra. An additional vertical constraint is imposed 

requiring threshold magnitudes being non-decreasing in depth. This is to reflect the evidence 

that, among events of same magnitude, the shallower ones are expected to produce higher 

losses. Different techniques can be used to solve this optimization problem (de Armas et al., 

2016). In this paper we rely on a linear programming approach (Bayliss et al. 2020). 
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4. Results 

Our objective is to scrutinize the role of event depth in first generation parametric covers. In 

this endeavor, we wish to observe whether the single- or multi-layer solutions presented above 

behave in similar fashion or if the higher resolution in depth offers some advantages. To 

compare the solutions on an equal footing, we use the same constraints for the optimization of 

both covers, including, importantly, the budgetary constraint. In particular, we design two 

scenarios in which the insured has a budget such that the trigger frequencies are 1-in-10 (higher 

budget) or 1-in-125 years (lower budget). The cover calibrated to trigger with a return period 

of 10 years is characterized by lower magnitude triggering thresholds. The solution therefore 

provides payouts for events that cause a wide range of losses, from small to large. On the other 

side, a cover calibrated to trigger with a return period of 125 years is characterized by higher 

magnitude thresholds, responding only to higher losses produced by rare events. For 

simplicity, we will consider that the covers discussed are binary, either paying the full limit or 

zero. Examples of application of progressive payments for these types of parametric solutions 

can be found, for example, in Franco et al. (2018, 2019).  

Table 2 summarizes important features of the different parametric cover designs. Note that the 

cost (premium) of the cover is assumed to be comparably the same if the return period of the 

trigger is the same. This is because for binary covers, the expected loss, which determines the 

premium, is simply the inverse of the return period times the limit. While both the single depth 

layer and multi-depth layer solutions have the same return periods and cost, the multi-layer 

solutions for both return periods manage to transfer more risk than their single-layer counterparts 

do. We measure this by looking at the average annual loss of the events for which a payout would 

occur divided by the total average annual loss for all events. We refer to this quotient as “risk 

transfer” and we measure it as a percentage. We test the performance of the parametric solutions 

against historical events. Considering the historical catalog of the USGS (2017), it is possible to 

observe that the multi-depth layer solution at a 10-year return period would have triggered one 

additional event than its single depth-layer counterpart. More significantly, the multi-depth layer 

solution calibrated for a 125 years return period would have captured the destructive M7.5 1977 

event, which would not have triggered the corresponding single-depth layer solution. 

Figures 3 and 4 provide a view of the magnitude thresholds for both single and multi-depth layer 

solutions with return periods of 10 and 125 years, respectively, discretized in 50km depth slices. 

Both parametric covers calibrated for a 10-year return period show extensive coverage with 

relatively low magnitude levels in order to capture as many loss-causing events as possible (see 

for reference the event losses pictured in Figure 1). Whereas the single-depth layer parametric 

option remains constant up to 200km, the multi-depth layer parametric option tailors the magnitude 

thresholds around the area with the highest risk, namely around the Vrancea seismogenic source. 

This avoids the cost of covering events in deeper layers in central and western Romania, focusing 

the “budget” on lowering the magnitude thresholds in the first depth layer across Romania and in 

deeper layers around the Vrancea seismogenic source. This is more evident for the solutions 

calibrated for a 125-year return period. Specifically, a more tailored distribution of risk and rate 

in depth, allows the multi-depth layer solution to provide wider coverage in the first depth layer 

and to exclude from the cover events deeper than 150km, which, according to the model, do not 

account for significant losses at the target return period. Figure 5 provides the magnitude 

threshold conditions by hexahedron for the same longitudinal profile we considered in Figure 2. 

The top two plots indicate, for a single and a multi-depth layer parametric cover, the magnitude 

threshold of each hexahedron for the parametric solutions calibrated to trigger with a 10-year 

return period, while the bottom two plots refer to the parametric solutions calibrated to a 125-

year return period. The multi-depth layer option is characterized by a wider coverage area and 

lower magnitude thresholds in the first depth layer with respect to the single-depth layer option. 
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Table 2. Indicative price, risk transfer and historical events payout for different parametric solutions  

Return 

Period 

[years] 

Average 

Annual 

Loss 

[%] 

Rate 

on 

Line 

[%] 

Risk Transfer 

[% of Total] 

Historical Events 

Triggering a Payout 

Single-Depth 

Layer Solution 

Multi-Depth 

Layer Solution 

Single-Depth 

Layer Solution 

Multi-Depth 

Layer Solution 

10 10.00 15.00-20.00 98.41 99.32 

M7.8 (1940) M7.8 (1940) 

M7.5 (1977) M7.5 (1977) 

M7.2 (1986) M7.2 (1986) 

M7.0 (1990) M7.0 (1990) 

M6.6 (1913) M6.6 (1913) 

M5.6 (1974) M5.6 (1974) 

 M5.6 (2014) 

125 0.80 2.5-3.5 75.49 76.25 
M7.8 (1940) M7.8 (1940) 

 M7.5 (1977) 

 

 
Figure 3. Magnitude trigger conditions for the parametric solution calibrated to trigger with a 10-year return 

period. Left: single-depth layer solution; Right: four-depth layer solution 

 

 
Figure 4. Magnitude trigger conditions for the parametric solution calibrated to trigger with a 125-year return 

period. Left: single-depth layer solution; Right: four-depth layer solution 
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Figure 5. Magnitude trigger conditions by hexahedron for a longitudinal section with latitude between 45.5 and 46 

decimal degrees, for a parametric solution calibrated to trigger with a 10-year (top) and a 125-year (bottom) return period 

 

The solution calibrated to trigger with a 10-year return period starts producing a payout for events 

of M5.3 for the multi-depth layer solution versus M5.6 for the single-depth layer solution. 

Significantly, in the area of the Vrancea seismogenic source, between 50 and 150km, and between 

26.0E and 26.5E degree in longitude, the single-depth layer option would suggest a magnitude 

threshold of M6.9, while the multi-depth layer option would suggest progressively increasing 

magnitude thresholds of M6.0, M6.6, M6.8 and M7.0, better aligned with the losses predicted by 

the stochastic model. Similarly, the solutions calibrated to trigger with a 125-year return period 

will provide a much wider coverage area in the first depth layer for the multi-depth layer than the 

corresponding single-depth layer solution, which remains confined around the Vrancea 

seismogenic source. Specifically, in the area of the Vrancea seismogenic source, the single-depth 

layer option would suggest a magnitude threshold of M7.6 up to 200km, while the multi-depth 

layer option would have progressive magnitude thresholds starting at the same magnitude level, 

but excluding the deeper layer (150-200km), in agreement with the stochastic model losses. 

Conclusion 

Designing parametric earthquake transactions is not trivial. The structurer needs to consider 

many options in the context of the exposures and geography. We have aimed to illustrate that 

it is to the benefit of the insured or sponsor to consider differentiated payout levels for different 

values of event depth. In the case study we presented for Romania, we have shown that 

introducing a finer discretization of the depth dimension can expand coverage and increase 

risk transfer potential of the solution without changing the cost of the transaction. Numerically, 

this difference is only 1% in this case but may be larger in other cases. Increasing coverage in 

areas that contribute to loss is possible due to carving out areas that are unlikely to contribute 

losses, of course taking care that we do not excessively “overfit” to the model in this process.  
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Abstract: The main goal of this study is to quantify the financial risk exposures for 

Canadian homeowners due to catastrophic earthquakes. Currently, Canada faces two distinct 

challenges in two major seismic regions. In British Columbia, although earthquake 

insurance take-up rates are relatively high (50 to 70%), high deductibles leave most 

homeowners financially unprotected, whereas in Quebec, earthquake insurance take-up rates 

are universally low (less than 5%). Should a catastrophic earthquake strike a major urban 

area of Canada (e.g., Vancouver and Montreal), large portions of earthquake damage and 

loss will not be covered by earthquake insurance and homeowners will be left to cope with 

financial burdens. Using regional earthquake catastrophe models that are built using public-

domain data and models, earthquake insurance gaps in Canada are evaluated quantitatively. 

The earthquake insurance gap problems and possible solutions are further discussed in the 

companion paper.  

Keywords: Financial risk, Homeowners, Canada, Earthquake insurance, Catastrophe 

modelling 

1. Introduction 

Canada’s seismicity varies significantly from the west to the east (Cassidy et al., 2010). 

Active crustal and subduction earthquakes in Pacific Northwest are major threats to 

residents in British Columbia, whereas the Saint Lawrence seismic zone can host 

infrequent, moderate-to-large earthquakes in Quebec and eastern Ontario. Historically, 

different types of earthquake disasters occurred in Canada. Major earthquakes in western 

Canada include the 1700 M9 (M represents the earthquake magnitude) Cascadia 

megathrust subduction earthquake off Vancouver Island, the 1918 M6.9 and 1946 M7.3 

shallow crustal earthquakes on Vancouver Island, and the 2001 M6.8 Nisqually deep inslab 

earthquake in Washington, USA. In eastern Canada, major damaging crustal events 

between M6 and M7.5 occurred in the Charlevoix seismic zone in 1663, 1860, 1870, 1925, 

and 1971, while moderate earthquakes occurred in the Western Quebec Seismic Zone (near 

Ottawa and Montreal) in 1732, 1935, 1944, and 2010. 

Currently, 40% of Canadians live within the seismic regions; therefore, the impact of 

catastrophic earthquakes will be significant socioeconomically as well as financially. For 

instance, an earthquake risk study by AIR Worldwide (2013) estimated the overall scenario 

loss due to an M9.0 earthquake in British Columbia at almost $75 billion. The study also 

modelled an M7.1 earthquake in the Charlevoix seismic zone of Quebec; the financial loss 

was estimated at almost $61 billion. It is important to point out that an exceedance 

probability curve of a regional building portfolio (e.g., all residential building stock in 

British Columbia) by considering a comprehensive list of possible earthquake scenarios is 

rarely presented in literature. In this regard, nationwide building exposure models and 

seismic vulnerability models developed by the Natural Resources Canada (NRCan) 

through the Open Disaster Risk Reduction (OpenDRR) program 

(https://opendrr.github.io/en/index.html) greatly facilitate new quantitative earthquake risk 

assessments of people and buildings in Canada. 

Earthquake insurance plays a pivotal role in the recovery from earthquake disasters and 

protects people from financial risks that damaging earthquakes pose (King et al., 2014; 

OECD, 2018). Canada faces earthquake insurance gap problems for homeowners. In 
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British Columbia, although earthquake insurance take-up rates are relatively high (50–

70%) in high seismic areas (e.g., Vancouver and Victoria), deductibles are high (on 

average, $50,000). In the case of moderate earthquakes that will occur more frequently 

than large ones, many British Columbia households with earthquake risk coverage will end 

up with paying large portions of incurred seismic damage costs by themselves. In Quebec, 

due to low take-up rates (3–4%), homeowners as well as provincial governments are 

financially unprotected in the case of a catastrophic earthquake event. However, referring 

to national seismic hazard maps of Canada (Kolaj et al., 2020), seismic hazard levels in 

these provinces are not drastically different (e.g., Victoria in the Puget Sound region versus 

La Malbaie in the Charlevoix seismic zone). Moreover, through state-of-the-art earthquake 

loss modelling and quantitative analyses of earthquake insurance data, Goda et al. (2020) 

clearly showed that homeowners in British Columbia and Quebec are both exposed to 

moderate-to-severe seismic risks but respond to earthquake risks very differently. 

Compared with British Columbia homeowners, earthquake risk perception by Quebec 

homeowners is lower, which is also confirmed based on a recent survey on earthquake 

insurance purchase by British Columbia and Quebec residents (Kunreuther et al., 2021). 

The objectives of this paper are to develop a regional seismic risk model for Canadian 

homeowners using the latest datasets and models for exposure, hazard, vulnerability, and 

insurance coverage, and to quantify the financial risks for homeowners. The paper focuses 

on the development of the earthquake catastrophe model for a regional building portfolio. 

Then, the developed model is used to quantify the current situation of the earthquake 

insurance gap problems in Canada. More specifically, regional seismic risk curves for 

residential wooden buildings in two seismically active areas, i.e., Vancouver-Victoria and 

Montreal, are obtained and seismic risks for different stakeholders (i.e., homeowners and 

insurers) are compared. Such baseline risk assessments facilitate the development of 

possible solutions to mitigate the insurance gap problems, which is the focus of the 

companion paper (Goda, 2022). 

2. Earthquake catastrophe model for regional building portfolio in Canada 

Quantitative risk assessments are essential for disaster risk management and reduction and 

play critical roles in disaster risk financing (Mitchell-Wallace et al., 2017). A general 

financial risk analysis involves hazard characterization, exposure database, and 

vulnerability assessment (i.e., risk = hazard × exposure × vulnerability) and requires the 

incorporation of uncertainties associated with key model components. In this section, 

earthquake catastrophe models for residential wooden buildings in British Columbia and 

Quebec are developed. Overviews of the catastrophe models for the two regions are 

illustrated in Figures 1 and 2. The framework/platform is composed of seismic hazard 

model (i.e., stochastic event set generation and ground motion model), building exposure 

model, seismic vulnerability model, and earthquake insurance model. Key aspects of the 

model components are described in the following subsections. The base seismic hazard 

model is based on the 2015 national seismic hazard model of Canada (Halchuk et al., 

2014), whereas the building exposure and vulnerability models are based on OpenDRR. 

The earthquake insurance model is based on the CatIQ database (https://public.catiq.com/).  

2.1. Seismic hazard model 

The Geological Survey of Canada develops national seismic hazard models, which 

typically consist of seismicity models, ground motion models, and logic-tree models for 

epistemic uncertainty characterization. In this study, the 5th generation national seismic 
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hazard model (Halchuk et al., 2014) is adopted, which has been recently updated to the 6th 

generation model (Kolaj et al., 2020). The major differences of the two generations can be 

attributed to different sets of the ground motion models, while their seismicity models are 

similar.  

 

Fig. 1 – Regional seismic loss model for British Columbia (Vancouver-Victoria region). 

 

Fig. 2 – Regional seismic loss model for Quebec (Montreal region). 

To represent regional seismicity in western and eastern Canada, stochastic event sets are 

generated over a 500,000-year period by considering the source zone models, occurrence 
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models, and logic tree models of regional seismicity. Simulated stochastic events are 

shown in the ‘stochastic event set’ panels of Figures 1 and 2. For these stochastic events, 

ground motion models are applied to simulate shake maps for the spectral acceleration at 

0.3 seconds (Atkinson and Adams, 2013; see the ‘ground motion model’ panels of Figures 

1 and 2). This seismic intensity parameter is selected because it is the input parameter of 

the seismic vulnerability functions of residential wooden buildings. It is noted that shake 

maps account for spatial correlation of ground motions (Goda and Atkinson, 2010) as well 

as local site conditions based on the USGS’s global VS30 database (Wald and Allen, 2007). 

Therefore, spatially correlated ground motion fields can be evaluated at building locations 

for portfolio seismic risk analysis of buildings.  

2.2. Building exposure model 

The regional seismic loss models developed in this study adopt a nationwide building 

exposure database from the OpenDRR program. The building exposure model contains 

information including locations, building numbers, asset values (structural, non-structural, 

and contents), occupants’ numbers (day, night, and transit situations), land use, occupancy 

(agricultural, civic, commercial, industrial, and residential), building material (concrete, 

manufactured, precast, reinforced masonry, steel, unreinforced masonry, and wood), and 

HAZUS-based building typology (in terms of building class and seismic design level). 

In this study, residential wooden buildings that are shown in the ‘building exposure’ panels 

of Figures 1 and 2 are considered. They are concentrated in the major urban areas in 

British Columbia and Quebec. In total, 690,945 and 1,088,803 houses for the Vancouver-

Victoria region and the Montreal region, respectively, are included in the seismic risk 

assessments. The total asset values of the portfolios are 438.9 and 744.6 billion dollars for 

the Vancouver-Victoria region and the Montreal region, respectively. Most buildings in 

Canada are timber constructions (87% and 92% in British Columbia and Quebec, 

respectively), whereas timber buildings consist of 45% and 53% of the total building assets 

in British Columbia and Quebec, respectively. For wooden buildings, the overall 

proportions of structural, non-structural, and contents components with respect to the total 

asset values are 17%, 52%, and 31%, respectively. 

2.3. Seismic vulnerability model 

Seismic vulnerability models quantify the degree of seismic loss to a building as a function 

of seismic intensity parameter and serves as a critical model component in interface with 

hazard, exposure, and financial risk components (Mitchell-Wallace et al., 2017). The 

seismic vulnerability functions are obtained from OpenDRR. The NRCan’s seismic 

vulnerability functions for wooden houses are expressed as a function of spectral 

acceleration at 0.3 seconds and depend on structural systems and seismic code levels. For 

each building typology, three building elements are specified and are associated with 

different vulnerability functions (see the ‘vulnerability model’ panels in Figures 1 and 2). 

The changes of the structural and seismic design typology mainly affect the structural and 

non-structural vulnerability functions, while the changes of the occupancy class alter the 

non-structural and contents vulnerability functions. To account for neglected uncertainty of 

NRCan’s seismic vulnerability functions (which reflect the mean loss ratios only), the 

seismic loss ratio is characterized by the lognormal distribution with the coefficient of 

variation equal to 0.6, which is consistent with the empirical insurance loss functions for 

wooden houses that were damaged by the 1994 Northridge earthquake (Wesson et al., 

2004). In generating seismic loss ratios for portfolio seismic loss estimation, values for 
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different buildings are considered as uncorrelated. However, because several buildings at 

the same location are treated as one entity, seismic vulnerability assessments are partially 

correlated. 

2.4. Financial insurance model 

Earthquake insurance information, such as deductible, limit, and take-up rate, is estimated 

by analyzing the Canadian proprietary insurance data from CatIQ, which are available at 

1,620 Forward Sortation Areas (FSA) across Canada. The insurance take-up rates are 

evaluated as a ratio of the number of earthquake insurance policies and the number of fire 

insurance policies per FSA (Goda et al., 2020). The ‘insurance take-up’ panels in Figures 1 

and 2 show the spatial distributions of the estimated earthquake take-up rates in the 

Vancouver-Victoria and Montreal regions. The take-up rate map in British Columbia 

shows that high percentages of homeowners buy earthquake insurance coverage in the 

coastal areas (50% to 70%), while take-up rates become gradually smaller towards the 

interior areas of British Columbia. This declining trend in the take-up rate is commensurate 

with seismic hazard levels in British Columbia (note: the seismicity is reduced as a site 

becomes far from the subduction zone). For Quebec, the earthquake insurance is uniformly 

low (less than 5%), independent of regional seismicity. The FSA-based insurance 

information is incorporated in determining the insurers’ financial risk exposures. 

3. Financial portfolio risk assessments for Canadian homeowners 

Portfolio seismic loss estimation for residential wooden buildings is carried out for two 

major seismic regions in Canada, i.e., Vancouver-Victoria region and Montreal region, 

using the earthquake catastrophe models described in Section 2 (Figures 1 and 2). The 

duration of the stochastic event sets is set to 500,000 years. Using 500,000 samples of the 

annual maximum portfolio loss, exceedance probability curves and major seismic loss 

events can be obtained. For the Vancouver-Victoria region, deductibles are set to 10% of the 

total insured value, while for the Montreal region, deductibles are set to 3% of the total insured 

value, based on CatIQ data (Goda et al., 2020). 

3.1. British Columbia (Vancouver-Victoria region)  

Exceedance seismic loss curves for homeowners and insurers are obtained and shown in 

Figure 3a. The exceedance probability curves show that homeowners’ loss proportions (red 

curve) are higher than insurers’ proportions (black curve). Despite a relatively larger number of 

homeowners in Vancouver and Victoria buy earthquake insurance coverage (Figure 1), when 

major loss events occur, most losses would fall onto homeowners as financial burden.  

To examine the results numerically, Table 1 summarizes seismic loss proportions of 

homeowners and insurers for the Vancouver-Victoria building portfolio by considering the 

annual expected loss and portfolio losses at four selected return periods as representative 

risk metrics. In the table, owners’ risk proportions are further divided into uninsured 

owners and insured owners. Note that insured owners must cover seismic losses below 

deductibles. Although insurers’ loss proportion increase with the seismic loss return period 

level (due to the increase in the upper tail risk), their proportions are less than 30%, while 

insured homeowners incur more than 35%. This is because seismic losses are generally 

spread across homeowners in the region and are not particularly concentrated in specific 

local areas. In short, the current high deductible result in unsatisfactory risk sharing among 

stakeholders in British Columbia.  
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On the other hand, Figure 3b shows the spatial distribution of major seismic loss events 

exceeding $1 billion dollars. Such distributions of critical seismic loss events represent 

geographical disaggregation of regional seismic loss (Goda and Hong, 2009). The large-loss 

events tend to occur near Vancouver and Victoria, where most of buildings are concentrated. 

The event types that cause these losses are crustal or inslab earthquakes and are consistent with 

seismic hazard disaggregation results for the seismic intensity parameter. 

 

Fig. 3 - Financial portfolio risk analysis for the Vancouver-Victoria region: (a) Exceedance seismic loss curves 

for homeowners and insurers and (b) spatial distribution of major seismic loss events exceeding $1 billion dollars. 

Table 1. Seismic loss proportions of homeowners and insurers for the Vancouver-Victoria building portfolio  

Risk metric 
Total 

loss (B$) 

Uninsured 

owners (B$) 

Insured 

owners (B$) 
Insurer (B$) 

Uninsured 

owners 

Insured 

owners 
Insurer 

Annual expected loss 0.121 0.047 0.050 0.024 38.8% 41.3% 19.9% 

1 in 100-year loss 1.996 0.755 1.146 0.095 37.8% 57.4% 4.8% 

1 in 200-year loss 5.365 2.118 2.538 0.709 39.5% 47.3% 13.2% 

1 in 500-year loss 13.549 4.990 4.856 3.702 36.8% 35.8% 27.3% 

1 in 1000-year loss 22.702 8.806 8.436 5.460 38.8% 37.2% 24.1% 

3.2. Quebec (Montreal)  

The same set of regional seismic loss results for the Montreal region are shown in Figure 4 and 

Table 2. Figure 4a shows that nearly all regional seismic losses fall onto homeowners because 

of low take-up rates. This is evident from Table 2, which indicates only a few percent of the 

total regional seismic loss is covered by the insurers.  

Figure 4b shows that the critical loss scenarios tend to be caused by local seismic events of 

moderate earthquake magnitude (Figure 2). Even a moderate-size earthquake could cause 

devastating earthquake damage, because of high spatial density of the residential buildings 

in the Montreal region. Moreover, buildings in Quebec are more susceptible to earthquake 

damage because of lack of seismic deign implementations (e.g., none of buildings are 

assigned with high seismic code level). The characteristics of the building exposure and 

vulnerability have significant impact on the seismic loss results.  

Lastly, in comparison with the total exceedance probability curve for the Vancouver-

Victoria region (Figure 3a), the curve for the Montreal region (Figure 4a) has a heavier 

right tail. This characteristic is attributed by the greater uncertainty in seismic hazard and 

the spatial distribution of buildings for Quebec. In other words, although the occurrence 
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probability of moderate yet damaging earthquakes in the Montreal region is lower than that 

in the Vancouver-Victoria region, the chance of resulting in devastating seismic damage is 

similar or sometimes greater for Montreal, compared to Vancouver and Victoria. This 

aspect of the upper tail characteristics of the seismic risk in Quebec must be kept in mind 

in managing earthquake risk regionally. 

 

Fig. 4 - Financial portfolio risk analysis for the Montreal region: (a) Exceedance seismic loss curves for 

homeowners and insurers and (b) spatial distribution of major seismic loss events exceeding $1 billion dollars. 

Table 2. Seismic loss proportions of homeowners and insurers for the Montreal building portfolio 

Risk metric 
Total loss 

(B$) 

Uninsured 

owners (B$) 

Insured 

owners (B$) 
Insurer (B$) 

Uninsured 

owners 

Insured 

owners 
Insurer 

Annual expected loss 0.070 0.068 0.001 0.002 96.7% 0.9% 2.3% 

1 in 100-year loss 0.556 0.537 0.011 0.008 96.5% 2.0% 1.5% 

1 in 200-year loss 1.786 1.724 0.022 0.040 96.5% 1.2% 2.2% 

1 in 500-year loss 6.142 5.966 0.085 0.091 97.1% 1.4% 1.5% 

1 in 1000-year loss 13.909 13.437 0.156 0.316 96.6% 1.1% 2.3% 

4. Discussions and conclusions 

The earthquake insurance gaps are critical issues in Canada. In British Columbia, it is 

problematic that even for homeowners who purchase earthquake insurance coverage 

voluntarily by paying relatively high insurance premiums (typically, $650 for the 

earthquake coverage, in addition to other home insurance of $1,300; Kunreuther et al., 

2021), less than a half of the earthquake damage and loss will be reimbursed by the 

insurance. Therefore, the deductible must be reduced. The main challenge is that when the 

earthquake coverage is expended, earthquake premiums, to be charged by insurers, must be 

increased. Such an insurance policy is likely to cause an affordability problem. In Quebec, 

the main cause is the low take-up rate across the province, and is compounded by several 

factors, including low earthquake risk perception and false ideas by Quebec residents that 

general home insurance policies cover earthquake risks and that the Government will step 

in to help rebuild damaged homes. To resolve the earthquake insurance gap problems, an 

innovative approach is necessary. In the companion paper (Goda, 2022), a possibility of 

establishing and implementing a new earthquake risk pool through a public-private 

partnership between insurers and the Government is explored. 
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Abstract: Exposure model plays a fundamental role for the quantification of seismic losses 

in large scale assessment. It provides the distribution of buildings at territorial scale within 

the vulnerability classes considered by the adopted vulnerability model, to which specific 

fragility functions are associated. For compiling building inventory, the key structural 

characteristics of exposed buildings are required. When this information is not available 
throughout the territory, exposure model should define how to account vulnerability classes’ 

distribution at urban, regional or national scale. Most of existing exposure models are 

calibrated on field survey available in given locations (e.g. post-earthquake survey data). 

However, these data may not be representative of the effective vulnerability characterization 

for different areas of a country and may lead to inaccurate losses estimations. Recently, an 

integrated approach for exposure modelling was presented, that allows to take into account 

the variable distribution of masonry building typologies at regional scale. This study 

proposes the application of such integrated approach in some Italian regions. It will be 

shown that an improved knowledge of building characteristics may significantly affect 

vulnerability and loss assessment. This methodology for accounting local building 

typologies may be also useful for improving CAT modelling process for insurance analysis.  

Keywords: seismic risk, vulnerability, inventory, local building typologies, Cartis 

1. Introduction  

The evaluation of social and economic impacts in a region of interest is extremely useful 

for prevention and mitigation as well as for insurance purposes. As a matter of fact, 

Earthquake CAT modelling is a fundamental step in risk modelling for earthquake 

insurance decision-making, needed for the further application of the Actuarial and 

Financial Insurance Model and the Economic insurance one (Goda et al. 2014). The 

primary outputs from CAT modelling are the Loss Curves, the Average Annual Loss and 

the Probable Maximum Loss; their calculation relies on probabilistic loss assessment and 

requires the convolution of hazard, vulnerability and exposure (Erdik 2021). Hazard model 

provides the spatial distribution of expected ground motion intensity for assigned return 

periods, generally represented by hazard maps. Vulnerability model identifies the 

propensity of a certain type of structures (or classes of structures) to sustain a defined 

damage level given a specific ground motion intensity. The exposure is generally 

expressed by building inventory, that provides the number of exposed buildings belonging 

to classes of structures identified by the vulnerability model and their distribution at 

territorial scale. To allow the calculation of social losses, the exposed population should be 

added to building inventory considering occupancy data, as well. To quantify the impacts 
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due to seismic event consequence functions are also required, that express the distribution 

of losses given the number of buildings affected by the different damage levels.  

Parameters adopted by vulnerability models for building classification could include basic 

information on structural system such as the construction material of vertical structure and 

the code design level, as in EMS-98 (Grunthal, 1998), or include other information 

relevant for describing seismic behaviour, such as the building height and the period of 

construction (Karababa and Pomonis, 2010; Del Gaudio et al. 2020). Generally, for 

masonry buildings the identification of vertical and horizontal structure types is also 

required (Braga at al. 1982, Rota et al. 2008). In large scale risk assessment, building 

inventory is frequently compiled using census data, as this source of information is easily 

available and widespread overall national territory. However, the basic information 

contained in census data is often limited to building material, construction age and storey 

number (Crowley et al., 2014), thus they may be not enough for applying most of 

vulnerability models previously mentioned. To overcome these issues, several studies 

proposed methodologies for compiling building inventory using different sources of 

information, such as remote sensing, field observations and local expert’s judgment 

(Pagani et al., 2018; Crowley et al., 2020). However, the use of image processing 

techniques to build large scale inventory have the drawback to gather only spatial type 

building features (i.e., building shape, position and height), while information on 

construction material or age of construction cannot be easily detected, and field 

observations, generally localized in specific areas, may not grasp the variability of building 

typologies over a large territory. 

Recently, different approaches relying on interview-based survey were proposed in Italy. 

The interview-based form Cartis (Zuccaro et al. 2015), implemented within “Territorial 

Themes” ReLUIS project, was derived to be an alternative source for compiling large-scale 

inventories. The form allows to rapidly detect buildings data at urban level, providing 

relevant information for describing their seismic vulnerability. Exploiting the availability 

of Cartis database for several Italian municipalities, in Polese et al. (2019) a procedure for 

integrating census data with Cartis information at urban level was presented, while in 

Tocchi et al. (2022) a methodology to build inventory at regional scale relying on Cartis 

database was proposed. This paper presents the application of the procedure proposed by 

Tocchi et al. (2022) for several Italian regions. It will be shown that the enhancement of 

information for building inventory, that determines an improved exposure modelling at the 

regional scale, may determine significant changes in estimated vulnerability and loss 

assessment. Hence, the proposed approach can be usefully applied to improve risk 

assessments towards evaluation of seismic insurance premiums. 

2. Vulnerability and exposure modelling: inventory issues  

Fragility functions express the probability of reaching or exceeding a certain damage level 

under earthquake excitation. Each vulnerability model proposes the categorization of 

buildings in different classes, identified by specific structural features affecting their 

seismic response, and for each of these classes suitable fragility functions are derived. 

Therefore, for each vulnerability model, a specific exposure model should be defined in 

order to classify the building stock and compile building inventory.  

Different criteria for grouping buildings in classes accounting for their seismic behaviour 

can be distinguished: in the (i) typological-based classification buildings classes are 

defined based on the building typologies identified by construction material (e.g., masonry, 

reinforced concrete, steel, mixed structures), number of storeys and age of construction 
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(FEMA 2015; Babic at al. 2021b); according to (ii) vulnerability-based classification, 

buildings are grouped in vulnerability classes based on the construction material and load 

resisting system type, eventually taking into account also the types of slabs or the presence 

of horizontal connection for masonry structures (Del Gaudio et al. 2019; Rosti et al. 2021); 

in the (iii) index-based classification, building’s vulnerability are identified through a 

vulnerability index, which value can be calculated with different approaches, and the 

buildings can be finally grouped in classes based on similar value of the index 

(Lagomarsino et al., 2006; Zuccaro et al., 2015). The criteria and the relative building’s 

attributes considered for the classification are shown in figure 1.  

 

Fig. 1– Attributes typically considered in the typological-based, vulnerability-based and index-based 

classification. 

In general, the poor information provided by census data are limited to only few attributes 

(figure 1). In Italy, one of the European countries where more informative census surveys 

were conducted together with Portugal, Greece, Turkey, only information relative to 

construction material (i.e., masonry, reinforced concrete or other material), number of 

storeys (1,2,3, 4 or more) and age of construction (< 1919, 1919-1945, 1946-1961, 1962-

1971, 1972-1981, 1982-1991, 1991-2001, 2002-2005, >2005) are provided by census data 

(ISTAT 2011). Therefore, if a vulnerability-based classification is adopted, a suitable 

exposure model is required to associate census building typologies to vulnerability classes 

identified by the vulnerability model. This association is generally performed assigning the 

occurrence percentages of each census typology to vulnerability classes (e.g., 70% and 

30% of masonry buildings built before 1919 belonging to class A and class B of EMS-98, 

respectively). The approach commonly used to calibrate the exposure model is based on 

expert judgment or available survey data. For example, in Rosti et al. (2021), fragility 

curves for masonry buildings were defined for three vulnerability classes (A, B and C1), 

derived considering both L’Aquila 2009 and Irpinia 1980 post earthquakes data. Then, in 

order to allow the compiling of building inventory at the large scale, a suitable exposure 

model was calibrated through an optimization problem. The latter aimed to minimize 

differences among a set of empirical fragility curves specifically derived for building 

typologies (i.e., typologies identified based on age of construction and number of storeys), 

considering only 2009 L’Aquila observed damage dataset, and the fragility curves 

previously derived for the vulnerability classes (i.e., A, B and C1). 

A quite different approach to develop an exposure model was proposed by Del Gaudio et 

al. (2019). The empirical based lognormal fragility curves are derived based on the 
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statistical treatment of masonry buildings damage data of 2009 L’Aquila earthquake. The 

fragility curves are defined for 14 masonry buildings classes, identified by the combination 

of vertical horizontal structure types. In order to develop a set of fragility curves directly 

referred to construction periods defined by Italian census database (ISTAT) the authors 

proposed to linearly combine the lognormal fragility curves of the 14 vulnerability classes 

using the percentages of occurrence of each vulnerability class within the ISTAT age 

ranges as linear combination coefficients. To this aim, the age of construction in ISTAT 

are divided in 9 ranges (from <1919 to > 2005), as presented in the previous paragraph, 

and the occurrence percentages are derived by 2009 L’Aquila post-earthquake data.  

However, mostly for masonry buildings, the calibration of the exposure model on a limited 

amount of data may have the drawback of being not enough representative of the whole 

national territory. As a matter of fact, buildings features may vary based on geographic 

characterization of the territory (e.g., mountain or costal area), also influenced by the 

availability of construction material in the area and the evolution of construction 

techniques (Rodolico 1965, Zuccaro et al. 1999). In Tocchi et al. (2022) the reliability of 

exposure model based on observed data was evaluated and a proposal for improvement of 

building inventory taking into account the specific regional vulnerability characterization 

for masonry buildings was presented. The Cartis-based methodology is analysed herein. 

The proposed procedure will be explained in the next section and an application will be 

presented allowing the comparison of vulnerability characterization for different Italian 

regions. The overall improvement on vulnerability and risk assessment obtained will be 

shown, as well. 

3. Cartis-based exposure model 

The 1st level “Cartis” form is an interview-based form developed in Italy aiming to 

improve the knowledge of Italian building asset at territorial scale (Zuccaro et al. 2015). It 

is compiled at municipality scale interviewing technicians with experience in the studied 

area (e.g. technician belonging to the local Public authority), allowing to detect the main 

ordinary building typologies in sub-areas of the town, denominated Town Compartments 

(TC).  For each municipality investigated, TCs should be identified by homogeneity of the 

built environment, in terms of construction period or building structural features. Once TCs 

are defined, the most widespread building typologies in each TC are identified and the 

form is compiled identifying main structural features for each typology. As example, for 

masonry building typologies the vertical structure’s type (e.g. irregular layout masonry or 

regular layout with bricks), the type of horizontal structures (e.g. flexible, rigid or semi-

rigid slabs, vaults), the presence of tie rods or tie beams as well as the position of the 

building in the block (corner, external, internal, insulated) are the main typological 

parameters considered in the form together with the number of story and the period of 

construction.  

Figure 2 synthetizes some of the main steps for application of the methodology proposed in 

Tocchi at al. (2022) for the calibration of the Cartis-based exposure model in combination 

with census data in large scale risk analysis. The first step (step 1) consists in the 

extrapolation of Cartis relevant data for each TC of a town and the compiling of building 

inventory at urban scale in terms of building typologies and/or vulnerability classes, 

according to classification of the selected vulnerability model. Next, as the percentage 

distribution of each building typology within a TC is also provided, given the total number 

of buildings in each TC, the number of buildings characterized by certain vulnerability 

features (i.e., the type of vertical and horizontal structures, the age of construction and the 

number of storeys) can be estimated (step 2); thus, considering the vulnerability classes 

used in the adopted vulnerability model, the building inventory at municipal level can be 
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obtained. Finally, considering all municipalities belonging to the same region and for 

which the CARTIS was compiled, the analysis of statistical distribution of vulnerability 

classes into ISTAT building typologies allows the calibration of the Cartis-based exposure 

model (step 3). 

Applications of Cartis-based methodology to calibrate regional exposure model were 

presented in Polese et al. (2021) and Tocchi et al. (2022). In these studies, five different 

Italian regions with a significant percentage of municipalities investigated by Cartis were 

analysed (Abruzzi, Campania, Emilia-Romagna, Tuscany and Veneto) and the approach 

was proposed considering only masonry building typologies. Indeed, the information 

gathered by Cartis are mostly useful for masonry building classification, as such typologies 

may be subject to relevant variations for different areas of a country, e.g. depending on the 

type of masonry or the different percental use of various types of horizontal structures 

and/or vaults.  

 

Fig. 2 – The main steps of the Cartis-based approach for regional exposure modelling. 

As shown in section 2, two different approaches can be used for the derivation of regional 

exposure model suitable for census data: an approach based on the definition of the 

occurrence percentages of building typologies in vulnerability classes and that allows the 

derivation of a regional building inventory (Rosti et al. 2021); an alternative approach for 

deriving age-dependent fragility curves, based on the statistical treatments of exposure data 

(Del Gaudio 2019). In this study both the approaches are investigated. The procedure will 

be applied to an additional Italian region, the Marche, where 10% of municipality were 

investigated by Cartis. Furthermore, the comparison of Cartis-based exposure models for 

several Italian regions will be shown and their influence on risk assessment will be 

discussed, as well.  

3.1 Fragility curves re-calibration approach 

The approach proposed in Del Gaudio et al. (2019), referred to below as DG, is based on 

the derivation of fragility curves directly referred to ISTAT’s construction age intervals. 

These curves can be obtained by the linear combination of the 14 vulnerability classes 

defined by the model, using the occurrence percentages of these classes in the defined 

period of construction as linear combination coefficients.  
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Fig. 3 – Occurrence percentages of masonry buildings built before 1919 in the vulnerability classes identified 
by DG model for different Italian regions. 

The vulnerability classes for masonry buildings are identified by the combination of 

bearing structure types (irregular layout structure with or without tie rods/beams – classes 

B and C, regular layout structure with or without tie rods/beams – classes D and E) and 

horizontal structure ones (vaults, flexible, semi-rigid or rigid slabs, classes 23, 4, 5 and 6 

respectively). Therefore, each class is identified by alphanumeric code (e.g., Class 23BC 

represents irregular layout masonry buildings with/without tie roads/beams with vaults, 

and class 5D regular layout masonry buildings with tie rods/beams and semi-rigid slabs). 

As mentioned before, the definition of the occurrence percentage for each class within the 

times intervals defined by ISTAT are derived by statistical treatments of L’Aquila 2009 

post-earthquake data. 

 
       (a)                   (b) 

Fig. 4 – Comparison between age-dependent fragility curves proposed by DG (dashed ones) and obtained 

adopting Cartis-based approach (continuous ones) for masonry buildings built between 1919-1945 for 

Tuscany (a) and Marche region (b). 

Considering Cartis inventories at regional scale, the statistical analysis of the data allows 

the derivation of an alternative exposure matrix, more suitable for grasping the specific 

vulnerability characterization of different regions of Italian territory. Figure 3 shows the 

occurrence percentages of the most ancient buildings (<1919) within the vulnerability 

classes of the DG model identified thanks to the Cartis data available for different Italian 

regions; the percentage evaluated with the original DG model is also shown for 

comparison. In Campania and Marche the regular structures are the most frequent ones 

(classes D and E); on the contrary, a high percentage of irregular layout masonry structures 

can be observed for Tuscany (classes 4B and 5B). It is worth noting that in Marche region 

older buildings (<1919) are mostly with regular layout and rigid floors (6D an 6E); the 

high concentration of this particular typology is probably due to the massive structural 

intervention carried out in this region after past earthquakes (Saretta et al. 2021). Figure 4 

shows the age-dependent fragility curves derived by Cartis-based approach and the DG 

original ones for Tuscany and Marche regions. The older masonry buildings in Tuscany are 

characterized by higher vulnerability adopting the proposed approach, while the Marche 
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ones are significantly less vulnerable. These results are coherent with the exposure 

classification reported in figure 3. 

3.2 Exposure matrix re-calibration approach 

The approach adopted in Rosti et al. (2021), referred to below as RO, is the one used in the 

last NRA in Italy: building inventory is expressed by vulnerability classes, derived by 

EMS-98 ones, and the exposure model provides the weights to assign census typological 

classes to vulnerability ones. Three vulnerability classes are identified for masonry 

buildings (A: high vulnerability, B: medium vulnerability, C1: low vulnerability) and the 

classification rules proposed by Rota et al. (2008) are used to assign vulnerability classes 

based on combination of vertical structures and types of diaphragms. Moreover, also the 

building height are taken into account for the classification (Low L: 1–2 storeys and 

Medium High MH: > 2 storeys) and six vulnerability classes are finally identified (A-Low, 

B-Low, C1-Low, A-MH, B-MH,C1-MH).  

Table 1. Classification rules adopted in Rota et al. (2008) to assign vulnerability classes based on the 

combination of vertical and horizontal structure types. 

Horizontal structure  Irregular texture or poor quality 

masonry 

Regular texture and good quality 

masonry  
  w/o connecting 

device 

with connecting 

device 

w/o connecting 

device 

with connecting 

device  
Flexible A A B C1 

Semi-rigid A A B C1 

Rigid A B C1 C1 
Vaults A B C1 C1 

The model is calibrated on available exposure data relative to two important seismic events 

of last years (Irpinia 1980, Abruzzo 2009). Figure 5 shows the comparison between the 

percentages of “<1919” census building typology into the vulnerability classes identified 

by the model, for three different Italian regions analysed. As also observed in section 3.1.1, 

it can be noted that in Tuscany buildings are generally more vulnerable with respect to 

other regions under study, having a high number of masonry buildings classified in class 

A, both for low and medium height classes, while for Marche and Campania regions, a 

high percentage of buildings in the less vulnerable class (B and C1) can be observed. For 

all the regions, the percentage classification in the vulnerability classes evaluated with the 

original RO model is also shown for comparison. 

 

Fig. 5 – Occurrence percentages of pre 1919 masonry buildings into the vulnerability classes of the RO 

model for different Italian regions. 

3.3 Effects on risk assessment in terms of economic losses 

In order to evaluate the effect of the use of Cartis-based exposure model on seismic 

impact’s evaluation, risk calculations are performed using IRMA platform (Borzi et al. 

2021). This platform, specifically developed for seismic risk evaluation of Italian 
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residential buildings, allows to adopt different exposure/vulnerability models for the 

calculation. Therefore, both the RO and the DG vulnerability/exposure models can be 

employed in their original form and considering their modified version obtained employing 

the Cartis data. Performing the unconditional damage and risk assessment for 50 years 

timeframe, according to a PSHA based methodology, the number of buildings that attained 

each damage state of EMS-98 scale are derived and, adopting a suitable damage-to-impact 

conversion, economic losses are also calculated. For the quantification of economic losses, 

damage ratios (i.e., the ratios of the cost of repairing to replacement cost of the building for 

each damage level) used in this study are the ones proposed in (Dolce et al. 2021). The 

mean value of losses/m2 among all the municipalities in the region analysed is selected as 

loss index and the percentage variation of losses obtained adopting the Cartis-based 

approach and ones obtained by the original RO and DG models are evaluated (table 2). 

This variation, defined as regionalization factor (RF), represents the influence on loss 

estimation of the new exposure model at regional scale; it assumes higher value where the 

difference of the distribution of building typologies in a region with respect to the original 

model is more significant. 

Table 2 – Percentage variation between the mean value of losses/m2 at regional level between Cartis-based 

approach and DG/RO original ones. 

 

Regionalization Factor 

 DG approach  

Regionalization Factor 

RO approach   

Campania -0.40 -0.39 

Emilia-R -0.51 -0.47 

Toscana 0.10 0.35 

Veneto -0.31 -0.23 

Marche -0.44 -0.26 

 

(a)          (b) 

Fig. 6 – Maps of economic losses expressed by losses/m2 for Tuscany region adopting the original RO 

exposure model (a) and the recalibrated Cartis one (b). 

Negative sign for RF means that the exposure model modified according to Cartis data 

determines lower economic losses at the regional scale with respect to the original one and 

vice versa. Figure 6 shows maps of economic losses (losses/m2) obtained by Cartis 

approach and the original RO one for Tuscany region. From the comparison it can be noted 

that losses may be significantly higher if an approach allowing to suitably take into account 

the local building typologies for regional vulnerability characterization is adopted, with a 

mean difference over all municipalities equal to 35%, as also shown in Table 2. It is worth 

noting that the use of different vulnerability model could have a different effect on the 

regionalization and on the possible variation of estimated economic losses. As a matter of 

fact, RF value assumes values quite different for Tuscany and Marche regions, probably 
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due to the different vulnerability classification proposed by the models: i) according to RO 

approach, irregular layout masonry buildings without connection devise, widespread in 

Tuscany, are classified in class A (the most vulnerable one) regardless of horizontal 

structure type; ii) while for DG approach different classes, and relative fragility curves, are 

identified for irregular layout buildings considering different slab’s type. Therefore, we can 

observe a greater number of damaged buildings and, in turn, higher losses adopting RO 

approach. In Marche region an opposite trend can be observed, as regular layout masonry 

buildings with connection device (classified in class C1, the less vulnerable one, according 

to RO approach) are widespread.  

4. Conclusions  

The methodology presented Tocchi et al. (2022) for exposure modelling is adopted herein 

to different Italian regions to evaluate the improvements on vulnerability and exposure 

characterization at regional scale and its influence on risk analysis. The application of the 

Cartis-based procedure to different Italian regions highlights that this approach could be a 

useful tool for accounting local building typologies in large scale risk assessment. As a 

matter of fact, significant variation can be observed with respect to original exposure 

models as well as among Cartis-based exposure models for the different regions analysed. 

The application strongly highlights that differences in exposure models at regional level 

may significantly affect damage and risk assessment. Therefore, the proposed approach 

may be also adopted to reduce uncertainties related to building inventory in loss 

assessment finalized to insurance premiums evaluation at regional scale. 

It is worth noting that this study focuses on the advantages and the potential uses of the 

proposed Cartis-based methodology, as it is known that reliability of the exposure models 

presented is obviously influenced by the availability of Cartis data at regional level. 

Moreover, this is just a first application toward the regional exposure assessment as the 

assumption of regional administrative boundaries for defining areas with a homogeneous 

distribution of building typologies may be not the best one. Therefore, the outcomes of the 

proposed methodology should be revised and refined when a higher percentage of 

municipalities will be investigated by Cartis. 
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Abstract: A Geotechnical Seismic Isolation (GSI) system is proposed in this study based on 

the use of Rubber-Soil mixtures (RSm) to facilitate the benefits of dynamic soil-foundation 

structure interaction. The latter is possible due to the lower stiffness and greater capacity to 

dissipate energy of RSm. However, the research done on RSm has been limited to the element 

scale context. In this study, the dynamic response of a modified soil foundation has been 

investigated by adding soft zones comprising RSm. A 1g shaking table was used to apply a 

sequence of sinusoidal excitations to a soil-lumped mass system. The results have shown that 

the rubber addition results in a reduction of the amplification at frequencies higher than the 

system natural frequency. This change in the dynamic response is due to the shift in the natural 

frequency and the dampening of the peak output accelerations. This study shows thus that an 

alternative design consideration with bagged soft zones, adjacent to the soil foundation, can 

offset the incoming disturbances and hence could protect both new and existing constructions.  

Keywords: vibration isolation efficacy, shaking table test, geotechnical seismic isolation 

system, 1g model conditions.  

1. Introduction  

Earthquakes are one of the deadliest natural disasters. Since 1990, 17 major earthquakes (M 

> 7.0) have occurred every year and about 27,000 people have died in seismic events 

annually (Spence and Scawthorn, 2011). The majority of these casualties occur in highly 

populated urban areas in the developing world. This is mainly due to, amongst other reasons, 

residential buildings constructed with low quality materials and inadequate town planning 

(Guha-Sapir et al., 2016). Base isolation mechanisms have been successfully used in the past 

(Kelly and Van Engelen, 2015), however, they are difficult to deploy systems that can be 

unaffordable for low-to-medium rise buildings in the developing world. 

The successful attenuation of surface waves, i.e. Rayleigh, together with the feasibility of 

their installation and maintenance has granted artificial barriers to be a commonly preferred 

vibration isolation system (Murillo, 2009; Woods, 1964). Existing research has proposed to 

transfer the mechanism behind the concept of wave screening and thus mitigate body waves 

transmitted through the soil for seismic protection (Lombardi, 2012; Kirtas et al., 2009). This 

can be achieved by introducing soft barriers, e.g. comprising geofams, reflecting part of the 

incident waves and subsequently attenuating the energy associated with body waves 

(Brennan et al., 2019; Flora et al., 2018; Nappa et al., 2016).  
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Alternatively, Geotechnical Seismic Isolation (GSI) systems seek to modify the soil by 

means of introducing flexible or sliding interfaces directly in contact with geological 

sediments, e.g. geosynthetic liners and wave barriers (Tsang, 2008). Within this field, 

Rubber-soil mixtures (RSm) have been recommended to mitigate the action of seismic 

motions due to its low stiffness and relatively high damping capacity (Tsang et al., 2020; 

Tsang and Pitilakis, 2019; Hazarika et al., 2008). The complexity of understanding the 

response of RSm under loading stems from adding "soft" particulate rubber. The material 

behaviour has been studied as a combination of stiff-soft particles which interact at a 

microscopic level and may influence the macroscopic behaviour depending on aspects such 

as rubber amount or size ratio between sand/rubber particles (Fonseca et al., 2019; Kim and 

Santamarina, 2008). The dynamic behaviour of RSm has been studied (Pistolas et al., 2018; 

Mashiri et al., 2016; Anastasiadis et al., 2012), however, most of these studies are limited to 

studying the mixture on the basis of soil element tests.    

Few investigations have studied the performance of RSm under dynamic disturbances via 

1g testing. This is analysed in the literature in terms of vibration isolation efficiency 

(Bandyopadhyay et al., 2015; Xiong and Li, 2013; Kaneko et al., 2013), i.e. ratio between 

(surface) output and input acceleration. The findings from these investigations showed a 

reduction of both horizontal and vertical accelerations at the surface level attributed to the 

increase in material damping. The isolation efficiency of RSm appeared to increase with 

more rubber as well as altering geometrical aspects, e.g. increasing the thickness or depth of 

RSm layer. Similar findings were shown in full-scale models with RSm using finite element 

analysis in which the RSm layer thickness was the main factor affecting the stress wave 

attenuation (Tsang and Pitilakis, 2019; Brunet et al., 2016; Tsang et al., 2012).  

One common element to the previous studies is the material disposition. Hence, a unique 

design configuration has been typically adopted whereby continuous horizontal RSm layers 

are constructed underneath a scaled structure. This design incurs in two issues: a) a limiting 

vertical load on top of the foundation due to the potential static settlement of particulate 

rubber and b) it precludes its implementation to existing constructions.  

As a means to overcome these issues, this study seeks to gain further understanding on the 

influence of soft zones, using bags comprising RSm, on the dynamic behaviour of a small-

scale model subject to cyclic loading. A 1g shaking table was used to apply a sequence of 

sinusoidal excitations to a soil-structure system. The soil model was devised to allow zones 

of sand or RSm to be packed adjacent to a foundation. The stiffness of the modified RSm 

zone was controlled by the RSm composition. The aim of these experiments was to reveal 

the system natural frequency, amplification, damping capacity, as well as changes in 

resonance of the foundation system when using soft zones.   

2. Materials and their dynamic properties 

The RSm used in this study comprises a coarse rounded to sub-rounded Leighton Buzzard 

sand, with a sphericity and roundness of 0.65 and 0.78, respectively. The main material 

characteristics are average particle size ds50=0.85 mm; coefficient of uniformity, Cu=1.25; 

and specific gravity, Gs=2.68. The rubber is obtained from car tyre sidewalls. Once all steel 

belts were removed, the rubber was devulcanised and then mechanically shredded. 

Compared to larger tyre shreds or chips, they are classified as rubber fibres in accordance 

with ASTM D6270 (2012). Rubber fibres used in this study present an average particle size 

dR50=1.62 mm, and an aspect ratio between 2 and 6 (Figure 1a). Rubber Gs is taken to be 

1.12 (Edil and Bosscher, 1994). The rubber thickness has been limited to 1 mm and exhibits 

a sphericity and roundness of 0.18 and 0.82, respectively. The particle size distribution for 
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both sand and rubber are shown in Figure 1b. Specimens were prepared and tested adding 

sand and rubber amounts: χ = 0%, 10%, 20%, 30% and 40% by mass. 

3.  Experimental set-up 

A timber box (0.285m x 0.185mx 0.185m) containing a lumped 3 kg mass located atop a central 

foundation silicon pillar (Figure 2) was used for this study. The sides of the timber box are rigidly 

fixed, i.e. bolted, to restrain any movement. The dynamic oscillation of the unsupported lumped 

mass and foundation column has been designed to mimic that of a Single Degree of Freedom 

(SDOF) system. The space between the foundation column and inside walls of the shake box in 

the direction of oscillation was packed with small bags containing particulate soils. This study 

seeks to compare the cyclic behaviour of a typical site adding to the bags: i) only sand, being a 

stiffer foundation, and ii) RSm with different rubber contents, i.e. soft barriers.  

A very rigid silicon column was added underneath the lumped mass to ensure that the dynamic 

properties of the base did not change over time whilst providing a support to the top 

accelerometer. Thus, only the bags laterally added to the silicon column could lead to changes 

in the dynamic behaviour of the proposed GSI by increasing rubber content.   

 

 

 

 

 

 

 

 

 

 

The experimental testing was performed on a custom-built 0.5m by 0.5m shaking table (Figures 

2 and 3). The table was shaken sinusoidally in one horizontal direction using an 

Electromechanical Cylinder (EMC) 80-32 manufactured by Rexroth. The horizontal response 

was measured with accelerometers mounted on the base of the table (A1), and atop the lumped 

mass system (A2). Additional measurements were taken on the outer side of the box (A3) to 

  

 
(a) (b) Figure 1 - a) Microscopic image of shredded rubber and b) Particle size distribution of sand and rubber  

Figure 2 - Experimental set-up for shaking table test 
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conduct a system calibration test. Vertical accelerations were not measured on the principle of 

aiming to analyse a SDOF response. 

The installation of the soft zones, adjacent to each side the silicon column (Figure 3), 

predetermined the specimen preparation. This is one of the main variations compared to the 

existing literature. Previous studies would place in various steps the horizontal RSm layers prior 

to the construction of the modelled structure, hence there was no risk of suffering from a 

significant segregation (Bandyopadhyay et al., 2015; Kaneko et al., 2013).  

However, given the vertical disposition of the soft zones proposed in this study, if the mixture 

was to be added as a single soil, segregation would be expected as reported in previous studies 

(Pistolas et al., 2018). To prevent this, the solution consisted of bagging a constant RSm volume 

(140 cm3) into small plastic bags of 140mm by 90mm and adding 2.5 % moisture to the mixture. 

In contrast to existing studies, the latter design configuration would have the advantage of 

protecting existing constructions. Hence practical applications may extend to retrofitting 

foundations, well beyond the limited application to new buildings (only) as discussed by 

previous research.  

The gravimetric proportion of rubber in the mixture,  = 10%, 20%, 30% and 40%, was the 

main material descriptor. Bags were packed on the opposing faces of the foundation column that 

lie normal to the direction of horizontal oscillation. Fourteen bags were manually compacted, 

and they were installed acting as soft zones or walls up to a height of 185 mm, that is 55 mm 

below the top of the shake box rim. It is important to note that the presence of gaps in the RSm 

bags together with the gaps that inevitably form between bags means that volumetric state 

measures, such as void ratio, are of limited validity, and any attempts to define the volumetric 

state would be only indicative. 

   

 
(a) (b) 

 

 

4. System calibration and test procedures 

The objective of this manuscript is to explore the acceleration-time histories on top of a lumped-

mass whilst modifying the soil foundation. Hence, the idea is to compare the design 

configurations herein proposed and thus elucidate the influence of adding higher rubber contents 

to the bagged soft zones on the cyclic performance of the system. For this reason, 1-g scaling 

factors have not been considered in this investigation and the values herein presented should not 

be directly related to any prototype scale test. 

Figure 3 - a) Front and b) plan view of rigid box 
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A system calibration test was performed to check the performance of the experimental set up 

before starting the experimental work. This is done to prove that any amplification generated by 

the system is negligible. The base motion used for the system calibration consists of 4-s 

horizontal sinusoidal motions with a constant displacement of 2.5mm at 4Hz frequency, which 

creates peak accelerations of 0.16g, as shown in Figure 4a. These sinusoidal motions correspond 

to the ones recorded by the accelerometer placed on the table (A1). The response of the 

accelerometer outside the box (A3) is shown in Figure 4b. It is observed that no significant 

amplification is recorded by the accelerometer and there is a predominant frequency of 4Hz, as 

it should be given the applied horizontal accelerations.  

Regarding the test procedures, the shaking table tests ’sweep’ for the natural frequency of the 

“stiff” foundation, i.e. with sand only in the adjacent bags, and when installing the soft barriers, 

i.e. RSm. Sweeps were performed at integer frequency intervals from 2 to 10 Hz by subjecting 

the box to forced harmonic motions for 4 seconds. Oscillation displacement in each test was kept 

constant throughout the sweep, by control of velocity.   

The tests were conducted into two stages:  

• Stage 1: a sequence of 10 tests at increasing integer frequency (2-10 Hz). Notwithstanding 

earlier remarks about the gaps in RSm bags, Stage 1 was conducted to reduce the voids and 

thus densify the mixture prior to applying the fine sweep analysis. Stage 2 commenced then 

when there was no change in the system height.  

• Stage 2: a sequence of tests at decreasing integer frequency (9-2 Hz). A limited range fine 

sweep at frequency intervals of 0.25 Hz were centred on the peak amplitude frequency. This 

served to improve the resolution around what had been revealed to be the resonant frequency. 

Time domain analysis was applied to every sweep sequence as a means of evaluating the 

maximum response of the studied soil-structure system and compare it to the input motion over 

time. Using the peak horizontal accelerations, frequency domain analysis was after adopted to 

determine the amplification ratio (Ar) obtained from the ratio output response/input motion with 

respect to the studied frequency range (Chopra, 2011) as follows:  

𝐴𝑟(𝑓 = 𝑥) =
𝐴𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔

𝐴𝑡𝑎𝑏𝑙𝑒
                        (1) 

Where, f = input frequency and x = 2 - 10Hz , Abuilding is the peak acceleration recorded on top 

of the lumped-mass (A2), and Atable is the peak acceleration recorded on the table (A1).      

This analysis was undertaken to understand whether the soil-structure system amplified, i.e. Ar 

> 1, or maintained, i.e.  Ar = 1, the incoming disturbances. A direct comparison has thus been 

  
                                     (a)                                          (b) 

Figure 4 - a) Base motion during system calibration (A1), b) response of A3 during system calibration 
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created in this study between i) a stiff foundation, with sand only ( = ), and ii) the modified 

site with soft inclusions by adding RSm ( =  − )  

5. Results 

5.1 Acceleration-time histories - Sand only 

Figure 5 presents a typical set of acceleration-time histories for the shaking table (input) and on 

the lumped-mass, atop the silicon column (output), when adding only sand to the bags, which 

describe a different response in relation to the control frequency: 3 Hz, 5.5 Hz and 9 Hz.  

At low frequencies (Figure 5a), there is little amplification, and no phase lag is observed (± 0.1 

g). This behaviour changes at medium frequencies (Figure 5b), in which an amplification of the 

input signal was recorded with the number of cycles and resonance was reached at f = 5.5Hz (± 

2.85 g). At higher frequencies (Figure 5c), it is observed that the lumped-mass experiences an 

amplification of the input excitation. However, the evolution of the output value remains 

constant with the number of cycles. The increase in the output acceleration is due to the rise in 

the input frequency and also input acceleration. These results demonstrate that the dynamic 

response experienced by the central column mimics that of a SDOF system and the peak output 

accelerations change with the input frequency. 

 

5.2  Amplification ratio - RSm installations 

The dynamic response of the modified foundation has been studied by comparing the 

amplification ratio in the frequency range studied (2-10 Hz). For this, the output response has 

been derived from the peak accelerations for sand only (Figure 5) and all RSm specimens 

( = −). Figure 6a shows that the output acceleration for all RSm remains relatively close 

to the input motion, i.e. Ar = 1 - 1.5, at low (2 Hz) or high (10 Hz) frequencies, and it increases 

as the input frequency approaches the system natural frequency, as found with the stiffer 

foundation in Figure 5. Thus, the acceleration recorded on top of the column is observed to 

increase by 6 to 9 times (Ar = 6-9) the input around the system natural frequency. This is a 

significant amplification of the vibrations if compared to the literature (Bandyopadhyay et al., 

2015; Xiong and Li, 2013; Kaneko et al., 2013). The reason for this significant amplification is 

due to the configuration adopted in this study with the use of a lumped mass system.   

Figure 6a reveals how the presence of RSm inclusions affect the amplification conditions on top 

of the column. Considering the peak frequency corresponds to the frequency at which resonance 

is reached, Fig. 6a shows that the natural frequency of the foundation-modified soil system 

decreases with rubber. This is in line with previous studies (Nappa et al., 2016; Kaneko et al., 

 

  
(a) (b) (c) 

Figure 5 - Sand only. Transmitted accelerations on table and column at a) f = 3 Hz b) f = 5.5 Hz and c) f = 9 Hz 
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2017) that demonstrated a lengthening of the system period when adding horizontal soft layers, 

causing a shift in the response of the modified soil.  

Based on the results corresponding to the dynamic behaviour found in Bernal-Sanchez et al. 

(2019, 2018), the addition of rubber results in a decay of the mixture shear modulus and, in turn, 

a lower resistance to deformation under cyclic loading. As the system maintains the same height 

and density, this leads to a reduction in the shear wave velocity and the natural frequency of the 

system. This explains why sand only reaches resonance at higher frequencies whilst the addition 

of rubber to the zones adjacent to the foundation results in a shift in the system natural frequency.  

Figure 6b presents the change in the amplification ratio comparing the reference case ( = 0%) 

and the RSm inclusions considering: i) f = 5.5 Hz, and ii) peak frequencies. In both cases a 

reduction in the amplification ratio is observed. The attenuation of the transmitted disturbances 

is more evident when comparing the amplification ratio at the natural frequency of the stiff 

foundation (f = 5.5 Hz) passing from Ar = 8 with sand only to Ar = 2.5 with 40% RSm. This is 

consistent with the reduction in the system natural frequency. The reduction in the amplification 

ratio for the peak frequencies would be, on the other hand, attributable to an attenuation (i.e. 

dampening) of the input motion. This finding reveals that the alternative design consideration 

proposed in this study, i.e. lateral RSm installations, can also offset the incoming disturbances 

whilst also attenuating the system peak accelerations.    

 

5.3 Damping capacity  

Time domain analysis, using free vibration methods, rely on the analysis of a unique signal 

whilst decreasing strength and it is postulated by Signes et al. (2017) difficult to isolate from 

other dynamic effects, i.e. boundary reflections. This is not seen as an optimal approach for 

unbound granular materials, i.e. RSm, which could introduce additional wave reflections and 

subsequent high frequency noise. Instead, the half-power bandwith method (Papagiannopoulos 

and Hatzigeorgiou, 2011) is commonly adopted to calculate the damping ratio (ξ) of SDOF 

systems, which is the case of the lumped-mass soil foundation herein presented.  

For comparison purposes, Figure 7a shows the bandwidths corresponding to the reference case 

and 40% RSm, where there is an evident reduction in the system natural frequency. A narrower 

band is visually observed with sand only, revealing a lower damping capacity. The damping 

ratio of the modified foundation has been determined for all rubber contents based on the half-

power bandwith (Figure 7b). The results point to an improvement in damping capacity with 

rubber content, doubling the damping ratio at  = 30%. Adding rubber then leads to an increase 

in the energy dissipation capacity of the foundation, reducing the output acceleration on the top 

  
(a) (b) 

Figure 6 - Amplification ratio vs (a) frequency, and (b) rubber content 
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of the lumped-mass. This would explain the decay observed in the amplification ratio at peak 

frequencies when adding rubber (Figure 6b). 

 
 

(a) (b) 

5.4 Vibration isolation efficacy 

The change in amplification ratio has been determined between each RSm scenario and the 

reference case ( = ), i.e. 
𝐴𝑟 RSm

𝐴𝑟 sand
 , for the studied frequency range. In Fig. 8, two frequency 

bands are shown: a) before, and b) after the resonant frequency of the reference case. For the 

former, the amplification ratio when adding RSm installations is greater than with a stiff 

foundation hence there is a greater amplification of the input signal. The amplification appears 

to be more pronounced at  = 30 - 40% due to the greater shift in the natural frequency of the 

system. Hence, adding soft installations can worsen the transmission of initial disturbances, 

resulting in greater peak accelerations. A practical implication of this could be the occurrence of 

exacerbated amplifications at low-frequency earthquakes or around slender buildings. 

 

 

 

 

 

 

 

 

 

At frequencies higher than 5.5 Hz, the addition of rubber points to a decay in amplification 

ratio compared to the reference case, which coincides with the attenuation in horizontal 

accelerations recorded on top of the column. This phenomenon occurs at any rubber content, 

but it is more accentuated at  = 30 - 40% where reductions of up to 70% in amplification 

ratio are observed. Therefore, the inclusion of soft zones successfully offset the expected 

peak output accelerations. This means in practice that modifying the soil foundation by 

adding RSm could be adopted in areas where predominantly high-frequency earthquakes are 

expected or to protect low-rise buildings. 

Figure 7 - a) Half-power bandwith for sand and 40% RSm, b) system damping capacity 

Figure 8 - Change in amplification ratio with RSm compared to reference case 

2681
3ECEES, September 2022, Bucharest, Romania



 

6. Conclusions 

In this study, the influence of bagged RSm installations on the dynamic behaviour of a 

lumped-mass foundation system has been investigated using a 1g shaking table. The major 

findings obtained in this study are as follows:  

• The addition of RSm inclusions to the foundation alters the amplification conditions of 

the lumped mass (atop the column) by shifting the system natural frequency.  

• A reduction in the amplification of the system is reached with the addition of greater 

rubber contents and this is attributable to both i) the attenuation (dampening) of the peak 

values and ii) the shift in the natural frequency with the reduction in stiffness. 

• The vibration isolation efficacy, .e. 
𝐴𝑟 RSm

𝐴𝑟 sand
, has shown a lower amplification of the input 

signal at frequencies higher than the fundamental frequency of the stiffer (only sand) 

foundation, whereas the opposite was observed at lower frequencies. This suggests that 

adding RSm could attenuate the transmission of seismic disturbances around low-rise 

buildings, whilst it could worsen the amplification of slender buildings.    

• The attenuation in the peak horizontal accelerations with RSm is linked to the increase 

in the system damping capacity, which is shown to improve with rubber content.  

• The results of this study provide an alternative design configuration to the previously 

adopted (in the literature) horizontal RSm layers underneath the soil foundation. 

Therefore, the solution herein proposed could be considered for protecting not only new 

constructions but also retrofitting existing foundations against seismic disturbances.    
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Abstract: The seismic risk reduction is a topic of great interest among the earthquake 

engineering researchers, due to the high occurrence frequency of seismic events, responsible 

for extensive damages on vulnerable buildings. Many buildings needing protection against 

earthquakes belong to the historical and artistic heritage; some interventions for seismic risk 

reduction are based on the structural vulnerability reduction, but they are sometimes in 

contrast with the maintenance of the building’s aesthetic. The paper aims at showing the 

efficiency of a Geotechnical Seismic Isolation method based on polyurethane injection in the 

soil, an already well-consolidated technique for ground improvement. For seismic purposes, 

this solution is based on the hazard reduction through the decrease of the surficial 

accelerations; it is an alternative to structural interventions and advantageous especially for 

the existing buildings, in terms of aspect conservation. Finite Element numerical analyses are 

performed to study the site effects of an historical building affected in the past by extensive 

damage related to a strong earthquake, after the modification of shallow soil layers with 

polyurethane injections. For the polyurethane expansion, changing according to the soil type 

and confinement, a previous developed method based on the theory of cavity expansion in 

elastic-plastic medium is used; this allows to have specific indication on the final geometry, 

density, and mechanical properties of the intervention to be simulated numerically.  

Keywords: numerical modelling; polyurethane; OpenSees; seismic risk mitigation 

1. Introduction  

Seismic risk is a combination of seismic hazard, vulnerability, and exposure. Seismic hazard 

is the measure of the seismicity of a certain area. The vulnerability is proper of structures 

and is related to the adequacy of quality and quantity of materials (deteriorated or designed 

through aseismic building codes). Exposure depends on the population density, which 

governs damage associated with the occurrence of a seismic event. High-seismic-risk 

buildings are mainly the historic ones, because of their vulnerability. Interventions of 

vulnerability reduction through structural reinforcement are widespread, but in most cases, 

they do not protect the aesthetic conservation, especially for buildings of the artistic heritage.  

Vulnerable structures that are not dilapidated could be sufficiently protected by reducing 

the seismic acceleration, i.e. the so-called peak ground acceleration (PGA) which acts 

directly on them. Since PGA strongly depends on the soil type through the site effects, on 

this issue the scientific literature includes both structural and geotechnical solutions: the first 

mainly regard the base isolation techniques (Eröz & DesRoches 2018; Barone et al. 2019; 

De Domenico et al. 2020 ), while the second are referred to as “Geotechnical Seismic 

Isolation” (GSI) and consist of interventions aimed at improving the dynamic properties of 

the foundation soil (Tsang 2009; Tsang et al. 2012; Tsiavos et al. 2020; Tsang et al. 2021). 

Despite the scientific evidence of the efficiency of GSI techniques in the seismic risk 

mitigation, there are often doubts concerning their feasibility, almost exclusively possible 

underneath new buildings, and secondary effects, e.g. on mechanical aspects, such as 

settlements because of the materials’ deformability. However, intervening in the soil for the 
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seismic protection of existing buildings appears to be the best solution for aesthetic 

conservation.  

A geotechnical intervention that positively responds to requirements about applicability 

underneath existing structures and absence of negative effects on settlements is the ground 

improvement based on high-pressure injections of polyurethane, i.e. a polymer injected in 

liquid form inside small perforations of 9-12 cm diameters, where it expands up to 10 times 

and can mix with the soil, depending on the soil’s permeability. Previous studies showed 

that the soil’s bearing capacity is increased up to three times due to polyurethane injections 

(Nowamooz 2016). Supported by a well-consolidated application technology, together with 

the encouraging performances of this widespread technique, for years the geotechnical group 

of University of Parma has performed several experimental, theoretical, and numerical 

analyses aimed at verifying the eligibility of polyurethane injections as GSI.  

Preliminary mechanical characterization of the pure material through classical 

geotechnical laboratory tests (oedometric and triaxial) evidenced the dependency of the 

material behaviour on the soil’s confining pressure, as well as good rigidity (Montrasio and 

Gatto, 2016; 2017). Experimental analyses performed on layered sand-polyurethane 

specimens demonstrated that surficial acceleration due to P-wave propagation is reduced 

proportionally to the polyurethane percentage (Gatto et al. 2020; 2021a). The high-injection 

pressures make it difficult to realise small-scale mixed soil-polyurethane specimens; 

however, other insights are necessary before a real experimentation, costly and demanding, 

and can be derived by Finite Element (FE) numerical simulations. To allow performing FE 

analyses, the dynamic behaviour of polyurethane was investigated by resonant column (RC) 

tests on pure and layered sand-polyurethane specimens and a simplified formulation was 

derived to evaluate homogenized properties for the composite, depending on the 

polyurethane percentage, as well as the dynamic properties of the pure materials; the results 

allowed a first numerical analysis by assuming a homogenized material, assumption 

acceptable for injection in cohesionless soils (Gatto et al. 2019; Gatto et al. 2021b). Recently, 

the dynamic behaviour of the pure polyurethane was further investigated by means of RC 

tests to derive an analytical formulation, which allows predicting the dynamic parameters 

(shear modulus and damping ratio), according to the strain level by changing the density of 

the hardened material and the confinement exerted by the soil (depending on the injection 

depth) (Gatto et al. 2022); the results are the starting point for numerically simulating an 

application in soils with low permeability, where injected polyurethane do not mix so much 

and its expansion creates cylindrical inclusions of pure polyurethane.  

This article shows a numerical simulation of the effects of polyurethane injected 

underneath a historical building aimed at investigating the efficiency of this GSI-technique 

on the reduction of surficial accelerations. The foundation soil, mainly made up of clayey-

silty-sand, allows to assume cylindrical inclusions of polyurethane and compute the dynamic 

properties of the composite according to the authors’ previous studies. Section 2 discusses 

the adopted theoretical methodology to evaluate the polyurethane expansion, according to 

the soil’s confinement and mechanical properties; Section 3 describes the FE model used for 

the numerical simulations, whose results are shown in Section 4.  

2. Polyurethane injections for ground improvements 

Polyurethane is injected beneath the foundations of existing buildings inside perforations of 

diameter 9-12 cm, spaced 50 – 150 cm planimetrically; in each hole, a liquid polyol-

isocyanate mixture mPUR is introduced, for several injection levels (every meter in depth). In 

low-permeability soils, polyurethane has been demonstrated to expand by compressing the 

soil around and poorly mixing with it; after the expansion and hardening, this intervention 
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can be assumed to create cylindrical inclusions made up of pure polyurethane and determine 

a change in the soil stresses depending on the exerted expanding pressure pexp (Sabri et al. 

2021). Equal injected mPUR, the density of the hardened polyurethane varies with its final 

volume, strictly affected by the confining soil. The evaluation of the final diameter of the 

cylindrical inclusions is therefore necessary prior to the study of polyurethane injections’ 

effects on the seismic response of cohesive soils. 

2.1. Theoretical evaluation of polyurethane expansion injected in low-permeability 

soils 

Several authors studied the expansion of polyurethane injected in clayey soils by means of 

the analytical solutions of cavity expansion in elastic-plastic media problem, formulated by 

Carter (1986) and Yu and Houlsby (1991) (Dei Svaldi et al. 2005; Nowamooz 2016); this 

methodology is applied in this article and is now briefly discussed.  

 
Figure 1. Schematisation of the expansion process. a) Initial configuration at the injection time t0; b) Final 

configurations at t>t0 with pure elastic (Δp≤pl) and elastic-plastic displacements (Δp>pl) 

The cavity under examination is the perforation hole where polyurethane is injected, having 

initial radius a0 (Figure 1a). When the injected polyurethane expands, it exerts the pressure 

pexp on the soil, which, in turn, confines the expansion with pressure p0, equal to: 

p
0
=

1+2k0

3
σ'

v             (1) 

Where k0 is the at-rest earth pressure coefficient, σ’v is the vertical effective stress.  When 

the net pressure Δp=pexp - p0 is positive, the cavity expands up to a final radius a, depending 

on Δp and the soil’s mechanical behaviour. Being dPUR equal to 2a, the final volume of the 

polyurethane cylinder Vfin is: 

Vfin=
πd

PUR

2

4
hPUR             (2) 

hPUR is the thickness of the injected soil. By assuming to inject a liquid mass mPUR, the final 

density of the hardened polyurethane is equal to:  

ρ
PUR

=
mPUR

Vfin
            (3) 

The theory distinguishes between pure elastic and elastic-plastic displacements, according 

to a yielding pressure pl:  for Δp smaller than pl, elastic displacements are theorized 

anywhere; otherwise, elastic-plastic displacements are assumed in a zone between the two 

radii a and b, and far from b they are elastic. Figure 1b schematizes these two cases related 

to the expansion process.   The yielding pressure pl depends on the soil’s failure parameters 
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(effective cohesion c’, friction angle φ’) through α and Y, as well as a cavity shape factor m, 

equal to 1 for cylindrical cavities: 

p
1
=

m∙[Y+(α-1)p0]

m+α
+p

0
          (4a) 

α=
1+ sin φ'

1- sin φ'
          (4b) 

Y=
2c' cos φ'

1- sin φ'
           (4c) 

When Δp>pl , the final cavity radius a is a function of both the soil’s failure and 

deformability parameters, included in a factor here named fexp:  

f
exp

=
a

a0
= [

R-γ

(1-δ)
(β+m)

β -(γ/η)Λ1(R,ξ)

]           (5) 

R is a cavity pressure ratio, depending on the involved pressures (pexp and p0), the soil’s 

strength parameters (through α and Y) and the cavity shape factor m; β introduces the 

dependency on the soil’s dilatancy angle ψ, while γ is a function of all the soil’s failure 

parameters, as well as the cavity shape. R, β, and γ expressions are the following:  

R=
(m+α)[Y+(α-1)pexp]

α(1+m)[Y+(α-1)p0]
                          (6a) 

β=
1+ sin ψ

1- sin ψ
           (6b) 

γ=
α(β+m)

m(α-1)β
           (6c) 

The terms δ, η and ξ introduce to the formulation the elastic soil’s behaviour, through the 

axial and shear moduli (E and G, respectively) and the Poisson’s ratio ν:  

δ=
Y+(α-1)p0

2(m+α)G
           (7a) 

η=exp {
(β+m)(1-2ν)[Y+(α-1)p0][1+(2-m)ν]

E(α-1)β
}           (7b) 

ξ=
[1-ν2(2-m)](1+m)δ

(1+ν)(α-1)β
[αβ+m(1-2ν)+2ν-

mν(α+β)

1-ν(2-m)
]       (7c) 

Finally, Λ1(R,ξ) is a series expansion allowing a closed-form solution of the problem:  

Λ1(R,ξ)= ∑ A1
n

∞
n=0           (8a) 

A1
n= {

ξ
n

n!
ln R             if n=γ

ξ
n

n!(n-γ)
[Rn-γ-1]         otherwise

               (8b) 

For the application of this theory to polyurethane injections, an important parameter to be 

determined is the polyurethane expansion pressure pexp. Literature shows only a few of 

research efforts in this direction: Grӧb and Marosfalvi (2008) reports the recommendation 
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of manufactures, according to which pexp is evaluated (in bar) as the ratio between the final 

density of the hardened polyurethane realised in confined conditions (ρPUR) and free rise 

conditions (ρPUR,FR); however, the authors evidenced that this relation overestimates the 

experimental measurements. A more reliable formulation appears to be the one 

experimentally derived by Dei Svaldi et al. (2005), which relates the expansion pressure pexp 

and the hardened polyurethane density ρPUR: 

p
exp

=240∙e3.63∙𝟏𝟎−𝟐ρPUR           (9) 

pexp is in kPa and ρPUR in kg/m3. This equation is used in this paper, together with Eqs. (4-8) 

in a convergence procedure: i) a trial ρPUR  is assumed and pexp evaluated according to Eq. 

(9); ii) the expansion problem is solved by obtaining the final cavity diameter dPUR and 

consequently the final volume occupied by the polyurethane (see Eq. (2)) ; iii) the density 

ρPUR is evaluated by means of Eq. (3) and compared with the initial assumed value: when 

only a small difference is observed (around 0.1 kg/m3), the procedure is concluded. At 

reached convergency, the computed pexp, ρPUR and dPUR are used in the numerical simulation 

described in Section 3.  

3. Numerical modelling of polyurethane injected beneath Noto Cathedral  - site 

response 

San Nicolò cathedral is the most important place of worship in Noto (Sicily, Italy), declared 

World Heritage Site by UNESCO in 2002. The monument was built immediately after the 

Val di Noto Earthquake (occurred in 1693) and completed in 1703; it is extremely beautiful 

thanks to the imposing late-baroque facade made up of white stone, standing out from the 

top of the majestic staircase (Figure 2a). A detailed description of the building phases that 

interested the cathedral is reported by Tobriner (2003). On 13th December 1990, an 

earthquake caused structural damages, responsible for the subsequent collapse of the central 

and right cathedral’s nave, occurred in 1996 (Figure 2b); after intensive reconstruction and 

restoration works, the Noto Cathedral was opened in June 2007. Earthquakes frequently 

occur in this area, because of the proximity to the contact between the African and Euro-

Asian plate; the whole Eastern Sicily, where Noto is located, is one of the highest seismic 

hazard areas in Italy. 

In the following, the dynamic characterisation derived from previous experimental 

campaigns conducted in this site is first summarised; then, it is described the Finite Element 

(FE) numerical model used to perform site response analyses aimed at investigating the 

effects of polyurethane injection on the surficial seismic accelerations of Noto site.  
 

 

 
Figure 2. Noto cathedral. a) Front view of the building; b) Internal configuration after the 1996 collapse (Di 

Prisco et al. 2006) 
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3.1. Previous dynamic characterisation of the soil  

Noto central area was subjected to an experimental campaign of soil characterisation, 

extended 3200 m2 in plan and up to 81 m in depth, which revealed deposits belonging to the 

Trubi formation mainly made up of medium stiff over-consolidated lightly cemented silty-

clayey sand (Cavallaro et al., 2003).The stratigraphy for our study is derived from the shear 

wave profile obtained through Frequency Time ANalysis (FTAN) technique; specifically, 

five layers of homogeneous properties are identified. The layer thicknesses and the mean 

share wave velocities vs derived from the experimental results are reported in Table 1.  

Table 1. Details on the stratigraphy under examination. 

Layer Depth (m) vs (m/s) ρ (kg/m3) G0 (MPa) e (-) A 

1 0 – 3 170 1627.93 47.21 1.236 7058 

2 3 – 6 133 1627.93 28.80 1.236 2486 

3 6 – 13 200 1969.42 78.78 0.778 2117 

4 13 – 21  244 1811.42 107.40 0.993 2981 

5 21 – 70  289 1811.42 150.77 0.654 1547 

Mean physical and state properties (density ρ and void index e) are assigned to each layer, 

according to previous laboratory characterisation (Cavallaro et al., 2003; Castelli et al. 2016 

a,b); for the soil’s strength parameter, the effective cohesion c’=15 kPa and friction φ'=24° 

are considered for the whole profile, as suggested by Cavallaro et al. (2003) and Di Prisco 

et al. (2006). To consider the effects of polyurethane expansion on the soil’s stress state (and 

consequently on the soil’s stiffness) the small-strain shear modulus G0 is first evaluated as 

ρ·vs
2; then the formulation of Hardin and Black (1968) is applied to calibrate the soil-

dependent parameter A. G0 will be therefore updated by adding the polyurethane expansion 

pressure to the soil’s confining pressure.  Shear modulus decay and damping ratio 

variation with the shear strain were derived by performing resonant column tests on six 

specimens, sampled at different depths. Cavallaro et al. (2003) and Castelli et al. (2016) 

evidenced that the experimental points are well-fitted by using the formulation of Yokota et 

al. (1981), with α1 and β1, equal to 115 and 1.206 respectively; the formulation was also 

applied to derive the inverse variation of the damping ratio, resulting in ranging between 

3.64 % and 25.6 %. 

3.2. The numerical model  

Finite element site response analyses are performed through OpenSees (Mazzoni et al. 2016) 

and the GID-OpenSees interface (Papanikolaou et al. 2017). Domain consists of a regular 

hexahedron, having 1 m2 base and height of  70 m (thickness of the deformable soil); it is 

discretised with 8-node 3D-StandardBrick elements, which have three degrees of freedom 

(DOF). Analyses are conducted in two phases: a first static phase, when the self-weight is 

applied and a second dynamic phase, when the seismic response to a base input is studied. 

Specifically, we study the response to the time history recorded in Sortino station (about 50 

km far from Noto) during the 1990 earthquake. During the dynamic phase, the seismic input 

is applied horizontally to the domain’s base as a point viscous force, depending on the 

bedrock’s viscosity and the velocity time history, as suggested by Joyner & Chen (1975); a 

uniform shaking is simulated with a planar master-slave assignment between the input 

(master) and the other base’s nodes (slaves). A viscous-elastic bedrock is modelled by fixing 

the vertical DOF of the base’s nodes and introducing a point dashpot simulated through 

viscous ZeroLength elements, located in the same place of the input node, and horizontally 
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tied with it through a master-slave condition. All the described model features are shown in 

Figure 3. Note that for a pure shear analysis, nodes belonging to the vertical faces of the 

hexahedron are also tied with master-slave conditions for all the DOFs. 

The hexahedron domain is divided into horizontal layers, according to the stratigraphy 

summarized in Table 1; the second layer is further divided into two parts, as the deepest 

assumed injections interact with it. Since the soil is mainly cohesive, a Pressure Independent 

Multi Yield (PIMY) model, developed by Parra (1996) and Elgamal et al. (2003), is used; 

this constitutive model allows to simulate a hysteretic and non-linear material, and is based 

on the multi-plasticity theory. The model is assigned to all finite elements, considering for 

each layer the corresponding experimentally-derived material parameters, discussed in 

Section 3.1. The PIMY constitutive model is used also to model the “injected layers”, i.e. 

the layers modified with the polyurethane injections, after the considerations provided in the 

following paragraph. Soil’s viscosity is considered through a Rayleigh approach, by 

evaluating the a0 and a1 parameters according to the layers’ natural frequencies and damping 

ratio.  

 
Figure 3. Features of the Finite Element numerical model. 

3.3. Modelling of the injected layers 

Nine injection cases are studied, by considering three injected thicknesses hPUR, equal to 3, 4 

and 5 meters, and assuming for each case the injection of three different polyurethane masses 

mPUR, 15, 20 and 25 kg for injection level. Based on the stratigraphy summarised in Table 1, 

hPUR involves only the first layer (hPUR = 3m) or partially even the second layer (hPUR = 4 m 

and 5 m). Due to the nature of the soil under examination, mainly cohesive, injected 

polyurethane is assumed to expand radially and compress the surrounding soil with poor 

mixing. The expansion extent is evaluated according to the analytical formulation described 

in Section 2, depending on the soil’s mechanical properties. For each hPUR, a mean effective 

soil pressure p0 is evaluated; following the discussed convergency procedure, the diameter 

dPUR of the pure polyurethane cylinders is derived, as well as the density ρPUR which depends 

on mPUR through Eq. (3). ρPUR allows to estimate the expansion pressure pexp, exerted by the 

expanding polyurethane to the soil, according to Eq. (9). Values of ρPUR, pexp and dPUR, 

derived for the cases examined are reported in Table 2. According to the evaluated ρPUR and 

the soil’s pressure p0, the dynamic properties of pure polyurethane are derived from the 

formulation of Gatto et al. (2022) (Figure 5); it can be observed that the behaviour do not 

change up to ~3% of shear strain, i.e. the range mostly representing the earthquake-induced 

strains.  
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Table 2. Results of the convergency procedure for the evaluation of post-expansion polyurethane 

characteristics 

 hPUR = 3 m (p0 = 24.48 kPa) hPUR = 4 m (p0 = 32.64 kPa) hPUR = 5 m (p0 = 40.80 kPa) 

mPUR = 

15 kg 

mPUR = 

20 kg 

mPUR = 

25 kg 

mPUR = 

15 kg 

mPUR = 

20 kg 

mPUR = 

25 kg 

mPUR = 

15 kg 

mPUR = 

20 kg 

mPUR = 

25 kg 

ρPUR 

(kg/m3) 
267.76 272.30 275.07 294.85 300.10 303.12 318.74 323.46 327.73 

pexp 

(kPa) 
634.30 644.84 651.35 699.84 713.19 721.16 763.23 779.27 788.57 

dPUR 

(m) 
0.27 0.31 0.34 0.25 0.29 0.32 0.24 0.28 0.31 

 

 
Figure 4. Shear modulus and damping ratio curves of pure polyurethane, injected in different mass and 

height, evaluated through the formulation of Gatto et al. (2022) 

Injected layers are therefore assumed to be made up of pure polyurethane cylinders, of 

different dimensions and properties, included in the soil (Figure 5). The results of RC tests 

performed on layered soil-pure polyurethane specimens by Gatto et al. (2019) showed that 

the pure polyurethane affects only the small-strain dynamic properties, according to the pure 

polyurethane properties (G0,PUR and D0,PUR) and its volumetric percentage QPUR, while the 

non-linear behaviour of the composite specimens is mostly governed by the soil; the latter 

consideration is coherent with results of Figure 4. Gatto et al. (2021b) derived a 

homogenisation procedure for the computation of the dynamic properties to assign to a 

homogenised soil-polyurethane layer: 

G0,homo=G0,soil∙e
-ln (G0,soil/G0,PUR)∙QPUR        (10a) 

D0,homo=D0,soil+QPUR∙ (D0,PUR-D
0,soil

)        (10b) 

Based on this consideration, the PIMY model is used also for the injected layers by 

modifying the small-strain modulus through the homogenisation procedure. The damping 

evaluated through Eq. (10b) is used for the computation of Rayleigh coefficients to assign 
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to the injected region, by evaluating the natural frequencies with an equivalent shear wave 

velocity when the injection involves two layers of our stratigraphy. 

 
Figure 5. Configuration of injected soil after the polyurethane expansion and summary of the homogenising 

methodology for small-strain shear modulus. 

The expansion pressure of the injected polyurethane determines a variation of the soil’s 

stress state and consequently a stiffening of the soil; as discussed in Section 3.1, this can be 

considered by updating the small-strain shear modulus of the injected soil, according to the 

Hardin and Black, by adding pexp to the soil’s confining pressure, with the soil-dependent 

parameters reported in Table 1. Also the unit weight of the composite is derived by 

considering a linear influence of the volume occupied by polyurethane (QPUR) and the soil 

(1-QPUR). Note that the assumption of injections every 0.5-0.75 m in plan determines four 

injections in our domain, and the polyurethane volumetric percentage in the injected layer 

QPUR can be evaluated as 4·πdPUR
2/4.  

4. Results 

Figure 6 shows the time histories of the horizontal accelerations recorded in the central 

surficial node of the domain for each case investigated; the maximum acceleration of the 

original soil is 2.53 m/s2, while maxima of the modified soils are reported in Figure. It can 

be observed that acceleration is reduced in all cases thanks to the improvement of the soil’s 

dynamic characteristics given by the polyurethane. The highest reduction is reached when 

injection effects are simulated up to five-meter depth; moreover, for less injected 

polyurethane mass the GSI performance is better. This results from the low density that 

decreases the impedance ratio with the non-injected soil. The maximum reduction obtained 

is almost 20% for hPUR=5m and mPUR=15 kg/injection level.  

5. Conclusions 

This study has shown the seismic mitigation related to polyurethane injected underneath an 

existing building affected in the past by extensive damage due to earthquakes. The effects 

of such an intervention of soil improvement have been considered in a dynamic numerical 

simulation, after the evaluation of extent and properties through a methodology 

experimentally and theoretically derived. Results have shown that acceleration is reduced 

much more when a thicker layer is improved by injecting less material. Further 

investigations will be conducted towards the large-scale experimentation aimed at validating 

the methodology here presented.  
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Figure 6. Time-histories of accelerations numerically recorded at the top central node in each examined 

configuration. For “Soil only”, the value of maximum acceleration is 2.53 m/s2. 

References  

Barone, S., Calvi, G. M.  & Pavese, A. 2019. Experimental dynamic response of spherical friction-based 

isolation devices. Journal of Earthquake Engineering 23 (9): 1465-84. 

Cavallaro, A., Massimino, M.R.  & Maugeri, M. 2003. Noto Cathedral: soil and foundation investigation. 

Construction and Building Materials  17 (8): 533-541.  

Castelli, F., Cavallaro, A., Grasso, S. & Ferraro, A. 2016. In Situ and Laboratory Tests for Site Response 

Analysis in the Ancient City of Noto (Italy). In: Proceedings of the 1st IMEKO TC4 Int. Workshop on 

Metrology for Geotechnics, Benevento, 17-18 March 2016, pp. 85-90. 

Castelli, F., Cavallaro, A., Ferraro, A., Grasso, S. & Lentini, V. 2016. A Seismic Geotechnical Hazard Study 

in the Ancient City of Noto (Italy). Procedia Engineering 158: 535–540. 

Dei Svaldi, A., Favaretti, M., Pasquetto, A. & Vinco, G. 2005. Analytical modelling of the soil improvement 

by injections of high expansion pressure resin. Bulletin für Angewandte Geologie 10(2):71–81. 

De Domenico, D., Gandelli, E. & Quaglini, V. 2020. Effective base isolation combining low-friction curved 

surface sliders and hysteretic gap dampers. Soil Dynamics and Earthquake Engineering 130. 

Di Prisco, C., Massimino, M.R., Maugeri, M., Nicolosi, M. & Nova, R. 2006. Cyclic numerical analysis of 

Noto Cathedral: soil-structure interaction modelling. Rivista Italiana di Geotecnica 2. 

Eröz, M., & DesRoches, R. 2013. A Comparative Assessment of Sliding and Elastomeric Seismic Isolation in 

a Typical Multi-Span Bridge. Journal of Earthquake Engineering 17 (5): 637-57.  

Gatto, M.P.A., Montrasio, L., Tsinaris, A., Pitilakis, D. & Anastasiadis, A. 2019. The dynamic behaviour of 

polyurethane foams in geotechnical conditions. In: Proceedings of the 7th International Conference on 

Earthquake Geotechnical Engineering, Rome, Italy, 17–20 June 2019.  

Gatto, M.P.A., Montrasio, L., Berardengo, M. & Vanali, M. 2020. Experimental Analysis of the Effects of a 

Polyurethane Foam on Geotechnical Seismic Isolation. Journal of Earthquake Engineering 1–22. 

Gatto, M.P.A., Montrasio, L., Zavatto, L. 2021a. Experimental Analysis and Theoretical Modelling of 

Polyurethane Effects on 1D Wave Propagation through Sand-Polyurethane Specimens. Journal of 

Earthquake Engineering.   

Gatto, M.P.A., Lentini, V., Castelli, F., Montrasio, L. & Grassi, D. 2021b. The use of polyurethane injection 

as a geotechnical seismic isolation method in large-scale applications: A numerical study. Geosciences 11 

(5) :201. 

Gatto, M.P.A., Lentini, V. & Montrasio, L. Dynamic properties of polyurethane from resonant column tests 

for numerical GSI study. Bulletin of Earthquake Engineering (2022). https://doi.org/10.1007/s10518-022-

01412-0 

2693
3ECEES, September 2022, Bucharest, Romania

https://doi.org/10.1007/s10518-022-01412-0
https://doi.org/10.1007/s10518-022-01412-0


Montrasio, L. & Gatto, M.P.A. 2016. Experimental Analyses on Cellular Polymers for Geotechnical 

Applications. Procedia Engineering 158: 272–277. https://doi.org/10.1016/j.proeng.2016.08.441  

Joyner, W.B. & Chen, A.T.F. 1975. Calculation of nonlinear ground response in earthquakes. Bulletin of the 

Seismological Society of America 65(5), 1315–1336. 

Montrasio, L. & Gatto, M.P.A. 2017. Experimental analyses on cellular polymers in different forms for 

geotechnical applications. In: Proceedings of the ICSMGE 2017—19th International Conference on Soil 

Mechanics and Geotechnical Engineering, Seoul, Korea, 17–27 September 2017. 

Tobriner, S. 2003. Building the Cathedral of Noto; earthquakes, reconstruction and building practice in 18th-

century Sicily. Construction and Building Materials 17 (8): 521-532.  

Yu, H.S. & Houlsby, G.T. 1991. Finite cavity expansion in dilatant soils: loading analysis. Géotechnique. 

41(2):173-183.  

Mazzoni, S., McKenna, F., Scott, M.H. & Fenves, G.L. 2006. OpenSees Command Language Manual; Pacific 

Earthquake Engineering Research (PEER) Center: Berkeley, CA, USA. 

Nowamooz, H. 2016. Resin injection in clays with high plasticity. Comptes rendus Mécanique 707 (11).  

Papanikolaou, V.K., Kartalis-Kaounis, T., Protopapadakis, V.K. & Papadopoulos, T. 2017. GiD+OpenSees 

Interface: An Integrated Finite Element Analysis Platform; Lab of R/C and Masonry Structures, Aristotle 

University of Thessaloniki: Thessaloniki, Greece. 

Sabri, M.M.S., Vatin, N.I. & Alsaffar, K.A.M. 2021. Soil Injection Technology Using an Expandable 

Polyurethane Resin: A Review. Polymers 13, 3666.  

Tsang, H.-H. 2009. Geotechnical seismic isolation. In: Earthquake Engineering: New Research, New York, 

U.S.: Nova Science Publishers Inc; p. 55–87. 

Tsang, H.-H., Lo, S.H., Xu, X. & Neaz Sheikh, M. 2012. Seismic isolation for low-to-medium-rise buildings 

using granulated rubber–soil mixtures: numerical study. Earthquake Engineering and Structural Dynamics  41. 

Tsang, H.-H., Tran, D.P., Hung, W.Y., Pitilakis, K. & Gad, E.F. 2021. Performance of geotechnical seismic 

isolation system using rubber-soil mixtures in centrifuge testing. Earthquake Engineering and Structural 

Dynamics 50: 1271– 1289.  

Tsiavos, A., Sextos, A., Stavridis, A., et al. 2020. Large-scale experimental investigation of a low-cost PVC 

‘sand-wich’ (PVC-s) seismic isolation for developing  countries. Earthquake Spectra 36(4):1886-1911.  

2694
3ECEES, September 2022, Bucharest, Romania

https://doi.org/10.1016/j.proeng.2016.08.441


1 

 

 

Methodologies and design parameters that influence the efficiency and 

sustainability of geotechnical seismic isolation systems 

Anastasios Tsiavos – ETH, Zurich, Switzerland, e-mail: tsiavos@ibk.baug.ethz.ch 

 

Abstract: This paper focuses on the presentation of the two main types of geotechnical 

seismic isolation, their advantages and limitations and the design parameters that influence 

their efficiency and sustainable application in developing or developed countries. Two 

benchmark designs are proposed that utilize the advantages of each method according to the 

height and the slenderness of the building. The combined application of these two 

geotechnical seismic isolation systems based on materials that are locally available or can be 

easily resourced, can yield significant advantages towards the low-cost and sustainable 

seismic protection of structures in developing or developed countries. 

Keywords: low-cost seismic isolation; seismic protection; developing countries; resilience 

 

1. Introduction  

Tsang (2009) defined Geotechnical Seismic Isolation (GSI) as the type of seismic 

isolation, in which the flexible or sliding interface is in direct contact with geological 

sediments and the seismic isolation mechanism primarily involves geotechnics. This 

seismic isolation approach has laid the foundation for the use of soil or locally available 

materials as a means of a low-cost seismic isolation system for the seismic protection of 

structures in developing countries. Two families of Geotechnical Seismic Isolation (GSI) 

systems have been developed during the last decade, which focus on two different energy 

dissipation mechanisms that are activated below the foundation of the structure:  

First, a family of Geotechnical Seismic Isolation systems (Fig. 1a), which is based on the 

use of flexible soil-based materials below the structure that modify its seismic response. 

These systems can be defined as GSI systems with a flexible base. These GSI systems 

facilitate dynamic soil-foundation-structure interaction based on flexible foundation 

materials. Tsang (2008) investigated numerically and showed the efficiency of the use of a 

2m thick, flexible sand-rubber foundation layer for the seismic isolation of structures in 

developing countries. Various researchers are working towards reducing the thickness of 

the low-modulus layer (down to about half a metre) for GSI applications. Tsang et al. 

(2021) and Tsiavos et al. (2019) investigated experimentally the seismic response of 

structures founded on a sand-rubber layer. Gatto et al. (2020, 2021) explored the injection 

of flexible polyurethane foam into the soil below the foundation of a building to create a 

low-cost seismic isolation system that reduces the seismic acceleration of the building 

during an earthquake excitation.  

Second, a family of sliding Geotechnical Seismic Isolation systems (Fig. 1b), which is 

based on the use of low-friction, soil-based materials below the structure that result in a 

sliding motion of the superstructure. These systems can be defined as GSI systems with a 

sliding base. Tsiavos et al. (2020, 2021a,b) demonstrated experimentally at large scale the 

efficiency of a novel ‘sand-wich’ seismic isolation, based on the encapsulation of a thin 

sand layer (PVC sand-wich) or a layer of roller bearings (PVC-Rollers Sandwich) between 
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two PVC surfaces below the foundation of a structure.  Banovic et al. (2019, 2021) 

investigated numerically and experimentally at large scale the sliding GSI of structures 

founded on a layer of pebbles.  

The aim of this paper is to discuss the advantages and limitations of these systems and to 

present the design parameters that determine the efficiency and sustainability of 

geotechnical seismic isolation systems. 

 

 

   

 

 

Fig. 1 – (a) GSI systems with a flexible base and (b) GSI systems with a sliding base. 

2. Design parameters that influence the efficiency and sustainability of geotechnical 

seismic isolation systems 

2.1 Efficiency of GSI systems 

The main design parameters that influence the efficiency of geotechnical seismic isolation 

systems are: 

2.1.1 The mechanical characteristics of the GSI layer 

For the case of the GSI system with flexible base, the modulus of elasticity and the 

strength of the material of the GSI layer are critical for the flexibility of the layer and its 

ability to modify the seismic motion, thus protecting the superstructure from seismic 

damage. For the case of the GSI system with sliding base, the friction coefficient of the 

sliding interface is of utmost importance for the response. The value of the friction 

coefficient should be low (in the range of 0.15-0.25 for countries of moderate to high 

seismicity), so that it allows the activation of sliding at the design seismic intensity level, 

thus protecting the superstructure from seismic damage. However, values of the friction 

coefficient lower than 0.15 may lead to activation of sliding due to wind or excessive 

sliding displacement of the superstructure. The friction coefficient at the interface should 

not depend substantially on the vertical load, as this dependence may inhibit the 

applicability of the seismic isolation system for high-rise or high-weight buildings. 

2.1.2 The repeatability of the beneficial effect on the superstructure 

The beneficial effect of the GSI system on the modification of the response and the 

reduction of the acceleration of the superstructure should be repeatable and independent 

from the ground motion sequence or ground motion characteristics. Moreover, the long-

term ageing or creeping effects on the variation of the mechanical properties of the GSI 

layer should be minimized. 

 

 

 

 

GSI flexible layer 

GSI sliding layer 

 

compacted soil layer 
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2.1.3 The residual displacements/rotations and the recentering capability of the GSI system 

Most of the existing GSI systems lead to complete recentering or small residual sliding 

displacements of the structure after the end of the excitation, which can be accommodated 

in the design (flexible pipe connections etc.). However, the protection of human lives is the 

first design priority on the design of a GSI system. Tsiavos et al. (2021a, b) report that the 

recentering of low-rise buildings can be performed using pulling forces from trucks. 

2.2 Sustainability of GSI systems 

The main characteristics that have impact on the sustainability of geotechnical seismic 

isolation systems are: 

2.2.1 The local availability of the materials used for the GSI layer 

The local availability of the materials is an essential component of a sustainable 

geotechnical seismic isolation system. The high cost and substantial environmental impact 

related to the transportation of the materials that are required for the installation of the 

existing, highly engineered seismic isolation systems inhibits the sustainable application of 

these systems in developing countries.  

2.2.2 The carbon footprint of the materials used for the GSI layer 

The use of materials of low (or negative) carbon footprint, which are potentially 

recyclable, reduces the environmental impact of GSI systems and contributes to the 

mitigation of the consequences of climate change. The selection of the volume of the GSI 

material and the corresponding excavation depth should focus on the engineering of the 

vibration properties that are essential for the modification of the response of the structure 

and should not exceed volume amounts that could inhibit the sustainability of the system. 

2.2.3 Cost of implementation 

The cost related to the implementation of the system should be minimized through the 

design of simplified installation processes that do not require project-specific testing of the 

seismic isolation system and special training of the technicians that are involved in the 

installation of the system. Most of the existing highly engineered seismic isolation systems 

require the construction of two thick RC slabs above and below the seismic isolation 

system to enable its diaphragm function. However, most of the GSI systems (Tsang 2008, 

Gatto et al. 2020, Tsiavos et al. 2021a) require the construction of only one base slab at the 

foundation, thus decreasing the cost and the complexity of the existing seismic isolation 

systems. 

3. Advantages and limitations of geotechnical seismic isolation systems 

The fundamental advantages and limitations that emerge due to the use of each of the two 

GSI systems are presented below: 

3.1 GSI systems with a flexible base 

Advantages: The GSI systems with flexible base that facilitate dynamic soil-foundation-

structure interaction can efficiently reduce the acceleration acting on the superstructure, do 

not require the project-specific testing of the seismic isolation system and do not lead to a 

residual displacement of the structure after the end of the excitation. As a result, the system 

has high potential of implementation in developing countries due to its simplicity and the 

use of materials that can be easily resourced. Moreover, the recentering capability, as well 
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as the residual displacement and rotations due to the application of this system, has been 

shown by Tsang and Pitilakis (2019) and Tsang et al. (2021) to be negligible due to the 

elastic behaviour of the foundation materials. 

Limitations: This system requires a deep excavation below the structure and the deposition 

of a flexible GSI layer (Fig. 1a). However, various researchers are working towards 

reducing the thickness of the low-modulus layer (down to about half a metre) for GSI 

applications. The efficiency of the GSI system on the modification of the seismic motion 

and the decrease of the acceleration of the superstructure depends on the mechanical 

properties of the GSI layer, the depth of this layer and the properties of the superstructure 

(material, height). The implementation of the system for structures that are sensitive to the 

vertical component of the motion of the flexible GSI layer requires careful consideration.  

3.2 GSI systems with a sliding base 

Advantages: The efficiency of the GSI systems with a sliding base on the reduction of the 

acceleration of low-rise masonry buildings during earthquake ground motion excitation has 

been experimentally demonstrated at large scale (Tsiavos et al. 2020, 2021a,b). The system 

reduces substantially the cost of the current, highly engineered seismic isolation systems, 

does not require a deep excavation below the structure and project-specific testing of the 

seismic isolation system and is based on materials that can be easily resourced or recycled. 

Therefore, the system has high potential of implementation in developing countries. 

Limitations: The GSI systems with a sliding base may lead to a residual sliding 

displacement of the superstructure after the end of the ground motion excitation. Within 

this frame, the use of simple techniques for the recentering of the structure after the end of 

the excitation should be explored by further studies in the future. However, Tsiavos et al. 

(2020, 2021a,b) demonstrate that this residual displacement is in the range of 10-15 cm, 

which allows the recentering of a low-rise building using pulling forces from a truck after 

the end of the excitation. Moreover, the efficiency of the system has been demonstrated 

only for low-rise  buildings. Future studies may further explore at large scale the efficiency 

of the method for medium-rise or high-rise buildings. 

4. Benchmark design proposals for GSI 

Two optimal benchmark design proposals for GSI are presented, which correspond to two 

different types of buildings: 

4.1 High-rise, slender buildings 

The GSI systems with flexible base usually require a deep excavation below the structure, 

which can be designed to deamplify the seismic motion, thus protecting the superstructure 

from seismic damage. This design proposal includes the use of this system for high-rise, 

slender buildings, as shown in Fig. 2. 

 

 

 

Fig. 2– GSI system with flexible base implemented on a high-rise, slender building. 

 
GSI flexible layer 
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The efficiency of the system for the seismic isolation of high-rise slender buildings has 

been numerically demonstrated by Tsang (2008). 

4.2 Low-rise, squat buildings 

The GSI system with sliding base usually requires the design and construction of a low-

friction sliding layer at the level of the foundation of the structure. The efficiency of the 

system for the seismic isolation of low-rise, squat buildings has been experimentally 

demonstrated at large scale by Tsiavos et al. (2020, 2021a,b). This benchmark design 

proposal is based on the use of the GSI system with sliding base for low-rise, squat 

buildings, as shown in Fig. 3. 

 

 

 

 

 

 

Fig. 3– GSI system with sliding base implemented on a low-rise, squat building. 

5. Conclusions 

This study presents the advantages and limitations of Geotechnical Seismic Isolation 

systems, as well as the design parameters that determine the efficiency and sustainability of 

these systems. Two families of Geotechnical Seismic Isolation (GSI) are defined and 

presented: The GSI systems with flexible base and the GSI systems with sliding base. The 

mechanical characteristics of the GSI layer, the repeatability of the beneficial effect on the 

superstructure and the recentering capability have been defined as the fundamental 

parameters that influence the efficiency of these systems. The local availability and 

recyclability of the materials, their carbon footprint, the excavation depth, the cost of 

implementation and the number of thick RC slabs required to facilitate the diaphragm 

function above and below the seismic isolation system are determined as the parameters 

that influence the sustainabilty of these systems. 

Both GSI systems are based on materials that can be easily resourced (such as sand) or are 

locally available and are based on simple installation processes, which reduce substantially 

the cost and increase their applicability compared to the existing, highly engineered 

seismic isolation systems. Two benchmark design proposals are defined for the two 

systems, thus optimizing their advantages: A GSI configuration with flexible base that 

facilitates dynamic soil-foundation-structure interaction for high-rise slender buildings and 

a GSI configuration with sliding base for low-rise, squat buildings. The combined use of 

both GSI systems on the different building types of a community can effectively protect a 

large spectrum of structures from seismic damage, thus leading to the development of 

resilient communities in developing or developed countries. This development should be 

based on the use of sustainable materials that do not inhibit the growth of future 

generations and mitigate the consequences of climate change. 

 

 

 

 

compacted soil layer 

GSI sliding layer 
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Abstract: We present the first large-scale experimental campaign to assess the effectiveness 

of gravel-rubber mixture (GRM) layers placed underneath shallow foundations as a low-cost 

geotechnical seismic isolation (GSI) strategy. Three GRM with different rubber content per 

mixture weight (0%, 10%, and 30%) were used as a foundation soil. Before the performance 

of the field experiments, laboratory tests were carried out to determine the physical, 

mechanical, and dynamic properties of the three GRM. The experimental investigation 

included ambient noise, free- and forced-vibration tests. A large number of instruments were 

installed to fully monitor the GSI-structure systems’ response in three dimensions. The 

experimental results showed that a GRM layer of 0.50 m thickness with 30% rubber content 

reduces the fundamental frequency of vibration of the GSI-structure system and thus, its 

stiffness. Additionally, the structure tends to oscillate as a rigid body over soft soil, whereas 

the increased material damping of the mixtures leads to an increase in the system’s damping. 

Keywords: ground improvement, geotechnical seismic isolation, gravel-rubber mixtures, 

experimental soil-structure interaction, field testing 

1. Introduction 

Over the last decades, various seismic isolation systems, including laminated elastomeric 

bearings, sliding bearings, and friction-pendulum systems, have been adopted and widely 

used in the earthquake resistant design of structures (Naeim and Kelly 1999; Banović et al. 

2019). Despite their effectiveness, the use of such solutions is almost prohibited in 

developing countries with limited financial resources due to the increased economic and 

technical cost of their installation and maintenance. 

Recently, researchers have proposed the concept of rocking isolation mechanism as an 

alternative low-cost seismic isolation system (Anastasopoulos et al. 2010). Although this 

passive isolation system can be considered quite effective in the reduction of the seismic 

demand through the mechanisms of foundation rocking and uplift as well as soil yielding 

below the foundation, certain drawbacks associated with the residual differential settlement 

of the structure and the need for its realignment may arise. 

Over the past decade, the concept of geotechnical seismic isolation (GSI) was proposed as 

an innovative alternative for the reduction of the earthquake-induced structural damage 

(Tsang 2009). The key idea of this technique is to partially or fully dissipate the seismic 

energy before it is transmitted to the structure by improving the foundation soil. Among 

other materials proposed for the soil improvement, there has been an increasing interest in 

the use of soil-rubber mixtures (SRM) or gravel-rubber mixtures (GRM) due to their 

favourable physical and dynamic properties (Kim and Santamarina 2008; Tsang 2008; 

Anastasiadis et al. 2012a; Anastasiadis et al. 2012b; Senetakis et al. 2012a; Senetakis et al. 

2012b; Senetakis and Anastasiadis 2015; Tsinaris 2018). Besides, the use of granulated 
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rubber in the construction industry has immediate advantageous ecological effects as the 

disposal of scrap tires has become a severe global environmental issue (Torretta et al. 2015). 

However, very few developed countries (USA, Japan, etc.) have imposed regulations to 

manage waste tire recycling, while in the majority of the developing countries scrap tires are 

usually disposed in landfills when they reach the end of their life cycle (Tasalloti et al. 2021).  

Several numerical (Tsang 2008; Mavronicola et al. 2010; Pitilakis et al. 2015; Brunet et al. 

2016; Tsang and Pitilakis 2019; Dhanya et al. 2020; Pistolas et al. 2020) and experimental 

(Xiong et al. 2014; Tsiavos et al. 2019; Tsang et al. 2021) studies have been carried out on 

the seismic isolation potential of a SRM or GRM layer underlying the foundation of a 

structure. However, the reported experimental research is limited mostly to laboratory and 

small-scale testing. 

In this paper, we present the first full-scale experimental campaign on the dynamic response 

of EuroProteas prototype structure founded on GRM layers. Ambient noise recordings, free- 

and forced-vibration tests were performed to study the effect of the rubber content of the 

GRM layer on the response of the GSI-structure system. The experimental results 

demonstrate that a thin GRM layer with a height of 0.50 m with 30% rubber content per 

mixture weight could effectively isolate the structure. 

2. Experimental campaign 

2.1. EuroProteas experimental facility 

 

Fig. 1 – A 2D sketch and a photo of EuroProteas prototype structure 

EuroProteas prototype structure (http://euroseisdb.civil.auth.gr/sfsi) was designed and 

constructed at the center of the EuroSeisTest experimental site to serve as a test structure for 

the investigation of soil-foundation-structure interaction (SFSI) effects and the study of the 

wave propagation in soil media due to the vibration of the structure (Fig. 1). The total mass 

of the structure is approximately 28.5 Mg and its total height is 5.0 m. Additionally, the high 

stiffness of the structure in conjunction with its large superstructure mass activates the 

nonlinear behavior of the soft foundation soil during the excitation of the soil-structure 

system. The X-braces and the upper roof slab are removable, allowing the modification of 

the structure to soil stiffness ratio and, consequently, its fixed-base frequency, which varies 

2702
3ECEES, September 2022, Bucharest, Romania

http://euroseisdb.civil.auth.gr/sfsi


between 1.78 and 13.06 Hz (Pitilakis et al. 2018). In the experimental series presented in this 

article, the configuration of EuroProteas involved X-bracing in all sides and two roof slabs 

defining numerically the fixed-base fundamental natural frequency at 9.13 Hz. 

2.2. Foundation soil 

The soil formation and its physical and dynamic properties at EuroSeisTest experimental 

facility have been extensively investigated in previous geophysical and geotechnical studies 

(Pitilakis et al. 1999; Manakou et al. 2010). Moreover, additional geotechnical and 

geophysical surveys were performed before the construction of EuroProteas to define in 

detail the soil profile immediately below the structure (Pitilakis et al. 2018). The foundation 

soil shear wave velocity varies from 100 to 150 m/s up to a depth of 5 m and then increases 

to more than 250 m/s at 25 m depth.  

To investigate the influence of the rubber content of a GRM foundation layer in the response 

of the soil-GRM-foundation-structure system, we replaced the uppermost 0.5 m of the 

foundation soil with three different GRM backfills. The rubber content per mixture weight 

was defined 0, 10% and 30% for the three GRM (corresponding to 0, 25%, and 75% per 

mixture volume, respectively). Before the installation of the backfill we covered the walls 

and the base of the excavated pit with a thin geotextile layer in order to prevent the GRM 

from mixing with the underlying and surrounding soil. 

 

Table 1. Properties and classification of natural and synthetic materials 

Properties \ Data Natural Materials Synthetic Materials 

Material Gravel Gravel Rubber Rubber 

Material code C1D21 C1D9 R3 R2 

Gs 2.67 2.67 1.10 1.10 

D50 (mm) 20.76 8.96 3.27 1.58 

Cu 1.48 1.38 1.72 1.79 

Classification GP GP GR GR 

 

Table 2. Physical properties of the GRM installed as foundation soil layers 

GRM ID Rubber content (%) D50,r/D50,g Dr (%) γd (kN/m3) Gs 

GRM100/0 0 - 98 16.2 2.67 

GRM90/10 10 0.16 98 15.2 2.51 

GRM70/30 30 0.16 59-71 11.8 2.19 

 

A laboratory experimental program was carried out at the Research Unit of Soil Dynamics 

and Geotechnical Earthquake Engineering of the Aristotle University of Thessaloniki in 

Greece to determine the physical, mechanical and dynamic properties of the three GRM. The 

mixtures used in the field experiment were created by the combination of quarry gravel with 

ID C1D21 consisted of angular particles and classified as GP and synthetic granulated rubber 

material with ID R3 classified as GR according to ASTM-D2487-17 (2017). The 

classification characteristics and properties of the materials C1D21 and R3 are summarized 

in Table 1. Due to the large grain sizes of the gravel and the synthetic materials and the 

limitation of the maximum allowed dimensions of the specimens in the resonant column 

apparatus, we studied an additional GRM composed of gravel and granulated rubber with 

IDs C1D9 and R2, respectively (Table 2). These materials have smaller medium grain sizes 

but the same mean grain size ratio (D50,r / D50,g) so that their small-strain response can be 
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considered equivalent to the corresponding response of the GRM used in the field 

(Anastasiadis et al. 2012a; Senetakis et al. 2012a; Pistolas et al. 2018). 

The G/Go-logγ-D curves of the three GRM as determined by the laboratory experimental 

program are presented in Fig. 2 in four different mean effective isotropic confining pressures. 

It can be seen that an increase in the rubber content leads to more linear G/Go-logγ curves 

due to the more rubber-like behavior of the mixture, whereas the increase of the rubber 

content results in an increase in the damping ratio and a more non-linear shape of the D-logγ 

curves. 

 

Fig. 2 - Normalized shear modulus, G/Go, and damping ratio, D (%), versus the shear strain γ (%), for (a) 

GRM 100/0, (b) GRM90/10 and (c) GRM 70/30 

2.3. Instrumentation 

 

 

Fig. 3 - Plan view of (a) the foundation and (b) the roof slabs instrumented with triaxial accelerometers (the 

hatched area represents the position of the eccentric mass shaker) and (c) a cross-section of the structure and 

the GRM foundation layer instrumented with the uniaxial accelerometers and the SAAR 
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Four triaxial accelerometers (Etna2, Kinemetrics Inc. and CMG-5TCDE, Guralp Systems 

Ltd) were installed on the foundation slab to record the foundation’s translation, rocking, 

and possible out-of-plane motion (Fig. 3a), while four more were mounted on the upper roof 

slab (Fig. 3b). Furthermore, the response of the GRM layer was captured by four uniaxial 

accelerometers (Kistler Holding AG) buried inside the GRM foundation layer along the 

loading axis at three different depths (Fig. 3c); one was buried approximately at the top of 

the layer (0.09m), two more were installed in the middle of the layer (0.25m), and one at the 

base of the layer (0.50m). Moreover, the GRM layer was also monitored with a 1.2-m shape-

acceleration array (SAAR) equipped with eight triaxial MEM sensors every 0.15 cm that 

was installed immediately below the foundation’s geometrical center (Fig. 3c). The sampling 

frequency of all the instruments was set at 200 Hz, while their positive x-axis was oriented 

parallel to the positive x-direction of the structure, which forms an angle of 30o with the 

magnetic North and is parallel to the loading axis. 

2.4. Experimental program 

The experimental program involved ambient noise measurements, free-vibration tests, and 

forced-vibration tests. A detailed description of the free-vibration experiments is thoroughly 

presented in Pitilakis et al. (2021). Environmental noise (wind, steps etc.) was recorded by 

all the instruments while the structure was sitting on top of each GRM layer before the 

performance of the free- and forced-vibration test series. An eccentric mass shaker was 

installed at the top of the structure to act as a source of harmonic excitation in the forced-

vibration tests. The eccentricity of the shaker was adjusted by four pairs of masses (A, B, C 

and D) that could be installed on the shaker. Thus, the produced force covered a wide range 

of amplitude varying from 0.07 to 28.50 kN in a frequency range of 1–10 Hz (Table 3).  

 

Table 3. Summary of the forced-vibration experiment per each GSI-structure system 

Test ID Mass \ Plates Eccentricity (kgm) Frequency Range (Hz) Amplitude (kN) 

1 A 1.85 1 – 10 0.07 – 7.30 

2 A + B 3.93 1 – 10  0.15 – 15.50 

3 A + B + C 6.93 1 – 10  0.30 – 27.30 

4 A + B + C + D 11.31 1 – 8  0.50 – 28.50 

3. Experimental results 

3.1. System identification 

We performed the system identification of the GSI-structure systems using MACEC 

software (Reynders et al. 2014). We identified the first three modes of each system by 

implementing the parametric reference-based covariance-driven Stochastic Subspace 

Identification (SSI-ref), the nonparametric Peak Picking (PP), and the Frequency Domain 

Decomposition (FDD) output only methods on the ambient noise recordings of the 

instruments installed on the structure (Table 4). The modal parameters of the structure 

founded on the GRM100/0 are almost identical to those of the structure founded on the 

GRM90/10 demonstrating that a small fraction of 10% of rubber has only a marginal effect 

on the response of the system. However, when the rubber content is increased to 30% the 

modal frequencies of the GSI-structure system are remarkably reduced, while the identified 

damping ratio is significantly increased. 
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Table 4. Resonant frequencies and damping ratio identified using various system identification methods 

GRM ID 
Method SSI-ref PP FDD 

Mode f (Hz) ζ (%) f (Hz) f (Hz) 

GRM100/0 

1 4.44 1.95 4.44 4.44 

2 4.95 1.17 4.88 4.88 

3 9.69 0.43 9.67 9.67 

GRM90/10 

1 4.26 1.55 4.30 4.30 

2 4.64 2.49 4.64 4.64 

3 9.41 0.50 9.42 9.42 

GRM70/30 

1 2.39 5.60 2.44 2.44 

2 2.78 4.93 2.73 2.73 

3 7.14 2.55 7.13 7.13 

 

 

Fig. 4 - Maximum amplitude of the acceleration recorded at the top of EuroProteas versus the shaker 

frequency in the forced-vibration experiments (a) 3 and (b) 4 

In Fig. 4, we present the peak acceleration amplitude recorded at the top of each GSI-

structure system when the vibration reached the steady-state versus the shaker frequency for 

two forced vibration experiments. The response for the structure founded on the GRM100/0 

and GRM90/10 can be considered approximately the same for all the excitation frequencies. 

The resonant frequencies of these two GSI-structure systems are estimated between 4 Hz 

and 4.5 Hz matching the corresponding values calculated by the system identification. On 

the other hand, the resonant frequency of the structure founded on the GRM70/30 is shifted 

to 2.5 Hz in both experiments pronouncing the rubber’s strong effect in the stiffness 

reduction of the GSI-structure system. For frequencies less than 3Hz the response of the 

structure founded on the GRM70/30 is larger as in this case the structure is excited close to 

its first modal frequency. No settlement of the structure was noticed after the experiments 

were carried out. 

3.2. Response components 

The acceleration recorded at the top of the structure is assumed to be the sum of three 

components; the component due to the bending of the structure, üs, the translational 

acceleration related to the foundation rotation, h�̈�𝑓, where h is the height of the structure, 

and the foundation translational acceleration, üf (Tileylioglu et al. 2011).  
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In Fig. 5 we present the three components recorded in experiment 4. When the structure is 

founded on the GRM100/0 and GRM90/10 üs is almost equal to h�̈�𝑓for all the excitation 

frequencies. Moreover, when these two systems are excited at 4Hz, closed to their resonant 

frequency, h�̈�𝑓 becomes greater due to the rocking of the structure. However, when the 

rubber content of the GRM layer is increased to 30% the horizontal acceleration due to the 

foundation rotation, although reduced compared to the other two GSI-structure systems for 

frequencies over 3Hz, dominates the structure’s response irrespectively of the shaker 

frequency. Furthermore, the acceleration component due to bending is remarkably decreased 

indicating the rigid body-like behavior of the structure due to the decreased stiffness of the 

foundation layer.  

 

Fig. 5 - Maximum amplitude of the translational acceleration component due to (a) structural bending and (b) 

foundation rotation for each excitation frequency in experiment 4 

3.3. Base shear and moment 

The motion of the system can be described by the following three equations representing the 

foundation translation, foundation rotation, and structural translation. 

𝑚𝑠(�̈�𝑓 + ℎ�̈�𝑓 + �̈�𝑠) + 𝑚𝑓(�̈�𝑓 + ℎ�̈�𝑓) + 𝑐𝑥�̇�𝑓 + 𝑘𝑥𝑢𝑓 = 𝐹𝑠  (1a) 

𝑚𝑠ℎ(�̈�𝑓 + ℎ�̈�𝑓 + �̈�𝑠) + 𝐼�̈��̈�𝑓 +𝑚𝑓ℎ𝑓(�̈�𝑓 + ℎ�̈�𝑓) + 𝑐𝑦𝑦�̇�𝑓 + 𝑘𝑦𝑦𝜃𝑓 = ℎ𝐹𝑠  (1b) 

𝑚𝑠ℎ(�̈�𝑓 + ℎ�̈�𝑓 + �̈�𝑠) + 𝑐𝑠�̇�𝑠 + 𝑘𝑠𝑢𝑠 = ℎ𝐹𝑠  (1b) 

 

where Fs is the force produced by the shaker, ms and mf are the superstructure and foundation 

masses, If is the mass moment of inertia of the foundation slab, c is the term of damping, and 

kf and kθ are the structural and rocking stiffnesses, respectively. 

Fig. 6 presents the base shear and moment estimated using Equation 1 in the forced vibration 

experiment 4. In the case of the GRM90/10, a decrease in the values is noticed when the 

excitation frequency is close to the first modal frequency of the system compared to the 

GRM100/0. This discrepancy could be attributed to the more "rigid body" response of the 

system due to the presence of the 10% rubber content, which also led to a reduction in the 

horizontal translational acceleration due to the bending of the structure as observed in Fig. 

5. For the other excitation frequencies, the values are almost equal for these two systems. 

On the other hand, a remarkable drop both in the base shear and the base moment is noticed 

when the rubber fraction of the GRM is increased to 30% in a wide frequency range. 
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Fig. 6 - Maximum amplitude of the base shear force and moment calculated for each excitation frequency in 

experiment 4 

4. Conclusions 

We performed the first large-scale experimental campaign on EuroProteas prototype 

structure to assess and evaluate the seismic isolation capabilities of GRM layers placed 

underneath shallow foundations. Based on the findings of an extensive laboratory 

experimental program we designed and constructed three GSI-structure systems consisting 

of three GRM with different rubber content per mixture weight. 

It was shown that only 10% rubber content in the GRM layer has a negligible effect on the 

structure’s dynamic characteristics. On the other hand, a GRM layer of 30% rubber content 

placed underneath the structure decreases the stiffness of the system and shifts its resonant 

frequency to lower values. Moreover, the component of the horizontal acceleration due to 

structural stiffness is remarkably reduced and a rigid body-like response of the structure is 

noticed. Additionally, the shear and moment acting on the foundation are significantly 

reduced in a wide excitation frequency range. 
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Abstract: Base seismic isolation represents one of the most efficient technique to reduce 

inertial forces acting on super structures during dynamic events. An innovative solution, 

named as Smart-Gap, is presented herein. The isolation system allows to seismically isolate 

pre-existing structures especially, thanks to a diffuse and low invasive installation 

procedure. Numerical dynamic analyses on a masonry building are presented, in order to 

demonstrate the effectiveness of the proposed system. 

Keywords: base seismic isolation, innovative isolation device, masonry buildings isolation, 

micropiles. 

1. Introduction 

Seismic isolation of structures represents one of the most efficient technique to reduce 

seismic actions on the buildings and its applications have been widely studied and adopted 

in the last decades. Although seismic isolation systems are widely used in a wide range of 

practical applications by now, the technique is still in development, since either new 

technical systems or innovative applications are continuously developed by the industrial 

world. The earliest seismic base isolation concepts, based on a proper and aware scientific 

approach, date back to about 150 years ago, when the application of civil engineering to 

the problem of earthquakes, (Reitherman, 2008), was at a very early stage of its 

development. Actually, qualitative implementations of seismic isolation can be found even 

in ancient foundations techniques, in which the concept of loosening the joints between the 

ground and the structures was carried out intuitively (Carpani, 2014). 

The aim of base seismic isolation is to dramatically change the dynamic response of the 

building to seismic actions, by decoupling the horizontal ground motions from the upper 

structure. This is possible by adopting devices with low horizontal stiffness which 

disconnect – in a properly way with respect to the type of the adopted isolation system– the 

super structures from the dynamic movements coming from the lower layers. Thus, the 

transmitted horizontal acceleration to the super structure is attenuated, changing its 

fundamental period (Patil & Reddy, 2012). As a consequence, the inertial forces acting on 

the structure decrease. Moreover, within the “isolator” component an energy dissipation 

device can be present, resulting in an additional benefit given by the yields of the 

component itself, that is the damping. In fact, a wide range of seismic isolation devices are 

available nowadays, which can either loosen the joints foundation-structures or present the 

coupled effects isolation/energy dissipation. 
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Within this framework of base seismic isolation, in which several types of devices can be 

adopted, it is common to conceptually divide the types of base isolator (Sonawane 2016) as 

(Fig. 1): i) Laminated Rubber (Elastomeric) Bearing; ii) High Damping Rubber (HDR) 

Bearing; iii) Lead Rubber Bearing (LRB); iv) Friction Pendulum System (FPS) or Sliding 

Bearing. 

 

Fig. 1 - Different types of base isolator (a) Elastomeric/ HDR Bearing, (b) Lead Rubber Bearing, (c) Friction 

Pendulum Bearing (by Sonawane, 2016) 

Each device presents specific mechanical behaviour and stress-strain relationships, which 

are not discussed in the present work. Rather, it is of key importance focusing on the 

practical applications, in terms of installation, benefit, feasibility and limits. 

Since the base seismic isolation device aims to decuple the lower seismic actions form the 

superstructures, it is fundamental to insert the isolator device to optimize the dynamic 

response of the structure. The installation of the device is strictly correlated to the type of 

superstructure. For new buildings in reinforced concrete structures, designs and installation 

processes can be easily carried on. On the other hand, for pre-existing structures, the 

designs are more restricted, since the bearing structural components are already fixed. 

Moreover, when a structure wants to be seismically isolated, it is necessary to ensure its 

capability to move horizontally, relative to the ground. For this purpose, a plane of 

separation must be selected to permit this movement (Islam et al., 2011), compatibly with 

the type of the structure. Thus, the application of base seismic isolation for pre-existing 

structures – in reinforced concrete – although it is possible, presents several practical 

difficulties, since the devices must be inserted in each bearing columns, to create the 

aforementioned plane of separation. However, the main installation process regarding this 

type of application could be qualitatively summarised as follow:  

• Create a temporary support, for each column, to either side of the reinforced 

concrete column into which the bearing has to be installed 

• Create two horizontal cuts to remove the reinforced concrete, where the isolation 

device is going to be installed 

• Install several steel jackets above and below the bearing, to accommodate the stress 

concentrations at the cut surfaces 

The practical steps briefly reported are supposed to be applicable for isolated structures in 

reinforced concrete but not suitable for masonry buildings, which clearly do not present 

punctual bearing structures, rather their bearing capacity relies on the entire bearing 

masonry walls. In these cases, traditional applications of base seismic isolation are clearly 

not applicable – or at least they could be so, with very high invasive actions. If the high 

presence of this type of buildings, in all over the world – and especially in Italy – is 

considered, it is clear that an innovative isolation system suitable for these types of 

application is highly appetible. 

The proposed base isolation method, called by the authors as Smart-Gap and presented in 

the next section in details, presents a high rate of application and design procedures, able to 
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be adapted to any type of structures – reinforced concrete, masonry building, pre-existing 

structures. The device has been submitted at patent application. 

2. Innovative solution: Smart-Gap 

Although base seismic isolation represents by far the more efficient action to decrease 

dynamic forces acting on superstructures, several practical issues still affect the installation 

of the devices and their efficiency with regards to the type of superstructures. Thus, 

Authors have tried to conceive an innovative isolation system device suitable to be applied 

to any type of superstructures. Actually, the idea was first born out by the following 

conceptual observation: since pre-existing structures – especially masonry buildings – are 

almost always incapable to adsorb properly dynamic inertial forces, how it is possible to 

seismically isolate them in an efficiently and non-invasively manner? How to install, the 

more continuously as possible, seismic isolation devices able to decuple foundations from 

pre-existing superstructures? Thanks to those conceptual limitations underlined even in the 

introduction, Authors fine-tuned a seismic isolation foundation system and method for 

buildings to prevent dynamic collapses on infrastructures, and properly applicable on 

masonry pre-existing buildings. The innovative device, as well as its installation 

methodology, must own several innovative characteristics in order to: i) be diffusive 

installed below foundations (rather than in key-bearing columns, thus constricted to 

structural characteristics); ii) be installed without act on the super-structures; iii) transfer 

statical bearing stresses to the isolation devices, in order to disconnect the isolation system 

from the building. 

All those aspects result in an innovative isolation system taking advantages of the use of 

the well-known micropiles – widely used in the classic geotechnical practice – coupled 

with tiny-dimension isolation devices able to be installed between two micropiles’ 

segments. Thus, the proposed technology fuses two single well-known systems – non 

innovative if considered individually – with the goal of under-laying the pre-existing 

foundations and simultaneously seismically isolate the buildings. The tiny dimensions of 

the isolation device, located within the micropile’s segments, aims to a diffusive 

installation at the foundation system, resulting in a high degree of design solutions, as a 

function of the geometry and stiffness of the pre-existing building.  

Once the base isolation system has been conceived, a proper installation method is 

necessary. Static loads from the building have to be transferred to the new foundation 

system, aiming simultaneously to allow horizontal displacements through the separation 

plane. Indeed, the invention also relates to a foundation method comprising several 

installation steps: 

1. Micropiles installation within the ground, without seismic device, to create the new 

lay foundation system. In this first step, a proper supporting part joined with the 

building has to be created for two reasons: it will provide a guide to install the 

single segments of micropiles and guarantee the load transfer to the micropiles. The 

supporting part, rigidly connected to the building, can be of reinforced concrete and 

will include a guide tube, properly installed during the release of the concrete itself, 

aiming to a proper installation of the micropiles’ segments. In this stage, the 

isolation device is not installed yet, rather micropiles are installed for the designed 

length.  
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2. Once the whole micropile has been installed, injection of grout can be carried out in 

order to improve and increase shear stresses at the interfaces soil/micropiles, 

resulting in a higher bearing capacity.  

3. At this stage, micropile has been installed and consolidated as in point 2, for its 

entire length except for the last segment. The latter needs to be unrestrained since it 

will be removed in order to install the seismic isolator device. 

4. At this stage, this time comprehensive of the seismic isolator device, the last 

segment of micropile is installed above the isolator. Thus, the static load of the 

building is then transferred to the micropiles by means of jacks. 

5. Once all the micropiles, rigidly connected to the superstructure, have been properly 

prestressed, it is necessary to definitively disconnect the old foundation system 

from the new one. To this aim, a continuous cut between the old foundation and 

isolation system is carried out, resulting in the capability of the entire system to 

develop horizontal displacements when seismic events occur. 

All the installation steps lead to a possible final configuration of the entire system as 

qualitatively reported in Fig. 2. 

a) b) 

Fig. 2 - Possible final configuration of the base seismic isolation system for perimetral vertical bearing 

elements (a) and Micropiles+Seismic Isolation Device (b)  

(https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2022008992). 

 

One of the most impact applications of the system is its versatility. The wild range of 

design configurations of the proposed isolation system, coupled to the possibility of 

placing the devices in a very diffuse way, allows to achieve several benefits. In particular, 

the proposed seismic isolation method, properly designed in terms of spatial distribution of 

the devices, allows to regulate dynamic behaviour of the super structures under seismic 

actions. This result can be achieved by overlapping the gravity centre with the stiffness 

centre. If that goal is properly achieved, first mod shapes do not present torsional 

components. This goal can be reached by taking advantages of the same type of isolation 

device, simplifying both design and realization of the entire system. 

In the next section numerical analyses are reported, showing the dynamic response and 

seismic safety levels of a masonry buildings, with the proposed base isolation system and 

fixed base respectively. 
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3. Numerical analyses 

For the purpose of underlining the final improvements in the dynamic behaviour of a base 

isolated building with the proposed technology, numerical analyses by means of the Italian 

software “Sismicad” are performed. “Sismicad” represents a 3D structural analysis FEM 

software. Structural input is defined graphically, in CAD environment, and numerical solutions 

are carried out by means of SAP numerical solver. 

The numerical simulation presented herein is defined by modelling the entire system “masonry 

building+soil+seismic isolation device”. Analyses have been performed considering the 

building site located in Naples, leading to the seismic parameters reported in Table 1, for 

different limit states. 

Table 1. Site seismic parameters 

Limit State Pvr (%) Tr (years) ag/g (-) F0 (-) Tc* (s) Soil Classification (-) Ss (-) St (-) 

SLV 10 475 0.1677 2.373 0.338 C 1.46 1 

SLC 5 975 0.2132 2.441 0.34 C 1.39 1 
Pvr= probability of exceeding; Tr= return period; ag/g= normalised PGA for soil classification A; F0=amplification factor; 

Tc*= spectral period corresponding in the C point; Ss and St= stratigraphy and topography amplification factor. 

The soil has been assumed as a silty sand, with an internal friction angle equal to 32° and a γs 

equal to 18 kN/m3. To take into account the interaction between micropiles and the soil, it is 

necessary to ascribe a vertical and a horizontal stiffness (KHL and KVL respectively) for the 

lateral interaction and a vertical stiffness KVT for the bottom, as Winkler springs method, as 

shown in Fig. 3. For the calculation of the KHL and its variability along the depth, the following 

relationship has been used (Matlock and Reese, 1960): 

𝐾𝐻𝐿 = 𝑛𝐻 ∙
𝑧

𝑑
 

 
(1) 

where nH is the modulus of horizontal compressibility, equal to 0.15 daN/cm3 for the used silty 

sand, z is the depth at which the soil interacts with the micropiles, ranging from 3m to 11m, 

and d is the micropiles diameter, equal to 219,1 mm. In Table 2 stiffnesses used for the 

numerical modelling are reported. 

Table 2. Vertical and horizontal springs stiffnesses 

KVT (daN/cm3) KVL (daN/cm3) KHL (daN/cm3) 

4 1 from 2 to 7.5 

 

VERTICAL LOAD
HORIZONTAL LOAD

KVL

KHL

KVT

 

Fig. 3 - Numerical modelling of Winkler spring for soil-micropiles interaction 

Once the soil-micropiles interaction has been defined, it has been necessary to model the 

isolator device as an elastic-viscous joint between the micropiles and the foundation, as 

schematically reported in Fig. 4. 
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In Table 3 device’s characteristics are reported, as well as the acting forces – depending on the 

considered limit state. The mechanical properties of the devices have been chosen among the 

range available in the marketplace. 

Table 3. Main device’s characteristics 

Hdevice (mm) Ke,h (daN/mm) Ke,v (daN/mm) eq (%) Smax (mm) Fv, ULS (daN) Fv, CLS (daN) 

168 68.5 47270 15 100 123000 58000 

Hdevice= device height; Ke,h and Ke,v horizontal and vertical stiffness of the device; eq= damping; Smax= maximum horizontal 

relative displacement accepted for the device; Fv, ULS and Fv, CLS=maximum forces acting on the devices at ultimate limit state 

(ULS) and collapse limit state (CLS) respectively; 

Super Structure

Under Structure

Rigid Link

Rigid Link

Link elastic-viscous

 

 

Fig. 4 - Modelling of the isolation device 

Finally, regarding the modelled masonry building in tuff, it has been assumed a super structure 

of 3 stories, presenting rebar concrete in horizontal directions. Fig. 5 shows the plant of the 

masonry building as well as the positions of the isolator devices, properly designed to 

minimize torsional mod shapes, as discussed later. In Table 4 the main parameters of the tuff 

are reported. 

  

Fig. 5 - Masonry building plant and spatial disposition of the isolator devices 
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Table 4. Main tuff’s characteristics 

Emean (daN/mm2) Gmean (daN/mm2) Γ (kN/m3) fmean (daN/mm2) 

141 45 16 0.26 

where: Emean and Gmean are Young modulus and shear stiffness respectively, and fmean is the 

average value of the unconfined compression strength.  

All the structural elements capability has been verified referring to the Italian code NTC (2018) 

and Circular n°7 (2019), by assuming a SLV spectra with a behaviour factor equal to 1.5 for 

the superstructure and an elastic SLC spectra for the seismic isolator devices. 

Thus, numerical analyses of the entire system (Fig. 6) have been performed. In order to present 

the efficiency of the base seismic isolation with the proposed technology, each wall of the 

masonry building has been verified, in terms of flexural and shear capability. Fig. 7 reports a 

contour map in terms of seismic risk index as a function of the return period. 

The numerical analyses have been performed for different mod shapes, until the total seismic 

mass excitation have been reached. As shown in Fig. 8, the first and second mod shapes 

contain a participating mass almost equal to the entire mass of the superstructures, as reported 

in Table 5. This results in the absence of torsional mod shapes, guaranteed by the overlapping 

of the centre of masses and stiffnesses, as reported in Table 6.  

 

 
 

Fig. 6 - Numerical model of the entire system 

 

 

Fig. 7 - Contour map in terms of seismic risk index as a function of the return period for the isolated structure 
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a)  b) 

Fig. 8 - Mod shapes of the system: a) first mod (y direction); b) second mod (x direction) 

 

Table 5. First and second mod shape of the isolated superstructure 

Mod Period Mass X Mass Y 

1 1.514 0.021 0.949 

2 1.483 0.976 0.023 

 

Table 6. Centre of masses and stiffnesses for the isolated structure 

Story 
Centre of stifnesses Centre of masses Distance 

X Y X Y X Y 

Ground floor 6.282 6.072 6.067 6.058 0.215 0.014 

First floor 6.212 6.122 6.206 6.118 0.006 0.004 

Roof floor 5.955 6.299 6.365 6.156 -0.41 0.143 

 

For the sake of underlining the potentiality of the proposed and adopted base seismic isolation 

technology, analyses considering traditional mitigation actions have been performed. In 

particular, the same masonry structure has been treated with FRCM (fibre reinforced 

cementitium matrix). More precisely, the super structure has been treated acting on all the 

bearing walls, on both sides. It is important to underline that, for the fixed base structure, a 

behaviour factor of 2.25 has been used, thus admitting high damages of the structure itself for 

reaching a ductile behaviour. As expected, dynamic behaviour of the fixed base structure (Fig. 

9 and Table 7), is significantly irregular if compared to the isolated one. Indeed, torsional 

behaviour is detected, as confirmed by discrepancy between the masses and stiffnesses centres 

(Table 8). 

a) b) 

Fig. 9 - Mod shapes of the fixed base structure: a) first mod (y direction); b) second mod (x direction) 
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Table 7. First and second mod shape of the fixed base superstructure 

Mod Period (s) Mass X Mass Y 

1 0.497 0.0199 0.815 

2 0.364 0.713 0.00043 

 

Table 8. Centre of masses and stiffnesses for the fixed base super structure 

Story Centre of stifnesses Centre of masses Distance 

 X Y X Y X Y 

Ground floor 5.088 6.19 6.052 6.074 -0.965 0.116 

First floor 4.195 6.915 6.206 6.118 -2.011 0.797 

Roof floor 3.06 7.904 6.365 6.156 -3.306 1.748 

 

Besides, Fig. 10 shows the contour map in terms of seismic risk index as a function of the 

return period.  

 

Fig. 10 - Contour map in terms of seismic risk index as a function of the return period for the fixed base structure 
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Fig. 11 - Spectra accelerations for the isolated and fixed base structures 

In Fig. 11 spectra accelerations for the isolated and fixed base structures are reported. Clearly, 

the isolated structure presents accelerations much lower than the accelerations referred to the 

fixed base structure, corresponding to the first mod shapes periods. Finally, Fig. 12 reports the 

seismic performance classification as provided from D.M. 58, 28/02/2017 ss.mm.ii, in which is 

clear the high benefit resulting from the isolation action, if compared to the traditional one. 
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PAM Class (isolated Structure) 

 

PAM Class (Fixed Base Structure) 

 

IS-V Class (isolated Structure) 

 

IS-V Class (Fixed Base Structure) 

Fig. 12 - Seismic performance classification as provided from D.M. 58, 28/02/2017 ss.mm.ii 

4. Conclusions 

The work presents an innovative base seismic isolation technology, by means of isolator 

devices coupled with the use of micropiles. The base isolated structure presents safety 

factors markedly higher than the fixed base structure, although the latter has been treated 

massively with FRCM, at both sides of each structural wall. The possibility of designing a 

diffuse position of the isolator devices leads to the high-benefit result of overlapping the 

masses and stiffnesses centres, avoiding torsional mod shapes, as showed by the presented 

dynamic analyses. Moreover, the low invasive installation procedure of the seismic isolator 

devices allows the structure to be available during the opening, if compared with 

interventions needed for the fixed base structure. 
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Abstract: Geotechnical Seismic Isolation (GSI) is an emerging category of earthquake 

protection systems that involve dynamic interaction between the structure and geomaterials. 

This new field of study has diversified and gained momentum through a decade of research. 

This paper attempts to consolidate the collective research efforts at a high level and put 

forward a vision plan for global collaboration amongst GSI researchers and for multi-sectoral 

engagement with end-users including governments, non-governmental organisations, 

builders, engineering professionals and local communities. Finally, resilience, sustainability 

and universality, as the three overarching goals of GSI, are highlighted.  

Keywords: resilience, sustainability, universality, benchmark problem, end-user engagement 

1. What is GSI? 

The classification of seismic isolation systems was put forward to broadly distinguish 

between base isolation systems that are installed within the foundation-structural systems 

and those that involve direct contact with geomaterials. The latter is collectively named 

Geotechnical Seismic Isolation (GSI) (Tsang 2009). The field of GSI research has promoted 

previously impossible opportunities for earthquake-resistant design. It has evolved into an 

emerging technology that has attracted global interest in the past decade. GSI is a design 

philosophy, a research area, and a scientific approach.  

1.1. A New Design Philosophy 

GSI is a paradigm shift in designing earthquake-resistant structures. Traditionally, 

earthquake protection techniques have focused on enhancing the strength and/or ductility of 

structural members, increasing flexibility of the structural forms, reducing plan and vertical 

irregularities, strengthening and retrofitting vulnerable structural elements, or installing 

external devices for modifying structural response or introducing supplementary damping. 

GSI does not require changes to the structural systems or architectural features. Instead of 

designing deformability within the structures, e.g. plastic hinges, that inevitably lead to 

damage in earthquakes, compliant or separation at the interface between the foundation and 

surrounding geomaterials does not damage the structure. Seismic energy is dissipated or 

reduced, by different means, before getting into the structure. This can fulfil the no-damage 

performance requirement as part of the resilience-based seismic design. GSI techniques can 

also reduce liquefaction potential (Kaneko et al. 2013; Abdullah and Hazarika 2016). 

1.2. A New Research Area 

GSI shifts the focus from altering the structures to making beneficial use of geomaterials or 

facilitating the beneficial interaction between the structure and surrounding geomaterials, 

which can be based on different mechanisms. For instance, (a) dynamic soil-foundation-

structure interaction can be exploited in a controlled manner (Tsang and Pitilakis 2019), (b) 

sliding between geomaterials and structural interfaces can be designed to limit the amount 

of seismic energy to be transmitted onto the structure (Banović et al. 2019), (c) vibration 
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filtering, screening and various forms of damping can be adopted (Brunet et al. 2016), (d) 

existing soil improvement techniques can be extended to seismic retrofit applications (Gatto 

et al. 2021), and (e) rocking isolation below foundation (Anastasopoulos et al. 2010) can 

also be a mechanism of GSI (Tsang et al. 2021). It has opened and will continue to open 

unlimited opportunities to geotechnical engineers, as well as structural/material engineers, 

to exercise their creativity, uncover their complementary expertise and ignite a new passion. 

1.3. A New Scientific Approach  

GSI research requires multi-disciplinary approaches that involve interweaving of knowledge 

and skills from various sub-disciplines in civil (geotechnical and structural), construction, 

environmental and material engineering, and beyond. The isolation mechanism is built upon 

various specialised areas in earthquake engineering, namely, non-linear material properties, 

dynamic soil-foundation-structure interaction, seismic wave propagation, rocking isolation 

and the traditional seismic isolation technique. Different kinds of materials can also be 

explored, which include geofoam (Karatzia and Mylonakis 2017; Xue et al. 2021), mixtures 

of soil and waste tyre rubber granules (Tsang 2008), ductile nylon fibres (Shimamura 2012), 

geotextiles (Dhanya et al. 2020), polyurethane (Gatto et al. 2021), super absorbent polymers 

(SAP) (Nappa et al. 2016) and metamaterial (Cheng et al. 2020). GSI research also covers 

sustainability and environmental impact assessment, e.g. investigating the leachate potential 

of mixing end-of-life tyre rubber into soils. Research on GSI also requires advanced research 

tools and skills such as cutting-edge multi-scale analysis of multi-phase geomaterials at the 

particle-scale (Fonseca et al. 2019), advanced numerical modelling of soil-foundation-

structure systems (Pitilakis et al. 2015; Forcellini and Alzabeebee 2022), large-scale 

experimental testing and field measurement (Pitilakis et al. 2021). Advanced construction 

and site formation techniques, e.g. soil injection, might be involved too. Any research that 

involves multiple scales, multiple phases or multiple media, interaction, interface, 

nonlinearity, dynamics or probability is challenging, let alone any combinations of them. 

2. Vision for Global Collaboration 

This section outlines the vision for global collaboration in the new field of GSI. It is by no 

means an exhaustive list, but an attempt to initiate discussion and inspire further thoughts. 

Some items below are not necessarily visions, but more like specific tasks, which are 

included as reminders. All of these can only be achieved by a synergistic approach.  

2.1. A Supportive Global Network 

GSI is a new and emerging field. As for many other new and emerging concepts, past and 

present, there would be scepticism in academia and the industry. There is nothing more 

important than co-creating a mutually supportive network amongst GSI researchers and 

practitioners from around the world, regardless of its scale or format. Given the multi-

disciplinary nature of GSI research and the need for cutting-edge research facilities, cross-

institutional and international collaborations are required for investigating large-scale 

problems and exploring new ideas. Scientific evidence needs to be collected based on a wide 

range of research methods to prove the feasibility of a new scheme.  

GSI researchers and practitioners are forming an international professional group. This can 

provide a platform for the exchange of knowledge and experience amongst peers who share 

common interests and passions. Possible roles and activities include advising end-users, 

designing benchmark problems for collaborative research (see the next sub-section), drafting 
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design guidelines, organising international workshops and conference sessions, and 

developing large-scale proposals for applications of international funding schemes.  

A Special Issue specifically on GSI in the Bulletin of Earthquake Engineering was launched 

in July 2021 and a Special Session also specifically on GSI has been organised in the 17th 

European Conference on Earthquake Engineering, also known as the 3rd European 

Conference on Earthquake Engineering and Seismology in September 2022.  

2.2. Setting Benchmark Problems 

There are various objectives of setting a suite of benchmark case study problems: (1) to 

enhance international collaboration for research and facilitate communication of research 

findings under a common theme; (2) to identify critical research questions that address 

scientific or practical challenges, or societal concerns and needs; (3) to standardise the case 

study scenarios so that all group members can attend to the same problems and facilitate the 

systematic evaluation of solutions. There are various aspects of details that are needed in the 

benchmark problems. To initiate the discussion, the choices of the case study structural 

configurations for buildings are discussed below. Three distinctive structural configurations 

are selected to cover a wide range of constructions, in both developed and less developed 

countries, that can benefit from GSI, and ideally, different GSI configurations and choices 

of materials will be found the most suitable for each benchmark problem.  

GSI was proposed as an earthquake protection technique for engineered constructions, and 

the most vulnerable group amongst them is low-to-medium-rise buildings of three-to-fifteen 

storeys, which were also the subjects of investigation in earlier studies (Tsang et al. 2012; 

Anbazhagan et al. 2015; Pitilakis et al. 2015). Hence, the first case study structural 

configuration could be a five-storey ordinary residential building, featuring a soft-storey, 

that is prevailing all over the world. The geometry of the prototype structure-foundation 

model adopted in the recent centrifuge testing (Tsang et al. 2021) was inspired by the 

widespread collapse of similar residential buildings in the M8 Wenchuan (China) earthquake 

that occurred on May 12, 2008. Fig. 1 shows the photos taken by the author of this paper at 

Dujiangyan city (less than 10 km away from the mainshock epicentre) on July 1, 2008.  

 

        

Fig. 1 - (Left) A damaged building in the M8 Wenchuan earthquake, featuring soft-storey mechanism, that 

inspired the design of the first case study building configuration. (Right) The site right in front of the 

damaged building where several similar buildings collapsed in the earthquake. The debris of the collapsed 

buildings was removed when the photo was taken.  
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Another type of vulnerable construction is one-to-two-storey houses that are typical in rural 

areas. Various GSI research groups have targeted this vulnerable type of housing in different 

parts of the world (Xiong and Li 2013; Nikitas et al. 2014; Tsiavos et al. 2019). The second 

case study building configuration can be built around this type. An example is discussed in 

Section 2.4 using a community-engaged design in Nepal that the author was involved.  

The third case study configuration can be proposed to address a different set of problems. 

Historic buildings are widespread in Europe and other parts of the world. They were not 

explicitly designed and constructed for sustaining high levels of earthquake actions. There 

is a need to find seismic retrofit solutions that are particularly suitable for historic structures 

(Gatto et al. 2021; Somma et al. 2022). A large cathedral in Italy, which is typically a rigid 

structure made of stone masonry, can be adapted to be a benchmark problem.  

2.3. End-User Engagements 

End-users from government departments, professional institutions and commercial sectors 

need to be engaged. To facilitate the uptake of the technologies, representatives from 

different sectors of end-users can be invited to join the international professional group at a 

certain stage. This is to ensure that the knowledge and technologies developed by academic 

researchers can be used on a trial basis and testified in a real-world setting. Feedback from 

end-users can also inspire new concepts and lead to further research needs. Researchers 

would also be more aware of the regulatory requirements and the constraints in the industry.  

There have been different forms of promising end-user engagements that are happening. 

There is a project funded by the New Zealand government that encourages business 

innovation and university-business collaboration for direct impact (Hernández et al. 2020). 

Ongoing projects in Italy are supported by companies which are specialised in advanced 

solutions for construction (Nappa et al. 2016; Gatto et al. 2021). More engagements like 

these are needed and encouraged. No single solution fits all problems and no single 

researcher is competent in all GSI techniques. International peer support is indispensable for 

finding the right solutions and ensuring success. Also, detailed documentation of real-world 

applications would be useful for sharing experiences and transferring knowledge.  

2.4. Knowledge Transfer for Universality 

The author started this area of research as a small idea that came into mind back in 2005, 

during a six-month visiting fellowship at the University of Melbourne, after a series of 

damaging and deadly earthquakes that occurred in Turkey (1999), Taiwan (1999), India 

(2001), Iran (2003), Indonesia (2004) and Pakistan (2005). It was made clear that the real 

challenge in earthquake engineering is about universal earthquake safety, rather than putting 

all the resources and focus on developing (or using) advanced research tools and refining the 

design parameters in codes of practice. GSI was put forward as a modest attempt to address 

the grand challenge. The author understood that the little idea in its original form might or 

might not be widely adopted in the end, but it is nevertheless worthwhile to raise awareness 

and inspire refined or smarter ideas from others.  

It is common for the scientific community to develop advanced technology, and then adapt 

it into a lower-class version by using cheaper materials or more economical manufacturing 

processes that lead to a product with compromised performance. GSI never claims to be a 

higher-performing technology than others, but it was put forward with the consideration of 

the impoverished community in the first place. To improve understanding of the 

requirements and constraints of the local community, engagements with domestic and 
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international development agencies would be helpful as they can inform the need and 

challenges in the communities they are serving. Direct community engagement would be 

even more beneficial. Members of the international professional group can provide technical 

advice to support community development. 

A project was funded specifically to develop low-cost construction technologies that can 

enhance the earthquake safety and resilience of schools in Nepal (Tsiavos et al. 2019). The 

author of this paper also played an advisory role on a pro bono basis to a local organisation, 

Group for Rural Infrastructure Development (GRID) Nepal (https://www.gridnepal.org.np/), 

in the reconstruction phase following the 2015 Gorkha (Nepal) earthquake. Led by Dr 

Shanker Dhakal, GRID Nepal engaged local stakeholders of a rural village in a participatory 

process. Fig. 2 shows the schematic design of a two-storey house with a GSI system based 

on rubber-soil mixtures, as well as the plans of the two floors. Our design that embraces 

several green features has won the Best Public Choice Award in the rural reconstruction 

design exhibition co-organised by local agencies and the UN Development Programme 

(UNDP) in 2016. It is noted that the design has not been incorporated into the official 

handbook for rural reconstruction, whereas the GSI concept has been promoted widely and 

adopted for vibration mitigation of other facilities in Nepal.  

 

   

Fig. 2 - Schematic diagram of a two-storey house with a GSI system based on rubber-soil mixtures and the 

plans of the two floors proposed by GRID Nepal (Dhakal et al. 2015). 

2.5. Commercialisation  

Despite the strong academic interest and the aspiration or ideals, the construction industry is 

a highly profit-driven sector. GSI techniques should be attractive to the industry, as they are 

typically low-cost solutions, whilst there are also a few other additional benefits that can 

incentivise uptake in the real world. However, it is also well known that the civil and 

construction engineering industry has a high “inertia” that does not respond to changes 

easily. It is well documented that the modern “structural” seismic isolation technique, based 

on discrete bearings, took over a decade of extensive research before seeing the first 

application in the 1980s and there are still various sources of resistance nowadays. 

One way that GSI can gain visibility and credibility in the industry is for researchers to speak 

the same language, that is to commercialise and market the technology to the industry. 

Smart-G is an innovative start-up and academic spin-off of the University of Napoli Federico 

II, directed by Professor Alessandro Flora, who develops innovative solutions in ground 

improvement and geotechnical engineering. GSI technique based on the use of SAP is 

promoted on their corporate website: https://www.smart-g.eu/research/seismic-isolation/  
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Meanwhile, cost-benefit analyses can be conducted to demonstrate the attractiveness of the 

GSI technologies. The benefit can be quantified in terms of the reduction in structural failure 

risk and the reduction of potential damages and losses. Another dimension of the benefits 

can be investigated from the environmental sustainability perspective. How much reduction 

in terms of carbon emission can be achieved by the use of the GSI technologies based on 

upcycling of waste materials. As environmental sustainability becomes a focus (again) for 

the governments of many countries, there will likely be more incentives for property 

developers and construction businesses to adopt green construction technologies. 

On the other hand, an additional benefit of using the GSI technologies is that they can be 

implemented through routine design and construction procedures. However, this may not be 

perceived in that way, because most published studies were based on advanced research 

tools, e.g. nonlinear computational modelling, that are not commonly used in day-to-day 

design practice. GSI may even appear complicated to some practitioners due to its multi-

disciplinary nature. Hence, it is necessary to bridge the gap by translating the knowledge to 

design tools and construction procedures that can be used conveniently (Tsang 2022).  

2.6. Worldwide Publicity 

Apart from presenting our research outcomes in academic journals and conferences, the 

collective knowledge from the group can be shared with peers in other universities across 

the globe. Introducing the GSI concept to industry practitioners and professional bodies 

would be useful to promote better understanding and encourage uptake of the technology. 

The international professional group can provide support on this front.  

Media publicity could be another way. Several articles published in English media are shown 

in Table 1. Given the publicity that GSI has gained over the past decade, it is believed that 

GSI has already been used, formally or informally, in certain parts of the world.  

 
Table 1. Articles on GSI technology published in English media 

Date Article Title Source 

2011-09-07 Tire-Soil Mixture Buffers From Quakes The Wall Street Journal 

https://www.wsj.com/articles/SB10001424053111904875404576527862435032904 

2011-09-07 Earthquake cushion could reduce shaking of buildings SmartBrief - American 

Society of Civil Engineers  

https://www.smartbrief.com/s/2011/09/earthquake-cushion-could-reduce-shaking-buildings  
(not available anymore) 

2015-10-02 Discarded tyres to battle earthquakes The Hindu 

https://www.thehindu.com/features/homes-and-gardens/discarded-tyres-to-battle-

earthquakes/article7715918.ece 

2015-12-01 Tire Soil Mixture Can Protect Buildings From Quakes Scrap Tire News 

https://scraptirenews.com/2015/12/01/tire-soil-mixture-can-protect-buildings-from-quakes/  

2018-08-15 Indonesia earthquake: how scrap tyres could stop 

buildings collapsing 

The Conversation 

https://theconversation.com/indonesia-earthquake-how-scrap-tyres-could-stop-buildings-collapsing-

101499 

2019-06-11 Building On Rubber To Make Homes More Earthquake-

Resilient 

Forbes 

https://www.forbes.com/sites/lauriewinkless/2019/06/11/earthquake-resilient-home-build-on-rubber/ 
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3. Closing Remarks  

Resilience: GSI has gone through a decade of fundamental development and has evolved 

into a new seismic design philosophy, a new research area and a new scientific approach for 

achieving earthquake resilience. It has now come to a stage when the research outcomes can 

be consolidated, and further efforts can be directed to higher goals and societal impacts based 

on global collaboration with synergy.   

Sustainability: GSI aims primarily at enhancing the earthquake resilience of buildings and 

infrastructure at a competitive cost. Meanwhile, it has been considered a green construction 

technology that adds another benefit from the environmental perspective (Tsang 2012). 

When many governments in the world are directing their resources towards achieving the 

UN Sustainable Development Goals (SDGs), which indeed affect all sectors including the 

construction industry, it is now perfect timing to put GSI onto the market.  

Universality: GSI was put forward as a universal technology for earthquake safety in the 

first place. When the last few decades have seen rapid urbanisation in high-population 

developing countries (Wenzel et al. 2007) and the high death tolls in a series of major 

earthquakes, it is an undeniable responsibility of earthquake engineering professionals to 

face this challenge head-on (Comartin et al. 2004). Hopefully, GSI can play a part here.  
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Abstract: Past earthquakes have demonstrated the vulnerability of non-ductile reinforced 
concrete (RC) structures with masonry infills. Damage to said structures has contributed 
negatively to large economic losses and jeopardised human lives. They represent a relevant 
portion of the global building stock, particularly in Europe and the Southern Mediterranean 
region. Seismic risk assessment of existing structures entails the adequate characterisation of 
hazard and vulnerability. The former is expressed in terms of the annual rates of exceeding a 
particular intensity measure value, while the latter requires an accurate quantification of a 
structure’s seismic response, expressed as the ground-shaking intensity required to exceed a 
structure’s limit state. To reduce the computational burden associated with characterising 
seismic vulnerability, a pushover-based method is presented for non-ductile infilled RC 
buildings. The method uses a simplified approximation of the hazard component and a 
practice-oriented evaluation of the seismic capacity corresponding to code-based limit state 
thresholds. The overall performance of the proposed method is highlighted herein within an 
application carried out on several archetype building models and is validated with results of 
extensive non-linear time-history analyses. It represents a simple but efficient means to 
accurately quantify seismic risk in such structures. 

Keywords: PBEE, hazard, vulnerability, risk, simplified. 

1. Introduction 

The seismic risk assessment of reinforced concrete (RC) structures with masonry infills 
holds paramount importance in modern earthquake engineering and risk mitigation decision-
making. Essentially, infilled RC buildings represent a large percentage of the southern 
European built environment and particularly the Italian building stock (Crowley et al. 2020). 
Additionally, a significant percentage of infilled RC buildings was constructed before the 
introduction of adequate seismic guidelines (i.e. around the 1970s) and was typically 
designed to resist gravity loads only. As such, structural elements were characterised by 
inadequate seismic detailing and no consideration for ductile failure mechanisms (i.e. 
capacity design). Additionally, masonry infill panels were not considered in the design 
process and their effects on the response of the structural system were generally neglected. 
Past experimental (Basha and Kaushik 2016), analytical (Dolšek and Fajfar 2008; Fardis and 
Calvi 1994) and field reconnaissance (Parisi et al. 2012) campaigns have highlighted the 
detrimental effect of infill panels on the global response and their high vulnerability to 
ground-shaking events.  
Generally, the seismic risk is expressed in terms of the mean annual frequency of exceedance 
(MAFE) and is the result of convolving both seismic hazard and vulnerability. The former 
requires a proper characterisation of the exceedance probability of a particular intensity 
measure (IM) level at a given site and return period. Whereas, the latter requires the 
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assessment of the seismic performance through the accurate quantification of the exceedance 
of structural demand-based performance level or limit-state (LS) for a given intensity level 
of ground shaking, further denoted as IMLS. According to the recent guidelines on the seismic 
assessment of existing structures, Pinto et al. (2014) infer that risk assessment should be 
carried out with reference to three methods of analysis: 1) incremental dynamic analyses on 
detailed numerical models; 2) incremental dynamic analyses on equivalent single-degree-
of-freedom (SDOF) oscillators; 3) non-linear static procedures. However, the former two 
options require performing non-linear time-history analyses (NLTHA) and time-based 
assessments, which are computationally expensive, for the calculation of seismic risk and 
would require certain in-depth expertise in the field of earthquake engineers, which are not 
always available. To this end, practitioners and engineers should be provided with simplified 
tools for the estimation of seismic risk as it would facilitate the communication of risk to 
stakeholders and decision-makers for the overall reduction of seismic risk, offer ease of 
applicability and most importantly overcome the presented limitations. The main scope 
behind such tools is to aid the quantification and mitigation of seismic risk with respect to 
different guidelines and procedures (Franchin, Petrini, and Mollaioli 2018; FEMA 2012; 
CNR 2014). 
To reduce the computational burden associated with such analyses, this paper presents a 
simplified method based on non-linear static procedures for the evaluation of the seismic 
risk of existing structures, particularly for non-ductile infilled RC frames buildings. The 
method considers a second-order approximation of the hazard function and a tool-based 
quantification of the seismic vulnerability. A breakdown of the proposed method along with 
its application are clearly illustrated. The robustness of the presented methodology is 
evaluated with respect to results of a more traditional risk-based case study requiring 
NLTHA. It is conducted using an archetype building model located fictitiously in three 
different locations: Milano, Napoli and L’Aquila. 

2. Proposed Method for Seismic Risk Evaluation 

A fast and simple method for the seismic risk evaluation of non-ductile infilled RC frame 
structures is presented here. Essentially, the method bases itself on high-fidelity 
mathematical expression to characterise hazard and the application of a response evaluation 
tool (RET) for vulnerability assessment. Then, results corresponding to both components are 
integrated using an “IM-based” closed-form solution, derived by Vamvatsikos (2013), 
corresponding to the risk integral highlighted in Cornell et al. (2002). The necessary steps 
for the application of the proposed method are outlined in Figure 1.  
Regarding the hazard component, a full hazard analysis (i.e. probabilistic seismic hazard 
assessment, or PSHA) should be carried out for the definition of the hazard function (i.e. 
mean annual rate of exceeding a particular IM value) and then, the application of the 
mathematical model ensues, as highlighted in Step 1. Considering the vulnerability 
component, the RET is required for the dynamic performance characterisation of a case 
study building. RET utilises results from eigenvalue and non-linear static analyses for the 
interpolation of dynamic capacity curves. It is worth mentioning that the results of RET are 
solely expressed in terms of the average spectral acceleration for reasons highlighted by 
O’Reilly (2021) and (Nafeh and O’Reilly 2022). The procedure for which is summarised in 
Step 2. Subsequently, the two components are then integrated and seismic risk in terms of 
the MAFE can be derived as outlined in Step 3.  
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Figure 1: Flowchart illustrating the implementation procedure of the proposed method for the seismic risk 

estimation of infilled RC frame buildings 

2.1. Step 1: Hazard Characterisation 

This can be simply described as: 
i. Perform PSHA and get mean hazard curve expressing the mean annual rates of 

exceedance and the intensity measure values. 
ii. Fit second-order polynomial to mean hazard curve and obtain fit coefficients (k0, k1, 

k2) as highlighted in Equation 1: 
!(#) = &! exp[−&",-"(#) − &# ,-(#)] (1) 

where H(s) is the hazard function expressing annual rates of exceeding a given 
intensity measure value equal to s; k0, k1 and k2 are positive real numbers describing 
the curvature and amplitude of the hazard curve fit.  

2.2. Step 2: Vulnerability Assessment 

This is carried out as: 
i. Build a numerical model or use/edit an existing building model (built in OpenSees) 

from the database of infilled RC archetype building models. A useful database is 
available here, for example:  https://github.com/gerardjoreilly/Infilled-RC-Building-
Database). 

Select Site

Perform Probabilistic Seismic Hazard
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(e.g. using OpenQuake)

Hazard

Select Hazard Model 
(e.g. ESHM2013, ESHM 2020)

Select Site Characteristics 
(e.g. Mori et al. 2020)
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Perform Second-Order Approximation 
(Equation 1) 

(get k0, k1, k2 coefficients)
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ii. Perform eigenvalue analysis and get the first-mode shape ordinate (Φ$) and mass 
(0$) at floor i. Note that the mode shape should be normalised with respect to the 
roof level’s value (i.e. Φ%&&' = 1) 

iii. Perform non-linear static pushover and get the nominal base shear force-roof 
displacement curve (F-Δ%&&'). For simplicity, a displacement-controlled inverse 
triangular pattern can be adopted. If the required analysis is planar, the results 
corresponding to the in-plane direction of the frame are considered. If the required 
analysis is three-dimensional, a pushover analysis should be carried out in both 
principal directions. The results corresponding to the direction exhibiting a less 
ductile behaviour is considered. 

iv. Multi-linearise the F-Δ%&&' curve with respect to the onset and end of each response 
branch (i.e. elastic, hardening, softening, residual plateau and strength degradation) 
(Nafeh and O’Reilly 2022).   

v. Define the code-based limit-states and annotate on the pushover curve (i.e. F-Δ%&&')  
vi. Use the response evaluation tool (RET) to estimate the median seismic intensities 

corresponding to the defined limit-states and the associated dispersion. The tool for 
infilled RC frames is available here: https://github.com/gerardjoreilly/Infilled-RC-
Building-Response-Estimation. The tool considers the average spectral acceleration 
as the intensity measure for the dynamic strength characterisation. For further details 
regarding the application of the tool, please refer to: (Nafeh and O’Reilly 2022) 

2.3. Step 3: Seismic Risk Evaluation 

The seismic risk corresponding to pre-defined limit-state is expressed in terms of 3() which 
can be evaluated as shown in Equation 2: 

3() =	56&!#*+[!(#̂,)]+exp	[
&#"
4&"

(1 − 6)] (2) 

6 = 1
1 + 2&";"

 (3) 

where ; corresponds to the record-to-record variability included in Equation 3 and ; =
	0.27 for a non-collapse limit-state and ; = 	0.37 for the collapse limit-state as outlined in 
Nafeh and O’Reilly (Nafeh and O’Reilly 2022). !(#̂,) represents the annual rate of the 
median intensity measure required to attain a particular demand-based level. For a practical 
illustration of the proposed method, a case study application on an infilled RC building is 
presented in the subsequent section.  

3. Case Study Application 

3.1. Case Study Definition 

A two-storey infilled RC building designed for gravity-loads only was adopted for the case 
study application presented in this section.  The numerical modelling of the case study 
structure was performed in OpenSees (McKenna 2011) using a three-dimensional lumped 
plasticity approach. The modelling approach of frame members and masonry infill panels 
considered empirically-calibrated hysteretic models accounting for strength and deformation 
capacities based on experimental test results (De Risi and Verderame 2017; Verderame et 
al. 2019; O’Reilly and Sullivan 2019; Hak et al. 2012; Crisafulli and Carr 2007). The case 
study building was designed using the allowable stress method. With regards to structural 
detailing, a uniform column section of 20x20 cm was considered corresponding to a 
reinforcement ratio of 0.89%. For beams, a uniform section of 50x30 cm was considered 
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corresponding to a reinforcement ratio range of 0.21-0.31 %. Transverse reinforcements of 
!6 @150mm and !6 @200mm were considered for the column and beam members, respectively. 
Smooth rebars (i.e. Aq42) corresponding to an allowable stress of 140 MPa were assumed, 
whereas an allowable compressive strength of 5 MPa was considered for concrete.  
An eigenvalue analysis was conducted to evaluate the first-mode shape ordinates. 
Furthermore, a non-linear static pushover analysis was carried out to characterise the lateral 
capacity of the case study building. Considering the results of the SPO analysis, the y-
direction was deemed the weakest despite the fact that both directions exhibit similar 
ductility capacity, yet the assumption was made based on the overall base shear capacity. 
Additionally, the identification of the code-based demand thresholds or limit-states is 
necessary for the evaluation of the associated median seismic intensities. The identification 
of limit-states is typically described in seismic codes and guidelines.  As such, the limit-
states presented in the Italian national code (NTC 2018) (Ministero delle Infrastrutture e dei 
Trasporti 2018) were adopted for the comparative case study presented herein. These four 
limit-states correspond to: “stato limite di operativita” or operational limit-state (SLO); 
“stato limite di danno” or damage control limit-state (SLD); “stato limite di salvaguardia 
della vita” or life-safety limit-state (SLV); and “stato limite di prevenzione del collasso” or 
collapse prevention limit-state (SLC).  

  
(a) (b) 

Figure 2: (a) Numerical model of the two-storey infilled RC case study building; (b) static pushover analyses 
curves highlighting the lateral seismic capacity of the case study structure in terms of the base shear and 

roof displacement 

3.2. Seismic Hazard Characterisation 

The case study building was selected to be located fictitiously in three different locations: 
Milano, Napoli and L’Aquila. Then, hazard analyses for the characterisation of the annual 
hazard and record selection for NLTHA were carried out using the OpenQuake engine 
(Pagani et al. 2014). Performed analyses considered the average spectral acceleration Saavg 
as the intensity measure and accounted for the site characteristics model (i.e. Vs30) for Italy 
presented in Mori et al. (2020). The mean hazard curves extracted from PSHA in terms of 
the annual probability of exceedance and the ground-shaking intensity for the three different 
locations are illustrated in Figure 3. Then, a second-order polynomial was fitted to the mean 
hazard curves (as per Step 1-ii) for the application of the proposed method following 
Equation 1. The resulting coefficients of the second-order approximation are summarised in 
Table 1. 
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Table 1: Resulting coefficients of the second-order approximation of the hazard function  

Site 
Second-Order Approximation Coefficients 

k0 k1 k2 

Milano 2.20e-05 3.95 0.50 

Napoli 2.09e-05 3.20 0.43 

L’Aquila 2.04e-05 2.92 0.29 

 

 
Figure 3: Seismic hazard curves of Milano, Napoli and L’Aquila expressed in terms the average spectral 

acceleration and the fitted second-order polynomial 

3.3. Seismic Vulnerability Assessment 

Considering the accurate characterisation of the seismic response of the case study structure, 
a series of traditional hazard-consistent NLTHA were carried out. To this end, multiple stripe 
analysis (MSA) was performed. This NLTHA method requires a set of ground motion 
records to be selected based on the hazard disaggregation at the conditioning period. MSA 
allows for differences in anticipated properties of low to high-intensity motions to be 
captured via ground motion selection. Record selection was performed following 
disaggregation of seismic hazard in terms of the magnitude, M, distance R and epsilon, e 
using the EzGM toolbox for record selection and processing developed by Ozsarac et al. 
(Ozsarac, Monteiro, and Calvi 2021). Nine IM levels corresponding to return periods of 22, 
42, 72, 140, 224, 475, 975, 2475 and 4975 years were investigated for the characterisation 
of the structural response in an attempt to cover initial damage of the masonry infill panels 
up to global structural collapse. The median intensities corresponding to each limit-state 
previously defined were obtained using maximum likelihood estimation. Furthermore, the 
response evaluation tool (Step 2.v) was used for the simplified estimation of these intensities. 
The tool integrates the results of the eigenvalue and non-linear static analyses (i.e. pushover) 
for the evaluation of the median dynamic capacity. It is worth mentioning that the results of 
the pushover analysis should be expressed in terms of the base shear and the roof 
displacement. The results corresponding to NLTHA and RET were derived and presented in 
Figure 4. It is worth mentioning that the illustrated dispersions correspond to the record-to-
record variability only at each demand-based threshold. 
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(a) (b) 

Figure 4: Median seismic intensities and the associated record-to-record variability recorded at the three 
selected locations corresponding to the code-based limit-states and evaluated following NLTHA and the 

response evaluation tool (RET). 

The results illustrated in Figure 4 suggest a satisfactory overall performance of the proposed 
method for the seismic vulnerability vis-à-vis the results of NLTHA. When comparing the 
outcome of the detailed assessment and RET at the three selected locations, it was seen that 
the tool was able to provide consistently good estimates across the entire range of response 
considering the four defined limit-states of NTC2018 and across different seismicity levels. 
This implies the robustness of the statistical model implemented within the response 
evaluation tool tailored specifically for infilled RC frame structures. Moreover, similar 
values of the record-to-record uncertainty were obtained despite the tool having fixed values 
of dispersion as mentioned in Step 3.i.  
3.4. Seismic Risk Evaluation 

The seismic risk associated with the pre-defined LS can be promptly evaluated once hazard 
and vulnerability were characterised. To this end, the MAFE (lLS) was derived with respect 
to Equation 2 and illustrated in Figure 5. As such, Figure 5 demonstrates that the proposed 
method yielded relatively good risk estimates when assessed with reference to “traditional” 
analysis requiring extensive analyses. The main differences, however, with regards to the 
risk estimates are attributed to the discrepancy in the dispersion values associated with both 
methods under scrutiny. This is noticeable, particularly for the SLO LS in Napoli and 
L’Aquila. However, when comparing seismic risk estimates across the complete range of 
seismic response, it seems that it was fairly well-characterised highlighting once more the 
robustness of the proposed method. Moreover, the results illustrated in Sections 3.3 and 3.4 
can be considered a testimony for an acceptable trade-off level between accuracy and 
computational effort required where the latter is minimised, rendering it a potential candidate 
for inclusion is seismic assessment guidelines, particularly for infilled RC frame structures.    
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(a) (b) 

 
(c) 

Figure 5: Seismic risk estimates expressed in terms of the mean annual frequency of exceeding the demand-
based thresholds corresponding to each limit state (lLS) evaluated using detailed analysis and the proposed 

simplified method of assessment for (a) Milano, (b) Napoli and (c) L’Aquila. 

4. Conclusions 

The accurate seismic risk assessment of reinforced concrete (RC) structures with masonry 
infills remains an open challenge for practitioners and decision-makers due to their 
prevalence in the global built-environment and complex behaviour. In risk-based analyses, 
the proper characterisation of infilled RC buildings based on pre-defined code-based limit-
state thresholds is paramount. Furthermore, non-linear time history analyses (NLTHA) 
methods (e.g. incremental dynamic, multiple stripe and cloud analysis) are computationally 
expensive in terms of time and effort. To this end, this paper proposed a fast and simple 
method for the communication of risk in risk mitigation applications for the evaluation of 
seismic risk which can integrates closed-form expressions for the characterisation of seismic 
hazard and fragility estimates for risk-based application. The aim of the simplified method 
is to attempt and facilitate the needs of engineers, and to ease the burden of computationally 
expensive procedures and address their limitations. Some of the key takeaways of this study 
are: 

• A fast and simple method for the seismic risk evaluation of non-ductile infilled RC frame 
buildings was presented. The method bases itself on closed-form approximations for the 
characterisation of hazard and risk and a pushover-based seismic response estimation 
tool for the quantification of vulnerability parameters.  
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• The performance of the proposed method in accurately defining vulnerability and 
seismic risk was validated within a comparative case study application which applies 
NLTHA. The results highlighted the reliability and consistency of the proposed method 
in the evaluation of seismic risk when compared to results of NLTHA.  

• The capability of the tool in accurately quantifying the seismic demand associated to 
prescribed limit-states and subsequently the related seismic risk-based applications 
render it a good improvement to be implemented in seismic assessment guidelines. 
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Abstract: The RC frame buildings with URM infill walls designed and constructed after 

1990’s were capable of withstanding the heavily damaging and destructing earthquakes as 

observed in the aftermath of M6.4 earthquakes in Albania in 2019 and Croatia in 2020. The 

response of these structures is often accompanied with “accidental” torsion effects on RC 

frames caused by uncertainties related the URM infill walls. In order to investigate further 

this effects, the shake-table tests on a large-scale three-storey RC frame building with URM 

infill walls was carried out which had revealed the coincidence with the field earthquake 

damage observations. The insight in the building’s “accidental” torsional effects was 

achieved by strain measurements, which are often neglected, and the value and adequacy of 

gathered data under is discussed.   

Keywords: RC frame, URM infill wall, shake-table tests, “accidental” torsion effects, strain 

measurement  

1. Introduction 

The RC frame buildings with URM infill walls, constructed in compliance with 

contemporary building codes (after 1990’s) e.g. EN1992-1-1:2004 (CEN 2004a) and 

EN1998-1:2004 (CEN 2004b) provisions, were capable of withstanding the heavily 

damaging and destructing earthquakes i.e. VIII-IX° EMS with Grade 1: negligible to slight 

or Grade 2: moderate damage (Grünthal et al. 1998) to RC frame structure, as observed in 

the aftermath of M6.4 earthquakes in Albania (in 2019) and Croatia (in 2020) as described 

in Markušić et al. (2021) and Abrahamczyk et al. (2022) (see Figure 1).  

 

   

Fig. 1 - Negligible to slight or moderate damage to RC frames after M6.4 Albania earthquake in 2019  
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On the other hand, the URM infill walls, that weren’t constructed in compliance with 

EN1996-1-1:2005 (CEN 2005) and EN1998-1:2004 (CEN 2004b) provisions, suffered 

Grade 4: very heavy damage or Grade 5: destruction (see Fig. 2). 

   
a) b) 

Fig. 2 –Very heavy damage or destruction of URM infill walls a) after M6.4 Albania earthquake in 2019 and 

b) after M6.4 Croatia earthquake in 2020 

The field observations of the M6.4. earthquakes in Albania on November 26th, 2019, 

performed by American Concrete Institute’s (ACI) Technical Committee 133 Disaster 

Reconnaissance task group (Chungwook et al. 2020), and Croatia on December 29th, 2020 

(Markušić et al. 2021) had revealed the correlation in the building’s earthquake 

performance with the shake-table tests on a 1/2.5 scale three-storey RC frame building 

with URM infill walls (Guljas et al. 2020). The shake-table tests were performed under 

sequence of ground motion recorded at the Herceg-Novi station during the 1979 

Montenegro earthquake in two series. For the first series of tests (see Figs. 3 & 4), the 

URM infill walls were built using clay block masonry units. After the first series of tests, 

the building was repaired and tested again. These repairs consisted in patching the RC 

frames, replacing the clay block masonry in the first two stories with solid clay brick 

masonry, and adding RC confining vertical elements along the opening edges (see Fig. 5). 

The objective of the second test series was to determine whether the URM infill wall 

interventions would improve building’s earthquake performance.  

 

   

Fig. 3 – A view on the test building of the series one before testing 

 

The drawback in the building’s first test series design w. r. t. URM infill walls, was the 

inability to predict the “accidental” torsion effects due to the apparently unpredictable wall 

earthquake performance, in particularly when door or window openings are present. This 

effect was remarkably reduced in the second test series.  
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The insight in the test building’s RC frame earthquake performance when exposed to 

“accidental” torsion effects under shake-table tests, was investigated by the analysis of the 

strain measurement data. The equipment conditions as installed, the inclusion of the effects 

of “accidental” torsion, and the value and adequacy of gathered strain data under are 

discussed.   

2. Test building’s design and construction  

The 1/2.5 scale three-storey RC frame building with URM infill walls was designed and 

constructed in compliance with EN1992-1-1:2004 (CEN 2004a) and EN1998-1:2004 

(CEN 2004b) provisions, as moment-resisting frames by considering the medium ductility 

form (DCM) of seismic construction detailing. The URM infill walls were made of clay 

block (in the first test series), and solid brick masonry (in the second test series), and 

masonry mortar, which satisfy seismic design requirements for unreinforced structural 

masonry, in compliance with EN 1996-1-1:2005 (CEN 2005) and EN1998-1:2004 (CEN 

2004b). In addition, in the second test series, the RC confining elements were added along 

the vertical opening edges in the first and the second story. In order to comply with the 

Cauchy similitude laws, the additional mass of 4.8 t in the form of steel ingots was added 

to each floor. The test buildings of series 1 and 2 are shown in Fig. 3 and 4, respectively.  

 

 

 

Fig. 4 – The test building of the series one drawings including the test setup (measures in cm) 
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Fig. 5 – The test building of the series two drawings including the test setup (measures in cm) 

 

The properties of material of construction, as required by EN1992-1-1:2004 (CEN 2004a) 

and EN 1996-1-1:2005 (CEN 2005) are given in Table 1. 

Table 1. Properties of materials of construction 

Property Value Units 

Concrete cylinder strength 36.6 MPa 

Secant modulus of elasticity of concrete 38840 MPa 

Reinforcing steel yield / ultimate tensile strength 

Ø 4 mm 753 / 780 MPa 

MPa 

MPa 

Ø 6 mm 564 / 589 

Ø 8 mm 591 / 621 

Masonry Units & Mortar 

Masonry unit gross/net compressive strength 

Masonry mortar compressive strength 

Series 1* 

10.0/31.2 

10.6 

Series 2* 

20.0/20.0 

10.6 

 

MPa 

MPa 

*Note: Series 1- clay block masonry, Series 2- Solid clay brick masonry 

3. Test setup and testing  

As an earthquake excitation the north-south component of the record obtained at Herceg-

Novi station during the 1979 Montenegro Earthquake was used, and reduced by dividing 

the time step by √2.5 in order to comply with the similitude laws.  

SG7&8 SG9&10 SG11&12 

SG1&2 SG3&4 SG5&6 

SG1,4,7

&8 

SG3,4,9

&10 

SG5,6,1

1&12 
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The excitation was applied at the base and along building’s longitudinal (or x) direction in 

ten runs with increasing the peak ground acceleration (ag / g) in the following manner 0.05 

g, 0.1 g, 0.2 g, 0.3 g, 0.4 g, 0.6 g, 0.7 g, 0.8 g, 1.0 g, 1.2 g. In the second series of tests, the 

ag / g of 1.4 g excitation was additionally included. Before and after each test run, the 

damage condition was determined, and the free vibration test was performed.  

The in-plane (IP) drift response was measured by using the string potentiometers which 

were installed and attached to the centreline of the slab’s edge at each floor. To measure 

the “accidental” i.e. unintended torsion, pairs of accelerometers were installed in-plane (IP) 

and out-of-plane (OoP) on the roof slab, on diagonally-opposite sides. The in-plane (IP) 

accelerometers was installed on other floors in an equal manner. The strain gauges (KFC-5 

which have the gauge length of 5 mm and have a sampling rate range between 0.01-1 

kHz), 12 in total, were placed two per column in the first floor on a middle bar of RC 

column reinforcement, opposite to each other, at the bottom of each RC column (before 

pouring in the concrete). The arrangement of instruments is shown in Figs. 4 and 5. All 

sensors were sampled at 1000 Hz.  

4. Test results and interpretation  

In order to obtain the in-plane (IP) and the out-of-plane (OoP) displacements at the roof, 

the relative acceleration histories between the roof and foundation were double integrated. 

Before integration, the acceleration histories were filtered using a fourth order bandpass 

filter using cut-offs 0.5 Hz and 400 Hz.  

In Table 2 given are the values of strain observed at the different critical observation points 

in time-history i.e. max and min acceleration, roof displacement strain values, respectively. 

It is noticeable, that the appearance of the max and min strain values in the time line 

doesn’t coincides with the corresponding acceleration and roof displacement values i.e. 

that a phase shift exists.  

Fig. 6. shows the plot of in-plane (IP) against out-of-plane (OoP) displacements i.e. 

“accidental” torsion response at the roof of the test building of series one and two, at ag / g  

of 0.1 g, 0.6 g and 1.0 g. The selected ag / g are related to the damage condition of the 

URM infill walls of the first test series. As described in Guljas et al. (2020), the first storey 

URM infill wall with the door opening in frame B (see Fig. 4) was separated from the RC 

frame at about at ag / g of 0.4 and 0.6 g, and wasn’t participating further on in the 

earthquake resistance, while his counterpart in the frame A was suffering the increasing 

damage by each test run after ag / g 0.6 g. The OoP roof displacement was consequently 

decreasing (equalization of the URM infill wall damage in the frames A and B, 

respectively) and the torsion effect accordingly.  

Fig. 7. shows the measured strain values normalized with respect to the reinforcement steel 

yield strain against ag / g of the corresponding test runs of the test series one and two, at the 

columns C3 (frame A) and C6 (frame B). The Table 2 and Figs. 6 and 7 were adopted from 

Ramadhan (2021).  

Table 2. Different cases recorded in strain time history and strain value 

Strain observed at: Value Time 

max acceleration 6.55*10-5 9.144 s 

min acceleration 4.66*10-5 8.946 s 

max roof displacement 1.62*10-5 8.519 s 

min roof displacement 9.99*10-5 9.174 s 

maximum strain 1.49*10-4 7.341 s 

minimum strain -1.63*10-4 9.230 s 
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The strain values SG5 and SG11 of the first series are providing remarkably different 

values at ag / g of 0.6 g, while becoming coincided again at ag / g of 1.0 g, which could be 

interpret as the “accidental” torsion influence. However, due to the significant increase in 

value (above yield strain) the plots in Fig. 7 also indicate the potential troubleshooting with 

the instrument recording. In overall, the second test series give progression of a strain in a 

more linear way. On other hand, the first test series produce more random progression. In 

overall, the second test series has less strain value compared to the first one.  

 

  
a) 0.1 g of test series one b) 0.1 g of test series two 

  
c) 0.6 g of test series one d) 0.6 g of test series two 

  
e) 1.0 g of test series one f) 1.0 g of test series two 

Fig. 6 –Test building in-plane (IP) against out of-plane (OoP) displacement i.e. torsion response at the roof 
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Fig. 7 – Normalized maximum and minimum strain values against ag / g value of the test runs at C3 (frame 

A) and C6 (frame B) columns 

5. Conclusions 

The earthquake performance of RC frame buildings with URM infill walls built after 

1990’s, as observed in the aftermath of the M6.4 earthquakes in Albania in 2019 and 

Croatia in 2020, revealed the high vulnerability of the URM infill wall components, 

causing them to sustain very heavy damage or destruction.  

2745
3ECEES, September 2022, Bucharest, Romania



The shake-table tests performed on a large-scale three-storey RC frame building with 

URM infill walls, regular in plan and elevation, indicated the appearance of the 

“accidental” torsion due the unpredictable behaviour of these walls.  

The effects of the “accidental” torsion on RC frame component itself were noticeable via 

the strain measurements in RC columns i.e. axial force / deformation unequal distribution.  

While it is possible to determine the building’s earthquake performance via strain data, the 

credibility of analysis must be rechecked again due to inconsistency between sensors such 

as e.g. inconsistent strain values. For that reason, it is recommendable to install the higher 

number of strain gauges, due to potential damaging during installation.  

The addition of vertical RC confining elements along the edges of URM infill wall 

openings, mitigated the effect of torsion, as observable through strain data, and remarkably 

improved the earthquake performance of the building.   
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Abstract: Masonry infill walls are the most traditional enclosure system that is still widely 

used in RC frame buildings all over the world, particularly in seismic active regions. 

Although infill walls are usually neglected in seismic design, during an earthquake event 

they are subjected to in-plane and out-of-plane forces that can act separately or 

simultaneously. Since observations of damage to buildings after recent earthquakes showed 

detrimental effects of in-plane and out-of-plane load interaction on infill walls, the number 

of studies that focus on influence of in-plane damage on out-of-plane response has 

significantly increased. However, most of the experimental campaigns have considered only 

solid infills and there is a lack of combined in-plane and out-of-plane experimental tests on 

masonry infills with openings, although windows and doors strongly affect seismic 

performance. In this paper, two types of experimental tests on infills with window openings 

are presented. The first is a pure out-of-plane test and the second one is a sequential in-plane 

and out-of-plane test aimed at investigating the effects of existing in-plane damage on out-

of-plane response. Additionally, findings from two tests with similar load procedure that 

were carried out on fully infilled RC frames in the scope of the same project are used for 

comparison. Test results clearly show that window opening increased vulnerability of infills 

to combined seismic actions and that prevention of damage in infills with openings is of the 

utmost importance for seismic safety.  

Keywords: Seismic loading, In-plane load, Out-of-plane load, Interaction, Window opening 

1. Introduction  

Masonry infill walls are usually used as outer and inner walls in the RC frame structures all 

over the world, especially in regions of high seismicity. In the seismic design of frame 

structures these walls are still treated as non-structural elements, even though their 

interaction with surrounding RC frames was recognized in the middle of the last century. 

In case of uniform distribution of masonry infills, this interaction can improve seismic 

performance of buildings as infill walls can increase energy dissipation capacity of regular 

structures (Decanini et al. 2005). However, asymmetric distribution of masonry infills in 

the plan can cause unpredicted and detrimental torsional effects, while the absence of 

masonry infills in open ground storeys might lead to soft-storey mechanism and collapse of 

whole structures. In addition to the activation of masonry infills in in-plane direction, these 
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walls are also subjected to out-of-plane (OOP) forces. Since larger out-of-plane forces are 

generated at the upper storeys of structures, more extensive damage to masonry infills due 

to out-of-plane loads is expected to occur at the top parts of these structures (Milanesi et al. 

2020). Nevertheless, damage observations after recent earthquakes in L’Aquila 2009, 

Central Italy 2016 and Albania 2019 showed that more infill walls located at the bottom 

and middle storeys of buildings experienced out-of-plane collapse, as it was confirmed in 

past reports by Braga et al. (2011), Perrone et al. (2019) and Marinković et al. (2022). This 

is due to higher in-plane drifts that occur at lower storeys and cause more damage to infill 

walls which results in the reduction of out-of-plane stability of masonry infills. Besides 

substantial economic losses and partial or complete disruptions of building’s functionality, 

out-of-plane failures are particularly dangerous as they represent a threat to human lives.   

For these reasons, the interaction between in-plane and out-of-plane actions has received 

more attention by research community. One of the first studies on this topic were carried 

out by Angel et al. (1994) and Flanagan and Bennett (1999). Furthermore, Calvi and 

Bolognini (2001) conducted an experimental study in which they imposed different levels 

of in-plane drifts to RC frames with weak masonry infills and subsequently loaded the 

walls in out-of-plane reduction. Results clearly showed substantial reduction of out-of-

plane capacity due to prior in-plane loads. The adverse effect of in-plane damage on out-

of-plane behaviour of infill walls was also reported in the experimental study carried out 

by Furtado et al. (2016) who investigated the effect of load interaction on behaviour of thin 

infill walls that can be found in typical RC buildings in Portugal built in 1960’s and 

1970’s. Akhoundi et al. (2020) pointed out deterioration in out-of-plane behaviour of thin 

infills due to previous in-plane damage too. Moreover, Akhoundi et al. (2020) underlined 

that quality of execution can play a significant role in seismic performance of infill walls. 

Furthermore, Ricci et al. (2018a) carried out out-of-plane experimental tests on infill walls 

previously loaded up to different in-plane drift levels. Afterwards, Ricci et al. (2018b) 

extended the study by considering different slenderness ratios and concluded that 

slenderness ratio has a strong influence on the behaviour of thin infills under interacting 

loads. In a similar extensive study, De Risi et al. (2019) investigated the effect of different 

aspect ratios and in-plane and out-of-plane interaction on masonry infills. Detrimental 

effects of in-plane drift demand on out-of-plane response were more pronounced in 

rectangular than square infills as the former are more prone to in-plane damage. However, 

masonry infills made of thick hollow clay blocks that can be more frequently encountered 

in modern RC buildings were a subject of just a few publications (Morandi et al. 2017, da 

Porto et al. 2013 and 2020, Butenweg et al. 2019). On one side, experimental results 

obtained from Da Porto et al. (2013 and 2020) and Morandi et al. (2017) showed that even 

after higher levels of in-plane drifts, arching effect could be developed within the walls and 

their out-of-plane stability was preserved. On contrary, this was not the case in the 

sequential loading test conducted by Butenweg et al. (2019) where previous in-plane load 

destroyed the top mortar connection between masonry infill and top beam and thus 

modified the boundary conditions of the wall for response to out-of-plane load. Due to this, 

formation of arching action was hindered and wall experienced dangerous tilting.  

Majority of the mentioned studies focuses on the solid infills and do not account for 

presence of openings, although openings, such as doors and windows, are reported as one 

of the most important factors affecting the seismic performance of masonry infilled RC 

frames (FEMA 306, 1998). Investigations of pure in-plane response of infilled frames with 

openings carried out by Tasnimi and Mohebkhah (2011), Sigmund and Penava (2014), 

Mansouri et al. (2014), among others, prove that openings modify the distribution of forces 

in infill walls and lead to earlier cracking in infills and reduced ductility of RC frames. 
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However, out-of-plane response of infills with openings subjected to prior in-plane drifts 

was covered comprehensively in just two experimental programs. Furtado et al. (2021) 

focused on thin infill walls with different opening configurations, while da Porto et al. 

(2020) considered thick infill walls with door openings. Besides, one experimental test 

with sequential loading sequence was conducted on thick masonry infill with full height 

opening by Morandi et al. (2017). Due to this clear lack of relevant research on influence 

of interaction of in-plane and out-of-plane loads on masonry infills with openings, new 

studies are necessary for better understanding of seismic performance of infill walls with 

openings. 

In this paper, results of experimental tests carried out in the scope of the “Development of 

an innovative approach for decoupling infills and non-load-bearing masonry walls from the 

main structure” project will be presented. In the first experimental test (T4) infill with 

centric window opening is subjected to pure out-of-plane load, whereas the second 

experimental test (T5) is a sequential loading test which was conducted to investigate the 

effect of previous in-plane damage on out-of-plane response of masonry infill with 

opening. These results are further compared with experimental results obtained from out-

of-plane test (T1) and sequential loading test (T2) on fully infilled frames (Šakić et al. 

2021). Findings of the present study point at the adverse load interaction effects on 

masonry infills with openings and need for further improvement of seismic performance of 

these infill walls.   

2. Experimental investigations  

2.1. Test specimens 

 

Figure 1. Test specimen 

The dimensions of frame and infill with window opening are shown in Figure 1. Detailed 

information on percentage and arrangement of reinforcement can be found in the paper of 

Milijaš et al. (2021). Infills were constructed using tongue and groove clay blocks with 

narrow vertical holes. Only bed joints were filled with thin layer mortar. Window openings 

covering around 18 % of the wall surface were located in the centre of the wall. As usual in 

practice, lintel beam was placed above window opening. Mortar was used as a levelling 

layer at the wall bottom and for connection of the wall to the columns of the RC frame. 

The gap between the uppermost row of bricks and top beam was carefully filled with thin 

layer mortar, which was injected by a special hand pump. 
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2.2. Test setup  

The special test setup that allows simple application of two perpendicular loads that 

represent seismic actions on the specimen was developed for the experimental campaign 

within the project “Development of an innovative approach for decoupling infills and non-

load-bearing masonry walls from the main structure”. The test setup is shown in Figure 2.  

In both tests, first vertical force of 200 kN per column is applied by one-way hydraulic 

actuators. Level of vertical load is kept constant during the tests. In-plane load is imposed 

to the frame by two servo-controlled hydraulic actuators that are connected to a strong 

reaction wall. Actuators are anchored to the frame by a special harness that consists of four 

steel tie rods. These rods run next to the top beam and they are connected to steel plate on 

the other side of the beam. OOP load is applied to the infill by four airbags that are placed 

between the infill and a wooden reaction wall at the back of the wall.  

 

Figure 2. Test setup  

3. Experimental results 

3.1. Test T4 – pure out-of-plane test 

In test T4 masonry infill with window opening was subjected to out-of-plane loading in six 

cycles. The load was gradually increased in each cycle. Force-displacement curve is shown 

in Fig. 7a. In the first two load phases (7 kPa and 14 kPa OOP pressure) the specimen 

responded linearly. The out-of-plane displacements at this stage were small, with largest 

values not exceeding 2 mm. With the further increase of out-of-plane load in the next 

loading cycle (21 kPa) first cracks in the fourth and sixth bed joint were detected by the 

optical measurement (DIC) system, as well as diagonal cracks running through head and 

bed joints on the upper half of the wall. In the subsequent cycles new stepwise cracks 

formed in the lower half of the wall and existing cracks became more pronounced. Crack 

pattern and out-of-plane displacements obtained by DIC system are shown in Fig. 3a and b, 

respectively. Crushed blocks after the sudden and explosive-like failure of the right part of 

the wall at 230.2 kN OOP force (40.2 kPa) are shown in Fig. 3c.  

The distribution of cracks at the maximum out-of-plane force level clearly indicates the 

formation of two-way arching mechanism in the wall (Fig. 3a). Since the largest out-of-
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plane displacements of the wall (about 11 mm) were measured next to the window opening 

(Fig. 3b), it appears to be that the vertical arching was dominant mechanism for resisting 

out-of-plane load.   

      
a) b) c) 

Figure 3 a) Crack pattern (major strains) at the maximum force in test T4, b) out-of-plane deflections of 

infill at the maximum force and c) crushed top row of bricks at the end of the test 

Such a high out-of-plane resistance of the wall T4 with quite small out-of-plane deflections 

could be established due to the low slenderness ratio of the wall and its strong connections 

to the surrounding RC frame. However, due to limited rotation of stiff joints at the top and 

bottom of the wall high compressive stresses developed at arc bases, which led to 

explosive crushing of the bricks in the uppermost row and total collapse of the wall.  

3.2. Test T5 – sequential in-plane and out-of-plane test 

The aim of test T5 is to investigate the OOP response of infill with window opening that 

has previous damage due to IP loading. For this reason, cyclic in-plane load was firstly 

applied to the specimen. For each level of in-plane drift, three load cycles were carried out. 

The first phase was terminated at the drift of 1.1 % due to significant damage to masonry 

infill. In the next loading phase OOP load was imposed to the wall in two cycles. In the 

first cycle wall was loaded up to 50 kN of total OOP force (pressure 9 kPa), whereas in the 

second cycle OOP load of 61.6 kN (11 kPa) was reached. Due to the instability of wall 

parts at this force level and large residual displacements after removal of OOP load, this 

load phase was terminated. Finally, the infill was loaded again in in-plane direction up to 

the drift of 1.6 %.  

 

Figure 4. Force-drift curve of in-plane loading phases of test T5 

Fig. 4 shows hysteresis curve and its envelope obtained from in-plane loading phases of 

test T5. In the first in-plane loading phases cracks running through head and bed joints 

could be noticed only above and below window opening. At 0.2 % drift stepwise cracking 
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occurred in the wall parts next to window opening too. This indicated the activation of 

diagonal compressive struts that propagate through the bricks on both piers. In further 

cycles, cracks in head and bed joints widened. First visible damage to the wall was noticed 

at 0.6 % of in-plane drift when the outer shell of one brick in the bottom right corner of the 

window fell off. At this loading stage, stepwise cracks that occur on wall piers due to in-

plane drift imposed in one loading direction started to join with cracks that occurred when 

loaded in the other direction. This triggered the formation of triangular-like parts of the 

walls next to window openings, which gradually lost connection to the rest of the infill. 

Fig. 5a shows the crack pattern on the wall at in-plane drift amplitude (0.6 %) in positive 

direction. At 0.8 % of in-plane drift, maximum horizontal load of 200 kN in positive and 

185 kN in negative load direction was reached. At this drift level detachment of triangular 

parts next to opening became more pronounced and more severe damage was observed at 

the back of the wall. The in-plane load phase was suspended at drift of 1.1 %. In addition 

to the evident detachment of already unstable part of the right wall pier next to the window 

opening (Figure 5b), bricks on both front and back side of the wall experienced significant 

cracking and crushing of inner and outer shells (Figs. 5b and 5c).  

             
a) b) c) 

Figure 5 a) Crack pattern (major strains) at 0.6 % of in-plane drift, b) infill wall after in-plane loading phase 

and c) bricks at the back side of the wall after in-plane loading phase 

                                                   
a) b) 

Figure 6 a) Out-of-plane deflection at the maximum out-of-plane force and b) failure of infill at the end of 

test T5 

In-plane loading phase was followed by two cycles of OOP loading. Force-displacement 

curve obtained from OOP loading phase of test T5 is shown in Fig. 7a. It points at the 

significant decrease of stiffness as a consequence of prior in-plane damage. At the 

maximum OOP force in the first load cycle most of the cracks captured by optical 

measurement system appear to be already formed during the in-plane loading phase. As the 

out-of-plane displacements increased only around window opening, it seems that the out-

of-plane load did not have a high influence on the global out-of-plane behaviour. Strong 
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frame-infill connections and low slenderness ratio prevented the global overturning of the 

wall and provided sufficient resistance to out-of-plane forces. 

However, part of the wall next to window opening that detached due to previous in-plane 

load showed instability under out-of-plane load and out-of-plane displacements measured 

at the point to the right of window opening increased. This was more evident in the second 

loading cycle when the out-of-plane displacements increased for the constant out-of-plane 

force of 61.6 kN (Fig. 7a). This level of OOP load represents the out-of-plane capacity of 

the test T5. In order to avoid complete falling of the wall part, out-of-plane load was 

slowly removed. Significant residual out-of-plane displacements could be measured at the 

end of the second loading phase (Fig. 7a).  

After the out-of-plane loading phase, infilled frame was loaded in-plane up to complete 

failure of the infill. In the second in-plane loading phase existing cracks extended and even 

more bricks were damaged. At the drift of 1.6 % the test was terminated as the unstable 

part of the wall fell down (Fig. 6b).  

4. Comparison of the results  

Force – displacement curves obtained from test T4 and out-of-plane loading phase of test 

T5 are shown in Fig. 7a. Due to the damage that occurred on the wall in in-plane loading 

phase, there was significant decrease of out-of-plane stiffness. In addition to this, OOP 

capacity of specimen T5 with window opening was reduced 3.7 times in comparison to the 

OOP capacity of the specimen T4, which had no prior in-plane damage. Behaviour of both 

infills was governed by very strong and stiff mortar connections between infill walls and 

RC frames. In combination with favourable slenderness ratio, these stable boundary 

conditions on all four sides of both walls prevented the tilting movement of the walls.  

     
a) b) 

Figure 7 a) Force-displacement curves of test T4 and out-of-plane loading phase of test T5 and b) force-

displacement curves of test T1 and out-of-plane loading phase of test T2 (Šakić et al. 2021) 

These results can be compared with findings from two experimental tests carried out on 

solid infill walls within the same project. As explained in the paper of Šakić et al. (2021), 

test T1 was conducted as pure out-of-plane test on solid infill, whereas in test T2, the same 

infill configuration was first loaded in in-plane up to 1.2 % drift and then OOP loading 

phases followed. OOP capacity reached in test T2 was about two times smaller (Fig. 7b). 

Force-displacement curve in Fig. 7b also indicates the significant decrease of stiffness and 

larger OOP displacements at the maximum force in test T2.  

Furthermore, curves from OOP loading phase of test T2 and test T5 are shown together in 

Fig. 8. The initial stiffness of both specimens is similar, but infill wall with window 

opening reached the smaller OOP force. In addition to this, comparison of reduction of out-
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of-plane capacity for solid infill and infill with window openings due to in-plane damage 

shows that window opening deteriorates the performance of infills subjected to interacting 

in-plane and OOP loads. This can be explained by the earlier damage to the infill with 

window opening. In the in-plane loading phase of test T5, first damage to the brick in one 

opening corner and formation of triangular-like part next to window opening started at 

already 0.6 % of in-plane drift when in solid infill wall of test T2 only stepwise cracking 

through joints could be observed. At the 1.1 % of in-plane drift infill with window opening 

was more damaged than the solid infill wall at 1.2 %. In addition to more bricks that 

experienced cracking and crushing, parts of the wall next to window opening that detached 

due to diagonal cracking in in-plane load cycles were unstable and would already pose a 

threat to the human safety, even without out-of-plane load imposed to the wall. In a similar 

study carried out by da Porto et al. (2020), authors reported worse behaviour of specimens 

with openings, which experienced more fragile crack patterns under in-plane load 

demands. According to authors (da Porto et al. 2020), the vertical arching could be formed 

in specimens with openings due to quasi-static loading procedure, but authors questioned 

the stability of infills with openings under a real dynamic excitation during an earthquake 

event. Observations and results of the present study lead to similar conclusions. 

 

Figure 8. Force-displacement curves for OOP loading phases of tests T2 and T5 

4. Conclusions  

Experimental tests were carried out on RC frames with masonry infills with centric 

window opening in the scope of the “Development of an innovative approach for 

decoupling infills and non-load-bearing masonry walls from the main structure“ project. 

Results of the investigations show that masonry infill with window opening experiences 

significant reduction of OOP capacity, especially if the interaction with prior in-plane 

loads is considered. Despite the reliable boundary conditions that were secured by precise, 

but time-consuming execution of top infill-frame joint that prevented the tilting movement 

of infill with window opening under out-of-plane load, adverse effect of in-plane damage 

on the out-of-plane response of infill with window opening was more pronounced than for 

the case of solid infills as in-plane loading induced cracking and formation of unstable wall 

parts around window opening. Nevertheless, it can be concluded that seismic performance 

needs to be improved for both configurations of infill walls. The damage could be 

prevented by providing reliable decoupling measures that would reduce the level of frame-

infill interaction under in-plane displacement demands and provide sufficient boundary 

conditions to resist out-of-plane forces. The decoupling solution proposed by Marinković 

and Butenweg (2019) has successfully fulfilled these requirements for fully infilled RC 

frames, but effectiveness of decoupling measures needs to be examined on more 

vulnerable infills with openings which is going to be the topic of the authors in the near 
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future. Finally, more findings on infills with different opening arrangements are needed for 

better understanding of their behaviour under combined seismic actions.   
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Abstract: Infills are commonly made of unreinforced masonry panels rigidly attached to the 

structural elements and built after the complete hardening of the structure. Although several 

researches have been conducted in the past decades, these non-structural members can be 

considerably different according to the period and the region of construction. The study 

conducted introduces a codified procedure for the seismic verification of masonry infills, 

which is based on experimental results on modern strong masonry. The method is focused 

on the in-plane/out-of-plane interaction response. The procedure has firstly proposed a 

simplified method to compute the out-of-plane resistance; consequently, the interaction with 

the in-plane seismic performance is taken into account, in terms both of reduction of the out-

of-plane resistance and stiffness. The proposed method is supported by the interpretation of 

experimental tests on a strong masonry infill; however, this approach can be also extended 

on other masonry typologies, although further validation is required. 

Keywords: unreinforced masonry infills; experimental tests; in-plane/out-of-plane 

interaction, infill seismic design and assessment. 

1. Introduction 

Most of the new and existing structures in Europe are made of r.c. or steel frames with 

masonry infills. Through the last decades, several studies have been accomplished to 

investigate the seismic response of the masonry infills (e.g., Angel et al. (1994), Mehrabi 

(1994), Calvi and Bolognini (2001), Pujol and Fick (2010), da Porto et al. (2013), Furtado 

et al. (2016), Di Domenico et al. (2018), Ricci et al. (2019), da Porto et al. (2020), Furtado 

et al. (2020), Anic et al. (2021), Marinkovic and Butenweg (2022), Aydin et al. (2022)); 

however, these non-structural elements can considerably differ depending by the period 

and the region of construction. The great variety of infills and the different focus on the 

studies conducted have created a dispersion of the results that have never been organized to 

derive a simplified procedure for seismic design/assessment of masonry infill, although 

some database and state-of-the-art have been recently published (Sassun et al. (2016), De 

Risi et al. (2018), Di Trapani et al. (2018), Anic et al. (2020), Liberatore et al. (2020)). 

Additionally, recent codes have addressed the infill mostly from the thermal-acoustic point 

of view, leaving only few practical indications for the structural/seismic behaviour. For 

example, the evaluation of the out-of-plane resistance of undamaged infills specific for 

seismic verifications is missing in the current standards, with few exception (e.g., the New 

Zealand Guidelines (2017)), which reports a formulation based on the study conducted by 

Flanagan and Bennett (1999)). 

Within this work, a new procedure based on experimental evidence to calculate the out-of-

plane resistance of rigidly attached unreinforced masonry infills is reported. Moreover, the 
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design procedure presented includes the interaction with the in-plane response with the 

introduction of a formulation for the reduction of the out-of-plane resistance and a law for 

the degradation of the out-of-plane stiffness. The latter modifies also the fundamental 

period of the masonry panel in the out-of-plane direction and, consequently, the seismic 

demand of the infills. The proposed procedure, which has been defined according to the 

experimental results of an experimental study conducted on robust modern single-leaf 

masonry with a thickness of 35 cm, has been conceived to be extended to every rigidly 

attached unreinforced masonry infill typology. 

2. Reference experimental campaign on strong masonry infills 

The experimental campaign, taken as reference to develop the proposed design procedure, 

has been conducted at the laboratory of the Department of Civil Engineering and 

Architecture of the University of Pavia and EUCENTRE and it is detailed in Morandi et al. 

(2018a). Within the aforementioned study, cyclic in-plane and cyclic out-of-plane tests 

have been conducted on r.c. infilled frames; the specimens were full-scale, one-storey, one-

bay and designed according to the current European codes. Masonry infills of 35 cm of 

thickness constituted by vertically hollowed clay units with tongue and groove have been 

considered in this experimental campaign. The tests are summarized in Table 1, meanwhile 

the specimens are sketched in Figure 1. The experimental campaign has included also tests 

of mechanical characterization of all materials (concrete, reinforcing steel, mortar, 

masonry units and masonry specimens). 

Table 1. Summary of the reference experimental campaign 

Specimen TNT TA1 TA2 TA3 TA4 TA5 TA6 

In-plane max exp drift 3.5% 1.5% 2.5% 1.0% 1.0% - - 

Out-of-plane max central displ 

(or max force) 

- 75 mm 75 mm 75 mm 75 mm 75 

mm 

Max 

force 

Configuration Bare 

frame 

Fully 

infilled 

Fully 

infilled 

Fully 

infilled 

With 

opening 

Infill 

stripe 

Fully 

infilled 

 

 

Figure 1 – Fully infilled: TA1, TA2, TA3, TA6 (left); infill with opening: TA4 (central); vertical infill stripe: 

TA5 (right). Dimensions are reported in cm. 

Details on the cyclic in-plane tests are reported by Morandi et al. (2018a). The out-of-plane 

experiments have been carried out on the specimens called TA1, TA2, TA3 and TA4 

previously damaged in-plane and are discussed in Morandi et al. (2021), while the out-of-

plane tests on in-plane undamaged infills (TA5 and TA6) are described in Milanesi et al. 

(2021). The specimens TA1 to TA5 were tested with out-of-plane displacement-controlled 

cyclic tests, where the reference displacement was at the centre of the panel; the specimen 

TA6 was instead tested under monotonic distributed load. The test setups, instrumentation 

and loading protocol are reported in the aforementioned publications. Moreover, in 
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Morandi et al. (2018b) the results of the tests of mechanical characterization are reported. 

The masonry has accomplished a vertical and horizontal resistance of 4.64 MPa and 1.08 

MPa, respectively; the Young Moduli are equal to 5299 MPa and 494 MPa, for vertical 

and horizontal direction, respectively. The initial shear strength of the bed-joints is equal to 

0.359 MPa and the friction coefficient is 1.31. 

3. Simplified procedure for the out-of-plane resistance 

The most common approach to calculate the out-of-plane resistance of a masonry infill is 

based on the vertical arching mechanism proposed by Drysdale et al. (1999). Recently, 

Milanesi et al. (2021) modified the vertical arching mechanism to include some effects that 

have been observed during the out-of-plane tests of undamaged strong masonry infills. 

Those phenomena are referred to the sliding of the panel at the interface between the infill 

and the r.c. elements, the deformability of the frame due the uplift of the beam and the 

“second order effects” (deflection of the arch under the lateral load); furthermore, the 

bidirectional effect due to the contribution of the horizontal arching mechanism is also 

introduced. While the first three phenomena reduce the out-of-plane resistance of the infill 

respect to the ideal vertical arching mechanism, the latter increases it. 

Milanesi et al. (2021) proposed the Equation (1), calibrated according to the experimental 

results on TA6, in order to compute the lateral pressure wR by introducing in the 

formulation of the arching mechanism the reduction coefficient for the out-of-plane 

“second order effects” (kPΔ0), the flexibility of the supports (kPΔg), and the eventual sliding 

the interface (kSL). The Equation (1) includes also an increasing coefficient for the 

bidirectional arching mechansims (kBD). 

       (1) 

where tw and hw are the thickness and the height of the infill panel, respectively and fd is 

the design compression strength of the masonry. Values of kPΔ0 = 0.95, kPΔg = 0.95, kSL = 

0.80 and kBD = 1.00 well-predict the TA6 experimental response, being the resisting lateral 

pressure wR computed according to Equation (1) equal to 34.0 kPa, while the maximum 

experimental pressure was equal to 36.2 kPa. A detailed discussion of such coefficients 

and their validation is reported in Milanesi et al. (2021). 

The coefficients of Equation (1) are related to physical phenomena, and their application 

should be dependent by real situations. For instance, kPΔg should be assumed equal to 1.00 

if the deformation of the frame is neglected and the coefficient kSL can be assumed equal to 

1.00 when the sliding is inhibited. A reduction coefficient due to second-order effects kPΔ= 

kPΔ0·kPΔg at least equal to 0.90 is always strongly recommended for masonry infills. 

Finally, the bi-directionality of the out-of-plane response can be conservatively neglected 

(kBD=1.00), especially if lateral restraints are not clearly effective or present, or in case of 

full-height openings. 

Milanesi et al. (2021), also suggests a simplification of Equation (1), reported in Equation 

(2), where the second-order effects are considered explicitly with the introduction of the 

central deflection of the arch Δ, that, for strong masonry infills, can be conservatively 

taken as 0.10tw. Other values of Δ, to be expressed in terms of wall thickness ratio, can be 

derived for different masonry typologies through experimental studies. 

    (2) 
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4. Experimental interaction between the in-plane and out-of-plane response 

The interaction between the in-plane and the out-of-plane seismic response has been 

investigated through the tests reported in Section 2. Within the reference experimental 

campaign, the specimens have been firstly damaged in the in-plane direction through 

cyclic tests up to the fulfilment of specific limit states; subsequently, the out-of-plane 

cyclic only pushing tests have been accomplished to define the residual resistance and 

stiffness. 

The experimental values of the out-of-plane resistance obtained following the in-plane 

tests (i.e., at 0.0%, 1.0%, 1.5% and 2.5% in-plane drift) are shown in Figure 3 and 

summarized in Table 2. The ratio of the corresponding value obtained in comparison to the 

undamaged panel, resulting in the experimentally evaluated out-of-plane strength reduction 

coefficient βR,exp, are also reported in Figure 3 and Table 2. For each test, the considered 

force is the peak value of the maximum envelope reported in Figure 2. 

 

Figure 2 – Out-of-plane experimental envelope curves (Morandi et al. (2021)). 

After a first reduction of the out-of-plane resistance as a function of the in-plane drift, the 

strength remains substantially constant between a drift of 1.00% up to about 1.50-1.75%, 

then followed by a soft degradation up to the maximum drift (2.50%). 

 

Figure 3 - Experimental out-of-plane resistance and reduction coefficient βR,exp in function of previous in-

plane drift (Morandi et al. (2021)). 
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The experimental out-of-plane elastic stiffnesses depending for the in-plane drift 

previously attained are reported in Figure 4 and the values in Table 2. The out-of-plane 

stiffness reduction coefficient βk,exp is the ratio between the stiffness of the specimen tested 

up to a certain drift and the undamaged stiffness of specimen TA6. The results show a 

sharp degradation from 0.0% to 1.0%, followed by a soft decrease. The variation of the 

elastic stiffness can strongly affect the seismic out-of-plane verification, since it modifies 

the fundamental out-of-plane period of the infill and, therefore, the pressure/force acting on 

the panel. 

 

Figure 4 - Experimental out-of-plane stiffness and reduction coefficient βk,exp in function of previous in-plane 

drift (Morandi et al. (2021)). 

Table 2. Experimental out-of-plane resistance, stiffness and reduction coefficients βR,exp   and βk,exp  in 

function of previous in-plane drift for strong infill (Morandi et al.(2021)). 

In-plane drift [%] Fmax [kN] βR,exp kel [kN/mm] βk,exp 

0.00 274 1.00 27.0 1.00 

1.00 164 0.60 6.61 0.24 

1.50 168 0.61 4.06 0.15 

2.50 103 0.37 1.67 0.06 

5. Proposed procedure for the design of masonry infills 

Although limited data are currently available, the first outcomes have shown a reduction of 

the resistance and the stiffness in the out-of-plane direction, in function of the in-plane 

drift. The behaviour due the interaction between the in-plane and the out-of-plane seismic 

response of masonry infills can be, therefore, generalized starting from the experimental 

results. The previously introduced reduction coefficients of the out-of-plane strength (βR) 

can be defined as respect to the expected in-plane drift demand (δw) of the infilled frame. 

The simplified relations can be defined, for example, by a linear reduction by parts 

(trilinear) given in Equation (3) or by a polynomial interpolation (Figure 5). 

    (3) 

The reduction coefficient βR is conceived to be applied directly to the resistance 

formulation reported in Equation (1) or (2) as follows: 
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                (4) 

Similarly, the out-of-plane stiffness reduction coefficient βk can be defined in function of 

the in-plane drift demand δw, following the bi-linear reduction of Equation (5) or the 

polynomial interpolation (Figure 5). 

          (5) 

 

Figure 5 - Out-of-plane strength and stiffness reduction coefficient βR and βk related to strong masonry infills 

to for seismic verifications (Morandi et al. (2021)). 

The proposed procedure with the application of the out-of-plane strength and stiffness 

reduction coefficients (βR and βk) can be applied in the out-of-plane structural verifications 

of masonry infills according to the seismic code standards and considering the in-plane 

drift expected to be attained by the infill, which is usually defined for the ultimate limit 

state. However, the correct evaluation of the drift demand may not be easily defined, since 

the design of masonry infilled structures is commonly conducted on bare frame 

configurations. In the case for the evaluation of the out-of-plane infill strength reduction 

the design drift of the bare frame configuration is assumed, the given procedure may be 

overly conservative, since reduced drift demands are expected for the corresponding 

infilled frame. Alternatively, simplified procedure to predict the expected drift demands of 

infilled frames, as the one proposed by Hak et al. (2018), can be adopted. In such 

procedure, the stiffening effects of the infills as respect to a parameter accounting from the 

structural characteristics and the properties and amount of the infills is computed a 

posteriori starting from the response of the bare frame. 

6. Application of the proposed procedure on different typologies of masonry infills 

Although the proposed procedure has been developed and validated according to the 

reference experimental campaign, in principle it can be applied also to different infill 

typologies, if consistent experimental results are available. The in-plane performance is 

needed to be defined by focusing on the identification of the drift corresponding to the 

damage limitation and ultimate limit state (life safety or severe damage), named δDLS and 

δULS, respectively. Subsequently, the remaining fraction of the out-of-plane strength and 
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stiffness rR,1, rk,1 and rR,2, rk,2 corresponding respectively to δDLS and δULS, has to be defined 

through out-of-plane tests (see Figure 6). 

 

Figure 6 - Main parameters for the evaluation of the out-of-plane strength and stiffness reduction coefficients 

βR and βk (Morandi et al. (2021)). 

The values obtained for the reference experimental campaign are reported in Table 3. The 

drift limits δDLS and δULS have been estimated on the results of the in-plane tests according 

to the actual observed damage at the two performance states, as defined in Morandi et al. 

(2018a). 

Table 3. Estimated drifts at damage δDLS and ultimate limit state δULS, maximum attained drift δmax and 

fraction of out-of-plane resistance rR,1 and rR,2 and stiffness rk,1 and rk,2 (Morandi et al.(2021)). 

DLS [%] 0.50 rR,1 [-] 0.60 rk,1 [-] 0.25 

ULS [%] 1.75     

max [%] 2.50 rR,2 [-] 0.37 rk,2 [-] 0.06 

Note that, after exceeding the drift corresponding to the achievement of infill ultimate limit 

state conditions δULS, zero out-of-plane strength is assumed and therefore there is no need 

of performing any further safety checks in terms of in-plane drift at ULS in addition to the 

one at Damage Limit State already prescribed in the norms, because it is implicitly 

included in the out-of-plane verification. The residual out-of-plane stiffness could be also 

assumed as zero at the attainment of δULS. 

The proposed method can be validated also considering other experimental results. In this 

context, particular interest lies in an ongoing study on the seismic behaviour of existing 

weak masonry infills, where at the 6D Lab of the Eucentre Foundation of Pavia, an 

experimental campaign has been recently started to study the seismic response of 12 cm 

thick rigidly attached clay masonry infills. The masonry typology has been built in 

agreement with typical existing Italian masonry infills, with horizontal hollow clay units 

and general-purpose mortar. Moreover, since it represents one layer of a two leaves 

unconnected infill, the panel has been plastered only on one face. The experimental tests 

have been performed on five infilled steel frames, according to the experimental protocol 

reported in Table 4. Four specimens were restrained on four edges, while one only in the 

vertical direction, since it presents a gap between the masonry and the adjacent columns. 

The in-plane tests have been performed through a pseudo-static cyclic procedure, whereas 

the out-of-plane tests have been conducted with dynamic actions on shaking table adopting 

artificial accelerograms at increasing intensity. 
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In addition to useful information on the seismic demand, it is expected to obtain some 

results for the evaluation of the in-plane and out-of-plane capacity of such topology of 

infills and, in particular, new values for the coefficients proposed for the out-of-plane 

resistance of the undamaged situation (kPΔ, kSL, kBD) and the reduction parameters due to 

the interaction between the in-plane and the out-of-plane behaviour (βR and βk). 

Table 4. Summary of the ongoing experimental campaign 

Specimen BF T1 T2 T3 T4 T5 

In-plane max exp drift 1.50% 1.00% 0.30% 0.65% --- --- 

Out-of-plane dynamic test --- --- collapse collapse collapse collapse 

Vertical boundary 

conditions (top and bottom) 

Bare frame restrained restrained restrained restrained restrained 

Horizontal boundary 

conditions (vs columns) 

Bare frame restrained restrained restrained restrained free 

7. Conclusions 

Masonry infills rigidly attached to the structural members and built after the complete 

hardening of structure are widely adopted in several countries with different typologies of 

masonry and/or infill system, especially due to thermal and architectural requests at the 

time of the construction. Although the seismic vulnerability of such infills is well-known, 

the provisions in the current codes for the seismic verifications and design of masonry 

infills are often incomplete and sometimes even missing. 

Within the present study, the results of a past experimental campaign on a strong masonry 

infill have been used to develop and validate a new procedure for the seismic verification 

of masonry infills. This approach can be also extended to other infill typologies, following 

the same framework.  

Starting from the ideal one-way vertical arching resisting mechanism proposed by 

Drysdale et al. (1999), the out-of-plane formulation proposed by Milanesi et al. (2021) has 

been adopted in order to consider the reduction coefficient referred to second order effects, 

deformability of the frame and sliding at the interface between the panel and the r.c. 

members, along with the incremental coefficient for the biaxial response of the panel. 

Furthermore, based on the study by Morandi et al. (2021), the reduction of the out-of-plane 

resistance due to the previous in-plane damaged has been defined. The experimental 

outcomes also highlighted the reduction of the out-of-plane stiffness starting from low 

levels of drifts, with a consequent increment of the fundamental period that can 

significantly change the force demand on the out-of-plane direction. 

The proposed procedure needs to be validated with other available experimental tests on 

masonry infills. Ongoing experimental campaigns on different masonry infill typologies, 

one of which with also out-of-plane dynamic input on shaking table, are planned to be used 

for the validation of this procedure through a proper calibration of the reduction 

coefficients according to the interpretation of the experimental outcomes. 
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Abstract: Assessment of the out-of-plane (OOP)  resistance of masonry infills is necessary to 

provide safety checks against their potential failure due to the inertial out-of-plane OOP forces. In 

this paper, a new empirical expression for the evaluation the out-of-plane resistance of infilled 

reinforced concrete frames subject to earthquake out-of-plane inertial forces is proposed. The new 

model is calibrated through an artificial intelligence-based optimization process based on a hybrid 

dataset, including both experimental data from real tests and numerical simulations from a refined 

FE micro-models realized in Abaqus environment. The new model takes into account the effect of 

vertical loads, the slenderness ratio and the aspect ratio of the infill and also introduces a specific 

conversion factor to uniformize the results from point-load and uniform load out-of-plane tests. 

Results presented in the paper will show a noticeable accuracy of the proposed model in estimating 

the ultimate out-of-plane load of a masonry infill wall, with respect to available models.  

Keywords: Out-of-plane, FEM, Masonry, Infilled Frames, Reinforced concrete, Data-

driven, empirical 

1. Introduction  

Assessment of the out-of-plane resistance (OOP) of infilled frames is an issue of primary 

importance in the seismic risk assessment of frame structures. In fact, although infills are 

not primary structural elements, they interact strongly with primary structures becoming 

more vulnerable to out-of-plane (OOP) forces as a result of in-plane (IP) damage due to 

inertial forces. OOP failure of infills is very dangerous to the safety of people in the 

proximity of a building during an earthquake. Therefore, simple and reliable verification 

methods are needed for engineers to perform capacity / demand safety verifications related 

to the OOP strength of masonry infills. Experimental and numerical studies have been 

carried out in recent years to investigate the behaviour of infilled frames subjected to 

combined in-plane and out-of-plane (IP + OOP) actions (Angel, 1994, Calvi & Bolognini, 

2001, Morandi et al., 2011, Sepasdar, 2017, Ricci et al., 2018, Di Trapani et al. 2018, 

Wang, 2019, De Risi et al., 2019, Di Domenico et al., 2021). These studies converge in 

stating that following a seismic event, infill panels are weakened due to in-plane actions 

and combined IP and OOP cracks lead to damage of varying magnitude, which goes from 

the loss of functionality of the infill to its complete collapse. It should also be noted that 

infill with moderate-to-low slenderness and well restrained sides can develop significant 

strength and displacement capacity due to the arching mechanism and two-way bending 

effect that develops under out-of-plane actions. Several studies addressed specifically out-

of-plane resisting mechanism (McDowell et al., 1956, Angel, 1994, Abrams et al., 1996, 

Flanagan & Bennet, 1999a-b, Hak et al., 2014, Furtado et al., 2016, Sepasdar, 2017, Ricci 
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et al., 2018, Akhoundi et al., 2018, De Risi et al., 2019, Koutas & Bournas, 2019, Nasiri & 

Liu, 2020), developing different formulations estimating OOP resistance to perform safety 

checks (McDowell et al., 1956, Angel, 1994, Dawe & Seha, 1989, Bashandi et al., 1995, 

FEMA 356, 1997, CEN, 2005, Ricci et al., 2017, Liberatore et al., 2020). Although starting 

from similar theoretical consideration, Liberatore et al., 2020 has demonstrated how results 

provided by these models are often conflicting, giving the impression that some of them 

are more reliable in some cases and less in others. Three major aspects influence the 

difficulty of analytical models to achieve a general validity: a) large heterogeneity of 

masonry constituting materials and different potential combination with the boundary 

frames in terms of relative strength, stiffness and aspect ratio; b) limited experimental 

background (e.g. with respect to in-plane tests); c) different OOP test loading condition 

(e.g. 4-point OOP tests or airbag uniform pressure tests). Because of these uncertainties, 

the definition of a generalized relationship, able to provide a good estimation of the OOP 

resistance of masonry infill is still needed.  

Because of the aforementioned considerations, this paper proposes a new empirical 

expression for the estimation of the out-of-plane resistance of infilled RC frames without 

prior in-plane damage. The formulation of the new predictive model is based on a hybrid 

dataset collecting data from real experimental tests and numerical tests from a refined FE 

model realized in ABAQUS [29]. After a proper experimental calibration and validation, 

the refined numerical model is used to generate additional reference numerical tests, 

increasing the robustness of the reference dataset. The model also allowed to investigate 

and highlight the role of additional relevant aspects, such as the effect of vertical loads and 

the modality of application of the lateral load during the experimental tests (e.g. 4-point 

load or uniform load), which have not been considered in previous research. Based on this, 

the new proposed relationship introduces two additional specific parameters, taking into 

account of the effect of vertical loads and introducing a correction factor to uniformized 

results by OOP tests carried out by point-load devices or airbags. The advantage 

introduced by the proposed empirical formulation derive from the major number of 

parameters that it was possible to simultaneously consider within the out-of-plane capacity 

model. The calibration of the empirical coefficients associated with each parameter, and 

included in the proposed formula, has been carried out through a genetic algorithm based 

robust optimization process involving all available data. A comparison of the proposed 

model with available literature expression is finally presented and commented. 

 

2. FE modelling of the infilled frame 

The refined FE micro-model was realized with the Abaqus software platform. Masonry 

blocks constituting the infill were modelled individually as well as frame and 

reinforcement elements. Mortar joint between blocks and between blocks and columns 

were modelled by frictional interface elements. The reference experimental test used for 

the model definition and calibration is specimen 80/OOP/4E by Ricci et al., 2018 (Fig. 1a). 

The reference test considers a hollow clay masonry infilled RC frame infill restrained at 

the four sides having dimensions 2350mm x 1830 mm and thickness 80 mm. The out-of-

plane load was applied by imposing an out-of-plane displacement with an actuator 

equipped with four point-load devices. The concrete strength, brick compressive strength 

parallel to holes and perpendicular to holes were respectively: fcm=36MPa, fbh=5MPa, fbv=2 

MPa. The concrete damaged plasticity model was used model the behaviour of brittle 

materials, namely concrete frame members and masonry blocks. The blocks were modelled 

as solid isotropic brick elements. To take into consideration the orthotropic behaviour due 

to the presence of hollows, a quadratic mean between the two compressive resistance in 
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horizontal and vertical direction of the block was used to define a unique reference 

conventional resistance value ( 
b

f% ), so that: 

 
b bh bvf f f= ⋅%  

(1) 

where fbh is the experimental horizontal compressive resistance of the unit and fbv is the 

vertical one. The conventional elastic modulus of the blocks was estimated as a function in 

analogy to what suggested by Eurocode 6 for the masonry, as: 

 1000b bE f= ⋅ %%  (2) 

The constitutive law used to define the compression behaviour of the block is of the 

parabolic type with a linear softening branch up to the ultimate strain εcu (Kent & Park, 

1971). The model proposed by Hsu & Mo, 2010 was used to describe the tensile behaviour 

of the blocks. The elastic and plastic parameters in Tab. 1 are used for the materials 

definition.  

Table 1.  Material properties of concrete and masonry blocks used in ABAQUS 

Material Mass density Elasticity parameters Plasticity parameters 

 
ton/m3 

Young's 

modulus 

(MPa) 

Poisson's 

ratio ν 

Dilatation 

Angle ψ 

Eccentricity 

ε 
fb0/fco Kc Viscosity 

 

Concrete 2.5E-09 32308 0.3 37 0.1 1.16 0.667 0.0003 

Masonry 

bricks 
1.10E-09 3160 0.2 10 0.1 1.16 0.667 0.0003 

Steel reinforcement was modeled using 1D truss elements whose mechanical response is 

simulated by a simple elasto-plastic with strain hardening material model. Steel rebars 

were modeled as embedded elements within the concrete, so that relative sliding between 

steel bars and concrete could not occur. Mortar joints behavior was modeled using elasto-

plastic interfaces with friction and cohesion. All the model elements were modeled by solid 

3D elements with 8 nodes (C3D8R) with a sufficiently refined mesh. A non-linear quasi-

static analysis was performed to simulate the test. Out-of-plane displacements were 

imposed at the four loading plates. Fig. 1 shows the scheme of the model assembly. 

a)                b) 

Fig. 1 – Reference specimen: a) design details; b) FE model assembly. Dimensions in mm. 

Results of the numerical simulation of the OOP test are shown in Fig. 2 and compared with 

the experimental response. It can be observed that the model is able to effectively 

reproduce the experimental behaviour in terms of initial stiffness, peak resistance, and the 

post peak behaviour. 

Imposed 
displacements 
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Fig. 2 – Reference specimen: a) design details; b) FE model assembly. 

The analysis allowed also an investigation in terms of stress distribution and damage 

localization. Fig. 3a show the compressive principal stresses on leeward sides of the 

specimen in correspondence of the peak load. The analysis of the stress field confirms that 

the model effectively reproduced the horizontal and vertical arching action and the 2-way 

bending response. The tensile damage pattern resulting by the FE model at the ultimate 

displacement in also shown in Fig. 3b. In Fig. 3c, the actual cracking pattern on the infill is 

represented (Ricci et al., 2018).  

a) b) c) 

Fig. 3. - Leeward side: (a) Compressive stress field at the peak load; (b) Ultimate displacement damage, c) 
actual cracking pattern (from Ricci et al., 2018). 

After the calibration, the model predictive capacity has been blind-tested against two 

further experimental tests. These were specimens 120_OOP_4E by Ricci et al., 2018 and 

De Risi et al., 2019. These two specimens were modeled according to the above described 

procedure. Experimental / numerical comparisons are shown in Fig. 4. The latter, besides 

validating the model, confirmed its suitability to be used as a reliable predictive tool to 

generate reliable simulated tests. 

a) b) 

Fig. 4 – Comparison of numerical and experimental OOP response: (a) Specimen 120_OOP_4E by Ricci et 
al., 2018; (b) Specimen by De Risi et al., 2019 OOP. 
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3. Parametric investigation and generation of the numerical specimens 

Additional numerical models were generated starting from the reference ones above 

defined. The additional models were defined by varying single geometrical and mechanical 

parameters with respect to the original values. In this way the influence of each variation to 

the overall out-of-plane resistance is analysed. Moreover, the additional numerical tests 

analysed, and the respective results in terms of out-of-plane resistance, are used to enrich 

the dataset of experimental tests already available to perform the empirical data processing 

described in the subsequent section. Parameters varied with respect to the original 

configuration are: a) the infill slenderness (h/t); b) the units conventional resistance (
b

f% ), 

c) the entity of the vertical loads acting on the beam (q) and on the columns (Qc); d) the 

way of application of the lateral load (4-point or uniform). Table 2 summarizes the 

numerical tests carried out and the parameters each time varied.  

Table 2.  Reference specimens and generated numerical specimens’ details (varied parameters are in bold). 

 t h l h/t 
bf
%  q Q=ql v Load Type 

  (mm) (mm) (mm) (-) (MPa) (kN/m) (kN) (%) - 

Ricci et al. (2018a)   80 1830 2350 22.88 3.16 0 0 0 4-point 
FEM-R2018a-T1 200 1830 2350 9.15 3.16 0 0 0 4-point 
FEM-R2018a-R1 80 1830 2350 22.88 1.58 0 0 0 4-point 
FEM-R2018a-R2 80 1830 2350 22.88 6.32 0 0 0 4-point 
FEM-R2018a-Q1 80 1830 2350 22.88 3.16 10 23.5 0.56 4-point 
FEM-R2018a-Q2 80 1830 2350 22.88 3.16 20 47.0 1.11 4-point 
FEM-R2018a-Q3 80 1830 2350 22.88 3.16 30 70.5 1.67 4-point 
FEM-R2018a-L1 80 1830 2350 22.88 3.16 0 0 0 Uniform 

Ricci et al. (2018b)  120 1830 2350 15.25 3.16 0 0 0 4-point 
FEM-R2018b-R1 120 1830 2350 15.25 1.58 0 0 0 4-point 
FEM-R2018b-R2 120 1830 2350 15.25 6.32 0 0 0 4-point 
FEM-R2018b-L1 120 1830 2350 15.25 3.16 0 0 0 Uniform 

De Risi et al. (2019)  80 1830 1830 22.88 4.90 0 0 0 4-point 
FEM-DR2019-T1 120 1830 1830 15.25 4.90 0 0 0 4-point 
FEM-DR2019-T2 200 1830 1830 9.15 4.90 0 0 0 4-point 
FEM-DR2019-R1 80 1830 1830 22.88 2.45 0 0 0 4-point 
FEM-DR2019-R2 80 1830 1830 22.88 9.80 0 0 0 4-point 
FEM-DR2019-T1 80 1830 1830 22.88 4.90 0 0 0 Uniform 

The variation of the slenderness ratio was performed on two different models, 

characterized by a different aspect ratio (l/h=1-1.28). The slenderness was varied between 

9.15 and 22.88. Results confirmed inverse proportionality between OOP ultimate load and 

slenderness (Fig. 5). The effect of units resistance variation was evaluated on three 

different models, Ricci et al., 2018 (infill thickness 80 and 120 mm) and De Risi et al., 

2019. The latter was varied in the range 0.5-2.0 ,b reff% , where ,b ref
f% is the conventional 

resistance originally used in the calibration and validation phases. Results show that an 

increment of the unit strength involves an increase of the out-of-plane resistance of the 

infilled frame (Fig. 6). This behaviour seems to be characterized by a limit, beyond which 

further increases of the unit strength do significantly affect the OOP resistance.  

The influence of vertical loads acting was investigated using specimen OOP/4E/80 as 

reference. The analyses separately evaluated the influence of distributed vertical loads 

acting on the beams (e.g. representing a load form the slab) and concentrated vertical loads 

acting on the columns (e.g. representing loads from the upper stories). The distributed load 

(q) was varied in the range 0-30 kN/m. In order to assess also the effect of the vertical 

loads acting on the columns, a parallel investigation was carried out by applying the same 

resulting vertical force (Qb=ql) as a half per column and removing the load from the beam. 

From Fig. 7b, it can be observed a noticeable dependence of  OOP resistance on the extent 

of the vertical load applied on the top beam. On the contrary, in Fig. 7b it can be observed 

that the variation of vertical loads applied on the columns does not influence the OOP 

resistance. A final investigation has been carried out simulating the out-of-plane tests of 

the previously considered specimens by applying a uniform load pressure instead of the 
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original 4-point loading. This investigation aims to check the consistency between the 

outcomes by the two main modalities of application of the horizontal load in OOP 

experimental testing of masonry infills. Results of the tests are shown in Fig. 8 for the 

different specimens. The latter clearly highlight a significant dependence of the out-of-

plane resistance of the infills on the mode of application of the horizontal load.  

  

Fig. 5 – Effect of slenderness variation: (a) Reference specimen by Ricci et al., 2018 (l/h=1.28); (b) Reference 
specimen in De Risi et al., 2019  (l/h=1). 

 
                       (a)                                                  (b)                                                         (c) 

Fig. 6 – Effect of unit’s compressive strength on the ultimate OOP capacity: (a) Reference specimen by Ricci 
et al., 2018 (t=80 mm); (b) Reference specimen in Ricci et al., 2018( t=120 mm); (c) Reference specimen in 

De Risi et al., 2019 ( t=80 mm). 
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Fig. 7 – Effect of dimensionless axial force on the OOP response of: a) Vertical load applied on the beam; b) 
vertical load applied on the columns. 
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Fig. 8 – Effect of the modality of application of the lateral load: a) Ricci et al.(t=80 mm); b) Ricci et al. 
(t=120 mm) c) De Risi et al. (t=80 mm). 
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4. Formulation of the empirical capacity model 

The formulation of the new empirical out-of-plane capacity model is carried out defining a 

robust database of properly selected tests. The new database is a hybrid database, namely it 

is composed of 23 experimental tests augmented by the 15 numerical simulations above 

presented. General details of selected experimental tests are reported in Table 3. 

Table 3.  Hybrid dataset: Specimens and test details and geometric data. 

Reference 

  

Specimen  Masonry units  Horizontal load type  Vertical load type  
l h t h/t l/h 

(mm) (mm) (mm) (-) (-) 

Calvi & Bolognini  10 Clay hollow 4-point on columns 4200 2750 135 20.4 1.53 

Furtado et al.  
Inf_01 Clay hollow Airbag on columns 4200 2300 150 15.3 1.83 

Inf_02 Clay hollow Airbag on columns 4200 2300 150 15.3 1.83 

Akhoundi et al.  SIF-B Clay hollow Airbag none 2415 1635 80 20.4 1.48 

Furtado et al.  M4 Clay hollow Airbag on columns 4200 2300 150 15.3 1.83 

Ricci et al.  OOP/4E/80 Clay hollow 4-point none 2350 1830 80 22.9 1.28 

Ricci et al.  OOP/4E/120 Clay hollow 4-point none 2350 1830 120 15.3 1.28 

De Risi et al.  OOP/120 Clay hollow 4-point none 1830 1830 80 22.9 1.00 

Koutas & Bournas  S_CON Clay solid 4-point none 1700 1250 65 19.2 1.36 

Nasiri & Liu IFNG Concr. hollow Airbag none 1350 980 90 10.9 1.38 

Angel  1 Clay solid Airbag none 2438.4 1625.6 47.6 34.2 1.50 

Sepasdar  IF-ND Concr. hollow Airbag none 1350 980 90 10.9 1.38 

Di Domenico et al.  120S-OOP Clay hollow 4-point none 1830 1830 120 15.3 1.00 

Agante et al.  LWC_Ref Concr. hollow Airbag none 4800 3300 315 10.5 1.45 

Varela-Rivera et al.  S1 Concr. hollow Airbag none 3700 2700 150 18.0 1.37 

Moreno-Herrera  

W1 Concr. hollow Airbag on the beam 3770 2760 113 24.4 1.37 

W2 Clay hollow Airbag on the beam 3770 2760 115 24.0 1.37 

W3 Clay hollow Airbag on the beam 3770 2760 120 23.0 1.37 

W4 Clay solid Airbag on the beam 3770 2760 114 24.2 1.37 

W5 Concr. hollow Airbag on the beam 2950 2760 113 24.4 1.07 

W6 Clay hollow Airbag on the beam 2950 2760 115 24.0 1.07 

W7 Clay hollow Airbag on the beam 2950 2760 120 23.0 1.07 

W8 Clay solid Airbag on the beam 2950 2760 114 24.2 1.07 

FEM - Analyses 

FEM-R2018a-L1 Clay hollow Uniform none 2350 1830 80 22.9 1.28 

FEM-DR2019-T1 Clay hollow 4-point none 1830 1830 120 15.3 1.00 

FEM-R2018a-T1 Clay hollow 4-point none 2350 1830 200 9.2 1.28 

FEM-DR2019-T2 Clay hollow 4-point none 1830 1830 200 9.2 1.00 

FEM-R2018a-R1 Clay hollow 4-point none 2350 1830 80 22.9 1.28 

FEM-R2018a-R2 Clay hollow 4-point none 2350 1830 80 22.9 1.28 

FEM-DR2019-R1 Clay hollow 4-point none 2350 1830 80 22.9 1.28 

FEM-DR2019-R2 Clay hollow 4-point none 2350 1830 80 22.9 1.28 

FEM-R2018b-R1 Clay hollow 4-point none 2350 1830 120 15.3 1.28 

FEM-R2018b-R2 Clay hollow 4-point none 2350 1830 120 15.3 1.28 

FEM-R2018a-Q1 Clay hollow 4-point on the beam 2350 1830 80 22.9 1.28 

FEM-R2018a-Q2 Clay hollow 4-point on the beam 2350 1830 80 22.9 1.28 

FEM-R2018a-Q3 Clay hollow 4-point on the beam 2350 1830 80 22.9 1.28 

FEM-R2018b-L1 Clay hollow Uniform none 2350 1830 120 15.3 1.28 

FEM-DR2019-T1 Clay hollow Uniform none 1830 1830 80 22.9 1.00 

The search for a new empirical formulation considered the following major parameters: 

aspect ratio of the infill (l/h), area of the infill ( l h⋅ ), slenderness of the infill (h/t), 

conventional resistance of the units (
bf
% ), conventional resistance of the masonry (

mf
% ), 

dimensionless vertical load (ν) and mode of application of the horizontal load (α). The area 

of the infill is a parameter introduced to consider the scale factor affecting the response of 

small specimens with respect to the largest ones. As regards the coefficient α, the latter 

uniformizes OOP test results obtained by 4-point load tests and airbag tests (uniform 

loading). The proposed predictive relationship is formulated in terms of maximum OOP 

force. In consideration of the above mentioned parameters, the general form is: 

 2 3 4

5 6

OOP 1 (1 )
100

a a a

a a

eff

l h l l
F a f

h t
α ν

⋅     
= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ +     

     
%  

(3) 
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where α assumes the values:  
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and νeff is the effective dimensionless axial load, defined as: 

 
9 10

,

b c

eff

c tot cm mv

a Q a Q

A f l t f
ν

⋅ + ⋅
=

+ ⋅ ⋅
 (5) 

where Qb and Qc are the total loads on the top beam and on the columns respectively, Ac,tot 

the total area of the columns and fcm the average compressive strength of the concrete. In 

Eqs. 22-24 input dimensions are expressed in millimeters, input forces are expressed in 

Newtons, while the output OOP force is in kN. The term f%  indicates a conventional 

strength, that can be the conventional resistance of the units (
b

f% ) or conventional resistance 

of the masonry (
m

f% ). The ten constant coefficients 1 2 3 4 5 6 7 8 9 10, , , , , , , , ,a a a a a a a a a a  provide 

the weight of each parameter to the OOP resistance. Of course, they are calibrated twice, 

once considering 
b

f% ,once considering 
mf
%  as reference strength parameter for the infill.  

The latter are calibrated by means of a generic algorithm-based optimization protocol 

minimizing the dispersion of predicted results with respect to experimental ones. In detail 

the objective function (OF) to be minimized considers the sum of the squared differences 

between results predicted by the model ( , ( )pred

OOP iF X ) according to Eq. (3) and the respective 

experimental values ( ,

exp

OOP iF ) as follows: 

 
( ) ( )( )

2

, ,

1

n
pred exp

OOP i OOP i

i

OF F F
=

= −X X  (6) 

where n is the number of specimens and X  the design vector gathering the constant 

coefficients, that is: 

 [ ]1 2 3 4 5 6 7 8 9 10

T
a a a a a a a a a a=X  (7) 

The predictive equations for the OOP resistance are specialized as described in the 

following. In the case of adopting 
bf%  as strength parameter one obtains: 

 0.57 1.23 1.71

0.31 18.33

OOP 9.77 (1 )
100

b eff

l h l h
F f

h t
α ν

− −
⋅     

= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ +     
     

%  (8) 

with α=1 for 4-point loading and α=2.27(l/h)-0.72 for uniform loading. In the case of 

adopting 
mf%  as strength parameter the predictive equation is instead: 

 0.62 1.13 1.51

0.36 17.99

OOP 3.83 (1 )
100

m eff

w l l h
F f

h t
α ν

− −
⋅     

= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ +     
     

%  (9) 

with α=1 for 4-point loading and α=2.05 (l/h)-0.51 for uniform loading. 

In both cases the effective dimensionless vertical load (νeff) is evaluated considering only 

vertical loads acting on the beams (νeff=νb) so that: 
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A comparative analysis of the proposed empirical relationship with respect to some 

predictive models available in the literature is finally carried out (Fig. 9). The comparison 

of the model performances highlights that, on average, the predictive capacity of the 

formulas proposed during the time has improved, and also that the proposed formulas (both 

in terms of 
b

f%  or
mf
% ) significantly increased the reliability in predicting the OOP resistance 

of masonry infills in RC frames. 
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Fig. 9 - Comparison of the predictive capacity of the literature models and proposed models. 

5. Conclusions  

Assessment of out-of-plane capacity of infilled frames is not straightforward. Available 
literature models for the prediction of the out-of-plane resistance are often conflicting, 
being in general too conservative or, on the contrary, overestimating the capacity. The 
reasons of this inconsistencies are different. Some of the available models are calibrated 
based on a limited investigation. Conversely, other models have been defined using a too 
wide dataset, including also steel infilled frames or confined masonries. Finally, the way of 
application of the OOP load influences on the OOP capacity, therefore some formulations 
can result unsuitable in match experimental results of specimens loaded with different 
modalities (e.g. 4-point load or uniform load).  In consideration of this, a hybrid database, 
composed of 23 experimental tests and 15 numerical simulations by a refined FE micro-
model was specifically defined. FE models allowed increasing the extent of the dataset and 
to investigate on the influence of some parameters not taken into account by previous 
experimental investigations (e.g. the influence of distributed load on the upper beams or 
the influence of the modality of application of the OOP load).  

Post-processing of the collected data allowed defining a new empirical relationship for 
the direct estimation of the OOP resistance of a generic infilled frame. The proposed model 
showed matching better than the others the experimental results. The reasons of its better 
capability in estimating experimental results is justified by the following major 
considerations: 

• The model takes into account the way of application of the OOP load, which greatly 
influences the OOP resistance. 

• The model considers the influence of vertical loads which increase the effectiveness of 
the arching mechanism. 
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• The model has been calibrated using a robust genetic algorithm-based optimization 
algorithm. 

Further work should be addresses in providing a reliable strength reduction function to 
consider the effect of prior in plane damage on the OOP capacity. 
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Abstract: The paper presents a modeling approach for reinforced concrete infilled 

frames. The proposed dual-scale approach integrates a simplified model of the infill 

wall utilizing an equivalent struts model and a detailed frame model using two-

dimensional solid elements. This approach is general, and any strut-based model can be 

implemented with a different number of struts and any desired constitutive relation. The 

reinforced concrete frame is modeled by solid elements with the constitutive relations 

of the modified compression field theory. This allows following the shear cracks over 

the beams, the columns, and the beam-column joints. Eventually, it enables explicitly 

determining the shear failure of the frame.   

Keywords: Reinforced concrete, shear, infill walls, infill-frame interaction 

 

1 Introduction 

Reinforced concrete (RC) frame structures with infill walls are used widely worldwide. 

The unreinforced masonry infill walls are considered non-structural elements; 

therefore, until recently, they were neglected during the structural design process. 

However, experimental studies have shown that the infill walls increase the structure's 

stiffness, decrease its natural period, frequently increase its capacity, reduce its 

ductility, and affect its mode of failure. Moreover, the interaction between the RC frame 

with the infill wall during lateral deformation may alter the frame's failure mode 

compared to that of a bare frame. The tendency of infilled RC frames to fail during 

earthquake events led to significant changes in the provisions of the current seismic 

codes, e.g., ASCE 41 (ASCE/SEI 41-06 2007). 

Previous earthquakes reveal that infill walls significantly affect the RC structure's 

failure mode. Infill walls can cause horizontal and vertical irregularities and short 

column effects. The latter occurs when partial infill walls exist (Figure 1a-b). These 

walls significantly increase the shear demands on the RC columns, which often leads 

to their shear failure. Although, shear failure of the RC frame may occur even when the 

infill wall covers the entire high of the column (Figure 1c). During the seismic event, 

the structure undergoes significant lateral drifts. During this deformation, the RC frame 

interacts with the infill walls. This interaction increases the shear demand of the RC 

frame, and if the frame was not designed for this shear force, it would fail in a brittle 

manner (Figure 1c).  

 

  

Figure 1: Typical shear failure modes in RC infilled frames 

a b c
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The RC frame members are typically modeled by one-dimensional fiber elements to 

increase computational efficiency. While these elements may adequately represent the 

flexural behavior of the frame, the behavior and the deformation of the joint regions 

and shear failure and deformations are much harder to be represented using these 

elements. Adequate fiber-based model may describe the response of a bare frame; 

however, the complex two-dimensional stress state at the infill-frame interaction 

regions requires a more sophisticated modeling strategy. 

Various modeling approaches have been developed to simulate the behavior of the infill 

wall. They range from detailed micro-scale models, wherein each block and mortar 

layer is modeled (Asteris et al. 2013; Erdem, Emsen, and Bikçe 2021; Wararuksajja, 

Srechai, and Leelataviwat 2020), to simplified models, such as those that rely on the 

homogenization of the infill wall, e.g., (Anthoine 1995; Casolo and Milani 2010; Kawa, 

Pietruszczak, and Shieh-Beygi 2008; Zucchini and Lourenço 2009), or those that 

employ an equivalent strut or multiple struts, e.g., (Cavaleri and Papia 2003; 

Chrysostomou, Gergely, and Abel. 2002; Motovali Emami, Mohammadi, and Lourenço 

2017; Uva et al. 2012). The high level of detail required as input to the micro-scale 

models highlights the challenge of defining all the mechanical parameters of the block 

and mortar joints. But even when all the required material tests have been performed, 

the use of complex micro-scale models does not necessarily guarantee that the infill 

wall's nonlinear behavior and the cracking pattern will be accurately predicted. This 

occurs due to the high uncertainty vis-à-vis the material properties and the complex 

infill-frame interaction. 

Moreover, this micro-scale technique requires high computational resources. Thus, it is 

mainly limited to small-scale frames and unsuitable for investigating real-scale multi-

story structures. On the other hand, the equivalent strut models are widely used due to 

their simplicity and efficiency.  

The current seismic codes typically adopt an equivalent strut approach that replaces the 

infill wall with a single, compression-only diagonal strut. To account for infill-frame 

interaction, the codes suggest that the diagonal be connected a certain distance from the 

beam-column joint. While this so-called equivalent strut approach is a good 

representation of the increased stiffness thanks to the infills' contributions, its ability to 

accurately depict the failure mode of the structure is still limited. This is due to the 

challenges associated with predicting infilled RC frame response, which involves the 

nonlinear behaviors of the frame, the infill wall, and the interaction between the infill 

wall and the frame. 

Interaction between the infill wall and the frame during the deformation process was 

investigated by Brodsky et al. (Brodsky, Rabinovitch, and Yankelevsky 2017; Brodsky, 

Rabinovitch, and Yankelevskya 2018) using a dedicated experimental facility. They 

found that the contact regions vary during the deformation process. In particular, 

significant cracking in the infill wall alters the infill-frame contact length and the stress 

distribution over the contact regions. 

The proposed approach aims to overcome the limitations of the typically used fiber-

based models to predict the response of RC infilled frames and shear failure within the 

RC elements. 
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2 Micro-macro modeling 

To overcome the limitations of the fiber-based element to represent the complex two-

dimensional stress state within the RC frame at the infill-frame interaction regions, the 

frame is modeled in detail by two-dimensional solid elements. The constitutive 

relations of the Modified Compression Field Theory (Vecchio and Collins 1986) are 

applied. Thus, the two-dimensional stress state of the RC elements is explicitly 

considered. Additionally, the nonlinear response of the frame, such as cracking, 

crushing, tension stiffening and softening of the concrete, and yielding and rapture of 

the reinforcement, is also taken into account. 

While two-dimensional elements model the RC frame, the infill wall is replaced by a 

struts model. As mentioned before, even the most detailed micro models of the infill 

wall have difficulties in predicting the infill wall's pattern of cracking. Thus, the infill 

wall is modeled by a simplified model to reduce the computational time. Thus, the 

presented modeling techniques combine two detailing levels: a macro level for the infill 

wall and a micro-level for the RC frame. This approach is described in detail in Brodsky 

(Brodsky 2021). 

3 Implementation 

The following section presents the implementation of the micro-macro approach. The 

validation of the proposed method against previously tested frames subjected to lateral 

loads can be found in a recently published article by (Huang and Brodsky 2022). In the 

present paper a shear critical RC infilled frame is under investigation. The RC frame is 

modeled in a VecTor2 program (Wong, Vecchio, and Trommels 2013), which 

incorporates the Modified Compression Field Theory (Vecchio and Collins 1986) 

constitutive relations.  

3.1 3.1 Numerical model 

The boundary conditions and dimensions of a single bay RC infilled frame are shown 

in Figure 2. The base beam is modeled by a steel material with similar equivalent 

flexural stiffness as the upper beam to decrease the number of elements along this beam. 

The beam-column joints are modeled with individual material properties. The 

reinforcement ratios of this region in x and y directions equal to the longitudinal 

reinforcement ratios of the beam and the column. The mechanical properties of the 

concrete and the reinforcement are listed in Table 1. 

Table 1. Concrete and reinforcement properties 

Parameter Value 

C
o
n
cr

et

e

𝑓𝑐
′ Cylinder compressive strength [MPa] 30 

𝑓𝑡
′ Tensile strength [MPa] 1.81 

𝐸𝑐 Initial tangent elastic modulus [𝐺𝑃𝑎]  27.39 

R
ei

n
fo

rc
em

en
t 

𝜌𝑙𝑐
Ratio of longitudinal reinforcement for columns [%] 4.0 

𝜌𝑣𝑐
Ratio of transverse reinforcement for columns [%] 0.2 

𝜌𝑙𝑏
Ratio of longitudinal reinforcement for beams [%] 2.0 

𝜌𝑣𝑏
Ratio of transverse reinforcement for beams [%] 0.2 

𝑓𝑦 Yield strength [MPa] 400 

𝑓𝑢 Ultimate strength [MPa] 600 

𝐸𝑠 Elastic modulus [GPa] 200 

𝜀𝑢 Ultimate strength [𝑚𝑚/𝑚] 150 
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Figure 2: Model of  RC infilled frame (all dimensions in mm). 

The micro-macro approach allows connecting the off-diagonal struts at any location, 

and any desired constitutive relation of the struts can be used. In the following, one 

example is presented. The constitutive law of the strut material is defined by the 

following parameters: the area of the diagonal (𝐴𝐷) and off-diagonal (𝐴𝑂𝐷) struts, the 

yielding strength (𝑓𝑦), the strain at strain hardening (𝜀𝑦) that equals the strain at yielding 

stress, and the ultimate stress (𝑓𝑢) and strain (𝜀𝑢). The values are summarized in Table 

2. The off-diagonal struts are connected at 250 mm from the edge of the beam, which

represents a relatively short contact region that features infill walls with high stiffness.

Table 2. Struts properties 

𝑨𝑫 𝑨𝑶𝑫 𝜺𝒚 𝜺𝒖 𝒇𝒚 𝒇𝒖 

[𝑚𝑚2] [𝑚𝑚2] [mm/m] [mm/m] [𝑀𝑃𝑎] [𝑀𝑃𝑎] 
2022 848 4.34 15.51 17.43 19.97 

3.2 Results 

The predicted relationship between the lateral load and the horizontal displacement is 

presented in Figure 3. Figure 4a shows the pattern of cracking predicted at a 

displacement of about 45 mm. The displaced shape is also presented with a 

displacement magnification of two. Extensive tensile and diagonal cracks are predicted 

in the left column between the off-diagonal and the diagonal struts. While the strut is 

connected to both columns with the same contact region, and even though the right 

column is subjected to tensile force and the left column to compressive, the failure 

occurs in the left column. The reason is the significantly higher bending moment in the 

left column. The internal forces can be calculated by numerical integration across the 

cross-section. The axial force and the bending moment at the left column (100 mm from 

the joint) are -19.5 kN and 14.5 kNm, while their values on the right column are 43.5 

kN and only 6.23 kNm.  

Displacement 
controlled joint

Loading 
steel plate

15
48

17
0

Vertical
Supports line

170 2062 170

Horizontal
Supports line

Vertical
Supports line

4
0
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Figure 3: Load-displacement response 

Figure 4b shows the percentage of crushing failure of the concrete within each element. 

This figure allows examining the mode of failure of the frame. In this figure, the average 

principal compressive stress (𝑓𝑐2) in the concrete is divided by the crushing strength of 

the concrete (known as 𝑓𝑐2 𝑚𝑎𝑥 in the Modified Compression Field Theory). As can be 

seen, the crushing percentage has locally reached 100% and is predicted to occur almost 

all over the column width. This indicates a shear failure of the column. 

      (a)     (b) 

Figure 4: Shear failure at a displacement of 45 mm: (a) Patten of cracking; 

(b) Percentage of a crushing failure of the concrete.

4 Conclusions 

A dual-scale approach that integrates a simplified model of the infill wall (equivalent 

strut) and a detailed two-dimensional model of the frame was presented. This approach 

is general, and any strut-based model can be implemented. The number of struts and 

their constitutive relations and the contact region may be defined. Employing solid 

elements with the constitutive relations of the modified compression field theory allows 

to follow the concrete shear cracks over the columns and the joints, account for shear 

deformation, aggregate interlocking on the cracks, and eventually explicitly determine 

the shear failure. This approach explicitly models the shear failures within the RC 

1.00.0 0.40 0.600.20 0.80
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elements and the deformability of the beam-column joints. Thus, lumped plasticity 

models are no longer required, which represents another significant advantage of the 

method since most lumped plasticity models involve substantial approximations and 

calibrations. 
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Abstract: When assessing the seismic performance of existing structures, the probabilistic 
distribution of the response is quantified with respect to some form of seismic intensity 
measure (IM). IMs are usually defined in terms of ground shaking characteristics and a 
structure’s dynamic properties, with spectral acceleration at the first mode of vibration, 
Sa(T1), or peak ground acceleration (PGA) being popular choices for buildings. In existing 
reinforced concrete (RC) buildings with masonry infill panels, a common typology in the 
Mediterranean area, the increased stiffness and relative brittleness of these panels notably 
modify structural behaviour, especially in older buildings where no seismic design provisions 
were utilised. Abrupt changes in stiffness and strength due to local infill panel failure and 
subsequent non-ductile mechanisms can render IMs like Sa(T1) poor and possibly biased 
response predictors. This paper explores an improved IM in Saavg(T*) for RC buildings with 
masonry infill panels from the perspective of efficient and unbiased response prediction. A 
detailed case-study building is examined to show that simple IMs like PGA and Sa(T1) are not 
bad estimators of response but can be prone to losing much of their predictive power - to an 
extent that other IMs begin to govern - resulting in increased uncertainty and potential bias. 

Keywords: PBEE; fragility; intensity measure; bias; assessment. 

1. Introduction
Engineers utilise an intensity measure (IM), which is the interface parameter linking 
seismological and engineering aspects (Bradley 2012), to examine the response of structures 
and evaluate seismic performance. Obtaining an accurate evaluation of performance is 
particularly important in the estimation of risk and possible consequences in structures, such 
as industrial facilities and the impacts in terms of worker safety and their safe navigation and 
egress explored in the ROSSINI project (O’Reilly et al. 2022). Past studies note that an IM 
should possess the attributes of practicality, sufficiency and efficiency. It is implied that the 
adopted IM is a comprehensive descriptor of structural response (i.e., efficient) and that other 
parameters do not have a notable influence, or bias, on the response estimates. This differs 
from sufficiency and relates to other ground-shaking characteristics and their potential to 
bias the results.  
In the case of non-ductile reinforced concrete (RC) frames with masonry infill panels, 
elongation of the initial undamaged first mode period of vibration, T1, is typically expected 
due to the local collapse of infill walls (Nafeh, O’Reilly, and Monteiro 2020). This results 
in a notable strength degradation and subsequent period elongation before the eventual 
global collapse, which is of notable importance when using Sa(T1) as the IM. Furthermore, 
the peak ground acceleration (PGA) is also known to be somewhat an inefficient predictor 
(Rossetto and Elnashai 2003), given its lack of a direct relationship to modal properties. 
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This study examines IMs for infilled RC frame structures, with a particular focus on 
improved efficiency and reduced bias in results. A case-study building located in Southern 
Italy is examined in detail with Sa(T1), PGA, and another IM known as average spectral 
acceleration, Saavg(T*), being utilised. The response of the structure is described in detail 
and the results are scrutinised in terms of their efficiency and potential to be biased by other 
ground motion parameters. 

 
Figure 1. Architectural plan layout of the 4-storey case-study building 

2. Case-study building 
2.1. Description 
The case study building, whose plan layout is illustrated in Figure 1, was a moment-resisting 
infilled frame RC structure designed for gravity loads only, representative of European 
structures before the introduction of modern seismic provisions around the 1970s. Smooth 
rebars (Aq42) and low concrete grade with allowable stresses corresponding to 33% of the 
material resistance - σs,allowable=140MPa for steel and σc,allowable=5MPa for concrete - were 
considered as per the provisions used at the time in Italy (Regio Decreto 1939). Frames were 
oriented along the global Y-direction only, with only perimeter frames in the X-direction. 
Beam sections were 50x30cm with reinforcement ratios of ρbeam=0.21-0.41% and column 
sections were 40x40cm on the first storey and 35x35cm from the second storey to roof level 
with ρcolumn=0.75-0.89%. Beams and columns were, compared with modern code 
requirements, inadequately designed for shear via transverse reinforcement, with 6mm bars 
at 150mm and 200mm spacing were considered for beams and columns, respectively. 

 
 

Figure 2. (left) OpenSees model of the 4-storey case-study building and (right) static pushover analysis in the 
X and Y directions considering the infilled frame with and without a soft-storey mechanism induced 
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A 3D lumped plasticity model was developed in OpenSees and is shown in Figure 2(left). 
Beam-column elements were modelled with bi-directional flexural sections with an internal 
elastic element behaviour with cracked section properties via models by (O’Reilly and 
Sullivan 2019); the shear capacity of RC elements was modelled using shear springs. Beam-
column joints were modelled to account for insufficient joint reinforcement and smooth bars 
with end-hooks. 

2.2. Modal response and pushover analysis 
First, a modal analysis revealed a first mode dominated behaviour in both directions (Table 
1). To characterise the non-linear behaviour of the case-study building, a first mode-based 
static pushover analysis was conducted in both principal directions. Figure 2(right) shows 
the response, where the increased lateral strength and stiffness due to the presence of 
masonry infills is clear. The structural behaviour is characterised by a sudden drop in 
capacity in the post-peak branch of the response following the local collapse of infill panels. 
Also plotted in Figure 2(right) is the same structure modelled with no infill panels at the 
storey where the infill collapse mechanism would be expected to form. This is anticipated to 
be representative of the hysteretic behaviour of the building during subsequent cycles 
following the local collapse of infills at one or more storeys. Furthermore, the sudden drop 
in lateral capacity in the Y-direction at a drift of just over 2% corresponds to a brittle shear 
failure caused by the short column effect due to the addition of stairs and further highlights 
the fragile nature of the collapse mechanisms formed. The short-column effect was captured 
through the discretisation of staircase columns at the landing and flight elevations. 

Table 1. Modal properties 
Period, T Direction Modal Mass, M 

0.22s X-1 83.6% 
0.24s Y-1 83.2% 
0.09s X-2 10.4% 
0.19s Y-2 13.4% 

3. Intensity measures and record selection 

3.1. Intensity measures 
For this study, three IMs were examined: 

• PGA – defined as the peak ground acceleration of a given ground motion record; 
• Sa(T*) – the 5%-damped pseudo-spectral acceleration at T*, which was computed as 

the arithmetic mean of the X and Y direction first mode periods; 
• Saavg(T*) – the average spectral acceleration ranging from Tlower and Tupper of a given 

record. 
PGA is a self-explanatory quantity and Sa(T*) is intended to closely correspond to the 
spectral acceleration at the first mode period of vibration in both directions of the building. 
This was computed from Table 1 as T* = (0.22+0.24)/2 = 0.23s. For Saavg(T*), the geometric 
mean of the Sa(T) values in the period range [Tlower, Tupper] with a spacing of 0.1s was utilised. 
Tlower and Tupper were defined following the rationale outlined for non-ductile infilled RC 
frames in O’Reilly (2021) as 0.24s and 0.73s, respectively. 

3.2. Site hazard and record selection 
The case-study building is located at Campobasso in the region of Molise in southern Italy, 
characterised by moderately high seismicity. Probabilistic seismic hazard analysis (PSHA) 
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and disaggregation were conducted in OpenQuake considering a Vs,30=480m/s for each of 
the IMs examined herein (PGA, Sa(T*) and Saavg(T*)). For each IM, ground motion record 
selection was performed. Thirty ground motion record pairs were selected and scaled for 
discrete intensity levels to carry out MSA and characterise the structural response. The 
conditional spectrum (CS) approach (Jayaram, Lin, and Baker 2011) was followed for 
Sa(T*) and PGA, whereas its extension to Saavg(T*)-based selection by Kohrangi et al. 
(2017) was used. The geometric mean of the two components was used in the selection. 
Seven intensity measure levels (IMLs) were investigated ensuring that the structural 
response covering initial damage of the masonry infill panels up to global structural collapse 
could be characterised.  

4. Results 

4.1. Multiple stripe analysis 
The engineering demand parameter (EDP) used was the maximum absolute value along the 
building height of the peak transient storey drifts, with the greater of the X or Y direction 
being utilised and denoted θmax, and described in Eq. (1); |θi,j(t)| denotes the absolute value 
of storey drift at time t in the principal direction i at storey j, for a building of N storeys and 
a record of duration tmax. Cases were separated into collapsing and non-collapsing cases, 
where collapse indicates a complete loss of lateral capacity, with θcollapse=5% being used. 
 𝜃!"# = max

$%&,(
)%*…,
-%...-!"#

&𝜃$,)(𝑡)& (1) 

Figure 3(left) illustrates the data obtained for the three IMs examined. The response points 
for each MSA stripe are shown to be tightly bound at low intensities, followed by an increase 
in dispersion amongst the points with increasing intensity measure levels (IML). This has 
been noted in past work (O’Reilly and Monteiro 2019) to result from the characteristic 
response of infilled RC frames. Initially, the structure behaves in a somewhat typical, first 
mode-based manner, with demands distributed along the height. Upon damage and collapse 
of the masonry infill panels in one or more storeys due to its non-ductile behaviour, a 
significantly modified dynamic response results thereafter, observed by the concentration of 
damage in the weaker storey(s), which is reflected via its period elongation.  
4.2. Fragility functions 
For each MSA stripe, if the fraction of exceedances for a given EDP threshold at each of the 
IMLs are counted (i.e., a vertical cut in the data shown in Figure 3(left)), a fragility function 
may be fitted using the maximum likelihood method, with a lognormal distribution assumed. 
Doing this for the collapse threshold yields the collapse fragility function shown in Figure 
3(right) for each IM. Of note is the dispersion between the different IMs, with Sa(T*) 
illustrating the highest dispersion. Also shown in the comparison for the Sa(T*) collapse 
fragility derived from MSA and the one obtained for the extended SPO2IDA tool (Nafeh, 
O’Reilly, and Monteiro 2020) which simply uses the pushover curves shown in Figure 
2(right) as input, and demonstrates a good match. 
Performing the same operation for a range of EDP or θmax values gives a series of fragility 
functions describing the exceedance of any θmax value in the building with respect to IML. 
Of particular interest when evaluating the three IMs in question is the dispersion in these 
fragility functions. Namely, the dispersion in intensity for a given value of EDP, βIML|EDP, 
which is an indicator of the efficiency of the IM, is illustrated in Figure 4(left). It can be seen 
how initially Sa(T*) appears to have the lowest dispersion, owing to its close relationship to 
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the initial elastic behaviour of the building, whereas PGA is seen to be rather high, with 
Saavg(T*) appearing to be somewhere between the two. What is interesting to note is for 
increasing θmax in the case-study building, PGA appears to remain relatively inefficient and 
Saavg(T*) remains relatively consistent. Sa(T*), however, appear to lose its efficiency with 
increasing drift demand.  

  
Figure 3. (left) MSA results and (right) illustration of the collapse fragility functions derived from MSA for 

each of the IMs 

Hence, based on the results presented in Figure 4(left), it appears that the traditionally 
adopted IMs of PGA and Sa(T*) typically used in the past for building structures may not be 
the most efficient means of quantifying the structural response, with Saavg(T*) reporting a 
lower and more consistent efficiency for all levels of drift demand. It is noted that the 
remarks made regarding the IMs efficiency have only been examined for displacement-based 
EDPs and other force-based EDPs, like member force or peak floor acceleration, have not 
been considered.   

  
Figure 4. (left) Illustration of the dispersion in the intensity measure level for a given demand, βIML|EDP for 

each IM investigated and (right) demand-hazard curve for each IM, showing the MAFE with increasing drift 
demand 

4.3. Risk 
When constructing the fragility functions, the median intensity, ηIML|EDP, and βIML|EDP of the 
IMLs required to exceed a given EDP level were characterised for each IM at increasing 
levels of structural demand. This can be integrated directly with each IM's hazard curve to 
compute the mean annual frequency of exceedance (MAFE) of an EDP, λ, as follows: 

 
𝜆 = + Φ-

ln 𝑠 − 𝜂012|456
𝛽012|456

4
78

.
|𝑑𝐻(𝑠)| 

(2) 

where Φ[•] denotes the standard normal cumulative distribution function.  
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PGA

Saavg(T*)
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To evaluate the different IM estimates of λ, it is typical to look for the consistency between 
them. This stems from the findings of Bradley (2012), subsequently supported by Lin et al. 
(2013) and others, who demonstrated that the estimates of a risk-based quantity like MAFE 
is unique for a structure and is independent of the IM choice or Sa(T*) conditioning period. 
This finding is subject to the conditions that: 1) the ground motion records used to quantify 
the structural response and estimate the MAFE are hazard-consistent, as was the case here; 
2) the IM employed to be sufficient, which O’Reilly (2021) has shown for the IMs examined; 
and 3) for the IM to be an efficient indicator of the structural response, which was discussed 
in Figure 4(left). Therefore, for each of the IMs examined, the MAFEs would be expected 
to converge to the same value. Figure 4(right) shows these demand-hazard curves for the 
case study building using the three IMs considered. It shows how each IM reports a very 
similar value of risk at low demand levels, and gradually reduces with increasing demand 
before bottoming out at a value corresponding to the mean annual frequency of collapse. 
However, each curve gradual diverges from one another, with Sa(T*) reporting the highest 
estimate of risk for a given EDP and Saavg(T*) the lowest. This difference is attributed to the 
dispersion observed for each IM (Figure 4(left)), whereby the large dispersion observed for 
IMs such as Sa(T*) resulted in a higher estimate of the risk.  

4.4. Bias 
Given the observations regarding the IM dispersion in Figure 4(left) and the estimates of risk 
that the different IMs produce in Figure 4(right), it is of interest to know what the reasons 
for such a difference may be. Some dispersion is generally expected for all IMs due to the 
inherent randomness of ground motions, amongst other sources of uncertainty. However, 
there may be situations where dispersion may not necessarily be due solely to aleatory 
uncertainty but rather from other pertinent ground motion characteristics biasing the 
response. Bradley (2012) discussed bias within the context of ground motion record 
selection, noting how for some scenarios, the results obtained using ground motions selected 
and scaled to a single conditioning IM denoted IMj (e.g. Sa(T*)) could also be biased by 
another IM termed IMi (e.g. ground motion duration).   
This aspect was explored in depth by O’Reilly (2021) and is discussed here for the case-
study building. In particular, the susceptibility of the structural to velocity-based ground 
motion characteristics is examined. Of the various velocity-based IMs available, filtered 
incremental velocity, FIV3, defined by Dávalos and Miranda (2019)was adopted. The 
shortcomings of IV surrounding its period independence, its local interruption of velocity 
pulses through high frequency-induced zero-crossings, and neglection of cumulative pulses 
were directly addressed.  
For each of these MSA stripes with conditioning IMj shown on the horizontal axis in Figure 
3(left), the corresponding IMi=FIV3 values of each ground motion were plotted via markers 
on the vertical axis. This distribution of IMi|IMj at each intensity is what indirectly results 
when selecting ground motions conditioned on IMj alone. To examine bias due to IMi=FIV3, 
the results were segregated based on the collapsing and non-collapsing cases. First, the 
median values of IMi at each MSA stripe IMj, ηIMi|IMj, were computed and plotted as the 
median trend for that IMi. Then for the collapsed cases, their median value for each given 
MSA stripe at IMj was computed as ηIMi|IMj,collapse. These are shown in Figure 5 for the case-
study building with IMi=FIV3 in each case and IMj = Sa(T*), PGA and Saavg(T*). This 
comparison illustrates the influence of the velocity-based characteristics of the ground 
motions on the collapse behaviour in a relatively simple manner. Should there be no biasing 
impact of IMi=FIV3 on the response analysis results, the medians will be closely aligned 
(i.e., ηIMi|IMj ≈ ηIMi|IMj,collapse), where a biasing effect will show a deviation between the two 
(i.e., ηIMi|IMj ≠ ηIMi|IMj,collapse). 
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(a) PGA (b) Sa(T*) (c) Saavg(T*) 

Figure 5. Comparison of the median IMi values for a given IMj, illustrating the potential bias in response 
due to IMi=FIV3 

For the IMs examined, Figure 5 illustrates how for both PGA and Sa(T*), there is a clear 
distinction in terms of IMi=FIV3 between the records causing collapse and those not. Also 
of note is the level of scatter in the IMi=FIV3 values for PGA and Sa(T*) compared to 
Saavg(T*). These results indicate that there is a biasing effect of the velocity-based IMs such 
as IMi= FIV3 on the IMi=Sa(T*) and PGA results, whereas IMi= Saavg(T*) did not present 
such an impact given that the collapse and non-collapse median trends align well. This is a 
notable observation as it indicates that the large dispersion observed in Figure 5 for each IM, 
and subsequent overestimation of risk in Figure 4(right), may be because for PGA and 
Sa(T*), depending on the velocity-based characteristics of the selected ground motions, 
which are typically not considered in CS-based record selection, the collapsing cases can be 
notably impacted and biased. However, when using Saavg(T*) as the IM, the results tended 
not to be biased in such a way, indicating that it may be a more suitable IM for assessing the 
response of infilled non-ductile RC frames. However, other record selection methods such 
as the generalised conditional intensity measure could be used, which can directly consider 
the velocity-based characteristics of records, given that they have been observed to have a 
notable impact on the results obtained. 

5. Summary 
This paper has examined the seismic assessment of an infilled reinforced concrete (RC) 
frame utilising different intensity measures (IMs). Examining the dispersion in intensities 
required to exceed a given drift demand, PGA was seen to have relatively high dispersion, 
Sa(T*) showed efficiency initially but gradually became highly disperse, while Saavg(T*) 
exhibited a relatively moderate dispersion throughout. Structural response when using PGA 
and Sa(T*) as the IM were shown to depend on the velocity-based parameters of the ground 
motion records used. This supports previous findings regarding the large dispersion in the 
response of infilled RC frames. A similar analysis of the structural response when using 
Saavg(T*) showed no such dependence, giving it a more consistent response prediction with 
reasonable dispersion and insensitivity to other ground motion parameters found to be 
problematic here. Overall, this study has shown that classic IMs like PGA and Sa(T*) possess 
some issues when used as part of the risk-oriented assessment of infilled RC frames, whereas 
a new addition to seismic risk assessment, Saavg(T*), was seen to indirectly dampen many of 
these issues without much extra effort. 
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Abstract: Infills in existing reinforced concrete buildings are often vulnerable to seismic 

actions perpendicular to their plane (OOP actions), especially if also in-plane (IP) damage is 

present. This study aims at experimentally testing under OOP loading masonry infills that 

suffer or not previous IP damage, in their as-built conditions and in the presence of a TRM-

based strengthening solution. Then, the very few predictive equation proposals for the OOP 

strength of TRM-strengthened infilled frames, available in the literature, will be discussed 

and applied. 

Keywords: TRM-strengthening, infills walls, IP/OOP interaction, experimental campaign, 

strength prediction 

1. Introduction 

Masonry infills in Reinforced Concrete (RC) buildings are generally widely used with an 

enclosure function in residential buildings. It is well known that a reliable seismic design 

and assessment of RC buildings should consider infills geometrical and mechanical 

properties. One of the main issues concerning infills is their vulnerability to horizontal 

actions perpendicular to their plane (hereinafter referred to as out-of-plane, or OOP, 

actions), especially when also in-plane (IP) damage is present. Quite recently, research 

works have studied possible strengthening strategies to reduce the vulnerability of the 

infills panels due to OOP loading, testing different techniques, such as: (i) traditional 

reinforcing plasters (e.g., Angel et al., 1994; Calvi and Bolognini, 2001); (ii) mortar bed 

joints reinforcement with steel bars (e.g. Lourenço et al, 2016); (iii) engineering 

cementitious composites for plastering (e.g., Kyriakides and Billington, 2014); (iv) Fiber 

Reinforced Polymers (FRP) wrapping (e.g., Hrynyk and Myers, 2009); (v) or Textile 

Reinforced Mortars (TRM) as innovative reinforcing platers (e.g. Koutas and Bournas, 

2019; Minotto et al., 2020; Furtado, 2020). The TRM strengthening technique combines an 

inorganic matrix (eventually fiber-reinforced mortars) with embedded coated or uncoated 

fiber mesh (made up of glass, carbon, or basalt fibers, among others). It leads to a reduced 

thickness for the strengthening plaster. It could be integrated with thermal insulation 

solutions (Bournas, 2018). It presents a good performance in terms of durability and 

intervention effectiveness (e.g. De Risi et al., 2020). 
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Thus, this study aims to enrich the experimental data currently available through 

experimental OOP tests on masonry panels that suffer or not previous medium-level IP 

damage, with and without the use of a TRM-based strengthening solution. Then, the very 

few predictive equation proposals for the OOP strength of TRM-strengthened infilled 

frames, available in the literature, will be analysed and applied to the tested specimens. De 

Risi et al. (2020, 2022) present a detailed analysis of the data herein presented. 

2. Experimental campaign 

The performed testing campaign was made up of four quasi-static OOP tests of full-scale 

masonry infill walls built with hollow clay horizontal bricks. The effectiveness of the TRM 

strengthening solution is assessed under pure OOP loadings and with combined IP-OOP 

loading sequence. Two reference (i.e., as-built) specimens are tested under OOP loadings 

without strengthening, one without a previous IP loading (specimen AB-OOP) and the 

other with prior IP damage (specimen AB-IPOOP). The two remaining walls (R3-OOP and 

R3-IPOOP) are strengthened with TRM using a glass-fibre textile mesh combined with a 

common mortar. The strengthened specimen R3-OOP is subjected to a pure OOP test, 

while the specimen R3-IPOOP is subjected to an IP-OOP loading test sequence.  

The RC frame has the same properties for all the tests, as shown in Figure 1. The average 

cubic compressive strength (fcm) was equal to 22.9 MPa. The average steel bars yield 

strength is 535MPa for ϕ8mm bars, 526MPa for the ϕ12mm bars, and 532MPa for the 

ϕ16mm bars. The masonry infill walls are realized with hollow clay horizontal bricks 

110mm thick, 200mm height and 300mm width. The panel slenderness (infill height-to-

thickness ratio, Hw/tw) is equal to 20.9. A glass-fibre bi-directional mesh (1 layer in the 

panel, double-layer along the infill-frame interfaces) is selected for strengthening the walls 

for specimens R3-OOP and R3-IPOOP (only on the exterior side), with 10cm overlapping 

among adjacent sheets (see Figure 1b). Its weight is 185 g/m2 (150 g/m2 if untreated). The 

nominal tensile strength of the mesh is equal to 40.0 kN/m. Plastic connectors are used to 

keep the position and fix the textile mesh to the masonry panel. Preformed L-shaped 

connectors made up of fibreglass and epoxy resin are used to fix the mesh to the RC frame 

elements (see Figure 1b). Mortar for plastering has a Young modulus of 8500 MPa and a 

(nominal) compressive strength after 28 days equal to 8 MPa. 

 

 

 

 

 

(a) (b) 

Fig. 1 - RC frame dimensions and detailing (a) and strengthening solution details (b) (length in meters; bars diameters in 

mm). 
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2.1. Test setup  

The quasi-static IP cyclic test consisted of applying a horizontal displacement history at half 

the height of the RC frame's upper beam through a hydraulic actuator, connected to a steel 

reaction structure. Three push-pull cycles were performed for each target drift (0.1%, 0.2% and 

0.3%). After IP testing, OOP tests were performed through a distributed OOP loading through 

twenty-eight pneumatic actuators that mobilized the entire infill panel surface, resorting to 

wood plates (one per actuator) placed between the actuators the panel. Two half cycles were 

performed for each OOP target displacement. Several linear variable displacement transducers 

(LVDTs) were used to measure the panel's OOP displacements along five horizontal and 

vertical alignments, as shown in Figure 2. Six displacement transducers monitor the OOP 

displacements of columns and beams. The instrumentation used to monitor the RC frame's 

displacements and deformations during the IP test consisted of displacement transducers and 

LVDTs located along the columns’ height and in centre of the top beam-cross section. 

  

(a) (b) 

 
 

(c) (d) 
Fig. 2 – Experimental setup for OOP loading (a,b), and IP loading (c). Instrumentation for OOP tests (d). 

3. Experimental results 

The results of the IP force (FIP)-displacement (dIP) response are discussed in terms of initial 

lateral stiffness and maximum peak load. About the OOP force (FOOP)-displacement (dOOP) 

response, results will be discussed for four specific conditions: i) first cracking (when the first 

visible crack in the wall develops) - FOOP,crack and dOOP,crack; ii) peak load (when the maximum 

OOP load is reached) - FOOP,max and dOOP,max; iii) conventional failure (corresponding to a 

strength drop of 20% after the peak load) - FOOP,conv and dOOP,conv; and iv) ultimate stage 

(corresponding to the panel OOP collapse or the last step of the test). The reference OOP 

displacement measurement is the infill panel centre's displacement (“control node”). The OOP 

drift (driftOOP) is computed as the panel “control node” OOP displacement (dOOP) divided by 

half of the panel height. 
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3.1. Test AB-OOP  

The as-built specimen AB-OOP was tested under OOP loadings only. The resulting force-

displacement response is plotted in Figure 3. This specimen presented an initial stiffness equal 

to 19.49kN/mm, until its first (diagonal) crack (at driftOP=0.29% and FOOP=23.03kN). After 

cracking, the OOP strength continued to increase up to a drift of 2.97% when it reached the 

maximum peak load of 61.70kN. A five-linear hinge cracking was visible, typically of a panel 

four-border constrained. Crushing of the bricks of the corner was observed. The OOP strength 

remained relatively constant up to a drift of 3.90% when the wall's detachment from the 

bottom RC beam occurred, causing a sudden force drop. The conventional failure occurred for 

the drift of 3.97%, and the ultimate stage (“collapse”) at 4.09% drift. 
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(a) (b) 

Fig. 3 – Test AB-OOP: OOP response (a) and final damage state (b) 

3.2. Test AB-IPOOP  

The specimen AB-IPOOP is first subjected to an IP quasi-static loading test, which applies a 

horizontal displacement at the top of the frame to introduce low/medium damage on the panel. 

The maximum pre-defined target IP displacement is 8.4mm. The force-displacement response 

curve showed an initial panel stiffness equal to 483.8kN/mm. The maximum peak load is 

achieved for the positive displacement direction for a (nominal) IP drift of 0.20%, reaching 

141.6kN. The maximum strength of 109.6kN is reached for a drift of 0.1% in the negative 

direction. After that, a slight drop is observed in the negative displacement direction. The same 

phenomenon is not observed in the positive displacement direction, where a 25% force drop is 

found until reaching +105kN. 
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Fig. 4 – Test AB-IPOOP: OOP response (a) and final damage state (b) 
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In the following OOP test (see Figure 4), at the panel mid-height, a first horizontal crack is 

observed for a dOOP,crack equal to 0.40%, and a corresponding force of 23.44kN. The initial 

panel stiffness is 5.33kN/m. After that, the peak load is reached for a value equal to 61.70kN 

and a related drift of 3.07%. At this stage, diagonal cracks develop from the top to the bottom 

of the wall and the previous ones increase their thickness. Then, a sudden strength drop occurs 

due to the panel's detachment from the bottom RC beam leading to the wall collapse. The 

ultimate condition is achieved at 4.09% of OOP drift, corresponding to a force equal to 

24.35kN. It was defined for this specimen that the conventional collapse occurred for an OOP 

drift of 3.07% (Figure 4). 

3.3. Test R3-OOP  

The strengthened panel R3-OOP was subjected to a pure OOP test and presented an initial 

stiffness equal to 34.02kN/mm. A first horizontal crack developed at the panel mid-height for a 

driftOOP,crack equal to 0.14%, corresponding to an OOP force of 32.49kN. The OOP force 

increased up to the maximum peak load of 92.8kN (driftOOP=2.99%) and remained almost 

constant until driftOOP=3.76%. Then, a sudden reduction of the strength occurred up to 28kN, 

when the test was stopped. The conventional failure occurred for an OOP drift equal to 3.80%. 

The TRM plaster detached from the upper RC beam, but it remained still connected along the 

adjacent columns. The connectors were still in-situ at the end of the test, but the glass fiber 

mesh around them was locally cut, both in the top and bottom parts of the wall. 
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(a) (b) 
Fig. 5 – Test R3-OOP: OOP response (a) and final damage state (b) 

3.4. Test R3-IPOOP  

For this test, the first and second IP target displacements were successfully reached at  

(nominal) 0.1% and 0.2% of target drift. Then, an unexpected problem occurred during the IP 

test, and the third target displacement (0.3%) was only achieved once (for the positive loading 

direction first). The initial stiffness of the IP force-displacement of the wall R3-IPOOP was 

equal to 140.56kN/mm. The lateral strength gradually increases to 262kN in the positive 

displacement direction for an IP drift of 0.3%. On the contrary, the strength was 200kN for a 

corresponding IP drift of 0.16% in the negative loading direction.  

After the IP test, the strengthened wall R3-IPOOP was subjected to the OOP test. The initial 

stiffness was equal to 18.56kN/mm until reaching the first crack for an OOP drift of 0.08% and 

a corresponding force of 20.90kN. After that, a gradual increase of the OOP load was observed 

until reaching a maximum strength of 88.67kN, corresponding to an OOP drift of 3.04%. For 

the OOP drift of 3.50%, the wall sudden total collapse was observed without any previous 

degradation. The collapse mechanism observed at the end of the test is characterized by the 
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strengthened wall's total expulsion. The concentration of stresses around the connectors leads 

to the cut of the fibermesh all around the connectors, similarly to the test R3-OOP, and the 

strengthened wall behaves as a rigid body out of its plane. 
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(a) (b) 
Fig. 6 – Test R3-IPOOP: OOP response (a) and final damage state (b) 

3.5. Comparisons and remarks  

Table 1 summarises the main results of the previously commented OOP tests. 

Table 1. Main experimental results of OOP tests  

Parameter AB-OOP AB-IPOOP R3-OOP R3-IPOOP 

KOOP (kN/m) 19.49 5.33 34.02 18.56 

FOOP,crack (kN) 23.03 23.44 32.49 20.90 

FOOP,max (kN) 52.12 61.70 92.84 88.67 

driftOOP,crack (%) 0.29 0.40 0.14 0.08 

driftOOP,max (%) 2.97 3.01 2.99 3.04 

driftOOP,conv (%) 3.07 3.97 3.80 3.57 

driftOOP,ult (%) 4.09 4.19 11.21 4.06 

 

First, it can be noted that the TRM strengthening increases the initial OOP stiffness (KOOP). 

The specimens R3-OOP and R3-IPOOP achieved KOOP that was 1.75 and 5.33 times 

higher than AB-OOP and AB-IPOOP, respectively. The damage caused by the previous IP 

test reduces in both situations (non-strengthened and strengthened conditions) the initial 

OOP stiffness of the walls, as expected. In the as-built specimen, the initial stiffness 

reduces by about 72%. Concerning the strengthened walls, the previous IP drift reduces the 

initial stiffness by about 45%. 

The first cracking occurred for a lower OOP drift in the strengthened panels. The first 

crack is observed for a drift of 0.08% for the panel R3-IPOOP, about 43% lower than R3-

OOP and 80% lower than AB-IPOOP. The drift corresponding to the first visible crack 

development for test AB-OOP was about 27% lower than the one reached by AB-IPOOP. 

Regarding the force caught in the first cracking stage, the maximum one is reached by R3-

OOP, as expected, with 32.49kN, namely about 1.55, 1.38 and 1.41 times higher than R3-

IPOOP, AB-IPOOP and AB-OOP, respectively. The lowest force got at this stage is 

achieved by AB-OOP with 23.03kN. A minor difference is obtained between AB-OOP and 

AB-IPOOP in terms of peak load (only 1%). 

All the specimens (non-strengthened and strengthened) reach the maximum peak load for 

similar OOP drift demands, namely between 2.97% and 3.04%. Again, the TRM 
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strengthening increases the maximum strength capacity by about 78% and 44% in both 

cases of no-previous IP damage and previous IP damage, respectively.  

The TRM strengthening allowed the wall to reach high OOP drift levels at “conventional 

collapse” (or “ultimate” condition), driftOOP,ult, in case of strengthened wall R3-OOP (i.e. 

without previous damage); on the contrary, for R3-IPOOP test, the wall reached a 

driftOOP,ult of 4.06% (about 3% lower than the AB-IPOOP). 

Lastly, it should also be noted that, for the OOP tests presented herein, the analysis of 

damage at the end of the tests showed that the overlap length between two adjacent 

fiberglass mesh sheets adopted (10 cm) was sufficient, since no evidence of a failure due to 

an insufficient transfer of forces was observed until collapse (i.e. the collapse of each wall 

was due to other phenomena, as commented above). Nevertheless, a further improvement 

of the strengthening effectiveness should aim at avoiding the cut of the fiber mesh all 

around the TRM-to-frame connectors. Therefore, a higher number of textile sheets or a 

fiber mesh characterized by a higher tensile strength could be applied along the infill-frame 

interfaces. Alternatively, a lower tensile demand in the fiber mesh around the connectors 

should be obtained, reducing the spacing among the connectors or using a continuous 

anchorage system.   

4. OOP strength prediction 

As well known, current codes worldwide, such as Eurocode 8 (CEN, 2005) or Italian D.M. 

2018, require that the OOP strength of masonry infills should be higher than the OOP load 

acting on them. Nevertheless, to the current state of the art, very few proposals exist in the 

literature about the OOP strength of masonry infills, especially if they are reinforced with 

steel meshes or TRM-based techniques. More in detail, this work investigates the 

effectiveness of four simple strength models currently existing in the literature, namely: 

- Model 1 (Mod 1) – suggested by Eurocode 6 (CEN, 2006) for masonry walls; 

- Model 2 (Mod 2) – proposed by Di Domenico et al. (2019; 2021); 

- Model 3 (Mod 3) – proposed by Morandi et al. (2013), without strength reduction due 

to the IP damage; 

- Model 4 (Mod 4) – as Mod 3 but considering the strength reduction (R) due to IP 

damage, according to Morandi et al., 2013, different for the as-built or the strengthened 

specimens and modified herein based on data by Minotto et al. (2020) for strengthened 

specimens (as explained in De Risi et al, 2022). 

Models 1 and 2 are basically useful to predict the OOP strength of masonry walls or infills, 

respectively, without strengthening strategies.  

Model 1 suggests that the maximum OOP distributed load (qmax) can be estimated based on 

a one-way (vertical) arch resisting mechanism, and thus the maximum horizontal 

uniformly distributed load (qmax) can be defined as in Eq. (1) (where fmv is the vertical 

compressive strength of masonry): 

 
(1) 

Model 2 proposes to estimate the OOP strength (Fmax) as reported in Eq. (2), accounting for 

both the horizontal and the vertical arch resisting mechanisms: 

 
(2) 
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The terms  and  (with i=1,2,3) are suggested by the model’s Authors based on 

regressions of numerical outcomes. fmh and Lw are the horizontal compressive strength of 

masonry and the panel length, respectively. A further coefficient must be applied to Fmax in 

Eq. (2) to account for previous IP damage. Thus, herein, the empirical proposal by Di 

Domenico et al. (2021) has been applied for tests with previous IP damage. 

Models 3 and 4 have been proposed by Morandi et al. (2013) for strengthened masonry 

infills (with a reinforcing mesh). It was based on the assumption that a good prediction of 

qmax could be obtained if the strength contribution due to the vertical arch mechanism 

(evaluated with a slight modification of the Eurocode 6’s proposal) is added to the 

maximum flexural contribution due to the applied exterior retrofit mesh/plaster. Morandi et 

al. (2013)’s proposal is the first simple proposal predicting the OOP strength of TRM-

strengthened weak infills from the current literature. It was developed based on the 

experimental data related to tests by Calvi and Bolognini (2001), where masonry infills 

were strengthened with a traditional reinforcing plaster (i.e., plaster plus reinforcing steel 

bidirectional mesh). According to Model 3, the maximum OOP distributed load for a 

strengthened infill can be estimated as in Eq. (3): 

 
(3) 

where Ar and fy represent the total cross sectional area of the vertical reinforcing mesh in 

tension and its yielding strength, respectively. 

Model 4 considered herein is a further development of Model 3, which can also account for 

the IP damage, basically depending on the max IDRIP level. 

In what follows, Models 1 and 2 have been applied to as-built specimens only. On the 

contrary, Models 3 and 4 apply to both the as-built and the strengthened specimens. Model 

3 is applied only for not-previously IP damaged specimens. Additionally, note that, due to 

the differences in the OOP setup used in different campaigns, the models predictions have 

been “corrected” (when necessary) to take into account the adopted OOP loading shape, as 

suggested in Di Domenico et al. (2019). Lastly, nominal properties for the reinforcing 

mesh have been used in these predictions. 

The above described predicting models have been applied to the experimental tests 

analysed in this work, along with two further tests performed by the authors (R1-OOP and 

R2-OOP) on the same RC frame, infill typology and material properties, but where 

strengthening TRM used a fiber-reinforced (hereinafter, “ductile”) mortar (for details, see 

De Risi et al, 2020).  

The resulting predicted-to-experimental strength ratio is shown in Figure 7. First, it can be 

noted that the considered models significantly underestimate the OOP strength 

experimentally measured for the as-built specimens with and without IP damage (AB-OOP 

and AB-IPOOP). Then, regarding the strengthened specimens, it is worth mentioning that 

(in absence of the experimental tensile behaviour of the whole TRM system) the strength 

contribution due to the TRM could be divided in two contributions: (i) one due to the 

plaster - which can affect the actual strenght, above all in case of “ductile” (or fiber-

reinforced) mortars; (ii) the other one due to the embedded fiber mesh. Their maximum 

contribution to the OOP strength cannot be contemporary (as computed herein in cases 

“Mod 3-all” and “Mod 4-all” in Figure 7b) due to strain compatibility issues. Therefore, 

Model 3 and Model 4 have been also applied by considering the tensile contribution of the 

plaster only (“Mod 3-OP” and “Mod 4-OP”) and, on the other hand, the tensile 
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contribution of the fiber mesh only (“Mod 3-ON” and “Mod 4-ON”), as shown in Figure 

7b. Fmax,test is generally significantly overestimated for the strengthened specimens when 

both the plaster and the mesh contributions are contemporary considered, except in case of 

Model 4 applied to the R3-IPOOP test. However, it should be noted that the same model 

overestimated the maximum OOP load for the same test in absence of IP damage (R3-

OOP) by about 50%. Additionally, based on tests reported herein, if the fiber mesh only is 

considered in the flexural additional term in Eq. (3), a quite conservative estimate of the 

maximum OOP load is always obtained. 
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Fig. 7 – Predicted-to-experimental strength ratio for tests performed by the authors according to different strength 

models. 

5. Conclusions 

This study aimed at enriching the currently available experimental data with the analyses 

of four experimental tests on masonry panels under out-of-plane (OOP) actions, which 

suffer or not a previous in-plane (IP) damage, with and without the use of a TRM-based 

strengthening solution. Two tests (AB-OOP and AB-IPOOP) were representative of as-

built thin infills, made up of horizontally hollow clay bricks and common mortar for bed 

joints; the other two tests (R3-OOP and R3-IPOOP) represented the same infills mentioned 

before with a reinforcing plater made up of common mortar and an embedded glassfiber 

bidirectional mesh fixed with L-shape glass-fibre connectors to the RC frame surrounding 

structure. The OOP tests revealed that the TRM increases the initial stiffness up to 5.33 

times. The first crack is observed for lower OOP drift demands for panels strengthened 

with TRM. The maximum OOP strength increased 78% and 44% in without previous 

damage and with previous damage, respectively, by using TRM. It was observed that the 

TRM strengthening allowed the wall to reach high OOP drift levels in the case of the 

strengthened wall R3-OOP (i.e. without previous damage), but the same was not observed 

for R3-IPOOP, in which the wall reached a maximum drift of 4.06% (about 3% lower than 

the than corresponding as-built panel, AB-IPOOP). The use of L-shape GFRP connectors 

revealed to be a fragile solution in the case of an IP-OOP loading.  

Lastly, the very few predictive proposals for OOP strength of TRM-strengthened infilled 

frames have been analysed. They were applied to the experimental tests analysed in this 

work, along with two further tests performed by the authors (R1-OOP and R2-OOP) on the 

same RC frame, infill typology and material properties, but where strengthening TRM used 

a fiber-reinforced (hereinafter, “ductile”) mortar. About strengthened specimens, Morandi 

et al. (2013)’s proposal, the only simple formulation currently available specifically for 

strengthened infill panels, in absence of previous IP damage, generally overestimates the 

OOP strength, if mortar and mesh contributions are contemporary considered, due to the 
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violation of compatibility issues. This is especially true when only specimens retrofitted 

with fiber-reinforced mortars are considered (R2-OOP, R3-OOP). On the contrary, a 

conservative prediction by Morandi et al. (2013)’s proposal is obtained when it is applied  

considering only the strength contribution of the reinforcing mesh.  

Additional effort is strongly required to estimate the OOP strength of masonry infills 

strengthened by TRM, to provide reliable practice-oriented design tools for the use of the 

TRM strengthening technique for infills. Similarly, predictive tools are also needed for the 

whole OOP response of TRM-strengthened infills, to quantify numerically the beneficial 

effect of the TRM technique in terms of displacement capacity. 
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Abstract: Extensive damage to school buildings was observed in Italy during past seismic 

events, demonstrating the need for seismic risk assessment and reduction strategies for critical 

facilities. To do so, expected Annual Losses (EAL) are evermore considered as one of the 

main seismic risk metrics, which can however be largely affected by the epistemic uncertainty 

that typically characterise the material and geometrical properties of existing buildings, 

particularly masonry-infilled reinforced concrete ones. In this paper, the seismic risk 

assessment of a case-study school building, part of the Italian masonry-infilled RC school 

building stock, is performed, accounting for a proper identification of sources and 

characterisation of uncertainty in the collapse and loss assessment. The effects of modelling 

uncertainty on the total loss ratio are quantified, in terms of both structural and non-structural 

components, depending on the engineering demand parameter (EDP) to which there are sensitive. 

Keywords: masonry infill variability; modelling uncertainty; collapse fragility curve; 

expected annual losses; seismic risk assessment. 

1. Introduction  

A proper identification and propagation of uncertainty in the collapse assessment of existing 

structures is of paramount importance when detailed nonlinear structural analysis 

methodologies are adopted. In this sense, generally, both aleatory and epistemic uncertainty 

should be accounted for to more rigorously assess collapse safety. To account for these 

uncertainties, different methodologies were developed in the past, essentially based on the 

selection of a ground motion set for the aleatory component and random variables for the 

epistemic counterpart, then propagating the modelling uncertainty through the analysis, by 

means of a set of model realisations. Amongst others, Haselton et al. (2008) used the first-

order second-moment (FOSM) reliability method to estimate the effect of the modelling 

uncertainties on the collapse capacity of seismically-designed reinforced concrete (RC) 

frames. In the work by Baker and Cornell (2008), the FOSM method, in combination with 

numerical integration, was also used to demonstrate the impact of modelling uncertainties in 

probabilistic seismic loss estimation. An alternative to the FOSM method could be Monte 

Carlo simulation, which allows the direct incorporation of modelling uncertainty, albeit it is 

extremely computationally demanding. In fact, a combination of the FOSM method and 

Monte Carlo simulation was used by Lee and Mosalam (2005) in the estimation of seismic 

demand sensitivity of RC shear-wall buildings. Another example is how the modelling 

uncertainty was assessed through a response surface in the work of Liel et al. (2009), in 

which the response surface describes the median collapse capacity as a function of the model 

random variables; then, combining the response surface with Monte Carlo methods, the 

effect of the modelling uncertainties on the collapse fragility curve was quantified.  
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Although these studies, and several others, investigated the impact of different sources of 

epistemic uncertainty in the seismic response of existing RC buildings, little attention was 

paid to the impact of the uncertainty related to the variability of masonry infill properties, in 

a thorough manner. O’Reilly and Sullivan (2018), using the Correlated Latin Hypercube 

Sampling method, proposed by Olsson et al. (2003), have investigated and quantified the 

uncertainty associated with different modelling parameters for existing RC frames in Italy, 

with and without masonry infills. Their study demonstrated that the dispersion of Peak 

Storey Drifts (PSD) and Peak Floor Accelerations (PFA) increased significantly when 

introducing modelling uncertainties, and confirmed that, due to the effects of modelling 

uncertainty, the median collapse intensity tends to reduce while the corresponding dispersion 

tends to increase.  

More recently, Mucedero et al. (2022) further integrated the estimation of modelling 

uncertainty in existing buildings, using a case-study masonry-infilled RC frame from an 

extensive building stock, recently developed by Mucedero et al. (2021), representative of 

existing RC frames built in Italy between 1970 and 1980, when most of the buildings were 

gravity load designed (GLD) only. Such a study (Mucedero et al., 2022) covers some 

important aspects that were unaddressed by previous research studies in this topic, namely:  

(i) the variability around the mechanical properties of masonry infills was 

considered. Five masonry infill typologies, from weak to strong, classified 

according to their shear strength, were selected as representative of the masonry 

infill typologies used in RC residential buildings in Italy (Mucedero et al. 2020);  

(ii) the single strut macro-modelling technique generally implemented in previous 

studies was replaced by the three-strut modelling approach proposed by 

Chrysostomou et al. 2002; this modelling approach enabled a better estimation 

of the local interaction between frame and infills and, consequently, a more 

trustworthy estimation of the shear and moment distribution in the surrounding 

RC frame; 

(iii) adoption of a numerical model for RC members able to account for material and 

geometrical nonlinearity, flexible joints with likely shear failure, behaviour of 

poorly detailed and non-ductile RC frame members, premature shear failure, 

deficiencies in concrete core confinement due to stirrups spacing, and inelasticity 

concentrated in the structural element ends; 

(iv) the shear response parameters of RC members, such as beams and columns, were 

treated as a source of uncertainty, highlighting the relevant impact of the shear 

failure of poorly detailed RC members in the seismic performance assessment of 

GLD buildings. 

With the above in mind, this study makes use of the improved epistemic uncertainty 

estimates provided by Mucedero et al. (2022) to quantity the impact of modelling uncertainty 

on the loss assessment of an existing masonry-infilled RC school building in Italy.  

2. Uncertainty characterization and loss estimation methodology 

To address the aforementioned gaps and ensure a more robust characterisation and propagation 

of uncertainty, the methodology defined by Mucedero et al. (2022), and discussed earlier, 

was adopted in this study. Firstly, the main parameters selected as random variables for the 

quantification of modelling uncertainty were established. Specifically, in addition to the 

parameters generally adopted in previous studies (Haselton and Deierlein 2008; O’Reilly 

and Sullivan, 2018), the following parameters were also included: (i) a uniform distribution 
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of five masonry infill typologies according to the classification proposed by Mucedero et al. 

(2020); and (ii) the parameters characterizing the shear response of RC beams and columns. 

Both random variables have not been considered as such so far. Then, the Correlation-

Reduced Latin Hypercube Sampling methodology (Olsson et al. 2003) was used to generate 

the model realisations and estimate the total dispersion, associated with modelling 

uncertainties, of the collapse fragility and of different engineering demand parameters 

(EDPs). The seismic loss estimates were then obtained according to the FEMA P-58-2 

(2012) methodology, considering two sets of dispersion values: the first set includes the 

values proposed by O’Reilly and Sullivan (2018), whereas the second one accounts for the 

values proposed by Mucedero et al. (2022). The PACT tool was used to perform the loss 

calculations and to investigate the repair cost of the component groups, based on the EDP to 

which their damage is more sensitive. Both aleatory and epistemic uncertainties were 

considered in the evaluation of collapse fragility. Peak Storey Drifts (PSD) and Peak Floor 

Accelerations (PFA) were considered as engineering demand parameters (EDPs), defining 

again the corresponding modelling dispersion for each scenario/intensity according to the 

values proposed by both approaches. The two sets of results were then compared to 

understand the overall impact of epistemic uncertainty, including a wider variability on the 

infill properties and collapse modes, on loss estimates in existing buildings.  

3. Case-study school building  

An Italian school building was selected as case-study from the “Progetto Scuole,” a research 

project conducted by the Eucentre Foundation to investigate the seismic vulnerability of 

Italian school buildings. From a comprehensive database, developed for approximately 

49,000 school buildings in Italy by Borzi et al. (2011), it was observed that approximately 

80% of the school buildings in Italy are made of unreinforced masonry and reinforced 

concrete (RC) frames with masonry infill, whereas the remaining 20% are characterized by 

other typologies, such as precast structures, steel constructions or mixed assemblies (Perrone 

et al. 2019). The building is a primary school located in Ancona (Italy), it was built in central 

Italy around the 1960s and is composed of three storeys including an underground level. The 

floor area is about 690m2, and the inter-storey height is 3.83m for the underground level and first 

storey, and 3.77m for the second storey. The longest side of the building is 57m long and the 

shortest 15m. The plan and satellite view of the school building are provided in Fig.  1. In-situ 

test reports made available during the survey of the building indicated a mean compressive 

strength of the concrete of 14.4, 10.8, and 8.7MPa at the first (ground), second, and third storeys, 

respectively. Furthermore, the yield strength of the reinforcement bars was reported to be 

381MPa. Interested readers are referred to Perrone et al. (2019) for more details on the school 

building.  

  

(a) (b) 

Fig.  1 - Case-study school building: (a) plan view and (c) satellite view (Google Earth). 

Seismic joint 
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3.1. Numerical modelling, seismic hazard and record selection 

An advanced nonlinear numerical model was developed to assess the seismic response of the 

case study school building. The building was GLD, this might indicate relevant structural 

vulnerability due to the lack of seismic provisions. To account for any potential structural 

deficiencies, generally found in similar RC buildings in Italy, the modelling approaches 

proposed by O’Reilly et al. (2018) and Perrone et al. (2019) for old RC frames were followed. 

The numerical model was developed in OpenSees (2010), which integrates the structural 

behaviour of flexural elements and joints. The flexural elements (i.e. beams and columns) were 

modelled through force-based beam-column elements with a modified Radau plastic hinge 

integration scheme, as suggested by Scott & Fenves (2006). Likewise, to capture the nonlinear 

behaviour of joints, a zero-length spring coupled with a rotational hinge was adopted. A post-

processing analysis was carried out to determine any possible shear failure, in line with the 

approach adopted in Mucedero et al. (2022). Masonry infills were modelled using a single-

equivalent-strut model, which consists of modelling the panel through one diagonal, 

compression-only nonlinear truss element, for each direction. Moreover, the school building 

model foresaw a rigid floor slab and second-order geometry effects (P-Δ) were taken into 

account. Regarding damping, 5% tangent stiffness proportional Rayleigh damping at the 

fundamental periods was adopted. 

The OpenQuake (2012) software was used to perform the seismic hazard computations. The 

analysis is based on the SHARE Project (2013) source model and on the GMPE proposed by 

Boore & Atkinson (2008). The hazard curve was defined in terms of the intensity measure (IM) 

average spectral acceleration (AvgSa) for the period range (0.1:0.1:2.0s) for the city of Ancona 

(Italy). Twenty-five pairs of ground motion records in two horizontal components were then 

selected, for each IM level, from the PEER NGA-West database (2013). More details on the 

record selection procedure are provided in (Kohrangi et al. 2015). 

3.2. Masonry infill properties variability 

To characterise the variability related to the possible masonry infill properties that can be found 

in existing buildings, the macro-level distinction of the infills in terms of shear strength, proposed 

by Mucedero et al. (2020), was adopted. According to the results available in the literature (Blasi 

et al. 2018), this parameter is one of the most important affecting the lateral capacity of RC 

frames and could also lead to local shear failure (e.g., shear failure of columns that were built 

without particular construction details). Accordingly, five masonry infill typologies, from weak 

to strong, classified according to their shear capacity, were thus selected as representative of the 

existing masonry infill typologies used in RC residential buildings in Italy. The uniaxial 

nonlinear Pinching4 Material model was employed to simulate the hysteretic behaviour of the 

masonry infills; all the parameters defining the equivalent strut’s hysteretic behaviour were not 

selected a priori but rather calibrated considering the specific features of each masonry infill 

typology, defined according to the numerical modelling validation recently carried out by 

Mucedero et al. (2020). 

4. Seismic loss estimation results 

The building was analysed considering two different structural configurations: 1) completely 

infilled, neglecting the presence of openings in the masonry panels; 2) partially infilled, 

considering a reduction coefficient (rp) that accounts for the presence of openings in the masonry 

panels, using the relationship proposed by Decanini et al. (2014), which provided the best 
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numerical fitting, for the selected masonry infill types, to experimental test results (Mucedero et 

al. 2020). The openings were defined according to the real dimensions of the school building.  

For each different structural configuration, the dispersion of the median collapse intensity due to 

the modelling uncertainty βMDL, as well as the dispersions βϑ,MDL and βA,MDL of, respectively, the 

engineering demand parameters (EDP) Interstorey Drift Ratio (IDR) and Peak Floor 

Acceleration (PFA), were defined firstly using the suggestions of O’Reilly and Sullivan (2018), 

representing the currently available approach, named herein as MDL-1, and then modified 

according to those of Mucedero et al. (2022), named herein as MDL-2. In particular, for a three-

storey building, such as the case-study one, O’Reilly and Sullivan (2018) suggested a value of 

0.99 and 0.15, respectively, for the modelling-uncertainty reduction coefficient of the median 

intensity, Rf, and dispersion of βMDL; while the dispersions of the EDPs were in the range of 

[0.15-0.4] and [0.15-0.9] for βϑ,MDL and βA,MDL , respectively, as a function of the considered limit 

state. On the other hand, based on the results obtained by Mucedero et al. (2022), the proposed 

Rf of the median intensity and βMDL are 0.55 and 0.70 respectively, while the median βϑ,MDL and 

βA,MDL  are 0.47 and 0.49, respectively. 

4.1. Fragility curves 

The collapse fragility function for each structural configuration, illustrated in Fig. 2, 

considering the aleatory uncertainty were obtained adopting a lognormal distribution, 

defined by a median collapse intensity, θ, and a logarithmic standard deviation, βR, through 

the maximum likelihood method outlined by Baker (2015). The fragility curves demonstrate 

the significant differences surrounding the median collapse intensity when the variability related 

to the properties of infills is accounted for. Consequently, the dispersion due to the record-to-

record variability (βR) is in the range of 0.16-0.22, whereas the median collapse intensity (θ) is 

in the range 0.41-0.85g. 

  

(a) (b) 

Fig. 2 – Collapse fragility curves: infilled frames (a) without and (b) with openings. 

 

Furthermore, the analyst’s choice to account or not for the presence of openings also has a 

relevant impact on the fragility curves. On a specific note, it is worth mentioning that the trends 

denoted by the fragility curves, i.e. reduction of the probability of collapse with the increase of 

the masonry infill strength, should not be generalized. The increase in the strength of the masonry 

infill might induce shear failure in the columns (especially in existing buildings with poorly 

detailed structural components) with a consequently higher probability of collapse for the same 

IM level. 
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4.2. Loss assessment  

The total expected losses at different intensity levels E[LT|IM] were determined, introducing 

both the aleatory uncertainty, βR, through the presented fragility models, and the epistemic 

uncertainty, βMDL, defined previously to consider the modelling uncertainties. The total 

dispersion βT was obtained as in Equation 1:  

 𝛽𝑇 = √𝛽𝑅𝑇𝑅 + 𝛽𝑀𝐷𝐿 (1) 

The loss calculations were performed using the software PACT (2012) for 10 return periods 

resulting in 200 realizations. Fig. 3 depicts the vulnerability curves, namely the expected 

total losses normalized with respect to the total replacement cost (3 929 937.00 €) for the 

completely infilled (Fig. 3a) and partially infilled (Fig. 3b) structural configurations. 

Moreover, the mean (η) and the dispersion (±σ) of the vulnerability curves, obtained when 

considering the five masonry infill types, are presented for both sets of dispersion values 

(MDL-1 and MDL-2).  

As expected, the more recent dispersion values employed in this study, as per Mucedero et 

al. (2022), led to higher loss ratios with respect to those taken from previous studies (O’Reilly 

and Sullivan, 2018), regardless of the presence or not of the openings; however, the difference 

in terms of loss ratio is higher in case of infilled frames with openings. Furthermore, the standard 

deviation of the loss ratio is in the range of [0.004-0.2] and [0.02-0.05] for the infilled frames 

with the MDL-1 and MDL-2 dispersion values, respectively. In case of infilled frames with 

openings, the standard deviation of the loss ratio, respectively for MDL-1 and MDL-2, is in the 

range of [0.01-0.18] and [0.01-0.09]. 

The resulting expected annual losses (EAL) are presented in Fig. 4, as a function of the masonry 

infill typology and modelling approach (with or without openings). Since the presence of the 

masonry infills has proven to increase the PFA and to reduce the IDR, as discussed in Di 

Domenico et al. (2021) and Mucedero et al (2021), an additional distinction was done, in terms 

of component groups: 1) both drift- and acceleration-sensitive components were considered in 

the non-structural components inventory; 2) only drift-sensitive components were considered in 

the non-structural components inventory. This catered for a better understanding of the effects 

of masonry infill properties on the loss estimation, as well as how much the different dispersion 

components (βMDL, βϑ,MDL and βA,MDL) affect the estimation of EALs. 

 

  

                     η                    ±𝜎  

(a) (b) 

Fig. 3 Vulnerability curves: infilled frames (a) without and (b) with openings. 
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(a) (b) 

Fig. 4 Expected annual loss (EAL) ratios considering the two sets of dispersion values, for both drift- and 

acceleration-sensitive non-structural components or only drift-sensitive non-structural components: (a) 

without and (b) with openings.  

 

For what concerns the infilled frames (Fig. 4a), the EAL, when both drift and acceleration 

sensitive components are considered, using the MDL-2 dispersion (Mucedero et al., 2022), are 

1.3 to 1.6 times higher than those obtained with the MDL-1 dispersion (O’Reilly and Sullivan, 

2018), with the lowest difference occurring for strong masonry infills (type-5). The EAL 

increases always, when going from weak to strong masonry infills. When the presence of 

openings is accounted for (Fig. 4b), the same MDL-2/MDL-1 EAL ratio increases, to the range 

of [1.3-1.8]; contrarily to the case without openings, no particular trend for the total EAL, as a 

function of the macro-classification of the infills, is observed. This could be due to the reduction 

of stiffness and strength, which is used to account for the presence of the openings, leading to a 

different structural response of the building, when compared to the uniformly infilled typology.  

If only drift-sensitive non-structural components are considered, for both structural 

configurations and dispersion values proposed, the EAL reduces substantially with the increase 

in strength of strong masonry infills. This result denotes that, although increasing the stiffness, 

or strength, of the masonry panel leads to a reduction of damage/collapse of non-structural drift-

sensitive components, the EAL related to acceleration-sensitive components increases much 

more (especially for very stiff masonry infills). Overall, considering the updated dispersion 

suggested in Mucedero et al. (2022), the mean increment of EAL, when both acceleration- and 

drift-sensitive components are considered, is 61% and 49% for the infilled frames w/o and with 

openings, respectively. The corresponding standard deviation is close to 20% for both structural 

configurations considered. To further gauge the effects of modelling uncertainty on the loss 

estimation, a disaggregation in terms of drift- and acceleration-sensitive components was 

considered and the results are provided in Fig.  5, in which the outcomes obtained using MDL-

1 and MDL-2 are compared, recalling that the epistemic uncertainty dispersion proposed by 

Mucedero et al. (2022) (MDL-2) is significantly higher than that obtained in O’Reilly and 

Sullivan (2018) (MDL-1).  

The disaggregated results show, firstly, that, for weak (type-1) and weak to medium (type-2) 

masonry infills, the major contribution to EAL is given by drift-sensitive components, and, as a 

consequence, MDL-2 for drift sensitive components is much higher than that of MDL-1. 

Secondly, increasing the stiffness of the masonry infills, the difference between MDL-1 and 

MDL-2 based EALs is much lower for drift-sensitive components. Conversely, the impact of 

the higher-dispersion MDL-2 is quite notable, especially for medium and strong masonry infills, 

on the losses related to acceleration-sensitive components, with respect to MDL-1. In turn, for 

acceleration-sensitive components and for weak (type-1) and weak-to-medium (type-2) masonry 

infills, the differences between MDL-1 and MDL-2 are negligible for both structural 

configurations. Finally, the impact of different dispersion values and reduction coefficient of the 
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median intensity is quantified in Fig.  5(c). The median increment of the EAL ratio, with respect 

to the MDL-1 values, is 28% and 33%, without and with openings, respectively. 

 

  

(a) (b) 

 

(c) 

Fig.  5 Disaggregation of the expected annual losses as a function of the non-structural components typology 

and the two set of dispersion values: (a) infilled frames without and (b) with openings. (c) Increment of the 

expected annual losses ratio of MDL-1 with respect to MDL-2. 

5. Conclusions  

This study dealt with the effects of epistemic uncertainty on loss assessment of masonry-

infilled existing RC buildings. To do that, a methodology to characterise the epistemic 

uncertainty considering: (i) a more refined modelling technique of the masonry infills; (ii) a 

wider spectrum of characteristics of the infill typologies that can be found in existing 

buildings; and (iii) the possible shear failure of RC members, was adopted. The dispersion 

values proposed by such updated approach were used to perform a detailed loss assessment of 

an Italian RC existing school building and compared with the loss values obtained with other 

epistemic uncertainty-based dispersion proposals available in the literature.  

The outcomes showed that a reliable identification and propagation of uncertainty in the collapse 

assessment of existing structures is of paramount importance, and consequently, the loss 

estimation is quite affected by the epistemic uncertainty. When the dispersion is quantified 

considering the uncertainty related to the variability in masonry infills and to the premature shear 

failure of column due to the interaction with the surrounding RC frames, a higher loss ratio with 

respect to the available literature approaches is obtained, regardless of the presence or not of the 

openings in the infill panels. Correspondingly, a median increment in the EAL ratio of about 

30% was observed.  

Furthermore, through loss disaggregation in terms of acceleration- and drift-sensitive 

components, the effects of modelling uncertainty were quantified for each masonry infill 

typology and for each typology of components in the inventory group. The impact of modelling 

uncertainty did depend on the typology of structural and non-structural components considered 
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in the inventory group, as a function of the masonry infill typology selected. It was also 

demonstrated how increasing the stiffness of the masonry panels leads to an increase in the losses 

related to acceleration-sensitive non-structural components, with respect to those of drift-

sensitive non-structural components, due to higher floor accelerations. Consequently, a 

reasonable EAL estimation should include the most accurate as possible level of knowledge 

regarding both the structural system and the masonry infill properties, which proved to largely 

increase the levels of epistemic uncertainty, when considering the variability of their mechanical 

properties and the consideration of possible shear failure. 
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Abstract: This paper presents a series of unidirectional pseudo-dynamic tests carried out on 
a full-scale reinforced concrete building with masonry infills. The test was part of a broader 
experimental study aimed at evaluating the seismic and energy performance of buildings 
and validating the effectiveness of novel integrated retrofit techniques. The prototype was a 
five-storey structure representing pre-1970 masonry-infilled reinforced concrete buildings in 
Southern Europe. It was subjected to a sequence of hybrid earthquake simulations of 
increasing intensity up to conditions of significant damage to the masonry infills, using a 
real earthquake accelerogram, slightly modified to match the elastic design code spectrum. 
The physical component of the hybrid model consisted of the first storey of a two-storey 
mock-up structure built in the European Laboratory for Structural Assessment (ELSA), 
while a numerical finite element model simulated the responses of storeys two to five. The 
paper summarises the key characteristics of the specimen and the major observations from 
the hybrid tests, illustrating the structural damage to the infills and the surrounding frame 
and the cyclic hysteretic response of the building.  

Keywords: Pseudo-dynamic tests, hybrid earthquake simulation, RC building, masonry 
infills, structural damage assessment  

1. Introduction  

The effect of masonry infills on the seismic resistance of reinforced concrete (RC) 
structures is significant, both before and after separating the infill from the surrounding 
frame. As reported in the literature, infills can increase the global lateral stiffness, shear 
resistance, and energy dissipation capacity of RC-framed buildings (e.g., Mehrabi et al. 
1996; Fardis and Panagiotakos 1997). Nevertheless, their presence might have adverse 
effects (Morfidis and Kostinakis, 2017), like the potential brittle shear failure of columns 
due to additional shear demands at the column ends where the so-called diagonal strut of 
the infill is in contact with the frame members (Fikri et al. 2019; Ricci et al. 2011). In 
addition, multistorey infilled RC buildings tend to concentrate deformations and damage 
within the first storey, ultimately leading to the development of a soft-storey mechanism 
(Dolsek and Fajfar, 2001).  

In the present study, a series of full-scale hybrid earthquake tests were carried out on a 
generic five-story masonry-infilled RC building to investigate the influence of clay-brick 
masonry infills on the seismic behaviour of RC frames and provide an experimental 
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reference for numerical modelling. The physical part of the hybrid model consisted of the 
first storey of a two-storey mock-up structure built in the European Laboratory for 
Structural Assessment (ELSA), while a numerical finite element model simulated the 
responses of storeys two to five. At the longitudinal building façades, the infills included 
standard openings, which appear to be more sensitive to in-plane lateral loads due to low 
lateral stiffness and resistance. Unidirectional loading of increasing amplitude was applied 
to the longitudinal building direction up to conditions of significant damage to the masonry 
infills, using a real earthquake accelerogram, slightly modified in amplitude and frequency 
content to match the EC8 Type 1 spectrum for soil type B.  

These experiments were the reference tests (i.e., on the 'control' specimen) carried out in 
the context of the JRC project iRESIST+ 'Innovative seismic & energy retrofitting of the 
existing building stock' aimed at integrating energy-upgrade interventions with new and 
established seismic retrofit solutions (Pohoryles et al. 2020; Pohoryles and Bournas 2020a-
c; 2021). For example, Bournas (2018) proposed the combined use of textile-reinforced 
mortar (TRM) jackets with conventional or advanced thermal insulation materials (e.g., 
polyurethane, extruded polystyrene, aerogels, etc), or capillary tube heating systems for 
RC, steel-framed, and unreinforced masonry (URM) buildings. Seismic tests have already 
been carried out to explore the applicability of such systems to small or medium-scale RC 
(Baek et al. 2022) and URM building envelopes (Triantafillou et al. 2018; Giaretton et al. 
2018; Gkournelos et al. 2020; Facconi et al. 2021), exhibiting satisfying thermal 
performance under in-plane and out-of-plane seismic loading.  

This short paper begins with a brief overview of the geometric characteristics of the test 
building. Next, it presents the selected input ground motion, the instrumentation plan, and 
the adopted pseudo-dynamic test procedure. Subsequent sections discuss the major 
observations from the tests, including the developed damage mechanisms and hysteretic 
force-displacement responses of the physical component of the building. A comprehensive 
analysis of the test results is presented in Kallioras et al. (2022).  

2. Hybrid Earthquake Simulations  

2.1. Prototype Building  

The building prototype was a generic five-storey RC structure with masonry infills, 
characterized by a 3.0-m inter-storey height (measured to the top of the floor slabs). It 
represented a typical European pre-1970s residential building without specific seismic 
detailing (Figure 1).  
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Fig. 1 - Full-scale prototype building at ELSA, Joint Research Centre (JRC), European Commission: (a) five-
storey hybrid model; (b) South-East view of physical sub-structure. 

2.1.1. Hybrid model  

A series of hybrid earthquake simulations were performed combining restoring forces 
measured on a physical sub-structure with restoring forces coming from a numerical sub-
structure of the five-storey hybrid building model. The physical sub-structure consisted of 
the first storey of a two-storey mock-up building constructed in the laboratory. In contrast, 
a numerical model simulated the responses of storeys two to five.  

Initially, the physical sub-structure consisted of both storeys of the mock-up building, 
while the numerical model simulated the responses of storeys three to five. During the first 
few pseudo-dynamic tests (i.e., tests at peak ground accelerations of 0.10 and 0.15 g), some 
disadvantages of the initial hybrid model were evident and demanded the following 
adjustment: the new physical sub-structure consisted of the first storey of the physical 
model only; the second storey ensured realistic boundary conditions at the top of the first 
storey. The fundamental vibration period of the undamaged five-storey prototype building 
was 0.30 s.  

2.1.2. Physical sub-structure: geometry and construction details  

The physical sub-structure consisted of the bottom two storeys of the prototype building 
(Figure 1). The frames were built in a rectangular layout: the overall footprint dimensions 
were 8.3 m in the longitudinal direction (i.e., East-West) and 4.3 m in the transverse one 
(i.e., South-North). The specimen featured two 4.0 m wide bays in the longitudinal 
direction and a single 4.0 m wide bay in the transverse one (Figure 2).  

  

Fig. 2 - Geometry of the bare RC frame and the masonry infill walls: (a) foundation plan view; (b) elevation 
view of the longitudinal building direction. Units in mm. 
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The infill walls were constructed employing hollow 301×139×60 mm3 and 303×137×75 
mm3 clay bricks and 5 mm thick, fully mortared head- and bed-joints made of hydraulic 
cement mortar. Three out of the four perimeter walls, i.e., the South, East, and West walls, 
consisted of a single 80 mm wide leaf built with the standard stretcher bond. The North 
frame was infilled with two 60 mm thick walls, including a 130 mm wide gap in-between, 
to simulate typical perimeter walls. This resulted in varying infill wall areas in the 
longitudinal direction. The intention was to investigate the effect of different wall 
thicknesses on the type and extent of damage to the masonry infill walls. Standard 
symmetric openings were present at the two longitudinal façades: the first storey included 
a 0.90 m wide, 1.80 m high door, while the second storey included a 0.90 m wide, 1.20 m 
high window. Lintels were placed above all openings: they were 110 mm deep reinforced 
mortar beams, extending into the masonry 100 mm on each side of the openings for 
support.  

The floors consisted of 150 mm thick RC slabs, providing rigid diaphragm action. The 
columns had cross-section dimensions of 250×350 mm2 and the beams were 250×500 
mm2. All RC frame members were over-reinforced to secure that damage to the masonry 
infills would occur before damage to the frame. This also allowed future testing of the 
effectiveness of various retrofit interventions at full scale using the same structure 
(Pohoryles and Bournas, 2020c). More details on the geometry and construction details can 
be found in Kallioras et al. 2022.  

2.2. Seismic Input  

A ground motion recording from the earthquake sequence of 2016 in Central Italy was 
adopted as the seismic input motion for the earthquake simulations. Specifically, the 
accelerogram was recorded near the causative fault of the October 30 event with a 
magnitude MW 5.9 nearby Norcia (i.e., E-W component of the motion registered at the 
station of Castelluccio di Norcia). The motion was slightly modified in amplitude and 
frequency content to match the EC8 Type 1 spectrum for soil type B. Figure 3 shows the 
acceleration time-series of the selected accelerogram as recorded at the site and after 
modification using the software SeismoMatch (SeismoSoft, 2021). In the plot, the 
amplitude is normalized with the peak ground acceleration (PGA). The PGA of the original 
signal was 0.42 g, while that of the modified one was 0.33 g.  

 

Fig. 3 - Selected seismic input motion: normalized acceleration time-series of the original and modified 
ground motion.  

The seismic input signal was scaled in amplitude progressively to achieve the desired 
seismic intensities up to severe damage conditions of the building specimen. The nominal 
test protocol consisted of five main earthquake simulations at PGAs of 0.10, 0.15, 0.20, 
0.25, and 0.30 g. Tests at a PGA of 0.10 and 0.15 g were performed using a two-storey 
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sub-structure; instead, the tests at PGAs of 0.20, 0.25, and 0.30 g were performed using a 
single-storey substructure as explained in the previous section.  

3. Test Results  

3.1. Observed Damage  

Under the earthquake simulations at a PGA of 0.15 g, the structure suffered only slight to 
moderate damage, manifested through cracks along the infill-frame interfaces and hairline 
diagonal tensile cracks on the masonry infills of a width less than 2 mm. No evidence of 
bed- and head-joint sliding or crushing of the units was observed. Overall, the structure 
suffered only slight damage and was deemed fully operational. The extent of damage to the 
infill walls of the first storey did not evolve significantly during tests at PGA = 0.20 g. Due 
to the out-of-plane response of the transverse façades, new cracks were also formed at the 
infill-frame interfaces of both East and West masonry walls.  

The first storey developed its full lateral load resistance during testing under the 
earthquake with a PGA of 0.25 g. This was reflected in the progressive corner crushing 
failure of the infill panels due to high compressive stresses. In addition, significant 
diagonal cracks of width greater than 2 mm were formed and propagated through both 
mortar joints and masonry blocks.  

Testing at a PGA of 0.30 g caused wide diagonal cracks (larger than 4 mm) due to shear 
sliding along the joints, as well as crushing and spalling of masonry units at the corners of 
the infills in the first storey (Figure 4). At that point, the damage to the masonry infills was 
complete and practically non-repairable. On the other hand, hairline flexural cracks were 
observed on the RC columns and column-beam joints; nevertheless, the experiment was 
stopped to prevent damage to the RC frame.  

    

Fig. 4 - Observed damage to the first-storey masonry infills and RC frame elements after the earthquake 
simulation at a PGA of 0.30 g: (a) North-West view of physical sub-structure; (b) South-West view of 

physical sub-structure.  
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3.1. Hysteretic Response  

Figure 5 shows the hysteretic responses of the first storey in terms of storey-shear forces 
versus inter-storey drift ratio, Vb,1 - θ1. Eastward displacements and, consequently, drift 
ratios are positive. The drift ratio was defined as the average displacement measured at the 
first-floor level to the storey height. Figure 5 also illustrates the backbone curve of the first 
storey, consisting of the peak responses recorded in the incremental earthquake tests. In 
particular, the curve is constructed by the points of maximum forces attained at every test 
(empty dots), and the point of peak drift-ratio demand under the earthquake with an 
intensity of PGA = 0.30 g (solid dot), considering the response both in the positive and in 
the negative direction (towards East and West, respectively).  

The hybrid experiment solved the equation of motion for the longitudinal displacements of 
the floors, considering the restoring forces as the sum of forces by both frames and 
ensuring zero plan rotations. Despite the different masonry infill thicknesses at each frame, 
torsional deformation was prevented in the tests to exclude any effect from the transversal 
infills in the measured forces.  

Notable inelastic response of the first storey was observed during the test at PGA = 0.20 g 
when the peak θ1 reached 0.23%. In the following tests, nonlinearities became rapidly 
pronounced due to the enlargement of pre-existing cracks and the opening of new ones. 
During testing under the motion with a PGA of 0.25 g, the first storey developed its full 
lateral load resistance, which was about Vb,1 = 1100 kN at θ1 = 0.39%. Subsequently, 
during the strongest earthquake simulation at PGA = 0.30 g, the peak θ1 was 0.75%. The 
almost bilinear nonlinear behaviour exhibited by the first storey was indicative of the 
attainment of the maximum lateral load resistance of the infill walls and the flexure-
dominated response of the RC frame.  

 

Fig. 5 - Hysteretic response and backbone curve of the first storey of the building specimen.  

4. Conclusions  

This paper discussed an experimental study on the seismic behaviour of a full-scale RC 
building focusing on the cyclic response of masonry infills. The experiments comprised a 
series of cumulative incremental hybrid pseudo-dynamic tests on a five-storey prototype 
building up to conditions of severe structural damage to the infills of the physical sub-
structure.  

The masonry infills of the building specimen reached near-collapse conditions for testing 
under a ground motion with nominal PGA = 0.30 g. Wide diagonal cracks (larger than 4 
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mm) due to shear sliding along the head- and bed-joints, as well as crushing and spalling of 
masonry units, were observed. Also, the first-storey RC columns suffered some flexural 
damage at the top and bottom ends. The building could survive further testing at higher 
intensities; nevertheless, the experiment was stopped to prevent further damage to the RC 
frame. The tests demonstrated that masonry infills significantly increase the lateral 
stiffness and resistance of RC-framed structures; the test structure could retain just 64% of 
the peak base shear at a first inter-storey drift ratio of 0.75%.  

The experiment was part of a wider testing campaign investigating the effectiveness of 
various hybrid retrofit schemes in upgrading the seismic and energy performance of RC 
buildings with masonry infill walls. Data and observations from these experiments add 
substantially to our understanding of the effects of masonry infills on the cyclic response of 
RC structures and provide an experimental reference for numerical modelling.  
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Abstract: Life Cycle Thinking (LCT) is an approach aimed at minimizing environmental, 

economic, and social impacts along a product’s life cycle. When applied to the construction 

sector, such an approach allows the design of sustainable retrofit solutions, not just by 

reducing energy consumption, but also embodied carbon emissions and other impacts along 

the whole building life cycle. This would require a paradigm change in structural 

engineering, which should shift from the sole respect of sectorial codes to the adoption of a 

new holistic perspective of the building, evolving over time and addressing different 

disciplines. An enlarged vision of Life Cycle Structural Engineering (LCSE) is proposed in 

the present paper. An analysis of the current state of the art is made to define new 

performance objectives and new LCT principles for the design of sustainable seismic retrofit 

interventions. The efficiency of applying these principles from the early stages of the design 

is assessed with two practical examples. 

Keywords: Life Cycle Thinking (LCT), seismic retrofit, existing building stock, 

sustainability, circularity in construction sector, Life Cycle Structural Engineering (LCSE) 

1. Introduction 

The construction sector is one of the most impacting sectors, considering the impacts 

connected to both material production, processing, and transportation, and to building 

construction, operation and end of life. In addition, further impacts are also associated with 

possible seismic losses in case of earthquakes, due to the production of debris and to the 

activities connected to repair and reconstruction. 

The transition towards a more sustainable construction sector is listed among the priorities 

of the European Green Deal and of the UNEP, which envisioned a triple strategy including 

improving energy efficiency of buildings, decarbonizing power supply, and reducing 

embodied carbon in buildings. Although the first two strategies require great efforts from 

the energy industry and from the governments, the reduction of impacts along the building 

life cycle, also due to seismic hazard risk, represents a new challenge for structural 

engineering. Structural engineers are indeed responsible for design choices such as the 

selection of materials and technologies, the definition of design performance objectives in 

case of earthquakes, as well as of the design of construction details, which may completely 

change the impacts of a building along its whole life cycle and beyond. 

In order to effectively shift from the current situation to a sustainable construction industry, 

structural engineering should embrace a Life Cycle Thinking (LCT) approach, thus 

extending the meaning of Life Cycle Structural Engineering (LCSE), usually addressing 
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durability and maintenance issues, to include all the possible LCT-based principles which 

allow to minimize or avoid the impacts of buildings along their life cycle. 

In this paper, an overview of the possible LCT-based principles that may be included in 

LCSE is provided. The efficiency of addressing an LCT approach for the design of seismic 

retrofit interventions with respect to a traditional approach is shown with reference to a 

case study, where the impacts of LCT-based seismic retrofit solutions are compared to 

those of traditional solutions and to a demolition and reconstruction scenario. Finally, an 

example of holistic renovation project designed according to LCSE is described, 

emphasising the implemented LCT-based principles and construction details. 

2. Life Cycle Thinking (LCT) for a sustainable design of structural retrofit 

Life Cycle Thinking (LCT) is an approach aimed at “putting the relevant information into 

people’s hands […] so that they can make good decisions to protect the environment, 

improve the lives of the people who produce the goods, and safeguard the health of the 

people who use them” (UNEP/SETAC, 2012), and it should not be confused with Life 

Cycle tools, such as LCA and LCC, which are instead aimed at “measuring and monitoring 

impacts in each building life cycle stage, allowing the worst and the best performing 

solutions to be more easily identified” (UNEP/SETAC, 2012). In the LCT approach, a 

strategy and a set of principles are defined, which may be addressed ex-ante, at the 

beginning of the design process, to govern and inspire the design of sustainable 

interventions. On the other hand, LC tools are applied ex-post, at the end of the process, to 

calculate the impacts of the designed solutions and to rank them in terms of sustainability. 

No inputs are thus given in the conceptual design stage, and the ex-post comparative 

assessment may be also carried out considering a set of unsustainable retrofit solutions. 

When the LCT approach is applied to structural engineering (LCSE), additional Design 

Performance Objectives (DPO) should be considered from an early design stage to directly 

conceive and design sustainable retrofit techniques (Passoni et al., 2021). These additional 

design objectives are reported in Fig. 1.  

Design for 
barriers

Design for 
reparability

?

Design for durability 
and maintenance

Design for adaptability 
and flexibility

Design for deconstruction 
disassembly / recovery

LIFE 

CYCLE 

THINKINGDesign for material 
eco-efficiency

Design for recycle and 
reuse

DPO-1

€

Design for eco-efficiency 
and indoor quality

Design for easy 
assemblageDPO-2

DPO-3 DPO-4

DPO-5

DPO-6

DPO-9 DPO-7

DPO-8
 

Fig. 1 – LCT-based Design Performance Objectives (DPO) for the design of sustainable constructions. 

(Adapted from Marini et al. 2017) 

Many of these design objectives have been addressed singularly by previous research,  

tackling major issues such as the adoption of eco-efficient material (Hawkins et al., 2021), 

the design optimization (Cauteren et al., 2021), the circular economy in the construction 
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sector and design for adaptability (Dams et al. 2021) and for deconstruction/disassembly 

(Akinade et al., 2017), the reuse of structural elements (Nußholz et al., 2020; Xia et al., 

2020), the advantages and drawbacks of prefabrication (Tavares et al., 2021), etc. 

However, only few attempts have been made to collect and harmonize them for the 

definition of guidelines for the sustainable retrofit of structures (Bragança et al., 2011; 

Marini et al., 2017; Gervasio et al., 2018; Huang et al, 2020).  

In order to operationalize such performance design objectives, new LCT principles should 

be introduced. A description of these principles is provided in Table 1, where they are 

divided into principles at renovation strategy level, at material level, and at technique level. 

Table 1. Life Cycle Thinking Principles at material, technique, and strategy level for the sustainable design 

of seismic retrofit interventions, related to the new Design Performance Objectives (DPO) of Fig. 1 and to 

the building Life Cycle Stages that benefit from their adoption (as defined by EN 15978: Production: A1-A3; 

Construction: A4-5; Use: B1-B5; End of Life: C1-C4; Beyond End of Life: D)  

 LCT Principles 

Design Perform. 

Objectives 

(DPO)(Fig. 1) 

Life Cycle Stages  

(EN 15978) 

Renovation 

strategies 

Renovation vs demolition 2-4-5-6-7-8  (A4-5) + (B2-5) + (C1-4-D) 

Integrated retrofit 2-3-4  (A4-5) + (B3-6)  

Intervention from outside 1-9  (A1-3) + (A5) 

Incremental rehabilitation 5-6-9  (A5) + (B2-4) 

Materials 

Recycled/reused materials 1  (A1-3) 

Renewable biomaterials 1  (A1-3) 

Local materials 1  (A2) 

Non-toxic materials 5  (B1) 

Durable materials 5  (B2-5) 

Recyclable/reusable materials 8  (C4-D) 

Techniques 

Dry technique 4-5-6-7-8  (B2-5) + (C1-4-D) 

Prefabrication 2  (A5) 

Modularity/standardization 2-4-5-6-7-8  (A4-5) + (B2-5) + (C1-4-D) 

Material optimization 1-2-7  (A1-3) + (A5) + (C2-4) 

Minimize/lump damage 4-7-8  (B3-5) + (C1-4-D) 

 

Among these principles, one crucial choice is to adopt a renovation versus a demolition 

and reconstruction strategy. It is estimated that the existing building stock represents the 

85% of the stock by 2050 (BPIE, 2020). To reach decarbonization, sustainability and 

resilience of the construction industry and of the built environment, priority should be 

given to a deep and multidisciplinary/integrated renovation of the existing building stock, 

rather than to extensive demolition and reconstruction practices. As for the structural 

retrofit techniques, eco-efficient materials from local sellers should be adopted, and dry, 

prefabricated, modular techniques should be preferred as to reduce impacts during the 

whole building life cycle. These techniques may as well facilitate the construction, 

maintenance, repair, and deconstruction processes, entailing waste minimization and the 

increase of the recyclability/reusability rate of the elements at the end of life. With these 

techniques, the role of connections become critical, since connections allow for 

modularity, standardization, dry and easy disassemble for reuse and recycling. In addition, 

in case of earthquake, they may be designed to lump damage and be easily reparable, thus 

reducing impacts connected to repair actions. The role of foundations is also critical since 

additional seismic resisting elements usually require invasive foundation systems, often 

based on micropyles, which usually cannot be retrieved nor recycled at the end of life. 

In Table 1, Life Cycle Stages (as defined by EN 15978) that may benefit from the adoption 

of each LCT principle are indicated; however, it should be considered that the reduction of 

impacts in one stage may imply impact trade-offs in different stages. For example, the 
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adoption of prefabricated elements may reduce the impacts during construction operations, 

but the additional impacts generated during the production of the elements and their 

transport to the construction site may hinder the benefits of prefabrication (Tavares et al., 

2021, Huang et al, 2020). Some LCT principles are also in contrast with one another, for 

example, the design for seismic damage minimization may entail the adoption of more 

stringent design targets in terms of drift or resistance and may result in the design of more 

massive structural element sections, which would conflict with the principle of material 

(particularly of raw material) optimization. In general, it may be stated that the need to 

adopt a holistic vision towards the renovation process, considering the whole building life 

cycle, is crucial to obtain a truly sustainable construction industry. 

3. Application to case studies 

In this section, the LCT principles for the sustainable seismic retrofit of existing buildings are 

applied to two case studies. The aim of the first example is to show how the adoption of simple 

and qualitative principles since the early stage of the design may lead to retrofit solutions 

having less impact than traditional solutions. In the second example, an existing holistic retrofit 

system inspired by the LCT principles is presented. 

3.1. Traditional vs LCT-based retrofit solutions 

Four different solutions are here considered for the seismic retrofit of an existing RC 

building representative of the post-WWII building stock. All the solutions implement 

structural exoskeletons, i.e. conceived to be applied from the outside of the building in 

order to avoid inhabitants’ relocation, which is one of the major barriers to renovation 

(DPO-10, in Fig. 1). The exoskeletons are alternatively conceived with reference to two 

different structural systems: the wall-solutions consist in adding new lateral load resistant 

walls to the building façade; on the other hand, the shell-solutions entail the application of 

an additional engineered “skin” to the existing building, which enable triggering a box-

structural behaviour (Marini et al. 2017). Both the solutions often lay on new deep 

foundation systems; interestingly, the adoption of a shell system, allow reducing the shear 

flow and increasing the lever arm of the vertical reactions required to counteract the 

seismic bending actions,  requiring a reduced number of micropyles, and thus minimizing 

the impacts associated with the foundations. The 4 proposed exoskeletons differ also for 

the adopted materials: in Solution 1, CLT panels, i.e. a bio-based renewable material, was 

considered (DPO-1); in Solution 2-3, recycled steel elements were adopted (DPO-1); 

finally, in Solution 4, RC walls were considered. As for the techniques, Solutions 1-2-3 

were conceived to be dry, prefabricated, with standardized connections to allow 

reparability in the use stage and disassembly at the end of life (DPO-2-8); while Solution 4 

was conceived as a traditional cast-in-place technique. All the solutions were designed to 

be approximately iso-performance, i.e. to lead to quite similar seismic performances. 

Details about the seismic vulnerability assessment of the reference building, the conceptual 

design and the structural detailing of the retrofit solutions may be found in Labò et al. 

(2022). 

All the designed solutions were compared in terms of environmental impacts adopting a 

Life Cycle Assessment (LCA) procedure based on Environmental Product Declarations 

(EPD), as described in Labò et al. (2022). 5 different indicators are considered: Global 

warming potential (GWP) (kgCO2eq); Consumption of renewable (PERT) and non-

renewable (PENRT) primary energy resources (MJ); Use of fresh water (FW) (m3); Non-

hazardous waste disposal (NHSD) (kg). 

2822
3ECEES, September 2022, Bucharest, Romania



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.1 0.2

S
a

/g
 [

-]

Sd [m]

ADRS Spectrum - Dir. +Y -

30 years

50 years

475 years

2475 years

Solution 1

Solution 2

Solution 3

Solution 4

   

Fig. 2 – Proposed retrofit solutions and seismic response of retrofitted building (from Labò et al., 2022). 

In the study, the effects of different end-of-life scenarios were first considered. In Fig. 3, 

impacts considering different scenarios for the CLT panels of Solution 1 are shown. As 

expected, the higher the rate of landfilling, the higher are the total impacts, while the best 

scenario is associated with the highest rate of reuse of the panels (scenario 1) for GWP, 

NHWD, and PERT indicators, and the scenario with the highest rate of incineration 

(scenario 2) for the PENRT indicator. The rate of recycle and reuse of the panels may be 

increased by applying LCT principles such as those enforcing the use of dry and 

demountable solutions, lump of damage, and standardization of components. Therefore, 

when retrofit interventions are conceived according to those principles and design choices, 

a reduction of the impacts at the end of life of the building may be expected. 
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Fig. 3 – Impacts of CLT exoskeleton of Solution 1 considering different end of life scenarios: Scenario 1 - 

90% reuse, 10% incineration; Scenario 2 - 55% recycling, 44% incineration, 1% landfill; Scenario 3 - 53% 

reuse, 18% incineration, 30% landfill; Scenario 4 - 100% landfill. (Adapted from: Labò et al., 2022). 

Considering the first scenario of Fig. 3 for the end of life of the CLT panels (90% reuse, 

10% incineration), the impacts associated with the 4 proposed retrofit solutions are then 

evaluated and compared to those associated with a new RC construction having the same 
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geometry of the existing building and designed according to Eurocodes (Fig. 4). For steel 

elements, an end-of-life scenario of 11% reuse, 88% recycling, 1% landfill is considered; 

for RC elements, a rate of 75% and 95% recycling is considered for concrete and steel 

rebars, respectively. In all cases, impacts connected to the demolition of the existing 

building are also computed. Impacts are calculated in terms of GWP, PENRT, FW and 

NHWD (more about these LCA analyses may be found in Labò et al., 2022).  

For all the considered indicators, the foundation system (foundation beams and 

micropyles) substantially affect the total impacts. Shell solutions, implementing a reduced 

number of micropiles, are thus more sustainable than wall solutions. Considering the 

materials, the wooden shell produces less equivalent carbon emissions than steel diagrids, 

even considering a high rate of reuse/recycle of the steel (11% reuse, 88% recycling, 1% 

landfill), since bio-based renewable materials present an initial negative equivalent carbon 

footprint. As for the wall-solutions, steel walls impact less than traditional RC walls; 

however, such benefit is hidden by the great contribution of the foundation system. Finally, 

all proposed retrofit solutions impact less than the demolition and reconstruction scenario.  
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Fig. 4 - Impacts of alternative exoskeleton retrofit solutions compared to a demolition and reconstruction 

scenario, considering a new RC building. In the calculation of NHWD indicator, the micropyles are 

considered as waste since they cannot be recovered. (Adapted from: Labò et al., 2022). 

Even if the results have been here just briefly introduced and commented and are referred 

to a single case study, they clearly show how adopting LCT principles from the beginning 

of the design phase may allow designers to define more sustainable interventions, with 

reduced the global impacts.  

3.2. Example of LCT-based solutions 

An example of holistic retrofit solution conceived in accordance with LCT principles was 

proposed by Zanni et al. (2021) and applied to an existing gym hall. The solution (called 

AdESA system in the following) implements a timber shell exoskeleton (such as Solution 1 in 
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Fig. 2), completely assembled outside the building, is conceived for the seismic, energy, and 

architectural retrofit of the existing building (Fig. 5). 

As for the LCT principles, AdESA is a prefabricated shell-solution, whose components are 

produced off-site, to reduce the impacts in the construction phase. The structural layer is 

composed of CLT panels, thus exploiting a bio-based renewable material, having negative 

impacts at the production stage (Fig. 3). The shell-system is conceived to trigger a box 

structural behavior. It requires a reduced number of micropyles, in the case study only 4 

micropyles were adopted at the building corners. This strongly reduce the global impacts 

of the solution, as shown from the example of Section 3.1. The CLT panels are connected 

to the building with a dry connection system, which allows easy and selective dismantling 

of the panels at the building end of life. In order to reduce impacts at the operational stage, 

the system is designed to be elastic for low intensity earthquakes and to dissipate energy 

and lump the possible damage in the connections in the case of strong earthquakes (Fig. 5). 

Connections are also conceived to be easily replaceable in case of damage, thus reducing 

impacts due to repair actions. Operational impacts under an energy point of view are 

reduced by applying an additional thermal layer above the structural layer. An architectural 

layer may finally be applied on the outside to also improve the aesthetic of the building. 

       

Fig. 5 – LCT-based wooden shell for the renovation of existing buildings (AdESA system): concept (left), 

layout of the connection (center) and application to a case study (right). (Adapted from: Zanni et al., 2021)  

With reference to the gym hall case study, thanks to prefabrication, the construction works 

were fast (4-5 months), and the site was clean and safe. Since the solution was applied 

from outside the building, no building temporary downtime was required during the works. 

Finally, although the considered example was a pilot project, the cost of the solution was 

comparable to that of more traditional holistic retrofit interventions (Zanni et al., 2021). 

4. Conclusions 

In the paper, an attempt to introduce a Life Cycle Thinking (LCT) approach into structural 

engineering was made. From a review of the state of the art, LCT principles to be included 

since the first stages of the design of retrofit solutions were defined, as proposed by recent 

LCT-based design frameworks (Passoni et al, 2021).  

Two examples of LCSE application were presented. The first application was aimed at 

highlighting the efficiency of adopting LCT principles in reducing the final impacts of 

alternative retrofit solutions and in identifying the major hotspots; a second example was 

introduced to show how these principles may be adopted in the design practice to conceive 

sustainable holistic retrofit solutions. 

Considering a LCT approach since the beginning of the design of the retrofit solutions 

requires some efforts, such as the adoption of new design targets, a wise selection of the 
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materials, and the definition of innovative technologies and construction details. However, 

this would lead to truly sustainable holistic retrofit solutions, able to minimize the impacts 

along the whole building life cycle. 
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Abstract: Given the current climate emergency, retrofitting activities on existing buildings 
should play a pivotal role towards the achievement of the envisaged ambitious targets of 
carbon emissions reduction worldwide. Most retrofitting strategies on buildings are intended 
to reduce energy demands and decarbonise the power supply, whilst often the impacts of 
rehabilitation activities needed after severe earthquakes, or other hazardous events, are 
disregarded. This study presents a decision-making operative tool for the identification of 
optimal renovation strategies for existing buildings, based on economic and environmental 
life cycle impacts (including both earthquake-induced losses and energy consumption), 
payback period of the retrofit investment and expected loss of life due to seismic hazard, 
through its application to a case-study building. 

Keywords: sustainable retrofitting; life cycle performance; environmental impact 
assessment; seismic loss estimation 

1. Introduction 

The Paris Agreement on Climate, adopted in 2015 by 195 countries, is an international 
commitment to mitigate impacts of climate change by keeping the rise in the global 
average temperature ideally below 1.5°C above pre-industrial levels. Such ambitious 
targets can only be achieved by reaching net-zero carbon emissions by 2050, and require a 
move away from coal, oil, and natural gas, as well as a complete transformation of all 
sectors of economy, including construction. With regards to the latter, current retrofitting 
activities on existing buildings are mostly aimed at reducing energy demands and at 
decarbonising the power supply (e.g. through the use of renewable sources and of other 
zero-carbon technologies) (GlobalABC, 2021), while the possibility of improving 
buildings environmental performance also by addressing their structural safety has been 
only recently explored. Indeed, recent hazardous events have been shown to induce a 
significant environmental impact due to post-disaster rehabilitation activities (e.g. 
Gonzalez et al., 2022), so structural retrofitting can surely contribute to a reduction of 
eCO2 emissions. 
Available models for life cycle assessment (LCA) of buildings, aimed at the quantification 
of environmental impacts of construction and operational phases throughout buildings’ life 
cycle, have traditionally not included such potential hazard-induced effects, including 
those due to earthquakes. However, in recent years, several research endeavours have been 
deployed with a view to assist and guide this ambitious process of transitioning to a safer 
and greener building stock, through a broadened concept of sustainability that includes 
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safety. Such efforts include research on both earthquake-induced environmental impact 
(Belleri and Marini, 2017; Padgett et al., 2016; Simonen et al., 2015), integrated seismic 
and energy efficiency retrofitting (Gkatzogias et al., 2021; Menna et al., 2021; ReLUIS 
WP5, 2019-2021; Marini et al., 2017), as well as sustainability-oriented frameworks for the 
integrated assessment and retrofitting of buildings (Passoni et al. 2021, 2022). Interested 
readers are referred to Menna et al. (2021) and Passoni et al. (2022) for a detailed 
discussion of this existing literature. 
This study illustrates the application to a case-study building of a decision-making 
framework (Caruso et al., 2020, 2021), for the identification of optimal renovation 
strategies for existing buildings, based on economic and environmental life cycle impacts 
(including both earthquake-induced losses and energy consumption), payback period of the 
retrofit investment and expected loss of life due to seismic hazard. The proposed life cycle-
based methodology also includes the contribution of earthquake-induced damage repair 
and retrofitting activities (with consequent downtime and possible need of occupants’ 
relocation) that may occur during the operational life of the building (where conventionally 
energy consumption only is considered). The framework can be used to compare 
alternative retrofitting scenarios and to identify the strategy that minimizes the decision-
making variables mentioned above, i.e. the one that leads to an optimal balance between 
reduction of seismic vulnerability and increase of energy efficiency, depending on the 
climatic conditions and the seismic hazard at the site of interest. 

2. Case-study building description 

The case-study building is a six-storey residential building in northern Italy, built in the 
1970s. Due to the local topographic configuration, the building features a varying elevation 
layout, with different number of underground and aboveground floors in each side; indeed, 
only the upper three floors are visible from all sides of the building, as illustrated in Fig. 1. 

 
Fig. 1 - Case-study building: (a) South and (b) East elevations 

 
The structure is composed of sixteen reinforced concrete (RC) frames along the longest 
direction (X), perpendicular to the orientation of slabs. The one-way slabs consist of 
concrete and hollow clay blocks mixed floors, whilst external infills are made of double-
leaf masonry (with an air cavity between two solid bricks layers), and internal partitions 
are made of hollow clay bricks. 
A 3D nonlinear numerical model of the case-study building (Fig. 2a) was developed with 
the software SeismoStruct (Seismosoft, 2022a). The material inelasticity in beams, 
columns and walls was considered through the employment of fiber force-based inelastic 
frame elements. The stair system and masonry external infills were not modelled explicitly, 
but only considered as applied loads on dedicated beams. Rigid diaphragms were deemed 
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suitable to represent the in-plane behavior that is typical of concrete and hollow clay 
blocks mixed floors. A 3D model for energy performance assessment (Fig. 2b) was also 
created, using the EC700 software tool (Edilclima, 2022), used for building energy 
performance calculations according to Italian regulations. 

 
Fig. 2 - Overview of (a) the 3D nonlinear structural model, and (b) the building’s energy performance model 

2.1. Seismic loss and energy performance assessment of the as-built structure 

2.1.1. Earthquake loss assessment 
The FEMA P-58 approach for seismic loss assessment (ATC, 2018a, 2018b) consists of 
four main steps: seismic hazard quantification at the site of interest, evaluation of structural 
performance under seismic loads, estimation of damage level in building components, and 
calculation of losses due to repair of damaged components. FEMA P-58 seismic loss 
assessment was thus carried out for the case-study building through the employment of the 
PACT tool (ATC, 2018c), to estimate expected economic losses, environmental impacts 
and casualties due to potential earthquakes. 
Reference to the city of Sanremo, soil type B and topographic class T2, 50-year service life 
and importance class II was made to get the acceleration response spectra, according to the 
Italian building code prescriptions (MIT, 2018), for six intensity levels (IL) with return 
periods ranging from 50 to 2475 years. Uniform hazard spectra corresponding to such 
intensity levels (50, 101, 201, 475, 975, and 2475-year return periods) were used as target 
spectra for records selection for nonlinear dynamic analyses, which were conducted using 
multiple stripe analysis (MSA). The software SeismoSelect (Seismosoft, 2022b) was used 
for the selection and scaling of ground motion records. Sets of twenty pairs of ground 
motions (i.e. two horizontal components each) were selected for each intensity level, and 
the considered intensity measure (IM) was the average of spectral ordinates within a 
selected period range of interest (i.e. 0.2 T1 – 1.5 T1). Scaling factors were limited between 
0.5 and 2. Twenty interstorey drift (IDR) profiles for each IL and each direction were thus 
collected for each floor in the building’s model in the PACT tool. 
Fragility and repair cost consequence functions for RC structural components and masonry 
non-structural elements were taken from Cardone (2016) and Cardone and Perrone (2015). 
The considered inventory includes RC external beam-column joints (EWJs), RC internal 
beam-column joints (IWBs), RC ductile base columns (DWCs), exterior masonry infills 
with and without windows (EIWs, and EIWws, respectively), interior masonry partitions 
with and without doors (IPs, and IPds, respectively), and windows and doors, referred to as 
partition-like components (PLs) (i.e. non-structural components whose damage and repair 
are assumed to be related to the damage states of infills or partitions they are inserted in). 

(a) (b)

2829
3ECEES, September 2022, Bucharest, Romania



Consequence functions in terms of repair times were instead developed translating repair 
cost data into repair time ones. As suggested in ATC (2018a, 2018b), a reasonable 
approach may consist in applying a labour factor to the repair cost estimate and dividing 
the result by an effective hourly rate for the likely labour mix and the number of workers. 
In this application, the labour factor was assumed to be equal to the 40% of the repair cost, 
and the labour rate for one worker equal to 26€/h. 
Lastly, consequence functions for environmental impact were developed in terms of 
equivalent carbon dioxide (eCO2), which is a metric used to uniformly quantify emissions 
from various greenhouse gas (GHG) emissions with different global warming potential 
(GWP), converting the amounts of such gases into the equivalent amount of CO2 with the 
same GWP. Such consequence functions were calculated through a ‘damage-to-impact’ 
conversion method, consisting in the use of available eCO2 factors based on the specific 
repair activity required for each damage state (DS) of the component. The inventory of 
carbon and energy (ICE) (Hammond and Jones, 2008) was used to get cradle-to-gate eCO2 
emissions per kg of material. Average estimates equal to 0.11 and 0.25 eCO2 were selected 
per kg of concrete and clay bricks, respectively. A unit volume of material was assumed 
for the DS at collapse (i.e. in case of full replacement of the component), while partial 
volumes of material associated to intermediate DSs were scaled down proportionally to 
DS-specific repair costs. 
In addition to the consequence functions above, estimates of cost, time, and environmental 
impact of building replacement (intended as demolition plus reconstruction) are required. 
The replacement cost of the building (ReC) was estimated to be equal to € 3.7 million, 
assuming an average cost per square meter equal to 1,200 €, and including the contribution 
of 44 €/m3 for demolition and disposal (Cardone and Perrone, 2017). The replacement time 
(ReT) was calculated using the same approach discussed above for repair time 
consequence functions, and estimated to be equal to around 256 days (assuming 1 worker 
per 100 m2). The carbon footprint due to the building reconstruction (ReI) was finally 
estimated to be equal to 1,562,000 kg eCO2, through a bill-of-material (BOM) LCA 
procedure, using One Click LCA software tool (Bionova, 2022). 
Economic and environmental loss analysis results for the case-study building are shown in 
Fig. 3, disaggregated into the contributions of each intensity level. 

 
Fig. 3 - (a) Economic and (b) environmental loss curves obtained through PACT loss assessment 

(a) (b)
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Concerning monetary losses, an expected annual loss (EAL) ratio equal to 0.26% was 
estimated as the fraction between the area underneath the monetary loss curve 
(approximately equal to 9,600 €) and the total replacement cost. Concerning environmental 
impacts instead, an expected annual emission (EAE) ratio equal to 0.27% was obtained, as 
the fraction between the area underneath the impact loss curve (approximately equal to 4.2 
t eCO2) and the total replacement impact. 
For what regards downtime, PACT provides estimates of repair time due to earthquake 
damage only, neglecting the contribution of potential delays that may occur between the 
seismic event and the beginning of repair activities. Such ‘impeding factors’ may instead 
represent the largest contributions to downtime. The methodology developed by Arup 
(Almufti and Willford, 2013), also referred to as ReDi approach, was hence used to 
estimate the total expected downtime based on repair time results given by PACT loss 
assessment. Total downtime expected for the building, if hit by an earthquake in its as-built 
configuration, was estimated to be equal to around 2.9 days/year, where only 0.81 days are 
expected to be dedicated to repair activities (as shown in Fig. 4). Such expected downtime 
was then converted into indirect costs, considering relocation of building occupants. It was 
assumed that building occupants are accommodated at an average accommodation cost of 
30 €/day/person, as indicated in Romano et al. (2018). It was also supposed that only 2/3 of 
buildings’ occupants need such relocation process (Cardone et al., 2019). Given those 
assumptions and considering 64 occupants in the building (around 1 person per 50 m2), 
indirect costs were assumed to be equal to € 1,280/day, leading to business interruption 
costs equal to around € 3,700/year (0.10% ReC). The total expected economic losses due 
to seismic hazard are finally given by the sum of direct and indirect losses (repair costs and 
costs of downtime, respectively), i.e. approximately 13,300/year (0.36% ReC), 
demonstrating the relevant contribution of downtime to earthquake-induced indirect losses, 
as already highlighted by Cardone et al. (2019) and Romano et al. (2018). 

 
Fig. 4 - Repair time and downtime loss curves obtained through the ReDi approach 

Lastly, the expected annual loss of life (EALL) was estimated as well, through the casualty 
model included in the PACT tool, and 0.11 expected casualties per year were obtained. 
2.1.2. Energy performance assessment 
Energy simulations were undertaken in hourly dynamic regime. These analyses conformed 
to the UNI/TS 11300 Italian technical standard series, considering all energy services, e.g. 
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heating, cooling, domestic hot water, ventilation, lighting, energy needs of elevators. Table 
1 collects the results of energy performance assessment of the building. 

Table 1. Energy performance assessment results in dynamic regime 

Results Energy 
(kWh/m2 yr) 

Costs 
(€/yr) 

Emissions  
(kg eCO2/yr) 

Heating (methane) 64.97 8,051 19,427 
Heating (electricity) 1.87 289 532 
Hot water (methane) 1.90 235 567 
Hot water (electricity) 0.01 2 4 
Cooling (electricity) 15.54 2,401 4,418 
Transport (electricity) 2.86 442 814 
Total 87.16 11,420 25,762 

3. Optimal retrofitting strategy 

3.1. Seismic vulnerability and energy efficiency retrofitting options 

Given the structural and energy deficiencies found in the case-study building (as identified 
through the employment of current Italian regulations), eight potential retrofitting options 
were considered: (1) seismic isolation combined with cross steel braces in the most flexible 
direction Y (‘Seism_Iso + St_Braces’ or ISO + SB); (2) energy-efficient double glazing 
and aluminium profiles windows (‘Windows’ or W); (3) thermal insulation coating of the 
building vertical envelope with cellulose fibers (‘Vert_Thermal_Insul’ or VTI); (4) thermal 
insulation coating of the building roof, through extruded polystyrene (XPS) panels 
(‘Roof_Thermal_Insul’ or RTI); (5) photovoltaic system with multi-crystalline technology 
(‘Photovoltaic’ or PV); (6) energy-efficient windows, coupled with thermal insulation 
coatings of the building’s vertical envelope and roof, and photovoltaic system (‘Wind + 
Vert_TI + Roof_TI + Photovoltaic’ or W + VTI + RTI + PV); (7) seismic isolation and 
cross steel braces, coupled with photovoltaic system (‘Seism_Iso + St_Braces’ + 
Photovoltaic’ or ISO + SB + PV); (8) seismic isolation and cross steel braces, coupled with 
energy-efficient windows, thermal insulation coatings of the building’s vertical envelope 
and roof, and photovoltaic system (‘ISO + SB + W + Vert_TI + Roof_TI + Photovoltaic’ 
or ISO + SB + W + VTI + RTI + PV). 

For each retrofitting option, both installation costs and cradle-to-gate carbon emissions 
were estimated (Table 2), using product technical datasheets, available price lists and 
environmental impact databases, e.g. the ICE database (Hammond and Jones, 2008). 
Table 2. Installation costs and cradle-to-gate equivalent carbon emissions of each retrofitting option (ISO + 
SB: seismic isolation and cross steel braces; W: windows; VTI: vertical thermal insulation; RTI: roof 
thermal insulation; PV: photovoltaic system) 

Retrofitting options Costs 
(€/m2) 

Emissions  
(kg eCO2/ m2) 

‘ISO + SB’ 89 8 
‘W’ 49 10 
‘VTI 5 -9 
‘RTI’ 3 3 
‘PV’ 12 8 
‘W + VTI + RTI + PV’ 70 13 
‘ISO + SB + PV’ 102 16 
‘ISO + SB + W + VTI + RTI + PV’ 159 21 

3.2. Post-retrofit seismic loss and energy performance assessment 

2832
3ECEES, September 2022, Bucharest, Romania



3.2.1. Earthquake loss assessment 
To carry out FEMA P-58 loss analysis in retrofitted configurations, the inventory of 
vulnerable components was assumed to be the same for each one of them. The results of 
seismic loss analysis for the isolated structure are collected in Table 3. As expected, the 
reduction of earthquake-induced expected losses (in terms of all decision variables of 
interest) is significant due to the effectiveness of seismic isolation. 

Table 3. PACT loss results for: (i) fixed-base, and (ii) isolated structures 
Loss results Fixed-base Isolated 
EAL (€) 9,557 1,097 
EAL (%) 0.26 0.03 
EAE (kg eCO2) 4,240 506 
EAE (%) 0.27 0.03 
D (days) 2.90 0.22 
EALL 0.11 0.004 

3.2.2. Energy performance assessment 
Energy analyses in hourly dynamic conditions were also performed in all post-retrofit 
configurations through the EC700 software tool, like for the as-built configuration. Table 4 
shows the comparison between the eight alternative retrofitting options, in terms of 
operational energy needs, and corresponding annual costs and carbon emissions. It is noted 
that the option ‘ISO + SB’ has the same energy performance of the as-built configuration. 
It can be observed that the retrofitting option that allows the highest reduction (i.e. almost 
50%) in terms of energy needs, annual costs and emissions is the one that couples new 
energy-efficient windows, thermal coatings of vertical envelope and roof, and photovoltaic 
system (i.e. option 6). Other energy refurbishments (options 2-5) ensure good 10-20% 
reductions, whilst seismic isolation does not influence energy performances, naturally. It is 
also noted that the introduction of the photovoltaic system produces a significant reduction 
of electricity needs for cooling and transport (i.e. elevator), thus highlighting the possibility 
to auto-produce all the electricity needed without relying on fossil fuels.  

Table 4. Annual costs and carbon emissions due to energy consumption in all retrofitted configurations 

 As-built/ 
Opt. 1 Opt. 2 Opt. 3 Opt. 4 Opt. 5 Opt. 6 Opt. 7 Opt. 8 

Costs (€/y) 11,420 10,059 10,047 9,765 9,501 5,935 9,501 5,935 
Emissions  
(kg eCO2/yr) 25,762 23,073 22,672 22,072 22,137 14,119 22,137 14,119 

3.3. Identification of the optimal retrofitting solution 

The methodology discussed herein is a decision-making tool based on four parameters of 
different nature, i.e. life cycle costs and carbon emissions evaluated throughout the post-
retrofit building’s life cycle, the payback period of the retrofit investment and the expected 
loss of life due to seismic hazard at the site of interest. Post-retrofit life cycle economic and 
environmental impacts are obtained by summing up the economic and environmental 
contributions of: retrofitting intervention (listed in Table 2), earthquake-induced losses 
(summarized in Table 3) and energy consumption (collected in Table 4), all normalized by 
the building’s total floor area and its expected post-retrofit life (assumed to be 30 years). 
The payback period (PB) of the retrofit investment can be calculated through a breakeven 
analysis, to assess, for each retrofitting scenario, the number of years needed to recover the 
initial investment through the benefits due to the reduction of annual costs thanks to the 
retrofitting option adopted. Lastly, the expected annual life losses can be estimated through 
the preferred casualty model. 
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Based on these four parameters, the so-called radar plots (Fig. 5) can be used to determine 
the optimal retrofitting option for the building of interest. Each axis represents a decision 
variable, and each coloured area is given by the union of points (i.e. each value of decision 
variable) resulting from the different retrofitting scenarios considered. The PB of 
retrofitted configurations can be normalized by the expected post-retrofit life of the given 
building, whilst all other parameters can be normalized by the corresponding values of the 
as-built configuration (which indeed corresponds to as-built parameters equal to 1). 

 

Fig. 5 - Normalized post-retrofit costs (C), carbon emissions (CE), payback period (PB) and expected loss of 
life (EALL) of each retrofitted scenario considered 

The optimal solution can then be identified as the one with the smallest ensuing area, being 
thus the one that concurrently minimizes all the considered variables. The results included 
in Fig. 5 clearly show that, from a life safety viewpoint, the introduction of seismic 
isolation is necessary to significantly improve the building’s seismic performances and life 
protection of its occupants; options including seismic isolation should thus be considered 
among the valuable retrofitting solutions. Concerning the investment PB, thermal coatings 
of vertical envelope and roofs are the most convenient. Regarding instead life cycle costs 
and carbon emissions, the most significant reductions are produced by integrated 
interventions (options 7 and 8). The option with new windows (W) only is clearly not 
convenient for this application, since it provides an increase of economic impacts if 
compared to the as-built option, also featuring the highest PB and not providing any 
improvement in terms of occupants’ life protection. Hence, the integrated solution 
coupling seismic isolation and photovoltaic system (‘ISO + SB + PV’) constitutes the most 
convenient option. Concerning the investment PB, this option was observed to have PBs in 
the order of 20 years and to provide important and fast long-term savings. 

3. Conclusions 

The illustrative application to an existing RC residential building of the proposed decision-
making framework for the selection of integrated seismic-energy efficiency retrofitting 
options was carried out. The framework provides a viable and practical approach for the 
identification of optimal retrofitting strategies based on economic and environmental 
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impacts (considering both seismic vulnerability and energy efficiency of buildings), 
payback period of the retrofit investment and expected casualties due to potential 
earthquakes as well (thus, including all the three main pillars of sustainability, i.e. 
economy, environment, and society). Both seismic and energy performances of buildings, 
as opposed to the consideration of energy performance alone, proved to be relevant in life 
cycle evaluations if one adopts a sustainable perspective. It was also shown that downtime 
due to seismic events has a significant contribution in terms of indirect costs associated to 
seismic hazard, leading to a relevant increase of running economic impacts through the 
building's operational phase. 
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Abstract: Typically, in earthquake response studies, seismic excitation is modelled using 
only the translational component of ground accelerations. The rotational component has often 
been ignored in the past due to lack of measuring devices and records, meaning that the related 
three (rotational) degrees of freedoms are also ignored. Today’s technology, with new 
instrumentation available, has allowed for full analyses to be performed. In fact, elastic design 
response spectra for rotational components are introduced in codes. Furthermore, the 
influence of the rotational component in low-rise structures was considered insignificant and 
for this, ignored. In this paper, the results in response and in internal forces due to the 
rotational component of a steel structure are presented. Time history analysis of a symmetrical 
and an asymmetrical ten-floor steel structure with and without the consideration of the 
rotational excitation component is performed. From the numerical results it is shown that the 
impact of rotational component in response and the internal forces is significant and should 
not be ignored during the design procedure.  

Keywords: Earthquake rotational component, earthquake engineering, rotational  response 
spectra, steel structures 

1. Introduction 

Time history analysis of structures involves exclusively full description of ground-motion in 
the three dimensions of space. In order to fully describe the ground motion, translational and 
rotational degrees of freedom need to be considered, which results in a total of six 
components, three for translation and three for rotation. The lack of rotational components 
for the analysis was attributed firstly to the fact that they were considered negligible and 
secondly due to the fact that rotation sensors were not available to directly measure rotations 
during an earthquake. The rotational components data history can be measured directly in a 
free field with special accelerometers or can be extracted from measured translational 
recordings. Many earthquake and seismology scientists have focused on rotational records 
over the last decades. Droste and Teisseyre [1] derived rotations from an array of 
seismographs. Rotational motions observed during an earthquake in April 1998 in Japan 
were measured with agyro-sensor, (sensor based on gyroscope) and an inertial angular 
displacement sensor, by Takeo [2]. There are a lot of procedures with which the rotational 
time series can be calculated suing translational recordings. A Single Station Procedure 
(SSP), is one of them. A number of researchers such as Lee and Trifunac, [3], and Basu et 
al. [4], presented their work based on SSP. An extension to the SSP method is the use of data 
from a number of closely spaced, spatially distributed stations. This procedure is called 
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Multiple Station Procedures, denoted as MSP, Niazi [5]. An expansion of MSP is the 
Geodetic Method, GM. Basu et al. [6, 7], point out some limitations of GM, and propose the 
Acceleration Gradient Method, AGM, which is capable of extracting the free-field rotational 
time series from the three-component strong motion data recorded at surface stations in a 
dense array. However, AGM fails to capture the frequency content above a certain limit and 
this limit reduces as the physical dimensions of the array increase. The drawback of AGM 
is counterbalanced by using an alternative procedure, the Surface Distribution Method, 
SDM. 
Falamarz-Sheikhabadi et al. [8-9], work on the effects of both time delay and loss of 
coherency in order to derive simple mathematical expressions to generate the middle-field 
rocking acceleration component and its corresponding response spectrum. They revised the 
seismic intensity parameters in order to account for the combined action of horizontal and 
rocking seismic motion on structures. Links between rotational ground motion and site soil 
conditions are proposed in the work of Sbaa et al. [10] and Perron et al. [11]. They show that 
the coupling of translational and rotational measurements appears to be useful, not only for 
direct applications of engineering seismology, but also for investigating the composition of 
the wavefield, while avoiding deployment of dense arrays. 
The need for the consideration of the rotational components is also imprinted in the 
regulations. In fact, Eurocode 8 (EC8), part 6 [12], which examines slender and tall 
structures such as towers, chimneys and masts takes into account special variability of the 
seismic ground motion including rotational components of the ground accelerations. In EC8, 
part 6, an extended response spectrum analysis is proposed, which requires response spectra 
of rotational accelerations to be implemented. Such rotational spectra are defined and 
calculated on the basis of translational response spectra, as well. 
In a number of research papers, the effect of rotational component of ground motion on 
structural response is investigated. In base isolated structures, Wolf et al. [13], discussed the 
effect of rocking excitation on a base-isolated nuclear power plant. Politopoulos [14], 
identified the excitation of the rocking mode in a base-isolated building due to rocking 
excitations. Bozev et al. [15], performed analysis accounting the rotational component of 
seismic action on towers, masts and chimneys according to EC8, Part 6. Zembaty [16], 
worked on the rotational seismic code definition in Eurocode 8, Part 6, for slender tower-
shaped structures while Zembaty and Boffi [17], identified the contribution of rocking 
motion to bending moments along the height of a tall tower using horizontal and rocking 
spectra computed, based on Eurocode 8. In a recent work [18], rotational ground-motion 
records from induced seismic events were examined. A simplified relation for the application 
of rotational components to seismic design codes and the calculation of response of multiple-
support structures subjected to horizontal and rocking components is presented in recently 
published research [19-20]. Basu et al. [21], suggested an equivalent accidental eccentricity 
to account for the effects of torsional ground motion on structures. Torsion in building due 
to base rotational excitation was investigated by De-La-Llera and Chopra, [22]. Yin et al 
performed earthquake engineering analysis of measured rotational ground motions in 
structures [23].  
In this paper the influence of rotational component of earthquake excitation to the response 
of steel structures is examined. The response is calculated solving directly the equations of 
motions accounting for the rotational component applied at the base of structure. Direct time 
history geometrical nonlinear analysis is performed in order to calculate the response of the 
structure.  
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2. Theoretical Background  

2.1. Equation of motion  

Rotational components of earthquake consist of one torsional component which is the 
rotation about vertical axis and the other two rocking components which is the rotation about 
the two-horizontal axis. The secondary horizontal wave, SH wave, and the surface wave, 
Love wave, contribute to the torsional motion. Rocking motion is due to the primary waves, 
P waves, secondary vertical wave, SV waves, and Rayleigh waves. Even though the 
rotational components of earthquake ground motion have been studied in literature, in 
seismic analysis and design of structures they have not been taken into account. This may 
be due to the fact that such data is not recorded by the accelerographs. In Eurocode 8, Part 
6, the rotational components of the ground accelerations are taken into account is seismic 
analysis. Response spectrum analysis or direct time history analysis can be used in order to 
evaluate the response of structures subjected to rotational component. The response 
spectrum analysis requires response spectra of rotational accelerations to be implemented. 
In EC8, Part 6 rotational spectra are defined in order to be used for the analysis. Time history 
analysis requires time history rotational motion records in order to be applied at the base of 
structures. Slender and tall structures such as towers, chimneys and masts are significantly 
affected by the rotational component. These structures are separately mentioned in EC8, Part 
6, however, other structures such as long in plan structures, bridges, dams, high-rise 
buildings or special buildings such as nuclear power stations, are also expected to be 
influenced by rotational components of seismic action.  

In the earthquake engineering community when discussing about ground acceleration and 
velocity, the translational component of acceleration and velocity is implied. Terms like 
translational acceleration and translational velocity are used to clearly distinguish from 
rotational acceleration and rotational velocity respectively. The term rotational rate is also 
often used in the rotational seismology literature. Thus, Peak Ground Translational 
Acceleration, PGTA, is used instead of PGA. Peak Ground Rotational Acceleration, PGRA, 
is defined as the maximum in the time domain of the absolute value of the rotational 
acceleration amongst the three components. 

For a model of a structure with concentrated mass and stiffness at each floor subjected to 
ground motion with translational and rotational components the following are valid:  

If [M], is the inertia matrix, [K], the stiffness matrix and [C], the damping matrix the equation 
of motion for structure considering a translational ground acceleration along horizontal 
direction x together with a rotation acceleration in the vertical plane x-z are given by: 

[𝑴𝑴] {�̈�𝒖}+ [𝑪𝑪] {�̇�𝒖} + [𝑲𝑲]{𝒖𝒖} = -([𝑴𝑴]{𝒓𝒓} �̈�𝒙𝒈𝒈 + [𝑴𝑴]{𝒉𝒉} �̈�𝜽)    (1) 

{u }:  is the vector comprising the accelerations of the degrees of freedom of 
the structure relative to the base, 

{u }:  is the vector comprising the velocities of the degrees of freedom of the structure, 

{u}:  is the vector comprising the displacements of the degrees of freedom relative 
to the base, 
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{m}:  is the vector comprising the translational masses in the horizontal direction of the 
translational excitation. This vector coincides with the main diagonal of the mass matrix 
[M], if the vector {u} includes only the translational displacements in the horizontal direction 
of the excitation, 

x g(t): is the translational ground acceleration, 

{ℎ}: is the height matrix, (heights of each floor from the ground),  

{𝑟𝑟}: is a unity matrix nx1 

�̈�𝜃𝑔𝑔(𝑡𝑡): is the rotational acceleration of the base. 

The above equation can be extended to three dimensions. In that case, the excitation motion 
consists of the three translational acceleration, two rotational accelerations, (rotation about 
the two-horizontal axis, rocking) and one torsional acceleration, (rotation about the vertical 
axis). 

Time history analysis can be used in order to calculate the response of a structure subjected 
to translational and rotational component of ground motion. With this analysis the response 
is calculated solving directly with a numerical procedure the above Equation 1. Time history 
analysis can be linear or nonlinear. Non linearity refers to material (change of stiffness 
matrix in every time step) or to geometry (solving the equation in deformable petition at 
each time step).  

2.1. Response Spectrum Analysis  

Response spectrum analysis, EC8 part 6, [19], according to Bonev et al. [22], can also be 
performed to calculate the response of a structure subjected to translational and rotational 
component of ground motion. The procedure of response spectrum analysis considering the 
rotational component is as follows: 

Knowing the mass and initial stiffness of the structure the eigenmodes Φi, eigenperiods, Ti, 
or eigenfrequencies, fi , the corresponding damping ratios ξi of the structure are obtained 
from the solution of the following eigenvalue problem: 

[K − 𝜔𝜔2M]𝑛𝑛𝑛𝑛𝑛𝑛Φ = 0 ⇒ |K −𝜔𝜔2M| = 0 ⇒ �Φ1,Φ2, … ,Φ𝑛𝑛
𝜔𝜔1,ω2,…ω𝑛𝑛

⇒ 𝑇𝑇𝑖𝑖 = 2π

𝜔𝜔𝑖𝑖
, 𝑓𝑓𝑖𝑖 = 𝜔𝜔𝑖𝑖

2π
,   i=0,...,n-1

           (2) 
 
C𝑛𝑛 = Φ𝑛𝑛

𝑇𝑇CΦ𝑛𝑛 ,           M𝑛𝑛 = Φ𝑛𝑛
𝑇𝑇MΦ𝑛𝑛,         𝜉𝜉𝑖𝑖 = 2C𝑛𝑛M𝑛𝑛𝜔𝜔𝑛𝑛    (3) 

The participation factor ψi, and seismic forces Fq,i for the ith eigenmode for translational and 
rotational component are given as: 

𝜓𝜓𝑖𝑖,𝑇𝑇 = Φi
TME𝑇𝑇

Φi
TMΦi

,i=1,...,n,          𝜓𝜓𝑖𝑖,𝜃𝜃 = Φi
TME𝜃𝜃

Φi
TMΦi

,i=1,...,n     (4) 
 
Fq,i,Τ = MΦi𝜓𝜓𝑖𝑖,𝛵𝛵𝑆𝑆d,i(𝑇𝑇𝑖𝑖, 𝜉𝜉𝑖𝑖),      i=1,…,n,       (5) 
Fq,i,θ = M(Φi ∗ ℎ)𝜓𝜓𝑖𝑖,𝜃𝜃  𝑅𝑅d,i

𝜃𝜃  (𝑇𝑇𝑖𝑖, 𝜉𝜉𝑖𝑖),       i=1,...,n     (6) 
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where EΤ and Eθ is the direction matrix for the earthquake for translational and rotational 
component: 
 
E𝑇𝑇 = {1  1 … 1}𝛵𝛵 ,         E𝜃𝜃 = {0  0 … 0   1}𝛵𝛵        (7) 
 
Φi ∗ ℎ,  is a mode vector were every element of Φi in each degree of freedom is multiplied 
with coresponting heigh.  

Φi ∗ ℎ = �
𝛷𝛷𝑖𝑖,𝑛𝑛ℎ𝑛𝑛
⋮

𝛷𝛷𝑖𝑖,1ℎ1
�          (8) 

 
and Sd,i(Ti, ξi) is the design spectral acceleration while the 𝑅𝑅d,i

𝜃𝜃  (𝑇𝑇𝑖𝑖, 𝜉𝜉𝑖𝑖) is the rotation response 
spectra around y axes, in rad/sec2. 

In EC8 part 6 when the rotational components of the ground motion during the earthquake 
are taken into account, the seismic action may be represented by three elastic response 
spectra for the translational components and three elastic response spectra for the rotational 
components. The rotation response spectrum is defined in an analogous way to the response 
spectrum of the translational components, i.e. by considering the peak response to the 
rotational motion of a rotational single-degree-of- freedom oscillator, with natural period, T, 
and critical damping ratio, ξ. Rθ, denotes the ratio between the maximum moment in the 
oscillator spring and the rotational moment of inertia about its axis of rotation. The diagram 
of, Rθ, versus the natural period, T, for given values of, ξ, is the rotation response spectrum. 
When results of a specific investigation or of well-documented field measurements are not 
available, the rotational response spectra may be determined as: 

𝑅𝑅𝑛𝑛𝜃𝜃(𝑇𝑇𝑖𝑖) = 1.7 𝜋𝜋 𝑆𝑆e(𝑇𝑇𝑖𝑖,𝜉𝜉𝑖𝑖)
𝑣𝑣𝑠𝑠 𝑇𝑇𝑖𝑖

,      i=1,…,n,        (9) 

𝑅𝑅𝑦𝑦𝜃𝜃(𝑇𝑇𝑖𝑖) = 1.7 𝜋𝜋 𝑆𝑆e(𝑇𝑇𝑖𝑖,𝜉𝜉𝑖𝑖)
𝑣𝑣𝑠𝑠𝑇𝑇𝑖𝑖

,      i=1,…,n,        (10) 

𝑅𝑅𝑧𝑧𝜃𝜃(𝑇𝑇𝑖𝑖) = 2.0 𝜋𝜋 𝑆𝑆e(𝑇𝑇𝑖𝑖,𝜉𝜉𝑖𝑖)
𝑣𝑣𝑠𝑠 𝑇𝑇𝑖𝑖

,      i=1,…,n,        (11) 
 
Where, Se(Ti, ξi) is the elastic spectral acceleration while the 𝑣𝑣𝑠𝑠 is the is the average S-wave 
velocity, in m/s, of the top 30 m of the ground profile. 
The maximum seismic forces Fq for each degree of freedom are obtained combining the two-
part seismic forces of each eigenmode with Square Root of Sum Squares method (SRSS), 
thus:  

F𝑞𝑞 = �∑ �Fq,i, T + Fq,i, θ�
2𝑛𝑛

𝑖𝑖         (12) 

Similar calculations are carried out for every other response quantity like displacement, 
internal forces etc.  

3. Presentation of the case studies 

Six different models were subjected to an earthquake excitation with translational and rotational 
components. The models were: (i) one single degree of freedom, (ii) a three-story steel structure, 
with concentrated mass and stiffness. The story mass is 10 tons and the story stiffness is 10000 
kN/m. The third and forth (iii) a two and (iv) a ten story, thee bay, steel plane frame. The ten-
story plane frame has its first eigen-period equal to single degree of freedom system. The fifth 
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and sixth models are (v) a symmetrical and another one (vi) an irregular ten-story space steel 
structure. All models have 3 m story height and 4 m bay opening. The loads, frame section layout 
and other characteristics of the models are shown in Figure 1.  

 

Fig. 1 - Layout of the steel models. 

The structures were subjected to 6.4 moment magnitude, Mw, earthquake excitation which 
happened on 2015/11/17 in Kefalonia island, Greece. The epicenter latitude and longitude were 
38.16o and 20.50o degrees respectively. The event depth was 10.7 km. The record history of 
translational and rotational component was provided by Argonet project, a 3D accelerometric 
array was implemented corresponding to the island of Kefalonia in Greece, [10-11] and is shown 
in Figure 2. 

Linear dynamic time history analysis was performed, with suitable software like SAP 2000 
nonlinear, [24], and the response of structure was calculated. Two cases of earthquake excitation 
were considered. One with application only of translational acceleration at the base of structure 
and the second with simultaneously translational and rotational acceleration excitation. For the 
space structure, apart from the above cases, another one where all six components of excitation 
(three translational and three rotational) applied at the base of the structure was also examined.  

 
Fig. 2 - Translational and rotational component of earthquake excitation. 

4. Results and discussion  

The results of the time history analysis in terms of displacement, acceleration and base shear 
of each structure are shown in Table 1. In this table, the ratio of the response of the structure 
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excited with translational and rotational acceleration, denoted as T+R, to the response of 
structure excited only with translational acceleration, denoted as R, is shown.  
From the analysis results it can be deduced that the top displacement, the acceleration and 
the base shear of structure subjected to rotational and translational component of earthquake 
are higher compared to the displacement, acceleration and base shear of the structure 
subjected only to translational excitation. The ratio of the response of structure subjected to 
rotational and translational component of earthquake to the response of structure subjected 
only translational excitation, (T+R)/T ranges from 1.1 to 1.6 depending on the type of 
building and on the kind of response.  
The influence of the rotational component of the earthquake has been numerically 
approached. A three story, steel structure, with concentrated mass and stiffness subjected to 
an earthquake excitation with translational and rotational component was considered. The 
story mass is 10 tons and the story stiffness is 10000 kN/m.  

 

Table 1. The ratio (T+R)/R, of response due to translational and rotational component to the response of only 
translational component obtained from time history analysis. 

Structure Top displacement Top acceleration Base shear 

S.D.O.F.  (T=1.5sec) 1.18 1.13 1.18 

3 D.O.F. (concentrated mass and stiffens) 1.50 1.35 1.45 

Two story plane frame 1.10 1.14 1.15 

Ten story plane frame (T1=1.5sec) 1.15 1.20 1.16 

Ten story space 
frame, regular 

EW (plane frame) 1.45 1.58 1.42 

NS (plane frame) 1.30 1.40 1.45 

ALL (6 d.o.f.) 1.44 1.59 1.41 

Ten story space 
frame, irregular 

EW (plane frame) 1.24 1.39 1.36 

NS (plane frame) 1.39 1.56 1.48 

ALL (6 d.o.f.) 1.15 1.28 1.45 

 

In more detail the three story with concentrated mass and stiffness was analyzed both with 
time history analysis and response spectrum analysis and the influence of the rotational 
component of the earthquake has been numerically approached. The results of both analyses 
cases are shown in Table 2 and 3. 
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Table 2. Analysis results from response history analysis and ratio of response due to translational and rotational 
component to only translational component. 

 
Top displacement  

1st floor 2nd floor 3rd floor 

Only translational component, T 0.10 (cm) 2.50 (cm) 5.05 (cm) 

Translational & Rotational component, R+T 0.13 (cm) 3.50 (cm) 7.57(cm) 

Ratio, (R+T)/T 1.30 1.40 1.50 

 

The parameters of spectrum accelerations were: ag=0.24g, Soil type B, damping coefficient 
ξ=5%, importance factor γi=1. Based on the above parameter the rotational and translation 
spectrum were created and response spectrum analysis was performed.  The displacement 
was calculated for two distinct case studies: one using only the translational spectrum and 
the second using translational and rotational ones.  The results are shown in Table 3. In this 
table, the ratio of the response of the structure was calculated using translational and 
rotational spectrum to the response of frame using only translational spectrum.  

Table 3. Analysis results from response spectrum analysis and ratio of response due to translational and 
rotational component to only translational component. 

 
Top displacement  

1st floor 2nd floor 3rd floor 

Only translational component, T 0.15 (cm) 3.10 (cm) 5.65 (cm) 

Translational & Rotational component, R+T 0.135 (cm) 3.41 (cm) 6.78 (cm) 

Ratio, (R+T)/T 0.90 1.10 1.20 
 

From the results it can be deduced that the displacement of a structure subjected to rotational 
and translational component of earthquake is larger compared to the displacement of the 
structure subjected to translational excitation only. The ratio of the response calculated 
taking into account both rotational and translational component to the response calculated 
taking into account only translational component ranges from 0.9 to 1.5 depending on the 
type of analysis. It is worth noting that for the response spectrum case this ratio is smaller 
than 1 in the 1st floor of the three-story structure.   

4. Conclusions  

The influence of rotational component of earthquake excitation to the response of steel 
structures was examined. From the numerical results it was inferred that the response of a 
structure in terms of displacement, accelerations and base shear subjected to rotational and 
translational component is higher than the response of a structure subjected only to 
translational component. The ratio of the response taking into account the rotational 
component of excitation, ranges from 1.1 to 1.5. Whereas for internal forces this ratio ranges 
from 1.18 to 1.45. Further parametric investigations of different structures with different, 
materials, heights and bays should be carried out in order to propose a more generalized 
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ratio. This general value can be proposed by codes and then in engineering practice the 
results obtained from the analysis accounting only the translational component should be 
multiplied by this ratio in order to take into account the effects of the earthquake rotational 
components. Soil-structure interaction and spatial distribution of the ground motion are also 
important parameters that will have an influence on the rotational motion transmitted to the 
structure. These phenomena are under the authors’ investigation and remain beyond the 
scope of the current work.  
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Abstract: Application of precast post-tensioned segmental (PPS) bridge piers has increased 

in recent years in accelerated bridge construction (ABC). In order to increase the use of PPS 

piers in high seismicity regions, this work investigates the nonlinear behaviour of a 

segmental bridge pier with unbonded post-tensioned superelastic Shape Memory Alloy 

(SMA) bars through a Finite Element (FE) framework. A parametric study is conducted on 

the key design parameters through a series of nonlinear cyclic analysis to investigate the 

energy dissipation capacity of the SMA-equipped piers. Furthermore, seismic performance 

of the piers is investigated using far-field ground motions and incremental dynamic analysis 

(IDA) is performed. It is found that length, area, and post-tensioning ratio of the SMA bars 

affect the energy dissipation capacity of the piers, and an optimal design of the bars is 

required to reach the highest energy dissipation possible. The IDA analysis showed that PPS 

piers with SMA bars reduced the top drift responses of the piers.  

Keywords: Piers; bridge; shape memory alloy; self-centring 

1. Introduction  

In recent years, accelerated bridge construction (ABC) has led to substantial application of 

precast post-tensioned segmental (PPS) bridge piers. PPS bridge piers (Shim et al. (2008), 

Dawood et al. (2012)) have been introduced as a substitute to cast-in-place (CIP) bridge 

piers in accelerated bridge construction (Tazarv (2016), Haber (2013)). PPS piers can 

reduce the residual displacement through discrete hinges between the segments (i.e. joints). 

Furthermore, the self-centring mechanism is provided through the post-tensioning tendons 

running along the pier length leading to a more seismically resilient system. In order to 

increase the use of PPS piers in highly-seismic regions, low energy dissipation capacity of 

the piers should be addressed. Therefore, in this study, energy dissipation capacity of the 

PPS piers with unbounded post-tensioned superelastic shape memory alloy (SMA) bars 

investigated using a Finite Element (FE) method. The SMA bars are used at the edge of the 

segments to increase damping capability of the pier and improve self-centring capacity of 

the entire pier. It is well known that SMA bars can dissipate energy of the structure 

through their nonlinear deformations, and return to their initial state after loading events 

(Song et al. (2006), Saiidi and Wang (2006), DesRoches et al. (2004)). PPS piers are 

modelled using experimentally validated OpenSees (McKenna (2011)) numerical model 

(Ahmadi and Kashani (2019)). Parametric study is performed to understand how post-

tensioning tendon and SMA bars affect the energy dissipation capacity of the pier through 

a series of nonlinear cyclic analysis. Furthermore, selected examples of the PPS piers are 

subjected to far-field ground motions, and results are compared to ones without SMA bars.  
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2. Finite Element Model of PPS Piers 

In order to investigate the energy dissipation capacity of PPS piers with SMA bars, 

different number of segments are considered in this study. Figure 1a shows an exemplary 

PPS pier with SMA bars. The piers consist of four segments, and its total height is H= 

2000 mm. The precast concrete segments have width, B=500 mm and height, h=500 mm. 

The other PPS piers studied in this work are composed of two, six and ten segments. The 

post-tensioning tendons are run along the pier length and provide self-centring mechanism. 

Bridge deck modelled at the top of the pier and represented as lumped mass (See Figure 

1a.).  
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Fig. 1 – (a) The PPS pier, (b) section with SMA bars (section 1-1), (c) section with no SMA bars (section 2-

2), and (d) OpenSees model. 

 

To increase the energy dissipation capacity, unbounded superelastic SMA bars are used at 

the bottom the segments. Figure 1b represents the OpenSees model used for the PPS piers. 

The details of the OpenSees model can be found in Ahmadi and Kashani (2019). Each 

compression zone (see Figure 1b) is modelled as a set of axial zero-length spring elements. 
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An elastic zero-tension uniaxial material model is assigned to the joints, which can 

simulate the joint openings and compression forces at the contact surfaces. Inertial effects 

of the bridge deck are considered by applying lumped horizontal and vertical masses to the 

top node of the pier. These masses are equivalent to the axial force acting on the pier. SMA 

bars are modelled using Truss Elements, and the idealized constitutive model for the SMA 

material is used based on the experimental results valid in Li et al. (2017). The SMA 

material model including the post-tensioning stress was implemented by the authors in 

OpenSees. 

3. Numerical Results and Discussion 

In this section, in order to investigate the nonlinear cyclic performance of the PPS piers with 

SMA bars, a comprehensive parametric study is performed. The investigated key design 

parameters for the nonlinear cyclic analysis are: (i) number of segments or aspect ratio, (ii) 

length, area, and post-tensioning ratio of the SMA bars (bars-to-segment area ratio), and (iii) 

area and post-tensioning ratio of the tendon (tendon-to-segment area ratio). The key design 

parameters are decided according their possible effect on the energy dissipation capacity of the 

piers.  

The capacity curves (i.e. base shear verses drift) are obtained for a full cyclic loop (±6 % 

drift) to examine the nonlinear cyclic behaviour of the piers. The varied key design 

parameters are given in Table 1. Here, αt and αsma are the post-tensioning ratios of the 

tendon and SMA bars respectively; ρt is the tendon-to-segment are ratio, and ρsma is the 

SMA bars-to-segment ratio; n is the number of segments; and Jsma is the joint number at 

which the top node of the SMA bars is located. The bottom end of the all SMA bars are 

connected to the fixed base and the top end node location varies as shown by Jsma 

representing the length of the SMA bars (see Figure 1a). 

 

        Table 1. Design Parameters 

Design 

Parameters 

n N/(fcAc) 
αt ρt Jsma αsma ρsma 

V
al

u
es

 2 0.2 0.0 0.010 2 0.0 0.005 

4 0.2 0.2 0.015 3 0.3 0.01 

6 0.2 0.4 0.020 4 0.6 0.015 

10 0.2 0.6 - 5 - 0.025 

 

Figure 2 shows the effects of SMA bars’ area ratio, ρsma on the cyclic behaviour of the 

piers for an exemplary pier with n=4, for different length of SMA bars, Jsma. For small area 

of SMA bars, ρsma = 0.005, the pier experiences a slight energy dissipation, while energy 

dissipation capacity of the pier becomes highest for ρsma = 0.025 (see Figure 2b and 2c). 

For large ρsma and Jsma small the SMA bars become very stiff (due to no gap opening of the 

pier occulting in higher drifts) and the pier show no energy dissipation, which can be 

observed in Figure 2a for ρsma =0.025 and Jsma = 2. Therefore, there is an optimal SMA 

bars’ area and length at which the maximum energy dissipation capacity of the pier is 

reached.  

Figure 3a illustrates the post-tensioning effect of the SMA bars on the energy dissipation 

capacity of the exemplary pier. According to figure, increase in the post-tensioning ratio of 

the SMA bars results in higher energy dissipation capacity for the pier. Figures 3b-3d show 

the stress-strain ratio of the right edge SMA bars with change in post-tensioning ratios. 

Both linear and nonlinear behaviour are observed in SMA bars with the displacement of 
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the piers. According to figures, increasing the post-tensioning ratio reduces the linear 

behaviour and increases the nonlinear behaviour, in which higher energy dissipation 

capacity is reached.  

 

 Fig. 2 – Effects of SMA bars’ area for the pier with n=4, αt = 0.6, ρt = 0.015, αsma = 0.3, (a) Jsma = 2 (b) Jsma = 

3 (c) Jsma = 4. 

2850
3ECEES, September 2022, Bucharest, Romania



 

Fig. 3 – (a) Post-tensioning effect of the SMA bars on the energy dissipation capacity of the exemplary pier 

(n=4, αt = 0.6, ρt = 0.015, ρsma = 0.015, Jsma = 3); the corresponding stress-strain behaviour of the SMA bars 

for: (b) αsma = 0, (c) αsma = 0.3, and (d) αsma = 0.6.  

PPS pier with having one of the highest energy dissipation capacity is chosen in order to 

investigate the seismic performance of the piers. A constant-stiffness Rayleigh damping is 

used for the piers with damping ratio of 5% for all elements in the models. The properties 

of the pier are, the location of the top end of SMA is J=3, ρt is equal to 0.02, αt is equal to 

0.4, αsma is equal to 0.3, and ρsma is equal to 0.025. Moreover, results are also compared 

with the pier with no SMA bars. The piers are subjected to seven component pairs of 

horizontal far-field ground motions available in Pacific Earthquake Engineering Research 

Centre (PEER) Next-Generation Attenuation (NHA) database (NGA-West2,2017). Figure 

4 and Figure 5 show IDA curves and median IDA curves for top drift and normalised base 

shear-time history of the PPS piers. According to results, Piers with SMA bars reduced the 

drift response approximately while resulted in increased normalised base shear due to 

having a stiffer system. 

2851
3ECEES, September 2022, Bucharest, Romania



 

Fig. 4 – IDA curves and median IDA curves of the pier with SMA bars (a) top drift, (b) normalised base 

shear 

                  

Fig. 5 – IDA curves and median IDA curves of the pier with no SMA bars (a) top drift, (b) normalised base 

shear 

4. Conclusions  

This paper presents nonlinear cyclic behaviour of SMA-equipped PPS piers. In order to 

model piers, an experimentally validated FE model is used and a parametric study is 

performed to investigate the energy dissipation capacity of the SMA-equipped piers. It is 

found from the results of nonlinear cyclic analysis that there is both optimum length and 

area for the SMA bars, which leads to the highest energy dissipation ratio. Results show 

that well designed SMA-equipped piers can provide high energy dissipation capacity. 

Furthermore, IDA results showed that SMA bars can sufficiently reduce the drift response 

of the piers. 
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Abstract: Rocking behaviour due to support motion is experienced by a wide range of 
structures, from small museum exhibits to large bridge piers. Besides, rocking can also be 
used as a resilient isolation strategy in seismic protective systems. Despite its deceivingly 
simple configuration, predicting the response of a rigid rocking body is a challenging task 
complicated by its enormous sensitivity to impact and imperfection modelling that have called 
into question a reliance on wholly deterministic approaches. To overcome these limitations, 
emphasis is now shifting towards the estimation of statistical descriptors of the rocking 
response rather than deterministic estimates of rotational histories. These efforts, however, 
need to be balanced against practical considerations of time, availability of computational 
resources and, importantly, they need to have in mind the intended use of the predicted 
outcomes. In this context, one aspect that has been left out from current discussions on 
statistical methods applied to rocking structures is the engineering need to establish hazard 
consistent estimates and the influence that alternative modelling approaches may have on 
these predictions. This study aims to contribute to this discussion by analysing a large number 
of response history analyses on rigid rocking blocks. Models based on the direct numerical 
solution of the rotational equation of motion as well as on solutions to the linear 
complementary problem arising from non-smooth dynamics idealizations are explored. 
Although the behaviour of the rocking block is known to depend on various ground-motion 
intensity measures, the peak ground acceleration is selected here as a first attempt to 
rationalize the influence of the variability of the ground motion and seismic demands are 
expressed in the form of hazard curves. The results of this study offer an initial point of view 
on the importance of different modelling strategies within a performance-based rocking 
response evaluation framework and the potential divergence of their estimates at different 
hazard levels.  

Keywords: earthquake engineering, rocking, non-smooth dynamics, hazard-consistency 

1. Introduction 

Various models have been proposed for simulating the seismic response of rocking 
structures. One of the main differences among them is the treatment of the impact 
phenomenon which ranges from the classical model used by Housner (1963) based on 
conservation of momentum to the alternatives proposed by Shenton and Jones (1991), 
Lipscombe and Pellegrino (1993), among others. A common thread among a family of these 
models is their use of Newton’s law to capture the impact behaviour and energy dissipation 
at impact. The modification of the value of the coefficient of restitution, that relates the pre- 
and post-impact states, will lead to different amounts of energy dissipation, and induce 
important changes in the rocking response of the structure under consideration.  
The recognition that the rocking response of free-standing bodies is inherently difficult to 
predict, due to its high sensitivity to the system’s initial conditions (Bachmann, 2018) and 
its strong dependence on the characteristics of the waveform of the support motion, raises 
the question of how different modelling decision are expressed in the statistical estimates 
that incorporate the uncertainty associated with strong ground-motions. This study aims to 
examine this matter in a hazard-consistent manner. By looking at the effects of modelling 
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changes on the overall rocking hazard curves within a performance-based assessment 
framework, important comparisons are established. To this end, nonlinear response history 
analyses of alternative rocking models subjected to an extensive set of ground-motions are 
analysed. Two sites with different seismic hazards are considered. The models studied 
include the classical analytical formulation proposed by Housner (1963) solved via 
numerical integration as well as an alternative modelling strategy that involves the solution 
of the Linear Complementary Problem (LCP) resulting from non-smooth dynamics 
approximations proposed by Giouvanidis and Dimitrakopoulos (2017). The set of ground-
motions employed were selected using a recently proposed Conditional Scenario Spectra 
(CSS) methodology (Arteta and Abrahamson, 2019) to ensure hazard consistent analyses, a 
long-desired concept in the earthquake engineering. 

2. Rocking model 

Figure 1 presents the base model adopted for this study. A two-dimensional rigid block is 
employed, with only two basic geometric parameters: the half-width 𝑏 and the half-height h. 
Those two quantities give way to another equivalent set of geometric values determining the 
block: the slenderness 𝛼 = tan!"(𝑏/𝐻)	and the half- diagonal 𝑅 = √𝑏# + 𝐻#. The block 
has a mass 𝑚, and a moment of inertia IG with respect to centre of mass. To study the block’s 
motion, two sets of variables are used. The first set is formed of the global variables 𝑥, 𝑦 and 
𝜙 representing the horizontal displacement of the centre of mass, the vertical displacement 
of the centre of mass and the rotation of the block with respect to the ground respectively. 
The second set is composed of the relative variables 𝑔𝑁1, 𝑔𝑁2, and 𝑔𝑇, which are the vertical 
displacement of the left pivot point, the vertical displacement of the right pivot point, and 
the horizontal displacement of the block with respect to the ground, respectively.  

 

 

 Fig. 1 Rocking block idealization and coordinates.		
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The Newton-Euler equation of motion for such a system is (Giouvanidis and 
Dimitrakopoulos, 2017): 

𝑴�̈� − 𝒉 9𝑪,𝑲, �̈�$(𝑡)? −𝑾%𝝀% −𝑾&𝝀& = 0	 (1) 

where M, C and K are the mass, damping and stiffness matrices, respectively, h is the vector 
of non-impulsive forces, q the vector of generalized coordinates, �̈�$(𝑡) the acceleration of 
the ground, W are matrices that contain the direction of the contact forces in the normal (N) 
and tangential (T) directions, respectively, and 𝝀 are the corresponding force vectors. Impact 
is treated as an instantaneous event rendering negligible the effect of all non-impulsive forces 
on the outcome of impact. Besides, sliding is assumed to be prevented by external means, 
and only planar rocking is examined. 
If Newton’s contact model is adopted, the ratio of velocities before and after impact 
(�̇�%

!, �̇�%
') can be related through the coefficient of restitution, 𝜀% . After some 

manipulation, the following system of linear equations can be found (Giouvanidis and 
Dimitrakopoulos, 2017): 

𝒗% = H𝑮%% − 𝑮%&𝑮&&!"𝑮&%J𝚲% + (𝑬 + 𝜀%̿)�̇�%
! (2) 

𝒗% ≥ 𝟎, 			𝚲% ≥ 𝟎, 			𝒗%&𝚲% = 0 (3) 

where 𝜀%̿ is the diagonal matrix of the coefficient of restitution, G are the normalized mass 
matrices, E is the identity matrix, v is the velocity jump matrix, and 𝚲% are normal impulses. 
Eqs. (2) and (3) configure a Linear Complementary Problem (LCP) subjected to the 
complementary conditions defined in Eq. (3).  
It is interesting to note that when a slender block rocks of flights from the ground after impact 
(See Fig. 1), the relationship between the pre- and post-impact angular velocities is (Shenton 
and Jones, 1991): 

𝜂 =
�̇�'

�̇�!
= 1 −

3
2 sin

# 𝛼 − 𝜀%
3
2 sin

# 𝛼 (4) 

which for a perfectly plastic impact (𝜀%=0) becomes Housner’s angular coefficient of 
restitution. Similarly, if friction is zero (𝚲& = 0), the above relationship becomes (Brogliato 
et al., 2012): 

𝜂 =
�̇�'

�̇�!
=
1 − 3 sin# 𝛼
1 + 3 sin# 𝛼 − 𝜀%

6 sin# 𝛼
1 + 3 sin# 𝛼 (5) 

which for a perfectly plastic impact (𝜀%=0) becomes the expression of Augusti and Sinopoli 
(1992). 
An alternative to solving the LCP of Eqs. (2) and (3), is to solve directly the equation of 
motion through numerical integration in time using one of the standard Ordinary Differential 
Equations solvers available. Both procedures will be evaluated in this paper. 

3. Probabilistic Seismic Hazard Analysis with Conditional Scenario Spectra 

Probabilistic Seismic Hazard Analysis (PSHA), as introduced by Cornell (1968), estimates 
the annual rate of exceedance of a certain ground-motion intensity measure by integrating 
all potential earthquake sources and earthquake scenarios. On the other hand, the Conditional 
Scenario Spectra (CSS) presents a set of realistic earthquake spectra with corresponding 
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assigned rates of occurrence based on their spectral shape and intensity (Abrahamson and 
Al Atik, 2010; Arteta and Abrahamson, 2019). Therefore, the ground motion spectra in the 
CSS are developed to be spectrally consistent with the hazard at the selected site at all 
relevant periods. 
The CSS used in this study are based on site-specific PHSA for Oakland (37.803˚N, 
122.287˚W) and Sonora (38.158˚N, 120.000˚W) in California (Macedo et al., 2022). In total, 
596 ground motions were used for the Oakland site and 220 ground motions for the Sonora 
site, selected from the PEER NGA-West 2 database (Bozorgnia et al., 2014). Fig. 2 presents 
their horizontal-component ground motion spectra where the rate of occurrence of each 
spectrum was calculated using the CSS methodology. It can be noted from Fig. 2 that the 
Oakland site has higher seismicity than the Sonora site. Recent studies (Lachanas and 
Vamvatsikos, 2022) have used the peak ground acceleration (PGA) as an intensity measure 
(IM) for the characterization of rocking responses. This choice of IM is adopted hereing but 
the scaling of the ground-motion is governed by hazard consistency criteria rather than the 
computability constraints imposed by the weaving behaviour of incremental dynamic 
analysis curves. It is recognised, however, that PGA and spectral consistency do not cover 
the full range of descriptors of the ground motion characteristics, especially for rocking 
structures where time-based IMs like duration have been shown to correlate well with 
rocking response parameters (Dimitrakopoulos and Paraskeva, 2015, Thiers-Moggia, R., 
Málaga-Chuquitaype, C., 2021). 
 

 
Fig. 2 Scenario spectra (5% damped) of Oakland (left) and Sonora (right) sites. 

4. Probabilistic Seismic Demand Analysis 

The rocking structures, modelled as described above, were analysed under the 816 ground 
motions from both sites on the high-performance computing facility at Imperial College 
London (HPC-Imperial, 2019). This resulted in extensive datasets summarizing a total of 
39,168 analyses that provide information on a broad spectrum of structural responses that 
range from mildly elastic to highly inelastic. An Engineering Demand Parameter (EDP) 
hazard curve of a structure can be used to encapsulate this information by presenting the 
evolution of EDP at different levels of exceedance rates. By taking the peak rocking angle 
normalized by the block slenderness as the EDP of interest, the EDP annual rate of 
exceedance, 𝜈[EDP>d], is calculated using the following expression (Arteta and 
Abrahamson, 2019): 

𝜈 X𝜙 𝛼Y > 𝑑\ = ] 𝑅𝑎𝑡𝑒()),+𝐻 X
𝜙
𝛼Y − 𝑑\

#	./01.23

+4"

 (6) 
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where RateCSS,i is the assigned rate of occurrence of the ground motions obtained from the 
CSS, and H[𝜙 /	𝛼 – d] is the Heaviside function.  

Fig. 3 plots the maximum normalized rotation, 𝜙/𝛼, for two alternative impact models 
described by Eqs. (4) and (5). Results are presented for the Oakland site and show the rate 
of occurrence of the corresponding ground motion. Between 30% and 40% of the blocks 
represented in Fig. 2 did not uplift leading to 𝜙/𝛼 =0. All results presented in this paper 
correspond to blocks of 𝛼 = 0.06 rad and 𝑅 = 9 m which can represent realistic rocking 
buildings (Thiers-Moggia and Málaga-Chuquitaype, 2020). The data of Fig. 3, and other 
similar, is used to generate hazard curves which will form the basis for the comparisons that 
follow. 

 

Fig. 3  Scatter plot of peak rotation, 	𝜙/𝛼, rate of occurrence based on CSS at the Oakland site. 

5. Influence of Modelling Assumptions 

Fig. 3 presents the hazard curves for normalized peak rotation, 𝜙/𝛼, for the Oakland site. 
The hazard levels corresponding to typical building life-safety (1/475) and collapse 
prevention (1/2475) in conventional building structures are also depicted in Fig. 3 for 
comparison purposes. The curves presented in Fig. 3 have been obtained by solving the LCP 
system (Eqs. 3 and 4) as well as the numerical solution to the Equation of Motion via direct 
integration in Python (Van Rossum and Drake, 1995) for a rocking block of blocks of 𝛼 = 
0.06 rad and 𝑅 = 9 m.  

 
Fig. 4 Influence of number of modelling approaches on peak-rotation hazard curves at Oakland site. 
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It is interesting to note that the main difference between the dotted and continuous lines in 
Fig. 4 springs from approximations to the numerical solution. In theory, both models are 
consistent with Housner’s assumptions on the coefficient of restitution (𝜀%=0 in Eq. 4) but 
the risk estimates are noticeably different, and their discrepancies are larger as the peak 
rotation level increases. At 𝜙/𝛼 > 1, the numerical solution of the EoM stabilizes on an 
exceedance rate of 𝜐 X5

6
> 𝑑\ ≈ 2 × 10!7 whereas the rate of exceedance of the LCP 

solution continues to decrease. This should call the attention to the careful definition of initial 
conditions on rocking problems given their near-chaotic dependence on them, a fact that has 
been highlighted previously by Bachmann et. Al (2018). Interestingly, the number of non-
uplift cases is the same for both models and around 20% of the solutions yield the same 
result. 
To further study the influence of impact assumptions on the peak rotation hazard curves of 
rocking blocks, two models involving direct integration of the EoM but with different 
coefficient of restitutions are compared in Fig. 5. In this figure, the EDP hazard curves for 
Housner’s and Augusti and Sinopoli’s models represented by Eq.(4) and Eq.(5) with 𝜀%=0, 
respectively, are presented.  

 

 
Fig. 5 Influence of number of modelling approaches on peak-rotation hazard curves at Oakland site 
 
It can be appreciated from Fig. 5 that the difference in coefficient of restitution translates 
into a marked difference on exceedance rates at all engineering demand levels. Noticeably, 
the rocking block with 𝜂 = 0.9954 (Eq. 4) has a markedly higher rate of exceedance for a 
given peak rotation level in comparison with the block with 𝜂 = 0.9817 (Eq. 5). This is 
expected given the higher energy dissipation assumed in the latter. This is also reflected in 
the rate of exceedance of overturning which drops from 2 × 10!7 when Eq. (4) is used to 
less than 1 × 10!7 when using Eq. (5). 
Finally, it is also important to stress that these results are highly dependent on the hazard at 
the site. To this end, Fig. 6 compares the peak rotation hazard curves for two sites in 
California, namely Oakland and Sonora. The significantly lower seismic hazard of the 
Sonora site is evident from this figure where a reduction of almost 4 orders of magnitude in 
the rate of exceedance of block overturning. In fact, the number of non-uplifting cases also 
increases and therefor an order of magnitude reduction in the rate of exceedance at 𝜙/𝛼=0 is 
also observed. 
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Fig. 6 Influence of number of modelling approaches on peak-rotation hazard curves at Oakland site. 

6. Conclusion 

This paper has examined the influence of modelling alternatives on the hazard consistency 
estimates of rocking response of rigid rocking bodies subjected to strong ground motion. By 
analysing a large number of response history analyses obtained via the direct numerical 
solution of the rotational equation of motion as well as solutions to the linear complementary 
problem (LCP) arising from non-smooth dynamics idealizations. Hazard consistent peak 
rotational hazard curves are presented. 
The rocking response dependency on peak values of acceleration used in other studies to 
characterise the rocking response at different intensity levels is also adopted here. Sets of 
ground-motions were selected using a recently proposed Conditional Scenario Spectra (CSS) 
methodology to ensure hazard consistency, although it is recognised that PGA and spectral 
consistency do not cover the full range of descriptors of the ground motion characteristics, 
especially for rocking structures where time-based IMs like duration have been shown to 
improve the estimates as well.  
Significant differences in annual rates of exceedance are observed for seemingly small 
discrepancies in modelling solutions. In particular, even if nominally consistent modelling 
alternatives are considered, the hazard EDP estimates obtained from them can be noticeably 
different, and these discrepancies tend to increase as the peak rotation level increases. The 
paper exemplifies why the inclusion of modelling uncertainties as well as hazard consistency 
considerations in studies of rocking behaviour is of utmost importance when quantifying 
rotational responses all the way from uplift to overturning. 
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Abstract: This paper presents a gradient-based optimization approach for the seismic design 

of multiple-rocking systems. Rocking systems have been developed as damage-free lateral 

load resisting systems for seismic activity. In these systems, a rocking section is designed at 

the connection with the foundation replacing the traditional plastic hinge. Tall buildings 

with base energy dissipation mechanism suffer from large design force demands along their 

height due to higher vibration modes effect. Recently, the concept of multiple-rocking 

systems has been proposed to mitigate these demands. Yet, there is a lack in the design 

methods available for these systems. The complex behavior of multiple-rocking systems 

makes their design a challenging task. In addition, the vertical irregularities due to strength 

and stiffness change along their height make it difficult to develop simplified procedures 

that are based on their elastic behavior. In this paper, a gradient-based optimization 

approach is presented for the seismic design of these systems. The optimization problem is 

formulated to reduce construction costs. The performance constraints are evaluated based on 

the results from nonlinear time history analyses. The design procedure was implemented for 

the design of 8 and 20 story buildings. The optimized designs have shown reduced costs 

while satisfying the performance constraints. 

Keywords: optimization, rocking walls, concentrically braced frames, higher vibration 

modes effect 

1. Introduction 

Self-centering concentrically braced frames (SC-CBFs) have been shown as effective 

lateral load resisting systems that reduce or eliminate the residual deformations (Tremblay 

et. al 2008). In addition, these systems can be designed such that the seismic energy is 

dissipated using special devices placed at predefined locations. The rocking behavior is 

obtained by allowing the column to uplift usually at the base of the system as shown in 

Figures 1a and 1b. Prestressed tendons are designed to provide a restoring flexural moment 

at the base of the system. Replaceable energy dissipation devices are usually provided at 

the rocking section or in other locations of the structural system (Figure 1b). 

Several types of energy dissipation devices have been proposed for rocking systems 

including fluid viscous dampers (Kurama 2000, Marriott 2008, Pollino 2015), metallic 

energy dissipators (Rahman & Restrepo 2000), and fuse elements (Deierlein et. al 2011). 

Studies on spine systems including shear walls and CBFs have shown that large force and 

flexural moment demands could develop along their height due to the higher vibration 

modes effect (Rutenberg 2013). Similarly, in SC-CBFs, these large demands are expected 

in high-rise buildings when the rocking behavior is designed only at their base. To reduce 

these demands, multiple-rocking systems were proposed (Wiebe & Christopoulos 2009). In 

this case, additional rocking sections are designed at higher floor levels as shown in 

Figures 1c and 1d.  
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This solution causes a reduction in the moment demands. However, it may lead to larger 

inter-story drifts. This trade-off and the complex dynamic behavior of multiple-rocking 

SC-CBFs make their design more challenging and less intuitive compared to the traditional 

base rocking systems.  

While these systems have shown promising results in parametric studies (Li et. al 2017). 

Yet, there is a limited number of methods available for their design. Wiebe and 

Christopoulos (2015) have proposed a design method for multiple-rocking sections. In this 

method, closed-form equations were used to determine the force demands along the 

building height. It has been shown that this method is very effective for estimating the 

force demands in regular spine systems. However, the displacements did not always satisfy 

the design limits. 

Recently, optimization-based design methods have been proposed for the design of rocking 

systems. Huang et. Al (2021) have used the genetic algorithm (GA) for the design of a base 

rocking timber mass system considering different performance criteria. It has been shown 

that rocking systems could be designed using an optimization-based framework within a 

reasonable time, due to the growth of computational power.  

However, expanding this method for more general cases can lead to expensive 

computational costs. This is because the GA algorithm usually requires a large number of 

function evaluations with the growth in the number of the design variables (Idels & Lavan 

2020). As each function evaluation involves at least one nonlinear time history analysis 

(NLTHA), this may become a computationally expensive approach. 

This paper presents a new optimization-based design approach that was recently published 

by the authors (Marzok & Lavan 2021a). This approach was developed for the design of 

multiple-rocking SC-CBFs. An objective function that targets minimizing the construction 

costs of the building was formulated. The constraints of the optimization problem include 

performance limits based on current codes and available knowledge regarding the behavior 

of these systems. The number of design variables is large. Therefore, the solution of the 

optimization problem is achieved using a gradient-based optimization approach.  

 

Fig. 1 – SC-CBF: (a) traditional base rocking SC-CBF; (b) deformed shape of traditional base rocking SC-

CBF; (c) multiple-rocking SC-CBF and (d) deformed shape of multiple-rocking SC-CBF. (Marzok & Lavan 

2021a). 

In this formulation, the constraints are computed based on the results obtained from 

NLTHA. The analytical model used for the NLTHA is based on the mixed Lagrangian 

formalism (MLF). MLF has been shown as an efficient numerical integration scheme for 

SC-CBFs (Marzok & Lavan 2021b). A simplified model that represents the main 

characteristics of the behavior was adopted in this paper. 

Two case studies are presented to examine the proposed. The proposed design method is 

used for the design of spine systems with a different number of stories. The results show 
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that the multiple-rocking section solution is preferable in the case of high buildings, and it 

could efficiently reduce the construction cost while satisfying the performance constraints.  

This paper presents a summary of the formulations and the findings from a journal paper 

that was recently published by the authors in Earthquake Engineering & Structural 

Dynamics (Marzok & Lavan 2021a). The reader is referred to the journal paper for the full 

description of the formulation, results, and additional case studies. 

2. Problem formulation 

This section describes the design problem formulation utilizing a gradient-based 

optimization approach. First, the numerical integration scheme used for the nonlinear time-

history analysis (NLTHA) is presented. At the end of this section, the proposed design 

formulation is presented. 

2.1. Numerical model for NLTHA 

2.1.1. Mixed Lagrangian formalism 

MLF is a time integration scheme for transient analysis that was originally developed for 

skeletal structures (Sivaselvan & Reinhorn 2004, 2006). In this formulation, a time integral 

of the Lagrangian and Dissipation functions over the duration of the dynamic response is 

considered. The state variables used in this formulation include the displacements of the 

global degrees of freedom (DOFs) and a time integral of the internal forces (impulses) 

(Sivaselvan & Reinhorn 2004). It has been shown that in some cases this formulation leads 

to an optimization problem at each time step.  

The solution of this optimization problem provides the internal forces (local DOFs) 

(Sivaselvan & Reinhorn 2004, 2006). It has been shown that MLF is a very efficient 

numerical integration scheme for the analysis of large-scale structures (Sivaselvan & 

Reinhorn 2004, 2006), progressive collapse considering fracture behavior (Lavan et. al 

2009), pounding and contact behavior (Lavan 2010), impulse loads (Lavan 2012), and base 

isolation (Oliveto & Athanasiou 2019). Recently, a simplified model was developed for the 

analysis of SC-CBFs with multiple-rocking sections based on MLF (Marzok & Lavan 

2021b). This model is adopted in this paper for the NLTHA. 

2.1.2. simplified model for SC-CBFs 

The simplified model MLFsimp (Marzok & Lavan 2021b) is used in this paper for the 

NLTHA analysis of the SC-CBFs. In this model, the frame elements at each story level are 

represented by an equivalent Timoshenko beam. The rocking sections are described using 

the rotational gap element that has been developed for this purpose (Marzok & Lavan 

2021b). These rocking sections are potentially located at each story level. 

The internal forces in MLF are obtained at each time step by solving a nonlinear 

optimization problem that can be brought to a quadratic optimization programming form. 

This optimization problem reads (Lavan 2010): 
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where 𝐅 is a vector of the unknown internal forces; 𝑛 is the time step; 𝜙∗ and gR
* are the 

energy dissipation and rotational gap functions (Marzok & Lavan 2021b). The 

matrix A and the vector b include the data of the structural system and they can be obtained 

as described in (Marzok & Lavan 2021b). 

The velocities are computed using the vector of internal forces at the current time step 

obtained from Equation 1 using the following Equation: 

( ) ( )1 1

1 1 2 1 1
2 2

n n n n n n+ + += − + + +
M B M

v M M v F F P P  (2) 

where M1 and M2 are constant matrices computed from the damping and mass 
matrices; B is compatibility matrix that relates between local and global DOFs and P is 
a vector of known external forces. 

2.2. Optimization problem formulation 

An optimization problem was formulated for the design of multiple-rocking SC-CBFs 

considering performance constraints computed using NLTHA. The objective function 

includes the construction costs. The optimization problem formulation reads: 
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where JPT, JANC, JED, JR and JC are the total costs of cables, anchorage, energy dissipation 

material, rocking sections and framing elements calculated indirectly from the force 

demands in these elements, respectively; dm,k, sk, εm,p and Δθm,k are normalized 

performance values that represent the interstory drifts, self-centering index, cable strains 

and rotation of the rocking sections, respectively; davg, εavg and Δθavg are the average peak 

interstory drifts, cable strains and rotations of the rocking sections obtained from the 

NLTHA; dall, εall and Δθall are the allowed interstory drifts, cable strains and rotations of the 

rocking sections; MED and MPT are the moments from the ED and post-tensioning cable at 

the rocking sections; ns is the number of stories; nc is the number of cables and Nt is the 

number of time increments in the NLTHA. 

The design variables include the sectional area of the cables and their initial prestressing 

force, the sectional area of the metallic yield dampers, and the location of the rocking 

sections as shown in Figure 2. The last design variable can have only zero or unity values, 
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where zero indicates a continuous connection between the story levels, and one a rocking 

section. 

 

Fig. 2 – Design variables: topology of cables in an SC-CBF (left), volume of moment demands and axial 

forces (middle), and metallic yield dampers and rocking sections design variables (right) (Marzok & Lavan 

2021a). 

A continuous and differentiable formulation is required for the solution of the optimization 

problem using a gradient-based algorithm. Therefore, the design variables that represent 

the rocking sections are replaced by continuous equivalent variables as follows (Guest et. 

al. 2004): 

( ) ( )1 exp expphy r num num r = − − + −x x x  (4) 

where xnum is the numerical variable used in the optimization; xphy is the physical value 

used for the NLTHA and αr is a nonnegative number increased during the optimization 

procedure. In addition, a penalty was applied to push the solution to discrete values using 

the following penalty function for the cost of the rocking sections: 

( ) ( )1 exp expc T

R R rc num num rcJ c  = − − + −  1 x x  (5) 

where cR is the cost of a single rocking section and αrc is a nonnegative value increased 

during the optimization procedure. 

3. Case study 

The proposed method was implemented for the design of SC-CBFs in different spine 

buildings. In these examples, it was assumed that the cost of the frame, cable, and ED 

elements is 3600, 4000, and, 800 [$∕𝑡𝑜𝑛], respectively. The cost of the anchorage is 400 

[$∕𝑐𝑎𝑏𝑙𝑒] and the cost of the implementation of a rocking section is 4000 [$∕𝑢𝑛𝑖𝑡]. These 

costs can differ from one project to another. However, the design method, in this case, will 

remain applicable.  

The proposed methodology is used for the design of 8 and 20-story buildings. The plan of 

the buildings and a schematic section of the designed SC-CBFs are shown in Figure 3. The 

selected buildings have a uniformly distributed seismic mass along their heights. The 

seismic weight is 10.4[𝑘𝑁∕𝑚2] which gives a story mass of 566.8[𝑡𝑜𝑛]. 

One of the SC-CBFs was modeled in a planar model and it is assumed to resist half of the 

total story mass. Therefore, a horizontal mass of 283.4[𝑡𝑜𝑛] is applied on each of the SC-

CBFs in the earthquake direction. The floor area of the buildings is 27.42 ∗ 19.50[𝑚] as 

shown in Figure 3. Two SC-CBFs are symmetrically designed at the direction of the 

seismic activity. 
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Fig. 3 – Plan and section view of the designed building (Marzok & Lavan 2021a). 

The design and performance of the 8-story building are presented in Figure 4. In this case, 

a relatively short cable was required. The use of a short cable provides a large secondary 

stiffness which reduces the displacements. In addition, since the cost of the cables is 

directly related to their length, shorter cables are cheaper. On the other hand, the cables 

should be long enough to prevent premature fracture. A ground structure has been used for 

the cables. In this example, most of the cables were not necessary. Therefore, these cables 

were eliminated during the optimization process by reaching the minimum sectional area 

that represents a numerical zero. 

The location of the rocking section in this case is at the base. In other words, the solution 

of base rocking SC-CBF was automatically obtained in this case as a result of the 

optimization process. This implies that the contribution of the higher vibration modes was 

not large because of the small height-to-width aspect ratio of the system. The design 

variables of the rocking sections converged to binary values. This shows that the 

approximate continuous formulation was able to imitate the original mixed-integer 

formulation. Furthermore, the received sectional areas for the EDs at the closed rocking 

sections are equal to the selected numerical zero. 

Figure 4 shows the normalized value of the performance constraints from Equation 3. 

Three horizontal bars represent the value of the interstory drift (dm), self-centering index 

(sk) and rotation of the rocking section (Δθk) normalized by the allowed values. It is shown 

that the average peak inter-story drift constraint is active at all the story levels. The rotation 

of the rocking section which is located at the base of the SC-CBF reaches the allowed 

rotation. Figure 4 also shows the normalized flexural moment demands along with the 

building height. It is shown that these demands are significantly smaller than the elastic 

flexural moment demands (Mel). 

 

Fig. 4 – Optimized design of 8 story SC-CBF (Marzok & Lavan 2021a). 
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As expected, the higher vibration modes were more dominant in the 20-story building. The 

optimized design of this building is shown in Figure 5. Three rocking sections were 

observed at the end of the optimization process. The first rocking section is located at the 

base of the SC-CBF. The higher rocking sections are located at the base of the fifth and the 

tenth stories. An approximately constant average flexural moment demands through the 

height of the SC-CBF were received as shown in Figure 5. It is shown that although 

several rocking sections were obtained in this optimized design, yet, the average of the 

maximum inter-story drifts remained constant through the building height. 

Three cables were obtained in the design of the 20-story building. The topology of the 

cables of the optimized design is shown in Figure 5. The first cable is deployed from the 

foundation to the top. At the second rocking section, two additional cables are added to the 

long cable. These cables provide an additional decomposition moment to this rocking 

section since the gravity loads at this section are much smaller than at the base rocking 

section. Combining these cables into a single cable with the same sectional area gives the 

same decomposition moment and secondary stiffness because these cables have the same 

length. In addition, the value of the objective function is reduced due to a reduction in the 

number of end anchorages of the cables. However, only a minor reduction in the 

construction costs is expected in this case due to the relatively small cost of the anchorage 

systems compared with other elements in the structural system. 

 

Fig. 5 – Optimized design of 20 story SC-CBF (Marzok & Lavan 2021a). 

4. Conclusions 

A new design method for SC-CBFs with multiple-rocking sections was presented. The 

design procedure was formulated as an optimization problem and was solved utilizing a 

gradient-based optimization approach. In this method, the location of the rocking sections 

is determined during the optimization process leading to efficient designs. The objective 

function was formulated to minimize the construction costs. The constraints were 

formulated by adopting key limits regarding the behavior of these systems. These limits are 

in accordance with previous studies and code limitations. The performance of the structure 

in each design iteration was computed using NLTHA in the form of the MLF numerical 

integration scheme.  

The design method was examined for two buildings with a different number of stories. The 

results show that for the selected plans and seismic conditions, a single rocking section was 

obtained for the 8-story building, while three rocking sections were obtained for the 20-
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story building. This result indicates that the design of multiple-rocking sections is effective 

for reducing the higher vibration modes effect. Different cable layouts between the 

examined buildings were observed. This result shows that the secondary stiffness and 

allowed cable strain limits can affect the design in addition to the decomposition moment 

at the rocking section. Furthermore, for SC-CBFs with multiple-rocking sections, the same 

cable can provide sufficient decomposition moment for more than one rocking section 

which reduces the costs due to anchorage and end devices of the prestressed cables.  
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Abstract: This paper introduces the use of tendons consisting of Nickel-Titanium 

(superelastic) alloy connected in series with steel to impose partial restraints on the structure 

during rocking motion to enhance seismic performance. The large rotational motion under the 

superelastic tendon restraint is fully recoverable, and the structure is safer from overturning. 

An analytical model for simulating the seismic response of a rocking system with the 

restraining tendon is developed. Dynamic test has been carried out to demonstrate the 

effectiveness of the proposed system and validate the analytical model. The proposed system 

has the potential to improve the seismic performance of rocking structures to counter the 

intense seismic actions without sustaining damage. 

Keywords: Rocking control; Tendon; Superelastic; Modelling; Test 

1 Introduction  

Allowing the vertical supporting element to experience significant whole-body rotation 

about the base is an alternative approach to seismic performance enhancement. It has been 

used in structural walls (Kurama 2000; Kurama et al. 1999; Makris and Aghagholizadeh 

2017; Mpampatsikos et al. 2020) or bridge piers (Makris and Vassiliou 2013; Pollino and 

Bruneau 2008; Wang et al. 2021). This type of motion, which is herein referred to as rocking 

motion, uses the lifting of the centre of gravity of the structure, or part of the structure, to 

dissipate large amounts of energy. As rocking is facilitated, the need to absorb energy 

through the straining of materials can be circumvented. Furthermore, rocking also elongates 

the natural period of vibration of the structure, which reduces the amount of energy 

transferring from the base to the superstructure. The idea of enhancing the seismic 

performance of a structure by rocking mechanism has been studied for a long time (Housner 

1963; Ishiyama 1982; Kafle et al. 2011). It was based on a rigid block model at the beginning 

and developed into a flexible structure model (Acikgoz and DeJong 2012, 2016). 

The risk of overturning can increase significantly with the increase of rotation. 

Allowing rotation angle to come close to the limit of overturning can cause considerable 

uncertainties in the rocking response (Makris and Black 2001; Makris and Zhang 1999). 

High rotation can also cause severe pounding of the structure at the base. For structural walls 

that have been designed to rock in an earthquake, the adjoining building frames can provide 

restraints to control the rotation. Bridge piers designed to rock can also derive support from 

the bridge deck, which is connected to other bridge piers or the abutments. However, there 

can be no such redundancies for a whole-body rocking structure, which is the subject of this 

study. Hence, incorporating suitable restraints is therefore necessary. 

Different kinds of restraining systems for rocking control have been proposed in the 

literature, such as dampers (Aghagholizadeh and Makris 2021) and inerters (Thiers-Moggia 

and Málaga-Chuquitaype 2018). This paper develops another rocking control system. It 

introduces the use of an alloy material that can reverse the response to applied stress 

elastically through phase transformation between the austenitic and martensitic phases of the 
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crystals. This type of behaviour is known as ‘superelastic’ behaviour (Ozbulut, Hurlebaus, 

and Desroches 2011; San Juan and Nó 2013; Xia et al. 2020). The use of the superelastic 

tendon is introduced in this article to control the rocking motion of the block in earthquakes. 

Many alloy systems exhibit superelasticity. The Nickel-Titanium (NiTi) alloy is widely used 

because of its high strength, ductility, and corrosion resistance (Ozbulut et al. 2011).  

This paper proposes the concept of rocking control by superelastic tendons, and the 

corresponding analytical model is developed. The effectiveness of the proposed method will 

be studied experimentally. The analytical model developed in this paper will be validated 

with the test results, and numerical analysis of a prototype building will be studied. 

2 Analytical modelling 

Prestressing tendons can effectively keep rocking structures from overturning. With a 

conventional steel tendon, the amount of elongation would be restricted to within the yield 

limit of about 0.002 - 0.004. In contrast, a tendon made of NiTi alloy can elongate by up to 

10% with full recovery potential, making it ideal for facilitating large rocking motion, as 

seen in Figure 1. This section is to derive a computational algorithm for the system’s seismic 

response analysis, which is designed to rock as a rigid rectangular block. The block is 

designed to rock about the pivot points O and O’ on the ground when subject to the 

gravitational force (𝐹𝐺), the tendon force (𝐹𝑇) and the inertia force (𝐹𝐸, which depends on 

the earthquake excitation, �̈�𝑔) as shown in Figure 1. The governing equations of the system 

can be derived by considering the moment equilibrium about one of the pivot points.  

When 𝜃 > 0, 

 𝐼𝑂�̈� + 𝐹𝐺 ∙ 𝑅 𝑠𝑖𝑛(𝛼 − 𝜃) + 𝐹𝑇 ∙ 𝑅𝑠𝑖𝑛(𝛼) + 𝐹𝐸 ∙ 𝑅 𝑐𝑜𝑠(𝛼 − 𝜃) = 0              (1) 

When 𝜃 < 0, 

  𝐼𝑂′�̈� + 𝐹𝐺 ∙ 𝑅 𝑠𝑖𝑛(−𝛼 − 𝜃) − 𝐹𝑇 ∙ 𝑅𝑠𝑖𝑛(𝛼) + 𝐹𝐸 ∙ 𝑅 𝑐𝑜𝑠(−𝛼 − 𝜃) = 0        (2) 

in which 

𝐼𝑂 and 𝐼𝑂′: the moment of inertia with respect to the pivot point, 𝐼𝑂 = 𝐼𝑂′ =
4

3
𝑚𝑅2 

m: mass of the block 

𝑔: gravitational acceleration 

R: half-diagonal length of the block 

α: angle of the slenderness of the rocking block, tan 𝛼 = 𝑏/ℎ 

�̈�𝑔: horizontal ground acceleration  

𝜃: whole-body rotation of the rigid block 

𝐹𝐺: gravitational force, 𝐹𝐺 = 𝑚𝑔 

𝐹𝑇: tendon force 

𝐹𝐸: inertia force, 𝐹𝐸 = 𝑚�̈�𝑔 

Let 

  𝑝2 =
3𝑔

4𝑅
                                                                (3) 

where p is a frequency parameter of the rigid rectangular block, and is expressed in the unit 

of rad/s. By using the sign function 𝑠𝑔𝑛(𝜃), Equations (1) and (2) can be expressed in a 

compact form as follows: 
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�̈�

𝑝2 = − 𝑠𝑖𝑛[𝛼 ∙ 𝑠𝑔𝑛(𝜃) − 𝜃] −
𝐹𝑇∙𝑠𝑖𝑛(𝛼)∙𝑠𝑔𝑛(𝜃)

𝑚𝑔
−

�̈�𝑔∙𝑐𝑜𝑠 [𝛼∙𝑠𝑔𝑛(𝜃)−𝜃]

𝑔
                 (4) 

As the rigid block returns to the upright position, the angular velocity changes abruptly. 

The velocity of the block immediately following the pounding on the floor is controlled by 

the Coefficient of Restitution (COR). In Housner’s model (Housner 1963), when the pivot 

point for rocking shifts from O to O’, the following expression can be written as per the 

principles of the conservation of angular momentum: 

𝐼0𝜃1̇ − 𝑚𝜃1̇𝑅 𝑠𝑖𝑛(𝛼) ∙ 2𝑏 = 𝐼0𝜃2̇         (5) 

in which 

b: half of the width of the block, b=0.5W 

𝜃1̇ and 𝜃2̇: the angular velocity before and after the pounding 

      
Fig. 1 -  Proposed rocking control system by superelastic tendon (left) and analytical model (right)  (Li et al. 

2022) 

Equation (5) can be written into Equation (6): 

𝜃2̇

𝜃1̇
= 1 −

2𝑚𝑏𝑅 𝑠𝑖𝑛(𝛼)

𝐼0
= 1 −

3𝑏𝑠𝑖𝑛(𝛼)

2𝑅
                                    (6) 

where  

𝐶𝑂𝑅 =
𝜃2̇

𝜃1̇
= 1 −

3

2
𝑠𝑖𝑛2𝛼                                              (7) 

in which 𝜃1̇ and 𝜃2̇ are the angular velocity before and after pounding. The COR can be 

determined experimentally by the use of Equation (8): 

𝐶𝑂𝑅 =
�̇�𝑖+1

�̇�𝑖
                                                          (8) 

in which �̇�𝑖+1 and �̇�𝑖 are the measured values of the angular velocity before and after the 

pounding. An average value can be obtained by observing several poundings in the test. The 

presented governing equations can be solved by using the ODE tools in Matlab. 

The influence of the tendon forces on the rocking behaviour is well illustrated in Figure 1. 

For the linear elastic tendon or spring, the force of the tendon can be represented by Equation 

(9): 

𝐹𝑇 = 𝐹𝑇0 + 𝑘𝑠𝑑                                                       (9) 

W
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where F0 is the initial force, and ks is the stiffness of the linear elastic tendon. For the 

superelastic tendon, the force of the tendon can be represented algebraically by Equation 

(10): 

𝐹𝑇 = {

𝐹𝑇0 + 𝑘𝑠𝑑                           𝑤ℎ𝑒𝑛 𝑑 ≤ 𝑑1 

𝑓 [𝑑(𝑡), 𝑑𝑐, 𝐹𝑇𝑐, 𝑠𝑔𝑛 (�̇�(𝑡))]   𝑤ℎ𝑒𝑛 𝑑1 < 𝑑 < 𝑑3

𝑘𝑝(𝑑 − 𝑑3) + 𝐹𝑇3           𝑤ℎ𝑒𝑛 𝑑 ≥ 𝑑3

                         (10) 

where 

ks and kp: the stiffness of the tendon before and after the superelastic stage 

dc and FTc: the ordinates associated with the last corner point in the hysteretic path of the 

tendon 

𝑠𝑔𝑛(�̇�(𝑡)): the direction of velocity at the current time step.  

The hysteresis model presented in the form of a force-displacement (FT-d) diagram 

featuring loading and unloading as defined by the algebraic functions is shown in the 

schematic diagram of Figure 2. The presented relationship was employed to define the 

𝐹𝑇 term in the time-history simulation.  

 
Fig. 2 - Schematic strain-stress relationship of NiTi alloy (left) and modelling method (right) 

As a demonstration of the analytical model derived in this study, a rocking block which 

was 17.5 m tall and 3.5 m wide was displaced initially by applying a single ground pulse, as 

shown in Figure 3(A). The resulting rotational behaviours of the two models are presented 

in Figure 3(B). The prestressing force, F0, was 0.5G, and the first and second yielding forces 

of the superelastic tendon, F1 and F2, were 0.9G and 1.6G, respectively. The two energy 

dissipation mechanisms incorporated into the modelling were: (1) energy dissipation by 

pounding at the tower’s base, and (2) energy dissipation occurring within the superelastic 

tendon. Time histories showing the energy dissipation rate of the two models are presented 

in Figures 3(C) and 3(D), respectively. The higher energy dissipation rate of the restrained 

model was evident in comparing the time histories simulated for the two models.  
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(A) Ground displacement input                        (B) Rotation response time-history 

  
    (C) Energy dissipation of unrestraint system   (D) Energy dissipation of the restrained system   

Fig. 3 -  Rocking behaviour without and with the restraint of a superelastic tendon  (Li et al. 2022) 

3 Experimental validation 

The physical experimentation aimed to emulate the dynamic behaviour of a (prototype) 

structure that was 17.5 m tall, with plan dimensions of 3.5 m by 4.2 m, and weighing 85 

tonnes. The test specimen was scaled down as a rigid block model for dynamic test. The 

length scale was chosen as 1:14.5. The scaled-down model was accordingly 1.22 m tall, 

weighing 28 kilograms. 

3.1 Rocking with elastic spring restraint  

In the first test, linear elastic springs were used to constrain the rocking response. As 

seen in Figure 4, the rigid block model was tied to the base by a spring in the centre. Three 

types of springs were used, which were springs with the stiffness of 0.52 kN/m (300 mm 

length and 9 mm diameter), 12.2 kN/m (200 mm length and 18 mm diameter) and 18.9 kN/m 

(120 mm length and 18 mm diameter). The specimen was pushed to a certain rotation angle 

and then released. Binocular vision cameras were set to measure the displacement at the top 

and bottom corners of the specimen. The test results are compared with the analytical model 

results developed in this paper, as shown in Figure 5. The analysis results of horizontal 

displacement at the top could match the experimental results well, which validated the 

modelling method developed in part 2 for predicting the rocking response of the rigid block 

with linear spring restraint.  

        

Fig. 4 – Test setup of the elastic spring restrained rocking system (left) and the binocular vision displacement 

measurement during the test (right) 
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(A) No restraint   (B) Spring restraint of 0.52 kN/m 

 

(C) Spring restraint of 12.2 kN/m                     (D) Spring restraint of 18.9 kN/m 

Fig. 5 – Free release rocking test of the unrestraint system and the elastic spring restraint systems 

3.2 Rocking with superelastic tendon restraint  

In this part, tests were carried out on the superelastic tendon restrained specimen, as 

seen in the left panel of Figure 6. The prestressing tendon comprised a single 750 mm long 

NiTi alloy wire of 1 mm in diameter, which was connected in series to a pair of 300 mm 

long steel wire in 1.2 mm diameter. The characteristic flag-shaped hysteresis of the wire 

when subject to cyclic stress reversals was well demonstrated by static test, as seen in the 

right panel of Figure 6. An LVDT displacement transducer was used to monitor the model’s 

displacement at the base along the excitation direction. A micro-electro-mechanical system 

(MEMS) motion transducer (commonly used in robotics), weighing only about 20 grams, 

was placed at the model’s top to measure rotation and angular velocity in three orthogonal 

directions.  

 

Fig. 6 - Test setup of the rocking system with a superelastic tendon constraint (left) and strain-stress curve of 

the tendon (right) (Li et al. 2022) 
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The impulse excitation test was conducted on the free-standing specimen without 

restraint and on the superelastic tendon restrained specimen. The level of prestressing was 

around 0.6 G, where G was the weight of the specimen model. A single ground pulse was 

input at the base of the specimen to simulate the major impulse of a near-fault earthquake. It 

was seen that the intense shaking resulted in the overturning of the free-standing model, and 

the superelastic tendon could keep the specimen from overturning, as seen in Figure 7. It 

was shown that a very good match between results from numerical simulations and 

experimental tests had been achieved. 

       

Fig. 7 - Impulse excited rocking responses: without restraint (left) and with superelastic restraint (right) 

4 Numerical case study 

This section carries out case studies on applying the analytical model to a prototype model 

of a slender tank. The general arrangement of the slender tank is shown in Figure 8. An 

important design parameter is the required length of the NiTi alloy segment, which can fully 

recover elongation of up to about 10% of its length. At the limit of overturning (when the 

centre of gravity of the model is vertically above the pivot point), the upper end of the cable 

would be lifted by about 0.3 m. The tendon was then designed to have the capacity to 

elongate by about 0.6 m (based on applying a factor of safety of 2). Given the allowable 

tensile strain of 10%, the minimum length of the tendon’s NiTi alloy segment was 6 m. With 

the case study structure, the segment length was 6.7 m which was about one-third of the total 

length of the entire tendon. The amount of prestressing was set at 0.25G, and the first and 

second yielding forces of the superelastic tendon, F1 and F2, were 0.55G and 1.0G, 

respectively. 

2876
3ECEES, September 2022, Bucharest, Romania



 

Fig. 8 - Prototype model adopted in the numerical case study (Li et al. 2022) 

The superior performance of the case study structure with the protection of the superelastic 

tendon is demonstrated by results from time history analyses. The analysis employed an 

accelerogram recorded from Erzincan earthquake (2.85 times scaling of the original wave). 

The unrestraint structure had been overturned, and the superelastic tendon could avoid 

overturning, as seen in Figure 9. The loops in the force-deformation curve of the tendon in 

Figure 10 correspond to the major rocking cycles in the time history response, which 

demonstrates that the superelastic tendon has yielded and recovered multiple times during 

the response.   

   

Fig. 9 - Time histories of rocking response under Erzincan Earthquake. The ‘SE’ represents ‘superelastic 

tendon’ in the figure legend. 

 

Fig. 10 - Force-deformation relationship of the superelastic tendon under Erzincan Earthquake 
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5 Conclusions  

This paper introduces the use of superelastic tendons for enhancing the seismic 

performance of structures that can be facilitated to experience large rotational motion as a 

whole body. The tendon can fully recover large post-elastic elongation, and dissipate energy 

when subject to cyclic stress reversals. The computer algorithm for generating the time 

history of the rotational motion of the rocking block is derived from the first principles. 

Dynamic test of a scaled-down model of rocking block incorporating the proposed protective 

mechanism has been undertaken to demonstrate the superior performance of the innovative 

design and validate the analytical model.  
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Abstract: In recent years, many researchers have focused the attention on damage avoidance 

design solutions to mitigate the damage on buildings during earthquakes. To this end, rocking 

systems have been well established. Hybrid walls, i.e. rocking walls with additional energy 

dissipation, represent a valid lateral force resisting system in seismic regions, due to the 

limited seismic damage experienced by this system and to the self-centering ability provided 

by unbounded post-tensioned tendons. These systems accommodate the displacement seismic 

demand by the development of a single gap opening at the wall base. In recent years, some 

researchers have investigated the multiple rocking system concept by introducing one or more 

additional rocking interfaces. Herein, the double rocking concept with bracing in the building 

region above the second rocking interface is investigated. A case study implementing this 

concept is considered and the results are compared to a single rocking interface wall structure.  

Keywords: Rocking wall, Multiple rocking, Recentering, Damage avoidance 

1. Introduction 

Important benefits for the seismic design of precast reinforced concrete wall structures have 

been obtained from the use of jointed wall-to-foundation connections, where gap openings 

are permitted, thus resulting in a rocking motion (Kurama et al. 1999; Holden et al. 2003; 

Perez et al. 2013; Restrepo and Rahman 2007; Pennucci et al. 2009). These structures allow 

to reduce, or eliminate, the residual deformations. In addition, such systems can be combined 

with special dissipative devices to dissipate energy (Figure 1), such as hysterical (Rahman 

et al. 2000; Kurama et a. 1999; Schoettler et al. 2009; Belleri et al. 2015), viscous (Marriott 

et al. 2008; Pollino 2015) or friction elements, that can be placed in different positions inside 

or outside the cross-section of the wall at the rocking interface (Rahman et al. 2000; 

Christopoulos et al. 2002; Tremblay et al. 2008). External application of the dissipative 

elements allows easy repair or replacement after seismic events (Ma et al. 2011; Deierlein 
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et al. 2011). The lumped rotation at the wall base limits the wall panel damage, while gravity 

loads and unbounded post-tensioned tendons re-center the structure after an earthquake, thus 

solving the problem of residual displacements. The resulting response is characterized by a 

typical flag-shaped hysteresis (Figure 1). 

a)  b)  

Figure 1. a) Schematic view of a hybrid wall and b) hysteretic flag-shape behaviour. 

In recent years, the use of rocking interfaces in additional positions along the height of the 

structures has been investigated. This allows to limit the effects of higher modes of vibration 

(Wiebe et al. 2009; Jia et al. 2020) and reduces the seismic demand (Marzok et al. 2021). 

The location of the rocking interfaces could be defined, for instance, by considering a 

gradient-based optimization algorithm to reduce construction costs as much as possible. 

Further studies on multiple rocking systems have been conducted by Khanmohammadi et al. 

(2015), who showed that using multiple rocking systems is not effective for low-rise 

buildings. As the height of structure increases, changing a base-rocking wall to a bi-rocking 

system would be more effective in reducing the higher-mode effects, in terms of moment 

and shear demands on the rocking core (Broujerdian et al. 2022). However, the authors 

showed that bi-rocking walls could not be effective in reducing the influence of higher 

modes under near-field ground motions. 

Martin and Deierlein (2021) named the multiple-rocking systems as stacked rocking 

systems. It must be noted that using multiple rocking sections increases the demand for PT 

force in cables and reduces the demand for rotation in the wall. 

In this study, the use of a rocking wall system with a double rocking interface is investigated 

considering a bracing system added on the building portion above the second rocking 

interface (Figure 2) to limit the relative displacements of that building portion. 
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Figure 2. Possible double rocking interface at the first level. 

2. Selected Case Study 

A case study has been selected to show the investigated concept. The reference structure is 

a 5-storey building located in a high seismicity region: design spectrum for Eurocode 8 (CEN 

2004) with soil class C and ground acceleration on rock ag equal to 0.261g (Mpampatsikos 

et al. 2020). The building height is 15m and the plan dimensions are 12m×18m. The building 

is characterized by four rocking systems (Figure 3). Herein, a single wall-frame system has 

been considered. The considered structural materials are concrete with a cylindrical strength 

equal to 50MPa, steel reinforcement with yield strength equal to 455MPa and post tensioning 

tendons with nominal tensile strength equal to 1860MPa. 

 

Figure 3. Plan geometry of the selected case study. Note: units in meters. 

In the case of traditional hybrid walls, Mpampatsikos et al. (2009, 2020) developed a 

parametric procedure to determine the position and quantity of post-tension cables and the 

unbonded length of the mild steel dissipating rebars starting from the definition of an 

equivalent degree of freedom structure with the maximum expected roof drift (θtop) equal to 

1.5%, re-centering capacity λ equal to 3, and bending moment µm, normalized respect the 
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length of the wall, equal to 0.025. The procedure allows obtaining: the area (650mm2) and 

the distance (165cm) between the post-tension tendons; the area (990mm2) and the distance 

(60cm) between the dissipating rebars; the unbonded length of the dissipating rebars (29cm) 

to avoid their fracture due to the gap opening at the rocking interfaces. Figure 4 represents 

the position of the post-tensioning cables and of the dissipating rebars obtained from the 

procedure. The wall cross-section is 40x375cm2. The total length of the post-tension cables 

is considered equal to the total height of the wall. 

 

Figure 4. Wall cross-section with the amount and position of the dissipating bars and of the post-tensioning 

tendons. Note: units in cm. 

3. Design Procedure 

The displacement-based design procedure developed by Priestley et al. (1999, 2007) has 

been adapted for the design of a double rocking wall with the second rocking interface 

located between the second and the third floor. The remaining three floors are considered 

rigid due to the addition of concentric bracing. The design procedure allows to obtain the 

shear strength and bending moment at the base of the wall and the horizontal forces at each 

floor level. Starting from the same seismic and site conditions and from the same maximum 

inter-storey drift value, an equivalent single degree of freedom system has been defined. A 

bending moment Mb equal to 2604kNm and a base shear Vb equal to 771kN have been 

obtained. The horizontal lateral forces on the structure are equal to 85.7kN for the first floor 

and 171.4kN for the other floors due to the same lateral deflected shape of the floors above 

the rocking interface. Once the horizontal forces acting on the structure have been obtained, 

it is possible to design the wall considering a rocking behavior at the first two levels of the 

structures. The remaining part of the structure is instead rigid, with concentric braces, in 

order to increase the stiffness of the structure and eliminate inter-storey relative 

displacements. The first two rocking levels of the wall have been designed following the 

parametric procedure proposed by Mpampatsikos et al. (2020). Mild steel rebars as energy 

dissipators are located only at the rocking wall-foundation interface. 

The remaining frame has been designed considering the development of plastic hinges at the 

ends of the beams; the first two levels of the frame must be able to rotate in order to 
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accommodate the rocking movement of the wall. This distribution of plastic hinges allows a 

global ductile mechanism of the frame. 

4. Modeling and Analysis 

A finite element model (Figure 5) has been developed with the software MidasGen (2019). 

Vertical compression-only springs were placed at the rocking interfaces (Figure 5). These 

springs have zero tensile strength in order to allow the rocking movement of the wall in the 

vertical direction. The post-tension tendons were fixed at the base and rigidly connected at 

the floor above the higher rocking interface. The pretension of the post-tension cables was 

applied by imposing a vertical displacement at the base of each post-tension cable to obtain 

the desired pretension strain (Dz in Figure 5). The hysteretic devices, i.e. mild steel rebars 

placed at the wall-to-foundation interface, were modelled as truss fiber elements with the 

Menegotto-Pinto hysteretic model. The rocking wall was connected to the frame by rigid 

elements at each floor capturing the wall length. The energy dissipation devices allowed for 

a reduction of acceleration spikes and a reduction of the displacement demand 

(Khanmohammadi et al. 2015). The bracing system has been modelled with elastic truss 

elements, while the gravity frame with beam elements with lumped plasticity at their ends 

(Takeda hysteretic model). A tributary floor mass equal to 95kN/g was lumped at the wall 

at each floor level (Figure 5). Due to the kinematic constraint imposed by the system, the 

upper portion of the wall should be able to uplift as for instance by placing sliding connection 

between the wall and the adjacent columns and slotted connections between the wall and the 

floors (Belleri et al. 2014). 
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Figure 5. Finite element model of the double rocking wall. 

5. Comparison between single and double rocking interface systems 

A comparison between a single rocking interface, indicated as ‘RW’, and a double rocking 

interface wall, indicated as ‘DR’, has been carried out in terms of roof displacement and base 

shear. Non-linear static and dynamic analyses were conducted. A preliminary pushover 

analysis up to a maximum displacement Δd equal to 85mm was carried out to validate the 

results obtained from the adopted design procedure (Figure 6). The applied lateral force 

distribution was proportional to the inelastic deflected shape. A lateral capacity increase is 

observed in the DR configuration due to the double bending of the rocking wall between the 

2 rocking interfaces. 
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Figure 6. Capacity curve for the ‘RW’ and ‘DR’ models. 

Then, non-linear dynamic analyses using an artificial accelerogram were performed. The 

artificial accelerogram was generated by means of the SIMQKE algorithm (Venmarcke and 

Gasparini 1976) to be spectrum-compatible with the considered design spectrum. Mass and 

tangent stiffness proportional Rayleigh damping was applied setting the damping ratio equal 

to 3% for 0.1s and 1.0s. 

In the case of double rocking interface (Figure 7), the shear demand increases and the lateral 

displacements decrease due to the higher stiffness of the “DR” system compared to the single 

rocking interface solution, RW. Despite a higher shear demand, the response of the structure 

gains in terms of interstory drift (Figure 8). In fact, at the 3rd, 4th and 5th level of the structure, 

the relative displacement is negligible, therefore preventing the damage to drift sensitive 

elements. The structural systems were designed with the same maximum interstory drift 

equal to 1.5%; in the wall with single rocking interface this demand is almost reached at 

each storey, while in the case of double rocking interfaces the displacement demand is 

lumped at the first two floors of the structures. 
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a)   

b)  

Figure 7. Comparison between single interface ‘RW’ (black line) and double interface ‘DR’ (red line) 

rocking wall in terms of top displacement (a) and base shear (b). 

 

Figure 8. Comparison between single (RW, black line) and double (DR, red line) interface rocking wall in 

terms of inter-storey drift ratio. 

6. Conclusions 

The paper analysed the possibility of rocking walls with a double rocking interface in the 

lower portion of a building while leaving the upper portion of the building substantially 

elastic thanks to the provision of a bracing system. This solution has the advantage to avoid 

the damage to drift sensitive structural and non-structural elements in the storeys above the 

second rocking interface and requires specific connection details to account for the 

kinematics of the double rocking system. 
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A five-storey reinforced concrete structure was considered as a case study. A displacement 

based seismic design procedure was applied by considering the inelastic deflected shape of 

the system. Finite element analyses were performed to validate the results. The comparison 

between a single rocking interface and a double rocking interface wall was carried out 

considering for the latter the rocking interfaces at the base and at the second level of the 

building. The results of non-linear time history analyses highlighted that the procedure 

provides conservative results and allows to control the design drifts. 

The addition of a double rocking interface and the introduction of steel bracing in the upper 

portion of the building allows to control the total displacement and to reduce the inter-storey 

drift of the upper portion of the building; the latter is approximately zero because it is not 

affected by the rocking mechanism. At the same time there is an increase in the shear demand 

due to the higher stiffness of this system compared to the single rocking interface solution. 
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Abstract: A new model to describe the dynamic response of a laterally flexible oscillator on 

concentrated corner springs is proposed in this paper. This model, called FRMCS, can 

consider the effects of support medium flexibility, free flight and sliding phases of motion 

and geometric nonlinearities. The input parameters for this model were adjusted to simulate a 

rough (non-sliding) and stiff support medium to enable a like for like comparison with the 

recently proposed flexible rocking model (FRM), which assumes a rigid support medium and 

ignores sliding and free flight. An excellent agreement between free vibration responses was 

obtained from the two fundamentally different models. This agreement supports the validity 

of assumptions in the FRM. More specifically, the simulations showed that during impact, the 

vertical impulse of the pre-impact corner is much larger than that of the post-impact corner, 

supporting the assumption that vertical impulse at impact concentrates at the future rocking 

corner for structures rocking on their two corner feet. A detailed investigation of the energy 

dissipation responses in the FRMCS indicated that the top mass damper dissipated more 

energy than the support medium dampers, particularly for more flexible bodies.     

Keywords: rocking, lateral flexibility, sliding, verification, analytical model 

1. Introduction  

During dynamic excitations, objects may experience rotational motion involving repetitive 

separation, impact and re-contact with their supports. This phenomenon is known as 

rocking.  

Observing foundation uplift of structures during earthquakes have led researchers to study 

the rocking phenomenon. To describe rigid bodies rocking on rigid support media, 

Housner (1963) proposed the inverted pendulum model (IPM) where the motion of the 

rigid body is idealised with pure rocking motion and a single rotational degree of freedom. 

Following this pioneering work, researchers (e.g., Ishiyama (1982), Shenton and Jones 

(1991), Pompei et al. (1998), Lipscombe and Pellegrino (1991), Yim et al. (1980) and 

Chatzis et al. (2017)) analytically and experimentally studied the effects of sliding, free 

flight motion and impact. The presence of these phases of motion influences the energy 

loss at impact and consequently the stability of the rigid body. 

Considering that large structures are often laterally flexible, researchers (e.g., Psycharis 

(1983), Ichinose (1986), Oliveto et al. (2003), Yim and Chopra (1985), Acikgoz and 

DeJong (2014), Vassiliou et al. (2014), and Zhu et al. (2022)) proposed models for 

idealised flexible oscillators rocking on rigid support media. These studies revealed the 

coupling between the vibrations of the flexible body and the rocking motion, and 

investigated the feasibility of rocking as a structural seismic response control strategy. 

However, rocking simulations are significantly influenced by the treatment of impact. The 

aforementioned studies on flexible oscillators have all neglected the sliding and free flight 

phases of motion, and have adopted divergent assumptions at impact, as recently reviewed 

by Zhu et al. (2022). 
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Other researchers investigated the flexibility of the support medium. Some of these studies 

have investigated rigid rocking objects (Yim and Chopra (1984) , Palmeri and Makris 

(2008), Chatzis and Smyth (2012), and etc), while others have explored laterally flexible 

oscillators ( Acikgoz and DeJong (2012), Psycharis (1991), Muto et al. (1960) and etc). A 

range of different support medium idealisations were explored, from corner springs 

supporting bodies rocking on feet to Winkler foundations (e.g., Psycharis and Jennings 

(1983), Chatzis and Smyth (2012)). To capture rocking, sliding and free flight motion, 

spring and interface constitutive model nonlinearities associated to tension gapping and 

friction was explored (e.g., Andreaus and Casini (1999)).  

Flexible oscillators rocking on stiff support media may experience a wide range of motion 

phases, combining rocking, sliding and free flight. Analytical models of flexible oscillators 

rocking on rigid ground have not yet been proposed to explore the influence of these 

aspects. Existing models such as the recently proposed Flexible Rocking Model (FRM) by 

Zhu et al. (2022) focus on slender bodies rocking on rough (non-sliding) surfaces and 

neglects free flight motion. In this study, the FRM is compared to the results from a new 

analytical model of a flexible oscillator on a deformable support medium represented with 

concentrated springs, called the Flexible Rocking Model on Concentrated Springs 

(FRMCS). With stiff springs, FRMCS can approximate stiff (effectively rigid) and rough 

support medium, and provides the ability to explore the validity of assumptions used to 

treat impact in FRM.  

The paper is organised as follows. In Section 2, the FRMCS is introduced and the FRM is 

reviewed. In Section 3, the FRMCS is used to simulate the free vibration response of 

various bodies explored in Zhu et al. (2022). The normal contact force and the energy 

dissipation in the models are explored to obtain an in-depth understanding.  

2. Rocking models  

2.1 Flexible rocking model on concentrated springs (FRMCS) 

A new flexible rocking model on concentrated springs (FRMCS) is proposed in this paper. 

Its geometric properties are shown in Figure 1a. The model consists of one top mass, 

located at the middle point P when undeformed and a bottom mass with centre of mass 

located at point B and a mass moment of inertia I. The top mass has a weight of 𝒎𝒑𝒈 and 

is connected to the bottom mass through springs and dampers, and is constrained to move 

laterally, in a direction parallel to the bottom surface oo’. The bottom mass has a weight of 

𝒎𝒈 and its width is denoted as b, height as h, and the centre of mass is at height of hb from 

the bottom. The centre of mass of the whole body locates at point C when the top mass is 

undeformed and, the height of C is denoted as hcg. The slenderness of the top mass, the 

bottom mass and the whole system is described with 𝜶𝒑, 𝜶, and 𝜶𝒄𝒈 respectively. Rp, Rcg 

and R is the distance from points P, C, B to the either of the corners.   

Figure 1b shows the deformed position of the system, under the influence of a ground 

excitation �̈�𝒈 and �̈�𝒈. The support at the corner consists of a spring (𝒌𝒗) and a damper (𝒄𝒗) 

in the vertical direction while in the horizontal direction, a penalty spring (𝒌𝒇) is used to 

model the Coulomb’s friction as shown at the right corner. Details for the contact springs 

and relevant equations are provided in (Chatzis and Smyth (2012)). The FRMCS has four 

degrees of freedom: x, y, 𝜽 and u. x and y are the coordinates of the bottom mass with 

respect to an absolute frame with origin, S, located on the initial ground surface; u is 
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relative displacement of the top mass. The rotation of the bottom mass is described by 𝜽. 

The positive sign convention is shown on the top right of the Figure 1b.  

                 

Fig. 1 - Geometric properties (a) and displaced configuration (b) of FRMCS 

2.2 Flexible rocking model (FRM) 

The flexible rocking model (FRM) was proposed by Zhu et al. (2022) to describe the 

rocking of laterally flexible bodies on a rigid support medium. It consists of one point mass 

and one body mass similar to the FRMCS. In contrast to FRMCS, sliding and free flight 

are not accounted for in this model. For the ease of reference, the definitions of the 

geometric properties of FRM have been adopted to be compatible with FRMCS and they 

are shown in Figure 1a. Figure 2 shows the displaced configuration of FRM, with the 

ground excitation �̈�𝒈 and �̈�𝒈. The model has two degrees of freedom: u and 𝜽. u is the 

relative displacement of the top mass and 𝜽 is the rotation of the bottom mass. The positive 

sign convention is shown on the top right of the Figure 2.      

 

Fig. 2 - Displaced configuration of FRM 

Because the rigid treatment of the support medium in FRM, the impact between the bottom 

mass and the support medium has an infinitesimal duration; additionally, the top mass is 

y 

x 

S 

𝑘ℎ 

𝑐ℎ 

(a) (b) 

2892
3ECEES, September 2022, Bucharest, Romania



rigidly connected to the bottom mass. This gives rise to the impulsive force between the 

top mass and the bottom mass, and between the bottom mass and the support medium 

during impact. The resultant impulses are shown for the top mass in Figure 3a and the 

bottom mass Figure 3b, where Jy1 and Jx1 are the horizontal and vertical impulse between 

the top mass and the bottom mass, Jy and Jx between the bottom mass and the support 

medium.  

 

For Jy1 and Jx1, Zhu et al. (2022) argued that while Jy1 takes some non-zero value the Jx1 is 

zero during impact. This is because impact duration is infinitesimal. As a result, the lateral 

force is finite and the corresponding impulse produced over the infinitesimal duration will 

be zero. Jy and Jx, are not zero, and the horizontal position of Jy can be anywhere between 

the future rocking corner and the midpoint of the base. The horizontal location of Jy is 

described by 𝜆b and illustrated in Figure 3b. A value of 𝜆 must be assumed first to 

calculate the coefficient of restitution, e, which is needed to determine the responses in the 

FRM. Zhu et al. (2022) assumed body with feet at the corners, and λ=0. 

Fig.3 - Impulses during impact for the top mass (a) and the bottom mass (b) from Zhu et al. (2022) 

3. Free vibration response  

3.1 Model verification  

In this section, the free vibration response of the FRMCS is compared FRM. The common 

parameters of the two models describe the geometry, lateral flexibility and damping and 

are presented in Table 1. Note that 𝜁𝑛 is the damping ratio of the top mass damper and p is 

the frequency parameter for rocking (𝑝 = √(𝑚 + 𝑚𝑝)𝑔𝑅𝑐𝑔/(𝐼 + 𝑚𝑅2 + 𝑚𝑝𝑅𝑝
2)).To 

enable a like for like comparison between models, the stiffness (kv), the viscous damping 

factor (cv) and the coefficient of friction of the support medium should be taken such that: 

i) the contact is effectively rigid, ii) sliding and free flight are prevented. The parameters 

were obtained by gradually increasing the magnitude from initial guesses until responses 

stopped changing in a noticeable manner (i.e., for stiffness (kv) = 2.414∙ 1011  N/m, viscous 

damping factor (cv) = 1.460∙ 108  N/(m/s) and coefficient of friction = 0.8 ). The stiffness of 

the frictional spring (kf) was chosen as 1012 N/m. It is noteworthy that the large value of 

coefficient of friction did not entirely prevent sliding motion. Sliding arises as normal force 

(b) (a) 
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is zero when one corner is about to leave or contact the ground, and this results in a  

violation of the Coulomb law, leading to a small amount of sliding. 

 
Table 1. Values of the common parameters 

Parameter Value Parameter Value Parameter Value 

h (m) 8.2933 hb (m) 3.4250 hcg (m) 6.7263 

Rp (m) 8.3534 R (m) 3.5680 Rcg (m) 6.8003 

𝜶𝒑 (rad) 0.1200 𝛼 (rad) 0.2841 𝛼𝑐𝑔 (rad) 0.1476 

b (m) 2.0000 I (kg.m2) 1.1297 × 105 p (s-1) 1.1143 

mp (kg) 3.3173 × 104 m (kg) 1.5746 × 104 𝜁𝑛 0.0500 

 

Three bodies, each with a different lateral spring stiffness (Case 1: 𝜔𝑛 = 9.8225p, Case2: 

𝜔𝑛 = 4.9599p, Case3: 𝜔𝑛 = 2.4313p), were examined as in Zhu et al. (2022). For all three 

bodies, the free vibration motion is initiated with 𝜃0 =0.8 𝛼𝑐𝑔 . For the FRM, the initial 

values �̇�0, �̇�0 and 𝑢0 are set to zero; for the FRMCS, the initial conditions are defined by 

assuming that prior to release there is a vertical force 𝐹1 applied at corner of the body 

above the support medium, and a horizontal force 𝐹2 is applied to the corner of the body 

embedded in the ground. The initial vertical position of the bottom mass 𝑦0, 𝐹1 and 𝐹2 are 

found from requesting that the body is originally at static equilibrium and the frictional 

springs are undeformed. To initiate the movement of the body, 𝐹1 and 𝐹2 are released. The 

free body diagram is shown in Figure 4. 𝐹𝑛𝑆𝑢𝑝𝑝𝑜𝑟𝑡 is the support normal reaction force, 

which is the summation of support spring and damper force. It is equal to the support 

spring force for this initial static equilibrium. 𝐹𝑛𝑇𝑜𝑝𝑀𝑎𝑠𝑠 is the normal force exerted on the 

bottom mass from the top mass, which is the component of the top mass gravity force that 

is normal to the top surface. Because 𝑢0 is set to zero, there is no lateral force on the 

bottom mass due to the top springs and dampers. 

 
 

Fig. 4 - Free body diagram of the bottom mass 

The free vibration time history plots are presented in Figure 5. In each column, the 

normalised rotation (𝜃/𝛼𝑐𝑔 ), normalised top mass displacement (𝑢/𝑢𝑐𝑟) and normalised 

energy (𝐸/𝐸𝑟𝑒𝑓) are presented for one specific lateral spring case; in each sub-figure, the 

response obtained from both FRMCS and FRM are plotted. 𝐸 is the total energy and 𝐸𝑟𝑒𝑓 

is the potential energy difference between the unstable and stable equilibrium location of a 

rigid rocking block with similar geometric characteristics, as defined in Acikgoz and 
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DeJong (2012). ucr is defined as the top mass displacement for which uplift would be 

expected to occur for a structure with zero bottom mass height and no damping (𝑢𝑐𝑟 =

𝑔𝑏[
𝑚𝑝+𝑚

𝑚
]/(2𝜔𝑛

2ℎ)). 

 

  
Fig. 5 – Free vibration response comparisons for (a) Case 1 (ωn = 9.8225p), (b) Case 2 (ωn = 4.9599p)  and 

(c) Case 3 (ωn = 2.4313p) from FRMCS and FRM simulations 

It can be seen from Figure 5 that the responses of the FRMCS and FRM are in excellent 

agreement. In FRM, pre-impact state variables and the impulse-momentum equations are 

used to define the post-impact parameters. For the free vibration simulations shown in 

Figure 5, Zhu et al. (2022) assumed that the vertical impulse occurs at the future rocking 

corner, similar to Housner’s IPM. The proposed FRMCS does not feature impulsive forces 

and energy dissipation occurs through viscous damping in various springs in the model. As 

a result, it does not explicitly define the position of the support forces exerted on the body 

when the body is in contact with both springs. Therefore, the agreement between the free 

vibration responses from these two fundamentally different models is instructive. It 

demonstrates that the Zhu et al. (2022) assumptions concerning impulse transmission 

through the springs and support medium force concentration at the edges are consistent 

with the FRMCS predictions for effectively rigid support media. The excellent agreement 

between the time histories indicates that the assumptions hold for small and large rocking 

motion and for different lateral flexibility values. Considering that the Zhu et al. (2022) 

model, yields equivalent results to IPM for effectively rigid bodies, it can also be 

concluded that FRMCS also can produce equivalent results to IPM.  

 

 It is also noteworthy that sliding and free-flight are considered in the FRMCS while they 

are neglected in FRM. In the FRMCS simulations, sliding and free flight were minimal due 

to the values adopted for the coefficient of restitution and the support medium viscous 

damping factor. Consequently, free flight motion was not observed with the FRMCS for 

the slender bodies that were examined by Zhu et al (2022). The following section examines 

the contact forces and the energy dissipation mechanisms in the FRMCS to further 

understand the agreement between models.  
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3.2 Normal contact force investigation    

In the FRMCS, normal contact force (𝐹𝑛) refers to the summation of forces from the 

vertical support medium springs and vertical dampers at each corner (i.e., the 𝐹𝑛𝑆𝑢𝑝𝑝𝑜𝑟𝑡 in 

Figure 4). A normal contact force also exists between the top mass and the bottom mass as 

the 𝐹𝑛𝑇𝑜𝑝𝑀𝑎𝑠𝑠 in Figure 4; this is the force that ensures that the relative movement of the 

top mass is constrained in the u direction. In the FRM, corresponding impulses are defined 

for these normal contact forces, and it is interesting to examine their evolution in the 

FRMCS.  

   
Fig. 6 - Normalised normal contact force during the free vibration tests of Case 1 body (𝜔𝑛 = 9.8225p), 

simulated by FRMCS  

Figure 6 presents the time history of the ratio of the normal contact force (𝐹𝑛) to the total 

weight of the body for Case 1 (𝜔𝑛= 9.8225p), which features a laterally stiff spring. It 

includes the normal contact force at both corners and the one between the top and the 

bottom mass. The maximum left corner normal contact force is compressive and it assumes 

a peak value of approximately 97 times the total body weight; for the right corner the 

corresponding peak force is around 92 times the structure weight. The maximum 

magnitude of the normal contact force between the top and the bottom mass is about 66 

times the structure weight in compression. The maximum magnitude of the corner support 

forces reduces with decreasing amplitude of rocking motion.  

 

In contrast with the instantaneous contact and impact in FRM, the contact and the resulting 

impact between the body and the support medium springs occurs over finite time in 

FRMCS. To illustrate this, Figure 7 presents a closer look at the normal contact forces 

during the first impact around t=2s for the body examined in Figure 5a. The figure shows 

that the shape of the top mass normal contact force closely follows that of the left corner. 

The right corner normal contact force during the impact assumes a negative (tensile) value, 

due to the damper, which occurs before the spring and damper disengage. Assuming the 

impact lasts from 2.0478 (i.e., when the left corner about to hit the support medium) to 

2.0503 seconds (i.e., when the right corner is in the air and the left corner stops vibration), 

the impulse of the normal contact force can be found as the integral of force over the time 

duration. The ratio of left corner impulse to the right corner impulse is found as -60.348. 

Ratios of similar orders of magnitude are observed for the other impacts. The large 

difference in the magnitude between the impulse at the pre-impact and the post-impact 
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corner validates the assumption in Zhu et al. (2022) that the vertical impulse concentrates 

at the future rocking corner for structures rocking on their two corner feet when the effects 

of sliding and free flight are small.     

   

  
Fig. 7 - Normalised normal contact force during the first impact of the free vibration tests of Case 1 body (𝜔𝑛 

= 9.8225p), simulated by FRMCS 

3.3 Energy dissipation investigation 

After investigating the forces in the rocking system, it is insightful to study the 

mechanisms of energy dissipation in the FRMCS. The FRMCS loses energy through 

damping and sliding. Because sliding is negligible, only the energy loss due to damping is  

considered. The work done by the dampers (𝑊𝑑)  in the system and the change in the total 

energy are presented in Figure 8 for the three different lateral spring cases. 

 

Fig. 8 - Work done by different dampers for (a) Case 1 (𝜔𝑛 = 9.8225p), (b) Case 2 (𝜔𝑛 = 4.9599p) and (c) 

Case 3 (𝜔𝑛 = 2.4313p) bodies during the free vibration test, simulated by FRMCS 
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Comparison of the total energy change (i.e., the black line in Figure 8) between the three 

cases shows that the rocking system lost noticeably more energy when the lateral spring 

stiffness decreased from Case 1 to Case 2. The trend persisted, however with reduced 

influence, when the lateral spring stiffness was further decreased from Case 2 to Case 3. 

For example, at 10 seconds, the total energy loss is -0.385, -0.792 and -0.868 for Cases 1, 2 

and 3 respectively.  

Observing the negative work done by the top damper (i.e., the blue line) and the support 

medium dampers (i.e., the red line) for the three cases reveals that for the structure studied, 

the negative work done by the top damper increased while that by the support medium 

dampers decreased as the lateral spring became softer. The energy loss due to the top 

damper was less than that of the support medium dampers in most of the time in Case 1. 

However, For Case 2 (except at first impact) and Case 3, the energy loss from the top 

damper was significantly more than the loss from the support medium dampers. At the end 

of the simulation, the energy loss due to top damper was -0.2981 and -0.2984 due to 

support dampers in Case 1; -0.694 and -0.251 in Case 2; -0.726 and -0.184 in Case 3.  

As evidenced by the sudden change in the slope of the blue line, a significant component 

of the energy dissipation by the top damper concentrated around ‘impacts’. Although 

energy dissipation continued throughout the rocking cycles, its rate gradually decreases.  

4. Conclusion      

A new model for laterally flexible oscillator on concentrated springs called FRMCS is 

introduced in this study. This model can simulate sliding and free flight behaviour. It is 

used to evaluate the recently proposed FRM (Zhu et al., 2022), which was proposed to 

simulate the rocking behaviour of a laterally flexible oscillator on rigid ground. In 

particular, the impact treatment of the FRM features various assumptions relating to the 

magnitudes and spatial distribution of impulses. The veracity of these assumptions is 

explored numerically with the FRMCS, by choosing parameters that can approximate a 

rigid support medium.  

More specifically, free vibration simulations of bodies with three different lateral spring 

stiffness (stiff, intermediately stiff and flexible) were examined. An excellent agreement 

was observed between the simulation results from the two fundamentally different FRM 

and F-CRM models. The agreement validates key assumptions in the FRM, concerning the 

concentration of vertical support forces at the future rocking corner during an ‘impact’ for 

bodies with feet at the support and when the effect of sliding and free-flight is small. A 

detailed investigation on the contact forces and the energy losses demonstrates the key role 

of the top damper in dissipating energy. It was observed that the energy loss due to the top 

damper was in general larger than that of the support dampers for more flexible bodies and 

the vice versa for the effectively stiff body.   

It is noteworthy that although the bodies considered in this specific study did not 

experience sliding and free flight motion, the new FRMCS is capable of simulating these 

phases of motion. Future work by the authors will explore this aspect.     
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Abstract: The rocking behaviour of rigid and stocky objects is sensitive to a variety of 

factors. This paper highlights the sensitivity of the response to the coefficient of friction, the 

locus of the vertical impulse, and the initial conditions of the rocking simulation. An 

analytical model that has been developed for laterally flexible rocking bodies rocking on a 

rigid support is used to investigate the slide rocking and free flight responses of rigid bodies.  

The conditions necessary to define transitions between its various phases of motion (full 

contact, pure sliding, pure rocking, slide rocking and free flight) are defined. The rocking 

response of slender and stocky bodies, that have been studied experimentally in previous 

works, is investigated using the model. The results show that the post-impact phase is highly 

dependent on both the assumed impact parameters and the initial conditions, especially for 

bodies of medium and low slenderness. Previous conventions used in the literature for 

determining the post-impact motion phase are examined and found to yield inadmissible 

solutions. Alternative methods to identify and choose admissible post-impact motion phases 

are proposed.  

Keywords: analytical model, impact model, rigid rocking behaviour  

1. Introduction 

The rocking response of a rigid object on rigid ground was first systematically studied by 

Housner (1963) using the inverted pendulum model (IPM). The sensitivity of the rocking 

response to various factors, including initial conditions, energy dissipation at impact, 

excitation variability and support medium deformability, has been investigated ever since, 

see Aslam et al. (1980), Tso and Wong (1989), DeJong (2012), and ElGawady et al. 

(2011). These previous studies have typically focussed on slender objects, where the 

effects of sliding and free flight are relatively small.  

For stocky objects, the rocking response is additionally sensitive to some other aspects. 

One important aspect is the coefficient of friction. It has been shown by Chatzis and Smyth 

(2012) that when changing μ, the coefficient of friction, can lead to significantly different 

rocking trajectories and can have an effect that is comparable to that of the support 

deformability.  

Another important aspect is the locus of the vertical impulse. During an impact, the vertical 

impulse can be located anywhere along the base of the body and its position, denoted by λ, 
influences the occurring energy dissipation and consequently, the stability of the body as 

shown in Chatzis et al. (2017). This concept was later extended to stacked rocking bodies 

by Chatzis et al. (2018) and 3D rocking by Várkonyi et al. (2022). In these studies, the 

effects of sliding and free flight were not taken into account.  

As observed by Lipscombe and Pellegrino (1993) for free-vibration tests, sliding is likely 

to occur if the coefficient of friction is small; while free flight may also be expected as the 

aspect ratio (e.g. slenderness) of the rocking object is reduced. Yet such observations often 
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assume specific initial conditions for the experiment, typically the initial velocities are 

zero. How the occurrence of the phases of motion are influenced by initial conditions has 

not been examined extensively in previous studies. 

This paper aims to explore the sensitivity of the rocking motion to the aforementioned 

aspects. To this end the model developed in Zhu et al. (2022) is extended to account for 

full contact, pure sliding, pure rocking, slide rocking and free flight phases of motion. 

Comparisons of the predictions of the extended model are made against a series of free 

rocking tests of rectangular blocks carried out by Lipscombe and Pellegrino (1993). These 

tests feature bodies of different aspect ratios, and provide an avenue to explore the 

sensitivity of rocking motion. Section 2 presents the extended model; section 3 and 4 

presents comparisons between responses of the extended model and the tests; section 5 

shows the conclusions. 

While the extended model is capable of simulating the effect of lateral deformability of the 

body, lateral deformability is neglected in this study. Lateral stiffness of the body is set to a 

high value to simulate effectively rigid objects. The impact model in Shenton and Jones 

(1991) is used to simulate transitions involving impact. It will be demonstrated through 

examples that some of the default choices of treating impact (bouncing treatment) in 

Shenton and Jones (1991) could lead to inadmissible solutions. Alternative treatments of 

impact in such scenarios are proposed to identify and choose the post-impact motion phase.  

2. Analytical model 

An analytical model called sliding flexible rocking model (SFRM) is developed to describe 

the dynamics of laterally flexible rocking structures as shown in Fig. 1(a). Two masses 

comprise the structure: the top mass m and the bottom mass mA. The top mass is a 

concentrated mass at point P with negligible mass moment of inertia; the bottom mass has 

a mass moment of inertia of IA and takes the form of ‘U’ with its centroid at point A. The 

geometry of the body is described for the unrotated body: The two masses are connected 

rigidly in the vertical direction and through a spring and damper in the horizontal direction 

with the stiffness of the spring being k and damping coefficient of the damper being c. The 

half-width of the structure is b and the heights of the points P, A and C (overall centroid of 

the structure) are h, hA, and hcg, respectively. The distance of the same points (P, A and C) 

to the corners (B or C) are R, RA, and Rcg, respectively. The slenderness of these points are 

α, αA, and αcg, respectively, i.e., tan(α)=b/h, tan(αA)=b/hA, tan(αcg)=b/hcg. 

 

 

        (a) Analytical model         (b) FC              (c) SLIDE      (d) PROCKR     (e) SROCKR          (f) FF 

Fig. 1 – The analytical model and the representative phases of motion with abbreviations 

There are 7 phases of motion, and the representative ones are shown in Fig. 1(b)-(f). Fig. 

1(b) and (c) show the full contact phase and the pure sliding phase. The only degree of 

freedom for full contact is the lateral displacement of the top mass, denoted by u with 

displacement towards the left defined as positive; while one additional degree of freedom 

appears in pure sliding phase, which is the horizontal displacement of point A, denoted by 

xA. Fig. 1(d) and (e) show the pure rocking phase and the slide rocking phase at the right 

corner. The degrees of freedom for the pure rocking phase is u and the rocking angle, 
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denoted by θ with clockwise rotation being positive. By contrast, an additional degree of 

freedom xA is needed for the slide rocking phase at the right corner. For brevity, two other 

related phases of motion (pure rocking and slide rocking at the left corner) are not 

presented in the figure. Fig. 1(f) illustrates the free flight phase, where the base of the 

structure is not in contact with the support medium. The 7 phases of motion are described 

through the following abbreviations: FC for full contact, SLIDE for pure sliding, PROCKL 

and PROCKR for pure rocking at the left and right corner, SROCKL and SROCKR for 

slide rocking at the left corner and right corner, and FF for free flight. 

The equations of motion are obtained using a Newtonian approach. This model is capable 

of simulating both flexible and rigid rocking structures. The response of the latter is 

obtained by setting the ratio of the top mass to the bottom mass to a tiny number as shown 

in Zhu et al. (2021). This approach is adopted in the current paper, which focusses on rigid 

objects. The reason of using a more general model has to do with future research that will 

investigate the influence of the lateral flexibility of the body on response. 

The transitions without impact between different phases are illustrated in Fig. 2. Each 

phase has a unique alphabetic code denoted at the upper left corner of the box representing 

the corresponding phase (e.g., ‘a’ for full contact). Transitions of one phase to another is 

illustrated by an arrowed line from the initial phase to the next phase. The line is annotated 

by the codes of the two phases.   

 

Fig. 2 – Transitions without impact 

Table 1. Transitions without impact  

Group Transition code 

1 ag, bg, cg, dg, eg, fg 

2 ac, ad, be, bf 

3 ab, ce, df 

4 ba, ec, fd 

 

Table 1 groups different types of these transitions. Transitions from any phase to the free 

flight phase is in Group 1, and the condition required for this is the resultant vertical 

reaction from the support medium becoming zero. Group 2 includes the transitions from a 

phase where the base of the body makes contact with the support medium to a phase with 

rocking about a corner, which happens when the position of the vertical support force 

coincides with the corresponding rocking corner. Transitions in Group 3 are from a stick 

(non-sliding) phase to a sliding phase when the Coulomb’s law is violated. Conversely, 

Group 4 refers to transitions from a sliding phase to a stick phase when the horizontal 

velocity of the sliding corner becomes zero from a non-zero value. 
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          (a) Pre-impact instant        (b) During impact      (c) Post-impact instant    (d) Impulses during impact 

Fig. 3 – An illustration of impact at the right corner 

The remaining transitions between phases involve impacts. Fig. 3 illustrates the process of 

an impact from a pure rocking phase at the left corner to a pure rocking phase at the right 

corner, Fig. 3(a) shows the body in an instant just before the impact, Fig. 3(b) during the 

impact, and Fig. 3(c) just after the impact. Two free body diagrams showing the impulses 

during impact are also included in Fig. 3(d) where Jx, Jy, and Jy1 denote the horizontal and 

vertical impulse between the support medium and the bottom mass, and the vertical 

impulse between the top mass and bottom mass, respectively. Jy is located at a point that is 

λb from the future rocking corner as can be seen from Fig. 3(d).  

Fig. 3 only shows one typical impact while others are not illustrated for brevity. If the post-

impact phase is free flight for an impact, an additional parameter ev is involved, which is 

the vertical coefficient of restitution. This parameter defines the post-impact vertical 

velocity of the impacting corner as ev times the pre-impact one.  

 

Fig. 4 – Procedure for determining the post-impact phase 

The procedure for determining the post-impact motion phase is illustrated in Fig. 4. The 

post-impact phase is chosen out of, four possible scenarios which are examined in the 
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preferential order of pure rocking, slide rocking, free flight without sliding, and free flight 

with sliding as in Shenton and Jones (1991). If a scenario is admissible, it is chosen as the 

post-impact phase, otherwise the next scenario in the aforementioned list is examined.  

The conditions of admissibility are described as follows. One common condition for all the 

impacts is Jy must be positive, e.g., forces applied on the support medium are compressive 

forces. If both the pre-impact and post-impact phases are rocking phases (either pure 

rocking or slide rocking), the sign of angular velocity must not change over the impact. If 

the transition is from rocking to free flight, the post-impact vertical velocity of the pre-

impact corner must be positive. Another condition is related to the Coulomb's law. For an 

impact where the post-impact phase is either pure rocking or free flight without sliding, Jx 

and Jy must satisfy the Coulomb's law. If the post-impact phase is either sliding rocking or 

free flight with sliding, the assumed direction of sliding must be the same as the direction 

of the post-impact horizontal velocity of the sliding corner. Finally, no energy increase is 

allowed over an impact.  

If none of the phases are admissible, then it becomes necessary to choose a new pair of λ 

and ev. In Shenton and Jones (1991), while it was recognised that λ could be different than 

zero, for analysis purposes it was taken as zero and ev was pre-defined. When these 

parameters do not yield admissible motion phases, Shenton and Jones proposed a 

‘bouncing’ motion, which involves pure rocking about the pre-impact pivot point. The 

suitability of this treatment and alternative methods to choose these parameters will be 

discussed in the section 4.  

A script was written in Matlab to integrate the equations of motion being solved by the 

ordinary differential equation (ODE) solver ode45, i.e., a Runge-Kutta 4-5 pair, with the 

phase transitions being detected by ode45’s event-detection functions.  

3. Sensitivity of rocking behaviour 

Lipscombe and Pellegrino (1993) have shown experimentally that the IPM does not 

account for the response of the system when sliding and free flight occur. This section is 

devoted to exploring the sensitivity of rocking behaviour to multiple parameters using the 

SFRM and the experimental data of Lipscombe and Pellegrino. The objective of the 

comparison between the following simulations and the experimental results is not to 

achieve optimum fitting of the experimental data, but to instead illustrate the sensitivity to 

a range of factors.  

The first potential source of discrepancy between the experiments and the SFRM is the 

geometry. The exact geometry of the tested specimens, including important details such as 

the dimensions of the bottom feet of the rocking body are not provided. Other sources of 

uncertainty include the lack of knowledge to the following model parameters: the 

coefficient of friction μ, the horizontal position of the vertical impulse from the support 

medium λ. The exact initial conditions when the bodies were released in the experiments 

are not known. As a consequence, the initial phase of motion is not known either. Although 

the initial phase of motion should be pure rocking according to the description of the 

experiments, it is still possible that some sliding may have occurred at the beginning of the 

free rocking experiment while releasing the block. Furthermore, it is not impossible for the 

initial phase of motion to be free flight for the same reasons. Among these parameters, the 

sensitivity of rocking behaviour to μ, λ, and initial sliding velocity of the rocking corner 

will be investigated in the following lines. The initial sliding velocity of the rocking corner 

is denoted by ẋC(0) where subscript ‘C’ corresponds to the rocking corner, i.e., point ‘C’, 
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and the ‘0’ in the parentheses corresponds to zero time instant, i.e., beginning of the 

simulation. Similarly, the initial rocking angle and initial angular velocity are denoted by 

θ(0) and θ

．

(0).  

 

                      (a) hcg/b=8                                          (b) hcg/b=4                                            (c) hcg/b=2                                     

Fig. 5 – Rocking angle time history with different μ 

For all the simulations in section 3 and 4, the rocking objects were simulated as rigid 

rectangular blocks using the SFRM, by setting a sufficiently small ratio of the top mass to 

the bottom mass (10-12). In contrast, the stiffness of the spring (ratio of vibration frequency 

to rocking frequency being 500) and damping coefficient of the damper (damping ratio 

being 0.5) are set to large numbers as suggested in Zhu et al. (2022).  Such choices for the 

parameters practically result in the system behaving as a rigid rocking body. All the 

simulations were done starting from a pure rocking phase or a slide rocking phase with an 

initial sliding velocity ẋC(0).  

Specifically, the sensitivity of the rocking response to μ, λ, and ẋC(0) are presented in Fig. 

5, 6 and 7, respectively. Three bodies, with the aspect ratios (hcg/b) of 8, 4, and 2 are 

considered. The half-widths b of these bodies are 0.0229m, while the half-heights hcg are 

0.1832m, 0.0916m, and 0.0458m. The initial rocking angles θ(0) for the three cases 

corresponding to the aspect ratio of 8, 4, and 2 are 0.1250, 0.2388, and 0.3622 rad, 

respectively; while the corresponding initial angular velocities θ

．

(0) are -0.0895, -0.0646, 

and -0.6988 rad/s, respectively.   

The sensitivity of θ to μ is investigated in Fig. 5 (a)-(c) for bodies with three different 

aspect ratios. λ and ẋC(0) are set to 0 for all the simulations as noted in the lower right 

corner of each sub-figure. The four lines in each sub-figure correspond to the experimental 

results, and the simulation results with three different μ. The larger value of μ used in each 

sub-figure corresponds to a cut-off value that is threshold of the occurrence of sliding at 

any time instance, as observed through simulations. In the case of hcg/b=8, a μ value of 

0.094 or above eliminates sliding. The corresponding cut-off values for hcg/b=4 and 

hcg/b=2 are μ=0.185 and 0.322, respectively. As expected, sliding is more likely for less 

slender structures.  

For each of the bodies two values of μ smaller than the cut-off μ are also chosen. For those, 

slide rocking is observed to a different extent leading to different time history results. A 

small change of μ results in significantly different trajectories, even for slender structures, 

as can be seen in Fig. 5(a). In all three sub-figures, the occurrence of sliding leads to an 

overall faster dissipation of energy.    

The sensitivity of θ to λ is shown in Fig. 6 with the same three different bodies of aspect 

ratios as in Fig. 5. The μ values are all set to the cut-off values, preventing sliding. 

Furthermore, it is assumed that initial sliding velocity is zero. It can be observed that a 

smaller value of λ results in a faster decay of the rocking motion.  
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                       (a) hcg/b=8                                          (b) hcg/b=4                                            (c) hcg/b=2                                                           

Fig. 6 – Rocking angle time history with different λ 

 

   

                      (a) hcg/b=8                                          (b) hcg/b=4                                            (c) hcg/b=2                                     

Fig. 7 – Rocking angle time history with different ẋC(0) 

The last quantity examined is the initial sliding velocity, (ẋC(0)). In all cases μ are all set to 

what was determined to be the cut-off values in Fig. 5, and λ is set to 0. It can be seen in 

Fig. 7 that the initial sliding velocity acts as a factor that can either delay or expedite the 

decay of θ.  

4. Impact model 

Lipscombe and Pellegrino illustrated that the free flight observed in the experiments for 

stocky bodies cannot be neglected with the results they obtained for the stocky body with 

the lowest aspect ratio, e.g. hcg/b=1. A model that would not include free flight as a 

possible pattern, such as the IPM, cannot reproduce the observed results in such tests. This 

section explores whether SFRM can reproduce these experimental results using Shenton 

and Jones’ bouncing impact model. The half-width b and hcg are both 0.229m. The 

remaining parameters are presented in Table 2. 

   
Table 2. Parameters of the hcg/b=1 case  

Parameter Quantity Parameter Quantity Parameter Quantity 

ẋC(0) -0.32 m/s θ(0) (rad) 0.6565 θ

．

(0) (rad/s) -1.8727 

μ 0.15 λ 0 ev 0.1 

 

As illustrated in flowchart in Fig. 4, there are occasions where the definition of a new λ and 

ev may be required if the default values do not yield admissible solutions. This is more 

likely to happen as the body becomes stockier. For such bodies pure and slide rocking 

phases may be rejected as the momentum equations may predict a reversal of angular 

velocity. Successively, negative post-impact vertical velocities may be observed at the pre-

impact corner for potential free flight phases, rendering any of the post-impact phases 

inadmissible given the initial choice of λ and ev. The case being examined in Table 2 falls 

under this category given the initial choices of λ=0 and ev=0.1.  

In such situations, the bouncing impact model of Shenton and Jones forces the post-impact 

phase to be a free flight phase without sliding and a zero vertical velocity of the pre-impact 
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corner, which is the same as pure rocking at the pre-impact corner (bouncing). The 

treatment implicitly chooses a very specific value of λ, that would allow for this post-

impact phase, while ev is kept as the pre-defined one. This choice is not apparent, for 

example one could consider other possible post-impact phases (pure rocking and slide 

rocking at the post-impact corner, and free flight) that would occur for a different pair or λ 

and ev. 

 

(a) Rocking angle time history by the ‘bouncing’ impact model  (b) Energy dissipation for different λ and ev 

(first impact) 

Fig. 8 – Simulation of Lipscombe and Pellegrino’s hcg/b=1 case  

Using the parameters and initial conditions in Table 2, a simulation is run making use of all 

the suggested rules in Shenton and Jones (1991) and the emerging θ time history is 

compared to that experimentally obtained one in Fig. 8(a). The time history before the first 

impact appears to agree reasonably well with the experimental result. However, the 

trajectory after the first impact is notably different. The trajectory is also annotated by the 

abbreviations of the phases of motion. 

To understand why, the first impact is analysed in detail. All the phases are rejected with 

the initially chosen λ and ev. According to the suggestion in Shenton and Jones (1991), the 

rocking structure is forced into a pure rocking phase around the pre-impact corner. 

Calculation show that this implies a new λ of 0.6160. However, if this new pair of λ and ev 

were to be used from the very beginning, it turns out that slide rocking around the post-

impact corner would also have been admissible. Hence, for that initial choice of the pair of 

λ and ev the model would have rejected pure rocking but would accept slide rocking around 

the future rocking corner without further consideration of any other phase. Therefore the 

bouncing choice of proceeding to a pure rocking phase at the pre-impact corner is 

inconsistent to what Shenton and Jones’ model would have chosen as the post-impact 

phase if the implied pair of λ and ev was adopted initially.  

To overcome this shortcoming in the Shenton and Jones’ bouncing impact model, it is 

instead useful to investigate what the post-impact phase would have been for a range of λ 

and ev values. Fig. 8(b) shows these scenarios for the first impact in Fig. 8(a) with a 3D 

surface plot, where the x axis denotes λ, y axis denotes ev, and z axis denotes the energy 

reduction ratio E+/E- (the ratio of total energy of the post-impact instant E+ to that of the 

pre-impact instant E-). All pairs of λ and ev which yield one of the post-impact phases used 

in Fig. 4 are shown with positive energy reduction ratios.  If all the possible phases are 

rejected for a given pair, the energy reduction ratio is set to zero indicate an inadmissible 

solution in the figure. For each pair of λ and ev, the preferential order of pure rocking, slide 

rocking, free flight without sliding, and free flight with sliding is retained as in Shenton 

and Jones (1991). As can be seen from the figure, the original chosen λ=0 and ev =0.1 do 

not lead to an admissible phase. In fact, multiple pairs of λ and ev fail to lead to admissible 

phases, and a large inadmissible zone can be identified, which is shown with dark blue 

colour.  When λ is smaller than 0.19, all the combinations of λ and ev are inadmissible. The 

implication of this is that λ>0.19, i.e., Jy must be applied at distance of at least 0.19b 

measuring from the post- to the pre-impact rocking corner for this specific impact to lead 
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to any of the post-impact phases being allowable. When λ is between 0.19 and 0.49, 

whether a combination of λ and ev is admissible or not depends on the value of ev. The 

yellow and orange surfaces correspond to the post-impact phases being free flight. When λ 

is greater than 0.49, the post-impact phase is slide rocking, and the chosen ev does not 

consequently influence the energy reduction.  

Fig. 8(b) further delineates the sensitivity of the simulations to the impact parameters. A 

minor change of the value of λ and ev may result not only in different energy dissipation at 

impact, but also different post-impact phases of motion. For example, when ev=0.5, λ<0.49 

could lead to free flight while λ>0.49 would lead to slide rocking.  A sudden change of 

energy reduction rate can be observed around λ=0.49, which is due to the difference of the 

post-impact phases.  

   

                                      (a) Least λ approach                              (b) Least energy approach  

Fig. 9 – Rocking angle time history of Lipscombe and Pellegrino’s hcg/b=1 case 

Fig. 8(b) demonstrates that multiple pairs of λ and ev can lead to at least one of the phases 

being admissible. It also demonstrates that the phase that the model would have chosen 

could vary depending on the realization of the pair. It further brings forth an interesting 

observation, the commonly made choice in rocking systems of assuming λ=0, may simply 

not be allowable. In such a case, there is of course no unique choice that can be made on 

the λ and ev that should be chosen to proceed with the simulations. However, two possible 

considerations are proposed in this paper to choose admissible impact parameters for 

simulations.  

The first one is called the least λ approach, which chooses the smallest λ that is admissible. 

This choice is based on the argument that if an engineer has deemed that λ=0 is a likely 

value, e.g., due to the body having feet at its corners, then the nearest allowable value of λ 

is used. For example, in the case of the first impact in Fig. 8(b), the smallest value for λ is 

0.19 as the red circle shows. This value of λ leads to a free flight phase after the first 

impact, with the overall trajectory of θ shown in Fig. 9(a). The first impact is shown with a 

red circle, while the second impact from free flight is shown with a blue cross, which 

happens immediately after the first one leading to a ‘SROCKR’ phase. 

The second method is called the least energy approach. It is based on the assumption that 

the support medium always attempts to maximise the energy dissipation during impact. In 

Fig. 8(b), the maximum energy dissipation is highlighted with a red circular marker, where 

λ=0.49. As slide rocking (or pure sliding at the limit) is chosen in this case the value ev for 

that impact becomes irrelevant. This value leads to a zero post-impact angular velocity. 

Therefore, with this limit λ, the post-impact phase is pure sliding. Fig. 9(b) shows the time 

history results obtained by using the method of least energy dissipation. This resulting 

trajectory of the system does not agree well with the experimental results although it is 

mechanically admissible. While it appears that the alternative least λ approach improves 

the agreement between the experimental results and the response of the model, it should 

further be recognized that there may be other discrepancies between the experimental 
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conditions and the assumed model that affect agreement. Still, it is shown that there is at 

least one choice of λ and ev for which the model can be made to agree relatively well with 

the experimental results.  

4. Conclusions  

An analytical sliding flexible rocking oscillator model is developed that incorporates full 

contact, pure sliding, pure rocking, slide rocking and free flight motion. In this paper, this 

model is used to analyse the rocking behaviour of rigid objects, with a particular focus on 

the effects of sliding and free flight. The sensitivity of rocking to a few key factors (such as 

coefficient of friction, vertical impulse location and initial sliding velocity) is illustrated 

through simulations and comparisons to Lipscombe and Pellegrino’s experimental results. 

Of special interest to this work are extreme conditions in which the flowchart in Fig. 4 

would require that the initially assumed λ and ev are changed. The Shenton and Jones’ 

treatment for such cases is initially adopted to choose the post-impact motion phase. The 

results reveal that Shenton and Jones’ bouncing treatment may lead to contradicting 

results. More specifically, the same model would have chosen a different post-impact 

pattern had the required pair of λ and ev been chosen initially. A detailed investigation of 

potential impact phases for reasonable values of impact parameters are then conducted, 

highlighting the presence of a large solution space. Two methods to choose admissible 

values for the horizontal position of vertical impulse λ and vertical coefficient of restitution 

ev to determine the post-impact phase were then explored. While further evidence is 

required before reaching a conclusion on the suitability of the two approaches, including 

access to experimental data that have a complete description of the states, the approach 

which aims to minimise the adopted value of λ appears to agree with the experimentally 

observed response, given the rest of the assumptions made.  
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Abstract: The studies on the dynamic response of free-standing rigid rocking blocks under 

earthquakes excitations are typically focused on the prevention of collapse, related to their 

overturning. In recent years many authors focused their interest on the effect of recent severe 

earthquake, frequently near-fault, leading to the definition of useful stability-diagrams that 

find their main application for the assessment of the vulnerability of ancient buildings and 

monuments manifesting the rocking behaviour. Although much research has been focused on 

the relationship between seismic intensity measures and overturning or potential damage, not 

many of the analysed quantitative indexes are defined according to an energy-based approach. 

Considering rigid rocking wall panels of different slenderness, this research attempts to 

evaluate the correlation between ground-motion parameters, seismic integral parameters 

(defined according to the energy-based approach) and potential damage in structural 

engineering application, under the assumption of small rotational angles. The preliminary 

results of the research show the high dependency between the induced maximum rotation, the 

input energy, and the maximum rotational energy of the blocks subjected to single pulses. 

Keywords: Rigid rocking blocks, seismic intensity measures, energy-based approach, near 

fault pulses.  

1. Introduction 

The assessment of the stability and damage potential of rocking blocks under earthquake 

excitations has received continued attention over the decades, especially for the evaluation 

of the vulnerability of ancient building, monuments, and slender buildings. The dynamic 

response of free-standing rigid blocks under seismic ground motions has been investigated 

first analytically in the pioneering studies conducted by Milne (1885), defining the minimum 

ground acceleration levels necessary to trigger the potential overturning. Later, Kirkpatrick 

(1927) identified the duration of the excitation as another ground-motion quantitative 

measure related to the stability of a slender free-standing column, defining the first 

minimum-acceleration overturning spectrum. In the mid of the 20th century, Housner (1963) 

introduced the concept of pulse-excitations, highlighting the size-frequency scale effect 

observed previously by many other authors, the equations of motion of rigid rocking block 

defined by Yim et al. (1980), reported also by Makris (2018), permit to underline the 

important role of the mobilization of their rotational inertia in their seismic response. The 

complex dynamics of these simple bodies has been studied by many researchers, Spanos and 
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Koh (1984) investigated the rocking response caused by harmonic steady-state loading, 

identifying a ‘safe’ and ‘unsafe’ chart useful for their vulnerability assessment. The dynamic 

effects of the severe near-fault ground motions on different type of structures got a lot of 

attention and have been widely investigated by many researchers, highlighting the essential 

features of such ground motions. The characteristics of this class of earthquakes are 

summarised by Mavroeidis and Papageorgiou (2003), these authors proposed some simple 

models able to represent the near-fault earthquake inputs, commonly simplified and 

substituted by one or more single pulses, few wavelets, or a series of harmonic waves. 

Dimitrakopoulos and Paraskeva (2015) defined normalized fragility curves that estimate the 

overturning tendency, as well as the peak response rotation of slender rigid rocking structures, 

subjected to ground motions with near-fault characteristics. Recently many authors studied the 

response of the blocks subjected to near-fault ground-motions, Casapulla et al. (2010) and 

Casapulla and Maione (2016) studied the rocking response considering the multiple 

sequence of impulses, while Makris and Kampas (2016) clarified the role of the scale-effect 

of the blocks subjected to sinusoidal inputs and earthquake ground motions. Several other 

research conducted by Makris and Roussos (2000), Zhang and Makris (2001) and Arredondo 

and Reinoso (2008), have been focused on the dynamic response under coherent pulses or 

harmonic seismic inputs. The energy-based approach was used by Kojima and Takewaki 

(2015, 2016) demonstrating that the peak response of elastic-plastic and negative post-

yielding stiffness models, subjected to a double impulse input, can be derived by using an 

energy balance, without solving the equations of motion. Nabeshima et al. (2016) derived a 

closed form expression of the limit input velocity for the overturning of a rigid rocking block 

subjected to a double impulse, highlighting the role of this mechanical quantity. The 

important role of the seismic input energy on the rocking vulnerability curve of slender 

blocks has been clearly pointed out by Ramos et Al. (2020). Recently, Karam et Al. (2020) 

applied a novel energy-based approach to assess the stability of rocking blocks and inverted 

pendulum subjected to single pulse of various shape, showing that the overturning is directly 

related to kinetic energy in the exciting pulse. The focus of the paper is the investigation of 

possible seismic intensity measures useful to assess the potential damage in structural 

engineering application of the free-standing rigid rocking wall panels; such damage occurs 

for a rotation significantly smaller than the overturning one. The research study defines and 

compares engineering demand parameters, related to the performance of the rocking panel 

and independent from the aspect ratio, with different  intensity measures: peak ground-

motion parameters and integral parameters. 

2. Theoretical Model and Engineering Demand Parameter

As mentioned before, this preliminary study is focused on the analysis of the pure rocking 

dynamic responses of rectangular rigid wall panels, standing on a rigid plane and subjected 

to single pulses. All the analysis were performed with the following assumptions: dynamic 

loads act exclusively along the main horizontal axis, permanent contact between the body 

and the rigid surface, infinite bearing capacity of the bodies and bearing plane, sliding 

avoidance, relatively small maximum angle of rotation, full energy dissipation during 

impacts. The block is schematically represented in Fig. (1). 
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Fig. 1 – Rocking Block after Housner (1963) 

The dynamic behaviour of the rigid block manifesting pure rocking is governed by the 

differential equation (Yim et al. 1980, Makris and Roussos 2000, Zhang and Makris 2001) 

expressed in compact form through the expression: 

(1) 

where �̈�(𝑡) represent the angular acceleration, 𝑝 = √
𝑚 𝑅 𝑔

𝐼0
 is the frequency parameter of the 

block, 𝜃(𝑡) is the rotation of the block, α is the slenderness angle equal to 𝑡𝑎𝑛−1(b/h) and �̈�𝑔 is 

the ground acceleration. 

For the rocking activation, the seismic demand (overturning moment) must reach the seismic 

resistance (recentring moment): 

(2) 

The Eq. (2) is also known as West’s formula (Milne (1885), Kirkpatrick (1927)) and shows 

the rocking activation when the ground acceleration reaches g tanα. The loss of energy, once 

the rocking starts, is assumed to be related only to the impact between the block and the base 

surface.  

To preliminary assess the performance of the rigid blocks subjected to different single pulse 

ground-motions, the maximum lateral drift has been selected as the most relevant 

engineering demand parameter (EDP): 

EDP = | 𝑢𝑚𝑎𝑥 |

ℎ
 [%]     (3) 

where 𝑢𝑚𝑎𝑥 is the maximum lateral displacement of the centre of gravity (C.G.) induced by 

the ground-motion and h is the high of C.G., directly related to the maximum rotational 

angle. 

3. Rocking blocks properties, ground-motions and intensity measures

With the purpose of assessing the correlation between pulse ground-motion parameters, 

seismic integral parameters (defined according to the energy-based approach) and the 
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damage potential, an analysis was performed considering three slender bodies with a range 

of aspect ratio, Ar = h/b, between 4 ≤ Ar ≤ 6 (Fig. 2).  

Fig. 2 – Aspect ratio of the blocks used in this study 

The focus of the correlation study is to identify an intensity measure that is independent from 

the rocking block’s aspect ratio, suitable for quantifying the potential seismic damage. The 

ground-motions selected for this study are all half-sinusoidal pulses, simplified models for 

representing the near-fault earthquake effect, which provide direct observation of the 

relationship between the selected intensity measures and the EDP. All selected pulses are 

characterized by a peak ground acceleration (P.G.A.) greater than the minimum necessary 

to activate the rocking for every block, expressed by Eq. (2). The P.G.A. varies in a range 

between 4m/s2 ≤ P.G.A. ≤ 10m/s2 and time duration (td) varying between 0.1s ≤ td ≤ 0.35s; 

the extremes of the ranges have been chosen to represent the main characteristics of the 

severe near-fault earthquakes. The pulses are qualitatively represented in the following Fig. 

3 and their properties are summarized in Tab.1: 

Fig. 3 – Qualitative representation of the half-sinusoidal pulses 

Table 1. Properties of the half-sinusoidal pulses 

Half-sinusoidal 

pulses 

td 

[s] 

P.G.A. 

[m/s2] 

P.G.V. 

[m/s] 
P.G.D. 

[m] 

1 0.1 10 0.637 0.52 

0.51 

0.62 

0.61 

0.64 

0.65 

2 0.125 8 0.637 

3 0.15 7 0.668 

4 0.175 6 0.668 

5 

6 

0.225 

0.3 

5 

4 

0.716 

0.764 
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Two different sorts of intensity measures (IMs) are considered: peak ground-motion and 

integral parameters. Peak parameters IMs are based on data from ground-motion alone, 

without considering any structural response; the parameters considered are the Peak Ground 

Acceleration (P.G.A.), the Peak Ground Velocity (P.G.V.), the Peak Ground Displacement 

(P.G.D.) and the peak ratios: P.G.V./P.G.A., P.G.D./P.G.V..  

Differently, the integral parameters IMs, combine the ground-motion data with the structural 

response. The input energy per unit mass defined by Uang and Bertero (1990), Eq. 4, 

computes the seismic energy introduced during the earthquake excitation based on the 

relative motion: 

𝑬𝒊𝒓

𝒎
 =- ∫ �̈�𝒈

𝒕𝒅

𝒐
 �̇� dt  (4) 

Where �̇� is the relative velocity of the centre of gravity (C.G.) of the block, �̈�𝑔 is the ground 

acceleration, and 𝑡𝑑 is the time duration of the seismic excitation. 

Depending on the ground-motion and block’s properties, the maximum lateral displacement 

of the CG,  𝑢𝑚𝑎𝑥 , in some cases could be reached after the end of the pulse. According to the 

initial assumptions previously discussed, the analysed systems are conservative until the 

impact. Consequently, another Integral parameter useful to evaluate the structural 

performance is the maximum kinematic energy per unit mass of the block, whose relevance 

has been previously underlined by Karam et Al. (2020); this quantity is expressed by the 

following Eq. 5: 

𝑬𝒓𝒐𝒕

𝒎
 = − ∫ �̈�

𝒖(𝒕𝒊𝒎𝒑𝒂𝒄𝒕)

𝒐
 d𝒖 (5)

where �̈� is the relative acceleration and 𝑢 the relative displacement of centre of gravity of 

the block, timpact is the time instant of the impact. 

The last integral parameter consider is the energy input rate per unit mass, define by 

Takewaki (2013) as a measure of criticality of ground motion especially for near-fault 

earthquakes, expressed by the expressed by the following Eq. 6: 

𝒅 𝑬𝒊𝒓

𝒅 𝒕
 = ∫

𝜕

𝜕𝑡
 [ �̈�𝑔

∞

−∞
 �̇�] dt  (6) 

All these integral parameters are defined as a function of the relative motion of the bodies 

with respect to the ground, it follows that under the assumption of rigid blocks in the absence 

of rocking these are equal to zero.  

4. Results

This chapter describes the correlation between the selected seismic intensity measures (IMs) 

and the defined engineering demand parameter (EDP). The results were obtained solving the 

differential equation of the dynamic behaviour of the rigid block (Eq.1) using MATLAB and 

the solver ode45. Fig. 4 highlights the influence of the aspect ratio on the correlation between 

Peak ground acceleration (Fig.4a), the ratio between P.G.V./P.G.A. (Fig.4d) and maximum 

lateral displacement of the C.G.. The relationship between these peak ground-motion 

parameters and the EDP decrease as the aspect ratio increases. While the Fig. 5 shows a 

direct correlation between the rotational energy per unit mass (Fig. 5g) and maximum EDP, 
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highlighting also a correlation with the input energy per unit mass (Fig. 5f). Furthermore, 

unlike the peak ground-motion parameters, these two integral parameters are independent 

from the aspect ratio, making them more suitable for quantifying the potential seismic 

damage. 
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d) 

e) 

Fig. 4 – Peak ground-motion parameters and EDP 

f) 
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g) 

 h) 

Fig. 5 – Integral parameters and EDP 

5. Concluding remarks of the preliminary study

This preliminary study evaluated the correlation between different seismic intensity 

measures and potential damage described by maximum lateral drift, the selected engineering 

demand parameter. A numerical analysis was performed considering 3 slender rigid rocking 

blocks, covering a range of aspect ratios between 4 to 6 and subjected to variable single 

pulses, preliminary simplified representation of the main features of near-fault earthquakes. 

The most important conclusions are: 

• The relationship between the peak ground-motion parameters and the potential

damage is influenced by the aspect ratio. It was found a relation between the peak

ground acceleration, the ratio P.G.V./P.G.A. and maximum lateral displacement of

C.G. of the blocks. These correlations decrease as the aspect ratio increases, the block
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with an aspect ratio equal to 4 exhibits a closer correlation than the slender blocks 

with aspect ratios equal to 5 and 6. 

• The input energy per unit mass and the rotational energy per unit mass, both integral

parameters, are related to the potential damage. The results show a direct relation

between the rotational energy and the selected engineering demand parameter. The

correlation between these energy-based integral parameters and the potential damage

is independent from the rocking block’s aspect ratio, making them more suitable for

quantifying the seismic effects.
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Abstract: Validation of numerical models is a paramount task for the design of structures 

and introduction of new construction solutions in practice. Up to now, rocking structures 

have been considered unpredictable, hampering their use in practice. Using a recently 

proposed statistical validation method, this paper claims that rocking motion can be 

predicted. Herein, a simple 3D wobbling rocking model is statistically validated against 

multiple shake table tests. Both numerical and experimental seismic response are clustered 

in six bins, sorted according the excitation type and intensity, and their cumulative 

distribution functions and median response are compared. The paper shows that, even 

though the numerical model does not account for sliding and twisting of the columns, it still 

represents well the statistics of the horizontal displacement of the rocking system. Only in 1 

out of the 6 cases the numerical model fails to predict well the statistics of the tested rocking 

system. Thus, as structures are usually designed for set ground of motions and not individual 

ground motions, the paper claims that the statistical validation is sufficient and appropriate 

for validation of rocking models. 

Keywords: model validation, uplifting structures, precast structures, response prediction 

1. Introduction 

In the recent years, rocking has been proposed as a resilient alternative for precast bridges 

in seismic active regions. Mander and Cheng (1997), Palermo et al. (2004), Cohagen et al. 

(2008), Mashal (2015), Sideris et al. (2015), Thonstad (2016), Qu et al. (2018), Salehi et al. 

(2021) have suggested to construct prefabricated rocking bridges by connecting precast 

elements via ungrouted post-tensioned tendons, forming dry connections. The dry 

connection allows the elements to rock, avoiding the formation of plastic hinges, while the 

elongation of the tendon is distributed along all its length, preventing yielding of the 

reinforcement. Hence, the tendon offers a recentering mechanism and the structure does 

not present damage.  

Depending on the tendon’s axial stiffness, the proposed system may present positive or 

negative lateral stiffness (Vassiliou & Makris, 2015; Makris & Vassiliou, 2015). Focusing 

on the performance of the superstructure and the easy relation of the system’s seismic 

response to available design spectra, rocking systems with positive stiffness have been 

more extensively explored (Kurama et al., 2018; Zhang & Alam, 2020; and references 

therein). Systems with lateral negative stiffness, however, can potentially reduce the design 

moments on the foundation, and consequently, its size. The reinforced concrete used for 

the foundation can sometimes comprise up to 50% of the total amount used in the project. 

Therefore, the reduction of forces transmitted to the foundation leads not only to a resilient 

alternative for precast bridges, but also to a more sustainable design alternative, as it can 

reduce the foundation size and save material. 
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Despite its potential benefits, the response of rocking systems with negative lateral 

stiffness is highly nonlinear (Makris & Konstantinidis, 2003). Any small changes on the 

initial and boundary conditions of the problem leads to significantly different responses. 

Thus, it has been claimed that the rocking motion is unpredictable and numerical models 

could not be validated. Bachmann et al. (2018) and Vassiliou et al. (2021) have shown that 

numerical models used to describe rocking systems can be validated through methods that 

statistically compare the numerical and experimental response to sets of ground motions. 

This a weaker but sufficient validation method. 

In an attempt to further develop seismic design of systems with negative stiffness, this 

paper statistically validates the wobbling model proposed by Vassiliou (2018) and 

Vassiliou et al. (2017). The experimental dataset originates from the results of the 

experimental campaign conducted at the National Technical University of Athens (NTUA) 

in collaboration with ETH Zurich, which consisted of multiple shaking table tests of a slab 

supported on four precast columns. The slab was connected to the columns only through 

the ungrouted tendons in series with washer springs, and the whole system was simply 

standing on top of the shake table platform. 

2. Mechanics of the rocking frame 

2.1. Static planar behavior 

Fig. 1a presents a rocking frame comprising N rigid columns of total mass N × mc and a 

rigid beam of mass mb. The columns are able to uplift but not slide at any end. They are 

restrained with a perfectly elastic restraining system, composed of tendons anchored at the 

bottom end of the columns and the above the beam, in series with a spring. The total 

stiffness of the restraining system (i.e., spring + tendon) is kres.  

Assuming a horizontal force F applied at the beam, the linearized lateral force–

deformation relation (“pushover curve”) is: 

 ( )
1 1

sgn
222 2

res

c c

Nk b u
F Nm g Nm gu

h


 

    
= + −+ +    
    

 (1) 

Fig. 1b plots Equation 1 for different values of kres. For all values of kres, the system 

presents a bilinear elastic behavior. There is no hysteresis and unloading follows the same 

branch. When kres = 0 (i.e., no tendon), the post-uplift stiffness of the system is negative. 

Collapse is reached not because of material failure, but when the restoring force becomes 

zero, that is, when the columns reach the point of neutral equilibrium. This defines the 

displacement capacity of the system. 

Adding a non-prestressed tendon algebraically increases the post-uplift stiffness. When the 

stiffness remains below 

( )1 2 c

crit

m g
k

b





+
=

, the post-uplift stiffness of the system remains 

negative, the slope of the second branch is milder, and the displacement capacity increases 

(Vassiliou & Makris, 2015; Makris & Vassiliou, 2015). Reggiani Manzo & Vassiliou, 

(2022a) have validated the above equations through cyclic tests. 
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Fig. 1 – (a) Rocking frame with vertical restrainers, and (b) its force-deformation relationship. 

2.2. Dynamics of the planar rocking frame 

Based on Makris & Vassiliou (2015), and assuming that the columns are always in contact 

with the ground, the linearized equation of motion of the restrained rocking frame (Fig.1a) 

is: 

 ( )
33 1 1 231 2 3 1 2

sgn
2 1 3 2 1 31 3 2 2 2 1 3

res

g

c

k b gg u
u uu

m h

  


  

+ + +
−+ + = − 

+ ++ + 
 (2) 

Unless extra yielding or friction dissipation device is provided, energy is only dissipated 

during impact, and it is usually taken into account via a coefficient of restitution (Housner, 

1963) defined as the ratio between the columns’ angular velocity after ( after ) and before 

( before ) the impact: 

 after

before

r



=  (3) 

2.3. Three-dimensional model 

Fig.2 shows a 3D extension of the rocking frame model (Vassiliou, 2018; Vassiliou et al., 

2017). The assumptions of the planar frame (i.e. rigid body, no sliding or “flying”, and 

pointwise contact) are extended to include the following: 

• The columns are constrained to not roll-out of its initial position. 

• The columns are always in contact with the support and the slab. Therefore, the 

contact forces are always compressive. 

• No damping mechanism is included. 

 

 
Fig.2 – Three-dimensional wobbling frame. 
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• The tendon is anchored above the spring and within the column. 

Then, the equations of motion become: 

( ) ( )
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( )2

2

12 2 1

48 15 cos

g
p

R



 

+
=
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θ is the tilt angle, φ is the angle defining the contact point, T, between the column and the 

support (Fig. 2). 

3. Shake table testing 

In order to statistically validate the numerical model presented in Section 2.3, a series of 

tests was performed at the Laboratory for Earthquake Engineering (LEE) of the National 

Technical University of Athens (NTUA). 

3.1. Specimen 

For the sake of brevity, this paper discusses only briefly the design and detailing of the 

specimen. All information about the design, detailing and construction of the specimen can 

be found in Reggiani Manzo et al. (2022b, 2022c). 

The tested specimen, shown in Fig. 3, consisted of four reinforced concrete columns 

supporting a reinforced concrete slab. The columns were freely standing on the shake table 

platform, and connected to the slab only via unbonded non-prestressed restraining tendons 

in series with 10 washer springs. The combination of washer springs and the tendon was 

necessary to obtain a restraining system flexible enough to keep the rocking frame’s lateral 

stiffness negative. At the displacement capacity of the specimen, it was estimated that the 

final secant stiffness of the restraining system was 1720 kN/m. 
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Fig. 3 – Schematic drawing of the specimen in (a) 3D View, and (b) Front View. 

 

To avoid damage to the ends of the column due to stress concentrations and impact, the 

columns ends were confined by steel jackets. Furthermore, steel plates were also placed in 

the interface of the column with the slab and the shake table. The plates were equipped 

with restrainers that limited sliding to 5 mm in each direction.  

The specimen was designed with a redundant mechanism to prevent toppling of the 

columns, while protecting the tendons from exceeding their yield capacity. The redundant 

mechanism consisted of two threaded rods placed in parallel with each stack of washer 

springs, which would engage only after a 15-mm deformation of the stack of springs. To 

protect the tendons, which could not be easily replaced without disassembling the 

specimen, the threaded rods were designed as sacrificial elements, yielding at a smaller 

load than the tendons. 

Even though the tested specimen was not designed to represent a specific prototype bridge, 

a 1:5 scale was assumed. At prototype scale, this scaling factor would lead to 7.25 m-high 

columns, which falls within the range of typical heights of columns of highway bridges, 

although on the lower end. The column aspect ratio (height to width) was slightly larger 

than typical highway bridges. 

3.2. Shaking table specifications 

The tests were performed in the 4 × 4-m six degree-of-freedom shaking table of NTUA. 

The maximum stroke and velocity of the simulator in the three axes are ±100 mm and 1000 

mm/s, respectively. Under 10 tons of payload, the maximum acceleration of the horizontal 

axes is 2g, while a 4g acceleration is permitted in the vertical direction. 

3.3. Excitation selection and scaling 

The specimen was subjected to all three sets of ground motions proposed by FEMA P695 

(2009) (near-field pulselike (NFP), near-field no pulse-like (NF), and far-field (FF)). The 

sets are composed of 14 NFP, 14 NF, and 22 FF ground motions. In addition to the ground 

motions proposed by FEMA, an extra 12 NFP, 12 NF, and 21 FF ground motions were 

included. Moreover, the original FF set of ground motions proposed by FEMA includes 

Cape Mendocino, Rio Dell Overpass record. However, this was not available in the PEER 

ground motion database and, thus, was not included in this study. 
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In total, this experimental campaign consisted of 26 NFP, 26 NF, and 42 FF ground 

motions. The details of the records, along with the adopted numbering scheme, are 

provided in Reggiani Manzo et al. (2022b, 2022c). 

All sets of ground motions were scaled to the same PGV , which was defined herein as: 

 ( ) ( )
22

PGVPGV PGV yx= +  (7) 

where PGVx and PGVy are the peak ground velocities along the x and y directions. 

Respecting the capacity of the shake table, two different PGV  levels were selected (in the 

model scale): (a) low PGV  = 16.75 cm/s and (b) a high PGV  = 33.5 cm/s. Overall, there 

were three different ground motion sets (NFP, NF, and FF) scaled at two different PGV , 

which resulted in 188 ground motions. The longitudinal, lateral, and vertical components 

of each ground motion were simulated by the shake table. 

As a length scale of 1:5 was assumed for the column height, to preserve similitude of time, 

the excitations were scaled in time to 
T LS S= , in which SL is the length scale equal to 1/5. 

In the prototype scale, this corresponds to a PGV  of 37.5 and 75 cm/s at the low- and high-

intensity sets, respectively. 

The order of the tests was defined based on the system’s response predicted using the 

analytical model proposed by Vassiliou (2018). The excitations were sorted from the 

smallest to largest predicted displacement. Some ground motions could not be simulated 

either because the structure failed before its execution or because the shake table could not 

reproduce them sufficiently accurately. The test order is also provided by Reggiani Manzo 

et al. (2022b, 2022c). 

3.4. Instrumentation 

Fig.4 presents the location of all instruments installed on the specimen. The horizontal 

displacements of the slab were measured using draw-wire sensors, the vertical 

displacements using cable-extension position transducers, and the accelerations using 

accelerometers. Load cells were also installed in series with the tendons of each column. 

The deformation of the spring system of column C2 was recorded using string 

potentiometers. Furthermore, the sensors integrated into the actuators of the shaking table 

recorded the displacement and acceleration of the table platform. 

4. Experimental observations 

As the goal of this paper is to statistically validate the numerical model for restrained 

rocking bridges previously presented, the experimental observations are only briefly 

presented herein. The observed seismic behavior of the tested specimen is extensively 

discussed in Reggiani Manzo et al. (2022b). 

During the execution of the tests, it was observed that the columns twist and slide 

relatively to the shake table and the slab. Nonetheless, with exception to the excitation that 

caused the unexpected collapse of the specimen, the sliding restrainers were sufficient to 

restrain the sliding of the columns.  

The system eventually collapsed when it was excited by the ground motion 1987, 

Superstition Hills-02 scaled to the high-intensity set. The collapse was caused by the 

unexpected failure of the tendon of column C1 that was followed by the failure of tendon 
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of column C2. The collapse was unexpected because the tendons failed prematurely: C1 

broke at 98.8 kN and C2 at 105.4 kN, while the yielding load specified by the tendon’s 

manufacturer was 237 kN. Both tendons failed at their sockets, indicating some unexpected 

stress concentration during the manufacturing process.  

 

Fig. 4 – Instrumentation location. 

 

The specimen was visually inspected after each excitation and after the collapse. No cracks 

and concrete spalling could be observed in the columns and steel jacket. The only observed 

damage was abrasion of the edges of the top and bottom steel jacket, being the abrasion of 

the top steel jackets more pronounced. 

5. Statistical Validation 

This section statistically validates the model presented in Section 2.3 by comparing its 

predictions to the shake table tests results. Herein, the response quantity of interest is the 

maximum horizontal displacement of the center of mass (U) of the slab. While U is an 

output of the analytical model, the horizontal displacements (U) observed during the 

experimental campaign were calculated using the elongation/shortening measured by the 

four string potentiometers fixed to the slab. For this calculation, the slab was assumed as 

rigid body and the vertical displacements were neglected. 

The analytical model does not account for sliding and twisting of the columns, or torsion of 

the slab, as it was observed in the experimental campaign. Thus, it is a very simple 

model—to the point of being simplistic, as it grossly overestimated the response of a 

rocking system in the PEER 2019 blind prediction contest (Vassiliou et al., 2021). With 

reference to Equations (4) and (5) and Fig. 3, the model parameters that were used are: 2R 

= 1.463m, α = 0.1359,mcg = 1.22 kN, msg = 94.35 kN, and kres = 1720 kN/m. 

Fig. 5 presents the experimental and numerical Cumulative Distribution Functions (CDFs) of 

the maximum displacement of the slab’s center of mass (U). The data is clustered in bins of 

different intensity (low- and high-intensity, as described in Section 3.3) and excitation types 

(NFP, NF, and FF, as described in Section 3.3). It also plots the 95% confidence interval (CI) 

of the experimentally obtained U. The model performs reasonably well, as it generally lies 

within the 95% CI.  

To statistically validate the analytical model, a two-sample Kolmogorov-Smirnov test was 

conducted using the built-in Matlab routine “kstest2”. This test rejects or accepts the null 

hypothesis (Ho) that both data are from the same distribution. The null hypothesis Ho is 

rejected when the p-value is lower than a given statistical significance value αs. The p-value is 

a measure of the evidence against Ho and it does not represent the probability that Ho is true. In 
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this work, a fairly large value of statistical significance of 0.1 is used to allow for a nuanced 

qualification of null hypothesis validity using an evidence classification scale, shown in Table 

1. Table 2 provides the p-values for all six sets shown in Fig. 5. The numerical CDF is 

compared to the experimental CDF of U. In 5/6 cases there is small to none evidence against 

both data coming from the same distribution, while in 1/6 there is medium–weak. Hence, this 

statistical test shows that the analytical model is a good predictor of the response of the center 

of mass of the slab. 

Table 1. Evidence classification p-value scale  

p-value Evidence 

<0.01 Very strong against Ho 

0.01-0.05 Strong against Ho 

0.05-0.10 Medium-weak against Ho 

>0.10 Small or none against Ho 

 

As p-values are not often used in earthquake engineering practice, Table 2 also presents the 

error of the median of U. In 5/6 cases, the error lies below 30%. In the high-intensity FF, 

the error is 47%—but the model is conservative. In no case did the model underestimate 

the median response by more than 30%. However, as the model disregards a number of 

physical mechanisms (e.g., energy dissipation, flexibility of the columns, geometric 

imperfections that lead to torsion), one cannot generalize, and more tests under more 

complicated and realistic geometries should be performed for its validation. Moreover, the 

model cannot predict the torsion of the slab and therefore it can only be used for the 

prediction of the center of the mass of the slab; not for the column drift ratios. 

 

Table 2. Statistical comparison of the analytical model and the experimental data.  

Set p-value 
50,ana 50,exp

50

50,exp

u u
e

u

−
=  

Low-intensity (NFP) 0.06 0.29 

High-intensity (NFP) 0.86 0.02 

Low-intensity (NF) 0.65 0.09 

High-intensity (NF) 0.59 0.20 

Low-intensity (FF) 0.26 0.09 

High-intensity (FF) 0.15 0.47 

4. Conclusions 

This paper presents the statistical validation of a numerical model that predicts the 

response of a rigid-body rocking system. The experimental data used for the model 

validation was obtained from shaking table tests in a resilient system composed of four 

precast columns supporting a slab. The columns were only connected to the slab through 

ungrouted tendons in series with washer spring. The whole system was freely standing on 

top of the shaking table platform.  

When statistically validating a model, it is not the response to individual ground motions 

that is of interest, but the statistics of the response to ensembles of ground motions. 

Therefore, this work compared the numerical and experimental CDF of the time maximum 

of the horizontal displacement of the center of mass of the slab. Using the two-sample 

Kolmogorov-Smirnov statistical test method, it was verified that the response probability 

distribution obtained numerically agrees reasonably well with response probability 

distribution observed experimentally. Furthermore, the median response of the numerical 

model and experimental tests were also compared, showing to be in good agreement. In no 
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case the numerical model underestimates the system’s median response in more than 30%. 

Therefore, it can be concluded that, despite its simplicity, the numerical model was able to 

predict the statistics of the displacement of the center of mass of the slab to sets of ground 

motions that characterize the seismic hazard, namely the CDFs of the time maxima to 

individual excitations. The numerical model, however, cannot capture the experimentally 

observed torsion of the slab, and should be used carefully to predict the drift of the 

individual columns.  

 
Fig. 5 – CDF plots obtained from the experimental data and CDF obtained using the analytical model. 
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Abstract: The mechanical behaviour of historical stone masonry depends on the material
properties of its constituents stones and mortar layers, kinematic and static boundary conditions,
as well as on the geometry of the stones and the pattern they create. In this work, we generate
realistic 3D meshes for the historical stone masonry structures with different typologies that are
suitable for detailed micromechanical modelling tools. The generation problem has been treated
as a packing optimisation problem with many objectives and physical constraints to be
minimised simultaneously in a process that mimics the building process by a real mason. This
algorithm includes a random stone generator that can change the topology of stones based on
the chosen typology of the generated wall. With the advancements in computer power,
numerical analyses are no longer restricted to 2D models, and 3D models can be analysed in
reasonable computational times if parallel computing frameworks are used.

Keywords: Masonry typology, finite element, optimisation, packing problem, heuristics

1. Introduction

Historical stone masonry structures are one of the most vulnerable structures under
earthquakes. Simulating the behaviour of these structures is not trivial, as they constitute a
geometrically complex assembly of different continua, namely stones and mortar. One method
for investigating the performance of such structures is the detailed micromechanical finite
element approach, where mortar joints and stones are explicitly modelled without
down-scaling the details. Though these methods are computationally expensive, such
numerical models are made possible with the advancements of high-performance computing
(HPC) facilities.

Microstructure modelling of masonry is the approach where we explicitly account for stones
and mortars without simplification Lourenço (1996). Such numerical simulations require
detailed input geometry that will be able to capture the needed details. Microstructures of 2D
walls have already been used based on 2D images such as in Sejnoha et al. (2008) and
Senthivel and Lourenço (2009). Moreover, a virtual 2D microstructure was proposed by
Shenghan et al. (2018) where they proposed a systematic microstructure for 2D stone
masonry walls. In that paper, the authors proposed the usage of a random cellular structure
that was followed by the Voronoi algorithm to discretise large cells into smaller ones. After
that, they used a weathering algorithm to make the mortar joints non-uniform and realistic.
These geometries were used for studying the force-deformation of the diagonal compression
tests as in Zhang et al. (2017) using a detailed finite element method with cohesive elements
to simulate the crack initiation and propagation explicitly in the continuum. Such 2D
simulations cannot capture the out-of-plane (OOP) failure mechanisms and do not take into
account the geometrical variations across the leaves of the walls.

For 3D studies, most research works focused on extending 2D microstructures into 3D by
simple extrusion processes such as in Cannizzaro & Lourenço (2017), Mordanova & de Felice
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(2020) and Tiberti & Milani (2020). However, these studies also do not take into account the
realistic variations across the leaves of the wall or the variation across the leaf itself.

In this work, we propose the first systematic 3D virtual microstructure generator for stone
masonry walls. The walls are generated as a packing optimisation problem where we place
stones individually into the container (wall boundary). The generated walls in this work will
be used for numerical simulations with the finite element method (FEM), discrete element
method (DEM) or hybrid FEM/DEM approach. Also, these microstructures can be used for
homogenisation techniques of representative volume elements (RVE).

2. The 3D microstructure generator

The generation of a realistic 3D arrangement of stones requires an algorithm that mimics the
real techniques used in building walls. Thus, we propose a new packing heuristic technique
that can cover most of the existing stone masonry typologies by taking into account the
stones’ topology, arrangement and size sampling.

2.1. Stones generator

To start building a wall, we first need a hierarchical stone generator that can produce the
needed stones per typology. The stones generator includes three processes to generate the
stones: The surface subdivision, the vertex randomisation and the Laplacian smoothing
algorithm. The generated stones are then remeshed using the spherical harmonics (SH)
method, see Shaqfa et al., (2021) for details, to obtain a uniform mesh that describes their
surface properties up to a prescribed wavelength. The generation step can be replaced by
using real scanned stones and using them for building the walls, if available.

2.2. Packing optimisation problem

After generating the needed stones, we need to carefully pack them into the container so they
give us a realistic pattern. The packing optimisation problem consists of some building
placement rules as well as physical rules to be satisfied. In general, we have four objectives
functions to minimise:

1. Packing the stones as close as possible to the origin of the container.
2. Place stones as close as possible to each other while keeping a minimum distance, if

needed, between the packed stones.
3. Stagger the vertical joints with the underneath preinstalled stones.
4. Ensure that the layers of the stones, stone masonry courses, have approximately

constant heights.

The imposed constraints on this optimisation problem are to avoid packing stones when they
are in contact. This physical constraint avoids packing configurations where stones are
overlapping. The resulting minimisation problem needs to be solved for each stone we pack in
the wall. These nonconvex and dynamically changing objectives, change per stone, are
complex to solve using traditional optimisation solvers. Thus, we proposed the usage of the
Pareto-like sequential sampling (PSS) approach proposed by Shaqfa & Beyer (2021) as it was
designed for problems with large design variables and limited computational times. The
mathematical details of these objectives can be found in Shaqfa & Beyer (2022).
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2.3. Generating mortar layers a finite element mesh

After packing all the stones in the container (wall boundary), we then use the Boolean
operations to find out the corresponding mortar continuum. Now, we have two types of
volumes, stones and mortar. To generate a conformal FEM, we used the GMSH library
Geuzaine & Remacle (2009). The conformal mesh makes the tangent faces in solids match
and therefore we have coherent vertices and no additional constraints need to be added to link
the continuums in the FEM formulation.

3. Results and generated samples

With fine-tuning the algorithms for different stone sizes and sampling domains of the stones,
we can obtain different stone masonry typologies. Some of the possible outcomes of this
generation algorithm are shown in Figure 1 (A)-(C), while (D) is a mixture between teh
typologies shown in (A) and (B).

Fig. 1 - Samples of the generated stone masonry walls with three different typologies (A)-(C) and (D) is a mixed
one, a modified figure from Shaqfa & Beyer (2022).
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4. Conclusions

This work provides a new methodology to generate detailed microstructure of various stone
masonry typologies. First we proposed an algorithm for generating realistic stones. Then, we
formulated the generation process as a packing optimisation problem that was used to produce
various typologies that can commonly be found in historical buildings. The output of this
approach will be used in 3D FEM, DEM and the hybrid FEM/DEM approaches. This work is
expected to give us more insights into the failure mechanisms that typically occur in historical
stone masonry structures under earthquakes, for example, leaf separation, in-plane (IP) and
out-of-plane (OOP) failures.
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Abstract: A numerical investigation is performed to investigate the potential of a discrete 

macro-element coupled with a mesoscale approach for the seismic assessment of unreinforced 

masonry structures. At first, parametric analyses are performed on a U-shape stone masonry 

prototype. Nonlinear static analyses are performed to investigate parameters that affect the 

results when a mesoscale masonry pattern representation is adopted. Results prove the 

suitability of a mesoscale representation of unreinforced masonry structures through a discrete 

macro-element approach. Furhthermore, it is demonstrated that an irregular placement of 

masonry units’ have a significant role in the structural response, either from a strength and 

ductility standpoints, when compared to a regular and periodic distribution of units.   

Keywords: Unreinforced masonry structures; Mesoscale representation; Irregular masonry 

pattern, Discrete Macro-Element Method (DMEM) 

1. Introduction  

Several advanced analysis methods for the seismic assessment of unreinforced masonry 

(URM) structures were developed in the last decades (de Felice et al., 2010; Fortunato et al., 

2017; P B Lourenço et al., 2022; Malena et al., 2019; Sharma et al., 2021). These are 

generally classified as numerical or analytical approaches (D'Altri et al., 2020; Karimzadeh 

et al., 2020). Analytical approaches can be based on limit analysis theorems, which have the 

great advantage of being simple to use and independent of most material properties, but 

assume simplified constitutive relathionships (Cascini et al., 2020; De Felice & Giannini, 

2001; Funari et al., 2021). More sophisticated numerical approaches are typically 

implemented in the Finite Element Method (FEM) (Funari et al., 2021; Silva et al., 2018; 

Szabó et al., 2021) or Discrete Element Method (DEM) (Bui et al., 2017; Lemos, 2019) 

frameworks. FEM allows a more versatile application as masonry can be represented either 

through a homogeneous equivalent media (macro-modelling) or by a discrete representation 

of units and joints (micro-modelling). DEM is well suited for masonries with both dry- and 

mortared joints but still requires a full representation of the arrangement of the blocks 
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(Sarhosis et al., 2019; Savalle et al., 2020, 2022). Despite their reliability, the computational 

efficiency of the available numerical methods is rarely compatible with the need to have a 

rigorous real-time post-earthquake assessment (Funari et al., 2020; Funari et al., 2020; 

Lourenço & Silva, 2020). Therefore, several authors proposed alternative approaches to 

satisfy the need to have reliable results in relatively short computational times. Because of 

their simplicity and efficiency, these approaches are widely used also in engineering practice 

(L. C. M. da Silva & Milani, 2022; Marco F. Funari et al., 2022; Malomo & DeJong, 2021; 

Maria D’Altri et al., 2021; L. C. Silva et al., 2020) 

In this framework, macro-element approaches were proposed in which structures are 

described as an assemblage of macroscopic structural elements. The Equivalent Frame 

Model (EFM) belongs to macro-model based strategies, and national and international 

standards are adopting it in combination with nonlinear static analysis (Quagliarini et al., 

2017). Because of its simplicity and low computational cost, it is one of the most widely 

adopted analysis methods in engineering practice (Siano et al., 2018). Nevertheless, it 

presents some limitations, such as the difficulty of discretising structures with an irregular 

position of openings. 

In order to cover such limitations and keep the computational efficiency, a discrete macro-

element method designated as DMEM was proposed by (Caliò et al., 2012). DMEM allows 

the simulation of both the in-plane (IP) and out-of-plane (OOP) response of masonry walls. 

Such an approach has been proposed and validated in the nonlinear static field  (Caliò et al., 

2012) and extended to dynamics (Chácara et al., 2017). Nevertheless, further investigation 

on the influence of the macro-elements discretisation are required. Under this scope, the 

novelty of the study includes the application of a mesoscale masonry irregular pattern 

representation through DMEM. These allowed to the paper to: i) apply the DMEM approach 

by adopting a mesh representation consistent with real masonry patterns, and ii) evaluate 

how certain geometrical features of the masory arrangement affect the structural response.  

2. The Discrete Macro-Element Method  

DMEM approach was first developed by Caliò et al. (2012), and it was based on a basic 

plane element whose kinematics is dependent on four Lagrangian parameters only (three 

degrees of freedom associated to the in-plane rigid-body motion and an additional degree of 

freedom related to shear deformability in its own plane). This simple plane element Fig. 1a 

can be represented with a simple mechanical scheme constituted by an articulated 

quadrilateral with rigid edges connected at the vertices by four hinges and with two diagonal 

springs connected to the corners to simulate the shear behaviour. Each element interacts with 

the adjacent ones by means of a discrete distribution of a set of transversal nonlinear springs 

and a single sliding nonlinear spring, denoted as interfaces, which governs the flexural and 

sliding behaviour. However, this simple element can only simulate the nonlinear behaviour 

of masonry panels in their own plane, not considering the out-of-plane response. To 

overcome this limitation, two subsequent upgrades were performed to improve the potential 

of the approach. First, the OOP behaviour was considered by introducing additional rows of 

transversal nonlinear links and two additional OOP sliding links (able to govern the OOP 

shear sliding behaviour and the torsion), thus enabling the needed OOP degrees of freedoms 

(Fig. 1b). The number of orthogonal links is selected in accordance with the desired level of 

accuracy of the linear and nonlinear response. The shear deformability is still governed by a 

diagonal nonlinear link that connects two opposite corners of the articulated quadrilateral. A 

further upgrade was introduced considering a shell macro-element (Fig. 1c) characterised by 

an irregular geometry, variable thickness, and the element and skew interface to model 
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complex curved geometry such as arches, vaults, and domes (Cannizzaro et al., 2018). 

   

(a) (b) (c) 

Fig. 1: DMEM evolution (a) Plane Element; (b) Regular Spatial Element; and (c) Irregular Spatial Element. 

Details on the calibration procedures can be found in Pantò et al. (2017).  

The reduced number of DOFs associated with each macro-element makes this approach 

computationally inexpensive if compared with the classical finite element formulations. 

DMEM approach classical interpretation implies that each macro-element must be 

representative of the corresponding finite portion of masonry walls, according to the macro-

modelling approach. Even though DMEM is conceived as a macro-modelling strategy, there 

is the possibility to extend the discretisation at mesoscale representation. Nevertheless, 

depending on whether a macro- or mesoscale approach is adopted, it is necessary to 

appropriately calibrate the main mechanical parameters that influence the response as with 

mesoscale strategies, some physical phenomena can be described in more detail, i.e. 

interlocking effect between the blocks or the presence of well-defined and realistic fracture 

surfaces at the interface.  

3. Numerical Investigation: U-shape stone  

In this section, the effect of the mesh discretisation on the numerical simulations performed 

with the DMEM approach is assessed by means of parametric studies. The numerical 

investigation has been carried out on a simple structure of three walls forming a U-plan made 

of stone masonry, which idealises the experimental tests performed at the LNEC shaking 

table (Candeias et al., 2017). Fig. 2 reports the geometrical features of the masonry prototype. 

 
Fig. 2: Geometrical characteristics of the U-Shape stone prototype. 
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Four discretisations were adopted for the prototype geometry and are given in Fig. 3. In 

particular, M1, M2, and M3 are macroscale discretisations where the characteristic 

dimension of the elements is gradually decreased to reach three different levels of 

refinement. Regarding M4, a mesoscale discretisation was adopted in agreement with the 

one of Cannizzaro & Lourenço (2016). 

Macroscale-: M1 Macroscale: M2 Macroscale: M3 Mesoscale: M4 

    

 
Fig. 3: Mesh discretisations adopted for the numerical investigations. 

The definition of the mechanical properties has been initially conducted by assuming the 

same parameters adopted in Cannizzaro & Lourenço (2016) for all mesh discretisations 

(Table 1 and Table 2). It is worth underlining that when a mesoscale representation is 

adopted (M4), a linear-elastic constitutive law has been selected for the diagonal shear 

behaviour to avoid that diagonal cracking involves the single macro element. This 

assumption ensures that the shear failure does not occur when macro-element represents a 

single masonry unit (Vadalà et al., 2022). 

 
Table 1: Mechanical properties adopted for the U-shape prototype: flexural behaviour (Cannizzaro & 

Lourenço, 2016). 

 Flexural behaviour 

 Density Young's 

modulus 

Compressive 

strength 

Compressive 

fracture 

energy 

Tensile 

strength 

Tensile 

fracture 

energy 

Model [kg/m3] [MPa] [MPa] [N/mm] [MPa] [N/mm] 

M1,M2,M3 2360 2077 5.44 ∞ 0.224 0.048 

M4 2360 2077 5.44 ∞ 0.224 0.048 

 

Table 2: Mechanical properties adopted for the U-shape prototype: shear behaviour (Cannizzaro & 

Lourenço, 2016). 

 Diagonal cracking behaviour Sliding behaviour 

 Shear 

modulus 

Failure 

criterion 

τ0 μd c μs 

 

Model [MPa] [MPa] [MPa] 

M1,M2,M3 830 Mohr-Coulomb 0.336 0.3 0.336 0.3 

M4 830 - - - 0.336 0.3 

3.1. Non-linear static analyses  

This section investigates the structural response of macro- and mesoscale masonry 

representations by performing nonlinear static analyses. In the simulations, lateral loads, 

distributed proportional to the mass, were applied and monotonically increased in the 

positive X direction. 
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Fig. 4 compares the capacity curves obtained with the mesh mentioned above discretisations 

and with a homogeneous model performed in Abaqus (Abaqus, 2014), where the nonlinear 

behaviour of masonry was simulated by means of the concrete damage plasticity model 

(CDP). One can note how models M1, M2, M3 show small differences in terms of initial 

stiffness and peak loads, highlighting a slight mesh dependency when a classical DMEM 

approach is adopted. However, the macroscale representation cannot account for blocks' 

interlocking, which leads to complex interaction between the macro-elements that involves 

shear sliding, shear diagonal, torsional, and membrane behaviour. Indeed, the mesoscale 

model, i.e., M4, provides a stiffer initial behaviour and a higher peak load than the M1, M2 

and M3, as a consequence of the misalignment of the vertical interfaces. Moreover, the 

results demonstrate how stone's interlocking influences the post-peak behaviour. In 

particular, two drops are shown with the mesoscale discretisation: the first one is due to the 

crack propagation that starts from the opening in the later wall, while the second drop is 

linked to the crack propagation at the base of the orthogonal wall without openings, which 

shows a flexural rocking mechanism in its plane. Consequently, differences in collapse 

mechanism can be noted in Fig. 5, where model M4 leads to more realistic results. 

 

 
Fig. 4: Nonlinear static analysis for the U-shape stone: (a) Comparison in terms of load-displacement curve; 

and (b) Normalised computational time (CPU) and normalised number of degrees-of-freedom (DOFs). 

 
ABAQUS-FEM Macroscale: M1 Macroscale: M2 Macroscale: M3 Mesoscale: M4 

     

Fig. 5: Comparison in terms of failure mechanisms. 

According to Pantò et al. (2019), the tensile strength and fracture energy must be recalibrated 

to take into account the over-strength effect provided by interlocking using a macroscale 

discretisation. Hence, an updated macroscale model (DMEM-C) was generated by 

considering the same mesh discretisation adopted for M1 and a value of 0.240 MPa and 

0.060 N/mm for the tensile strength and fracture energy, respectively (see Fig. 4a). The 

updated macroscale model shows a much better correlation with the results from the 

mesoscale model. 

It is worth underlining how the DMEM approach strongly reduces the computational 

demands (see Fig. 4b). It has also been observed that mesoscale representation may be a 
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powerful alternative to model unreinforced masonry structures within a DMEM approach 

(particularly if compared with classic homogeneous FE methodologies). 

4. Numerical Investigation: box prototype  

In this section, the influence of the irregular masonry pattern on the structural response of a 

masonry prototype is investigated (see Fig. 6). Two classes of mesh discretisation (A and B) 

have been generated by using a tool implemented in a GHPython script (Grasshopper; The 

Python Language Reference). Each subcategory is characterised by a different number of 

the unit's row equal to (A) 18 and (B) 12, respectively. For both classes, five masonry 

patterns have been generated with increasing levels of randomness and with or without the 

presence of openings (Fig. 7). 

 

 
Fig. 6: Parent geometry for box prototype: geometrical features. 

 

 

 
A1 

 
A1O 

 
A2 

 
A3 

 
A3O 

 
B1 

 
B1O 

 
B2 

 
B3 

 
B3O 

Fig. 7: Mesh discretisations adopted for the box prototype with a total of ten different geometries. 

Table 3 and Table 4 summarise the mechanical properties adopted across the numerical 

simulation. The tensile strength and fracture energy have been assumed to be extremely 

small to simulate dry-stacked masonry.  
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Table 3: Mechanical properties adopted for the box prototype: flexural behaviour 

 Flexural behaviour 

 Density Young's 

modulus 

Compressive 

strength 

Compressive 

fracture 

energy 

Tensile 

strength 

Tensile 

fracture 

energy 

Model [kg/m3] [MPa] [MPa] [N/mm] [MPa] [N/mm] 

Mesoscale 1800 1500 3.80 3.00 0.001 0.0001 

 

 

Table 4: Mechanical properties adopted for the box prototype: shear behaviour 

 Diagonal cracking behaviour Sliding behaviour 

 Shear 

modulus 

Failure 

criterion 

τ0 μd c μs 

 

Model [MPa] [MPa] [MPa] 

Mesoscale 580 - - - 0.001 0.6 

 

4.1. Nonlinear static analyses  

Nonlinear static analyses have been performed applying an incremental lateral load 

distribution proportional to the mass, in the X+ direction. The results in terms of capacity 

curves are reported in Fig. 8a and Fig. 8b for classes A and B of mesh discretisation, 

respectively. One can note how irregular masonry patterns as well as the presence of the 

openings, tend to decrease the capacity of the structures. Moreover, Fig. 8 provides a 

comparison between regular mesoscale configurations (A1, B1), irregular models (A2, A3, 

B2, B3) and a classical macro-element mesh discretisation (DMEMA, DMEMB). To this end, 

reverse engineering was considered for selected mechanical parameters to get a good match 

in terms of structural response between macroscale and mesoscale models. In order to 

simulate the interlocking effect, in the macroscale model, the shear-diagonal behaviour has 

been calibrated according to a Turnsek-Cacovic failure criterion assuming a perfectly post-

elastic law. 

 
Fig. 8: Comparison in terms of load-displacement curves for classes A and B characterised by a number of 

units' courses equal to: (a) 18 and (b) 12.  

The shear strength in the absence of axial load has been assumed to be equal to 0.2 MPa 

while a value of 0.6 has been considered for the friction coefficient μs. The tensile strength 

ft and the cohesion c, which affected the peak of the capacity curve, have been increased to 

0.025 MPa in macro-model A and to 0.015 MPa in macro-model B with the aim to 

satisfactorily reproduce the static nonlinear response of the mesoscale models A1 and B1, 

respectively. Moreover, the value of tensile fracture energy Gft, which influenced the post-
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peak capacity as reported in Pantò et al. (2019), was increased to 0.25 and 0.30 N/mm in the 

constitutive law of model A and B, respectively. It is worth noting that the interlocking 

phenomenon effect on the initial stiffness is less pronounced than the previously analysed 

U-shape. It happens because the interlocking phenomenon tends to increase the structure's 

initial stiffness, particularly when the slenderness ratio is small. 

 

4.2. Nonlinear dynamic analyses  

In this section, incremental dynamic analysis (IDA) has been performed applying the 

Amatrice EW (2016) earthquake record as input ground motion in the x-direction (see Fig. 

9a). Several scale factors (SF) have been applied to the selected record until reaching the 

near-collapse condition of the investigated masonry prototype. The numerical procedure for 

the solution of the dynamic equilibrium was based on the Newmark method assuming γ = 

0.5 and β = 0.25 (Newmark, 1959) and a time step equal to 0.005 s. Moreover, the energy 

dissipation was based on a Rayleigh viscous damping criterion where a value of 5% of the 

damping ratio has been associated with the 1st and 10th natural frequencies.  

The results in terms of normalised maximum horizontal displacement of the control point 

umax/umax,abs  are reported in Fig. 9b as a function of the scale factor SF. It is worth noting 

how the influence of the mesh pattern increases with the increase of the scale factor, as 

highlighted by the divergent behaviour of maximum reached displacement for higher value 

of PGA. 

 

 
Fig. 9: Nonlinear dynamic analysis: (a) Amatrice EW (2016) record; and (b) ratio between the maximum 

displacement of the control point and the absolute maximum displacement for all mesh discretisation as a 

function of the scale factor of the record: envelope of the results. 

5. Conclusions  

This paper investigated the adoption of a mesoscale representation, rather than a classical 

macroscale representation, using the DMEM approach. At first, parametric analyses were 

performed to evaluate the mesh sensitivity and shed light on the mechanical parameters that 

need to be calibrated to consider physical phenomena, namely interlocking behaviour 

generated by the vertical joint misalignment. Such investigations were performed by using 

a benchmark model represented by a U-shape stone masonry prototype, idealising the 

experimental tests performed at the LNEC shaking table by Candeias et al. (2017). Results 
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underlined the need to recalibrate the tensile fracture energy as well as the tensile strength. 

Furthermore, the comparisons with a classical FE homogeneous model show that DMEM 

requires much lower computational demand, also if the adopted discrete modelling approach 

contemplated a unit by unit mesoscale modelling. 

A total of ten masonry prototypes, with random distribution of regular masonry units, were 

defined. Both nonlinear static and dynamic analyses were performed and results demonstrate 

how the masonry pattern affected the structural response. In this regard, it is worth noting 

that the increase of the randomness degree of masonry units’ arrangement can lead to early 

loss of box behaviour. 
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Abstract 

In the structural design of shear wall buildings, the initial process requires the interaction between the 

architecture and engineering teams to define the appropriate distribution of walls, a stage typically carried out 

through a trial-and-error procedure, without any consideration of previous similar projects. For the engineering 

analysis, first, the wall thickness and length definition, their location, and in some cases, the presence of new 

wall sections, are required to fulfill not only architectural requirements but also engineering needs such as 

building deformation limits, base shear, among others. The present investigation consists of two parts to help 

the structuring of a shear wall building: first, an artificial neural network (ANN) is used for predicting the 

thickness and length of the wall segments, based on information obtained from previous architectural and 

engineering projects, and second, two convolutional neural network (CNN) models are used to predict new 

shear wall not considered by architecture. The study includes surveying the architectural and engineering plans 

for a total of 165 buildings constructed in Chile. The generated database has the geometric and topological 

definition of the walls and the slabs. An ANN model was trained for the regression of the thickness and length 

of the wall segments of each structure, making use of a feature vector that models the variation between the 

architectural and the engineering plans for a set of conditions such as thickness, connectivity (vertical and 

horizontal), area, wall density, type of structure, type of foundation soil, the distance between elements, among 

other engineering parameters. The regression model (ANN) obtained results in terms of R² of 0.995 and 0.994 

for the predicted wall thickness and length, respectively. As a first approach of applying an artificial 

intelligence model to predict the thickness and length of the walls, remarkable results were achieved; however, 

the initially proposed purely regressive methodology does not allow the prediction of new elements not present 

within the architectural plan. For this reason, another two convolutional neural network (CNN) models are 

used in the early process of the conceptual design of the building wall layout, fed only by architectural data 

(images and numerical features). The first CNN application is a regressive model that predicts the wall 

engineering values of the thickness, the length, the wall translation in both axes from the architectural plan, 

and the floor bounding box geometrical properties such as width or the aspect ratio. The second application is 

a model that generates a likely image of the final engineering floor plan to propose new structural elements 

not present in architecture while reinforcing the existing wall layout. In this contribution, the convolutional 

layers provide a better extraction of geometrical and topological features. Both models allow building a tool 

to predict the complete engineering floor plan based on previously validated projects. 

 

Keywords: structuring; neural network; feature engineering; machine learning; shear wall. 
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1. Introduction

The selection of the floor plan layout in shear wall structural systems is an interactive process between 

architectural and engineering teams. In Chile and other places, residential buildings’ configuration is 

characterized by many walls with complex cross-sections [1], usually established due to architectural reasons. 

Thus, architectural and structural engineering teams’ interaction focuses on wall thickness and length 

definition, location, and the need for new wall sections to fulfill architectural requirements and engineering 

requests. 

The principle of artificial intelligence (AI) aims to learn from input and an output set of data to simulate 

the relationship, even if the interdependence is unknown or the physical phenomenon is difficult to interpret 

[2]. Artificial neural networks (ANN) are among the most common algorithms, consisting of three or more 

interconnected neurons: an input layer, a hidden layer, and an output layer. Neurons are elements that receive 

the output of neurons from a previous layer, linearly weighted, passed through a non-linear activation function, 

and then feed the neurons connected in the following layer. The connections’ weights are updated in the 

network training process to minimize the prediction error [3]. Convolutional neural networks (CNN) are 

another algorithm widely applied in computer vision [4] due to their intrinsic relationship with the two-

dimensional tensor processing, such as the image’s pixel matrix. CNN’s have a topology composed of 

convolutional layers, non-linear processing units, and sampling layers. Convolutional layers apply a 

convolution operator on the input through a kernel matrix, transforming the data so that certain features become 

more dominant in the output image. The use of ANN and CNN models in civil engineering is common in 

structural monitoring, dynamic characteristics identification, and cracks inspection [5]; however, there is no 

application at the level of wall layout design. 

Thus, the following question arises: Is it possible to capture the DNA of structural systems based on 

existing designs, for example, the typical Chilean construction? This work tries to answer such questions by 

providing new architectural layouts predictions of the walls’ thickness and length and modifications of wall 

location and predicting potential walls not considered by architecture, using an artificial neural network model. 

To do this, a database is built based on 165 existing reinforced concrete residential Chilean buildings. Thus, 

the use of artificial intelligence in this work pretends to reduce the structural design time, giving quick 

suggestions at the early stages of the design process. 

2. Database construction

The database comprises 165 projects of reinforced concrete residential buildings built in Chile, stored as digital 

plans of the basement, first floor, and typical floor, for the first version of architecture and the latest version of 

structural engineering plans. The projects were designed between 2004 and 2018 by 52 different architecture 

offices and calculated by the same engineering office. The buildings have between 5 to 35 floors, with an 

average floor height of 2.5 m, and between 0 to 5 underground parking lots (basements), which yields a total 

height that ranges between 10 m and 88 m. The average wall density corresponds to 3.1% in both directions, 

common in Chilean residential buildings [6]. 

Given that the typical wall layout in Chile of residential buildings presents complex wall cross-sections, 

the data analysis in the form of polygons is complicated and not very extensible. Thus, in this work, it was 

decided to create a database considering a wall (complex-cross section) as a series of rectangles or wall 

segments connected by unique points on each floor, with an individual coordinate system per project. Thus, 

the principal units are rectangles, which are later also considered for image creation. 

Since the regression’s central objective is at the rectangle level (wall segments), the feature calculation 

must account for the geometric properties, such as thickness, length, angle, area, and inertia. Topological 

properties that indicate the relationship of the element with the building’s objects are considered, such as the 

distance between walls, the rectangle’s projection on the lower or upper floors, and properties other than 

geometry, for example, the soil type and the seismic zone, are also included. The features estimated in two 
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orthogonal directions or relative to the upper or lower floor levels are represented with two values, yielding a 

total number of features of 30, called Regression Engineering Neural Estimator (RENE). At a geometric level, 

RectThickness corresponds to the thickness of each rectangle, obtained directly from the database; RectLength 

calculates the length of the rectangle as the greatest distance of the convex hull [7] from the vertices of the 

contained points; RectAngle is the angle respect to the minor axis of the floor (y), normalized between 0 and 

π; RectFloorMassCenterDistance is the distance between the center of mass (MC) of the floor and the center 

of mass of the rectangle, for the center of mass the average of the areas of the rectangles on each main axis 

was considered; RectWallMassCenterDistance is the distance between the center of mass of the wall 

containing each rectangle and the center of mass of the floor; SlabThickness is the thickness of the floor slab 

to which each rectangle belongs; FloorMassCenterDistance is the distance between the geometric center (GC) 

and the center of mass of each floor; FloorAreaNormalized is the sum of the areas on each main axis of all 

walls belonging to the floor, normalized by the area of the slab; FloorBoundWidth is the length of the floor’s 

minimum bounding box; FloorAspectRatio is the aspect ratio of the length and width of the floor bounding 

box; FloorHeight is the height of the floor type that contains the rectangle (total height of stories at either the 

basement, the first floor or the typical floor levels) and FloorInertiaNormalized is the sum of the decoupled 

moment of inertia. Figure 1a illustrates a scheme of 9 geometric features from a given rectangle (hatched), part 

of a wall (gray rectangles + hatched rectangle). 

Fig. 1 – Scheme of (a) geometric and (b) topologic features. 

Regarding the topological properties, RectTriangulationArea corresponds to the sum of the areas of the 

triangles resulting from Delaunay’s restricted triangulation [8] that shares an edge with the rectangle, 

equivalent to a measure of the tributary area of the slab in such wall; RectProjectionIntersection is the 

percentage of the intersection of the rectangle area with the upper and lower floor rectangles, where 100% 

indicates that a rectangle has complete continuity and 0% indicates that the rectangle disappears; 

RectThicknessProjection is the projection of the thickness of each rectangle, to indicate the variation with 

respect to the lower and upper floor levels; RectAxisDisplacement is the distance between the strong axes of 

the rectangles connected by the two points on the same main axis; RectRelativeDistance corresponds to the 

distance of the closest rectangle in a different wall on the same and different axis, and finally PointConnectivity 

indicates the number of connections that the two points of the rectangle have, ordered according to their 

position on the Cartesian axes. Additionally, the project’s main characteristics are also included as a feature; 

ProjectData includes seismic zone and soil type according to the Chilean seismic code. Figure 1b illustrates a 

scheme of 7 topologic features from a given rectangle (hatched). 

To introduce a more significant amount of variability in the data, improving the model’s generalizability, 

data augmentation was considered and used for all analysis, resulting in a total of 295,302 rectangles (data 

points). The projects’ features were calculated considering variations in the building floors’ angle and the scale, 

simulating different structuring possibilities. Eight different combinations were constructed, considering 

(a) 
(b) 
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mirroring or not the image, and the rotation angle considers four possible values (-90°, 0°, 90° or 180°). Details 

on reduced database results can be found elsewhere [9]. 

Each of the walls must be associated in both domains to create the regression model between the 

architectural and engineering features; that is, given a rectangle in architecture, a rectangle must be found in 

the engineering plans that better represents the pair, thus creating the input/output vectors. This problem was 

solved by calculating a heuristic score [9] and assigning the engineering rectangles with a value above a given 

architectural element threshold. 

3. ANN model formulation

A model based on artificial neural networks was proposed, assembled by an input layer of 30 features (RENE), 

six fully connected (FC) hidden layers with 1,024 neurons each, and an output layer with the values to predict 

the thickness (RectThickness) and the length (RectLength) of the wall rectangles. The model’s regularization 

was carried out with three batch normalization layers (BN) inserted at the network’s beginning. The layer 

activation function corresponds to ReLU, the loss function is set as the mean square error, and the optimizer 

was Adam. Figure 2 illustrates a schematic of the implemented model. Since the number of neurons, hidden, 

and regulation layers modify the model’s predictability capacity, different combinations were tested manually 

to find the best configuration. The model’s training was carried out with mini-batches of size 64, with 100 

epochs. After the end of each epoch, the batch data was randomly reordered to reduce the variance. Early 

stopping regularization was used with a tolerance of 40 epochs to avoid overfitting. The partition of the 

database in training and testing was 70% and 30% in random order, respectively; on the other hand, from the 

training dataset, 20% of the data was used for validation and 80% to train the model. 

Fig. 2 – Scheme of the ANN deep neural network for wall thickness and length regression. 

The results were analyzed in terms of coefficient of determination (R2) for the two network output 

variables. Without applying the model, the R2 for thickness and length are 0.833 and 0.962, respectively, 

obtained from comparing the values of the features of architectural rectangles and their corresponding 

engineering association pairs. The correlation for both thickness and length are illustrated in Figure 3 for the 

architectural and engineering rectangles (wall segments) obtained from the plans, obtaining good results with 

R2 values of 0.995 and 0.994 when predicting the thickness and the length, respectively. The results indicate 

that the regression model and the selected features provide an accurate tool for predicting the wall length and 

thickness based on the initial architectural plans. In particular, the improvement of wall thickness reveals the 

proposed procedure’s ability to capture the Chilean building’s main characteristics, that is, the DNA of building 

configuration. Even though the results indicate that the methodology is adequate, since the proposed model is 

purely regressive between pairs of preassigned architectural-engineering walls, it is impossible to predict new 

structural elements in the engineering plans. Thus, this research introduces two convolutional network 

applications, fed by the computed numerical features and images as square plan crops of each rectangle’s 

contour that constitutes the architectural plan’s walls. 
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Fig. 3 – Regression model correlation - (a) thickness, and (b) length. 

4. CNN model formulation

4.1 Images 

The surrounding walls’ image was built for each rectangle, both for architecture and engineering plans, to 

incorporate a greater topological and geometric context additional to the original 30-feature vector. Each image 

only has two classes of pixels: the background (white) and the walls (black). The proposed image size is 64x64 

pixels (px), where the source rectangle is centered and covers a region of 10x10 meters (m), which provided 

enough resolution in the image. 

4.2 Proposed framework 

The final engineering floor plan is generated by combining two independent plan predictions. Figure 4 

illustrates a general scheme of the proposed framework. Two regressive CNN models (A and B) are used in 

parallel to predict each rectangle’s design parameters. These models’ inputs correspond to a set of 64x64 px 

images and a set of 30 numerical features per rectangle (RENE). Here, CNN-A defines a regressive model 

(Figure 4b) that allows predicting the thickness and length of each rectangle, such that it can be considered an 

alternative model to ANN. The CNN-B defines a regressive model (Figure 4c) that allows predicting the 

translation of the rectangles between the architectural and the final engineering floor plan in both main axes 

and predicts the change of the floor’s geometry bounding box. Then, the outputs of CNN A and B are used to 

assemble the plan (Figure 4d). This prediction is called the Regressive Plan (AR) in this framework. On the 

other hand, the second independent prediction is performed at the image level using a modified version of the 

U-Net image segmentation model [10]. The modified version proposed is denoted as UNET-XY (Figure 4e);

this model generates the most likely image of the engineering floor plan from the architectural data (images

and numerical features), where the image is the plan crop; then all generated images are concatenated to predict

the engineering plan (Figure 4f), which in this case is called the Likely Image Plan (AI). Ultimately, the

Regressive and the Likely Image Plans are combined to lead the final engineering plan (Figure 4g-h).

Fig. 4 – Methodology for assembling the engineering plan using CNN A, B, and UNET-XY models. 

(a) (b) 
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4.3 CNN-A and CNN-B models 

CNN A and B models are defined to predict different engineering parameters of each rectangle. CNN-A seeks 

to predict the thickness (RectThickness) and length (RectLength); in contrast, CNN-B predicts the translation 

of each rectangle concerning the architectural position (RectPosDx, RectPosDy), the floor bounding box width 

(FloorWidth), the floor aspect ratio (FloorAspectRatio), and the floor offset between the geometric center (GC) 

and center of mass (MC) in both main axes (FloorMassCenterDistance-x, FloorMassCenterDistance-y). 

The proposed architecture is the same in both regressive CNN models, composed of two different inputs: 

the 10x10 m floor plan crop image associated with each rectangle and the numerical vector of 30-features 

(RENE). The image is processed by four convolutional blocks of 64, 32, 32, and 8 filters, with a 3x3 kernel 

size and 1x1 size stride. A Batch Normalization (BN) layer is applied at the output of each block; subsequently, 

a dimension reduction is applied with an Average Pooling layer with a pool of size 2x2. The blocks end in a 

1x32 tensor (Flatten), which is concatenated with the 30-feature input vector (x-vector) to feed a fully 

connected network (FC) with six layers with 1024 neurons each, normalized after the first and second layers 

by a BN layer, to predict two parameters in model A and eight parameters in model B. The activation function 

corresponds in all cases to ReLU. The loss function corresponds to the mean square error, and the optimizer 

corresponds to Adam. A weight factor equal to 1.0 was used for each output in both models to calculate the 

losses. Figure 5 illustrates a schematic of the implemented CNN-A model. CNN-B architecture is identical 

except for the number of output parameters. In both models (A, B), the training was carried out with mini-

batches of size 128 in a maximum of 150 epochs. After the end of each epoch, the data was randomly reordered 

to reduce the variance. For avoiding overfitting, an early stopping regularization with a tolerance of 40 epochs 

was used. The training and validation partition is the same used in the ANN model. Table 1 details the R2 value 

in the test database. CNN A model obtained similar results to the ANN model, so its use does not improve the 

methodology. CNN B model is intended to provide the relocation of wall rectangles, and therefore the 

thickness and length are not relevant. 

Fig. 5 – CNN-A regressive model architecture. 

Table 1 – R2 value of the regression for models CNN A and B in the test database. 

Model Parameter R² 

A RectThickness 0.994 

RectLength 0.995 

B RectThickness 0.941 

RectLength 0.968 

RectPosDx 0.875 

RectPosDy 0.830 

FloorWidth, FloorAspectRatio, FloorMassCenterDistance-x/y 1.000 
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The regressive engineering plan (AR) is predicted by employing the previous CNN models (A and B); 

the size of each rectangle (thickness and length) in engineering is taken from CNN-A output, while the output 

of CNN-B is used to calculate its mass center position in the engineering floor plan. Figure 6 illustrates an 

example of the assembly of the regressive engineering plan from the CNN models (AR), comparing the 

architectural input plan (Figure 6a) and the predicted plan (Figure 6b), considering changes in the thickness, 

the length, and the position of the elements. 

Fig. 6 – Comparison between architectural plan, engineering plan composed of the rectangles predicted by 

the CNN A and B models (AR), and real engineering plan (AY) - (a) architectural input plan, (b) prediction of 

the AR plan (black color), compared to the real AY plan (red color) in engineering. 

4.4 UNET-XY model 

Another prediction of the engineering floor plan is presented in this section, but employing a segmentation 

model based on a fully convolutional network. In particular, a variation of a U-Net model is proposed to 

generate the most likely image of the engineering floor plan (AI) given the architectural image, considering 

the image as a plan crop of 10x10 m for each rectangle. The standard U-Net model is employed to accomplish 

predictions for the 4096 pixels of the 64x64 px output image (engineering) by performing a classification task 

for each pixel, wherein in this problem, the classes belong to 0: background and 1: walls. The architecture of 

the U-Net model consists of two main sections: encoder (contraction) and decoder (expansion); the encoder 

section is used to capture the context in the image comprised by several convolutional and max-pooling layers; 

on the other hand, the decoder section is comprised by many feature channels used to enable precise 

localization through the transposed convolutions, propagating context information to higher resolution layers. 

Therefore, the expansive path is symmetric to the contracting part and yields a u-shaped architecture. 

Additional to the standard U-Net model, two variations were explored. The first corresponds to the 

prediction of the numerical vector of the 30 engineering features (RENE) plus the structure’s fundamental 

period in both axes, adding up to 32 output labels, to improve the back-propagation training performance 

phase. These outputs are calculated by a connected FC network from the U-Net subnet’s last convolutional 

layer (UNET-Y). The second variation studied is built on UNET-Y, which combines the architectural image 

with the 30-features vector (RENE) in a ratio of 3:1. Thus, an intermediate image is generated to be used later 

as input in UNET-Y. This final model is called UNET-XY. 

UNET-XY is fed by the 64x64 px image and the 30-feature numerical vector (RENE) related to each 

architectural rectangle. The image is processed by three convolutional blocks of 64x64, 32x32, and 32x16 

filters, normalized by BN layers, ending in a dimension reduction leading to a 1x1024 size tensor (Flatten). 

This tensor is concatenated with a 4-layer FC subnet fed with the numerical input vector (x-vector), regularized 

by a BN layer and a dropout layer with a ratio of 0.2. This concatenation is subsequently connected to two FC 

layers of 2048 and 4096 neurons, followed by a convolutional layer of 48 filters. This 48-filter layer is later 
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added to a 16-filter convolutional layer from the first 64x64 convolutional block to generate the intermediate 

image, where the ratio 48:16 or 3:1 is evidenced. The intermediate image is then processed by the 4-level 

UNET-Y subnet, with sizes of 64, 128, 256, and 512 filters with a dropout regularization (ratio of 0.5) in the 

deepest contractive level. All convolutional layers used have a kernel size of 3x3 and a stride of (1,1). The 

ReLU activator was used in all hidden layer outputs, except for the image output, where a sigmoidal activation 

function is used instead. The pooling layers correspond to Average Pooling with a size of 2x2. The image’s 

loss function corresponds to binary cross-entropy and MSE for vector Y, with a weight factor of 5 to 1, 

respectively. The optimizer corresponds to Adam. The training was carried out with mini-batches of size 100 

in a maximum of 15 epochs. The training and validation partition is the same used in the CNN models. 

Figure 7 shows a selection of 2 images predicted by the UNET-XY model in the test database and its 

average binary accuracy (frequency in which the predictions coincide with the binary labels). In case (a), the 

horizontal wall below the origin rectangle is predicted, in addition to maintaining some features of the original 

architectural image (left vertical rectangle). In case (b), the model can predict the elevator shaft wall, keeping 

most of the elements defined in architecture present in the engineering floor plan. 

Fig. 7 – Examples of the image generated using the UNET-XY model and the binary accuracy metric with 

and without the model - (a) Model: 0.972, No model: 0.881, (b) Model: 0.953, No model: 0.891. 

Fig. 8 – Assemble of the likely image of the engineering plan (AI) - (a) number of the intersection images 

(ϕ), (b) sum of the class values of all images, (c) average value, (d) contrast (non-linear function) for AI. 

(a) (b) 
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The assembly process of the AI matrix consisted of four stages, represented in Fig. 8. First, the matrix ϕ 

was created, which identifies the amount of overlapped engineering images (floor plan crops) predicted by 

UNET-XY on each floor plan’s pixel, considering that each rectangle’s image is located at the mass center of 

the respective rectangle (Fig. 8a). The second stage corresponds to the sum of the binary class value for each 

pixel of all images calculated (Fig. 8b). Subsequently, in the third stage, the average is calculated by dividing 

by the number of images ϕ present in each pixel (Fig. 8c). Finally, in the last stage, the matrix AI is obtained 

by applying a non-linear output function (contrast) on each pixel. Here, the AI matrix is normalized between 0 

and 1 (Fig. 8d) when divided by its maximum value.  

4.5 Assembly of the predicted engineering floor plan 

Finally, the matrix representing the Regressive Engineering Plan AR (predicted by the CNN models) and the 

matrix representing the Likely Image Engineering Plan AI are combined, leading to the final engineering plan 

AP defined as 𝐴𝑃 = 𝐴𝑅 ⊕𝐴𝐼 . Here, the sum operator ⊕ is defined as (𝑋 ⊕ 𝑌)[𝑖, 𝑗] = min(𝑋[𝑖, 𝑗] +
𝑌[𝑖, 𝑗], 1), such that the possible presence of a wall is captured from combining (adding) AR and AI. Fig. 9 

presents an illustrative example, where the combination of AR and AI is presented in Fig. 9a and subsequently 

compared with the actual engineering plan in Fig. 9b. The figure shows the reinforcement of existing walls in 

AR and new potential wall elements where actual walls are observed in the real plan. Some of them are located 

at about (x=-10,y=-20), (x=-10,y=-5), and (x=0,y=5). In this last case, the two real walls are represented by a 

single predicted element close to the real walls’ center. Details on the accuracy of the formulation can be found 

elsewhere [11]. 

Fig. 9 – Assembly in engineering plan AP - (a) predicted plan AP, as the sum of AR and AI, (b) comparing the 

proposed solution with the real plan. 

5. Conclusions

This study first introduced a regression model for predicting the length and thickness of reinforced concrete 

building walls between architectural and engineering plans, based on deep neural networks. The model was 

fed by a total of 165 projects of buildings constructed throughout the Chilean territory. A discretization and 

storage methodology was proposed for the database and the calculation of a total of 30 features (RENE) for 

the description of each wall segment (part of complex cross-sections) both geometrically and topologically. 

The artificial neural network (ANN) model consisted of an input layer with 30 features to predict the thickness 

and length of the wall segments (rectangles). The results presented in the study demonstrate that ANN 

algorithms can be used in the structural design process by achieving predictions of both the length and width 
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of engineering walls with an R2-value as large as 0.995. Two new models based on convolutional neural 

networks (CNN and UNET-XY) are also created, which use the originally conceived feature vector for each 

rectangle and the image of the perimeter of the rectangles in the space of 10x10 m centered on the element as 

a floor plan crop of 64x64 pixels. The first model consists of two networks for predicting eight engineering 

parameters (CNN A and B), and the second consists of a model for the generation of the most likely engineering 

floor plan image for each rectangle, given an image in architecture. In this context, it is observed that the 

incorporation of the images improves the performance of the predictions by adding a new spatial dimension to 

the input, allowing the calculation of new low and high-level features due to convolutional layers that account 

for more properties at the geometric and topological level. Both models combined (CNN & UNET-XY) allow 

building a tool for the complete prediction of the engineering floor plan. This assembled plan allows the 

prediction of new structural elements, visualizes the elements’ connection, and reinforces the rectangles’ 

presence predicted by the regressive model, making the methodology an excellent candidate to accelerate the 

structural design process. 
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Abstract: Assessing the structural behavior of buildings in earthquake engineering involves 
numerous nonlinear response history analyses (NLRHA) using earthquake ground motions as 
excitation for the building models. Since these analyses are computationally expensive, they 
become impractical when a large number of them is intended, e.g. in regional risk assessments 
of building portfolios. To tackle this impediment, artificial neural networks (NN) are 
investigated in this study to be used as prediction models replacing the NLRHA. More 
specifically, the use of NN in predicting the maximum interstory drift ratio (MIDR) of an 
archetype multi-story steel frame structure instead of NLRHA is examined. For the training 
and testing the NN, an extensive database of MIDR responses of the archetype structure is 
developed by performing incremental dynamic analyses based on 17,150 records, resulting in 
a total of 388,966 NLRHA. Therefore, the designed NN aims to predict the MIDR outcome 
of NLRHA ranging from linear to collapse based on the results of previously conducted 
NLRHA with other ground motions, i.e., building-specific (or record-to-record) predictions. 
The evaluation of the NN performance is shown in terms of MIDR distributions due to ground 
motion sets as well as fragility curves, which appear to be in excellent agreement with the 
results of NLRHA.  

Keywords: machine learning, rapid seismic assessment, nonlinear response, maximum 
interstory drift ratio 

1. Introduction

The seismic behavior of a structure (e.g. building) is commonly evaluated through numerical 
simulations, i.e., analyses of a structural model, which is designed to encompass the most 
important mechanical properties of the structure. Nonlinear response history analysis 
(NLRHA) is acknowledged to be the most reliable analysis method (Sextos 2014) in order 
to obtain the seismic response of such a model, commonly referred to as the engineering 
demand parameter (EDP). To perform NLRHA, the base of the structural model is excited 
with a series of accelerations corresponding to a ground motion (GM), and its dynamic 
response is computed at each time step by solving the equations of motion. Since each time 
history of accelerations is delivering different EDP values, this process is repeated for 
multiple GM in order to assess the behavior of the structure, e.g., using incremental dynamic 
analysis (IDA) (Vamvatsikos and Cornell 2002) or cloud analysis (Bazzurro et al. 1998) or 
multiple stripe analysis (Jalayer and Cornell 2009). All these schemes utilize a bundle of 
NLRHA with carefully selected (or not) GM and promise to provide comprehensive 
conclusions about the seismic behavior of the structure. The above-mentioned procedures 
require careful modeling of the structure (material and geometric nonlinearities, damping, 
etc.) and verification of the structural model’s accuracy, while the NLRHA is a time 
consuming endeavor that often encounters problems with numerical convergence. These 
problems are critical when rapid and robust results are required, especially in the case of 
regional risk assessments where multiple structure typologies need to be assessed. This 
necessity increases the interest in alternative methods that can provide reliable results with 
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less effort, hence a large number of studies are dedicated to the development of surrogate 
models. To this end, machine learning (ML) is also employed to provide data-driven 
solutions for estimating seismic structural responses. 
A thorough state-of-the-art review by Xie et al. (2020) on ML approaches in the field of 
earthquake engineering demonstrates their versatility and states that nearly 200 relevant 
publications are available on various fields of earthquake engineering. An even more general 
review by Lu et al. (2012) presents multiple artificial intelligence (AI) algorithms that have 
been utilized to solve civil engineering problems. More specifically, significant work has 
been done on estimating structural responses and deriving fragility curves through artificial 
neural networks (NN). Lagaros and Fragiadakis (2007) proposed a methodology that uses 
NN for the rapid evaluation of the seismic demand on a moment-resisting steel frame. 
Mitropoulou and Papadrakis (2011) implemented a NN for deriving the fragility analysis of 
a 3D reinforced concrete structure. Ferrario et al. (2017) employed NN as surrogate models 
to identify the fragility curves of structural systems and provided an application to a masonry 
building subjected to seismic risk, while Wang et al. (2018) used NN to perform fragility 
analysis for a component of a nuclear power plant. Morfidis and Kostinakis (2018) 
investigated the ability of NN to reliably predict the damage state of reinforced concrete 
buildings and demonstrated the predictive ability of NN for: (1) known buildings subjected 
to unseen earthquakes (i.e., inter-record predictions), (2) unseen buildings subjected to 
known earthquakes (i.e., inter-building predictions), and (3) unseen buildings subjected to 
unseen earthquakes (inter- building and record predictions).  
Previous relevant work indicates the applicability and efficiency of NN in obtaining 
maximum interstory drift ratio (MIDR) responses. However, either the studies do not cover 
the whole range of MIDR of interest (i.e., from linear response to collapse) or are limited in 
terms of structures and/or the GM records involved, hence further research should enrich the 
current state of knowledge. 
The current study aims to investigate the efficiency of NN in predicting inter-record MIDR 
ranging from linear responses to the collapse limit state. The prediction of inter-record 
MIDR responses is of particular interest since the most significant source of MIDR 
variability is related to GM record uncertainty. To this end, an unprecedented number of GM 
records is utilized as input excitation for an archetype 12-story steel structure, forming a rich 
database of MIDR responses, explained concisely in the following section. This database is 
used for the development and verification of the NN. 

2. Case study building and structural response database 

2.1. Building model  

The 12-story steel moment frame structure shown in Fig. 1 is used as a case study building. 
The building is designed following the ASCE/SEI 7-05 (2006), AISC 341-05 (2005) and 
AISC358-05(2005) provisions and is analytically described in Kircher et al. 2010 (with the 
archetype ID number “5RSA”). The plan view in Fig. 1 (a) is identical for all stories, with 
the blue area representing the tributary area of gravity loads applied directly to the frame and 
the green area representing the area of gravity loads affecting only the lateral behavior of the 
frame. To account for the influence of indirect loads on the modal properties and the P-Delta 
phenomena, the corresponding masses are applied to an axially rigid leaning column with 
zero flexural stiffness arranged in parallel to the frame (Fig. 1 (b)). The 2D structural model 
is implemented in OpenSees (McKenna 2011), where the masses are lumped and the 
nonlinear behavior of the members is modelled according to the concentrated plasticity 
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approach with two nonlinear springs at the ends of each element (Fig. 1 (b)). The moment-
rotation properties of the plastic hinges follow the modified Ibarra-Medina-Krawinkler 
model (Ibarra et al. 2005, Lignos and Krawinkler 2011, Lignos and Krawinkler 2013) with 
bilinear hysteretic response. The three fundamental periods of the structure are T1=3.2s, 
T2=1.1s and T3=0.7s. Thus, this is a rather flexible structure in which both higher modes 
and P-delta effects influence the response. 

 
Fig. 1 - Case study building: (a) Typical plan configuration, (b) 12-story frame model (modified from 

Gremer et al. 2019) 

2.2. Structural response database  

To create the data for training and testing the NN, we perform NLRHA (for the case study 
building) using 17,150 GM records from the PEER NGA-West2 database (Ancheta et al. 
2014). By amplitude scaling each GM record with increasing scale factors until the lowest 
intensity at which collapse is reached, i.e., by performing IDA for each GM record, a total 
of 388,966 NLRHA are conducted, forming a rich database of structural responses. The 
database contains information on the transient story drift ratios, transient floor displacements 
and accelerations, of all stories and floors of the frame, at each point in time during the 
response when a peak value at any story / floor occurred for drifts or displacements and 
accelerations, respectively, along with the point in time itself. Additionally, the residual 
values of all these responses are included. The reason for this data selection is to be able to 
show the sequence of response of the entire structure during the time history, at the time 
instances when the peak responses of each story and floor occurred. Additionally, the scale 
factor of the ground motion for each analysis and an indication whether it induced collapse 
is stored (Table 1). Collapse is considered here as the exceedance of the interstory drift ratio 
threshold of 10% or dynamic instability and non-convergence of the structural model. In this 
study, we limit our attention to MIDR responses, although other EDPs are also available in 
our database for future investigations. 

Table 1. – Structural response database 
Number of 

GM 
records 

Total number 
of NLRHA Available engineering demand parameters (EDPs) 

17,150 388,966 
1. Displacements Transient EDPs of all stories / floors of the frame at 

any time of occurrence of a peak EDP on each 
story /floor, and residual values. 

2. Drifts 
3. Accelerations 
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3. Modeling of neural networks for MIDR prediction 

The objective of this study is to develop a NN capable of predicting MIDR responses (as 
obtained by NLRHA) for the case study building. Therefore, it is straightforwardly 
formulated as a regression problem in which the MIDR response of the structure (subjected 
to GM record i) is the dependent variable yi to be predicted using a set of independent 
variables (or predictors or features) xi. To predict the outcome yi, the NN learns a relationship 
(or function) h : X → Y, where X is the space of the predictors xi and Y is the space of output 
values yi. The efficiency of the NN is assessed depending on the agreement of the predictions 
h(x) with the results of NLRHA y. 

In the following, we first briefly explain the basic operations of NN and the configuration 
and choice of predictors used in this work. Subsequently, the partitioning of the dataset into 
training, validation and testing subsets is described, which is recommended to achieve good 
generalization (i.e., ability to perform well in data that are not used for the development of 
the NN) and to avoid overfitting. Finally, the assessment of the NN is demonstrated 
intuitively and in a manner relevant to the earthquake community. 

3.1. Selection of neural network architecture and configuration 

The use of NN to solve engineering problems has gained popularity due to their ability to 
simulate complex problems. This ability is theoretically proven by the universal 
approximation theorem, which shows that any continuous function in a bounded space can 
be approximated by an ANN (e.g., Hornik et al. 1989). A NN is based on a group of 
connected units (or nodes or neurons). A connection between two neurons transmits a signal 
(e.g., a real number) that is the output of the transmitting neuron and is processed in the 
receiving neuron. Each neuron can process its input signals (typically using a weight for 
each signal and a nonlinear function) and transmits an output to other neurons. The number 
of neurons, the connections between them, their functions, etc. define the NN architecture. 

3.1.1. The multilayer feedforward neural network 

The most typical choice is the multilayer feedforward backpropagation NN (Fig. 2 (b)). 
Multilayer denotes that multiple layers containing neurons are involved in its architecture. 
Feedforward denotes that the connections between the neurons do not form circles (as in a 
recurrent NN), but perform in one direction only, i.e., from the input to the output layer. 
Backpropagation is the algorithm used to train (i.e., adjust the weights) the NN with the goal 
of minimizing a loss function (e.g., the mean square error of the output and the target). Each 
neuron n of a given layer is defined by a set of weights wnj (i.e., multipliers of the j input 
signals from the previous layer); a bias term bn (i.e. a value added to the weighted sum of 
the input signals) and an activation function φ that determines the output signal of the neuron. 
The mathematical operations are schematically represented in Fig. 2 (a) and expressed by 
the following equation, 

𝑦" = 𝜑%&𝑤"(𝑥( + 𝑏"

,

(-.

/																																																						(1) 
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Fig. 2 - (a) Schematic representation of the operations in an artificial neuron, (b) typical form of a multilayer 

feedforward NN. 

In Fig. 2 (b), the input vector consists of m nodes that correspond to the independent 
variables (or predictors or features), and the output layer has one node (since one real number 
– the MIDR – is the outcome of this regression problem). In general, the number of nodes 
of the input layer corresponds to the features xi, the number of nodes of the output layer 
corresponds to the outcome of the problem, and the number of nodes in each hidden layer is 
not uniquely defined and is typically determined by “trial and error” (Morfidis and 
Kostinakis 2018). 

In this study, four formulations of NN are examined in terms of hidden layers and their units: 
NN with one hidden layer consisting of 30 nodes (NN-1-30), 70 nodes (NN-1-70), and 200 
nodes (NN-1-200), and a NN with two hidden layers each of them containing 200 nodes 
(NN-2-200). For a concise presentation, detailed results are shown only for the NN-1-200, 
and comparative comments on the performance accuracy and computation time of the other 
NN are given at the end. 

3.1.2. Feature selection 

The features to be used as input to the NN should be informative metrics of the GM, 
commonly referred to as intensity measures (IMs), while structure-specific parameters are 
not required (as in the case of inter-building prediction models). 

Informed by previous research on comprehensive predictors of structural response (e.g., 
Kohrangi et al. 2016) and previous work by the authors on simple machine learning 
algorithms for estimating structural collapse (Tsalouchidis et al. 2020), the following set of 
IMs is considered as predictive features: 5% damped peak spectral accelerations at the first 
three modes of the building, Sa(T1), Sa(T2), and Sa(T3); average of the spectral 
accelerations (Saavg) over the period range 0.2 T1 – 3.0 T1; the 5% to 75% significant 
duration; the arias intensity and the cumulative absolute velocity. Additionally to peak elastic 
spectral accelerations, we include the spectral values Sa(T1), Sa(T2), Sa(T3) and Saavg 
computed from the 95th, 90th, 85th, 80th, 70th and 60th percentile values of the 5% damped 
spectral accelerations, as defined in Tsalouchidis et al. (2020). These aim to capture the 
sustained amplitude of the ground motion, which has been shown to affect collapse in certain 
instances (Chandramohan 2016). Finally, the seismological characteristics of magnitude, 
source-to-site distance and average shear wave velocity in the top 30m are also considered, 
resulting in a set of thirty-four predictors. 
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3.2. Training, validating and testing neural networks 

According to the notation at the beginning of Section 3, the function h : X → Y that the NN 
must learn is practically the computation of the weights w and biases b of the NN. To this 
end, an iterative process, called training the NN, is performed using the input features xi (of 
the GM record i) and the MIDR response yi to compute the values of w and b such that the 
discrepancy of the output h(xi) and the target yi is minimized with respect to a loss function, 
for example, the mean square error (MSE) according to 

𝑀𝑆𝐸 =
1
𝑛&

(ℎ(𝑥9) − 𝑦9);
"

9-.

																																																			(2) 

In Eq. (2), n is the total number of GM records used for the training process. It is of 
paramount importance to use a subset of the whole dataset for the training process (train-
set), since it is crucial to evaluate the performance of the NN in “unseen” data, i.e., GM 
records that have not been used for training. The evaluation process is called testing the NN 
and is also performed through Eq. (2) on a different subset of the database (test-set). Training 
is necessary for estimating weights and biases, and testing is used to assess the expected 
error in unseen data. Simultaneously, a third process called validation takes place to achieve 
the ability of the designed NN to generalize well in unseen data, using a third subset of the 
database (val-set). The train-set and val-set MSE are computed at each cycle of the iterative 
process for defining w and b, called “epoch”, and they are compared to avoid overfitting 
(i.e., excessively reduced train-set MSE in contrast to the others). Consequently, the training 
error is biased (i.e., the NN is calibrated to minimize it), the validation error is slightly biased 
(i.e., the iterative process of training uses it for comparison purposes), and the test error is 
completely unbiased. In this study, the partition of the dataset in train-set, val-set and test-
set follows the 70%/15%/15% ratio, which is frequently recommended and used in other 
studies (e.g., Morfidis and Kostinakis 2018). 

In Fig. 3 (a), the values of the training, validation and test MSE for NN-1-200 are shown for 
each epoch of the design phase, while the stopping criterion is also shown when the training 
error starts becomes smaller than the validation error. After the design phase is completed, 
the histogram of absolute errors (i.e. |𝒉(𝒙𝒊) − 𝒚𝒊|) is obtained for the train-set, val-set and 
test-set (shown in Fig. 3 (b) for NN-1-200), where the majority of absolute errors are less 
than 0.008 and centered around zero error. The assessment of the performance of NN-1-200 
from an earthquake engineering perspective is presented in the following section. 

 
Fig. 3 – For the NN-1-200: (a) training, validation and test mean square error at each epoch of the design 

phase, (b) histogram of training, validation and test errors of the designed NN. 
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3.3. Assessing the performance of NN from an earthquake engineering perspective 

In addition to the MSE or absolute errors, a more informative assessment of the NN 
performance is made in terms of its predictive competence with respect to: 1) MIDR 
distributions and 2) fragility curves, i.e., results frequently used by the earthquake 
engineering community. 

Figure 4 (a) shows the empirical cumulative distribution function (ecdf) of the MIDR 
predictions from the NN-1-200 (red) along with the actual MIDR ecdf from NLRHA (black) 
for 30 randomly selected GM records from the test-set. These MIDR responses (actual and 
predicted) range from linear to collapse, with the median MIDR value reflecting slightly 
nonlinear behavior since it is slightly less than 0.02. In Fig. 4 (b), the same comparison is 
illustrated for a different random selection of 30 GM records from the test-set, where the 
MIDR responses (actual and predicted) are significantly larger than in Fig. 4 (a), i.e., the 
median MIDR is larger than 0.05. The agreement between actual and predicted MIDR 
distributions is excellent, both in Fig. 4 (a) and (b), whereas the Kolmogorov-Smirnov test 
indicates a failure to reject the null hypothesis (i.e., that the two samples are from the same 
distribution) at the 95% significance level in both cases. 

 
Fig. 4 – Cumulative distribution functions of predicted MIDR with the NN-1-200 (red) and actual MIDR 
obtained from NLRHA (black) for 30 randomly selected GM records from the test-set where (a) MIDR 
responses are slightly nonlinear with median MIDR less than 0.02 and (b) MIDR responses are highly 

nonlinear with median MIDR greater than 0.05. 

A fragility curve 𝑃CD(𝐼𝑀 ≤ 𝑖𝑚) communicates the probability of reaching a certain limit 
state LS (e.g., collapse, expressed by a threshold value of MIDR) at a specific level of GM 
intensity im, expressed in terms of an IM such as Saavg. For example, for the archetype 
structure, the limit states of slight damage (or yield), significant damage, severe damage and 
collapse, can be defined at MIDR values of 0.01, 0.03, 0.06 and 0.1, respectively (Table 2). 
Thus, performing “given-EDP” or “vertical statistics” (e.g., Bakalis and Vamvatsikos 2018) 
to obtain the fragility curves for each limit state, GM records are selected that result in MIDR 
values according to the corresponding thresholds (Table 2), and the ecdfs of the 
corresponding Saavg are evaluated. This is done for both the predicted MIDR values from the 
NN-1-200 and the MIDR results from NLRHA, and the comparison of the predicted and 
actual fragility curves is conducted (Fig. 5). 

Table 2. – Defined limit states, MIDR thresholds and fragility notation 
Limit state Slight damage (yield) Significant damage Severe damage Collapse 

MIDR threshold 0.01 0.03 0.06 0.1 
Fragility notation Pyield Phigh Psevere Pcollapse 
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Moreover, the selected GM records against which the predicted and actual fragilities are 
evaluated, are chosen carefully to be consistent in terms of their magnitude and source-to-
site distance, i.e., not all of the GM records are used, but only those that are compatible with 
the scenario. 

In this way, Fig. 5 (a), (b), (c) and (d) show the predicted and actual fragilities for each of 
the limit states examined in this study (Table 2). It should be noted that the IM of interest, 
the Saavg, is a choice that has been shown to deliver increased sufficiency (e.g., Kohrangi et 
al. 2016) and thus relatively stable results (i.e., fragility curves) that are not influenced 
significantly from other IMs. Overall, the predictions agree very well with the results of the 
NLRHA for all limit states, with only marginal differences observed in Fig. 5 (b) and (d), 
which are considered negligible. 

As for the remaining NN examined but not shown in this study, the NN with one hidden 
layer and fewer nodes than the NN-1-200 (i.e., the NN-1-30 and NN-1-70) appeared to 
perform slightly worse in both the MIDR distributions (Fig. 4) and the fragility curves (Fig. 
5). The NN-2-200 on the other hand, delivered results of exceptional quality – marginally 
better than the ones of NN-1-200. However, in terms of computation time, i.e., to complete 
the training process, the NN-1-200 required 16 hours, while the NN-2-200 required 295 
hours (on a personal computer with 3 GHz Intel Xeon W CPU processor). Due to this vast 
difference in computation time, NN-1-200 was selected as the most appropriate prediction 
model among the ones examined and is therefore presented in detail. It should be noted that 
the MIDR predictions are computed instantaneously after the design of each NN, hence the 
comments on computation time refer only to the design phase.  

 
Fig. 5 – Predicted fragility curves from NN-1-200 (red) and actual fragility curves from NLRHA for (a) 

slight damage limit state, (b) significant damage limit state, (c) severe damage limit state, and (d) collapse 
limit state. 
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4. Conclusions 

The current study investigated the ability of multilayer feedforward backpropagation neural 
networks to predict the maximum interstory drift ratio (MIDR) responses of an archetype 
steel moment frame structure when subjected to nonlinear response history analysis 
(NLRHA) with recorded ground motions as the excitation of its base. The MIDR responses 
examined in this work ranged from linear to the collapse limit state. The design and 
evaluation of the neural networks was based on an extensive database of structural responses 
on the archetype structure, using 17,150 ground motion records obtained from the PEER 
NGA-West2 database and performing incremental dynamic analysis for each one, resulting 
in a total of 388,966 NLRHA. Therefore, the focus of this study was building-specific (or 
inter-building or record-to-record) predictions, i.e., the ability to predict the outcome of 
further NLRHA utilizing the results of previously performed ones.  
Four neural network architectures were investigated to conclude that a neural network with 
one hidden layer containing 200 nodes delivers reliable MIDR predictions for the whole 
range of interest. The predictions were compared with the results of NLRHA in terms of 
MIDR distributions and fragility curves, showing remarkable agreement.  
Therefore, the current work follows the findings of numerous studies  supporting the use of 
neural networks in rapid MIDR response prediction. Moreover, with the current 
investigation involving an unprecedented number of ground motion records, it has been 
demonstrated that neural networks can reliably capture the record-to-record variability and 
are therefore an excellent choice for prediction models. 
Following the results of this study, other archetype building models should be investigated 
with respect to the appropriate use of neural network architecture and appropriate predictive 
features. Moreover, neural networks that can perform as building-to-building (on top of 
record-to-record) prediction models should also be explored as a solution for predicting 
MIDR responses of buildings and ground motion records that have not been modeled.  
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Abstract: The Stick-IT model is an MDOF system consisting of a series of lumped masses 

concentrated at the story level connected in series by nonlinear shear links, which was 

recently calibrated to reproduce the response of infilled RC buildings typologies in terms of 

engineering demand parameters. The model can be employed to simulate building 

performances both at the building level and at the regional scale since the model parameters 

can be easily retrieved based on low-level information such as in-plan dimensions, number 

of stories, infill consistency, and opening percentage. In this paper, the Stick-IT is 

implemented within a performance-based assessment procedure to predict the seismic 

performances and direct economic losses for a real building that was damaged and repaired 

after the 2009 L’Aquila earthquake. The results obtained via the Stick-IT model are 

compared with those provided by a refined Finite Element Model showing promising 

results. Finally, the actual repair costs are compared with those predicted by the two models, 

providing a first encouraging validation. This application suggests that despite the level of 

simplification of the Stick-IT, it can be easily employed to perform large-scale loss 

assessment scenarios. 

Keywords: infilled frame; engineering demand parameters; damage; losses. 

1. Introduction 

Economic losses represent a burdening consequence of severe earthquakes striking densely 

urbanized areas (National Geophysical Data Center 2020). In this context, the prediction of 

expected economic losses can be particularly interesting when investigating the potential 

impact of earthquakes at the large scale, and to plan effective mitigation strategies toward 

more resilient communities. At the large scale several loss-assessment procedures were 

proposed to predict earthquake-induced losses mainly based on global damage assessment 

for building typologies (e.g., Erdik et al. 2014, Silva et al. 2014). Starting from the 

estimated damage states, a rough loss assessment can be performed by introducing suitable 

cost functions relating global damage state to repair costs. However, the extension of these 

findings to different contexts is often not possible. The PEER framework (Porter 2003) 

introduced a clear general framework for quantifying seismic performances for single 

facilities that can be easily extended to large scale studies. By using analytical approaches 

based on the estimation of Engineering Demand Parameters (EDPs) such as Interstory 

Drift Ratios (IDRs) and Peak Floor Accelerations (PFAs) at the story level, the damage 

distribution and severity can be predicted throughout the structure by adopting suitable 

damage functions for relevant structural, non-structural components and building contents. 
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Finally, economic losses can be calculated by introducing suitable consequence and cost 

functions for each damageable component. 

Ideally, the structural analysis should be performed via Nonlinear Response History 

Analyses (NRHAs) on detailed finite element models, although other simple methods can 

be employed (e.g., pushover analysis). A reasonable compromise between the need of 

performing analysis for a large building portfolio, and the need of properly predict the 

seismic performances of the building in terms of EDPs at the story level, can be obtained 

by introducing intermediate-level modelling methods. 

The Stick model condenses the behavior of the entire structure in an equivalent MDOF 

system represented by a series of masses lumped at the story level and connected in series 

by means of a set of nonlinear shear springs whose backbone and hysteretic behavior must 

be properly calibrated depending on specific features of the building typologies to be 

simulated. In Gaetani d’Aragona et al. (2019, 2020) the Stick model was calibrated to 

predict the behavior of existing infilled moment-resisting frame typologies: the Stick-IT 

(Stick for Infilled Typologies). The Stick-IT model can be generated based on a few 

geometric and mechanical data easily retrievable for large-scale studies, such as the 

dimension of the building in the analyzed direction, the story number, the percentage of 

openings in the infills, and the infills consistency. In Gaetani d’Aragona et al. 2021 a first 

comparison between the seismic loss predictions provided by using either a detailed FEM 

or the simplified Stick-IT model with reference to a real RC frame building damaged and 

repaired after L’Aquila 2009 earthquake was shown. The present paper, that is based on 

the model and first results presented in Gaetani d’Aragona et al. 2021, proposes an 

extension of the results to show the applicability of the STICK-IT to predict repair costs 

also considering different earthquake scenarios in a performance-based approach. 

2. Loss assessment framework 

The PEER framework is adopted to calculate seismic losses for a single facility consisting 

of a four-story RC building damaged and repaired after the L’Aquila 2009 earthquake. The 

PEER framework consists of four basic steps (Figure 1): (i) Hazard Analysis, (ii) Structural 

Analysis, (iii) Damage Analysis and (iv) cost analysis.  

Two different structural models were employed to perform the structural analysis: a 

detailed Finite Element Model (FEM) and the Stick-IT model. Depending on the model 

type, the input data for the facility definition significantly varies. For the FEM model data 

regarding the structural system such as geometry and mechanical properties of RC 

members and inventory of nonstructural components are required. These data can be 

obtained via simulated design or via design documents. Instead, for the Stick-IT, only data 

regarding the storey number, the in-plan dimensions, the infill consistency, and opening 

percentage are required. 

To reproduce the damage sustained by the structure during the 2009 L’Aquila earthquake, 

for the Hazard analysis step (i) a bin consisting of two accelerograms recorded during the 

earthquake by stations closer to the site of construction of the building were selected. The 

seismic components were rotated according to the orientation of the two main building 

directions (Somerville 2002). Scaling of input ground motions was not applied since 

recording stations were in the proximity of the analyzed building (about 2 km). Then, 

relevant EDPs, such as the IDRs and PFAs, are obtained (ii) through NRHAs performed on 

both the FEM model and the Stick-IT model. The predicted EDPs are then used to evaluate 

structural and nonstructural damage (iii) according to relevant fragility curves and 
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considering suitably defined damage states, and finally loss estimation is performed 

considering suitable cost functions and the extension of the damageable components. 

 

INPUT DATA

• Storey number

• Plan dimensions (Lx, Ly)

• Infills consistency

• Mean % openings

• Structural system

• Reinforcement details

• Material properties

• Inventory of nonstructural

components

FEM model Stick-IT model

(i) HAZARD ANALYSIS

AQU

AQK

Building

site

(ii) STRUCTURAL ANALSYSIS

FEM model

IDR PFA

X, Y

Stick-IT model

(iii) DAMAGE ANALYSIS (iv) LOSS ANALYSIS

 

Figure 1. Loss assessment framework 

3. Application to the reference building 

The reference building is a four-story infilled RC building designed and constructed before 

the ‘80s. The building suffered significant damage due to the 2009 L’Aquila earthquake 

and was repaired and retrofitted during the reconstruction process of the L’Aquila city. 

Data regarding geometry, structural data, and material properties along with the actual 

repair costs (ARC) sustained were available. The total ARC for the building amounted to 

396.8 €/m2 for repair. 

The building is regular both in plane and elevation and has a rectangular shape in plan 

inscribed in a rectangle of 17x10m. For further details please refer to Gaetani d’Aragona et 

al. (2021). Since the presence of an inclined RC roof makes it significantly rigid with 

respect to the remaining part of the system, the building is reduced to a 3-story model, 

while the roof is considered as an equivalent mass. 
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2.1. FEM model  

A three-dimensional nonlinear FEM model is developed in OpenSees (2020), using a 

lumped plasticity approach, to assess the seismic performances of the building. The 

element response is conveniently characterized adopting existing literature proposals. The 

response of RC members is generated accounting for the possible interaction between the 

flexural and shear failure, thus accounting for the possible brittle failure of existing non-

conforming members, and including the bar-slip effect. To account for the non-linear shear 

deformations in the joint panel, also the presence of beam-column joints is explicitly 

simulated. Finally, the presence of masonry infills is explicitly modelled by means of only-

compression diagonal struts connecting opposite nodes. The geometrical and structural 

models are generated accordingly to design documents available for the case-study 

structure. For further details about the FEM model, please refer to Gaetani d’Aragona et al. 

(2021). 

2.2. Stick-IT model  

A Stick-IT model is a planar system generated for each main building direction. The RC 

infilled frames building typologies are defined by the story number ntot, the building 

dimensions in plan LX and LY, the percentage of openings in the infills op and infills 

consistency represented by the infills elastic shear modulus Gw; as example, Figure 2 (a) 

schematically shows the Stick-IT models (two models, one for each direction of the 

building) for the longitudinal and transversal directions of a 3 story - ntot=3 - building 

typology 
 

 

 

K1

K2 K3K4

      L, Gw, op, nj/ntot)

       
     

For generic level j

Fcr

Fmax

Fu

         L, Gw, op, nj/ntot)

       L, nj/ntot)

          L, Gw, op, nj/ntot)

 
 

  (a)    (b) 

Figure 2. (a) Stick-IT model for a three-story building; (b) definition of Stick-IT parameters (adapted from 

Gaetani d’Aragona et al. 2021) 

 

The Stick-IT model is conceived to also account the variability of possible 

structural/mechanical configurations within the building typology, by means of a 

probabilistic characterization of the model parameters. To this end, the model parameters 

are given in terms of median and CoV, towards probabilistic definition of the Stick-IT 

model. The hysteretic rules for Stick-IT model were calibrated to simulate the nonlinear 

behavior of interstory shear springs in terms of stiffness and strength deterioration, 

independently from geometrical and mechanical features of the building typology. 
In this study, to account for potential model variability within the typology corresponding 

to the reference building, it was decided to generate different Stick-IT models: 1) a median 

model (SIT-M) employing median values of parameters; 2) a lower-bound (SIT-LB) model 
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employing parameters corresponding to the 16th percentile of the model parameters 

distribution and 3) an upper-bound (SIT-UB) model employing parameters corresponding 

to the 84th percentile of the model parameters distribution. Each interstory shear spring is 

modeled in OpenSees (2020) by adopting the Pinching4 uniaxial material developed by 

Lowes et al. (2003). In table 1 is reported an example of backbone parameters adopted for 

the SIT-M model in the longitudinal direction obtained using equations in Gaetani 

d’Aragona et al. 2021.  

 
Table 1. Backbone parameters for SIT-M model in the longitudinal direction  

 Input parameters Storey backbone parameters 

story nj/ntot L=LX op Gw K1 K2 |K3| K4 Fcr Fmax Fu 

 (-) (m) (-) (MPa) (kN/m) (kN/m) (kN/m) (kN/m) (kN) (kN) (kN) 

1 0.33 17.0 0.2 1620 1389813.0 293525.4 38050.5 151969.2 1137.9 2454.3 524.5 

2 0.67 17.0 0.2 1620 1295424.0 280512.2 39452.0 233970.8 1059.8 1985.1 328.3 

3 1.00 17.0 0.2 1620 1242588.2 273106.4 40290.0 296892.8 1016.1 1743.3 253.7 

 

 

The Matlab code for generation of the Stick-IT model in OpenSees is freely available  

from https://github.com/marcogaetanidaragona/Stick-IT. The repository contains the 

examples files used to produce the figures in this manuscript and the general 

documentation that clarifies the derivation of the parameters for the Stick-IT model. 

 

2.3. Assessment of seismic performances 

The seismic performances of the reference building were simulated via NRHA using the 

FEM and the Stick-IT models. Two different ground motion records (AQK and AQU) of 

the 2009 L’Aquila earthquake were considered. Figure 3 shows an example of obtained 

responses in terms of IDR distribution (Figure 3(a)) and PFA (Figure 3(b)) along the X 

direction for the AQU record. 
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Figure 3. Building response in terms of (a) IDRs and (b) PFAs in the X direction for the AQU record. 
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2.4. Damage and Loss Analysis 

Only direct losses associated to infills, partitions and integrated components were 

considered since only for these elements suitable cost function for Italian standards have 

been developed until now. In this study, damage fragility functions for typical Italian 

hollow clay infills proposed by Del Gaudio et al. (2019) and cost functions from Del 

Vecchio et al. (2020) are employed. 

For the FEM analysis, the actual distribution of infills and partitions is considered, based 

on available drawings (layout S0). For the Stick-IT analysis, it is supposed that no 

information about architectural layout is available. In this case, to quantify the damageable 

components a simulated architectural layout is introduced (Gaetani d’Aragona et al. 2021). 

Two compatible architectural layouts (CALs) were considered (S1, S2). Table 2 

summarizes the results of cost analysis, expressed in euros, performed considering the two 

simulated layouts (S1, S2) for the FEM analysis. The Actual Repair Cost (ARC) related to 

building infills and partitions was quantified in 118.293,00 according to available 

documents. 

 

Table 2. Repair costs in euros for infills, partitions and integrated components for FEM and Stick-IT model 

for considered CALs  

  Architectural layout 

  Structural Model S0 S1 S2 

L2 

SIT-M - 116.637,00  126.259,00 

SIT-LB - 179.7349,00 200.175,00 

SIT-UB - 54.143,00 62.092,00 

L1 FEM 122.590,00 - - 

 

It can be noted that the SIT-M model predicts about the same repair costs obtained via 

FEM model when considering layout S1 and S2. In particular, by adopting SIT-M and S1 

layout, the repair costs are underestimated with respect to the FEM of about 5%, while for 

layout S2 there is an overestimation of about 3%.  

 

2.5. Damage and Loss Analysis for increasing intensities 

To show the capabilities of the Stick-IT model to predict building seismic performances, 

the distribution of maximum IDR obtained via NRHA is carried out for increasing values 

of the seismic action, considering the three models (SIT-M, SIT-UB and SIT-LB). The 

IDRmax are obtained for each record as the maximum between those obtained in the two 

orthogonal directions (Figure 4). The seismic intensity is expressed in terms of percentage 

with respect to the unscaled ground motion. As it can be expected, the SIT-LB is 

characterized by lower stiffness and a higher vulnerability with respect to the SIT-M, while 

the SIT-UB is characterized by a higher resistance. This is more evident for the AQK 

record, while for the AQU record the different frequency content influences the nonlinear 

dynamic response of the building leading to a higher collapse PGA. 
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Figure 4. Values of maximum IDR (IDRmax) for increasing values of the seismic action expressed as the ratio 

of the PGA with respect to the unscaled record. The IDRmax is calculated as the maximum along the height 

and the two directions, for AQU (red) and AQK (blue) records. 

 

Then, the same approach adopted in §2.4 to calculate direct losses expressed as repair cost 

for infills, partitions and integrated components is here employed to calculated expected 

losses. Figure 5 shows the results obtained for the three SIT models for increasing values 

of the seismic actions. In this case, the mean value between the Compatible Architectural 

Layouts is considered. Thus, values for an intensity equal to 100% of the unscaled ground 

motion corresponds to mean between S1 and S2 configurations reported in Table 1. These 

results evidence the possibility of employing the STICK-IT model in prediction of repair 

costs adopting a performance-based approach, also considering different earthquake 

scenarios. 

 
Figure 5. Values of repair costs for infill, partitions and integrated components for increasing values of the 

seismic action expressed as the ratio of the PGA with respect to the unscaled record.  
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4. Conclusions 

This paper explores the potential advantages related to the adoption of a simplified model 

in capturing building response towards economic losses. The Stick-IT (Stick for Infilled 

Frames Typologies) is a simplified nonlinear MDOF shear model, consisting of a series of 

lumped masses connected in series by nonlinear shear springs, originally proposed to 

rapidly predict the seismic performances of existing building typologies at the large scale. 

The PEER methodology is applied with reference to a real infilled RC building that 

suffered significant damage in the aftermath of the 2009 L’Aquila earthquake, for which 

data regarding geometry and material properties of structural members, level and extension 

of damage, and actual repair costs are available. The building seismic performances in 

terms of engineering demand parameters such as Interstory Drift Ratios and Peak Floor 

Accelerations are predicted via Nonlinear Response History Analysis for two different 

level models, namely a refined Finite Element Model, and a simplified Stick-IT model, 

considering as seismic input the available earthquake records in the proximity of the 

building location. Three different Stick-IT models are defined by introducing median, 

lower and upper bound values for the parameters characterizing the generation of story 

backbone curves in order to account for the uncertainty in the definition of the model. The 

results of application for both the models are compared in terms of EDPs, and consequent 

estimated economic losses. The loss assessment is performed considering only direct losses 

associated to infills, partitions and integrated components, which are generally responsible 

for the major part of repair costs in existing infilled RC building. Suitable damage and cost 

functions for typical Italian building components are selected, and a simulated design 

procedure to quantify the extension of damageable components in the Stick-IT application 

is proposed. The results in terms of economic losses evidence that the FEM model predicts 

about the same repair costs obtained via median Stick model when considering S1 and S2 

layouts. Moreover, by comparing the losses estimated Finite Element Model and Median 

Stick-IT models with the real actual repair costs of the building, a scatter lower than 7% is 

observed. Despite the poor level of information required for the Stick-IT model generation, 

a very good prediction of seismic losses can be obtained, suggesting that the model can be 

usefully employed within performance-based procedures for the rapid assessment of 

engineering demand parameters and subsequent damage and loss analyses. 
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Abstract: The numerical techniques used for conducting nonlinear dynamic analysis of civil 

engineering structures is still a hot topic for both practitioners and researchers performing in this 

area. The numerical efficiency of the algorithm that computes the solution for the inelastic behaviour 

plays a key-role in the overall numerical efficiency of the solver. The purpose of this paper is to 

employ such an algorithm in order to estimate the damage level in a large urban area composed of 

reinforced concrete frame structures.  This paper aims to develop a framework for the macro 

structural damage assessment of dense urban areas susceptible to violent seismic motions. Two cases 

are considered, “no structural control scenario” and “active mass damper control scenario”. A set of 

1500 3D reinforced concrete structures with different layout in terms of number of storeys, irregular 

span and bay distances, structural members cross-sections, different material characteristics, etc., are 

analysed from the nonlinear dynamic point of view. 

Keywords: Force Analogy Method, Nonlinear Dynamic Analysis, Finite Element Method, Seismic 

Response. 

1. Introduction 

In recent years, the civil engineering practitioners’ community deals with an evolution of design 

philosophy. The aftermath of recent earthquakes illustrated that not only the old or heritage buildings, but 

also recent buildings designed based on recent codes, had severe damages. The classic static equivalent 

design procedures are recently alternated by the more in-depth analysis based on nonlinear dynamic 

analysis of the expected behavior. In this context, the famous Prof. Ed Wilson wrote an inspiring paper [1] 

to impel the civil engineering community to improve design codes and analysis techniques. 

For its numerical efficiency, the Force Analogy Method has been recently used for a wide range of studies 

such as the nonlinear seismic analysis of reinforced concrete bridges [4], the nonlinear hysteretic behavior 

simulation of reinforced concrete shear walls [5] and the study of the mass irregularity effect on seismic 

response of moment resisting steel frames [6]. Other recent studies involved the study of the plastic energy 

dissipation of multi-degree of freedom [7]. The effect of element type used in the analysis was also 

investigated using the force analogy method [8], while some aspects regarding the accuracy of the Force 

Analogy Method were illustrated in recent paper of Safaei et. al. [9]. Some insights of the numerical 

modeling of the pounding phenomena which takes place between adjacent buildings during strong 

earthquakes were investigated using F.A.M., making use of single degree of freedom models [10] and multi-

degree of freedom models [11]. Other applications in which F.A.M. was used are related to control 

techniques in civil engineering and their application to mitigation of structural damage [12]. 
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The above mentioned papers are involving different plane models to describe the investigated buildings. A 

major breakthrough was recorded recently when the Force Analogy Method was adapted to account for 3D 

bidirectional nonlinear dynamic behavior of structures [13]. A return mapping algorithm was used to in 

conjunction with the basic relations in F.A.M. to assess the column plastic hinges behavior. The full 

description of the implementation of such an algorithm is described in [13. In addition, different F.A.M. 

3D models were recently used in a nonlinear platform where the winds loads, nonlinear dynamic analysis 

and damage assessment are performed altogether in a fast process similar to the Incremental Dynamic 

Analysis (IDA) used in civil engineering. [14]. Finally, the F.A.M.3D algorithm was recently augmented 

with special degrading hysteresis models in order to assess more insights of the reinforced concrete frames 

structural behavior [15].   

The purpose of this paper is to employ F.A.M. in order to estimate the damage level in a large urban area 

composed of reinforced concrete frame structures.  This paper aims to develop a framework for the macro 

structural damage assessment of dense urban areas susceptible to violent seismic motions. A numerical 

routine is developed in order to generate a pseudorandom set of buildings that vary by number of storeys, 

story height, span and bay dimensions, cross sectional size and capacity etc.. The structural systems are 

modeled using a finite element procedure and nonlinear dynamic analysis are conducted for each of the 

resulted models in order to quantify the structural damage. The numerical model is constructed using beam  

finite elements having 6 degrees of freedom at each of the two end nodes. At the same time the material 

nonlinearity is modeled using concentrated plasticity governed by bilinear cyclic model. The ideal case in 

which all the buildings are equipped with an active structural control system is also addressed. 

2. A brief description of 3D Force Analogy Method 

In this section a brief description of Force analogy Method and its development to 3D case is given. The 

particular idea of F.A.M. is to modify the displacement vector 𝒖(𝒕), while keeping the initial stiffness 

matrix 𝑲𝟎 unchanged throughout the entire dynamic analysis, to obtain the same level of restoring forces 

[2]. Thus, in F.A.M., the nonlinear term 𝑲(𝒕)𝒖(𝒕) is changed by 𝑲𝟎�̃�(𝒕), where �̃�(𝒕) has the significance 

of elastic component of the total displacement vector 𝒖(𝒕). The difference between the total displacement 

vector 𝒖(𝒕) and the elastic displacement vector �̃�(𝒕) is called the plastic displacement vector 𝒖"(𝒕). Thus 

the general nonlinear equation of motion describing the kinematics of structures is given in eq.(1), with the 

particularity that the restoring forces produced by the plastic displacement vector are moved to the right 

hand side and regarded as perturbation forces. The significance of the terms 𝑴, 𝑪, 𝑭 in eq. (1) is the mass 

matrix, damping matrix and external forces vector, respectively. The nonlinear character of the equation of 

motion is preserved by an associated inequality, namely the stress resultants at certain cross-sections where 

the plasticity is considered concentrated, should be less or equal to their allowable values. Consequently, 

the inequality that accompanies eq. (1) is related to bending moment and it is given in Eq. (2).  

𝑴�̈�(𝒕) + 𝑪�̇�(𝒕) + 𝑲𝟎𝒖(𝒕) = 𝑭(𝒕) + 𝑲𝟎𝒖"(𝒕)  (1) 

𝒎(𝒕) ≤ 𝒎𝒂𝒍𝒍𝒘𝒂𝒃𝒍𝒆(𝒕)  (2) 

The solution in F.A.M. involves the use of both Eq. (1) and inequality (2). In this respect the idea of plastic 

rotation 𝜽", expressed at each of the potential plastic hinges, is introduced. The plastic rotation is related to 

plastic displacement vector by the member force recovery matrix 𝑲𝑷, namely the perturbation forces on 

the right-hand side of Eq. (1) are expressed in terms of plastic rotation. Equation (3) is the equivalent 
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representation of eq. (1) where the perturbation forces produced by the plastic displacement have been 

replaced by the same forces, produced by the plastic rotations.  

𝑴�̈�(𝒕) + 𝑪�̇�(𝒕) + 𝑲𝟎𝒖(𝒕) = 𝑭(𝒕) + 𝑲𝒑𝜽"(𝒕)  (3) 

Also, the bending moment 𝒎(𝒕) - given in inequality (2) - can be cast to depend on both the displacement 

and plastic rotation, as it is given in eq. (4), where 𝑲𝑹 is called the member restoring force matrix. Such a 

matrix is a block diagonal matrix, it is assembled matrix in the assembling routine using the information 

from the local stiffness, and in the particular case given above it will be an 𝑛𝑝ℎ  x 𝑛𝑝ℎ matrix.  

𝒎(𝒕) = 𝑲𝒑
𝑻 𝒖(𝒕) − 𝑲𝑹𝜽"(𝒕) (4) 

[
𝑲𝟎 𝑲𝑷

𝑲𝑷
𝑻 𝑲𝑹

] [
𝒖

−𝜽"
] = [

𝑭
𝒎

] , while each 𝑚𝑖 ≤ 𝑚𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒
𝑖  

(5) 

A simple approach to dynamic nonlinear analysis is to cast the F.A.M. equation of motion (eq. 3) in a state-

space representation (eq. 6), where the state vector 𝒁(𝒕) contains the displacement 𝒖(𝒕) and the velocity 

vector �̇�(𝒕).  In the particular case in which the user selects an explicit time integration recursive relation, 

the plastic rotation vector is shifted one step backward, and the general discretized form of eq. (3) is 

introduced in eq. (7). For example, the discretization with delta function and a constant time-step produces 

the recursive relation given in eq. 8.  

[
�̇�(𝑡)

�̈�(𝑡)
] = [

𝟎 𝑰
−𝑴−1𝑲𝟎 −𝑴−1𝑪

] [
𝒖(𝑡)

�̇�(𝑡)
] + [

0
𝑴−1] 𝑭(𝑡) + [

𝟎
𝑴−1𝑲𝒑

]  𝜽"(𝑡) 

↔ �̇�(𝑡) = 𝑨 𝒁(𝑡) + 𝑩 𝑭(𝑡) + 𝑮 𝜽"(𝑡) 

(6) 

𝒁𝑘+1 = 𝑔(𝒁𝑘 , 𝑭𝑘, 𝜽"𝑘, 𝑨, ∆𝒕) (7) 

𝒁𝑘+1 = 𝒆𝑨∆𝒕𝒁𝑘 + 𝒆𝑨∆𝒕∆𝑡𝑩𝑭𝑘 + 𝒆𝑨∆𝒕∆𝑡𝑮𝜽"𝑘 (8) 

Judging eq. (7) (or eq.8) one can easily observe that in an explicit representation the two quantities 𝒁𝒌 and 

𝜽𝒌" are computed separately, namely the state vector 𝒁𝒌 is computed using the integrator and the backward 

information, while the plastic rotation 𝜽𝒌" is computed using the current 𝒁𝒌 information. Fig. 1 illustrates 

a sketch of the traditional computations made in a program based on F.A.M., where the 𝑵 variable has the 

significance of axial force vector. The necessity for computing the axial forces arises from the idea that, in 

the case of biaxial bending of reinforced concrete members, the axial force plays a key-role in determining 

the proper allowable bending moment 𝒎𝒂𝒍𝒍𝒘𝒂𝒃𝒍𝒆 on both principal directions of the cross-sections. A return 

mapping procedure is proposed in [13] to obtain the allowable bending moment in the particular case when 

the pair of stress resultants (𝒎𝒕𝒓𝒊𝒂𝒍, 𝑵) is located outside the prescribed capacity function. 

 
Fig. 1 - Conceptualization of a program based on F.A.M. 
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The F.A.M. block illustrated in Fig. 1is actually a set of computations designed to determine the plastic 

rotation 𝜽𝒌" that fits the displacement contained in 𝒁𝑘 obtained from the integrator. The F.A.M. block is 

thus called only if the stress state (𝒎𝒕𝒓𝒊𝒂𝒍, 𝑵) obtained by considering zero plastic rotation increment is 

located near or outside the capacity function. The computations performed in the F.A.M block imply a 

while loop, namely the final plastic rotation increment is obtained when all bending moment values 

obtained after redistribution are less or equal to their capacity. The main equation in the F.A.M. block is 

presented in eq. (9). 

∆𝜽𝒌" = 𝑲𝑹
−𝟏 ∙ (𝑲𝑷

𝑻 ∙ 𝒖𝒌 − 𝒎𝒌 − 𝑲𝑹 ∙ 𝜽𝒌−𝟏")  (9) 

3. System Reduction Techniques 

The traditional system reduction technique used in conjunction with F.A.M. is the Guyan reduction. Most 

of the initial papers involving F.A.M. [2-3] used such technique for the nonlinear dynamics of different 

plane structures where no axial deformation of members is accounted. The Guyan-based transformation is 

derived simply from the system given in eq. 5: denote the active DOFs by 𝑎 and the deleted DOFs by 𝑑. If 

the inertia for the deleted 𝑑 DOFs is neglected, the system given in eq.5 can be cast into the system given 

in eq. 10. The transformation will reduce the system from 𝑛 + 𝑛𝑝ℎ to 𝑎 + 𝑛𝑝ℎ coordinates, according to eq. 

(11). 

[

𝑲𝒂𝒂 𝑲𝒂𝒅

𝑲𝒅𝒂 𝑲𝒅𝒅

𝑲𝑷𝒂

𝑲𝑷𝒅

𝑲𝒑𝒂
𝑻 𝑲𝑷𝒅

𝑻 𝑲𝑹

] [
𝒖𝒂

𝒖𝒅

−𝜽"
] = [

𝑭𝒂

𝟎
𝒎

] ↔ 𝒖𝒅 = −𝑲𝒅𝒅
−𝟏(𝑲𝒅𝒂𝒖𝒂 − 𝑲𝑷𝒅𝜽") 

(10) 

𝑲𝒓𝒆𝒅 = 𝑲𝒂𝒂 − 𝑲𝒂𝒅𝑲𝒅𝒅
−𝟏𝑲𝒅𝒂 

𝑲𝒑𝒓𝒆𝒅
𝑻 = 𝑲𝒑𝒂

𝑻 − 𝑲𝑷𝒅
𝑻𝑲𝒅𝒅

−𝟏𝑲𝒅𝒂 

𝑲𝑹𝒓𝒆𝒅
= 𝑲𝑹 − 𝑲𝑷𝒅

𝑻𝑲𝒅𝒅
−𝟏𝑲𝑷𝒅 

(11) 

4. Optimal Control  

Under severe loads, a structural system develops inelastic deformations in an effort to dissipate energy. If 

these inelastic deformations are excessive, extensive repairs or even demolition of the structure may be 

necessary. Actual civil engineering design regulations allow structural damage in specific areas with high 

ductility that have the role to dissipate most the energy induced by the earthquake. If on another hand, an 

active control mechanism would be used to reduce deformations, then an additional factor of safety is 

introduced and a lighter design may be possible.  

The most popular technique in structural control is the optimal control approach. The optimization process 

for determining the control forces can be conducted through the minimization, with respect to the dynamic 

constrains, of a cost function (eq. 12) that incorporates both the state vector and the control force. The 

significance of [Q] and [R] matrices given in eq. (12) is weighting matrices. For example, if one wants to 

obtain a structural response with minimal displacements, the values of [Q] matrix will be higher than those 

of [R] and, therefore, high magnitude control forces will be required. In order to implement the effect of the 

structural control, a new term must be added in eq, 8 as given in eq .13. More details regarding the 

methodology for the determination of control force vector is presented in authors’ previous work [20]. 
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𝑱(𝒕) =
𝟏

𝟐
∫ [𝒁𝑻(𝒕)

𝒕

𝟎

∙ [𝑸] ∙ 𝒁(𝒕) + 𝒇𝒄
𝑻(𝒕) ∙ [𝑹] ∙ 𝒇𝒄(𝒕)] 𝒅𝒕 

(12) 

𝒁𝑘+1 = 𝒆𝑨∆𝒕𝒁𝑘 + 𝒆𝑨∆𝒕∆𝑡𝑩𝑭𝑘 + 𝒆𝑨∆𝒕∆𝑡𝑮𝜽"𝑘+𝒆𝑨∆𝒕∆𝑡𝑩𝒇𝒄𝒌,   where  

𝑩 = [
𝟎

𝑴−1𝑫
] - D is the control force distribution matrix. 

𝒇𝒄𝒌 – is the control force at k time step 

(13) 

5. Case study 

The methodology presented in the previous sections is further used in the attempt to estimate the damages 

produced by strong earthquakes into a city quarters. A set of 1500 3D reinforced concrete structures with 

different layout in terms of number of storeys, irregular span and bay distances, structural members cross-

sections, different material characteristics, etc., are is generated and analyzed from the nonlinear dynamic 

point of view. In order to investigate the effect of active structural control two cases are considered, “no 

structural control scenario” and “structural control scenario”. For the “structural control scenario” an active 

mass damper is considered to generate the control forces at the top floor of the structure. Results for both 

scenarios are presented and discussed in the next paragraphs.  

The sketch of the analyzed situation is illustrated in Fig. 2. For simplicity, the earthquake wave filtering 

due to different soil conditions is not considered in this analysis. The structural layout consists of 3D 

reinforced concrete frames, having 5 to 7 storeys, and natural period ranging in the 0.4 − 1𝑠 interval for 

the majority of the analyzed cases. The storey height is ranging in the 3.5 − 4.2𝑚 interval. A brief 

illustration of the different structural characteristics is given for both scenarios in Fig. 4 and Fig. 5.  At the 

same time, 10 pairs of simulated accelerograms are used to randomly select the seismic input for each for 

each type of building Fig. 6. 

 
Fig. 2 - Sketch of the analyzed set of structural layouts 

In terms of seismic input, simulated accelerograms have been used on these generated buildings based on 

the work presented in [21]. The drive of using this type of seismic input is given by the lack of resources in 

terms of available recorded accelerograms for the Vrancea source and Bucharest site. The major seismic 

events (Moment-Magnitude Over 6) that have been registered in this site for later usage are easily countable: 

1977 (single record available), 1986, 1990 and 2004. As the years have passed more and more locations 

from Bucharest have been monitored, but still, the number of total available records is pretty low. Another 

type of seismic inputs that could have been used is defined by spectrum-compatible records from other 

sites. But given the uniqueness of Vrancea source for major seismic events, defined by the type of rupture, 

focal depth, incident angle and combined with Bucharest site’s characteristics (no base rock for 1 km, and 

soft soil down to the depth of 1 km), the available seismic events from other sites, narrows down to very 

few.  
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The simulated accelerograms are produced through a hybrid method employing the Vrancea-adapted 

SMSIM set of programs [22][23] and DEEPSOIL [24]. The motions are selected from a collection of 160 

simulations containing three categories of scenarios:  

• First one employing the real characteristics of August 30th, 1986, (Mw=7.1, h =131.4km) and 

March 4th, 1977, (Mw=7.4, h=94km) seismic events [25]  

• second from maximum scenario characteristics for different depths (scenario A – Mw = 8.0, h = 

100 km, scenario B – Mw = 8.1, h =130 km, scenario C – Mw = 8.1, h = 150 km and scenario D – 

Mw = 7.0, h = 80 km  

• and third one based on hazard disaggregation data for P100-1/2013 design requirements (SLS 

scenario - Mw = 7.06, R =164 km, USL importance-exposure class III scenario - Mw = 7.38, R 

=166 km, USL class II scenario - Mw = 7.45, R =164 km, and USL class I scenario - Mw = 7.55, 

R =162 km  

From the three categories mentioned above, for this study accelerograms have been selected in terms of 

arias intensity and signal predominant period as follows: each input is selected to be in a threshold of ±30% 

of Vrancea 1977 NS component, and the total Arias Intensity of the coupled accelerogram pair to be in 

threshold of ±10% of total Arias Intensity of Vrancea 1977.  

 

Table 1 - Sets of used simulated accelerograms with individual components and their characteristics 

 
Fig. 3 - Response spectrums for the simulated accelerograms used in this study 

In this study 10 pairs of simulated accelerograms have been used. The response spectrums for individual 

components are shown in Fig. 3, together with some reference spectrums: Vrancea 1977 both directions 
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and the elastic response spectrum from the national design code. Also, in Table 1 are presented in detail 

each set of accelerograms used on X and Y direction on the generated buildings, the characteristics of their 

components and the comparison with the Vrancea 1977 seismic event. 

 
Fig. 4 - Model data variation - no control scenario 

 

Fig. 5- Model data variation active control scenario 

2981
3ECEES, September 2022, Bucharest, Romania



 
 

 

3rd EUROPEAN CONFERENCE ON  

EARTHQUAKE ENGINEERING & SEISMOLOGY 

 
Fig. 6 - Earthquake input variation 

Synthetic quantities of the estimated overall structural damage are given in Fig. 7 and Fig. 8: the percentage 

of formed plastic hinges out of the total potential plastic hinges and the estimated Damage index, based on 

the Park & Ang damage model [18]-[19]. It can be seen that for the active control case the Damage index 

values is concentrated mainly below 0.5 while for the no control scenario values range between 0.3 and 1. 

This confirms that the global structural damage can be reduced by implementing structural control 

strategies.   

 
Fig. 7 - Output data: the estimated Damage index 

 
Fig. 8 - Output data: Percentage of formed plastic hinges out of the total potential plastic hinges 
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Fig. 9 illustrates the control force magnitude 

variation over the sample structures. Although the 

majority of values are situated below 1500 kN it 

can be seen that maximum values reach up to 3000 

kN. Therefore, not all values are realistic for 

practical implementation because an enormous 

amount of energy would be necessary to 

implement certain optimal control forces. 

 
Fig. 9 -  Control force magnitude 

6. Conclusions 

In this paper the F.A.M. is employed in order to estimate the damage level in a large urban area. The paper 

develops a framework for the macro structural damage assessment of dense urban areas susceptible to 

violent seismic motions. A numerical routine is used in order to generate a pseudorandom set of buildings 

that vary by number of storeys, story height, span and bay dimensions, cross sectional size and capacity 

etc.. The structural systems are modeled using a finite element procedure and nonlinear dynamic 

simulations are conducted for each of the resulted models to quantify the structural damage. A comparative 

analysis is conducted in order to investigate the efficacy of an ideal case in which all the buildings a seismic 

area are equipped with an active mass damper control system. 

The paper provides a raw framework for the large-scale 3D analysis of urban areas in order to estimate 

structural damage during earthquakes. The key element in this approach is represented by the accuracy and 

speed of the F.A.M. method in conjunction with a static condensation technique. The results show how 

large-scale active structural control implementation in dense urban areas can impact the structural damage 

produced by earthquakes. 

Moreover, this study proves that this approach to dynamic nonlinear analysis is more efficient in terms of 

time and resources then the classical approaches commonly used in structural analysis considering that the 

simulation time for 1500 models was below 2 hours for no control scenario and below 30 min for the active 

control scenario. 
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Abstract: The paper summarises a family of adaptive fiber section discretization schemes 

for nonlinear frame elements. The proposed schemes use cubature integration rules for 

integration within the linear-elastic part of a section and continuously increase the number 

of section integration points with growing plastic deformations. Consequently, the algorithm 

improves section integration using the optimal number of integration points, which results in 

considerably reduced analysis time and better computational efficiency. On the other side, 

the proposed discretizations keep the numerical accuracy of the regular fiber section 

discretization schemes. The algorithm is provided for full (homogeneous and composite) 

and thin-walled cross-sections. Depending on the type of analysis, the reduction in analysis 

time goes from 30% to 85% compared to the regular discretization. The savings achieved 

using these adaptive section discretizations are especially valuable when several hundreds of 

nonlinear time history analyses need to be performed.  

Keywords: fiber frame elements, nonlinear analysis, section integration, computational 

efficiency 

1. Introduction 

In a nonlinear frame analysis with the fiber-based beam/column elements, the section 

stiffness matrix and the vector of section forces are calculated by integrating stresses over 

the cross-section area. The numerical efficiency and the accuracy of these integrations 

depend on the adopted integration rule and the number of used section integration points 

(IPs). With more used integration points, the numerical accuracy of the calculations 

increases, but the computational efficiency decreases. Therefore, balancing the number of 

integration points, integration rule, and the desired numerical accuracy is important. 

In the past, a few studies studied this problem. Berry and Eberhard (2008) analyzed the 

discretization of circular reinforced cross-sections. The efficient section discretizations for 

the steel wide-flange (WF) sections and the reinforced concrete rectangular cross-sections 

are proposed by Kostic and Filippou (2012). Tao and Nie (2015)  studied the 

discretizations of composite steel/concrete beams and columns. 

During a nonlinear frame analysis, the inelastic deformations generally occur only at a few 

locations. At the same time, most of the tracked cross-sections undergo only linear-elastic 

behaviour. For that reason, the adaptive discretization algorithms are favorable over the 

regular discretizations with a constant number of fibers (He, Fu and Ou (2017) , Kostic and 

Filippou (2022a) ).  

The algorithms presented in this paper implemented the adaptive schemes where the 

number of integration points grows as inelastic deformations spread over the cross-section 

(Kostic and Filippou (2022a), Kostic and Filippou (2022b) ). The integration over the 

cross-section in the linear-elastic range uses the cubature integration rules that ensure the 

integrals' exact evaluations over the cross-section area. Therefore, the presented algorithms 
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modify the number of section integration points following the plastic deformations and 

provide a smooth section response during the evolution from an elastic to a wholly 

inelastic state.  

2. Adaptive section integration algorithm 

As mentioned in the introductory part, the adaptive algorithms summarised here apply the 

cubature integration rules for section integration within the linear-elastic domain. These 

rules, explicitly determined for integration over the basic area shapes (like a rectangle, a 

circle, a triangle), give the accurate evaluation of integrals that appear in the calculation of 

the section stiffness matrix and the vector of section forces with only 4 or 5 integration 

points. 

Two variants of the adaptive algorithms were developed: one for the full sections and the 

other for the thin-walled sections Kostic and Filippou (2022a, b). 

 

 

Fig. 1 – Discretization of the homogeneous circular section: (a) initial section discretization;  

(b) discretization when two rings are active and (c) final section discretization 

Fig. 1 shows the main idea of the adaptive discretization for a circular homogeneous 

section. At the beginning of the analysis, the section area is discretized with the cubature 

rule, such as 5 IPs as Fig.1(a) shows. Also, the parameters that define a finer section 

discretization that will be used when a whole section is in the nonlinear range are set up. 

This finer discretization is marked with grey lines in Fig.1(a). In this study, the finer 

discretization applies the midpoint rule commonly used in practice. However, other 

integration rules can be employed as well. This way, the “ring areas” that will be 

successively activated are determined (see “one ring” in Fig.1(a)). Besides, the strain limits 

for activation of new rings need to be defined. Naturally, these limits can be set to coincide 

with the linear-elastic strain range for the material, for example, equal to [-σy/E, σy/E] for 

steel material model, where σy is the yields stress and E is Young's modulus. However, as 

Kostic and Filippou (2022a)  discussed, the extension of these limits might be beneficial on 

computational efficiency. During an analysis, once the strains greater than prescribed are 

observed in some rings, those rings are activated, i.e., they are discretized following the 

regular discretization scheme. At the same time, the inner part of the section applies the 

initial discretization with the cubature rule. Fig. 1(b) shows the case when two rings of a 

homogeneous section are activated while the remaining circular part of a section is still 

inactive. Finally, when all rings are active, the section is completely discretized with a 

regular scheme (see Fig.1(c)).        

The algorithm is slightly different for the thin-walled sections (Fig. 2). In this case, the 

section area is divided into several rectangular parts (or parts of other shapes) instead of 

subdivision into "rings". Fig. 2(a) shows the subdivision of a rectangular box cross-section 

into four areas and the use of the cubature rule for each of these four parts. In the next 

steps, when strains exceed the prescribed values in any of these areas, that part of the 
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section is discretized with a finer discretization. Fig. 2(b) shows the case when only area 1 

is activated, while Fig. 2(c) shows the fully active section.   

 

Fig. 2 – Discretization of the homogeneous rectangular box section: (a) initial section discretization;  

(b) discretization when one area is active and (c) final section discretization 

Currently, the algorithm is implemented for the rectangular and the full circular sections, 

either homogeneous or composite. For the thin-walled sections, wide-flange sections are 

considered (Kostic and Filippou (2022a, b)). 

3. Numerical example 

To demonstrate the numerical efficiency of the proposed algorithm, the two-story frame 

example from Fig. 3 is analyzed.  

 

 

Fig. 3 – Two-story frame example 

This frame was previously analyzed by De Souza (2000)  and several other authors. In this 

example, all cross-sections are rectangular made of steel. The Young's modulus, Poisson's 

ratio, and steel yield stress are E=19613 MPa, ν=0.3, and σy= 98 MPa, respectively. The frame 

is modelled with one force-based fiber element per member, except for two roof beams, 

subjected to concentrated loads, modelled with two elements. Along the element length, 4 

Gauss-Lobatto integration points are used. The nonlinear geometry under the large 

displacements is accounted for with the corotational formulation (Crisfield (1991) ). The frame 

is subjected to gradually increasing loading from Fig. 3, and the roof displacement in X 

direction of point A is followed.  

As explained earlier, the strain limits are set equal to [-σy/E,  σy/E]. To compare the results 

obtained by De Souza (2000) , the same regular discretization with the 20x20 IPs is used for all 

sections. The adaptive algorithm applied the cubature rule with 5 IPs at the beginning of the 

analysis.  
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Fig. 4 – Horizontal displacement of point A – loading relation for two-story frame example 

Fig. 4 shows the comparison between the results obtained by De Souza (2000) , the reference 

discretization, and the adaptive discretization for the lateral load – horizontal displacement 

relation. There is an excellent agreement between these results and no visible differences 

between the standard and the adaptive discretization, while the calculation time of the adaptive 

algorithm is only 20% of the calculation time for the equivalent standard discretization. At the 

end of the analysis, 20 out of 72 sections had ring activation. No sections were fully activated 

i.e., with all ten rings active. 

A number of other numerical examples on steel, reinforced concrete, and composite 

steel/concrete frame dynamic and the pushover analyses are available elsewhere (Kostic and 

Filippou (2022a) , Kostic and Filippou (2022b) ). These have proven the efficiency of the 

adaptive algorithm, with 30% to 85% shorter calculation time without effect on accuracy. The 

achieved savings in time depend on the type of analysis, size of the model, used regular section 

discretization, and the level of inelastic deformations. In addition to all mentioned, it should be 

emphasized that the algorithm can be implemented irrespective of the fiber element 

formulation.  

4. Conclusions 

The adaptive section discretization algorithms for the fiber beam/column elements are 

presented. Тhe algorithms use the cubature integration rules for the exact evaluations of the 

integrals in the calculation of the section stiffness matrix and the vector of section forces 

when a section is inside the linear-elastic range. The number of section discretization 

points gradually increases upon detecting the inelastic deformations outside the prescribed 

limits. The adaptive discretization coincides with the selected regular discretization for 

large inelastic strains.  

The algorithm is computationally very efficient with accuracy similar to the regular 

commonly applied integration schemes.   
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Abstract: This study is mainly focused on establishing values for damage-sensitive physical 

quantities that should be measured and monitored in the process of structural health 

monitoring (SHM) of building structures. It covers definition of limit values of these 

parameters for different damage states of a case study 13-storey RC building based on 

parametric time-history analysis. Firstly, the dynamic characteristics of the structure were 

determined experimentally by applying forced and ambient vibration methods. This data 

was processed using custom software for signal processing and modal analysis developed by 

the second author by applying FDD and EFDD methods. Using these measurements as well 

as the available design documentation for the building, we fitted corresponding nonlinear 
FEM using PERFORM-3D. Then, we did parametric time-history analysis using generated 

artificial time-history record. The record was selected so that its response spectrum was 

matched with EUROCODE 8, type 1 design spectrum for the location of the building. The 

results of this study indicate possibility of using this procedure for setting up damage alarm 

thresholds for SHM of full-scale buildings with high knowledge level. Future improvements 

in terms of refinement of the FEM, choice of monitored quantities and approximation to 

additional design-codes limit states should be done. 

Keywords: Building structures, damage parameters, alarm thresholds, measurements, 

numerical model 

1. Introduction  

The design life of civil engineering building structures according to all design codes is 50 

years to 100 years. During this period, the structures are expected to maintain their 

structural integrity. Unpredicted and unexpected structure failure due to accumulated 

damages during design life may cause significant economic losses and even casualties. 

Therefore, recently, structural health monitoring (SHM) gained much interest and is 

becoming more and more important. SHM systems provide information about any 

significant change or damage occurring in a structure. The purpose of structural damage 

detection is to identify the reason, location, and type of damage, measure the damage 

severity and predict the structure’s remaining service life. This is important from both 

safety and performance viewpoints (Sivasuriyan et al., 2021). 

The assessment of the current structural health of a building can be done once or 

continuously. Monitoring of certain key parameters provides information on its level of 

performance and data to judge its state of conservation. When this is done once, the results 

of the survey can be employed for specific goals (vulnerability and damage assessment, 

upgrading and retrofitting evaluation, etc.). If this is done continuously, the evolution of its 

structural health over time can be assessed. In all cases, initial data collection is the 

necessary step to be performed for interpretation and subsequent analysis to indicate 

whether intervention is required and the type of intervention to be carried out. In a general 

perspective, a successful SHM procedure would require a preliminary identification of 
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proper quantities together with the formulation of quantitative criteria for the assessment of 

the limit states that must not be exceeded during the life cycle of the structure (e.g. safety, 

durability, serviceability, etc.). Long-term continuous measurements of certain key 

parameter of the structural response can provide the necessary information about both the 

global health and the expected performance of the structure  

The Finite Element Method (FEM) is a tool for computing approximate solutions to 

complex mathematical problems. It is useful for problems with complicated geometries, 

loadings, and material properties where analytical solutions cannot be obtained, and some 

degree of error is tolerable. FEM is a powerful numerical technique to solve problems 

governed by partial differential equations over complex domains. It is usually adopted to 

solve the so called forward problems in structural engineering. In FEM, a complex 

numerical model of a structure is developed and for a given or known loading (input), the 

deformations that the structure undergo (output) can be observed (measured). Opposite to 

this, SHM requires estimating the state of the structure from the measured output 

(deformation, velocities, acceleration, etc) for a given defined or undefined force or 

deformation (input). Such problems are called the inverse problems. Several research have 

been done in the direction of application of the FEM in SHM for engineering structures 

(Biliszczuk et al., 2021). 

This study focuses on connecting both the inverse problem and forward problem. 

Practically, for a selected building structure a current structural health was done measuring 

the dynamic characteristics using ambient and forced vibration techniques. These 

measurements were then used to develop a numerical FEM model using PERFORM-3D. 

Finally, parametric time-history analysis of that model was done (with increasing intensity 

of the ground motion) to define structure’s capacity. The parametric analysis and 

structure’s capacity were used to define alarm threshold for Immediate Occupancy limit 

state according to ASCE-41, 2007. We chose to define this alarm threshold to be 

monitored for being the most important for the occupants of the building in case of an 

earthquake event. By using the defined acceptance criteria, we could label the building as 

being safe or unsafe for living after any potential earthquake event. Additionally, several 

“damage” zones of the structure were defined that could be used as help for structural 

engineers in the after- event on-site inspection. All this procedure is proposed as SHM 

strategy for continuous monitoring of the damage sensitive parameters for the building. 

The paper is organized as follows. In the first chapter following the introduction, the case 

study building structure is briefly explained. The second chapter summarizes the testing 

programme along with the results from the measurement of the dynamic characteristics 

using both forced and ambient vibration. In the third chapter information about the 

developed numerical model, modelling characteristics, defined rotation capacities, selected 

time history record and acceptance criteria are given. The fourth chapter contains specific 

results from the parametric time- history analysis and discussion in terms of decision 

making. Finally, the last chapter contains conclusions for development of continuous SHM 

only for this particular structure and recommendations for refinement of the procedure and 

definition of damage sensitive parameters for future work. 

1.2. Case study 

The structure that was chosen for development of strategy for continuous SHM is RC 

frame structure with central RC shear wall cores for the stairs and elevators. It is 13 storey 

building consisted of 2 underground floors (used for parking), ground floor and 10 floors. 

The height of the ground floor and all floors is 2.90m, while the underground floors are 
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3.70m high. The total height (measured from ground floor) is 31.90m. The characteristic 

plan dimensions are 45.00m/18.00m (figure 1.). It is an existing structure, located in 

Skopje, designed according to current seismic standards in 2013, and built in 2014.  

 

Fig. 1 – Characteristic formwork plan and cross- section of the structure 

The columns are proportioned 60/90cm and 60/80cm in the first three stories, 60/80cm and 

60/70cm in the next four stories, 60/70cm in the next three levels and 60/60 in the last 

three floors to level +31.90. The central core shear walls are 20cm thick. To avoid torsion, 

in the outer frames additional shear walls with thickness 20cm are designed. The beams are 

with the cross-sectional dimension of 60/50cm. The slabs are monolithic with thickness of 

16cm and the foundation system is foundation slab with thickness of 120cm. All columns 

in the underground, ground floor and first floor are designed with grade of concrete MB40 

(according to current standards in North Macedonia). All columns on the other levels as 

well as all the other structural elements are designed with grade of concrete MB30. All 

structural elements are designed with reinforcement RA 400/500-2 (yield strength of 

400MPa, according to current standards in North Macedonia) The design project 

containing calculation and all drawings and reinforcement details was available.  

2. Monitoring of current structural health  

The structure was tested using forced and ambient vibration techniques immediately after 

the end of the construction. At the time of the testing, the complete structural system was 

constructed together with all infill walls. Forced vibration testing was carried out for 

determination of the structure’s dynamic characteristics in both horizontal orthogonal 

directions and torsion. For this purpose, two GSV-101 (Geotronix, USA) vibration 

generators were used to generate sinusoidal excitation force in the frequency range of 1.0 

to 8.0 Hz. Each generator can produce excitation force with an amplitude of up to 2.5 tons. 

The force was applied at the top of the building. For all tests, the shakers were mounted 

symmetrically around both orthogonal axes. This configuration allows exciting the 

structure in both orthogonal directions and simulation of torsional loading without 

changing shakers position. The measuring instruments were located at the two diagonal 

corners of the building in two orthogonal directions. 

Ambient vibration measurements were carried out along with the forced vibration tests to 

verify the obtained results and identify the dynamic properties that were unable to be 

identified by forced vibration testing due physical limitations in the frequency region 

where the shakers were unable to produce excitation force.  

A total of 12 sensors were used (6 in each orthogonal direction). Four sensors were used as 

referent on the top floor and the remaining 8 were relocated on the lower floors for mode 
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shape determination. Accelerometers PCB Piezotronics Model 393B12 with sensitivity of 

10000 mV/g, with a range of up to 4.9 m/sec2 (0.5g) were used for registration of the 

response. The vibrations were registered with a sampling frequency of 2048 Hz. The data 

acquisition system consists of module NI cDAQ-9178 and 3 card module NI 9234. 

The recorded vibration data were processed in custom-made application developed by the 

second author for real time data processing, where Enhanced Frequency Domain 

Decomposition (EFDD) identification method was included. The algorithm is written in 

C++ language with full support for parallel processing (Gjorgjiev et al. 2018). The 

graphical visualization of the input and output data is created to present a 3D mode shapes. 

2.1. Identification of the natural frequencies, corresponding mode shapes and 

damping ratios 

The results from ambient vibration tests were used to identify the first three natural 

frequencies and mode shapes of the structure using the FDD method. On the other hand, 

the results from the forced vibration tests were used to identify three natural frequencies of 

the structure as well as the mode shapes using the peak-picking method. In Figure 2a the 

calculated singular values are presented. In Figure 2b, 2c and 2d, the frequency response 

curves from the forced vibration tests are also presented. The identified mode shapes 

obtained from force vibration tests and calculated from FDD analysis are shown in Figures 

3, 4 and 5. 

 

 

Fig. 2. a) SVD curve- ambient vibration records; b) c) and d) Frequency response curves obtained from the 

forced vibration tests (Y-Y direction, X-X direction, Torsion) 

a)  b)  

Fig. 3. First mode of vibration in Y-Y direction (identified natural frequency f=2.00Hz), a) analytical FDD 

method, b) force vibration 
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a) b)  

Fig. 4. First mode of vibration in X-X direction (identified natural frequency f=2.17Hz), a) analytical FDD 

method, b) force vibration 

a)  b)  

Fig. 5. First mode of vibration in Torsion (identified natural frequency f=2.35Hz), a) analytical FDD method, 

b) force vibration 

Damping coefficient ξ of each identified mode in the state of resonance was obtained 

applying the half-power method and the logarithmic decrement method. To calculate the 

damping coefficient by logarithmic decrement method, the decaying response of the 

structure was measured after stopping the excitation force in the resonant state. 

Table 1 summarizes all the results from the measurements. The resonant frequencies of the 

structure’s first three modes of vibration obtained from forced vibration and ambient 

records are listed, together with damping ratios from forced vibration testing by using half- 

power bandwidth and logarithmic decrement methods. From the presented results, it is 

concluded that the experimentally and analytically identified natural frequencies and mode 

shapes are matched. Modal damping estimation using different methods fits quite well and 

all methods give approximate modal damping values. 

Table 1. Natural frequencies (forced and ambient vibration) and damping ratios from forced vibration 

testing (Half- power Bandwidth and Logarithmic decrement methods) 

Mode Shape 

Forced 

Vibration- 

resonant 

frequency (Hz) 

Ambient 

Vibration- 

EFDD- Resonant 

frequency (Hz) 

Forced Vibration- 

Damping coefficient 

(%)- Half- power 

Bandwidth  

Forced Vibration- 

Damping coefficient 

(%)- Logarithmic 

decrement 

I mode, Y-Y 2.00 2.04 1.75 1.60 

I mode, X-X 2.17 2.13 1.57 1.7 

I mode, 

torsion 
2.35 2.37 1.02 1.00 

3. Finite element modeling of the structure 

CSI PERFORM-3D was used to model the structure. The program offers several different 

types of elements to be used depending on the modelling requirements. Each element is 

consistent of basic components and numerous different basic components are available to 

be used to simulate the nonlinear behaviour of all type of structural elements. For this case 

study, the basic components used for the modelling are as follows: 
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Inelastic non-buckling steel material was defined for the reinforcement according to the 

provisions given in the national standard (reinforcement with yield strength of 400MPa). 

The stress-strain relationship of the reinforcement was modelled as trilinear, with strength 

loss (at point L), without cyclic stiffness degradation. The model curve is shown in fig. 6a. 

A macro model with Mander stress-strain relationship is most frequently used to describe 

working condition of confined concrete in uniaxial compression (Mander, J.B. et al. 1984), 

which is related with section shape and the configuration condition of stirrup. In 

PERFORM-3D, the model is transferred in the standard force-deformation (F-D) 

relationship. Hence, for the design quality of concrete, two concrete model curves were 

computed according to the Mander model, mean value of concrete’s strength and elastic 

modulus (fig. 6b). 

As known that energy can be dissipated by nonlinear component under cyclic loading and 

the dissipated energy can be represented by the area of hysteretic loop. Hence, to a great 

extent, the structural response is governed by the area and shape of hysteretic loop. 

PERFORM-3D gives the required energy degradation through adjusting the unloading-

load stiffness, and the coefficient of energy degradation is taken as the ratio of the area of 

degraded and non-degraded hysteretic loop (Xuewei, C et al. 2011). In this paper, 

parameters of energy degradation were defined according to the degradation rule of 

unloading-load stiffness in Mander model and on the base of previous research done by the 

authors (Zhurovski et a. 2018), as shown in Figure 6c. 

a) b) c)  

Fig. 6. Material models, a) Reinforcement, b) Confined concrete, c) degradation coefficients of concrete 

The columns were modelled using inelastic fiber sections that were assigned at the 

corresponding lengths of the elements to simulate the plastic hinge region, with the rest of 

the element remaining elastic. The shear walls were modelled inelastic fiber sections while 

concentrated (lumped) plasticity approach was used for the beams using inelastic moment 

hinges, rotation type. Beam-column joints were taken as rigid elements. 

The deformation capacities for the components or the so-called performance acceptance 

criteria corresponding to different building performance levels are generally defined in 

terms of plastic rotation capacities. In the present study, plastic rotation capacities for 

Immediate Occupancy (IO), Life Safety (LS) and Collapse Prevention (CP) levels given in 

ASCE-41, 2007 were used for the column, shear wall and beam elements. These values are 

shown in table 2. It also includes the defined inelastic strain capacities of both materials 

(reinforcement and concrete) for the three performance levels. 

Table 2. Rotation Capacities for the materials and structural elements used in the analysis 

Rotation Capacities 

Level 

Fiber Section- 

Column Rotation 

Capacities 

(radians) 

Moment Hinge- 

Beam Rotation 

Capacities 

(radians) 

Shear Wall- 

Rotation 

Capacities 

(radians) 

Reinforcement- 

Inelastic Strain 

Capacities 

Concrete- 

Inealstic Strain 

Capacities 

IO 0.005 0.005 0.003 0.01 0.002 

LS 0.025 0.01 0.006 0.02 0.0035 

CP 0.035 0.02 0.009 0.06 0.06 
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To perform the parametric time- history analysis on the base of which different alarm 

threshold levels should be defined, we generated an artificial ground motion. The time- 

history record was generated so that its response spectra matched the design spectra 

according to Eurocode- 8 for the location of the building- Skopje (type 1 design spectra, 

PGA=0.25g, soil type B, damping 5%)- figure 7. 

 

Fig. 7. Response spectra of the record matched to EC-8 design spectra 

Only this record was scaled, with acceleration scaling factor of 0.1 to 2.6 (with a step of 

0.1) and applied on the model in both orthogonal directions separately (not acting 

simultaneously) since the aim of the study was not to perform assessment but to define 

parameters for SHM independent in both orthogonal directions.  

4. Results 

In this chapter, first the results from fitting of the numerical model to the measurements is 

shown. Namely, since the measurements were done in the phase where all interior and 

exterior infill elements were constructed, modeling only the structural system gave 

significant error in the obtained dynamic characteristics (table 3). This error was present in 

the order of the mode shapes as well as the values of the natural frequencies. To account 

for the “lost” stiffness due to the interaction effect between walls and frame elements, we 

modeled all infill walls that we considered significant for stiffness increase (namely, all 

walls connected to columns on both sides). These elements were included in the model as 

Linear Elastic Infill Panel elements (available in PERFORM-3D). In this way, we almost 

perfectly matched the results obtained by signal processing of the measurements in the 

shapes of the modes of vibration as well as the values of natural frequencies (table 3). 

Table 3. Natural frequencies - comparison 

Natural frequencies- comparison 

Mode 
Forced Vibration 

measurement in Hz 

Numerical Model 

(without infills) in Hz 

Numerical Model 

(with infills) in Hz 

I mode, Y-

Y- direction 
2.00 1.21 1.98 

I mode, X-

X- direction 
2.17 0.94 2.17 

I mode, 

torsion 
2.35 1.16 2.45 

After fitting the numerical model, the parametric time- history analysis was done on the 

model without the infill walls, as it is common engineering practice. Figure 8 shows the 

results from the parametric time- history analysis in terms of Base Shear vs Top 

Displacement diagrams for both orthogonal directions. This is commonly accepted way of 

interpretation of structures’ capacity. We chose the roof level displacement to be the 
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parameter to be monitored for the purpose of SHM and decision making in case of event, 

although due to the characteristics of the structure and for cost-efficiency reasons. Other 

parameters such as ground storey and top story interstory drift may be indicative too. 

On the diagrams several top displacement levels are marked, having important meaning. 

These lines were set by following the response of the structure under the increasing seismic 

events and the nonlinear response of the structure elements, mainly columns and shear 

walls, as we consider them essential for the stability of the building structure. 

 

Fig. 8. Base shear vs Top Displacement- X-X direction (left), Y-Y direction (right). Definition of alarm 

thresholds 

When setting up these top displacement levels, we followed the definition for acceptance 

criteria for deformation- controlled actions used in nonlinear procedures given in the 

update to ASCE/SEI 41 Concrete Provisions (Elwood et al. 2007). Based on the defined 

rotation capacities for columns, given in table 2, and the abovementioned acceptance 

criteria we defined five levels of rotation capacities for columns (table 4). 

Table 4. Acceptance criteria used for definition of alarm thresholds 

Acceptance criteria- rotation Limits (in terms % of Column CP rotation capacity from table 2) 

Name of 

acceptance 

criteria 

% of Column 

CP rotation 

capacity 

Description 

IO-1 15% Original IO rotation capacitiy- defined in table 2 

IO-2 35% Acceptance criteria for IO (67% of 75% of original LS point) 

LS-1 52% Acceptance criteria for LS (75% of original LS point) 

LS-2 = CP-1 70% 
Original LS rotation capacity & Acceptance criteria for CP (75% 

of original CP point) 

CP-2 100% Original CP rotation capacity 

We assumed the first line (green line) on the diagrams as the alarm level that is important 

for the users of the building. This is the evacuation level e.g. level marking that the 

inhabitants should not get back inside the building until corresponding authorities 

(structural engineer) visually check its state after an earthquake event. This corresponds to 

the IO-1 level. The other lines correspond to different “damage” levels. We defined them 

to be helpful for the structural engineers making an after-event visual inspection on what 

type of damage to expect and where to look it for. So, the second line (purple) corresponds 

to the state where first columns on the ground level reach IO-2 state. Third line (orange) is 

the state where more columns reach LS-1 state and the last line (red) means that some of 

the columns have reached LS-2=CP-1 state. For the Y-Y direction we were not able to 

define the last limit state due to numerical instability at the higher levels of excitation. The 

decision making- process is sublimated in table 5 and structure’s performance level when 

reaching the alarm level is given in figure 9 (for both orthogonal directions). Table 5 does 

not contain information for the first 5 levels of excitation (0.1 to 0.5) since no structural 

element reached the rotation level corresponding to the defined acceptance criteria. 

2997
3ECEES, September 2022, Bucharest, Romania



Table 5. Definition of Alarm Thresholds- “Observed” damage and acceptance criteria limits 

 

Fig. 9. Performance of RC columns for IO alarm threshold, X-X direction (left), Y-Y direction (right) 

5. Conclusions 

The presented paper is an attempt to merge the results and obtained knowledge from 

experimental testing, SHM and FEM modeling with the aim of definition of alarm 

thresholds for continuous SHM of a selected building structure. Initially, experimental 

testing was realized, and the conclusions led to fitting a corresponding finite element 

model. A parametric time- history analysis using generated accelerogram and scaling of 

the amplitude (from 0.1 to 2.6) was performed. Structure’s performance evaluation and 

EQ 

Level 

Excitation in X-X direction Excitation in Y-Y direction 

Top 

Displ. 

(cm) 

Alarm thresholds, acceptance Criteria 

and “damage” description 

Top 

Displ. 

(cm) 

Alarm thresholds, acceptance 

criteria and “damage” description 

0.6 14.15 

IO
-1

 

No observed damage 16.50 

IO
-1

 No observed damage 

0.7 13.79 No observed damage 22.58 First top floor Column IO-1 

0.8 15.45 First top floor Column IO-1 26.12 First ground level Column IO-1 

0.9 18.85 Four top floor Columns IO-1  28.81 

IO
-2

 

More ground level Columns IO-1 

1.0 21.90 First ground level Column IO-1  30.75 ---- 

1.1 20.83 

IO
-2

 

More ground level Columns IO-1  32.87 Four top floor Columns IO-2 

1.2 25.39 All ground level Columns IO-1 34.77 ---- 

1.3 26.49 Four top floor Columns IO-2  36.57 More Columns IO-2 

1.4 29.59 More Columns IO-2 40.37 ---- 

1.5 33.87 Two top Columns LS-1 43.40 Four ground floor Columns IO-2 

1.6 34.26 First ground floor Column IO-2 45.13 

L
S

-1
 

---- 

1.7 39.13 

L
S

-1
 

More Columns LS-1 46.15 ---- 

1.8 40.15 ---- 44.13 First two top Columns LS-1 

1.9 42.64 More ground floor Columns IO-2 46.76 ---- 

2.0 45.51 First ground floor Columns LS-1 47.74 More Columns LS-1 

2.2 48.89 

C
P

 

---- 52.53 First ground floor Columns LS-1 

2.4 54.36 Almost all Columns LS-1 58.43 
 

No Columns CP 

2.5 56.25 First Columns CP-1 62.87  

2.6 57.96 More Columns CP-1 N/A  
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alarm threshold definition was done on the base of ASCE 41 acceptance criteria for 

deformation- controlled actions and the correspondent column rotation capacities. For this 

case study, we chose the top floor displacement to be the monitoring parameter from the 

cost-efficiency point of view. The next step is to mount a corresponding, sensitive sensor at 

the top floor that could measure structure’s top displacement in real- time. Some of the 

conclusions are: 

- The results from the experimental testing indicate that there have been no 

temporary or local imperfections in the construction process of the building and 

that the structural stiffness distribution is favorable and it follows the structural 

design recommendations. 

- Being designed according to national standards, the structure does not reach 

damage pattern that would make the structure unstable up to greater acceleration 

levels (scaling factor of more than 2.5). 

- The top displacement is good indicator for structural behavior and should be 

continuously monitored. The structure has the IO alarm threshold for the X-X 

direction should be set at a top displacement of 22cm, and for the Y-Y direction at 

a top displacement of 26cm. 

- Several other levels of top displacement were defined that could be helpful to on-

site engineers in the after- event inspections. 

The paper shows that this procedure is useful for definition of alarm thresholds for SHM of 

building structure. Future work should include several sets of bi-directional ground 

motions and taking average values for the observed response quantities (similarly to the 

assessment procedures). The role of infill walls should be reassessed and included in the 

analysis (especially for definition of the IO performance level). Other damage- sensitive 

parameters can be monitored such as the top and/or bottom story interstory drift. The 

acceptance criteria for other structural elements (shear walls and/or beams) can play 

important role as well and should be included in the definition of alarm thresholds. 
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Abstract: The importance of an adequate model of hysteretic behaviour is undeniable in 
developing an accurate prediction of structural response. However, this needs to be balanced 
with practical considerations of time and availability of computational resources and, 
importantly, the intended use of the estimations. This study aims to illuminate this matter by 
employing a large number of hazard-consistent nonlinear response history analyses of non-
deteriorating and deteriorating steel Moment Resisting Frames (MRFs) within a 
Performance-Based Earthquake Engineering (PBEE) framework. The evaluation of the 
seismic demands of the frames was carried out through inter-storey drift demands in the 
form of hazard curves. Although the behaviour of non-deteriorating and deteriorating frames 
were found to rely on several factors, the results generally show that the greater and 
consistent demand differences notably occur at higher hazard levels beyond the collapse 
prevention performance level and that at medium drift demands deteriorating models can 
even lead to reduced demand predictions. In agreement with prior studies and contrary to 
more recent ones that have argued in favour of the consideration of seismic deterioration 
models at low or moderate demand levels usually employing single sets of scaled but 
hazard-inconsistent records, the results indicate that when looked from a hazard-consistent 
perspective, the inherent variability overtakes any deterioration effect making it sensible to 
avoid the complexity of advanced models for assessments that are not intended to reach 
collapse cases. 

Keywords: deterioration model, steel frames, earthquake engineering, performance-based 
design, conditional scenario spectra 

1. Introduction 

The growing demand for practice-oriented Performance-Based Earthquake Engineering 
(PBEE) methodologies and tools has brought attention to the importance of predicting 
structural drift as a structural seismic demand parameter and to the translation of these 
predictive models into the simple formats required by codes like Eurocode 8 (CEN, 2013), 
FEMA P-58 (FEMA, 2012), or ASCE 7-16 (ASCE, 2016). Recent studies have suggested 
that explicit modelling of deterioration effects, even at lower stages of seismic 
performance associated with design levels, is crucial for an accurate prediction of 
displacement demands. This paper revisits this issue in the context of hazard-consistent 
drift estimates.  

Several hysteretic models are currently available for simulating the seismic response of 
steel structures, ranging from the simple elasto-plastic models to more complex models 
with strength and stiffness deterioration. Earlier studies on the effects of combined strength 
and stiffness deterioration are based on relatively small suites of ground-motions, without 
reference to their corresponding hazard levels and generally concerned with collapse or 
near-collapse responses (Medina and Krawinkler, 2004; Ruiz- Garcia and Miranda, 2005; 
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Chenouda and Ayoub, 2007). These studies showed that this complex combination of 
strength and stiffness deterioration significantly influences the peak displacements for 
short period structures (with fundamental period, T1, less than 1.0 s). In contrast, the 
response of deteriorating models on moderate and long-period structures was found to be 
similar to that of elasto-plastic or bilinear strength-hardening models. This was 
corroborated by Ibarra et al. (2005), who also found that the strength deterioration is 
important at the limit state of collapse, while at the early stages of inelastic behaviour, both 
non-deteriorating and deteriorating systems show similar responses. The importance of 
deterioration modelling for accurate collapse predictions was clearly shown in the 
influential studies of Raghunandan and Liel (2013) and Chandramohan et al. (2016), who 
uncovered the link between ground-motion duration and structural collapse. These studies 
have been followed by dozens of others that have re-confirmed and re-quantified the 
influence of earthquake duration on structural responses.  

More recent studies based on statistical but hazard-inconsistent analysis (e.g., Tsitos et al. 
(2018)) or the exploration of fundamental physical symmetries (e.g., Málaga-Chuquitaype 
(2021)) found that deteriorating structures exhibit different behaviour compared to the non-
deteriorating ones even at lower levels of inelastic demand. However, these available 
studies generally relied on a relatively low number of structural models and excluded the 
ground motions with high intensities and significant long-period energy content. And 
although self-similar relationships were discovered by Málaga-Chuquitaype (2021) that 
demonstrate the fundamental role played by deterioration as soon as yielding is exceeded, 
the issue of how that role is expressed in global response statistics under non-coherent 
ground-motions is still open. Most importantly, none of the above-mentioned studies has 
explicitly accounted for the hazard consistency of the analyses. And although usually 
assumed to lead to increases in peak drift predictions, Málaga-Chuquitaype (2021) also 
presented graphs where higher deterioration rates can lead to smaller drift estimates 
depending on the dimensionless strength assumed. 

This study aims to examine this matter in a larger population of steel MRFs subjected to 
realistic seismic action under a hazard-consistent PBEE framework. To this end, nonlinear 
response history analyses of 24 steel non-deteriorating and deteriorating MRFs under 816 
ground motions were performed, resulting in 39,168 structural responses that ranged from 
mildly linear to highly nonlinear. These ground motions represent two different sites to 
enable site-to-site comparisons. They were selected using a recently proposed Conditional 
Scenario Spectra (CSS) methodology (Abrahamson and Al Atik, 2010; Arteta and 
Abrahamson, 2019) to ensure hazard consistent analyses, a long-desired concept in the 
PBEE.  

2. Steel MRF Considered 

24 non-deteriorating and 24 deteriorating steel MRFs with different structural 
characteristics are considered in this study. They are designed based on the Eurocode 3 
(CEN, 2005) and Eurocode 8 (CEN, 2013) provisions. These frames have 3, 6, 9, and 12 
storeys with 3 m height, and 3 and 6 bays with 5 m width. The details of the frame sections 
and several key structural characteristics can be found in Zahra et al. (2021).  

The frames were modelled and analysed using the open-source framework OpenSees 
(McKenna et al., 2000). The non-deteriorating frames use displacement-based elements 
with uniaxial bilinear material Steel01 from OpenSees library with 335 MPa yield strength. 
On the other hand, the structural members of the deteriorating frames are represented by 
force-based elements. In both cases, the corotational geometrical transformation 
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approach is used to account for geometrical nonlinearities. Cyclic deterioration in the 
connections is represented by deteriorating rotational springs incorporated via zero-
length elements built using the modified Ibarra Krawinkler deterioration model (Ibarra et 
al., 2005). Their parameters were determined using the empirical relationships derived by 
Lignos and Krawinkler (2011).  

3. Probabilistic Seismic Hazard Analysis with Conditional Scenario Spectra 

Probabilistic Seismic Hazard Analysis (PSHA), as introduced by Cornell (1968), estimates 
the annual rate of exceedance of a certain ground-motion intensity measure by integrating 
all potential earthquake sources and earthquake scenarios. On the other hand, the CSS 
presents a set of realistic earthquake spectra with corresponding assigned rates of 
occurrence based on their spectral shape and intensity (Abrahamson and Al Atik, 2010; 
Arteta and Abrahamson, 2019). Therefore, the ground motion spectra in the CSS are 
developed to be spectrally consistent with the hazard at the selected site at all relevant 
periods.   

The CSS used in this study are based on site-specific PHSA for Oakland (37.803˚N, 
122.287˚W) and Sonora (38.158˚N, 120.000˚W) in California (Macedo et al., 2022). In 
total, 596 ground motions were used for the Oakland site and 220 ground motions for the 
Sonora site, selected from the PEER NGA-West 2 database (Bozorgnia et al., 2014). Fig. 1 
presents their horizontal-component ground motion spectra where the rate of occurrence of 
each spectrum was calculated using the CSS methodology. It can be noted from Fig. 1 that 
the Oakland site has higher seismicity than the Sonora site. 

 
(a) (b) 

Fig. 1 Scenario spectra (5% damped) of (a) Oakland and (b) Sonora sites. 

4. Probabilistic Seismic Demand Analysis 

4.1. Nonlinear Response History Analysis and EDP Hazard Curves 

The frames, modelled as described above, were analysed under the 816 ground motions 
from both sites on the high-performance computing facility at Imperial College London 
(HPC-Imperial, 2019). This resulted in extensive datasets summarising a total of 39,168 
analyses that provide information on a broad spectrum of structural responses that range 
from mildly elastic to highly inelastic. An Engineering Demand Parameter (EDP) hazard 
curve of a structure can be used to encapsulate this information by presenting the evolution 
of EDP at different levels of exceedance rates. To this end, the EDP annual rate of 
exceedance, 𝜈[EDP>d], is calculated using the following expression (Arteta and 
Abrahamson, 2019): 
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where RateCSS,i is the assigned rate of occurrence of the ground motions obtained from the 
CSS, and H[EDP – d] is the Heaviside function.  

Fig. 2 (a) plots the maximum inter-storey drifts, θmax, for Frame 05 (3S-3B) at the Oakland 
site against the rate of occurrence of the corresponding ground motion. The corresponding 
θmax hazard curve is shown in Fig. 2 (b). It can be appreciated from this plot that the θmax 
demands for a given annual rate of exceedance on the deteriorating frame are generally 
higher than those on the non-deteriorating one but that the difference is only clear at very 
large demand levels. Fig. 2 (b) also shows the annual exceedance rates associated with 𝜈 = 
1/475, for life safety, and 𝜈 = 1/2475, for the collapse prevention to facilitate comparisons.  

It can be seen from Fig. 2 that the corresponding θmax for both, non-deteriorating and 
deteriorating models of Frame 05, are 1.5% and 2.5% for the life safety and collapse 
prevention performance levels, respectively. These values are well below the performance 
levels objective for a conventional structure based on FEMA 356 (FEMA, 2000), which 
are 2.5% transient drift for life safety and 5% for collapse prevention performance level. 
The current version of Eurocode 8 (CEN, 2013) does not mention a maximum drift for 
collapse prevention explicitly. 

 
(a) (b) 

Fig. 2 (a) Scatter plot of maximum inter-storey drift, θmax, rate of occurrence based on CSS of Frame 05 (3S-
6B) and (b) its hazard curve at the Oakland site. 

Hazard curves, like the one depicted in Fig. 2, are useful to establish comparisons between 
different modelling approaches within a hazard-consistent perspective. The process to 
generate hazard curves was repeated for all frames at both Oakland and Sonora sites. 
Similar comparisons to those detailed below were obtained for the other frames 
investigated but are not presented herein for brevity. In general, relatively small differences 
at low demand levels were always present with deteriorating models even leading to lower 
demands in some parts of the hazard curves. By contrast, the deteriorating frames generally 
show noticeably higher demands than the non-deteriorating ones at higher hazard levels (ν 
< 1/2475), in accordance with previous studies (e.g., Ibarra et al., 2005). However, these 
differences are not always consistent and can be further examined with reference to several 
factors, as explained in the following subsections. 

4.2. Influence of Key Structural Parameters 

Fig. 3 shows the hazard curve comparisons of several deteriorating and non-deteriorating 
frames with different number of storeys. All plots support the view that the differences 
caused by the deterioration model occur more significantly at a higher hazard levels or 
lower exceedances (ν < 1/2475). However, it should be noted that the hazard curves in Fig. 
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3 are presented in logarithmic scale following conventional practice. To appreciate the 
magnitude of the difference between the deteriorating frame models and non-deteriorating 
ones, their ratio is depicted in Fig. 4 in linear space for three- and six-bay frames, where 
the influence of several structural characteristics can be seen. Previous studies (Medina and 
Krawinkler, 2004; Ruiz- Garcia and Miranda, 2005; Chenouda and Ayoub, 2007) indicated 
that modelling deterioration is more important in frames with shorter periods (T1 < 0.1 s). 
However, the results presented in Fig. 4 show no such pattern and no clear tendency can be 
found related to the structural period or the number of storeys. Fig. 4 is also clear in 
denoting a lack of consistency in relation to the number of bays. Importantly, incorporating 
deterioration into the models of MRFs does not always lead to larger demands for higher 
peak displacement response with respect to their non‐deteriorating counterparts, as 
suggested by Tsitos et al. (2018) with reference to non-hazard consistent analyses. This is 
particularly noticeable for drifts between 1.5% and 2% in the 3- and 12-storey frames 
analysed with both 3 and 6 bays and interestingly also at very large drift demands for the 
12-storey 6-bay frame. 

 
(a) (b) 

 
(c) (d) 

Fig. 3 Influence of number of storeys on maximum inter-storey drift hazard curve in non-deteriorating and 
deteriorating model of (a) Frame 05 (3S-6B), (b) Frame 11 (6S-6B), (c) Frame 17 (9S-6B), and (d) Frame 23 

(12S-6B) at Oakland site. 

On the other hand, the influence of modelling deterioration in different hazard levels can 
be appreciated more clearly with reference to Fig. 5 (a) for 3 bays frames and Fig. 5 (b) for 
6 bays frames. The ratios of maximum inter-storey drift of the deteriorating to non-
deteriorating model at lower hazard level (ν < 1/2475) range between 0.75-1.2, while 
beyond this hazard level, the ratios reach 1.48. The corresponding maximum inter-storey 
drifts of the frames at ν = 1/2475 are around 2-2.5%. On the other hand, the differences at 
higher hazard level correspond to higher maximum inter-storey drift, so that that the 
influence of deterioration model in higher hazard level is significant. 
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(a) (b) 

Fig. 4 Ratio of annual rate of exceedance of the maximum inter-storey drift of deteriorating to non-
deteriorating model of (a) three and (b) six bays frames. 

 
(a) (b) 

Fig. 5 Ratio of maximum inter-storey drift of the deteriorating to non-deteriorating model at levels of annual 
rate of exceedance of (a) three and (b) six bays frames. 

4.3. Influence of Site Seismicity  

The influence of the deterioration model is compared based on the site location in Fig. 6 
for Frames 11 and 23 with 6 and 12 storeys, respectively. Generally, the structural 
demands at Oakland are remarkably higher than those at Sonora. These results are 
consistent with the seismicity of the sites, as explained in Section 3. The presence of the 
deterioration model causes hardly any change at the lower hazard level (ν > 1/2475) at both 
sites. More strikingly, there is barely any difference at all hazard levels at the Sonora site 
between non-deteriorating and deteriorating models. Moreover, as noted above, the 
deteriorating frames at Oakland have noticeable higher demand at larger drifts beyond 
collapse prevention performance level.  

 
(a) (b) 

Fig. 6 Influence of site location on maximum inter-storey drift hazard curve in non-deteriorating and 
deteriorating model of (a) Frame 11 (6S-6B) and (b) Frame 23 (12S-6B). 
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5. Conclusion 

The hysteretic behaviour of a structure is undeniably important in developing an accurate 
structural response prediction. However, several studies in the past have adopted 
contrasting approaches regarding the need to model deterioration at performance levels 
other than collapse prevention. This study aims to give a new perspective employing a 
large number of hazard-consistent nonlinear response history analyses of steel MRF under 
the PBEE framework.  

It was found that, although generally the deteriorating frames exhibit higher inter-storey 
drift demand for all frames than the non-deteriorating ones, this difference is generally 
more noticeable at higher hazard levels (ν < 1/2475), beyond collapse prevention 
performance level. At a lower hazard level, the deteriorating frames appear to have similar 
or sometimes lower demand. And there seems to be no prominent pattern related to the 
influence of structural characteristics in the behaviour of non-deteriorating and 
deteriorating frames.  

Two sites of different seismicity in California were used for this study. The Sonora site, 
which has significantly lower seismicity than Oakland, shows negligible difference in both 
models in all hazard levels. Therefore, the seismic activity can underlie the consideration 
of the deterioration model necessity in a structural performance analysis, considering the 
complexity of this model. 

Importantly, incorporating deterioration into the models of MRFs does not always lead to 
larger demands for higher peak displacement response with respect to their 
non‐deteriorating counterparts as suggested by previous research that used non-hazard 
consistent results. This was particularly noticeable for drifts between 1.5% and 2% in the 
3- and 12-storey frames analysed with both 3 and 6 bays and, interestingly, also at very 
large drift demands for the 12-storey 6-bay frame. This should caution against the use of 
simplistic amplification factors that may unwarrantedly increase the costs of design. This, 
in addition to the fact that deteriorating frames were also found to have more 
computational challenges (e.g., convergence issues) compared to the non-deteriorating 
ones, should be considered when deciding when it is possible to avoid the complex 
deterioration model for assessments that are not intended to evaluate collapse. Keeping in 
mind that “an exact replication of reality is desirable but not critical” (Krawinkler, 2007), 
and that in the presence of limited resources, attention should be placed to a proper 
identification and consideration of uncertainties, especially those associated with ground 
motion intensity and frequency scaling that are unlikely to be overshadowed even by the 
most accurate of analysis. 
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Abstract: Accurate numerical models for both existing and retrofitted reinforced concrete 

(RC) elements is crucial for a reliable seismic assessment and retrofitting of existing RC 

structures. Fibre Reinforced Polymers (FRP) are widely employed as a retrofitting technique 

because they improve the RC elements’ flexural and shear capacities without changing its 

dynamic properties. This paper focuses on the development of a concentrated plasticity 

modelling approach for FRP-retrofitted RC elements. This proposal is achieved based on 

experimental data available in the literature. The modelling parameters that were subject of 

calibration through a regression analysis, are the peak load rotation, the post-capping rotation 

and the maximum flexural moment. The proposal was evaluated using OpenSees and the 

results showed a good agreement with the experimental data, revealing its adequacy for the 

seismic assessment of retrofitted structures. 

Keywords: seismic retrofitting, regression analysis, FRP, concentrated plasticity 

 

1. Introduction  

It is fundamental for practitioners to have a good knowledge about the structure’s properties 

and on how to model the behaviour of the structural components in order to perform an 

accurate evaluation and retrofit of existing RC buildings. Current codes, such as Part 3 of 

Eurocode 8 (EC8-3) (CEN, 2005), offer guidance for the safety assessment of existing 

buildings, through the definition of chord rotation and shear force performance criteria, for 

ductile and brittle elements, respectively. Nevertheless, EC8-3 does not explicitly state how 

to model the components, whilst there is also the need to develop moment-rotation 

relationships that fully describe the behaviour of FRP-wrapped elements. As such, this study 

will address these aspects and propose a numerical modelling approach for concentrated 

plasticity.   

The modelling proposal was achieved by means of existing experimental results that are 

available in the literature. The database consisted of FRP-wrapped RC columns tested under 

axial and lateral load, totalling 99 specimens from 30 different studies. The experimental 

data was used to evaluate the existing formulations and to derive new numerical expressions. 

The variables employed were the maximum (peak) moment, the peak load rotation and post-

capping rotation capacities. The calibrated equations take into account the relation between 

the parameters of the FRP-retrofitted RC elements, such as the axial load ratio (ν) and the 

effective transverse reinfoconcentratedrcement ratio (ρeff).  
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Finally, the modelling proposal is validated using OpenSees (McKenna et al., 2007), through 

the comparison between experimental data from two specimens, existing formulations and 

the new proposal.  

 

2. Comparison with existing models  

The numerical model developed in this study consists of moment-rotation relationships that 

define a trilinear behaviour curve. This interaction is attained by determining the values of 

the yield (My), maximum (Mmax), and ultimate (Mu), flexural moments, as well as the 

corresponding rotation values, θy, θcap, tot and θpc, according to the schematic representation 

in Fig. 1.  

 

Fig. 1 - Idealized trilinear curve of the moment-chord rotation behaviour (adapted from (Haselton et al., 

2016) 

The experimental data is obtained from the literature1 and compared to the existing 

formulations. For the yield moment, the expression proposed by Panagiotakos and Fardis 

(2001) was employed (Eq.1), while the value of the maximum flexural moment, was 1.13My, 

as suggested by Haselton et al. (2016).  

𝑀𝑦

𝑏𝑑3
= ∅𝑦 {𝐸𝑐

𝑘𝑦
2

2
(0.5(1 + 𝛿′) −

𝑘𝑦

3
)

+
𝐸𝑠

2
[(1 − 𝑘𝑦)𝜌 + (𝑘𝑦 − 𝛿′)𝜌′ +

𝜌𝑣

6
(1 − 𝛿′)] (1 − 𝛿′)} 

(1)  

Fig. 2 and Fig. 3 illustrate the comparison between the experimental values and the values 

attained using the formulations stated above for the flexural yield and maximum moments, 

respectively. For the first, it is possible to verify that the theoretical model is able to predict, 

with some accuracy, the experimental data. To what concerns the maximum flexural 

resistance, it can be observed that there is a slight underestimation of the experimental data. 

Thus, the ratio between the maximum and yield moment will be also subject of calibration 

in this work. The rotations that characterize the trilinear curve are the yield rotation (θy), the 

capping rotation (θcap, tot) and the post-capping rotation (θpc). The first can be described 

 

1 (Bournas & Triantafillou, 2011; Bousias et al., 2004; Del Zoppo et al., 2018; ElGawady et al., 2010; Galal et 

al., 2005; Ghatte et al., 2016; 2019; Ghosh & Sheikh, 2007; Harajli, 2008;  Hosseini et al., 2020; 

Kalogeropoulos & Tsonos, 2020; Kargaran & Kheyroddin, 2020; Ouyang et al., 2017; (Ozcan et al., 2008;  

2010; Realfonzo & Napoli, 2009; 2012; Rodsin, 2015; Seible et al., 1997; Thermou & Pantazopoulou, 2009; 

Truong et al., 2017; Wang et al., 2017; 2018;  2019; Yalcin et al., 2008; Yang & Wang, 2018; Ye et al., 2003; 

Yoshimura et al., 2004) 

3009
3ECEES, September 2022, Bucharest, Romania



following the equation proposed by Panagiotakos and Fardis (2001), written in Eq. (2), 

whilst the remaining may be assessed by applying the formulations proposed by Haselton et 

al. (2016), described in Eq. (2) and Eq. (4). 

𝜃𝑦 = ∅𝑦

𝐿𝑠

3
+ 0.0025 + asl

0.25휀𝑦𝑑𝑏𝑓𝑦

(𝑑 − 𝑑′)√𝑓𝑐
′
 (2)  

𝜃𝑐𝑎𝑝,𝑡𝑜𝑡 = 0.14(1 + 0.4𝑎𝑠𝑙)(0.19)𝜈(0.02 + 40𝜌𝑠ℎ)0.54(0.62)0.01𝑓𝑐 
(3) 

 
𝜃𝑝𝑐 = (0.76)(0.031)𝜈(0.02 + 40𝜌𝑠ℎ)1.02 ≤ 0.10 (4)  

  
Fig. 2 – Comparison between experimental and 

theoretical values of My 

Fig. 3 – Comparison between experimental and 

theoretical values of Mmax 

Regarding the yield rotation, a comparison was made between the experimental results of 

control specimens, i.e., columns without FRP and the retrofitted specimens in order to assess 

the importance of the FRP in this variable. The results indicated that this type of intervention 

does not significantly increase the value of the yield rotation. Therefore, the current 

formulation proposed for non-retrofitted RC columns will be employed.  

For the rotation at peak load and post-capping rotation, Fig. 4 and Fig. 5 respectively show 

the comparison between experimental and theoretical results determined with Eq. (2) and 

Eq. (4).  

  
Fig. 4 - Comparison between experimental and 

analytical results regarding the rotation at peak load 

Fig. 5 - Comparison between experimental and 

analytical results regarding the post-capping 

rotation 
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The results above indicate that the peak load rotation and the post-capping rotation capacities 

require further improvement. To complement this analysis, three statistical indicators were 

used to infer the feasibility of using the existing models: the average absolute error (AAE), 

the mean value of the ratio of analytical to experimental values (Mean) and the standard 

deviation (SD), represented in Eq. (5), Eq. (6) and Eq. (7), respectively. The results for each 

of the variables analysed are listed in Table 1. 

 

𝐴𝐴𝐸 =
∑ |

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙𝑖 − 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑖
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑖

|𝑛
𝑖=1

𝑛
 

(5) 

𝑀𝑒𝑎𝑛 =
∑ |

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙𝑖
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑖

|𝑛
𝑖=1

𝑛
 

(6) 

𝑆𝐷 =
√∑ (

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙𝑖
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑖

− 𝑀𝑒𝑎𝑛)
2

𝑛
𝑖=1

𝑛 − 1
 

(7) 

 

Table 1. Statistical indicators values for the different variables 

 My Mmax θcap, tot θpc 

AAE 15.3% 16.5% 40.1% 47.4% 

Mean 1.02 0.89 1.14 0.64 

SD 19.5% 16.1% 51.8% 38.0% 

 

Table 1 indicates that, for the peak load rotation and post-capping rotation capacities, the 

AAE values, which refer to the accuracy of the model, as well as the SD ones, that point to 

a large dispersion regarding the mean values, are not satisfactory. Consequently, both these 

rotation capacities will be calibrated, as well as the relationship between the flexural 

maximum and yield moments.  

3. Parameter calibration 

As stated previously, the parameters subject to calibration are the maximum flexural moment 

(Mmax), the peak load (𝜃𝑝𝑒𝑎𝑘,𝑚𝑜𝑑𝑒𝑙𝑙𝑖𝑛𝑔) and post-capping (𝜃𝑝𝑐) rotation capacities. 

It is important to mention that the peak load rotation was not considered as the value obtained 

at maximum load due to the observed inconsistency between tri-linearization and 

experimental curves. As such, it was determined by minimizing the difference between the 

original experimental curve and its trilinear approximation. This section describes the 

parameters used and the calibration process, as well as the formulations obtained for each 

variable.  

3.1. Parameters influencing the rotation at peak load and post-capping rotations 

The parameters that influence the rotation at peak load and the post-capping rotation were 

identified based on the observation and analysis of the experimental data, as well as the 

existing formulations proposed by EC8-3 (CEN, 2005) and Haselton et al. (2016). In all the 

regressions performed, the same parameters were used: the axial force ratio (ν), the mean 

compressive strength of concrete (fc), the longitudinal reinforcement ratio (ρtot), the shear 

span of the specimen (Ls) and the effective transversal reinforcement ratio (ρeff). This last 

parameter is adopted to quantify the confinement provided by the existing transversal 
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reinforcement and the FRP and it is given by Eq. (8). In this expression, 𝜌𝑠 is the transversal 

reinforcement ratio, 𝜌𝑓 defines the volumetric reinforcement ratio of the FRP, with Ef and Es 

representing the elastic modulus of the FRP jacket and of the steel, respectively. 

𝜌𝑒𝑓𝑓 = 𝜌𝑠 + 𝜌𝑓

𝐸𝑓

𝐸𝑠
 (8) 

In order to improve the results of the regression, the experimental data was divided into three 

groups according to the axial load ratio. Hence, the first group contains the prototypes with 

v values lesser than or equal to 0.10, the second encompasses the specimens with ν between 

0.10 and 0.25 and, lastly, the third group includes the specimens with ν values greater than 

0.25. 

3.2. Regression procedure 

The regression analysis process to derive the expressions for the numerical modelling 

required an iterative process, with the functional form of the equations being in exponential 

form.  

The equations obtained are presented next, as well as the comparison between experimental 

and predicted values, using both existing and proposed formulations. The figures also 

include the results of the statistical descriptors described in the previous section. 

For ν ≤ 0.10: 

𝜃𝑝𝑒𝑎𝑘,𝑚𝑜𝑑𝑒𝑙𝑙𝑖𝑛𝑔 =  0.46 ∙ 1.16𝜈 ∙ 2.590.01𝑓𝑐 ∙ 0.2710𝜌𝑡𝑜𝑡 ∙ 𝜌𝑒𝑓𝑓
0.26 ∙ 0.39𝐿𝑠 (9) 

𝜃𝑝𝑐 =  2.16 ∙ 3.21𝜈 ∙ 0.100.01𝑓𝑐 ∙ 0.4210𝜌𝑡𝑜𝑡 ∙ 𝜌𝑒𝑓𝑓
0.30 ∙ 0.58𝐿𝑠 (10) 

For 0.10 < ν ≤ 0.25: 

𝜃𝑝𝑒𝑎𝑘,𝑚𝑜𝑑𝑒𝑙𝑙𝑖𝑛𝑔 =  0.05 ∙ 0.12𝜈 ∙ 3.180.01𝑓𝑐 ∙ 0.4210𝜌𝑡𝑜𝑡 ∙ 𝜌𝑒𝑓𝑓
0.08 ∙ 1.26𝐿𝑠 (11) 

𝜃𝑝𝑐 =  0.11 ∙ 1.07𝜈 ∙ 1.890.01𝑓𝑐 ∙ 0.5410𝜌𝑡𝑜𝑡 ∙ 𝜌𝑒𝑓𝑓
0.06 ∙ 0.97𝐿𝑠 (12) 

For ν > 0.25: 

𝜃𝑝𝑒𝑎𝑘,𝑚𝑜𝑑𝑒𝑙𝑙𝑖𝑛𝑔 =  0.03 ∙ 0.54𝜈 ∙ 3.630.01𝑓𝑐 ∙ 1.8710𝜌𝑡𝑜𝑡 ∙ 𝜌𝑒𝑓𝑓
0.11 ∙ 1.41𝐿𝑠 (13) 

𝜃𝑝𝑐 =  1.08 ∙ 0.24𝜈 ∙ 1.820.01𝑓𝑐 ∙ 1.1510𝜌𝑡𝑜𝑡 ∙ 𝜌𝑒𝑓𝑓
0.42 ∙ 0.99𝐿𝑠 (14) 

 

The results of the regressions performed for the peak rotation are presented in Fig. 6.b), Fig. 

7.b) and Fig. 8.b), while Fig. 6.a), Fig. 7.a) and Fig. 8.a) illustrate the comparison between 

the experimental data and the currently available formulations. 
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a) b) 

Fig. 6 - Comparison between experimental and analytical results regarding the rotation at peak for 

modelling for ν ≤ 0.10 : a) using Eq. (2) and b) using Eq. (9) 

 

  
a) b) 

Fig. 7 - Comparison between experimental and analytical results regarding the rotation at peak load for 

modelling for 0.10 < ν ≤ 0.25: a) using Eq. (2) and b) using Eq. (11) 

 

  
a) b) 

Fig. 8 - Comparison between experimental and analytical results regarding the rotation at peak load for 

modelling for ν > 0.25: a) using Eq. (2) and b) using Eq. (13) 
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Based on the analysis of the results, it can be concluded about the quality of the regressions, 

especially in the second and third groups, with the AAE indicator decreasing when compared 

with the initial values.  

Regarding the post-capping rotation capacity, the results of the calibration are illustrated in 

Fig. 9.b), Fig. 10.b) and Fig. 11.b), whilst Fig. 9.a), Fig. 10.a) and Fig. 11.a) represent the 

comparison between the experimental data and the existing analytical expressions. 

In general, the existing equations for this variable underestimate the experimental values, 

noticeably in the second and third groups, due to the fact that the expressions proposed by 

Haselton et al. (2016) do not account for the presence of FRP. The predicted results show a 

remarkable improvement over the existing formulations in the second and third levels of 

axial load ratio. Concerning the first group, the improvements were still relevant, however, 

both the AAE and mean indicators are better that the ones attained through existing 

equations.  

  
a) b) 

Fig. 9 - Comparison between experimental and theoretical results regarding the post-capping rotation 

for ν ≤ 0.10: a) using Eq. (4) and b) using Eq. (10) 

 

  
a) b) 

Fig. 10 - Comparison between experimental and theoretical results regarding the post-capping rotation 

for 0.10 < ν ≤ 0.25: a) using Eq. (4) and b) using Eq. (12) 
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a) b) 

Fig. 11 - Comparison between experimental and theoretical results regarding the post-capping rotation 

for ν > 0.25: a) using Eq. (4) and b) using Eq. (14) 

Besides the peak load and post-capping rotation capacity, it was also noted that the maximum 

moment capacity should reflect the increase in resistance provided by the FRP. For the 

calibration of this variable, a simple linear regression was conducted between the maximum 

(Mmax) and yield (My) experimental moments. A value of 1.19 for the Mmax/My ratio was 

found. Fig. 12 shows the comparison between the experimental values and theoretical ones. 

It can be concluded that the AAE value is better than the one obtained using the existing 

ratio of 1.13. 

 
Fig. 12 - Comparison between experimental and theoretical results regarding the maximum moment 

 

3.3. Evaluation of the modelling approach 

After the calibration of the equations that define the numerical model for FRP-wrapped RC 

elements, it is necessary to validate it. Two experimental prototypes were selected from the 

database used. The specimens chosen are presented in Ye et al. (2003) and Bousias et al. 

(2004) and consist of a RC column tested under axial load and cyclic lateral loading, 

strengthened with CFRP. The relevant parameters needed to model the prototypes are 

summarized in Table 2. 

The modelling of the specimens was conducted in OpenSees (McKenna et al., 2007) through 

the adoption of a concentrated plasticity approach. To have a better understating of the 
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results, the modelling proposal was compared not only with the experimental data, but also 

with the Haselton et al. (2016) proposal.  

 
Table 2. Specimens properties 

Specimen b x h [m] Ls [m] fc [MPa] ν ρtot (%) ρw (%) ρeff (%) 

CF30-3-48 0.2 x 0.2 0.6 34 0.48 4.02 0.14 0.28 

R-P5L0 0.5 x 0.25 1.6 32.9 0.23 0.81 0.10 0.80 

 

The moment-rotation relationship was modelled through the uniaxialMaterial Hysteretic 

command associated with a zero-length section element, whilst the element itself was 

simulated as an elasticBeamColumn element. To evaluate the specimens’ behaviour, a cyclic 

pushover analysis was performed. The loading procedure of the specimens were taken from 

the corresponding research papers. 

Fig. 13 depicts the results achieved with both the numerical modelling proposals, with the 

black dashed line representing the experimental data and the red and blue lines referring to 

the Haselton et al. proposal and the modelling approach discussed in this paper, respectively. 

A good agreement between the experimental results and the numerical model proposed in 

this study was attained, both in terms of resistance and, more importantly, in terms of rotation 

capacity. The numerical model based on the Haselton et al. approach led to post-capping 

rotation values that did not represent the experimental values, which was expected as the 

model does not include the effects of the FRP. 

 

  
(a) (b) 

Fig. 13 - Comparison between experimental results and OpenSees: a) Ye et al., 2003; b) Bousias et al., 

2004 

4. Conclusions  

This research focused on the numerical modelling of FRP-retrofitted RC elements. The 

development of a new modelling proposal based on the trilinearization of the moment-

rotation relationship was conducted. The parameters peak load and post-capping rotation 

capacities values were calibrated, through regression analysis, using experimental data 

available in literature. The relationship between the maximum flexural and yield moment 

was also explored, resulting in a Mmax/My ratio of 1.19 to incorporate the increase in 
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resistance that the FRP provides. The results of the calibration showed a significant 

improvement when comparing to the existing formulations for non-retrofitted elements.  
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Abstract: This paper presents part of the results of the work carried out in a research project 

aimed at evaluating the seismic risk of Italian existing masonry buildings. The presented 

results refer to a single unreinforced stone masonry building, characterized by flexible floors 

and absence of details preventing the activation of local out-of-plane mechanisms. This 

building was then retrofitted according to the prescriptions of different Italian seismic codes, 

applying commonly adopted retrofit techniques (e.g. floor stiffening, injection of masonry, 

addition of tie beams, etc). Equivalent-frame models were used to simulate the in-plane 

response, whereas a SDOF model was adopted to study the out-of-plane behaviour. As regards 

the global response, pushover analyses were performed to estimate the capacity in terms of a 

properly selected engineering demand parameter, whereas demand was obtained by multi-

stripe nonlinear dynamic analyses for different earthquake’s return periods. As regards the 

local response, performance was studied by means of nonlinear dynamic analyses. The results 

allow to quantify the building’s performance and its improvement due to retrofit interventions 

according to various codes and strategies. 

Keywords: in-plane response, out-of-plane mechanisms, equivalent-frame models, nonlinear 

dynamic analysis, seismic retrofit 

1. Introduction 

In the last few years, a large project, funded by the Italian Civil Protection Department, has 

been carried out with the aim of evaluating the seismic risk associated with Italian existing 

buildings. As done for new buildings (Iervolino et al. 2018, Cattari et al. 2018), several 

existing Italian unreinforced masonry (URM) buildings were studied, also considering 

possible retrofit interventions. Buildings were characterized by stone and clay masonry, 

regular and irregular geometries, different number of storeys and were located in different 

towns. The retrofit techniques adopted aim at improving wall-to-wall and wall-to-diaphragm 

connections, at increasing in-plane stiffness of diaphragms and, in some cases, at enhancing 

the strength of masonry by grout injections. 

In this paper, one of the historic case study structures analysed, located in Naples and 

representative of a typical typology of the late nineteenth century, is considered. It is 

characterized by flexible floors and absence of details preventing the activation of local out-

of-plane mechanisms. The seismic performance assessment of the original configuration was 

carried out decoupling the in-plane from the out-of-plane response, related to the activation 

of local mechanisms. For the in-plane analysis, equivalent-frame strategy (e.g. Quagliarini 

et al. 2017) was adopted, using the Tremuri software (Lagomarsino et al. 2013) with the 
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available macroelement models (Penna et al. 2014, Bracchi et al. 2021, Bracchi and Penna 

2021). The Tremuri software is widely used for the modelling and global in-plane analysis 

of masonry buildings, because of its accuracy and low computational burden. Due to the 

significant floors’ flexibility, pushover analyses of single walls were performed to estimate 

the capacity in terms of maximum wall inter-storey drift. Out-of-plane failure modes were 

instead analysed adopting a recently developed SDOF model (Tomassetti et al. 2018), based 

on a rigid block schematization of the response (Abrams et al. 2017, Sorrentino et al. 2017). 

Seismic demand was obtained by means of multi-stripe nonlinear dynamic analyses for ten 

different earthquake’s return periods. 

To understand the impact of retrofit interventions, a couple of configurations of the same 

building, retrofitted according to two different Italian codes representative of different 

construction periods, were considered. The seismic performance analysis of these 

configurations, already presented in Bracchi et al. (2019), was summarized and used for 

comparison. In the retrofitted configurations, global response was analysed using pushover 

analysis of the whole building, due to the stiffening of floors, whereas local mechanisms 

were not considered, since strengthening interventions were supposed to be designed to 

prevent their activation. 

2. Case study building 

The case study discussed in this paper consists of a historic 5-storey unreinforced yellow 

tuff masonry structure, with flexible wooden floors and different wall thicknesses (ranging 

from 0.8 to 0.4 m) and interstorey heights (between 4.5 and 2.7 m), as discussed in more 

detail in Bracchi et al. (2019). Fig. 1a shows pictures of the existing building and the 

corresponding plans of the ground and upper floor (Fig. 1b). The building is located in 

Naples and has plan dimensions equal to 15.2x16.4 m. 

  

(a) (b) 

Fig. 1 - Considered existing building prototype (a) and corresponding plans (b) 

3. Seismic performance of the original configuration 

The seismic performance assessment was carried out assuming that the in-plane and the out-

of-plane response, related to the activation of local mechanisms, can be considered as 

uncoupled and therefore analysed separately, but accounting for the amplification of the out-

of-plane motion due to in-plane response. 
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3.1. In-plane analysis 

The significant in-plane flexibility of diaphragms required the performance of pushover 

analyses of the single walls for the definition of capacity thresholds; this was evident also 

from a preliminary analysis of the entire building. Indeed, the pushover analysis of a whole 

building with flexible floors is characterized by problems of selection of the control node 

and of representativeness of the results obtained for all the walls (Nakamura et al. 2017). 

The influence of wall flanges in nonlinear static analysis of single walls was accounted for 

by means of a modelling strategy, appositely developed. Hence, although diaphragms were 

not supposed to be able to redistribute seismic forces among walls, the connection among 

perpendicular walls was good; for this reason, the contribution of flanges to the response 

could not be neglected. 

On the contrary, nonlinear dynamic analyses were performed on the entire building, due to 

the ability of this type of analysis of well predicting the demand on each wall also in case of 

flexible floors. The absolute acceleration time-histories at the base of the identified local 

mechanisms obtained from these analyses were then used as input for the assessment of out-

of-plane mechanisms. 

For the numerical model of the building, material properties of masonry were derived from 

calibration of experimental tests on tuff masonry walls (Faella et al. 1991) and listed in Table 

1, whereas mechanical parameters of floors were derived from similar flexible floors 

(Senaldi et al. 2020). In the Tremuri model of the building (Fig. 2a) piers were modelled 

using a recently developed macroelement (Bracchi et al. 2021, Bracchi and Penna 2021), 

whereas for spandrels the macroelement of Penna et al. (2014) was adopted. The strategy to 

reproduce the behaviour of a single wall inside the entire building required the definition of 

the length of flanges to be included in the model, based on the geometry of perpendicular 

walls, and the adoption of equivalent link elements to simulate the floors’ restraint. Fig. 2c 

shows an example of the single wall model for one of the walls. 

Table 1. Masonry mechanical properties 

fm [MPa] fv0 [MPa] µ [-] E [MPa] G [MPa] w [kN/m3] 

1.95 0.23 0.1 1620 625 16 

 

 
  

(a) (b) (c) 

Fig. 2 - Model of the building (a), adopted model of a single wall (b) and plan view with indication of the 

walls (c) 

Nonlinear static analyses were performed on the single walls applying both mass 

proportional and inverse triangular force distributions in the positive and negative directions. 

The seismic performance was assessed in terms of frequency of exceedance of given 

thresholds of a selected Engineering Demand Parameter (EDP). As in Cattari et al. (2018), 
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the maximum inter-storey drift (among all walls and storeys), accounting for the average 

rotations of the nodes, was selected as EDP. Two different performance states were 

considered: usability-preventing damage (UPD), evaluated according to the multi-criteria 

approach discussed in Iervolino et al. (2018), and global collapse (GC), corresponding to a 

total base shear decay equal to 50% of the maximum base shear. As an example, Fig. 3 

reports the pushover curve obtained for one of the walls, together with the damage pattern. 

In this case, failure is attained due to shear damage concentrated at the ground level. 

Based on the fundamental periods obtained from a modal analysis of the whole building, a 

set of accelerograms was selected according to Iervolino et al. (2018), for a fundamental 

period of 0.25s on soil type C. Multi-stripe nonlinear dynamic analyses of the entire building 

allowed for the identification of the EDP demand on the single walls: ten values of return 

period of the seismic action and twenty couples of ground motions for each seismic intensity 

were considered. 

 

 

 

(a) (b) 

Fig. 3 - Pushover curve obtained for one of the most vulnerable walls, with indication of performance state 

thresholds (UPD and GC) (a) and damage pattern at the end of the analysis (b) 

3.2. Out-of-plane analysis 

Possible local mechanisms were identified based on the spanning directions of the floors 

adjacent to the considered wall. If the wall is loaded by a floor (i.e. the wall is orthogonal to 

the spanning direction of adjacent floors), a mechanism characterized by the formation of 

three hinges (i.e. “one-way” bending) was assumed; otherwise (i.e. the wall is parallel to the 

spanning direction of adjacent floors), the formation of a single hinge at the base of the 

mechanism (“cantilever” mechanism) is more likely. For both the typologies of mechanism, 

a single or more levels can be involved, considering only portions of walls characterized by 

the same thickness. 

Nonlinear analyses were performed with the SDOF model proposed by Tomassetti et al. 

(2018) (Fig. 4a), which is based on a classical tri-linear law, modelling the behaviour of a 

cracked wall. Due to the restraint represented by floors, the adopted model was characterised 

by displacements only in one direction, i.e. having a unique sign. This so-called “one-side 

rocking” was implemented adopting a damping model based on the coefficient of restitution 

(Sorrentino et al. 2008, Tomassetti et al. 2019). 

The attainment of the two performance states was assumed when displacements obtained 

from multi-stripe nonlinear analysis of the SDOF models representative of the various 

mechanisms exceeded two thresholds, selected as 40% and 95% of the static instability 

displacement. As an example, Fig. 4b shows the frequency of exceedance of the two 
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performance states for one of the identified mechanisms (i.e. cantilever mechanism 

involving two levels). Finally, the performance state at the building level was attained when 

it occurred at least for one of the identified mechanisms. To obtain the performance 

considering combined global and local analysis, it was assumed that the performance state 

is attained when it is attained either in the global or local analysis. 

 
 

(a) (b) 

Fig. 4 – Force-displacement law of the SDOF model of Tomassetti et al. (2018) (a) and probability of 

exceeding the thresholds corresponding to the considered performance states, as a function of the return 

period of the seismic action, for one of the local mechanisms considered (b) 

4. Seismic performance of retrofitted configurations 

Retrofit interventions were designed according to the seismic code published in MPW 

(1981a) and the corresponding guidelines (MPW 1981b), based on the analysis with the POR 

method, originally proposed by Tomaževic (1978). Interventions were also alternatively 

designed according to the Italian building code issued in 2008 (MIT 2008) and its guidelines 

(MIT 2009). Design phase implied the verification of the structural safety of the retrofitted 

building according to the analysis procedures and performance requirements of the 

considered code. In particular, for 1981 code, the maximum shear strength of the structure was 

calculated assuming fixed floor rotations, performing nonlinear static analysis with a force 

distribution proportional to the first vibration mode and calculating seismic demand as a 

percentage of the building weight, depending on the degree of seismicity of the considered area. 

On the contrary, in case of 2008 code, a code-compliant pushover analysis was performed, 

followed by a displacement-based safety check, starting from the demand spectrum of Naples. 

4.1. Retrofit according to 1981 code 

Retrofit according to 1981 code resulted in only two interventions, i.e. the addition of 

reinforced concrete ring beams at the storey levels and the stiffening of floors by casting 

collaborating reinforced concrete rigid slabs. This retrofit is assumed to be able to prevent 

activation of local out-of-plane mechanisms and to allow the performance of a pushover 

analysis of the whole building. Since no improvement of masonry properties was considered, 

the same mechanical properties of the original configurations were adopted. Fig. 5 shows 

the pushover curves in one of the two directions of analysis, with indication of the thresholds 

corresponding to the performance states, together with the damage pattern at GC state. 

Similarly to the original configuration, nonlinear dynamic analyses were used to identify the 

demand. 
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(a) (b) 

Fig. 5 - Pushover curves in the X direction, with identification of thresholds for the two performance states 

(a) and damage pattern at GC state (b), for the building retrofitted according to 1981 code 

4.2. Retrofit according to 2008 code 

To fulfil the retrofit prescriptions of 2008 code, the following interventions were required: 

stiffening of floor diaphragms by adding a reinforced concrete collaborating slab with 

lightweight concrete, grout injections to improve masonry quality, enhancement of wall-to-

diaphragm connections by means of L-shaped steel ring beams at each floor level (except 

for reinforced concrete ring beams at the roof level) and steel framing of all the openings of 

the longitudinal wall at the back (Fig. 1b), by S275 HEB100 profiles. Even in this case, 

interventions were assumed to be sufficient to insure a global in-plane behaviour (allowing 

for the performance of pushover analysis of the whole building) and to prevent activation of 

local mechanisms. Due to grout injections, mechanical properties of the macroelement were 

calibrated starting from the aforementioned experimental campaign (Faella et al. 1991), 

considering only specimens strengthened by grout injections. The in-plane and out-of-plane 

stiffness of floors was modelled assuming equivalent mechanical properties, calibrated on 

experimental shake-table tests on full scale stone masonry buildings with floor diaphragms 

and ring beams of similar characteristics. 

Fig. 6 shows the pushover curves in one of the two directions of analysis, with indication of 

the thresholds corresponding to the performance states, together with the damage pattern at 

GC state. With respect to the previous configurations (i.e. original configuration and building 

retrofitted according to 1981 code), characterized by shear failure concentrated at the ground 

level, the building is characterized by flexural behaviour, with damage spreading along the 

height. The displacement capacity is therefore significantly larger with respect to the 

previous cases. 

Nonlinear time-history analyses allowed for the calculation of seismic demand and of the 

frequencies of exceedance of performance states. Fig. 7 shows the frequency of exceeding 

the performance states for the three configurations studied: original configuration 

considering the combination of in-plane and out-of-plane mechanisms (a), building 

retrofitted according to 1981 (b) and 2008 (c) code. As regards the original configuration, as 

expected, GC performance state is generally governed by the local behaviour, especially at 

intermediate levels of the seismic action. On the contrary, UPD is governed by the in-plane 

behaviour for large seismic actions (Tr ≥ 500) and mainly by local mechanisms for lower 

intensities. 
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(a) (b) 
Fig. 6 - Pushover curves in the X direction, with identification of thresholds for the performance states (a) 

and damage pattern at GC state (b) (building retrofitted according to 2008 code) 

The comparison among the frequencies of exceedance associated with the three considered 

configurations shows a better performance when retrofit interventions are applied at both 

UPD and GC performance state, although with a larger impact in case of GC. Indeed, in the 

original configuration, the collapse performance state is mainly controlled by local out-of-

plane mechanisms, whose prevention leads to a significant improvement of the response. 

The better performance at GC observed with retrofit according to 2008 code is also related 

to the change of mechanism, from a concentration of shear damage at the ground level to a 

global cantilever response with damage spreading along the height, causing an increase of 

the global displacement capacity. 

 

(a) (b) (c) 

Fig. 7 - Frequency of exceedance of UPD and GC performance states, as a function of the return period, for 

the original building (a) and for its configuration retrofitted according to 1981 (b) and 2008 (c) code 

5. Conclusions 

This paper presents the results of the seismic performance assessment of an Italian historic 

URM building in its original configuration, characterized by flexible floors and absence of 

details preventing the activation of local out-of-plane mechanisms. These results are then 

compared with those obtained considering retrofit interventions, designed according to two 

different building codes (1981 and 2008 code), with the aim of quantifying the 

improvements of the response. 

The assessment of seismic performance of the original configuration highlighted a 

significant weakness, mainly due to activation of local out-of-plane mechanisms and to 

floors’ flexibility. Retrofit interventions stiffened the diaphragms and added elements 
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preventing the activation of out-of-plane mechanisms. This resulted in a better response at 

both the performance states considered, particularly evident at GC state. Furthermore, the 

improvement of response with retrofit according to 2008 code was larger with respect to 

1981 code at GC, whereas similar performances were obtained at the UPD state. This 

difference could be partially explained by the different global behaviour and failure 

mechanisms exhibited by the structure: a global rocking behaviour with failure of most of 

the spandrels occurred in case of 2008 code, whereas the activation of a soft-storey 

mechanism, with shear failure of piers, was observed in case of 1981 code. 
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Abstract: It is well known that prestressed concrete members exhibit stable seismic 

performance under a combined action of shear and flexure. Consequently, it is anticipated 

that the flexure and the shear capacities can be enhanced in the prestressed concrete columns 

in comparison to the standard reinforced concrete columns. In addition, residual 

displacements after an extreme earthquake may be smaller in prestressed concrete columns 

than in standard reinforced concrete columns. The restoring force remarkably decreases 

when longitudinal bars locally buckle in the standard reinforced concrete columns, while 

such a remarkable deterioration of restoring force does not occur in the prestressed columns. 

Such an improved seismic response can be realized through the employment of unbonded 

post-tensioning prestressing cast-in-place column systems. This study models unbonded 

prestressing tendons with bilinear cyclic nonlinear truss elements exhibiting only tensile 

behaviour in collaboration with nonlinear force-based fibre frame element with proper 

nonlinear cyclic constitutive laws for concrete and common steel reinforcement. 

Comparison between the numerical and experimental hysteresis of such column is indicative 

of the effectiveness of the implemented modelling. Finally, it is evident that the energy 

dissipation is smaller in the prestressed columns than the standard reinforced concrete 

columns because fewer concrete cracks dissipate less energy. 

Keywords: unbonded post-tensioning tendons, residual displacements, energy dissipation, 

hysteretic behaviour, nonlinear analysis 

1. Introduction 

Prestressed concrete (PC) is a structural concept that was first introduced for overcoming 

concrete’s natural weakness in tension in the early 1940s. PC is essential in many 

applications today in order to fully utilize concrete compressive strength, and through 

proper design, to control cracking and deflection. Although design methods have been 

developed over the decades, an understanding of the ultimate mechanism in the PC system 

is still greatly needed in many aspects.  

Finite element applications of PC have been actively researched for decades since the 

pioneering work was done by Ngo and Scordelis (1967). The key to simulating the 

different types of PC systems (pre-tension, bonded, and unbonded tendons) lies in the 

modelling of the bonding condition between the concrete and tendons. Tendons in a pre-

tensioned PC member can be idealized as a perfect bonding which implies the strain 

compatibility between the tendons and surrounding concrete. On the other hand, either a 

bonded or an unbonded post-tensioned PC member requires an unbonded formulation in 

the jacking stage. Studies regarding the formulations of the bonded, partially and fully 

unbonded tendons are various and rich in the literature [Ikeda, S. (1998), Iemura et al. 

(2004), Vecchio et al. (2006), Palermo et al. (2007), Cruz-Noguez et al. (2010)]. 

In the Kobe earthquake in 1995, one-fifth of common reinforced concrete bridge piers 

whose damage was not serious needed to be reconstructed because of excessive residual 
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plastic deformation. Therefore, a key technical problem that researchers and engineers are 

looking for its remedy, is the seismic performance and post-earthquake serviceability of 

buildings and bridges in earthquake-prone regions. Reinforced concrete columns’ seismic 

design based on ductility demands upon columns’ damage tends to produce large residual 

column deformation after a major earthquake event due to the formation of a plastic hinge 

[Megalooikonomou et al. (2018), Megalooikonomou (2019)].  

A method to reduce residual displacements by incorporating an unbonded prestressing 

tendon at the centre of a reinforced concrete column was introduced by Sakai et al. (2004). 

If an axially loaded vertical member is given a small lateral displacement there is a 

bending moment induced at any section by the axial load and the resulting stress 

distribution is no longer uniform. However, in PC columns, under only the load of the 

prestressing force, the pressure line is coincident with the tendon profile even if the vertical 

member is given a small lateral displacement. Thus, at any section the pressure line is still 

coincident with the tendon position and a uniform stress distribution is obtained. Therefore, 

in PC vertical members no P- δ effects are induced; the effect of the axial force on the 

internal forces in the deformed configuration can never be to increase the lateral 

deflections and so lead to buckling by the prestressing force alone. Finally, a major 

advantage of unbonded tendons is that additional tensioning of the unbonded prestressing 

tendon is allowed during the life cycle of the PC structure.  

This paper presents the development of an analytical finite element model of unbonded 

post-tensioning prestressing cast-in-place column systems and its correlation with the 

experimental study by Liu (2008).  

2. Numerical model 

To conduct the analysis of the specimens by Liu (2008) that demonstrated a flexurally 

dominant response, a computer code was developed and implemented in the MatLab 

[Mathworks (2018)] toolbox FEDEAS lab ‘Finite Elements for Design Evaluation and 

Analysis of Structures’ [Filippou and Constantinides (2004)]. The computational model 

uses the Euler-Bernoulli beam theory [Timoshenko (1953)], which considers flexural 

deformations only. 

To account for material nonlinearity the formulation calculates the flexibility matrix of the 

member by using a fibre-type analysis [Spacone et al. (1996)] and employing uniaxial 

hysteretic nonlinear material stress-strain relations for confined concrete and common steel 

reinforcement [Mander et al. (1988), Menegotto and Pinto (1973)].  The stress-strain 

relations are endowed with mathematical expressions for the envelope, for the hysteresis 

loops and for the transition from the envelope to the unloading/reloading branches [Karsan 

and Jirsa (1969)]. Work-equivalent flexibility terms are obtained by conducting numerical 

integration at pertinent sampling points along the length [Gauss-Lobatto integration, Gil et 

al. (2007)]; the member deformational stiffness is obtained by inversion of the flexibility 

matrix; the finite element model is summarized in the following Section after a short 

presentation of the employed experimental study for verification of the proposed numerical 

model. 

2.1. Experimental study from the literature 

Five specimens with a 360mm by 500mm cross-section were constructed and tested by Liu 

(2008) under cyclic lateral loading to investigate their force – displacement characteristics 

and failure modes. Among the test specimens there is a conventional reinforced concrete 
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column (S1) and an unbonded post-tensioning prestressing cast-in-place column (S2) as it 

is depicted in Fig. 1. Table 1 provides the details of these two specimens. These specimens 

will be used as basis for the verification of the finite element model introduced in Section 

2.2. 

 

Table 1. Details of specimens by Liu (2008) 

Specimen 
Longitudinal 

Rebar 

Prestressing 

Tendon 

Transverse Reinforcement 

Hoops Volumetric 

Ratio 

S1 26D12 - D6@35mm 1.08% 

S2 26D10 6x7D5 D6@35mm 1.08% 

 

Fig. 1 - Test setup and cross section detail of test specimens [Liu (2008)]. 

 

The test setup is shown in Fig. 1. The lateral loading point is 1750 mm high from the top 

surface of the footing (aspect ratio is 4.86), and designed to failure in flexural modes. The 

concrete compressive design strength is 32.4MPa. The reinforcing bars with expected yield 

strength of 335 MPa are used for both longitudinal and hoop reinforcement. The 

prestressing tendons in S2 specimen consisted of six 15.2 mm (7D5 mm) diameter low-

relaxation steel prestressing strands with expected ultimate strength of 1860 MPa. The 

design axial stress given by prestressing is 3.2 MPa. A constant axial compressive force of 

576 kN was applied to the columns to simulate gravity service loads. A quasi-static cyclic 

lateral load was applied at the top of column by a servo-controlled hydraulic actuator. The 

tests were conducted in displacement control up to ±2, 3, 5, 7, 10, 15, 20, 25, 30mm…, and 

reversed cyclic loading ended when the load carrying capacity went below 85% of the 

observed peak load. 
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2.2. Finite element model 

Numerical simulations were conducted using a nonlinear fibre beam-column element (Fig. 

2a) that considers the spread of plasticity. In this type of analysis, the longitudinal beam 

element uses a force-type formulation with linear moment distribution to derive a 

flexibility matrix for the element with progressing nonlinearity (step by step); the strain-

displacement relationships are therefore defined implicitly after inversion of the flexibility 

matrix to obtain the stiffness. Assuming strain compatibility between materials comprising 

the member, the formulation samples sectional response at selected integration points 

along the length.  

 

Fig. 2 - a) Finite element model of the prestressed and standard reinforced concrete column b) Numerical 

model (detail of the fibre element of Fig. 2a) of the prestressed concrete column with unbonded post-

tensioning tendons c) Rectangular fibre section (detail of the fibre element of Fig. 2a) with corresponding 

constitutive laws for concrete layers and longitudinal common steel reinforcement layers 

At the sectional level the Bernoulli hypothesis (plane sections remaining plane and normal 

to the axis of the member) is used to relate strains in the different fibres/layers (Fig. 2c) to 

the sectional curvature and longitudinal axis normal strain. Nonlinear uniaxial material 

laws are used to relate normal stress with normal strain in the fibres, thereby neglecting the 

effect of shear in modifying the principal orientations through the height of the cross 

section. Sectional stress resultants (Moment and Axial load) are obtained from the 
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equilibrium of the contributions of fibre stress resultants [FEDEAS Lab (2004), Filippou et 

al. (2004)]. 

2.2.1. Concrete material model 

In 1988, Mander, Priestley and Park proposed a unified stress-strain approach to predict 

the preyield and postyield behavior of confined concrete members subjected to axial 

compressive stresses. The model utilizes the equation given by Popovic in 1973, originally 

developed to represent the stress-strain response of unconfined concrete. This model is 

based on a constant confining pressure fl. The axial stress of the confined concrete fc for 

any given strain εc is related to the peak confined strength fcc. The peak confined strength 

fcc is a function of the unconfined strength fc and the constant confining pressure fl. The 

strain at peak confined strength εcc is given as a function of the strain at peak unconfined 

strength of concrete εco based on the equation of Richart et al. (1928). The cyclic version of 

this uniaxial material model is depicted in Fig. 3. This concrete model is employed for the 

simulation of S1 and S2 column specimens by Liu (2008).  

 

Fig. 3 - Cyclic uniaxial material model by Mander et al. (1988). 

2.2.2. Common steel reinforcement material model 

Menegotto and Pinto (1973) steel stress-strain relation gives a very good representation of 

the steel material response. It is particularly important for the computational economy of 

analysis of frame structures that the model expresses stress directly as a function of strain. 

The limitation of the model lies in its inability to reach the point of last unloading upon 

reloading in the same stress direction. Fig. 4. shows the cyclic version of this uniaxial 

material model. This steel model along with the aforementioned concrete model are 

employed in the simulation of the standard and prestressed columns tested by Liu (2008). 

 

Fig. 4 - Cyclic uniaxial material model by Menegotto and Pinto (1973). 
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2.2.3. Unbonded prestressing tendon material model  

Unbonded prestressed tendons were modeled here by “tension-only” bilinear cyclic truss 

elements with an initial stress representing the prestressing force (see elements 2 and 3 in 

Fig. 2b). Elements 4, 5, 6 and 7 in Figure 2b are rigid beam elements connecting the force-

based fibre element (unique along the column height) and these nonlinear truss elements 

(Fig.1 and Fig. 2b). The behaviour of bilinear cyclic nonlinear truss elements exhibiting 

only tensile behaviour is depicted in Fig. 5. The bilinear relation with yield plateau without 

axial strain limit complies with the second assumption of the design material law for 

prestressing steel of Eurocode 2 [EN 1992-1-1 (2004)]. The bilinear model is a good 

representation of the behavior of metals and is often used in earthquake analysis when the 

Bauschinger effect is not important for the simulations.  

 
 

Fig. 5 - Cyclic bilinear uniaxial material model for tension-only unbonded prestressing tendon. 

2.3. Correlation with experimental results 

A remarkable feature of the prestressed concrete column is the rest-position oriented 

unloading hystereses. If one defines the unloaded residual displacement as a residual 

lateral displacement of a column when the lateral force is equal to zero after unloading 

from a maximum lateral displacement, then the unloaded residual displacement is 

significantly smaller in the prestressed concrete column than the standard reinforced 

concrete column. Comparison between the numerical and experimental hysteresis of such 

columns is indicative of the effectiveness of the implemented modelling.  

Fig. 6 shows the effectiveness of the prestressed concrete column (S2) in terms of the 

lateral force vs. lateral displacement hysteresis. The hysteresis of a standard reinforced 

concrete column (S1) is also presented here for comparison. Number and size of concrete 

cracks were smaller in the prestressed column than the standard reinforced concrete 

column during the loading and unloading reversals [Liu (2008)]. Fig. 6 shows that the 

accumulated energy dissipation is smaller in the prestressed column than the standard 

reinforced concrete column as anticipated inherent to the rest-position oriented hysteretic 

behaviour. Therefore, the reason why the energy dissipation is smaller in the prestressed 

column than the standard reinforced concrete columns is that fewer concrete cracks 

dissipate less energy. This effect has to be considered in design based on the total response 

of a bridge/building system.  

Finally, it should be noted that the numerical model doesn’t capture to its fully extent the 

self-centering capacity of the experimental prestressed column with unbonded tendons. 

This limitation could be improved by segmental modelling of the column with more 
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nonlinear fibre and truss elements interconnected to laterally constrained intermediate 

nodes. However, the result is compensated by the simplicity of the model to be applied in a 

complete finite element model of a whole structure (bridge or building) and not just a 

component modelling.  

 

Fig. 6 - Correlation of the proposed numerical model with the experimental response of S1 and S2 specimens 

[Liu (2008)] 

3. Conclusions 

This analytical study shows that an improved seismic response by limiting residual 

displacements can be realized through the employment of unbonded post-tensioning 

prestressing cast-in-place column systems. Unbonded prestressing tendons are modelled 

here with bilinear cyclic nonlinear truss elements exhibiting only tensile behaviour in 

collaboration with nonlinear force-based fibre frame element with proper nonlinear cyclic 

constitutive laws for concrete and common steel reinforcement. The comparison results 

between the numerical and experimental hysteresis of such column indicate the 

effectiveness of the implemented modelling. Finally, it is evident that the energy 

dissipation is smaller in the prestressed columns than the standard reinforced concrete 

columns because fewer concrete cracks dissipate less energy. However, prestressed 

concrete columns have been seldom constructed throughout the world in spite of their 

merits. Lack of practice and possible cost increases may be the main reason for limiting the 

implementation of prestressed concrete columns. 

S1 

 

S2 
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Abstract: In this paper, the impact of several sources of uncertainty on the seismic response 

of an experimentally tested building is assessed for the case of a post-earthquake scenario. 

The building comprises unreinforced masonry and reinforced concrete walls. It is modeled 

using an equivalent frame model and latin hypercube sampling is used to generate randomized 

nonlinear models of the building. A sensitivity analysis is performed in order to identify the 

model parameters that contribute the most to the response. To deal with several sources of 

uncertainty and take advantage of the information of the building at the end of the fifth ground 

motion sequence of the experimental campaign, a data-interpretation methodology called 

error-domain model falsification is implemented. This methodology involves discarding 

models that do not reasonably match the measured response in terms of post-earthquake 

frequency and damage grade, which is determined from the maximum roof displacement. The 

models that are not falsified are used to predict the response of the building for the final four 

runs, which is assessed here in terms of the maximum roof displacements. The falsification 

procedure significantly reduces the number of models that reasonably explain the observed 

behavior and improves the reliability of response predictions for all ground motions following 

falsification. Results are accurate in the sense that the experimentally obtained response lies 

always within the range of predicted responses. 

Keywords: Uncertainty quantification, modeling uncertainty, model bias, response 

prediction, damage interpretation 

1. Introduction 

Structural models of buildings are idealized representations of real buildings, thus 

identification and quantification of uncertainties are important for robust seismic 

performance assessments of structures and to improve the understanding of the seismic 

response of buildings (Bradley, 2013; Pasquier & Smith, 2015). For these reasons, the 

explicit incorporation of uncertainties, such as those related to material properties, loading  

and (most importantly) modeling assumptions, has increased considerably in the last 

decades, mainly driven by the significant impact on response simulation and its 

consequences for decision-making (Bradley, 2013; Foulser‐Piggott et al., 2020). 

Unreinforced masonry (URM) buildings are among the most vulnerable buildings when 

subjected to seismic loading (Grünthal, 1993; D’Ayala & Paganoni, 2011) and their behavior 

is dependent on many material parameters and structural details. Hence, several research 

groups have explicitly considered uncertainties when performing seismic assessments of 

URM buildings (Rota et al., 2010; Bracchi et al., 2015; Mendes & Lourenço, 2015; Tomić 

et al., 2021; De Falco et al., 2017). Accounting for uncertainties in the seismic assessment 

of URM buildings requires a large number of nonlinear response simulations. Thus, 
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equivalent frame models (EFMs), which offer a good balance between model complexity 

and computational cost, are appealing for such studies (Bracchi et al., 2015). 

In this paper, the impact of several sources of uncertainty related to response predictions of 

an earthquake-damaged building is assessed. The building is a mixed unreinforced masonry-

reinforced concrete building, for which there are experimental test results. A three-

dimensional equivalent frame model (EFM) is used to simulate his seismic response. This 

paper complements existing work by Reuland et al. (2019b), who analyzed the same building 

using equivalent single degree-of-freedom models, simple multi-degree of freedom models 

(one degree per story), and more complex applied-element models. Furthermore, as in 

Reuland et al. (2019b), error-domain model falsification (EDMF) (Goulet & Smith, 2013), 

with the same falsification criteria, is implemented. The objective of the work presented here 

is to identify the most influential model parameters with respect to the dispersion of the 

seismic response under several ground motion intensities and, in addition to Reuland et al. 

(2019b), evaluate the performance of EFM in terms of accuracy and precision of response 

predictions when the EDMF methodology is applied. 

2. Error-domain model falsification  

The EDMF methodology, formalized by Goulet & Smith (2013) and Pasquier & Smith 

(2015), allows identification of models that statistically match the observed response of a 

structural system. This methodology has the advantage that allows for explicit inclusion of 

the uncertainties related to model bias (such as uncertainties due to behavior-model 

assumptions and idealizations) and measurements into the assessment framework. The 

inclusion of these sources of uncertainty is based on engineering judgment and statistics 

derived from available data. In addition, no assumptions in terms of correlation between 

uncertainties is required, thus making this methodology robust against unknown 

dependencies. Fig. 1 shows a schematic representation of the application of the EDMF 

methodology. 

 

 

Fig. 1 – Illustration of the application of EDMF on model realizations (adapted from Reuland et al. (2019a)). 

 

In this methodology, the sources of uncertainty related to model bias are assumed to follow 

uniform distributions within a priori defined bounds, while uncertainties related to 

measurements are reasonably assumed to follow zero-mean Gaussian distributions. Uniform 

distribution is often an appropriate assumption when dealing with epistemic uncertainties 

and when limited information is available (Roy & Oberkampf, 2011; Pasquier & Smith, 

2015; Reuland et al., 2017). As shown in Fig. 1, by comparing the measured and simulated 

response, models are falsified if the difference falls outside threshold bounds (falsification 
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thresholds) that are derived from the combination of modeling and measurement 

uncertainties (De et al., 2018). In this regard, this methodology has the ability to falsify full 

model sets (no models fall within the falsification thresholds), being more robust against 

wrong modeling assumptions compared to other techniques such as traditional Bayesian 

model updating, as stated in Reuland et al. (2017). Then, if a model complies with all the 

falsification criteria (it falls within the falsification thresholds), then it is considered as a 

candidate model for subsequent response predictions. According to the EDMF methodology, 

all candidate models are taken to be equally likely; all responses within any prediction range 

are assigned equal probability. 

3. Impact of uncertainties on the seismic response of a mixed URM-RC building 

3.1. Description of the building and experimental sequence 

The building assessed consists of a half-scale four-story building that was dynamically tested 

in a shake-table at the European Centre for Training and Research in Earthquake Engineering 

(EUCENTRE) in Pavia, Italy. The elevation and plan geometry of the tested building are 

shown in Fig. 2. Additional details of the construction and testing set up of the building are 

provided in Beyer et al. (2015). 

 

 

Fig. 2 – Schematic views of the building with its main geometry (dimensions in mm). 

 

As illustrated in Fig. 2, the building included four unreinforced masonry (URM) walls in 

East-West facades (in-plane loaded walls), and two in North-South facades (out-of-plane 

loaded walls). In addition, reinforced concrete (RC) walls were placed at the South end of 

the East and West facades. The building was tested in the longitudinal direction (i.e., North-

South direction according to Fig. 2 (right)), for which a sequence of nine ground motions of 

increasing intensity level was used. The ground motion record considered as reference was 

the East-West component of the 15th April 1979 in Montenegro earthquake (peak ground 

acceleration (PGA) of 0.21g), measured at the Ulcinij-Hotel Albatros station, in Montenegro. 

The peak ground accelerations (PGAs) measured at the shake-table varying between 0.08g 

and 1.5g. Fig. 3 shows the sequence of the nine ground motions that were applied to the 

building. 
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Fig. 3 – Sequence of ground motions applied to the building (quantities measured at the shake-table). 

 

During the tests, the displacements at all floor-levels of the building, including the out-of-

plane displacement of the URM walls in the North and South facades were recorded (Beyer 

et al., 2015). In addition, documentation of the damage was carried out following each 

ground motion for which a global damage grade (DG) according to the European 

Macroseismic Scale (Grünthal, 1998) was estimated, and the first and second natural 

frequencies were derived from ambient vibrations conducted between each ground motion, 

which is also reported in Beyer et al. (2015). 

3.2. Nonlinear structural models 

In this study, the building is modeled using an equivalent frame model (Lagomarsino et al., 

2013; Penna et al., 2014; Roca et al., 2005). This modeling approach assumes a discretization 

of the building into deformable elements consisting of piers (vertical elements) and spandrels 

(horizontal elements), which are usually connected through rigid zones. The structure has 

been already modeled by Vanin et al. (2020a) in OpenSees (McKenna et al., 2000) and this 

model is used as the starting point. This model makes use of the macro-element formulation 

developed by Vanin et al. (2020b) to model the masonry elements, which has the ability to 

capture the dynamic interaction between the in-plane and out-of-plane behavior of these 

elements. Based on the model generated by Vanin et al. (2020a), the two RC walls are 

modeled using a single force-based element at each story-level, while concrete slabs are 

modeled using elastic shell elements with isotropic sections. Fig. 4 illustrates the model 

generated to simulate the nonlinear seismic response of the building.  

 

 

Fig. 4 – Schematic representation of the structural model of the case study building (Vanin et al., 2020a) 
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The uncertain parameters considered in the assessment are indicated in Table 1. Compared 

to the models presented in Reuland et al. (2019b), different interval bounds for the definition 

of the model parameters are considered in this study, which are determined based on 

engineering judgment, and taking into account the values from test results reported in Beyer 

et al. (2015) to include them within the intervals. In addition, uniform distributions within 

the interval bounds are assumed, Unlike in Reuland et al. (2019b), where a grid sampling 

technique is used, in this study Latin Hypercube Sampling (LHS) is implemented to generate 

the population of model realizations using EFM, which results effective for sampling random 

variables with and without correlation. 

 

Table 1. Uncertain model parameters used for the assessment of the building 

 Modeling parameter Interval bounds Units Distribution 

M
a
so

n
ry

 

Modulus of elasticity (𝐸𝑚) [2000.0 , 5000.0] MPa Uniform 

Compressive strength (𝑓𝑚) [3.0 , 6.0] MPa Uniform 

Cohesion (𝑐) [0.18 , 0.3] MPa Uniform 

Friction coefficient (𝜇) [0.2 , 0.4] - Uniform 

Softening coefficient (𝐺𝑐) [2.0 , 4.0] - Uniform 

Drift at 20% capacity loss (𝛿𝑑𝑟𝑜𝑝) [0.2 , 0.35] % Uniform 

R
ei

n
fo

rc
e
d

  

co
n

cr
et

e 

Modulus of elasticity (𝐸𝑐) [20000.0 , 30000.0] MPa Uniform 

Compressive strength (𝑓𝑐) [25.0 , 50.0] MPa Uniform 

Yield stress of reinf. steel (𝑓𝑦) [475.0 , 585.0] MPa Uniform 

 Damping ratio (𝜉) [0.01 , 0.05] - Uniform 

 

To account for the strong evidence on the correlation between the modulus of elasticity and 

compressive strength of both masonry and concrete, a correlation coefficient of 0.75 between 

each pair of parameters (i.e., modulus and compressive strength of masonry, and modulus 

and compression strength of concrete, respectively) is assumed for sampling purposes. 

Equally to Vanin et al. (2020a), for the dynamic analyses, a Rayleigh damping model with 

secant stiffness proportional model is assumed for the masonry piers in order to avoid the 

overdamping of the out-of-plane response, while a Rayleigh damping proportional to the 

initial stiffness is used for the rest of the elements. As in Vanin et al. (2020a), the first and 

three times the first modal frequencies are used in the damping model. 

3.3. Sensitivity analysis 

With the objective of identifying the model parameters that contribute the most to the seismic 

response of the building, a sensitivity analysis is carried out. To account for and propagate 

the uncertainty in model parameters, 250 nonlinear model realizations are generated. Each 

of the models is subjected to three ground motions of increasing intensity, corresponding to 

25% (intensity level 1), 50% (intensity level 2), and 75% (intensity level 3) of the ninth 

ground motion recorded during the test (GM9 in Fig. 3), respectively. In addition, the impact 
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of model parameter uncertainty was assessed for four demand parameters: the post-

earthquake frequency, the maximum base shear, the maximum roof displacement and 

maximum out-of-plane displacement of an URM pier of the North or South facade. Fig. 5 

shows the results of the sensitivity analysis.  

 

 

Fig. 5 – Results of the sensitivity analysis for (a) post-earthquake frequency, (b) maximum base shear, (c) 

maximum roof displacements, and (d) maximum out-of-plane displacements of an URM pier. 

 

As observed from Fig. 5a, the post-earthquake frequency is mainly controlled by the 

modulus of elasticity of the masonry independently of the intensity levels. Additionally, the 

friction coefficient, cohesion, and damping ratio are observed to play an important role when 

the response is assessed in terms of maximum base shear (see Fig. 5b) and maximum roof 

displacements (see Fig. 5c). Specifically as part of this study, to determine whether the 

uncertainty in a parameter is relevant, a relative contribution greater than 0.15 is set as the 

decision threshold. With this threshold, five out of the ten uncertain model parameters 

exceed this threshold. These parameters are the elastic modulus (𝐸𝑚), the compressive 

strength (𝑓𝑚), the cohesion (𝑐) and the friction coefficient (𝜇) of masonry, and the damping 

ratio (𝜉). These model parameters are kept to be uncertain for the following analyses, while 

the rest are set to the mean values of their interval bounds. 

3.4. Application of the EDMF methodology 

Equally to what was considered in Reuland et al. (2019b), EDMF has been applied 

considering the state of the building at the end of the fifth ground motion sequence. In this 

sense, each nonlinear model is subjected first to the first five ground motions shown in Fig. 

3 (Run 1-5, GM1 to GM5 in Fig. 3). The measured natural frequencies and documented DG 

of the building at the end of the fifth ground motion are used for falsification purposes. Then, 
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the measured experimental results of the following four ground motions (Run 6-9, GM6 to 

GM9 in Fig. 3) are used to assess the prediction capability of the EFM approach. From the 

test, at the end of the fifth ground motion (GM5) the measured first natural frequency was 

6.3 Hz, while the second frequency was 23.9 Hz. In addition, a DG2 was estimated (Beyer 

et al., 2015). Using the same criteria used in Reuland et al. (2019b), a DG2 can be associated 

with a maximum roof displacement within the interval 0.7 and 1.5 times the global yield 

displacement (Lagomarsino & Giovinazzi, 2006). In the current study, the global drift at 

yield (i.e., roof displacement at yield divided by the height of the building) is assumed to be 

equal to 0.125%, which corresponds to the average value reported in Beyer et al. (2015). 

3.4.1. Combined uncertainties 

Combining uncertainty sources results in uncertainty distributions that are usually biased. 

EDMF enables the engineer to define such biased error distributions. The modeling 

assumptions and simplifications embedded in the EFM approach used in this study 

introduces additional sources of uncertainty. Based on engineering judgment as also 

conducted in Reuland et al. (2019b), in this study the estimated error bounds defined from 

the combination of the uncertainties for the EFM are [−20% , +35%] and [−30% , +30%], 

applied on natural frequencies and displacements, respectively. Additionally, equivalent to 

what is stated in Reuland et al. (2019b), the uncertainty involved in the definition of the DG 

based on the maximum roof displacement was estimated to be in the range [−20% , +20%] 

for the threshold between DG1 and DG2, and [−50% , +50%] for the threshold defined 

between DG2 and DG3. 

3.4.2. Model falsification 

The models that fail to simulate the post-earthquake frequency (i.e., the natural frequency at 

the end of the fifth ground motion sequence) and the DG obtained from the experimental 

results are falsified. Fig. 6 shows the results of applying the EDMF based on the first and 

second longitudinal post-earthquake frequencies. Additionally, the combination of model 

parameters that are identified to produce a reasonable match between the simulated and 

measured response (i.e., candidate models) is illustrated. 

 

 

Fig. 6 – Application of EDMF. (a) Falsification of models based on the measured first and second natural 

frequencies and (b) identified model parameters. 
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Given these falsification criteria, 82% of the models are discarded based on the first 

longitudinal post-earthquake frequency, 28% on the second longitudinal frequency, and 53% 

on the DG. This results in 44 candidate models out of the initial 250 model realizations that 

were generated. Although, in this case, the falsification based on the observed DG is less 

efficient than the falsification based on the first longitudinal post-earthquake frequency, it is 

interesting to note that the information of the damage state of the building will be most likely 

the first, and sometimes the only, source of information available after an earthquake. 

3.5. Seismic response predictions 

The candidate models are used to predict the response of the building for the last four ground 

motion sequences (Run 6-9, GM6 to GM9 in Fig. 3). As in Reuland et al. (2019), in this work 

the response prediction is performed in terms of the maximum roof displacements. Fig. 7 

shows the results of the assessment. 

 

 

Fig. 7 – Response predictions. (a) Predictions with the distinction between candidate and falsified models 

(combined uncertainties not considered) and (b) prediction ranges for the last four ground motion sequences 

(with combined uncertainties considered). 

 

It is worth mentioning that the results shown in Fig. 7a correspond to the predictions when 

the combined uncertainties are still not applied. On the other hand, the prediction ranges 

shown in Fig. 7b differ as they consider the combined uncertainties described in Section 

3.4.1. As depicted in Fig. 7a, the prediction range for the maximum roof displacements is 

reduced on average 58% when the information from the measured frequency and damage 

grade is taken into account. The major reduction in the prediction range is obtained for the 

seventh ground motion sequence, where a reduction of approximately 78% is obtained. As 

observed from Fig. 7b, predictions can be considered accurate since the measured response 

falls within the ranges of the simulated response for each ground motion sequence. Another 

important observation is that the EFM is able to capture the out-of-plane failure in the last 

sequence (i.e., during run 9, GM9 in Fig. 3). According to Beyer et al. (2015), the last ground 

motion caused the structure to come close to collapse, for which the four in-plane URM 

walls of the first and second floor lost their axial load bearing capacity and severe out-of-

plane deformations of the transverse URM wall at the top level in the North façade were 
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measured. This last observation can be taken to be an out-of-plane failure. In this study, the 

out-of-plane failure was effectively simulated by 54% of the candidate models. This is 

relevant when conducting a post-earthquake assessment of unreinforced masonry buildings, 

especially given that the out-of-plane failure could trigger the activation of other failure 

modes. 

4. Conclusions 

In this paper, the effects of several sources of uncertainty on the simulation of the dynamic 

response of a mixed URM-RC building that was tested on a shake-table are assessed. 

Extending the work conducted by Reuland et al. (2019b), in this study, an equivalent frame 

model is used, for which uncertainties are defined at both model-parameter and modeling-

assumption levels. Analogous to Reuland et al. (2019b), EDMF (Goulet & Smith, 2013) is 

applied in order to obtain candidate models to predict the response of the building in terms 

of maximum roof displacements. Compared to the results obtained by Reuland et al. (2019b), 

the EFM also ensures accuracy for the prediction of maximum roof displacement at each 

ground motion sequence that is evaluated. The EFM also provides more detail information 

regarding the failure mechanism that are developed along the ground motion sequences. For 

instance, the EFM is able to capture the out-of-plane failure that was experimentally 

observed during the last ground motion sequence (i.e. run 9, GM9 in Fig. 3), which was not 

achieved with any of the models used in  Reuland et al. (2019b). In addition, when including 

the information of the measured natural frequencies and the documented damage grade, the 

range of predictions based on the EFM is reduced on average 58% while maintaining 

accuracy. 

Given the flexibility of the EFM, compared with the more simple models that were used in 

Reuland et al. (2019b), to easily incorporate several modeling features, such as nonlinearity 

of connections between elements (e.g. slab-to-wall connections), important details of the 

response were captured that can be used to improve the reliability of response predictions. 

To compare the results of the simulations with the residual state of a building, use of 

information that can be directly measured or observed, such as crack patterns, the activation 

of certain failure mechanisms, and residual displacements can be of great value. In this sense, 

future work is planned to improve the understanding of the relationship between damage and 

the deteriorated structural properties for the assessment of earthquake-damaged buildings. 
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Abstract: There is an increasing awareness of the importance of sustainable retrofitting of 
existing buildings for achieving climatic and energy objectives in the EU. The energy 
consumed in buildings, and in general, in the construction sector, is one of the most significant 
sources of CO2 emissions in Europe. In specific areas, when planning retrofit interventions, 
in addition to energy efficiency, the improvement in structural building resilience to natural 
hazards is requested. Hence, reducing buildings' vulnerability and increasing at the same time 
their energy efficiency is of paramount importance to the European economic, environmental 
and social goals. Thus, under the mandate of the European Association of Earthquake 
Engineering, a Working Group focused on “Combined seismic and environmental upgrading 
of existing buildings” has been activated. The mission of the Working Group is to help in 
disseminating technical content of solutions and methods that can both reduce seismic 
vulnerability and increase energy efficiency, resulting in a significant reduction of the 
environmental impact. The Working Group involves several experts from the worldwide 
scientific community who have already participated in activities such as the REEBUILD pilot 
project. This paper presents the programme that the Working Group intends to follow. 

Keywords: Seismic retrofit; Energy retrofit measures; Integrated renovation; Sustainability; 
Resilience, Climate Change. 

1. Introduction  

The existing building stock is responsible for 50% of material depletion and 40% of energy 
consumption, generating 36% of total greenhouse gases (GHG) emissions and a third of the 
total waste in the European Union, whereas 75% of the existing built environment is energy 
inefficient. Indeed, buildings, and the construction industry generally, represent the leading 
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energy consumer and a primary contributor to GHG emissions. The inefficiency of outdated 
construction is not the only issue in Europe. Many buildings built before 1970 were designed 
without considering either seismic vulnerability or energy efficiency (Marini et al. 2014, 
Lamperti Tornaghi et al., 2018).  
As evidenced by the analysis of the age distribution of the European housing stock 
(European Commission, 2019a), the challenge remains to renovate the existing buildings to 
reduce their energy consumption in order to reach the target through low carbon footprint 
technologies. Buildings that have been in service for 50-60 years now are starting to exhibit 
severe energy and structural/seismic inadequacies, mostly when referred to the current EU 
and national legislation. Approximately, on average, 35% of the EU buildings are over 50 
years old (in some countries, even more), and 75%-80% of them will still be in use by 2050 
(Fabbri et al., 2016; Li et al., 2019, BPIE Report, 2020). Moreover, their maintenance and 
retrofitting are often economically unsustainable (Menna et al., 2022). 
Consequently, there is an increasing awareness of planning for deep energy renovation of 
existing buildings. However, it is finally clear within the Earthquake Engineering scientific 
community that improving the energy performance of existing structures without addressing 
the concurrent problem of insufficient seismic and structural safety would be insufficient 
from many points of view (Marini et al., 2017). These concerns underline the urgent need to 
foster an integrated renovation of the European building stock in the perspective of a 
competitive, sustainable and resilient building sector, contributing to meeting the 2015 
United Nations Sustainable Development Goal (SDG) 11 – Sustainable cities and 
communities - of the 2030 Agenda action plan (UN 2015/A/Res/70/1) (United Nations, 
2015). The challenge is tackling ageing buildings, which can shift from being contributors 
to issues related to unsustainable resource consumption, global warming, energy 
inefficiency, inadequate structural reliability and safety to becoming part of the solution, 
reversing into essential drivers of a sustainable built environment. 
The European Earthquake Engineering Association is currently active in developing 
methods and techniques for the combined renovation of existing buildings. This includes 
methods to identify the optimal solutions for the combined seismic and environmental 
rehabilitation, such as the Sustainable Structural Design (SSD) method (Lamperti Tornaghi 
and Negro, 2017) or SAFESUST (SAFEty and SUSTainability) approach (Caverzan et al., 
2018) proposed at the Joint Research Centre (JRC) of the European Commission, which 
yields the global expected impact, expressed in monetary terms, the method proposed by 
Calvi et al. (2016) defining a ‘Green and Resilient Indicator’ in monetary terms, or the 
combined seismic-energy classification system developed by Caruso et al. (2021). Other 
methods and techniques have been developed within the European Pilot Project REEBUILD, 
“Integrated techniques for the seismic strengthening and energy efficiency of existing 
buildings”. This two-year project, entrusted by the European Parliament to the JRC in 2019, 
has been carried out by the JRC with the assistance of a large number of European experts. 
The project was aimed at defining technical solutions that can reduce seismic vulnerability 
and increase the energy efficiency of existing buildings at the same time and in the least 
invasive way. Also, a multidisciplinary framework to conceive and design sustainable 
integrated interventions according to the Life Cycle Thinking approach was proposed by 
Passoni et al. (2021). An effective way to achieve building sustainability should consider 
and integrate environmental issues in the earlier design stage, when structures' durability, 
probabilistic reliability, and safety are involved. These are correlating and complementary 
parameters, parts of the same whole, and, thus, they need to be considered and addressed 
together. Therefore, an integrated design approach is deemed essential to move toward 
sustainability that allows building assessment from a multi-performance perspective. 
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Through its ambitious programmes aimed at reducing emissions and reaching carbon 
neutrality by 2050, Europe is currently dictating the agenda for this transformation, starting 
from the renovation of the existing building stock, also supported by the New European 
Bauhaus initiative (European Commission, 2021) to create sustainable, beautiful and 
inclusive living spaces in line with the European Green Deal priority (European 
Commission, 2019b). 
Other important research activities are currently being conducted at national levels, for 
instance, in Italy by means of a specific work package activated by the national Department 
for Civil Protection (ReLUIS-DPC 2019–2021 research project – WP5). 
 

2. General Objectives 

On these premises, the issue of the buildings’ environmental and energy performances, as 
along with structural safety, is placed at the top of the agenda for the renovation of the 
European existing building stock. In this regard, the European Association of Earthquake 
Engineering (EAEE) Working Group's mission is also to help disseminate the technical 
content of the current research activities aimed to combine seismic/structural and energy 
retrofit using innovative technologies and proper design methods.  
The core of the working team has already been active in this respect participating in 
European activities such as the REEBUILD pilot project conducted by the JRC; the project 
was aimed at defining solutions able to both reduce seismic vulnerability and increase energy 
efficiency in such a way to produce significant environmental benefits (e.g., reduction of 
CO2 emissions, reduction of the construction waste, etc.) as well as minimise economic 
losses and fatalities due to future earthquakes. This project was directly supported by several 
European Commission priorities, including the Green Deal’s call to renovate in energy and 
resource-efficient way. It contributes to the technical background supporting the Renovation 
Wave initiative (European Commission, 2020) and an EU Action Plan to modernise the 
European building stock. 
 

3. Activities 

Four main actions are expected to be pursued by this EAEE Working Group: 
1. Support research leading to state-of-the-art publications; 
2. Contribution to high-level academic and professional courses; 
3. Dedicated workshops, webinars and special sessions for international conferences; 
4. Dissemination to the wider public and stakeholders. 

3.1. Support research leading to state-of-the-art publications 

Within this action, the aim of the Working Group is to identify methods that can be used to 
facilitate the implementation of large-scale combined energy-seismic retrofits. The 
European Union is supporting several research groups and projects that are generating 
significant research results and developing technical guidance on retrofit technologies, 
development of composite materials for integrated retrofitting, cost-benefit analyses, data 
and tools to assist decision making, etc. In light of this, the purpose of this activity is to 
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review the state-of-the-art knowledge regarding the options available for improving seismic 
safety and energy efficiency. Moreover, a collection and examination of all measures - 
legislation, incentives, guidance, and standards - that exist in the EU Member States 
regarding the retrofit of buildings aiming at enhanced energy and seismic performance will 
also be performed, considering the special features of the building stock exposure, the hazard 
and the environmental constraints and particularities.  

This activity of state-of-the-art review was already started in 2021 with the gathering of 
many existing methods through a broad literature review to measure the energy efficiency 
and environmental performance of buildings (Menna et al., 2022), and few of them can be 
easily combined with the structural and seismic design. The combined and integrated seismic 
and energy retrofit technologies currently represent a lead research field. The originality of 
this review is related to the fact that this topic is quite new, thus requiring further 
development to extend the range of effective intervention options. 

3.2. Contribution to high-level academic and professional courses 

This activity aims to widen the knowledge about combined seismic and environmental 
techniques for existing buildings to students and professionals. This is particularly pertinent 
to countries with medium to high seismic hazard, such as southern and eastern Europe, where 
seismic events have claimed thousands of lives and caused extensive economic damage in 
recent decades. However, this also applies to countries with low seismic hazard, such as 
those in Central Europe. Thus, the results collected from the state-of-the-art publications 
should be introduced in engineering schools and professional courses, not only in 
earthquake-prone countries/regions but also wherever it is needed; for example, addressing 
a specific focus on structural safety for facing a potential flood event.  

3.3. Coordination of workshops, webinars and special sessions at international 
conferences 

By coordinating workshops, webinars and special sessions at international conferences, the 
activity aims to spread knowledge about the retrofitting of existing buildings, which can be 
pursued with a holistic renovation approach geared for true sustainability, contextually 
encompassing resilience, structural safety, and eco-efficiency. This will help disseminate the 
state-of-the-art knowledge and encourage other research groups to represent both a frontier 
in the earthquake engineering field and an opportunity to effectively foster the existing 
building stock's safety and resilience. 

3.4. Dissemination to the wider public and stakeholders 

The activity is designed to support the awareness, dissemination, and outreach of the results 
gathered by the Working Group based on prior actions with a view to medium-/long-term 
sustainability of the initiative. The involved stakeholders will be representatives of European 
Institutions, the EU Member States, Regional Authorities, academia and research 
institutions, industrial associations and product manufacturers, the insurance sector, as well 
as design professionals, experts, communities of practice, and students. 
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4. Conclusions  

Nowadays, the need to renovate the existing building stock is broadly recognised. Not only 
the seismic risk reduction is particularly urgent, but also specific measures must be 
undertaken to improve the sustainability of the existing constructions, as highlighted by 
European Union Policies – SDGs, Green Deal and the New European Bauhaus. 

A Working Group on combined seismic and environmental upgrading of existing buildings 
has been activated under the mandate of the EAEE. The Working Group programme, which 
is being conducted with the participation of several European experts and young researchers, 
has been presented. The group does not pursue any research actions per se, but it aims at 
integrating and disseminating the state-of-the-art knowledge regarding integrated techniques 
to a wider audience. 

With respect to the current political situation in Europe (Spring 2022), the need for energy 
efficiency and resilience of buildings has become extremely urgent; it would be necessary 
to think about a new paradigm and concepts on how to retrofit building stock, considering 
the need for a high level of energy efficiency and an enhanced level of resilience. To some 
extent, the transition from gas to other energy sources will also change concepts for energy 
upgrading of existing buildings. A new challenge and fundamental goal is to develop ideas 
and methods for environmental and energy retrofitting of the building stock in damaged parts 
of Ukraine. 
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Abstract: Increasing energy efficiency of final energy consumption is very actual and 

important topic, in parallel with activities and measures worldwide targeting increased share 

of renewable energy sources. Despite recent expansion in building construction, old 

buildings characterized by high consumption of energy still represent a great majority of 

both residential and public building stock in many countries in the Balkan region. Being 

located in seismic-prone countries, such as Republic of North Macedonia, these old 

buildings are also characterized by high risk of partial or complete destruction during 

earthquakes. This imposes the need for mandatory screening at the outset of an energy 

efficiency programme, which will categorise buildings according to seismic risk, thus 

determine which buildings are suitable for energy efficiency investments. This paper 

presents how the methodology for high-level seismic screening, originally proposed in the 

World Bank’s Country Report (North Macedonia) is extended and customized by Institute 

of Earthquake Engineering and Engineering Seismology, IZIIS, Skopje to correspond to the 

country specificities. 

Keywords: seismic performance of existing structures, knowledge level, aseismic design 

practice, construction practice, non-destructive testing, medical facilities  

1. Introduction

Situated in the most southern part of the Balkan Peninsula, the territory of the Republic of 

North Macedonia belongs to the Mediterranean seismic belt and is characterized by 

extensive neotectonics and recent destructive processes that result in intensive seismic 

activity manifested in several regions. According to the earthquake catalogue, several 

hundreds of earthquakes have been felt on the territory of Macedonia for the last century, 

most of them with destructive nature and some even with catastrophic consequences. 

However, the studies related to seismic design, vulnerability and exposure modelling as 

well as enactment of seismic code started generally after the Skopje earthquake from 1963, 

following the need for damage assessment, reconstruction and recovery of city of Skopje. 

Аs there is no regular inventory of buildings in the country, official data can be obtained 

from the population and dwellings censuses, (the last one was carried out in 2021 but still 

without official data). With cross-analysis of the statistical data from the last censuses from 

1991 and 2002 and the available data from the State Statistical Office, it can be 

summarized that in 2002 the percentage of buildings built before 1970, out of the total 

number of particular type of facilities, is 35% for residential, 82% for school, 81% for 

tourist and 39% for health facilities; Shendova (2011), Shendova et al. (2019). Based on 

the trend of newly built residential buildings in the last two decades, it can be estimated 
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that nowadays the percentage of residential buildings built before 1970 is certainly 

reduced, but the percentage of school and health facilities is still high. Thus, for a 

significant percentage of the construction stock in the country, the level of seismic 

protection is unknown. Beside its high seismic risk, these old buildings are characterized 

by high consumption of energy too.  

As а signatory of the EU and International Energy Charters as well as the Protocol for 

Energy Efficiency and Relevant Environmental Protection Aspects, North Macedonia is 

funding a number of energy efficiency programmes thorough available financial instruments, 

with the objective of reducing the energy consumption of public buildings. Considering that 

the vast majority of target buildings are characterized by both high consumption of energy 

and high seismic risk, integration of seismic risk considerations into energy efficiency 

programmes should be mandatory. This can be achieved by providing the high-level seismic 

screening process at the outset of an energy efficiency programme, which will categorise 

buildings according to seismic risk, based on knowledge on aseismic design and practice in 

the country, thus determine which buildings are suitable for energy efficiency investments. 

2. Aseismic design and construction practices in North Macedonia 

The existing building stock in North Macedonia reflects the history of urban development 

which, until 1990, is common for whole territory of former Yugoslavia. The prevailing 

building types differ from the building function to different region where they have been 

built according to local traditional practice. Standard legislation defines the procedures and 

the demands for seismic protection and dominantly refers to problems of acceptable risk 

for buildings; Sesov et al. (2020). Briefly, there were three major threshold changes in 

seismic standards during the Yugoslav (pre-1991) period. 

• The first standards addressing the seismic requirements were the “Temporary 

Technical Provisions for Loading of Buildings” (PTP-2), adopted in 1948, that 

prescribed structural analysis by additional horizontal forces, (representing effects of 

wind) taken as 2% of the total building weight, but it was required only for higher 

buildings. No specific reinforcement detailing was defined. 

• Prompted by the devastating Skopje earthquake of July 26, 1963, the first seismic 

design code “Temporary Technical Provisions for Building in Seismic Regions” was 

adopted in 1964, which improved methods for determining design loads on buildings 

and introduced quality requirements for materials and construction. Great progress in 

structural design, construction practice and scientific development in the field of 

earthquake engineering took place in the entire region in the 1970s, led by the 

Institute of Earthquake Engineering and Engineering Seismology (IZIIS) established 

in 1965 upon UN recommendation for the recovery of Skopje and conducting 

research, education, training, development and improvement of technical regulations 

in the field of earthquake-resistant structures. 

• In the 1981 “Rulebook on Technical Regulations for Construction of Buildings in 

Seismic Regions” significant update was made to the seismic design, partly in 

response to the 1979 Montenegro earthquake, and it was mandatory for any type of 

building. Along with the amendments from 1982, 1983, 1988, and 1990, it is still an 

official and valid regulation in the country. Macro-seismic maps for several 

characteristic return periods were incorporated to comply with the seismic hazard 

levels. Introduced was seismic shear base coefficient calculated according to 

building importance, structural system, local soil conditions and seismicity of the 
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region. Limits on permissible heights of masonry construction, introduced in 1964, 

were further revised based on construction method. Importantly for reinforced 

concrete moment frame systems, detailing requirements in the heavily loaded zones 

at the end of beams and columns were introduced. Also, the regulations that were 

adopted in the designated period and are still in power are:  the “Code for Repair 

and Strengthening of Earthquake Damaged Buildings” (1985) and the “Rulebook on 

Concrete and Reinforced Concrete” (1987).  

The period from 1964 till 1991 is considered as a period of exceptionally high-quality 

structural design and control that resulted in safe buildings with a seismic risk equal to or 

lower than the maximum acceptable. However, the period from 1991 till 2005, after the 

country gained independence, was a transition period in which many individual initiatives 

for design and construction of residential and business areas were taken. Although seismic 

design regulations existed, the Macedonian society struggle with strict implementation of 

technical standards that regulates construction of building structures. Material and 

construction quality control were not mandatory by any regulations. As a result, there is no 

clear picture of the quality of the constructed building for this period. 

This period ended in 2005 with the enactment of the Law of Construction. This law 

established the Technical Chamber of Architects and Engineering as the institution to 

control the professional competences by enforcing the certification requirements for 

structural design, project revision, construction execution and supervision. There are 

however no laws mandating seismic assessment of existing structures unless they are 

undergoing structural modification, nor specific licencing process or qualification for 

demonstrating competency in the seismic assessment of existing buildings. It is important 

that seismic assessments and strengthening designs are be carried out by structural 

engineers with appropriate knowledge and experience. Many structural engineers who are 

highly experienced and skilled in the design of new buildings may not have experience in 

the assessment of old buildings, or the field of seismic assessment. The effective 

implementation of seismic assessment and design of strengthening requires a range of 

specialist skills, characteristic for the discipline of earthquake engineering. 

In 2013, an Annex to the Law on Construction of Building Structures was adopted, which 

further improves the construction regulation process mandating the expert review of Scientific 

Institution with respectful experience (IZIIS, http://www.iziis.ukim.edu.mk/en) to obtain 

construction permit for all buildings and usage permit for buildings above 300 m2 area. 

In 2020, Eurocodes were adopted in the Republic of North Macedonia as parallel legislation 

to the currently valid Codes, after which the building design and construction practice is 

expected to be more harmonized with the European practice.  

Taking the above into account, the roughest general building categorization could be done 

according to the main structural system and year of construction, meaning three basic types:  

• Non-Earthquake Resistant Masonry Buildings (pre-Code) involving unreinforced, plain 

masonry buildings with several sub-categories that were implemented dominantly in 

urban and rural areas up to 1964 when the first seismic code was enforced.  

• Moderate Earthquake Resistant Confined Masonry Buildings (Low-Code) involving 

plain masonry structures strengthened by vertical and horizontal reinforced concrete 

belts or by jacketing of the bearing walls, frequently implemented after the Skopje 

earthquake for seismic upgrading of existing buildings as well as construction of new 

houses, dwellings and low-rise public buildings.  
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• Earthquake Resistant Reinforced Concrete Buildings, (High-Code) involving low, 

mid and high-rise public and residential buildings, residential complexes in urban 

areas, with extensive usage after 1970 until nowadays.  

3. High-level seismic screening methodologies 

3.1. High-Level Screening – Level 1 according to the World Bank’s Country report  

Within the Public Sector Energy Efficiency Project (REP No: MK-MOF-001-2021-CS-SC), 

financed by the International Bank for Reconstruction and Development (IBRD) with the 

Ministry of Finance of Republic North Macedonia as the implementing agency, IZIIS has been 

assigned to provide technical assistance for seismic screening of medical facilities in the 

country, in accordance with the methodology described in the Country Report (North 

Macedonia) on Integrating Seismic Risk Consideration into Energy Efficiency Investments 

World Bank #1265632, applying Level 1 seismic screening and using the template data 

record Level_1_Data_Record_form; Sesov et al. (2020,  2021). 

This screening process according to the given methodology includes two types of information 

that should be fill in the Form: (1) General information which could be gathered by anyone 

and does not require specialist expertise (construction date, location, input information from 

hazard maps and number of storeys) and (2) Specific information that requires engineering 

judgement (construction type and structural irregularities). Several methods are proposed that 

could be used to collect data depending on the quality of existing records. 

• Desk study and remote data collecting, (if there is good coverage of Google Street-

view or Google 3D buildings in the region being studied) 

• Building manager questionnaire  

• Rapid visual survey by a structural engineer (if data and photo records are incomplete).  

According to the Country Report, two different seismic hazard information are required in the 

screening form to obtain a hazard comparison rating of A, B, C or D, irrespective the 

knowledge on local seismicity, (Table 1): 

• The seismic hazard at the building location as defined using the current earthquake 

hazard map that has been produced for the Eurocode National Annex for the country.  

• The seismic hazard value that was applicable at the time of the building’s 

construction. This value can be obtained from the historic hazard maps published in 

1964, 1982 and 1990. 

 
Table 1. Hazard comparison rating (according to Country Report) 

  Eurocode peak ground acceleration agR 

  

Band 

0.05 0.10 0.12 0.15 0.20 0.25 0.30 0.35 0.40 
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Building structural system should be classified and eventual structural irregularities or 

evidence on structural strengthening should be noted in accordance with the given 

guidance. Then, using the rating schedule, preliminary colour classification (red, orange, 

yellow, green) should be chosen by selecting the row matching the characteristics of the 

building. If there are unknowns in the building data, the rating corresponding to the most 

conservative (highest vulnerability) assumption has to be used. A preliminary colour 

classification might be revised in relation with the seismic risk rating descriptions for each of 

the colours, (Table 2), thus leading to the final colour status. 

Table 2. Seismic risk rating (according to Country Report) 

 Green: The building is suitable for progression in the EE programme without further seismic 

assessment  

This is either because it has acceptable document records to indicate that the building meets current 

building standards or because the building is in a region of low earthquake hazard and is judged likely to 

have good earthquake resilience, although document records are not available to formally validate this 

status. 

 Yellow: The building could progress in the EE programme, but compliance with modern standards is 

not guaranteed.  

A further assessment is likely to conclude that the building has reasonable seismic performance, however 

there are some uncertainties. A deficiency based or detailed assessment is needed to confirm seismic risk 

status and identify recommended strengthening interventions.  

The building may require some localised earthquake strengthening work to reach acceptable seismic 

performance. These may be achievable for a cost within 10% of the building value. 

 Orange: The building could progress in the EE programme, but building performance is likely to 

be below modern standards.  

A further assessment is likely to conclude that the building has moderate seismic performance, however 

there are some uncertainties and the building may contain critical weaknesses that are not detectable in the 

high-level screening. A deficiency-based or detailed assessment is needed to confirm seismic risk status 

and identify recommended strengthening interventions.  

The building may require strengthening to reach acceptable seismic performance. Bringing the building 

closer to modern standards is likely to require moderate costs in the range of 10 to 50% of the building value. 

 Red: A detailed assessment is likely to conclude that this building has high vulnerability which may 

include a critical structural weakness.  

It is likely that strengthening the building to meet a reasonable benchmark performance level would 

require significant investment exceeding 50% of the building value. 

 

3.2. IZIIS’ Approach for customized seismic screening 

Data requirements for the screening process according to the given methodology in the 

Country report have been established to balance the effort required to collect the data with the 

benefit in terms of reliability of seismic assessment. This will certainly lead to more 

conservative decisions if the screening takes place rapidly, based on desk study and remote 

data collection, and especially without trying to increase the knowledge level for the particular 

structure, thus minimize the uncertainties. Despite precise general building classification, for 

reliable seismic safety assessment, the method of detailed site inspection of the building is 

indispensable and irreplaceable. 

To achieve more reliable seismic risk rating, IZIIS proposed and carried out the extended and 

upgraded technical approach for customizing the high-level seismic screening to correspond 

to the specifies of medical facilities in the country; Apostolska et al. (2018), representing by 

the following steps: 

(step 1) Desk study, remote data collecting, putting efforts in providing the design 

technical documentation and reviewing it; 

3056
3ECEES, September 2022, Bucharest, Romania



(step 2) On-site screening inspection by survey teams involving the following activities: 

• conducting the interview with the facility representatives who has sufficient knowledge 

of the facility since its commissioning, 

• outdoor / indoor visual inspection with control measurements of building geometry, 

• indoor visual inspection for identification overall integrity of structural system, 

irregularities, structural and non-structural changes during exploitation, damages to 
the bearing elements, evidence of strengthening, other operating and maintenance 

problems and control measurements of structural elements geometry,  

• nondestructive measurements (NDT tests) of selected structural members, (were 

available) applying the following testing equipment: 

- SCLEROMETER Digi Schmidt,  mechanical device designed to define the 

compressive strength of a material (primarily concrete) 

- PROFOMETER, rebar detection system, for identifying the presence of the columns 

hidden in the walls and obtaining data on the built-in reinforcement 

- TROMINO portable ultra-mobile seismometers for definition of structural 

fundamental dynamic characteristic, (natural frequencies); 

• filling the Level 1_Data_Record_Form during the survey with the preliminary seismic 

color rating (green, yellow, orange, red) for each structural unit within the medical facility 

(step 3) Post-screening desk study involving: 

• reconsidering the information obtained during the survey, 

• definition of the final color status in accordance with complete findings and 

observations on existing seismic structural stability,  

(step 4) Repeated on-site screening involving more detailed (destructive) control 

investigation of the quality and quantity of built-in materials (concrete grade, 

reinforcement type) in the case where this additional information was needed to justify 

final color rating. 

To realize the above-mentioned activities IZIIS engaged the following teams: 

• one supervising team, consisting of four key-experts in the field, who set up the criteria 

for seismic screening, coordinated all the activities, revised and harmonized the survey 

data and confirmed the screening rating of each building assigned by the survey teams  

• five survey teams, consisting of two to three structural engineers, (one expert as team 

leader and collaborators), who communicated conducted an interview with the 

representatives of each of the selected medical facilities for obtaining the necessary 

information and better organizing the on-site visual survey, reviewed the technical 

documentation, provided the on-site visual survey along with NDT tests and filled-in 

the Level_1_Data_Record_Form. 

Structural analysis of the surveyed structures was not carried out, so the seismic assessment 

was of a qualitative nature and based on the IZIIS’ knowledge and expertise in addition to the 

conducted interviews, project and drawing reviews, visual observations, non-destructive 

measurements, and limited control investigations (destructive testing). 

4. Comparative presentation of the seismic screening results of 27 medical facilities 

High-level seismic screening was performed for total number of 27 medical facilities with 

different functions, selected by the Ministry of health of North Macedonia, including 

dominantly healthcare centres, but also infirmaries and pharmacies. Vast majority of the 
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selected healthcare centres represent complexes with several separate structural units, thus 

the total of 65 structural units with total floor area of 54005 m2 were surveyed. Among them, 

47 are reinforced concrete structures, 14 are masonry structures, 3 are with reinforced 

concrete ground floor upgraded with additional steel structure and 1 is wooden structure. 

According to the relevant standard when the structures were designed, (Table 3), which 

according to the methodology is one of the deciding factors for the colour rating, the 

facilities have been dominantly designed according to the first seismic code in the country, 

while only small part of them have been designed according to current standards. 

However, there are not insignificant number of facilities older than 60 years, which have 

not been designed as earthquake resistant structures, and, according to Table 1, are 

automatically excluded from the energy efficiency programme, irrespectively the existing 

state of the structural system. 

 
Table 3. Distribution according to the relevant standard when the facilities were designed  

year of issuing the 

relevant standard  

number of 

 facilities 

number of  

structural units 

total floor area 

in m2 

1948 7 14 8119 

1964 16 43 40298 

1981 4 8 5588 

 

    
according to number of units   according to total floor area 

Fig. 1 - Distribution according to Contry report’ methodologoy 

   
according to number of units   according to total floor area 

Fig.2 - Distribution according to IZIIS’ methodology 

On-site visual inspection of the medical facilities was carried out in the period August –

September 2021. During the visual survey and inspection, (step 1 and part of step 2), the 

Level_1_Data_Recor_Forms for all the buildings were filled in, by adopting the colour 

rating status dominantly in accordance with the methodology given in the Country Report 

(North Macedonia). Results for colour rating presented, (fig.1) shows that none of the 

structural unit is categorized as green, meaning that no one is suitable for progression in 

the EE programme without further seismic assessment.  22 (yellow) units with about 35% 
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of total floor area could enter the EE programme if the further assessment satisfies the 

criteria, for the 32 (orange) units with 54% of total floor area it is not cost-effective to enter 

the EE programme since it will require structural strengthening while the rest 11 (red) units 

with about 10% of total floor area are automatically excluded from the EE programme. 

However, implementing IZIIS’ extended and upgraded methodology, (steps 2, 3 4) which 

gives the possibility to take into account and reconsider the in-situ situation of each of the 

structural unit, confirmed with the site inspection and non-destructive measurement, as 

well as the elaborated acceptable level of risk from the deficiencies to meet the current 

seismic code, results in significantly different building categorization, (fig. 2). Due to these 

reconsideration, vast majority of the structural units are categorized with lower seismic risk 

by at least one level, although there is one structural unit which turned in “red” from 

“orange” since it was seriously damaged.  

It has to be noted that, beside the Ministry of finance of North Macedonia, this approach 

resulting in categorizing of almost 90% of the buildings with the lowest seismic risk, 

(green and yellow final colour status) was accepted and approved by the World Bank too, 

which provide the financial support for overall energy efficiency programme.   

5. Conclusion 

Improvement of energy efficiency of existing buildings is very important and “hot” topic 

worldwide. For the seismic prone regions, it is recommended to perform seismic screening 

before deciding whether the structure is suitable for energy efficiency investment. 

However, it is important the seismic screening to be based on overall knowledge on 

aseismic design and construction practice in the country, detailed on-site inspection of each 

particular building, and to be carried out by structural engineers with appropriate 

knowledge and experience in earthquake engineering. Applying seismic screening which is 

developed without considering the country specificities and allows only desk study and 

remote collection of data often leads to conservative and nonrelevant decisions.  
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Abstract: With an increasing need for building renovation to improve their energy performance and 
structural safety, the field of combined seismic and energy retrofitting is currently emerging. While cost-
benefit analyses of specific case-study buildings have already highlighted the validity of combined 
retrofitting approaches, evaluations at building stock level are still needed. In this study, an economic 
evaluation of combined retrofitting is offered based on energy consumption and seismic loss modelling for 
the existing building stock across 20 European cities with different seismic hazard and climatic conditions. 
The results obtained confirm the potential of increasing cost-effectiveness of renovation intervention when 
applying seismic and energy retrofits in an integrated manner. Reduced investment payback periods are 
obtained for combined retrofitting in regions of moderate to high seismic risk, especially for older and more 
vulnerable building typologies.   

Keywords: Combined seismic and energy retrofit; Existing building stock; Renovation; 
Energy performance of buildings; Seismic losses  

1. Introduction 

With its increasing age, the existing European building stock requires significant 
renovation in order to update its energy performance to modern standards, while also 
ensuring structural safety (Pohoryles et al., 2020). Building renovation efforts typically aim 
to reduce their impact on the environment, as buildings consume up to 40% of the total EU 
energy consumption (European Commission, 2020b), meaning they also account for 
significant greenhouse gas emissions (36%). Still, building renovation rates are low, with 
less than 1% of buildings currently being renovated on an annual basis (European 
Commission, 2020a). To increase renovation rates, next to extensive policy measure, such 
as the EU Green Deal Renovation Wave initiative (European Commission, 2020b), 
improved cost effectiveness is needed as an added incentive (La Greca et al., 2018). 
In recent years, the possibility for integrated structural and energy retrofitting of buildings 
has been studied as a means of improving seismic safety and energy efficiency in a cost-
effective manner (Bournas, 2018; Calvi et al., 2016). Various materials and technologies 
have already been investigated in the academic literature, as summarised in (Pohoryles et 
al., 2022). Cost-benefit analyses of specific case-studies clearly demonstrate the advantage 
of combined retrofitting methods compared to energy renovation alone (e.g.: Calvi et al., 
2016; Giresini et al., 2020). 
On a building stock level, a recent effort has highlighted the potential of combined 
retrofitting on a larger scale (Pohoryles et al., 2020). Based on this work, an economic 
analysis of payback periods comparing different renovation strategies (energy only, 
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separate interventions and combined interventions) is offered here. Through integrated 
economic loss assessments, locations and buildings for which combined retrofitting is 
more cost-effective are defined, leading the way for further implementations of such 
retrofitting methods.  

2. Method 

In order to assess whether energy efficiency and structural retrofitting practices could be 
integrated, a common approach for building performance assessment was defined in 
(Bournas, 2018). This approach was used to investigate the energy and seismic 
performance of different EU building typologies through numerical modelling (Pohoryles 
et al., 2020, 2021). Initially, a selection of 20 case study locations across Europe, as shown 
in Table 1, was made to be representative of a range of seismic hazard levels and climatic 
conditions.  

Table 1. Case study locations organised by climatic and seismic zones.  

Location Climatic 
zone 

Seismic 
zone 

Location Climatic 
zone 

Seismic 
zone 

Location Climatic 
zone 

Seismic 
zone 

Faro 1 2 Bari 2 3 Geneva 3 1 

Larnaca 1 5 Thessaloniki 2 4 Bucharest 4 3 

Lisbon 1 3 Istanbul 2 5 Sofia 4 4 

Seville 1 1 Perugia 3 4 Bratislava 4 2 

Athens 1 4 Milan 3 2 Groningen 4 1 

Porto 2 1 Potenza 3 5 Warsaw 4 1 

Rome 2 4 Belgrade 3 3    

 
The case study cities were grouped into four different climatic and five seismic zones as 
shown in Table 2. Here the local seismicity is defined in terms of peak ground acceleration 
(pga) on rock for a return period of 475 years (Pagani et al., 2018) and climatic conditions 
are based on heating degree days (HDD), calculated using the ASHRAE method 
(American Society of Heating, 2013).  

Table 2. Definitions of seismic and climatic zones. 

Zone  Seismic  Climatic  

1 pga < 0.125 HDD≤1200 

2 0.125 ≤ pga < 0.2 1200<HDD≤2200 

3 0.2 ≤ pga < 0.3 2200<HDD≤3000 

4 0.3 ≤ pga < 0.4 3000<HDD≤4000 

5 pga ≥ 0.4 / 

 
A combined energy and seismic assessment was then conducted at the building stock level, 
where representative existing buildings from five construction periods (pre-1945, 1945-59, 
1960-1969, 1970-1989 and post-1989) were selected and representative building 
typologies were defined as in Table 3 (Pohoryles et al., 2020).  
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Table 3. Selected characteristics of building typologies for five construction periods. 

Period Pre-1945 1945 -1959 1960-1969 1970 – 1989 Post-1989 

Material 
Stone or brick 
masonry  

solid clay brick 
masonry 

hollow clay 
brick masonry 

hollow clay 
brick masonry 

hollow clay 
brick + thermal 
insulation 

Detail Multi-leaf wall Multi-leaf wall Single leaf wall Cavity wall Cavity wall 

Sketch 

45
 30     

U-value (W/m2K) 1.30 - 2.25 1.77 0.97 0.79 0.35 – 0.75 

Seismic design  None None Low Medium High 

 
Seismic losses and energy consumption for the representative building typologies for the 
20 locations were calculated by means of a probabilistic seismic loss assessment and 
building energy modelling, respectively. The obtained results were then combined into an 
economic metric, namely the combined expected annual loss, EALC defined as in (Bournas, 
2018). The effect of separate and combined seismic-plus-energy retrofitting was then 
evaluated, by repeating the calculation for a retrofitted building stock. This allows to 
calculate the payback periods of the retrofitting interventions, as proposed in (Bournas, 
2018), i.e. the ratio of the assumed costs of the retrofit to the annual cost savings in Eq. (1), 
where subscript k corresponds to the respective values of the energy, seismic or combined 
retrofit, depending on the evaluation:  
 

 
(1) 

For the integrated retrofitting in this study, solution of Textile-Reinforce Mortar (TRM) 
jacketing combined with thermal insulation experimentally verified for masonry-infilled 
RC frames (Baek et al. 2022) and masonry wall (e.g. Triantafillou et al. 2017, Gkournelos 
et al. 2020), illustrated in Fig. 1 was applied.  

 

 

 
Fig. 1 - Integrated retrofitting with TRM and thermal insulation. 
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Retrofit costs were defined for the energy retrofit and seismic retrofit, where the cost for 
energy retrofitting considers thermal insulation and the cost of replacing windows, and 
seismic retrofitting considers the cost of using glass-TRM. Applying both interventions at 
once in a combined retrofit was estimated to be 25% cheaper than separate interventions 
(Gkournelos et al., 2019), due to reduced labour time (and costs), the possibility of using 
the same scaffolding etc. Details on the cost assessment can be found in (Pohoryles et al., 
2020).  

3. Results 

Following the economic evaluation of seismic and energy losses for existing and retrofitted 
buildings in (Pohoryles et al., 2020), an evaluation of the savings due to retrofitting was 
conducted. These were disaggregated into savings by seismic and energy retrofitting as 
shown in Fig. 2. In zones of low seismicity (e.g. Seismic Zone 1 or 2), the majority of 
savings in terms of combined expected annual loss reductions (ΔEALC) is due to energy 
retrofitting, i.e. obtained through reductions in energy consumption. However, when 
looking at zones with moderate to high seismic hazard, i.e. Seismic Zone 3 and above, the 
larger part of savings is due to seismic retrofitting.  
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Fig. 2 - Disaggregation of EALC (%) in its seismic and energy components averaged for each Seismic Zone. 

An evaluation of the economic benefit of the different the renovation strategies was then 
carried out for each seismic zone in terms of the payback periods, calculated using 
equation (1). In Fig. 3 the payback periods for (1) energy retrofitting; (2) separate seismic 
and energy retrofitting; and (3) combined seismic and energy retrofitting are compared. 
The plots highlight in which cases (i.e. for which building type and seismic zone) 
combined retrofitting is worthwhile compared to an energy retrofit alone.  
While the displayed values are dependent to a great extent on the assumptions of retrofit 
costs, for which further analysis is required, the trends shown in Fig. 3 indicate that for 
locations of moderate to high seismicity, and for older buildings even in low seismic zones 
(Seismic Zone 2), combined retrofitting presents cost-benefits over either separate 
interventions or energy retrofitting alone. As presented in Fig. 3, in these zones the 
importance of seismic loss reduction might become more critical than the energy savings 
alone.  
Payback periods are particularly reduced for older buildings, i.e. buildings designed 
without seismic or energy performance guidelines, where losses due to energy costs and 
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due to seismic events are the highest for existing buildings. Given the cost savings in 
integrated retrofitting applications, in all cases separate interventions lead to longer 
payback periods. 
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Fig. 3 - Payback periods for all building ages (average taken over the four climate zones) for the energy 

retrofit compared to combined and separate seismic and energy retrofitting shown for each Seismic Zone. 

4. Conclusions  

A study on the economic impact of building renovation was conducted across locations 
with different seismic hazard and climatic conditions to understand when and where 
combined seismic and energy retrofitting may be beneficial. TRM jacketing was combined 
with thermal insulation for the integrated retrofitting of the buildings’ envelopes. 
Moreover, by using a combined monetary metric, i.e. expected annual loss, the effect of 
retrofitting was assessed and investment payback periods were estimated.  
Payback periods for investments in combined energy and seismic retrofit were shown to 
have financial benefits over energy retrofitting alone already for locations with moderate to 
high seismicity. For older and more vulnerable buildings, even in lower seismic hazard 
zones cost-effectiveness may be achieved through combined retrofitting. Additionally, 
when seismic retrofitting is per se required, i.e. in locations of the highest seismic risk, it is 
more advantageous to combine the retrofit with energy efficiency measures in an 
integrated manner instead of separate interventions. Overall, the presented results highlight 
the potential of combined retrofitting, with further need for experimental validations of 
retrofit technologies currently carried out at the European Commission, Joint Research 
Centre within the project iRESIST+.  
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Abstract: An experimental and numerical research, aimed at evaluating the in-plane seismic 

behaviour of an innovative modular external steel reinforcement system for load-bearing 

walls (named “Resisto 5.9”, designed by Progetto Sisma s.r.l.), is currently underway at the 

EUCENTRE Foundation in Pavia. The main purpose of this research consists in the 

evaluation of the lateral in-plane performance of existing masonry walls strengthened with 

the proposed system, in relation to the non-reinforced case. Two different masonry 

typologies were considered in this campaign: one made up with solid clay bricks and lime 

mortar, with “header bond” pattern, and the other assembled in a “Flemish bond” pattern 

with a typical Italian hollow clay “doppio UNI” unit and cement-lime mortar. The 

performed experimental tests included the complete mechanical characterization of units, 

mortars, masonry typologies and of the components of the reinforcement system (steel 

elements and anchors). Subsequently, the main seismic parameters were evaluated through 

cyclic in-plane pseudo-static tests on full-scale specimens, considering both non-reinforced 

and reinforced conditions. The cyclic behaviour of the masonry walls was analysed in terms 

of elastic stiffness, lateral resistance and displacement capacity, depending on the observed 

damage mechanism. 

Keywords: Load-bearing masonry; Experimental in-plane response; Masonry seismic 

strengthening; Innovative external steel modular reinforcement system. 

1. Introduction 

In the last few years, the efforts of combining structural and energetic requirements have 

led to the study and spreading of innovative integrated reinforcement systems for existing 

masonry buildings, with the aim to ensure an improvement in both seismic performance 

and energy efficiency of structures. Several retrofit techniques for unreinforced masonry 

walls have been investigated in the past, including the application of steel elements 

connected to the masonry (Taghdi et al., 2000; Farooq et al., 2006; Darbhanzi et al., 2014), 

the introduction of post-tensioning systems (Laursen and Ingham, 2001; Wight et al., 2006; 

Ma et al., 2012) or, more recently, the use of timber elements (Dizhur et al., 2017; Giongo 

et al., 2017; Guerrini et al., 2021; Miglietta et al., 2021). In this context, Progetto Sisma 

s.r.l. designed “Resisto 5.9”, an external steel modular reinforcement system integrated 

with a thermal insulation coating. From the structural point of view, the proposed system 

aims to guarantee an increase in the degree of connection between orthogonal walls and 

among walls and horizontal elements, a better redistribution of the seismic actions among 

the structural elements in the building, a limitation of the out-of-plane overturning of walls 

and also an improvement of the seismic in-plane performance of masonry piers and 

spandrels. 
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An experimental campaign is currently underway at the EUCENTRE Foundation in Pavia, 

aimed at evaluating the in-plane seismic behaviour of the “Resisto 5.9” reinforcement 

system, also considering its possible connection with the reinforced concrete (r.c.) 

foundation and top beam. The lateral in-plane performance of existing masonry walls, 

strengthened with the proposed system, has been evaluated through cyclic in-plane pseudo-

static tests on full-scale specimens and compared to the non-reinforced case. Two different 

masonry typologies, representing common solutions in Italian existing buildings, have 

been considered so far in this campaign: one made up with solid clay bricks and lime 

mortar, with “header bond” pattern, and the other assembled in a “Flemish bond” pattern 

with a typical Italian hollow clay “doppio UNI” unit and cement-lime mortar. The 

performed experimental tests included the complete mechanical characterization of units, 

mortars, masonry typologies and of the components of the reinforcement system (steel 

elements and anchors). The cyclic behaviour of the masonry walls has been analysed in 

terms of elastic stiffness, lateral resistance and displacement capacity, depending on the 

observed damage mechanism. 

2. Description of the innovative reinforcement system 

The “Resisto 5.9” reinforcement system (reported in Fig. 1) consists of modular steel 

frames, connected to each other by means of M12 grade 8.8 steel bolts and to the masonry 

through chemical anchoring with class 8.8 M14 threaded bars. The steel frames are made 

up of cold formed L-shaped sections with plate elements as horizontal and diagonal 

bracings, obtained from 3 mm thick thin sheets in galvanized S250GD+Z steel (yield 

strength fy = 250 MPa and tensile strength fu = 330 MPa).  

The modules must be positioned side-by-side adhering to the external surface of the wall 

and connected to each other and to the masonry with regular pitch (between 700 and 1000 

mm). The frame positioning should guarantee the continuity of the reinforcement elements 

in the vertical, horizontal and diagonal direction, eventually also providing a connection 

with the r.c. foundation and storey beams. Furthermore, in the corners of the building, the 

system must be completed with “special” components, made up of steel plates/profiles, to 

ensure the connection of the modules between the different façades in order to achieve a 

continuous reinforcement along the perimeter of the entire structure. 

Characterization tests have been carried out according to the proper EN Standards or 

EOTA Guidelines, to check the mechanical properties of the different components of the 

reinforcement system; in particular, tensile tests on steel sheet specimens and on threaded 

bars have been performed, along with pull-out and shear tests on chemical anchors. The 

obtained results confirmed the nominal properties of the steel grade adopted for the frame 

elements and the strength class of the bars. These tests were necessary also to properly 

calibrate the non-linear behaviour for the modelling of the reinforcement system in the 

numerical part of the research campaign. 
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Fig. 1 – “Resisto 5.9” reinforcement system. 

3. Considered masonry typologies 

Two different masonry typologies, representing common solutions in Italian existing 

buildings, both in terms of materials and of the adopted bond patterns, were so far 

considered in this campaign. One typology is made up with solid clay bricks and lime 

mortar, both characterized by relatively low mechanical properties, assembled with a 

“header bond” pattern; the other considered masonry is built in “Flemish bond” pattern 

with typical Italian hollow clay “doppio UNI” units and cement-lime mortar.  

A series of characterization tests on clay units, mortars and small masonry assemblages 

was performed for each masonry typology according to the proper EN and ASTM 

Standards or RILEM Recommendations, in order to evaluate their main mechanical 

properties before the execution of the in-plane cyclic tests on full scale walls.  

In detail, tests for the evaluation of the compressive strength of the different units were 

carried out in the load-bearing direction (vertical compression strength, fb) and in the case 

of the “doppio UNI” blocks also in the direction perpendicular to the load-bearing one 

(lateral compression strength, f’b), along with “splitting” tests for the estimation of their 

indirect tensile strength, fbt. Moreover, tests were executed on hardened samples of the 

different adopted mortars, for the determination of the flexural (ffl) and compressive (fm) 

strength and of the elastic modulus (Em). 

Concerning masonry properties, vertical compression tests were executed to evaluate the 

vertical compression strength (f) and the elastic modulus (E) of the two considered 

masonry typologies, while their diagonal tensile strength (ft) and shear modulus (G) were 

estimated through diagonal compression tests. Furthermore, triplet tests for the 

determination of the initial shear strength (fv0) and of the friction coefficient (μ) in the 

plane of the bed-joints, were carried out. Finally, additional tests on stacked bonded 

specimens were needed to gather useful information for the calibration of the non-linear 

modelling of masonry in the numerical part of the research campaign. In detail, vertical 

compression tests on assemblages made up of five units were performed, to calculate the 

elastic modulus (Eb) of bricks and blocks, as well as bond wrench tests on couplet of units, 

to estimate the bond strength (fw) of the mortar joints. 

The results of the mechanical characterization of the two masonry typologies are 

summarized in Table 1, where the mean values of the properties are reported. 
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Table 1. Results of the tests of mechanical characterization. 

Mean values Brick 

masonry 

“Doppio UNI” 

masonry 

Vertical compression strength of units, fb [MPa] 17.2 14.7 

Lateral compression strength of units, f’b [MPa] - 2.61 / 3.54 

Indirect tensile (splitting) strength of units, fbt [MPa] 1.88 0.48 / 0.68 

Elastic modulus of units, Eb [MPa] 2539 4235 

Flexural strength of mortar, ffl [MPa] 0.33 1.15 

Compressive strength of mortar, fm [MPa] 1.11 3.82 

Elastic modulus of mortar, Em [MPa] 1439 4320 

Vertical compression strength of masonry, f [MPa] 6.89 3.82 

Elastic modulus of masonry, E [MPa] 3564 6076 

Diagonal tensile strength of masonry, ft [MPa] 0.26 0.20 

Shear modulus of masonry, G [MPa] 2230 1044 

Initial shear strength of bed-joints, fv0 [MPa] 0.15 0.24 

Friction coefficient of bed-joints, μ [-] 0.61 0.35 

Bond strength of bed-joints, fw [MPa] 0.05 0.04 

4. In-plane cyclic tests 

4.1. Experimental set-up, testing procedure and tested specimens 

The cyclic in-plane pseudo-static shear-compression tests on full-scale masonry specimens 

were carried out at the experimental laboratory (ShakeLab) of the EUCENTRE 

Foundation. The walls were built on reinforced concrete footings, clamped to the strong 

floor by means of post-tensioned steel bars. A horizontal actuator, fixed on the strong wall 

perpendicular to the specimen, applied the horizontal shear force to the reinforced concrete 

beam at the top of the wall through a steel spreader beam. Two vertical actuators, reacting 

on a steel frame fixed on the strong wall parallel to the specimen, allowed to control the 

applied vertical load and to provide different boundary conditions.  

The horizontal load was measured by a load cell positioned in the horizontal actuator, 

while the horizontal displacement at the top of the wall was controlled by an external linear 

potentiometer. Displacement transducers were installed on each wall, in order to measure 

the deformations of the masonry pier and, in the case of the strengthened specimens, of the 

reinforcement system and the relative displacements between them.  

During the tests, after an initial force-controlled phase, programmed displacements with 

increased amplitudes have been cyclically imposed in both directions, up to the attainment 

of ultimate conditions of the specimens or, when these were not reached, of large values of 

horizontal displacements at the top of the wall. In particular, three cycles were performed 

at each level of force/displacement amplitude. The test set-up, the instrumentation and the 

testing protocol are described in more detail in Manzini et al. (2021). 

Seven masonry walls were tested so far, five in brick masonry and two assembled with 

“doppio UNI” units. As already stated, both unreinforced and strengthened specimens were 

tested, either connecting or not the reinforcement system to the r.c. foundation and top 

beam. Different (i.e. cantilever and double-fixed) boundary conditions and realistic values 

of vertical stress (on this topic, see Morandi et al., 2021) were chosen, in order to achieve 

both shear and flexural failure mechanisms, according to predictions performed adopting 

relevant codified formulations (for an overview on this issue see, for instance, Albanesi 

and Morandi, 2021).  
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The nominal dimensions, the vertical stress levels and the boundary conditions for the 

tested walls are summarized in Table 2, as well as the correctly predicted and achieved 

failure mode. It is interesting to point out that no unreinforced brick masonry specimen 

with flexural behaviour was tested. This choice is due to the fact that the flexural resistance 

of unreinforced masonry piers can be quite accurately evaluated with analytic 

formulations, as the one proposed by the Italian Norms for Constructions (NTC 2018), as 

already confirmed, for example, in Morandi et al. (2018) for modern masonry with 

bricks/blocks and in Albanesi and Morandi (2021) in the specific case of brick masonry. 

Table 2. Masonry walls subjected to cyclic in-plane tests. 

Wall 

 

Masonry 

typology 

Reinforcement 

 

l 

[mm] 

t 

[mm] 

h 

[mm] 

σv 

[MPa] 

σv/f 

[%] 

Boundary 

conditions 

Failure 

mode 

UBPS01 Brick No 2330 250 2435 0.50 7.3 Double fixed Shear 

RBPS01 Brick Yes 2330 250 2435 0.50 7.3 Double fixed Shear 

RCBPS01 Brick Yes (connected) 2330 250 2435 0.50 7.3 Double fixed Shear 

RBPS02 Brick Yes 1315 250 2485 0.30 4.4 Cantilever Flexure 

RCBPS02 Brick Yes (connected) 1315 250 2485 0.30 4.4 Cantilever Flexure 

UDPS01 Doppio UNI No 2460 250 2500 0.60 15.7 Double fixed Shear 

RDPS01 Doppio UNI Yes 2460 250 2500 0.60 15.7 Double fixed Shear 

4.2. Failure modes and cyclic response of the piers 

The experimental hysteretic curves and the related global force-displacement envelopes for 

the performed tests are reported in Fig. 3 to 9. The cycles are represented with a specific 

colour for each target displacement value reached during the test, while the global 

envelope curve is marked with a thick black line. 

The three “squat” brick masonry walls, UBPS01 (Fig. 3), RBPS01 (Fig. 4) and RCBPS01 

(Fig. 5), displayed a cracking pattern typical of shear failures, with the occurrence of bi-

diagonal cracks from corner to corner of the pier, mainly affecting the mortar bed- and 

head-joints and only to a limited extent the units. The damage developed from cycle “2S” 

(nominal drift of 0.10%) in tests UBPS01 and RCBPS01 and from cycle “3S” (nominal 

drift 0.15%) in test RBPS01. In all the tests, the cracks grew in number and width with the 

increase of the displacement demand imposed in the following steps, resulting in a 

progressive reduction of the lateral strength of the specimens up to ultimate conditions, 

when the tests were stopped to prevent the collapse. 

      

Fig. 3 - Force-displacement plots and damage at the end of test UBPS01. 
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Fig. 4 - Force-displacement plots and damage at the end of test RBPS01. 

      

Fig. 5 - Force-displacement plots and damage at the end of test RCBPS01. 

 

The two “slender” brick masonry walls, RBPS02 (Fig. 6) and RCBPS02 (Fig. 7), showed 

instead an evident flexural/rocking behaviour, with the occurrence of horizontal cracks in 

the bed-joints at the base and at the top of the panel. The cracking pattern developed, in 

both tests, in the corners at the base of the wall during cycle “4S” (nominal drift of 0.20%), 

more precisely in the third course on the left and in the second on the right in the case of 

specimen RBPS02 and in the second bed-joint on the right and in the first on the left in the 

case of test RCBPS02. These cracks then progressively extended to the entire length of the 

section of the wall as the displacement increased, and the specimens continued the rocking 

mechanism until high levels of drift, when crushing in the units at the base and top corners 

occurred, causing the tests to stop. 

      

Fig. 6 - Force-displacement plots and damage at the end of test RBPS02. 
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Fig. 7 - Force-displacement plots and damage at the end of test RCBPS02. 

 

Finally, concerning the two specimens with “doppio UNI” units, UDPS01 (Fig. 8) and 

RDPS01 (Fig. 9), they both displayed shear failures with diagonal cracking, with the first 

development of stair-stepped bi-diagonal cracks, mainly in the bed- and head-joints, 

starting from cycle “2S” (nominal drift of 0.10%). The damage in the units became more 

severe as the horizontal displacements increased, with a progressive grown of the cracks in 

number and width, followed by spalling in some elements during cycle “6S” (nominal drift 

of 0.30%), corresponding to the end of test UDPS01. 

      

Fig. 8 - Force-displacement plots and damage at the end of test UDPS01. 

      

Fig. 9 - Force-displacement plots and damage at the end of test RDPS01. 
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5. Interpretation of the results 

The comparison of the performed tests, in terms of global force-displacement envelope 

curve of the hysteretic cycles (considering all the three cycles for each displacement level), 

is reported in Fig. 10 for the three “squat” brick walls, in Fig. 11 for the two “slender” 

brick walls and in Fig. 12 for the two specimens with “doppio UNI” units. 

The comparison between the reinforced and unreinforced brick masonry specimens, 

RBPS01 and UBPS01, reveals that the reinforcement did not produce substantial increases 

in initial elastic stiffness and maximum lateral strength compared to the non-reinforced 

specimen. However, a noticeable improvement of the performance at the ultimate limit 

state of the reinforced wall is observed, which showed a significant increase in deformation 

capacity (approximately four times), reaching an in-plane drift of 1.00% compared to the 

non-reinforced wall, which reached near collapse condition at a nominal drift level of 

0.25%. Furthermore, the reinforcement system seems to provide a significant reduction in 

the damage, when the same drift level is considered on the two specimens.  

The connection of the reinforcement system to the r.c. foundation and top beam, 

implemented on the RCBPS01 specimen, seems to do not influence the seismic response of 

brick masonry walls tested under double fixed boundary conditions and failing in shear, at 

least in terms of initial elastic stiffness and maximum lateral resistance achieved. On the 

other hand, a limited decrease in the deformation capacity, correlated to possible 

concentrations of local stresses probably caused by higher stresses in the steel elements of 

the reinforcement frame and, consequently, on the anchors, is noted when comparing the 

curves of RBPS01 and RCBPS01 specimens. However, the deformation capacity was still 

much higher than that in the case of the unreinforced specimen.  

 

Fig. 10 – Comparison in terms of cyclic response between specimens UBPS01, RBPS01 and RCBPS01. 

 

The contribution of the connection of the reinforcement system to the r.c. foundation and 

top beam appears instead to be different in the case of the specimens tested as cantilevers 

and characterized by flexural/rocking behaviour, as noticeable comparing the results of 

RBPS02 and RCBPS02 specimens. In this case, on the one hand, the connection seems to 

lead to an increase, in terms of lateral resistance of the wall, of about 15% compared to the 

one of the specimen with unconnected reinforcement, which in turn proved to be very 

close, as expected, to the value calculated adopting the expression in Italian code NTC 

2018. On the other hand, the initial elastic stiffness does not appear to be affected by the 

base connections. Moreover, the strength degradation of the specimen with connections is 
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smoother and presents a higher percentage of residual strength compared to the 

unconnected specimen. 

 

Fig. 11 – Comparison in terms of cyclic response between specimens RBPS02 and RCBPS02. 

 

Finally, the comparison between the two “doppio UNI” specimens, UDPS01 and RDPS01, 

shows that for this masonry typology the reinforcement system seems to affect the 

behaviour of double fixed piers failing by shear both in terms of lateral strength and of 

deformation capacity. The maximum shear resistance increases, in fact, by about 20% with 

the reinforcement system (not connected in this case), while the ultimate displacement 

capacity increases from a nominal in-plane drift value of 0.30% for the unreinforced wall 

to a drift of 0.50% for the reinforced one, whereas the initial elastic stiffness remains about 

unchanged also in this case. 

 

Fig. 12 – Comparison in terms of cyclic response between specimens UDPS01 and RDPS01. 

6. Conclusions 

This paper presents the results of an experimental campaign currently underway at the 

EUCENTRE Foundation, aimed at the evaluation of the in-plane response of an innovative 

external modular steel reinforcement system for load-bearing masonry walls. 

First, the complete characterization of the two considered masonry typologies and of the 

proposed reinforcement system were carried out, consisting of tests for the evaluation of 

the mechanical properties of the adopted masonry materials and reinforcing components. 
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Subsequently, the seismic behaviour of full-scale walls was evaluated through cyclic in-

plane pseudo-static tests on both non-reinforced and strengthened specimens, considering 

different boundary conditions and values of vertical stress, in order to achieve both shear 

and flexural failure mechanisms. The related main seismic parameters (i.e. elastic stiffness, 

lateral resistance and displacement capacity) were analysed and compared, to evaluate the 

contribution of the reinforcement system in the different cases. 

The comparison between strengthened and unreinforced specimens reveals that the 

reinforcement system seems to do not affect the elastic stiffness of the wall. The influence 

in terms of lateral resistance and displacement capacity, instead, changes according to the 

masonry typology. Considering the brick masonry, the reinforced specimens involving a 

shear mechanism provided a considerable increase in deformation capacity at maximum 

force and, more significantly, at ultimate conditions (more than 3 and 4 times, respectively 

for the connected and unconnected specimen), compared to the unreinforced one. No 

significant variation in terms of maximum lateral strength was instead displayed, as also 

obtained for the strengthened specimen undergoing flexural mode and without 

connections. In this latter case, the lateral strength of the reinforced specimen was very 

close to the analytical value calculated adopting the formulation for unreinforced masonry 

proposed in the Italian code NTC 2018, that usually well predicts the moment resistance. 

On the other hand, the two “doppio UNI” specimens showed that for this masonry 

typology the reinforcement system seems to influence the behaviour of walls failing by 

shear, improving both the lateral strength (+ 20%) and the deformation capacity, both at 

the peak force (2 times) and at the end of the test at ultimate conditions (about 1.7 times). 

The influence of the connection of the reinforcement system to the r.c. foundation and top 

beam, considered in the case of brick masonry, appears to depend, instead, on the boundary 

conditions and on the failure mechanism of the piers. In the case of walls tested under 

double fixed boundary conditions and failing in shear mode, the connection did not affect 

the lateral resistance and produced a small decrease in the deformation capacity as respect 

to the unconnected solution, although always much higher than that in the case of 

unreinforced specimen (more than 3 times higher). The presence of connections in the case 

of the specimens tested as cantilevers and characterized by flexural/rocking behaviour led 

to an increase in terms of lateral resistance of the wall (+ 15%), keeping in any case an 

high level of deformation capacity and providing a more limited strength degradation at 

ultimate conditions. In neither case, the initial elastic stiffness seemed to be affected by the 

presence of the connections. 

Therefore, in accordance to these first experimental outcomes, the proposed reinforcement 

system provides very promising results concerning the in-plane seismic response of 

masonry walls, improving their performance, especially at the ultimate, but also at 

serviceability limit state. Although the solution with the connection of the framing system 

to the r.c. foundation and top beam appears to clearly improve the response on walls with 

flexural modes, the effectiveness of such a detailing solution needs to be further 

investigated. 

With the purpose of generalizing the obtained results through parametric advanced non-

linear FEM analyses and possibly optimizing the system detailing (i.e. the number and 

positioning of the chemical anchoring to the masonry wall and the details of the 

connections with the r.c. elements), a numerical campaign is currently underway within 

this research. 
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Abstract: In this paper a novel seismic-plus-energy retrofit solution for building envelopes 
is introduced. The so-called TCP system consists of prefabricated textile capillary-tube 
panels, which at the same time improve the seismic performance and energy efficiency of 
existing buildings. The seismic behaviour of the proposed system is tested on three 3/5-
scaled masonry-infilled RC frames through quasi-static in-plane cyclic loading. A 
comparison with a non-retrofitted frame and a frame retrofitted with textile-reinforced 
mortar and extruded polystyrene boards is offered, highlighting the effectiveness of the TCP 
retrofit. A significant increase in strength, stiffness and displacement capacity was observed 
for the retrofitted specimens compared to the control specimen. The potential of using TCP 
panels for integrated building retrofitting was demonstrated, achieving similar seismic 
performance improvements with the more typical TRM retrofit. 

Keywords: textile capillary tube panel (TCP); TRM; integrated seismic and energy retrofit; 
masonry-infilled RC frame 

1. Introduction  

Destructive seismic events around the world (e.g. Loma Prieta, USA, in 1989, ChiChi, 
Taiwan, in 1999, L'Aquila, Italy, in 2009 or Christ Church, New Zealand, in 2011) are 
clear reminders of the often poor structural performance of existing buildings and the need 
for structural retrofitting. Amongst the most common building types, infilled RC frames 
(De Luca et al., 2014; e.g.: Ricci et al., 2011) are particularly vulnerable when built before 
the 1980s, i.e. when more detailed seismic design guidelines stated to be introduced in 
seismic countries in Europe, Asia and the Americas. At the same time, the building sector 
is responsible for a large portion of the total energy consumption, and most of it is 
consumed for cooling and heating. For instance, in the European Union, buildings are 
responsible for 40% of the total consumption of energy and 36% of greenhouse gas 
emissions (European Commission, 2020). In Korea, buildings are responsible for about 
18% of the total energy use in (Korea Energy Economics Institute, 2019). These high 
values are mainly attributed to the poor energy performance of existing buildings 
(Economidou et al., 2011).  
Given that there is a large proportion of buildings across the globe that require upgrading 
in terms of their structural and energy performance, large scale renovation efforts come at 
a significant financial burden. To ensure the longevity of energy upgrading investments, 
and reduce costs of renovation works, the concept of integrating seismic and energy 
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retrofitting has been proposed (Belleri et al., 2016; Calvi et al., 2016). A particularly 
promising approach for integrated retrofitting is the use of textile reinforced mortars 
(TRM) combined with thermal insulation materials. TRM is a composite material made 
from lightweight textile fibre reinforcement (e.g.: carbon, glass or basalt) embedded into 
cementitious mortars. Bournas (2018) proposed different avenues for integrated 
retrofitting, combining TRM with conventional or advanced thermal insulation materials or 
integrating capillary tube heating systems. The combination of TRM with foamed 
polystyrene insulation has been recently tested on small masonry wall specimens (e.g: 
Triantafillou et al., 2017; Gkournelos et al. 2020) and was shown to achieve reliable 
structural performance under in- and out-of-plane loading. Pohoryles et al. 2020 studied 
analytically the same integrated retrofitting scheme for different building typologies (2 
masonry and 3 RC), covering practically the building stock in 20 European cities, and 
found that this integrated scheme have shorter payback times in cases of medium to high 
seismicity than a simple energy retrofit intervention.  
Following the principle of TRM, the use of textile sheets as strengthening in precast textile 
reinforced concrete (TRC) panels has also been investigated, e.g. with embedded Phase 
Changing Materials (PCMs) for thermal performance improvements (Bahrar et al., 2018) 
or in the form of sandwich panels with an extruded polystyrene core (XPS) (de Sousa et 
al., 2021). The use of precast panels brings the advantage of a faster onsite application, 
hence reducing the time and cost of the intervention. The application of such solutions for 
integrated seismic-plus-energy retrofitting of infill or URM wall specimens has however 
yet to be experimentally verified.   
As part of a joint research project between the European Commission, Joint Research 
Centre (JRC) and the Korea Construction Engineering Development, Collaboratory 
Management Institute (KOCED-CMI), a novel integrated retrofitting solution, the so-
called Textile Capillary Tube Panel (TCP) was very recently proposed by Baek et al 
(2022).  TCPs can be applied to the existing envelope of masonry buildings or infill walls 
in RC buildings, as briefly presented in this study. The structural performance 
improvement due to TCP retrofitting is experimentally assessed through cyclic loading 
tests on infilled RC frames. The objective of this study is to evaluate the effectiveness of 
the TCP panel and to compare it to a retrofitting scheme combining TRM and XPS boards, 
tested for the first time for infilled RC frames. 

2. Experiments 

The structural performance of the proposed integrated retrofitting system was evaluated 
experimentally through static cyclic loading tests on RC frame specimens infilled with 
concrete block masonry. Three scaled (60%) specimens were tested, corresponding to the 
as-built (CT-1), TCP-retrofitted (RT-TCP) and TRM+XPS-retrofitted (RT-TRM) 
configurations.  

The geometry and steel reinforcement detailing of the frame specimens, shown in Fig. 1, 
aim to reflect a non-seismically designed RC school building that could be found in Korea 
or Southern Europe. The 60% scaled test specimens have a total height of 1.83m and a 
width of 3.0m. The columns have a square cross-section of 200mm by 200mm, with 4 D13 
bars as longitudinal reinforcement and shear reinforcement consisting of D6 bars at 
120mm c/c. The main beam has a rectangular T-section, with a 120mm deep slab 
extending 300mm on either side, and was 300mm deep to 200mm wide. The characteristic 
compressive strength of the concrete for all specimens was fck = 18MPa, while the 
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characteristic yield stress was 400MPa for the main reinforcement (D13) bars. The infill 
walls consist of a 60mm thick concrete block infill wall, 2.6m in width and 1.53m in height 
(aspect ratio 0.59), constructed from B-type cement bricks (190mm×90mm×57mm), with 
compressive strength of fb = 13.0 MPa 
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Fig. 1 – Details of the infilled RC frame specimens 

Two different strengthening schemes were tested: RT-TRM was strengthened through 
TRM jacketing on both sides of the masonry infill (Fig. 2a), including a layer of XPS 
thermal insulation on one side; RT-TCP was retrofitted with TRM jacket on one face only 
and a set of six TCP panels on the other face (Fig. 2b). The TCP panels (Fig. 2c) consist of 
a grid-shaped carbon fibre sheet and a capillary tube (Fig. 2d) embedded in a lightweight 
mortar, aiming to provide seismic strengthening analogously to TRM, and energy 
upgrading through radiant heating by circulating hot water through the capillary tube. 
Further details of the retrofitting schemes and material properties can be found in (Baek et 
al., 2022). 

 

 

(a) (b) 
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(c) (d) 

Fig. 2 – Retrofit using (a) B-TRM and (b) TCP panels; (c) Example of a TCP and (d) capillary tubes 
embedded and carbon fibre sheet embedded in a TCP.  

The three specimens were tested using a quasi-static cyclic drift (δ) protocol, where each 
drift cycle was repeated three times and drift values increase from ±0.125, 0.25, 0.375, 
then from 0.5 up to 1.5% in steps of 0.25% and finally up to 4.0 % in steps of 0.5 %. A 
250kN hydraulic actuator (stroke ±125mm) at the top of the beams was used to apply the 
lateral load and lateral drifts were measured at 1.71m from the base of the columns. 
Additionally, a constant axial load of 56 kN was applied on top of the wall to represent 
gravity loading. 

3. Results 

In Table 1 a summary of the experimental results is presented, including the peak force, 
Fmax, in the positive and negative directions and the absolute difference to the control 
specimen CT-1, |ΔFmax|, for the two retrofitted specimens RT-TRM and RT-TCP. The drift 
at which the peak force is also given (δmax), and so are the cumulative energy dissipation 
(Ed) and the initial lateral peak-to-peak stiffness, Ki.  

Table 1. Summary of the main experimental force-displacement results for the infilled RC frames. 

Specimen Fmax
 |ΔFmax| δmax Ki Ed 

(kN) (%) (%) (kN/mm) (kNm) 

CT-1 +154.13 - +0.74 38.25 30.21 -120.56 -0.75 

RT-TRM +198.25 +28.6 +0.99 39.34 
(+2.8%) 

82.88 
(+174.3%) -195.60 -0.74 

RT-TCP +189.32 +33.1 +0.99 46.71 
(+22.1%) 

93.44 
(+209.3%) -205.08 -0.76 

 

In Fig. 3, additionally the hysteretic behaviour of the three specimens is compared. As can 
be seen, the global behaviour of the two retrofitted specimens is very similar, with both 
providing significant strength increases compared to the control specimen, with +28.6 and 
+33.1%, for RT-TRM and RT-TCP, respectively. The TCP solution provided a stiffer 
initial response (+22.1%) compared to RT-TRM (+2.8%), as well as a higher increase in 
the ultimate drift capacity (δu = 1.37 vs 1.13 for RT-TCP and RT-TRM, respectively). 
Significant increases in energy dissipation were also obtained for either retrofit scheme. In 
both cases the onset of damage was delayed, however, significant cracking was observed 
for both retrofit schemes in the drift cycles following the peak load. In the TRM+XPS 
solution, the main damage to the retrofit occurred on the side in which the XPS panel was 
positioned between the two B-TRM layers. Cracking on the external surface of the B-TRM 
initiated at low drift levels on the XPS-side, however, no detachment or relative 
deformation between XPS and the TRM layers were observed. For the TCP solution, the 
damage was mainly concentrated at the B-TRM side, with the TCPs not suffering any 
significant damage on their surface. Significant horizontal sliding was however observed 
between the two rows of TCP at high drifts.  
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Fig. 3 – Force-drift curves for the three specimens: (a) Specimen CT 1, (b) RT-TRM, (c) RT-TCP and (d) 

comparison of envelope curves.  

 

The authors (Baek at al. 2022) have also demonstrated the effectiveness of TRC panels 
with embedded capillary tubes for the integrated retrofitting of URM walls. Moreover, the 
thermal performance of the proposed retrofit method was assessed through in-situ 
experimentation on a real residential building (Baek et al. 2022; Bae et al. 2022). 

4. Conclusions 

In this study, a novel precast TCP reinforcement method was developed to simultaneously 
enhance the seismic and energy performance of existing buildings. To evaluate the 
effectiveness of the TCP retrofit, three infilled RC frames were tested under reversed 
cyclic loading. The seismic response of TCPs was compared to an as-built existing RC 
frame, infilled with concrete block masonry, as well as to a B-TRM retrofit combined with 
XPS for thermal insulation. Both implemented retrofit solutions provided quite satisfactory 
improvements to the behaviour of as-built specimens, most crucially in terms of lateral 
load capacity. Significant enhancements in energy dissipation were obtained for both 
retrofitting schemes, and the onset of damage was delayed.  

The TCP retrofit solution was shown to have great potential for practical implementation, 
providing a low-cost and high-efficiency retrofit technology for the much needed 
integrated retrofitting of existing buildings. It is anticipated that this method can be further 
improved in future work by improving the connection to the frame and between the panels. 
As a next stage, the retrofit will be further experimentally validated on a two-storey 
structure through dynamic shaking table testing.  
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Abstract: Approximately 80% of the buildings in Europe were constructed before 1990, 

when seismic and energy efficiency requirements were below today’s standards. The energy 

performance of those buildings is unsatisfactory and damage due to earthquakes may result 

in significant human and economic losses. A European pilot project was launched to define 

solutions that, at the same time and in the least invasive way, can reduce seismic risk and 

increase energy efficiency in such a way to produce a significant positive environmental 

impact. This paper presents a summary of the project output regarding technologies for 

seismic strengthening and energy upgrading of existing buildings, methodologies for 

assessing the effect of integrated upgrading, and regional impact assessment. 

Keywords: existing buildings, seismic risk, seismic rehabilitation, energy efficiency 

1. Introduction 

Buildings in Europe are ageing, posing an urgent need for renovation to align with the 

goals of multidimensional European and international policies. The built-up area in Europe 

covers 25 billion square meters, 20 billion of which were constructed before 1990. Most of 

the buildings that are located in seismic prone regions of the European Union (EU) were 

built without modern seismic design considerations. Furthermore, buildings are responsible 

for 40% of the energy consumption and 36% of the total greenhouse gas emissions in the 

EU, whereas 75% of the EU building stock is considered energy inefficient. 

A European pilot project was launched with the aim to define technical solutions that can 

reduce seismic risk and increase energy efficiency of existing buildings, at the same time 

and in the least invasive way. Building typologies requiring upgrading were identified, and 

existing retrofit technologies were assessed in a life-cycle perspective. Combined retrofit 

solutions were explored based on available technologies and recent scientific 
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developments. A simplified method for the assessment of the combined upgrading was 

proposed and applied to case studies of representative buildings. Seismic risk and energy 

performance of buildings along with socioeconomic aspects were assessed at regional level 

to highlight the regions where interventions are of higher priority. 

2. Technologies for seismic strengthening and energy upgrading of existing buildings 

Existing seismic and energy retrofit technologies along with their classification were 

reviewed, after prioritising the EU buildings most needing upgrading according to a three-

step approach. 

The EU distribution of residential buildings by age of construction, and surface area was 

first analysed according to the EU 2011 population and housing censuses database. It was 

pointed out that nearly 80% of EU dwellings were built before 1990 and more than 20% 

before 1945. The TABULA and NERA projects were also investigated to collect data on 

the distribution of the EU building stock by construction material; it was observed that the 

major share of the EU building stock consists of masonry structures, although RC 

buildings are predominant in some countries, such as Cyprus, Greece and Portugal. The 

second step focused on mapping the EU territory to climatic and seismic hazard zones 

Maps of low, moderate and high seismic hazard zones were considered, depending on 

specific peak ground acceleration (PGA) ranges, according to the European Seismic 

Hazard Model 2013 (ESHM13) (Giardini et al. 2014). Six climatic zones were defined in 

terms of heating degree days (HDD), based on Eurostat 2019 HDD data. Southern and 

eastern EU Member States encompassed geographical areas with the most adverse 

conditions when seismic hazard and climatic conditions are considered simultaneously. 

Bulgaria, Croatia, Greece, Italy, and Romania were selected as representative countries 

characterised by moderate-to-high seismic hazard and considerable climatic conditions. 

Germany was also considered to provide a more detailed analysis by including a western 

European country with low-to-moderate seismic hazard. In the third step, different regions 

within the selected countries were analysed by considering several combinations of seismic 

hazard and climatic conditions, building age, and period of implementation of seismic 

codes and energy regulations. Main results underline a potential to apply combined 

upgrading to at least 60–70% of the existing building stock in the selected countries. 

Focussing on Italy, one third of masonry and RC buildings is located in areas with very 

high seismic and energy demand, thus urgently requiring combined retrofit. 

Seismic strengthening technologies were reviewed by considering global and local 

retrofit interventions. Global retrofit interventions common to different building 

typologies were reviewed by focusing on solutions aiming at either reducing the seismic 

demand (seismic isolation, additional damping) or enhancing the seismic capacity. As for 

the latter, the provision of new RC walls, RC infills, steel braces, rocking wall systems, 

and external exoskeletons (e.g. diagrid system, cross-laminated timber (CLT) panels) was 

investigated. Local retrofit interventions were reviewed by building typology, focusing 

on RC, masonry, steel, precast, and timber buildings. Furthermore, retrofit interventions 

for non-structural elements were considered, as their damage represents a high percentage 

of losses in the case of a seismic event (Filiatrault and Sullivan, 2014). 

Subsequently, the identified technologies were classified both qualitatively by means of 

selected Life Cycle Thinking (LCT) criteria (e.g. holistic/integrated compatibility, 

occupants’ disruption), and quantitatively through a cost analysis carried out in two main 

phases. The first phase refers to the analysis of 26 actual seismic retrofit projects, related to 

residential and non-residential RC and masonry buildings in northern Italy, to carry out a 
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cost breakdown of all retrofit activities, such as construction site management, structural 

interventions, technical expenses, energy upgrading (when foreseen). The cost of the 

structural intervention was found to be equal to 40% and 48% of the total cost of all retrofit 

activities in masonry and RC buildings, respectively. The second phase concerns the use of 

the cost inventory, obtained from the previous phase, and construction cost books to 

estimate the average cost range of selected seismic retrofit measures for masonry and RC 

buildings. 

Energy efficiency technologies (EETs) are usually classified as active or passive, 

depending on their applicability to energy systems (e.g. heating, cooling) or the building 

envelope, respectively. Passive EETs, compatible with seismic retrofit technologies, were 

classified by the envelope components: (i) walls (insulation technologies, ventilated 

façades, green walls), (ii) floors and roofs (insulation technologies, green and cool roofs), 

(iii) windows (replacement, and weather-stripping), and (iv) doors (replacement, films, 

weather-stripping). To assess the EETs compatibility with building typologies, EU 

countries with moderate-to-high seismic hazard (according to the ESHM13), were selected 

and the whole group was identified as a ‘target region’. Its building stock was investigated 

through the Hotmaps and TABULA projects by focusing on two main criteria: building use 

(i.e. residential, and non-residential buildings), and building age. Residential buildings 

were further classified by size in single-family houses, terrace houses, multi-family houses, 

and apartment buildings. The different combinations of these criteria led to the estimation 

of the building share to which the identified EETs could be applied. For instance, flat roof 

insulation was considered not compatible with 5% of the apartment buildings, while it was 

found to have a low, medium and high level of compatibility with 58%, 30% and 7% of the 

apartment buildings, respectively. Finally, the identified EETs were classified according to 

a set of indicators, e.g. unitary cost of implementation, unitary energy saved, unitary cost-

effectivity, disruption time, life span and generated waste. Selected EETs were ranked 

based on their attractiveness for potential investments to implement integrated seismic and 

energy retrofit of residential buildings in the target region. A multi-criteria decision 

analysis was carried out through the Analytic Hierarchy Process (Saaty, 1980). Insulation 

of wall air chambers and internal insulation of roofs resulted in highly attractive EETs for 

investment. Replacement of doors/windows and prefabricated units for external wall 

insulation or external thermal insulation composite systems revealed medium and low rank 

of attractiveness, respectively. 

3. Technologies for the combined seismic and energy upgrading of existing buildings 

Potential combined and integrated retrofitting technologies were reviewed, highlighting 

materials and technologies developed in the scientific literature. As shown in Figure 1, 

these include (i) integrated exoskeleton solutions, (ii) interventions on the existing building 

envelope (either strengthening and insulating, or replacements with better materials), or 

(iii) integrated interventions on horizontal elements like roof and floor slabs. 

Exoskeleton solutions for integrated retrofitting include shell-grid solutions, ranging from 

simple braces combined with solar shading to material-efficient steel diagrids integrated 

with various thermal panels (e.g.: Labò et al., 2020). Solutions based on shell-

exoskeletons, e.g. using insulated RC walls (e.g.: Pertile et al., 2021) or RC frames 

combined with thermal insulation panels or new masonry infills (Manfredi and Masi, 

2018), were also proposed. Exoskeletons can achieve high improvements in seismic 

performance, support a number of different energy efficiency technologies, and enhance 

the value of an existing building by changing the external appearance and increasing the 
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existing living space. As exoskeletons are built entirely from the outside, there is a benefit 

of reduced occupancy disruption. The cost and environmental impact of exoskeleton 

solutions are however typically higher, particularly in the case of steel-braced solutions. 

Moreover, these solutions are highly invasive, require space around the structure and need 

an additional foundation system, which may not be possible in dense urban environments, 

or in the case of buildings with heritage value. Examples of exoskeleton solutions are 

exemplified in case studies 1 and 3 presented in chapter 4. 

 

Fig. 1 – Summary of proposed materials and technologies for combined seismic and energy retrofitting 

To address the above disadvantages of exoskeleton systems, integrated and combined 

interventions on the building envelope were also proposed. Such interventions can 

include strengthening and insulating the existing envelope, e.g. through textile reinforced 

mortars (TRM) combined with thermal insulation (e.g.: Triantafillou et al., 2017; Bournas, 

2018) or integrated prefabricated panels, made from either composite materials (e.g.: Baek 

et al., 2022) or engineered timber (e.g. using cross-laminated timber (CLT): Margani et al., 

2020). While TRM plus thermal insulation is the most mature of all presented options with 

several experimental validations of the system already carried out (e.g.: Triantafillou et al., 

2017), prefabricated composite panels offer the possibility of increased modularity, 

reduced construction time and full integration of structural and thermal materials. In either 

case, interventions on existing envelopes presented in the literature benefit from the 

possibility of external application and low disruptiveness. Additionally, such solutions are 

typically very cost-effective (see e.g.: Bournas, 2018; Pohoryles et al., 2020) and have a 

low environmental impact (e.g. in the case of CLT). Interventions on the existing envelope 

however strongly depend on the initial seismic performance of the building and the quality 

of the wall substrate. 

If the existing envelope cannot be strengthened or needs to be (partially) demolished in any 

case, an alternative to the strengthening and insulation solutions is the replacement of 

external walls (e.g. infill walls in RC buildings). Proposals in the scientific literature 

include the replacement with (i) stronger and more thermally insulating bricks (e.g.: Masi 

et al., 2017); or (ii) deformable or decoupled infills (e.g.: Morandi et al., 2018). For either 

option, additional thermal insulation is typically required. Such solutions can be considered 

to be very invasive and disruptive, however their effectiveness is typically high, and the 

costs associated with the intervention are rather low. 

Finally, the least studied interventions include those on horizontal elements, i.e. the roof 

and floors of existing masonry buildings. An example of such intervention is the so-called 

Nested Building (Valluzzi et al., 2021), in which a new inner shell with new floors and 

roof is constructed for improving the seismic performance and energy efficiency. Solutions 

of strengthened roofs with a ventilation layer have also been proposed (Giuriani et al., 
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2016). Such interventions would be rather disruptive, but they can be employed as part of a 

full building renovation and may be combined with interventions on existing walls.  

4. Methodologies for assessing the combined seismic and energy upgrading of existing 

buildings and application to case studies 

Existing methodologies for the seismic and energy retrofit assessment of existing buildings 

were reviewed, serving as a state-of-the-art for proposing a simplified assessment method for a 

combined retrofit in a life cycle perspective. Subsequently, four case studies of EU 

representative building typologies were selected in order to apply both standard and simplified 

combined assessment methods. 

The existing methods were grouped into four categories for the assessment of (i) seismic 

vulnerability, (ii) energy/environmental performance, (iii) sustainability, and (iv) combined 

seismic and energy performances. The first category includes seismic loss estimation methods 

based on a four-step quantitative assessment consisting of hazard, structural, damage, and loss 

analysis. Resilience-based rating systems (Almufti et al. 2013; USGBC 2018) are also 

considered. The second category focuses on Life Cycle Assessment (LCA) (ISO 2006a; b) 

and Life Cycle Energy Assessment (LCEA) (Ramesh et al. 2010) to quantitatively assess the 

environmental impacts and the energy consumption of buildings during their entire life cycle, 

respectively. The third and fourth categories indicate multi-performance assessment methods 

in terms of qualitative and quantitative integrated methods, respectively. The third refers to EU 

and non-EU sustainability rating systems based on indicators of different weight. The fourth 

includes methods to combine different life-cycle performance metrics of a building (Menna et 

al. 2022). Among them, a noteworthy one is the Sustainable Structural Design (SSD) 

methodology (Lamperti Tornaghi et al. 2018) that consists of life-cycle energy, seismic, and 

environmental performance assessments using different metrics converted into costs and 

combined to a unique monetary result. Sustainability rating systems are mostly developed for 

new buildings. These tools include energy efficiency and CO2 emission indicators as highly 

relevant, but a seismic safety indicator is implemented in a couple of them with a low weight. 

Hence, quantitative integrated methods need to be considered for a proper combined seismic 

and energy retrofit assessment of existing buildings. The SSD methodology was identified as 

the most relevant one in this direction, also including environmental performance evaluation. 

Thus, it was considered as a point of reference to define a simplified method for the combined 

retrofit assessment. 

The framework of the proposed simplified method consists of four interconnected steps: (i) 

input information, (ii) selection of techniques, (iii) integrated retrofit design and evaluation, 

and (iv) optimised solutions. The first step aims at collecting the initial data and boundary 

conditions of an existing building needing retrofit. The second step aims at analysing the 

physical and mechanical characteristics of the seismic and energy retrofit technologies to 

identify a set of potential compatible measures. The third step represents the computational 

core of the method aiming to assess the seismic, energy, and environmental performance of the 

retrofitted building, converted into equivalent costs and subsequently combined to obtain a 

global monetary result. The equivalent economic performance is obtained by combining three 

cost contributions associated with three different stages of the building life cycle, i.e. initial 

time (time of the retrofit intervention), extended lifetime, and end of life. The total initial cost 

(€/m2) is the sum of the equivalent costs of seismic and energy retrofit interventions, and the 

equivalent CO2 costs for manufacturing the retrofit materials. As for the extended lifetime 

stage, the three performances are assessed on an annual basis, expressed in economic terms 

and combined into a global ‘integrated retrofitting performance parameter’ (IRPP) 
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(€/m2year). The IRPP is defined as the sum of expected annual seismic losses, expected annual 

costs related to energy consumption, and equivalent CO2 costs due to seismic damage and 

energy consumption. The difference in IRPP before and after the retrofit (ΔIRPP) represents the 

total extended lifetime cost, which includes the economic savings due to retrofit. The total 

end-of-life cost (€/m2) is the sum of the equivalent cost for dismantling seismic and energy 

retrofit measures, the cost associated with the environmental impact of dismantling, minus  

potential credits achievable due to recycle/reuse of retrofit materials/components. The final 

economic result expresses the variation of the total life cycle cost over the lifetime of the 

building, and it can be represented by a cost vs time curve. The fourth step deals with a 

comparative assessment of different combined retrofit solutions to identify the most effective 

one.  

Four case studies were identified to apply both the selected standard (i.e. SSD methodology) 

and the proposed simplified combined assessment method. RC frame buildings and rubble 

stone/brick masonry buildings were identified as the most common structural systems in the 

EU. This result along with the analysis of the most common envelope elements of the EU 

building stock according to the TABULA database led to the identification of four categories 

of case studies: (i) a public rubble masonry building with pitched timber roof, and steel beam 

and hollow clay flat block floors, (ii) a residential brick masonry building with pitched timber 

roof, and cast-in-place RC beam and hollow clay block floors, (iii) a residential RC building, 

and (iv) a public RC building, both with cast-in-place RC beam and hollow clay block roofs 

and floors, and hollow brick infill walls. However, the roof is pitched for the residential 

building and flat for the public one. Potential locations for the case studies resulted from the 

combination of two macro-seismic hazard areas (based on the average values of PGA available 

from ESHM13) with three climatic zones (based on EU 2017 HDD data), leading to the six-

column seismic–climatic hazard matrix illustrated in Figure 2. Four representative buildings 

for combined retrofit were selected in Italy, as the country includes all possible scenarios of the 

matrix. Case study 1 is a residential RC building in Toscolano Maderno, retrofitted with steel 

exoskeletons, external expanded polystyrene cladding, and heating system replacement. Case 

study 2 is a residential brick masonry building in Dalmine, retrofitted with prefabricated steel 

shear walls, and the application of roof insulation, new heating system and windows. Case 

study 3 is the Santini RC primary school, retrofitted with an exoskeleton of concentric steel x-

braced frames and a double-skin envelope. Case study 4 is a rubble masonry building hosting 

the city hall of Barisciano. Various local strengthening interventions and the replacement of the 

heating system and windows were considered.  

 

Fig. 2 - The seismic-climatic matrix and the four case studies 

The SSD methodology was applied to the four case studies before and after the seismic and 

energy retrofit. Retrofit interventions provided an effective combined improvement in all case 

studies, in terms of total cost (i.e. the sum of energy, environmental, and structural costs 

leading to the global assessment parameter in monetary terms). Specifically, total cost 

reductions (compared to the non-retrofitted buildings) of approximately 65%, 43%, 60%, and 

25% for case studies 1, 2, 3, and 4 were evaluated, respectively. Subsequently, the proposed 
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simplified combined assessment method was applied. Attention was drawn to the third step of 

the proposed method, i.e. the computational step, leading to the creation of the life cycle curves 

expressing the final economic result for the four case studies. The simplified method focuses 

on the assessment of IRPP before and after retrofitting, i.e. ΔIRPP. The simplicity of the method 

in calculating the expected annual seismic losses and costs related to energy consumption at 

the extended lifetime stage was ensured by using generalised seismic (i.e. fragility curve) and 

energy (i.e. thermal energy demand vs HDD curve) performance results. These are based on 

simulation procedures (i.e. nonlinear static and energy dynamic analyses) for the combination 

of different representative building classes and retrofit techniques. The calculation of ΔIRPP, for 

the four case studies, confirmed the economic savings due to retrofit, derived from the SSD 

methodology. Furthermore, the payback time for the four case studies, considering a service 

life of 50 years, resulted in 18, 23, 19, and 22 years, respectively. These results can be reduced, 

if fiscal incentives are considered (e.g. Ecobonus and Sismabonus in Italy). 

5. Priority regions 

An integrated analysis framework was defined along with primary metrics for regional 

assessment and prioritisation. Metrics addressed loss of life, economic loss associated with 

cost for seismic repair and space heating energy, and energy consumption. The framework 

combined three assessment routes, i.e. (i) seismic risk to buildings and occupants, (ii) 

energy performance of buildings, and (iii) socioeconomic indicators, using as a reference a 

common exposure model. A recently released seismic exposure model was adopted as a 

starting point (Crowley et al., 2021), and subsequently extended to address both structural 

and energy attributes of the European building stock. A wealth of open-access state-of-the-

art data and models related to seismic hazard (Danciu et al., 2021), climatic (Eurostat, 

2020), physical (Crowley et al., 2021) and social (e.g. Annoni and Bolsi, 2020) 

vulnerability, and energy performance modelling were employed. A frequency-based 

seismic performance assessment approach, a physics-based artificial neural network, and 

composite socioeconomic indicators were used to estimate seismic risk, energy 

performance, and socioeconomic vulnerability, respectively. 

The metrics from each assessment route were used to form indicators and subsequently 

explore their impact on regional prioritisation. The proposed indicators addressed 

separately single metrics of seismic risk, energy performance of buildings and 

socioeconomic vulnerability, or combined multiple metrics to form single or multi-sectoral 

(seismic and/or energy and/or socioeconomic) integrated indicators. 

Absolute average annual loss rankings in terms of repair cost and fatalities highlight 

European regions of moderate-to-high seismicity and vulnerability, emphasising densely 

built and populated (urban, big city) areas. Regions of Italy govern top 100 rankings based 

on absolute loss, especially in the case of economic loss to residential buildings. They are 

followed by regions of Greece or Romania depending on the considered measure, along 

with dense urban areas of Spain, Croatia, Bulgaria, France, Germany, Cyprus, Portugal, 

Austria, and Slovenia. Normalising loss to the number and value of buildings or number of 

occupants, places Romanian and Greek regions on top of Italian ones (or in general 

increases their priority), and excludes regions of France, Portugal, Austria, and Germany. 

Absolute average annual loss rankings in terms of energy consumption and cost highlight 

densely built and populated regions, extending from Spain and France to Austria and 

Hungary, and towards the north to Sweden and Finland. From an economical point of 

view, renovations addressing the energy efficiency of buildings in the above regions will 

have the highest impact, due to direct savings in energy bills. Evaluation of buildings’ 
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energy inefficiency, through normalising energy consumption to the number of buildings 

and climatic conditions, shifts priority from northern to central and southern Europe, 

mainly Italy, Germany and France. Conversely, when exploring the cost of energy 

normalised to the number and value of buildings, prioritisation introduces regions in south-

eastern and central Europe (e.g. Romania, Czechia, Belgium, Slovenia and Croatia). 

In addition to direct benefits (i.e. structural safety and energy efficiency improvements), 

building renovation may further serve as a socioeconomic driver in a region, with a 

potential employment boost and improved living conditions of socially vulnerable groups. 

Prioritisation based on socioeconomic indicators shifts the focus to southern and eastern 

European regions, which follows more closely the trends of seismic risk. 

Single and multi-sectoral integrated indicators were found capable of capturing the 

above modes of prioritisation by assigning an equal weight (i.e. importance) to normalised 

component indicators, as a means to handle complexity and filter out severe disparities 

among different aspects (e.g. disproportionately higher economic loss of energy cost to 

seismic repair cost). Importantly, when integrating seismic risk with energy performance, 

regions benefitting from an integrated seismic and energy retrofitting approach are 

highlighted. Integrated indicators in pure economic loss terms were first assessed, resulting 

in a high priority of seismic regions in Romania, Greece, Italy, Slovenia, Croatia, and 

Bulgaria. In such regions, the highest economical cost–benefit for integrated retrofitting is  

 

Fig. 3 – Prioritisation of NUTS-3 regions in the EU-27 based on a multi-sectoral indicator integrating 

normalised average annual economic loss due to seismic repair and energy cost, loss of life, energy 

consumption, and socioeconomic vulnerability (in red: top 100 regions with most adverse index value) 
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expected. Integrating additionally socioeconomic vulnerability, shifts priority to south-

eastern Europe. A multi-sectoral integrated indicator (Figure 3) combining all normalised 

indicators of economic loss, loss of life, energy consumption, and socioeconomic 

vulnerability was found capable of encompassing all previous trends. 

Priority regions were used to propose and analyse regional renovation scenarios across the 

EU-27. Intervention scenarios were defined considering seismic, energy, and integrated 

retrofit of single or multiple building classes per region. The impact of these scenarios was 

evaluated at the regional level through cost–benefit analysis. 

6. Conclusions 

The EU building stock requires combined seismic and energy retrofit approaches to 

achieve a sustainable and resilient built environment. Existing seismic and energy retrofit 

technologies were reviewed and classified, considering, among others, cost and 

technological compatibility in order to assess their applicability to the investigated building 

typologies. 

Overall, while research into materials and technologies for the integrated structural and 

energy retrofitting is still limited, valuable results and insights have already been obtained. 

With further experimental research and validation through applications on existing 

buildings, the potential of such technologies will be further demonstrated. 

The development of quantitative assessment methods for an integrated retrofit of existing 

buildings is an ambitious challenge. A simplified assessment method for the combined 

seismic and energy retrofit of existing buildings in a life-cycle perspective was proposed 

and applied to four EU representative case studies, addressing public and residential 

masonry and RC buildings. The computational simplification of the proposed tool has been 

demonstrated by comparing it with a standard combined assessment method, i.e. the SSD 

methodology. Further research is needed to enrich a catalogue of generalised seismic and 

energy performance curves and extend the application of the simplified method to a larger 

number of representative building classes in Europe.  

Given the holistic approach of the pilot project and the diverse seismic, climatic, 

socioeconomic, and exposure characteristics across the EU-27, regional assessments were 

performed considering seismic risk, energy performance of buildings, and socioeconomic 

aspects, both independently and in an integrated way. Results indicate that prioritisation of 

building renovation is a multidimensional problem. Different indicators should be 

employed, depending on the sectoral and geographical focus or the objectives of policy 

measures, to attain the highest relative or most spread impact. Regional assessments 

performed within the project provide data, indicators and rankings, which can be used to 

achieve a focussed approach in local, regional or European building renovation planning. 
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Abstract: In France, as elsewhere, many buildings are regularly demolished as part of urban 

renewal policy. These buildings have constructive systems which usually reflect our real 

estate holdings. A mechanical device made to excite these buildings before demolition in 

order to define their dynamic behavior for high acceleration responses is in its final stage of 

development. Features and target performances of this device as well as intended application 

in the field of seismic evaluation of Guadeloupian architectural heritage are presented here.  

Keywords: seismic evaluation; seismic rehabilitation; building demolition; real-scale 

experimentation; forced oscillations; architectural heritage 

1. Introduction  

The theoretical foundations of earthquake engineering are generally inspired or validated 

by in situ observations or in the laboratory. 

In the first case, building behaviours may be analysed in the context of significant seismic 

events but, for most of the buildings, consequences are observed afterwards and neither 

soil nor structural motions have been measured. Building behaviours may also be analysed 

in the context of a planned measurement campaign, either with ambient (Ivanovic et al., 

2000) or forced vibration experiments (Hans et al., 2005) but amplitude excitations are 

generally too weak to produce building responses whose amplitude would be comparable 

to those induced by strong earthquake (Trifunac, 1972). Whereas the recent nees@UCLA 

Mobile Field Laboratory theoretically permit to produce up to 2 g acceleration responses 

according to Nigbor et al. (2012), maximal response acceleration produced on a four storey 

RC building was only 0.09 g according to Yu et al. (2006). 

In the second case, the studies are imperfect reproductions of physical phenomena (small-

scale models incorrectly accounting for building production methods or or real-scale 

models incorrectly accounting for production conditions or material ageing…) but 

experimental protocols lead to a better control and measurement of phenomena. 

The C1SMA (Constructions à l’échelle 1 Instrumentées soumises à un Séisme Modéré 

Artificiel) research project, initiated in 2014, co-financed by ENSA-Marseille and the 

PACA region, is a combination of two approaches: it is meant to reproduce the ground 

vibration effects on real buildings while benefiting from laboratory conditions. One to ten 

story buildings, intended for demolition in urban renewal operations and well 

instrumented, go through oscillations of increasing amplitude through a mechanical device 

reproducing on each floor the inertia forces that would be generated by an acceleration at 

basement level. Before or after complete demolition of the building, using excavators or 

explosives, samples from rubbles should allow to better characterize the nature of the 

lateral force resisting system. 

Whereas the scope of C1SMA device is theoretically wide, intended applications firstly 

concerns quite pragmatic seismic evaluation of Guadeloupe architectural heritage of the 

1930’s with the aim of safeguarding it with the minimum possible resources. 
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2. General description of excitation device 

2.1 Unbalanced mass mechanical vibration exciter principle 

The excitation device consists in equipping each slab of the studied building with two 

counter-rotating eccentric masses. Thus each story is subjected to a unidirectional 

sinusoidal force (Figure 1), the intensity of which depends on the turning radius, angular 

frequency and mass (Equ. 1).  

Both vertical drive trains are located in such a way that point of application of the resultant 

force (F) corresponds to the building’s center of gravity (exact position being previously 

evaluated through ambient noise measurements). If slabs meet all the criteria to be 

considered as rigid diaphragm, the excitation produced by the unbalanced masses may then 

be considered as equivalent to inertial forces that would be produced by sinusoidal ground 

accelerations. 

F(t) = 2mRω2.sin(ωt) (1) 

where F(t) = force exerted on slab; m = rotating eccentric mass ; R = turning radius; and 

ω = angular frequency. 

 

Figure 1. Force exerted by unbalanced masses on concrete slab 

Several eigen modes may be alternately excited (even combined) by managing at the same 

time fine-tuning of angular frequency, mass values and turning radius at each story. 

2.2 Target perfomances 

Table 1 presents, for different number of stories (n), the expected responses in terms of 

acceleration and displacements at the top of the building, as well as some of the data used 

to pre-size the device: fundamental period of building (T0), each of the 2n unbalanced 

masses.turning radius (M.R), force exerted by each pair of unbalanced masses (F), 

maximum torsion torque applied to each vertical drive shaft on ground floor (T), motor 

power required (P). 

Table 1. Expected responses and data used for pre-sizing. 

n 
T0 

(s) 

M.R 

(kg.m) 

F 

(kN) 

T 

(kN.m) 

P (kW) 
a (g) 

d 

(cm) 

1 0.07 7 60 41 8 0.6 0.07 

2 0.13 26 62 317 30 0.75 0.3 

3 0.2 39 43 477 30 0.55 0.6 

5 0.3 72 26 758 30 0.35 1 

10 0.7 142 13 1404 30 0.18 2 

The previous estimations are based on the following assumptions: whole story mass of 200 

tons, damping: 5%, fundamental period supposed to be equal to n/15. 
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3. Technical description 

3.1 Unbalance exciter 

The mechanical device, which can be dismantled after each use and stored in a container, 

is essentially composed of the following elements: 

- An asynchronous motor controlled by a variable speed drive connected to two horizontal 

drive shafts connected to cardan shafts and angular gearboxes with reduction ratios. All of 

these elements are situated on the building’s ground level. 

- Two vertical drive trains connected to horizontal drive trains through two angular 

gearboxes with reduction ratios. These devices pass through all the floors (to which they 

are connected by ball bearings). 

- Two eccentric mass exciters per floor rotated by the vertical drives and turning at the 

same speed in opposite directions (the synchronization is purely mechanic). Two models of 

eccentric mass structures are considered. The « slow » ones are used for buildings of low-

order fundamental frequencies (1 to 3 Hz). They bear masses of approximately 100-200 kg 

with a turning radius of 1 meter. The « fast » ones are used for buildings of high-order 

fundamental frequencies (4 to 15 Hz). They are made of a steel structure and bear steel 

masses of approximately 20-50 kg with a turning radius of 0.3 meter. 

Spatial organization of the device in a generic building is described by schematic top and 

front views in Figure 2. 

3.2 Motorisation 

All of the eccentric mass vibrators are driven by the same three-phase electric motor. Two 

rotation speed ranges can be obtained by interchangeable reducers. For each configuration, 

the excitation frequency can be adjusted by the variable speed drive. The rated power of 

the motor is 30 kW. 

Each testing includes three phases: the start-up phase with a progressive increase of the 

rotation speed and distance of the moving masses, a phase of steady-state (rotation 

frequency of the unbalanced masses slightly equal to the building’s natural frequency), and 

a phase of progressive breaking. 

3.3 Vertical drive trains 

Both vertical drive trains consist of a succession of steel round bars and tubes connected to 

each other by cone clamping elements. This connection system allows one not only to 

transmit high torques but also to adapt the device to a large range of floor-to-floor heights.  

Connections between vertical trains and eccentric masses structures (fabricated in steel for 

the fast version and in wood for the slow version) are also performed by cone clamping 

elements while connections between vertical drive train and slab are performed by steel 

plates and bearings on each side of the slab. 
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Figure 2. Mechanical device: asynchronous motor (1), angular gearboxes with reduction ratio (2 & 3), 

horizontal drive shaft (4), vertical drive shaft (5), eccentric mass structure (6) 
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3.4 Instrumentation 

The basic instrumentation allowing one to characterize the building’s dynamic behavior 

before, during, and after the mechanical excitation is composed of: 

- An acquisition chain, based on 2 CMG-40T three-axis seismometers, intended for 

ambient vibration measurements, before and after the mechanical excitation. 

- An acquisition chain, based on 8 single axis low-frequency accelerometers (sensitivity of 

1 V/g) intended for acceleration measurement under mechanical excitation. 

-  Some digital cameras allowing one to characterize damage mechanisms of bearing walls. 

Other sensors might be mounted on the tested buildings or in its surroundings according to 

goals of testing and resources of firms and laboratories involved in the operation. 

3.5 Testing protocol 

In principle, each testing protocol is specific, depending on objectives that have been set 

with partners. For each tested building, however, the general testing protocol should be 

approximately the following: 

- 1 day for initial ambient noise measurements: estimation of first mode shapes, period and 

damping for low top floor accelerations.  

- 3 to 5 man-days to set up the device according to building dimensions. 

- 1 day for forced oscillations measurements 

- 2 man-days days for final ambient vibration measurements, dismantling the device and 

storing it in its container. 

- Collection of steel and concrete samples for laboratory tests before and during the 

demolition stage. 

4. Current project status and intended applications 

The C1SMA research project was initiated in 2014. A first financial help of ENSA 

Marseille and the PACA region allowed to design and produce a first prototype of the 

excitation device as well as to get seismometers and accelerometers acquisition chains. 

Excitation device was first successfully assembled and tested in December 2018 on a small 

wooden structure that had been built for this purpose in the ENSA Nantes premises. 

It was installed for the first time on a real building in August 2020 and in a second (and 

last) time in June 2021. Both tests was funded by the Direction des Affaires Culturelles 

(DAC) of Guadeloupe and was carried on a former single-story school located in 

Guadeloupe and slated for demolition. This building, as well as among 100 other ones, was 

built by the architect Ali Tur in the 1930’s as a consequence of huge damages caused by 

the cyclone of 1928. As all Ali Tur’s building was build at the same time with the same 

constructive system (RC MRF with concrete masonry infill), tests carried on some of them 

could permit to enhance seismic evaluation of other ones. 

The aim of past and next few ones is two-fold: (1) finalising the development of C1SMA 

device; (2) characterising the mechanical behavior of lateral-force-resisting system of Ali 

Tur’s building under high harmonic loads. 

Tests conducted in 2020 and 2021 made it possible to measure a 0.15 g acceleration 

response on the roof of the building. Two problems was encountered not allowing to reach 
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higher accelerations. The first one, relating to the anchoring of bearing in the concrete 

hollow-core slab have been fixed in the meantime. The second ones relates to the 

misalignment of vertical drive trains conducting to its uncontrolled vibrations for rotation 

speed exceeding about 10 Hz whereas the fundamental natural frequency (according to 

ambient noise measurements) in the transversal direction is about 14 Hz. 

  

Figures 3a & 3b.   

  

Figures 4a & 4b.   

  

Figures 5a &5b.   
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New mechanical parts have recently be designed and produced in order to simultaneously 

reduce the initial misalignment and increase the lateral stiffness of the vertical drive shafts. 

A test bed is currently being set up in the ENSA Nantes premises in order to validate the 

new vertical drive shaft design. In case of success of these preliminary tests it would be 

reasonable to expect significantly higher accelerations. In view of the lightness of the 

building (approximately 70 tons), 0.6 g or higher acceleration is expected. That would be 

at a same level if not higher than design acceleration imposed by the regulatory framework 

for new buildings in Guadeloupe. Next in situ tests in the same building should be carried 

in January 2023. 

If these tests were successful, namely building acceleration response reached 0.5 g or 

higher values, it would be possible to forecast new prospects for the seismic evaluation and 

low-cost safeguard of French architectural heritage. That will require building  specific 

procedural and theoretical framework permitting to “extrapolate” experimental data 

obtained from a few buildings to other buildings whose lateral-load resisting system are 

similar enough. 

5. Conclusions 

A new mechanical device has been under development since 2014 and the two first in situ 

tests have been carried out in 2020 and 2021 in order to finalize its development and, at the 

same time, characterizing the mechanical behaviour of an one-story Guadeloupian building 

of the 1930’s designed by the architect Ali Tur. These tests permitted to reach a 0.15 g 

acceleration response on the roof. It was not possible to reach higher acceleration because 

of two mechanical problems. The first one was fixed in 2021 and the second one is being 

resolved by the design of new mechanical parts. The final phase of development is hoped 

to be achieved in January 2023 with new in-situ tests. Beyond these next tests, the set up of 

new seismic evaluation methods permitting low-cost safeguard of architectural heritage are 

expected. 
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Abstract: The buildings are responsible for 40% of the energy consumption and 38% of CO2 
emissions in the European Union, mainly because of the late implementation of the first 

energy codes. Around 40% of its buildings are also located in seismic prone regions and were 
designed with sub-standard safety requirements. It is estimated that 65% of these buildings 
simultaneously need energy and seismic retrofit. Recent earthquakes have demonstrated the 
vulnerability of the masonry infill walls against the out-of-plane seismic loadings. Several 
collapses were observed and caused multiple fatalities and considerable material and 
economic losses. This research work aims to propose and validate seismic plus energy 

retrofitting techniques for masonry infill walls. Four full-scale specimens were tested with 
different retrofitting configurations. The tests consisted of applying a semi-cyclic (loading-
unloading-reloading) history of imposed displacements in the out-of-plane direction through 
a uniformly distributed load. The mechanical properties of the adopted materials are 
characterized and presented. The results will be presented in terms of out-of-plane force-
displacement responses and, damage evolution. In the end, the tests’ results are compared to 

each other to assess the effectiveness of the seismic plus energy retrofitting technique. 

Keywords: seismic plus energy retrofitting, masonry infill walls, out-of-plane, experimental 

testing 

1. Introduction 

The buildings are responsible for 40% of the energy consumption and 38% of CO2 emissions 

in the EU, mainly because of the late implementation of the first energy codes. Around 40% 

of its buildings are also located in seismic prone regions and were designed with sub-

standard safety requirements. It is estimated that 65% of these buildings need both energy 

and seismic retrofit. Specifically, in Portugal, the reinforced concrete (RC) buildings 

comprise about 60% of its building stock and host approximately 65% of its population. Half 

of these buildings were not designed according to modern seismic codes, and 70% were not 

designed according to any energy code (Gevorgian et al. 2021). Also, 20% of the Portuguese 

citizens are not financially able to warm their homes (Matos et al. 2022). There is a 

tremendous socio-economic and environmental need to properly upgrade the existing 

building stock to face and solve the citizens “energy poverty”. 

Recent earthquakes demonstrated the medium/high vulnerability of RC buildings not 

designed according to modern seismic codes. In particular, the envelopes of RC buildings 
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were responsible for severe structural damages and collapses, casualt ies, and economic 

losses (Varum et al. 2017). The impact of the envelopes in post-earthquake rehabilitation 

costs is estimated to be about 50% of the total building repair costs (De Risi et al. 2019). 

Independent seismic (Furtado et al. 2020) and energy retrofitting techniques (Jelle 2011) are 

available for the envelopes of RC buildings. However, the validation of effective combined 

Seismic plus Energy (SpE) retrofitting techniques for envelopes is still missing. 

Based on this motivation, this research work aims to validate the efficiency of SpE 

retrofitting to improve the capacity of masonry infill walls when subjected to out-of-plane 

(OOP) seismic loadings. For this, four full-scale specimens were tested with different 

retrofitting configurations, namely: one non-retrofitted (reference); one with seismic 

retrofitting; one with energy retrofitting and one with SpE retrofitting. The tests consisted of 

applying a semi-cyclic (loading-unloading-reloading) history of imposed displacements in 

the out-of-plane direction through a uniformly distributed load. The results will be presented 

in terms of OOP (i.e. out-of-plane) force-displacement responses and, damage evolution. In 

the end, the tests’ results are compared to each other to assess the effectiveness of the seismic 

plus energy retrofitting technique. 

2. Experimental campaign 

2.1. Specimens’ description 

The infill wall specimens’ geometric dimensions were defined as 4.20x2.30m (length and 

width respectively, which are representative of those existing in the Portuguese building 

stock according to the study developed by Furtado et al. (2016), and shown in Fig. 1a and 

Fig. 1b. The columns’ and beams’ cross sections were considered as 0.30x0.30m and 

0.30x0.50m, respectively. Fig. 1 shows the schematic layout of the RC frame geometry with 

the corresponding columns’ and beams’ dimensions and reinforcement detailing (Fig. 1c, 

Fig. 1d, and Fig. 1e, respectively). 

All the infill panels have equal geometry with the above mentioned in-elevation dimensions, 

made of hollow clay horizontal brick units with 150mm thickness, as usually found in the 

envelopes of RC buildings. No reinforcement was used to connect the infill panel and the 

surrounding RC frame, and no gaps were adopted between the panel and the frame. All the 

panels were built aligned with the outer side of the RC beam. Concerning the remaining 

materials, it was selected a M5 class mortar for the walls’ construction and a concrete class 

C20/25 and reinforcement steel class A500 for the frame construction. 

Four masonry infill walls were tested with different retrofitting strategies: 

• Specimen REF – wall without retrofitting and with 1cm plaster; 

• Specimen S – wall retrofitted with textile-reinforced mortar; 

• Specimen E – wall retrofitted with external thermal insulation composite system; 

• Specimen SpE – wall retrofitted with a merge between the external thermal insulation 

composite system with the textile-reinforced mortar. 
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a) 

 

b) 

 

c) 

 

 

d) 

 

e) 

Fig. 1 – Infilled RC frame specimen dimensions (units in meters): a) general dimensions; b) front view of the 
specimen; c) RC frame reinforcement detailing; d) column and e) beam dimensions and reinforcement 

detailing 

2.2. Description of the retrofitting strategies 

The specimen “S” was retrofitted with textile-reinforced mortar technique, using a glass-

fiber reinforced mesh with a tensile strength equal to 40kN/m, a ultimate strain of 3.4% and 

a grid equal to 16.7x16.7mm2. The application procedure of this strengthening strategy 

started with the application of 1 cm plaster. Then plastic connectors were applied throughout 

the infill panel to position and fix the reinforcing mesh. The plastic connectors have been 

used for the tested specimens to place and fix the mesh. The roll of mesh was provided with 

1 m width and 50 meters length. Five vertical strips (1 m width) were used to strengthen the 

wall overlapped to each other. The application of vertical strips resulted easier with respect 

to the application of horizontal strips (whose length can also be very different depending on 

the bay length). The overlap length used between each vertical strip was 10 cm. The mesh 

was extended for 15 cm both on the beams and columns. Then, in the overlapping regions 

for the transition RC frame-infill panel, a duplicated mesh was assumed with an overlap 

equal to 30 cm (15 cm for the RC frame and 15 cm for the infill panel). The layout of the 

mesh application is shown in Fig. 2a. Concerning the mesh connection to the envelope RC 
frame, a steel plate (3mm thick and 30mm width) was used along the perimeter of the wall 

(10cm from the external face of the RC element). Ø10mm holes were drilled in each location 

defined for the anchor to insert M8 steel connectors, as shown in Fig2b. Thus, the mesh was 

placed between the frame and the steel plate, which was anchored with the steel connectors 
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to the frame. The main goal was to minimize the mesh's local sliding/shear failure. Plastic 

connectors were used to connect the mesh to the wall. 

Specimen E was retrofitted with an external thermal insulation composite system. Again, 

only the exterior surface of the wall was retrofitted. First, a 1cm layer of traditional mortar 

(M5 class) was applied to the wall surface. Then, expanded polystyrene (EPS) plates 6cm 

thick, with graphite additives with thermal conductivity of 0.031 W/(m.K), were positioned 

and fixed using an adhesive mortar. Also, the positioning of the EPS plates was performed 

using plastic connectors to connect them to the wall and the RC frame, as shown in Fig. 2c. 

According to the supplier's recommendations, four plastic connectors per square meter were 

adopted per square meter. After that, a new thin layer of adhesive mortar (around 0.5mm) 

was applied to fix a non-structural mesh that aims to prevent cracking due to temperature 

variations, as shown in Fig. 2d. Finally, the retrofitting was concluded with the application 

of 1cm plaster. 

Specimen SpE was retrofitted with a SpE technique, which consisted of applying the external 

thermal insulation composite system and the textile-reinforced mortar. The retrofitting 

started by fixing the EPS plate, used in wall E, using an adhesive layer. After that, it was 

applied over the external surface of the EPS plate a new layer of adhesive mortar (0.5cm), 

as shown in Fig. 2e. The GFRP mesh applied in the wall S was applied in the front of the 

EPS layer, using the same layout (i.e. overlapping frame-wall, between mesh stripes) as 

shown in Fig. 2f. The GFRP mesh was connected to the wall and the frame using plastic 

bushing with steel screws. The geometric distribution of these connectors was the same 

adopted in wall S. After that, a new layer of adhesive plaster was applied to the wall surface 

to receive the non-structural mesh to prevent cracking. The retrofitting was concluded with 

the application of 1 cm plaster. 

 

a) 

 

b) 

 

c) 

 

d) 
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e) 

 

f) 

Fig. 2 – Specimens’ retrofitting: a) General view of wall S; b) Detail of the mesh-frame connection; c) Detail 
of the positioning of the EPS plates; d) Detail of the application of the non-structural mesh; e) detail of the 

EPS application and e) layout of the structural mesh application. 

2.3. Test setup 

The experimental test consisted of applying a uniform OOP load applied by 28 pneumatic 

actuators, which are linked to a self-equilibrated reaction steel structure composed of four 

horizontal alignments made with HEB140 steel profiles and five vertical alignments made 

with HEB220 steel profiles (Fig. 3). The vertical alignments are hinged, allowing their 

rotation during the tests. The steel reaction structure is attached to the envelope frame in 

twelve points (five in each top and bottom beam and one in each column). In each of these 

connections, a load cell was placed that allowed to monitor the loads during the tests. 

 
a) 

 
b) 

 
c) 

Fig. 3 – Test setup: a) schematic layout; b) lateral view; and c) front view. 
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The instrumentation was composed of 21 displacement transducers, thirteen of them 

related to monitoring the panel OOP displacements and the remaining eight to the rotation 

between the panel and the envelope frame. Apart from that, and as explained in the previous 

subsection, twelve load cells were used to monitor the loadings developed during the test. 

The pressure level inside the pneumatic actuators was set by two pressure valves which were 

controlled according to the target and measured OOP displacement of the central point of 

the infill panel (the control node and variable) continuously acquired during the tests using 

a data acquisition and control system developed in the National Instruments LabVIEW 

software platform (Vicente et al. 2012). 

Two half-cyclic (loading-unloading) OOP displacements were imposed with steadily 

increasing displacement levels, targeting the following nominal peak displacements: 0.5; 

1;2.5; 5; 7.5; 10; 15; 20; 25; 30; 35; 40; 45; 50; 50; 55; 60; 65, 70, 75, 80, 85, 90, 95 and 

100mm. The central geometric point of the panel was selected as the control point since it 

was expected that is the region where it will occur the largest deformation of the panel. 

3. Test results and discussion 

3.1. Specimen Ref 

During the testing of the reference specimen, it was not observed damage until the OOP 

displacement equal to 5mm. At this level of OOP displacement occurred the plaster 

detachment in some parts of the panel. After that, at the OOP displacement equal to 7.5mm, 

the beginning of a horizontal cracking was observed at 1/3 of the panel height. When the 

panel reached the OOP displacement equal to 15mm, the horizontal crack became more 

pronounced and, at the same time appeared a vertical crack at the middle of the panel, from 

the top until the horizontal crack. When the OOP displacement reached 25mm diagonal 

cracks were visible, which started in the same alignment of the horizontal crack until the 

bottom of the panel. At the end, at the OOP displacement equal to 30mm, the panel collapsed. 

The cracking pattern was essentially trilinear, as evidenced in Fig. 4a. Fig. 4b presents the 

force-displacement response curve, from which it is possible to observe that for the OOP 

displacement equal to 2mm occurred the first decrease of strength, which was quickly 

recover and followed by a progressive increase until the 6mm (instant where it was visible 

the beginning of plaster detachment). After that, a progressive increase of the OOP strength 

can be verified until a maximum peak load equal to 61.2kN occurred for an OOP 

displacement equal to 29mm. After that, at the OOP displacement equal to 29.8mm, the 

panel suddenly collapsed without any visible previous decrease of the OOP strength. 

 
a) 

 
b) 

Fig. 4 – Specimen Ref: a) Cracking pattern; and b) Force-displacement curve. 
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3.2. Specimen S 

The first macro-cracking occurred for an OOP drift equal to 0.17% and was a horizontal 

crack above the mid-height panel. Again, diagonal and horizontal cracks appear until the 

maximum peak load (92.31kN) corresponding to a drift of 2.55%. After that, it occurred the 

fracture/crushing of the bricks located at the firs and, consequently, the OOP strength 

reduced about 44kN and the OOP drift suddenly increased until approximately 7%. 

Until the last stage of the test, it was not observed any significant reduction of the panel 

strength and the residual capacity of the panel was found equal to 42.61kN for an OOP drift 

equal to 8.70%. The test has stopped due to the limit of the pneumatic actuators stroke. The 

panel cracking pattern is shown in Fig 5a. The mesh-frame anchorage in the top and bottom 

of the wall was found in good conditions, which was vital to prevent the wall collapse. 

 
a) 

 
b) 

Fig. 5 – Specimen S: a) Cracking pattern; and b) Force-displacement curve. 

3.3. Specimen E 

During the testing of the specimen E, it was not observed any cracking over the wall surface. 

Even for large OOP displacements, the non-structural mesh prevented the cracking. It was 

observed a rigid body behaviour during the whole test. A first OOP strength drop was 

observed for an OOP displacement equal to 9.62mm caused by the detachment of the wall 

from the top beam. After that, an increase of the OOP strength was observed due to the 

arching mechanism, but without any cracking development, which is a novelty in this type 

of testing. The maximum strength of 55.8kN was reached for an OOP displacement of 

60mm. After that, the collapse of the wall occurred suddenly, resulting from the total 

detachment of the wall from the top interface, as shown in Fig. 6a. The force-displacement 

curve is plotted in Fig. 6b. 

 
a) 

 
b) 

Fig. 6 – Specimen E: a) Collapse of the wall; and b) Force-displacement curve. 
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3.4. Specimen SpE 

During the testing of specimen SpE, it was once again noticed that it was not observed any 

cracking development, even for large OOP displacements. A continuous increase of the OOP 

force was observed until 4.7mm when a slight detachment of the panel from the top beam 

interface was noticed. Therefore, the maximum strength of 81.35kN was reached for an OOP 

displacement of 22.9mm. The total detachment between the wall and the top and bottom RC 

beams was observed at this stage. Then, the OOP strength was reduced until the wall 

collapsed for the OOP displacement of 132mm. From the test, it becomes pretty clear the 

efficiency of the retrofitting and the excellent performance of the anchorage system of the 

retrofitting material to the RC frame. Even for large OOP displacements, the connection 

adopted to fix the retrofitting material performed well, without fragile rupture. 

 
a) 

 
b) 

Fig. 7 – Specimen E: a) Collapse of the wall; and b) Force-displacement curve. 

3.5. Global comparison 

From the global overview of the test results, the SpE retrofitting technique was quite efficient 

in strength and displacement capacity. In terms of OOP strength the SpE specimen reached 

a maximum OOP load of only 11% lower than the one reached by the wall with seismic 

retrofitting (i.e. specimen S). Concerning the comparison between the walls Ref and E, it 

was observed that the wall with SpE retrofitting reached an OOP strength 33% and 46% 

higher than them. 

Concerning the displacement capacity, the SpE retrofitting prevented the wall collapse until 

large deformation demands. In contrast, the walls Ref and E collapsed for low to medium 

displacement demands, proving the high vulnerability of these typologies of walls.  

4. Conclusions 

Recent earthquakes evidenced that the infill panels are vulnerable to OOP loadings, which 

could result in serious human and economic consequences. Also, the buildings are 

responsible for a significant part of the energy consumption and CO2 emissions because 

most of the existing buildings were not designed according to any energy codes. They need 

energy retrofitting to improve their energy efficiency. 

Based on this motivation, this research work aims to validate the efficiency of SpE 

retrofitting to improve the capacity of masonry infill walls when subjected to out-of-plane 

(OOP) seismic loadings. For this, four full-scale specimens were tested with different 

retrofitting configurations, namely: one non-retrofitted (reference); one with seismic 

retrofitting; one with energy retrofitting and one with SpE retrofitting. The tests consisted of 
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applying a semi-cyclic (loading-unloading-reloading) history of imposed displacements in 

the out-of-plane direction through a uniformly distributed load. The results showed that the 

SpE retrofitting performance was very interesting by increasing the OOP strength and 

deformation capacity 32% and 342% higher than the reference specimen. The fragile 

collapse was prevented. Future tests will be carried out to assess the efficiency of similar 

solutions to combined in-plane and OOP loadings. 
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Abstract: This paper examines the seismic retrofit strategy for different structures in 
Romania. The remarkable feature here is the combination of conventional strengthening and 
the arrangement of a tuned-mass system. These systems consist of an additional mass, 
elastically connected to the main structure. Dampers are installed in parallel to the elastic 
devices to widen the operating frequency band of the tuned-mass and to reduce the relative 
displacements between mass block and main structure. This passive protection system yields 
the reduction of induced acceleration and displacement levels as well as internal stresses, 
support reactions and interstorey drift due to seismic loadings. An important further 
advantage is the possibility to use the inside of the building as there is no disturbance by the 
upgrade activities. After a short introduction in the basic principles of these systems for the 
seismic control of structures, details of the executed projects are presented. Results of 
numerical investigations are described to verify the effectiveness of the mitigation measures. 

Keywords: earthquake, damping, tuned-mass system 

1. Introduction 

Romania as a complete country is not a high-risk area for earthquakes compared to other 
regions such as Japan or Chile, where frequent seismic activity and periodic events with 
very high energy can lead to catastrophic consequences. Nevertheless, there are certain 
areas within Romania that experienced quite severe seismic events. Furthermore, there are 
several important structures, like hospitals, governmental buildings and historical 
monuments that require earthquake protection. 

Previous experiences have shown that there is a significant threat of existing structures 
caused by earthquakes. There are examples of existing structures and cultural heritage that 
are not sufficiently protected against seismic demands. If the seismic safety of these 
buildings is inadequate, a retrofitting strategy has to be developed. In contrast to the well-
known conventional strengthening methods nowadays several projects utilize different or 
additional protection measures, like the application of a Tuned Mass Control System 
(TMCS). The system absorbs horizontal forces and is practically maintenance-free. 
Electrical power supply or any other form of drive or control mechanism is not required for 
these passive systems. TMCS are immediately effective when an earthquake strikes. They 
are applicable for the protection of existing or new structures. 

The additional mass of a TMCS, typically made out of concrete or steel, is usually 
arranged at the highest level of the structure. The mass block is connected with the 
substructure by springs such that the corresponding frequencies are related according to 
specific rules. Viscous dampers are arranged additionally to reduce the relative 
displacements between tuned mass and structure and to widen the operating frequency 
band of the TMCS. The system yields a significant reduction of induced acceleration and 
displacement levels as well as of internal stresses and support reactions due to seismic 
excitation. 

3110
3ECEES, September 2022, Bucharest, Romania



The present contribution deals with the description of the seismic retrofitting strategy for 
three different structures in Romania: a tower of a city hall, a monumental building used by 
the government and a hospital. Finally, the dynamic refurbishment of a TV tower by 
installing two tuned-mass dampers is presented. Pictures of the installed system, numerical 
results and general description of the projects illustrate the executed works. 

2. City Hall in Arad 

The structure of the Arad City Hall is declared a historical monument by the Romanian 
Ministry, as described by Popp et al. (2012). It was built between 1872 and 1874. The 
neoclassical building occupies an area of about 70 x 70 m, including an inner courtyard. In 
the middle of the central body a tower is arranged, with a total height of about 26 m. Fig. 1 
shows a corresponding view of the tower. 

 

 

Fig. 1 – City Hall in Arad with tower 

The seismic investigation of the complete structure reveals that the tower was in danger 
and hence, required a seismic retrofit. Based on dynamic analyses the details of a tuned-
mass system are chosen in combination with local strengthening measures. The mass of the 
TMCS amounts to about 3500 kg and the subcritical tuning was decided to achieve 
horizontal frequencies in range around 1.6 Hz. To connect the TMCS with the tower 
structure steel I-profiles are anchored in the masonry, considering the narrow space within 
the tower and the current location of the windows. 

Having a look at the comparative seismic results, e.g. in terms of relative displacements at 
the top of the tower, it can be stated that the combined retrofitting strategy yields a 
reduction efficiency of about 50 %. Based on these results, it can be concluded that 
absolute accelerations and internal forces can also be reduced by a similar order of 
magnitude. 
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3. Hospital in Slobozia 

Slobozia, Romania – 120 km east of Bucharest is the capital of Ialomiţa County. A region 
that is regularly hit by small to moderate earthquakes. In 2020 alone, the Ialomiţa was 
affected by 9 earthquakes. Back in 2007, it was clear that the hospital, which is providing 
health care for more than 250.000 people, needed a seismic protection upgrade. A front 
view of the building is shown in Fig. 2. 

 

 

Fig. 2 – Hospital in Slobozia (2007) 

The construction of the hospital started around 1965 and since 1970 it is an important 
county hospital with more than 700 beds. It consists of reinforced concrete members, such 
as columns, beams and slabs. The total length amounts to about 110 m, 13 m width and the 
height of the main parts reach around 31 m. The total mass of the building is estimated 
with approximately 18.000 metric tons. 

3.1. Mitigation Strategy 

The project challenged on two levels. First, the structure was already built and therefore 
seismic control solutions were required to develop that can adapt to already existing 
architecture. Furthermore “hammering effects” were feared as the building consists of 5 
parts and the original design did not include high seismic effects. The second challenging 
factor had a deeper impact on working process: Because of the hospital’s importance for 
health care in this region of Romania, the temporarily closure was not acceptable and 
treatment of inpatients had to continue. 

The retrofitting measure consists of the combination of conventional strengthening and the 
arrangement of a Tuned Mass Control System. The target of the strengthening was the 
increase of the resistance of the building to seismic loads. During the first step the roof 
slabs are coupled to reduce relative motion between the separated parts in case of a seismic 
event. The expected hammering effects between adjacent parts are avoided now. In the 
second step the feasibility to arrange new additional shear walls within the structure to 
reduce the interstorey drift ratio was investigated. The space for these strengthening 
measures was quite limited. Due to the importance of the hospital the areas where new 
steel frames or new shear walls could be place are extremely restricted. As results of these 
provisions it was decided to arrange three new steel frame structures outside the building. 

The size of the new steel frames is not sufficient to achieve the required improvement of 
the seismic behaviour of the structure. Therefore, this strategy had to be completed by 
additional measures. A suitable TMCS was developed. Three reinforced concrete blocks 
form the main part of the Tuned Mass Control System. Each horizontal bay of the three 
steel frames is equipped with one of these concrete blocks, weighting about 53 tons. The 
total mass of the building structure including the new steel frames amounts to 
approximately 18.000 tons. The corresponding mass ratio between the total mass of the 
TMCS and the Hospital mass amounts to about 0.9 % only. The concrete slabs are hanging 
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on ropes and are elastically connected to the steel structure in both horizontal directions by 
spring elements. Two viscous dampers, arranged below the mass block, are used for each 
unit. Fig. 3 shows one of the three systems. 

 

 

Fig. 3 – Tuned mass within steel frame 

3.2. Calculations and Final Situation 

Results of ambient measurements in terms of eigenfrequencies and mode shapes are used 
to adjust the finite element models, used for the investigation of the measures. More details 
are discussed in Siepe et al. (2017). The TMCS was tuned in combination with a 
significant high damping ratio. Due to the subcritical tuning for both directions and the 
corresponding high damping it is ensured that the operating range of the systems is within 
approximately 60 to 98 % of the measured main frequencies of the structure. All analyses 
verify that this range covers all dynamic events that realistically could occur. In regard to 
the high damping ratio the results of numerical analyses by Tributsch et al. (2011) show 
that a large damping coefficient does not lead necessarily to a reduction of the efficiency of 
the TMCS. The seismic analysis results show that the TMCS significantly reduce the top 
storey displacements, absolute accelerations, induced internal forces and interstorey drift 
values. As a typical example, the bending moment of an existing corner column can be 
reduced by more than 20 % after implementing the conventional strengthening. This value 
could further be reduced to more than 40 % if the combined strategy of strengthening and 
TMCS is considered. This level of efficiency applies also to other important structural 
responses. Thus, the seismic upgrade will lead to less damage and a remarkable increase in 
safety during a seismic event. A view of the retrofitted hospital is presented in Fig. 4. 

 

 

Fig. 4 - Renovated façade and installed steel frames 

The main advantage of the retrofitting strategy is the fact that all necessary measures could 
be prepared without the requirement of a temporary closing of the hospital or parts of it. 
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4. Palatul Victoria 

The monumental structure Palatul Victoria is a palace, designed by Professor Duiliu 
Marcu, in Victory Square, Bucharest, Romania and is used as headquarters of the Prime 
Minister of Romania and his cabinet. The works for this monumental structure, shown in 
Fig. 5 below, started in 1937 and were finished in 1944. 

 

 

Fig. 5 – Front view of Palatul Victoria at square “Piața Victoriei” 

The building consisted of six different parts, with a total useable area of about 20000 m². 
The whole structure has dimensions of about 46 x 100 m with a total height of about 24 m. 
The different parts are separated by seismic gaps. The clearance is very small and in case 
of a seismic event high interstorey drift ratios as well as hammering effects were expected 
according to the experience from previous seismic events in 1977. Heavy repair work was 
expected as a result of these effects. A suitable retrofitting strategy had to be developed to 
improve the seismic behaviour of the important building. This strategy should pay special 
attention to the fact that several conference rooms inside the building must be used by the 
government of Romania. Temporary closure of these conference rooms due to required 
repair work would not have been accepted. The effects of the retrofitting steps should also 
not limit the use of the building during the construction works, as discussed in Nawrotzki 
et al. (2013). 

4.1. Consolidation Strategy 

Space for strengthening measures was very limited inside the building. First results of a 
feasibility study had shown that certain design targets, for example a sufficient reduction of 
the interstorey drift ratios, could not be reached using conventional retrofitting methods. 
Thus, a new and modern approach - arrangement of a Tuned-Mass Control System - was 
evaluated as a secondary measure. Further studies verified the efficiency of the chosen 
steps in regard to the reduction of internal stresses and interstorey drift, as a major target. 

The conventional measures consisted of two steps. In a first step the slabs at the second 
floor and the roof slabs are coupled. Steel anchors are embedded into the two adjacent 
concrete slabs and high strength concrete was used to connect the two parts. This coupling 
has led to a rigid connection of the six previously separated sections of the building. 
Hammering effects can be avoided now. During the second step new shear walls were built 
at 8 locations to counter the effects of seismic lateral loading acting on the structure. 
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The Tuned Mass Control System at Palatul Victoria consists of 5 mass blocks made of 
reinforced concrete. Each mass, weighting about 96 tons, is arranged on top of six sliding 
bearings. These bearings are placed above existing columns and support the mass in 
vertical direction. The mass ratio between TMCS and total mass of the building amounts to 
about 1.2 % only. Fig. 6 presents one of the concrete blocks during construction. 
 

 

Fig. 6 – TMCS during installation works at roof of Palatul Victoria 

The TMCS is able to reduce the seismically induced acceleration and displacement levels 
as well as the internal stresses, support reactions and interstorey drift values. The 
possibility to apply such a system to an existing building without limitations in its use is an 
important advantage, even when the design is considering nonlinear structural effects, as 
presented by Brendike et al. (2011). 

4.2. Important Design and Retrofitting Details 

The seismic input at the site can be described by the main parameters of the spectrum. The 
corresponding elastic response spectrum exhibits a peak ground acceleration of 0.36 g, a 
spectral amplification factor of 2.75 and a resonance plateau between 0.63 Hz and 6.3 Hz. 
Using commercial finite element software, altogether three different models are created to 
consider the single steps of the consolidation strategy, as shown in Table 1. 

 

Table 1. Overview of finite element models 
Name of model Description

A Original system with gaps, without shear walls and without TMCS 
B System with additional shear walls and coupled slabs 
C System with shear walls, coupled slabs and with TMCS 

 

The important areas as for example the banquet room and the conference rooms inside 
Palatul Victoria require a limitation of the interstorey drift ratios due to earthquakes. A 
limit of 0.2 % for the interstorey drift was decided on the basis of the Romanian standard 
according to MLPAT (1992). 

In the original system (Model A) the interstorey drift ratios exceeded the described limit. 
The results of Model B show already a certain improvement of the mentioned values, but 
the improvement is not sufficient to keep the limit. The best performance is achieved with 
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a combination of conventional strengthening and arrangement of a TMCS (Model C). Here 
the interstorey drift ratios are complying with the limit of 0.2 %. 

It should be noted, that the induced seismic responses are also reduced significantly. Thus, 
there will be less damage and a remarkable increase of safety by the combined 
consolidation strategy. The investigations concluded that the TMCS reduces the structural 
responses by about 25 – 40 % in comparison to the conventionally strengthened structure. 
These results were compared quantitatively with experimental results, gained from detailed 
investigations of shaking table tests, presented by Rakicevic et al. (2006). Reduction 
effects due to arrangement of a TMCS are in the same order of magnitude for both 
investigations. 

The construction works started with arranging the new shear walls and connecting the 
slabs. The concrete blocks of the TMCS were poured and placed on top of the sliding 
bearings using a lost shuttering. The spring devices possess the possibility to change the 
helical steel spring, used inside. Thus, it was possible to adjust the springs inside the 
devices to reach the desired frequency of the TMCS. The retrofitting was completed in 
2011. 

5. Tower at Magura Odobesti 

The TV transmission tower was designed in 1973 and was executed until end of 1974. The 
station is composed of a technical building, a reinforced concrete tower, a steel tower and a 
pylon. More details are discussed in Dime et al. (2008). The upper part of the structure and 
one of two tuned mass dampers (TMDs) are shown in Fig. 7. 
 

 

Fig. 7 – TV Transmission Tower (left), layout arrangement & view on top of TMD (right) 

The facility is a high-power transmitter located near the top of Magura Odobesti, at an 
altitude of nearly 1000 m. The length of the structure on top of the technical building 
amounts to about 111 m, including the concrete part, steel structure and pylon. This 
structure had to be protected from the effects of wind in particular. During initial 
calculations and vibration measurements it was found out that the first and second 
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eigenmode have to be damped. For this purpose, 2 TMDs were designed and installed. The 
first system, consisting of a mass of about 300 kg is arranged at top of the pylon. The 
second system, weighting approximately 2850 kg, is installed at a height of about 95 m. 

The commissioning of the tuned mass system was finished in 2007, including final 
vibration measurements. The corresponding results show that the reduction effect reaches 
about 70 to 80 % for the first eigenmode and up to 90 % for the second eigenmode. 

6. Conclusions 

The present contribution explains and exemplifies the application of a Tuned Mass Control 
Systems as seismic protection measures for important buildings in Romania. Technical 
background with details of analytical investigations is presented. The arrangement of a 
TMCS yields significantly reduced seismic results of the structure in terms of relative 
displacements, interstorey drift, absolute accelerations and internal forces. In the projects 
presented (clock tower, government building and hospital), in combination with 
conventional strengthening a reduction in the order of 40 to 50 percent could be achieved 
in a seismic case – ensuring that all necessary verifications could be fulfilled. The 
efficiency for earthquake applications should not be compared to the effects of tuned mass 
dampers for harmonic excitations – here, higher reduction effects are obtained, as shown 
within the TV-tower project. In addition to the technical advantages of the tuned mass 
systems, particular consideration should be given to the advantage that the usual 
arrangement on the roof typically does not restrict the usage of the building. It can be 
concluded that the described type of protection system could be used for existing structure, 
sometimes in combination with conventional strengthening measures, as well as for new 
structures. 
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Abstract: The subject of this paper is a detailed analysis of the stability of the existing 
building “Sokolski dom” in Kumanovo, which proved the need for its repair and 
strengthening. This paper presents a selected analytically verified solution for strengthening 
the existing structure of the building. With detailed analysis of the strength capacity and 
deformations of the structure, it was determined that the existing structure does not meet the 
required strength and deformation capacities, according to national regulations. Therefore, the 
need for repair and strengthening is imposed, with the main goal of ensuring seismic stability 
of the building. Taking into account the possibilities for interventions in the building and the 
required strength and deformation characteristics of the elements and the system as a whole, a 
traditional solution for strengthening was adopted, with reinforced concrete jackets and 
horizontal reinforced concrete course belts. Analysis of the strength capacity and deformations 
was conducted. It was concluded that the strengthened structure has significantly increased 
strength in both orthogonal directions, and the required strength capacity is in accordance with 
the regulations. The technical solution provides increase of the bearing and deformation 
capacity of the system, as well as the increase of the ductility capacity. 

Keywords: Repair, Strengthening, Masonry Structures, Capacity Analysis 

1. Introduction 

Masonry structures, as a traditional type of construction, are especially present in the 
Balkan region. With cross-analysis of the statistical data from the last censuses from 1991 
and 2002 and the available data from the State Statistical Office, it can be summarized that 
one third of the buildings in the Republic of North Macedonia belong to this type of 
constructions. Most of them were built in the second half of the XX century, before 
enactment of first seismic code in the country, and constructed on the basis of experiential 
knowledge. The most important and undeniable fact is that these buildings are still 
operating as buildings of vital importance for the society (schools, hospitals, cultural-
historical monuments, etc.), Shendova et al. (2019). 

The building of “Sokolana” in Kumanovo (Fig. 1), belongs to this type of buildings. Built 
in the thirties of the last century for the needs of the “Sokolski Society” from Kumanovo, 
this building was once the main impetus for enrichment of cultural, entertainment and 
sports life, enabling the proper psycho-physical development of many generations.  
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This paper presents a detailed analysis of the stability of the existing structural system of 
the “Sokolana” building, the need for repair and strengthening of the “Sokolana” building, 
the selection of the most adequate solution for repair and strengthening, as well as an 
analysis of the stability of the strengthened structural system of the building. For that 
purpose, the multidisciplinary approach was applied, developed in the Institute of 
Earthquake Engineering and Engineering Seismology in Skopje (UKIM-IZIIS) based on 
gathered experience in the field of earthquake protection. This approach includes detailed 
technical and experimental investigations of the facility, in order to determine the actual 
input parameters for the analysis, and then analysis for the load-bearing elements in order 
to determine the limit state of strength, deformability and ability of load-bearing elements 
and the system as a whole to dissipate seismic energy, Bozinovski et al. (2019). 

 
Fig. 1 – Front view of the building “Sokolski dom” in Kumanovo 

2. Analysis of the existing building 

2.1. Description of the structural system of the existing building 

For the purposes of the analysis visual inspection of the building was carried out, with 
outdoor visual inspection, control measurements of building dimensions and structural 
elements, indoor visual inspection for identification/verification of the structural system.  

The building consists of a central part (sports hall), with a maximum height on the load-
bearing walls up to level + 9.60m, and total floor area of 525m2. In one part, above the 
main entrance there is a gallery (level + 3.86m). The building also has three additional 
ground floor structures of lower height that were built through the years of exploitation, 
with a total area of approximately 440m2. (Fig. 2, 3) 

 

Fig. 2 – Ground floor of the building  
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 a)  b)  
 

Fig. 3 – a) Longitudinal cross section of the building, c) Transverse cross section of the budilding 

The principal structural system consists of bearing walls made of brick, in both orthogonal 
directions. The wall thickness varies from 75cm, for the main hall, and 35-60cm for the 
annex ground floor structures. The foundations are made of stone. For the gallery, there is 
a wooden floor structure. The main entrance is covered with a reinforced concrete slab. 
The roof for both the hall and the accompanying ground floor parts is made as a wooden 
structure, only on small part there is a ribbed reinforced slab. Many years ago an attempt 
for strengthening interventions was made, with reinforced concrete jackets. This process 
was stopped, so for the new solution starting point was reviewing and analysing the 
existing construction interventions. 

During the inspection, significant damage was observed on the load-bearing wall elements, 
manifested with large cracks on the walls. Heavy damage was observed also in the roof - 
wooden structure and ribbed reinforced slab, in the annex ground floor structures. (Fig. 4) 
After the visual inspection it was concluded that, in order to bring the building in 
functional condition, it is necessary to make a repair and strengthening. 

a)  b)  

c)  d)  

Fig. 4 - Cracks on the load-bearing wall elements 
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The input values for quality of the masonry of the load-bearing walls of the building, 
expressed through the modulus of elasticity, compressive and tensile strength, were 
assumed based on the experiences of examined elements of similar quality and 
construction time, and were confirmed by experimental testing. Therefore, the following 
input parameters are adopted: modulus of elasticity E = 680MPa, shear modulus G = 170МPa, 
compressive strength fc = 12MPa, tensile strength ft = 0,12MPa. 

2.2. Analysis of bearing and deformation structural capacity 

Based on the defined geometry of the structural systems of the building, the physical-
mechanical characteristics of the embedded materials and the load of the elements, an 
analysis was performed to determine the load-bearing capacity and deformability of the 
building, with the main purpose of defining its behaviour under seismic action. 

To determine the real strength and deformation characteristics depending on the quantity 
and quality of the embedded materials, the computer program developed in UKIM-IZIIS 
was used. The program determines the displacement and the lateral force at yielding point 
(Δy and Qy), the ultimate displacement and lateral force (Qu and Δu), for each individual 
element of the storey, i.e. the initial stiffness and the stiffness at yielding point. In this way, 
the force-displacement relationship are obtained for each element of each storey separately, 
whereby, the load-bearing and deformation capacity of each storey is defined. The 
deformation capacity also defines the displacement ductility capacity for each floor as μ = 
Δu / Δу. The load-bearing and deformation capacity are determined for both orthogonal 
directions. The strength capacity is shown in the form of the ultimate storey shear force, 
which compared to the equivalent seismic force gives the safety factor. 

 

 

Fig. 5 - Storey Q-Δ relationship (existing state) for both orthogonal directions 

The results of the analysis, in the form of summary storey Q - Δ diagrams for the two 
orthogonal directions respectively, are shown in Fig.5. The bilinear diagrams with the 
characteristic yield points "Y" and the ultimate point "U" are shown in blue, while the 
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required load capacity of each floor is marked in red. Table 1 summarizes the obtained and 
required load-bearing capacities of the structure for each storey. 

Table 1. Structural bearing capacity for the existing structure 
Existing state, x-direction 
level Qy [kN] Qu [kN] Qs [kN] Qy/Qs Qu/Qs 
1 floor 1250 1454 1280 0.97 1.13 
GF 3573 3892 2259 1.58 1.72 
Existing state, y-direction 
level Qy [kN] Qu [kN] Qs [kN] Qy/Qs Qu/Qs 
1 floor 680 690 1293 0.52 0.53 
GF 2868 3804 2259 1.26 1.68 

Based on the performed analysis of the existing structure and the obtained results, it was 
concluded that the strength capacity of the building for the ground floor for x-direction and 
y-direction is higher than the required according to the regulations, but for the first storey 
in both directions, it does not meet the requirements according to the regulations, PIOVS 
(1981). The ductility capacity for both directions in height is relatively small. The structure 
does not have sufficient strength for the ground floor for both directions, also the bearing 
capacity and deformability is relatively small for both directions, Bozinovski, Shendova et 
al. (2021). Given that structural interventions are going to be made, it is necessary to 
provide adequate strength and sufficient deformability, providing structural elements with 
greater ductility and increasing the integrity of the structure in both directions. From the 
above, the need for repair and strengthening is justified and necessary to improve the 
strength and deformation requirements and to achieve the desired dynamic response during 
future earthquakes. 

3. Repair, strengthening and analysis of the structural system 

3.1. Description of the technical solution for strengthening of the existing structure 

Based on the required strength and deformation characteristics of the elements and the whole 
structural system, several variant solutions for strengthening of the structure were considered. 
During the selection of the repair and strengthening solution a few aspects were considered 
including the possibilities for interventions in the building and the economic aspect. Also for 
each variant solution a preliminary analysis was obtained (for the structure stability for the two 
orthogonal directions). Comparison was made of the strength and deformability characteristics 
obtained with the required by the regulations. 

From several variant solutions, a traditional solution for strengthening has been selected, the 
most appropriate from the economic aspect and from the aspect of assuring the strength and 
deformation requirements, according to the current technical regulations.  

The solution for strengthening of the structural system includes the following, Bozinovski, 
Shendova et al. (2021): (i) strengthening of load-bearing walls with reinforced concrete 
jacketing in longitudinal and transverse direction along with the new foundations (shown with 
red color in figures 6, 7, 8); (ii) connecting the RC jacketings with horizontal reinforced 
concrete belt courses (shown with blue color in figures 7, 8) or rectangular steel profiles 
(shown with green color in Figures 7, 8), in transverse and longitudinal direction; (iii) 
strengthening of wooden joists from the roof truss (shown in figures 7,8 with green color) in 
order to form ties for connecting the elements in the transverse direction; (iv) local repair of the 
cracks manifested in the bearing walls; (v) local remove and replacement of the damaged 
wooden roof structure; (vi) local remove and replacement of the damaged ribbed reinforced 
slab in the ground floor structures.  
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Figures 6, 7 and 8 show the formwork plans and characteristic cross-sections of the proposed 
technical solution for strengthening the “Sokolana” Structure.  

 
Fig. 6 – Formwork plan of the ground floor for the proposed strengthening solution 

 

Fig. 7 – Characteristic cross sections for the proposed strengthening solution: transverse cross section  

 

Fig. 8 – Characteristic cross section for the proposed strengthening solution: longitudinal cross section  

The new reinforced concrete elements are intended to be of quality MB30 concrete (Ec = 
31500Mpa, fc = 21.5MPa) and reinforcement of the type RA400 / 500-2 (Ea = 210000MPa, 
fta = 400Mpa). Reinforced concrete elements of the structure are proportioned according to the 
theory of limit loads, i.e., according to PBAB (1987).  
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3.2. Analysis of bearing and deformation capacity for the strengthened structural 
system 

For verification of the proposed technical solution for repair and strengthening of the 
building, the procedure shown in Chapter 2.2 was applied again, through which the load-
bearing and deformation capacities are defined, but this time of the strengthened structure. 
The computer program recalculates the displacement and shear force at yielding point (Qy 
and Δy), as well as at the ultimate point (Qu and Δu) for each individual element of each 
storey, but for the integrated structural system of masonry and reinforced concrete 
elements, with the corresponding characteristics of the built-in material. The results are 
presented in the form of summary storey Q - Δ diagrams for the two orthogonal directions 
respectively. The bilinear diagrams with the characteristic yield points "Y" and the ultimate 
point "U" are shown in blue, while the required load capacity of each floor is marked in red 
(Fig. 9). Table 2 summarizes the obtained and required load-bearing capacities of the 
building by storey and directions, showing the new calculated safety factor. 

 

 

Fig. 9 - Storey Q-Δ relationship (strengthened structure) for both orthogonal directions 

Table 2. Structural bearing capacity for the strengthened structure 
Strengthened structural system, x-direction 
level Qy [kN] Qu [kN] Qs [kN] Qy/Qs Qu/Qs 
1 floor 6048 8090 1280 4,725 6,32 
GF 6035 7003 2259 2,67 3,10 
Strengthened structural system, y-direction 
level Qy [kN] Qu [kN] Qs [kN] Qy/Qs Qu/Qs 
1 floor 4091 4403 1293 3,16 3,40 
GF 6054 6854 2259 2,67 3,03 

From the results of the analysis of the repaired and strengthened structure, it is noted that 
the capacity of the strength in both orthogonal directions of the building is significantly 
greater than the required limit capacity according to the regulations, PIOVS (1981). The 
bilinear diagrams show an increase in the deformation capacity of each of the storeys in 
both directions respectively, with an increase in the ductility capacities. This leads to the 
conclusion that the strengthening will increase the ability of the system for greater 
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dissipation of energy, Bozinovski, Shendova et al. (2021). This is especially important for 
this type of buildings in case of seismic excitations. By increasing the deformation 
capacity, the input energy in the system would be consumed, which would greatly increase 
the seismic safety and security of the building, Bozinovski et al (2021). 

4. Conclusions 

The building of “Sokolana” in Kumanovo is a historic building built in the thirties of the 
last century. During the visual inspection, significant damage was observed on the load-
bearing walls, due to the negligence of the building, manifested with large cracks on the 
walls. Heavy damage was observed also in the roof-wooden structures, and ribbed 
reinforced slab in the annex ground floor structures. 

Based on the results form performed analysis of the existing structure it was concluded that 
the strength capacity of the building for the ground floor is higher than the required one 
according to the regulations, but for the first storey it does not meet the requirements for 
both directions. The ductility capacity for both directions is relatively small. The structure 
does not have sufficient strength, also the deformation capacity are relatively small, for 
both directions. Given the results of the existing structure, the need for repair and 
strengthening is justified and necessary in order to improve the strength and deformation 
capacity and achieve the desired dynamic response during future earthquakes. 

From several analysed variants, a traditional solution for strengthening has been selected, 
the most appropriate from the economic aspect, satisfying the strength and deformation 
requirements according to the current technical regulations. The analysis of the repaired 
and strengthened structure of the “Sokolana” building, clearly shows that the strengthened 
system has significantly increased strength (load-bearing capacity) in both orthogonal 
directions and satisfies the required limit load capacity in accordance with current 
regulations. At the same time the results of the strengthened structure show an increase in 
the deformation capacity of each of the storeys in both directions respectively, i.e. an 
increase in the ductility. This leads to the conclusion that the proposed strengthening will 
increase the ability of the system to greater dissipation of energy, which is especially 
important for this type of buildings in case of seismic excitations.  
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Abstract: The design of seismic retrofitting of existing masonry structures concerns the 
determination of the position and the arrangement of reinforcements. Currently, this design 
practice is mainly based on trial-and-error attempts and engineers’ experience, without a 
formal implementation of cost/performance optimization. However, retrofitting 
interventions are generally associated with relevant costs, significant invasiveness, and 
noticeable downtime. This paper presents a novel optimization framework aimed at the 
minimization of seismic retrofitting-related costs by an optimal placement (topological 
optimization) of reinforced plasters in masonry structures. In the proposed framework a 3D 
equivalent masonry model implemented in OpenSees is handled by a genetic algorithm 
developed in MATLAB® routine that iterates reinforcement configurations to match the 
optimal solution. The feasibility of each solution is controlled by shear and flexural safety 
checks of masonry walls. The framework is finally tested with a real case study structure, 
showing the suitability of the algorithm to provide cost-effective retrofitting solutions. 

Keywords: seismic retrofitting, reinforced plasters, masonry structures, optimization, 
genetic algorithm. 

1. Introduction

A large number of buildings in earthquake-prone areas are masonry structures designed 
prior to the entry into force of seismic guidelines. The seismic risk associated with these 
structures is significant because of their low lateral load-carrying capacity. Although, a 
vast range of effective retrofitting techniques are available, currently, the design of these 
interventions is mainly based on an engineer’s intuition and experience. This may lead to 
an over-estimation of retrofitting interventions amount, associated with an increase in 
related economical costs and downtimes. Over the years, the capability offered by artificial 
intelligence has been widely employed to solve different structural engineering problems 
allowing to obtain noteworthy results Quaranta et al. (2020), Falcone et al. (2020). 
Structural optimization is widely recognized as a valuable computational tool allowing 
engineers to obtain cost-effective designs. The topic of the optimization of strengthening 
and retrofitting interventions for reinforced concrete structural elements has not been 
investigated many times in the past and available studies are restricted to the optimization 
of carbon fibre reinforcement of concrete slabs Chaves and Cunha (2014) or FRP jackets 
Seo et al. (2018). More recent studies focused on the topic of the optimization of seismic 
retrofitting costs Among them, Papavasileiou et al. (2020) implemented a genetic 
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algorithm (GA)-based optimization framework for encased steel-concrete composite 
columns through three different retrofitting techniques. Falcone et al. (2019) proposed a 
framework for the optimization of the costs for FRP jacketing and steel bracings of 
existing reinforced concrete structures. In a similar way, Di Trapani et al. (2020, 2021) 
implemented a novel framework aimed at minimizing steel jacketing retrofitting costs for 
RC structures. Lastly, Minafò and Camarda (2022) proposed a GA-based optimization 
procedure for the minimization of costs of buckling-restrained braces on reinforced 
concrete 2D frames. As it can be noted, the major scientific interest in this topic mostly 
addressed frame structures, leaving an evident lack with respect to masonry structures. 
However, the design of retrofitting interventions in masonry structures is not 
straightforward, as the reinforcement techniques can modify both strength, stiffness and 
mass, leading to recursive design issues. Based on these considerations, the current paper 
proposes a new framework based on an artificial intelligence algorithm aiming at 
supporting the design of seismic reinforcements for existing masonry structures by 
minimizing their cost. The algorithm minimizes an objective function that evaluates the 
intervention cost as the area of walls where reinforced plasters are implemented. The final 
output of the framework is the optimal retrofitting configuration, namely the position of the 
retrofitted walls for the structure. The effect of reinforced plasters on masonry walls is 
modelled through the simplified approach proposed by the Italian Technical Code (2018). 
The optimization procedure is carried out by linking the GA optimization routine 
developed in MATLAB® with an equivalent 3D frame elastic model analysed through the 
OpenSees software platform (McKenna et al. (2000)). The performance of each tentative 
solution (in terms of safety checks) is simply assessed by an equivalent linear static seismic 
analysis combined with flexural and shear safety checks provided for all the masonry 
walls. The proposed framework is finally tested on a 2-storey masonry building, showing 
that the resulting retrofitting optimization allows noticeable cost-saving associated with 
downtime reduction. 

2. Optimization framework

The optimization procedure herein proposed is based on the genetic algorithm 
metaheuristic technique. This class of artificial intelligence algorithm analyse the research 
space by point through the handling of a set of variables that are gathered in a so-called 
design vector. The algorithm starts generating a random initial population of design vectors 
(tentative solutions) and evaluating the objective function corresponding to them. Each 
tentative solution represents a possible retrofitting configuration (Fig. 1). The considered 
retrofitting technique is the application of reinforced plaster to both sides of a masonry 
wall. The procedure performed by the algorithm is schematically represented in Figure 1. 
The pursuit of the research space minima is accomplished by selecting the best tentative 
solutions and mixing their design vector (namely genome) through crossover and mutation 
genetic operators. The first one mixes the genomes of tentative solutions, the second 
introduces some randomness in order to prevent the algorithm stuck into local minima. The 
selection of the best parents from whose genome the offspring will be made is exerted by 
tournament selection. Within the current population of individuals, k individuals (k is 
commonly called tournament size) are randomly chosen and among them, the best one is 
employed as a parent. The tweaking of this parameter allows to rule the selective pressure 
exerted by this operator, reducing the k parameter allows individuals with slightly poorer 
fitness to generate offspring. Increasing this parameter excessively, on the other hand, the 
best individuals are allowed only to pass generation, with a consequent significant 
reduction in the diversity of the genetic pool. The decision variables, namely the 
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parameters to optimize, are defined at the beginning of the procedure. For each candidate 
solution, the algorithm provides the analysis, the assessment, and the evaluation of the 
cost. The routine is stopped when the cost is minimized, namely when no further cost 
reductions are obtained from subsequent generations.  

Outline decision variables and design space
(retrofitting interventions typology and parameters to optimize)
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Perform structural analysis and     
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STOP
CONDITIONS ?

Evaluation of objective function
and possible penalty value

Fig. 1 –Flowchart of the genetic algorithm optimization process 

2.1. Design vector encoding 

The main aim of the optimization algorithm is to pinpoint the position of the reinforced 
plasters so that the retrofitting cost is minimized. The topological optimization is 
performed by using binary variables to encode the presence or not of the reinforcement on 
each wall. All the decision variables are gathered in the design vector b so defined: 

T

ijc = … … b (1) 

where cij is the Boolean variable assuming the value 1 if the wall is retrofitted and 0 if not. 
The subscript i indicates the position of the wall in-plan, and j the story. In order to reduce 
the dimension of the research space, and reduce the computation burden required for the 
analysis, each Boolean variable can represent a cluster of adjoining walls. This can also be 
helpful to define some architectonical restraints, to which the seismic intervention must 
comply. The considered reinforcement technique consists of the application of a glass fiber 
reinforced polymer (GFRP) net embedded in a layer of special mortar of specified 
thickness. The GFRP plaster is applied to both sides of the wall (Fig. 2).   

Fig. 2 –Samples of application of GFRP reinforced plasters on masonry walls 
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According to the Italian Technical Code (2018), the effect of reinforced plasters on 
masonry walls can be simply considered as increasing the mechanical properties of the 
material by the coefficient αR ( 1≥ ). In this way, if the Boolean variable associated with a 
wall is 1, its the compressive strength (fd), resisting shear strength (τ0d), Young modulus 
(Em) and shear modulus (Gm) are multiplied by αR, so that: 

0 0; ; ;d R d d R d m R m m R mf f E E G Gα τ α τ α α= ⋅ = ⋅ = ⋅ = ⋅ (2) 

The reinforce mechanical properties in Eq. (2) are then assumed as the new ones for the 
wall.  

2.2. Objective function 

The objective function (OF) is aimed at evaluating the costs associated with the 
implementation of the retrofitting intervention. Since the cost is strictly related to the 
surface of retrofitted walls, the objective function simply appraises the total surface of 
reinforced plasters that is encoded by the design vector of each individual. To consider the 
feasibility of each solution (namely if all the safety checks are verified for an individual), 
the fitness function involves a penalty function, that is used to fictitiously increase the 
fitness value in the cases of unfeasible individuals. The fitness function is therefore: 

F C= +Π  (3) 

where C is the cost function and Π the penalty function. In particular, considering that the 
cost per surface area of reinforced plasters is a constant, this can be calculated as the area 
(in m2) of reinforced plasters intervention, so that : 

,
1

rpn

rp i
i

C A
=

=∑ (4) 

where Arp,i is the area of the i-th reinforced wall. It is noteworthy observing that for each 
wall, the area is computed twice, as the GFRP plaster is applied on both sides. The penalty 
function is instead defined as: 

, ,
1 1

wf wsn n

wf j ws k
j k

p A A
= =

 
Π = ⋅  

 
∑ ∑ (5) 

where p is a magnification coefficient fictitiously increasing the weight, in terms of 
retrofitting costs of the walls that don’t achieve flexural and shear safety checks. In Eq. (5) 
Awf,j and Aws,k represent the areas of walls having a strength capacity / demand ratio lower 
the one with respect to flexure and shear respectively. The penalty approach is therefore 
used to train the algorithm toward convergence within the feasible individual set. 

3. Analysis and post-processing of results

3.1. Seismic analysis and safety checks 

The feasibility of each tentative retrofitting configuration is assessed by performing an 
equivalent static seismic analysis. According to Eurocode 8, and Italian NTC 2018, the 
equivalent horizontal seismic load is evaluated as: 

1( ) ( / )b dF S T W g λ= ⋅ ⋅  (6) 

where Sd(T1) is the design spectral acceleration, W is the total weight of the structure, g is 
the gravitational acceleration, and λ is a corrective factor that is 0.85 if T1 ≤ 2·Tc and the 
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structure has more than two stories, or 1 otherwise, while the fundamental period (T1) is 
estimated as 3/4

1 0.05T H= ⋅ , where H is the total height of the building. A standard linear 
distribution of floor forces is assumed for each direction. For each individual, the 
combination of seismic forces simultaneously acting in the two horizontal orthogonal 
directions (X and Z) is considered by performing 8 analyses, where the forces are applied 
alternatively as 100% in one direction and 30% in the perpendicular one. For the sake of 
simplicity, the centre of mass eccentricity effect is neglected, so that the combinations are: 

1.0 0.3
1.0 0.3
0.3 1.0
0.3 1.0

Z X

Z X

Z X

Z X

E E
E E
E E
E E

+ ⋅ ± ⋅
− ⋅ ± ⋅
+ ⋅ ± ⋅
− ⋅ ± ⋅

(7) 

Safety checks of each masonry wall are carried out with regard to both flexural and shear 
collapse. The ultimate flexural resistance of a masonry wall (Mu) is evaluated as: 

2
0 01

2 0.85u
d

l tM
f

σ σ ⋅ ⋅
= ⋅ − ⋅ 

(8) 

where l and t are respectively the length and the thickness of the wall, fd is the design 
compressive strength of the masonry and σ0 = N / (l · t) is the average compressive stress 
on the wall. The shear ultimate shear resistance of a masonry wall is evaluated according to 
Turnšek and Čačovič (1971) model as follows: 

0 0

0

1.5 1
1.5

d
u

d

l tV
b

τ σ
τ

⋅ ⋅ ⋅
− ⋅ +

⋅
(9) 

where τ0d is the design shear resistance of the masonry and b (1≤ b ≤1.5) is the aspect ratio 
of the wall). In the case of a retrofitted wall, the resistance values fd and τ0d are modified 
according to Eq. (2) by applying the αR coefficient. A comparison of the resulting flexural 
and shear unreinforced and reinforced Mu-N and Vu-N interaction diagrams by Eqs. (8) and 
(9) are reported in Fig. 3 for a sample masonry wall.
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Fig. 3 – Unreinforced and reinforced interaction diagrams for a sample wall: (a) Mu-N; b) Vu-N. 

4. Case study test

The proposed optimization framework is tested with the case study of a 3D masonry 
structure. In the following section, the structural model is presented in detail together with 
the preliminary analysis accomplished to characterize the structural performances of the 
as-built configuration and the results at the end of the optimization. 
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4.1. Details of the reference structural model 

The case study structure consists of a two-storey masonry structure with a total height of 8 
m and a C-shape floor plane, whose maximum dimensions area of 27.80 x 12.5 m (Fig. 4). 
Masonry elements are supposed to be made of squared stone masonry with a good texture. 
Mechanical properties of the unreinforced masonry are reported in Table 1 as well as those 
resulting from the application of Eq. (2) with an increment coefficient αR=1.5, as provided 
by NTC 2018. The building is supposed to be located in Cosenza (Italy), soil type C. The 
reference nominal life (VN) is of 100 years. The resulting return period is TR=975 years. 
The fundamental vibration period of the analysed structure is T1=0.23 sec. According to 
Italian NTC 2018, the behaviour factor is set as 3.  

Table 1. Mechanical properties of masonry for the case-study structures 
fd  

(MPa) 
τ0d

 (MPa) 
Em 

 (MPa) 
Gm

(MPa) 
Unit weight w 

(kN/m3) 
as-built 

reinforced 
3.2 
5.4 

0.065 
0.11 

1750 
2975 

575 
977 21 

A confidence factor CF=1.2 and a partial safety factor γm=2 are applied to the material 
resistance values reported in Table 1. It is assumed that the reinforced plasters are 
implemented with a thickness of 5 cm for each side of retrofitted walls. Vertical loads are 
modelled as point loads applied to the top node of each vertical beam as a function of the 
respective tributary areas in the plan. In seismic combination, it is assumed a unit load 
respectively for the slab and the roof of qslab=5.6 kN/m2 and qroof=5 kN/m2. The total 
seismic weight of the structure is 9504 kN.  

(a) (b) 
Fig. 4 – In-plane geometrical dimensions of the reference structural model: a) Level 1; b) Level 2. 

A 3D model of the structure is realized in OpenSees (McKenna et al. (2000)) using the 
Equivalent Frame Method, according to which the structure is modelled in masonry panels, 
spandrels, and rigid offsets. The effective length of the panel deformable portions is 
evaluated according to Braga and Dolce (1982). The elastic portion of masonry walls and 
spandrels are modelled using ElasticTimoshenkoBeam elements implemented in OpenSees. 
In this way, also tangential stiffness is considered. Floors are supposed to have rigid 
diaphragm behaviour by imposing diaphragm constraints at the nodes. 

4.2. Assessment of the as-built structure and first retrofitting solution 
Seismic analyses are carried out according to what is defined in Section 3.1. The reference 
elastic and design spectra are illustrated in Fig. 5a. The preliminary assessment of the as-
built structure is carried out to individuate the walls that are not satisfying safety checks 
under the reference seismic demand. In Fig. 5b, a schematic representation of safety checks 
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for the as-built structure is depicted, highlighting walls undergoing shear and/or flexural 
demand exceedance. Results of safety checks for the walls are quantitatively illustrated in 
Table 2. Overall, 18 over 72 walls (25%) failed shear and or flexural verifications.  
Safety checks were repeated by applying the GFRP reinforcement to the total area of the 
walls missing safety checks (349.7 m2) considering both the sides of the walls). In this case 
all the walls passed safety checks, however, the feasible solution found is not optimized. 
Assuming a retrofitting cost of 200€/m2, the retrofitting cost was in this case 69540 €. 
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Fig. 5 – Assessment of the as-built structure: a) Elastic and design spectra; b) Safety checks of the walls on 
the structural model.  

Table 2. Results of the as-built and retrofitted structure safety assessment 

Structural model 

Walls failing 
flexure safety 

check 
(#) 

Walls failing 
flexure safety 

check 
(#) 

Walls failing 
flexure+shear 
safety check 

(#) 

Total surface (both 
sides) of walls failing 

safety checks 
(m2) 

Total surface of 
GFRP reinforced 

plaster 
(m2) 

As-built 4 6 8 349.7 - 
Non-opt. Retrofit 0 0 0 - 349.7 

4.3. Optimization results 

The proposed optimization framework has been tested with the case study structure above 
described. In order to avoid unpractical retrofitting configurations (e.g. adjacent walls with 
different thicknesses because of the reinforcements) and to reduce the dimension of 
research space (consequently reducing the computational effort), it was assumed that 
reinforcement interventions could be implemented for clusters of adjoining walls. A 
sample of the clustering procedure is shown in Fig. 6 for the ground floor walls. For the 
walls located on the first floor, the same cluster was used. Therefore, the 78 walls were 
converted into 42 clusters of walls.  

1 2 3

4 5 6 7
8 9 10 11 12

13 14 15 16 17 18 19

2120

Fig. 6 – Sample of clusters subdivision of the ground floor walls. 
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The resulting research space size is therefore 42 Booleans that encode the position of the 
retrofitting interventions inside the structure. Finally, the design space consists of 242 ≈ 4.4 
x 1012 different tentative solutions. 
The analyses have been carried out using an initial population (P) of 200 tentative 
randomly generated solutions. The algorithm proceeds by generating 200 new children 
every generation through the previously described routine, involving parent selection, 
crossover and mutation. A tournament size k=3 is used for the parent selection operator. 
Stopping criteria have been set to a maximum of 25 generations (Gmax) and a stall of 10 
generations (Smax), representing the maximum number of generations in which the 
algorithm does not improve the optimal solution. The magnification for the penalty 
function inside the evaluation of fitness, for the reasons discussed in the previous sections, 
was set as p=5. GA parameters set up to accomplish the analysis are summarized in Table 
3. 

Table 3. GA setup parameters 
Dimension of the 

design vector 
dim(b) 

Population 
size 
P 

Number of 
offspring 

O 

Tournament 
size 

k 

Mutation 
probability 

Pm 

Max 
generations 

Gmax 

Max stall 

Smax 

42 200 200 3 10% 30 10 

The convergence history of the optimization carried out with the proposed GA routine is 
shown in Fig. 7 in terms of number and of average number of clusters and objective 
function values (surface of walls subject to retrofit) per generation. As it can be observed 
from Fig. 7b, the optimal solution was found at the 23rd generation and consists of 
reinforcing only 8 (out of 42) wall clusters. Of these, 5 clusters are located on the ground 
floor (6 walls for a total GFRP reinforced plaster area of 170 m2) and 3 on the first floor (6 
walls for a total GFRP reinforced plaster area of 103.6 m2). The total surface of GFRP 
reinforced plaster is finally 273.6 m2. The optimal retrofitting configuration is shown in 
Fig. 8.  
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Fig. 7 – GA optimization result: a) Retrofitted clusters over the individuals; b) Objective function 
convergence history. 
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ZX Retrofitted walls

Fig. 8 – Optimal retrofitting solution. 

By comparing the optimal solution found with the non-optimized retrofitting solution 
previously found (consisting of the reinforcement of all the walls that were not passing 
safety checks), a reduction of 27.7% of the surface of the walls undergoing GFRP 
reinforced plaster retrofitting, and a reduction of the retrofitted walls (from 18 to 12) is 
observed. Still assuming the unitary cost of 200 €/m2 (also including the demolition and 
reconstruction of plasters), the optimal solution is associated with a retrofitting cost of 
54720 € instead of 69940 € found for the non-optimized solution. 
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Fig. 8 – Non-optimized and GA optimized retrofitting solution comparisons: a) area of reinforced walls; b) 
retrofitting intervention costs. 

5. Conclusions

The paper has presented a novel optimization framework aiming at the topological 
optimization of GFRP reinforced plaster reinforcement interventions in existing masonry 
structures subjected to seismic loads. The framework is based on a genetic algorithm 
developed in MATLAB®, which is connected to a FE model developed in OpenSees. The 
main target of the algorithm is to provide the retrofitting arrangement required to achieve 
structural safety requirements minimizing the extension of the interventions in terms of 
square meters of reinforced plasters and consequently reducing the cost. The performance 
of each tentative solution is evaluated starting from the results of the equivalent elastic 
analysis. This type of analysis is chosen to reduce the computational effort of the 
optimization procedure, but the obtained outcomes can be eventually validated using a 
more refined structural analysis method (e.g. non-linear static analysis). Through a case 
study implementation, it has been proved that the proposed framework can efficiently 
pinpoint the optimal retrofitting configuration with a significant reduction of intervention 
costs, and invasiveness. The outcomes of this kind of optimization algorithm should be 
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intended as a preliminary design tool to assist practitioners in individuating cost-effective 
configurations of retrofitting interventions even for complex structures. Finally, it should 
highlight that, even if artificial intelligence guided design could represent an attractive and 
effective tool the final engineering decisions still have to remain up to the designer who is 
the only one able to discern between the analysis outcomes and the real boundary 
conditions. 
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Abstract: The Brazilian Capital was recently recognized as a cultural heritage, as buildings 

with cultural significance of Modern Architecture that must be kept and preserved 

perpetuating political, historical, cultural, economical and social features. These buildings 

have shown natural process of degradation and damage through useful life. In addition, 

lately growth of earthquake activity has been observed in Brazil resulting in publication of 

Brazilian seismic code NBR 15421:2006. In the current paper the seismic vulnerability 

assessment of the reinforced concrete structure of Planalto Palace have been done through 

Hirosawa Methodology. Methodological aspects are presented such parameters, sub-index, 

criteria, seismic zones and class of importance. Subsequently, the geometrical and structural 

surveys are showed. In particular, the vulnerability of Planalto Palace in different scenarios 

such seismic zones and different soil types were analysed. The seismic index and seismic 

judgment values are compared and discussed with performance surfaces.  

 Keywords: Hirosawa method, earthquake, Heritage Building, structural vulnerability 

1. Introduction 

Brasilia, capital of Brazil, is rich of monuments from modernist architecture as Planalto 

Palace, Alvorada Palace, Itamaraty Palace and Palace of Justice and built almost entirely 

out of reinforced concrete in the 60’s and 70’s. Not only this building but a large number 

are now considered World and National Heritage. It was the first city in 20th century to be 

landmarked by UNESCO.   

The end of century XX is marked in international scenario for an interest in preservation of 

samples from modernist architecture. One of the manly challenges faced in preserving this 

samples was the low level of knowledge from process of degradation and vulnerability of 

materials (Carvalho, 2005). Beyond the natural process of degradation or even the lack of 

conservation, maintenance and restoration programs, earthquakes should not be neglected 

in order to preserve theses heritages.  

Even though Brazil is not lied in a high-risk seismic vulnerable zone and therefore 

structures are designed neglecting horizontal loads from ground motion acceleration, 

seismic activity has grown in North and Northeast. These seismic activities in general 

derives from the reactivation of geological faults or even new ones due to the compressive 

strength where South American plate is submitted (table 1). The history shows earthquakes 

upper to 5 in Richter magnitude scale – sufficiently severe to be potentially damaging to 

structures (Tedesco, 1995).  

Table 1. Seismic Activity in Brazil 

State/City Magnitude 

(Richter Scale) 

Manaus-AM (1963) 5,6 

Serra do tombador-MT (1963) 6,6 
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Mato Grosso do Sul (1964) 5,4 

Pacajus-CE (1980) 5,2 

Codajás-AM (1983) 5,5 

João Câmara-RN (1986) 5,1 

João Câmara-RN (1989) 5,0 

Plataforma-RS (1990) 5,0 

Porto Gaucho-MT (1998) 5,2 

Acre/Amazonas (2007) 6,1 

Itacarambi-MG (2007) 4,9 

Acre (2021) 5,9 

 

Due to the largest record of earthquakes in Brazil in recent years and the standardization 

codes in South America, in 2006 it was published the Brazilian seismic code NBR 15421 

Designs of seismic resistant structures by the Association of Technical Standards. Since 

them it is mandatory to consider seismic actions in building structure designs. 

Once considered a country of seismic stability, few researches have evaluated seismic 

vulnerability of Brazilian building. Miranda (2021) carried out a full examination of model 

structures that represent the buildings in Fortaleza, capital of the state of Ceará and the city 

with the highest seismic risk in Brazil. Filho (2021) analysed two typical buildings with six 

storey plans in Brasilia, capital of Brazil.  

In this context, this paper deals with the seismic vulnerability assessment of an existing 

reinforced concrete building known worldwide as Palacio do Planalto placed in Brasilia. 

To this purpose, Japanese methodology based on Hirosawa method was applied in the 

reinforced concrete structure. The final aims to compare the performance and seismic 

vulnerability in different scenarios as varying soil type, importance of building, ground 

motion acceleration or even level of deterioration. The paper is organized as follows. In 

section Palacio do Planalto, a brief information of the history, description of geometry and 

structural surveys. In section Analysis Of Structural Vulnerability, the considered 

methodology and procedures are showed. In section Seismic assessment vulnerability, the 

results obtained by applying the method are presented additionally the seismic surface 

performance.  

2. Analysis of structural vulnerability  

Pan American Health Organization (PAHO) classifies methods for structural assessment in 

quantitative and qualitative methods. The former is suggested to evaluate in a rapid and 

simple manner of large sample of building or also corroborate the level of safety of a 

structure. Otherwise, qualitative methods are applied when qualitative methods have not 

been able to define the safety of the building. First level of assessment of Japanese Method 

or Hirosawa Method is qualitative. This Method aims to evaluate the seismic performance 

of an existing reinforced concrete building limited to eight story building. In order to 

evaluate, a seismic index Is should be calculated at each story in each direction of the 

building and means the maximum elastic response shear coefficient ot which that story can 

resist. This index is compared to Is0, seismic solicitation/judgment index of structure and 

the building with equal or larger values of Is than that Is0 may be considered safety or 

owing enough seismic performance against earthquakes (Fig. 1). 

 ≥  (1) 

The sesismic index Is is a product of the following sub-index T, sub-index Sd and sub-

index E0: 
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 = ∙ ∙  (2) 

 

Where 

E0: seismic sub-index of basic structural performance  

: Seismic sub-index of structural configuration 

T:  Seismic sub-index of time depended deterioration 

The sub-index E0 consider the total number of stories, number of stories under evaluation, 

the ultimate strength and ductility of structural members and also type of failure. All the 

vertical elements as columns should be included as well as if column is short or not. 

 (3) 

 

Where  

n: number of stories of a building  

i: number of stories under evaluation 

a1: strength reduction factor of the column to the walls due to displacement compatibility 

fc: compressive strength of concrete 

Ac1: sum of cross-sectional area of the columns which the smaller height divided by the 

depth of the column is less than 6,0 cm² 

Ac2: sum of cross-sectional area of the columns which the smaller height divided by the 

depth of the column is more than 6,0 cm² 

: Shear strength of the vertical members  

W: weight of the building upper the storey under evaluation 

: ducitily index of the column 
 

The Sub-index Sd takes in account the influence of irregularity of a structure or stiffenss, 

mass distribution and it is estimated considering: irregularity of plan, length-width ratio of 

the plant, existence of basement floors, irregularity of story-height, ratio of the area of 

atrium to the total area of the floor. 

 

 (4) 
 

 
Where 

 

 (5) 
 

 (6) 

Where 
 

 (7) 

The structural performance is also influenced by the deterioration estimated in index T. 

This index is adjusted though field survey, observing cracks on walls or columns and 

deformations. Some other items should be regarded as if building has experienced any fire, 

building age and building use. 
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As reported before, seismic performance of a structure should be evaluated comparing 

seismic index Is with seismic solicitation of structures Is0. If Is>Is0, the building may be 

considered having enough strength against the earthquake ground motion chose and it is 

safe. Otherwise, if Is is less than Is0, the building may have uncertain performance against 

the earthquake ground motion assumed 

The Seismic solicitation index should be calculated though equation below: 

 = ∙ ∙ ∙  (8) 

Where Es: 0,8 for the first level, Z is a zone index attributed to the horizontal ground 

acceleration and G corresponds to ground index for topographical effects. The last index U 

considers the importance of the building whereas U = 1,0 for general buildings, U= 1,5 to 

those as hospitals, headquarters or even buildings with chemical compound.  

 

Fig. 1 - Flow of first level Seismic Screening for Existing Buildings 

 

3. Planalto Palace 

Planalto Palace is the official workplace of the president of Brazil placed in Brasilia and 

opened on April 21st, 1960 (Fig. 2). It is a four-storey building in reinforced concrete and 

storey height alters throughout as shown in Fig. 3. The structure has rectangular shape with 

dimensions plan of 125,5 × 58 m including the atrium (Fig. 4). The slabs are waffles and 

total thickness varies from 0.6 m in first floor to 1.35 m in fourth level. The columns 

sections detail is depicted in Fig. 5. The total height of the ridge is 14.85 m. The 

colonnades located in facades have variable cross section. The original designs indicate 

concrete compressive strength of 40 MPa. 
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Fig. 2 – Planalto Palace (Google, 2022) 

 

 

Fig. 3 – Structure of Planalto Palace (Silva, 2012) 

 

 

Fig. 4 - First floor plan dimensions 
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Fig. 5 - Column section detail 

 

3.1 Ground type 

The local effects of an earthquake is direct related with the topology on surface. The 

propagation of seismic waves relies on stiffness and damping of first layers. Those waves 

may be amplificated in weak soils. (Lima, 2008). According to NBR 15421 this 

amplification can be calculated approximately with Ca and Cb coefficients. This factor 

may vary according to type of soil.  No specific geotechnical test has been performed to 

know exactly subsoil stratigraphy and the physical-mechanical characteristics of ground. 

Although numbers of geothenical investigations have been conducted near the Planalto 

Palace (Camapum De Carvalho E Mortari, 1994) and it’s been possible to identify as soil 

type D (Deposits of loose-to-medium cohesionless soil - with or without somesoft cohesive 

layers - or of predominantly soft-to-firm cohesive soil). 

4 Seismic assessment vulnerability 

Evaluation began with visual in situ inspection in order to detect the real conditions of 

construction. Afterward, it took designs, researches to characterize the structure of Planalto 

Palace. The Hirosawa method was implemented computationally to optimize research.    

In the case under study, all the sub-index (E0, , T) has been calculated before and, 

subsequently seismic performance index Is is obtained. A seismic judgment index is 

determinated in each seismic zone and class of importance as well as ground type even it 

was established type D.  The sub-index of deterioration also varies from 0,7 to 1.   

The obtained results of sub-indexes, fundamental period of structure and total area of floor 

are described in table 2. Only with Is value is not possible to assess the vulnerability. In 

spite of the fact that on table 2 shows Is for each floor, just the smaller index should be 

taken in account.  

Table 2. Seismic index Is of Planalto Palace 

 Floor 1 Floor 2 Floor 3 Floor 4 

Storey Height +4,10 m +7,35 +10,60 +14,75 

Sum of Cross-sectional area 198.000 cm² 118.400 cm² 133.200 cm² 198.000 cm² 

Weight of the building upper 

the storey 
22.415.698 kgf 17.267.000 kgf 14.216.000 kgf 

10.044.000 

kgf 

Area of floor 5220 m² 2989 m² 4.160 m² 7228 m² 

Natural Period 0,4 s 0,4 s 0,4 s 0,4 s 

Seismic sub-index of basic 

structural performance E0 
0,2765 0.1789 0.2011 0.3857 

Seismic sub-index of structural 

configuration Sd 
0.9405 0.99 0.99 1,1 

Seismic sub-index of time 

depended deterioration  0,8 0,8 0,8 0,8 

Seismic index 0.2081 0.1417 0.1593 0.3394 
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The seismic judgment on Planalto Palace has been also investigated in seismic zones and 

type of soil depicted in table 3. 

Table 3. Seismic judgment of Planalto Palace 

Seismic 

Zone 

Ground type 

A B C D E 

0 0.0165 0.0206 0.0248 0.0330 0.0516 

1 0.0332 0.0412 0.0495 0.0660 0.1031 

2 0.0660 0.0825 0.0990 0.1320 0.2062 

3 0.0990 0.1238 0.1485 0.1856 0.2599 

 

Table 4. Reserve of strengh capacity of Planalto Palace 

Seismic 

Zone 

Ground type 

A B C D E 

0 90,78% 88,49% 86,14% 81,55% 71,16% 

1 81,55% 76,97% 72,33% 63,11% 42,37% 

2 63,11% 53,88% 44,66% 26,22% -15,26% 

3-4 44,66% 30,80% 16,99% -3,75% -45,28% 

 

Comparison between lowest seismic index and seismic judgment for the zone 0 indicated 

the Planalto Palace may be considered to have enough seismic peformance against an 

earthquake ground motion for ground types A to E (table 4) once Is > Is0 (Fig. 6).  For this 

first evaluation, values from table 2 were considered. It can be observed that sum of cross-

sectional area of the all columns of second floor is minor and impacts in seismic sub-index 

of basic structural performance. 

 

Fig. 6 - Comparison of Planalto Palace in seismic zone zero 

 

To demonstrate the peformance of the structure in some scenarious, all seismic zones and 

ground type have been considered in Fig. 7. As it can be identified for ground type A to C 

in zones 0, 1 and 2, seismic index is higher than seismic judgment. However, from gorund 

type C and seismic zone 3 the structure is vulnerable. In this case the building was 

classified as minor importance for public safety, thus factor U = 1.  Besides it, seismic sub-

index of time depended deterioration remains 0,8 once age of structure is more than 30 

years.   
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Fig. 7 - Comparison among Seismic index and seismic judgment in all seismic zones 

 

The worst results are related to the Zone 3-4 where the 2nd level seismic index is less than 

seismic judgment for soil type C, D and E. This seismic zone corresponds to the city 

Fortaleza, Capital of Ceara with the highest seismic risk in Brazil (Fig. 8).  

 

 

Fig. 8- Comparison of Planalto Palace in seismic zone 3-4 

 

It is possible also to ilustrated the seismic judgment in a surface for each soil type. As 

depicted in Fig. 9, x-axis represents seismics zones, y-axis the importance of building 

fluctuating from 1 (minor importance) to 1.5 (maximum importance) and in z-axis index of 
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seismic judgment. As it mentioned before, just with this index is impossible to assess 

vulnerability of any bulding. 

 

Fig. 9 - Surface of Seismic judgment - type D 

It is interesting to note this surface can be obtained to seismic index hoewer axis x, y, z 

changes to basic structural configuration (Sd), Time dependent deterioration (T) and 

seismic index of peformance (Fig. 10).  

 

Figure 10 - Surface of Seismic index performance 

4. Conclusion 

The current paper has estimated the seismic vulnerability of the Planalto Palace, this 

evaluation has been performed through the application of Hirosawa method for each floor 

considering different types of ground, seismic zones, class of importance and deterioration 

of structure. The main conclusion of the study can be summarized as follows: 

• Second floor of Palacio do Planalto has the lowest seismic index for the sake of 

sub-index basic structural performance; 
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• Hirosawa method does not indicate which structural element may suffer any 

damage or even the distribution of damage; 

• When Is0 > Is does not mean structure must be demolished but follows to next 

level screening and maybe application of quantitative methods even though 

requires more precise information and characterization of structure.  

• For ground type D, Planalto Palace index demonstrated the building may be 

considered having enough strength against the seismic zone of Brasilia and it is 

safe for that scenario. 
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Abstract: The recent development of using the Textile Reinforced Mortar (TRM) as a 

sustainable and compatible solution for seismic retrofitting reinforced concrete (RC) and 

masonry structures requires the development of simplified models able to predict the 

mechanical behavior of this composite material. In this paper, a new simple and easy-to-

implement analytical model able to predict the tensile behavior of TRM in terms of stress-

strain is proposed. The proposed nonlinear approach is based on a well-established theory, 

which applies to fiber-brittle matrix, and extends it to textile cement-based matrix (TRM) 

using equations that apply for reinforced concrete for determining some of its parameters that 

in the original model had to be determined by tests. The proposed model showed accurate 

prediction of the tensile behavior of TRM in terms of stress-strain, since the analytical curves 

properly fit the results obtained from experimental and analytical studies conducted in the 

past. A parametric study is then performed to examine the sensitivity of the proposed model 

to a range of parameters. The proposed approach contributes to facilitate the use of this 

composite material for the seismic retrofitting of existing buildings in practical engineering, 

and the development of design guidelines. 

Keywords: Inorganic-matrix composite, seismic strengthening, constitutive equation of 

TRM, ACK theory 

1. Introduction  
 

Most of the existing reinforced concrete (RC) and masonry buildings around the world have 

been built before the development of new seismic regulations rendering them more 

susceptible to collapse given an earthquake event. For this reason, the seismic retrofitting of 

existing buildings is nowadays one major challenge of earthquake risk mitigation.  

 

Several retrofitting techniques have been proposed over the years for improving the seismic 

resistance of existing buildings to satisfy the requirements of modern seismic design codes 

Over the past decade, the Textile Reinforced Mortar (TRM) composite material, 

encompassing a combination of inorganic matrix (lime- or cement-based) and non-corrosive 

multi-axial textile fabrics, has emerged as a promising novel alternative for seismic 

retrofitting RC and masonry structures. The effectiveness of using the TRM for seismic 

retrofitting masonry walls, RC beams and columns (Al-Salloum et al. 2011), and masonry-

infilled RC frames (Koutas et al. 2014a; Akhoundi et al. 2018; Filippou et al. 2020; Filippou, 

2021) has been extensively investigated in the past. A state-of-the-art review of the use of 

TRM for retrofitting masonry-infilled RC frames was presented in Pohoryle et al. (2020) 

and in Filippou et al. (2022). Reviewing the literature, it can be concluded that the TRM 

contributes to the increase of confinement, as well as, the shear and flexural capacity of RC 

members, and to increase the out-of-plane and the in-plane strength, stiffness, and dissipated 

energy of masonry-infilled RC frames. The effectiveness of TRM depends on several 

parameters related to the geometry and mechanical properties of TRM, such as, the layout 

of the textile, the type of the fibers, the reinforcement ratio (number of TRM layers and 
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textiles), the type of cement-based matrix used for binding the textile reinforcement, and the 

bond conditions between TRM layer and concrete or masonry surface (Filippou et al. 2020b 

and 2021).  

Furthermore, relevant design approaches or analytical models have been proposed so far for 

the TRM-retrofitted RC elements, masonry walls, and masonry-infilled frames 

(Babaeidarabad et al. 2014, Kouris et al. 2019). According to these approaches, the 

contribution of TRM, where the TRM usually works under tensile loads, is accounted for by 

introducing an additional term to the equations usually employed for unstrengthened 

members following the ACI 549-13 guidelines. It is important to mention that the existing 

codes do not cover the design matter with a systematic approach regarding the application 

of TRM, and there are only some over-simplified approaches (ICC-Evaluation Service 2013 

and ACI 549-13). Thus, a deeper investigation is required considering the lack of design 

guidelines, and the need to enhance the use of this composite material for retrofitting existing 

buildings in practical engineering. An essential step towards this direction is the 

development of a simplified model able to predict the tensile behavior of TRM. In the 

literature, there are numerical and analytical models that simulate the behavior of TRM, 

which show an excellent correlation with the experimental data (Larrinaga et al. 2013, 

Rampini et al. 2019). Nevertheless, most of these models are complicated to implement, 

require the use of specific software, and experimental data in order to be applied.  

This paper aims to extend today’s knowledge of TRM, and to enhance the prospective use 

of this novel material for retrofitting existing structures by developing a new simple and easy 

to-implement model able to predict the tensile behavior of TRM in terms of stress-strain. 

The proposed nonlinear approach, that correlates the mechanical properties and geometric 

characteristics of the cement-based matrix and that of the textile reinforcement, is based on 

the well-established Aveston–Cooper–Kelly (ACK) theory (Aveston, Cooper and Kelly 

1973). Specifically, the proposed model extends the ACK theory, which applies for fiber-

brittle matrix to TRM using the recommendations proposed by Eurocode 2 CEN (2004) and 

fib Model Code 2010 (fib 2010) for predicting the crack spacing and the fracture energy of 

the composite material, respectively. In this study, the analytical model of TRM is verified 

by comparing its results with those obtained by experimental studies conducted in the past. 

After the assessment of the proposed model, a parametric study is then performed to examine 

the sensitivity of the proposed model to a range of parameters.  

2. Analytical model for TRM under tensile loading

The proposed tri-linear analytical model predicts the tensile behavior of TRM under tensile 

loading (stress-strain relationship) as shown in Fig.1. According to the proposed model the 

tensile behavior of TRM is divided into three zone: the elastic region (State I), the multiple-

cracking (State II) and the rising stress region (State III).  

The proposed nonlinear model is based on the well-established Aveston–Cooper–Kelly 

(ACK) theory (Aveston, Cooper and Kelly 1973). This well-known theory was the first 

satisfactory determination of the tensile behavior of brittle-matrix composite with 

unidirectional fibers. The proposed model extends the ACK theory which applies to fiber-

brittle matrix to that of textile-reinforced-matrix composite (TRM) using equations for 

determining some of its parameters that in the original model had to be determined by tests. 

To achieve this, the established equations for reinforced concrete are employed in the 

modeling of the TRM composite material, since the behavior of a reinforced concrete 

element under tensile loading is similar to that of TRM before multi-cracking occurs in the 

composite (State I). In this context, the crack control expression, which is included in 
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Eurocode 2 (CEN 2004)  and the fracture energy expression, which is included in fib Model 

Code 2010 (fib 2010), are used to facilitate the use of the ACK theory, without requiring 

testing. Specifically, the simple mathematical expression proposed by fib Model Code 2010 

(fib 2010) that correlates the fracture energy with compressive or tensile strength of concrete 

to describe the resistance of concrete subjected to tensile load is used for estimating the 

fracture energy of the textile reinforced inorganic-matrix composite (TRM) under tensile 

loading. Furthermore, the easy mathematical expression proposed by Eurocode 2 (CEN 

2004) for calculating the crack spacing of steel reinforced concrete is used for estimating the 

crack spacing of the TRM under tensile loading. Different formulations could be used 

instead; however, they add complexity and require testing. The advantage of these relations 

relies to their simplicity and minimal requirements. More details regarding the development 

of the proposed model can be found in Filippou & Chrysostomou (2020) and in Filippou 

(2021). 

Fig. 1 - Analytical model of TRM. 

According to the proposed model, the predicted strain capacity emu at the first cracking on 

the TRM composite is computed as follows: 

𝑒𝑚𝑢 = (
1.41 10−4 𝑛1 𝜎𝑚𝑢

2 𝐸𝑓 𝑉𝑓²

𝐸𝑐 𝑟𝑦𝑎𝑟𝑛 𝐸𝑚²
)

1

3
(1) 

where σmu is the tensile strength of the matrix, ryarn  is the radius of the yarn of the textile, 

and  Ec is the stiffness of the composite at State I, which obeys the law of mixture, as follows: 

 𝐸𝑐 =  𝐸𝑓 𝑉𝑓 +  𝐸𝑚  𝑉𝑚                                                  (2) 

where Ef  is the Young’s modulus of the textile and  Em is the one for the matrix, 

and Vf and Vm are the volume fractions of the textile and matrix, respectively. The n1 is 

calculated as follows: 

 𝑛1 = (0.4 + 0.6 
𝜌𝑚

2200
) (3) 

where ρm is the density of the mortar in Kg/m³. 

The equivalent composite multi-cracking stress  σmc at corresponding strain capacity emu of 

the TRM at the first cracking is computed by multiplying the emu by the stiffness of the 

composite,  Ec. The TRM composite strain emc when the multicracking is completed, is 

calculated by Eq. (4): 
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𝑒𝑚𝑐 = (1 + 0.667
 𝐸𝑚  𝑉𝑚

 𝐸𝑓  𝑉𝑓
) 𝑒𝑚𝑢 (4) 

The composite strain at the end of State III efc can be determined by Eq. (5): 

𝑒𝑓𝑐 
= (𝑒𝑓𝑢 − 0.341

 𝐸𝑚  𝑉𝑚

 𝐸𝑓  𝑉𝑓
𝑒𝑚𝑢) (5) 

The stress σfc at State III can be calculated as: 

𝜎𝑓𝑐 =  𝐸𝐶𝐼𝐼𝐼 𝑒𝑓𝑐 (6) 

where ECIII is obtained as follows: 

 𝐸𝐶𝐼𝐼𝐼 =  𝐸𝑓   𝑉𝑓 (7) 

This tri-linear analytical model that defines the stress-strain relationship of TRM under 

tensile load is simple and easy to-implement, since only the mechanical properties and 

geometric characteristic of the cement-based matrix and that of textile reinforcement are 

necessary, without any required information from experimental tests. This model provides 

the strength envelope of the tensile behavior of TRM.  

3. Assessment of the proposed approach

The proposed analytical model of TRM as presented in the previous section is verified by 

comparing its results with those obtained by experimental studies conducted in the past. The 

comparison between the experimental (blue line) and proposed model (red line) results 

concerning the tensile behavior of TRM in terms of stress-strain is presented in Fig. 2. More 

details regarding the assessment of the proposed model can be found in Filippou & 

Chrysostomou (2020) and in Filippou (2021).  

From Fig. 2 it is observed that the analytical curves seem to properly fit the experimental 

ones. By comparing the experimental and analytical results it is observed that the 

discrepancy between them is less than 30% in almost all of case studies. For example, in 

Cases 2, 5 and 6 it is observed that the proposed model undrestimates the elastic un-cracked 

stress and strain (State I) and the multi-cracking strain of the composite (State II) by about 

10-20% compared to the experimental one. This is mainly due to the fact that Eq. (1) includes

empirical components derived from Eurocode 2 (CEN 2004) for estimating the cracking

spacing of the composite material. Although the discrepancy between experimental and

analytical data is relatively small, relevant experimental tests may be performed to modify

Eq. (1) to reduce this discrepancy. Furthermore, the behavior of the composite material at

State III is still not satisfactorily predicted, as shown in Cases 6, 7 and 8. There is agreement

on the first phase of this State, but as the strain increases it seems that the proposed model

overestimates the slope at State III, leading to an overestimate on the stress of the TRM for

a given strain at this State. This discrepancy is caused because the proposed model does not

consider strength degradation of the textile reinforcement at State III due to the linearity

hypothesis of the model for evaluating the effective amount of textile reinforcement at State

III (Eqs.6 and 7). Therefore, Eq. (6) and Eq. (7) should be changed (i.e., a proper reduction

coefficient must be set) in order to take into account the strength degradation of the textile

reinforcement. However, the proposed analytical model of TRM has shown good accuracy

at predicting the tensile behavior of TRM in terms of stress-strain in a macroscopic level

considering that the limitations of the proposed model occur at a microscopic level. It is

important to note that the proposed approach includes empirical components derived from

Eurocode 2 (CEN 2004) and from fib Model Code 2010 (fib 2010), and consequently, its
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accuracy could be affected by different parameters such as: specimens’ geometry, test set-

up, textile coating, and presence of fibers in the cement based matrix. 

Fig. 2 - Comparison between the proposed model and the experimental results for different case studies. 
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4. Parametric study

After the assessment of the proposed model, a parametric study is performed, as presented 

in the following sub-sections, to examine the sensitivity of the model to a range of 

parameters, and to gather today’s knowledge regarding the parameters that can influence the 

tensile behavior of TRM.  

4.1 Influence of fiber material 

The influence of the type of fiber material (Carbon, Aramid, AR-Glass, and Basalt) used for 

assembling the textile on the tensile behavior of TRM as obtained from the proposed model 

is presented in Fig.3.  

Fig.3- Tensile behavior of TRM considering Carbon, Aramid, AR-Glass, and Basalt fiber material in 

the textile reinforcement as obtained from the proposed model. 

It is observed that there is no influence of the fiber’s material on the stiffness and the strain 

at State I, but the carbon-fiber specimen has higher tensile stress at State I (by about 30%), 

compared to the other specimens, since its failure tensile stress is about two times greater 

than the corresponding one of the other fibers. It is also observed that the fiber’s material 

influences the multi-cracking formation of the composite material (strain capacity at State 

II), where the fiber with lower modulus of elasticity exhibited higher strain at the end of 

State II. This is an interesting observation, which is also supported by experimental tests 

performed by Brameshuber (2006), Larrinaga et al. (2013); Colombo et al. (2013) and 

D'Antino and Papanicolaou (2017). Finally, there are many differences in the third phase, 

due to the different elastic moduli and tensile strengths of the fibers.  

4.2 Influence of the reinforcement ratio 

The influence of the reinforcement ratio (Vf) on the tensile behavior of TRM as obtained 

from the proposed model is given in Fig.4. It is observed that by increasing the reinforcement 

ratio, the tensile stress of the textile reinforced matrix composite before cracking occurred 

(State I) increases, however, there is no influence of the reinforcement ratio on the stiffness 

and the strain at State I. It is also observed that by increasing the reinforcement ratio, the 

strain at the end of the multi-cracking formation of the composite material (State II) 

increases, but not proportionally. The above observation is also supported by experimental 

tests performed in the past (Jesse 2003; Peled and Bentur 2003; Larrinaga et al. 2013; 

Colombo et al. 2013). Finally, by increasing the textile reinforcement ratio the stiffness at 
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State III increases as expected, since in this State only the fibers contribute to the stiffness 

of the composite.  

Fig.4-Tensile behavior of TRM with different reinforcement ratio (1%-3%) as obtained from the 

proposed model. 

4.3  Influence of the matrix 

The influence of the modulus of elasticity and the tensile strength of mortar on the tensile 

behavior of textile reinforced matrix composite is presented in Fig.5. It is observed that the 

effect of the tensile strength of the matrix on the tensile behavior of the textile reinforced 

matrix composite is more significant compared to that of the modulus of elasticity of the 

matrix, although both parameters influence the level of the stress and strain of the composite 

before and after cracking occurs in the composite (State I and State II). As the tensile strength 

of the matrix increases the tensile stress and strain at State I and the strain level at State II 

increases. By increasing the modulus of elasticity, the cracking strain of the composite, State 

I, decreases. After the cracking is completed on the composite, no significant influence of 

the modulus of elasticity and of the tensile strength of the matrix to the tensile behavior of 

the composite was observed (State III).  

(a)   (b) 

Fig.5-Tensile behavior of TRM as obtained from the proposed model considering (a) different tensile 

strength of the matrix and (b) different modulus of elasticity of the matrix. 
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5. Conclusions

In this paper a simple and easy to-implement model able to define the tensile behavior of 

TRM is proposed aiming to enhance the use of TRM for seismic retrofitting existing 

buildings in practical engineering. The proposed model extends the ACK theory which 

applies to fiber-brittle matrix to that of textile-reinforced-matrix composite (TRM) using the 

crack control expression, which is included in Eurocode 2 (CEN 2004) and the fracture 

energy expression, which is included in fib Model Code 2010 (fib 2010) to facilitate the use 

of the ACK theory, without requiring testing. The proposed model proved accurate for 

predicting the tensile behavior of TRM in terms of stress-strain since the discrepancy 

between the experimental and analytical data is less than 30% and this degree of 

approximation is considered acceptable since remarkable deviation occurred also in each 

testing of this composite in other studies (coefficient of variation equal to 20%-50%). Thus, 

the proposed analytical model of TRM may therefore be used to represent the TRM 

constitutive equation in non-linear analysis of reinforced concrete and masonry structures 

retrofitted with TRM due to its simplicity and accuracy. 

From the parametric study performed on the proposed model it can be concluded that the 

material of the fiber used for assembling the textile, the reinforcement ratio, and the 

mechanical properties of the cement-based matrix influence the tensile behavior of TRM as 

follows: (i) the material of the fiber used for assembling the textile influences the strain of 

the composite at State II and the tensile capacity of the composite at State III, while the fiber 

with lower modulus of elasticity exhibited higher strain at the end of State II, (ii) by 

increasing the reinforcement ratio of the composite material, the tensile stress at State I and 

the strain at State II increase but not proportionally, and (iii) by increasing the tensile strength 

of the matrix, the tensile capacity at State I and the strain level at State II increase, while by 

increasing the modulus of elasticity of the matrix, the strain of the composite at State I and 

II decreases.  

The proposed model of TRM as presented in this paper promotes the prospective use of this 

novel material, and it can be useful to facilitate the implementation of numerical models of 

retrofitted structures using TRM, and further to develop design guidelines. Future research 

might be focused on testing different fiber-textile and orientation, a more effective matrix, 

and different reinforcement ratios, in order to check the effectiveness, or to modify the 

proposed analytical model of TRM.  
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Abstract: Queenstown, New Zealand is a high seismic risk area with liquefaction prone soils. 
As part of the full redevelopment of a four-storey shopping mall in the centre of Queenstown, 
a seismic strengthening programme was undertaken to increase the structure’s seismic rating 
to 75% NBS. In addition to extensive superstructure works, the retrofit design included 
ground improvement through Resin Injection for liquefaction mitigation. The geotechnical 
strengthening works were carried out to create a 5 m non-liquefiable crust beneath the 
structure by increasing the equivalent clean sand penetration resistance, qc1Ncs, by 30%. This 
case study demonstrates the adequacy of liquefaction mitigation through Resin Injection and 
how incorporating ground improvement into seismic strengthening design can improve a 
structure’s performance with a more cost-effective solution.  

Keywords: Seismic Strengthening, Retrofit, Ground Improvement, Resin Injection 

1. Introduction 

After the devastating Christchurch earthquake sequence in 2010 and 2011, the New Zealand 
government took steps to address the potential for further loss of life and extensive business 
interruption in the event of future earthquakes. The Building (Earthquake-prone Buildings) 
Amendment Act (2016) requires buildings that are identified as potentially earthquake-prone 
to undergo remedial works within a risk-based timeframe. The country is split into high, 
medium, and low seismic risk areas and the timeframe to complete the seismic upgrades is 
dependent on which risk zone a structure is located in. As shown in Figure 1, the timeframes 
given to building owners range from 7.5 to 35 years depending on the building’s location 
and priority level. 
 

 
Fig. 2 – a) Earthquake-prone building identification and retrofit timelines and b) NZ seismic risk map 

a) 

b) 
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Earthquake-prone buildings are identified through a seismic building rating system 
developed by the New Zealand Society of Earthquake Engineers (NZSEE, 2014). This 
system assigns a percentage rating of New Building Standard (%NBS), as seen in Table 1, 
to a structure after a seismic inspection has been carried out.  
 
Table 1. Building Grading System for Earthquake Risk, reproduced from (NZSEE, NZGS, SESOC, 2014) 

Percentage of New 
Building Standard 

(%NBS) 

Building Grade Approx. Risk Relative 
to a New Building 

Life-Safety Risk 
Description 

>100 A+ <1 times Low risk 
80-100 A 1-2 times Low risk 
67-79 B 2-5 times Low to medium risk 
34-66 C 5-10 times Medium risk 
20-33 D 10-25 times High risk 
<20 E >25 times Very high risk 

 
 
If a building receives a %NBS rating of less than 34%, its owners are legally required to 
undertake seismic strengthening works or demolish the structure (Parliment New Zealand, 
2016). Some owners have also been opting to increase the seismic resilience of their 
structures to above 67% NBS, as a higher score can add value to the property in regard to 
leasing and insurance (Ferner, 2018).  
 
A central city shopping centre in Queenstown, New Zealand had to undergo seismic 
strengthening to increase its %NBS rating. The strengthening works consisted of structural 
and geotechnical upgrades. This paper explores the application of the geotechnical solution 
that was implemented and how the performance of the ground relates to the structural design.  
 

1.1 Project Design Requirements 

The site of the shopping centre is located in close proximity to several fault systems. An 
analysis determined the soil profile between 2.5 m and 19 m below the basement floor is 
liquefiable under both ULS and 67% ULS loads, except for a few minor layers. An 
assessment of the residual strength of the soil once it has liquefied showed an estimated 
bearing capacity of less than 50 kPa. This means that the building loads will exceed 
resistance and bearing failure is likely. This will occur under both 67% NBS and ULS loads. 
Therefore, to ensure the structural strengthening elements can perform as designed both 
during and after a seismic event, the ground improvement portion of the design was 
incorporated.  
 
The ground improvement solution was carried out in the basement of the mall. The injection 
points were drilled through the slab at 1.2 m triangular spacings which was determined to be 
the most efficient design spacing during the EQC (Earthquake Commission) trials. The 
treatment depth of the soils was between 1.5 – 5 m in the liquefiable soils directly below the 
footings. This zone was chosen to be treated to mitigate the possibility for liquefaction 
triggering and the resultant reduction in bearing capacity. In order to achieve an overall 
building performance of 75% NBS, the target for ground improvement was a minimum 
increase in the normalised cone resistance, qc1Ncs of 30%.  
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1.2 Resin Injection Research 

Following four years in development, and with extensive trials and testing completed, the 
internationally peer reviewed report for the Resin Injection Ground Improvement Research 
Trials was released in June 2017. The trials were jointly funded by New Zealand industry 
bodies, MBIE and EQC, and were carried out in the Christchurch Red Zone, where the worst 
liquefaction-induced building damage was observed during the Christchurch earthquake 
sequence (Cubrinovski et al., 2011). The results showed that significant improvement was 
achieved in soils with a soil behaviour type index (Ic) less than 2.1, and a reduced level of 
improvement for Ic values up to 2.3 (Traylen et al., 2017). The findings regarding Resin 
Injection for ground improvement and liquefaction were a significant development for the 
ground engineering industry in New Zealand, which now has a new ground improvement 
methodology to consider when addressing at-risk buildings and structures susceptible to 
weak soil conditions.  
 
Resin Injection for liquefaction mitigation is a soil densification mechanism driven by the 
expansion of an injected polyurethane resin product (although other secondary effects such 
as improvement in composite stiffness, cementation, and horizontal stress increases are also 
present). The expanding resin injection process typically results in a ‘veining’ of expanded 
material distributed through the soil mass as dykes, sills or networks of sheets or plates, 
typically tens of millimetres thick (as shown in Figure 2). The expansion of these veins is 
what results in densification of the soils (Traylen et al., 2017).  
 

 
Fig. 2 - Veining of expanded resin in ground 

 
The extent of ground improvement is verified through ground investigations conducted 
before and after Resin Injection. The tests conducted on each project can vary depending on 
the client’s requests, however, cone penetration tests (CPT) and direct-push crosshole tests 
(DPCH) are the standard forms of testing.  
 
 
 
 
 
 

3158
3ECEES, September 2022, Bucharest, Romania



2. Project Operations  

2.1 Site Setup 
Due to the central location on the main street of Queenstown, access into the shopping centre 
was heavily restricted. A crane was constructed within the building footprint, and provided 
the primary means of loading building supplies into the construction zone. The equipment 
required for Resin Injection was lifted directly into the basement, as seen in Figure 3. The 
crane remained founded in the centre of the basement for the duration of the retrofit works.  
 

 
Fig. 3 – Resin Injection equipment being craned into the shopping centre 

 

2.2 Trial  
A trial was conducted prior to the full works to validate the Resin Injection design for the 
site. The trial consisted of an injected 3x3 m area of an injection array with pre- and post-
improvement CPT and DPCH testing for verification. The trial reached the target 
improvement level of 30% increase in qc1Ncs and discovered that the site had a spatially 
variable soil profile, which was notable even within the 9 m2 trial area. As a key parameter 
in the design is the soil behaviour type, a variable soil profile meant that the final injection 
approach needed to both accommodate for these variations across the building footprint and 
also be reflected in the interpretation of results.  
 

2.3 Site Layout and Injection Works 
The basement was split into 16 zones (as shown in Figure 4) which determined the order of 
treatment. Each zone had a set of before and after improvement ground investigations which 
allowed for the improvement across the whole footprint to be determined by the average of 
each zone.  
 
 

3159
3ECEES, September 2022, Bucharest, Romania



 
Fig. 4 - Injection Layout 

 
 
While the basement was open plan with minimal obstacles, there was a limited headroom of 
2.4 m. The ground investigations required the use of small, portable CPT and DPCH rigs in 
order to operate in the basement. The testing rigs utilised the ground-floor beams as a 
reaction force to anchor from, as seen in Figure 5 a). Another obstacle was the lack of access 
to the areas beneath the crane, ramp, and perimeter floor beams, as seen in Figure 5 b). These 
soils were still able to be treated due to the manoeuvrability of the equipment and by utilising 
angled injection.  
 

Fig. 5 – a) CPT portable rig and b) angled injection under floor beam 
 

a) b) 
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2.4 Project Constraints  
A key constraint with any Resin Injection ground improvement project is the relationship 
between degree of improvement and heave. Heave is when the structure begins to lift as a 
side effect of the densification process. The likelihood for heave increases with Ic and can 
be monitored with floor level surveying. Heave tolerances are often provided in the design, 
and these specify the global and differential heave allowances of the structure. The global 
heave is the amount of lift experienced by the structure as a whole and the differential heave 
is the difference in lift experienced across the footprint of the structure.  
 
The initial design for this project did not specify any heave tolerances but differential heave 
was to be monitored and reported frequently. However, after the completion of Zone A (the 
lower four regions on Figure 3), architectural requirements were introduced that resulted in 
the specification of a 20 mm global heave tolerance. As the amount of heave experienced 
correlates to the quantity of material injected and the soil behaviour type, the Resin Injection 
quantities were decreased to reduce the heave.  

3. Project Results  

CPT and DPCH testing provided the information for which the results were analysed. CPT 
testing was performed at the centroid of the triangular grid of injection points. Therefore, the 
test records the change in strength at the point of least improvement, offering a conservative 
value for the soil profile directly in line of the CPT. In comparison, DPCH testing provided 
an averaged stiffness reading across a 2 m span of the soil profile. This means that the 
composite stiffness from the injected material is included in the reading. The two tests offer 
complimentary results that can provide a better understanding when analysed together.  
 
The degree of improvement was determined by comparing the percentage increase in qc1Ncs 
and the small strain soil stiffness, G0. The liquefaction triggering procedure by Boulanger 
and Idriss (2014) was used to analyse the CPT data. As recommended in this procedure, the 
pre-improvement Ic values were used when determining the liquefaction triggering post-
improvement. The stiffness of the soil was estimated through the Equation 1 (Robertson et 
al., 2015) using the shear wave results from the DPCH data.  
 
 𝐺! = 𝜌𝑉"# (1) 

 
The test results for each Zone are summarised in Table 2. The results show significant 
variability of the soil behaviour type across the footprint of the structure, with Ic ranging 
from 1.74 – 2.27. As experienced in a range of other projects, a reduction in the quantities 
of material injected is required to manage heave in higher Ic soils. This reduction results in 
less overall improvement, which is reflected in the results for Zone B3 and D4, which had Ic 
> 2 and experienced the lowest increase in qc1Ncs. While the relationship between Ic, heave, 
and improvement is clear, there are also other factors that contribute to the level of 
improvement achieved.  
 
The relationship between the increase in qc1Ncs and the increase in G0 was not well correlated. 
Despite a wide range of percentage increases in qc1Ncs values, the post-improvement Vs (and 
therefore G0) was relatively uniform. This would suggest that there is a point of diminishing 
returns from a material quantity and resultant level of improvement standpoint. In summary, 
Resin Injection resulted in a reasonably uniform soil stiffness beneath the structure. In 
addition, all Zones met the target increase in qc1Ncs of 30% to satisfy the design requirements.  
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Table 2. Pre- vs -Post Improvement CPT and DPCH Results 
Zone Ic, ave. qc1Ncs  

Pre 
qc1Ncs Post ∆ qc1Ncs 

(%) 
Vs, ave. 

Pre 
Vs, ave. 

Post 
∆G0 (%) 

A1 1.86 79 200 152% 149 211 104% 
A2 1.90 87 172 97% 155 227 133% 
A3 Closest test B3 160 178 32% 
A4 1.74 92 158 72% 187 216 34% 
B1 Test not possible due to access restrictions, closest test A1 
B2 1.79 99 134 35% 160 182 31% 
B3 2.14 77 101 31% 163 192 40% 
B4 Closest test A4 190 197 8% 
C1 1.81 88 139 58% Closest test possible in D1 
C2 1.86 79 114 44% 167 205 59% 
C3 2.10 93 Single test only 169 186 24% 
C4 1.74 92 148 61% 200 227 30% 
D1 1.90 87 156 79% 160 207 67% 
D2 1.90 87 119 36% 147 190 93% 
D3 Trial Data (30% average increase) 
D4 2.27 105 140 33% 157 194 55% 

 
The averaged pre- and post-improvement liquefaction assessment for all zones is shown in 
Figure 6. The analysis demonstrates a clear increase in qc1Ncs throughout the treatment depths 
of 1-5 m, in addition to showing that the averaged soil behaviour type is within an ideal 
range for Resin Injection. The predicted vertical settlement of the soil from the design 
earthquake (PGA 0.4g, Mw 6.3) is also calculated through this analysis. The average 
predicted settlement pre-improvement was 125 mm and 75 mm post-improvement.  
 

 
Fig. 6 - Pre- and post-improvement CPT analysis 
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Another approach to visualise the level of improvement is by varying the PGA, as shown in 
Figure 7. While the liquefaction analysis shown in Figure 6 only displays the design 
earthquake, Figure 7 shows expected settlement of the improved soil over a range of 
potential PGA values. This demonstrates that if a smaller earthquake event were to occur, 
the reduction in expected settlement is still significant. The structure post-improvement will 
have a reduction in settlement for all PGA values greater than 0.15g which has many 
advantages for the performance of the structure during and post-earthquake event. 
 

 
 Fig. 5 - Pre- and post-improvement expected settlement analysis for PGA range 

 
4. Conclusion 
 
Following the ground improvement research trials, Resin Injection was recognised as a 
viable solution to increase the bearing capacity of soil and reduce the potential for 
liquefaction beneath existing structures. This approach offers large benefits for seismic 
retrofit of structures, as the strengthening design can be limited by low bearing capacity and 
/ or liquefiable soils.  
Resin Injection has been incorporated into numerous seismic upgrades of earthquake-prone 
buildings in New Zealand, including this upgrade of a 4-storey shopping centre in 
Queenstown. This project highlighted the constraints in achieving the specified level of 
improvement and the importance of performing both CPT and DPCH testing. Despite the 
introduction of mid-project heave limitations, all Zones surpassed the required 30% increase 
in qc1Ncs and a large increase in soil stiffness was experienced.  
This case study demonstrates that incorporating Resin Injection for liquefaction mitigation 
into the design for seismic upgrades is an effective and low-impact approach. The inclusion 
of ground improvement in the seismic design increased the resilience of this structure not 
only by reducing the potential for liquefaction induced damage, but also by ensuring that the 
extensive structural strengthening would perform as designed.  

ULS
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Abstract: This work concerns an application developed by Eucentre (European Centre for 

Training and Research in Earthquake Engineering) to define the priority of intervention of 

roadway bridges, based on vulnerability analysis carried out according to the level of 

acquired knowledge (complete or partial) in the framework of large-scale vulnerability 

assessment. Reliable methods are required for multi-level seismic vulnerability analysis that 

allows identifying the most critical situations, in order to ascertain whether more detailed 

analyses are needed and to prioritize interventions. The paper describes the methodology 

used by the tool, available via the web as a WebGIS tool. The application was developed for 

the Italian Department of Civil Protection to manage the strategic structures and 

infrastructures considering all the typologies of bridges widespread in Italy: girder and arch 

bridges (more specifically, both masonry and unreinforced/weakly reinforced and reinforced 

concrete arch bridges). Two use cases can be identified: (i) ad hoc data are known, hence 

fragility curves are generated for a specific bridge; (ii) only the taxonomy is known together 

with limited information. Furthermore, the tool allows to identify in an emergency situation 

(i.e. in the aftermath of an earthquake) the structures potentially damaged. Therefore, the 

application can be used to support the institution (e.g. the road network manager) to address 

the funds provided for the rehabilitation of existing structures. 

Keywords: Infrastructures, Web-based tool, Fragility curves, Seismic risk 

1. Introduction 

In the recent past many structures have poorly behaved under seismic events, leading to 

large damages and human losses. Many of these structures needed to be rehabilitated. 

The aim of this work is to present an application aimed at the definition of fragility curves 

and seismic risk maps for roadway infrastructures in the framework of a multiscale 

risk/vulnerability assessment. In particular, the focus of the work is road bridges, to which 

priority has been given in terms of seismic risk. 
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The tool exploits the potentials of GIS technology, by building a database with geo-

referenced cartographic interface starting from the available data for the road network. The 

tool includes a modulus for the definition of the fragility curves of bridges, useful for 

assessing the probable damage suffered after a seismic event. The paper describes the 

architecture and the logic framework of the developed tool and how it can be applied in the 

vulnerability assessment of road infrastructures. 

The choice to make data, tools and analyses results available and accessible by Web, as a 

WebGis tool, guarantees the full and immediate usability of data and results. 

In peacetime, through the calculation of seismic risk maps, the tool can supports the 

institution (e.g. road network manager) in the planning of seismic risk mitigation 

interventions, highlighting the most critical situations. This is useful, in order to provide a 

preliminary prioritization of the funds reserved for the rehabilitation of existing 

infrastructures. Furthermore, in an emergency situation (i.e. in the aftermath of an 

earthquake) the tool allows to identify the structures potentially damaged and preliminary 

order of inspection. 

2. Web-App 

For a conspicuous patrimony of road bridges, it is not possible to imagine having a full level of 

knowledge of all the elements in a reasonably short time. Against this background, a Web-

based application (Web-App) for the loading of data related to the Italian road network bridges 

has been developed. The data populates a relational database (DB) that feeds models 

implemented in computational engines that allow calculating fragility curves by performing 

analyses in a probabilistic framework. Figure 1 shows the existing bridges in the database 

managed by Eucentre for the Department of Italian Civil Protection. Different colours are 

used to classify the level of knowledge reached, as reported in the legend. 

The methods proposed here are of a numerical nature, i.e. they are based on the definition of 

the seismic behaviour of a bridge through simplified mechanical modelling approaches, in 

relation to the level of the acquired knowledge. 

The earthquake damage estimation of bridge structures can be carried out using a more 

accurate procedure based on fragility curves, defined by distributions that estimate the 

probability of reaching or exceeding a certain level of damage for a given severity level of the 

ground shaking. The implemented models cover the taxonomies considered for the definition 

of the fragility curves of road bridges, i.e. reinforced concrete (RC) girder bridges (either with 

detailed or simplified modelling) and masonry, unreinforced/weakly reinforced concrete and 

RC arch bridges.  

Representative fragility curves are produced for the taxonomies in which road bridges can be 

classified whereas, when full data are available, ad hoc fragility curves are produced based on 

relationship calculation models depending on the level of knowledge that can be acquired for 

the bridge structure, as shown Figure 2. The level of knowledge ranges from partial details that 

may also be available through a virtual inspection by Google Street View to the availability of 

as-built drawings and drone in situ inspections (Mandirola et al, 2022). 

Figure 3 and Figure 4 show the methodologies adopted by the tool in relation to the level of the 

acquired knowledge to determine the fragility curves for RC girder bridges (with either a 

continuous or a simply supported static scheme) and arch bridges, respectively. 
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Fig. 1 – Existing bridges included in the database managed by Eucentre for the Department of Italian Civil 

Protection. The analysis used by the tool is based on different levels of knowledge reached. 

 

Fig. 2 – Bridges typologies considered in the tool developed by EUCENTRE. a) Reinforced concrete: top – 

arch bridge; bottom – girder bridges; b) Arch bridges: top – unreinforced concrete arch bridges; bottom – 

masonry arch bridges; c) different level of knowledge reached: virtual inspection by Google Street View; as-

built drawings; in situ surveys, even through drone inspection (Mandirola et al. 2022). 
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Fig. 3 - Scheme of the methodology developed for the definition of fragility curves for RC girder bridges  

 

 

Fig. 4 - Scheme of the methodology developed for the definition of fragility curves for arch bridges 

3. Methodologies 

3.1. Full knowledge level 

3.1.1. RC girder bridges 

For a RC girder bridge with full level of knowledge, the Web-App creates a numerical model 

of the analysed structure, automatically generating the elements representative of its 

constitutive parts (such as the deck and the piers) and taking into account the mutual relations 

(connections) that each element has with the others (Bellotti et al. 2019). This finite element 

model (FEM) is used to perform numerical analyses for the calculation of fragility curves. The 

open source software OpenSees (McKenna et al. 2000) is used for performing the analysis. 

The Web-App divides the bridge structure into three areas: super-structure, connections and 

sub-structures, where the connection areas represent everything interposed between the super-

structure and the sub-structures. The bridge is modelled with a non-linear beam-elements 
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model: the application automatically generates a sequence of nodes and beam elements (Figure 

5). 

 

Fig. 5 - Extruded view of a modelled girder bridge with full data 

For what concerns the support devices, the application requires that it is specified whether the 

DOFs are fully rigid (vertical DOFs) or fully flexible (rotational DOFs); alternatively, the 

application provides for the insertion of support devices to simulate the friction behaviour or an 

elastoplastic behaviour with hardening (isotropic or anisotropic). 

The limit states considered in the calculation of fragility curves are differentiated between 

piers, deck and supports. 

For piers the checks on the ductile failure mechanisms are controlled by the total chord rotation 

according to the Italian Technical Code (NTC 2018). The yield and ultimate chord rotation are 

associate to the damage limit state (DLS) and the collapse limit state (CLS), respectively. The 

brittle failure mechanisms are controlled by the shear capacity (resistance) according 

alternatively to the expressions reported in MIT 2019, to the ones by Priestley-Kowalski 

(2007) or those provided in Eurocode 8 - Part 3 (CEN 2005). Once the shear capacity is 

achieved, CLS is detected, since the mechanism without reserve of ductility, i.e. capacity of 

evolving in non-linear range dissipating energy. 

For the deck, global checks are carried out only referring to the connections (grouping of 

supports), in terms of displacement/excursion capacity (free DOFs) or resistance (fixed DOFs). 

The loss of support is also verified. The control is carried out on the relative excursion between 

the deck and the sub-structure, both in the longitudinal direction and in the transverse direction. 

Associated with the same verification, two different limit states are defined: the DLS and CLS, 

equivalent to the fall of the deck from the supports and the pier cap, respectively. In the case of 

fixed supports (fixed DOFs), the DLS is conventionally achieved when the yield strength of 

the device is reached. 

3.1.2. RC arch bridges 

Also in the case of a RC arch bridge with a full level of knowledge the Web-App creates a 

numerical model of the analysed structure. Starting from the bridge geometry, the application 

automatically generates a sequence of nodes and beam elements (an example is shown in 

Figure 6) representative of its constitutive parts (i.e. arch, deck, piers), also considering their 

mutual relations (connections). Fixed supports are assumed at the initial and the terminal 
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sections of the arch and at the bottom of the piers, while rigid links are used between the arch 

elements and the intermediate piers.  

The generated FEM is used to perform numerical analyses for the fragility curves assessment. 

Again, the open source software OpenSees (McKenna et al. 2000) is used. The adopted 

methodology and global checks are the same used for RC girder bridges. 

 

Fig.6 - Extruded view of a modelled reinforced concrete arch bridge with full data 

3.2. Partial knowledge level 

The approaches described below are used by the application in order to derive fragility curves 

for masonry or unreinforced/weakly reinforced concrete arch bridges (§3.2.1.) and girder 

bridges (§3.2.2) for which few constructive details, available through a prompt in situ 

inspection, are known (level of partial knowledge) and for classes of bridges (i.e. taxonomy) 

for which detailed data are not known and to which a set of representative curves has to be 

associated. 

3.2.1. Masonry and unreinforced/weakly reinforced concrete arch bridges 

The Web-App also allows the modelling of masonry and unreinforced/weakly reinforced 

concrete arch bridges (Manzini et al. 2022). In particular, so far, bridges characterized by 

round or segmental arches (even with variable thickness) and rectangular-based frustum 

pyramidal abutments/piers can be considered. Furthermore, pier-caps (in case of concrete 

substructures) and haunch fill can also be included in the model. Each constitutive element 

of the bridge (arches, abutments/piers, caps, fill and haunch fill, spandrel and parapet 

walls) is automatically discretized into a finite number of elements, as shown in the 

example reported in Figure 7. 

 

Fig. 7 – Modelling criteria example 

The seismic vulnerability of arch bridges is assessed with reference to both local and global 

collapse mechanisms, differently involving abutments, piers (only in case of multispan 

structures), arches and spandrel walls, considering both the longitudinal and the transverse 
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direction. In particular, one local mechanism and several global mechanisms are identified. 

Whereas the former only involves the out-of-plane overturning of the spandrel walls, without 

any significant consequence on the overall stability, the latter can lead to partial or total 

collapse of the bridge. Shear/flexural failure mechanisms of substructures are also 

considered. 

All the mechanisms are evaluated through the non-linear kinematic analysis, with the 

exception of the shear/flexural failure modes on substructures. For each mechanism, an 

equivalent Single Degree of Freedom System (SDOF) non-linear capacity curve is 

calculated, expressing the variation of the horizontal action (in terms of acceleration) that 

the structure is progressively able to support as the mechanism evolves as a function of the 

horizontal displacement of a reference point of the kinematic system, from the activation of 

the mechanism up to zero horizontal capacity. For each global longitudinal mechanism, the 

procedure is repeated iteratively varying the position of the plastic hinges, to identify the 

critical configuration as the one corresponding to the minimum collapse trigger multiplier. 

In the evaluation of the lateral overturning of the spandrel walls, the contribution of steel 

ties is regarded in the calculation when effective. With the evolution of the mechanism, the 

tension in each steel tie increases until it reaches a limit value represented by the lower 

between the strengths of the tie, of the anchor plate and of the masonry. 

The shear/flexural strength of the substructures is calculated by a newly proposed 

procedure, referring to different formulations for regular and irregular stone/clay brick 

masonry and concrete elements. In case of shear failure, a tri-linear elastic-perfectly 

plastic-softening constitutive law is assumed, whereas a bi-linear elastic-perfectly plastic 

constitutive law with no displacement limitation is adopted in case of flexural failure. 

In the probabilistic framework, in order to derive fragility curves the implemented 

procedure considers an uncertainty on the capacity of the bridge, generating a representative 

sample of bridges in which the variables describing the geometric, strength and load 

characteristics of the bridge are generated following the Montecarlo method. In this way, is 

possible to obtain a population of bridges for which the seismic behaviour is considered 

representative of the real bridge. A similar approach is adopted to take into account the 

variability of the seismic action.  

Safety checks are performed on the SDOF equivalent capacity curve obtained for each 

considered mechanism, by comparing displacement capacity and demand at different 

performance limits. In particular, DLS and CLS are considered, by assuming proper 

displacement thresholds based on values proposed in the literature. The fragility curves are 

hence defined by evaluating the exceedance probability at the considered limit states at 

each point of the intensity measure with reference to the whole defined population (Figure 

4). 

3.2.2 RC girder bridges 

The simplified procedure implemented in the Web-App for the seismic evaluation for RC 

girder bridges with partial level of knowledge is based on the Direct Displacement Based 

Assessment (DDBA), proposed by Priestley et al. (2007) and Priestley et al. (1997).  

The proposed procedure defines a simplified response for piers, abutments and supports in the 

longitudinal and transverse direction. 

The same approach described in previous section 3.2.1 is adopted to obtain a population of 

bridges for which the seismic behaviour is considered representative of a bridge with a level of 

partial knowledge or a taxonomy of bridges.  
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The analysis provides a different treatment for the longitudinal and transverse response. In both 

cases, each pier-support subsystem is considered referring to an equivalent SDOF System. 

The modelling involves the evaluation of the achievement of the probabilities of exceeding the 

limit states of a subsystem corresponding to the thickest pier, a slender pier and a pier with 

average slenderness and its corresponding connections (i.e. supports and restraints between the 

pier and the deck superstructure) and a subsystem that corresponds to the abutments and its 

corresponding connections (Figure 8 and right side of Figure 4). 

 

Fig. 8 - Simplified modelling: definition of reference spans for girder bridges 

4. Risk maps 

Generally, seismic risk referred to structures is a probabilistic measure of the damage 

expected in a specific time interval for a region of interest. Risk is the combination of three 

main factors: the seismic hazard, the vulnerability of the considered assets and their 

exposure. Scientifically, the evaluation of seismic risk consists in the convolution of the 

seismic hazard with vulnerability and exposure of the assets considered. For large-scale 

seismic risk assessment, more specifically in the vulnerability analysis, the infrastructures 

may be classified in taxonomies, i.e. classes that have a similar behaviour during a seismic 

event to which was assigned suitable fragility functions.  

In addition, the developed tool can be used for the assessment of the fragility function for 

taxonomies of girder and arch bridges assuming that for these infrastructures limited 

information is available as described in the previous paragraphs (§3.2). 

The WebGIS platform has the possibility to run three main calculations in terms of seismic 

risk, two related to peacetime and the other one to an emergency situation: 

• Unconditional risk is related to a specific time window (T0). It is defined as the 

unconditional probability of failure (Pf) for a system with resistance R under 

seismic load S, using the equation proposed by Cornell and Krawinkler (2000). 

Three different values for T0 are considered: 1, 10 and 50 years. 

• Conditional risk is related to an earthquake associated with a certain return period 

(TR). Nine return periods are considered, corresponding to the reference input 

motion defined by NTC 2018. (i.e.: 30, 50, 72, 100, 140, 200, 475, 975, 2475 

years); 

• Emergency situation, or real-time scenarios in the aftermath of an earthquake. 
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Figure 9 shows, as an example of application, the seismic risk map obtained using the 

unconditional risk approach for the bridges of the Italian road network related to the 

Collapse Limit State (CLS) and a time window of 50 years. Based on this risk map, the 

tool allows to define the priority of intervention and identify the most critical 

situations. This allows to provide a preliminary prioritization in the planning of seismic 

risk mitigation interventions and in-situ inspections.  

 

Fig. 9 – Unconditional seismic risk map of the Italian roadbridges related to CLS and a time window 50 

years 

5. Conclusions  

In this work, a Web-App aimed at the computation of fragility curves has been made available 

in a WebGIS finalised to the definition of seismic risk maps for roadway infrastructures in the 

framework of a multiscale risk/vulnerability assessment is presented and discussed. The tool, 

available as a Web-App, exploits the potential of GIS technology and guarantees the full and 

immediate usability of data and results. A specific module for the fragility curves assessment 

based on the level of acquired knowledge (i.e. partial and fully) is developed and considers all 

the typologies of bridges widespread in Italy: girder and arch bridges. Two use cases can be 

identified: (i) ad hoc data are known, hence fragility curves are generated for a specific bridge; 

(ii) only the taxonomy is known, together with limited information concerning the geometry 

and the constituent materials.  

In case of full knowledge, for girder and arch RC bridges, a detailed modelling of the structure 

has been developed and FEM analyses are carried out in the time domain with partially 

degrading hysteric constitutive laws, using OpenSees code. In this case, the application 

manages numerous non-linear finite element time-history analyses in order to evaluate the 

fragility curves. In the case of partial knowledge level, namely bridges for which few 

constructive details are known or classes of bridges (i.e. taxonomy), the procedure considers 

an uncertainty on the capacity of the elements and, starting from the bridge detected or 

from a taxonomy of bridges, generates a sample of bridges in which the unknown variables 

describing the structural behaviour are generated following the Montecarlo method.  
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For girder bridges a simplified procedure is used, based on Direct Displacement Based 

Assessment (DDBA) proposed by Prietsley et al. (2007, 1997). The analysis provides different 

treatments for the longitudinal and transverse response. In both cases, each pier-support 

subsystem is considered referring to an equivalent Single Degree of Freedom System (SDOF). 

In the case of arch bridges with partial knowledge level, the seismic vulnerability is evaluated 

by applying the limit analysis according to the nonlinear kinematic approach. Several global 

collapse mechanisms (both longitudinal and transverse), differently involving arches, 

substructures and spandrel walls, and one local mechanism, involving the transverse 

overturning ("out of plane") of the spandrel walls are identified. Shear/flexural failure 

mechanisms of substructures are also considered. 

Once fragility curves have been calculated through the over described Web-App and 

associated to the bridges of the network, the WebGIS platform can be used in peacetime 

through the calculation of seismic risk maps, in order to support the institution (e.g. road 

network manager) in the planning of seismic risk mitigation interventions, highlighting the 

most critical situations. Furthermore, in an emergency situation (i.e. in the aftermath of an 

earthquake) the WebGIS allows identifying the structures potentially damaged and 

preliminary order of inspection. 
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Abstract: Reinforced Concrete (RC) frames built based on historic seismic provisions are vulnerable to high-

magnitude earthquakes. These structures may present deficiencies related to lateral displacement and/or 

lateral strength capacities, with insufficient energy dissipation capacity. This paper examines the advantages 

of Buckling-Restrained Braces (BRBs) as a retrofit technique for seismically deficient reinforced concrete 

frames. Finite element models of the frames were developed in VecTor2, and the numerical models were 

corroborated against experimental results available in the literature. This paper, therefore, aims to assess the 

residual deformations and concentration of stresses within the bracing core, which are common issues 

experienced by RC frames retrofitted with BRBs. The efficiency of a BRB incorporating an SE 

(Superelastic)-SMA (Shape Memory Alloy) core in mitigating known deficiencies was also investigated. As 

a result, the SE-SMA BRB was superior compared to conventional steel core BRBs and the unbraced frame 

in increasing lateral strength and displacement, while minimizing permanent damage to the frame structure.  

Keywords: Reinforced concrete frames, buckling-restrained braces, superelastic shape-memory alloys, 

residual deformations, concentration of stresses 

1. Introduction 

Seismic provisions incorporated in pre-1970s building codes are one of causes for the vulnerability 

of structural systems built during that period when subjected to earthquake excitations. Reinforced 

Concrete (RC) frames were widely used in concrete construction of commercial and residential 

buildings during that era. These frames were designed based on the strong beam – weak column 

approach resulting in limited ductility and high susceptibility to damage during a seismic event 

(Ghobarah et al., 2002). Failure of limited ductility frames has been largely studied and identified 

to be concentrated at the base of the columns and near the beam-column joints (Yavari, 2011). 

Other studies have noted that moment-resisting reinforced concrete frames built prior to the 

enactment of modern seismic provisions are deficient in displacement ductility and damage control 

(Said et al., 2008). Under large earthquake loading and for scenarios where the structure survives 

the event, given that the energy is mainly dissipated through yielding of the reinforcing steel in 

reinforced concrete frames, significant permanent deformations arise at the beam-column joints 

and at the base of the columns.    

Current seismic design provisions for reinforced concrete frames rely on yielding of the reinforcing 

steel to dissipate energy from large earthquakes. However, the dissipation of the energy inflicts 

permanent deformations to the structural and non-structural components, which results in 

economic losses due to repair and downtime, or demolition where the permanent deformations are 

excessive. Seismic retrofitting is a strategy to ensure life safety of structures by improving the 

seismic performance to achieve a performance target. Diagonal bracing has been implemented as 

a global system retrofitting methodology for reinforced concrete moment-resisting frames.
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The Buckling-Restrained Brace (BRB) is a diagonal brace with the capacity to develop yielding 

in both tension and compression. Given that BRBs have been observed to provide an increase in 

lateral stiffness, strength, and displacement capacities, this retrofit technique was selected for this 

study. Common deficiencies related to conventional steel core BRBs are an increase in the 

permanent deformation on the original structure and concentration of stresses in the bracing core. 

To mitigate these deficiencies, a Superelastic Shape-Memory Alloy (SE-SMA) was investigated 

as the core for the BRB. Therefore, this paper assesses the residual deformation experienced by an 

RC frame and the stresses within the bracing core of the frame retrofitted with BRBs incorporating 

either a conventional steel core or SE-SMA.  

2. Retrofit methodology 

This study was based on a large-scale experimental testing program conducted by Al-Sadoon et 

al. (2020). The prototype frame used in that study was scaled from a six-storey, moment-resisting 

frame building adopted from the Concrete Design Handbook (Cement Association of Canada, 

2006). The structure represents a typical seismically deficient building built based on the 1965 

NBCC (NRC, 1965). Figure 1 illustrates the steel reinforcement layout of the 2/3rd scaled frame 

tested by Al-Sadoon el al. (2020) and studied in this paper. Widely spaced ties are evident at the 

base of the columns and near the beam-column joints. Within the columns, the ties were spaced at 

200 mm, while the stirrups in the beam were spaced at 150 mm. The compressive strength of the 

concrete was also selected to be consistent with characteristics of pre-1970s construction materials; 

approximately as 30 MPa. The experimental responses of the frame tested by Al-Sadoon et al. 

(2020) was crucial to corroborate the finite element model of this study.  

 

Fig. 1: Reinforcement layout of the control moment-resisting frame (Al-Sadoon et al., 2020) 

The retrofit technique studied herein consists of a diagonal BRB that utilizes the full compressive 

and tensile capacities of the core bar. The BRB proposed by Al-Sadoon et al. (2020) was also used 

as the retrofit strategy for the finite element model. The BRB is illustrated in Figure 2. This BRB 

was designed to eliminate external and internal gaps along the brace by restraining deformations 
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in the transverse direction at the edges of the core bar. The total length of the bracing core is 2700 

mm. The diameter of the core bar is 44.5 mm, but to promote yielding away from the edges, the 

bar diameter is reduced to 31.8 mm near the mid-length. As concentration of stresses were 

observed within the bracing core at moderate drift levels resulting in premature failure of the 

system, modifications were proposed to improve the BRB performance. These modifications were 

reported by Rocha (2020), leading to the modified BRB as illustrated in Figure 3.  

 

Fig. 2: Proposed BRB design (Al-Sadoon et al., 2020): (a) side view and components; and (b) cross-section of the 

original brace 

 

Fig. 3: Proposed modified BRB cross section (Rocha, 2020) 

Two bracing core materials for the BRB were investigated in this study: AISI Type 304 Stainless 

Steel and SE-SMA. The SE-SMA bracing core was studied as a strategy to mitigate the permanent 

deformations in the frame that arise with the implementation of conventional steel cores. In this 

paper, the stainless steel core BRB retrofitted frame served to further corroborate the finite element 

model of the retrofitted frame. The properties of the bracing cores are provided in Table 1; the 

stainless steel is based on the study by Al-Sadoon et al. (2020) and the SE-SMA from Yin et al., 

(2015). The numerical model for the SE-SMA core bar used 400 MPa as the input for yielding of 

the material. 
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 Table 1: Mechanical properties of stainless steel (Al-Sadoon, 2020) and SE-SMA (Yin et al., 2015) 

Property Stainless Steel  Property SE-SMA 

Yield stress 303 MPa Upper plateau stress 400-500 MPa 

Yield strain 0.16% Elastic modulus 40-75 GPa 

Ultimate tensile stress 505 MPa Ultimate tensile stress  1100-1400 MPa 

Ultimate elongation 50% Ultimate elongation 15-20% 

Young’s modulus 199.2 GPa   

3. Numerical model 

Figure 4 illustrates the Finite Element (FE) model of the retrofitted frame developed in FormWorks 

and analyzed with VecTor2 (Vecchio et al., 2013), which is a two-dimensional nonlinear finite 

element program applicable for  membrane structures subjected to either static or dynamic loading. 

The control bare frame was simulated with the same model without the diagonal brace. In the FE 

models, the transverse reinforcement was modeled as smeared within the four-node, eight degrees 

of freedom plane stress rectangular concrete elements, while the longitudinal reinforcement was 

modeled as discrete, two-node truss bars. Both transverse and longitudinal reinforcement were 

assumed perfectly bonded to the concrete elements. Figure 4 also illustrates the applied gravity 

and lateral loading. The frames were analyzed under constant gravity load, while the lateral load 

was applied in reverse cyclic displacement to stimulate high levels of inelastic demands that may 

be experienced by RC frames under severe earthquakes. To provide lateral restraint to the bracing 

core, while avoiding axial load transfer to the surrounding elements, an orthotropic material was 

assigned to the elements surrounding the core. This material was, therefore, only capable of 

providing transverse resistance, simulating the response of the BRB restraining components. The 

core bar was modelled with a two-node truss element. Full details of the FE models are available 

elsewhere (Rocha, 2020). 

 

Fig. 4: Finite element model of the BRB-retrofitted RC frame 
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3. Hysteretic response 

The numerical lateral load-lateral displacement responses for the bare concrete frame and the 

frame retrofitted with original BRB incorporating the stainless steel core were compared against 

the experimental results from Al-Sadoon et al. (2016). The hysteretic response of the control frame 

without BRB is illustrated in Figure 5-a), where it is evident that the numerical model was able to 

satisfactorily simulate the response of the frame. A maximum drift of 3% (95 mm) and a residual 

drift of 1.6% (50 mm) were observed in both numerical and experimental response, while the 

difference in maximum lateral strength capacity was approximately 3% in the negative direction 

and no difference in the positive direction. The same was observed for the retrofitted frame 

incorporating the stainless steel core (Figure 5-b)). The strength capacity of the retrofitted frame 

from the numerical model differed by less than 5% in the positive and 36% in the negative cycle 

compared to the experimental response, while the same drift capacity, failure mode, and cracking 

patterns at failure were observed in both responses. The larger difference in the negative direction 

is attributed to the asymmetry in the experimental response. A probable cause was the frictional 

forces between the core bar and restraining elements. [Note that full details of the numerical 

models are available in Rocha (2020).] 

 

Fig. 5: Numerical and experimental responses: (a) unbraced frame; and (b) frame retrofitted with original BRB with 

stainless steel core (Experimental responses from Al-Sadoon et al., 2016) 

An increase in lateral strength of approximately 2.5 times was observed when comparing the 

numerical responses of the retrofitted frame with the control frame. However, the stainless steel 

core BRB model resulted in a lower drift capacity related to the control frame. The failure of the 

retrofitted frame was attributed to the concentration of stresses within the BRB caused by localized 

buckling. These deficiencies are related to insufficient restraining of the core and absence of an 

appropriate un-bonding layer. After the deficiencies were assessed, a modified BRB design was 

proposed by Rocha (2020). The insufficient restraining was mitigated by decreasing the steel pipe 

radius from 59 mm to 44.5 mm, while the concentration of stresses was reduced by implementing 

a 2-mm thick silicon rubber sheet between the bracing core and the surrounding steel pipe. Figure 

3 illustrates the cross section of the modified BRB design. Note that the deficiencies in the original 

BRB arose due to the necessity in testing to accommodate the placement of strain gauges on the 

core bar and to permit lead wires to run the length of the brace.    
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An improvement in the lateral strength and displacement capacities was observed for the frame 

retrofitted with the modified BRB incorporating the stainless steel core in comparison to the same 

frame retrofitted with original BRB. Figure 6-a) illustrates that modified BRB retrofitted frame 

was able to experience a maximum drift of 6%, approximately doubled of the retrofitted frame 

with the original BRB. The failure mode of the frame, however, was not controlled by the BRB, 

as previously identified, but by the extensive structural damage experienced at the base of the 

columns. This failure is inconsistent with what is desired since an extensive repair would be 

necessary to rehabilitate the frame, rather than the more efficient replacement of the brace core. 

Figure 6-b) illustrates the response of the frame retrofitted with modified BRB incorporating the 

SE-SMA core. The lateral strength capacity of the retrofitted frame increased by a factor of 3.7 

relative to the original control frame. The frame failed when the compressive strain capacity of the 

SE-SMA was achieved. Improvements in ductility are evident, and the self-centering ability of the 

bracing core reduced structural damage on the frame. This corroborates the benefits of the frame 

retrofitted with the modified BRB incorporating an SE-SMA bracing core in comparison to the 

control frame and the frame retrofitted with a stainless steel core bar.   

 

Fig. 6: Numerical response of the frames retrofitted with modified BRB: (a) stainless steel core; and (b) SE-SMA 

core 

4. Residual lateral displacement (numerical results) 

Residual lateral displacement is a measure of damage in structures; the damage can be experienced 

by the main or secondary structural elements. Figure 7 illustrates the residual displacement against 

the drift for the bare control concrete frame, frame retrofitted with original BRB and stainless steel 

core, and the frames retrofitted with modified BRB with the stainless steel and SE-SMA core bar. 

Figure 7 illustrates that the residual displacement of the control frame increases significantly after 

a 1% drift; this is attributed to yielding of the frame, which was identified at a drift of 1.13% based 

on hysteretic response. The yield point was determined from the hysteretic response based on the 

Reduced Stiffness Elasto-Plastic Yield Method by Park (1988). The method captures a reduction 

in the stiffness of the structure due to cracking near the end of the elastic range; therefore, the 

method can accurately determine the yield deformation of reinforced concrete structures. 
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Fig. 7: Residual displacement of the frames 

The frame retrofitted with original BRB and stainless steel core accumulated significant residual 

displacements. Based on the hysteretic response (Figure 5- b)), yielding of the frame initiated at a 

drift of 1.4%. However, some of the reinforcement at the base of the columns started to yield at 

lower drifts of 0.15%, which explains the accumulation of residual displacements at lower drifts 

illustrated in Figure 7. When evaluating the residual displacements of the frame retrofitted with 

the modified BRB and stainless steel core, it is evident that even though the same displacement 

accumulated at the same drift levels compared to the frame retrofitted with the BRB proposed by 

Al-Sadoon et al. (2020), the modified BRB frame accumulates significantly higher residual 

displacements attributed to higher sustained drifts. 

The retrofitted frames experienced greater residual displacement compared to the control frame. 

At a drift of 3%, the control frame accumulated a residual displacement of 28.6 mm, while the 

frames retrofitted with original and modified BRB incorporating the stainless steel core 

experienced 44.5 mm; an increase of approximately 55%. At this drift level, cracking was 

concentrated at the base of the columns and near the beam-column joint in all the frames. In 

addition, concrete spalling was also evident at the base of the column contributing to the damage 

experienced by the frames at this level of drift. This was assessed by the excessive cracking, where 

the concrete elements at that location did not provide resistance in subsequent cycles.  

Figure 7 also illustrates the residual displacement experienced by the frame retrofitted with 

modified BRB with the SE-SMA core. In contrast to the frames retrofitted with the stainless steel 

core, this frame significantly lower residual displacement. This illustrates the effectiveness of the 

SE-SMA core in improving the seismic resilience of the frame. As a result of the low levels of 

residual displacement, damage in terms of concrete cracking and subsequent concrete spalling 

were controlled after the last cycle of loading. Comparing the permanent displacement of the SE-

SMA retrofitted frame with the control bare concrete frame, the retrofitted frame experienced 

considerably lower residual displacement. At 3% drift, the SE-SMA retrofitted frame accumulated 

4.34 mm of residual displacement, which is approximately 15% of that experienced by the control 

frame. Furthermore, at the last drift cycle experienced by the SE-SMA retrofitted frame (5%), the 

frame accumulated the same residual displacement accumulated by the control frame at a drift of 

3%. This further illustrates the benefits of the frame retrofitted with SE-SMA relative to the 

conventional stainless steel core BRB retrofitted frames and the control frame.  
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5. Concentration of strains/stresses (numerical results) 

The frame retrofitted with the original BRB incorporating the stainless steel core failed due to 

concentration of strains/stresses in the bracing core. For the frame retrofitted with the modified 

BRB and the same bracing core, failure occurred in the frame due to rupture of longitudinal steel 

at the base of the columns. Both failure modes are undesirable since the full capacity of the core 

bar has not been achieved. In the former, the BRB fails prematurely, while for the latter, the frame 

fails instead of the BRB, which would require significant rehabilitation and downtime of the 

structure. The concentration of strains/stresses can be attributed to insufficient buckling restraint 

or an inappropriate un-bonding layer between the bracing core and the restraining component. An 

improper un-bonding layer results in frictional forces to be developed between the core bar and 

the surrounding restraining component allowing axial load transfer to occur. This load transfer at 

frictional points may induce concentration of strains/stresses. This can lead to local fracture and 

buckling at that specific location.  

Figure 8-a) illustrates the lateral displacement – axial strain response of a section of the stainless 

steel bracing core at its mid-length for the frame retrofitted with original BRB. The strain response 

corroborates that the bracing core did not achieve its full strain capacity of 50% based on tension 

testing of the material (Al-Sadoon et al., 2020). The maximum stable strain was approximately 

23%. Figure 8-b) illustrates the lateral displacement – strain response at the same section and 

location for the SE-SMA core bar for the frame with the modified BRB. This frame failed when 

the ultimate elongation of the SE-SMA was reached under compression, which is corroborated by 

the strain response provided in Figure 8; the maximum elongation of SE-SMA core bar was 

defined as 20% as per Yin et al. (2015). The strain response illustrates that pseudo-yielding of the 

SE-SMA initiated at a lateral displacement of 28 mm and ended at 110 mm, which is in accordance 

with the global behavior of the frame. Therefore, the residual displacements in this frame began to 

accumulate at a drift of 4% (127 mm).  

 

Fig. 8: Strain-lateral displacement response: (a) SS core bar; and (b) SE-SMA core bar 

6. Conclusions 

In this study, it has been corroborated the BRB proposed by Al-Sadoon (2016) improves the 

seismic performance of reinforced concrete frames by increasing the lateral stiffness and lateral 

strength capacity of the structure. When using a stainless steel bracing core, the frame experienced 
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an increase in lateral strength of approximately 2.5 related to the control unbraced frame according 

to the numerical analysis. However, the response of the original BRB presented issues related to 

concentration of strains/stresses, local buckling of the bracing core, and premature failure of the 

frame. These deficiencies were addressed with a modified BRB design. The modified BRB was 

able to increase lateral strength and lateral displacement capacities, while minimizing 

concentration of strains/stresses on the bracing core. However, the BRB incorporating the stainless 

steel core bar resulted in significant permanent deformation on the structure.  

An SE-SMA bar was studied as the BRB core material to improve the self-centering capacity of 

the frame. The SE-SMA reduced the permanent lateral displacement of the frame to 15% of what 

was experienced by the control frame and 10% relative to the stainless steel core BRB retrofitted 

frame at a drift of 3%. Furthermore, the frame retrofitted with modified BRB incorporating the 

superelastic SMA core experienced 200% the displacement capacity relative to the control frame. 

This paper also discussed the concentration of strains/stresses in the bracing core based on the 

strain response captured through the numerical analyses. For the original BRB with stainless steel 

core, it was evident that the full capacity of the core bar was not reached; while for the modified 

BRB with SE-SMA, the full elongation of the bar was achieved, and concentration of 

strains/stresses were mitigated. 
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Abstract: The paper highlights some key aspects related to the impact of the unique 
INCERC accelerogram of March 4, 1977 on the development of earthquake engineering in 
Romania. The analysis has a particular significance 45 years after the Vrancea earthquake 
(Mw=7.5) and 55 years since the first Romanian strong motion network was established, 
with Japanese and US equipment. The March 4, 1977 record provided the opportunity for 
the first analysis of a long-period seismic motion obtained during an intermediate Vrancea 
earthquake originating from a source with peculiar characteristics. The revisiting of the 
historical and scientific context of the period revealed the paramount role of this record in 
opening a new perspective for modern earthquake engineering and seismic design codes, not 
only in Romania but also at a regional and global scale. In addition, it bridged a gap in earth 
science, providing due explanations for some historical macroseismic observations for 
which answers were still on the waiting list at that time. 

Keywords: strong motion, intermediate seismic source, long-period content, seismic 
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1. Introduction  

The paper reviews the situation and role of the INCERC strong motion network, starting 
with its establishing in 1967, with a key benchmark for the Mw=7.4 earthquake of March 4, 

1977, in the context of previous developments in earth sciences and earthquake 
engineering in Romania. 

Even though Romania had a seismological network since the 1930's, the available 
equipment types showed vulnerabilities both in the 1940 and 1977 strong Vrancea 

earthquakes, with records being lost. The present re-evaluation attempts to give a due 
recognition to the advanced vision and efforts of some Romanian researchers of that 

period, who strived to develop seismic instrumentation by installing a new generation of 
strong motion accelerographs and seismoscopes. 
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2. The INCERC strong motion network in the scientific and historical context of the 

1970's  

2.1. Seismological networks in Romania: a historical perspective   

Strong earthquakes hit Romanian territories since ages. Among them, the earthquakes of 
1802 (MG-R = 7.5…7.8, Mw = 7.9, Io = IX-X MSK) and 1838 (MG-R = 6.7…6.9, Ms = 7.3, 

Mw = 7.5) were the most important historical events between the 10
th
 and the 19

th
 century. 

Gradually, a general agreement was reached between scientists about the existence of a 

seismic source at the bent of Carpathian Mountains, in the Vrancea area. This common 
point of view was difficult to attain, given that the local / near-field geological effects were 

not in favour of this idea, requiring more analyses than in the case of crustal earthquakes.  

The Romanian physicist and meteorologist Stefan Hepites installed the first seismological 

station in Bucharest in 1889 and created, since 1892, a system of seismological survey of 
effects, reaching 397 points of macroseismic observations. Later, until the 1950's, 

Gheorghe Demetrescu, a mathematician, astronomer and seismologist, installed several 
seismographs all over the country (Aldea et al., 2004). The study of the Vrancea source 

and of its peculiarities, especially when using macroseismic approaches, launched also a 
long-lasting debate. The question was: where are the source and epicentre of strong 

earthquakes that cause large-scale damage in Romania and that are strongly felt in 

neighbouring and even in remote countries? 

Some early attempts to find answers were those of Drăghiceanu (1896), who introduced 
the tectonic-origin concept with reference to faults.  Other geomophologists considered the 

source as being located on the Galați-Buzau line, while Fernand de Montessus de Ballore 
(1905, 1906) considered a "seismic axis of Romania and Bessarabia” and the line 

Bucharest-Chișinău as an axis of quasy-symmetry for “apparent” epicentres (Montessus de 
Ballore, 1906). Since the debate was not concluded, it is worth citing the opinion of 

Montessus de Ballore (1906): “Romanian geologists and seismologists shall be concerned 
with finding a solution to this problem, as much interesting as mysterious is up to the 

present time”.  

The 1940 Vrancea earthquake launched again the scientific debate about the location of the 

epicentre of such strong and destructive motions, whose damaging effects were 
surprisingly occurring even at large distances (Popescu-Voiteşti, 1941, Georgescu, 2018). 

In 1940, N. Al. Rădulescu, suggested a compromise: to have a “mathematical” epicentre in 
Vrancea and a “real” epicentre towards the east (Rădulescu, 1941). Later on, Demetrescu 

determined on an instrumental basis the coordinates of the epicentre of the 1940 
earthquake as being in Vrancea, considering it as a deep (150…160 km) and permanent 

source of long historic range. His first firm statements were made a decade before 1940 
and were based on mathematical approaches. However, some seismologists were still in 

search for an answer on the night of the March 4, 1977 earthquake. Both the strong 
Vrancea earthquakes of November 10, 1940 and March 4, 1977 damaged much of the 

equipment of the seismological network and only the first traces of some records were 
recovered. For many decades, in many scientific communities there were many voices 

advocating that a new type of equipment is necessary.  

2.2. Strong motion networks in USA and Japan 

The idea of recording strong earthquake motions both in free field and on 
buildings/structures was launched by Prof. Kyoji Suehiro (Japan), in 1931, during his 
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conferences in USA, where he was invited by J. R. Freeman. In 1932 the first strong 

motion accelerographs were installed in California. The first strong motion was recorded 

by three stations on March 10, 1933, during the main event of the Long Beach earthquake. 
The number of seismic instruments increased slowly because of their high cost. Therefore 

until 1964 there were only 71 stations in the whole USA. After the Alaska 1964 
earthquake, the installation rate was much higher and, in 1980, there were 1800 stations in 

total (Hudson, 1980; Trifunac, 2009). 

After many previous developments, the study and production of strong motion instruments 

started in Japan in 1951. A strong-motion accelerograph, SMAC, was installed in 1953, 
with a first significant record on February 14, 1953. In 1970 there were 500 SMAC and 
DC-2 instruments, and a number of 1400 was reached in 1982 (Kudo and Sakaue, 2004; 

Trifunac, 2009). 

2.3. The establishment and installation of the INCERC strong motion network in 

Romania 

The decision to purchase strong motion recording equipments was made by Prof. Nicolae 

Korcinschi, the Director of the Building Research Institute INCERC between 1966 and 
1969. In a report about his attendance at the 2

nd World Conference of Earthquake 

Engineering in Tokyo (July 1960), he remarked with interest that Japan had been using for 
a decade the strong motion accelerographs SMAC on more than 70 sites and on buildings, 

as well as their use of electronic analyzers. He concluded that this could be considered the 
beginning of the experimental phase of earthquake engineering (Korcinschi, 1963). 

Subsequently, INCERC purchased in 1967 a SMAC-B accelerograph made in Japan (this 
was an electro-mechanical instrument, recording three-component ground motions on a 

roll of waxed paper) and a Wilmot seismoscope (recording traces calibrated in velocities 
on smoked glass lens). The network was later expanded with other instruments, such as the 

MO-2 mechanical-optical accelerographs produced in New Zealand.  

Since its establishment, INCERC was under the authority of the Ministry of Constructions, 

while the institutes and centres related to earth sciences were coordinated by other 
institutions. As a result of the vision and endeavour of INCERC leaders and scientists and 

of the ministerial bodies, INCERC received funding for the creation of its seismic network, 
even though, at that time, this activity was considered by many as being only a matter of 

seismology. It is significant that in the introductory memoir of the revised Romanian 
Seismic Design Code, P13-70, the setting up of a network of strong motion accelerographs 

with automated triggering and of seismoscopes for all the territory is mentioned as a key 
direction of action. Ground motion data obtained from these instruments were considered 

essential for the progress of science-based seismic protection. It was shown that, at that 
time, only INCERC had such equipment, while other stations existing in the country were 

not equipped for strong motion recording. This "manifesto" is very important and 
significant for the role of INCERC in the forefront of earthquake engineering (P13-70 

Code, 1970). 

3. The INCERC records of the March 4, 1977 Vrancea earthquake  

On March 9, 1977, five days after the earthquake, some declassified US Embassy cables 
informed the central office on the need and request by the Romanian side for seismological 

equipment, given that one third of the instruments of the Centre for Earth Physics and 
Seismology (CFPS) were lost and many others were damaged. At that time, Professor 
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Bruce Bolt was on his way to Romania. CFPS was in need of two seismic observation 

stations (Georgescu and Pomonis, 2018; US Diplomatic or State Department cables, 1977). 
Indeed, CFPS (Iosif and Iosif, 1979) reported that five seismographic stations, consisting 

of pendulums of Mainka-Demetrescu type, recorded the arrival of the first wave shocks. 
However, in Iași and Bucharest the instruments were damaged and records were made only 

at remote stations of Bacău, Câmpulung (where the stylus was thrown off the drum for a 
while) and Timișoara. Anyway, the mentioned instruments were able to record only times 

of arrival and displacements, thus the engineering use of such outputs was very limited. 

All the reports of foreign researchers that visited Romania after March 4, 1977 mentioned 

the ICCPDC
1
 - INCERC strong motion network and the full record obtained at the 

INCERC site with the Japanese SMAC-B accelerograph (located at ground level at the 

institute’s premises in Bucharest) (Fig. 1). Another record was made at the top level of a 
multi-storey building in the southeast of Bucharest (near INCERC), while a partial record 

was made at Vrâncioaia, in the epicentral zone. In addition, two seismoscope records were 
obtained in Bucharest and Galați (Fattal et al., 1977; Leeds, 1977; Berg et al., 1980; Bălan 

et al., 1982).  

 

Fig. 1. The ICCPDC-INCERC accelerogram of March 4, 1977. From top down, traces of E-W, vertical (up-
down) and S-N components. Contact copy from the record obtained by the SMAC-B Japanese equipment, as 

it was distributed to the visiting scientists 

 

The peculiar patterns and novelty of the INCERC 1977 record were given by a 
combination of parameters that was thoroughly analysed in the scientific literature 

published in that period. The accelerations were not excessive in terms of absolute values 
(1.6 m/s2 for the E-W component, 2.1 m/s2 for the N-S component, and 1.1 m/s2 for the 

vertical component); however, they were considerably higher than the values specified by 
the Romania zoning maps. The most surprising feature for scientists was the higher 

spectral content in the range 1.3...1.6 s for N-S and 0.7…1.2 s for E-W, with a long-period 
pulse visible on the accelerogram as well (Fattal et al., 1977; Leeds, 1977; Sandi et al., 

1978; Berg et al., 1980; Bălan et al., 1982). 

It is interesting to mention that, with this occasion, acceleration response spectra were 

retrieved also for low intensity earthquakes recorded in Bucharest in 1948 and 1955, both 
showing a secondary peak at a period slightly over 1.2 sec (Leeds, 1977). 
                                                        
1 At that time, INCERC was under the coordination of ICCPDC (the Central Institute for Research, Design 
and Guidance in Construction). 
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The INCERC record became subject of major international scientific interest. It was first 

time digitized by Dr. Horea Sandi's team at INCERC and some spectra were available 
rather shortly after the earthquakes, taking into account the limited computing capacities of 

that time. In 1978, the Seismic Engineering Branch of USGS (USA) made its own 
digitization for a 16 sec. fragment and the data were entered in the NUREG data base used, 

in the USA and by the International Atomic Energy Agency (IAEA), for nuclear facilities 
design. The Building Research Institute (BRI, Japan) independently digitized 40 sec. of the 

accelerogram. The long-period spectral peaks received a special attention (Crouse et al., 
1980).  

In this context, it is worth mentioning that INCERC had compiled, by 1977, a data base of 
vibration period measurements from microtremors, for 47 buildings. After the earthquake, 

new dynamic measurements were made in order to evaluate the loss of rigidity due to the 
damage and to assess the possible benefits after strengthening (Sandi et al., 1978; Bălan et 

al., 1982). 

Some documents that became available in the last years show a limited or conflicting 

knowledge on basic seismological issues within the Romanian political and state 
leadership, and even within some earth-science researchers, in the first hours and days after 

the earthquake. Some of the seismologists believed that the epicentre was, possibly, not far 
from Bucharest - since the damage was greater there - and this idea was communicated to 

and embraced in the first days by the national leaders. Other rumours were related to a 
possible nuclear explosion with remote impact (!) (Georgescu and Pomonis, 2018). It is 

quite possible that the information about the INCERC record and the relationship of long 
period content with the damage of tall and slender buildings did not reach the higher 

leadership level of the country.  

4. Scientific and technical impact of the INCERC records 

One of the most important outcomes of the knowledge gained from the analysis of the 
INCERC record of the March 4, 1977 earthquake was the revision of the Romanian 

seismic code. Among the most important code modifications were the radical change of the 

formula of the amplification factor () determining the design spectrum and the significant 

changes brought to the seismic zoning map. While during the pre-1977 times the largest 

values corresponded to the short period range, as this was the usual practice in most 

seismic codes worldwide, the post-earthquake version extended the maximum value 

range up to a long period, of 1.5 s. As a consequence, the design spectrum (and the 

dynamic coefficient r) from the P13-1970 seismic code (which became P100-78 after the 
1977 revision), as well as the seismic zonation map in the Romanian Standard STAS 

2923-63 were radically changed. Other main adjustments of the P13-70 design code 
regarded also the new values for the seismic factor ks (from 0.07 for degree 6 up to 0.32 for 

degree 8), which were better correlated with the ground accelerations, and the shift to 
values smaller than unity for the ψ coefficient that took into account the effects of 

nonlinear behaviour (Craifaleanu, 2013). 

Short time after the March 4, 1977 earthquake, by Decree No. 66/1977, the VII intensity 

zone in the seismic zonation map of Romania was extended towards western Oltenia, 
around the towns of Alexandria, Zimnicea and Craiova zones of VIII and VII ½ intensity, 

respectively, were introduced, the VII intensity zone of Timisoara was slightly modified, 
for Bucharest the VIII ½ intensity was introduced and, for Southern Dobrogea, a zone of 

VIII intensity was created over a small area. However, the Decree was referred to as 
confidential and not allowed for publication in the Official Gazette (?!!!). Amazingly, the 
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next Decree, No. 163 of May 11, 1978, reduced the MSK intensity degrees for Bucharest 

and many towns, as in the STAS 11100/1-77 standard zoning map (Georgescu, 2003). 

The microzonation maps for Bucharest and several cities (STAS 8879 series of standards) 

were taken out of use, because they did not reflect the realistic correlations with possible 
attenuations or amplifications of the Vrancea-type earthquakes, especially for the ground 

conditions of the Romanian Plain in the South of the country. An explanation is the 
so-called "Medvedev methodology" used in the development of these maps, which was 

based on conclusions obtained from crustal earthquakes. The “wind of changes” occurred 
for many traditional concepts and methods, as some of them had already failed to explain 

the 1940 earthquake spatial damage patterns in relationship with Vrancea source location.  

Sandi pointed out, starting from 1977, the shortcomings of the MCS intensity scale (used 

after the 1940 event) and of the MSK intensity scale (used thereafter). Based on the study 
of the INCERC strong-motion data recorded in Bucharest and in the Vrancea area, he 

explained the contradictory impact and the intensity variability, if the MSK scale would 
have been used (Georgescu and Sandi, 2018). 

The information provided by the INCERC record was corroborated with other information 
obtained from the observation of building damage and of geological phenomena in 

Bucharest, in correlation with the previously existing knowledge about the vulnerability of 
the building stock and the subsurface geology. This led to important conclusions, 

synthesized, along with those from other related studies, in a monograph published five 
years after the earthquake (Balan et al., 1982). A large amount of information was gathered 

also in various other documents, part of them still unpublished (Craifaleanu et al., 2016). 

The INCERC record of the Vrancea March 4, 1977 earthquake also triggered changes in 

the seismic design codes of Bulgaria and USSR, mostly in what concerns the consideration 
of the influence of soft soil deposits on the ground motion spectral patterns. In 1977, the 

Japanese Government donated to INCERC a state-of-the-art SMAC-B accelerograph, 
which was installed at the National Exhibition (EREN) in Bucharest and later recorded the 

Mw=7.1 Vrancea earthquake of August 30, 1986.  

5. Achievements after 1977 

Between 1978 and 1980 the INCERC network received from the U.S. 75 Kinemetrics 
SMA-1 triaxial accelerographs (with photo-optical recording on film) and 14 Wilmot 

seismoscopes, along with other equipment for seismic data recording and processing 
(Craifaleanu et al., 2011). This support from USAID and UNDP was essential. In 1992, the 

National Strong Motion Network of INCERC consisted of 91 stations with 76 
accelerographs and 15 seismoscopes. As a result of this enhanced instrumentation, the 

Vrancea earthquakes of August 30, 1986, May 30, 1990 and May 31, 1990 were recorded 
by 60, 63 and, respectively, 43 stations of the INCERC network. The crustal earthquakes 

of 12-18 July 1991 in Banat (South-Western Romania) were also recorded. In 1992, the 
INCERC strong motion database already contained 250 records (Danci, 1992). Gradually, 

the analogue equipment was replaced with digital instruments, first of Romanian 
production (starting with 1996, 26 ADS and SSS-8 instruments) and then, in 2002-2003, 

with 31 state-of-the art Etna accelerometers from Kinemetrics (Lungu et al., 2004, 
Craifaleanu et al., 2011). 

Important advances in seismic instrumentation and earthquake engineering research were 
acquired within the JICA Technical Cooperation Project "Reduction of Seismic Risk for 

Buildings and Structures" with Romania (2002-2007, Ref. #7241011E0), in which 
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researchers from the Technical University of Civil Engineering and INCERC worked 

together with Japanese scientists within the National Centre for Seismic Risk Reduction 
(Aldea et al., 2007, Vacareanu et al., 2008). 

The availability of relatively rich ground motion data from the 1986 and 1990 earthquakes 
contributed considerably to a better understanding of the seismicity of Romania, especially 

from the viewpoint of the features of Vrancea intermediate depth earthquakes and also 
regarding the attenuation phenomenon (Sandi et al, 2004a; Georgescu and Sandi, 2018). 

The influence of the source mechanism and local conditions upon the spectral content of 
the ground motion was studied later on in more detail by Sandi et al. (2004b). 

6. The URBAN-INCERC seismic network: present situation 

Following successive upgrades and development, the URBAN-INCERC
2
 seismic network 

counts today 66 seismic stations, located in free-field conditions, in boreholes and on 
instrumented buildings all over the country (Fig. 2). The stations are equipped with 

Kinemetrics and GeoSIG strong motion accelerometers and most of them are accessible 
online. The network is part of the National Network for the Seismic Monitoring and 

Protection of Building Stock (RNMPSPC), an infrastructure considered by the Ministry of 
Research, Innovation and Digitalization for potential inclusion on the list of Infrastructures 

and Special Objectives of National Interest (IOSIN). According to a recent agreement 
signed by the Romanian Government, the URBAN-INCERC seismic network will 

participate with seismic data in the EPOS-ERIC European research infrastructure 
(https://www.epos-eu.org/epos-eric), through the EPOS-RO (Romania) consortium, 

coordinated by the National Institute for Earth Physics, INFP. 
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Fig. 2. Seismic network of URBAN-INCERC. Stations in: FF - free-field, 
SMRS_SB – small buildings (ANSS), B – buildings 

Besides permanent instrumentation, an extensive temporary instrumentation campaign was 

launched in 2012. The campaign, consisting of day and night measurements, with two 
sensor placement schemes, led, up to the present day, to the instrumentation of 30 
buildings located in Bucharest and various other cities. For these, the dynamic 

characteristics were determined, in order to establish reference values for the future 
assessment of their potential damage after seismic events. The most recent phase of the 

campaign was performed within project PN 19-33 01 01, focused on the instrumentation of 
the premises of national research and development institutes in the country (12 buildings).  

                                                        
2 INCERC was merged in 2009 into the newly-founded National Research and Development Institute in 
Construction, Urban Planning and Sustainable Spatial Development, URBAN-INCERC. 
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More details on the infrastructure, evolution, activities, capabilities and services provided 

today by the URBAN-INCERC seismic network can be found in (Dragomir et al., 2020, 
2021, Marmureanu et al., 2021, Tiganescu et al., 2021, 2022). A review of recent 

challenges and future developments needed, with a particular focus on building 
instrumentation in Romania, is made in (Craifaleanu et al., 2022). 

7. Conclusions  

The anniversary of 55 years since the installation of the first strong motion accelerograph 

in the INCERC seismic network and of 45 years since the March 4, 1977 earthquake 
provides a renewed opportunity to point out the importance and the technical significance 

of a unique ground motion recording. During this entire period, it was a huge challenge to 
initiate and maintain a strong motion network, based on state-of-the art concepts and 

equipment. The INCERC March 4, 1977 accelerogram had a special and unique 
significance in the context of the contemporary (1977) available and missing knowledge 

(supposed, at that time, to be provided by researchers in the field of earth sciences), as it 
was pointed out by Georgescu and Sandi (2018): 

- although classical seismological data of 1977 offered information on magnitudes 
and physical phenomena explanation, the direct use in seismic design requires a 

different type of information, i.e. generally acceleration and velocity data; 
- starting with 1977, the earthquake design was greatly improved, since the SMAC-B 

record of March 4, 1977, as well as the partial record at Vrâncioaia, both made in 
the INCERC network, provided important data about the acceleration and / or the 

spectral content of strong Vrancea earthquakes; 
- without the INCERC record, the understanding of damage at large distances from 

the source would have been difficult; moreover, many other empirical correlations 
and calibrations would have been missing;  

- given that the INCERC and CFPS records of the 1986 and 1990 earthquakes 
provided PGA values for magnitudes far below that of the 1977 earthquake and 

because the spectral content was different from that in 1977, it is obvious that the 
design values specified in zoning maps and seismic codes would have been 

underestimated if the INCERC record had not existed. 
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Abstract: The paper briefly presents Poiana Uzului dam in Romania, a buttress dam located 

in the vicinity of the major Vrancea seismic source. After a short description of the dam, it’s 

seismic exposure and the effects of Vrancea 1977 earthquake, the paper presents an example 

of ambient vibration tests results. The FE computer model of a block of the dam is presented 

together with the results of modal analysis. The long-term use of the combination of ambient 

vibration tests and computer modelling is recommended as a method allowing the 

monitoring of the dam’s vibration characteristics and the calibration of the computer model 

for performing computations on a broad range of operation scenarios. 

Keywords: ambient vibration tests, FE computer model, buttress dam 

1. Introduction 

Poiana Uzului dam is the highest (h=82 m) buttress dam in Romania. Its vicinity with the 

most active seismic source in Romania, Vrancea, determined the specialists to pay a 

special attention to the safety and the security associated to the dam. A significant number 

of studies have been performed to assess the safety condition of the dam, the first ones 

immediately after dam commissioning. 

The most advanced FE models date from 1998-2000 period, and they are permanently 

subjected to an improvement process. Ambient vibration tests are used to study the global 

structural health status of the dam, starting with a pilot project back in the year 2006. 

The paper is aiming to presenting some relevant results of both numerical and 

experimental studies and some conclusions referring to dam and its safety condition. 

2. Poiana Uzului Dam 

2.1. General data 

The Poiana Uzului buttress dam, Figure 1, with a maximum height of 82 m and creating a 

storage of some 90 hm3, was commissioned in 1972. Located upstream of Dărmănești city, 

Bacău county in Eastern Romania, the storage reservoir is used for water supply both for 
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population and industry and for hydropower, through a 4.1 MW small HPP located 

immediately downstream of the dam, on the right bank of the river (Abdulamit et al., 2020). 

 

Fig. 1 – Poiana Uzului dam in Romania, general downstream view 

 

Figure 2 schematically presents the main characteristics of the buttress dam, showing the 

foundation specific conditions. 

 

 

Fig. 2 – Poiana Uzului dam. a-plan view; b-typical cross section through non-overflow blocks; c- typical 

cross section through overflow blocks (Abdulamit et al., 2020) 
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The geological investigations showed that the ground conditions of the Poiana Uzului dam 

predominantly consist of Tarcău sandstones, with secondary intercalations of clayey 

schists. 

Due to the micro tectonic conditions and ground conditions, the Poiana Uzului dam was 

provided with a general foundation composed of 33 independent blocks, each having 15.00 

m width. Other provisions to improve dam’s seismic resistance were: (i) a massive increase 

in width of the buttress in the toe area, for a better stability, (ii) additional ballast in the 

cavity between 2 adjacent blocks, to increase the total weight of the dam. 

2.2. Seismic exposure and experienced damage  

Poiana Uzului Dam is situated in an area of significant seismic hazard induced by Vrancea 

intermediate depth seismic source. Since its construction, the dam was exposed to several 

strong and moderate earthquake originating from Vrancea source: March 4, 1977 (moment 

magnitude MW=7.4, focus depth h=94 km), August 30, 1986 (MW=7.1, h=131 km), May 

30, 1990 (MW=6.9, h=91 km), May 31, 1990 (MW=6.4, h=87 km), October 27, 2006 

(MW=6.0, h=97 km). Using Văcăreanu et al. (2015) ground motion prediction equation for 

Vrancea, the peak ground acceleration has an estimated median value of 0.18g for 1977 

event, 0.11g for 1986 event, 0.15g and 0.08g for 1990 events. During 2006 earthquake, the 

shake map of the National Institute for Earth Physics of Romania estimated a PGA=0.02g 

at the site.  

According to the first Romanian seismic design regulation P13/1963, the design peak 

ground acceleration at the site was ag=0.12g. The actual regulation P100-1/2013 indicates 

an ag=0.3g (value with 20% probability of exceedance in 50 yrs.). The most recent 

probabilistic seismic hazard zonation map, Pavel et al., (2016), indicates an expected value 

of ag=0.42g with 10% probability of exceedance in 50 yrs. These probabilistic estimates 

underline the importance of the permanent monitoring and maintenance of the dam due to 

the high expected values of ground acceleration. 

Moldovan et al. (2017) made a rating of 227 large Romanian dams into seismic risk classes 

using Bureau (2003) approach and estimated for Uzului Dam the “High” seismic risk class 

III (in a four classes ranking in which IV “Extreme” is the worst). 

According to the National design standard STAS 4273/1983, the dam is rated in class I 

(first) of importance. According to the National dam safety regulations, the importance 

category of Poiana Uzului, determined using the Methodology NTLH-021/2002, is A 

(exceptional). This means the dam’s assessed intrinsic risk is the highest. 

The seismic behaviour of the dam during the 1977 earthquake was of interest for national 

and international community, because of the earthquake magnitude and the relatively small 

epicentral distance to Vrancea source. 

According to United States Society on Dams (USSD, 2014), “Poiana Uzului Dam, 

Romania, a buttress dam, was located about 60 km away from the epicentre of the 1977 

Romanian earthquake and performed satisfactorily”. 

Romanian authors Moroianu A. (1984), Prişcu (1977), Prişcu et al. (1978), Lupan (1982) 

presented more details on the dam behaviour as a result of 1977 event: 

- minor residual displacements, of some millimetres or less; 

- recorded seepage discharge increased with several l/s, but the increase was quite 

brief, the peak values being swiftly reduced to the previously observed ones; 
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- a reactivation of a crack from the execution works was detected, followed by some 

local infiltration that quickly decreased. 

During the earthquake, the reservoir elevation was 502.40 maSL, with 11.10 m below the 

normal retention level (513.50 mASL). Thus, the retention was at some 84% of its total 

head. 

The general post-event conclusions of the specialists were that the seismic intensity at dam 

site was VI MM and the dam behaved well, with only minor infiltrations through the dam 

contraction joints and at the level of the foundation.  

Some people witnessed about the appearance of quite strong vertical shakings and of 

waves and ripples on the reservoir surface (Prişcu et al., 1977). 

3. Vibration monitoring of dam 

3.1 Seismic monitoring 

The National Institute for Earth Physics installed in 2017 a free-field seismic station near 

the dam, belonging to the seismic early warning system (SEWS) of Romania, system that 

is operational from 2013. Mărmureanu et al. (2019) analysed the efficiency of the system 

in the case of four Vrancea intermediate depth earthquakes with local magnitudes over 5 

that occurred in 2014-2017 and showed that in some cases the alert arrived at the same 

time as the P waves and that the system needs improvement. Data from Romanian free-

field seismic stations will be integrated into a national internet-based platform SETTING 

(2021-2023) that will provide thematic services in the field of Earth observation, as a 

contribution to the European Plate Observing System EPOS. The platform is also aiming to 

integrate data for the analysis of induced seismicity, and Poiana Uzului dam is intended to 

be one of the case studies. 

3.2. Ambient vibration tests 

The in-situ ambient vibration tests are widely used for structural identification for all types of 

constructions (buildings, steel towers, bridges, nuclear power plants etc.) and are also used for 

dams (Mendes et al. 2009, Carvalho et al. 2014, Buffi et al. 2017 etc). The approach is also 

applied in Romania (Sârghiuţă et al. 2014, Abdulamit et al. 2017, Gaftoi et al. 2021). 

Ambient vibrations measurements are used for identifying the most important spectral 

frequencies of a dam’s dynamic response at small amplitude vibrations, and for calibration of 

the numerical associated models. The results from such tests characterize the dam’s linear-

elastic dynamic behaviour. 

For Poiana Uzului dam the first ambient vibration tests were performed by Crăciun et al. 

(1971) using Kinemetrics equipment, without obtaining very clear results. 

In 2006-2007, a team from the Technical University of Civil Engineering Bucharest (UTCB) 

developed a pilot project to assess the safety status of several concrete dams operated by the 

National Administration “Apele Române”, using ambient vibration tests with promising 

results. 

Since 2014 a campaign of ambient vibration measurements was performed once or twice per 

year at Poiana Uzului dam, using equipment of the Research Center for Seismic Risk 

Evaluation (CCERS) from UTCB, consisting of a 24 bits acquisition system (GEODAS) and 

1s velocity sensors (CR4.5-1H) produced by Buttan Service-Tokyo & Tokyo Soil Research, 

Japan.  
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The basic and simple Peak Picking method (PP) was used for estimating the most important 

vibration frequencies (considering that peak spectral values appear at the natural frequencies of 

the structure’s vibration). The spectral peaks were identified on the Fourier Amplitude spectra. 

The method allows a reasonable estimation of modal frequencies, for example Iiba et al. 

(2004), Kohler et al. (2005), Ditommaso et al. (2010), Cha et al. (2014), Aldea et al. (2018). As 

in the previous studies, the obtained results presented a certain variability, underlying the 

necessity for further experimental investigations. In general, several measurements of 10 

minutes duration were recorded, mostly with sampling frequencies of 100 Hz and sometimes 

also with 500 Hz. Also, in general, measurements were performed with all the dam’s 

equipment halted, but in several cases, tests were repeated with some of the equipment in 

function (the equipment effect was clearly identified in the analysis, it provided high amplitude 

peaks at 10 Hz (600 rpm) and 16.67 Hz (1000 rpm)). In all measurements the vibration of two 

central buttresses was measured on the transverse direction of the dam. Supplementary, in 

some measurements, the transverse vibration was also measured at other buttresses and almost 

always one sensor was used for measuring vibrations on the longitudinal direction. 

A special opportunity was created by the rehabilitation works for the #1 bottom outlet of the 

dam, in 2019. To ensure safe conditions for the underwater works, it was necessary that in a 

period of 2 months (March - April), the reservoir elevation to be lowered to 479.00 mASL, 

water level reaching approx. 12 m above the lower elevation of the bottom outlet no. 1. 

Compared to a maximum retention height of 62.00 m, during the almost 60 days when the 

underwater works had to be performed, Poiana Uzului reservoir was not completely 

emptied but was decreased to approximately 53% of the maximum hydrostatic head, the 

maximum depth of the reservoir Hi = 33 m ensuring the safety of the diving teams 

involved in the remedial operation. In April 2019, during the repair works, a special 

measurement campaign was performed. 

Figure 3 presents the Fourier amplitude spectra, corresponding to four sets of ambient 

vibration measurements on the transverse direction of the dam for block #19 of the dam. 

 

Fig. 3 –Buttress 19, transverse direction: Fourier Amplitude Spectra, data from CR4.5-1H sensor  

The frequencies corresponding to the most evident spectral peaks are: 6.55 Hz, 9.72 Hz, 

11.94 Hz and 17.28 Hz (average values from the four measurements). 
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On the same occasion, measurements were also performed by CCERS using a Cityshark II 

acquisition system (Chatelain et al., 2012) and a Lennartz Le3D-5s velocity sensor. On 

buttress 19 two sets of 20 minutes were recorded with 100Hz sampling frequency. A more 

detailed and advanced procedure was used to compute the Fourier amplitude spectra, with 

the GEOPSY open source software (Wathelet et al., 2020). The time windows where the 

signal is stationary were selected, which is one of the requirements for ambient vibration 

analysis, then the Fourier spectra of each individual window is computed and finally the 

mean spectrum is computed. The number of windows finally selected was 63 and because 

this number is large, no smoothing is applied to the Fourier spectrum. The results for the 

same block #19 are presented in Figure 4. 

 
Fig. 4 – Buttress 19, transverse direction: Fourier Amplitude Spectra, data from Le3D-5s sensor  

The frequencies corresponding to the most evident spectral peaks are: 6.6 Hz, 9.7 Hz, 11.9 Hz 

and 17.2 Hz (average values from the 63 time windows). 

One can observe the good graphic resemblance and the similarity of the identified 

frequencies, providing a good confidence in the results.   

3.3. Computer modelling 

After the 2014 ambient vibration tests, a deterministic mathematical model using 3D finite 

elements was created for a non-overflowing buttress of maximum height, in the valley area 

(block #11). The discretized foundation extended up to 1.5 maximum height of the dam, 

Figure 5. The FE model integrated the dam-reservoir interaction using the technique of 

concentrated added masses, calculated with the Westergaard relationship for a parabolic 

distribution of the hydrodynamic pressures (Prişcu et al., 1978). The concentrated water added 

masses were modelled in the whole dam - foundation - reservoir system by introducing finite 

elements of concentrated mass (MASS21), for which only the translational inertia was 

considered, neglecting the rotational one. Modal analyses were performed for assessing the 

vibration shapes and the corresponding eigenfrequencies of the FE Model. The vibration 

frequencies/periods obtained in the model accuracy verification-validation phase are within a 

frequency range expected for the structural type and geometric configuration of the dam. 
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Fig. 5 – Poiana Uzului dam, block #11 FE mesh 

The vibration shapes for vibration modes #1 to #4 are shown in Figures 6 and 7. 

Table 1 presents comparative results of the ambient vibration measurements campaigns 

(2014-2021, without the special 2019 case presented above) and of the deterministic FE 

Model, for similar conditions and size of block (block #11). 

Table 1 – Block #11 – Vibration mode frequencies [Hz] and periods [s] for vibration modes #1 to 3  

Mode # 
Ambient vibrations FE computed 

f [Hz] T [s] f [Hz] T [s] 

1 4.46...6.53 0.15...0.22 3.58...4.33 0.23...0.28 

2 9.86...11.01 0.09...0.10 6.78...7.57 0.13...0.15 

3 11.91...15.92 0.06...0.08 7.49...7.87 0.12...0.13 

 

One may notice the FE model leads to slightly longer values of the vibration periods. 

Consequently, the calibration of the model will have to be continued based on the 

subsequent ambient vibration test campaigns, in which the flexibility of the deterministic 

model will have to be clarified, if “responsible” for the larger vibration periods, at least for 

the first vibration modes. A more elaborated 3 D FE mesh will be extended to the whole 

dam, with all 33 blocks and the corresponding foundation. 

4. Conclusions  

Monitoring the behaviour of Poiana Uzului dam over time by periodically determining its 

dynamic vibration characteristics aims to detect the good maintenance or potential 

degradation over time (as an ageing phenomenon) of its structural integrity. 

The instrumental/experimental investigations refer, exclusively, to the overall behaviour of 

the dam, in the elastic domain, considering the ambient vibrations as a vibration source. It 

is expected to perform bi-annually measurements, at the end of the cold and hot seasons, 

respectively. 
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Fig. 6 - Poiana Uzului dam, block #11 - vibration shapes – modes #1 (a) and #2 (b) 

              
 

Fig. 7 - Poiana Uzului dam, block #11 - vibration shapes – modes #3 (a) and #4 (b) 

One can attach to the dam a finite element mathematical model calibrated on the bases of 

the measurement campaigns. 

The preservation over time of the dynamic response characteristics is a confirmation of the 

maintenance of the structural integrity of the dam, while an increase of the vibration 

periods can be a symptom of the structural degradation. 

The changes of the dam vibration characteristics due to the variations of the reservoir 

levels, respectively to the temperature variations can also be evaluated through ambient 

vibration measurements and using the calibrated computer model. 

a. b. 

a. b. 
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The method is an attractive approach to assess the health status of the dam, based on a non-

invasive method. 

After several applications of this approach in the case of several reinforced concrete dams 

in Romania over different time periods, one can recommend it to be furthermore used to 

the whole portfolio of concrete dams. The method proved to be reliable and the association 

with a deterministic FE Model will allow the specialists to perform detailed analyses based 

on a broad range of operation scenarios of the dams. More sophisticated analyses could be 

performed, such as the modelling of ageing related phenomena affecting dams’ safety or 

validation of retrofit measures to prevent further degradations of the dam-foundation 

systems. 
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Abstract: Can previous earthquake experiences still be mobilising and relevant nowadays, 

in Romania? 45 years have passed since the Vrancea 4 March earthquake – the most 

destructive in the country’s history, but the level of seismic risk is probably higher than 

ever. Re-interpreted old data and new ways of telling the story of earthquakes can certainly 

boost individual and scientific preparedness – as we experienced. Through recent initiatives 

such as i) the scanning and sharing of historical earthquake documents and photographs of 

the effects (promoting open dialogue), ii) the development of webGIS maps and story-maps 

showing the phenomenon and its effects from a different perspective, iii) the development of 

a guided tour presenting Bucharest’s vulnerability to earthquakes, iv) new documentaries 

promoting both the scientific and visual perspectives or v) a mobile earthquake exhibition 

(MOBEE), we ensured that lessons from the past still have an echo in the present. And 

hopefully we convinced people about the immediate actions needed to mitigate the risks; we 

present in this paper also some of the performance indicators. We also reveal which are the 

old or newly-discovered earthquake data and the ways we exploited it, in order to draw an 

alarm signal, as lessons of the past clearly weren’t fully learned. 

Keywords: Vrancea, 1977 earthquake, seismic risk, education, resilience 

1. Introduction 

45 years have passed since the last major earthquake in Romania - the 4 March 1977 

Vrancea event. The 30 August 1986 and 30 May 1990 events are worth mentioning, but 

they haven’t had the same severe effects as the one in 1977. This provided important 

insights on the characteristics of intermediate-depth Vrancea earthquakes (occurring 

typically at 60 - 150 km depths) and on the behaviour of buildings subjected to movement 

induced by these, under the influence of local site conditions. Some things were learned 

from a scientific point of view (the sole almost complete accelerograms of the earthquake, 

recorded in Bucharest, reshaping the seismic design response spectra significantly), new 

technologies appeared, still so many old buildings are nowadays in a much more 

vulnerable state than they were prior to 1977. New studies such as Toma-Danila and 

Armas (2017) or Pavel et al (2018) actually show that, for an earthquake scenario similar 

to 1977, the damage could be much greater nowadays in Bucharest. Also, in terms of 

individual preparedness, studies such as Calotescu et al. (2018), Suditu et al. (2020) or 

Ionescu et al. (2021) reveal a grim situation. In Romania there is an entire generation that 

hasn't felt a major earthquake, does not know how to behave during one, does not conceive 

how considerable the damage could be or does not understand that immediate actions to 

mitigate the risk need to be taken (although many declare they are afraid of earthquakes). 
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This applies to citizens, but reflects in the limited actions of authorities. How can this state 

of indifference be changed, without a significant earthquake waking people up? It is hard 

to rely on the memory of an earthquake that many just heard of, but by developing modern 

resources exploiting photos, videos, maps, stories or scientific evidence interpreted in such 

ways to link with the visible deficitary situation in the present, awareness can be raised 

once again. A couple of years ago we identified this need in Romania: to provide sound 

resources with relevant information regarding past earthquakes, their effects, lessons and 

implications on the present situation. In this article we present our main achievements and 

invite you to promote them and join in our effort. 

2. Our main resources about earthquakes in Romania 

The main modern resources through which we present the lessons of the past earthquakes 

in Romania and reflection of the present situation are: 

• The Mobile Earthquake Exhibition (MOBEE) website1 (Figure 1). Here, 

individual earthquake webpages can be easily retrieved. These are currently for the 

major earthquakes in 1471, 1516, 1523, 1571, 1590-1601, 1604, 1605, 1620, 1681, 

1701, 1738, 1790, 1793, 1802, 1829, 1838, 1893, 1894, 1901, 1908 and 1916 - in a 

simplified subsequent manner, and more detailed and individualised, for the 1940, 

1977, 1986 and 1990 Vrancea earthquakes. The 1991 Banat earthquakes are soon 

going to receive a much-needed attention. Also, detailed explanations regarding the 

earthquake phenomenon, its effects, what should be done before, during and after 

an earthquake or what is the current situation in Romania regarding seismic risk are 

presented. Since 2016, 125992 views were recorded on the homepage, between 

85213 and 48680 on the pages dedicated to earthquake causes, characteristics and 

effects, 32513 on the earthquakes in Romania map page, 16898 on the page of the 

1977 earthquake and 11624 on the one for the 1940 earthquake (these two being 

launched in 2017). 10256 views were for the page related to what to do before, 

during and after an earthquake. Information regarding earthquakes in Romania are 

also included in the “Earthquakes in Romania and their effects” storymap (in 

Romanian). This was viewed 62492 times in the October 2017 - March 2022 

period. 

 

 
Fig. 1 - The look of the MOBEE website: a) the main page; b) the content for the 4 March 1977 Vrancea 

earthquake 

 
1 https://mobee.infp.ro/  
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• “Bucharest and earthquakes” guided tour2 (Figure 2); this tour takes place in 

person in the centre of Bucharest, at least two times per year around the 4 March 

and 10 November dates (as a commemoration of the 1977 and 1940 earthquakes), 

being open to the general public and mass media. Professionals from multiple fields 

of study such as seismology, earthquake engineering, urban history but also 

legislation (from institutions and NGOs such as INFP, UTCB, MKBT, AICPS or 

Rezistenta Urbana) take people on a tour of sites where buildings were affected by 

the 1940 and 1977 earthquakes. They are explaining the context, what went wrong, 

what was subsequently learned or not, why there are still so many vulnerable 

buildings in Bucharest and what is being done or should be done to mitigate the 

risks. Representative photos are shown and even some street experiments are 

performed - from seismic wave propagation using a chain of people to drone tests. 

The tour can also be performed on demand for a large number of people (and was - 

mainly for students of the Faculty of Geography). Since the launch of the tour in 

March 2019, at least 230 people have attended it, during 11 individual sessions. At 

the final of the tour, handouts such as the “Bucharest and earthquakes” brochure are 

provided - containing all essential links for more earthquake information and 

check-lists for preparedness. There is also a digital version of the tour, which can 

be used during an independent walk or as a supplementary material, given that 

many things are not told during the physical tour or are forgotten. This digital 

version had 28362 views in the February 2019 - March 2022 period. 

 

 
Fig. 2 - The “Bucharest and earthquakes” guided tour: a), b) & c) the live experience on the field; d) & e) the 

digital version of the tour 

• The Pre-Quake Project website3, where scanned historical documents about 

earthquakes in Romania can be downloaded for free or on request for the ones more 

sensible in terms of content and copyright, links to the photo archive of earthquake 

damage in Romania are available and other results of the project, such as the 

 
2 https://arcg.is/5PzKe    
3 https://prequake.infp.ro/  
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“Seismic risk of Bucharest” 2D and 3D app are available. Until March 2022, 

documents on Pre-Quake were downloaded at least 790 times, in a 6 month period 

(counting wasn’t initially added so more unknown downloads had occurred). 

Photos had a total of 376600 views in the 2016 - March 2022 period, albums 

having 26361 views. Most popular photos are the ones of newer buildings which 

collapsed in Bucharest during the 1977 earthquake: OD16 F section in Militari and 

Lizeanu 30 section A. 

• The YouTube channel of INFP4 where currently two main content categories can 

be found (Figure 3): 

o playlist of short videos answering briefly to some of the most asked 

questions regarding earthquakes, such as: “Can earthquakes be predicted?”, 

“Where earthquake occur and when can we earthquake notifications can be 

received?”, “What was learned after the 1977 earthquake?”, “Which are the 

areas in Romania with the greatest seismic risk?”, “Which are the safest 

places in the apartment?” etc. Answers are documented and delivered by top 

experts of INFP, URBAN-INCERC and UTCB. In total, with limited 

mediatization, these videos (12 in total) launched in March 2021 reached in 

one year a total of 5452 views. All videos have more than 98% likes except 

one, referring to earthquake notifications (a sensitive topic), which has 87%.  

o documentaries for the 1940 and 1977 earthquakes (first having 15’49’’ and 

the second 32’22’’), launched in November 2021 and March 2022. In these, 

researchers present to the general online audience typical earthquake 

characteristics and effects, causes of collapses, post-earthquake reaction, 

lessons drawn and the actual context. Photos, maps and videos illustrate the 

topic of discussion abundantly. The first documentary has at the moment 

1804 views and the second one 723. It is worth mentioning that videos were 

produced internally by INFP and its partners, mostly by researchers, with 

limited funding. 

 

Fig. 3 - Videos on the INFP YouTube channel: a) the playlist of short videos providing answers to most 

asked questions regarding earthquakes; b) & c) captures from the documentary “The 4 March 1977 Vrancea 

earthquake” 
As a recognition of the work and of the quality of the materials, the links to most of these 

resources are provided, starting with March 2022, on the “Fii pregătit” (“Be prepared”) 

National Platform for Emergency Situation Preparedness - the main official preparedness 

point administered by the Department of Emergency Situations (DSU) of the Ministry of 

Internal Affairs (MAI). We also took care to also include some of the content in the 

Wikipedia pages devoted to earthquakes in Romania and links in the external links section. 

 
4 https://www.youtube.com/c/INFP_NIEP   
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3. Content, design principles and new findings 

3.1. General principles 

For properly describing the earthquakes in Romania and presenting their lessons, we 

considered the following principles in developing our content: 

• address to various target groups, but not minimise the role of science; 

• use short phrases and keywords; 

• keep the same content structure for all earthquakes; 

• illustrate everything possible on maps and graphs (interactive if possible): intensity, 

places and buildings, casualty distribution, foreshocks and aftershocks, areas 

affected etc. 

• use photos and videos of the damage instead of text descriptions, when available; 

• provide proper references and if possible, access to them, consolidating the feeling 

of transparency in the content delivered. 

Prior to our structured approach, there was a significant number of both scientific and non-

scientific papers referring mostly to the lessons of the 1940 and 1977 Vrancea earthquake, 

but not always structured in an attractive way for the general audience - more and more 

superficial. Most were based on important books of synthesis, elaborated right after the 

events, such as Beleș (1941), ICCPDC (1978), Cornea and Radu (1979) or Bălan et al. 

(1982). But these original sources mostly weren’t freely available online - to also check the 

validity of interpretation. Our vision was to first scan the initial data sources and share 

them with everyone, in order to preserve the initial texts. The documents (scanned with 

OCR, enabling an easy search of information within the hundred-long pages documents) 

are available on the Pre-Quake website (Figure 4), at https://prequake.infp.ro/historical-

documents. After reviewing most papers regarding earthquake lessons and reading 

carefully the original documents, we found that several important pieces of information 

were not exploited - such as the maps of damaged areas in Bucharest due to the 1940 and 

1977 earthquakes (Figure 5 and 6). In the following subchapters we provide a glimpse of 

the structure followed on the MOBEE website and also in the online documentaries, in 

order to provide a consistent story. 
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Fig. 4 - Scanned documents about earthquake in Romania, available on the Pre-Quake webpage: a) the look 

on the website and b) the document offer, which also includes zonation maps according to various seismic 

design codes. 

3.2. The 10 November, 1940 Vrancea earthquake 

The headline for this earthquake (what we think that the general audience should remain 

with), as we see them and also include on the MOBEE website, generally says that: 

• it was the most powerful in terms of energy release in the 20th century; 

• the earthquake occurred at 3:39 AM local time, on a Sunday (we always mention 

the day the earthquake was on, because it is highly representative when considering 

the number of casualties); 

• it had 7.7 Mw and a depth of 150 km; 

• it was the first warning sign of the deficitary behaviour of tall reinforced concrete 

buildings newly built in Bucharest, with no seismic design considerations, leading 

to the collapse of the Carlton building but also to the significant damage of many 

other buildings of the same typology; at least four of them, not well retrofitted and 

mentioned by Beleș (1941), collapsed during the 1977 earthquake; 

• at least 593 people died and 1271 were wounded at national level (Sima, 1979), 

among which 140 died due to the Carlton building collapse; 

• the earthquake was preceded by earthquakes with moderate magnitudes (such as 

the one on October 22, with 6.5 Mw) and was followed by earthquakes with Mw up 

to 5.9 Mw (INFP, 2022); 

• most affected cities were Panciu, Focșani, Mărășești, Tecuci, Galați and Iași, but 

also Bucharest and the Doftana Prison in Comarnic; some buildings in Chisinau 
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(Republic of Moldova nowadays) were affected: 2795 out of which 172 were 

destroyed (Stepanenco, 2011). 

Some of the representative resources which we provide for this earthquake are: 

• intensity values in points and isolines, on interactive maps, based on the dataset in 

Kronrod et al. (2013); 

• map of the distribution of casualties, based on the synthesis of Georgescu and 

Pomonis (2012); 

• interactive map of affected buildings but also areas in Bucharest (Figure 5); 

• dedicated photo albums showing earthquake effects on buildings and the 

environment; 

• YouTube videos showing earthquake effects, from British Pathe and Ina.fr; 

• dedicated YouTube documentary. 

 

Fig. 5 - Maps showing the qualitative evaluations of damage in Bucharest areas after the 4 March 1977 

earthquake, presented in Radulescu (1941), overlapped with a) the map of Bucharest in 1939 and b) a 

satellite map of the present. This information was brought back to light after scanning old documents, 

georeferencing and digitization. The maps were presented as such and commented on in the dedicated 

documentary. 

An analysis of the status of seismic monitoring before and after; the Bucharest 

seismological observatory at Cuțitul de Argint failed to record the earthquake. 

3.3. The 4 March, 1977 Vrancea earthquake 

The headline for this earthquake, as we see them and also include on the MOBEE website, 

generally says that: 

• it was the most destructive earthquake in the history of Romania; 

• the earthquake occurred at 21:21 local time, on a Friday; 

• it had 7.4 Mw and a depth of 94 km; 

• 1578 people died and 11321 were wounded at national level, out of which 1424 

(90% out of the total) died and 7598 were wounded in Bucharest, mainly due to the 

partial or complete collapse of 32 medium and high rise reinforced concrete 
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buildings; at least 22 were built prior to 1940 and at least 4 (Casata, Scala, Wilson 

and Belvedere) had been considerably affected by the 1940 earthquake (Beleș, 

1941); 

• the earthquake was not preceded by foreshocks with moderate magnitudes and no 

aftershocks with Mw greater than 4.8 were recorded in the 6 month period after the 

main event (INFP, 2022); 

• most affected localities in Romania were Bucharest, Craiova, Iași, Zimnicea, 

Plopeni (were a building collapsed) or Vălenii de Munte; most affected counties 

were Buzău, Focșani, Prahova, Vaslui, Iași, Dolj and Teleorman. 

• at least 120 persons died in Svishtov (Bulgaria) due to the collapse of 3 blocks of 

flats, and 2 people died in the Republic of Moldova (Georgescu and Pomonis, 

2012). 

Some of the representative resources which we provide for this earthquake are: 

• intensity values in points and isolines, on interactive maps, based on the dataset in 

Kronrod et al. (2013); 

• map of the distribution of casualties, based on the synthesis of Georgescu and 

Pomonis (2012); 

• interactive map of affected buildings but also areas in Bucharest (Figure 6); 

• dedicated photo albums showing earthquake effects on buildings and the 

environment; 

• YouTube videos showing earthquake effects, mainly from Romanian Television; 

• dedicated YouTube documentary. 

 

Fig. 6 - Maps showing the damage index in Bucharest areas after the 4 March 1977 earthquake, presented in 

Mandrescu (1979) for a) masonry buildings; b) reinforced concrete buildings in Bucharest; b) also shows the 

location of partially or completely collapsed reinforced concrete buildings. This information was brought 

back to light after scanning old documents (Cornea and Radu, 1979), georeferencing and digitization. The 

maps were presented as such and commented on in the dedicated documentary. 

An analysis of the evolution of hazard for seismic design codes before and after the 

earthquake is performed and also an analysis of the status of seismic monitoring before and 

after; the sole (almost) complete accelerogram of the earthquake was obtained in 

Bucharest, at the INCERC station in the eastern part of the city; this showed a peak ground 

acceleration of about 0.2 g on the north-south component but also high spectral 

accelerations corresponding to predominant periods of 1.2 - 1.5 s, partially explaining the 
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collapse of so many medium and high rise buildings and the limited damage of low-rise 

buildings. 

The guided tour “Bucharest and earthquakes” revolves a lot around this event, its sites in 

the city centre (the Balcescu and Magheru boulevards but not only) and stories. The 

documentary is longer than the one for 1940, given the greater volume of information 

available but also the higher damage level. In it, we present detailed results of building 

damage evaluation for Bucharest: i) for typical reinforced concrete sections constructed in 

the 60s and 70s (as in ICCPDC, 1978 and Balan et al., 1982), ii) following the statistical 

procedure in Mandrescu (1979) or iii) following the notes of Eng. Gheorghe Ursu, whose 

story we also tell - being one of the victims of the communist regime due to 

whistleblowing about the premature halting of retrofit works - 4 months after the 

earthquake. 

4. Conclusions 

Well-structured official information (with proper references) regarding major earthquakes 

in Romania, description of the context in which they came, of their lessons (learned or not) 

and of implication in the present is something important - both for the Romanian and 

worldwide societies. In recent years, our efforts have led to the development of a wide 

array of resources designed to meet the demands of general audiences of various ages and 

training, removing knowledge and communication barriers. Even though the demand for 

such information varies over time (with significant increases in periods more actively 

seismic or around important commemorative dates), it is important to have them in place - 

ready for “becoming viral”. They can also be important follow-ups of other activities, 

providing further education permanently available. The COVID-19 pandemic has shown 

the importance of digital modern resources but as we have been shown, in person activities 

such as the “Bucharest and earthquakes” guided tour is an experience more and more in 

demand, given its non-formal setup, direct interaction and also relatable dimension. For all 

resources and actions, it is important to include tools for monitoring traffic, interactions 

and feedback. In this way can be understood the impact of the information and strategies 

for dissemination or new type of resource development, in a world more and more 

saturated with digital content and superficial toward well-documented science. 

As we were shown, many people do not properly know much about the 1977 earthquake or 

imagine the scale of the disaster, do not like when they are being told that things could be 

much worse and they also need to prepare themselves. Showing proper scientific evidence 

(and not just talking), also through new technologies, is something that, as we found, can 

make a difference. There are still lessons from past earthquakes to be brought back in the 

spotlight - but what we have started should set good premises, also for a sound 

collaboration between research, academia and authorities. 
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Abstract: Most historical city centers worldwide consist of masonry building aggregates, 

usually made of natural stones with irregular textures. Their high seismic vulnerability 

requires effective modeling and analyses strategies to assess their performance and design 

retrofit systems. This paper focuses on the numerical blind prediction of a shake-table test on 

a half-scale aggregate of two stone masonry buildings with different dynamic properties. 

Nonlinear static pushover analyses were carried out on equivalent-frame models to estimate 

the experimental behavior, paying particular attention to the interaction between adjacent 

structural units. After deriving numerical capacity curves, the inelastic seismic demand was 

obtained by employing both the N2 method of Eurocode 8 and its improved version named 

MN2, which is particularly suitable for masonry structures. The MN2 method proved to be 

more reliable and thoroughly aligned with the experimental response of the specimen, while 

the original N2 approach underestimated the demand. Moreover, the MN2 method accurately 

predicted the achievement of the ultimate displacement capacity under the shaking intensity 

when the test was actually interrupted to avoid collapse. 

 

Keywords: Adjacent building interaction; Blind prediction; Historical building aggregate; 

Nonlinear static pushover analysis; Shake table test. 

1. Introduction 

Unreinforced masonry building aggregates constitute most of historical centers worldwide. 

These structures are often made of natural stone with irregular textures and are characterized 

by a high vulnerability when subjected to seismic events due to some intrinsic properties of 

masonry, including strong heterogeneity and low tensile strength. Moreover, historical 

masonry buildings have been usually conceived to carry only vertical loads, resulting in 

insufficient seismic detailing and lack of connections among walls and with floor or roof 

diaphragms. 

When considering building aggregates, the dynamic interaction between adjacent structural 

units, having different geometries and mechanical properties, constitutes an additional 

source of uncertainty and vulnerability since pounding and separation might take place. 

Research activity on these buildings has increased over the last decades. In this context, the 

Department of Civil Engineering of the University of Pavia was involved in the “Seismology 

and Earthquake Engineering Research Infrastructure Alliance for Europe - Seismic Testing 

of Adjacent Interacting Masonry Structures” (SERA-AIMS) project. The scope of this 

project was to investigate the effect of interaction between adjacent structural units 

characterized by very different dynamic properties through bi-directional shaking table tests. 
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This paper focuses on the modeling and nonlinear blind-prediction analysis of a half-scale 

stone masonry prototype, consisting of two disconnected adjacent units of different heights 

(Tomić et al., 2020a). The specimen was tested incrementally on the shake table at the 

“Laboratorio Nacional de Engenharia Civil” (LNEC) in Lisbon, with dynamic excitation in 

two orthogonal directions. 

Nonlinear static pushover analyses were performed adopting the equivalent-frame modeling 

approach with nonlinear macroelements currently implemented in the software TREMURI 

(Lagomarsino et al., 2013). The response and the damage evolution of the specimen under 

lateral loading were investigated along two principal directions, in positive and negative 

verses. The N2 method of Eurocode 8 (CEN, 2005) and the improved version proposed by 

Guerrini et al. (2017a, 2021) were then applied to evaluate the inelastic displacement 

demand. 

2. Specimen overview 

The half-scale prototype was designed to reproduce the main features of existing 

unreinforced stone masonry building aggregates populating many European historical 

centers. The specimen consisted of two adjacent, disconnected structural units with different 

heights and storey levels. Walls were built with double-leaf undressed stone masonry and 

were weakly connected with the wooden floor and roof diaphragms (Fig. 1). 

2.1 Scaling factors 

The dimensions of the LNEC shake-table in Lisbon, Portugal, imposed constructing the 

prototype at half scale. In order to obtain physically sound results, scaling factors are 

necessary whenever conducting a dynamic test on a scaled model. For this purpose, a 𝜆 =

 0.5 factor was applied to geometrical properties, elastic moduli, and stress, whereas a 𝜆1 2⁄  

coefficient had to be used to scale time and period parameters (Senaldi et al., 2020). Material 

densities and accelerations did not need any scaling. 

2.2 Geometry and details 

The aggregate included two adjacent structural units with different roof heights and storey 

levels, sharing a transverse party wall without any connection between the two units. In fact, 

they were built at different times, proceeding first with the tallest Unit 2, then, after plastering 

the transverse party wall to prevent any masonry interlock, with the shortest Unit 1. 

 

 

Fig. 1 - Half-scale building aggregate specimen: Unit 1 to the left, Unit 2 to the right. 
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Fig. 2 - Orientation and 3D rendering of the specimen. 

 

As depicted in Fig. 2, the prototype consisted of a total of five walls, two oriented along the 

Y direction (with discontinuities between the two units) and three along the X direction. A 

large volume of openings characterized all walls, except for wall 5, completely solid. 

Unit 2 was two-storey high, with floor and roof levels at 1.65 m and 3.15 m above the 

foundation, respectively, and a footprint of 2.50 x 2.50 m. The wall thickness decreased 

along the height, starting from 35 cm at the first storey and decreasing to 30 cm at the second 

one. Unit 1 was one-storey high with the roof level at 2.20 m, plan dimensions 2.50 x 2.45 

m, and a constant wall thickness of 30 cm. 

Diaphragms were composed of wooden joists, with cross-section of 8x16 cm, and a single 

layer of 2-cm-thick planks, connected by two nails at each intersection with the joists. The 

first- and second-floor joists of the tallest unit spanned in the Y direction, whereas those of 

the shortest one were arranged orthogonally. 

In addition, steel threaded rods were placed loose within PVC tubes through the masonry 

walls. These rods were ready to be fastened, to enhance wall-to-diaphragm connection 

against early out-of-plane failure mechanisms, if necessary during the test. However, this 

detail was not explicitly modeled. 

2.3 Material properties and masses 

The double-leaf stone masonry density was 1950 kg/m3. Vertical and diagonal compression 

tests were performed to characterize the masonry, providing average compressive and tensile 

strengths of 1.37 MPa and 0.21 MPa, respectively. 

The overall masses were 7044 kg for Unit 1 and 16025 kg for Unit 2. The mass of the tallest 

building also accounts for uniformly distributed additional masses of 1500 kg on each floor, 

emulating superimposed dead and live loads. 

3. Testing protocol 

The specimen was subjected to an incremental dynamic test along both X and Y directions. 

The shake-table input consisted of the two horizontal components recorded at the Ulcinj 

station during the 1979 Montenegro earthquake. The E-W and N-S components were applied 

along the Y and X directions, respectively (Fig. 3). Time was compressed by a factor of 𝜆1 2⁄  

to meet similitude relationships. 
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Fig. 3 - Original E-W (left) and N-S (right) input signals, not scaled in both time and acceleration. 

 

The acceleration limit of the LNEC shake-table is 0.875g in the Y direction and 0.625g in 

the X direction, for the given specimen weight. The test sequence comprised two steps, with 

the input signals applied with PGA equal to 25% and 50% of the table acceleration limit, 

respectively. Each step included three substeps, first exciting the longitudinal direction, then 

the transverse one, and finally both directions simultaneously. The test was stopped after the 

second step because of incipient collapse conditions. 

4. Numerical model 

Among other possible numerical prediction strategies (Tomić et al., 2020b), nonlinear static 

analyses were performed on a three-dimensional model of the building based on the 

equivalent-frame approach implemented in the softwareTREMURI (Lagomarsino et al., 

2013). 

4.1 Modeling assumptions 

The equivalent-frame modeling approach with nonlinear macroelements is a reasonable 

compromise between accuracy and computational burden. In this context, each plane wall is 

subdivided into deformable masonry elements (vertical piers and horizontal spandrels), 

where the nonlinear behavior and the damage are concentrated, and rigid nodes which 

connect the deformable elements. The behavior of an entire building is obtained by 

assembling vertical walls and horizontal diaphragms, referring to their in-plan strength and 

stiffness contributions. 

In this work, the macroelements developed by Bracchi et al. (2021a,b) and Penna et al. 

(2014) were adopted to model masonry piers and spandrels, respectively. The pier heights 

were determined through the criterion proposed by Dolce et al. (1991), which assumes a 

maximum 30° slope for the cracks originating from the opening corners. Furthermore, since 

the thickness of the spandrels belonging to Unit 2 differed immediately above and below the 

first-floor level, they were discretized into two elements connecting the same nodes. Timber 

floor and roof diaphragms were modeled as two-dimensional 4-node orthotropic membrane 

elements with linear elastic formulation. 

Fig. 4 and Fig. 5 show the geometric discretization of the walls in the Y and X direction, 

respectively. It is worth noting that wall 6 did not correspond to any real wall, but it was 

needed for numerical reasons. In fact, since the orthotropic membranes can only be 

connected to three-dimensional nodes, wall 6 was necessary to avoid a modeling connection 

between the two structural units. This fictitious wall included two elastic columns, with 

negligible axial stiffness and moment of inertia consistent with the out-of-plane flexural 

stiffness of piers 214 and 312. An elastic beam with the properties of a timber joist spanned 

between the two columns. 
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Fig. 4 – Plan view with wall locations (left) and walls along the Y direction: walls 2 and 3. 

 

 

Fig. 5 - Walls along the X direction: walls 4, 5, 6, and 1. 

 

The connection between the two structural units was modeled through fictitious spandrel 

elements belonging to walls 2 and 3. As a matter of fact, thanks to their compressive strength 

and no-tension behavior, they allowed capturing pounding mechanisms along the 

longitudinal Y direction while permitting separation between the two buildings. Moreover, 

since the aggregate specimen was designed to prevent any connection between adjacent 

units, the interaction in the transverse X direction was not considered. For this reason, 

individual models of each structural unit were created in addition to the global model, for 

analysis in the transverse direction. 

4.2 Calibration of element properties 

In addition to geometrical characteristics, the macroelements are defined by parameters 

representative of the average behavior of a masonry panel: elastic modulus in compression 

(𝐸), shear modulus (𝐺), density (𝜌), and compressive strength (𝑓𝑚). The shear strength can 

be assigned through equivalent values of cohesion (𝑐𝑒𝑞) and friction coefficient (𝜇𝑒𝑞) in a 

Coulomb-type criterion, or through the tensile strength of masonry (𝑓𝑡) according to the 

Turnsek et al. (1980) criterion. Finally, parameter 𝐺𝑐𝑡 controls the shear deformation 

corresponding to the peak strength, while 𝛽 governs the slope of the softening branch in 

shear (Penna et al., 2014). 

Table 1 summarizes the main parameters assigned to masonry elements for the numerical 

analyses. It is worth to emphasize that G = 0.3E has been used for the shear modulus to avoid 

overestimating the shear stiffness. Since elastic constants were not provided from 

characterization tests, all masonry properties were taken from a previous experimental 

campaign involving the same type of masonry, for modeling purposes (Guerrini et al., 2017b, 

Senaldi et al., 2018). 
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Table 1 - Mechanical properties assigned to masonry elements. 

Element 
𝐸 

(MPa) 

𝐺 

(MPa) 

𝜌 

(kg/m3) 

𝑓𝑚 

(MPa) 

𝑓𝑡 

(MPa) 

𝐺𝑐𝑡 

(-) 

𝛽 

(-) 

𝜇𝑒𝑞 

(-) 

Piers 2310 690 1950 3.58 0.187 10 0.5 - 

Spandrels 6930 575 1950 3.58 0.170 10 0.5 0.15 

Fictitious spandrels 6930 1 1950 3.58 0.170 10 0.5 0.15 

 

Table 2 - Mechanical properties assigned to the floor and roof orthotropic membranes. 

Orthotropic membrane 
𝐸1 

(MPa) 

𝐸2 

(MPa) 

𝐺12 

(MPa) 

𝜈 

(-) 

Unit 1 22800 10000 3.94 0 

Unit 2, first floor 10000 25059 4.63 0 

Unit 2, second floor 10000 23474 4.14 0 

 

The formulation of the 4-node orthotropic membranes for floor and roof diaphragms requires 

four parameters: the Young modulus in the principal and orthogonal directions (𝐸1 and 𝐸2, 

respectively), the Poisson coefficient 𝜈, and the shear modulus 𝐺12, which is the most critical 

parameter as it influences the diaphragm shear stiffness and its ability to redistribute lateral 

forces among masonry walls. This last value was evaluated according to Brignola et al. 

(2009). The values obtained for the above parameters are reported in Table 2. Linear elastic 

beams with high cross-section area and negligible modulus of inertia were arranged on each 

floor in order to facilitate the global convergence of the model. 

5. Nonlinear static analyses 

5.1 Determination of the capacity curve 

A nonlinear static pushover analysis consists of an incremental-iterative procedure to solve 

the nonlinear static equilibrium equations governing the structural system, when subjected 

to a particular distribution of lateral forces. The purpose of this analysis is to calculate the 

building capacity curve in terms of base shear and horizontal displacement of a 

representative control node. The proper choice of the control node is a crucial operation, 

especially in the presence of walls with different stiffness and flexible diaphragms. In this 

case, the control node should be chosen on the weakest wall in order to avoid the snap-back 

behavior. 

In this work, nonlinear static pushover analyses with inverse triangular force distribution 

were performed on the single structural units as well as on the entire aggregate. In particular, 

Unit 1 and 2 were investigated along the transverse X direction, with a control nodes N111 

and N221, respectively. On the other hand, the global aggregate model was analyzed only 

along the longitudinal Y direction with N221 as the control node, since the connection 

elements did not provide any collaboration in the transverse one. 

5.2 Inelastic displacement demand 

The capacity curve allows identifying the control-node displacements corresponding to the 

limit states of interest. However, it does not give any information regarding the inelastic 

seismic demand. For this purpose, building codes include methods for estimating 

displacement demands within nonlinear static procedures. In particular, the N2 method of 

Eurocode 8 (CEN, 2005) and its improved version MN2 (Guerrini et al., 2017a, 2021) were 

used in this study to calculate the lateral displacement demand. 
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Both methods require transforming the capacity curve of the multi-degree-of-freedom 

(MDOF) structure into the one of an equivalent single-degree-of-freedom (SDOF) oscillator, 

dividing both base shear and lateral displacement by the first-mode participation factor Γ∗. 

This step is essential to allow comparing the capacity curve to the response spectra, which 

are derived for SDOF systems. The SDOF capacity curves were idealized with a bilinear 

relationship following the classical N2 method. Then the equivalent period 𝑇∗ and the 

ultimate inelastic displacement capacity 𝑑𝑢
∗  (at 20% strength drop) were calculated for the 

models and directions of analysis of interest. 

Applying these methods require a code-type response spectra, i.e. four-branch Newmark-

hall spectra obtained by fitting the elastic response spectra of the input signals (Guerrini et 

al., 2017a). Starting from the elastic displacement demand 𝑆𝐷𝑒
(𝑇∗), obtained using the code-

type spectrum, the inelastic displacement demand 𝑑𝑚𝑎𝑥
∗  was derived following both the N2 

(Eq. 1) and MN2 (Eq. 2) methods: 

𝑑𝑚𝑎𝑥
∗ = {

𝑆𝐷𝑒
(𝑇∗)                                              𝑇∗ ≥ 𝑇𝑐

𝑆𝐷𝑒
(𝑇∗)

𝑞∗
[1 + (𝑞∗ − 1)

𝑇𝑐

𝑇∗
]             𝑇∗ < 𝑇𝑐

 (1) 

  

𝑑𝑚𝑎𝑥
∗ =

𝑆𝐷𝑒
(𝑇∗)

𝑞∗

[
 
 
 
 

(𝑞∗ − 1)𝑐

(
𝑇∗

𝑇ℎ𝑦𝑠𝑡
+ 𝑎ℎ𝑦𝑠𝑡) (

𝑇∗

𝑇𝑐
)

𝑏 + 𝑞∗

]
 
 
 
 

 (2) 

where 𝑇𝑐 is the code-type spectrum corner period; 𝑞∗ = 𝑆𝑒(𝑇
∗) 𝑎𝑦

∗⁄  is the behavior factor, 

i.e. the ratio between the elastic acceleration demand 𝑆𝑒(𝑇
∗) and the SDOF yield 

acceleration 𝑎𝑦
∗ ; and 𝑇ℎ𝑦𝑠𝑡 = 0.030 𝑠, 𝑎ℎ𝑦𝑠𝑡 = 0.2, 𝑏 = 2.3, 𝑐 = 2.1 are coefficients 

calibrated by Guerrini et al. (2017a, 2021). Since 𝑇ℎ𝑦𝑠𝑡 has units of time, it had to be 

corrected with factor 𝜆1 2⁄ , being 𝜆 the length scale factor, becoming equal to 0.021 s. If 𝑞∗ ≤
1.0, the response is elastic and 𝑑𝑚𝑎𝑥

∗ = 𝑆𝐷𝑒
(𝑇∗) with both approaches. Table 3 summarizes 

the main variables of the N2 and MN2 methods for the case study. 

5.2 Comparison of results 

Pushover analyses of the single units allowed obtaining information about their responses in 

the transverse X direction, where interaction was practically negligible. The shortest Unit 1 

exhibited a shear failure mode in wall 1, affecting the pier with a return wall in compression 

(Fig. 6a). On the other hand, the tallest Unit 2 developed a pier flexural mechanism at the 

second storey (Fig. 6c). 

 

 

Table 3 - Main variables of the N2 and MN2 methods for the case study. 

Analysis 
Γ∗ 

(-) 

𝑇∗ 

(s) 

𝑎𝑦
∗  

(m/s2) 

𝑑𝑢
∗  

(mm) 

𝑇𝑐 

(s) 

Step 1 

𝑆𝑒(𝑇
∗) 

(m/s2) 

Step 2 

𝑆𝑒(𝑇
∗) 

(m/s2) 

Unit 1, ±X 0.40 0.48 3.02 35.6 0.3 2.79 5.59 

Unit 2, ±X 1.18 0.08 4.24 6.2 0.3 3.53 7.06 

Aggregate, +Y 1.47 0.09 3.22 16.9 0.5 3.95 7.94 

Aggregate, -Y 1.47 0.12 3.16 7.7 0.5 3.55 7.14 
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In terms of global pushover analyses along the positive Y direction, the two units separated 

from each other and the behavior turned out to be the same as without considering 

interaction, with a first-storey pier flexural mechanism (Fig. 7a). On the other hand, under 

negative longitudinal analysis the shortest Unit 1 restrained the tallest Unit 2, greatly 

reducing its displacement capacity and causing a flexural failure mode of the second-storey 

piers (Fig. 7c). These predictions are in agreement with the experimental observations. 

After performing the numerical analyses, the ratio was calculated between the inelastic 

displacement demand (𝑑𝑚𝑎𝑥
∗ ), using both the N2 and MN2 methods, and the inelastic 

displacement capacity (𝑑𝑢
∗ ). A value greater than 1.0 for this ratio meant a prediction of 

structural collapse. 

The MN2 method better estimated the achievement of near-collapse conditions compared to 

the original N2 method. In fact, during step 1 of the incremental testing sequence, there was 

no major damage in the specimen. Accordingly, numerical results showed a ratio between 

the inelastic demand and capacity lower 1.0 with all methods in any direction (Fig. 6 and 

Fig. 7). On the other hand, step 2 brought the aggregate to incipient collapse conditions, 

especially in the longitudinal direction, requiring activation of the wall-to-diaphragm 

connections. In this case, only the MN2 method correctly predicted a ratio greater than one 

between the inelastic demand and capacity in the longitudinal Y direction. 

 

 

 

 

Fig. 6 - Numerical results for the single structural units along the positive X direction: (a) Unit 1, failure 

mode of wall 1; (b) Unit 1 displacement predictions; (c) Unit 2, failure mode of wall 4; (d) Unit 2 

displacement predictions. 
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Fig. 7 - Numerical results for the entire aggregate along the Y direction: (a) positive loading failure mode of 

wall 2; (c) positive displacement predictions (b) negative loading failure mode of wall 2; (d) negative 

displacement predictions. 

6. Conclusions 

This paper presented the modeling strategies and the blind prediction analysis performed on 

a half-scale stone masonry building aggregate prototype, tested on the shake-table of the 

LNEC research center in Lisbon, Portugal. The test was part of the comprehensive 

experimental campaign aimed at better understanding the behavior of stone masonry 

building aggregates, which involved the University of Pavia among others. 

The specimen included two structural units of different heights, with no interconnections, 

conceived to exhibit different dynamic behavior and to highlight interaction effects. An 

incremental, bidirectional shake-table test was carried out on the specimen, using as input 

motions the two horizontal components recorded by the Ulcinj station during the 1979 

Montenegro earthquake.  

Nonlinear static pushover analyses with inverse triangular force distribution were performed 

on both single structural units and on the entire aggregate. The analysis outcomes showed 

that pounding shifted a soft-storey failure mode from the first to the second storey, reducing 

the overall displacement capacity. In fact, the shortest unit provided an effective restraint to 

the first-storey displacement of the tallest one, as observed during the test. 

Starting from the pushover capacity curve and elastic response spectra, the inelastic 

displacement demand was calculated following the N2 method of Eurocode 8 and an 

improved formulation named MN2. The second formulation proved to be more accurate at 

predicting the experimental response, especially as the magnitude of the input motion 

increased with interaction between the two units. In fact, the MN2 approach predicted a 

3222
3ECEES, September 2022, Bucharest, Romania



displacement demand exceeding the ultimate one under the input intensity corresponding to 

interruption of the experimental test because of incipient collapse. Instead, the original N2 

method never resulted in displacement demands achieving the ultimate capacity. 
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Abstract: Across historical centres in Europe, stone masonry buildings form building 

aggregates that developed as the layout of the city or village was densified. In these 

aggregates, adjacent buildings can share structural walls with an older and a newer unit 

connected either by interlocking stones or by a layer of mortar. Observations after for 

example the recent Central Italy earthquakes showed that joints between the buildings were 

often the first elements to be damaged, leading to a complex interaction between the units. 

The analysis of such building aggregates is difficult due to the lack of guidelines, as the 

advances were impeded by the scarce experimental data. Therefore, the objective of the 

project AIMS (Seismic Testing of Adjacent Interacting Masonry Structures), included in the 

H2020 project SERA, was to provide such data by testing an aggregate of two double-leaf 

stone masonry buildings under two horizontal components of dynamic excitation. The test 

units were constructed at half-scale, with a two-storey building and a one-storey building. 

The buildings shared one common wall, while only a layer of mortar connected the façade 

walls. The floors were at different heights and had different beam orientations. Prior to the 

test, a blind prediction competition was organized with twelve participants from academia 

and industry that were provided with all the geometrical and material data, construction 

details, and the seismic input. The participants were asked to report results in terms of 

damage mechanisms, recorded displacements and base shear values. Results of the shake-

table campaign are reported, together with a comparison with the blind predictions. Large 

scatter in terms of reported predictions highlights the impact of modelling uncertainties and 

the need for further tests. 

Keywords: Historical centres; Stone masonry; Masonry aggregates; Shake table test; Blind 

prediction  
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1. Introduction  

Historical centres of Europe densified during long time spans. This process led to the 

formation of masonry building aggregates. In aggregates, facades of adjacent buildings 

often share the structural walls, connected either by weakly interlocked stones or only by a 

layer of mortar. Due to long time spans, it is common for the adjacent buildings to be 

constructed with different materials, different distributions of openings and floor and roof 

heights. Post-earthquake observations have shown that the opening of the joint leads to 

complicated behaviour and interaction of the units (Carocci 2012; da Porto et al. 2013), 

which are often not captured in the analyses. However, analysis is difficult to a lack of 

experimental data, caused by a high cost and the complexity of performing tests on large-

scale aggregates. These facts have inspired a joint research program between École 

Polytechnique Fédérale de Lausanne (EPFL), Switzerland, University of Pavia, Italy, 

University of California, Berkeley, USA, RWTH Aachen University, Germany and 

National Laboratory for Civil Engineering, Portugal, named SERA AIMS – Adjacent 

Interacting Masonry Structures. As a part of this project, a shake table test was performed 

on a half-scale stone masonry building aggregate at the LNEC laboratory in Lisbon, 

Portugal. Complementary tests on materials and components were performed in parallel. 

As a part of the campaign, blind prediction competition was organized, with multiple 

participants from both the research community and the industry. This paper gives a short 

summary of the experimental campaign and the results of the blind prediction competition; 

for a detailed description and interpretation of the results please refer to (Tomić et al. 

2022a) for the experimental campaign and to (Tomić et al. 2022b) for the blind prediction 

competition.  

The existing large-scale experimental campaigns on masonry aggregates are limited to a 

campaign performed at the EUCENTRE (Senaldi et al. 2020; Guerrini et al. 2019). The 

double-leaf stone masonry aggregate consisted of two three-storey units weakly connected 

by interlocking stones and connected slab beams. An incremental, unidirectional dynamic 

test was performed on the original specimen up to the near-collapse state for a peak ground 

acceleration (PGA) of 0.35 g, when an out-of-plane mechanism formed in both the north 

and south gables. After this step, the specimen was strengthened, and the experiment 

continued. Due to interlocking stones and connected slab beams, the separation at the 

interface was limited. Therefore, the present campaign replicated the properties of this 

campaign, while changing the interface properties by removing interlocking stones and the 

connection between the slab beams. 

Several research groups modelled the behaviour of masonry aggregates and derived 

conclusions on the behaviour and vulnerability of the units within aggregates (Senaldi et al. 

2010; Senaldi et al. 2019.; Formisano 2017; Formisano and Massimilla 2018; Maio et al. 

2015), or developed vulnerability indexes related to the aggregate behaviour (Formisano et 

al. 2015). However, due to the lack of experimental data, the analyses are still missing 

nonlinear models for the interaction between units, and a wider discussion on uncertainties 

related to modelling the aggregate behaviour. For this purpose, we believe blind prediction 

competition and discussion following it will present a significant contribution to the open 

questions. 

In this paper, first, the test specimen is presented, together with a testing sequence and 

principal observed damage mechanisms. Then the blind prediction competition is 

introduced, together with an example analysing the variability within the predicted results. 

Finally, some preliminary conclusions are drawn, as an introduction to a future discussion.  
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2. Experimental campaign 

The test specimen was a half-scale prototype of a masonry aggregate, consisting of two 

units. Unit 2 consisted of two floors and a total height of 3.15 m. Unit 1 consisted of one 

floor with a height of 2.2 m. Unit 2 had a rectangular shape with four walls and the 

dimensions 2.5 x 2.5 m2. Unit 1 had an u-shape with three walls and dimensions 2.5 x 2.45 

m2. The basic dimensions of the floor plan with beams, and facades can be seen in Fig. 1. 

Unit 1 wall thickness was 30 cm and Unit 2 wall thickness was 35 cm and 25 cm of the 

first and the second floor, respectively. Spandrels under the openings had thickness 

decreased to 15 cm. Unit 2 was first unit to be constructed, replicating the sequence of 

construction from the historical centres. After the construction of a segment of Unit 2, the 

contact area was smoothened by mortar to ensure no interlocking between the units. Then, 

Unit 1 segment was constructed, ensuring that the contact between the units was a mortar-

mortar interface. This type of connection, paired with different modal properties of two 

units, facilitated the separation and out-of-phase behaviour during the test. Fig. 2 shows the 

constructed specimen before applying the plaster. 

 

Fig. 1 - SERA AIMS test specimen floor plan with beam orientation and facade layout of the two units 

(Tomić et al. 2022a). 

The material for the construction of the stone masonry walls was replicating as much as 

possible to the one used for a shake table test conducted at the EUCENTRE (Guerrini et al. 

2017; 2019 Senaldi et al. 2017; 2020). The mortar was commercial hydraulic lime mortar 

mix, with added EPS spheres in volumetric proportions 2:3 of EPS spheres to mixed 

mortar to lower the stiffness and strength. Walls were constructed as double-leaf stone 

masonry, with no interlocking of the leaves except at the corners and next to the openings. 

Irregular broken stone pieces were used to fill the voids between the leaves. In this way, it 

was ensured that the results of the two tests are easily compared. Two units of the 

aggregate are connected by a dry joint.  

Floor diaphragms were composed of 8x16 cm wooden beams and 2 cm thick wooden 

planks orientated orthogonally to beams. Diaphragms had different orientations, with Unit 

1 beams spanning in the x-direction and Unit 2 floors in the y-direction To prevent early 

out-of-plane failure, PVC tubes were placed into walls, alongside and in direction of each 

beam. Steel angles were designed to anchor beams into walls.  
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. . 

Fig. 2 – SERA AIMS specimen before plastering (Tomić et al. 2022a). 

The nominal testing sequence was composed of four steps of increasing intensity, each 

divided in three substeps. Three substeps were the excitation in y-direction (longitudinal), 

x-direction (transversal), and bidirectional excitation. Actual and applied testing sequences 

differed, as shown in Table 1.  

Table 1. Actual applied testing sequence of the SERA AIMS shake-table test (Tomić et al. 2022a). 

Run 

number 

Run 

notation 

Direction Level of 

shaking 

(shake-

table 

capacity) 

Nominal PGA Effective PGA 

1 0.1 Y 12.5% 0.110 g 0.113 g 

2 0.2 X 12.5% 0.078 g 0.075 g 

3 0.3 Bidirectional 12.5% 0.110 (y)/0.078 (x) g 0.114 (y)/0.072 (x) g 

4 1.1 Y 25% 0.219 g 0.170 g 

5 1.2 X 25% 0.156 g 0.178 g 

6 1.3 Bidirectional 25% 0.219 (y)/0.156 (x) g 0.208 (y)/0.174 (x) g 

7 2.1 Y 50% 0.438 g 0.593 g 

SPECIMEN STRENGTHENED 

8 2.1S Y 50% 0.438 g 0.615 g 

9 1.2S X 25% 0.156 g 0.258 g 

10 2.2S X 50% 0.313 g 0.425  

Run 2.1 resulted in a widespread damage to the specimen. Soft storey mechanism formed 

in the upper storey of Unit 2, involving out-of-plane motion of Facades 4 and 5, and in-

plane flexural mechanism of Facades 2 and 3. In-plane facades acted as flanges due to the 

effective interlocking at the wall-to-wall connections. After this run, the specimen was 

strengthened. Crack maps after Run 2.1 are shown in Fig. 3. 
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Fig. 3 – Crack maps after Run 2.1. Black color marks previous damage, and red new damage 

(Tomić et al. 2022a). 

3. Blind prediction competition 

Twelve participants coming from both the industry and academia submitted thirteen models. 

Thirteen models comprised three discrete element models (DEM), four solid finite element 

model (FEM), two shell FEM, two equivalent frame models (EFM), one hand calculation, and 

one limit analysis model. Eleven out of thirteen participants performed nonlinear time history-

analysis. Special connection was paid to the behaviour of nonlinear connections, including 

unit-to-unit, floor-to-wall, and wall-to-wall connections. 

The effective seismic input and testing sequence varied compared to nominal as shown in 

Table 1, making a direct comparison between numerical and experimental results difficult. 

Nevertheless, a two-fold comparison was performed: (i) Quantitative comparison between 

submissions for bidirectional Run 3.3, and (ii) Qualitative-quantitative comparison of predicted 

and experimental damage mechanisms. An example of quantitative comparison is shown in 

Fig. 4 where the submitted results for roof displacements, interface openings and base shear 

are compared for the bidirectional Run 3.3.  
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Fig. 4 - Comparison of predicted results for Run 3.3. Edges of the box mark 25th and 75th percentile, and red 

crosses mark outliers (Tomić et al. 2022b). 

Comparison in terms of predicted and observed damage mechanism is shown in Table 2. It 

shows that the limit analysis model emerged as a winner in terms of the correct prediction 

of the damage mechanisms. It should be noted that while the limit analysis submission 

predicted mechanisms were correct, the predicted PGA for the activation of the 

mechanisms was significantly underestimated (Tomić et al. 2022b). 
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Table 2. Damage mechanisms reported by the SERA AIMS blind prediction participants. IP = in-plane 

mechanism; OOP = out-of-plane mechanism. Green circle means true positive, red circle false positive, and 

red cross false negative (Tomić et al. 2022b). 

Unit and 

storey 

Direction and 

failure mode 

H
A

C
 1

 

D
E

M
 1
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M
 1

 

F
E

M
 1

 

D
E

M
 2

 

F
E

M
 2

 

D
E

M
 3

 

L
IM

 1
 

E
F

M
 2

 

F
E

M
 3

 

F
E

M
 4

 

F
E

M
 5

 

F
E

M
 6

 

Unit 1  x-IP ● x x x x ● x ● ● ● x ● x 

Unit 1  y-IP ● ● 
          

● 

Unit 1 x-OOP x x ● x x ● x ● ● x x x x 

Unit 1 y-OOP 
    

● 
        

Unit 2  

1st floor 

x-IP ● ● ● 
 

● ● 
   

● ● 
 

● 

Unit 2  

1st floor 

y-IP ● ● ● x ● x ● ● ● ● x x ● 

Unit 2  

1st floor 

x-OOP 
             

Unit 2  

1st floor 

y-OOP x ● ● x ● x x ● ● ● ● x x 

Unit 2  

2nd floor 

x-IP 
 

● ● 
 

● ● 
  

● ● 
 

● 
 

Unit 2  

2nd floor 

y-IP x ● ● x ● x ● ● ● ● ● ● x 

Unit 2  

2nd floor 

x-OOP 
             

Unit 2  

2nd floor 

y-OOP x ● ● x ● x ● ● ● ● x x x 

True positive 2 4 5 0 4 2 3 6 6 5 2 2 1 

False positive 2 3 2 0 3 2 0 0 1 2 1 1 2 

False negative 4 2 1 6 2 4 3 0 0 1 4 4 5 

 

4. Conclusions  

This paper presented in brief the experimental campaign that was performed as a part of 

SERA – AIMS project at LNEC facilities in Lisbon. The two-leaf stone masonry aggregate 

was tested under unidirectional and bidirectional excitation. Basic material, geometrical 

properties, construction details, and testing sequence are reported, together with principal 

damage mechanisms and crack maps. 

Accompanying blind prediction competition featured twelve participants and thirteen 

submitted models, featuring different modelling approaches and different modelling 

assumptions with regards to material models, connections between the elements, and 

analysis types. The scatter in the reported displacements, base shear values, and formed 

damage mechanisms was significant. Even if all the participants started with the same set 

of material parameters and the information on geometry and construction details, the 

analyses still resulted in different predictions. The scatter was high even within the groups 

featuring same modelling approach or certain modelling assumptions.  

This paper intended to provide an overview of the experimental campaign and blind 

prediction competition. Separate submissions by participants to the Special session will 

provide more detail on particular models and modelling assumptions. Therefore, future 
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discussion as a part of special session should lead to fruitful discussion and help to draw 

conclusions on the impact of certain modelling assumptions. 
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Abstract: The SERA project AIMS (Seismic Testing of Adjacent Interacting Masonry 

Structures) comprised a blind prediction competition related to a shake-table test of an 

aggregate of two buildings under two horizontal components of dynamic excitation. Each 

group was provided with a complete set of construction drawings, material properties, 

testing sequence and the list of measurements to be reported. This paper deals with the 

prediction submitted by the EPFL team. The prediction was based on an equivalent frame 

model with a newly developed macroelement able to simulate both the in-plane and out-of-

plane behaviour of unreinforced masonry piers. This paper describes the model and presents 

results of the pre-diction and preliminary results of the post-diction. For the post-diction the 

same model as for the pre-diction was used and only the seismic input was updated to match 

the actually applied shake table motion. The paper concludes with future work needed to 

calibrate the model for the post-diction. 
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1. Introduction  

An equivalent frame model approach using the OpenSEES framework (McKenna et al. 

2000) and the newly developed macroelement (Vanin et al. 2020a) was used to perform a 

pre-diction of the SERA AIMS test. The simulated test specimen floor plan with beam 

orientations and façade layout of units is shown in Fig. 1. 

 

Fig. 1 – SERA AIMS aggregate floor plan with beam orientations and facade layout of two units (Tomić et 

al. 2022a) 

The macro-element is a three-node, three-dimensional element able to capture the in-plane 

and out-of-plane dynamic behaviour of masonry walls, including the explicit coupling of 

the shear and flexural response. Floors were modelled with elastic orthotropic membrane 

elements, which is a common practice in equivalent frame models. The orthotropic 

membrane provides only the membrane stiffness components, resulting in a zero-bending 

stiffness. Wall-to-wall connections were modelled with a one-dimensional non-linear 

interface, which provides linear elastic behaviour in compression, with no crushing, and a 

finite tensile strength paired with exponential softening law. Floor-to-wall connections are 

modelled with a frictional interface, that limits the shear force transmitted between floor 

and wall as a function of the vertical load acting on a floor node times a friction 

coefficient. The value of the friction coefficient is based on the tests by Almeida et al. 

(2020). The material model can model the pounding of the beam when the slip is in the 

towards the wall (Vanin et al 2020b). The unit-to-unit connection within the aggregate was 

modelled with an n-dimensional zero-length element and a material model that captures 

linear elastic behaviour in the axial direction (perpendicular to the interface between the 

units) and a finite tensile strength paired with exponential softening law. In the 

perpendicular plane, the cohesive-frictional behaviour is based on the axial load, a friction 

coefficient, and an exponential damage law of cohesion (Tomić and Beyer 2022). The 

input material properties are shown in Table 1. 
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Table 1. Masonry properties (Guerrini et al. 2017; Senaldi et al. 2017; Tomić et al. 2022b) 

Masonry properties Average 

Density of masonry, ρ [kg/m3] 1980 

Masonry compressive strength, f [MPa] 1.30 

Masonry tensile strength, ft [MPa] 0.17 

Masonry cohesion, fv0 [MPa] 0.233 

Masonry Poisson’s modulus, ν [-] 0.14 

Masonry Young’s modulus in compression, E [MPa] 3462 

Masonry shear modulus, G [MPa] 1524† 

Masonry shear modulus, G [MPa] 1898‡ 

2. Pre-diction and post-diction  

The predicted damage mechanism for the two-storey unit (Unit 2) was the soft storey 

mechanism of the upper storey, involving out-of-plane motion of Facades 4 and 5, and in-

plane flexural mechanism of Facades 2 and 3 (Tomić and Beyer 2022). This mechanism 

was correctly predicted. For the one-storey unit (Unit 1), the out-of-plane motion of 

Facades 2 and 3 of Unit 1 was overestimated. In the experimental campaign, this 

mechanism did start to form, but with much lower displacements (Tomić et al. 2022a). The 

predicted deformed shape is shown in Fig. 2. 

 

Fig. 2 – Final deformation shape (Tomić and Beyer 2022) 

After the test, the actual input acceleration, i.e., the recorded shake table acceleration, was 

shared with all teams which participated in the blind prediction (Tomić et al. 2022b). Now 

it was possible to rerun the analysis using the original model, but with the effective seismic 

input. By doing so, it was possible to remove the ambiguity stemming from different input 

and obtain more meaningful comparison of results. The comparison of flexural drifts 

shown in Fig. 3 showed a satisfying match with the experimental crack maps, indicating 

that the model correctly captured the soft storey mechanism in the upper storey of Unit 2. 
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Fig. 3 – Comparison of post-diction crack maps with the numerical drifts (Tomić and Beyer 2022) 

At the same time, the comparison of predicted and experimental displacements using the 

pre-diction model with actual seismic input showed that the numerical model was too stiff 

and underestimated the displacements considerably. For example, Fig. 4 shows the 

comparison of the displacement at the corner of the upper storey of Unit 2. 

 

Fig. 4 – Comparison of post-diction numerical prediction and experimental displacement at the corner of the 

upper storey of Unit 2 (Tomić and Beyer 2022) 
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4. Conclusions  

This paper briefly presents the pre-diction and post-diction analyses performed for the 

SERA AIMS blind prediction competition. The equivalent frame model using newly 

developed macroelement captured the formation of the principal damage mechanisms. 

However, quantitative comparison with experimental data, even when including the actual 

seismic input in the analysis showed certain discrepancies. Future work therefore needs to 

focus on updating the model for the post-diction by discovering the key modelling 

assumptions and parameters that influence the response. 
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Abstract: This work presents the blind results of the non-linear dynamic seismic response of 

a three-dimensional finite-discrete element model of a half-scale masonry building aggregate 

tested on shake table. The aggregate is made of two building units having different heights 

and slightly different wall thicknesses. The floors are made of timber joists and boards. The 

modelling approach accounts jointly for in-plane and out-of-plane response, which can be 

expected given the high flexibility of the floors. The capacity of the model is reached when 

the top storey of the tallest building units collapses as a consequence of the overturning of a 

façade and the loss of support of the roof. However, the collapse is anticipated by the 

delamination of a pier of a different façade of the same floor. The model is probably 

underestimating the masonry stiffness as an effect of the interfaces and overestimating the 

overall capacity as an effect of larger-than-life block size as well as their parallelepiped shape. 

Keywords: Contact interface; Numerical Analysis; Seismic Performance; Sequence 

1. Introduction

Masonry building aggregates represent one of the most common construction types in 

historical centres in regions with high seismic activity. Most of these buildings are not 

designed to withstand earthquake actions. Aggregates are formed usually by assemblage and 

transformations of masonry buildings that were originally built independently. Therefore, 

building aggregates are the combination of different construction methods implemented at 

different times and with different materials (Carocci 2012). The global behaviour of these 

structures depends on several factors: the geometry of the structure and its plan 

configuration, the connections between walls and between walls and floors, the stiffness of 

floors, the interactions between adjacent buildings (Tomaževič et al. 1991). The seismic 

assessment of building aggregates is not an easy task and specific modelling guidelines are 

missing. Therefore, a laboratory campaign was designed at the Seismology and Earthquake 

Engineering Research Infrastructure Alliance for Europe (SERA), and specifically within 

the Seismic Testing of Adjacent Interacting Masonry Structures (AIMS) program. The tests 

were performed at the Civil Engineering National Laboratory (LNEC) in Lisbon, Portugal, 

and a blind prediction competition was organised (Tomić et al. 2019).  

A natural-stone masonry, 1:2 scale model of a building aggregate was built and tested. The 

aggregate was made by two adjacent, non-interlocked building units with different floor and 

total heights, with very flexible timber horizontal structures (Fig. 1a). The physical model 

has two cells of side approximately equal to 2.5 m. Unit 1 is 2.20 m tall and its walls are 

0.30 m thick; unit 2 is 3.15 m tall and its walls are 0.35 m thick at ground level, and 0.25 m 
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thick at first level. The floors are made of one-way timber joists and boards, with different 

orientation for the two building units. The specimen was tested under one or two horizontal 

components recorded at the Albatros station during the 1979 Montenegro earthquake. The 

E-W and the N-S components have peak ground acceleration 0.21 and 0.18 g, respectively.

The incremental shake-table tests were performed applying to the ground motion the

following scale factors: 25, 50, 75 and 100% of the shake-table capacity (0.875 g), while

preserving the ratio between the natural amplitudes of the two components (Tomić et al.

2022). At each intensity level, three tests were conducted (always in the same order): y-

direction (longitudinal); x-direction (transversal); two-directional test in both the x- and y-

direction (Fig. 2).

The description of test specimen and the results of incremental dynamic shake-table tests, 

complemented by material and component characterization tests, are presented in Tomić et 

al. (2019).  

A three-dimensional finite-discrete non-linear dynamic model was implemented by the 

authors to predict the prototype response to earthquake records (Fig. 1b). The modelling 

approach accounts jointly for in-plane and out-of-plane response, which can be expected 

given the high flexibility of the floors. A finite-element modelling was performed within 

masonry blocks and a discrete-modelling was performed at the interfaces between them, 

similarly to what has been done by the authors in previous studies (AlShawa et al. 2017; 

Liberatore et al. 2019).  

a) b) 

Fig. 1 – 3D view: a) Physical model (http://sera-aims.com/) and b) Numerical model. Blocks are coloured 

only for presentation purposes, their material properties being homogeneous.  
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a) b) 

Fig. 2 – a) Unit identification. The numbers within the circles identify the walls; b) Identification and 

position of measured displacements. (Tomić et al. 2019) 

2. Overview of the modeling strategy

The model was implemented within LS-DYNA (Hallquist 2006). Each block was discretised 

with several 8-node solid finite-elements that adopt one integration point (constant stress 

formulation) and viscous hourglass control (based on the Flanagan-Belytschko approach). 

All walls have two blocks across the thickness, with the only exception of single-wythe 

spandrels. Masonry blocks have parallelepiped shape and the following size: maximum 450 

mm, minimum 100 mm, with a typical block being 300×150×125 mm3 (w×d×h). The total 

number of blocks is 1545 and the total number of finite elements is 4687. It is important to 

observe that damage is concentrated at the interfaces between blocks due to the opening of 

cracks. Interface surfaces are automatically generated by identifying duplicate nodes 

belonging to separate blocks that are geometrically coincident. The adopted strategy for the 

contact allows the connections to transmit both compressive and tensile forces, with optional 

failure criteria for the latter. The adopted failure criterion is based on tensile normal stress, 

and failure occurs when the following inequality is satisfied: 

𝜎𝑛 ≥ 𝑁𝐹𝐿𝑆 (1) 

where: 

σn is the normal stress on the contact surface 

𝑁𝐹𝐿𝑆 is the normal (tensile) failure limit stress. 

Once this strength is exceeded, the interface will interact only in compression and shear. A 

second spring rules the shear response, which is elastic until the shear failure limit stress 

(SFLS) is exceeded. Then, Coulomb’s friction determines the response, according to static 

and dynamic friction coefficients (FS, FD). The values of the most relevant parameters of 

the contact interface are presented in Table 1. 

The collar joint between the two wythes has the same mechanical characteristics of the 

interface between two blocks, whereas the interface between the two building units has a 

conventional tensile strength of 0.1 kPa, much lower than that assumed between two blocks, 

in order to capture their separation and possible pounding. No bondstones are present, not 

even close to the openings.  
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Because an explicit algorithm is implemented to solve the equation of motion, the smallest 

finite element governs the integration time step. Therefore, small-size elements were avoided 

to reduce computation time. Consequently, considering that the floor is very flexible and not 

connected to the walls, the rather thin boards were not modeled and tributary masses were 

added to the beams. Similarly, the height of the lintels was increased to match the height of 

the adjacent masonry course. Since the floors are very flexible, no diaphragm kinematic 

restraint was assumed. The interface between beams and walls was the same as that between 

the two building units. An elastic material was used for the masonry blocks, beams and 

lintels. The properties of the materials were reported in Table 2. Finally, a 5% stiffness-

proportional damping coefficient was assumed for all materials.  

 

Table 1 Interface parameters 

parameter 

interface between  

blocks 

interface between  

building units 

NFLS (kPa) 170(1) 0.1(3) 

SFLS (kPa) 233(2) 233(3) 

FS, FD (-) 0.80(3) 0.80(3) 
(1) informative leaflet (diagonal compression tests); (2) informative leaflet (Guerrini et al. 2017); (3) estimated 

 

Table 2 Material properties 

parameter block(1) beam, lintel(2) 

Density, ρ (kg/m3) 1980 825 

Young’s modulus, E (GPa) 3.462 12.000 

Poisson’s ratio, ν (-) 0.14 0.20 
(1) informative leaflet; (2) estimated 

3. Predictions 

The numerical model was analysed under the programmed testing sequence described in 

Sect. 1. The dynamic interaction between the two building units can be appreciated in the 

time history along x and y directions (Fig. 3). During the test the joint between the two 

building units opened very markedly (Fig. 3b), although without any significant residual 

value. A relative sliding between the two building units can be observed in Fig. 3a for the 

last intensity of shaking level (t > 360 s). The value of the displacements is probably due to 

an underestimation of masonry stiffness and an overestimation of building capacity. 

These trends in the damage response can be observed in Fig. 4, wherein the condition of the 

building aggregate at the end of 75% intensity of shaking is presented. In façade 2, the pier 

between the two windows at the upper storey of the tallest building unit lost its external leaf. 

The capacity predicted by the model is about 0.875 g (100% intensity of shaking), 

corresponding to the overturning of façade 4, involving the roof of the tallest building unit 

and façades 2 and 3 (Fig. 5). Maximum and residual responses of the interface between the 

two building units at selected points are summarised in Table 3. It is evident that the model 

is able to capture crack formation, as well as collapse of individual structural members, both 

horizontal and vertical, although intensity capacity might be overestimated.  
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Fig. 3 – Time history of the displacement at the interface between the two building units: a) x direction; b) y 

direction. Identification and position of measured displacements as in Fig. 2b.  

 

 

  

  

Fig. 4 – Numerical prediction of damage (end of 75% intensity of shaking). Façade numbers are in Fig. 2a. 
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Fig. 5 – Numerical prediction of damage (end of 100% intensity of shaking).  

 

Table 3 Numerical maximum and residual transversal and longitudinal displacements at the interface 

between the two building units  

  Maximum Residual 

Intensity 

of shaking 

Excitation  

direction(1) Id1(2) Id3(2) Id2(2) Id4(2) Id1(2) Id3(2) Id2(2) Id4(2) 

  mm mm mm mm mm mm mm mm 

25% y  45 40 4 6 0 4 1 6 

25% x 10  8 21 19 -3 1 0 2 

25% y & x 53  38 45 47 -5 -1 -1 1 

50% y  100  97 9 9 -8 1 -3 3 

50% x  17 12 40 41 -7 0 -1 3 

50% y & x 120 98 77 47 -8 -3 -2 0 

75% y 146 133 13 16 -12 2 -1 5 

75% x  23 12 62 63 -13 2 -1 5 

75% y & x 165 125 130 131 -11 0 -2 1 

100% y  225 181 31 28 -5 -14 -14 -13 

100% x  36 35 122 123 -10 -56 -6 -52 

100% y & x 257 249 103 99 -6 -1 -6 0 
(1) Excitation direction as in Fig. 2a; (2) Interface relative displacement measured at the roof level of Unit 1 

(Fig. 2b) 

4. Conclusions 

The blind test prediction competition of an unreinforced masonry building aggregate tested 

in Lisbon represented the opportunity to implement a finite-discrete element model. The 

model is able to account for the interaction between the building units in terms of separation 

and pounding. Similarly, crack formation and full separation between masonry blocks, 

beams, lintels and full walls are possible as well. The main limitation of the model resides 

in the size of the typical block, somewhat larger than its physical counterpart. In addition, 

its geometry is very regular compared to actual stone elements. These features may lead to 
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an overestimation of the capacity of the structural system. Capacity is attained when the top 

floor of the tallest building units collapses as a consequence of the overturning of a façade 

and of the roof losing support.  
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Abstract: The current paper discusses the contents of the work completed for the project 

“SERA AIMS – BLIND PREDICTION COMPETITION”. The competition was focused on 

the prediction of the response of a masonry building composed of two adjacent interacting 

structural units under earthquake excitation. This research investigates the response of the 

experimental mock-up by using a numerical model based on the rigid block limit analysis 

and mathematical programming. The results of the analysis, namely, the failure modes and 

the corresponding collapse load multipliers, are related to base shear and peak ground 

accelerations observed for the damage and ultimate limit states using code provisions for the 

assessment of failure mechanisms in existing masonry structures. Finally, a preliminary 

comparison of numerical and experiemental results is presented. 

Keywords: Masonry block structures; Limit analysis, Mathematical programming; Distinct 

element model; Blind test prediction. 

1. Introduction 

The paper is devoted to the description of the activities developed within the Adjacent 

Interacting Masonry Structures (AIMS) project from The Seismology and Earthquake 

Engineering Research Infrastructure Alliance for Europe (SERA). The main goal here is 

the blind prediction of the response of a masonry building mock-up composed by two 

distinct units subjected to earthquake excitation.  

The investigation of the seismic capacity of masonry structures is a challenging task in the 

literature, with many unresolved issues. The development of fast and accurate numerical 

procedures is certainly one of the main issues in this field, which could represent a 

powerful contribution in the protection of the cultural heritage. Various solutions were 

proposed in literature, most of them essentially belonged to two families: the first one 

assumes that masonry structures behave as assemblage of discrete blocks (Baggio and 

Trovalusci (1998), Bui et al. (2017), Angelillo et al. (2020), Di Carlo et al. (2018), Galassi 

et al. (2020)), the second one as a continuum medium (Caliò et al (2012), Reccia et al. 

(2014), Milani et al. (2016), Rossi et al. (2016), de Felice et al. (2019)). Apart from these, 

other proposed formulations stand in the field of the applied element models (Malomo et 

al. (2019), Malomo et al. (2020)) and analytical models (Zampieri et al. (2018), Zampieri 

et al. (2019)). 

In this framework, a rigid block modelling approach based on mathematical programming 

was adopted for the limit analysis of failure modes and for the evaluation of the peak 
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ground accelerations corresponding to the mechanism initiation. In such a numerical 

approach, the structure was idealized into a three-dimensional assemblage of rigid blocks 

interacting via no-tension frictional interfaces, with zero cohesion and infinite compressive 

strength. The sliding failure is governed by a Coulomb friction criterion with zero 

cohesion. For the interactions at block interfaces, a point-contact model is adopted, with 

internal normal force and shear forces associated at each contact point. Joint with both 

associative (dilatant) and non-associative (non-dilatant) behaviour are modelled in order to 

provide respectively a lower and upper bound estimate of the tested masonry mock-up, for 

which the dilatancy was not known at the moment of the blind prediction. 

The collapse load multipliers obtained by the model are then related to the base shear 

reaction, which, in turns, is expressed in terms of peak ground accelerations, for both the 

damage and life-safety limit states, following the definitions included in the Italian 

standard (MIT, 2018). The results of the numerical model are finally compared with the 

experimental outcomes in order to describe and evaluate the ability of the adopted 

numerical approach in the prediction of the seismic response of the tested masonry mock-

up. 

2. Numerical model 

The structure was idealized into a three-dimensional assemblage of rigid blocks interacting 

via no-tension frictional interfaces, with zero cohesion and infinite compressive strength. 

The sliding failure is governed by a Coulomb friction criterion with zero cohesion. For the 

interactions at block interfaces, a point-contact model is adopted, with internal normal 

force nk and shear forces t1k and t2k associated at each contact point. Both associative (i.e. 

dilatant) and non-associative (i.e. non-dilatant) behaviours are taken into account, the latter 

corresponding to lower and hence safer collapse load multipliers. More details about the 

proposed formulation are provided in Cascini et al. (2020), Malena et al. (2019) and 

Landolfo et al. (2020). 

a) b)

x

y

z

UNIT 1

UNIT 2

2
,2

0

3
,1

5

 

Fig. 1 – CAD model (a) and rigid block model (b). 

The model was implemented using the in-house software LiABlock_3D (Cascini et al. 

(2020)). The software is able to analyse numerical models generated in a CAD 

environment, made by an assemblage of polyhedral rigid blocks. The software is provided 

with a simple Graphic User Interface (GUI), where is possible to insert input data, 
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essentially the weight for unit volume and friction coefficient. The GUI also allows 

assigning the loading and boundary conditions. The software returns the promoted collapse 

mechanism and the value of the corresponding collapse load factor. 

The walls of the building were modelled considering a double-leaf masonry blockwork 

(Fig. 1). The irregular pattern of the masonry panels, which is an assemblage of rough 

stones of different size, was schematized with rectangular blocks with dimensions 15 x 15 

x 15 cm interacting along the bed joints. Interactions at the head joints were only 

considered for the interfaces between the two structural units, with the option to take a 

more conservative approach in the prediction step. 

The mechanical properties of the model were assigned considering the data provided on 

the competition website. In particular, the unit weight was equal to 1980 kg/m3. The 

friction coefficient was set equal to 0.47, corresponding to a value of friction angle equal to 

25°, according to Godio et al. (2019). The same value was adopted for the interfaces 

between the timber beams and the masonry panels. As for the lateral loads associated with 

the earthquake excitation, a constant distribution of horizontal forces was considered, 

expressed as the blocks weight times the collapse load multiplier. Two different directions 

were considered for the lateral loads, essentially longitudinal and transversal to the two 

units, as showed in the next sections. 

3. Base shear and peak ground acceleration for the activation of the failure modes 

Fig.2 shows the predicted collapse mechanisms obtained when the lateral load is applied 

along the y-direction for a force of positive (Fig. 2a) and negative (Fig. 2b) sign. It is 

possible to note that in both cases, the collapse mode is characterized by the overturning of 

the front walls and a portion of the sidewalls of Unit 2. The values of the collapse load 

multipliers obtained from the numerical simulation are equal to 0.21 and 0.22 for the 

positive and negative y directions respectively (Table 1). 

a) b)

x

y

z

 

Fig. 2 – Collapse mechanisms in the positive (a) and negative (b) y directions. 

The recommendations provided in the Italian standard (MIT, 2018) allow for the 

estimation of the value of the peak ground acceleration (PGA) for the different limit state 

thanks to the equation: 

 
(1) 

where: 

- α0 is the collapse load multiplier; 

- g is the gravity acceleration; 
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- q is the behavior factor, equal to 1 for the damage limit state; 

- e* is the ratio of the mass participating in the collapse mechanism; 

- FC is the confidence factor. 

The participating mass ratio can be calculated according to the equation: 

 
(2) 

where: 

- Pk is the total force applied to the block k involved in the failure mechanism; 

- δPx,k is the horizontal virtual displacement of the centroid of the force Pk. 

As for the specific values adopted in the numerical campaign, a confidence factor FC equal 

to 1.35 was assumed in order to respect the simple modelling assumptions of the 

formulation. The behaviour factor was set equal to 1 and 2 in the case of damage limit state 

and life-safety limit state respectively. The values of the participating mass ratio were 

directly calculated by the software and are equal to 0.67 and 0.61 in the case of positive 

and negative direction respectively.  

The second set of analysis investigates the seismic performance of the two masonry units 

when the lateral load is applied along the x-direction. Geometrical and mechanical 

parameters are the same of the previous load case. Fig. 3 shows the failure modes in the 

case of positive and the negative x-direction. The solution refers to the non-associative 

flow rule when a 0.47 friction coefficient is used. 

a) b)

x

y

z

 

Fig. 3 - Collapse mechanisms in the positive (a) and negative (b) x directions. 

 

Table 1. Numerical simulation outcomes. 

Model size 
(b × c) 

ρ 
[kg/m3] 

μ 
[ / ] 

Load 
 

[ / ] 
e* 

[ / ] 

Damage limit state Life safety limit state 

aDLS 
[ g ] 

Base shear 
 [kN] 

aLSLS 
[ g ] 

Base shear  
[kN] 

2488 x 22016 1980 0.47 

y-positive 0.21 0.67 0.24 49.05 0.48 98.10 

y-negative 0.22 0.61 0.27 56.72 0.54 113.44 

x-positive 0.17 0.69 0.18 38.42 0.36 76.84 

x-negative 0.17 0.71 0.19 40.66 0.38 81.32 
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It is worth noting that the mechanism essentially consists of the out-of-plane overturning of 

the wall of the shortest structural unit (Unit 1). As a matter of fact, only that unit is 

involved in the mechanism, due to the lack of box behavior which stems from the 

assumption of no connection between the units. Unit 2 is not affected by the failure in both 

load cases. In the case of the non-associative solution, the values of the collapse load 

multipliers obtained from the numerical simulation are equal to 0.17 for both positive and 

negative x directions. Table 1 summarizes the results of the numerical simulation 

performed in this paper. 

4. Comparison with experimental results 

As in the spirit of a blind prediction, the numerical results were presented before the 

experimental tests were performed. In this section, we show their comparison with the 

experimental results. In the experimental campaign, the seismic performance of the 

adjacent masonry units was investigated according to two different conditions: 

unretrofitted and retrofitted building. In the second case, a number of steel ties were 

applied throughout the structure. This contribution only deals with the unretrofitted 

building and with the seismic load applied along the y-direction. In Gagliardo et al (2022), 

the analysis is extended to the retrofitted building. 

Different records were applied in the shaking table tests, varying the direction of the base 

record and increasing the PGA value. Indeed, the testing sequence was designed to reach 

the maximum value of the seismic demand in various steps, namely, 12.5%, 25% and 50% 

of the shaking table capacity. At the moment of the blind prediction, the tests were stopped 

at 50% of the PGA. The corresponding outcomes are used here for the comparison with the 

numerical results. In fact, cracks became visible in the building at this level of PGA, while 

in the test before (25% of the PGA) damage was only observed at the interface between 

Unit 1 and Unit 2.   

The crack patterns that are visible at 50% of the PGA display that most of the movements 

were concentrated at the upper floor of Unit 2, with an overall overturning mode forming 

around a rotational hinge located at this level. In this framework, it is possible to observe a 

good agreement of the failure mode predicted by the numerical tool with the experimental 

results. 

As for the comparison in terms of maximum acceleration and base shear, the test selected 

for comparison purposes was characterized by a PGA of 0.65 g and a base shear of 161.81 

kN. The previous test, in which damage was only observed at the units’ interface, was 

characterized by a PGA of 0.208 g and a base shear of 49.53 kN. The right value of PGA at 

which damage could occur for the first time in the building is not known from the tests, but 

certainly included between 0.208 and 0.593 g. The PGA values given by the numerical 

model in the y-direction fall within this range, being closer to its lower bound (Table 1). 

This is mainly due to the simplified assumptions adopted within the numerical campaign. 

First of fall, the fact that the friction contribution along the vertical interfaces is neglected, 

which is a conservative assumption as demonstrated by the comparison with the 

experimental outcomes.  

5. Conclusions 

This investigation describes the main outcomes obtained by the authors during their 

participation in the SERA project AIMS, which deals with the blind prediction of the 

performance of two adjacent interacting masonry units subjected to seismic input through 
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shaking table tests. A novel tool was used in the prediction, which allowed the limit 

analysis of the building to be carried out starting from an input 3D CAD model. The 

software was used to predict the collapse mechanisms for different loading directions and 

to calculate the value of the corresponding collapse load factor and base shear according to 

the damage and ultimate limit states described in the Italian standard (MIT, 2018). 

A preliminary comparison with the experimental results was performed in terms of 

collapse mechanism, PGA, and base shear. The results demonstrated the high potentialities 

of the proposed numerical method in the prediction of seismic behaviour of adjacent 

masonry structures. 

The comparison between experimental and numerical mock-up is extended in Gagliardo et 

al. (2022), where the results of pushover and time-history analysis are also presented. 
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Abstract: Experimental tests performed on scaled buildings provide important information 
to improve the knowledge under dynamic actions. Masonry buildings are strongly influenced 
by their physical and mechanical parameters. The actual structural behaviour is very hard to 
predict due to the strong variability and heterogeneity of the input parameters. In order to 
assess the seismic capacity of masonry structures and damage evolution, non-linear models 
often require a numerical calibration of non-linear parameters, nevertheless simplified Finite 
Element (FE) models, with some very simple assumptions, can be more suitable for complex 
questions like as the interaction between adjacent building aggregates. Furthermore, in the 
experimental planning, initial knowledge level favoured simple assumptions. Managing 
simple models allowed also performing some consecutive time histories including the effects 
of previous signals, as tested prototype was subjected to replicas. The main goal was to 
estimate the triggering of damage and the most stressed areas. FE model provides information 
on the global behaviour, while, according to the failure models typically found in masonry 
buildings, kinematic analyses have been performed to assess also the out of plane (local) 
behaviour. The result obtained by the FE model have been compared with the experimental 
results. The simplified approach discussed in this paper represents a useful support tool to 
design dynamic tests on full-scale or scaled masonry buildings. 

Keywords: Experimental tests, simplified modelling, masonry, dynamic behaviour 

1. Introduction 

The planning of experimental programs for masonry buildings subjected to dynamic actions 
is a very critical phase (Miglietta et al. 2019). Since it is not possible to perform initial 
calibrations, the development of simplified models (Shrestha et al. 2020 and Mialanei et al. 
2018) able to capture the main aspects is certainly a useful tool to set up experimental tests. 
In this case a model able to estimate the threshold at which evident damage is expected, the 
areas where the damage is concentrated, the type of damage and the expected maximum 
displacement values was developed. The data initially provided in terms of elastic and 
mechanical properties of the materials were adopted as input for the development of the FE 
model. The physical and mechanical properties have been assigned starting from tests 
performed on similar masonries (Senaldi et al. 2020). In an initial phase the level of 
knowledge is generally low and the FE model must be compatible with it (Lignola et al. 
2014). 
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2. Structural analysis 

2.1. FE model 

A simplified approach was performed to analyse the scaled masonry building under dynamic 
actions. With some further very simple assumptions mainly due to original time constraints 
and initial knowledge level (Ramaglia et al. 2016 and Romano et al. 2016); the analyses 
were performed by means of consecutive time histories including the effects of previous 
signals (Spyrakos et al. 2012). The masonry structure, aggregate of two masonry units, 
(figure 1) has been modelled by means of SAP2000 developed by “Computers and 
Structures”. 
 

 

Fig. 1 - Finite Element (FE) model. 

 
The scalded masonry is made of two main building units and the walls were modelled by means 
of non-linear shell elements. The adjacent walls (green line of figure 1) of building unit were 
made without an efficient connection (Brodsky et al. 2018, Sartaji et al. 2018). The behaviour of 
masonry at the interface is influenced by the internal stress state. In particular, when the two 
masonry units are coming closer the material is compressed and the two building units 
collaborate. Conversely, if the two units move away, the masonry interface cracks and the two 
units behave independently. Therefore, the interface between the units has been modelled with 
unidirectional springs characterized by zero stiffness in tension. The stiffness in compression of 
the springs has been calibrated according to the stiffness of the tributary masonry material 
(springs replaced a masonry strip). 
The interaction between the floors and walls has been modelled by means of diaphragm 
constraint (Marseglia et al. 2020). The distribution of vertical loads has been assumed according 
to the characteristics of floors (direction of wood beams). 
Perfect fixed restraints were considered at the base of structure and a perfect connection was 
considered to model wall to wall connection (Solarino et al. 2019). 

Building unit 1 

Building unit 2 
 

Rd2 Rd3 

Rd6 
Rd5 

Y 

X 
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The stress-strain constitutive relationship (Gatta et al. 2018) must be compatible with a 
simplified approach (Lignola et al. 2008). The masonry has been modelled as elastic perfectly 
plastic in compression. The maximum value of the compressive stress is always lower than the 
compressive strength for all time histories. For this reason, no further improvement of the 
compressive behaviour was done. The masonry behaviour in tension has been modelled limiting 
the maximum tensile strain of masonry at 3×εT, where εT represents the cracking (peak) strain 
of the masonry in tension. The tensile behaviour is the certainly critical, and it was assumed a 
reduced fracture energy based on preliminary information and this was confirmed after the 
dynamic tests (Giamundo et al. 2016). 
Figure 2 shows the nonlinear stress-strain constitutive relationship used for masonry modelled 
with quadrilateral shell finite elements. 
 

 

Point Strain [-] Stress 
[MPa] 

A -0.003755 -1.3 
B -0.0003755 -1.3 
0 0 0 
C 0.0000491 0.17 
D 0.0001473 0 

 

Fig. 2 - Constitutive model of masonry material. 

A viscous model has been fixed equal to 5% for all time history analyses as shown in many tests 
on similar masonry performed. 
The FE model was subjected to a sequence of dynamic signals at the base. The accelerograms 
refer to the desired signal. However, the experimental practice has shown that the desired signals 
are always affected by an alteration due to many disturbing factors. It has been seen that the 
experimental variations from the desired signal do not negligibly affect the numerical results. 
However, this statement is subordinate to the goals of this study which are aimed at a simplified 
analysis of the structure. 
 

2.2. Time history analysis 

A time history analysis was performed to assess the structural behaviour of the scaled masonry 
building. The time histories were assigned like as sequential analyses. In particular, in the output 
of sequential shaking analyses, the residual displacements of the previous shakings have been 
subtracted, for representation, but residual displacements were found at the end of previous 
shakings and affect the FE modelling. 
It is found that up to 50% (i.e. runs 1.1, 1.2 and 1.3) there was almost no residual displacement, 
so that runs 3.1, 3.2 and 3.3 were simulated as a continuous time history. In this way after severe 
damages during run 3, it is expected that simulations with 100% scale factor (i.e. runs 4) require 
more refined models including geometrical non linearities and large displacement formulations, 
out of the scope of this work, and no longer tested experimentally. 
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2.3. Numerical results and experimental comparison 

The results were shown up to run 4 where 100% of the desired signal has been applied. 
After a first step of signal (25% of desired signal) the interface model confirms that the 
cracking between the two units occurs. The masonry model has no tensile strength at the 
interface between the two units. Additional damages have not been shown by the numerical 
results for all signals with scale factor equal to 25%. In fact, there is no exceedance of the 
expected tensile strength of masonry in the shells. The portions where the damage is 
expected are shown in the following figures as black areas. 
The 50% shake table runs provide clear damages to several portions of the structure. The 
signal along the Y direction provides the cracking of joint masonry panels and of lintels 
(panels below the window). The signal along the X direction provides similar cracking as 
shown in figure 3. 
It is important to observe that, after this sequence, the structural behaviour of the specimen 
could change significantly. In fact, the cracking of masonry portions could promote rocking 
motions of the cracked portion. Therefore, the numerical results at 75% and 100% runs could 
be jeopardized by rocking effects and out of plane mechanisms hardly to predict without a 
numerical calibration and more refined approaches. 
The cracks highlighted at the base of the masonry pier panels and in the joint panels highlight 
possible rocking phenomena. In fact, it is probable that after 50% signal, a behaviour 
governed more by macroblocks than by a continuous behaviour of the masonry is triggered. 
 

 
a 

 
b 
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Fig. 3. a) Simulated damage (scale factor 50%): a, b) during the seismic action along X direction, c), d) 
during the seismic action along Y direction. 

 
Along the Y direction the rocking problems seem to affect only the top joint masonry panels 
of the second building unit (figure 4). This is justified by the higher axial load acting in the 
panels at the ground floor. 
Following figures 4 show the portions where the damage is expected (black areas) under the 
signal with 75% scale factor. Macroblocks mechanisms have been checked and are expected, 
as reported in the following section. The behaviour of the structure under a signal with 75% 
scale factor would seem to be governed by out-of-plane wall mechanisms. The following 
figures show a schematic of the overturning mechanisms of the main walls. What is reported 
can be extended to mirrored walls due to the symmetry. 
 

 
a 

 
b 

Fig. 4. Simulated damage (scale factor 75%): a) during the seismic action along X direction, b) during the 
seismic action along Y direction. 
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It has been experimentally observed that the accelerations during the 100% runs could induce 
a local mechanism. In particular, the dynamic action along the Y directions causes an out of 
plane mechanism. This condition has been confirmed also by the numerical prediction where 
a stress concentration is clear. A second probable mechanism could be due to the dynamic 
action along the X direction as confirmed by the numerical stress concentrations shown in 
the following figures. 
 

 

 

 
 

 
 

Fig. 5. Simulated damage (scale factor 100%) during the seismic action along X and Y directions for the 
scaled building. 
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The experimental-numerical comparison was performed in terms of expected damage and 
displacement field. The comparison was performed up to run 2.1 due to the clear damage 
occurred on the specimen.  
The experimental tests were previously stopped at run 3.1 (75% along the y direction). It is 
due to the clear damage achieved at the end of the test. Round 2.1 was the last considered 
for the unreinforced structure. The building was subsequently strengthened and retested 
again with the same sequence. The retrofitted case, involving in plane and out of plane 
improvements (Belliazzi et al. 2021), was not analysed according to the main goal of this 
work. 
The structure highlighted the separation between the two structural units starting from the 
lowest signal (25%) along the Y direction. It was confirmed by the numerical predictions. 
The signal with the same amplification factor given along the X direction did not generate 
additional damage. The same effects were shown during the simultaneous signal along the 
X and Y directions. The numerical predictions are satisfactory when compared to the 
experimental results. 
The 50% signal gave the first clear damage to the structure. For specific information about 
the experimentally detected damage, see the relevant reference. It is possible to 
experimentally highlight how the numerical predictions can be considered satisfactory also 
for the identification of the damage. In particular, the model satisfactorily identified the areas 
affected by the greatest damage. The damage was already visible starting from the signal 
along the Y direction. As numerically predicted, some damage then developed along the 
other direction where the damages essentially accentuated. 
The test was then previously stopped at run 2.1 (Y direction with a 50% scale factor) due to 
the strong damage detected. The comparison between numerical and experimental results 
with the signal at 100% amplification factor was not carried out due to the modification of 
the experimental program. 
The displacement field is on average underestimated by the model with respect to what was 
experimentally highlighted, as expected because the geometrical nonlinearities and large 
displacement effects were not simulated. However, it is satisfactory at low amplifying 
factors. Once the damage has been reached, numerical displacements were underestimated. 
This is mainly due to rocking effects not modelled within the FE modelling. The rocking 
effects start to become important after the run with 50% scale factor. The following figures 
show the comparison in terms of displacement detected during the time history. The ID of 
monitored joint was fixed according to configuration shown in figure 1. The comparison was 
performed for the more significant results (ID Rd2 and RD5 for signal along Y direction and 
Rd3 and Rd6 along X direction). 
 

 
a 

 
b 
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Fig. 6. Experimental and numerical displacements comparison: a), b) (scale factor 25%, run 1.1), c), d) (scale 
factor 25%, run 1.2), e), f) (scale factor 50%, run 2.1).  

 
It is interesting to observe how the differences are reasonable up to the first signal with 50% 
scale factor. Once that intensity is exceeded, the rocking effects become significant, and the 
model fails to predict them as it is based on a FE homogeneous continuum modelling of 
masonry in small displacements. A macroblock modelling would be able to better simulate 
the behaviour of the heavily damaged scaled building. 
 
 

3. Conclusions 

The goal of this work was to develop a simplified model compatible with preliminary 
analysis. Many experimental programs are planned on the basis of assumptions and choices 
which are subsequently amended. This is a very serious issue, especially for masonry 
structures subjected to dynamic actions. A model able of simulating the main information 
on structural behaviour is a useful tool, especially in the planning phase of experimental 
programs. The numerical model was in fact developed on the basis of initially available 
mechanical properties. Therefore, the model was developed to test the reliability of a 
simplified approach (pre diction) and not to accurately model the behaviour of the tested 
scaled building (post diction). A reliable model is necessarily calibrated on the basis of 
deeper data from experimental tests. However, such refined calibration would make the 
simulations highly sensitive to the peculiarities of the case study, while this simplified 
modelling and approach would provide a more general outcome. 
The numerical-experimental comparison highlighted the limits of the developed FE 
modelling in terms of displacements. The FE model provides satisfactory displacements 
until a clear damage occurs. Once a clear damage is achieved, displacements are 
underestimated. However, this is due to rocking effects and geometrical nonlinearities that 
occurred experimentally. The FE model is unable to accurately predict internal redistribution 
once evident damage has been achieved. It is obviously necessary to develop more refined 
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models. They can be developed after specific numerical calibrations or other kinematic 
approaches should be used, as done in this study in terms of damage activations. 
From the point of view of damage, the adopted modelling was satisfactory. Most of the 
damage was satisfactorily identified in accordance with the location, load threshold and 
typology experimentally found. 
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Abstract: The seismic performance and safety of major European industrial facilities has a global interest for 

Europe, its citizens and economy. A potential major disaster at an industrial site could affect several 

countries, probably far beyond the country where it is located. However, the seismic design and safety 

assessment of these facilities is practically based on national, often outdated seismic hazard assessment 

studies, due to many reasons, including the absence of a reliable, commonly developed seismic hazard model 

for whole Europe. This important gap is no more existing, as the 2020 European Seismic Hazard Model 

ESHM20 was released in December 2021. In this paper we investigate  the expected impact of the adoption 

of ESHM20 on the seismic demand for industrial facilities, through the comparison of the ESHM20 

probabilistic hazard at the sites where industrial facilities are located with the respective national and 

European regulations. The goal of this preliminary work in the framework of Working Group 13 of the 

European Association for Earthquake Engineering (EAEE), is to identify potential inadequacies in the design 

and safety control of existing industrial facilities and to highlight the expected impact of the adoption of the 

new European Seismic Hazard Model on the design of new industrial facilities and the safety assessment of 

existing ones. 

Keywords: ESHM20, industrial facilities; seismic hazard; seismic design; safety control 

1. Introduction 

The seismic performance and safety of major European industrial facilities has a global 

interest for Europe, its citizens and economy. A potential major disaster at an industrial site 

could affect several countries, probably far beyond the country where it is located. 

However, the seismic design and safety assessment of these facilities is practically based 

on national, often outdated seismic hazard assessment studies, due to many reasons, 

including the absence of a reliable, commonly developed and accepted seismic hazard 

model for whole Europe. This important gap is no more existing, as the 2020 European 

Seismic Hazard Model ESHM20 (Danciu et al., 2021) was released in December 2021. It 

is also important that the main results of this new updated European Model have been 

officially adopted as reference for the seismic hazard assessment in the upcoming revision 

of Eurocode 8. The adoption of ESHM20 by Eurocode 8 is expected to have a significant 

impact on the seismic demand for industrial facilities, and it was therefore considered as 

crucial by the Working Group 13 of the European Association for Earthquake Engineering 

(EAEE) to investigate this impact at the European sites where major industrial facilities are 

located. In the framework of this ongoing work, we present in this paper the conceptual 

basis of the comparison between ESHM20 output and national / European codes and 

regulations, as well as preliminary results for the sites where the major industrial facilities 

in Greece are located, focusing on the comparison between the ESHM20 probabilistic 
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hazard with the respective European regulations. The goal of this preliminary work is to 

identify potential inadequacies in the design and safety control of existing industrial 

facilities and to highlight the expected impact of the adoption of the new European Seismic 

Hazard Model on the design of new industrial facilities and the safety assessment of 

existing ones. 

2. Conceptual basis  

Typical production units in industrial facilities consist of the primary load-carrying 

structure and various process engineering components. In addition, supply structures such 

as free-standing tanks and silos are usually required for each plant to ensure the supply of 

material and product storage. Thus, design and construction rules are required for the 

primary structures, the secondary structures and the supply structures. Within the 

framework of these rules, interactions of primary and secondary structures must also be 

taken into account. So far, in most of the national codes in European countries importance 

factors are applied in seismic design to sufficiently take into account the higher risk 

potential of the plant compared to conventional building structures. However, the 

importance factors given in the current version of Eurocode 8-1 (CEN, 2004) cannot be 

applied to industrial facilities because they refer solely to standard buildings with their 

corresponding damage potential. Furthermore, the importance factors given in Eurocode 8-

4 (CEN, 2004) are limited to silos, tanks and pipelines. Suitable importance factors for 

industrial facilities should consider the impact on people, health and safety, the impact on 

the environment and the impact due to failure of lifeline functionalities within the plants. 

Such a holistic approach can presently neither be found in national nor in international 

standards. A reasonable approach is given in the VCI Guidelines “The seismic load case in 

plant construction” (VCI-Leitfaden, 2022a;b) which complements the rules of Eurocode 8 

for industrial facilities. Similar guidelines were developed in France “Guide 

méthodologique pour la conception, l’installation et le diagnostic des équipements en zone 

sismique” (AFPS, 2011). The values of the importance factors given in these documents 

were agreed upon on the basis of interdisciplinary expertise and have been checked against 

international standards. 

However, the use of importance factors is only a simple linear scaling of response spectra 

defined in standards. Such a linear scaling can only constitute a rough approximation, since 

for different return periods both spectral shapes and the boundaries of seismic zones are 

subject to change. It is certainly more meaningful to choose a higher return period instead 

of importance factors and to determine the corresponding spectrum with updated 

probabilistic seismic hazard maps, which will be available in Europe thanks to the new 

European Seismic Hazard Model ESHM20 (Danciu et al., 2021). The new maps for 

different return periods avoid the errors related to simple scaling of the code spectra and 

provide a reliable basis for performance-based design, that allows an individually tailored 

design of facilities to minimize damage and costs due to loss of functionality for different 

exceedance probabilities. Furthermore, their introduction will correct the problem with 

non-seismic zones in seismic codes, which imply that there will be no seismic action, no 

matter how high the adopted importance factor may be, while it is clear that for higher 

return periods parts of non-seismic zones may indeed acquire some degree of seismic 

hazard. New hazard maps based on ESHM20 will also provide an excellent basis for the 

assessment of existing facilities, which were often build using outdated hazard maps or 

without any consideration of seismic actions. The safety verification of existing facilities 

requires the correct definition of the seismic input using ESHM20 to allow a fully 
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utilization of the load-bearing reserves by means of nonlinear analysis (Meskouris et al., 

2019).  

However, ESHM20 can also be integrated in modern systems for the protection and safety 

control of industrial facilities. These new and innovative systems consist of four basic 

components: (i) the seismic sensor network, (ii) the local monitoring systems within the 

facility, (iii) the communication infrastructure and (iv) the integration of the sensor data in 

digital models of the monitored facility. ESHM20 can support the optimal arrangement of 

the regional seismic network in the regarded area with stochastic simulations of scenario 

earthquakes. Fundamental element of the novel systems is the automated interaction of 

smart sensors or sensor systems, which are capable not only to record motions or strains, 

but also to process the recordings decentral and to forward the results of the assessment. 

Guidelines for the seismic risk assessment of major-hazard industrial plants and its 

mitigation through smart sensors were developed in Italy (Ciucci et al., 2019). In Germany 

the novel early warning and rapid response system for earthquake events in the Lower 

Rhine region “ROBUST” is under development with German Federal Ministry for 

Economic Affairs and Energy (BMWI) and applied to a chemical production unit close to 

Cologne (Butenweg, 2021). Further possible applications were developed in the project 

SYNER-G (Pitilakis et al, 2016) and in Greece for school buildings (Pitilakis et al., 2022). 

ESHM20 will also allow the planning and installation of systems regardless of national 

borders and contribute to the harmonisation process of seismic risk assessment of facilities 

in Europe.  

3. Seismic demand for industrial facilities in the Eurocodes 

In the current version of Eurocode 8 (CEN 2004), the European Standard for the seismic 

design of structures, the design of industrial facilities is partially covered by Part 4, limited 

to silos, tanks and pipelines, providing recommended values for importance factors, γi, for 

four importance classes I-IV and suggesting that the National Annexes should provide 

more precise values which may differentiate for the various seismic zones of the country. 

The recommended values range from 0.8 for importance class I (associated with low risk 

for loss of life and negligible risk for the social and economic consequences of failures) up 

to 1.6 for class IV (for situations with exceptional risk of life and extreme economic and 

social consequences of failure). The general part for the definition of seismic actions 

(Eurocode 8 Part 1) further suggests that the importance factors may be defined for a return 

period considered as more appropriate for the design of a specific structure TL, when the 

seismic hazard is available for a different reference return period TLR (usually 475 years), 

as (TLR/TL)-1/k, where k is an exponent depending on seismicity of the order of 3. 

In the ongoing revision of Eurocode 8, importance factors will be replaced by performance 

factors γLS,CC, based on the adopted Limit State (LS) and Consequence Class (CC), with 

values up to 1.8 for the Significant Damage (SD) limit state which is recommended for 

structures covered by Part 4 (Silos, tanks and pipelines, towers, masts and chimneys) 

(CEN, 2021a). Alternatively, the performance requirements may be achieved by 

appropriate return periods LS,CC, depending on the limit states and consequence class of 

the structure and its secondary elements.  

4. Brief description of ESHM20 and its output 

In the last two decades, a lot of efforts have been made to improve the seismic hazard maps 

worldwide, adopting the results of probabilistic seismic hazard analyses and to harmonize 

seismic hazard maps over broader regions, e.g., at continental or even global level (GEM, 
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Silva et al., 2020). Regarding similar efforts at European level, in December 2021 the 

European Seismic Hazard Model ESHM20 (Danciu et al., 2021) was released, developed 

within the EU funded project “Seismology and Earthquake Engineering Research 

Infrastructure Alliance for Europe" (SERA). This model, which is fully probabilistic, is 

essentially an update of the previous ESHM13 (Woessner et al., 2013), proposed in the 

framework of SHARE project (Giardini et al., 2013), and was built upon recently compiled 

and fully cross-border harmonized datasets (i.e., earthquake catalogues, active faults, 

ground shaking recordings), information (tectonic and geological) and models 

(seismogenic sources, ground shaking). The source data, input models and output of 

ESHM20 are online available at the portal of the European Facilities for Earthquake 

Hazard and Risk (www.hazard.EFEHR.org), which will maintain and further develop the 

model in collaboration with the GEM Foundation and the European Plate Observing 

System (EPOS). Apart from the strictly scientific objectives of ESHM20, including the 

development of the actual updated and harmonized model and the support of the 

development of the European Seismic Risk Model (ESRM20, Crowley et al., 2021), one of 

the main objectives was to interact with CEN/TC250/SC8, i.e., the subcommittee of 

national experts that is responsible for the development of Eurocode 8 within the European 

Committee for Standardization (CEN), as well as with key experts at national level, to 

ensure the correct information and timely implementation of the ESHM20, and extend the 

output to serve additional engineering requirements as part of the ongoing update and 

revision of Eurocode 8. 

The results of ESHM20 are given for a computational grid with 97920 points, equally 

spaced at 0.1 to 0.1 degrees, and include hazard maps for specified intensity measure types 

(PGA, spectra acceleration with 5% damping at predominant periods in the range of 0.05s 

to 5s) and five mean return periods (i.e. 50, 475, 975, 2500 and 5000 years), hazard curves 

at every computational site, depicting the mean, median (50th) and four quantiles (5th, 16th, 

84th and 95th) for all intensity measure types and Uniform Hazard Spectra for the mean, 

median and four quantiles and the five return periods. In addition to the above, and as a 

result of the interaction of ESHM20 with CEN/TC250/SC8, two additional hazard maps 

were developed for the two seismic hazard parameters adopted by the new under revision 

Eurocode 8 - Part1 (CEN, 2021b), Sα,475 and Sβ,475 for rock conditions, which will be 

included in an Annex of the revised Eurocode 8, as an “acceptable representation of the 

seismic hazard in Europe for the return period of 475 years”. 

5. Application to industrial sites in Greece 

The adoption of the new seismic hazard model ESHM20 for the seismic demand of 

industrial facilities is expected to have a significant impact on the design of new industrial 

facilities and the safety assessment of existing ones. It was therefore considered crucial by 

the Working Group 13 of the European Association for Earthquake Engineering (EAEE) to 

investigate this impact at the European sites where major industrial facilities are located 

(Fig. 1 presents a map of these locations). The main criteria of selection were the type of 

the facility and the size and the amount of material handling. Important industrial facilities 

located in earthquake-prone areas were also included in this study. A part of this work is 

presented in this paper, focusing on selected sites located in Greece (Fig. 2) and the 

comparisons between the ESHM20 probabilistic hazard with the one obtained from the 

current and revised EC8, as well as the Greek seismic code EAK 2000, taking also into 

account the effect of the importance factors and the site conditions.  
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Fig. 1 – Locations of the sites in Europe with important industrial facilities 

 

   
Fig. 2 – Locations of major industrial sites in Greece 

Some representative examples of the above-mentioned comparisons are given in Figures 3-

6 for Aspropyrgos refinery, the largest refinery station in Greece (ID=1 in Figure 2). More 

specifically, in Figures 3 and 4 we compare the horizontal elastic response spectra for a 

mean return period of 475 years, i.e. assuming that they are ordinary structures and thus 

without adopting any importance factors, based on the Greek seismic code EAK 2000, the 

current Eurocode 8 (CEN, 2004) and the proposed review of Eurocode 8 (CEN, 2021b) for 

rock site conditions (Figure 3) and taking into account the local site conditions at the site of 

Aspropyrgos refinery (soil class B based on EAK, soil class B based on current EC8 and 

soil class B or C based on the revised EC8) (Figure 4). We should highlight the important 

discrepancies in terms of definition of site classes and amplification factors between the 

two version of Eurocode 8, the detailed description of which is beyond the scope of this 

paper. In summary, in the new version of Eurocode 8, the depth to seismic bedrock is 

considered as an additional parameter for the definition of the site classes, while the 

amplification factors, provided both in the form of analytical or default values, depending 

on the level of knowledge of Vs30 and depth to seismic bedrock H800, are intensity 

dependent in an effort to take into account nonlinear site response. Soil class B based on 

the current EC8 refers to stiff soils (dense sand, gravel or very stiff clay) with at least 

several tens of meters in thickness, while soil classes B and C based on the revised EC8 

refer to intermediate depth class of stiff soils and soils of medium stiffness respectively. 

We observe that the constant acceleration branch (plateau) in both the current EC8 and 

EAK spectra for rock site conditions extends up to much higher spectral periods compared 
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to the revised EC8, which follows closely the ESHM20 UHS, based on which it has been 

derived (Figure 3). Regarding the effect of local site conditions, the plateau for EAK 

corresponds to lower acceleration, as no soil amplification factor is included in EAK, while 

the significant discrepancies between the spectra obtained with the analytical or the default 

amplification factors in the revised EC8 are also evident (Figure 4). 

 

 
Fig. 3 – Horizontal elastic response spectra for a return period of 475 years calculated for the Aspropyrgos 

Refinery site for rock site conditions, based on ΕΑΚ, the current Eurocode 8 and the review of Eurocode 8 

and ESHM20 UHS. 

 

 
 

Fig. 4 – Horizontal elastic response spectra for a return period of 475 years calculated for the Aspropyrgos 

Refinery site considering local site conditions, based on EAK (soil class B), the current Eurocode 8 (soil 

class B) and the review of Eurocode 8 (soil class B or C). 

In Figure 5 we compare the horizontal elastic response spectra for rock site conditions 

based on the Greek seismic coded (EAK), the current Eurocode 8 and the proposed revised 

Eurocode 8 considering importance or performance factors that roughly correspond to a 

mean return period of 2500 years, which is commonly used in the seismic design of such 

critical facilities. For EAK we adopted an importance factor of 1.3, the highest one 

prescribed by the Greek code, for the current version of EC8 we considered (a) an 

3266
3ECEES, September 2022, Bucharest, Romania



importance factor γi equal to 1.6 (importance class IV) and, alternatively (b) an importance 

factor γi equal to 1.74 to convert the design acceleration with a return period of 475 years 

to a return period of 2500 years. For the revised version of Eurocode 8 we used a 

performance factor γLS,CC=1.8 (Consequence Class CC3-b and Significant Damage (SD) 

limit state), which corresponds to a return period of 2500 years (CEN, 2021a) as 

multiplication factor to the reference spectral parameters Sα,ref and Sβ,ref, which were 

derived from ESHM20 using the closest to the site grid point. The ESHM20 Uniform 

Hazard Spectrum (UHS) for a return period of 2500 years is also included in the figure. 

We observe that the spectral acceleration at the plateau of the spectrum based on the 

revised EC8 is almost identical to the one of the current EC8 with γi equal to 1.74, however 

its width is much narrower, following closely the shape of the ESHM20 UHS on which 

Sα,ref and Sβ,ref have been based. Similar comparisons are presented in Figure 6, taking also 

into account the local site conditions at the site of Aspropyrgos refinery. 

 

Fig. 5 – Horizontal elastic response spectra for a return period of 2500 years calculated for the Aspropyrgos 

Refinery site for rock site conditions, based on EAK, the current Eurocode 8 with an importance factor γi 

equal to 1.6 (green continuous line) or 1.7 (green dashed line), the review of Eurocode 8 with a 

performance factor equal to 1.8 (blue line) and ESHM20 UHS. 

 

The adoption of the ESHM20 and the revised EC8 leads to up to 15% higher plateau 

values on the horizontal elastic response spectrum compared to the ones using the current 

EC8 and the proposed importance factor γI equal to 1.6 (importance class IV) (solid green 

line), the descending branch of which is almost identical to the one of the revised EC8 

considering the soil class C and the proposed default values for the amplification factors. 

There is a remarkable difference between the spectral accelerations considering the revised 

EC8 and the analytical amplification factors, which may be adopted when the vs,H (in most 

cases equal to Vs,30) and the depth to bedrock H800 are available, both for soil class B and C 

(dashed and solid blue lines), and the respective accelerations using the default values 

(dashed and solid orange lines). The commonly used importance factor γI equal to 1.6 in 

the current EC8 leads to lower spectral acceleration at the plateau of the spectrum 

compared to the revised EC8. On the other hand, the adoption of the importance factor γi 

equal to 1.74 used to convert the design acceleration with a return period of 475 years to a 
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return period of 2500 years leads to a more conservative design spectrum. The Greek 

seismic code EAK underpredicts the elastic spectra in all cases. 

 

Fig. 6 – Horizontal elastic response spectra for a return period of 2500 years calculated for the Aspropyrgos 

Refinery site considering local site conditions, based on the EAK (soil class B), the current Eurocode 8 

(soil class B) with an importance factor γi equal to 1.6 (green continuous line) or 1.7 (green dashed line) 

and the review of Eurocode 8 (soil class B or C) with a performance factor equal to 1.8 using the default 

amplification factors (orange lines) or the analytical amplification factors (blue lines). 

 

Fig. 7 – Ratios of maximum spectral accelerations for rock site conditions based on the revised EC8 using 

Sa and Sβ from ESHM20 and a performance factor equal to 1.8, to the respective values obtained from the 

current EC8 using an importance factor equal to 1.6 (grey dots) or 1.74 (red triangles) for the major 

industrial sites in Greece shown in Figure 2. 

The results obtained for all the 16 industrial sites in Greece (see Figure 2) are summarized 

in Figures 7 and 8, where we compare the ratios of the maximum spectral accelerations  for 

2500 years return period obtained from the revised and the current EC8 for rock site 

conditions (Figure 7) and considering site effects with the default site amplification factors 

where site condition are only approximately estimated (Figure 8). The ratios are in general 

greater than one, reaching values up to 2.2 depending on the adopted importance factor; 

moreover they are usually amplified when local site conditions are considered due to the 

additional effect of the differences in site amplification between the current and the revised 
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EC8. This practically means that the adoption of the revised EC8 along with ESHM20 

leads to significantly higher spectral accelerations at the plateau of the spectrum compared 

to the current EC8 either considering the 1.6 or the 1.74 importance factors. The maximum 

accelerations of over half of the examined industrial sites in Greece increases over 50% 

using the revised EC8, which indicates that the potential adoption of ESHM20 in 

combination with the revised EC8 is expected to have a significant impact on the design of 

new industrial facilities and the risk assessment and safety control of existing ones. 

 

Fig. 8 – Ratios of maximum spectral accelerations taking into account local site conditions based on the 

revised EC8 using Sa and Sβ from ESHM20 and a performance factor equal to 1.8, to the respective values 

obtained from the current EC8 using an importance factor equal to 1.6 (grey dots) or 1.74 (red triangles) for 

the major industrial sites in Greece shown in Figure 2. For sites 1, 6 and 7 two different cases were 

considered for the site class based on the revised EC8 (soil classes B and C). 

6. Conclusions 

In this work we presented preliminary results on the potential impact of the adoption of 

ESHM20 and the ongoing revision of Eurocode 8 on the seismic demand for industrial 

facilities in Greece, focusing on comparisons between the elastic response spectra of the 

current EC8 and the revised EC8, taking into account also the differences in the 

importance factors and the consideration of site-effects. The maximum acceleration of over 

half of the examined industrial sites in Greece increases over 50% using the revised EC8 in 

combination with ESHM20, which indicates that the new seismic hazard model for Europe 

(ESHM20) combined with the revised EC8 is expected to have a significant impact on the 

design of new industrial facilities and the risk assessment and safety control of existing 

ones when compared to existing code prescriptions (at least for Greece). The goal of this 

preliminary work, which is ongoing within Working Group 13 of the European 

Association for Earthquake Engineering (EAEE), is to ultimately identify potential 

inadequacies in the design of new industrial facilities and the safety control of existing 

industrial facilities. 
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Abstract: Transmission line system (TLS) collapse during a natural disaster may severely 
impact the power grid, affecting subsequent construction or reconstruction of vital 
infrastructure, community living quality, disaster response, and the triggering of secondary 
disasters (due to interdependent infrastructure). The seismic risk of TLS collapse is a topic 
that has received little attention from the research community. This research describes a 
method for evaluating the seismic collapse risk of a TLS segment in Portugal.  The 
OpenSees framework was used to create a high-fidelity Finite Element Model (FEM) of a 
TT and the remaining system components (lines and adjacent towers) in order to predict the 
system's ultimate capacity. The seismic collapse fragility functions (FF) are generated by 
implementing Incremental Dynamic Analysis (IDA) approach. The record-to-record 
variability of earthquake input is investigated with a set of 40 ground motions records 
(GMR), using the conditional spectrum for a specific site in Portugal as the target spectrum. 
The study demonstrate that the TLS has a lower probability of collapsing over its design life 
(0.034% in 50 years), suggesting that the seismic risk of collapse is acceptable. 

Keywords: Fragility analysis, Three-dimensional modelling, Incremental Dynamic 
Analysis, Ground motion record selection 

1. Introduction  

Transmission lines system (TLS), or overhead power-lines, is a critical lifeline in modern 
societies. The large electrical grid enables developed countries to sustain high standards of 
living; however, the risk of local line faults resulting in large-area power outages exists and 
is growing [OSCE (2016)]. Transmission line collapse during a natural disaster (e.g. 
earthquakes or extreme winds) may induce cascade failure, which could affect 
tremendously the national economy (direct and indirect costs) and the society life and 
comfort quality [Ghannoum (1981). Excessive energy input into the TLS by seismic waves 
may result in a violation of critical limit states (e.g. collapse), resulting in local member 
failures or, in the worst-case scenario, the collapse of the transmission tower (TT) and 
potentially cascade failure of a line segment. However other earthquake induced hazards 
are often to blame (ground failure or soil liquefaction) [Karagiannis et al. (2017), Kempner 
et al. (2018)]. 

The seismic assessment of the TLS, as a complex and long dimension 
electrical/mechanical system, constitutes one of the most difficult tasks to the analyst. To 
examine the ultimate capacity, a high fidelity numerical model of the TLS (three towers 
and four spans) was developed in OpenSees [Mazzoni et al. (2006)]. The main TT has 
received considerable attention, as the numerical model can capture different member 
failures modes (yielding, buckling and post-buckling), gusset-plate flexural resistance, in 
addition to specific lattice tower characteristics joint effects as bolt slippage, joint 
eccentricities and  semi-rigid behaviour at leg-diagonal connection. The IDA is a well-
known approach for evaluating the overall collapse condition of a structure and is part of 
the methodology for generating the collapse fragility function (FF) [Vamvatsikos and 
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Cornell (2002)]. To achieve the prior goal, a set of forty multi-component (with two 
horizontal components) properly selected ground motion records (GMR), based on the 
conditional spectrum (CS) is employed. The mean annual frequency of collapse (more 
details in [Eads (2013)]) may be calculated by performing the convolution of the collapse 
FF and the derivative of the hazard curve (a product of a probabilistic seismic hazard 
analysis). This allows the analysist to compare with acceptable risk (i.e. empirical 
approach or code based reliability index)  in the TT industry [Kempner (2018)]. 

2. Transmission line description and modelling aspects   

Seismic risk analysis requires a realistic and practical modelling approach that can 
incorporate various aspects such as tower member/joint ultimate behaviour, tower-line 
structural coupling and account demand and capacity uncertainties at several stages in the 
evaluation of the TLS collapse process. This section includes a summary of the TLS case 
study as well as a concise discussion of the modelling approach that was employed. 

2.1. Transmission Line System description 

The main TT under investigation is a component of an Overhead High Voltage Line, 
specifically the Sub-transmission 60 kV Line from EDP, Distribuição (Electricidade  de 
Portugal). The overhead power line in question is located in the north of Portugal. The 
power line's general layout is illustrated in Fig. 1a), and it “begins” (i.e. main segment 
represented in figure) in tower 1 and finishes in tower 10, with two significant angle line 
deviations (i.e. at tower 4 and 6). The TLS case study spans (i.e. segment)  are also 
depicted in the same figure. As shown in Fig. 1.b), tower 4 (a type F165CD in the operator 
terminology) was chosen as the critical component for the site-specific risk analysis. 
Furthermore, because of the substantial horizontal line angle deviation, this TT can be 
classified as a strain tower type (also known as tension towers in some works) [Kiessling et 
al. (2003)]. In Portugal, EDP frequently employs the F165CD tower type for strain and 
dead-end towers as overhead power line supporting structures. 

 
Fig. 1 – a) 60 KV Overhead Power-line; b) Tower 4 –F165/CD Strain Tower 

The TLS case study consists of four spans of transmission lines (line segment between 
tower 2 to 6), which are 234.48 m, 215.61 m, 304.05 and 191.83 m, respectively. 
Additionally, it consists of three towers (38.8-m height) designated as Towers 3 
(F95CD/30), Tower 4 (165CD/30) and Tower 5 (F95CD/30) shown in Fig. 2. Despite the 
fact that tower 4 is less flexible than the adjacent towers, it has a substantial line angle 
deviation, a line condition that has received less attention. 
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Fig. 2 – 3D sketch of the TLS case study   

The model's X, Y, and Z axes correspond to the transverse, longitudinal, and vertical 
directions of the transmission tower-line system, respectively. The line spans are variable, 
as indicated in the figure. Several significant deviations occur along the power line's path 
in this segment. The maximum line angle deviation, corresponds to Δ = 59.19°. The 
overhead power line is supported on three cross-arms, each carrying two conductors (i.e. a 
double vertical three-phase electric circuit), while the top of the tower is reserved for the 
ground/shield wire (also known as earth wire). 

A recent article by the authors [Paiva and Barros (2020)] offers an in - depth description of 
the main TT 4 (cross-sections, geometry, joint details, material characteristics), which is 
excluded in this work for brevity. In summary, the lattice tower is made up of steel angles 
from the S275 class and 5.72 m base width. 

For the transmission lines, the conductor (type: ASCR 325 (Bear)) is supported by the top, 
middle and bottom cross arms, while the ground wire (type: OPGW-AA/ACS/ST 157/60) 
hang from the top of the lattice tower. Strain insulators (U100 BLP) in toughened glass 
L=1.2 m attach the conductor to the TT. Further information about the conductor lines and 
ground wires is presented in Table 1. 

Table 1.  Mechanical properties of conductor, ground wire and insulator 

Description Conductor  Ground wire Insulator 

Designation ASCR 325 OPGW-AA/ACS/ST 
157/60 

U100 BLP 

Outside Diameter (mm) 23,45 19,60 - 

Modulus of Elasticity (GPa) 79,5 84,5 76,5 

Cross-sectional area (mm2) 325 219,66 - 

Mass per unit length (kg/km) 1260 868 30 (total mass) 

Nominal breaking  load (kN) 109,38 112,6 100 

2.2. A high fidelity Transmission tower numerical model 

It is widely acknowledged that include the full TLS (for example, from tower 1 to tower 
10) in the computer model is impracticable and computationally costly. Furthermore, 
because the coupling action between a tower and a line is confined to a certain extension 
(usually two-three spans is ideal) from a specific TT, only a sub-system consisting of four 
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transmission line spans and three supporting TT was considered in this study. This TLS 
dimension is expected to provide sufficient accuracy at an acceptable computation cost. 

Typical modelling strategies (e.g., linear analysis of 3D truss models) have major 
limitations in replicating TT's complex nonlinear behaviour [Tapia-Hernández et al. 
(2017)]. Damage assessment close to the system ultimate capacity frequently involves the 
application of algorithms to track the deterioration process throughout the TT brace 
components (i.e. yielding, buckling, and post-buckling) as well as other nonlinear effects at 
the joint. Regardless of the fact that the TT should have sufficient strength, stiffness, and 
ductility to endure large earthquakes events, earlier research has shown a brittle collapse 
mechanism [Tian et al. (2018)]. When analysing such a complex system, a number of 
assumptions are made, each of which may have a different influence on seismic capacity 
assessment and subsequent risk analysis. Examples include component input of the seismic 
action, numerical models capabilities and neglecting aspect as: ground motion spatial 
variability effects, material spatial variability in the TT (member and bolts), fabrication 
errors and improper detailing [(Prasad Rao et al. (2012)]. 

2.2.1. Fiber-FEM approach 

In OpenSees, a Fiber-FEM modeling approach was used to mimic the behaviour of steel 
TT 4 to the collapse state [Uriz and Mahin (2008);Karamanci and Lignos (2014); Aguero 
et al. (2006)].  Member buckling, gusset plate yielding, and joint effects (e.g. slippage, 
eccentricities and semi-rigid behaviour) may all be simulated with developed numerical 
model. [Paiva and Barros (2020)] provide adequate information about the development of 
the TT 4 numerical model in OpenSees. 

2.3. Other TLS components 

Despite the focus on the high-fidelity TT 4, the remaining transmission line components 
were modelled to evaluate their impact on the overall risk. This featured two adjacent 
towers (as simplified elastic models) to the main TT 4, conductors and wire shields, 
resulting in a system with three towers and four spans. To represent the curved geometry of 
cables (considered parabolic for small curvatures), a sequence of straight elastic beam-
column elements with a sag equal to 5% of the span is utilized (assumed at serviceability 
conditions) [Battista et al. (2003)]. Each transmission line was modelled with 30 elastic 
beam-column. An overview of OpenSees TLS numerical model is given in Fig. 3. 

 
Fig. 3 –Overview of OpenSees TLS numerical model 

The remote ends spans of the TLS, were controlled at the relevant heights with zero-length 
elements in the longitudinal direction and restrained from translational motion in the other 
directions. These elements were utilized to simulate the tensile restraints imposed by the 
remaining TT placed beyond the virtual system's two ends. The zero-length element 
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longitudinal stiffness was first computed using equation (35) in Desai et al. (1995), and 
then calibrated to meet the experimental data (identification of first vibration modes in the 
horizontal directions) [Paiva et al. 2018]. The final remote longitudinal spring stiffness of 
span 5 (extreme left span) and span 2 (extreme right span), were determined as 50.4 kN/m 
and 39.78 kN/m, respectively. 

2.4. Other considerations 

The mass of the TTs has been approximated as lumped at the main joints (leg-braces). This 
only occurred on sections 1-4, with the remaining tower having a more realistic 
distribution. The mass densities of the transmission line materials and the line cross-section 
were utilized to define the line mass (e.g. kg/km), which was then assigned to nodes. In 
addition, the mass of the strain insulator were added as lumped mass to cross-arm tips. 

The damping model in the Rayleigh form, proportional to the mass and to the initial 
stiffness matrix (C=αM+βK0) is adopted [Hardyniec and Charney (2015)]. The parameters 
α and β are grounded on the fundamental frequency f1 and a second frequency equal to 
5*f1. The f1 frequency corresponds to the fundamental frequency of each subsystem (i.e. 
towers or transmission lines). Damping ratios of 5% and 1% were applied in the supporting 
towers and transmission lines, respectively. The dynamic properties of the transmission 
tower-line system of the OpenSees model are evaluated in terms of natural frequencies and 
compared to experimental data [Paiva et al. 2018]. The first flexural vibration mode in the 
transversal direction was 2.47 Hz, while in the longitudinal direction the value was 2.23 
Hz. As can be noted, the frequencies of the TLS were observed to be lower than those of 
the isolated TT (3.3Hz). 

3. Site Hazard and Selection of Ground Motion Records under SelEQ application 

An optimal IM is crucial in the seismic risk evaluation process[Ghosh et al. (2017)]. TT 
seismic fragility studies have recognized the significance of using the spectral acceleration 
Sa(T1,5%) at the fundamental period of the structure as having significant properties of a 
optimal IM [Pan et al (2020)]. Typically, the Sa reveals adequate properties for first 
dominated structures, which exhibit a brittle or poor ductility behaviour [Vamvatsikos 
(2015)]. With this in account, Sagm, as defined by earth scientists (geometric mean of 
spectral acceleration of two orthogonal horizontal components), is used as the IM in the 
current study [Baker and Cornell (2006)]. 

3.1. Site hazard characterization 

PSHA was carried out at the site of interest with the use of the open source program 
OpenQuake [Pagani et al. (2014)]. This was made possible with SelEQ software [Macedo and 
Castro (2017)], and the seismic hazard models delivered in the SHARE project. In addition to 
the model supplied by the SHARE project, other hazards sources for the Portuguese territory 
were incorporated into PSHA [Vilanova and Fonseca (2007)].  

At the TLS location (i.e. TT4), the site-specific median hazard curve is shown in terms of the  
IM= Sagm( ,5%) in Fig. 4. The ground type C was assumed at the site location. All 
computations assume a 5% damping and are thus omitted. The IM=Sagm= 

 is denoted as Sa(Teq,5%) in this work, where  is the spectral 
acceleration of x horizontal component and  is the spectral acceleration of y horizontal 
component. The IM adopted is computed at the equivalent period . This equivalent period 

3275
3ECEES, September 2022, Bucharest, Romania



is defined as the geometric mean of the two periods of vibration,  and , where  is 
fundamental period in the x direction (transversal direction in this work), and  fundamental 
period in the y direction (longitudinal direction), resulting in  as the option 

selected in this work  [Baker and Cornell (2006)]. For TLS this value is equal to =0.42 s. 

3.2. Selection of Ground motion records  

Several researchers have identified the relevance of spectral shape as an essential factor in 
improving the quality of ground motion sets [Baker and Cornell (2005); (Eads 2013)]. The 
Conditional Spectrum (CS), which incorporates the spectral shape factor and is one of the most 
important methods for selecting GMR produced in the recent decades. 

 
Fig. 4 - Seismic Hazard curve (median) for Teq= 0.42 s for a ground type C 

The CS-based record selection procedure includes using the SelEQ framework to compute the 
target CS for the case study site of interest [Macedo and Castro (2017)]. A hazard level 
associated with a 475-year mean return period was adopted. The record selection procedure 
consisted of minimizing mean and variance mismatches between the selected record set and 
the CS target mean and standard deviation [Macedo and Castro (2017)]. Figure 5 illustrates the 
derived set of forty GMR with its inherent variability. The mean and variance response 
spectrum of the set of records closely follows the target spectrum. Each GMR (two horizontal 
components) is applied to the numerical model in both the transversal and longitudinal 
directions. 

  
a) b) 

Fig. 5 - Application of SelEQ to a CS-based record selection case, TLS (Teq=0.42s), 10% in 50y a) mean; b) 
variance 
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4.TT Seismic Collapse Risk 

IDA will serve as the foundation of the applied seismic collapse risk framework in this study. 
Using the IDA approach, the GMR are scaled up (IM=Sa(Teq,5%)) until collapse is achieved. 
Structural collapse is defined as a non-numerical convergence. 

4.1. Seismic Collapse Fragility analysis of a transmission line system 

Figure 6 shows the IDA curves for the maximum Inter Section Drift Ratio (ISDR) ( [Tian et al. 
(2018)] provides further information). The IDA curve's initial behaviour is somewhat 
unexpected; however, the explanation is connected to the influence of gravity action on the 
transmission lines (i.e. unbalance tension imposed to the TT). Following that, the curve 
exhibits a linear trend in nearly every GMR until it reaches the ultimate state. This suggests 
that the TT4 has developed a brittle failure mode. The Sa capacities range within the 0.56g to 
1.94g. It is possible to observe ISDR capacities associated with the collapse state in the 0.25-
0.95% range. The collapse FF of the TLS is plotted in Fig. 7. The generated function 
(lognormal distribution [Baker (2015)]) has a median capacity of =1.08g and a dispersion of 

=0.226 . 

The TLS collapse probability under a very rare earthquake scenario (Sa(Teq)=0.64g, mean 
return period of 2475 years) is close to 1%. This satisfies the 10 % collapse probability limit 
proposed in FEMA – P695 (2009) under the Maximum Credible Earthquake (MCE). When an 
extremely rare earthquake scenario (exceedance probability of 1%/ in 50y) is investigated, the 
probability of collapse approaches 24 %. The last scenario, because of its magnitude, depicts a 
situation that may necessitate some concern for critical structures. The collapse margin ratio 
(CMR) is another metric used to assess structural collapse resistance capacity [FEMA (2009)]. 
For the TLS, the CMR of about 1.69 suggests a low to moderate vulnerability to collapse. 
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Fig. 6 - IDA curves of TLS in terms of Sa(Teq) and the maximum ISDR  a)  all IDA curves  b) IDA curves 
summarized in fractiles 

4.2. Seismic Risk Analysis 

In this study, the  mean annual frequency of collapse ( ) is the metric computed for analysing 
the TT's risk of collapse. The IM-based approach entails combining the structure-specific 
seismic FF with the ground motion hazard curve [Baker (2015); Eads (2013)]. Table 1 shows 
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the mean annual frequency of collapse as well as other risk metrics (i.e. probability of collapse 
in 50 years and reliability index in 1 or 50 years). 

 
Fig. 7 - Collapse fragility function of the TLS under multi-component ground motion records 

Table 1. Summary of the risk analysis of the TLS in equivalent metrics 
Model  (1/year) c,50y(%) 1y 50y 
R2R 6.91*10-6 0.034% 4.34 3.39 

 
Due to the variability in the response from record to record (R2R) ground motion, further 
attempts have been made to define the  estimator uncertainty [Iervolino (2017)]. Because 
a point estimate of the annual frequency, denoted as the mean, has already been generated, 
the goal now is to assess the risk estimator's expected value E( ) and variance value 
Var( ). The bootstrap method (random sampling with replacement) is utilized to further 
characterize this important statistic [Baraschino et al. (2020)]. A few statistics obtained 
(expected value, variance and coefficient of variation) are provided in table 2 and are based 
on 1000 parametric simulation extractions under the premise that FF has a parametric 
representation (i.e. lognormal model). 
 

Table 2.  Quantification of TLS collapse seismic risk uncertainty due to R2Rs 

Model  (1/year)   

R2R-Parametric Bootstrap 6.95*10-6 3.86*10-14 9% 

 
When the annual frequency of collapse is computed at two standard deviations, a 5.71*10-6 

- 8.19*10-6 is obtained, or  a 0.028 % - 0.041 %, is produced in terms of the probability of 
collapse in 50 years. This translates to a roughly threefold increase in the likelihood of 
collapse compared to the isolated TT model, although values remain within the acceptable 
range recommended in the specific reliability literature [Kempner (2018)].  

5. Conclusions  

In the OpenSees framework a complex TLS model was built. In addition to taking into 
account critical system components (e.g. TTs and transmission lines), the emphasis was on 
a particular high-fidelity TT model. For an accurate collapse evaluation, many nonlinear 
phenomena are accounted for in the study. The IDA approach forms the backbone of the 
collapse seismic fragility study. In order to undertake a robust analysis of the system's 
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ultimate dynamic behaviour, forty GMR were chosen based on the CS target spectrum at 
the site of interest. This, together with PSHA and one of its outputs, the hazard curve, 
enabled the determination of the TLS annual frequency of collapse ( ). 

Aside from the collapse fragility function, the  was another notable contribution of this 
risk study. Its relevance may assist transmission line operators to manage the seismic risk 
revealed by their infrastructures more effectively. According to the conclusions of this 
study, the TLS has a minimal risk of collapse (a mean of 0.034% in 50 years). This was 
found to be three times larger than the seismic risk displayed by isolated TT. 
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Abstract: Structural nonlinearities have always been a critical issue among engineering 

practice design, yet a sort of unwanted nuisance that it is needed to deal with when facing real 

structures behaviour. In spite of this, recent research works demonstrated the beneficial effects 

of strong nonlinearities, due to which it is likely that “accounting for, understanding of, and 

designing with strong nonlinearity will become a cornerstone of future engineering practice”, 

as stated by Vakakis (2017). Following such perspective, this work explores the performance 

of a novel device exploiting the strong nonlinearity introduced by an impact mechanism for 

seismic vibration mitigation. By means of the impacting forces, the high amount of earthquake 

energy introduced in a structure via its first mode of vibration, can be transferred to higher 

modes, often associated with low participating masses and high damping coefficients. After 

examining in depth the operating principle of the device, its performance is quantified by 

means of time history analyses with real earthquake records. 

Keywords: strong nonlinearity, impact mechanism, energy transfer, seismic resilience, 

vibration mitigation, passive device 

1. Introduction 

Several different strategies within the passive structural control field have been developed 

and put into practice in the past, such as TMD, base isolation, viscous and hysteretic 

damping. One of the most recent developments in this field is the nonlinear effect introduced 

by the pounding phenomenon, which raised interest among the vibration mitigation research 

community. In this respect, the energy dissipation capabilities exhibited by an impacting 

mass have been numerically analysed and experimentally tested within many research 

articles, especially concerning SDOF systems, see Cheng et al. (2006), Wang et al. (2018) 

and Xue et al. (2016). Nevertheless, other numerical and experimental works, e.g. Vakakis 

(2017 & 2018) and Tirelli (2014), underlined another beneficial effect triggered in MDOF 

systems by strong nonlinearities such as pounding, which is the energy transfer. Given their 

substantial content in the higher part of the frequency domain, pounding forces are able to 

excite the higher modes of vibration, even when the main structure is hit by a low frequency 

dynamic input. Although different devices inducing this type of phenomenon, i.e. nonlinear 

energy sinks (NSE), have already been studied even under earthquake loading, see Luo et 

al. (2014), the effect of an impacting mass has only been explored by comparing the response 

of the mitigated and unmitigated systems, where the latter includes the same mass rigidly 

locked to the structure. In this work, a novel device for seismic vibration reduction, called 

Impact Mass Damper (IMD), is introduced. As seen in see Figure 1, the device consists in a 

mass, installed on top of buildings, free to move and slide on two runways, at the ends of 

which two stoppers constrain the mass motion. This work aims to provide a comprehensive 

picture of the device working mechanism, as well as quantifying its performance with 

respect to the original structure, intended as the bare building without the additional 

impacting mass. This is done by performing time history analyses on both the controlled and 

uncontrolled structures and comparing their responses. 
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2. Modelling of steel frame equipped with IMD 

In this work, we take into examination a three-floors building with a moment resisting frame 

scheme in one of the two main directions. The latter is considered in the following analyses, 

by modelling it as a shear type frame in a bi-dimensional environment, as depicted in Figure 

2, while the impact mechanism is included by properly adjusting the Newmark algorithm for 

equation of motion step by step integration. For modelling the impact mechanism, the main 

parameters to be employed are: i) the gap between the mass and the stopper, δ, ii) the 

coefficient of restitution, e, and iii) the ratio between the impacting mass value and the 

participating mass of the target structure first mode of vibration, μ. The coefficient of 

restitution (C.O.R.) is defined by means of the relative velocities between the two impacting 

bodies before (𝑣𝑟𝑒𝑙
−) and after (𝑣𝑟𝑒𝑙

+) the impact, as 

𝑒 =  −
𝑣𝑟𝑒𝑙

+

𝑣𝑟𝑒𝑙
−

 
 

(1) 

 

 

Figure 2 - Three floors Moment Resisting Frame equipped with IMD. 

The parameter e sets the percentage of energy dissipated in the pounding phenomenon by 

assuming values ranging from 0, for fully inelastic impact, and 1, for fully elastic impact. 

Previous parametric analyses, revealed the small sensitivity of the model to a variation of 

the parameters e and μ, for which the values of 0.5 and 0.1 are respectively assumed herein. 

Instead, a major sensitivity of the model response was detected with respect to δ. Indeed, it 

Figure 1 – Impact Mass Damper representation 
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is fundamental to stress that, because of the impact mechanism strong nonlinearity, the 

performance of the device and the optimal set of parameters are strictly related to the 

amplitude of the input ground acceleration. In this respect, since this work represents an 

exploratory study on a novel device, its performance is studied in the elastic structural range. 

Therefore, as further described in Section 4, the analyses reported herein are performed over 

a suite of Damage Limitation (DL) limit state accelerograms, and the optimal gap value is 

selected according to such ground motion amplitude. 

3. Concept of energy transfer 

In this paragraph we deepen the operating principle at the base of the IMD device, which is 

the energy transfer to the higher modes of vibration. The focus is here directed on the 

mitigation of the structural response in terms of seismic vibrations. Among mostly common 

civil constructions, the dynamic structural properties entail the main percentage of the 

participating mass to be owned by the first mode of vibration. Moreover, given that the 

higher spectral components of classical earthquake records are located in a short-period 

range of the spectrum, structures with fundamental mode of vibration belonging to this range 

are indeed the most vulnerable to earthquakes. The aim of an impacting mechanism 

employed in a MDOF system is to introduce impulsive forces, so to excite the higher modes 

of vibration when a structure undergoes such dynamic loads. Because the participating mass 

of these modes is frequently much lower than the participating mass of the fundamental 

mode, a substantial mitigation effect can be achieved by the nonlinear impact mechanism. 

Moreover, higher modes of vibration are associated with higher damping coefficients, which 

is another desirable outcome in terms of structural vibration reduction. To qualitatively 

describe and depict the effect of energy transfer, Figure 3 reports the fast Fourier transform 

of the displacement response history to a sinusoidal ground acceleration, inducing resonance 

in the original unmitigated structure. Obviously, only the peak related to the fundamental 

mode of vibration is highlighted in the response without IMD. On the contrary, for the 

structure with IMD, the peaks related to the second and third modes rise up in the logarithmic 

plot, while the first peak is heavily attenuated. Note that, for underlining the mitigation 

capabilities of the IMD device by means of the energy transfer concept, the energy 

dissipation is here avoided by setting the e = 1. 

 

Figure 3 – FFT of displacement history response to a sinusoidal ground acceleration. 
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4. Response to real earthquake records 

For quantitively estimating the performance of the IMD device, the impacting model is 

subjected to real earthquake ground motion. As mentioned in Section 2, the Damage 

Limitation (DL) limit state is selected in order to explore the structural performance in the 

elastic field. In particular, seven bidirectional earthquake records are selected in order to 

fulfil the requirements of spectral compatibility prescribed by European standards. The 

records are reported in Table 1, along with the scaling factor adopted for respecting the 

spectral-compatibility requirements. 

Table 1- List of accelerogram records 

Number 

Database 

Record 

Number 

Event Year Station Mw 
Scaling 

Factor 

1 EU.ULA 
Northwestern_Balkan 

_Peninsula 
1979 Ulcinj-Hotel Albatros 6.9 0.75 

2 IV.EVRN Sicily_Italy 2018 Santa Venerina 4.9 1.30 

3 RSN 989 Northridge-01 1994 LA – Chalon Rd 6.69 0.85 

4 RSN 1091 Northridge-01 1994 Vasquez Rocks Park 6.69 1.15 

5 RSN 1161 Kocaeli, Turkey 1999 Gebze 7.51 – 

6 RSN 1165 Kocaeli, Turkey 1999 Izmit 7.51 0.85 

7 RSN 4083 Parkfield – 01, CA 2004 
Parkfield – Turkey Flat 

#1 (0M) 
6.0 2.0 

 

 

Figure 4 - Response of the structure with and without the IMD device. Record: euula-es 
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Figure 5 – Response of the structure with and without the IMD device. Whole suite of records 

As already discussed, the value for the gap parameter δ is heavily dependent on the input 

ground motion, as well as critical for the IMD performance. In order to identify the optimal 

value for this parameter, an optimization procedure was set up in the time domain, by 

employing the aforementioned suite of accelerograms, as well as the design of experiment 

and Gaussian process regression methods. The optimal value of the gap parameter for 

reducing the total shear force at the base of the structure resulted to be 3.8 cm. The results 

of the time history analyses are reported in this paragraph in terms of Top Floor 

Displacement and Base Shear, both for the controlled and uncontrolled structure. Figure 4  

shows the whole time history response for the euula-es record, highlighting a substantial 

reduction of the structural response due to the installation of the device. Figure 5 reports the 

maximum values and root mean square values of the response for all the different records 

included in this study, highlighting an average reduction of top floor displacement and base 

shear maximum value respectively of 26.7% and 23.2%. The mitigation capability is even 

larger considering the root mean square values of the response, i.e. 46.9% and 47.9% 

respectively for top floor displacement and base shear. 

6. Conclusions 

A novel device based on an impact mechanism for passive structural control, the so-called 

Impact Mass Damper, was introduced in this work. The device was employed to equip a 

three-storey steel building with a moment resisting frame structural scheme. Among this 

exploratory work, the favourable performance of the IMD was described both qualitatively 

and quantitively. In particular, the operating principle of the mechanism, i.e. the energy 

transfer to the higher modes of vibration, was highlighted by representing the structural 

response of the frame in the frequency domain. Moreover, time history analyses with real 

earthquake records were performed on both the uncontrolled and controlled structure. The 

results underlined a favourable performance of the novel device, which could substantially 
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reduce the response of the frame both in terms of deformability and internal actions. This 

study sets the basis for further developments of the device, including the exploration of its 

performance under more severe ground accelerations, e.g. Significant Damage limit state 

records. Indeed, a shaking table test champaign on a three-storey moment resisting frame is 

being organized at UC Berkeley – PEER Center. 
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Abstract: During seismic events, industrial plants are prone to disasters induced by the 

damage to their components and subsequent release of potentially harmful material. This risk 

of structural and non-structural element damage, as well as the potential release of toxic 

materials, compels to safeguard workers within an industrial plant. This study presents an 

overview of the ROSSINI project demonstrating its objectives towards the implementation of 

a risk-aware navigation system. Here, structural and environmental health risks are integrated 

and measured as part of the integrated risk identification and evaluation (RIE) module. The 

combined risk will then be used for the development of risk-aware navigation for the safe 

egress of workers from a plant. For this purpose, a case-study industrial plant layout will be 

considered for the application and demonstration of the risk-aware navigation system 

consisting of several structural buildings as well as non-structural component groups, 

including liquid storage tanks, piping systems and chemical storage vessels. The study 

discusses the component aggregation and distribution inside the plant facility and the 

importance of safeguarding workers during and following a seismic event through the 

application of a risk-aware navigation system. 

Keywords: risk-aware navigation, industrial plants, structural risk, environmental risk. 

1. Introduction 

The complexity of industrial plants consisting of multiple buildings, equipment, and 

components, contributes to their vulnerability to earthquakes. Those components and 

buildings are generally tied together through various operations, which adds to the complex 

nature of processes within the plant. Additionally, many processes are carried out in parallel, 

therefore, if one fails, the rest of the connection can also be at risk. Industrial facilities are 

thus susceptive to natural hazards triggering technological disasters (NaTech) that can cause 

fires, explosions, and the release of toxic substances in the industrial facility. Numerous 
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failures leading to casualties in industrial plants have been documented following past 

earthquakes. Examples include the severe damage to Tupras refinery because of the Izmit 

Earthquake in Turkey (Erdik and Durukal 2000), where following the structural collapse of 

a concrete chimney, a large volume of dangerous substances were released and surrounding 

equipment was damaged. Similarly, Suzuki (2008) exemplifies destructive damage to 

industrial areas leading to long-term fires in petroleum refineries following the Niigata 

Earthquake in 1964 (Fig. 1); damage of power stations, lifeline systems following the 

Tokachi-Oki Earthquake in 1968; damage to piping and large tanks due to sloshing following 

the Miyagi Ken-Oki Earthquake in 1978, among others. More recently, after the L’Aquila 

Earthquake in 2009 in Italy, severe damage was documented in a chemical facility located 

in the industrial area of Bazzano-Paganica, where three silos storing polypropylene beads 

suffered severe damage (Grimaz 2014); the silos collided with the adjacent warehouse 

resulting in partial crushing of the concrete walls. Additionally, pipelines transferring gas 

were damaged, releasing gas, which while not resulting in any harm, are indicative of a 

potential hazard to life safety in future earthquakes.  

 

Fig. 1. - The conflagration of the petroleum complex following the 1964 Niigata earthquake (Suzuki 2008) 

Similarly, in 2012, following the sequence of Emilia earthquakes in Italy, large damage to 

industrial facilities and equipment highlighted the risk associated with the release of 

dangerous substances, like gas or chemicals as a direct consequence of pipelines rupturing 

or storage tanks damaging. Some of the equipment damage was a direct consequence of 

structural systems failing, therefore highlighting that simultaneous damage of different 

components can be amplified leading to failure of safety systems or generating multiple 

accident chains. Collapsing components, as well as the release of toxic substances, can lead 

to both short term (acute) and long term (chronic) significant impacts on human health 

potentially leading to death. As highlighted in Grimaz (2014), despite the moderate intensity 

of the earthquake, the severity of damage to industrial facilities and lifelines, including those 

within the facility, must not be disregarded. 

The observed severity of damage to industrial facilities consisting of structural and 

environmental consequences of various typologies necessitates the development of safety 

measures. Passive control techniques may be integrated within the buildings for their seismic 

protection, such as base isolation or other dissipative systems (Christopoulos and Filiatrault 

2006; Spencer and Nagarajaiah 2003). Despite the importance of implementing such 

systems, following a seismic event the safe egress of workers remains a priority. For that 

purpose, this study works towards developing a risk-aware navigation system, where the risk 

is defined as the combination of risks due to structural damage and the potential harm due 

to release of dangerous substances. The goal of the study will be to introduce a combined 

risk metric used within a risk-aware navigation system to aid workers towards emergency 

exits. The navigation system, implemented in a mobile app, computes the best route (i.e., the 
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route that minimises the risk) from the current worker’s position to all safe exits and selects 

the best route among them. The information system is formed by three main components: 

sensors, a server and the mobile client running the navigation app. The RIE modules are 

implemented in the server that updates in real time the client when a change is detected in 

the estimated risk. The app then computes the route with minimum risk and navigates the 

user accordingly. For that purpose, a case-study plant layout was devised containing multiple 

process equipment, non-structural components, as well as buildings of different typologies 

for the demonstrative purpose.  

2. Case study industrial plant 

2.1. Plant layout 

A case study industrial plant layout was devised to be utilised for the demonstration of the 

risk-aware navigation system that utilises the integrated risks. Based on past literature 

analysing the seismic risk of industrial plants (Kalemi, Caputo, and Paolacci 2019; Caputo 

et al. 2020), several industrial plant processes were identified and considered within the case 

study plant. Despite providing sufficient details regarding description and component 

typologies, the relative distribution of the plant’s components and equipment was often 

lacking. Based on available plant layouts of several industrial facilities located in Italy, 

which were mainly petrochemical processing plants, the relative positions of the selected 

components and buildings were decided based on engineering judgement to provide a 

navigable area for a hypothetical worker (Fig. 2). Additionally, the vulnerability of all 

components and buildings was identified as necessary for risk estimation and likely path 

identification of toxic materials released into the atmosphere. The case study plant consists 

of several buildings of various processes, multiple liquid storage tanks, storage vessels, 

piping arrangements as well as an electrical substation, each of which is associated with 

different vulnerabilities to seismic shaking. The emergency exits have been hypothesised as 

external environments towards which the worker is navigated to avoid any risk of potential 

harm within the industrial facility. 

 

Fig. 2. - The case study industrial plant layout, where various vulnerable components have been identified 
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2.2. Component description 

All components and buildings within the plant are sensitive to an intensity measure (IM) of 

either peak ground acceleration (PGA) or spectral acceleration (SA), which are used for 

characterising the fragility functions. The damage states, consequences as well as descriptors 

of fragility functions of liquid storage tanks and buildings are provided in Table 1, for 

example. Similarly, fragility functions associated with process equipment and pipelines were 

adapted from the available literature (PEC 2017; FEMA 2003; Di Sarno and Karagiannakis 

2020). The consequence descriptors and the estimated level of risk based on fragility 

functions and input IM associated with the earthquake will allow for the assignment of risk 

levels to be utilised within the risk-aware navigation system. Additionally, based on 

component location, an influence area defined as a vulnerable zone and described through 

debris fall is identified in the immediate vicinity of the component or the building dependent 

on its vulnerability. In case of damage, a risk value is assigned to the influence zone feeding 

towards the navigation system. Based on the available literature, debris of a collapsing 

reinforced concrete building with moment-resisting frames is assumed to be 85% of the total 

height of the building (Sediek, El-Tawil, and McCormick 2021). Based on engineering 

judgement, and in absence of available literature, the influence area of equipment and non-

structural components, such as liquid storage tanks, was assumed to be 50% of the total 

height of the component. It is important to note, that the assumed value is not meant to be 

referential but rather a layered demonstration of the complex nature of an application of the 

navigation system to consider different consequences. 

Table 1. Description of damage states and consequences of liquid storage tanks and buildings located within 

the case study plant. 

Component 

type 
Damage state Consequence 

Liquid storage 

tanks 

Excessive sloshing Spillage of tank content/sinkage of floating roof 

Fracture/Yielding of base plate 
Base plate failure/spillage of tank content (local 

collapse) 

Yielding of structural shell 
Panel joint failure as a result of excessive 

deformities in the structural shell 

Uplifting 
Damage to nozzles, causing the release of a 

potentially harmful substance 

Sliding 
Damage to nozzles, causing the release of a 

potentially harmful substance 

Elephant foot buckling Damage to structural shell 

Multi-storey 

precast concrete 

structure 

(Control-process 

building) 

Extensive damage 
Severe damage to structural elements and in-plane 

damage of horizontal and vertical panels 

Near-collapse 
Unseating of precast beam; loss of beam-column 

connection 

Collapse Complete collapse of structural system 

Non-ductile 

infilled moment-

resisting frame 

structure 

(Process 

building) 

Extensive damage 
Severe damage to structural elements and in-plane 

damage of horizontal and vertical panels 

Near-collapse 
30% of load bearing capacity attained with out-of-

plane failure of infill panels 

Collapse Complete collapse of structural system 

Ductile bare 

MRF structure 

(Administration 

building) 

Extensive damage Severe damage to structural elements 

Near-collapse 30% of load bearing capacity attained 

Collapse Complete collapse of structural system 
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3. Risk computation 

Estimation of casualties from structures given a seismic event requires knowledge of 

fragility models relating to the collapse probability of structural and non-structural 

components within the industrial facility. Coburn and Spence (2002) observed that the 

number of casualties following earthquakes is related to the number of buildings being fully 

or partially collapsed. However, empirical fatality models tied to damage states do not 

explicitly account for the extent of the collapse. To that extent, Crowley et al. (2017) 

developed a semi-empirical framework for estimating fatality and consequence models for 

the estimation of a risk metric termed “local personal risk” (LPR). The LPR is a combination 

of the probability of dying inside and outside the building given collapse, which identifies 

the risk the building poses to a single person that is permanently located within or near a 

building. The risk metric is suggested to be tied to the building type, which is then used to 

rank buildings in terms of fatality risk. Jonkman et al. (2003) discussed several fatality risk 

metrics, including the individual risk (IR) defined as the probability of an average 

unprotected person, permanently present at a certain location, being killed due to an accident 

resulting from a hazard. The existing literature is predominantly targeted at casualty 

estimation based on the direct collapse of structural and non-structural components, be it 

based on empirical or analytical models and dependent on the location of a person with 

respect to the building. Within this study, the goal was to integrate past knowledge regarding 

consequence models due to collapse with potentially hazardous environmental factors. 

Additionally, the navigation system employed must be capable of estimating risk throughout 

the entirety of the plant at a given time assuming that a person is non-stationary.  

The consequence model for fatality risk estimation by Coburn and Spence (2002) considers 

several factors, including the number of people inside the building at the time of a seismic 

event, and the percentage of people trapped by collapse, that are unable to escape. To what 

regards the outside risk, Taig and Pickup (2016) showed that the probability of dying outside 

is dependent on the debris falling, which is why an influence zone is identified for the 

components and buildings within the plant layout of this study. Additionally, instead of 

computing a probability of casualty based on the relative probability of being inside or 

outside, a more direct risk is computed as the location of a person within the plant is known 

at a given time. Once an earthquake occurs, the navigation system as an application installed 

on a worker’s mobile phone will devise a least-risk path towards the emergency exits. The 

combined risk due to structural and environmental impacts will be computed for the entirety 

of the industrial plant area, as described below.  

3.1. Structural RIE 

For the computation of structural risk, the collapse risk is computed for a given IM and 

collapse fragility function of the building and non-structural components. A choice was 

made to use specific collapse fragility function rather than using empirical data for the 

definition of fatality model factors presented in the literature, as the specific risk at any given 

location and time should be targeted to the safety of a single person, meaning that values 

related to trapping of workers under debris are irrelevant for the navigation purpose. 

Effectively, the trapped worker will be unable to escape, and alternative safety objectives 

and methods should be employed beyond the scope of this study.  

The risk estimation methodology employed is illustrated in Fig. 3. Ten risk levels are 

identified from 0 (no risk) to 9 (highest probability of risk of death). Risk levels from 1 to 3 

are associated with a low to a high probability of risk of minor injury, which is assumed not 

to be related to the fragility functions of structural components. While risks from 4 to 9 are 

associated with risk of injury requiring hospitalisation to risk of death with increasing 
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pprobability. The collapse fragility function of vulnerable components follows a typical 

lognormal distribution function given in Equation (1): 

 
𝑃[𝑑𝑠 = 𝐷𝑆|𝑖𝑚] = Φ (

ln 𝑖𝑚  −  𝜂𝐷𝑆

𝛽𝐷𝑆
) (1) 

where ηDS is the median value and βDS is the logarithmic standard deviation for a given 

damage state (DS). This evaluates the risk, or probability P, of the actual ds being realised 

for a given im value, which is obtained from accelerometer sensors installed at the plant. 

Using the collapse fragility function of each component, for a given level of shaking, a real-

time estimate of the probability can be obtained within a structural risk identification and 

evaluation (RIE) module. In the illustration shown in Fig. 3, for a given IM of iml, the 

probability of collapse is around 35%, leading to an associated risk level of 5 and 2 for the 

inside of the building and the exterior influence zone, respectively. A similar approach is 

devised for non-structural components, like liquid storage tanks, where a circular influence 

zone following its shape is assumed. However, instead of considering an inside of a liquid 

tank, which is non-traversable by a worker, the immediate vicinity is considered, and the 

influence zone is derived further away from the immediate vicinity.  

 

 

Fig. 3. - Structural response estimation using collapse fragility function and associated risk metrics for the 

inside and outside (influence zone) of a hypothetical building 

3.2. Environmental health RIE 

To complement structural RIE, an environmental health RIE was similarly developed, which 

uses risks associated with the release of toxic substances and its potential dispersion into the 

local environment. Before developing a sensible scheme for estimation of risks and their 

subsequent combination with structural RIE, attention should be directed towards existing 

literature and methods of computation of environmental and health risks. A recent study by 

Karagiannakis et al. (2022) developed an analytical framework to be implemented in the risk 

assessment of vulnerable equipment. The framework uses damage models and limit states 

for the supporting structure and piping separately. However, both types of components have 

similar levels of damage and consequence models. Additionally, they argue there is no well-

accepted value correlating probability of release with actual damage state, while various 

studies (Salzano, Iervolino, and Fabbrocino 2003; Fabbrocino et al. 2005) analysing NaTech 
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probability made conservative assumptions that following any substantial damage there is 

an occurrence of a release. In some cases, a release probability of either 0% or 100% was 

assigned for all damage states considered. However, as shown in Cooper (1997), a release 

can occur because of minor damage, and there is not a 100% release occurrence given that 

the unit has been damaged by an earthquake.  

To account for past observations, Karagiannakis et al. (2022) assume discrete values of 

probability of release associated with different damage limit states of components. Similarly, 

in this study, 10 different health risk levels, analogous to the structural RIE levels, were 

devised, which can be grouped into 4 distinct and with increasing health severity 

consequences with different probabilities assigned to them. This was done to reflect the large 

spectrum of possible damage states confined within structural and environmental RIE as 

well as have a larger distinguishable spectrum of risk levels necessary for the risk-aware 

navigation system as opposed to using fewer risk levels, where a distinction between the risk 

of 30% and 50% is harder to make. Fig. 4 shows the environmental risks for a liquid storage 

tank and risk level consequence descriptions dependent on the release of toxic materials 

related to any vulnerable non-structural component. Here, instead of using a single damage 

state as for buildings, all damage states are considered. For a given IM of iml, the highest 

probability of 64% corresponds to damage state 4 (DS4) that the component is most likely 

to be in, meaning that a risk level of 5 and 3 are assigned to the liquid tank’s immediate 

vicinity and the influence zone, respectively and the associated risk is closely tied to the 

damage state consequence description.  

  

Fig. 4. - Environmental risk estimation and risk level consequence descriptions on the example of a liquid 

storage tank 
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3.3. Combined RIE 

Following the estimation of structural and environmental risk, a combined risk metric is 

identified and fed into the navigation system. It is important to note that structural and 

environmental health risk levels are not associated with the same IM level, meaning that 

depending on IM, the structural risk might be level 4, while due to the level of concentration 

of toxic substances released, the environmental health risk might be level 6, or the contrary. 

Additionally, it is highly unlikely to have environmental risks inside the administration 

building of Fig. 2 independent of the IM level. As per the combination rule employed in this 

study if health risk was assigned a level of 7, while the structural risk was assigned a level 

of 5, the combined risk to be used by the navigation system will be level 7, requiring 

hospitalisation. As seen, one the highest risk takes precedence. However, the release of toxic 

materials is still tied to non-structural damage and the relationship should be appropriately 

defined through fragility functions or otherwise.  

It is important to note that this mapping and combination of risks and consequences is not 

intended to be a novel proposal in terms of the absolute values used, but a general framework 

for how this can be handled in a simple manner and allow the overall goals of the project to 

be achieved. Future work should dedicate specific attention to refining this work. 

While structural risk is closely tied to the type of building, its functionality and type of 

collapse mechanism, environmental risk, in addition to all these aspects, is associated with 

the probability of release of toxic substances. Additionally, the spatial distribution and 

relative placement of structural and non-structural components play a role in identifying safe 

pathways for workers to exit. Importantly, the final application is assuming the worker’s 

ability to move freely, as in the case of trapping under debris, the risk is effectively 100% 

and other methods of safe extractions should be employed, which are not within the goals of 

the navigation system employed.  

4. Summary 

This study has presented an overview of a framework needed for the integration of risks to 

aid the risk-aware navigation system in industrial plants. It uses a combination of structural 

and environmental health risk to guide workers exposed to harm during seismic events 

within an industrial facility to safe areas. A case study industrial plant containing multiple 

buildings, process equipment and non-structural components was described for the 

demonstration of the navigation system as part of the ROSSINI project. The risks associated 

with structural collapse and the release of toxic materials were classified into a proposed set 

of 10 distinct risk levels for integration between structural and environmental risks typically 

faced in these situations. Additionally, influence zones associated with each building 

typology as well as non-structural components were identified to account for possible debris 

fall or leakage. It was seen how the combined risk will then be computed and mapped into 

the case study layout, and the best route based on minimization of maximum weight can be 

computed to guide the worker to a safe area. The navigation application along with a 

combined risk computation technique highlights an important step towards safeguarding 

workers in industrial plants during seismic activities.  
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Abstract: Lifelines, such as pipelines, tunnels, and bridges are vulnerable to seismic-induced 

ground displacements caused by the activation of active tectonic faults. Lifelines are forced 

to follow the ground movement in fault crossings and develop excessive deformation. 

Safeguarding the integrity of such critical infrastructure is of paramount importance. Contrary 

to typical deterministic design approaches that discount fault productivity, a performance-

based approach can achieve a balance between safety and economy. Towards this goal, a set 

of simplified expressions is developed for determining fault displacement at given return 

periods, developed by analyzing the outcome of probabilistic fault displacement hazard 

analysis (PFDHA) for European faults. The proposed methodology allows the computation 

of the design fault displacement with data available to the engineer and has been adopted as 

an informative Annex in EN1998-4. 

Keywords: tectonic fault, displacement hazard, lifelines, design 

1. Introduction 

The structural integrity and functionality of lifelines in the aftermath of an earthquake, such 

as oil, gas, water, and sewage pipelines, or roads, tunnels, and bridges, is decisive for the 

response management of civil protection authorities and heavily influences the seismic 

resilience of communities (Casari and Wilkie 2005; Fragiadakis et al. 2015; Kilanitis and 

Sextos 2019). Among the most catastrophic earthquake-induced actions is the fault offset in 

the case of large-magnitude earthquakes affecting the overlying structures that have to 

follow the imposed ground displacement by developing excessive deformation (O’Rourke 

and Liu 2012; Roy and Sarkar 2017; Yang and Mavroeidis 2018). This is indicatively shown 

for buried pipelines in Fig. 1. 

   

normal fault reverse fault strike-slip fault 

Fig. 1 - Fault mechanisms (normal, reverse, and strike-slip) and corresponding deformation of a buried 

pipeline subjected to faulting 

The design fault displacement is typically based on estimates derived from the fault 

geometry via empirical fault scaling relations (e.g. Wells and Coppersmith 1994; Leonard 
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2014; Thingbaijam et al. 2017; Wang 2018; Anderson et al. 2021) for a given “design” 

scenario event. This approach comes with an unknown level of safety, as it disregards fault 

seismicity and the actual distribution of scenarios that it can produce. However, the seismic 

resilience of critical lifelines and infrastructure can be reliably secured within the framework 

of Performance-Based Earthquake Engineering (Cornell and Krawinkler 2000). The primary 

and fundamental step in this direction is the quantification of the fault displacement hazard 

on the crossing site. The appropriate methodology is the Probabilistic Fault Displacement 

Hazard Analysis (PFDHA), introduced by Youngs et al. (2003), which aims at quantifying 

the mean annual frequency (MAF) of exceeding arbitrary fault displacement levels at the 

lifeline crossing site, considering the geometrical and seismological properties of the fault 

together with the location of the crossing lifeline on the fault trace (i.e., the crossing site). A 

baseline approach of PFDHA has been presented by Melissianos et al. (2017a, b) and 

recently updated for lifeline-fault crossings by Melissianos et al. (2021). 

The fault displacement hazard is estimated as: 

𝜆𝛥𝐹(𝛿𝐹) = 𝜈𝐹 ∑ 𝑃(𝛥𝐹 > 𝛿𝐹|𝑚𝑖)𝑃𝑀(𝑚𝑖)𝑖                        (1) 

 

where 𝜈𝐹 is the yearly average rate of all earthquakes above a minimum magnitude of 

engineering significance, 𝑃(𝛥𝐹 > 𝛿𝐹|𝑚𝑖) is the conditional probability that fault 

displacement 𝛥𝐹 will exceed value 𝛿𝐹 given an earthquake of magnitude 𝑚𝑖 has occurred, 

and 𝑃𝑀(𝑚𝑖) is the probability of magnitude 𝑀 being within a bin of 𝑚𝑖 ± Δ𝑚 as estimated 

after the Gutenberg-Richter bounded recurrence law (Gutenberg and Richter 1944). The key 

parameters for calculating the fault displacement hazard on the lifeline crossing site are (a) 

the fault mechanism (normal, reverse, strike-slip), the fault length, the crossing site on the 

fault trace, and the rate 𝜈𝐹. An illustrative exampled of a fault displacement hazard curve on 

the lifeline crossing site is presented in Fig. 2. 

 

Fig. 2 - Illustrative example of a fault displacement hazard curve on the lifeline crossing site 

2. Methodology outline 

PFDHA is an advanced analysis with complicated probabilistic calculations based on a set 

of specialized seismological data. It is thus unsuitable for being incorporated “as is” in code 

provisions. To overcome this problem on a code basis, a simplified approach was developed 

that allows a (mostly conservative) approximation of the fault displacement corresponding 

to any given return period; it achieves this based on readily available data, namely fault 

productivity, fault mechanism, fault length, and crossing location. The code-compatible and 

hazard-consistent statistical approximation is developed for estimating the design fault 

displacement for European applications. A large number of PFDHAs were carried out 
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considering the pertinent uncertainties within a logic tree formulation exploiting the 

seismological and geometrical properties of the database of faults (Fig. 3) considered in the 

development of the 2020 European Seismic Hazard Model (ESHM20, Danciu et al. 2019) 

within the EU-funded research project SERA (Giardini et al. 2017). The methodology 

comprises a set of equations for calculating the displacement given the fault seismicity, the 

fault mechanism, the fault length, and the crossing site. 

 

Fig. 3 - Map of faults classified per tectonic environment. Interplate (INT) in red, Stable Continental Region 

(SCR) in blue. 

The proposed methodology is implemented as follows: 

1st step: The fault mechanism, the fault length, and the crossing point are determined for the 

lifeline–fault crossing at hand. 

2nd step: The productivity of the fault is derived either from an available source model, 

defined by a specialized seismological study, or estimated via a proposed approximation. 

3rd step: The return period (𝑇𝑅) of exceeding a selected fault displacement (𝛥𝐹) or vice versa 

through appropriate linear interpolation at the lifeline–fault crossing is estimated via a single 

expression: 

𝑇𝑅(𝛥𝐹) =
1

𝐶𝐹𝑣𝐹𝑓𝐿(𝛥𝐹,𝐿𝐹,𝑋𝐿)
                                  (2) 

 

where 𝐶𝐹 is the confidence factor depending on the method used to determine the rate 𝑣𝐹 

and 𝑓𝐿(𝛥𝐹, 𝐿𝐹 , 𝑋𝐿) is the rate-independent function that depends on the fault mechanism, 

fault length, and crossing point and is estimated for the selected fault displacement. 

3. Example case studies 

A set of indicative faults in Europe (Table 1) is selected to showcase the fault displacement 

hazard estimations of the proposed methodology (abbreviated as EN1998-4 approach) in 

comparison to full PFDHA results (Fig. 4), indicating a very good agreement. 
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Table 1. Example faults under examination 

Fault name Country Tectonic 

environment 

Fault 

mechanism 

Fault length 

(km) 
Rate 𝑣𝐹 (years-1) for 

magnitude > 5.5 

ESCF002 Spain Interplate Reverse 114.06 0.00778 

TRCF00Z Turkey Interplate Strike-slip 25.28 0.00298 

GRCF024 Greece Interplate Normal  38.42 0.08486 

 

 

Fig. 4 – Comparison of return period for predefined fault displacement obtained from PFDHA versus the 

EN1998-4 approach 

 

Moreover, a set of faults (Table 2) located close to industrial areas, large cities, and important 

infrastructure are selected and the fault displacement using the EN1998-4 approach is 

calculated for design return periods of 2500 years (𝛥𝐹,2500) and 5000 years (𝛥𝐹,5000). The 

results are presented in Fig. 5, along with a deterministic cap (𝛥𝐹,𝑑𝑒𝑡.𝑐𝑎𝑝), defined after the 

empirical fault scaling relations of Leonard (2014) using the fault length. 𝛥𝐹,𝑑𝑒𝑡.𝑐𝑎𝑝 is 

introduced to limit any potential excessive fault displacement values due to the 

conservativeness of the approach, in particular for very active faults, namely those with a 

very high rate 𝑣𝐹. None of the cases examined fall in this category, therefore the cap value 

is largely irrelevant. 

Pyrenees: Three indicative faults in the Pyrenees at the France–Spain border were examined. 

It is observed that due to the significantly low seismicity (lower than 0.0005 events on 

average per year with magnitude 𝑀 ≥ 5.5), the resulting displacement values for both return 

periods are equal to the minimum, namely 𝛥𝐹 = 0.10m. 

Germany: Two fault systems were selected in Germany, one in the greater area of Aachen 

and the other around Frankfurt. The short normal faults in the Aachen area and the ultra-

long strike-slip faults around Frankfurt have low seismicity and thus the obtained fault 

displacements are very low. 

Slovenia: Numerous faults are located in the northwest part of the Balkan Peninsula in 

Slovenia. Four indicative interplate faults were selected and examined. One should notice 

the SICF004 strike-slip fault with a higher seismic rate, compared to the others. The resulting 

fault displacement values for this fault are particularly high. 

Italy: In the industrial area of Calabria in Italy there are interplate faults with considerable 

seismic rates. 
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Table 2. Case study faults in the European continent (INT: interplate, SCR: stable continental region) 

Country Area Fault name Tectonic 

environment 

Fault 

mechanism 

Fault length 

(km) 
Rate 𝑣𝐹 (years-1) for 

magnitude > 5.5 

F
ra

n
ce

-

S
p

ai
n

 

b
o

rd
er

  Pyrenees FRCF00W INT Strike-slip 82.39 0.00020 

ESCF01Y SCR Strike-slip 76.63 0.00042 

ESCF00P INT Strike-slip 26.77 0.00050 

G
er

m
an

y
 

Aachen DECF005 INT Normal 54.51 0.00070 

 DECF007 INT Normal 21.81 0.00014 

Frankfurt DECF000 INT Strike-slip 165.70 0.00279 

 DECF001 INT Strike-slip 312.75 0.01011 

S
lo

v
en

ia
 

Ljubljana SICF00A INT Strike-slip 37.89 0.00272 

 SICF00K INT Strike-slip 26.37 0.00028 

 SICF00J INT Reverse 16.35 0.00145 

West SICF004 INT Strike-slip 123.44 0.01878 

It
al

y
 

Calabria ITCF01J INT Strike-slip 63.18 0.00416 

 ITCF01W INT Strike-slip 40.14 0.00241 

 ITCF00L INT Reverse 82.08 0.00514 

 ITCF007 SCR Strike-slip 128.06 0.00620 

 

 

  

  

Fig. 5 – Comparison of fault displacements obtained from the EN1998-4 approach with the actual seismic 

rate for return periods 2500 years and 5000 years, also showing the deterministic cap 
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4. Conclusions 

Lifelines are vulnerable to seismic-induced permanent ground displacements caused by fault 

activation. The Probabilistic Fault Displacement Hazard Analysis (PFDHA) is the 

appropriate tool to quantify the potential of fault displacement hazard within a performance-

based framework. This approach requires a lot of advanced calculations and thus it is not 

appropriate for code implementation. To work around this problem to offer a code-

compatible and hazard-consistent methodology for estimating the design fault displacement, 

a set of simplified expressions is developed from the statistical processing of results from 

PFDHA. The pertinent uncertainties are taken into account through a logic tree formulation, 

exploiting the properties of the faults incorporated in the 2020 European Seismic Hazard 

Model. The fault displacement obtained from the proposed approach is compared to results 

from full PFDHA, indicating a fair match. The proposed methodology has been adopted as 

an informative Annex in the 2020 version of EN1998-4 and it may serve as a screening tool 

for lifeline route selection, or even as a preliminary design tool to indicate when a more 

specialized study is needed.  
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Abstract: Three candidate intensity measures are compared in terms of efficiency and 

sufficiency for assessing the non-structural performance of nuclear powerplant components. 

These are the peak ground acceleration, the spectral acceleration at the fundamental period of 

the structure, and the average spectral acceleration in the range of short periods. To do so, 

single-degree-of-freedom non-structural components of different periods and capacities are 

considered at different locations within an AP 1000 reactor model. Incremental dynamic 

analysis is performed for a set of 30 records. The spectral floor accelerations of each SDOF 

component are monitored and capacity exceedances are recorded to assess the lognormal 

parameters of component fragility curves. The numerical results demonstrate that average 

spectral acceleration would be the most useful intensity measure in both efficiency and 

sufficiency, regardless of location, period or capacity, with the obvious exception of the 

ground surface. Nevertheless, the conventional choice of the peak ground acceleration 

remains a very close contender, as it leads to results of low dispersion and little bias for such 

stiff structures and short-period components. 

Keywords: seismic intensity, fragility assessment, peak ground acceleration, average 

acceleration 

1. Introduction 

The seismic fragility evaluation of non-structural components is a critical step in the seismic 

risk assessment of nuclear powerplants (Zentner et al. 2011). Fragility curves express the 

conditional probability of failure for a given intensity measure (IM), while failure 

probabilities of components are used in fault trees to estimate the overall probability of 

failure of a Nuclear Powerplant (NPP). As a result, the more reliable the evaluation of 

seismic fragilities, the more accurate the overall estimated risk becomes. 

One of the main challenges of fragility analysis is the selection of an appropriate ground 

motion intensity level (IM). By an appropriate IM choice, the uncertainty due to seismic 

hazard can be significantly reduced. According to Luco and Cornell (2007) or Kazantzi and 

Vamvatsikos (2015) a good IM should be efficient, sufficient and practical. Practicality 

refers to the existence of corresponding Ground Motion Prediction Equations (GMPEs) for 

the IM. Ordinarily, one would consider the existence of one GMPE to be enough, but in real 

life case studies, several are required to build a proper logic tree for handling uncertainties 

in probabilistic seismic hazard analysis. Efficiency provides low dispersion in the 

conditional distribution of the Engineering Demand Parameter (EDP) selected to measure 

the response given the IM. Finally, an IM is sufficient when the distribution of EDPs 

conditioned on the IM is independent of other ground motion properties such as the 

magnitude of the earthquake, the distance from the site, etc.  

While several studies have appeared in the literature concerning the suitability of different 

IMs (De Biasio et al, 2015; Kazantzi and Vamvatsikos, 2015; Kohrangi et al, 2016b), they 
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almost universally concern ordinary structures of moderate to long periods with some 

nonlinearity in their response. NPPs are in a category of their own, having purely linearly 

elastic behaviour and truly short periods, as well as a long history of using Peak Ground 

Acceleration (PGA) as the one and only IM. Our primary objective is to use contemporary 

tools to evaluate the performance of PGA and compare it against competing upstarts by 

performing a parametric seismic fragility analysis of the components of a nuclear 

powerplant.  

Three candidate scalar IMs are considered. The first is obviously the old faithful of PGA, 

this being the primary option of the nuclear industry (Zentner et al, 2011). Also, spectral 

acceleration at the fundamental period of the structure, Sa(T1), is examined as it is considered 

a good index for first-mode-dominated linear or nonlinear structures and acceleration-

sensitive components (above the ground floor). Finally, the average spectral acceleration 

(AvgSa) in a range of short periods is the upcoming contender as different variants of it have 

been shown to offer good performance for a multitude of structures (Vamvatsikos and 

Cornell, 2005; Bojórquez and Iervolino, 2011; Eads et al, 2015; Kazantzi and Vamvatsikos, 

2015; Kohrangi et al, 2016a; Adam et al, 2017). There is no question that practicality is 

ensured for these IMs, even for AvgSa that due to its unique form leverages all GMPEs 

available for Sa(T1). What remains is to discern whether they also efficient and sufficient 

enough to be reliably used for the seismic safety evaluation of a nuclear powerplant 

according to modern concepts.  

2. Case study: Stick model of an NPP 

The nuclear powerplant under study is a stick model of the main containment/auxiliary 

building based on the AP 1000 advanced reactor design. It consists of three concentric sticks 

(Fig.1), representing the Coupled Auxiliary and Shield Building (ASB), the Steel 

Containment Vessel (SCV) and the Containment Internal Structure (CIS). The modelling 

data are taken from EPRI (2007). 

 

  
 

Fig. 1 – Original reactor design (left) and simple stick model (right) per EPRI (2007) 
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The structure is modelled using the open-source structural analysis program OpenSees 

(OpenSees 2006). In the first step, a modal analysis was performed. The first mode period 

is equal to 0.26s, while subsequent ones range from 0.19s and downwards. Incremental 

Dynamic Analysis (IDA, Vamvatsikos and Cornell 2002) was performed using a suite of 30 

two-component ground motion records, selected to be consistent with the seismic hazard of 

a hypothetical site in Southern Europe. 

Per current loss assessment standards (e.g. FEMA P-58) structural, non-structural 

components and contents located in a structure are sensitive to different engineering demand 

parameters (EDPs), typically either interstory drift or peak floor acceleration (PFA) 

response. Typical examples of acceleration-sensitive non-structural components are piping 

systems and (un)anchored equipment (D’Angela et al, 2021). Their assessment for ordinary 

buildings involves the analysis of the supporting structure, the determination of the 

distribution of PFA, and the assessment of fragility given said EDP. In other words, their 

fragilities are expressed in terms of the EDP rather than the IM.  

On the contrary, for the evaluation of NPPs, non-structural component fragilities are usually 

directly expressed in terms of the IM rather than the EDP. By virtue of being an extremely 

stiff structure akin to a monolith, an NPP is implicitly considered to transmit PGA nearly 

unchanged to the different levels within the structure. Were our forefathers right in this 

assertion? Can indeed PGA be the one and only IM that one needs to consider in lieu of the 

elaborate IM-to-EDP dance that modern guidelines prefer? To answer these questions, we 

will assess the fragility of (fictitious) anchored components that are located at different levels 

of the three NPP sub-structures (ASB, CIS or SCV). Focusing on the suitability of the 

different IMs for this purpose, we will also be looking for discrepancies in discarding the 

“classic” use of an EDP for non-structural component assessment.  

3 Fragility curves 

The total variability of a component is characterized by the different response, exhibited by 

the same component under different records and different-capacity versions of the 

component under the same record; in other words, record-to-record variability and the 

variability of the capacity, respectively. Deterministic capacities of acceleration-sensitive 

non-structural components do not consider the main features of the components, including 

geometry, boundary conditions, dynamic properties and supporting system (ground or 

structure supported). Herein component capacity is assumed to be deterministic, set at fixed 

values of 1.0g, 2.0g or 3.0g, in order to clearly see the effect of the record-to-record 

component.  

Let us consider a component CFj(Tc) located at the k-th level of building j, simulated as an 

SDOF of period Tc. Its seismic demand, ai,j(Tc), is defined as the spectral acceleration of the 

floor motion spectrum caused by record i at the component’s period Tc. It should be noted 

that each floor motion has two orthogonal components; herein, ai,j(Tc) is calculated as the 

geometric mean of the two corresponding spectral values. The fragility function utilized to 

calculate the probability of component CFj(Tc) to fail for a given ai,j(Tc) value is described by 

the following function: 

𝑃(𝑎𝑖,𝑗(𝑇𝑐) ≥ 𝐶) = Φ [
1

𝛽
ln (

𝑎𝑖,𝑗(𝑇𝑐)

𝐶
)] (1) 
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The variable C denotes the (deterministic) capacity of the component. Φ(∙) is the standard 

normal cumulative distribution function, while β corresponds to the total dispersion, herein 

equal to the record-to-record dispersion in demand. 

4. Analysis results and discussion 

The results of fragility curves of non-structural components for three different periods are 

presented; due to absence of more specific data for nuclear powerplants, the encountered 

periods are 0.4s, 0.2s and 0.1s. The procedure is conducted for all possible locations of the 

components along the height of the structure and among the sub-structures ASB, SCV and 

CIS (Fig.1).  

  

(a) median for a component with TC = 0.4s (b) dispersion for a component with TC = 0.4s 

  

(c) median for a component with TC = 0.2s (d) dispersion for a component with TC = 0.2s 

  

(e) median for a component with TC = 0.1s (f) dispersion for a component with TC = 0.1s 

 

Fig. 2 – Median and dispersion of fragility curves conditioned on AvgSa(0.1s – 0.4s) 
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Fig. 2 illustrates the distribution of median and dispersion values of component lognormal 

fragility curves along the height. The intensity measure used in this case is AvgSa(0.1s-0.4s). 

Figs 2a-b correspond to a component of 0.4s period, Figs 2c-d to a component of 0.2s period 

and Figs 2e-2f to 0.1s. It can be seen that the fragility of each component is independent of 

its location on the structure, due to the fact that NPPs are extremely stiff; as expected, the 

higher the capacity, the higher the median values of the fragility curves are. As for the 

dispersion, the results are really close for all the locations of the components. 

The same procedure is carried out for the structural fragility of non-structural components 

conditioned on Sa(0.26s) and PGA. The median values for these two IMs show similar 

behaviour as observed with AvgSa(0.1s-0.4s) in Figs 2a, c and e. Overall, it is concluded 

that dispersion is independent of the location (sub-structure or height) and the capacity of 

the components. Still, it will depend on the IM. Actually, the dispersion is what is used to 

indicate the efficiency of an IM; the lower the dispersion of an IM, the higher the efficiency 

becomes, or in other words the fewer records one needs to assess the response or the fragility. 

To aggregate the effect of even the smallest of differences, the comparison of the IMs is 

based on the average of the fragility dispersion values over height and component capacity, 

illustrated in Fig. 3. Apparently, AvgSa(0.1s-0.4s) is the most efficient IM regardless of the 

period of the component; on the other end, Sa(T1) is the worst, while PGA is somewhat in-

between the two, closely matching AvgSa(0.1s-0.4s) for short component periods, and 

getting closer to Sa(T1) for longer ones. Still, in absolute terms, the differences are not 

overwhelming: the lowest dispersion is ~0.15, recorded for AvgSa(0.1s-0.4s) and Tc = 0.2s, 

i.e., for components close to the structure’s fundamental period. The largest is ~0.35 for 

AvgSa(0.1s-0.4s), but up to 0.45 and 0.50 for Sa(T1) and PGA, respectively. 

 

 
 

Fig. 3 – Dispersion distribution over component period’s range 

Next, the sufficiency of the considered IMs is tested against the moment magnitude Mw of 

the records, this being traditionally a stricter test than, e.g., against distance. A linear 

regression analysis between IM|EDP, or the IM for a given value of the EDP, and Mw is 

performed as follows: 

IM|EDP = 𝑎 + 𝑏 ∙ 𝑀𝑤 (2) 

 

The average p-value and the average dispersion β explained by Mw, along the height of sub-

structures ASB, CIS or SCV, are used as metrics to evaluate the sufficiency of the IMs 
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against Mw. The p-value quantifies the statistical significance of the regression coefficient b 

on Mw; a low p-value, conventionally taken as p < 0.05, indicates that the regression 

coefficient b is statistically significant and implies that the considered IM is not sufficient. 

Figs 5a, c and e illustrate the p-values for the component response of each sub-structure. 

First of all, in all cases the components’ location does not influence the outcomes. In 

addition, all tested IMs, especially Sa(0.26s), are considered quite sufficient for components 

of 0.4s period, although as the period of the component becomes lower, they all become less 

sufficient.  

  
(a) average p-value for IM given aj(TC = 0.4s) (b) average dispersion β explained by Mw 

for IM given aj(TC = 0.4s) 

  
(c) average p-value for IM given aj(TC = 0.2s) (d) average dispersion β explained by Mw 

for IM given aj(TC = 0.2s) 

  
(e) average p-value for IM given aj(TC = 0.1s) (f) average dispersion β explained by Mw 

for IM given aj(TC = 0.1s) 

 

Fig. 4 – Statistical metrics for testing the sufficiency of the IMs against Mw for components of different 

periods and different locations in the sub-structures. In all cases, the location hardly matters. 
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The p-value should be considered in conjunction with the dispersion β explained by Mw. For 

“long”-period components (TC ≥ 0.2s) the average dispersion β explained by Mw has 

practically zero values (Figs 4 a-b), this means that Mw does not have any capability of 

explaining the dispersion of the tested IMs; as a result, they are considered sufficient. On the 

other hand, for ultra-short-period components (TC = 0.1s), a non-negligible part of the 

dispersion of Sa(T1) and AvgSa(0.1s-0.4s) can be explained by Mw; this is somewhat lower 

for PGA which is the most sufficient IM for these components. 

5. Conclusions  

The effect of IM selection on the fragility curves have been presented for a number of 

idealized components of an NPP. Their damage assessment was performed by characterizing 

the influence of several features: (a) different locations of components in the powerplant, (b) 

the period of the component, (c) the capacity of the component, and (d) intensity measures 

(IMs). 

First of all, due to the high stiffness of the structure, the same demand is recorded for the 

anchored components regardless of their location. Thus, employing fragility curves 

parameterized on the ground intensity measure, rather than the floor acceleration is an 

acceptable if not highly accurate assumption. Among the tested IMs, AvgSa(0.1s-0.4s) 

shows the lowest dispersion for all the examined components and as a result the highest 

efficiency. Furthermore, all IMs are sufficient against the moment magnitude Mw for the 

specific stick model, with PGA being more appropriate for short period components. 

Combining all information, AvgSa(0.1s-0.4s) shows in general the best performance. 

Nevertheless, the efficiency and sufficiency of PGA is not far off, leaving this conventional 

choice as a viable candidate for NPP assessment. 
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Natech events can result in serious consequences such as the accidental release of hazardous 

chemicals. For these reasons, in the last few decades, attention has been paid to leakage 

prevention of toxic, flammable, or pollutant components. On the other hand, the possible 

effects in terms of greenhouse gas (GHG) emissions have not been sufficiently investigated. 

Nonetheless, as demonstrated by empirical evidence, natural hazards can cause the release of 

high global warming potential (GWP) compounds such as fluorinated gases, nitrous oxides, 

methane and other chemicals. Recently, a new framework, based on the concept of Content 

Release GHG Emission Potential (CGEP), has been introduced able to quantify these kinds 

of impacts. In this work, we present the application of such a framework to an LNG tank. 

Keywords: Natech, natural hazards, environmental impact, LCA 

1. Introduction and CGEP framework.  

Due to the increasing demand in terms of environmental impact reduction, methods to 

integrate NH impact with buildings' LCA have been proposed (Calvi et al., 2016; Vitiello et 

al., 2016). Moreover, this rather new research field was developed starting from seismic 

hazard (Hasik et al., 2018; Caruso et al., 2020). In detail, these procedures are usually based 

on 4 main steps: 

I) natural hazard loss analysis;  

II)  environmental impact definition;  

III)  damage to impact conversion;  

IV)  assessment of the expected relevant equivalent emissions. 

While sharing some similarities to this method, the CGEP framework (di Filippo et al., 2022) 

focuses on the release effects of damage. In detail, the relevant steps of such an approach 

follow: 

a) evaluation of the Content release GHG Emission Potential (CGEP); 

b) natural hazard loss analysis: assessment of the probability of a structural/non-structural 

failure induced by an NH, expressed as 𝑃𝑓𝑛; 
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c) damage to release conversion: assessment of the fraction of the CGEP associated with 

𝑃𝑓𝑛, expressed as 𝑅𝐿𝑓𝑛; 

d) definition of the expected equivalent emissions relevant to the structural failure induced 

by NH, indicated as 𝐸𝑀𝑁𝑎𝑡. 

The scheme of the CGEP procedure is depicted in Fig. 1. 

 

Fig. 1 – CGEP Framework – Procedure scheme after (di Filippo et al., 2022). 

 

Step (a) can be analytically expressed as, 

    𝐶𝐺𝐸𝑃 = ∑ 𝑀𝑐
𝑁𝑐
𝑐=1 ⋅ 𝐺𝑊𝑃                                                            (1) 

 

where 𝑁𝑐 denotes the number of the high-GWP compounds encompassed by the system under 

study; 𝑀𝑐 is the relevant mass of the c-th component and 𝐺𝑊𝑃 its global warming potential. The 

original framework suggests a time horizon of 100 years but different assumptions may be made.   

Following this assessment, to evaluate the failure probability of a certain structure or component, 

Step (b) requires a quantitative risk analysis (QRA) (Choun and Elnashai, 2010). Besides,  

different damage levels entail different proportions of content release as described in the 

framework proposed by (Vathi et al., 2015). Thus, Step (c) consists in the assessment of such a 

proportion, 

 

𝑅𝐿𝑓 =
𝐶𝐺𝐸𝑓(𝐷𝑀𝑓)

𝐶𝐺𝐸𝑃
                                                                (2) 

 

where 𝐶𝐺𝐸𝑓 accounts for the content release GHG emission caused by the specific damage level. 

The final Step (d) allows for the calculation of the equivalent 𝐶𝑂2 related to the limit state 𝐿𝑆𝑓 
and the NH n as,  

 

𝐸𝑀𝑓𝑛 = 𝑃𝑓𝑛 ⋅ 𝑅𝐿𝑓 ⋅ 𝐶𝐺𝐸𝑃                                                 (3) 

3313
3ECEES, September 2022, Bucharest, Romania



 

To conclude, the different 𝐿𝑆 and NH can be combined with the following equations, 

𝐸𝑀𝑛 = 𝐸𝑀𝐿𝑆1𝑛 + 𝐸𝑀𝐿𝑆2𝑛 + 𝐸𝑀𝐿𝑆3𝑛 + ⋯                               (4) 

 

𝐸𝑀𝑁𝑎𝑡 = 𝐸𝑀𝑒𝑎𝑟𝑡. + 𝐸𝑀𝑡𝑠𝑢𝑛𝑎𝑚𝑖 + 𝐸𝑀𝑓𝑙𝑜𝑜𝑑 + ⋯                    (5) 

 

Hence, 𝐸𝑀Nat indicates the expected yearly emissions which could be integrated within the 

conventional LCA. 

 

2. A practical application – An LNG Tank 

The system under study is an LNG pressurized storage tank, as the one depicted in Fig. 2. 

Typically, LNG tanks are used to store LNG at very low temperatures, i.e. -100 °C to 

maintain its liquified state. A common design for LNG tanks is the full containment tank, 

where the inner steel tank encloses the LNG and the outer structure is generally thicker and 

made of concrete. 

 

Fig. 2 – An LNG pressurized storage tank  

 

This case study is pertinent to the application of CGEP given its LNG content. Indeed, LNG 

is composed of up to 95% of methane. Methane is a potent GHG with a GWP ranging from  

86 for a 20 years horizon, i.e. GWP20, and 25 considering 100 years, i.e GWP100 (IPCC, 

2013, Alvarez et al., 2012). In order to analyze a realistic case study, we will refer to (Bursi 

et al., 2018) which provides a seismic vulnerability analysis of an LNG subplant. Such 

facility encompasses a pressurized storage tank characterized by a 25 m radius and 32 m 

height. In detail, the relevant storage capacity is equal to roughly 29,000 tons of CH4. Hence, 

considering GWP20, it is possible to use Eq. (1) to evaluate the CGEP of the case study (CS): 
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𝐶𝐺𝐸𝑃𝐶𝑆 = (29,000 ⋅ 86)𝑡𝐶𝑂2,𝑒𝑞
= 2.49 ⋅ 106𝑡𝐶𝑂2,𝑒𝑞

                             (6) 

 

To confirm the relevance of the approach, we compare 𝐶𝐺𝐸𝑃𝐶𝑆 with the embodied carbon 

(EC) value. Thus, we make the hypothesis that such value is defined by the concrete material 

used to build the storage tank. This approximation is rather reasonable since the significant 

thicknesses of the tank’s concrete walls. Indeed, the relevant values are 0.65m for vertical 

walls and ranging from 0.35 to 0.85m for the dome. These figures lead to a total of 5000m3 

of concrete for the LNG storage tank. In this respect, from (Kim et al., 2016) we gather an 

EC for concrete of 310 kg CO2/m
3. On such premises, we can write, 

 

𝐸𝐶𝐶𝑆 = (5000 ⋅ 0.31)𝑡𝐶𝑂2,𝑒𝑞
= 1.55 ⋅  103𝑡𝐶𝑂2,𝑒𝑞

                      (7) 

 

As can be observed, 𝐶𝐺𝐸𝑃𝐶𝑆 is 103 times greater than EC𝐶𝑆 which proves the case for the 
procedure here presented. In accordance with Step (b) of the CGEP framework, we now 
have to assess the probability of a content release. Some studies, see Kim et al., 2019, 
among others, have provided fragility curves of LNG tanks subjected to seismic action. 
However, a clear connection between a certain limit state, its consequent damage level 
and the relevant content release is still missing. On the other hand, a classic QRA of a 
chemical accident is provided by (Geynes et al., 2017). In detail, the probability for a 
pressurized storage tank of a catastrophic failure with the instantaneous release is 
reported to be 𝑃r = 5·10−7 𝑦−1. In line with Step (c), we will assume an instantaneous 
release to imply a complete content release with RL = 1. It has to be noted that such 
probability, reported within (RIVM, 2009), is not strictly related to NH but 
encompasses several possible causes. Despite this approximation, we will adopt such 
value within CGEP framework and proceed with Step (d) as follows, 

 

𝐸𝑀𝑁𝑎𝑡 = 5 ⋅ 10−7𝑦−1 ⋅ 1 ⋅ 2.49 ⋅ 106𝑡𝐶𝑂2,𝑒𝑞
= 1.24𝑡𝐶𝑂2,𝑒𝑞

𝑦−1            (8) 

 

 

To conclude, the result of (8) and all the other framework parameters are reported in Table 

1. 

 

Table 1. Framework Parameters 

CGEP(𝑡𝐶𝑂2,𝑒𝑞)  Limit State 𝑃𝑓𝑛(𝑦−1) 𝑅𝐿𝑓 𝐸𝑀𝑓𝑛(𝑡𝐶𝑂2,𝑒𝑞y-1) 

2.49·106 Catastrophic failure 

with instantaneous 

release 

5·10−7 1 1.24 
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4. Conclusions  

This study has presented the application of a novel framework to integrate natural hazards 

effect into LCA of industrial structures. It is possible to conclude that the integration should 

consider GHG emissions when dealing with methane applications. This is coherent with the 

global effort in the mitigation of methane emissions. With regard to this issue, the CGEP 

framework could be adopted and extended to take into account lower limit states more 

pertinent to normal operational conditions. Such applications could help mitigate fugitive 

emissions by dealing with risk assessment and structural safety of industrial components. 

Acknowledgments  

The first author was supported by the grant provided by the Institution Fondazione Caritro. 

The second and third authors were supported by the Italian Ministry of Education, University 

and Research (MIUR) in the framework of "Departments of Excellence"(grant L 232/2016) 

References  

- Alvarez, Ramón & Pacala, Stephen & Winebrake, James & Chameides, William & Hamburg, Steven. 

(2012). Greater Focus Needed on Methane Leakage From Natural Gas Infrastructure. Proceedings of 

the National Academy of Sciences of the United States of America. 109. 

- Bursi O. S., di Filippo R., La Salandra V., Pedot M., Reza S. Md, Probabilistic seismic analysis of an 

LNG subplant, Journal of Loss Prevention in the Process Industries, Volume 53,2018,Pages 45-60, 

ISSN 0950-4230, https://doi.org/10.1016/j.jlp.2017.10.009. 

- Calvi, G.M., Sousa, L., Ruggeri, C., 2016. Energy efficiency and seismic resilience: A common 

approach, in: Gardoni, P., LaFave, J.M. (Eds.), Multi-hazard Approaches to Civil Infrastructure 

Engineering. Springer International Publishing,Cham, pp. 165–208 

- Caruso, M., Pinho, R., Bianchi, F., Cavalieri, F., Lemmo, M.T., 2021. Integrated economic and 

environmental building classification and optimal seismic vulnerability/energy efficiency retrofitting. 

Bulletin of Earthquake Engineering 19,3627–3670. doi:10.1007/s10518-021-01101-4. 

- Choun, Y.S.,  Elnashai,  A.S.,  2010.   A simplified framework for probabilistic earthquake loss 

estimation. Probabilistic Engineering Mechanics  25,  355–364.   

- di Filippo R, Bursi Oreste S., Ragazzi M., Ciucci M., Natech risk and the impact of high-GWP content 

release on LCA of industrial components, Process Safety and Environmental Protection, 2022, ISSN 

0957-5820, https://doi.org/10.1016/j.psep.2022.02.042. 

- Gyenes, Z. & Wood, M. H. & Struckl, M. (2017). Handbook of Scenarios for Assessing Major 

Chemical Accident Risks. JRC Technical Reports  ISSN 1831 – 9424 

- Hasik, V., Chhabra, J.P., Warn, G.P., Bilec, M.M., 2018. Review of approaches for integrating loss 

estimation and life cycle assessment to assess impacts of seismic building damage and repair. 

Engineering Structures 175, 123–137 

- IPCC, 2013. Summary for Policymakers. Cambridge University Press, Cambridge, United Kingdom 

and New York, NY, USA. book section SPM. p. 1–30. URL:www.climatechange2013.org, 

doi:10.1017/CBO9781107415324.004. 

- Kim, T.H., Tae, S.H., 2016. Proposal of environmental impact assessment method for concrete in 

South Korea: An application in LCA (life cycle assessment). International Journal of Environmental 

Research and Public Health 13 

- Kim, Ji-Su & Jung, Jung & Moon, Ji-Hoon & Lee, Tae-Hyung & Kim, Jong & Han, Tong-Seok. 

(2019). Seismic Fragility Analysis of Base-Isolated LNG Storage Tank for Selecting Optimum 

Friction Material of Friction Pendulum System. Journal of Earthquake and Tsunami. 13. 

10.1142/S1793431119500106. 

- RIVM, 2009. Reference Manual Bevi Risk Assessments, version 3.2. National Institute of Public 

Health and the Environment (RIVM), Centre for External Safety, Bilthoven, the Netherlands. 

- Vathi, M., Karamanos, S.A., Kapogiannis, I.A., Spiliopoulos, K.V., 2015. Performance Criteria for 

Liquid Storage Tanks and Piping Systems Subjected to seismic Loading. URL: 

https://doi.org/10.1115/PVP2015-45700, doi:10.1115/PVP2015-45700. 

- Vitiello, U., Salzano, A., Asprone, D., Di Ludovico, M., Prota, A., 2016. Life-cycle assessment of 

seismic retrofit strategies applied to existing building structures.Sustainability 8. 

3316
3ECEES, September 2022, Bucharest, Romania

https://doi.org/10.1016/j.psep.2022.02.042


 

 

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

 

The importance of indirect losses in the seismic risk analysis of precast 
RC buildings in Portugal  

Sousa Romain – CDRSP, Civil Engineering Department, ESTG-Polytechnic Institute of Leiria, Leiria, 
Portugal, romain.r.sousa@ipleiria.pt 

Silva Vitor – Global Earthquake Model Foundation, Pavia, Italy/University Fernando Pessoa, Porto, 
Portugal, vitor.silva@globalquakemodel.org 

Rodrigues Hugo – RISCO, Civil Engineering Department, University of Aveiro, Aveiro, Portugal, 
hrodrigues@ua.pt  

 

Abstract: Observations from past destructive earthquakes indicate that indirect economic 
losses can greatly exceed the direct economic losses. However, the influence of indirect 
losses is often neglected in seismic risk studies due to the complexity associated with their 
evaluation, as well as the fact that direct losses tend to gather public attention due to human 
losses and the visual impact of structural damage. This issue is particularly evident in the 
assessment of indirect losses linked to industrial activities, which can represent a significant 
portion of the economy. The present study presents a comprehensive framework for the 
assessment of indirect economic losses based on the impact of business interruption and 
interdependency between the different economic sectors. The application of the proposed 
model to precast reinforced concrete buildings constitutes the first seismic risk study of this 
typology in Portugal, and highlights the critical need to pursue risk mitigation measures to 
address both the potential direct and indirect effects in the Portuguese economy. 

Keywords: Indirect losses, Seismic risk, Industrial buildings, Reinforced concrete, Precast  

1. Introduction 

Seismic risk studies are of paramount importance to provide meaningful and useful 
information to property owners and public authorities in terms of the expected potential 
casualties, economic losses, or economic disruption (Demartino and Monti, 2020). 
Although the seismic hazard of a given site and the vulnerability of the assets are critical 
for the assessment of direct losses, the indirect losses depend also on the local social and 
economic factors (Hofer et al., 2019). In fact, the impact of an earthquake can go beyond 
the local human and economic losses. Rodrigues et al. (2018) demonstrated that business 
interruption, a component generally ignored in common seismic risk assessment studies, 
might have a significant impact on the overall losses, with repercussions that can go 
beyond the local or regional level (Huang et al., 2021). 
Despite the potential impact in the economy, comprehensive analysis of the indirect losses 
in industrial facilities has been the target of limited scrutiny (e.g., Ferreira et al. (2016), 
Rodrigues, 2018, Rossi et al 2019), mainly due to the difficulties in establishing a reliable 
relation between the interoperability and trade across different industrial sectors, as well as 
in the definition of the spatial distribution of the trading network that can range from a 
local municipality, to businesses in the other side of the globe. 
In the present study, the estimation of the indirect losses was carried out based on the 
procedure described in HAZUS (FEMA, 2003), following principles of input-output flow 
(Galbusera et al., 2018), but adjusted to the Portuguese reality based on indicators collected 
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from the Portuguese Statistical Office (INE). The importance of both direct and indirect 
losses in the industrial sector was assessed through seismic risk analyses of PRC industrial 
buildings in Portugal. The first type of losses represents the impact due to the direct 
damage in the buildings (i.e., structural, non-structural, contents and inventory) 
considering two damage states (moderate and complete), whilst the indirect losses cover 
the impact due to the disruption of the economic activity and supply-chain, which appear 
to be two of the most important causes of business interruption after extreme events 
(Nocera and Gardonni, 2019). The latter impact is caused by limitations or disruptions in 
the backward (purchases) and forward (shipments) links between the affected buildings 
and other economic sectors. 

2. Seismic risk analysis 

Seismic risk analysis comprises the convolution of three main components: seismic hazard 
at the sites of interest, the exposure or socio-economic value at risk, and the vulnerability 
of the assets exposed to the seismic hazard. The characteristics of these components will 
naturally influence the loss estimations, and we present them in detail in the subsequent 
sections. The integration of the different components was carried out using the 
OpenQuake-engine (Silva et al., 2014; Pagani et al., 2014), an open-source seismic hazard 
and risk calculation software supported by the Global Earthquake Model Foundation. 

2.1. Earthquake scenario  

The seismic activity in Portugal is characterized by a low frequency occurrence of offshore 
events with large to very large magnitude (such as the well-known 1755 Lisbon 
earthquake), and moderate to large onshore earthquakes (Moreira, 1989). In the present 
study, the onshore scenario was considered as a baseline to assess the potential losses in 
the PRC building stock. The rupture parameters adopted is summarized in Table 1, and were 
defined based on the parameters proposed by Silva and Paul (2020). 

Table 1. Rupture parameters adopted for the different earthquake scenarios 
Rupture Magnitude (MW) Coordinates Strike Dip Rake 
Onshore 5.7 38.82N; 9.05W 220° 55° 0° 

 
The ground motion fields were calculated using the GMPE from Kotha et al. (2020) (with 
the attenuation properties characteristic of regions of slow attenuation). The consideration 
of site effects was carried out using shear wave velocities (Vs,30) based on the topographic 
slope and the local geologic properties, as further described in Silva et al. (2014). One 
thousand ground motion fields were generated through Monte Carlo simulations with a 
truncation level of 3 to properly propagate the aleatory uncertainty from the ground motion 
models into the loss results. The spatial distribution of the median PGA (in g) for mainland 
Portugal is depicted in Figure 1 (a). 

2.2. Exposure  

The exposure model comprises the spatial distribution of PRC buildings in the Portuguese 
mainland territory. The distribution of the building stock follows the data collected by 
Crowley et al. (2020), presented in Figure 1 (b). According to Crowley et al. (2020), nearly 
12% of the industrial area corresponds to PRC buildings, representing about 6,938 
buildings with an average area per building of approximately 1,032 m2. 
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a)	 b)	

Figure 1. Median ground motion fields (a) and distribution of PRC buildings in Portugal mainland (b). 

According to the model proposed by Crowley et al., (2020), the economic value of the 
structural, non-structural and contents of this type of facilities is approximately 
775 EUR/m2. Considering that these three components do not cover the companies 
inventory, an additional value of 350 EUR/m2 was added, which represents 4% of the total 
annual sales, as suggested by HAZUS (FEMA, 2003). The annual sales per area were 
determined based on the total production carried out in PRC buildings (i.e., 12% of the 
annual national production - EUR 522 billion) and the total area of PRC buildings 
(7.2x106 m2). In terms of potential losses, it is assumed that 50% of the contents and 
inventory can be recovered even if the building suffers complete damage, following what 
is suggested in HAZUS (FEMA, 2003). Therefore, contents and inventory losses can only 
reach half of its total value, as depicted in Figure 2. Furthermore, losses expected due to 
moderate damage were set to one tenth of the ones attributed to extensive damage, as 
recommended in HAZUS (FEMA, 2003). 

 
Figure 2. Disaggregation of the assets value. 
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2.3. Seismic vulnerability 

The fragility functions in terms of structural and non-structural components were defined 
based on the numerical study carried out by Sousa et al. (2020). This study proposes 
fragility functions based on the result of hundreds of nonlinear static analyses, whose 
building models reflect both mechanical and geometrical characteristics of the Portuguese 
industrial building stock (Rodrigues et al., 2020). In addition, fragility functions were also 
considered to assess economic losses due to damages in the contents and inventory. For the 
type of structures under analysis, corresponding essentially to single storey buildings, the 
floor accelerations threshold can be approximated to the Peak Ground Acceleration (PGA), 
as the majority of the contents and inventory are located on the ground floor. Given the 
absence of local damage data or analytical fragility models, we used fragility functions for 
contents and inventory, with an increase in the mean values of each damage state with the 
expected seismic design level, as proposed by HAZUS (FEMA, 2003). Table 2 presents the 
parameters of the fragility functions used in this study, divided in three groups named as 
“Pre-code”, “Moderate-code” and “Post-code”, if built between 1960–1980, 1980–2000 
and (2000–2020) respectively, according with the work carried out by Sousa et al., 2020. 

Table 2. Summary of the fragility parameters in terms of spectral accelerations at the elastic period 
(structural and non-structural) and peak ground acceleration (contents and inventory) in m/s2. 

Intensity 
measure Damage state 

Pre-code Moderate-code High-code 

Mean SD Mean SD Mean SD 

Sa(T=1.7s) 
[Sousa et 
al., 2020] 

Structural 
Moderate 0.50 0.39 0.98 1.44 1.76 2.76 

Complete 1.34 0.92 3.17 4.80 9.03 19.63 

Non-structural Moderate 0.35 0.14 0.35 0.14 0.35 0.14 

Complete 1.52 0.83 1.46 0.73 1.41 0.66 
PGA 

[FEMA, 
2003] 

Contents and 
inventory 

Moderate 3.92 2.94 4.90 3.63 5.89 4.41 

Complete 15,70 11.77 19.62 14.22 23.54 17.66 

 
The conversion of fragility functions into vulnerability functions requires the definition of 
a consequence model that relates the expected loss ratio for each damage state. A summary 
of the loss ratios per component is presented in Table 3, reflecting the suggestions from 
Crowley et al., (2020) for the structural and non-structural components and from HAZUS 
(FEMA, 2003) for the contents and inventory. For the complete damage state, the total loss 
ratio is approximately 64% of the total economic value, as it is assumed that part of the 
contents and inventory can be recovered (see Figure 2). 

Table 3. Percentage of building replacement cost for moderate and complete damage state. 

Damage state 
Building replacement cost (%) 

Structural Non- 
structural Contents Inventory 

Moderate 1.0 1.7 2.1 1.6 
Complete 10.3 17.2 20.7 15.6 

The indirect losses associated with business interruption depend on the resulting level of 
damage, activity sector, size of the company, local economy, amongst others factors. 
Despite this inherent subjectivity, we considered a period of 3 and 8 months of recovery 
time for buildings with moderate and complete damage state, respectively.  
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The losses attributed to the business interruption associated with the repair time were 
defined as a function of the building, contents and inventory damage. The estimated repair 
time is hence based on the fragility model that maximizes building disruption, i.e., that 
conduces to higher recovery time as a function of the damage state. A summary of the 
business interruption time and associated costs is presented in Table 4. It is noted that the 
disruption costs intend to cover the shifting and transferring expenses, and are not 
dependent on the recovery time itself. 

Table 4. Building recovery time and associated costs. 

Damage state Recovery time            
(months) 

Rental cost 
(EUR/m2/month) 

Reallocation expenses               
(EUR/m2) 

Total                
(EUR/m2) 

Moderate 3 
3.3 11.9 

21.8 
Complete 8 38.3 

3. Economic indicators  

The quantification of the indirect losses requires two main indicators: the geographic 
location of each economic activity and the interconnections between the most relevant 
economic sectors in terms of economic value and employment allocation, and that develop 
their activity in PRC buildings, or are likely dependent on sectors whose activity is 
developed in this type of buildings. The values described in Table 5 present the distribution 
of the different economic activities at the NUTS II (Nomenclature of Territorial Units for 
Statistics applied to Portugal) regions reported in 2019 for Portugal. 

Table 5. Location of the most relevant economic activities, in %, according to the Portuguese Statistical 
Office based on data collected in 2019. 

Region Agriculture Industry Construction Trade & 
Transport. Total 

North 10.2 7.0 6.0 17.3 40.6 
Centro 5.9 3.3 4.6 10.7 24.5 
MAL 1.6 2.0 4.0 12.7 20.3 

Alentejo 3.9 0.8 0.9 3.2 8.8 
Algarve 1.2 0.0 1.3 2.4 4.8 

 
Given the interdependencies between the different sectors, eventual direct losses affecting 
a given sector might generate constraints in both shipment and purchases to other 
economic sectors. This effect can be represented in input-output matrixes, such as the one 
presented in buildings (Table 6), showing the exchanges measured in Portugal in 2013, 
associate with PRC buildings. It is recalled that the economic activity ion PRC buildings 
represent only 12% of the total.  In this table, each column quantifies the contribution that 
a given sector has for the sector identified in the first row plus other payments (including 
taxes) and importations. On the other hand, each row indicates the production of that sector 
to the different sectors identified in the columns, plus the demands from consumers and 
exportations. Naturally, given the heterogeneous distribution of the economic sectors along 
the country, different direct loss ratios are expected at the different sectors for a given 
seismic event. This divergence implies that the initial exchange matrix will become 
unbalanced and subsequent adjustments will necessarily occur in the post-event period.  
This readjustment is highly dependent on the characteristics of the local economy and the 
level of opening to different external markets. For example, in closed economies, the 
unbalance is more difficult to compensate considering the restrictions in the import and 
export movements. In these cases, shortages will spread out to the entire economy causing 
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constraints in the supply chains. This might result in deficit of production in some sectors, 
and an increase in stocks when the production is in excess (and cannot be shipped).  
Table 6. Cross-sector exchange of products in Portugal in 2013, expected for PRC buildings in million EUR, 

(adapted from INE, 2017). 

Sector Agricult. Industry Construct. Trade & 
transport 

Other 
demands Export. Total 

Agricult. 123 754 0 53 638 123 1,691 
Industry 293 5,301 582 1,523 7,231 5,502 20,433 

Construct. 12 40 604 169 1,458 78 2,363 
Trade & 
transport 68 843 216 4,771 8,106 1,315 15,319 

Other 
payments 801 13,100 566 8,408 

  
22,874 

Import. 394 394 394 394 
  

1,577 
Total 1,691 20,433 2,363 15,319 17,433 7,018 64,257 

 
In this study it is assumed that the Portuguese economy is relatively open and therefore is 
able to partially accommodate the spread of the direct losses to other sectors of the 
economy that were less affected. As described in the section Indirect Losses, it was 
assumed that the post-event exchange between different sectors is controlled by the 
limiting (minimum) one, while a fraction of the difference (50% in this case) is 
compensated through an increase in the importations and exportations. 

4. Assessment of direct losses 

The direct losses expected for the onshore scenario is approximately 0.04% of the 2020 
Portuguese annual gross domestic product (GDP), with an important concentration in the 
Lisboa Region, as detailed in Table 7. 

Table 7. Expected direct losses at the different regions 
Region Million EUR Region % 
Norte 0.0 0.0% 
Centro 2.0 0.1% 
Lisboa 67.3 4.4% 

Alentejo 3.5 0.3% 
Algarve 0.0 0.0% 

 
The disaggregation of the losses by period of construction and loss component presented in 
Figure 3 show a consistent reduction in the structural, contents and inventory losses with the 
evolution in the design and construction processes. The significant reduction in the 
structural losses from the pre-code to the high-code is associated with the presence of steel 
dowels at the beam-to-column connections, as well as with the increase in the longitudinal 
and transverse reinforcement ratios (Rodrigues et al., 2020). On the other hand, it is 
observed that the losses related to the non-structural components remain essentially 
unchanged regardless of the design. This is an expected finding, as the fragility functions 
consider that the non-structural damage measured is essentially independent of the period 
of construction. It is worth noting that, the losses associated with contents and inventory 
reach large values resulting form the fact that, close to the rupture, the spectral 
accelerations tend to be amplified in the short period range, which has a strong correlation 
with damage in contents and inventory. 
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a)	 b)	
Figure 3. Geographic distribution of direct losses for the onshore scenario (a) and disaggregated by period 

of construction and building components (b). 

5. Assessment of indirect losses  

This study considers that the indirect losses encompass the costs associated with the 
business interruption, as well as losses due to the disruption of the economy. Other factors 
associated with the disruption of educational activities, healthcare services, tourism, among 
others, were not included in this study due the difficulties in quantifying these 
contributions with reliable metrics. 
Regarding the economic restrictions in the purchases and shipments, we first quantified the 
losses associated with each economic sector, and then the subsequent cascading effects that 
those losses cause in the other economic sectors. Based on the expected direct losses 
resulting from the structural, non-structural, contents and inventory, presented in the 
previous section (Table 7) and the information provided in Table 5, we computed the 
estimated annual losses associated with the different economic sectors in proportion to the 
direct losses (see Table 8). In addition to the monetary values, this table includes also the 
losses per region normalized by the value of the building stock at the regional (second 
column) and national (last column) level, reflecting the combination of losses and exposure 
at the different regions. 

Table 8. Distribution of the expected annual economic disruption in PRC buildings. 

Region 
Losses at the        
regional level 

(‰) 

Losses per economic sector (million EUR) Losses at the       
national scale 

(‰) Agriculture Industry Construct. Trade & 
transport 

Norte 0.0 0.0 0.0 0.0 0.0 0.0 

Centro 1.0 0.1 0.7 0.1 1.6 0.2 

MAL 43.0 1.2 18.2 4.1 85.6 8.9 

Alentejo 3.0 0.2 0.5 0.1 1.5 0.3 

Algarve 0.0 0.0 0.0 0.0 0.0 0.0 

Total 1.5 19.3 4.3 88.7 9.4 
 
The sum of the losses calculated for each economic sector can then be used to update the 
initial exchange matrix presented in Table 6 and estimate the economic losses caused by the 
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constraints in the exchanges between the different sectors. The model adopted to estimate 
the new post-event exchange matrixes assumes that importations and exportations can 
temporarily increase to compensate 50% of the unbalanced purchases and shipments, on 
the basis that Portugal can be considered an open market economy. This implies that part 
of the excess of production is not absorbed by the different internal economic sectors nor 
exported and will be temporarily accumulated in the companies stocks. 
The losses associated with the economic cascading effect, assessed based on the difference 
between the initial and post-event balanced exchange matrix, indicate that the reduction in 
economic activity after the earthquake is in the order of EUR 187 million. This value refers 
to the losses expected if the constraints in the economy extend for a period of one year and 
therefore, it is likely overestimated considering that the recovery time might be shorter (see 
Table 4). Admitting an average recovery period of 6 months, we obtained losses of 
approximately EUR 92 million that correspond to approximately 0.05% of the 2020 GDP. 

Table 9. Cross-sector exchange of products from the Portuguese PRC buildings after the direct losses, in 
million EUR. 

Sector Agricult. Industry Construct. Trade & 
transport 

Other 
demands Export. Total 

Agricult. 123 753 0 53 637 123 1,690 
Industry 293 5,296 581 1,515 7,224 5,499 20,408 

Construct. 12 40 603 168 1,456 78 2,358 
Trade & 
transport 68 839 215 4,744 8,060 1,307 15,232 

Other 
payments 800 13,088 565 8,360   22,813 

Import. 394 394 394 392   1,573 
Total 1,689 20,410 2,358 15,232 17,377 7,007 64,074 

 
This analysis revealed also that the cascading effect in the economic losses causes impact 
in regions beyond the areas directly affected by the earthquake. This is due to the fact that 
the economic sectors are unequally distributed across the country, together with the open 
nature of the economy and the interdependence between sectors, often located in different 
regions of the country or even in other countries.  
The data presented in Table 10 shows a spread in the immediate losses to regions not 
directly affected by the ground shaking (herein termed as “Cascading losses”), namely to 
the “Norte” and “Centro”. This is because the “Trade and Transport” sector, which is the 
most relevant in the region affected by the earthquake (MAL region), has very relevant 
transactions with the “Industry” sector concentrated in the Northern region of the country. 
These flows were estimated based on the assumption that the limitations or disruption of 
the purchases and shipments occurring in the period subsequent to the earthquake (i.e., the 
natural rebalance of the inter-sector exchange matrix), occurs in proportion to the actual 
geographic distribution of the different economic sectors (see Table 5).  

Table 10. Distribution of economic losses immediately after the earthquake and the ones including the 
cascading effects in the subsequent recovery period, in million EUR and ‰. 

Region Immediate  Cascading 
Norte - (0.0‰) 5.0 (0.4‰) 

Centro 2.5 (0.2‰) 6.25 (0.5‰) 
MAL 109.1 (8.9‰) 111.5 (9.1‰) 

Alentejo 2.2 (0.3‰) 2.2 (0.3‰) 
Algarve - (0.0‰) - (0.0‰) 
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The global figures presented in detailed in Figure 4 and Error! Reference source not 
found. show that the indirect losses are of the same order of magnitude of the direct ones, 
and, due to the limitations pointed above, the actual losses might diverge from the ones 
reported in this paper. 

	

Direct 
million EUR 73 

% GDP 0.04 

Indirect 
million EUR 106 

% GDP 0.05 

Total 
million EUR 179 

% GDP 0.09 
	

Figure 4. Distribution of the direct and indirect 
losses for the onshore scenario.	

Table 11. Summary of the losses estimated for the 
two scenarios.	

6. Conclusions 

Several risk analyses addressing the direct losses of residential buildings can be found in 
the literature. Yet, although past seismic events have demonstrated that the indirect losses 
can surpass the direct impact, only a fraction of these studies addressed them in an explicit 
manner. This study describes a framework that aims at quantifying the importance of 
indirect losses in seismic risk analysis, in particular those associated with industrial 
facilities. To this end, the study presents, for the first time, an estimation of the direct and 
indirect losses considering the population of precast reinforced concrete buildings in 
Portugal.  
According to this study, the losses of this type of construction, which represents 12% of 
the total industrial building stock, can reach approximately 1‰ of the national GDP for the 
onshore event. Regarding the disaggregation of the direct losses, it was observed that 
generally the losses tend to decrease with the period of construction, except for the non-
structural ones, whose fragilities adopted assume that these are independent of the period 
of construction.  
Based on the impact in the different economic sectors and the geographic distribution of 
the direct losses, it was possible to estimate the expected costs due to business interruption 
and the disruption for main economic sectors. This analysis revealed that the indirect 
losses, which include these two components, could reach values larger than the direct 
impact. Moreover, it was possible to observe that activities located in regions with low 
seismic hazard can suffer important losses due to constraints in their purchases and sales. 
These conclusions highlight the need to account for these losses in future seismic risk 
studies in order to attain a more comprehensive view of the impact of earthquakes.  

Acknowledgements 

This work was financially supported by Project POCI-01-0145-FEDER-028439 —
“SeismisPRECAST Seismic performance ASSessment of existing Precast Industrial 
buildings and development of Innovative Retrofitting sustainable solutions” funded by 

Structural	
9%	 Non-structural	

14%	

Contents	and	
inventory	

20%	
Business	

interruption	
6%	

Economy	
disruption	

51%	

3325
3ECEES, September 2022, Bucharest, Romania



FEDER funds through COM- PETE2020—Programa Operacional Competitividade e 
Internacionalização (POCI) and by national funds (PIDDAC) through FCT/MCTES. The 
second author acknowledged to FCT—Fundação para a Ciência e a Tecnologia namely 
through the PhD grant with reference SFRH/BD/139723/2018.  

References 

- Crowley H, Despotaki V, Rodrigues D, et al. Exposure model for European seismic risk 
assessment. Earthquake Spectra. 2020;36(1_suppl):252-273. doi:10.1177/8755293020919429 

- Daniell, J. et al., (2012) - The Worldwide Economic Impact of Earthquakes, Paper No. 2038 January 
2012 Conference: Proceedings of the 15th World Conference of Earthquake Engineering, Lisbon, 
Portugal 

- Demartino, C., Monto, G. (2020) Low-LOD code-driven identification of the high seismic risk areas 
for industrial buildings in Italy, Bulletin of Earthquake Engineering, 18:4421-4452, 
https://doi.org/10.1007/s10518-020-00867-3  

- FEMA (2003) Multi-hazard loss estimation methodology, earthquake model, HAZUS, Federal 
Emergency Management Agency and National Institute of Buildings Sciences, Washington DC 

- Ferreira, M, Oliveira, C. Mota de Sá, F. (2016) Industrial disruption index. Concepts and 
applications, Revista Portuguesa de Engenharia de Estruturas, Série III, n.o 2. 

- Galbusera, L., & Giannopoulos, G. (2018) On input-output economic models in disaster impact 
assessment, International Journal of Disaster Risk Reduction, (30), 186–198. 
http://doi.org/10.1016/j.ijdrr.2018.04.030 

- Hofer L., Zanini M.A., Faleschini F., Pellegrino C. (2018) Profitability analysis for  assessing the 
optimal seismic retrofit strategy of industrial productive processes with  business-interruption 
consequences, Journal of Structural Engineering – ASCE,  6  144(2): 04017205, DOI: 
10.1061/(ASCE)ST.1943-541X.0001946.   

- Huang, R., Malik, A., Lenzen, M. et al. (2021) Supply-chain impacts of Sichuan earthquake: a case 
study using disaster input–output analysis. Nat Hazards.https://doi.org/10.1007/s11069-021-05034-8 

- INE (2017) Sistema Integrado de Matrizes Simétricas Input-Output 2013, Instituto Nacional de 
Estatística, Lisboa 

- Kotha, S. R., Weatherill, G., Bindi, D., & Cotton, F. (2020) A regionally adaptable ground motion 
model for shallow crustal earthquakes in Europe, Bulletin of Earthquake Engineering, 18(9), 4091–
4125. http://doi.org/10.1007/s10518-020-00869-1 

- Moreira, V. (1989) Seismicity of the Portuguese continental margin, in Earthquakes at North-
Atlantic Passive Margins: Neotectonics and Postglacial Rebound, S. Gregersen and P. Basham 
(Editors), luwer Academic Publishers, 533–545 

- Nocera, F., Gardoni, P. (2019) A ground-up approach to estimate the likelihood of business 
interruption, International Journal of Disaster Risk Reduction 41, 
https://doi.org/10.1016/j.ijdrr.2019.101314 

- Pagani M, Monelli D, Weatherill G, Danciu L, Crowley H, Silva V, Henshaw P, Butler L, Nastasi 
M, Panzeri L, Simionato M, Vigano D (2014) OpenQuake engine: an open hazard (and risk) 
software for the global earthquake model. Seismol Res Lett 85(3):692–702  

- Rodrigues, D., Crowley, H., & Silva, V. (2018). Earthquake loss assessment of precast RC industrial 
structures in Tuscany (Italy). Bulletin of Earthquake Engineering, 16(1), 203–228. 
http://doi.org/10.1007/s10518-017-0195-6 

- Rodrigues, H., Sousa, R., Vitorino, H., Batalha, N., Varum, H., & Fernandes, P. (2020). 
Characterisation of Portuguese RC Precast Industrial Building Stock. Advances in Civil 
Engineering, 2020(3), 1–19. http://doi.org/10.1016/j.engstruct.2015.02.034 

- Rossi, L., Holtschoppen, B., Butenweg, C. (2019). Official data on the economic consequences of 
the 2012 Emilia-Romagna earthquake: a first analysis of database SFINGE. Bulletin of Earthquake 
Engineering, 17(9), 4855–4884. http://doi.org/10.1007/s10518-019-00655-8 

- Silva V, Crowley H, Pagani M, Pinho R (2014) Development of the OpenQuake engine, the global 
earthquake model’s open-source software for seismic risk assessment. Nat Hazards 72(3):1409–
1427 

- Sousa, R., Batalha, N., Silva, V., & Rodrigues, H. (2020). Seismic fragility functions for Portuguese 
RC precast buildings. Bulletin of Earthquake Engineering, 1–18. http://doi.org/10.1007/s10518-020-
01007-7 

3326
3ECEES, September 2022, Bucharest, Romania



 

 

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

The MARS vulnerability model: a new metrics based on EMS-98 
vulnerability classes  

Sergio Lagomarsino – University of Genoa, Genoa, Italy, sergio.lagomarsino@unige.it 

  

Abstract: Within the ambit of the MARS project, aimed at the evaluation of the seismic risk 
at national scale of the Italian residential building stock, a vulnerability metrics has been 
proposed, with the aim of comparing and integrating different vulnerability models, proposed 
for the building typologies. It is based on the EMS-98 vulnerability classes: two sets of 
fragility curves, named brittle and ductile, have been associated to each EMS-98 vulnerability 
class (from A to F). For each building typology, the corresponding set of fragility curves is 
obtained as a combination of the reference ones. The implementation of this approach in the 
new version of the IRMA platform provided interesting results. 

Keywords: macroseismic vulnerability model, heuristic model, fragility models, residential 
buildings, EMS-98 vulnerability classes 

1. Introduction 

Vulnerability is one of the steps of a seismic risk analysis on a building stock at urban or 
regional scale. It represents the way to pass from the seismic hazard, defined by an intensity 
measure (IM), to the physical damage, usually represented by discrete damage states (DS), 
which may be then correlated to the losses.  
The correlation between IM and DS is defined in probabilistic terms both because the 
specific features of the seismic input cannot be described by a single intensity parameter 
(record to record variability), and because the building stock has to be grouped into 
vulnerability classes, to face the problem at territorial scale with limited structural 
information. The classification is made according to the taxonomy of available structural 
features, with the aim of grouping buildings which are characterized, as much as possible, 
by a similar seismic performance. 
In the case of poor information, very few classes may be identified, while the availability of 
a detailed taxonomy should, in principle, allow the subdivision into many classes. However, 
it is necessary to avoid that the variability of structural performance of buildings within a 
specific class is higher than the difference between two classes, in terms of average 
behaviour. 
When the macroseismic intensity is used to characterize the seismic hazard, damage 
probability matrices are associated to each vulnerability class, which provide the histogram 
of damage states, being the physical damage measured in discrete terms, for example by 5 
damage grades, in addition to the case of no damage. These damage grades are used for the 
macroseismic survey and are associated to an overall evaluation of the impact on structural 
and non-structural elements, taking implicitly into account both the maximum damage level 
attained in some elements (damage peak) and the diffusion within the building (average 
damage). Being a comprehensive measure of the building performance, damage states may 
be statistically correlated to losses (economic, building use, effects on the people), through 
consequence functions. 
Nowadays, the seismic hazard is associated to physically consistent intensity measures, 
directly related to the ground motion (PGA, PGV, PGD or integral parameters, like the Arias 
intensity) or even considering the structural response (Sa(T1), Housner intensity, ecc.). In 
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these cases, the vulnerability of a building class is defined by a set of fragility functions, 
which provide the probability of exceeding of each damage state as a function of the 
continuous IM. 

For the derivation of fragility curves many alternative approaches may be adopted: 

- Empirical/observational 

- Mechanical-based (numerical or analytical) 

- Expert judgment driven (macroseismic, heuristic, elicitation)   

- Hybrid models 
A fragility function may be defined in discrete terms, considering specific values of the IM 
(e.g. by using a multiple stripe analysis, or empirical percentiles obtained on IM bins), and 
the total risk calculation is made numerically. However, usually reference is made to 
lognormal fragility functions, which are defined by the median value of IM (the one for 
which the probability of exceedance of a generic damage state is 50%) and the dispersion b 
(the standard deviation of the logarithm of the IM).  

Whatever the IM and the building classification, the dispersion b is never equal to zero due 
to the record-to-record variability, because one single parameter cannot describe the 
damaging power of a record (two records with the same IM but different duration, number 
of main pulses, frequency content, etc. produce a different response). Spectral acceleration 
for the fundamental period of the building is in general more efficient then PGA for flexible 
structures, but in the case of stiff ones (like masonry buildings) this is not always true, due 
to high irregular spectral shape in the low period range. Therefore, even for a single building, 
the fragility curve presents a non-negligible dispersion (around 0.4). Due to the probabilistic 
definition of the fragility curves, even in a single building the capacity is never perfectly 
known; thus, a contribution to the dispersion should be included, but it is negligible (inter-
building variability). This is not true when the fragility curves aim to represent the 
performance of a building class, made by buildings which have different features, even if 
associated to the same taxonomy. In this case, depending on the homogeneity of the building 
class, the dispersion related to the capacity may be comparable or even higher than that 
related to the record-to-record variability. It is worth noting that the overall homogeneity of 
the building class keeps the lognormal distribution admissible, because it is assumed that the 
inter-building variability of the capacity is gradual within the class, made by a large number 
of buildings. This is not the case when the class is made by two distinct groups of buildings, 
with a different average behaviour. 
The DSs may be referred to a qualitative measure of damage, like the 5 damage grades 
adopted by the EMS-98 macroseismic scale for the post-earthquake survey, or to the 4 
performance levels used in seismic codes for the assessment of existing buildings. 
Finally, for each building class, the vulnerability is defined by a set of fragility curves, 
defined by the median values of the IM (those for which the probability of reaching the 
specific DS is 50%) and the corresponding dispersion. 
Due to this the comparison and integration of different vulnerability models is a critical issue. 
Within the MARS project (Masi et al. 2022) an innovative vulnerability metrics has been 
proposed, which is based on the vulnerability classes of EMS-98. The median value of the 
intensity measure for DS2 is assumed for each vulnerability class. Then the fragility curves 
of the other DSs are defined by a proper distance from the fragility curve of DS2; two limit 
conditions of brittle and ductile buildings are considered, characterized by closer or spaced 
apart curves. These sets of fragility curves, for the six EMS-98 vulnerability classes (from 
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A to F), in all cases differentiated into brittle and ductile, represent a base of 12 sets to be 
used to simulated each specific set fragility curves by a linear combination of them. 

2. The MARS vulnerability model 

In 2018, the seismic risk scenario for the National Risk Assessment (NRA, 2018) was 
evaluated with the platform IRMA (Borzi et al., 2020), by combining the ones obtained by 
using different vulnerability models and assigning to them the same weight (Dolce et al., 
2020).  
The vulnerability of the residential building stock is defined in the platform IRMA (Borzi et 
al., 2020) as follows:  

- 5 damage levels (Dk, k=1,..5) are considered, in accordance with the European 
Macroseismic Scale (EMS) (Grunthal, 1998);  

- fragility curves of the 5 damage levels are introduced for 5 vulnerability classes, 
named A/B/C1/C2/D, characterised by decreasing vulnerability; 

- the inventory of the residential building stock, at national level, is based on the 
ISTAT census (ISTAT 2001), which contains information on the structural material, 
the construction age and the number of stories, aggregated at municipality level;   

- the vulnerability of each ISTAT type (defined by a taxonomy that combines the 
structural material, the construction age and the number of stories) is assigned by a 
linear combination of fragility curves assigned to the above-mentioned vulnerability 
classes (this means that each ISTAT type is defined as being made of percentages of 
pre-defined classes). 

The vulnerability classes are not directly associated to a specific building type but collect 
buildings characterized by the same relation between the seismic intensity and the damage. 
It is worth noting that in the literature these vulnerability classes have been used, within the 
Damage Probability Matrix simplified approach (e.g. Braga et al. 1982), by associating 
specific building types to each one:  

- Class A: traditional irregular masonry buildings, with low quality structural details;  

- Class B: traditional regular masonry buildings, with good quality structural details; 

- Class C1: solid brick or modern masonry buildings with rigid horizontal diaphragms; 
- Class C2: reinforced concrete building without earthquake resistant design 

(gravitational loads); 

- Class D: reinforced concrete building with earthquake resistant design.  
However, it is worth noting the ISTAT inventory allows a pretty accurate classification and 
it would be too rough the direct association of each ISTAT type to one of the 5 considered 
classes. Therefore, the 5 sets of fragility curves defined for the vulnerability classes represent 
a vulnerability metrics, useful to associate to each ISTAT type a specific set of fragility 
curves that represent the possible different behaviour of the same type. Indeed, the IRMA 
platform evaluates the damage for each ISTAT type by combining with the introduced 
percentages the damage of the 5 reference vulnerability classes. This approach is 
conceptually coherent with the EMS, because it assumes that in the specific building type 
there are structures belonging to different vulnerability classes and vice versa (for further 
details see Dolce et al., 2020). 
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The set of lognormal fragility curves of one vulnerability class is defined by the median 
values of the Peak Ground Acceleration (PGA) relevant to the 5 damage levels, together 
with the correspondent values of the statistical dispersion; obviously the former increase 
passing from a vulnerability class to the following, less vulnerable. However, the seismic 
performance is determined also by the relative distance between damage levels, which 
increases in the case of ductile structures (for example, in a ductile structure, given the PGA 
that causes damage D2, it should be increased more in order to reach damage D3). This is 
why class C is usually divided into classes C1 and C2: modern masonry buildings and 
gravitational RC ones have, on average, a similar vulnerability but the distribution of damage 
levels is different.  
For the seismic risk assessment released in 2018, each research group has defined 
independently 5 sets of fragility curves for the vulnerability classes adopted by the platform 
IRMA: this choice makes the comparison between different models very difficult, unless it 
is made directly in terms of damage and loss scenarios. 
One of the aims of the WP4-MARS of the DPC-ReLUIS project is to develop an advanced 
vulnerability consensus model to update the seismic risk scenario for the NRA, in order to 
improve both the confidence on the results and the clearness of the whole model at national 
scale. The distinctive and original features are the following: 

- univocal definition of the vulnerability, through sets of fragility curves associated to 
the six EMS vulnerability classes, from A to F; therefore, the research groups assign 
the vulnerability to each ISTAT building type through a linear combination of 
fragility curves associated to the EMS classes (the coefficients are percentages whose 
sum should be equal to one); it is worth noting that with this approach the comparison 
between vulnerability models is straightforward, just in terms of the percentages 
assigned to the EMS classes; 

- derivation of a unique and shared vulnerability model, by a combination of the 
weights proposed by research groups for each ISTAT type, without the need of 
calculating many damage scenarios to be combined ex-post; this approach makes the 
validation of the models, at the level of each single ISTAT type, easy; moreover, in 
this way it is very easy to implement the contribution of research groups that develop 
models only for some of the ISTAT types; 

- evaluation of the vulnerability at sub-national scale (by considering different sub-
national areas: administrative regions, population and altimetric areas): the ISTAT 
building inventory, available at national scale for the residential building stock, does 
not include specific structural information (masonry features, horizontal diaphragms, 
earthquake resistant system in the case of RC buildings, etc.), which significantly 
influences the vulnerability; these data, at least for significant statistical samples, are 
available from a national on-site survey (Zuccaro et al. 2015) that highlights the 
structural features of residential buildings in the different areas of Italy; the platform 
IRMA allows the different territorial areas to be analyzed separately, by applying 
each time the specific vulnerability models, and then merging the results in order to 
get the national risk maps;  

- seismic risk assessment of some types of special buildings (portfolio analysis), 
thanks to the availability of structural information on any single georeferenced 
building (school buildings, churches): to this end, specific platforms have been 
developed (IRMA school buildings; IRMA churches), which adopt the same 
vulnerability metrics based on the EMS vulnerability classes.  
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2.1 Formulation of MARS model: fragility curves of the EMS-98 vulnerability classes 

According to the above-mentioned aims, the WP4-MARS has developed a vulnerability 
model that allows an effective and accurate definition of fragility curves do be defined for 
the ISTAT building types. It has been implemented in the updated version of the platform, 
named IRMA 2.0, which allows different research groups to propose their vulnerability 
models and to contribute to define harmonized fragility curves. The general framework is 
still based on a set of vulnerability classes, but in order to consider also modern buildings 
with advanced earthquake resistant design, reference is made to the 6 EMS classes, from A 
to F; moreover, the possibility of either a brittle or a ductile behaviour is explicitly 
considered.  
The set of 5 fragility curves, associated to one EMS class, is defined by the following 
parameters: 

- the median value PGAD2 of the damage level D2, assumed as reference for the EMS 
class because it is representative of a moderate damage, with slight structural damage 
(close to the reaching of the maximum shear strength);  

- the ratios PGADk/PGAD2 related to the median values of PGA for the other damage 
levels Dk (k=1,3,4,5), which are related to the seismic performance in terms of 
ductility (or, more precisely, in terms of behavior factor, for the higher damage 
levels, while for the damage level D1 is related to the overstrength ratio in masonry 
buildings and to the damage of infill and partition walls in RC buildings); 

- the dispersion bDk associated to the damage levels, which should meet certain 
conditions to avoid the intersection of fragility curves within the interval of 
numerical integration of the risk convolution. 

Each vulnerability class is then identified by the value PGAD2 (Table 1). These values have 
been obtained from those assigned by the different research groups for the NRA in 2018, 
just to have an agreed reference, but it is worth noting that these classes represent a 
vulnerability metrics for the assignment of the set of fragility curves to any ISTAT type, 
through a linear combination. According to EMS, the difference between a vulnerability 
class and the following is that an increment of one degree of the macroseismic intensity is 
needed to have the same damage level. The correlation laws between macroseismic intensity 
and PGA are characterized by a mathematical relation in which to the increment of one 
intensity degree corresponds a constant multiplication factor of PGA; many correlations are 
available in the literature, from which on average this factor may be assumed equal to 1.7. 
This value has been used for the definition of EMS vulnerability classes (Table 1). 

 
Table 1 Median values of PGA for the damage level D2 that define the EMS vulnerability classes 

Vulnerability class A B C D E F 
PGAD2 [g] 0.11 0.19 0.32 0.54 0.92 1.57 

 
Regarding the seismic performance of the ISTAT types in terms of ductility, the fragility 
curves proposed by the different research groups for NRA-2018, through empirical or 
mechanical based approaches, have highlighted some distinctive features: 

- masonry buildings: the more ancient types are more vulnerable than modern masonry 
buildings, because they suffer slight or moderate damage for lower values of PGA; 
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however, the former ones result more ductile, i.e. the fragility curves are less closed 
together than in the case of modern masonry buildings, characterized by higher 
strength and lower ductility; 

- RC buildings: those built before 1980, in particular when designed only for gravity 
loads, have a limited ductility, while the ones designed with modern codes are more 
ductile. 

Differences in terms of ductility are expected even in the case of buildings before and after 
seismic retrofitting interventions; this information is relevant for planning mitigation and 
assess their effectiveness. If ancient masonry buildings without effective connections are 
considered, they are expected to be very vulnerable and brittle, because of the high 
vulnerability to local out-of-plane mechanisms (i.e., damage levels D4 and D5 are attained 
with PGA values only slightly larger than the one producing a moderate damage). The 
improvement of connections (e.g. with steel tie rods) reduces the vulnerability to local 
mechanisms, but does not change significantly the damageability: then, according to the 
MARS model, the building would belong to the same EMS class but with increased ductility. 
Following the strengthening of masonry walls, the maximum base shear of the building 
increases and, therefore, the value of PGAD2: the building would pass to a higher EMS 
class, without changing the ductility. Finally, even the ductility would be incremented if also 
in-plane strengthening of horizontal diaphragms, with connection to the masonry walls, is 
adopted. 
The comparative analysis of fragility curves used in the 2018 risk assessment has shown 
(e.g. Rosti et al., 2020; Lagomarsino et al., 2020a) that the distance between the damage 
levels is well represented by the following law: 

𝑃𝐺𝐴$% = 𝑃𝐺𝐴$'	𝑒*(%,') 𝑘 = 1, . . ,5       (1) 

where α is a free parameter that ranges between 0.36 and 0.66, moving from the maximum 
brittle to ductile behavior. Table 2 shows the values associated to the limit cases: it is worth 
noting that in the case of maximum brittleness the damage level D4 (representative of near 
collapse) is attained with a double PGA compared to that of moderate damage (D2), while 
in the case of maximum ductility this factor rises to 3.8. Therefore, the set of fragility curves 
of a building type may be univocally defined by two parameters only: PGAD2 (ranging 
between the values of Class A and F in Table 1) and α (ranging between the limit values 
0.36 and 0.66).      

Table 2 Median values of PGA for the attainment of different damage levels with respect to D2, in the 
conditions of both brittleness and ductility 

  PGADk/PGAD2 
Vulnerability Class α D1 D2 D3 D4 D5 
brittle 0.36 0.70 1 1.43 2.05 2.95 
ductile 0.66 0.52 1 1.94 3.74 7.24 

 
Then, the MARS vulnerability model is based on the definition, for each EMS class, of two 
sets of fragility curves, named brittle and ductile, characterized by the same value PGAD2 
(Table 1) but by a different distance between damage levels. The vulnerability to damage 
level D2, named moderate in EMS and representative of the building shear strength in the 
pseudo-elastic phase, is then what characterizes each EMS class.  
The assignment of the set of fragility curves to each ISTAT type, derived through an 
empirical or mechanical-based approach, may be done as a linear combination of 4 sets of 
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fragility curves, properly selected among the 6 EMS classes, each one available in the double 
option of brittle and ductile behavior. The procedure is based on the following steps: 

1. identification of the two consecutive EMS classes Ci and Ci+1 (𝐶4 ≡ 𝐴, 𝐶6 ≡ 𝐹), 
within which the behavior of the ISTAT type is included, and calculation of the 
corresponding weights: 

 𝑤9 =
:;<=>,?@AB,:;<=>	

:;<=>,?@AB,:;<=>,?@
𝑤9C4 = 1 − 𝑤9       (2) 

2. identification of the parameter a that better reproduces the PGADk of the different 
damage levels; this parameter may be obtained by a minimum least squares 
regression through the following relation: 

 𝛼 = ∑ (%,')	GHI(:;<=J :;<=>⁄ )L
JMB

∑ (%,')>L
JMB

(0.36 ≤ 𝛼 ≤ 0.66)     (3) 

3. identification of the weights to be assigned to the brittle and ductile classes to obtain 
the performance of the ISTAT type, given the parameter a: 

 𝑤R =
S.66,*	
S.T

𝑤U = 1 − 𝑤       (4) 

4. evaluation of the final weights to be assigned to the 2 EMS classes, each one 
subdivided into 2 sub-classes (Ci,b, Ci,d, Ci+1,b and Ci+1,d) needed to reproduce the 
complete set of fragility curves of the ISTAT type: 

 𝑤9,R = 𝑤9	𝑤R 𝑤9,U = 𝑤9	𝑤U 𝑤9C4,R = 𝑤9C4	𝑤R 𝑤9C4,U = 𝑤9C4	𝑤U (5) 

Finally, regarding the dispersion b of the lognormal fragility curves, it is worth considering 
that it is the result of different contributions, which may be usually assumed as statistically 
independent and then combinable with the SRSS rule. If fragility curves are referred to a 
single building, the dispersion is mainly due to the record-to-record variability, as 
uncertainties on the material properties, the structural features and the thresholds to define 
the damage levels are less relevant. However, in a seismic risk analysis at national scales, 
with poor information for the building classification (taxonomy), the fragility curves should 
be representative of wide building types, which includes many architectural and structural 
configurations with a different behavior; moreover, the definition of damage levels, in 
particular from observational approaches, is a difficult task. 
The fragility curves adopted by the 2018 risk assessment (Dolce et al., 2020) have values of 
the dispersion between 0.5 and 0.8; usually, greater values are associated to the more ductile 
sets of fragility curves. The derivation of fragility curves, both from empirical damage data 
or mechanical-based models, leads to values of the dispersion that are different for any 
damage level. This implies the intersection of fragility curves, which is theoretically 
inconsistent, because the probability to exceed a given damage level cannot be higher than 
the probability to exceed a lower damage level. The intersection occurs for low values of the 
PGA when the dispersion of a given damage level is higher than that of a lower level, or for 
high values of PGA in the opposite case. However, as the platform IRMA evaluates 
numerically the convolution integral of seismic risk (Cornell, 1968) in the interval of values 
PGAmin<PGA< PGAmax, it is sufficient that the intersections between fragility curves are out 
of this interval. After simple mathematical steps it is possible to derive that this compatibility 
conditions is guaranteed by the following relation: 

𝛽$%
WXY(:;<Z[\),WXY]:;<=^_
WXY(:;<Z[\),WXY(:;<=J)

< 𝛽$a < 𝛽$%
WXY(:;<Z@b),WXY]:;<=^_
WXY(:;<Z@b),WXY(:;<=J)

with	𝑗 > 𝑘 (6) 
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Figure 1 shows the fragility curves of damage level D2 for the 6 EMS classes (the dispersion 
has been assumed constant and equal to 0.65). It is worth noting that passing from a specific 
EMS class to the following one, the PGA needed to induce the same probability of attainment 
of D2 increases by a constant factor (about 1.7, from Table 1): this is compatible with the 
definition in EMS, where the performance of vulnerability classes is associated to an 
increase of one macroseismic intensity degree, and with usual correlations between intensity 
and PGA (in logarithmic form). Moreover, it is evident that vulnerability classes collect 
buildings with different performance, because, for example, for PGA=0.19 g (median value 
PGAD2 of class B - 50% of buildings of class B suffer D2 or more), around 20% of buildings 
of class C presents the same damage and even 80% of buildings of class A have a lower 
damage level: this is an effect of the adopted dispersion (b=0.65, in the figure). Figure 2 
shows, for EMS class B, the influence on the set of fragility curves for the 5 damage levels, 
due to: a) brittle and ductile behaviour (Table 2); b) dispersion (b=0.5 and b=0.8, assuming 
a medium ductility behaviour (b=0.51). It is worth noting that the red curves, referred to 
damage level D2, are coincident in Figure 2a, while in Figure 2b have only the same median 
PGA (PGAD2=0.19 g) but the different values of the dispersion b determine a steeper or 
lower slope (in the latter case, due to the higher dispersion, increasing or reducing the PGA 
the global performance of the EMS class changes to a less significant extent). Moreover, 
Figure 2a shows that in the case of brittle behaviour (dashed lines) fragility curves are closer 
together, while in the case of ductile behaviour (dotted lines) the distance between the 
damage levels is bigger (according to Table 2). Finally, Figure 2b shows that the dispersion 
does not influence the median values of the five damage levels PGADk.     

 
Fig. 1 Fragility curves of the damage level D2 for the six EMS vulnerability classes (b=0.65) 

The framework of the new platform IRMA 2.0 is compatible with the MARS vulnerability 
model, and allows to implement the fragility of a building type with two alternative 
approaches, depending on the information available and the database architecture of 
considered buildings: 

- residential building stock (ISTAT inventory, aggregated at municipality scale): for 
each ISTAT type (defined by structural material, construction age, and number of 
stories) the two EMS classes between which the actual behavior is found are 
identified, and the corresponding percentages are calculated (weights provided by 
Eqn. 5), for both the version brittle and ductile; the seismic scenario is evaluated 
through a combination of damage and consequences obtained for the EMS 
vulnerability classes, by using the above-mentioned percentages; 
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(a)                                                                                     (b) 

Fig. 2 Fragility curves of Class B: a) for the brittle (α=0.36) and ductile (α=0.66) behaviour (b=0.65); b) 
influence of the dispersion (b=0.5 or 0.8), for a medium ductility behaviour (b=0.51) 

 
- school buildings portfolio (classification of each building through a specific 

taxonomy): the inventory of school buildings contains structural information 
(seismic resistant system, horizontal diaphragms, etc.) that allows sub-types to be 
defined, starting from ISTAT types, and to each one a set of fragility curves is 
associated; the vulnerability of each sub-type is defined in terms of percentages of 
the EMS classes, analogously to the case of ISTAT types for the residential building 
stock, but in this case a specific set of lognormal fragility curves are defined by 
evaluating the parameters (median values of PGA and dispersions for the 5 damage 
levels) as follows: 

𝑃𝐺𝐴$% = 𝑤9,R	𝑃𝐺𝐴$%,i@,j + 𝑤9,U	𝑃𝐺𝐴$%,i@,l + 𝑤9C4,R	𝑃𝐺𝐴$%,i@AB,j + 𝑤9C4,U	𝑃𝐺𝐴$%,i@AB,l  (7) 

𝛽$% = 𝑤9,R	𝛽$%,i@,j + 𝑤9,U	𝛽$%,i@,l + 𝑤9C4,R	𝛽$%,i@AB,j + 𝑤9C4,U	𝛽$%,i@AB,l     (8) 

 

 
Fig. 3 Fragility curves implemented in the platform IRMA 2.0 for the ISTAT residential building stocks and 

the inventory of school buildings 

Figure 3 shows, as an example, the fragility curves of a building typology characterized by 
the following parameters: wB=0.25, wC=0.75, wb=0.5, wd=0.5, bb=0.5, bd=0.8. Curves are 
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related to damage level D3. The blue curve is a weighted sum of the fragility curves of the 
classes B and C: this approach is used in the platform IRMA 2.0 for the ISTAT typologies 
of the residential building stock. The red curve is a lognormal fragility curve with the 
following parameters PGAD3=0.455g, b=0.65 (obtained by Eqs. 7 and 8): this approach is 
used for the typologies of building schools, as defined in the platform IRMA 2.0. It is worth 
noting that in the former case (blue curve) the resulting dispersion is a bit higher because it 
includes the dispersion due to the combination of curves with different median values; in 
order to overcome this problem, the dispersion of the EMS Classes should be slightly 
reduced, in particular for the higher damage levels.   
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Abstract: The serious consequences of seismic events in Italy in recent decades have 

highlighted the need to develop risk mitigation strategies. To evaluate the effectiveness of 

possible retrofit interventions, vulnerability assessments for as-built cases and retrofitted 

scenarios have to be carried out. In this work, fragility curves of as-built and retrofitted 

ordinary masonry buildings built before 1919 are elaborated. In particular, the seismic 

interventions herein evaluated are strengthening of masonry (MSN1, MSN2), interventions to 

improve connections (TR), and interventions of floor stiffening (FLR). This paper describes 

the methodologies to elaborate such fragility curves proposed by the research units of UniPD 

(University of Padova), UniGEa and UniGEb (University of Genova), developed within the 

DPC-ReLUIS agreement (Department of Civil Protection - Network of University 

Laboratories for Earthquake Engineering). The fragility curves obtained by each research unit 

are presented, and the results are compared with each other.  

Keywords: Retrofit interventions, seismic risk, mitigation strategies, historical masonry 

buildings, residential buildings 

1. Introduction  

The Italian territory is periodically struck by seismic events, even of high intensity. Among 

the various natural risks, seismic risk in this country is the one with the highest average 

mortality rate, and it has led to economic losses of 180 billion euros in the past 50 years 

(ICPD 2018). It is therefore evident how risk reduction strategies based on solid risk 

assessments are needed, so that targeted mitigation policies can be set up. 

In order to tackle these challenges, the Department of Civil Protection (DPC) is working 

together with the scientific community (Dolce et al. 2021), particularly with Re-LUIS 

(Network of University Laboratories for Earthquake Engineering). Among the projects 

carried out under this agreement, WP4 MARS (MAps of Risk and Scenarios of seismic 

damage) aims to develop new models and maps of seismic risk in Italy; specifically, Task 

4.6 focuses on developing vulnerability models for retrofitted buildings, and elaborating 

maps of mitigated risk. 

Vulnerability evaluations often rely on the definition of fragility curves, i.e. probabilistic 

cumulative distributions that link the probability of occurrence of a certain damage state 

(DS) to a specific seismic intensity parameter (e.g. PGA). Several methods to derive fragility 

curves are available in the literature, such as empirical methods (Rosti et al. 2021; Zuccaro 

et al. 2021), analytical methods (Borzi et al. 2021; Donà et al. 2021; Lagomarsino and Cattari 

2014), and hybrid ones (Kappos et al. 2006).  
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In the following paragraphs, the specific methodologies adopted by different research units 

which contributed to Task 4.6 of MARS project are described. In particular, the work carried 

out by UniPD (University of Padova, coordinated by F. da Porto), UniGEa (University of 

Genova, coordinated by S. Lagomarsino), and UniGEb (University of Genova, coordinated 

by S. Cattari) is presented. This paper focuses on the definition of vulnerability for 

residential masonry buildings built before 1919, both for the as-built configuration and the 

retrofitted case. With reference to the mitigated curves, a selection of possible retrofit 

interventions for Pre-1919 masonry buildings is illustrated, and the explanation on how each 

research unit implemented them in their own methods is provided. Lastly, results in terms 

of fragility curves are shown, and then compared with the fragility curves associated to the 

as-built condition of each research unit. 

2. Methodologies for vulnerability assessment 

2.1 UniPD: simplified mechanical-heuristic procedure 

The procedure adopted by the University of Padova to elaborate fragility curve that express 

seismic vulnerability is based on the simplified mechanical analysis of a database of 205 

buildings (having 1 to 5 storeys and grouped on 2 height classes, 1-2 storeys and ≥3 storeys) 

through the Vulnus software (Donà et al. 2021; Follador et al. 2021).   

Vulnus vb 4.0 is a software (Bernardini et al. 1990; Valluzzi 2009) developed at the 

University of Padova that analyses load-bearing URM buildings on the basis of limited 

information on geometry, material properties, construction details and other qualitative 

information. Vulnus calculates three indices: I1, associated to the in-plane resistance; I2, 

related to the triggering acceleration of the main out of plane mechanisms; and I3, which is 

a qualitative index. The three indices, with the adoption of the Fuzzy sets theory, are used to 

elaborate three fragility curves: a White curve of central probability, and two extreme 

probability curves (Upper- and Lower-Bounds). The three curves, described by cumulative 

lognormal distributions, represent the probability of exceeding a moderate-severe damage 

state, associated to a DS2-3 with reference to the EMS98 scale (Grünthal 1998), as a function 

of PGA. The curves, obtained implementing each building of the database in the software, 

have been post-processed as follows (Donà et al. 2021). 

First, the curves of buildings with the same number of storeys are averaged by municipality, 

to maintain geographical and typological representativeness. Then, the resulting curves are 

averaged to obtain the curve representing the height class, considering the actual height 

distribution obtained from ISTAT (2011) census data. Since the curves produced by Vulnus 

represent a single damage state (DS2-3), the macroseismic fragility model of Lagomarsino 

and Giovinazzi (2006) and Lagomarsino and Cattari (2014) is calibrated on the mechanical 

fragility model obtained for DS2-3, to extend the seismic fragility model over the five 

damage states of EMS98 (from DS1 to DS5). This procedure is applied separately for the 

White, Lower- and Upper-Bound curves, resulting in three mechanics-based fragility 

models: the most probable (White), and two boundary probabilities (Lower- and Upper-

Bound). Considering the aim of providing a fragility model suitable for large-scale risk 

assessments, a single fragility set is derived by combining White, Upper- and Lower-Bound 

fragility sets.  
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2.2 UniGEa: macroseismic-heuristic procedure 

The procedure adopted by the University of Genoa (UniGEa) is based on a macroseismic-

heuristic approach that starts from the original proposal of Lagomarsino and Giovinazzi 

(2006) but it has been recently further developed by Lagomarsino et al. (2021) thanks to the 

valuable calibration supported by the use of data on URM residential buildings collected in 

Da.D.O. (Dolce et al. 2019). In particular, according to this approach, the fitting of observed 

damage data is carried out in the domain given by the mean damage grade (μD) and the 

macroseismic intensity (I) with the aim of deriving the free parameters (V and Q) of the 

macroseismic vulnerability curve expressed by the following: 

μD = 2.5 [1 + tanh (
I + 5V − 0.38Q − 11.6

Q
)] (1) 

where V is the vulnerability index and Q the ductility index. To this aim, it is necessary 

converting the ith -PGA bin in the corresponding ith-I bin, by adopting a I-PGA correlation 

law. In particular, the following relationship has been adopted: 𝐏𝐆𝐀 =  𝐜𝟏 𝐜𝟐
𝐈−𝟓, where c1 

represents the PGA for intensity I=5, while c2 is the factor of increase of PGA due to an 

increase of 1 of the macroseismic intensity. In this work, c1 and c2 have been assumed equal 

to 0.05 and 1.8, respectively. However, the adoption of such law is only functional to operate 

the fitting in the coherent domain, but it doesn’t alter the numerical consistence of each bin; 

indeed, the conversion has been operated by referring to the central value of each bin.  

Once the V and Q values are fitted, according to the procedure described in Lagomarsino et 

al. (2021), it is possible to convert the vulnerability curve into the corresponding fragility 

curve, assuming that the completion of DPMs is made according to the binomial probability 

distribution: 

PGADSk(V, k) = c1c2
(IDk−5)

= c1c2

[6.6−5V+Q[0.38+atanh(0.36k−1.08)]]
 (2) 

Specific values in the as-built condition were already available for each ISTAT building 

type, which classifies the residential building stock in terms of age of construction and 

number of stories. 

2.3 UniGEb: simplified analytical-mechanical procedure 

The second procedure adopted by the University of Genoa (UniGEb) is the DBV-Masonry 

(Lagomarsino and Cattari 2014), a pure mechanical-based model. The original approach was 

developed to derive fragility functions exclusively referring to the global behavior of URM 

buildings associated to the in-plane walls response. The model firstly defines the capacity 

curve representative of the structural seismic response based on three variables: 1) the 

pseudo-elastic period of the structure Ty; 2) the spectral acceleration at yielding Ay (equal to 

the ultimate one Au, as no hardening is assumed); 3) the ultimate displacement capacity. The 

evaluation of these variables requires the definition of a limited number of mechanical and 

geometrical parameters, together with the assumption of a fundamental modal shape and the 

attribution of specific corrective factors (Ki), aimed to account for the effects induced by the 

large set of constructive and morphological details that usually characterize existing 

buildings. The analytical formulation basically makes reference to the Strong-Spandrels 

Weak-Piers (SSWP) behavior, but then some of the aforementioned factors aims to correct 

this estimate to account for other possible behavior (like the Weak-Spandrels Strong-Piers 

or intermediate) induced by the lack of tie-rods and r.c. ring beams, or by the poor quality of 

spandrel elements. The displacement capacity is computed as a combination of two basic 
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deformed shapes associated to the SSWP and WSSP mechanisms that may be conveniently 

computed in analytical way. The nonlinear static procedure based on the use of over-damped 

spectra (Freeman 1998) is adopted to compute the value of the IM that produces the 

attainment of DLs (IMDL) while, for the uncertainty propagation, various contributions are 

considered. In particular, the uncertainty associated to the structural capacity is computed by 

using the response surface method (Pagnini et al. 2011). 

Starting from the original proposal of the model, within the MARS project, further 

refinements of the method have been developed. One of most significant concerns the 

possibility to also account– even if in a simplified way -for the activation of out-of-plane 

(OOP) mechanisms (Cattari et al. 2021). In particular, the latter are considered by limiting 

the displacement capacity to DL3 and DL4 through corrective coefficients differentiated as 

a function of the masonry type (i.e. irregular), the diaphragm type (i.e. in case of vaults or 

poor connected flexible floors) or in absence of good structural details (like tie-rods). 

The DBV-Masonry model allows defining fragility curves for specific sub-types associated 

to a taxonomy that involves the masonry type, the structural details and the horizontal 

diaphragms. Then, fragility curves associated to ISTAT sub-types may be developed too, by 

using proper combination matrices. In this research, the latter have been calibrated from 

Da.D.O. database (Dolce et al. 2019) referring to the data residential masonry buildings hit 

by the 2009 L’Aquila earthquake. 

3. Retrofit intervention and implementation  

To select the most significant and effective retrofit interventions for historical masonry 

buildings, the reference literature was taken into account, together with direct field 

observations (Saretta et al. 2021; Valluzzi et al. 2021). Specifically, the interventions have 

been grouped into three categories, depending on the kind of improvement that they are 

supposed to bring: a) interventions that increase the strength and compactness of the walls 

(MSN); b) interventions that improve wall-to-wall and wall-to-floor connections and 

guarantee the box-like behaviour (TR); and c) interventions that increase the stiffness of the 

horizontal diaphragms (FLR) (Circular 2019/01/21). In Table 1, the four selected 

interventions are shown.  

Table 1. Selected retrofit interventions  

individual interventions 

MSN1 1st stage  Injection; reinforced plaster; FRCM-TRM; repointing 

MSN2 2nd stage Joint application of two interventions 

TR addition of tie-rods 

FLR stiffening of floors  

 

In the following paragraphs, a detailed explanation of the interventions summarized in Table 

1 and of their implementation in the different methodologies proposed by each research unit 

is given.  

3.1 Masonry strengthening 

The quality and state of preservation of masonry is very important to ensure good seismic 

performance of a building. In general, in case of historical masonry of very poor quality (i.e. 

rubble stone masonry), interventions of grout or mortar injections (Oliveira et al. 2012, Silva 

et al 2014) are selected. For masonry made of more regular elements (i.e. stone ashlar and 
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solid brick), reinforced concrete jackets (Modena et al. 2009) or FRCM-TRM (Fibre/Fabric 

Reinforced Cementitious Matrix/Mortar – Textile Reinforced Mortars) plasters (CNR-DT 

215/2018; da Porto et al. 2018; Giaretton et al. 2018) can be applied. Lastly, when the mortar 

is of very poor quality or in a deteriorated state, it is possible to act with bed-joint repointing 

(Corradi et al. 2008).  

As presented in Table 1, two stages of masonry strengthening interventions are proposed in 

this study. The first stage (MSN1) considers the application of light or single interventions, 

whereas the second one (MSN2) implies the concurrent application of more than one 

intervention, to achieve better retrofit results.  

To simulate these types of intervention the UniPD research unit applied the corrective 

coefficients shown in Table 2 to the mechanical characteristics of the building material in 

Vulnus. The coefficients refer to table C8.5.II available in the Italian Circular 2019/01/21, 

and depend on the stage of intervention and on the construction material. Since these 

interventions require addition of material, an average increase of specific weight, estimated 

at 5% in case of stone masonry and 4% in case of solid brick masonry, was also considered 

in the analyses. 

To simulate these types of intervention, for buildings built before 1919, the UniGEa research 

unit applied different corrective coefficients to directly increase the base shear strength of 

the buildings (nor the masonry strength), depending on the age of construction and building 

height, ranging from 1.4 to 1.5, for MSN1, and from 1.8 to 1.95, for MSN2. By using Eqn. 

(2) these corrective coefficients have been converted into modifiers of the vulnerability and 

ductility indexes. In particular, for MSN1 the vulnerability index is reduced by a modifier 

V between 0.12 to 0.135, while for MSN2 the variation is in the range 0.18 to 0.225. The 

ductility index is reduced, as increasing the strength the displacement capacity is generally 

lower (Q is between 0 and -0.2).  

Similarly to UniPD, UniGEb referred to the corrective coefficients of Table C8.5.II (Italian 

Circular 2019/01/21). In the case of application of more than one intervention (MSN2), the 

coefficients were reduced by 10% to account for a possible lower effectiveness of combined 

interventions. The coefficients applied are summarized in Table 2. Beside increasing the 

mechanical properties of masonry, also an increase of the global ductility of the capacity 

curve to DL3 and DL4 has been simulated. For irregular masonry it accounts for the 

beneficial effect that these interventions may produce also on the OOP mechanisms; for solid 

brick masonry it follows the increase expected in drift thresholds associated to reinforced 

concrete jackets or FRCM-TRM plasters. 

Table 2. Multiplicative coefficients applied by type of masonry for Vulnus and DBV-Masonry model 

 UniPD - Vulnus UniGEb - DBV-Masonry 

Masonry 

type 
Stone 

Solid  

brick 
Tuff 

Irregular 

stone 

Uncut 

stone 

Irregular 

soft stone 

Cut  

stone 

Regular 

soft stone 

Ashlar 

stone 

Solid 

brick 

MSN1 1.7 1.5 1.6 2 1.7 1.4 1.5 1.2 1.2 1.5 

MSN2 2.4 1.8 1.9 2.9 2.3 1.4 1.9 1.3 1.2 1.6 

3.2 Improvement of connections and box-like behaviour 

Connections between the structural elements of masonry buildings are necessary to ensure a 

box-like behaviour, which is the ability of the building to act as a joint assembly of all 

structural components, and allows relying on the in-plane response of the walls and on a 

higher resistance of the structure to the horizontal actions caused by earthquakes.  
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Wall-to-wall and wall-to-floor/roof connections are often inadequate in ancient buildings. In 

this study,  to overcome this problem, the intervention of inserting steel tie-rods (TR) was 

considered (Modena et al. 2009). 

UniPD implemented tie-rods directly in Vulnus, in both main directions of the building. For 

each main direction of the building, an adequate number of rods (two rods, one per side, 

placed parallel to the internal partitions, and one rod parallel to the perimeter walls) were 

simulated. 

To simulate these types of intervention in the older masonry buildings (built before 1919) 

the UniGEa research unit applied a small reduction of the vulnerability index (V between 

0.05 to 0.075) but a significant increase of the ductility index (Q between 0.2 to 0.3).  

In the DBV-Masonry model of UniGEb, the intervention of systematic insertion of TR 

consists of adopting: less penalizing corrective coefficients to the base shear (i.e. to Au) and 

a lower rate associated to the WSSP deformed shape since it is expected the behaviours is  

moving to the SSWP solution; less penalizing limitations to the displacement  capacity to 

DL3 and DL4 by assuming that OOP mechanisms are prevented.   

3.3 Stiffening of horizontal diaphragms 

The horizontal diaphragms have a crucial role in the seismic behaviour of masonry buildings, 

since they redistribute horizontal loads among all the load-bearing walls. To do so, the 

diaphragms have to be sufficiently stiff and adequately connected to the vertical structure 

(load-bearing walls). 

The horizontal diaphragms in ancient buildings are often timber floors made of overlapping 

elements, usually not connected to each other and to the walls. Therefore, the intervention 

suggested by this study (FLR) aims at decreasing the in-plane deformability, and also at 

strengthening the connections between horizontal structures and walls. Wooden planking 

reinforcement, which consists of adding single or double wooden planks over the existing 

one, was implemented (Valluzzi et al. 2010). Other strategies may consist in the insertion of 

diagonal metallic belts or composite material strips.  

Considering that Vulnus does not allow to directly model the stiffness characteristics of the 

floors, the improvement of wooden diaphragms stiffness and connection to the walls has 

been carried out by UniPD by inserting diffuse tie-rods and increasing the floor-to-wall 

friction coefficient, to simulate the improved box-like behaviour.  

To simulate these types of intervention in the older masonry buildings (built before 1919) 

the UniGEa research unit applied a reduction of the vulnerability index (V between 0.1 to 

0.12) and a significant increase of the ductility index (Q between 0.2 to 0.3).  

Also the DBV-Masonry does not allow to model directly the stiffness of the floors. Despite 

this simplification, this intervention produces: updated loads associated to floors; some 

modifications of corrective coefficients (Ki) and those affecting the displacement capacity 

(since the improvement of wall-to-diaphragm connection is expected to reduce the impact 

of OOP mechanisms).  

4. Results and comparison among the methods  

An example of fragility sets is presented below in Figure 1, where the fragility curves 

developed by UniPD, UniGEa and UniGEb are shown for the as-built (AB) configuration of 

2-storey Pre-19 masonry buildings, and all the possible retrofit interventions applied thereof. 
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Another way to present the results is shown in Figure 2. The histograms show the percentage 

increase in the median of DS1, DS3 and DS5 fragility curves, from the as-built curves to the 

curves representing the considered retrofit interventions. In other words, they can be seen as 

a graphical representation of how much a particular intervention improves the seismic 

behaviour of the building, with respect to the configuration where no intervention is applied. 

Figure 1 shows that the models give substantially consistent results, in terms of fragility, not 

only for the as-built configuration, as already discussed in da Porto et al. (2021), but also 

after the application of strengthening interventions. Figure 2 shows that the order of 

magnitude of building improvement for each type of strengthening intervention are 

comparable among the three models, and in general the histograms show similar trends, 

suggesting that the results provided by the three models are consistent. 

AB MSN1 MSN2 

   
TR FLR  

  

 

Fig. 1 – Comparison of the fragility sets for the as-built condition and the retrofit interventions, for 2-storey 

Pre-19 masonry buildings 
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Fig. 2 - Percentage increase in the median of fragility curves DS1, DS3 and DS5 for the interventions 

considered compared to the as-built curves 

Nevertheless, some differences can be observed. Firstly, the model elaborated by UniPD 

shows the same trend for each DS, while the models developed by UniGEa and UniGEb 

give different results for different DSs. This is due to the fact that the UniPD model provides 

an improvement in terms of vulnerability which is distributed along the five DSs, starting 

from the intermediate DS on which the model is processed, while the other two models can 

more effectively reproduce the fact that some retrofit interventions might only have an effect 

on specific DSs (e.g., the effect of FLR in the UniGEa model is more evident for DS5, rather 

than DS1). Besides the differences according to the type of intervention, some other 

differences can be noticed depending on the number of storeys. As an example, it can be 

seen that for UniGEb MSN1 and MSN2 have a stronger influence on DS1 rather than on 

DS3 and DS5, but this effect decreases as the number of storeys increases. 

However, it should be remembered that these histograms represent the percentage increase 

with respect to the as-built configuration, and each model has its own as-built fragility curves 

set. Moreover, the model developed by UniPD provides the same curves for buildings with 

1 or 2 storeys, and for buildings with 3 or ≥4 storeys, while UniGEa and UniGEb have 

different fragility sets for each number of storeys. 

5. Conclusions   

In this paper, three different methodologies for vulnerability assessment of masonry 

buildings adopted by UniPD, UniGEa and UniGEb within the MARS project have been 

presented. In particular, UniPD proposed a simplified mechanical-heuristic procedure, based 

on the implementation on the Vulnus software of a database of 205 buildings, UniGEa 

proposed the use of a macroseismic-heuristic model applied to residential buildings present 

in the Da.D.O. database on which it defines modifiers to model the effectiveness of 

interventions and, finally, UniGEb proposed a mechanical procedure with the use of the 

DBV-Masonry model. 

Four retrofit interventions have been selected and modelled: two steps of masonry 

strengthening interventions (MSN1, MSN2), an intervention to improve connections (TR), 
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and an intervention of floor stiffening (FLR). Each intervention has been implemented 

differently by the research units, in order to develop a final fragility model for the building 

typology under consideration.  

The results show the improvement in terms of seismic behaviour, calculated as the 

percentage of increase of the median value of the lognormal fragility curves. The three 

models show similar trends and building improvements that are comparable in order of 

magnitude, although with some differences. In particular, the model of UniPD shows the 

same trend for each DS, whereas the models of UniGEa and UniGEb give different results 

for the various DSs.  

Possible future developments, already ongoing, are the analysis of other retrofit interventions 

also for different building typologies, including the application of combined interventions 

(i.e. two interventions together), and the elaboration of cost-benefit analyses, to produce 

trade-off maps that give indications on how to plan the best mitigation strategy. 
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Abstract: The present paper shortly describes the main activities, also proposing some results, 
related to the 2019-2021 MARS (Seismic Risk and Damage Maps at National scale) project. 
MARS was funded by the Italian Civil Protection Department (DPC) and carried out by 
ReLUIS (Network of university laboratories for seismic engineering) with the participation 
of EUCENTRE (European Centre for Training and Research in Earthquake Engineering). The 
MARS project was specifically dedicated to updating the 2018 release of the National Seismic 
Risk Assessment in response to the specific requirement of the Sendai Framework for Disaster 
Risk Reduction 2015–2030 to periodically adjourn the disaster risk assessment. The models 
of hazard, exposure and vulnerability adopted to produce the national seismic risk maps of 
the residential building stock are firstly described. Further, special emphasis is devoted to the 
fragility models implemented in the IRMA platform proposed by different research units. 
Finally, some findings in terms of risk predictions at national level (casualties and direct 
economic losses) are illustrated and discussed. 

Keywords: residential buildings, seismic risk, fragility models, expected losses, risk maps 

1. Introduction 

After the National Risk Assessment (NRA) for Italy released by the Department of Civil 
Protection (DPC) in 2018 (IDPC 2018; Dolce et al. 2021), the DPC supported a new research 
project for the period 2019-2021 involving its centers of competence for seismic risk, such 
as ReLUIS (Network of University Laboratories for Earthquake Engineering) and Eucentre 
(European Centre for Training and Research in Earthquake Engineering). Specifically, Work 
Package WP4 “Seismic Risk Maps – MARS” (hereafter, MARS project) aimed at preparing 
an updated and improved version of the national seismic risk assessment considering the 
scientific advancements made in the definition of seismic risk components (Masi et al. 2021). 
Several tasks were defined in order to achieve results on the residential building stock at 
national level, as well as on individual structures like school buildings, churches and bridges. 
In the present paper, the models of hazard, exposure and vulnerability adopted in the 
development of the 2021 Italian seismic risk maps of residential building stock have been 
briefly described and some results in terms of mean annual losses of possible consequences 
(victims and direct economic losses) have been presented. Damage and losses have been 
evaluated thanks to the “Italian Risk MAps” (IRMA) platform of DPC, developed by 
EUCENTRE (Borzi et al. 2021). As regards the exposure model, the data collected from the 
2011 census of the Italian National Institute of Statistics (ISTAT 2011), implemented in the 
IRMA platform, have been considered as the reference database of the residential building 
stock, also integrated by some results obtained from WP2 “Inventory of existing structural 
and building typologies – CARTIS” (Zuccaro et al. 2015). The seismic hazard model, 
MPS04, made by the National Institute of Geophysics and Volcanology (INGV) in 2004 has 
been used (Stucchi et al. 2004; 2011). In order to consider the soil amplification in the 
seismic risk maps, the amplification maps at national level developed by Mori et al. (2020) 
have been implemented in IRMA platform and considered in the analyses. As far as 
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vulnerability component is concerned, the first steps of WP4 activities have been devoted to 
a critical review of the different methods to derive fragility curves adopted in the IPCD 2018 
(da Porto et al. 2021). Subsequently, an advanced vulnerability consensus model (“The 
MARS vulnerability model”) based on six classes of the EMS-98 scale (Grünthal et al. 1998) 
has been defined to implement, in a unique and shared model, the contributions of the 
Research Units (RUs) that developed fragility models for the ISTAT typologies (Masi et al. 
2021). The fragility models proposed by the RUs have been derived both from the damage 
data observed during the post-earthquake surveys performed in Italy in the last 50 years and 
collected in the Da.D.O. database (Observed Damage Database; Dolce et al. 2019) and from 
results of numerical simulations (mechanical approaches), especially for reinforced concrete 
(RC) buildings for which a limited amount of damage data is available on Da.D.O. In order 
to promote a critical review and comparison among the different methods used for deriving 
the fragility curves, some results obtained applying the fragility models adopted in the 
MARS project have been analysed. In this context, specific comparisons have been carried 
out to check the relative consistency and reliability with respect to observed damage and 
literature studies.  
The present paper is organized as follows: (i) Section 2 presents the framework and the 
objectives of the MARS project; (ii) Section 3 briefly analyses the models of exposure, 
hazard and vulnerability adopted to define the national seismic risk maps of the residential 
building stock, with a  specific focus on the fragility models related to masonry and RC 
buildings and (iii) Section 4 provides some seismic risk estimations for the whole Italian 
territory in terms of victims and direct economic losses. 

2. MARS project 

In 2019, a large research program, funded by the Italian Department of Civil Protection 
(DPC) and carried by one of its centers of competence for seismic risk, namely the ReLUIS 
consortium, was subscribed for the period 2019-2021. In this framework, the MARS project 
(Seismic Risk and Damage Maps at National scale) aimed at updating and improving the 
2018 version (IPCD 2018; Dolce et al. 2021) of the National Risk Assessment (NRA) 
requested to all Member States by the European Commission. The MARS project comprised 
11 Tasks, coordinated by leading Italian researchers belonging to different Research Units 
(RUs), listed below: 
TASK 4.1 - Exposure: inventory, regionalization, classification 
TASK 4.2 - Seismic Input: intensity measures, microzonation and shake maps 
TASK 4.3 - Vulnerability: models and fragility curves of residential buildings 
TASK 4.4 - Risk: evaluation of consequences and economic losses 
TASK 4.5 - Damage Scenarios: vulnerability models’ validation and combination criteria  
TASK 4.6 - Prevention Strategies: risk comparison analyses at national scale 
TASK 4.7 - Schools: models and fragility curves of school buildings and other strategic 
buildings 
TASK 4.8 - Churches: models and fragility curves of churches 
TASK 4.9 - Bridges: models and fragility curves of bridges 
TASK 4.10 - Interaction with Eucentre for updated/new risk maps’ platforms 
TASK 4.11 - Updated Risk Maps 
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The main goals of MARS were: (i) to collect, analyse and upgrade vulnerability models for 
both residential building stock and for single buildings/infrastructures (schools, churches, 
bridges); (ii) to collect, analyse and upgrade loss models to estimate direct economic losses, 
unusable buildings, and casualties and (iii) to release, on the base of updated exposure, 
hazard and vulnerability models, new seismic risk maps for both as-built and strengthened 
buildings, useful to plan mitigation strategies. In order to provide a more comprehensive 
view of the national risk, an important goal was the seismic risk assessment of some types 
of special buildings, such as school buildings and churches. 

3. Seismic risk components 

Seismic risk is evaluated through the convolution of the seismic hazard with the vulnerability 
and exposure of the assets at risk. Despite the enormous research efforts made in the last 
years, all the three components still show large uncertainties. To limit these uncertainties 
associated with the risk assessment process, a multi-model methodology has been adopted 
in the MARS project, as already made in Dolce et al. (2021) for the NRA 2018. The 
methodology is based on the consensus on procedures to calculate the risk in terms of 
expected damage and losses for the residential building stock, although allowing different 
definitions of the vulnerability model. Therefore, to avoid inconsistencies in the analysis, the 
same seismic hazard model and the same exposure database based on national census 
(ISTAT 2011) have been adopted. Further, the same calculation engine (i.e., IRMA 
platform) has been used and the same assumptions have been made in some steps of the risk 
calculation process. In the following, a brief description of the models related to the seismic 
risk components (hazard, exposure and vulnerability) adopted in the MARS project to define 
the national risk maps is reported. 

3.1. Hazard 

The hazard model used in the MARS project is based on the Italian Seismic Hazard map, 
MPS04 (Stucchi et al. 2004, 2011), developed by the National Institute of Geophysics and 
Volcanology (INGV) and adopted as official reference at national level with a Prime 
Minister Ordinance (OPCM 3519/2006). It provides the seismic action for each point of a 
mesh (5 × 5 km) covering the whole national territory. Because the exposure data are 
provided at the municipality level, starting from MPS04 the related hazard is evaluated at 
the centroid of each municipality in order to provide a corresponding single value. Based on 
the activities of Task 4.2, Peak Ground Acceleration (PGA) has been chosen as intensity 
measure (IM) finding the best compromise between good correlation with the non-linear 
seismic response and practical constraints (i.e., availability of data from the Italian hazard 
model, characteristics of the IRMA platform, comparison with previous research projects 
and studies). The MPS04 and the interpolated median PGA values are given at bedrock 
(namely soil type A according to the NNT 2018). To take into account the role of soil 
amplification effects, the amplification maps developed by Mori et al. (2020) based on 
accurate microzonation studies have been implemented in the IRMA platform and 
considered in the analysis.  
It is also worth mentioning that, within the Task 4.2, a large suite (125 signals) of real 
accelerograms, with no or limited scaling factors, has been also selected to be used in non-
linear dynamic analyses. To this purpose, an easy-to-use software, named S&M - Select & 
Match (Manfredi et al., 2022), has been developed for the selection and spectral matching 
of recorded ground motions approaching a target response spectrum in a broad range of 
vibration periods. 
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3.2. Exposure 

The exposure data is provided by the national census (ISTAT 2011) both in terms of 
buildings and dwellings. Building typologies are defined on the basis of the main parameters 
available in the ISTAT 2011 database, namely construction material, number of storeys and 
construction age. According to the ISTAT 2011, 57% of Italian residential buildings have 
masonry (M) structures and 30% reinforced concrete (RC) structures; the remaining 14% is 
defined as “other”. This typology is commonly related to steel or wooden or mixed buildings, 
or even buildings for which no data pertaining to the construction material are available. 
Considering that Italian buildings are generally made with masonry or RC structure, the 
buildings (and associated dwellings) with “other” type have been divided between M and 
RC buildings according to the criteria reported in Dolce et al. (2021). These criteria depend 
on the age of construction and on the percentage incidence of M and RC buildings in each 
municipality. Table 1 shows the main information on the Italian residential building stock 
(buildings, dwellings, population and surface) according to the ISTAT 2011 census and 
derived from the IRMA platform. MARS project considered also the results obtained from 
WP2-CARTIS (Zuccaro et al. 2015), which aims to collect data on residential buildings 
according to a more risk-oriented approach (Nicodemo et al. 2021), able to highlight the 
distinctive structural characteristics in the different areas of Italy. However, these results 
have not yet been fully implemented at national level and could not be employed for the 
national risk assessment. It is worth also noting that the data of the residential building stock 
implemented in the IRMA platform are aggregated on municipal scale, without reference to 
single buildings. 

Table 1. Information on the exposure of the national residential stock 
Construction Material Buildings Dwellings Population Surface (m2) 

Masonry 7’903’090 11’152’870 26’746’090 1’127’417’860 

RC 4’284’610 12’912’420 32’084’150 1’269’273’700 

Total 12’187’700 24’065’290 58’830’240 2’396’691’560 

3.3. Vulnerability 

As regards the vulnerability component, a univocal definition of the vulnerability, through 
sets of fragility curves associated with the six EMS classes (Grünthal EMS-98), has been 
considered in the MARS project. Specifically, a unique and shared vulnerability metric (“the 
MARS vulnerability model”) has been derived able to implement in a combined approach 
the contributions of the research units (RUs) that developed fragility models for the ISTAT 
typologies. The MARS vulnerability model is based on the combination of weights for the 
fragility models proposed by the RUs for each ISTAT typology. See Masi et al. (2021) and 
Lagomarsino (2022) for a detailed description of the MARS vulnerability model. The 
fragility models of the RUs implemented in the updated version of the IRMA platform and 
considered to produce the seismic risk maps at national level are reported in Table 2. Table 
2 summarizes the main characteristics of the fragility models, indicating the research unit 
(RU) with the corresponding leading coordinator, the building typologies (Masonry or RC) 
to which each model refers to, and the approach adopted to derive the model. Specifically, 
five fragility models refer to masonry buildings, and five models to RC buildings. The 
approaches followed to derive these models are different: four out of ten models have a 
mechanical derivation, four are based on an empirical approach and the other two have a 
hybrid derivation. For each material, models have been developed based on different 
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hypotheses and strategies. The integration of results obtained from observed damage data 
(empirical approach) with those from numerical simulations (mechanical approach) is an 
important step in view of preparing a seismic risk assessment based on broad consensus of 
the scientific community. 

Table 2. Fragility models implemented in IRMA platform to derive the seismic risk maps 
Research Unit – Coordinator Approach Building Material 

UNIGEa – Lagomarsino heuristic - macroseismic Masonry 

UNIPD – Da Porto hybrid Masonry 

PLINIUS – Zuccaro hybrid Masonry 

UNIPV – Penna empirical - observational Masonry 

UNIGEb – Cattari mechanical - analytical Masonry 

UNIGE – Lagomarsino heuristic - macroseismic RC 

UNIBAS – Masi mechanical - numerical RC 

EUCENTRE – Borzi mechanical - analytical RC 

UNINA – Verderame mechanical - analytical RC 

UNINA-PV – Verderame/Penna empirical - observational RC 

To be implemented in the IRMA platform and compared among them, the fragility models 
of the RUs have been described in terms of lognormal fragility curves for 5 damage levels 
from D1 to D5 of the EMS 98 classification (Grünthal 1998). Furthermore, the fragility 
models refer to the parameters available in the ISTAT 2011 database, namely construction 
material, number of storeys and age of construction. It is worth noting that, in the definition 
of the national seismic risk maps, as already made for the 2018 NRA (Dolce et al. 2021), the 
same weight has been assigned to each fragility model proposed by the RUs in light of their 
complementarity as well as of the results obtained from thorough comparisons (in the next 
section a specific example is reported). 
3.3.1. Fragility models 
The exposure data in the IRMA platform based on the ISTAT 2011 census are disaggregated 
by construction material, number of storeys and age of construction. The residential building 
stock (both masonry and RC) is divided in terms of number of storeys into 4 classes (1, 2, 3 
and ≥ 4) and in terms of age of construction into 9 classes (from <1919 to > 2005). Then, 
the combination of these parameters determines a total of 36 and 36 typologies respectively 
for masonry and RC buildings. It should be noted that the distinction between buildings 
designed only for gravity loads (GLD) and buildings with earthquake resistant design (ERD) 
is also considered by ISTAT census. For each ISTAT typology, as a consequence of the 
adopted fragility model in which lognormal distribution has been assumed, median PGA (θ) 
and logarithmic standard deviation (β) values associated with each of the 5 damage levels 
have been provided by all RUs. Considering the same material type, median values generally 
increase going from the older to the younger construction ages, with more significant 
differences for higher damage levels. To this regard, specifically for RC structures, it is noted 
that at the lower intensities, building response and consequent damage levels mainly depend 
on infills, whose mechanical properties and consistency do not change significantly over the 
years. On the contrary, at higher intensities, i.e., consistent with D4-D5 damage levels, 
infills’ contribution to the lateral capacity becomes increasingly negligible and, as a result, 
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structural performance is more dependent on the improvement of materials’ quality and code 
requirements generally experienced over the years. Further, building types with a greater 
number of storeys (i.e., 3, ≥ 4) are found more vulnerable with respect to the corresponding 
types with 1-2 storeys. As for dispersion values, β is generally assumed constant for all 
damage levels, with values in the range 0.6-0.9 for masonry types, and in the range 0.4-0.8 
for RC types. Finally, for ERD types, due to the prevalence of buildings designed with 
relatively low lateral forces’ values (i.e., for medium seismicity zone) and without proper 
anti-seismic details, limited differences have been found with respect to GLD types, in 
particular for RC buildings. Figures 1 and 2 show the comparison in terms of median values 
relevant to GLD masonry and RC types, respectively, by varying the number of storeys 
(along the rows) and the age of construction (along the columns). In each graph the median 
PGA values (in g) are reported along the ordinate axis and the damage levels (from D1 to 
D5) along the abscissa axis. 
 

 
 

Fig. 1 - Comparison in terms of median PGA values between the 5 fragility models for masonry buildings. The 
number of storeys increases from top (1 storey) to bottom (+4 storeys); the period of construction age from left 
(46-60s) to right (91-00s) 
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Fig. 2 - Comparison in terms of median PGA values between the 5 fragility models for RC buildings. The 
number of storeys increases from top (1 storey) to bottom (+4 storeys); the period of construction age from left 
(46-60s) to right (91-00s) 

In Figure 3, an example of the obtained fragility curves is reported. It shows the set of 
fragility curves related to D5 damage level for GLD type with 2 storeys belonging to ’71-
80s period, separately for masonry (Figure 3a) and RC (Figure 3b) structures. 
 

a b 
Fig. 3 - D5 fragility curves for GLD type with 2s belonging to ’71-80s period and masonry (a) and RC (b) 
structures 

4. Seismic risk analysis of residential buildings 

The IRMA platform has been employed to derive damage and risk maps of Italian residential 
buildings at national level. IRMA allows to perform three types of risk estimations: (i) 
conditional damage/risk related to an event with a certain return period; (ii) unconditional 
damage/risk related to the hazard in a given observation time window and (iii) scenario 
calculation associated with preloaded ShakeMaps of real events. In the present paper, some 
results obtained from unconditional analyses for the time window of 1 year (i.e., annual 
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probability of occurrence of the damage levels and related consequences) are reported. The 
integral approach adopted in the unconditional analysis enables to take into account 
earthquakes with different probability of occurrence, varying the intensity in a selected time 
window. The models of hazard, exposure and vulnerability have been mutually combined to 
produce damage maps of the entire national territory. Starting from the estimation of seismic 
risk in terms of damage levels, the expected consequences in terms of direct economic losses, 
unusable buildings (in the short and long period) and casualties (injured, victims) have been 
evaluated adopting the damage-to-impact models reported in Dolce et al. (2021). It should 
be noted that the analyses have been carried out considering masonry and RC buildings 
separately. Subsequently, the results have been summed up to calculate the overall values 
over the entire national residential stock. Some examples are shown in Figures 4a and 4b. 
Specifically, national maps representing the percentage of victims (as average expected 
victims versus the number of inhabitants per municipality) and the expected direct economic 
losses (€) per m2 (as average losses versus the total built area of each municipality) are shown 
in Figure 4a and 4b, respectively. These maps of normalized annual risk can be useful for 
defining seismic risk management policies at national level and calibrating future mitigation 
strategies in a specific region or country of interest. 

 
a 

 
b 

Fig. 4 - Unconditional risk in a time frame of 1 year. National maps relative to average expected: percentage 
of victims (a) and direct economic losses (€) per m2 (b) for each municipality 

5. Final remarks 

The 2019-2021 MARS project (Seismic Risk and Damage Maps at National scale) project, 
funded by the Italian Civil Protection Department, was specifically dedicated to updating 
and improving the 2018 version of the Italian National Seismic Risk Assessment. Relevant 
results on the residential building stock at national level, as well as on individual structures 
like school buildings and churches, have been achieved, among which: 

• updating of national risk maps of residential building stock, through: i) implementation 
of new fragility models developed by several research units (RUs) with empirical, 
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mechanical or hybrid approaches and ii) revision of the loss functions calibrated mainly 
on the consequences related to the 2009 L'Aquila earthquake; 

• implementation of a vulnerability metric, based on the six EMS-98 classes, which allows 
to integrate the fragility models proposed by the RUs into a single model able to 
effectively consider the dispersion of the various estimates. Furthermore, the risk 
integration is performed with an accurate extrapolation of the hazard curves for different 
soil classes, considering the 9 return periods of the MPS04 model further expanded; these 
results provided the basis for the development of new functions in the IRMA platform 
(called IRMA v2) to prepare updated risk maps of the residential buildings; 

• preliminary analysis of the vulnerability at sub-national scale for masonry buildings based 
on the results obtained from WP2 - CARTIS (considering different subnational areas in 
terms of administrative regions, population or altimetric areas); 

• definition of fragility models for strengthened buildings in order to consider the buildings 
located in the areas affected by the reconstruction process after past Italian earthquakes 
(Dolce and Di Bucci 2017; Di Ludovico et al. 2017 a,b) in the seismic risk assessment; 
considering the typical strengthening criteria envisaged by current codes, preliminary 
results are provided in terms of mitigated risk maps, in view of defining possible 
prevention strategies; 

• risk assessment for single buildings (especially schools) through specific fragility models 
based on available information (still not homogeneous for the entire inventory), then 
aggregated at a municipal, provincial or regional scale; these results provided the 
elements to develop a new platform, called IRMA-schools, which allowed to obtain 
preliminary results in terms of risk maps of the Italian schools at national scale, with focus 
on usability; 

• as regards the risk assessment for churches, information obtained from two separate 
inventories (i.e., the Italian Episcopal Conference, CEI, and the Ministry of Cultural 
Heritage, MiBAC) and the web-GIS tool DaDO-churches (related to  damage data 
observed after the last stronger earthquakes in Italy, starting from the 1997 Umbria-
Marche event) have been collected; these activities provided useful elements to prepare a 
new platform called IRMA-churches; moreover, some fragility models based on 
empirical approaches have been derived; 

• preliminary analysis of the vulnerability of bridge structures in view of preparing specific 
risk maps. 

In this paper, the models of hazard, exposure and vulnerability adopted in the updated (2021) 
version of the seismic risk assessment for residential buildings has been briefly presented. 
10 fragility models (5 for masonry and 5 for RC) have been combined in the MARS 
vulnerability model and implemented in the IRMA platform to produce national seismic risk 
maps for the residential building stock. Some results in terms of expected consequences (i.e., 
victims and direct economic losses) at the national level have been shown. Finally, it should 
be noted that a new MARS project (called MARS-2) has been recently funded by the DPC 
for the period 2022-23. In addition to improving the results obtained in the 2019-2021 
MARS project, the main objectives of MARS-2 are (i) risk assessment of strategic or 
important typologies (e.g. hospitals and industrial buildings); (ii) development of tools to 
calculate scenarios for single events, both in terms of shakemaps and loss functions (indirect 
losses related to population assistance and business interruption) and (iii) multi-risk 
scenarios considering seismically induced/triggered secondary hazards (i.e., landslides, 
liquefaction, tsunami). 
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Abstract: This works aims at exploring the use of ground shaking scenarios generated by 
means of 3D physics-based numerical simulations (PBS) for seismic fragility analyses. To 
this end, the case study of the 2009 L’Aquila earthquake is considered because of the 
availability of a detailed database of post-earthquake damage surveys, as well as of a validated 
numerical model for ground shaking prediction. Empirical fragility curves were derived for 
both masonry and Reinforced Concrete building typologies by statistical processing of 
damage data in correlation with the PBS ground shaking scenario. Fragility curves were 
derived for Peak Ground Acceleration and compared with those obtained by characterizing 
the ground shaking using ShakeMaps. The prediction capability of the two sets of fragility 
curves, one from PBS and the second from ShakeMaps, is tested by comparison of damage 
predictions with respect to the observed damage at the scale of the L’Aquila municipality. 
Results of this study validate the use of PBS for empirical fragility studies and shed light on 
the advantages of simulation-based approaches for ground motion characterization, especially 
when strong-motion recordings are insufficient or not available, as for historical earthquakes.   

Keywords: seismic risk, fragility curves, physics-based numerical simulation, damage 
scenarios  

1. Introduction 

With the ever-increasing computational power, 3D physics-based numerical simulations 
(PBS) are becoming a more and more appealing tool to provide realistic site-specific 
scenarios of earthquake ground motion, in alternative to the commonly used empirical 
ground motion prediction equations (GMPE), based on statistical regressions from regional 
or worldwide records. More specifically, PBS are the key approach towards production of 
urban and regional risk scenarios, as it is the case for the ShakeOut (Porter et al., 2011) and 
Haywired (USGS, 2017a and 2017b) experiments in California, as well as for the Scenario 
Earthquake Shaking Maps (available at https://www.j-shis.bosai.go.jp) suitable for 
prefecture emergency plans in Japan, in order to pinpoint target areas and target facilities 
needing maintenance for earthquake disaster prevention.  

Engineering validation of PBS results has already found considerable attention (e.g., Galasso 
et al., 2012; Tsioulou and Galasso 2018; Petrone et al., 2021a; 2021b). However, in view of 
the seismic risk applications at urban scale (see e.g., Smerzini and Pitilakis 2018; Stupazzini 
et al., 2021; Riaño et al. 2021), it is also crucial to verify whether a PBS scenario is suitable 
to provide not only a reliable prediction of the level of damage observed in an urban area 
during a historical earthquake, but also a suitable basis for calibration of empirical fragility 
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curves when instrumental information on ground shaking is not sufficient to reliably 
correlate the observed level of damage to the estimated ground motion intensity.  

As a matter of fact, the spatial distribution of ground motion intensity is typically inferred 
either by ShakeMaps (Wald et al. 2021; Michelini et al. 2020), in case a sufficient number 
of records is available, or by empirical GMPEs (Erdik 2017), as it is often the case for 
historical earthquakes with no instrumental records. In all such cases, there is a large level 
of uncertainty when a ground motion level is associated to the specific site where an 
earthquake effect is observed. Besides, the estimated ground motion is typically available 
only through its peak values, with no information on other parameters related to the time 
history itself, such as duration and frequency content. Instead, once suitably validated, the 
PBS ground motion scenario may provide a complete picture of the variability of the ground 
motion waveforms, supporting the derivation of empirical fragility curves with a wider set 
of intensity measures (IM), including multi-component input. 

With this background, the main aim of this paper is to explore and validate the use of PBS 
ground shaking scenarios for the calibration of empirical fragility curves, with application 
to the Mw6.2, Apr 6 2009, L’Aquila earthquake. This case study is selected because of the 
availability, on one side, of a database of post-earthquake damage surveys with an 
unprecedented level of detail (Dolce et al. 2019; Rosti et al. 2021a; 2021b), and, on the other, 
of a validated numerical model for PBS ground motion scenarios (Evangelista et al., 2017). 

2. Case study: damage database and 3D physics-based simulation of the L’Aquila 
earthquake ground motion  

On April 6, 2009, a Mw 6.2 earthquake hit L’Aquila city, one of the largest urban centers in 
the Abruzzo region (Central Italy) with about 70,000 inhabitants, causing 308 deaths and 
vast destruction in the town itself and surrounding areas. The post-earthquake macroseismic 
survey revealed a maximum intensity degree of IX-X in the Mercalli-Cancani-Sieberg 
(MCS) scale in the towns of Onna and Paganica, while other 14 towns and villages, including 
L’Aquila, reached an intensity degree between VIII and IX (Galli et al. 2009).  

This study makes use of the up-to-date version of the damage database originally examined 
by Rosti et al. 2018 and 2020. The database, now available in the Observed Damage 
Database - DaDo (Dolce et al. 2019), was also analysed in Rosti et al. 2021a and 2021b. For 
the objective of this study, which is to compare the effect of different approaches for the 
characterization of ground shaking in the empirical fragility analysis, we considered a subset 
of the damage dataset corresponding to the detailed study area depicted in Fig. 1. The 
considered dataset, hereafter referred to as detailed dataset, counts 7987 residential 
buildings, 4564 (57%) of which refer to masonry, whereas 3423 (43%) are RC buildings 
(see Fig. 1). The dataset adopts the typological building classification of Table 1 and the 
height classification of Table 2. 

In this work, a 3D physics-based numerical approach, through the spectral element code 
SPEED (Mazzieri et al. 2013, http://speed.mox.polimi.it/), is used to simulate the seismic 
wave propagation during the L’Aquila earthquake and, hence, to construct the ground 
shaking scenario for fragility analysis. The 3D spectral element model of the L’Aquila 
earthquake derives from a previous study (Evangelista et al. 2017), which was focused on 
the calibration and the validation of the numerical model against the available recordings. 
To overcome the frequency limit of the numerical model, the ANN2BB technique proposed 
by Paolucci et al. (2018) and further improved in Paolucci et al. (2021), is used to enrich the 
PBS signals at high frequency.  
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Fig. 2 shows the map of Peak Ground Acceleration (PGA) obtained from PBS (left) and 
from the up-to-date version (v4) of the ShakeMap according to Michelini et al. (2020) 
(right). The maximum horizontal component (Hmax) is shown to enable a consistent 
comparison between the two approaches, since ShakeMaps are released only for the Hmax 
component. To understand the differences between PBS and ShakeMap, it is worth recalling 
that the former is derived by computing the peak values directly from the broadband 
waveforms (simulated by SPEED and enriched by the ANN2BB technique at high 
frequencies) on an arbitrarily dense grid of receivers, while the latter is generated by 
combining, through suitable geospatial interpolation algorithms, the recorded ground motion 
values at the available stations with the GMPEs predictions, where data are not available. 
From the comparison of Fig. 2, it is apparent that the PBS provides a realistic spatial 
distribution and correlation of PGA values, which reflects the physical features of the source 
rupture and of local site response, while the ShakeMap provides a smooth pattern with 
limited spatial variability. Furthermore, it is noted that, at local scale, PGA from PBS tends 
to be smaller than that from ShakeMaps, which is conditioned on the relatively high values 
of shaking recorded at the Aterno Valley transect.  

 

 

Fig. 1 – The 2009 L’Aquila earthquake: overview of the case study (left) and damage database in the detailed 
study area addressed in this work (right).  

 

Table 1. Typological building classification adopted in this study.   

Building 
typology 

Construction 
Material 

Masonry 
type 

Intermediate 
diaphragm 

Connecting 
Devices? 

Design 
Level 

IRR/F/NCD 

Masonry 
Irregular layout 
o poor-quality 

(IRR) 

Flexible (F) 
No (NCD) - 

IRR/F/CD Yes (CD) - 

IRR/R/NCD 
Rigid (R) 

No - 

IRR/R/CD Yes - 
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REG/F/NCD 

Regular layout 
and good-

quality (REG) 

Flexible (F) 
No - 

REG/F/CD Yes - 

REG/R/NCD 
Rigid (R) 

No - 

REG/R/CD Yes - 

RC/Seismic-Pre81 
RC - 

- - Seismic-Pre 1981 

RC/Seismic-Post81 - - Seismic-Post 1981 

 
Table 2. Height classification adopted in this study.   

Height Class 
Construction 

material 
No. Storeys 

L 
Masonry 

1-2 

MH 2 

L 

RC 

1-2 

M 3-4 

H 4 

 

 
Fig. 2 – Comparison between the map of PGA-Hmax in the detailed study area from PBS (left) and from the 

ShakeMap (right).   

3. Fragility curves estimated from PBS and ShakeMap 

Empirical fragility curves are derived for the building typologies listed in Table 1 by 
statistical processing of the damage database. In line with existing literature studies (e.g. 
Rota et al. 2008; Del Gaudio et al. 2017), the cumulative lognormal distribution is adopted 
for describing the probability of reaching or exceeding a preselected damage level, as a 
function of the seismic intensity measure: 

𝑃 𝐷𝑆 𝑑𝑠 |𝐼𝑀 𝑖𝑚 Φ
log 𝑖𝑚 /𝜃

𝛽
 (1) 

where θdsi is the median value of the selected intensity measure associated with damage level 
dsi whereas β denotes the logarithmic standard deviation. 

Considering its extensive use in seismic vulnerability and risk applications (e.g. Dolce et al. 
2021), PGA (Hmax component) is selected for representing the severity of the ground 
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motion shaking. To overcome the lack of PBS results outside the detailed study area, a hybrid 
strategy is pursued for defining seismic input at different building locations of the damage 
database. Specifically, the ground shaking is locally estimated using PBS at buildings sited 
in the detailed study area (see Fig. 2, left), whereas the ShakeMap is used for estimating 
seismic input at undamaged buildings located in the municipalities less affected by the 
ground shaking (i.e. non surveyed municipalities and partially-surveyed municipalities with 
completeness ratio lower than 10%), which were added to the post-earthquake database for 
suitably accounting for the negative evidence of damage (e.g. Rosti et al. 2021a, b).  

Fig. 3 shows the fragility functions in terms of PGA, estimated using PBS (solid lines), for 
mid/high-rise masonry building typologies, in comparison with those entirely based on the 
ShakeMap (dashed lines). This comparison serves as validation of the use of ground shaking 
scenarios from PBS to construct empirical fragility. The two sets of curves (PBS Vs 
ShakeMap) turn out to be consistent, although some differences are found. Specifically, 
PBS-derived fragility curves tend to be less conservative for masonry buildings (especially 
for the MH class), while a reverse trend is found for RC buildings (not shown herein for sake 
of brevity).  

The accuracy of the adopted simulation procedures to reproduce the observed damage is 
globally assessed in terms of damage distribution within the detailed study area, see Fig. 4. 
In the figure, predicted global damage distributions for all buildings (masonry + RC) are 
compared to the observed ones. Predicted damage distributions are obtained by combining 
the PBS (or ShakeMap) ground motion scenario with the corresponding fragility model. 
Results show that both approaches, PBS and ShakeMap, generally well reproduce the 
observed seismic damage in the detailed study area. Predictions are aligned with 
observations for all levels of damage from DS2 to DS5, indicating the general fitness of both 
procedures to reproduce observed seismic damage. 

 

 

Fig. 3 –Comparison of empirically-derived fragility curves of mid-/high-rise masonry building typologies. 
IM: PGA estimated from PBS (solid lines) and by ShakeMap (dashed lines).  
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Fig. 4 – Observed and predicted global damage distributions for all buildings (masonry + RC) in the detailed 
study area.  

4. Conclusions  

This work presents a novel set of empirical fragility curves for the 2009 L’Aquila earthquake 
by exploiting the availability, on the one side, of a comprehensive database of post-
earthquake damage observations, and, on the other side, of a 3D numerical model for 
physics-based ground shaking scenarios. The numerical model of the L’Aquila earthquake, 
validated against strong-motion recordings, includes a detailed 3D seismic wave propagation 
model, encompassing a finite-fault kinematic source model, as well as the 3D site response 
model of the Aterno River Valley.  

Fragility curves were empirically-derived for both masonry and RC buildings, by 
characterizing the ground shaking within the L’Aquila municipality using the broadband 
shaking scenarios from the PBS. The ground motion intensity measures selected for the 
fragility analysis include PGA, which is the reference ground motion intensity measure used 
in the Italian national platform for seismic risk assessment (Borzi et al. 2021).  

The comparison of the fragility curves derived from PBS with those obtained from the 
ShakeMap available for the L’Aquila earthquake highlights that the PBS-based fragility 
analysis does not show any systematic bias with respect to standard approaches. The 
validation of the PBS approach is confirmed also by the comparison of damage predictions 
with the post-earthquake observations. This study points out the advantages of simulation-
based seismic shaking scenarios for empirical fragility studies, particularly when strong-
motion recordings are insufficient or not available, as for historical earthquakes. These 
aspects will be the subject of future research in the framework of the 2022-2024 ReLUIS 
Projects (see Masi et al. 2021). 
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Abstract: Seismic fragility curves are an essential tool for any risk assessment endeavour. 

While there is a wealth of studies that have provided high quality fragilities for many different 

types of structures, these curves are typically presented in terms of a single intensity measure 

(IM). To keep using such valuable data, an analyst is either forced to adopt the same 

(potentially suboptimal) IM, or completely discard them and restart with a new one. Instead, 

we propose a simple method for transforming a fragility curve to any IM of choice by using 

an equivalent single-degree-of-freedom model and its incremental dynamic analysis results to 

disaggregate the fragility to its constituent record-level results. Validation results from two 

complex 2D building hint that there is promise to this approach, offering nearly-error-free 

transformations of global-response fragilities at the cost of a few response history analyses of 

a nonlinear oscillator.   

Keywords: seismic fragility, equivalent single-degree-of-freedom, intensity measure, 

building structures 

1. Introduction 

     Fragility curves often provide a useful tool for a performance-based assessment for 

buildings of different characteristics by offering the probability of a structure exceeding a 

certain level of damage (Bakalis and Vamvatsikos 2018; Silva et al. 2019). Many literature 

studies provide seismic fragility curves that can be exploited by researchers for risk 

assessment studies; they are either analytically derived based on structural analyses (Erberik 

2008; Kappos and Panagopoulos 2010; Rossetto and Elnashai 2005), or fitted directly on 

empirical data from past observations (Giordano et al. 2021; Rosti et al. 2021; Rossetto and 

Elnashai 2003). Often though, these curves do not provide the flexibility needed to be 

effectively used in a wider setting. The most prominent problem is that the fragility curves 

provided use a specific intensity measure (IM), often this being the peak ground acceleration 

(PGA) or the spectral acceleration at a given period. In several cases, recent literature may 

recommend other intensity measure definitions as more suitable for a reliable assessment of 

a building’s behaviour (e.g., Kazantzi and Vamvatsikos 2015), but regardless of that, the IM 

used in each study often makes its results unavailable to another investigator using a different 

IM. This makes the valuable information encoded in fragility curves essentially useless 

outside of the specifics of their original source. Being able to transform one IM to another 

would at least resolve this basic incompatibility. Theoretically, having the full analysis or 

observational data on which a fragility is based would allow an easy transformation. Lacking 

such a solid foundation, an alternative path towards a potential solution could be the 

development of an equivalent model that would require only some of the structure’s basic 

structural characteristics to allow us to disassemble or disaggregate the original curves back 
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into a facsimile of the original data that they were based on. In this way, the transformation 

between different IMs becomes possible. As the simplest such model, we shall herein 

investigate the suitability of an elastic-perfectly-plastic single degree of freedom (SDOF) 

model.  

2. Methodological approach 

As a simple application scenario, let us assume we have a multi-degree-of-freedom (MDOF) 

structure (but not necessarily its model) and its fragility curves for one or more limit-states, 

which we want to transform from their original IM to a new one. As a first step, an equivalent 

single-degree-of-freedom (ESDOF) model is developed, using the original MDOF 

characteristics (Fig.1), e.g. the structure’s fundamental eigenperiod and an estimate of its 

base shear strength, allowing for a bilinear representation of its capacity curve, as typical in 

nonlinear static procedures (e.g. EN1998-3, ASCE 41-17). This ESDOF is then subjected to 

incremental dynamic analysis (IDA, Vamvatsikos and Cornell 2002) using a single set of 

records. The record set of the original structure’s study may be adopted, if available, a record 

selection process could be employed if one prefers to have hazard consistency with the site 

of interest, or a generic site-agnostic set may be chosen as a last resort.  

 

Fig. 1 – Equivalent single-degree-of-freedom cantilever model definition. 

The first hurdle is estimating the engineering demand parameter (EDP) threshold for the 

ESDOF, 𝐸𝐷𝑃𝑙𝑖𝑚
𝐸𝑆𝐷𝑂𝐹 , which would produce the “same” fragility in the ESDOF, as the 

threshold of 𝐸𝐷𝑃𝑙𝑖𝑚
𝑀𝐷𝑂𝐹 would produce in the full model. For example, if the EDP of interest 

is the roof drift for a threshold in the elastic region of response, then one could state that 

𝐸𝐷𝑃𝑙𝑖𝑚
𝐸𝑆𝐷𝑂𝐹 = 𝐸𝐷𝑃𝑙𝑖𝑚

𝑀𝐷𝑂𝐹/𝛤, where Γ is the first-mode participation factor. In general, 

though, more complex EDPs may come into play, involving interstory drift, floor 

accelerations or member moments and forces, which may be tough to predict a priori. 

Furthermore, there can be cases where we are only supplied with the MDOF fragility but not 

the limiting EDP value that accompanies it. Thus, we shall use such simplified estimates 

only as a seed value, or 𝐸𝐷𝑃𝑙𝑖𝑚,0
𝐸𝑆𝐷𝑂𝐹, in an iterative approach to determine a near-optimal 

“corresponding” value for the ESDOF. Thus, if 𝑚𝑜𝑙𝑑
𝑀𝐷𝑂𝐹 and 𝛽𝑜𝑙𝑑

𝑀𝐷𝑂𝐹 are the median and 

dispersion, respectively, of the original MDOF lognormal fragility in terms of the original 

“old” IM, then the seed estimate of 𝐸𝐷𝑃𝑙𝑖𝑚,0
𝐸𝑆𝐷𝑂𝐹 threshold is employed to determine a new 

3366
3ECEES, September 2022, Bucharest, Romania



candidate fragility. Say that 𝑚𝑜𝑙𝑑,𝑖−1
𝐸𝑆𝐷𝑂𝐹 ,  𝛽𝑜𝑙𝑑,𝑖−1

𝐸𝑆𝐷𝑂𝐹  (where i = 1 initially) are its corresponding 

parameters in terms of the old IM. Then the 𝛼𝑖 factor is defined as the ratio of the MDOF 

over the ESDOF median for the i-th iteration: 

𝛼𝑖 = 𝑚𝑜𝑙𝑑
𝑀𝐷𝑂𝐹/𝑚𝑜𝑙𝑑,𝑖−1

𝐸𝑆𝐷𝑂𝐹                                                      (1) 

𝛼𝑖 is essentially a linear correction factor, meant to adjust the median parameter of the 

lognormal fragility of ESDOF, by multiplying 𝛼𝑖 with the previously defined 𝐸𝐷𝑃𝑙𝑖𝑚,𝑖−1
𝐸𝑆𝐷𝑂𝐹  

through the following equation: 

𝐸𝐷𝑃𝑙𝑖𝑚,𝑖
𝐸𝑆𝐷𝑂𝐹 = 𝛼𝑖 ∙ 𝐸𝐷𝑃𝑙𝑖𝑚,𝑖−1

𝐸𝑆𝐷𝑂𝐹                                                (2) 

It essentially works by exploiting the equal displacement rule, valid for moderate and long 

period structures to adjust the EDP threshold in increasingly smaller steps by translating IM 

differences to EDP ones. Obviously, where the rule does not hold, other iterative algorithms 

should be employed, such as Newton-Raphson or a simple bisection.  

Simultaneously, another correction process is at play, through the implementation of an 

additional external dispersion parameter 𝛽𝑎,𝑖, defined as: 

𝛽𝑎,𝑖 = {√𝛽𝑎,𝑖−1
2 + (𝛽𝑜𝑙𝑑

𝑀𝐷𝑂𝐹2
− 𝛽𝑜𝑙𝑑,𝑖−1

𝐸𝑆𝐷𝑂𝐹 2
)     if   𝛽𝑜𝑙𝑑

𝑀𝐷𝑂𝐹 > 𝛽𝑜𝑙𝑑,𝑖−1
𝐸𝑆𝐷𝑂𝐹

0                                                otherwise  

              (3) 

This parameter adjusts the dispersion for the fragility results calculated for the ESDOF to 

match the normally higher dispersion of the original fragility, calculated for the MDOF 

model. In the rare occasion that the dispersion of the ESDOF model happens to be higher 

than the one calculated for the MDOF, a bad EDP seed value would typically be the culprit, 

e.g. searching for an inelastic MDOF limit-state in the elastic or near-elastic ESDOF range. 

This extra variability parameter is simply used to update the ESDOF fragility dispersion via 

a squared-root-sum-of-squares rule: 

     𝛽𝑜𝑙𝑑,𝑖
𝐸𝑆𝐷𝑂𝐹 ← √𝛽𝑜𝑙𝑑,𝑖

𝐸𝑆𝐷𝑂𝐹2
+ 𝛽𝑎,𝑖

2
                                           (4) 

Through this iterative process 𝐸𝐷𝑃𝑙𝑖𝑚,𝑖
𝐸𝑆𝐷𝑂𝐹 is sequentially adjusted until the ESDOF fragility 

values converge to the MDOF ones. In each iteration, in order to assess whether or not the 

matching of those fragilities to the target ones is satisfactory, the Root Mean Squared Error 

(𝑅𝑀𝑆𝐸𝑖) value is calculated over a given discretization of the probability space to examine, 

given a tolerance value (e.g. 1%), the overall difference between the MDOF fragilities and 

the ones calculated for the ESDOF model in terms of the initial 𝐼𝑀𝑜𝑙𝑑 used. 

     The determination of the “converged” value of 𝐸𝐷𝑃𝑙𝑖𝑚,𝑖
𝐸𝑆𝐷𝑂𝐹 can now be used to 

disaggregate the old IM fragilities through the IDA results of the ESDOF, breaking them up 

into the N records used for the analysis. Specifically, the determination of the fragilities for 

the old IM on the ESDOF was done by virtue of vertical statistics, associating a single 𝐼𝑀𝑜𝑙𝑑,𝑗 

value to each j-th record (j = 1…N). The empirical CDF of said values is essentially the 

ESDOF fragility curve in 𝐼𝑀𝑜𝑙𝑑. Since these approximately reproduce the MDOF fragility, 

it follows that if one transforms each of them into the new IM, it should offer a good 

approximation of the MDOF fragility in this new space. To do so, a transformation factor  

𝐶𝑗 is defined as the ratio of the 𝐼𝑀𝑛𝑒𝑤,𝑢𝑠,𝑗 and 𝐼𝑀𝑜𝑙𝑑,𝑢𝑠,𝑗 values estimated for each of the 

unscaled records: 

     𝐶𝑗 = 𝐼𝑀𝑛𝑒𝑤,𝑢𝑠,𝑗/ 𝐼𝑀𝑜𝑙𝑑,𝑢𝑠,𝑗                                                 (5) 
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Then, the N old IM values estimated for the fragility in question can be converted to new IM 

coordinates as:  

𝐼𝑀𝑛𝑒𝑤,𝑗 = 𝐼𝑀𝑜𝑙𝑑,𝑖,𝑗  ∙ 𝐶𝑗                                                     (6) 

Fitting a lognormal fragility to the 𝐼𝑀𝑛𝑒𝑤,𝑗 values allows the determination of its parameter, 

𝑚𝑛𝑒𝑤
𝐸𝑆𝐷𝑂𝐹 and  𝛽𝑛𝑒𝑤

𝐸𝑆𝐷𝑂𝐹that are now in terms of the “new” IM that was selected. 

To account for the missing dispersion observed in the old IM space, the additional dispersion 

parameter of 𝛽𝑎,𝑖, should be employed to augment the transformed fragilities: 

𝛽𝑛𝑒𝑤
𝐸𝑆𝐷𝑂𝐹 ← √𝛽𝑛𝑒𝑤

𝐸𝑆𝐷𝑂𝐹2
+ 𝛽𝑎,𝑖

2
                                             (7) 

A detailed pseudo-algorithm representing this methodological process appears in Table 1.   

 

Table 1: “TransformFragility” pseudo-algorithm for fragility IM transformation 

# Initialization  

Form ESDOF model 

Run IDA of ESDOF 

Determine approximate 𝐸𝐷𝑃𝑙𝑖𝑚,0
𝐸𝑆𝐷𝑂𝐹  that corresponds to 𝐸𝐷𝑃𝑙𝑖𝑚

𝑀𝐷𝑂𝐹  

Estimate 𝐼𝑀 𝑜𝑙𝑑,0,𝑗 (j=1…N) value that corresponds to 𝐸𝐷𝑃𝑙𝑖𝑚,0
𝐸𝑆𝐷𝑂𝐹  for each record j 

Estimate lognormal fragility parameters, 𝑚𝑜𝑙𝑑,0
𝐸𝑆𝐷𝑂𝐹 and 𝛽𝑜𝑙𝑑,0

𝐸𝑆𝐷𝑂𝐹 , corresponding to 𝐼𝑀 𝑜𝑙𝑑,0,𝑗 

Calculate 𝑅𝑀𝑆𝐸0 of ESDOF and MDOF fragility 

𝑖 =  0 

𝛼0 =  1.0  

𝜎𝛼,0 =  0.01    

 

# Iterative matching of ESDOF and MDOF fragilities  

Repeat  

    𝑖 = 𝑖 + 1 

    𝛼𝑖 = 𝑚𝑜𝑙𝑑
𝑀𝐷𝑂𝐹/𝑚𝑜𝑙𝑑,𝑖−1

𝐸𝑆𝐷𝑂𝐹     

    𝐸𝐷𝑃𝑙𝑖𝑚,𝑖
𝐸𝑆𝐷𝑂𝐹 = 𝛼𝑖 ∙ 𝐸𝐷𝑃𝑙𝑖𝑚,𝑖−1

𝐸𝑆𝐷𝑂𝐹   

    If   𝛽𝑜𝑙𝑑,𝑖−1
𝐸𝑆𝐷𝑂𝐹 <  𝛽𝑜𝑙𝑑

𝑀𝐷𝑂𝐹    

          𝛽𝑎,𝑖 = √𝛽𝑎,𝑖−1
2 + (𝛽𝑜𝑙𝑑

𝑀𝐷𝑂𝐹2
− 𝛽𝑜𝑙𝑑,𝑖−1

𝐸𝑆𝐷𝑂𝐹 2
)      

     else 

          𝛽𝑎,𝑖 = 0 

     end  

     Estimate 𝐼𝑀 𝑜𝑙𝑑,𝑖,𝑗 (j = 1…N) value that corresponds to 𝐸𝐷𝑃𝑙𝑖𝑚,𝑖
𝐸𝑆𝐷𝑂𝐹 for each record j 

     Estimate lognormal fragility parameters, 𝑚𝑜𝑙𝑑,𝑖
𝐸𝑆𝐷𝑂𝐹 and  𝛽𝑜𝑙𝑑,𝑖

𝐸𝑆𝐷𝑂𝐹 , corresponding to 𝐼𝑀 𝑜𝑙𝑑,𝑖,𝑗 

     𝛽𝑜𝑙𝑑,𝑖
𝐸𝑆𝐷𝑂𝐹 ← √𝛽𝑜𝑙𝑑,𝑖

𝐸𝑆𝐷𝑂𝐹 2
+ 𝛽𝑎,𝑖

2
 

     Calculate 𝑅𝑀𝑆𝐸𝑖  of ESDOF and MDOF fragility 

Until    (𝑅𝑀𝑆𝐸𝑖 − 𝑅𝑀𝑆𝐸𝑖−1)/𝑅𝑀𝑆𝐸𝑖−1 < 𝑡𝑜𝑙  
 

# Transform the fragility to a new IM 

For j = 1 to N records 

     Estimate 𝐼𝑀𝑛𝑒𝑤,𝑢𝑠,𝑗 and 𝐼𝑀𝑜𝑙𝑑,𝑢𝑠,𝑗 for unscaled record j 

     𝐶𝑗 = 𝐼𝑀𝑛𝑒𝑤,𝑢𝑠,𝑗/ 𝐼𝑀𝑜𝑙𝑑,𝑢𝑠,𝑗 

     𝐼𝑀𝑛𝑒𝑤,𝑗 = 𝐼𝑀𝑜𝑙𝑑,𝑖,𝑗  ∙ 𝐶𝑗 

end 

Estimate lognormal fragility parameters, 𝑚𝑛𝑒𝑤
𝐸𝑆𝐷𝑂𝐹 and  𝛽𝑛𝑒𝑤

𝐸𝑆𝐷𝑂𝐹 , corresponding to 𝐼𝑀𝑛𝑒𝑤,𝑖,𝑗 

 𝛽𝑛𝑒𝑤
𝐸𝑆𝐷𝑂𝐹 ← √𝛽𝑛𝑒𝑤

𝐸𝑆𝐷𝑂𝐹 2
+ 𝛽𝑎,𝑖

2
 

3368
3ECEES, September 2022, Bucharest, Romania



3. Case studies 

To examine the efficiency of the process presented in the previous paragraph, two typical 

2D building models were used as validation examples, namely a 4-storey reinforced concrete 

(RC) building (Chatzidaki and Vamvatsikos 2021), and a 20-storey steel building (Lachanas 

and Vamvatsikos 2021). The goal is to employ the available MDOF models from the 

aforementioned publications to estimate fragilities in Sa(T1) and attempt to transform them 

to PGA via the proposed procedure. By having the original IDA MDOF results available, 

we shall also be able to calculate the actual PGA fragilities and verify (or not) our approach. 

For the typical 4-storey RC building, an ESDOF model was developed using the building’s 

fundamental eigenperiod of T1 = 1.05sec, and its pushover curve, as the defining features of 

the model. To perform the pushover analysis a first-mode load pattern was utilized for the 

initial building, and then, as shown in Fig. 2, a bilinear curve was fitted. The bilinear 

approach selected was the 10% fit described in De Luca et al. (2013). For the 20-storey 

building a similar procedure was employed with the definition of the equivalent model being 

based on the building’s eigenperiod, T1 = 3.82sec, and its pushover curve as illustrated in 

Fig. 2, using again the aforementioned bilinear approach. Since the bilinear approach for the 

pushover curves was adopted for the model definitions, the plastic behaviour of the model 

is taken into account using a rotational spring (ΚΦ) at its base, with a rotational stiffness that 

would result to the corresponding pushover curve, simulating an elastic-perfectly-plastic 

behaviour identical to that illustrated in Fig. 2 for both buildings. 

 

Fig. 2 – Pushover curves for the 4-storey and 20-storey buildings. 

To calculate the fragility curves for the original buildings, IDA was performed using as an 

EDP, the Top Drift (TDR) of the structure. Using those analyses results and considering two 

limit states (LS) or capacity thresholds representing the 𝐸𝐷𝑃𝑙𝑖𝑚
𝑀𝐷𝑂𝐹 values, two LS cases were 

defined. Therefore, two fragility curves were calculated for each structure both in terms of 

spectral acceleration Sa(T1), and PGA. The fragility curves for the buildings studied appear 

in Table 2, referred as the ‘Original Structures (MDOF)’ and were calculated for LS1: TDR 

= 0.75% and LS2: TDR = 2.0%. The same procedure was employed for the corresponding 

ESDOF models defined, with the record sets used for the analyses of the simplified models, 

being the same used for each of the original buildings. Given the initial fragility results for 
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the simulated models (𝑚𝑜𝑙𝑑,0
𝐸𝑆𝐷𝑂𝐹 , 𝛽𝑜𝑙𝑑,0

𝐸𝑆𝐷𝑂𝐹) (Table 2), and the target fragilities calculated using 

the original models (𝑚𝑜𝑙𝑑
𝑀𝐷𝑂𝐹 and 𝛽𝑜𝑙𝑑

𝑀𝐷𝑂𝐹) in terms of 𝐼𝑀𝑜𝑙𝑑 = Sa(T1), the process described 

in Table 1 was employed, for the adjustment of the calculated fragilities of the ESDOF 

models in terms of Sa(T1), to the corresponding results of the MDOF detailed models 

(𝑚𝑜𝑙𝑑,𝑖
𝐸𝑆𝐷𝑂𝐹 , 𝛽𝑜𝑙𝑑,𝑖

𝐸𝑆𝐷𝑂𝐹), and the IM transformation to the 𝐼𝑀𝑛𝑒𝑤  = PGA (𝑚𝑛𝑒𝑤
𝐸𝑆𝐷𝑂𝐹 , 𝛽𝑛𝑒𝑤

𝐸𝑆𝐷𝑂𝐹). 

The lognormal fragility parameters calculated for each case are presented in Table 2. 

In Fig. 3−4 a condensed overview of the results can be observed, in terms of simulating the 

fragility results of the original models (MDOF) with the simplified models discussed 

(ESDOF). The results are deemed to be satisfactory, given how close the simulated PGA 

and Sa fragilities are to the MDOF ones, with only minor errors observed for the transformed 

PGA case. 

Table 2. Fragility curves parameters for all models. 

Fragility Results 
DS1 DS2 

median (g) dispersion median (g) dispersion 

4
-s

to
re

y
 

B
u

il
d

in
g

 

Original Structure (MDOF) 
Sa(T1) 0.334 0.13 0.792 0.27 

PGA 0.352 0.43 0.829 0.42 

Seed Model (ESDOF,0) 
Sa(T1) 0.429 0.09 1.101 0.29 

PGA 0.453 0.41 1.161 0.45 

Adjusted Model (ESDOF,i) 
Sa(T1) 0.334 0.13 0.795 0.27 

PGA 0.352 0.43 0.838 0.45 

2
0

-s
to

re
y
 

B
u

il
d

in
g

 

Original Structure (MDOF) 
Sa(T1) 0.112 0.25 0.304 0.33 

PGA 0.634 0.81 1.728 0.82 

Seed Model (ESDOF,0) 
Sa(T1) 0.146 0.10 0.429 0.33 

PGA 0.826 0.86 2.431 0.88 

Adjusted Model (ESDOF,i) 
Sa(T1) 0.113 0.28 0.308 0.31 

PGA 0.637 0.92 1.758 0.87 

 

 

 

Fig. 3 – Fragility curves results for the 4-storey building. 
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Fig. 4 - Fragility curves results for the 20-storey building. 

4. Conclusions 

A simple methodology for the intensity measure (IM) transformation of fragility curves was 

presented. Two building models were used as validation achieving good accuracy both for a 

high-rise 20-story and a low-rise 4-story frame. It was showcased that even though a single-

degree-of-freedom model was proposed, this conversion should not be critically affected by 

its simplicity by virtue of an iterative correction process. Therefore, the proposed method 

could provide the required flexibility to transform any fragility curves to the desired IM, 

with a minimal error. Of course, further study is required in terms of quantifying the effects 

of the spectral shape of the seismic records selected for the simplified analysis, if the original 

records are not available. Moreover, the applicability to limit-states based on more localized 

measures of response, such as the interstorey drift or peak floor accelerations, should not be 

taken for granted, since they would be more difficult to capture using a model that discards 

the effect of higher modes.  
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Abstract: In the last years many efforts have been spent by the Italian Civil Protection 

Department (ICPD) to strengthen risk mitigation tools to reduce the consequences of future 

earthquakes. Since 2017 the DPC, with the support of Eucentre, has been conducting a 

project for the development of an IT-platform called Da.D.O. (Observed Damage Database) 

aimed to collect, catalogue and compare data on post-event damage and structural 

characteristics of buildings inspected after major earthquakes in Italy from the 1976 Friuli 

earthquake onwards. Such platform, already containing many data related to residential 

buildings, has been now extended to churches. The data on the damage and the buildings 

have been collected in many years and account for all the main Italian earthquake between 

1997 and 2016. In this paper, this new section of the platform is described, and a first set of 

analyses is presented.  

 

Keywords: database, observed damage, damage surveys, seismic vulnerability 

1. Introduction 

In the last years many efforts have been done by the Italian Civil Protection Department 

(ICPD) to strengthen risk mitigation tools to reduce the consequences of future 

earthquakes. Aware of the relevant contribution that the scientific community can give to 

this field, ICPD has granted and coordinated over the years important research projects, 

carried out by its centres of competence, in order to improve prevision and prevention 

tools, at the basis of civil protection activities. As known, seismic risk is a combination of 

hazard, exposure, and vulnerability. The factor on which the human can act to reduce the 

seismic risk in our country is the vulnerability of structures, i.e. their penchant to be 

damaged if subjected to seismic shaking. In order to achieve this objective, it is important 

to develop methodologies for seismic risk and scenarios at territorial scale, based on a few 

data and therefore with a low level of knowledge of the asset to be investigated, capable to 
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produce at the same time reliable estimations in order to underpin operative decisions. 

With this goal, the ICPD in the last 13 years has coordinated the development of specific 

IT-Platforms, committed to Eucentre Foundation (European Centre for Training and 

Research in Earthquake Engineering), and addressed to civil protection system and to its 

relevant stakeholders. In 2018 the IRMA (Italian Risk MAps) platform was developed for 

the production of seismic risk maps of residential buildings, where scientific community of 

ReLUIS and Eucentre could implement their own models that were combined in a final 

evaluation (Dolce et al. 2021, Borzi et al. 2021). The risk maps obtained through IRMA 

and through models developed according to this process at the end of 2018 were published 

in the National Risk Assessment Report (ICPD 2018).  

In addition to the seismic risk assessment platforms above described, since 2017 the DPC 

has been conducting a project with the support of Eucentre for the development of a further 

IT-platform, accessible via web, called Da.D.O. (Observed Damage Database). Da.D.O., as 

described in Dolce et al. (2019), is a platform of the Civil Protection Department conceived 

with the specific aim of supporting the formulation of vulnerability models or their 

calibration. It is aimed to collect, catalogue and compare data on post-event damage and 

structural characteristics of buildings inspected after major earthquakes in Italy from the 

1976 Friuli earthquake onwards. From 2019 to date, the Da.D.O. platform has been 

expanded and improved. New databases made available by the DPC were added (2013 

Garfagna-Lunigiana and 2019 Mugello earthquakes). Thanks to a collaboration with INGV 

(National Institute of Geophysics and Volcanology), new shakemaps for the single events 

(Michelini et al. 2020) and envelope shakemaps were implemented. In addition, a database 

called ShakeDado (Faenza et al. 2020), also developed by INGV, has been uploaded, 

combining information on earthquake damage with seismic shaking.  

The appreciation of Da.D.O. from the scientific community, national and international, has 

driven the ICPD to share further post-earthquake data relevant to churches. In 2020 a new 

section of Da.D.O. was then published. The collection and provision of damage data 

observed on churches following seismic sequences is of fundamental importance for the 

definition of the seismic behaviour of these structures on an empirical basis, as a starting 

point for the subsequent development of fragility curves, for the assessment of their 

seismic vulnerability, as well as for models’ calibration. The paper describes the contents 

of the databases loaded in Da.D.O. Churches platform, the tools available to the user and 

some early statistical elaborations on the data present. 

2. Highlights of Da.D.O. Churches platform 

The Da.D.O. platform is a tool developed by Eucentre for DPC to support the scientific 

activities of forecasting and prevention. As well as for ordinary buildings (Dolce et al. 

2019), the Da.D.O. section dedicated to churches (Da.D.O. Churches hereafter) aims to 

collect, classify and compare data on the structural characteristics and the seismic damages 

observed from the inspections carried out during or following a seismic event of national 

importance. To date, Da.D.O. Churches consists of eight databases related to the events of: 

Umbria-Marche 1997, Molise-Puglia 2002, Piedmont 2003, Salò 2004, L’Aquila 2009, 

Emilia 2012, Central Italy 2016 – 2017, and Ischia 2017. Each database contains 

information on the general and structural characteristics of inspected churches and the 

related damage. In terms of records processed, Da.D.O. Churches includes in total about 

6300 items (6362 exact number), distributed among the above data sets. As well as for 

ordinary buildings, in Da.D.O. Churches each database can be displayed and downloaded 
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by the user on a double version, i.e. the original version and a decoded version obtained by 

converting codes into the corresponding labels in the collection form. 

2.1. Characteristics of the events and macroseismic field 

For each of the eight events loaded in the platform, it’s possible to visualize the 

characteristics of the main shock and possible aftershock with Magnitude M≥5. The source 

of such information is the Earthquake National Centre of INGV (http://terremoti.ingv.it/). 

Event characteristics include (Fig. 1): the day and the time of the event (in local format and 

UTC); magnitude (provided when available both in ML and MW); geographical 

coordinates of the epicenter (identified with a red star on map) and corresponding 

hypocentre depth. 

Furthermore, Da.D.O. provides the macroseismic field survey carried out by the INGV for 

all the earthquakes of interest. Macroseismic field survey is described by a set of 

homogeneous MCS intensities (Sieberg, 1930) which are being associated with all 

municipalities stricken with I (MCS) ≥ V (Rovida et al., 2016), as showed in Fig. 2. 

Macroseismic intensities are also displayed for localities, besides those for municipalities, 

in order to give a more detailed information.  

 

Fig. 1 - Visualization of the characteristics of the selected event: example for the L’Aquila earthquake of 

April 6, 2009 

 

Fig. 2 - Macroseismic intensity MCS for the municipalities afflicted by the L’Aquila earthquake of April 6, 

2009 
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2.2. Shakemaps 

On the platform the user can visualize the shakemaps elaborated by INGV associated to 

each event (Michelini et al. 2020). In 2019, INGV has finalized a procedure to configure 

the version 4 (v.4) software of the U.S. Geological Survey (USGS)-ShakeMap for a given 

region adopting recently developed ground-motion models. The new shakemaps produced 

by INGV are displayed on the platform, as shown in Fig. 3, and downloadable as 

shapefiles. The platform allows to visualize not only the shakemaps related to the single 

shocks but also the combined maps of maximum shaking, called “Shakemap envelopes”. 

These shakemaps, like the previous ones, have been processed by INGV. They are 

provided as a grid and are downloadable from the platform as csv file. It is worth to specify 

that there are 3 events for which INGV has not provided the shakemaps: Piemonte 2003, 

Salò 2004 and Ischia 2017 earthquake. Piemonte 2003 and Ischia 2017 were excluded 

because the Magnitude is less than 5, while Salò occurred in 2004 before INGV started to 

calculate shakemaps. 

 

Fig. 3 - Visualization of the shakemap relating to the Central Italy earthquake of August 24, 2016 

 

2.4. Databases comparison 

As Da.D.O. Ordinary Buildings (Dolce et al. 2019), Da.D.O. Churches enables the 

comparison among databases according to predefined criteria by using the Thematization 

and Filter tools. The Thematization tool allows the user to thematize one or more data sets 

according to either damage levels (DLs) or damage mechanisms (DMs). The thematization 

by DLs reflects the classification of the EMS98 scale (Grünthal 1998), i.e.: DL0 (absence 

of damage); DL1 (slight damage); DL2 (moderate damage); DL3 (extensive damage); DL4 

(complete damage); DL5 (collapse). The thematization by DMs is carried out based on the 

macro-elements for which one or more mechanisms are activated. It has not been possible 

to thematize the various data sets by individual mechanisms because these vary in number 

according to the survey form used in the inspection after the events (see §3). In particular, 

these are 16 for the Umbria-Marche 1997 form, 18 for the form adopted between 2002 and 

2004, and 28 for the form used from L’Aquila 2009 earthquake onwards. Although 

different in number, the DMs contemplated in the three different forms are similar. This 

has enabled to classify the damage mechanisms into 9 groups on the basis of the macro-

element concerned, thus making the thematizations by damage mechanisms homogeneous 

and comparable for all the events. The macro-elements used in the thematization are: 

Façade, Hall/Transept/Chapels, Walls, Dome, Apse, Roof, Interactions near plano-

altimetric irregularities, Overhangs, and Bell Tower. If in a church the damage 

mechanisms affect several macro elements, the mechanism that predominates is the one 

with the highest level of damage. Consequently, the macro-element corresponding to it will 
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be shown in the thematization. Instead, if the damage mechanisms affecting several macro 

elements have the same damage level, the church falls into the Various mechanisms. Latter 

option is added to the abovementioned 9 groups. Fig. 4 shows an example of thematization 

of L’Aquila 2009 data set by all damage levels. 

 

Fig. 4 - Thematization of L’Aquila 2009 data set by all damage mechanisms with corresponding legend 

3. Collection of the data on churches: methodology and survey forms  

Da.D.O. Churches is the world largest database on the seismic damage of churches. Its 

value relies not only the amount of data (more than 6000) but also on their consistency. 

The availability of so many consistent data derives from the systematic damage survey 

activity carried out in Italy since 1997, based on a survey methodology that only little 

changed in time.  

The origins of the survey methodology at the base of Da.D.O. Churches date back to 1976 

Friuli earthquakes, when a team of researchers coordinated by the Italian National Group 

for the Defence from Earthquakes (GNDT) made an extensive damage survey on a set of 

churches hit by the earthquake. The results of this survey suggested that the seismic 

response of churches may be described according to recurrent Damage Mechanisms, 

traceable to the almost autonomous structural behaviour of the different parts of the 

church, then named Macro-Elements (Doglioni et al. 1994). This type of behaviour, 

confirmed by many other following studies, is closely related to the architectural design of 

the churches, based on recurring architectural elements (the façade, the apse, the nave, 

etc…) assembled around large halls with very limited internal diaphragms (no floors, no 

internal walls).  

The approach developed in Friuli by the GNDT was implemented in a first survey form 

where both damage and vulnerability parameters were recorded. This form was very 

detailed. For this reason, when it was used for the first time for the damage survey of 34 

churches struck by Lunigiana and Garfagnana earthquake (October 10th, 1995) it was 

simplified. During this survey, for the first time the idea of a “fast and simple” survey form 

devoted to the survey of a large number of churches was developed.  

Following this idea, in 1997 Lagomarsino and Podestà (2004a, b) proposed a revision of 

the form aimed at surveying a large number of churches after Umbria-Marches 

earthquakes. It was used to assess the damage of more than 3000 churches, representing 

the first extensive application of the methodology.  
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A further revision of the survey form was officially adopted by the MiBAC and the DPC as 

an official tool for the damage assessment of churches in 2001 (DPC 2001). It was then 

used after the Molise (2002), Piedmont (2003) and Lombardy (2004) earthquakes. After 

few revisions, the current version was published in 2006 (PCM-DPC-MiBAC 2006) and 

used in L’Aquila, Emilia and Centro-Italia earthquakes.  

Regardless the version, from 1997 on the structure of the survey form has been quite 

stable. It has three sections: the first one aims at identifying/describing the building and 

cataloguing the cultural assets contained in it; the second aims at assessing structural 

damage; the third collects recommendations on the usability of the building and on the 

emergency safety measures to be implemented. The damage assessment described in the 

second section is based on the original idea of Doglioni et al. (1994): a set of possible 

Damage Mechanisms is identified, and a Damage Level (ranging from 0 to 5, as in EMS) 

is assigned to each Damage Mechanism. In this way, it is possible to identify the main 

damage suffered and evaluate an overall average damage index of the church. This 

approach is certainly affected by the subjectivity of the surveyor in assigning the DLs to 

DMs; however, it provides at least a common and rational path to damage evaluation.  For 

this reason, it has little changed in time.    

What has mainly changed in time is the number of Damage Mechanisms considered (16 in 

the first versions of the form, then 18 from 1997, and finally 28 from 2001) and the 

Damage Levels considered (from 0 to 3 in the first versions, then from 0 to 5).  Concerning 

the DMs, fortunately the different revisions of the forms simply “added” new mechanisms 

to those that was already comprised. This simplifies the management of the different 

dataset. Concerning the Damage Levels, when they were assigned within the range 0-3, 

they have been opportunely converted in 0-5. Then, both the original and the converted 

scores were kept in the database.  

Another set of information that has little changed in time is that of the first section of the 

form, related to the description of the church. In almost all the forms only basic 

information are provided, as its position, use, state of maintenance, dimensions,… 

However, in some cases, and in particular for Centro-Italia earthquake, “additional” 

information was collected for a large number of churches. As discussed in the following 

paragraph, this information constitutes a precious dataset on the vulnerability of such 

buildings, to be correlated to their damage.  

4. Statistics on church buildings of the DADO dataSETS 

Da.D.O. Churches includes in total 6362 items, distributed among 8 datasets, as shown in 

Table 1. The Central Italy seismic sequence corresponds to the largest dataset, accounting 

for about 52.8% of the entire record population, followed by Umbria -Marche 1997 (18%) 

and L'Aquila 2009 (16.1%).  

Table 2 lists the information collected in Da.D.O. Churches and for each type shows the 

percentage of records that contains it. The distribution of the data in the 8 datasets, is 

described by the second and third columns which respectively reports the number of 

datasets, and their ID in brackets, in which the specific information is present in less than 

10% of the related records (column two) and the number of datasets in which the 

information is present in more than 50% (column three). 
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Table 1. List of data sets provided by Da.D.O Churches. 

Data set Id Year Number of records 

Umbria-Marche  UM 1997 1147 (18,0%) 

Molise-Puglia MP 2002 116 (1,8%) 

Piemonte P 2003 149 (2,3%) 

Salò S 2004 276 (4,3%) 

Aquila A 2009 1027 (16,1%) 

Emilia E 2012 264 (4,1%) 

Centro Italia CI 2016 3250 (52,8%) 

Ischia I 2017 27 (0,4%) 

 

Table 2. Completeness of the information in Da.D.O. - Churches 

Type of information 

Percentage 

of records 

reporting the 

information 

Number of datasets with 

information present in 

less than 10% of the 

related records 

Number of datasets with 

information present in 

more than 50% of the 

related records 

General characteristics    

Type of buildings (single or complex building) 58% 6 (UM; MP; P; S; E; I) 2 (A; CI) 

Shape of the complex building 24% 7 (UM; MP; P; S; A; E; I) 0  

Century of building  57% 4 (UM; MP; P; S) 4 (A; E; CI; I) 

Topographical conformation 83% 0  6 (MP; S; A; E; CI; I) 

Location 62% 3 (UM; MP; S) 4 (A; E; CI; I) 

Adjacency to other buildings 80% 0  7 (MP; P; S; A; E; CI; I) 

Use 58% 6 (UM; MP; P; S; E; I) 2 (A; CI) 

Plan surface 79% 0  8 (UM; MP; P; S; A; E; CI; I) 

Typological characteristics    

Shape of the church plan 58% 1 (E) 5 (P; S; A; CI; I) 

Presence of apse  85% 0  8 (UM; MP; P; S; A; E; CI; I) 

Presence of lateral chapels  78% 2 (P; S) 6 (UM; MP; A; E; CI; I) 

Façade type 60% 1 (E) 5 (UM; MP; P; CI; I) 

Gable protrusion from the roof 31% 6 (UM; MP; P; S; E; I) 0  

Type of bell tower 62% 1 (E) 5 (UM; MP; S; CI; I) 

Structural characteristics    

Type of structure (concrete, masonry…) 43% 5 (UM; P; S) 2 (CI; I) 

Masonry regularity 29% 5 (UM; P; S) 2 (CI; I) 

Masonry materials 29% 5 (UM; P; S) 2 (CI; I) 

Roof structures (thrusting/non-thrusting) 36% 2 (A; E) 2 (UM; MP) 

Roof structures (lightweight/heavy) 37% 2 (A; E) 2 (UM; MP) 

Presence of vaults 46% 2 (A; E) 4 (MP; P; CI; I) 

Vaults shape 45% 2 (A; E) 4 (MP; P; CI; I) 

Damage state    

Maintenance conditions 78% 1 (UM) 7 (UM; MP; P; S; A; E; CI; I) 

Pre-existing cracks 62% 4 (UM; MP; P; S) 3 (A; E; CI) 

Usability 93% 0 8 (UM; MP; P; S; A; E; CI; I) 

Survey completeness 60% 6 (UM; MP; P; S; E; I) 2 (A; CI) 

Seismic input    

PGA  93% 3 (P; S; I) 5 (UM; MP; A; E; CI) 

Earthquake intensities  83% 0  6 (UM; MP; S; A; CI; I) 

 

Among the general characteristics, the two most important parameters are the century of 

building and the plan surface, two parameters widely used to define the vulnerability class that 

a building belongs to. Fig. 5 shows the distribution of the database as a function of these 

parameters. In all datasets the highest percentage of churches was built between the 17th and 

18th centuries and with regards to the plan surface, small churches (S.P. <150 m2) constitute at 

least half of the sample in all the datasets (except for Emilia dataset). Fig. 6 shows that in 

Da.D.O. Churches all the topographical conformations are well represented; however, they 
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strictly depend on the location of the earthquakes. This can be easily observed from the 

distribution relating to the Emilia dataset, in which the territory affected by the seismic 

sequence was completely flat. Fig. 6 also shows that the database also includes both churches 

adjacent to other buildings and isolated. 

 

     

Fig. 5 – General characteristics of churches: century of building and plan surface. 

    

Fig. 6 – General characteristics of churches: Topographical conformations and adjacency to other buildings. 

The typological characteristics of the churches are available only for a limited number of 

datasets, even if the percentage of records is always higher than 50% (except for the gable 

protrusion from the roof). In Fig. 7 it is possible to notice how most of the churches are 

characterized by a simple rectangular plan and the lateral chapels are present only in a limited 

percentage of churches, while the apse is present more frequently. The most common type of 

façade is a simple gabled façade, followed by the quadrangular façade. The structural 

characteristics of the churches are the most lacking in the database. This deficiency is due to 

the fact that all the version of the form do not collect this type of information in a systematic 

way. 

 

    

  

Fig. 7 – Typological characteristics of churches: Plan shape, lateral chapels, apse and façade type. 

3380
3ECEES, September 2022, Bucharest, Romania



 

The damage state of the churches is included in most of the data since usability is one of the 

most important outcomes of the assessments carried out in the emergency phase and Fig. 9 

shows usability rating for all 8 datasets. Fig. 9 also reveals the distribution of the maintenance 

conditions, a parameter that greatly influence the seismic response of the churches. Only the 

datasets for Emilia and Ischia show a good state of maintenance for a percentage of churches 

equal to or greater than 50% . The observed damage must be correlated to the seismic action 

suffered by the churches shown in Figure 10, expressed both in terms of MCS intensities and 

of PGA. The intensity of the seismic event generally affects the number of records of the 

datasets, in fact the most severe seismic event occurred in Central Italy in 2016, where the 

maximun PGA values recorded is greater than 0.5 g, followed by the seismic sequences of 

L'Aquila and Umbria – Marche.  

 

         
Fig. 8 – Usability rating and maintenance conditions of the churches in Da.D.O.  

 

          

Fig. 9 – Seismic input: MCS intensity and PGA values. 

5. Conclusions 

A new section of the Da.D.O. platform dedicated to churches has been developed. Da.D.O. 

Churches consists of eight databases related to the events of: Umbria-Marche 1997, 

Molise-Puglia 2002, Piedmont 2003, Salò 2004, L’Aquila 2009, Emilia 2012, Central Italy 

2016 – 2017, and Ischia 2017. Each database contains information on the general and 

structural characteristics of inspected churches and the related damage. The data collection 

has been carried out by mean of a standard methodology, allowing to survey the damaged 

churches with a common approach thanks to pre-defined survey forms. For each of the 

eight events loaded in the platform, it’s possible to visualize the seismic characteristics of 

the main shock and possible aftershock. On the platform the user can visualize the 
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shakemaps elaborated by INGV associated to each event. Preliminary statistical analyses 

of the data ae presented.  
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Abstract: Strategic buildings, like schools, cover an essential role both in the emergency management 
and recovery phase after an earthquake, besides to be essential for the life of communities. A reliable 
risk assessment constitutes a powerful tool to address effective mitigation actions. However, while a 
significant amount of work was done in literature to develop risk studies and fragility curves for the 
residential building stock, only few contributions were clearly addressed to the risk assessment on 
portfolio of schools or other strategic buildings. The paper presents the effort made in the 2019-2021 
MARS (Seismic Risk MAps) project - funded by the Italian Civil Protection Department and ReLUIS 
consortium - to fill this gap with reference to the Italian school buildings. More specifically, seven 
research units conveyed their expertise for developing the consensus-based “School-MARS model” 
by integrating fragility curves based on different approaches (i.e. empirical, analytical and hybrid) and 
customized on archetypes and buildings stock representative of Italian school buildings. The paper 
presents an overview on the main achieved results and the methodology adopted to face this challenge.  

Keywords: school buildings, reference archetypes, seismic maps, fragility curve, masonry, 
reinforced concrete. 

1. Introduction 

Various seismic events occurred worldwide clearly demonstrated that significant damage 
have been frequently detected also on strategic buildings and that many threatened 
communities do not yet have earthquake-proof schools (e.g. Di Ludovico et al. 2019, 
Giordano et al. 2021). Despite their role and the fact school buildings assume an important 
role also on the recovery after an earthquake for the life of communities, such inadequate 
performances are even comparable to residential buildings. Thus, it emerges the urgent need 
of reliable risk assessment approaches to be applied at large scale for addressing mitigation 
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policies and prioritizing actions aimed to reduce their vulnerability and improve their 
resilience (e.g. D’Ayala et al. 2020). The risk assessment of building’s portfolio requires to 
customize the standard steps of such analyses, as for example: the inventory; the taxonomy; 
the archetypes representative of their specific features; the vulnerability models to be 
adopted; etc. In fact, while many are the risk studies addressed to residential buildings, very 
few are the attempts to school buildings. With the aim to fill this gap, the effort of seven 
research units (RUs) from University of Genova (UniGE, coord. S.Cattari), Basilicata 
(UniBAS, coord.A.Masi), Camerino (UniCAM, coord. A.Dall’Asta), Napoli (UniNA, 
coord. M.Di Ludovico), Padova (UniPD, coord. F.da Porto), Trieste (UniTS, coord. 
N.Gattesco) and the EUCENTRE foundation (coord. B.Borzi) has been conveyed in the Task 
4.7 of 2019-2021 MARS (Seismic Risk MAps) project (Masi et al. 2022). The main goal 
was to define a consensus-based model of fragility/vulnerability representative of Italian 
school buildings and effective tools for supporting risk mitigation strategies at national scale. 
The paper presents an overview on the main achieved results and the methodology adopted 
to face this challenge. 

2. Italian school buildings: inventory and taxonomy 

In Italy, the inventory of school buildings set up by the Ministry of Education in 2005 
consists of 49,531 items. Although data for many schools (mainly related to specific regions) 
is lacking/not available, the inventory provides information about some typological 
parameters (Fig.1).  

a) b) 

  c) d) 
Fig. 1 Inventory of Italian school buildings in terms of structural material (a), age of construction (b), number 

of storey (c), floor area (d) 

Starting from this data, adequately integrated/validated by local information provided by 
RUs involved in the MARS project, some attributes mainly affecting the seismic 
vulnerability of existing buildings have been selected and considered for the aims of the 
present study, that is: structural material (i.e. reinforced concrete (RC), masonry (URM), 
other), number of stories (i.e. 1, 2, 3, 4+), age of construction (before 1920, 1921-45, 1946-
60, 1961-75, after 1976), floor area (<500m2, 500-1000 m2, 1000-2000 m2, 2000-5000 m2, 
and >5000m2). According to the considered taxonomy, most of school buildings comprises 
reinforced concrete (about 31% having moment resisting frames) and masonry structures 
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(about 21% with regular/irregular masonry type), the former mainly made up starting from 
the ‘60s whereas the latter mainly dated back before the ‘60s. Both RC and URM school 
buildings have mostly 1-2 storeys in elevation with a prevalence of floor area lower than 
500m2 for masonry buildings (about 45%) whereas, for RC ones, similar percentages (about 
25-30%) are found for <500m2, 500-1000m2, 1000-2000m2 categories. 

3. Definition of reference archetypes 

Starting from the above-described taxonomy, two macro-types have been defined in terms 
of the main adopted structural material, that is RC and URM. In turn, each macro-type has 
been further subdivided into different sub-types defined in terms of in-plane area, number of 
storeys and period of construction, as reported in Table 1. In this way, five sub-types for 
each structural material have been defined, thus covering a large percentage of the school 
building stock, that is 79% for URM buildings and 85% for RC ones. 
For each sub-type, some archetypes have been selected on the basis of completeness and 
reliability of available data in such a way as to allow numerical modelling. More specifically, 
14 URM archetypes and 18 RC ones have been selected as representative of a specific sub-
type and analysed according to different approaches described in Section 4. Fig. 2 shows 
some of the selected archetypes and the sub-type they belong to. 

Table 1 Sub-types and relative percentage for masonry and reinforced concrete school types 

n. sub-
type 

Masonry RC 

description % of total 
schools description % of total 

schools 

1 area < 500sqm n. storey = 1 
period: 1920-1975 13.6 area < 500sqm; n. storey = 1 

period: All 13.3 

2 area < 500sqm; n. storey 2 and 
3; period: 1920-1975 19.5 area < 500sqm; n. storey 2 and 3; 

period: All 10.9 

3 area < 500sqm; n. storey = 1, 2 
and 3; period: before 1919 7.9 area = 500-1000sqm; n. storey = 

1, 2 and 3; period: All 29.8 

4 area = 500-1000sqm; n. storey 
= 1, 2 and 3; period: after 1975 27.0 area = 1000-2000sqm; n. storey 

= 2 and 3; period: All 19.5 

5 area = 1000-2000sqm; n. storey 
= 1, 2 and 3; period: after 1975 10.5 area = 2000-5000sqm; n. storey 

= 2 and 3; period: All 11.4 

Total 78.6 Total 85.0 
 

a) b) 

Fig. 2 Masonry building archetype representative of sub-type 4 (a) and RC building archetype representative 
of sub-type 3 (b) 

4. Set of fragility curves developed in MARS project for Italian school buildings 

4.1 Overview on adopted approaches and common shared hypotheses  
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Among those available in the literature (e.g. Rossetto et al. (2014)), various approaches have 
been adopted by the RUs involved in the project with the aim of developing fragility curves 
able to describe the specific behavior of school buildings. They can be grouped into four 
macro-approaches, namely:  

- Empirical approach, based on the use of observational data. In this case, two main 
approaches were adopted: pure empirical approach, based on the direct fitting of 
observed data (by UniNA and UniCAM); empirical-binomial approach that exploits 
the simulated damage probability matrix by means of probability density functions, 
ensuring a more regular distribution (i.e. binomial) of damage states (by UniNA). 

- Analytical-numerical approach, based on the execution of Nonlinear Dynamic 
Analyses (NLDA) on detailed models inspired by the reference archetypes illustrated 
at §3 by UniBAS, UniCAM, UniNA, UniPD. At this stage of the research this 
approach has been adopted only for RC school buildings. 

- Analytical-mechanical approach, based on simplified models that make use of a 
limited number of geometric and mechanical parameters and corrective factors to 
account for structural details, by UniGE and UniTS. 

- Hybrid approach, that combines at least two of the aforementioned approaches. More 
specifically: i) the heuristic approach adopted by UniGE that aims at guaranteeing a 
fairly well fitting with actual damage but, at the same time, ensuring physically 
consistent results for increasing values of seismic intensity, thanks to the expertise 
that is implicit in the European Macroseismic Scale EMS98 (Gruntal (1998)); ii) the 
hybrid analytical-mechanical approaches adopted by UniNA and EUCENTRE, 
which make use of some factors calibrated through observed damage evidence; iii) 
the hybrid analytical-mechanical method adopted by UniPD based on the integrated 
use of mechanical and macroseismic (Lagomarsino and Giovinazzi (2006)) 
approaches.  

Most of these methods where already developed and extensively validated (da Porto et al. 
(2021)), within the context of Italian National Risk Assessment promoted by the Italian 
Department of Civil Protection (DPC) (Dolce et al. (2021)), with specific reference to 
residential building stock. More specifically, interested readers may refer to: Rosti et al. 
(2021) for the UniNA pure empirical approach; Lagomarsino et al. (2021) for the UniGE 
heuristic approach; Borzi et al. (2021a), Del Gaudio et al. (2021) and Donà et al. (2021), for 
the hybrid approaches adopted by EUCENTRE, UniNA and UniPD, respectively, Masie t 
al. (2015) for the analytical-numerical approach by UniBAS. 
Table 2 and Table 3 summarize, respectively for the URM and RC school buildings: the 
approach adopted by the RU; the name of the specific model or software package adopted 
(in the case of NDA) by RU; the reference building stock used for developing fragility 
curves; and the main references which interested readers may refer to for deepening the key 
concepts of each method (together with the corresponding aforementioned ones addressed 
to the residential stock). 
Despite the intrinsic differences in all these approaches, that at the same time provide one of 
most valuable resource of the project, when possible, the RUs have shared common basic 
assumptions to ensure as much as possible an appropriate comparison of results. First of all, 
each RU developed fragility curves to be conceptually consistent with the five damage levels 
(DLi, i=1…5) defined in the EMS98. As for the empirical methods concern, the results 
provided by UniGE and UniNA refer to the school buildings of the Abruzzo region hit by 
the L’Aquila 2009 earthquake, while those of UniCAM refer to school buildings stock in the 
Marche region damaged by the 2016/2017 Central Italy earthquake. 
As far URM school buildings concerns, the analytical-mechanical models developed by 
UniGE and UniPD refer to the same stock of schools (i.e. the archetypes illustrated in §3) 
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by adopting a consistent procedure to extend: firstly, the actual building configuration to the 
archetype one, representative of the "as it is" configuration; and then, the basic archetype to 
the parametric configurations useful to became representative of a whole sub-type. The 
approach adopted for such an extension is illustrated in Saler et al. (2021). On the other hand, 
the analytical-mechanical model developed by UniTS refers to a database including school 
buildings located in the Friuli-Venezia Giulia region. All these buildings have been analyzed 
in their “as it is” configuration and grouped according to the taxonomy described in §2. 
Except for UniTS and UniCAM, the other RUs provided fragility curves covering the total 
number of masonry schools for which all fields of the database are filled in. UniTS did not 
provide results for some subtypes (corresponding to about 950 schools on the Italian 
territory) for which the adopted database was not sufficiently populated, while UniCAM 
provided a single global curve representative of all URM schools. The latter fragility curve 
was undifferentiated for level number and age because the grouping of the available data 
into subtypes was not statically robust to proceed with a direct fitting of data, according to a 
pure empirical approach. 
 

Table 2 Approaches adopted by each research unit to define fragility curves for masonry school buildings 

Approach Research unit & 
Approach name  Reference school buildings stock References 

Empirical and 
empirical-binomial UniNA School buildings of the Abruzzo 

region hit by the L'Aquila 2009 
earthquake 

Di Ludovico et 
al (2022) Heuristic UniGE 

Empirical UniCAM School buildings hit by the 2016-
2017 Central Italy earthquake  

Task 4.7-
ReLUIS (2022) 

Analytical-
mechanical 

UniGE  
(DBV-Masonry) 

Archetypes defined in MARS 
project (Task 4.7) 

Cattari et al 
(2021) 

UniTS 
(Firstep-M) 

School buildings of Friuli-Venezia 
Giulia region 

Task 4.7-
ReLUIS (2022) 

Hybrid analytical-
mechanical 

UniPD 
(VULNUS) 

Archetypes defined in MARS 
project (Task 4.7) 

Saler et al. 
(2021) 

 
Table 3 Approaches adopted by each research unit to define fragility curves for reinforced concrete schools 

Approach 
Approach’s name or 
Software adopted & 

RU 
Reference school buildings stock References 

Empirical and 
empirical-binomial UniNA School buildings of the Abruzzo 

region hit by the L'Aquila 2009 
earthquake 

Di Ludovico et 
al (2022) Heuristic UniGE 

Empirical UniCAM School buildings hit by the 2016-
2017 Central Italy earthquake 

Task 4.7-
ReLUIS (2022) 

Hybrid analytical-
mechanical 

UniNA (POST) Archetypes defined in MARS 
project (Task 4.7) Eucentre (SP-BELA) 

Analytical-numerical 
 

UniNA (SAP 2000) Archetypes defined in MARS 
project (Task 4.7) 

(for a total of 7 schools) 

UniBAS (OpenSees) 
UniPD (MIDAS) 

UniCAM (SAP 2000) 
 
As far RC schools concerns, the analytical-mechanical models developed by EUCENTRE 
and UniNA refer to the propagation of the archetypes illustrated in §3 by adopting some 
analogous simplifications in their planimetric configuration. These approaches have 
provided fragility curves for all sub-typology of schools. For analytical-numerical approach 
based on NLDAs, building response has been simulated by taking into account most of the 
failure mechanisms affecting both structural and non-structural components. This approach 
has been applied to two architypes, one designed only for vertical (gravitational) loads and 
another one designed for low horizontal (seismic) forces. ADNLs have been performed by 
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using a large dataset of signals (Manfredi et al. (2022)) consisting of 125 real accelerograms, 
with no or limited scaling factors, approaching Italian code-conforming spectra defined with 
increasing intensity (i.e. return periods going from 50 to 10,000 years). As for intensity 
measure (IM), PGA has been chosen as the best compromise between a good correlation 
with the non-linear response and practical constraints (e.g. characteristics of the IRMA 
platform used for risk analyses). For each analysis, the maximum inter-storey drift value 
(IDR, assumed as Earthquake Demand parameter, EDP) between the two in-plane directions 
has been collected (along with the corresponding PGA value) and then processed by 
considering the EDP-damage levels relationship reported in Masi et al. (2015) and based on 
the EMS-98 damage levels. Finally, fragility curves have been derived on the basis of the 
PGA values corresponding to the IDR ones falling into the range defined for each damage 
level. 

4.2 Results and comparisons 

Fig. 3 shows the comparison of fragility curves obtained for URM school buildings 
characterized by 2 stories and small area (<500 m2) and belonging to two different periods 
(i.e. Before 1920 and 1946-1960). Fragility curves show a good agreement in terms of 
median IM value (i.e., PGADLi). As far the dispersion concerns, greater differences are found. 
To this purpose, it has to be highlighted that those curves provided by UniTS intrinsically 
consider only the contribution to the inter-building variability, while all the other methods – 
although through different approaches – include the effect of uncertainty related to capacity, 
record-to-record variability and DL definition. As far the significant difference on the 
dispersion of UniCAM curves, especially from DL3, it has to be attributable to the fact 
starting from 0.3g the fitting of actual data is in strong extrapolation; further developments 
on that are ongoing.  
Fig. 4 shows the comparison of fragility curves for RC school buildings, again for sub-types 
associated to 2 stories and small area but referring to age of construction after 1976 and 
considering both gravitational or seismic design. Results appear more scattered than URM 
school buildings, even when a method belonging to the same approach is considered. As far 
the dispersion concerns, the curves defined by NLDA directly account only for the record-
to-record variability, justifying the lower value obtained. 

 

 
Fig. 3 Comparison of fragility curves provided by research units for masonry school buildings 
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Fig. 4 Comparison of fragility curves provided by research units for reinforced concrete school buildings 

5. Risk assessment at national scale  

5.1 Critical issues in performing the risk assessment at national scale 

The results illustrated in §4 provide a picture of the richness and large amount of data 
available from RUs, however their use for assessing the seismic risk at national scale requires 
to appropriately integrate them in a synergic way. The definition of such unified “School-
MARS model” thus implies additional challenges, namely:  

- the definition of rules for extending the results provided by RUs when they are 
partially incomplete with respect the sub-types necessary to describe the overall 
stock; 

- to homogenize the uncertainty contributions accounted for and make consistent the 
dispersion of compared fragility curves; 

- the integration of all available fragility curves to define a unified model for each 
structural type. 

The first aspect mainly concerns the fragility curves developed for RC school buildings and 
in particular:  

- those obtained from NLDA that at the present state of the research were developed 
considering 8 archetypes, still insufficient to describe the huge interbuilding 
variability that characterizes the multifaceted Italian stock;  

- those obtained from the empirical or heuristic approach, that – due to the specific 
feature of the real building stock examined – are considered more representative of 
a low-medium seismic design, thus less vulnerable than the expected behaviour of 
gravitationally designed buildings.  

Appropriate criteria have been adopted to solve this issue by taking advantage of the trends 
highlighted by other approaches or other building stocks, even more robust from a statistical 
point of view (like as the residential one discussed in Masi et al. (2022)). 
As far the second issue concerns, deterministic values from literature and consistent with the 
considered types of uncertainties have been added to the those directly available by the 
various methods adopted (i.e. the record-to-record variability from NLDA or the inter-
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building variability from UniTS approach) by means the square root sum‐of‐the‐squares 
(SRSS) rule. 
Once solved these issues and for making a more effective comparison not only within the 
school building stock but also between the latter and the residential one, the fragility curves 
originally derived by RUs have been converted as originally proposed in the MARS project 
(Masi et al. (2021), Lagomarsino (2022)). This method allows the conversion of the fragility 
curves associated with each damage level into percentages of vulnerability classes. More 
specifically, six vulnerability classes have been considered to be consistent with those of the 
EMS98 scale: from A (most vulnerable) to F (least vulnerable), further differentiated in 
brittle or ductile behaviour. Once fragility curves have been converted in such a way, their 
integration becomes easy. For example, by assigning to each approach the same weight, a 
simple average of such vulnerability class percentages may be carried out. 

5.2 Preliminary results 

The final unified “School-MARS model” has been defined by the combination of a total of 
5 models for each structural type. For both URM and RC school buildings, 2 models belong 
to the empirical (by UniNA) and heuristic (by UniGE) approaches. Instead the other 3 
belong: for URM school buildings, to the pure mechanical (by UniGE and UniTS) and 
hybrid (by UniPD) approaches; for RC school buildings, to the hybrid approach by UniNA 
and EUCENTRE and to the numerical one from NLDA (in this case, all results provided by 
various RUs were firstly merged). 
Fig. 5 shows the results provided by such 5 methods converted according to the MARS 
procedure (Lagomarsino (2022)). From the graphs in which the results of single RUs are 
reported, it emerges a greater dispersion of results for RC school buildings than the URM 
ones, as already highlighted by the comparison of the fragility curves. Results in terms of 
percentage of vulnerability classes make the comparison also across different structural types 
and various sub-types very effective. 
 

 
Fig. 5 Distribution of vulnerability classes obtained from research units and the integrated MARS-Schools 

model, for masonry and reinforced concrete schools 

The results so obtained have been implemented into the IRMA (Italian Risk Maps) platform 
(Borzi et al. (2021b)). More specifically, within the MARS project aims, such platform has 
been further developed with a specific tool dedicated to the development of seismic risk 
maps for school buildings at national level (Faravelli et al. (2022)). It allows to upload 
different exposure/vulnerability models and sets of fragility curves and to combine them in 
order to obtain seismic risk maps at municipal, provincial, regional and national scale (Fig. 
6a). The hazard integrated in IRMA corresponds to the hazard model adopted by the 
regulations at national level (Stucchi et al. (2011)), while the soil map developed by (Mori 
et al. (2020)) has been implemented. 
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Fig. 6b/c shows the maps obtained by applying “School-MARS model” developed for URM 
and RC school buildings. These maps are an example of conditioned risk, illustrating the 
average damage associated to a return period equal to 475 years. Results refer only to school 
buildings for which data on the platform are complete with respect the taxonomy introduced 
in §2, namely for: 10’279 URM (21%) buildings and 15’323 RC (31%). The remaining 48% 
corresponds to either other structural types or buildings with missing data (see §1 for the 
discussion on the completeness of the available inventory). Results are presented in 
aggregate way referring to provinces; the white color (i.e. the province of Trento) refers to 
cases for which the database doesn’t contain the necessary information to associated the 
appropriate sub-type to the given school building.  
 

 

  
a) b) c) 

Fig. 6 IRMA platform (a). Conditional damage maps with return time 475 years for URM (b) and RC (c) 
school buildings 

6. Conclusions 

The paper presents the methodological framework outlined within the MARS project to 
address the risk assessment of school buildings in Italy. On the basis of the typological 
parameters of the inventory of the Italian school buildings, a dedicated taxonomy has been 
firstly defined. Starting from this, fragility curves have been derived by using different 
approaches, that is empirical (based on observed damage on the school buildings stock after 
some Italian earthquakes), analytical (both mechanical and numerical, based on archetypes 
defined according to the adopted taxonomy) and hybrid. Results have been adequately 
homogenized and compared thus defining the unified “School-MARS model”. Finally, 
preliminary risk maps have been provided by using the IRMA platform. Despite a significant 
step forward has been made, various challenges are still open like: to improve the inventory 
for reducing the missing data on the taxonomy in various municipalities; to increase the 
number of archetypes to corroborate the estimate of the interbuilding variability and 
eventually assess the effect of the regionalization; to develop fragility curves for other 
structural types (e.g. mixed buildings); to estimate the effects of possible strengthening 
interventions to plan appropriate mitigation actions. 
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Abstract: The available fragility curves are numerous, varying regarding the relevant 

modelling assumptions and the referred RC building properties; therefore, the selection of 

the most appropriate fragility curves for a specific inventory is a rather complicated issue. 

Furthermore, the background information of the fragility curves is available within 

numerous research papers, reports, and deliverables of research projects, hence, the 

collection and evaluation of relevant data is a demanding task. This paper introduces an 

online database that was generated in the framework of an ongoing research program, as 

part of an online ‘toolkit’ that has been developed for the evaluation of available fragility 

curves., highlighting the different assumptions and the range of results (i.e. the probability 

of damage for various levels of earthquake intensity) for a specific building class. Statistical 

distributions of critical parameters of the fragility curves (e.g. structural systems, limit state 

thresholds,  etc.) are provided within the database along with a methodology for a rational 

estimation of the probability of damage for a selected RC building for different limit states.   

Keywords: analytical fragility curves, damage states, threshold values, taxonomy, database  

1. Introduction  

The need for quantitative seismic risk analysis of the built environment towards enhanced 

preparedness and prioritization of retrofitting interventions before an earthquake event and 

rapid loss assessment after the event led to the development of various methods and tools 

for the seismic fragility and vulnerability estimation of RC buildings. Fragility curves 

provide the probability of exceeding different damage levels for a given earthquake 

intensity, while vulnerability curves correlate the degree of loss with the earthquake 

intensity. The approaches for estimating seismic fragility are generally differentiated 

regarding the methodology followed (e.g., analytical, empirical, hybrid, expert opinion), 

the definition of limit states (LS), the relevant threshold values quantification, and the 

seismic intensity measure used. Furthermore, fragility and vulnerability curves are strongly 

dependent on the characteristics and properties of the structure studied, such as the regional 

building classes, the structural type, the height, the consideration of infills, the 

irregularities in plan and elevation, the design code or the ductility level. 

In line with the above, several research studies are available in the literature, which 

proposed fragility curves for RC buildings using different limit states, commonly from 

minor to collapse. However, their applicability for a reliable risk and resilience assessment 
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of different building inventories, is directly related to the modelling assumptions (e.g. 

ground motion records, treatment of aleatory and epistemic uncertainties) and the 

properties of the structures that were analysed for the development of the fragility curves  

(Silva et al., 2019). Given the variability of available fragility and vulnerability curves, it is 

common to classify them according to a proposed taxonomy. Common taxonomy systems 

for RC buildings in Europe are the ones proposed by Martins & Silva (2020) (used within 

the GEM program), RISK-UE (2003), and Kappos et al. (2003, 2006).  

As already stated, the available fragility curves are numerous, varying regarding the 

relevant modelling assumptions and the referred RC building properties (Rosetto et al., 

2014, Tsionis et al. 2012, Ahmad et al., 2010, Borzi et al., 2008, Akkar at al., 2005). The 

selection of the most appropriate fragility curves for a specific inventory is a rather 

complicated issue, highlighting the need for a uniform methodology based on rational 

selection criteria. The first step for an efficient selection of fragility curves, is the 

consideration of the taxonomy system and the structure-specific parameters that affect the 

seismic performance. This defines a range of available fragility curves that could be used. 

However, the range could be wide, even for the lower limit states, rendering the rational 

selection challenging. Another critical issue that should be considered during the selection 

process is that limit states' quantitative and qualitative definition vary within the available 

fragility curves; therefore, the direct comparison and evaluation of limit states toward an 

appropriate selection of fragility curves is difficult. Furthermore, the background 

information of the fragility curves is available within numerous research papers, reports, 

and deliverables of research projects, hence, the collection and evaluation of relevant data 

is a demanding task. Previous attempts to develop platforms and databases of fragility 

curves for RC buildings are limited; they include online platforms and manager tools. The 

online database created within the GEM project (see Yepes-Estrada et al. 2016) is arguably 

the most systematic and holistic attempt to collect and organise available fragility curves 

for RC buildings; the database also includes fragility functions for masonry buildings and 

bridges. In the framework of SYNER-G research project, Silva et al. (2014) developed a 

fragility function manager tool, an interface that includes lists of available building 

fragility functions, also allowing the user to add other fragility functions not included in 

the database. However, this database cannot be used online; the tool is available to 

download and should be locally installed. Comprehensive literature reviews on fragility 

curves have been carried out in the framework of previous research projects (e.g., Crowley 

et al., 2011), including data regarding LS definition and threshold values for bridge 

systems and components. Finally, an online database and platform for bridge-specific 

seismic fragility analysis of as-built and retrofitted bridges have been developed recently 

by Stefanidou et al. (2022). The platform provides access to an extensive list of available 

fragility curves, enabling comparative evaluation of available limit state thresholds, 

additionally providing an online tool to estimate bridge-specific analytical fragility curves. 

However, a similar online tool for buildings has not been developed yet. 

Based on the above, there is a clear need for the comparative assessment of available 

fragility curves of RC buildings, including rational criteria for the selection of the most 

appropriate ones. This paper introduces an online database that was generated in the 

framework of an ongoing research program, as part of an online ‘toolkit’ that has been 

developed for the evaluation of available fragility curves., highlighting the different 

assumptions and the range of results (i.e. the probability of damage for various levels of 

earthquake intensity) for a specific building class. Statistical distributions of critical 

parameters of the fragility curves (e.g. structural systems, limit state thresholds,  etc.) are 
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provided within the database along with a methodology for a rational estimation of the 

probability of damage for a selected RC building for different limit states.   

2.  Database of available fragility curves for RC buildings 

Based on an extended literature review of seismic fragility models for RC buildings, a 

database was developed and made available online in Streamlit. Nearly 50 research papers 

and 390 fragility curves for all limit states are included in the database, while the sources 

of information are also included. The available fragility curves were classified considering 

critical structural parameters such as the structural system, height, irregularities, design 

code, and ductility. A statistical distribution of the critical parameters was also performed 

to provide a systemic review of the available fragility models.  

2.1. Statistical distribution of critical parameters of fragility curves within the 

database 

Fig. 1 presents the statistical distribution with regard to the different regional building 

classes, the methodology followed for the estimation of the fragility curves, and the 

intensity measure used. The majority of the fragility curves refer to earthquake-prone areas 

in Europe (78% of the curves available refer to RC buildings in Greece, Portugal, Italy, 

Bulgaria) and worldwide (Turkey, USA) (Fig. 1a). The majority of the fragility curves 

(approximately 54%) has been analytically derived (based on either nonlinear static or 

nonlinear dynamic analysis) (Fig. 1b). The most frequent intensity measure (IM) used for 

their representation is PGA, followed by spectral IMs, i.e., Sd(TLS) and Sa (Fig. 1c). 

(a) Region 
 

(b) Methodology 

(c) Intensity Measure 

Fig. 1 – Statistical distribution of critical parameters of fragility curves within the database: (a) Region for 

which the fragility curves are calculated, (b) Methodological approach for their estimation, (c) Intensity 

Measure used. 
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Regarding the structural systems considered, the majority (77.4%) of the fragility curves 

within the database correpospond to RC buildings with moment resisting frames (MRF). 

Furthermore, different height levels (i.e., mid-rise, low-rise, high-rise) are equally 

represented (Fig. 2a,b).  

 

 

(a) Force Resisting Mechanism 

 
 

(b) Height Level 

 

(c) Code  
 

(d) Ductility 

 Fig. 2 – Statistical distribution of critical parameters of fragility curves within the database : (a) Force 

Resisting Mechanism, (b) Height Level, (c) Code, (d) Ductility 

The majority (nearly 55%) of the fragility curves refer to buildings that have been designed 

without or with low code requirements and that are not ductile (48.5%) (Fig. 2c,d). It 

should be highlighted that independently of the structural type, the fragility curves 

included in the database cover all the different height levels (Fig. 3). Regarding the 

structural type and the code requirements, the majority of the RC buildings with MRFs 

were designed with no or low code requirements, while the majority of RC buildings with 

MRFs and structural walls were designed with high code requirements (Fig. 3) 

(a) (b) 

 

Fig. 3 – Structural system versus height and design code. 
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2.2. Engineering Demand Parameters 

Regarding the engineering demand parameters and their qualitative and quantitative 

definitions, the following observations were made: 

- The qualitative definition of limit state varies among the state of the art research 

papers; therefore, the fragility curves cannot de directly compared and evaluated. 

Several studies provide fragility curves for minor to collapse limit states, while 

others relate the limit states to performance limits (Immediate Occupancy, Damage 

Control, Collapse Prevention). In the frame of this study and in order to develop 

and provide a homogenized database, a 5-level (LS1-LS5) qualitative limit state 

definition is proposed and adopted (i.e., light, minor, moderate, major, collapse) for 

classifying all the fragility curves that are included within the database. 

- The engineering demand parameters (EDPs) used for the quantitative limit state 

definition vary (Fig. 4). The most frequently used EDP is the interstorey drift, while 

the Park-Ang damage index is also used in many research studies. 

- The range of the limit state thresholds proposed in the literature may vary and the 

variation range is related to the EDP used (Table 1). Fig. 5 shows the range of the 

threshold values for all limit states, where an increased variation is observed for 

higher limit states.  

 

Fig. 4 – Variation of engineering demand parameters in the fragility models of the database 

Table 1. Limit state thresholds for the engineering demand parameters used in the fragility models of the 

database 
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Fig. 5 – Range of threshold values for all limit states in the fragility models of the database 

3. Selection of appropriate fragility curves for RC building 

The online database facilitates the review of the available fragility curves and the selection 

of fragility curves based on filter criteria that are defined by the user for every building 

class. The available set of fragility curves for the selected building class are provided for 

all limit states (LS1 to LS5) (list of curves) along with the upper, lower, and mean curves.   

 
(a) 

 
(b) 

Fig. 6 – Fragility curves for LS2 and (a) all MRF/HR/LC/PGA buildings along with (b) the upper, lower and 

mean curves  

As an example of the filtered selection in the database, all the fragility curves referring to 

high rise (HR) RC buildings with MRF structural system, designed with low code 
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requirements (LC) and having PGA as IM are shown in Fig. 6(a) for LS2 (minor damage). 

The corresponding upper, lower and mean curves are presented in Fig. 6(b).  

(a)  
(b) 

Fig. 7 – Upper, Lower and Mean Fragility Curves for MRF-W/LR/LC/PGA buildings for LS1 (a) and LS3 

(b) 

Similarly, the upper, lower and mean fragility curve for low rise (LR) RC buildings with 

MRF with structural walls structural system, designed with low code requirements (LC) 

and using PGA as IM are presented for LS1/light damage (Fig. 7a) and LS3/moderate 

damage (Fig. 7b). From Figures 6 and 7, it is observed that the variation of the probability 

of damage is high, mainly due to the different assumptions and methodological approaches 

followed for the capacity (limit state thresholds) and demand estimation.  

4. Conclusions  

An online database including seismic fragility curves of different research studies for RC 

buildings is developed and presented herein, with a view to highlight the variation of 

fragility assessments, even in cases of fragility curves that refer to the same building 

classes/typologies. The main conclusions are summarised in the following:  

- The information on fragility curves is available within numerous research papers, 

reports, and deliverables of research programs, and hence, the collection of the 

fragility data and the evaluation of the reseach findings are challenging tasks. 

- A large number of fragilty curves is available in the literature referring to different 

RC building typologies (different regional classes, structural systems, geometry and 

irregularities, code provisions, ductility, etc).  

- The variation of the probability of damage is high, owning mainly to the different 

assumptions and methodological approaches followed for the capacity (limit state 

thresholds) and demand estimation. The use of a mean curve could be a reasonable 

solution, while the reliability of this selection is directly related to the number of 

curves included in the database and the statistical analysis. 

- A unified metric that will indicate the most appropriate selection for each case is 

necessary. This consists the next step of the current research, with a view to 

efficiently use and evaluate the available data in the literature.  
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Abstract:  

An Mw6.30 earthquake occurred in south Iceland in May 2008. The epicentre and fault 
rupture occurred close to small villages and farms, affecting over 5000 residential buildings. 
Despite significant damage, no residential buildings collapsed. It is desirable to know the 
ground motion intensity at various locations in order to develop an empirical vulnerability 
model; however, ground-motion observations are only available for a limited range of sites. 
Classical Ground Motion Prediction Equations (GMPEs) are commonly used to predict 
desired ground motion intensity measures (IM) at a given site. There are several interpolation 
methods available to improve the predictions if local ground motion data for the study event 
is available. Since IMs or their logarithms are normally distributed, spatially correlated, and 
correlated with each other at a given location, the conditional multivariate normal (MVN) 
distribution can be used for this purpose. This paper uses the MVN-based approach to perform 
PGA interpolation using local GMPE. We specifically present: 1- spatially correlated PGAs 
using MVN formulation and 2- an advance empirical vulnerability model based on zero-
inflated beta regression calibrated for five building typologies in south Iceland. 

Keywords: Seismic vulnerability, Beta regression, Multivariate normal distribution, Cross-correlation 

1. Introduction 

During the last 25 years, three destructive earthquakes have struck in the South Iceland 
Seismic Zone (SISZ). Two, similar size, Mw6.52 and Mw6.44 earthquakes, occurred in 
SISZ on 17th and 21st of June 2000 (Jónasson et al., 2021), respectively. Nearly 5000 low-
rise residential structures were impacted by them. On 29th of May 2008, an Mw6.31 
earthquake occurred further west in the zone, damaging roughly 5000 houses once more 
(Jónasson et al., 2021; Sigbjörnsson et al., 2009). Registers Iceland has a complete property 
database with specific information on all building units in Iceland (“Icelandic Property 
Registers”). The combination of the property database and estimated repair cost for damaged 
structures results in a total loss dataset that gives unique opportunities to research many 
elements of seismic vulnerability (Pitilakis and Crowley, 2014). Previous research focusing 
on losses in residential buildings have analysed and simulated the datasets to some extent 
(Bessason et al., 2022, 2020, 2016, 2014, 2012; Ioannou et al., 2018). Darzi et al. (2022) 
employs empirical Bayesian kriging geostatistical analyses for the same area to generate 
high-resolution shakemaps for various intensity measures of Olfus earthquake and 
consequently performs seismic risk analyses in building-by-building spatial resolution. 

To the best of our knowledge, the first application of the zero-inflated beta regression model 
(ZIBRM) to post-earthquake loss data was in Ref. (Bessason et al., 2022, 2020). The most 
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significant innovation of the ZIBRM is that it considers no-loss structures differently and 
assists in lowering the vulnerability curves down towards zero loss at low intensity. As a 
result, the models more accurately represent the majority of no-loss data in that intensity 
range. Presenting the possibility of applying this sort of advanced statistical tool in empirical 
vulnerability assessment is thus seen to be a significant contribution in the area. 

Empirical research has shown that ground motion IMs are spatially correlated (Bradley, 
2012, 2010; Jayaram and Baker, 2009). It is also feasible to assume ground-motion IMs or 
their logarithms to be normally distributed when rupture characteristics such as magnitude 
and distance are considered. These characteristics allow the conditional multivariate normal 
(MVN) to be used in the IM estimation. In certain circumstances, observed IMs may be 
accessible at a targeted site, but we want to estimate IMs that are not among the reported 
IMs. Baker (2011) presents the conditional spectrum technique, in which the distribution of 
SA at any frequency is conditioned on the availability of a SA value at the same location. 
Bradley (2012, 2010) modified the technique to account for the dependency of seismic 
response on non-spectral-acceleration IMs, such as those related to ground motion duration 
or energy. Here, we used the method of Worden et al. (2018) that accounts for the uncertainty 
of the conditioning data for the MVN. 

The main goal of this research is to propose a vulnerability model based on the zero-inflated 
beta regression model developed in (Bessason et al., 2022, 2020) while taking into account 
the spatial correlation of IMs. This model is based on building-by-building loss data 
collected. Furthermore, an independent model is proposed for each of the three building 
typologies with consideration of the year of construction. 

2. The earthquake and building exposure data 

2.1. The May 2008 Ölfus earthquake 

On the 29th of May 2008, the most recent destructive earthquake in Iceland, with Mw 6.3, 
struck in the SISZ (Figure 1). It consisted of north-south running strike-slip ruptures, almost 
simultaneous, on two closely spaced faults. The highest PGA recorded in the nearest towns, 
Hveragerdi and Selfoss, was as high as 0.88g and 0.54g, respectively (Halldórsson and 
Sigbjörnsson, 2009; Sigbjörnsson et al., 2009). While this earthquake caused the most 
damage in Iceland to date; no casualties or collapse of residential buildings was reported.   

 

Fig. 1: Earthquake occurrences (circles) from 1904-2019 in Southwest-Iceland. Yellow star shows the 
epicentre of the May 2008 Ölfus earthquake. The triangles show monitoring systems in SW Iceland 

2.2. Property database 
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The official building property database contains comprehensive information regarding each 
building such as construction year, construction material, floor area, number of storeys, 
geographical coordinates, etc. (“Icelandic Property Registers”). The fire insurance value for 
each building is also included in the database, and it has been used as the replacement value 
herein. Most properties in the SISZ are one-storey residential buildings; however, there are 
also duplexes, townhouses, and apartment blocks. In this database, the “building” and 
“dwelling” units are the same for single-storey buildings; however, multistorey buildings 
can contain many dwellings. In the 2008 Ölfus earthquake dataset, the losses are reported 
dwelling-by-dwelling.   

Based on the construction year, Crowley et al. (2021) grouped the status of seismic design 
codes into four categories (Table 1). 

Table 1: Status of seismic design codes for the Icelandic building 

Period Seismic Design Code Code Classification Comment 
< 1958 No code CDN No seismic design code 

1958 – 1975 
Only hazard map 

(Tryggvason et al., 1958) 
CDL First generation of seismic codes 

1976 – 2001 ÍST 13 (1989, 1976) CDM Second generation of seismic codes 

>2002 
Eurocode 8 (Standard, 
2005; Sveinsson and 
Halldorsson, 2010) 

CDH Latest generation of seismic codes 

 
In this study, datasets are grouped by construction material and year based on GEM 
taxonomy (Brzev et al., 2013). In this regard, the dataset is classified into three main 
typologies, and then, they are subclassified based on the seismic codes defined in Table 1. 
The result of this classification and subclassification is presented in Table 2.  

In the dataset, 45% of buildings are built of reinforced concrete (RC), including concrete 
and precast concrete classes, 48% timber (W) and 7% unreinforced masonry buildings, 
including cinderblock, bricks and concrete's combination with blocks/bricks (MUR). Also, 
more than 97.5% of buildings are low-rise with one or two stories.  

The concrete strength of buildings built before 1976 was low (fck=16 MPa). After 1976 it 
was increased to C20 or C25 concrete. Nowadays, only ribbed high-grade steel bars with 
fyk=500 MPa are used for reinforcement, but before 1965, non-ribbed low-grade bars with 
fyk=235 MPa were the only option. From 1965 until 1976, using reinforcement bars 
generally increased around all openings, and after 1976, all structural walls had 
reinforcement grids (Bessason et al., 2012). 

Table 2: Classification of residential buildings based on the GEM building taxonomy and seismic code status 

Code Classification 

RC (Reinforced 
Concrete) 

W (Timber) MR (Masonry) 

Number of 
Buildings 

% 
Number of 
Buildings 

% 
Number of 
Buildings 

% 

CDN 253 12.4 262 12 231 68.7 

CDL 809 39.6 366 16.7 100 29.8 

CDM 618 30.2 788 36 5 1.5 

CDH 364 17.8 770 35.3 0 0 
 2044 100 2186 100 336 100 

2.3. Loss data 

3403
3ECEES, September 2022, Bucharest, Romania



Only residential buildings are considered in this study. For each dwelling that the landlord 
reported damage after the Ölfus earthquake, a repair cost was estimated by expert people 
who prepared a detailed report for each building. Considering that each property has 
compulsory hazard insurance provided by the Natural Catastrophe Insurance of Iceland 
(“Natural Catastrophe Insurance of Iceland”), we assumed that all damaged buildings were 
considered as it is financially beneficial for the owners to file a claim. Then the damage 
factor DF for each property was calculated by dividing the repair cost by replacement value 
taken from the official property database. 

𝐷𝐹 =  
Estimated repair cost

Replacement value
     (1) 

The replacement values, which are equal to the depreciated replacement value plus the cost 
of removing the destroyed building, is the same as the fire insurance value of the property. 

2.4. Intensity measure 

An intensity measure (IM) that can be associated with the observed damage is required in a 
vulnerability assessment. At typical structural periods, it is most practicable to employ single 
parameter IM that can be generated using existing GMPEs, such as PGA, PGV, or spectral 
acceleration or spectral displacement (Rossetto et al., 2014). Because the impacted buildings 
in this study were low-rise, stiff, and had low natural periods, the intensity measure was 
stated in terms of the PGA, which is indicative of the shorter period component of a response 
spectrum. A local GMPE proposed by Kowsari et al. (2020) was used. The functional form 
of the GMPE is: 

𝑙𝑜𝑔(𝑃𝐺𝐴) = 𝐶 + 𝐶 M + 𝐶 R − log(R + 𝐶 exp (𝐶 𝑀 )) + 𝐶 𝑆 (2)  

Where R is the distance to surface trace of the fault in km, S is a site factor that takes the 
value 0 for rock sites and 1 for stiff soil sites. The unit of PGA is in m/s2. Moreover, the 
coefficients are based on Table 3: 

Table 3: The median model parameter values 

Period 𝐶  𝐶  𝐶  𝐶  𝐶  𝐶  τ φ 

0 -0.10706 1.24848 -0.02233 0.00543 0.98714 0.90146 0.08572 0.39353 

2.4.1. Observed intensity measure 

Recorded ground motion data from a total of 19 stations are available from the Ölfus 
earthquake (Table 4). Most of them are from the strong-motion array ICEARRAY I stations 
(IS6xx IDs) (Halldórsson and Sigbjörnsson, 2009) and some from the Icelandic Strong 
Motion Network (ISMN) (triangles in Fig.1). In this study, the horizontal components of 
PGAs (H1 and H2) are combined to the average rotation-invariant (ARI) component, which 
gives the expected values of PGA for all possible orientation of accelerometer axes in the 
horizontal plane (Rupakhety and Sigbjörnsson, 2013). 

Table 4: values of recorded peak ground acceleration (PGA) 
Station ID Distance RJB 

(km) 
PGA (g) Calculated 

(ARI) PGA (g) H1 H2 Z 

'IS105' 34.85 0.05 0.04 0.02 0.05 
'IS113' 0.82 0.58 0.59 0.54 0.58 
'IS306' 5.38 0.13 0.11 0.07 0.12 
'IS402' 31.68 0.02 0.01 0.01 0.01 
'IS403' 29.47 0.03 0.04 0.02 0.03 
'IS112' 3.52 0.54 0.34 0.27 0.43 
'IS101' 4.23 0.51 0.22 0.17 0.33 
'IS502' 20.80 0.08 0.10 0.03 0.09 
'IS601' 0.36 0.64 0.83 0.82 0.73 
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'IS602' 1.73 0.86 0.88 0.50 0.87 
'IS603' 1.38 0.42 0.61 0.62 0.51 
'IS604' 1.48 0.38 0.50 0.47 0.44 
'IS605' 1.46 0.45 0.67 0.54 0.55 
'IS607' 1.58 0.48 0.87 0.79 0.65 
'IS608' 0.94 0.55 0.62 0.61 0.59 
'IS609' 0.82 0.64 0.47 0.47 0.55 
'IS610' 0.40 0.84 0.71 0.74 0.77 
'IS611' 1.04 0.45 0.44 0.29 0.45 

'B3Clp17' 3.49 0.54 0.49 0.37 0.52 

3. Spatial correlations 

The well-known correlation features observed in ground motion intensity measures (IMs) 
may not always be adequately captured within vulnerability modelling. Weatherill et al. 
(2015) showed that considering spatial cross-correlation of IMs into the seismic risk analysis 
often results in observing larger (and in some cases smaller) losses compared to simulations 
in which the cross-correlation of IMs is ignored. 

3.1. Modelling spatial correlation 

The general form of GMPEs is: 

𝑙𝑜𝑔 𝐼𝑀 = 𝑓 𝑀 , 𝑅 , 𝜃 + τ𝜗 + φ𝜖  (3)  

𝐼𝑀  is the value of the earthquake IM of interest at location j at a distance of 𝑅  from the 
source of ground motion with the magnitude of 𝑀 . Parameter 𝜃  represent the terms of site 
effects and style of faulting. The inter-event (τ𝜗 ) term in the ground motion model represent 
the variability of the median of IM from one earthquake to another of the same magnitude 
and rupture mechanism, and the intra-event (φ𝜖 ) term represents the variability of the 
ground motion value from one site to another at the same distance with the same site 
characterisation (Bommer and Crowley, 2006). The τ and φ constants represent the standard 
deviations of the inter- and intra-event variability, and the terms of 𝜗  and 𝜖  are standard 
normally distributed random variables. 

Previous studies have shown the strong spatial correlation between intra-event residual 
terms, in a way that the coefficient of correlation (ρ ) observed at two sites separated by a 
distance, h, will decrease by increasing the distance. Most of these studies (Esposito and 
Iervolino, 2012, 2011; Jayaram and Baker, 2009) showed that the exponential function form 
is preferred. In this study, the Jayaram and Baker (2009) model has been considered. 

ρ = exp (−
3ℎ

𝑏
)            (4) 

 

The b constant has been assumed to be 8.5 based on Jayaram and Baker (2009) for the soil 
type of south Iceland.  

3.2. The Conditional Multivariate Normal Distribution 

Usually, one or estimates of mean and variance of a variable is known, also there would be 
some observed data, and we intend to estimate the value of the parameter some distance 
away from the observation. In this case, the distance might refer to any variable, such as 
spatial separation, separation in the spectral period, time, or any other parameter for which 
the correlation among observed data can be determined (Worden et al., 2018). 
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Considering we have N observations (Y2) of variable Y, and we intend to calculate 
predictions (Y1) at M target location. The MVN is summarized as a function of a random 
vector partitioned into these two components (Johnson and Wichern, 2014): 

𝑌 = −
𝑌

𝑌
 (5) 

With mean of:  𝜇 = −  (6) 

And matrix of covariance of: 

𝛴 =

𝛴

𝑀 × 𝑀

𝛴

𝑀 × 𝑁
𝛴

𝑁 × 𝑀

𝛴

𝑁 × 𝑁

 (7) 

In which 𝑀 × 𝑀, 𝑀 × 𝑁, 𝑁 × 𝑀 and 𝑁 × 𝑁 are the dimension of partitioned matrixes. 

The matrix of residuals equal to: 

𝜉 = 𝑦 − 𝜇  (8) 

So Y1, given Y2 = y2 is MVN with mean and covariance of: 

𝜇 ∣ = 𝜇 + Σ Σ 𝜉 (9) 

Σ ∣ = Σ − Σ Σ Σ  

Σ in above equations is equal to: 

(10) 

Σ = 𝜌 𝜎 𝜎  (11) 

𝜇 , 𝜎  and 𝜎  are derived from a GMPE model calculated based on Equation 2 and 𝜌  

is the correlation of ith and jth element of Y which is calculated using Equation 4. Then by 
using Equations 9 to 11, we could calculate the spatially correlated PGA (PGAcor). 

4. Development of statistical vulnerability model 

This section explains the ZIBR modelling based on a two-step regression analysis of the 
empirical loss data. Herein, the random variable (𝑋) is expressed by the predefined DF. 
The first regression provides a logistical model representing the probability of 
experiencing damage for a given ground motion intensity level. The second regression 
provides a beta distribution representing the extent of loss conditioned on its 
occurrence. The final vulnerability model is constructed by combining a logistical 
regression model and a conditional beta regression model commonly called the zero-
inflated beta regression (ZIBR) model (Ospina and Ferrari, 2012). Then, it can be used 
to predict average loss and the desired prediction limits. This subsection briefly 
explains the underlying structure and formulas behind the ZIBR model and introduces 
the model parameters.  

In the first step, the logistical regression model is used to predict the probability of 
incurring loss (DF>0), 𝑝 , as a function of ground motion IM (𝑌) = PGAcor: 

𝑙𝑜𝑔
𝑝

1 − 𝑝
= 𝛽 , + 𝛽 , ⋅ 𝑌 

(12) 
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where 𝛽 ,  and 𝛽 ,  are the regression coefficients; and j is the building typology.  

In the second step, a conditional probability model for the loss is being modelled by a 
beta distribution limited in the unit interval (0, 1), given that DF > 0 (Ferrari and 
Cribari-Neto, 2004). For buildings with complete loss (DF=1), which only occurred in 
a very few cases, DF is treated with a value less than a unit, herein 0.85. The probability 
density function (PDF), expected value, and variance of the model are respectively 
given as: 

𝑓(𝑥|𝐷𝐹 > 0) =
𝛤(𝜑)

𝛤(𝜇𝜑)𝛤(1 − 𝜇)𝜑
𝑥 (1 − 𝑥)( )                          0 < 𝑥 < 1 (13) 

𝐸[𝑋|𝐷𝐹 > 0] = 𝜇                                                                                                  0 < 𝜇 < 1 (14) 

Var[𝑋|𝐷𝐹 > 0] =
𝜇(1 − 𝜇)

1 + 𝜑
                                                                                𝜑 > 0 (15) 

Where μ is the mean value and 𝜑 is the precision. The 𝜇 is connected to η1, a function 
of the explanatory variable PGAcor, via the logit link function of 𝑔 (. ) which is expressed 
as below: 

𝜇 = 𝑔 (𝜂 ), and 𝑔 (𝜇) = 𝑙𝑜𝑔𝑖𝑡(𝜇) = 𝑙𝑜𝑔  (16) 

Similarly, the precision, 𝜑, which was considered as a constant intercept, is related to 
𝜂 , through a link function, 𝑔 : 

𝜑 = 𝑔 (𝜂 ), and 𝑔 (𝜑) = 𝑙𝑜𝑔(𝜑) (17) 

Exploring the various combination of explanatory variables, the corresponding 
functions are chosen based on the logarithm of ground motion PGAcor and the building 
typology as follows: 

𝜂 = 𝜃 , + 𝜃 , × 𝑙𝑜𝑔( 𝑌), while 𝑌 = PGAcor (18) 

𝜂 = 𝜃 ,  (19) 

where 𝜃 , , 𝜃 ,  and 𝜃 ,  are the regression coefficients of the conditional beta 

regression model. The parameter set for each building typology consists of five 
regression coefficients, namely 𝛽 , , 𝛽 , , 𝜃 , , 𝜃 ,  and 𝜃 , . To determine the expected 

loss value, 𝐸 𝐷𝐹 , the logistical regression model and the conditional beta model are 

combined and given as follows (Ospina and Ferrari, 2012): 

𝐸[𝐷𝐹 ] = 𝜇 . 𝑝  (20) 

where 𝜇  is computed from Equation 16 to Equation 19 and 𝑝  is obtained from Equation 
12. The desired predictions interval can be computed using: 

𝑃[𝑋 < 𝑥] = 1 + 𝑝 . 𝐹 (𝑥, 𝜇 , 𝜑 ) − 1  (21) 

Where 𝐹 (𝑥, 𝜇 , 𝜑 ) is the conditional beta cumulative distribution function for a given 

building typology j. To determine the 90% upper bound for DF predictions, assume 
𝑃[𝑋 < 𝑥]= 90% in Equation 21. Computed prediction interval that corresponds to  
one standard deviation in the standard normal distribution, through solving Equation 
21 considering 𝑃[𝑋 < 𝑥]~0.16 and 0.84, as well as the mean curve plus one standard 
deviation given by Equation 21, are also shown.  It should be noted that mean minus 
one standard deviation can provide negative DF, especially at low PGA, which has no 
meaning (negative loss). This fact explains why the beta model is preferable to 

3407
3ECEES, September 2022, Bucharest, Romania



construct the statistical loss estimation model. For a detailed explanation about the 
ZIBR models and beta regression models and application on loss data, refer to 
(Bessason et al., 2022, 2020) and Ioannou et al. (2018).  

5. Result and discussion 

Following the ZIBR modelling instruction described above, the average vulnerability 
curves are developed statistically. In this regard, we fit the model to the building-by-
building loss data of each identified building group. Overall, five ZIBR models are 
developed for two seismic code-based classes for RC and timber (W) buildings and one 
Masonry (M) building class, namely: RC-CDNL (CDN+CDL), RC-CDMH (CDM+CDH), 
W-CDNL, W-CDMH, and M-CDNL. Since most buildings experienced losses of less than 
20%, and to remove outliers in the beta regression, all buildings with a loss exceeding 
85% are assigned a maximum value of 0.85.  

Figure 2 presents the average vulnerability curves as functions of PGAcor for five 
building groups along with the distribution of observed data. In Figure 3, the developed 
models associated with different building groups are compared.  

  

  

 

Fig. 2: Mean vulnerability curves (back solid line) and its 95% confidence intervals (dashed lines) as a 
function of PGA (g) obtained for 5 building groups (see the header) based on zero-inflated beta regression 

methodology. gray data points present the observed DF values versus their associated inferred 
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For PGA of 0.6g, the mean DF is estimated in the range of 4 to 8% for almost all building 
classes except for M-CDNL, which shows a larger DF. At a PGA of 0.6g, the average loss 
of newer buildings in CDMH class in the affected area is around 4% of the building 
replacement value, while this increases to an average of 7% for CDNL classes. 

 
Fig. 3: comparison of vulnerability curves developed for the identified building groups  
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Abstract: IRMA (Italian Risk MAps) is an online platform that allows to use different 
exposure/vulnerability databases and sets of fragility curves to calculate seismic damage and 
risk maps for Italy. The hazard for the calculation of the maps is the only not customisable 
data and it is the hazard model adopted at national level. The platform is extremely flexible 
and allows to combine exposure databases with different sets of fragility curves to produce 
conditional (by fixing the return period) or unconditional (for a given time window) damage 
and risk maps. It also allows to produce deterministic damage scenarios using shakemap as 
seismic input. The results can be visualized on a map, in table and as downloadable 
shapefiles and excel files. The main goal of IRMA is to enable users to collaborate and share 
models in order to obtain maps with a shared metric, producing comparable results. 

Keywords: Tool, Earthquake, Residential buildings, School buildings, Churches, Map 

1. Introduction 

Italy is one of the Nations that takes part in the “Sendai Framework for Disaster Risk 
Reduction 2015-2030” (UNISDR 2015), whose main purpose is to provide guidelines for 
the management of multi-hazard risk. According to the Sendai Framework, the first of four 
priority actions is understanding disaster risk. This knowledge is preparatory to any 
subsequent action in terms of prevention, mitigation, readiness and response. The Sendai 
Framework also suggests “to develop periodically updates and disseminate, location-based 
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disaster risk information, including risk maps, to decision makers, the general public and 
communities in an appropriate format by using appropriate geospatial information 
technology” (article 24c). In order to pursue this objective, at the end of 2018 the Italian 
Civil Protection Department (DPC) produced a document of evaluation of natural risks 
named NRA2018-National Risk Assessment (Italian Civil Protection Department 2018) 
with the fundamental support of the scientific community. The need of the Sendai 
Framework to have a new risk assessment by the end of 2018, updated and compared to 
the previous one produced in 2015, was an important objective to be achieved. A further 
important requirement in risk assessment was not only its scientific basis, but also its 
approval by the scientific community. IRMA (Italian Risk MAps) was developed in 2018 
(Borzi et al. 2021, Dolce et al. 2021) to enable the DPC to collect the contribution of the 
Italian scientific community providing researchers with a common calculation tool. IRMA 
is a platform where researchers upload their vulnerability models, sets of fragility curves 
and use common exposure data. On specific request of DPC, the seismic hazard study 
cannot be customized by the researches, but every user of the community is requested to 
adopt the hazard study MPS04, developed by the National Institute of Geophysics and 
Volcanology (INGV) in 2004 (Stucchi et al. 2004, 2011), that is the reference hazard study 
for the current code regulation (NTC08 D.M.14.01.2008 and NTC18 D.M.17.01.2018). 
IRMA is a collaboration platform where researchers can upload their models, run their 
damage and risk analyses. Results are kept private until the user decides to share them with 
all the other users. This possibility enables researchers to compare their results with those 
of other users and to assist and cooperate. The DPC has a dedicated user role that can see 
and compare the published results and also combine them in order to have a final score that 
can be considered the result achieved by all the users of the community. 
The computational engine for IRMA is OpenQuake, an earthquake-derived damage 
estimation software developed within the Global Earthquake Model (GEM) 
(http://www.globalquakemodel.org) that is fully integrated in IRMA.  
The first tool of IRMA dedicated to residential building stock was developed by 
EUCENTRE in 2018. The use of a common calculation tool has met its target and, in the 
following years, IRMA has become a platform where “IRMA for residential buildings 
2018” is one of the available tools. In 2020 IRMA for residential buildings has been re-
implemented (from 2020 to 2021) to meet the needs of end users. The 2018 version was 
left to retrieve old calculations only. In 2019 a new IRMA tool dedicated to school 
buildings was developed and, finally, in 2020 IRMA for churches was made available. In 
Fig. 1 the actual Home Page of IRMA platform is shown. Several other tools dedicated to 
other assets exposed to risk (i.e. hospitals, infrastructure) will soon become available. 

 
Fig. 1 – Home Page of IRMA platform (in blue the translation in English as the platform is all in Italian) 

3412
3ECEES, September 2022, Bucharest, Romania



2. IRMA Residential buildings 

As mentioned, two versions of IRMA for residential buildings were developed: the first in 
2018 (IRMA V1) and the second published in 2021 (IRMA V2). IRMA V2 replaced 
IRMA V1 for calculations purposes. IRMA V1 remained as a consultation platform only to 
retrieve the elaborations produced within the NRA2018 (Italian Civil Protection 
Department 2018). IRMA V2 was built and developed from the experience of IRMA V1 
and by collecting specific needs from DPC and scientific community of the project MARS 
(Masi et al. 2021). 
Exposure data on the building stock come either from ISTAT 2001 or ISTAT 2011 (Italian 
National Institute of Statistics that every decade – until 2011- releases a census of the 
Italian population and buildings). For each municipality census data report the number of 
buildings, corresponding area and living population, having a certain construction age, 
material, and number of storeys. The rules that allow to associate the fragility curves to 
exposure data (exposure/vulnerability database) are defined by filling out an Excel file, the 
template of which is available in the platform. An Excel file is also used to input fragility 
curves. The building stock of the Italian municipalities is grouped into six vulnerability 
classes, i.e. from A to F on the EMS98 scale (Grünthal, 1998), which were doubled to 
consider the ductile or brittle behaviour of the buildings. The aforementioned classes are 
further sub-classified in number of storeys. For each taxonomy (i.e. selected vulnerability 
class and number of storey) a set of fragility curves must be given in input. The metric of 
damage refers to the five damage levels of the EMS98 scale (Grünthal, 1998). Fig. 2 
reports an example of how the fragility curves are displayed on the platform. 
The types of analyses that IRMA V2 can perform are: 

• Conditional damage (hazard map with selected return period are adopted) and 
unconditional damage (the hazard curve is adopted and the exceedance 
probabilities in an observation time window are considered). Damage maps provide 
information on the number of buildings that will suffer damage levels from D1 to 
D5 on the EMS98 scale (Grünthal, 1998); 

• Conditional and unconditional risk that represent the consequence of the damage in 
terms of economic, human losses and building usability (usable, unusable in the 
short or in the long term and collapsed); 

• Deterministic damage scenarios calculated on the basis of preloaded shakemaps. 
This option has been made available to enable researchers to validate their 
vulnerability and fragility models by comparing numerically calculated damage 
scenario with observed damage data (Da.D.O., Dolce et al. 2019). 

 
Fig. 2 – Visualization of fragility curves on the platform 
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The Home Page of the platform is presented as shown in Fig. 3. It is organized in two 
sections. In the left section there are the tabs to: (i) perform actions on the layers displayed 
on the map, (ii) download and upload excel files with the models, (iii) run analysis, (iv) 
view the results of the analysis in tables and map, (v) make geographical searches and (vi) 
aggregate results. The section on the right shows the map of Italy: above it there are 
several tabs including those that allow to see both input and results in terms of damage and 
risk. 
The platform provides users with an Online Help that can be accessed by clicking on the 
question mark (“?”) placed where necessary: once clicked, a window opens with a brief 
explanation of the topic under examination. 

 

Fig. 3 – Home Page of IRMA V2 Residential buildings 

2.1. Run the calculation and view the results 

Once defined and uploaded on the platform with the necessary input files, the user can 
proceed with the computation of damage maps using the available tools. It is possible to 
calculate the risk only after calculating the damage because the risk is the combination of 
damages. To create the damage maps, the user must select the exposure/vulnerability 
database, the set of fragility curves, the type of soil, and the type of analysis (conditional or 
unconditional). To account for different vulnerabilities characterising the territory, while 
performing an analysis, it is possible to filter by Region, municipalities with a different 
demography (small municipalities having less than 2'000 inhabitants, medium-small 
municipalities having inhabitants between 2,000 and 10,000, medium-large municipalities 
having inhabitants between 10,000 and 50,000, large municipalities having over 50,000 
inhabitants) and municipalities with different altitude. Tools to aggregate maps obtained 
for selected areas (e.g. selected Regions) are available to obtain results for corresponding 
combined areas. 
Regarding the type of soil to be considered in the analysis, the user can consider all the 
municipalities on the same soil, i.e. A, B, C, or D, or select the item “soil”. In the latter 
case a message will appear warning that the calculation must be done through the 
“Aggregation” panel. The user has to calculate four maps, one for each soil type (from A to 
D), then move to the “Aggregation” tab, and there state the “id” of the maps he wants to 
aggregate. The percentage of soil in the municipalities adopted in IRMA has been 
calculated according to two different studies: Forte et al. (2019) and Mori et al. (2020). The 
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combination of the maps calculated for soil A-B-C-D is done considering the 
aforementioned percentages. 

2.1.1. Damage 
After performing a damage calculation, the platform allows to view the results on a map. It 
is necessary to select the map from a table, indicate the level of detail, the time window or 
the return period, the vulnerability class, the type of exposure (number of buildings, % of 
buildings, number of dwellings, % of dwellings, population, surface area), and the level of 
damage (from D1 to D5 or average damage). Damage can be mapped by Municipality, 
Provincial, and Regional level. The analyses are always carried out considering the 
Municipality as the unit of detail but the platform can also show the results aggregated by 
Province or Region. Damage maps can be exported in shapefile. Results in tabular form are 
also available in the platform and can be downloaded in excel spreadsheet. Fig. 4 reports 
an example of two damage maps related with damage level D2 for Calabria Region for an 
event with return period of 475 years. 

 
Fig. 4 – Conditional damage map in terms of % of buildings that reach D2 (left) and in terms of surface area 

subjected to damage level D2 (right) performed for the Calabria Region for a return period of 475 years 

2.1.2. Risk 
After calculating the damage maps, the computation of the risk maps can be performed. 
While the damage maps provide the number of buildings in the five damage levels of the 
EMS98 scale (Grünthal 1998), the risk maps combine the results of the damage maps by 
providing losses and impact. To perform the risk calculation, the user must select one of 
the previously computed damage maps and indicate whether to compute human losses, 
economic losses, or impact in terms of usability. Combination coefficients can be 
customised through the platform by the user (e.g. percentage of people living in buildings 
in each damage level that are expected to be injured). Also the results in terms of risk can 
be visualised on a map or in tabular form and can be downloaded in shapefile or excel file, 
respectively. 

2.1.3. Scenario 
The platform also allows the calculation of damage and risk for deterministic scenarios 
using preloaded shakemaps. These shakemaps have been produced by INGV (Michelini et 
al. 2020) and are related to the events Irpinia 1980, Umbria-Marche 1997, Pollino 1998, 
Molise-Puglia 2002, L’Aquila 2009, Emilia 2012, Garfagnana-Lunigiana 2013, Central 
Italy 2016/2017, Ischia 2017, and Mugello 2019. To perform a scenario, the user needs to 
(i) select a shakemap among the preloaded ones, (ii) indicate the exposure/vulnerability 
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database, and (iii) the set of fragility curves to be used. The results can be visualised on a 
map or in tabular form and can be downloaded in shapefile or excel file, respectively. Fig. 
5 reports an example of the damage scenario map related with damage level D2 for 
Abruzzo Region obtained using as input the shakemap of the L’Aquila 2009 earthquake. 

 
Fig. 5 – Scenario damage for damage level D2 in Abruzzo Region 

3. IRMA School buildings 

As mentioned in Section 1, IRMA platform has several tools that allow to evaluate the 
seismic risk for different types of buildings. This chapter will describe the IRMA Schools 
tool, developed for the scientific community to produce damage and risk maps of school 
buildings in Italy. Compared to IRMA Residential, where buildings are aggregated at 
municipal scale (i.e. we know the composure of the building stock municipality by 
municipality), in IRMA Schools the buildings are identified one by one. This was possible 
thanks to the availability of the database “Anagrafe dell’edilizia scolastica” (school 
buildings registry) that provides information, including structural information, on a large 
number of school buildings (about 50000) distributed throughout the country (Fig. 6). 
Although this database dates back to 2005, it is the only national database made available 
today to assess seismic vulnerability of school buildings on national level. Other exposure 
data are available in the platform, but for a lower number of buildings. Therefore, in order 
to have a comprehensive picture of the seismic risk of schools on the national territory, the 
database of “Anagrafe dell’edilizia scolastica” has been selected. 

3.1. The platform: differences with IRMA Residential 

For the definition of risk and scenario maps, the IRMA Schools platform follows the same 
specs developed for residential buildings, except for little differences. 
A first difference concerns the definition of the exposure and the corresponding 
vulnerability. As for residential buildings, the user has to fill in an excel spreadsheet to 
provide rules to associate to exposure data the corresponding vulnerability. While the 
residential building classes are only determined through basic information (i.e., structural 
material, number of floors and age of construction), schools could also benefit from 
additional information provided by the database “Anagarafe dell’edilizia scolastica”. In 
particular, the behaviour of school buildings is defined by using a dedicated excel file 
downloadable from the platform, where the user indicates: (i) the building structural type 
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(e.g. steel, reinforced concrete frames, masonry, etc.), (ii) the number of floors, (iii) the 
construction period, (iv) the floor area, (v) the horizontal structure (incl. the roof), and (vi) 
the type of design. Similarly to IRMA Residential, the behaviour of each school building 
class is defined by means of the combination of fragility curves associated to the six 
vulnerability classes of the EMS98 scale (Grünthal 1998), doubled to take into account the 
ductile or brittle behaviour of buildings. Once the exposure/vulnerability matrix has been 
defined, the user uploads the fragility curves to be associated with the vulnerability classes 
by entering the characteristic parameters of the fragility curves in a pre-set excel 
spreadsheet that can be downloaded from the platform. As for residential buildings, the 
damage levels are five, according to the EMS98 scale (Grünthal 1998) and the numbers of 
floors range from 1 to >=4. Opposite to IRMA Residential, which shows the fragility 
curves for vulnerability classes and number of storeys, IRMA Schools provides the 
fragility curves for individual school building by combining the fragility curves for the 
aforementioned vulnerability classes according to the percentages given in the 
exposure/vulnerability matrix. 

 
Fig. 6 - Schools belonging to database “Anagrafe dell’edilizia scolastica” and their distribution throughout 

Italy 

3.2. Seismic risk and damage scenario for different levels of detail  

Once the exposure and associated fragility parameters have been defined, it is possible to 
calculate seismic risk maps of school buildings for a single Region or for whole Italy. This 
calculation is performed by specifying the type of analysis to be executed, choosing 
between conditional and unconditional damage, and if considering local ground 
amplification defined according to the Mori et al. (2020) Vs30 map. The output of this 
calculation can be expressed in terms of: (i) single school building or average damage at 
Municipality, Provincial or Regional level; (ii) return period or time window (depending 
on the type of analysis performed), and (iii) for the five damage levels of the EMS98 scale 
(Grünthal 1998), to which the average damage is added. The results of a damage analysis 
can be displayed either on a map (downloadable in shapefile) or in tabular form 
(downloadable in an excel file). When a damage (or risk or damage scenario) analysis is 
performed for a Region, Province, or Municipality, the result is expressed in terms of 
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average value respect to the total number of school buildings or the school surface area. As 
in the case of residential buildings, the IRMA Schools platform allows risk maps to be 
performed by combining the results of damage maps with a set of coefficients 
customizable by the user. The risk maps are exportable in shapefile and can be derived in 
terms of economic losses (costs) or impact (i.e., usable, unusable for short period, unusable 
for long period, collapse). As for the damage analysis, it is possible to display the results of 
the risk analyses in tabular form and to export the related excel file. 
As example, Fig. 7 shows the unconditional damage map for the average damage (left) and 
unconditional risk map in economic losses (right), performed for the Abruzzo Region 
considering: (i) a time window equal to 10 years, (ii) Municipality as level of visualisation, 
and (iii) the average value of number of buildings in each Municipality of the Region. 

 
Fig. 7 - Unconditional damage map for the average damage (left) and unconditional risk map in economic 

losses (right) performed for the Abruzzo Region 

IRMA Schools also allows to perform the calculation of damage and risk scenarios in real-
time using as seismic input the shakemaps produced by INGV (Michelini et al. 2020). The 
procedure to launch a scenario is similar to the one described in the Section 2.3.3. Once the 
calculation is completed, the corresponding output is available in a tabular form that can be 
exported in excel file. A performed scenario can also be visualised in terms of damage or 
risk maps, exportable in shapefile. 
Finally, also in IRMA Schools it is possible to aggregate damage, risk, or scenario maps of 
the same type, calculated for two or more Regions of Italy to obtain a single map. 

4. IRMA Churches  

The most recent tool which has been developed within IRMA concerns churches. Similarly 
to the other two tools described in the previous paragraphs, it will allow to associate 
vulnerability models and assign fragility curves to Italian churches to calculate damage 
maps, risk maps, and damage scenarios. At the moment, the interface to the exposure data 
has been implemented and we are working on the development of the calculation tools. 

4.1. What is and what will be 

The IRMA tool dedicated to churches is presented in Fig. 8. The current function of the 
platform is to collect and organize the exposure data available on the heritage of churches 
at the national level. In fact, several databases are available: 

• geographical database derived from Google and OpenStreetMap; 

• database of the Italian Episcopal Conference (CEI); 
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• database of the Ministry for Cultural Heritage and Activities and Tourism (Vir-
MiBACT); 

• database of Level 0 synthesis forms of strategic buildings for civil protection 
purposes or relevant in case of collapse following seismic events; 

• database of churches inspected during or following seismic crises of national 
importance (this database is derived from the Da.D.O. platform (Dolce et al. 
2019)). 

By searching for correspondence within the different databases for the same church, we 
built single database that included 88185 churches. The creation of this single database 
required a great effort filtering churches in the different databases. They were sometimes 
listed with similar but different names (e.g. Chiesa di Santo Stefano - Chiesa di S. 
Stefano), addresses were not always correct, and the same church could correspond to 
multiple records in the same database. 
We are currently working to implement all tools that are needed to associate vulnerability 
and fragility to churches, to run analyses, and to view and download results. 

 
Fig. 8 – Home Page of IRMA Churches and variable scale view 

5. Conclusions 

This paper deals with IRMA platform and its current tools. IRMA is a tool addressed to the 
Italian scientific community for the exchange of models and results on seismic risk, based 
on the same damage metrics. This is an important outcome both for the scientific 
community and for the stakeholders, such as the Italian Civil Protection Department, which 
financed the project. By asking researchers to adopt IRMA as a common tool, the Italian 
Civil Protection Department can obtain results in terms of seismic risk from different 
research institutions. These results can also be compared and/or combined to obtain a final 
and common output that is then approved by the whole Italian scientific community active 
in the field of earthquake engineering. 
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Future developments will include the implementation of a new tool dedicated to the risk of 
hospitals and one dedicated to the risk of transport infrastructure. Among transport 
infrastructure, priority will be given to the definition of risk for bridges. 
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Abstract: Notwithstanding the increasing popularity of performance-based design 

procedures in bridges, the effect of the longitudinal and the transverse end joint gap sizes on 

the performance of bridges has not received proper attention. The present work introduces a 

performance-based design methodology for joint gaps that directly accounts for this effect 

and aims at a quasi-optimum gap size in either direction. For the identification of the quasi-

optimum gap size, component-based safety factors defined as the ratio of maximum values 

of selected engineering demand parameters to the selected limit state thresholds are utilised. 

A different optimum gap size is generally found for each ground motion intensity and 

considered limit state. The proposed methodology is applied to an existing bridge, designed 

according to modern seismic code provisions. It is found that selecting a quasi-optimum gap 

size improves the overall performance of the bridge, to an extent that varies with the 

considered limit states and ground motion intensity. 

Keywords: Bridges, abutments, seismic joints, shear keys, safety factors, seismic design 

1. Introduction 

Over the last three decades, severe damage and collapses in bridges recorded after major 

seismic events, like the 1994 Northridge and 1995 Kobe earthquakes, and the important 

structural and indirect costs that they inflicted triggered the development of several 

methods of performance-based design (PBD) of bridges (e.g. Kowalsky et al., 1995). The 

first efforts to develop PBD procedures for bridges mainly utilised the so-called ‘direct 

displacement-based design’ (DDBD) methods (Calvi and Kingsley, 1995; Kowalsky et al., 

1995). The concept of PBD procedures for bridges has been evolving since then, trying to 

make them more attractive by mitigating the inherent drawbacks of the DDBD methods, 

such as the applicability only to bridges that can be well approximated by an equivalent 

single-degree-of-freedom (SDOF) and the difficulty to apply them to the final design of a 

bridge (Kappos, 2015). Recently, well-established PBD procedures have been extended to 

account for the stochastic nature of the seismic loading and to provide a framework for 

optimum design of various seismically critical bridge components, like the bearings, which 

minimises the value of selected engineering demand parameters (EDP), such as the total 

base shear force across all bridge piers, for one or more levels of seismic intensity (Li and 

Conte, 2018; Deb et al., 2021).  

Despite these advancements, no procedure has incorporated the effect of the end-joint gap 

size in the assessment of the performance of bridges under seismic loading. The present 

work aims to propose a methodology that introduces this effect in bridge design by 

suggesting a quasi-optimum gap size in either direction that maximises the structural safety 

factor against selected limit states (performance levels), for various levels of seismic 
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action. The application of this methodology to an existing overpass bridge, designed to 

modern seismic codes is also presented herein. 

2. Methodology 

The developed methodology involves nonlinear response history analysis (NRHA) of the 

jointed bridge (deck bearing supported on seat-type abutments) for various levels of 

ground motion and joint gap sizes in either horizontal direction (longitudinal – transverse). 

The outcome of the methodology is a quasi-optimum joint gap size in the longitudinal and 

one in the transverse direction that minimise the safety factors of the entire structure in the 

respective direction. These gaps are deemed as ‘quasi-optimal’ in the sense that they are 

the best among those selected, rather than the optimum values that would result from a 

formal optimization process. It is also noted that, although the seismic action is typically 

applied at an inclination to the axis of a bridge and hence affects both directions, the 

optimization is carried out independently in each direction, otherwise the procedure does 

not result in a clear outcome. The steps of the methodology are presented in the following: 

Step 1 – NRHA for each level of seismic action and joint gap size in either direction 

A number of end gap sizes are selected in each direction of the bridge, e.g., starting from 

code recommendations like those of Eurocode 8-2 (CEN 2005) and including higher and 

lower values. While for the longitudinal direction ‘non-seismic’ requirements (tempera-

ture, shrinkage, creep, prestress) will result in a minimum gap size, in the transverse 

direction the case of zero gap (shear keys blocking any transverse displacement) should 

also be included. The bridge is modelled for NRHA includes an appropriate representation 

of the gap between the deck and the abutment and accounts for the contribution of the 

abutment-backfill system in either horizontal direction, in order to appropriately capture 

the effect of joint gap closure. The NRHAs are conducted in the longitudinal and the 

transverse direction separately for appropriately selected sets of accelerograms, scaled to 

the pertinent design spectrum and for various amplitudes (both lower and higher than that 

of the ‘design earthquake’), so that several limit states can be checked; analyses are 

repeated for every selected joint gap size. 

Step 2 – Definition of limit states and limit state thresholds 

Here, component-based EDPs on which the gap optimization will be based are selected. 

Subsequently, the respective limit states and limit state thresholds (LSTi) are defined for 

every selected bridge component i in either horizontal direction. Suggested LSTs are 

provided in table 1 in the next section. 

Step 3 – Identification of the maximum values of EDPs for each ground motion intensity 

and gap size  

A database is compiled with the max EDPi, values from each of the analyses carried out in 

Step 1. 

Step 4 – Component-based safety factor matrices 

A component-based safety factor (CSFi) for a certain limit state, level of ground motion 

intensity and joint gap size is produced by dividing a component-based limit state 

threshold by the respective maximum response (EDPi,max), as identified in Step 3. Hence, 

the CSF of a bridge component i can be formulated as CSFi = LSTi / EDPi,max. From these 

safety factors, the so-called CSF matrices are derived. A CSF matrix is produced for every 

limit state, EDPi and bridge direction considered; hence, their number is 2 × m × n, where 

m is the number of the considered limit states and n is the number of the selected EDPs. 
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The size of a CSF matrix is j × k, where j is the number of the considered gap sizes in the 

studied direction and k is the number of the considered levels of seismic intensity. 

Step 5 – Global safety factor matrices 

The lowest safety factor among the considered components for a certain direction, limit 

state, level of ground motion intensity and joint gap size is used as the global safety factor 

(GSF) of the bridge. The GSF values are selected in this manner, based on the assumption 

that the critical bridge components form a series system for the evaluation of the 

performance of the bridge in either direction. In other words, it is assumed that exceedance 

of a limit state in at least one component implies exceedance of the corresponding global 

limit state of the bridge in the examined direction (cf. Zhang and Huo, 2009; Stefanidou 

and Kappos, 2017). In the current step, a single j × k matrix that is named the GSFLSi 

matrix is constructed for every considered limit state LSi, consisting of the GSFs for each 

of the j gap sizes and the k levels of seismic intensity. 

Step 6 – Selection of the quasi-optimum gap size for each level of seismic action 

The optimum gap size in either direction of the bridge and for each level of ground motion 

intensity is defined as the joint gap size that maximises the GSF of the bridge for a certain 

limit state. As multiple LS are considered,, the final optimum gap size for a certain ground 

motion intensity is the one that results in the maximum GSF for the limit state associated 

with the highest performance (i.e. here with LS2), given that this GSF is larger than 1, i.e., 

that the bridge response does not exceed the adopted limit state threshold. Note that these 

values are generally different for different seismic intensities. Clearly, simplifications can 

be made, i.e., if there is no possibility to adjust the gap size(s), the quasi-optimum gaps for 

the design earthquake level can be selected. 

3. Case study  

3.1. Description of the studied bridge 

The selected bridge is an existing overpass of Egnatia Motorway in Greece, code-named 

T7. It is designed to modern code provisions, namely the 2000 Greek national seismic code 

(EAK2000), which is similar to Eurocode 8-2 (CEN, 2005b). The length of the bridge is 99 

m, consisting of a 45 m central span and two 27 m outer spans, while the longitudinal slope 

of its axis is equal to 7%. The deck consists of a prestressed concrete box girder section, 

that is 10 m wide and has a continuously changing cross section along the bridge length 

(Fig. 1). It is supported by seat-type abutments through two pairs of elastomeric bearings 

with dimensions (mm) 350 × 450 × 136 and total rubber thickness tr = 44 mm and by two 

solid cylindrical piers with a diameter of 2 m. The piers have clear heights of 5.94 m and 

7.93 m each and they are monolithically connected to the deck. 
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Fig. 1 - Longitudinal section of T7 bridge 

 

Abutments have 5.63 m and 5.71 m height and have external shear keys. The thickness of the 

stem wall is 2 m, while the backwalls are 2.45 m high and 0.50 m thick. The shear keys are 

1.80 m high and the width of their base along the transverse axis of the bridge is 1.85 m, 

whereas along the longitudinal axis it is 1.20 m. The deck is separated from the backwalls with 

joints of 100 mm in the longitudinal direction and from the shear keys with joints of 150 mm 

in the transverse direction. 

The piers, as well as the abutments, rest on surface footings. The pier footings are 9.0 m × 8.0 

m × 2.0 m, while the abutment footings are 12.0 m × 4.5 m × 1.5 m. The soil in the bridge area 

mainly consists of moderately stiff clay, corresponding to soil class C according to Eurocode 8 

(CEN, 2004b). 

3.2. Application of the proposed methodology 

The proposed methodology (section 2) was applied to the case study bridge. First, a nonlinear 

model of the bridge was created using OpenSees (McKenna et al., 2010). The deck was 

considered to remain elastic, while plastic hinges were assigned at both ends of the piers. The 

elastomeric bearings were modelled as bilinear springs under horizontal shear and as elastic 

springs under flexure and axial load, following the relationships given in Naeim and Kelly 

(1999). Soil-structure interaction at the foundations was taken into account using equivalent 

linear soil springs and dashpots, calculated according to the closed-form relationships in 

Mylonakis et al. (2006) for different levels of ground motion. The seat-type abutments were 

modelled according to the simplified approach introduced in Mikes and Kappos (2021), i.e., 

with a spring at each end of the deck that represents the nonlinear behaviour of the entire 

abutment-backfill subsystem resulting from its pushover analysis in the longitudinal direction. 

The seat-type abutments of the bridge were ‘hinging’ abutments, as described in Mikes and 

Kappos (2021), i.e., plastic hinges formed at the base of their backwalls. The nonlinear 

behaviour of the shear keys, which are monolithically connected to the deck, was modelled 

according to the model proposed by Silva et al. (2009). The used constitutive models of the 

seat-type abutment-backfill system in the longitudinal and the shear keys in the transverse 

direction are shown in Fig. 2 and Fig. 3, respectively. To account for the various initial gaps, 

the HyperbolicGap and the ElasticPPGap constitutive models of OpenSees were used in the 

longitudinal and the transverse direction, respectively. 
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Fig. 2 - Backbone curve calculated for the abutment-backfill subsystem in the longitudinal direction 

 

 

Fig. 3 - Backbone curve for the T7 shear key according to Silva et al. (2009) and the part of the curve 

that was used for the definition of the ElasticPPGap element that represented the shear key 

 

For the application of the NRHAs needed for Step 1 of the proposed methodology, a set of 7 

spectrum-compatible artificial accelerograms were used, scaled to various levels of intensity. 

The lowest level was selected at PGA = 0.08g (50% of the design earthquake Ed) and the 

highest at PGA = 0.96g (6 times the design earthquake Ed). Soil class C according to Eurocode 

8 (CEN, 2005) was considered, but TD = 4s instead of TD = 2s was assumed, as a more 

conservative value for high seismicity regions (Weatherill et al., 2013; Gkatzogias and 

Kappos, 2019). The sets of the joint gap sizes that were examined were dgap = [0 25 50 75 100 

125] mm in the longitudinal and dgap = [0 50 100 150 200 250] mm in the transverse direction, 

i.e. values higher as well as lower than those used in the actual bridge were considered. The 

zero-gap case in the longitudinal direction was analysed mainly for completeness, as there is 

typically a non-zero gap to account for ‘non-seismic’ actions in seat type abutments; of course, 

for relatively short-length bridges a fixed connection of the deck to the seat is also an option. 
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The definitions of the component-based limit states (performance levels) and their respective 

thresholds, required in Step 2, are shown in Table 1. The limit states selected in the present 

study were those usually adopted for bridge design, i.e., ‘operationality’ and ‘life safety’ (LS2 

and LS4); more LS can be considered in principle, but this is not particularly desirable in a 

practical context. Piers and bearings were considered as critical components of the bridge in 

both directions. The abutment-backfill system including the hinging backwall and the backfill 

behind it was included in the critical components in the longitudinal direction, while the shear 

keys (restraining the transverse displacements) were deemed as critical components in the 

transverse direction. Most of the definitions in terms of damage and their respective thresholds 

were adopted from a critical review of the literature, in particular Stefanidou and Kappos 

(2017). 

Table 1. Limit state definitions for the critical components of T7 bridge 

Component 
Limit 

state 
Threshold value Description Reference 

Pier 

LS2 Drift: 1% 

Concrete cracking, 

spalling; seismically 

designed pier (Kim and Feng, 

2003) 

LS4 Drift: 5% 

Pier collapse; 

seismically designed 

pier 

Bearing 

LS2 
Shear deformation: 

100% 

Initiation of 

slipping; visible 

damage; yield of 

steel shims 

(LaFave et al., 

2013; 

Stefanidou and 

Kappos, 2017) 

LS4 

Displacement at top = 

abutment seat width 

(longitudinal direction 

only) 

Deck unseating 

(longitudinal 

direction only) 

(Cardone, 2014) 

Backwall-

backfill 

(Longitudinal 

direction) 

LS2 
Displacement: 

δ(Fmax/2) 

Stiffness reduction 

of the abutment-

backfill system 
(Bozorgzadeh 

et al., 2008) 

LS4 
Displacement: 

3×δ(Fmax) 

Ultimate 

deformation of 

abutment-backfill 

system 

Shear key 

(Transverse 

direction) 

LS2 Displacement: 4×δy,SK 
Significant damage 

of the shear key 

Assumption 

based on Silva 

et al. (2009) 

LS4 - 
LS4 not controlled 

by shear key 
- 

 

The application of the rest of the proposed methodology resulted in the calculation of the 

quasi-optimum gap sizes, with respect to the two limit states (LS2 and LS4) and the various 

seismic intensities that were considered in both horizontal directions. The results are 

summarised in the charts presented in Figures 4 and 5. In these figures, the overall quasi-

optimum gap sizes are indicated with bold lines and markers, while the ‘non-critical’ ones are 

shown with dashed lines. The safety factors that correspond to the chart points are presented in 

the table below the respective figure (Tables 2 and 3) and they are compared with the ‘as-built’ 

safety factors that resulted from the analysis with the real joint gap sizes of T7 (100 mm in the 

longitudinal and 150 mm in the transverse direction). The ‘critical’ bridge components, i.e., the 

bridge components with the lowest safety that defined the GSF of the pertinent direction, are 
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given in parentheses next to the safety factors. The safety factors that refer to the ‘non-critical’ 

limit states are greyed out. It is noted that in the case that the minimum GSF of the bridge is the 

same for gap sizes equal to or larger than a specific value, this specific value is used in the 

chart (clearly, a smaller joint gap is less costly than a larger one). As expected, LS2 

considerations dominate only for relatively lower seismic actions, which nevertheless are 

higher than the design one (0.16g), an indication that the actual bridge is overdesigned.  

 

Fig. 4 - Quasi-optimum joint gap sizes in the longitudinal direction for each considered PGA value and limit 

state 

Table 2. Quasi-optimum joint gap sizes and safety factors compared with the ‘as-built’ safety factors – 

Longitudinal direction 

PGA 

(g) 

Quasi-

optimum 

dgap (mm) 

– LS2 

Quasi-

optimum 

safety factor 

– LS2 

‘As-built’ 

safety factor 

– LS2 

Quasi-

optimum 

dgap (mm) 

– LS4 

Quasi-

optimum 

safety factor 

– LS4 

‘As-built’ 

safety factor – 

LS4 

0.08 25 
3.56 

(bearings) 

3.56 

(bearings) 
0 51.42 (piers) 31.67 (piers) 

0.16 25 
1.81 

(bearings) 

1.81 

(bearings) 
0 23.14 (piers) 16.10 (piers) 

0.24 25 
1.11 

(bearings) 

1.03 

(bearings) 
0 13.20 (abutm.)  9.35 (piers) 

0.32 50 
0.86 

(bearings) 

0.86 

(bearings) 
0 9.25 (abutm.) 7.35 (piers) 

0.40 50 
0.67 

(bearings) 

0.64 

(bearings) 
0 6.72 (abutm.) 5.33 (piers) 

0.48 50 
0.57 

(bearings) 

0.54 

(bearings) 
0 5.34 (piers) 4.33 (piers) 

0.56 75 
0.48 

(bearings) 

0.46 

(bearings) 
0 4.33 (piers) 3.56 (piers) 

0.64 75 
0.43 

(bearings) 

0.41 

(bearings) 
0 3.51 (piers) 3.13 (piers) 

0.72 75 
0.38 

(bearings) 

0.37 

(bearings) 
0 3.02 (piers) 2.81 (piers) 

0.80 100 
0.33 

(bearings) 

0.33 

(bearings) 
0 2.62 (piers) 2.50 (piers) 

0.88 100 
0.30 

(bearings) 

0.33 

(bearings) 
25 2.34 (piers) 2.24 (piers) 

0.96 100 
0.27 

(bearings) 

0.27 

(bearings) 
25 2.12 (piers) 2.01 (piers) 
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Fig. 5 – Quasi-optimum joint gap sizes in the transverse direction for each considered PGA value and limit 

state 

Table 3. Quasi-optimum joint gap sizes and safety factors compared with the ‘as-built’ safety factors – 

Transverse direction 

PGA 

(g) 

Quasi-

optimum 

dgap (mm) 

– LS2 

Quasi-

optimum 

safety factor 

– LS2 

‘As-built’ 

safety factor 

– LS2 

Quasi-

optimum 

dgap (mm) 

– LS4 

Quasi-

optimum 

safety factor 

– LS4 

‘As-built’ 

safety factor – 

LS4 

0.08 0 5.06 (piers) 
1.29 

(bearings) 
0 25.32 (piers) 21.72 (piers) 

0.16 0 2.53 (piers) 
0.63 

(bearings) 
0 12.66 (piers) 11.00 (piers) 

0.24 0 1.51 (piers) 
0.40 

(bearings) 
0 7.56 (piers) 6.56 (piers) 

0.32 0 1.15 (piers) 
0.33 

(bearings) 
0 5.73 (piers) 5.01 (piers) 

0.40 0 0.88 (piers) 
0.29 

(bearings) 
0 4.41 (piers) 3.97 (piers) 

0.48 0 0.78 (piers) 
0.27 

(bearings) 
0 3.89 (piers) 3.41 (piers) 

0.56 0 
0.62 

(bearings) 

0.26 

(bearings) 
0 3.41 (piers) 3.03 (piers) 

0.64 0 
0.40 

(bearings) 

0.25 

(bearings) 
0 3.04 (piers) 2.74 (piers) 

0.72 0 
0.30 

(bearings) 

0.24 

(bearings) 
0 2.72 (piers) 2.48 (piers) 

0.80 0 
0.26 

(bearings) 

0.23 

(bearings) 
0 2.44 (piers) 2.22 (piers) 

0.88 100 
0.23 

(bearings) 

0.22 

(bearings) 
0 2.16 (piers) 1.99 (piers) 

0.96 100 
0.22 

(bearings) 

0.20 

(bearings) 
50 1.94 (piers) 1.81 (piers) 
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4. Conclusions  

A new methodology was put forward for defining ‘quasi-optimum’ end joint gaps of 

bridges in both horizontal directions based on performance criteria (exceedance of two 

selected limit states). The methodology was applied to an existing, seismically designed 

bridge. The performance of the bridge with quasi-optimum joint gaps was compared to that 

of the actual bridge, using the ‘Operationality’ (or LS2) and the ‘Life safety’ (LS4) limit 

states as performance criteria. Some interesting conclusions were drawn from this study: 

• The size of the longitudinal and the transverse end joint gaps can generally affect 

the dynamic response of the bridge. In the case study presented herein, this effect 

was more prominent in the transverse direction. 

• In the longitudinal direction, the effect of the joint gap size was negligible in the 

cases where the ‘Operationality’ limit state (LS2) was the prevailing performance 

criterion. However, when the ‘Life safety’ limit state (LS4) prevailed, the effect of 

gap size was important. For ground motions scaled to the code spectra for 0.24g – 

0.40g even the mode of failure changed due to the joint gap size; namely, in the 

case of the actual bridge, the piers governed the dynamic response of the bridge, 

while an initially closed gap made the abutment-backfill system the weakest bridge 

component, alleviating the piers and leading to a much larger global safety factor. 

• In the transverse direction, the joint gap size significantly affected the performance 

of the bridge against the ‘operationality’ limit state. Namely, the bearings, which 

were the weakest components in terms of ‘operationality’ in the actual bridge, were 

completely relieved when the transverse gap was initially closed, and the global 

safety factor of the bridge increased to the point that LS2 was not exceeded even 

for input motion scaled to 0.32g = 2Ed. 

• An initially closed gap was the preferred option in most cases (also in the 

longitudinal direction); this is indeed a viable option in fairly short bridges. 

However, in the case that the ‘operationality’ limit state was used as the 

performance criterion, an initially closed gap only had a detrimental effect on the 

response of the bridge since it caused unnecessary damage to the abutment-backfill 

system without relieving the other bridge components at the same time. 
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Abstract: The ductile response of the recent class of tension-hardening fiber reinforced 

materials (THFRC) has resonated with the need for novel seismic retrofitting solutions for 

bridges that mitigate the limitations of the existing approaches. However, no design provisions 

exist, regarding the application of these materials in seismic design and retrofit. In this paper 

a brief summary is presented of a pertinent framework of design guidelines needed for 

determination of seismic demands and criteria for performance-based design of THFRC based 

retrofits. To this end, stress-strain relationships of encased concrete are adapted considering 

the confinement effect imparted by the fiber reinforcement. Strain limits are established by 

reference to a compressive stress-strain database collected from various studies of THFRC.  

Keywords: seismic provisions, performance-based design, compression model, strain-

hardening cement-based materials 

1. Introduction 

Recent research illustrates that jacketing of reinforced – concrete (RC) components with 

Tension Hardening Fiber Reinforced Concrete (THFRC) is a viable and attractive alternative 

to other methods of seismic retrofitting – such as other forms of jacketing (fiber-reinforced 

polymer (FRP), RC, steel).  It also provides for various other retrofitting alternatives such as 

replacement of core concrete in plastic hinge regions and damaged cover in the presence of 

reinforcement corrosion. On account of its increased density and durability, Tension 

Hardening Ultra High Performance Fiber Reinforced Concrete (TH-UHPFRC) has been 

shown to also protect reinforcement against ingress of corrosive agents slowing down 

significantly the progress of corrosion and is therefore particularly attractive solution for 

seismic retrofitting of corrosion damaged piers. The present work focuses therefore on TH-

UHPFRC bridge retrofit designs. 

 

Comprehensive understanding of the stress-strain behaviour of THFRC is pivotal in 

developing the models required for seismic design and analysis of its structural components. 

THFRC material has not only shown increased strength but it also posses significantly higher 

strain capacity compared to conventional concrete. Quantifying these characteristics and 

their relevance to member response is crucial in performance based seismic design of pier 

retrofits so as to utilise the full potential of THFRC in earthquake engineering. To pave the 

application of these materials in seismic applications, it is necessary to develop relevant 

design and detailing guidelines that range from the characteristic material properties to the 

definition of performance criteria for the retrofitted components. While current standards 

provide criteria for the determination of design properties for THFRC materials, their 

application in seismic design is still limited. The present work summarizes such a framework 

drafted with reference to the context of the Canadian Bridge Design Code (CSA-S6, 2019).  
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2. Seismic Design 

Seismic Actions are defined as per Chapter 4 of the CSA-S6 (2019). For bridges in Seismic 

Performance Category 1, or where force-based design (FBD) is required per Table 4.11 of 

the Code (i.e. in regions of moderate seismicity, for regular major route bridges and for other 

bridges of lesser importance), elastic analysis (R=1) is conducted using gross (uncracked) 

moment of inertia properties for the part of the member’s cross-sectional area that consists 

of TH-UHPFRC and a reference value of E=50 GPa in calculating the seismic demands 

(through the fundamental period of the bridge structure, T). For bridges requiring 

performance-based design (PBD), (i.e., Lifeline bridges in regions of moderate seismicity or 

higher, and in major bridges in regions of high seismicity), the displacement demand is 

determined from spectral acceleration using basic principles. The fundamental structural 

period, T, is obtained from detailed analysis of the structural system, where the effective 

flexural stiffness EIeff, of individual member will be defined from moment-curvature 

analysis of their critical section as depicted in Fig. 1. Where sectional analysis in necessary 

it should be conducted considering the detailed stress – strain material laws defined in 

Paragraph 3(b).  

 
  Figure 1:  Definition of Elastic Stiffness of Structural Members in PBD 

With reference to the minimum performance levels outlined in Table 4.15, and the 

performance criteria elaborated in Table 4.16 of CSA-S6 (2019), it is recommended that  in 

TH-UHPFRC components and component retrofits, the concrete compressive strains should  

not exceed 0.004, and likewise the reinforcing steel strains should not exceed 0.008, to 

ensure minimal damage. For repairable damage, steel tensile strains should not exceed 

0.015. Lastly, for the life safety limit, damage incurred to the member should not cause 

crushing of the encased concrete core of the jacketed component and reinforcing steel tensile 

strains should not exceed 0.06. These values are based on systematic review of the available 

experimental evidence on THFRPC material characterization experiments that are 

summarized in Fig. 2(a) and (b).  

For structures that have been designed to remain elastic, the displacement demands need to 

be re-assessed after calculating the extent of tension cracking according to the stress level 

attained in design. Where PBD is conducted, seismic resistances should be quantified using 

the already existing respective models of CSA-S6 Annex 8 (2019) for the various actions, 

considering the fiber contribution in the stress-strain response of the material in both tension 

and compression (i.e., flexural, shear, punching, torsional, lap strengths). For the material 

response in tension, for both design and analysis calculations of THFRC, the model specified 

in A8.1.8.3.2 of CSA S6:19 is recommended to be used (Fig. 2). For the material response 
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in compression, design calculations should be conducted using the model depicted in Fig. 3, 

whereas the model of Fig. 4 is intended for seismic assessment of available resistances. For 

design, a linear relationship between stress and strain in compression is assumed up to a 

compressive strain not exceeding 0.003, whereas the maximum usable strain at the extreme 

concrete compression fibre cannot exceed 0.004 unless it can be shown from material 

characterization tests that a higher value of strain can be justified. A residual strength equal 

to 0.2fc is assumed beyond this strain limit. Design calculations shall be performed using 

Fig. 3 and with Eqs. 1-3; Assumptions (a), (b), (d), (f) of Section 8.8.3 are valid.  

 

Figure 2:  Summary of experimentally measured values for the strain capacity of TH-

UHPFRC: (a) Peak Compressive Uniaxial Stress vs corresponding Strain; (b) Residual stress 

at 50% of Peak vs corresponding strain.  

    

 
𝜀𝑐𝑜 = 𝑓𝑐 𝐸𝑐 ⁄ < 0.003 (1) 

 

 𝑓𝑐𝑑 = 𝛼1 ∙ 𝜑𝑐 ∙ 𝑓𝑐,  𝜑𝑐 = 0.75; 𝑎𝑛𝑑 𝜀𝑐𝑜,𝑑 = 𝑓𝑐𝑑/𝐸𝑐 < 0.00225 (2) 

 

 𝜀𝑐𝑢,𝑑 ≤ 0.004 (3) 
 

In Eq. 2,  φc is the material strength reduction factor (this is equivalent to the 1/c used in 

EC2 2004). Analysis calculations of retrofitted elements should be based on a detailed stress-

strain law for confined TH-UHPFRC in compression as per Fig. 4. For the ascending branch 

(a) (b) 

Figure 3b. Design Stress Strain Model 

for THFRC in Compression 

𝑓𝑐 

𝜀𝑐𝑜 0.004 

0.2fc 

𝑓𝑡 

Figure 3a. Design Stress Strain Model for 

THFRC in Tension (per the Annex 8, of 

CSA-S6 2019) 

𝑚𝑖𝑛{𝑓𝑐𝑟𝑚;  𝛾𝐹𝑓𝐹𝑢} 

𝜀𝑡𝑠 Ftu 
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of the stress-strain law in compression, the model by Thorenfeldt, Tomaszewicz & Jensen 

(1987) is used:  

 
𝜎𝑎 = 𝑓𝑐

′ ∗ [
𝑛 ∗ (𝜀𝑎 𝜀𝑐𝑜⁄ )

𝑛 − 1 + (𝜀𝑎 𝜀𝑐𝑜⁄ )𝑛𝑘
] (4) 

 

 where, n = 15  (could be adjusted to match the Initial Tangent Modulus of Elasticity) and k 

= 1 for εa < εcc,o.  This may be further simplified by the linearized ascending branch shown 

by the black dashed line in Fig 4.  

 

The characteristic strain points in the stress-strain model plotted in Fig. 4, are estimated with 

reference to the experimental response values plotted in Fig. 2, after consideration of the 

internal confinement effect of the fibers which provide for the strain ductility of the material 

both in tension and in compression. Note that the internal confining pressure imparted by 

the fibers has been estimated to be equal in magnitude to the tensile strength of the material 

(Georgiou and Pantazopoulou 2016). For stress and strain calculations the confining stress 

is estimated from: 
 

 𝜎𝑙𝑎𝑡 = 𝜑𝑐 ∙ 𝑓𝑡 (5) 

 

 𝜀𝑐𝑜 = 𝑓𝑐 𝐸𝑐 ⁄  (6) 

 

Considering the confined strength and strain enhancement of concrete, a strain capacity 

corresponding to 75% of peak stress is estimated as:   

      
 

𝜀𝑐𝑢 = 𝜀𝑐𝑜 (1 + 20 (
𝜎𝑙𝑎𝑡
𝑓𝑐
))  =  𝜀𝑐𝑜 (1 + 15 (

𝑓𝑡
𝑓𝑐
)) ≥ 0.004 (7) 

 

 

𝜀𝑐𝑐,𝑜 = 𝜀𝑐𝑜 (1 + 6 (
𝜎𝑙𝑎𝑡
𝑓𝑐
))  =  𝜀𝑐𝑜 (1 + 4.5 (

𝑓𝑡
𝑓𝑐
))    (8) 

 

The linear descending branch extends  from the end of the plateau at peak (point with 

coordinates (fc’, cc,o) down to the point with stress equal to 0.75fc’ and strain of εcu. The 

stress-strain envelope reaches to a residual stress of 20%fc which is sustained to large strains.  

Members that are part of the lateral resisting system of the structure must be shown to possess 

the required displacement ductility, μΔ. This is taken equal to the response modification 

factor R, in FBD, or equal to the ratio of the estimated global displacement demand at the 

Figure 4. Analytical Stress Strain Model for TH-UHPFRC in Compression: (a) Stress-

strain Model; (b) Illustration of the Effective Confining Pressure, lat 

εcu 

fc 

0.2fc 

εco εcc,o <0.005 

0.75f

c 

0.5fc 

B 
ff 
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performance point, divided by the system’s displacement at yielding in PBD. Minimum 

reinforcing requirements shall be observed in designing structures with THFRC for 

earthquake resistance.  

 

For cases where the THFRC material is used as jacketing over conventional concrete (for 

retrofitting) the effective confining pressure of the encased concrete will be calculated from, 
 

 𝑓𝑙𝑎𝑡 = 2𝑘𝑒,𝑓𝜑𝑐𝑓𝑡(
𝑡
ℎ⁄ ) (9) 

 

Where, t is the jacket thickness and h the dimension of the encased cross section confined 

by the jacket. The confinement effectiveness ke,f is obtained from the ratio of the sectional 

area effectively confined divided by the total encased area (assuming a rectangular cross 

section with dimensions b  h):  
 

 
𝑘𝑒,𝑓 = 1 −

(𝑏2 + ℎ2)

3 ∙ (1 − 𝜌𝑠𝑐)𝑏ℎ
 (10) 

In the presence of confining reinforcement, the above will be modified to account for the 

contribution of stirrup confinement to the confining pressure, flat.  

 

 𝑓𝑙𝑎𝑡,𝑠𝑡 = 0.5 ∙ 𝑘𝑒𝑓𝑓 ∙ 𝜌𝑤 ∙ 𝑓𝑦,𝑠𝑡 (11) 

 
Figure 5:  Effectiveness of confinement imparted on encased concrete columns after 

jacketing with TH-UHPFRC –  the cover has been replaced in preparing the jacket. 

 

Performance limit states provided in Section 2 still hold in this case, however consideration 

need be given to the risk for buckling of compression reinforcement (sc ≥ cu=0.0035).  For 

this case, minimal damage is associated with the earliest of:  {sc ≥ sy=fy/200GPa, εst = 

0.008, and maximum jacket compressive strain, c,FRC< 0.004}.  Repairable damage limit 

state and Life Safety are as defined in Section 2.   

 

A design example is provided for practical illustration of the contribution of the tension 

hardening UHPFRC jacket using the design procedure outlined. A bridge pier with a 

rectangular cross-section as shown in Fig. 5 is used, with core dimensions 1.0 m1.0 m (h  

b) and an external THFRC jacket of tjacket=50 mm, leading to total final dimensions of the 

retrofitted pier cross section equal to 1.1 m  1.1 m. The total longitudinal and transverse 

reinforcement ratios were ρl=1.6% (32-25M bars – 9 per face evenly spaced) and ρw=0.4% 

(15M perimeter stirrups placed at spacing of 200 mm per old construction). Internal core 

concrete is of strength fc
’=35 MPa, Ec=25 GPa, εc’=0.2%, and the material’s ascending part 

of the uniaxial compressive stress-strain relationship is defined according to Hognestad’s 

b 

h 

t 

3435
3ECEES, September 2022, Bucharest, Romania



parabola. For the THFRC jacket, the compressive stress-strain response is defined by Eq. 4, 

with the complete shape of the curve shown in Fig. 4. Two types of materials were 

considered, one representing the conventional material properties THFRC,  and one for 

materials on the lower bound of UHPFRC classification regarding the tensile capacity. The 

former case has fc
’=150 MPa and Ec=48 GPa, on the compression side, and ft=11MPa, 

εts=0.022% and εtu=2.0%, on the tension side. For the second material, the values were 

fc
’=120 MPa, Ec=45 GPa and ft=6 MPa, εts=0.012%, εtu=2.0%, respectively. The coordinates 

of the complete stress-strain relationship in compression were defined according to Eqs. 5-

11. On the tension side, the jacket follows the guidelines shown in Fig. 3a, with the 

characteristic material properties shown above. Fiber effectiveness factor γF was assumed to 

be 0.5, for both materials, and the axial load on the section was 0.25 fc
’Ac. The results of the 

analysis are shown in Fig. 6.  

 
Figure 6: Comparison of moment-curvature diagrams from section analysis example for 

normal concrete section and for section confined with UHPFRC jacket.  

 

It is clearly shown that the contribution of the jacket improves the flexural capacity of the 

normal concrete section, with the maximum moment increasing by 57.7% and 45%, for the 

THFRC jackets of ft=11MPa and ft=6MPa, respectively. The corresponding confinement 

pressure of the encased concrete is estimated from Eq. 9-11 as, flat=0.54MPa and 0.41MPa, 

respectively, also considering the contribution of the stirrups. It is also evident that the higher 

tensile capacity of the THFRC material prolongs the tensile response of the jacket, with the 

breadth of the ductile plateau being significantly enhanced in the moment curvature diagram. 

Both curves of the THFRC-confined sections do not show significant post-peak strength 

reduction (i.e. less than 15%) up until significant levels of curvature ductility, and the 

curvature at peak moment is 87% and 109% higher than the unconfined section, for the cases 

of ft=11MPa and ft=6MPa, respectively. It is noted that for 1% tensile steel strain, none of 

the two THFRC jacket layers exceeded the value of co of 0.003 (Eq. 1).   

   

The performance limit states (Section 2) are also identified in Fig. 6, with the green denoting 

minimal damage, the orange for repairable damage, and the red for life safety. In the original 

(unjacketed) section, the green point is denoted by the yielding of compression 
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reinforcement (cy = 0.002), at a curvature of 3.7 x 10-6 1/mm, whereas the repairable damage 

at 7.1 x 10-6 1/mm corresponding to crushing of the cover. The life safety limit is obtained 

at the end of the curve, at 7.9 x 10-6 1/mm, at which point the concrete core crushed.  

 

In the THFRC-confined sections, the minimal damage point, denoted by curvature values of 

5.8810-6/mm and 5.9810-6/mm for the jackets of ft=11MPa and ft=6MPa, respectively, 

corresponds to the onset of compression bar yielding; this criterion was considered in 

addition to the limit states described in Section 2. The state of repairable damage occurs at 

the end points of the curves, which are terminated at steel strains of εst = 0.0159 and εst = 

0.0145, similarly; at this point, the encased concrete has reached the maximum compressive 

strain of εc = 0.0035.  It is noted that both jacketed examples have ample residual deformation 

capacity beyond these conditions to support life safety. 

 

3. Comparison with the AFNOR Recommended Compression Model 

 

In regard to existing compression models for THFRC, the AFNOR Recommended 

Compression Model (Appendix-NF P18-710:2016) is considered as an alternative, since it 

consists of a continuous smooth curve. The ascending branch in the stress-strain law in 

compression is given in the model as follows:  

 

𝜎 = 𝑓𝑐
′.

𝜂 ∙
𝜀
𝜀𝑐𝑜

𝜂 − 1 + (
𝜀
𝜀𝑐𝑜
)
𝜑∙𝜂 (12) 

where:  

 
𝜀𝑐𝑜 = [1 + 4 (

𝜎𝑙𝑎𝑡
𝑓𝑐′
)] [1 + 0.16

𝑘0

(𝑓𝑐′
2 + 800)

] (
𝑓𝑐
′2/3

𝑘0
)   (13) 

 

 
𝜎𝑙𝑎𝑡 =

𝑓𝑡
𝐾𝑔𝑙𝑜𝑏𝑎𝑙

 (14) 

Equation 14 takes into account the confinement effect due to the fibers through post-cracking 

strength. Kglobal is the global fiber orientation factor recommended as 1.25 as per the Annex-

T of NF P18-710:2016 (this corresponds to F=0.8).  

 
𝑘0 =

𝐸𝑐

𝑓𝑐′
1/3
  (15) 

 

 𝜂 =  
𝑘

𝑘−1
; 𝑘 = 𝐸𝑐

𝜀𝑐𝑜

𝑓𝑐
′  (16) 

 

 

𝜑 = 

{
 
 

 
 
1                                           𝑓𝑜𝑟 𝜀 < 𝜀𝑐𝑜 

ln (1 − 𝜂 +
𝜂 ∙ 𝜀𝑐𝑢
0.7 ∙ 𝜀𝑐𝑜

)

𝜂 ∙ ln (
𝜀𝑐𝑢
𝜀𝑐𝑜
)

   𝑓𝑜𝑟 𝜀 > 𝜀𝑐𝑜 
 (17) 

 

 
𝜀𝑐𝑢 = [1 + 15

𝜎𝑙𝑎𝑡
𝑓𝑐
′
] [1 +

20

𝑓𝑐
′
] [1 + 0.16

𝑘0

(𝑓𝑐
′2 + 800)

] (
𝑓𝑐
′2/3

𝑘0
) (18) 

 

Figure 7 compares the compression models of Modified Thorenfeldt and AFNOR for typical 

characteristic values for THFRC (in this example, fc
’=150 MPa, Ec=48 GPa, ft=11 MPa). 

3437
3ECEES, September 2022, Bucharest, Romania



4. Conclusions 

In this study, a comprehensive proposal for seismic provisions for bridge pier retrofitting is 

formulated, using jacketing with THFRC materials. Relevant performance criteria are 

discussed and guidelines regarding design and analysis modelling are specified as per the 

CSA-S6 (2019) framework. Subsequently, compression stress-strain models for design and 

analysis of THFRC are presented. The proposed compressive stress-strain relationship 

envelope is compared to the AFNOR Recommended Compression model with satisfactory 

convergence. Based on the database findings from the literature, the maximum usable strain 

of 0.005 in compression is proposed for THPFRC for 50% residual postpeak strength, 

whereas strain at attainment of first peak and the length of the strain plateau are related to 

the effective internal confining pressure imparted by the fiber content of the material.  A 

detailed example of a bridge pier jacketed with a 50mm layer of THFRC materials (one 

UHPFRC and one HPFRC) is considered to illustrate the implementation of the proposed 

methodology.  
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Abstract: Ultra-high performance concrete (UHPC) exhibits increased tensile, compressive, 
and bond strengths relative to normal strength concrete. Although UHPC has seen increasing 
usage in bridge deck superstructure and certain precast substructure connections, few studies 
have focused on the use of UHPC for bridge columns. The high bond strength and bond 
ductility is utilized in this study to implement a shifted plastic hinge away from the connecting 
and capacity protected elements in cast-in-place column bridge construction. The novel 
shifted hinge is achieved at the desired location by way of a non-contact lap splice. The 
capacity of the hinge can be controlled using the lap length by intentionally allowing slip to 
occur by design. The section dimensions are selected to achieve a reduction in total concrete 
volume of approximately three while maintaining sufficient capacity and stiffness to resist P-
D moments. Proof of concept component experimental tests are presented with pull-out and 
flexural specimens containing non-contact lap splices. The lap-spliced hinge is then 
investigated numerically using previously calibrated bridge models under multiple ground 
motions. The responses relative to the original reinforced concrete baseline model 
demonstrate the reduction in forces with only small increases in maximum displacements. 

Keywords: bond-slip, flexural test, pull-out test, response history analysis 

1. Introduction 

Ultra-high performance concrete (UHPC) exhibits attractive properties for use in structural 
elements and configurations. Most pre-mixes contain only fine aggregates, and steel or 
synthetic fiber volume fractions of 2-3% are commonly added. Superplasticizers and a low 
water-cement ratio give UHPC self-consolidating behaviour. The mechanical properties of 
different commercially available and non-proprietary mixes have been well documented in 
numerous studies, with the class of UHPC materials delineated by a minimum compressive 
strength of 150 MPa. The tension hardening behaviour of steel fiber reinforced mixes 
enables distributed cracking of flexural specimens rather than single large cracks more 
common in traditional reinforced concrete (RC). The high compressive and tensile strengths 
also result in high bond strengths with both normal strength steel (NSS) and high strength 
steel (HSS) reinforcing bars that enable shorter bonded lengths to develop the bars.  
Past studies on bridges utilizing UHPC have focused primarily on deck connections, deck 
overlays, grouted ducts or other precast substructure connections, and jackets or retrofit 
measures. Lap-spliced deck connections using UHPC closure pours were demonstrated to 
achieve desired performance under static and cyclic loads (Hwang and Park 2014; Haber 
and Graybeal 2018). Seismic substructure connections for precast bridge columns have 
successfully been used with UHPC grouted ducts (Tazarv and Saiidi 2015) and lap splices 
within UHPC segments (Chan et al. 2019; Wang et al. 2019; Shafieifar et al. 2020; Xu et al. 
2021) to generate emulative performance to existing RC. Lap splices with UHPC have also 
been used in repair of bridge columns (Dagenais et al. 2016). Some monolithic UHPC 
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column tests have been conducted under axial and lateral or eccentric load (Ren et al. 2019; 
Hung et al. 2018; Aboukifa and Moustafa 2021), with a focus on confinement and 
slenderness effects under later load and resist P-D moments. However, the columns largely 
emulate the detailing of traditional RC and exhibit substantial damage at the column base.  
Bond investigations on rebar embedded in UHPC are numerous (e.g., Graybeal 2014; Lee 
2015; Haber and Graybeal 2018; Ronanki et al. 2018). Many studies concluded that 
increased cover and lap length are primary parameters that control the bond performance. 
With sufficient arching action and fiber bridging in the UHPC cover when properly sized 
(usually 2 to 3 db), relatively short bonded lengths are needed to yield NSS (usually 10 db) 
and HSS bars (e.g., 12 db) . Select flexural studies showed 8 to 14 db may not be sufficient 
to yield even normal strength bars without sufficient cover (Saleem et al. 2013; Ronanki et 
al. 2018). However, flexural studies have shown that yield occurs under shorter bonded 
lengths and outside cover, particularly in the case where confinement is present (and 
generally pull-out tests overestimate bond strength relative to flexural tests due to the 
specimen state of stress). Flexural studies using one side of the rebar debonded in PVC tubes 
have suggested bonded lengths as low as 2 to 5 db (Kim et al. 2016; Wang et al. 2020; Saikali 
et al. 2022). Studies employing non-contact lap splices have usually erred on the 
conservative side for lap length in both flexural members and columns (e.g., 24 db in 
Dagenais et al. 2016). Cyclic testing (Shao et al. 2022) shows deterioration of strength but 
similar bond ductility to monotonic tests in unconfined specimens. 
The proposed shifted hinge concept is explored in this paper using component-level 
validation of non-contact lap splices under flexure, followed by a feasibility study using 
numerical models on a previously developed representative highway bridge. Previous 
research conducted on lap-splices and development of reinforcing bars in UHPC have 
focused on minimum length recommendations to either transfer or fully develop normal or 
high strength reinforcing bars. However, in the present study the focus in both the 
experimental and numerical tasks was purposely limited to regions of response where the 
non-contact lap splice governed the response. In some specimens, the rebar yielded; 
however, many rebars exhibited interfacial slip. While lap-splice rebar slip is considered a 
failed mechanism in traditional normal strength concrete (NSC) components since it results 
in brittle like deficient lap splices, in the present study it is demonstrated that non brittle 
UHPC interfacial rebar slip can be utilized as an alternative design philosophy objective. 

2. Non-contact Lap Splice Shifted Hinge Concept 

A novel approach is taken that capitalizes on the high bond strength, experience with shorter 
bonded lengths, and observed bond ductility of UHPC from component-level tests. The 
shifted plastic hinging (SPH) strategy is adopted, akin to a reduced beam section in steel 
moment frames. The SPH approach was previously successfully used in precast concrete 
specimens with mechanical splices (Haber et al. 2017). A similar approach was used for a 
non-mechanical lap splice with UHPC to join precast column and footing (Chan et al. 2019). 
Observations from cracking in the large-scale column tests, particularly the specimen with 
smaller aspect ratio, showed that slip occurred, but it was not brittle as is the case with older 
reinforced columns with deficient lap splices.  
The objectives of the non-contact shifted hinge are to control both the location and capacity 
of the hinge that forms. However, the emphasis is also on utilizing UHPC to not only 
economize the total material take-off, but also to reduce the plastic moment capacity of the 
column such that the forces transferred to the bent cap and foundation are limited. Lowering 
the force transfer, controlling the capacity, and moving the hinge away from the capacity 
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protected elements has the potential for connections with more predictable response and 
additional design savings, particularly for the size of deep foundations and the detailing for 
shear in the bent cap. The initial column section size was selected to achieve approximately 
a three-fold reduction in the volume of concrete (to offset the higher unit cost of UHPC with 
respect to traditional NSC). The section capacity was determined using only the UHPC 
material and eight continuous mild US No. 4 grade 60 reinforcing bars. The reinforcement 
ratio for the proposed lap-spliced connection was kept the same as the prototype NSC bridge 
being compared to. The lapped and continuous regions along the column height were used 
with nominal transverse reinforcement. The footing and bent cap bars were the same size as 
the lapped bars, but using grade 100 high strength steel to shift the hinge as was done in 
previous SPH studies. The lap lengths were selected such that slip occurs and neither the 
high strength bars at the interface with the capacity-protected element, nor the NSS bars at 
the interior sections, yield.  

3. Experimental Component Investigation 

A commercial UHPC pre-mix with steel fibers at 2% volume fraction (Cor-Tuf CT25) was 
used in the manufacture of a series of small-scale specimens. The testing matrix included 27 
pull-out specimens and 45 flexural specimens. Measurements of the compressive strength 
were made using ASTM C1856. The average at 28 days at day of test were 153 MPa and 
167 MPa, respectively. The modulus of elasticity was 49.6 GPa. Tensile properties were 
determined based on three-point bending prism tests according to ASTM C1609. Tensile 
pull-out tests were performed in a universal testing machine. Standard grade 60 US 
reinforcing bars were used with an average measured yield strength of 455 MPa and ultimate 
strength of 717 MPa.  
The unconfined pull-out test consisted of a single bar that was pulled out of a UHPC block 
restrained using two bars with non-contact spacing between bars of 0.5 db. The test was used 
to investigate different bar sizes, side cover, and lap lengths. The test matrix included some 
larger bar diameters (US No. 8 and No. 10), and focused on the range of lap lengths where 
slip would occur rather than bar yield and fracture. The test, while easy to conduct, results 
in a tension-tension state of stress in the concrete and rebar that are not representative of the 
state of stress in a flexural or axial-flexural component, nor do the tests commonly contain 
the confining effects due to stirrups. Results were similar to those obtained by other 
researchers and are not presented here. In general, large splitting cracks occurred along the 
length of the single bar, and the overall load was heavily influenced by the side cover. An 
example specimen with splitting crack is shown in Figure 1(a).  

3.1. Small-scale flexural testing 

Flexural specimens with single tension-side non-contact lap splices were designed to explore 
the range of behaviours with response governed by the lap behaviour. The test was used to 
investigate different bar sizes, bottom cover, lap lengths, and aspect ratios. Control 
specimens were included in the testing matrix had no supplemental reinforcement (UHPC 
only) and those with a single continuous reinforcing bar. The midspan crack typical of the 
latter is shown in Figure 1(b). In all cases (continuous bars and lapped bars), the bars were 
anchored at the specimen ends with 90 degree hooks that extended beyond the top surface 
of the specimen to ensure slipping only occurred from the center of the specimen. Specimens 
had clear spans between 61 cm and 81cm and were tested under four-point monotonic 
loading using displacement control. The cross-sectional dimensions were governed by the 
bar size and cover, with a range between 89 mm to 216 mm.  
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The tests were conducted using a universal testing machine at a displacement rate of 2.5 
mm/min until the load dropped below 20% of the peak load. In some instances, the test had 
to be stopped prior to this drop in load due to the extreme ductility and slow rate of softening 
observed in the specimens. The majority of specimens exhibited lap failure, which was 
defined by the asymmetric cracking on the tension face of the specimen that followed the 
location of the lapped bars (with the cracking propagating vertically up the height of the 
specimen at the location of the termination of the lapped bar). An example is shown in Figure 
1(c). The specimens numbered 11, 14, and 17 had the same shear span to depth ratio (1.5), 
bar size (US No 8), and cover (1.5 db). The corresponding lap lengths were 6 db, 9 db, and 
12 db, respectively. Due to the presence of the double reinforcing area in the lapped region, 
the larger lap lengths (bars fully developed) had strengths in excess of the control specimens 
containing continuous reinforcement (with only single bar).  

 

 
(b) Specimen 1-15 with continuous rebar, flexural crack at midspan  

 
(a) Specimen P-15 showing splitting 
failure during pull-out test 

(c) Specimen 2-14 with typical lap splice cracking pattern (bottom 
face of specimen) 

3.2. Inverse analysis for bond parameters 

A numerical model of the flexural test was developed in OpenSees using a combination of 
fiber sections for UHPC and discrete rebar elements. Compatibility of flexural displacements 
was ensured through rigid links connecting the nodal locations on the UHPC elements with 
those vertically offset at the location of the rebar elements. The tension hardening and 
tension softening behaviours of UHPC were calibrated using the modulus of rupture tests 
performed during quality assurance of the mix. The rebar elements were treated as beam 
elements to enable flexural resistance to develop in the bar at large transverse displacements. 
The interfacial bond constitutive model was assumed to be multilinear (hardening and 
softening) with parameters defining the stress and slip transition points on the piecewise 
linear backbone.  
The lap-spliced model was enabled by creating two bars throughout the length of the 
specimen, but controlling the length over which the bond-slip relationship was assigned 
(only in the specified lap region). A nonlinear regression was performed on the modulus of 
rupture for, 6 db, and 9 db specimens to obtain the average bond-slip parameters for the 
flexural specimens. The average parameters were then used in a predictive model and 
compared with the experimental results for the same specimens described previously. The 
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experimental load-midspan displacement and load-rebar strain relationships are presented in 
Figure 2. The load-midspan displacement plot shows both the experimental (solid line) and 
model prediction (dashed line). 

 
Fig. 2.  – Load-displacement and load-strain responses for component lap-spliced flexural specimens. 

4. Bridge Modelling and Analysis 

One of the RC highway bridges design by Ketchum et al. (2004) was selected for the 
feasibility study of the present paper. The bridge denoted Type 1A was used, containing 
single-column bents and the smallest circular column cross section of the various designs. 
The numerical response of the bridge was explored extensively in previous studies (Mackie 
et al. 2008). The model of the original Type 1A bridge was reduced to three spans with two 
intermediate bents. The Bridge Command Language (BCL) implementation of the bridge 
was used in the modelling and analysis results presented here. BCL is a higher-level object-
oriented bridge analysis framework that extends the original OpenSees Tcl interpreter. It 
provides higher-level abstractions that can be used to automate different analysis approaches 
including but not limited to modal analysis, hybrid simulations, transient, pushover, and 
pushunder analyses. BCL uses an algorithm to create a bridge from specified components, 
thereby removing the user from model code development. The post-processing of data is 
automated and can be extended to such quantities as damage measures, intensity measures, 
engineering demand parameters, and fragilities. Several studies utilized BCL for bridge 
analysis (Espinosa 2012, Mackie et al. 2011). The core components in BCL are abutments, 
diaphragms, bearing, bents, decks, foundations, columns, and hinges (Mackie et al. 2008).  

4.1. Baseline and Lap-Spliced Bridge Models 

The Type 1A bridge as implemented uses three-dimensional, fiber discretized, nonlinear, 
beam-column elements (Mackie et al. 2008). The constitutive model selected for steel 
reinforcement in the column corresponds to a material capable of modelling fatigue (Steel03 
wrapped by FatigueMaterial). The concrete constitutive model corresponds to Concrete04 
with properties defined independently for the confined and unconfined cases. The abutment 
model utilized corresponds to that of a spring abutment with expansion joints and uncoupled 
bearings. The spring abutment model is described in more depth in Aviram et al. (2008). The 
column of the bridge is seated on pile shafts constrained to be modelled as a fixed foundation. 
The deck of the bridge was modelled using three-dimensional fiber sections with addition of 
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pre-stress through initial strains. The deck connection with the diaphragm elements at each 
bent and at the abutment was considered to be elastic (as was the diaphragm itself). The 
transverse arrays of elements for the diaphragms allows explicit consideration of the location 
of the bearing elements and the springs representing the various resistance mechanisms of 
the abutment and in-span hinges.  
The bridge was subjected to a static analysis with just the gravity loads applied; followed by 
a static pushover analysis in each of the three orthogonal directions: vertical, longitudinal, 
and transversal. The large magnitude, small distance LMSR_C/D and large magnitude, large 
distance LMLR_C/D ground motion bins (Mackie et al. 2011) were selected to explore the 
nonlinear peak responses. Each bin corresponds to a USGS soil profile (C and D) and 
contains 20 ground motions consisting of three orthogonal translational acceleration 
histories. The ground motions were amplitude scaled by a factor of 1.5 to ensure significant 
inelastic responses were observed.  
The lap-spliced column model was implemented as a new module CircularColumnWithLap. 
The column clear height was divided into discrete regions. The ends were modelled with 
embedded HSS as beam-column elements over lengths intended to shift the location of the 
hinge. The constitutive model for UHPC was specified using the HystereticMaterial and 
backbone points in tension calibrated from component-level beam tests. The HSS and NSS 
constitutive models were used as in Al-Jelawy and Mackie (2022). The lapped regions at the 
top and bottom of the column followed the discrete modelling approach taken from Al-
Jelawy and Mackie (2022). Fiber sections were used to define the concrete and mild 
(continuous) steel, whereas the longitudinal reinforcing bars at the section perimeter were 
explicitly modelled using truss elements. Two discrete rebars were modelled at each location 
in the cross section perimeter. The reinforcing bars were connected using bond-slip springs 
to rigid elements extending from the centerline fiber element to ensure compatibility of each 
section. Therefore, the bars in the lapped region can move independently from the plane 
sections remain plane limitation, and in addition can slip relative to each other. The bond 
properties were determined from pull-out and flexural component tests described previously.  

4.2. Bridge Model Results 

The reduction in the gross section (even with increased material stiffness) results in a period 
shift from 0.85 to 1.06 s and 0.71 to 0.78 s for the first (longitudinal) and second (transverse) 
modes, respectively. This period elongation contributes a nominal spectral-induced part to 
the reduction in forces and increased displacements observed from the analysis. Response 
maxima were obtained from the bridge model variants under the excitation from the 80 
ground motions considered. Results of the demand model for maximum displacement at the 
top of the columns regressed against the peak ground velocity (PGV) are shown in Figure 3. 
Similar information is presented in Figure 4 for the case of maximum moment at the base of 
the column. The square-root-sum-of-squares (SRSS) of the longitudinal and transverse 
quantities was computed for both the intensity measure and response parameter(s). The 
displacement demands increase only slightly in the bridge models utilizing the proposed 
non-contact lap splice. However, the base moments are substantially reduced, as per the 
design of the lapped columns.  

5. Conclusions 

A non-contact lap splice was investigated in this paper to shift the plastic hinge in cast-in-
place UHPC columns. Counter to existing NSC and UHPC studies, the high bond strength 
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and ductility are leveraged to allow slip to occur as a mechanism for controlling force 
transfer to capacity-protected elements and localizing the hinge. Component-level 
investigations on the flexural performance of non-contact laps with shorted lap lengths 
demonstrated the material-level feasibility that was then extended numerically to bridge 
simulations employing the laps. Nonlinear response history analysis showed that the non-
contact lap design resulted in minor peak displacement demand increases, but significantly 
lower force demands. Therefore, limiting the load transfer from the columns to 
superstructure deck and foundation. 

 
Fig. 3.  – Maximum displacement seismic demand models (using PGV = peak ground velocity as the 

intensity measure) for different lap configurations for 80 ground motions. 

 
Fig. 4.  – Maximum base moment seismic demand models (using PGV = peak ground velocity as the 

intensity measure) for different lap configurations for 80 ground motions. 

While the preliminary results demonstrate the concept has promising potential for bridge 
applications, several key features are currently being investigated. The bond ductility in the 
flexural non-contact lap specimens, as with a majority of the existing literature, was observed 
only under monotonic static load. Therefore, the reversed cyclic and dynamic responses of 
both the lap and the UHPC section need characterization. Similarly, the numerical models 
of the laps considered deterioration of the UHPC, steel, and bond strength envelopes; 
however, insufficient data on the unloading and reloading rules prevented any stiffness 
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deterioration or pinching effects from being included. The latter are necessary for more 
refined estimates of the seismic response.  
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Abstract: Accelerated Bridge Construction (ABC) offers several advantages over the 

conventional construction methods such as shorter onsite construction time and lower traffic 

impact. On the other hand, rocking isolation has emerged as a promising alternative for 

earthquake-resistant bridges. This study focuses on the merits of rocking isolation in an ABC 

context and proposes the use of non-conventional lighter precast pier longitudinal sections for 

bridges suitable for prefabrication. In this respect, the basic equations to describe rocking 

motion of bridges with piers of non-conventional section are derived based on the concepts 

presented in previous studies by the authors. Notwithstanding the economic benefits, it is 

shown that non-conventional pier shapes have similar or greater seismic stability compared 

to conventional shapes due to the inherent mechanisms of rocking motion, thus rendering this 

concept worth further exploration.  

Keywords: rocking bridges, analytical dynamics, accelerated bridge construction, rigid body 

dynamics  

1. Introduction 

An urgent challenge has been placed in the sector of infrastructure in terms of construction 

time and rehabilitation after strong natural hazards like earthquakes, since society expects 

accelerated constructions, rapid upgrading and minimal damage. To this extent, Accelerated 

Bridge Construction (ABC) has been gaining substantial momentum worldwide due to the 

significant advantages that it offers over the conventional construction methods, such as 

substantial reduction of onsite construction time, less traffic disruption, safer working 

conditions and, potentially, lower cost. ABC relies heavily on the offsite prefabrication of 

the structural components that are shipped to the site for installation. For conventional bridge 

typologies, the on-site constructability and the subsequent seismic performance of the 

system depend strongly on the connections of the piers (both top and bottom). Several 

proposals have been found in the literature for these connections (i.a., Tazarv and Saiidi 

2016), including rocking configurations supplemented with additional devices that provide 

energy dissipation and re-centring (i.a., Palermo et al. 2005). However, they have not been 

widely used in earthquake-prone regions due to their uncertain seismic performance.  

On the other hand, rocking has been put forward as an isolation technique to resist strong 

earthquakes (Mander and Cheng 1997) in order to tackle the known disadvantages of bridges 

with conventional seismic design, namely that ductile bridges suffer significant damage and 

bridges with conventional isolation sustain excessive displacements when subjected to the 

design seismic action. Structural systems that utilise rocking as an isolation technique show 

minimal damage (Sakai and Mahin 2004), inherent re-centring capacity and easy restoration 
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of the sacrificial vertical (pier) members that concentrate damage when rocking motion 

induces. The very few real-life applications of this design concept include the South 

Rangitikei Bridge (Beck and Skinner 1974) and the Wigram-Magdala Link Bridge 

(Routledge et al. 2016), both located in New Zealand. 

This work aims at combining rocking isolation in the context of ABC, where prefabrication 

is key. Although a broad range of prefabricated shapes are available offsite, so far the 

research community has favoured pier conventional longitudinal sections suitable for 

sustaining large flexural and shear deformations, such as rectangular or circular shapes. 

Considering that rigid (or semi-rigid) connections are not expected when pure rocking 

isolation is applied while the rocking piers are free-standing, relative drifts are minimal and 

displacements are mainly due to rigid body motion of the piers (Agalianos et al. 2017, 

Thomaidis et al. 2020). When rigid body motion is predominant, the main parameters that 

define the seismic resistance of the vertical members are the mass and mass moment of 

inertia of the pier. In this regard, different non-conventional sections can be explored for the 

rocking piers, addressing their seismic performance as well as possible economic benefits in 

terms of economy in materials; potential lack of stability due to the decreased restoration 

mechanisms is also a problem to be addressed. 

The present study focuses on the two-dimensional seismic response of straight Reinforced 

Concrete (RC) bridges with rocking piers of equal height and cross-section. Prefabrication 

is suitable for constructing such bridges, since the rocking piers need no firm connection at 

either end. Three different pier configurations that can be easily manufactured off-site are 

studied, including (i) rectangular, (ii) hourglass, and (iii) I-shape. Comparison is made in 

terms of material use and seismic performance. 

2. Analytical modelling of the rocking bridge 

Fig. 1 shows a straight RC rocking bridge with total length 𝐿𝑡𝑜𝑡 = 2𝐿1 + (𝑁 − 1)𝐿2 

sustaining clockwise rocking rotation in the longitudinal direction. The free-standing piers 

rock around the pivot points A, C at the foundation and around B, D at the deck, and sustain 

an angle, 𝜃, which is the only Degree of Freedom describing the response of the system to 

horizontal forces. Positive rotations and displacements are indicated in Fig. 1.  

 

 

Fig. 1 - Schematic of the straight RC bridge with free-standing rocking piers. 

 

The deck section consists of a single-cell box girder with height equal to 2ℎ, bottom and top 

flange width equal to 𝐵𝑏𝑜𝑡 and 𝐵𝑡𝑜𝑝, respectively, and flange and wall thickness equal to 𝑡𝑓 

and 𝑡𝑤. The substructure consists of 𝑁 precast piers of size 𝑅 = √𝐻2 + 𝐵2 and slenderness 

𝛼 = tan−1(𝐵/𝐻). The different pier longitudinal sections and their corresponding 
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dimensions are presented in Fig. 2. The influence of the abutments at each bridge end is 

captured with spring (𝑘) and dashpot (𝑐) elements working in parallel in the longitudinal 

direction, while frictionless sliding bearings are introduced at points E and E, thus carrying 

part of the deck weight without restraining the longitudinal movement of the deck at the 

same time. The longitudinal elements at the abutments are activated when the deck closes 

the joint gap 𝑢𝑗𝑜𝑖𝑛𝑡, while the vertical supports are activated when the bridge system returns 

to the at-rest position introducing reaction forces. The response in the transverse direction is 

not addressed herein. 

 

 

Fig. 2 - Schematic of the precast piers with (i) rectangular, (ii) hourglass and (iii) I longitudinal section.  

 

Formulation of the equation of motion is based on the assumption that all structural members 

remain rigid throughout rocking movement (Thomaidis et al. 2020a). The rocking movement 

is considered predominant ignoring any sliding effects; to this effect, the coefficient of 

friction (𝜇) is assumed to be large enough so that sliding does not occur at any instant 

(Taniguchi 2002) at the pivot points at the base (A-A and C-C) and at the top (B-B and D-

D) of the piers. From a construction perspective, this can be achieved by including grooves 

in the foundation and the deck, as schematically shown in Fig. 1 that can also confine the 

rocking movement within a desired plane (longitudinal direction) to prevent three-

dimensional rocking and wobbling effects. The equation of motion for the rocking bridge in 

Fig. 1 can be derived using the Lagrangian formulation: 

 

𝑑

𝑑𝑡
(
𝜕𝑇

𝜕�̇�
) −

𝜕𝛵

𝜕𝜃
+
𝜕𝑉

𝜕𝜃
= 𝑄,       (1) 

 

where 𝑇 is the kinetic energy of the rocking system, 𝑉 is the potential energy produced by 

the conservative forces, 𝑄 is the generalised force, and 𝜃 is the generalised coordinate that 

describes the rocking motion. The equation of motion, whose derivation for a rectangular 

pier section is given in Thomaidis et al. (2020b), takes the following general form: 

 

�̈� = −𝑝2

{
  
 

  
 

1+2𝛾

𝑞𝑠𝑒𝑐
𝑝𝑖𝑣

+3𝛾
[sgn(𝜃) sin(𝛼 − |𝜃|) +

�̈�𝑔

g
 cos(𝛼 − |𝜃|)]                     , 𝑖𝑓 |𝑢𝑑𝑒𝑐𝑘| < |𝑢𝑗𝑜𝑖𝑛𝑡|

 
1+2𝛾

𝑞𝑠𝑒𝑐
𝑝𝑖𝑣

+3𝛾
[sgn(𝜃) sin(𝛼 − |𝜃|) +

�̈�𝑔

g
 cos(𝛼 − |𝜃|)]

+𝑞 [
𝑘 sgn(𝜃) ( sin𝛼 − sin(𝛼 − |𝜃|) −

𝑢𝑗𝑜𝑖𝑛𝑡

2 𝑅
) cos(𝛼 − |𝜃|) 

+𝑐 cos2(𝛼 − |𝜃|) �̇�
]
, 𝑖𝑓 |𝑢𝑑𝑒𝑐𝑘| ≥ |𝑢𝑗𝑜𝑖𝑛𝑡|

,   (2) 
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where 𝑝 = √3𝑔 4𝑅⁄  is a frequency parameter that depends on the size of each pier, 𝛾 =
𝑚𝑑𝑒𝑐𝑘 𝑁 ∙ 𝑚𝑝𝑖𝑒𝑟⁄  is the deck effect, and 𝑢𝑑𝑒𝑐𝑘 is the horizontal displacement of the rigid 

deck. The constant 𝑞 = 4𝑅 g(𝑁𝑚𝑝𝑖𝑒𝑟𝑞𝑠𝑒𝑐
𝑝𝑖𝑣 + 3𝑚𝑑𝑒𝑐𝑘)⁄  is a parameter that depends on the 

section properties of the bridge and expresses the level of influence of the abutments 

(Thomaidis et al. 2020b). Finally, the constant 𝑞𝑠𝑒𝑐
𝑝𝑖𝑣

 is a parameter that depends on the 

longitudinal section of the precast pier, and it is given in Table 1. The double sign 

formulation indicates the different parameters for positive and negative rocking rotation 𝜃, 

respectively. Eq. (2) reveals that the rocking motion of the bridge has two forms, and it 

depends on whether the end gap is closed or not.  

Attenuation of rocking motion is expressed using the coefficient of restitution (𝜂) that relates 

the pre-impact to the post-impact angular velocities (�̇�1 and �̇�2, respectively) of two colliding 

bodies: 𝜂 = �̇�2  �̇�1 ⁄ . The formulation for the coefficient of restitution is based on the same 

assumptions adopted in Thomaidis et al. (2022). Thomaidis et al. (2020b), utilising an 

impulse formulation, derived the coefficient of restitution considering rectangular pier 

longitudinal sections. Here, the general form for different pier shapes is given: 

 

𝜂 =  
�̇�2

�̇�1
=

𝑞𝑠𝑒𝑐,1
𝑐𝑔

  −  
3

2
 sin2𝑎  +  

3

2
 (�̅�+1) 𝛾 cos2𝑎  +  

1

4𝑁
 (𝑞𝑠𝑒𝑐,2

𝑐𝑔
(2�̅�−1) + (6�̅�−3) cos2𝑎)

𝑞𝑠𝑒𝑐,1
𝑐𝑔

  +  
3

2
 (�̅�+1) 𝛾  +   

1

4𝑁
 (𝑞𝑠𝑒𝑐,2

𝑐𝑔
(2�̅�−1) + (6�̅�−3) )

,  (3) 

 

where �̅� = 𝐿1 𝐿2⁄  and the constants 𝑞𝑠𝑒𝑐,1
𝑐𝑔

 and 𝑞𝑠𝑒𝑐,2
𝑐𝑔

 are given in Table 1 in relation to the 

configuration of the precast pier.  

 

Table 1. Parameters q for the piers with different configuration. 

Parameter Pier Longitudinal Section 

𝑞𝑠𝑒𝑐
𝑝𝑖𝑣

 

R: 𝑞𝑅
𝑝𝑖𝑣

= 1 

H: 𝑞𝐻
𝑝𝑖𝑣

= 1.5625 ∙ (0.10 ∙ �̅�𝑓
2 + 0.054 ∙ �̅�𝑤

2 + 0.19476 ∙ cos2𝑎 + 0.4848) 

I: 𝑞𝐼
𝑝𝑖𝑣

= 1.623 ∙ (0.10 ∙ �̅�𝑓
2 + 0.054 ∙ �̅�𝑤

2 + 0.192 ∙ cos2𝑎 + 0.372) 

𝑞𝑠𝑒𝑐,1
𝑐𝑔

 

R: 𝑞𝑅,1
𝑐𝑔
= 1 

H: 𝑞𝐻,1
𝑐𝑔
= 0.75 + 0.390625 ∙ (0.40 ∙ �̅�𝑓

2 + 0.216 ∙ �̅�𝑤
2 + 0.77904 ∙ cos2𝑎 + 0.0192) 

I: 𝑞𝐼,1
𝑐𝑔
= 0.75 + 0.406 ∙ (0.40 ∙ �̅�𝑓

2 + 0.216 ∙ �̅�𝑤
2 + 0.768 ∙ cos2𝑎) 

𝑞𝑠𝑒𝑐,2
𝑐𝑔

 

R: 𝑞𝑅,2
𝑐𝑔
= 1 

H: 𝑞𝐻,2
𝑐𝑔
= 1.5625 ∙ (0.40 ∙ �̅�𝑓

2 + 0.216 ∙ �̅�𝑤
2 + 0.77904 ∙ cos2𝑎 + 0.0192) 

I: 𝑞𝐼,2
𝑐𝑔
= 1.623 ∙ (0.40 ∙ �̅�𝑓

2 + 0.216 ∙ �̅�𝑤
2 + 0.768 ∙ cos2𝑎) 

 

in which �̅�𝑓 = 𝑅𝑓 𝑅⁄  and 𝑅𝑓 = √𝐵
2 + 0.04𝐻2 is the diagonal of the flange, while �̅�𝑤 =

𝑅𝑤 𝑅⁄  and 𝑅𝑤 = √0.36𝐵2 + 0.36𝐻2 is the diagonal of the web of the non-conventional 

precast pier.  

3. Seismic performance of rocking bridges with precast piers of different configuration  

Two straight RC bridges with free-standing rocking piers were analysed to establish the 

effect of different pier configurations on the seismic stability. For the shorter structure, a 

deck of total length 𝐿𝑡𝑜𝑡 = 2𝐿1 + (𝑁 − 1)𝐿2 = 2 ∙ 50 + (7 − 1) ∙ 60 = 460 m is supported 

on 𝑁 = 7 precast piers, while the longer bridge with a total length 𝐿𝑡𝑜𝑡 = 2 ∙ 50 + (9 − 1) ∙
60 = 580 m has 𝑁 = 9 precast piers. All the piers have width 2𝐵 = 4.5 m and height 2𝐻 =
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34.0 m, therefore the slenderness and the size of each pier are 𝛼 = 0.132 rad and 𝑅 =
17.15 m, respectively. The three precast pier configurations (shown in Fig. 2) used for each 

bridge structure are transferred in segments to the construction site and installed with full 

connection between the segments. The deck section consists of a single-cell box girder with 

height 2ℎ = 2.5 m, bottom flange width equal to 𝐵𝑏𝑜𝑡 = 6.0 m, top flange width equal to 

𝐵𝑡𝑜𝑝 = 14.0 m as well as flange and wall thickness equal to 𝑡𝑓 = 0.35 m and 𝑡𝑤 = 0.60 m, 

respectively. Table 2 shows further information for each bridge in relation to the pier 

configurations. With respect to the bridge with rectangular piers, a reduction of 

approximately 10.0% and 10.6% in material use is achieved when hourglass and I rocking 

piers are used, respectively. The deck effect, represented by the parameter 𝛾, reveals a higher 

mass ratio for the bridges with piers of non-conventional configuration, and this is expected 

to have a beneficial effect on rocking stability (Makris and Vassiliou 2014), while the 

normalised stress that is developed at the weakest cross-section of each pier adopting a 

concrete grade C40/50, 𝜈𝐸𝑑 = 𝑁𝐸𝑑 𝐴𝑐 ∙ 𝑓𝑐𝑑⁄ , indicates that the proposed piers have capacity 

to resist additional loads that are not considered herein. 

 

Table 2. Information for the RC bridges with 7 or 9 piers of different configuration. 

N=7/N=9 
Mass 

Deck 

mdeck (tn) 

Mass 

Pier 

mpier (tn) 

Total 

Mass 

mtot (tn) 

Deck 

Effect 

γ (-) 

Cross-Section 

Ac (m2) 

Norm. 

Stress 

νEd (-) 

R 31625/39875 1721 43674/55366 2.62/2.57 4.5∙4.5=20.3 0.111/0.109 

H 31625/39875 1102 39336/49789 4.10/4.02 2.7∙2.7=7.3 0.308/0.302 

I 31625/39875 1060 39047/49418 4.26/4.18 2.7∙2.7=7.3 0.308/0.302 

 

The abutment has the same height 𝐻𝑎𝑏𝑢𝑡 = 6.5 m and width 𝐵𝑎𝑏𝑢𝑡 = 15.0 m for the bridges 

with piers of different longitudinal section, while the joint between the deck and the 

abutments has a gap 𝑢𝑗𝑜𝑖𝑛𝑡 = 20 cm. Same soil parameters are considered for the backfill, 

with shear wave velocity equal to 𝑉𝑠,30 = 300 m/s, classified to category C according to 

Eurocode 8 (EC8) provisions (CEN 2004), and shear modulus equal to 𝐺 = 10 MPa. Table 

3 presents the values for the spring stiffness and the damping coefficient of the abutments 

that are defined according to Zhang and Makris (2002). Interestingly, the level of influence 

of the abutments 𝑞 increases slightly for the bridges with piers of non-conventional 

configuration due to the reduction in total mass compared to the bridge with standard 

rectangular piers, implying that the beneficial contribution of the abutments to the rocking 

stability is increased in the non-conventional configurations. 

 

Table 3. Abutment properties for the RC bridges with 7 or 9 piers of different configuration. 

N=7/N=9 
Spring Stiffness 

k (MN/m) 

Damping Coefficient 

c (MN∙s/m) 

Influence 

q (m/tn) ∙ 10-3 

R 222.38 92.45 0.642/0.508 

H 222.38 92.45 0.664/0.526 

I 222.38 92.45 0.673/0.533 

 

The seismic performance is studied by representing ground motion both as pulse-type and 

artificial excitations. The equation of motion follows Eq. (2), while energy is dissipated at 

each impact and is described by Eq. (3).  
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3.1 Pulse-type ground motions 

Rocking performance is often expressed through the minimum acceleration amplitude of a 

pulse-type motion with given duration that is able to induce failure of a rocking structure 

with columns of certain slenderness 𝛼 and size 𝑅. Shi et al. (1996) introduced this expression 

by adopting overturning of the rocking system as the only failure criterion and is referred to 

as the Overturning Minimum Acceleration Spectrum (OMAS). Later, Thomaidis et al. 

(2020b) extended this concept by introducing an additional failure criterion that is failure of 

the abutment-backfill system, resulting in the corresponding Failure Minimum Acceleration 

Spectrum (FMAS). Herein, OMAS are utilised for addressing the rocking response of 

bridges with non-conventional pier configurations, and this is made via representation of 

ground motion through sine, Ricker symmetric and antisymmetric pulses as described by 

Eqs. 4, 5 and 6, respectively:  

 

�̈�𝑔 = 𝑎𝑝 ∙ sin (
2π

𝑇𝑝
𝑡)        (4) 

�̈�𝑔 = 𝑎𝑝 ∙ (1 −
2π2𝑡2

𝑇𝑝
2 ) exp (−

1

2

2π2𝑡2

𝑇𝑝
2 )     (5) 

�̈�𝑔 =
𝑎𝑝

1.38
∙ (
4π2𝑡2

3𝑇𝑝
2 − 3)

2π𝑡

√3𝑇𝑝
exp (−

1

2

4π2𝑡2

3𝑇𝑝
2 )     (6) 

 

The results in Fig. 3 are separated into two areas, one where the structure overturns (either 

after impact, Mode 1, or without any preceding impact, Mode 0) and one safe (no 

overturning) area. It is shown that the structure is most vulnerable for low-frequency 

acceleration pulses, although it survives even high-amplitude higher-frequency pulses, as 

confirmed experimentally by Peña et al. (2007) for free-standing rocking columns. Thus, the 

seismic stability against overturning of the rocking bridge under pulse-type excitations is 

typical of rocking systems, and in that sense, predictable.  

 

             

             

 

Fig. 3 - OMAS of the RC rocking bridges with 7 or 9 piers of different configuration when subjected to sine, 

symmetric and antisymmetric Ricker acceleration pulses. 

 

The unrealistically high amplitudes of the acceleration pulses reveal that the rocking bridge 

is not prone to overturning, and the system performance is governed by the failure of other 

structural members (i.e., of the abutment-backfill system as shown in Thomaidis et al. 
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2020b). With respect to the pier configurations, the bridges with piers of non-conventional 

section result in slightly larger safe areas compared to those with the rectangular shape, 

independently of the number of piers. This is attributed to the reduction in total mass for the 

bridges with non-conventional piers, implying lower seismic forces as well as higher 

restoring effect of the abutments. However, prediction of the rocking response using pulse-

type ground motions does not always suffice (Acikgoz and DeJong 2013). 

3.2 Artificial Ground Motions 

The present section extends the seismic stability analysis of the RC rocking bridges with 

precast piers of different configuration by using a set of strong artificial ground motions 

properly selected to fit the reference EC8 target spectrum considering Peak Ground 

Acceleration (PGA) equal to 0.80g and site conditions C (CEN 2004); note that this PGA is 

significantly higher than those used in Europe. Fig. 4 presents the artificial excitations and 

the spectral matching of response acceleration of the individual artificial records as well as 

the geometric mean (GM). 

 

       

Fig. 4 - Artificial excitations used for examining the response of the RC rocking bridges and spectral 

matching of response acceleration spectra to EC8 target spectrum. 

 

 

 
 

 

 

Fig. 5 - Peak response of the normalised rotation (θ/α) of the piers and the horizontal (udeck) and vertical 

displacements (vdeck) of the deck of the RC rocking bridges with 7 or 9 piers of different configuration when 

subjected to the artificial excitations (ARi). 
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The two RC bridges were subjected to the six accelerograms and Fig. 5 shows the peak 

response for the rocking bridges with seven or nine piers of different configuration. In all six 

cases analysed, the results among the different longitudinal sections are identical, but slightly 

larger amplitudes occur for the rectangular configuration, confirming the beneficial effect of 

the non-conventional shapes in rocking stability as shown in the previous section. It was 

found that all rocking configurations avoid overturning, reaching merely 10% of their 

capacity. In other words, the normalised rotation of piers 𝜃/𝛼 does not exceed 0.10, 

revealing the high performance of rocking bridges in overturning when subjected to strong 

ground motions. In terms of maximum horizontal and vertical displacements (uplift) of the 

superstructure, the shorter bridge has peak displacements of approximately 40 cm 

horizontally and 5 cm vertically for the AR3 excitation, while the longer structure reaches 

slightly larger values of 43 and 5.3 cm for AR1 excitation, respectively. It is noted though 

that the maximum displacement of the abutments ranges from 15 to 23 cm for all the 

examined cases, indicating possible failure of this member (Taskari and Sextos 2015). The 

response of the abutments would need further consideration, but it is out of the scope of the 

present work, as it focuses on the piers.  

 

 
 

 

 

Fig. 6 - Response histories of the horizontal (udeck) and vertical displacements (vdeck) of the deck and the 

normalised rotation (θ/α) of the piers of the RC rocking bridges with 7 or 9 piers of different configuration 

when subjected to artificial AR6 and AR1 excitations, respectively. 

 

To illustrate the effect of pier configuration on the overall rocking response, Fig. 6 shows 

the response histories for the rocking bridges with seven or nine piers of different 

configuration; for economy of space, results due to only one artificial AR record are 

presented. It is shown that the response histories for the bridges with piers of different 

longitudinal section are identical for the entire rocking motion with some minor differences 

(i.e., the time instant of each impact and the motion amplitudes after 3rd rocking cycle). The 

number of impacts is important because it affects the integrity of rocking interfaces, and is 
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shown that the pier configuration does not influence it since the same number takes place 

throughout rocking movement. The close similarity in the behaviour of the bridges with piers 

of non-conventional configuration and those with rectangular piers can be explained by the 

lower seismic forces and the higher influence of the abutments that is attributed to the 

reduction in total mass  (approximately 10.0% for the bridge with hourglass piers and 10.6% 

for the bridge with I piers), despite the fact that the inherent restoring mechanisms of mass 

and mass moment of inertia of the non-conventional configurations are reduced 

(approximately 35% and 11.7% for hourglass and 38.4% and 14.7% for I shape of each pier). 

4. Conclusions 

The present study focused on rocking pier solutions in an ABC context as an isolation 

technique in seismic regions. In addition to the common rectangular shape, other pier 

configurations suitable for prefabrication were explored (hourglass and I), having the 

potential of economic benefits in terms of material use and possibly performance. Equations 

of motion and restitution coefficients were derived for the new configurations considering 

bridges with rocking piers of equal dimensions.  

Two RC rocking bridges were examined in order to establish the effect of the length of the 

deck and the pier shape on the rocking performance. The bridges with non-conventional pier 

configurations revealed higher seismic stability but no significant influence on the overall 

rocking response compared to the rectangular piers, as confirmed for both pulse-type and 

artificial excitations. Improvement in seismic performance strongly depends on the degree 

of reduction in total mass of the rocking system. Thus, considering a rocking bridge 

structure, the higher the mass reduction due to decreased pier dimensions, the lower are the 

seismic forces that develop and the higher the participation of the abutment-backfill system 

in the restoring mechanism of the rocking motion, which was found to play a crucial role in 

rocking stability. Failure of this bridge system seems to be mainly at the abutment (rather 

than due to pier overturning). Overall, this paper illustrated the favourable effect of non-

conventional (lower mass) pier shapes on the rocking response of symmetric RC bridges and 

confirmed that rocking could be an attractive option, not only because it can improve the 

overall performance of bridges (minimises damage), but also because it can provide 

additional economic and construction benefits. 

Looking ahead, it is noted that lack of re-centring is neglected in this study by making the 

assumption of no sliding at any instant. This is a condition that is not realistic in real-life, 

since lack of re-centring may occur; this is even more the case when the vertical component 

of ground motion is taken into account. To avoid this, unbonded tendons are usually utilised 

to provide re-centring capacity. As already shown for rectangular pier shapes, it is expected 

that the use of tendons would decrease the rocking amplitudes and, in that sense, further 

improve the performance of the bridges with non-conventional pier shapes, thus making this 

concept even more promising. Given that the prefabricated rocking piers will in practice be 

segmental, the use of tendons would help joining different parts of the piers together. 

Furthermore, multiple impacts occurred in the studied bridges, pointing to the need for 

special care on the rocking interfaces that need to maintain their integrity throughout the 

rocking movement. It is stressed that alterations in the behaviour of the rocking interfaces, 

e.g. crushing of concrete edges, geometric imperfections etc., can weaken the rocking piers 

that can subsequently affect the overall performance of the structure and favour overturning. 

 

3456
3ECEES, September 2022, Bucharest, Romania



References 

- Acikgoz, S., DeJong, M.J. (2013). The Rocking Response of Large Flexible Structures to 

Earthquakes, Bulleting of Earthquake Engineering, 12, 875-908. 

- Agalianos, A., Psychari, A., Vassiliou, M.F., Stojadinovic, B., Anastasopoulos I. (2017). Comparative 

Assessment of Two Rocking Isolation Techniques for a Motorway Overpass Bridge, Frontiers in Built 

Environment, 3(47). 

- Beck, J.L., Skinner, R.I. (1974). The Seismic Response of a Reinforced Concrete Bridge Pier 

Designed to Step, Earthquake Engineering and Structural Dynamics, 2, 348-358. 

- CEN (2004). Eurocode 8: Design of Structures for Earthquake Resistance – Part 1: General Rules, 

Seismic Actions and Rules for Buildings (EN1998-1), CEN, Brussels, BE. 

- Cheng, C. (2007). Energy Dissipation in Rocking Bridge Piers under Free Vibration Tests, Earthquake 

Engineering and Structural Dynamics, 36, 503-518. 

- Di Egidio, A., Contento, A. (2009). Base Isolation of Slide-Rocking Non-Symmetric Rigid Blocks 

under Impulsive and Seismic Excitations, Engineering Structures, 31, 2723-2734. 

- Jankowski, R. (2007). Theoretical and Experimental Assessment of Parameters for the Non-Linear 

Viscoelastic Model of Structural Pounding, Journal of Theoretical and Applied Mechanics, 45(4), 

931-942. 

- Makris, N., Vassiliou, M.F. (2014). Are Some Top-Heavy Structures More Stable?, Journal of 

Structural Engineering, 140(5). 

- Mander, J.B., Cheng C.T. (1997). Seismic Resistance of Bridge Piers Based on Damage Avoidance 

Design, Technical Report NCEER-97-0014.  

- Palermo, A., Pampanin, S., Calvi, G.M. (2005). Concept and Development of Hybrid Solutions for 

Seismic Resistant Bridge Systems, Journal of Earthquake Engineering, 9(6), 899-921. 

- Peña, F., Prieto, F., Lourenco, P.B., Campos Costa, A., Lemos, J.V. (2007). On the Dynamics of 

Rocking Motion of Single Rigid-Block Structures, Earthquake Engineering and Structural Dynamics, 

36, 2383-2399. 

- Roh, H.S., Reinhorn, A.M. (2006). Nonlinear Behaviour of Rocking Beam-Columns with Confined 

Ends, Proceedings of 8th U.S. National Conference on Earthquake Engineering, San Francisco, Paper 

No. 1627. 

- Routledge, P.J., Cowan, M.J., Palermo, A. (2016). Low-Damage Detailing for Bridges – A Case Study 

of Wigram-Magdala Bridge, Proceedings of New Zealand National Society for Earthquake 

Engineering Conference. 

- Sakai, J., Mahin, S.A. (2004). Mitigation of Residual Displacements of Circular Reinforced Concrete 

Bridge Columns, Proceedings of 13th World Conference on Earthquake Engineering, Vancouver, 

Canada. 

- Shi, B., Anooshehpoor, A., Zeng, Y., Brune, J.N. (1996). Rocking and Overturning of Precariously 

Balanced Rocks by Earthquakes, Bulletin of the Seismological Society of America, 86(5), 1364-1371. 

- Taniguchi, T. (2002). Non-linear Response Analyses of Rectangular Rigid Bodies subjected to 

Horizontal and Vertical Ground Motion, Earthquake Engineering and Structural Dynamics, 31, 1481-

1500. 

- Taskari, O., Sextos, A. (2015). Probabilistic Assessment of Abutment-Embankment Stiffness and 

Implications in the Predicted Performance of Short Bridges, Journal of Earthquake Engineering, 19, 

822-846. 

- Tazarv, M., Saiidi, S. (2016). Low-Damage Precast Columns for Accelerated Bridge Construction in 

High Seismic Zones, Journal of Bridge Engineering, 21(3). 

- Thomaidis, I.M, Kappos, A.J., Camara, C. (2020a). Rocking vs Conventional Seismic Isolation: 

Comparative Assessment of Asymmetric Bridges in a Design Context, Proceedings of 17th World 

Conference on Earthquake Engineering, Sendai, Japan.  

- Thomaidis, I.M, Kappos, A.J., Camara, C. (2020b). Dynamics Seismic Performance of Rocking 

Bridges accounting for the Abutment-backfill Contribution, Earthquake Engineering and Structural 

Dynamics, 49(12), 1161-1179.  

- Thomaidis, I.M, Kappos, A.J., Camara, C. (2022). Dynamics and Seismic Performance of 

Asymmetric Rocking Bridges, Journal of Engineering Mechanics, 148(3), 04022003.  

- Zhang, J., Makris, N. (2002). Kinematic Response Functions and Dynamic Stiffnesses of Bridge 

Embankments, Earthquake Engineering and Structural Dynamics, 31, 1933-1966. 

3457
3ECEES, September 2022, Bucharest, Romania



Archiving paper seismograms from 1907 to 2008 from Denmark and 
Greenland 
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Abstract The paper seismograms from the Danish and Greenlandic seismological stations, 
spanning from 1907 to 2008, have recently been archived at the Danish National Archives. 
They have been registered, cleaned and re-packed, and are now publicly searchable and 
available. In all about 15 tons of paper are archived. Here we describe the archiving process 
and present three examples of data to illustrate the information that can be extracted from 
these analogue archives: The first Danish earthquake recorded – it occurred in 1930; the 
M7.9 Anatolian earthquake in1939, which was recorded on four different instruments at the 
Copenhagen station; and a moderate size earthquake in NE Greenland recorded both 
WWSSN instruments and on a modern STS-2 broadband sensor.  

Keywords: Historical earthquakes 

1. Introduction

Under the leadership of Inge Lehmann a 
national network for Denmark and 
Greenland was established in 1926-1927 
(Birch and Lehmann (1971); Lehmann 
(1930) and Hjelme (1996)). The station in 
Copenhagen, Denmark (COP) was 
“testbed” to choose the best instruments 
for the two planned stations in Greenland 
IVI (Ivittuut), and SCO (Ittoqqortoormiit 
(Scoresbysund)). Thus several different 
instruments were in operation 
simultaneously. By 1930, they consisted 
of Wiechert horizontal and vertical, 
Milne-Shaw, Benioff, Wood-Anderson, 
and Galitzin instruments Lehmann (1930) 

and Hjelme (1996), allowing for 
comparison between the different 
instruments. Through the years the 

instrumentation changed. The majority of the instruments are still in the original vault, but 
are not in operation. In following years several additional stations were established, 
relevant here the station at Danmarkshavn (DAG) in NE Greenland. 

Fig 1. Location of seismic stations (green triangles) and 
earthquakes (red stars). 

3458

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

3ECEES, September 2022, Bucharest, Romania

mailto:tdj@geus.dk
mailto:llj@sa.dk
mailto:tbl@geus.dk
mailto:pv@geus.dk


By late 2021 the Geological Survey of Denmark and Greenland (GEUS) finalized handing 
over all paper seismograms (approx. 15 tons of paper) to the Danish National Archives, 
where they now are publicly available.  

Here we show three examples of data: Highlighting Lehmann’s work on the first recorded 
Danish earthquake, the 1939 large Anatolian earthquake recorded on four different 
instruments at COP and a local earthquake recorded in NE Greenland on both WWSSN 
instruments and a modern STS-2 broadband sensor.  

2. The Archiving

The seismograms were 
originally stored at two 
locations, one of which 
was without climate 
control and poor 
storage facilities (Fig. 
2a), the other suffered 
flooding in 2011 when 
Copenhagen 
experienced an 
unprecedented large 
rainfall. Fortunately the 
seismograms were not 
immersed, but this 
event initiated the 
archiving of all 
seismograms at the 
Danish National 
Archives.  
Each bundle (typically 
a month of 
seismograms from an 
instrument) were 
inspected, a few we 
were forced to discard 
due to environmental 
damage (fig 2b).  Most 
underwent a careful 
freeze and thaw process to make sure any vermin and mould was killed, and many required 
vacuum cleaning. The seismograms were then registered and packed in custom made 
boxes (fig. 2c). In all over 1000 boxes are now archived with seismograms from 13 long-
term station and a number of short term stations . The holdings are searchable online at the 
National Archives in Denmark. 

3. Examples of data

We present examples of data for two events illustrating the sensors at COP, the station in 
Rødovre, Copenhagen, and an additional example from NE Greenland, illustrating the 
improvement of the change to digital recording.  

Fig. 2a) Original storage inspected during packing. (Photo: Recover Nordic) 
b) The worst case of “preservation” – these seismograms were discarded
(Photo: Trine Dahl-Jensen) c) Lif Lund Jacobsen (Danish National Archives) 
handling seismograms at the Danish National Archives (Photo: Robert 
Wegner). 
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 3.1. Copenhagen 1930 

The Copenhagen 1930 
earthquake (1930-10-31 
23:17 UTC, SSE of 
Copenhagen, Denmark at 
55.24°N/12.70°E) is 
described in Dahl-Jensen et 
al. (2022).  It was widely felt 
in Denmark and Southern 
Sweden, and the numerous 
reports were used in 
Lehmann (1931) along with 
records from seismograms 
recorded on Wiechert 1000 
kg inverted pendulums and 

1300 kg astatic vertical 
pendulums on smoked paper 
at COP and LUND (Lund, 
Sweden). Lehmann used S 
minus P time differences 
from the two stations and 

first arrival polarities to locate the earthquake (Fig 3a). Later Arvidsson et al (1987) added 
readings from additional stations and arrived at a similar location. Lehmann (1931) did not 
estimate a magnitude, but outlined a circle with radius 93 km of reports of up to 
Macroseismic intensity 3. Voss et al (2017) related magnitude and areas with intensities, 
and using this relationship the 1930 earthquake can be estimated to M 4.1 (Fig 3b). In 
Hjelme (1983) the magnitude is reported to be Ml 4.0. 

3.2. Anatolia 1939 

Erzincan Earthquake North Anatolian Fault Zone, Turkey M 7.8 earthquake (1939-12-26 
23:57 UTC at 39.70°N 39.70°E 15 km depth) is the topic of many papers – see for example 
the list on ISC website Event 902291. The earthquake was recorded on four different 
seismic sensors at COP: Wiechert 1000 kg inverted pendulum and 1300 kg astatic vertical 
pendulum on smoked paper; "Russian Pendulums" Galizsin-Wilip electromagnetic 
seismographs; horizontal Milne-Shaw seismograms on photographic paper and SP vertical 
component Benioff seismograph. On the Wiechert vertical component the signal is clear 
and not clipped (fig 3). Many individual arrivals can be identified (Fig 4). The maximum 
amplitude is read as 13.5 cm. Using the constants for the vertical Wiechert instrument (see 
bulletins at http://seis.geus.net/bulletin/historical.html) the magnification is calculated to be 
85 (Herak et al (1996)). Using the Prague formula for MS noted in Karnik et al (1962) Ms 
is calculated to be 7.4. The magnitudes listed at ISC range from M7.6 to M8. 

Fig. 3 Modified from Dahl-Jensen et al. (2022). a) Wiechert 
seismograms of the 1930 earthquake SSE of Copenhagen (inverted 
colours). b) Modified from Voss et al. (2017), Fig. 7. In Lehmann 
(1931), Fig. 3 outlines a circle with radius 93 km of Macroseismic 
intensity 3 reports. The LOG10 of the area of the circle is marked by a 
horizontal line, showing an estimated magnitude M 4.1. 
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Fig 4. The record of the Erzincan Earthquake North Anatolian Fault Zone, Turkey M 7.8 earthquake (1939-
12-26 23:57 UTC at 39.70°N 39.70°E 15 km depth on four different instruments, all located in the vault at
COP, the station in Rødovre, Copenhagen.
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3.3 Danmarkshavn 2000 

NE Greenland Mb 4.0 earthquake (2000-10-21 00:46 UTC at 79.202°N 19.004°W 10.0 km 
depth) is a medium sized earthquake (also described in Dahl-Jensen et al (2022) which 
occurred in an active area in NE Greenland (see Larsen et al (2006)). It was recorded both 
digitally on a modern broadband sensor (STS-2) and on WWSSN instruments (LPZ, LPN, 
LPE and SPZ) at the station at Danmarkshavn (DAG) 274 km away. The WWSSN SP Z 
record of this moderate earthquake is amplitude-clipped. The frequency content of the 
event lies mainly between 1 and 5 Hz, compliant with the frequency spectrum of the 
WWSSN SP instrument (Oliver and Murphy, (1971)). Fig 4 illustrates the extent of 
clipping, but also the consistency of the signal for the two different instruments.  
 

Fig 5. NE Greenland DAG WWSSN SP Z with STS-2 Z 
component (filtered 1-5 Hz) overlain (in red) and scaled so see 
the extent of clipping on the WWSSN SP Z record. Dahl-Jensen 
(2022), Fig. 7. 
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4. Availability of seismograms 

The seismograms are available through the National Archives in Denmark 
(https://www.sa.dk/en/) – search for “seismogrammer”. The seismograms can either be 
inspected on site, or the National Archives can make a digital copy (at a cost). See Dahl-
Jensen et al (2022), Electronic supplement S1 for a station book. 
 
5. Conclusions 
 
The archive of seismograms from Denmark and Greenland, spanning 100 years, has now 
become searchable and publicly available. The examples shown here illustrate that useful 
information can be gleaned from the analogue paper seismograms.   
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Abstract: Seismic activity is a permanent threat to human communities located in 

tectonically active areas through its major impact upon their existence. Since hundreds of 

years, major earthquakes and observations of their effects have marked the memory of 

mankind. Seismology as a science, had a fast evolution, with remarkable breakthroughs in a 

relative short period of time of approximately 150 years. The observatories in Timisoara 

and Bucharest, are the oldest seismological observatories in Romania, established at the 

beginning of 20th century. Timisoara observatory operated continuously from 1902 until 

1914 and intermittently in between the World War I and II. Starting 1950, the seismic 

station of Timisoara was reorganized and new instruments were installed setting up a new 

stage of progress in the seismic monitoring of Banat region. The major earthquake of 

March 4th, 1977 was a milestone in the process of modernizing the seismic network existent 

in Romania at that time and justified the urgent need to expand the number of observation 

sites and equipment quality. The inventory of the data archive existing at Timisoara 

Seismological Observatory reveals seismic valuable recordings and seismic bulletins 

regarding both, the local seismicity, regional and teleseismic events. The recovery, 

preservation, scanning and digitization of any source of reliable information from the early 

instrumental period or analog data is essential in defining seismicity of the western part of 

Romania (the Banat region). 

Keywords: seismologic data base, history of seismology, seismograms, seismologic archive 

1. Introduction

Earthquakes, as natural phenomena, deeply marked human communities and influenced the 

living standards in active seismic regions. Researchers from various fields of science tried, 

since the beginning of the 16th century, to understand and explain this phenomenon as a 

scientific alternative to empirical descriptions and superstitious interpretations. Seismology 

is a multidisciplinary science and is inseparable from the history of great achievements in 

mechanics, applied mathematics and general wave theory (Ben-Menahem, 1995). 
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The turning point that individualised seismology as a science and advanced it as a global 

discipline was the recording of the first teleseism at Potsdam in 1889 by Ernst von Reuber-

Paschwitz. From this point on, earthquakes ceased to be just local events in communities 

and cities, but a global concern in the scientific world. A grand communication line and 

collaboration between countries and continents has been opened, breaking all geographical 

barriers (Ben-Menahem, 1995). 

The construction of the first seismograph capable to properly record ground displacements 

made by John Milne in 1880 in Japan, was well received in the scientific world after the 

recording of the first teleseism at a distance of 80°, located in Izu Hantō peninsula (Japan). 

Regarding the development of seismology in Romania, a major contribution both locally 

and internationally was made by Prof. Stefan Hepites. 

2. Early stages of seismology in Romania

Hepites organised and directed the Institute of Meteorology in Bucharest since 1884 and he 

expressed great interest to study and understand earthquakes. He organised a unique 

system of macroseismic observation points using the meteorological network system and 

with well instructed personnel who collected information based upon the deeply 

psychological impact of major earthquakes on communities (Constantinescu, 1977). 

Hepites published in 1893 the first bulletin of macroseismic effects for the areas affected 

by the Vrancea earthquakes for 1838-1893 time interval. His work was appreciated on an 

international scale, and his method was adopted both in nearby countries such as Bulgaria 

and overseas, in Chile. The work of Hepites was appreciated and contributed to the studies 

elaborated by Montessus de Ballore (1906), Emmanuel de Martonne (1902) and Heinrich 

Sieberg (1904). 

Moreover, in 1889 Hepites installed two Brassart seismoscopes in the barometers room of 

the Meteorological Observatory of Bucharest, setting up the first seismic station in 

Romania and one among the first stations in Europe. Later on, in 1895, a Guzzanti 

seismoscope and a Tacchini seismometer were installed and in 1898 an Agamennone 

seismoscope was added to the seismic station in Bucharest.  In 1902, as reported by 

Constantinescu (1977), Hepites managed to obtain and install two Bosch short period 

seismographs, with mass of 10 kg. The seismograph functioned until the early 1950’s. 

According to Demetrescu (1937), in 1914 the Seismic Observatory of Bucharest was 

completed with two Galitzin seismographs of high sensitivity and with photo- 

galvanometric recording. Even though instrumental seismology was at its early stages, 

Romanian researchers have managed to keep up with the latest equipment developments. 

When the equipment purchasing was not possible, due to political and economic 

difficulties, the repairs or development of the equipment were done locally, in the ateliers 

of the Astronomic Observatories of Bucharest and Timisoara. 

After the devastating earthquake of November 10th 1940, a new stage in seismological 

research began in Romania and the seismic network was extended around the Vrancea 

seismic region. In the following years, new seismic stations were installed (Fig.1) in 

Focsani (FOC) and Bacau (BAC) in 1942, Campulung (CMP) in 1943, Iasi (IAS) in 1952 

and Cheia-Muntele Rosu (MLR) in 1971 (Vanciu-Rau et.al., 2021). 
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2.1. The seismic monitoring and research development in the Banat region 

The interest in seismic monitoring of the Banat zone appeared at the same time frame as 

the development of seismology in Bucharest. At the end of 19th century, the Banat region 

was under the Austro-Hungarian influence. As related by Tőkés (1906), an early point for 

macroseismic observations was established in Timisoara in the late 1890’s, functioning 

within the meteorological station organised by Thege Mikosi Konkoly and locally 

administrated by Ede Berecz. Starting with 1902, a Rossi seismograph was installed here. 

In the bulletins issued, the station was named as “The meteorological and seismological 

station of Timisoara”.  

In 1904 the instruments were transferred to a separate building where a modified Vicentini 

(Konkoly-Vicentini) seismograph was installed to monitor the seismic activity of Banat. 

Thus, the Timisoara Seismic Station becomes a point of reference in Europe in seismic 

monitoring from the early years of the 20th century. The station operated continuously until 

1909 and intermittently until 1919 followed by a period of almost 20 years of inactivity.  

The seismological service of Timisoara has been reorganised by Ioan Curea in the early 

1940’s (Curea, 1942). The Seismic Station of Timisoara became operational again in 

January 1943, being equipped with two Mainka modified seismographs, with mass of 540 

kg and recordings on smoked paper. The activity stopped in April 1944 due to Second 

World War, when the city of Timisoara was bombed. The Timisoara seismic station re-

established its activity in 1950 and since then it has been operating continuously.  

The building of the Seismological Observatory of Timisoara is unique in Romania, 

designed with certain particularities to accommodate sensitive earthquake monitoring 

equipment and managing to adapt to each period of technological progress. The new 

building was inaugurated in 1965, as Curea relates in his autobiography (1969). In 1967, a 

new seismic station was installed at Susara, in a quiet Banat mountains area at a distance of 

150 km of Timisoara. Thus, these were the first steps in designing a seismic network for 

local earthquake monitoring in Banat. 

3. Seismologic instruments and seismograms at the Timisoara seismic station

Currently, all the analog instruments used for seismic monitoring at the Timisoara Seismic 

Station are stored and preserved in the station building, starting with the mechanical 

instruments installed by Curea in 1943, to the electro-galvanometers used in the early 

1970’s and until today, when data recording is done using digital sensors. 

The timeline (from 1943 to 1972) and the functioning parameters of these instruments can 

be established from the periodical seismic bulletins that were issued, stored and well 

preserved in the Seismic Station of Timisoara archive. The first seismic bulletin was issued 

in September 1943, and continued until April 24th 1944, when the station stopped working 

due to the war effects (Curea, 1944). 

The approximately 150,000 seismograms stored in the archive of Timisoara station are to 

be inventoried and prepared for scanning and conservation, in order to re-evaluate some of 

the most significant seismic sequences occurred in Banat region. Seismograms contain 

both local, regional and teleseismic events. 

The seismic stations installed over time in the Banat area are plotted in Figure 1 and the 

associated information on station location and operating instruments is given in Tables 1-7.  
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Figure 1.  The seismic network development for the western part of Romania in early 1970’s. The seismic 

stations installed after 1940 earthquake around the Vrancea seismic region are plotted with purple triangles 

Table 1.  Seismological instruments at the Timisoara Seismic Station (in chronological order) 

Station name and code Timisoara (TIM) 

Latitude (°N) 45.7367 

Longitude (°E) 21.2217 

Altitude (m) 88 

Crt.

No. 
Instrument 

Operating time 

period 
Components Type of instrument 

Recording 

support 

1 
Cacciatore 

seismoscope 
1902-1919 mercury - 

2 
Rossi-Forel 

seismograph 
1902-1919 - mechanic - 

3 

Vicentini 

seismograph 

modified by 

Konkoly 

1904-1919 - mechanic smoked paper 

4 

Mainka 

seismograph 

(moved from 

Cluj) 

1971 - 1977 NS / EW mechanic smoked paper 

5 

Mainka 

seismograph 

modified by 

Curea and 

Demetrescu 

1943-1944 

1950-1993 
NS/EW mechanic smoked paper 

6 
Kirnos – SKD 

seismograph 
1968 - 1991 

Z/ NS/ EW 
electrodynamic photographic paper 

7 

Vegik 

modified 

seismograph 

1971-1972 
Z/ NS/ EW 

electrodynamic photographic paper 

8 
DD1 

seismograph 
1991 - 2004 Z/ NS/ EW electromagnetic Ink on paper 

9 
S13 

seismometer 

1995 - 2007 

2007 - present 

Z/NS/EW 

Z/NS/EW 
electromagnetic 

ink on paper 

digital 

10 CMG40T 2007-2009 Z/NS/EW electromagnetic digital 

11 Episensor_2g 
2007-2009 

2017-present 
Z/NS/EW electromagnetic digital 
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It is very important to keep in mind that, in many cases, the instruments have been moved 

from one station to another – either for testing or for calibration procedures. Thus, 

reconstructing the evolution path and transfer procedure of seismographs is a unique task 

in the given conditions of few information available. One such case is that of Mainka 

seismographs from the Cluj seismic station, which were restored and tested between 1935 

and 1936 at the Bucharest Astronomic Observatory (Curea, 1940). After 1936 the Mainka 

instruments (now Mainka Modified) returned to Cluj operated from 1939 to 1940 when the 

station was closed due to the ongoing war. Only in 1963 the Mainka Modified 

seismographs were relocated at the Timisoara station (Marmureanu et al., 2020) where 

they start operating in 1971, according with the seismic bulletins (Curea, 1972). 

Another case of a relocated instrument is that of the S13 analog seismometer which 

initially operated at Buzias station and was then moved to Timisoara station in 1991 

recording directly on paper (Oros, 2022), until 1995 when the data was telemetred to 

Bucharest. After 2007 the data transfer was made through internet as it still does today. 

The data were transmitted to the Data Center in Bucharest by radio link until 2002 and then 

by internet. 

Table 2.  Seismological instruments at the Susara Seismic Station (in chronological order) 

Station name and code Susara (SSR) 

Latitude (°N) 44.8633 

Longitude (°E) 21.7433 

Altitude (m) 400 

Crt. 

No. 
Instrument 

Operating time 

period 
Components Type of instrument 

Recording 

support 

1 
VEGIK 

seismograph 
1968-1972 Z/ NS/ EW 

electrodynamic 

photographic 

paper 

2 
KIRNOS -SKM3 

seismograph 
1972 -1988 Z/ NS/ EW electrodynamic 

photographic 

paper 

3 DD1 seismograph 1978 - 1998 Z/ NS/ EW electromagnetic ink on paper 

Table 3.   Seismological instruments at the Deva Seismic Station (in chronological order) 

Station name and code Deva (DEV) 

Latitude (°N) 45.530 

Longitude (°E) 22.541 

Altitude (m) 195 

Crt. 

No 
Instrument 

Operating time 

period 
Components Type of instrument 

Recording 

support 

1 
VEGIK 

seismograph 
 1969 - 1975 Z electrodynamic 

photographic 

paper 

2 
KIRNOS-SKD 

seismograph 

1975 - ? 
Z/ NS/ EW electrodynamic 

photographic 

paper 

3 
KIRNOS -SKM3 

seismograph 
1975 - ? Z/ NS/ EW electrodynamic 

photographic 

paper 

4 
DD1 

seismograph 
1978 - 2017 Z/ NS/ EW electromagnetic ink on paper 

5 Episenzor_2g 2009-present Z/ NS/ EW electromagnetic digital 

6 CMG40T 2009-present Z/ NS/ EW electromagnetic digital 
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Table 4.   Seismological instruments at the Gura Zlata Seismic Station (in chronological order) 

Station name and code Gura Zlata (GZR) 

Latitude (°N) 45.393 

Longitude (°E) 22.776 

Altitude (m) 850 

Crt. 

No 
Instrument 

Operating time 

period 
Components Type of instrument 

Recording 

support 

1 DD1 seismograph  1978 - 2006 
Z/ NS/ EW 

electromagnetic ink on paper 

2 CMG40T 2006-2007 Z/ NS/ EW electromagnetic digital 

3 STS2 2007-present Z/ NS/ EW electromagnetic digital 

4 Episenzor_2g 2006-present Z/ NS/ EW electromagnetic digital 

Table 5.   Seismological instruments at the Buzias Seismic Station (in chronological order) 
Station name and code Buzias (BZS) 

Latitude (°N) 45.618 

Longitude (°E) 21.640 

Altitude (m) 260 

Crt. 

No 
Instrument 

Operating time 

period 
Components Type of instrument 

Recording 

support 

1 DD1 seismograph 1983- 2004 Z/ NS/ EW 
electromagnetic 

ink on paper 

2 
S13 seismometer 

1983 – 1995 Z/ NS/ EW electromagnetic ink on paper 

3 CMG40T 2004-2005 Z/ NS/ EW electromagnetic digital 

4 Episensor_1g 2005-2006 Z/ NS/ EW electromagnetic digital 

5 STS-2 2005-2013 Z/ NS/ EW electromagnetic digital 

6 Episensor_2g 2004-present Z/ NS/ EW electromagnetic digital 

7 CMG3ESP 2013-present Z/ NS/ EW electromagnetic digital 

Table 6.  Seismological instruments at the Banloc Seismic Station (in chronological order) 
Station name and code Banloc (BANR) 

Latitude (°N) 45.3825 

Longitude (°E) 21.1355 

Altitude (m) 80 

No.

crt. 
Instrument Operating period Components Type of instrument 

Recording 

support 

1 S13 seismometer 1984 - 2017 Z/ NS/ EW electromagnetic 
ink on paper / 

digital 

2 KS2000 2008-present Z/ NS/ EW electromagnetic digital 

3 Episensor_2g 2008-present Z/ NS/ EW electromagnetic digital 

Table 7.  Seismological instruments at the Siria Seismic Station (in chronological order) 
Station name and code Siria (SIRR) 

Latitude (°N) 46.2675 

Longitude (°E) 21.6597 

Altitude (m) 480 

Crt. 

No. 
Instrument 

Operating time 

period 
Components Type of instrument 

Recording 

support 

1 S13 seismometer 
1995 – 2004 

2004 – 2017 
Z/ NS/ EW      electromagnetic 

ink on paper / 

digital 

2 CMG40T 2015-present Z/ NS/ EW electromagnetic digital 

3 Episensor_2g 2020-present Z/ NS/ EW electromagnetic digital 
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While, at some stations, the equipment was modernized and gradually replaced by digital 

ones, other stations were closed due to administrative issues, as was the case of Susara 

station that closed in 1998 (Oros, 2022). As a testimony over time, the Timisoara Seismic 

Station is a page in the history of seismology in Romania, managing to keep in very good 

condition, all the equipment installed over time, for seismic monitoring of the Banat region 

and beyond, as well as a vast archive of documents, seismic bulletins and seismograms 

from Timisoara, Susara, Buzias, Banloc, Siria and Gura Zlata stations.  

Currently we are organising the documents, seismic bulletins, international correspondence 

and sorting chronologically, according to each station and instrument all the seismograms. 

Considering the instruments mentioned above and their operational period of time, we 

estimate that the archive is composed of about 150,000 seismograms. The seismograms are 

inventoried according to the information shown in Table 8. 

Table 8. Database for seismogram inventory 

Crt. 

No. 

Station 

code 

Seismogram 

beginning 

date and 

hour 

Seismogram 

end date 

and hour 

Instru-

ment 

type 

Recording 

support 

Compo-

nent 

Status Index Link 

1 BZS 02.01.1986 

06:00:36 

03.01.1986 

06:15:36 

S13 Ink on 

paper 

Z VG - 

N D - 

E G - 

The seismogram inventory database will contain both information regarding the recording 

station, instrument, date and time of start and end of the seismogram, the recording mode, 

the components of the instrument for which the seismograms were found, as well as the 

seismogram status (VG-Very Good, G-Good, D-Deteriorated or VD-Very Deteriorated). 

Each seismogram will have an index according to the shelf and the table in which it will be 

stored. After scanning, the seismograms can be easily accessed according to the link that 

will be added next to each seismogram index. 

Figure 2. Earthquake recorded on Mainka modified NS component on 12/13 January 1962 

Source: Timisoara Seismological Observatory archive 

The recording support changed once with the technological development of the 

instruments. The early recordings (Konkoly-Vicentini and Mainka, Mainka modified) were 

made using smoked paper (Figure 2) where a needle was scratching the paper surface, 

afterwards the paper was sealed in a solution composed of ethylic alcohol and colophony, 

preserving in this way the seismogram.   
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In the second stage of the instrumental development of the seismographs, the recording 

support was on photographic paper (Figure 3). The recordings were made using a light spot 

in an obscure room, afterwards the seismograms reels were developed revealing the 

recording. The next generation of equipment (Figure 4) provided a more accessible way to 

record earthquakes, using ink on paper, and is still used today at some seismic stations, 

more like a reminder of the past days of seismology and for educational purpose. 

Figure 3. Earthquake recorded at the Susara (SSR) seismic station on 6/7 December 1977 

Source: Timisoara Seismological Observatory archive 

Figure 4. Earthquake recorded at the Buzias (BZS) seismic station on 9/10 July 1989 

Source: Timisoara Seismological Observatory archive 

After the seismogram inventory is completed and digitalized, a new stage of relocating 

seismic events in the Banat region will be possible, providing a better accuracy and 

contributing to a better understanding of the structural dynamics of this particular seismic 

zone. As a support on this matter, the seismic bulletins issued by the Seismic Station of 

Timisoara between 1943 and 1972, under the coordination of Curea, can be very useful 

given the valuable information about the instruments and the parameters of the localized 

events. 
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Conclusions 

As the seismic monitoring newtork developed fast in the last twenty years, providing a 

large volume of accurate information, defining the active seismic zones in the western part 

of Romania it is of great value to preserve, recover and digitize, as much as possible 

information recorded in the early stages of seismology. Our aim is to contribute with new 

seismic sequences to the Romplus earthquake catalogue (Oncescu et al., 1999). 

By reprocessing all the available data, stored now on paper support, with the available 

digital technology we could relocate with more accuracy seismic events, re-evaluate source 

parameters and offer a better insight on the seismotectonic characteristics of the Banat 

region. The systematic development of new stations, now equipped with digital 

technology, corroborated with the valuable information of the early stages of seismic 

research in Banat will bring new research opportunities in terms of revaluating some of the 

most important parameters of some notable seismic sequences that occurred in Banat 

between 1943 and 1992. Every past information that can be retrieved and reprocessed, to 

obtain a more accurate and precise information, represents an important progress in 

understanding the complexity of the tectonic structure of the Pannonian-Carpathians area 

with special emphasis on Banat Seismic Region. 
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Abstract: The Legacy Seismic Data website is an open project to promote the discoverability and 
reuse of analog legacy data. The initial stage of the project focuses on providing a resource to find 
analog seismograms, primarily paper, that have been preserved as digital scans. Researchers can 
search for available data by event, station, or organization. Summary pages constructed from 
publicly available sources present additional metadata including how to access the resource if 
available and includes all references used. The project is developed as an open-source project hosted 
in a public repository on GitHub. The community is encouraged to contribute to help maintain and 
sustain this resource. Increasing the visibility of collections and their use helps demonstrate their 
value and will lead to the long-term protection of these valuable data. 
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1. Introduction

Legacy seismic data is an important primary data set of observations of seismic events that 
occurred in the past century. Using new methods and applying new insights and 
discoveries, careful reuse of these data has furthered our understanding of seismogenic 
processes e.g., Wang et al. (2018), Okal and Borrero (2011), Kanamori et al. (2010), and 
Ou et al. (2020). Much of this data remains undiscoverable to a generation of digital 
seismologists accustomed to remote access through online databases of seismic 
waveforms, such as the IRIS Data Management Center or ORFEUS Data Centre, to name 
just a few.1  However, accessing physical seismograms from collections often requires 
retrieval from hard-to-access facilities. These collections may be housed in remote 
commercial or governmental data facilities or poorly organized collections. Some are at 
risk of physical degradation due to poor storage conditions (Okal, 2015). 
In recent years, recognition of the fragile state of many collections and the emphasis on 
FAIR – Findable, Accessible, Interoperable, and Reusable data (Wilkinson et al., 2016) has 
led to a renewal in efforts to preserve these collections digitally for future use. In 2019, a 
group of international researchers met in Albuquerque, New Mexico USA to discuss the 
challenges in legacy seismic data preservation. Attendees identified eight community needs 
to advance preservation towards creating a community and the infrastructure necessary to 
enhance preservation, access, and usage of analog seismic data (Hwang et al., 2020).  
Efforts are underway on several of these. The European Seismological Commission 
Working Group: 02-12 Preservation, valorisation and analysis of seismological legacy 
data is launching a survey to compile a worldwide inventory of preserved legacy 
seismograms (J. Batló, T. Lecocq, and R. De Plaen, personal communication). This builds 
on previous work that surveyed physical materials preserved in existing centers primarily 
in the Euro-Mediterranean region (Ferrari, 1997). The FDSN is considering a proposal to 

1 See a list of data centers on the FDSN website: https://www.fdsn.org/datacenters/ 
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establish minimum metadata standards to enable federated discovery and access.2 Outreach 
to create a larger community of users continues through sponsoring of scientific sessions 
and special interest groups at relevant meetings. However, much work still needs to be 
done in attracting other communities to address the challenges of not just imaging the data 
but in applying new technologies to accelerate the end-to-end process of creating research-
ready, digital, time-series data. 
This paper describes an online resource to aid in the discovery of digitized legacy seismic 
data. The purpose of the website is to increase awareness and findability of these data and 
thus increase their (re)use. Described below are the data and metadata included and 
contents of the webpages. Future directions and sustainability are also discussed.  

2. Resource Description

The purpose of the website is to increase the use of legacy seismic data by increasing its 
visibility and discoverability as well as facilitate access. 

2.1. Data  

The resource described here lists available legacy seismic data. Legacy seismic data is any 
data related to the operation of seismic networks that were not collected originally in 
digital form. This includes seismograms, station bulletins, and phase cards, among other 
artifacts. The primary focus in this work is on digitized resources - primarily images/scans, 
which are easily transferred electronically and easily searchable by remote researchers 
negating the need for the researcher to be physically present. The initial stage of the project 
summarizes seismogram collections originally recorded on paper but can include data 
recorded on other media such as FM tape or secondary images. For example, the WWSSN 
collection exists as images on microfilm chips and microfilm rolls that were photographed 
from the original WWSSN paper seismograms (Lee and Benson, 2008; Okal, 2015). 
The data included are from publicly available sources that report on seismograms available 
in digital format typically as digital images. Primary sources of data include publications 
and information from open websites. If websites, last accessed dates are also included. In 
some cases, detail inventories and information have been shared through personal 
communication. If login or registration is required, this along with all sources are noted on 
summary page for the collection. These sources include, amongst others, an excellent 
summary paper by Okal (2015), workshop report and presentations from the 2019 Securing 
Legacy Seismic Data to Enable Future Discoveries Workshop Hwang et al. (2020), and the 
focus section Historical Seismograms: Challenges and Successes in Preservation, 
Digitization, and (Re)Analysis in Seismological Research Letters (Bent et al., 2020).  
For each collection, we create a summary page. Summary page data is not a detailed 
inventory but intends to provide the researcher with enough information to decide whether 
to investigate further. This data includes information about the station, instrumentation, 
original data format, digital data, and how to access as well as a historical context if 
available. Since the dataset relies on published data, a complete as well as identical set of 
metadata is not available for most stations since data reporting was not uniform between 
collections.  
Table 1 summarizes the metadata collected as .csv files in the public GitHub repository for 
the project. This data is used to create the maps shown on the project website and to 

2 https://www.fdsn.org/message-center/topic/fdsn-wg2-data/2022/1/ 
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construct tables on summary pages. In limited cases, we use external resources such as the 
FDSN website or McComb and West (1931).  begin and end should be the date the station 
began and ended continuous recording. In some cases, this is difficult to determine or is not 
known and may reflect the begin and end dates of the available digital or analog data. The 
remainder of the metadata is used as informational for the user to determine whether they 
wish to search further. More information about the maps generated is given in the next 
section. 

Table 1. Metadata Definition for .csv datafiles used to generate maps 
Field Definition 

organization Organization responsible for the collection (text string) 
station Station code (text string) 
location Physical location of station – City, State, Country 
latitude Station latitude (float) 
longitude Station longitude (float) 
begin Date station began recording YYYYMMDD 
end Date station ended recording YYYYMMDD 
components Number of components available (integer) 
type Type or name of instrument: long period (LP), short period (SP), 

very long period (VLP), high gain long period (HGLP), Wood 
Anderson (WA), broadband, (text string)  

analog type Format of analog medium of original recording (text string) 
digital type Format of digital resource(s) available (text string) 
url 
summary 

url to access data or more information on the resource (text string) 
name of the summary page, if not identical to the file name 
(optional) 

2.2. Website 

The website is organized in 8 major sections: Home, Events, Stations, Organizations, 
Monitoring, Bulletins, References, and Blog.   

2.1.1. Events 

Several organizations provide lists of events that records have been scanned e.g., Southern 
California Seismic Network (SCSN), SeismoArchives,3 and WWSSN.  This information is 
provided on an interactive map (Figure 1). Pop-up boxes indicate magnitude, depth, date, 
time, latitude, and longitude. Due to data density for EuroSeismos,4 we choose to provide a 
link to this resource instead of including each event on the map.  

2.1.2. Stations, Organizations, and Monitoring 

The data is broken into 3 broad categories for easier searching and management. Stations 
provide information for single stations not part of a larger network. Organizations provides 
information collections maintained by a single entity containing multiple stations often run 
as part of a network. Monitoring separates collections focused on nuclear monitoring. 

3 https://ds.iris.edu/seismo-archives/ 
4 http://storing.rm.ingv.it/es_web/Data/Es_map.html 
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Station metadata as described above (Table 1) is provided on interactive maps. Pop-ups 
reveal the metadata as determined here and provides links to their summary pages. Layer 
controls in the upper right-hand corner allows the use to select the data to display. 
Summary pages may include known projects that metadata has not been collected. Hence, 
all projects and their organizations are not mapped. 

Fig. 1 – Map displays events and metadata in pop-ups for which imaged analog data is available. Events 
that are near each other are automatically grouped into clusters. Clusters will ungroup as the user zooms 

in. The number of events in each cluster is displayed in its center. 

Station and Organization maps include time sliders (Figure 2). Time begins at the earliest 
known start date and ends at the last available time. Stations with unknown start dates are 
displayed upon map loading and will remain displayed until its end date. Likewise, if end 
date is not known, the station will remain displayed at the last available time. Markers for 
stations with known start and end dates are outlined in black.  

Summary Pages for each resource provides extended information in a semi-structured way 
as not all information about rescue projects is uniform across the resources.  Extended 
information provided if available includes:  

• More information: historical context - background and history of station or
network

• Stations: stations available and their station metadata or reference(s) to where to
find for large networks

• Instrumentation: instruments in use

• Recording Medium: type of medium records was originally recorded on.
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• Data Availability: what digitized data are available for this resource. May included
number of records available, scan quality, and format. This may be shown with
station data above. Included is information on how to access an acknowledge
collections if known.

• Contact: contact information for maintainers of collections

• References: references used for the page.

Fig. 2 – Station map with the Single Station layer turned on. Other layers can be accessed using the layer 
controls in the upper right-hand corner. The time slider (bottom) ranges in date from 1890-12-31 to 2018-12-

31. The metadata for station JCU is shown in the pop-up box. Its marker is outlined in black since its date
range is known. 

2.1.2. Other 

This project did not systematically search for information about digitized seismic bulletins.  
In limited cases, e.g., ISC, Taiwan, and Uppsala, information was found during the search 
for other data and is included in the Bulletins section. 

References is a comprehensive list of sources used to compile the information presented on 
the website. Relevant references are also included on the Summary Page for each resource. 

To promote community, a Blog is included. Contributions from the community are 
welcomed on all topics related to legacy data including preservation, research use, 
instrumentation, new technologies, events, new resources, etc. 

3. Discussion

An ongoing challenge with all open-source projects is long-term sustainability. 
Maintaining a project beyond initial funding often requires volunteer efforts from its 
maintainers. This project has intentionally been developed as open-source and open to 
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contribute to under an open-source license to promote contributions from the community. 
Guidelines are under development and will be available under How to Contribute. The 
project website is currently maintained in a public GitHub repository (see Data 
Availability) of the author. Once finalized the project will be moved to its own repository.   
Challenges persist in data discovery and completeness. Several approaches include 
reaching out to organizations to review information encouraging them to provide additional 
information; leveraging ongoing worldwide surveying efforts to add to the resource; and 
sponsoring special interests sessions/data hacks to work directly with resource maintainers 
to add information about their collections to the website. 
The project seeks contribution including but not limited to: 

• corrections, updates, and addition to content

• new content and features

• suggestions for website improvements
While designed to be extensible and easy to maintain, if successful the website will suffer 
from growing pains.  Automation of processes such as map generation and population of 
summary pages would ease future maintenance requirements. As more content is added, 
the website’s needs will grow beyond the template it is built upon. These signs of growing 
pains would be welcome and will drive the need for the next version of the website. 

4. Conclusions

In building a community for FAIR legacy data, an open-source project has been developed 
to address the challenges of discoverability and accessibility of legacy data. By focusing on 
digitized resources, primarily digital image data, the goal is twofold: to encourage good 
data management practices and data stewardship and to build a community of users and 
maintainers. We seek contributions and feedback through the project GitHub repository in 
developing this open-source project as a valued community-maintained resource. Through 
use and thus demonstration of its value, the scientific community can help to ensure the 
long-term protection of these valuable data. 
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Abstract: Analog seismograms and its complementary documentation deserve to make the
necessary efforts to both preserve and use them. Much of the original data is still in risk
because of inadequate storage conditions and lack of recognition. In most cases personnel
and resources  available are  scarce and it’s  extremely difficult  to devote part  of  them to
improve the present situation. 

We have elaborated a tutorial devoted to ease the smallest institutions to recognize their
seismic patrimony and to face some minor actions or projects to improve its preservation
and use. It is intended as a brief and useful compendium of best practices and problems to
avoid about identification, inventory, conservation/preservation, restoration, use and display
of seismic patrimony. We think it can also be useful to bigger institutions as a guide to
sharing  initiatives  towards  using  the  limited  available  resources  with  accorded  goals,
standards and practices in order to maximize potential results. 

Here we aim to expose in detail the current status of this project to a potentially interested
audience and to enrich it  with as many contributions, doubts, and observations from our
colleagues  as  possible.  We plan to shortly release  a  first  complete edited version to be
shared freely to the interested community.  

Keywords: inventory, preservation, restoration, digitization 

1. Introduction

For  near  one  century,  seismic  data  was  recorded  on  analog  seismograms  and  other
complementary  documentation  to  keep  additionally  needed  information  such  as
calibrations,  instruments  properties  or  maintenance,  time  corrections,  station  books,
bulletins, etc. 

Those original recordings keep irreplaceable data processed and studied with the limited
contemporary knowledge. Nowadays that knowledge has enormously increased, and we
know that they contain data useful for many present studies. 

Bulletin  data  reviewed,  produced,  archived  and  distributed  by  the  International
Seismological Centre (ISC) worldwide for seismic hazard estimation, for tectonic studies
and for regional and global imaging of the Earth’s structure has greatly contributed to
many advances and still  has potential  to increase results in many areas (ISC, 2022; Di
Giacomo et al., 2022). But analog seismograms contain much more information.
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Moreover, original analog seismograms keep useful data not only from earthquakes, but
also  from  other  phenomena  recorded  somehow  with  seismic  instruments  in  their
waveforms. Researchers have recognized in previously considered seismic noise additional
non-traditional  phenomena  such  as  slow-slip  events,  storm  surges,  tectonic  tremors,
acoustic phases, landslides, icequakes, and avalanches (e.g.: Ben-Menahem, 1975; Lecocq
et al., 2020). Anthropogenic sources such as nuclear tests, industrial activities, etc are also
topics  of research and the results  obtained have many other  applications  (e.g.:  Walter,
2020; Young and Abbott, 2020).

A  census  of  seismograms  available  at  different  Euro-Mediterranean  Institutions  was
presented  in  Ferrari,  (1997).  Later  on,  EuroSeismos  Project  (Michelini  et  al.,  2005)
fostered the interest to save and study them focusing on scanning, digital preservation and
dissemination, but also contributed in organizing the diverse sources participating, setting
common standards and procedures (EuroSeismos, 2005). But now, almost 20 years after,
many changes have happened to those archives and the people in charge of them. Besides,
those  efforts  were  restricted  to  Europe  and  there  are  many  other  important  archives
worldwide to properly preserve and use.

Now there is an increasing urge to minimize the risk of loss of that original data and push
to  identify,  digitize,  archive  and  disseminate  them.  At  the  last  IAGA-IASPEI  joint
assembly (2021), IASPEI resolution 2 states that:

"RECOGNISING that the EarthSciences require full access to historical data and
TAKING INTO ACCOUNT that a large volume of such data is at risk of a loss,
IASPEI URGES the nations of the world to identify, digitize and disseminate the
historical Earth science data without delay".

Also, IAGA approved a similar resolution (IAGA, 2021).

There  are  several  initiatives  working focused towards achieve  those goals.  Prospective
projects  have been sustained by the  NSF (Hwang et  al.,  2019).  Definition  of  a  set  of
metadata  to  properly  identify  scanned  seismograms  images  under  FAIR  principles
(Wilkinson et al., 2016) is also ongoing (Hwang et al., 2020). Inside the ESC, the working
group  on  "Preservation,  valorisation  and  analysis  of  seismological  legacy  data"
(https://www.legacy-seismograms.eu) is coordinating several initiatives in Europe, as the
"Seismic Patrimony Tutorial"  described in these pages or an updating of the census of
legacy seismograms preserved in Europe.

However,  we  cannot  forget  that  physical  preservation  of  original  documents  is  still
important. The number of seismograms and documents seems to be too big and complex to
be managed from a unique institution. Thus, the most pausible solution could be to keep
them preserved at  their  own institution  or  in  the nearest  physically  and administrative
place. This schema implies a shared (federative) way of operating that would benefit from
using known common procedures. 

2. Seismic Patrimony Tutorial

2.1. Objectives

Much of the original data is still in risk in small institutions or departments because of
inadequate  storage  conditions  and  lack  of  recognition.  In  most  cases  personnel  and
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resources available are scarce and it’s extremely difficult to devote part of them to improve
the present situation. 

We think that guidance and collaboration is key to any effort, and that a freely distributed
tutorial  with  basic  specific  recommendations  could  help  institutions  with  seismic
patrimony to properly react  in front of the different problems seismogram preservation
poses. 

We think  it  can  also be  useful  for  bigger  institutions  as  a  guide  to  sharing  initiatives
towards using the limited available resources with accorded goals, standards and practices
in order to maximize potential results. 

We have tried to write it down as simple and easy to start with as possible, aimed at an
audience without previous knowledge about the topic of paper documents preservation.
Right now it is only limited to a compendium of commonly accepted questions to consider,
hints, suggestions and a few basic ideas. Examples of other experiences and more detailed,
extensive and complete references should be presented only in graphic images, references
and annexes for simplicity. 

In order to start, in this first edition we refer basically to analog seismograms in smoked,
photographic or ink paper and its complementary documentation (such as in Fig.1) because
among the  oldest  ones  those are  the most  common and easy case  to  start  with.  Their
procedures are the easiest and most standardized to start with for small institutions, with a
significant number of previous efforts and institutions that already have dealt with those
and shared their experiences (e.g.: López Muga et al., 2020; Dahl-Jensen et al., 2022).

Fig. 1 - Complementary documentation examples from Observatori Fabra archive. Upper line, from left to
right: observations book, printed bulletin, manuscript bulletin. Bottom line, from left to right: seismic station

book, instruments maintenance logs, instruments calibration measurements.
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2.2. Table of contents

The tutorial structure has the following parts:

 Introduction.

 Identification of the seismic patrimony.

 Inventories and catalogues.

 Conservation and preservation.

 Restoration possibilities.

 Use and raise awareness.

 Annexes

And a short description of the different parts follows.

2.2.1. Introduction

Main goals, resources and specific objectives of the tutorial are briefly explained in a short
introduction  at  the  beginning.  Moreover,  there  are  some  mentions  to  other  important
aspects  and information  about  seismic patrimony that  have been considered out of the
scope of this tutorial because of their extension and/or complexity for the audience without
prior  knowledge or  that  have been considered only in  references  or  annexes  for those
readers interested in them.

2.2.2. Identification of the seismic patrimony.

This first chapter is devoted to start recognizing what do we have and in which state of
preservation  it  is.  It  is  crucial  trying to  know somehow the answer to  those questions
before being able to consider what can be done to maintain, improve or, at least, do not
worsen its present conditions. 

Using many images with examples and short definitions, we list the most common types of
seismograms and complementary documentation. Not only the cases covered in the rest of
the tutorial, but also other rather common that are not included, such as those recorded on
thermal  paper,  microfilms  or  early  digital  data  not  immediately  readable  by  present
available software and/or hardware.

Besides,  there  are  precise  suggestions  and examples  of  the most  important  features  to
explore,  characteristics,  details  and  additional  information  that  should  be  looked  for,
noticed and documented if it exists or not.  

In addition, we point out and give some definitions and examples of usual degradations
and other problems of preservation to ease to identify them and to introduce also in this
aspect the basic vocabulary needed for the following chapters. 

2.2.3. Inventories and catalogues

This second chapter is focused on defining what are the lists of items and related data that
are needed and how to get them. Now to perform quantitative evaluations with precise
purposes, instead of the previous chapter where qualitative or informative point of view
was still the main objective. 

The exact structure and contents of the catalog or inventory needed for each case will
strongly depend on the exact objectives selected and the available resources. Therefore,
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those can be as simple or complex as these. The catalogues and inventories already done or
in course are almost as diverse as the archives themselves. There are joint efforts (still to
be implemented) to standardize common procedures in order to create FAIR data from
them. But in this  short  tutorial  we leave that  complexity to be explored through more
professional  and  detailed  previous  experiences  through  the  literature,  some  of  them
included in the References section.

Nevertheless, the goal of this chapter is to provide some basic ideas, suggestions, advice
and  hints  about  these  procedures  in  order  to  maximize  the  potential  results  from the
available  resources and efforts  devoted and to consider avoiding common problems or
redundancies. 

2.2.4. Conservation and preservation

This part is focused on what/how to do and not to do to for best preserving seismograms
and other documents/objects  with the available  resources.  This can be as complex and
expensive as you could afford. But there are many aspects to consider before decide if any
intervention is needed and small and cheap (even free) possible changes with a potential
huge impact improving (or aggravating) conservation and preservation are possible. 

The goal of this chapter is to mention the most important aspects to consider exploring
them more accurately,  providing some basic ideas,  suggestions,  advice and hints about
these procedures in order to maximize the potential results from the available resources
and efforts devoted and to consider avoiding common problems or redundancies. It is very
important to state clearly those with each pros and cons before considering any restoration
intervention  or  use  onto  the  seismic  patrimony,  both  aspects  included  in  following
chapters.

Fig. 2 - Seismograms from the first seismic station in Observatori Fabra (1906-1913) with different
conservation conditions before (left) and after (right) a project for improving their preservation that included

some restoration.
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2.2.5. Restoration possibilities

Here we help to realize when, what, and how should/could or not to be done to recover the
patrimony from some of the most common degradations or problems. 

First,  some important  considerations  should be taken into account  before initiating any
restoration  because  most  of  them  are  irreversible  procedures  with  significant  risks
involved. 

Then, we explain how to measure or test basic properties of the materials,  that can be
decisive to evaluate and consider which restoration, if any, is needed.

After that, there are basic instructions about some of the most usual procedures, paying
special attention to those available with little experience, knowledge nor resources. Only to
be used if there has been a well-informed and carefully decided need for restoration even
considering the risks involved. 

Fig.2 shows some examples of the significant improvement of some of those techniques.

2.2.6. Use and raise awareness

The patrimony that cannot be easily used gets easily unknown, devaluated and eventually
degraded or lost.  There are  important  potential  uses with diverse objectives:  scientific,
historic,  divulgation,  ...  Any  effort  and  resource  devoted  to  exploring  and  preserving
seismic patrimony should consider and take into account which uses should have in the
future in order to maximize its interest and its preservation in the mid and long term.

For each case, it is important to realize when, what, and how should/could or not to be
done.  We add in this final chapter some considerations, ideas and suggestions to think
about before exploring possible actions and making decisions with any risks involved.

2.2.7. Annexes

This  section  includes  additional  information  and specific  tools  to  evaluate  the  existent
patrimony present situation, to learn more about the topics included in this tutorial, explore
those not included because of its complexity or extension, and be able to contact other
institutions with previous experiences in order to collaborate and share.

 Annex I: Survey of present situation and possibilities.

 Annex II: References and resources.

 Annex III: List of institutions with seismic patrimony willing to collaborate and/
or share experiences.

2.3. Collaboration needed

Fabra Observatory is a small institution with very limited resources and personnel. Thanks
to the guidance and help of bigger local and international institutions we could consider a
relative success our past and present projects for identification, preservation, restoration,
inventory and scanning. But anyway, our knowledge and experiences are limited. 

Collaboration,  or at  least  contact  with other’s  experiences,  examples,  specific  data  and
images with permission to be published is greatly welcomed. Bigger institutions input and
guidance is also needed to enrich this tutorial aimed to smaller institutions.

The draft version in process is in English to ease the international community participation.
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The first edition versions are expected in Catalan and English only because of funding
constraints. Spanish and other translations could be considered with the collaboration from
other institutions or individuals.

3. Conclusions

We presented the basic features of an elementary seismic patrimony tutorial.  Once the
main issues are defined, we ask for collaboration to enrich this guide for seismic patrimony
preservation aimed to help small institutions with legacy seismograms and related data,
where lack of resources and basic knowledge could put in risk that irreplaceable data and
metadata. 
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Abstract: The former Meteorological and Magnetic Observatory of Coimbra University 

was the first Portuguese institution to be equipped with instrumentation to record seismic 

activity. However, only with the installation of the Milne seismograph in 1903 began the 

continuous recording of telluric activity in that institution. The present work allowed us to 

verify that this equipment operated between May 1903 and July 1926; the last 9 years being 

on a non-regular basis, and not even operating in 1922, 1923 and 1925. It was possible to 

verify that about 97.7% of the 841 weekly record rolls of the Milne seismograph are still 

present in the collections of the current Geophysical and Astronomical Observatory of 

Coimbra University (OGAUC). During the present survey, the logbooks were found with 
indications of the log rolls’ weekly change and the time settings, which makes it possible to 

make all Milne seismograms still present at OGAUC usable for future studies. 

Keywords: Geophysical and Astronomical Observatory of the University of Coimbra, 

Milne seismograms, Seismogram’s heritage, OGAUC Milne seismograms 

1. Introduction

The Meteorological and Magnetic Observatory of the University of Coimbra (OMMUC) 

(founded in 1864) underwent restructuring in 2013, merging with the Astronomical 

Observatory (founded in 1799) of the same university. This union led to the creation of the 

Geophysical and Astronomical Observatory of the University of Coimbra (OGAUC), 

which currently holds all the instrumental and documental heritage of both former 

institutions. 

The former OMMUC’s initial objectives were to obtain and study meteorological and 

geomagnetic data. Nevertheless, this institution has always kept up with the scientific 

developments that were taking place in Europe and the world. In this context, in 1891, with 

seismology taking its first steps as a science, this observatory of the University of Coimbra 

acquired the first equipment to detect seismic events. The Angot seismograph, bought from 

House Breguet in Paris (France), became the first seismic recording instrument to be 

3489

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

3ECEES, September 2022, Bucharest, Romania

mailto:ana.im.gomes78@gmail.com
mailto:pribeiro@ci.uc.pt
mailto:joana_barreto_domingues@hotmail.com
mailto:fernandobfigueiredo@gmail.com
mailto:fcarlos@dct.uc.pt


installed in Portugal. However, it was only with the installation of the Milne seismograph 

in 1903 that seismic records began to be made continuously (e.g., Custódio et al., 2011; 

Custódio et al., 2012, Gomes et al., in press). 

In this work, we will show the collection of the Milne weekly rolls that still exists at 

OGAUC and discuss the problem of routines in handling this equipment. The aim is to 

contribute to the scientific community’s knowledge about the seismological heritage 

existing in OGAUC and its state of conservation, promoting its use for future works. 

2. The Coimbra Milne seismograph

As mentioned, the former OMMUC’s had been equipped with an Angot seismograph in 

1891. However, in 1900, the director of this institution, António dos Santos Viegas (1837-

1914), was not satisfied with the performance of such equipment. On 5 June of that year, 

he ordered a Milne seismograph from the instrument maker R. W. Munro through the 

director of Kew Observatory. This equipment arrived at OMMUC on 11 March 1901, after 

being verified at the National Physical Laboratory (United Kingdom). 

Considering the indications about the specifications mentioned by Milne (1897) regarding 

the place where the seismograph should be installed, Santos Viegas decided to construct a 

small building with the sole purpose of housing Milne's seismograph nº. 31. However, this 

small octagonal building was only completed in 1903 (Fig. 1). 

Fig. 1 – Location of the seismograph Milne house of the OMMUC. a) OMMUC's site plan with indication of 

the main building (1) and the seismograph Milne house (2); b) current photograph of the Milne seismograph 

building. 

The seismograph was installed and started operating in April of the same year (1903), 

beginning the continuous recording of seismic activity on a regular basis as early as 11 

May 1903 (Fig. 2) (e.g., Custódio et al., 2011; Gomes and Lopes, 2017). During the period 

it was in operation it recorded seismic events that occurred around the world, such as the 

August 27th, 1904, Alaska earthquake, with a magnitude of 7.3 (e.g., Tape et al., 2017; 

Fig. 2c). 

a) 
b) 

1 

2 

a) 
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Fig. 2 - Photograph of the first Milne seismograph weekly record roll (a), one of the boxes where rolls are 

stored (b) and the seismogram of the August 27th, 1904, Alaska earthquake (c). 

 2.1. The Milne weekly rolls legacy 

As mentioned in the seismograph operating instructions (Milne, 1897), the registration 

rolls had to be replaced weekly. The rolls were made of photographic paper, which 

involved developing and fixing them using the methodology and solutions described in the 

instructions. Another point referred to in Milne’s (1897) instructions concerned the need to 

mark the time when the weekly rolls were replaced on the rolls themselves. The Milne 

seismograph weekly record rolls survey showed that the latter instruction was not always 

followed and the time when it was placed and/or removed was not indicated in many rolls. 

Fortunately, logbooks containing information about the change of rolls and the adjustment 

of the hours were recently found, which allowed to complement the existing data and made 

all the rolls still existing in the OGAUC collection usable. 

The detailed survey carried out allowed the elaboration of Table 1, which contains all the 

rolls obtained during the approximately 23 years of operation of the seismograph Milne in 

Coimbra. From the analysis of this set of rolls it can be seen that since the installation of 

the Milne seismograph in 1903, the OGAUC obtained a total of 841 weekly record rolls. 

However, 20 of the record rolls are not currently in the collection of this institution, and 

their whereabouts are unknown. One of them is the roll with the number 309, where the 

April 23th 1909 Benavente earthquake (mainland Portugal), has been record.  It was the 

largest crustal earthquake in the Iberian Peninsula during the twentieth century (Mw = 6.0) 

(Fonseca and Vilanova, 2010; Teves-Costa and Batlló, 2011). At that time, the OGAUC 

seismic station was the only one existing in mainland Portugal. 

By analysing Table 1 it is also possible to conclude that 30 weekly rolls are incomplete. 

That was due to either equipment malfunction or mishandling at the time of roll change. 

We can also see that from 1917 onwards, there was periods with lack of recording, and in 

1921 only one week was recorded. It is important to note that in 1915 a new seismic 

recording device was installed and started operating at OGAUC, a Wiechert EW and NS 

horizontal seismograph (e.g., Custódio et al., 2011; Custódio et al., 2012, Gomes et al., in 

press). This may have possibly contributed to the progressive abandonment, in the 

following years, of records made by the Milne seismograph, due to more demanding and 

delicate daily and weekly routines than the Wiechert equipment, and, on the other hand, for 

having less detail in the recording of the seismic waves. The years 1922, 1923 and 1925 

are examples where there is no record of telluric activity obtained by the Milne 

seismograph. The last weekly record roll of the Milne seismograph no. 31, installed at 

OGAUC, reports to the week of 19 to 25 July 1926 (Table 1). 

Despite all mentioned above, the OGAUC still preserves in its collection a total of 822 

weekly record rolls from the Milne seismograph; that is, about 97.7% of all the record rolls 

made by the seismograph during the 23 years it operated. Figure 3 shows the number of 

rolls per year still present in the OGAUC collection and, for each year, the number of rolls 

that, despite having been recorded, are currently missing. 

b) a) 

c) 
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Table 1. Milne seismograph weekly records rolls present in OGAUC by year. 

date roll no. date roll no.

1903 11 May - 18 May 1 28 Dez - 04 Jan 1904 34 Yes

1904 04 Jan - 11 Jan 35 26 Dez - 02 Jan 1905 86 No Roll 46 with interruptions

1905 02 Jan - 09 Jan 87 25 Dez - 01 Jan 1906 138 No
Not record day 10  Apr to 

day 11 Apr

1906 01 Jan - 08 Jan 139 31 Dez - 06 Jan 1907 191 No Roll 143 missing

1907 07 Jan - 14 Jan 192 30 Dez - 06 Jan 1908 241 No

Roll 228 incomplete. No 

record between 23 Set and 

07 Out

1908 06 Jan - 13 Jan 242 28 Dez - 04 Jan 1909 293 No
Roll 272 missing. Rolls 273 

to 280 incompletes

1909 04 Jan - 11 Jan 294 27 Dez - 03 Jan 1910 345 No
Roll 309 missing. Rolls 325, 

328 and 338 incompletes

1910 03 Jan - 10 Jan 346 26 Dez - 02 Jan 1911 397 No Roll 383 incomplete

1911 02 Jan - 09 Jan 398 25 Dez - 01 Jan 1912 449 No Roll 412 incomplete

1912 01 Jan - 08 Jan 450 30 Dez - 06 Jan 1913 501 No

No record between 15-18 

Jan, and between 10-20 

May. Roll 452 no hour mark

1913 06 Jan - 13 Jan 502 29 Dez - 05 Jan 1914 552 No

No record between 22 Jul-

04 Aug, and between 18-29 

Aug. Rolls 530 and 533 

incompletes. Roll 531 only 

with 01 Aug, but unused

1914 05 Jan - 12 Jan 553 28 Dez - 04 Jan 1915 604 Yes

1915 04 Jan - 11 Jan 605 27 Dez - 03 Jan 1916 657 No Roll 617 missing

1916 03 Jan - 10 Jan 658 25 Dez - 01 Jan 1917 708 No

Rolls 678, 686, 693 to 696, 

701 to 705 are missing. Rolls 

690 and 691 incompletes.  

Roll 708 no hour mark

1917 01 Jan - 08 Jan 709 31 Dez - 07 Jan 1918 759 No

Rolls 709 to 711 and 715 are 

missing. No records 

between 08  to 26 Oct. Rolls 

747 and 748 incompletes

1918 07 Jan - 14 Jan 760 18 Feb - 25 Feb 766 No
No records since 25 Feb 

until end 1918

1919 28 Feb - 03 Mar 767 29 Dez - 06 Jan 1920 805 No

No records until 28 Feb. No 

records between 28 Jul-08 

Set

1920 06 Jan - 12 Jan 806 26 Jul - 03 Aug 828 No

No records between 24 May-

13Jul, and since 03 Aug until 

end 1920

1921 22 Dez - 29 Dez 829 22 Dez - 29 Dez 829 No Only one roll

1922 - - - - - No data

1923 - - - - - No data

1924 14 Jan - 21 Jan 830 25 Mar - 31 Mar 839 No

No records between 01 Jan-

14 Jan, 10 Mar-17 Mar, 24 

and 25 Mar, and since 31 

Mar until end 1924

1925 - - - - - No data

1926 12 Jul - 19 Jul 840 19 Jul - 25 Jul 841 No

No records between 01 Jan-

12 Jul, and since 25 Jul until 

end 1926

First roll Last roll
Year Notes

Year 

complete
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Fig. 3 – Quantity of Milne weekly record rolls present in the OGAUC collection and missing by year. 

3. Conclusions

The Milne seismograph no. 31 was installed in the Geophysical and Astronomical 

Observatory of the University of Coimbra (OGAUC) in 1903 and began the continuous 

recording of telluric activity on May 11th of the same year. 

With the present work, it was possible to detail the exact period of operation of this 

equipment and which rolls of weekly seismic records still exist in the archive of this 

institution. The discovery of the logbooks with information about the replacing of the 

weekly rolls together with the recording of the hours at which this was done, makes the 

data from Coimbra likely to be made available and used by the scientific community in the 

future. That will require all records to be digitized and metadata to be produced, which has 

not yet been possible due to a lack of staff and funds. 

With this survey, it was possible to conclude that in the OGAUC collection, there should 

be 841 weekly record rolls of the Milne seismograph. At present, only a few rolls (2.3%) 

are not in the collection and are in an uncertain place. It was also possible to see the 

problems that occurred during the 23 years of activity of the OGAUC Milne seismograph 

and the periods when it was inoperative. 

This paper aims to show the work done to rescue the entire collection of seismograms 

obtained by the Milne seismograph during the years that it was working at OGAUC. 

Moreover, although there is still a long way to go, the first steps have already been taken to 

make these data available to the whole scientific community. The next step on our side will 

be to compare the Coimbra Milne records with the regional, national and international 

seismic catalogues in order to contribute to their updating. 
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Abstract: The new ESC Working Group 02-12 “Preservation, valorisation and analysis of

seismological legacy data" is carrying on the work achieved by the former ESC Working

Group “History of Seismometry”. This transition translated into a new census for legacy

seismological data to generate  an updated inventory of such data worldwide.  This new

census now takes the form of an online form of which we present the main elements and

preliminary results.

Keywords: Inventory, analog data, legacy seismograms, historical seismology

1. Introduction

Since the foundations  of instrumental  seismology were laid in 1857, a large variety of

instruments were used to record ground motion worldwide. Historical instrumental records

are  no  match  for  modern  digital  recordings,  as  they  have  superior  technological

characteristics, and were planned within different scientific paradigms. Nevertheless, old

records remain of great importance as they contain unique scientific resources from the last

century that are useful for theoretical and applied studies. The scientific potential of legacy

seismic  data  is  balanced  by  the  challenges  of  their  preservation,  availability,  and

accessibility.

In the last decades, these challenges motivated initiatives to coordinate the preservation of

the old legacy seismograms. In 1992, a working group named “History of Seismometry”

was created inside the ESC. This group has been active within the ESC since then under

different names. Shortly after its creation, in the early nineties, the working group launched

a survey to  learn about the state of collections  of legacy seismograms all  over Europe
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(Ferrari, 1997). Another key initiative of the working group was the project EuroSeismos

(2005). The project aimed to assemble a collection of scanned analog seismograms for key

earthquakes  in  Europe,  but  it  also  helped  to  discover  and  secure  more  collections  of

seismograms.  Thirty  years  after  the  first  survey,  the  new ESC Working  Group 02-12

“Preservation, valorisation and analysis of seismological legacy data" is perpetuating

these initiatives. This new effort stems from the need for an updated vision of the situation

of  the  collections  of  legacy  seismograms  preserved  at  different  institutions  and

observatories,  following changes in the institutions in charge of the seismograms. This

initiative also follows the opportunity to capitalize on the increasing momentum behind

bringing legacy seismic data  to the digital  age and treating them with modern seismic

analysis. The updated survey is presented now as an online  form structured in two parts:

the first part is dedicated to the original stations, instruments, and seismograms, and the

second to the current state of the collection and the institution currently in charge of it. The

collected answers are automatically stored in the cloud and can easily be converted and

distributed as a classical spreadsheet. Here we describe the main elements of the survey

and present the preliminary results.

Figure 1. Welcoming page of the new online survey to create a legacy seismograms inventory

2. Part 1 - Instrument location / Recording instrument information

This for part focuses on the Station information, the instrument, and its seismic records.

Because  instrumental  seismology  only  reached  a  satisfactory  level  of  global

standardization in the last 40 years, the questions fit a diverse range of instruments and

recording supports. Nevertheless, some key answers are strictly required. 
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Figure 2. The first part of the form is dedicated to the instrument location / Recording instrument

information, with some answers required, multiple choices, and the option for users to upload files.

For  example,  while  information  on the  mass  and free  period  may  have  been lost,  the

instrument used should still be provided. In other cases, multiple choices are provided, but

the form offers the possibility for the user to fill an alternative answer that potentially only

matches its situation. This is the case for the “Physical format” question which offers the

following options: Smoked Paper, Photo, Ink, Analog Reel, Digital Tape. Although these
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options  likely  cover  most  possible  cases,  the  user  is  free  to  provide  a  less  common

alternative  that  corresponds to  their  collection.  Another  benefit  of  transitioning from a

paper to a digital survey is the possibility for users to upload lists of the seismograms they

already  scanned  directly  in  the  form.  This  will  significantly  facilitate  future  potential

coordinated digitization efforts and research. 

3. Part 2 - General description of the collection

This part  clearly identifies  the institution and the person in charge of the collection of

seismograms. This information is key as it creates a contact point that allows for better

tracking of changes in the condition of the collection, and improved coordination of future

collective initiatives. This section of the survey also helps establish whether the institution

has  the  resources  to  scan  seismograms,  and  allows  them  to  share  any  other

information/files the user fields relevant.

4. Conclusions

In an effort to facilitate the future coordinated management of legacy seismic data across

the world, we updated the survey to compile an inventory of preserved legacy seismograms

originally distributed by ESC Working Group “History of Seismometry” in the nineties.

The  now-online  form  aims  to  more  easily  compile  information  on  preserved  legacy

seismograms and their corresponding instruments, metadata, and responsible institutions.

With renewed interest in legacy seismic data, this future inventory is hoped to become a

catalyst for future collaboration on digitization and research using historic seismograms.

The survey is being launched at the moment this extended abstract is presented. By the

meeting time, we will present its preliminary results.
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Abstract: The Institute of Geophysics of the University of Tehran (IGUT) is responsible for 

the preservation of analog seismograms recorded at the Iranian seismic stations since the 

late fifties of the 20th Century. To better preserve them and to facilitate the accessibility to 

such records it was decided to scan seismograms and find the simplest and most reliable 

technique to digitize them to preserve the analog records of historical earthquakes in digital 

form. From 1960 to 1990, seismograms were recorded at five seismic stations operated by 

the IGUT in Tehran, Mashhad, Kermanshah, Tabriz, and Shiraz. Given the characteristics of 

the records, the waveform vectorization is done manually. A complete set of metadata has 

been defined to properly identify the records and to include them in the digital databases of 

the IGUT. 

Keywords: Analog seismograms, waveform vectorization, Iranian seismicity, seismogram 

metadata. 

1. Introduction

Iranian Plateau is part of the Alpine-Himalayan belt, which connects the converging 

Eurasian and Arabian plates. As a result, Iran is one of the most seismically active 

countries in Western Asia, with over 11,000 recorded earthquakes per year (see IRSC 

website at http://irsc.ut.ac.ir) (Fig. 1). M > 6 damaging earthquakes are common in the 

region. The last one, MN = 6, occurred in south Iran on March 16, 2022. Regarding to 

improve our knowledge on the Iranian seismicity, we decided to concentrate on digitizing 

the more than 30 years of analog seismograms preserved at the Institute of Geophysics of 

the University of Tehran (IGUT) in order to enrich Iran's digital seismic data bank. 

In the period 1960-1990 there were devastating earthquakes that resulted in significant 

casualties and damage. For example, the Tabas-e Golshan earthquake in 1976 resulted in 

over 20,000 casualties and the destruction of more than 80% of the city (Berberian, 1979, 

1982, 2014; Niazi and Kanamori, 1981; Silver and Jordan, 1983; Shoja-Taheri and 

Anderson, 1988; Walker et al., 2003, 2013), or the Manjil-Rudbar earthquake with Mw = 

7.3 in 1990, which was one of Iran's most destructive earthquakes, leaving over 500,000 

people homeless (Berberian and Walker, 2010). Most of such destructive earthquakes were 

recorded by the IGUT's analog seismographic stations. 
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Analog seismograms contain a wealth of information for seismological studies, but due to 

their analog nature, modern analysis techniques have yet to be applied. In the following 

sections, the ongoing efforts to scan and digitize seismograms preserved at IGUT will be 

described. We will explain the used method and introduce the digitizing procedure and 

technique, along with the necessary corrections due to the analog nature of the records and 

the recording instruments. 

Fig. 1 - Earthquake epicentre map for over 9,000 earthquakes in Iran during 2021 (Annual report of recorded 

earthquakes in Iran, see IRSC website at http://irsc.ut.ac.ir). 

2. Some notes on the history of instrumental seismology in Iran

The IGUT analog seismic stations were established in Tehran (1958), Shiraz (1963), 

Tabriz (1965), Kermanshah (1965), and Mashhad (1967), as well as other temporary 

stations installed in Brojen (BRJ), Minoodasht (MND), Qamsar-Kashan (QAMS), Ghale-

Ghazi (GHG), Sefidrood (1965, SRI), and Mahabad (1967, MAH). The seismic stations in 

Shiraz (SHI), Tabriz (TAB), and Mashhad (MSH) were part of the WWSSN deployment 

and were equipped with the WWSSN instruments (Peterson and Hutt, 2014; Aghajani and 

Mirzaei, 2020). Later, in 1975, the Iranian long-period Array (ILPA) was established in the 

southwest of Tehran as a circular array with seven borehole digital seismic stations (see 

Fig. 2). 
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From 1958 to 1990, various types of seismographs were used in the different 

seismographic stations deployed in Iran, including Stuttgart-Hiller, Gallitzin, and WWSSN 

type instruments. They recorded earthquakes on various paper supports such as smoked 

and photographic paper. 

 

3. Seismogram digitization 

The digitization process begins with scanning the selected seismograms for an acceptable 

resolution, followed by obtaining the technical specifications of each instrument, 

instrumental correction, and calculating the response file. 

 

 
Fig. 2 - This map depicts the location of analog seismic stations deployed in Iran until 1995 (from Aghajani 

and Mirzaei, 2020). 

 

Despite all efforts to develop digitization software since the early twenty-first century, 

automated digitization faces some complex problems, and automatic digitization is 

unreliable for dealing with records of major earthquakes, with large amplitudes, numerous 

crossings, etc. (Batllo et al., 2008), as this is the case of the IGUT records of Iranian 

regional earthquakes. The complication with seismic records involves line interruption, 
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line breakup, specification of different recorders, and some specific problems that lead to 

unacceptable automated digitization results. 

After scanning the seismograms at 1200 dpi, the GIMP software (https://www.gimp.org/) 

is one of the best options for digitizing manually the records based on color differences 

between earthquake signals and background. Because of the high contrast of the scanned 

seismograms, converting all RGB images to grayscale is required. The obtained image is 

made up of pixel values ranging from 0 (black) to 255 (white). The black pixels represent 

the trace amplitude value. 

Raster images contain pixels and colours, whereas vector images do not; thus, the scanned 

image was converted to a vector format using GIMP's Path tools. These path tools allow to 

fit cubic Bezier curves to the waveform. 

Because of the characteristics of vectorized images, the obtained digitized waveforms are 

similar to the new data recorded by digital instruments. But some extra steps are necessary 

to use them with our current software and applications for digital data. Namely, the 

curvature of the trace due to the finite arm length should be corrected, the seismograph 

transfer function expressed in poles and zeroes is needed and a set of metadata allowing to 

transform the digitized records to present useful formats as SAC or mSEED. All record 

specifications are defined using the MATLAB GUI, and all results are saved in SAC 

format. The applications needed for these corrections have been developed using the 

MATLAB © software. 

3.1. Finite arm length correction 

The recording arm with the stylus attached moves in an arc around the recording drum 

(Batllo et al., 2008). The geometry of the recorder, such as the drum, pen, and arm (Fig 3), 

causes a time-amplitude mismatch. The Cadek formula was used to correct the time 

displacement in the X-axis (Cadek, 1987). 

Fig. 3 - Drum, pen, and lever of recorder display a curved recorded seismic signal (from Pintore et al., 2005). 
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3.2. Poles and Zeroes 

A critical feature for converting analog to useful digital records is obtaining the poles and 

zeroes of the transfer function of the analog seismometers. Electromagnetic sensors and 

galvanometers are the two oscillation systems used in galvanometric seismographs. The 

method described by Batlló and Bormann (2000) was used to calculate the poles and 

zeroes for galvanometric seismometers. Assuming no coupling between the sensor and the 

galvanometer, the system transfer function can be written in compact format as follows 

(Aki and Richards, 1980): 

 

 
 

Where ws is the sensor's natural frequency and wg is the galvanometer's natural frequency; 

hs and hg are the sensor and galvanometer damping coefficients; and Am is a constant that 

fits the magnification curve to the true values. 

Under these assumptions, the poles and zeroes can be calculated as (Batllo and Bormann, 

2000): 

 

                     
 

As previously stated, the damping coefficient of an analog galvanometer is one of the 

critical components that is not listed in any catalog available at our disposal; thus, in this 

case simulation of the seismograph transfer function combined with trial-and-error yields 

appropriate values. 

 

3.3. Metadata 

The development of a system that enables FAIR (Findable, Accessible, Interoperable, and 

Reusable) data will be aided by the early availability of required and recommended 

METADATA (Wilkinson et al., 2016), which is a set of guiding principles proposed by a 

group of scientists and organizations to encourage data reuse. This project's METADATA 

includes the time of the event, information about the station and the installed instrument 

(such as name, location, type of instrument, and so on), network name, network code, 

component, and seismometer and recorder information. As example, the metadata of a 

seismogram recorded in Tehran for one of the aftershocks of the Maraveh-Tappeh 

earthquake on July 30, 1970, at 00:52 GMT are displayed in Table 1. 
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Table 1 Metadata of the Maraveh Tappeh 1970 earthquake at 14:29:33 GMT, recorded by Stuttgart-Hiller in 

Tehran (TEH) on November 15, 1970, Component Z. 

Metadata Item Description Units or Format 

Start time of the event 19701115T14:29:31 YYYMMDDTHH:MM:SS 

End time of the event 19700629T14:32:15 YYYMMDDTHH:MM:SS 

Time Correction 20210721T08:35:00 YYYMMDDTHH:MM:SS 

IR Station Code TEH Text 

Location 35.73N 51.38E Real 

Vertical pixels 944 Integer 

horizontal pixels 8503 Integer 

Damping of galvanometer 1.05 Real 

Damping of Seismometer 10 Real 

Network name Tehran Text 

Network code THE Text 

Component Z Text 

Open date 19701115T05:15:00 YYYMMDDTHH:MM: SS 

Close date 19701116T02:00:00 YYYMMDDTHH:MM: SS 

Registration Smoked paper Smoked or photographic paper 

Type of sensor Stuttgart Hiller Text 

Free period of the pendulum 1.1 Second 

Free period of galvanometer 0.25 Second 

Type of recording system 

(drum and seismometer) 
Stuttgart-Hiller Text 

Scale/Gain/Amplification Scale or gain factor Real dimensionless 

Resolution 47.24 Pixels per mm 

Location of the original record 
Iran, Tehran, Institute of Geophysics 

of the university of Tehran 
Text 

Type of damper Electromagnetic Text 

Paper speed 60 Millimeter per second 

4. Project progress and first results

Currently, the IGUT archive contains over 100,000 analog paper seismograms recorded 

between 1958 and 1990. The developed project will enable a selection of events to be 

stored in digital form. Currently, only a few records have been digitized, and the rest are 

being worked on. Some new results have already been obtained. Extracting the digitization 

of the analog records, correction of waveform arrival time to stations, instrumental 

correction, implementation of a new regional model of velocity, reading P-phase, using 3-

component of each station, and deployment of new technique have resulted in some 

improvement in the relocation of old earthquakes, thus adding new findings to recent 

understanding of the region. 
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As example, Figure 4 shows the digitized seismogram of one of the aftershocks of the 

earthquake in Maraveh-Tappeh on July 30, 1970, at 00:52 GMT, recorded in Tehran, and 

used for relocalization of the event.  

 

 

Fig. 4 - Seismogram of the Maraveh Tappeh 1970 earthquake at 14:29:33 GMT, recorded by Stuttgart-Hiller 

in Tehran (TEH) on November 15, 1970, Component Z. 
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Abstract

Before digital recordings became available in the 1970s, the ground motion was recorded using

ink on white paper, scratching black-smoked paper, or light on photographic paper. While those

analog seismic records offer unique continuous observations from the last  century, most  of

them are now stacked and archived in boxes and potentially exposed to physical decay and

permanent loss. To preserve those records and ultimately subject them to modern methods of

analysis,  it  is  time-sensitive  to  scan  and digitize  them.  Here,  we worked  on a  method for

automatic digitization of paper seismograms using image processing and machine learning to

extract microseismic ground-motion periods and amplitudes. We implemented the method on

legacy data recorded at the Royal Observatory of Belgium to extract power spectral densities

for major storms during the last century, which are compared with modeled microseisms levels

computed  using a  numerical  ocean wave  model.  This  further  shows how digitizing  analog

seismograms does not only preserve the scientific legacy but also makes new research possible

by bringing analog data to the digital age. 

Keywords: analog  seismograms;  seismic  noise;  oceanic  storms;  digitalization;  machine

learning; oceanic climate

1. Introduction

The Royal Observatory of Belgium (ROB) has been operating seismic stations since the

late 19th  century with the first instrument, a von Rebeur-Ehlert triple horizontal pendulum
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built by Bosch, installed in Uccle at the end of 1898. Throughout the 20th century, other

analog instruments were installed at the observatory and recorded ground motion on smoke

paper, photographic paper, and magnetic tapes. The ROB eventually transitioned towards

the  digital  age  following  the  MS4,7  Liège  earthquake  of  1983  (Van  Camp  and

Camelbeeck, 2004). Since then, the legacy seismograms that resulted from a century of

investment  in  seismology  at  the  ROB were  stacked  and  stored  to  be  preserved  from

physical decay (Figure 1), awaiting future use. Those historical instruments were designed

to specifically record ground motion caused by earthquakes,  but they recorded a broad

range of other signals. The unwanted signals then labeled “seismic noise”, are dominated

by faint long-continuing background oscillation of the ground caused by water waves in

the oceans, the microseisms.

While the oceans were passively recorded by seismometers on the land throughout the last

century,  global  measurements  of  oceanic  storms  did  not  become  were  lacking  until

satellites measurements became ubiquitous in 1993. This creates a remarkable opportunity

to digitize valorize the corpus of legacy seismograms at and beyond the ROB, not only for

the purpose of preservation but also to improve our general knowledge of the ocean wave

climate during the last century using quantitative observation extracted from seismic data

(Lecocq et al., 2020).
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Figure  1.  a)  The  horizontal  component  Galitzin  seismometer.  b)  Plan  of  the  UCC  seismic  station  “le
Pavillon” that was built in 1908 on the site of the ROB. c) Archive storage of the legacy seismograms of the

ROB.

2. Digitization of analog seismograms

The ROB operated several instruments in the last century, recording on different analog

support. The Galitzin (horizontal) and Galitzin-Wilip-Somville (vertical) seismometers of

the  station  UCC  (Figure  1)  provided  the  best  starting  point  for  this  project  as  their

recordings  on photographic  paper  were the cleanest  (Figure 2),  and the horizontal  and

vertical  components  had  their  maximum  sensitivity  in  the  primary  and  secondary

microseisms, respectively. Indeed, Galitzin seismometers used a galvanometric system to

direct a beam of light onto photographic paper which generally offered greater contrast

between the trace and the background than the scratches on smoked paper. The scanned

seismograms  are  digitized  using  Cytomine,  an  open-source  image  processing  tool
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originally  developed  for  the  biomedical  field  (Figure  3).  The  cleanest  wiggles  can  be

vectorized and time-coded using computer vision processing. More complex cases such as

intercrossing  lines  or  heavily  stained  paper  are  addressed  using  machine  learning

techniques to optimize the vectorized waveforms. The resulting time series are coveted to

ground motion using the amplitude-frequency instrument responses determined from the

metadata compiled in the official monthly bulletins of the ROB. The final times series are

then  validated  by  comparing  their  amplitude  spectra  with  that  of  models  of  the

microseism. 

Figure 2. Recording on photographic paper by the horizontal N-S component Galitzin seismometer of the

UCC station for 9 February 1954. The relatively clean line justified using those seismograms as a starting
point, especially when developing an approach to deal with intercrossing lines.

Figure 3.  Visualization and initial  annotation (the position of  the first-hour segment) are achieved  using
Cytomine (Marée et al. 2016), a web-based interface for big images originally developed for the biomedical

field. The classical computer vision (coded in python) approach manages to accurately retrieve and time-code
the  cleanest  traces  (in  green),  the  most  complex  traces,  such  as  the  intercrossing  lines,  will  require  an

improved machine learning-based approach. A change in speed of the acquisition can be clearly observed,
following a first high amplitude event. 

3. Microseism modeling

The microseism models used are a combination of numerical wave models processed using

WAVEWATCH III (Tolman, 2009) and a transformation of wave spectra into microseisms
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(Ardhuin et al., 2011; Rascle and Ardhuin, 2013). The wave models are forced by winds

from  the  European  Centre  for  Medium-Range  Weather  Forecasts’  twentieth-century

reanalysis  (Poli  et  al.,  2016),  and  previous  work  established  that  the  Uccle  station  is

sensitive to oceanic storms in the deep waters off the British Isles, the Norwegian coast,

south of Iceland along the mid-Atlantic  ridge,  and the northwestern Mediterranean Sea

(Lecocq et al., 2020).

4. Validation of the digitized waveforms

The validation of the time series is achieved by using the modeled microseisms associated

with strong oceanic storms that occurred in the operating period of the instrument (Figure

4). The selection of storms used for this step is based on attenuation and ocean-solid earth

coupling,  which defines the largest sensitivity of the UCC station in the first  1000 km

around it and is sensitive to strong sources up to 2000 km. The comparison of the spectra

of the digitized waveforms with the modeled ground motion is expected to be similar, with

differences that could likely be associated with uncertainties in the calibration parameters

of the instruments. In the case of an error in the amplification factor, we expect to observe

a scalar multiplication factor between observed and modeled time series.

35113ECEES, September 2022, Bucharest, Romania

https://www.zotero.org/google-docs/?qIoMbj
https://www.zotero.org/google-docs/?DO1bez
https://www.zotero.org/google-docs/?zQi2Jr


Figure  4.  Displacement  power  spectral  density  spectrograms  of  the  microseismic  activity  between  15
January–15  February  1953  for  the  (a)  vertical,  (b)  east-west,  (c)  north-south  components,  and  (d)  the

corresponding modeled microseism at station UCC. The thick dashed white line indicates “Big Flood”. From
Lecocq et al. (2020).

6. Future perspectives

This project builds upon pilot research that demonstrated its feasibility by focussing on the

period around the February 1953 “Big Flood”, a storm surge that affected the region and

was  recorded  by  Galitzin  seismometers.  The  digitization  tools  developed  within  this

project should later be applied to other analog seismograms such as the Weichert that were

recorded on smoked paper, although they expect to suffer from less contrast between the

trace and the background. The tools developed in this work should also be implemented at

other locations with significant archives of legacy seismic data.
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7. Conclusions

Legacy seismic data are in a time-critical need of being digitized for preservation before

they are permanently lost, but our work also shows their scientific potential goes beyond

their  historical  value.  Our  new  methods  for  digitizing  the  analog  paper  seismogram

collection will impact the scientific exploitation of the rich information that is stored in the

untapped continuous data. 

Bringing these datasets to the digital age opens the door to modern seismic applications for

the entire 20th century and specifically the extraction of quantitative observational data on

oceanic storms that are only contained in seismograms.
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Abstract: We present the results obtained by means of application of modern algorithms to 

analog data for some moderate earthquakes occurred in the Calabrian Arc (Southern Italy): 

the three main earthquakes during the 1968 Belice seismic sequence (Sicily) and the 1978 

Ferruzzano (southern Calabria) earthquake. For these events poorly constrained, and often 

controversial, hypocenter locations and focal mechanism solutions available from the 

literature have led uncertainties on the possible causative sources. We used original 

seismograms to compute the moment tensor solutions through a time-domain algorithm 

properly implemented to analyze analog data. Moreover, we estimated hypocentral location 

by means of original bulletin data and a Bayesian hypocenter location technique working 

with 3D velocity models. The quality and stability of the obtained results, both for 

hypocenter location and moment tensor inversion, were accurately checked by several 

inversion tests. The obtained results have been interpreted in the frame of the regional 

seismotectonic scenario. The results demonstrate the invaluable and irreplaceable role of 

information coming from old seismograms to furnish new constraints to local and regional 

seismotectonic modelling in regions characterized by high seismic risk, such as the 

Calabrian Arc. 

Keywords: waveform inversion, analog seismograms, Non-linear hypocenter location, focal 

mechanisms 

1. Introduction

The Calabrian Arc (Southern Italy) is one of the highest seismic risk areas of the entire 

Mediterranean region characterized by a complex geodynamic scenario influenced by the 

transition between a compressive domain due to the NW-trending Nubia-Eurasia 

convergence, and an extensional domain related to the residual south-eastward rollback of 

the Ionian lithospheric slab (Figure 1). This area was struck in the past centuries by several 

destructive earthquakes (up to 7–7.5 magnitude; Rovida et al., 2022). A very few numbers 

of M≥4.5 earthquakes occurred in southern Italy in the last ca. forty years (i.e., period of 

increasing quality of digital seismic data and seismic networks). For this reason, in 

addition to the accurate investigation of minor to moderate recent seismicity, the study of 

the many M≥4.5 earthquakes recorded during the pre-digital seismic network period is 

crucial, because they are the only exploitable data source available for obtaining useful 

results for seismic risk evaluation.  
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In this work we present the main results obtained by investigating moderate earthquakes 

occurred during January 1968 (Belice sequence, western Sicily) and the March 11th 1978 

(Ferruzzano, southeastern Calabria) in the study region. By using the arrival times 

available from bulletins and literature, and digitized original seismograms mainly collected 

from the SISMOS project (Michelini et al., 2005), we estimated for four earthquakes with 

mb>=5.0 (ISC) a new hypocenter location and the deviatoric moment tensor (Orecchio et 

al., 2019; 2021). We used the Bayloc nonlinear hypocenter location method (Presti et al., 

2004 and 2008), successfully applied for the study of past earthquakes (Presti et al., 2017) 

and a time-domain waveform inversion analysis properly calibrated for analog seismic data 

(Stich et al., 2005).  

Fig. 1 - Map view of the Calabrian Arc region. The solid curve with triangles pointing in the direction of 

subduction indicates the present-day location of the Ionian subducting system. According to literature (see, 

among others, Neri et al., 2009 and 2012; Orecchio et al., 2014), black triangles indicate the continuous 

subducting slab while white triangles the plate boundary segments where slab has already undergone 

detachment. The white arrow shows the sense of the subducting slab rollback. The black arrows indicate the 

present motion of Nubia relative to Eurasia (Nocquet, 2012, and references therein). The location (stars) and 

the focal mechanisms are reported from literature information (G&al85= Gasparini et al., 1985; 

McKenzie72= McKenzie, 1972; A&J87= Anderson and Jackson, 1987; CMT= Dziewonski et al., 1987). In 

the upper-left inset, a simplified representation of the plate margin in the central Mediterranean region (black 

line) is shown. 

35153ECEES, September 2022, Bucharest, Romania



2. 1968 and 1978 earthquakes: Previous knowledge

The 1968 Belice seismic sequence represents the strongest seismic activity recorded in 

historical times in western Sicily along a segment of the Nubia–Eurasia convergent 

margin, previously considered as seismically quiescent (Figure 1. See, e.g., Michetti et al., 

1995). The seismic sequence lasted several months, from January about to June 1968, and 

the primitive seismic network operating at that time in Sicily recorded more than 350 

earthquakes (De Panfilis and Marcelli, 1968; Valle, 1969). Seismic activity mainly 

occurred in the month of January when, according to the Parametric Catalogue of Italian 

Earthquakes (CPTI15, hereafter; Rovida et al., 2020), six shocks with magnitude greater 

than 5 struck the Belìce Valley. Poorly constrained and controversial focal solutions 

available from literature (Figure 1) show faulting mechanisms ranging from thrusting on 

about WSW–ENE striking plane to the right-lateral transpression on NNW–SSE-striking 

plane (Mckenzie, 1972; Gasparini et al., 1985; Anderson and Jackson, 1987). This 

ambiguity remained still unsolved due also to the low-quality hypocenter locations and the 

lack of observed coseismic fault ruptures (Bosi et al., 1973; Ruggieri and Torre, 1973; 

Michetti et al., 1995). 

The Ferruzzano earthquake occurred in Southern Calabria on 1978 March 11th (Figure 1). 

According to the CPTI15 (Rovida et al., 2022), the earthquake has been felt in Calabria 

and northeastern Sicily and it has produced a maximum intensity Imax = VIII MCS. For 

this event, the International Seismological Center catalogue (ISC hereafter; 

http://www.isc.ac.uk/) reports the epicentral location shown in Figure 1, focal depth of 

23.5 km, and magnitude mb = 5.5. Two quite different focal mechanism solutions are 

available from the literature (Figure 1). The first one has been obtained by Gasparini et al. 

(1985) by using P-onset polarities inversion and it indicates a ca. transpressive mechanism 

with nodal planes about N-S and E-W oriented. The latter is the Centroid Moment Tensor 

solution (CMT hereafter; Dziewonski et al., 1987; http://www.globalcmt.org) indicating 

normal faulting on a ca. E-W trending fault. 

3. Material and Methods

Hypocenter locations for the four moderate earthquakes selected (i.e.: 1968 January 15th 1:33, 

mb 5.0; 1968 January 15th 2:01, mb 5.5; 1968 January 16th mb 5.1; 1978 March 11th, mb 5.5) 

and relative location uncertainty estimate have been performed by applying the Bayesian non-

linear location method Bayloc (Presti et al., 2004; 2008). Starting from seismic phase arrival 

times at the recording stations, Bayloc computes for an individual earthquake a probability 

cloud marking the hypocenter location uncertainty. Also, Bayloc estimates the spatial 

distribution of probability relative to a set of earthquakes by summing the probability densities 

of the individual events. This method uses a 3D velocity model, and it has shown to furnish 

more reliable locations and hypocentral uncertainties with respect to standard linearized 

algorithms, especially in suboptimal network conditions (Presti et al., 2004 and 2008).  

For hypocenter location of the analysed earthquakes the seismic wave readings furnished by 

ISC (http://www.isc.ac.uk) and Istituto Nazionale di Geofisica e Vulcanologia (INGV; 

http://www.ingv.it) have been used. We selected seismic wave arrival times at observatory 

stations located at distances from the epicentral area not greater than 700 km, approximately. 

At these distances the flat earth model can still be adopted (see e.g., Lay and Wallace, 1995; 

Snoke and Lahr, 2001). For the epicentral area and up to distances of a few hundred kilometers 

from the sources the 3D seismic velocity model obtained by Neri et al. (2012) through the 

integration of crustal (Orecchio et al., 2011) and sub-crustal (Neri et al., 2009) 
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seismotomographic models of the Tyrrhenian region has been used. For surrounding zones 

including seismic ray travelling to farther stations the ak-135 model (Kennett et al., 1995) was 

considered. 

To perform moment tensor inversion of the four analysed earthquakes by using the time-

domain technique of Stich et al. (2005) we collected the original seismograms recorded by 

long-period seismographs available from the digital archives of the SISMOS and EuroSeismos 

Projects (http://sismos.ingv.it/; http://storing.ingv.it/es_web/) and through personal contacts. 

The period-band used for waveform modeling (20–50 s) is above the free period of the sensor 

where the instrumental amplification quickly decreases. This intermediate-period band (20–50 

s) is preferred for this kind of inversion because it provides a reasonable compromise between

the limited bandwidth of old sensors and an acceptable sensitivity of wave propagation to

lateral heterogeneity in the lithosphere (Stich et al., 2003 and 2005). We selected the original

seismograms characterized by good quality of the recordings and we recovered instrument

response parameters from the original station bulletins and from the literature; only in few

cases we used the instrument constants reported for the same station in a close time period

(Tab. 1). Each seismogram has been digitized manually with the software GIMP (GNU

Image Manipulation Program) by redrawing the whole traces. Then it has been interpolated

and converted to modern seismological format (i.e., SAC) by TESEO2 (Turn the Eldest

Seismograms into the Electronic Original ones) a GIMP plugin made up by INGV (Pintore

et al., 2005). Finally, all waveforms have been corrected for geometrical distortions and

first arrivals have been accurately verified.

The technique by Stich et al. (2005) inverts for the deviatoric moment tensor by directly 

processing the original historical recording without previous rotation of the horizontal 

seismograms into radial and transverse components. The synthetic waveforms are 

computed for unrotated components (i.e., E, N, Z) and then, processed by convolution to 

apply the corresponding instrumental response, modelled with poles & zeroes (Scherbaum, 

1996; Stich et al., 2005; Batlló and Bormann, 2000; Batlló et al., 2010). To compute the 

Green’s functions, we tested different 1D velocity models (Kennett et al., 1995; Bassin et 

al., 2000; Stich et al., 2003) and we used data that have shown to provide more reliable 

solution. During the inversion procedure we assigned different weight factors to the 

individual waveforms with the aim to take into account data quality, signal amplitudes and 

waveform fits and also to evaluate the solution stability. The recordings were initially 

weighted on the basis of original data quality and reliability of the instrumental parameters; 

then weights were slightly varied by trial and error to improve overall waveform fits and to 

check the stability of the results (Stich et al., 2005). Figure 2 shows an example of the 

waveform fits obtained for the analyzed earthquakes. 

3. Results and discussion

In order to perform the first evaluation of moment tensors of the 1968 Belice sequence we 

referred to the most intense phase of the sequence and we focused on the strongest 

earthquakes for which focal mechanism solutions already exist in the literature (i.e.: 1968 

January 15th 1:33, 1968 January 15th 2:01, 1968 January 16th; Gasparini et al., 1985; Mckenzie, 

1972; Anderson and Jackson, 1987).  

Epicentral locations obtained by applying Bayloc method are reported in Figure 3a in 

terms of location probability. Taking into account the data quality and station distribution 

available in 1968, the individual probability clouds and the error estimates indicate quite 

acceptable hypocenter locations for events 1 (1968 January 15th, 01:33) and 2 (1968 

January 15th, 02:01) and a lower-quality location for event 3 (1968 January 16th, 16:42; 
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Fig. 2 – Example of waveform fits obtained from the moment tensor inversion of the 1968 January 15th 02:01 

(left) and 1978 March 11th (right) earthquakes. The observed waveforms are indicated by black lines and 

predicted by gray ones; displacement (y axis) is in millimeters and time (x axis) in seconds. 

Figure 3a). The individual probability density clouds of the three earthquakes of the 1968 

sequence clearly show a roughly north–south elongation, implying a lower constraint along 

this direction, as also witnessed by the estimated errors having greater values for latitude 

than longitude. It seems reasonable to explain such errors as a consequence of the poor 

network geometry, clearly shown by the overall station distribution and by the absence of 

recording stations south of the epicentral area. 

The results obtained by applying the waveform inversion method by Stich et al. (2005) to 

the above-described earthquakes are shown in Figure 3a and furnished the first estimate of 

moment magnitude for three among the strongest events of the sequence. The best solution 

for the event 1 indicates (i) a predominately thrust faulting with strike-slip component 

occurring on an about east-northeast-trending plane (strike, dip, rake = 276°, 55°, 135° and 

36°, 54°, 45° for the two nodal planes), (ii) focal depth of 34 km, and (iii) moment 

magnitude of Mw 5.0. For the event 2, the best solution computed from waveform 

inversion indicates (i) reverse faulting on an about northeast-trending plane (strike, dip, 

rake = 41°, 43°, 70° and 248°, 50°, 108° for the two nodal planes), (ii) focal depth of 34 

km, and (iii) moment magnitude Mw 5.2. By applying the waveform inversion method to 

the event 3, we obtained (i) a predominately thrust faulting, with strike-slip component 

occurring on an about east-northeast-trending plane (strike, dip, rake = 40°, 53°, 35° and 

287°, 62°, 138° for the two nodal planes), (ii) focal depth of 30 km, and (iii) moment 

magnitude Mw 5.0. 

The mechanism solutions and earthquake locations computed for the 1968 sequence allow 

us to solve the ambiguity by indicating that it is characterized by a mainly thrust faulting 

activity occurring on about E-to-NE-trending fault structures.  

Moving to southern Calabria, the hypocenter location we obtained by using the 

probabilistic nonlinear algorithm Bayloc, indicates that the 1978 March 11th Ferruzzano 

earthquake occurred approximately in the central-eastern area of the Aspromonte massif 
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Fig. 3 –Synthetic view of the results obtained for: (a) the 1968 Belice seismic sequence, reporting hypocenter 

locations of the better constrained events and focal mechanism solutions of the three investigated 

earthquakes. (b) The 11 March 1978 Ferruzzano earthquake, reporting hypocenter location, the focal 

mechanism solution and the map view of principal structures proposed by Ghisetti and Vezzani (1981). The 

gray divergent arrows indicate the direction of extension according to seismogenic stress field estimation by 

Totaro et al. (2016). The inset shows the Rose diagram reporting: in black the σ3 orientation of the local 

seismogenic stress field (from Totaro et al., 2016), in dark-gray the T-axis orientations relative to our 

moment tensor solution (Orecchio et al., 2019), and in light-gray the T-axis orientations relative to the CMT 

(Dziewonski et al., 1987) and G&al85 (Gasparini et al., 1985) solutions. 

(Figure 3b). The hypocenter is located at about 11 km depth, significantly shallower than 

previous ISC locations (i.e., 23.5 km depth). The tests we performed indicate that the 

obtained solution is well constrained without showing relevant biases due to network 

geometry. Epicentral and focal depth uncertainties are of the order of 4 and 5 km, 

respectively (Orecchio et al., 2019). 

The estimated focal mechanism solution indicates normal faulting on a ca. N-S oriented 

fault plane, and it is characterized by an almost horizontal ESE-trending T-axis. We 

highlight that, in contrast with the focal mechanism solutions previously proposed in the 

literature (Gasparini et al., 1985; Dziewonski et al., 1987), our result is better framed in the 

local extensional domain. This is clearly shown by the comparison of T-axis orientations 
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with the extensional directions proposed for southern Calabria by seismologic, geodetic 

and geologic data (Figure 3b). 

4. Conclusions

We present the main results obtained by applying modern methodologies to process 

analogic waveform data of some strong-to-moderate earthquakes occurred in southern Italy 

after the advent of the first global seismic network. 

The main features of the causative source of the 1968 Belice seismic sequence in Sicily 

revealed by our analyses well agree with geological reconstructions (Monaco et al., 1996; 

Lavecchia et al., 2007), supporting the presence in western Sicily of north-northwest-

dipping structures framed in the regional thrust front. The seismological constraints, we 

provided, indicate that the regional thrust front is still seismogenically active in western 

Sicily; its potential needs, therefore, to be carefully reassessed, because it may have 

important effects in terms of seismotectonic modeling, seismic zonation, and seismic 

hazard assessment of the whole region. 

We re-located the 1978 March 11th Ferruzzano earthquake (southern Calabria) in the 

central-eastern portion of the Aspromonte Massif and at shallower depth with respect to 

previous instrumental location. Normal faulting on ca. N-S oriented fault plane obtained by 

the time-domain moment tensor inversion well agrees both with the extensional domain 

defined by seismogenic stress and geodetic strain and with the structural settings proposed 

by Ghisetti and Vezzani (1981). 

These results show as the use of modern algorithms in combination with data collected 

from relatively old instruments allow to re-evaluate moderate-to-strong earthquakes 

occurred before the diffusion of modern digital broadband instruments and assess the 

fundamental role of this invaluable source of information. The good results obtained 

(Orecchio et al., 2019 and 2021) encourage the use of this approach also to more ancient 

earthquakes aiming to improve seismotectonics and seismic hazard evaluations in regions 

of minor recent seismicity. For this reason, every effort aimed to accurately investigate 

past earthquakes is very precious. 

Further studies are under development to analyse other moderate-to-major earthquakes, up 

to date unexplored, recorded in the early seismic instrumental period in southern Italy. In 

particular, the analysis of the moment tensor solution of the 1947 May 11th earthquake 

(M=5.3), one of the strongest events occurred in the instrumental era in the same area of 

the still debated seismogenic sources of the southern Calabria 1783 sequence (five M~6-7 

shocks), represents a new opportunity to furnish fundamental seismological constrain for 

the study area. 
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Case Study Vienna: Integration of data from a single analogue 

seismogram for improving earthquake location 

Maria-Theresia Apoloner – Zentralanstalt für Meteorologie und Geodynamik, Vienna, Austria, maria-

theresia.apoloner@zamg.ac.at 

Abstract: The Austrian Earthquake Cataloge listing instrumental events since 1904 only has one entry within 

the city boundaries of Vienna. This study looks into the location of this earthquake. It uses all digital and 

analogue seismic data available, as well as an improved velocity model and location method to improve the 

hypocentral location. 

Keywords: seismology, relocation, analogue data 

1. Introduction

The Austrian Earthquake Catalogue (AEC) maintained by the Zentralanstalt für 

Meteorologie und Geodynamik (ZAMG, 2022) lists all historically known earthquakes for 

Austria as well as all instrumentally recorded earthquakes since 1904. At this time, the first 

seismograph started recording in Vienna (VIE). Since then the seismic network grew with 

more and better sensors and digital instruments starting in 1989. (Details see Lenhardt, 

2021). Additionally, staff documented seismological observations of phases and 

earthquakes in station books, which exists until today. 

However, in this long recording period only one single earthquake occurred within the 

current city boundaries of Vienna and no other even close to it. Therefore, in this paper we 

focus on location and location quality of this single earthquake from 1999, where both 

analogue and digital seismograms are still available. For reference an excerpt of the AEC 

for Lower Austria and Vienna, including stations and the earthquake in Vienna are shown 

in Figure 1. 
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Fig. 1 - Excerpt of the AEC for Lower Austria and Vienna, including stations recording in 1999 and the 

location of the single earthquake in Vienna  

2. Data

Starting from location given in the AEC, listed in Table 1, we looked into the original 

resources. Arrival times from a few stations were found in the database of the Austrian 

seismological service as well as in print outs of the bulletin published by the service.  

Although the local magnitude was at 2.4, no macroseismic data were recorded. According 

to the yearly report of ZAMG, 1999, which lists all earthquakes with macroseismic reports 

for Austria, 11 earthquakes with lower or similar magnitudes were reported. 

Table 1. Earthquake data as listed in the Austrian Earthquake Catalogue 

Date and Time 

(UTC) 

Latitude 

[°] 

Longitude 

[°] 

Depth 

[km] 

Ml I0 

estimated 

Event Type 

1999-10-30 01:11:20.300 48.26 16.52 6.4 2.4 3.76 Known Earthquake 

We collected digital waveforms from seismic stations in and surrounding Austria (ZAMG, 

1987) as well as arrival times. Except for Austrian stations, most were operational in the 

Czech Republic (Institute of Geophysics, 1973). In addition, we looked into the two 

analogue seismic stations in Vienna recording in 1999: VIE and VKA. Finally, we also 

located the existing analogue seismic recordings from VKA, as shown in Figure 2. VIE 

records were done using an analogue long period instrument and therefore did not record 
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the earthquake. Analogue station KMR 180 km to the West was too far away. Although 

analogue, this record is important to include, as it is by far the closest station to the 

epicentre. 

 

Fig. 2 - Analogue seismic record at VKA for earthquake in Vienna,  

short period S13 Z-component ink recording with 1-minute-marks 

 

Furthermore, we looked for stations in the networks of neighbouring countries. For seismic 

station ZST located in Bratislava bulletins were accessed online (ESI SAS, 2004), and 

originally not used arrival times for Pg and Sg phases were found. 

3. Method 

In the first step, we tried to use the simplest information contained in the analogue 

seismogram from VKA, the S-P-Time of 3.9 seconds. Using basic P- and S-velocity 

assumptions (Vp 4000-6000 m/s, Vs 2000-3600 m/s), we estimated the distance to the 

closest station VKA between 16 and 35 km, not considering hypocentral depth. However, 

this did not limit the location to being within Vienna city boundaries as shown in Figure 3. 

 
Fig. 3 – Distance estimate to station VKA for earthquake 

As this information was not sufficient to locate the earthquake within Vienna city borders, 

we picked arrival times in the analogue and digital seismograms from all stations available 
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to us from 1999. In this step, we also estimated picking accuracy, to calculate location 

accuracy. 

Table 2. Stations used with arrival times, accuracy and epicentral distance to final location of this study, 

* additional phases compared to 1999

Station Type P-Phase S-Phase Epicentral distance 

ARSA Digital 01:11:42.2180 ± 0.05 s 01:11:58.3630 ± 0.10 s 135 km 

JAVC Digital 01:11:40.3010 ± 0.05 s 01:11:54.4560 ± 0.10 s 106 km 

KRUC Digital 01:11:36.1550 ± 0.05 s 01:11:48.3000 ± 0.10 s 94 km 

MOA Digital 01:11:48.6300 ± 0.10 s 01:12:10.1180 ± 0.10 s 179 km 

MORC Digital 01:11:49.3830 ± 0.05 s 01:12:08.7270 ± 0.10 s 186 km 

OBKA* Digital 01:11:57.1050 ± 0.05 s 01:12:23.9800 ± 0.20 s 246 km 

VRAC Arrival 01:11:39.8430 ± 0.05 s 01:11:54.7290 ± 0.10 s 120 km 

VKA Analog 01:11:24.0000 ± 0.10 s 01:11:27.9000 ± 0.20 s 21 km 

ZST* Arrival 01:11:27.4000 ± 0.10 s 01:11:32.3000 ± 0.20 s 38 km 

We relocated the earthquake using the 1-D-velocity model described in Hausmann et. al 

(2010) with the location software NonLinLoc from Lomax et. al (2000). For comparison, 

we used two different sets of phases, to estimate the location: using only the data used in 

1999 and using all available data (marked with a * in column 1 in Table 3). 

3. Results

Figure 3 shows the combined results. Even using an improved method and velocity model 

compared to 1999 location accuracy was very low in West-East direction. Using the two 

additional stations OBKA and ZST, we get a more constrained location. Seismic station 

JAVC, which formerly was the only one restricting location to the East, has time residuals 

of more than 2.0 seconds, indicating a timing error. Therefore, it was automatically used 

with a very low weight in the final location. 

Fig. 4 – Location estimates calculated with NonLinLoc using either only stations used for original location in 

1999 (left side, blue) or all stations including VKA and ZST (right side, green).  

Probability density for both locations as scatter cloud. 

4. Conclusions
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The hypocentre location calculated from all available data shows a better-constrained 

solution for the earthquake and is given in Table 3. It locates the earthquake more than 3 

km outside of the city of Vienna, and more than 6 km away from the former location, 

which is above the accuracy estimates for the AEC made by Hausmann et. al, 2010 even 

for later earthquakes in the following years. 

Table 3 Earthquake location calculated in this study 

Date and Time 

(UTC) 

Latitude 

[°] 

Longitude 

[°] 

Depth 

[km] 

1999-10-30 01:11:20.606 48.2287 16.5934 12.2 

Also with a local magnitude of 2.4, the greater depth of 12.2 km makes it more likely not 

to have been felt on the surface. This matches the non-existence of macroseismic reports 

(ZAMG, 1999).  

Next steps of data improvement could be a new magnitude estimate for the new location 

with the currently used broadband magnitude in the AEC. Digitization of the seismogram 

of VKA could be considered in this context. 
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Abstract: Seismologists have long recognized the need to preserve and share seismic data. Concerns 
for the preservation of analog data spans decades of preservation efforts including early efforts to 
photograph images of seismograms to media such as microfiche, film chips, and more recently 
scanning records as digital images. Seismograms, derived data such as phase data, and station 
metadata have historically been shared through seismological centers or by direct exchange between 
researchers. With the arrival of continuous digital recordings in the late 1980s, came an explosion of 
data just at the birth of the internet age. Today, digital seismic data are readily available 
democratizing the access to information. However, analog data remains difficult to Find, Access, 
Interoperate and Reuse (FAIR). Recent efforts to increase the use of historical data focuses on its 
findability with necessary metadata. Currently there is a process taking place within the International 
Federation of Digital Seismograph Networks (FDSN), to identify the most important metadata that 
should be captured when moving analog data into the digital realm. This will empower researchers to 
find and (re)analyze these data improving our ability to make connections across Earth systems to 
drive discovery. 

Keywords: legacy seismic data, directory 

1. Introduction

International co-operation in seismology formally began in 1902 leading to the formation 
of the International Seismological Association in 1904 (Stonely, 1970) and the publishing 
of the first International Seismological Summary for the year 1918. This annual global list 
of earthquakes and phase arrival time data, later became the International Seismological 
Centre Bulletin in 1964. Sharing of waveform data did not become widespread until the 
establishment of the World-Wide Standardized Seismograph Network (WWSSN) in the 
1960’s.  Prior to the WWSSN, researchers relied on written requests to colleagues for data 
requiring many months to assemble often disparate data sets (Oliver and Murphy, 1971). 
However, when founded, the WWSSN included facilities to copy and distribute the data. 
Seismograms were mailed to a central location and originally microfilmed to 70mm film 
chips before being returned to the observatory. At its peak, the WWSSN Data Center 
copied 300,708 seismograms and distributed 3,342,174 copies to data users (Petersen and 
Hutt, 2014). The system established was foundational in establishing the modern 
seismological data center for distribution of digital time series data. 
The creation of seismological data centers and the standardization of data and data 
reporting enabled scientific discoveries. The availability of global travel time data from the 
ISS enabled H. Jeffreys and K.E. Bullen to construct detailed travel time curves, and hence 
the structure of the interior of the Earth. The increased accuracy of epicenter locations and 
reliable focal mechanism determination made possible by WWSSN data gave further 
support to the theory of continental drift first proposed in 1912 by A. Wegener and later 
developing into the dynamic model of plate tectonics. The uniform response made it 
possible to determine source parameters and conduct wave propagation studies. 
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The arrival of digital data in the late 20th century has fundamentally changed the way 
seismologists access and use data. With increasing computational capabilities, recording of 
continuous time series data, and increased data transfer rates, researchers can process and 
analyze large data sets to study the Earth’s structure e.g., ambient noise, global tomography 
and have access to real-time data streams for seismic hazard response. The embarrassment 
of riches of these data as illustrated by the growth of the data archived at the IRIS DMC1, 
only begins as early as 1988 while historic data reaches back to the late 19th century when 
the instrumental period of seismology began. Some efforts have been made to make digital 
data and their related metadata from federated networks available from early networks2, 
however this represents a small fraction of the amount of pre-digital era data in existence. 
How to share the historic analog data by improving access and usability is a herculean 
challenge (Hwang et al., 2020). We discuss here the foundation necessary to make the data 
FAIR (Findable, Accessible, Interoperable, and Reusable) compliant (Wilkinson et al., 
2016). We begin by discussing historical and current efforts in preserving analog 
seismograms in setting the stage for the need for metadata standards for data preserved as 
digital scans. Next, we define FAIR in the context of these data and our efforts with the 
International Federation of Digital Seismograph Networks (FDSN) in setting international 
metadata standards for legacy data. In conclusion, we discuss the grand vision of federated 
data centers for analog data and the next steps needed to achieve this lofty goal. 

2. Preservation of historical records 

The need to preserve historical records is not new. In 1977, in recognition of a developing 
crisis with respect to the disposition of historical seismograms, the United Nations 
Educational, Scientific and Cultural Organization sponsored a joint meeting with the 
International Association of Seismology and Physics of the Earth’s Interior (IASPEI). 
Among the outcomes of this meeting was the following resolution: 
 

… it is essential that seismograms of significant earthquakes be systematically 
collected and preserved by making photographic copies at observatory sites, and 
be made available through the World Data Centres. IASPEI urges that 
seismological observatories around the world cooperate with a copying 
programme … 

 
This led to efforts in the 1980’s which resulted in over 500,000 pre-1963 seismograms and 
station bulletins from 450 stations around the world being microfilmed.  
In the 1990’s, efforts shifted from preservation on microfilm to digital images. A series of 
projects scanned select WWSSN film chips resulting in a database of almost 190,000 
images sent to the IRIS-DMC (Lee and Benson, 2008; Alejandro et al., 2018). The 
EUROSEISMOS and the SISMOS project make available over 200,000 images3. In 
addition more recent projects such as in Japan (Murotani et al., 2020; Satake et al., 2020; 
Matsu’ura et al., 2020; Furumura et al., 2020), Iceland4,  Romania (Paulescu et al., 2016), 
and Mexico (Xyoli Pérez‐Campos et al., 2020) are adding to the growing collections of 
data that are available in a digital format. These collections combined represent only a tiny 

 
1 https://ds.iris.edu/data/distribution/ 
2 http://ds.iris.edu/mda/?status=permanent 
3 http://seismogramrequest.rm.ingv.it/ 
4 http://seismis.hi.is/ 
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fraction of all archived historical seismogram collections, conservatively estimated at about 
one hundred million seismograms worldwide.  

3. Enabling sharing 

Many of the collections noted above are made available on the internet through different 
systems and are not easily findable or usable. A coordinated effort to make data widely 
searchable is necessary to make these data FAIR compliant, usable, and available to 
modern seismological analyses.  
FAIR analog seismic data would be: 

• Findable. Data are described with rich metadata, have a unique identifier e.g., DOI,
and in a searchable resource that can be discovered through intelligent searches
based on parameters such as the time of recording and their geographic coordinates.

• Accessible. A service-based system (e.g., the FDSN system) based on open, free,
and standardized protocols to manage objects containing information in a digital
format such as scanned images of paper records, or transcriptions of data from
analog tapes. Using a unique identifier, the digital object of interest could be readily
found and retrieved using very simple file transfer systems that currently exist.

• Interoperable. Metadata following standardized vocabulary already in use in
seismology where appropriate and is represented in an easy to exchange formats
already in use at data center.

• Resusable. The data in its digital form is licensed as and continues to be openly
available and free to use. Metadata includes station, instrument, and recording
device characteristics such that the data can be (re)used in modern analyses.

The envisioned system will make legacy seismic data more accessible through a federated 
system of data centers for legacy data in digital formats similar to current services offered 
through the FDSN. Traditional digital seismic data interoperability was greatly enhanced 
through service-based approaches within the FDSN in the past. Some of these services 
were able to improve interoperability by supporting easy to understand formats that are not 
esoteric domain-based formats. The metadata in this project would use international 
standards to identify metadata such as the time and coordinates of the legacy data, again 
improving interoperability. By federating the system, all data managed at multiple data 
centers would also be findable even to researchers unaware of the existence of some data 
collections. Enhanced webservices could support added features such as format 
conversion, file compression, image sub setting, etc. Timeseries created by digitizing 
seismogram images could also be associated with the original resource reducing 
duplication of effort.   
An important component is to define international standards for metadata. FDSN Working 
Group II Data Exchange is currently engaged in discussing a proposal to establish 
metadata standards for legacy seismic data5.  The proposal, where appropriate, follows 
current FDSN standards but with the addition of metadata unique to analog data and the 
digital images. This includes timing, station/channel, and instrument information as well as 
information about the recording system and provenance and metadata about the digital 
image (Ahern and Hwang, 2021; Hwang and Ahern, 2021). 

5 https://www.fdsn.org/message-center/thread/725/#m-1380 
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4. Discussion 

The FDSN has been highly successful in promoting the free exchange of data primarily 
through standardization of data formats and data request mechanisms addressing usability 
and data export issues (Suarez et al., 2008). The primary difference between a Legacy Data 
System and the existing FDSN effort that manages digital timeseries data is that the objects 
in the Legacy Data System will normally be returned as images, or perhaps subsets of 
images. Many collections of legacy data are available online through the previously 
mentioned systems, but a similar system is needed for legacy data to standardized search 
and discovery to improve usability and enable access to all collections worldwide that 
adopt it. Once the legacy metadata has been standardized, we envision tools being 
developed that harvest the legacy metadata and enable the development of service-based 
interfaces being developed that enable some, if not all, features of FAIR data.  
Creating data exchange standards is only one key element in the ability to reuse data. 
Records must be transformed to digital objects through scanning of paper records or 
transcribing data from analog tapes. Having comprehensive metadata can help in data 
transcription and vectorization but improvements are needed to decrease the labor needed 
to transform the data into a digital object and subsequently into a digital time series. The 
process of scanning and vectorization are both labor intensive and hence, cost prohibitive 
for large collections.  
The amount of work required as described above is substantial. A federated system where 
individual data centers manage their own collections locally but participate in a service-
based system distributes the level of effort across the globe and to the organizations with 
the greatest knowledge of the collections. In addition, the development of a distributable 
application that can be used by the participating data centers would simplify database 
creation and maintenance. Such a system could capture the standard metadata in an 
automated manner creating an easier path to adoption. The ability to link, if available, 
derived time series data in FDSN standard formats such as miniSEED would reduce 
duplication of effort. Funding and creating a system equipped with the necessary services 
to be FAIR compliant would not be too expensive and would be of benefit to the global 
community. 
Data cannot be shared if they are not preserved. Collections are continuously under threat 
world-wide (Okal, 2015). Observatories with a long history of continuous recording are 
especially valuable in understanding phenomena that evolve over time whether natural or 
anthropogenic. By increasing the availability and visibility of these collections as, we hope 
to establish their value through (re)use and hence, establish the need for preservation. 

5. Conclusions  

Compared to the analog era of seismology, continuous digital seismic recording is a recent 
development. Its format makes it readily available to sharing through a system of federated 
data centers worldwide. However, historical data, recorded on paper and other physical 
media, have been in existence much longer, extending the time period of Earth observation 
to many decades. These historical data are largely siloed; data are only available to 
scientists who can commit to traveling to specific archives or from archives capable of 
serving data requests. In increasing data availability, the legacy data community can learn 
from its digital descendants in creating data exchange standards and leveraging existing 
metadata standards. Such standards should adopt open science standards and be FAIR 
compliant. 
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New seismological data mining methods are supporting discoveries and cross-disciplinary 
research across Earth system science. While the scientific community continues to discover 
new phenomena and relationships among diverse Earth systems and to develop and 
implement new analysis techniques, we must seize the digital day with analog 
seismograms as an untapped resource before they are lost. Seismologists need to be asking, 
how legacy data can help answer their research questions and what new questions can be 
asked e.g., how can analog data add to the dialog on how Earth systems are changing in 
response to climate change?  Extending our newly found insights derived from modern 
studies through the available historical record will only enhance our ability to look to the 
future and mitigate against anticipated hazards.  
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Abstract: The Sanjiang lateral collision zone is a key window to understanding the Tibetan
Plateau's tectonic structure and the Tethys Himalayan's tectonic evolution. Complex tectonic
structure, intense crustal deformation, frequent seismicity, and abundant metal deposits are
all present. With seismic data recorded by a temporary seismic planar array (SJ-array) and
permanent seismic stations from November 2018 to December 2020, this paper adopts the S
wave splitting analysis technique to determine the essential properties of crustal anisotropy.
The results show that in the Sanjiang lateral collision zone, the dominant polarization of the
fast S wave is NNW, with an average polarization of 161.3 °. The zoning characteristic of
fast S wave polarization is apparent. It can be divided into three subzones from the west to
the east: A, B, and C, with the average polarization varying from NNW to NS and
subsequently to NNE, in which subzone B is separated into two subzones: Bn and Bs. The
normalized time delay of the slow S wave in the study area is 3.4 ms/km, ranging from 1.2
to 11.7 ms/km at each station. The maximum time delay is at the east side of the large fault.
Furthermore, there is a localized zone of strong anisotropy in the studied area. It suggests
the local deformation differences controlled by tectonics.

Keywords: Seismic anisotropy in the upper crust; S wave splitting; polarization of fast S
wave; time-delay of slow S wave; deformation;

1. Introduction

The central body of the Sanjiang Lateral Collision Zone is located in western Yunnan,
China, on the southeastern margin of the Tibetan Plateau (Fig. 1). The long evolutionary
history resulted in complex tectonic structures, intense crustal deformation, frequent
seismicity, and rich metal deposits. It is an essential and meaningful window to understand
the Tibetan Plateau's tectonic structure and the Tethys Himalayan's tectonic evolution
(Chen et al., 1991).

Seismic anisotropy exists widely in the crust and upper mantle (Crampin, 1978). When the
S wave propagates in the anisotropic medium, it splits and produces two orthogonal S
waves. This split S wave carries a large amount of information about the source and the
medium through which the wave propagates (Gao et al., 1998; Kaviris et al., 2018). By
analysing the characteristics of the S wave, the regional stress field and fault properties can
be obtained (Gao et al., 2010, 2014).

In the southeastern margin of the Tibetan Plateau, the researchers obtained the regional
upper crustal anisotropy parameters from the post-earthquake seismic records (Lei et al.,
1997; Wu et al., 2004) and also obtained the upper crustal anisotropy characteristics of
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larger regions such as Yunnan and the southeastern margin of the Tibetan Plateau by using
the near earthquake direct S splitting method (Shi et al., 2006; Tai et al., 2015). On this
basis, the researchers added a Sanjiang temporary linear seismic array in the Sanjiang
lateral collision zone to obtain the upper crustal anisotropy characteristics in a smaller area
(Wu et al., 2020). After introducing the microseismic identification method, a large amount
of effective data for S wave splitting analysis is increased (Gao et al., 2019).

The data for the analysis of S wave splitting in the upper crust must meet specific criteria.
The amount of effective data for analysis is limited, and there are few effective records. As
a result, a more dense temporary planar seismic array (SJ array) is deployed to study the
crustal deformation, stress distribution, and fault properties of the Sanjiang lateral collision
zone, ensuring the study of small-scale regional anisotropy and exploring the in-depth
analysis of the correlation between tectonic, structure, and deep physical properties.

Fig. 1 - Tectonic background, seismic stations, and seismic activity distribution

The red and blue triangles, respectively, show the temporary and permanent seismic stations. The
yellow dots represent the epicenters of historical MS 5 earthquakes (before January 15, 2022), while
the pentagram represents the May 21, 2021, Yangbi 6.4 magnitude earthquake. Block borders are
represented by the orange lines. Faults are the dark lines. F1, Nujiang Fault; F2, Lancang River Fault;
F3, Lanping-Yunlong Fault; F4, Yongping Fault; F5, Weixi-Qiaohou-Weishan Fault; F6, Longpan-
Qiaohou Fault; F7, Lijiang -Xiaojinhe Fault; F8, Eryuan-Maidu Fault; F9, Chenghai Fault. In the
image, Jin et al., 2019, provided the GPS velocity field data relative to the Eurasian plate. TP (Tibetan
Plateau) and CDB (Chuandian Block) indicate the first- and second-order tectonic block, respectively.
The area discussed in this work is depicted in the inset in the upper left corner.

2. Data and method

2.1. Data

The seismic waveform data used come from a temporary seismic planar (SJ) array (i.e.,
Sanjiang Planar Seismic Array (SJ-Array) and the permanent seismic stations (Fig. 1),
recorded during the same period from November 1, 2018, to December 31, 2020. A total of
2284 seismic events below ML4.0 were obtained in the study area during the observation
period, according to the earthquake catalog provided by the China Earthquake Network
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Centre. This study used an S wave window of 45° (Booth and Crampin, 1985; Gao et al.,
2019), and 2657 small-earthquake waveform records were obtained.

2.2. Method

The SAM method (Gao and Zheng, 1995), which incorporates correlation function
calculation, time delay correction, and polarization analysis test, is a systematic analysis
approach for S wave splitting analysis based on the correlation function. Objectivity and
accuracy are strong with self-test qualities (Shi et al., 2006). Figure 2 displays an example
of actual data processing.

(a) (b) (c)

Fig. 2 - Polarization analysis of S wave splitting

(a) Waveform of a three-component seismic event of magnitude ML0.6 recorded by station SJ18 on
November 25, 2018, with a source depth of 12 km and a centre distance of 8.91 km. The waveforms
from top to bottom in the figure are the EW component, NS component, and vertical component,
respectively. The X-axis indicates the length of the time window, and the Y-axis indicates the
amplitude in counts. (b) The upper panel shows the trajectory of the S wave particles, and the plotted
data corresponds to the data in the shaded area in the lower panel. S1 and S2 are the initial arrival
points of fast and slow S waves, respectively; the lower panel shows the S waveforms of NS and EW
components, respectively. the X-axis indicates the number of sampling points, and the Y-axis
indicates the amplitude in counts. (c) The lower panel respectively shows the S waveforms of fast
shear wave (F) and slow shear wave (S). Others are the same as in (b). Station SJ18 has a polarization
angle of 15° and a time delay of 0.03 s.

Figure 2 shows the three-component seismic waveforms recorded by SJ18 in SJ-Array,
after processing using fourth-order bandpass filtering with cutoff frequencies of 1-10 Hz.
Figure 2(a) shows the event waveform of magnitude ML 0.6 recorded by station SJ18 on
November 25, 2018, with a source depth of 12 km and a centre distance of 8.91 km.

The S wave horizontal component polarization analysis and the polarization analysis check
diagram are shown in Figures 2(b) and 2(c), respectively. The route of the S wave particles
is generally linear (line S1S2) after the fast wave arrives and before the slow wave arrives
in Figure 2(b), and the direction of this trajectory is at an angle θ with the due north
direction, which is the polarization direction of the fast S wave. The slow wave then
arrives and superimposes itself on the fast wave, changing the route of the particles. To
separate the fast and slow S waves, the S waveform is rotated by angle θ. The produced
slow S wave train is advanced by a time Δt, so that its beginning motion moment is the
same as that of the fast S wave. Figure 4 displays the polarization analysis findings after
subtracting the time delay. The motion trajectory of the particles becomes linear,
demonstrating the accuracy of the estimated results.
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3. Results of S wave splitting

Table 1. S wave splitting parameters at stations

Station
codes

No. of
events

Fast
polarizations
±errors / (°)

Normalized time
delays ±errors /
(ms·km−1)

Station
codes

No. of
events

Fast
polarizations
±errors / (°)

Normalized time
delays ±errors /
(ms·km−1)

SJ01 3 166±7.2 2.1±0.6 SJ19 9 162.4±26.2 2.6±1.2
SJ02 3 105.3±74 2.3±1.5 SJ20 6 55.5±17.9 2.5±0.5
SJ03 1 175 2.1 SJ21 3 34.7±30.7 4.3±0.7
SJ04 1 136 5.7 SJ22 137 153.1±20.1 4.6±1.8
SJ06 3 165.7±6.7 1.9±0.7 SJ23 75 152.3±10.2 4.2±2.6
SJ07 5 143.6±49.9 2.5±0.6 SJ24 9 178.3±26.1 2.6±1.6
SJ08 1 22 11.7 SJ25 3 112.7±42.1 3±1.5
SJ11 4 163.8±12 2.5±1 SJ26 3 170.7±45.3 3.4±1.2
SJ12 135 154.5±9.3 2.1±0.8 EYA 41 179.4±31 4.3±2.5
SJ13 5 147.8±23.8 3.3±0.8 HEQ 19 21.4±23.5 5.2±3
SJ14 16 163.2±21.1 2.8±1.6 LIJ 6 36.3±58.5 4.2±2
SJ15 52 178±19.2 2.3±1.3 LUS 6 154.8±6.2 4.6±2.4
SJ16 20 1±36 2.2±1.4 TUS 6 115.7±16.1 3.7±2.2
SJ17 24 171.6±22.8 3.7±1.5 YOS 20 12.8±24.8 3.6±1.4
SJ18 30 3±18.1 2.5±1.3 YUL 11 163.1±34.3 3.4±1

Table 2. S wave splitting parameters at stations with two dominant orientations

Station
codes

No. of
events

Fast
polarizations
±errors / (°)

Normalized time
delays ±errors /
(ms·km−1)

Station
codes

No. of
events

Fast
polarizations
±errors / (°)

Normalized time
delays ±errors /
(ms·km−1)

SJ02
2 148±4.2 3.1±0.6

SJ25
2 136.5±12 3.4±1.9

1 20 0.7 1 65 2.3

SJ07 3 143.3±9 2.3±0.7 SJ26 2 144.5±0.7 4±1.1
2 54±28.3 2.7±0.5 1 43 2.4

SJ13 1 8 4.6 EYA 31 166.6±7.4 4.4±2.8
4 137.8±9.2 3±0.5 10 56.8±26.6 4.1±1.3

SJ14 5 134.8±4.8 3.9±1.5 LIJ 3 20.7±5.1 4±2.7
11 176.1±8.6 2.3±1.4 3 112±15.6 4.5±1.7

SJ15 31 163.8±6.3 2.6±1.5 YOS 13 28.2±15 2.9±0.5
21 19±10.3 2±0.5 7 164±3.7 4.9±1.5

SJ24
5 159±12.8 2.2±2

YUL
6 131±9.8 3.8±1.3

4 22.5±14.2 3.1±1.2 5 9.8±20.4 3±0.3

Calculating and analyzing 2657 tiny seismic waveform records within a 45° S wave
window yielded the fast S wave polarisation direction and slow S wave time delay for 30
stations. Most of the stations have good consistency in the dominant S wave polarization
(Table 1), but other stations have two dominating polarization orientations (Table 2). The
equal-area projection rose diagram of the fast S wave polarization is given in Figure 3. In
the research area, the mean fast S wave polarisation direction is 161.3°, which agrees well
with the GPS horizontal velocity field (Jin et al., 2019), while the mean fast wave direction
determined by SWS is around 165° (Wu et al., 2020). The inverse stress field data (Kan et
al., 1977; Xu et al., 1987; Qian et al., 2011) also show that in northwest Yunnan, the local
major compressive stress direction is NNW.
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Fig. 3 - Equal-area projection rose diagram of the fast S wave polarization

3.1. Polarizations of fast S waves

We can see that the fast S-wave polarizations within the Sanjiang lateral collision zone
have obvious zonality by plotting the distribution of the mean fast S-wave polarizations at
each station (Fig. 4). From left to right, we divided the research area into three subzones: A,
B, and C, with subzone B subdivided into two subregions: Bn and Bs. Table 3 shows the
findings of S wave splitting into the three subzones.

Fig. 4 - Average fast S-wave polarizations at stations and fast wave polarizations zoning rose diagram

The directions of the lines in the figure are the average dominant fast S-wave polarizations of the
corresponding stations. The red line indicates the results with 3 or more valid records, and the green
line indicates the results with only 1-2 valid records. The three blue equal-area projection rose
diagrams in the figure are the rose diagrams of fast polarization directions in the three subzones, and
the two green equal-area projection rose diagrams are the rose diagrams of fast polarization directions
of the two subregions in the subzone B.

Table 3. S-wave splitting paraments in three subzones

Subzone
No. of
effective
records

Fast
polarizations ±
errors /(°)

Normalized time
delays ±errors /
(ms·km−1)

A 426 157.2±18.1 3.37±2
B 150 173.3±27.2 3.3±1.9
Bn 21 146.8±34.6 2.88±1.17
Bs 129 174.8±25.1 3.36±1.99
C 75 18.7±33.6 3.7±2.39
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3.2. Time-delays of slow S waves

The time delay of slow S wave reflects the degree of anisotropy within the seismic wave
propagation path (Crampin et al., 1984; Gao et al., 1998). The average normalized slow S
wave time delay (time delay per unit ray length) of the stations in the Sanjiang lateral
collision zone is in the range of 1.2-11.7 ms/km (Fig. 5, Table 1), with an average value of
3.4 ms/km. The average normalized slow S-wave time delays of the three zones are close
to each other (Table 3). The maximum time delay is in subzone C, followed by the same in
subzone A and subzone Bs, and the minimum in subzone Bn, demonstrating the local
tectonic differences. Spatial smoothing of the slow S wave time delay shows a clearer
distribution of localized strong anisotropic regions, i.e., a larger area of upper crustal
medium deformation (Fig. 5).

Fig. 5 - Distribution of slow S-wave time delays in the Sanjiang lateral collision zone

4. Results and Conclusions

In this study, the seismic waveform recorded at the same time by SJ-Array (26 stations)
and the national permanent seismic network (7 stations) from November 1, 2018, to
December 31, 2020, were used to determine the S-wave splitting analysis parameters in the
study area using the SAM method (Gao and Zheng, 1995).

Thirty stations provided 651 valid fast S-wave polarization and slow S-wave time delay
recordings. The dominant polarization of the Sanjiang lateral collision zone is NNW, and
the average polarization is 161.3 °.

We divided the study area into three major subzones: A, B, and C, from west to east, with
the fast wave dominant polarization direction varying from NNW to NS to NNE. Among
them, subzone B is further divided into two subregions, Bn and Bs. In subzone A, the
dominating polarization is NNW, and the average fast S-wave polarization is 157.2 °,
which is compatible with the regional surface motion and primary compressive stress
directions. The fault clearly affects the fast S-wave polarization in subzone B. The overall
dominant polarization is around NS. Subzone Bn has a 146.8° fast wave polarization,
while subzone Bs has a 174.8° fast wave polarization. The dominant polarization in
subzone C is NNE, and the average polarization is 18.7°. The normalized time delay of the
slow S wave in the study area is 3.4 ms/km, ranging from 1.2 to 11.7 ms/km at each station.
The maximum time delay is in subzone C, followed by subzone A and t subzone Bs, and
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the minimum in subzone Bn. Furthermore, there is a localized zone of strong anisotropy in
the studied area. That all demonstrates the local tectonic differences.

Due to the very stringent data requirements for the S-wave splitting, the amount of
effective data accessible for analysis is quite limited. For S-wave splitting analysis,
microseismic data can provide more analyzable events. The results of the S-wave splitting
analysis demonstrate that the waveforms of microseismic events are of excellent quality,
and the results are pretty reliable (Gao et al. 2019). To achieve more precise anisotropy
result studies in small-scale locations, it is important to enhance the amount of effective
data via microseismic identification for local tectonic regions such as the Sanjiang lateral
collision zone.
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Abstract: The Sichuan-Yunnan block, located in the SE margin of the Tibetan Plateau, is one 
of the most active tectonic zones in Chinese mainland, as well as the significant material 
southeastward escaping zone of the Tibetan Plateau, which is characterized by strongly 
tectonic movements and frequent seismic activities. The lithospheric anisotropy could be 
interpreted by lattice-preferred orientation of olivine crystals associated with lithospheric 
deformation. Using teleseismic XKS (including SKS, PKS, and SKKS) phase data with 
magnitude greater than Ms5.5 from 85° to 140°, recorded by the temporary seismic array, HX 
Array, from December 2017 to November 2020, this study measures XKS splitting to 
investigate the lithospheric anisotropy around the southern Sichuan-Yunnan block. The mean 
polarization of XKS splitting is 91.2°±31.1°, which is consistent with the absolute plate 
motion direction, and the time delays range from 0.5s to 2.1s beneath stations with a mean 
value of 1.26±0.27s. The preliminary results show that the pattern of the fast orientations 
displays lateral variations along the observation line of the linear HX Array. In particular, the 
fast orientations at the stations close to the Red River fault is sub-parallel to the strike of faults, 
revealing the impact of large faults. However XKS splitting parameters generally indicate 
azimuthal anisotropy in the upper mantle. 

Keywords: Teleseismic S wave splitting, the fast orientation, Red River fault, Xiaojiang fault, 
mantle flow  

1. Introduction

Ongoing plate convergence between the Indian and Eurasian plates forms several active 
tectonic blocks and large-scale faults in the Tibetan Plateau and its surrounding areas. The 
Sichuan-Yunnan block, located in the SE margin of the Tibetan Plateau, is one of the most 
active tectonic zones in Chinese mainland, as well as the significant material southeastward 
escaping zone of the Tibetan Plateau. The Red River fault and Xianshuihe-Xiaojiang fault, 
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two large strike-slip faults, are the southwest and east boundary of the Sichuan-Yunnan block, 
respectively (Fig. 1). Due to the collision between the Indian and Eurasian plates, the rotation 
clockwise of the Sichuan-Yunnan block around the Eastern Himalayan Syntaxis results in 
strongly tectonic movements and frequent seismic activities in the study area.  

It has long been recognized that seismic anisotropy can provide important insights into the 
strain occurring at depth (Lev et al., 2006), and thus can provide important constraints on 
deformation patterns, deep tectonic structure, and evolution mechanism of the geodynamics. 
The lithospheric anisotropy is typically interpreted by the strain-induced lattice-preferred 
orientation of olivine crystals associated with lithospheric deformation (Silver and Chan, 
1991; Karato et al., 2008). To understand the geodynamic process and deformation pattern 
beneath the southern Sichuan-Yunnan block, SE margin of the Tibetan Plateau, we 
determined the lithospheric anisotropy in the study area based on seismic data recorded by 
a temporary seismic array, HX Array, across the Red River fault and Xiaojiang fault (Fig. 1).    

 

Fig. 1 - Tectonic settings and seismic stations in the study area. The white rectangle outlines the location of 
the study area. SYB: Sichuan-Yunnan block; SCB: South China block; ICB: Indochina block; XJF: Xiaojiao 

fault; RRF: Red River fault; LCJF: Lancangjiang fault. 

2. Data and methods 

In November 2017, the Institute of Earthquake Forecasting, China Earthquake 
Administration, deployed a linearly temporary seismic array (HX Array) crossing the Red 
River fault and Xiaojiang fault. In this study, we use teleseismic XKS (including SKS, PKS, 
and SKKS) phase data with magnitude greater than Ms5.5 from 85° to 140° (Fig. 2), 
recorded by HX Array from December 2017 to November 2020, to measure the anisotropic 
parameters of the lithosphere by the procedure of the Liu and Gao (2013) based on the 
minimization tangent energy approach (Silver and Chan, 1991). To improve the signal 
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quality, the seismic data were filtered in the frequency range of 0.04-0.5Hz. 

Fig. 2 - An azimuthal equidistant projection map of the distribution of earthquakes used for XKS splitting 
analysis (blue dots). Red circles and corresponding labels show the distance (in degree) to the center of the 

study area, which is the blue triangle.  

3. Results and Discussions

A total of 179 pairs of XKS splitting parameters at 24 stations were obtained from 536 
teleseismic events. In the study area, the mean polarization of XKS splitting is 91.2°±31.1° 
and the time delays range from 0.5s to 2.1s beneath stations with a mean value of 1.26±0.27s. 

Fig. 3 - Map of the mean XKS splitting measurements in the study area. 

The mean fast orientations of XKS splitting at the stations in this study are shown in Fig. 3. 
Lateral variations of the fast orientations are investigated along the observation line of the 
linear HX Array. The fast orientations at the stations located in the South China block exhibit 
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nearly EW directions. There are three stations situated in the transitional zone between the 
South China block and Sichuan-Yunnan block, with fast orientations in NE direction. The 
fast orientations at the stations located in the Sichuan-Yunnan block show good consistency. 
Stations HX13 and HX14 are located on and close to the Red River fault, respectively. The 
fast orientations of these two stations are in NS direction, sub-parallel to the strike of the 
Red River fault. The stations, situated in the Indochina block, display the fast directions in 
NWW, but station HX18 in NEE. 

The fast orientation in the study area is in nearly EW direction, which is coincident with the 
absolute plate motion direction (Demets et al., 1994). Previous shear-wave splitting studies 
have revealed that the fast orientation of XKS splitting is in EW direction to the south of 
~26°N (Chang et al., 2006, 2015; Huang et al., 2007). The fast orientations at most stations 
are consistent with previous results (Huang et al., 2007; Shi et al., 2012; Chang et al., 2015). 
The fast orientations at the stations close to the Red River fault are sub-parallel to the strike 
of faults, appearing to be impacted by large faults. Seismic tomography demonstrates that 
low-velocity anomalies exist in the upper mantle on both sides of the Red River fault, while 
the high-velocity anomalies are beneath the Red River fault (Xu et al., 2003). Our results in 
the Sichuan-Yunnan block are coincident with the idea that the mantle flowing southward is 
obstructed by the Red River fault and turn to east (Huang et al., 2007).  

4. Conclusions 

Using teleseismic XKS (including SKS, PKS, and SKKS) phase data with magnitude greater 
than Ms5.5 from 85° to 140°, recorded by HX Array from December 2017 to November 
2020, this study determines the lithospheric anisotropy around the southern Sichuan-Yunnan 
block, SE margin of the Tibetan Plateau. The fast orientation in the study area is in nearly 
EW direction, which is consistent with the absolute plate motion direction. The pattern of 
the fast orientations displays lateral variations along the observation line of the linear HX 
Array. In particular, the fast orientations at the stations close to the Red River fault are sub-
parallel to the strike of faults, revealing the impact of large faults in the study area. However 
XKS splitting parameters generally indicate azimuthal anisotropy in the upper mantle.     
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Abstract: A destructive Mw=6.0 earthquake occurred on 7 September 1999 in Western 
Attica, in the vicinity of Athens, causing 143 fatalities and hundreds of injuries. The analysis 
of the aftershocks revealed the existence of the shear-wave splitting phenomenon, indicative 
of seismic anisotropy in the upper crust. Mean time-delays between the two split shear-
waves vary between 37 ms and 57 ms. Linear, almost E-W shear-wave polarization 
directions, ranging from N81°E to N99°E, were identified. These directions are almost 
parallel to the strike of the 1999 causative fault, as well as in agreement with the stress field 
of Western Attica and can be explained by the Anisotropic Poroelasticity (APE) model. The 
Mw=4.2 Marathon earthquake occurred on 15 January 2018 in NE Attica. Shear-wave 
splitting results were obtained for two stations of the Hellenic Unified Seismological 
Network. The analysis revealed that station DION is characterized by a stable WNW-ESE 
polarization direction, compatible with both the stress regime and the results obtained for 
the 1999 sequence. On the other hand, rotation of the anisotropy direction was identified at 
PTL station, possibly related to local faults. Time-delays in DION indicate a long-term 
increase, followed by a decrease before the occurrence of the Marathon earthquake. 

Keywords: Seismic anisotropy, stress-field, APE model, temporal variation of time-delays 
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1. Introduction

Attica is the most populated prefecture of Greece, as it hosts Athens, the capital of the 
country. Attica has experienced several strong earthquakes that occurred in the area 
(Makropoulos et al., 2012). The most well-known is the 7 September 1999 Mw=6.0 
Athens earthquake, which caused extensive damage in buildings and 134 fatalities 
(Kouskouna and Malakatas, 2000). The next strongly felt event in Attica was the Mw=4.2 
Marathon earthquake of 15 January 2018 which did not cause any damage. The sequence 
started 7 days before the mainshock and lasted until the end of January. Another, less 
intense sequence occurred in 2012, about 10 km south from the one of 2018. The focal 
mechanisms of the 1999 and 2018 events (Papdimitriou et al., 2002; Kaviris et al., 2018a) 
exhibited similar characteristics, i.e. pure normal ~E-W faulting, dipping northwards. This 
indicates that the maximum horizontal stress component (σHmax) is oriented roughly E-W. 
Shear-wave Splitting (SwS) is observed when a shear-wave enters an anisotropic medium. 
The wave splits into two orthogonally polarized components. This is quantified by 
estimating the polarization direction (φ) of the fast shear-wave (Sfast) and the time-delay 
(td) between the arrivals of the Sfast and the slow shear-wave (Sslow) at the station. In the 
upper crust SwS has been commonly related to fractured media. The Anisotropic Poro-
Elasticity (APE) model (Zatsepin and Crampin, 1997) attributes variations of splitting 
parameters to changes in the microcrack properties, controlled by the regional tectonic 
stress and local stresses exerted by overpressurized fluids contained in the rock pores. In 
such cases φ is expected to be parallel to σHmax. Active tectonics in Attica render the area a 
prime candidate for studying fluid-related processes.  
Both the 1999 Athens and the 2018 Marathon earthquakes were accompanied by intense 
sequences (Fig. 1), recorded by local stations. This permitted the investigation of the 
anisotropic properties of the upper crust. A total of 28 events were used from the Athens 
sequence and 159 from the Marathon one. In the first case, recordings were obtained from 
six temporary stations installed by the Seismological Laboratory of the National and 
Kapodistrian University of Athens (SL-NKUA) (University of Athens, 2008). The second 
sequence was recorded by two permanent stations of the Hellenic Unified Seismological 
Network (HUSN; Evangelidis et al., 2021), operated by the Geodynamic Institute of the 
National Observatory of Athens (GI-NOA) (National Observatory of Athens, 1975). 

Fig. 1 – Seismicity of Attica for the period 1900 – 2018. Epicenters from the instrumental catalogue of 
Makropoulos et al. (2012) and the bulletin of SL-NKUA. 
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2. Methodology 

We used compiled measurements from two different sources. Epicenters for the 1999 
sequence, presented in Fig. 2, were obtained from Papadimitriou et al. (2000, 2002) and for 
the Marathon area, presented in Fig. 3, were acquired from Kaviris et al. (2018a). Strict 
selection criteria were applied, with all seismic rays being within the shear-wave window 
(Booth and Crampin, 1985) and all recordings having greater S-wave amplitudes in the 
horizontal components, compared to the vertical. 

 

Fig. 2 – Seismicity of Western Attica area during 1999 – 2018. Epicenters for the Athens 1999 earthquake 
sequence are from Papadimitriou et al. (2000, 2002) and other events are after the catalogue of SL-NKUA. 

 

Fig. 3 – Seismicity of NE Attica area for the period 2012 – 2018. Epicenters are adopted from Kaviris et al. 
(2018a). 

Both Papadimitriou et al. (2000) and Kaviris et al. (2018a) utilized the visual inspection of 
particle motion diagrams, with the use of the polarigram (Bernard and Zollo, 1989) and 
hodogram methods, to perform the SwS analysis. Moreover, we refined results from the 
latter catalogue to improve its accuracy. This process was conducted with the Pytheas 
software package (Spingos et al., 2020), a Python GUI-driven program for analyzing 
shear-wave splitting from local sources. The program also incorporates semi- and fully-

35493ECEES, September 2022, Bucharest, Romania



automatic techniques and support for standard format input files, i.e. common waveform 
formats such as SAC and mSEED, as well as QuakeML and StationXML) 

An example of the manual method adopted in the current study is presented in Fig. 4. In 
the first step, the polarization direction is measured at the fast shear-wave (Sfast) arrival. 
Afterwards, the two horizontal waveforms are rotated according to the measured φ and the 
trace corresponding to the slow shear-wave (Sslow) direction is temporally shifted, so that 
shear-waves arrive at the same time in both components. Last, the horizontal waveforms 
are rotated back to the ZNE axial system and the measurement is validated, given that 
anisotropy should have been removed. In addition, a qualitative grade, with “A” being best 
and “D” worst, is assigned to the results. In order to grade a measurement as “A”, both 
initial shear-wave arrivals in the horizontal components must be impulsive and clear and 
the polarization vectors after the rotation of the waveforms to the Fast-Slow (F-S) axial 
system have to be oriented parallel to the fast component. On the contrary, event-station 
pairs for which the S-wave arrival was uncertain were graded as “D”.  

Fig. 4 – Example of SwS analysis by visual inspection, for an event that belongs to the 2018 Marathon 
sequence recorded at station DION. The angle of incidence (ain) is 12.2° and the backazimuth (baz) is 

N327.0°E. From top to bottom: unfiltered data, waveforms filtered between 1 and 20 Hz, the polarigram and 
the hodogram. (Left) Initial waveforms and corresponding particle motion diagrams. The arrival of the Sfast is 
determined and φ is measured (here, equal to N112.9°E), (Middle) Horizontal waveforms are rotated per φ. 

The time-delay is determined (noted by the two vertical lines). In this example, td=100 ms, (Right) Traces are 
rotated back to the N-E axial system and the measurement is evaluated by the fit of the arrivals of shear-
waves in both horizontal components. Additionally, linearity of the particle motion for the arrival is also 

taken into account.  
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3. Results 

The results obtained from event-station pairs in both catalogues are presented in rose 
diagrams. Mean polarization directions and their respective errors are herein calculated 
using circular statistics (Berens, 2009). The Athens sequence of September 1999 yielded 
76 parameter pairs for six stations out of 28 events (Fig. 5). Mean time-delays are between 
37 ms and 57 ms. The mean Sfast polarization directions in all 6 stations are in an 
approximately E-W direction, ranging from N81°E for STEF station (with the smaller 
number of results) to N99°E for FILI station. The obtained mean anisotropy directions are 
almost parallel to the azimuth of the causative fault of the 1999 Athens earthquake 
(Papadimitriou et al., 2002) and also in agreement with the stress field of Western Attica 
(Kapetanidis and Kassaras, 2019). Thus, they can be interpreted by the APE model 
(Zatsepin and Crampin, 1997). 

   

   

Fig. 5 – Rose diagrams of the Sfast polarization direction (φ) for the temporary stations that recorded the 1999 
Athens sequence in Western Attica. The average φ (°) and td (ms), with their respective errors, are displayed 
in the upper right corner of each plot, while the number of results N (bottom left) and the interval F for each 

grid line (bottom right) are also shown. 

Data between 2012 and 2019 in the Marathon area (NE Attica) resulted in 212 
measurements among 159 events (Fig. 6). In DION station, similar fast shear-wave 
polarization directions were obtained for the whole period, since 2012 and during the 2018 
sequence, with a mean value of N114°E (Fig. 6). On the contrary, PTL displays an obvious 
and significant change in the behavior of the Sfast polarization direction, with a mean value 
of N137°E during 2012–2017, turning to N73°E in 2018 (Fig. 6), implying a potential flip, 
even after taking into account a problem in the instrument’s orientation. 
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Fig. 6 – Rose diagrams exhibiting the polarization direction for DION and PTL stations in NE Attica. The 
average φ (°) and td (ms), with their respective errors, are displayed in the upper right corner of each plot, 

while the number of results N (bottom left) and the interval F for each grid line (bottom right) are also 
shown. 

For the 2018 Marathon sequence and for DION station, the time-delays were normalized per 
the hypocentral distance, acquired from relocated hypocenters (Kaviris et al., 2018a), to 
remove the effect of the ray-path (Fig. 7). The normalized time-delays (tn) showed a clear 
increasing trend, up to a few days before the 15 January mainshock. After reaching a peak 
value of 7.5 ms/km on January 12, a drop in tn was observed, until the occurrence of the 
Marathon mainshock. Even though only the end of the increase period was observed, due to a 
lack of recorded events at close distances, such a behavior is consistent with stress variations 
before significant earthquakes in similar media (Crampin et al., 2015). It is noted that the 
presented results refer to a multiplet, a certain cluster of repeating earthquakes, thus removing 
any spatial effect on anisotropy. In PTL station, no pattern of the temporal variations of the 
time-delays could be identified. 

Fig. 6 – Temporal distribution of tn measurements (circles) at DION for a multiplet of 81 events that 
occurred in January 2018. Colors of circles correspond to the quality grade (A–D), while the vertical bars 

show the errors, with δtn values derived from error propagation (Del Pezzo et al., 2004). The black line is the 
3-point moving average, with the respective ±σ errors depicted as dashed black lines. Straight bold lines

depict the linear regression in selected windows, with color corresponding to the correlation coefficient (R). 
Dashed bold lines show weak linear regressions with p > 0.05 for the t-test of statistical significance of non-

zero slope. 

4. Discussion - Conclusions

The polarization direction of the Sfast in Attica (Greece), dominated by local faulting, is 
well-defined at an average of about N110°E, in agreement with the maximum horizontal 
compressive stress component, as indicated by focal mechanisms and stress inversion 
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(Kapetanidis and Kassaras, 2019). It is concluded that upper crust seismic anisotropy in 
Attica can be interpreted with the existence of microcracks aligned according to the stress 
regime and the APE model. It is noteworthy that on 19 July 2019, an Mw=5.1 earthquake 
occurred in Western Attica, at roughly the same epicentral area as the 1999 Athens 
earthquake (Kapetanidis et al., 2020; Kouskouna et al., 2021). A future work should 
include shear-wave splitting results for the 2019 sequence as well. 

Similar results, with mean anisotropy directions being oriented in accordance to σHmax, 
have been obtained in other areas in Greece, also dominated by normal faulting, such as 
the Western Gulf of Corinth (Bernard et al. 1997; Giannopoulos et al. 2015; Kaviris et al. 
2017, 2018b; Kapetanidis et al., 2021), the Eastern Gulf of Corinth (Papadimitriou et al. 
1999; Kaviris et al., 2014), the Florina basin (NW Greece), affected by CO2 emission 
(Kaviris et al. 2020), and Samos Island (E. Aegean, Greece), where local structures were 
also related to the anisotropy directions (Kaviris et al., 2021).  

The polarization direction in Attica has displayed stable features between 1999 and 2018. 
However, PTL station showcased a significant shift in the average φ between two datasets. 
This potential flip could be a result of increased pressure close to the station, a precursor to 
the 2018 Marathon mainshock. On the other hand, it is not clear why Sfast polarization 
directions in DION station were not affected or why no temporal variations of the time-
delay were present in PTL. Normalized time-delays in DION indicated a stress cycle 
associated with the 15 January 2018 Marathon event. This may be related to long-term 
stress accumulation, followed by short-term relaxation due to the coalescence of 
microcracks into the plane of the earthquake before its occurrence. 
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Abstract: Computational advances over the years made it possible to identify remnant and
active  slabs  up  to  great  depths.  SKS splitting  measurements  revealed  mostly  clockwise
rotation in the Alpine region and splitting parameters parallel to the Apennines. 785 stations
were used in this study to calculate splitting intensities in an automated process. Compared
to SKS measurements, more stable fast polarization directions were recovered with a pattern
paralleling  the  strike  of  the  mountain  belt.  Splitting  intensity  measurements  support  a
possible mantle material flowing through a tear in the Central Apennines, as also traced by
new SKS splitting directions. While strong anisotropy has been recovered over the bulge of
the Alps and Apennines chain, weaker anisotropy has been found beneath the Po plain, the
eastern sector of the Apennines, in the western sector of Sicily and the external European
domain. However,  the complexity of  layered  anisotropy, the upper mantle  flow through
possible  slab  detachments  and  the  subduction related  anisotropy with a  dipping axis  of
symmetry are difficult to recover. Insights into the depth dependent horizontal anisotropy
can be recovered including the splitting intensities information into a tomographic inversion.
The  anisotropic  tomography  models  obtained  so  far  allowed  us  to  recover  the  most
prominent splitting patterns and see some changes with depth, especially for the strength of
anisotropy.

Keywords: Mediterranean, Splitting Intensity, Tectonics, SKS-waves, Slab Geometry 

1. Introduction

Current plate  motions and seismic activity  in Italy and surrounding regions are caused
mostly by the active and past subducting systems. High-resolution seismic tomography
models and the knowledge of seismic anisotropy in the upper mantle can greatly improve
the knowledge of Alps and Apennine tectonics.  However,  the isotropic assumptions in
most tomographies, are prone to produce artifacts, especially in regions with strong and
heterogeneous anisotropy like subduction zones. Shear wave splitting measurements are a
well established method to retrieve averaged splitting parameters, representing mostly the
anisotropy  in  the  upper  mantle,  Unfortunately,  they  can  not  be  used  resolve  depth
dependent  changes  in  anisotropy.

In this  study, we applied the splitting intensity method of Chevrot et  al.  (2000) to the
Italian peninsula. Splitting intensity is the amount of energy on the transverse component
of a waveform. With sufficient measurements at one station, with a good back-azimuthal
distribution  and a  sinusoidal  curve,  time  delay  and  fast  polarisation  can  be  recovered
though amplitude and phase shift (Chevrot, 2000; Kong et al., 2015). Due to the back-
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azimuthal dependency of this method, an inversion method has been written (e.g., Chevrot
and van der Hilst,  2003; Monteiller  and Chevrot,  2010, 2011; Romanowicz and Yuan,
2012), to recover vertical and lateral changes in strength and orientation of the anisotropy.

2. Method and Data

To calculate splitting intensities we use the code of Kong et al. (2015), automatized to
handle huge amounts of data. After applying a bandpass filter between 4 and 20 s and
removing the mean and trend, the horizontal components of SKS waveforms are rotated.
Then, we projected the transverse component with the derivative of the radial component
multiplied by a sinusoidal factor, representing the splitting intensity (SI) (Montellier and
Chevrot 2010). After obtaining a dataset of SI measurements and knowing the incidence
angle,  the single measurements  have been used as input  for the tomographic  inversion
based on the algorithm of Huang et al. (2021). This approach allowed us to get a model of
distribution of anisotropic parameters in a volume, so an anisotropy tomography. 

Here,  we use the seismic waveforms of all  available  stations  in the study region from
several temporary and permanent networks of the Italian National Seismic Network (IV
network  code,  https://doi.org/10.13127/SD/X0FXNH7QFY),  the  Regional  Seismic
Network of North Western Italy (GU network code,  https://doi.org/10.7914/SN/GU), the
AlpArray  network  (Z3 network  code,   doi:10.12686/alparray/z3_2015;  Hetényi   et  al.,
2018), the CIFALPS and CIFALPS2 experiments (Western Alps, Salimbeni et al., 2018;
Liu et al., 2021). Events with epicentral distances of 85-130°, a magnitude larger than 6
and from the past 20 years were downloaded for 785 stations. From this huge dataset we
obtained  the  splitting  parameters  for  735  stations,  elaborating  11438  single  splitting
intensity measurements (Figure 1).

3. Results and discussion of splitting parameters

Fast polarisation directions  from splitting intensities  show a very consistent pattern for
most of the region, with a clockwise rotation in the Alps and a pattern parallel  to the
Apenninic  belt.  Some  E-W oriented  fast  polarisation  directions  in  Central  Italy  could
suggest the presence of a tear in the slab. Low  time delays and different fast polarization
direction pattern in the Po Plain testified to the complicated anisotropy beneath this region.
In Calabria and Sicily a clockwise rotation following the mountain belts can be identified
as well. Time delays on the Adriatic side of Italy seem to be smaller than that within the
belt and the Tyrrhanian side. These anisotropy parameters are well comparable with those
previously obtained using SKS shear wave splitting measurements. 

The entire set of splitting intensity measurements is used as input for inversions to get
tomographic  images  of  anisotropy  distribution.  At  the  time  of  the  submission  of  this
conference  paper,  first  tomography  tests  show that  we  can  recover  the  main  splitting
directions as well as seeing some changes with depth.
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Fig. 1 – Available stations and splitting parameters from previous SWS measurements and from splitting
intensity in red and in light blue respectively in Italy and the Alpine region.

4. Conclusions

The Central Mediterranean and Alpine region as a highly tectonically active region and
with  its  dense  seismic  network,  is  a  great  region  to  improve  seismic  methods  and
tomographic studies, while understanding plate motions and mantle flow at the same time.
This study shows that splitting intensity can be a powerful tool to recover anisotropy in the
upper mantle. The inversion can be a good method to recover depth dependent horizontally
aligned anisotropy to some extend, but could be still  improved to include for example
dipping or vertical anisotropy.
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We conducted shear wave splitting analysis in two regions with different
geological histories: (1) Northwest Namibia, which underwent a continental
break-up with remnants of continental flood basalts that are interpreted as evidence
for mantle plume influence, and (2) Oman Mountains as a typical example of the
subduction-obduction tectonic regime, where the Semail ophiolites were emplaced
onto the Arabian continental margin during the Late Cretaceous and preserve thrust
sheet of oceanic crust and upper mantle. In both cases, shear wave splitting can
provide insight into how the tectonic process has developed over time and can
possibly provide constraints regarding the open questions/poorly understood
processes.

1) Namibia
The presence of the Etendeka continental flood basalts in northwestern Namibia, at
the eastern extension of Walvis Ridge toward the African coast, is taken as
evidence for the assumption that this region was affected by the Tristan da Cunha
mantle plume during the rifting/break-up process between Africa and South
America. Investigation of seismic anisotropy can provide further evidence for the
cause-and-effect relationship between mantle flow, lithospheric deformation, and
surface structures. We investigate seismic anisotropy beneath NW Namibia by
splitting analysis of core-refracted teleseismic shear waves (SKS family). The
waveform data were obtained from two different GEOFON seismic networks in the
region. The XC network with 5 stations, which has been operating for two years
since 1998, and the 6A network with 40 stations including both land and off-shore
(OBS) stations, operated for longer than two years from 2010 to 2012.
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The data was analyzed using the SplitRacer software (Reiss and Rümpker, 2017)
and the results of joint splitting analysis assuming a one-layer of anisotropy are
presented here (Fig. 1). The waveform data from the land stations provide reliable
and consistent measurements. We also obtained few reliable measurements from
the OBS stations due to higher noise levels and ambiguity about the sensor
orientation. The majority of our fast directions exhibit a NE-SW direction
consistent with the regional trend of seismic anisotropy in western Africa
compatible with a model of large-scale mantle flow due to the NE motion of the
African plate. In the northern part of the study area, we observe an anti-clockwise
rotation of the splitting polarization directions that seems to be caused by the
Kaoko belt and the Puros shear zone. Based on the short-scale variation of the
splitting parameters in this region, we believe that the cause of the lateral variation
in SKS-splitting observation is the shallow lithospheric structure rather than a
variation of deep mantle flow. Our results do not show any direct plume-related
observations in the study region.

Fig 1. One-layer anisotropic parameters from the joint-inversion of XKS splitting
measurements in NW Namibia. The bars are oriented in the fast direction with a length

proportional to the lag time.
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In addition to the one-layer model parameters at each station in the joint inversion,
we also obtain individual splitting parameters from each SKS waveform. These
single parameters can provide clues about the validation of the single-layer
assumption. Figure 2 shows that individual splitting parameters at the majority of
our stations vary in the range of the single-layer parameters obtained from the
join-inversion.

We conclude that two sub-parallel layers of anisotropic fabric exist beneath the
Kaoko belt in NW Namibia: 1) the lower layer in the lower crust and uppermost
mantle due to underplating and emplacement of melt pockets within cracks,
developing an SPO anisotropic fabric, and 2) the upper layer as a result of a shear
zone that could have affected the entire thickness of the crust. Based on our SKS
splitting analysis, it can be concluded that the NNW-SSE trending fast axes in NW
Namibia originate from the superposition effect of these two layers of anisotropy.
Our results also suggest that the mantle plume does not have an extensive lateral
flow to develop a pervasive fabric. The effect was likely overprinted by the drag
flow between the lithosphere and asthenosphere.

Fig 2. Single XKS measurements in NW Namibia. The bars are oriented in the fast
direction with a length proportional to the lag time
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2) Oman Mountains
A spectacular example of obducted ophiolite complex is represented by the Semail
ophiolite in the UAE-Oman belt. Oman Mountains, where Cretaceous oceanic
lithosphere was thrust onto the Arabian continental margin during the convergence
of Arabia and Eurasia, play a key role in explaining how the Semail Ophiolite
formed and how the process of obduction took place. Since the deep structures
beneath the ophiolite have not been imaged, it is still well-known how inherited
structures are involved in obduction. An analysis of seismic anisotropy can assist
in understanding the obduction process and its effects on the lithosphere structure
beneath northern Oman. SKS waveform data from a dense seismic network
consisting of 40 stations operated for three years since 2013 was analyzed for
investigation of seismic anisotropy beneath the study area.
In order to compute the shear wave splitting (SWS) parameters, one-layer
anisotropy is assumed. An average of measurements chosen according to rigorous
criteria is attributed to the station as the final SWS parameters. In figure 3 the red
bars represent the measurements computed in the study and the blue bars illustrate
the results from previous studies in the neighboring regions.
Generally, the fast axes follow an ESE-WNW trend. There are, however, instances
where we see different patterns. A clear NNE-SSW trend is observed in central
parts of the study area (the thrust front of the Semail ophiolite), which might be
due to the localized fossil anis in the lithospheric mantle and may be associated
with the north-east underthrusting of the Arabian continental margin beneath the
overlying Semail ophiolite. The fast axes are aligned with the strike of the
continental plate and the oceanic plate collision in the northern parts, where the
oceanic lithosphere is believed to thrust over the continental lithosphere.
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Fig 3. Average XKS splitting measurements in northern Oman (red bars) in this
stduy among with  results from previous studies in the neighboring regions (blue
bars). The bars are oriented in the fast direction with length proportional to the lag time
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Abstract: Covasna and the surrounding area is one of the localities with the most intensive 

non-volcanic CO2 emanations within the Carpathian-Pannonian region geologically located 

at the triple boundary of the Audia and Tarcau nappe of the East Carpathian flysch system 

and the deep normal fault at the eastern boundary of the Targu Secuiesc Basin (NE part of 

the broader Brasov Basins). The CO2 emanation is induced by the intensive young tectonic 

evolution of the Southeastern Carpathians caused by the ongoing sinking of the Vrancea 

slab and the associated mantle upwelling. The lithospheric-scale deformation (i.e., thick 

skinned thrusting) formed lithospheric-scale weakening zones (i.e., faults, steep nappe 

boundaries) that support fluid (CO2, saline rich H2O) flow from the lithospheric mantle up to 

the surface. In this study, we analysed gas and dissolved CO2-rich water samples from 

springs located in the Covasna town centre and the nearby Hankó valley (NE of Covasna). 

The acquired isotopic results from the extracted water (δ2H, δ18O) and dissolved gases (δ13C, 

δ18O, 3He/4He) show that the gases and water have a metamorphic origin and were most 

probably released during decarbonation and devolatilization of the lower crust due to the 

heating effect of the asthenospheric uplift and associated heat anomaly. Additionally, noble 

gas isotopic ratios suggest that a significant part of the gases (>25 %) originate from the 

Earth mantle and, thus, mixing of the fluids of different origins is considered.  

Keywords: Decarbonation, spring, lithosphere, weakening zone, Carpathian-Pannonian 

region 

1. Introduction

The interdisciplinary approach to understand the degassing of deep CO2 through 

geochemistry, structural geology and geophysics provides a strong approach to understand 

3564

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

3ECEES, September 2022, Bucharest, Romania

mailto:lange.thomas@epss.hu
mailto:palcsu.laszlo@atomki.hu
mailto:szakacs@sapientia.ro
mailto:kovago.akos@gmail.com
mailto:gecso@caesar.elte.hu
mailto:agnes.gal@ubbcluj.ro
mailto:gyilasandor@gmail.com
mailto:csaba.szabo@ttk.elte.hu
mailto:kovacs.istvan.janos@epss.hu


the global inorganic deep CO2 cycling (e.g., Chen et al., 2020). In orogenic terrains, the 

δ13C isotopic composition of the emanating CO2 suggests that significant amount of CO2 

gas can have both lower crustal and upper mantle source (Kerrick and Caldeira, 1998, 

Brauer et al., 2016). In the former case, the emanating CO2 is often associated with a deep, 

highly conductive, possibly fluid rich zone that causes decarbonation in the Earth crust, 

whereas in the latter case, CO2 release is considered spontaneous due to its inert behaviour 

in the uppermost lithospheric mantle. In the Carpathian-Pannonian region, the most 

voluminous non-volcanic CO2 emanation locality is Covasna town and its surrounding 

area. It is assumed that the CO2 gas has a combined crustal and upper mantle origin 

(Szántó, 2002) and is released in connection with the sinking Vrancea slab (Vaselli et al., 

2002) and mixed with the fluids originating in the lithospheric mantle situated above the 

sinking slab. In this study, we propose an alternative source for the emanating gas and 

describe the mechanism controlling the uprise of the deep CO2 fluids.   

2. Sampling and Results 

We studied spring waters and dissolved gases from the Covasna centre and the Hankó 

valley (NE-Covasna). From the collected samples, we determined the δ2H and δ18O 

isotopic ratio of spring waters and the δ13C, δ18O, 3He/4He isotopic ratios of the extracted 

CO2 and noble gases. The isotopic measurements were performed at the Isotope 

Climatology and Environmental Research Centre (ICER), Institute of Nuclear Research 

(INR) in Debrecen (Hungary).  

The δ2H and δ18O isotopic ratios of the spring waters range between -71.57 - -33.87 and  

-10.26 - +9.11, the δ13C and δ18O of CO2 range between -2.0 - -0.47 and -6.67 - +10.62, 

respectively. The noble gases show a slight enrichment in the 3He isotope (R/Ra = 1.52-

1.55). 

3. Discussion and Conclusion 

The given isotopic ratios of the spring waters define a mixing line ending at the local 

meteoric trendline and the water with metamorphic origin. The δ13C and δ18O values 

suggest a carbonate-bearing rock source that underwent high degree of decarbonation 

releasing high amounts of CO2 gas. The enrichment of 3He in the noble gas isotopic ratio 

indicates at least 25 % mantle contribution for the total gas.  

Thermal cross section of Tilița et al. (2018) shows an increased heat anomaly (possibly 

magmatic underplating) underneath Covasna and surroundings at MOHO depth increasing 

the degree of metamorphism leading to simultaneous devolatilization and decarbonation of 

the lower crust. Newly released lower crustal fluids mix with the upwards flowing CO2-

rich gas origination from the lithospheric mantle along weakening zones connecting to the 

lower crust and lithospheric mantle. The newly formed hybrid fluid migrates along the 

steep thick- skinned nappe boundaries, along deep faults transecting the upper thin-skinned 

nappe stack and along the intramountain basin-boundary faults up to the surface. At near-

surface depths, mixing between groundwater and metamorphic source water can occur. 

The intensive deformation rate of the Southeastern Carpathians enhances the fluid 

migration and the associated CO2 release. All in all, a high similarity with other major 

tectonic CO2 degassing areas like the Himalayas and the San Andreas Fault (Kerrick and 

Caldeira, 1997; Pili et al., 2011) is recognized.  
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Abstract: More than 50 years after the birth of the modern plate tectonic theory, it is not 
entirely clear what physicochemical processes cause the difference between the lithosphere 
(the rock envelope of the earth’s crust and the rigid solid part of the upper mantle) and the 
plastic asthenosphere below, and what the driving forces are that cause the outer, brittle 
lithosphere to move on top of the asthenosphere. In addition, in recent decades, geophysical 
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methods have been used to discover interfaces within the continental lithosphere at depths of 
around 100 km that may play a significant role in the detachment and subsidence of the 
lower rock cover (delamination) as zones of weakness. The newly proposed pargasosphere 
hypothesis offers a reasonable answer to these pending questions. 

Keywords: plate tectonics, lithosphere, asthenosphere, volatiles, geophysics 

1. Introduction

The stability of small amounts of volatiles – primarily water – and aqueous minerals – 
primarily pargasite – depending on the age and temperature of the lithosphere may be more 
important than previously thought. The dehydration solidus of pargasite may explain the 
contrast between the lithosphere and asthenosphere in tectonic settings with high heat flow 
areas such as young oceanic plates and young continental extensional basins (Fig. 1a). The 
creation of zones of weakness at a depth of 100 km in the case of the older and colder 
lithospheres coincides with the breakdown of pargasitic amphibole at this pressure and the 
liberation of considerable amount of volatile-rich fluids (Fig. 1b-c). This suggests that it is 
the volatile substances in the depths of the planet that make the Earth a living planet in 
tectonic terms (Fig. 1d). 

Figure 1. Relationship between various solidi and geotherms typical for different tectono-thermal ages of the 
lithosphere based on Kovács et al. (2021). Three different scenarios are considered corresponding to a) 
young continental and oceanic lithospheres represented by higher heat flow (>~65 mW/m2); b) old 
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continental and oceanic lithospheres, and youngest cratons characterised by intermediate heat flow (~50-65 
mW/m2); and c) old cratonic lithospheres with low surface heat flow (<~50 mW/ m2). The solidus of the 
shallow upper mantle is usually the pargasite dehydration solidus shallower than 3 GPa and the water 
saturated solidus deeper than 3 GP; d) Schematic representation of the relation between the LAB and MLD 
in various thermal-tectonic settings. The positions of pargasite-rich layers, ponded melts, and fluids and 
plumes are all indicated. The different thermal-tectonic units are classified according to the three main 
scenarios above (a, b and c). 

Discussion and conclusions 

Delamination plays a significant role in the initiation of subduction and raises the 
possibility that the subduction considered characteristic of ocean plates may even begin 
within continental plate settings. Zones of weakness within the continental lithosphere may 
also play a role in the ‘rejuvenation’ of the lithosphere of particularly thick and older 
shields. This is because the deep roots of the shields can become detached along the zones 
of weakness, causing a significant thinning of the lithosphere. 

According to this new hypothesis, it is possible to interpret the origin of CO2-rich 
emanations of presumed ‘magmatic’ source on the surface in a tectonic environment where 
there is no longer active volcanism or at distant sites from any volcanism. The essence of 
this idea is that the source of CO2 is the cooling asthenosphere itself, in which the 
crystallization of the small quantity of silicate melt present leads to the formation of CO2-
rich fluids that are highly mobile toward the surface. CO2-rich surface discharges of this 
origin have so far not been given sufficient emphasis in the description of the global CO2 
cycle, but may now also play an important role in more accurate quantitative modelling of 
climate change. Furthermore, monitoring of surface fluid discharge parameters may 
contribute to understanding earthquake-preceding precursory signals as suggested in two 
companion contributions to this conference. 
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Abstract: Recent findings in earth science suggest that the solidifying melt content of the 

cooling, partially melted asthenosphere beneath areas of thinning lithosphere, such as the 

Pannonian Basin, may also be a significant source of volatiles, especially CO2. This is 

because CO2 cannot be incorporated into the minerals that crystallise as the asthenosphere 

cools, so it becomes enriched in CO2 fluids. The flow of these fluids towards the surface is 

also strongly influenced by the tension accumulating in the rocks. We propose that there are 

also signs that the combined observation of CO2-rich surface gasification and earthquakes 

may provide an opportunity to identify anomalies that may precede earthquakes. 

Keywords: earthquake, lithosphere, volatiles, geophysics, Carpathian-Pannonian region 

1. Introduction

The research is based on the Dutch-Hungarian-Romanian Topo-Transylvania cooperation, 

which has been ongoing for more than five years and aims to deepen the understanding of 

the complex geological processes in the Carpathian bend. The Carpathian bend is one of 

the most tectonically dynamic areas in Europe and includes the highly earthquake-prone 

Vrancea zone. Due to the pandemic, the prototype of the Integrated Geodynamic Station 
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had to be built in Hungary, in the Balaton Highlands. Following detailed investigations, a 

suitable location to accomplish the technical objectives was found in Badacsonytördemic. 

By simultaneously monitoring seismic activity, the flux of volatiles from the Earth’s 

interior, meterological parameters and the electromagnetic properties of the subsurface, 

this internationally unique station can play a key role in identifying the geological 

processes that precede earthquakes and in better understanding the global carbon cycle 

(Fig.1.; Kovács et al., 2021; Szakács, 2021). The first Integrated Geodynamic Station in 

Central Europe was opened in Badacsonytördemic (Hungary) on 13
th

 of August 2021. The 

aim was to build an integrated geodynamic station that can analyse the composition of 

gases (CO2, CxHy, S and N components) at the surface continuously and accurately using 

an infrared spectrometer. It also simultaneously monitors seismic activity and changes in 

the conductivity of the lithosphere at the location of the station. The most important goal is 

to identify precursors preceding earthquakes in the time series of compositions of gases 

and conductivity of the Earth’ lithosphere beneath the station. With a sufficient number 

and magnitude of earthquakes, it may be possible to identify systematic signals that 

precede earthquakes. 

 

Figure 1. Schematic overview of the Integrated Geodynamic Station. 

2. Conclusions 

The ultimate goal of the research is to use the experience gained here to develop an 

integrated, continuously operating measuring station in the Carpathian bend area in order 

to ‘predict’ the occurrence of deep (>100 km) quakes in the Vrancea seismogenic zone. If 

successful, the project will pave the way for a wider application of the knowledge gained 

here in the Pannonian Basin and globally. Furthermore, the results may also contribute to a 

more accurate quantification of CO2 emissions of geological origin. The project will have a 
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high direct social benefit through the identification of signs that may precede earthquakes, 

as well as strengthening Hungarian-Romanian bilateral scientific relations.   

In the Eötvös Loránd Research Network infrastructure tender announced this year, 

the Hungarian Institute of Earth and Space Science also won a grant to build a similar 

station to contribute to a better understanding of the geological causes of destructive 

quakes in the Carpathian Basin and to identify the geological changes that precede them. 
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Abstract: Vrancea Seismic Zone is an anomalous isolated seismic nest located in the 
Southeast Carpathians in Romania, releasing the largest continental strain in Europe and 
causing significant damage in Eastern European countries. The peak ground acceleration 
shows enhancements at distance in the Carpathian foreland and the measured intensities are 
distributed asymmetrically, due to both source and site effects. Evaluating local seismic 
amplification strongly depends on the estimated geophysical bedrock depth and the 
properties of the overlying sediments. These are critical parameters linked to destructive 
resonance phenomena contributing to seismic hazard. Here we use ambient noise data to 
constrain the shallow seismic structure beneath a network of temporary broadband seismic 
stations located in the Carpathian bend zone and the surrounding sedimentary basins. We 
estimate H/V spectral ratios of continuous noise records and Rayleigh wave phase velocities 
from ambient noise cross-correlations. Under the diffuse wave field assumption, we jointly 
invert these complementary datasets to estimate P and S wave velocity-depth profiles 
beneath each station using probabilistic Monte Carlo methods, and constrain the depth of the 
bedrock interface. Because phase velocities offer high depth resolution of absolute seismic 
velocities and H/V spectral ratios constrain the amplitude of the bedrock impedance 
contrast, our results do not suffer from the intrinsic trade-offs due to inverting only one type 
of data. Our shallow structure estimates are thus the highest resolution models of the region 
to date, they offer an unbiased input parameter for future ground motion studies and seismic 
hazard estimates, and provide fundamental insights into the anomalous intensity distribution 
of the Vrancea intermediate-depth seismicity.  

Keywords: near-surface structure, ambient noise, Rayleigh wave dispersion, seismic 
hazard, intermediate-depth seismicity 

1. Introduction

The Vrancea Seismic Zone, located in Romania, at the bend of the Carpathian Mountains, 
generates frequent high-magnitude earthquakes that are felt differently in the foreland 
regions than the back-arc (Văcăreanu et al., 2015). Moreover, peak ground acceleration 
values increase away from the epicenter in the foreland sedimentary basins (Marmureanu 
et al., 2020), suggesting an anomalous seismic amplification phenomena due to complex 
geological structures. Evaluating the depth to the geophysical bedrock interface and the 
shallow seismic structure is thus crucial to understand these anomalous patterns and 
provide better ground motion predictions and seismic hazard estimates in a continental 
intermediate-depth seismic zone.  
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Here we employ the most novel techniques of seismic data processing to investigate the 
shallow structure of the crust in the Vrancea zone and the surrounding sedimentary basins. 
We use continuous ambient noise data to estimate H/V spectral ratios, an excellent passive 
seismological tool to constrain the impedance contrast at the base of sedimentary layers. 
We also cross-correlate ambient noise records to estimate inter-station empirical Green’s 
function and extract the fundamental Rayleigh wave phase velocity dispersion, which 
offers a complementary constrain on absolute seismic velocities in the uppermost crust. 
We then jointly invert these datasets to estimate a 3D model of P and S wave velocities of 
the uppermost crust. These are key to understanding the configuration of underground 
geological structures controlling seismic amplification and will aid future civil engineering 
designs.  

2. Methods and data

To investigate the uppermost crustal structure in the Carpathian bend zone, we use data 
from a densely-spaced seismological network that operated in 1999, the CALIXTO 
(Carpathian Arc Lithosphere X-Tomography) experiment (Wenzel et al., 1998). The 
network consists of 120 broadband seismic stations deployed to monitor the Vrancea 
seismic region (Fig. 1) during a period from May to November 1999. 

Fig. 1. CALIXTO stations (triangles) for which the H/V spectral ratios were computed manually. Colors 
indicate H/V curves classification: blue- peak frequency <1 Hz; yellow- no amplification peak identified; 
magenta- insufficient data; black- two amplification pulses; orange- wide amplification pulse; red- well-
defined frequency amplification pulse; green- unstable H/V ratios. Inset: Examples of ambient noise H/V 
spectral ratios showing different pulse characteristics. Red lines are H/V ratios obtained from individual time 
windows and the blue line marks the average H/V 
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The H/V spectral ratios technique, originally proposed by Nogoshi and Igarashi (1971), 
and wide-spread by Nakamura (1989), consists in estimating the ratio between the Fourier 
amplitude spectra of the horizontal (H) to vertical (V) components of the ambient noise 
vibrations recorded at single stations. Here, we compute the H/V ratio largely following 
the guidelines proposed through the SESAME project (SESAME Guidelines, 2005). For 
computation, we selected seismic noise windows of 15 min. length for one day of each 
month (the 23rd day of each month was selected) during night time (from 1:00 to 1:15 
GMT). The total 900 s time interval is split into 18 windows of 50 s long each. A 
continuous-wavelet transform algorithm (CWT) is applied in order to eliminate transient 
signals which contaminate the ambient noise (Yang et al., 2020). After window tapering 
(0.5 s width), the Fourier spectra are computed for each component of the recording and 
smoothed (Konno and Ohmachi, 1998). The average spectra of the two horizontal 
components are computed using a quadratic mean and H/V spectral ratios are evaluated for 
each window. Finally, the average H/V ratio for the 23rd day of a month is computed for 
all the windows (examples are presented in Fig. 1 and Fig. 2).   

(a)                                                                  (b) 
 
Fig. 2. Example of H/V curves for stations E13(a) and S03 (b). Colored curves show the synthetic H/V ratios 

corresponding to proposed velocity structure models at each iteration during the Monte Carlo inversion. 
Colors indicates misfit between observed and synthetic data. The red curve is the final fitted model. 

 
Rayleigh wave phase velocity dispersion is estimated from the cross-correlation functions 
of continuous noise records. We cut the 6-month recording period into daily records, 
remove high amplitude transients with CWT, cross-correlate and stack. Thus, we obtain an 
empirical Green’s function between pairs of stations. We then use an automatic Bessel-
analogue technique to extract phase velocities of emerging Rayleigh waves (Kastle et al., 
2016) between periods of 7 s and 23 s (Fig. 3). Rayleigh waves propagate in different 
layers depending on their frequency, so dispersion can be used to gain knowledge on the 
depth distribution of seismic velocities (e.g., Petrescu et al., 2022).  
Finally, under the assumption of a diffuse field (Sánchez-Sesma et al., 2011), we use a 
probabilistic Monte Carlo algorithm (HV-inv, Garcia-Jerez et al., 2016) to jointly invert 
these complementary datasets. The algorithm perturbs an initial 1D model made of two 
layers over a half-space and calculates the posterior probability of the proposed model at 
each iteration. We allow the P and S wave speed to vary between 400 and 6000 m/s and 
200 and 3500 m/s, respectively and layer thicknesses to vary between 0 and 500 m, and 
100 to 4000 m, respectively.  
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3. Results and discussion

Fig. 1 shows the distribution of the CALIXTO stations for which we computed H/V 
spectral ratios. We manually divided the results into seven characteristic categories 
(marked with different symbols in Fig. 1): flat H/V spectral ratios, one well-defined 
resonance frequency above 1 Hz, one resonance frequency below 1 Hz, multiple resonance 
frequencies, broad peak amplification, spurious spectral ratios and stations with 
insufficient data. 
According to our analysis, the H/V curves show stable behavior over time, indicating that 
the results reveal behaviors related to the local structure and not to other causes such as 
seasonal variability of noise sources. The results confirm the presence of low frequencies 
of resonance all along the Carpathian foreland region (up to 1 Hz), strongly suggesting the 
existence of thick sedimentary deposits in the area. These results fit well with the analysis 
performed by Manea et al. (2020) from ambient noise measurements and earthquake-
estimated H/V (Grecu et al., 2011; Manea et al., 2021) for the extra-Carpathian area. 
Resonance frequencies in the mountainous area are in accordance with the strong decrease 
or lack of the sedimentary layer which is obtained in both approaches. The prevalence of 
flat responses for 0.5 – 10 Hz bandwidth is consistent with the presence of structures 
without local amplification, as is the case of hard rock structures. 

Fig. 3. Top: Cross-correlation function between CALIXTO stations A02 and E03 from 6 months of ambient 
noise data, showing clear surface waveforms. Bottom: Phase velocity dispersion curve picked using the 

Bessel-analogue algorithm.  
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The cases of multiple resonance frequencies and broad peak amplification (Fig. 1) may be 
related. A broad peak may result from the interference of a closely-spaced frequency 
doublet. The ambient seismic wavefield comprises both body and surface waves. The first 
H/V peak is commonly associated with Rayleigh wave ellipticity maximum or the 
resonance frequency of the SH waves (e.g., Fäh et al., 2003), but Love waves (horizontally 
polarised surface waves) may also affect the signal (Bonnefoy-Claudet et al., 2008). 

 
 

Fig. 4. P and S wave velocity models for F10 (a and b) and S05 (c and d) from the Monte Carlo joint 
inversion algorithm. Colors indicate the misfit between the data and proposed model  

 
We applied HV-Inv code to compute local structure beneath station sites using H/V 
spectral ratios and dispersion curves of surface waves. Shallow seismic velocity-depth 
profiles are shown in Fig. 4 for stations F10, located in the foreland of the Carpathian 
Orogen, and S05 located in the Eastern Carpathians. The first station is representative for 
the Vrancea epicentral or near-epicentral area experiencing relative lower ground motion, 
while the second station is representative for the foreland region experiencing the highest 
peak acceleration values due to the Vrancea earthquakes. The velocity-depth profiles 
beneath the two stations show clear differences. Beneath station F10, there are two strong 
impedance contrasts at 10m and ~340m, while station S05 is underlain by a discontinuity 
at 100 m and at 1300 m. The bedrock beneath F10 is deeper but seismically faster than 
beneath station S05, suggesting a different rock composition of the crystalline basement. 
These preliminary results are the first seismic velocity models of the shallow structure 
beneath the Carpathian bend zone and are key to understanding the marked differences in 
seismic amplification between the fore- and back-arc due to the strong Vrancea 
earthquakes. Future plans include carrying out the inversion for all the CALIXTO stations 
and building the first high resolution shallow seismic model in Romania, allowing a more 
comprehensive understanding of buried 3D structures and their role in seismic 
amplification. 
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4. Conclusions
We applied for the first time a Monte Carlo joint inversion algorithm to estimate seismic 
velocity structure of the uppermost crust beneath the Carpathian bend zone and the 
surrounding sedimentary basins. We used continuous ambient noise records from the 
CALIXTO experiment to extract H/V spectral ratios capturing the fundamental resonance 
frequency of the sedimentary layers and constraining the depth of the geophysical bedrock. 
To mitigate the bias introduced by the trade-off between layer velocity and thickness, we 
add a complementary dataset consisting of observed Rayleigh wave phase velocity 
dispersion curves based on ambient noise Green’s functions. Our new datasets and shallow 
crustal model offer crucial constraints for future ground prediction models and seismic 
hazard estimates in the anomalous Vrancea Seismic Zone.  
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Abstract 

Earthquake prediction-related research gained a new impetus during the last two decades after a period of 
prevailing pessimistic attitude of the science community. Encouraging results were obtained using new and 
various approaches and innovative techniques mostly focused around the idea of the lithosphere-atmosphere-
ionosphere-magnetosphere coupling. However, scepticism still persists due to 1) ambitious individual or 
restrained team efforts aiming at discovering the ‘holy Grail’ of earthquake prediction by developing self-
conceived methodologies, hence obstructing large-scale synergic multidisciplinary approaches, and 2) the 
lack of a conceptually well-supported long-term research strategy. To counteract this drawback, a paradigm-
shifting long-term research strategy was recently proposed based on the newly introduced concept of 
‘precursory fingerprint’ targeting individual seismogenic zones. Because its well-known structure and 
centuries-long record and behaviour, Romania’s Vrancea seismic zone appears to be an ideal natural 
laboratory for experimenting the new concept-based earthquake prediction research strategy. 

Keywords: earthquake prediction, research strategy, precursory fingerprint 

1. Introduction

Earthquake prediction issues have been hotly debated during the past few decades within 
the science community. Following the claimed successful 1975 Haicheng (China) 
earthquake prediction and the next year Tangshan (China) unpredicted seismic disaster 
(Hough, 2010) pessimistic attitudes dominated the seismological community as 
summarized in most of the Nature debate contributions in the 1990’s when authoritative 
experts of the domain concluded that short-term earthquake prediction is impossible in 
principle due to the nonlinear and chaotic nature of the seismic phenomenon (e.g., Geller et 
al, 1996, Matthews, 1997). Later on, however, a number of ambitious researchers 
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worldwide engaged themselves in demonstrating that such an extremely sceptical view 
might not be fully supported by conducting prediction-oriented studies using new and 
various approaches and innovative techniques. Promising positive hind-prediction results 
started to emerge and to be claimed. Besides being published in professional journals, 
those encouraging results were summarized in a couple of dedicated volumes in the late 
2010’s, such as Ouzounov et al., 2018 and Pulinets and Ouzounov, 2018). The major 
findings of the new trend of prediction studies are mostly focused around the idea of the 
lithosphere-atmosphere-ionosphere-magnetosphere coupling which postulates that 
earthquake-preceding and escalating stress is transmitted throughout this coupled system in 
the form of precursory signals of various nature (physical, chemical, biological). These 
precursory signals are detectable in principle so that seismic prediction is now a matter of 
adequate signal-sensing strategy and methodology including both ground-based and 
remote-sensing technologies and monitoring devices. In particular, two lines of research 
appear as the most promising: one related to fluid-related precursors (as summarized by 
Martinelli, 2020), another on atmospheric-ionospheric precursors (as summarized by 
Poulinets et al., 2018). Despite encouraging results reported (including some claiming 
successful ‘a-priori prediction’, e.g., Peresan et al., 2012), the major drawback of these 
approaches is their pretention of universality, i.e., that those successfully applied methods 
can be extrapolated to anywhere else in the world. In particular atmospheric-ionospheric 
precursors are claimed to be detectable by air-born or satellite-hosted monitoring 
equipment able to warn about impending large seismic events including their geographic 
location (e.g., Poulinets et al., 2018). 

2. Results and discussion 

Regardless of the reported promising new results in the domain of precursor-based 
earthquake prediction, scepticism still persists as reflected by the lack of large-scale 
national and/or international earthquake-prediction research programs officially supported, 
implemented and funded worldwide (e.g., Wyss, 2001, Martinelli, 2018). This is, in our 
view due to 1) ambitious individual or restrained team efforts aiming at discovering the 
“holy Grail” of earthquake prediction by developing self-conceived methodologies, hence 
obstructing large-scale synergic multidisciplinary approaches, and 2) the lack of a 
conceptually well-supported long-term research strategy. 

Recently, Szakács (2021) proposed a potentially paradigm-shifting research strategy based 
on the assumed basic axiom that precursor-based earthquake prediction is not impossible in 
principle, and a few newly introduced concepts such as the unique nature of seismic 
systems and, hence, the uique nature of their related precursor activity expressed as the 
‘precursory fingerprint’.  As so, instead of looking for universally valid precursors, seismic 
prediction research has to be focused on a much less ambitious target: finding out the 
individual precursory fingerprint of each known seismic system separately and, eventually, 
later one, those fingerprints may characterize groups of genetic types of earthquake 
systems. Thus, as many as possible individual seismic systems worldwide have to be 
examined individually for their own precursory fingerprints before examining possible 
common features. In the first experimental phase of such an endeavour, all possible types 
of precursors (physical, chemical, biological) have to be addressed, experimented and 
monitored by adequate high-sensibility proxies (e.g., composition and flux of gas 
emanations, magnetelluric signal) to find out which of them are positively ‘sensitive’. The 
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pool of the identified positively sensitive signals will provide the precursory fingerprint of 
the monitored unique seismic system.  

The quest for precursory fingerprints has to be paralleled by intensive study of the seismic 
system itself for its best possible understanding in terms of local and regional geology and 
geodynamics, past seismic activity and specific behaviour. Prediction research within the 
above summarized conceptual framework has to be initiated at well-known and well-
defined structures first. The Vrancea seismic zone in Romania, located at the South-eastern 
Carpathian bend, is an ideal experimental laboratory for various reasons: its seismic 
volume is well-known and spatially well-constrained, its major events are known across a 
few centuries and its background activity is well-known and monitored for many decades, 
its local and geodynamic context is extensively studied and relatively well-understood. In 
addition, the relationships between its geodynamic setting, internal structure and abundant 
surface fluid emanations to be monitored as potential precursor-signals is recently 
investigated and understood within a new paradigm (Kovács et al., 2021) as presented in a 
companion contribution. These are extremely favourable scientific premises for initiating 
and developing a multidisciplinary precursor-based earthquake prediction research 
program in Romania with special focus on the Vrancea seismic zone involving a large-
scale cooperation between various research groups and institutions in Romania and abroad. 

3. Conclusion

Following a period of dominantly pessimistic approach to the precursor-based earthquake 
prediction issue, a revival of this research subject is unfolding during the last few decades 
with some encouraging results. However, these results are rather sporadic, rather based on 
single methodologies and obtained by individual groups with no underlying general 
concept-based framework. A possible paradigm-shifting long-term research strategy was 
recently proposed based on the newly introduced concept of ‘precursory fingerprint’ 
targeting individual seismic systems. The Vrancea seismic zone in Romania appears as one 
of the best natural laboratories for experimenting the new concept-based earthquake 
prediction research strategy. 
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Abstract: Weakening zones in the lithosphere, like faults and steep nappe boundaries can 

effectively propagate fluid and gas migration. These locations are the best places to install 

an Integrated Geodynamic Station designed to monitor active geodynamic processes 

(seismic activity included). A very effective way to find these locations is to measure the 

trace gases (e.g., radon and CO2) found in the soil. In our study we measured radon and CO2 

to find the most suitable location to install the first Integrated Geodynamic Station in 

Central Europe. We also sampled soil-gas to uncover the isotopic characteristics of the 

upwelling gases and better understand their origin and the processes affecting them during 

their way to the surface.  

Keywords: radon, CO2, soil-gas sampling, Carpathian-Pannonian region 

1. Introduction

This research is part of the Dutch-Hungarian-Romanian Topo-Transylvania cooperation 

and the MTA FI Lendület Pannon LitH2Oscope project and it is connected to the topic of 

the Integrated Geodynamic Station built in Badacsonytördemic (Balaton Highlands, 

Hungary). The station’s main task is to monitor the change in seismic activity, electrical 

conductivity and the flux of volatiles within the earth’s interior over time in a geologically 

well-studied area where recent and active geodynamic processes are known. A detailed 

description about the Integrated Geodynamic Station the reader is referred to Kovács et al., 

2022, this conference. For the station to work efficiently a gas rich soil near a deep-seated 
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tectonic structure should be found. To find this location based on the geological, 

geochemical and geophysical literature data, we outlined a broader area to place it into 

close to the vicinity of deep-seated weakening zone (e.g., the Balaton line) and associated 

faults. Considering these aspects, the most suitable location in Hungary the Bakony-

Balaton Highland Volcanic Field were selected. After pinpointing several suitable 

locations, we carried out more detailed research to mark out the exact location of the 

station. For this purpose, based on the experiences of previous studies in similar topics we 

designed a field work protocol utilising suitable analytical techniques.  

2. Field work techniques 

The field work protocol used by our group for location selection of the station will be 

explained in the following subsections. 

2.1. Soil-drilling 

To make sure that the soil profile is suitable for long-term gas flux measurement, the 

porosity and hydroglogical properties of the soil must be well determined. The above 

mentioned properties are important because the planned long term monitoring of gases 

(e.g. CO2, CH4, Rn) requires homogenous porous media. For this we have done core 

drillings up to 2-3 m depth with a manual soil drill to get a clear picture of the soil’s 

structure, modal composition, and porosity. Also, when we deemed necessary, we 

collected soil samples for further laboratory analyses.  

2.2. Radon and CO2 measurements 

We simultaneously measured the radon and CO2 concentration of the soil from the 80-100 

cm depth range with a Bertim AlphaGuard active radon detector (Rn) and a Durrige CM-

0001 detector (CO2) connected to the AlphaGuard. The examination of the radon and CO2 

levels is important because it had been stated in previous studies that radon and CO2 have 

an elevated concentration in the vicinity of faults (Walia et al., 2010; Kumar et al., 2017) 

and can have a concentration change in connection with earthquakes (Zoran et al., 2012a, 

2012b; Fu et al, 2017, Szakács, 2021). Based on this, the knowledge of radon and CO2 

concentrations can help to identify gas and fluid upwellings connected to active faults, 

which are the best locations for such integrated geodynamic stations. 

2.3. Soil-gas sampling 

After identifying a suitable location for the station based on the drillings and the 

concentration of the soil gases, we have done samplings from dissolved gases in spring 

waters (if present nearby) and from soil gases sampled at the location of CO2 and radon 

measurements. The sampled gases (CO2, noble gasses) were analysed for their chemical 

components and their δ13C, δ18O, 3He/4He isotopic ratios. The water dissolved gas 

measurements is addressed in a companion presentation (Lange et al., 2022 in this 

conference) see the details therein. For the soil-gas sampling we used a steel probe, a 

pump, polyurethane tubing, the necessary filters (Radon Progeny, Aquastop), stainless 

steel sample holders and the CO2 detector to monitor the sampling procedure. The 

sampling procedure is the following: first we hammered the probe into the ground, 

connected the tubing, the pump, the sample holder and the CO2 detector, then started the 

pumping, after based on the CO2 signal the sample holder is flushed, we closed the outlet, 

then the inlet and turned off the pump.  

3. Conclusions 
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Based on our research we conclude that our fieldwork protocol designed for the selection 

of suitable sites for an Integrated Geodynamic Stations appears to be feasible for its 

purpose. As so, it can be implemented elsewhere, such as the Carpathian Bend area in 

Romania, to monitor active geodynamic processes.  
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Abstract: We perform S-to-P receiver function analysis to determine the depth of the 

lithosphere-asthenosphere boundary in the Eastern Alps, Carpathians, and the Pannonian 

Basin. The Pannonian Basin hosts deep sedimentary depocentres superimposed on a 

complex basement structure and it is surrounded by mountain belts. Our workflow pays 

precise attention to each step, from the data download via quality controls to the 

calculations of the S receiver functions. 

We use data from the AlpArray Seismic Network, the PACASE project, the Carpathian 

Basin Project and the South Carpathian Project temporary seismic networks, the permanent 

stations of the Hungarian National Seismological network, stations of a private network 

operated by Georisk Ltd. as well as permanent seismological stations in neighboring 

countries for the time period between 0.1.01.2002 and 31.01.2022. Altogether, more than 

310 seismological stations are used in the analysis. Owing to the dense station coverage we 

can achieve so far unprecedented resolution. This enables us to provide new, hitherto 

unknown information about the lithospheric thickness of the region. We apply three 

different quality control procedures for the waveforms and the obtained S receiver 

functions. Receiver functions are calculated by the iterative time domain deconvolution 

approach. 

We show cross-sections beneath the Carpathians and Pannonian Basin, and the Eastern 

Alps–Pannonian Basin transition zone and concentrate on major structural elements of the 

area such as the Alcapa, the Tisza-Dacia block, the Mid-Hungarian Zone and the Balaton 

Line. Furthermore, we would like to provide new information about lithospheric structure 

in the eastern part of the investigated region (e.g., Apuseni Mountains and Transylvanian 

Plateau). 

This work is the first uniform and comprehensive S receiver function study of the Alpine-

Carpathian-Pannonian system. 

Keywords: S-to-P converted seismic waves; Pannonian Basin; AlpArray, PACASE and 

permanent seismological stations, Quality controlled waveforms, Lithospheric thickness 
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1. Introduction

The study area is the Pannonian Basin and its adjacent orogens, i.e., the Alps, Carpathians, 

Dinarides and the Apuseni Mountains. The Pannonian Basin is an extensional continental 

backarc basin surrounded by orogens in Central Europe (Horváth et al., 2006). Most 

previous geophysical studies focused on the sedimentary infill, thermal evolution and fault 

geometries (e.g., Lenkey, 1999; Tari et al., 1999), Moho discontinuity (e.g., Horváth et al., 

2015) and the internal crustal structure (e.g., Kalmár et al., 2021) beneath the wider basin 

environment. Fig. 1 shows the depth of Moho discontinuity before (a) and after (b) our 

work. The objective of this study is revealing the fine structure of the upper mantle in 

details using receiver function analysis. This is important, because the crustal and mantle 

evolution are linked and are also connected to the rheological, compositional and thermal 

evolution of the Pannonian Basin. A new integrated analysis could shed new light on less 

known geodynamic, geochemical, petrological and volcanological processes in the region 

and similar continental back-arc basins worldwide. 

Figure 1. a, The widely used Moho map before our work (Horváth et al., 2015). b, Revised 

Moho map based on our results (Kalmár et al., 2021). The new Moho depth map shows 

local variations with better resolution and more details. 

2. History of the lithosphere-asthenosphere boundary beneath the Alpine-

Carpathian-Pannonian region

Understanding the evolution and origin of the lithosphere-asthenosphere boundary (LAB) 

is important, on one hand, because this is still a hot research topic and it had been already 

interpreted in several different ways that it is due to thermal origin (Chapman and Pollack, 

1977), elastically accommodated grain boundary sliding (Karato, 2012); change in 

anisotropy (Rychert et al., 2007), stress induced amorphization at olivine grain boundaries 

(Samae et al., 2021) and the presence of partial melt (Green et al., 2010, Kovács et al., 

2021). The LAB, on the other hand contributes to our understanding on geodynamic 
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processes in a tectonically complex area (Horváth et al., 2015; Rychert et al., 2020). The 

first lithospheric studies of the region have derived from gravity modeling of the 

CELEBRATION 2000 profiles (Guterch et al., 2003; Bielik et al., 2006; Godová et al., 

2021), but they only partially cover the Pannonian Basin. The widely accepted map of the 

LAB was compiled more than 15 years ago in the region (Horváth et al., 2006). These 

results are based on inversion of magnetotelluric soundings (Ádám et al., 1996; Ádám and 

Wesztergom, 2001), heat flow (Lenkey, 1999), body wave tomographic studies (Wéber, 

2000) and gravity measurements (Ádám and Bielik, 1998).  It has to be noted that, the data 

on which this LAB was derived, are more than 20 years old (Fig. 2.a). The determination 

and compilation of a new dataset is timely. Besides previous geophysical studies some 

petrological studies were also focused also on the LAB using alkaline basalt hosted upper 

mantle xenoliths investigations (Embey-Isztin, 1976; Szabó et al., 2004; Kovács et al., 

2012; 2020).  

Figure 2. a, The map presents the current commonly accepted lithospheric thickness for 

the region (Horváth et al., 2006). This was constructed based on limited measured data, 

bearing big uncertainties (the color scale varies every 20 km), furthermore it cannot image 

local inhomogeneities at LAB depth either. With the seismological infrastructure and 

methods available today, this can be greatly improved. b, The 3D block presents the 

lithospheric and upper mantle model of the Alpine-Carpathian-Pannonian region (Horváth 

et al., 2015). The revision and extension of the model can provide very important 

information about passive (Horváth et al., 2006) or active (Kovács et al., 2012; Horváth 

and Faccena, 2011) asthenosphere flows and subduction history of the slabs. 

The LAB depth needs to be justified and will provide new insights into the evolution of the 

Alpine-Carpathian-Pannonian region. The receiver function analysis in seismology is an 

excellent way to map the discontinuities in the crust (Kalmár et al., 2018; 2019; 2021) and 

the upper mantle (in this project) with high resolution and reliability. 

3. Data preparation and quality controls

We use teleseismic earthquakes (between 01.01.2002 and 31.01.2022) of magnitude larger 

than 5.5, located between 55° and 85° for the S receiver function analysis (Yuan et al., 
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2006). These epicentral distance ranges can image LAB in a wider region under each 

seismological station. 

We collect all available waveforms of the seismological stations in the Alpine-Carpathian-

Pannonian Basin region in a rectangular box from 14° to 28° east and 44.5° to 51° north 

(Fig 3). The permanent stations in the study area belong to several countries, Hungary, 

Austria, Czech Republic, Slovakia, Ukraine, Romania, Serbia, Croatia and Slovenia. Most 

of these networks are members of the Central and Eastern European Earthquake Research 

Network, CE3RN (Lenhardt et al., 2021). The organization to ensure that the data are 

available and that the research can take place at the highest international level.  

We can obtain data of the stations from several temporary deployments, such as the 

Carpathian Basin Project (Dando et al., 2011; Hetényi et al., 2009; 2015), the South 

Carpathian Project (Ren et al., 2012; 2013; Kalmár et al., 2019), the AlpArray project 

(Hetényi et al., 2018a) and the Pannonian-Carpathian-Alpine Seismic Experiment (Hetényi 

et al., 2019). The references section present network code and digital object identifier of 

the countries and projects.  

Figure 3. The map presents freely available seismic stations in this project. Different 

triangles indicate different networks of the stations, the legend in the lower left corner. The 

inset map shows Romanian stations (Neagoe, 2016; Ionescu et al., 2021). This study 

contains the data of these stations in the framework of the CE3RN cooperation.  

One of the most important steps of this research is the selection of the good quality data 

from the large number of downloaded waveforms and then from the calculated receiver 

function. In order to automatically select the most suitable waveforms with the highest 

SNR, we update, refine and extend preprocessing protocol and three independent, semi-
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automatized quality control processes to S wave and receiver function too (Hetényi et al., 

2018b; Kalmár et al., 2019; 2021). 

4. S receiver function analysis

The S receiver function analysis is an effective tool to study seismic discontinuities in the 

upper mantle such as the LAB (Snoke et al., 1977; Bock, 1991). The application of the 

method is very common in areas where the station coverage is dense, because in this way 

we can give a coherent image of the lithospheric thickness of the region (e.g., Hu et al., 

2011; Zhang et al., 2012; Kind et al., 2020; Liu et al., 2020).  Some S receiver function 

studies have been conducted in a wider environment of the Pannonian Basin, but they do 

not show a coherent picture and their resolution can be improved (Klébesz et al., 2015; 

Belinić et al., 2018; Kind et al., 2021). 

The method is based on the S-to-P conversion of seismic waves, which can be determined 

by deconvolution of the S and P component, which is obtained from three-component 

seismograms after the rotation (Reading et al., 2003; Svenningsen et al., 2007; Li et al., 

2007). The S receiver functions are then generated in time with S-to-P conversion peaks, 

which we can transform into a depth range using the migration method (Kind et al., 2012). 

The next step is to validate the calculated S receiver functions with synthetic calculations 

(Yuan et al., 2006; Kind et al., 2020). Subsequently, a moveout correction is performed 

and the calculated receiver functions are migrated in the depth range using Common 

Conversion Point method with an appropriate velocity model of the investigated region 

(Kumar et al., 2012; Wang et al., 2016). After that, we can define profiles in the area or if 

the coverage of the seismological station is sufficiently dense (as in this project) we can 

also produce a map with our visualization algorithm (Kalmár et al., 2021). Due to the 

receiver function calculation steps and the large amount of waveforms, our results will 

present the LAB in a much more detailed resolution than the above mentioned previous 

studies. This opens possibilities for studying local inhomogeneities and the back-azimuth 

dependance of the S receiver functions anomaly show ongoing geodynamic process of the 

region. 

5. Future plan: Lithospheric thickness determination and interpretation

Many continental back-arc basins, such as the Pannonian Basin have thin (>60 km) 

lithosphere at larger distance from the fossil or recent orogenic or volcanic arc (Currie and 

Hyndman, 2006). However, the determination of the LAB depth suffers from significant 

uncertainty (~20 km) in the study region (Horváth et al., 2006). The previous methods 

(e.g., magnetotelluric, seismic tomography) were able to provide new results at the 

beginning of the 21st century, but the technical background of these methods has 

significantly been improved and today new, more suitable methods are available (e.g., S 

receiver function analysis). In contrast to the Moho interface, the LAB is not a sharp 

discontinuity from seismological aspect, the accuracy of its determination can be greatly 

enhanced from more recent seismological data using the S receiver function technique (Hu 

et al., 2011; Kind et al., 2012; 2020). 

Determining the lithospheric thickness is fundamental in the disciplines of geophysics and 

geology, because it plays a major role in many geodynamic and geochemical processes. 

These processes include the coeval occurrence of anomalously thin back-arc mantle 

lithosphere, back-arc extension, slab retreat and associated mantle flow patterns (Qorbani 

et al., 2016; Kovács et al., 2020). Currently in the absence of this knowledge, the origin of 

such an anomalously thin lithosphere is not well-understood. 

Therefore, our final goal is to refine the depths of the LAB, to extend it to a new area, 

based on measured seismology data. This allows us to clarify several issues related to the 
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evolution of the Pannonian Basin, such as thinning of the previous thicker lithosphere by 

subduction-related passive or Alpine collision driven active mantle flow and/or thinning 

through ablative subduction, where lithosphere is removed mechanically, by viscous drag 

from the subducting plate. 

6. Conclusions

The recent developments in permanent networks and temporary (CBP, SCP, AlpArray, 

PACASE) deployment campaigns that took place in the Pannonian Basin and its 

surroundings made it possible to carry out a comprehensive S receiver function study on 

over 20 years of data. Our study is based on a relatively long time-span of broadband 

waveforms with uniform automatic waveform processing and quality control procedures. 

Using so far unprecedented station density of 60 km station spacing allows us achieving a 

much finer spatial resolution in the determination of the LAB. The unified data processing 

and S receiver function analysis are essential to provide reliable information about the 

exact depth of the LAB. The results are not limited to the depth of LAB, but can be 

contribute to the discussions of several above mentioned geophysical and geological 

challenges. This work is the first step in a process, the final goal is the new type and 

interpretation of a geodynamical model for the whole Alpine-Carpathian-Pannonian region 

from a uniform data system, with uniform processing and high accuracy, which extends 

from the surface to the bottom of the upper mantle and relies on specific seismological 

dataset. The detailed model can be a starting point for a number of future researches. These 

results are truly interdisciplinary (e.g., geophysical, geological, geochemical and 

petrological observations) and of global interest. 
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Abstract: The temporal variability of the seismicity is a phenomenon that occurs in 

aftershock sequences or induced seismicity applications, the former being the most 

devastating from the structural damages and/or human losses point of view, while the latter 

present lower seismicity levels mainly due to the operation and monitoring of these type of 

applications. This study addresses the problem of time-dependency in the seismic hazard 

assessment focusing on a case study of induced seismicity in the United Kingdom where 

hydraulic fracturing operations were carried out to extract gas in the Preston New Road 

(PNR) site. The analysis was carried out using an operational time unit linked to the 

injection scheme of these types of applications called sleeve to estimate the seismic 

exceedance rates per case by using a ground motion prediction model developed for the site. 

The results show that the use of this sleeve time unit allows seeing the evolution of the 

seismicity levels over time, which is related to the maximum magnitude, the number of 

events and the cumulative volume injected in each stage. 

Keywords: Induced seismicity, time-dependent, sleeve unit time, seismicity rates 

1. Introduction

In the United Kingdom, induced seismicity is a subject that has been studied several years 

ago but only a few projects of this type were carried out in the last decade. One specific 

type of these projects is hydraulic fracture (HF) stimulation, which is widely used in the 

commercial production of hydrocarbons and in developing engineered geothermal systems 

worldwide (Igonin et al. 2019; Langenbruch et al. 2020). The HF is a technique to extract 

petroleum resources from impermeable host rocks through a high-pressure fluid injection 

causing fractures that result in induced earthquakes (Schultz et al. 2020). In the UK, only 

three wells have been hydraulic fractured (HF) within the Carboniferous Bowland Shale 

formation, a reservoir with properties comparable to the major producing shales reservoir 

in North America (Kettlety et al. 2021; Clarke et al. 2018; Verdon 2014). All of these three 

operational sites ended up in events felted by the population and created a controversy 

about this kind of activity in the country. The first well drilled was the Preese Hall well, 

stimulated in 2011 and generated a local magnitude of ML 2.3, which caused an 

intervention by the government leaving, as a result, the implementation of a traffic light 

system (TLS) to mitigate the risk and extended to other sites (Oil and Gas Authority 2018). 

The effectiveness of this method is a subject that is still in the debate between the private 

and academia (Clarke et al. 2019; Verdon and Bommer 2021; Baisch, Koch, and 
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Muntendam-Bos 2019). The idea behind the TLS is to minimize the number of events felt 

by the public and to avoid structural and/or non-structural damages. In 2018 two horizontal 

wells at the Preston New Road site, approximately 4 km to the south of the Press Hall site, 

aimed to extract shale gas by HF and started operations with the eyes of the general public 

on it due to previous experience but it ended up in an event of ML 1.5 and the operations 

stopped. Later on, after a period of calm in 2019, the operations started again reaching an 

event of ML 2.9 leaving as a result of the indefinite interruption of the project until today. 

With all of this in mind, the purpose of this document is to study the seismicity variations 

in time for the HF at the Preston New Road site and introduce them into the estimation of 

the seismic hazard at the site. 

2. Dataset

The dataset used in this study corresponds to the shale gas extraction site in Preston New 

Road (PNR), North West England, where hydraulic fracturing (HF) operations were 

carried out in two different periods, between 15 October to 17 December 2018 (hereinafter 

PNR-1z), and later on between 15 August to 02 October of 2019 (hereinafter PNR-2) 

(Cuadrilla Resources 2019b, 2019a). To monitor the operation an array of sensors, 

including broadband seismometers and geophones were installed at the surface and 

downhole of the site, for the company in charge of the operation, Cuadrilla Resources Ltd 

(CRL), in collaboration with the British Geological Survey (BGS) and the University of 

Liverpool (Clarke et al. 2019). During the first period of operation (PNR-z1), the events 

recorded were between -0.8 ≤ ML ≤ 1.5 and between -1.7 ≤ ML ≤ 2.9 for the second 

period (PNR-2), crossing several times all the flags of the TLS system imposed in the UK 

and having, as a result, the temporary and permanent suspension of the operation at the 

site. Both wells (PNR-1z and PNR-2) ran through the natural gas-bearing Carboniferous 

formation of the Lower Bowland shale at a depth of approximately 2.3 km (Clarke et al. 

2018). In the case of the PNR-z1 well, a sliding-sleeve completion method was used, with 

41 individual sleeves numbered ascending from toe to the heel of the well, and a hydraulic 

fracture plan up to 765 m3 of fluid per sleeve was set (Baptie et al. 2020). However, a total 

number of 16 sleeves were hydraulically fractured with a total of about 4,600 m3 of fluid 

injected and an average volume for each fracture of 234 m3 with a maximum of 431 m3 

(Mancini et al. 2021). On the other hand, the PNR-2 well followed the same sleeve method 

performed up to 7 possible hydraulic fracture stages. Fig 1 presents the spatial and 

temporal distribution of both datasets, PNR-z1, and PNR-2, with a color scheme according 

to each sleeve for both cases as well as the cumulative volume injected. 

3. Seismicity Rates

To estimate the seismicity rates we studied independently each dataset (PNR-z1 and PNR-2) 

using a sleeve unit time which is reported in the seismic catalog. This unit time is established 

by the operator of the HF site and it depends on technical decisions taken every day, due to the 

monitoring of the seismicity, the injection rates, the pressure in the well, etc. For that reason, 

each sleeve unit time has different lengths but in all of them plenty (i.e. more than a thousand 

events per sleeve with -3 < M < 2) of events were registered by the monitoring array from 

which we can compute the seismicity rates. There are some issues related to the conversion 

from local magnitude (ML) to moment magnitude (Mw) because of the different arrays 

deployed to monitor the seismicity operated by two separated companies. Several authors have 

addressed this problem (Baptie et al. 2020; Suroyo and Edwards 2020; Edwards et al. 2021, 

2015; Cuadrilla Resources 2019b, 2019a) which for obvious reasons will have a big impact on 
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the seismicity rates and then on the seismic hazard assessment. In this study, we followed the 

approach proposed by Baptie et al. (2020) for the PNR datasets adjusting the moment 

magnitude estimates in the downhole through the surface local magnitude. Then, a Poissonian 

distribution per sleeve was made to obtain the seismic parameters (a and b values) following 

the Gutenberg-Richter (GR) distribution.      

 

        
Fig. 1. Spatial and temporal distribution of the datasets PNR-z1 and PNR-2. Top: a), b) spatial distribution. 

Bottom: c), d) temporal distribution. Left: PNR-z1 (2018). Right: PNR-2 (2019). Dotted line: cumulative 

volume injected (m3). Colors: sleeves. 

3. Hazard Curves 

To compute the seismic hazard curves, we used the ground motion prediction model (GMPM) 

proposed by Edwards et al. (2021) which was developed for the same site and used the same 

dataset. This GMPM is based on two other GMPMs proposed for induced seismicity 

applications in other parts of the world, but filling the gaps with the levels of magnitudes 

presented in the Preston New Road site.  

The seismic source model was developed using the seismicity parameters (a, b values) per 

sleeve, with its relative location in space, through a point source model. In other words, we are 

moving in space and time taking into account the variation of the seismicity along each well 

(PNR-z1 and PNR-2); both datasets were considered independently. Using the GMPM by 

Edwards et al. (2021) we estimated the hazard curves per sleeve but considered a daily 

exceedance rate. Fig 2 shows the hazard curves at the intensity level of PGA per sleeve, the 

color scheme follows the same pattern as Fig 1 for both datasets. These curves represent the 

hazard levels expressed in daily exceedance rates that could happen for a certain level of PGA. 

Since each sleeve was treated independently, each curve also shows the seismicity levels at a 

specific time. As it can be seen, the evolution of the hazard levels increases when higher 
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magnitudes occur and decreases when we have periods of lower magnitudes due to the 

relaxation of the injection rates (i.e. PNR-z1: Hiatus, PNR-2: Post 7).  

Fig. 2. Hazard curves for a daily exceedance rate at the intensity level of PGA. The color scheme follows the 

same pattern as Fig 1. Left: PNR-z1. Right: PNR-2. 

Fig. 3. Localization of the maximum hazard curves shown in Fig 2. a) PNR-z1, seismicity, and injection rates 

of sleeves 18, 22, 30, and 40. b) PNR-2, seismicity, and injection rates of sleeves 4, 5, 6, and 7. 
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Fig 3, shows the localization of the sleeves with higher hazard levels according to Fig 2 for 

both datasets. For PNR-z1 the maximum hazard curves occur at sleeves 18, 22, 30, and 40, and 

those correspond to the ones with the highest magnitudes but also when the cumulative 

injected volume almost reach the peak until the operations were stopped because of the traffic 

light system; sleeves 18, 22, and 30 in the beginning phase of the dataset and sleeve 40 in the 

ending phase. Similarly, PNR-2 presents its maximum hazard curves at sleeves 4, 5, 6, and 7 

which are just before the stopped signal for this dataset. Then, if we look in terms of maximum 

hazard level, both datasets reach similar values of daily exceedance rates for their 

corresponding maximum; this could be related to the maximum magnitude established at each 

sleeve and it is something that needs more focus in further research. 

4. Conclusions 

In this study, we compute daily exceedance rates for an induced seismicity case in the 

United Kingdom, where hydraulic fracturing operations were carried out to extract gas at 

the Preston New Road (PNR) site in the United Kingdom. The aim was to include the 

variation in time of the seismicity through a sleeve unit time, which is attached to a 

technical decision made by the operator of the site. The results show that modeling each 

sleeve independently could be an alternative approach to see the variation and evolution of 

the seismic hazard levels at the site during the hydraulic fracturing operations. Because the 

sleeve unit time is not constant, we decided to compute daily exceedance rates that could 

be estimated for other intensity measures such as PGV or macroseismic intensities and 

identify threshold levels to help the regulators and the companies to understand better this 

type of seismicity. 
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Abstract: We propose a systematic procedure developing time-dependent operational 

earthquake forecasting models based on the epidemic-type aftershock sequence (ETAS) 

model and showcase this procedure for the example of Switzerland. First, we present 

guidelines for selecting the region, time horizon and magnitude range of the earthquake 

catalog used for the calibration of the model. We then describe how an ETAS model can be 

calibrated and a forecast can be issued using Python codes that are publicly available on 

GitHub. Besides a basic ETAS model, we present a variant of ETAS which uses the Swiss 

Seismic Hazard Maps 2015 (SUIhaz2015) as an additional source of information. In a final 

step, we compare the two newly calibrated models to the time-independent Swiss Seismic 

Hazard Maps 2015 using pseudo-prospective forecasting experiments. Preliminary results 

show that the ETAS-based models outperform the time-independent earthquake forecast in 

Switzerland, where the combination of ETAS with SUIhaz2015 is the best performing among 

the considered models. 

Keywords: seismicity, time-dependent, point process, rate forecast 

1. Introduction

Seismic risk is one of the largest threats to society posed by natural hazards in Switzerland 

and many other countries in Europe and worldwide. To understand the hazard and make 

societies more resilient to earthquake related hazards, it is common practice to conduct 

nation- or region-wide probabilistic seismic hazard analyses (PSHA). Results of such 

analyses enable and support decision makers to act and reduce the impact of earthquakes by 

using different tools and strategies: early warning systems, traffic light systems, shake alerts, 

operational earthquake forecasting, near real time loss assessment, and seismic design 

recommendations, to mention just few. Recently, there has been significant progress towards 

implementing operational earthquake forecasting systems that are time-dependent to 

complement the time-independent PSHA, providing a basis for decision makers to respond 

to temporally elevated seismic risk (Marzocchi et al., 2014; Field et al., 2017; Rhoades et 

al., 2016; Molchan et al., 2017; Kamer et al., 2021; Nandan et al., 2021). 

Epidemic-type aftershock sequence (ETAS; Ogata, 1998) models have existed for several 

decades, have been tested extensively, and remain the most successful earthquake 

forecasting models to date. In ETAS, earthquakes are modelled via a self-exciting marked 

point process using a few simple empirical principles such as Omori’s law describing the 

aftershock rate decay in time after the mother event, or the Gutenberg-Richter law describing 

frequency distribution of earthquake magnitudes. 
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In this contribution, we propose a systematic approach to calibrating ETAS models for 

Switzerland, by using the most recent earthquake catalog and information available (ECOS-

09, Fäh et al., 2011). The calibration of the ETAS model requires a large enough earthquake 

catalog of the region of interest. The first step of the process is to select the appropriate 

region, set the time horizon, and decide which magnitude range is relevant for the analysis. 

With a selected earthquake catalog, we describe how an ETAS model can be calibrated and 

how a forecast can be issued through simulation of possible continuations of the current 

earthquake catalog. In a final step, we propose to test the newly calibrated model using 

pseudo-prospective forecasting experiments, by comparing their forecasting ability to the 

current state-of-the-art. The algorithm is implemented in Python codes, which are openly 

available on GitHub. In the next sections details of the analysis, implementation and 

expected results are presented in sequential order. 

2. Earthquake Catalog selection

The first and certainly one of the most important steps towards developing ETAS-based 

forecasting models for a region of interest is the choice of the earthquake catalog used for 

the model calibration. In particular, one needs to specify 

• The region of interest

• The relevant time period

• The magnitude range relevant for the analysis.

The ultimate goal is to find a balance between a long enough time horizon so that the long-

term behaviour of seismicity can be captured by the model, a region that is large enough to 

span the region of interest and contains a significant number of recorded past earthquakes, 

and a magnitude range for which the catalog is complete, which is a requirement for the 

calibration of the ETAS parameters. 

We have developed a framework that allows modelers to select such a catalog with a minimal 

number of subjective choices, maximizing the number of data points in the training catalog. 

One crucial point to consider here is that a certain amount of time at the beginning of the 

catalog time horizon should be allocated as auxiliary data needed for the ETAS parameter 

calibration, and another period at the end of the catalog time horizon should be used for 

model testing. 
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Fig. 1 – Map of earthquakes in Switzerland of the last 30 years (1992 - 2022) with magnitude M≥1.0. 

Figure 1 shows a map of Switzerland with the earthquakes of magnitude M≥1.0 of the last 

30 years (1992 – 2022) in the current earthquake catalogue of Switzerland (ECOS-09). The 

dashed line marks the rectangle covering Switzerland which was selected as the region of 

the training catalog. 

3. ETAS model calibration

Once the training catalog is selected, an ETAS model can be calibrated. We propose to use the 

expectation-maximization (EM) algorithm by Veen and Schoenberg (2008), illustrated in Figure 

2, with an exponentially tapered Omori kernel as described by Nandan et al. (2017) or Mizrahi 

et al. (2021b). A Python implementation of the inversion algorithm is available on the authors’ 

GitHub repository: ETAS. This implementation allows as an input spatially or temporally 

varying completeness magnitude (Mizrahi et al., 2021a), which may be useful in case of a large 

region with a heterogeneous network or in case of a long time horizon with a substantial 

improvement of the seismic network at a given time during the considered time window. 

In the same repository, codes are available to stochastically simulate possible continuations of a 

given catalog once the ETAS parameters have been estimated. This is done by simulating the 

cascades of aftershocks of events in the training catalog, and simulating background events 

which occur during the forecasting period and their cascades of aftershocks.  
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Fig. 2 – Schematic illustration of the expectation maximization (EM) algorithm for ETAS parameter 

estimation. Top: ETAS parameters are calibrated to maximize the likelihood of the given branching structure. 

Bottom: Expected branching structure is calculated given the ETAS parameters. 

An earthquake rate forecast is issued in the form of a probability distribution of the number of 

events to occur in a pre-specified space-time-magnitude domain. This probability distribution is 

obtained as the empirical distribution obtained from simulating many possible catalog 

continuations as described above. The common standard for the number of simulations required 

is 100,000 (Savran et. al, 2020; Nandan et al., 2021), although more simulations may be 

necessary in certain cases. For example, suppose one is interested in forecasting only large 

events, or at a high spatial resolution. In that case, earthquakes may be so rare that 100,000 

simulations don’t provide a basis on which a reliable probability distribution can be established. 

In addition to the general ETAS model, we propose a second variant of ETAS. All else remaining 

equal, one can consider a model for which the spatial distribution of background seismicity stems 

from an additional source of information.  

In the case of Switzerland, we want to consider ETAS with the spatial background seismicity 

distribution obtained from the Swiss Seismic Hazard Maps 2015 (SUIhaz2015). In this way, the 

large amount of expert knowledge and data spanning a longer time horizon of the time-

independent model can contribute to the time-dependent ETAS model, with the possibility that 

the combination of the two will have beneficial traits of both individual components. 

4. Model testing and expected results

All newly calibrated ETAS-based forecasting models shall be tested against the current state-of-

the-art before applying them in operational earthquake forecasting systems.  

We propose to test them using pseudo-prospective forecasting experiments and evaluate their 

performance relative to the null model using the information gain (IG) metric (Nandan et al., 

2019). It describes the likelihood of the real catalog under each of the considered models, where 

this likelihood is obtained through simulation of large number of possible catalogs under each 

of the models. A positive IG of a model compared to the null model indicates its superiority. 

Preliminary results show that the ETAS-based models outperform the time-independent null 

model, where the additional information contained in the SUIhaz2015-ETAS variant produces 

the best forecasts. 
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  Abstract: In the middle of the twentieth century, seismologists discovered that before an earthquake  

  a significant deformation of the surface of the earth's crust take place. It is occurred the necessity -by 

  knowing  the  structure  of  the  seismically  dangerous  locality  of  the  earth's  crust to determine,   

  based  on the measurement data of inclinometers and strainmeters the stress-strain state (SSS) of the  

  locality block and to track its change over time. The corresponding 3D problem of   elasticity theory 

  (the Rikitake problem)     for a layered    package solved, and is calculated the accumulated  potential  

  energy of   deformation. Monitoring of changes in the stress-strain state of a layered package makes  

  it possible to    trace  the  entire  process    of  accumulation  of  critical energy of deformations   and  

  earthquakes occurrence. An estimation of the magnitude of the expected earthquake was given. 

 Keywords: laminated plate, 3D elasticity problems, earthquake prediction 

1.Introduction

The occurrence of strong earthquakes modern science associated with the tectonics of  

Lithospheric plates of  planet Earth. It was established, that earthquake sources are located in 

narrow zones of Earth's crust (seismic zones), which are zones of tectonic interaction of 

adjacent Lithospheric plates (95% of earthquakes) (Pichon et al, 1973; Rikitake, 1976; 

Kasahara, 1981; Basar et al, 2015).   Planet Earth ( R Earth = 6378km ) is nonhomogeneous and 

layered. It consists of  Earth’s Crust,  Upper and Lower Mantle,  Outer and Inner Cores. The 

distinctive feature of these layers, in particular, are significantly different velocities of 

propagation ,pV sV of longitudinal (primary) P and transverse (secondary, shear) S waves in 

them. Earth’s Crust is also layered with basic layers: sedimentary  ( 2,0 5,0pV =  / seckm ;

1 10 25h =  km ),  granite  ( 5,5 6,0pV =  / seckm ; 2 30 40h =  km ), basaltic ( 6,5 7, 4pV = 

/ seckm ; 3 15 20h =  km ). Part of Upper Mantle to the border with the Asthenosphere, 

where 0sV  , together with Earth’s Crust, makes up Lithosphere. By the network of deep 

faults  Lithosphere is divided into several large blocks which are called plates. The great 

Lithospheric plates of the Earths are: Eurasian, Pacific Ocean, Indo-Australian, South-

American, North-American, African, Anatolian, Arabian, etc. 

The process of earthquakes preparation  includes two main stages of tectonic 

movements: slow (age-old) and fast (jump-like). Age-old movements may last decades, 

therefore they are quasistatic. Over the years, in Lithospheric plates and individual blocks of 

Earth’s Crust deformations accumulate, which when having reached the critical value of the 

order 410− , and according to the data of Rikitake (Rikitake, 1976) - the order 54.7 10− , 

leading to the global destruction (an earthquake). The main part of the accumulated huge 

potential energy of deformation is released in the form of volumetric elastic longitudinal P

and shear S waves, as well as Rayleigh and Love surface waves. Always pV speed is greater
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than sV speed. By fixing the time of arrival of these waves at the given point (seismic station) 

by their difference (in seconds), it is possible to establish the distance L of the earthquake 

source from the given station, and according to data of three stations, its location as the area 

(point) of intersection of three spheres with radii 1 2 3, ,L L L and centers at these stations. This 

is what most of  seismic stations are doing, recording an event that has already occurred. 

Fast movements are dynamic and arise as a result of the foreshock, the earthquake 

itself, and the aftershock. Thus, earthquakes are the result of global destruction. 

Consequently, for earthquakes prediction, it is necessary to determine the stress-strain states 

(SSS) of Lithospheric plates and blocks of the Earth’s Crust and follow to their change during 

the time in order to identify critical states and places of their manifestation. 

In the twentieth century, seismologists recorded noticeable deformations 

(displacements of points) of  Earth’s surface before an earthquake (Rikitake, 1976). At the 

same time, the natural problem arose (Rikitake’s problem) - is it possible to determine the 

SSS of the Lithospheric plate or the corresponding block of the Earth’s Crust based on  data of 

measured displacements of surface points and monitor its change over time, according to  

data of new measurements. 

Rikitake managed to solve only the simplest plane problem of elasticity theory, and 

the problem remained unsolved until last times.  

The asymptotic method for solving singularly perturbed differential equations and the 

asymptotic theory of plates and shells (Aghalovyan, 2015a) allowed us give solution to this 

problem. It was proved  (Aghalovyan, 2011) that Rikitake`s problem has a unique solution 

and there is  always exists a classical boundary value problem of elasticity theory (3 

conditions on the facial and 3 conditions on the lowest surfaces of a layered package) the 

solution for which it is. 

 Rikitake`s problem for a layered package of orthotropic plates, when the facial 

surface is free, but displacement values of  points of this surface are known, was solved in 

(Aghalovyan, 2015b). 

In order to reduce the influence of changes of external anomalous, in particular 

atmospheric factors, on the data caused by the truly proceeding processes inside the layered 

package (Lithospheric plate, block of Earth’s Crust), seismologists began to place measuring 

instruments - inclinometers, strainmeters, inside the package at some distance from the facial 

surface. 

In this paper, an asymptotic solution of the 3D Rikitake's problem for the N-layer 

package was found. It is considered, that measuring instruments are located on the contact 

surface between  layers with  “k” and “(k+1)” numbers. Cases are established, when the 

solution becomes mathematically exact. Monitoring of the found solution in time, allows to 

identify situations when between  individual layers of the package   the separation (local 

destruction)  is possible. 

Calculation of the potential energy of deformation makes it possible to predict global 

destruction - the earthquake and estimate the magnitude of the expected  earthquake. 

2. Solutions of 3D  quasistatic Rikitake's  problem

Lithospheric plates and blocks of Earth’s Crust are layered, let them consist of N

isotropic layers  and occupied the area 
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where jh – is the thickness of plates (Fig.1). 

 

Fig.1 Geometrical model of Lithospheric plates and  block of Earth's Crust 

The process of the first stage of earthquake preparation, as it stated  above, is quasi-

static (age-old). For determination  the stress-strain state of the package of plates, it is 

necessary to determine in the domain Z  the solution to 3D problem of equilibrium 

equations and relations of the theory of elasticity(Aghalovyan, 2015а). 

The found solution must satisfy conditions of the free boundary on the facial surface 
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     For solving set non-classical boundary value problem of the theory of elasticity-seismology let we 

pass  to dimensionless coordinates and displacements:    

, , , , ,x l y l z h U u l V v l W w l  = = = = = = . 

As a result, the equilibrium equations and elasticity relations (generalized Hooke's 

law) will take the form 
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E   - Young's modulus,  - Poisson's coefficient, G - modulus of shear, n

jF - volume force 

(weight), ii - coefficient of thermal expansion, - difference of  temperatures. 

The solution to the singularly perturbed system (4), (5) consists of solutions of the 

external problem  outI and the boundary layer ( )bI . The solution to the external problem is 

sought in the form: 
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where the notation 𝑠 = 0, 𝑆  means, that  by umbral (repeating) index s  is  taken place  

summed over all integer values from zero to 

S

( Einstein’ s notation). 
By substituting (7) into (5) and equaling in each equation the corresponding 
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𝜍𝑛−1
𝑑𝜍

𝜎𝑥𝑧
(𝑛,𝑠)

= ∫ 𝑅𝑥
(𝑛,𝑠)𝜍

𝜍𝑛−1
𝑑𝜍 + 𝐶1

(𝑛,𝑠)
(𝜉, 𝜂) + 𝐺(𝑛) 𝜕𝑊(𝑛,𝑠−1)

𝜕𝜉
,  (𝑥, 𝑦; 𝜉, 𝜂; 𝐶1, 𝐶3) 

𝜎𝑥𝑥
(𝑛,𝑠)

=
1

𝛥(𝑛)
(𝛽11

(𝑛)
𝑅1

(𝑛,𝑠)
+ 𝛽12

(𝑛)
𝑅2

(𝑛,𝑠)
), 𝛥(𝑛) = (𝛽11

(𝑛)
)2 − (𝛽12

(𝑛)
)2

𝜎𝑦𝑦
(𝑛,𝑠)

=
1

𝛥(𝑛)
(𝛽12

(𝑛)
𝑅1

(𝑛,𝑠)
+ 𝛽11

(𝑛)
𝑅2

(𝑛,𝑠)
), 𝜎𝑥𝑦

(𝑛,𝑠)
= 𝐺(𝑛)(

𝜕𝑉(𝑛,𝑠−1)

𝜕𝜉
+

𝜕𝑈(𝑛,𝑠−1)

𝜕𝜂
) 

where 

𝑅𝑥
(𝑛,𝑠)

= −𝐹𝑥
(𝑛,𝑠)

− 𝐺(𝑛) 𝜕2𝑊(𝑛,𝑠−1)

𝜕𝜉𝜕𝜁
−

𝜕𝜎𝑥𝑥
(𝑛,𝑠−1)

𝜕𝜉
−

𝜕𝜎𝑦𝑦
(𝑛,𝑠−1)

𝜕𝜂
,  (𝑥, 𝑦; 𝜉, 𝜂) 

𝑅𝑧
(𝑛,𝑠)

= −𝐹𝑧
(𝑛,𝑠)

−
𝜕𝜎𝑥𝑧

(𝑛,𝑠−1)

𝜕𝜉
−

𝜕𝜎𝑦𝑧
(𝑛,𝑠−1)

𝜕𝜂
;   𝐹𝑗

(𝑛,0)
= ℎ𝜀𝐹𝑗

(𝑛), 𝐹𝑗
(𝑛,𝑠)

= 0, 𝑠 ≠ 0; 𝑗 = 𝑥, 𝑦, 𝑧

𝑅1
(𝑛,𝑠)

= 𝛽12
(𝑛)

𝜎𝑧𝑧
(𝑛,𝑠)

− 𝛼11
(𝑛)

𝜃(𝑛,𝑠) +
𝜕𝑈(𝑛,𝑠−1)

𝜕𝜉
         (9)     
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    ( , ) 0n mQ = when 0m

The solution of (7), (8) contains six ( , )n s

iC  functions of integration, which are uniquely 

determined from boundary conditions (1) - (3). By satisfying these conditions, we obtain: 

𝐶1
(1,𝑠)

= −𝐺(1)(
𝜕𝑊(1,𝑠−1)

𝜕𝜉
)𝜍=0,  𝐶3

(1,𝑠)
= −𝐺(1)(

𝜕𝑊(1,𝑠−1)

𝜕𝜂
)𝜍=0,  𝐶5

(1,𝑠)
= 0

           (10) 

𝐶1
(𝑛+1,𝑠)

= ∫ 𝑅𝑥
(𝑛,𝑠)

𝑑𝜍
𝜍𝑛

𝜍𝑛−1
+ 𝐶1

(𝑛,𝑠)
+ 𝐺(𝑛)(

𝜕𝑊(𝑛,𝑠−1)

𝜕𝜉
)𝜍=𝜍𝑛

− 𝐺(𝑛+1)(
𝜕𝑊(𝑛+1)

𝜕𝜉
)𝜍=𝜍𝑛

 

𝐶2
(𝑘,𝑠)

= 𝐺(𝑘)𝑢+(𝑠) − ∫ 𝑑𝜍 ∫ 𝑅𝑥
(𝑘,𝑠)

𝜍

𝜍𝑘−1

𝜍𝑘

𝜍𝑘−1

𝑑𝜍 − 𝐶1
(𝑘,𝑠)

𝜍𝑘,  𝑢+(0) =
𝑢+

𝑙
, 𝑢+(𝑠) = 0, 𝑠 ≠ 0 

𝐶2
(𝑛,𝑠)

= 𝐺(𝑛+1)𝑈(𝑛+1,𝑠)(𝜍𝑛) − 𝐶1
(𝑛,𝑠)

𝜍𝑛 − ∫ 𝑑𝜍 ∫ 𝑅𝑥
(𝑛,𝑠)

𝑑𝜍
𝜍

𝜍𝑛−1

𝜍𝑛

𝜍𝑛−1
,  𝑤ℎ𝑒𝑛 𝑛 < 𝑘         (11) 

𝐶2
(𝑛+1,𝑠)

= (𝐶1
(𝑛,𝑠)

− 𝐶1
(𝑛+1,𝑠)

)𝜍𝑛 + 𝐶2
(𝑛,𝑠)

+ ∫ 𝑑𝜍 ∫ 𝑅𝑥
(𝑛,𝑠)𝜍

𝜍𝑛−1

𝜍𝑛

𝜍𝑛−1
𝑑𝜍 𝑤ℎ𝑒𝑛 𝑛 > 𝑘 

   values of ( , ) ( , )

3 4,n s n sC C are written similarly. 
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Thus, are defined all ( , )n s

iC , 1,2,....6i = , hence all components of the stress tensor and 

the displacement vector. When  functions , ,x y zu u u+ + +

 
are polynomials from coordinates  ,  

iteration process breaks at a certain approximation, as result, we have a mathematically exact 

solution to the external problem. The boundary layer bI  magnitudes very fast (exponentially) 

decrease with removing from the lateral surface to the inside of the package, that is why in 

seismology they are usually neglected. 

Having the solution to the external problem, it is possible to monitor the change of 

the stress-strain states over time, in accordance with regularly carried out measurements. It 

is possible to detect separation between some layers - when tangential stress becomes greater 

than the admissible value. 

The found solution  let to calculate the accumulated potential energy of deformation

W   by formula:  

 

( )
1

2
xx xx yy yy zz zz xy xy xz xz yz yz

V
W dv           = + + + + +                              (13)  

 

where ij - components of deformations tensor.  

Having the value  of W corresponding to the time *t t= of the primary measurement, 

it is possible  to carry out the  monitoring of  its change in time *t t , in accordance with 

new measurements and fix the time when W , reaches the critical value, using the 

relationship between W  and the magnitude M of the expected earthquake (Gutenberg and 

Richter,1956; Kasahara,1981). 

 
                                            lg 11,8 1,5W M= +                                                                      (14)  

 
11,810crW Joul= , i.e. correspond 0M = . 

 When crW W , the process becomes dynamic (Foreshocks, Earthquakes, Aftershocks) 

and it can also be investigated by the asymptotic method based on the dynamic equations of 

the theory of elasticity (Aghalovyan and Aghalovyan, 2021).  

Having the value W , according to the formula (14) it is possible to predict the 

magnitude M  of the expected earthquake. 
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3.Conclusions 

Rikitake's problem for the layered package from isotropic plates, simulating the 

Lithospheric plate and the block of the Earth's Crust has solved. On  the base of  equations 

and relations of the theory of elasticity, a solution to the corresponding 3D problem is found 

by using the measuring data of inclinometers and strainmeters. The potential energy of 

deformation is determined. The possibility of carrying out the monitoring  of its change in 

time  and determination of its critical value leading to the occurrence of an earthquake is 

indicated. The estimation of the magnitude of the expected earthquake is given. 
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Abstract: A non-classical boundary value problem of the theory of elasticity of plane 

deformation of a three-layer isotropic package with full contact between layers, which 

models the behaviour of Lithospheric plates and blocks of the Еarth's crust is solved. It is 

assumed that the measurement data were taken from the points of the contact surface 

between the first and second layers of the packet, as data from inclinometers placed between 

these layers․ An asymptotic solution of the problem is found. A numerical analysis has been 

carried out for a three-layer package by simulating a block of the Еarth's crust in Armenia. 

Monitoring the found solution in time makes it possible to trace the process of earthquake 

preparation and predict the possibility of its occurrence and their magnitudes. 

Keywords: layered package, asymptotic method, earthquakes prediction, inclinometers.  

1. Introduction 

It is proved that the overwhelming majority of earthquakes are allocated in the interaction 

zones of tectonic plates which are called seismic zones (Kasahara (1981)). As a result of 

such interactions in Lithospheric plates and in their separate blocks deformations are 

accumulated with time and become of the order of 10
-4

, or according to japanese well-

known seismologist Rikitake of the order of 4.7*10
-5

 (Rikitake T. (1976)). 

Determination of the stress-strain states and their time dependence for the Lithospheric 

plates (layers) and their separate blocks became critical for the problem of investigation of 

the origin of earthquakes by pursuing a goal to find the critical states that are close to a 

fracture (earthquake), and their location and time. 

Two types of tectonic movements of the Lithospheric plates could be distinguished 

depending on the origin of the earthquakes: slow–moving (age-old) and fast-moving 

(jump-like). 

Slow-moving processes are quasi-static and can take decades during which the potential 

energy of the accumulated deformation is reaching the critical one and according to 

Kasahara (1981) causes a global fracture (earthquake) and the process becomes fast-

moving.  
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The nonclassical 3D problem of the theory of elasticity for a layered package of 

orthotropic plates, when the measuring devices used to obtain the values of the 

displacement vector components are placed between the layers of the package with the 

numbers (k-1) and (k), and separation occurs between the layers with the numbers (p-1) 

and (p) (p > k) was studied in Aghalovyan et al. (2018). The dynamic problem of a two-

layered plate in the presence of viscous resistance in both layers is considered in the three-

dimensional formulation, where the values of the displacement vector components are 

collected from inclinometers and other measuring instruments at the contact surface 

between the layers, was solved in Ghulghazaryan et al. (2020). The dynamic nonclassical 

3D problem for a layered orthotropic shells with complete contacts between the layers, 

when the measurement data are taken from the contact surface between certain layers 

inside the package, was solved in Aghalovyan et al. (2020). 

This article considers the plane strain-state static problem of elasticity theory for isotropic 

layered package when the measurement data are taken from the surface points of the 

contact surface of the first and second layers of the package as data from inclinometers 

placed there. 

The obtained solutions allow to monitor the changes in the stress-strain states of the layers 

over time (monitoring), according to the data of frequently performed measurements, by 

identifying the place and time of critical states. 

2. The plane strain-state static problem of elasticity theory for layered package

Consider a static problem of elasticity theory to determine the plane deformation state of a 

three-layer isotropic packet },,0,),(),,,{( 3210 lhhhhhhyDzxzyxD  , in 

full contact between the layers, where l  its characteristic tangential dimension (the 

smallest of the linear dimensions of the surface 0D ), and  measurements are taken from 

the points of the contact surface between the first and second layers of the packet, as data 

from inclinometers placed between these layers. 

The formulation of the problem includes: equations of equilibrium 
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constitutive relations for an isotropic solid 
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where ),()( yxX j , ),()( yxY j  are components of volumetric forces. In this case, the 

volumetric force is the gravity force: 0),()( yxX j , gyxY jj )()( ),(  , where  )( j  is 

the density, g  is the gravity acceleration, j  is the index  of the layer. The )( j
mn  

coefficients of elasticity are expressed by formulas: 
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where  
)( jE  is the Young's modulus, )( jG  is the shear modulus and )( j  is the Poisson's 

ratio. 

Let the upper face 0y  be traction-free: 

 0,0 )()(  I
yy

I
xy   (4) 

On the contact surface between the layers, the values of the displacements of the 

points of the contact surface are known, as data from inclinometers or other measuring 

instruments: 

 ),(),(),( 1
)( VUxUhxU I   (5) 

Complete contact between the layers is assumed: 
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Let us introduce the scaling ,lx   , hly   v, lVluU  , the total thickness 

321 hhhh  , and lh /  as a small geometrical parameter.  

The stresses and displacements are now represented in asymptotic form as follows 

(Aghalovyan (2015)) 

 NsIIIIIIj
sjsj

,0,,,),22,12,11(),(),(
),(

11
1)(

11      

 ),(),,(),( ),()( VUUU sjj    (7) 

36173ECEES, September 2022, Bucharest, Romania



The notation Ns ,0  here and below denotes summation along the dummy index s

within the region of N,0 . 

By substituting (7) into the dimensionless forms of the governing equations (1), (2), we 

arrive at a system taking the form: 
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where 0,0, ),()()0,(  sh sjjj  . 

From system (8), the components of the stresses tensor and the displacement vector are 

uniquely determined: 
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On satisfying the boundary conditions (4) - (7) we obtain the solutions: 

 for the first layer 
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for the second layer 
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for the third layer 
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),(,0,0, )()0( vusuuu s  
 

If the 
 vu ,  functions are polynomials in  , the iteration terminates at some 

approximation depending on the degree of the polynomial, and as a result, a mathematical 

exact solution is obtained. 
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3. Numerical analysis

For calculations, a three-layer isotropic packet with the following geometrical and 

mechanical parameters of the layers given in Тable 1 is used. For analysis, the following 

values, obtained using measuring instruments:  01.006.0,02.005.0   vu are 

taken. 

Table 1. The geometrical and mechanical parameters of the layers of the package 

Layers 

)( jE
Young's 

modulus, Pa 

)( jG  shear 

modulus, Pa 

)( j
Poisson's ratio 

)( j  density, 

kg/m3  
Layer 

thickness, km 

Sedimentary 55*10
9

23.2*10
9

0.184 2050 5 

Granite 74.83*10
9

30.82*10
9 

0.21 2610 10 

Basalt 75.11*10
9

29.22*10
9

0.27 2910 15 

With the above data obtained graphs (Fig.1, Fig.2, Fig.3) characterizing the stress-strain state 

of the layers of the investigated area, IIIIIIj
j

,,,0
)(

12  .

Fig. 1 - Stress tensor and displacement vector components for the first layer of the package. 
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Fig. 2 - Stress tensor and displacement vector components for the second layer of the package. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 - Stress tensor and displacement vector components for the third layer of the package. 
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4. Conclusions

The Rikitake plane problem for a three-layer isotropic package is solved using data of the 

displacements of contact surface points between the first and second layers. The solution 

obtained makes it possible to trace the process of earthquake preparation based on periodic 

measurements, to calculate the accumulated potential strain energy and predict the 

magnitude of the expected earthquake. 
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Abstract: Quantectum short-term earthquake forecasting is based on combination of 
numerical modelling of the seismo-tectonic processes and near real-time acquisition of 
immediate and short-term atmospheric and ionospheric changes detected by satellites. 
Numerical modelling allows for calculation of future time-development of shear-traction and 
critical instabilities up to several months ahead based on the Cosserat continuum theory of 
earthquakes. By using the Pattern Informatics approach, the location of future earthquakes is 
linked to the critical hot spots. The established hot spots are monitored for the thermal and 
ionospheric changes within the time-windows of the forward modelling. The discovered high 
correlation of atmospheric chemical potential measured experimentally with the shear-
traction distribution determined theoretically confirms the fact that tectonic deformations 
through the coupled radon emanation and boundary layer ionization are reflected in the 
dynamics of atmospheric parameters. The specific patters of atmospheric and ionospheric 
variations give opportunity to estimate the main parameters of impending earthquake: 
location, time and magnitude.  

Keywords: Radon, correlation, kink, antikink, sine-Gordon equation, hot spots 

1. Introduction

Correlation of numerical modelling of seismo-tectonic processes and near real-time 
acquisition of immediate and short-term atmospheric and ionospheric changes detected by 
satellites could be used for advancement of earthquake forecasting. The physical background 
of atmospheric and ionospheric changes is explained within the lithosphere-atmosphere-
ionosphere coupling (LAIC) theory (Pulinets et al., 2018) while the numerical modelling of 
seismo-tectonic processes is performed based on the Omega-Theory (Žalohar, 2018). 
Numerical modelling is used to estimate the fault interactions based on current earthquake 
catalogs in form of time-dependent maps of critically unstable regions and changes of shear-
traction, produced by propagating waves of couple stresses – the tectonic waves. 
Unidirectional and bidirectional coupling between unstable tectonic zones and tectonic 
waves is recognized as a potential earthquake trigger. Our numerical modelling highlights 
that one of the main atmospheric precursors – the atmospheric chemical potential, shows 
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high correlations with shear-traction distribution and changes in time, confirming the 
compatibility between the Omega and the LAIC theories. This opens the way for real 
practical application of determining the main earthquake parameters (location, time and 
magnitude) few days/hours before the impending earthquake. The statistical confirmation 
and reliability of the proposed technology will be demonstrated. 

2. Shear-Traction

We model the shear-traction field within the Cosserat continuum. This allows us to model 
the (micro)rotations of the blocks between the fault planes and introduce the rotational vector 
field which is independent of the displacement vector field. According to Nikolaevskiy 
(1995, 1998), Gershenzon et al. (2009), Bykov and Trofimenko (2016), and Žalohar et al. 
(2020a), we use the nonlinear extension of the classic wave equation, the sine-Gordon wave 
equation, to model the propagation of the changes in the Cosserat (micro)rotational field 𝜙: 

!!"
!#!

− !!"
!$!

= −𝑠𝑖𝑛𝜙	 1  

We only use kink and antikink solutions of the sine-Gordon equation. To model the direction 
and propagation velocity of the kink and antikink waves we use the Mw 7.5+ earthquakes 
(since the year 2010) as a proxy to the global cascading reactivation of tectonic plate 
boundaries.  The shear-traction is calculated along faults and represents the superposed effect 
of several kink and antikink waves, although these are non-linear waves that do not satisfy 
the linear superposition principle. 

3. Atmospheric Chemical Potential

Atmospheric Chemical Potential (ACP) was described by Pulinets et al. (2015) as an 
indicator to the radon variations prior to some of the earthquakes (e.g. Oikonomou et al., 
2021). As radon is released into the atmosphere, the air in its proximity gets ionized which 
in turn leads to the latent heat release due to the condensation of water vapor on the newly 
formed ions. This is a constant process and needs to be corrected due to the changes in rate 
of radon release from the Earth’s crust, and changes due to the topography and weather 
conditions. Contrary to the classical approaches to sparse ground-based radon 
measurements, satellite measurements can be adopted for continuous high resolution global 
coverage. To calculate time-dependent ACP distribution, humidity, temperature, pressure, 
and height of the disturbed layer we use the data as available through the NASA’s Global 
Modeling and Assimilation Office (https://gmao.gsfc.nasa.gov). 

4. Results

As radium decays, the resulting radon atoms must escape from the grains into the air-filled 
pore space. The fraction of radon that enters the pores, commonly known as emanation 
fraction, consists of two components due to the recoil and diffusion mechanisms. Radon 
variations due to the crustal deformation was considered in Omori et al. (2021). In the Earth’s 
crust, radon is transported by other carrier gasses like CO2, CH4, N2 and H2 (Etiope and 
Martinelli 2002; Fu et al., 2017). This process is considered as precursor to some earthquakes 
(Shapiro et al., 1981, Soldati et al., 2020). The chain of processes leading to generation of 
thermal anomalies where ACP is their main indicator is considered in Pulinets et al. (2015).  
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4.1 Long-term correlation 

We show that the correlation between numerical models of shear-traction and ACP (Figure 
1) highlight that the crustal degassing is linked to the temporal and spatial changes of shear-
traction field and might as well explain the observation behind regional strain events as 
described in Shapiro et al. (1981). 

Figure 1: Upper panel - long-term correlation between shear-traction field model in red and atmospheric 
chemical potential (ACP) in blue, close to the Andreanof Islands, Alaska, USA. Lower panel – cross-

correlation coefficient between ACP and shear-traction as dependence of the lag-time. 

On a regional scale, areas of high positive or negative correlation between shear-traction and 
ACP persist for several months but are eventually disrupted by a decorrelation period, most 
likely due to the weather changes. In the case of positive correlation, the ACP and shear-
traction oscillate in phase, while in the case of the negative correlation, the ACP and shear-
traction oscillate in the anti-phase. Such behaviour is observed globally. Overall, average 
global correlation is slightly above normal distribution, showing that positive correlations 
are more common than negative.  

4.2 Temporal changes of shear-traction and ACP prior large earthquakes 

Statistical analysis of past large earthquakes show that they tend to happen in the time 
windows of regionally increased shear-traction field or high time-derivative of the shear-
traction. Shear-traction field can be calculated for several months ahead and can be used as 
a benchmark for observed ACP changes.  

The March 16th, 2022 Fukushima, Japan (Figure 2) is one of such examples. The numerical 
models, calculated several months in advance, showed a sudden increase of the shear-
traction field around March 11th, 2022 in the near- (100 km) and intermediate-field (200 km) 
region around the epicentre of the earthquake. Since ACP data is acquired in real-time it can 
be used as a confirmation of the modelled shear-traction field. In the case of Fukushima 
earthquake, the ACP correlates well with both long-term trends (January 1st, 2022 - March 
11th, 2022), as well as on short-term during the fast increase of the shear-traction field on 
March 11th, 2022. The changes of ACP on March 16th, 2022 are related to coseismic 
processes (e.g. Wakita et al., 1989). 
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Figure 2: Average of near- and intermediate-field of ACP (corrected for pressure changes-blue) and shear-
traction field (red) in the epicentral area of the March 16th, 2022, Fukushima, Japan earthquake (time shown 

with grey vertical line). The ACP follows temporal evolution of the shear-traction field before the 
earthquake, while the spike in ACP happens close to the increase of shear-traction. 

5. Conclusions

In the regions of high correlation between pre-calculated shear-traction and near-real time 
ACP observations, areas of future large earthquakes could be better estimated several months 
ahead. ACP satellite measurements can thus be used as a confirmation of the shear-traction 
changes and additional observable for better estimation of earthquake triggering 
probabilities in an area of rapid shear-traction and ACP increase. The characteristic ACP 
temporal pattern before earthquake in many cases takes place few days/weeks before 
earthquake. The combination of shear-traction calculations and near real-time ACP 
monitoring opens the way to the operative short term earthquake forecast. 
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Abstract: 

Strong earthquake sequences characterized by intense aftershock activity occur frequently in 

the zone causing progressive damages. In this study, we perform retrospective experiments 

to explore daily aftershock forecasting following the 29 May 2008 (Mw6.3) in south Iceland 

seismic zone by employing an advanced Bayesian spatiotemporal ETAS model. For this an 

informative set of ETAS parameters obtained from the strong June 2000 sequence in the 

region was employed as prior probability distribution within the Bayesian updating 

framework. For detail assessment of the capability of the forecasting method, the spatial 

distribution of elevated seismicity and the forecasted number of forecasted earthquakes with 

magnitudes larger than a threshold are determined for three daily forecasting intervals while 

accounting for the incorporated uncertainties and the results compared with the actual 

observed earthquakes. Then, we outline a detailed comparison between two intense seismic 

sequence of the June 2000 and May 2008, both taken place in the most seismic area in SW-

Iceland in terms of both ETAS model parametric uncertainties and the capability of short-

term seismicity forecasting. We observe that each earthquake sequence is an indication of a 

unique ETAS parametric set with more stable and narrower posterior distributions 

associated with the June 2000 sequence, thus resulting in more accurate and confident 

forecasts. This study provides us with a comprehensive validation of the potential 

operational earthquake forecasting system for south Iceland which is the prerequisite for its 

practical application. 

Keywords: aftershock sequence; spatio-temporal ETAS; Bayesian estimation; OEF; 

operational earthquake forecasting; SISZ; Ölfus earthquake 

1. Introduction

Iceland is the most seismically active region in northern Europe. The largest earthquakes in 

Iceland occur within the two transform fault zones in the country, the more populous of 

which is the South Iceland Seismic Zone (SISZ). The three largest and most recent 

earthquakes in SISZ and Reykjanes Peninsula Oblique Rift (RPOR) are 17 June 2000 at 

15:40 UTC (Mw6.4), 21 June 2000 at 00:51 UTC (Mw6.5) and 29 May 2008 at 15:45 UTC 

(Mw6.3) earthquakes (see yellow stars in Fig. 1). All of them were followed by intense 

aftershock sequences. After a large earthquake, aftershocks tend to cluster in time and 

space, forming complex seismic sequences that complicate the assessment of the temporal 

variation of probabilistic seismic hazard of aftershocks greatly. Modelling spatio-temporal 

aftershock clustering is one of the first steps towards detailed and improved short-term 
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seismic risk forecasting, loss prevention, emergency disaster management and response. 

Unlike the conventional statistical models used in several studies (Omori 1894; Utsu 1961; 

Reasenberg and Jones 1989; Page et al. 2016; Hardebeck et al. 2019a), the epidemic-type 

aftershock sequence (ETAS) seismicity model (Ogata 1988) enables us to explore the 

spatiotemporal characteristics of different seismic sequences in short-term time intervals of 

hours to weeks as well as accounting for second order triggering effect. Additionally, the 

feasibility of an operational earthquake forecasting (OEF) system can be evaluated through 

retrospective experiments of short-term seismicity forecasting of past aftershock sequences 

(Marzocchi et al. 2012; Jordan et al. 2014). However, reliable estimation of the ETAS 

model has always been challenging due to large amount of uncertainty (Lombardi 2015, 

2017; Ebrahimian and Jalayer 2017). Recently, the Bayesian parameter estimation method 

has been utilized by several researchers to account for the epistemic uncertainty of 

aftershock forecasting model parameters (see Omi et al. 2014; Ebrahimian and Jalayer 

2017; Hardebeck et al. 2019; Shcherbakov et al. 2019; Darzi et al. 2022). Thus, contrary to 

the conventional single-point estimation methods, posterior probability distribution can be 

assigned to the seismicity models when using the Bayesian approach, therefore, informing 

and tuning the model with more and richer information.  

Darzi et al. (2022) explored the feasibility of short-term aftershock forecasting in SW-

Iceland employing a Bayesian spatiotemporal ETAS model which has been implemented 

within the TURNkey FWCR (Forecasting – Early Warning – Consequence Prediction– 

Response) platform to facilitate informative earthquake forecasting by taking advance 

seismicity forecasting framework as well as a multi-sensor earthquake information system. 

In the calibration of the model, they performed multiple retrospective tests to forecast the 

June 2000 aftershock sequence across SISZ and RPOR. The resulting model showed fast 

parametric convergence and provided a strong forecasting ability of the model, even only a 

few hours after the mainshocks, and over the subsequent daily intervals.  

In the present work, we explore the potential parametric variations of ETAS model in the 

most seismic area in SW-Iceland as well as the reliability of the Bayesian spatiotemporal 

ETAS model in daily forecasting. To this end, we perform retrospective testing of the 

model to the May 2008 aftershock sequence which happened in the same region of SISZ. 

Then, we outline a detailed comparison between the June 2000 and May 2008 seismic 

sequences in terms of both their corresponding model parametric uncertainties and the 

capability of short-term seismicity forecasting. This study provides us with a 

comprehensive validation of the potential OEF system for south Iceland which is the 

prerequisite for its practical application. 

2. Aftershock sequence of strong-motion earthquakes in SW Iceland   

The SISZ is characterized by the bookshelf faulting model containing seismogenic strike-

slip N-S striking faults. The plate movements in the region can produce earthquakes with 

magnitude ranging from 6 to 6.5 with return periods of a few decades (Sigmundsson 2006; 

Einarsson 2014; Einarsson et al. 2020). In SISZ, strong earthquakes are usually followed 

by moderate-to-large and intense aftershock activity. For example, during the 1896-1912 

sequence at least five earthquakes with magnitude larger than 6.0 were recorded within two 

weeks over a 50 km area along SISZ. More recently, two strong earthquakes with Mw 6.4-

6.5 occurred on 17 and 21 June 2000 and both were immediately followed by an intense 

aftershock sequence including five aftershocks with Mw > 5 (green circles in Fig. 1) with 

largest one of 5.7 over the entire SISZ and RPOR. On 29 May 2008, the most recent strong 

earthquake with Mw6.3 taken place in the Ölfus region in the western part of the SISZ. The 
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epicenter of the earthquake was located approximately 40 km east of the capital Reykjavík 

where 2/3 of the country’s population is accommodated. Consistent with other strong 

earthquake occurrence in the SISZ, the faulting is driven by the transform motion between 

two parallel segments of the divergent plate boundary crossing Iceland (Brandsdóttir et al. 

2010). It has been noted that the June 2000 and May 2008 earthquake sequences have 

released about half of the strain accumulated by plate movement since the previous 

sequence in 1896-1912. As a result, continued earthquake activity in the SISZ in the 

coming decades is likely (Decriem et al. 2010; Einarsson 2014).  

Fig. 1 shows the geographical distribution of seismic events with Mw > 1 across SISZ and 

RPOR characterized by different symbols corresponding to magnitude ranges. In this 

study, we use the earthquake catalogue provided by Panzera et al. (2016) including events 

occurred from 1991 to June 2008 with Mw ≥ 2 which were recorded by the Icelandic 

seismic network in the South Iceland Lowland (SIL), operated by the Icelandic 

Meteorological Office (IMO) (red triangles in Fig. 1). It is of notice that the in SISZ the 

seismicity decays very fast as the number of daily aftershocks drastically decreases a 

couple of days following the main shock.  

Fig. 1 - Spatial distribution of seismic events across SISZ and RPOR in SW-Iceland from 1991-2013 

3. Short-term seismicity forecasting approach using Bayesian ETAS model

Short-term seismicity forecasts are computed using a spatio-temporal ETAS model whose 

parameters are updated within an ongoing seismic sequence (Ebrahimian and Jalayer 

2017). Using Eq. (1), we obtain the expected number of events in the spatial cell centred at 

a location of (x, y) with magnitude larger than or equal to m that is expected to take place 

in the time interval of [Tstart, Tend], denoted as N(x, y, m | seq, Mcut). The expected number of 

events E[N] is calculated given 1) observation history of earthquakes that occurred prior to 

the Tstart, denoted as seq, and 2) the lower cut-off magnitude, Mcut. Nb denotes the 

background seismicity which is often considered to be time independent. λ is the spatio-

temporal ETAS clustering model employing a series of events that taken place prior to the 

prescribed forecasting interval and the sequence of events expected to happen during the 

forecasting interval (denoted as seqg hereafter). The term p(seqg | θ, seq, Mcut) is the 
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probability distribution function (PDF) for seqg, the sequence of events that is expected to 

occur during the forecasting time interval of [Tstart, Tend], given θ, seq and Mcut. The term 

p(θ | seq, Mcut) is the conditional PDF for θ given the known seq and Mcut. θ is the vector 

of ETAS model parameters.  

 

(1) 

λ() describes the rate of occurrence of earthquakes at a specific time t elapsed after the 
mainshock's origin time. As shown in Eq. (2), λETAS accounts for the triggering effect of 
the events with Mj ≥ Mcut that happened at tj < t prior to the desired forecasting interval 
given seq, θ and Mcut. seqt expressed by seqt = {(tj, xj, yj, Mj), tj < t, Mj ≥ Mcut}. rj is the 
distance between the earthquake j and the cell centre (x, y). As expressed by Eq. (2), the 
triggering function comprised of three empirical relationships, (1) the productivity of an 
earthquake to generate series of aftershocks according to the Gutenberg—Richter 
relationship, modelled by the parameters β, K, Kt and KR, (2) temporal distribution of 
triggered earthquakes based on the modified Omori law modelled by c and p, and (3) the 
spatial distribution of events characterized by d and q parameters. The vector θ includes 
[β, c, p, d, q, K, KR, and Kt], the first five parameters are the main ETAS parameters, and 
the rest, namely, K, KR, and Kt are calculated as functions of the main parameters (see 
(Ebrahimian and Jalayer 2017; Darzi et al. 2022a) for a detail information). 

 

(2) 

 

The first step, a normal prior distribution is assigned to each main ETAS parameter. 
In the next step, samples of θ are generated from the posterior PDF of p(θ| seq, Mcut) using 
the MCMC simulation routine (Beck and Au 2002; Jalayer and Ebrahimian 2014), and the 
Metropolis-Hastings algorithm (Metropolis et al. 1953; Hastings 1970). Note that 10% of 
the first iterations, known as the burn-in, is discarded from the generated samples.  

After sampling θ, to generate plausible seismic sequences for the prescribed 
forecasting interval (seqg) given the sampled values of θ, seq  and Mcut, a stochastic 
simulation-based procedure is adopted (Ebrahimian and Jalayer 2017). In other words, 
seqg is generated based on the PDF p(seqg| θ, seq, Mcut). Finally, robust estimates of N(x, 
y, m | seq, Mcut) are obtained corresponding to various magnitude thresholds at each grid 
cell. Hence, the seismicity forecasting maps can be produced for a given value of m. Using 
the piece-wise stationary non-homogeneous Poisson process, we forecast the probability 
of experiencing at least one earthquake with magnitude equal to or larger than m for the 
entire aftershock zone by integrating the N(x, y, m | seq, Mcut) of cells in the affected area. 
It is worth noting that employing the Bayesian parameter estimation technique enables us 
to compute 2nd, 16th, 50th, 84th and 98th percentiles of N(x, y, m| seq, Mcut) at each spatial 
cell unit.  

4. Daily aftershock forecasting analyses  

In this section, we provide three seismicity forecast maps for earthquakes with Mw ≥ Mcut 

(= 2) following the 29 May 2008 mainshock (Mw6.3) in the left panels of Fig. 2. The maps 

correspond to 24-hour (day) forecasting interval (FI). Each map is expected to be issued at 

00:00 UTC time of the day with the first forecasting issued ~ 8 hours elapsed after the 

mainshock (i.e., Tstart = 00:00 UTC on 30 May 2008). For comparison, the corresponding 

results of the three daily aftershock forecasting analyses following the 17 and 21 June 2000 

strong earthquakes are displayed in the right panels of Fig. 2. 
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Herein, for forecasting each seismic sequence, the identified aftershock zone is shown with 

grey rectangular box in the forecast maps (see Fig. 2). To get high spatial resolution 

forecasts, the aftershock zones are gridded into square-shaped spatial cells of 0.0227° 

longitude x 0.01° Latitude with approximate 1 km2 area. For the forecasting analyses of 

this study, the desired Mcut of seq is set to 2.0. 

To generate the first forecast map, as the first step of Bayesian updating, the prior 

distribution with mean values listed in Table 1 and fix coefficient of variation (CV) of 0.3 

are assigned to each of the main ETAS parameters. For the June 2000 analyses, the mean 

priors are generic values while for the May 2008 sequence, a set of spatiotemporal ETAS 

parameters calibrated to the June 2000 seismic sequence is employed. In both sequences, 

for the subsequent daily forecasting analyses, the adaptive inference of posteriors of the 

ETAS model parameters from the preceding FI is employed as priors for the next FI.  

Fig. 2 - Daily aftershock forecasting for events with Mw ≥ 2 over the respective aftershock zone (grey box) 

following the 17 June and 21 June 2000 main shocks (left panels) as well as the 29 May 2008 main shock 

(right panels). The header shows Tstart and forecasting interval duration, FI, for each forecasting map. 

The heat map presents the spatial distribution of the 98th percentile of the forecasted 

number of events with magnitude larger than or equal to the lower cut-off magnitude 

across the predefined aftershock zone. The observed aftershocks with Mw ≥ 2 occurred 
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during the target FI (see the headers) are marked by symbols distinguished by their 

corresponding Mw (see the legend). The error-bar illustrates the comparison between the 

observed (red star) and the forecasted number of earthquakes with Mw ≥ 2 for the whole 

aftershock zone, the median value (within the grey-filled square) along with the 16th and 

84th percentiles (blue numbers) as well as 2nd and 98th percentiles (black numbers). 

Pr(M≥m) on top left corner shows the estimated probabilities of experiencing at least one 

earthquake exceeding the m in the entire aftershock zone.  

As can be seen in all forecasts maps of Fig. 2, there is great agreement between the 

estimated area with elevated seismicity rate (darker colour) and spatial distribution of the 

actual earthquakes taking place during the desired FI. Additionally, it is apparent that the 

seismicity drastically increased in the whole aftershock zone as more time passes the main 

shock original occurrence, the elevated seismicity area shrunk.  

According to Fig. 2, apart from the last daily FI of the 2008 sequence where the actual 

number of events with Mw ≥ 2 taken place during the 24-hour of 3 June 2008 (18) lies 

close to 98th percentile of the estimated number of earthquakes (19), the daily aftershock 

forecasts following the strong shocks of June 2000 and May 2008 are in remarkable 

agreement with the observed ones as the actual number of events is in or nearby the 16th -

84th percentile range of the forecasted number of events. To explain more, left panels of 

Fig. 2 (May 2008 sequence) shows acceptable performance of the spatiotemporal ETAS 

model in predicting the number of events for 30 and 31 May 2008 FIs while its 

performance deteriorate as time passes to 3 June 2008 FI. This is contrary to our 

expectation as the model is informed by more registered data. Similar results were 

observed analysing several daily forecasting intervals over various stages of the May 2008 

sequence indicated that the daily forecasts vary considerably relative to the observed 

number of events (Darzi et al. 2022b). In contrast to the 2008 sequence, the forecasting 

results of the June 2000 seismic sequence improves during the stages of the ongoing 

sequence proving great performance of the Bayesian ETAS model over the entire sequence 

and in particular, as time goes by.  

 
Table 1: Statistics of prior and posterior PDF of ETAS parameters for daily forecasting intervals (see Fig. 2) 

ETAS 

parameters 

June 2000 sequence May 2008 sequence 

Prior  18 June 19 June 22 June Prior 30 May 31 May*  3 June 

β 
mean 1.25 0.985 1.029 1.069 1.108 1.312 1.362 1.372 

CV 0.3 0.034 0.021 0.012 0.3 0.147 0.141 0.146 

c 
mean 0.005 0.005 0.005 0.005 0.0046 0.002 0.002 0.002 

CV 0.3 0.236 0.161 0.092 0.3 0.353 0.625 0.419 

p 
mean 1.5 1.234 1.21 1.199 1.20 1.267 1.291 1.293 

CV 0.3 0.057 0.028 0.015 0.3 0.057 0.082 0.074 

d 
mean 1 1.014 0.859 0.798 0.765 0.700 0.574 0.806 

CV 0.3 0.112 0.086 0.039 0.3 0.412 0.274 0.276 

q 
mean 1.5 1.581 1.605 1.603 1.588 2.136 1.843 2.326 

CV 0.3 0.036 0.021 0.013 0.3 0.208 0.145 0.143 

K 
mean  0.699 0.609 0.564  0.438 0.405 0.396 

CV  0.475 0.093 0.048  0.239 0.261 0.275 

Kt 
mean  0.065 0.068 0.069  0.051 0.046 0.046 

CV  0.115 0.033 0.018  0.171 0.262 0.244 

KR 
mean  0.192 0.161 0.146  0.282 0.111 0.281 

CV  0.247 0.136 0.064  1.74 0.687 0.902 
* As of this forecasting interval, the mean and CVs of the marginal posteriors from the preceding interval are employed 

to build prior PDFs for the subsequent FI.  

 

To investigate the reason for the difference in the forecasting results of two intense 

sequences that taken place in the same seismic transform zone, deeper and detailed 
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understanding of the variation of the ETAS model posteriors is necessary. Table 1 shows 

the prior and posterior statistics (mean and CV) of eight spatiotemporal ETAS model 

parameters obtained through Bayesian parameter estimation method associated with the six 

daily forecasting intervals over both sequences (see Fig. 2). For the June 2000 sequence, 

the mean ETAS posterior estimates of the daily forecasts are seen to be stable over the 

three FIs (Darzi et al. 2022a) as they all converge to an optimal set of values with very low 

CVs that reduce as time passes. For instance, for β parameter (Table 1), the CV reduces 

from 0.3 associated with the prior to 0.012 associated with the 22 June 2000 FI. This 

observation is in total contrast to the posteriors of the 2008 sequence, where the CV of 

ETAS parameters fluctuates and even increases (e.g., c parameter).  

It should be of notice that for all FIs, unimodal and well-behaved symmetric posterior 

probability distributions were observed for all ETAS model parameters indicating the 

reliable resulting aftershock forecasts obtained from the short-term forecasting framework 

employed in this study.    

4. ETAS posterior comparison

In this section we shed more light on the sequence-specific variability of ETAS posteriors. 

Fig. 3 shows the distribution of sampled posteriors of main ETAS parameters 

corresponding to the last daily FI associated with three aftershock sequences followed by 

17 June 2000 (Mw6.4), 21 June 2000 (Mw6.5) and 29 May 2008 (Mw6.3) main shocks in 

SW-Iceland. In this regard, three 24-hour FIs of 20 June 2000 (dashed blue curve), 23 June 

2000 (dotted red curve) and 06 June 2008 (solid black curve), all with Tstart = 00:00 UTC 

are considered. The posteriors are plotted based on statics reported in Table 1. Note that in 

Bayesian updating procedure, for successive daily forecasting intervals, adaptive prior 

estimation technique is employed meaning that the posteriors’ statistics from the preceding 

FIs are used as priors for the subsequent FI and therefore, the posteriors derived for the last 

daily FI of the sequences are enriched by the data registered during the whole respective 

sequence and they are fairly comparable. The results show that although there is small 

difference between last daily posteriors of both June 2000 sequences, they differ incredibly 

with the 06 June 2008 posterior, expect for parameter d where the posterior means are 

almost equal. Moreover, the posterior dispersion of May 2008 sequence is quite larger than 

both June 2000 sequences which are characterized by remarkably small variation, as 

confirmed by small CVs in Table 1.  

The discrepancy between the seismicity model parameters’ characteristics of the June 2000 

and May 2008 seismic sequences may stem from the discrepancy in the aftershock zone, 

the level of seismic activity and seismicity pattern (two mainshocks over wider region). To 

explain more, compared to the 2008 sequence, the June 2000 sequences were associated 

with incredibly larger number of aftershocks, in particular moderate-to-strong magnitude 

earthquakes, along the extensive seismic regions of SISZ and RPOR, thus illuminating the 

center axis of the plate margin. On contrary, the May 2008 aftershocks are restricted to 

SISZ. The June 2000 sequence was actually that of two separate main shocks, each of 

which indicates their respective N-S aftershock distribution illustrating the extent of two 

parallel causative faults. Besides, the later June 2000 strong earthquake on 21 June did not 

trigger as many aftershocks far away from the causative fault as the 17 June main shock.  
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Fig. 3 – Posterior distribution of ETAS model parameters corresponding to last daily forecasting of 

three seismic sequences in SW Iceland (see the legend).  

7. Conclusions  

We retrospectively analysed a recent prominent seismic sequence following the 29 May 

2008 Ölfus earthquake with Mw6.3 in south Iceland seismic zone. To this end, we compute 

the spatiotemporal seismicity forecasting corresponding to three 24-hour forecasting 

intervals and compared the results with the corresponding seismicity forecasting maps 

associated with two intense sequences followed by 17 June 2000 (Mw6.4) and 21 June 

2000 (Mw6.5) strong earthquakes. In this study, the uncertainty associated with the 

generated forecasts were carefully quantified by 2nd, 16th, 50th, 84th and 98th percentiles 

of the forecast distribution through the sampled joint posterior distributions determined for 

key ETAS model parameters. This allowed use to successfully determine the distribution 

of the forecasted number of events across the aftershock zone for all forecasting analyses 

and compare them with the actual occurrence of aftershocks corresponding to each 

forecasting time interval.  

Considering the daily forecasting applied over the 2008 sequence, the posterior means of 

the ETAS parameters were quite different from the prior means that were obtained by 

inference from the June 2000 earthquake sequences (see Table 1). It is of notice that for 

both sequences, the first forecasts were issued when the registered data was large and rich 

enough to deliver well-formed posteriors of ETAS model parameters during the ongoing 

seismic sequences. Compared to the June 2000 sequences, all main ETAS model 

parameters associated with the last daily forecasting of the 2008 Ölfus earthquake 

sequence have different means, except for parameter d. Additionally, for all seismicity 

model parameters, the dispersion of the posteriors associated with the 2008 sequence was 

much greater than those associated with both June 2000 sequences whose posterior 

distributions were narrow. This observation leads to the variation of the performance of the 

daily seismicity forecasts of the May 2008 and the lesser confidence in the forecasts 

compared to those for the June 2000 earthquake sequence.  

Finally, the result of this study indicates that a representative set of regional ETAS 

parameters cannot be proposed for SISZ earthquake forecasting, at least at this stage, and 

further retrospective analyses are required. For future activity, we intend to investigate the 
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uncertainties associated with the quasi-real-time earthquake catalogues registered and 

streamed online in SIL monitoring network using the employed Bayesian-based seismicity 

forecasting framework.  
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Abstract: Social networks have revolutionized public earthquake communication and are 
exploited today by many seismological centres for institutional communication, sharing 
rapid earthquake parameters and in some cases improving dialogue with society and 
contributing to risk awareness. The European-Mediterranean Seismological Centre (EMSC) 
has been operating a Twitter quakebot (@LastQuake) since 2012. It aims at offering 
information on earthquake and their effects at global scale. Since its inception, it has been 
evolving from lessons learned from large global earthquakes and direct exchanges with 
followers. In January 2022 a new version was put online which is the focus of this 
presentation. We will present the strategy behind this quakebot, its main features and the 
feedback from users. We will notably present how we take advantage of the teachable 
moments created by small magnitude widely felt earthquakes to contribute to the 
preparedness of population, how we “prebunk” in order to inoculate against classical 
misinformation, and how we use existing resources explain the basic of earthquake 
seismology. Finally, we will advocate for the development and generalisation of quakebot as 
well as the extension of their scope and for the necessity for seismologists, despite the 
potential risk to be available to answer online questions after damaging earthquakes.  

Keywords: dynamic risk communication, social media, earthquake, misinformation, 
dialogue science- society 
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1. Introduction

Social media are an essential tool for communication. The majority of institutes have 
implemented communication on Twitter and/or Facebook alongside the traditional website. 
There are generally 2 different usages of such accounts. They are either to share rapid 
public information –generally through a bot- or for institutional communication and 
sharing information on latest research and projects. Some, but they are rare, do answer 
questions from the public but even rarer are the ones answering questions in the immediate 
aftermath of earthquakes. There are several reasons for that. One of them is that it is not 
clear who is responsible for such a task between seismologists or civil protection, it 
requires skills beyond seismology and since the l’Aquila trial there can be liability issues 
(Alexander, 2014; Cocco et al., 2015; Mucciarelli, 2015; Yeo, 2014). In short, it is not only 
challenging but can also be emotionally charged.  

At the EMSC, our @LastQuake account (Figure 1) offers rapid earthquake information on 
earthquakes and their effects through a bot but it is also where we rapidly answer questions 
from users especially after damaging events. It is part of the LastQuake multi-component 
information system (Bossu et al., 2015, 2018, 2020, Fallou et al., 2020). Thanks for our ten 
years’ experience, a number of regular questions have been identified and have been 
integrated in the bot.  

3633

Fig. 1 - @LastQuake Twitter account 
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2. Conclusion

We will presents the lessons learned thanks to @LastQuake. We will show its objectives, 
some of the technical aspects. More importantly, we will also illustrate how we fight 
misinformation, how teachable moments created by widely-felt-non–damaging-
earthquakes are exploited to raise awareness.  
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Abstract: The mission of the International Seismological Centre (ISC) is to produce the most 
long-term and complete Bulletin of instrumentally recorded seismicity on a global scale. In 
addition, we produce several specially designed products that stemmed from the ISC Bulletin 
and allowed the ISC to assist several different areas of research. These products include the 
recently re-worked ISC-EHB dataset (1964-2018), ISC-GEM catalogue (1904-2018), IASPEI 
Reference Event List (GT), ISC Event Bibliography (1904-2022) and Seismological Contacts. 
We also describe the ISC Dataset Repository which allows researchers to submit their 
catalogues/bulletins of seismic events as well as results of critical review of regional 
seismicity, earth structure studies, velocity models, notable earthquake observations etc. for 
safe keeping and long-term availability. We also describe the newest ISC dataset – the 
Electronic Archive of Printed Station/Network Bulletins. 

Keywords: global, earthquake, catalogue, dataset, definitive 

1. Introduction 

The International Seismological Centre (ISC) fulfils the long-standing critical mission of 
maintaining the ISC Bulletin – the definitive summary of major parameters of earthquakes 
and other seismic events that have been instrumentally recorded. This mission also requires 
the ISC to maintain a record of positions of all seismic stations that reported the arrival time 
data for these seismic events to the ISC. 
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In recent years, the ISC has produced a set of additional products that stemmed from the ISC 
Bulletin aimed at serving specific groups of ISC data users, addressing their needs in the 
content, format, and presentation of data. Often, these products have been extended in time 
period and additional data were brought in to make them more complete, comprehensive and 
informative. 

2. The ISC Bulletin

The ISC Bulletin is the original flagship product of the ISC that covers the period from 1964 
to the present day. It is based on the parametric data regularly contributed for many tens of 
years by several hundreds of research institutions, seismic networks and data centres. The 
locations in the ISC Bulletin are manually reviewed and provided ~24 months behind real 
time. The Bulletin (Fig. 1) currently contains ~9,800,000 seismic events supported by 
~275,000,000 seismic arrivals recorded at ~24,000 seismic stations around the world. The 
Bulletin includes hypocentre solutions of other agencies as well as, where appropriate, 
solutions by the ISC, based on the wealth of station data reported to it by these agencies. It 
has recently been rebuilt and extended to provide further homogeneity and consistency of 
event parameters (Storchak et al., 2017, 2020). 

Fig. 1 - The ISC locations of earthquakes in the ISC Bulletin 

3. The ISC-EHB dataset

The ISC-EHB dataset is a groomed subset of the ISC Bulletin with well recorded seismic 
events relocated using procedures described by Weston et al. (2018) and Engdahl et al. 
(2020). Recent events in this dataset benefit from routine ISC depth phase picking using 
waveforms freely available on-line. The ISC-EHB dataset currently contains ~180,000 
seismic events that occurred during the 1964-2018 period. The dataset is updated 
approximately three years behind real time. The dataset is complemented by ~1,000 
seismicity cross-sections through major subduction zones. 
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4. The ISC-GEM catalogue 

The ISC-GEM catalogue contains the best estimates of major parameters of larger 
earthquakes that occurred during the period of instrumental seismology (1904-2018) (Di 
Giacomo et al., 2018). All hypocentre parameters and MW magnitude estimates have been 
recomputed using the same methodology (Bondár et al., 2015; Di Giacomo et al., 2015). 
The ISC-GEM catalogue currently contains hypocentres, magnitudes and focal 
mechanisms of ~49,000 moderate to large earthquakes. The station arrival time data are not 
part of this dataset. 

5. The IASPEI Reference Event List (GT List) 

The IASPEI Reference Event List (or Ground Truth, GT) is a database of earthquakes and 
explosions, for which hypocentral information (lat, lon, depth) is known with high 
confidence (to 10 km or better (GT10)) with seismic signals recorded at regional and/or 
teleseismic distances. The database currently contains ~12,000 events from 1959 to 2019 
along with corresponding arrival times at the seismic stations that recorded them. 

6. The ISC Event Bibliography 

The ISC Event Bibliography (Di Giacomo et al., 2014) provides a convenient interactive 
web-search for references to scientific articles related to seismic events in a particular region 
and period of occurrence/publication. It contains ~20,000 natural and anthropogenic events 
(1904-present) and includes references to ~25,000 scientific articles in many fields of 
Geoscience. 

7. The International Seismo-Contacts 

The ISC maintains contact information for seismologists and seismological agencies 
worldwide. This service is designed to be used both in emergencies, following natural 
catastrophes and to identify possible counterparts for research in a particular area of interest. 

8. The Seismological Dataset Repository 

The Seismological Dataset Repository assists a growing trend in scientific publishing 
requiring article authors to make the original research data openly available so that their 
conclusions could be tested by other researchers. This long-term secure repository of 
seismic datasets includes all necessary metadata such as a DOI, author contact information, 
affiliation, relevant scientific publication, date of submission as well as associated 
information such as comments, formats, etc. 

9. The ISC Electronic Archive of Printed Station/Network Bulletins 

This archive provides scans of printed seismological bulletins which were the main source 
of instrumental parametric data in seismology before the electronic era began. Printed 
bulletins may contain information from a single station or a network of stations. In addition 
to event data, these bulletins also contain the parameters of seismic stations used at the 
time (Di Giacomo et al., 2022). 
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10. Conclusions

We described all major ISC products that are used in many fields of Geoscience and 
routinely referenced in 100-200 refereed publications in mainstream journals each year. 
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Abstract: ORFEUS was founded in 1986 as the international non-profit organisation to 
coordinate and promote waveform  seismology, in particular the collection and exchange of 
digital seismological waveform data, at a time when these started to became available in 
large amounts, together with information technologies for exchange and access. ORFEUS 
initially was closely linked to national broadband seismology initiatives in Europe. With the 
inception of the European Integrated waveform Data Archive EIDA in 2013, the originally 
centralized ORFEUS Data Center (ODC) became part of a federated infrastructure that 
comprises more than a dozen data centers collaborating in the greater European region. 
ORFEUS today provides free and open access to data from more than 16,000 permanent and 
temporary seismic stations, contributed by more than 60 seismological institutions and 
observatories from more than 30 countries. In addition to waveform data and related 
metadata and station information, ORFEUS provides services for waveform-derived 
products like strong-motion information and peak-motion parameters. Efforts are ongoing to 
integrate in ORFEUS the community of European mobile instrument pools, including also 
amphibian instrumentation. Products and services for computational seismologists are also 
possible candidates for assimilation in the ORFEUS framework. 

Keywords: Observational Seismology, FAIR & Open Data, ORFEUS, Strong-Motion, 
Broad-band, EIDA, Mobile Instrument Pools, OBS 

1. ORFEUS data and community services 

ORFEUS (Observatories and Research Facilities for European Seismology, http://orfeus-
eu.org/) is a non-profit organization founded in 1986 with the chief goal to promote 
seismology in the Euro-Mediterranean area through the collection, archival and 
distribution of seismic waveform data, metadata, and closely related services and products. 
ORFEUS also supports the coordination and implementation of large scale community 
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initiatives and experiments in observational seismology, and provides community support 
through software and travel grants, editorial initiatives and training activities. ORFEUS 
data and services are collected or developed at national level by more than 60 contributing 
Institutions (see https://orfeus-eu.org/organization/corporate_founders/ and https://orfeus-
eu.org/organization/participation/) in the greater European region, and further developed, 
integrated, standardized, homogenized and promoted through ORFEUS. Within EPOS, 
ORFEUS represents the seismological waveform services as one of three sub-domains of 
EPOS Seismology. ORFEUS data and services are open, FAIR, and accompanied by clear 
policies and licensing information. Two Service Management Committees (SMCs) are 
established within ORFEUS, devoted to managing, operating and developing (with the 
support of one or more Infrastructure Development Groups): (i) the European Integrated 
waveform Data Archive (EIDA; https://www.orfeus-eu.org/data/eida/; Strollo et al., 2021); 
and (ii) the European Strong-Motion databases (SM; https://www.orfeus-
eu.org/data/strong/; Lanzano et al., 2021). A new SMC is being formed to represent the 
community of European mobile instrument pools, including also amphibian 
instrumentation. Products and services for computational seismologists are also possible 
candidates for integration in the ORFEUS domain. Overall, ORFEUS services currently 
provide access to waveforms acquired by ~ 16,000 stations, including dense temporary 
experiments, with strong emphasis on open, high-quality data. Contributing to ORFEUS 
data archives means benefitting from long-term archival, state-of-the-art quality control, 
improved access, increased usage, and community participation. Access to data and 
products is ensured through state-of-the-art information and communication technologies, 
with strong emphasis on web services that allow automated user access to data gathered 
and/or distributed by the various ORFEUS institutions (see https://orfeus-
eu.org/data/eida/webservices/ and https://esm-db.eu/#/data_and_services/web_services). 
Particular attention is paid to acknowledging the crucial role played by data providers, who 
are part of the ORFEUS community. ORFEUS strongly encourages the use of international 
network codes, seismic network digital object identifiers, and full network citations. All 
ORFEUS services are developed in coordination with EPOS and are largely integrated in 
the EPOS Data Access Portal (https://www.ics-c.epos-eu.org/). Documentation on 
ORFEUS data and services is provided on the ORFEUS website and is complemented by a 
large archive of ORFEUS community workshops and seminars / webinars  (https://orfeus-
eu.org/other/workshops/). ORFEUS data and services are assessed and improved with the 
help of technical and scientific feedback from a User Advisory Group (UAG), which 
comprises European Earth scientists with expertise on a broad range of observational 
seismology topics. ORFEUS is a key participant in EC-funded projects and collaborates 
with global and international organizations with similar scope, like the FDSN 
(https://fdsn.org/), IRIS (https://www.iris.edu/), and COSMOS 
(https://strongmotion.org/). Recent examples of coordinated actions include: guidelines for 
seismic network DOIs; the establishment of the registry of data centres at the FSDN and 
the integration of routing information; the StationXML documentation project. The seismic 
networks contributing to ORFEUS coordinated services (e.g. Cauzzi et al., 2021) are listed 
at https://orfeus-eu.org/data/eida/networks/ and at https://esm-
db.eu/#/about/who/contributing_networks.  
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Fig. 1 – Overview of ORFEUS EIDA and SM services. EIDA (Strollo et al., 2021) is the distributed 
infrastructure in ORFEUS that provides access to raw seismic waveform data archives and 
associated station metadata collected and curated by European seismic networks. The seismic 
networks integrated in EIDA include weak-motion, strong-motion, pressure, rotation and other 
sensor types. EIDA is currently active in developing data management approaches for new emerging 
technologies and challenges related to big and novel datasets. The European strong-motion systems 
(Lanzano et al., 2021) coordinated by ORFEUS are the Rapid Raw Strong Motion (RRSM; 
https://orfeus-eu.org/rrsm/), the Engineering Strong Motion (ESM; https://orfeus-eu.org/esm/) 
databases, and the associated web interfaces and web services. The RRSM is a downstream product 
of EIDA and uses only data integrated in EIDA, while the ESM also includes offline data from other 
data sources. The ESM framework also provides advanced interactive software tools, e.g., allowing 
users to select ground-motion waveform sets for engineering studies. The ESM is the reference 
database for harmonised seismic hazard and risk studies in Europe. 
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Abstract: 

CsLoc (Crowdseeded seimic Locations) is the combined analysis of seismic and 
crowdsourced data for rapid (1 min) and reliable (15 km accuracy) seismic locations of 
global felt earthquakes. EMSC monitors reaction of earthquake eyewitnesses through the 
online footprints of eyewitnesses (traffic surge on our websites or app, increase in 
earthquake tweets) to generate what we call “crowdsourced detections”. The principle is to 
use the location of this crowdsourced detection to select the seismic station which could 
have recorded the shaking, and its timing to extract the picks in the proper time window. 
Location is computed through a time iteration and it is published when reaching predefined 
quality criteria.  

3648 3ECEES, September 2022, Bucharest, Romania



We will compare the global CsLoc performances based on the one hand on stations 
available online and on the other hand the same dataset completed by the RaspberryShake 
(RS) network. The purpose is then to evaluate the potential added-value of RS data for 
global seismology and rapid earthquake information.  

 

Keywords: Seismic location, crowdsourced detections, earthquake, rapid earthquake 
information  

 

1. Introduction 

CsLoc is an innovative approach for the rapid and reliable location of felt earthquakes 
(Steed et al., 2019, Bondar et al., 2020). Fundamentally speaking, the location process is 
facilitated by the independent time and geographical constraints derived from 
crowdsourced detections. Crowdsourced detections are based on the digital footprints from 
earthquake eyewitnesses. These footprints can on EMSC website, smartphone app or on 
Twitter (Bossu et al., 2008, 2012, 2015, 2018, 2020; Earle; Earle et al., 2010, Earle et al., 
2011).  

A same earthquake can lead to several crowdsourced detections as it may be detected on 
several platforms. In such a case, each detection triggers an independent CsLoc process. 
The first location is published and a de-duplication process verifies that the same 
earthquake does not lead to several locations (Figure 1).  

 

 

 

Fig. 1 - Multiple strains for the same event (star) triggered by various country-based website traffic (green 
triangle) and TED triggers (blue triangle), as well as the LastQuake app (red triangle) crowdsourced 

detections in (A) Turkey, (B) Great Britain, and (C) Haiti. Corresponding color lines show the trajectory of 
CsLoc locations during the iterations. CsLoc shows a robust performance against the position of the initial 

crowdsourced triggers. 

CsLoc results based on seismic stations are automatically published on EMSC website 
https://www.emsc-csem.org/Earthquake/seismologist.php and when there is enough data 
for the process to converge it is systematically the fastest available location, typically 
available within 1 min. 
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2. Conclusion

We do not have any conclusion yet as the work is on-going. However, we are confident the 
presentation will be of great interest and we really look forward to discussing with you in 
Bucharest!   
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Abstract:  In earthquake engineering, the signals recorded by seismological stations are 
considered a priori to be ‘free-field’. These are most often strong-motion stations, although 
countries with moderate seismic hazard are increasingly using velocimetric stations to extend 
the amount of data available. However, recent observations have shown that these conditions 
may not be met, notably because of deep installations (posthole, borehole or tunnel) or 
because of underestimated soil-structure interaction effects. In this paper, we show some 
examples of effects that have been observed on stations of the French RESIF network. These 
effects can lead to de-amplifications of a factor more than 10 at certain frequencies (in the 
case of deep stations) or to amplifications of the same order of magnitude (in the case of 
sensors on pillar) 

Keywords: Free-field, depth effect, strong motion stations, soil-structure interactions 

 

1. Introduction 

In earthquake engineering, the signals recorded by seismological stations (mainly 
accelerometer networks, but also broadband networks) are considered to be ‘free-field’, i.e. 
recorded at the ground surface and free of any soil-structure interaction (SSI). Some recent 
observations (Hollender et al. 2020) have shown that these conditions may not be met, even 
for shallow installation depths (less than 5 meters) or small structures, such as the small 
concrete slabs often used to anchor accelerometers. 

These observations motivated specific measurements on accelerometer stations or coupled 
accelerometer-broadband seismometer stations of the French permanent networks RAP and 
RLBP (RESIF 1995a, RESIF 1995b). The objective was to better understand and 
demonstrate the orders of magnitude of the effects that these phenomena generate. This 
paper presents some of the results obtained. 
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2. Analysis of SSI and depth effects

2.1 Approach used 

The potential effects of depth and soil-structure interaction were estimated empirically, by 
deploying temporary stations, installed in true free field conditions, in the immediate vicinity 
of permanent stations (ECH, HOHE, MANO, STMU, WLS and ZELS in the North East of 
France; OGFO, OGSA and OG35 in the Alps). These stations recorded continuously for 
about a year. 

From these recordings, we applied a classical SSR processing: 1/ identification of the 
recorded earthquakes with a satisfactory signal-to-noise ratio, 2/ calculation of the Fourier 
spectra ratios on S-wave windows between temporary stations in free field (reference) and 
permanent stations, 3/ calculation of the averages and standard deviations on the few tens of 
earthquakes used on each site. On each figure (Figures 1 to 3) are represented for the 
horizontal and vertical components: the SSRs for each earthquake, the averages and standard 
deviations of the SSRs, the number of earthquakes used per frequency. We have chosen to 
present here the results obtained at the ECH station and at the STMU station. 

2.2. Depth effect at ECH station 

The ECH station (located in the municipality of Échery in the North-East of France) is 
installed in a former mine gallery at a depth of about 30 m. This station is often considered 
as the reference station for the North-East of France because it is located on very hard rock. 
The temporary station was installed on the surface (open field). Over a period of one year, 
about 25 earthquakes with a good signal-to-noise ratio could be used. Figure 1 shows the 
standard spectral ratios (SSR) calculated between the permanent station (at depth) and the 
surface station (free-field station, used as a reference). Strong deamplification is observed at 
high frequencies (greater than a factor 10 at 10 Hz in the horizontal direction, and at 28 Hz 
in the vertical direction), caused by the destructive interference between the up-going wave 
and the down-going wave. 

2.3. Depth effect at HOHE station 

Nowadays, many new seismological stations are installed in 'postholes', i.e. in relatively 
shallow boreholes. This is the case of the RESIF HOHE station, located north of Strasbourg 
(north-east of France), whose broadband seismometer is placed at a depth of 20 m. Over a 
period of one year, about 35 earthquakes with a good signal-to-noise ratio could be used. 
Figure 2 shows the standard spectral ratios (SSR) calculated between the permanent station 
(at depth) and the surface station (free field station, used as reference). A very strong 
deamplification is observed starting from the intermediate frequencies (factor 15 at 7 Hz in 
the horizontal direction, factor 12 at 11 Hz in the vertical direction). Given that this category 
of stations is used to estimate magnitudes, it is likely that these depth effects lead to 
underestimations in the determination of magnitudes. 
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Fig. 1 – Effect of depth at the ECH station, located in a tunnel. Top: spectral ratios between the permanent 
station (in a tunnel) and the temporary station located in the free-field. Bottom: number of seismic events 
used to calculate the spectral ratios. A strong deamplification is observed at high frequencies (more than a 

factor of 10 to 10 Hz in horizontal, 28 Hz in vertical) 

 

 

 

 

Fig. 2 – Effect of depth at the HOHE station, located in a post-hole. Top: spectral ratios between the 
permanent station (in posthole) and the temporary station located in the free-field. Bottom: number of seismic 

events used to calculate the spectral ratios. A strong deamplification is observed from the intermediate 
frequencies (factor 15 to 7 Hz in horizontal, factor 12 to 11 Hz in vertical) 
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2.4. Pillar effect at STMU station 

The STMU station is located in the Strasbourg Seismological Museum, which used to be the 
historical seismological station of the Strasbourg Observatory, created at the end of the 19th 
century. This accelerometer was placed on top of a massive seismic pillar on which one of 
the observatory’s ‘primitive’ seismometers was installed. The temporary station was 
installed on the surface (free-field) outside the museum building. Over a period of one year, 
about 20 earthquakes could be used. Figure 3 shows the standard spectral ratios (SSR) 
calculated between the permanent station (on pillar) and the surface station (free-field 
station, used as reference). In contrast to what was observed at ECH and HOHE stations, 
there is a very strong amplification at high frequencies (factor 10 at 15 Hz), caused by the 
natural vibration mode of the pillar. The vertical motion is not affected. 

On the horizontal components, if we combine the 15 Hz centred de-amplification of the ECH 
station and the 20 Hz centred amplification of the STMU station, we obtain an impressive 
maximum difference of a factor of 60 at high frequencies, solely due to installation choices 
(in depth in one case, on a pillar in the other case), without any site effects being involved 
in this figure. The installation characteristics of these two stations and the effects that their 
installation conditions have on the signals are not reported in the web-services distributing 
their data. 

Fig. 3 – Effect of the pillar on which the STMU station is installed. Top: spectral ratios between the 
permanent station (on pillar) and the temporary station located in the free-field. Bottom: number of seismic 

events used to calculate the spectral ratios. There is a strong amplification at high frequency on the horizontal 
components (factor 10 to 15 Hz). 
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4. Conclusions 

The work presented here shows that the choice of the installation can generate effects that 
significantly affect the frequency content of the recordings. 

Concerning the effects of soil-structure interaction, it is observed that even for small concrete 
slabs, the effects can be sensitive at high frequencies (in general, signal amplification), 
sometimes with seasonal variations. A maximum effect was observed at the STMU station 
due to the behaviour of the station pillar. 

Regarding the depth effect, drastic signal deamplification effects are observed, which can 
exceed a factor of 10. In the HOHE example, the depth of the seismometer is 20 m, but 
equivalent effects can be observed even at shallower depths (e.g. 4 m for OGSA, with a 
deamplification peak located at higher frequencies). Beyond the earthquake engineering 
applications, it is necessary to question the impact of these effects on the magnitude 
estimates (the large differences in estimates observed from one station to another can be 
partly explained here), and this, particularly since the standard of current installations is to 
place broadband seismometers in postholes, i.e. at depth. 

These effects must be better documented, the corresponding information introduced into the 
metadata associated with the stations and taken into account by the users of the databases. 

 

References 

- Hollender F, Roumelioti Z, Maufroy E, Traversa P, Mariscal A (2020) Can We Trust High-Frequency 
Content in Strong-Motion Database Signals? Impact of Housing, Coupling, and Installation Depth of 
Seismic Sensors. Seismological Research Letters. https://doi.org/10.1785/0220190163 

- RESIF (1995a). RESIF-RAP French Accelerometric Network, doi: 10.15778/RESIF.RA. 
- RESIF (1995b) RESIF-RLBP French Broad-band network, RESIF-RAP strong motion network and 

other seismic stations in metropolitan France, doi: 10.15778/RESIF.FR. 
 
 

 
 

36553ECEES, September 2022, Bucharest, Romania



The ERMES platform: a web interface for generating strong-motion 
event reports 

Giovanni Lanzano – Istituto Nazionale di Geofisica e Vulcanologia, Milan, Italy, giovanni.lanzano@ingv.it 

Francesca Pacor – Istituto Nazionale di Geofisica e Vulcanologia, Milan, Italy, francesca.pacor@ingv.it  

Chiara Felicetta – Istituto Nazionale di Geofisica e Vulcanologia, Milan, Italy, chiara.felicetta@ingv.it 

Emiliano Russo – Istituto Nazionale di Geofisica e Vulcanologia, Milan, Italy, emiliano.russo@ingv.it  

Sara Sgobba – Istituto Nazionale di Geofisica e Vulcanologia, Milan, Italy, sara.sgobba@ingv.it  

Lucia Luzi – Istituto Nazionale di Geofisica e Vulcanologia, Milan, Italy, lucia.luzi@ingv.it  

Abstract: In this work, we present the prototype of the new web-tool ERMES, designed to 
create an event-report describing the characteristics of the ground motion recorded during an 
earthquake. It is integrated with the Italian (ITACA) and the Engineering (ESM) strong 
motion databases. ERMES is developed as a supporting tool in the analysis of the seismic  
ground motion , useful in case both of just occurred event generating a semi-auotomatic 
report, to be  reviewed and updated by expert users, and of past events to study the main 
features  of the observed shaking.. 

Keywords: web-tool, event-report, strong motion parameters, ground motion models, 
databases 

1. Introduction

The ERMES web-tool (Earthquake Report for ground Motion EvaluationS) was designed 
in 2020 by the ITACA-ESM WG and was developed in 2021 in the framework of the 
activities carried out by the Seismic Hazard Centrum (CPS, Centro di Pericolosità 
Sismica) of the Istituto Nazionale di Geofisica e Vulcanologia (INGV) with the objective 
of producing event-reports based on the data available in the accelerometric databases 
ITACA (http://itaca.mi.ingv.it, Russo et al., 2022) and ESM (http://www.esm-db.eu, Luzi 
et al., 2020), managed by INGV.  
The name ERMES is inspired by Hermes (in italian Ermes, in greek Ἑρμῆς), a divinity of 
the ancient Greece, that is considered the herald of the gods. Similarly, the purpose of 
ERMES is to organize ground motion parameters observed at seismic stations to provide 
an overview on the characteristics of the shaking produced by an earthquake. 

2. The structure

ERMES is a tool developed to query the ESM/ITACA databases and organize data and 
information contained therein pre-compiling a summary report illustrating the main 
characteristics of the ground motion associated with a given earthquake. ERMES works 
through web pages that are automatically edited and that can be modified by the user. 
The ERMES platform includes 1) an authentication home page; 2) an event search page; 
and 3) some event-specific pages to visualize information and generate reports. Since the 
report is intended to be edited only by experts in seismology or earthquake engineering, the 
home page is designed as an authentication page, where username and password are 
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needed. Additional information such as citation, credits, usage license, and 
supporting/funding projects can be found on the home page. 
A key element of ERMES is the interactivity with the web-platform, allowing the expert 
users to interact and modify the content of the pages. Each web-page contains some 
fields/tabs that permit to edit/select: (i) textboxes (mainly note boxes in the margins of 
figures and tables); (ii) map scales/sizes; (iii) graph axes; (iv) stations of interest; (v) 
number of graphs, and (vi) parameters of interest. 

2.1. Event search page 

This page (Figure 1) allows selecting the earthquake through three tabs containing several 
searchable key fields relative to the identification of the events (ESM/ITACA event ID, 
name, origin time, number of records), the seismological parameters (magnitude, focal 
depth, focal mechanism), and the geographical information (latitude, longitude, region, 
country).  

Figure 1. Event search web interface. 

2.2. Event specific page 

After the selection of the event, the user can enter into the Event Specific Page composed 
of five tabs, as described in the following. The following figures are extracted by the 
ERMES website, using as an example the Mw 3.4 earthquake, which occurred in Southern 
Italy on 14 September 2020 (ESM/ITACA ID: EMSC-20200914_0000057).  

2.2.1. Event info 

The ‘Event info’ tab contains general information about the event (event IDs, epicenter 
location, local and moment magnitude, focal mechanism, etc.) and the fault (source 
geometry, nucleation point location, strike, dip, rake, etc.), if available. A map with the 
location of the event and the recording stations (Figure 2) is also reported. 
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Figure 2. Summary info of the event. 

2.2.2. Strong motion parameters 

The ‘Strong motion parameters’ page shows the maps of some strong-motion parameters 
(Figure 3), both for the horizontal and vertical components, and a table listing the largest 
values of the most significant parameters from the engineering point of view. The user can 
choose the number of maps, selecting among peak, integral and acceleration spectral 
intensity measures, up to a maximum of nine.  

Figure 3. Map of the observed Peak Ground Acceleration (PGA), Velocity (PGV) and significant duration 
T90 for horizontal components. 

2.2.3. Waveforms 

For some selected stations, the three components (NS, EW and Z) acceleration, velocity 
and displacement waveforms are plotted (Figure 4). The user can decide how many plots to 
produce and change the time and amplitude axis according to the features to be 
highlighted. 
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Figure 4. Web interface to select the stations for which generate time series plots. The selected stations are 
indicated by triangles with thick borders. 

2.2.3. Acceleration response spectra 

In ‘Acceleration response spectra’ section, for the selected stations, the plots in log-log 
scale of the acceleration elastic response spectra (5% damping) of the horizontal and 
vertical components are reported. As an option, the spectral curves can be compared with 
the design spectra of Italian building code (NTC18) and European seismic codes (EC8). 

2.2.4. Comparison with GMMs 

The last tab allows to producing plots to compare the recorded and predicted peak ground 
motion values for horizontal and vertical components, by Italian and European Ground 
Motion Models (GMMs) for shallow active crustal events, namely ITA18 developed by 
Lanzano et al. (2019) for horizontal components and Ramadan et al. (2021) for V/H ratios 
and the GMMs by Kotha et al. (2020), respectively (Figure 5). In case of volcanic 
earthquakes, the reference GMMs is the LL19 model (Lanzano and Luzi, 2020), calibrated 
using data of Italian events in the volcanic districts of Etna mountain, Aeolian and Ischia 
islands. 
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Figure 5. Comparison between recorded horizontal PGAs (circle) and ITA18 predictions (mean plus/minus 
one standard deviation), for different EC8 soil classes. 

3. The report

The final product of the ERMES tool is the event-report (in pdf format) containing all 
information and images elaborated in the web pages. The additional notes compiled by the 
user will be also printed in the pdf file. The second page of the event-report introduces 
the abbreviations and the definitions adopted in the following pages. The last page contains 
information about credits, citation, and usage license.  
In the header page, the date of the release is reported in order to keep track of changes as 
event data and metadata are updated or supplemented with new information. The web-
platform also allows downloading each figure of the report and the strong motion 
parameters flat-file in csv format. 

4. Conclusions

ERMES is designed to be a supporting tool in the analysis of seismic shaking, able to 
produce summary event reports, describing the observed ground motion. Being integrated 
with ITACA and ESM databases, its applications can be multiple: (a) in the case of an 
event that has just occurred, produce a quasi-real-time event-report that manually updates 
as new data becomes available; b) in the case of past events, to investigate the spatial 
distributions of the ground motion parameters and the characteristics of some significant 
recordings 
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Abstract: This contribution provides an overview of the procedure being collaboratively 
developed within ORFEUS to complement the quality control strategies of the RRSM 
(Rapid Raw Strong Motion) and ESM (Engineering Strong Motion) databases with 
systematic comparisons of the earthquake data recorded at seismic stations with co-located 
strong-motion and weak-motion instruments in Europe. The analyses allow: (i) detecting 
anomalies in both waveform data and station metadata; (ii) refining automatic & manual 
waveform processing; (iii) enhancing usage of velocity records in ’strong-motion’ 
databases. We aim at community feedback on the proposed strategy to inform the 
preparation of free and open-source software to perform systematic and on-demand analyses 
of the data from co-located instruments. 
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1. Introduction and motivation 

The ORFEUS (Observatories and Research Facilities for European Seismology) 
community coordinates two major strong-motion seismology initiatives (https://orfeus-
eu.org/data/strong/; Lanzano et al., 2021) in the greater European region, namely: the rapid 
raw strong-motion (RRSM; Cauzzi et al., 2016) and the engineering strong-motion (ESM; 
Luzi et al., 2016) databases and associated web interfaces and web services. ORFEUS data 
and services are routinely assessed and improved through the technical and scientific 
feedback of a User Advisory Group (UAG), which comprises European Earth scientists 
with expertise on a broad range of disciplines. Crucial for users is the quality assessment of 
the data and metadata distributed by the open earthquake databases promoted by ORFEUS, 
in order to provide reliable information to seismology, engineering seismology, soil 
dynamics and earthquake engineering science and practice. Spurred by the suggestions of 
the ORFEUS UAG and of the ORFEUS user community at large, we are proposing to 
enlarge the existing quality control procedures implemented in the RRSM and ESM with 
systematic and homogenous time- and frequency-domain comparisons of earthquake 
records from stations with co-located broad-band velocity and acceleration sensors (400+ 
such stations contribute to the ESM and RRSM) as a quality-assessment tool for European 
open strong-motion data. Among the goals of this study are: (i) detecting anomalies in both 
waveform data and station metadata (e.g., issues with gain, timing, orientation); (ii) 
refining automatic & manual waveform processing schemes (e.g., to improve identification 
of noise and clipped waveforms); (iii) enhancing usage of velocity records in ’strong-
motion’ databases such as the ESM & RRSM (e.g., to tune/review low-frequency cut-
offs).  

2. Proposed workflow and example of key results 

We propose automated comparisons based on Python scripts largely relying on ObsPy 
(Beyreuther et al., 2010) modules. The data access and processing workflow for a given 
station and earthquake (M3.5+) is as follows:  

1. access to waveforms & station metadata using FDSN dataselect & station 
webservices (https://orfeus-eu.org/data/eida/webservices/) available across the 
European Integrated Data Archive EIDA (Strollo et al., 2021); 

2. rotation to E-N-Z channel orientation based on station metadata (not merely based 
on channel codes, i.e., taking channel names at face value); 

3. saturation (clipping) check on velocity traces in raw counts following the strategy 
implemented in the RRSM; 

4. use of P-wave arrival times (retrieved from FDSN event webservices or predicted 
using e.g. obspy.taup) to separate pre-event and event time-windows; 

5. restitution (deconvolution of station response) of all traces from digital counts to 
acceleration, velocity, displacement; 

6. calculation of Fourier amplitude spectra (FAS), spectral ratios of acceleration to 
velocity channels (AA/AV), and signal-to-noise ratios (SNR) per channel; 

7. post-deconvolution bandpass filtering based on the SNR of vertical acceleration 
channels (as a low-cut corner) and the minimum Nyquist frequency of the 
recordings (as a high-cut corner); 
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8. time synchronisation & polarity checks based on cross-correlation of vertical
acceleration and velocity channels, and on peak-motion times on all channels;

9. saving derived data (e.g., FAS and FAS ratios, peak motions) and figures for
further processing and interpretation.

For a given station and magnitude-distance bin, frequency-domain (see e.g. Figure 1) and 
peak-motion summary plots are generated and used to compile station monographs. 

Fig. 1 – Example of frequency-domain summary plot generated based on the records of 8 
earthquakes (3.5≤M<5) for a co-located pair of broadband and strong-motion sensors at station 
SENIN of  the Swiss national seismic network (CH). The station is presently equipped with an 
Episensor ES-T accelerometer and a STS2.5 seismometer writing on a Q330HRS datalogger. 
Apparent from the summary picture are the following information and recommendations for users: 
(a) on average, ratios of FAS of acceleration and velocity channels (AA/AV) are about flat and
equal to one for frequencies between 0.2 Hz and 30-40 Hz, hence bandpass gains and polarities are
correct; (b) SNR on acceleration channels – SNR(AA) is typically lower than 3 for frequencies < 0.2
Hz and > 30-40 Hz; (c) SNR on velocity channels – SNR(AV) is typically lower than 2 for
frequencies > 80% of Nyquist frequency; (d) pre-defined RRSM low-cut at 0.3 Hz seems
appropriate (SNR ~ 10 on all channels); (e) pre-defined RRSM high-cut at 80% of Nyquist
frequency seems appropriate for velocity channels but too generous for acceleration channels (high-
cut at 30-40 Hz preferred); (f) 50 Hz noise very apparent on velocity channels for M < 4.
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3. Outlook 

This project started in January 2022 based on voluntary contributions of ORFEUS 
partners, including EIDA & Strong-Motion managers and members of the ORFEUS UAG. 
Community feedback on the proposed strategy is encouraged. We expect to systematically 
extend the proposed analyses to the entire dataset of co-located stations across the greater 
European region, targeting also additional networks not yet included in EIDA, and to 
compile summary station monographs to be made openly accessible to users. A summary 
document of detected & resolved issues, possibly linked to the EIDA issue tracker 
(https://github.com/EIDA/userfeedback/issues), will be maintained. The proposed 
workflow will ideally evolve as a community quality-check service to perform 
homogeneous and on-demand analyses of the data from co-located instruments. 
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Abstract: A Mw=4.6 event occurred on 2 December 2020 east of Thiva, a major town at 
the eastern part of Boeotia, located in Central Greece, followed by a seismic swarm during 
July-October, at the town and its surroundings, which included three Mw>4.0 events. The 
southern part of Boeotia is affected by the high seismicity of the Gulf of Corinth, which has 
an important impact to the seismic hazard. A Probabilistic Seismic Hazard Assessment 
(PSHA) is performed for Boeotia utilizing the Cornell-McGuire approach, implementing the 
ESHM13 and ESHM20 seismotectonic models. PGA and PGV were computed for return 
periods of 475 and 950 years via a logic tree approach constructed with hybrid GMPE 
models for each zone. The results show increase of seismic hazard values towards the Gulf 
of Corinth, except for PGV via the ESHM20 model, for which the largest values are 
obtained at the borders with Attica. PGA values obtained using both models exceed the 
Greek National Building Code, but PGA and PGV values with the ESHM20 model are 
lower than those via the ESHM13 model.  

Keywords: PGA, PGV, seismic source model, ESHM13, ESHM20. 

1. Introduction

Boeotia (Central Greece) is located in the transition zone between two rifts, the Gulf of 
Corinth, striking WNW-ESE at the SW, and the Euboekos Gulf, striking NW-SE at the NE 
(Figure 1). The Gulf of Corinth is among the most seismically active rifts worldwide (Rigo 
et al. 1996; Papadimitriou et al. 1999; Kaviris et al., 2017, 2021). Large earthquakes have 
occurred throughout the instrumental era in the central and eastern parts of the gulf 
(Makropoulos et al., 2012), such as the Corinth 1928 Mw=6.3 (Tsapanos et al., 2011), the 
Eratine Mw=6.3 1965, the Antikyra Mw=6.2 1970 (Ambraseys and Jackson 1990) and the 
Galaxidi Mw=5.8 1992 (Hatzfeld et al. 1996) events. The seismic sequence of February-
March 1981 at the Alkyonides Gulf, at the easternmost tip of the Gulf of Corinth, has an 
impact on the seismic hazard (Jackson et al. 1982; Papazachos et al. 1984). Three events of 
the sequence, with Mw>6.0, caused severe damage. In addition, significant earthquakes 
have occurred east of the study area, in Attica, as the destructive 7 September 1999 
Mw=6.0 event ~20 km NW of Athens (Papadimitriou et al. 2002). In approximately the 
same location, 20 years later, the 2019 Mw=5.2 event was hosted (Kapetanidis et al. 2020; 
Kouskouna et al. 2021). Recently, a moderate event (Mw=4.6) occurred on 2 December 
2020, less than 10 km east of Thiva, a major town in Boeotia, with the aftershock sequence 
lasting until January 2021 (Elias et al., 2021; Kaviris et al., 2022a). Few months later, a 
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seismic swarm was initiated at the western part of Thiva in July 2021 and ceased in 
October. The three largest events of the sequence exceeded Mw=4.0, whereas the seismic 
history of Thiva implies that a potential strong earthquake (Mw≥6.0) could occur in its 
vicinity (Kaviris et al., 2022a).  

The need of upgrade of seismic hazard for Boeotia is evident due to its proximity to the 
Gulf of Corinth. In this study, a Probabilistic Seismic Hazard Assessment (PSHA) is 
performed via the Cornell-McGuire approach (Cornell, 1968; McGuire, 1976), where the 
implementation of a seismotectonic model is required. The implemented seismotectonic 
models were a) the ESHM13 Area Source model provided by SHARE (Giardini et al., 
2014; Woessner et al., 2015) and b) the recently updated Area Source model (ESHM20) 
developed within SERA Project (Danicu et al 2021). The Peak Ground Acceleration 
(PGA) and Peak Ground Velocity (PGV) are obtained for Return Periods (RP) of 475 and 
950 years, highlighting their differences due to the use of each of model. The selected 
Ground Prediction Equations (GMPEs) were proposed for Greece and were implemented 
through the utilization of a logic tree approach. The GMPEs were reconstructed as hybrid 
models concerning the focal mechanisms for each area source zone of each model.  

 

Fig. 1 – Seismicity map of broader Boeotia for the instrumental period. The earthquake catalogue of 
Makropoulos et al. (2012) was utilized, extended homogenously up to 2019 for the study area. The events of 

the 2020-2021 seismic crisis in Thiva are adopted by the relocated catalogue of Kaviris et al. (2022a). 

2. Methodology 

The worldwide used (Woessner et al., 2015; Pavel et al., 2016; Pavlou et al., 2020; Kaviris 
et al., 2022b) Cornell-McGuire approach introduces the implementation of a 
seismotectonic model describing the seismicity. In the present study, the most recent 
models for the European territory, the seismotectonic ESHM13 and ESHM20 models are 
implemented. The Makropoulos et al. (2012) instrumental earthquake catalogue was 
extended up to 2019 for broader Boeotia. The extension was performed according to the 
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procedure described by Makropoulos et al. (2012), adopting parameters, except from the 
magnitudes, by the International Seismological Centre, ISC, event database. The events 
with Mw≥4.0 that occurred after 2019 in Boeotia were obtained by the relocated 
earthquake catalogue of Kaviris et al. (2021), as the ISC database stops at the beginning of 
2020.  

The Modified Gutenberg–Richter (MG–R) model (Sornette and Sornette, 1999) is 
considered due to the log-likelihood function that merges the Gutenberg–Richter (G–R) 
and modified G–R laws. Given that the MG–R model is selected, the b-value, the 
magnitude of completeness, Mc, the average annual number of earthquakes with M≥Mc, 
λ(Mc), and maximum expected magnitude, Mu, for each zone are computed. The b and Mu 
values are adopted by the ESHM13 and ESHM20 models, whereas Mc was computed via 
the maximum curvature method (MAXC) through the ZMAP software (Wiemer, 2001). 

An important step in order to evaluate seismic hazard in terms of PGA and PGV is the 
selection of GMPEs. In the present study, for PGA, the GMPEs proposed by Margaris et 
al. (2002), Skarlatoudis et al. (2003), Danciu and Tselentis (2007), Sakkas (2016) and 
Chousianitis et al. (2018) were selected. For PGV Sakkas (2016) has not proposed a model 
for PGV, therefore the remaining four models are utilized. Another difference regarding 
PGV is the adaptation of the updated GMPE proposed by Skarlatoudis et al. (2007) GMPE, 
instead of the one suggested by Skarlatoudis et al. (2003). All GMPEs were reconstructed 
as hybrid models considering the percentage of focal mechanisms for each area source 
zone for each model and were inserted via a logic tree approach (Figure 2). Seismic hazard 
was assessed via the latest version of the CRISIS software, R-CRISIS V20 (Ordaz et al., 
2021), based on CRISIS 2008 (Ordaz et al., 2013), with a friendly user interface due to the 
new object-oriented language. R-CRISIS V20 was selected mainly due to its high 
efficiency and flexibility in computing results (Moklesur Rahman and Bai, 2018). 

Fig. 2 – The logic tree approach for PGA (a) and for PGV (b) for RP of 475 and 950 years for both models. 

3. Results

The spatial distribution of PGA and PGV values for RP=475 and 950 years for the 
ESHM13 seismotectonic model is depicted in Fig. 3. The highest PGA values are in the 
SW part of the study area, decreasing towards the NE until they reach their lowest values 
~25 km NE of Livadia. For RP=475 years the lowest PGA value is 300 cm/s2, whereas the 
highest value is 515 cm/s2 (Figure 3A). For RP=950 years, the spatial distribution remains 
the same, but the values increase, as the lowest PGA value is 370 cm/s2 and the highest 
655 cm/s2, which is 144 cm/s2 more when compared to the one computed for RP=475 
years (Figure 3B). Concerning PGV, the spatial distribution is similar to the one of PGA 
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for both RPs. For RP=475 years the highest PGV value is 43 cm/s, at the northern coast of 
the Gulf of Corinth, whereas the lowest one is 20 cm/s, close to the Euboekos Gulf (Figure 
3C). Regarding the 950 years return period, the lowest value is ~30 cm/s, with the highest 
being 57 cm/s (Figure 3D). The maximum deviation between the RPs for PGV is 14 cm/s.  

 

Fig. 3 - Spatial distribution of PGA (A, B) and PGV (C, D) for RP of 475 years (left column) and 950 years 
(right column) for the ESHM13 seismotectonic model.  

Concerning the ESHM20 seismotectonic model, the spatial distribution has only slightly 
changed for PGA. The highest values are identified at the southern coast of Boeotia, 
similar with the ESHM13 model. The difference concerns the lowest PGA values, as for 
ESHM20 they are located at the northern part of the study area, instead of the NE 
(ESHM13 model). For RP=475 years the highest PGA value is 330 cm/sec2 (Figure 4A), 
approximately equal to the lowest value for the ESHM13 model, and the lowest 250 
cm/sec2. For RP=950 years the highest value is 420 cm/sec2 and the lowest 320 cm/sec2 
(Figure 4B). On the other hand, a different spatial distribution has been identified for PGV, 
with the highest values being at the SE part of the study area, at the borders with Attica. 
The lowest PGV values are identified at the northern part of the study area, similar to PGA. 
For RP=475 years the highest computed PGV value is 23 cm/s, which is almost equal to 
the lowest value obtained by the implementation of the ESHM13 model, and the lowest is 
16 cm/s (Figure 4C). The highest PGV value for RP=950 years is 31 cm/s and the lowest 
22 cm/s (Figure 4D). The highest and the lowest PGA and PGV values, as well as the ones 
for Thiva and Livadia for both RPs and seismotectonic models are presented in Table 1. 

36693ECEES, September 2022, Bucharest, Romania



Fig. 4 - Spatial distribution of PGA (A, B) and PGV (C, D) for RP of 475 years (left column) and 950 years 
(right column) for the ESHM20 seismotectonic model.  

Table 1. The maximum and minimum PGA and PGV values in Boeotia for both RPs and both models. The 
values for Thiva and Livadia are depicted. The last two rows are the differences between the models.  

Sesimotectonic 
Model 

Hazard 
intensity 

RP=475 years RP=950 years 
Highest Lowest Thiva Livadia Highest Lowest Thiva Livadia 

ESHM 13 
PGA (cm/s2) 515 300 362  437 655 370 460  554 
PGV (cm/s) 43 20  28  34 57 30  38  47 

ESHM 20 
PGA (cm/s2) 330 250 316  308 420 320 404  395 
PGV (cm/s) 23 16  23 21 31 22  31  28 

Differences 
PGA (cm/s2) 185 50 46 129 235 50 56 159 
PGV (cm/s) 20 4 5 13 26 8 7 19 

4. Discussion and conclusion

The proximity of Boeotia to the Gulf of Corinth raises the seismic hazard in terms of PGA 
and PGV, as strong earthquakes have occurred. Seismic hazard in Boeotia was evaluated 
utilizing two seismotectonic models, the ESHM13 and ESHM20. All selected GMPEs 
were proposed for the Greek territory and take into consideration the epicentral distance. 
Apart from the GMPE proposed by Margaris et al. (2002), all other GMPEs were 
reconstructed as hybrid models to account for the percentages of the focal mechanism 
types for each zone, instead of selecting only one predominant type of faulting. The 
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seismicity parameters were computed, except from the b-values and Mu, which were 
adopted by each seismotectonic model. Seismic hazard was evaluated through the 
computation of PGA and PGV for RP=475, 950 years via an equal logic tree approach. 

The logic tree where every branch is a hybrid GMPE model has an impact on the accuracy 
of the results. Each GMPE has different constant values for normal, opposed to 
thrust/strike-slip focal mechanism. Therefore, the hybrid GMPE model takes into 
consideration each constant according to the given weight, i.e. the percentage of normal 
and non-normal type of focal mechanism for each zone. Seismic hazard is a field with 
significant epistemic uncertainties and the appliance of a logic tree is an important step to 
qualitatively reduce them, especially if every GMPE model is converted into a hybrid one. 

The spatial distribution of PGA using either ESHM13 or ESHM20 is similar, with the 
higher values located at the southern coast of Boeotia. The lowest ones are identified at the 
northern and the NE part of the study area, close to Euboekos Gulf. For PGV, the two 
seismotectonic models provide different spatial distribution, as the ESHM13 model 
follows a similar pattern to the PGA computations, whereas for PGV the highest values are 
identified close to the borders with Attica. Given that the same GMPEs were used for both 
models, the different spatial distribution is due to the seismicity and geometry data. Should 
an area source zone cover a larger area, more earthquakes will be incorporated within it, 
subsequently different b-values, Mc, λ(Mc), Mu and depth for each zone will be computed, 
altering the final seismic hazard model. The ESHM20 model has larger zones than 
ESHM13, implying that the smallest number of incorporated zones with the different 
seismicity parameters could provide smaller PGA and PGV values. 

PGA results obtained using either model for RP=475 years for Boeotia exceed the ones 
provided by the National Building Code (EAK 2003) of Greece. The study area is 
incorporated in Zone II with PGA value 0.24g (~235 cm/sec2) for RP of 475 years. The 
lowest computed PGA value is 250 cm/sec2 for the same RP in the ESHM20 model, at the 
northern part of the study area. The seismic hazard values at Thiva are not high, despite the 
occurrence of the 2020-2021 seismic crisis, probably due to the absence of a large 
earthquake. It is essential to monitor the area and to perform updated seismic hazard 
assessment in terms of both PGA and PGV that could be used to evaluate seismic risk.  

The provided seismic hazard model for Boeotia is a preliminary result of a scheme that 
will be continued in future work. The latter will provide a seismic hazard model with all 
the seismic parameters computed and not adopted. A more sophisticated logic tree can be 
constructed, taking into account more than one method of estimating Mc and b-value. In 
addition, Uniform Hazard Spectra is planned to be calculated for the towns of Thiva and 
Livadia to pinpoint the frequencies that have an impact on the spectral accelerations. 
Furthermore, a deterministic approach could be applied, where synthetic waveforms are 
generated considering scenario events, such as the 1981 Alkyonides earthquakes. Another 
scenario could be the activation of a fault near Thiva.  
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Abstract: Substantial increase in the strong motion recordings after 2017 

(https://tadas.afad.gov.tr/), especially with two Mw≈7 events occurred 2020, called for an in-depth 

evaluation and update of the Turkish Strong Motion Database (N-TSMD). The N-TSMD 

presented in Akbaş et al. (2022) includes more than 23.000 recordings from 743 M>3.5 

earthquakes and is supported with calculated Cumulative Absolute Velocity (CAV) values of the 

recordings for this study. This contribution evaluates the predictive performance of recent CAV 

ground motion models (GMMs) developed by Sandıkkaya and Akkar (2017) (SA17) and 

Campbell and Bozorgnia (2019) (CB19) for N-TSMD, using the analysis of residuals estimated 

by random-effects regression. Analysis results showed that the magnitude and depth to the top of 

the rupture (ZTOR) scaling of N-TSMD is different than the evaluated GMMs, resulting in 

considerably small between-event residuals for a large magnitude range. No significant bias is 

observed in the within-event residuals. Once the trend in the event terms is corrected by 

adding/modifying the constant terms, SOF terms and magnitude scaling, both GMMs have 

acceptable predictive performances for N-TSMD. Comparison of the modified versions of SA17 

and CA19 CAV models with the originals showed a substantial change in the median predictions. 

The results presented here aligns with the objectives of the technical document on Ergodicity of 

Ground Motion Prediction Equations for Site Specific Seismic Hazard Assessment for Nuclear 

Sites (in preparation) that will support the Specific Safety Guide (SSG-9, Rev.1) on Seismic 

Hazards in Site Evaluation for Nuclear Installations.     

Keywords: New Turkish Strong Motion Database (N-TSMD), ground motion modelling, 

cumulative absolute velocity, data-driven testing, regionalization of ground motion models.  

1. Introduction

Since its first usage as a nuclear power plant shutdown criterion by Electrical Power Research 

Institute (EPRI, 1988), Cumulative Absolute Velocity (CAV) parameter has been studied 

extensively for various purposes (e.g. EPRI, 1991; Cabanas et al., 1997; EPRI, 2006; Klügel 

et al., 2006; Watson-Lamprey and Abrahamson, 2007). Originally, CAV was defined as the 

time integral of the absolute ground acceleration and it eventually became a handy parameter 

for urban earthquake early warning systems (e.g. Fahjan et al, 2011) and liquefaction hazard 

evaluation (e.g. Kramer and Mitchell 2006). Campbell and Bozorgnia (2010) underlined that 

the CAV parameter also includes the cumulative effects of the ground motion duration, 

which is a key advantage over peak response parameters for the correlation with the onset of 

structural damage. 

Various CAV ground motion models (GMMs) are available in the current literature. These 

GMMs typically include one or more parameters along with CAV like Arias intensity (AI) 
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and significant duration (SD) and predict these parameters using the same functional form. 

One of the GMMs evaluated in this study, Sandıkkaya and Akkar (2017, SA17) model, 

developed GMMs for CAV, AI and SD using a subset of Pan-European RESORCE database 

(Akkar et al, 2014). SA17 model is valid for point-source and extended-source (epicentral, 

rupture, and Joyner-Boore, RJB) distances shorter than 200 km, moment magnitudes (Mw) 

between 4 and 8, and time-averaged average shear wave velocity of the top 30 m of the soil 

(VS30) between 150 m/s and 1200 m/s. The RESORCE strong motion database consists of 

recordings from shallow crustal earthquakes that occurred in a wide region, but almost one 

third of the events and recordings were compiled from the Turkish strong motion networks. 

The functional form of the SA17 model is relatively simple: SA17 modelled the style of 

faulting (SOF) effects with dummy variables and added a linear site amplification term to 

the base model that presents the magnitude and distance scaling. This GMM did not attempt 

to model the effect of the depth to the top of the rupture (ZTOR) or basin response. The authors 

mentioned that adding a non-linear site response term did not improve the standard 

deviations and thus, the non-linear site effects were discarded.  

Campbell and Bozorgnia (2019, CB19) proposed GMMs for CAV and AI using a subset of 

the NGA-West2 database (Ancheta et al., 2014). The NGA-West2 database includes 322 

worldwide shallow crustal earthquakes form California, Taiwan and Japan, Italy, etc.; 

however, the number of recordings from Turkish strong motion networks is very small and 

mostly limited to the 1999 Kocaeli and Düzce earthquakes. CB19 model used the advantage 

of the NGA-West2 response spectra model developed by Campbell and Bozorgnia (2014) 

for functional form; therefore, the model includes linear and non-linear shallow site response 

and basin response terms and hanging wall scaling in addition to the base model for 

magnitude and distance scaling. Range of applicability for CB19 model is similar to SA17 

model, except that the inclusion of the anelastic attenuation term allowed the CB19 model to 

extrapolate up to 300km.   

Figure 1 compares the magnitude scaling of SA17 and CB19 CAV models for strike-slip and 

normal earthquakes recorded at a soil site (VS30=270 m/s) in the near field (5km), at 30 and 

75kms, and at the far field (150 km). The magnitude scaling of the models are quite different 

for small (MW<5) and large (MW >7) magnitude events because SA17 model used a linear 

magnitude scaling without a hinge, while CB19 utilized a multi-linear magnitude scaling 

with breaking points at M=4.5, 5.5 and 6.5. The differences are more prominent for normal 

events, with CB19 model scale down more when compared to the strike slip cases.  

  

(a) (b) 

Fig. 1 – Comparison of the magnitude scaling of SA17 and CB19 CAV models for (a) strike-slip events, (b) 

normal events for VS30=270 m/s at RJB= 5, 30, 75 and 150 km. In CB19 curves, ZHYP = 5 km and the dip angle 

for strike-slip and normal events are assumed as 90° and 55°, respectively (Ancheta et al., 2014).   
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As a result of the significant differences in the magnitude scaling, CB19 and SA17 models are 

expected to have unalike predictive performances for datasets that include significant amount 

of small magnitude events and this difference is quite important due to the nature and use of the 

CAV parameter. Therefore, the objective of this study is to evaluate the performance of CB19 

and SA17 models for predicting the CAV values in the Turkish strong motion database using a 

data-driven testing approach. The analysis performed here aligns with the objectives of a 

Technical Document on Ergodicity of Ground Motion Prediction Equations for Site Specific 

Seismic Hazard Assessment for Nuclear Sites (in preparation) that will support the Specific 

Safety Guide (SSG-9, Rev.1) on Seismic Hazards in Site Evaluation for Nuclear Installations.  

2. Summary of the New Turkish Strong Motion Database (N-TSMD)

The development procedure of the New Turkish Strong Motion Database (N-TSMD) is 

presented in Akbaş et al. (2022); therefore, only the highlights of the N-TSMD will be provided 

here. Preliminary version of N-TSMD includes 743 earthquakes that occurred between 1983 

and 2020 in Turkey and the acceleration time histories from 904 strong motions stations were 

obtained from Disaster and Emergency Management Presidency of Turkey (AFAD) 

(https://tadas.afad.gov.tr/). Events with Mw>3.5 and hypocentral depths less than or equal to 30 

km were included in the dataset if they have at least 5 recordings within 200 km rupture 

distances (RRUP). Recordings outside the RRUP<200 km range (according to AFAD’s distance 

estimations) were eliminated from the dataset. 16 large-magnitude (MW≥6) events in the 

database were evaluated case-by-case for available information from various agencies and 

literature to increase the accuracy of event location, hypocenter depth, fault plane parameters, 

and source-to-site distance metrics. Location, depth, MW, and fault plane solutions of other 

events (Mw<6) were also re-checked and compiled from earthquake catalogues of various 

international and national agencies.  

About 70% of the 904 strong motion stations have measured Vs profiles. The proxy based VS30 

values for remaining stations were estimated using the surface geology and topography (Wald 

and Allen, 2007). All source-to-site-distance metrics were calculated by considering finite fault 

geometries for MW≥6 earthquakes and estimated by using the procedure given in Kaklamanos 

et al. (2011) for MW<6 events. Recordings were visually checked for any type of non-standard 

errors (Douglas, 2003) and the records with missing orthogonal components and spikes or 

records that include traces of multiple events were eliminated from the dataset. The final version 

of the N-TSMD includes 19232 2-component strong motion recordings from 621 earthquakes 

and the main characteristics of the database are presented in Figure 2. Figure 2(a) shows that 

approximately 85% of the events may be considered as small magnitude earthquakes (MW<5); 

however an important portion of these events are in 4<MW<5 range and the amount of near-

field recordings are prominent. Majority of the stations in the database have VS30 varying 

between 180-760 m/s and there are only a few stations that may be considered as hard rock or 

soft soil stations (Figure 2b). Approximately half of the earthquakes in the database are 

classified as SS and 30% are classified as normal earthquakes. 

An automated procedure detailed in Kalkan (2016) was applied to each recording to pick the P-

phase arrival. The smoothed Fourier Amplitude spectra of the pre-event and signal were used 

to define the high and low filter cut-off frequencies. High pass and low pass filter cut off 

frequencies were searched between 0.1-1 Hz and 25 Hz-Nyquist frequency ranges, respectively. 

In case there is no intersection point found between two spectra, 0.1 Hz and 40 Hz are used as 

default cut-off values. A fourth order Butterworth filter was applied to each recording using the 

cut-off frequencies. For this study, the CAV is calculated by using Eq. 1 for each orthogonal 

horizontal component and the geometric mean of CAVs are utilized in the regression. 
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(a) (b) (c) 

Fig. 2 – N-TSMD distribution in (a) M – RJB space, (b) in VS30 bins, and (c) according to SOF classes. 

An automated procedure detailed in Kalkan (2016) was applied to each recording to pick the P-

phase arrival. The smoothed Fourier Amplitude spectra of the pre-event and signal were used 

to define the high and low filter cut-off frequencies. High pass and low pass filter cut off 

frequencies were searched between 0.1-1 Hz and 25 Hz-Nyquist frequency ranges, respectively. 

In case there is no intersection point found between two spectra, 0.1 Hz and 40 Hz are used as 

default cut-off values. A fourth order Butterworth filter was applied to each recording using the 

cut-off frequencies. For this study, the CAV is calculated by using Eq. 1 for each orthogonal 

horizontal component and the geometric mean of CAVs are utilized in the regression. 

𝐶𝐴𝑉 = ∫ |𝑎(𝑡)|𝑑𝑡
𝑡𝑚𝑎𝑥

0
       (1) 

3. Evaluation of Model Performance by Data-Driven Testing Approach 

Residual analysis is utilized for evaluating the misfit between the model predictions and actual 

ground motions. The actual CAVs and GMM predictions for each recording (i) are denoted by 

ai and pi, respectively. Total model residuals are calculated and separated into two components: 

the event terms (or between-event residuals, ΔB) and the within-event residuals (ΔWi) as shown 

in Eq. 2, using random-effects regression (Abrahamson and Youngs, 1992). 

𝑅𝑖 = ln(𝑎𝑖) − ln(𝑝𝑖) = ∆𝐵 + ∆𝑤𝑖
      (2) 

Figure 3 shows the distribution of event terms with respect to MW, ZTOR and rake angles for 

SA17 and CB19 models. Both GMMs significantly overestimate the 1999 Düzce (MW=7.1) and 

Kocaeli (MW=7.6) events, but the predictive performance of the models is unbiased for other 

M>6 earthquakes. Negative residuals indicate overprediction at moderate-to-small magnitudes 

for both GMMs; however, the flexible magnitude scaling of CB19 resulted in slightly better 

performance in M<5 cases. The negative residuals in moderate-to-small magnitude events are 

reflected as a constant shift in the distribution of residuals with ZTOR in SA17 model. The 

residuals are color-coded with SOF and according to the source of event location in Figure 3, 

showing that the consistently negative residuals in SA17 model are not directly related to the 

SOF terms. The average residual of reverse (RV) events (green points) is slightly more positive 

then the strike-slip (SS) and normal (NM) earthquakes. On the other hand, the earthquakes that 

were re-visited by the ISC-EHB catalogue (turquoise points) for hypocentre location agree 

better with the predictions of both GMMs. It should be noted that the CB19 model 

acknowledges the effect of depth using a hypo-central depth term; therefore, the residuals are 

unbiased for ZTOR <10km and model’s performance is slightly better for RV earthquakes. 
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(a) 

(b) 

Fig. 3 – Distribution of events terms with Mw, ZTOR (color-coded according to SOF and hypocentre location), 

and Rake angle for (a) SA17 and (b) CB19 models. 
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(a) 

 

(b) 

Fig. 4 – Distribution of events terms with Mw, ZTOR (color-coded according to SOF and hypocentre location), 

and Rake angle for after modifications for N-TSMD in (a) SA17 model and (b) CB19 model. 

36793ECEES, September 2022, Bucharest, Romania



In order to enhance the predictive performance of both GMMs for N-TSMD, simple 

adjustments were applied to the model coefficients. The constant shift in the SA17 model is 

corrected by modifying the constant term of the model (a1) by approximately -0.5 ln units. After 

the modification, there is almost no trend in the distribution of the residuals with MW, ZTOR and 

rake angle (Figure 4). In order to acknowledge the difference in the average residuals of RV 

earthquakes with respect to SS and NM events, coefficient a8 is also slightly modified. The 

CB19 model is also modified by adding the same constant shift in coefficient c0. This 

modification resulted in underestimation of small magnitude events (M<4.5), which is corrected 

by adding a small magnitude correction in form of Eq. 3. Modified and added coefficients are 

provided in Table 1.    

𝑓(𝑀 − 𝑇𝑅) = 𝑐𝑇𝑅 × (𝑀 − 4.5) → 𝑖𝑓 𝑀 ≤ 4.5 (3) 

Table 1. Original and modified coefficients of SA17 and CB19 CAV models 

CAV Model Original coefficient Modified coefficient 

Sandikkaya and Akkar (2017) a1 = 8.74378 a8 = -0.16629 a1 = 8.24378 a8 = -0.02559 

Campbell and Bozorgnia (2019) c0 = -4.750 NaN c0 = -5.250 cTR = -0.775 

Figure 5 presents the distribution of within-event residuals of both GMMs (after modifications) 

with RJB for different magnitude bins. Model predictions are unbiased in all magnitude and 

distance ranges; therefore, the distance scaling of the models is not modified. Distribution of 

within-event residuals with VS30 is given in Figure 6, separately for stations with measured and 

estimated VS30 values. There is no trend in the residual distribution for measured cases; whereas, 

average within event residuals are slightly positive for cases with high estimated VS30 values 

(VS30>760 m/s). Wald and Allen (2007) noted the discrepancies in estimating the VS30 values 

of rock sites using topographical slope approach. Therefore, the uncertainty in the high 

estimated VS30 values is more prominent than the low estimated VS30 values and the CAV 

prediction models are not modified for these sites.     

Watson-Lamprey and Abrahamson (2007) noted that the CAV value of 0.16 g-sec was defined 

in past studies to characterize a “conservative estimate of the threshold between damaging 

earthquakes and non-damaging earthquakes for engineered structures”. Thus, applying a CAV-

filter in probabilistic seismic hazard assessment (PSHA) shifts the dominant magnitude towards 

M>5, especially at high frequencies. Figure 7 compares the M-RJB pairs with estimated median

CAV>0.16 g-sec for a rock site (VS30=760 m/s) using the SA17 and CB19 models, before and

after the modifications applied for the N-TSMD. As expected, modifying the SA17 and CB19

models for Turkey with a constant shift resulted in an almost-constant shift in the magnitude

space in Figure 7. The minimum magnitude earthquake with damage potential shifts up from

M≈5 to M≈5.6 for well-engineered structures, similar to the findings of Watson-Lamprey and

Abrahamson (2007).

4. Conclusions

In this contribution, the N-TSMD is used to evaluate the predictive performance of CAV 

models proposed by SA17 and CB19 by estimating the between-event and within-event 

residuals with random-effects regression. The event-terms of both models are found to be 

negative, especially in the small-to-moderate magnitude range. To account for this 

overestimation, both models are adjusted with a constant shift applied to the between-event 

residuals.  
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(a) 

 

(b) 

Fig. 5 – Within-event residuals vs. RJB in different magnitude bins for modified (a) SA17 and (b) CB19 
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(a) 

(b) 

Fig. 6 – Within-event residuals vs. VS30 with respect to estimated and measured values (a) SA17 and (b) CB19 

Fig. 7 – M-RJB range for estimated median CAV>0.16 g-sec (onset of structural damage) for SA17 and CB19 

models before and after modifications for TR. 

Then, the small magnitude scaling of CB19 and the SOF term for the RV events of SA17 models 

are fine-tuned for unbiased predictions. Resulting TR-adjusted CAV models are applicable to 

M3.5-M8 events recorded up-to a 200 km distance range in all soil conditions. A small under 

prediction is still observed for stations with estimated VS30>760 m/s, however, this is related to the 

limitations of proxy-based VS30 applications and not acknowledged in model adjustment. 

Comparison for original and modified versions of the models that result in “onset” of structural 

damage showed that the adjustments applied for Turkey shifts the minimum magnitude of 

damaging events by approximately 0.5 magnitude units. Therefore, applying the CAV-filter in 

PSHA using the TR-adjusted CAV models would change the dominant magnitude significantly at 

high frequencies.  
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Abstract: We describe the SENSEI project conducted on the initiative of STUK, the 

Radiation and Nuclear safety Authority of Finland. The project aimed at exploring the 

sensitivity of probabilistic seismic hazard outputs to different choices of input parameters, 
based on the seismicity data available in Finland. We focus on the working procedure of the 

project, review its course and achievements, and discuss the possible scope of this kind of 

approach to seismic hazard analysis. We demonstrate some of the challenges of the 

deductive PSHA in low-seismicity regions with examples from Finland, northern Europe. 

Keywords: low-seismicity regions, probabilistic seismic hazard analysis (PSHA), 

sensitivity investigation, Finland 

1. Introduction

The SENSEI project was conducted under the auspices of the Radiation and Nuclear 

Safety Authority (STUK). The unprecedented feature was that SENSEI did not aim to 

provide new, complete PSHA outcomes to be imposed by the regulator. The sensitivity of 

outcome to choices of input parameters was explored to a far broader extent than during 

previous PSHA projects. Also, SENSEI gave an opportunity to compare PSHA for the 

sites of interest for the nuclear industry in Finland. 

STUK was also responsible for recruiting the project participants. The external participants 

were divided into an expert and a calculation group (Fig. 1). The calculation group 

consisted of persons with an affiliation in Finland, whereas the experts’ affiliations were 

international. Expertise in the different aspects of seismic hazard and risk was well 

represented in the project, but the expert group members were not involved in any PSHA 

work conducted in Finland, and were rather unfamiliar with the seismicity data available 

there. This also facilitated discussion and contributed to knowledge exchange between the 

two groups. 

The SENSEI project consisted of a structured sequence of steps, including a kick-off 

meeting and two expert panels (workshops), all moderated by STUK. All of these took 

place in Helsinki, but after the second workshop only video-conferences could be held due 

to the covid-19 pandemic. A number of shorter meetings were held online.  
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Prior to the kick-off meeting, STUK distributed the information to be reviewed by the 

expert group, which was composed of documents related to site-specific PSHAs in 

Finland. They were also available to the calculation group. The kick-off meeting focused 

on the questions raised by the experts on the basis of their review of the documentation. As 

an outcome, an initial list of issues to be explored was prepared. The work in the project 

advanced on the basis of structured discussions between the expert group, the calculation 

group, and STUK, which fine-tuned the direction of the work based on the discussion at 

the project meetings. 

 

 

Expert group Joint meetings Calculation group 

First review of the site 

specific PSHA studies Phase 1 sensitivity 

calculations 

Identify topics and 
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Fig. 1 - The general workflow of the SENSEI project. 

 

The issues raised and formulated by the expert group members were entered in a follow-up 

table, which was accessible to all participants throughout the project. It logged all the 

phases of each issue, from the reception to the resolution. A short description of the 

perceived issue affecting PSHA results and a reference to the respective PSHA document  

had to be given to file a request for analysis. An alternative method of analysis could be 

proposed. The expert group members also ranked the request by its priority to PSHA, and 

estimated the scope and time to be allocated to each issue. 

The growing list of requests was reviewed at each meeting with STUK, and then 

prioritized and converted to tasks for the calculation group. Between meetings, the work 

was discussed in consecutive e-mail exchanges, and the responses were refined towards 
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satisfactory conclusions. The calculation group formulated a response to the request, either 

by gathering literature or carrying out additional analyses, or both. Some resolutions to the 

requests were integrated into the sensitivity calculations. Alternatively, the request could 

be closed by agreement between the proposer and the calculation group member(s) looking 

into it, or the request could be declared unresolved. The additional analyses were reported 

as internal working documents of the project. 

The project involved participants focusing on different aspects of the PSHA and seismic 

risk analyses. It represented a partnership approach, in which all participants contributed 

their expertise and shared knowledge throughout the project. The SENSEI project was a 

cost-effective way to explore, transfer, and increase knowledge. The SENSEI was more 

like a forum for discussion steered by the feedback from the expert group.  
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Abstract: Iceland is the most seismically active region in northern Europe and damaging 
earthquakes repeatedly occur in the South Iceland Seismic Zone (SISZ), a relatively densely 
populated region accommodating all critical infrastructures and lifelines. The most recent 
damaging earthquake in the SISZ was the Mw6.3, 29-May-2008 Ölfus earthquake that 
occurred in close vicinity of the Hveragerði town. The town experienced intense near-fault 
strong-motion recorded on a strong-motion array (ICEARRAY I). To understand the 
consequences that a strong earthquake can cause in a high seismic region in terms of 
damage probability and damage-to-cost ratio, and to identify the most vulnerable building 
typologies, we perform seismic risk analyses for the Ölfus earthquake scenario across 
Hveragerði. Having detailed ground-motion data and a complete building exposure database 
give the unique opportunity to perform loss estimation in a high geographical resolution of 
building-by-building, contrary to the common municipality-based resolution. To this end, 
we employed the Empirical Bayesian Kriging method to estimate the intensity measures at 
building locations as well as account for the impact of their variability on the expected 
seismic loss. Finally, the risk metrics resultant from the global fragility curves developed as 
part of the global seismic risk model are compared with the most recent local models.  

Keywords: Scenario-based loss estimation, building exposure, intensity measure, Empirical 
Bayesian Kriging, Iceland, Ölfus earthquake 

1. Introduction  

Iceland is the most seismically active country in northern Europe. Over the last 
millennium, repeated strong ground shaking has occurred in the South Iceland Seismic 
Zone (SISZ), one of the two major transform zones of the country. The SISZ is a sinistral 
transform zone consisting of an array of parallel N-S striking dextral strike-slip faults, 
where earthquakes up to Mw7.0 have occurred in its easternmost part. The SISZ is a 
predominantly flat rural agricultural region with a few relatively populated towns and all 
critical infrastructure and lifelines of modern-day society. Fig. 1 illustrates the epicenters 
of instrumentally recorded earthquakes by international agencies in SW Iceland (Jónasson 
et al. 2021). Fig. 1 also shows recording stations of the Icelandic Seismic Network (SIL), 
Icelandic strong motion network (ISMN), and the small-aperture strong-motion array 
(ICEARRAY I) located in Hveragerði. Hveragerði (red polygon in Fig. 1) is one of the 
small, populated towns located in the Ölfus region in the SISZ and one of the country's 
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tourist destinations with many critical infrastructure facilities. The town is the main subject 
of this study. Through the centuries, the Ölfus region has been hit by several destructive 
earthquakes. The most recent destructive earthquake striking the town was the 29 May 
2008 Ölfus earthquake with Mw6.3 (yellow star in Fig. 1). Despite the Ölfus earthquake 
being the costliest natural disaster in Iceland to date and causing widespread damage, there 
were however no collapsed residential buildings and no casualties. 

Fig. 1 - A map of SW-Iceland showing earthquake occurrences from 1904-2019 (Jónasson et al. 2021). The 
May 2008 Ölfus earthquake is displayed by a yellow star. In the middle of the SISZ (red box), the 
ICEARRAY I stations are depicted by yellow triangles over the Hveragerði town (red polygon).  

To the best of the authors knowledge, there are only a few studies on seismic loss 
estimation risk assessment for Iceland. Rupakhety et al. (2016) simulated damage for a 
macroseismic hazard scenario corresponding to the Ölfus earthquake using ATC-13 (1985) 
vulnerability models and buildings vulnerability defined in terms of damage probability 
matrices derived from June 2000 earthquake damage data (Sigbjörnsson et al. 2007). They 
stated that ATC-13 vulnerability models should be used with caution in Iceland because 
although they seem suitable for Icelandic buildings undergoing small levels of damage, 
their efficacy for larger damage levels is not guaranteed. Besides, they indicated that 
creating vulnerability models based on MMI becomes problematic.  
The Natural Catastrophe Insurance of Iceland (NCI, 2021) owns a fully probabilistic 
bespoke model for Icelandic earthquake risk assessment and a quick response deterministic 
model that can model scenarios such as major historical earthquakes to compute the 
insurance risk routinely based on 19 building classes (Bjarnason et al. 2016). However, the 
models, detail of the required assumptions and information as well as the corresponding 
results are not shared publicly. Using an open flexible risk assessment tool, like SELENA 
(Molina et al. 2010) through which any modification can be easily implemented, and the 
results can be regenerated by users is of great benefit for seismic risk modelers.   
In Iceland, all properties, including residential dwellings, are registered in a detailed 
official database (Registers Iceland, 2020). This allows us to construct a detailed building 
exposure data of Hveragerði, thereby, enabling scenario-based seismic risk assessment on 
a high geographical resolution compared to the common risk analyses in the prevalent 
municipality level, which is based on the aggregated exposure data.  
One of the main objectives of this study is to perform earthquake loss prediction in 
building-by-building spatial resolution for a scenario event corresponding to the damaging 
2008 Ölfus earthquake across Hveragerði town. To estimate the ground motion intensity 
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measures (IMs) required for risk analyses in building-by-building spatial resolution level 
while accounting for their incorporated uncertainty, we employed an advance geostatistical 
procedure, the Empirical Bayesian Kriging (EBK) method, incorporating the high-quality 
acceleration time histories of the Ölfus earthquake recorded by the dense urban 
ICEARRAY I stations. The kriging geostatistical method is a widespread technique used 
for spatial interpolation, considering spatial variability. Kriging uses the variogram model 
to compute localized weighting parameters, in essence, the weights of neighboring points 
based on the distribution of those values. In Costanzo (2018), two geostatistical techniques 
of the Kriging method and co-kriging have been benchmarked and tested on earthquakes of 
2016-2017 central Italy to derive shake maps for cumulative absolute velocity and Arias 
intensity parameters. Finally, we predict different risk metrics employing both local and 
global fragility and vulnerability models developed recently and compare their 
performance for the building typologies identified based on the SERA taxonomy scheme. 

2. The residential building exposure database 

A complete building property database (www.skra.is), including key information for each 
building, e.g., construction year, building material, number of storeys, floor area, 
replacement value, etc., are provided for residential buildings in Hveragerði town 
constructed before the May 2008 Ölfus earthquake and then, linked to the Open Street Map 
building polygons for clear spatial visualization. Fig. 2 indicates the number of buildings in 
Hveragerði grouped by construction material and year of construction. The database 
comprised 55.6% reinforced concrete including concrete and precast concrete classes (RC), 
38% timber (W), and 6.4% unreinforced masonry buildings including cinderblock, bricks 
and concrete combination with blocks/bricks (MUR) (Fig. 2a). Table 1 shows the lateral 
force coefficient for RC buildings located in the zones with the highest seismic hazard in 
Iceland defined by different seismic design codes that were in practice in Iceland, see also 
Crowley et al. (2021). Moreover, the code classification of buildings ranging from no-code 
(CDN) to high-code (CDH) as well as the percentage of buildings in each class (also in 
Fig. 2b) are presented in Table 1. 

The first seismic code (ÍST 13) was then implemented in Iceland in 1976. Therefore, 
concrete buildings constructed before had a limited amount of reinforcement, typically 
only around the openings in structural walls (low code, CDL in Table 1). In total, ~46.2% 
of buildings were constructed before the first seismic code (CDN+CDL). Generally, the 
Icelandic building stock is considered young in an international context since no existing 
building was built before 1870 (Bessason et al. 2020). In 1989, the seismic code was 
upgraded and put into practice until 2002. The 1976-2002 period features the moderate 
code period (CDM) in Iceland as almost similar lateral force coefficients were in use for 
seismic design. CDM class includes 31.2% of buildings in Hveragerði. 
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Fig. 2 - a) Histogram of a number of buildings against (a) construction material and (b) year of construction. 

In 2002, when Eurocode 8 and the National Application Documents were implemented in 
Iceland (SI 2002), the lateral force coefficient defined by the design spectrum increased 
incredibly from 0.16g to 0.33g, thus presenting the high-code period (CDH). Here, a 
behavior factor corresponding to the medium ductility class is assumed. The same 
conclusion was drawn for the European building stock after the implementation of 
Eurocode 8 (Crowley et al. 2021). 

In Iceland, structural walls dominate the lateral load resisting system (LLRS) in almost all 
buildings, regardless of the construction material or typologies. This contradicts other 
regions such as southern Europe, where moment-frames with or without masonry/brick 
infills are commonly used for constructing residential buildings. Moreover, almost all 
buildings are low-rise with less than two storeys (97.7%). 

Table 1: Lateral force coefficient and percentage of buildings corresponding to seismic design codes 

Period 
Lateral Force 
Coefficient Seismic Design Code 

Code 
Classification 

Buildings 
% 

< 1958 - No code CDN 12.2% 

1958 - 1976 0.07-0.1 
Only hazard map 
(Tryggvason et al. 1958) 

CDL 34%  

1976 - 1989 0.133 
Seismic code ÍST 13  
(Iðnþróunarstofnun Íslands, 1976) 

CDM 
19.7% 

1989 - 2002 0.16 
seismic code ÍST 13 
(Iðntæknistofnun Íslands, 1989) 

11.5% 

2002 - 2010 0.33 
Eurocode 8 and National Application 
Documents (SI 2002) 

CDH 
22.6% 

> 2010 0.42 
Eurocode 8 and Icelandic National 
Annexes (SI 2010) 

0 

3. Shake maps of ground motion intensity measures

In this study, the PGA and pseudo acceleration response spectrum (PSA) at 0.3 sec are 
used as the IMs representing the fundamental period of structures in Hveragerði for which 
the fragility curves are available. The IMs are calculated from the time histories of the 
Ölfus earthquake recorded by ICEARRAY I stations. In this study, the horizontal 
components of ground motion measures are combined to the average rotation-invariant 
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(ARI) measure which gives the expected values of PSA for all possible orientation of 
accelerometer axes in the horizontal plane (Rupakhety and Sigbjörnsson 2013).  

To model the likely ground motions at non-recording sites we use geostatistical 
interpolation methods to estimate the values in unsampled locations and thus project the 
observed data into a continuous form in raster data format. To this end, we carry out EBK 
geostatistical analyses to generate shake maps (spatial interpolation) (left panels of Fig. 3) 
and their corresponding uncertainty maps for the selected IMs (right panels of Fig. 3). 
Compared to the classical Kriging method, EBK employs hundreds of semivariogram 
models that have significant benefits such as more accurate prediction, in particular for 
small datasets, more accurate standard errors of prediction, and minimal interactive 
modelling (Krivoruchko and Gribov 2019). Following that we extract the estimated IMs at 
building locations (grey polygons in Fig. 3) along with its variation to allow carrying out 
seismic risk analyses at building-by-building geographical resolution. As per our 
expectation, the spatial areas with low standard errors remarked around ICEARRAY I sites 
indicates indicate our full confidence in the estimated IMs. But, as the distance from the 
observation sites increases, the uncertainty increases as well, e.g., outside of the array area. 

  

  

Fig. 3 - Shake maps of PGA (m/s2) and PSA at T= 0.3 sec (left panels) along with their standard error maps 
(right panels) across Hveragerði. Buildings are indicated by light grey polygons.  

From the spatial distribution of IMs in Fig. 3, we observe a consistent spatial pattern with 
persistently lower IM levels in the central part of Hveragerði (see IS608, IS611, and IS609 
sites) are located, while largest IMs being observed/estimated on the E-W outskirts of 
town. This pattern was consistently seen for peak parameters at short and intermediate 
natural periods but not at long periods. The clue as to why the central part of the town 

36913ECEES, September 2022, Bucharest, Romania



exhibits lower motions may be found in the town's geology. A historical earthquake N-S 
fault has been mapped and lies directly through the center of town (west of IS609, under 
IS611 and IS608 stations, and further south). Furthermore, the fault serves as a conduit for 
geothermal water that reaches the surface, resulting in a geothermal area in the center of 
town and a widespread and elevated ground temperature gradient around IS611 and 
towards the north (Sæmundsson and Kristinsson 2005). Then, underneath the surficial lava 
layer of several meters is a softer sedimentary layer, resulting not only in a velocity 
reversal but has been affected by the geothermal activity (Rahpeyma et al. 2016). 
Therefore, this elongated area is believed to attenuate higher-frequency motions more 
effectively than the outskirts of town, where this effect is not observed in local geology, 
and not in the strong-motion data. These spatial differences in geology are also what is 
believed to contribute to the large scatter in the observed high-frequency motions. 
Eventually, we notice that at longer periods, the size of the small-aperture array becomes 
comparable in size or even small compared to the seismic wavelengths, and such small-
spatial scale effects are less systematically observed (see Darzi et al. 2021, 2022). 
The near-fault seismic ground motion recordings were characterized by intense 
accelerations of a relatively short duration of 5-6 seconds and large amplitude near-fault 
velocity pulses. The variation of horizontal PGA in the area is considerable given the small 
area of the array, having a minimum between 4.3 to 5.2 m/s2 in the centre of Hveragerði to 
a maximum of a maximum of 7.3-8.7 m/s2 in the eastern and western parts of the town. 
The shakemap of the short-period PSA shows that the mean values of PSAs at 0.3 sec 
exceed 10 m/s2 (~1.0 g). It is interesting to note that the vast majority of the building stock 
that suffered the earthquake experienced much larger accelerations than the code design 
value specified, i.e., 20%g for buildings built before 2002 when no design spectrum was 
implicitly defined (Sigbjörnsson et al. 2009).  

4. Seismic Risk Assessment

The main objective of this study is to perfora m seismic risk assessment for the 𝑀w6.3 
Ölfus earthquake scenario, evaluating different risk metrics: mean damage ratio (MDR) 
and damage probability at five damage states (DS), and for each building typology. 
Furthermore, we compare the performance of the most recent fragility curves developed 
based on local empirical damage data (Bessason et al. 2022) and applicable for events in 
6.2-6.4 𝑀w range with the global fragility curves (Martins and Silva 2020). To do this, the 
open-source algorithm, SELENA (Molina et al. 2010), is adapted to estimate the seismic 
loss at the building-by-building level across Hveragerði town.  

Having complete building property database, the main building typologies are identified 
according to the SERA taxonomy system (Crowley et al. 2020) based on their level of 
ductility, material, LLRS, and height. Table 2 and 3 show the model building typologies 
for Hveragerði building stocks by building classes for which local, Bea22 (Bessason et al. 
2022), and global fragility functions, MS20 (Martins and Silva 2020), were available. 
Considering the low-rise buildings in Hveragerði, the local and global fragility models 
attributed to either PGA or PSA at T= 0.3 sec are used dependent on building heigh and 
availability of the fragility model. To account for two sources of uncertainty, i.e., ground 
motion IM estimation and monetary loss values, a logic tree framework is employed with 
weighted branches associated with mean, mean – standard deviation (lower bound), and 
mean + standard deviation (upper bound), corresponding to each building typology.  
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Table 2: Building typologies in accordance with local fragility curves 

Typology 
CR+CIP - 

CDN+CDL 
CR+CIP -

CDM+CDH 
W+WLI- 

CDN+CDL 
W+WLI- 

CDM+CDH 
MR+CBH+MOC- 

CDN+CDL 

Label CNL CMH WNL WMH MNL 

No. buildings 176 245 126 162 48 
 

Table 3: Building typologies according to the global fragility functions 

Typology CR_LWAL
-DUL H1 

CR_LWAL
-DUL H2 

CR_LWAL
-DUM H1 

CR_LWAL
-DUM H2 

W_LFM-
DUM H1 

W_LFM-
DUM H2 

MUR-CB99 
LWAL-DNO H1 

MUR-CB99 
LWAL-DNO H2 

Label CL1 CL2 CM1 CM2 W1 W2 M1 M2 

No. buildings 127 30 240 24 268 20 34 14 

Fig. 4 shows the MDR (ratio of repair cost to new construction cost) predictions 
corresponding to 8 and 5 building typologies (Tables 2 and 3) as per global and local 
fragility models, respectively. In Fig. 4a, the discrepancy between MDRs from high- and 
classical-resolution risk assessment is insignificant, except for CL2, W2, M1, and M2 
typologies where municipality level MDRs are greatly larger. The MDR estimates obtained 
from global MS20 models are plotted for both the classical municipality level (grey bars) 
and high-resolution of building-by-building level (see Darzi et al. 2022 for detailed 
information). The risk analyses using the Bea22 model was performed at a municipality 
level that is commonly used in regional loss modelling. Both Bea22 and MS20 results 
indicate that the most vulnerable building typologies are masonry. For Bea22, the least 
vulnerable buildings are those made of timber (WMH) with CDM and CDH design period 
in force and for MS20, the least vulnerable buildings belong to one-storey buildings RC 
buildings with medium and low ductile (CM1 and CL1). The impact of IM variability on 
MDRs is more highlighted in MS20 model estimates than the Bea22 model. 

 

Fig. 4 - MDR estimates corresponding to a) eight and b) five building typologies associated with 
global in both high resolution and classical spatial resolution (grey bars) and local fragility models in 
classical resolution, respectively, for three IM levels. (see Darzi et al. 2022 for detailed information) 

The damage probability corresponds to five damage states of complete collapse (DS4), 
extensive (DS3), moderate (DS2), slight (DS1), and no damage states (DS0). The DS4 to 
DS1 is determined by 100%, 60%, 20%, and 5% of the total normalized monetary values 
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according to the damage-to-loss model as recommended in global vulnerability model 
development (Martins and Silva 2020). Herein, the damage probability estimates are 
pooled for three main groups of concrete, timber, and masonry buildings in Iceland for a 
fair comparison between global and local fragility models. 

Fig. 5 – Damage probability predictions at 5 damage states for 3 material groups of buildings 

The damage probability estimates corresponding to global (Fig. 5a) and local fragility 
models (Fig. 5b) at three material categories of buildings indicates larger number of 
buildings with no damage. For DS4, the local models’ predictions are closer to actual 
observations as the actual observations of the in-situ survey conducted after the Ölfus 
earthquake showed that although the town suffered damages, there were minor extensive 
damages (DS3) and no collapses (DS4). Moreover, the non-structural components were the 
primary elements that were damaged.   

5. Conclusions

In the seismic risk assessment, it is a common practice to perform risk analyses at a 
municipality geographical resolution (i.e., aggregate buildings within some predefined grid 
cell across the region of interest) and to assign only single IM to the grid. This study 
proved the necessity of conducting seismic risk assessment at high spatial resolution for 
reliable risk assessment, which is essential for emergency management planning and 
raising societal awareness of risk. The complete building exposure database gave us the 
unique opportunity to carry out detailed scenario-based loss assessment on a building-by-
building level. More importantly, the dense spatial coverage of the ground motion records 
across Hveragerði available for Mw6.3, May 29, 2008, Ölfus earthquake scenario allowed 
us to study the spatial variability of IMs at building coordinates employing the Empirical 
Bayesian Kriging geostatistical method and by that means to explore their impact on the 
expected loss measures. The significant variation of IMs over the small study area 
attributed to the non-uniform geology characterized by velocity reversals illustrates the 
significance of incorporating this source of variability. Such analyses result in a more 
reliable and informed view of the seismic risk at the study area.  

Furthermore, we compared the risk predictions obtained from local and global fragility 
models over main building typologies identified across Hveragerði as per the SERA 
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classification scheme. Both local and global fragility models estimate that masonry 
buildings are the most vulnerable typology. It is of notice that masonry buildings are no 
longer constructed in Iceland which will help to mitigate the risk of future earthquakes. 
Overall, the local model showed better results in predicting the complete damaged 
buildings in Iceland than the global fragility curves. This emanates from the fact that the 
Icelandic buildings are constructed to withstand substantial lateral loads imposed by strong 
winds, which especially affects the design of lightweight structures like timber buildings. 
Additionally, for all building classes, the floor slabs and foundations are built highly 
earthquake-resistant using reinforced concrete that ties the foundations together. 
Additionally, generally, buildings are designed symmetrically in plan and height with well-
designed wall LLRS. Thus, considering the unique structural and dynamic properties of 
buildings in Iceland as well as the large difference between risk metrics obtained from 
global and empirical local fragility models, we stress the necessity of analytical 
development of local fragility and vulnerability models that apply to the wide range of 
damaging earthquakes. 
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Abstract: The roughly east-west striking Vienna Basin fault system consists of a main left-lateral strike-slip 
fault, the Vienna Basin Transfer Fault (VBTF), and six normal faulting splay faults. The VBTF is located just 
southeast of Vienna, whereas the splay faults underlie the Vienna metropolitan area. This fault system is the 
main seismic feature in the earthquake hazard models for Austria and Slovakia. Since risk is strongly tied to 
population density and the fault system intersects the most populous and vulnerable regions of Austria and 
Slovakia, earthquake risk models for these countries are even more dependent on the assumptions for this 
fault system. In particular, multi-segment ruptures involving more than one fault segment are not unthinkable 
which may lead to unexpected loss across the area of interest.  

We investigate the sensitivity of risk metrics to modeling assumptions of the fault system including variation 
of  maximum magnitude, slip rates distribution, and recurrence of single and multi-segment ruptures. We 
investigate several common risk metrics like average annual loss and loss exceedance probabilities. We 
intend to include return period losses  that help regulate the financial capacity requirements in the European 
insurance market. 

Keywords: Vienna Basin fault system, multi-fault rupture, earthquake risk 

1. Introduction
Vienna, the capital city of Austria, locates at the edge of the Eastern Alps in the Vienna 
basin, an intraplate region characterized by low seismic activity. To the south of city 
borders, the Vienna Basin Transfer Fault System (VBTF) connects the Eastern Alps, the 
Western Carpathian and the Pannonian Basin and governs the active deformation.  The 
roughly east-west striking Vienna Basin fault system consists of a main left-lateral strike-
slip fault, the Vienna Basin Transfer Fault (VBTF), and six normal faulting splay faults 
(Hintersberger et al., 2018). The VBTF is located just southeast of Vienna, whereas the 
splay faults underlie the Vienna metropolitan area. This fault system is the main seismic 
feature in the earthquake hazard model for Austria and Slovakia. Since risk is strongly tied 
to population density and the fault system intersects the most populous and vulnerable 
regions of Austria and Slovakia, earthquake risk models for these countries are strongly 
dependent on the assumptions for this fault system. 
Moderate and shallow crustal historical seismicity is documented by earthquakes dating 
back to 1283 (Hammerl & Lenhardt, 2013) and locates close to known faults. More recent 
documented moderate events occurred in 1906 (Dobra Voda, M5.7) on the north-east 
segment of the VBTF or the 1927 (Schwadorf, M5.2) in the southern Vienna Basin on the 
Schwadorf segment (Nasir et al., 2020). The seismic activity resembles variations of 
accumulated seismic moment along the several potential fault segments that are about 
0.7mm/a to ~<1-2mm/a. It is, however, recognized that there is a marked slip deficit for 
the last century when comparing seismic slip rates and geodetic and geologically derived 
slip rates (Decker et al., 2005; Hinsch & Decker, 2011; Nasir et al., 2020). 
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For seismic hazard and risk assessment this is a challenging situation. The historical and 
the current seismic history is sparse and the potential maximum magnitude is not well 
constrained, but may reach up to M7.5 (Fig. 1, Weginger et al. ,2020; ESHM20, 
https://gitlab.seismo.ethz.ch/efehr/eshm20). The potentially active faults in the larger 
Vienna region are difficult to characterize. Besides the left-lateral strike-slip Vienna Basin 
Transfer fault running east-west south of the Vienna city, several normal faulting splay 
faults exist that locate close to or just below the Vienna city borders. Of specific concern 
are the Leopoldsdorf Fault that runs across the city of Vienna and the Markgrafneusiedl 
Fault located to the east of the city border. Since slip rates in the Vienna Basin are low 
(~<1mm/a) and the few geomorphic expressions of the fault system are not well preserved, 
distributing slip rates on the different strands bears substantial uncertainties. Knowing that 
there are variations in slip rate along the VBTF, the question is how much is taken up by 
these splay faults or on additional faults that are not yet included (Nasir et al., 2020). How 
these faults interact with each other is not well resolved. These assignments are important 
however, to accurately assess seismic risk for Vienna and the entire region. 

Fig. 1 – Major fault traces used in  seismic hazard models of the European Seismic Hazard Model (ESHM, 
2013, orange dashed; Woessner et al., 2015),  the ESHM20 fault model (red, (Basili et al., 2020; Danciu et 
al., 2021) and an RMS model implementation (black).  
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2. Potential earthquake ruptures  
In addition to the normal faults just below Vienna, multi-segment ruptures involving more 
than one fault segment are not unthinkable. Multi-segment ruptures have implications on 
recurrence, severity, and correlation of losses. As slip rate is apportioned to multi-segment 
ruptures, recurrence rates of individual ruptures on faults located in areas of high fault 
density decrease. Multi-segment ruptures can also impact the potential maximum 
magnitude expected in the region and correlate exposure that otherwise would not be.  
 
As an example, within 100 km of Vienna, there are six active fault segments identified in 
the fault model used for European Seismic Hazard Assessment 2020 (ESHM2020, Fig. 2). 
A preliminary look at the candidates for multi-segment ruptures involving those faults 
reveals the potential for over several hundred multi-segment ruptures within that same 100 
km from Vienna when applying similar fault rupture connectivity criteria for multi-
segment rupturing as used in California, for example. These ruptures range from simple 
multi-segment ruptures of ATCF009 and ATCF00A along the same fault system to multi-
fault ruptures that involve jumping the about ~2.2 km between ATCF005 and ATCF006. 
 
On their own, ATCF009 and ATCF00A have lengths of approximately 168 km and 104 
km, respectively. However, if they are permitted to rupture together, that can become a 271 
km long rupture that could impact both Vienna and Bratislava. Similarly, the 156 km long 
ATCF005 and 204km ATCF006 can rupture together in a 360 km long rupture. In both 
cases, the potential for multi-segment ruptures greatly impacts the maximum magnitude 
that could be expected and correlates exposure along these lengthy ruptures. 

Fig 2 - ESHM20 fault model in the larger Vienna region. Faults names by the fault source IDs of the 
ESHM20 (Basili et al., 2020; Danciu et al., 2021). 

 

3. Seismc risk implication and analytics 
We investigate the sensitivity of risk metrics to several modeling assumptions that can be 
used for the fault system for 1) maximum magnitude, 2) slip rate on all segments, and 3) 
recurrence of single and multi-segment ruptures. Risk metrics that we consider include 1) 
scenario loss calculations, where we model damage and losses due to single earthquakes, 
2) average annual loss, an annualized expected loss level due to all events, used to set 
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annual premium rates, and 3) the loss exceedance probability (EP) curve, that ties a return 
period to a loss level and is used to manage portfolio risk. We focus on loss return periods 
that help regulate the financial capacity requirements in the European insurance market and 
consider potential loss correlations for cities within reach of the potential large ruptures 
with actual results presented at the conference. 
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Abstract: The variety of empirical earthquake ground motion models (GMMs) available in 

literature comes with an increasing shift towards an extension of the calibration dataset to 

lower magnitudes and higher distances from the source. As a result, several GMMs exhibit a 

boundness of constrain from near source strong motion recordings towards M-R ranges 

typically of major dominance in the Italian most highly seismic regions. In this framework, 

our article aims at developing a comprehensive assessment of the performance of a set of 

GMMs, when tested against a newly available worldwide dataset of near-source high-quality 

strong motion recordings, with the final objective of highlighting possible advantages or 

limitations in their practical use. After introducing the subset of selected models and records, 

as well as the methods employed, our paper focuses on the evaluation of between- and within- 

event residuals of predictions with respect to records. Afterwards, a testing between observed 

and GMMs variability is performed to check whether models are able to capture the intrinsic 

variability of a near-source strong motion dataset.  

Keywords: NESS2, residual analysis, GMMs, strong-motion dataset 

1. Introduction

The prediction of ground-motion levels at a site is one of the key elements of seismic hazard 

assessment (Strasser et al., 2009). In this context, empirical ground motion models 

(commonly referred as attenuation relationships or GMMs) provide an indirect estimate of 

the loading that a structure may undergo during future earthquakes (Douglas, 2022). 

Typically, these models are derived through regression analysis on selected sets of 

instrumentally recorded strong-motion data, but their true performance is not fully 

appreciated until they are used in practise (Strasser et al., 2009; Akkar & Bommer, 2010). 

During the last decades, great advances have brought to more and more complex GMMs, 

with the objective of incorporating different terms and accounting for several effects. For 

instance, Campbell ad Bozorgnia (2014) developed a model accounting, among others, for 

magnitude-dependent scaling with hypocentral depth and fault dip, regionally dependent 

anelastic attenuation, and hanging wall effects. More recently, Kotha et al. (2020, 2022) 

presented a GMM (hereafter recalled as K20) able to give a different prediction for shallow, 

intermediate, and deep earthquakes, defined as events having an hypocentral depth ≤ 10km, 

10 ÷ 20km and ≥ 20km, respectively. 

Latest models have undergone an increasing shift towards an extension of the calibration 

dataset to lower magnitudes and larger distances from the source, with a K20 prediction 

regressed over about 20,000 records having 3.1≤ Mw ≤ 7.4 and a Joyner and Boore source-

to-site distance up to 545km. On the other hand, Barani et al. (2009) in their article 

extensively demonstrated how in Italy nearby seismicity is often the major contributor to the 
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hazard at the sites located in high seismicity areas. Indeed, in seismically active regions of 

Europe it is more important to maintain GMM’s physical and statistical robustness in the 

hazard critical scenarios (Kotha et al., 2022). 

In this framework, the present article aims at giving an assessment of the performance of 

several empirical ground motion models against a worldwide dataset of near-source 

recordings (NESS2), released in very recent times by Sgobba et al. (2021). Starting from a 

general overview of the selected models and of the NESS2 flat-file, and after highlighting 

the methods used for conducting the analysis, the focus of this article is on the results of the 

performance of selected GMMs against a subset of NESS2, chosen for consistency with the 

magnitudes and distances dominating the hazard in the most seismically active regions of 

the Italian territory. Afterwards, by following the methods introduced by Al-Atik et al. 

(2010), residuals between models and records are calculated in their between- and within- 

components and a comparison between the aleatory variability of models and records is 

given. Finally, the results obtained are discussed and commented. Note that for an exhaustive 

description of all the calculations and the results obtained during this work, the reader can 

refer to the recently published paper by Paolucci et al. (2022).  

2. Dataset and methods used for the analysis

In this section, we first address the selection of specific GMMs, as well as a subset of near-

field observations. Then, we explain the methods used to perform the residuals analysis. 

2.1. Selection of GM models 

Over the past decades many advances have been made in earthquake ground motion 

prediction and a variety of procedures have been proposed (Douglas and Aochi, 2008). 

GMMs developers are creating and updating continuously their models and some criteria for 

selecting proper GMMs become necessary, especially for engineering purposes and seismic 

hazard practices. Table 1 shows the characteristics of the 13 models selected for this study, 

together with the acronym used in this paper to recall them, the distance metric for their 

development (R metric) and the range of applicability in terms of magnitude (M) and 

distance (R). Note that for the specific features of each model, the reader is referred to the 

relative cited paper. In fact, the purpose of this work is not to give an exhaustive and detailed 

overview of the different terms of the GM models, but, on the contrary, to propose a survey 

on the practical advantages or limitations in their use. 

Table 1 GMMs selected for this study. Wherever not specified, M is as a moment magnitude. 

GMMs Acronym R metric 
Range of applicability 

M R (km) 

Ambraseys et al. (1996) AMB96 Rjb Ms = 4 - 7.5 0 - 200 

Sabetta and Pugliese (1996) SP96 Rjb, Repi 4.6 - 6.8 0 - 100 

Ambraseys and Douglas (2003) AD03 Rjb Ms = 5.8 - 7.8 0 - 15 

Akkar and Bommer (2010) AB10 Rjb 5 - 7.6 0 - 99 

Bindi et al. (2011) ITA10 Rjb 4.1 – 6.9 0 - 200 

Akkar et al. (2014) ASB14 Rjb, Rhypo, Repi 4.7 – 7.6 0 - 200 

Campbell and Bozorgnia (2014) CB14 Rrup 5.5 – 8.5 0 - 300 

Boore et al. (2014) BSSA14 Rjb 3 – 7.9 0 - 400 

Chiou and Youngs (2014) CY14 Rrup 3.5 – 8.0 0 - 300 

Cauzzi et al. (2015) CEA15 Rrup 4.5 – 7.9 0 - 150 

Bindi et al. (2014) ITA14 Rjb, Rhypo 4 – 7.6 0 - 300 

Lanzano et al. (2019) ITA18 Rjb, Rrup 3.5 - 8 0 - 200 

Kotha et al. (2020) K20 Rjb 3 – 7.4 0 - 545 
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In our article, GMMs were selected to cover the last 25 years of advances in earthquake 

ground motion modelling, with a particular care in choosing some of the most commonly 

used GMMs, such as the NGA-West2 models of Boore et al. (2014) and Campbell and 

Bozorgnia (2014), models calibrated specifically for the Italian territory (such as Sabetta and 

Pugliese, 1996 or Bindi et al., 2011), models used to derive the official seismic hazard maps 

of Italy (such as Sabetta and Pugliese, 1996 and Ambraseys et al., 1996), or models that 

integrate specific near-source terms (such as Chiou and Youngs, 2014).  

2.2. Selection of observations from NESS2 dataset 

GMMs were compared to a subset of records primarily taken from NESS2 dataset and 

integrated with a small number of records from other databases: 12 records from Mw 5.4 

Central Italy earthquake of October 26, 2016, from ITACA 3.0 (D’Amico et al., 2020) and 

4 records from Mw 6.5 June 2000 Iceland earthquake from SIMBAD v.06 (Smerzini et al., 

2014). NESS2 (second version of the Near-Source Strong motion flat-file) is a flat-file of 

ground motion parameters compiled by Sgobba et al. (2021) and available at 

http://ness.mi.ingv.it/. The dataset consists of manually processed waveforms and related 

metadata properly selected according to specific criteria and having a Mw ≥ 5.5 (Figure 1). 

NESS2 is a parametric table containing information about event and source parameters, such 

as epicenter coordinates, focal depth, fault dimensions, style of faulting and fault-plane 

parameters, moment magnitudes and other waveforms high quality metadata. For a 

comprehensive description of the first and second version of the dataset the reader can refer 

to Pacor et al. (2018) and Sgobba et al. (2021), respectively.  

Within the purpose of this study, the red rectangle in Figure 1 highlights the M-R range of 

earthquake motions that was selected, i.e., records having: (1) a Joyner and Boore source-

to-site distance within 20km (Rjb ≤ 20km), (2) a moment magnitude ranging from 5.4 to 7.1, 

(3) a soil class classified as EC8 class B (still soil conditions, CEN 2004). Therefore, records 

were classified in four Mw magnitude classes (later recalled in the present article with their 

centred values): (1) 5.4 ÷ 5.6, (2) 5.9 ÷ 6.1, (3) 6.4 ÷ 6.6, (4) 6.9 ÷ 7.1. As previously 

discussed, the choice of considering moderate-to-large magnitude earthquakes in the vicinity 

of the source was driven by the M-R ranges dominating the hazard in Italy for the return 

periods of interest in seismic design.  

 

Figure 1 Magnitude (Mw) and distance (Rjb) distribution of NESS2 dataset. Records are discriminated with 

respect to their EC8 site class (left) and with respect to their faulting mechanism (right). The range of Mw-Rjb 

selected for this work is highlighted with the red rectangle (adapted from Paolucci et al., 2022). 
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2.3. Residuals analysis for site class B records 

Analyses of residuals between records and predictions were carried out for the horizontal 

components of spectral acceleration values at four selected periods intended to cover the 

main range of interest in seismic design: 0s (PGA), 0.5s (SA05), 1s (SA1) and 2.0s (SA2). 

All the models were used according to their proper intensity measure (e.g., AMB96, AD03 

and SP96 with the maximum horizontal component of acceleration; ITA10, AB10, ASB14, 

CEA15 and ITA14 with the horizontal geometric mean and BSSA14, CB14, ITA18, K20 

with the median value of the intensity measure obtained from rotated waveforms as defined 

in Boore, 2010). In case of Ambraseys et al. (1996) and Ambraseys and Douglas (2003) 

models, a conversion to moment magnitude was applied following MPS Working Group 

(2004). K20 model was tested with the three predictions developed for ‘shallow’, 

‘intermediate’, and ‘deep’ earthquakes.   

As defined by Strasser et al. (2008), Al-Atik et al. (2010) and later recalled in other studies 

(e.g., Rodriguez-Marek et al., 2010 and 2014), total residuals between historical data and 

ground motion predictions can be defined as the difference between the natural logarithm of 

records and the corresponding prediction obtained using a specific GMM. Then, in order to 

have a better insight into the possible trends in the magnitude or distance scaling, residuals 

are usually divided into a between and within events component, defined as in Eq. 1 and Eq. 

2, respectively. In particular, δBe corresponds to the average misfit of records from one 

particular earthquake (e) with respect to the median ground motion model (µes); in Eq.1, yes 

is the natural logarithm of records and NS the number of station recordings from one 

particular earthquake (e). δWes is defined in Eq.2 as the misfit between an individual 

observation at station s with respect to the event-corrected median estimate (µes+ δBe). 

Between- and within-event residuals are associated with a standard deviation, τ and φ, 

respectively, and are modelled using a normal distribution.  

 𝛿𝐵𝑒 =  
1

𝑁𝑆
∑ (𝑦𝑒𝑠 −  𝜇𝑒𝑠)𝑁𝑆

𝑠=1 ) (1) 

𝛿𝑊𝑒𝑠 = (𝑦𝑒𝑠 − (𝜇𝑒𝑠 + 𝛿𝐵𝑒))               (2) 
Within the purpose of this paper, residuals were calculated using the magnitude, distance 

scaling, style-of-faulting and Vs,30 reported in the NESS2 database. Regarding BSSA14, 

CB14 and CY14 models, that required specific extra terms (such as the hypocentral depth, 

the rupture width, the depth-to-top rupture…), we decided to use for these parameters the 

corresponding values from the NESS2 dataset, where available, or the suggested values 

provided in the NGAW2 spreadsheet, which is provided by the Pacific Earthquake 

Engineering center for the GMMs developed in the framework of NGA West-2 project 

(https://peer.berkeley.edu/peer-strong-ground-motion-databases). Note that recent models 

need many different parameters that, besides complicating the functional form, do not 

necessarily improve their performance when tested in near-field conditions. However, in our 

study, we calculated the residuals calibrating these parameters as carefully as possible.  

Finally, as a last check, we compared the predicted to the observed standard deviation with 

the objective of testing whether GMMs could capture the intrinsic variability of a near-

source dataset. Eq. 3 shows the expression used to quantify the within variability of NESS2 

records with respect to the j-th model, where yes is the value recorded at station s from an 

event e, aGMMj is the median predicted acceleration from the j-th GMM, δBe_j is the between-

event residual computed with reference to the same GMM, for the same earthquake, while 

NS corresponds to the number of recordings available for event e. 
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𝜑𝑁𝐸𝑆𝑆_𝑗 = √∑
(ln (𝑦𝑒𝑠)−ln (𝑎𝐺𝑀𝑀𝑗

)−𝛿𝐵𝑒𝑗
)

2

𝑁𝑆 −1

𝑁𝑆 
𝑠=1      (3) 

3. Results and discussion 

In this section, we show a summary of the results of this study, together with some 

considerations. Figure 2 shows plots of the computed δBe for PGA for some of the selected 

GMMs. Residuals are not shown for AD03 in the Mw 5.5 class, because this GMM was 

specifically derived for a dataset of strong motion records with Ms = 5.8÷7.8 (see Table 1). 

Note that the purpose of this figure is not a rigorous check of the capability of models to 

reproduce the selected dataset, but to give a comprehensive overview of the performance of 

commonly used GMMs and highlight possible misfits in particular magnitude classes. To 

this end, positive misfits represent an underprediction, while negative misfits are 

representative of an overprediction of records. 

 

Figure 2 Computed between-event residuals for PGA (coloured dots). Results are shown for twelve GMMs 

and for four magnitude classes ranging from moderate to large magnitudes: Mw 5.5 (Mw = 5.4÷5.6), Mw 6.0 

(Mw = 5.9÷6.1), Mw 6.5 (Mw = 6.4÷6.6), Mw 7.0 class (Mw = 6.9÷7.1). The 50th percentile, as well as the 16th 

and 84th percentiles of the respective normal distributions are shown in black (adapted from Paolucci et al., 

2022). 
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Figure 2 shows a general underprediction of records for Mw 6.5 class. This clear 

trend appears as a characteristic of the near field data within this Mw class, probably 

not well represented in the calibration database of the GMM. Magnitude class 7.0 is 

characterised by GMM predictions that generally follow the observed data, although for 

ITA10, K20 and SP96 there is a trend towards underprediction (for SP96 and K20) and 

overprediction (for ITA10). The reason of this misfit may be found in the fact that SP96 

and ITA10 model are slightly lower constrained for higher magnitudes (see Table 1), while 

K20 was derived using a large variety of records, but with a low percentage from near-

source strong motion events. Moreover, ITA18 model shows a systematic positive 

residual for all magnitude classes, indicating an overall underestimation of data. 

A further inspection on computed between residuals is given in Figure 3, where the mean 

δBe values are shown for the four magnitude classes separately, as a function of the GM 

model, for the same four spectral periods. As previously remarked, the objective of this 

figure does not lie in the idea of giving a strict judgement on the absolute values of the misfit, 

but to further highlight specific trends of the predictions, such as the overall positive δBe at 

Mw 6.5 class, particularly evident at lower periods. AD03 model shows a great consistency 

with records at almost all the magnitude classes, and this can be possibly explained by the 

fact that the calibration dataset of the model is centred on the magnitude and distance ranges 

of interest. Overall, AMB96 has a good agreement with the data and the models show a 

maximum absolute value of δBe which tends to be lower than 0.4 in natural logarithmic units, 

indicating that the corresponding model tends to generally over- or under-estimate the near-

source recordings with a maximum factor of about 1.5. 

Figure 3 Computed mean between event residuals (δBe) for different GMMs. Results are shown for four 

magnitude classes separately: Mw 5.5 (Mw = 5.4÷5.6), Mw 6.0 (Mw = 5.9÷6.1), Mw 6.5 (Mw = 6.4÷6.6), Mw 7.0 

class (Mw = 6.9÷7.1) and for four different periods: 0s (purple line), 0.5s (red line), 1s (light blue line) and 2s 

(dark green line). AD03 residuals for Mw 5.5. are represented by white dots, as our decision was not to use 

this class for AD03. Positive mean δBe indicate an underprediction of near-source records, while negative 

values indicate an overprediction. 
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As an example, Figure 4 shows the computed within-event residuals (δWes) of AMB96, 

AD03, CB14, ITA10, ITA18, K20 models, together with their variability represented 

through the 16th, 50th and 84th percentiles of their normal distribution. This figure refers to 

PGA and Mw 6.0 class, which was, in our analysis, the most densely populated class. 

Moreover, Figure 4 shows a comparison between observed and predicted variability, 

represented either as the total or as the within standard deviation of the respective GMM, 

plotted with solid and dashed line. Note that for older models only the total standard 

deviation (σ) was computed, while in the last decades it has become common practice to 

split the aleatory variability into their between- and within-event component.  

In Figure 4, the predicted variability of AMB96 and AD03 is in good agreement with the 

computed within-event variability obtained from the near-source recordings. This holds true 

for CB14 model as well, for which about 46% out of the total calibration dataset was 

comprised of records with Rrup ≤ 80km. Finally, there is a clear increasing trend towards an 

overestimation of the observed variability when using the latest models. For instance, K20 

model shows a higher predicted standard deviation, and this is directly related to the 

consistent increase of the amount of calibration records.  

 

Figure 4 Within-event residuals (δWes) for PGA, for Mw 6.0 class, for some of the selected GM models and 

plotted with the corresponding 16th, 50th and 84th percentiles (with bin of distances) of their normal 

distribution. Percentiles represent the observed variability of the selected set of records, while solid and 

dashed line represent the total and (where available) within-event standard deviation of the respective GM 

prediction (adapted from Paolucci et al., 2022). 
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4. Conclusions

Taking advantage of the databases that have been recently compiled, such as the Reference 

database for Seismic Ground Motion in Europe (RESORCE, Akkar et al., 2014b), or the 

European Strong Motion dataset (ESM, Luzi et al., 2020), many empirical earthquake 

motion models are continuously being developed and released. Nevertheless, as the number 

of observations available from moderate-to-large magnitude earthquakes in near-source 

regions is still limited, GMMs are not fully constrained in these ranges and, despite their 

complex characterisation, the resulting predictions may potentially deviate from observed 

near-source data. 

In view of the use of GMMs in seismic hazard analysis for the most seismically active 

regions of Italy, we decided to test the performance of some candidate models in typically 

dominating magnitude and distance ranges: Mw = 5.5 ÷ 7.0 and Joyner-Boore source-to-site 

distance Rjb ≤ 20 km. As a starting step, a selection of GMMs was made necessary, and this 

was based on: their common use, their consistent constrain in these M-R ranges, their 

calibration within Italian events, or the specific consideration of near-source terms. 

Afterwards, the observation dataset was chosen from the NESS2 flatfile, selecting soil class 

B records having a Rjb ≤ 20km, within these four magnitude classes: Mw = 5.4 ÷ 5.6, Mw = 

5.9 ÷ 6.1, Mw = 6.4 ÷ 6.6 and Mw = 6.9 ÷ 7.1. A residuals analysis was then performed 

between predictions and observations, giving particular emphasis to the evaluation of 

between- and within- event residuals. Finally, we made some considerations on the observed 

and predicted standard deviations for the selected GMMs.  

This study provided some fruitful insights on the good performance of simple models dating 

back 20-25 years, such as Ambraseys at al. (1996) and Ambraseys and Douglas (2003). 

AD03 has shown an overall good agreement with records for all magnitude classes, mainly 

because of the consistency of the dataset used for its calibration with the magnitude and 

distance ranges herein investigated. The comparison between predicted and observed 

standard deviations, has shed light on the increasing variability of the predicted ground 

motions of the latest models (as expected, from their wider calibration dataset, as well as on 

the good agreement of predicted standard deviations of AMB96, AD03 and CB14 with 

observations.  

As a latest remark, we believe that our research may recall attention on the importance of 

developing models able to capture the amplitude of near-source earthquake ground motions 

that, as for the Italian case, typically govern seismic hazard in the range of interest for 

engineering applications.  
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Abstract: The recent generation of probabilistic seismic hazard assessment (PSHA) models 
in Europe at national and regional level can provide different estimates and perspectives on 
hazard for a given region. Three such models, covering France, Germany and the 2020 
European Seismic Hazard Model (ESHM20), allow us the opportunity to explore differences 
and develop new techniques for comparing complex models against one another and against 
observed ground motion data. In our comparison process we first harmonise the models into 
OpenQuake before developing metric to quantify differences in the distribution of seismic 
hazard results for a given hazard level. To test the models against records in regions of low-
to-moderate seismicity we have compiled a large flatfile of both strong and weak motion 
recordings that, after extensive processing to identify and compensate for gaps and/or errors 
in data, allow us to extend the data sets commonly used for PSHA testing and help to explore 
now strategies to incorporate developments such as non-ergodic ground motion models and 
spatial correlations into the established testing frameworks. 

Keywords: PSHA, OpenQuake, hazard testing, weak motion records, model comparisons 

1. Introduction 

Recent project to assess earthquake hazard and risk in Europe have produced new 
probabilistic seismic hazard models, both for individual countries and at European scale in 
the form of the 2020 European Seismic Hazard Model (ESHM20). In France and Germany, 
two recent seismic hazard models allow us the opportunity to explore and compare the 
national perspectives on seismic hazard with the European one. These models are by Drouet 
et al. (2020) for Metropolitan France [FR2020 hereafter] and Grünthal et al. (2018) for 
Germany [DE2018 hereafter]. To fully compare the models with one another we first 
harmonise the implementations into a common seismic hazard and risk calculation software, 
which allows us not only the possibility to understand key model details and differences that 
emerge due to the original software, but also to execute the models in a variety of different 
methods even going to far as to understand their implications for risk. Once harmonised, we 
explore the extent to which the models agree or diverge when accounting for the full 
distribution of epistemic uncertainties, and how this varies spatially. Finally, we address the 
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issue of testing the PSHA models against instrumentally recorded ground motions in these 
regions of low-to-moderate seismicity by incorporating both weak and strong motion 
observations. These extended datasets introduce new challenges, but they also create 
opportunities to explore new ideas in PSHA testing to help refine strategies for the future. 

2. PSHA Model Overview: France, Germany and ESHM20

The three PSHA models under consideration in this work share some common features but 
diverge strongly in others. A brief summary of each model as it pertains to France, Germany 
and ESHM20 is provided, and their key assumptions highlighted in Table 1. There are some 
key differences in the models and their uncertainties being characterised, such as the nature 
of the ground motion model logic tree (e.g., multi-model, scaled backbone or a hybrid of the 
two) and the use of active faults in the Rhine Graben. Nevertheless, there is also significant 
common ground, with each of the three models aiming to characterise seismicity in northern 
Europe using a balance of uniform area sources and smoothed seismicity, for representing 
epistemic uncertainty on the parameters of magnitude frequency distributions (MFDs) and 
even in the methods used to fit these parameters.  

Table 1. Comparison of the key model attributes of the three PSHA models considered in this analysis 
Model 
Component 

France (FR2020) 
(Drouet et al. (2020) 

Germany (DE2018) 
(Grünthal et al. (2018) 

Europe (ESHM20) 
 (Danciu et al., 2021) 

Source 
Model 
Types 

Uniform area sources – three 
alternative zonations, equal 
weighting 

Gridded (smoothed) 
seismicity – one branch 
using adaptive kernel 

Five uniform area source 
zonations – two large-scale 
geology/tectonic, three 
seismicity driven 

Active faults in Lower Rhine 
Graben in one source model 

Two smoothed seismicity 
models using magnitude-
dependent adaptive kernel 

Single area source zonation 
(harmonised from national 
models across Europe) 

Active fault sources 
combined with smoothed 
seismicity (from an adaptive 
kernel) 

Recurrence 
Estimation 

Truncated Gutenberg-
Richter (TGR) model with 𝑎 
and 𝑏 values determined at 
superzone level, updated for 
zones with sufficient 
seismicity. Covariance in 𝑎 
and 𝑏 for each zone. 

𝑀$%& using from Bayesian 
approach (EPRI, 2012) 

TGR model with 𝑎 and 𝑏 
values determined at 
superzone level, updated for 
zones with sufficient 
seismicity 

𝑀$%& distribution per 
superzone using the 
Bayesian EPRI approach 

TGR model with 𝑎 and 𝑏 
values determined at 
superzone level, updated for 
zones with sufficient 
seismicity 

𝑀$%& from observed 
maximum magnitude plus 
additional increments 

Recurrence 
Uncertainty 

100 magnitude frequency 
distributions samples from 
the covariance of the TGR 𝑎 
and 𝑏	 parameters, and 
𝑀$%& sampled from the 
posterior distributions 

Four branches to capture 
uncertainty in activity rate 
with magnitude (Stromeyer 
& Grünthal, 2015) 

Five branches modelling the 
𝑀$%& posterior distribution 

Two branches for alternative 
fitting based on large 
magnitude data or on all data 

For area sources: two 
distributions (TGR) and 
tapered Pareto (TPR). For 
TGR, three branches used 
for 𝑎	 and 𝑏 values, and three 
for 𝑀$%&. 

For fault sources and 
smoothed seismicity three 
branches of slip rate and 
three of 𝑀$%& 

Ground 
Motion 
Models 

Four alternative models with 
equal weight. Two  
calibrated from local data for 

Five alternative models: 
three from Europe, one from 
global/Californian data, one 
from global/Japanese data 

Scaled regionalised 
backbone ground motion 
model (Kotha et al., 2020). 
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France, two based on global 
data 

Additional stress drop 
scaling (four branches) 

15 branches representing 
regional variability in stress 
parameter and attenuation. 

Finite fault 
corrections 

Virtual faults, with depth 
and orientation based on 
superzone distributions 

Conversion between point-
source distances to finite 
rupture distances 

Point ruptures for both area 
and smoothed seismicity. 

 

3. Harmonising the PSHA Models into a Common Software 
3.1. Motivations for Harmonisation and Challenges 
The three different PSHA models all produce common sets of outputs in the form of a 
distribution of seismic hazard curves for each site, from which hazard maps, uniform hazard 
spectra (UHS) and other products are extracted. Each of the three models has been 
implemented using a different PSHA software. For France and Germany these are 
proprietary software, while for ESHM20 the OpenQuake-engine open-source seismic hazard 
and risk calculation software was used (Pagani et al. 2014). In order to create a 
comprehensive framework for exploring and comparing the models, and, more importantly, 
to understand the extent to which the PSHA software and their respective implicit and 
explicit modelling choices can influence the resulting seismic hazard calculations, our first 
task is to implement all of the models into a common PSHA software. OpenQuake is the 
logical choice for this as it is not only freely available for use, its open-source code allows 
for the modelling decisions to be carefully scrutinised, and it can be customised or fine-tuned 
to capture some (but not all) elements of the modelling processes from other software. It also 
has the advantage of being able to run calculations in different ways and to extent the analysis 
to seismic risk where appropriate exposure and vulnerability models are available. 
In the case of both the FR2020 and DE2018 models, we have been provided with calculation 
input files from the original model developers. The process of translating an existing seismic 
hazard model from one software to another is not only a matter of transcribing the inputs 
from one file to another, but also understanding implicit and explicit differences in the 
calculation process. Even where the model inputs are the same for two PSHA software, the 
outputs can differ due three common types of discrepancies: i) fundamental or irreconcilable 
incompatibilities in the execution of the PSHA calculation (examples may include 
algorithmic differences in the source-to-site distance calculation, evaluation of statistical 
functions), ii) bugs, errors and misinterpretations in the software, iii) explicit (but often 
undocumented) free modelling choices. The first type of discrepancy is difficult to reconcile 
without changes in the software code, and thus they remain an intrinsic difference. Errors 
and misinterpretations can be identified through careful component level checking of the 
software or idealized small-scale PSHA test calculations such as those proposed in Hale et 
al. (2018). The free modelling choices often relate to controls in the PSHA calculations that 
can be configured by a user, but for which documentation is lacking or default values are 
assumed. These can only be resolved through direct liaison with the model developers. 

3.2. Translating the FR2020 and DE2018 models into OpenQuake 
Beginning with the available input files for two codes, efforts are undertaken to map these 
into OpenQuake’s format and reduce the discrepancy in the resulting hazard curves to a 
satisfactory level of agreement. Though there is no clear standard for defining agreement, 
we aim for a tolerable mismatch within ±10 % in terms of probability of exceedance given 
the ground motion level, for annual probabilities of exceedance greater than 10-4. The 
translation process is implemented systematically, first comparing seismic hazard curves 
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branch-by-branch for selected sites in order to verify that agreement can be reached for each 
branch and identifying branches where discrepancies emerge, before then comparing the 
mean and quantiles of the logic tree. Finally, when agreement is reached the calculations are 
then repeated for the full country and the hazard maps compared. Examples of this for the 
case of Grenoble, France can be seen in Figure 1. 

Fig 1 – Example branch-by-branch comparisons of the OpenQuake implementation of the FR2020 model for 
Grenoble with that of the original software (left/middle) and the resulting hazard and difference maps for Sa 
(0.01 s) with a 10 % probability of exceedance in 50 year (right) 

A complete description of the causes of the discrepancies for the respective models is beyond 
the scope of this submission, but there are several key differences that emerge. One of the 
most critical is the manner in which different software correct for finite fault distance metrics 
within area sources. In the case of DE2018, point source to site distances, such as epicentral 
and hypocentral distances, are corrected for the finite rupture size using empirical 
magnitude-dependent conversion relations in order to determine the Joyner-Boore distance 
and closest distance to rupture needed for the GMMs. OpenQuake and the FR2020 software, 
however, adopt a virtual fault scaling approach, in which synthetic rupture planes are 
generated for the point sources in the uniform area or gridded seismicity zones. Here, control 
of the finite rupture planes, including their scaling with magnitude, their orientation, 
constrained of seismogenic thickness etc., comprises a substantial proportion of the “free 
modelling parameters” that needed to be gradually reconciled in the translations of the 
models here. Other important differences related to the discretization of the area sources for 
distance calculations and, in the case of Germany, the characterization of the earthquake 
rupture position on the fault surface for the lower Rhine Graben faults. Ultimately, however, 
acknowledging that some discrepancies between the OpenQuake implementation and the 
original models are inevitable, a satisfactory level of agreement has been achieved.  

4. Exploring the Models and Quantifying Differences

The question of how different two or more PSHA models are for a given region cannot be 
answered purely through the lens of differences in the mean or median PGA or spectral 
acceleration for a given return period. The question of whether seismic hazard changed from 
one model to another or from one generation to the next is ultimately one of differences in 
the full distribution of probabilities of exceedance of ground motions and not a simple 
increase or decrease in one specific quantity (such as the PGA with a 10 % probability of 
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exceedance in 50 years). The current generation of PSHA models in Europe are now the 
second generation (or more) to have adopted logic trees systematically for capturing 
epistemic uncertainty. Comparisons between models, therefore, must consider not only the 
ground motions corresponding to a particular probability of exceedance but to their full 
probability distribution from the logic tree. The outputs from a PSHA are not limited to one 
intensity measure type and return period of interest, but to a complete suite comprising 
multiple IMTs and return periods, each with their associated epistemic uncertainty.  

4.1. New Metrics for Comparing Hazard Distributions 

When comparing two or more non-parametric distributions of ground motion values for a 
given probability of exceedance, there are many standard statistical tools available to help 
quantify the centre of the distributions and the range (e.g., interquartile range). These may 
help to identify differences in the first two moment of the distributions, but to understand 
how the differences between the distributions vary spatially it is helpful to seek a single 
metric that describes the similarity of the distributions and is adaptable to non-parametric 
distributions of no specific functional form. Mak & Cotton (2019) propose such as metric in 
the form of the overlapping index (OI). 

𝑶𝑰 = ∫𝐦𝐢𝐧0𝒅𝟏(𝒙), 𝒅𝟐(𝒙)8 𝒅𝒙      (1) 

Where 𝒅𝟏(𝒙) and 𝒅𝟐(𝒙) are the respective density functions of the two non-parametric 
distributions respectively, for a given location and return period. An OI of 1.0 represents a 
perfect match, whereas an OI of zero indicates no overlap between distributions. The concept 
of the overlap index is illustrated in Figure 2, alongside an illustration of the spatial variation 
in OI around the France and Germany border region for the FR2020 and DE2018 models. 

Comparisons of the distribution of the resulting seismic hazard values across a region can 
be useful to understand where models agree or diverge, but they do not necessarily answer 
the question of why they diverge. To answer these questions, it is helpful to explore 
comparisons of the components of the models in terms of their seismic source distributions 
and expected ground motion distributions. For the latter, high dimensional visualisation 
techniques such as Sammon’s mapping and Self-Organised Maps have proven useful (e.g., 
Scherbaum et al., 2010). For the source model, however, epistemic uncertainties in the 
activity rates at a site (and their variation with magnitude) can also be mapped into simpler 
metrics to describe how different the underlying source model distributions are between two 
models. As each of the FR2020, DE2018 and ESHM20 models tries to characterise aspects 
of the MFD uncertainty in their logic trees, it is possible to render each model as a 
distribution of activity rate forecasts over a regular area or even a grid cell and use metrics 
such as the Kolmogorov-Smirnov statistic or Wasserstein distance to quantify the distance 
between distributions. These techniques can help to pinpoint regions where the models 
diverge, in order to identify discrepancies that could be resolved in future models. 

5. Testing the PSHA Models using Weak and Strong Motion Data 

The final part of the challenging in comparing PSHA models addresses the question of their 
agreement with observations, specifically testing models against observed data in a region. 
The question of how to test probabilistic seismic hazard models against observations, be they 
in the form of measured ground motion records, historical macroseismic intensities or 
through fragile geological structures (FGS), has been an open and well-studied one for 
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several decades. At a site-specific level, few sites worldwide offer a sufficient duration and 
complete history of acceleration records from which robust comparisons of model 
predictions to data can be undertaken. In some localities a longer history of macroseismic 
intensity observations spanning several centuries may offer some insights into the 
performance of the PSHA model in replicating the observed history of shaking at a site, but 
there are significant limitations here: historical completeness of intensity measures, the 
qualitative and subjective nature of macroseismic scales, temporal changes in exposure and 
vulnerability of a region, influence of local site characteristics, and the uncertain scaling 
between instrumentally record ground motions and corresponding macroseismic estimates. 

Fig. 2 – Illustration and application of the overlap index (OI): (top left) seismic hazard curves and 
distributions for the FR2020 model (blue) and DE2020 model (red/pink), (top right) non parametric 

distributions of the PGA with a 10 % Prob. Of Exceedance in 50 years with the overlapping region shown in 
purple, (bottom left) spatial pattern of OI around the France/Germany border for the 10 % Prob. of 
Exceedance in 50 years, and (bottom right) the same for the 2 % Prob. of Exceedance in 50 years 

Recognising that site-specific testing has only a limited application, Ward (1995) and 
subsequent publications transferred the question of testing PSHA to an area-based one. Here, 
a seismic hazard model is seen as making predictions of probabilities of exceedance at 
hundreds (potentially thousands) of sites, yielding aggregated curves of exceedance of 
predicted and observed ground shaking across many sites in a region. This approach has 
been adapted in many studies using recorded ground motions and/or macroseismic intensity 
(e.g., Albarello & D’Amico, 2008; Tasan et al. 2014; Mak & Schorlemmer, 2016).  
5.1. Compiling a Database of Strong and Weak Motion Records for PSHA Testing 
In the present study we explore the potential for testing PSHA models for France and 
Germany using instrumentally recorded ground motions from both strong motion and weak 
motion recording stations available via the European Integrated Data Archive (EIDA). To 
do so, a ground motion flatfile is compiled using Stream2Segment (Zaccarelli et al., 2019), 
which covers the region between -6˚E to 19˚E and 40˚N to 55˚N and the time period 
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01/01/2000 to 12/31/2020. Considering minimum magnitude of M 3.5 (in any scale), 
earthquakes in the flatfile are first identified from the International Seismological Centre. 
For each earthquake matching the selection criteria the available EIDA seismic waveform 
archive is searched to retrieve all ground motions within ≈ 300 km of the earthquake, 
including both strong motion acceleration and/or gravimeter records (HN, HL and HG) as 
well as broadband weak motion velocity records (HH, EH), with all channels. An automatic 
record processing procedure identifies and removes clipped signals and instrument response, 
determines the signal-to-noise ratio and identifies multiple arrivals. After processing, the 
peak ground motion parameters (PGA, PGV and spectral accelerations) are calculated for 
177,816 pairs of spectra from 1,823 events and 2,810 stations from 77 networks. 
The weak and strong motion flatfile from EIDA contains an extensive set of waveforms, 
including thousands of recorded motions from smaller earthquakes in France and Germany 
not present in other European strong motion databases. Nevertheless, by expanding the 
ground motion data set to include such a large number of new stations and records we are 
confronted more by issues of heterogeneity of metadata, completeness and data quality. Our 
objective here is to compile histories of ground motion observations for the sites under 
consideration as targets against which predicted probabilities of exceedance of ground 
motion are compared. This requires a careful process of harmonisation and data exploration: 
1) Harmonisation of Metadata: In initial flatfile compiled from EIDA, only a limited 

amount of information of the source and site parameters is available, with the magnitude 
of the event in the as reported scale and not harmonised. Using the EIDA station book, 
corresponding start and end dates of the operation each station were retrieved, alongside 
measurements of VS30 where available (or inferred from topographic proxy otherwise). 
Moment magnitudes were assigned to events from moment tensor databases and/or 
existing harmonised catalogues in each country within the target region. 

2) Station completeness assessment: Though the EIDA station book logs the start- and end-
dates of operation for each station, it cannot be assumed that the station is in operation 
continuously for this entire time. This is critical for PSHA testing as it means that the 
observed history of observations describes at best only the total operation time of each 
station, not necessarily the time between the start- and end-date. To compile a more 
detailed station history we use the EIDA standardised webservice for waveform 
metadata (EIDAWS-WFCatalog) to retrieve day-by-day data availability statistics. 
From these we can identify gaps in the records for each station to help us identify time 
periods when observations of shaking may be expected but not observed in the flatfile. 

3) Comparison of co-located strong and weak-motion station records: As the collection of 
waveforms included both strong and weak motion sensors we are able to compare the 
response spectra from both the broadband velocity sensors and the acceleration/gravity 
sensors where available at the same site and identify the potential limits of weak motion 
sensors as a means of recording accelerations. A total of 997 sites have co-located strong 
and weak motion sensors, and after comparing the ratios of strong and weak motions 
we find that where agreement in the response spectra is present the strong and weak 
motion records produce consistent spectra between 0.1 – 0.2 s to approximately 1.5 – 2 
s periods (differences depend on site and the strength of shaking). From the 997 sites, 
however, we find significant discrepancies between strong and weak motion response 
spectra for approximately 350 records across 30 sites. In many of these cases there is 
some indication of incorrect instrument response, albeit this can affect either the 
broadband velocity or the strong motion channels. Work to identify and resolve 
discrepancies is ongoing but we do find that for sites in low-to-moderate seismicity 
regions the resulting “observed” hazard curves from strong and weak motion are 
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comparable. In areas of high seismicity, however, it appears that the weak motion 
channels generally underestimate the exceedance rates of stronger shaking levels 
compared to the accelerometer channels. 

5.2. Using Partially Non-Ergodic Ground Motion Models for Data Imputation 
The issue of data quality and the analysis of completeness undertaken highlight the fact that 
the observed ground motion records for a station do not provide a complete history, even for 
the time period in which the station is considered operational. In the pipeline of events 
between an event shaking the ground at the station through to the record of shaking appearing 
in the compiled flatfile there are several factors that produce missing data: i) the station was 
not operational at the time of the shaking, ii) the station was operational but not triggered at 
the time of the shaking, iii) the station was operational and triggered, but data are not 
available to EIDA, iv) the data are available to EIDA but the records are removed due to 
quality issues during the automatic processing (e.g. poor signal noise ratio, clipping), v) the 
data are processed and appear in the flatfile but are removed from the final testing data set 
(e.g. identified problems of instrument response, large discrepancy between strong and weak 
motion data). To try to compensate for the absence of data for many events at many sites, 
we use partially non-ergodic ground motion models and observed data to undertake a data 
imputation process, i.e., to predict an expected distribution of observations at a station.  

The prediction of ground motion 𝑌 from event, 𝐸, at site, 𝑆, from an empirical GMM 
assumes the general form: 

ln 𝑌>?(𝑇) = 𝑓(𝑀>, 𝑅>?, 𝜽𝑬𝑺) + 𝛿𝐵> + 𝛿𝑆2𝑆? + 𝛿𝑊>? (2) 

Where 𝑓(𝑀>, 𝑅>?, 𝜽𝑬𝑺) is the median ground motion (a function of magnitude, 𝑀, source-
to-site distance, 𝑅, and other predictive parameters depending on the source path or site, 𝜽), 
𝛿𝐵> is the event-to-event residual, 𝛿𝑆2𝑆? the site-to-site residual, and 𝛿𝑊>? the site-
corrected within event residual, which are zero-centred Gaussian variables with standard 
deviations of 𝜏, 𝜙?M? and 𝜙N respectively. Where earthquakes recorded by a sufficient 
number of stations (typically 5 or more) the between-event residual (𝛿𝐵>) for the event can 
be calculated, and for sites with repeated observations (ideally more than 10) the site-to-site 
residual can also be extracted. We use existing GMMs suitable for application to the region 
to retrieve random effects residuals for each event and site, where data allow.  
To complete the data imputation process we create first a magnitude-harmonised earthquake 
catalogue for the time period and target region of interest. For this we compile data from the 
International Seismological Centre (ISC) as well as local catalogues for France (SIHEX), 
Italy (ISIDE), Switzerland (SED), Germany (BGR), Belgium (ROB) and the UK (BGS). 
These catalogues are merged, the duplicates identified and then the preferred location and a 
harmonised moment magnitude (or proxy moment magnitude) defined using the hierarchical 
process applied for the European-Mediterranean Earthquake Catalogue (EMEC, Grünthal & 
Wahlström, 2012). Using the harmonised earthquake catalogue we apply linear mixed 
effects regression to retrieve the random-effects residuals listed above. Then for each 
earthquake above M 3.5 and source to site distance from the recording station, we define the 
“observed” ground motion as either the observed record (where available in the database), 
or as a distribution of ground motions constrained by the available 𝛿𝐵> and/or 𝛿𝑆2𝑆? for the 
event and station where available. The result is that the observed rates of exceedance for 
each ground motion level take the form of a distribution rather than a single curve of 
observations, and it is the comparison between the distribution of observations of rates of 
exceedance and the distribution of predictions that become the basis for the PSHA testing. 
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5.3. Addressing New Questions in PSHA Testing 
Though the testing of the PSHA models is ongoing the compiled sets of models and data 
allow us to focus on specific issues related to the process, and challenges that often draw 
into question whether one is truly comparing like with like. Implementing the PSHA models 
into a common software affords us more control over the calculations, meaning that we can 
explore the sensitivity of some elements of the PSHA calculations to the modelling 
assumptions (e.g., minimum magnitude, integration distances etc.) and ultimately customise 
the calculations to make them better suited for testing.  
The first question is that of non-ergodicity in PSHA, and the extent to which this may have 
an influence in comparing the results. Each of the three models (FR2020, DE2018 and 
ESHM20) has been run using ergodic ground motion models, though the scaled backbone 
GMM of ESHM20 does aim to remove some elements of this from the aleatory variability 
by virtue if the regionalised random effects. However, when testing PSHA using 
instrumental data we should expect that those sites that contribute the most to the “observed” 
hazard curves will have sufficient number of records from which to derive a site-specific 
𝛿𝑆2𝑆? term. Here then it is possible to run partially non-ergodic PSHA, which should form 
a more accurate framework for comparing both the ground motion and source models against 
data. This work is currently assessing the influence of non-ergodic GMMs in PSHA testing. 
The second issue in question arises from the relative proximity of observation sites to one 
another when selected sites for area-based PSHA testing. An important caveat in the area-
based testing approaches, however, is that observations of ground motion must be 
sufficiently well-spaced so as to ensure that each location is independent from one another; 
an assumption that is implicit in the PSHA model. In areas of dense instrumentation, it may 
be tolerable to select only a subset of well-spaced stations, but for lower seismicity regions 
or areas of poorer instrumentation many recording stations are well clustered particularly 
around the few known seismogenic sources. Imposing a condition of independence may 
remove a greater proportion of what is likely and already limited data set. However, 
OpenQuake can calculate PSHA from the same models using either the classical approach 
or a stochastic event-based approach. In the case of the latter, spatial correlations in the 
ground motion residual between sites in close proximity to one another can be accounted for 
explicitly in the PSHA calculation. This allows us to generate PSHA curves from the model 
that do not need to assume independence from site to site, and thus we can consider removing 
the requirement to ensure a minimum spacing between stations for the purposes of area-
based PSHA testing.  
Hazard computations are based on declustered catalogues. A third question then emerges 
from the fact that the testing catalogue may include both aftershocks and mainshocks. To 
solve this issue, we can consider the application of declustering methods similar to the one 
used in the PSHA model developments or testing strategies which are not depending on the 
declustering method (e.g., the number of stations having recorded a shaking amplitude 
greater than a given level will not depend on the aftershocks sequence if one assumes that 
the shaking amplitude of aftershocks is lower than the one generated by mainshocks) 

6. Conclusions 
The activities presented here form the basis for a general framework that can be adopted to 
understand, compare and test different PSHA models for a region. There are several key 
objectives here, key among them the need to translate model comparisons from a simplistic 
assessment of increase or decrease in hazard in a site or region but to consider the complete 
models in all of their complexity. For testing seismic hazard models against data, we aim to 
enhance strategies in common use by extending the data set that can be used in low-to-
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moderate seismicity regions and try to overcome their limitations. The harmonised model 
implementations and new data sets afford opportunities to experiment with new testing 
approaches including using non-ergodic ground motions and accounting for spatial 
correlation in the ground motion at closely spaced sites.  
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SIGMA2: Scientific outcomes for future seismic hazard studies 

Guillaume DANIEL and the SIGMA2 community – Electricité de France, DIPNN-DI-TEGG, Aix-en-

Provence, France, guillaume.daniel@edf.fr  

Abstract: The SIGMA2 research program has promoted a wide range of actions in the field 

of seismic hazard assessment in the 2017-2022 period. We here summarize the program key 

objectives, its organization, main scientific outcomes and lessons learned within this 

framework. 

Keywords: probabilistic seismic hazard assessment, SIGMA2 seismic risk assessment 

1.Introduction

The SIGMA2 program was launched in 2017, following on from the former SIGMA project (Pecker, et al., 

2017). SIGMA2 aimed at improving the confidence in Probabilistic Seismic Hazard Assessment (PSHA) 

results, at evaluating implicit margins associated with state-of-the-art methods, and at reducing epistemic 

uncertainties (Figure 1).  

Figure 1: General objectives of SIGMA2 

The program was funded by a consortium of 7 industrial partners involved in the nuclear energy sector 

(Figure 2). These financial partners were eager to develop a leadership on applied research tailored to 

practical applications, for the evaluation of seismic hazard and seismic risk close to nuclear installations. 

Figure 2: SIGMA2 was funded by a consortium of 7 industrial partners involved in the nuclear energy section 

The program gathered a large community of scientists from academic laboratories and from the industry (see 

Figure 3) to realize a technical program of 57 research actions related to the following research domains: 

sismotectonics, earthquake source parameters, seismic ground-motion, site-response, PSHA calculations and 

earthquake engineering. Once finalized, SIGMA2 reports will be made available in public-access on our 

website: www.sigma-2.net, and will be published at international conferences and in peer-reviewed scientific 

journals.  

During these 5 years, periodical meetings were also organized to encourage the networking of a community 

of engineers, researchers and consultants involved in seismic hazard assessment: 9 biannual review meetings, 
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3 symposiums and 2 workshops1. These activities catalysed synergies between reference international 

institutions involved in the development of methods (universities, R&D centres), experts in seismic hazard 

assessment (scientists, engineers and consultants) and the nuclear industry. While the funding coming from 

the program supported their long-term activities and research projects, SIGMA2 in turn benefited from the 

vision of experienced researchers and innovative students to develop new methods to fulfill its technical 

objectives. 

SIGMA2 funded research grants to offer opportunities for a new generation of talented scientists in the 

community of seismic hazard assessment and earthquake engineering. The program supported, directly or 

indirectly, 7 PhD projects and 15 post-doctoral positions in its partner institutions.  

Figure 3: Types of organizations involved in SIGMA2 research actions. The mixed type corresponds to actions where 

both partners from the private and academic sectors are involved. Work Package leaders all belonged to industrial 

(private or public) organizations.  

2.Organization

The SIGMA2 research program was organized to conduct this effort in a collaborative international 

framework, that involved scientific partners from both academic and private sectors. Research products, or 

deliverables, were developed under a rigorous quality insurance policy, including systematic peer-reviews by 

an international panel of recognized experts which were held during biannual plenary and online review 

meetings. This process was set up to ensure the legitimacy of SIGMA2 methods and results, and to convince 

potential end-users of the value added to the current state-of-the-art by each deliverable. The peer-reviews of 

55 deliverables were realized by a dedicated Scientific Committee, which experience and feedback assisted 

in improving the quality of final reports, and stimulated internal exchanges on actions scope and 

perspectives.  

3. Scientific outcomes and lessons learned

The key technical objectives of the program associated with PSHA are presented in Figure 4. The central 

theme of the program was to develop the missing pieces for a more realistic, less uncertain, hazard 

assessment, adapted to site conditions. This included the development of datasets focused on low-seismicity 

areas, matching high-standards quality thresholds and properly accompanied by verified meta-data (e.g. fault 

databases, earthquake catalogues, historical earthquake archives, ground-motion recordings, soil dynamic 

parameters…). New models have been proposed to describe ground-motion at reference, hard-rock or 

standard rock conditions, and to describe properties of the Earth’s crust (seismic velocity, attenuation). 

Methodological developments have been proposed in many aspects of the hazard assessment process: 

characterization of seismic sources (seismicity, tectonic deformation, earthquake magnitude…), 

characterization of site response (empirical and numerical approaches), propagation of uncertainties (for 

ground-motion and source models), and evaluation of hazard results against observations (using Bayesian 

inference). 

1 The 2021 SIGMA2-RESIF joint fault-dating workshop, and the 2021 SIGMA2-OECD/NEA workshop on 

high-frequency attenuation. 
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Figure 4: Key technical objectives of the program SIGMA2 

Dynamics of crustal deformation, active faulting 

Active faulting in intra-plate domains, where seismicity is low to moderate, is difficult to characterize due to 

the fact that surface processes are faster than tectonics ones and tend to erase geological and 

geomorphological evidences of potentially active faulting. Vallage and Bollinger (2019) highlighted that 

activity rates in the French database of potentially active faults (BDFA – Jomard et al., 2017) are 

significantly greater than observed rates in seismicity catalogues, thus questioning the poissonian character of 

fault activity and underlying potential biases/lacks in seismicity catalogues (completeness mainly) and/or 

faults parameters (lack of reliable information for key parameters such as slip velocities). 

 

The SIGMA2 program offered the opportunity to make progresses on the understanding of active faulting in 

such areas together with the deformation processes at the origin of their behavior. GPS data and numerical 

simulation were used in that sense. Indeed, our understanding of the seismogenic potential of faults also 

benefited from the work of Grosset et al (2020, 2021). They characterized the current deformation in the 

Western Alps and showed that the driver for deformation were mainly due to the glacial isostatic adjustment 

and erosion processes, above the influence of tectonic plates movement. Numerical simulations of fault 

motion is now able to produce realistic surface displacement patterns, reproducing fault segmentation 

(Klinger and Jiao, 2021) and surface deformation during the seismic cycle (Klinger and Allemand, 2022). In 

the future, this could help to evaluate past rupture histories on major faults from the analysis of surface 

faulting expression, or to generate realistic surface rupture models in a PFDHA perspective. 

 

The occurrence of the 2019 Le Teil, France, earthquake during the program brought a strong focus of the 

international community on the identification and on the characterization of active and capable faults in low 

to moderate seismicity areas. At the national scale, the community of French researchers in seismotectonics 

gathered through the RESIF-FACT action to propose programs/studies to improve the knowledge on faults 

over the whole territory. SIGMA2 contributed to this effort by organizing a joint workshop with RESIF, 

focused on fault dating techniques for active faulting characterization. In the next future, data collections and 

faults parameters will have to be organized a in database that should rely on a protocol similar to the one 

described by Spacek et al (2020) for the database of Czech Republic. This would be an efficient manner to 

promote the use of fault models in future seismic hazard studies.  

It has become clear that future progress to understand fault behavior will require additional data to constrain 

activity rates and fault rupture models developed in the literature. 

 

Improved propagation of uncertainties in probabilistic hazard models 

SIGMA2 put a particular effort at improving the treatment of uncertainties, to separate the treatment of 

aleatory and epistemic uncertainties and avoiding double-counting them.  

In source models, the use of independent observations can constrain the distributions of seismicity 

parameters (a, b, Mmax) in a Bayesian framework.  

 

Following these principles, Zentner (2018) proposed a method to estimate the maximum magnitude based on 

the statistics of extremes, in order to obtain a more objective distribution for this parameter. Stocchi et al 

(2020) followed a different approach for the evaluation of the magnitude of an historical earthquake, which is 
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based on the comparison between observed and numerically simulated damage for a target building. At a 

larger scale, Baumont et al (2020) relied on regional strain rate estimates to evaluate the likelihood of (a, b, 

Mmax) triplets that govern the earthquake recurrence law over area sources. They showed that the random 

sampling of (a, b) pairs on the one hand, and of Mmax on the other hand, could lead to unrealistic scenarios in 

terms of total seismic moment rate. Mayor and Keller (2021) took advantage of Bayesian inference principles 

to derive an IPE adapted to the French mainland territory. 

Earthquake location uncertainties should also be accounted for in the process of propagating uncertainties in 

probabilistic source models. This implies to have realistic location uncertainties at hand in earthquake 

catalogues. The work conducted by Peña-Castro et al. (2021) provide useful pieces of information for this 

purpose, by documenting the spatial distribution and the temporal evolution of location uncertainties in 

mainland France. Another important contribution from Arroucau (2021) uses a Bayesian formulation of the 

earthquake location problem to deliver (a posteriori) location uncertainties and to discuss the added-value of 

a 3-D velocity model for the reduction of uncertainties. 

Finally, as ground-motion models carry a significant fraction of the range of uncertainties conveyed in 

probabilistic seismic hazard studies. Leading the way for the development of non-ergodic ground-motion 

models, Abrahamson (2018) described a method for a clearer separation of aleatory and epistemic 

uncertainties which accounts for the spatial variability of site/source specific source, path and sites terms in 

GMM. Lacour and Abrahamson (2018) further contributed to these methodological developments by 

introducing an efficient method for the propagation of uncertainties of GMM with multiple parameters based 

on polynomial chaos expansion (meta-models) for an efficient implementation in calculation codes. 

Crustal and soil properties: Attenuation and dynamic properties 

The realistic interpretation and simulation of earthquake ground-motion needs a clear understanding of 

seismic wave attenuation processes, and an accurate knowledge of the mechanical properties of the Earth’s 

crust. These mechanical properties control the (dynamic) site response, they influence seismic attenuation at 

high-frequencies, and they can also affect our ability to locate earthquakes with accuracy. 

Several actions were conducted in SIGMA2 to improve models and propose new methods to estimate these 

mechanical properties. At the regional scale, Arroucau (2018) gathered several regional velocity models and 

results from regional seismic tomography to compile a 3-D velocity model the mainland France territory. 

Heller et al. (in prep.) uses an analysis based on the seismic coda to estimate the variation of crustal intrinsic 

attenuation over France. At the site scale, Nasr et al (2021) developed a technique based on full-waveform 

inversion of seismic profiles (in boreholes) to characterize the seismic attenuation at low strain (or damping 

due to scattering) in shallow layers. A study on the high-frequency attenuation by Traversa et al (2021) 

highlighted the potential bias in attenuation estimates based on surface recordings if the sensor housing 

conditions are not correctly accounted for. Finally, at the sample scale, mechanical properties can be 

estimated using laboratory experiments such as triaxial or resonant column tests. Bedr et al (2022) built a 

unified database for soil dynamic properties collected by EDF and Cerema over the past 40 years. 

Historical and current seismic activity 

The characterization of seismic hazard requires an accurate knowledge of the local seismic activity as seismic 

scenarios considered (in terms of location, depth and magnitude) are elaborated based on patterns of past 

seismicity. This requires extending and completing our knowledge of past earthquakes during historical 

periods, for both small and large events at a site (or within a region) of interest. This raises two main 

questions:  

▪ How to characterize the seismic activity in the past when seismological networks did not exist? This

includes estimates of earthquake magnitudes, locations and depths with uncertainties.

▪ How should we process historical data to ensure homogeneous estimates with the instrumental

period and data (intensity data points vs. waveforms)?

These two directions of research have been investigated in SIGMA2, with a particular emphasis on 

methodological developments.  

For historical earthquakes that were not recorded by any seismological networks, the complete reappraisal of 

the seismicity catalogue for Czech Republic confirmed that the human interpretations remains unavoidable 

for the exploitation of historical sources (Prachar et al., 2020). However, to help and complete personal 

inspections, an innovative proof-of-concept (POC) has been conducted in the program for an automatic 
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identification of digital historical sources based on data-mining methods (Nayman et al, 2019). This now 

permits to explore more rapidly large digital libraries to obtain new documents containing valuable 

information on past earthquakes, known or previously unknown. A case-study was prepared from French 

archive websites (Gallica, RetroNews). In general, the analysis of old documents about earthquake 

occurrence suffers from the difficulty to associate a reliable seismic intensity value when past testimonies 

lack a precise description of associated damages/perception. SIGMA2 has thus supported a research action to 

quantify the response of historical buildings to past earthquakes (with specific intensity levels) based on 

given structural fragility function and in-situ observations (Giry et al, 2019). The method has been deployed 

for the poorly documented 1889 La-Tour-du-Pin earthquake. It has allowed to provide additional constraints 

to estimate its epicentral intensity and moment magnitude. In addition, the signature of site response in 

seismic intensity values has been examined in the French SISFRANCE macroseismic database through a 

data-driven approach. This analysis has shown that particular sites can stand out and correlate with specific 

geomorphological characteristics (Mayor and Heller, 2021). This finding will be useful for future conversion 

of past intensity values to earthquake parameters (especially magnitude and depth). In this context, SIGMA2 

has also proposed methodological innovation to implement such conversions. This led to the development a 

new specific Intensity Prediction Equation (IPE) for mainland France (Mayor and Keller, 2021). This IPE 

now accounts for the discrete character of past earthquake intensities and uses a geographical dependence 

(regional) of the seismic attenuation properties. 

 

For more recent, instrumental, earthquakes (recorded by seismological networks), SIGMA2 has focused on 

methods to harmonize estimates of magnitude, to refine both location and depth uncertainties. For example, 

the calculation of moment magnitude based on the simulation of the entire envelope of the seismic signal 

(Heller et al., 2021) can significantly improve the homogenization of (moment) magnitude estimates for 

small events outside of the validity domain of magnitude conversion equations. In addition, the development 

of a three-dimensional velocity model in continental France (Arroucau, 2018) now offers the possibility to 

revise earthquake locations and depths, and to reduce associated location uncertainties (Peña-Castro et al 

2021). 

 

Regionalized ground-motion models 

A significant effort has been put in the program on the modelling of seismic ground-motion adapted to site 

conditions.  This aspect has been investigated from three different perspectives: ground-motion models, 

methods for the characterization of site response and numerical simulations. 

a- Ground-motion models 

New ground-motion models have been developed, either at the national or regional scale, and accounting for 

mixed random effects in order to quantify site-specific and source-specific influences. Non-ergodic ground-

motion models mark the advent of a new paradigm for PSHA studies. Such models abandon the hypothesis 

of ergodicity and deliver ground-motion estimates that now also depend on the absolute source and site 

geographical locations. In doing so, the objective is to substitute a fraction of the epistemic uncertainties 

reported in previous models by a proper account of the spatial variability of ground-motion. In SIGMA2, one 

of such models was developed for the whole European region  (Kotha et al., 2019), and has already been used 

for the preparation the ESHM202 hazard map (Weatherill et al., 2020 ?). Another one, developed by Sung et 

al, 2020?, focused on the French mainland territory and provides ground-motion expressed in Fourier 

amplitude.  

In addition, new regional “reference rock” ground-motion models have been developed in SIGMA2. These 

reference models aim at providing ground-motion estimates at rock sites devoid of any amplification effect, 

which can later be combined with site amplification in order to deliver more realistic site-specific ground-

motions. Two approaches have been compared. One relies on a specific station selection method which 

ensures that the database of recordings is free from any local seismic amplification effect (Felicetta et al, 

20??, Lanzano et al, 20??). The other one relies on the pre-processing of earthquake recordings using a 

generalized inversion technique, in order to separate contributions from sources, sites and crustal attenuation 

(path) in recordings. After separation, this later reference ground-motion model is estimated only from 

sources and path contributions (Shible et al, 2019, 2020). 

Bahrampouri and Rodriguez-Marek (2020) proposed two complementary GMM estimated from a common 

database of Japanese recordings: one expressed in Fourier-amplitude, more adapted to the separation of 

source, site and path terms, and another one expressed in oscillator duration that will be useful in 

combination of the former for engineering applications in structural dynamics. Additional investigations on 

site proxies led these authors to propose indicators for sites more likely to follow 1-D site-response, and to 

2 European Seismic Hazard Map, 2020 : add reference (Weatherill 2021) + www.efehr.org  
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derive estimates of (site response) model errors associated with their GMM (Bahrampouri and Rodriguez-

Marek, 2021). 

Besides, a weak signal on site response also seems to be present in macroseismic datasets. By focusing on the 

spatial distribution of Intensity Data Points for a set of historical events located in the French Pyrenees, 

Mayor and Heller (2021) put in evidence repetitive biases associated with several localities in the area.  

b- Methods for the characterization of site response

Future site characterization campaigns will also benefit from recent advances made in the program. For 

example, the seismic coda factorization method presented by Grendas et al (2020) provides a framework that 

extends the applicability of SSR methods (e.g. Borcherdt, 1970) to greater reference-to-target station 

distance, at least up to 30 km distance. As this improvement mathematically increases the number of stations 

pairs eligible for site characterization, one can anticipate that this will permit to characterize a greater number 

of sites worldwide. In addition, Perron and Hollender (2021) developed a hybrid-SSR method, that combine 

spectral ratios from both earthquake and ambient noise recordings in order to reduce the number (and the 

cost!) of required permanent stations in the target area.   

More generally and beyond this particular method, it is not straightforward to anticipate what would be the 

optimal setup/method to characterize a given site. While several geophysical methods exist for this purpose 

(H/V ratios, refraction/reflection seismics, MASW… ), local geological and geometrical conditions may 

severely affect the quality of results. A. Riano-Escandon and co-authors (2020; 2021) developed a multi-tool 

numerical initiative to tackle this issue. They propose a forward-modelling approach to analyze results 

obtained by any geophysical setup, obtained by propagating ambient noise and seismic waves in a 3-D 

velocity model. 

The variability of site response can also be evidenced from empirical recordings. In doing so for the Kushiro 

10 site in Japan (from the KiK-net seismological network), Cherubini et al (2020) showed that variability was 

mainly affected by the wavefront incidence angle, and in a lesser extent, by the PGA value.  

c- Numerical simulations

Numerical (“physics -based”) approaches are also valuable tools for the modelling of ground-motion, in 

particular for scenarios poorly represented in databases (e.g. high magnitude earthquakes recorded at short 

distances). Among these, SIGMA2 supported the work of Paolucci et al. (2018, 2020) on “physics-based” 

simulations that account for a detailed description of the seismic wave source and propagation processes in a 

complex, 3-dimensional medium. This European based development is very valuable and can compete on the 

same level as the developments by SCEC (Southern Californian Earthquake Center), This group also took 

advantage of more recent machine-learning/unsupervised learning techniques to extrapolate synthetic 

earthquake spectra at high-frequency (HF) in conformity with observations. Besides, Korres et al (2020) 

worked on the coupling of Spectral Elements (for the large scale) and of Finite Elements (for the local scale) 

approaches in a common model. This feature proved to combine advantages of both techniques to take into 

account both the ground motion in all its complexity, as well as the non-linear behaviour of the shallow 

layers. This opens new opportunities for the realistic modelling of local site-effects due to ground-motion 

induced by a distant, regional earthquake. 

We also developed a benchmark in order to compare the ability of several ground-motion simulation models 

to reproduce observed recordings of the Nov 11, 2019 Mw4.9 Le Teil, France, earthquake (El Haber, 2021). 

While this benchmark highlighted the importance of an accurate 3-D velocity model for the medium, it also 

showed that Empirical Green’s functions (EGF) and Physics-Based Simulations (PBS) are complementary to 

each other, with EGF more reliable in the HF range and PBS more reliable in the LF range. 

Evaluation of seismic hazard models against observations 

To increase the confidence in seismic hazard models, one must demonstrate their ability to deliver realistic 

estimates/predictions with respect to past observations, and to our knowledge of the seismogenic process in 

the area. 

SIGMA2 promoted the development of methods for the evaluation of seismic hazard models based on 

independent observations. For example, Abrahamson et al. (2018) compared hazard levels (i.e., probabilities 

of exceedance) from a site-specific study at the Diablo Canyon Power Plant (DCPP), California, with 

constraints provided by an analysis of fragility and dating of a collection of fragile geological structures 

(“precarious rocks”) located in its vicinity. Similarly, Drif et al (2019) compared risk estimated from the 

analysis of macroseismic intensities and fragility curves to the theoretical risk deduced from a set of hazard 

curves. This approach was proposed in order to evaluate the performance of several seismic hazard models 
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for France. This approach has also been applied on the European Seismic Hazard Model, version 2020 

(ESHM20) by Droszcz and Chatzigogos (2021). Drouet et al (2021) also performed a detailed evaluation of 

the seismic hazard models of both ESHM13 (SHARE) and ESHM20 (SERA) hazard models based on 

instrumental and historical observations. The general conclusions draw from these studies is very consistent 

and highlight that discrepancies between models and observations have progressively decreased since 2002, 

confirming the recurrent movement towards more realistic hazard models.  

Besides, in a preparation effort for a future evaluation of ESHM20 results against observations from a 

database of small-magnitude events in Europe (ESM database), Weatherill et al (2022) conducted a PSHA 

replication exercise of the former Drouet et al (2020) study. By transposing the hazard model from one 

software to another, these former authors put in evidence the need for transparent and detailed documentation 

of hazard models and numerical strategies used in probabilistic hazard studies.  

These actions demonstrate that a rigorous evaluation of results against observations and a detailed 

documentation of model/software hypotheses can help at building trust and confidence in seismic hazard 

estimates.  

 

Tools for earthquake engineering: 

Beyond the improvements listed above SIGMA2 conducted additional developments in the field of 

earthquake engineering. These actions mainly focused on the selection of realistic time histories for structural 

dynamics and on the use of alternative intensity measures, apart from spectral accelerations. 

Selection of hazard-consistent time histories is an important concern in earthquake engineering. It involves 

natural and/or synthetic accelerograms, and the selection/generation process can rely on different algorithms. 

In SIGMA2, Alvarez-Sanchez et al (2022) developed a new approach relying on stochastic simulations, 

which enables to obtain time-histories matching the median and variability of ground-motion intensity 

measures produced by recorded motions, at a low computational cost. This work relied on the method 

formalized by Infantino (2021) for the comparison of natural and synthetic accelerograms. A different 

algorithm, proposed by Bahrampouri and Rodriguez-Marek (2020), obviates the need for ground-motion 

selection by generating directly hazard-compatible ground-motion from a Fourier-amplitude spectrum and a 

ground-motion duration model. 

The development of models and the use of alternative intensity measures for earthquake engineering has been 

explored in the program. Berger et al (2019) realized a demonstration example on the combination of Power 

Spectral Density (PSD) and Random Vibration Theory (RVT) to compute floor response spectra of nuclear 

installations. As the use of RVT requires a model for ground-motion duration, the model developed by 

Bremaud and Traversa (2019) for duration and spectral acceleration based on European and French data will 

be useful for future applications in this area. Fasan (2019, 2020, 2022) focused on the use of macroseismic 

intensity in a seismic risk assessment perspective. After an initial identification of relationships between 

macroseismic intensity and earthquake engineering parameters, he built a database of natural and consistent 

accelerograms in intensity domain. He finally built fragility curves in intensity, to be combined with a SHA 

in macroseismic intensities, so as to provide a complete framework for Seismic Risk Assessment (SRA) in 

intensity-domain, as a way to check margins in today’s widely used Mw and spectral acceleration 

framework.  

 

4. Conclusion 

At the time of the closure of the former SIGMA project, a certain number of scientific topics remained to be 

developed in order to characterize epistemic uncertainties and to improve hazard estimates (see Pecker et al., 

2017, p. 147). These topics constituted the backbone of the SIGMA2 research program, and significant 

progress has been made in the elapsed 5 years, as stated above.  

 

Our understanding of the dynamics of crustal deformation and of the seismic cycle has been improved by 

means of numerical simulations and of the regional analysis of GPS timeseries. The underground mechanical 

properties of the Earth’s crust have been characterized at multiple scales, from the site scale to the regional 

scale (soil dynamic properties, damping/attenuation, seismic velocity). Several developments focused on 

improving the reliability and harmonization of future earthquake catalogues, and on the reduction of 

uncertainties associated with earthquake parameters (magnitude, depth). SIGMA2 actions proposed advanced 

methods for a more efficient and more objective propagation of (epistemic) uncertainties in PSHA, in 

particular for seismicity parameters (based on Bayesian approaches) and location uncertainties, and for 

ground-motion models, involving either ergodic or non-ergodic formulations. Recent improvements of 

numerical approaches for ground-motion simulation, especially at high-frequencies, also raise hope to 

complement the missing parts of ground-motion databases. Key methodological developments for seismic 
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site response characterization now make site response evaluation more accessible and prone to be deployed 

over a larger number of sites worldwide in the future. The program also supported several opportunities to 

implement seismic hazard evaluation approaches against observations (seismicity, precarious rocks, observed 

risk…) on past and most recent hazard maps. Ground-motion models adapted to site conditions (reference 

rock, hard-rock) have been developed for the European and French (low-seismicity) context. And finally, 

tools for earthquake engineering have been developed, particularly concerning the selection of time histories 

and the use of alternative intensity measures.  

As a whole, the SIGMA2 program produced numerous previously missing pieces of that now allow more 

robust and less uncertain site-specific probabilistic seismic hazard studies. In the next years, seismic hazard 

studies over the world will certainly benefit from SIGMA2 contributions, for both high- and low-seismicity 

regions.  

The objective of this presentation is obviously not to present each of these developments in detail, but rather 

to draw general perspectives on what these progresses, in conjunction with recent trends in the international 

community now make conceivable: a more objective, and more site-specific assessment of seismic hazard. 
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Abstract: Iceland is the seismically active region in northern Europe where the strongest 

earthquakes occur on two transform zones, the Tjornes fracture zone in the North, and the 

South Iceland seismic zone (SISZ) and Reykjanes Peninsula oblique rift (RPOR) in the 

Southwest. The SISZ-RPOR is aligned East-West but instead of a long sinistral fault system 

along the plate margin, the plate motion is released by “bookshelf faulting” on an array of 

short dextral and parallel North-South strike-slip faults. The lack of physical models along 

with the incomplete and uncertain earthquake catalogue make any probabilistic seismic 

hazard assessment (PSHA) highly uncertain. Addressing this from first principles, we propose 

a new physics-based three-dimensional bookshelf fault system model, complete with the 

locations, dimensions, maximum magnitudes of individual faults via multiple fault system 

realizations, along with their resulting long-term slip rates and moment rates. The model is 

calibrated to the steady-state relative velocity of transcurrent tectonic plate motions across the 

transform zone and constrained by the geometry and the spatially variable seismogenic 

potential, allowing for both deterministic and random fault locations. The seismicity rates 

predicted by the model effectively explain the observed earthquake catalogues, which 

confirms the validity of the model. The results of this study thus effectively lay the foundation 

for physics-based approaches to time-independent PSHA in Southwest Iceland.  

Keywords: SISZ-RPOR, bookshelf faulting, PSHA, slip rate, physics-based 

1. Introduction

Iceland is the most seismically active country in northern Europe. The strongest earthquakes 

in Iceland occur on two large transform zones, the Tjörnes fracture zone in the North, and 

the South Iceland seismic zone (SISZ) and Reykjanes Peninsula oblique rift (RPOR) in the 

Southwest. The SISZ-RPOR system is aligned East-West and separates the North American 

(moving West) and Eurasian (moving East) tectonic plates. But, instead of a single and very 

long transcurrent fault system in the East-West direction, the earthquakes take place on a 

large number of short North-South oriented right-lateral strike slip faults known as the 

“bookshelf faulting” located side-by-side along the entire SISZ-RPOR (Fig. 1)(Einarsson 

2010; Sigmundsson et al. 2020; Steigerwald et al. 2020). The entire capital region along with 

multiple small towns in the SISZ-RPOR are either in close proximity or on top of this fault 

system, along with all infrastructure and lifelines of our modern society (e.g., pipelines, 

bridges, roads, electric transmission lines etc.). There, the largest earthquakes in Southwest 

Iceland have repeatedly taken place throughout history and caused damage. As a result, the 

earthquake hazard is highest in this region (Einarsson 1991, 2008, 2014). 

Probabilistic seismic hazard assessment (PSHA) is the foundation for structural building 

codes in earthquake resistant design (e.g., Eurocode 8) and the international standard practice 

for seismic risk assessment worldwide. A reliable PSHA, requires the state-of-the-art 
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specification of its three key elements, the (1) earthquake fault locations and sizes, their (2) 

seismic activity  denoted by a magnitude frequency distribution (MFD e.g., the Gutenberg-

Richter relationship), and (3) the ground motion models (GMMs) that describe the earth 

shaking at any given location. However, past PSHA in Iceland (e.g., Tryggvason et al. 1958; 

Solnes et al. 1994; Sigbjörnsson et al. 2008; Delavaud et al. 2012; Sólnes 2016) have been 

based on simplistic statistical analyses of historical earthquake catalogues, that are subject 

to varying types and degrees of uncertainties. Moreover, they relied on either simplistic or 

plain incorrect source descriptions and largely ignored (a) the important complexities that 

the unique “bookshelf faulting” of the SISZ, and (b) that the system is twice as long as 

previously thought, all along the RPOR in addition to the SISZ (Steigerwald et al. 2020, and 

references therein). Furthermore, previous PSHA in Iceland relied on either a single 

theoretical or empirical GMM using local data from the SISZ, regional European empirical 

GMMs, or several GMMs recommended for use in oceanic crustal regions. However, these 

GMMs did not capture the characteristics of Icelandic seismic motions, handled the 

uncertainties in a very limited way, did not account for the complex near-fault effects, and 

finally, did not account for important differences in local geology (i.e., rock, soft soil, lava-

rock) (Kowsari et al. 2019, 2020).  

Fig. 1 – Distribution of instrumental seismicity along the SISZ-RPOR. The circles denote the historical 

significant earthquakes from 1901-2019 (Jónasson et al. 2021) and the black dots are is the revised 

instrumented microearthquake catalogue of 1991-2013 (Panzera et al. 2016). The red North-South lines 

denote the likely locations and fault plane extents of historical earthquakes in the SISZ and shorter red lines 

in the RPOR indicate mapped surface traces of North-South strike-slip earthquakes. 

In this study, therefore, we present results that constitute improvements to the first two key 

PSHA elements, developed from first principles, that combine seamlessly and lay the 

foundation for physics-based approaches to PSHA in Southwest Iceland. They are as 

follows: (1) a new 3D finite-fault model of the entire Southwest Iceland bookshelf transform 

zone, calibrated based on the rate of the tectonic plate motions across the zone and 

constrained by the salient features of fault geometries and seismicity characteristics, as 

revealed through our comprehensive literature research. The model accounts for the 

systematic changes in how large the earthquakes can become along the zone by subdividing 

the SISZ-RPOR into six distinct zones, with the largest maximum earthquakes (∼ 𝑀w7) 

taking place in the Eastern SISZ and the smallest (∼ 𝑀w5.5) in the Western RPOR, 

respectively. The fault system model allows both for deterministic and random fault 

locations, and each fault is completely specified in terms of its maximum expected 

magnitude, its maximum dimensions, and its long-term seismic activity. We test the 

reliability of the model through sensitivity analyses of its key parameters, and the total 

seismic moment rates produced by the fault system model are completely consistent with 

those reported in the literature. (2) the new model allows the derivation of simple but self-
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consistent MFDs. This high spatial resolution allows the modeling of the seismic activity of 

each of the subzones, despite nearly non-existent historical data of larger magnitude 

earthquakes in about half of the zone. Importantly, the long-term total MFD of the entire 

zone effectively explains our historical earthquake catalogue of Southwest Iceland.  

The long-term objective of this comprehensive revision of these key elements for the PSHA 

is better mitigation of the destructive impact of the largest earthquakes in the SISZ-RPOR. 

The new fault system model has multiple practical applications with important implications. 

Most notably, it now enables the first comprehensive time-independent physics-based PSHA 

for the entire SISZ-RPOR e.g., using advanced modeling methods for finite-fault earthquake 

rupture and seismic ground motion simulations. In addition, through the simplified but 

equivalent seismic area source zonation and their corresponding MFDs along with the new 

empirical Bayesian GMMs recently proposed for Iceland (Kowsari et al. 2020), the 

engineering approach to PSHA can also be employed and compared to physics-based PSHA 

as both can be based on the same physical model. 

2. Methodology

Historical annals, earthquake catalogues and past earthquake research in Southwest Iceland 

all indicate that the seismogenic potential along the RPOR and SISZ is spatially and 

systematically variable (for more details, see Bayat et al. 2022). For example, hypocentral 

distributions of small earthquakes are generally at 1-5 km depth in the western RPOR and 

then increase gradually towards the east, culminating at 12-15 km in the easternmost SISZ 

(Stefansson et al. 1993; Panzera et al. 2016). The maximum magnitudes are thus shown to 

also vary across the zone from ∼ 𝑀w5.5 in the westernmost RPOR to ∼ 𝑀w7 in the eastern 

SISZ (Einarsson 1991, 2014; Steigerwald et al. 2020; Bayat et al. 2022, and references 

therein). The characteristics of the spatial variability of the seismogenic potential across the 

SISZ-RPOR appears to allow its rough subdivision into six zones of different maximum 

magnitudes and seismogenic depths, as we indicate in Fig. 2. The RPOR is modelled as the 

Western, Central, and Eastern parts, and the SISZ as the Western and Eastern subregions, 

with the Hengill Triple Junction (HTJ) located in between them. Along the N-S direction, 

we place the zone names approximately on the center of the present-day axis of tectonic 

motion, on the basis of the distribution of past instrumental microseismicity, disregarding 

the sequence in the northern part of HTJ (Panzera et al. 2016), approximate fault locations 

in the SISZ (Roth 2004), and the mapped surface traces in the RPOR (e.g., Hjaltadóttir 2009; 

Einarsson 2010, 2014). The zone names in the RPOR are aligned to be parallel to that central 

axis. This zonation will provide the salient characteristics of, and model differences between, 

the zones in sufficient detail in what follows.  

Sigmundsson et al. (1995) made one of the first attempts to simulate the annual long-term 

slip rates for the bookshelf fault system within the SISZ. They postulated that the build-up 

of shear strain across this zone causes the crustal blocks on each side of a N-S dextral strike-

slip fault to rotate counter-clockwise, thereby accommodating the relative plate motion. In 

their study, they considered the SISZ exclusively and modelled it as a zone of a fixed 

seismogenic potential. In this study, we follow their work but in light of the bookshelf 

faulting being continuous along the entire SISZ-RPOR region, we extend their modeling to 

allow variable seismogenic potential as shown schematically in Fig. 3. 
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Fig. 2 - Southwest Iceland and the seismicity of the SISZ-RPOR transform zone, along with its provisional 

subzonation for modeling the spatial variability of seismogenic potential. The RPOR is modelled as the 

Western, Central, and Eastern parts, and the SISZ as the Western and Eastern subregions. In between, is the 

Hengill Triple Junction (HTJ) zone. The relative sizes of the circles denoting the ICEL-NMAR catalogue and 

population centres indicate their relative magnitude and population differences. 

Fig. 3 - A schematic model of the bookshelf fault system in the SISZ-RPOR. The variable seismogenic 

potential is modelled by subzones of East-West extent 𝑥𝑗  that contain blocks (i.e., the “books”), the interface

between each adjacent ones being the dextral strike-slip fault plane. The “books” are of variable 

“thicknesses” and “height” i.e., the system is characterized by variable inter-fault distances (𝑑𝑖𝑗) and fault

lengths (𝐿𝑖𝑗), modelled to gradually decrease from East to West. Counter-clockwise block-rotation of angle

(𝜑𝑖𝑗) requires a slip (𝑠𝑖𝑗) on the fault thus accommodating the East-West sinistral transcurrent plate motion

(of rate 𝑉) across the zone (see black arrows in Fig. 1) (adapted from Sigmundsson et al. (1995)). 

The primary driver of the transcurrent fault system’s seismic activity is the relative plate 

velocity 𝑉 across the zone. Considering two adjacent blocks of the fault system, each of them 

accommodates the transcurrent motion through a counter-clockwise block rotation of angle 

𝜑𝑖𝑗 that in turn requires a slip 𝑠𝑖𝑗 along the entire length 𝐿𝑖𝑗 of their interface i.e., effectively 

forming the ∼N-S right-lateral strike-slip fault. Given the fault widths as well, the total 

seismic moment for the entire zone can be found by summing up the seismic moment of all 

faults in all zones. The key independent model parameters are (1) the relative plate velocity 

across the zone 𝑉, (2) the length of the bookshelf faults 𝐿𝑖𝑗, the width of the seismogenic 

crust 𝑊𝑖𝑗, and (3) the inter-fault distances 𝑑𝑖𝑗. According to geodetic studies approximately 

85±15% of the total spreading rate (𝑉=1.94 cm/yr) is accommodated by the SISZ (DeMets 

et al. 1990; Sigmundsson et al. 1995; Árnadóttir et al. 2006; Geirsson et al. 2012). To 

simulate fault lengths, we adopt the effective source area scaling law by Mai and Beroza 

(2000) and apply it to the total source area of Icelandic earthquakes. The maximum fault 

lengths are then found by dividing the area with the maximum seismogenic width of each 

zone (see Bayat et al. 2022) (Fig. 3). Due to the lack of a reliable estimates of inter-fault 

distances and the high degree of uncertainty in the location of faults over the long-term, we 

randomize fault locations and thus simulate various realizations of the model under various 

assumptions of the model parameters. 
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3. Results and discussion

By randomizing the key model parameters in ranges of physically realistic values reported 

in the literature, we generate thousands of realizations of the fault system, each represented 

by an array of faults conforming to the zone maximum magnitudes and maximum 

seismogenic depths along the SISZ-RPOR. For each realization we calculate the slip rate of 

each maximum-size fault and investigate the sensitivity of the slip rate estimates to various 

model parameters. For example, Fig. 4 shows the variation of the slip rate estimates plotted 

vs. longitude, showing a systematic and gradual increase from East-to-West. The simulations 

reflect variations in the inter-fault distance 𝑑𝑖𝑗 within a realistic range of the extreme values 

inferred from the literature (e.g., Keiding et al. 2008), as this was the parameter shown to 

contribute the most to the variability in the results. The resulting slip rates are consistent 

with individual estimates found in the literature, but the physical model and the simulations 

allow us to capture the variation of the slip rates, as represented by the percentiles of the 

distribution as well. 

Fig. 4 - Distribution of fault slip rates along the SISZ-RPOR from 1000 realizations generated by randomly 

allowing inter-fault distances to vary within a realistic range (points). The solid red line shows the median 

slip rate, and the dotted blue lines its 16th and 84th percentiles. 

Fig. 5 shows examples of fault system realizations where we model smooth transition 

between zones with the systematic reduction in fault lengths from East-to-West modeling 

the decreasing seismogenic potential. The examples show the effects of using constant vs. 

random inter-fault distances. We note from the outset that no single fault system realization 

should be considered to represent the one true fault system. In other words, the causative 

earthquake faults in the SISZ-RPOR are believed to continuously refracture the crust in the 

region and can take place anywhere. Regardless, each realization of the fault system is 

unique and is completely specified in terms of its locations, strikes, dips, lengths, 

seismogenic depths, magnitudes, the inter-fault distances, and their annual fault slip and 

moment rates. Both examples shown have a slip rate distribution along the zone that falls 

within the 16-84 percentile range shown in Fig. 4. 

We note that the fewer faults a fault system realization has, the higher their respective fault 

slip rates need to be to accommodate the transform plate motion across the zone. Then, the 

converse is true for the dense spatial distribution of faults. For each fault system realization 

(examples shown in Fig. 4), we also calculate the total moment rate of the model which 

provides a relatively confident estimate of the mean and long-term total seismic moment rate 

for the entire region. We are thus confident that the fault system model presented in this 
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study not only captures the salient features of the distributions of bookshelf faults along the 

SISZ-RPOR but also that of their long-term slip and moment rates.  

Fig. 5 – Example realizations of the bookshelf fault system model with North-South red lines indicating the 

surface fault projections of the maximum-size fault planes of near-vertical dextral strike-slip faults. The 

assumption of constant (top, 𝑑=3 km) and random (bottom, 𝑑=1-5 km) inter-fault distances are shown. 

Moreover, this model allows us to infer the key parameters of zone-specific MFDs i.e., the 

a-and b-values of the Gutenberg-Richter relationship for each zone, that results in a zone-

median fault slip rate equivalent to that of the median slip rate in Fig. 4, with their

uncertainties defined by considering the 16th and 84th percentiles of slip rate distributions. In

this way, the long-term seismic activity in terms of a zone-specific MFD can be established,

along with its uncertainty, something that was effectively impossible due to the scarcity of

data in the historical earthquake catalogue, in particular for the RPOR. The result is shown

in Fig. 6 where the zone-specific MFDs are shown as dotted lines, and their cumulative MFD

as the black solid line, with the grey shaded region representing the minimum extent of the

uncertainty in the MFDs resulting from the 16-84 percentile range of slip rates. For

comparison, three different earthquake catalogues for Southwest Iceland are shown. These

are from Ambraseys and Sigbjörnsson (2000) covering 20th century earthquakes, the

European Seismic Hazard Model (ESHM13, Woessner et al. (2015)) covering significant

earthquakes since 1700) and the latest revision of instrumentally recorded earthquakes, the

ICEL-NMAR (Jónasson et al. 2021) from 1901 to 2019. Since the finite-fault bookshelf fault

system model for the SISZ-RPOR presented in this study was derived from first principles

without considering the earthquake catalogues, we see that the seismicity that the physics-

based model predicts effectively explains the earthquake catalogues for the transform zone

of Southwest Iceland (Bayat et al. 2022).

4. Conclusions

Geohazards, volcanic and seismic activity, are pronounced in Iceland due to its location on 

the Mid-Atlantic Ridge. The strongest earthquakes in Iceland occur primarily in two 

transform zones, the South Iceland seismic zone (SISZ) and Reykjanes Peninsula oblique 

rift (RPOR) in the South and the Tjornes fracture zone (TFZ) in the North. Modeling of GPS 

data demonstrates that, rather than a sinistral transform fault system parallel to the direction 

of plate spreading, a large number of N–S, near-vertical, dextral strike-slip faults, known as 
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a “bookshelf fault system”, accommodate the transform motion in the SISZ-RPOR. In this 

study, these faults are thoroughly simulated in terms of their locations, dimensions, strikes, 

and dips, as well as their annual fault slip and moment rates using an extension of the 

geodetic approach across the region. The 3D finite-fault models proposed in this study are 

based on the fundamental principles and produce geometrically the moment rate similar to 

those calculated from the historical earthquake catalogues. This work has thus resulted in 

the most physically consistent, complex yet parsimonious models of the bookshelf fault 

system to date that promises to provide a solid fundamental basis for a state-of-the-art 

physics-based time-independent PSHA in Southwest Iceland. 

Fig. 6 - The Gutenberg-Richter relationship (GRs) of the six subzones shown by dotted lines along with their 

total MFD (solid black line) for the entire zone, with the shaded region representing its uncertainty. For 

comparison the GRs based on various earthquake catalogues are shown as coloured circles: Ambraseys and 

Sigbjörnsson (2000), the European Seismic Hazard Model (ESHM13, Woessner et al. (2015)) and the latest 

revision ICEL-NMAR (Jónasson et al. 2021).  
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Abstract: The earthquake hazard in Iceland is highest in its two transform zones, the South 
Iceland Seismic Zone in the South and the Tjörnes Fracture Zone in the North and the reliable 
probabilistic seismic hazard assessment (PSHA) is the prerequisite for the codified aseismic 
design of structures and mitigation of seismic risk. The three fundamental aspects of a reliable 
PSHA, the proper specification of the seismic sources, in particular in the transform zones, 
their activity rates, and the use of acceptable forms of ground motion models that characterize 
the rapid attenuation of Icelandic strong-motion, need to be based on the latest state-of-the-
art information and methods. In this study, we present a new and provisional subdivision of 
Iceland into seismic area-source zones on the basis of new physics-based fault system models 
as well as parameter set for each zone based on new revised and harmonised earthquake 
catalogue for Iceland. The zonation is guided by the systematic spatial distribution of the 
predominant types of earthquake faulting mechanisms in Iceland, consistent with the volcanic 
and transform zones in the country. Moreover, the new physics-based estimates of activity 
rates in the transform zones effectively explain the historical seismicity and allow the 
specification of subzone activity rates. On the basis of this new zonation finite-fault 
earthquake catalogues can be simulated for long-time intervals that are consistent with the 
time-independent estimates of seismicity. The provisional seismic zonation model can 
therefore both serve as the basis for the revision of the PSHA of Iceland using conventional 
engineering approaches and lays the foundation for physics-based earthquake rupture 
simulation approaches to the time-independent PSHA. For the time being however, this 
provisional model has been provided to the harmonized efforts of PSHA in Europe 
(ESHM20). 

Keywords: Iceland, zonation, SISZ, RPOR, TFZ, PSHA 

1. Introduction

Iceland is the most seismically active country in northern Europe as it is located on the Mid-
Atlantic Ridge where the extensional tectonic margin interacts with the Icelandic Hot-spot. 
As a result, an eastward ridge-jump in Iceland has generated two transform zones, the South 
Iceland Seismic Zone (SISZ) and Reykjanes Peninsula Oblique Rift (RPOR) in the South 
and the Tjörnes Fracture Zone (TFZ) in the northern part of the country. These transform 
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zones have the greatest capacity for the occurrence of destructive earthquakes in the country 
(Einarsson 2014; Jónasson et al. 2021) (see Fig. 1). To reduce the risk of earthquakes, 
probabilistic seismic hazard analysis (PSHA) can be used to incorporate ground motions and 
occurrence frequencies for all possible earthquake scenarios in a given region over a 
specified time interval. In order to develop controlling scenarios, the current PSHA generally 
focuses on the delineation of seismic sources, the definition of seismicity parameters, 
selection of ground motion models (GMMs), development of the hazard curves and finally 
disaggregation of the hazard. However, sensitivity and uncertainty analyses of PSHA have 
shown that GMMs and seismicity parameters are the most influential inputs and thus have 
the most significant effects on the PSHA results (Cramer 2001; Sabetta et al. 2005; Kowsari 
et al. 2018).  

Fig. 1- Topography and bathymetry map of Iceland along with the two principal transform zones 
(rectangles): the South Iceland Seismic Zone (SISZ), and the Reykjanes Peninsula Oblique Rift (RPOR) in 
Southwest Iceland and the Tjörnes Fracture Zone (TFZ) in Northern Iceland. The complete instrumented 
catalogues over different periods are shown as black dots, while the circles denote the revised earthquake 
catalogue of Iceland, the ICEL-NMAR (Jónasson et al. 2021). The gray shaded polygons indicate distinct 

volcanic systems and acronyms denote specific volcanic zones (see text). The arrows indicate the 
approximate vectors of active tectonic extension of the Mid-Atlantic Ridge (MAR). 

In Iceland, while the duration of the entire catalogue of reported destructive earthquakes is 
fairly long, about 1000 years, it is inescapably riddled with uncertainties particularly in the 
size, location and time and to varying degrees, all of which has not been formally accounted 
for in conventional hazard assessment (e.g., Solnes et al. 2002, 2004). The adverse effects 
of such uncertainties on the seismic hazard results are expected to be greater for North 
Iceland where most strong earthquakes occur off-shore and thus many may not have been 
reported in the historical annals (Thorgeirsson 2012). Partially addressing the uncertainty 
issue, previous PSHA studies in Iceland have employed a Monte Carlo simulation to 
generate and extend the earthquake catalogue on the basis of simplifying assumptions 
(Sigbjörnsson et al. 1995; Solnes et al. 2002, 2004; Sigbjörnsson and Snæbjörnsson 2007; 
Snaebjornsson and Sigbjornsson 2007, 2008). However, these approaches were based on a 
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statistical analysis of the available earthquake catalogue that admittedly are sparse and 
incomplete, in particular at larger magnitudes. The seismicity parameters including the 
Gutenberg–Richter (G–R) relationship parameters, and the minimum and maximum 
earthquake magnitudes, can be established by studying the spatial and temporal distribution 
of the seismicity, as well as the frequency of occurrence of the earthquake magnitudes 
through an earthquake catalogue. Accordingly, the size, time and location of earthquakes 
which are collected to form an earthquake catalogue, generally are associated with different 
sources and levels of uncertainties. In addition to these uncertainties, the spatial and temporal 
heterogeneity of the seismicity add more complexity to the earthquake catalogue (Kagan 
2003).  
The above activity rates have been calculated for seismic area source zones that cover the 
spatial distribution of the historical and instrumented earthquake catalogues in question. 
However, the spatial discrepancies in the sparsity of earthquake occurrences in these area 
source zones make difficult the subdivision of e.g., the Southwest Iceland seismic zone to 
capture the apparent variation in maximum earthquake magnitudes in the region. The new 
fault system model of the bookshelf strike-slip fault system of the SISZ and the RPOR 
proposed by Bayat et al. (2022) has the potential of addressing both of the abovementioned 
shortcomings. Namely, they have calibrated a three-dimensional earthquake fault system 
model for the main seismogenic zone in Southwest Iceland, the transform fault systems of 
the SISZ-RPOR. The model has been developed for the purpose of enabling a consistent 
time-independent physics-based approach to PSHA that is free from the shortcomings of an 
incomplete earthquake catalogue. Approaching the problem from a physical standpoint, the 
models are constrained by the steady-state velocity of the tectonic extension associated with 
plate spreading in the region and are consistent with the fault tectonics and seismicity 
distribution of the region (Hreinsdóttir et al. 2001; Stefansson et al. 2008; Einarsson 2014; 
Panzera et al. 2016; Steigerwald et al. 2018). The fault models are thus fully specified in 
terms of fault locations, dimensions, strike and dip along with estimates of annual fault slip 
and moment rates on each finite-fault. They show that the estimated cumulative moment rate 
release of the fault system matches that estimated from the earthquake catalogue for the last 
300 years. In this study, therefore, we take advantage of the new 3D fault system model and 
propose a new approximate seismic area-source zonation, guided by the systematic spatial 
distribution of the predominant types of earthquake faulting mechanisms in Iceland. We also 
take advantage of the new revised catalogue of instrumentally recorded earthquakes, the 
ICEL-NMAR, that covers the time period from 1901 to 2019 (Jónasson et al. 2021), from 
which we derive seismicity parameters for large sub-zones of the volcanic zones of Iceland. 
Combining the extent and activity rates of the physics-based fault system models for the 
SISZ-RPOR and TFZ, respectively, with the rough zonation of the volcano tectonic 
earthquakes in the volcanic zones of Iceland, we present a provisional and hybrid area source 
zonation model for Iceland that can be used in future PSHA studies in Iceland, and has been 
applied in the recent ESHM20 efforts (Danciu et al. 2021). 

2. The transform zones zones of Iceland

The eastward ridge-jump of the Mid-Atlantic plate boundary over to the location of the 
Icelandic Hot spot in East-Central Iceland while the rest of the ridge has migrated gradually 
towards Westnorthwest, has led to the formation of two major transform zones in the 
country, the SISZ-RPOR zone in Southwest Iceland, and the Tjörnes Fracture Zone in North 
Iceland (Einarsson 2014). The Western Volcanic Zone (WVZ) is the continuation of the 
Reykjanes Ridge that comes onshore and connects to the RPOR while the Easter Volcanic 
Zone (EVZ) is the shifted eastward rift zone that extends to the north as the Northern 
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Volcanic Zone. Between these two volcanic zones, a small block fragment is formed with 
no volcanic or seismic activity. Instead, the seismicity seems to concentrate on the south 
edge of this block in the SISZ transform zone (Sigmundsson et al. 1995; Einarsson 2014; 
Einarsson et al. 2020). The SISZ is an E-W left-lateral transform zone with an approximately 
80 km long, that is located at an intersection of three main rift zones of the EVZ, the WVZ, 
and the RPOR (Stefánsson et al. 2006; Decriem and Árnadóttir 2012; Einarsson 2014). The 
SISZ is migrating southwards due to a southwestward propagation of the EVZ with an 
average rate of about 3-5 cm/year (Decriem and Árnadóttir 2012; Einarsson 2014) that has 
been also confirmed by the modelling of the GPS measurements (e.g., Sigmundsson et al. 
1995; Lafemina et al. 2005). This leads to the continuous counter clockwise rotation of 
blocks between numerous N-S “bookshelf faults” and creates a large number of right-lateral 
strike-slip structures (Sigmundsson et al. 1995; Einarsson 2010, 2014) rotating with an 
average slip rate of about 0.05-0.5 cm/yr (Sigmundsson et al. 1995, 2020). On the other hand, 
Normal faults which have been in most cases created by the volcanic processes, e.g., inflation 
and deflation of magma bodies, thermal cracking, rifting and heat mining (Pálmason 1981), 
take up the divergent component in the SISZ (Sigmundsson 2006; Einarsson 2014, 2015). 
They all are concentrated on the volcanic zones and fissure swarms and are mostly aseismic 
except during rifting and magmatism. It is noteworthy here that the normal faulting 
earthquakes occur quite frequently but rarely exceed M5.5, and thus are insignificant relative 
to the more dominant strike-slip faulting that host tectonic earthquake as large as M7 
(Einarsson 2014). Fig. 2 shows the main characteristics of the SISZ-RPOR transform zone, 
indicating six subzones of different seismogenic potentials (Bayat et al. 2022). 
The TFZ in North Iceland is a broad and complex region with a history of damaging 
earthquakes such as 𝑀s 7 on 11 September 1755, 𝑀s 6.5 on 12 June 1838, 𝑀s 6.5 on 18 
April 1872 and 𝑀s 6.3 on 25 January 1885 (Stefansson et al. 2008) (Fig. 2). The TFZ 
connects two divergent segments of the Mid-Atlantic plate boundary, i.e., the southern end 
of the Kolbeinsey Ridge and the Northern Volcanic Zone (NVZ). Thus, the TFZ 
accommodates ~2 cm/yr of transform motion between the NVZ and the Kolbeinsey Ridge. 
At present, the deformation measurements show that the Grímsey Lineament (GL) and 
Grímsey Oblique Rift (GOR) is responsible for about 2/3 of the tectonic deformation across 
the zone while the Húsavík-Flatey Fault Zone (HFFZ) accounts for the remaining (Metzger 
and Jónsson 2014). The GOR is composed of several active volcanic systems with N-S 
trending fissure swarms (Hjartardóttir et al. 2012). The large earthquakes on the GOR often 
occurs on transverse faults mostly caused by strike slip faulting (Rögnvaldsson et al. 1998). 
Moreover, the temporal behaviour of the seismicity indicates that the GOR has high levels 
of background seismicity resulting in seismic swarms every few years. The HFFZ that is 
located about 40 km south of the GOR is the largest strike slip fault system in Iceland. The 
HFF is a ∼100-km-long right-lateral transform fault that has been active since 7–9 Myr. 
From ~20 years of GPS data, present-day deformation shows that 6-9 mm/yr of right-lateral 
strike-slip motion is focused on the HFFZ (Metzger and Jónsson 2014). The instrumental 
seismicity along the HFFZ indicates an uneven spatial distribution with the western third of 
the fault much more active than the eastern part (Passarelli et al. 2018). The low seismicity 
rate of the eastern part of the HFFZ is due to stress-shadowing caused by the Krafla rifting 
episode in 1975-1984 (Maccaferri et al. 2013). Fig. 2 shows the subdivision of the Tjörnes 
Fracture Zone (TFZ), as modified from Abril (2018) (Halldorsson et al. 2022). 
Finally, the seismicity that falls outside these transform zones is primarily characterized by 
volcano tectonic earthquakes in the volcanic zones where active tectonic extension drives 
the seismicity and, admittedly rare but episodic, volcanic activity (Sæmundsson 1974; 
Gudmundsson et al. 2008; Einarsson 2014; Sæmundsson et al. 2020).  
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Fig. 2- The subzones of the South Iceland Seismic Zone and the Reykjanes Peninsula Oblique Rift (top) and 
Tjörnes Fracture Zone (bottom). The circles on top denote the significant earthquakes from 1901-2019 

(ICEL-NMAR) (Jónasson et al. 2021) and the black dots denote the revised instrumented microearthquake 
catalogue of 1991-2013 (Panzera et al. 2016) in the SISZ and RPOR. At bottom, the relocated 

microearthquakes from 1991-2013 in the TFZ (Abril and Gudmundsson 2018) are shown as black dots, with 
significant earthquake locations marked as stars (Einarsson 2014). 

3. Results and discussion

The first step in PSHA is the identification of seismic sources and source regions. The 
seismic source models are defined to account for distinct differences in the earthquake 
recurrence rate, define completeness magnitude (Mc), maximum earthquake magnitude and 
expected future earthquake characteristics (e.g., depth distribution, style of faulting and 
rupture orientation). Therefore, for the purpose of a reliable PSHA, seismic source models 
that are consistent with the geology and seismicity of the target region and appropriately 
describe the seismicity parameters are needed.  
We present a new, but provisional, and more detailed subdivision of Iceland into seismic 
area-source zones for the purpose of PSHA in Iceland. The model is based on 1) a new 
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approximate seismic area-source zonation, guided by the systematic spatial distribution of 
the predominant types of earthquake faulting mechanisms in Iceland, consistent with the 
volcanic and transform zones in the country; 2) information found in the literature (e.g., 
surface fault mappings) and complete earthquake catalogues for the two transform zones 
(Panzera et al. 2016; Abril et al. 2021b) and the most recent and complete ICEL-NMAR 
earthquake catalogue (Jónasson et al. 2021); 3) activity rates for subzones of the two major 
transform zones in the country based on new 3D finite-fault models of the zones. Therefore, 
the earthquake source regions in Iceland (i.e., TFZ and SISZ-RPOR) that are associated with 
the highest earthquake hazard in the country have been subdivided to quantify their spatially 
varying seismic potential. In other words, they are divided into multiple subzones on the 
basis of types and spatial distribution of predominant earthquake faulting mechanisms, 
location of the present-day center axis of plate divergence across the country, and locations 
of volcanic systems.  
It is worth noting that only geophysical information was considered in their development 
and their moment rate is controlled by the rate of tectonic plate spreading across the 
transform zones, the orientations and extents of known existing faults (accounting also for 
potential unknown faults) thus taking into account the internal differences between 
subregions of the zones themselves. For the TFZ, fault zone geometries are constrained by 
relocated seismicity, revealing and confirming suspected fault patterns. For the SISZ-RPOR, 
the seismic zones are constrained by historical fault locations, deformation studies and 
earthquake catalogues and bookshelf tectonics. These models have been calibrated against 
the steady state relative velocity of plate extension in Iceland. They are found to produce 
total moment rates that are fully consistent with the historical catalogues in each zone, 
respectively. Moreover, they allow for the specification of seismic activity for subzones of 
the SISZ-RPOR on one hand, and the TFZ on the other, which is not captured by the 
historical or instrumental catalogues but is fully consistent with the physical constraints of 
the tectonic system, such as fault locations, fault lengths, maximum seismogenic depths, etc. 
found in the literature.  
Furthermore, we expand the zonation not only for the TFZ and SISZ-RPOR but also for 
whole country that is shown in Fig. 3. In the proposed seismic area-source model, individual 
faults are not modelled, but instead the seismogenic sources as equivalent seismic area-
sources are modelled and presented. This is due to the different types of seismogenic 
structures in Iceland, their varying levels of complexity and spatial extents, relative 
differences in the completeness of available fault-plane and slip-rate information, and the 
aleatory nature of faulting in a complex volcano tectonic environment. This way we are able 
to provide an efficient and optimal model by capturing the salient characteristics of, and 
differences between, the zones in sufficient detail for the purposes of a nationwide PSHA. 
Due to the details in the physical modeling of the fault systems, we can develop simple and 
equivalent Gutenberg-Richter models for the subregions of the transform zones, something 
that the limited earthquake catalogues cannot produce, and in turn allows a more accurate 
approach to standard-practice PSHA. Moreover, the magnitude-frequency relationships 
(MFR) for most of the proposed seismic area-source zones can be derived from the ICEL-
NMAR catalogue. Table 1 presents the parameters of the MFRs for the seismic area-source 
zones proposed for Icelandic for the purpose of PSHA. From this Table, we conclude that 
the Hreppar microplate is confined by zones 4, 5, 10, 13 and 11 and is assumed close to 
being aseismic, similar to zones 12 and 13 (zones 12 and 13 are remnants of past volcanic 
zones). The background zone 17 is assumed to cover most of the Icelandic oceanic shelf. Its 
activity is based on intraplate earthquakes of the ICEL-NMAR. Zone 14, the Central Eastern 
Volcanic Zone, is approximately the location of the center of the Icelandic Hot Spot, and is 
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the most seismically active region in Iceland, characterized by seismicity associated with 
volcanic and rifting episodes. Due to symmetry of the eastward jump of the Mid-Atlantic 
Ridge as it traverses Iceland, forming the two transform zones, the total activity of the two 
transform zones is approximately equivalent. Zones 9 and 16, the parts of the Mid-Atlantic 
Ridge not affected by the Icelandic Hot Spot, are shown as finite-size areas confined by their 
respective polygons. Their activity was estimated based on the ICEL-NMAR seismicity the 
epicenters of which were inside, or close proximity to, the area of the polygons. Thus, the 
zone activity per unit area (not shown in the table) should be indicative of the activity of the 
Mid-Atlantic Ridge south and north of Iceland. 

Fig. 3- Iceland and the proposed area earthquake source zones for use in PSHA, drawn on the basis of 
geological, seismotectonic and volcanic information available in the literature, and finite-fault modelling of 

the two transform zones in Iceland (0-5 i.e., the SISZ-RPOR, and 6,8, the TFZ and Dalvík Zone). 

4. Conclusions

The largest earthquakes in Iceland occur in two transform zones, the SISZ-RPOR in the 
south and the TFZ in the North. The input parameters required to conduct probabilistic 
seismic hazard analysis can be estimated by studying the spatial and temporal distribution 
of the seismicity, as well as the frequency of occurrence of the earthquake magnitudes. 
Notable spatial and temporal variations of seismicity parameters have been observed in most 
earthquake catalogues which have made the modelling of the spatiotemporal distribution of 
earthquakes a paramount issue in any seismic hazard study. In spite of that however, the 
uncertainties in size and location of the earthquakes still hamper such analyses for Iceland. 
This study uses a new 3D fault system model of the SISZ-RPOR that is calibrated to the 
steady-state relative velocity of plate extension in Southwest Iceland and constrained by fault 
maximum extents and their random locations in the region. Then, a new, detailed subdivision 
of Iceland into seismic area-source zones is proposed guided by the systematic spatial 
distribution of the predominant types of earthquake faulting mechanisms in Iceland, 
consistent with the volcanic and transform zones in the country and complete earthquake 
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catalogues for the two transform zones. The results of this study can be expanded to allow 
simulating a catalogue of earthquake magnitudes for a long-time interval with random 
locations in the region that is completely consistent with the average activity predicted by 
the 3D fault system (Kowsari et al. 2022). Such synthetic earthquake catalogue of finite-size 
earthquake fault planes in 3D facilitates a) the conventional engineering approach to PSHA 
using empirical ground motion models, such as the new suite of hybrid Bayesian models for 
“rock” sites in Iceland (Kowsari et al. 2020) and in particular the new hybrid Bayesian 
empirical ground motion model that quantitatively accounts for site effects on four key 
geological units in Iceland (Rahpeyma et al. 2022a, b). Then, b) a physics-based seismic 
hazard assessment using either dynamic or kinematic earthquake rupture models and the 
corresponding ground motion simulation approaches, in particular for low-frequency and 
near-fault ground motion simulations. Combining the two will produce a hybrid physics-
based PSHA over the entire frequency range of engineering interest. For the time being 
however, this provisional model has been provided to the harmonized efforts of PSHA in 
Europe (ESHM20) to improve upon past European estimates of PSHA in Iceland. 

Table 1. Parameters of the magnitude-frequency relationships for the proposed seismic area-source zones. 

Zone ID a-value a-annual b-value Mc Mmax 
RPOR-West 0 4.54 2.54 0.73 4.0 5.5 

RPOR-Central 1 4.39 2.39 0.73 4.0 6.0 
RPOR-East 2 4.43 2.43 0.75 4.0 6.5 

HTJ 3 4.40 2.40 0.73 4.0 6.5 
SISZ-West 4 3.66 1.66 0.59 4.0 6.7 
SISZ-East 5 3.50 1.50 0.54 4.0 7.0 

Dalvík Zone 6 4.87 2.81 0.73 4.7 6.9 
Eyjafjarðaráll 7 7.03 4.97 1.29 4.5 5.4 

Tjörnes Fracture Zone 8 5.46 3.41 0.78 4.3 7.1 
Reykjanes Ridge 9 9.09 7.03 1.50 4.9 5.8 
Southern EVZ 10 6.62 4.78 1.20 4.3 5.3 

Western Volcanic Zone 11 7.01 4.95 1.25 4.5 5.7 
Snaefellsnes 12 4.10 1.20 4.5 5.5 
Hofsjokull 13 4.30 1.20 4.5 5.5 

Central EVZ 14 8.35 6.29 1.32 4.3 5.8 
Northern EVZ 15 10.59 8.54 1.85 4.9 5.7 

Kolbeinsey Ridge 16 8.48 6.42 1.48 4.4 5.8 
Background Plateau 17 2.87 1.00 4.5 5.5 
Hreppar microplate 4.10 1.20 4.5 5.5 
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Abstract: The latest studies about seismic risk in Italy were developed without considering 

site amplification effects, thus limiting the assessment to the rock soil type that might lead to 

unconservative results in the estimated losses. In this work, we have considered site effects 

based on recent Italian seismic microzonation data. The amplification factors have been 

assigned to the chief town of the Italian municipalities, assuming that the building stock is 

concentrated in that small area. The introduction of the geo-lithological amplification brings 

to an average increase of 76% in the hazard and of about 100 to 300% in the expected 

losses. A comparison with the data from historical surveys of Italian earthquakes shows that 

the estimated losses result overpredicted when the site amplification is included. This is 

mainly due to the adopted fragility curves, still based on outdated shakemaps not accounting 

correctly for site effects. To support the implementation of prevention policies a seismic risk 

index is proposed, bringing to a municipality ranking and a cost estimation for the seismic 

retrofitting of residential buildings. 

Keywords: Seismic risk, geo-lithological effects, site amplification factor, vulnerability 

classes, fragility curves, loss assessment, risk index. 

1. Introduction

The major issue in seismic risk reduction in Italy does not concern the design and 

construction of new buildings, for which the compliance with the seismic code (NTC, 

2018) guarantees an adequate safety level. The main problem is rather the high 

vulnerability of existing buildings that may be reduced with appropriate and well-known 

techniques, such as retrofitting. Considering the very large amount of funds required to 

strengthen/retrofit the whole Italian built heritage, it is essential to establish a priority order 

of intervention through a well-grounded and reliable seismic risk assessment. A full review 

of the seismic risk maps developed in Italy until 2009 is given by Crowley et al. (2009) 

where several studies are compared: the risk maps from the Italian Seismic Service 

(Lucantoni et al. 2001) based on updated seismic hazard studies (Albarello et al. 2000), 

damage probability matrices (Di Pasquale et al. 2000) and fragility curves (Sabetta et al. 

1998); the SAVE project (Zuccaro 2004), providing risk and social/economic loss maps of 

the residential building stock; the risk maps produced with new analytical vulnerability 

models as SPBELA (Borzi et al. 2008). The last complete study concerning seismic risk 

assessment of residential buildings in Italy is provided by Dolce et al. (2020). Starting from 

that study, the aim of this paper is to improve the risk assessment, introducing the 

epistemic uncertainty in the hazard and the results of the amplification due to geo-

lithological site conditions according to seismic micro-zonation studies. 
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2. Methodology

Seismic risk is a probabilistic measure of the damage expected in a given time interval, in a 

region of interest and is represented by the convolution of hazard, vulnerability, and 

exposure. The mean annual rate λk of reaching the damage state Dk may be expressed as: 

(1) 

where P(Dk|im) is given by the fragility curve and represents the probability that buildings 

belonging to a given vulnerability class will reach damage states greater or equal to Dk 

when subjected to an earthquake with ground motion intensity im (in our case Peak Ground 

Acceleration, PGA); λIM is given by the hazard curve and represents the mean annual 

frequency of exceedance of the ground motion intensity im. The calculation should be 

repeated for each vulnerability class of the building inventory and the results should be 

summed considering the proportion of each class in the considered asset. The λk can be 

used to compute the probability pk of attaining the damage state Dk in t years assuming that 

the occurrence of earthquakes follows a Poisson process: 

(2) 

When the mean annual probability of reaching the different damage levels for all the 

buildings classes is calculated, it can be turned into consequence evaluations in terms of 

economic, human, and social losses.  

2.1. Hazard and site effects 

A substantial improvement in the evaluation of the geo-lithological site amplification 

effects in Italy has been given by the recent works of Mori et al. (2020) and Falcone et al. 

(2021). The first work, following the methodology suggested by Iwahashi et al. (2018), has 

derived a VS30 map for Italy starting from the geomorphological classes and integrating a 

large amount of data from the Italian seismic microzonation dataset (DPC, 2018; 

www.webms.it). The differences with the previous VS30 map (Michelini et al., 2008) used 

so far for the implementation of the shakemaps adopted by the Italian engineering 

community for the evaluation of fragility curves, are substantial. In particular, in the map 

of Michelini et al. most of the territory is classified as having a VS30 greater or equal to 800 

m/s whereas in the new map less than 3% of the territory has a VS30 greater than 760 m/s 

and about 50% is in the range 360-480 m/s. In the successive study (Falcone et al. 2021) 

the geo-lithological amplification factors were estimated based on site-specific data using a 

one-dimensional numerical approach for the seismic site response.  

The distribution of the Amplification Factor (AF) of the PGA corresponding to a 10% 

exceeding probability in 50 years is shown in Fig. 1 under the basic assumption that the 

building stock is concentrated in the chief town of each municipality. Only 16 

municipalities, that is 0.19% of the total, have an AF slightly lower than 1 corresponding to 

a rock soil type. The PGA amplification factor ranges therefore from 1 to 2.2, with the 

highest values in the north-west and the lowest in the east of the Po Plain and Puglia 

region. 
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Fig. 1- Map of the PGA Amplification Factors assigned to the chief town of each of 7715 Italian 

municipalities. 

Concerning the hazard, we selected the probabilistic hazard map known as MPS04 

(Stucchi et al. 2004, 2011) currently used in the national building code (NTC 2018), where 

the PGA values are assigned to the chief town of each of the 7,715 Italian municipalities 

(Fig. 2a). It is worth noting that Sardinia, in this and following maps, is not included 

because of the negligible value of seismic hazard (Stucchi et al., 2004). When introducing 

the geo-lithological site amplification (Fig. 2b), an average increase of the PGA over the 

national territory of about 76% is obtained, with the maximum PGA increasing from 0.28 g 

(municipality of Ferla in east Sicily) to 0.47 g (municipality of Scigliano in Calabria).  

 

 
Fig. 2 - a) Italian seismic hazard map MPS04 (rock type of soil) with PGA values assigned to the chief town 

of 7,715 municipalities, excluding Sardinia. b) Effect of the introduction of the geo-lithological site 

amplification factors AF according to Falcone et al. (2021). 
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2.2. Exposure: building inventory and vulnerability classes 

For evaluating the exposure, we refer to the building and population census dataset (ISTAT 

2011) providing information on construction age, building material and number of storeys. 

The residential buildings reported in the database were divided into 12 vulnerability 

classes, three for masonry (A, B, C1) further subdivided in two height classes, and two for 

reinforced concrete (C2, D) further subdivided in three height classes, using the 

classification criteria reported in Rosti et al. (2020a and 2020b). Regarding the masonry, 

the breakdown into classes is based on the building age and number of floors (L=1-2 floors 

and MH=3-4 or more floors). The reinforced concrete has been divided in two classes 

assuming the year 1981 as a turning point in the application of the Italian seismic 

legislation (C2 buildings designed before 1981; D buildings designed after 1981). Each 

class has been further refined based on the height of the building (L=1-2 floors; M=3 

floors, H=4 or more floors). Classes A, B, C1 correspond to masonry of bad, average, and 

good quality respectively. Classes C2, D correspond to RC building designed without or 

with seismic regulation, respectively. Given that the population exposure is relevant and 

considering that the ISTAT census database distinguishes between inhabited and non-

inhabited dwellings (based on permanent residence data), the previously defined class 

breakdown has been applied to the dwellings belonging to each building. Fig. 3 shows the 

distribution of the residential dwellings in the vulnerability classes, regardless of the 

building height. The percentage of residential masonry dwellings in Italy is 47% and that 

of concrete dwellings 53%. 

Fig. 3 - Distribution of the Italian residential dwellings in the vulnerability classes (A, B, C1 masonry; C2, D 

reinforced concrete). 

2.3. Fragility curves 

In our study we adopted the fragility curves of Rosti et al. (2020a, 2020b). These two 

works propose an empirical model of fragility obtained by statistically processing the 

damage data of Irpinia 1980 and L'Aquila 2009 earthquakes which were selected for the 

availability of complete post-earthquake field surveys, including the undamaged buildings, 

and for the lack of significant aftershocks avoiding the problem of the cumulated damage. 

Furthermore, the cited works adopt empirical models that are more suitable for masonry 

buildings representing the majority in Italy. The shortcoming is that the fragility curves are 

still based on the shakemaps of Michelini et al. (2008). A comparison with the site AFs 

used in this work with those of Michelini 2008, reveals that the latter are strongly 

underestimated. This leads to an underestimation of the PGA and overestimation of the 

damage probability. Fig. 4 shows the fragility curves for the vulnerability classes 

previously described, in case of masonry MH (3-4 or more floors) and concrete M (3 

3752 3ECEES, September 2022, Bucharest, Romania



floors). It is worth noting that the increase in damage probability is 2-3 times higher than 

the corresponding increase in PGA. 

 

 
Fig. 4. - Fragility curves from Rosti et al. (2020a, 2020b) for 3 classes of masonry and 2 of concrete in case 

of medium height buildings. The vertical axis reports the exceedance probability of the corresponding DS. 

3. Results 

The risk calculation has been performed for each of the 7,715 Italian towns (excluding 

Sardinia) according to equations (1) and (2) and considering the distribution of the 

dwellings in the different vulnerability classes described in section 2.2. Fig. 5 shows the 

unconditional risk in a time frame of one year corresponding to the average expected 

probability of damage states DS1 and DS5 including the site amplification. The risk of 

collapse DS5, besides having lower values respect to DS1 as expected, is more 

concentrated in central Italy where the building vulnerability is higher.  

 

 

Fig. 5 - Unconditional risk in a time frame of one year including site amplification: a) average expected 

probability of damage state DS1; b) probability of damage state DS5 (collapse). 
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The risk assessment in terms of expected losses (unusable dwellings, homeless, casualties, 

direct economic losses) is aimed at enforcing response and mitigation strategies. The 

approach adopted for the estimation of unusable dwellings, derives from risk assessment 

methods previously carried out in Italy (Lucantoni et al. 2001; Zuccaro and Cacace 2011) 

and further developed by Dolce et al (2020). For the unusable dwellings assessment, we 

adopted the formulation given by Dolce for the long-term unavailability (0.6·DS3+DS4) 

which gives lower and closer values to the data surveyed on field. Fig. 6 shows the 

expected percentage of the unusable dwellings of each municipality in a time frame of one 

year. If the site amplification is not included, the maximum values are 0.25-0.5%. When 

site effects are considered, the percentage of unusable dwellings, in some towns of Central- 

Italy, reaches 1.6% per year. 

Fig. 6 - Percentage of the unusable dwellings expected in a time frame of one year in each municipality: a) 

without site effects; b) with site effects. 

In our study, based on previous risk assessments (Lucantoni et al. 2001, Dolce et al. 2020) 

it is assumed that the ratio of injured and victims with respect to occupant number is 

determined only by damage states DS4 and DS5 (victims 0.01·DS4 + 0.10·DS5; injured 

0.05·DS4 + 0.30·DS5). The number of homeless is derived from the resident people in the 

unusable dwellings also considering the people not counted as victims (99% DS4, 90% 

DS5). Table 1 reports the expected losses, in a time frame of one year, obtained averaging 

or summing the values relative to the single municipalities. If the site amplification is not 

included, the estimated losses are comparable with those estimated in Dolce et al. (2020). 

If the site effects are included, the losses are largely overestimated, with respect to both, 

previous studies and actual values surveyed in the field, as will be discussed later. It is 

worth noting that the increase in damage estimation, going from 102% for DS1 to 277% 

for DS5, is much larger than the average increase in PGA due to site effects (76%). This is 

due to the fragility curves using a seismic input (shakemaps) where the site geo-

lithological amplification is underestimated and underlines the need of a re-evaluation of 

fragility curves with the new site amplification factors. 

An important element for the assessment of the reliability of the loss estimates is the 

comparison with the real values obtained by surveys after Italian earthquakes. Table 2 

shows information about medium-strong earthquakes of the last 54 years that is the only 

period for which reliable data about homeless are available. In the last column, for the 
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eight earthquakes having this kind of information, is given the total cost, in Million € 

discounted to 2014, incurred by the Italian government for the emergency management and 

the reconstruction of structures, infrastructures and cultural heritage. 

Table 1. Unconditional risk in a time frame of 1 year: average expected values over the Italian territory. 

  

annual 

prob. 

DS1 

annual 

prob. 

DS5 

unusable 

dwellings 

(long-term) 

homeless 

(60%DS3+99%

DS4+90%DS5) 

victims 

(1%DS4 

+10%DS5) 

injured 

(5%DS4 

+30%DS5) 

Dolce et al. 2020     15,635 78,602 505 1,744 

This study without 

site effects 
3.91E-03 9.00E-05 19,222 50,860 576 2,055 

This study with site 

effects 
7.87E-03 3.39E-04 60,544 163,946 2,389 8,291 

Relative increase 

due to amplification 
102% 277% 215% 222% 311% 300% 

 

Data up to 2002 are taken from a report of the Italian House of Representatives (Camera 

dei deputati, 2009). Data relative to the last three earthquakes come from a report of the 

Italian Senate (Senato della Repubblica, 2017). Data in italic are calculated from a linear 

regression with the number of homeless for the 8 earthquakes for which the cost is 

available. 

Table 2. Victims, homeless and economic cost relative to 16 earthquake of the last 54 years with an intensity 

≥ VII degree of MCS scale. Source: *catalog CFTI5Med Guidoboni et al. (2019); **Web; ***specific study; 

****Italian civil protection.  

Earthquake Date Mw Io MCS Victims Homeless Source Cost M€ 

Belice 15/01/1968 6.5 X 290 100,000 *** 9,179 

Tuscania 06/02/1971 5.2 VI-VII 20 4,000 * 1,807 

Parmense 15/07/1971 5.7 VIII 1 1,000 * 704 

Ancona 14/06/1972 5.5 VIII 0 30,000 * 7,112 

Friuli 06/05/1976 6.5 X 978 200,000 * 18,540 

Valnerina 19/09/1979 5.8 VIII-IX 5 25,000 * 6,283 

Irpinia 23/11/1980 6.8 X 2,914 280,000 * 52,026 

Appennino abruzzese 07/05/1984 5.8 VIII 0 6,000 * 2,381 

Sicilia sud-orientale 13/12/1990 5.4 VII 12 15,000 * 4,439 

Umbria-Marche 26/09/1997 5.7 VIII 11 38,000 *** 13,463 

Appennino Lucano 09/09/1998 5.5 VII 1 650 ** 525 

Molise 31/10/2002 5.7 VII-VIII 30 3,000 ** 1,400 

Salò 24/11/2004 5.0 VII-VIII 0 2,000 ** 1,128 

L'Aquila 06/04/2009 6.3 IX-X 309 67,460 **** 17,458 

Emilia 29/05/2012 6.0 VII-VIII 17 16,520 ** 8,171 

Italia centrale 24/08/2016 6.2 X 299 31,760 **** 13,163 

  
TOTAL 4,887 820,390 

  
157,778 

per year 92 15,479 2,977 

Even the number of victims, which should be more reliably reported in the historical 

chronicles respect to homeless and economical losses, is highly variable depending on the 

period considered. The number of victims per year, which is 92 for the last 54 years, 

increases up to 994 if counting since the beginning of XX century because in that case are 

included Messina 1908 and Avezzano 1915 earthquakes summing up 113,000 victims, 

namely 94% of the total. The most reliable value is probably the one referring to the 

destructive earthquakes of the last 853 years (catalog CFTI5Med - Guidoboni et al. 2019), 

averaging the short period variation, and giving 407 victims/year. 

The total direct economic losses may be computed based on loss parameters related to 

damage repair and to the building surface reported in the inventory data. The cost 
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parameters are calibrated as the percentage cost of repair or replacement for each structural 

damage state from DS1 to DS5 with a unit cost of 1350 (€/m2) including technical 

expenses and VAT (Di Ludovico et al. 2017; Dolce et al. 2020). If the site amplification 

effect is not considered the estimated cost/year for repair/reconstruction of damaged 

buildings, is 1.57 billion €, just lightly lower than that provided in the work of Dolce et al. 

summing up to 2,13 billion €/year. If site effects are considered the cost increase up to 6.95 

billion €/year resulting overestimated but to a lesser extent respect to victims and 

homeless. 

Table 3 presents a comparison of the loss values obtained in this study with those derived 

from historical surveyed data shown in table 2. The loss estimates have been calculated 

considering the epistemic uncertainties in the hazard curves: median, 16° and 84° 

percentiles (Stucchi et al. 2011), affecting the losses by a variation of 40-60%. The values 

including site amplification are overestimated due to the reasons discussed previously, 

whereas those without amplification, are right in the order of magnitude of the expected 

losses that, considering the large uncertainties in the risk assessment and even in the 

historical data, is the goal of any risk evaluation. The estimates are also in line with those 

of previous studies (Lucantoni et al. 2001; Dolce et al., 2020). 

Table 3. Comparison of the loss values obtained in this study with those derived from historical surveyed 

data, including the epistemic uncertainty in the seismic hazard. 

with site effects without site effects 

16° perc. 84° perc. 
50° perc. 

hazard 
16° perc. 84° perc. 

50° perc. 

hazard 

historical 

data 

victims/year 1,405 3,483 2,389 318 903 576 407 

homeless/year 101,409 222,834 163,946 29,676 73,276 50,860 15,479 

loss/year billion € 4.61 9.88 7.30 1.43 3.43 2.40 2.97 

If the absolute values of losses are uncertain, the relative ranking of different sites and 

municipalities is still valid and very important in order to have a clear perception of the 

seismic risk at the nationwide scale and to rationally implement risk reduction programs. 

To this end, we introduced a risk index calculated, for each municipality, by weighing by 

2/3 the so-called life-risk, i.e., the annual percentage of homes subject to collapse, and by 

1/3 the damage-risk, i.e., the annual percentage of homes subject to damage: 

(3) 

Where: PD is given, for each municipality, by the sum of the annual probability of damage 

states DS2 and DS3, and PDmax is the maximum value among the 7715 municipalities 

considered. PC and PCmax have been calculated in the same way considering the 

probability of damage states DS4 and DS5. In this way the risk index is normalized to 1. 

Fig. 7a displays the distribution over the national territory of the seismic risk index 

including the site amplification. If compared to Fig. 2b, shows that the risk is significantly 

modified respect to the hazard due to the uneven distribution of the dwelling vulnerability. 

Fig. 7b shows the distribution of the first 200 and 1000 municipalities sorted by risk index 

that are concentrated in north-east Alps, in central Italy, and in Calabria and east Sicily. In 

Table 4 are illustrated the costs of seismic retrofitting applied to the first 200 and 1000 

municipalities sorted by risk index. The costs have been estimated considering an amount 

of 600 €/m2 applied only to buildings of the three highest vulnerability classes, namely A 

and B for masonry and C2 for reinforced concrete, representing about 70% of the total 

dwelling surface. As a result, to seismically retrofit the first 200 Italian municipalities at 
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risk about 18 billion € would be needed, and about 129 billion € for the first 1000 

municipalities. 

 
Fig. 7 - a) map of the seismic risk index normalized to 1 including site amplification; b) map of the first 200 

and 1000 municipalities sorted by risk index. 

Table 4. Data relative to the first 200 and 1000 municipalities sorted by risk index. The costs of seismic 

retrofitting are estimated considering an amount of 600 €/m2 applied to buildings of the three highest 

vulnerability classes (A, B, C2 - about 70 % of the total) 

 Popol. Buildings Dwellings 
Surface 

(m2) 

Surface (only 

class A, B, C2) 

Retrofitting 

cost (600 €/m2) 

Bilion € 

first 200 municip. 1,027,564 230,837 416,166 4.15E+07 3.00E+07 18.0 

first 1000 municip. 8,022,164 1,551,724 3,262,074 3.20E+08 2.15E+08 128.9 

4. Conclusions 

In this study we propose an update of the Italian seismic risk assessment considering the 

geo-lithological site amplification effect derived from numerical simulations based on the 

Italian seismic microzonation data. The loss estimates are comparable with previous works 

and historical data. The introduction of the site amplification effects gives an average 

increase of 76% in PGA and 100%-300% in the probability of different levels of damage 

and losses. This is mainly due to the underestimation in the fragility curves of the PGA 

taken from outdated shakemaps not accounting correctly for site effects. A seismic risk 

index has been defined allowing a ranking of the Italian municipalities useful for the 

implementation of prevention planning. Even if the absolute loss values may only be 

considered in terms of order of magnitude, due to the large uncertainties in hazard, 

vulnerability and exposure, the relative ranking of different sites and municipalities is 

essential to implement risk reduction programs. Future works, besides the need to update 

the hazard assessment, need to revise the fragility curves with updated shakemaps and site 

effects and to integrate the building inventory. 

 

37573ECEES, September 2022, Bucharest, Romania



References 

Albarello D., Bosi V., Bramerini F., Lucantoni A., Naso G., Peruzza L., Rebez A., Sabetta F. & Slejko D. 

(2000) Carte di pericolosità sismica del territorio nazionale, Quaderni di geofisica, 12 (in Italian). 

Borzi, B., Crowley, H., & Pinho, R. (2008). Simplified pushover-based earthquake loss assessment (SP-

BELA) method for masonry buildings. International Journal of Architectural Heritage, 2(4), 353-376. 

Camera dei deputati (2009) I principali eventi sismici a partire dal 1968. 

http://documenti.camera.it/leg16/dossier/Testi/Am0065.htm (in Italian). 

Crowley H., Colombi M., Borzi B., Faravelli M., Onida M., Lopez M., Polli D., Meroni F., Pinho R. (2009) 

A comparison of seismic risk maps for Italy. Bull Earthq Eng 7(1):149–180. 

Dolce M., Prota A., Borzi B., Da Porto F., Lagomarsino S., Magenes G., Moroni C., Penna A., Polese M., 

Speranza E., Verderame GM., Zuccaro G. (2020). Seismic risk assessment of residential buildings in Italy. 

Bull Earthq Eng 19, 2999–3032. https://doi.org/10.1007/s10518-020-01009-5. 

Di Ludovico M, Prota A, Moroni C, Manfredi G, Dolce M (2017) Reconstruction process of damaged 

residential buildings outside historical centres after the L’Aquila earthquake: part I “light damage” 

reconstruction, part II: “heavy damage” reconstruction. Bull Earthq Eng 15(2):667–729. 

Di Pasquale G., Orsini G., Romeo R. (2000) Sensitivity analysis in seismic risk assessment. Proceedings of 

the 6th international conference on seismic zonation, Palm Springs, CA. 

DPC (2018). Dipartimento della Protezione Civile, Commissione tecnica per il supporto e il monitoraggio 

degli studi di Microzonazione Sismica (ex art.5, OPCM3907/10), www.webms.it. 

Falcone G., Acunzo G., Mendicelli A., Mori F., Naso G., Peronace E., Porchia A., Romagnoli G., Tarquini 

E., Moscatelli M. (2021). Seismic amplification maps of Italy based on site-specific microzonation dataset 

and one-dimensional numerical approach. Engineering Geology 289 106170. 

Guidoboni E., Ferrari G., Tarabusi G., Sgattoni G., Comastri A., Mariotti D., Ciuccarelli C., Bianchi M.G., 

Valensise G. (2019). CFTI5Med, catalogue of strong earthquakes in Italy and in the Mediterranean area, 

Scientific Data 6, Article number: 80 (2019). doi: https://doi.org/10.1038/s41597-019-0091-9 

Iwahashi, J., Kamiya, I., Matsuoka, M., & Yamazaki, D. (2018). Global terrain classification using 280 m 

DEMs: segmentation, clustering, and reclassification. Progress in Earth and Planetary Science, 5(1), 1-31. 

ISTAT (National Institute of Statistics). (2011) 15° Censimento generale della popolazione, 

https://www.istat.it/it/censimenti-permanenti/censimenti-precedenti/popolazione-e-abitazioni/popolazione-

2011. (in Italian) 

Lucantoni A, Bosi V, Bramerini F, De Marco R, Lo Presti T, Naso G, Sabetta F (2001) Seismic risk in Italy. 

Ing Sismica XVI I(1):5–36 (in Italian) 

Michelini, A., Faenza, L., Lauciani, V., & Malagnini, L. (2008). ShakeMap implementation in Italy. 

Seismological Research Letters, 79(5), 688-697. 

Mori F., Mendicelli A., Moscatelli M., Romagnoli G., Peronace E., Naso G., (2020). A new VS30 map for 

Italy based on the seismic microzonation dataset. Engineering Geology 275 (2020) 105745. 

https://doi.org/10.1016/j.enggeo.2020.105745. 

NTC (2018). Norme Tecniche per le Costruzioni. Decreto Ministero Infrastrutture. GU Serie Generale n.42 

del 20-02-2018 - Suppl. Ordinario n. 8 (in Italian) 

Rosti, A., Rota, M., & Penna, A. (2020a). Empirical fragility curves for Italian URM buildings. Bulletin of 

Earthquake Engineering, 19(8), 3057-3076. 

Rosti, A., Del Gaudio, C., Rota, M., Ricci, P., Di Ludovico, M., Penna, A., & Verderame, G. M. (2020b). 

Empirical fragility curves for Italian residential RC buildings. Bulletin of Earthquake Engineering, 19(8), 

3165-3183. 

Sabetta, F., Goretti, A., & Lucantoni, A. (1998). Empirical fragility curves from damage surveys and 

estimated strong ground motion. Proceedings of the 11th European conference on earthquake engineering, 

Paris, France (pp. 1-11). 

Senato della Repubblica (2017). Terremoti; L'Aquila, Reggio-Emilia, Centro Italia: politiche e risorse per 

ricostruire il Paese. (in Italian). 

Stucchi M., Akinci A., Faccioli E., Gasperini P., Malagnini L., Meletti C., Montaldo V., Valensise G. (2004). 

Mappa di Pericolosità sismica del territorio Nazionale http://zonesismiche.mi.ingv.it/documenti/rapporto 

conclusivo.pdf (in Italian). 

Stucchi M., Meletti C., Montaldo V., Crowley H., Calvi GM., Boschi E. (2011) Seismic hazard assessment 

(2003-2009) for the Italian building code. Bull. Seism. Soc. of Am. 101:1885–1911.  

Zuccaro G (2004) Inventory and vulnerability of the residential building stock at a national level, seismic risk 

and social/economic loss maps. SAVE, CD-ROM, Naples, Italy, INGV/GNDT-Project (in Italian) 

Zuccaro G, Cacace F (2011) Seismic casualty evaluation: the Italian model, an application to the L’Aquila 

2009 event. In: Spence R, So E, Scawthorn C (eds) Human casualties in earthquakes. Advances in natural 

and technological hazards research. Springer, Netherlands, pp 171–184. 

3758 3ECEES, September 2022, Bucharest, Romania

http://documenti.camera.it/leg16/dossier/Testi/Am0065.htm
https://doi.org/10.1016/j.enggeo.2020.105745


On the Effects of Ground Motion Model Epistemic Uncertainties 

on Site-specific Hazard Curves in Iceland  

Milad Kowsari - Faculty of Civil and Environmental Engineering, School of Engineering and Natural 

Sciences, University of Iceland, Reykjavik, Iceland, e-mail: milad@hi.is 

Saeid Ghasemi – Department of Civil Engineering, University of Tehran, Iran, e-mail: 

ghasemisaeid@ut.ac.ir   

Farnaz Bayat – Faculty of Civil and Environmental Engineering, School of Engineering and Natural 

Sciences, University of Iceland, Reykjavik, Iceland, e-mail: fab14@hi.is 

Benedikt Halldorsson – Faculty of Civil and Environmental Engineering, School of Engineering and 

Natural Sciences, University of Iceland, Reykjavik, Iceland & Geoscience Research Group, Division of 

Processing and Research, Icelandic Meteorological Office, Reykjavik, Iceland, e-mail: skykkur@hi.is 

Abstract: 

Improved reliability of probabilistic seismic hazard assessment (PSHA) requires two key 

elements: the most appropriate and physically consistent ground motion models (GMMs) and 

the most parsimonious yet physically realistic specification of seismic sources. In this study, 

we take advantage of a suite of new hybrid Bayesian empirical GMMs and a new physics-

based finite-fault system model that have been proposed for the large transform zone in 

Southwest Iceland. First, we quantify the epistemic uncertainty associated with the GMMs 

represented by a scale factor. The scale factor is then added and subtracted from the backbone 

GMM to cover the spread in the predictions from other GMMs. We then carry out a Monte-

Carlo PSHA using the backbone approach for two representative near-fault and far-field sites 

in Southwest Iceland. We show that the backbone PSHA results are consistent with point 

estimates using the classical PSHA approach using the same fault system, but importantly 

they reveal the body of realistic hazard values which are shown to dwarf any differences 

between the results from the two approaches. Thus, the backbone models of this study are the 

ideal candidates for use in future PSHA for Southwest Iceland, and likely for the transform 

zone of North Iceland as well.   

Keywords: PSHA, physics-based finite-fault system, backbone GMM, Southwest Iceland 

1. Introduction

In Iceland, the South Iceland Seismic Zone (SISZ) and the Reykjanes Peninsula Oblique Rift 

(RPOR) in the southwest and the Tjörnes Fracture Zone (TFZ) in northwest are the regions 

with the greatest potential for occurrence of large earthquakes. The SISZ is a relatively flat 

and populated agricultural region with all critical infrastructures and lifelines of a modern 

society such as hydroelectric and geothermal power plants, dams, above-ground pipelines 

and electrical transmission lines. Therefore, the earthquake hazard and seismic risk are the 

highest in this region (Einarsson 1991, 2008, 2014). Performing probabilistic seismic hazard 

analysis (PSHA) is the standard way to quantify earthquake hazard for the systematic 

mitigation of seismic risk (e.g., Cornell 1968; Reiter 1991; McGuire 2004). To produce a 

reliable PSHA, however, a careful estimation of its inputs and their uncertainty is of 

paramount importance. The seismicity parameters and selection of appropriate ground 

motion models (GMMs) are the key PSHA inputs affecting the hazard (Cramer 2001; 

Lombardi et al. 2005; Sabetta et al. 2005). 

A rigorous assessment of the uncertainties of these inputs is therefore required. In the context 

of PSHA, such uncertainties are divided into two major categories, aleatory variability 
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(related to the natural unpredictability of the earthquake process) and epistemic uncertainty 

(arises from incomplete knowledge  and limited data). In this regard, the different estimates 

of ground motions predicted by empirical GMMs are attributed to epistemic uncertainty that 

are handled by a logic tree framework in the classical approach (Kulkarni et al. 1984). 

However, the use of GMMs in logic trees cannot describe properly the distribution of ground 

motions and as a result, the mean hazard curves do not contain any specific information 

about the lower or higher ground motion estimates (SSHAC 1997; Kotha et al. 2018). To 

overcome this problem, a backbone approach to PSHA has been introduced to capture better 

the centre, body, and range of expected ground motions (Atkinson and Adams 2013). In this 

approach, the median GMM (i.e., the backbone model) represents the centre and can be 

scaled up and down with a factor to capture the body of the distribution of ground motions 

(Douglas 2018a, b).  

The previous PSHA studies in Iceland suffer from several limitations or inconsistencies with 

international standard practice. An important limitation is the shortcomings of the GMMs 

used in previous site-specific and national PSHA studies that the predictions of the used 

GMMs are severely biased against the existing Icelandic strong-motion dataset (Ólafsson 

and Sigbjörnsson 2002, 2004, 2006; Ornthammarath et al. 2011; Kowsari et al. 2019a, 2020). 

In addition to these facts casting severe doubt on those PSHA results for Iceland, an 

additional byproduct of attempting to quantify the ground motion scaling at larger 

magnitudes for Iceland using GMMs or data from other regions, is that through the ergodic 

assumption they effectively impose the extent of uncertainty from those other regions into 

the PSHA in Iceland (Kowsari et al. 2021). Another limitation is related to the earthquake 

zonation and the corresponding seismicity rate. The seismic area source zones that were 

modelled in previous hazard studies for Iceland had, as is generally the case, been 

characterized by seismicity rates calculated from a statistical analysis of the available 

earthquake catalogue that admittedly is sparse, in particular at larger magnitudes.  

Approaching the problem from a physical standpoint, Bayat et al. (2022) recently proposed 

a suite of 3D finite-fault seismic source models for the main seismogenic zones in Southwest 

Iceland, for the purpose of enabling a physics-based PSHA that is free from the shortcomings 

of an incomplete catalogue. The models are only constrained by the steady-state velocity of 

the tectonic extension across the transform zone and the salient geometrical features of the 

“bookshelf” transcurrent fault system, fully consistent with the fault tectonics and seismicity 

distribution of the region (Einarsson 2014; Panzera et al. 2016; Steigerwald et al. 2018). The 

fault models are thus fully specified in terms of fault locations, dimensions, strike and dip 

along with the resulting estimates of annual fault slip and moment rates on each fault of the 

system. Moreover, their results also allow the derivation of the magnitude-frequency 

distribution of various subzones of the region that cumulatively fully explain the historical 

earthquake catalogue in the region.   

Therefore, in this study we take advantage of these new modelling results of the SISZ-RPOR 

bookshelf fault system and carry out multiple Monte Carlo simulations of finite-fault 

earthquake catalogues that are consistent with the rate of seismicity in the region. We also 

take advantage of the new Bayesian GMMs, establish the first backbone GMM for Iceland 

thus reducing the epistemic uncertainty in GMM predictions of Icelandic strong-motions and 

then investigate the effects on PSHA using the backbone approach vs. the classical approach 

for two key population centres in southwest Iceland i.e., one in the near-fault region (Selfoss) 

and the other in the far-field region (Reykjavik). Specifically, we apply a recently developed 

data-driven GMM-ranking method on several candidate GMMs developed from local, 

regional, and worldwide datasets (Kowsari et al. 2019b). The data-driven ranking methods 

help to rank the GMMs in an objective way and thus reduces the epistemic uncertainty 
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associated with the selected GMMs. Thus, the GMMs are ranked and the best GMM is 

chosen as the backbone model. Then, a scale factor that can be added and subtracted from 

the backbone GMM to cover the body of ground motions is inferred from different GMMs. 

Finally, we carry out a backbone PSHA at the two sites in southwest Iceland using the 

simulated finite-fault earthquake catalogues for the entire SISZ-RPOR which is based on a 

new, physics-based 3D fault system model of Southwest Iceland that explains the observed 

Icelandic earthquake catalogues. We discuss the differences in the results with those of the 

classical PSHA in terms of the potential implications that the use of the backbone approach 

is expected to have on a reappraisal of seismic hazard in Iceland.  

2. The Icelandic strong-motions and appropriate GMMs for PSHA

In this study, we used the earthquake strong-motions recorded on 30 stations of the Icelandic 

strong-motion network and ICEARRAY I, a dense, small-aperture array in the town of 

Hveragerði, at the western end of the SISZ stations. The data are from six strike-slip 

earthquakes that occurred in the SISZ between 1987 and 2008 covering magnitude range of 

5.1-6.5 and the distance range is of 1–80 km. In Iceland, the recording stations 

are classified according to the Eurocode 8 classification scheme into the rock class 

(VS30>800 m/s) and the stiff soil class (360 m/s<VS30<800 m/s). The classification of 

individual sites is under revision based on seismological evidence (Rahpeyma et al. 2022) 

but herein, we will only consider the so-called “rock” site condition (Kowsari et al. 2019a).  

On the other hand, we consider several empirical GMMs in three categories: local models 

calibrated to the earthquake strong-motion data of South Iceland, regional models 

corresponding to European and Middle Eastern data (primarily those that had been proposed 

in the previous hazard studies as being suitable models for the seismotectonic environment 

of Iceland) and finally the NGA-West2 models from worldwide data. We omit other GMMs 

that fall into these categories but fail the criteria proposed by Cotton et al. (2006) and 

Bommer et al. (2010) for the minimum requirement of the functional form for GMMs to be 

applied in PSHA. The selected GMMs are the local ones developed in Kowsari et al. (2020b), 

named as Kea20-1 to Kea20-6, the regional GMMs such as Ambraseys et al. (2005), Aea05; 

Zhao et al. (2006), Zh06; Akkar and Bommer (2010), AB10; Kotha et al. (2016), Kea16; 

and the NGA-West2 GMMs including Abrahamson et al. (2014), ASK14; Boore et al. 

(2014), BSSA14; Chiou and Youngs (2014), CY14; Campbell and Bozorgnia (2014), CB14; 

Idriss (2014), I14.  

Fig. 1- The attenuation of the candidate GMMs versus distance for PGA and PSA at T=1.0s. The GMMs are 

evaluated at M5.5 and 6.5 for rock. The red circles are the observed strong-motion data. 

The GMMs are evaluated at M 5.5 and 6.5 on rock site class. The colour scheme shows the 

different groups of GMMs: Yellow-to-orange colours represent the local Kea20 1-6 models, 

blue colours represent NGA-West2, and green colours represent regional GMMs and the 

purple is Zh06. The red circles are the observed strong-motion data in the two magnitude 

bins, dominated by recordings of the M 6.5 and M 6.4 earthquakes in 2000 and the M 6.3 
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2008 earthquakes. From this figure, it is qualitatively clear that the Kea20 models fit the 

recorded data well in the magnitude and distance range where data is available. The regional 

and NGA-West2 GMMs appear to exhibit a strong bias against the Icelandic strong-motion 

data primarily due to the failure of capturing the high near-fault motions and rapid 

attenuation of strong-motion (Kowsari et al. 2019a, 2020). As a result, they underestimate 

the Icelandic strong-motions in the near-fault region and overestimate it in the far-field 

region. 

3. Results and discussion

A candidate GMM that most appropriately describes Icelandic strong-motions needs to be 

identified and taken to represent the backbone GMM for application in PSHA for Iceland. 

Thus, to evaluate the backbone GMM’s objectively, we use the DIC data-driven selection 

method (Kowsari et al. 2019b). The results of the DIC method are presented in Table 1.  

Table 1. The scores of the DIC for the candidate GMMs at different oscillator periods. 

GMMs 
PGA PSA at T=0.3 s PSA at T=1.0 s PSA at T=2.0 s 

Score Rank Score Rank Score Rank Score Rank 

AB10 162.7 11 170.29 9 124.91 9 107.28 14 

Am05 172.5 13 181.43 13 153.57 15 93.53 12 

Zh06 184.4 15 194.21 14 131.19 11 75.15 7 

Ko20-1 63.97 4 85.47 2 73.10 2 73.18 5 

Ko20-2 64.19 5 85.64 3 73.01 1 75.95 8 

Ko20-3 62.94 3 85.87 4 73.53 3 76.60 9 

Ko20-4 60.39 1 86.64 5 77.72 5 73.28 6 

Ko20-5 61.89 2 84.91 1 74.91 4 71.21 4 

Ko20-6 70.98 6 88.14 6 83.23 6 53.86 1 

ASK14 161.45 10 167.38 8 124.66 8 92.22 11 

BSSA14 173.68 14 179.10 12 128.39 10 91.45 10 

CB14 153.53 8 194.83 15 137.04 13 62.87 2 

CY14 149.15 7 164.00 7 105.43 7 65.78 3 

I14 169.77 12 172.74 11 136.71 12 109.70 15 

KBC16 158.63 9 171.03 10 144.16 14 96.95 13 

Having established that one of the empirical Bayesian GMMs of Kea20 is the backbone 

model at the periods considered in this study, the corresponding scale factor  needs to be 

inferred for each site class as a function of distance for each oscillator period. For this 

purpose, we assume the scale factor can be the model-to-model variability that is the standard 

deviation in the logarithm of the predicted median ground motion, which is proposed by Al 

Atik and Youngs (2014). Therefore, we assigned different weights to each model to evaluate 

the standard deviation of the predicted median for the recalibrated GMMs at five different 

magnitudes between M 5-7. We assign a weight of 0.2 for the first ranked model, 0.1 for the 

second and third ranked GMMs and 0.05 for the rest. Fig. 2 shows the model-to-model 

variability versus distance at different magnitudes. 

From Fig. 2, the model-to-model has minima in the distance range of 5-20 km and increases 

considerably in the near-fault (R<5 km) and far-field (R>40 km) regions. Moreover, the 

variability is highest for smaller events as their relatively much smaller source dimensions 

allow them to have much greater variability in hypocentral depths, resulting in greater 

variability in the near-fault motions observed on the surface (Sonnemann et al. 2020). The 

model-to-model variability is larger at short periods (i.e., PGA and PSA at T=0.3s) than the 

longer periods (PSA at T=1.0 and 2.0 s). For PSA at T=1.0s, the small standard deviation 

indicates that the variability between the predicted ground motions from selected GMMs is 
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relatively low. Therefore, the model-to-model variability, can be considered as the scale 

factor of the backbone GMM. The scale factor can be thought of being representative of the 

epistemic uncertainty that the GMMs contribute to the total epistemic uncertainty, the latter 

being unattainable due to the limited dataset that is available.   

Fig. 2-Variability among the median ground motion estimates of the GMMs for PGA and PSA at T = 0.3, 

1.0, and 2.0 s, respectively (columns, left to right). The thick line and the gray shaded area represent the 

mean and the standard deviation, respectively. 

To illustrate the differences between PSHA results using the backbone approach vs. the 

classical approach, we carry out a site-specific PSHA on rock for two important population 

centres, one in the near-fault region (i.e., the town of Selfoss) and one in the far-field (i.e., 

the capital city of Reykjavik). For the classical PSHA, we used the new set of Icelandic 

GMMs (i.e., Kea20) in a logic tree framework with equal weights. In the backbone approach 

we applied the first-ranked models as the backbone GMMs. Thus, the logic tree branches 

are populated with different backbone GMM and the corresponding ±Δ at different periods. 

The weights of 0.17, 0.66 and 0.17 are respectively assigned for the lower, central and upper 

values of GMM estimates based on the discrete approximation of the normal distribution 

when Gaussian quadrature is applied (Miller and Rice 1983).  

We then carry out a Monte Carlo PSHA using the multiple finite-fault earthquake catalogues 

simulated for the entire bookshelf system. Then, the horizontal distance to the vertical 

surface projection of the fault, known as Joyner–Boore distance is calculated for each 

discrete earthquake line source (i.e., simulated fault) that affects the chosen site. Moreover, 

we generate the normalized residual (ε) that represents a measure of the goodness-of-fit of 

GMMs which is generally assumed to be normal with a mean zero and a standard deviation 

(σ). Then, we estimate the ground motion intensity measure of interest using the selected 

GMMs for each generated set of magnitude, distance and epsilon. This process is repeated 

for a specified number of subcatalogues and then the worst-case ground motion from each 

of these subcatalogues is selected and sorted. Finally, the ground shaking values for 

earthquakes corresponding to different hazard levels can be determined from the sorted list. 

Fig. 3- The seismic hazard curve for Reykjavik and Selfoss at PGA and PSA at T=0.3, 1.0 and 2.0s. The 

horizontal dashed lines show the annual probability of exceedance (APE) of 0.0021 and 0.0004 that is 

corresponding to an earthquake with a return period of 475 years and 2475 years, respectively. 
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Fig. 3 shows the PSHA results from the classic and backbone approaches for the two sites 

in terms of hazard curves at four different periods. The hazard curves for Reykjavik are solid 

while those for Selfoss are dashed. The results show that the hazard curves using the 

backbone and classic approach are similar for both sites, which was to be expected. 

However, the dotted lines around the backbone (i.e., “central”) hazard curve shows us the 

“body” of the results i.e., the variation of the hazard values associated with the mean ±Δ 

effects when applied to the backbone model. From that we observe that the distribution of 

hazard for any given annual probability of exceedance (APE) appears to be symmetric 

around the central backbone hazard curve, and for all oscillator periods. We also note that 

the body of the backbone hazard values for a far-field site is relatively constant for a given 

APE while that of a near-fault site is seen to progressively increase with decreasing APE at 

long periods, a direct result of a larger Δ. We also note that the larger body of the short-

period backbone hazard values for Reykjavik compared to those for Selfoss. The reason is 

that Reykjavik is a far-field site and as Fig. 2 shows, the epistemic uncertainty represented 

by the scale factor is smaller at small distances (less than 10 km) compared to larger 

distances. Thus, we see the effects of the scale factor of the backbone model clearly in the 

hazard curves in both near- and far-field region.  

4. Conclusions

In this study, several GMMs that have been proposed or used for PSHA in Iceland in addition 

to several frequently used worldwide ones have been considered as candidates for the 

backbone GMM for Iceland. By applying the DIC data-driven method to rank the GMMs 

against the Icelandic strong-motions the best GMMs i.e., the backbone models have been 

revealed for PGA and PSA at different periods. The results show that the backbone model 

for Iceland is one of the recently proposed hybrid Bayesian empirical GMMs. The backbone 

models at each period are associated with a scale factor, Δ, that is the model-to-model 

variability quantified from the selected GMMs. Thus, Δ represents the epistemic uncertainty 

associated with the GMMs and scaling the backbone GMMs ±Δ comprehensively captures 

the characteristics of Icelandic strong-motions over different magnitude and distance ranges, 

with Δ taking the highest values in the near- and far-field regions i.e., showing minimum 

values at the distance ranges where most data is available. We then carried out site-specific 

PSHA for two representative far-field and near-fault sites using the backbone approach, and 

compare the results with the classical approach using logic-tree. Importantly however, the 

seismic source specification for the PSHA in this study is based on a simplification of new 

physics- based model of the bookshelf strike-slip fault system of the SISZ-RPOR. This allow 

us to comprehensively capture the systemic variation of the seismogenic potential of the 

transform zone and apply in the simulation of multiple realizations of synthetic finite-fault 

earthquake catalogues that are completely consistent with, and in fact explain, the historical 

catalogues. The PSHA results from both approaches are similar but those of the backbone 

approach clearly show the effect of the scale factor on both near- and far-filed sites, thus 

revealing the “body” of realistic hazard values. The backbone models of this study along 

with their Δ factors are therefore the ideal candidates for use in future PSHA for Southwest 

Iceland, and in fact the transform zone of North Iceland as well. Their use together with the 

physics-based description of the earthquake faulting systems are key elements in the reliable 

revision of PSHA in Iceland. 
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Abstract: Attica region (Central Greece), which hosts over three million residents, has 
experienced strong earthquakes. The most destructive event of the instrumental era is the 7 
September 1999 Athens earthquake that caused damage in structures and many fatalities. 
After 20 years, the 19 July Mw=5.1 event occurred near the 1999 epicenter. In addition, 
Attica borders with the eastern part of the Gulf of Corinth, which is one of the most 
seismically active rifts worldwide. A Probabilistic Seismic Hazard Assessment (PSHA) is 
performed for Attica considering the Cornell-McGuire approach. The implemented 
seismotectonic model is the ESHM13 . PGA, PGV and PGD were computed for return 
periods of 475 and 950 years. The calculations were performed via a logic tree approach 
constructed with hybrid GMPE models for each zone. The seismic hazard values increase to 
the west, towards the Gulf of Corinth, whereas the lowest values are concentrated at the SE 
part of Attica. The obtained PGA values exceed the ones of the Greek National Building 
Code. 

Keywords: PGA, PGV, PGD, seismic source model, ESHM13. 

1. Introduction

The study area, Attica (Central Greece), is located between two active rifts, the Gulf of 
Corinth (GoC) to the west and the Euboekos Gulf to the east (Figure 1). It is the most 
populated prefecture of Greece, hosting more than three million residents and the capital of 
Greece, Athens. The study area has been affected by strong earthquakes (Figure 1), with 
the most destructive one being the 7 September Mw=6.0 Athens earthquake (Lekkas, 2001; 
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Papadimitriou et al., 2002), causing 134 casualties, building collapses and extensive 
damage in infrastructure. After 20 years, the 19 July Mw=5.1 moderate event occurred ~3 
km west of the 1999 event’s epicenter (Kapetanidis et al., 2020; Kouskouna et al., 2021). 
Attica has a close proximity to the Gulf of Corinth, which is one of the most seismically 
active rifts worldwide (Rigo et al., 1996; Papadimitriou et al., 1999; Kaviris et al., 2017, 
2018, 2021). The central and eastern part of the Gulf hosts a significant number of strong 
earthquakes during the instrumental era (Makropoulos et al., 2012), such as the Corinth 
1928 Mw=6.3 (Tsapanos et al., 2011) and the Antikyra Mw=6.2 1970 (Ambraseys and 
Jackson, 1990). During February-March 1981 at the easternmost part of the Gulf of 
Corinth, a seismic sequence occurred comprising three events with Mw>6.0 and a rich 
aftershock sequence (Jackson et al., 1982; Papazachos et al., 1984).  

Seismic hazard needs to be re-evaluated in Attica due to the severe events that have 
occurred during the instrumental period. To evaluate seismic hazard, the probabilistic 
approach proposed by Cornell-McGuire (Cornell, 1968; McGuire, 1976) was adopted. This 
method introduces the implementation of a seismotectonic model; herein the ESHM13 
Area Source model (Giardini et al., 2014; Woessner et al., 2015) was utilized. More 
specifically, the selected zones are within a 100 km distance from the northernmost, 
southernmost, easternmost, and westernmost points of Attica’s borderline (Figure 1). All 
other zones that exceed this distance limit were not taken into account, as they do not 
affect the ground motion in the study area. Seismic hazard was estimated through the 
computation of Peak Ground Acceleration (PGA), Peak Ground Velocity (PGV) and Peak 
Ground Displacement (PGD) values for Return Periods (RP) of 475 and 950 years. The 
Ground Motion Prediction Equations (GMPEs) that were selected to compute the 
aforementioned seismic hazard intensities were proposed for Greece and consider the 
epicentral type of distance. The final PGA, PGV and PGD results were obtained via the 
implementation of a logic tree, where every branch was a GMPE model that was converted 
into a hybrid one accounting for the types of focal mechanisms for each of the 
seismotectonic model’s zone.  

Fig. 1 – Seismicity map of broader Attica for the instrumental period (since 1900). The earthquake catalogue 
of Makropoulos et al. (2012) was implemented and extended homogenously up to 2019 for the study area. 
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2. Methodology 

In this study, seismic hazard was assessed via the Poissonian probabilistic method 
proposed by Cornell-McGuire, which is an approach that many studies adopt worldwide 
(Woessner et al., 2015; Pavel et al., 2016; Pavlou et al., 2020; Kaviris et al., 2022). In this 
method, the initial step is to implement a seismotectonic model in order to describe 
seismicity. The ESHM13 area source zones were adopted. Even though a recent updated 
version of ESHM13 was released (Danciu et al., 2021), the selection was limited to 
aforementioned zones it is validated through studies in the literature. For the computation 
of the seismicity parameters, the earthquake catalogue of Makropoulos et al. (2012) was 
incorporated. The catalogue covers the instrumental period up to 2009, therefore, it was 
extended until 2019 following the same procedure that was performed by Makropoulos et 
al. (2012) in order to maintain the catalogue’s homogeneity.  

The seismicity parameters, i.e. the b-value, the magnitude of completeness, Mc, the 
average annual number of earthquakes with M≥Mc, λ(Mc), and the maximum expected 
magnitude, Mu, must be calculated for each zone. The first two were obtained by the 
maximum curvature method, MAXC, proposed by Wiemer and Wyss (2000). The code 
utilized for this purpose was ZMAP (Wiemer, 2001), whereas Mu was adopted by 
ESHM13. To compute PGA the GMPEs proposed by Margaris et al. (2002), Skarlatoudis 
et al. (2003), Danciu and Tselentis (2007), Sakkas (2016) and Chousianitis et al. (2018) 
were adopted. PGV was computed with the same models apart from Skarlatoudis et al. 
(2003) and Sakkas (2016), because Skarlatoudis et al. (2007) have released an updated 
GMPE and Sakkas (2016) has not proposed a model for PGV calculations. For PGD, 
neither Sakkas (2016) nor Chousianitis et al. (2018) have proposed GMPEs. All models 
were converted to hybrid ones to incorporate both normal and thrust/strike-slip faulting. 
Seismic hazard was evaluated via R-CRISIS V20 (Ordaz et al., 2021) through an equal 
logic tree, where each branch is a hybrid GMPE model (Figure 2). The ESHM13 sources 
were imported in R-CRISIS V20, which does not support source model logic trees, as a 
polygon shape file provided by EFEHR (http://hazard.efehr.org), overlapped by a point 
shape file that represents the earthquake catalogue. All earthquakes located within each 
zone were extracted and used to compute the seismicity parameters. The ESHM13 
Subduction Model zone was not taken into account in the present study, given that the 
focal depths of the vast majority of events in the study area are constrained within the crust 
and that no high ground motion values due to earthquakes that occurred along the 
subduction zone have ever been recorded in Attica during the instrumental era.  

 

Fig. 2 – The logic tree approach for PGA, PGV and PGD. Every GMPE was reconstructed as a hybrid model, 
except from Margaris et al. (2002) model. 
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3. Results

The computed PGA values for RP=475 and 950 years are mapped in Figures 3A and B, 
respectively. The spatial distribution between the two RPs is the same, i.e. the highest PGA 
values are identified to the west, in the vicinity to the Gulf of Corinth, whereas the lowest 
are located at the SE part of Attica. Intermediate PGA values are identified at the coasts of 
the South Euboekos Gulf. The highest PGA values reach 380 and 490 cm/s2 for RP=475 
and 950 years, respectively (an increase of ~100 cm/s2). The smallest value computed for 
RP=475 years is equal to 120 cm/s2, whereas for RP=950 years 150 cm/s2.  

Fig. 3 - Spatial distribution of PGA (A, B), PGV (C, D) and PGD (E, F) for RP=475 years (A, C, E) and 950 
years (B, D, F).  
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The spatial distribution for PGV is similar to the one of PGA. For RP=475 years (Figure 
3C) the highest value is equal to 35 cm/s and the lowest 8 cm/s, whereas for RP=950 years 
(Figure 3D) the highest computed PGV value is 49 cm/s and the lowest 10 cm/s. The 
lowest values of the two RPs are similar. Last, regarding PGD, the highest value was 
computed 3.1 cm and the lowest 1.0 cm for RP=475 years (Figure 3E), whereas for 
RP=950 years (Figure 3F) the greatest value has increased approximately 1.5 cm (4.7 cm), 
whereas the lowest one is ~1.4 cm. The spatial distribution of the PGD values is similar to 
the abovementioned seismic hazard intensities. The PGA, PGV and PGD values for Athens 
are presented in Table 1.  

Table 1. PGA, PGV and PGD values for the 
city of Athens for RP=475 and 950 years. 

  RP=475 
years 

RP=950 
years 

PGA 
(cm/s2) 165 210 

PGV 
(cm/s) 13 17 

PGD (cm) 1.5 2.0 

4. Discussion and conclusion 

The spatial distribution for all ground parameters was similar with seismic hazard 
increasing towards the western part of Attica, due to strong earthquake occurrences at the 
Gulf of Corinth, and decreasing to the SE. In addition, only few epicenters are located in 
the SE part of the study area (Figure 1), therefore, it is reasonable that in this area the 
lowest seismic hazard values have been determined. The computations were performed 
according to the approach proposed by Cornell-McGuire, by implementing the ESHM 13 
area source seismotectonic model. All seismicity parameters were computed except from 
Mu, which was adopted by ESHM13. The final obtained PGA, PGV and PGD values were 
acquired by performing calculations via an equal logic tree, where every branch was a 
hybrid GMPE model. 

The hybrid GMPE logic tree is a method that accounts for all types of focal mechanisms 
(% of normal and non-normal) for each area source zone. The reason that we combined the 
percentage of thrust and strike-slip fault plane solutions is because the constant that 
describes the focal mechanism in all selected GMPE models is the same for non-normal 
fault plane solutions. A hybrid model takes into consideration both the constant value that 
describes normal focal mechanism and thrust/strike-slip with given weights. It is well-
known that epistemic uncertainties play a significant role in seismic hazard assessment, 
therefore with the combination of more than one GMPE hybrid model, the uncertainties are 
qualitatively reduced. 

Concerning the National Building Code, Attica is divided in two zones; the lowest zone 
(zone I) with PGA 0.16 g (~157 cm/s2) which includes the eastern and southeastern parts 
of the study area, and the intermediate zone (zone II) with PGA 0.24 g (~235 cm/s2) 
located at the central and the western part of Attica. When compared with the herein 
computed PGA results for a return period of 475 years (Figure 3A), we can conclude that 
only a small part is within the National Building Code’s limits and that is the SE part with 
values below the 160 cm/s2 PGA contour. The western part, in the vicinity of the Gulf of 
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Corinth, well exceeds the limits proposed by EAK (2003), even by 140 cm/s2. These 
results highlight the need to update the National Building Code for Attica in order to 
prevent damage due to strong ground motions. Consequently, the provided seismic hazard 
model could be used to evaluate seismic risk in the study area, which is essential 
concerning the number of residents living in Attica. It is also important to state that both 
PGV and PGD results possess greater uncertainties, as the models that were adopted have 
larger standard deviations. 

Seismic hazard was evaluated in Attica through a Poissonian probabilistic approach and 
the implementation of the ESHM13 seismotectonic model. The recent ESHM20 model has 
not been adequately tested yet to be adopted in order to assess seismic hazard in the most 
populated Greek area. Future work could include the implementation of the ESHM20 
model concerning the probabilistic method. A more sophisticated logic tree can be 
constructed taking into account additional methods of determining the seismicity 
parameters to qualitatively reduce epistemic uncertainties. Furthermore, it is important to 
also adopt deterministic methods to assess seismic hazard considering both the high and 
low frequency content of ground motions to account for all types of structures. The latter is 
significant due to the existence of high value structures within the study area.  
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Abstract: Stress drop is a key parameter estimating strong ground motion, as it controls the 
level of peak ground acceleration (Hanks and Johnson, 1976). A non-parametric spectral 
decomposition of the Fourier amplitude spectra (FAS) is applied to isolate source, site and 
path contributions, solving regional attenuation models for two spatial domains across the 
Alps. The source spectra isolated from the other site contributions are fitted to a standard 
omega square model (Brune model) to determine the seismic moment and the corner 
frequency. These values are in turn used to compute the stress drop considering a circular 
rupture model with uniform stress drop. Finally, we discuss the scaling relationship of stress 
drop with earthquake size, investigating their regional variations from southern to northern 
Europe and their dependencies on the origin of earthquakes (induced and tectonic). 

Keywords: non-parametric attenuation, site amplifications, omega square model, Brune 
stress drop 

1. Introduction

The knowledge of source parameters is a crucial topic for the seismic hazard assessment 

from ground-motion prediction equations to physics-based simulations. Stress drop is a key 

parameter in the estimation of strong ground motion, as it controls the level of peak ground 

acceleration (Hanks and Johnson, 1976). It determines the position of the corner frequency 

and the height of the high-frequency plateau in the Fourier amplitude spectrum of 

acceleration. Several studies of source parameters for different regions have been 

investigated such as Japan (Oth et al., 2017), southern California (Baltay et al., 2017, 

Trugman and Shearer, 2017), central Italy (Bindi et al., 2019), and global datasets (Baltay et 

al., 2019). However, modeling assumptions make the results difficult to compare between 

different studies, even in the same target regions.  

In this study, we estimate source parameters of events in central-southern Europe from the 

stable part (mainly Switzerland and Germany) to active part (mainly central and northern 

Italy) of the continent. A non-parametric spectral decomposition approach is applied on the 
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Fourier amplitude spectra (FAS) of events in the region to determine the source spectra, site 

contributions and attenuation propagation effects, considering two regional attenuation 

models. In order to remove the trade-off between source and site terms, we constrain a-priori 

the site amplification at one reference station contributing to both attenuation domains. The 

obtained source spectra are fitted to a standard ω2-model to evaluate the seismic moment and 

the corner frequency, which in turn are used to compute the stress drop. Finally, we discuss 

the scaling relationship of stress drop with earthquake size, regional variation, and source 

origins. 

2. Data and Processing

The recordings from 1990 to 2020 in the regions were downloaded and processed by means 

of stream2segment (Zaccarelli et al., 2019) using as event catalog the International 

Seismological Center, ISC. The database hosts about 52 million segments in total from 

178,000 earthquakes recorded by 4,771 stations belonging to 118 either temporary or 

permanent networks. Due to potential noises and outliers in the datasets from the automatic 

downloaded and processed by the software, the quality control (signal-to-noise ratio and 

outlier detection) are applied. Finally, we select 4,380 earthquakes with a magnitude larger 

than 2.5 in central-southern Europe recorded by 996 stations (Fig.1). We match the location 

and origin times of selected earthquakes with the EMEC catalog to identify induced events 

for the further discussion for the scaling relationship of source origins. The FAS are 

computed by the vector sum of two horizontal components, which is independent on the 

sensor orientation. The considered frequency band is from 0.5 to 20 Hz.  

An automatic algorithm is employed, which consists of removing the instrumental response 

and applying a Butterworth band-pass filter with high-pass magnitude dependent corner 

frequency: 0.08 Hz for magnitude above 6 to 0.3 for magnitudes between 3 and 6; and to 0.5 

Hz for events smaller or equal to 3. A low pass corner frequency is fixed to 90% of the 

Nyquist frequency. The signal window is defined as the interval between the 2.5% and 97.5% 

percentile of the cumulative squared acceleration computed from the estimated P-wave 

arrival. We additionally applied signal-to-noise ratio (SNR) constraints and outlier detection 

to drop segments with the potential multiple-event signal and high-noise segments. Records 

with SNR smaller than 20 over the frequency range from 0.5 to 20 Hz are not further 

processed. The outlier detection is a modified Z-score method applied to the median absolute 

deviation of residuals. The residuals are with respect to predictions from Ground Motion 

Prediction Equations (GMPEs) considering the PGV and PGA for Europe and Middle East 
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(Bindi et al., 2014) to detect the presence of outliers. The threshold is according to Iglewicz 

and Hoaglin (1993) that suggested the Z-score for the presence of outliers was greater than 

3.5 or lower than -3.5.  

Fig. 1 – Map with earthquake (circle sizes depending on the earthquake magnitudes) and station locations 

used in this study. Circles in blue represent tectonic events and in red represent induced events.  

3. Method

We perform a spectral decomposition approach to characterize the FAS into source, 

propagation and site contributions. The generalized inversion technique (GIT) (Castro et 

al.,1990) is a well-known method to derive frequency-dependent attenuation characteristics 

as well as source and site contributions. The FAS of ground motion can be written by the 

following system of linear equations: 

𝑙𝑜𝑔!"𝑈#$%𝑓, 𝑟#$) = 𝑙𝑜𝑔!"𝑆#(𝑓) + 𝑙𝑜𝑔!"𝐴%𝑓, 𝑟#$) + 𝑙𝑜𝑔!"𝑍$(𝑓)                (1) 

We split the decomposition approach into two steps: first, we determine the attenuation 

models introducing a two domains regionalization. The regional attenuation models are 

simultaneously determined by discretizing the distance range into a given number of 

intervals and determining the frequency-dependent attenuation value for each distance bin. 

The equation can be written as equation (2), where k=1,2 indicates the regional attenuation 

models. 

𝑙𝑜𝑔!"𝑈#$%𝑓, 𝑟#$) = 𝑙𝑜𝑔!"𝐴%%𝑓, 𝑟#$) + 𝑙𝑜𝑔!"𝑅#$(𝑓)              (2) 
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A subsequent inversion allows separating source and site effects from the residual spectral 

amplitudes after correcting the regional attenuation functions: 

𝑙𝑜𝑔!"𝑅#$(𝑓) = 𝑙𝑜𝑔!"𝑆#(𝑓) + 𝑙𝑜𝑔!"𝑍$(𝑓)               (3) 

Here, to constrain site amplifications of all stations to one reference condition, the reference 

site condition is set for the station CH.LLS, which is the reference site in the network CH 

managed by Swiss seismological service (SED). The reference site amplification is set to 

𝑒&'%!( with 𝑘"= 0.007s (Pilz et al., 2019).  

After solving the constrained linear system of equations, the obtained source spectra are fit 

with the ω2-model (Brune, 1970, 1971) to estimate the corner frequency 𝑓)  and seismic 

moment 𝑀"  (respectively moment magnitude MW) by the following source model, 

consisting of a standard ω2-model multiplied by an exponential factor, 𝜅*+,-./, applied to 

frequencies above 𝑓%: 

𝑆(𝑓) = (2𝜋𝑓)0 1"∅2
3'45$%1!

�̇�(𝑓)𝑒&'6&'()*+((&(,), 𝑤𝑖𝑡ℎ	 �̇�(𝑓) = 9!
!:(( (-⁄ ).

,    (4) 

where 𝑆(𝑓) represents the acceleration source spectrum at the reference distance 𝑅"= 10 km. 

�̇�(𝑓) denotes the moment-rate spectrum, 𝑅<∅is the average radiation pattern of S-waves set 

to 0.55 (Boore and Boatwright, 1984), F=2 is the free surface factor, ρ=2.7 g/cm3 is the 

density and 𝑉>= 3.3 km/s is the shear-wave velocity near the source. 

Stress drop ∆𝜎 was computed with the obtained corner frequency and seismic moment by 

the following equation (Eshelby, 1957): 

∆𝜎 = ?9'
!@-%

, (5) 

where the rupture radius is given by 

𝑟 = 0.B35$
0'(-

(6) 

4. Results

Fig. 2 shows the regional attenuation models obtained from the datasets. The attenuation in 

region A (northern Europe) of each frequency almost decay the same as 1/R function up to 

60 km. At large distances, it attenuates faster than a 1/R curve at frequencies larger than 10 

Hz. The attenuation functions in region B (southern Europe) decay similarly for the entire 

frequency range at distances up to 50 km. At distances larger than 50 km, the attenuation 
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functions at high frequencies attenuate faster. Southern Europe shows a stronger attenuation 

than northern Europe, especially at high frequencies.  

Fig. 2 – Regional attenuation models against hypocentral distance for frequencies from 0.5 to 20 Hz. 

The attenuation-corrected spectra are decomposed into site and source contributions shown 

in Fig. 3. The relative amplification varies by a factor of around 10. We determine the seismic 

moment and the corner frequency by fitting an ω2-model to the obtained source spectrum.  

(a) (b) 

Fig. 3 – (a) Site amplifications obtained by the spectral decomposition relevant to the reference site, CH.LLS 

(red curve). (b) Source spectra retrieved through the spectral decomposition approach. 

Fig. 4 shows the fitting corner frequency and seismic moment with one standard deviation. 

The obtained slope is generally following a theoretical self-similar behavior of a -1/3 slope. 

However, induced and tectonic events show different behaviors, where the induced events 

have lower stress drops within the range of 0.01 to 1 MPa. 
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Fig. 4 – Fitting corner frequency versus seismic moment. Black lines indicate the stress drops. 

5. Discussion and Conclusions

In this study, we derived spectral models for source, path, and site amplifications for 

southwestern Europe by analyzing events from the stable to the active part of the continent. 

Attenuation models have been derived for two different regions, which are the stable part 

(mainly Switzerland and Germany) and the active part of Europe (mainly central and 

northern Italy). Attenuation is stronger for the active part of Europe. The site contributions 

and source spectra can be extracted from the attenuation-corrected spectra. We determine 

the seismic moment and the corner frequency by fitting the corrected source spectra with an 

ω2-model. Finally, we evaluate the resulting stress drops for different source origins (induced 

and tectonic earthquakes) under the same assumptions (Fig. 5). Resulting stress drops show 

a clear scaling relationship with moment magnitudes, with stress drop increasing with 

earthquake magnitude for the tectonic events. The distributions of stress drop for two source 

origins are in the different ranges which in the range of 0.01-1 MPa for induced events and 

0.1-100 MPa for the tectonic events. The scaling relationships of stress drops for two source 

origins confirm that the stress drop of the induced events are not following a scale with 

earthquake magnitude. The regional variations of stress drop are shown in Fig. 6. The 

earthquakes stress drops are lower in the north but their corresponding moment magnitude 

are also smaller. These differences are then mainly due to the scaling of stress drops with 

magnitude. 
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Fig. 5 – Stress drops scaling with fitting moment magnitudes and the distribution of the stress drops for two 

regions and source mechanisms. 

 Fig. 6 – Regional variation of the stress drops. Color represents the stress drops. The size of circles indicates 

the fitting moment magnitudes. 
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Abstract: In this study, we developed region - specific ground - motion models for various 

intensity measures, as peak ground acceleration, peak ground velocity and 5% - damped pseudo 

- spectral acceleration up to 10 s, by exploiting a newly compiled high - quality ground - shaking

dataset for Vrancea inslab events.  Beside common predictors (e.g. moment magnitude, depth,

hypocentral distance and EC8 soil classes), additional distance scaling parameters were added to

describe the specific attenuation pattern observed at the stations located not only on the back- and

fore- but also along the Carpathian arc. To capture the complex seismic response of the

sedimentary structures, we introduce a new proxy measure for the site based on the fundamental

frequency of resonance. This leads to significant improvements in describing the spatial

variability (at different spectral ordinates), particularly for the fore - arc sites located on the deep

sedimentary basin. A non - ergodic methodology was considered to reduce site - to - site

variability, resulting in a lower standard deviation of about 25%.

The newly proposed model has a robust performance compared to regional observations and 

improves the estimates of ground shaking at longer spectral ordinates(>1s). It is valid for the 

hypocentral distances less than 500 km, depths over 70 km and moment magnitudes between 4.0 

- 7.4.

Keywords: Vrancea intermediate - depth source, ground motion models, non - linear mixed - 

effects regression, site effects, fundamental frequency of resonance 

1. Introduction

Romania is an earthquake prone country, with seismic events of moderate to high moment 

magnitude frequently occurring (2-3 earthquakes with M > 7 per century) in the Vrancea 

intermediate - depth seismogenic region (VRI; Radulian et al., 2000; Marmureanu et al., 2017). 

It is located beneath the SE ‐ bend of the Carpathian arc and generates an intense and persistent 

seismic activity clustered at depth (i.e. 60 and 180 km) within a subducted remnant of the 

oceanic Tethyan lithosphere (Ferrand & Manea, 2021). The impact of VRI events transcends 

the national borders, significant damage was also reported in neighbouring countries. Intensities 
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up to X MSK were observed after the previous large VRI events: IX+ MSK for 1940 event Mw 

= 7.7; VIII+ MSK for 1977 event Mw = 7.4 (Kronrod et al., 2013; Constantin et al, 2011; 

Cioflan et al., 2016). This region dominates the seismic hazard in Romania (e.g. Pavel et al., 

2016, Cioflan et al., 2022) and in the last decade, significant progress has been achieved in the 

development of ground motion models (GMMs) for this region. Most of the developed GMMs 

are focusing on large seismic events, either just local (moment magnitude - Mw > 6.4; Sokolov 

et al., 2008; Sokolov et al., 2009) or jointly with worldwide events (Mw > 5; Vacareanu et al., 

2015).  

In this paper, we develop GMMs of peak ground acceleration (PGA), peak ground velocity 

(PGV) and 5% - damped pseudo - spectral acceleration (SA) up to 10 s, by using a high - quality 

dataset of over 30000 ground motion records from 207 VRI events with Mw ≥ 4. Besides the 

ergodic uncertainties assumption (e.g. Anderson and Brune, 1999), a decomposition of all the 

within - event residual components was done by applying the non - ergodic methodology (e.g. 

Al Atik et al., 2010). 

2. Dataset

A ground - motion dataset was developed combining analogue and digital records of all 

earthquakes that occurred at intermediate depths in the Vrancea seismic area since 1977 (Figure 

1). It is the first attempt to homogenise all the ground - motion records for this region as 

recorded by the three National Seismic Networks of Romania (RSN, 

https://doi.org/10.7914/SN/RO), Republic of Bulgaria (https://doi.org/10.7914/SN/BS) and 

Republic of Moldavia (https://doi.org/10.7914/SN/MD). The entire dataset consists of more 

than 30000 high - quality ground-motion records from 207 Vrancea events located at 

intermediate depth (>60km), with magnitudes Mw ≥ 4 and recorded by 240 seismic stations 

(Figure 1).  A complete description of this dataset and the pre-processing information can be 

found in Manea et al. 2021. Over 6300 geometric means of the horizontal components were 

used in the regression analysis for the development of the GMMs and the distribution of this 

data with magnitude (Mw) and hypocentral distance (Rhypo) can be seen on Figure 1 (right 

side).   
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Figure 1. (Map) Location of the analysed earthquake epicentres (red dots) and of seismic stations (black dots) on 

a geological sketch map. See Asch, 2003, for a detailed legend of the geological map. The dashed lines are the 

limits of the three distinct areas based on the seismic wave attenuation pattern.  (right) Distribution of the ground 

motion data of the current database: magnitude and hypocentral distance (the colours indicate the location of the 

records with respect to the Carpathian arc. 

3. Final Functional Form

Based on a detailed analysis of the ground motion dataset properties with the key model 

parameters (as source, path and site), a final functional form was built: 

𝑙𝑛(𝑌𝑖𝑗) = 𝑐1 + 𝑐2(𝑀𝑤𝑖 −  𝑀𝑟𝑒𝑓) + 𝑐3(𝑀𝑤𝑖 −  𝑀𝑟𝑒𝑓)
2

+ 𝑐4 × ℎ𝑖+𝑐5  ×  𝑙𝑛(𝑅ℎ𝑦𝑝𝑜,𝑖𝑗)

+(𝑐6 ×  𝑓𝑜𝑟𝑒 + 𝑐7 ×  𝑎𝑙𝑜𝑛𝑔 + 𝑐8 ×  𝑏𝑎𝑐𝑘) × 𝑅ℎ𝑦𝑝𝑜,𝑖𝑗 + 𝑐9  ×  𝑙𝑛 (
𝑓0,𝑗

𝑓𝑟𝑒𝑓

)

+𝑐10 ×  𝑆𝑎𝑗 + 𝑐11 ×  𝑆𝑏𝑗 + 𝑐12 ×  𝑆𝑐𝑗 + 𝛿𝐵𝑖 + 𝛿𝑊𝑖𝑗 (1) 

where i is the earthquake index, j is the recording station index, Yij is the natural logarithm of 

geometric mean of the two horizontal components for PGA, PGV and PSA (0.01- 10 seconds). 

The nonlinear mixed - effects regressions (e.g. Pinheiro & Bates, 1995; Pinheiro et al., 2018) 

was applied to extract the final regression coefficients of all the terms and they can be found in 

the supplementary file of Manea et al., (2021). 

The effects of source parameters on ground-motion amplitudes are described by a quadratic 

function of the moment magnitude (Mwi) and hypocentral depth (hi) is the magnitude of event 

i. The Mref is the hinged magnitude and is set to 5.7. The distributions of the residuals with Mw
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and h are presented in Figure 2 (a & b) for PSA at 0.3 second and no clear trend can be observed 

indicating that the source scaling is consistent with the available recorded data.  

By exploring the current dataset, an amplitude reduction of records on average by a factor of 2 

to 5 can be observed along the Carpathian arc and by 20 inside the arc (Radulian et al., 2006) 

related to amplitudes recorded in the forearc region. For this reason, beside the geometrical 

spreading term, three anelastic attenuation terms were added in the propose GMMs to constrain 

the observed features at sites located in the back, along and in front of the Carpathian Arc (see 

their locations in Fig 1) in accordance with the asymmetric attenuation pattern. For PSA at 0.3 

seconds (Figure 2, c), the distribution of the residuals with Rhypo and the arc terms, ensures 

that no further dependency exists for all the three zones. 

The local conditions are represented using explanatory parameters as the (classical) site 

classification according to the Eurocode8 (CEN 2004, EC8) and the fundamental frequency of 

resonance (f0). Three dummy parameters (Sa, Sb, Sc) are assigned for the three main EC8 site 

classes (class A - Vs30 > 800 m/s; class B - Vs30 ~ 360 − 800 m/s; class C - Vs30 ~ 180 −360 

m/s). 

Figure 2. The distribution of the total residuals of the proposed model with the primary parameters: (a) 

magnitude - Mw, (b) depth and (c) hypocentral distance - Rhypo, and of the within-event residuals with site 

parameters: (d) EC8 soil class and (e) fundamental frequency of resonance (f0) for PSA at 0.3 seconds. 
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In this study, we introduce f0 as a new site proxy for the estimation of local site amplification 

considering the large variability of the recorded ground motion outside of the Carpathian arc, 

where large and deep sedimentary basins are settled. This parameter is directly linked with the 

depth of the seismic bedrock used in engineering studies (e.g. Poggi et al., 2012, Manea et al., 

2016) and was assessed at all the seismic stations of the Romanian Seismic Network, by 

different authors as Manea et al., 2016; 2019; 2020 and Coman et al., 2020. The f0 varies 

between 0.1 and 15 Hz, where the highest value is attributed to the reference site condition (i.e. 

rock sites) and it’s referred here as fref. The variability of the within-event residuals with EC8 

soil classes and f0 is presented in Figure 2 (d, e). 

The inter - event (Bi) and the intra - event (Wij) terms were directly estimated from the non-

linear mixed regression analysis at each spectral period. Their standard errors atre 𝜏 (Bi) and ϕ 

(Wij) and their square root of the sum of their square values represents the total ergodic standard 

deviation - sigma (σ). The variability of these standard deviations at different spectral periods 

can be observed in Figure 3 and suggests that the within events residuals are dominating the 

total standard deviation while event - to - event variability is low.  

Considering the large variability in the distribution of the ground motion (see Figure 2), the 

partially non-ergodic methodology (e.g. Al Atik et al., 2010; Ktenidou et al., 2018) was applied 

to constrain the remaining local site variability within this model. The within-event ϕ can be 

splitted between ϕS - the site terms stdv. of all the sites and the ϕSS - the single-station standard 

deviation. The ergodic total standard deviation (sigma, σ) of the GMM can be written as: σ2 = 

𝜏2 + ϕ2
S  + ϕ2

SS. As ϕS is epistemic, it can be removed from the within-event component and the 

partial non-ergodic total standard deviation can be written as:  σ2
SS = 𝜏2 + ϕ2

SS (e.g. Rodriguez-

Marek et al., 2014). The variability at each spectral period of different types of residuals (σ, 𝜏, 

ϕ, ϕSS, ϕS, σSS) is presented in Figure 3 and a minimum 25% reduction of sigma along the 

spectral periods can be observed when using the partially non-ergodic approach than the 

traditional one.  
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Figure 3. The distribution of GMM’s residuals at all the spectral periods (up to 10 sec.). Where the ergodic total 

sigma is described as: σ2
 ergodic= 𝜏2 + ϕ2) and is plotted on black dots, while the partial nonergodic one (σ2

ss = 𝜏2

+ ϕ2
ss) with red ones. Their components are plotted with diamonds: the between-events stdv. (𝜏) - black, within-

event stdv. ϕ (ϕ = ϕ2
s + ϕ2

ss) - blue, the site terms stdv.  ϕS for the entire dataset - grey, and the single-station

standard deviation ϕSS - green. 

4. Discussions and Conclusions

In this study, we propose regional ground-motion models (GMMs) for the Vrancea 

intermediate-depth seismic zone, by using a newly developed dataset of records from events 

with Mw ≥ 4. We used over 6000 geometric means of the horizontal components recorded in 

Romania since 1977. The GMMs were developed for peak ground acceleration (PGA), peak 

ground velocity (PGV) and 5%-damped pseudo-spectral acceleration (SA) up to 10 s. Beside 

the common parameters (as magnitude, distance and site), different distance scaling was 

implemented to reflect the asymmetric pattern of seismic wave attenuation observed by 

exploring the current dataset. Distinctive factors were implemented not only for back and fore-

arc sites but also for the ones located along the Carpathian arc. Additionally, a new functional 

form based on the fundamental frequency of resonance was proposed to capture the significant 

local site amplification outside of the Carpathian arc, where large and deep sedimentary basins 

are located. Beside this, all the repeatable effects were identified and removed from the aleatory 

residual distributions of the proposed GMM by employing non-ergodic approaches. The 

proposed model is recommended for application to inslab earthquakes with depths over 70 km, 

moment magnitude ranging from 4 to 7.4 and hypocentral distance less than 400 km.  

For hazard applications, the performance of the proposed GMM is evaluated at higher 

magnitudes, using a scenario similar to the 1977 destructive Vrancea event (7.5 Mw at 90 km 
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depth). A comparison with similar models for Vrancea (Sokolov et al., 2008; Vacareanu et al., 

2015) or other intermediate-depth seismogenic regions (Abrahamson et al., 2016; Weatherill et 

al., 2020) is given.  The distance scaling of these models at different spectral ordinates (PGA 

and PSA at T = 0.3, 1.0 and 3.0 s) for the three attenuation regions is presented in Figure 4.  

 

Figure 4. Distance scaling of the proposed model for the three attenuation regions at different spectral ordinates 

(PGA - PSA0.0, PSA at T = 0.3, 1.0 and 3.0s) and its comparison with the selected global and regional (Aetal6 - 

Abrahamson et al., 2016), European hazard model (ESHM20 - Weatherill et al., 2020) and local (Setal08 - 

Sokolov et al., 2008; Vetal15 - Vacareanu et al., 2015) models, for moment magnitude 7.5 at depth h = 90 km. 
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The comparison indicates an overall agreement of the proposed model with the others at shorter 

periods and follows the local GMM of Sokolov et al. (2008) above 1.5 seconds. The predictions 

of the selected parameters with the proposed model are consistent with the ones computed using 

the selected GMMs. 

The new model improves the estimates of the computed ground motion parameters, owing to 

the use and characterization of a much larger seismic dataset. Moreover, such models will 

provide the basis for further development of robust applications such as near real - time shake 

maps and hazard assessment and in turn, to earthquake risk analysis. 
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Abstract: Probabilistic Seismic Hazard Analysis (PSHA) encompasses quantitative 

estimation of seismic hazard at a site by considering all plausible earthquake scenarios using 

different models and assumptions. The outcome of a PSHA is often reported as the mean rate 

of exceeding a specific ground motion intensity measure at a given site, as well as the uniform 

hazard spectra (UHS) as a by-product. A site-specific PSHA is recently performed for the 

western area of the city Naples (southern Italy) by the authors that employs DISS3.2 

(Database of Individual Seismogenic Sources), CPTI15 (Parametric Catalogue of Italian 

Earthquakes), and seismic microzonation maps derived for the western area of Naples. 

Seismogenic models include individual seismogenic structures/faults liable to generate major 

earthquakes with magnitude greater than 5.5, and background areal source model to evaluate 

the effect of earthquakes with magnitude less than 5.5. Herein, a comparison of the site-

specific PSHA results in terms of seismic hazard curves and the UHS for various soil types 

and return periods are provided with Italian national hazard maps (MPS04 model), the 2020 

Euro-Mediterranean Seismic Hazard Model (ESHM20), and the National Italian Code (NTC) 

design spectra to emphasize the importance of performing site-specific PSHA. 

Keywords: Site-specific PSHA, Seismogenic source model, MPS04 model, ESHM20 model, 

Uniform hazard spectrum 

1. Introduction

The western area of the city of Naples (Campania region, southern Italy) rests on soft soil of 

alluvial and volcanic origin that can strongly affect the local seismic response. The urban 

fabric is highly heterogeneous in this area. It consists of masonry and reinforced concrete 

constructions of different ages ranging from 1919 (and even older) up to 2001 with the 

majority of buildings being constructed in the period within 1946-1971. Recently, a site-

specific PSHA has been conducted for the case-study area (Ebrahimian et al. 2019), referred 

to hereafter as the “local” PSHA. The aim has been to use all the available seismological, 

geological, geophysical, and geotechnical information for the designated area. To properly 

evaluate the local soil-site effects, a detailed seismic microzonation has been conducted on 

the study area (Licata et al 2019). The seismogenic source modelling is based on a bi-layer 

model (Pace et al. 2006): (a) the individual seismogenic faults (the so called seismogenic 

boxes) capable of producing major earthquakes with magnitude greater than 5.5, (b) a 

background source model for magnitudes smaller than 5.5. The PSHA calculations are 

performed by using seismogenic boxes and background area, and the results are combined 

to provide PSHA for PGA and spectral acceleration (Sa) at different hazard levels according 

to the National Technical Code for seismic design in Italy (NTC 2018). The aim of this paper 

is to compare the seismic hazard results obtained for this case-study area (in terms of the 

uniform hazard spectrum and hazard curves) with the following benchmarks: (1) the national 

hazard data provided by the Istituto Nazionale di Geofisica e Vulcanologia (INGV) for the 

designated site as reported in the MPS04 national hazard maps (Meletti et al. 2007, 
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http://esse1.mi.ingv.it/), which are not based on seismogenic individual faults, referred to 

hereafter as “national” PSHA); (2) The 2020 Euro-Mediterranean Seismic Hazard Model 

(ESHM20; http://hazard.efehr.org/en/home/) that results from a probabilistic seismic hazard 

assessment carried out for the Euro-Mediterranean region, referred to hereafter as “regional” 

PSHA. ESHM20 considers the most recent input datasets such as earthquake catalogues, 

active faults or ground motion recordings, scientific knowledge and integrates the latest 

innovations in seismic hazard assessment.  

2. Site-specific PSHA for the Western area of Naples – highlights and assumptions 

(Local) 

The site-specific PSHA performed herein is based on the detailed seismic hazard analysis 

performed in Ebrahimian et al. (2019). The main assumptions and important consideration 

are as follows: 

❖ The site-specific PSHA results are based on a seismic microzonation that was carried out 

based on measurements of the shear wave velocity (VS) obtained through several 

geophysical tests (Licata et al. 2019). According to the national code (NTC2018), the 

following soil classes were identified: (a) class A (with VS30>800m/s); (b) the main part 

of the plain is classified as soil-site class C (VS30=180-360m/s, with bedrock depth higher 

than 20m); (c) class C with VS30 ranging between 180-360m/s classified as type E (soil 

class E is defined as 5–20m of C- or D-type alluvium lying upon stiffer material with 

VS30≥800m/s); (d) deposits below the dune sands with a mean VS30 between 180-360m/s 

but highly susceptible to liquefaction, are classified as soil type S2; (e) a part that was left 

as unclassified since the stratigraphic profile reveals significant inversions of the shear 

wave velocity with the depth. 

❖ This study carries out a detailed source characterization for PSHA using the most recent 

parametric catalog of Italian earthquakes (CPTI15, Rovida et al. 2016) and the enhanced 

database of Individual Seismogenic Sources (DISS 3.2; DISS Working Group, 2015). 

The seismogenic models used herein comprise of (1) individual seismogenic 

structures/faults (a.k.a. seismogenic boxes) as well as two point-sources liable to generate 

major earthquakes with magnitudes greater than 5.5; (2) background areal source model 

which allows to evaluate earthquakes with magnitude less than 5.5. A number of 14 

seismogenic boxes fall within the background area.  

❖ The distribution of the maximum magnitude for each seismogenic box is expressed 

through a truncated normal distribution. It is characterized based on the maximum 

magnitude estimates and the corresponding dispersion values obtained by five different 

methods that are based on empirical relationships and observations. The distribution of 

the annual seismicity rate for each seismogenic box is estimated by Monte Carlo 

simulation method and the 84th percentile value is assigned to each seismic zone. 

❖ The magnitude distribution for the background source follows a truncated Exponential 

distribution. For this model, the upper magnitude is assigned to be the lower magnitude 

threshold defined for the seismogenic boxes (Mw=5.5). The lower cut-off magnitude for 

the background source zone is obtained by applying two different methods including the 

direct use of frequency-magnitude distribution, and the use of Bayesian inference for 

estimating the lower magnitude threshold (see also Ebrahimian et al. 2014; Ebrahimian 

and Jalayer 2017). The latter is used also for estimating the slope of the Gutenberg-Richter 

(GR) earthquake rate model. The seismicity rate for the background source model is 

defined by estimating the completeness interval of the catalog using two different 
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methods including the Visual Cumulative Method (Mulargia et al. 1987) and the 

statistical approach called herein as Stepp Method (Stepp 1972). 

❖ Four most recent Italian, European and global ground motion prediction equations

(GMPE’s) are adopted; namely, ITA10 (Bindi et al. 2011), BND14 (two models; Bindi

et al. 2014a, b) and BSSA (Boore et al. 2014). Since both ITA10 and BND14 use the

geometric mean of the two horizontal components of ground motion, these two GMPEs

are modified to account for an arbitrary horizontal component of ground-shaking

❖ PSHA in terms of the annual rate of exceeding a specified level of intensity measure, IM

has been performed considering all seismic sources (assuming that earthquake occurrence

for these alternative sources can be expressed as independent Poisson processes)

including 14 finite-fault sources, the areal background source, and two point sources. The

model parameters for the finite-fault sources include magnitude, down-dip rupture width,

the subsurface horizontal fault rupture length, and the location of the nucleation point

within the fault plane. Four GMPEs are considered for the finite-fault sources considering

a weight of 1/3 to ITA10 and BSSA and 1/6 to each BND14 models. The GMPEs used

for the background source include ITA10 and one of the BND14 models with equal

weights.

3. Site-specific Uniform Hazard Spectra compared with ESHM20, MPS04, and

NTC2018 code spectra

In this section, the PSHA estimates in terms of Uniform Hazard Spectrum (UHS, a by-product 

of site-specific PSHA that expresses pseudo spectral acceleration values for a range of periods 

given a uniform hazard level) are compared with the Italian national hazard map data (MPS04, 

Meletti et al. 2007, http://esse1.mi.ingv.it/) released by Istituto Nazionale di Geofisica e 

Vulcanologia (INGV), the 2020 Euro-Mediterranean Seismic Hazard Model (ESHM20, Danciu 

et al. (2021); http://hazard.efehr.org/en/home/), as well as the code-based response spectra (NTC 

2018). It is noted that the ESHM20 data provided in the EFHER website are based on other 

GMPEs (see Weatherill et al. 2020, and Weatherill and Cotton 2020). The UHS are based on 

four limit states corresponding to four hazard levels in terms of exceedance probabilities 𝑃𝑉𝑅 in

50 years including Operational (SLO, 𝑃𝑉𝑅 =81%), Damage (SLD, 𝑃𝑉𝑅 =63%), Life safety

(SLV, 𝑃𝑉𝑅 =10%), and Collapse (SLC, 𝑃𝑉𝑅 =5%). They correspond to the four return periods

TR (inverse of mean annual rate of exceedance) of [30, 50, 475, 975] years. The intensity measure 

is spectral acceleration IM=Sa [g] at the period range of 0.0 sec to 1.50 sec (T=0.0 denotes PGA). 

Fig. 1 illustrates the case-study area and the four nearby grid points of INGV hazard maps 

(MPS04 model) surrounding the desired area. We select three grid points (belonging to the 

gridded fishnet map of the site-specific hazard) located on three soil types A, C, and E (based on 

the soil categorization in NTC2018), with the highest hazard value (calculated through the site-

specific PSHA herein), as highlighted in Fig. 1 with small coloured circles. The closest INGV 

grid point to these reference points has latitude and longitude of [40.83, 14.22] (INGV grid 

number 33200, see Fig. 1). For the ESHM20 hazard data, the closest point has latitude and 

longitude of [40.80, 14.18]. The site-specific UHS estimated by this study are shown for the four 

designated hazard levels in Fig. 2 with thick orange line. In the same figure and for the four 

defined hazard levels, we have: (a) the MPS04-based spectra for the nearest grid point 33200 

illustrated with dashed blue line, (b) the code-based spectra (NTC 2018) drawn with black solid 

line, and (c) the ESHM20-based spectra shown with dash-dotted red line. With reference to Fig. 

2, the following remarks can be addressed: 
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➢ For stiff-soil sites (i.e., soil type A), the spectral amplitudes estimated by MPS04 and 

NTC code are compatible and are larger than the UHS derived in this study. The 

ESHM20-based UHS have smaller spectral values at all period levels compared to the 

other estimates of UHS for smaller return periods of TR=30 years and TR=50 years.  

➢ For sites with soil type C, the UHS spectral ordinates derived herein reasonably match 

the MPS04 ordinates (modified to account for soil type C) for periods higher than 0.50 

sec. This holds also for the ESHM20-based UHS for higher return periods (i.e., 475 and 

975 years), while for smaller return periods, the same ESHM20 estimates are 

unconservative. The NTC spectrum provides conservative spectral values (especially at 

smaller hazard levels) with respect to our study.  

➢ For sites with soil type E, the high-frequency (i.e., here T<0.30 sec) content of the UHS 

herein is considerably larger than those of MPS04 and ESHM20 (modified to account 

for soil type E) as well as the national code NTC. For T>0.30 sec, the code spectrum is 

conservative, while the MPS04-based UHS is very similar to the site-specific UHS in 

this study. The trends in the ESHM20-based UHS are the same as those reported for soil 

type C in the previous bullet-point. 

 
Fig. 1- The case-study area and the location of the INGV grid points surrounding the area; the representative grid 

points within the case-study area on soil types A, C and E; the INGV grid point 33200 

4. Site-specific hazard curves compared with ESHM20 and MPS04 models 

The site-specific (local) PSHA curves constructed in this study for reference points (shown 

in Fig. 1) are compared with the MPS04 (national) and ESHM20 (regional) hazard curves. It 

is to note that the latter two hazard curves are defined on stiff-soil sites (VS30>800m/sec). 

Hence, in order to account for soft soil conditions, the same approach proposed in Section 3 

has been be employed, i.e., multiplying the IMs by the site and topographical amplification 
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factor 𝑆 (NTC 2018). As illustrated in Fig. 3, the comparison is done for six target IMs; 

namely, PGA, Sa(T=0.2sec), Sa(T=0.3sec), Sa(T=0.50sec), Sa(T=0.70sec), and Sa(T=1.0sec) 

and for three different soil types (A, C and E) of the designated area. The following 

observations can be made with reference to Fig. 3: 

➢ For sites with soil type A, the results of this study show slightly smaller values compared

to MPS04 hazard curves. The ESHM20 hazard curves are not conservative at lower

intensity values, while they provide higher annual rate of exceedance for higher

intensites.

➢ For sites with soil type C, the hazard curves calculated in this study are in good

agreement with INGV-based hazard curves. The trends of ESHM20 hazard curves are

similar to those observed for soil type A. It is interesting to note that for IM>0.4g, the

ESHM20 model provides higher rates compared to the site-specific PSHA as well as

MPS04 model.

➢ For sites with soil type E, the hazard values calculated herein are larger than MPS04-

and ESHM20-based hazard curves for PGA and Sa(T<0.3sec); good agreement is

observed otherwise with MPS04 model. However, for IM>0.3g, the ESHM20 model

provides higher rates compared to the other two estimates.

➢ It is noted that the higher rates reported by the ESHM20 model (for all hazard levels) are

associated with return periods larger than 1000 years, which is above the ultimate SLC limit

state recommended return period (975 year).
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Fig. 2- Comparison of the site-specific UHS calculated in this study for the four designated limit states with MPS04-, ESHM20- and code-

based spectra considering different soil types of the case-study area 
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Fig. 3- Comparison of the site-specific PSHA curves estimated by this study with MPS04 and ESHM20 hazard 

models for six target intensities and considering different soil types of the case-study area  
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4. Conclusions 

PSHA results for the western area of the city Naples (southern Italy) are obtained from a bi-

layer model of seismogenic tectonic faults and point sources. They are presented for a 

number of return periods (corresponding to prescribed probability of exceedance in 50 years) 

for peak ground acceleration (PGA) and 5% damped pseudo spectral accelerations (Sa) at 

periods representative of the existing masonry and reinforced concrete (RC) structures of the 

case-study area. The seismic hazard results obtained in this study are compared (in terms of 

the uniform hazard spectra, UHS, and the hazard curves) with the national hazard maps 

provided by INGV (MPS04 model), the 2020 Euro-Mediterranean Seismic Hazard Model 

(ESHM20), and the national Italian code (NTC 2018) for the designated site. The following 

observations are made: 

• For soil types A, C and E, the UHS spectra derived from the ESHM20 model provides 

smaller spectral ordinates compared to site-specific UHS, and those proposed by MPS04 and 

NTC for smaller return periods (associated with SLO and SLD limit states). The site-specific 

UHS results are closer to MPS04 and the local UHS for SLV and SLC limit states with higher 

return periods. In terms of the hazard curves, the higher rates reported by the ESHM20 model 

(for all hazard levels) are associated with return periods higher than 1000 years.  

• For soil type A, the UHS spectra of this study are lower than those of MPS04 and NTC 

for all return periods. A similar trend is observed in the national hazard curves compared 

with those derived herein (local).  

• For soil type C, the spectral ordinates derived in this study are lower than the NTC-based 

values and are similar to MPS04 estimates.  

• For soil type E, the high-frequency spectral ordinates are considerably higher than those 

of other models. On the other hand, for low-frequency range, while the NTC-based 

spectra are larger, the site-specific PSHA and MPS04 provides similar results. The same 

trend is observed also for the results expressed in terms of hazard curves 

It is clearly expected to observe differences between the results of PSHA at local, national 

and regional level due to the different assumptions regarding the source models, parametric 

earthquake catalogues, the ground motion prediction models, consideration of the site 

effects, and the characterization of uncertainties. Finally, it is to be noted that current study 

will be further complemented with: (1) comparisons of the UHS’s with the new Eurocode’s 

design spectrum; (2) benchmarking of the local PSHA results with those obtained by using 

the OpenQuake Platform. 
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Abstract: The European Seismic Hazard Model 2020 (ESHM20) is based on the ESHM13 
model but with newly generated local and regional seismogenic sources. One of the main 
components of the ESHM20 is a smoothed seismicity model (SSM). It is based on the premise 
that previous earthquakes' spatial location and magnitude distribution predict future 
earthquakes' likely location and size. This model uses smoothing kernels to estimate the 
probable location of future seismicity by smoothing the location of past declustered 
earthquakes. Critical choices in forecasting using an SSM include (1) the adaptiveness of the 
kernel's bandwidth, (2) the smoothing parameters, (3) the declustering procedure, and (4) the 
declustering parameters. We use a one-fold cross-validation approach to find the optimal 
smoothing parameters using only the training set. We use this approach to identify a reference 
smoothed seismicity model, which relies on declustered catalogs obtained from window-
based declustering. We subject this SSM to numerous retrospective tests to demonstrate its 
consistency with the past seismicity. Finally, we perform a pseudo-prospective experiment to 
identify the best combination of choices that could be made to obtain the best SSM.  

Keywords: smoothed seismicity model, declustering, forecasting, seismic hazard, european 
seismic hazard model, eshm20 

1. Introduction

The seismogenic source model of ESHM20 is built upon the foundation of the ESHM13 
(Woessner et al. 2015), enhanced with newly developed local and regional seismogenic 
sources. One of the main components of this model is a seismicity rate forecast based on 
smoothing the location of past earthquakes. This model uses the idea that past earthquakes' 
spatial and magnitude distribution reveal the probable location and size of future seismicity. 
Smoothed seismicity models have been widely used in the literature to forecast future 
earthquakes [Kagan and Jackson, 1994; Woo, 1996; Cao et al., 1996; Jackson and Kagan, 
1999; Stock and Smith, 2002a, 2002b; Helmstetter et al., 2006; Helmstetter et al., 2007; 
Zechar and Jordan, 2010; Werner et al., 2011; Wang et al., 2011; Helmstetter and Werner, 
2012; Rhoades et al., 2012; Hiemer et al., 2013, 2014; Hiemer and Kamer, 2016; Nandan et 
al., 2019]. The wide prevalence of the SSMs in the literature can probably be attributed to 
the relative ease with which these models can be constructed and their success in forecasting 
future seismicity. The model based on the smoothed seismicity approach has been found to 
be the most successful model in the first prospective forecasting experiment conducted by 
the Regional Earthquake Likelihood Models (RELM) experiment [Zechar et al., 2013; 
Rhoades et al., 2014]. These models have outperformed many seismicity-based models and 
those that have incorporated strain and mapped fault information.  
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Several choices go into building a smoothed seismicity model. The most critical decisions 
that a modeller must make involve choosing the (1) adaptiveness of the bandwidth of the 
kernel, (2) smoothing parameters, (3) declustering algorithm, and (4) declustering 
parameters. Several authors have studied and highlighted the importance of these choices. 
These decisions for these choices are typically based on dividing the data into training and 
validation sets. The training set is used to generate the smoothed seismicity model for a given 
combination of the choices, while the validation set is used to rank the resulting SSM in 
terms of some pre-defined metric. 
We systematically explore the four modelling choices outlined above to identify the best 
possible SSM for the ESHM20. We objectively rank the different choices using the pseudo-
prospective experiment. We use all the data through 2006 to train a series of smoothed 
seismicity models (SSMs) and then compare their forecasting ability using the earthquakes 
between the entirety of 2007 through 2015. Additionally, we built a reference smoothed 
seismicity model using the window-based declustering method, which was chosen as the 
preferred declustering method in the ESHM13 project. We subject this model to rigorous 
retrospective tests to quantify its consistency with the observed seismicity rate.  

2. Data

In this study, we use the earthquake catalog compiled for ESHM20. Figure 1 shows the 
location of 56,437 (𝑀𝑀 ≥ 1.9) earthquakes reported in the catalog in the region around 
Europe. Overall, the catalog spans roughly 1,000 years till the end of the year 2014. 

Figure 1: Spatial distribution and magnitude of all earthquakes reported in the ESHM20 earthquake catalog. 

Table 1 compares the different summary statistics of the earthquake catalog used for 
ESHM20 and ESHM13 models. 
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Table 1: Summary statistics of the ESHM20  and the ESHM13 catalog 

 
Compared to ESHM13, the ESHM20 catalog includes eight years of events beyond 2006 
and covers a larger area. Thus, it naturally contains more events. Even for the same period 
(1900-2007), the ESHM20 catalog is overall richer in the number of events at different 
magnitude thresholds (Figure 2). 

 
Figure 2: Spatial variation of difference in the number of events between the ESHM20 and ESHM13 catalog for different 
magnitude thresholds. Warmer and cooler colors indicate regions where ESHM20 and ESHM13 catalog features more 
events. 

However, the ESHM20 catalog is not homogenously richer everywhere for a given 
magnitude threshold. For a given magnitude threshold, the difference in the number of 
events, 𝛥𝛥, between the two catalogs varies widely in space. 

We also find that Δ varies substantially with the magnitude threshold. Especially striking is 
the Italian region, where the ESHM20 catalog features substantially more events at a 
magnitude threshold of 3.5, while at the magnitude threshold of 4.5, the ESHM13 catalog is 
comparatively richer. 

3. Additional inputs for the SSMs 

Additionally, the smoothed seismicity model utilizes the space-time varying completeness. This 
space-time varying completeness is encoded into time-varying completeness curves for pre-
defined completeness source zones (CSZs). It is thus assumed that a given CSZ has experienced 
the same incompleteness function during its entire history. The completeness time series for a 
given CSZ is determined using an improved version of the widely used temporal course of 
earthquake frequency (TCEF) method [Stepp, 1972; Nasir et al., 2013]. This method has 
been improved in the ESHM20 project by incorporating standard statistical tests and the 
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non-parametric maximum curvature method. This improved method, which allows for 
automatic detection of completeness time steps, is applied to the ESHM20 earthquake 
catalog enclosed within the 48 completeness superzones defined using expert elicitation. 
Figure 3 shows an example completeness time series obtained by applying the improved 
method to the CSZ with id SZ02. 

Figure 3: a) Comparison of the magnitude of completeness time steps obtained using the improved TCEF method (solid 
blue line) and expert-driven magnitude of completeness time steps (dashed blue line) for CSZ_CH; Orange and black 
circles indicate the time and magnitude of the declustered and clustered earthquake events; Only declustered data is used 
to obtain the completeness time steps; (b) Consistency between the empirical annualized frequency magnitude distribution 
obtained using the expert-driven magnitude of completeness (orange circles) and best fit theoretical GR distribution; 
Maximum likelihood estimate of the a and b-value and their 95% confidence interval are indicated at the top of the panel; 
(c) Same as panel (b) but for the completeness time steps obtained using the improved TCEF method; (d) area of
completeness super zone highlighted in blue; location of the declustered and clustered seismicity.

The model also utilizes the space-varying estimates of a-b values. The a-b values are estimates 
for pre-defined Tecto zones. The estimates are of these two parameters along with the estimate 
of 𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 is shown in Figure 4. 

Figure 4: Estimates of the three input parameters used for 
deriving smoothed seismicity models. Top, center and bottom 
panels show the estimate of 𝑏𝑏 − 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣, 𝑣𝑣 − 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 and 𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 
estimate for each of the Tecto polygons, whose boundaries are 
delineated using white lines in each of the panel. 

4. Reference SSM
The reference SSM is based on the declustered earthquakes 
obtained by applying the window-based declustering 
algorithm with Grunthal-window. 
4.1 Accounting for space-time varying completeness in 
SSM 
The first step in estimating the SSM is finding the pivot 
points, which mark the locations where the smoothing 

kernels are placed. The pivot points are obtained by first applying the declustering filter to 
all the earthquakes in a CSZ. In other words, all earthquakes within a given CSZ that belong 
to the list of declustered earthquakes within that CSZ are selected as pivot points. This list 
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of pivot points is further trimmed by selecting only those earthquakes that can be labelled as 
complete based on the completeness time series within that CSZ. 
As the different regions have different completeness histories, we cannot simply smooth the 
pivot points to obtain SSM. Otherwise, this would lead to exaggeration of rates in the regions 
which have a long history of recordings or lower magnitude of completeness (𝑀𝑀𝑐𝑐) values. 
To bring all the regions on the same footing, each pivot point should be weighted so that 
their total sum within a Tecto zone reflects the yearly seismicity rate at any reference 
magnitude level.  
The choice of this reference magnitude is unimportant, and we set it to 4.5. We use the a-b 
values estimated in each tecto polygons to estimate the yearly rate in each tecto polygon. 
Each pivot point in the polygon is then assigned a weight in the polygon, which is given by 
the following formula: 

𝑤𝑤𝑖𝑖,𝑘𝑘 =
10−𝑏𝑏𝑘𝑘∗𝑀𝑀𝑡𝑡+𝑚𝑚𝑘𝑘

𝑁𝑁𝑘𝑘
(1) 

𝑁𝑁𝑘𝑘 is the total number of pivot points within a 𝑘𝑘𝑡𝑡ℎ polygon.  
 
4.2 Optimizing smoothing parameters using leave-one-out cross-validation   
 
The next step in defining the SSM is to obtain the smoothed seismicity rate at any location 
using weighted pivot points and a smoothing kernel. We select an isotropic power-law kernel 
for this purpose. This kernel can feature adaptive bandwidth. We first described the case for 
non-adaptive bandwidth and then extended it for the case of adaptive bandwidth. Using this 
smoothing kernel, the yearly seismicity rate above 𝑀𝑀𝑡𝑡 at any location is described as: 

𝜇𝜇(𝑥𝑥, 𝑦𝑦) = �𝑤𝑤𝑖𝑖 𝜋𝜋−1  𝑄𝑄 𝐷𝐷𝑄𝑄((𝑥𝑥 − 𝑥𝑥𝑖𝑖)2 + (𝑦𝑦 − 𝑦𝑦𝑖𝑖)2  +  𝐷𝐷)−1−𝑄𝑄
𝑁𝑁

𝑖𝑖=1

(2) 

Here, 𝑖𝑖 is the index of pivot points in the list 𝐿𝐿, which is comprised of all the pivot points 
from all the tecto polygons. The corresponding weight of the pivot point is 𝑤𝑤𝑖𝑖, is defined in 
Equation 1. Note that we have dropped the index 𝑘𝑘, used in Equation 1 to represent the 
identity of the Tecto polygon for the sake of simplicity of representation.  𝜋𝜋−1  𝑄𝑄 𝐷𝐷𝑄𝑄((𝑥𝑥 −
𝑥𝑥𝑖𝑖)2 + (𝑦𝑦 − 𝑦𝑦𝑖𝑖)2  +  𝐷𝐷)−1−𝑄𝑄 is the power-law smoothing kernel with two parameters: 
exponent, 𝑄𝑄 and regularizer 𝐷𝐷. 𝜋𝜋−1  𝑄𝑄 𝐷𝐷𝑄𝑄 ensures that the kernel integrates to 1 for 𝑥𝑥,𝑦𝑦 in 
[−∞,∞]. The parameters 𝐷𝐷 and 𝑄𝑄 are unknown apriori and have to be optimized. To 
optimize the parameters, we use the following leave-one-out cross-validation scheme. 
We first define the spatial probability density function of the background earthquakes at the 
𝑗𝑗𝑡𝑡ℎ pivot point with as: 

𝜇𝜇𝑃𝑃𝑃𝑃𝑃𝑃�𝑥𝑥𝑗𝑗 , 𝑦𝑦𝑗𝑗� =
∑ 𝑤𝑤𝑖𝑖 𝜋𝜋−1  𝑄𝑄 𝐷𝐷𝑄𝑄 ��𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑖𝑖�

2
+ �𝑦𝑦𝑗𝑗 − 𝑦𝑦𝑖𝑖�

2
 +  𝐷𝐷�

−1−𝑄𝑄
𝑁𝑁
𝑖𝑖≠𝑗𝑗

∑ 𝑤𝑤𝑖𝑖 𝑁𝑁
𝑖𝑖≠𝑗𝑗

(3) 

Using 𝜇𝜇𝑃𝑃𝑃𝑃𝑃𝑃�𝑥𝑥𝑗𝑗 , 𝑦𝑦𝑗𝑗� and 𝑤𝑤𝑗𝑗, we can define the complete data log-likelihood for the spatial 
distribution of the pivot points (𝑥𝑥𝑗𝑗 ,𝑦𝑦𝑗𝑗) with corresponding weight 𝑤𝑤𝑗𝑗 as: 

𝐿𝐿𝐿𝐿𝑏𝑏𝑘𝑘𝑏𝑏 = �𝑤𝑤𝑗𝑗 × ln 𝜇𝜇𝑃𝑃𝑃𝑃𝑃𝑃�𝑥𝑥𝑗𝑗 ,𝑦𝑦𝑗𝑗�
𝑁𝑁

𝑗𝑗=1

(4) 

𝐿𝐿𝐿𝐿𝑏𝑏𝑘𝑘𝑏𝑏 can be optimized with respect to the parameters 𝐷𝐷 and 𝑄𝑄. To obtain 𝜇𝜇𝑃𝑃𝑃𝑃𝑃𝑃�𝑥𝑥𝑗𝑗 ,𝑦𝑦𝑗𝑗�, the 
summation in the right-hand side of the Equation is done for 𝑖𝑖 ≠ 𝑗𝑗, which amounts to a leave-
one-out cross-validation strategy. 
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To obtain SSM based on the power-law kernel with adaptive bandwidth, we follow the 
strategy prescribed in Silverman [1998].  

1. We first find a pilot estimate, 𝜇𝜇𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑡𝑡(𝑥𝑥,𝑦𝑦), of SSM. In fact we use the 𝜇𝜇(𝑥𝑥,𝑦𝑦) defined
in Equation 2 with the optimized parameters D and Q as our pilot estimates.

2. Next, we define local bandwidth factors at the location of 𝑖𝑖𝑡𝑡ℎ pivot point as :

𝜆𝜆𝑖𝑖 = �
𝜇𝜇(𝑥𝑥𝑖𝑖, 𝑦𝑦𝑖𝑖)

𝑔𝑔
�
−𝛼𝛼

(5)

Where 𝑔𝑔 is the geometric mean of 𝜇𝜇(𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖) and 𝛼𝛼 is the sensitivity parameter with 
values between 0 and 1. The value of 𝛼𝛼 controls how sensitive the bandwidth is to 
the local density. In this study, we set 𝛼𝛼 = 0.5 based on the recommendations in ref. 

3. The SSM model based on the adaptive kernel is then defined as:

𝜇𝜇(𝑥𝑥,𝑦𝑦) = �𝑤𝑤𝑖𝑖 𝜋𝜋−1  𝑄𝑄 𝐷𝐷𝑖𝑖
𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡((𝑥𝑥 − 𝑥𝑥𝑖𝑖)2 + (𝑦𝑦 − 𝑦𝑦𝑖𝑖)2  +  𝐷𝐷𝑖𝑖)−1−𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡

𝑁𝑁

𝑖𝑖=1

(6) 

Where, 𝐷𝐷𝑖𝑖 = 𝐷𝐷𝑚𝑚𝑎𝑎𝑚𝑚𝑝𝑝𝑡𝑡 × 𝜆𝜆𝑖𝑖2 .
We again have two parameters to optimize 𝐷𝐷𝑚𝑚𝑎𝑎𝑚𝑚𝑝𝑝𝑡𝑡 and 𝑄𝑄𝑚𝑚𝑎𝑎𝑚𝑚𝑝𝑝𝑡𝑡. These can be optimized in 
the same leave-one-out cross-validation approach defined earlier. 

4.3 Adaptive vs non-adaptive kernels 

Figure 5 shows the estimate of 𝜇𝜇(𝑥𝑥, 𝑦𝑦) (≥ 4.5) on a regular grid of resolution (0.05° × 0.05°). 
Panel (a) corresponds to the non-adaptive power-law kernel, while panel (b) corresponds to the 
adaptive power-law kernel. The estimates of the parameters 𝐷𝐷,𝑄𝑄,𝐷𝐷𝑚𝑚𝑎𝑎𝑚𝑚𝑝𝑝𝑡𝑡 ,𝑄𝑄𝑚𝑚𝑎𝑎𝑚𝑚𝑝𝑝𝑡𝑡 are 
approximately 275, 0.74, 2000, 1.96, respectively. The adaptive kernel adjusts the "bandwidth" 
of the smoothing kernel depending on the local density of seismicity. Areas with high seismic 
density have smaller bandwidth and vice-versa. As a result, the adaptive 𝜇𝜇(𝑥𝑥,𝑦𝑦) has more details 
in seismically active regions and smoother variations in low activity regions. On the contrary, 
the 𝜇𝜇(𝑥𝑥,𝑦𝑦) based on the non-adaptive kernel has a similar level of detail in all regions 
irrespective of the seismic density. The non-adaptiveness of the bandwidth gives it a less 
desirable patchier appearance. In terms of 𝐿𝐿𝐿𝐿𝑏𝑏𝑘𝑘𝑏𝑏 defined in Equation 4, we find that the non-
adaptive and adaptive SSMs obtain a score of -1363.8 and -1356.2, respectively, providing 
another justification for the adaptive SSM. 

Figure 6 shows the estimate of the reference SSM 
based on the adaptive power-law kernel for six 
different magnitude thresholds. The numbers on top 
of each of the panels show the total number of 
earthquakes above the respective magnitude 
thresholds that are expected to occur in the entire 
study region. Note that the spatial variation in the 
decay of the seismicity rate with magnitude is 
controlled by the variation in b-values estimated at 
the scale of Tecto polygons. 

Figure 5: Optimal SSM using a) non-adaptive 
power-law kernel (b) adaptive power-law 
kernel. 
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Figure 6: Estimate of the SSM (𝜇𝜇(𝑥𝑥,𝑦𝑦)) based on the adaptive power-law kernel for different 
magnitude thresholds. 

4.4 Retrospective consistency tests 
Using the SSM based on the adaptive power-law kernel, we conduct consistency tests designed 
to assess how well the model describes the observed seismicity rate. Figure 7 shows consistency 
between the observed and the forecasted rates in the different Tecto polygons for the magnitude 
interval 5-5.6. To measure the consistency between the observed and forecasted rates, we first 
find the duration for which the catalog is complete at the magnitude threshold of 5. This threshold 
is the minimum of the two magnitude range for which we are doing the consistency test. This 
completeness duration (𝑇𝑇𝑘𝑘) in number of years is written on top of each bar in panel (a). We then 
extract the earthquakes in the magnitude range 5-5.6 in each of the Tecto polygon that occurred 
in the period [2015 - 𝑇𝑇𝑘𝑘, 2015]. The number of earthquakes 𝑁𝑁𝑘𝑘,𝑝𝑝𝑏𝑏𝑜𝑜 becomes our observed count. 
Then we estimate the forecasted number of earthquakes in each of the Tecto polygon as follows: 
𝑁𝑁𝑘𝑘,𝑓𝑓𝑝𝑝𝑓𝑓𝑓𝑓𝑐𝑐𝑚𝑚𝑜𝑜𝑡𝑡 = ∫ 𝜇𝜇(𝑥𝑥,𝑦𝑦)𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦𝑆𝑆𝑘𝑘

× 𝑇𝑇𝑘𝑘, where 𝑆𝑆𝑘𝑘 spatial region of the Tecto polygon 𝑘𝑘. The 
forecast is deemed consistent if 𝑁𝑁𝑘𝑘,𝑝𝑝𝑏𝑏𝑜𝑜 falls within the 95% CI of a Poisson distribution with a 
mean rate 𝑁𝑁𝑘𝑘,𝑓𝑓𝑝𝑝𝑓𝑓𝑓𝑓𝑐𝑐𝑚𝑚𝑜𝑜𝑡𝑡. The 95% CI of the Poisson distribution are shown as error bars in the 
panel a, whereas the forecasted numbers 𝑁𝑁𝑘𝑘,𝑓𝑓𝑝𝑝𝑓𝑓𝑓𝑓𝑐𝑐𝑚𝑚𝑜𝑜𝑡𝑡 are shown as bars. The observed numbers 
of earthquakes are shown as blue diamonds. If the forecast is consistent, the bars are shown as 
green, whereas bars corresponding to inconsistent forecasts are shown in red. This information 
is presented spatially as green/red colored polygons in panel c. In panel b, we show the forecasted 
and observed yearly rate difference. In panel d, we present consistency from another point of 
view, i.e. by plotting the observed and forecasted numbers for each Tecto polygon. If the forecast 
is on average consistent, the scatter shows cluster around the x=y line shown in red in the panel.  
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Figure 7: Consistency between the observed and forecasted rates for the magnitude interval 5.6-6 for different Tecto Zones. 
(a) Bar plots showing the consistency of the rates forecasted by the reference SSM in the magnitude range [5-5.6). If the
forecast is consistent, the bars are shown in green colour whereas bars corresponding to inconsistent forecasts are shown
in red; Completeness duration (𝑇𝑇𝑘𝑘) in number of years is written on top of each bar; the Observed number of earthquakes
are shown as blue diamond markers; Forecasted numbers are shown as bars; 95% CI of the Poisson distribution are shown 
as error bars. (b) The difference in yearly forecasted and observed rates. (c) Spatial consistency plots for reference SSM
in the magnitude range. (d) Forecasted vs observed number of earthquakes in the four magnitude intervals(indicated at the 
top of the panel) for the reference SSM. Y=X line is shown in red for reference.

We find that with few exceptions, the forecasted rate is consistent in nearly all the Tecto 
polygons. We have also checked for the consistency for other magnitude intervals and found the 
forecasts to have the same level of consistency. 
5. Pseudo-prospective experiments with different SSMs
We conduct pseudo-prospective experiments to define weights for different combinations of 
choices to determine the Smoothed Seismicity Models (SSMs). 
These choices in making SSMs include: 

• Smoothing kernels: Power-law (Adaptive vs Non-Adaptive)
• Parameters of the smoothing kernels

• Declustering algorithms (Window vs Reasenberg vs Zaliapin)
• Parameters of the declustering algorithms

1. Window : Uhrammer vs. Grunthal vs. Gardener-knopoff vs. Coppersmith
2. Reasenberg: 216 variations resulting from different combinations of

parameters
3. Zaliapin: standard parameters

We use data through 2006 for training 442 SSMs. Each SSM is evaluated using an out-of-
sample catalog (M≥ 𝑀𝑀𝑡𝑡 = 4.5) between 2007 and 2015. The models are evaluated using a 
grid with a spatial resolution of 0.1 × 0.1 𝑑𝑑𝑣𝑣𝑔𝑔𝑑𝑑𝑣𝑣𝑣𝑣2. Information gain of all models is 
evaluated against the reference SSM model based on Grunthal window-based declustering 
with adaptive bandwidth (see Section 4). All the SSMs are obtained using the smoothing 
approach described in Sections 4.1 and 4.2, where the parameters of the smoothing kernels 
are optimized directly on the training set. 
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Figure 8: Information gain per earthquake (IGPE) of different SSMs relative of the reference SSM (Window based, 
Grunthal windows, adaptive bandwidth); empty and  filled markers correspond to SSM with non-Adaptive and adaptive 
bandwidth, respectively; black stars indicate if the IGPE is significantly larger than 0 (p-value of a pairwise T-test < 0.05) 

The log-likelihood (LL) is obtained on the validation set by comparing the spatial pdf of 
forecasted background earthquakes to the observed earthquakes in the testing period.  

𝐿𝐿𝐿𝐿 = �𝑤𝑤𝑗𝑗 × ln𝜇𝜇𝑃𝑃𝑃𝑃𝑃𝑃�𝑥𝑥𝑗𝑗 ,𝑦𝑦𝑗𝑗�
𝑗𝑗

(7) 

𝜇𝜇𝑃𝑃𝑃𝑃𝑃𝑃�𝑥𝑥𝑗𝑗 ,𝑦𝑦𝑗𝑗�  is the forecasted spatial PDF background earthquake at the location of 𝑗𝑗𝑡𝑡ℎ 
earthquake in the testing catalog. 
The Poisson likelihood is not used since there is no preferable declustering method for 
defining the background earthquakes for the testing period. Choosing one may tip the scales 
in favour of the chosen declustering algorithm. Furthermore, when all the earthquakes are 
used, the forecasted and observed rates will mismatch by construction, causing the scales to 
tip in favor of a less aggressive declustering method. Using a purely spatial PDF entirely 
avoids the problem of rates at the cost of just evaluating the methods based on their ability 
to forecast only the location of future seismicity.  
Information gain of model A over model B is defined as:  

IGAB = 𝐿𝐿𝐿𝐿𝐴𝐴 − 𝐿𝐿𝐿𝐿𝐵𝐵 (8) 
 
Figure 8 shows the performance of all SSMs relative to the reference SSM (Figure 10, 
Window-based, Grunthal windows, adaptive bandwidth). We find that the SSM model based 
on Gardner and Knopoff windows has the best performance. Furthermore, the performance 
of SSMs derived from Gardner and Knopoff or Uhrhammer window-based declustering or 
several parameter combinations of Reasenberg declustering are statistically significantly 
better than SSM based on the reference declustering algorithm. SSMs based on adaptive 
bandwidths are always better than those based on fixed bandwidths. 
 
6. Conclusion 
In this study, we systematically evaluated four critical choices in an SSM. We used a one-
fold cross-validation approach to find the optimal smoothing parameters using only the 
training set alone. We identified a reference smoothed seismicity model using this approach, 
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which relies on declustered catalog obtained from Gruenthal-window-based declustering. 
We subjected this SSM to numerous retrospective tests to demonstrate its consistency with 
the past seismicity. We found that the power-law kernel with adaptive bandwidth provided 
a visually better and statistically more informative spatial description of seismicity. 
Furthermore, the reference SSM was also consistent with the observed seismicity rate. By 
comparing the pseudo-prospective forecasting performance of different SSMs derived from 
the different combinations of declustering methods and parameters, we found that the SSM 
model derived from the declustered catalog, obtained using Gardner and Knopoff window-
based declustering, has the best performance. Furthermore, the performance of SSMs 
derived from Gardner and Knopoff or Uhrhammer window-based declustering or several 
parameter combinations of Reasenberg declustering are statistically significantly better than 
SSM based on the reference declustering algorithm. SSMs based on adaptive bandwidths are 
always better than those based on fixed bandwidths. 
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Abstract: Inputs have a significant impact on PSH analysis’s results. Sometimes this is 

due to subjective judgment during evaluation inputs, like seismogenic source models as well 

as in the interpretation of limited data. Sometimes it is caused due to different 

methodologies for estimating seismic parameters – recurrence parameters a and b values 
as well as using different PSHA assessments. a and b values depend not only on different 

calculation methodologies like MLE (maximum likelihood procedure) or LSM (least squares 

methods), but also on the collection and harmonization of the earthquake catalog. Selection 

of GMPE models influences PSHA final results as well. A reduction of epistemic uncertainty 

is possible through incorporation of alternative models in a logic tree together with 

associated weighting. However,  the most important issue that influences PSHA results is 

unavailable national/local data that cannot be taken into account in a logic tree structure. 

Work presented here shows an updated national map of Georgia with the updating of the 

regionally harmonized datasets (i.e. earthquake catalogs, area seismic sources) focusing on 

data collected in recent years. 

 

Keywords: earthquake catalog, seismogenic source, seismicity, ground motion 

 

1. Introduction 
 

The Republic of Georgia is located in South Caucasus between the Russian Federation 

to the north and the Republic of Turkey as well as the Republic of Armenia to the south. 

To the east, it is bounded by Azerbaijan and to the west by the Black Sea. Caucasus 

is one of the most seismically active regions in the Alpine- Himalayan collision belt, so the 

assessment of seismic hazard is of great importance for Georgia. 

In this contribution we present an updated map of a lately developed probabilistic 

seismic hazard model for Georgia by Tsereteli et al. (2021) with a focus on the most recent 

earthquake data compilation and its statistical analysis. 

Lately, several probabilistic seismic hazard maps have been calculated by different 

authors for Georgia on regional and national level by Sesetyan et al. (2018) and Onur et 

al. (2020), respectively. All of them show different results. While differences between our 

newly recalculated results and results obtained by Sesetyan et al. (2018) is not significant; 

these differences are substantial in the case of comparison of the new results with the 

seismic hazard model by Onur et al. (2020). To analyse the main reasons for the significant 

differences and to understand how sensitive PSHA results are to input data, seismic 

parameters - a and b values of recurrence low (Gutenberg-Richter relationship) have been 

estimated for ASS developed by Onur. et al. (2020) on the basis of a newly developed 

catalog. Our a and b value estimates appear very different from those presented by Onur et 

al. (2020) for the same area sources. 
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TIF

2. Earthquake Catalogue

The catalog covers the area between 40.0oE-50.0oE and 39.0oN-44.0o N including the entire

territory of Georgia and surrounding areas of Turkey, Armenia, Iran, Azerbaijan and the North 

Caucasus in order to estimate seismic hazard in sites near the Georgian border. The main source 

of the compilation of the earthquake catalogues is the earthquake databases of the Institute of 

Geophysics of I. Javakishvili Tbilisi State University (IGTSU).  Until 2010 it contains national 

earthquake catalogue of Georgia. After 2010 initial national waveform data as well information 

of small earthquakes with Ml <3 have been closed by Ilia State University (ILIAUNI) and are 

not accessible for Georgian scientists from other Universities. Table 1 presented all sources that 

have been used in this work (Seismic monitoring center of Institute of Geophysics, Georgia 

(SMCIG); Russian Academy of Sciences (RAS);  Republican Seismic Survey Center of 

Azerbaijan National Academy of Sciences (RSSC ANAS); Institute of Geology of Azerbaijan 

(IGA); National Survey for Seismic Protection of Armenia (NSSP); Kandilli Observatory, 

Turkey; International Institute of Earthquake Engineering and Seismology, Iran (IIEES); EMSC 

(http://www.emsc-csem.org/#2); International Seismic Centre (ISC)). Table 2 presented all 

types of energetic parameters that have been used for estimation earthquake magnitude in 

different periods of time in the region. 

Table1. Main sources and agencies provided bulletins and catalogs of earthquakes 

Period Region Agenci
es 
provided 
catalog

Agencies provided data 

(Bulletins)/ references 

- 1900 Georgia TIF Shebalin (1997); 

Kondorskaya and Shebalin 

(1982); 

Varazanashvili et al. 
(2018) 

- 1900 Caucasus EMME Shebalin (1997); 

Kondorskaya and Shebalin 

1982 

Zare et al. (2014) 
1900 - 1979 Caucasus and 

adjacent area 

TIF IGTSU, RSSCANAS, 

NSSP, RAS, ISC 
1980 - 1990 Georgia TIF IGTSU/ SMCIG, RSSC- 

ANAS, NSSP 
- Azerbaijan Baku IGTSU/ SMCIG, RSSC- 

ANAS, NSSP 
- Armenia Yer IGTSU/ SMCIG, RSSC- 

ANAS, NSSP 
- North Caucasus NCA IGTSU/ SMCIG, RSSC- 

ANAS, NSSP, RAS 
- Turkey, Iran TIF IGTSU/ SMCIG, RSSC- 

ANAS, NSSP, ISC 
1991 - 2006 Georgia TIF IGTSU, SMCIG 

- Azerbaijan EMME Zare et al. (2014) 
- Armenia EMME Zare et al. (2014) 

- North Caucasus EMME Zare et al. (2014) 

- Turkey, Iran EMME Zare et al. (2014) 

2006 - 2010 Georgia TIF ILIAUNI 

2010 - 2020 Georgia TIF ILIAUNI/ ISC, EMSC 

2006 - 2020 Azerbaijan TIF ISC, ANAS-GIA, EMSC 

- North Caucasus TIF ISC,EMSC, OBN, RAS 

- Armenia TIF ISC, Sargsyan ete(2017), EMSC 

- Turkey TIF KOERI, ISC 
- IRAN IIEES, ISC 
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Table 2. Energetic parameters of earthquake calculated according different period in presented catalog 

Period Magnitude scale Region 

-1900 Ms, I (MSK 64) Caucasus and adjacent 

region 

1900 -1960 Ms, I, MLH Caucasus and adjacent 

region 

1960 -2003 K, MLH, MR(K), MPV/mb, 
Mc, Md, 

Caucasus 

2003 -2006 K, ML/Ml Georgia 

2006-2010 ML, Mw Georgia 

2010 - 2020 ML, Mw, MPVA Georgia 

2003 -2020 K, MLH, MPV/mb, MR, 

Mw, Md, ML 

Azerbaijan, Armenia 

2003-2020 mb, ML, Ms, Mw Turkey, Iran 
2003-2020 MOV, MPVA, MLH, Mw 

ML 

North Caucasus 

Homogenization of the earthquake catalogs (EQ) in terms of moment magnitude (Mw) was 

done using new conversion equations that were developed on the national data by Onur et al. 

(2019); Tsereteli et al. (2021); Tibaldi et al. (2019) and by us in this work. For those 

magnitudes for which no conversion equations were derived based on national data, we 

used reginal conversion equations or equations from neighboring countries with similar 

tectonic setting. Table 3 shows all conversion equations that were used and derived in this 

study. 

Table 3. Conversion equations based on national and regional data 

Conversion equations Confident range Authors 

Ms = 0.56K – 2.2 Rautian (1964) 
MPV = 2.5 + 0.63MS. Rautian (1964) 

Mc =Ms Rautian et al. (1978) 

Mw = 0.5673 K – 1.8244 9.5  K  12.2 Onur et al. (2020) 

Mw = 1.3913mb-1.9334 mb ≥ 3.5 Onur et al. (2020) 
ML = 0.5494 K-1.9308 Tibaldi et al. (2019) 

Mw = 0.1694 + 1.0322ML 

Mw = 0.8095 ML + 1.3003 

3.0 < ML≤ 4.72 
4.72 < ML 

Tsereteli et al. 2021 
Kadiroglu (2016) 

Mw = 0.66Ms + 2.11 

Mw = 0.93Ms + 0.45 

(2.8) 4.5< Ms <6.2 

6.2 ≤ Ms ≤ 8.2 

Zare et al. (2014) 

Mw = 0.7947 Md + 1.3420 3.5  Md  7.4 Kadiroglu et. al 2016 

Mw = 0.4448+1.02114Ms 2.5  Ms 4.5 Derived in this work 

Ml = -0.0655 + 0.8058 MPVA 

Ml = 2.7138 + 0.1169 MPVA 

MPVA ≥ 4 

MPVA < 4 
Derived in this work 

Does not work well 
Mw = 0.1018 + 0.8317 MPVA 

Mw = 1.2473 + 0.6523 MPVA 
4  MPVA  5.93 

MPVA > 5.93 

Derived in this work 

Following our previous experience in Tsereteli et al. (2021) the original catalog compiled for 

Georgia was declustered using the time-space windows approach of Gardner and Knopoff 

(1974) an implemented in ZMAP (Wiemer et al. 2001). 

For the completeness of the earthquake catalog, first a simple inspection of the catalog was 

done to constrain the cumulative number of events as a function of time. After analyzing 

data, the completeness of the catalogs was investigated for different magnitude bins and time 

windows using the method by Stepp (1971). 

3. Seismogenic Source Models

The development of the seismogenic source model for the region of interest consists of two 

major steps (a) identifying potentially active earthquake sources in the region and (b) estimating 

the size and rate of activity associated with these sources. We consider two types of source 

models: area sources and active faults combined with background seismicity. The joint use
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of these two independent seismogenic source models effectively 

captures the inherent spatial variability of the seismicity and the epistemic uncertainty of the 

temporal characteristics of the future recurrence rates and size of earthquakes. 

We divided the main tectonic units into sub-regions according to the recent developed 

tectonic map and topography of the region based on databases of FPS presented in Tsereteli et 

al. (2016); Tibaldi et al. (2020). 

Using this procedure, sub-regions were divided into macro-zones (MZ) with seismic 

consistency Cs close to one. Stress inversion by Michael (1984) was applied for each MZ. 

Finally, sub-regions were subdivided into 16 macro-zones. Active faulting data and seismicity 

patterns were further used to delineate the seismogenic zones of the source model (Fig. 1). 

Fig.1- Macrozones and area seismic sources for Georgia and adjacent areas 

The a and b va lu e s  of earthquake recurrence rates are estimated for a declustered 

earthquake catalog and obtained completeness intervals of different magnitude bins proposed 

for individual macro-zones. The slope of the recurrence curve, b, was first calculated for the 

16 macrozones through the maximum likelihood (MLE) procedure of Weichert (1980). 

The b-value obtained for each MZ is generalized for all ASS falling into given MZ. 

Then, the recurrence parameters a and b were independently estimated for ASSs with 

number of earthquakes more than 20 with the same MLE procedure. For ASSs with a 

smaller number of earthquakes (less than 20 events), the b-value was adopted from 

corresponding MZ and the corresponding activity rate a was estimated by the distribution of 

the total number of events in the MZ to the smaller ASS. The same procedure was repeated 

using least square method (LSM) during estimation of b value. Obtained standard deviation of 

the b-value was adopted as the standard deviation to be used in the logic tree structure. For 

each source, the minimum magnitude was set to 3.5Mw and the upper magnitude was 

defined as the maximum possible earthquake within each source. The area sources are defined 

as regions of equal probability, memoryless of earthquake occurrence hence appropriate for 

time-independent hazard estimates. 

The active fault source (AF) model for Georgia that was developed during the EMME project 

( Giardini et al. 2018); Sesetyan et al. 2018) was adopted in the present study. The background

seismicity rates were estimated using the declustered earthquake catalog and the completeness 
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intervals for the macrozones. The smoothing algorithm of Frankel (1995) was used with a kernel 

bandwidth of 20km. 

Maximum magnitude Mmax has been estimated by several approaches, particularly: 

● by the observed maximum earthquake over historical seismicity record considering 

uncertainty in location; 

● by increments corresponding to magnitude estimation errors; 

● by fault geometry and scaling relations by Wells and Coppersmith (1994); 

● by the length (Lmax) of an entire active fault which falls into a given ASS when 10% of 

the entire fault length falls into the SSZ by Shebalin et al. (2000). 

The final values of the Mmax were estimated in the investigated region by averaging 

individual values obtained through the above-described methods. 
 

4. Ground Motion Hazard Assessment: Results 

 

Several ground motion prediction equations (GMPEs)  have been selected, given their 

validity for similar tectonic and seismogenic contexts (e.g. active shallow crustal, deep 

seismicity, volcanic). Particularly for active shallow crustal ASC have been selected Akkar 

et al. (2014) and Kotha et al. (2016) - pan-regional models; Chiou and Youngs (2014) - an 

NGA West2 model; Cauzzi et al. (2014) - a global model (includes Japanese data too). 

The weights are symmetrical: Kotha et al. (2016) and Chiou and Youngs (2014) are the 

lower and the upper bound respectively, hence a 0.15 weight is assigned to them; the 

central part of the ground motion distribution is captured by Akkar et al. (2014) and Cauzzi et 

al. (2014), with equal weights of 0.35. Two ground motion models, i.e. Bradley et al. (2013) 

and Faccioli et al. (2010) are selected and used for volcanic sources. For deep seismicity 

sources the models of Lin and Lee (2008); Abrahamson et al. (2016) and Montalva et al. 

(2017) are used. We did not change the structure of the logic tree and the weights of its 

branches from our previous work. 

The seismic hazard model of Georgia was implemented using the OpenQuake software by 

Pagani et al. (2014). The exceedance probabilities (POEs) in an observation time (i.e. 50 

years) of specific ground motion levels for PGA and pseudo-accelerations (SA) spectra with 

5% critical damping at a grid of sites within the Georgian territory have been calculated. 

Results are presented for the reference rock only (VS30=800m/s), in the form of hazard 

curves, for the 5th, 16th,15th, 50th (median), 84th, 95th percentiles and mean estimates of the 

geometric mean of the two horizontal components of the ground motion. The quantiles are an 

indication of the degree of the epistemic uncertainty in the seismic hazard assessment and 

often a ratio between the lower and upper quantiles is used to measure such dispersion Sesetyan 

et al. 2018. Hazard curves are presented at equally spaced grid points of 5 by 5km. Obtained 

maps have been compared with the previous maps calculated by us that show a slight 

difference in some sites. These differences are mainly due to conversion equations as all 

other steps of PSH estimation were the same. 

 Fig. 2 shows the spatial distributions of PGA for 10 % and 2 % probabilities of exceedance 

in 50 years (corresponding to mean return periods of 475 and 2475 years respectively).  
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Fig.2 - Hazard map showing the mean PGA distribution with 10% (upper panel) and 2% 

(lower panel) probabilities of exceedance in 50 years for a reference rock (Vs30 [ 800 m/s), 

overlain with epicentral distribution of medium to large magnitude earthquakes 

On the basis of our catalog we calculated a and b values for both ASS models developed by 

Onur et.al (2020) and obtained significant differences compared to their published results. Onur 

et al. (2020) obtained a and b values on the non-declustered catalog evaluated by ILIAUNI. We 

decided to calculate a and b values of ASS using our non-declustered catalog. Obtained values 

are different from ones obtained by Onur et.al (2020). Also, the completeness of our non-

declustered catalog is not the same as was indicated by Onur et al. (2020). The main reason 

for these differences is the different catalogs evaluated by different authors for the same region. 

As mentioned above national data are closed for small earthquakes with Ml <3. Such small 

earthquakes are not available as well in the international data. So, these earthquakes did not 

contribute in PSH assessment in our case as completeness of EQ begin from higher magnitude 
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threshold. 

As full national catalogue of Georgia is not available, we cannot analyze reliability of two 
catalogs and to draw relevant conclusions on PSH maps obtained different authors.  

5. Conclusion

In this work, we presented an updated probabilistic seismic hazard model for Georgia. 

Limited data of strong ground motion for Georgia and the whole Caucasus do not allow for the 

development of regional ground motion models. The ground motion variability has been 

represented by a set of regional or global ground motion prediction models, selected for each 

tectonic region. 

Statistical investigation of catalogs shows that conversion equations between different types 

of magnitude have a significant influence on the magnitude time distribution of earthquakes, 

especially for the small to medium magnitude ranges (up Mw5.5), governing the lower 

boundary of the magnitude frequency relationship. On the other hand, the non-accessibility 

of national data limited our investigation in terms of small magnitude earthquakes recorded 

during the most recent period. The effects of small earthquakes contribution and the use of 

different magnitude conversion formulas remain to be studied in future efforts. 
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Abstract: The earthquake hazard is highest in the two large transform zones of Iceland, the 
South Iceland Seismic Zone (SISZ) in the Southwest and the Tjörnes Fracture Zone (TFZ) in 
the North, with historical annals repeatedly listing occurrences of large earthquakes that 
caused damage. While the TFZ is largely located off the rural and mountainous Northern 
shore, the contrary is true for the SISZ. In fact, the SISZ is collocated with the South Iceland 
Lowland, the largest and relatively densely populated agricultural, recreational and touristic 
region in Iceland along with several population centers and all infrastructures and lifelines of 
a modern society, including hydroelectric power plants, electrical transmission lines, hot-
water pipelines, dams, bridges and roads. On the other hand, the TFZ is larger, more complex 
with two dominant seismic lineaments parallel to the tectonic plate motion, one of which is 
the longest strike-slip fault in Iceland, the ∼80 km long Húsavík-Flatey Fault Zone, with the 
largest earthquake in Iceland, 𝑀!7.1, having taken place in 1910 in the TFZ. In contrast, 
strong earthquake faulting in the SISZ takes place on “bookshelf” faults, an array of short, 
parallel, near-vertical dextral strike-slip faults striking perpendicular to the longitudinal axis 
of the SISZ transform zone that takes up the sinistral transcurrent tectonic plate motion across 
the zone. Furthermore, it has recently been confirmed that this bookshelf fault system is 
continuous towards the west, all along the Reykjanes Peninsula Oblique Rift zone. The 
physics-based finite-fault earthquake source and ground motion modeling on these fault 
systems is the prerequisite for physics-based seismic hazard assessment. In this study, we give 
an overview of the efforts in establishing such finite-fault models that, in turn, are shown to 
effectively explain the observed earthquake catalogues.  

Keywords: PSHA, Iceland, SISZ, RPOR, TFZ, bookshelf 

1. Introduction

Iceland is the most seismically active region in northern Europe. It is situated in the North 
Atlantic Ocean where the Icelandic Hot Spot, a broad, localized upwelling of magma from 
deep within the mantle, elevates the seafloor so that it becomes partly exposed and forms 
land (see Fig. 1). The Icelandic Hot Spot drives the volcanism and seismicity of Iceland 
along with the Mid-Atlantic Ridge, a plate margin of active tectonic horizontal extension 
that runs along the entire length of the Atlantic Ocean between the Arctics and approaches 
Iceland from the southwest and central north. The presence of the Icelandic Hot Spot, the 
center of which is located approximately under the northwest part of the largest glacier in 
Iceland, causes an eastward ridge-jump on land in Iceland. As a result, two fracture zones 
characterized by transform motion have formed in the South and North of Iceland, 
respectively. These zones are the South Iceland Seismic Zone (SISZ) and Reykjanes 
Peninsula Oblique Rift (RPOR) in Southwest Iceland, and the Tjörnes Fracture Zone (TFZ) 
in Northern Iceland. The potential for large destructive earthquakes is largest in these zones 
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which is confirmed by historical annals spanning 1000 years (e.g., Einarsson 2014; 
Sigmundsson et al. 2020, and references therein).    

Fig. 1. Map of Iceland’s topography and bathymetry with the volcanic systems and fissure swarms shown by 
grey shaded regions, and boxes that schematically indicate the regions where the two major transform zones 

of Iceland are located in the North and South, respectively. The circles denote the significant earthquakes 
from 1901-2019 (ICEL-NMAR) (Jónasson et al. 2021) and the black dots denote the revised instrumented 

microearthquake catalogue of 1991-2013 (Panzera et al. 2016) in the SISZ and RPOR, and relocated 
microearthquakes from 1991-2013 in the TFZ (Abril and Gudmundsson 2018). 

2. South Iceland Seismic Zone and the Reykjanes Peninsula Oblique Rift

The South Iceland Seismic Zone and the Reykjanes Peninsula Oblique Rift take up the 
transform motion of the eastward jump of the Mid-Atlantic Ridge in southwest Iceland. 
Instead of a sinistral transform fault system linear and parallel to the direction of plate 
spreading, a „bookshelf“ faulting system of near vertical dextral transform faults 
perpendicular to the direction of plate spreading takes up the transform motion across the 
SISZ and RPOR (Einarsson 2014; Einarsson et al. 2020; Steigerwald et al. 2020; Mandl 
1987; Morgan and Kleinrock 1991) (Fig. 2). 
The volcano tectonic normal-faulting earthquakes in the volcanic systems in the RPOR 
(shaded regions in Fig. 2) are thought to have relatively low maximum magnitudes and 
consequently a mininum contributing role to earthquake hazard and seismic risk. In 
particular since volcanic seismicity is episodical and rare, occurring primarily during 
relatively short periods (tens to hundreds of years) that are several hundred years apart 
(Sæmundsson et al. 2020). Thus, the release of tectonic deformation is thus taken up by 
transform motion on the bookshelf system in between such volcanic episodes (Hreinsdóttir 
et al. 2001).  
The bookshelf fault system long attributed to the SISZ in the South Iceland Lowlands where 
the strongest earthquakes in Southwest Icelands are known to occur on an array of parallel 
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North-South, near-vertical dextral strike-slip faults, has recently been shown to be 
continuous towardss the west, across the Hengill Triple Junction, and all along the RPOR 
(Steigerwald et al. 2020). The distances between the bookshelf faults is on the order of 𝑑 ∼
1-5 km in the SISZ and the RPOR. There is however evidence that the distances between
faults in decreases towards the west in the RPOR, even down to a few hundred meters
(Sigmundsson et al. 1995; Sigmundsson 2006; Einarsson et al. 2020; Steigerwald et al.
2020).

Fig. 2. The location of the Southwest Iceland transform zone as reflected by the distribution of instrumental 
microseismicity and significant mainshocks (grey dots and colored circles, Panzera et al. 2016; Jónasson et 

al. 2021, respectively) relative to the main population centers in Southwest Iceland (lightgray circles of 
diameters reflecting relative population sizes). The gray near North-South lines represent SISZ-RPOR 

bookshelf fault traces, either mapped surface fault trances (Einarsson et al. 2020; Steigerwald et al. 2020), the 
vertical projections of relocated seismicity on strike-slip faults (Hjaltadóttir 2009) or provisional fault plane 

projections of strong historical earthquakes in the SISZ (Roth 2004; Stefánsson et al. 2006). The names of the 
subzones for the sake of the modeling in this study are shown, with W, C and E denoting West, Central and 

East, and HTJ denoting the Hengill Triple Junction zone. 

Small earthquake hypocenter locations in the SISZ and RPOR are generally at 1-5 km depth 
in the western part of the RPOR but reach 12-15 km depth in the easternmost part of the 
SISZ (Stefansson et al. 1993; Panzera et al. 2016). Taken as an indicator of the thickness of 
the seismogenic zone that constrains the maximum fault widths, the corresponding 
seismogenic potential increases towards the east, in agreement with the historical catalogue 
(Ambraseys and Sigbjörnsson 2000; Jónasson et al. 2021). Namely, through an extensive 
literature research we find that maximum earthquake magnitudes across the SISZ-RPOR are 
reported being from ∼ 𝑀!5.5 in the westermost part of the RPOR to ∼ 𝑀!7 in the 
easternmost part of the SISZ. Also, the bookshelf fault lengths appear to be constrained 
towards the South and North, according to fault mappings using both surface traces and 
seismic sequences (Hreinsdóttir et al. 2001; Hjaltadóttir 2009; Einarsson 2010; Steigerwald 
et al. 2020). That is consistent with the spatial distribution of seismicity (Panzera et al. 2016; 
Jónasson et al. 2021) along the zone being narrow and following the central axis of the 
present-day tectonic plate margin (Sigbjörnsson et al. 2006). But, the inferred fault lengths 
of historical strong earthquakes and earthquake source studies of recent strong earthquakes 
in the SISZ are grossly overestimated by scaling laws for fault area vs. moment magnitudes 
of shallow crustal earthquakes in interplate regions (Wells and Coppersmith 1994). A 
specific scaling relationship for fault area and moment magnitude does not exist for Iceland, 
however, we have found that the scaling law for effective source area with seismic moment 
(Mai and Beroza 2000) appears to represent best the total source area of strong earthquakes 
in the SISZ (Bayat et al. 2022).  
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2.1 Modeling of the SISZ-RPOR transform fault system 

The reported systematic variation in the seismogenic potential prompts us to propose six 
zones along the length of the transform belt that roughly reflect/model the decreasing seismic 
potential from east to west. This zonation is not absolute, but merely a discretization in an 
attempt to capture the above and provide flexibility to the model. Fault slip on a bookshelf 
system accommodates the tectonic deformation through rotation of the blocks between the 
faults (Mandl 1987; Sigmundsson et al. 1995). Thus, the annual slip rate on each fault in a 
hypothetical fault system can thus be estimated from the annual rate of deformation across 
the zone, the fault dimensions, and the distance between adjacent faults as well as the 
corresponding moment rate (Sigmundsson et al. 1995). By extending such a model (see 
Bayat et al. 2022 for details) to allow variation of the model parameters that reflects the 
different seismogenic potential along the transform zone, we have calibrated a new 
bookshelf fault system model to the rate of transcurrent motion across the transform zone. 
Moreover, by allowing random fault locations, we generate multiple realizations of the fault 
system, each of which is completely specified in terms of its: Fault number 𝑖, starting from 
west, distance to the next fault 𝑑", maximum length of the fault 𝐿#$%, maximum width of 
the fault 𝑊#$%, the fault coordinates, the percentiles of the distribution of moment 
magnitudes of maximum earthquakes considered possible on the faults, the annual slip rate 
on the fault, and the total geometric moment rate for the fault system. In all cases, the total 
seismic moment rates of the realizations are consistent with such estimates in the literature 
on the basis of various earthquake catalogues. Fig. 3 shows an example of such realizations. 

Fig. 3. Examples of realizations of the SISZ-RPOR bookshelf fault system model, with North-striking 
vertical strike slip faults of lengths 𝐿"#$ for each zone and randomly distributed along the zone by assuming 
minimum distance of 2 km between faults but allowing progressively larger maximum distances towards the 

East, in accordance with the literature. The top realization assumes abrupt transition between subzone 
propertis, while the bottom one does not. 
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3. The Tjörnes Fracture Zone in North Iceland

The active tectonic plate extension of the Mid-Atlantic Ridge North of Iceland and the 
Northern Volcanic Zone, its manifestation onshore in Northeast Iceland, is taken up by the 
Tjörnes Fracture Zone (see Fig. 1 and Fig. 4). From observed seismicity, fault traces on land, 
and recent strong historical earthquakes, the TFZ takes up the transform motion primarily 
via faulting in three main seismic zones, the Grímsey Lineament (GL) and Grímsey Oblique 
Rift (GOR), the Húsavík-Flatey Fault Zone (HFFZ), and the Dalvík Lineament (DL) (Fig. 
4). Other zones of note, with a less frequent recorded seismicity than those already 
mentioned,  are the Grímsey Fault Zone (GFZ) that appears to link the GL-GOR with the 
HFFZ, and the Tjörnes Block (TB) of which much less is knows but may also play a role in 
faulting, and the Grímsey Shoal (GS) that is believed to be mostly aseismic (see Abril 2018, 
and references therein). Thus, the TFZ is a broad zone of seismicity, strike-slip faulting, and 
crustal extension for which its spatial distribution of microseismicity since 1993 (black dots) 
and the approximate epicentral locations of historical strong earthquakes since 1755 are a 
testament to the zone’s seismic history (Sæmundsson 1974; Einarsson et al. 1981; Einarsson 
2008; Stefansson et al. 2008; Einarsson 2014; Einarsson et al. 2019). The TFZ has been the 
focus of  several geophysical studies  in the past two decades that have brought to light the 
key aspects of the seismotectonic, crustal deformation and seismic characteristics of the 
regions (Jóhannesdóttir et al. 2013; Stefánsson et al. 2016; Jónsson et al. 2019).  
At present the GL-GOR accounts for approximately 2/3 of the tectonic deformation across 
the zone, the HFFZ being responsible for approximately 1/3, based on years of deformation 
measurements across the HFFZ and GL-GOR (Metzger et al. 2011, 2013; Metzger and 
Jónsson 2014). In addition, bathymetry mapping and offshore seismic reflection campaigns 
have brought to light fault patterns and graben structures on the seafloor that facilitates our 
understanding of the complexity of the zone (Brandsdóttir et al. 2005; Magnúsdóttir et al. 
2015; Hjartardóttir et al. 2016; Magnúsdóttir and Brandsdóttir 2011; Einarsson et al. 2019; 
Einarsson and Brandsdóttir 2021).  
The relative relocation of small sequences of microearthquakes have been shown to cluster 
systematically in the GL and GOR, which along with their fault plane solutions indicate a 
dominance of two predominant fault types. North-south striking steeply dipping faults 
associated with the offshore volcanic systems on one hand, and faults striking near-
perpendicular to the long axis of the GL and GOR lineaments on the other (Rögnvaldsson et 
al. 1998). On this basis the seismicity distribution in the zone has been suggested to take 
place 1) as normal faulting earthquakes in the fissure zones of the volcanic systems during 
intense episodes of active tectonic extension. Alternatively, as 2) sinistral strike-slip faulting 
on “bookshelf” faults striking perpendicular to the long axis of the GL, DL and GOR 
lineaments (Stefansson et al. 2008). Then, dextral strike-slip takes place on the HFFZ which 
is the only transform zone parallel to the tectonic deformation i.e., a traditional transform 
fault, and is the longest one in Iceland (Einarsson 2014). Finally, recently a new system of 
en echelon faults striking perpendicular to the HFFZ have been proposed in the GOR, 
effectively connecting the HFFZ and the GL (Einarsson et al. 2019).  
Recently, the overall instrumented microseismicity of the TFZ has been relocated using 
different methods. Empirical travel time tables have been established for earthquakes in the 
region (Abril and Gudmundsson 2018) and local earthquake tomography carried out using 
data of the North Iceland Experiment (NICE) and the SIL network, resulting in a 3D velocity 
model of the uppermost crust of the central TFZ (Abril et al. 2021). Empirical travel time 
tables and the tomographic model have been used in the relocation of the zone’s seismicity 
between 1993 and 2019 (Abril et al. 2022). The resulting spatial distribution of the epicenters 
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(Fig. 4) both confirms previous mappings of offshore faults reveals and reveals a much 
clearer and systematic pattern of seismicity concentrations on near vertical faults than before 
shown. Then, the analysis of the depth distribution of the relocated seismicity allows for the 
estimation of the bottom of the seismogenic depth and the linear extent of the seismicity 
clusters allows for rough estimates of plausible fault lengths (Abril et al. 2022).  

Fig. 4. Subdivision of the Tjörnes Fracture Zone (TFZ), modified from Abril 2018. The Tjörnes Fracture 
Zone (TFZ) in North Iceland takes up the crustal deformation between the Kolbeinsey Ridge north of the 

Eyjafjarðaráll graben (ER) and the Northern Volcanic Zone (NVZ), primarily via faulting in its three main 
seismic zones, the Grímsey Lineament (GL) and Grímsey Oblique Rift (GOR), the Húsavík-Flatey Fault 

Zone (HFFZ) and the Dalvík Lineament (DL). Other zones of note are the Grímsey Fault Zone (GFZ) that 
links the GL-GOR with the HFFZ, and the Tjörnes Block (TB) of which much less is known, with the 

Grímsey Shoal (GS) is believed to be mostly aseismic . The TFZ’s seismicity distribution since 1993 (black 
dots) and the approximate epicentral locations of historical strong earthquakes since 1755 are a testament to 

the zone’s seismic potential. 

3.1 Modeling of the TFZ transform fault system 

As much less is known about the TFZ fault system due to its offshore location, we model 
the fault system in the TFZ in various ways of increasing complexity which can be thought 
of as models for various purposes, from rough hazard assessment using simplistic area-
zonation to one based on dynamic rupture modeling on detailed fault segments (e.g., Li et 
al. 2019, 2022).  
For the sake of categorization, we modified the subdivision of the TFZ presented by Abril 
(2018) as shown in  Fig. 4. Similarly as for the SISZ-RPOR, we note that this zonation is not 
absolute, but merely a discretization on the basis of the observed spatial differences in 
seismotectonic characteristics across the TFZ, and also to allow model flexibility. Thus, we 
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assume that five of the zones may be active: the HFFZ as a long linear and segmented 
transform zone parallell to the direction of tectonic plate motion, and the GL and GOR as 
bookshelf transform zones perpendicular to the direction of plate motion. More specifically, 
the GL-GOR system is assumed to be similar to the SISZ-RPOR, on which the tectonic 
deformation is taken up by bookshelf transform faulting (as per the analogy pointed out by 
Einarsson 2014). To that end, the same approach to the modeling is used as for the SISZ-
RPOR. We also assume that activity in the very short GFZ is taken up by a limited number 
of bookshelf faults, as has been suggested (Einarsson et al. 2019) and essentially confirmed 
by relocations using empirical travel times (Abril and Gudmundsson 2018) and by using the  
3D tomographic velocity model of the TFZ (Abril 2018). Finally, due to significant 
earthquake occurrances in the DZ fracture zone South-southwest of the HFFZ, the overall 
activity and existance of which has been debated, we also model bookshelf faulting there, 
albeit on a sparser fault array as indicated by microearthquake distribution over the last few 
decades (Stefansson et al. 2008).  
Similar to the SISZ-RPOR, the fault locations shown are not absolute and therefore we allow 
some randomization in the fault locations. One such realization is shown in Fig. 5, where we 
also allow for variation in fault lengths in the zones modeled as active, apart from the HFFZ. 
The modeling allows for different subzones being active either simultaneously or 
independently. Thus, various weights can be given to the zones and the total seismic moment 
rate evaluated by the model calibration. Moreover, the fault locations and lengths can be 
varied along with the seismogenic depth, for a more robust estimate of the sensitivity of the 
model to key independent variables.  

Fig. 5. One realization of the provisional Tjörnes Fracture Zone 3D fault system model of strike-slip faults. 
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4. Conclusions

The largest earthquakes in Iceland occur in two transform zones, the SISZ-RPOR in the 
south and the TFZ in the North. The input parameters required to conduct probabilistic 
seismic hazard analysis can be estimated by studying the spatial and temporal distribution 
of the seismicity, as well as the frequency of occurrence of the earthquake magnitudes. 
Notable spatial and temporal variations of seismicity parameters have been observed in most 
earthquake catalogues which have made the modelling of the spatiotemporal distribution of 
earthquakes a paramount issue in any seismic hazard study. In spite of that however, the 
uncertainties in size and location of the earthquakes along with the limited and uncertain 
earthquake catalogues still hamper such analyses for Iceland. This study presents a rough 
overview of new finite-fault system models developed for the SISZ-RPOR and the TFZ, 
respectively. Both are calibrated to the steady-state relative velocity of plate motions in 
Iceland and constrained by fault maximum dimensions as indicated by geological and 
geophysical evidence from the literature. The models are internally consistent, as they have 
been developed from first principles using the tectonic deformation vector of Iceland and 
fault geometries. Both models therefore are time-independent where strike-slip earthquakes 
in the transform zones dominate the release of tectonic strain over time. Both models have 
been shown to produce the same moment rate that has been calculated from the existing 
earthquake catalogues for the regions (Bayat et al. 2022). Moreover, the overall seismic 
activity predicted by the models in each zone is consistent with other long-term earthquake 
catalogues available for the regions. The catalogues are primarily observational and 
therefore affected by various degrees of uncertainties. In contrast, the physics-based nature 
of the models presented in this study not only indicates that the models effectively explain 
the earthquake catalogues but allow for a physics-based subzone-specific seismic activity 
rates within the transform zones. Finally, we emphasize that the models are developed for 
the purpose of improving hazard assessment i.e., enabling physics-based approaches. 
Therefore, the models may be interpreted as being rather simplistic as presented. However, 
we note that they capture all salient characteristics of the fault systems in each zone, 
reproduce the observed seismicity rates, and are developed with varying degrees of 
sophistication. That in turn allows for the flexibility needed in more advanced earthquake 
rupture modeling and ground motion simulation approaches e.g., dynamic rupture modeling 
(e.g., Li et al. 2022). The seismic activity rates of simplified versions of physics-based fault 
system models of the two transform zones have been provided for inclusion in the 
harmonized efforts for PSHA in Europe (Danciu et al. 2021). 
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Abstract: The development of the 2020 European Seismic Risk Model (ESRM20) requires 
the characterisation of strong shaking at the ground surface across the entire European 
continent. A regional scale site amplification model is developed that is integrated directly 
into the ground motion models used for the 2020 European Seismic Hazard Model 
(ESHM20), and whose uncertainty is calibrated to reflect the effectiveness of the regionally 
mappable proxy site parameters in predicting observed amplification. The ESRM20 site 
model requires first the compilation of harmonised European data sets of geology and 
topography, which can be used to generate maps of 𝑉"#$ from proxy. In the second step the 
large database of site-to-site residual observations (𝛿𝑆2𝑆") from over 1,100 stations is 
regressed against measured and inferred 𝑉"#$ data, as well as the mapped topography and 
geology data themselves, in order to construct amplification models whose coefficients and 
uncertainties reflect different contexts and level of information in a region. The result is a 30 
arc-second amplification model that not only serves the needs of ESRM20 but can be adapted 
to different contexts of seismic hazard and risk analysis, as well as being enhanced by local 
or regional scale seismic site information.   

Keywords: site characterisation, strong motion, seismic risk, ESRM20, uncertainty 

1. Introduction

The assessment of probabilistic seismic risk at large spatial scales requires an approach to 
ground motion characterisation that differs from that considered for site-specific studies, or 
even for seismic hazard maps. To estimate damage to buildings and the resulting losses from 
earthquakes in a region, we need a practical means of predicting ground motion at the soil 
surface at any location within that region, regardless of whether local site information is 
available, which it is usually not for the vast majority of locations in a country. For the 
construction of the 2020 European Seismic Risk Model (ESRM20) (Crowley et al., 2021) 
we develop a ground motion and site amplification model that allows us to characterise 
strong shaking at the soil surface for any location in Europe at 30 arc-second resolution, and 
to account for the uncertainties comprehensively within the seismic risk analysis. In this 
paper we begin by giving an overview of the compilation of data sets of geology and 
topography, and their associated maps of inferred 𝑉"#$.  The development of the 

3830 3ECEES, September 2022, Bucharest, Romania



amplification model integrates this data into regressions of the site-to-site residuals from the 
reference European ground motion model (GMM) to define a flexible site amplification 
model that can be calibrated either on measure or inferred 𝑉"#$, where available, or directly 
upon the proxy information from slope and geology. Here we describe the construction and 
theoretical basis of the model, before explaining how it should be implemented in different 
contexts of seismic hazard and risk application, and how it can be adapted and enhanced 
with additional data at local or regional scale. 

2. Regional maps of Site Proxies from Geology and Topography 

2.1. Building European Databases of Geology and Elevation/Bathymetry 
The first step in the development of a pan-European site model is the compilation of a 
harmonised dataset of shallow geology (defined in terms of lithology and stratigraphy) and 
topography. To do this, data are combined from three individual sources: i) 1:1,500,000 
geological map from the European ProMine project (Cassard et al. 2015), ii) 1:1,000,000 
geological data from OneGeology Europe (European Geological Data Infrastructure [EGDI] 
http://www.europe-geology.eu), iii) the 1:600,000 scale bedrock geological map of Iceland 
from the Icelandic Institute of Natural History (Johannesson, 2014). The harmonisation 
required development of a synthetic lithological coding of ProMine geology data, which 
could be refined for recent sedimentary deposits where information from OneGeology or the 
Icelandic geological data allow. For the stratigraphic classification, information on 
Quaternary and Tertiary formations was retained due to their importance for seismic site 
effects, while for older consolidated formations only the geological eras are adopted. The 
data and its stratigraphic smplification (explained in section 3) are shown in Figure 1. 
In addition to the geology, in order to explore the relation between topographic features and 
known site properties a seamless digital elevation model (DEM) covering the entirety of 
Europe is needed. We adopt the 30 arc-second topography/bathymetry data set from the 2014 
Global Bathymetric Chart of the Oceans (GEBCO, 2014). From this digital elevation data 
set we determine the scalar slope for a continuous 30 arc-second grid, as shown in Figure 1. 

In the first approach to develop a reference 𝑉"#$ maps we adopt the method of Wald & Allen 
(2007) to correlate observed 𝑉"#$ with topographic slope. For this we also compile a data set 
of 1,626 𝑉"#$ observations from various national and European scale databases.  
Observations are sorted into stable continent and active tectonic areas using the 
regionalisation of Delavaud et al. (2012). The resulting 𝑉"#$ map from topographic slope is 
seen in Figure 1.  

Recent models of 𝑉"#$ in various regions of the world have used geology as a means of 
refining the correlation between measured 𝑉"#$ and slope. The European data set, however, 
is geographically and geologically unbalanced, meaning that data heavily sample a small 
number of regions or geological units, and observations on rock are particularly limited. 
Instead, a geology-only derived map of 𝑉"#$ for Europe is built by taking the existing well-
calibrated model of Vilanova et al. (2018) for Portugal, extending its classification across 
Europe and refining with data where available. The result is a distribution of 𝑉"#$ values for 
three categories of geological condition (F1, F2 and F3), based on the stratigraphy of each 
unit, also shown in Figure 1.  
We test the skill of each of the topography-based and geology-based approaches to predict 
the observed Eurocode 8 site class for each of the 1,626 sites. The analysis showed that the 
topographically inferred 𝑉"#$ predictor correctly identifies the Eurocode 8 site class in 51 % 
of cases, and the geologically inferred predictor in 38 % of cases; however, the topographic 
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predictor improves performance over geology for the firmer class A and B sites. For 
application in the subsequent analysis, therefore, the map of 𝑉"#$ from topographic slope is 
taken as the reference data set. All of the available data sets and maps of 𝑉"#$ are available 
from the European Facilities for Earthquake Hazard and Risk (EFEHR) platform: 
http://risk.efehr.org/ 

Fig 1. – Upper Row: Geology (left) and topographic slope (right) data sets for the development of the 𝑉"#$ 
models. Lower Row: Inferred 𝑉"#$ maps from geology using the approach of Vilanova et al. (2018) (left) and 

from topographic slope using the approach of Wald & Allen (2007) (right) 

3. A Data Driven Approach to Calculate Site Response at Regional Scale

The last decade has seen a vast expansion in the number of strong motion stations deployed 
across Europe, resulting in an order of magnitude increase in available strong motion records. 
The strong motion observations themselves are available from the Engineering Strong Motion 
database (https://esm-db.eu/) and a corresponding flatfile with harmonised source, path and site 
metadata compiled by Lanzano et al. (2019). This substantial volume of data has been exploited 
by Kotha et al. (2020) and Weatherill et al. (2020a) to develop a regionally adaptable ground 
motion model and scaled backbone logic tree to characterise ground motion from shallow 
earthquakes in Europe. In this approach, the GMM is fit using robust linear mixed effects 
regression (Koller, 2016), and using a prior regionalisation based on geology and tectonics, 
region-specific random effects are included in the model to capture local variation in stress 
parameter scaling and residual attenuation. This same data and mixed effects regression analysis 
also yields another important result: the site-to-site residual, 𝛿𝑆2𝑆",	for each station. In the 
GMM, the ground motion 𝑌 from event 𝑒 in source region 𝑙 at site 𝑠 is given by: 

ln 𝑌(𝑇)345 = 𝑓(𝑀3, 𝑅34, 𝜽𝒆𝒔, 𝑇) + 𝛿𝐿2𝐿5(𝑇) + 𝛿𝐵3$(𝑇) + 𝛿𝑆2𝑆4(𝑇) + 𝛿𝑊34(𝑇) (1) 
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where 𝑓(𝑀3, 𝑅34, 𝜽𝒆𝒔) is the expected ground motion at a site with distance 𝑅 from the event 
with magnitude 𝑀 (𝜽𝒆𝒔 describes any other relevant source, path or site predictors), 𝛿𝐿2𝐿5 the 
source region specific residual (which is removed and placed into the logic tree), 𝛿𝐵3$ the source-
region corrected between event term, 𝛿𝑆2𝑆4 site-to-site term residual and 𝛿𝑊34 the remaining 
site-corrected within-event residual. Each of the residuals are normally distributed variates with 
means of 0 and standard deviations of 𝜏BCB, 𝜏D, 𝜙"C" and 𝜙$ respectively. The full descriptions 
of the function, the residuals and the regression are found in Kotha et al. (2020). Initially the 
regression of the ground motion model contains no site amplification term, meaning that 𝛿𝑆2𝑆" 
refers in this case to the site-specific amplification with respect to the centre of the data set, and 
hence it can take positive and negative values. 
Though the expansion of strong motion data across Europe has yielded a large increase in the 
number of available ground motion records, the increased coverage of comprehensive station 
metadata has been more modest overall, and especially variable from country to country. To fit 
the form of the model in equation (1), 𝛿𝑆2𝑆"(T) are determined for more than 1,100 stations 
with three or more records (644 of which have five or more observations). Of these stations, 
however, only 419 report a measured 𝑉"#$ value, while metrics for deeper basin effects (such a 
fundamental period or depth to bedrock) are not incorporated into the metadata of the ESM. For 
the significant majority of stations represented in the data set, therefore, we define only an 
inferred 𝑉"#$ from slope, along with the vector of 𝛿𝑆2𝑆"(𝑇) residuals. 
To define the seismic hazard for sites with a given site condition we construct a linear site 
amplification term for the GMM (𝑓"FGD) by regressing 𝛿𝑆2𝑆" against available predictor 
variables. Here we conduct two separate regressions, one based on the subset of stations for 
which a measured 𝑉"#$ is reported, and the second from the full set of stations for which 𝑉"#$ is 
inferred from the topographic proxy. The two datasets are shown for Sa (0.2 s) and Sa (1.0 s) in 
Figure 2, with a non-parametric LOWESS regression curve. For each period and dataset, a two-
segment piecewise linear amplification model is used: 

𝑓"FGD(𝜃", 𝑇) =

⎩
⎪
⎨

⎪
⎧𝑔N(𝑇) ln O

𝜃"
𝜃P3Q(𝑇)

R 				for			𝜃4 ≤ 𝜃W

𝑔N(𝑇) ln O
𝜃W

𝜃P3Q(𝑇)
R 				for		𝜃" > 𝜃W

+ 𝛿𝑆2𝑆"Y(𝑇) 

where 𝜃" is the predictor variable (inferred or measured 𝑉"#$ in this case), 𝜃P3Q the period-
dependent reference condition and 𝜃Z  a period-independent cut-off (fixed to 1100 m/s). 
𝛿𝑆2𝑆"Y(𝑇) is the remaining site-to-site residual corrected for the amplification term, with mean 
of zero and standard deviation 𝜙"C"Y . The fitted models are shown by the red lines in Figure 2. 
The comparisons highlight several critical observations: i) the correlation between 𝛿𝑆2𝑆" and 
𝑉"#$ is generally stronger at mid- to longer periods than shorter periods, ii) when using the 
topographically inferred proxy, scaling of ground motion with 𝑉"#$ is weaker and associated 
with a larger scatter when compared with that of the measured 𝑉"#$. The resulting amplification 
model therefore distinguishes between the measured and inferred site condition both in terms of 
the amplification function itself and in the increased 𝜙"C"Y . In adopting this approach, the 
additional uncertainty that comes from using inferred proxies for 𝑉"#$ are captured explicitly 
within the total aleatory uncertainty of the ground motion model. 

The different correlations between measured or inferred 𝑉"#$ and 𝛿𝑆2𝑆" allow us to develop a 
GMM that can function in both the case that 𝑉"#$ is known, and when it is inferred from a proxy. 
The functional form itself assumes linear amplification, as the underlying data contain too few 
observations of strong shaking on softer soil sites from which nonlinearity in the model can be 
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constrained. Though nonlinear amplification models derived from global data and 1D 
simulations of amplification, such as those of Seyhan & Stewart (2014), could be incorporated 
into the model, our attempts at integrating such a model found an overestimation of nonlinearity 
for both soft and stiff soil sites that underestimated observed ground motions. 

Fig 2. – Variation in 𝛿𝑆2𝑆" with measured 𝑉"#$ (top row) and topographically-inferred 𝑉"#$ (bottom row) for 
Sa (0.2 s) (left column) and Sa (1.0 s) (right column). Non-parametric LOWESS regression lines shown in 

blue, and fitted model in red. 

Though the analysis shown here allows us to use the topographic proxy estimates of 𝑉"#$ shown 
in Section 2 directly in the hazard and risk analysis, it is also recognised that not only does the 
relation between slope and 𝑉"#$ vary depending on the geological environment, so too can the 
relation between 𝑉"#$ and amplification (Weatherill et al., 2020b). Topographic slope is 
therefore an uncertain and regionally variable predictor of 𝑉"#$; a quantity that is itself an 
uncertain and regionally variable predictor of amplification. For seismic risk analysis our target 
is not the optimum prediction of 𝑉"#$ at a site, but rather the prediction of the full distribution of 
ground shaking at the soil surface for a given scenario. Using the same data set we can therefore 
develop an amplification model directly on the topographic slope itself rather than the inferred 
𝑉"#$. As we also have for each site a geological classification (in this case a simplified 
stratigraphic classification shown in Figure 1) we can introduce the geological class (𝐺) as a 
random effect in a mixed effects regression between 𝛿𝑆2𝑆" and slope: 

𝑓"FGD(𝜃", 𝑇, 𝐺) = ]
(𝑔N(𝑇) ± 𝛿_N(𝑇, 𝐺)) ln `

Ya
Ybcd(G)±eYbcd(G,f)

g 				for			𝜃4 ≤ 𝜃W

(𝑔N(𝑇) ± 𝛿_N(𝑇, 𝐺)) ln `
Yh

Ybcd(G)±eYbcd(G,f)
g 				for		𝜃" > 𝜃W

+ 𝛿𝑆2𝑆"Y(𝑇)

(3)

where 𝛿_N(𝑇, 𝐺) and 𝛿𝜃P3Q(𝑇, 𝐺) are random effects adjustments to the fixed effects 
coefficients, depending on the geological unit. The distribution of 𝛿𝑆2𝑆" with topographic slope 
is shown for each geological class in Figure 3, along with the fitted model. It can be seen clearly 
that stronger amplifications with topographic slope can be found in younger Pleistocene and 
Holocene environments, while a weaker correlation is seen for Cretaceous and older units.  
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Fig 3. – Variation in 𝛿𝑆2𝑆" with slope sorted by geological era for Sa (1.0 s). Non-parametric LOWESS 

regression lines shown in blue, and fitted model in red. 

From these regressions we can now define a set of models to predict the scaling of ground 
motion with various predictors: measured 𝑉"#$, topographically inferred 𝑉"#$, and slope and 
geology. Each of these models can estimate ground motion at the site surface and the 
corresponding aleatory variability of the ground motion reflects the ability of each predictor 
to characterise the amplification. For application to regional scale risk, however, we do not 
have a measured 𝑉"#$ available for each site, and therefore rely on the mappable proxies 
(either inferred 𝑉"#$ or slope/geology). The resulting 𝜙"C"Y  are nearly identical regardless of 
whether inferred 𝑉4#$ is used as the predictor or the topographic slope itself. Introduction of 
geology as a random effect in the predictions of amplification at a site allows us to modify 
our model according to the geological environment. Though the incorporation of geology 
yields only a modest reduction in 𝜙"C"Y  at mid- and longer periods we can still account for 
its influence in a practical manner that is compatible with the calculation of seismic risk.   

 

Fig 4. Implied amplification with respect to a reference site condition of 0.2 m/m slope on Precambrian rock 
for Sa (0.2 s) (left) and Sa (1.0 s) (right) 

The objective of this work is not to produce a general map of amplification for Europe but 
rather a practical model. Nevertheless, we show in Figure 4 the spatial variation in mean 
amplification predicted by the slope and geology 𝑓"FGD term (with respect to a “reference” 
site condition of 0.2 m/m slope on Precambrian rock). This illustrates clearly how the model 
captures the local scale amplification and its variation with period in thick sedimentary 
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regions such as the Po Plain (northern Italy) or Pannonian Basin (Hungary), as well as the 
modest amplifications seen in areas on harder rock. The resulting amplification model can 
therefore be used to predict ground motion at the ground surface at a 30 arc-second resolution 
everywhere in Europe, with the aleatory uncertainty adjusted to account for the use of weak 
predictors of amplification. The model itself is implemented in the OpenQuake-engine 
software used for the calculation of the ESHM20 (Danciu et al., 2021) and ESRM20. 

4. Applying the Site Model in Practice and Enhancing it with Local and Regional Data

4.1 General Application of the Model and Managing Uncertainty 

From the regression analysis shown in the previous section we arrive at a set of site 
amplification models for Europe, the selection and usage of which depends on the context 
of the application in question. In the first case we have a ground motion model for shallow 
crustal seismicity that is dependent upon 𝑉"#$ as the predictor of site amplification. This 
defines separate coefficients depending on whether the 𝑉"#$ corresponds to a measured case 
or is inferred from topographic proxy. In the case of inferred 𝑉"#$ the scaling of amplification 
(𝑓"FGD) is weaker than that of the measured 𝑉"#$; however, the 𝜙"C" term is higher, and thus 
the ground motion variability is higher.  

What we are effectively doing here is to move the epistemic uncertainty that comes from the 
imperfect prediction of 𝑉"#$ from topography into the aleatory uncertainty of the GMM. We 
do this to ensure that this uncertainty is represented fairly in the seismic risk calculations, 
something that is not easy to achieve by other means. Previous risk studies at national scale 
have tended to adopt 𝑉"#$ values from the USGS global 𝑉"#$ grid, which is based on the 
Wald & Allen (2007) approach but supplemented in some regions with additional models 
that may incorporate geology. These inferred 𝑉"#$ values are often input into GMMs whose 
amplifications and variability models were calibrated using data with predominantly 
measured 𝑉"#$ or a mix of measured and inferred. In this case the uncertainty in the 
estimation of 𝑉"#$ is simply omitted from the risk calculation. Alternatively, one could try 
to incorporate the epistemic uncertainty on the 𝑉"#$ into the analysis as alternative branches 
on a logic tree. Such an approach would be achievable at a site-specific level, but for regional 
scale analysis one would then have to assume perfect correlation in the epistemic uncertainty 
from site-to-site (i.e., all sites have the same ±𝜀 ⋅ 𝜎lmnaop), which would overestimate the 
epistemic uncertainty and skew the mean loss curves toward higher values. The approach 
taken here avoids the pitfalls present in the alternatives. 

In the second type of amplification model, the predictor of amplification is the 30 arc-second 
slope and the geology. In this case we can assume no uncertainty on the predictor itself (since 
the predictor is taken from the mapped topography and geology directly) but, as with the 
inferred 𝑉"#$, this additional uncertainty of the mapped values in predicting ground motion 
amplification is moved into the aleatory uncertainty of the GMM via the higher 𝜙"C". 

Which of the models and configurations should be adopted in practice and when? Here we 
summarise the envisaged use cases: 

1. Calculation of seismic hazard on reference site condition (e.g., for a hazard map to be
used as input to building code): Here the form of the model dependent on measured
𝑉"#$ should be used. This is the case for the 2020 European Seismic Hazard Model
(ESHM20), which calculated seismic hazard on a reference Eurocode 8 Class A rock
condition (𝑉"#$	800 m/s). Here it is expected that amplification at the site will be
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modelled using the code-specified amplification factors, which are themselves designed 
with a margin of conservatism to account for the uncertainty in amplification given the 
site class. Here it is important to assume a measured rather than inferred 𝑉"#$ in order 
to avoid double counting uncertainty in both the aleatory uncertainty of the GMM and 
in the conservatism of the amplification factors. 

2. Calculation of ground shaking and/or seismic hazard/risk in other regions outside 
Europe using topographically inferred 𝑉"#$ (e.g. Wald & Allen, 2007, or similar): The 
model dependent on 𝑉"#$ should be used but assuming an inferred site condition. 

3. Calculation of seismic risk in Europe at national/regional scale: This is the case for the 
ESRM20, and here we recommend adopting the form of the model using slope and 
geology as the predictor of amplification. Note that for GMMs from other tectonic 
region types (e.g. stable craton, subduction etc.) the amplification functions from the 
models themselves are used with the topographically inferred 𝑉"#$. 

4. Seismic hazard/risk at urban scale with VS30 determined from microzonation: Here we 
recommend using the measured VS30 form of the model if the variability of 𝑉"#$ within 
the geological units of the microzonation is small. Otherwise, if the variability is high, 
or if the microzonation returns only the Eurocode 8 site class (or similar) then it may be 
preferable to retain the measured 𝑉"#$ option but to also model epistemic uncertainty in 
the 𝑉"#$ via a logic tree. 

5. Site-specific PSHA with a known amplification or 𝑉" profile: Here we recommend using 
the non-ergodic form of the model in which 𝜙"C" is 0 (this is configurable in the 
OpenQuake implementation of the GMM), and the epistemic uncertainty of the 
amplification can be modelled via the logic tree. Further adjustments to very hard rock 
conditions (such as 𝑉" – 𝜅) are subject to the user’s own analysis. 

4.2 Application in ESRM20 

Though the general applications of the model have been outlined above, there are some 
additional considerations for its implementation in the ESRM20 and these may apply to other 
seismic hazard analyses at national or regional scale. The key issue here is reconciling the 
resolution of the site model with the resolution of the exposure model. For Europe we can 
define slope and geology (and therefore amplification) for each 30 arc-second grid cell, 
which equates to a longitudinal spacing of ≈ 925 m and a latitudinal spacing between ≈ 750 
m (at 35˚N) and to ≈ 315 m (at 70˚N). Where the resolution of the exposure model is higher 
(and no better site information available) this can be easily downscaled, though some caution 
against over-interpretation might be warranted given the uncertainties and resolution of the 
underlying geology data. For the ESRM20, however, the calculations have been undertaken 
with exposure at a coarser resolution than that of the reference grid, which is due to issues 
both of computational demand and aggregation of the exposure model at administrative 
levels within a country (usually coarser than 30 arc-seconds). This is discussed in detail in 
Dabbeek et al. (2021), and we recommend that where coarsening of the site model is 
necessary that one adopts an average site property of those in the constituent cells weighted 
by the relative distribution of urban density of the respective cells. To make this functionality 
accessible to all hazard and risk modellers regardless of whether they are adopting the 
ESRM20 exposure/vulnerability, we have prepared a set of open-source Python tools to help 
users build the OpenQuake site input files for risk calculation using the European site model 
shown here, and configure the inputs according to the user’s specific risk calculation and 
exposure model needs (https://gitlab.seismo.ethz.ch/efehr/esrm20_sitemodel).   
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4.3 Enhancing the Model at Local and National Scale 

The regionalised scaled backbone GMM logic tree is intended not just as a logic tree for a 
single hazard model but as a general framework through which refinement and recalibration 
with new data is anticipated (Weatherill et al., 2020a). This applies too for the site response 
model. To explain this, we can define two types of refinement: supplementation and 
recalibration. The reference 30 arc-second site model is intended as a baseline; one in which 
ground motion can be calculated at the ground surface anywhere within Europe, and whose 
uncertainty is adjusted accordingly. Supplementation uses local information of 𝑉"#$ from 
seismic microzonation to replace the baseline values wherever information is available to do 
so. This can be supported in the current framework (as described above) and the model 
adjusted to adopt the measured 𝑉"#$ site amplification model with its reduced uncertainty. 
The importance of this cannot be overstated, as the approach we have implemented here for  
the ESRM20 allows us to quantify in terms of changes to loss estimates for a region the 
value of acquiring more microzonation data to reduce uncertainty in site response.  

The question of recalibration is a longer-term issue for which integration with the larger 
framework for adjusting the scaled backbone GMM logic tree is necessary. With the addition 
of more recording stations, new 𝛿𝑆2𝑆" can be retrieved and these can feed into the local or 
regional databases. Regressions of the form described in section 3 can be updated (or 
localised) if there are a sufficient number of observations per relevant geological category 
to do so. Similarly, enhancements to the European Geotechnical Database (Pitilakis et al. 
2018) using observations from permanent and temporary seismic stations and including 
specific site condition inventories, could also be relevant to better characterise site effects in 
areas not sampled by permanent seismic networks. Furthermore, an updated or local high 
resolution digital geology data set would also be beneficial to help revise the geological 
classification at site and reduce some error in the model from misclassification of the 
geology at the site. Updating of site information and/or 𝛿𝑆2𝑆" does not necessarily require 
re-calculation of the whole GMM, though this would in any case be desirable after some 
time if a sufficient body of new data is accumulated. Again, the approach presented here 
within the ESRM20 provides an opportunity for the implications of updating and refining 
the model to be assessed in terms of the expected losses. 

5. Conclusions
The development of the site characterisation as part of the modelling of ground motion for 
ESRM20 has not only resulted in several new European data sets (including geology and 
two different maps of 𝑉"#$), it has also produced a practical and adaptable framework for 
application to seismic hazard and risk modelling in Europe across a broad range of contexts 
and spatial scales. The preparation of the datasets and the theoretical and practical 
framework for the development of the model have been summarised here, but more detail is 
found in a forthcoming paper by Weatherill et al. (2022 – in review). The site response model 
can estimate ground motion at the soil surface across all of Europe at a 30 arc-second 
resolution and has already demonstrated its practicality in the current ESRM20 model. We 
have also highlighted how the model should be used depending on the application, and how 
it has the scope for enhancements and refinements at local scale. It is on this last point that 
we can see future efforts to improve site characterisation being placed and we propose how 
they can fit into the envisaged framework. Further collection of site metadata, new stations 
and improved geological maps would all help to improve and refine these models. The 
largest impact on seismic risk, however, may come more from systematic acquisition of 
databases of local scale microzonations, particularly focusing on major cities in Europe, 
which would allow us to supplement the regional scale model with local data and thus reduce 
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the uncertainty in ground motion. This in turn would reduce the estimates of loss. For the 
development of the next generation of national and regional seismic risk models in Europe, 
we recommend exploring the potential for developing such a harmonised European database 
of microzonations and to test out their impact on seismic risk estimates across Europe.  
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Abstract: Mapping the site response of strong ground motion is one of the key steps for 
earthquake risk assessment studies. In the wider framework of the national ‘Earthquake Risk 
Model for Switzerland’ project, we have prepared a ground motion site amplification model 
covering entire Switzerland. The model includes amplification maps for peak ground 
velocity (PGV), pseudo-spectral acceleration (PSA) at T = 1.0, 0.6, 0.3 s and corresponding 
uncertainties. The amplification maps for PGV, PSA(1.0s) and PSA(0.3s) have been also 
translated into macroseismic intensity aggravation layers for their use in ShakeMaps 
representations. The site response model we have developed is based on the local 
earthquake amplifications measured by 280 seismic stations deployed across Switzerland 
and retrieved by means of the empirical spectral modelling technique. The local estimates of 
site response are then spread over the national territory resorting to a geological 
classification, multi-scale topographical slope and the inferred depth-to-bedrock as predictor 
layers for the extrapolation. The local measures of site amplification are embodied in the 
national model using a regression-kriging algorithm. Considering that a significant portion 
of the seismic stations is located in urban environment, this inclusion contributes to the 
accuracy of the estimation of site response in areas with high exposure and it locally reduces 
its associated uncertainty.  

Keywords: risk assessment, site amplification, national model, site-condition indicators, 
regression  

1. Introduction

Mapping the site response of strong ground motion is one of the key steps for earthquake 
risk assessment studies. Local, accurate site amplification models are generally obtained in 
the framework of microzonation studies (e.g. Lachet et al., 1996, Michel et al. 2017, 
Hailemikael et al., 2020; Panzera et al., 2022). On the other hand, for a large-scale (e.g. 
national scale) site response layer the approach is generally more approximate, and can 
consist in mapping proxies for site amplification (e.g. average VS in the surficial 30 m, 
VS30), using topographical and/or geological indicators (Yong et al., 2012, Vilanova et al. 
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2018, Li et al., 2022). More recently, however, works such as Weatherill et al. (2020), have 
introduced the possibility to directly map the local amplification at large spatial scale from 
indirect site condition parameters. Following this example, in this study we describe the 
strategy we have implemented to produce a set of maps representing the earthquake site 
amplification for various ground-motion measures (PGV, PSA(1.0s), PSA(0.6s), 
PSA(0.3s)) and their associated uncertainties. The maps cover the entire Switzerland with a 
resolution of 25 m, and they are part of the “Earthquake Risk Model Switzerland” project, 
http://www.seismo.ethz.ch/en/research-and-teaching/ongoing-projects/#pr_00056.xml .  
The maps have been obtained by extrapolating the local site amplification measurements 
provided by seismic stations, resorting to site condition indicators (lithology, topographical 
slope, estimated bedrock depth) as predictor variables. Local site response measurements 
provided by instrumented sites are incorporated into the amplification model by means of 
regression kriging (RK, Hengl et al., 2007), increasing the local accuracy of the maps and 
decreasing their uncertainty.  

2. Dataset of site response measurements from instrumented sites 

The local earthquake response was estimated at Swiss instrumented sites by means of the 
empirical spectral modelling technique (Edwards et al., 2013). The method is based on 
comparison, at each event, between the Fourier spectrum measured at the considered 
seismic station and the corresponding spectrum modelled according to the ground-motion 
Swiss stochastic model of Edwards and Fäh (2013). The latter models source and path 
terms, and then propagates the ground motion up to a standard rock outcrop having VS30 
of 1100 m/s (Swiss standard rock model, Poggi et al., 2011). The observed ratio between 
measured and modelled spectra is then interpreted as representing the local earthquake 
response of the site hosting the station, relative to that of the reference standard rock 
outcrop.  

This comparison between empirical and modelled spectra is routinely carried out after each 
event at the Swiss Seismological Service (SED) since 2018, and it has been retroactively 
applied to all events from 2001 onwards. This operation allows retrieving the Fourier site 
amplification function at virtually all the instrumented sites of the Swiss networks. As the 
stations record an increasing number of events over time, the amplification function 
representative of each site is obtained as the geometrical average of the single-event 
amplification functions (Fig. 1, top left panel). Processing all regional earthquakes from 
the period 2001 – 2021, we have been able to attribute an inelastic Fourier site 
amplification function, constrained by at least 5 events in the range 0.5 – 10 Hz, to 280 
(urban) free-field stations (Fig. 1, bottom panels).  

Finally, for compatibility with the other modules of the ‘Earthquake Risk Model for 
Switzerland’ (hazard and fragility modules), the Fourier amplifications are translated to 
PSA amplifications resorting to random vibration theory (RVT, Boore, 2003; see Fig. 1, 
top right panel). Similarly to Poggi and Fäh (2015), the conversion to PSA (and PGV) 
amplification is performed computing the ratio between the pseudo-response spectra 
obtained first including and then removing the Fourier local amplification of the target site. 
The earthquake scenarios employed for the RVT simulations are drawn from the most 
recent hazard model for Switzerland (Wiemer et al., 2016). For the purpose of our work, 
we finally stored the retrieved amplification values for PGV, PSA(1.0s), PSA(0.6s) and 
PSA(0.3s) and associated uncertainties in a unified database.  
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Fig. 1 – Top left: empirical Fourier amplification function obtained using the empirical spectral modelling 
technique for the strong motion station SHER, installed in Hérémence, south-west Switzerland. Top right 
panel: conversion of the Fourier amplification into PGV, PSA amplification with random vibration theory. 

Bottom, left panel: average Fourier empirical amplification functions extracted at 280 (urban) free-field 
stations in Switzerland and constrained by at least 5 events in the range 0.5 – 10 Hz. Bottom right panel: 

number of events contributing to the average amplification function at each station.  

3. Layers of site condition indicators

For the extrapolation of the high-quality (but local) information provided by the empirical 
amplification functions from instrumented sites, we resorted to site condition proxies 
(SCPs) as predictor variables. Several studies in literature have evidenced the correlation 
between topographical and geological indicators (which can be retrieved from layers of 
diffuse information such as digital elevation models and geological maps) and geophysical 
parameters related to site response (e.g. Vs30, Wald and Allen, 2007). More recent works 
have proven that topographical and geological indicators can also be directly linked to site 
amplification (Weatherill et al., 2020). Based on existing literature and our own studies on 
Switzerland (Bergamo et al., 2021), we selected the following site condition indicators: 

- A lithologic classification of Switzerland, based on the 1:500000 national
geological map (Swisstopo, 2005) and on the works of Zappone and Kissling (2021) and 
Panzera et al. (2021; see Fig. 2, upper panel).  
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- Multi-scale maps of the topographical slope (e.g. Fig. 2, lower left panel), derived 
from the digital height model DHM25 (Swisstopo, 1999) covering Switzerland with a 
regular grid of 25 x 25 m cells. We computed the topographical slope at the following 
spatial scales: 75, 125, 275, 600, 1000, 1800, 3600 m.  

- The estimated depth to bedrock, obtained from the bedrock elevation model by the 
Swiss Federal Office of Topography (Swisstopo, 2019), covering Switzerland almost 
entirely (Fig. 2, lower right). The reliability of this dataset for site response prediction was 
assessed by comparing its estimated depth values with depths of the engineering bedrock 
(H800) as measured by ~225 VS profiles from site characterization surveys (Michel et al., 
2014, Hobiger et al., 2021). The comparison highlighted a good agreement for predicted 
values of bedrock depth (from Swisstopo model) larger than a few meters; areas with 
predicted depths < 3 m were discarded from the map (grey area in Fig. 2, lower right).  

 

Fig. 2 – Employed site condition indicators. Top left: map of the adopted simplified lithologic classification 
and location of the 280 (urban) free-field station with empirical amplification function. Bottom left: 

topographical slope at the spatial scale of 275 m. Bottom right: map of bedrock depth derived from the 
Swisstopo 2019 model; predictions < 3 m are not considered reliable and are highlighted in grey. Blank areas 

are not covered by the Swisstopo model.  

We retrieved the values of the SCPs listed above at the sites of the 280 (urban) free-field 
stations with estimated local amplification values. A sensitivity analysis correlating PGV, 
PSA(1.0s), PSA(0.6s) and PSA(0.3s) amplifications with the topographical slopes at 
various scales identified the slope at the extent of 275 m as the one achieving the highest 
correspondence with the considered amplifications.  

4. Workflow for the mapping of site response  

Once compiled the joint datasets of measured site amplifications and of the layers of local 
condition parameters (Chapters 2, 3), these were combined for the mapping the PGV, 
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PSA(1.0s), PSA(0.6s) and PSA(0.3s) amplification across all Switzerland. The approach 
we followed for each intensity measure type involves three successive steps:  

- First, amplification-vs-slope (at 275 m scale) and amplification-vs-bedrock depth
relationships are retrieved for each lithotype hosting ≥ 10 stations (see Chapter 3). As far 
as amplification-vs-slope regressions are concerned, this condition is satisfied for all but 
one lithotype (‘magmatic rocks’, marginal from the risk point of view, for which no 
amplification predictions are eventually provided). Regarding the amplification-vs-bedrock 
depth relations, as the bedrock model does not cover all Switzerland, such regressions are 
available for only a subset of lithotypes (see examples in Fig. 3, top row). Only for the 
lithotype “sand and gravel with clay or silt” (alluvial sediments), hosting the highest 
number of stations (60), a bivariate smoothing-spline surface correlating amplification with 
slope and bedrock depth can be reliably constrained (Fig. 3, middle row). For each of such 
lithotype-specific relationships, the coefficient of determination r2 and the standard 
deviation of the spatially uncorrelated residuals are computed. 

- An amplification prediction is attributed to each 25 x 25 m cell of a raster map
covering the entire Switzerland, entering the amplification-vs-slope and amplification-vs-
bedrock depth (if available) regressions with the values of slope and bedrock depth at the 
considered cell. If two valid predictions are available (from topographic slope and bedrock 
depth), the one issued from the regression with higher r2 is preferred. A joint map 
representing the uncertainty of the prediction is also created, filled with the values of 
standard deviations of uncorrelated residuals of the relationships used for the prediction.  

- The spatial correlation of the residuals of the amplification-vs-proxy relationships is
evaluated by computing their semivariograms (Fig. 3, bottom row). These evidenced a 
spatial correlation within ranges of about 8 km for PGV and PSA(1.0s), decreasing to 
~6 km for PSA(0.6s) and ~2 km for PSA(0.3s). We exploited this spatial correlation to 
implement a final correction of the amplification prediction for the map cells having 
distance < range from the closest station(s). This correction is performed following the 
regression kriging (RK) algorithm, and can be described as a weighted mean of the 
residual(s) at the neighbouring station(s); at the same time, the local uncertainty is also 
decreased by a weighted mean of the expected covariances between the map cell and the 
surrounding station(s). This final RK correction allows to locally constrain the 
amplification prediction to the measured values in the surrounding area and to locally 
reduce the prediction uncertainty.  
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Fig. 3 – Top row: examples of amplification-vs-slope (left) and amplification-vs-bedrock depth (right) 
relationships for sample lithotypes. Center row: bivariate regression of amplification–vs-slope and -bedrock 

depth, evaluated only for the ‘sand and gravel with clay or silt’ lithotype, hosting the highest number of 
stations. Bottom row: semivariograms of the residuals of amplification-vs-slope relations for unconsolidated 

lithotypes for PSA(1.0s) (left) and PSA(0.3s) (right).  

5. Obtained amplification model and assessment of its uncertainties  

The results we obtain from the workflow illustrated in Chapter 4 is a set of maps 
representing the site amplification term for PGV, PSA(1s), PSA(0.6s) and PSA(0.3s) and a 
joint set of maps of the corresponding prediction uncertainties (see examples in Fig. 4, top 
row).  

For the integration of the produced site response layer in the wider framework of the 
Earthquake Swiss Risk model, we carried out a complete assessment of its uncertainties, 
and we related them to the variability terms of the Swiss stochastic ground-motion model 
of Edwards and Fäh (2013). This operation allows incorporating the uncertainties of the 
site response module in the adopted stochastic model for the prediction of ground motion, 
hence avoiding double-counting of uncertainties in the final risk model. In the model of 
Edwards and Fäh (2013), the total uncertainty of the GMPE (σ) is composed of three items:  
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σ = (τ2+ φS2S2 + φSS2)0.5 (1) 

where τ is the between-event variability, φS2S is the site-to-site variability and φSS is the 
single-site within-event variability. We addressed the two terms related to local response, 
i.e. φS2S and φSS. As illustrated in Chapter 4, the national amplification layers are obtained
defining observed amplification-vs-slope and/or -inferred bedrock depth relations for each
lithotype; these relations are then mapped over the entire surface of Switzerland.
Consistently with this approach, we identified the variability around the fitted smoothing
spline of spatially uncorrelated stations (i.e. the prediction uncertainty mapped in Fig. 4,
upper right panel) as the model’s site-to-site variability (φS2S). In other words, the
variability observed within each lithotype, given the topographic slope and/or the inferred
bedrock depth as predictor variable(s), can be assumed as expressing the model’s φS2S.

Fig. 4 – Example of obtained results. Top: obtained amplification map for PSA(1.0s) (left) and map of related 
uncertainty (right), identified as the site-to-site variability of the stochastic model of Edwards and Fäh 

(2013). Bottom row: zoom on the area of the city of Basel. The amplification prediction collapses to the 
observed amplification at and around the seismic stations (left), while the uncertainty collapses to 0 (right).  

For the representation of the single-site within-event variability (φSS), we associated the 
latter with the variability observed across the single-event amplification functions 
estimated for the Swiss stations with empirical spectral modelling technique and RVT (e.g. 
Fig. 1, upper right panel). We observed that the standard deviation over the single-event 
amplifications at the same site does show a mild correlation with the lithotype, i.e. softer 
geomaterials have wider variability and vice versa stiffer lithologies have narrower 
uncertainties; therefore, to map φSS we attributed to each lithotype the average standard 
deviation of the empirical amplification functions of the stations falling on that lithotype. It 
should be noted that in comparison to φS2S, the values of φSS determined for the various 
lithologic units show a narrower variability (they are generally comprised between 0.1 - 
0.2 log10 units for PSA(1.0s), see Fig. 5 and compare with Fig. 4, upper right panel). φSS 
also globally increases as the period decreases. 
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Fig. 5 – Estimated map of single-site, within-event variability for PSA(1.0s) amplification. 

6. Conclusions 

We describe the strategy we have implemented to produce a set of maps representing the 
earthquake site amplification for various ground-motion parameters (PGV, PSA(1.0s), 
PSA(0.6s), PSA(0.3s)) and their associated uncertainties. The maps cover the entire 
Switzerland with a resolution of 25 m, and they are part of the “Earthquake Risk Model 
Switzerland” project. The maps have been obtained by extrapolating the local site 
amplification measurements provided by seismic stations, resorting to site condition 
indicators (lithology, topographical slope, estimated bedrock depth) as predictor variables. 
Local site response measurements provided by instrumented sites are incorporated into the 
amplification model by means of regression kriging, increasing the local accuracy of the 
maps and decreasing their uncertainty. Future steps in our work are related to the 
validation of these maps: i) by comparing their prediction with local response 
measurements by seismic stations not included in the calibration dataset; ii) by collating 
the national site response layer with local amplification models obtained from dedicated 
studies (e.g. Perron et al., 2020, Panzera et al. 2022, Janusz et al., 2021); iii) after 
converting the PGV, PSA(1.0s) and PSA(0.3s) amplification maps to macroseismic 
aggravation with relations from literature (Faenza and Michelini 2010, 2011, Michel et al. 
2017), by comparing the predicted macroseismic intensity with intensity measures from 
past earthquakes.  
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Abstract: Epistemic uncertainty in seismic hazard and risk models is widely captured and 

modelled through the use of logic trees. The latter are used to represent different views on a 

certain model parameter or component, such as the definition of seismogenic sources and 

their associated seismicity rates or the prediction of ground motion intensity. In principle 

such logic tree branching can be applied to a multitude of parameters, however one will 

quickly run into a problem of combinatorial explosion, if the design of the logic tree is not 

done with caution. Some of the strategies often employed to tackle this problem include the 

discretization of continuous epistemic variables, the implicit assumption of perfect 

correlation between certain variables, and the modelling of some epistemic variables as 

aleatoric. Here, we discuss some of these practices and highlight the need to further 

understand their impact on hazard and risk estimates. 

Keywords: logic tree; PSHA; activity rates; epistemic uncertainty 

1. Introduction

Contemporary seismic hazard and risk models feature complex logic trees to capture 

uncertainty pertaining to diverse methodologies and procedures, parameter estimation from 

samples of finite size, datasets coming from different sources, etc. While computational 

capacities are also constantly increasing, the combinatorial nature of the logic tree 

framework means that the number of branches can quickly grow out of hand and become 

intractable. To offset this growth, analysts often resort to simplifications such as the 

reduction of selected continuous epistemic variables into a single mean value or 3-5 

alternative values referring to specific quantiles of the underlying distribution (Miller and 

Rice, 1983). This strategy is common across seismic hazard and risk models and is adopted 

for modelling a variety of parameters, from activity rates (Danciu et al., 2021), to 

earthquake depths (Grünthal et al., 2018), to attenuation parameters in ground motion 

prediction models (Kotha et al., 2020). 

 A second simplification that is often made out of necessity is the assumption of perfect 

correlation among certain epistemic random variables. The most obvious example can 

perhaps be made when it comes to the modelling of activity rates by means of area sources. 

Let us take, for instance, the simplest case of two area sources, each associated with a 

catalogue of earthquake observations that have occurred within the source boundaries. The 

two catalogues are used to fit a Gutenberg-Richter (GR; Gutenberg and Richter, 1944) 

magnitude-frequency distribution (MFD) with an appropriate statistical procedure. This 

results in point estimates of the a- and b-values of the GR relationship, along with standard 

errors. The standard errors of the MFD parameters of the first source are independent to 

those of the second source and reflect the uncertainty around the a- and b-value point 

estimates, as a consequence of the finite sample size used for their estimation. Typically, as 

mentioned before, such sampling distributions are discretized and a finite number of values 
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(typically 3 or 5) is used, along with appropriate weights (Miller and Rice, 1983). Ideally, 

should a modeller wish to capture this uncertainty with a logic tree formulation, the 

uncertainties pertaining to the MFD parameters of the two sources should be modelled by 

means of sequential branching levels (GEM, 2022). In other words, if 3 b-values are used 

for each source, the resulting logic tree should number 3 x 3 paths. If the epistemic 

uncertainty around the a-value and maximum magnitude estimates is also modelled, then 

one ends up with 3 x 3 x 3 source specific paths, so 27 x 27 logic tree paths when the two 

sources are combined. It quickly becomes apparent that in large-scale applications (such as 

country-wide risk analyses) with many more sources than our simple example, this 

approach suffers from the curse of dimensionality and leads to an intractable number of 

logic tree paths.  

Owing to this difficulty, modellers often either resort to assuming perfect correlation 

among the different sources, or just using a mean value, accepting the potential error. In 

our first previous example, assuming correlated sources would translate into 3 (low-, mid-, 

upper- b-value in both sources) instead of 3 x 3 = 9 paths. The weights assigned to these 

branches are typically taken as the source-specific weights, although normally they should 

be obtained as the product of the various source-specific branch weights (since the b-value 

of source 1 is not in reality perfectly correlated with the b-value of source 2). Of course, 

the weights of the lower/upper estimate branches are small, and the product of Ns (where 

Ns denotes the number of sources) such weights essentially yields a negligible probability, 

which would effectively delete the path from the logic tree. The extent to which this 

assumption influences the results remains unclear and probably is very model-dependent. 

Similar issues can arise in other model components depending on the underlying 

assumptions made for their derivation. Table 1 provides some selected examples. 

Table 1. Examples of independent epistemic variables 

Sub-component 
Analysis 

impacted 
Example 

Activity rates Hazard/Risk 
Sampling distributions of MFD parameters across 
independent seismogenic sources 

Site amplification Risk 
Sampling distributions of inferred Vs30 estimates at 
different locations, e.g. after slope-Vs30 regression 

Exposure Risk 
Sampling distribution of construction cost per m2 to be 
used to infer replacement costs of multiple assets 

Fragility/Vulnerability Risk 
Low-, mid-, upper-end vulnerability functions across 
multiple building classes 

Finally, some epistemic uncertainties are often modelled as aleatoric for practical rather 

than theoretical reasons. Building-to-building variability of the loss ratio in vulnerability 

functions comprises a prime example. This component of the loss ratio uncertainty is not 

aleatoric (random given model formulation). In other words, for a given building, it should 

not be sampled anew for every earthquake in the stochastic catalogue. However, 

introducing a building-specific logic tree is a costly option when analysing the risk of a 

portfolio of tens or hundreds of thousands of buildings.  

2. Case study 1: virtual example

We further attempt here to get a very first look into the impact that the first two 

simplifications can have on seismic hazard and risk estimates. To this end, we set up a 
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virtual case study to investigate the impact of the MFD parameter discretization and 

incorrect treatment of uncorrelated (across different sources) epistemic uncertainty of the 

MFD parameters. A 300 km x 300 km region (Fig. 1) is assumed and split into (a) 4 and 

(b) 36 square area sources. We assume a b-value of 1.0 for each area source and a total rate 

of 50 Mw>3 earthquakes per year for the entire region. For the sake of simplicity, we will 

assume a uniform distribution of seismicity across the region, resulting in a rate v(Mw>3) 

per source equal to (a) 12.5 and (b) 1.4. Assuming that these numbers have been obtained 

from a 40-year observation period, the hypothetical catalogues would number 500 and 55 

earthquakes per source for the two cases.  

  

Fig. 1 – Area source polygons in virtual case studies 

Assuming that the catalogues are complete and that a simple GR MFD can be fit by means 

of maximum likelihood estimation, the obtained a- and b-values are uncorrelated and their 

sampling distributions are gamma with a coefficient of variation equal to  

(Ordaz and Faccioli, 2018), where NEQ,s denotes the number of earthquakes used to fit the 

GR law for source s. For what concerns the maximum magnitude Mmax, three alternative 

values of 7.0, 7.4, and 7.8 are considered with associated weights of 0.25, 0.50, and 0.25. 

As a benchmark calculation, we create 1000 source models by randomly sampling a- and 

b-values independently for each source from their gamma sampling distributions, and Mmax 

values from the probability mass function described above. Each of these 1000 source 

model branches is assigned a weight of 1/1000 (the weight of its branch path has already 

been taken into account through the sampling procedure).  

As a second case, we discretize the gamma sampling distributions of the a- and b-values 

into 3 points, according to the approximation proposed by Rice and Miller (1983). These 

values refer to the 8.5%, 50.0%, and 91.5% quantiles and are assigned weights of 0.248, 

0.504, 0.248 respectively. For each source 27 branch paths are foreseen (3 a-values x 3 b-

values x 3 Mmax values; Table 2). We then assume correlation of these parameters across 

area sources, i.e. the upper-a-value/mid-b-value/upper-Mmax combination for one source is 

matched with the upper-a-value/mid-b-value/upper-Mmax branch combination of all other 

sources. This means that the total number of logic tree paths remains 27, rather than 27Ns, 

while the single source-specific weights are retained. Lastly, we also test two more cases, 

where we only consider a single source model branch with median or mean Mmax, a- and b-

values. 
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Table 2. MFD parameter discretization 

a-value b-value Mmax 
4 sources 36 sources subweight 4 sources 36 sources subweight value subweight 

1 3.85 2.58 0.248 1.06 1.19 0.248 7.0 0.25 
2 4.09 3.12 0.504 1.00 0.99 0.504 7.4 0.50 
3 4.35 3.74 0.248 0.94 0.82 0.248 7.8 0.25 

The seismic hazard assessment is carried out in OpenQuake (Pagani et al., 2014). For 

ground motion prediction, we adopt the Kotha et al. (2020) model and use the 15-branch 

logic tree that is defined and used for active shallow crust earthquakes in the European 

Seismic Hazard Model (Danciu et al., 2021). Fig 2 shows the comparison of hazard curves 

obtained with each of the four alternative approaches described before. The mean and 

median a/b parameters and therefore their associated hazard curves are almost identical, 

therefore for clarity, their curves have been suppressed to one in the figure.   

a. 4 Sources b. 36 Sources

Fig. 2 – Comparison of seismic hazard curves obtained with the 4 different approaches in regard to the 

treatment of the activity rate epistemic uncertainty. The left panel shows results for the case of 4 area sources, 

while the right one for the case of 36 area sources. The first term in the legend describes the logic tree or 

parameter value used for the activity rates, while the second term the hazard curve statistic shown (mean, 

median or quantile).  

First, we observe that in the case of 4 sources, the mean and median hazard curves 

essentially coincide for all 4 approaches. On the other hand, some differences can be 

spotted in the quantile curves. The assumption of correlated MFD parameters across 

sources, as expected, inflates the uncertainty and leads to the widest epistemic spread. Also 

expected is the observation that the use of a single source branch with mean or median 

parameters underestimates the uncertainty and leads to the narrowest spread. Of course, it 

should be noted that in the latter case, the quantiles are obtained from only 15 realizations 

(from the GMPE logic tree), therefore their significance might be questionable. The size of 

the errors appears similar in the two approximations (although in different directions), 

therefore one could make the argument that in this particular case, using a single mean 

branch could be the most cost efficient option.  

On the other hand, in the case of 36 sources, much larger deviations are seen. When 

correlated sources are assumed, the mean hazard curve is generally in agreement with the 
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benchmark with some small errors, especially for smaller intensities. However, the 

inflation in the epistemic uncertainty is substantial, as evidenced by the huge discrepancy 

in the lower quantiles. The median hazard curve is also heavily impacted and is found 

significantly lower compared to the benchmark case. Using a single source model branch 

with mean/median values seems to be inadequate in this case, with significant bias in all of 

mean, median and quantile curves. This results from the much higher uncertainty around 

the point estimates in the 36 source case, caused by our assumption of fewer earthquakes 

per area source. This increased uncertainty seems to become a much more significant 

contributor to the overall epistemic distribution, as opposed to the 4 source cases, where 

the GMPE uncertainty likely constitutes a bigger factor.  

Another interesting observation is the difference in mean hazard curves in the benchmark 

case between the 4- and 36-source cases. Both models are built assuming a mean b-value 

of 1.0 and the same total rate of earthquakes. Indeed, the hazard curves derived with a 

single mean/median branch (light green curves) are identical in the 4- and 36-source 

models. However, when the full logic tree is used (rather than a single mean branch), the 

added uncertainty in the 36-source model seems to have a notable effect in mean and 

median estimates. For verification purposes, the hazard curves were also computed for the 

36-source model, but assuming the uncertainty around the a- and b-values of the 4-source 

model. While not shown here for brevity, the resulting hazard curves were found similar to 

those of Fig 2a (i.e. the 4-source case), with the benchmark quantiles being a bit narrower 

(as a result of the reduction of implicit spatial correlation of activity rates when using 36 

distinct area sources for the same area). Therefore, we can infer that the uncertainty around 

the MFD parameters plays a much larger role, at least in this example, compared to the 

assumption or not of correlation among sources. To note is that while using correlated 

sources, adequately approximates the mean benchmark curves, all three simplified 

approaches show large discrepancies in the median and quantile curves. This observation 

could have important implications in defining area sources for seismic hazard modelling, 

although it should be stressed that the example used here might be overly artificial and not 

generalizable to real-world seismic hazard models.  

3. Case study 2: ESHM20/ESRM20-based example 

We perform a second check, this time examining part of the area source model of the 

recently released European seismic hazard and risk model (ESHM20/ESRM20; Crowley et 

al., 2021; Danciu et al., 2021). More precisely, we consider 13 area sources covering the 

territory of Switzerland (Fig 3) and we compute (a) the hazard at a site located in central 

Switzerland and (b) the seismic risk for a small portfolio of 21 randomly scattered 

buildings (Fig 3b) of the CR_LDUAL-DUL_H3 typology (Crowley et al., 2021). For this 

exercise, we use 9 of the ESHM20 area source model branches: the combination of 3 (low-

, mid- and upper-) b-value estimates and 3 (low-, mid- and upper-) Mmax estimates. Again, 

as a benchmark, we generate multiple (1500 for the hazard assessment and 1000 for the 

risk assessment) random combinations of MFD parameters for the 13 sources. Similarly to 

the previous section, we compare the hazard/risk results of this benchmark with results 

obtained by using 9 fully correlated MFD parameter branches, as well as with results 

obtained were we to use a single collapsed (where the activity rates for each magnitude bin 

are defined as the average of the 9 branches) source branch.  
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Fig. 3 – Maps of area sources considered, hazard site (left) and building locations (right) for risk assessment 

Fig 4a shows the mean and median hazard curves for peak ground acceleration (PGA) for 

the site in question obtained with the three alternative configurations. We observe that all 

three options give almost identical results. Note that here, unlike the previous example, 

errors related to the discretization of the a-/b-value uncertainty are not investigated. We 

also take a section at PGA = 0.24 g and look at the epistemic distribution of the 

probabilities of exceedance (Fig 4b). While some small differences exist as expected, the 

benchmark and correlated branches distributions are largely similar. In the collapsed case, 

the histogram is essentially obtained from the 15 GMPE realizations, so it is rather scarce. 

Nevertheless, it still captures the main peaks, while the mean and 16/84 quantiles also 

coincide in all 3 cases. In general, it appears that the epistemic uncertainty stemming from 

the ground motion prediction largely overshadows any discrepancies that would be seen 

between the different approaches to cover the uncertainty in the source model.  

Fig. 4 – Mean and median hazard curves for the three cases (left) and epistemic distribution at the PGA = 

0.24 g section (right). 

We also look at the loss exceedance curves for the small hypothetical building portfolio in 

consideration. Fig 5 compares the three cases and the error of the two simplifications over 

the benchmark. Again keep in mind that in the case of the collapsed branch, the quantiles 

are obtained from only 15 realizations. All in all, we see that in this case the three 

approaches yield very similar results with some limited errors found in the extreme 

quantiles of the distribution. While this generally supports the use of a collapsed branch 

that hugely simplifies the calculation at a minimal cost, this conclusion likely cannot be 
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generalized. As demonstrated in the first example, larger or smaller differences can appear 

as a result of the size of the area source zones and their distance to the site of interest, the 

contribution of the particular parameter type on the overall uncertainty (e.g. whether other 

sources of epistemic uncertainty, such as ground motion intensity models, are much more 

significant and mask any differences that would otherwise be observed), the size of the 

uncertainty of the parameters, as well as the trend of their effect on the hazard/risk curves. 

 

Fig. 5 – Probable maximum loss curves for the three considered cases (left) and errors compared to the 

benchmark case (right). The error is shown only for return periods that are associated with at least 2000 EUR 

of loss in the benchmark case to avoid reporting misleadingly large errors. 

Conclusions 

The complexity and computational demands of seismic hazard and risk models often 

require certain simplifications to be made by their developers. Here, we discussed some 

common practices and conducted some preliminary sensitivity checks to understand their 

impact. Our findings confirm that the effect of the assumptions discussed depends strongly 

on the underlying model, on the uncertainty of the parameter being approximated, as well 

as the uncertainty of other model components. While a more comprehensive investigation 

is needed to draw general conclusions, we argue that under certain conditions, some 

simplifications often made in seismic hazard and risk modelling can have a non-negligible 

impact on the analysis and should be carefully investigated before implemented. 
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Abstract: The 2020 seismic hazard maps for the United Kingdom (UK) update the previous 

national maps published in 2007 and are intended for use with the National Annex for the 

revised edition of Eurocode 8. The national seismic hazard model uses an up-to-date 

earthquake catalogue for the British Isles, for which the completeness periods have been 

reassessed, a modified source model, and incorporates some advances in ground motion 

modelling since 2007, including host-to-target adjustments for the ground motion models 

selected in the logic tree. For the first time, the national maps for the UK are provided for 

not only peak ground acceleration but also spectral acceleration at 0.2 s and 1.0 s for 5% 

damping on rock and various return periods. The maps confirm that seismic hazard is 

generally low in the UK and slightly increases in North Wales, the England-Wales border 

region, and western Scotland. We disseminate the updated seismic hazard maps using 

various approaches, such as a dedicated webpage, downloadable data, models and outputs, 

interactive mapping tools, linkages with professional bodies and industry, as well as public 

seminars and webcasts. 

Keywords: Earthquakes, Seismic source model, Ground motion, Dissemination 

1. Introduction

We have developed a new national seismic hazard model (NSHM) and accompanying 

national hazard maps (Mosca et al., 2020; Mosca et al., 2022) for the United Kingdom 

(UK), an intraplate region with low levels of seismicity. The 2020 seismic hazard maps 

update the previous maps published in Musson and Sargeant (2007; hereafter referred to as 

MS07). The key changes between the 2007 and 2020 NSHMs are the following: 

• The earthquake catalogue has been extended from June 2007 to 31 August 2018.

Data from the earthquake catalogue of Manchuel et al. (2018) for France and the

International Seismological Centre Bulletin database (ISC, 2021) have been used to

improve data completeness in the English Channel, Northern France, and the North

Sea.

• All magnitudes have been converted to Mw using the relation of Grünthal et al.

(2009). This is an update of Grünthal and Wahlström (2003), which was used by

MS07.

• The catalogue analysis, including the assessment of completeness and declustering,

uses transparent and reproducible approaches.

• The seismic source characterisation (SSC) model, including the zone geometry, the

maximum magnitude, and the computation of the earthquake recurrence

parameters, has been modified with respect to MS07.
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• A new ground motion characterisation (GMC) model that accounts for advances in

ground motion modelling since 2007 has been used. This includes host-to-target

adjustments for the selected ground motion prediction equations (GMPEs) in the

GMC model.

• The national seismic hazard maps have been computed for a larger area, which

includes also the Shetland Islands, than in MS07.

• The national maps describe the hazard in terms of spectral acceleration at 0.2 s

(SA0.2 s) and 1.0 s (SA1.0 s) to meet the requirements of Eurocode 8 and the drafting

of a National Annex for the revised edition of Eurocode 8: Design of structures for

earthquake resistance.

Engineers from the British Standards National (BSI) committee B/525/8 for Structures in 

Seismic Regions (the committee responsible for the UK input to Eurocode 8) provided 

guidance on the design requirements for the seismic hazard maps. This ensures that the 

2020 maps are used to guide the application of the revision of the Eurocode 8 in the UK 

calibrating the design seismic requirements to the seismicity levels of the country. 

Although the UK is a low seismicity region and the design seismic action is not required 

for standard residential and commercial buildings, design seismic action is recommended 

for building with high economic, social, and environmental consequences (e.g. chemical 

power plants) where the exceedance of the regional hazard at a specific site is above a 

certain threshold (Booth et al. 2008; BS NA EN 1998-1 2008).  

2. National seismic hazard model

Figure 1 shows the logic trees used for both the SSC and GMC components of the 2020 

NHSM.  

The SSC model consists of a single seismic source model with 22 source zones. It draws 

heavily on previous regional source models, including MS07 and the 2013 European 

Seismic Hazard Model (ESHM13) of Woessner et al. (2015), with some additional 

modifications to account for recent developments in the understanding of tectonics in the 

UK. We used the maximum magnitude (Mmax) distribution proposed for the British Isles 

by Meletti et al. (2009) for the ESHM13 model. It consists of four values (6.5 − 7.1 Mw) 

and it was applied to all zones. The distribution for the hypocentral depths is between 5 

and 20 km, with a modal depth of 15 km, as proposed by MS07. Strike-slip faulting, with 

north-south or east-west fault planes, have the highest weight, in agreement with calculated 

fault plane solutions for instrumentally recorded earthquakes in the last 30 years (Baptie 

2010). We applied the penalised maximum likelihood procedure (PMLP; Johnston et al., 

1994) to quantify the frequency magnitude distribution for each seismic source zone. The 

results from the PMLP are expressed by a 5×5 matrix of possible values for the recurrence 

parameters (i.e. the activity rate a and the b-value), determining 25 triplets of a and b and 

their weight to account for the uncertainty in these parameters. 

The GMC model consists of five GMPEs that were considered to be applicable for the UK. 

Specifically, these are Atkinson and Boore (2006), Rietbrock et al. (2013), Bindi et al. 

(2014), Boore et al. (2014), and Cauzzi et al. (2015). Since the strong motion recordings 

for the UK consist only of weak motion recordings and contain few recordings at near 

source-to-site distances, the selection of the suite of the GMPEs for the GMC model, 

together with the assignment of their weights, combines: (1) the results from the 

comparison of the ground motion predictions computed from candidate GMPEs with the 

recorded ground motions in the UK using various statistical approach; (2) the outcome 
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workshop involving key experts on ground motion modelling. We corrected the ground 

motion predictions from the five GMPEs for the host-to-target (also called Vs – 0) 

adjustments using the approach of Al Atik et al. (2014) to account for differences in site 

conditions between the host regions, for which the GMPEs were derived, and the target 

region (i.e. the UK). This process accounts for both the effects of elastic amplification due 

to shear wave velocity structure and near-surface attenuation at a site, which is described 

by the parameter κ0. 

 

Fig. 1 - SSC and GMC logic tree for the NSHM for the UK 

3. National seismic hazard maps  

We calculated the hazard using Monte Carlo-based probabilistic seismic hazard analysis 

(PSHA) to generate artificial catalogues by random sampling of the probability distributions in 

the SSC model (Musson, 2000). Musson (2012) and Mosca (2019) show that the Monte Carlo-

based approach is compatible with the Cornell-McGuire type approach for PSHA and provides 

the same output given the same initial model. 

The minimum magnitude (Mmin) in a hazard calculation is defined as the threshold for 

potentially damaging earthquakes (e.g. Bommer and Crowley, 2017). Here, we used Mmin of 

4.0 Mw to include the probability that the impulsive nature of small earthquakes and their 

high-frequency content could be potentially causing damage.  

The hazard calculations were carried out for the region between 49°N - 61°N and 8.5°W - 2°E 

for a grid of 4141 points spaced 0.125° in latitude and 0.25° in longitude. We computed the 

hazard for peak ground acceleration (PGA), SA0.2 s, and SA1.0 s with 5% damping for Vs30 

(time-averaged shear wave velocity for the top 30 m) of 800 m/s and the return periods of 95, 

475, 1100, and 2475 years. Figures 2 and 3 show the national hazard maps for return periods of 

475 years (10% annual frequency of exceedance in 50 years) and 2475 years (2% annual 

frequency of exceedance in 50 years), respectively. For 475 years, PGA is less than 0.04 g for 
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most of the UK, except for North Wales and the England-Wales border region where the 

hazard reaches around 0.09 g and 0.05 g, respectively (left panel of Figure 2). A similar spatial 

variation is observed at 0.2 s but the effects are more pronounced (central panel of Figure 2). 

At 1.0 s, accelerations are smaller than 0.02 g (right panel of Figure 2) but show less variation 

across the UK.  For a return period of 2475 years, the Channel Islands, North Wales, the 

England-Wales border region through to North Central England, the Lake District and north-

west Scotland are the areas of highest hazard for PGA and SA0.2 s (Figure 3).  The highest 

hazard values (0.25 g for PGA and 0.47 g for SA0.2 s) are observed around the region of 

Snowdonia, in North Wales. 

We will also present the comparison between the 2020 national hazard maps for the UK and 

the 2020 European Seismic Hazard maps (Danciu et al., 2021) at the conference. 

4. Dissemination of the results

To increase the visibility of the 2020 NSHM for the UK and make it accessible and available 

to a wide range of users, we used various channels and tools.  

The products of the NSHM are accessible to the public through a dedicated webpage 

(http://www.earthquakes.bgs.ac.uk/hazard/UKhazard.html) and an interactive mapping tool  

(https://www.bgs.ac.uk/map-viewers/geoindex-onshore/). The former allows users to 

download all elements of the NSHM model and the output files in text format. The latter 

allows users to view the hazard maps interactively, navigate to a specific area of interest, query 

the maps, and download the hazard values at a specific location or area of interest. It is the first 

time that the seismic hazard maps for the UK are interactively accessible to the public. 

Furthermore, accessible data to the public ensure the transparency of the hazard model. 

To promote the work with end-users (e.g. the engineers’ community in the UK), we 

communicated the results of this project to professional bodies, such as BSI committee 

B/525/8 and the Institution of Civil Engineering, and presented them in a public talk of the 

Society for Earthquake and Civil Engineering Dynamics. We also disseminated the 2020 

national hazard maps on the BGS and ICE websites1,2 and published them in a peer-review 

journal (Mosca et al., 2022).   
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Fig. 2 - Hazard map for PGA, SA0.2s, and SA1.0s at the 475 year return period 

Fig. 3 - Hazard map for PGA, SA0.2s, and SA1.0s at the 2475 year return period 
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Abstract: The South Iceland Seismic Zone (SISZ) and Reykjanes Peninsula Oblique Rift 

(RPOR) in Southwest Iceland together form one of the two major transform zones in the 

country that have the greatest capacity for the occurrence of destructive earthquakes. This 

study presents a realization of a finite-fault earthquake catalogue for the SISZ-RPOR 

bookshelf fault system that is consistent with the steady-state relative velocity of transcurrent 

plate motion across the Southwest Iceland transform zone and its salient characteristics of 

spatially variable maximum magnitudes and seismogenic depths. The catalogue is consistent 

with zone-specific magnitude frequency relationships that are representative of the average 

cumulative slip-rates on the fault system. We expand the modelling that allows simulating a 

catalogue of earthquake magnitudes for a long-time interval with random locations in the 

region that is completely consistent with the average activity predicted by the 3D fault system. 

This synthetic earthquake catalogue however simulates finite-size earthquake fault planes in 

3D thus facilitating a physics-based seismic hazard assessment using either dynamic or 

kinematic earthquake rupture models and the corresponding ground motion simulations, in 

particular for low-frequency and near-fault ground motion simulations. Realizations of such 

finite-fault earthquake catalogues can be confidently used in future physics-based 

probabilistic seismic hazard assessment in Iceland. 

Keywords: Finite-fault earthquake catalogues, Physics-based PSHA, SISZ-RPOR, Iceland 

1. Introduction

Iceland is the most seismically active region in northern Europe. It is situated in the North 

Atlantic ocean where the Icelandic Hot Spot, a broad, localized upwelling of magma from 

deep within the mantle, elevates the seafloor so that it is partly exposed and forms land. The 

Icelandic Hot Spot drives the volcanism and seismicity of Iceland along with the Mid-

Atlantic Ridge, a plate margin of active tectonic horizontal extension that runs along the 

entire length of the Atlantic ocean between the Arctics and approaches Iceland from the 

southwest and central north. The presence of the Icelandic Hot Spot, the center of which is 

located approximately under the northwest part of the largest glacier in Iceland, causes an 

eastward ridge-jump on land in Iceland, forming the Eastern and Northern Volcanic Zones. 

As a result, two fracture zones characterized by tansform motion have formed in the South 

and North of Iceland, respectively. These zones are the South Iceland Seismic Zone (SISZ) 

and Reykjanes Peninsula Oblique Rift in Southwest Iceland (RPOR), and the Tjörnes 

Fracture Zone (TFZ) in Northern Iceland. The potential for large destructive earthquakes is 

largest in these zones which is confirmed by historical annals spanning 1000 years 

(Einarsson 1991, 2008, 2014).    

In Iceland, where the duration of the entire catalogue of reported destructive earthquakes is 

fairly long, it is contaminated with uncertainties particularly in the size, location and time of 
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varying degrees, which in turn leads to ambiguity of the seismicity rate, and thus to an 

uncertain estimation of seismic hazard (e.g., Solnes et al. 2002, 2004). Accordingly, one of 

the first efforts to simulate the earthquake catalogue was conducted by Sigbjörnsson et al. 

(1995) for the SISZ but based on a statistical analysis of the available incomplete earthquake 

catalogue that admittedly is sparse, in particular at larger magnitudes. An alternative 

approach has recently been proposed by Bayat et al. (2022) in which a suite of 3D seismic 

source models for the main seismogenic zones in Southwest Iceland, the transform fault 

systems of the SISZ-RPOR, is developed for the purpose of enabling a physics-based 

probabisdtic seismic hazard assessment (PSHA) that is free from the shortcomings of an 

incomplete catalogue. Approaching the problem from a physical standpoint, the models are 

constrained by the steady-state velocity of the tectonic extension associated with plate 

spreading in the region and are consistent with the fault tectonics and seismicity distribution 

of the region. The fault models are thus fully specified in terms of fault locations, 

dimensions, strike and dip along with estimates of annual fault slip and moment rates on 

each finite-fault. They show that the estimated cumulative moment rate release of the fault 

system matches that estimated from the earthquake catalogue for the last 300 years. In this 

study, we briefly discus this new 3D physics-based bookshelf fault system model for the 

SISZ-RPOR for PSHA applications. Then, we expand the modelling that allows simulating 

a catalogue of earthquake magnitudes for a long-time interval with random locations in the 

region that is completely consistent with the average activity predicted by the 3D fault 

system. 

2. Modelling of the SISZ-RPOR transform fault system

The South Iceland Seismic Zone and the Reykjanes Peninsula Oblique Rift take up the 

transform motion of the eastward jump of the Mid-Atlantic Ridge in southwest Iceland. 

Instead of a sinistral transform fault system linear and parallel to the direction of plate 

spreading, a “bookshelf” faulting system of near vertical dextral transform faults 

perpendicular to the direction of plate spreading takes up the transform motion across the 

SISZ and RPOR (Einarsson et al. 1981; Einarsson 1991, 2008, 2014; Einarsson et al. 2020; 

Steigerwald et al. 2020). The volcanic earthquakes in the four volcanic systems in the RPOR 

are assumed to be maximum 𝑀w4.5-5 and thus have a mininum contributing role in the 

assessment of seismic hazard. Moreover, volcanic seismicity occurs episodically and the 

release of tectonic deformation is thus taken up by transform motion on the bookshelf system 

in between volcanic episodes (Hreinsdóttir et al. 2001). As a result, earthquakes associated 

with volcanic activity are not modelled. The bookshelf system long known to characterize 

the occurrance of strong earthquakes in the SISZ has been shown to be continuous across 

the Hengill Triple Junction and along the RPOR (Steigerwald et al. 2020). The system is 

characterized by an array of parallel north-south near vertical dextral strike-slip faults. The 

distance between the faults is assumed to be of the order of 𝑑 ∼ 1-5 km in the SISZ and the 

RPOR. There is however evidence that the distances between faults in decreases towards the 

west in the RPOR, even down to a few hundred meters. 

Hypocentral distributions of small earthquakes in the SISZ-RPOR are generally at 1-5 km 

dept in the western part of the RPOR and increases gradually towards the east, culminating 

at 12-15 km depth in the easternmost part of the SISZ (Stefánsson and Halldórsson 1988; 

Stefansson et al. 1993; Einarsson 2014; Panzera et al. 2016; Steigerwald et al. 2020; 

Einarsson et al. 2020). As a result, the seismogenic potential of the zone increases towards 

the east, in agreement with the historical catalogue (Tryggvason et al. 1958; Einarsson et al. 

1981; Halldórsson et al. 1984; Stefansson et al. 1993; Ambraseys and Sigbjörnsson 2000). 

The inferred fault lengths of historical strong earthquakes and earthquake source studies of 
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recent strong earthquakes in the SISZ (Pedersen et al. 2003; Roth 2004; Stefánsson et al. 

2006; Dubois et al. 2008; Hreinsdóttir et al. 2009; Decriem et al. 2010) are grossly 

overestimated by scaling laws for fault area vs. moment magnitudes of shallow crustal 

earthquakes in interplate regions. The reason is that strong earthquakes in the SISZ are 

associated with relatively large global stress drop for a given magnitude. In other words, the 

area of slip and the slip amount is relatively larger in SISZ earthquakes (Árnadóttir et al. 

2001; Pedersen et al. 2003; Dubois et al. 2008; Hreinsdóttir et al. 2009; Brandsdóttir et al. 

2010; Decriem et al. 2010) than in most other regions, which is not reflected in most if not 

all scaling relationships (Wells and Coppersmith 1994). 

Fig. 1- Mapped fault traces of transform faults (in the RPOR) (Einarsson et al. 2020; Steigerwald et al. 2020) 

and hypothetical vertical fault plane projections of strong historical earthquakes in the SISZ (Roth 2004; 

Stefánsson et al. 2006) and subsurface fault mappings (Hjaltadóttir 2009) along with the ICEL-NMAR 

earthquake catalogue of significant earthquakes since 1901 (Jónasson et al. 2021) along with the revised 

instrumental catalogue of microearthquakes (Panzera et al. 2016) (Bayat et al. 2022). 

A specific scaling relationship for fault area and moment magnitude does not exist for 

Iceland. However, the Mai and Beroza (2000) scaling law for effective source dimensions 

appears to represent best the available data on total fault lengths and as a result we adopt it 

in this study.  The maximum magnitudes are thus shown to vary across the SISZ-RPOR from 

∼ 𝑀w5.5 in the westermost part of the RPOR to ∼ 𝑀w7. It is assumed that a standard

uncertainty associated with magnitude estimation would apply. These magnitudes are in

excellent agreement with those estimated by various authors that have studied these seismic

zones (Einarsson 2014). After a comprehensive literature study, the SISZ-RPOR zone was

subdivided into six zones along the length that roughly reflect/model the decreasing seismic

potential from east to west (Bayat et al. 2022). This zonation is an approximate discretization

in an attempt to provide flexibility to the model that is shown in Fig. 1. Fault slip on a

perpendicular bookshelf system accommodates the tectonic deformation through rotation of

the blocks between the faults (Sigmundsson et al. 1995; Sigmundsson 2006). The annual slip

rate on each fault in a hypothetical fault system can thus be estimated from the annual rate

of deformation across the zone, the fault dimensions, and the distance between adjacent

faults as well as the corresponding moment rate. Fig. 2 shows the fault system realizations

that are the closes to represent the center (middle) and body (top and bottom) of all variations

of the fault system. In other words, out of the 1000 simulated fault systems the one that has

a fault slip-rate distribution along the entire length of the fault system that is the closest to

the median of all fault slip-rate realization (i.e., lowest RMS) is shown in the middle of Fig.

2. That fault system can be considered as the representative realization of the SISZ-RPOR

fault system i.e., representing the center of all the model realizations. Analogously, those

realizations that fit best the 16th and 84th percentiles of the slip-rate distributions along the
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fault system can be considered as representing the body of the large majority of realizations, 

and are shown at top and bottom in Fig. 2.  

Fig. 2- Realizations of the finite-fault system models having fault slip rates that closely correspond to the 

16th, 50th, and 84th percentile distributions, from top to bottom, respectively, of overall fault slip rate 

distribution along the SISZ-RPOR.  

It is clear that all realizations are associated with nearly constant inter-fault distances across 

all zones but with varying values, ranging from 8-10 km for the 84th percentile to 2-3 km 

for the 16th percentile, and 3-5 km for the median scenario. The sparsest and densest 

distributions are associated with the 84th and 16th percentile fault system distributions in Fig. 

2, respectively. Namely, the fewer faults in the random realization of the fault system, the 

higher their fault slip-rates need to be to attain realistic values of seismic moment release 

and accommodate the transform plate motion across the zone. Then, the converse is true for 

the dense spatial distribution of faults. The central case strikes an average between the two 

that constrain the body of cases and is associated with inter-fault distances of 𝑑 = 4 km on 

the average. Finally, we note that when assuming a constant value of inter-fault distances 

along the entire zone or when the values are allowed to vary only slightly, we observe a 

rather systematic and regular increase in slip-rates from East-to-West, similar to the median 

value in Fig. 2. If the inter-fault distances are however allowed to vary greatly (within 

realistic values) and randomly, the slip-rate distribution along the zone becomes quite jagged 

with sometimes large differences between the slip rates of adjacent faults. These cases would 

find their practical application in a specific, scenario-based physics-based PSHA, while 

those associated with the center and body of the slip-rates distributions along the entire zone 

would be more appropriate for such analysis in a long-term physics-based PSHA.  
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In this study, therefore we take the first step and expand the conventional PSHA by 

simulating multiple finite-fault earthquake catalogues for the entire bookshelf system based 

on a new, physics-based 3D fault system model of Southwest Iceland that in fact explains 

the observed Icelandic earthquake catalogues. Thus, the systematic spatial variation of fault 

slip rates is modeled by discrete subzonation of the fault system and the equivalent 

parameters of seismic activity (𝑀max, 𝑎- and 𝑏-values) estimated. These zone-specific G-R 

relationship parameters that are entirely compatible with the physical constraints and avoids 

the bias introduced by the short duration of earthquake catalogues. The sub-zones are 

completely specified by their maximum magnitudes and zone-specific G-R parameters (i.e., 

𝑎- and 𝑏-values). By summing up G-R parameters for all the sub-zones, the total magnitude-

frequency relationship (MFR) for the SISZ-RPOR has been established that is shown in Fig. 

3. This physics-based total MFR in fact explains the earthquake catalogues of the region,

notably the new ICEL-NMAR catalogue, and additionally incorporates uncertainty

measures.

Fig. 3- The magnitude-frequency relationship of the six subzones shown by dotted lines along with their 

cumulative relationship (solid black line) for the entire SISZ-RPOR of this study, with the shaded region 

representing its uncertainty (Bayat et al. 2022).  

One of the most practical implications of such physics-based zone-specific G-R parameters 

is to generate finite-fault earthquake catalogues that enables the first comprehensive physics-

based revision of PSHA of the SISZ-RPOR. Thus, this first look at the revision of PSHA for 

Southwest Iceland will completely avoid the use of limited statistics from observed 

catalogues and has firm roots in a completely physical finite-fault system of the bookshelf 

transform zone. Therefore, we show the Monte Carlo simulated finite-fault earthquake 

catalogues for the SISZ-RPOR that are compatible with both the earthquake faulting and the 

long-term seismicity in the region. In this regard, we apply the MFRs that have shown in 

Fig. 3 in the generation of a synthetic catalogue of magnitude occurrences in each zone for 

a given catalogue length in years. In this way, the long-term seismic activity in terms of a 

zone-specific MFR can be established, something that was severely hampered due to the 

scarcity of data in the historical catalogue, in particular for the RPOR. In this study however, 

the 3D fault system model realizations allow us to approach this in a physically reliable 

38673ECEES, September 2022, Bucharest, Romania



manner. Thus, each earthquake magnitude in the synthetic catalogue is allowed to take 

location randomly within each zone around the centerline from West to East of the historic 

and instrumental seismicity and constrained to the North and South by the seismicity and 

extent of mapped faults in the region and within the North-South extent of maximum fault 

lengths in the zones.  

We show one realization of the synthetic 3D fault system is shown in Fig. 4 (seed 

ID#07011508). It models 3000 years of strike-slip fault activity in the region limited with a 

minimum magnitude of 𝑀w5. It effectively expands the cumulative slip-rate of the average 

representative fault systems except instead of the slip-rate taking place on few discrete fault 

planes, the slip-rate takes place during earthquakes on individual finite-size faults of 

magnitudes that range from 𝑀w5 up to the maximum zone-magnitudes. Moreover, the 

magnitude-frequency distribution of these synthetic earthquakes in each zone is consistent 

with the MFR derived from the 3D fault system model for each zone. Fig. 4 shows the 

vertical surface projection of these random fault planes relative to the mapped transform 

faults in the region and the ICEL-NMAR catalogue of earthquakes in the region. The 

simulations are based on the simplifying, but valid assumption supported by the literature, 

of the faults being near vertical North-striking faults.  

Fig. 4 – One realization of a hypothetical 3D fault system model for each zone consistent in activity with the 

MRF of the zone, as derived from the 3D fault system model realizations. The synthetic 3D transform faults 

result in a collective zone-average fault slip-rates that is consistent with that postulated by the 3D fault system 

model. The locations of the faults are allowed to vary randomly (seed ID#07011508).  

3. Conclusions

This study presents an example of a realization of the 3D fault system model of the SISZ-

RPOR, as constrained by fault maximum extents and their random locations in the region. It 

presents zone-specific MRFs that are representative of the average cumulative slip-rates on 

the 3D fault system. Such MRFs are the key input in standard PSHA using traditional 

engineering approaches. However, we have expanded the modeling that allows simulating a 

catalogue of earthquake magnitudes for a long time interval with random locations in the 

region that is completely consistent with the average activity predicted by the 3D fault 

system. This synthetic earthquake catalogue however simulates the salient characteristics of 

hypothetical finite-size earthquake fault planes in 3D thus facilitating a physics-based 

seismic hazard assessment using either dynamic or kinematic earthquake rupture models and 

the corresponding ground motion simulations, in particular for low-frequency and near-fault 

ground motion simulations. In addition, it also allows for a standard engineering approach 

to PSHA using empirical ground motion models, in particular for the far-field region and 

higher frequency ground motion parameters. These synthetic but physically consistent fault 
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system models therefore allow bridging the gap between physics-based and statistical PSHA, 

for the SISZ and RPOR that are the regions of highest earthquake hazard and seismic risk in 

Iceland.  

Acknowledments 

This study was funded by the Icelandic Centre for Research, Project Grant (No. 196089) 

which is gratefully acknowledged. It is also partially funded by the European Union’s 

Horizon 2020 research and innovation’s program grant agreement No. 823844 (the 

“ChEESE” project) and grant agreement number 821046 (the “TURNkey” project). 

References 

- Ambraseys NN, Sigbjörnsson R (2000) Re-appraisal of the seismicity of Iceland. Acta Polytechnica

Scandinavica 2000–003:1–184

- Árnadóttir T, Hreinsdóttir S, Gudmundsson G, et al (2001) Crustal deformation measured by GPS in the

South Iceland Seismic Zone due to two large earthquakes in June 2000. Geophysical research letters

28:4031–4033

- Bayat F, Kowsari M, Halldorsson B (2022) A new physics-based bookshelf fault system model for the

South Iceland Seismic Zone and Reykjanes Peninsula Oblique Rift, Southwest Iceland. Geophysical

Journal International (GJI-S-22-0062, in review)

- Brandsdóttir B, Parsons M, White RS, et al (2010) The May 29th 2008 earthquake aftershock sequence

within the South Iceland Seismic Zone: Fault locations and source parameters of aftershocks. Jokull:

journal of the glaciological and geological societies of Iceland 60:23–46

- Decriem J, Arnadottir T, Hooper A, et al (2010) The 2008 May 29 earthquake doublet in SWIceland.

Geophysical Journal International 181:1128–1146

- Dubois L, Feigl KL, Komatitsch D, et al (2008) Three-dimensional mechanical models for the June 2000

earthquake sequence in the south Iceland seismic zone. Tectonophysics 457:12–29.

https://doi.org/10.1016/j.tecto.2008.05.020

- Einarsson P (1991) Earthquakes and present-day tectonism in Iceland. Tectonophysics 189:261–279

- Einarsson P (2008) Plate boundaries, rifts and transforms in Iceland. Jökull 58:35–58

- Einarsson P (2014) Mechanisms of Earthquakes in Iceland. In: Beer M, Kougioumtzoglou IA, Patelli E,

Au IS-K (eds) Encyclopedia of Earthquake Engineering. Springer Berlin Heidelberg, Berlin, Heidelberg,

pp 1–15

- Einarsson P, Björnsson S, Foulger G, et al (1981) Seismicity pattern in the South Iceland seismic zone.

Earthquake Prediction 141–151

- Einarsson P, Hjartardóttir ÁR, Hreinsdóttir S, Imsland P (2020) The structure of seismogenic strike-slip

faults in the eastern part of the Reykjanes Peninsula Oblique Rift, SW Iceland. Journal of Volcanology

and Geothermal Research 391:106372. https://doi.org/10.1016/j.jvolgeores.2018.04.029

- Halldórsson et al. P (1984) Evaluation of earthquake risk

- Hjaltadóttir S (2009) Use of relatively located microearthquakes to map fault patterns and estimate the

thickness of the brittle crust in Southwest Iceland. Sub-surface fault mapping in Southwest Iceland. MS

Thesis

- Hreinsdóttir S, Árnadóttir T, Decriem J, et al (2009) A complex earthquake sequence captured by the

continuous GPS network in SW Iceland. Geophysical Research Letters 36:L12309

- Hreinsdóttir S, Einarsson P, Sigmundsson F (2001) Crustal deformation at the oblique spreading

Reykjanes Peninsula, SW Iceland: GPS measurements from 1993 to 1998. J Geophys Res 106:13803–

13816. https://doi.org/10.1029/2001JB000428

- Jónasson K, Bessason B, Helgadóttir Á, et al (2021) A Harmonized Instrumental Earthquake Catalog for

Iceland and the Northern Mid-Atlantic Ridge. Journal of Geophysical Research: Solid Earth (in review)

- Mai PM, Beroza GC (2000) Source scaling properties from finite-fault-rupture models. Bulletin of the

Seismological Society of America 90:604–615

- Panzera F, Zechar JD, Vogfjörd KS, Eberhard DAJ (2016) A Revised Earthquake Catalogue for South

Iceland. Pure Appl Geophys 173:97–116. https://doi.org/10.1007/s00024-015-1115-9

- Pedersen R, Jónsson S, Árnadóttir T, et al (2003) Fault slip distribution of two June 2000 MW6.5

earthquakes in South Iceland estimated from joint inversion of InSAR and GPS measurements. Earth and

Planetary Science Letters 213:487–502. https://doi.org/10.1016/S0012-821X(03)00302-9

38693ECEES, September 2022, Bucharest, Romania



- Roth F (2004) Stress changes modelled for the sequence of strong earthquakes in the South Iceland

seismic zone since 1706. In: Geodetic and Geophysical Effects Associated with Seismic and Volcanic

Hazards. Springer, pp 1305–1327

- Sigbjörnsson R, Baldvinsson GI, Thrainsson H (1995) A stochastic simulation approach for assessment

of seismic hazard maps in “European Seismic Design Practice.” Balkema, Rotterdam

- Sigmundsson F (2006) Iceland geodynamics: crustal deformation and divergent plate tectonics. Springer

Science & Business Media

- Sigmundsson F, Einarsson P, Bilham R, Sturkell E (1995) Rift-transform kinematics in south Iceland:

Deformation from Global Positioning System measurements, 1986 to 1992. Journal of Geophysical

Research: Solid Earth 100:6235–6248. https://doi.org/10.1029/95JB00155

- Solnes J, Sigbjörnsson R, Eliasson J (2002) Mapping of earthquake induced risk in Iceland. In: 12th

European Conference on Earthquake Engineering (12ECEE). London, UK, 9-13 September 2002, p Paper

No. 215

- Solnes J, Sigbjörnsson R, Eliasson J (2004) Probabilistic seismic hazard mapping of Iceland. In: 13th

World conference on earthquake engineering (13WCEE). Vancouver, BC, Canada, August 1-6, 2004, p

Paper No. 2337

- Stefansson R, Bodvarsson R, Slunga R, et al (1993) Earthquake prediction research in the South Iceland

seismic zone and the SIL project. Bulletin of the Seismological Society of America 83:696–716

- Stefánsson R, Bonafede M, Roth F, et al (2006) Modelling and parameterizing the Southwest Iceland

earthquake release and deformation process. Veðurstofa Íslands

- Stefánsson R, Halldórsson P (1988) Strain release and strain build-up in the South Iceland seismic zone.

Tectonophysics 152:267–276

- Steigerwald L, Einarsson P, Hjartardóttir ÁR (2020) Fault kinematics at the Hengill Triple Junction, SW-

Iceland, derived from surface fracture pattern. Journal of Volcanology and Geothermal Research

391:106439. https://doi.org/10.1016/j.jvolgeores.2018.08.017

- Tryggvason E, Thoroddsen S, Thorarinsson S (1958) Report on earthquake risk in Iceland. Timarit

Verkfraedingafelags Islands 43:81–97

- Wells DL, Coppersmith KJ (1994) New empirical relationships among magnitude, rupture length, rupture

width, rupture area, and surface displacement. Bulletin of the seismological Society of America 84:974–

1002

- 

3870 3ECEES, September 2022, Bucharest, Romania



An Alternative Fault Source Modeling for the North and East Anatolian 

Faults 

Koca Cem – Boğaziçi University - Kandilli Observatory and Earthquake Research Institute, Istanbul, 

Turkey, e-mail: cem.koca@boun.edu.tr 

Şeşetyan Karin – Boğaziçi University - Kandilli Observatory and Earthquake Research Institute, Istanbul, 

Turkey, e-mail: karin@boun.edu.tr  

Abstract: Until now, many probablistic seismic hazard assessment (PSHA) studies have 

been performed for Turkey. However, except a limited number of cases, characteristic fault 

source modeling was not used. Since the North and East Anatolian Faults (NAF&EAF) have 

a tendency for rupturing in characteristic earthquakes, the purpose of this research is to 

develop a hybrid characteristic fault source model for the NAF and EAF and to evaluate its 

effects compared to the results of fully exponential one. The major conclusion is that the use 

of fully exponential magnitude recurrence relationship for the NAF and EAFs gives 

overestimated results in terms of peak groung acceleration (PGA) compared to the 

application of the hybrid characteristic fault source modeling. 

Keywords: Probabilistic seismic hazard assessment, Hybrid characteristic fault source 

modeling, Exponential magnitude recurrence relationship, The North and East Anatolian 

Faults 

1. Introduction

Humankind has endeavored to make sense of the occurrence of earthquakes since ever 

since it entered on the stage of history. Earthquakes have even attributed to the righteous 

anger of God (Clark, 1965), which is consistent with the argument known as the "The God 

of the Gaps", a perspective filling in gaps in the explanation of the phenomena of nature 

with Gods (Harris, 1963). When we look at the history of mankind's struggle with 

earthquakes, the first evaluation of earthquake hazard in terms of ground motion intensity 

measure (e.g., PGA) is carried out by C. Allin Cornell (Cornell, 1968). This is the 

foundation for modern Probabilistic Seismic Hazard Analysis (Corotis, et al., 2009). 

The history of seismic hazard analysis in Turkey dates back to 1940s. A multitude of 

earthquake zonation maps were drawn to depict the earthquake hazard in Turkey (Akkar, et 

al., 2018). The first attempt to perform seismic hazard analysis of the region was made in 

1980 (Yarar, et al., 1980). However, the first national earthquake hazard project in Turkey 

was launched in 1985 (Erdik, et al., 1985). After this date, many research projects on 

national or international probabilistic seismic hazard assessment were set up for Turkey 

and its surroundings. Few of these projects used fault source as seismic source 

characterization (Akkar, et al., 2018). When fault sources was incorporated in these large 

scale projects, fully exponential magnitude recurrence relationship was used in all of them, 

including the latest Turkish Seismic Hazard Map. For example, SHARE (Seismic Hazard 

HARmonization in Europe: Woessner et al., 2015) Project has used Anderson and Luco 

(1983) exponential recurrence relationship for the NAF and EAF. On the other hand, 

within the scope of EMME (Earthquake Model of the Middle East: Sesetyan et al., 2018) 

Project, Youngs and Coppersmith (1985) exponential earthquake occurrence model is 
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adopted for fault sources. Consequently, seismic hazard analyses involving the 

characteristic and/or hybrid fault source modeling has been limited to a number of local 

studies (e.g., Gülerce & Ocak, 2013 for the Eastern Marmara region). 

That segmented individual faults like the Wasatch fault zone are predisposed to rupturing 

in characteristic earthquakes has been ascertained (Schwartz & Coppersmith, 1984). This 

has led to the contruction of characteristic earthquake model (Youngs & Coppersmith, 

1985) (Erdik, et al., 2004).  

Since the North and East Anatolian Faults are also well-developed strike-slip faults with 

segmentation, they show a tendency for characteristic rupture behavior. In this study, we 

aim to analyze the effects of characteristic modeling in the estimation of the seismic hazard 

in the region.  

Within the scope of the research, we examine the whole East Anatolian Fault (EAF) while 

evaluating the central and eastern parts of the North Anatolian Fault (NAF), starting from 

the segments ruptured in the 1944 earthquake (Bolu). Thus, we excluded the part of the 

NAF in the Marmara region from the study as it is illustrated in Fig. 1. This is because 

many studies even involving time-dependency have already been undertaken for the 

Marmara region (e.g., Erdik, et al., 2004, Gülerce & Ocak, 2013, Şeşetyan, et al., 2019). 

The fault segmentation model used hereine is based on the study by Emre et al. (2018) in 

terms of both geometry and kinematic properties. As, in the mentioned study, minimum 

and maximum slip rates assigned to individual segments display a very small variability, 

the central value of the range was adopted for the activity rate computation. The slip rate 

values of the NAF and EAF’s segments are shown in Table 1.1 and Table 1.2, respectively. 

Fig. 1 - The segmentation of the NAF and EAF 
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Table 1.1. Annual slip rate values of the NAF’s segements  

Segments 
Min. Sr 

(mm/yr) 

Max. Sr 

(mm/yr) 

Kargapazarı 17 18 

Elmalı 1 2 

Yedisu 18 19 

Erzincan 22 23 

Refahiye 22 23 

Suşehri 22 23 

Reşadiye 22 23 

Ezinepazar 2 2.1 

Niksar 21 22 

Erbaa 21 22 

Destek 21 22 

Havza 21 22 

Köprübaşı 21 22 

Kamil 21 22 

Kargı 21 22 

Ilgaz 21 22 

Sarıalan 21 22 

Bayramören 23 24 

İsmetpaşa 23 24 

Gerede 23 24 

Yeniçağa 23 24 

Bolu 23 24 

Min. Sr: Minimum slip rate, Max. Sr: Maximum slip rate, mm: milimeter, yr: year 

 

Table 1.2. Annual slip rate values of the EAF’s segements  

Segments 
Min. Sr 

(mm/yr) 

Max. Sr 

(mm/yr) 

Karlıova 8 8.1 

Ilıca 8 8.1 

Palu 1 6 7 

Palu 2 9 10 

Pütürge 1 9 10 

Pütürge 2 9 10 

Erkenek 6.5 7 

Pazarcık 6.5 7 

Amanos 6 7 

Hacıpaşa 1 4.5 5 

Hacıpaşa 2 4.5 5 

Min. Sr: Minimum slip rate, Max. Sr: Maximum slip rate, mm: milimeter, yr: year 

2. The development of recurrence models of the NAF and EAF 

Two different recurrence models have been contructed for the NAF and EAF. The first one 

is fully exponential magnitude recurrence relationship, based on slip-rate constraints and 

the second one is the hybrid characteristic - exponential recurrence modeling (Youngs & 

Coppersmith, 1985). 

2.1. Methodology for the development of hybrid characteristic - exponential 

recurrence modeling 

In this study, instead of fully characteristic recurrence model, a hybrid characteristic - 

exponential recurrence modeling approach parallel to the model proposed by Youngs & 

Coppersmith (1985) is adopted. That is, while the recurrence of major earthquakes have 

been modelled by characteristic recurrence, earthquakes with smaller magnitude are 

38733ECEES, September 2022, Bucharest, Romania



represented through exponential magnitude recurrence relationship. This is because we 

have detected that fully characteristic recurrence model does not possess coherence with 

observed seismicity (i.e. recurrence intervals determined by paleoseismic investigations). 

In this sense, 6% of the total seismic moment rate accumulated on the fault is assigned to 

exponential tail and the remaining part is given to the characteristic recurrence. 

The difference with the hybrid characteristic model of Youngs & Coppersmith (1985) is 

that multi-segment ruptures are also allowed in the recurrence. The model includes three 

components: 

1. An exponential part covering the recurrence of eathquakes from Mmin to Mchar - 0.1

units for each segment,

2. A characteristic recurrence at Mchar of each segment, considering that the segments

may rupture individually,

3. A multi-segment rupturing characteristic recurrence model, which accounts for

very large magnitude earthquakes such as 1939 Erzincan earthquake.

To represent the possibility of individual and combined ruptures of the segments, the 

procedure of slip partitioning is followed. The total seismic moment rate allocated to the 

characteristic recurrence part, is divided to individual and combined ruptures. The 

percentage of the slip rate distributed between these two scenarios has been adjusted with 

respect to the recurrence periods of the largest magnitude events for NAF and EAF 

proposed by paleoseismological studies. To check the compatibility of the artificially 

formed exponential-characteristic hybrid model with the one proposed by Youngs & 

Coppersmith (1985), we compared the hazard curves obtained through a combined model 

of exponential (6% of the slip rate) and only individual segment ruptures (94% of the slip 

rate) with those obtained from Youngs & Coppersmith Hybrid Earthquake Model option in 

OpenQuake software  (Pagani, et al., 2014).  

2.2. Source scaling relationships 

“The future earthquake potential of a fault commonly is evaluated from estimates of fault 

rupture parameters that are, in turn, related to earthquake magnitude.” (Wells & 

Coppersmith, 1994, p. 974-975) 

In order to estimate characteristic earthquake magnitude of the segments three different 

source scaling relationships given below have been used. 

1) Wells & Coppersmith (1994)

2) Leonard (2010)

3) Hanks & Bakun (2014)

When the relationships of  Wells & Coppersmith (1994) and Leonard (2010) are taken into 

account, both surface rupture length and rupture area equations are used. On the other 

hand,  Hanks & Bakun (2014) is considered, only fault area based equation is used. At the 

end of the calculations, the mean of the results of these 5 equations is calculated to 

represent the characteristic magnitude of the segments. The results are shown in the table 

below. 
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Table 2.2.1. The calculation of the characteristic earthquake magnitude of the NAF’s segments 

Segments 
Length 

(km) 

Max. 

Depth 

(km) 

Mw
SRL  

(W&C94) 

Mw
RA  

(W&C94) 

Mw
A  

(H&B14) 

Mw
L

  

(L10) 

Mw
A

  

(L10) 
Mw

Mean 

Kargapazarı 45.6 18 7.0 7.0 7.0 6.9 6.9 6.95 

Elmalı 27.0 18 6.8 6.7 6.7 6.5 6.7 6.68 

Yedisu 85.6 18 7.3 7.2 7.3 7.2 7.2 7.25 

Erzincan 51.5 18 7.1 7.0 7.0 7.0 7.0 7.01 

Refahiye 47.8 18 7.0 7.0 7.0 6.9 6.9 6.97 

Suşehri 66.6 18 7.2 7.1 7.2 7.1 7.1 7.13 

Reşadiye 94.1 18 7.4 7.3 7.4 7.2 7.2 7.30 

Ezinepazar 88.0 18 7.3 7.2 7.3 7.2 7.2 7.26 

Niksar 37.3 18 6.9 6.9 6.8 6.8 6.8 6.84 

Erbaa 20.0 18 6.6 6.6 6.5 6.3 6.5 6.52 

Destek 34.7 18 6.9 6.8 6.8 6.7 6.8 6.81 

Havza 35.9 18 6.9 6.8 6.8 6.8 6.8 6.82 

Köprübaşı 34.7 18 6.9 6.8 6.8 6.7 6.8 6.81 

Kamil 37.0 18 6.9 6.9 6.8 6.8 6.8 6.84 

Kargı 47.2 18 7.0 7.0 7.0 6.9 6.9 6.97 

Ilgaz 49.7 18 7.1 7.0 7.0 7.0 6.9 6.99 

Sarıalan 31.6 18 6.8 6.8 6.7 6.7 6.7 6.76 

Bayramören 30.4 18 6.8 6.8 6.7 6.6 6.7 6.74 

İsmetpaşa 32.5 18 6.9 6.8 6.8 6.7 6.8 6.77 

Gerede 41.0 18 7.0 6.9 6.9 6.9 6.9 6.89 

Yeniçağa 26.6 18 6.8 6.7 6.7 6.5 6.7 6.67 

Bolu 41.4 18 7.0 6.9 6.9 6.9 6.9 6.90 

km: kilometer, Max.: Maximum, W&C94: Wells & Coppersmith (1994), H&B14: Hanks & Bakun (2014),  

L10: Leonard (2010), SRL/L: Surface rupture length, RA/A: Rupture area 

 

Table 2.2.2 The calculation of the characteristic earthquake magnitude of the EAF’s segments 

Segments 
Length 

(km) 

Max. 

Depth 

(km) 

Mw
SRL  

(W&C94) 

Mw
RA  

(W&C94) 

Mw
A  

(H&B14) 

Mw
L

  

(L10) 

Mw
A

  

(L10) 
Mw

Mean 

Karlıova 37.26 18 6.9 6.9 6.8 6.8 6.8 6.84 

Ilıca 37.29 18 6.9 6.9 6.8 6.8 6.8 6.84 

Palu 1 48.42 18 7.0 7.0 7.0 6.9 6.9 6.98 

Palu 2 76.96 18 7.3 7.2 7.3 7.1 7.1 7.20 

Pütürge 1 51.25 18 7.1 7.0 7.0 7.0 7.0 7.01 

Pütürge 2 50.92 18 7.1 7.0 7.0 7.0 7.0 7.00 

Erkenek 82.94 18 7.3 7.2 7.3 7.2 7.2 7.23 

Pazarcık 93.77 18 7.4 7.3 7.4 7.2 7.2 7.29 

Amanos 120 18 7.5 7.4 7.5 7.3 7.3 7.41 

Hacıpaşa 1 35.48 18 6.9 6.8 6.8 6.7 6.8 6.82 

Hacıpaşa 2 57.64 18 7.1 7.1 7.1 7.0 7.0 7.06 

km: kilometer, Max.: Maximum, W&C94: Wells & Coppersmith (1994), H&B14: Hanks & Bakun (2014),  

L10: Leonard (2010), SRL/L: Surface rupture length based, RA/A: Rupture area based 

 

2.3. Estimation of recurrence parameters 

To characterise the exponential magnitude distribution of the NAF&EAF with the Youngs 

and Coppersmith (1985) exponential model, region- or fault zone-specific b values are 

needed. Buffer zones of 15 kilometers were drawn around the surface projections of the 

fault zones. Then, by using the declustered earthquake catalog of (Kadirioğlu, et al., 2018), 

the recurrence parameters are calculated via (Weichert, 1980)’s method for the both fault 

zones. The values are presented in the table below. 
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Table 2.3.1. Recurrence parameters for the both fault zones 

Recurrence Parameters NAF EAF 

a 3.95 4.74 

b 0.87 1.08 

2.4. Slip rate constraints on exponential magnitude recurrence relationships 

Minimum magnitude of earthquakes is selected 5.0 to determine exponential magnitude 

recurrence relationships (Youngs & Coppersmith, 1985) for the NAF and EAF. These 

relationships are shown in Fig. 2. Here, we should note that although the general practice is to 

assign magnitudes 5.5 or 6.0 and larger to linear sources while assigning smaller magnitudes to 

background sources, in this particular study we preferred to assign the entire magnitude range 

(5.0 and larger) to the faults sources. The reason for this is that here we want to see the effects 

of alternative recurrence models based only on slip rate constraints and to represent the entire 

magnitude range of interest Mmin was set to 5.0. 
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Fig. 2 - Exponential magnitude recurrence relationship for the NAF (above) and EAF’s (below) segments 

corresponding 6% of the total seismic moment rate on each segment 

 

2.5. Recurrence relationship of characteristic and combined–characteristic 

earthquake model 

The recurrence periods and annual rate of occurrences obtained as a result of the process of 

the moment balancing are given in the tables below. For the NAF, combined rupture model 

is based on earthquakes that occurred in the 20th century. 

 

Table 2.5.1. Recurrence intervals of the NAF’s segments for the individual rupture scenario 

Segments 
Length 

(km) 
Mw

Mean 
NAve 

(eq/year) 

TR
Ave 

(year) 

Kargapazarı 45.6 6.95 0.0060 166 

Elmalı 27.0 6.68 0.0016 631 

Yedisu 85.6 7.25 0.0045 223 

Erzincan 51.5 7.01 0.0086 116 

Refahiye 47.8 6.97 0.0090 111 

Suşehri 66.6 7.13 0.0073 137 

Reşadiye 94.1 7.30 0.0058 171 

Ezinepazar 88.0 7.26 0.0009 1079 

Niksar 37.3 6.84 0.0087 114 

Erbaa 20.0 6.52 0.0142 70 

Destek 34.7 6.81 0.0102 98 

Havza 35.9 6.82 0.0099 101 

Köprübaşı 34.7 6.81 0.0102 98 

Kamil 37.0 6.84 0.0097 103 

Kargı 47.2 6.97 0.0080 125 

Ilgaz 49.7 6.99 0.0077 130 
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Sarıalan 31.6 6.76 0.0111 90 

Bayramören 30.4 6.74 0.0159 63 

İsmetpaşa 32.5 6.77 0.0150 67 

Gerede 41.0 6.89 0.0124 81 

Yeniçağa 26.6 6.67 0.0176 57 

Bolu 41.4 6.90 0.0123 82 

km: kilometer, Ave: average, eq: earthquake, TR: recurrence period 

Table 2.5.2. Recurrence intervals of the NAF’s segments for combined rupture scenario 

Combined Rupture 
Length 

(km) 
Mw

Mean 
NAve 

(eq/year) 

TR
Ave 

(year) 

Paleoseismic TR
Ave (year) 

(Fraser, et al., 2010) 

Kargapazarı - Yedisu 131.2 7.45 0.0031 327 - 

1939 EQ Rupture (w/o Ezinepazar) 260.0 7.78 0.0020 493 560 

1942 EQ Rupture 57.3 7.06 0.0064 156 - 

1943 EQ Rupture 270.7 7.80 0.0021 470 450 

1944 EQ Rupture 171.9 7.58 0.0021 482 520 

km: kilometer, Ave: average, eq: earthquake, TR: recurrence period 

Table 2.5.3. Recurrence intervals of the EAF’s segments for the individual rupture scenario 

Segments 
Length 

(km) 
Mw

Mean 
NAve 

(eq/year) 

TR
Ave 

(year) 

Karlıova 37.26 6.84 0.0066 153 

Ilıca 37.29 6.84 0.0065 153 

Palu 1 48.42 6.98 0.0043 232 

Palu 2 76.96 7.20 0.0047 214 

Pütürge 1 51.25 7.01 0.0030 329 

Pütürge 2 50.92 7.00 0.0031 328 

Erkenek 82.94 7.23 0.0032 315 

Pazarcık 93.77 7.29 0.0029 341 
Amanos 120 7.41 0.0024 415 

Hacıpaşa 1 35.48 6.82 0.0020 496 

Hacıpaşa 2 57.64 7.06 0.0014 710 

km: kilometer, Ave: average, eq: earthquake, TR: recurrence period 

Table 2.5.4. Recurrence intervals of the EAF’s segments for combined rupture scenario 

Combined 

Rupture 

Length 

(km) 
Mw

Mean 
NAve 

(eq/year) 

TR
Ave 

(year) 

Pütürge (1-2) 102.2 7.33 0.0020 512 

Hacıpaşa (1-2) 93.1 7.29 0.0010 965 

km: kilometer, Ave: average, eq: earthquake, TR: recurrence period 

3. The results of seismic hazard calculations

PSHA is performed for 50 years exceedance probability by OpenQuake Software (Pagani, 

et al., 2014). 13 sites on the faults, seen in Fig. 3, have been selected to conduct analyses. 

Results are shown in Table 3.1. 
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Fig. 3 - Selected points on the NAF and EAFs for the computation of PSHA 

 

Table 3.1 Comparison of the results 

Points 

     Fully Exponential Model         Hybrid Characteristic Model 

PGA(g) 

(TR=475 yr) 

PGA(g) 

(TR=2475 yr) 

PGA(g) 

(TR=475 yr) 

PGA(g) 

(TR=2475 yr) 

1 1.17 1.57 0.93 1.40 

2 1.24 1.76 0.94 1.51 

3 1.33 1.84 0.99 1.54 

4 0.86 1.13 0.61 1.01 

5 1.04 1.37 0.77 1.18 

6 1.24 1.75 0.88 1.44 

7 1.04 1.49 0.90 1.42 

8 0.80 1.09 0.53 0.91 

9 0.85 1.21 0.70 1.18 

10 0.74 1.05 0.47 0.84 

11 0.99 1.47 0.57 1.10 

12 0.95 1.40 0.52 1.03 

13 0.68 1.03 0.45 0.86 

PGA: Peak ground acceleration, g: gravity (9.81 m/s2), TR: Recurrence period, yr: year 

 

4. Conclusions 

For the EAF, the fully exponential model yields more overestimated results compared to 

the NAF. However, for both fault zones, result are -without exception- higher when fully 

exponential recurrence model is considered. The difference between the results of both 

models is less when the recurrence period is equal to 2475 years. In other words, for the 

10% probability of exceedance in 50 years, the results of the analyses of the fully 

exponential model are considerably higher than hybrid-characteristic one. A major 

advantage of this type of modelling is that it also develops the basis for a time-dependent 

seismic hazard model. 
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Abstract: In the framework of the PEGASOS Refinement Project (PRP) 2008-2013, the site 
specific PSHA study for the nuclear power plant sites in Switzerland, Ground-Motion Models 
(GMMs) available at that time were employed and adjustments to those were applied in order 
to reflect the latest state of knowledge. Updated versions of GMMs used in PRP have been 
published since then and recent most used GMMs in some important European PSHA projects 
since 2013 were evaluated subsequently. The model comparison included new developments, 
with the objective to identify potential GMMs substitutes. In order to be compatible with the 
GMMs used in project, the focus of the evaluated models is on those for continental active 
shallow crustal earthquakes that consist of explicit functional forms and are for the prediction 
of response spectral ordinates and peak ground acceleration (PGA) that were derived by 
regression analysis of observed strong-motion data. Other type of GMMs, such as those 
derived from simulations, stochastic models, nonparametric formulations, backbone 
approaches, prediction of Fourier spectral amplitudes or other ground motion intensities are 
not considered in this study. On the basis of this evaluation, the GMMs used in the original 
PSHA are quantitatively compared with their updated versions and with possible substitutes. 
The GMMs are compared for rock in the range of the controlling events in magnitudes and 
distance from the hazard deaggregation relevant for the original study. The comparisons are 
developed for strike, reverse and normal faults and subdivided in three sets: 1) frequency-SA, 
2) SA vs. Mw and 3) SA vs. R.  The residuals for each set and for each style of faulting are 
calculated. The median and root mean square (RMS) of the residuals are estimated as a final 
metric to measure the level of comparison between the GMMs and to define the need or not 
of GMMs substitutions. The quantitative results suggest that neither of the GMMs model used 
in the original study require a substitution with the updated version, neither with potential 
substitute models. That is, the PRP results may not be significantly different when applying 
those newer models. 

Keywords: PSHA, GMM, epistemic uncertainty, comparison, update. 

1. Introduction 

In recent years, the most relevant Ground Motion Models (GMMs), for application in 
different regions of the globe, have been developed thanks to the effort of multidisciplinary 
initiative projects that collect large data set of observed ground motion from worldwide. In 
the context for European applications, since 2008 perhaps the first significant initiative was 
the “Next Generation Attenuation (NGA) – West 1” project coordinated by the Lifelines 
Program of the Pacific Earthquake Engineering Research Center (PEER). The NGA-West1 
concluded in 2008 (Power et al, 2008), in which five global GMMs for active shallow crustal 
regions were developed. These models are Abrahamson and Silva (2008), Boore and 
Atkinson (2008), Campbell and Bozorgnia (2008), Chiou and Youngs (2008), Idriss (2008).  
Subsequently, couple of years latter the NGA-West2 initiated. The NGA-West2 was also a 
multi-year research project to improve the NGA-West1 models that delivered a new database 
of ground motions for active shallow crustal regions (Ancheta et al., 2014) from which new 
five GMMs were derived: Abrahamson et al. (2014), Boore et al. (2014), Campbell & 
Bozorgnia (2014), Chiou & Youngs (2014) and Idriss (2014). These GMMs naturally 
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supersede the previous ones developed in the NGA-West1 project. Similar multi-year 
research initiatives have been running in Europe. The most relevant is the Seismic Ground 
Motion Assessment (SIGMA) project initiated in 2011 and coordinated by the Électricté de 
France (EDF). This project delivered an updated ground motion database for Europe and the 
Middle East, it is the Reference Database for Seismic Ground-Motion in Europe 
(RESORCE). RESORCE (Akkar et al., 2014b) compiles data from Italy, Turkey, Greece, 
and other active seismic regions in pan-Europe, updating and extending the previous pan-
European strong-motion databank. From this database, the most relevant GMMs developed 
are from Akkar et al. (2014a), Bindi et al. (2014). Currently, the international SIGMA 2 
initiative project, also coordinated by EDF, is running with the goal to update databases, 
develop improved GMMs and further enhance the knowledge on PSHA up to the risk 
assessment. Up to date, the Kotha et al. (2020) model has been published as part of this 
project in collaboration with the SERA project, as described below. To the authors 
knowledge, no other relevant models have been delivered.   
The recent European initiative SERA project (Seismology and Earthquake Engineering 
Research Infrastructure Alliance for Europe) that is currently being completed, delivered a 
new European Strong Motion dataset (ESM) by Lanzano et al. (2019).  As part of this 
project, new GMMs are being developed to produce the new 2020 European Seismic Hazard 
Model (ESHM20) (Danciu et al., 2021). Up to date, to the authors knowledge, only the Kotha 
et al. (2020) GMM that uses the ESM database has been delivered. The Kotha et al. (2020) 
model may also superseed the Bindi et al. (2014) models (Bindi, 2020, personal 
communication). Other relevant GMMs from other regions that have been applied in 
important European projects are those primarily using Japanese data, such as Cauzzi and 
Faccioli (2008) updated by Cauzzi et al. (2015) and Zhao et al. (2006) updated by Zhao et 
al. (2016). 
The above mentioned GMMs developed using the observed data (NGA-West1, NGA-
West2, RESORCE and Japanese data) are high quality GMMs and are currently dominating 
the application in the most important European projects in national and site specific PSHA, 
for stable continent and shallow crustal active regions. The selections of these GMMs for 
the application of European projects have followed strict selection criteria (e.g. Delavaud et 
al., 2012; Swissnuclear, 2013; Stewart et al., 2015). The newest GMMs developed in the 
SERA projects (using ESM database) will probably start to be used soon because according 
to Lanzano et al. (2019), the ESM product is the most updated database in Europe that 
include theprevious European databases (RESORCE and others) and provides 10,000 
additional strong-motion recordings until 2016. Compared to RESORCE, the most 
remarkable is in the increase of the number of small earthquakes with MW ≤ 4.5 (Kotha et 
al.,2020). But it is expected that the newest GMMs coming using ESM will need to pass 
significant testing and verifications for applications in important site specific PSHA projects, 
as it has been done for the GMMs that used NGA west and RESORCE database. 

2. GMMs used (or recommended) in some important European projects

To date, there is a large number of available GMMs as shown in the compendium of John 
Douglas (http://www.gmpe.org.uk) (Douglas, 2019). Table 1 shows the GMMs for some 
important PSHA European projects (representative for Europe) that consider continental 
active shallow crustal earthquakes.  The GMMs from Table 1dominate the applications in 
European projects since 2013 at continental, country and site-specific PSHA. Notice how 
systematically the GMMs of the earlier project are replaced by their corresponding updated 
versions in the newest projects. For example, in the case of the global models from NGA, 
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the BA08 and CY08 were mostly used earlier, then in the recent projects the corresponding 
updated versions, BSSA14 and CY14 are still dominating the use, together with ASK14. 
Similar is for the European and Middle east GMMs. Earlier projects used mainly the AB10 
model, then its updated version ASB14 together with the B14 model took over the 
application in newest projects, with the B14 model dominating over ASB14. Notice the very 
newest model KWBC20 is used for the new ESHM20, in which a backbone model 
(KWBC20-ESHM20) has been developed (Weatherill et al., 2020) 
 

 
 
In the case of models mainly developed using Japanese data, the CF08 and Z06 model were 
earlier used, dominated by the Z06 model. In recent projects, the updated version from CF08, 
the CFVB15, took over the application in newest project. The updated version of Z06, the 
Z16 (Zhao et al.,2016) does not appear in new projects since its publication. It may indicate 
that probably Z16 model may not be used often in new future projects. Therefore, in practice, 
CFVB15 can be considered as a model applicable worldwide for shallow crustal 
earthquakes. 
Based on the qualitative analysis done above, Table 2 shows a summary of potential GMMs 
that may be used more often in new future European projects. Notice that this judgment is 
in principle qualitative, guided by the already selected GMMs presented in the cited papers 
(and personal communications) of the corresponding projects listed in Table 1.  
Table 2. Potential GMMs* for future European projects 

Global GMMs European GMMs GMMs dominated by Japanese 
data 

The NGA-west2 models 
(in particular ASK14, BSSA14 

and CY14) 

KWBC20 
(most probably also ASB14) CFVB15 

*The GMMs acronyms are specified in the bottom of Table 1. 

3. Updated version of GMMs used in PRP and potential new GMMs as substitute 

After the culmination of the PRP project in 2013 (swissnuclear, 2013) several new GMMs 
applicable to Europe for continental crustal earthquakes have been developed. The most 

38833ECEES, September 2022, Bucharest, Romania



relevant GMMs used in important European projects are those shown in Table 1 that were 
developed using the NGA-West2, RESORCES and ESM database. In the first two columns 
of Table 3 are listed the used and updated GMMs from the PRP project. On the basis of the 
evaluation/discussion done in the previous sections and summarized in Table 2, the third 
column of Table 3 proposes candidate GMMs which may be considered to be substituted 
with new GMMs. These GMMs are quantitatively compared with the PRP-GMPEs in the 
following sections. 

Table 3. GMMs* used in PRP, updated version and potential new substitutes. 
Used Updated Potential new substitute 
AS08 (Global) ASK14 No need for substitution because at the end of the PRP project, the 

NGA-West2 models were evaluated and it was concluded that the PRP 
results will not be significantly different with the NGA-West2 GMMs, 
as all features of the 2014 versions have already been implemented as 
adjustments to the 2008 versions in the course of the project 
(swissnuclear, 2013). 

BA08 (Global) BSSA14 

CB08 (Global) CB14 

CY08 (Global) CY14 

AB10 (Europe) ASB14 

KWBC20. This is the newest model for Europe that uses 
regionalization using the recent ESM database. It has been developed 
to be used in the framework of “backbone GMMs”. But as discussed in 
the previous section, the published version of this model needs further 
evaluation and need to pass rigorous testing and verifications before 
used in important site specific PSHA. AC10 (Europe) KAAH15 

Z06 (Japan) Z16 CFVB15. Recently used in most of the newest European projects 
*Most of the GMMs acronyms are specified in the bottom of Table 1. CB14=Campbell and Bozorgnia (2014);
KAAH15=Kale et al. (2015);  Z16= Zhao et al. (2016)

4. Quantitative comparison between PRP-GMMs, updated and potential new
substitutes

In the following, each PRP-GMM is quantitatively compared with its updated version and 
potential substitute (Table 3). Comparisons of spectral accelerations (SA) are done for rock 
and for strike, reverse and normal faults in the range of the controlling events in magnitudes 
and distance from the hazard deaggregation of PRP. Three sets of comparison are used: set1) 
frequency-SA relationship at 9 frequencies (0.5, 1, 2.5 ,5, 10, 20, 33.3, 50, 100 Hz) for 
Mw=6.2, source distance R =16 km, which correspond to the PRP controlling event for rock 
PGA and APE 1E-4. set2) SA vs MW relationship at source distance =16 km, frequencies 1, 
5 and 100 Hz and MW=4.5, 5, 5.5, 6, 6.5, 7, 7.5.  set3) SA vs R relationship for MW 6.2, 
frequencies 1, 5 and 100 Hz and RJB=5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 km. For the 
site characterization, VS30 of 620 m/s is used for all the models. This rock site condition 
applied to most of the GMMs. The dip angles for the strike, reverse and normal faulting are 
assumed, respectively, 90, 45 and 60 degrees. The Joyner-Boore distance (RJB) distance is 
used for the source-site distance characterization. This is because most of the GMMs use 
RJB, so it is preferable for comparison between the GMMs. The residuals for each set and 
for each style of faulting are calculated. Then median and root mean square (RMS) of the 
residuals are estimated as final metrics to measure the level of the comparisons between the 
GMMs and to provide recommendations to substitutes PRP-GMMs. As discussed before, 
the fixed part of KWBC20 model (potential substitute of AB10 and AC10) is used, as it is 
generic for Europe. The comparisons with KWBC20 model are done for undefined style of 
faulting. This is because KWBC20 model does not have style of faulting adjustment in the 
fixed part. Therefore, the calculation for AB10 and AC10 has been done for the three style 
of faulting, and then the average is calculated to compare with KWBC20. Figures 1 (left 
column) shows the summary of the median and RMS residual of each PRP-GMM 
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respectively for the frequency-SA set1 (PRP controlling event), all data set (set 1 + set2 + 
set3), “Mw-SA” (set 2) and “R-SA” (set 3) data set. The PGA differences also shown in 
Figure 1 (right column), as well as the total sigma differences between GMMs (Figure 2). 
The quantitative comparison in term of residual (Figures 1 and 2) are discussed for each 
PRP-GMM. All the mentioned figures, where differences are calculated, include the sigma 
range and sigma media as additional references for analysis and discussion. 
 

 
Figure 1. Summary of the median and RMS of residuals for the SA (left) and PGA (right) 
comparisons for each set and all data. The sigma range and sigma media for each model are also 
plotted above the bars. The labels in pink color at the top of each set-figure correspond to the updated 
GMMs (left) and possible substitute GMMs (right) of each set figure. 
 
4.1 NGA-GPMEs  
The GMMs developed during the NGA-West2 naturally supersede the previous ones 
developed in the NGA-West1 project. But in the context of applications to the PRP project, 
it has been shown by the PRP-SP2 experts that the PRP results will not be significantly 
different with the NGA-West2 GMMs (swissnuclear, 2013). In this study we confirm the 
PRP-SP2 conclusion, that is, the differences between the NGA models are not significant 
for applications in the PRP conditions, in particular for the PRP-controlling event. As shown 
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in Figure 1 (left), the RMS for the NGA models are between 0.1 to 0.2 for the PRP-
controlling event, and the median values even lower. These values are small compared to 
the NGA sigma values that are in a narrow range of around 0.65. The RMS increases to 
between 0.2 and 0.4 when the calculation is done using all the data which consider a wide 
range of magnitude and distance. The median also increases, except for model BA08 that 
decreases, but all with values lower than RMS. Notice also the sigma range increase to values 
0.5-0.8, but the sigma median remains nearly the same values. This increase of RMS of 
residuals and sigma ranges is mainly due to the contribution of small magnitudes. The 
distance range has also some influence to increase the RMS and median of residuals, in 
particular for the model AS08 and CB08. But notice it is not contributing to the sigma range. 
As those features were already know at the time of the PRP the SP2-experts adjusted the 
NGA-West1 models to already include the small-magnitude behavior and other effects 
(swissnuclear, 2013). In conclusion, up to date, there is no need to use a new GMPE model 
that may substitute the NGA models for applications in the PRP project. 

4.2 AB10 models  
Updated version: 
The AB10 is superseded by the ASB14 model (Akkar 2020, personally communication). 
The median and RMS values for the controlling event are relatively low, respectively, around 
0.2 and 0.3 when compared to the sigma range, which is in a narrow band of around 0.7. 
When using the all data, median and RMS increase to around 0.4, and sigma range remains 
nearly the same. The median and RMS is significantly affected by the “R-Sa” data, with 
median and RMS values around 0.45. Overall, these results suggest that no significant 
difference for applications in the PRP conditions are expected with the ASB14 model. 
Possible substitute: 
A potential substitute for this model (in the future) could be the KWBC20 model. For the 
purpose of comparison in the framework of this project, the fixed part of KWBC20 is used.  
There is an inconvenience of the present KWBC20 model. The current feature in the fixed 
part as published does not account for the style-of-faulting adjustment, rather it is also 
generic in this context. Therefore, comparisons are done for undefined style-of-faulting. 
Then the calculation for AB10 is done for the three style-of-faulting, and then the average is 
calculated to compare with KWBC20 predictions. Overall the RMS values are low, 0.3 for 
the controlling event  and 0.25 for all data. The median values are even lower. Sigma range 
for KWBC20 is around 0.8-0.9. These values are the highest between all GMMs. The main 
contribution to increase the median and RMS is from the “Mw-Sa” data, though values are 
still low. This increase of residuals is mainly due to the ground motion oversaturation with 
Magnitude Mw>6.5 predicted by KWBC20.  This oversaturation is still in debate, so need 
further evaluation. Overall, these results suggest that no significant difference for 
applications in the PRP conditions are expected with the fixed part of KWBC20 model. 

4.3 AC10 model 
Updated version: 
The AC10 model is superseded by KAAH15 model (Akkar 2020, personally 
communication). Notice that AC10 and KAAH15 models were developed to be applied 
mainly in Turkey. The median and RMS values for the controlling event are very low around 
0.1. When using all data, there is not significance increase, RMS is around 0.15 and median 
remains almost the same. There is not significant influence from the “Mw-SA” and “R-SA” 
data. These results also suggest that no significant difference for applications in the PRP 
conditions are expected with the KAAH15 model. 
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Possible substitute: 
The KWBC20 model could also substitute the AC10 model. Therefore, comparisons have 
been done in the same way as done for the AB10 model, as explained above. For the PRP 
controlling event, the median and RMS are considerable high, around 0.8, comparable to the 
sigma ranges between 0.8-0.9. For the calculation considering all the data, the values reduce 
(but still high). The values for “Mw-SA” data are lower (around 0.35) and for “R-SA” data 
are high (around 0.7).  This indicates that the main contribution to the large residuals comes 
from the PRP controlling event. This considerable differences between the models is maybe 
because AC10 has been developed mainly to be applied in Turkey, while the fixed form of 
Kotha et al. (2020) is generic for Europe. Therefore, the KWBC20 needs to be adjusted 
introducing the mixed terms for Turkey conditions for a more consistent comparison. These 
results suggest that significant difference for applications in the PRP results, corresponding 
to the AC10 contribution, are expected with the current fixed part of KWBC20 model. But 
as discussed before, the KWBC20 model (as published) still needs to pass significant testing 
and verifications for applications in important site specific PSHA projects. With the latter in 
mind and considering that AC10 model does not need to be replaced by its updated version 
for applications in PRP, as discussed above, at present the AC10 models does not require a 
substitution with the current proposed fixed form of KWBC20 model. 
 
4.4 Z06 model  
Updated version: 
As indicated by the author of the Z06 model, the Z16 model is better than the Z06 model 
(Zhao, 2020, personally communication). But after evaluating the two models for 
applications to shallow crustal earthquake for strike, reverse and normal faulting, some 
inconsistencies have been found between these two models. The Z16 model provides 
prediction for normal faulting only, and does not make distinction between strike and reverse 
faulting. On the other hand, the Z06 model provides prediction for reverse faulting only, and 
does not make distinction between strike and normal faulting. Therefore, comparisons are 
not possible to be done in equal conditions. Nevertheless, comparisons have been done. 
Overall, the RMS is around 0.4 for all the types of data set. The median is lower, around 0.3 
for the controlling events, and around 0.1 for the other data sets. Though the RMS values 
are quite lower compared to the sigma range of Z06 (around 0.8), they are almost the same 
values as the sigma range from Z16 model. Considering that the median is very low and 
RMS quite below the sigma range of Z06, the conclusion is that the PRP results 
corresponding to the contribution of Z06 model would not be significantly difference with 
the Z16 model. 
Possible substitute: 
A possible substitute for the Z06 model is most probably the CFVB15. CFVB15 is currently 
used in a number of European projects. On the contrary, the Z16 is not considered in any of 
the important projects mentioned before. Therefore, comparisons have been done with the 
CFVB15 as potential substitute of the Z06 model. RMS is very low RMS (around 0.15) and 
median nearly zero for the controlling event. For the all data, the RMS is around 0.2 and 
median 0.1. The MW-Sa data set leads to a slightly increase of the RMS to values around 
0.25 but lower median values below 0.1. These low residual values suggest that the PRP 
results corresponding to the Z06 would not be significantly different with the CFVB15, 
therefore a substitution would not be necessary. 
 
4.6 Total sigma (standard deviation) differences 
The GMMs predict the median ground motion with the corresponding logarithmic standard 
deviation. The standard deviation, known as sigma, describes the variability of the ground 
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motion and plays a significant role in PSHA studies. The sigma can be subdivided in 
different components (e.g. Al Atik et al., 2010) for different purpose of analysis oriented to 
further understand the source of the variabilities and to reduce the sigma. In this project, the 
total sigma of each GMM is used for comparison between models. Figure 2 shows the 
summary of the median and RMS from the differences of the PRP-GMMs with updated 
GMMs (left figure) and with possible GMPEs substitutes (right figure) for all the data set 
(frequency-Sa, Sa–Mw, Sa-R). The sigma range and median are shown in figures 1 for PSA 
and PGA residuals and for each case of dataset. Most of the GMPES sigma range is between 
0.6 to 0.8, except for the AC10 and KWBC20 models, in which values are larger, between 
0.8-0.9. The sigma differences (RMS and median) for the NGA models are very low, below 
0.1. But the sigma median and ranges increase with the NGA-West2 models, except for the 
AS08 model, in which the values decrease with the updated version ASK14.  The sigma 
differences (RMS and median) for the AB10 model are also low. The results with the updated 
version (ASB14) are below 0.1, and with the possible substitute (KWBC20) is higher but 
below 0.2.  The sigma differences (RMS and median) for the AC10 model with the updated 
version (KAAH15) is relatively higher, but still small values below 0.2. The differences with 
the possible substitute (KWBC20) are very low, with small values below 0.05. For the Z06 
model, the sigma differences are considerable high (around 0.4), with both, the updated 
version (Z16) and possible substitute (CFVB15). Notice the consistency of sigma values 
between Z16 and CFVB15, both present similar sigma values, around 0.35-0.4, and the 
sigma range is relatively narrow. This is maybe because both models use similar data set, 
dominated by Japanese earthquakes. The sigma range and sigma median increase with the 
corresponding updated and proposed substitute model in almost all the GMMs, except for 
the AS08, AC10 and Z06, as shown in Figure 2. But when using the range of Mw only (Mw-
SA data set) and PGA data only (Figures 1) the increase of sigma range and/or median is in 
almost all the models, except Z06. This increase of sigma seems to be associated to the 
increase of new data used in the new models, in particular the increase of the number of 
small earthquakes (Mw<5), which is the type of data that most predominantly increase in 
news dataset, such as the NGA-West2 and ESM database. In terms of sigma differences, the 
conclusions related to the GMMs are the same as described above. 

Figure 2. Summary of the median and RMS of the total sigma differences between the GMPEs 
models for all the data set (frequency-Sa, Sa–Mw, Sa-R) shown in Figures 1-70. (left) comparison 
with updated GMPEs and (right) with potential GMPEs substitutes. The sigma range and sigma 
media for each model are also plotted above the bars. The labels in pink color at the top correspond 
to the new GMPEs: updated (left) and possible substitute (right). 
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5. Conclusions 

The GMMs used in the PRP are quantitatively compared with their updated versions and 
with possible substitutes. The GMMs are compared for rock in the range of the controlling 
events in magnitudes and distance from the hazard deaggregation of PRP. The median and 
root mean square (RMS) of the residuals are estimated as a final metric to measure the level 
of comparison between the GMMs and to define the need or not of GMMs substitutions.  
The increase of RMS of residuals and sigma ranges in some models is mainly due to the 
contribution of small magnitudes that have significantly increased in news dataset, such as 
the NGA-West2 and ESM database. On the basis of the quantitative comparisons between 
the models, the conclusion is that, at present, neither of the GMMs used in the PRP require 
a substitution with the updated version neither with the proposed substitute models. 
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Abstract: We  proposed  an  earthquake  forecasting  model  for  Albania,  one  of  the  most
seismogenic regions in Europe, to give an overview of seismic activity by implementing
area source and smoothing approaches. The earthquake catalogue was firstly declustered to
remove foreshocks and aftershocks when they are within the derived distance and time-
window of a mainshock. Considering catalogue completeness, the events with M≥4.0 during
the period of 1960 – 2006 were implemented for the forecast learning model. The model is
implemented into an area source model that includes 20 sub-regions and a smoothing model
with a cell size of 0.2˚ x 0.2˚to forecast the seismicity in Albania. Both models show a high
seismic rate along the western coastline and at the southern part of the study area, consistent
with previous studies which discussed seismicity in the area and currently active regions. To
further validated the forecast performance from the two models, we introduced the Molchan
diagram to quantify the correlation between models and observations of earthquake events.
The Molchan diagram suggests  that  both models  are  significantly  better  than  a  random
distribution, confirming their forecasting abilities. Our results provide crucial information
for  subsequent  research  on  the  seismic  activity,  such  as  probabilistic  seismic  hazard
assessment.

Keywords: area  sources,  declustering,  earthquake  catalogue,  Molchan  diagram,
probabilistic seismic hazard assessment, smoothing model.

1. Introduction

Albania located in Balkan Peninsula belongs to the Alpine-Mediterranean seismic belt,
which passes from the Azores across the Mediterranean and Balkan regions to the far east
of Asia and meets the Pacific Belt on the Malaysian Peninsula, Aliaj et al.,(2010). High
seismicity  activity  in  the  region  has  been  the  main  scope  of  many  researches  from
Albanian and other experts, which include Albania as part of their seismic hazard analysis
such as Shebalin et al.,(1974); Sulstarova et al.,(1996); Slejko et al.,(1999); Aliaj et al.,
(2004);  Aliaj  et  al.,(2010);  Fundo  et  al.,(2012);  Muco  et  al.,(2012),  and  multinational
programs and projects within Europe, Balkan and the Mediterranean region as Giardini et
al.,(1999); Jiménez et al.,(2001); Jimenez et al.,(2003); Woessner et al.,(2015); Salic et al.,
(2018). To  raise  awareness  of earthquake  preparedness  and  decision-making,  we
investigate the seismicity in the region during the period of time 1960 to 2006. Our aim is
to analyse the catalogue and propose earthquake forecasting models, which will help to
understand and validate  the  performance  of  our  models  based on past  events  when is
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compared with the latest observed events. Based on the catalogue, we could forecast the
Albanian  seismicity  by  implementing  two  models,  the  standard  Cornell  et  al.,(1968)
approach based on the area source model,  and the smoothing model by Frankel  et  al.,
(1995).  Both  models  applied  here  demonstrate/perform  a  high  seismic  rate  along  the
western coastline and south part of the study area, consistent with previous studies and
currently active regions. To further evaluate the forecasting results from two models, we
introduced  the  Molchan  diagram  to  investigate  the  correlation  between  a  model  and
observations of earthquake events. The catalogue from 1960 to 2006 is regarded as the
"learning  period"  for  model  construction,  and  the  seismicity  during  2015-2020  is  the
"testing period" for comparing and validating the results. Finally, the results obtained from
comparing the learning and testing period are presented in diagrams and discussed.

2. Earthquake catalogue and analyses

To analyze the seismicity our area of study is bounded between the latitude of 38.0oN-
44.5oN and the longitude of 17.0oE-23.0oE, and a seismicity working file is created for
further analysis.  In this  study, the catalogue data are from the 2013 European Seismic
Hazard  Model  (ESHM13)  in  the  framework  of  the  Seismic  Hazard  Harmonization  in
Europe  project  (SHARE,  http://www.share-eu.org/),  based  on  the  SHARE  European
Earthquake Catalog (SHEEC,  https://www.emidius.eu/SHEEC/), which contains shallow
events  with  moment  magnitude  from 3.5  to  7.0  for  our  region  of  study,  Grünthal  &
Wahlström  et  al.,(2012);  Grünthal  et  al.,(2013).  All  the  data  and  materials  are  freely
accessible  through  the  European  Facility  for  Earthquake  Hazard  and  Risk  (EFEHR,
www.efehr.org     ).  The  catalogue  from 1900-2006 is  considered  to  obtain  completeness
intervals  for  the  entire  study region using the cumulative  number  of  events  over  time
(Fig.1).  When  the  slope  changes  we  consider  the  catalogue  as  completed  for  the
magnitudes above reference, Duni et al.,(2010); Markus et al.,(2016), consisten also with
the intervals obtained from applying the Stepp et al.,(1972) approach. The completeness
intervals  for the selected  area are  identified  with a  magnitude  threshold of 4.1 for the
period 1974-2006, completed events with magnitudes 4.5 and 5.0 after 1950 and 1901,
respectively.  Duni  et  al.,(2010)  and  Makropoulos  et  al.,(2012)  have  reported  similar
completeness  intervals.  Further  analysis  on  this  study  focused  on  the  period  of  time
between 1960 to 2006, a  period during which catalogue is  more complete  and mainly
based on instrumental data (Fig.2). 
A basic  aspect  of seismic analysis  methodology is that  earthquakes  are  assumed to be
independent  of  one another  after  removing dependent  events.  The  declustering  method
proposed  by  Gardner  &  Knopoff  et  al.,(1974),  produces  a  declustered  catalogue  that
follows  a  Poisson  distribution,  which  is  not  seen  in other  declustering  methods  van
Stiphout et al.,(2012), assumed the events are regarded as a foreshock or aftershock within
distance and time-window of a mainshock presented as:

L ( km )=100 .1238∗M+ 0. 983 T (days )=100. 5409∗M−0. 547 ,if M< 6 .5
100. 032∗M+2.7389 ,if M≥6 . 5

  , respectively,  (1)

where M is the magnitude of the mainshock, L is the distance from the mainshock in
kilometers and T is the time in days. Based on a declustered catalogue, our forecasting
models are conducted using only mainshocks (Fig.1a), as considering dependent events
(foreshocks and aftershocks), the seismicity rate may be higher for areas where seismicity
has been high compared to areas with low seismicity during the time period covered by our
catalogue,  Chan  et  al.,(2016).  The  magnitude  of  completeness  (Mc),  defined  as  the
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minimum magnitude above which all earthquakes are reliably recorded, is estimated based
on the  Gutenberg-Richter  Law, Gutenberg  & Richter  et  al.,(1944),  for  the  declustered
catalogue. Magnitude-frequency relation in the Gutenberg-Richter Law is performed as:  

logN(M) = a-b*M      (2)
where N(M) is the number of earthquakes per year for a magnitude equal to M or larger
than  M,  the  a-value  represents  the  total  seismic  activity  for  a  given  seismic  source
(logN(M) for M≥0), and the b-value represents the ratio between small and large events.
For our study area the magnitude of completeness  Mc=4.1 from the Gutenberg-Richter
relation was obtained based on the maximum curvature method and the goodness-of-fit test
on the ZMAP software Wiemer et al.,(2001), and with an estimate of a=5.83 and b=0.87 
for the entire region of study (Fig. 1c). The b-value obtained in this study is consistance
with those by Grünthal et al.,(2010), who reported a b-value range from 0.87 to 0.91 for
the area sources covering Albania defined as a superzone.

Fig. 1 - a) Distribution of declustered events with magnitude larger than 4.1 occurred during 1960 to 2006 . 
b) Annual seismic rates for the events occurred during the period 1960 to 2006. c) Determination of the 
magnitude of completeness from the declustered catalogue 1960-2006.

3. Earthquake forecasting models

Implemented area source model polygons were based on ESHM13 (Fig.2a), were the a and b
values,  Gutenberg  & Richter  et  al.,(1944),  the  density  seismicity rate  (Fig.  2a),  and  the
maximum magnitude are evaluated for all the crustal shallow events at depth of 35 km. Since
there is an insufficient number of events in some areas to obtain reliable Gutenberg-Richter
regressions, we considered a fixed b=0.87 (±0.03) for the entire region (obtained by Fig. 1c),
and define individual a-value for each area (Table 1). Considering a uniform b-value for all the
area  sources  is  frequently  implemented  in  probabilistic  seismic  hazard  assessment,
applications, such as Fujiwara et al.,(2014), and Chan et al.,(2020) to minimize the effect of
zonation and a low number of events inside each individual area. The maximum magnitude for

a) b)

c)
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each area was estimated from the maximum observed magnitude in the catalogue using the
method proposed by Kijko & Sellevoll et al.,(1992),  and Fundo et al.,(2012).

Table 1. Area sources parameters for our region of study. Corresponding  seismicity rates are shown in
Fig.2a. Note that we follow area IDAS given by ESHM13 for each of the area.

ID IDAS TECTONICS a b Mmax (Inferred) 
1 ALAS179 Active Shallow Crust 4.99

0.87

6.3
2 MKAS180 Active Shallow Crust 4.82 6.9
3 YUAS184 Active Shallow Crust 4.52 5.9
4 MKAS187 Active Shallow Crust 4.47 6.2
5 BAAS191 Active Shallow Crust 4.96 5.7
6 BAAS192 Active Shallow Crust 5.04 6.0
7 ITAS312 Active Shallow Crust 4.16 4.9
8 GRAS369 Active Shallow Crust 5.50 6.6
9 GRAS370 Active Shallow Crust 4.71 6.2
10 GRAS375 Active Shallow Crust 4.77 5.9
11 GRAS384 Active Shallow Crust 5.37 6.6
12 GRAS385 Active Shallow Crust 4.47 6.2
13 GRAS386 Active Shallow Crust 4.79 6.2
14 GRAS387 Active Shallow Crust 4.82 6.7
15 GRAS388 Active Shallow Crust 4.74 6.3
16 HRAS995 Active Shallow Crust 4.92 6.9
17 ALAS993 Active Shallow Crust 4.82 5.7
18 ALAS992 Active Shallow Crust 5.17 6.7
19 YUAS990 Active Shallow Crust 5.91 6.4
20 GRAS371 Active Shallow Crust 5.06 7.0

Another seismogenic source model based on the smoothing kernel as proposed by Frankel et
al.,(1995) is used for earthquake forecasting, based on the principle that the distribution of past
events can be used to predict where future events may occur. The method employs a simple
isotropic Gaussian smoothing kernel, where the area of study is divided into grid cells with a
size of 0.2˚x 0.2˚, and the rate of earthquakes (ni) with M≥4.1 is counted for each cell, which
represents the maximum likelihood estimate based on the method by Weichert et al.,(1980).

~n i=
∑ n j e

d ij
2/c2

∑ ed ij
2 /c2 (3) 

where ni  is the expected rate of events at each cell, nj is the observed rate of seismicity in a
grid of j cells, dij is the distance between the ith and jth cells, and c is the correlation distance for
the adaptive kernel. To apply the smoothing model, we follow the procedure (code) in Hazard
Modeller’s  Toolkit,  Weatherill  et  al.,(2014).  The  smoothed  model  (Fig.2b)  forecasts  the
highest seismicity rate in the south of the study area where the largest number of moderate-to-
large events is located, while for the area sources seismicity is influenced by their design and
geometry, concentrated inside the boundaries of each zone. The area source and smoothing
approaches assume that future events are likely to occur anywhere or near the locations of past
earthquakes, respectively, which may be questioned due to the limited observation period of
the catalogue, location of large earthquakes, and can not give us a complete view of areas
where future events may occur or better forecast their occurrence.

3.1. Model validation
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To validate the performance of the models we implemented the Molchan diagram approach,
Molchan et al,(1990); Zechar & Jordan et al.,(2008). This method quantifies the forecasting
ability by investigating the correlation or relationship between a model and observations of
earthquake events. After obtaining the seismicity for the area of study from the area source
model and smoothing model, we forecasted the spatial distribution of the seismicity during the
period of time 2015 to 2020. The data are collected by combining the catalogue and the
bulletin  data  from the  Institute  of  Geo-science  of  Albania  (https://www.geo.edu.al/site/     ,
referred  as  ‘the  IGS  catalogue’,  shown  as  grey  circles  in  Fig.  2).  The  reported  events
magnitude is local magnitude (ML), and the conversion to moment magnitude (MW) follows
the relevant regression equations by Duni et al.,(2010). One of the largest events in this period
in the territory of Albania is recorded along the coastline, which occurred on November 26,
2019, with Mw= 6.4, the most destructive earthquake in the western part of the country. The
area of study is divided into grid cells 0.2o × 0.2o to obtain and validate the seismicity for each
of the catalogues through the area source model and smoothing model. We have defined the
catalogue from SHEEC (1960-2006) as the “learning” catalogue and the catalogue from IGS
(2015-2020) as the “testing” catalogue. For the “testing” catalogue, we have determined the
fraction of alarm-occupied space as the percentage of observations within the region with a
forecasting level equal to or higher than “alarm”, and the fraction of failure in forecasting as
the percentage of observations having a lower forecasting level than “alarm”. Since the study
region is  divided into grid cells,  each cell  in which an earthquake is  forecasted to  occur
constitutes an alarm cell. 

Fig. 2 - Density seismicity rate for the period 1960-2006 evaluated : a) area source model, b) smoothing model.
Stars and grey filled circles with various sizes represent the events different magnitudes occurred during the
“testing period”from the  IGS catalogue  (2015-2020).  Grey  empty  circles  in  background  denotes  the  events
occurred during the “learning period” from SHEEC catalogue (1960-2006). Numbers represent the ID labels for
each area source as Table 1.

a) b)

2019 
Mw6.4

2019 
Mw6.4
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A Molchan diagram demostrates the missing rate versus the alarming rate and if the prediction
points are under the diagonal line mean the missing rate is less than the alarming rate and the
prediction is better than a random guess, which is consistent with our analysis as they follow
the definition given for the evaluation of source models with Molchan diagram. The models
show better forecasting ability for larger events (with M≥5.0, shown in Fig. 3b) than smaller
ones (with M≥4.1, shown in Fig. 3a). The November 26, 2019 (Mw=6.4) event occurred in the
western part of Albania as shown on the density seismicity maps (black star, Fig.2), known as
a high seismicity area. We also present the location of this event on the Molchan diagram,
which appears to  have a  low fraction of alarm-occupied space for the smoothing model,
confirming again a better forecasting performance compare to the forecasting performance
from the area source model, as both models highlight the area as high forecasting rate. 

Fig. 3 - Molchan diagram performance IGS catalog during 2015-2020 for: a) events with M≥4.1, and  b)
events with M≥5.0. The pink dots give the result from area source model and the green dots shows the result
from smoothing model. Grey dots denote the 1% null hypothesis for 131 events (M≥4.1) and for 23 events
(M≥5.0), respectively. Squares represent the November 26, 2019 event location on diagram for each model.

To compare the forecasting abilities, we concluded a better performance for the smoothing
model comparing with area source, regardless magnitudes. Such results are different from the
Taiwan experience Chan et al.,(2019) and this may be attributed to short learning period for
large events and the difference in the implemented smoothing approaches. The case of Taiwan
considered the approach of Woo et al.,(1996), using a magnitude-dependent smoothing kernel,
whereas the smoothing kernel in the Frankel et al.,(1995) approach is magnitude independent
that the spatial distribution of large events could be forecasted by smaller ones. In addition, the
null hypothesis is applied to confirm the forecasting ability of the models and the results are
performed for events according to each of the threshold magnitudes (grey dots in Fig.3). All of
the modelled data fall below the null hypothesis, suggesting our forecasting models perform
significantly better than randomly guess.

4. Conclusions

The present  study was designed to propose earthquake forecasting models  and discuss
seismicity  in  one  of  the  most  seismic  regions  in  the  European  continent,  using  past
earthquakes  to  forecast  future  earthquakes.  This  study  takes  into  consideration  the
earthquake catalogue (1960-2006) with a magnitude threshold of 4.1, to conduct analysis

a) b)
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of seismicity in the region using area source and smoothing model approaches. The highest
seismicity activity rate is forecasted along the western coastline and south part of the study
region, which highlights the location of observed earthquakes as given by the earthquake
catalogue, compare to the low activity rates in the inner part of the region. The determined
seismic rates from the two models (shown in Fig.2) are consistent with previous studies
that discuss seismicity as reported by Slejko et al.,(1999); Aliaj et al.,(2004); Fundo et al.,
(2012), and currently active regime in the region Woessner et al.,(2015). From our models,
we obtained a  higher  seismicity  rate  compared to  the  area source  model  in  ESHM13,
which  takes  active  faults into  consideration  as  seismogenic  sources.  The  maximum
magnitude  in  the “learning”  catalogue  is  6.8,  which  is  comparable  with  the maximum
magnitude  of  6.9  in  the  instrumental  period  in  Albania  for  the  catalogue  period  from
510BC to 2008AD (claimed by Duni et al.,2010), showing that our estimations for Mmax
obtained following the Kijko & Sellevoll et al.,(1992) method seems to be reasonable. We
tested the consistency of the results from area source and smoothing model, comparing
them with the targeted observations by the Molchan diagram, and both obtained diagrams
show good performance but are more suitable for large events (Fig. 3). 
Findings  regarding  seismicity  parameters,  source  models  as  presented  above  have
significant implications for the understanding of seismic activity in our region and to raise
awareness  of the  earthquake  phenomenon.  Additional  studies  are  desired  for  further
investigation of the earthquake catalogue including a longer period of time, and to integrate
supplementary data regarding other seismogenic sources completed with geological and
tectonic information, which has to be considered for the subsequent probabilistic seismic
hazard assessment. This study can be  referred for future research works completed with
information  about  extending the catalogue,  fault  activity,  segmentation  models,  rupture
process documentation, and seismic moment accumulation which are not incorporated into
our forecasting model.
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Abstract: With the goal of improving financial resilience and risk-informed investment 
planning, the European Union, in collaboration with the World Bank and the GFDRR, has 
started a program for “Strengthening Financial Resilience and Accelerating Risk Reduction 
in Central Asia” (SFRARR), aiming to advance disaster and climate resilience in Central 
Asia countries, which includes Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan and 
Uzbekistan. The program includes several operational components, all contributing to the 
development of a comprehensive probabilistic risk assessment, consistent across multiple 
hazards and asset types of the target countries. In this context, we describe the development 
of a new probabilistic earthquake hazard model for Central Asia, as a part of the proposed 
multi-hazard approach. 

Keywords: probabilistic seismic hazard, Central Asia, smoothed seismicity, faults 

1. Introduction

Central Asia countries are naturally subject to high level of seismicity and several 
damaging earthquakes have been reported in recent and historical times. In the paper, we 
describe some preliminary results of a novel probabilistic seismic hazard model for Central 
Asia, developed with the contribution and resources from local scientists primarily 
involved in the initiative promoted by the World Bank. 
In this study, the seismic hazard of five Central Asian countries (Kazakhstan, Kyrgyzstan, 
Tajikistan, Turkmenistan, and Uzbekistan) is assessed using a probabilistic approach (e.g., 
Cornell 1968; McGuire 2004) as formalized in Field et al. (2003). The methodology 
adopted for the construction of the earthquake source model for Central Asian countries 
follows a classical approach, which extensively relies on the analysis of the most recent 
and up to date geological and tectonic information from the scientific literature and on the 
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available earthquake record log from global bulletins and local earthquake catalogue 
compilations. 
The developed seismic source model consists of a combination of distributed seismicity 
(homogenous area sources and gridded smoothed rates) and finite faults, the former 
calibrated on occurrence analysis of a regionally harmonized earthquake catalogue, 
homogenized in moment magnitude (Mw) scale, while the latter was derived from a 
thorough evaluation of direct geological information from active fault databases and 
scientific literature. The advantage of such a hybrid source model is a more realistic 
representation of the spatial pattern of seismicity, which is hardly replicable just using 
standard (homogenous) source zones. 

2. Distributed seismicity model 

The implementation of the homogenous area source model was primarily done on the base 
of an ad-hoc developed Mw harmonized earthquake catalogue for the region (77376 events 
up to 2020 and in the range 3.0<Mw<8.5), accounting also for all existing information 
from the scientific literature and past studies available for the target region, including 
geological and seismotectonic interpretations (description of fault systems and their 
relation to the local stress and deformation regimes), existing seismicity analyses and 
previous earthquake hazard assessments from past regional projects (e.g., GSHAP, 
Giardini et al, 1999, and EMCA, Ullah et al., 2015) and published studies (e.g., 
Abdullabekov et al., 2012; Ischuk et al., 2018; Silacheva et al., 2018). We then applied a 
variant of the smoothing procedure implemented by Poggi et al. (2020), which has the 
significant advantage of preserving the overall rate balance of each discrete zone (Figure 
1). 

 

 
Fig. 1 - Spatially variable occurrence rates using the smoothing approach to the shallow-depth source layer. 
Units are expressed as the logarithm of the annual occurrence rate (per grid cell) of events larger than zero. 

3. Fault source model 

Starting from a regional dataset of potentially active faults, which incorporates information 
from geological studies, scientific literature and local databases, the fault source model is 
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then built assuming an occurrence model and appropriate seismicity parameters (e.g., 
scaling relations, aseismic coefficient and seismogenic depths) using an ad-hoc Python tool 
developed within the Model Building Toolkit of the Global Earthquake Model foundation 
(GEM, https://github.com/GEMScienceTools/oq-mbtk). 
At regional level, the most significant existing compilations are the GEM Global Active 
Fault Database (GEM GAF-DB, Styron and Pagani, 2020) and the Active Fault Database 
of Eurasia (hereinafter AFEAD, Bachmanov et al., 2017), which review and summarize 
most of the information available from published scientific studies for the target area. The 
fault source model presently contains 1444 selected individual fault segments (Figure 2), 
covering the most part of the active shallow crust presently interested by active seismicity. 
It must be noted, however, that the model is presently still under development, and it will 
be later reviewed and integrated with any local information made progressively available, 
which is essential to fill existing data gaps and to solve geological interpretation issues 
currently under scientific debate. 

Fig. 2 - 3D geometry of the faults in the final source model. Surface traces are shown in red, while the 
surface projection of the fault plane is in yellow. 

Table 1.  Selected ground motion prediction models grouped by tectonic region applicability. 
Tectonic Id Ground Motion Model Weight 

AS Campbell and Bozorgnia (2014) 0.5 

Chiou and Youngs (2014) 0.5 

SC Pezeshk et Al. (2011) 0.5 

Atkinson and Boore (2006) – Modified 2011 0.5 

DS Parker et Al. (2020) – for subduction interface 1 
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4. Ground motion model 

Following the indirect selection criteria recommended by Cotton et al. (2006) and the 
studies recommended by the local experts of the consortium, we identified five most 
representative for the study region (Table 1). Ground motion models are defined for 
standard active shallow crust (AS), stable crust (SC) and deep seismicity (DS) tectonic 
environments. 

5. Hazard calculations 

Ground motion probability of exceedance (PoEs) for a given observation time are 
computed for PGA and for 5%-damped response spectral acceleration at 0.1s, 0.2s, 0.5s, 
1s, 2s and 3s (vibration periods allowed by the selected ground motion models). Output of 
the calculation are a) mean and quantile (0.05, 0.15, 0.5, 0.85 and 0.95) hazard curves at 
each intensity measure type (Imt) and site, b) Uniform Hazard Spectra (UHS) and c) 
hazard maps computed for return periods of 25, 50, 100, 250, 475, 500 and 1000 years, 
corresponding respectively to 86, 63, 39, 18, 10, 9 and 5% probability of exceedance in 50 
years observation time. All calculations for this study were performed using Version 3.11 
of the OpenQuake engine, which can be accessed at https://github.com/gem/oq-
engine/tree/engine-3.11 (last access 16/08/2021). 

 

 
Fig. 3 - Map of the computed peak ground accelerations (PGA) with 5% probability of exceedance for 50 

years investigation time (corresponding to about 1000 years return period) for rock conditions 

(Vs30 of 800m/s). 

6. Conclusions 

The current model provides a comprehensive view of the seismic hazard in the Central 
Asian countries by leveraging data not available in previous studies. Although the current 
model does not cover - yet - a level of detail usually required to develop national hazard 
models, such as those utilized for underpinning national building codes, it provides the 
essential information needed for such an application. Extending the present model to 
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national level and for city scenario clearly represents a natural follow-up, as soon as new 
local information (e.g., studies on nearby faults and site response analyses, weak, and 
strong ground motion recordings) are available. Nevertheless, until superior studies are 
carried out, the findings of this study can be used, albeit with caution, to estimate seismic 
hazard and to stimulate awareness of seismic hazard in local governmental institutions. 
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Abstract: Significant tsunamis in Northern Adriatic are extremely rare and only a few 
historical events were reported in the literature, with sources mostly located along with 
central and southern parts of the Adriatic coasts. Recently, a tsunami alert system has been 
established for the whole Mediterranean area; however, a detailed description of the 
potential impact of tsunami waves on coastal areas is still missing for several sites. This 
study aims at modelling the hazard associated with possible tsunamis, generated by 
relatively distant earthquakes, with the purpose of contributing to tsunami risk assessment 
for selected urban areas located along the Northern Adriatic coasts. Tsunami modelling is 
performed by the NamiDance software, which allows accounting for seismic source 
properties, variable bathymetry, and non-linear effects in waves propagation. Urban scale 
hazard scenarios for selected cities (namely Trieste, Monfalcone, Lignano and Grado), are 
developed considering different potential tsunamigenic sources of tectonic origin, located in 
the Central and Southern Adriatic Sea. Sources are defined according to available literature, 
which includes catalogues of historical tsunami and existing active faults databases. 
Accordingly, a preliminary set of tsunami-related parameters and maps are obtained (e.g. 
maximum run-up, arrival times, synthetic mareograms), relevant towards planning 
mitigation actions at the selected sites.  

Keywords: Tsunamigenic Earthquake; Aggregated Scenario; Tsunami Hazard Maps; 
Northern Adriatic Sea. 

1. Introduction

Although strong tsunamigenic earthquakes are not frequent in the Adriatic Sea, their 
coastal impacts could be considerable. Indeed, even a moderate tsunami may have a 
relevant effect on some areas due to the presence of sites of high 
historical/cultural/touristic interest (e.g. the city of Venice) and fragile ecosystems (e.g. 
lagoons and river deltas). Defining hazard scenarios for a wide range of possible 
tsunamigenic earthquakes is of essential importance to reduce their potential 
socioeconomic impacts on coastal communities and set up sustainable development plans 
for inland and offshore areas. The adequate estimation of expected hazard, along with the 
characterization of exposed assets and their vulnerability, provides the basis for tsunami 
risk assessment.   
Significant tsunamis in Northern Adriatic are extremely rare. Only a few historical events 
were reported in the literature, with sources mainly located along with central and southern 
parts of the Adriatic coasts (Maramai et al., 2007; Tiberti et al., 2008). Pasarić et al. (2012) 
identified 27 tsunamigenic events that occurred during the last 600 years. Nine of  them are 
located on the west part of the Adriatic Sea, while eighteen are located along its eastern 
side (6 are classified as reliable, 10 as unreliable, while 2 are categorized as events of 
meteorological origin). In 2019, an updated tsunami catalogue for the Mediterranean 
region was published, namely the Euro-Mediterranean Tsunami Catalogue (EMTC). This 
catalogue includes a detailed survey of tsunamis of seismic origin in the central Adriatic 
Sea (Maramai et al., 2019); this study identified the potential tsunamigenic events, 
including a level of uncertainty in the location and magnitude of seismic events. 
Nevertheless, despite the results of the studies mentioned above and the growing interest in 
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this topic, a detailed investigation of the potential impact of tsunamis of seismic origin on 
coastal activities and communities along the Northern Adriatic coasts is not yet available.  
Recently, a tsunami early warning system has been established for the entire Northeast 
Atlantic, and the Mediterranean region, referred to as NEAMTWS (Tsunami Warning and 
Mitigation System in the Northeastern Atlantic, the Mediterranean and connected seas). In 
this framework, the CAT-INGV system, managed by INGV, operates as a tsunami warning 
centre for the whole Mediterranean, including the Adriatic Sea (Amato et al., 2021). At the 
national level, CAT-INGV operates within the formal framework of the National Alert 
System for Earthquake Generated Tsunamis (SiAM - Sistema Allertamento Maremoti), 
established in 2017 (Directive of the President of the Council of Ministers, 17 February 
2017) with the aim of disseminating alert messages to the territory, including local 
authorities. A debate is ongoing about the possibility of delivering last-mile messages to 
alert the population. In case a potentially tsunamigenic event occurs, the system provides 
alert messages expressed by the following three levels, in order of increasing severity: 
"information" (green), "advisory" (orange) and "watch" (red), based on the specific 
decision matrix reported in Amato et al. (2021). According to this matrix, the distance 
between a site of interest and the epicentre is divided into three possible categories: local 
(distance ≤ 100 km); regional (100 km < distance ≤ 400 km); and basin-wide (distance > 
400 km). The "watch" level is defined when seismic information indicates that the coast 
may be hit by a tsunami with a wave height greater than 0.5 m offshore (along 50 m 
isobaths), and/or when the tsunami run-up at the shoreline is expected to be greater than 1 
m. The "advisory" level is indicated instead when the run-up is expected to be less than 1
m. Since 2017, several events have been located and assigned a watch alert level by the
CAT-INGV system, including the Aegean Sea earthquake in 2017 (Mw=6.6), and the more
recent events in Crete (2 May 2020), Aegean Sea (30 October 2020) and Northern Algeria
(18 March 2021).
A still open challenge is to go beyond the issued alerts and define detailed impact scenarios
that allow evacuation plans and mitigation strategies to be developed with local authorities
(e.g. civil protection, municipalities). Such strategies require knowledge of the local
context and a detailed definition of hazard/risk scenarios compatible with the potential
tsunamis that may affect the region under consideration. Recent studies have been
conducted for Southern Italy both on expected inundation assessment (Tonini et al., 2021)
and tsunami risk perception (Cerase et al., 2019),. However, similar research has not yet
been carried out for the Northern Adriatic, where the bathymetric and topographic setting
is substantially different. The available tsunami hazard estimates (e.g. NEAMTHM18
maps, Basili et al., 2019), in fact, are provided for sites located along the 50 m depth
isobaths; given the very shallow bathymetry of the Northern Adriatic, these sites are very
far from the areas of interest, at a distance of more than one hundred kilometres from the
coastline (e.g., Amato et al. 2021 and references therein), as shown in Figure 1. Usually, in
order to calculate the run-up to the coastline (i.e. the maximum topographic height,
compared to the mean sea level, reached by the tsunami wave during its ingression), a
coefficient (i.e. a multiplication factor) is applied to the maximum height of the tsunami
wave estimated along the 50 m isobaths (Tonini et al., 2021). However, in the Northern
Adriatic the distance between these isobaths and the coastline is vast, and such an
empirical relationship may well turn out inadequate. In addition, in the alert messages, a
minimum wave height (or a run-up) level is given for the area of interest, but an upper
bound is not provided.
Hence, this preliminary study aims to provide a more complete and detailed description of
the tsunami hazard, according to a multi-scenario approach, for specific locations along the
north-eastern coast of the Adriatic Sea, namely the cities of Trieste, Monfalcone, Grado
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and Lignano (Fig. 1), which are referred hereinafter as Areas of Interest (AOI). To achieve 
this goal, we considered several possible tsunamigenic sources, located along the Adriatic 
Sea at a relatively high distance from the AOI (a few hundred kilometres). Also, we used 
the NamiDance tsunami simulation software (Zaytsev et al., 2019, Yalciner et al., 2006), 
which represents a promising tool to calculate a large set of possible seismic tsunami 
scenarios. The NamiDance software allows to account for seismic source properties, 
variable bathymetry and non-linear effects in wave propagation, and has been successfully 
tested for recent tsunamis in the Mediterranean area (e.g. Dogan et al., 2021). 
The urban centres selected as AOI for this study (Fig. 1) represent important economic, 
historical and cultural centres. The city of Trieste, the largest city in the Friuli Venezia 
Giulia Region, is of fundamental economic importance due to the presence of ports and 
other infrastructures, which make it a strategic site for trade and tourism, in addition to its 
high historical relevance. Monfalcone is an industrial site, with several shipyards and a 
textile and chemical production centre. The cities of Grado and Lignano are among the 
leading Italian seaside touristic centres. The city of Lignano, in particular, is a primary 
tourist site, reaching a population of several hundred thousand visitors during the summer 
period; the considerable variability of the population throughout the year makes it an area 
of particular interest for future tsunami risk assessment. Moreover, between Grado and 
Lignano there is an extensive lagoon, characterised by a peculiar and fragile ecosystem, 
with a high degree of vulnerability, due to its direct connection with the Adriatic Sea basin. 

Figure 1 - Regional and zoomed maps of the study region: (top) map of Northeast Adriatic Sea and photos of 
the areas of interest, AOI; (bottom) map of tsunami hazard estimates for the NEAM macro-area 

"Northeastern Atlantic, the Mediterranean, and connected seas" (NEAMTHM18; 
http://ai2lab.org/tsumapsneam/interactive-hazard-curve-tool/, last accessed on March 2022), and map 

showing the distance between the sites where hazard estimates are provided (50 m isobaths) and the areas of 
interest. 
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2. Input Data and Methods

A detailed tsunami modelling is required for an accurate definition of the hazard level, 
including the expected upper bound of run-up for the area of interest, which is needed for 
adequately planning mitigation actions.  The limits of existing tsunami hazard models to a 
continental scale, in fact, mainly concern their spatial resolution and the location and 
properties of the seismic sources. Moreover, the maximum tsunami wave height is 
estimated at isobaths of 50 m, which is far away for AOI. Then a coefficient is used to 
compute the run-up at the shoreline, which also may lead to significant uncertainties on the 
resulting inundation maps. Accordingly, detailed and comprehensive description of seismic 
sources, as well as detailed local topographic and bathymetric data, are essential 
ingredients for tsunami hazard site-specific analysis. 
In this study, to address the issue of uncertainties in sources definition, the assessment of 
the different parameters quantifying the tsunami hazard for the area of interest was carried 
out by adopting a scheme based on the modelling of a large set of possible scenarios. 
Amongst the tsunami hazard parameters of interest there are (but not limited to) maximum 
wave height (Hmax), estimated time of arrival (ETA), wave propagation maps and 
synthetic mareograms. To achieve these objectives, we first defined the basic features of 
the possible tsunamigenic sources in the Adriatic Sea, based on the decision matrix used by 
the CAT-INGV system. According to this matrix, a seismogenic source is considered 
tsunamigenic if it can produce offshore earthquakes of magnitude M≥6. Therefore, from 
the DISS-3 active fault database (DISS Working Group 2021) we selected the subset of 
potential seismogenic sources with Mmax≥6, to allow for a set of pre-calculated scenarios 
that can be used within the warning system. Besides the seismic sources defined based on 
the DISS-3, we also considered the tsunamigenic sources outlined by Tiberti et al. (2008); 
this allows us to account for the variability and inevitable uncertainties that characterise the 
input information related to the location, magnitude and focal mechanism of tsunamigenic 
sources.  
The tsunami hazard parameters are computed for each individual scenario event that, 
however, represents only one specific possible contribution to the overall tsunami hazard 
in the region. Therefore to provide a "collective" (i.e. envelop) hazard map accounting for 
a broad set of possible sources, we developed an aggregated scenario, which combined 
together contributions from all the modelled sources. For instance, to build up an 
aggregated scenario of maximum wave height (or other tsunami intensity measure), the 
maxima values from all individual scenarios are determined at each node of a predefined 
modelling grid. To quantify and map the scatter in the computed hazard measures, e.g. due 
to adopting different seismogenic sources, it is possible to define maps of maximum, 
average and standard deviation of tsunami hazard-related values. Namely, assuming that 
grid maps of different variables (e.g. A, B, C, D….) are computed, at each node (i,j) of the 
grid, the maximum, average or standard deviation of all peak values can be computed as 
Ri,j= max/avg /SD (Ai,j, Bi,j, Ci,j, Di,j…). 
The NamiDance software for tsunami waves propagation modelling allows for variable 
topo-bathymetry to be taken into account by making use of nested grids with variable 
resolution (properly extracted, examined and converted to the required format). In the 
simulations carried out in this study, the following three topo-bathymetric grids were used: 
- coarse-domain bathymetry grid, with low 400 m spatial resolution, for the Eastern
Mediterranean and the Adriatic Sea, extracted from the GEBCO-2020 global database
(https://www.gebco.net/data_and_products/gridded_bathymetry_data/, last accessed on
November 2021);
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- medium-domain grid, with 115 m spatial resolution, obtained through the European
EMODnet portal (https://portal.emodnet-bathymetry.eu/, last accessed in November 2021)
for the regions of interest;
- fine-domain bathymetry grid, with 10 m resolution, for the Northeastern Adriatic where
the municipalities of interest are located, namely Trieste, Monfalcone, Grado and Lignano,
obtained from the work of Trobec et al. (2018). Moreover, to allow for reliable modelling
of water height for the wetland area north-west of Lignano, it is necessary to supplement
this information with even more detailed data.
The resulting bathymetry maps clearly show that the northern part of the Adriatic Sea is
shallow, with a water depth of less than 50 m. Due to this shallow bathymetry, tsunami
waves propagating in the Northern Adriatic Sea are expected to travel very slowly, which
represents a relevant advantage in the case of distant tsunamigenic sources, as more time is
available to alert people and take possible mitigation actions.

3. Modelling Results and Discussions

To develop preliminary tsunami hazard maps, which provide the basis for risk assessment 
and development of emergency plans for the areas of interest (i.e. Trieste, Monfalcone, 
Lignano and Grado), in the current study a set of tsunami scenarios has been modelled. 
Potential seismogenic sources capable of generating tsunamis are defined according to the 
CAT-INGV decision matrix. Accordingly, a preliminary set of tsunami-related parameters 
and maps have been obtained, including: maximum run-up at the selected sites; arrival 
time of the first wave along the coast; time series of water level fluctuations at designated 
locations (mareograms) tsunami propagation maps; distributions of the arrival time of the 
maximum swell along the coast. 
For the purpose of our analysis, we considered distant tsunamigenic sources as reported in 
the DISS-3 database (DISS Working Group 2021) and by Tiberti et al. (2008). Considering 
these two different tsunamigenic source models, which have been compiled based on 
different information and knowledge, allows us to partially account for seismic source 
variability. Also, many parametric tests have been performed in order to identify the 
parameters that may be associated with the worst-case scenarios for the AOI. As a 
preliminary step, in the current study we modelled all the seismogenic sources capable to 
generate an earthquake of magnitude Mmax≥6.0, in order have a comprehensive view of the 
tsunami hazard in the Adriatic Sea and to validate the current tsunami decision matrix used 
by CAT-INGV for tsunami warning in the region. The initial condition for each tsunami 
simulation is given by a static displacement of the sea floor, which is calculated assuming a 
uniform slip of dislocation in an elastic half-space, using the model of Okada (1985) with 
the relevant source parameters.  A first insight on the initial water displacement, equivalent 
to the vertical co-seismic displacement of the sea bed, indicates that an earthquake with 
magnitude Mmax less than 6.5 from the DISS-3 database does not cause significant water 
displacement (less than 10 cm), therefore we consider only the DISS-3 sources with 
Mmax≥6.5. On the other side, tsunamigenic sources with Mmax≥6.0 from the work of Tiberti 
et al. (2008) have been considered since larger displacements were assigned to them 
through classical scaling relationships (Wells and Coppersmith, 1994).  
The preliminary results from modelling the worst-case tsunamigenic earthquake scenarios 
(namely, earthquake sources with the maximum expected magnitude), for each distant 
seismogenic source in the Adriatic Sea, indicate that only seismogenic sources, which are 
capable of generating an earthquake of magnitude equal or more than 7, can produce 
tsunamis of advisory level at the coastline of the Northeastern Adriatic Sea. Most of the 
seismogenic zones capable to generate earthquake of Mmax≥7.0 are located in the 
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Southeastern part of the Adriatic Sea, namely, moving from south to north: ALCS002 
(Lushnje, Albania), MECS001 (Offshore Montenegro), and HRCS001 (Mljet, Croatia). 
These sources can generate significant water displacement, and hence a tsunami wave can 
reach the AOI. For example, Figure 2 shows a series of maps (snapshots) of the computed 
tsunami peak wave amplitude, calculated by simulating scenarios associated with the 
fracture of the three different segments of the HRCS001 source (north, centre and south). 
The maximum estimated wave height due to these scenarios is ranging from 0.2-0.3 m, and 
the estimated time of arrivals ETA varies between 390-500 minutes for Lignano, Grado, 
Monfalcone, and Trieste according to the pseudo-mareographs installed at 10 m water 
depth. 

Figure 2 - Maps of the maximum positive wave amplitudes (water elevation) computed for three possible 
scenarios associated with three different segments of the HRCS001 source: a) northern segment, b) central 

segment and c) southern segment.  
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The second stage of this study is developing aggregated tsunami hazard maps of tsunami 
wave height for the coastal area of interest. As mentioned before, these maps can be 
developed based on a multi-scenario approach.  In fact, using the sources thus defined, it is 
possible to obtain not only a set of pre-calculated scenarios, which can be used individually 
within the warning system, but it is also possible to define an "aggregated scenario", which 
represents a synthesis of all calculated scenarios. Since the parameters describing the 
tsunami scenario are calculated at the nodes of a predefined grid, it is possible to define 
aggregated maps, describing e.g. the maximum value (or the mean value and/or the 
dispersion) of the wave amplitudes obtained, for each node of the grid, considering 
simultaneously all the different scenarios.  
Figure 3 shows, as an example, the aggregated maps obtained considering the maximum 
and the mean values, respectively, of the estimated wave heights from all individual 
scenarios computed for the area of interest. The maps show that the maximum estimated 
wave height values for the sites of Lignano, Grado, Monfalcone and Trieste are 0.3, 0.3, 
0.2 and 0.2, respectively. Therefore, the estimated values indicate a wave height of less 
than 0.5 m for the AOI, in agreement with the findings by Tiberti et al. (2008). 

Figure 3 - Aggregate scenario maps of: a) Maximum wave elevation; b) Average wave height, estimated for 
the coastal areas of interest (AOI) according to the multi-scenario approach. 
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4. Conclusions

Although tsunamigenic earthquakes are not frequent in the Adriatic Sea, their impacts 
along the coastline could be considerable. Therefore in this study a scenario-based 
modelling of the hazard associated with possible tsunamis, generated by relatively distant 
earthquakes (i.e., with epicenters located a few hundred kilometers away), was carried out 
with the aim of contributing to tsunami risk assessment for selected urban areas along the 
Northern Adriatic coast. A wide set of tsunami scenarios were computed by the 
NamiDance code (Yalciner et al., 2006), and parametric tests were performed to account 
for seismic source variability. The tsunamigenic sources adopted in this work were defined 
based on existing active fault databases and available literature (DISS-3 and Tiberti et al. 
2008). The faults parameters defined in this way were then used to model the tsunami 
sources according to Okada’s source model of a finite rectangular fault (Okada, 1985). 
Updated topo-bathymetry data, with spatial resolution of about 400 m, 115 m, and 10 m 
were extracted from GEBCO 2020, EMODnet, and Trobec et al., (2018), and were for 
tsunami propagation and inundation modelling. 
A preliminary set of tsunami parameters and maps were obtained, including: first wave 
arrival times along the coast; maximum wave heights at selected sites; synthetic 
mareograms (time series of water level variations) at selected locations; tsunami 
propagation maps; and distributions of arrival time of maximum wave heights along the 
coast. The tsunami hazard estimates, which may allow developing detailed inundation 
scenarios, were computed with particular attention to four cities, namely Trieste, 
Monfalcone, Lignano and Grado, selected according to data availability and to the 
relevance of the sites.  
Preliminary results from the modelling of seismic tsunamis in the Adriatic Sea suggest that 
only seismogenic sources capable of generating very high magnitude earthquakes (i.e. 
Mmax≥7) can result in "advisory" level tsunamis along the Northeastern Adriatic coast. The 
maximum wave height estimated for these scenarios varies between 0.2 - 0.3 m and the 
estimated wave arrival time (ETA) varies between 390-500 minutes for Lignano, Grado, 
Monfalcone and Trieste. These results are consistent with earlier hazard estimates provided 
by Tiberti et al. (2008) and Paulatto et al. (2007), while providing a more complete and 
detailed description of the phenomenon. The results of this study, in fact, allow for some 
general considerations relevant to plan mitigation and emergency actions, and at the same 
time provide the basis for detailed risk assessments (including inundation scenarios) that 
take into account the exposure and vulnerability of urban areas. 
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Abstract: The macroseismic intensity represents an adequate classification of the severity 
of ground shaking during an earthquake on the basis of observed effects at a given site. The 
anisotropic propagation of the seismic effect is evident and usually follows the dominant 
direction of active faults nearby, while higher intensity values about MMI = VI or greater 
primarily describe the observed damages in the near-field. An anisotropic model of the 
seismic impact in terms of macroseismic intensity is suggested for strong earthquakes in the 
Lake Baikal Region based on historical evidence and regional map of active faults. 

Keywords: seismic impact, anisotropic propagation, seismic hazard, dominant direction, 
active faults  

1. Introduction

There are two main directions in the current researches on assessment of seismic hazard 

and associated risks. These are the probabilistic, based on calculation of unlikely, low 

probability or likelihood, level of possible ground shaking, and neo-deterministic, based on 

calculation of the maximum ground shaking from exhaustive number of realistic scenario 

earthquakes. The methodology of scenario-based seismic hazard analysis that incorporates 

physical modelling approaches is a sound part of Neo-deterministic Seismic Hazard 

Assessment (NDSHA), which “guarantees prevention rather than cure” (Klügel et al., 

2006; Panza et al., 2021).  

Despite the obvious advantages of seismic hazard assessments in terms of 

quantitative indicators of ground shaking including displacements, velocities, accelerations 

and spectral amplitudes of these parameters during an earthquake, the qualitative 

assessments of the intensity of seismic effect at different sites in terms of a macroseismic 

scale play an important role both for the study of the historical seismicity and the design of 

earthquake-resistant infrastructures in seismically active territories. Note that the national 

building codes in many countries rely on simple, easily understandable qualitative 

assessments of seismic effect related to different types of buildings and soils. The seismic 

zonation maps at regional and local scales are usually described in terms of the 

macroseismic intensity, i.e. a sequence of natural ordinal numbers, often written using 
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Roman numerals to emphasize the integer nature of intensity, while an uncertain 

assignment is expressed as, for example, VIII–IX (meaning either VIII or IX).  

The observed macroseismic data for an earthquake consists of a set of "site-

intensity" pairs, which impede their effective use due to irregular set of points that depends 

on the distribution of the population in the area and field routes of expert inspections. The 

observed determinations may have measurement errors and uncertainties, as well as local 

bias due to topography and geological structure of the Earth's crust. The observed spatial 

variations in the near-field could be as large as 3 to 4 intensity units (Molchan et al., 2002).  

Molchan et al. (2002) also note that the isoseismals shape analysis may 

significantly benefit from synthetic modelling of ground motion. Unfortunately, the actual 

models and their parameters are inexact and the interconnection between intensity and 

ground shaking parameters remains an open discussion. It is generally recognized that the 

near-field area associated with the strongest ground motion and most significant damage 

during an earthquake has an elliptic shape, presumably, affine to an elliptic model of 

earthquake source (e.g. Weixiao et al., 2021). In reality the analyses of macroseismic effect 

(Molchan et al., 1997) and the InSAR images permit recognizing different patterns of 

seismic effect propagation (Petricca et al., 2021); specifically, elliptical for dip-slip or four-

lobe for strike-slip fault earthquakes (in the near-field, at least). Gallovič (2017) and Vyas 

et al. (2016) note significant azimuthal dependence of ground motion variability that 

naturally appears higher in close distances to the fault and decreases with increasing 

distance. 

In the following, an anisotropic model of the seismic impact in terms of maximum 

macroseismic intensity is suggested for strong earthquakes’ effect in the Lake Baikal 

region based on the historical evidence and regional map of active faults.  

2. Method

Shebalin (1968) suggested the empirical estimate of macroseismic intensity I at distance ∆ 

from of an earthquake epicentre of magnitude M originated at depth h: 

2 2
10logb M h cI ν= × − × ∆ + + (1) 

where b, v and c are the empirically estimated regional constants.  

We propose to use a modification of (1), Ie, in the following form (2, 3), depending 

on the dominant strike of the system of active faults in the Earth's crust:  

Ie(M, Δ, h, φ, α, β, γ, δ)  = RAND(I(M, A(M), h), I(M, 0, h))  (2) 
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within the earthquake source zone of an elliptical shape with semi-axes A(M) = ½×10 α + βM  

and B(M) = ½×10 γ + δ M is randomly distributed values from I(M, A(M), h) to I(M, 0, h); φ 

is the angle measured from the dominant strike ψ of the active fault system; α, β, γ, δ are 

the constants characterizing typical length and width of the source zone, which should be 

regional, if available, or determined by independent studies elsewhere, e.g., Wells and 

Coppersmith (1994) suggest the following mean values α = −2.29, β = 0.57, γ = −1.17, δ = 

0.34. We also assume that seismic waves propagate uniformly from the boundary of the 

earthquake source zone, so that outside it, macroseismic intensity follows equation (3): 

Ie(M, Δ, h, φ, α, β, γ, δ)  =  I(M, A(M) + Δr(M, φ), h)  (3) 

where Δr(M, φ) is the minimum distance from the point (Δ×cosφ, Δ×sinφ) to the boundary 

of the source zone, namely, to the ellipse with semi-axes A(M) and B(M) centered at the 

earthquake epicenter. 

Evidently, the dominant strike ψ of the regional active fault system may have a 

number of optional directions, in particular, at nodes and intersections of morphostructural 

lineaments. Therefore, a given epicentre of either real or model earthquake can be 

associated with one or even several directions for modelling its seismic impact. A 

reasonable choice of directions and their number to be made by analysing the empirical 

probability density distribution of the fault azimuths {ψi, pi | i = 1, … n; ∑pi = 1} and 

picking the ψi with maximal pi. It may also happened that there is no information about 

active faults nearby epicenter, in which case the choice of direction can rely on regional or 

local determinations of fault plane solutions or apply (1) for isotropic seismic impact 

assessment. The method provides a quick rough estimate of an earthquake impact that can 

be further improved by incorporation of regional data on topography and soils.  

3. The Lake Baikal Region anisotropic seismic impact model

The average coefficients of the earthquake source  zone α=-2.29,  β=0.57, γ=-1.17, 

δ=0.34 by Wells and Coppersmith (1994) were used for described the seismic impact from 

each of the instrumental or historical earthquakes with magnitude more than 5.5 occurred 

on the Lake Baikal regions within 48°–59°N and 98°–120°E.  

The three values ψ1, ψ2, and ψ3 of dominant directions supplied with the empirical p1, 

p2, and p3 probabilities were estimated by averaging the azimuths of faults reported in Active 

Faults of Eurasia Database (Bachmanov et al., 2017; http://neotec.ginras.ru/database.html) 
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within 30-km radius circles centred at each epicentre g of selected earthquakes. The 

azimuths ψ1, ψ2, and ψ3 are set in the middle of the 18 non-overlapping sectors of 10° each.  

Fig. 1 – Active faults of the Lake Baikal Region 

Figure 1 shows approximately 2500 active faults in the Lake Baikal Region. Table 1 

lists the ψ1, ψ2, and ψ3 values at epicenters of the four earthquakes with magnitude above 5.0 

(i.e. energy class K = 13; by definition K = 1.8Ml +4), which occurred in 2020, along with their 

determinations compiled at the Baikal Division of Russian Geophysical Survey (BDRGS) 

and their focal mechanisms by Melnikova and Gileva (2020). 

Table 1. Earthquakes above magnitude Ml 5 in the Lake Baikal Region, 2020. 

Date φ, °N λ, °E Ml Semi-axis Focal mechanism Dominant azimuths 
A(M) B(M) S1/D1/R1 S2/D2/R2 ψ1 ψ2 ψ3 

21/09/2020 51.8 103.4 5.9 48.8 3.8 18°/85°/-170° 287°/8°/-5° 100° 90° 110° 
21/09/2020 51.8 103.4 5.1 17.2 1.1 94°/84°/42° 359°/48°/172° 100° 90° 110° 
05/11/2020 49.6 108.9 5.2 22.9 1.3 337°/57°/41° 222°/57°/139° 70° 80° 60° 
09/12/2020 52.4 106.6 5.5 30.6 2.1 353°/71°/-166° 259°/77°/-19° 60° 70° 80° 

Figure 2 exemplifies the results of determination of the elliptic earthquake source 

zones of the two earthquakes of Ml = 5.9 and 5.1 occurred nearby Kultuk (RF) on 21st of 

September 2020 based on their directions of principal nodal planes (NP1 and NP2) and three 

dominant directions ψ1, ψ2, and ψ3 of the active faults nearby. Evidently, the earthquake 

source zone of the aftershock with Ml = 5.1 does not differ much from a circle, whereas the 

ratio of the semi-axes of the main shock equals 1.73. 
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Fig. 2 – Earthquake source zones of the September 21, 2020 Ml 5.9 and 5.1 
earthquakes nearby Kultuk, Russia. The semi-axes A(Ml) and B(Ml) correspond to the 
two nodal plane solutions; the earthquake source  zones of the main shock for NP2 
and of its aftershock for NP1 are better fit, respectively, the dominant directions ψ3 
and ψ2 of the local active fault system within the 30-km distance from the main shock 
epicentre (grey circle). 

Figure 3, on the left side, compares the three different seismic impact models in terms 

of MMI for the strongest seismic event in the Region since the year 2000, i.e., the MwCMT 6.3 

earthquake about 10 km North of Baykal’sk on 27 August 2008. In all the three models, we 

observe underestimation of the seismic impact along the valleys of Eastern Sayan Mountains, 

which could be an effect of  considering neither topographic nor soil conditions, as well as the 

local types of buildings at the sites of reported damage. Interestingly, our model choice of ψ2 is 

a better fit with NP2 by US and NP1 by GCMT mechanism determinations in the ANSS 

catalogue. Also, note that although the local magnitude determination Ml is the same as in the 

ANSS catalogue the macroseismic intensity contours differ by 2 units, reported as VIII in 

BDRGS and VI in ANSS. 

Figure 3, on the right side, shows a similar comparison of the three models for the 

largest in the Region instrumental earthquake determination of the Ml 7.6 (MwISCGEM 7.4) Muya 

earthquake on 27 June 1957.  Regretfully, the infield estimates of macroseismic intensity 

appear very uncertain despite of the 44 local evidences professionally collected by Solonenko 

et al. (1958), which does not allow for comparison of the model versus observations. However, 
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once again we conclude the two unit’s disagreement of the impact determinations between 

Shebalin (1968) and ANSS that cannot be explained by the difference in the magnitude of the 

1957 Muya earthquake. Specifically, the ANSS Intensity VI contour is all within the Shebalin 

(1968) intensity VIII and its area is about the same as the intensity VIII reduced area of the 

modified model.   

Fig. 3 – Earthquake source zones and isoseismals of the August 27, 2008 Ml 6.3 and 
the June 27, 1957 Ml 7.6 earthquakes in the Lake Baikal Region. Note: the dominant 
directions of the local active fault system marked the same as in Fig. 2.  

4. Conclusions

We presented the examples of the modified Shebalin (1968) seismic impact anisotropic 

model (2, 3) applied to the four selected earthquakes in the Lake Baikal Region focusing 

on the area of strong damage associated with site intensity above VI MMI scale. Even such 

a small sample allows us to conclude that anisotropic propagation of the model seismic 

impact based on the dominant directions of active faults strike (i) does fit well the 

earthquake fault-plane-solution; (ii) reduce the affected area in the near-field significantly 

in case of magnitude 6 or larger earthquakes, while does not differ much from the isotropic 

one in the far-field  as well as for earthquakes above magnitude 5 or less; and (iii) provide 
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a rough first approximation estimate for scenario modelling of maximal potential ground 

shaking in assessment of regional seismic hazard and associated risks. Our model does not 

account for regional data on topography and soils, which is essential in providing a reliable 

realistic input for efficient low-key preparedness measures aimed at reduction of losses 

from earthquakes and their consequences. This will be taken into account in future seismic 

hazard mapping in the Lake Baikal Region to improve seismic hazard assessment and 

quantifying associated risks for the population and infrastructure.  
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Abstract: The objective of this paper is to analyse the spatiotemporal patterns of the 

background seismicity identified by Nearest Neighbour (NN) and Stochastic Declustering 

(SD) methods, in Northeastern Italy. This analysis uses as statistical tools the Allan Factor 

(AF), Markov Modulated Poisson Process (MMPP), and Morisita Index (MI), to assess the 

performance of the aforementioned declustering methods in removing the spatiotemporal 

clustering patterns from the full catalogue. Our results show that the time correlation and the 

space clustering are reduced but not totally eliminated in the resulting declustered 

catalogues. Namely, the time clustering structure is significantly reduced at the short 

timescale, displaying a nearly–Poissonian behaviour, but it is not totally eliminated at the 

intermediate–long timescale for NN method, and long timescale for SD method. The MMPP 

is then confirmed to be a suitable model for describing the background seismicity. The space 

clustering structure is significantly reduced, though with slightly different proportions, by 

both the declustering methods; however it is not totally eliminated from the catalogue, due 

to the natural clustering of seismicity along existing fault systems. 

Keywords: Declustering. Markov Modulated Poisson Process. Allan Factor. Morisita Index. 

1. Introduction

Generally, an earthquake can be attributed to either the background seismicity component, 

or the clustered seismicity component (e.g. Benali et al. 2020). The background class is 

composed by independent, spontaneous, triggering, or mainshock events, whereas the 

clustered class is formed by dependent, triggered, foreshock or aftershock events (e.g. Van 

Stiphout et al. 2012).  

One of the most challenging issues in seismology is the identification of the background 

seismicity component, which is a necessary step for seismic hazard assessment. Seismic 

catalogues declustering, which is the discrimination process allowing the separation of 

earthquakes into background and clustered events, is used to identify background 

earthquakes. In this case, the Northeastern Italy catalogue is declustered using the Nearest 

Neighbour (NN) (Baiesi and Paczuski 2004) and the Stochastic Declustering (SD) (Zhuang 

et al. 2002) methods, that allow us to identify the mainshocks and the independent 

earthquakes forming background seismicity, respectively. After declustering, the Allan 

Factor (AF) (Allan 1966), Markov Modulated Poisson Process (MMPP) (Rydén 1994, 

1996), and Morisita Index (MI) (Morisita 1959), are used to investigate the spatiotemporal 

patterns of Northeastern Italy declustered catalogues, and to assess if they are still 

characterised by statistically significant space–time clustering and rate changes. In 

particular, regarding the temporal properties of background seismicity, AF is used for 

assessing and measuring its time correlation, while the MMPP is used to study the time 
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changes in the background seismicity rate. Finally, the MI index is used for quantifying the 

clustering of the background seismicity in space. 

2. Seismicity declustering methods 

2.1. Nearest Neighbour (NN) method 

This method is based on the NN distance between pairs of earthquakes in specific space–

time–magnitude domain (Baiesi and Paczuski 2004). Namely, the asymmetric distance  

between a given earthquake  and an early earthquake  is defined as: 

 

                                                            (1) 

 

where is the interevent time between the earthquakes  and  ,  is the 

spatial distance between epicentres,  is the fractal dimension of epicentres,  is the –

value of the Gutenberg–Richter law, and  is the magnitude of the th earthquake. By 

setting the threshold distance , the events  and  are considered weakly linked if 

, or strongly linked otherwise. Clusters are identified by dropping all weak links 

between events. The largest event in the cluster is referred as the mainshock; all events that 

follow the mainshock and are strongly linked to it are considered as aftershocks and are 

removed in the declustering procedure.  

2.2. Stochastic Declustering (SD) method 

The probability that an earthquake  is triggered by a previous earthquake , the probability 

that an earthquake  is a triggered earthquake, and the probability that an earthquake  is a 

background event, can be evaluated respectively via: 

 

                                                  (2)                                                                                      

                                                                                    (3)                                                 

                                                                                             (4)                                                

with 

    (5)                                                  

                                                                                   (6)                                                  

                                                                                 (7)                                               

                                             (8)                                                  

         (9)                                             

 

where  is the completeness magnitude,  is the Epidemic Type Aftershock 

Sequence (ETAS) intensity function (Ogata 1998),  is the spatial background 
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intensity,  is the expected number of events triggered from an event of magnitude

 and are the probability density functions of occurrence times and location 

distribution of the triggered events, respectively. By thinning, it is possible to obtain many 

realizations of the background earthquakes process. In this study, we consider the 

realization obtained by retaining the most probable background events according to 

probabilities from Eqs. (2)–(4). 

3. Statistical measures for spatiotemporal analysis of background seismicity

3.1. Allan Factor (AF) 

By dividing the time axis into equally counting windows of duration , a sequence  of 

number of events falling into the th window is formed. In this case, the AF measure 

(Allan 1966) can be written as, 

 (10) 

where  is an expectation. For the Poissonian behaviour,  for any counting 

time  and the corresponding plot will appear approximately flat. Otherwise 

and the clustered behaviour is detected. 

3.2. Markov Modulated Poisson Process (MMPP) 

MMPP (Rydén 1994, 1996) examines the background earthquakes occurrence by assuming 

a Poisson process in which the occurrence rate varies according to an underlying finite–

state Markov chain. Mathematically, the state process  can be defined as an 

irreducible homogeneous Markov process, it associates for each time  a value in a 

finite set  of states as, 

 and (11)

where is the sequence of states visited by the state process at the 

transition times … The observation process is a nonhomogeneous 

Poisson process with intensity, 

and     (12)  

By assuming a –MMPP model (MMPP with states), the intensities 

which are the Poisson process rates associated with the Markovian states , 

respectively, can be estimated by Baum–Welch algorithm (Harte 2017).  

3.3. Morisita Index (MI) 

Based on a spatial grid of  cells of variable size , MI measure (Morisita 1959) is defined 

as follows,  
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                                                                                 (13)                                                                                                 

where  is the number of points falling in the th cell and  is the total number of 

earthquakes. The algorithm starts with a relatively high cell size  and is iterated for 

decreasing  until a minimum value is reached. According to Telesca et al. (2015),  

fluctuates around  in case of Poissonian behaviour and decreases to zero in case of 

clustered behaviour. The slope of the linear regression fitting between  and , 

called Morisita slope, allows to quantify the degree of spatial clustering: the greater is this 

slope, the higher is the clustering degree (Telesca et al. 2015). 

4. Results and discussion 

The presented declustering methods are applied to Northeastern Italy earthquakes of 

magnitudes  during the time period . This declustering applications 

necessitate the estimation of the ETAS parameters and the NN input parameters. As 

reported by Benali et al. (2020), the final Maximum Likelihood Estimation values of the 

ETAS model are , , , , , , 

, and . While the inputs of the NN method are simultaneously estimated 

to , , and . Accordingly, background seismicity contains 

3058 events based on NN method and 2293 events based on SD method.                                                                                           

Figure 1 displays the AF curves of the declustered catalogues identified by NN and SD 

methods. A power–law behaviour is clearly visible at long timescale ranges in case of SD 

method, and intermediate–long timescale ranges in case of NN method. This power–law 

behaviour, which indicates the presence of time clustering, is evidenced by the increase of 

AF curves in the bilogarithmic scales. Contrary to the short timescale ranges, namely up to 

 for NN method and  for SD method, the AF 

plots show more likely a Poissonian behaviour.  

 

                                                                                                                                                                                        

Fig. 1 -  AF measure of the declustered catalogues, given in days unit time. Observed, theoretical Poisson, 

and confidence area of this measure are marked by black solid line, green dashed line, and grey band, 

respectively. 
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The above results suggest the existence of dual behaviours i.e. clustered and Poissonian 

behaviours. In this case, MMPP can be applied to better characterize the time changes of 

background seismicity rate. Namely, the homogenous Poisson process i.e. MMPP 

with  state and the MMPP with  and  states are fitted to the background 

earthquakes time series. According to Bayesian Information Criterion (BIC), the 

MMPP is the best model between the aforementioned competing models that can 

describe the temporal variations for both declustered catalogues. Table 1 contains the 

estimated Poisson rates for MMPP best models, the associated maximum log–likelihood 

values, and BICs.  

Table 1. Estimated Poisson rates, maximum log–likelihood values, and BICs for MMPP best models. 

Declustering 

method 
MMPP 

model 

Poisson rate Maximum log–

likelihood 

BIC 

NN method 3–MMPP 

SD method 3–MMPP 

Figure 2 shows for each best MMPP model, the probability 

which is the probability that the state process is in state  at time 

 given the observed occurrence times. The states are represented by different colours: 

state 1 in black, state 2 in red, and state 3 in green.  

Fig. 2 -  State probabilities of 3–MMPP model assigned to NN–identified (Top) and SD–identified (Bottom) 

background earthquakes times. Grey vertical dashed lines mark the occurrence time of  events. 

3926 3ECEES, September 2022, Bucharest, Romania



Figure 3 displays a significant decrease of MI curves from approximately  to values 

close to  as  increases, which indicate the existence of non–Poissonian (or clustered) 

dynamics in the space patterns of Northeastern Italy declustered catalogues. Additionally, 

the highest spatial clustering degree is shown by the SD method while the smallest is 

shown by the NN method. This latter result is deduced from the estimated Morisita slope, 

which equals to  and  respectively with NN and SD methods. From the 

comparison with the estimated Morisita slope  for the full catalogue, it is clear that the 

space clustering is reduced with different proportions using the latter declustering methods, 

but it is not totally eliminated from the full catalogue (see Figure 4); this reflects the 

natural clustering of seismicity along existing fault systems.   
 

 

 

Fig. 3 -  MI measure calculated for NN and SD declustered catalogues. This measure is represented by black 

solid line, while the 95% confidence area is represented by grey band.  
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Fig. 4 -  MI measures of the full catalogue and the declustered catalogues identified by NN and SD methods. 

5. Conclusion

We treated the problem of identifying and quantifying the time–correlation and the space–

clustering in the background seismicity identified by NN and SD methods. We applied 

different spatiotemporal measures, namely the AF and MMPP are used for time patterns 

analysis, while the MI is used for space clustering study. Our results show that the used 

declustering methods reduce the time correlation in Northeastern Italy declustered 

catalogues at small timescales (i.e. up to one month for NN method and approximately one 

year for SD method); still the time correlation remains at intermediate and higher timescale 

ranges. The SD method seems to be more effective in removing the time clustering, while 

NN method might perform better in removing the space clustering from full catalogue, in 

agreement with observations by Varini et al. (2020). However, none of these declustering 

methods totally eliminated the spatiotemporal clustering from the whole earthquakes 

catalogue. Moreover, we found that the MMPP with multiple states is a more suitable 

background seismicity model than the traditional homogenous Poisson process.  

The obtained results support effectiveness of the adopted declustering methods, 

particularly within the identified short to intermediate time ranges. The natural clustering 

of seismicity in space eventually complicates the interpretation of identified residual 

spatial correlation and the assessment of any declustering approach. 
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Seismic Roulette 

Vladimir Kossobokov - Institute of Earthquake Prediction Theory and Mathematical Geophysics Russian 
Academy of Sciences, Moscow, Russian Federation, e-mail: volodya@mitp.ru  

Abstract: Nowadays, in a Big Data World, Science can disclose Natural Hazards, assess 
Risks, and deliver the state-of-the-art Knowledge of looming disaster in advance 
catastrophes along with useful Recommendations on the level of risks for decision making 
in regard to engineering design, insurance, and emergency management. Science cannot 
remove, yet, people’s favor for illusion regarding reality, as well as political denial, 
ignorance, and negligence among decision-makers. The general conclusion is confirmed by 
application and testing against earthquake Reality. 

Regretfully, most, if not all, of earthquake prediction claims are “invented” due to very 
small, if any, sample of clearly defined evidence. The necessity and possibility of applying 
simple tools of Earthquake Prediction Strategies – Error Diagram and Seismic Roulette null-
hypothesis as a metric of the alerted space – are evident. Seismic Roulette is not perfect! 
Therefore, seismic hazard assessment and earthquake prediction claims can be useful for 
reducing future impacts from disastrous earthquakes, if reliable, but not necessarily perfect.  

Keywords: Natural Hazard; Hypothesis Testing; Earthquake Prediction; Risk Analysis; 
Optimal Strategy. 

1. Introduction

Days after the 26 December 2004 Great Asian Mega Earthquake and Tsunami during the 
UN World Conference on Disaster Reduction (18-22 January 2005, Kobe, Hyogo, Japan), 
a Statement (Kossobokov, 2005) at the “Special Session on the Indian Ocean Disaster: risk 
reduction for a safer future” was urging on a possibility of a few mega earthquakes of 
about magnitude 9.0 occurring within the next 5-10 years. This prediction was eventually 
confirmed by the 27 February 2010, MW 8.8 mega-thrust offshore Maule, Chile and the 11 
March 2011, MW 9.1 mega-thrust and tsunami off the Pacific coast of Tōhoku, Japan 
(Kossobokov, 2011; Ismail-Zadeh and Kossobokov, 2021). 

An opportunity to reduce the impacts from these mega-earthquakes was missed. Davis et 
al. (2012) showed how the information on expected world’s largest earthquakes provided 
by the M8 and MSc algorithms (Keilis-Borok and Kossobokov, 1990; Kossobokov et al., 
1990), although limited to the intermediate-term span of years and middle-range location 
of a thousand km can be used to reduce future disasters. The primary reasons for not using 
the prediction for improving preparations in advance of the Tōhoku earthquake “include: 
(1) inadequate links between emergency managers and the earthquake prediction
information; and (2) no practicing application of existing methodologies to guide
emergency preparations and policy development on how to make decisions based on
information provided for an intermediate-term middle-range earthquake prediction having
limited but known accuracy”.

Evidently, we do not live in a black-and-white world and our beliefs in initial basic 
principles may lead us to models that contradict with the real observations. We know that 
“all models are wrong but some are useful” (Box, 1979) but often forget that some models 
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are useless and some are really harmful, especially, when viewed as substitutes for the 
original natural phenomena.  
We are living in a risky world and are doomed to making predictions and actions. When 
we predict what to do, the choice of action is usually based on a comparison of expected 
“black eyes” (costs) and “feathers in caps” (benefits). If the latter exceed the former it is 
reasonable to go forward. In some cases, like crossing a highway, our decision is simple 
due to data enough for a reliable assessment of “black eyes” based on recollections of 
collective attitude and knowledge. However, in many practical cases, we do not have any 
opinion on impending consequences and, therefore, may end up when it is too late for 
effective countermeasures to reduce or even avoid a disaster. While prediction is “the act 
of saying what you think will happen in the future” even the advanced tools of data 
analysis may lead to erroneous claims. “And the better the model, the worse it becomes for 
its applications. Indeed, the pressure of snatching ‘initial principles’ will lead us to use the 
model well beyond the possibilities of its application” (Gelfand, 1991). 
We are living in a world of numbers and calculations. Without numbers there are no odds 
and no probabilities. Especially, nowadays, in a Big Data World with enormous amount of 
pretty fast user friendly software ready for an automatic output of probabilities, nice model 
figures, and diagrams that may lead to a discovery or, alternatively, mislead to a deceptive 
conclusion, erroneous claims and predictions. 

A deceptive conclusion could be avoided by verification of candidate models against 
reproducible experiments on empirical data and in no other way. Self-testing must be done 
in advance claiming prediction of hazardous areas and/or times. Unfortunately, many 
alarmists do not care at all about any testing, when spreading their deceptive predictions of 
extreme catastrophic events. Seismology is not an exception. 
Many people, including scientists, do not distinguish between ‘unpredictable,’ ‘random,’ 
and ‘haphazard,’ which distinction is crucial for scientific reasoning and conclusions. 
Regretfully, the following statement, originally attributed to seismic hazard assessment, 
decades ago does not lose its relevance and applies to the present day situation in analysing 
other potential damages and losses for the timely implementation of integrated economic, 
structural, legal, social, health, cultural, educational, environmental, technological, 
political, and institutional measures: “However, ignorance still exists on the seismic 
severity (usually expressed in intensity values) a site may expect in the future as well on 
the damage a structure may sustain for a given seismic intensity” (Boissonnade and Shah, 
1984). 

2. Earthquake forecast/prediction  

Earthquake prediction is an uncertain profession. Many methods for earthquake 
forecast/prediction have been proposed and some of these methods may be reliable.   

Some of those might be even useful in mitigating seismic risks and reducing losses due to 
catastrophic earthquakes and associated phenomena. For a reliable earthquake claim one 
must be knowledgeable in understanding seismic effects.  
Earthquake forecast/prediction is usually defined as specifying the time, place, and 
magnitude of an anticipated event with sufficient precision that allow for actions to reduce 
loss of life and damage to property, as well as to mitigate disruption to life lines and social 
fabric. Some distinguish forecasting as prediction supplemented with probability of 
occurrence (Allen, 1976; National Research Council, 1976). In common everyday 
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language, however, “forecast” and “prediction” are synonymous to the public when they 
are referring to earthquake phenomenon, at least from a practical awareness and actionable 
viewpoint. 

Geller et al. (1997) have argued, based on the chaotic behaviour of the Earth’s crust, that 
“earthquakes cannot be predicted.” This is certainly true in the sense that the exact time, 
location, and magnitude of an earthquake cannot be predicted.  Following common 
perception many investigators usually overlook spatial modes of predictions and 
concentrate their efforts on predicting the “exact” fault segment to rupture, which is by far 
a more difficult task and might be an unsolvable problem. Being related to the rupture size 
L = L(M) of the incipient earthquake of magnitude M, such modes could be summarized in 
a classification of location of a source zone from a wider prediction ranges (Table 1). 
Moreover, The Gutenberg–Richter relationship between the number of earthquakes and 
their magnitude suggests limiting magnitude range of prediction, Mm+ = [m, m + Δm], to 
about one unit or less (i.e., Δm < 1). 

Table 1. Classification of earthquake predictions 

Temporal, in years Spatial, in source zone size L 

Long-term 10 Long-range Up to 100 L 
Intermediate-term 1 Middle-range 5-10 L
Short-term 0.01-0.1 Narrow 2-3 L
Immediate 0.001 Exact 1 L

From a viewpoint of such a classification, the earthquake prediction problem is naturally 
approached by a hierarchical, step-by-step prediction technique, which accounts for multi-
scale escalation of seismic activity to the main rupture (Keilis-Borok, 1990). Such a 
technique starts with recognition of the earthquake-prone sites for earthquakes from a 
magnitude range (e.g. M8.0+), then follows at location of selected spatial range (e.g. 
middle-range) with determination of selected temporal-term (e.g. intermediate-term) times 
of increased probability, TIPs, and, step-by-step, may come out with an exact short-term or 
immediate alert. 

Kossobokov and Shebalin (2003) illustrate the potential of hierarchical approach to 
earthquake prediction with the case-history of the October 16, 1999, MW 7.1 Hector Mine 
earthquake in southern California; in three steps, from a zero approximation of term-less 
pattern-recognition of earthquake-prone areas (Gelfand et al., 1976) to the second 
approximation prediction with a middle-range intermediate-term accuracy of 96×96-km 
square and 1.5 years using the prediction scheme of the on-going real-time testing of the 
M8-MSc algorithms (Healy et al., 1992; Kossobokov and Soloviev, 2021). In case of 
operational earthquake forecasting, on the ground of intermediate-term predictions a 
swarm of low-magnitude earthquakes, of which the largest (local magnitude 3.7) did 
happen 6 hours in advance the Hector Mine main shock, would have be recognized as an 
argument for a regional short-term warning. It should be noted that zero-approximation 
prediction in California and Nevada is statistically justified by the subsequent occurrence 
of the 16 out of 17 magnitude M6.5+ earthquakes in a narrow vicinity of the 73 D-
intersections of morphostructural lineaments recognized by Gelfand et al. (1976) as prone 
to seismic events that large. 
Figure 1 shows a high level of the spatial predictability of earthquakes. The boundaries of 
the tectonic plates are clearly defined. Seismicity is particularly intense in subduction 
zones, a broad band of seismicity extends from Southern Europe to Southeast Asia, which 
is associated with collision zones between the Eurasian plate and the African, Arabian, and 

3932 3ECEES, September 2022, Bucharest, Romania



Indian plates. The range of the annual average number of M 4.0 or larger earthquakes in 
nonempty 1°×1° cells is more than three decimal orders. 
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Fig. 1 - Global map of the average annual number of earthquakes with magnitude 4 or larger during the 
period 1964–1995 (top) and the maximum magnitude earthquake (bottom) occurred in each 1°×1° cell during 
the period 1900–1997 (after Kossobokov et al., 2000). 
 

The temporal predictability of large earthquake occurrences requires a special comment. 
No current theory of dynamics of seismic activity can answer this question. Inevitably, a 
negative statement that asserts a non-trivial limitation on predictability is merely a 
conjecture. On the other hand, forward testing of a reproducible forecasting method and, so 
far, in no other way, can unequivocally establish a certain degree of predictability of 
earthquakes. The results of the abovementioned Global test of the M8 and M8-MSc 
algorithms did confirm a positive statement on predictability of the world largest 
earthquakes at the intermediate-term scale with the middle-range accuracy of location 
(Figure 2). One may even compare the intermediate-term accuracy of earthquake 
prediction by the M8 algorithm to the next day warning of a coming hurricane, while the 
middle-range accuracy in location to shooting 8 or more points by an air pistol at the 
distance of 10 m. This kind of accuracy is proved achievable and reliable in about 30 years 
of real-time testing (Kossobokov and Soloviev, 2021). 
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Fig. 2 - The M8 algorithm “shots on target” 
magnitude M8.0+ earthquakes. The epicentre 
location (red dot) of each great earthquake in 
1992-2021 is plotted in respect to the nearest 
Circle of Investigation of 667-km radius (cyan 
outline) alerted for the half-year when it 
happened; these are scaled, according 
Dobrovolsky et al. (1979), to earthquake 
preparation zone (blue outline) of ‘strain radius’ 
ρ(8.0) = 2754 km and put on top an official target 
used for air pistol shooting from 10 m distance (5 
holes in the bullseye). So far, in the real time 
testing since 1992 18 great earthquakes including 
the two mega-thrust events (stars) were predicted 
and 3 + 4 failures-to-predict could be considered 
as near missed in forecasting location.  

Regretfully, nowadays, most of earthquake prediction claims can be characterized as 
unfounded, based on a very small, if any, sample of clearly defined evidence. Many 
forecasts are hampered from the misuse of the Error Diagram (Molchan, 1997; 2003) and 
its analogues ignoring the evident heterogeneity of earthquake distribution in space and 
time. Some of our colleagues continue to debate whether earthquake forecasting is possible 
or not due to their inability to compare given forecast/prediction method with a rate of 
success by random guessing. The problem is resolved by applying simple tools of 
Earthquake Prediction Strategies.  

2.1. Error Diagram 

In a theoretical analysis of earthquake prediction problem from the standpoint of decision 
making theory (Molchan, 1997; 2003) the optimal strategy is defined as the touching point 
of the Error Diagram, curve Γ, and the contour line of a given loss function, γ (see Figure 3 
where losses and costs are proportional to prediction failures ν and space-time volume of 
alarm μ, respectively). 

Fig. 3 - The Error Diagram: Γ curve for finding 
optimal strategies. Optimal strategy for a given 

loss function γ,  corresponds to the best choice of 
costs-and-benefits at point Q* where the γ 

contour lines (dashed lines) touch the error set for 
all possible prediction strategies based on a fixed 
limited knowledge (grey area) for the first time. 

Random guess diagonal connects the trivial 
extremes of optimistic  and pessimistic  

strategies. 

It should be noted that Error Diagram by Molchan (1997), designed from the standpoint of 
decision making theory especially for “earthquake prediction problem”, is a bit more than 
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Receiver Operating Characteristic curve (or ROC curve), originally developed for 
operators of military radar receivers starting in 1941, although the ROC curve envelope in 
the case of determining the locally optimal strategy is simply the curve 1 − ν(μ). The 
optimal prediction strategy depends on a choice of cost-benefit function and allows for 
mixed use of different strategies, as well as the antipodal one inverting a given strategy π = 
(μ, ν) into π− = (1 − μ, 1 − ν). See (Molchan, 2010) for further discussion of the prediction 
capability of data and prediction methods.  

2.2. Seismic Roulette null hypothesis  

Are the results of the prediction experiment “good” or not? A statistical conclusion about 
that could be attributed in the following general way: 

Let T and S be the total time and territory considered; At is the territory covered by the 
alarms at time t; τ × μ is a measure on T × S (we consider a direct product measure τ × μ 
reserving more general case of a time-space dependent measure ζ for future more 
sophisticated null-hypotheses); N counts the total number of earthquakes in range Mm+ 
within T × S, and n counts how many of them are predicted. The time-space occupied by 
alarms, in percentage to the total space-time considered equals  

  

where A is the union of all the alerted territories At in T × S considered. 

By common definition the statistical significance level of the prediction results equals α = 
1 − B(n − 1, N, p), where B is the cumulative binomial distribution function. The smaller is 
the significance level α, the larger is the confidence level 1− α and the higher is the 
significance of the predictions under testing. 

When testing temporal predictability of earthquakes it is natural to make the following 
choice of the product measure τ × μ: the uniform measure τ, which corresponds to the 
Poisson, random recurrence of earthquakes and the measure μ proportional to spatial 
density of epicentres. The actual, empirical distribution of earthquake locations is the best 
present day knowledge estimate of where earthquakes may occur, therefore, the measure μ 
of an area determined proportional to the number of epicentres of earthquakes from a 
sample catalogue. This empirical spatial measure of seismicity appears much more 
adequate than literal measure in km2 for estimating statistical significance of the prediction 
results; the last equalizes areas of high and low seismic activity, at the extreme, the areas 
where earthquake happen and do not happen. 

A practical recipe of using μ-measure in assessing statistical significance of an earthquake 
prediction method is as easy as i, ii, iii: (i) take a reliable sample catalogue of earthquakes 
and count how many events from it are inside the territory considered – this will be your 
denominator; (ii) at a given time of regular prediction updates, count how many events 
from the catalogue are inside the area of alarm – this will be your numerator; (iii) integrate 
the ratio over the time of prediction experiment – the result is an estimate of p to be used 
with the achieved predicted n versus total N target earthquakes in computing the 
significance of the method predictions.  
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Fig. 4 - Seismic Roulette: a traditional roulette (“little wheel”) with 38 pockets on the left is a simpler 
analogy of a seismic “wheel” on the right with about 85,000 pockets determined by the locations of M ≥ 4 

earthquakes, in 1964-1984, along with the half-a-year “bets” of the M8 and M8-MSc algorithms targeting the 
appearance of magnitude M8.0+ “balls” in July-December 2010 inside yellow circles and red polygons, 

respectively, on top the pale yellow “layout”. 

This simple recipe has a nice analogy (Figure 4) that justifies using statistical tools 
available since Blaise Pascal (1623-1662): 

Seismic Roulette: Consider a roulette wheel with as many pockets as the number of events 
in a reliable sample earthquake catalogue, a pocket for each event. Make your bet 
according to prediction: determine which events are inside area of alarm, and put 
one chip in each of the corresponding pockets. 

3. Applying simple tools of earthquake prediction strategies

Let us illustrate how Error Diagram and Seismic Roulette work for assessing efficiency of 
an earthquake forecast/prediction method with the following two examples.  

3.1. West Pacific short-term forecast of earthquakes 

So far, none of the proposed short-term precursory signals have shown sufficient evidence 
to be used as a reliable precursor of large earthquakes. For example, when testing the West 
Pacific short-term forecast of earthquakes by Jackson and Kagan (1999) against the 
earthquakes in the following 2.4-year period, the conclusion was drawn (Kossobokov, 
2006) that the underlying method is efficient for prediction of aftershocks, while it does 
not outscore Seismic Roulette random guessing of the main shocks considered. 
Specifically, Figure 5, on the left side, displays the (μ, ν)-diagrams that characterize the 
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efficiency of real-time predictions of the 229 target earthquakes arising from “the short-
term probability p” and “probability ratio p/P” forecasts. It is rather evident that the 
achieved statistics are much better than random guessing through wide ranges of μ and, 
accordingly, either of the corresponding threshold values. On the contrary, when the 
aftershocks are excluded from the set of target earthquakes, the results of the short-term 
forecast/prediction of the 159 main shocks does not reject the random Seismic Roulette 
null-hypothesis (Figure 5, on the right side).  
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Fig. 5 - West Pacific short-term forecast of the shallow magnitude MwHRV ≥ 5.8 earthquakes in April 10, 
2002 – September 13, 2004.  The percentage of failures-to-predict ν versus the percentage of alerted space-
time volume μ originated by the 229 earthquakes (left) and the 159 main shocks (right). The lower 95 and 

99% confidence limits obtained by random guessing in 218 and 159 independent identically distributed trials 
given in cyan and red, respectively. 

 
Note also that the attribute “short-term” in (Jackson and Kagan, 1999) appears rather 
misleading, because even for reasonably small values of an alerted space-time volume, 
some places can remain at “short-term” alert for years. Later Kagan and Jackson (2012) 
note that this kind of forecasting does not provide information for rapid decisions, 
however, can be efficient in operational monitoring of seismicity.  

3.2. Global testing the earthquake prediction algorithms M8 and M8-MSc 

This experiment started in July 1991 (Healy et al., 1992) being encouraged by the results 
of retrospective simulation of the algorithm M8 predictions of M7.5+ earthquakes in 1985–
1991. Since then the semi-annual up-to-date predictions are regularly sent to a group of 
internationally recognized experts (Ismail-Zadeh and Kossobokov, 2021). Since 2000 the 
experiment is aimed at predicting worldwide earthquakes from the magnitude ranges 
M8.0+ and M7.5+. The semi-annual predictions are updated as of each January 1 and July 
1 of a year for the earthquake-prone locations within a set of 262 overlapping circles of the 
667-km radius in case of targeting M8.0+ and within 180 overlapping circles of the 427-
km radius in case of targeting M7.5+.  

Figure 6 points out the achieved pairs (μ, ν) on the Error Diagrams along with the 95% and 
99% confidence level curves that outline random guessing in binomial trials. The level of 
confidence in the prediction of the target earthquakes in the Global Test of M8 and M8–
MSc predictions considerably exceeds 99% in all but one case, i.e., 93.03% confidence for 
prediction of M7.5+ events using M8–MSc in 1992–2021. The obtained statistics confirm 
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the possibility of a reliable warning of the largest earthquakes to occur within months or 
years in advance of their occurrences. 
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Fig. 6 - Error Diagrams for the M8 and M8-MSc algorithms’ strategies targeting earthquakes in magnitude 
ranges M8.0+ (on the left) and M7.5+ (on the right): M8 in 1985–2021 (1) and 1992–2021 (2); M8–MSc in 

1985–2013 (3) and 1992–2021 (4). The lower 95 and 99% confidence limits obtained by random guessing in 
30 and 98 independent identically distributed trials given in cyan and red, respectively. 

4. Discussion and Conclusions

Charles Richter, whose critical observation that “only fools and charlatans predict earthquakes” 
is often cited, wrote a one third of a page note (Richter, 1964) next to (Keylis-Borok and 
Malinovskaya, 1964) that described quantitatively an observation of general increase in 
seismic activity in advance some 20 strong earthquakes. He noted “a creditable effort to 
convert this rather indefinite and elusive phenomenon into a precisely definable one”, marked 
as important a confirmation of “the necessity of considering a very extensive region including 
the center of the approaching event”, and outlined “difficulty and some arbitrariness, as the 
authors duly point out, in selecting the area which is to be included in each individual study”.  
As can be judged after reading the most recent review (Freund et al., 2021) most, if not all, 
“low-hanging fruits” remain earthquake precursor candidates lacking the results of similar 
credible efforts, which are absolutely required to advance from challenging hindcasting to 
reliable operational forecasting of earthquake hazard ready to be used correctly by civil 
protection agencies and populations (Mignan et al., 2021). 

In an earlier review of the state of knowledge in the field, the International Commission on 
Earthquake Forecasting for Civil Protection (Jordan et al., 2011) acknowledge the 
deterministic pattern recognition approach exemplified by the Global Test of M8 and M8-MSc 
predictions as reliably efficient at intermediate-term middle-range scale of a few years and an 
area of few target earthquake source dimensions in diameter. 

The poor performance of a real-time forecasts of tomorrow's earthquakes in California 
earthquake based on short-term earthquake probability (STEP) model by Gerstenberger et al. 
(2005) could have been anticipated before starting up the US Geological Survey site and 
solicited publication in Nature. Kossobokov (2005) based on the 15 years of seismic record 
statistics given in (Gerstenberger et al. 2005) presented a half-page proof that suggests 
rejecting with confidence above 97% "the generic California clustering model" used in 
calculation of forecasts of expected ground shaking for tomorrow. The poor performance of 
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STEP was eventually confirmed (Kossobokov, 2008) and the website “… was subsequently 
removed because of coding problems” (Cartlidge, 2014). 
Recently Zhang et al. (2021) applied Error Diagram weighted by an analogue of Seismic 
Roulette μ-measure to prove that the correspondence between earthquakes and thermal 
infrared (TIR) anomalies is absent because the claims of such are based on a uniform 
distribution of epicentres inadequate for an appropriate measure of the alerted space-time 
volume.   

One could not argue that operational earthquake forecast/prediction research requires from a 
scientist a keen feeling of responsibility and rigid control of all claims and conclusions 
(Kossobokov et al., 2015). This responsibility requires as well the high standard of statistical 
analysis. It is well-known that improper use of statistical tools may lead to wrong, although 
user desirable, inferences. This was often reminded to us by Andrei N. Kolmogorov (1903-
1987), the famous Russian mathematician known for Probability theory, Topology, 
Intuitionistic logic, Turbulence and many other studies, who modified for this purpose a 
famous quotation attributed to Benjamin Disraeli (1804-1881): "There are three kinds of lies: 
lies, damned lies, and political statistics." 
It would be also wrong to regard statistics as a tool for exercises in numerology by counting 
"descriptive" parameters. The problem of widespread scientific crisis lies in misuse of statistics 
beyond the possibilities of its application in many disciplines due to superficial education, lots 
of mechanical application of available software, and editorial policy of scientific journals 
(Stark, 2018; Stark and Saltelli, 2018).  

Nevertheless, Seismic Roulette is not perfect! Therefore, seismic hazard assessment and 
earthquake prediction claims can be useful for reducing future impacts from disastrous 
earthquakes, if reliable, but not necessarily perfect.  
Seismic Roulette is a game of chance (Figure 7).  Disastrous earthquakes are low-probability 
events locally; however, in any of the earthquake-prone areas worldwide, they reoccur with 
certainty, i.e., with 100% probability sooner or later. Nature spins the “wheel” and throws the 
earthquake “balls”... we can win the game, if we take a chance to play systematically. 
 

 
 

Fig. 7 - Nature spins the “wheel”... 
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Abstract: The seismicity space-time evolution in a well-focused area in NE Italy is investigated by a 

multi-parametric approach. The study area is characterized by a complex tectonic pattern resulting 

from the interference of differently oriented fault systems and involving mechanically heterogeneous 

rocks. From 2018 to 2019, the area experienced a significant increase and clustering of radiated 

seismic energy. The evolution of seismicity is analysed through the temporal variation of the Shannon 

entropy, b-value, fractal dimension, nearest neighbour distance, and changing the orientation of the 

planes inferred from Principal Component Analysis (PCA). Two distinct temporal phases are 

recognized, characterized by a different orientation of planes and fracture propagation. The two 

phases correspond to the changes in the seismic activity, highlighted by the variations of the entropy, 

b-value, fractal dimension, and nearest neighbour distance. The observed space-temporal variation in

seismicity is interpreted within the frame of damage evolution since the most energetic events are

located in correspondence with the sharp transition zones of low- to intermediate- damage.

Keywords: Seismicity, multi-parametric analysis, NE Italy, damage evolution 

1. Introduction

The spatial and temporal pattern of the seismicity in north-eastern Italy is rather complex; 

it does not display evident trends, and most of the spatial patterns of seismicity cannot be 

resolved on well-defined fault planes. For these reasons, we propose a multi-parametric 

approach to quantitatively describe the seismicity evolution in time and space, and to 

distinguish different phases of the process (Bressan et al., 2021). 

In order to investigate the changes in the temporal patterns of seismicity, we considered 

five different parameters. First, we analysed the spatio-temporal evolution of the Shannon 

entropy, which quantifies an earthquake population's level of organization or disorder 

(Telesca et al., 2004). We also included the changes with time of the classical estimates of 

b-value from the GR Law (Gutenberg and Richter, 1944), which capture the balance

between small and large magnitude events, and the temporal variation of the fractal

dimension of hypocentres, which characterizes the evolution of the spatial seismicity

pattern. In addition, we analysed the “Nearest- Neighbour” distance by Baiesi and Paczuski

(2004) as a measure of the correlation between earthquakes, which can also be used to

characterize the clustering properties of seismicity (Zaliapin and Ben-Zion, 2013). Finally,

we also investigated the seismicity evolution by inferring the planes' orientation fitting the

earthquake foci with the principal component analysis (PCA) (Rossi and Ebblin, 1990;

Bressan et al. 2018).

We focused on an area located in NE Italy, where the maximum interference pattern 

between the NW-SE oriented Dinaric overthrusts and the E-W oriented Alpine thrusts 

takes place. Three main tectonic phases characterized the area. The Mesoalpine (Dinaric) 
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NE-SW compressional stage, the Neo-Alpine (Insubric) NNE-SSW compressional phase, 

and the Valsuganese NNW-SSE compressions phase (Ponton, 2010). The first stage 

generated folds and thrusts with south-westward vergence. The second phase displaced the 

former Dinaric thrusts and partially reactivated and counterclockwise rotated their fronts. 

The last step generated the WSW-ENE-oriented thrusts and backthrusts. The inversion of 

the focal mechanisms evidences a transpressive stress regime for the stress field in the 

area. The comparison between the stress and strain tensors shows planes of mechanical 

weakness, variously oriented, often not favourably with respect to the principal axes of 

stress, suggesting a heterogeneous crustal strength. This area is characterized by a 

relatively high seismic hazard and experienced several destructive earthquakes in the past. 

The most severe occurred in 1700 (I0=VIII-IX MCS on the Mercalli-Cancani-Sieberg 

scale, Mw=5.7), 1788 (I0=IX, Mw=5.2), 1928(I0=IX, Mw=6.0), 1959(I0=VII-VIII, Mw= 

5.2) (Rovida et al., 2016).  

For the purpose of our analysis, we considered a data set of 1493 earthquakes that occurred 

from 2015 to March 2020, with coda-duration magnitude MD ranging from 0.4 to 4.0. The 

earthquakes were relocated based on the 3D P-wave and S-wave velocity models. The 

averages of the standard errors relative to the hypocentral coordinates are 0.07 km for x 

and y coordinates and 0.23 km for depth. Four events with magnitude larger than 3.7 

occurred in the analysed time interval: MD=3.8 on 19 January 2018; MD=3.9 on 11 August 

2018; MD=4.0 on 14 June 2019 and MD=3.8 on 22 September 2019 (referred as E1, E2, E3 

and E4 in Fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 – Simplified tectonic and geological sketch of the study area. The small black square indicates the 

central cell of the grid, including the clustering of most radiated seismic energy, where Shannon entropy was 

computed. Light green diamonds: background seismicity from 2015 to March 2020. The values of magnitude 

are given in coda-duration magnitude MD. Fuchsia diamonds: earthquakes pertaining to the January 19 2018 

MD 3.8 (E1) sequence. Blue diamonds: earthquakes of the August 11 2018 MD 3.9 (E2) sequence. Green 

diamonds: earthquakes of the June 14 2019 MD 4.0 (E3) sequence. Red diamonds: earthquakes pertaining to 

the September 22 2019 MD 3.8 (E4) sequence. The blue line indicates the trace of the section along which the 

PCA analysis of Fig.3 is done. 

B 

A 

39433ECEES, September 2022, Bucharest, Romania



2. Methods

As a first step, we considered the damage pattern along a section containing the main

recorded events. The damage D was calculated using the scalar relation between the

effective shear modulus Geff of reference material and the shear modulus of damaged

materials GD. The effective shear modulus of the reference material Geff was obtained from

laboratory measurements on the most representative lithologies of the Friuli upper crust. In

contrast, the shear modulus of the damaged rocks GD was obtained from the 3D sequential

integrated inversion of tomographic images and gravity data.

Secondly, we considered the temporal variations of entropy, b-value, fractal dimension, 

and nearest-neighbour distance parameters. We calculated the Shannon entropy h 

(Shannon, 1948) from the variation of the radiated seismic energy. The area was 

subdivided into a 3D regular grid of 50 cells, each 10x10x10 km, with the central part of 

the grid including the clusters of most radiated seismic energy. The Shannon entropy was 

normalized to obtain an index h in the range [0;1], to compare time intervals with different 

radiated seismic energy. The lowest level of predictability of a system occurs when the 

normalized Shannon entropy is h = 1 (corresponding to a uniform distribution of the 

energy over the grid cells) since all the states are equiprobable. The normalized Shannon 

entropy decreases with increasing order, and the system has the highest predictability when 

h = 0 (i.e., when the radiated seismic energy is concentrated within a single cell). To 

capture the system time evolution, we performed the analysis by sliding a temporal 

window of size N = 30 events, with the shift of one event, as done in previous analyses 

(Bressan et al., 2017) and confirmed on tests for the fractal dimension analysis. 

In order to investigate the changes of b-value as a function of time, the parameter b was 

computed within sliding time windows of variable duration, containing a fixed number N = 

30 earthquakes, and shifted by one earthquake. Such a number of events allowed us 

obtaining sufficiently stable temporal patterns while avoiding undue smoothing and loss of 

details related to larger values of N. The b-value was estimated by the maximum likelihood 

technique, based on the mean magnitude of all the earthquakes with magnitude M ≥ Mmin = 

Mc = 1.0 (Aki, 1965). 

The fractal analysis of a seismic catalogue enables quantifying the characteristics of the 

spatial distribution of hypocentres, e.g., their clustering. The non-integer values of the 

fractal dimension Dc can be interpreted in relation to the Euclidean dimensions describing 

a point (0), a line (1), a plane (2), and a sphere (3). Values close to zero indicate a high 

level of clustering around a point. In contrast, increasing values indicate the tendency to a 

linear or planar distribution or even to fill an entire volume (Mandelbrot, 1977). We chose 

the fixed-size Correlation Integral method (Mandelbrot, 1977; Grassberger, 1983) to 

calculate the fractal dimension of the spatial distribution of the seismic events. Compared 

with the other methods, it is less sensitive to data number and shape of the point spatial 

distribution than other methods and, hence, suitable for analysing small datasets or limited 

regions. 

We also examined the temporal variability of earthquake clustering properties within the 

study area based on a generalized definition of distances between pairs of events in the 

time-space–magnitude domain, namely, the Nearest-Neighbours distance η introduced by 

Baiesi and Paczuski (2004). According to Baiesi and Paczuski (2004), ηij provides a metric 

to quantify the correlation between any two earthquakes.  

As the last step, we considered the spatial variations of seismicity as described by the 

principal component analysis (PCA). We used the multidimensional approach introduced 
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by Rossi and Ebblin (1990). Time adds to the spatial coordinates in the construction of the 

4D-correlation matrix, which can be interpreted as a hyper-ellipsoid. The hyper-ellipsoid 

spatial axes projection onto a 3D space depicts the best-fit plane orientation, as for the 3D 

case. The minimum axis is again normal to the plane that best fits the spatial distribution of 

the hypocentres, whereas the other two axes indicate the extent of the volume interested by 

the aftershocks. The fourth axis projection onto space indicates the propagation direction 

and can be used to infer the relationships between the various planes that activate in time. 

 

 

Fig. 2 – Temporal variations of: a) Shannon entropy, b) b-value, c) fractal dimension, and d) Nearest-

neighbour distances ηij. The four main earthquakes, E1, E2, E3, and E4 are marked by stars with the 

corresponding magnitudes. For details about parameters computation, see Bressan et al. (2021). 

3. Results 

The damage pattern is characterized by high heterogeneity and spots with sharp variations, 

attributed to the alternation of high-stiffness rocks and lower-stiffness rocks caused by 

overthrusting. Notably, the seismic events, particularly those with the highest energy 

release, appear located principally in correspondence of the sharp transition from zones of 

low damage to zones of intermediate damage. 

b) 

c) 

d) 
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Fig. 3 - a) distribution of the epicentres of the events with MDC=1 of the declustered catalogue, in the region 

10 km wide, centred on section A-B of Fig. 1. b) PCA solution for a window of 30 events for the 0<z<10 km 

data set 2015-2017; c) PCA solution for a window of 30 events for the 0<z<10 km data set: 2017-2020; d) 

PCA solution for a window of 30 events for the z>10 km data set 2015-1/03/2020. Yellow square: Maximum 

spatial axis; green triangle: intermediate spatial axis; blue diamond: minimum space axis; red dot: time axis 

projection on the space volume (from Bressan et al., 2021, modified). 

The Shannon entropy (Fig. 2a) oscillates around the value of 0.7, with minor temporary 

local decreases between July 2015 and July 2017, associated with higher seismic radiated 

energy clusters. From January 2018 to January 2020, we observe marked decreases 

corresponding to the mainshocks (E1, E2, E3, E4) and related aftershocks. Soon after the 

event E4, the entropy h recovered the value of 0.7. 

The b-value (Fig. 2b) displays an increasing trend from b = 0.7–0.8 to about b = 1.0, from 

2015 to around mid-2017. A decrease in the b-value can be observed just before the 

mainshocks. After the event E4, the b-value returns to the lowest values obtained since 

2015. 

The spatial fractal dimension (Fig. 2c) sharply decreased starting in August 2015, reaching 

values as low as 0.25, and then recovered values close to 1 in December 2015. Since the 

beginning of 2016 and until the end of 2017, the fractal dimension slightly oscillates 

around 1. The occurrence of the mainshocks is marked by fractal dimension decrease, even 

though in the period 2016-2018, sharp decreases were not followed by significant events. 

The temporal variations of the nearest neighbour distances η (Fig.2d) show that the most 

energetic events, E2 and E3, are associated with a relative minimum of their running 

average value. As a rule, the η distance values keep relatively low after major events, due 
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to the presence of several possible aftershocks, which are highly correlated. However, we 

observe that within several months (i.e., 5–10 months), the average distance η recovered 

values similar to those preceding the main events. Hence, such earthquakes did not cause 

substantial long-term changes in the investigated system, which progressively recovered its 

earlier state after the primary sequences induced by the E2 and E3 events.  

The PCA analysis was performed considering time-successive groups of seismic 

hypocentres by sliding a time window of fixed earthquake number along the events time 

series. We divided the area into three spatial windows (Fig. 3): about 10 km in longitude 

and 6.7 km in latitude. The southern zone (zone 1) is centred on the E2 event, the second 

(zone 2) hosts E1 and E3, and the third (zone 3) hosts E4. The PCA solutions (Fig. 3) 

reveal mostly vertical and sub-vertical planes that fit the seismicity, changing orientation 

from south to north. The fracture propagates within the fracturing plane in the southern 

part (zone 1), with the activation of parallel planes in the central part (zone 2) and along 

weakness lines in the northern part (zone 3). The orientation of the planes inferred from 

PCA analysis differs from the orientation of the major faults recognized in the area (Fig. 

1), although NNE-SSW and E-W trends have been recognized in the considered region. 

The best-fit planes derived from PCA analysis and the fault plane solutions of the 

mainshocks show a weak similarity overall in the dip.  

4. Conclusions  

This study supports the concept that the time evolution of the seismicity has to be 

considered within the context of damage and localization of deformations, depending on 

the coupling between applied remote tectonic stress and the mechanical rock 

heterogeneities.  

Two distinct periods of the temporal evolution of seismicity could be identified, as 

revealed by the b-value and the fractal dimension, which show relevant fluctuations since 

the beginning of 2017. The temporal variation of the b-value can be related to crustal stress 

changes in a medium characterized by different mechanical properties. The fractal 

dimension time evolution indicates a prevailing clustering of the earthquakes with a 

tendency to propagate linearly. The temporal variations of the Shannon entropy and η 

quantify the evolving organization and correlation of seismicity within an area. 

The spatial distribution of seismicity is not uniform, but local clusters characterize it, as 

revealed by the fractal analysis and planes changing orientation with time, detected with 

the PCA method. Therefore, the stress concentrations and the localization of seismicity 

appear to be controlled by the geometric interaction between faults and by sharp variations 

of rock mechanical characters. Although performed in a limited area, the adopted 

procedures and the resulting observations can be applied to other areas of complex 

tectonics to investigate the time-evolution of the seismicity and the damage. 
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Abstract: We investigate spatio-temporal variations of earthquake productivity in subduction zones 

of Kamchatka, Kuril Islands and Japan. In a time-space volume we characterize earthquake 

productivity by variation of clustering factor, which is defined as an average of ∆M-productivity. 

∆M-productivity is a parameter assigned to each earthquake and it is defined as a number of 

“offsprings” calculated in a magnitude band M ≥ Mm - ∆M, where M is a magnitude of the 

“offspring”, Mm  is a magnitude of the “parent”, ∆M – constant. “Parents” and “offsprings” are found 

using nearest-neighbors method. We observe that areas of increased clustering factor in a time scale 
of ten years are connected to epicentres of large earthquakes, for example, Yuzhno Ozernovskoe 

(M6.6 29.03.2017), Blizhne Aleutskoe (M7.8 17.07.2017), Shikotan (M8.1 04.10.1994), Tokachi 

Oki (M8.3 25.09.2003), Tohoku (M9.1 11.03.2011) earthquakes. We select the areas of the increased 

∆M-productivity and study the changes of the clustering factor prior to and after strong earthquakes. 

We observe significant peaks of the clustering factor proceeding large earthquake.  

Keywords: Productivity, proximity function, clustering, nearest neighbour method. 

1. Introduction

Earthquake productivity, the number of events in clusters of seismic events, i.e. 

aftershocks, foreshocks, swarms, varies greatly from case to case and in space and time 

[Marsan, Helmstetter, 2017]. It may depend on depth [Shebalin et al., 2020], on the degree 

of coupling of lithospheric plates [Hainzl et al., 2019], on the heat flow [Zaliapin, Ben-

Zion, 2016]. Increasing earthquake productivity may also be treated as “bursts of 

aftershocks” known as long-term precursors of large earthquakes [Keilis-Borok et al., 

1980]. Here we come back to this idea using recent findings. The nearest-neighbor method 

applied to aftershocks [Zaliapin et al., 2008] gives a simple solution to define “direct 

aftershocks” and to construct a hierarchic tree of pairs “triggering event” – “triggered 

event”, or “parent” – “offspring”. In this tree, each earthquake may have several offsprings 

(zero including) and only one parent (if any). In this scheme, the productivity is the 

number of the offsprings. Shebalin et al. [2020] considered only direct offsprings “delta-

analysis”, when the number of triggered events is calculated in a fixed magnitude range 

relative to the magnitude of the triggering earthquake (∆M-productivity). They have shown 

that ∆M-productivity obeys a geometric distribution and little depends on the magnitude 

and hierarchy level. This makes meaningful the procedure of the averaging the ∆M-

productivity over some spatio-temporal volumes. Here we study the relationship of strong 

earthquakes with variations in ∆M-productivity in space and time. 

2. Methods of solving the problem
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The nearest-neighbor method is used [Zaliapin et al., 2008; Zaliapin, BenZion, 2013], 

which allows us to unambiguously define whether two earthquakes are related to each 

other. In the space-time-magnitude, a measure of the relationship between earthquakes is 

introduced [Baiesi, Paczuski, 2004], called the proximity function 

𝜼𝟏𝟐 =  {
𝒕𝟏𝟐(𝒓𝟏𝟐)𝒅𝒇𝟏𝟎−𝒃𝒎𝟏 ,   𝒕𝟏𝟐 > 𝟎

+∞,   𝒕𝟏𝟐 ≤ 𝟎
 (1) 

𝒕𝟏𝟐 – time between earthquakes, 𝒓𝟏𝟐 – distance, 𝒎𝟏 – magnitude of the first earthquake, 

𝒅𝒇 – fractal dimension, b – b-value of the Gutenberg-Richter law. 

For each event, we are looking for its “parent”, that is, the earthquake closest to it (closest 

in the metric η), the “distance” η between which does not exceed the threshold η0. The 

method we used for determining the threshold η0 is described in [Shebalin et al., 2020]. A 

distribution of the values of the proximity function for the nearest neighbours is 

constructed (grey line in Fig.1). Then we suppose that right part of the distribution may be 

approximated by the distribution of nearest neighbour distances in a randomised catalog. 

We make a rough declustering of the catalog choosing a preliminary threshold at 

approximately a half of the maximal value of the distribution. Then we shuffle the times in 

the remaining earthquake catalog and build the distribution of distances to the nearest 

neighbor. Then this distribution with a matching coefficient (blue curve in fig. 1) is 

subtracted from the original distribution. The difference is taken as a distribution for 

clustered events (red curve in fig. 1). The threshold η0 equalizes the fractions of 

incorrectly defined related and independent events. 

Fig. 1 – Probability and cumulative density distribution.  

Grey curve – original distribution, blue – random, red – clustered, dashed – 1-clustered. 

As a result, each earthquake has a nonnegative number (>=0) of offsprings. A hierarchical 

structure arises (fig. 2).  
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Fig. 2 - Hierarchical structure of earthquakes. 

The productivity of an earthquake is the number of its offsprings. When calculating 

productivity, only direct offsprings are taken into account, that is, only from the next level 

of the hierarchy. For example, in Figure 2, an event at the first level of the hierarchy has a 

productivity equal to 1, and an event at the second level of the hierarchy has a productivity 

equal to 2. ∆M-productivity is the number of offsprings satisfying the inequality of the 

Moffspring ≥ Mparent - ∆M, and the Mparent - ∆M ≥ Mc, where Mc is the completeness 

magnitude. The relative magnitude threshold ∆M is constant. ∆M-productivity little 

depends on the hierarchy level and on magnitude [Shebalin et al., 2020], which allows for 

the procedure of its averaging over selected spatiotemporal regions. We construct maps 

and graphs of the dependence on time of average ∆M-productivity.  

Maps are constructed using the GMT software by calculating, on a uniform grid with a step 

of 0.1° in latitude and longitude, the average ∆M-productivity for all earthquakes in a 

selected time interval located inside a circle with a radius of 50 kilometers centered at the 

grid node. Graphs of the dependence of the average ∆M-productivity on time are 

constructed as follows: we select on the maps the areas (circles) of increased ∆M-

productivity (dark circles). Then within those circles we calculate the average over 10-year 

intervals with a 0.5-year increments. The time axis coordinate of each point corresponds to 

the end of the ten-year averaging interval. 

3. Results  

A set of large earthquakes have occurred in 2017-2021 near Kamchatka, Komandor 

Islands, and western part of Aleutian Islands. We constructed a map of the average ∆M-

productivity in a 10-years interval 1.1.2007-1.1.2017 based on the catalog of the 

Kamchatka branch of the Russian Geophysical Survey (Fig. 3), Mc=3.5. The Yuzhno 

Ozernovskoe (M6.6 29.03.2017) and The Angle lift earthquake (M7.3 20.12.2018) can be 

associated to the areas of the increased average ∆M-productivity. Data of the catalog used 

is not sufficient to construct a similar map for the area of the Blizhne Aleutskoe (M7.7 

17.07.2017) earthquakes. Instead we used the ComCat ANSS global earthquake catalog, 
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Mc=4.5 (Fig. 4). Again, the Angle lift earthquake (M7.3 20.12.2018) has the epicenter 

within the area of the sharp increase of the average ∆M-productivity, and the Blizhne 

Aleutskoe (M7.7 17.07.2017) also occurred in a high ∆M-productivity zone. 

Fig. 3 - Map of the average ∆M-productivity of Kamchatka (2007 - 2017, regional catalog), ∆M=1, Mc=3.5. 

Fig. 4 - Map of the average ∆M-productivity of Kamchatka (2007 - 2017, ANSS ComCat catalog), ∆M=1, 

Mc=4.5. 
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We constructed a similar map for Japan, using ANSS ComCat catalog (Fig. 5) for the 

period 1.1.2001-1.1.2011 in order to study the pattern prior to the Tohoku (M9.1 

11.3.2011) earthquake. Notably, all earthquakes of magnitude 7 and above, including 

Tohoku earthquake, can be associated to zones of large ∆M-productivity. 

 

 
Fig. 5 - Map of average ∆M-productivity of Japan (2001 - 2011, ANSS ComCat catalog), ∆M=1, Mc=4.7. 

 

Studies of the temporal variation of the ∆M-productivity in the areas of its high values 

associated to large earthquakes (Fig. 6-9) demonstrate peaks of the 10-years average 

preceding times of the large earthquakes. The results obtained should be considered 

preliminary. An additional thorough analysis of the stability of the results to parameter 

variations is required, as well as the study of areas of strong earthquakes in other regions. 
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Fig. 6 - Plots of the dependence of average ∆M-productivity on time near Yuzhno Ozernovskoe (M6.6 

29.03.2017) and Blizhne Aleutskoe (M7.8 17.07.2017) earthquakes, ANSS ComCat catalog, ∆M = 1, 

Mc=4.5. 

Fig. 7 - Plot of the dependence of the average ∆M-productivity on the time near the Shikotan earthquake 

(M8.1 04.10.1994), ∆M = 1, Mc=4.7. 
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Fig. 8 - Plot of the dependence of the average ∆M-productivity on the time near the Tokachi Oki earthquake 

(M8.3 25.09.2003), ∆M = 1, Mc=4.7 

 

 

Fig. 9 - Plot of the dependence of the average ∆M-productivity on the time near the Tohoku earthquake 

(M9.1 11.03.2011), ∆M = 1, Mc=4.7 
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It is worth noting that there are areas of increased productivity on the maps that are not 

followed by strong earthquakes. There are also peaks on the graphs that are not associated 

with strong earthquakes. This suggests that a methodology should be developed to 

determine whether these signals should be considered precursors of strong earthquakes. 

This is the main task that we plan to solve in the course of our further research. 
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Abstract: An intense period of volcano-tectonic unrest in the Reykjanes Peninsula Oblique Rift 
(RPOR) zone in Southwest Iceland commenced on 24/02/2021 with a 𝑀!5.64 earthquake in the 
central part of the Peninsula, followed by a drastic increase in seismic activity over the western-
central RPOR and clear deformation signals associated with a dike intrusion. The sequence that 
saw six NS-striking earthquakes of  𝑀!5 and larger along the ∼10 km long NE-SW striking dike 
intrusion culminated on 19/3/2021 in an eruption in Mt. Fagradalsfjall near the centre of the dike. 
Thereafter, magnitudes and intensity decreased along with generally ceasing seismicity. The 
movement of the magma front repeatedly caused remarkable accelerations of seismicity with 
increases in the frequency of phase detections, known to reduce the sensitivity and reliability of 
real-time hypocenter location estimates of regional networks. This  potentially had practical 
implications due to the proximity of the unrest to the capital region of Reykjavik (15-25 km NE) 
and the town of Grindavik (6 km SW). Therefore, both the improved seismic monitoring of the 
advancing magma front was essential to cope with the high seismicity as well as mapping the 
spatial differences in ground motion amplitudes inside the closest town of Grindavik, 6 km SW 
of the volcanic eruption. We therefore set up a new seismic and strong-motion array consisting 
of 6 stations in Grindavik (on 12 March 2021) that streamed data in real-time to a local SeisComP 
server. Calibration of the array processing involved tuning Gempa’s interactive and automatic 
LAMBDA and AUTOLAMBDA modules applying the Progressive Multi Channel Correlation 
and FK-analysis methods. We calculated back-azimuth and slowness values for known 
earthquakes and compared them with official permanent network locations. For most events, the 
back-azimuths deviate by less than 10° and on average, the distribution of residuals is Gaussian. 
The ground motions in Grindavik itself show resonance at 3 Hz, typical of lava-layers in the 
region. In addition, a new seismic array was deployed on 23 March 202 in the mountains about 6 
km E of the dike intrusion, improving hypocentral locations of small events and tracking the 
magma migration in the sub-surface. 

Keywords: SeisComP, TURNkey, RISE, dike, detection, backazimuth 

1 Introduction 

Iceland is the most seismically active region in northern Europe. It is situated in the North 
Atlantic Ocean where the Icelandic Hotspot, a broad, localized upwelling of magma from deep 
within the mantle, elevates the seafloor so that it is partly exposed and forms land (see Figure 
1). The Icelandic Hotspot drives the volcanism and seismicity of Iceland along with the Mid-
Atlantic Ridge, a plate margin of active tectonic horizontal extension that runs along the entire 
length of the Atlantic Ocean between the Arctics and approaches Iceland from the southwest 
and central north. The presence of the Icelandic Hotspot, the centre of which is located 
approximately under the northwest part of the largest glacier in Iceland, causes an eastward 
ridge-jump on land in Iceland. As a result, two fracture zones characterized by transform motion 
have formed in the South and North of Iceland, respectively. These zones are the South Iceland 
Seismic Zone (SISZ) and Reykjanes Peninsula Oblique Rift in Southwest Iceland (RPOR), and 
the Tjörnes Fracture Zone (TFZ) in Northern Iceland (Fig. 1). The potential for large destructive 
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earthquakes is largest in these zones as confirmed by historical annals spanning 1000 years 
(Einarsson 1991, 2008, 2014). 

Fig. 1 - Map of Iceland’s topography and bathymetry, outlining the transform fault systems of Iceland, the 
SISZ+RPOR in the South, and the TFZ in the North. 

The SISZ and RPOR take up the transform motion of the eastward jump of the Mid-Atlantic 
Ridge in southwest Iceland. Instead of a sinistral transform fault system in the SISZ,  parallel 
to the direction of the zone, a „bookshelf“ faulting system of near vertical dextral strike-slip 
faults takes up the transform motion (Einarsson 1991, 2008, 2014; Steigerwald et al. 2020) (Fig. 
1). 
The volcano-tectonic earthquakes in the three volcanic systems of the RPOR are assumed to 
have a minimum contributing role to the seismic risk in the region. Moreover, volcanic 
seismicity has been shown to occur episodically and to be associated with active tectonic 
extensions along the SW-NE oriented fissure swarms of the volcanic systems. The time period 
between such episodes is believed to be about 600 to 800 years, with each of the four volcanic 
systems being activated one by one, with the period between volcanic episodes of each single 
system being about 900-1100 years. The active periods can last many decades with intervals of 
quiescence in-between (Sæmundsson et al. 2020). 
Thus, in between such volcanic episodes the release of tectonic deformation is taken up by 
transform motion on the bookshelf system. Recently, the bookshelf system long known to be 
the origin of strong earthquakes in the SISZ has been shown to be continuous across the Hengill 
Triple Junction and along the RPOR (Steigerwald et al. 2020, and references therein). The 
system is characterized by an array of parallel north-south near vertical dextral strike-slip faults. 
The distance between the faults is assumed to be of the order of ∼1-5 km. There is however 
evidence that the distances between faults decrease towards the west of the RPOR, even down 
to a few hundred meters (Einarsson 2014; Einarsson et al. 2020). 
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Fig. 2 - The seismicity in the RPOR during 24/2-05/4/2021 (blue dots) with epicentral locations of 𝑀!5 and 
larger earthquakes as orange circles. The colour scheme shows the spatial clustering and the Fagradalsfjall 

eruption site is shown with a star. The small, inserted maps indicate the locations of the ICEARRAY3 (left), the 
strong-motion and seismic array in the town of Grindavik, and the seismic REYKJARRAY at Núpshlídarháls, 

east of the dike intrusion.  

2 The 2021 volcano-tectonic unrest on Reykjanes Peninsula 

A series of unusual volcano-tectonic events took place in the Reykjanes Peninsula almost 
continuously from December 2019, culminating in a volcanic eruption in Fagradalsfjall on 19 
March 2021 that lasted for 6 months. Over 5000 earthquakes of M2 or larger were detected by 
the National seismic network (SIL) of the Icelandic Meteorological Office, six of which were 
moderate i.e., 𝑀!5-5.64. They took place on the bookshelf fault system on near-vertical S-N 
striking fault planes. The earthquake sequence commenced with the largest of these 
earthquakes, the 𝑀!5.64 earthquake that took place in Fagradalsfjall on 24/02/2021 and was 
immediately followed by a drastic increase in seismic activity in the western-central RPOR as 
shown in Fig. 2. The seismicity was primarily concentrated on an approximately 10 km long 
SW-NE lineament in between the Reykjanes-Svartsengi and Krýsuvík volcanic systems. More 
notably, the moderate size earthquakes were all, apart from two, located at or near the dike 
lineament. The last moderate event recorded during the sequence was the 𝑀!5.33 earthquake 
that occurred on 14 March 2021, 2,5 km off the SW end of the lineament.  
Since the onset of the seismic sequence a clear deformation signal had been recorded by the 
GNSS instruments in the region. The signal was characterized by horizontal motions towards 
the SE  East of the lineament and towards the NW West of the lineament, clearly indicating a 
vertical dike intrusion along a NE-SW extensional fissure illuminated by the seismicity. The 
seismicity, followed by the deformation signature, started near the central part of the lineament, 
and from there propagated towards NE for a few days and then migrated from the centre towards 
the SW. The sequence then culminated in a volcanic eruption on 19/2/2021 at Fagradalsfjall, 
an extremely rare extensional event as the last eruption in this location was 6000 years ago. The 
commencement of the eruption had a drastic effect on the seismicity, as it effectively marked 
the cessation of the occurrence of earthquakes larger than M3 over the next few months along 
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with the intensity of the sequence, as only roughly 200 earthquakes of M2 or larger were 
recorded in the region during the six months that the eruption lasted. 

3 The seismic REYKJARRAY in Reykjanes Peninsula 

The seismic REYKJARRAY was deployed on 23 March, 2021 in the Núpshlídarháls 
hyaloclastite mountain ridge, centred approximately 6 km E of the centre of the dike, and as 
Fig. 2 shows, approximately at right-angles to the seismicity. The array consists of one central 
and seven peripheral stations in a classic circular design with an aperture of 600 m and smallest 
inter-station distance of 260 m. Each station consists of a three-component Lennartz LE-3D/5s 
seismometer (5 s eigen period) and a REFTEK 130-01 recorder, collecting data at a rate of 100 
Hz with high gain. The circular design of the array ensures equal hypocentral location capability 
in all directions and the aperture and interstation distance is optimized to resolve the range of 
phase velocities and frequencies expected in the P and S body waves radiating from crustal 
microearthquakes at small distances. The configuration is expected to enable high precision 
tracking of magma migration in the crust and to provide greater insight into the spatio-temporal 
behaviour of dike propagation during magmatic intrusions.  
The instruments were obtained from the Icelandic seismic instrument bank LOKI at the 
Icelandic Meteorological Office and deployed as part of the H2020 EUROVOLC and RISE 
projects. The stations were powered by solar panels with battery backup and recorded data in-
situ, so the data were not available for real-time monitoring of seismicity. When the data were 
downloaded three months later, it was found that some of the recorders had not been able to 
operate in the cold Icelandic conditions (≤ 9°C). After replacing the faulty recorders, the array 
was operational and is still operating. The data processing and analyses are currently ongoing. 

Fig. 2 – The epicentral locations of the seismic sequence from 24/2-21/3/2021 in Reykjanes, along with the 
station locations of the REYKJARRAY seismic array (red triangles). The eruption site is designated by a star. 
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4 The ICEARRAY3 strong-motion array in Grindavik, Southwest Iceland 

In addition to the regional SIL seismic network, the intense seismic sequence was well recorded 
by a new regional strong-motion network deployed as a part of the TURNkey H2020 project 
(Meslem et al. 2021). In the vicinity of the sequence the new network consists of 9 Raspberry 
Shake 4D three-component accelerographs with a range of 2g along with a single-component 
vertical 4.5 Hz geophone, along with the digitizers, the hyper dampers, and the computer into 
a single box. The RS4D has been shown to be an excellent all-in-one solution improving ground 
motion monitoring complementary to an existing sensor network. With the geophone it is 
optimized for earthquake early warning applications (Anthony et al. 2019). In Iceland, we take 
advantage of the continuous real-time streaming capabilities that the extensive coverage of the 
4G mobile network allows. Moreover, in the TURNkey project the implementation of the new 
Common Acquisition Protocol Server (CAPS) module has reduced the required bandwidth by 
a factor of 5. In addition, a new TURNkey GNSS instrument has been developed by 
YetItMoves! in collaboration with Gempa. The development has seen the RS4D being upgraded 
to the „TURNkey multisensor unit“ where other monitoring sensors for any geophysical 
markers (in this case, GNSS) can be connected to the RS4D with the new CAPS server marrying 
the datastreams into a consistent format and using the communication protocol of the RS4D for 
the collocated data streams. The data is streamed to a local SeisComP system and forwarded to 
a centralized cloud-based system for the development of the TURNkey platform.  
During 11-12 March 2021 an additional six-station urban array, referred to as ICEARRAY3, 
was deployed in the town of Grindavik, approximately 10 km away from the eventual eruption 
site, for the purpose of using correlation analysis on seismic signals to provide additional 
information on the real-time location of the front of the dike intrusion as it advanced to the SW, 
edging closer to the town that is located 6 km WSW of the southern end of the intrusion. 
Namely, as the lateral movement of the magma front repeatedly caused a marked increase in 
the frequency of phase detections that were shown to affect the reliability of real-time 
hypocenter location estimates. The array has an aperture of 1970 m and minimum interstation 
distance of 430 m. Another purpose of the array deployment was to map the character and level 
of differences in seismic ground motions across the town. Fig. 3 shows the array configuration 
and its relative geometry and backazimuth to the seismicity.  

 
Fig. 3 – The seismicity from 24/2-19/3/2021 along with the backazimuthal range of the central station of the 

ICEARRAY3, with the eruption site indicated by the star. One array station is not shown as it was not used in 
the array processing due to a persistent phase delay due to localized site conditions. 
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Only one week passed from the deployment of the ICEARRAY3 until the eruption started, 
and even shortly before that the level of seismicity decreased considerably, as shown in Fig. 
3. Nevertheless, the data recorded on the array during this time period sufficed for the
calibration of the array.

4.1 Methods 
For the processing of the ICEARRAY3 data, we used the LAMBDA and AUTOLAMBDA 
modules by Gempa for the SeisComP software package. While the LAMBDA module has a 
GUI for interactive data processing, the AUTOLAMBDA module runs as a daemon module in 
the background or is executed on the command line for processing  both real-time and archived 
data. We used the LAMBDA GUI to select various parameters that can be adjusted according 
to the characteristics of the data. The seismometers and recording devices of all five stations in 
the ICEARRAY3 are identical making correction of the instrument response redundant. Both 
modules offer four different array processing algorithms of which we used the FK (frequency 
wavenumber) and the PMCC (Progressive Multichannel Correlation) method. 
The FK method is a grid search over a pre-defined range of back azimuths and slownesses in 
the frequency domain. For each grid point, the wavelets are stacked to form a beam and the 
beam with the highest energy is selected. Potential shortcomings of this method are aliasing 
which occurs when the phase wavelet is short compared to the analysed window length as well 
as wrongful detections caused by correlating noise.  
The PMCC method (Cansi 1995) uses inter-station correlation functions to estimate the back 
azimuth and slowness of the incoming wavefield. Like the FK method, it is performed in the 
frequency domain, but several distinct frequency bands are used rather than one range of 
frequencies. A sub-array consisting of only three stations is used to make a first estimate of 
back azimuth and slowness and then the other stations are successively added but only value 
pairs close to the initial estimate are accepted. This approach reduces the risk of correlating 
noise or other local maxima and does not require a strong correlation of the wavelets across the 
entire array, allowing for the detection of incoming signals with wavelengths shorter than the 
array aperture. 
Both Gempa modules require several parameters to be adjusted according to the properties of 
the data. We used the LAMBDA module to test the default parameters using a short (2-hour) 
dataset and compared the detections to the catalogue of the regional seismic network to assess 
performance. We then looked at the earthquakes in the catalogue at lower magnitudes that were 
not detected by the array and made appropriate changes to the parameters. This process was 
repeated until the detection rate could not be significantly improved further. We ignored 
wrongful detections, rather focusing on missing as few real events as possible and instead later 
cleaned the detections by eliminating those with a back azimuth smaller than 30° and greater 
than 90° as well as slownesses smaller than 5 s/deg and greater than 25 s/deg. We then used the 
AUTOLAMBDA module to apply the parameters that were identified to the complete data set. 
The event determination during 11-20 March is shown in Fig. 4. The smallest detected event 
was a magnitude ∼0.6 but from comparison with the SIL detections, the magnitude of 
completeness of the array is about 2. On average, the array processing results show an 
insignificant bias in the array backazimuthal and slowness detections, compared to those 
calculated from the reported hypocentral locations by the SIL network. The back azimuths are 
on average 2°-4° degrees smaller and the slownesses are 0.015 s/km higher when compared 
with the hypocentral locations reported by the regional network. This discrepancy, albeit 
statistically insignificant on average, is most likely caused by the local geology underneath the 
array which is highly fractured with prominent NS and SW-NE strike directions, respectively. 
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The accuracy is however more than sufficient to shed light on the real-time spatial progression 
of intense sequences.  
As Fig. 4 shows, indicated by the shaded region, the entire dike is shown to be within the 50°-
80° azimuthal range from the ICEARRAY3. Admittedly, this is a narrow view window which 
may limit the accuracy of our estimates and the ability to discriminate event locations. However, 
the seismic REYKJARRAY located at more or less along the normal from the center of the 
dike is free from such limitations. Joint array analysis of data from both arrays is expected to 
provide much greater location accuracies. This will be examined for some common time 
windows. Figure 4 also shows that the PMCC results provide much less uncertainty in the 
backazimuthal estimates than the FK analysis results, and the PMCC results also show that the 
activity starts to concentrate under the eruption site 2-3 days before the eruption onset in the 
evening of March 19th. We observe that the array detects many more events in near-real time 
than the SIL network reports during times of rapid onsets of P phases from small earthquakes, 
as shown in Fig. 5. Such situations generally cause difficulties of relatively sparse networks 
where wrong phase associations can go undetected and cause great inaccuracies in the 
hypocentral location estimates.  

 
Fig. 4 - Back azimuths and slownesses calculated from SIL catalogue locations (top), PMCC algorithm results 

(middle) and FK algorithm results (bottom) from the array installation date to the onset of the eruption.  

 
Fig. 5 - Comparison of national network and array detections for a 2-hour-window with quick succession of 
small earthquakes. The national network detected 15 earthquakes, the array with the PMCC method could 

identify 86 individual phase arrivals. 

4.2 Ground motion levels in Grindavík 
The ICEARRAY3 has recorded a large variability of ground motion intensities across the town 
of Grindavík. Fig. 6 shows the distribution of the recorded peak ground accelerations and peak 
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pseudo-acceleration spectral response across the town of Grindavík. For comparison, a suite of 
five newly established Bayesian empirical hybrid ground motion models (Kowsari et al. 2020) 
and their mean values are shown. The model predictions conform well to the observed 
recordings, except at the structural period of 0.3 s (3.33 Hz) where the models are shown to 
underestimate the observations, a common feature of other lava-rock locations in Southwest 
Iceland (Rahpeyma et al. 2016, 2019, 2021). Finally, the recorded peak acceleration values in 
Grindavík are comparable to the amplitudes for aseismic design of structures according to the 
current building standard (Eurocode 8). However, the vast majority of the structures in the 
region were constructed with lower design values. Nevertheless, insignificant damage was 
observed in the town. 

Fig. 6 – Recorded peak ground acceleration (top left) values at the ICEARRAY3 recording sites in Grindavík, 
along with the pseudo-acceleration spectral response values at three different oscillator periods (0.2 s top right, 
0.3 s bottom left, and 1.0 s bottom right). For comparison, new ground motion model predictions are plotted.  

5 Conclusions 

Dike intrusions are often accompanied by numerous small earthquakes that sometimes occur in 
quick succession or swarms over short intervals. While regional seismic networks perform 
reliably when detecting individual earthquakes, detection may become incomplete in such cases 
when the inter-event time is greatly reduced. One approach to enhance the network performance 
is its densification but this is expensive and time intensive in inaccessible areas such as rural 
Iceland. A cost-effective addition to regional networks are small-aperture arrays which can be 
quickly deployed at practically feasible locations, and that way monitor seismic activity while 
being unaffected by many other limitations.  
When the most recent seismic sequence started in the Reykjanes Peninsula Oblique Rift zone 
in February 2021, efforts immediately commenced to prepare and install an urban seismic and 
strong-motion array in cost- and time-efficient manner. The result was a new array in the nearby 
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town of Grindavik, which was deployed on 11 and 12 March. The array consists of six RS4D 
instruments (5 of which are used in the array processing) that each contains three accelerometric 
sensors and one vertical geophone. The units became part of the TURNkey network that 
recently has been deployed in Iceland. Later, the REYKJARRAY seismic array was deployed 
in a more optimal location with respect to the seismicity and the dike alignment.  
The ICEARRAY3 immediately started to monitor the seismic sequence that was caused by a 
dike intrusion that eventually culminated in a volcanic fissure eruption eight days after the array 
installation. Since the deployment, array data processing methods have been applied 
continuously on the real-time seismic data using SeisComP together with LAMBDA and 
AUTOLAMBDA by Gempa. LAMBDA and AUTOLAMBDA were applied to measure back 
azimuth and slowness pairs of incoming waves. In addition, extensive sensitivity analyses have 
been carried out to investigate the reliability of the results of the analyses. Comparing the array 
detections to the earthquake catalogue from the regional network shows that the magnitude of 
completeness of the array is about 2 but in favourable conditions, earthquakes of magnitudes 
as small as 0.6 are detected reliably. On average, the ICEARRAY3 array processing results 
show a slight but insignificant bias in the array backazimuthal and slowness detections, 
compared to those calculated from the reported hypocentral locations by the SIL network, most 
likely caused by the local geology underneath the array which is highly fractured with 
prominent NS and SW-NE strike directions, respectively. Nevertheless, the relative changes in 
backazimuth and slowness are shown to provide considerable detailed view of the volcano-
tectonic seismicity that greatly exceeds the resolution of the regional network earthquake 
locations. Thus, with the considerable advantages such as low-cost and fast deployment in 
urban areas, small aperture arrays appear to be a robust and valuable addition to local and 
regional networks for the monitoring of imminent seismic and volcanic events, and in particular 
the rapid microearthquake occurrence, possibly associated with magma movements.  
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Abstract: The Southern Norwegian mountain plateaus belong to the least seismically active 
areas in Norway, yet a persistent swarm of earthquakes initiated on the NW-SE striking 
Kalhovd fault four kilometres north of the Bitdalsvatnet (Telemark) waterpower reservoir  late 
in 2020. To resolve what tectonic structure is activated by this swarm and to reveal how the 
swarm develops, we detected more than 1000 earthquakes through template matching and 
obtained high-resolution relative magnitudes and locations for the events. The analysis shows 
that the earthquakes extend across a patch of the fault plane that is 1.5 km long and extends 
700 m vertically. The hypocentres follow a clear migration trend from the NW to SE and back 
again. We find that this migration trend could point to fluid migration along the fault, but the 
lack of a known fluid source and no apparent correlation with environmental parameters (e.g., 
ground water and reservoir level, precipitation, snow depth) still allow a purely tectonic cause 
for the swarm. 

Keywords: earthquake swarm, template matching, relative magnitude, relative location, 
hypocentre migration 

1. Introduction 

While mainland Norway is located between 500 and 1000 km from the nearest plate 
boundary at the Arctic mid ocean ridges, it still contains five regions with comparably higher 
seismic activity: (i) the Oslofjord region in the east, an old rift system, (ii) the west coast, 
including the Central and Northern North Sea and the coastal areas between Stavanger and 
Molde, (iii) the shelf edge of the Norwegian sea, (iv) postglacial faults, (e.g., the Stuoragurra 
fault) in Northern Norway, and (v) the coast of Nordland county in the North (Bungum et 
al. 1991). The latter area exhibits persistent clusters and earthquake swarms that have been 
part of past and ongoing research (e.g., Atakan et al. 1994; Shiddiqi et al. 2022). The inland 
areas of Southern Norway, the area around Trondheim in Central Norway, and the areas 
toward the eastern border with Sweden generally exhibit less seismicity. Telemark county 
in Southern Norway belongs to the latter group of seismically quiet areas, yet since late 2020, 
the Norwegian National Seismic Network (NNSN) recorded more than 70 earthquakes with 
local magnitudes (ML) greater than 1 near the Bitdalsvatnet waterpower reservoir in 
Telemark. For the largest of these earthquakes, we measured a magnitude of ML=2.3. The 
lack of a clear mainshock and the occurrence of several bursts of seismicity during shorter 
time periods (e.g., > 10 earthquakes during 3 days) throughout 2021 allowed us to consider 
the sequence as a seismic swarm. While several sites of seismic swarms are known from the 
Nordland coast, the occurrence of a seismic swarm in Southern Norway came as a surprise 
as no such swarm has previously been reported there. The occurrence of this surprising 
swarm raises four main questions: 

1. How long has the site of the swarm been tectonically active recently? 
2. What exactly are the tectonic structures along which the seismicity occurred? 

3. Why and how did the seismic swarm apparently initiate in late 2020? 
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4. Is the swarm caused by entirely natural factors, or do any anthropogenic factors
contribute to it?

Fig. 1 – Overview maps of seismic stations and relocated earthquakes. Left: Map of Southern Norway 
showing seismic stations and the site of the seismic swarm in the centre. Right: Map of the Bitdalsvatnet 
reservoir (bottom), the earthquake swarm (coloured circles, with lightest colours marking the youngest 

events), showing as black lines structural lineaments mapped by the Norwegian Geological Survey. 

In the following sections of this extended abstract, we address these four questions by 
analysing the seismic swarm (see section 2 on methodology and results), and by discussing 
the swarm’s characteristics in comparison with tectonic and environmental parameters from 
the area, and with other swarm sites around the Earth (see section 3 on discussion and section 
4 for conclusions). 

2. Methodology and Results

Within 10 km radius of the largest earthquake in the swarm, the NNSN’s routine processing 
detected 93 seismic events between January 2021 and March 2022. To be able to statistically 
analyse the earthquake swarm (e.g., calculate b-value, spatio-temporal evolution), we 
applied template matching (e.g., Gibbons and Ringdal 2006) to detect smaller, previously 
undetected earthquakes in the swarm. Template matching is particularly suited to detect 
repeating and near-repeating earthquakes such as within a dense cluster of seismicity by 
correlating event seismograms against continuous seismic data. For template matching we 
employed the Eqcorrscan software package (Chamberlain et al. 2017) with the Fast Matched 
Filter software package running on graphics processing units as a correlation backend 
(Beaucé et al., 2018). As template events we used all events that were well-recorded on more 
than 13 traces with a signal-to-noise ratio greater than 3. We used seismograms for stations 
from four networks that were operating within 300 km distance of the swarm: Networks with 
network code NS (University of Bergen, 1982, 19 stations), NO (Norsar, 1971; 7 subarrays 
of the large aperture Norsar array with 42 stations), 2G (Rondenay, 2018, 20 stations), 2R 
(Maupin, 2018, 8 stations), with a total of 89 individual stations (see Fig. 1). The waveforms 
were resampled to 40 Hz and bandpass filtered between 4 Hz and 19.9 Hz. As a detection 
metric, we used the median average deviation of the cross correlation (CC) sum of all traces. 
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When the CC exceeded its median average deviation by more than a factor of 12, then we 
considered this as a significant detection, resulting in a total of ~4500 detections. From these 
detections, we obtained picks through cross-correlation that resulted in a dataset of 1096 new 
locatable events. 

 
Fig. 2 – Seismograms recorded at selected stations for the ML=2.3 earthquake of 2022-01-03Z02:21:58. 

With the 89 stations including 2 temporary deployments and 7 very low noise subarrays, the 
seismic swarm was recorded exceptionally well (see Fig. 2 for selected seismograms), even 
though the closest station was 70 km from the site. As the detected earthquakes are 
sometimes very small (down to ML=-1) and only recognized from the sum of many cross-
correlation traces, the signal-to-noise ratio of the individual traces of the weakest events do 
not allow local magnitudes to be measured directly. Instead, we computed relative 
magnitudes for these events by scaling the waveforms of template and detected events and 
applying a factor that corrects for the bias introduced by noise in both template and detected 
event (for the method, see Schaff and Richards 2014). With this method, we were able to 
compute magnitudes for 1095 out of 1188 locatable detections. The resulting magnitude 
distribution is plotted in Fig. 3. 
We computed absolute locations for the events using the computer program Hypocenter 
(Lienert and Havskov 1995) and then refined these locations relative to one another using 
the program Growclust (Trugman and Shearer 2017). In Growclust we used CC differential 
arrival times for which the normalized CC is greater than 0.6, resulting in a successful 
relocation of 452 events. 
The newly detected and relocated earthquakes are plotted in Figure 1. Earthquakes mainly 
locate about four kilometres north of the Bitdalsvatnet waterpower reservoir, next to the 
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natural lake called Vesle (“Little”) Bitdalsvatnet. The absolute location uncertainty 
computed by Hypocenter is on average ~3 km in horizontal direction, while the depth of the 
events is generally poorly resolved with a formal uncertainty of on average ~6 km. The 
reason for the large depth uncertainty is the lack of stations closer than 70 km from the 
swarm. Earthquakes that are clustered and relocated by Growclust plot mainly along a NW-
SE trend that runs parallel to a structural lineament known from Geological maps. The 
relative location uncertainty of the 452 relocated events, evaluated from bootstrap 
resampling analysis, is 0.15 km both in horizontal and vertical direction. 

Fig. 3 – Distribution of magnitudes in the swarm. The Gutenberg-Richter relation points to a b-value of 1.0, 
but the magnitude-frequency relation does not follow a strict logarithmic trend as magnitudes between 0.5 

and 0.7 are underrepresented. The catalog is complete down to a magnitude of zero. 

3. Discussion

From the results of template matching-based detection and clustering-based relocation, we 
can address the main questions that motivated this study. There are no detections that locate 
closer than 10 km from the swarm site before July 2020. The detection picks up three seismic 
events throughout the preceding 22 years for which continuous seismic data are available, 
but all of these locate farther west and may be either unrelated earthquakes or explosions. 
As the NNSN’s earthquake catalogue over the last 50 years does not reveal any other 
earthquakes at the swarm site, we assume that at least in the 22 years between 1999 and 
2020, there have been no earthquakes with magnitudes greater zero at the swarm site. 
The tectonic structure that is most likely activated in the seismic swarm is indicated as a part 
of the Kalhovd fault in Geologic maps, cropping out within 0.5 km distance and striking 
parallel to the seismicity along the length of the Bitdal valley. As there are no other mapped 
faults close to the site, we assume that this structure has indeed been activated during the 
swarm. The Kalhovd fault is described as being ~1050 Ma old and separating rocks of the 
Rjukan group (Sigmond 2001). In the field, the fault in the Bitdal valley has been observed 
as breccia separating gneisses to the southwest and granites to the northeast, but there have 
been no previous reports of recent tectonic activity along the fault. 
Considering the large reported age of the fault that places its formation in the Proterozoic 
and the general aseismicity of the area, it is a surprise that we can see seismic activity 
connected to this fault now. This surprise motivates us to evaluate whether the swarm may 
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have been triggered through external factors, for example environmental or anthropogenic 
activity. A first comparison against environmental parameters such as precipitation, 
groundwater level, temperature, snow depth, and the reservoir’s water level indicate no 
apparent correlation with the seismic activity. Therefore, at this point we assume that it more 
likely that the earthquake swarm is not directly linked to environmental or anthropogenic 
factors. 

 
Fig. 4 – Time-location plots of earthquakes in the seismic swarm. Plots a) and b) show the location of 

earthquakes along the strike of the fault, and plots c) and d) show the location of earthquakes along the dip of 
the fault, as a function of origin time (left) and index (right), respectively. The labels “SE” and “NW” 

indicate the direction of the fault strike from southeast to northwest.   

We observe that the earthquakes in the swarm follow a clear, but complex migration trend 
in three phases (see Fig. 4): (1) from NW to SE and downwards with a velocity of ~40 m/day, 
(2) from the same initiation point, again from NW to SE but with a slower velocity of ~4 
m/day, (3) from SE to NW, against the previous direction, and upwards, at ~12 m/day. The 
migration occurred mainly during more than 20 bursts of seismicity that each lasted a few 
days, with individual bursts interrupted by breaks of up to a month. Earthquake swarms with 
clear migration trends occur naturally in a range of environments, with the earthquake 
migration commonly attributed to the migration of fluid in the fault (e.g., Fischer and Hainzl 
2021). Considering that there is no clear evidence for a fluid source near the initiation point, 
the process driving the earthquake swarm could be one of the two following models: (i) 
Spreading of a pore-pressure wave on the fault plane driven by a fluid of a yet unknown 
source, or (ii) a purely tectonic cascade of slip on the fault plane driven by stress transfer 
between failing patches of the fault plane.  

4. Conclusions 

We obtained high-resolution relative locations and magnitudes for an earthquake swarm 
located in the Bitdal valley in Telemark in Southern Norway, an area that is usually 
seismically quiet. The swarm occurs on a part of the Kalhovd fault that has been active for 
about 1.5 years between November 2020 and March 2022 and is still ongoing at the time of 
writing. Earthquakes within the swarm follow a complex migration trend that is consistent 
with fluid migration across the fault plane, but due to the lack of a known fluid source we 
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cannot rule out a purely tectonic process within the swarm. Further analysis of the swarm 
will need to analyse field evidence and resolve changes in seismic properties of the fault and 
the events with time. 
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Abstract:  São Miguel Island is one of the most seismically active regions of the Azores
archipelago. Here the seismicity tends to manifest itself in short periods of intense activity
of  relatively  low  magnitude  earthquakes  (M  <  4).  In  this  work,  we  will  focus  on
understanding the detailed spatio-temporal evolution of two different seismic sequences that
occurred in the island of  São Miguel in the year of 2018: 1) The February 2018 seismic
sequence – C1, and 2) The June-July 2018 seismic sequence – C2. We scanned continuous
data to detect and locate weak earthquakes using open-source tools based on the automated
identification of coherent seismic signals at multiple seismic stations. We further extended
the resulting catalog by applying template matching techniques, using the located events as
templates.  Finally,  we perform a waveform similarity  analysis and clustering to identify
families  of  repeaters  and  we  investigate  their  focal  mechanism through  moment  tensor
inversion. The detailed spatio-temporal evolution of the sequences is presented.

Keywords: Spatio-Temporal evolution, Seismic sequences, Automated detection-location,
São Miguel Island.

1. Introduction

The triggering mechanisms of earthquakes that occur in the Azores archipelago region are
thought  to  be  related  to  the  interactions  between  a  tectonic  triple  junction  and  a  low
velocity (possibly hot) mantle anomaly (Madeira et al., 2015, Miranda et al., 2015, Silveira
et al., 2006). Although most of the seismic activity in this region is tectonic, there is also
evidence of seismic activity related to hydrothermal and magmatic activity. Due to latter,
the Azores  archipelago region is  a  good region to  investigate  the detection  of  seismic
signals other than those of classical earthquakes.

São Miguel, similar to the other islands of the Azores archipelago, has a volcanic origin
and it is located in the south-eastern part of the archipelago. São Miguel island plays a
significant  role  in  the  seismic  activity  of  the  Azores  region  since  is  one  of  the  most
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seismically active regions of the Azores archipelago. The seismicity that occurs on São
Miguel  is  characterized  by  the  occurrence  of  frequent  earthquakes  swarms  with  high
seismicity rates and relatively low magnitude (M < 4) earthquakes in a short period of time
(hours to days of activity). Although most of the seismicity is tectonic, it is interpreted to
be related to hydrothermal and/or magmatic activity (Silva et al., 2015, Silva et al., 2012).
The most recent seismic activity of  São Miguel is concentrated on the center part on the
island (Fig. 1).

In this work, we will focus on understanding the detailed spatio-temporal evolution of two
different seismic sequences that occurred in the island of São Miguel in the year of 2018: 

1) The February 2018 seismic sequence – C1, and

2) The June-July 2018 seismic sequence – C2.

Fig. 1 – (a) Location of the Azores and main morphotectonic features of the region (Modified from Carmo et
al., 2015): the shaded area represents the sheared western segment of the Eurasia-Nubia plate boundary, i.e.
the Terceira Rift. (b) Azores archipelago earthquake map, in which earthquakes are represented by red dots.
The study region is marked by a black square. (c) Earthquake time evolution in São Miguel Island. Seismic

stations are marked in red triangles. 

2. Data and Methods

We used two local earthquake catalogs as reference to study the seismicity of the Azores
archipelago. The catalogs were provided by the Instituto Português do Mar e da Atmosfera
(IPMA) and the Centro de Informação e Vigilância Sismovulcânica dos Açores (CIVISA).
The reference  catalogs  contain  hypocentral  information  for  a  total  of  565 events  (IPMA
catalog) and 3617 events (CIVISA catalog) that occurred in the year of 2018, located between
-36º ≤ longitude ≤ -15º and 32º ≤ latitude ≤ 46º.

(a)

(b)

(c)
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We also  used  seismic  waveform data  from 7  stations  on  São Miguel  Island:  CMLA,
PCALD, LFA, MESC, PCNG, PRCH and VIF,  operated  by international  and national
agencies.

The analysis of seismic data is performed following a multi-step approach. First, we carry
out automatic scanning of continuous seismic data and detection of seismic events using
Lassie, an open-source python-based software for automatic earthquake detection (López-
Comino et al. 2017). Then we locate these events using Loki, an open-source python-based
software for earthquake location that performs a waveform coherence analysis based on the
Source Scanning Algorithm (SSA) (Grigoli et al. 2013).  Finally, we complete the catalog
by applying the template matching algorithm PyMPA37 (Vuan, et al., 2017). Finally, we
analyze  the  extended  catalog,  searching  for  families  of  events  that  displays  similar
waveforms, using a density-based clustering technique (Cesca 2020).

3. Results and Discussion

The main results can be summarized as follows:

- This region alternates between seismic swarms and quiescence periods; this pattern is
recognized in both IPMA and CIVISA reference catalogs.

-  We could automatically  identify  several  swarms by temporal  clustering.  Most  of the
swarms originate at the same epicentral location but they occur at different depths, both in
the upper and lower crust.

-  Sequence C1 and C2 have a swarm like characteristics,  starting with low magnitude
events and reaching peak magnitudes after hours to days of activity.

- Swarm C1 is shallower, with depths of less than 15 km, and larger magnitudes up to Ml
3.5. Swarm C2 is deeper, with depths between 10-30 km, and has smaller magnitudes, not
higher than Ml 2.5.

- The waveforms of events in C1 and C2 are different among them, consistent with their
different depths.

- We could identify different families of events that share similar waveforms both within
C1 and C2. This suggests the activation of different seismogenic structures and/or some
migration of seismicity within the same swarm.

We hypothesize that this swarm pattern is due and/or controlled by episodic fluid transfer
through the crust and that the presence of different families of earthquakes suggests the
activation of different areas within the sources regions.
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Abstract: 

Galati-Izvoarele region, situated in central-eastern part of Romania, between two main crustal 

faults, Sf. Gheorghe and Peceneaga Camena fault is a unique area with an unusually intense seismic 

activity during September-October 2013. With several hundred (~400) earthquakes recorded in a short 

time, the activity was considered as seismic swarm. Focal depths of Galati-Izvoarele earthquakes ranged 

from 1 and 40 km, most of them were situated in the 1-10 km depth interval. The maximum magnitude 

(ML) recorded was 3.9, accompanied by specific seismicity bursts. Seismic activity has continued in the

area studied so far, but without having a significant feature.

The objective of this study is to investigate this new seismic area of Romania, near the city of 
Galati in Izvoarele region, offering insight on the stress field by the inversion of the obtained focal 

mechanisms. 

Keywords: seismic swarm, focal mechanism, stress regime, Galati area, Romania 

1. Introduction

Intense seismic activity began in September 2013, in the Galati-Izvoarele region

(located in eastern Romania), an activity classified as a seismic swarm, which counted about 

400 earthquakes. They occurred at crustal depths of up to 40 km, with a magnitude not 

exceeding ML 3.9. The seismic activity has continued to the present day, without registering a 

significant activity. 

The geology of the area of interest highlights a discordant posttectonic sedimentary 

cover overlaying a folded and fractured pre-Neogene basement. The sedimentary cover consists 

of: sandy Neogene formation, covered by Quaternary deposits. the basement in the area belongs 

to the so-called North Dobrogea Promontory (NDP), a buried extent of the North Dobrogea 

(ND) structures north-westward, beyond the Danube. It is formed of Middle- and Upper-

Proterozoic, Palaeozoic and Triassic formations dominated by the crystalline formations 

(mainly Orliga–Megina, and Boclugea series) cropping out in the ND Macin zone. in the SW 

corner of the region, west Peceneaga–Camena Fault (PCF), Green Schist series of Central 

Dobrogea have been also intercepted by drillings up to the Maxineni formation( crystalline 

limestones and dolomite with clay and pyrite, Devonian age) latitude. The Carapelit Formation 

(Carboniferous) consists of two horizons of lacustrine deposits: a lower one, formed of 

conglomerates, and the upper one formed of grauwacke and phyllites both having continental 

nature. The Post-Carapelit sedimentary deposits are mainly formed of conglomerates and 

sandstones, with reworking Carapelit elements such as Palaeozoic granites (Figure1)

(after Besutiu et al., 2019).
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Figure 1. Tectonic map of the pre-Neogen basement of the North Dobrogea Promontory (modified after 

Besutiu et al., 2019). 1, deposits of post Carapelit; 2. Palaeozoic magmatic rocks; 3. Carapelit formation; 4. 

Măxineni formations; 5. Boclugea Formations; 6. Buciumeni Formations; 7. Megina-Orliga Formations; 8. 

Green schist series (central Dobrogea); 9. a.  wells without reaching green schists, b. piercing the green schists; 

10. fault; 11. EQ epicenter; 12. water stream; 13. villages; 14. area where seismological surveys have been

conducted (red dotted) 

2. Metodology

The fault plane solutions have been obtained on the basis of the first motion of P-wave 

polarities using FOCMEC code developed by Snoke et al. 1984, distributed as part of the 

FOCMEC package (http://www.geol.vt.edu/outreach/vtso/focmec) and incorporated in 

SEISAN software (Havskov and Ottemöller, 2020). 
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The stress regime based on the inversion of 24 earthquake focal mechanisms has been 

determined by the Win-Tensor program package (Delvaux and Sperner, 2003).  

3. Results

The epicentral distribution of seismic events recorded in this area is aligned on a NE-

SW direction, parallel with the two transversal faults. situated in NW by the epicentral area of 

the seismic swarm (strike-slip and normal fault, Matenco, 2007) and perpendicular to the 

dominant fault system lying NW-SE, between the Sf. Gheorghe fault in the Northern part and 

Peceneaga Camena in the Southern part, Pechea fault is crossing the seismic swarm diagonally 

(Figure 1). 

The focal mechanism solutions of the studied earthquakes obtained from P-wave 

polarities show generally normal faulting, with an important strike-slip component in 

several cases, (Figure 2). (Craiu et al. 2016).

Figure 2. Spatial distribution and classification of focal mechanisms from Galati-Izvoarele area. 

The type of focal mechanisms is displayed in legend, with different colors corresponding to different 

types of faulting according to the standard classification (Kaverina et al. 1996). Colored areas show 

compressional quadrants. 

For the stress inversion estimation, we used the focal mechanism determined by Craiu 

et al. (2016) to which we added a number of 6 focal mechanisms determined in this study. For 

the seismic source delineated in Galati-Izvoarele area, the stress field has extensional stress 

regime (σ1 almost vertical), with maximum horizontal stress ( SHmax) oriented in NNW-SSE 

direction.  

The resulting SHmax orientation and normal fault regime with a radial component 

(R′=0.5) are consistent with the observed geological. 
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Figure 3. Stress inversion of the focal mechanisms data 
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Abstract: The reliable prediction of earthquake ground shaking during or just after the 

event occurrence is the main ambitious target of Earthquake Early Warning (EEW) and 

Rapid Response (RR) systems.  Although several EEW and RR systems are nowadays 

tested and implemented in high seismic hazard regions worldwide, the currently used 

simplified models of the earthquake source and wave propagation lead to high uncertainties 

affecting the ground motion predictions. In this work we propose a strategy to evolutionary 

update the shaking predictions as more detailed physics-based source parametric description 

are made available through real-time and near-real-time data analysis. This approach 

integrates the observed data and classically used Ground Motion Prediction Equations 

(GMPEs) with seismic source numerical modelling and synthetic seismograms. In a 

preliminary test for the case-study 2016 Mw 6.5 Norcia earthquake (Italy), we verified to 

what extent this approach improves the shaking prediction reducing the ground motion 

parameters uncertainty. 

Keywords: Real-time seismology; seismic source; rupture kinematics; numerical 

modelling; synthetic seismograms 

1. Introduction

Real-time shaking EEW systems (EEWS) are automated systems aimed at capturing the 

early seismic signal radiated by a potential damaging earthquake and at broadcasting to 

distant sites the information about the expected earthquake impact, as evaluated through 

the Ground Motion Prediction Equations (GMPEs), based on real-time source location and 

magnitude estimations. Rapid Response (RR) systems, basically grounding on the same 

near-source monitoring infrastructure as EEWS, provide automatic, reliable information 

for post-event, accurate, effective characterization of the shaking and damage for rapid 

emergency assistance, search, and rescue responses (Wald et al. 1999).  
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Despite during the last decades, enormous scientific, experimental and technological 

efforts have been dedicated, both EEW and RR systems are far from being a mature and 

standard technology. Simplified models of the earthquake source, based either on point 

source (e.g. Böse et al. 2007; Wu et al. 2007; Hoshiba et al. 2008; Satriano et al. 2011) or 

on extended source geometrical description (Böse et al. 2008, 2012) are currently used in 

the EEW and RR practice. This results in a large uncertainty when predicting ground 

motion amplitudes, hampering the effectiveness of EEWS and RR for probabilistic and 

automatic decision-making during emergencies.   

Realistic source kinematic inversions are generally available weeks or months after the 

occurrence of an earthquake and this limits their use for RR applications. Nevertheless, 

recently several approaches are being proposed to obtain near-real time rupture kinematic 

descriptions at low (e.g. SLIPNEAR, SERA-EU project D28.3; EGU Seismology ECS 

Team 2020) and intermediate frequency (e.g. back-projection, Maercklin et al. 2012, Xie et 

al. 2021). The development of these techniques is expected to reduce the uncertainty about 

the source knowledge hence improving the RR ground motion predictions.     

In this work, we propose an integrated and time-varying approach to improve the shaking 

predictions at the Earthquake Early Warning (EEW) and Rapid Response (RR) time scales 

that is few seconds after the initiation of the rupture and within few minutes after the 

occurrence of the event, respectively. In this approach, the early source characterization 

can be also, at a later stage, evolutionary updated exploiting late strong shaking S- and 

surface wave arrivals to assess refined peak ground shaking and earthquake impact 

bridging the EEW and the RR time scales through the use of refined seismic source 

models. The two time scales do not overlap, but the uncertainty on source and impact 

parameters is expected to generally decrease with time, moving from EEW to RR time 

scale. 

2. Methodology

Fig. 1 - Scheme of the proposed evolutionary scheme as a function of time. From (a) to (e) the 5 different 

provided shaking predictions. 

The evolutionary proposed scheme is graphically summarized in Figure 1: starting from 

the beginning of the rupture, highlighted with a red star, the characteristics of the shaking 

maps calculated on the basis of the data and available source models are schematised along 
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the time line at various instants of time. Along with the presented approach we also 

propose a conceptual frame for the real-time, evolutionary/probabilistic computation of a 

new generation of Shake Maps integrating three types of data: 

1.Observed values of PGA & PGV; 

2.Predicted values of PGA & PGV (from empirical GMPEs); 

3.Predicted values of PGA & PGV (from synthetic seismograms).  

With reference to the letters in Figure 1, the procedure is expected to provide 5 different 

shaking maps: 

a) Point source GMPE shaking: the first seconds of P-wave, recorded in real-time, allows 

to provide a first estimate of the location and of the expected magnitude and therefore a 

first estimate of the expected shaking, in analogy with what is done in regional EEW alert 

systems (e.g, PRESTo, Satriano et al. 2011). 

b) Extended fault GMPE shaking: the analysis of the first seconds of the P-wave also 

enables the calculation of rapid estimates of the focal mechanism and rupture size, through 

recently proposed real-time techniques (Nazeri et al. 2019, Tarantino et al. 2019). These 

estimates, in turn, allows the development of a first source geometrical model and a first 

update of the shaking map, based on the same GMPE of point a) considering a Joyner & 

Boore (1981) distance from the fault plane. 

c) Physics-based early shaking: the geometry of the fault allows the development of a set 

of stochastic kinematic models of seismic rupture featuring different main slip asperities, 

rise time and rupture speed. These models enables the calculation of physics-based 

synthetic seismograms (both at the nodes of a regular grid and in the positions of real 

stations in the source vicinity) and the estimation of intermediate frequency (0.5-3 Hz) 

ground motion parameters such as PGV and the SA at 1 Hz. At each station, these 

parameters and related uncertainties are obtained by means of the unweighted mean and 

standard deviation of the values obtained for each model of the set. 

d) Physics-based weighted shaking: the real-time incoming first real observations of the 

peak ground parameters allows a preliminary comparison between recorded and simulated 

ground motion. This comparison provides a new distribution of the expected shaking as a 

weighted average of the parameters obtained from each stochastic model, using as weights 

the estimates of the consistency with the real parameters measured at the source nearest 

stations. 

e) Physics-based refined shaking: the last step is triggered when, just after the occurrence 

of an event, a preliminary kinematic model, at low and intermediate frequencies, is made 

available (e.g. see the techniques proposed in SERA-EU project D28.3). This reduces the 

epistemic uncertainty on the source parametric description and, at the same time, the 

stochastic variability of direct models and synthetic seismograms. In this phase, steps c) 

and d) are repeated and the shaking maps together with the relative uncertainties are 
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calculated by interpolating real and simulated data in analogy with the ShakeMap 

calculation approach (Worden et al. 2010). 

3. Results

The platform performance was preliminarily verified through an offline test on the case-study 

of the Norcia earthquake, the strongest event in the 2016-2017 central Italy sequence, occurred 

on October 30, 2016. This event recorded a magnitude of 6.5. 

The shaking maps obtained in the steps described in points (a) to (d) in section 2 are shown in 

panels (a) to (d) of Fig. 2. In particular, in these maps the PGV estimates are converted into 

macroseismic intensity following Faenza and Michelini (2010).  The typical circular symmetry 

around the epicenter of the first prediction (Fig. 2a) is updated in the subsequent phases which 

take into account the finite extension (Fig. 2b) and the kinematic features (Fig. 2c) of the 

source model used such as, the up-dip directivity. 

Along with the shaking estimates, computed at the nodes of a regular grid through either the 

GMPEs or the synthetic seismograms, we quantify the reliability of these predictions defining 

the variance reduction 
RV  as: 
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Where M  is the number of stations that recorded the events in the source vicinity and 

,i realPGV and ,i estPGV represent the real and predicted PGV , respectively, at the i − th 

station. 

The 
RV  value, for the Norcia case-study increases from 0.91 for the point source map (Fig. 

2a) to 0.95RV =  and 0.96RV =  for the extended fault GMPE shaking (Fig. 2b), and the 

physics-based early shaking (Fig 2c), respectively. We verified that these maps are 

released at time scales compatible with EEW applications with a blind zone ranging 

between 20 and 25 km. 

The use of a weighted approach, based on the consistency between ,i realPGV  and ,i estPGV

at the stations closest to the epicenter (distance <20 km) does not generate a further 

improvement of the consistency between observed and predicted shaking (Fig. 2d).  

The last step concerns the estimate obtained using a refined source model. For this test we 

used the model proposed by the 0.5Hz inversion presented in Pizzi et al. (2017). Starting 

from this inversion we have defined 1500 intermediate frequency (0.5-3Hz) stochastic 

kinematic models. These models produce a clear improvement of the 
RV parameter

compared to the previous steps when this is calculated exclusively at the closest stations 

(distance <20 km from the epicenter). Moving away from the source, however, this 

estimate worsens denoting a poor resolution of the used propagation model. 
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Using a hybrid approach where real data, synthetic seismograms at the closest stations and 

estimates from GMPEs elsewhere are interpolated (Worden et al. 2010), we retrieved the 

the best estimate for the variance reduction ( 0.97RV = ), with the corresponding ShakeMap 

(Fig. 2e) featuring the largest expected macroseismic intensity in correspondence of the 

most important slip asperity in the kinematic model (Pizzi et al. 2017).  The uncertainty, 

here presented in terms of logPGV
 (Fig. 2f) , is significantly reduced in the area closest to the 

source, as an effect of reduction of epistemic uncertainty about the rupture kinematics.  

 

Fig. 2 – (a)-(e): Maps of predicted shaking for the steps presented in section 2. (f) Map of uncertainty related 

to the map of panel (e) in terms of logPGV
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4. Conclusions

In this work, we developed a strategy to compute automatic evolutionary ground shaking 

maps at the occurrence of an earthquake. The proposed approach consists of 5 blocks. At 

the end of each block a predicted shaking map, based on the available source parametric 

description, is released. 

The approach has been implemented in a prototype platform and tested by using as a case-

study the Mw 6.5 Norcia earthquake. 

We verified that the extended source GMPE- and physics-based shaking prediction 

significantly improves the point source maps. These predictions can be released almost 

contemporary or, a 1-2 seconds after the point source shaking map and therefore they can 

be used for EEW applications. 

The epistemic uncertainty about the seismic source features (e.g. the rupture directivity, 

Scala et al. 2018) is significantly reduced by the refined kinematics-based shaking 

prediction leading to a reduction of the uncertainty with respect to the GMPEs. Moreover, 

this shaking prediction has been shown to provide a more reliable PGV distribution in the 

close vicinity of the rupture (at epicentral distance < 20 km).  

These promising though preliminary results highlights to what extent a deeper knowledge 

about the source features might improve the shaking estimations for RR applications both 

in terms of ground motion parameters prediction and related uncertainty. This suggests that 

further efforts should be dedicated to the development of seismic source automatic 

inversion strategies. Furthermore, we evidenced that such a kind of approach cannot 

disregard the use of refined, possibly 3D, wave propagation velocity model 
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Abstract: Earthquakes caused by induced seismicity have played and will continue to play a 

role in the assessment of seismic hazards in the coming years. This is especially true when 

raw material deposits are put back to use or when extraction is not stopped due to political 

upheavals and despite climate considerations.  

A prominent example and scientifically interesting test bed is the region of Groningen located 

in the Northern Netherlands. The seismic hazard in the northern Netherlands is mainly or 

rather exclusively caused by induced earthquakes due to gas production. The aim of this 

investigation is to provide a framework for calculating reliable shakemaps for induced 

earthquakes, in this case in the context of reservoir depletion, i.e. gas production. The paper 

establishes the basic requirements for the common input parameters and correlations used in 

shakemap routines, which are based on macroseismic intensity (observations) and/or ground 

motion data (and corresponding magnitude and distance pairs). Data from the strongest 

(recent) events are re-elaborated to test the quality of the generated shakemaps leading to 

event-specific attenuation models fitting the particularities of induced seismicity with respect 

to the rapid decay of effects over the distance. 

Keywords: Induced seismicity, intensity attenuation, probabilistic seismic hazard 

assessment, ground motion data, shakemaps 

1. Introduction

The seismic hazard in some northern European regions (Netherlands, Germany) is mainly 

or rather exclusively caused by induced earthquakes due to gas production. Compared with 

the original hazard assumptions and construction requirements it has to be noted that the 

factual situation, and therefore the assessment basis, has changed significantly. In addition, 

events occurred which have exceeded the previous predictions of the maximum expected 

earthquake severity. This has open discussions upon the consequences that the increase of 

the upper bound magnitude and the leads to first attempts of shaking scenarios.  

The current study takes benefit from near field measurement data of two stations and a multi-

year continuous measurement campaign. The stream of data is so convincing that reliable 

site-specific Induced Ground Motion Prediction Equations, InGMPEs can be elaborated and 

implemented in shakemap algorithms. With these InGMPEs, peak ground motion and 

spectral accelerations can be predicted for arbitrary magnitude and distance combinations.  
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a)  

 

b) 

Fig. 1 Seismic activity in the Groningen gas field(s): a) Induced earthquakes acc. to KNMI (2022), 

mapping of recent state of gas and oil fields (NLOG, 2022), location of studied events (c.f. Table 1); b) 

Number (counts) and severity (magnitude) of induced events acc. to KNMI (2022)  

 

For the purpose of this study, three major events were selected (see Table 1); macroseismic 

data and records from the available seismic stations were used to predict the macroseismic 

intensity field if only the magnitude of an event is known. 

2. Studied induced events 

Fig. 1a shows an overview of the investigated area. Labeled are the analyzed induced events 

(see also Table 1) as well as the current state of gas production field in this area of the 

northern Netherlands. The strong increase in number of earthquakes, especially in the period 

2000 to 2015, can be seen in Fig. 1b. Especially earthquakes causing damages to residential 

buildings are focused further on. For the 1997 Roswinkel and 2012 Huizinge event 

macroseismic maps were prepared based on reported observations. The data sources are 

given in Table 1. For the 2018 Zeerijp event damage of grade 1 was reported (Postmes et 

al., 2018), a respective macroseismic map was not prepared. The intensity is estimated 

comparable to the 1997 and 2012 event as VI following EMS-98 assignment (Grünthal et 

al., 1998). 

 
Table 1 Important parameters of the events investigated 

Date and time (UTC) ML 

Focal 

depth  

h0 

I0 Location Data source 

19.02.1997 22:53:50 3.4 2 km VI Roswinkel Dost & Haak (1997); KNMI 

(2022) 

16.08.2012 22:30:33 3.6 3 km VI Huizinge Dost & Kraaijpoel (2013); 

KNMI (2022) 

08.01.2018 15:00:52 3.4 3 km VI* Zeerijp den Bezemer & van Elk 

(2018); KNMI (2022) 
* no macroseismic intensity was assigned – max. obs. damage grade 1 acc. to Postmes et al. (2018); conversion of max. 

measured PGA is using GMICE proposed by Caprio et al. (2015) in the basis of Italian EQ records and observations  
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3. Attenuation of observed intensities

The macroseismic maps published by KNMI are used to check the characteristics of shaking 

effects of the earthquakes in Roswinkel 1997 (Fig. 2a, Dost, Haak, 1997) and Huizinge 2012 

(Fig. 3a, Dost, Kraaijpoel, 2013). The macroseismic datasets derived from the observations 

are digitized and plotted as a function of distance in Fig. 2b and Fig. 3b. 

Findings from the Huizinge 2012 earthquake are available in the form of grid elements which 

are interpreted as a macroseismic observation points. The attenuation characteristics in the 

epicentral area can thus be shown for both earthquakes. The attenuation of the intensity (as 

macroseismic shaking effects) – evaluated according to equivalent radii within pre-defined 

epicentral distance ranges – as well as the 95%-fractile show a good fit in comparison to the 

various intensity attenuation relationships used, even if the dataset shows a larger variety of 

observed intensities for the 2012 Huizinge event. The comparable attenuation for 1997 

Roswinkel event can be regarded as an upper bound of the observed macroseismic effects. 

The red marked ranges (named PSSAEL: AR93) refer to Ahorner & Rosenhauer (1993), and 

represent the magnitude based attenuation functions which are used as model curves to 

calculate seismic hazard curves in a Monte Carlo simulation based probabilistic approach 

with the PSSAEL software (Rosenhauer, 1999). 

a) a) 

b) b) 

Fig. 2 February 19, 1997 Roswinkel event: 

a) Macroseismic map based on

Dost &  Haak (1997);

b) intensity attenuation

Fig. 3 August 16, 2012 Huizinge event:       

a) Macroseismic map based on

Dost & Kraaijpoel (2013);

b) intensity attenuation
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a) Faenza & Michelini (2010) b) Caprio et al. (2015) c) Zanini et al. (2019) 

Fig. 4 Application of Ground Motion Intensity Conversion Equations to the recorded peak ground 

accelerations of the January 8, 2018 Zeerjip event; measurements form KNMI (accessed 2022) are used. 

 

Moreover, ground motion measurements recorded from the 2018 Zeerijp event are correlated 

to macroseismic intensity using Ground Motion Intensity Conversion Equations (GMICE), 

i.e. predictive equations that describe the empirical relationship between instrumentally 

measured ground motions (peak ground acceleration PGA and peak ground velocity PGV) 

with observed macroseismic intensities. For this particular event the correlation functions of 

Zanini et al. (2019), Faenza & Michelini (2010), and Caprio et al. (2015) are used to validate 

their capabilities of predicting intensity levels based on ground motion dataset. Regarding 

the scatter seen due to the equivalent radii with defined distance from the epicentre as well 

the 95%-fractile in Fig. 4 the GMICE of Caprio et al. (2015) with the applied regional 

correction for Italy indicate the best approximation of observations (see Fig. 4b), also with 

respect to the estimated maximum observed intensity VI (s. a. mapping in Fig. 6). 

The intensity attenuation (intensity increment ΔI) in Fig. 5 is determined by comparing the 

shaking effects with the still well suitable intensity attenuation laws proposed by Sponheuer 

(1960); here for the source depths of h = 1.5 and 3 km as well as for different absorption 

coefficients . As to be expected, the shaking of the induced events decreases quite fast with 

distance. An absorption coefficient α = 0.003 to 0.2 would have to be applied in order to 

correspond to macroseismic observations in the shakemap model. 

 

 

 

a) Zanini et al. (2019) 

 
b) Caprio et al. (2015) 

Fig. 5 Intensity increments I for the 2018 

Zeerijp event (derived from GMICE and 

conversion of PGA - orange points) and for the 

observed intensities (taken from the datasets) of 

the 1997 Roswinkel  and 2012 Huizinge events 

Fig. 6 Macroseismic intensity points of January 8, 

2018 Zeerijp event for measurements from KNMI 

(accessed 2022); Application of GMICE Fig. 4b 
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4. Recorded ground motion and ground motion prediction equations

4.1 Ground motion models for induced events 

In order to assess the characteristics of the seismic effects due to induced seismicity, it was 

decided to install two stations at different distances from the known mining areas in the 

Groningen gas field. This work was started as early as 2008, so that an almost 14-years 

observation period of the occurred induced events can be used. The earthquake activity 

recorded by station 1 (closer to the induced seismic activity) is processed in Fig. 7a).       

A distinction is made between the earthquakes that have occurred and the actual events 

detectable by the stations. The stations are on the scale of the recorded earthquakes in the 

range of minimum distances of 2 to 4 km or 10 to 12 km (and larger), so that there are also 

excellent support points for the derivation of the attenuation relationships.  

Based on the available database, ground motion models for the horizontal and vertical 

components were prepared at different intervals. A preliminary version at the time of 2011 

refers to a relatively small database (see Fig. 7b). With a larger database, while retaining the 

regression technique and the type of the equation of determination, similar ground motion 

models comparable in amplitude are generated. The models "SGMPE 2011", “SGMPE 2014 

“SGMPE 2017”, and "SGMPE 2021" show on one hand a stability in the spectral 

characteristic with extension of the data base, on the other hand in the amplitude level also 

a better approximation to the component spectra. Since this type of regression is based 

exactly on that type of data (narrowed dataset) for which a prediction is elaborated, no site 

coefficients are incorporated. The general form of the regression is given by 

log (y) = C1 + C2 ⋅ M + C3 ⋅ log (r) + σ P ( 1 ) 

Where: y the ground motion parameter in g (PGA or SPA for periods between T = 0.04 s and 

T = 2.0 s), M the magnitude (ML); a function of the distance measure (r = (Repi
2 + h2)0.5, while 

Repi is the epicentral distance, h the source depth and P the uncertainty term in the SGMPE. 

Referring to the discussion of the upper bound magnitudes, it can be controlled at which 

magnitude distance conditions relevant action specifications (design variables) are reached 

or exceeded. The level of spectral accelerations for the horizontal resultant (H) and vertical 

component (V) for a magnitude ML = 3.5 and epicentral distance Repi = 10 km are illustrated 

in Fig. 8 (for the median: P = 0).  

a) Dataset for Station 1 b) Dataset used for the SGMPE

Fig. 7 Earthquake activity and registered ground motion at the stations and the database used for the 

Site- and Station-specific Ground Motion Prediction Equations “SGMPE year” 
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a) Horizontal Resultant H  b) Vertical component 

Fig. 8 Spectra for an earthquake ML = 3.5; Repi = 10 km using the Site-specific Ground Motion 

Predictions (SGMPE) in dependence of the year and data availability 

 

The quality of the derived ground motion models can be demonstrated using the example of 

individual records (Zeerijp (September 4, 2013, Magnitude ML = 2.8), Fig. 9). The data from 

both recording stations (Eemshaven, Garsthuizen) can be elaborated as combined or 

separated datasets enabling sensitivity and uncertainty considerations. Not at least, it can be 

concluded that in line with the remarkable increase of data the “SGMPE 2014”, “SGMPE 

2015”, tend to more and more stable results over the validity range of the relevant 

seismological input parameters (magnitude, distance). 

4.2 Recorded ground motion 

With the earthquakes of Westeremden (October 30, 2008, Magnitude ML = 3.2) and Zeerijp 

(May 08, 2009, Magnitude ML = 3.0) stronger events could be registered already at the 

beginning of the instrumentation. The recorded events are stored in the station-related 

database, which contains not only the velocity but also the (converted) acceleration time 

histories, the component spectra and the comparison of the horizontal spectra with arbitrarily 

definable design spectra. One of the most recently recorded strongest events is the one in 

Zeerijp (January 08, 2018, Magnitude ML = 3.4). The event was recorded by 90 seismic 

stations ranging from distances between 1 km to 100 km from the epicentre of the earthquake 

(den Bezemer & van Elk, 2018; KNMI, 2022).  

 

  
a) Horizontal Resultant H  b) Vertical component 

Fig. 9 Spectra of the recorded ML = 2.8 earthquake (Zeerijp, September 04, 2013) compared with the 

predicted ones  
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a) PGA b) Spectral acceleration (T =0.2 s)

Fig. 10 Attenuation of recorded ground motion from ML = 3.4 event Zeerijp 2018 compared with the 

predictions by the SGMPE  

The highest peak ground acceleration (PGA= 116 cm/s2) was a recorded at a distance of 

2.5 km away from the epicentre of the earthquake. Ground motion model (SGMPE) 

described in section 4.1 (Eq. 1) is used and plotted for the median (P = 0) and  1 standard 

deviation P =  1) in Fig. 10.  

The subsoil condition at the seismic stations can be classified on the basis of the global DEM 

shear wave velocity model by Allen & Wald (2009). According to the data layer 

assignments, the majority of the seismic stations belong to subsoil class D, only a few to C 

according to the subsoil classification scheme of the second generation of Eurocode.   

5. Shakemaps of induced seismicity

5.1 Overview of generation procedures 

The generation of macroseismic maps has a long tradition in engineering seismology. 

Traditionally, questionnaires with the descriptions of observable effects regarding objects, 

damage to buildings and the impact on humans were used to determine the intensity (related 

to the used macroseismic scale) and to create a map of shaking effects (shakemap) based on 

the locations. They are the main source to estimate the magnitude of an earthquake in pre-

instrumental times (see Fig. 11: “Observations” and “SM1*: Macroseismic”); the 

abbreviation “SM” stands for shakemap. 

The ground motion related procedure was developed for the high seismicity region of 

California (Wald et al., 1999) to get a first idea about extent and severity of shaking in terms 

of ground motions and therefore instrumental intensity assignments.  

It can be stated that in principle, all approaches applied to tectonic earthquakes should be 

also suited to generate SHAKEmaps for induced events. Therefore, reference is taken to the 

overview scheme of methods proposed by Beinersdorf & Schwarz (2014). Within these 

previous studies, authors are illustrating the different intensity (observation) and magnitude 

(ground motion based) approaches for the 2004 Waldkirch (Germany) earthquake.  

Fig. 11 presents a stepwise approach to calculate shakemaps. Depending on the state of 

knowledge in the respective region, simplified procedures with only one input variable such 

as magnitude or comprehensive procedures with different levels of data availability, subsoil 

profile as well as specific ground motion models can be applied. This can be adapted in a 

modular way, depending on the level of knowledge. The conversion to macroseismic 

intensity is given at any time. SHAKEdata (see Fig. 11: top section) includes the collection 

of data, whether by questionnaire, internet query or interactive web services. It includes 

aerial photography and the processing of spatial data (especially also after the event itself), 

as well as on-site surveys or the evaluation of damage surveys.  
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Fig. 11 Shakemap generation procedures accord. to Beinersdorf & Schwarz (2014) – examples shown 

here: 2012 Huizinge earthquake ML = 3.6 for macroseismic approach; 2018 Zeerjib earthquake ML = 3.4 

for the magnitude approach; * denotes a corresponding macroseismic intensity map. 
*note: map MF1 is not colored acc. to the given Intensity/PGA scale 

 

SHAKEinform processes the status of data collection and derives information for various 

user groups from it. The aim is to provide information at short notice, such that the 

processing of empirical values (e. g. historical earthquakes) is useful in advance.  

Maps of shaking effects (SHAKEhaz) can be generated based on the regional characteristics 

with regard to the impact models. This can be reached by considering amplification effects 

due to the subsoil conditions like e. g. short period amplification factors calculated according 

to the second generation of the Eurocode based on shear wave velocity data maps, see also 

Fig. 11: MF1 – Soil amplification. To consider the deep geology, based on level of data 

availability a site response analysis (SRA) can be performed on the basis of soil profiles or 

by using H/V spectral ratios from noise measurements, the topography can also be 

considered by slope-related modification factors.  
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In general, at locations in case no seismic recordings are available, virtual stations have to 

fill the gap of missing information by appropriate functions (SM5, SM5*). These functions 

can be attenuation relationships based on the physical decrease of the wave energy (e. g. 

radial, elliptic – direction-dependent, considering subsoil or rock conditions, or estimation 

of missing data at different location based on geospatial interpolation techniques.  

Directly after detection of an event it is possible to estimate ground shaking levels via the 

use of an attenuation of macroseismic intensity (SM2) or a ground motion prediction 

equation GMPE (SM3). SM3 can be transferred to a macroseismic intensity map (SM3*) 

using ground motion intensity conversion equation (GMICE). Depending on the knowledge 

level and the density of points, combinations of these data can be used to generate hybrid 

shake-maps (HSM). 

5.2 Definition of scenarios on the basis of Seismic Hazard Assessment 

It is indisputable among experts that for the induced seismicity a stationarity of seismicity 

cannot be assumed. The basic methodological requirements of the Probabilistic Seismic 

Hazard Analysis (PSHA) are therefore not met. An alternative approach of PSHA is 

introduced as a Probabilistic Equivalent Induced Seismic Hazard Assessment (PEISHA) and 

based on the simulation of earthquake libraries using intensity-dependent magnitude-

distance correlations (see Figure 2b and 3b). For the purpose of these preliminary studies, 

(induced) seismic source regions are derived from the gas field areas. Four modelling 

variants (MV) are considered, taking into account tectonic (TS) and induced seismicity (IS). 

Starting from the "Zones of exploration areas" a total model (MV B) and models with two 

(MV C) or three subzones (MV D are considered (c.f. Schwarz et al., 2018). Different 

specifications for the source depth ranges (2  h  3 km, 2  h  4 km and 2  h  20 km) 

are considered in which the earthquakes are played out in the simulation program PSSAEL 

(Rosenhauer, 1999). Earthquake libraries are generated on the basis of an intensity 

assignment relationship as a correlation between magnitude, distance and intensity – 

comparable to the graphs in Figures 2b and 3b. Note: Examples of the simulated earthquakes 

can be taken form the maps presented by Schwarz et al. (2018). 

The simulated events can also be used to disaggregate the hazard, i. e., the simulated 

earthquakes are evaluated for given exceedance rates according to their shares to the whole 

hazard background in terms of defined magnitude and distance intervals (bins). In the case 

of induced seismicity, due to the low source depths, site-related events dominate the hazard 

background (see Fig. 12). The quality of intensity attenuation has a minor (slight decreasing) 

effect concerning the maximum shaking effects. 

a) Intensity IEMS = IV (4.0) b) Intensity IEMS = VI (6.0)

Fig. 12 Comparison of the modelling variants for different intensities and allowed source depth ranges in the 

simulation with PSSAEL: MV C, range of source depth h = 2 to 3 km 
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Abstract: In the context of Earthquake Early Warning application, the high-speed rail networks are of 

particular interest due to their strategic role for private/public transportation. An innovative, target-oriented, 

EEW methodology has been developed and implemented on the Italian High-Speed Railway line between 

Rome and Naples. The methdology combines the P-wave, onsite and network-based approaches in a time-

evolutionary, probabilistic scheme, with the major purpose of making the system reliable and robust against 

failures, uncertainties, and false/missed alerts. Here we propose a quantitative assessment of the system 

performance and describe principle, methodologies and data used for offline simulation analyses, as well as 

the results of the retrospective analysis.  

Keywords: Earthquake Early Warning; Performance Evaluation 

1. Introduction

In the context of Earthquake Early Warning (EEW) applications, railway infrastructures 

are of particular interest due to their strategic role for private/public transportation of both 

passengers and goods. One of the most serious consequences of earthquake shaking is the 

train derailment, potentially resulting into injuries and casualties for high-speed trains. The 
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most obvious benefit for high-speed railways would be the capacity of stopping trains 

crossing the expected impact line before the arrival of the strongest shaking.  

In Italy, in the frame of an industrial partnership with Rete Ferroviaria Italiana (RFI) 

S.p.A., the University of Naples, Federico II has recently designed, developed, and 

implemented a prototype EEW system dedicated to protecting trains and rail 

infrastructures in a selected segment of the national high-speed railway network, between 

the cities of Naples and Rome.  

In the event of an earthquake, the system has the main goal of estimating the expected 

shaking along the train line, to adopt mitigating actions as soon as possible  and potentially 

slowing down or stopping the running trains approaching to the epicentral area. 

The EEW method implements an evolutionary, P-wave based Early Warning system and 

operates by combining and integrating the single station and network-based approaches. 

The initial peak amplitude of displacement (Pd), velocity (Pv) and acceleration (Pa) are 

continuously measured in a progressively expanding time window and are used to provide 

an estimate of the maximum expected Peak Ground Acceleration (PGA), using empirical 

scaling relationships. A probabilistic decision scheme for the alert declaration is 

implemented, accounting for the exceedance probability of a given PGA threshold value 

and considering the uncertainty associated to the empirical scaling relationships. A final 

decision module evaluates whether and where the predicted PGA exceeds the established 

threshold and declares the alert at the nodes of the line where the most relevant impact is 

expected. 

2. Paper Content 

The performance evaluation is crucial for stakeholders and end-users, to properly configure 

and setup the operational system. In the existing, worldwide EW systems, the performance 

is generally measured in terms of a) the ability to correctly predict / not predict the impact 

(ground shaking level and potential important impact) and of b) the rapidity of the system 

issuing the alert containing these predictions (Allen and Melgar, 2019).   

Here we introduce a quantitative performance assessment for the EW system which allows 

evaluating both the system rapidity in providing alerts and the quality/reliability of these 

predictions. We describe the proposed method and the waveform database used for the 

performance evaluation. The performance here is evaluated through a retrospective, off-

line analysis of the system outputs, assuming that the offline analysis reproduces the real-

time operations. 

 

We preliminary built a dedicated database including both real earthquake waveforms and 

train transit signals, separately. We used the train transits available from the RFI network 

and the earthquake signals previously acquired during the 2016-2017 Central Italy 

earthquake sequence at the INGV-DPC seismic network (Gorini et al., 2010). Then we 

evaluated the impact of the train transits on the system performance, by simulating the 

partial and total overlapping of these signals with the P-wave recordings (Figure 1).  

 

We then explore several combinations of some of the system parameters among those 

affecting the alert release, such as the PGA threshold value, the exceedance probability of a 

given PGA and the Decision Module configuration for the first alert release.  
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We varied these parameters in reasonable ranges, and, for each combination, we evaluated 

the behaviour of the system, through a straightforward and useful scheme for a quantitative 

performance assessment.   

Figures. 

Fig. 1 - Example of waveform and train passage used for the offline performance analysis evaluation. The 

figure shows the superimposition of a train transit signal just before the occurrence of a M 5.4 earthquake 

occurred during the 2016-2017 Central Italy Earthquake sequence. From top to bottom, the vertical 

component of acceleration, velocity and displacement are shown. 
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Abstract: Earthquake Early Warning (EEW) systems are real-time earthquake risk 
mitigation systems for all types of lifeline structures like high speed railway lines (HSRL). 
EEW systems help to detect, analyse and transmit information of the earthquake event to the 
potential target areas. The present study uses two different methods of EEW with different 
parameters for the HSRL. The first method uses the combination of the peak ground 
acceleration (PGA) and cumulative absolute velocity (CAV). The second method uses a 
multi-parameter-based EEW algorithm for a more accurate and reliable EEW. In this 
method, parameters such as maximum predominant period (Tp

 max), average period (Tc), 
peak displacement (Pd), cumulative absolute velocity (CAV) and root sum of squares 
cumulative velocity (RSSCV) have been used. The data-set for the study is chosen from 
PEER database. Worldwide earthquake data is used with magnitude M>4.5 with epicentral 
distance<200km. Results of the methods are checked with the results of the past studies and 
evaluations for the further studies are done. 

Keywords: CAV, PGA, RSSCV, Pd, T p
 max

1. Introduction

Although in some countries EEW systems have been established since the beginning of 
2000s, they are still in progress especially in the countries where high earthquake hazards 
are exposed. Today, the leading countries in EEW systems are Japan (Kamigaichi, 2004), 
Mexico (Espinosa, Aranda et al. 2011), Taiwan (Wu and Kanamori, 2008), Romania 
(Wenzel et al., 2001; Marmureanu et al. 2014), Turkey (Alçık et al. 2009; Erdik et al. 
2003), the United States (Allen and Kanamori, 2003; Wurman et al. 2007), Italy (Satriano 
et al. 2011), Switzerland (Allen et al. 2009) and China (Peng et al. 2009). 
EEW systems are applied based on the fast calculation of magnitude and epicentre location 
of the earthquake. In such systems, EEW information uses algorithms that calculate the 
probable magnitude and epicenter of the earthquake based on the first 3-second 
information of the P-wave, and then they share this information. Among these algorithms, 
Earthquake Alarm Systems, ElarmS, (Allen et al., 2009), Virtual Seismolgist, VS, (Cua 
and Heaton, 2007), PRobabilistic and Evolutionary early warning SysTem, PRESTo, 
(Satriano et al. 2011) algorithms exists. Since such EEW algorithms calculate the 
magnitude and epicentre of the earthquake in the first 3 seconds of the P-wave and aim to 
deliver this information to the target area before the destructive S- wave arrives, the 
usability of this information depends on the speed difference of the P and S-waves and the 
distance of the target area. The use of this algorithm does not allow sufficient early 
warning time for earthquakes occurring within 50km of the target area. 
In Turkey, the Istanbul Earthquake Early Warning System was established in 2002 as a 
Pre-Detection System in order to give a warning during a potential earthquake that may 
occur in the Marmara Sea (Erdik et al., 2003; Alçık et al., 2009; Alçık et al., 2011). After 
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this Pre-Detection system, Marmaray Tube Tunnel and IGDAŞ (Istanbul Natural Gas 
Distribution Inc.) network were integrated with On-Site Detection systems (Zulfikar et al. 
2014; Zulfikar et al. 2014; Zulfikar et al. 2016; Yoshino et al. 2017). 
The application of the EEW system in high speed railway lines (HSRL) was first applied in 
the world in 1960 in Japan. In Japan, both the pre-detection system, which depends on the 
threshold level and the first 3 second analysis of the P-wave, as well as the on-site 
detection system along the HSRL are used (Ashiya 2004; Nakamura, 1988; Nakamura and 
Saita, 2007; Saita et al. 2003). EEW systems currently used for HSRL in Japan are 
UrEDAS (Nakamura, 1988; Nakamura and Saita, 2007), EQAS (Odaka et al. 2003; 
Yamomoto and Tomori, 2013), FREQL (Nakamura et al., 2006; Nakamura and Saita, 
2007). 
Other countries that apply the EEW system to railways, apart from Japan, are Taiwan and 
China (Wu et al., 2008; Zhigao et al., 2017). In China, an integrated Pre-Detection system 
based on the PGA and CAV threshold levels is used in conjunction with the On-Site 
system located along the railway line. In Taiwan, a nationwide EEW system and a dense 
earthquake station network have been proposed with inexpensive MEMS sensors (Wu 
2014; Wu et al. 2014). 
Earthquakes in Italy, Greece and Romania, which have occurred in Europe in recent years, 
have increased the interest in EEW systems in Europe (Clinton et al., 2016). Zollo et al. 
developed a EEW system for Italy in 2009. The PRESTo EEW algorithm developed by 
Satriana et al (2011) also analyzes the magnitude and location of the earthquake over the 
first 3-second data of the P-wave. Colombelli et al. (2012) and Colombelli et al. (2015) 
developed algorithms based on threshold level and P-wave. Picozzi et al. (2015) developed 
a regional EEW system covering Northern Italy, Slovenia and Austria. Alcik et al. (2015) 
studied the CAV threshold levels for the Romania Vrancea earthquakes. 

2. CAV and PGA combination method

PGA is a parameter that can be used for the seismic ground motion threshold alarm; 
however, there is still a possibility of false alarm, so it is necessary to use a more reliable 
parameter to determine the influence of the earthquake on the train. The combined alarm 
method of CAV and PGA can effectively eliminate the interference from near and small 
earthquakes as well as far and large earthquakes, and can be used as a single station alarm 
method to replace the PGA multiple-station alarm mode (Huang et al. 2014). 
According to Chen and Huang (2017), the combined alarm system of CAV and PGA can 
not only eliminate the interference from the less-destructive near and small earthquake or 
far and large earthquake, but also reduce the false alarm caused by single-station seismic 
motion threshold. Because high-frequency inference like the human activity or vehicle 
vibration near the seismic monitoring site may exceed PGA alarm threshold value, but 
their vibration amplitude attenuate usually fast and duration time is not enough, so that 
their CAV is difficult to exceed CAV alarm threshold. 
Setting the alarm threshold of PGA as 0.04 g (about 40 cm/sec2), alarm threshold of CAV 
as 0.045 g.sec, the earthquakes can be divided into four alarms regions according to the 
earthquake destruction (Fig. 1) (Chen and Huang, 2017). As shown in the figure below, the 
0-zone demonstrates that the earthquake has no threat to the train, and the train can keep
going; 1-zone demonstrates that far and large earthquake has mild impact on the train, so a
declaration is needed; 2-zone demonstrates that near and small earthquake has mild impact
on the train, so a declaration is needed; 3-zone demonstrates that far and large earthquake
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has serious damage to the train, and the train needs to stop (Chen, 2017). The station data 
distribution for different zones mentioned can be seen at Fig. 2. 300 earthquake station 
records with M>4.5, epicentre< 200km taken from PEER are used for this method. It is 
seen that most of the data is on the zone 0 (70) and zone 3 (136). There are 35 data in zone 
1 and 59 data in zone 2. 

 
Fig. 1 -Schematic diagram of the combined alarm of CAV and PGA (taken from Chen and Huang, 2017). 

 
Fig.2- Distribution of the PGA and CAV values according to  the different alarm zones. 

3. Multi-parameter method 

Bhardwaj et al. (2016) tried to develop a multi-parameter-based EEW algorithm for 
accurate and reliable issuance of EEW. In their study, parameters such as maximum Tp

max , 
Tc, Pd, CAV and RSSCV have been used to develop an algorithm and also various 
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combinations have been attempted to issue alarm. The criterion for issuing warning is 
based on the alarm status of combinations of parameters at nearest four stations within 
selected epicentral distance of the event. They used 3 types of data-set taken from K-NET 
seismic array (Japan), Indian and PEER-NGA database for three check steps for their 
study. 
In this study, data set taken from PEER database is used with 300 station data with M>4.5, 
epicentre< 200km. The sampling rate is 100 samples per second. The formula information 
related with the parameters used is shown in Table 1. The threshold values for CAV and 
RSSCV have been calculated for five second time window by observing the best fit on the 
records. CAV describes the cumulative effect of generated ground signal in the selected 
time, thus used to differentiate between a damaging and non-damaging event (Bhardwaj et 
al. 2016). RSSCV is another EEW parameter which includes the cumulative effect of 
ground motion duration (Bhardwaj et al. 2013a).  RSSCV helps in enhancing the SNR and 
reduces the standard error in observational seismology. CAV and RSSCV distibution 
against the magnitude  can be seen at Fig. 3 and Fig. 4. 

Table 1. EEW parameters used in the study. 

Fig.3- Specified threshold values of CAV for different station records acooring to 5 second time window. 
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Fig.4- Distribution of the RSSCV vs M according to 5 second time window. 
 

Bhardwaj et al. (2016) carried out the analysis at five windows (1, 2, 3, 4 and 5 s) to search 
for the accurate and minimal time window where the observed Tp max , Tc and Pd values at 
each station have been plotted against the catalogue magnitude at each event. They see an 
increase in slope and improvement in magnitude estimate with each additional second of 
data stabilizing at 4 s. Moreover, their study shows that the scattering effect of Tp max at 
lower magnitudes gets reduced with increase in window length which verifies Brown et al. 
(2009) observation. In case of Tc at 1 s, data results in smaller slope to the scaling relation 
leading to systematic underestimation of magnitude for large events due to saturation at 
higher magnitude (Kanamori 2005), whereas an increase in slope and improvement in 
magnitude estimate for larger events has been observed at higher time windows. In case of 
Pd with the increase in time window length, same improvement in magnitude estimation 
has been observed. 
 In the present study, the analysis carried out just at 5 second time window where the 
observed Tp max , Tc and Pd values at each station have been plotted against the catalogue 
magnitude at each event. The least square fit to the average values of Tp max , Tc and with 
magnitude have been shown Fig. 5a, 5b and 5c. In different time window cases, the rise in 
slope is seen with each additional second of data. 
 

False alarm (FA) Correct alarm (CA) 

Correct all clear (CAC) Missed alarm (MA) 
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Fig.5- Effect of number of seconds of P-wave data on scaling relations between (a) Tp
 max 

(b) Tc and (c) Pd with magnitude. Dots represent observation at individual stations and
lines are linear best fit for 5 second time window. 

c 

b 

a 

4006 3ECEES, September 2022, Bucharest, Romania



4. Conclusions 

The study presented tried to combine two different EEW methods as a case study and an 
evaluation for HSRL. Worldwide data including earthquakes from all around the world are 
chosen for the study. The earthquake magnitude is chosen ≥4.5 and the epicentral distance 
is taken >200 km.  
According to the CAV and PGA combination method, 70 station records are in 0-zone 
(earthquake has no threat to the train and the train can keep going) 35 station records are in 
1-zone (far and has mild impact on the train, a deceleration is needed), 59 records are in 2-
zone (near and small earthquake, mild impact on the train, a deceleration is needed) and 
136 records are in 3-zone ( far and large earthquake has serious damage to the train, train 
needs to stop). These results are compatible with the epicentral distances and with the 
magnitudes of the earthquakes. 
In the multi-parameter method, the CAV and RSSCV values scatter gets reduce with 
increasing time window with a rise in correct alarm rate (Bhardwaj, 2016). So, in this study 
5 second time window is considered. The CA, FA, CAC and MA zones are represented by 
Quarter-I, Quarter-II, Quarter-III and Quarter-IV, respectively, in Fig. 4. Moreover, CA 
and CAC are together termed as the correct detection (CD) and the FA and MA are the 
termed as incorrect alarm (ICA). So, there are 168 data termed as ICA, and 132 data as CA 
for this study. It is clear that ICA number is more than CD. In an accurate and reliable 
EEW algorithm, it is required that CD number should be more than ICA. So, the efficiency 
of the EEW algorithm should be tested with different combinations of the parameters. 
This study shows that, these methods can be considered as a remarkable began for the 
further studies in EEW. In future studies, a specific area including HSRL will be 
considered. For Turkey, Marmara region will be a good case for these methods. 
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Abstract: The Earthquake Early Warning (EEW) and Structural Health Monitoring (SHM) 

systems can significantly contribute to seismic risk mitigation in regions with high seismic 

hazard. Romania, a country periodically affected by strong earthquakes with magnitude > 

7.0 occurring in the the Vrancea intermediate-depth seismic zone benefits from both 

systems. For the Romanian EEW, the lead time for capital Bucharest is between 25 and 30 

seconds. The paper presents a brief overview of the combined use of EEW and SHM 

systems for engineering applications, their independent implementation and development in 

Romania, and a potential synergistic case study, considering the particularities of the 

Vrancea seismic zone.     

Keywords: Earthquake Early Warning, Structural Health Monitoring, Vrancea earthquakes, 

seismic risk 

1. Introduction

Both Earthquake Early Warning (EEW) and Structural Health Monitoring (SHM) systems 

have recently gained momentum, with the increase of computational power and processing 

algorithm systems (including artificial intelligence). Independently, the two systems have 

been studied for decades (EEW since the 80s and SHM since the 60s).  

The potential effectiveness of EEW systems across Europe was investigated by Cremen et 

al. (2022), and possible risk-mitigation actions taken by different stakeholders for different 

EEW lead times were proposed. Some of them include stopping traffic (i.e., turning lights 

red) and switching on active control systems for structures, for a short lead time range, or 

shutting down industrial activities or stopping surgical procedures for lead times larger 

than 10 seconds. With the same main objectives (real-time decrease of seismic risk and 

increase in the effectiveness of the post-earthquake actions) the combined application of 

EEW and SHM has been approached mostly in the last decade (Cosenza et al., 2010; Wu 

and Beck, 2012; Iervolino et al., 2009a; Iervolino, 2011; Okada et al., 2009; Picozzi, 2012; 

Cheng et al., 2014).  

A procedure for possible integration of semi-active structural control and EEW systems 

was proposed by Iervolino et al. (2009a). This engineering application consists of the 

probabilistic seismic demand curves development for a structure equipped with semi-active 

control devices based on real-time EEW information (the building can adapt its dynamic 
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characteristics within a few seconds to better withstand the expected ground motion). A 

study conducted by Okada et al. (2009) introduces a sensor-based system for two seismic-

isolated structures, integrating an EEW system, based on the experience of the Great 

Hanshin Earthquake in 1995. The opportunity to combine structural monitoring 

capabilities and early warning technologies for real-time damage assessment was endorsed 

in the School of Engineering Main Building in Naples, with an EEW terminal installed in 

the building and an SHM server implemented (Cosenza et al., 2010).     

A performance-based earthquake early warning framework was introduced in 2011 

(Iervolino, 2011) due to the lack of structure-specific EEW initiatives for earthquake 

engineering and design approaches. The main idea of this concept is to predict in real-time 

the engineering demand parameters (EDP) based on the sensor information and to use 

them as an input for the assessment of specific structural performance and associated 

losses.  

Emergency response in high-rise buildings can also benefit from applying the EEW system 

and real-time strong motion monitoring system, by integrating them into a Plan, Do, 

Check, Action (PDCA) Cycle. The method was validated in an earthquake drill at 

Kogakuin University, in 2008, confirming that EEW allows emergency response to be 

carried out quickly, while the monitoring system enabled the emergency authorities to 

promptly grasp the extent of damage to buildings and to manage the situation safely and 

calmly (Kubo et al., 2011).  

Picozzi (2012) proposed the first attempt of a tailor-made earthquake early warning 

(TEEW) for buildings, based on the analysis of early P-wave signals recorded by 

accelerometers installed at different levels of a structure. The author showed that only by 

using 4 s of P-wave signals it is possible to obtain a rapid characterization of the event size 

and the impulse response functions describing the structure’s response. The complete 

procedure also includes the determination of acceleration and displacement response 

spectra at different levels of the structure and the integration of all the available 

information into a decisional rule and warning based on the exceedance of a specific 

threshold value.  

Other engineering applications of EEW to buildings were detailed by Cheng et al. (2014) 

in terms of human comfort experienced by mid-rise to high-rise buildings occupants and 

elevator control. A review conducted by Velazquez et al. (2020) highlighted that hospitals, 

public transportation and schools have particular potential to undertake risk mitigation 

actions when an EEW alert is received. On the other hand, the authors pointed out that the 

engineering applications of EEW, with high potential to significantly improve risk 

assessment and decision-making on triggering alerts, were not yet exploited at their 

maximum potential, both in terms of scientific literature, and also as real-life 

implementations. Recent work in the field explores the feasibility of rapidly predicting the 

seismic response of buildings in terms of EDP (Cremen et al., 2021), among which 

structural drift (Iaccarino et al., 2022) or peak floor acceleration (Ghahari et al., 2022), 

being recognized the limitations of the classical EEW applications that target only free-

field stations and upgrading it to real-time engineering applications directly related to 

building response to earthquakes. 

2. Brief overview of EEW and SHM in Romania 

Considering the development of the EEW in Romania starting with 2002, with significant 

upgrades and improvements in 2006 and 2013 (Marmureanu et al., 2021), and the recent 

40113ECEES, September 2022, Bucharest, Romania



implementation of a growing number of SHM systems (Tiganescu et al., 2021a, 2021b, 

2022), the synergy of the two systems for seismic risk mitigation is facilitated and can be 

envisaged in the future.  

The EEW in Romania is centered on the Vrancea seismic zone. It uses 35 strong motion 

stations to estimate location and magnitude for earthquakes with magnitude larger than 

MW 4.5. The system has sent more than 50 earthquake alerts to national authorities 

responsible for rapid response in case of strong events. Also, the alert notification is sent to 

first responders in Republic of Moldova, Kozloduy Nuclear Power Plant, Bulgaria, and to 

other 16 governmental agencies in Romania and Bulgaria. In the last years, INFP has been 

testing alert notification broadcasting to an open group of people (http://alerta.infp.ro/).  

There are currently 22 instrumented structures by academia and research entities in 

Romania, with an increase of this number envisaged in the near future. The SHM systems 

evolution, and the instrumented structures characteristics and equipment can be found in 

Tiganescu et al. (2022). In addition to academia and research, a growing number of private 

companies are monitoring structures in order to evaluate and track the structure`s integrity 

over time or to assess their post-earthquake condition. The research was initiated in the 

1960s at URBAN-INCERC, and by the time of the 1977 earthquake, there were two 

structures with permanent seismic instrumentation. Local databases consisting of the 

fundamental period of pre- and post- 1977 earthquake were developed, for 47 buildings, a 

real help for the engineers to be able to relate the damage grade with the different 

percentages of the variation of dynamic parameters of the structures (Georgescu et al., 

2010, Craifaleanu et al., 2011). In 2003, within the framework of a JICA Project, UTCB 

instrumented four structures with 13 strong motion sensors (Aldea et al., 2007). INFP 

started the seismic instrumentation of structures within research projects in the late 90s, 

and since 2011 they are in charge of SHM of a couple of structures. A boost of seismic 

instrumentation of buildings at INFP was achieved within the TURNkey Project, where 5 

structures of different typologies were instrumented with 15 low-cost sensors and 5 GNSS 

systems. Data-driven, model-driven and dual approaches have been used for the dynamic 

identification of the instrumented structures (Tiganescu et al., 2022).       

Moreover, modern retrofitting techniques, such as seismic isolation of historical structures 

and installation of damping devices were applied for structures in Bucharest and Iasi 

(Melkumyan et al., 2011, Gilani and Miyamoto, 2012, Balan et al., 2020, Lupasteanu et al., 

2019). This sets the premises of EEW application to specific seismic-isolated buildings 

(Okada et al., 2009).     

In an interdisciplinary approach, a first concept proposal of the two systems integration in 

Romania was proposed by Dragomir et al. (2016), by means of INFP`s EEW and URBAN-

INCERC`s SHM. However, it was not applied and demonstrated in a case study yet, and 

only the framework was presented.   

3. Proposed framework

The proposed framework is based on a structure-specific warning system, making use of 

EEW information available and correlating the data with the SHM system deployed in the 

structure. Depending on the instrumentation scheme and the level of detail available, a 

custom-made framework can be proposed. Moreover, for industrial buildings, requirements 

of limit thresholds for the operation of machines and equipment can be integrated in the 

framework and alerts can be issued based on real-time recorded data, with respect to the 

reference values.  
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Figure 1 presents a setup for the implementation of the two systems. EEW is able to 

provide rapid estimates of the Vrancea earthquake location, depth, and magnitude. By 

using this information, a first estimation of the impact on the analyzed structure (either a 

residential building or a critical building as a hospital) can be rapidly produced, using 

proper ground motion models. The EEW provides crucial information on when active 

control systems should rapidly tune the dynamic characteristics of a structure to minimize 

the adverse effect of the earthquake. Moreover, rapid estimation of the frequency content 

of the ground motion based on recordings at the Romanian Seismic Network stations will 

provide important input for this approach. Elevator automatic control system can be 

triggered only based on the first estimates of EEW, so that the occupants will have time to 

get outside the elevator to the nearest floor and protect themselves from the upcoming 

strong shaking. Given the lead time larger than 25 seconds for Bucharest, the TEEW 

procedure (Picozzi, 2012) can be employed, based on the impulse response functions 

describing the structure’s response from early P wave recordings to estimate the expected 

shaking at the different floors. For hospitals, the integration of EEW with SHM systems is 

beneficial in terms of interrupting any dangerous surgical operations (EEW) and assessing 

the structural integrity right after the earthquake, based on recorded data (SHM) to ensure 

its continuous operability.  

 

 

Fig. 1 - The proposed workflow for integrating existing EEW and SHM systems for a residential building: 

active control system (blue icons) and elevator control, and a hospital. Strong motion stations are represented 

with orange triangles.    

4. Conclusions  

Even though there is still some uncertainty in early warning predictions of engineering 

ground motion (Iervolino et al., 2009b), there is an increase of structure-specific 

applications that take advantage of the EEW systems, corroborated with SHM data. The 

main objective is to reduce the seismic risk in terms of human comfort, elevator control, 

shutting off gas supplies or industrial equipment, switching on active control systems for 
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structures, safe interventions of the emergency teams and improved quick post-earthquake 

damage assessment. Romania is a seismic country that benefits from both systems (EEW 

and SHM), with a lead time larger than 25 seconds for strong earthquakes, in Bucharest, 

the capital city and the most endangered one (Marmureanu et al., 2021). Twenty-two 

structures are currently instrumented in Romania, seventeen of them in Bucharest. 

However, the two systems were treated most of the time separately, and there is a growing 

need to integrate them to mitigate the seismic risk better, quickly, and reliably. The current 

paper proposes a combined approach that takes advantage of EEW and SHM systems, with 

potential testing and application in Romania in the near future. Examples of possible active 

control systems and elevator control for structures and hospital application are detailed. 

The idea is to take advantage of the rapidly available information on the Vrancea 

earthquake parameters with real-time data recorded on structures to facilitate an automatic 

structure-specific impact assessment to be carried out in a timely and realistic manner.   
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Abstract: Technological progress consisting of the development of low-cost miniaturized 
sensors smartphone embedded and 5G infrastructure makes an effective fostering of diffuse 
data acquisition and citizen science for the earthquake defence and seismic risk mitigation 
strategies. We illustrate here the results of a project aimed at building an innovative solution 
based on Artificial Intelligence to provide increasingly accurate estimates of ground motion at 
local scale. The project has the aim of investigating the potential of enhancing the resolution of 
the earthquake impact reconnaissance with respect to site effects. The solution is based on a 
specifically developed platform that collects data by an App installed on users' smartphones 
and then analyses the seismic parameters (i.e. Peak Ground Acceleration, PGA and Peak 
Ground Velocity, PGV) received at the built-in mobile device accelerometers, also by using 
Machine Learning (ML) algorithms. 
The test version of Android mobile App with Machine Learning model has been trained on 
historical earthquake data, installed on 3 pairs of Android smartphones placed on seismic 
stations located in the Umbria region. Testing results on real data will be used for ML model 
improvement and Proof of Concept finalization. 

Keywords: earthquake rapid response, smartphone-embedded accelerometers, Artificial 
Intelligence, site effects 

1. Introduction

The information contained in the ShakeMaps (Michelini et al., 2008) are essential for measuring 
the extent of earthquake affected areas, determining which areas are potentially most damaged, 
allowing a quick estimate of losses and implementing optimal decision-making strategies aimed 
at planning relief efforts to overcome the emergency. 
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Fig. 1 shows an example of ShakeMaps relating to the seismic event that occurred at 3 km E 
Amatrice (RI) on 03 December 2017 at 23:34:11 GMT of Magnitude 4.0. 

Fig. 1 Shakemap relating to the seismic event that occurred at 3 km E Amatrice (RI) on 03 December 2017 at 
23:34:11 GMT of Magnitude 4.0 (lat: 42.62, lon: 13.33, Depth: 7.6 k, ID: 17769831, available at link: 

http://shakemap.rm.ingv.it/shake4/view.html?eventid=17769831) 

Shakemaps are designed to be used immediately after a seismic event. They are produced by 
Research Institutions or Agencies, responsible for seismic surveillance (e.g. INGV for Italy, the 
USGS for the United States government) and are implemented in accordance with the protocol 
developed by the USGS (https://earthquake.usgs.gov/data/shakemap/). The procedure consists 
in combining instrumental measurements obtained at seismic stations with information on local 
geology and with the expected values of PGA (Peak Ground Acceleration) or PGV (Peak 
Ground Velocity) from Ground Motion Prediction Equation, GMPE. 
In fact, where instrumental values are not present, the algorithm underlying the calculation of 
the ShakeMaps interpolates the observed data, making use of the laws of attenuation of the 
shaking with the distance available for the area in question. 
Low-cost miniaturized sensors embedded in the smartphones and 5G infrastructure make an 
effective help in this framework (Finazzi, 2016). 
It has also to be considered that, due to the near-surface layers presence, ground motions can 
be modified during earthquakes at least by three kinds of site effects: i) 1D seismo-stratigraphic 
resonance responsible for the local enhancement of seismic ground shaking, ii) interference of 
impinging waves on rugged topography (topographic effects), and iii) induced gravitational 
instabilities (landslides and rockfalls). Indeed, joining smartphone-embedded information to 
other seismic stations information (such as those acquired at the RAN network) over the whole 
Italian territory may allow in the future to infer values of synthetic parameters informative about 
site effects expected in wide areas in case of an earthquake. 

2. Data and materials

With the aim of carrying out sensitivity analyses of the data acquired at smartphone-embedded 
accelerometers with respect to the reproducibility of scenarios according to the magnitude of 
the event and the number of points available, it was necessary to define the type of data and 
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acquisition methods and identify and select data from systems of consolidated acquisitions such 
as those coming from the seismic stations of the seismic network. 
For data collection, we choose three seismic stations locate in the Umbria region (Tab.1) and 
we installed a mobile phones pair at each site: the first one is fixed and perfectly coupled with 
the bracket of the data acquisition system to simulate real acquisition conditions, whilst the 
second one is free to move. 

FOPC FOCC TRE2 
Network: IT 
Name: Foligno Prot Civ Reg 
Lat: 42.9697 
Lon: 12.7031 
Ele: 3 
Sensor: Basalt 

Network: IT 
Name: Foligno Comando 
Carabinieri 
Lat: 42.9574 
Lon: 12.7079 
Ele: 283 
Sensor: Etna 2 

Network: IT 
Name: Trevi 
Lat: 42.8761 
Lon: 12.7361 
Ele: 226 
Sensor: Etna 2 

Tab. 1 Selected seismic stations overview 

The overall App architecture is illustrated in Fig. 2. 

Fig.2: App architecture 

Furthermore, since a Machine Learning (ML) model will be used to decide which motion is 
produced by earthquakes and which is not, a dataset of PGA (Peak Ground Acceleration) and 
PGV (Peak Ground Velocity) values of about 90 events recorded in the test area was initially 
used in the training phase. 
The used machine learning model and the above-mentioned dataset helped us to find a “decision 
boundary”: a line that can distinguish between classes. 
Support Vector Regression (SVR) model was chosen, notwithstanding this model has higher 
errors with respect to the neural networks, it might work better in cases where input data are 
not massive. 

3. Results

Data are collected using the application installed on the mobile phone in a near real-time 
acquisition mode. 
The received output of the SVR Machine Learning model is shown in Fig. 3. 
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Fig.3 Machine Learning output 

Conclusions 

The test version of Android App with ML model trained on available earthquakes data was 
installed on three pairs of mobile phones placed on seismic stations in Umbria. Testing results 
on real data will be used for ML model improvement and Proof of Concept finalization. 
Future insights should be obtained by calibrating the minimum acceleration and velocity that 
can be acquired by smartphones-embedded accelerometers. This is an important step in 
perfecting earthquake mitigation strategies and their actual testing and implementation. 
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Abstract: In the frame of an industrial partnership with Rete Ferroviaria Italiana S.p.A., the University 

of Naples, Federico II has recently designed, developed, and implemented a prototype EEW system 

dedicated to protecting trains and rail infrastructures for selected railway segment between the cities of 

Naples and Rome. The system has the main objectives of issuing the automatic alert to the RFI control room 

for strong ground motion amplitudes and, consequently, slowing down/halting the high-speed trains through 
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the activation of Automatic Block Signaling devices along the railway. In this paper we shall overview the 

basic principles, methods and experiments adopted for designing and implementing the EEW system for 

high-speed rail in Italy and illustrate the advantages and limitations of the used approach as derived from the 

real-time testing and offline quantitative assessment of the system performance based on simulation analyses. 

 

Keywords: Earthquake Early Warning for high-speed railways; Early Warning System Design and prototype 

implementation 

1. Introduction 

Earthquake causative faults are a serious threat for many densely populated regions 

of the Planet located in their proximity. During the past decades several high-impact events 

have caused huge damage and dramatic economic losses to buildings and infrastructures.  

As an effective strategy for the seismic risk reduction through its damage mitigation, 

the Earthquake Early Warning (EEW) systems are being developed, tested, or made 

operational in most of high seismic hazard countries worldwide. EEW systems are 

complex, seismic monitoring infrastructures, integrating continuous ground-motion 

recording, automatic signal processing and real-time telemetry, that has the potential to 

provide warning prior to a significant and potentially damaging ground shaking will strike 

the target infrastructure to protect. This is possible by rapidly analyzing the early signals of 

an ongoing earthquake and predicting the largest amplitude of late ground shaking waves 

impacting at the recording site or at some other locations. 

In the perspective of the implementation and operational use of an end-to-end EEW 

system, the nation-wide, high-speed rail networks are of particular interest due to their 

strategic role for private/public transportation.  

2. Paper Content 

In Italy, in the frame of an industrial partnership with Rete Ferroviaria Italiana 

S.p.A., the University of Naples, Federico II has recently designed, developed, and 

implemented a prototype EEW system dedicated to protecting trains and rail infrastructures 

in a selected segment of the national high-speed railway network, between the cities of 

Naples and Rome.  

The system has the main objectives of  

• Issuing the automatic alert to the RFI control room for strong ground motion 

potentially capable of producing impact of interest to the railway infrastructure and 

train derailment. 

• Managing the alert situations by slowing down/halting the high-speed trains through 

the activation of Automatic Block Signaling devices along the railway. 

• Declaring the end-of-event to proceed on with inspection, rail state-of-health 

verifications and to restart the rail traffic. 

• Producing near real-time ground shaking maps to support the RFI infrastructure 

manager during the post-event rail inspection and traffic reactivation operations.  

 

The EEWS at RFI relies on a newly deployed, real-time seismic monitoring network 

of 20 three-component surface and 5 borehole, accelerometric stations regularly spaced 

(about 10 km distance) all along the near-linear, 200 km long, railway between Naples and 

Rome. 

An innovative target-oriented, EEW methodology has been developed which 

combines the P-wave, onsite and network-based approaches in a time-evolutive and 
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probabilistic scheme with the aim to make the system reliable and robust against failures, 

uncertainties, and false/missed alerts.  

As a transient signal, which is detected by one or more nearby network probes, is 

recognized as a P-wave radiated by a potential damaging earthquake, the alert is declared 

based on a criterion of exceedance of a user-defined PGA threshold with a given 

probability level. While the P-wave propagates along the array, the expanded P-wave time 

window at each sensor is analyzed to predict the time-evolving spatial extent of the 

potential impacted zone along the rail associated with the chosen PGA threshold. In 

optimal conditions, the real-time earthquake location and magnitude can be determined and 

used to confirm/expand the extent of the potential impacted zone obtained by onsite 

measurements along the rail.  

The system output are therefore the coordinates of the endpoints of a time-varying-

length segment along the rail which delimitates the zone within which the train transit is 

slow down during the emergency. This information is automatically sent to the railway 

traffic control-room where a newly developed software interface pilot the activation 

(deactivation) of ABS deployed along the rail, to complain with earthquake alert message 

and potential impact area definition. 

Since March,2021 the system testing phase is ongoing with nine microearthquakes 

being occurred with M about 3 and epicentral distances smaller than 20 km from the rail. 

Although well identified, none of these events triggered alerts bypassing the operating 

PGA thresholds.  

Since March, 2021, the data acquired during the operational use of the system are 

daily analyzed to check and validate the procedures for: earthquake vs. noise signal 

discrimination; measurement of the average latency in data transmission and analysis; 

detection of potential data gaps; control of the signal quality and other critical issues 

related to the real-world working conditions.  

In parallel with this monitoring activity, a digital twin of the EEW system was built 

and set up to simulate its expected performances by applying the waveform playback 

method on real data recorded in Central Italy and Japan during previous, well recorded 

earthquake sequences. This massive numerical simulation experiment provides useful 

indications on the alert quickness (first-intermediate-final alert times) and on the quality of 

the impact prediction expressed in terms of successful, false, or missed, over-threshold 

PGA predictions. 

In my talk I shall overview the basic principles, methods and experiments adopted 

for designing and implementing the EEW system for high-speed rail in Italy and illustrate 

the advantages and limitations of the used approach as derived from the real-time testing 

and offline quantitative assessment of the system performance based on simulation 

analyses. 

The complex of studies, tests and analyses carried out during the development and 

operation of this prototype represents the test-bed on which will be based the near future 

development and extension to a national scale of the EW system for high-speed rail 

networks in Italy. 
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Figure 1. Map of the Italian high-speed train railways and location of the linear accelerometric array which is 

the monitoring infrastructure of the Early Warning system under development and testing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Simulation of the developed Early Warning for high-speed train by the play-back of recorded 

acceleration waveforms (DPC) during the M6.5 Norcia earthquake in Central Italy. Left. Recorded vertical 

acceleration records, the yellow shaded window brackets the detected P-wave arrival. Right. The red segment 

delimit the portion of the virtual simulated high-speed line where the predicted PGA exceed the user-defined 

system threshold. Automatic Blocking system devices are activated to slow-down and arrest traing entering 

in the red zone. 
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Abstract: Algorithms that deal with the automatic P- and S- onset time identification 

problem are a topic of ongoing research. Modern dense seismic networks used for 

earthquake location, focal mechanism determination, seismic tomography investigations, 

source studies, early warning, etc., demand accurate automatic arrival time estimations of 

compressional and transversal seismic waves. In this work, we present examples of the 

application of an automated, time-domain procedure for the estimation of P- and S- arrival 

times, which is based on the statistical and polarization characteristics of the seismic 

signals. In particular, for the P-onset time we utilize the kurtosis criterion, while for the S-

onset time estimation a time domain technique based on eigevalue analysis and Higher 

Order Statistics is followed. The experiment took place using a number of seismic events 

occurred in the wider area of Corinth Gulf - West Attica, Greece where an earthquake early 

warning system is organized. Examples of successful but also incorrect estimations are 

presented and discussed in order to evaluate its efficiency in different cases of seismic 

signals and noise environments.   

 

Keywords: P-arrival time, S-arrival time, body waves, kurtosis, eigenvalue analysis, 

Corinth Gulf, EEWS. 

1. Introduction  

Over the last few decades, the development of methodologies for determining the arrival 

times of body waves has received a lot of attention.The extraction and efficient analysis of 

the significant information derived from continuous recordings is crucial, as it is required 

for accurate interpretations. Fundamental problems that concern geoscientists such as the 

location of an event, the determination of its focal mechanism solution, relocation, or the 

development of early-warning strategies, are heavily reliant on the accuracy of the analysis 
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performed regarding seismic event identification as well as the estimation of seismic wave 

onset times at each recording station (Lois et al., 2019, 2020, 2021). Regarding the latter, 

the significance of the above mentioned procedure is great, since every year severe 

earthquakes cause extensive damage in terms of human lives and pose a serious threat to 

human activity in the seismically active regions of the world. As, one of the primary 

purposes of an earthquake early warning system is the estimation of the magnitude of an 

underway rupture within the first few seconds, allowing for hazard assessment and 

mitigation before catastrophic events occur (Satriano et al., 2011, Colombelli et al., 2015, 

Hloupis and Vallianatos, 2013, 2015), it is understood that the need for secure P- (and S-) 

phase arrival time estimations becomes imperative. Furthermore, small-magnitude 

earthquakes, whether naturally occurring or artificially generated, are increasingly being 

exploited in a variety of industrial domains, from hydrocarbon and geothermal reservoir 

exploitation to passive seismic tomography studies. 

There are several techniques in bibliography concerning P-phase identification, including 

energy criteria (Allen, 1978; Baer and Kradolfer, 1987), polarization analysis 

methodologies (Montalbetti and Kanasewich, 1970; Vidale, 1986; Magotra et al., 1987; 

Ruud and Husebye, 1992), fuzzy logic tests (Chu and Mendel, 1994), neural networks (Dai 

and MacBeth, 1995), higher-order statistics (Saragiotis et al.,2002), wavelet analysis 

(Anant and Dowla, 1997), etc. Contrary to the P-arrival time evaluation, S-phase arrival 

methodologies are primarily focused on the seismic signal's polarization properties and 

their development constitute a challenging task. Although the specific task is carried out by 

experienced geoscientists, even manually selected S-picks may contain high degree of 

uncertainty, as a result of the nature of the later arriving shear waves. 

Methodologies relied on polarization analysis have been developed by Montalbetti and 

Kanasewich (1970), Vidale (1986), Jurkevics (1988) and Cichowicz (1993) who 

incorporated the important properties of an S-wave arrival into a single characteristic 

function comprised of a product of various polarization filters including rectilinearity, 

directivity, and the ratio of transverse to total energy. In addition, hybrid methods have 

also been proposed, by Wang and Teng (1995), Bai and Kennett (2000), Küperkoch et al. 

(2011) and Lois et al. (2013) that involve, apart from signals’ polarization properties, time 

series analysis techniques, autoregressive modeling, STA/LTA detectors, pattern 

recognition scenarios, artificial neural networks, wavelet analysis, and higher order 

statistics. 

Finally, numerous supervised and unsupervised machine-learning algorithms have received 

a lot of publicity. Gentili and Michelini (2006) use shallow neural networks with four 

manually chosen input features: variance, absolute values of skewness and kurtosis, and a 

mixture of skewness and kurtosis to select P- and S-phases. Moreover, many applications 

of deep-learning algorithms for arrival determination and classification have recently been 

developed (e.g., Ross et al., 2018; Wang et al., 2019; Zhu and Beroza, 2019). 

In this work, we present examples from the application of a fully automated algorithm for 

the estimation of the body waves’ arrival times, that exploits the statistical and polarization 

characteristics of the under analysis seismic signals. For our experiment a number of 

seismic events was used, that occurred in the wider area of the Corinth gulf - West Attica, 

Greece, an area that has attract the interest for the installation of an Earthquake Early 

Warning System due to its vicinity to a major city as that of Athens and industrial 

infrastructure, such as the oil refineries infrastructure of Greece.   
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2. Mathematical background 

In this section we briefly present the basic theory regarding the P- and S- onset time 

estimation that was followed in our work. 

 

2.1. P-arrival time estimation 

In order to characterize linear and Gaussian processes, first and second order statistics such 

as mean value, variance, autocorrelation, and power spectrum are frequently utilized. 

Nevertheless, many processes deviate from linearity and Gaussianity, necessitating the use 

of higher order statistics. The fourth-order zero-lag cumulant kurtosis is employed in this 

study to accurately estimate P-arrival time (Saragiotis et al., 2002, Lois et al 2010, 2014). 

Particularly, kurtosis is evaluated on the recording, by means of an N-length moving 

window, using the estimator: 

        𝑘𝑢𝑟(𝑥) =
∑ (𝑥𝑛 − �̂�)4𝑁

𝑛=1

(𝑁 − 1)�̂�4
                                                      (1)  

 

where x is the time series, �̂� the mean value and �̂� the standard deviation of the record 

within the moving window. Kurtosis is a measure of the heaviness of a distribution's tails, 

and its usage is based on the fact that high signal values occupy the tails of the distribution 

during the transition from background noise to seismic signal, generating a sudden increase 

in its values. As a result, kurtosis presentsits maximum values in the vicinity of the P-onset 

and the point that corresponds to the maximum slope of the kurtosis curve is assigned to 

the final P-arrival time estimation. 

 

2.2. S-arrival time estimation 

As it has been already mentioned, the assessment of the S-arrival time constitutes a 

difficult task and its estimation process may include high degree of uncertainty, due to the 

character of the later arriving sound waves as well as the presence of converted waves, 

which can be misinterpreted as the direct S-onset (Sokos et al., 2012). In the specific study, 

we use a time domain technique to calculate the S-arrival time, which is based on statistical 

processing of a specific characteristic function generated by eigenvalue analysis on the 

three component seismic record (Lois et al., 2013). In particular, by solving the 

eigenproblem of the data covariance matrix using an M-sample time moving window, 

three sequences of eigenvalues λ1(t) > λ2(t) > λ3(t) are obtained. The time series that serves 

as characteristic function is the following: 

 

𝑓(𝑡) = √𝜆1(𝑡)                                                                 (2) 
 

The sequence corresponding to the maximum eigenvalue (λ1(t)) was selected due to the fact 

that the specific time series is more sensitive to energy changes in the direction of signal’s 

propagation. Following the definition of the above mentioned characteristic function, we 

apply the kurtosis criterion on the specific segment of f(t), corresponding to the time 

interval between the estimated P-arrival and the coda of the seismic signal and thus 

aninitial S-onset time estimation is calculated. Moreover, a multi-window scenario is used 

in combination with an energy-based weighting scheme to lessen the algorithm's 
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dependence on the moving window's length. In particular, the aforementioned algorithm 

for the S-onset time estimation is applied using windows with different lengths and on each 

S-arrival estimation, S
i
on, a weight, qi is assigned, based on the change of energy that takes

place during this arrival. The weighted mean of the set of S-arrival times provides us the

final S-onset time estimation, that is:

𝑆𝑓𝑖𝑛𝑎𝑙 =
∑ 𝑆𝑜𝑛

𝑖 𝑞𝑖
𝑤
𝑖=1

∑ 𝑞𝑖
𝑤
𝑖=1

(3) 

3. Implementation using real data

In the specific section, useful information concerning the used dataset, the algorithm’s 

parameterization as well as a number of examples resulted by the algorithm’s 

implementation, is presented.  

3.1. Data 

For the application of the above mentioned automated algorithm for the estimation of the 

P- and S- arrival times, a number of seismic events were selected with magnitudes above 3

which occurred in the wider area of Corinth Gulf – West Attica, Greece, the time period

between 01/2008 and 02/2021. In particular, 3-component waveforms were used, recorded

by three seismic stations belonging to the Hellenic Unified Seismological Network

(HUSN, http://www.gein.noa.gr/en/networks/husn). Station ATH is operated by the

Institute of Geodynamics of the National Observatory of Athens (IG-NOA,

https://doi.org/10.7914/SN/HL). Station LOUT is operated by the Seismological

Laboratory of the National and Kapodistrian University of Athens (NKUA,

https://doi.org/10.7914/SN/HA), while station LTK is operated by the University of Patras,

Seismological Laboratory (UPSL, https://doi.org/10.7914/SN/HP), with sampling rate 100

sps. The locations of the seismic events along with the locations of the aforementioned

seismic stations are illustrated in figure 1.

Fig. 1- Locations of the seismic events (circles) along with the locations of the seismic stations LTK, LOUT, 

ATH (green triangles). 

3.2. Algorithm’s parameterization 
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The parameters that had to be set in order for the algorithm to perform properly were the 

lengths of the moving windows for the P- and S- onset time estimations respectively, as 

well as the corner frequencies of the used band-pass filter. Particularly, for the P- arrival 

time estimation, windows of length 100 and 200 samples corresponding to 1 and 2 seconds 

(sampling rate 100 Hz), were used, depending on the epicentral distance of each seismic 

event. Regarding the windows’ lengths, in the “multi-window” approach for the S-arrival 

time estimation, we follow a dynamic way of selection. Considering as M the maximum 

energy that usually occurs a few samples after the S-arrival, we estimate the lengths of the 

above mentioned windows as a function of the interval M-tp, where tp is the P-onset time. 

Thus, in our experiment three different windows (winSi) were used, which calculated by 

the following formula: 

𝑤𝑖𝑛𝑆𝑖 =
𝑀 −  𝑡𝑃

2
−  𝑘𝑖                                                            (4) 

 

where ki=[100, 150, 200] and i=[1, 2, 3]. Evidently, the length, the start and the end time of 

each window winSi, is appropriately selected as a function of a “rough” estimation of the 

S-P difference (equation 4), ensuring the best possible outcome. Moreover, for the filtering 

procedure of the available data, a 2
nd

 order, zero-phase, band-pass filter was used in the 

bandwidth 0.1 – 15 Hz for the events with low frequency content and 1 – 30 Hz for the 

high frequency recordings.      

 

3.3. Examples of successful arrivals’ estimation  

In this section a number of examples are presented highlighting successful estimations of 

the P- and S-arrival times. The P- and S-arrival times are indicated with black and red 

dotted lines, respectively. 

 

 

Fig. 2 - Example of good quality signal with an emergent onset (left plot). Zoomed version of the signal is 

presented in the right plot. 
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Fig. 3 - Example of small magnitude seismic signal (left plot). Zoomed version of the signal is presented in 

the right plot. 

Fig. 4 – Example of poor quality signal (left plot).  Zoomed version of the signal is presented in the right 

plot. 

Fig. 5 – Example of two overlapped seismic events (left plot). The algorithm estimated arrival times for the 

first one. Zoomed version of the signal is presented in the right plot. 

3.4 Examples of incorrect arrivals’ estimation 

The following characteristic examples depict cases where the algorithm failed to provide 

secure estimations for P- or/and S-arrivals:  
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Fig. 6 - Example of high quality seismic signal where the algorithm failed to estimate correctly the S- arrival 

time (left plot). Zoomed version of the signal is presented in the right plot. Black vector indicates the correct 

S- onset time. 

 

 

Fig. 7 - Example of poor quality seismic signal where the algorithm failed to estimate correctly the P- arrival 

time (left plot).Zoomed version of the signal is presented in the right plot. Black vector indicates the correct 

P-onset time. 

 

 

 

Fig. 8 - Example of high quality seismic signal where the algorithm failed to estimate correctly the S- arrival 

time (left plot).Zoomed version of the signal is presented in the right plot.Black vector indicates the correct 

S-onset time. 
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Fig. 9 - Example of two overlapped seismic signals where the algorithm failed to estimate correctly the P- 

and S- arrival times (left plot).Example of poor quality signal where the algorithm failed to estimate the 

correct P- and S- arrival time (right plot). Black vector indicates the correct P- and S- onset times. 

4. Conclusions

In this work we presented examples of the application of a fully automated methodology 

for the estimation of the body waves’ arrival times. The first arrival is estimated using 

higher order statistics and in particular the fourth order zero-lag cumulant, kurtosis, while 

the S-onset time is calculated using a time domain technique based on statistical processing 

of a certain characteristic function generated by eigenvalue analysis and the kurtosis 

criterion on the three component seismic record. The specific algorithm was applied in a 

number of seismic events that occurred in the wider area of Corinth gulf – West Attica, 

Greece.  

Generally, the presented technique is simple to implement, requires minimum system 

resources and the only parameters that have to be set are the lengths of the time moving 

windows the algorithm uses. Furthermore, earthquake location parameters are not required 

for the algorithm to operate properly. It is also noteworthy to mention that a good quality 

P-pick is a prerequisite to conclude on correct estimations of S-arrival time.

Based on the performance of the algorithm on the real dataset, the following remarks can 

be made. In general, the application of the automatic picking technique resulted in good 

estimations in both P- and S- arrival times, in comparison to those that an expert analyst 

would estimate. The accuracy of the onset time estimation procedure appeared to be stable 

for a large range of Signal to Noise Ratio (SNR). However, in the case of very small SNRs, 

less than 2 dB, the accuracy deteriorates and some false P-wave arrivals are spotted. 

Finally, most of the false S-arrival times are due to the existence of secondary seismic 

phases, that the algorithm erroneously selected as direct S-wave.  
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Abstract: During the risk management process, multi-disciplinary information and data 

from various sources need to be integrated and promptly processed to assist the identified 

stakeholders (e.g., civil protection, emergency responders) to react at the earliest stage to 

earthquake events to reduce the direct and indirect impacts and consequences. The 

TURNkey scientific engine was developed for this purpose. The TURNkey scientific engine 

is a comprehensive software incorporating state-of-the-art methodologies in hazard 

assessment, risk evaluation and decision-support systems to enable earthquake forecasting, 

early warning, and rapid response actions. Through a synthetic case study, this paper 

illustrates that the scientific engine can update the seismic hazard estimates as well as the 

risk and loss estimation in near real-time, taking into account the instrumental data, Did-

You-Feel-It reports and eyewitness reports. With the help of the scientific engine, the 

stakeholders can understand the impact and consequences of the damaging earthquake to 

facilitate emergency response. 

Keywords: Earthquake Disaster Management; Near Real-time; Earthquake Early Warning; 

Rapid Response to Earthquakes 

1. Introduction

During the risk management process, multi-disciplinary information and data from various 

sources need to be integrated and promptly processed to assist the identified stakeholders 

(e.g., civil protection, emergency responders) to react at the earliest stage to earthquake 

events to reduce the direct and indirect (follow-up) impacts and consequences. The aim of 

the TURNkey FWCR (Forecasting – Early Warning – Consequence Prediction – 

Response) platform is to serve the public, authorities, and stakeholders as a new tangible, 

cost-effective, and easy-applicable tool, which will lead to a significant reduction in 

uncertainties regarding seismic hazards and structural vulnerabilities. The scientific engine 

of the platform incorporates state-of-the-art methodologies in hazard assessment, risk 

evaluation, and decision-support systems and is integrated with the dense instrumental 

network and a cloud-based graphical interface.  

Employing a synthetic case study, this paper illustrates how the scientific engine will assist 

stakeholders in different risk mitigation actions during and after a damaging earthquake. 
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2. The TURNkey scientific engine

The scientific engine of the FWCR platform can handle four processes: operational 

earthquake forecasting (OEF), earthquake early warning (EEW), rapid response to 

earthquakes (RRE) and a simulation stage to test specific earthquake scenarios. In the 

earthquake disaster management timeline, as shown in Fig. 1, before an earthquake event, 

the end-user can run the simulation process to facilitate disaster planning for various 

earthquake scenarios. The OEF process can be run on request to forecast an increase in a 

seismic hazard before an earthquake. The EEW process is triggered after an earthquake 

event of a potentially severe impact. Once the peak ground acceleration (PGA) value is 

above a certain threshold for a site and may cause potential damages, the RRE process is 

activated and it continuously runs throughout the disaster management cycle (e.g., weeks 

after the mainshock or until the user resets the system). The OEF process can also be 

triggered after an earthquake event to forecast heightened seismic hazards using the 

updated event catalogue during the short-term disaster response phase. 

Fig. 1 Illustration of the chronological sequence of Operational Earthquake Forecasting (OEF), Earthquake 

Early Warning (EEW), Rapid Response to Earthquakes (RRE) and simulation. 

The EEW engine provides a quick estimate of the seismic hazard and, through the cloud-

based graphical interface and the mobile application, notifies the civil protection 

authorities and first responders about the approaching earthquake and the potentially most 

affected area. 

The RRE process provides both the updated hazard results as well as the risk and loss 

results. The hazard results are presented as an updated shake map of ground-motion 

intensity measures (e.g., PGA) and macroseismic intensity, considering the instrumental 

recordings and Did-You-Feel-It (DYFI) reports as well as the spatial correlation. The risk 

and loss results consist of information on physical and social vulnerabilities. The damage 

and loss estimation for the earthquake can be updated at a discrete property location or for 

a geographic region in which eyewitness observations are available. 

The OEF engine incorporates the Bayesian spatiotemporal epidemic type aftershock 

sequences (ETAS) forecasting model (Ebrahimian & Jalayer, 2017), a conventional 

probability seismic hazard assessment (PSHA; Cornell, 1968) and a time-dependent PSHA 

considering the seismic data (e.g., the observed event catalogue) and the non-seismic data 

(e.g., radon data). The engine presents both long-term (time-independent) and short-term 

(time-dependent) daily probability of exceeding a certain PGA level and computes the 

spatial distribution of estimated increased seismic probability of an earthquake occurring in 

the study area within the forecasting period. 

This paper focuses on the EEW and RRE processes and illustrates that the seismic hazard 

and its impacts will be updated in near real-time as new information is streamed to the 

engine. 
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3. A synthetic case study 

A synthetic case is presented to demonstrate the daily operation of the scientific engine. 

The scenario of interest is a mainshock with a magnitude Mw 6.5 that occurs within the 

study area, Icelandopolis, followed by a series of aftershocks. The platform will provide 

the near real-time shake map as well as risk and loss estimation to facilitate emergency 

response, taking into account the instrumental data, DYFI reports and eyewitness reports.  

It is worth noting that the example presented is for demonstration only. To obtain a 

realistic estimation of the seismic hazard for the end-users, the input data and parameters 

should be carefully selected and tuned based on site-specific seismological and engineering 

considerations. 

3.1. Hypothetical site and earthquake scenario 

The Icelandopolis site is a hypothetic site composed of: (1) several geoareas (e.g., towns) 

where the information about the general buildings is aggregated; (2) numerous essential 

facilities (e.g., hospitals and schools); and (3) multiple critical infrastructure systems (e.g., 

bridges and tunnels), as shown in Fig. 2. As part of the configuration, this static data (e.g., 

vulnerability level, economic cost and population) for the site of interest are stored in the 

database. 

 
Fig. 2 Synthetic Icelandopolis exposure data: geoareas: black line; general buildings: orange circle; critical 

infrastructure systems: blue diamond; essential facilities: red cross 

 

In the simulation, a magnitude MW 6.5 event occurs in Icelandopolis. Four free-field 

stations (A1, A2, B1 and B2) detected the event and reported the seismic signal 

chronologically as the seismic waves travel, as shown in Fig. 3.  
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Fig. 3 The MW 6.5 earthquake (star) occurs in the study area and four free-field stations (yellow circles) 

detected the event and reported the PGA values in %g (corresponding to circle size). 

3.2. Near real-time processing on the scientific engine 

Immediately after the earthquake, a preliminary estimate of the ground shaking is 

computed quickly based on its magnitude and hypocentral depth through empirical ground-

motion models to provide the stakeholder with an initial overview of the affected area, as 

shown in Fig. 4.  

Fig. 4 The preliminary estimate of the ground shaking 
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With the propagation of seismic waves, stations A1 and A2 within the instrumental 

network are the first stations to send seismic data to the scientific engine. On receiving the 

instrumental data stream, the scientific engine updates the estimates of ground shaking 

considering the observations, as shown in Fig. 5. Subsequently, the scientific engine 

produces a risk and loss estimation to facilitate emergency response, as shown in Fig. 6. 

 
Fig. 5 The updated estimate of the ground shaking based on the instrumental data at stations A1 and A2. 

 
Fig. 6 The risk and loss estimation – the expected number of homeless people estimated based on Fig. 5. 
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As time goes by, more and more observations (i.e., instrumental data, DYFI reports and 

eyewitness reports) become available. In addition to A1 and A2 stations, stations B1 and 

B2 send instrumental data to the scientific engine. The estimate of ground shaking is 

updated given these four data streams, as shown in Fig. 7. Station B1 may be located on 

thick sediments, which amplifies the ground motion significantly, resulting in larger 

ground shaking observations than expected. The impact of this large-amplitude observation 

on the shake map is noticeable in Fig. 7. Correspondingly, the risk and loss estimations are 

updated as shown in Fig. 8 and a higher number of homeless people is expected around 

station B1. 

Fig. 7 The updated estimate of the ground shaking based on the instrumental data of stations A1, A2, B1, B2. 

Fig. 8 The updated risk and loss estimation – the expected number of homeless people estimated based on 

Fig. 7. 

4040 3ECEES, September 2022, Bucharest, Romania



During and after a damaging earthquake, the scientific engine constantly updates the 

seismic hazard estimates, considering instrumental recordings and DYFI data. Moreover, 

through the TURNkey platform and the mobile application, the end-users can submit 

eyewitness reports to likewise update the risk and loss estimates. 

4. Conclusions  

The TURNkey scientific engine is a comprehensive software incorporating state-of-the-art 

methodologies in hazard assessment, risk evaluation and decision-support systems to 

enable earthquake forecasting, early warning and rapid response actions. Through a 

synthetic case study, this paper illustrates that the scientific engine can update the seismic 

hazard estimates as well as the risk and loss estimation in near real-time, taking into 

account the instrumental data, DYFI reports and eyewitness reports. With the help of the 

scientific engine, the stakeholders can understand the impact and consequences of the 

damaging earthquake, to simplify procedures already at the earliest stage.  
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Abstract: Here we propose a methodology for Earthquake Early Warning able to issue the alert based on the 

real-time estimation of the Potential Damage Zone (PDZ), e.g. the epicentral area where a peak ground 

Intensity Measure is expected to exceed the damaging or perceived shaking levels. The method provides as 

output a P-wave-based, evolutionary “early” shake map. It combines the Peak Ground Velocity (PGV) 

predictions available from the observed P-wave amplitudes and from GMPE, using progressively updated 

estimations of earthquake location and magnitude. For stations providing high quality data, the P-wave 

displacement, velocity and acceleration amplitudes (Pd, Pv and Pa) are jointly measured on a progressively 

expanded P-wave time window. The real-time earthquake location and magnitude are evaluated using the 

first P-arrival time and displacement amplitudes at near source stations. At any point of a 2D dense grid of 

nodes the interpolation algorithm adopted in the ShakeMap (Worden et al., 2010) software is used to 

combine measured and predicted P-wave amplitude, including the nodes of the accelerometer/velocimeter 

array deployed in the earthquake source area. A retrospective analysis of the 2016, Mw 6.5 Central Italy 

earthquake records shows that depending of the network density and spatial source coverage, the method 

naturally accounts for effects related to the earthquake rupture extent (e.g. source directivity) and spatial 

variability of strong ground motion related to crustal wave propagation and site amplification. 

Keywords: Earthquake Early Warning; Real-time Potential Damage Zone; 

1. Introduction

Earthquake Early Warning Systems (EEWS) are modern, real-time seismic monitoring 

infrastructures aimed at issuing an alert and activating emergency safety measures to 

protect people, buildings and industrial facilities in advance to the impact of strong and 

potentially damaging shaking waves. The basic principle on which EEWS ground on, is to 

use the time lag between the propagation of information (carried by electromagnetic 

waves) and the arrival of seismic waves, to broadcast an alert soon after the first P-waves 

are detected. The early warning can reach the sites to protect seconds or tens of seconds in 

advance to the arrival of strong shaking waves, depending on the travel distance from the 

source.  

Most of the existing EEWS are based on the standard concepts either of the network-based 

system or of the on-site approach. In some cases, such as in Japan, where the station 

density and coverage are high and uniform all over the country and where the largest 
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magnitude earthquakes may occur offshore, the nation-wide EEWS benefits from the early 

P-wave detection at coastline stations (in an on-site approach), for issuing the warning at 

inland sites. However, the actual integration of the onsite and network-based approaches is 

under development in Japan, US and China for providing the output for a timely and robust 

alert decision scheme. 

2. Paper Content 

Here we present a new methodology that integrates the network and on-site approaches for 

the alert release. The methodology is based on the real-time, evolutionary mapping of the 

Potential Damage (or strong shaking) Zone (PDZ) as represented by a predicted Intensity 

Measure (IM), such as peak ground velocity/acceleration or instrumental intensity. The 

methodology includes the more recent techniques for a refined estimation of the main 

source parameters (earthquake location and magnitude) which are used to predict the 

expected ground shaking level at sites not instrumented by strong motion sensors. 

In the proposed method, previous calibrated empirical relations between early P-wave 

amplitudes and peak ground motion parameters are used to predict the shaking intensities 

at instrumented, recording sites. As the P-wave-front propagates across the network, a 

time-varying, P-wave based, early shake map is therefore built through a physics-based 

interpolation procedure, which combines the available the observed, P-wave and GMPE 

predicted PGV (following Worden et al., 2010). 

Here we validate the proposed methodology through its offline application to the October 

30, 2016, Mw6.5 Norcia (Central Italy) earthquake records and discuss the system 

performance in predicting the earthquake impact. The application shows that the resulting 

evolutionary, early shake-map naturally accounts for the real-time evolution of the rupture 

and wave propagation processes, thus providing a reliable prediction of the shaking 

amplitude and potential damage over a large area around the fault observed ground motion. 
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Figures. 

Fig. 1 - snapshots at different times from the first P-wave arrival of the space-time evolution of the P-wave-

based prediction of the strong ground shaking (PGV) converted in instrumental intensity IMM using the 

empirical relations derived by Faenza and Michelini (2010). 
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Abstract: Following an earthquake swarm south of the Sea of Galilee, Israel (max Mw 3.6), 
The Israeli national Earthquake Early Warning System (EEWS), named TRUAA (Hebrew for 
the sound of the horn), has been declared operational on January 27, 2022. The Geological 
Survey of Israel has upgraded and expanded the national Israeli Seismic Network, with 
currently 116 stations country-wide with high station density (5-10 km) and fast telemetry (~1 
sec latency). The stations are distributed mainly along the main fault systems, the Dead Sea 
Transform, and the Carmel-Zfira Fault, which may potentially produce Mw 7.5 earthquakes. 
The underling EEW algorithm of the system is the US west-coast Shake Alert EPIC algorithm, 
adjusted and implemented to Israel. 

Alert are disseminated to the public by the Israeli Defence Forces’ Home Front Command via 
sirens or mobile phone app. for earthquakes Mw 4.5 - 6 alerts are distributed to an area with 
a radius around epicentre estimated to exceed peak ground accelerations of 5 cm/s2 (0.5 %g). 
For Mw >= 6, alert will be delivered nationwide. 

We present the ISN, TRUAA, performance metrices and considerations for alerting policy.  

Keywords: EEWS, EARTHQUAKE MITIGATION, EPIC 

1. Introduction 

Israel’s main seismic risk is attributed to the tectonically-active plate boundary fault system 
of the Dead Sea Transform (DST) and its branches  (Figure 1) (e.g. Garfunkel, 1981), with  
earthquake magnitude potential of up to Mw7.5 with a repeat time of Mw>=6 every ~100 
years (Hamiel et al., 2009). The last major event along the DST was in 1927 near Jericho 
(e.g. Shapira et al., 1993) and the increase in population density and in industrial and 
commercial infrastructures have amplified the seismic risk for Israel and led the Israeli 
government to appoint the Geological Survey of Israel (GSI) as responsible for establishing 
an Earthquake Early Warning System (EEWS), named TRUAA; TRUAA refers to the 
Hebrew word for the sounds of trumpet and of the traditional Jewish horn (Shofar), used for 
both, religious ceremonies and alerting (e.g. Joshua 6:20, Holy Bible : KJV). 
The Israeli EEWS consists of three main components: (1) Seismic data acquisition system 
utilizing 120 strong motion staions with 25 co-located broadbands and 6 co-located GNSS 
antennas, transmitting 200 SPS data into two data-centers (Jerusalem and Lod) at latency 
less than 1 sec (See more details in Kurzon et al., 2020); (2) EEW Algorithm based on US 
west coast ShakeAlert EPIC algorithm (See more details in Nof et al., 2021); (3) 
Dissemination system. While the former two are under the responsibility of the GSI, the 
latter is under the responsibility of the Home Front Command (HFC), of the Israeli Defence 
Forces. 
The EPIC algorithm require at least 4 stations to identify P-wave arrivals in order to issue 
an alert. As new data from the first stations and from additional staions arrives into the data-
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centers for processing the event parameters (origin-time, location and magnitude) are 
updated. Once the magnitude crosses a threshold of M4.5 and alert is disseminated to the 
public by the HFC via sirens or a mobile-phone application. Up to magnitude M<6, the alert 
is only distributed to an area around the epicentre with a radius determined by estimated 
peak acceleration of 5 cm/s2 (0.5 %g) or higher. This peak acceleration is well felt (MMI II-
III), but should not cause any significant structural damage (Worden et al., 2012). The peak 
acceleration is calculated by GMPE by Lior and Ziv (2018). For M>=6 events, the alert will 
be distributed to the whole country. Additional information on the Seismic network and alert 
approach is available in Nof et al., (2021). 
On January 22, 2022, An earthquake swarm occurred south to the Sea of Galilee. Three 
events were felt by the public leading to an increase of media attention. The public awareness 
has lead The Israeli Defence Forces’ (IDF) Home Front Command’s (HFC) Major-General 
to instruct on moving TRUAA into a national operational stage. The Geological Survey 
(GSI) catalog indicates the maximal magnitude of the swarm to be Mw 3.6.  

Figure 1: Location map of TRUAA seismic stations network.  Strong motion sensors are marked as yellow 
circles. Co-located broadbands are marked as red circles and GNSS receivers are marked as blue dots. Active 

faults (red lines) are after Sharon et al. (2020). DST – Dead Sea Transform, CF – Carmel Fault, Lod – Lod 
data center, Jer – Jerusalem data center. 
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2. Alert Considerations  

Upon operating TRUAA publicly, the alerting thresholds were adjusted and increased from 
lower magnitude limit of M4.2 to M4.5 and alert area radius with expected ground shaking 
of 5 cm/s2 instead of 2 cm/s2. The main concern of the decision makers was to avoid 
undesired alerts to the public in cases where taking action might lead to injury where taking 
no action would not. Mitigation instructions to the public are devised by the HFC which 
instruct to exit the building to an open area. If exiting the building is not possible, the public 
is instructed to move into a fortified room. These rooms are mandatory in each apartment 
since 1990, following the Gulf War. Where not available it is advised to move to the building 
staircase area which is more resilient or to drop cover and hold on when no other option is 
available. Unfortunately, Israel gained a lot of experience with public alerts during military 
conflicts. During missile attacks, the public is instructed to go into a shelter (outside the 
building) or a special fortified room (indoors). Between May 10, 2021 and May 20, 2021, 
missiles launched on cities across Israel triggered public missile alerts. The statistics of 
injuries and deaths resulting from running to shelter are not officially available, but the local 
media confirmed ~220 people injured (1 death) while attempting to reach safety. The HFC 
publish a list of alerts in its National Emergency Portal (https://www.oref.org.il/en, last 
accessed March 15, 2022) and in total ~7000 alerts were delivered using similar methods to 
Earthquake alerts – sirens and the HDF mobile app. Using the Israeli Central Bureau of 
Statistics (2019), we estimate ~280,240,000 people received the alert. The ratio between 
alerted people and injuries is in the order of 8x10-7 injured/alerted. However, the 
applicability of these statistics to earthquake alert behaviour is not clear. According to HFC, 
the public reaction to alerts increase with time as the conflict continue and with the first 
alerts less people are taking actions as instructed. In case of a more rare and perhaps single 
earthquake alert, it is not clear how the population will react. Education and practice may 
increase the likelihood of taking effective action, but might also lead to only mental 
resilience such as in a case study in Japan, showing most people didn’t react physically to 
alerts (Nakayachi et al., 2019).  
The slightly higher alert thresholds are aimed to reduce unnecessary alerts (and potential 
injuries) while allowing enough time for effective mitigation actions. The M4.5 lower 
magnitude threshold is still effective to address the additional time that might be required in 
order to converge to the maximal peak displacement of large magnitude earthquakes 
(Trugman et al., 2019) - initiating the alert to a limited area at an early stage reduces the 
“blind zone” where alerts are received after S-wave arrivals. The 5 cm/s2 area limit for 4.5 
≥ M < 6 aimed to balance the need to alert as soon as possible for potentially damaging 
events and the need to avoid alerting for regions where no action is required (e.g. Cochran 
and Husker, 2019). In addition to the lower-bound magnitude threshold, the second threshold 
selected at Mw 6 to spread an alert country-wide mitigates the point-source algorithm 
potential saturation at magnitudes larger than Mw 6 (e.g. Brown et al., 2009). 

3. Operational Performance 

During the period of January 1st, 2021 and March 15, 2022, 12 earthquakes were reported as 
“felt” by the public (Figure 2, Table 1). The local events (6 events) were in a magnitude rage 
of Mw 3 - 4.1 and for the regional events near Cyprus and Crete the magnitudes were up to 
Mw 6.5. All the six local events (in the Arava and Jordan-Valley), were Identified by 
TRUAA, with alert delays (time between catalog origin-time and first alert notification) as 
low as 4.6 s for the Jordan-Valley swarm events and 6.6 s for the Arava event. Have the 
system been operational during these events, only 2 local events would have produced 
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limited area alerts. Have the alert magnitude threshold remained on M4.2, 4 events would 
have produced limited area alerts with only one a remote earthquake. The maximal 
magnitude reported was M4.9, alerting for a distance of 56 km from the epicenter according 
to the 5 cm/s2 radius for the Arava event. 
These parameters coincide with the expected performance of the system, both for alert delays 
and for expected alerts frequency (Nof et al., 2021). However, some differences appear 
between the data-centres. These differences are attributed to minute differences in latency 
and data availability at a given point in time to the EPIC algorithm. In addition, one case of 
a large teleseismic events (March 16, 2022, M>7.5, Namie, Japan) has led to a local 4.4 
event in central Israel. This latest event nearly crossed the M4.5 alert threshold and require 
a further investigation on the EPIC teleseismic filters (Chung et al., 2019) and their 
suitability to the Israeli network geometry and sensors. However, this rare event was the first 
and only local alert to exceed M4.3 out of 192 M≥6 earthquakes worldwide 
(https://earthquake.usgs.gov/earthquakes/map, last accessed 19 March, 2022) during the 
period of January 1st, 2021 to March 19, 2022. 

Figure 2: Location map for felt earthquakes. Numbers corresponds to numbers in Table 1 

Table 1: A list of GSI catalog felt events between 2021-01-01 and 2022-03-19 

Date Time [UTC] Mw Region Latitude Longitude 
1 2021-01-21 14:28:08 4.6 Cyprus 34.9024 33.7555 
2 2021-06-15 23:08:54 4.1 Arava 30.0994 35.1777 
3 2021-10-19 05:32:33 5.7 E.Mediter.Sea 34.3307 28.6311 
4 2021-12-29 05:08:11 5.6 E.Mediter.Sea 34.5116 25.7416 
5 2022-01-11 01:07:49 6.5 E.Mediter.Sea 35.1615 31.9916 
6 2022-01-22 21:36:53 3.4 Jordan-Valley 32.6164 35.6226 
7 2022-01-22 22:09:57 3 Jordan-Valley 32.6243 35.6137 
8 2022-01-23 10:28:06 3.6 Jordan-Valley 32.6189 35.6094 
9 2022-02-02 21:03:49 5.3 E.Mediter.Sea 34.9746 31.8696 
10 2022-02-03 10:03:32 3.1 Lebanon 34.0897 35.7411 
11 2022-02-15 18:54:59 3.5 Jordan-Valley 32.6027 35.6096 
12 2022-02-16 03:22:28 3.1 Jordan-Valley 32.5969 35.602 
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Figure 3: TRUAA alerts. Red dots mark the TRUAA estimated location of maximal magnitude solution for 

events with estimated magnitude M ≥ 4.5. Black dot marks estimated location for M ≥ 4.2 maximal estimated 
magnitude. Circles mark the alert radius for the maximal estimated magnitude of the event. Event numbers 

corresponds to Table 1 and  Table 2 events 

 

 
Table 2: A list of GSI catalog felt events between 2021-01-01 and 2022-03-19. Fist Mw and First alert delay 

as the first reported magnitude by TRUAA and time since catalog origin-time, respectively. Max Mw and 
Max alert delay are the maximum reported magnitude by TRUAA and time since catalog origin-time, 
respectively. Alerts exceeding the M4.5 threshold are marked in gray. See Figure 3 for alerts radius. 

 
Date Time [UTC] Region Mw First 

Mw 
Max 
Mw 

First 
alert 
delay 

[s] 

Max 
alert 
delay 

[s] 
1 2021-01-21 14:28:08 Cyprus 4.6 4.59 4.74 38.02 50.53 
2 2021-06-15 23:08:54 Arava 4.1 4.15 4.9 6.615 14.535 
3 2021-10-19 05:32:33 E.Mediter.Sea 5.7     
4 2021-12-29 05:08:11 E.Mediter.Sea 5.6 4.1 4.23 155.349 167.019 
5 2022-01-11 01:07:49 E.Mediter.Sea 6.5     
6 2022-01-22 21:36:53 Jordan-Valley 3.4 4.65 4.65 5.087 5.087 
7 2022-01-22 22:09:57 Jordan-Valley 3 3.02 3.41 4.588 20.408 
8 2022-01-23 10:28:06 Jordan-Valley 3.6 4.27 4.38 5.199 8.989 
9 2022-02-02 21:03:49 E.Mediter.Sea 5.3     
10 2022-02-03 10:03:32 Lebanon 3.1 2.68 3.64 20.31 25.49 
11 2022-02-15 18:54:59 Jordan-Valley 3.5 3.97 3.97 5.037 5.037 
12 2022-02-16 03:22:28 Jordan-Valley 3.1 3.43 3.67 4.778 17.908 
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3.1 Monitoring operational status 

Utilizing the expected alert delays (see Nof and Kurzon, 2021 thier Fig. 3) as a baseline for 
optimal acquisition system in terms of stations availability and latency, we’ve created an 
online web application to monitor operational status of TRUAA. As large earthquake are 
expected to occur along the main faults in Israel (red lines Figure 4), we calculate for each 
point in a ~1x1 km grid the expected alert delay (see Nof and Kurzon, 2021 thier Eq. 1) 
given a 10 s stations availability and latency statistics. For pixels inside a 10 km buffer 
around the active faults we mark all pixels with alert delays not exceeding more than 1 s 
compared to the baseline. This allows us to calculate the percentage of pixels that work as 
expected. We also calculate the operational status of sus-sections of the buffer for different 
areas (e.g. Northern district, Southern district, Red-Sea, Carmel etc.). Whenever the 
operational level is below 70%, the system is considered non-operational until repaired. In 
the example given in Figure 4, 8 stations are inactive, but the high density of the seismic 
network allow to compensate for them, keeping the alert times as expected. 
In addition, an online web application was created to visualize alerts – the web applications 
is coded with Python Django framework and parse alert messages to the end users, allowing 
to locate the estimated epicentre, P- and S- waveforms propagation, blind zone and alert 
area. The web application also allows to visualize event solutions, triggered stations and 
seismograms, even if no alert was delivered. The backend server also sends emails and 
Telegram messages for first alerts to a selected group of operational staff. 
 
 

 
Figure 4: TRUAA operational status application screenshot. Top right green circle marks all areas 

operational level (99%). Top left yellow circle marks active stations (107 of 115). Second line green circles 
marks operational levels for different sub-areas. Colours marks estimated alert delays based on stations 
current latency (reds starts at 5 s, blue saturates at 20 s). Map interface is based on Leaflet framework. 
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Figure 5: TRUAA web application screenshote. The map shows an alert in red (not disseminated since it is 
lower than M4.5), the blind zone as a pink area around it, the stations used for the solution as grey triangles, 

and user location as green icon. Map interface is based on Leaflet framework.   

 

4. Conclusions 

An earthquake swarm occurred south to the Sea of Galilee On January 22, 2022, and the 
following high public and media attention, have led to the operational stage of TRUAA on 
January 27, 2022. Current performance align with expected alert delays and the selected alert 
strategy and magnitude thresholds allow balancing between fast alerts and reducing alerts 
where no damage is expected.  
Operational status is monitored using stations availability and latency statistics, allowing to 
identify critical stations performance and prioritize maintenance activities. Real time alerts 
are delivered by HFC to the public by mobile-phone application and siren located country-
wide. Alerts are distributed to a limited area expected to exceed ground motions of 5 cm/s2 
for 4.5 ≥ M < 6 and to the whole country for M ≥ 6 earthquakes. 
No damage or injury was reported following the January 22, 2022 Swarm events, though the 
public and media attention was very high. The catalog magnitudes did not exceed Mw 3.6 
and should not be alerted according to the current alert thresholds. Nevertheless, EPIC 
magnitude estimation exceeded the threshold for the first event who gained the most public 
attention (though it was not the highest magnitude is the swarm). This kind of 
overestimations were taken into considerations when deciding on alert thresholds. while 
public demand and expectations in some places worldwide are to receive alerts even when 
no physical damage is expected (MMI > III), such as following the 2019 Ridgecrest 
earthquake in California (Cochran and Husker, 2019; Laure et al., 2022), in other places 
alerts are expected only for more damaging events, such as in New Zealand (Becker et al., 
2020). The GSI is currently promoting research to better understand the needs and 
expectations of the public in Israel. 
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Abstract: When an earthquake happens, there are only few seconds between the rupture beginning and its 

devastating effect on population and buildings. Earthquake Early Warning Systems use source information 

inferred from the real-time recorded signals to alert distant sites before the arrival of the strongest ground 

shaking, for the prompt activation of emergency procedures. Open issues on the physicals grounds and 

challenging tasks are behind the implementation of Earthquake Early Warning Systems. Here we will pass 

through the fascinating world of seismic rupture, to investigate the deep physical challenges of Earthquake 

Early Warning and to pave the way for the next generation of real-time alert systems.  

Keywords: Earthquake Source Models; Earthquake Early Warning; Real-time magnitude estimation; 

1. Introduction

During the earthquake occurrence, the causative fault or the fault system may experience 

ruptures of variable areal extent and slip, owing to a variety of factors, such as the space 

variability of the pre-stress and rock strength conditions, the fault geometry and 

segmentation, the mechanical response of the fault zone and the rheological properties of 

the medium embedding the fault. Consequently, a wide class of different magnitude 

earthquakes may rupture different size asperities over the same fault structure. 

A highly debated scientific question is whether and how the initial stage of the rupture 

process, i.e., the nucleation phase, can have a significant role in earthquake dynamics, 

affecting the following evolution and arrest of the seismic rupture (Ellsworth and beroza, 

1995). In a few words, the key issue is to understand if the initial phase of ruptures is 

similar for small and large earthquakes or if a different mechanism is responsible for the 

final size of a seismic event. 

This scientific issue has a huge impact on the practical application of Earthquake Early 

Warning Systems, for which the ability of rapidly characterizing the earthquake magnitude 

and its expected impact, is a fundamental feature (Olson and Allen, 2005).  

Recent studies (Colombelli et al., 2014; Colombelli et al., 2020) have shown that the initial 

rate P-wave amplitude is related to the earthquake magnitude, so that high-slope P-wave 

signals are indicative of small earthquakes, while low-slope P-wave amplitudes are 

characteristic of large events. The real-time measurement and use of the P-wave amplitude 

rate represents a frontier research topic that could allow estimating in a very short time 

(<1s) the magnitude of an ongoing earthquake.  
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Within this framework, the present work is addressed to the fundamental research on the 

mechanism of nucleation of earthquake ruptures, for exploring the physics of the 

nucleation phases of earthquakes. We will review the most recent observations over a 

broad range of magnitudes, spanning from laboratory scale ruptured to natural, real 

earthquakes. We will and present and discuss potential physics-based models describing 

the mechanism of source initiation.  

While opening new views on the rupture preparation process, our findings can have 

significant implications on the effective development of fast and reliable methods for 

source characterization and ground shaking prediction.  

2. Paper Content

To this purpose, integrated studies of earthquake nucleation and propagation will be 

presented, exploring multiple scales from laboratory experiments on rock samples, to 

natural field observations during real earthquakes.  

Here we look at the early P-wave signals radiated by different magnitude earthquakes and 

will then measure the initial Peak Displacement (Pd) (Peak Velocity, Pv, and Peak 

Acceleration, Pa) as the maximum absolute value on the vertical component of the 

displacement (velocity or acceleration) record, starting from the P-wave arrival time and 

expanding the time window up to the arrival of the S-waves. We will essentially follow 

two approaches.  

First, we will then compute the logarithm of Pd as a function of the P-wave time window, 

hereinafter, LPdT curve (LPvT, LPaT, for velocity and acceleration, respectively) 

(Colombelli et al., 2012, 2014, 2020). The LPdT (LPvT, LPaT) curve at a single station 

mimics the evolution of the logarithm of the apparent Source Time Functions, while the 

corresponding average curve among many stations, distributed over azimuth and distance, 

tracks the time evolution of the Moment Rate Function. We introduce a new parameter, 

named SLPx (where x stands for displacement, velocity and acceleration), that quantifies 

the amplitude rate of the initial part of LPdT (LPvT, LPaT) curves. We show with 

observed data, covering a wide range of magnitudes, that this slope is not affected by 

distance attenuation and mainly scales with the final earthquake size, thus being a valid 

proxy for the real-time estimation of the earthquake size (Figure 1).  

Second, in addition to the LPdT (LPvT, LPaT) curves and their slopes, we will look at the 

initial P-wave peak amplitudes at different times for different classes of earthquake 

magnitudes. Supported by real earthquake observations, we identify three different source 

models that can be used to justify the observed differenced of early radiated signals and 

discuss their possible implications in terms of earthquake magnitude predictability, in real-

time applications (Figure 2).  

4054 3ECEES, September 2022, Bucharest, Romania



Figures. 

 

 

 
 

Fig. 1 - Slope of LPdT (LPvT, LPaT) curves versus distance and magnitude. Initial slope of LPdT curves (a) 

in logarithmic scale as a function of distance, with a colour palette showing the earthquake magnitude. Little 

circles represent data of the single station curves, while squares and solid lines are the average slope values 

for distance and magnitude bins (10 km and 0.5, respectively). Panels (b) and (c) show the same of panel (a) 

but for LPvT, and LPaT curves. Panels (d), (e) and (f) show the same of (a), (b) and (c) panels but with  

distances from 0 to 100 km. 
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Fig. 2 - Sketch of the relationship between Source Time Functions (STFs) and LPdT curves. The figure 

shows a conceptual scheme of the relationship between the STFs (as obtained from the Sato & Hirasawa 

1973 model) and the corresponding LPdT curves, for two different models. Panels (a, b) show the case of 

ruptures with the same nucleation, for which the initial slope is the same for all magnitudes and the events 

become distinguishable at the peak of the STFs, which corresponds to the plateau level of LPdT curves. 

Panels (c, d) show the case of a completely predictable magnitude model, for which the STFs have a different 

beginning and the corresponding LPdT curves show a distinguishable slope, even at the initial part. In this 

case, the initial slope of STFs decreases with magnitude. Panels (e, f) show the third case of a predictable 

magnitude model, for which the initial slope of the STFs increases with magnitude. 
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Abstract: One of the main goals of Earthquake Early Warning Systems is to provide a reliable 
and robust estimation of source parameters, such as the magnitude, before the potential 
damage would impact sites of interest. In this work we propose a new method to estimate the 
earthquake magnitude using the first, few seconds of P wave displacement amplitude. We 
calibrate and test the methodology on a set of Japanese earthquakes with magnitude range 
between 4 and 9. 

Keywords: Earthquake early warning; earthquake source parameters; real-time magnitude 
estimation 

1. Introduction  

In the framework of Earthquake Early Warning, the real-time magnitude estimation is one 
of the most complex operations. That is due to the complexity of the rupture process which 
makes it difficult to distinguish the earthquakes size just looking at the first seconds of signal, 
while the process is still going. Moving towards a fast real-time approach, it has been proved 
that the evolution of the logarithm of the absolute value of P-peak displacement in time 
(logarithm of P-peak displacement versus time curve or LPdT curve from now on) well 
describes the source behaviour and presents a dependence on event magnitude (Colombelli 
et al. (2014), Colombelli et al. (2020)). Not only are these curves reproducing the moment 
rate function (Zollo et al. (2021)), but also the slope of the initial part of LPdT event curves 
is following a scaling with event magnitude. The slope could be indeed used as a magnitude 
estimator in time-domain technique implemented in the next EEW systems. In recent studies 
the slope dependence on the magnitude has been explored by looking at the LPdT built with 
the contribution of every available station. In this study, we focus the attention on the single 
station LPdT curve. 

2. Real-time magnitude estimation from LPdT curves 

In previous studies (Colombelli et al. (2014), Colombelli et al. (2020)), the curves were built 
taking into account the contributions at every station and applying a distance correction 
based on the epicentral distance of each station. That is called an off-line analysis of the 

40573ECEES, September 2022, Bucharest, Romania



curve, because the localization of the event is needed. Here we use the single station curve. 
It is obtained by measuring the P-peak displacement at each chosen time window and 
plotting its value versus time. These curves, such as the event curves, present a characteristic 
behaviour: an increasing initial part followed by a flat saturation level called level of plateau 
(PL) which corresponds to the peak of the moment rate function describing the rupture 
process. The main advantage of working with single station curve is that the localization is 
not a requirement for the curve to be built. The initial slope of LPdT curve depends on the 
magnitude. The main goal is the automatic magnitude estimation using the slope parameter. 
The major complexity of this operation is being able to recognize whether PL has been 
reached or not to exclude it from slope evaluation. In this sense we develop an algorithm 
that does a set of operations on the single station curve which can be summarized into three 
steps: 

1. Smoothing out the curve. Every curve is smoothed out through a linear envelope.
The envelope approximates the curve to a series of consecutive lines. This is due to
avoid intermediate flat step which might be incorrectly taken as PL.

2. Time Derivative analysis. The time derivative of the curve is analyzed to find
consecutive points that are compatible with zero value. If the duration of the flat level
exceeds the 40% of the entire window duration, plateau level has been reached.

3. Slope evaluation. To get the slope, the algorithm proceeds with respect to the
availability of PL. If PL has been found, the curve is modelled according to a
theoretical function proposed by Colombelli et al. (2020) and the slope is analytically
computed; otherwise, the algorithm is still able to provide the slope evaluation
modelling the curve with an approximated function which takes into account the fact
that there is no plateau level.

Figure 1-LPdT curve for a station in one second. The green and yellow triangles show the two corner times 
of theoretical model. The grey-shadowed zone in the derivative plot corresponds to zero level analyzed to 

find possible value of PL 
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To simulate a real-time process, the algorithm is applied recursively starting from a window 
of 1 second of signal adding another second each time up to N seconds. The procedure is 
automatically stopped on the curves where the plateau is reached. In Figure 1 it is shown a 
LPdT station curve for which the plateau level has been reached in one second.  

To test our methodology, we worked on a set of Japanese earthquakes having a magnitude 
range from 4 to 9 (Figure 2). For each earthquake we evaluated LPdT curves by station 
selecting a time window of 3 seconds length counting from the first P-arrival. The curves 
are obtained by looking at the vertical component of each station recording.  

3. Results  

Preliminar tests show that it is possible to discriminate between big and small event (having 
M<6) using the slope as magnitude estimator in less than 1 second. Applying the procedure 
on the three closest station curves to events epicenters, we found out that a scaling with 
magnitude is indeed present. This result proves that it is possible to work on single station 
curves; even after few seconds it is possible to give some preliminary information about 
earthquake magnitude. The algorithm could be implemented into a threshold-based EEW 
system to alert sites of interest. What is innovative is that the alert information might be 
uploaded as long as new signal information is available, although further analysis is required 
to investigate what is the minimum number of stations and the maximum amount of time 
after which magnitude estimation becomes stable.  

 

Figure 2 - Map of events analyzed for this study. The star-markers indicate the locations and 
are coloured following magnitude scale accordingly 
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Abstract: (200) 

Public earthquake early warning systems have the potential to reduce individual risk by 
warning people of approaching tremors, but their development has been hampered by costly 
infrastructure. Furthermore, both users’ understanding of such a service and their reactions 
to actual warnings have been the topic of only a few surveys. The smartphone app of the 
Earthquake Network initiative utilizes users’smartphones asmotion detectors and provides 
the first example of a purely smartphone-based earthquake early warning system, without 
the need for dedicated seismic station infrastructure and operating in multiple countries. We 
demonstrate that this system has issued early warnings in multiple countries, including for 
damaging shaking levels, and hence that this offers an alternative to conventional early 
warning systems in the foreseeable future. We also show that although warnings are 
understood and appreciated by users, notably to get psychologically prepared, only a 
fraction take protective actions such as “drop, cover, and hold.” 

Keywords: Earthquake early warning, public reaction, alerting strategy, risk reduction 

1. Introduction

Earthquake early warning (EEW) systems aim to warn people or infrastructure of 
imminent shaking through the rapid detection of earthquakes. Public earthquake early 
warning (PEEW) systems specifically target people rather than infrastructure and strive to 
reduce an individual’s risk by allowing them to take protective actions (such as “drop, 
cover, and hold”) in the seconds or tens of seconds separating the warning from ground 
shaking at the user’s location. They were deployed first in 1991 in Mexico City (Suárez et 
al., 2009) and then in Japan in 2007 (Nakayachi et al., 2019). Despite this desirable goal 
and the existence of a number of other implementations, such as ShakeAlert in the western 
United States (Given et al., 2018), Taiwan (Hsiao et al., 2009) and some private initiatives 
in Mexico and Chile, so far PEEW systems have not been put into service more widely, 
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even in regions of high-earthquake hazard, because they require dense, real time, and 
robust seismic and communication networks (Cremen and Galasso, 2020).  

The smartphone app of the EQN initiative (Figure 1) turns participants’ smartphones into 
real-time seismic detectors by monitoring their internal accelerometers while their phones 
are charging (Finazzi, 2016, 2017, 2020). The resulting monitoring network is fully 
dynamic, with new users often joining after feeling earthquakes and users often slowly 
leaving during calm periods. Since its inception in 2012, EQN has grown its userbase with 
8 million app downloads and 1.2 million active users in July 2021, and here is presented 
the evaluation of its early warning performances. 

The objectives of this work are to (1) evaluate EQN’s detection performance, (2) 
demonstrate that it is capable of providing PEEW in multiple countries, and (3) assess the 
potential of EQN’s contribution to individual risk reduction by studying EQN users’ 
reactions after an actual early warning. One of the purposes of this article is to ascertain 
whether the service is still appreciated without the presence of intensity predictions. 

Performance has been evaluated over a 26-month period (from 15 December 2017 to 31 
January 2020) during which the EQN data processing methodology was not modified. In 
addition, reaction to and understanding of early warning by EQN users has been inferred 
from an online survey of local EQN users in the felt area of the 2019 M 8 Peru earthquake. 

Fig. 1 - (a) The Earthquake Network (EQN) app turns a charging smartphone into a ground motion detector. 
Earthquakes are detected through a cluster of smartphone triggers. (b) Once detected, an alert is issued to all 
users within a default distance of the detection, and (c) a countdown of the estimated S-wave arrival time is 
displayed at the user’s location. (d) Users can qualitatively report the level of shaking if they choose to, with 

three levels (Finazzi, 2020b). This is intended to identify larger earthquakes, as EQN does not provide 
magnitude estimates. (e) If at least 10% of the users in the area of detection submit reports, and 80% of these 
reports are “strong” or “very strong,” a second alert is issued (typically 30 s after the first one) to users in an 

enlarged region (600 km by default). Users can opt in or out of the two alerts and customize alerting 
distances.  
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2. EQN Warning times  

Warning time is defined for a given target intensity as the time delay between the 
publication of the alert and the S wave arriving at the locations of the users who experience 
that target intensity. Hence, the larger the warning time, the more time the user has to 
prepare for the incoming shaking. It is computed for the slower and stronger S wave, and 
assumes that the P wave is imperceptible, and that, from a user point of view, this is the 
delay between the alert issuance and the perceived tremor. It also assumes that the 
maximum intensity begins with the onset of S wave. Warning times have been computed 
for target intensities 4 (largely observed), 5 (strong), or 6 (slightly damaging) for all 
detected earthquakes worldwide greater than M 4.5 in Italy and United States and greater 
than M 5 in the rest of the world. Intensities with respect to radial distance were estimated 
using intensity predictive equations (IPEs). 

Within the 72 detected earthquakes greater than M 4.5 or 5, EQN issued early warnings for 
target intensity 4 for 53 (74%) earthquakes (i.e., on average twice a month) that were 
located in 11 countries in North, Central and South America, Europe, and Asia (Figure 2). 
Among these, 18 events also benefited from a warning for target intensity 5, and for two 
earthquakes there was a warning for target intensity 6: 26 July 2019 M 6.2 Panama and 26 
November 2019 M 6.4 Albania. As expected, for a given target intensity, warning times 
increased with increasing magnitude, and, for a given earthquake, they decreased with 
increasing target intensities. For earthquakes greater than M 6, estimated warning times 
were typically more than 10 s for target intensity 4 and more than 5 s for target intensity 5 
(see Fig. 3), long enough for the user to take protective measures. 

The warning time for target intensity 6 for the Panama earthquake was too short for 
individual protective action. However, for the Albania earthquake, which struck at night 
and killed 51 people, a warning time of 6.9 s for intensity 6 has been estimated through the 
IPE, for a detection delay of 5.1 s after its occurrence and the location of the detection 20 
km from its epicenter. 

 

Fig. 2 - Estimated warning times for the 53 earthquakes detected worldwide with magnitude equal or greater 
than 4.5 with positive warning time. Blue, green, and yellow triangles depict warning times for target 
intensities 4, 5, and 6, respectively. Crustal and deep earthquakes are shown by triangles and inverted 

triangles, respectively. Warning times related to the same event are connected by red lines. For sake of 
clarity, magnitude is altered by a random shift of ±(0.03, 0.06) for earthquakes sharing the same magnitude.  
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3. Do EQN users take protective actions after a warning?

The reaction to, and understanding of, early warning has been assessed by an online survey 
of EQN users in the felt area of the 26 May 2019 M 8 Peru earthquake to evaluate EQN’s 
efficiency at individual risk reduction.  

There were 61,863 users within 1500 km of the epicenter, a distance in which USGS and 
European–Mediterranean Seismological Center estimate that the intensity felt was between 
3 and 4. About 2625 self-selected over 18 yr old participants responded to the 
questionnaire; over ⅔ of them declared to be between 500 and 1000 km from the epicenter 
at the time of the earthquake- a range containing the capital cities of Quito and Lima. Most 
respondents (82%) declared previous earthquake experiences, and 25% answered that they 
had experienced an EQN EEW before. About 72% were convinced or strongly convinced 
of the usefulness of the app, which confirms previous studies about public expectations for 
EEWs (e.g., Becker et al., 2021). Among these 2625 self-selected respondents, 1663 had 
the app at the time of the earthquake, whereas the others installed it following the 
earthquake. Those who already had the app described various experiences: 34% received 
EQN notification before feeling the shaking as expected from a PEEW system, 35% 
received it after having felt the shaking, 11% received the notification but did not feel the 
earthquake, 14% did not receive the notification while feeling the shaking, and 6% neither 
received the notification nor felt the earthquake. 

Importantly, among the users who received the notification before feeling the shaking, 
79% understood that a tremor was about to hit. This means that they had a good 
comprehension of what an early warning is; but, when asked about their reaction (Table 3), 
only 25% performed “drop, cover, and hold.” A major concern was to warn relatives 
nearby (55%) or for the ones not in immediate proximity through social media (22%). In 
addition, 35% waited for the shaking. These results are consistent with findings from 
Nakayachi et al. (2019), who showed that following an EEW in Japan, people mentally 
prepared rather than took actual safety actions. 

Table1 – Reaction of the EQN users within the felt area of the 2019 M 8 Peru earthquake and who had the 
app before the earthquake.  
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4. Conclusions 

The EQN initiative is the first operational smartphone-based public earthquake early 
warning system (Bossu et al., 2022). It has been in full operation at international level 
years before the much advertised Google Earthquake Alert system was launched and which 
performances are, at this date still not documented.  

We demonstrate that EQN provides regular warning to its users and that it did provide a 
long-enough-warning for a damaging shaking level. Our results indicate that only a 
fraction of users, even if they understand what a warning means, take protective actions 
(Fallou et al., 2021). The EQN’s early warning services are a significant improvement 
from existing rapid public information systems for seismically active regions of the globe 
not yet covered by conventional PEEWs. 

 

References 

- Bossu, R., Finazzi, F., Steed, R., Fallou, L., & Bondár, I. (2022). “Shaking in 5 Seconds!”—Performance and 
User Appreciation Assessment of the Earthquake Network Smartphone‐Based Public Earthquake Early 
Warning System. Seismological Society of America, 93(1), 137-148. 

- Becker, J. S., S. H. Potter, L. J. Vinnell, K. Nakayachi, S. K. McBride, and D. M. Johnston (2021). Earthquake 
early warning in Aotearoa New Zealand: A survey of public perspectives to guide warning system 
development, Humanit. Soc. Sci. Comm. 7, 1–3. 

- Cremen, G., and C. Galasso (2020). Earthquake early warning: Recent advances and perspectives, Earth Sci. 
Rev. 205, 103184 

- Fallou, L., Finazzi, F. and R. Bossu (2021). Efficacy and Usefulness of an Independent Public Earthquake 
Early Warning System: A Case Study—The Earthquake Network Initiative in Peru, Seismol. Res. Lett. 93, 
827–839, 

- Finazzi, F. (2016). The earthquake network project: Toward a crowdsourced smartphone-based earthquake 
early warning system, Bull. Seismol. Soc. Am. 106, 1088–1099. 

- Finazzi, F., and A. Fassò (2017). A statistical approach to crowdsourced smartphone-based earthquake early 
warning systems Stoch. Environ. Res. Risk Assess. 31, 1649–1658 

- Finazzi, F. (2020a). The earthquake network project: A platform for earthquake early warning, rapid impact 
assessment, and search and rescue, Front. Earth Sci. 8, 243, 

- Given, D. D., R. M. Allen, A. S. Baltay, P. Bodin, E. S. Cochran, K. Creager, R. M. de Groot, L. S. Gee, E. 
Hauksson, T. H. Heaton, et al. (2018). Revised technical implementation plan for the ShakeAlert system— An 
earthquake early warning system for the West Coast of the United States, U.S. Geol. Surv. Open-File Rept. 
2018-1155 

- Hsiao, N. C., Y.-M. Wu, T.-C. Shin, L. Zhao, and T.-L. Teng (2009). Development of earthquake early 
warning system in Taiwan, Geophys. Res. Lett. 36 

- Nakayachi, K., J. S. Becker, S. H. Potter, and M. Dixon (2019). Residents’ reactions to earthquake early 
warnings in Japan, Risk Anal. 39, 1723–1740. 

40653ECEES, September 2022, Bucharest, Romania



Techniques and methods for near real-time seismic damage detection 

Alexandru Tiganescu  – National Institute for Earth Physics, Măgurele, Romania. 

e-mail: alexandru.tiganescu@infp.ro

Barbara Borzi – EUCENTRE, Pavia, Italy. 

e-mail: barbara.borzi@eucentre.it

Stefan Florin Balan – National Institute for Earth Physics, Măgurele, Romania 

e-mail: sbalan@infp.ro

Francesca Bozzoni – EUCENTRE, Pavia, Italy. 

e-mail: francesca.bozzoni@eucentre.it

Juan Jose Galiana-Merino – University Institute of Physics Applied to Sciences and Technologies and 

Dept. Physics, Systems Engineering, and Signal Theory, Polytechnic School, University of Alicante, 

Alicante, Spain. 

e-mail: jj.galiana@ua.es

Alireza Kharazian – Multidisciplinary Institute for Environmental Studies Ramon Magalef (IMEM), 

University of Alicante, Alicante, Spain. 

e-mail: alireza.kharazian@gcloud.ua.es

Sergio Molina – Multidisciplinary Institute for Environmental Studies Ramon Magalef (IMEM) and Dept. 

Applied Physics Faculty of Sciences, University of Alicante, Alicante, Spain. 

e-mail: sergio.molina@gcloud.ua.es

Caterina Negulescu – BRGM, Orléans, France. 

e-mail: c.negulescu@brgm.fr

Ali Güney Özcebe – EUCENTRE, Pavia, Italy. 

e-mail: ali.ozcebe@eucentre.it

Ekin Özer – University College Dublin, School of Civil Engineering, Dublin, Ireland. 

e-mail: ekin.ozer@ucd.ie

Simone Peloso – EUCENTRE, Pavia, Italy. 

e-mail: simone.peloso@eucentre.it

Dragos Toma-Danila – National Institute for Earth Physics, Măgurele, Romania. 

e-mail: toma@infp.ro

Enrico Tubaldi – University of Strathclyde, Glasgow, United Kingdom. 

e-mail: enrico.tubaldi@strath.ac.uk

Abstract: This contribution illustrates the methodology developed within the EU-funded 

project TURNkey to identify the fundamental vibration period and predict damage states of 

monitored buildings by using accelerometric sensor data. Key findings are given for the 

experimental case study (in terms of period identification and damage predictions) and a set 

of real-life case studies (in terms of period identification). 

Keywords: Structural health monitoring, fundamental frequency identification, structural 

seismic damage prediction 

4066

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

3ECEES, September 2022, Bucharest, Romania

mailto:alexandru.tiganescu@infp.ro
mailto:barbara.borzi@eucentre.it
mailto:sbalan@infp.ro
mailto:francesca.bozzoni@eucentre.it
mailto:jj.galiana@ua.es
mailto:alireza.kharazian@gcloud.ua.es
mailto:sergio.molina@gcloud.ua.es
mailto:c.negulescu@brgm.fr
mailto:ali.ozcebe@eucentre.it
mailto:ekin.ozer@ucd.ie
mailto:simone.peloso@eucentre.it
mailto:toma@infp.ro
mailto:enrico.tubaldi@strath.ac.uk


1. Introduction 

A large portion of the existing building stock in Europe consists of structures designed 

with limited seismic detailing and therefore highly vulnerable to earthquakes. In this 

context, preparedness and the ability to implement timely actions right before and/or 

immediately after an earthquake carries critical importance to minimise the earthquake 

induces losses. Conceived to address such a need, the EU-H2020 TURNkey project 

(Towards more Earthquake-resilient Urban Societies through a Multi-sensor-based 

Information System enabling Earthquake Forecasting, Early Warning and Rapid Response 

actions) produced a tremendous amount of results in terms of Operational Earthquake 

Forecasting (e.g., Azarbakht et al., 2021; Douglas and Azarbakht, 2021), Earthquake Early 

Warning (e.g., Cremen and Galasso, 2020; Cremen et al., 2021; Zuccolo et al., 2021; 

Cremen et al., 2022a), Decision Support System (e.g., Cremen et al., 2022b), and Rapid 

Response after Earthquakes (e.g., Guérin-Marthe et al., 2021; Sun et al., 2021; Tubaldi et 

al., 2022) considering also the practical implementations (e.g., Finazzi. 2020). 

One of the main ambitions of TURNkey is the development of real-time algorithms for 

automated damage detection, through the use of structural health monitoring (SHM) 

techniques to compute variations in the dynamic properties of buildings due to damage. In 

this respect, a recent publication (e.g., Ozer et al., 2022) covers a list of possible empirical, 

analytical, and numerical approaches that may be followed. This work is based on an 

experimental dataset that has been previously constructed at EUCENTRE Shake-Lab (e.g.,  

Beyer et al., 2015). Developed algorithms have a good readiness level and, currently, 

another article is under preparation considering the real-life implementation in Bucharest. 

To be more specific, the following SHM techniques for fundamental vibration period 

variation have been tested: the (Enhanced) Frequency Domain Decomposition-(E)FDD, 

the Short-Time Fourier Transformation (STFT), the Continuous Wavelet Transform 

(CWT), and the Stockwell Transformation (ST). Once the period of vibration is identified, 

based on the available knowledge level (KL), empirical (basic knowledge), analytical 

(intermediate knowledge), and numerical (advanced knowledge) approaches are followed 

to predict the EMS-98 (e.g., Grünthal et al., 1998) damage class proxy. 

This contribution provides an overview of the main findings of the SHM-based damage 

assessment adopted in the TURNkey project. Section 2 covers the experimental dataset, 

Section 3 covers the Bucharest case study, and Section 4 provides the conclusive remarks.  

2. Methods for dynamic identification and damage prediction 

The building specimen studied in these tests is a 1:2 scaled, 4-story reinforced concrete (RC) / 

unreinforced masonry (URM) building (Figure 1) subject to uniaxial excitation with 9 

sequential shaking table tests (with a general trend of increasing intensity) performed at the 

EUCENTRE Laboratories (e.g., Beyer et al. 2015). A combination of RC and URM wall 

lateral resisting mechanism provides a healthy combination of the building stock present in 

TURNkey testbeds, thus, becoming a good case study for sensor-informed damage detection 

methods. Comprehensive details about its design and technical characteristics are presented in 

Beyer et al. (2015). 

40673ECEES, September 2022, Bucharest, Romania



Figure 1. Experimental RC-URM building (after Beyer et al., 2015). 

The following conclusions may be made in terms of fundamental vibration periods and 

damping ratios obtained through different approaches:  

• Noise-based frequency domain interpretations (e.g., FDD and EFDD) of pre-test

vibration periods provide good comparisons with the experimental data present in the

relevant publication.

• There is a good agreement between CWT-based vibration periods using the tail of the

test when compared with the experimental data and the other signal approaches in

terms of white noise and strong motion treatment.

• ST provided reliable evolution of vibration periods during the earthquake shaking.

Figure 2. Damage estimations are provided by the Method-1 (empirical) approach and Method-2 (analytical) 

approach. BT: Before Test, AT: After Test. (from Ozer et al., 2022). 

For the damage assessment (shown for empirical and analytical methods in Figure 2), several 

conclusions based on the applied algorithms can be summarized as: 

• Accuracy and precision are noted in terms of period identifications.

• CWT based damage produces the most accurate results concerning the observed

values.

• ST-based time-dependent amplification ends up with damage evolution over time,

reliably estimating the end damage states with a small underestimation of the initial

damage states. Moreover, it may predict if the damage evolution is ductile (spread over

time) or brittle (sudden). To utilize the method with maximum performance, low-noise

acceleration time histories should be present both at roof and foundation levels.

• In the case of basic knowledge level, the empirical approach provides the probability of

damage in a consistent manner, however, associated uncertainty should always be

taken into consideration.
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• Parameter updating approach in detailed numerical modelling is shown to be an 

efficient way of dealing with evolutional seismic damage. Simplified numerical 

modelling is shown to be a practical way, for the cases in which a numerical model is 

needed which can mimic the more complex seismic response. 

• Parameter updating approach in detailed numerical modelling is shown to be an 

efficient way of dealing with evolutional seismic damage. Simplified numerical 

modelling is shown to be a practical way, for the cases in which a numerical model is 

needed which can mimic the more complex seismic response. 

4. Bucharest real-life application 

One of the TURNkey testbeds was chosen as Bucharest (TB1), considering its peculiarities 

and the hazard posed by the Vrancea intermediate-depth seismic source region. To assess 

the structural response and to understand how the seismic design evolved over 80 years 

and how vulnerable the different structural typologies are, 20 TURNkey multi-sensor units 

(15 accelerometric sensors RS4D and 5 GNSS sensors) were deployed in 5 building types 

representing 3 different generations of earthquake-resistant design codes (e.g., Crowley et 

al., 2021). The selected buildings are representative of the following structural typologies: 

pre-code (before 1963) low-rise masonry building (e.g., BAL),  pre-code (before 1963) 

high-rise (>8 stories) RC building (e.g., DRT), low-code (1963 – 1977) high-rise RC 

building (e.g., TIT), moderate-code (1978 – 1992) high-rise RC building (e.g., DRG), 

high-code (>1992) high-rise RC frame building (e.g., LAS). More details about the 

characteristics of the structures can be found in a review of SHM systems in Romania (e.g., 

Tiganescu et al., 2022). A sixth building (e.g., IFA) was added afterwards as a case study 

for the project, due to its long-term instrumentation with professional accelerometers and 

the building owner is one of the stakeholders interested in the TURNkey platform. Figure 3 

shows the instrumentation scheme. Data flowing out from two earthquakes (the strongest 

ones within the monitoring period) are considered: 

• The April 9th earthquake had occurred in the Vrancea intermediate-depth seismic 

zone, at 21:36:47 (local time) and a depth of 79 km. The earthquake was located 

156 km North of Bucharest and its maximum epicentral intensity was III MMI. The 

earthquake was felt on the Romanian territory and the maximum recorded 

acceleration by the Romanian National Seismic Network was 4.4 cm / s2. 

• The May 25th earthquake had occurred in the Vrancea intermediate-depth seismic 

zone, at 00:30:37 (May 26th local time) and a depth of 131 km. The earthquake 

was located 126 km North of Bucharest and its maximum epicentral intensity was 

IV MMI. The earthquake was also felt on the Romanian territory and the maximum 

recorded acceleration by the Romanian National Seismic Network was 6.6 cm / s2. 

It is worth noting that damage estimation is not possible due to the weak nature of the 

recorded motions. Due to this reason, only the main conclusive points regarding the 

dynamic identification results will be provided. 
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Figure 3. Instrumentation scheme and qualitative signal to noise (S/N) assessment using colour codes during 

the 25 May event. 

A comparison of the ambient noise level for the professional sensors (TURN) and RS4D 

acceleration channels (TIT building) was conducted. The maximum value of the seismic 

noise for the TSA-100S sensors is, for the basement, 0.01 cm/s2 and it is increasing with 

elevation up to 0.04 cm /s2. For the RS4D sensors, the level of the self-noise is around 1 

cm /s2, an amplitude that will make it impossible to record the low-amplitude or ambient 

vibrations. This type of result is typical when one compares low-cost versus high-cost 

instruments since there is a trade-off between their costs and precisions. While being 

significantly noisier, with the self and installation costs of 1 broadband high precision 

sensor setup (i.e., Kinemetrics ETNA2 Strong Motion Accelerograph), about 4 (four) 

RS4D setups could be installed which allows obtaining a better distribution of seismic 

impact during the aftermath of an earthquake, assuming three to four sensors installed on 

each structure.  

Regarding the real-life case study of Bucharest, the following points may be reported: 

• All of the SHM techniques end up with precise results for the fundamental

vibration period estimations for the IFA building instrumented with high-fidelity

sensors (e.g., Figure 4, IFA).

• RS4D sensors are known to be characterised by significant noise compared to high-

fidelity sensors. This poses difficulties in the application of SHM techniques (e.g.,

(E)FDD needed the use of the ground motion data instead of noise data, CWT

needed the use of the ground motion instead of tail data, STFT needed a wavelet

prefiltering to make the frequency band narrower, and ST needed a low maximum

cut-off value to locate the repeatable peaks in time-frequency domain).

• A precision loss is noted in frequency identification when one uses the RS4D

sensors (e.g., Figure 4, TIT). It is expected that during a larger event that will also

be effectively damaging, all of the approaches will be able to determine the

building vibration periods with greater precision.
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Figure 4. Exemplary case study considering the frequency inversions made for the buildings instrumented 

with RS4D (e.g., TIT) and TSA-100S (e.g., IFA) sensors using the data acquired during the 9 April 2021 

event. 

4. Conclusions  

This contribution summarizes the methodology developed within the EU-funded project 

TURNkey to identify fundamental period variations due to earthquakes and to infer the 

state of damage, expressed in terms of the EMS-98 damage scale. It is shown that the 

alternative SHM algorithms considered show consistent and precise results when applied 

to the case of well-controlled shake table tests. Considering the real-life case study of the 

instrumented buildings in Bucharest, high noise levels present in the low-cost sensors pose 

inevitable difficulties in the period identification stage. However, using the proposed 

workaround solutions and with higher S/N ratios expected in the case of stronger and 

damaging events, precise damage estimation could be obtained. 
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Abstract: The TURNkey scientific engine is a comprehensive software incorporating state-

of-the-art methodologies in hazard assessment, risk evaluation and decision-support systems 

to enable earthquake forecasting, early warning and rapid response actions. Compared to 

existing seismic hazard and risk assessment methodologies or platforms, the TURNkey 

scientific engine provides unique services, taking advantage of the dense instrumental 

network and a cloud-based graphical user interface. The main features of the TURNkey 

scientific engine are (1) short-term time-dependent probabilistic seismic hazard analysis, (2) 

rapid mapping and near real-time updating of earthquake shaking, and (3) a building-

specific multi-criteria decision support system. The scientific engine is developed based on 

various discrete processing modules with interlinking functionality, which allows easy and 

smooth modification, update, extension, replacement, and removal of components for 

further development.  

Keywords: Forecasting; Early Warning; Consequence Prediction; Response 

1. Introduction

Within the TURNkey project funded by the European Union’s Horizon 2020 research and 

innovation programme, the TURNkey FWCR (Forecasting – Early Warning – 

Consequence Prediction – Response) platform was developed. It is a multi-sensor-based 

earthquake information system, facilitating earthquake forecasting and enabling early 

warning and rapid response actions. This platform can assist identified stakeholders (e.g., 

civil protection, emergency responders) to react at the earliest stage to earthquake events to 

reduce the direct and indirect (follow-up) impacts and consequences. Integrated with the 

instrumental network and a cloud-based graphical interface, the scientific engine provides 

unique services for disaster management. 

The scientific engine of the FWCR platform can handle four processes: operational 

earthquake forecasting (OEF), earthquake early warning (EEW), rapid response to 

earthquake (RRE) and a simulation stage to test specific earthquake scenarios. In the 

earthquake disaster management timeline, as shown in Fig. 1, the end-user can run the 

simulation before any earthquake event to facilitate disaster planning for various 

earthquake scenarios. The OEF process can be run on request to forecast a potential 

increase in seismic hazard before an earthquake. The EEW process is triggered after an 

earthquake event (e.g., mainshock and aftershock) of a potentially severe impact. If the 

peak ground acceleration (PGA) value is above a certain threshold for a site and may cause 
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damages, the RRE process is activated and it continuously runs throughout the disaster 

management cycle (e.g., weeks after the mainshock or until the user resets the system). The 

OEF process can also be triggered after an earthquake to forecast heightened seismic 

hazards using the updated event catalogue during the short-term disaster response phase. 

The core of the scientific engine to support these four processes is formed by the hazard, 

risk and loss, as well as decision support system (DSS) modules, as shown in Fig. 2. EEW, 

RRE, OEF and simulation processes use part of these modules. Different processes may 

require slightly different input data for the same module and provide different results 

according to the processing purpose. The input data for the scientific engine can be 

categorized into static and dynamic data. The static data includes: (1) user input, such as 

seismic zonation model, site amplification information, exposure data (e.g., location, 

occupancy class or system type level, economic cost, typology and population, if 

applicable) for general buildings (GBs), essential facilities (EFs) and critical infrastructure 

systems (CISs); (2) libraries of fragility functions, vulnerability functions, capacity 

functions, functionality models, ground-motion models (GMMs) and ground motion to 

intensity conversion equations (GMICEs). The dynamic data includes: (1) seismic data, 

such as the instrumental recordings from the TURNkey instrumental network, and the 

detected earthquake event (e.g., event location and magnitude); (2) non-seismic radon data; 

(3) data from applications (e.g., the felt report and damage observations from the

TURNkey smartphone application).

Fig. 1 Illustration of the chronological sequence of Operational Earthquake Forecasting (OEF), Earthquake 

Early Warning (EEW), Rapid Response to Earthquakes (RRE) and simulation. 

Fig. 2 Protocol analysis processes in the FWCR platform 

4074 3ECEES, September 2022, Bucharest, Romania



2. Main features of the TURNkey scientific engine 

2.1. Short-term time-dependent probabilistic seismic hazard analysis 

The probabilistic seismic hazard analysis (PSHA) is a commonly used method for the 

quantification of seismic hazard of a given area, as it accommodates various sources of 

uncertainties. The PSHA is performed employing the following equation (1): 

   (1) 

where λ(Mi > Mmin) is the rate of occurrence of earthquakes greater than Mmin from the 

source i, λ(IM > x) is the rate of intensity measure IM > x, nsource is the number of sources 

considered, and fMi(m) and fRi(r) denote the magnitude and distance distributions for source 

i, respectively. 

Compared to the conventional PSHA, the scientific engine can use the current seismicity 

rate estimated from both seismic and non-seismic data to perform the short-term time-

dependent PSHA. Specifically, the λ(M > Mmin) term in equation (1) is substituted by the 

seismicity rate estimated from the Bayesian spatiotemporal epidemic type aftershock 

sequences (ETAS) forecasting model  (Ebrahimian & Jalayer, 2017) and takes into account 

the influence of non-seismic data (i.e., radon data). 

Thanks to the dense TURNkey instrumental network, near real-time earthquake 

information (e.g., magnitude and location) from the seismic sensors is streamed to the 

TURNkey platform and the scientific engine accesses the latest earthquake catalogue in the 

monitored area. The spatiotemporal ETAS model can update the ETAS parameter 

estimates and capture the uncertainties using the current earthquake catalogue before the 

forecasting interval. Moreover, the model can simulate the sequence of events within the 

prescribed forecasting time interval and thus provide a space-dependent seismicity 

forecast.  

In addition, the TURNkey system incorporates radon measurement devices in the city of 

Bucharest in Romania (Toader, et al., 2021). The correlation analysis within the TURNkey 

project showed that the seismic activity rate for the magnitude range 3 ≤ M ≤ 6 can be 

estimated directly from the radon time series and an empirical model was developed to 

compute the daily seismic activity rate using radon measurements. Including radon data in 

the PSHA study through the logic tree approach allows a comprehensive estimation of the 

seismic hazard.  

2.2. Rapid mapping and near real-time updating of earthquake shaking  

The mapping of the ground shaking is generally performed through GMMs, given the 

parameters of rupture (e.g., magnitude), path (e.g., source-to-site distance), and site (e.g., 

site classification). Compared to other known shake map algorithms, such as the USGS 

ShakeMap (Worden, et al., 2020), the scientific engine uses a Bayesian network algorithm 

(Gehl, et al., 2017) to generate the shake map as correlated Gaussian fields, which can be 

updated with the observations to generate a posterior distribution of the ground motion at 

each grid point.  

The scientific engine can access both the near real-time ground-motion IMs (e.g., PGA and 

spectral accelerations) recorded at the sensor locations and the macroseismic intensities 
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reported in the felt reports collected through the TURNkey partner’s server and other 

providers (i.e., UNIBG, USGS and EMSC) with the associated uncertainties. This 

information is treated as evidence in the Bayesian network to update the posterior 

distribution of the IM of interest. With the incorporated comprehensive libraries, the 

scientific engine allows the end-user to select GMMs and GMICEs suitable for the target 

region to minimize the epistemic uncertainties. During the emergency response period, the 

scientific engine constantly updates the maps in terms of PGA and macroseismic intensity 

when new observations are available, providing a current shake map for the stakeholders. 

2.3. Building-specific multi-criteria decision support system 

Given the maps of ground shaking, the scientific engine utilizes the libraries of building-

level fragility functions (with capacity functions if applicable) or vulnerability functions 

and damage-to-loss functions to evaluate the potential seismic risk and loss, following the 

SELENA methodology (Molina, et al., 2010). The risk and loss results include the physical 

vulnerabilities (e.g., vulnerability level, damage grade, economic loss, amount of debris, 

functionality) and social vulnerabilities (e.g., casualty, number of homeless, number of 

shelters). The risk and loss due to the earthquake correspond to the worst scenario in the 

case of no action being taken. 

The end-user can define risk-mitigation actions and their mitigating effect with respect to 

the no-action scenario and select the suitable risk and loss results (e.g., economic loss and 

casualty) as consequence criteria. Using the multi-criteria decision-making (MCDM) 

methodology developed within the TURNkey project (Cremen & Galasso, 2021), the 

scientific engine can help to identify the optimal risk mitigation measures among the 

proposed actions. Moreover, given the cost of the actions and the monetary values of the 

selected criteria, the scientific engine also performs a cost-benefit analysis (CBA) for each 

action and assigns a cost-benefit class based on the benefit-to-cost ratio for each action. 

Combining the MCDM and CBA for a building-specific decision support system presents a 

full picture of the possible benefit and consequences of the risk-mitigation actions. This is 

particularly useful for operators of critical infrastructure to evaluate and plan the 

emergency response.  

3. Conclusions

The TURNkey scientific engine is a comprehensive software incorporating state-of-the-art 

methodologies in hazard assessment, risk evaluation and decision-support system to enable 

earthquake forecasting, early warning and rapid response actions. This paper provides an 

overview of the scientific engine components and highlights the main features of the 

engine. The scientific engine is developed based on various discrete processing modules 

with interlinking functionality, which allows easy and smooth modification, update, 

extension, replacement, and removal of components for further development. 
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Abstract

The  Swiss  Seismological  Service  (SED)  at  ETH  Zurich  has  been  developing  and 
implementing  prototype  earthquake  early  warning  (EEW)  algorithms  for  more  than  a 
decade. Currently, two EEW algorithms, the Virtual Seismologist (VS) and the Finite-Fault 
Rupture  Detector  (FinDer)  algorithm,  are  implemented  and available  embedded  within 
SeisComP, the widely-used seismic network monitoring platform (Massin et  al.,  2022). 
The SED currently deploys these algorithms in Switzerland and across Central America.

FinDer is a 2D spatial template-matching algorithm that matches the observed peak ground 
acceleration (PGA) amplitudes with a pre-generated set of templates to find the best fitting 
line-source  model.  VS  provides  a  predictive  magnitude  estimate,  based  on  rapid 
earthquake location with a point-source origin. Both algorithms have their strengths and 
weaknesses that may lead to different estimates depending on source properties, network 
geometry, as well as data quality. Each algorithm provides an independent estimate of the 
source parameters which allows for redundancy and increases the tolerance to failure of 
one of the algorithms. 

However, having an efficient real-time method to prefer or combine estimates is important. 
In this work, we explore the ways to combine the independent algorithm estimations in a 
probabilistic manner, following the approach of Minson et al. (2017). The estimates are 
used  to  predict  ground motion  envelopes  which  are  then  compared  with  the  observed 
values (in each of acceleration, velocity, displacement). The differences in the predicted 
and observed envelopes are then used to calculate the probabilities that the estimate from 
an algorithm is correct (Fig. 1), and to give a final, weighted, estimate of source properties 
and/or ground-motion distribution. These probabilities can then be used for calculating the 
uncertainties in ground motion predictions at sites of interest. 

Furthermore,  an  envelope  prediction  assuming  no  event  happened,  for  which  any 
amplitude  above noise level  is  a  misfitting  residual,  is  also used during the weighting 
procedure.  Crucially,  this  means  that  the  approach  can  also  be  implemented  for
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suppressing false alarms. We test and explore the different ways in which the estimates
from the EEW algorithms can be compared with the observed ground motion data. 

The tests are done on data from Switzerland and Central America. The expectation is that
this  approach,  based  on  actual  observed  ground  motion,  can  be  used  beyond  EEW,
providing an improved solution quality for all automated solutions from a seismic network
that moves beyond traditional metrics combining simple parameters like the number of
picks, RMS, and azimuthal gap.

We  develop  the  methodology  using  the  10  largest  earthquakes  in  Switzerland  that
happened since 2013. We use already compiled data from several sources. The first source
is the ETHZ dataset available through Seisbench (Woollam et al., 2022), which we used as
the source of our earthquake and station waveform metadata. The second source of the data
are the ground motion envelopes calculated internally through the SeisComP platform. 

In the  first  part  of  our  work,  we explored  the  use  of  Cua (2005)  envelope  prediction
relationships as the basis for our envelope comparison model. More precisely, given the
solution  from  an  algorithm  (magnitude,  locations)  and  the  site  characterization,  we
calculate  the  predicted  vertical  and  horizontal  acceleration,  velocity,  and  displacement
envelopes at that site.

We then inspected the envelopes, both visually and numerically, and found that there is a
overprediction (on average) of the envelope amplitudes by the envelope prediction model.
The bias could be seen across the envelopes of all ground motion components. To tackle
this  issue we use a  GMPE adapted  for  Switzerland  (Cauzzi  et  al.,  2014),  to  scale  the
amplitudes of the predicted envelopes.  We find that the use of GMPEs downscales the
predicted envelopes, which allows us to predict the envelopes a lot more correctly, which
then  allows  us  to  have  a  more  reliable  algorithm  correctness  probability  estimation.

Keywords: Seismic networks, Ground motion envelopes
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Figure 1. The diagram of the procedure
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Abstract: Earthquakes are one of the most challenging natural hazards to manage by 

emergency situation authorities: they are unpredictable, can cause widespread losses in a 

matter of seconds and can trigger additional hazards (tsunamis, landslides, explosions etc.). 

Quick reliable information is vital for an effective rapid response, considering that life 

expectancy for people in need of help can significantly decrease by minutes. Technological 

advances in earthquake early warning, ground motion recording or rapid earthquake loss 

estimation can make a difference nowadays. In this paper we present how real-time 

solutions including REWS, ShakeMap, SeisDaRo and Network-risk, as well as the 

TURNkey, REDACt and PREVENT platforms, are implemented and used in Romania – 

one of Europe’s most endangered countries due to earthquakes. We focus on presenting 

their technical characteristics and performance and on their contribution to rapid response 

and seismic risk reduction strategies. Even though seismic risk in Romania seems to be at an 

unprecedented level, having these solutions in place enable to bridge the gap between 

scientists, engineers, authorities and the general public and partially mitigate the risks.  

Keywords: risk, real-time seismology, early warning, loss estimates, Vrancea 

1. Introduction

Romania is one of Europe’s most endangered countries due to earthquakes; more than half 

of its territory can be affected by strong intermediate-depth earthquakes occurring in the 

Vrancea Area. Also, other areas can be affected by shallow crust earthquakes. 45 years 

have passed since the March 4, 1977 Vrancea earthquake (Mw 7.4, 90 km depth) – the 

most destructive yet. Nowadays, society’s exposure is much greater than it was at the time 

of past destructive events (on November 10, 1940, Mw 7.7, 150 km depth or March 4, 

1977). The seismic vulnerability of buildings and infrastructure is considerable, as the 

recently completed Ro-Risk project (IGSU, 2016) or other studies including Vacareanu et 
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al. (2018) or Toma-Danila and Armas (2017) concluded. In this context, we present the 

currently implemented and coming-up solutions at INCDFP, the leading institute in charge 

of seismic monitoring in Romania, dedicated to providing first responders and population 

with better insights regarding earthquakes and their effects. Some of these solutions are the 

Romanian Earthquake Early Warning System, ShakeMap, the system for the rapid 

estimation of damage generated by earthquakes in Romania (SeisDaRo), seismic data 

repositories, earthquake catalogues, crowdsourcing apps or building health monitoring 

systems. We briefly present their characteristics providing representative references, but 

we focus more on discussing their importance, beneficiaries, applicative impact and 

vulnerabilities. This analysis shows that nowadays solutions can highly contribute to risk 

reduction, as long as they are properly understood by the beneficiaries (along with their 

limitations) and they are shaped to meet demands. Though subjective, we incorporate in 

this discussion our experience with various stakeholders involved in seismic risk 

mitigation, both in the public and private sectors. 

2. Real-time systems triggered by earthquakes in Romania

INCDFP is the official institution in charge of earthquake monitoring and notification of 

authorities in Romania. The Romanian Seismic Network (RSN) managed by INCDFP 

currently consists of 165 accelerometers and 120 velocity sensors (54 broadband and 34 

short-period), installed in 163 locations in Romania, in free-field conditions and with real-

time data transmission. There are also seismic data exchange protocols in place with 

similar institutions in nearby countries and all over the world. The earthquake localization 

capabilities of RSN have significantly improved in the last two decades, as the number of 

detected earthquakes per month graph in Figure 1 shows. Station density and quality of 

recordings and processing contribute to lower uncertainties in determining earthquake 

parameters and in ground motion mapping. The destructive earthquake on 4 March, 1977 

(Mw 7.4) was recorded almost entirely by only one accelerometer, located in Bucharest, 

belonging to the INCERC institute. This accelerogram contributed significantly to 

reshaping the response spectra in Romanian seismic design codes, as also did latter the 

many more recordings of the 1986 and 1990 Vrancea major events (Mw 7.1 respectively 

6.9). Nowadays, the premises for an insightful seismic recording of a major earthquake in 

Romania (whether in Vrancea or in shallower sources) are set. Also, new solutions based 

on the input from RSN can make a difference in terms of rapid response and preparedness. 

Nevertheless, are the scientists, authorities and the general public taking advantage of the 

progress?  
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Fig. 1 – Map and statistics for earthquakes in Romania with Mw ≥ 3 in the 1900 – 2021 period, according to 

the main earthquake catalogue in Romania – Romplus (Popa et al., 2022); the figure is a screenshot of one of 

the webGIS apps used by INCDFP to analyse seismicity quickly 

RSN is the main infrastructure enabling the identification of earthquakes in Romania and 

the rapid determination of earthquake parameters. Various systems for earthquake 

detection and data processing are activated (initially automatically and afterward 

manually), depending on earthquake magnitude and location. Figure 2 explains the 

operational procedure at the INCDFP main headquarter in Magurele (the background of 

Figure 2), where at least two operators are present 24/7. 

 
Fig. 2 - Timeline of products generated by INCDFP after an earthquake 

The main real-time activated system at INCDFP (described in detail in Marmureanu et al., 

2021 or on the INCDFP website - http://www.infp.ro/), operational also on demand, are: 
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- the Vrancea rapid earthquake early warning system (REWS) and Antelope, for

earthquake detection and determination of parameters. SeisComp3 is also being

used at INCDFP, providing additionally real-time moment tensor computation.

REWS has been operational since 2002, with significant improvements in 2006 and

2013. For earthquakes in Vrancea with Mw ≥ 4.5, it had until now a 100%

detection rate.

- a ShakeMap system, based on the USGS software parameterized to Vrancea

earthquakes, enabling the mapping of ground motion parameters and instrumental

intensity. The system has been operational since 2007. Currently, versions 3.5 and

4 are installed, with the latest still being under internal testing.

- SeisDaRo, dedicated to rapidly estimating building damage and casualties (Figure

3). Version 3 of SeisDaRo (Toma-Danila et al., 2018) incorporates three modules: a

custom ShakeMap that partially replicates the USGS approach, a PAGER-like

module refined for Romania, and a module relying on the SELENA software, for

the detailed analysis of building damage probabilities by using capacity and

fragility functions, and furthermore - the estimation of casualties. The system has

been operational since 2011 (already tested for 1174 earthquakes), but no damaging

earthquakes occurred in this period.

Fig. 3 – Operational dashboard developed for the table-top SEISM 2019 exercise, containing results of 

ShakeMap and SeisDaRo, for the determined scenario: a Vrancea earthquake with Mw 7.2, at 90 km depth, 

at 06:06 local time; this dashboard can be generated also in in near real-time 

“Did you feel it?” feedback can be sent to INCDFP through simplified (picture based – the 

same as the ones used by EMSC) and detailed questionnaires, available individually for 

significant earthquakes on the institutional website. Responses are shown publicly in real-

time. Figure 4 shows a comparison of responses received by INCDFP and EMSC to “Did 

you feel it?” questionnaires, for two recent events. As can be seen, INCDFP, as the 

national authority in charge, receives more responses. We believe that data exchange in 

real-time should be of interest to both sides, also given that in some cases, the INCDFP 

webpage switch to a simplified format, due to internet traffic surge after major 

earthquakes. The evolution of reaction time is comparable, but for the May 25, 2021 

intermediate-depth Vrancea earthquake, more responses were gathered at smaller 

hypocentral distances in the INCDFP questionnaires – which might be due to resident’s 
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characteristics (mainly due to language barriers, preference for national sources of 

information solely and technological limitations). 

 

Fig. 4 - Felt reports depending on reaction time (min) and hypocentral distance, for INCDFP (left) and 

EMSC (right) “Did you feel it?” questionnaires, for two earthquakes in Romania: a) & b) April 24, 2020 

(Mw 4.6; 22.6 km depth according to the Romplus catalogue – Popa et al., 2022); c) & d) May 25, 2021 (Mw 

4.3; 131.2 km depth according to the Romplus catalogue) 

It is important to mention that other platforms at the national and European levels are 

providing (or soon going to provide) additional information in real-time for Romania; 

among these are: 

- the TURNkey platform is a real-time cloud-based service in which new operational 

earthquake forecast and earthquake early warning systems are implemented; these 

support rapid response to earthquakes and search-and-rescue operations. Within the 

TURNkey Project, Bucharest was one of the six local testbeds and data from five 

buildings newly instrumented with Raspberry Shake 4D sensors was added to the 

platform, along with other seismic, exposure and vulnerability specific data. 

- the Rapid Earthquake Damage Assessment System (REDAS) developed within the 

REDACt Project; this aims to increase public safety in the Black Sea Area 

(covering for the moment, parts of Greece, Romania, Moldova, Turkey but also 

Bulgaria), by providing event-related real-time data and earthquake damage level, 

also through a dedicated smartphone app. Methodological and data harmonization 

are important outcomes of the project, enabling a regional unitary approach. 

- the PREVENT platform: this represents an integrated dynamic platform for civil 

structures, developed by INCDFP; it is implemented and tested in order to generate 

applicative products based on seismological research and sensor monitoring, 

satisfying the needs of engineers, building administrators or authorities regarding 

the understanding of a building’s safety during exploitation or after an earthquake. 
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Both in TURNkey and PREVENT, as well as individually, INCDFP and its partners, 

URBAN-INCERC and UTCB are working on viable Structural Health Monitoring (SHM) 

solutions and methodologies for real-time deployment. The 10 currently instrumented 

buildings by INCDFP – 8 of them in or near Bucharest (Tiganescu et al., 2022), represent a 

good basis for testing new algorithms. 

3. The impact of real-time earthquake solutions in Romania on rapid response

First responders (the main ones in Romania being the General Inspectorate for Emergency 

Situations – IGSU, the Department for Emergency Situations – DSU and the Romanian 

Government Centre for Emergency Situations) receive results from INCDFP systems in 

various forms, depending on earthquake magnitude, depth and source (regulated through 

Ministerial Order 708 from 2005): 

- via online interfaces;

- via email;

- via telephone (validating if results on the other sources have arrived) and fax.

- via terminals installed in operational rooms, which can generate visual and audio

alerts; a specially developed receiver for REWS named “SEISM” is used in some

locations, enabling a safe and configurable setup.

For the general public, information can be retrieved from: 

- the INCDFP website: REWS and Antelope earthquake localisations as well as

ShakeMaps; INCDFP also sends earthquake bulletins to EMSC;

- notification channels on Telegram (@alertacutremur_bot or @earthromaniabot),

Twitter (@cutremurinfo, @rews_INCDFP, @incdfp or @earthbotro) or Skype

(@EarthBot). Subscription to these services is currently free of charge for test

groups.
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Fig. 5 – REWS warning time versus a) people exposed to various seismic intensities values, for a scenario of 

the 1977 Vrancea earthquake, with Mw 7.4 and at 94 km depth; b) estimated number of people deceased and 

injured, for a maximum Vrancea earthquake scenario, with Mw 8.1 and at 90 km depth (datasource: Ro-Risk 

Project, 2017) 

Figure 5 reflects how many people exposed and potentially killed or injured by major 

Vrancea earthquakes could receive REWS notifications in various timeframes. The high 

number of casualties - especially in Bucharest, could be diminished with the proper use of 

REWS notification. However, an interval smaller than 30 seconds is dangerous. Many 

people under the impression that they have enough time to evacuate buildings could 

become victims, by being caught by the earthquake on stairs, in elevators or by the damage 

of non-structural elements in building exit areas. Panic could also be a major issue in 

public spaces. The 3 March, 2017 experience (Mesesan, 2017) of the false earthquake alert 

induced by hackers to a smartphone application (Biziday) connected to REWS, used by 

tens of thousands of users, proved how many do not know how to behave in the few 

seconds before the arrival of S waves. Worrying was also that a small percentage of these 

users had watched the app guide regarding recommended behaviour upon receiving an 

earthquake alert. Panic occurred, but fortunately no one was severely injured. Many 

believed that a magnitude 10 earthquake (as was in the message) could occur in Romania. 

This experience also showed the cybernetic vulnerabilities of notification services, the app 

connection with REWS being later removed. Another recent study (Toma-Danila et al., 

2021) shows that, at least declaratively, many Romanian people, with or without a good 

level of understanding regarding earthquakes, would try to evacuate buildings if living at 

lower storeys in Bucharest and receiving REWS alerts. In the case of vulnerable buildings, 

a quick evacuation might save some lives, but mass notification, at least for Bucharest and 

closer to epicenter areas, is not a solution considered suitable by authorities such as DSU; 

at least without proper education and training. Figure 5 shows that in areas further from the 

epicenter, where also the REWS warning time is greater than 30 seconds, the expected 

number of victims (and deaths especially) decreases significantly. This means that ground 

motion parameters but also exposure and seismic vulnerability of buildings is not 

considerable and REWS notification is not expected to have a major impact on people 
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safety. On the contrary – it could endanger people who otherwise would be safer in their 

typical environment. 

However, REWS could make a difference in automatic shut-down of dangerous processes, 

automatic activation of emergency procedures including elevator control, power-up power 

generators or stop trains and access to dangerous infrastructure; also, in the case of after-

shocks, search-and-rescue teams located in dangerous situations could be alerted. REWS is 

currently installed in the operational rooms of Cernavodă and Kozloduy Nuclear Power 

Plants, however no automatic triggering of control mechanisms is currently in place. For 

many industrial facilities, the cost-benefit analysis of an automatic shut-down, even during 

a major earthquake, reflected in some cases that is best to keep the operations up and 

running, with various systems being able to latter mitigate the losses; the cost of restart is 

found in some cases considerable. 

REWS, as well as SeisDaRo, currently contributes to risk mitigation in the private sector. 

REWS and its dedicated SEISM Receiver are installed in a couple of facilities, including a 

large deposit - enabling employees to rapidly move away from multi-storey shelves. 

Regular training of people receiving earthquake notifications and connectivity tests is a 

constant requirement for the solution to be successfully. The SEISM Receiver is a portable 

solution that could be set-up to be taken out on the field in the case of after-shocks. 

One of the important IGSU observations regarding the usefulness of ShakeMap and 

SeisDaRo in their operations was that they could be representative in real situations, but 

validation is still a necessity for triggering most procedures of intervention. As such, the 

impact is diminished in real-time situations (contributing eventually to a better focus on 

specific areas for receiving on-field validation), but significant in mitigation planning. The 

National Centre for Command and Intervention (CNCI) and IGSU are requested to 

generate a first operative report regarding earthquake effects in a maximum 1 hour after its 

occurrence; in this short timeframe, ShakeMap can especially be of high relevance, with 

SeisDaRo results being much more sensitive; additional measures need to be taken in order 

for misinterpretation not to occur (disclaimers are not always sufficient in the heat of the 

action).  

In resilience building, ShakeMap and SeisDaRo were considered in the SEISM 2019 table-

top exercise, in the National Conception for Post-Earthquake Response (2021 edition), in 

the Bucharest-Ilfov defence plan in case of earthquakes (2022 edition) and in seismic risk 

reduction plans of 6 Romanian counties (Brăila, Galați, Gorj, Prahova, Teleorman and 

Suceava), until now. 

The earthquake scenarios included in the National Conception for Post-Earthquake 

Response consisted of 3 (cumulative for many more scenarios) for intermediate-depth 

Vrancea earthquakes and 1 for shallow earthquakes in Vrancea, Făgăraș-Câmpulung, 

Banat, Crișana-Maramureș, Brăila-Galați, Danubius and Shabla – generally maximum 

possible earthquake scenarios. These play an essential role, potentially leading to task force 

mobilisation even without an order, just based on a clear procedure.  

SeisDaRo can be easily adapted to the analysis of individual buildings, even though proper 

vulnerability functions are needed for the specific assets – preferably deriving from 

individual modelling studies. SeisDaRo currently contributes to the evaluation of damage 

probability of residential buildings owned by an oil and gas company in Romania. This 

implementation also allowed the development of loss scenarios and the prioritization of 

companies’ resources for building retrofitting. 
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One of the criticisms of SeisDaRo consists of its multiple sources of uncertainties, whose 

effects can be significant - limitations not being reflected quantitatively in the results. The 

use of a limited set of fragility and capacity functions derived mainly for Romanian 

representative building typologies (many being taken from HAZUS-MH), the use of 2011 

National Census Data (supplemented in some cases by 1999 or 2002 data, in proxies for 

determining building occupancy for example) or the use of IBC2006 or Eurocode 8 design 

spectra, instead of the P100-1/2013 variant, are all aspects acknowledged and under 

correction in version 4. This is expected to be launched in 2022 or 2023 – potentially 

benefiting also from data from the National Census in 2022, if quickly available. A new 

exposure and vulnerability model (MODEVUS) will be generated, using the experience of 

the SERA Project (Crowley et al., 2020) and new data which for Bucharest is much more 

refined. Selena version 7.0 will be used in the appropriate model, but also OpenQuake 

compatibility is considered. With the help of earthquake engineers and authorities, 

SeisDaRo 4 might become the standard national solution for earthquake loss estimation 

both in real-time and in off-line scenarios. 

As a follow-up to the Network-Risk toolbox initiative (Toma-Danila et al., 2022), there is 

an ongoing implementation in near real-time. This will allow, as Network-Risk does now 

for scenarios (Figure 6), the estimation of road segments blockages (due to debris, bridge 

collapse, accidents etc.) and travel times for various types of vehicles with various origins 

and destinations, considering pre and post-earthquake traffic, the limited capacity of rescue 

facilities and time-dependent modelling. SeisDaRo’s loss estimates can serve as an 

important preliminary input. 

 

Fig. 6 – Sample results of the Network-risk methodology for Bucharest, showing a) service area for high-

importance hospitals in case of an earthquake and b) routes between all hospitals and a hypothetical incident 

and areas with a high probability of becoming inaccessible (based on Toma-Danila et al., 2022)  
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4. Conclusions

Besides providing a brief description of the main real-time earthquake systems installed at 

INCDFP, in this paper we presented their performance and relevance from the point of 

view of first responders and the general public. Compared to 15 years ago, much more 

information than earthquake magnitude, depth, latitude, and longitude is rapidly generated 

by automatic systems and quickly available. There are also limitations in the practical use 

of some of these systems, at least without accounting for scientific particularities and in 

some cases (REWS) practical social considerations. Nevertheless, the premises are set at 

least for a better recording of seismic ground motion in the context of the Romanian 

Seismic Network expansion (not forgetting also about building seismic instrumentation), 

for better targeted search-and-rescue operations and improved seismic risk reduction 

measures. By having frameworks for validating rapid loss estimates (e.g., SHM-based or 

crowd-sourced), other benefits could arise. That is why “Did you feel it?” questionnaires 

are important, but also the adoption of other modern technologies. 
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Damage and destruction at Anfeh Castle, coastal Lebanon: evidence of a 

new active seismic source. 

Ata Elias – Lebanese University Faculty of Engineering, Ras Maska, Lebanon, ata.elias@gmail.com 

Abstract: Investigation of the Anfeh Castle archeological site in coastal Lebanon revealed 

evidence of surface rupture and destruction along a NW-SE oriented fault system. 

Foundation structures and geomorphic features are offset, mostly right-laterally, by few 

centimetres to few decimetres. Some of the surface offsets or disruption effects were 

reworked by the medieval inhabitants of the site, which constrains the age of the causative 

earthquake. However, the wealth of available data on the medieval historical seismicity in 

Lebanon, has no mention of an earthquake in this area. The surface rupturing event at Anfeh 

may relate to the major May AD 1202 earthquake that ruptured the Yammouneh Fault 

segment of the Levant Fault System. The newly identified fault at Anfeh castle is also seen 

in the near offshore morphology and could be responsible for the tsunami waves associated 

with the AD 1202 seismicity crisis. Thus, Anfeh Castle is the first archaeological site in 

Lebanon to show evidence of seismic rupture. The newly identified active fault and 

earthquake event will add to the resolution of the seismic hazard assessment in this part of 

the Mediterranean. 

Keywords: Archeoseismology, faulting, Eastern Mediterranean, seismic hazard, earthquake 

catalogue. 

1. Introduction

The coastal Eastern Mediterranean is rich in archeological sites narrated in historical texts 

that mention the occurrence and effects of earthquakes in the area (Guidoboni et al. (1994), 

Ambraseys (2009)). The wealth in archeological and historical data has been the source of 

many studies and cases for archeoseismology (i.e. Marco (2008), Yonlu et al. (2010)). The 

archeoseismic data collected from the sites proved essential for building and characterizing 

seismic source models (exple Sesetyan et al. (2018)), especially in areas where seismicity 

is characterized by long recurrence periods of strong earthquakes such as along the Levant 

Fault System (Daeron et al. (2007), Begin et al. (2005)).  

Lebanon occupies the central segment of the Eastern Mediterranean coast, stretching for ~ 

200 Km in a north-south direction along the Yammouneh Fault, the local segment of the 

seismically active Levant Fault System (or Dead Sea Transform). Three large seismic fault 

sources are known in the area, from East to West the Serghaya Fault, the Yammouneh 

Fault and the offshore Mount-Lebanon Thrust System (Figure 1). Other smaller faults are 

also known, in particular E-W oriented faults essentially dissecting the western flanks of 

the Mt-Lebanon relief. Seismic activity in this part of the Mediterranean margin is 

attributed to the three main faults previously mentioned. Their seismic parameters are 

assessed based on indications from paleoseismic trenches, geophysical data and 

geomorphic features backed by historical documents (Daeron (2005), Daeron et al. (2007), 

Elias et al. (2007), Carton et al. (2009)). In this paper we document first hand observations 
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from the archaeological site of Anfeh Castle located along the northern coast of Lebanon, 

over the Eastern Mediterranean. The shoreline and the foundations of the castle show 

evidence of rupture and active faulting. Recent archaeological investigations in this site 

enabled a better time constrain on the occupational history and building of the site that can 

be used to discuss a possible age of this rupture and the corresponding earthquake. In turn 

this will help improving the earthquake catalogue, the seismic sources and therefore 

refining the seismic hazard of Lebanon and the Levant. Anfeh Castle is the first 

archeological site of Lebanon and to our knowledge the first coastal site of the Levant 

where such direct seismic surface-rupture is identified.  

Figure 1 Tectonic map of Lebanon showing the main seismic fault sources onshore and offshore. Insert 

is a topographic map of the Anfeh area along the coast of northern Lebanon. The location of the insert 

map is showing in a box on the large map. 

2. Anfeh Castle: the site

Anfeh is a small town on the northern coast of Lebanon, located ~12 km south of Tripoli 

city, in the Chekka Bay area. The town holds a Castle located over a narrow 70 to 100 

meter and ~  480 meter long peninsula oriented almost E-W at right angle to the general 

direction of the coastline (Figure 1). The top of the peninsula stands at around 14 masl and 

drops regularly from North, West and South. A wave-cut platform surrounds the peninsula.  

The peninsula is also referred to as the Anfeh Castle or Qalaat Anfeh in reference to the 

remains of a vast medieval fortress built in the crusaders’ time very likely over older 

Greco-Roman remains (Panayot-Haroun (2015)). The site occupies the entire peninsula 

(Figure 2). Most of its archaeological elements are now covered under the salt pans built in 

more recent centuries during the Ottoman period (17th – 20th century). Their rectangular 
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shapes can be seen on the drone picture of the site in Figure 2. The archeological site is 

known for its defensive moats, deeply cut in the hard limestone rocks and visible on the 

eastern end of the peninsula (to the right on Figure 2). The recent archeological 

investigations (Panayot-Haroun et al. (2016)) revealed the extent of the two westernmost 

trenches that were previously covered by salt pans. Many foundations and structures 

(foundation rock cuts, boat slipways or ramps, moat walls, water cisterns, stairs … etc) are 

cut directly in the fine limestone basement bedrock or the conglomeratic layers it contains.   

Rock exposures are clear around most of the peninsula’s rim, away from the salt pan cover. 

A large rocky wave-cut platform surrounds the site, and the erosion by the waves have 

cleared the lower elevations from all additional construction remains or vegetation. This 

leaves relatively large stretches for direct observation of the basement rock and the 

archaeological structures it holds. 

Figure 2 Drone picture of the Anfeh peninsula site. North is upwards. The fine grid represents the extent of 

the salt pan covered area before the recent archeological investigations. Black hatch on the right is for the 

modern installations. 

3. Evidence of faulting and rupture

A pervasive fracture system has affected the different elements of the site. Small, 

centimeter-scale offsets are clear in the walls of natural cavities or the floor of the wave-

cut shore-platform as well as in the human-made rock-cuts. The anthropic structures offer 

the rare occasion to observe and study the recent, geologically induced deformation of the 

rocks.  

The smoothed walls of the two largest trenches east of the site are clearly offset. Small out 

of the plane displacement by around 10-15 cm are clear on one of the walls (Figure 3), 

with still visible low-plunge angle striations. Similar offsets can be seen elsewhere on the 

walls (Figure 4) and sometimes the offset forms around 2 meters of separation in one of the 

walls (figure 5). In some places the offsets are not discrete interruptions of the smoothed 

wall surface, rather a lateral inflection in the wall direction (see moats’ walls on Figure 2). 

These offsets can be traced and correlated between the two sides of the trench showing 

similar amplitudes and sense of offset which confirms the continuity of the rupture plane 

over the distance between the two walls, and indicates that the offset has been reworked 
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which resulted in the smooth inflection of the wall instead of the discrete cut observed 

elsewhere.  

The floor is also offset laterally in many places. Originally smoothed and levelled surfaces 

show vertical offsets by ~5 cm in places (Figure 6). The lateral horizontal offset is even 

larger and more evident and can reach many decimetres (Figure 7). 

Evidence of active faulting also comes from the near offshore. In fact, the drone survey of 

the peninsula showed clear offsets in the geological beddings and the morphological 

markers of the seafloor. The trace of the offshore faulting correlates well with the mapped 

faulted surfaces on the surface and the two north and south sides of the peninsula.  

Figure 3: Fault mirror laterally offsetting the vertical wall of the central moat. Black notebook for 

scale.  

Figure 4: View looking west. Fault dipping 75SW cutting through the western wall of the second 

(central) moat. 
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Figure 5: View looking east over the right laterally offset eastern wall of the central moat. 

Figure 6: Vertical fault-offset of the initially levelled floor observed on the southern side of the 

peninsula. Black notebook for scale is approximatively 14cm long.   
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Figure 7: Diagonally fault-offset rectangular foundation observed over the floor at the western side of 

the peninsula. Scale lying in the centre is approximatively 75 cm long. 

4. Discussion

The disruption of the existing archeological remains in Anfeh Castle and the observations from 

the near offshore of the peninsula reveal the presence of a set of NW-SE faults, shearing right-

laterally and offsetting the geological structures in the area. This fault system is considered 

active as it offsets recent human-made objects and geomorphic markers. The observed offsets 

show larger horizontal than vertical offsets on the short and long cumulated time spans. The 

few centimetres to decimetres of clear lateral offsets in archaeological surfaces can be 

considered as a single coseismic slip related to the fault rupture.  

This new seismogenic fault in the Anfeh area is an addition to the seismic sources of Lebanon. 

In fact, the seismic history of the Lebanese coast was severely affected by two main major and 

destructive earthquakes that may relate to the case of the Anfeh Castle earthquake. The 551 

AD earthquake is the only major destructive event that is clearly associated with the offshore 

fault system, located at the shortest distance from Anfeh (Figure 1). This tsunamigenic 

earthquake with an estimated magnitude of Mw ~7.5 happened on the offshore Mt-Lebanon 

Thrust (Elias et al 2007). It had essentially a compressive mechanism that resulted in the uplift 

of the coast between Tripoli and Saida by around 0.8m. Historical data reported in earthquake 

catalogues specifically mention the town of Triers identified in some Latin sources as Anfeh 

(Renan 1864) to have been destroyed by this earthquake.  

A second earthquake took place on May 1202 AD along the Yammouneh Fault located more 

than 34 Km east of Anfeh (Daeron et al 2005). It was characterized by a left-lateral rupture 

mechanism and an estimated magnitude of ~7.6. The event is said to have damaged and ruined 

many cities along the coast and to have caused a seismic sea wave along the shores of Tripoli. 
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Figure 8 shows the estimated macroseismic intensities of this earthquake in Lebanon and the 

nearby area according to Ambraseys and Melville (1988).  

Figure 8: Macroseismic effects of the A.D. 1202 Yammouneh earthquake at various localities in the 

region, after Ambraseys & Melville 1988. Town names with appended (*) have been attributed an 

intensity of VII by Sbeinati & al. 2005.  

No other historical earthquake is known to have ruptured the seismic faults of this part of 

Lebanon afterwards (Daeron 2005).  

The occupation history of the Anfeh Castle helps constrain the age of the disrupting seismic 

event it last endured. According to Panayot-Haroun et al. (2016) the medieval castle was 

continuously occupied by the Francs between 1152 and 1289 AD and was never conquered 

during that period. When the Francs left, the site became under the control of the Mameluks 

for a short time, and was deliberately abandoned and intentionally dismantled a short while 

after.  

Given the medieval age of the Castle with the large defensive moats typical of the Francs’ 

medieval architecture in the area, it is difficult to consider an earlier age for the rupture. 

However, attributing these ruptures to the slip on the Yammouneh Fault is not an obvious 

option neither. In fact, the Yammouneh Fault lies a significant distance away from Anfeh site 

and cannot be directly involved in the rupture of the underlying faults. One possibility is that 

this earthquake happened around the date of the 1202 AD event. In that case it is an example of 

stress interaction between the faults in this area. The event could have been one of the 

numerous and powerful aftershocks that rocked the area for long after the main shock of 20 

May 1202 (Ambraseys 2009). With its coastal and offshore extension, the ruptured fault may 

have been the cause, in part, of the sea-wave observed in nearby Tripoli city. However, it is 

also likely that this disruptive earthquake under Anfeh Castle postdates the occupation of the 

site that lasted till the end of the 13th century and was not reported in the catalogues.  
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A more refined occupation history of the site and the uncovering of the remaining parts of the 

site’s foundations and structure are needed to constrain the age of this event and to better 

characterize the seismic fault source.  

5. Conclusions

A new active fault was uncovered in Anfeh area, of coastal Lebanon. It has a NW-SE 

direction with essentially a right-lateral slip, and a small compressive component.  

The fault last ruptured the surface during the twelfth to thirteenth century period 

accommodating a slip of the order of few decimetres in this site.  

More investigations are needed in order to better constrain the age of the ruptured 

archeological remains and to better delineate the size and extension of this seismogenic 

source. Ultimately this would help in better assessing the seismic hazard in Lebanon and 

the Eastern Mediterranean coast in general. 

Acknowledgments 

The author wishes to thank Dr. Nadine Panayot-Haroun for the effort put in uncovering the 

archeological site of Anfeh, and mostly for the insightful discussions and exchanges about 

its history.    

References 

Journal article: 

- Ambraseys, N.N. & Melville, C. (1988), An analysis of the eastern Mediterranean

earthquake of 20 May 1202, in W.H., K. Lee, H. Meyers and K. Shimizaki (eds),

Historical Seismogram and Earthquakes of the World, New York: Academic Press, pp,

181-200.

- Ambraseys, N.N., Jackson, J.A., Melville, C.P. (2002) Historical Seismicity and

Tectonics: The Case of the Eastern Mediterranean and the Middle East, in Inernational

Handbook of Earthquake and Engineerign Seismology, Vol 81 A, Editor(s): William H.K.

Lee, Hiroo Kanamori, Paul C. Jennings, Carl Kisslinger.

- Begin, Z.B., Steinberg, D.M., Ichinose, G.A., Marco, S. (2005). A 40,000 year unchanging seismic

regime in the Dead Sea rift. Geology 33 (4): 257–260. doi: https://doi.org/10.1130/G21115.1

- Carton, H., Singh, S. C., Tapponnier, P., Elias, A., Briais, A., Sursock, A., Jomaa, R., King,

G.C.P., Daëron, M., Jacques, E., Barrier, L. (2009), Seismic evidence for Neogene and active

shortening offshore of Lebanon (Shalimar cruise), J. Geophys. Res., 114, B07407,

doi:10.1029/2007JB005391.

- Daëron, M., Y. Klinger, P. Tapponnier, A. Elias, E. Jacques, and A. Sursock (2005), Sources of the

large A.D. 1202 and 1759 Near East earthquakes, Geology, 33(7), 529– 532, doi:10.1130/G21352.1.

- Daëron, M., Y. Klinger, P. Tapponnier, A. Elias, E. Jacques, and A. Sursock (2007), 12000-year-

long record of 10 to 13 paleoearthquakes on the Yammouneh Fault, Levant Fault System,

Lebanon, Bull. Seismol. Soc. Am., 97(3), 749– 771, doi:10.1785/0120060106.

- Daëron, M. (2005), Rôle, cinématique et comportement sismique à long terme de la faille de

Yammoûneh, Thèse de doctorat, 178 pp., Inst. de Phys. du Globe de Paris, Paris.

- Elias, A., et al. (2007), Thrusting offshore Mt Lebanon: Source of the tsunamigenic, 551 AD

Beyrut-Tripoli earthquake, Geology, 35(8), 755– 758, doi:10.1130/G23631A.1.

- Marco S. (2008). Recognition of earthquake-related damage in archaeological sites: Examples from

the Dead Sea fault zone. Tectonophysics. 453 (1): 148-156. DOI: 10.1016/j.tecto.2007.04.011.

- Panayot-Haroun, N. (2015). Anfeh Unveiled: Historical Background, Ongoing Research, and Future

Prospects. Journal of Eastern Mediterranean Archaeology & Heritage Studies. Vol 3. No 4. 396-415.

doi: 10.5325/jeasmedarcherstu.3.4.0396.

4098 3ECEES, September 2022, Bucharest, Romania

https://doi.org/10.1130/G21115.1
https://doi.org/10.1029/2007JB005391
https://doi.org/10.1130/G21352.1
https://doi.org/10.1785/0120060106
https://doi.org/10.1130/G23631A.1


- Panayot-Haroun N. et al. (2016) Mission archéologique d’Enfeh. Résultats préliminaires des travaux

de prospection et de fouille de 2011 à 2015. BAAL VI, 255–294

- Şeşetyan, K, et al. (2018). The 2014 seismic hazard model of the Middle East: Overview and results.

Bulletin of Earthquake Engineering 16: 3535–3566.

- Sbeinati, M.R., Darawcheh, R., Mouty, M. (2005), The historical earthquakes of Syria: an analysis

of large and moderate earthquakes from 1365 B.C. to 1900 A.D., Annals of Geophysics 48 (3), 347-

435.

- Yönlü, Ö., Altunel, E., Karabacak, V., Akyüz, S., Yalçıner, Ç. (2010). Offset archaeological relics

in the western part of the Büyük Menderes graben (western Turkey) and their tectonic implications.

Ancient Earthquakes, Manuel Sintubin, Iain S. Stewart, Tina M. Niemi, Erhan Altunel

Book: 

- Ambraseys, N. (2009). Earthquakes in the Mediterranean and Middle East: A

Multidisciplinary Study of Seismicity up to 1900. In N. Ambraseys (Author), Earthquakes

in the Mediterranean and Middle East: A Multidisciplinary Study of Seismicity up to

1900 (p. Iii). Cambridge: Cambridge University Press.

- Guidoboni, E., Comastri, A. and Traina, G. (1994) Catalogue of Ancient Earthquakes in

the Mediterranean Area up to the 10th Century. ING, Roma-SGA, Bologna.

- Renan, E. 1864. Mission de Phénicie. Paris: Imprimerie impériale.

40993ECEES, September 2022, Bucharest, Romania



Can ancient multi-drum columns be used as “stone” seismometers? 

Papaloizou Loizos - University of Nicosia, Nicosia, Cyprus, e-mail: papaloizou.lo@unic.ac.cy 

Sarris Ernestos - University of Nicosia, Nicosia, Cyprus, e-mail: sarris.e@unic.ac.cy 

Polycarpou Panayiotis - University of Nicosia, Nicosia, Cyprus, e-mail: polycarpou.p@unic.ac.cy 

Kyriakides Marios - University of Nicosia, Nicosia, Cyprus, e-mail: kyriakides.m@unic.ac.cy 

Komodromos Petros - University of Cyprus, Nicosia, Cyprus, e-mail: komodromos@ucy.ac.cy 

Abstract: Powerful earthquakes are common causes of destruction of ancient monuments, 

such as classical columns that are of great archaeological significance and are usually located 

in high seismicity areas in the Eastern Mediterranean. The seismic behaviour of these 

structures which includes rocking and sliding phenomena, increases in complexity with the 

increase of the number of drums. The investigation of the dynamic behaviour of such 

structures, combined with the research fields of paleoseismology and archaeoseismology, 

may in some cases show certain information about past strong earthquakes that have struck 

the respective regions. 

In this research work the seismic behaviour of single multi-drum columns is investigated 

using the Discrete Element Method (DEM). Several parametric studies are performed to 

examine whether any characteristics of an unknown ground motion can be obtained based on 

the collapse state of a multi-drum column.  

The results show that the dominant frequencies of the earthquakes radically affect the 

acceleration needed to overturn the columns. The estimation of the acceleration needed to 

overturn a multi-drum column can be estimated in cases where the dominant frequency of the 

earthquake is low, and the mode of failure is governed by rocking motion of the column as a 

single body.  

Keywords: Ancient monuments; Earthquake; Simulation; Discrete elements 

1. Introduction

Strong earthquakes are common causes of destruction of ancient monuments, such as 

classical columns and colonnades. Ancient classical columns of great archaeological 

significance can be abundantly found in high seismicity areas in the Eastern Mediterranean. 

Multi-drum columns are constructed of stone blocks that are placed on top of each other, 

with or without connecting material between the individual blocks. The seismic behaviour 

of these structures exhibits complicated rocking and sliding phenomena between the 

individual blocks of the structure that are uncommon in modern structures. 

Today, the remains of most of these temples are often limited to series of columns with an 

entablature or only an architrave, and in some cases only standalone columns (Figure 1). The 

investigation of the seismic behaviour of such monuments is scientifically interesting, as it 

involves complicated rocking and sliding responses of the individual rock blocks. The 

understanding of the seismic behaviour of these structures contributes to the assessment for 

their structural rehabilitation and may also reveal some information about past earthquakes 

that had struck the respective region.  
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Fig. 1 - Ancient free standalone multi-drum columns (Amathus, Cyprus). 

Ancient monuments, compared to modern structures, have been exposed to large numbers 

of strong seismic events throughout the many centuries of their life spans. Those that 

survived have withstood a natural seismic testing that lasted for several centuries. Thus, it is 

important to understand the mechanisms that enabled them to avoid structural collapse and 

destruction during strong earthquakes. Since analytical study of such multi-block structures 

under strong earthquake excitations is practically difficult, if not impossible for large 

numbers of blocks, while laboratory tests are very difficult and costly, numerical methods 

can be used to simulate their seismic response. 

A very extensive review of the literature on the usage of numerical methods for the analysis 

of monuments until 1993 was published by Beskos (1993). The dynamic behaviour of 

infinitely rigid bodies during horizontal excitations was studied by Housner (1963), while, 

later on, other researchers (Psycharis et al., 2003, Pompei et al., 1998, Makris & Zhang, 

1998, Manos et al., 2001, Komodromos et al., 2008) investigated further, both analytically 

and experimentally, the required conditions to overturn rigid bodies. Such structures can be 

simulated utilizing the Discrete Element Methods (DEM), which have been specifically 

developed for systems with distinct bodies that can move freely in space and interact with 

each other with contact forces through an automatic and efficient recognition of contacts. 

Research efforts to use the DEM in the simulation of ancient structures have already shown 

promising results, motivating further utilization of this method. Research work based on 

commercial DEM software applications (Psycharis et al., 2003, Papantonopoulos, 2002), 

demonstrated that the DEM can be reliably used for the analysis of such structures, although 

they reported a sensitivity of the response to small perturbations of the characteristics of the 

structure or the excitation. However, similar sensitivity has also been observed in 

experiments with classical columns (Mouzakis et al., 2002). Hence, it is important to perform 

large numbers of simulations with varying earthquake characteristics and design parameters 

to properly assess and interpret the simulation results. 

Research studies in the fields of paleoseismology and archaeoseismology (Hinzen et al., 

2010, Caputo et al., 2011) investigate the damage in ancient monument structures and 

propose various quantitative models to test the seismogenic hypothesis of observed damage. 

Papaloizou and Komodromos (2011) used the Discrete Element Method (DEM) as well as a 
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modern object-oriented design and programming approach, to examine the simulation of 

multi-drum columns and colonnades under harmonic and earthquake excitations. 

A custom-made DEM software has been specifically designed (Papaloizou and 

Komodromos, 2011) and implemented to enable efficient performance of large numbers of 

numerical simulations with varying parameters, modelling these structures with independent 

distinct bodies, as they are constructed in practice. Such simulations allow us to assess the 

influence of different earthquake characteristics as well as the various mechanical and 

geometrical parameters of these structures on their seismic responses. 

2. Numerical analysis

Multi-drum columns with different numbers of drums are examined in numerical analyses 

that have been performed using the developed software, to examine the influence of the 

frequency content and the Peak Ground Acceleration (PGA) of earthquake excitations. The 

analysed columns have a total width (b) of 0.9 m, a height (h) of 5.5 m and various 

combinations of the number of drums of each column. Several analyses are performed with 

records shown in Table 1 scaled to cause collapse to the respective column analysed. It is 

assumed that the drums are placed on each other with no other connection between them. 

Table 1. List of earthquake records that have been used in the analyses. 

Earthquake 

Component 

Date 

 and Time 

PGA 

(m/sec2) 

Predominant 

Frequencies 

(Hz) 

ATHENS, 

Greece  

(KALLITHEA,

N46)

9/7/1999 

(11:56:50) 3.01 4.1-8.3 

 

KALAMATA, 

Greece  

(OTE, N10W)

9/13/1986 

(17:24:31) 

2.67 2.9-3.5 

 

MEXICO 

CITY 

(COMP 270)

9/19/1995 

(13:19CT) 

0.98 0.45-0.53 

 

Figures 2 to 7 show time-history snapshots of the computed responses of multi-drum 

columns with either two or three drums for the Athens, Kalamata and Mexico City 

earthquakes, respectively, scaled appropriately to cause failure. 
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Fig. 2 -. Time-history snapshots of the response of a two-drum standalone column under the record from the 

Athens Earthquake scaled to a PGA of 25.9 m/sec2. 

 

 

Fig. 3 - Time-history snapshots of the response of a three-drum standalone column under the record from the 

Athens Earthquake scaled to a PGA of 25.9 m/sec2. 

 

Fig. 4 - Time-history snapshots of the response of a two-drum standalone column under the record from the 

Kalamata Earthquake scaled to a PGA of 9.2 m/sec2. 
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Fig. 5 - Time-history snapshots of the response of a three-drum standalone column under the record from the 

Kalamata Earthquake scaled to a PGA of 9.2 m/sec2. 

Fig. 6 - Time-history snapshots of the response of a two-drum standalone column under the record from the 

Mexico City Earthquake scaled to a PGA of 1.4 m/sec2. 

Fig. 7 - Time-history snapshots of the response of a three-drum standalone column under the record from the 

Mexico City Earthquake scaled to a PGA of 1.4 m/sec2. 

For the Athens and Kalamata earthquakes, which have high predominant frequencies, the 

response is extremely complex and contains both sliding and rocking. This is visible in 
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Figures 2 to 5 where drums slide away from each other as well as rock. For the Mexico City 

Earthquake (Figure 6 and Figure 7), rocking is far more dominant. In this case all drums of 

the column tend to rotate in one group and the response is like that of a monolithic column 

under the load with similar frequencies (Komodromos et al. 2008). It seems that in such 

cases the energy dissipation mechanism between drums, due to the relative sliding, are not 

activated to dissipate energy.  

The results also indicate that the number of drums that make a column appears to affect the 

overall response when the response exhibits sliding or both rocking and sliding phenomena 

in earthquakes of higher predominant frequencies. This is not visible for the Mexico City 

Earthquake (Figure 6 and Figure 7) with low dominant frequencies. 

Furthermore, the simulations indicate that the Mexico City Earthquake, which has relatively 

low predominant frequencies, requires much lower acceleration to overturn the column than 

the Athens Earthquake, which has much higher predominant frequencies.  

The PGA that is needed to overturn the simulated columns for earthquakes with low 

predominant frequencies, like the Mexico City Earthquake, is comparable, as an order of 

magnitude, to the required acceleration to initiate rocking and overturning of a single rigid 

body, given by the following equation (Papaloizou and Komodromos 2009):  

      

�̈�𝑔 = ±
𝑏

ℎ
⋅ 𝑔 = ± 1.605 𝑚/𝑠𝑒𝑐2    (1) 

 

This equation is not reflected in ground motions with higher predominant frequencies like 

the Athens and Kalamata earthquakes due to the complexity of the response and the 

dissipation of energy through various mechanisms.  

3. Conclusions  

The results show that the dominant frequencies of the earthquakes radically affect the 

acceleration needed to overturn the columns. The response exhibits similarities with the 

response of standalone multi-drum columns reported by Komodromos et al. (2008) and 

Papaloizou and Komodromos (2009). For earthquakes with higher predominant frequencies, 

the response contains both sliding and rocking phenomena. For the Mexico City Earthquake, 

which has lower predominant frequencies, rocking dominates the seismic response. 

Moreover, earthquakes with relatively low predominant frequencies require lower 

acceleration to overturn the colonnades than earthquakes with higher predominant 

frequencies.  

Back-analysis could be used with multi-drum columns to estimate information of past 

earthquakes that struck the region during the lifetime of these structures. The estimation of 

the acceleration needed to overturn a multi-drum column can be calculated with a higher 

probability in cases where the dominant frequency of the earthquake is low, and the mode 

of failure is governed by rocking motion of the column as a single body.  

Results indicate that ancient multi-drum columns could indeed reveal some information 

about the PGA of past earthquakes that had struck the respective region given the following 

assumptions:   

- Standalone multi-drum columns were not at the time of failure part of a larger 

monument. 

- Earthquakes in the region have preferably low predominant frequencies. 
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- There is strong historical evidence that the standalone columns under examination

have certainly been destroyed by an earthquake.
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Abstract: Structural  identification  of  historical  buildings provides  key  characteristics in
archeoseismological  research.  In  the  context  of  the  research  project  ANR-ACROSS
involving different institutions in France and Italy, an ambient vibration recording campaign
has been realized to characterize four ancient bell towers in the Mugello basin that have
suffered damage for, at least, one strong earthquake during medieval times.  Operational
Modal  Analysis  allows  to  identify  main  vibration modes  of  the  four  complex  slender
masonry towers. Mode shapes exhibit the singularities of the bell towers related to their
geometrical complexity, the use of numerous building techniques, and the relationships with
adjacent structures.  The results will serve as the basis for constructing numerical models of
the slender structures that will help understanding past dynamic behavior under different
earthquake scenarios.    

Keywords: Archeoseismology, ambient vibrations, masonry, historical building

1. Introduction

The knowledge of the past earthquakes lies on the historical archives and on the (often
limited) availability of documents describing of their impact on the territory. Indeed, the
historical monuments are silent witness of past ground shaking and the structural disorders
and the reparations are the evidence of the intensity of the ground motion. The arising
challenge is how to use this evidence to retrieve the characteristics of the ground shaking
causing  them? The ambition  of  the  ACROSS  research  project  is  to  establish  a  multi-
disciplinary methodology to answer this question, bringing data from archaeology, history,
petrography, structural engineering and seismology.

One of the steps of the procedure is the implementation of digital twins of existing building
to use in numerical experiment. This task demand to acquire a detailed knowledge of the
geometry and of the mechanic properties of the structure, plus the details on the building
phases characterising it. In this paper we describe the analyses performed on X monuments
located in Mugello (Italy) area.

These five bell towers suffered many earthquakes, among them the 1542 and 1919 events
of  macroseismic  moment  magnitude  of  6  and  6.5.  None  of  them  experimented  the
complete ruin but traces of extended repairs are detected by the archaeological reading. For
each bell tower the geometry is constrained by the acquisition of 3D laser scanner data.  
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Concerning the mechanical parameters in the linear regime, several campaigns of ambient
vibration  data  acquisition  have  been  performed  to  retrieve  the  main  modes  of  the
structures. In the following the preliminary results are presented.

2.2 Main structural characteristics of the bell towers

Figure  1: 3D point clouds of the four studied Mugellan bell towers: a) San Michel a Ronta, b) San Giovanni
Maggiore, c) San Cresci a Valcava, d) Borgo San Lorenzo.

Building archaeological studies benefit of 3D laser scanner measures (Fig. 1) and their derived
products: elevation maps evidencing the walls deformations, georeferenced orthophotos, and
3D CAD-based geometry of the structure integrating information on building material.

The structures consists of stone masonry walls with timber slabs along the height. San Michele
a Ronta and San Cresci a Valcava present rather regular shapes in height (Fig. 1-a and Fig. 1-
c).   San Giovanni Maggiore  and Borgo San Lorenzo (Fig.  1-b and Fig.  1-d) exhibit  an
irregular shape in height (square or circular at the basement, hexagonal or pentagonal in the
last two floors) which further complexifies its dynamic response.

3. Operational Modal Analysis of the five bell towers

Ambient vibration analysis enables the  structural identification of buildings  in the linear
regime (Brincker et al, 2001). Measured modal characteristics can then be used to calibrate
an elastic linear numerical model as a fundamental step to investigate later the non-linear
behavior  of  the  structure  under  seismic  loadings. In  the  framework  of  quantitative
archeoseismology,  the interest  lies  on the built-up of realistic  numerical  models of the
masonry structures at present, and to infer the ground motion that could have damaged the
structure  in  the  past  (Montabert,  2021).  As  a  necessary  first  step,  the  dynamic
characterization  consists  of  estimating  the  modal  parameters,  i.e.  frequencies,  modal
shapes and damping coefficients to constraint the numerical model at low strains. For a
recent  example,  the  reader  is  referred  to  Montabert  et  al  (2022).  Among  the  main
advantages of Operational Modal Analysis, we recall the fact that the modal identification
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is done under “in-situ” boundary conditions and, contrary to experimental modal analysis,
without any need of cumbersome external devices to excite the normal modes of large
engineering structures.

In this work, Operational Modal Analysis is done by means of the  Enhanced Frequency
Domain Decomposition (EFDD) technique, a non-parametric frequency domain technique
for  modal  identification  of  output-only  systems.  It  is  based  on  the  Singular  Value
Decomposition (SVD) of the Cross-Power Spectral Density (CPSD) matrix of the recorded
signals  as  a  function  of  frequency  (Brincker,  et  al  2001).  The  sensors  location  was
measured in the field and repositioned from the point cloud for each bell tower (Fig 1.) to
minimize the positioning error of the instruments.

The  operational  modal analysis has been carried out by analyzing ambient vibration data
recorded by CMG40T velocimeters (plugged to City and MiniShark digitisers) placed at the
corners of the masonry walls at different heights where timber or concrete slabs are found. In
all the five cases, the analysis allows the identification of the first modes: the two bending
modes in the two orthogonal directions and the first torsional mode.

The results are summarized in Table 1, where the first frequencies for the bending and torsion
modes extracted from the SVD peak picking (Fig 2) are shown. From Fig 2 it is noticeable the
similarity of the first SV shapes for the Ronta, Maggiore and Valcava cases, where two close
peaks corresponding to the first bending modes in the two orthogonal directions are seen.
These  three  towers  share  a  rather  regular  shape  in  height  with  almost  similar  horizontal
extensions (from 5 m to 10 m each side). On the contrary, the first SV for the Borgo San
Lorenzo church is completely different: the two first bending modes are well separated (1.53
Hz  and  2.2  Hz)  expressing  the  complex  dynamic  behavior  due  to  strong  material
heterogeneities in height, as well as the irregular shape in plan (irregular pentagon).

Table 1. First bending and torsion modes for the four bell towers. *Data from Montabert et al (2021) for
Sant’Agata del Mugello are also shown.

Location
Bending_N

[Hz]
Bending_E

[Hz]
Torsion

[Hz]
6.66St Michele à Ronta 2.11 2.27

Borgo San Lorenzo 1.53 2.38 4.15
St Cresci in Valcava 2.00 2.34 4.49

San Giovanni Maggiore 2.26 2.43 5.26
Sant’Agata del Mugello* 2.61 2.92 5.82

For the moment, we concentrate on the St Michele à Ronta case as it corresponds to a
regular in height slender structure.  The  principal  modes are readily identified from the
EFDD decomposition: the first two bending modes and first torsion mode are shown in Fig
3.  As  a  first  observation,  we note  that  the  main  motion  is  not  exactly  parallel  to  the
orthogonal wall directions. This can be caused by a strong nave-bell tower interaction that
modifies the typical expected bending modes for a slender structure.  
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Fig. 2 – First singular values for the FDD analysis at each of the four bell-towers.

Fig 3. First modal shapes of the bell tower at St Michele à Ronta. All axis are in units of meters. Y-axis
longitudinal to the nave.

4. Conclusions

An ambient vibration survey has been carried out in four bell towers of the Mugello basin
(Tuscany,  Italie)  in  June  2021.  The  structural  identification  of  the  bell  tower  of  San
Michele a Ronta is presented and discussed. The identified modes highlight the complexity
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of the slender structure induced by complex geometry,  pre-existing damage, interaction
between the bell tower and the nave, and the use of different building techniques along its
history.  Detail  archaeological  and  structural  analysis  of  the  other  bell  towers  will  be
presented during the conference as it is currently work in progress.
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Abstract:  Scholars and researchers dealing with historical earthquakes know that they will 
always be confronted with the theme of absence: the absence of information, evidence, or 
testimonies useful to delineate a past earthquake. On the contrary, the presence of a single 
piece of evidence of a past earthquake may challenge the belief that there have never been 
strong earthquakes in a given area. In the field of building archaeoseismology, where the 
support - namely building or monument - of seismic data is constantly evolving because it is 
still in use, an absence may simply be an unseen presence. Therefore, images can be an 
indispensable tool to maintain a visible trace of a phase that is no longer visible. Through 
several photographic examples the meaning of absence and presence in building 
archaeoseismology will be discussed, with particular attention to the role of images and their 
use in the stratigraphic reading of a building aimed at identifying and preserving a potential 
source of seismic history. 

Keywords: stratigraphy, building archaeology, historical earthquakes, lacunae 

1. Introduction

The absence/presence dualism is a pivotal concept in those disciplines dealing with 
historical earthquakes. Scholars are necessarily confronted only with sources that have 
survived to the present day, knowing that this evidence is only the tip of an iceberg that 
will never be revealed, but whose edges they seek to trace. On the other hand, the 
discovery of an unpublished source or the revealing of seismic damage in an unusual area 
may call into question the seismicity of that specific area.  The scientific study of past 
earthquakes is relatively recent and can be traced back to the 1970s, when many historical, 
Vogt(1977); Ferrari(1983), geological, Engelder(1974); Wallace(1981) and archaeological 
Ambraseys(1971); Karcz and Kafri(1978) studies were carried out with the aim of 
standardising methodologies and tools that would outline the new disciplines of Historical 
Seismology, Paleoseismology and Archaeoseismology. 
Within archaeoseismology, the last 15 years have seen the timid appearance of building 
archaeoseismology, which shares the theoretical aspects with the first one but differs in its 
subject of study and therefore in the instruments of investigation. The subtle but very 
important difference is that building archaeoseismology studies artefacts that are not in a 
'fossilized' condition but continue to undergo anthropic actions. Therefore, while 
archaeoseismology uses the tools of archaeology, building archaeoseismology uses the 
techniques of building archaeology.  
In this paper the meaning of absence and presence in building archaeoseismology will be 
discussed with particular attention to the role of images and their use in the stratigraphic 
reading of a building aimed at identifying and preserving a potential source of seismic 
history. 
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2. Absence and presence in building archaeoseismology 

An earthquake is an absent presence. In fact, a seismic risk is always present in a seismic 
zone even when an earthquake is absent, because you know for sure that an earthquake will 
occur sometime in the future. This theme also characterises archaeosiseismologic research 
in architecture, where scholars search for the presence or absence of an earthquake through 
architectural evidence. Consequently, in building archaeoseismology both the presence and 
absence of seismic damage has an equivalent seismological value.  For example, if a 
building shows damage which, due to its characteristics, is attributable to a past earthquake 
with an intensity of 7, it is possible to exclude subsequent events of higher intensity in that 
area, with all the implications of seismic risk mitigation that this entails. For obvious 
reasons, artefacts can only show signs of earthquakes whose intensity is within a certain 
range: it should exceed the minimum damage threshold but not lead to total destruction (VI 
< I < XII degree of EMS98 scale, Grünthal 1998). As a consequence, only a very partial 
portrait of past seismicity of a given area can be obtained through these studies. However, 
research on individual buildings or architectural contexts carried out so far has led to very 
interesting results.  
As occurs in archaeology, also in archaeoseismology researchers chase after ante quem and 
post quem markers, which are necessary to define a relative dating. In this case, however, 
they also represent a seal testifying to the presence or absence of subsequent seismic 
events: if ancient mortar used to repair a seismic crack does not show any subsequent 
resentments, it not only confines the crack within the time period in which the mortar was 
laid (terminus ante quem) but it also excludes the occurrence of subsequent events 
(terminus post quem). 
Lastly, in building archaeoseismology the subject of investigation is constantly changing:  
architectural heritage sites continually undergo preservation interventions, but the 
restoration work inevitably conceals, reveals and modifies artefacts, compromising the 
knowledge process of their nature. If an exposed masonry wall shows a crack interrupted 
by a subsequent construction phase, it clearly indicates the occurrence of a sudden 
damaging event (whose seismic origin should be supported by other factors) that has not 
been subsequently repeated. A simple plastering would be enough to make this information 
inaccessible, even though present. Of course, there are non-invasive forms of investigation 
such as sonic surveys, thermography, etc. that would make this information accessible 
again, but with an additional investment of resources and time.  

3. The role of images in the knowledge process of a historical building 

For the reasons outlined above, photographs represent an indispensable support in building 
archaeoseismology research. 
Photography and architecture are linked by a mutual fortune. The built environment 
(landscape architecture) has been the favourite subject of pioneer photographers because of 
its immobility in the light, Fanelli(2009:19), and consequently the architectural heritage has 
been largely photo-documented in the last two centuries. 
From the very beginning, the documentary potential of photography from the perspective 
of restoration was clear, due to the capacity of photographs to fix a state of affairs: in 1851 
(the conventionally agreed-upon year for the first photograph is 1839), the French Ministry 
of Fine Arts proposed the Missions Héliographiques project, designating five 
photographers to document the state of the French architectural heritage with a view to 
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possible future restoration. Also in France, at the turn of the 20th century Eugène Atget 
(1857-1927) documented the undergoing transformation of the Old Paris into a modern 
city, giving rise to a long and fruitful history of photo-reporting of urban transformations1.  
A photograph is undoubtedly a document, in the sense of any concrete or symbolic index, 
preserved or recorded with the aim of representing, reconstituting, or proving a physical 
or intellectual phenomenon, Briet’s (1951:10), under certain conditions.  
A photograph is the result of an action made by an operator using a tool. Factors such as 
purpose of the action, ability and awareness of the operator, type of tool and ease of post-
production editing must be considered when choosing to use an image as a document and it 
should be supported by other material in order to relate it to the context and cultural 
environment in which it was conceived. 
The digital era has exponentially expanded the potential of photography, both in absolute 
and in restoration terms: aerial and terrestrial photogrammetric surveys, virtual 
reconstructions, Google Street view, etc. This feasibility of reproducing reality is useful in 
the acquisition phase but, at the same time, the ease of alteration could make it difficult to 
verify the authenticity of images for documentary purposes. During the knowledge pro-
cess of a manufact or urban context, photogrammetric surveys have become indispensable 
resources both for diagnostic purposes and to fix a situation which is about to be 
transformed. 
Building archaeoseismology studies the traces of ancient earthquakes on the built heritage. 
The type of damage may be of different natures; for example, overturning mechanism of 
external walls, damage sealed by subsequent construction phases, interruption of the crack 
pattern, raised part built on previous structural displacements and so on. However, the 
characteristic of buildings in use implies that they are in constant transformation so as to 
guarantee their usability. This leads to a sort of conflict between the seismic data to be 
protected and the seismic damage to be repaired. Due to this special characteristic of the 
object under investigation, photographic support is indispensable in building 
archaeoseismology, because photos allow us to appreciate past configurations that are no 
longer visible, and to preserve a current state of affairs for the future. These aspects will be 
discussed further in the following paragraphs with the use of some examples. 

3.1. The church of Saints Vittore e Corona 

The Sanctuary of Saints Vittore and Corona is a church founded in the 11th century and is 
located in Feltre (BL), a small town in the Belluno Pre-Alps (Fig. 1, Fig. 2).  
The sanctuary represents an excellent case study for archaeoseismological research due to 
some positive aspects. Firstly, seismic damages are quite visible and make it possible to 
define a sequence of construction and demolition.  Secondly, there are temporal markers 
such as frescos and successive additions which have also made it possible to circumscribe 
the destructive events to a specific time interval. Lastly, no written testimonies have 
survived that give an account of events capable of provoking the damage observed; 
therefore, the material source seems to be the only evidence of these seismic events, a 
condition that makes it even more urgent to identify tools capable of translating the 
reported observations into parametric data. 
The complex has been the subject of an in-depth archaeoseismological analysis published 
in the journal Archeologia dell'Architettura, Ganz and Doglioni (2015, in Italian). Here I 

1Another famous photo-reportage of urban transformation is, for example, Berenice Abbot’s work Changing 
New York published in 1939. 
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propose two situations in which the use of historical images has been fundamental for a 
more correct interpretation of the evolution of the building and of the events that have 
damaged it. 
 

 
Fig. 1 The Saints Vittore and Corona Shrine. (M.Ganz) 

 
Fig. 2 The main section of the church. (Superintendency of Venice, reworked by M.Ganz 
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3.1.1. The martyrium 
The main nave of the church has a rectangular 
plan with a re-entrant narthex on the western 
side and a re-entrant martyrium on the eastern 
edge. This part has cracks that have been 
previously traced back to the overturning of the 
plane mechanism of the apse, Doglioni and 
Petrini (1987) (fig. 3) visible on the inner side of 
the walkway inside the perimeter walls. The side 
facing the inside of the church is covered by 
frescos depicting the four fathers of the Church 

dating back to around the sixth decade of the 14th century, D’Arcais (1966:70); Ericani 
(2005:81). Its current appearance is due to the decision of the Superintendency to remove 
the 18th-century stuccoes in the 1930s. The frescoes were then completely restored around 
the year 2000, bringing back the visual unity of the paintings that had been compromised 
during the removal of the stuccoes. The restoration, although accurate, has precluded the 
possibility of reading the underlying masonry. In an attempt to date these cracks, we 
consulted the archives of the Superintendency where some photos were kept after the 
removal of the Baroque stuccoes. The pictures show the frescoes with extensive lacunae, 
however, in correspondence with the lesions observed on the inner walls, there seems to be 
no trace of disturbance, which means that the frescoes covered cracks preceding the second 
half of the 14th century, without being affected by further destructive actions (Fig. 4, Fig. 
5). This presence, therefore, testifies to the absence of subsequent events.  

Fig. 4 A major crack visible on the inner side of the walkway inside the perimeter walls (4a; M.Ganz), the 
martyrium north façade after the removal of baroque stuccos in 1930 (4b; Superintendency of Venice), the 
martyrium north façade after the restoration of the frescos (4c; M.Ganz). The red circle marks the area in 

correspondence of the inner crack. 

Fig. 3 The overturning of the plane mechanism  
of the apse 
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Fig. 5 Specular major crack visible on the right side of the walkway inside the perimeter walls (4a; M.Ganz), 
the martyrium south façade after the removal of baroque stuccos in 1930 (4b; Superintendency of Venice ), 

the martyrium south façade after the restoration of the frescos (4c; M.Ganz). The red circle marks the area in 
correspondence of the inner crack. 

    
3.1.2. The south wall  
On the south wall of the nave, on the side facing the external cloister, there is a fresco that 
scholars date back to the first decades of the 12th century, Ericani (2005:123). It too has 
been extensively restored, but a photo taken in the 1970s shows that the damage visible 
under the fresco also involves the painting; therefore, the action that caused the damage 
occurred after the creation of the painting, namely, after the first decades of the 12th 
century (Fig. 6). Thus, this presence testifies to the presence of subsequent events.  
 

 
Fig. 6 The frescos on the south wall of the nave in 1930 (6a; Superintendency of Venice), in 1970 (6b; F. 

Doglioni) and how it looks now (6c; M.Ganz). 
 

3.2 The church of Saint Francesco in Amatrice 

In 2018, I had the privilege of participating in a study trip organised by the Politecnico di 
Milano visiting the areas of central Italy destroyed by the 2016 earthquake sequence. 
During the visit we were allowed to enter the so-called red zones, which were otherwise 
banned due to obvious safety reasons. Among the ruins of the buildings still standing, 
supported and caged by post-earthquake provisional works, we visited what remained of 
the church of Saint Francesco in Amatrice, dating back to the late 13th century. Although 
seriously compromised, the lower part of the façade, the north wall and the apsidal wall of 
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the church remain. Since I was not lucky enough to visit the city of Amatrice before the 
disaster, when I got home I searched for the original appearance of it. Google Street view 
was useful to ‘walk’ through the city destroyed by the seismic sequence, but the website 
www.amatriceturismo.it2 also offers virtual tours of the city and its main monuments, 
including the church of Saint Francesco. 
3.2.1. The façade 

At first glance the reconstruction of the top part of 
the façade is clearly visible due to the different 
masonry:  the upper portion is made of squared 
smooth stone blocks while the underlying masonry 
is made of coarser stone blocks. The reconstruction 
is also associated with the presence of diagonal 
cracks in the underlying part (fig.8a;8b) and these 
two conditions combined can be attributed to the 
overturning mechanism of the top of the facade 
(fig.7). These presences indicate that a previous 

earthquake occurred. The 2016 seismic sequence intercepted these continuity solutions, 
leading to the collapse of the summit part and reopening of the cracks below (fig. 8c). 

Fig. 8 The façade before (8a; www.amatriceturismo.it, 8b; https://www.google.com/maps ) and after the 
seismic sequence of 2016 (8c; B.Silva) 

3.2.2. The interior 
Continuing the virtual tour of the interior, the single nave configuration allows us to 
appreciate the entire interior space all at once. Originally the facades must have been 
extensively frescoed, but now only traces scattered on a neutral background remain. This 
aspect alone may indicate a troubled history, but one particular painting in the apse wall 
presented a rather suspicious diagonal gap (fig.9). Going back through the photographs 
taken on site during the visit, it is possible to notice that there is a crack underneath the 
area where the plaster has fallen (fig.10). It is impossible to say whether it was a repaired 
crack that had opened up again or whether it had simply been covered up, what we do 

2 https://www.amatriceturismo.it/la-citta-in-virtual-tour/luoghi-di-culto/basilica-di-san-francesco/ Last visited 
on 18/03/2022 

Fig. 7 The overturning mechanism of the 
top of the facade 
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know for sure is that an earthquake easily retraces the paths it has previously opened up. In 
this case, the gap was an absence that suggested the presence of a discontinuity of possible 
seismic nature. 

 

3.3 The bell tower of Saint Aponal in Venice 

The Venetian bell towers have been the subject of 
an in-depth analysis carried out by the IUAV 
University and the Superintendence of Venice in 
order to verify their static hazard and seismic 
vulnerability. Part of the results of this study, 
specifically the hypothesis that the oldest bell 
towers suffered a strong earthquake in ancient 
times, is being examined in more detail in my on-
going doctoral thesis.  
Here I present a case related to the bell tower of 
Saint Aponal, founded in the 11th century. Some 
cracks present on the top part of the tower - just 
below the 15th-century reconstruction of the belfry 
- appear to have been repaired with cocciopesto 
mortar, a clear characteristic attributable to ancient 
workmanship; the integrity of the ancient mortar 
attests to the fact that the cracks have not suffered 
any subsequent damage (Fig.11).  
This means that the destructive event took place before the 14th century and was not 
subsequently repeated. In this case, the presence of the ancient mortar indicates the 
absence of subsequent earthquakes. 

 

Fig. 9 The frescos on the apse wall before the seismic sequence 
(www.amatriceturismo.it) 

Fig. 10 The apse wall in 2018 (M.Ganz) 

Fig. 11 The crack repaired by cocciopesto 
mortar (F.Doglioni) 
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4. Conclusions

From the reported examples we can draw some conclusions. Building archaeoseismology 
is a very fascinating but fragile discipline because it often offers conclusions based on 
observations that depend on how well trained and prepared the observing eye is (quoting 
Bergson: the eye sees only what the mind is prepared to comprehend). As seen in the case 
of the bell tower of Saint Aponal, the interpretative key is often entrusted to a fragment of 
plaster or mortar that seals a destructive sequence; or to the dating of a fresco, which in 
turn depends on the interpretation of other experts, as in the case of the sanctuary of Saints 
Vittore and Corona. Hence the access to absolute dating systems would be very useful, but 
also in that case the material may not always be available or in sufficient quantity to be 
analysed. 
Another problem that must be underlined is that, unlike archaeological sites, geological 
sediments or written sources, the object of investigation are buildings in use whose 
usability must be guaranteed. This poses major problems from a conservation point of view 
because maintaining the trace of seismic data is in conflict with structural and living 
comfort requirements. Non-invasive solutions that allow the historical seismic sequence to 
be read are of course possible, but they rely on the restorer's (or whoever intervenes) 
sensitivity to read a history in a sign, and not just a problem to be solved. Moreover, the 
sensitivity of the population should not be underestimated: in the case of an earthquake, the 
population often prefers, understandably, not to be constantly subjected to the signs left by 
an event that has caused them much inconvenience, and grief. As in the case of L'Aquila, 
where the attitude of "as it was, where it was" prevailed following the disastrous 
earthquake of 2009, with the risk that this post-seismic reconstruction will end up being 
forgotten along with the other five that have historically affected the city in 1315, 1349, 
1461, 1703, and 1915, Guidoboni (2017:429).  
As long as the results remain at the level of observations, they will not be parametrically 
quantifiable, and perhaps this is the greatest limitation of building archaeoseismology at 
the present time. For this very reason, photographic support for documentary purposes is 
fundamental, because it preserves information for the future that we are unable to 
maximise at present, it preserves a snap-shot of the present for the time when it will be 
absent, and it makes an absent past, present. 
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Abstract: Several techniques for earthquake clusters identification have been developed in 

the literature. They usually rely on different underlying assumptions and lead to different 

classifications of earthquakes into background events and clustered events. In this study we 

consider the approach proposed by Varini et al. (2020), in which the seismicity of North-

Eastern Italy was analysed by considering two recent data-driven declustering techniques, 

one based on nearest-neighbor distance and the other on the Epidemic Type Aftershock 

Sequence stochastic model. Our goal is to similarly investigate the seismicity that has 

occurred in Central Italy over the last forty years, also taking into account the possible 

effects of changing the minimum magnitude threshold used for the analysis. In all cases, we 

found that the two declustering algorithms produce similar partitions of the earthquake 

catalogue into background events and earthquake clusters, but they may differ in the 

identified topological structure of the clusters. The clusters obtained from the stochastic 

method often have a deeper complexity than the clusters from the nearest-neighbor method. 

Centrality measures, mainly used in network theory, can recognize and quantify similarities 

and differences in the identified topological structures. 

Keywords: Nearest-Neighbor distance, Stochastic declustering, ETAS model, Centrality 

measures, Earthquake clusters. 

1. Introduction

An earthquake catalogue can be ideally partitioned into two subsets of events, referred to 

as background seismicity and clustered seismicity. The former is supposed to represent the 

long-term spatio-temporal behavior of seismicity in the region and the latter to represent 

short-term clustering behaviour of earthquakes. There is no commonly agreed method for 

separating earthquake clusters from each other and from the background seismicity, so 

several declustered versions of the same catalogue are likely to be identified by different 

declustering methods (van Stiphout et al., 2012, and references therein). This study focuses 

on the nearest-neighbor and the stochastic declustering algorithms (Zaliapin and Ben-Zion, 

2016; Zhuang et al., 2004, respectively), because they are data-driven methods that can be 

used to identify background seismicity as well as to investigate connections between 

events forming seismic clusters. The two declustering algorithms have been applied to the 

seismicity data of Central Italy, whose completeness and scaling parameters were already 

analyzed in some detail by Peresan and Gentili (2020).  

To compare the performance of the considered declustering algorithms, we followed the 

approach proposed by Varini et al. (2020), where Norteastern Italy was the study area. The 

new application of this approach to another seismic region (Central Italy) allows us to 

pursue another objective, namely to verify the generality of the results in Varini et al. 

(2020). In particular, based on this approach, the features of clusters identified by the two 

algorithms are analysed by exploiting tools and measures from network analysis. In order 

to improve our understanding of the role of moderate earthquakes in the region, we also 
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analysed the earthquake catalogue by assuming three different minimum threshold 

magnitude.  

2. Data 

The study area covers a large part of Central Italy and is delimited by latitude = 41−45˚N 

and longitude = 10−14˚E. Following Peresan and Gentili (2020), we have considered the 

earthquake catalogue of Lolli and Gasperini (2006) for the period 1981/01/01–2004/12/31, 

which results from the combination of different complementary catalogues: CSTI, CSI, 

and the Italian Seismic Bulletin. In order to update the catalogue, namely for the time 

interval 2005/1/1−2021/11/28, we have downloaded the ISIDe data compiled at Istituto 

Nazionale di Geofisica e Vulcanologia (INGV) via the following link: 

http://iside.rm.ingv.it/ (last accessed: 28 November 2021).  

According to the completeness analysis in Romashkova and Peresan (2013), the data are 

certainly incomplete in the early 1980s and a quite conservative completeness magnitude 

threshold for the overall time span 1985−2021 can be assessed at 4.2cm . The resulting 

catalogue includes 16,828 events with ML ≥ 2.4 since 1981 and 16,017 since 1985. The 

following nine major earthquakes, often clustered in space and time, have occurred in the 

study area over the past forty years: 1984/05/07 M5.8 (Sangro Valley), 1997/09/26 M5.6 

and M5.8 (Umbria-Marche), 2009/04/06 M6.1 (L’Aquila), 2012/05/20 M5.8 and 

2012/05/29 M5.6 (Emilia), 2016/08/24 M6.0, 2016/10/26 M5.9 and 2016/10/30 M6.5 

(Amatrice-Visso-Norcia). 

Figure 1 displays the magnitudes versus the sequential numbers of earthquakes in the data 

set; the largest events (with magnitude larger than 5.5) are highlighted in red. This plot 

shows a fairly homogeneous pattern along the horizontal axis, suggesting the data set is 

quite complete with the sole exception of short periods (minutes to hours) of missing 

small-magnitude data immediately after the strongest earthquakes. In order to check the 

effects of missing data on our analysis, we have considered three different threshold 

magnitudes: 4.2cm , 7.2 and 0.3 .  

 

 
Fig. 1 -  Scatterplot of magnitudes versus sequential numbers of the earthquakes in the data set. The nine 

major earthquakes (with magnitude larger than 5.5) that occurred in the study area are highlighted in red. 
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3. Declustering algorithms

Following Varini et al. (2020), we have considered two declustering methods, namely the 

Nearest-Neighbor (NN) and the Stochastic Declustering (SD) algorithms, which are briefly 

introduced below. The notation nkmyxt kkkk ,...,1:),,,(  is introduced to denote the 

sequence of earthquakes occurred in the study region, where kt , ),( kk yx and km are the 

occurrence time, the epicentral coordinates and the magnitude of k -th event. Both algorithms 

are applied to the nested catalogues obtained by setting the magnitude threshold equal to 

4.2cm , 7.2  and 0.3 . 

2.1. NN method 

This approach is based on the nearest-neighbor distance if bmd

ijijij rtt


 10)(  between 

two earthquakes ( ji tt  ) in the space-time-energy domain, as defined by Baiesi and

Paczuski (2004). The two unknown parameters, namely the fractal dimension fd and the b -

value, are jointly and robustly estimated by the Unified Scaling Law for Earthquakes (USLE) 

method  by Nekrasova et al. (2011); in this study, 0.1b and 4.1fd . Each event j  is 

linked to its nearest-neighbor kjjkki  :minarg . The distribution of the NN-distances ij

turns out to be bimodal because clustered events are characterized by short NN-distances 

compared to background ones characterized by long NN-distances (Fig. 2, left panel). A 

separation threshold distance 0 is estimated following a criterion based on a Gaussian

mixture model with two modes events (Peresan and Gentili, 2018). In particular, 

,23.4,33.4log 010  25.4 for the catalogues with ,7.2,4.2cm 0.3 , respectively. Then

the earthquake catalogue is partitioned on distinct clusters by removing all "weak" links ij

such that 0 ij  (Zaliapin and Ben-Zion, 2016). 

The characterization of seismicity in terms of background and seismic activity is evident in the 

right panel of Fig. 2, where each NN-distance is decomposed in its product between rescaled 

spatial distances 
2/

10 if bmd

ijij rR


  and rescaled time 
2/

10)( ibm

ijij ttT


 .

Fig. 2 -  Distribution of the NN distances between each event and its nearest-neighbor, estimated for the 

catalogue with cm 2.4: (left) 1D distribution of nearest-neighbor distances ij10log , with estimated 

Gaussian densities for clustered (blue) and background (red) components, (right) 2D joint distribution of 

rescaled spatial distances versus rescaled times. 
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2.2. SD method 

The Stochastic Declustering algorithm (Zhuang et al., 2004) has been applied to identify the 

earthquake clusters in the data set as well as the background events. The algorithm is based on 

the Epidemic Type Aftershock Sequence (ETAS) model (Ogata, 1998), a branching point 

process defined by its conditional intensity function: 

 



ttk

kkkkckt

k

myyxxfttfmmKyxHyxt
:

21 )|,()()(),()|,,(   ,                  (1) 

where  

- myxt ,,,  denote the occurrence time, epicentral coordinates and magnitude of 

earthquakes, respectively;  

- tH  is the history of the earthquake process up to time t ;   

- ),(),( yxuyx   is the spatially inhomogeneous background rate;  

- 
mAemK )(  represents the productivity of a magnitude m  event, i.e. the expected 

number of earthquakes triggered by a magnitude m  event; 

- 
pp ctcptf   )()1()( 1

1  is the probability density function for earthquake 

distribution in time; 

-   qmmmmqq cc edyxedqmyxf
 

)(2221))(1()1(2

2 )1()|,(
   is the spatial 

probability density function for earthquake distribution. 

The ETAS parameters  , A , c ,  , p , d ,   are positive and 1q . 

The Stochastic Declustering algorithm simultaneously provides the maximum likelihood 

estimates of the ETAS parameters (Tab. 1), the nonparametric kernel estimate of the spatial 

background rate (Fig. 3), the probability that each event in the catalogue comes from the 

background rate or is triggered by previous events. Each event is classified as background or 

triggered by sampling from these probabilities and, as a result, the catalogue is declustered. Of 

course, by repeating the simulation procedure several times, different declustered versions of 

the catalogue can be generated. Among the declustered versions of the catalogue, we select the 

“most probable one” which is obtained by retaining the most probable classification of each 

event as a background or triggered event.  

The estimated parameters of the ETAS model (Tab. 1) turn out pretty stable with respect to the 

changes in magnitude threshold cm . Still the spatial distribution of background seismicity (Fig. 

3) appears more uniform for lower magnitudes than for the higher ones, as the largest events 

tend to concentrate along the main fault systems. 

 

Table 1. Maximum likelihood estimates of the ETAS parameters. 

cm    A  c    p  d  q    

2.4 0.9289 0.4183 0.0205 1.3336 1.2208 0.0054 1.6805 0.9366 

2.7 0.9086 0.3675 0.0019 1.4516 1.2239 0.0070 1.8404 0.9991 

3.0 0.9044 0.3239 0.0151 1.5676 1.2114 0.0082 1.9040 1.0727 
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Fig. 3 -  Logarithm of the estimated background rate for the three nested catalogues 

with magnitude threshold 2.4 (left), 2.7 (middle) and 3.0 (right). 

4. Global features of the declustered catalogues

Both NN and SD algorithms have been applied to the nested catalogues, considering three 

minimum magnitude thresholds: 4.2cm , 7.2  and 0.3 . The global features of the 

resulting declustered catalogues are summarized in Tab. 2, by providing the number of 

events assigned to background seismicity and to clustered seismicity as well as the number 

of identified earthquake clusters (including at least two events). We may observe that the 

proportions of background and triggered events, and the proportion of clusters, do not vary 

significantly as the magnitude threshold changes. For all declustered catalogues, the 

identified clusters are mostly small, and about 90% of them includes less than ten events. 

Fig.4 shows the distribution of the cluster size for NN and SD catalogues for the case 

4.2cm . 

Table 2. Number (percentage %) of events, background events, triggered events and earthquake clusters 

identified by SD- and NN-method in the nested catalogues. 

SD-catalogue cm events background events triggered events clusters 

2.4 16,828 4,324 (26%) 12,504 (74%) 950 (6%) 

2.7 8,017 2,098 (26%) 5,919 (74%) 432 (5%) 

3.0 3,804 1,033 (27%) 2,771 (73%) 218 (6%) 

NN-catalogue cm events background events triggered events clusters 

2.4 16,828 4,526 (27%) 12,302 (73%) 804 (5%) 

2.7 8,017 2,073 (26%) 5,944 (74%) 384 (5%) 

3.0 3,804 1,006 (26%) 2,798 (74%) 185 (5%) 

Figure 4. Distribution of the cluster size for the NN-catalog (left) and the SD-catalog (right) with 4.2cm . 
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5. Centrality measures 

Both NN and SD declustering algorithms identify connections between events within a cluster. 

This allows us to represent the cluster as a tree graph and to focus on some centrality measures 

developed in network theory, which should quantitatively express the way earthquakes are 

organized within clusters. Two centrality measures, namely outdegree and closeness centrality 

(Varini et al., 2020), are used to quantify and compare the features of earthquake clusters 

structure, as identified by the two different NN and SD methods. 

Let T  be the tree graph representation of a cluster formed by a number T#  of earthquakes 

(i.e., tree nodes). Outdegree centrality of earthquake   (node  ) within cluster T  is 

defined as the proportion of direct descendants of  : 

1#

)|(
)|(




T

T
Tc


  ,                                                        (2) 

where )|( T  is the number of events directly triggered by  (i.e. links that go out from 

 ). Closeness centrality of earthquake   within cluster T  is defined as follows: 
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where ),( wd   is the number of links in the shortest path from   to w . Both outdegree and 

closeness centrality measures range in [0,1], where the highest degree value denotes the most 

central node *  (i.e., the most important node), to which most of the events are connected. 

To summarize the centrality measures of all the earthquakes within a cluster, global 

centralization indices are defined as follows: 
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Centralization also ranges in [0,1], and high centralization indicates the tendency of a single 

earthquake (i.e., a node) to be more central than other earthquakes in the cluster (i.e., in the tree 

network). Since both centrality measures and centralization are normalized on [0,1], their 

values do not depend on the cluster size and the comparison among clusters is made easier for 

clusters with very different numbers of nodes. 
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Fig. 5 -  Comparison of the matched clusters that have at least five events, in terms of outdegree 

centralization (left), closeness centralization (middle), and cluster size (right) for NN- and SD-declustered 

catalogue by setting (top) cm =2.4, (middle) cm =2.7, and (bottom) cm =3.0. 

We calculate both outdegree and closeness centralization values for all clusters obtained from 

NN and SD methods. In order to compare these results, we match a cluster identified by NN-

method with a cluster identified by SD-method only if they are dominated by the same main 

shock. Fig. 5 compares all the matched clusters that have at least five events, in terms of both 

centrality measures as well as in terms of cluster size. In agreement with Varini et al. (2020), 

the results obtained for Central Italy confirm that centralization values of the NN clusters are 

comparable to or higher than those of the SD clusters. By increasing the threshold magnitude 
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cm , this result may appear even more clear. Therefore, both centralizations are proved to be 

effective indices: whenever an NN cluster exhibits similar or even simpler structural 

complexity than its matched SD cluster, its centralization value is similar to or greater than that 

of its matched SD cluster. 

6. Conclusions 

The aim of this study was to verify the generality of the results by Varini et al. (2020), that 

is to assess to what extent the observations made for Northeastern Italy depend on the 

considered study area, by performing a similar analysis in a different region. For this 

purpose, we considered seismicity of Central Italy. 

First, we compared the performances of the NN and SD algorithms in classifying events 

from an earthquake catalogue into clusters and background seismicity. The global features 

of the resulting background seismicity and earthquake clusters turn out to be consistent 

between the two approaches, and stable with respect minimum magnitude threshold. 

Since the two methods also allow outlining the internal structure of clusters, a comparison 

was carried out for all matching clusters identified by NN and SD. Following Varini et al. 

(2020), the concepts of outdegree and closeness centrality, based on network theory, were 

applied to quantitatively compare the characteristics of the declustering outputs, by 

regarding earthquake clusters as tree graphs. The adopted centrality measures are 

advantageous when clusters with different and large sizes are compared, as centralization 

indices are able to capture some key properties of the hierarchical complexity of the 

cluster, and to rank earthquakes within each cluster according to their importance. This 

study confirms that these quantitative measures are able to characterize the internal 

structure of the clusters in a robust and consistent way. 

In agreement with results obtained by Varini et al. (2020) for Northeastern Italy, we found 

that the NN clusters usually display simpler internal structures than the SD clusters and 

that the corresponding centralization values of the NN clusters are higher than those of the 

SD clusters. From a methodological point of view, we believe the use of centrality 

measures and other tools borrowed from network theory may open new possibilities in the 

study of earthquake sequences and their evolution.  
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Abstract: The pattern of earthquake precursors could be described as “pre-earthquake 

signature” since every re-occurrence maintains common characteristics. Precursors for 

certain earthquakes indicate that, there is reason enough to believe that precursors do exist 

and can be observed for forecasting earthquakes. The duration of the “pre-earthquake 

signature” varies with type of precursory signals used for forecasting. In the present 

investigation precursory seismicity patterns were discussed and used for the identification of 

precursory swarm to forecast the location of future earthquake in the South Central Tibet 

Region (SCT) of Himalaya. This study investigate the seismicity data for the period 1963-

2006 with mb ≥4.1, for searching earthquake precursors. Three medium size earthquakes 

sequence 1996 (mb 5.9), 1998 (mb 5.8) and 2004–2005 (mb 6.2, 6.3) occurred in the South 

Central Tibet Region (SCT) of Himalaya have been analyzed. Analysis indicates that these 

earthquakes were preceded by well-defined patterns of precursory swarms and seismicity 

varies as low-high-low phases in episodic manner. However, two anomalous seismicity 

patterns having similar spatial and temporal distributions separated by about 15 month’s 

duration exist during January 2002-February 2003 and June-August 2004 in the same area 

but without a mainshock till 2007? We found the anomalous seismicity patterns in a 

localized area (29.6o-30.1o N, 87.7o-88.1oE) during 2002-2003 and 2004 which could be a 

potential zone for impending medium size earthquake of M≥6.0 having focal depth range 25 

± 15 km.  

Keywords: earthquake precursors, pre-earthquake signature, seismicity patterns, precursory 

signals 

1. Introduction

The forecast of earthquakes is one of the most important societal goals in the seismological 

research. Earthquakes do not occur haphazardly either. They are severe near the plate 

boundaries and are quite significant in many plate interiors. A successful assessment of 

parameters of an impending earthquake depends on the availability of good amount of 

seismicity data and statistical measure to evaluate premonitory phenomena that occur prior 

to occurrence of moderate to a large size earthquake. Earthquake predictability requires 

primarily three parameters the location, time of occurrence and magnitude with error 

windows and probabilities (Allen, 1976). However, forecast of earthquakes related hazards 

is usually undertaken on observing certain premonitory phenomena, known as precursors, 

developed at different stages in the pending focal region of an earthquake. It has been 

found that fluctuations of seismicity in time and space are observed before major 

earthquakes (Evison, 1977; Shanker, et.al.,1995; Singh et. al., 1982; Singh et. al., 2005). In 

the present study precursory seismicity patterns were deliberated for credentials of 

precursory swarm, impending to forecast of earthquake location in the considered region. 
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2. Seismicity Characteristics  and data analyses

Since 1963, only three large earthquakes with mb ≥ 6 have occurred with the largest 

magnitude as 6.3 that occurred in 2005. The seismic activity is sporadic in nature and has 

been extremely low up to 1979, moderately active up to 1994 followed by a drastic 

increasing trend till 2006. The large earthquakes in this region are generally followed by a 

series of aftershocks. Three earthquake sequence occurred in 1996 (mb 5.9), 1998 (mb 5.8) 

and 2004-05 (mb 6.2, 6.3) were observed preceding the anomalous seismic activity. The 

nature of anomalous seismicity associated with these earthquakes has been examined 

considering earthquakes with mb ≥ 4.1. Two mainshocks of 11 July 2004 (mb 6.2) and 07 

April 2005 ( mb 6.3) occurred in sequence in an interval of about eight months separated 

by ~20 km distance in the north-south direction and are located about 100 km to the north 

of the ITS (Indus Tsangpo Suture) between 83.6o-83.7o E (Fig 1). 

In order to investigate anomalous seismicity pattern associated with this mainshock 

sequence, the earthquake data from 1990-2005 was analyzed and selected an area bounded 

by 29o-31o N and 82.5o-85o E. In the five years periods prior to 1990, only three events 

were found to have occurred widely in the selected region. Seismic characteristics in the 

identified episodes within the preparatory area of 11 July 2004 (mb 6.2) and 07 April 2005 

(mb 6.3) mainshocks in South Central Tibet are summarized in table 1. 

Table 1: Identified four seismic episode 

Seismic episodes Duration Days Total 

events 

Level of activity 

Normal/ background (N) 01 Jan.1990-11 Sept.1993 1350 0 Extremely low 

Anomalous/ swarm (A) 12 Sept.1993-26 Feb.1996 898 5 Extremely high 

Precursory gap (G) 27 Feb.1996-10 Jul. 2004 3057 2 Moderately low 

Mainshock sequence (M) 11 Jul. 2004-31 Dec. 2005 539 25 - 

Fig. 1: Distribution of events (mb ≥ 4.1) for the period 1990-1995 

associated with the mainshocks of 11 July 2004 (mb 6.2) and 07 

April 2005 (mb 6.3) in South Central Tibet region. The dotted 

elliptical area is the preparatory area for the mainshock 

delineated based on spatial distribution of normal, swarm, gap 

and the mainshock sequences on the surface and with focal depth 

(a and c). Temporal pattern of these events with their magnitudes 

is shown in (b) (Paudyal et. al., 2011) 
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3. Forecast of the impending Earthquake  

Seismicity pattern analyses in this study indicates that two medium size earthquakes of 

1996 (mb 5.9) and 1998 (mb 5.8) occurred in the vicinity of region (30o N, 88o E) in the 

South Central Tibet were preceded precursory swarm. The region is again showing a gap, 

similar to that existed prior to the onset of this swarm sequence, which still continues. Two 

anomalous seismicity patterns having similar spatial and temporal distributions separated 

by about 15 months duration exist during January 2002-February 2003 and June-August 

2004 in the same area but without a mainshock till 2007 which shows the repeated swarm 

activity, a wider area may be suspected under high risk if a swarm sequence follows 

another one (Evison, 1982). The seismicity change patterns have been searched in space 

and time domains prior to the mainshocks with mb ≥ 5.4 that occurred during 1963-2006 in 

South Central Tibet region. Several authors (Evison, 1977; Shanker, et.al.,1995; Singh et. 

al., 1982; Singh et. al., 2005) reported in different regions that magnitude of mainshocks is 

reported to be 1 to 2 units higher than the magnitude of the largest swarm event in most of 

the anomalous sequences. But for South Central Tibet region, such difference is 0.8-1.6 

units. It is observed that difference between the magnitudes of two largest swarm events is 

0 to 0.3 in the South Central Tibet region. In view of this, the magnitude of the impending 

earthquake may exceed 6.0.  

Generally, the preparatory areas oriented in the direction of the local tectonic features  for 

different size and similar magnitudes of the mainshocks in the same areas. The preparatory 

areas of the mainshocks, there are two prominent orientations of the preparatory areas 

mainly in NE-SW and N-S directions. There is a significant variation in the sizes of the 

preparatory areas in this region being smallest (~800-1300 km2) for the mainshocks of 

1996 and 1998. The preparatory area of the expected mainshock is observed to be of a 

comparable size with similar orientation as that of the mainshocks of 1996 and 1998 (Fig 

2). 

 

 Fig. 2: Orientation of preparatory areas of mainshocks from 1963-2006 that were preceded by anomalous 

seismic activity. The probable preparatory areas for expected future mainshock is also shown. 
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3. Summary and conclusion

It is interesting to note that the identified episodes of precursory seismic activity were 

characterized by an extremely high annual earthquake frequency as compared to the 

preceding normal and the following gap episodes, and is the characteristics of the events in 

such an episode is causally related with the magnitude and the time of occurrence of the 

forthcoming earthquake. The study conclude that an area enclosed by 29.6-30.1o N and 

87.8-88.1o E in the South Central Tibet region is potential for an impending medium size 

earthquake of M≥6.0 having focal depth range 25 ± 15 km. 

Acknowledgements 

The author (DS) is thankful to the Head, Department of Earthquake Engineering, IIT 

Roorkee, Roorkee for providing computational facilities. 

References 

Allen C. R., (1976): Responsibilities in earthquake prediction, Bull. Seismo. Soc. Am., 66, 2069-2074. 

Evison, F.F., (1977): Fluctuation of seismicity before major earthquakes, Nature, 266, 710-712. 

Evison, F. F., (1982): Generalized precursory swarm hypothesis, J. Physics of the Earth, 30, 155-170 

H. Paudyal, D. Shanker and H. N. Singh (2011). Characteristics of Earthquake Sequence in Northern

Himalayan Region of South Central Tibet - Precursor Search and Location of Potential Area of future

earthquake. Journal of Asian Earth Sciences, 41 (4-5), 459-466.: doi:10.1016/j.jseaes.2010.11.019. 

Shankar, D., Singh, H. N., and Singh, V. P., (1995): Anomalous seismic activity and long-range earthquake 

prediction in Himachal Pradesh, India, Acta Geod. Geoph. Hung., 30 (2-4), 379-395. 

Singh, V. P., Singh, H. N., and Singh J., (1982): On the possibilities of premonitory swarms for three 

sequences of Earthquakes of Burma-Szechwan region, Tectonophysics, 85, T21-T29 

Singh, H. N., Shanker D. and Singh, V. P., (2005): Occurrence of anomalous seismic activity preceding large 

to great earthquakes in northeast India region with special reference to 06 August 1988, Physics of the 

Earth and Planetary Interiors, 148, 561-284. 

4134 3ECEES, September 2022, Bucharest, Romania



Method MEE of medium-term earthquake forecast: 

results and prospects 

Zavyalov Alexey Dmitrievich – Sсhmidt Institute of Physics of the Earth of the Russian Academy of 

Sciences. Russia, Moscow, e-mail: zavyalov@ifz.ru 

Morozov Alexey Nikolaevich – Sсhmidt Institute of Physics of the Earth of the Russian Academy of 

Sciences. Russia, Moscow, e-mail: morozovalexey@yandex.ru  

Aleshin Igor Mikhailovich – Sсhmidt Institute of Physics of the Earth of the Russian Academy of Sciences. 

Moscow, e-mail: ima@ifz.ru 

Ivanov Stanislav Dmitrievich – Sсhmidt Institute of Physics of the Earth of the Russian Academy of 

Sciences. Russia, Moscow, e-mail: f0ma@ifz.ru 

Kholodkov Kirill Igorevich – Sсhmidt Institute of Physics of the Earth of the Russian Academy of 

Sciences. Russia, Moscow, e-mail: keir@ifz.ru 

Pavlenko Vasily Alexandrovich – Sсhmidt Institute of Physics of the Earth of the Russian Academy of 

Sciences. Russia, Moscow, e-mail: pavlenko.vasily@gmail.com 

Abstract: This paper is the first of a series of papers devoted to the results of the application 

of the medium-term earthquake forecast method MEE (Map of Expected Earthquakes) and 

the analysis of the prospects for its further modernization. The MEE method has been 

applied in seismically active regions of the world, different in their tectonic conditions and 

seismic regime over the past 35 years. It is shown that the average efficiency of the 

algorithm is 2.5 times higher than for random guessing. It is planned to introduce new 

methods in data processing into the upgraded algorithm of the MEE method. This will 

significantly increase the amount of analysed information, take into account the features of 

the seismic process with depth, use lineament-domain-focal (LDF) models of the structure 

of seismically active zones, and build three-dimensional distributions of the probability 

values of strong earthquakes occurrence. It is planned to expand the list of used 

seismological precursors that have sufficient physical justification of their connection with 

the earthquake preparation process and formalized procedures for their selection for use in 

forecasting practice. 

Keywords: earthquake, medium-term earthquake forecast, precursors, map of expected 

earthquakes, MEE, seismic hazard 

1. Introduction

An informal creative group arose on the initiative and headed by G.A. Sobolev in the mid-

1980s at the Institute of Physics of the Earth of the USSR Academy of Sciences, which 

was called the "Group of Operational Comparative Analysis of Seismicity". The task of the 

group was to develop a methodology for calculating a map of the places of the most likely 

occurrence of strong earthquakes using spatial and temporal distributions of various 

geological and geophysical data. A method of medium-term earthquake prediction based 

on a set of physically based prognostic features was created as a result of several years of 

work, called the Map of Expected Earthquakes (MEE, Map of Expected Earthquakes) 

(Sobolev et al., 1991). MEE was applied in various seismically active regions of the world 

over the next 35 years (Zavyalov, Sobolev, 1991; Zavyalov, 2016) (Fig. 1). 
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Fig. 1 Map showing areas of application of the MEE method. 

Algorithmic, software and computing capacities have been developing at a tremendous 

pace in recent decades. New technical possibilities have appeared for the analysis of 

seismological information and visualization of their results. Also new earthquake 

precursors, which have a physical justification for their connection with the process of 

earthquake preparation, have been identified in recent decades. Thus, there is a need to 

modify the MEE in order to increase its effectiveness. When developing the MEE, 

opportunities were laid for its subsequent modernization and expansion of functionality. 

This paper summarizes the results of the application of the MEE in various regions of the 

world with different tectonic conditions over the past 35 years and analyzes the prospects 

and directions for its modernization. It is the first in a series of papers devoted to the 

modernization of the MEE. 

2 Method 

The Map of Expected Earthquakes (MEE) algorithm of the intermediate-term earthquake 

prediction was elaborated 35 years ago (Sobolev et al., 1991); it received practical 

approval on the earthquake catalogs of different seismoactive regions of the world: the 

Caucasus, Kamchatka, Turkmenistan, Kyrgyzstan, Southern California, Northeastern and 

Southeastern China. 

The MEE algorithm allows to calculate the maps of spatial distributions of the conditional 

probability of earthquakes of the energy classes K  Ktg by using a complex of geological 

and geophysical prognostic features both stationary (or slightly changing during the 

observation period and the time of strong earthquake preparation) and nonstationary. 

The MEE algorithm is based on the principle of space-time scanning of the earthquakes 

catalog of the studied seismically active region and the subsequent determination of areas 
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with a higher probability of expectation of a strong earthquake, calculated by the well-

known Bayes formula for a set of parameters. In this study, all prognostic parameters are 

represented as space-time distributions of anomalous deviations from the corresponding 

long-term (background) level normalized by the value of the mean square error of its 

determination, and have retrospective statistic evaluations of the effectiveness of prediction 

for the chosen alarm level. If the data on the stationary prognostic features is available and 

sufficient (for example, tectonic faults or their crossing in the elementary spatial cell and 

the rate of vertical movements), the studied area is preliminarily differentiated by the level 

of stationary conditional probability of a strong earthquake occurrence. If such data are 

absent then instead of the stationary conditional probability based on seismostatistics only 

the unconditional probability is calculated, the values of which are identical at all points of 

the region. 

The following seismological parameters are used in MEE algorithm at the present study: 

 the density of seismogenic faults Ksf; 

 the slope of the recurrence plot or b-value); 

 the number of weak earthquakes occurring in a unit of time as an indicator of seismic 

quiescence and activation; 

 released seismic energy E2/3 as an indicator of seismic quiescence and activation. 

3 Application results 

MEE was tested in the seismically active regions of Caucasus, Kamchatka, Kuriles, 

Turkmenistan, Kyrgyzstan, Southern California, New Zealand, northeast and southwest 

China, western Turkey, Greece, and India in the area of the Koina-Varna reservoirs (Fig. 

1). The data of regional earthquake catalogs were used as the main information base of the 

MEE algorithm, each of which included several thousand events. Maps of Expected 

Earthquakes were calculated for all seismically active regions with a step of 1 year. An 

example of one of the maps of expected earthquakes for Kamchatka is shown in fig. 2. 

The predictive efficiency J of the method was estimated retrospectively as the ratio of the 

average density of strong earthquakes during alarms (or in the area of alarms) to their 

average density during the observation period (or in the area of observations) by Fedotov et 

al., (1976):  

/ /

/ /
, ,pr at pr al

tot o tot o

N T N S

t sN T N S
J J   

where Npr and Ntotal are, respectively, the number of predicted strong earthquakes and their 

total number during the observation time; To in the observation area So; Tal is the total 

alarm time; Sal is the total area of alarms. With random guessing, when the density of 

predicted earthquakes in time (or on the area) of alarms is equal to their density over the 

time (or on the area) of observations, J = 1. 

The predictive efficiency of the MEE is shown in fig. 3 for each region. It follows that 

when using the value P(D1|K) = 70% as the alarm level, which is at least 3 times higher 

than the unconditional probability P(D1) of the considered seismically active regions, the 

efficiency of the MEE algorithm was from 1.29 (Caucasus) to 4.40 (Southern California). 

And for P(D1|K) = 90% the J was from 2.02 (northeast China) to 8.18 (Kuril Islands). At 

the same time, the indicator of the average efficiency of the MEE for all the studied 
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regions is J = 2.500.89 for the level P(D1|K) = 70%, and J = 3.731.91 for P(D1|K) = 

90%. In zones with P(D1|K)  70% during the validity of the corresponding maps (the first 

years), from 48% (Greece) to 88% (western Turkey) of predicted seismic events occurred. 

Fig. 2 An example of a map of expected earthquakes in Kamchatka for the period 

2018.01.01-2023.12.31. (calculated in April 2020), compiled in terms of the conditional 

probability of occurrence of strong earthquakes P(D1|K) = 90%, 70%, 50% (red, pink and 

sand color, respectively). The map shows the epicenters of earthquakes with K ≥ 13.5 that 

occurred in 2018–2021. The size of the circles is proportional to the length of the rupture 

in the source of the corresponding earthquake by Riznichenko (1976) on the map scale. 

Distances along the X and Y axes are given in kilometers. The geographic coordinate grid 

is indicated by “+” signs. The legend shows shading for different P(D1|K) levels. 

3 Prospects 

Currently, scientific and technical work has begun on a significant modernization of the 

MEE, which includes: 

• development of new algorithms and programs for the preparation and analysis of initial

data based on modern and proven methods for estimating the magnitude of complete

reporting and identifying aftershocks in earthquake catalogs;

• reworking of all procedures that are part of the MEE - transition to three-dimensional

maps of expected earthquakes that take into account the parameters of LDF models by

Ulomov (2014) of seismically active regions, and visualization of the spatial distribution of

earthquake occurrence probabilities;

• expansion of the list of used seismological precursors that have a physical justification,

and the development of formalized procedures for their selection.

The ultimate goal of modernization is the development of a digital problem-oriented 

system for medium-term earthquake prediction using a set of prognostic features. The 

region of the Kamchatka Peninsula, which belongs to one of the most geodynamically 

active regions of the world, will be used as a test of the new MEE. 
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Fig. 3 The effectiveness of the MEE when using it in different regions: algorithm 

efficiency values (a); average waiting area (b); number of strong earthquakes for zones 

with conditional probability P(D1|K) of 70% and 90% (c) 
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4. Conclusions

Modernization of the MEE method will improve the quality of the medium-term forecast 

and, as a result, reduce the possible economic and social damage from future strong 

earthquakes. The practical significance is associated with the possibility of transmitting 

prognostic information to emergency response services, administrations of seismically 

active regions for making managerial decisions related to preparing for a possible strong 

earthquake. 

Acknowledgements 

The research was supported by the Grant of the Russian Science Foundation, № 22-27-

00158, https://rscf.ru/project/22-27-00158/. 

References 

Fedotov S.A., Sobolev G.A., Boldyrev S.A. (1976). Long-term and trial short-term forecast of 

Kamchatka earthquakes. In: Search for earthquake precursors. Tashkent, 49-61. 

Sobolev G.A., Chelidze T.L., Zavyalov A.D., Slavina L.B., Nikoladze V.E. (1991). The maps of 

expected earthquakes based on a combination of parameters. Tectonophysics: 193, 255-265. 

Ulomov V.I. (2014). General seismic zoning of the territory of Russian Federation: GSZ-2012. 

Seism. Instr.: 50, 290–304. https://doi.org/10.3103/S0747923914040070  

Zavyalov A.D. (2016). Algorithm" Map of Expected Earthquakes"(MEE): results of three decades 

of testing and latest findings. Ecological bulletin of research centers of the Black Sea economic cooperation 

(BSEC): 2, 81-91. 

Zavyalov A.D., Sobolev G.A. (1991). Experience in using maps of expected earthquakes for 

medium-term prediction at various seismoactive regions. International Conference on "Earthquake 

Prediction: State-of-the-art", Scientific-Technical Contributions. Strasbourg, France, 15-18 October 1991, 

175-178.

4140 3ECEES, September 2022, Bucharest, Romania



Searching for seismic precursors on the geomagnetic field with deep 
learning  

Laura Petrescu - National Institute for Earth Physics, Măgurele-Ilfov, Romania, e-mail: 
laura.petrescu@infp.ro  

Iren Adelina Moldovan – National Institute for Earth Physics, Măgurele-Ilfov, Romania, e-mail: 
irenutza_67@yahoo.com  

Abstract: Earthquake precursors are frequently reported as anomalous signals in the 
geomagnetic field variations. However, the type of observations vary and their validity and 
reproducibility are controversial. To assess whether geomagnetic data is useful in 
earthquake forecasting in a systematic and unbiased way we train a multi-layered 
convolutional neural network using three component geomagnetic field measurements as 
input and earthquake data as labels. We investigate three key tectonic regions in Europe with 
high rates of seismicity: the Apennine Thrust Belt, the North Anatolian fault system, and the 
Vrancea seismic nest. Geomagnetic observatories are conveniently located close to 
epicentres, providing the opportunity to detect hypothetical electromagnetic emissions 
before earthquakes. We train our model to classify one week-long three-component 
geomagnetic records as pre-seismic or not. We label the data using local seismic catalogues 
of M>4 earthquakes with epicentral distances less than 200km. Preliminary results suggest 
that magnetic data is not correlated with the occurrence of earthquakes. However, the 
evolution of the cross entropy loss function and validation accuracy indicates a possible 
observational bias that limits the model training. The sparse coverage and relatively short-
period measurements of geomagnetic field in epicentral areas may also hinder consistent 
seismic precursor observations. 

Keywords: earthquake forecast, geomagnetic anomalies, neural networks 

1. Introduction

Earthquakes are some of the most destructive natural hazards on Earth and occur as a result 
of plate motion and the accumulation of tectonic stress predominantly in collisional or 
subduction settings. Predicting the time and location of an earthquake can fundamentally 
improve seismic resilience and preparedness. The most promising and frequent 
observations report seismic precursory signals in the geomagnetic field records (e.g. Currie 
and Waters, 2014). In this study we aim to test whether some geomagnetic field variations 
are correlated with the occurrence of earthquakes in three key seismotectonic regions of 
Europe (Figure 1). We employ an adapted convolutional neural network (CNN) to classify 
unfiltered geomagnetic field measurements as containing seismic precursors or not, using 
local earthquake catalogs as training labels. Our suggested application has not been tested 
before and offers the possibility to search for precursors in an unbiased and systematic 
way. 

3. Methods and data

Neural networks are supervised machine learning algorithms inspired by the anatomy of 
the nervous system. We use the general architectural principles of VGG models (Simonyan 
et al., 2014) which involve stacking convolutional layers interspersed with pooling layers. 
Each layer uses a ReLU activation function, a rectified linear neuron activation function 
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that overcomes the vanishing gradient problem (Goodfellow et al., 2017). Our model is 
presented in Table 1. 

Our data consist of three-component geomagneic field measurements from long-term 
observatories that are located in three key seismotectonic locations in Europe. The target 
regions are: the Apennines Thrust belt, a crustal seismic zone comprising mostly normal 
faulting events responsible for repeated damage to historical Italian towns (Chiarabba et 
al., 2005), the North Anatolian Fault System in Turkyie, dominated by shallow strike-slip 
earthquakes (Şengör et al., 2005), and the Vrancea Seismic Zone in Romania (Figure 1), an 
intraplate intermediate-depth seismic nest that releases the largest strain in continental 
Europe (Wenzel et al., 1999). Each of these seismic zones comprise a geomagnetic field 
observatory conveniently located close to epicenters (Figure 1), providing excellent 
opportunity to investigate possible precursory signals. We download continuous magnetic 
data from IZN and DUR sampled at 1 samples/minute from INTERMAGNET 
(International Real-time Magnetic Observatory Network) between 2016-2021 and 
2007-2020, respectively.  

Fig. 1 - Topographic map of southern Europe showing locations of geomagnetic observatories (green circles) and 
nearby earthquakes (red stars) that might be expected to generate near-field electromagnetic emissions detectable 

on the geomagnetic field
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We construct our training set by labelling periods of three-component geomagnetic field 
amplitudes with a binary set of labels (1 for earthquake and 0 for no-earthquake). We use 
local seismic catalogs (ROMPLUS in Vrancea, Oncescu et al. (1999), continuously 
updated by NIEP)  and the ISC Seismic Bulletin (Storchak et al., 2020) to extract events 
that occurred within 200 km radius from each observatory, with a maximum hypocentral 
depth of 30 km and Mw>4, generally following the Molchanov detectability radius 
(Molchanov et al., 1995).  

We carry out trials with one week long geomagnetic input data without filtering (Figure 2). 
We build a no-earthquake dataset by selecting periods of geomagnetic field measurements 
that are not associated with these earthquakes. The three components of geomagnetic field 
measurements (Bx, By, Bz) are normalised by the maximum amplitude of Bz. 

4. Preliminary results and discussion 

We carry out model training for both individual and combined observatory datasets. While 
the cross-entropy loss function decreased with each iteration (from 0.7 to 0.5), both the 
training and validation data accuracy, however, remained equal to the amount of 
earthquake-labelled versus no-earthquake-labelled data counts (0.5874 and 0.6641, 
respectively). This can indicate either that: 

1. Geomagnetic field variations are not correlated with the occurrence of earthquakes; 

2. An observational bias exists, implying that other geomagnetic signals obscure 
precursory signals and stricter conditions need to be imposed on the detectability 
threshold values; 

Layer type No. of output 
filters

Conv. or 
pooling 

window size

Padding Activation 
function

Output shape No. of 
parameters

Conv2d 32 3x3 yes ReLU [3, 10080, 32] 320

MaxPooling - 1x2 - - [3, 5040, 32] 0

Conv2D 64 1x3 yes ReLU [3, 5040, 64] 6208

MaxPooling - 1x2 - - [3, 2520, 64] 0

Conv2D 64 1x3 yes ReLU [3, 2520, 64] 12352

Flatten - - - - 483840 0

Dense - - - Softmax 64 30965824

Dense - - - - 2 130

Table 1. Proposed convolutional neural network configuration for week-long three-component geomagnetic field 
recordings with a sampling rate of 1 sample per minute, implemented in Tensorflow Keras  python libraries 

(Chollet et al., 2015). The input matrix is [3x10080]. 

41433ECEES, September 2022, Bucharest, Romania



3. The convolutional neural network model complexity is too high and requires more input
data for training.

The sparse coverage and relatively short-period measurements of geomagnetic field in 
epicentral areas may hinder consistent seismic precursor observations. Future plans include 
adding data from magnetic observatories located in high-rate seismic zones worldwide, 
whose source-receiver configurations satisfy the Molchanov conditions.  

5. Conclusions

We propose a systematic and unbiased procedure to detect seismic precursors on 
geomagnetic field data, using deep learning techniques. We treat windows of three 
component geomagnetic field measurements as grey-scaled images that are labeled as 
precursory to earthquakes or not, using local seismic catalogues. These are used as input to  
train a complex convolutional neural network. We carry out tests on datasets from three 
geomagnetic observatories located in epicentral areas. Preliminary results do not show an 
improvement in accuracy yielding inconclusive results. The neural network likely requires 
more data to be trained to recognise possible repeating patterns. Nevertheless, the 
theoretical implementation can serve as a basis for future testing, including data from all 
available observatories worldwide.   

Fig. 2 - One-week long geomagnetic field recordings at the Duronia (DUR) observatory in Italy. The three 
components show the amplitude of the geomagnetic field on the vertical direction (Bz) and horizontal directions 
(Bx for N-S, and E-W for By). The green square shows a one-hour long window. The shaded pink region shows a 

one-day long window.
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Abstract: Research in the last decades has mainly focused on the scientific and technical 

development of seismic risk models and the communication of relevant information to the 

society has thereby been neglected. However, as Karjack et al. (2021) showed in their study, 

it is indispensable to test whether professional stakeholders and the public interpret the 

provided risk information correctly. The aim of our study thus has been to co-design with 

seismologists first outputs of the Swiss seismic risk model and to test them with (professional) 

stakeholders of society. We have focused on the correct understanding and usefulness of the 

two products “rapid impact assessments” and “risk scenarios”. These products help to mitigate 

risk in the aftermath of an earthquake and to define disaster management plans prior major 

events. To this end, we have already conducted expert interviews and three workshops with 

professional stakeholders and will soon launch a survey with the public. At the conference, 

we will present evidence-based user-centred recommendations on how to design 

understandable and useful rapid impact assessments and risk scenarios for professional 

stakeholders and the public.   

Keywords: seismic risk communication; design of risk model outputs; co-design; 

transdisciplinary research; user needs 

1. Introduction

Over the last decades, the highest death tolls due to natural hazards are mainly attributed to 

large earthquakes (EMDAT, 2020). Some regions and cities in Europe are considered as 

global hotspots of increased seismic risk because of their high population density and 

vulnerable building stock (Crowley et al., 2021; European Commission, 2019). Although we 

cannot predict the precise location and time of earthquakes, hazard and risk assessments 

have considerably improved in the last decades, supporting risk mitigation actions. The 

updated European Seismic Hazard Model and the first openly available European Seismic 

Risk Model, both fully harmonised across borders and open access, will for example help to 

shape transnational mitigation measures (Crowley et al., 2021). Other services such as 

QLARM inform emergency responses by providing, within less than an hour, estimates of 

the number of casualties and injuries for significant earthquakes (Wyss & Rosset, 2020). 

Erdik’s et al. (2011) review of current methodologies used to operate local and global real 

time estimation systems concludes that they have reached a degree of development that 

ensures the effective application for various end-users, helping reduce the number of 

casualties and improve the emergency response capabilities. Sophisticated earthquake risk 

models allow estimating the impact of earthquakes either in advance in terms of a risk 

scenario, or a couple of minutes after the shaking by the means of rapid impact assessments. 

Risk scenarios are calculated to provide an estimation of what has already happened 

(historical events), is possible and what can be expected with a certain likelihood (most likely 
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scenario) (Fontiela et al., 2020). Regarding the rapid impact assessments, they can often be 

distributed within 15 to 30 minutes after an event, however, highly accurate loss estimates 

need more time and can delay the necessary response (Karjack et al., 2021).   

Both outputs – rapid impact assessments and risk scenarios – provide key information to 

base on mitigation or coping actions. Rapid impact assessments, for example, provide rapid 

information about potential damages and casualties immediately after an earthquake, which 

helps first responders to allocate resources efficiently (Wald et al., 2011). Risk scenarios 

inform about the potential consequences of historical or possible future earthquakes, 

facilitating emergency management planning and encouraging mitigation action taking prior 

an event (Fontiela et al., 2020). However, this is only valid if those eligible to take such 

actions have access to the relevant information and understand them correctly. Even though 

risk scenarios and rapid impact assessments are presently used for earthquake preparedness 

and recovery actions, only little is known about how to design them most effectively 

(Karjack et al., 2021). With our study we address this research gap. 

Our study focused on Switzerland, where earthquakes are the natural hazard with the highest 

damage potential (FOCP, 2020). However, damaging earthquakes are only expected to occur 

every 50 to 150 years (SED, 2019), which is one of the reasons why the public’s general 

preparedness and awareness levels are rather low. Despite technical measures such as the 

implementation of earthquake-resistant building codes, communicating earthquake risk 

information to the public is essential. Information about earthquake risk, if designed and 

disseminated appropriately, can help to enhance preparedness and, in consequence, reduce 

injuries and lives lost from earthquakes. So far, mainly hazard information has been 

communicated to the public as only this information was available. Currently, the Swiss 

Seismological Service (SED) at ETH Zurich in collaboration with the Federal Office for the 

Environment (FOEN) and the Federal Office for Civil Protection (FOCP) are working on a 

seismic risk model for Switzerland. It will provide not only information about the potential 

occurrence of earthquakes, but also about their expected consequences. With the seismic risk 

models, a set of products will become available for different stakeholders such as rapid 

impact assessments or risk scenarios. Both products shall help to support first responses and 

to inform mitigation measures. Therefore, it is crucial to test the first outputs of the Swiss 

seismic risk model regarding their usefulness, correct interpretation and preferences for the 

target audiences, in our case professional stakeholders and the public. We thus formulated 

the following overarching research question: How to design understandable and useful 

earthquake rapid impact assessments and risk scenarios for the society? 

2. Methodology  

2.1. Transdisciplinary mixed-methods approach 

We, social scientists and communication practitioners, have applied a transdisciplinary 

research approach by co-designing the Swiss seismic risk model outputs together with 

seismologists and statisticians (scientific community) and cantonal/national authorities and 

the public (society), see Figure 1. We chose this approach to make sure that the outputs are 

scientifically correct and based on the latest research findings and that the end-users’ needs, 

expectations and concerns are addressed. Moreover, the transdisciplinary approach ensures 

the development of products that the target audiences can and will actually use in the future. 

To this end, we first conducted interviews with international experts (N=7) (e.g., 

seismologists developing models to conduct rapid impact assessments) to map the currently 

available products and to explore the future developments. Second, we participated in three 
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workshops with professional stakeholders (e.g., authorities, first responders) (N≈150), where 

we showed first outputs of the Swiss seismic risk model. The aim of these workshops was 

to assess their perceived usefulness, preferences for, and correct interpretation of the 

information provided. Third, we will conduct a public survey in spring 2022 (N≈600) to 

assess the public’s understanding of, perceived benefits and concerns of, and preferences for 

the outputs available from the Swiss seismic risk model. There will be a particular focus on 

how to best communicate the uncertainties of the estimations and how people deal with it.  

Fig. 1 – Overview of our transdisciplinary co-production of the Swiss seismic risk model outputs 

3. Preliminary results

In sections 3.1 and 3.2, we summarize the findings gained from the expert interviews and 

workshops with the authorities. In section 3.3, we provide an overview of the focus of the public 

survey which will be launched in spring 2022 and results will be presented at the conference.  

3.1. Results from the expert interviews 

We conducted interviews with experts working on rapid impact assessments. We had a look 

at the following products: PAGER (national and global, example), ShakeCast (national), 

QLARM (global, example), InaSAFE (national, example) and Global Dynamic Exposure 

Model (global, still in development), The insights of these interviews, which also fed into 

the design of the Swiss seismic risk model outputs, are summarized in Table 1. 

The format of the different, currently available rapid impact assessments is quite similar. At 

the top of the rapid impact assessments, the magnitude, the intensity, the epicenter, the depth, 

the location and the origin time is depicted. In addition, they inform about the estimated 

fatalities and the estimated population exposed. Most of them also use a three- or four-level 

alert scheme to classify the impact of the earthquake and the needed response to it. Only one 

rapid impact assessment includes the number of expected injured and another the estimated 

economic losses. Regarding the maps, some rapid impact assessments include a population 
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exposure (intensity) map and others a mean damage map. The earthquake loss estimation 

tool QLARM further provides a layer with schools and hospitals where available in the 

database of the OpenStreetMap (Wyss et al., 2018). This helps to evaluate whether the public 

health system is still in place or whether medical assistance from outside is needed. Further 

elements that are also present on single rapid impact assessments are specific remarks with 

respect to the earthquake, a comparison table with historical earthquakes, and a list with 

selected city exposure. At the bottom, all rapid impact assessments have a disclaimer since 

they will be updated when new data is available, in particular for severe events. 

 

Table 1: Insights regarding earthquake rapid impact assessments and risk scenarios, from the expert 

interviews 

Purpose Format 

● Rapid loss assessments after an event to 

have a first overview of the damages, 

fatalities and people affected. 

● Risk scenarios of hypothetical or 

historical earthquakes to define disaster 

management plans. 

 

Quote: “We don't claim to estimate, to predict 

losses at a facility level but we can allow people to 

prioritize where within this very small region the 

worst situations are gone be.” 

Content 

● Magnitude, location, depth, time 

● Intensity or mean damage map 

● Estimate of fatalities and economic losses 

● Histogram with alert levels 

● Table with affected cities 

 

Communication means  

● Website, E-mail, Feeds, SMS, Social Media 

 

Quote: “[...] I spent a lot of my time talking to these 

folks, which is really key because we are not only 

addressing their concerns but we then fall these 

concerns back on how we deliver things.” 

Audience Future Potential 

● First responders 

● (Inter)national emergency agencies 

● Insurance companies 

● Critical infrastructure owners 

● General public 

● Media reporter 

● Going from global to local (higher 

resolution data) 

● Include data about hospitals and schools 

● Also inform about secondary hazards  

● More detailed national risk assessments  

● Combine it with statements about aftershock 

forecasts 

Challenges What has already been tested? 

● No second reports for major aftershocks 

● Updated reports can lead to confusion  

● Communication of the prediction, 

likelihood, uncertainties 

● Privacy issues/ Disclaimer 

● Maintenance of the products 24/7 

● Normalization bias 

● Media interpreting the numbers not 

correctly 

● Scientists’ experience & expertise 

● Informal feedback from the primary users 

● Workshops 

● Scientific meetings 

● Indicate the number of fatalities as ranges so 

that the media does not report an exact 

number that with high probability will not 

correct. 
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3.2. Results from the workshops with the national and cantonal authorities 

We participated in three workshops with representative of the cantonal/national authorities, 

first responders and civil protection. Based on the feedback, we iteratively adjusted the 

outputs accordingly. We here list some general comments [analysis is still ongoing]:  

● Ensure that the information display is consistent with already known and established products in the

specific region/country.

● Add a disclaimer that the information may be updated and/or changed at any time.

● Indicate the source of the information to establish trust.

● Ensure that the alert levels are consistent with the information on other national platforms.

● Provide information not only on a national but also on a cantonal or even communal level.

● Verbally describe the intensity levels which are usually indicated as Roman numbers.

● Provide short explanations about how to read the visualizations.

● Provide more general products for the public and more specific ones for the cantonal/national

authorities and civil protection.

● The possibility to compare the seismic risk between different regions is appreciated.

● Have different thresholds for the specific regions (e.g., in Switzerland cantonal thresholds)

● Use already established communication means to distribute the rapid impact assessments.

3.3. Expected results from the public survey 

We will conduct an online survey to assess public’s understanding and preferences for rapid 

impact assessments after an earthquake and risk scenario prior events based on preliminary 

results of the Swiss seismic risk model. Moreover, for certain elements of the rapid impact 

assessments, we will apply a between-subjects experiment to assess which visualizations are 

correctly understood, perceived as most useful and trigger people to take mitigation actions. 

4. Conclusions

In particular in countries such as Switzerland, where damaging earthquakes only occur 

rarely, risk scenarios can help people to gain a better understanding of the potential 

consequences. In addition, risk scenarios can be used to introduce and prepare for rapid 

impact assessments. When rapid impact assessments are only received infrequently, 

potential users may not be familiar with the output and not able to use it.  

However, these products can only help mitigate earthquake risk when the corresponding 

information is correctly understood and perceived as useful, and, consequently, used by the 

target audiences (professional users and the public). Our research effort is one of the first 

studies scientifically exploring how to design understandable and useful earthquake rapid 

impact assessments and risk scenarios. 

At the conference, we will present evidence-based user-centred recommendations for the 

design of rapid impact assessments and risk scenarios for earthquakes. Further, we will 

present best ways on how to communicate the uncertainties related to the seismic risk 

models. These recommendations will help others to develop products that the target 

audiences will actually use in an appropriate and efficient way. 
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Abstract

Earthquake Early Warning (EEW) systems are well established and provide public alerts in
countries like Japan, Mexico, and along the US West Coast. Despite their specific and often
unique characteristics (e.g., EEW algorithm, alert threshold criteria, tectonic settings, sensor
network geometry), these systems have all faced similar challenges with regard to social
aspects.

In Japan, the EEW system faced its biggest test during the M9.1 Tohoku-Oki earthquake
(2011). The alert was promptly and successfully delivered to the Tohoku region; however, the
magnitude was underpredicted and hence, an alert for the adjoining region of Kanto was not
issued. In the aftershock sequence, for nearly two months public users experienced 17
inaccurate and 20 missed alerts (Hoshiba and Ozaki, 2014).

The original purpose of SASMEX, the EEW system in Mexico, was to alert Mexico City of
earthquakes happening in the Guerrero subduction zone. Although the alert system now
provides alerts over a more comprehensive region, experience from the original system has
created a misconception that the average warning time was 60 s (Santos-Reyes, 2019). The
epicenter of the M7.1 Puebla earthquake (2018), was much closer and the alert was not
delivered in time, resulting in substantial damage and casualties without warnings (Suárez,
2022).

ShakeAlert, the EEW system for the US West Coast, successfully detected and accurately
located the 7.1 Ridgecrest earthquake (2019). Public alerts were warranted but were not
sent because the predicted shaking in L.A. county was below the alerting threshold. The
negative reaction to the lack of alerts suggested that the public appreciates alerts not only
for damaging levels but also for felt earthquakes (Cochran and Husker, 2019; Del Rio,
G.M.N., 2019; R.G. Lin, 2019). In response to public demand, the alerting thresholds were
subsequently lowered.

These major earthquakes in countries where EEW systems are already operating highlight
the importance of communicating the limitations of these systems to the public, analyzing the
public’s tolerance towards alert malfunctions, and taking into consideration the public’s
preferred system attributes (e.g., warning thresholds). In the main, the priority in EEW
systems has been to first improve the scientific and technical aspects and be concerned
about the societal issues afterwards.
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The Swiss Seismological Service (SED) at ETH Zurich and core partners have been
developing EEW systems across Central America since 2016. Major investment has been
made to steer the seismic networks towards a state of EEW readiness, and satisfactory
performance in terms of accuracy and latency of alerts has been achieved. Costa Rica and
Nicaragua have recently started sending EEW alerts to early adopters, including
stakeholders in private and national institutions.

As the ATTAC1 project moves toward an operational system and sends alerts to the public,
we want to focus on the social components of EEW systems in the region and take into
account the lessons learned in order to improve the future public EEW system across
Central America. To achieve this, we are conducting national surveys in Costa Rica and
Nicaragua. Our survey is based on the theoretical framework of people’s behavior to
warnings (Dunn et al., 2016; Lindell and Perry, 2012; Mileti and Sorensen, 1990). A number
of questions are adapted from previous EEW surveys (Becker et al., 2020; Dallo and Marti,
2021; Japan Meteorological Agency, 2012), fitting the context of Central America, to also
make cross-country comparisons. The three main goals of the survey are presented here:

EEW is complex and public expectation of its performance should be realistic. For some
large earthquakes, EEW systems will be unable to deliver timely alerts to the target public
which can diminish the support for the system. In the survey, we thus ask the participants to
evaluate the trade-off between the main benefits and limitations of EEW so that we can
estimate the public attitude towards the EEW system.

To explore the public preference for EEW system attributes, participants will be asked to
select the level of intensity of the alert threshold and the preferred channel to receive alerts
(i.e sirens, TV, radio, etc.). Additionally, participants will be asked to select the preferable

1 Alerta Temprana de Terremotos en América Central
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warning message from three hypothetical mobile phone alerts, ranging in complexity of
message content.

Nicaragua and Costa Rica have experienced damaging earthquakes in the past, and
continue to be at great risk, primarily due to the vulnerability of non-seismic resistant
constructions and the steady rise of population density. Protective actions can vary with
situational conditions (e.g., shaking intensity, emotional state), but permanent components
(i.e. earthquake experiences, risk, and preparedness) play a major role in how behavioral
responses are shaped. We will thus analyze the public’s behavioral response to alerts
through a hypothetical scenario where an earthquake triggered the EEW system.
Additionally, we will also try to leverage the growing amount of user experience from the
emerging EEW system by targeting particular users who have already received alerts.

At the conference, we will present the insights from the two surveys and provide practical
recommendations for the further development of EEW systems in Central America in order
to increase the societal effectiveness of these systems.
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Abstract: The circulation of earthquake misinform is not trivial and can have important 

consequences on citizens’ behaviour or on trust. Therefore, it is a collective duty, for social 

and ethical reasons, to fight the spread of false information, at all phases of the earthquake 

cycle. We present here a misinformation debunking activity undertook within a citizen 

seismology project in Haiti. We argue that citizen science is a specifically suitable frame to 

develop information and tools to efficiently combat misinformation, taking cultural context 

into account.  

Keywords: Science communication; Risk Communication; Citizen Science; Earthquake 

Myths 

1. Introduction

Misinformation has always existed in the form of rumours or gossips. Yet, the fast pace at 

which we share information on a daily basis, through social networks or messaging 

applications, increases the risk of spreading partially or totally false information. 

Misinformation tends to increasingly spread in times of crises (Zhou et al., 2021), which is 

also true for earthquakes.  

The 2010 earthquake in Haiti has been one of the first studied example of how social 

media contribute to the spread of these rumours (Oh et al., 2010). At the time 

misinformation included false information on potential aftershocks, on response topics and 

on the U.S.A potentially being able to create such earthquakes. We find this kind of 

rumours in many other examples as in l’Aquila (Alexander, 2010), Christchurch, (Johnson 

and Ronan, 2014) or Albania (Mero, 2019) for predictions, in Mayotte for the creation of 

earthquakes (Fallou et al., 2020). 

We here consider misinformation as information that is false or misleading according to 

the best available evidence at the time and is communicated regardless of an intention to 

deceive (Komendantova, N., Ekenberg et al., 2021). In fact, three broad categories of 
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earthquake misinformation can be considered based on research led by the Euro-

Mediterranean Seimological Centre (EMSC) and ETH Zurich (Swiss Seismological 

Service) (Dallo et al., 2022). The first and perhaps most common category is predictions, 

although it is not possible today to predict with certainty the date, location and strength of 

an earthquake. The second concerns the supposed possibility of creating earthquakes which 

is often associated to malicious intents (McComas, 2016). Finally, the third one gathers all 

the links that can be made between earthquakes and climate, weather or other types of 

patterns (Buis, 2019). On closer examination, earthquake misinformation is partly fueled 

by uncertainties, misunderstandings, cognitive biases, lack of science literacy or even lack 

of science consensus (Dallo et al., 2022). 

 

But the circulation of false information is not trivial and can have important consequences, 

whether tangible, as when it induces potentially dangerous behaviours after an earthquake 

(Mero, 2019), or intangible, as the loss of confidence in the information that comes from 

the authorities for example (Fallou et al., 2020). It is for these reasons and because 

scientists and risk managers have a social, ethical, and even political responsibility 

(Peppoloni, 2020), that seismologists, practitioners and science communicators should join 

the fight against earthquake misinformation.   

Recommendations for the earthquake misinformation combat rely mainly on 

communication (Dallo et al., 2022). More specifically, it is advisable to first get to know 

the audiences and to establish a trust relationship allowing understanding citizens’ needs 

and concerns. The cultural context is here essential as it determines certain upstream 

beliefs, such as religious ones. It also determines the conditions of reliability that people 

have towards informants (who is listened to and why?)…which change depending on the 

region as well on the social and political contexts.  Taking it into would allow for the 

development of comprehensive and useful prebunking and debunking
1
 tools.  

This paper presents how this set of recommendations could be applied in the Haitian 

context, through a citizen seismology approach. We first present the context and the 

project, before developing the adopted methodology. 

 

 

2. A citizen-seismology approach in Haiti  

The earthquake that struck Haiti on January 12th 2010 remains one of the largest seismic 

disasters known to date. Beyond the many political, social and economic scars, it revealed 

the crucial lack of preparedness, both on the part of scientists and citizens (Calais et al., 

2020). Indeed, seismic risk culture and perception were very low among the population. 

Moreover, knowledge of local seismicity was also very limited, especially due to the lack 

of seismic sensors on the national territory. 

 

A citizen seismology project (S2RHAI) was therefore setup in 2018. Citizen science 

defines scientific research conducted, in whole or in part, by nonprofessional scientists. In 

a broader understanding it integrates science projects that are done to some extent for and 

with citizens. The project proposed to use low-cost seismic sensors (Raspberry Shake) to 

(1) complement the national seismic network and (2) improve risk perception, 

preparedness and scientific knowledge of the population. Through these objectives, a 

                                                           
1
 The prebunking approach consists in preventing the appearance of misinformation when debunking consists 

in demonstrating that something is false or exagerated. 
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paradigm shift is introduced: seismic networks are not only composed of sensors, but also 

of citizens who gather around these tools and their information. 

Within the framework of S2RHAI, 15 RS were installed in volunteers’ houses (Calais et 

al., 2020) (Figure 1). In order to evaluate their perception of risk, their interest in 

seismology, their integration in the project, and the impact of this installation on their 

community, the hosts participated in sociological interviews conducted by the team's social 

science researchers. 

Figure 1 A volunteer in Jeremie posing with his Raspberry Shake in his kitchen. 

In parallel, a series of tools have been set up so that hosts could access scientific and risk 

information in a way that meets their needs: 

- A dedicated website was launched and enabled RS data visualisation

(https://ayiti.unice.fr/ayiti-seismes/),

- The seismic information app, LastQuake run by the EMSC (Bossu et al., 2018),

was translated into Creole,

- A WhatsApp Group was created to offer a place for exchanges between scientists

and volunteers.

In 2021, the OSMOSE project took over from S2RHAI, with the aim of giving it a larger 

dimension, by increasing the number of volunteers, but also and above all by better 

integrating citizens into the network thanks in particular to better communication, which 
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requires a better understanding of their needs. In this new project, the citizen science 

approach on the one hand and the association of seismology and social sciences on the 

other hand take on their full meaning since it makes it possible to apprehend the local 

culture and knowledge which are essential to take into account. This is made possible 

thanks to in-depth studies on the hosts but also on the Haitian population in general 

(Corbet et al. 2022). Indeed, vodou or Christian beliefs for example, because they are taken 

into account in the explanations of the causes of the earthquake (Hurbon, 2013, 2019), 

must be considered in communications and risk reduction approaches. 

 

3. The Nippes earthquake sequence and associated misinformation 

On January 24, 2022 a M5.3 earthquake hit the Nippes Region (the Southwestern part of 

Haiti). Two people were killed and more than 50 injured. The mainshock was followed by 

a long series of aftershocks many of which were felt by citizens and recorded through the 

citizen network. A series of misinformation was reported through the WhatsApp group by 

RS hosts who were wondering to what extent they were true. Therefore, we launched a 

misinformation debunking activity with volunteers in order to limit its spread and raise 

awareness on this topic among the general population.  

The idea was to put in practices recommendations formulated by the working group on 

misinformation (Dallo et al., 2022) and apply it to a citizen seismology approach. We 

processed as follow:  

- First, we collected through WhatsApp questions from RS hosts, whether their own 

or those they had heard around them 

- We then elaborated answers to these questions, with the help of seismologists 

involved in the project. For each question or rumour, we indicated what was known 

and was not. Indeed, acknowledging science and knowledge limits is part of the 

debunking process. 

- These answers were submitted for advice and improvement to RS hosts  

- We finally made adjustments and circulated the earthquake myth debunking 

materials to the general population through different means.  

Main questions and misinformation were related to (1) the potential existence of 

connections between faults or with Mexican earthquakes, (2) a potential volcanic activity 

and holes in the sea, (3) the possibility to forecast or predict aftershocks, (4) the existence 

of seismic cycles, and (5) the link between earthquakes and US military ship in the area. 

In parallel, the EMSC twitter bot (@lastQuake) was redesigned to integrate information 

about most common misinformation, in order to contribute to prebunking and debunking 

them. 
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At the time of writing this paper, the effectiveness of these measures has not yet been 

assessed, but results will be presented at the conference. 

4. Conclusions

Approaching the fight against misinformation through citizen science seems in the case of 

Haiti and the OSMOSE project quite appropriate. It makes it possible to take into account 

the real expectations and beliefs of citizens thanks to the intermediation of volunteers. 

Although they are not representative of the entire Haitian population due to selection bias, 

they nevertheless remain privileged interlocutors and information relays that allow us to 

access the rumours circulating and to respond better by adapting to the cultural context, 

local beliefs and science literacy. In parallel, there is also a lot of things to learn from the 

sociological study of citizens’ belief regarding earthquakes. It helps us better understand 

the cultural context and local risk perception…which is essential to adapt our strategy for 

seismic reduction. At the same time, it is considered here that misinformation is not only 

the object of a struggle by scientists against citizens. They are in fact also a rich object of 

study that allows a fine-tuned approach to the embedded beliefs about seismic risk. 

Misinformation thus also becomes a formidable resource for establishing a more effective 

and culturally sensitive risk reduction strategy. 

Fighting this false information and these rumours is all the more important for scientists in 

Haiti as there is a great failure of the state and a strong mistrust of the citizens towards the 

institutions. Through citizen seismology, scientists and citizens therefore have the 

responsibility to work hand in hand in order to overcome these deficiencies and to offer 

reliable and verified information to everyone in order to limit the pitfalls and the 

consequences of this misinformation, all in a culturally sensitive manner. 
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Abstract: Education, outreach, and training (EOT) programs are essential for the dissemination
of results and to fulfilling the broader impact of any important research institution. These
programs have the potential of attracting the next generation of researchers to the field,
increasing the interest of K-12 students in pursuing careers in science, technology, engineering,
and mathematics (STEM) fields, linking other researchers and practitioners (industry) to
innovative research, and informing the public of research results and their impact on society.
National Institute for Earth Physics (NIEP) in Romania is the leading institution for seismology
in Romania, performing basic and applied research in Earth sciences and responsible for the
seismic and geodetic monitoring of the territory. Since its launch in 2015, the EOT program has
grown from a collection of outreach activities initiated through independent projects to an
integrated framework comprising initiatives for all levels of education as well as for different
groups of stakeholders, from large public to private companies, from industrial partners to
authorities and funding agencies.

Keywords: school seismology, STEM, earthquake exhibition, awareness

1. Introduction

The Vrancea Area, located in the Carpathian seismic belt of Romania, is one of the most
active tectonic regions in Europe. In the last few decades, several major earthquakes have
occurred in this area (in 1940 and 1977), claiming thousands of lives and causing significant
economic damage. As intermediate-depth earthquakes can affect a vast area (up to 400 km
from the epicentre) and seismic risk is at very high levels (Pavel, 2016), there is a continuous
need to raise awareness by sharing information and knowledge in a broader region and to a
larger audience. Education is considered worldwide and globally agreed to be the long-term
defence against natural disasters. Why? Because it allows access to resources and knowledge,
the main “tools” influence risk perception and teaches skills and knowledge needed for hazard
mitigation.

Researchers from NIEP have initiated a series of pilot projects to build a proper framework
for engaging new communities and building partnerships, benefiting all involved.

Improving public awareness and education of the population is essential for mitigating natural
risks. Starting this effort at the level of schools and opening the doors for the broad public to
take part will undoubtedly be a way to increase the chances of success. Our view is that
research institutes should have a leading role in providing valuable data regarding the
earthquakes, thus enabling a better understanding of this natural phenomenon and thus
bringing its contribution to building a more resilient society.
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2. A bottom-up approach

In practice, an EOT program is comprised of a group of activities that broaden access to,
understanding of, and participation in general or specific topics.

There are mainly two approaches:

1. A series of activities are initiated simultaneously or successively, in the form of short,
medium, and long-term projects, without a rigorously planned coordination, most often
triggered by separate groups aware of each other's actions. There are punctual intersections
and synchronizations, but it cannot be a question of holistic planning that considers and aims
at the correlated pursuit of the proposed indicators.

2. The plan is initiated at the central level, the actions are correlated, and the resources are
distributed from the beginning to cover as well as possible the whole range of relevant
activities. From the very beginning, the groups of beneficiaries are targeted by specific,
correlated actions.

The succession of the two approaches is most often the one presented, the first approach
evolving naturally in the second. This happens especially (in most cases) in which there are
not enough resources dedicated to such a program, and the financial sources are secured
through individual projects whose implementation and time continuity are difficult to
guarantee.

This is also the case of NIEP EOT, which has evolved over eight years from a series of
specific projects to a program that aims to increase the literacy and potential of learners to
engage in inquiry activities that emphasize high-level thinking, problem-solving, and
collaboration (Educate), to raise participants' awareness of and interest in, earthquake
engineering and the science associated with the research and development work conducted by
NIEP researchers (Outreach) and to increase learners' ability to use tools, resources, and data
related to NIEP facilities (Train).

The categories of beneficiaries are those specific to these EOT activities, with a greater
tendency to diversify in the case of the first approach and to maintain only those that are
relevant, impactful, and for which the resources proved to be efficient in the second stage.
These include:

- K-12 educators and students
- Higher education professors and students
- The general public
- Researchers (especially young researchers)
- Professionals working in Earth science and Engineering
- Decision-makers (mainly the ones involved in disaster management activities).

The activities can be grouped into different categories targeting several beneficiaries:

Visit/workshops - a visit or a workshop offered to different groups of stakeholders in the
research facilities, following an appointment in advance. The infrastructure's capabilities are
presented and possible showcasing or research services demonstrated (e.g., Early warning).

Nonformal and Informal Education - delivered in the research facility, public places
(including science fairs) or on the internet, including but not limited to activities such as
school visits, museum displays and exhibitions. These can also include guided tours, telling,
but much more important showing aspects related to the seismic vulnerability of buildings
and risk.
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Research experiences for undergraduates - activities for K-12 students which range from a
few days to 4 weeks focus on STEM disciplines with an emphasis on earth science topics and
engineering principles. An important component here is the undergraduate internship
program.

Professional Development - this category includes workshops as an essential mechanism for
encouraging the use of monitoring and research data by students, fellow researchers, and
non-researchers, like professionals involved in undergraduate teaching and also K-12
teachers.

Most of the activities are focused on people, but some have important components focused on
products. The second category includes activities that aim to create informative materials,
experiments, displays, museum models, instructional materials (like tutorials), and K-16
curriculum and learning materials that illustrate the potential of Earth Science and Earthquake
Engineering as a context for learning.

3. Building blocks of the EOT plan

Following similar initiatives already existing in western countries (e.g., France, Italy, UK,
USA, Australia, and New Zealand), the Romanian Educational Seismic Network
(ROEDUSEIS; https://roeduseis.ro//) was focused on increasing the level of knowledge of
teachers and pupils on earthquake phenomena, earthquake effects, preparedness measures and
is also promoting the role of education and schools in disaster risk reduction. Being
implemented in a high seismicity country, a strong motivation for the implementation was to
educate the population about seismic hazards and risk by launching a challenge for the
Romanian educational system: to use seismology in classrooms for raising awareness of
earthquake risk as well as a tool for influencing the development of science curriculum.
Educational materials were developed comprising theoretical aspects, activities, and
experiments related to earthquakes and their effects[Tataru et al. (2016)].
The first Romanian educational seismic network was initially implemented in fifteen schools,
each equipped with educational seismometers connected and sharing online recorded
earthquake data for schools but also for other communities of users. In 2021, the network
expanded to 41 stations, some of them installed in other locations such as universities,
Geoparks, education centers, or museums. Twenty-four of the newly installed stations are
Raspberry Shake (RS)[Christensen et al. (2017)] which significantly increased earthquake
monitoring capabilities of the ROEDUSEIS network (from September 2020 to August 2021
from 366 worldwide earthquakes located by the NIEP professional seismic network, 158 have
also been recorded by the educational network).

Many of the conclusions are common to all similar projects and identify the need for
continuous training and technical support for schools and find the best way of introducing
resources as complementary educational materials and not, as much as possible, extra work
for both teachers and students. For the use of this article, we will underline a fact increasingly
appearing in the users’ feedback, as well as identified in after project SWOT analysis: mutual
benefits and the sense of ownership as an engine for authentic and long-lasting engagement.

During and after the project's lifetime, another conclusion came out very clearly, the idea of
the citizen seismology model as a next step and solution for sustainability, consisting of a
broader approach that involves multiple benefits but also multiple challenges. Even though
most seismology@school programs have set as an objective the recording of earthquake data
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by the schools’ networks, these data tend not to be either qualitative or quantitative and not
even too scientifically rigorous. This may be due either to the educational instrument
performance limitation or to the operating environment, the equipment decalibration (as a
result of their use for educational purposes), or even the failure to keep the seismometer in
operation.

Although the above reasons can be considered as purely objective and operational, an indirect
but linked reason is the lack of proper user understanding of how research tools work and how
researchers use data. This could also be translated as a lack of involvement and motivation.

To overcome this limitation and motivate users to participate, each targeted stakeholder
category should be properly addressed, a role should be assigned to them, particular tools
should be made available, and dedicated actions need to be planned. By users, we not only
indicate teachers and students but look at a broader concept in which schools and seismology
are gateways to community access (open schooling). More pragmatically, if the most valuable
feedback, in the case of citizen seismology, is the quick data provided in the aftermath of an
earthquake, especially from an area poorly seismic monitored, then easy access to particular
applications should be facilitated and promoted.

This led us to another project finding pointing out that requests for feedback should not be
based solely on scientific altruism and the public good but rather linked to providing access to
a service. For example, requesting feedback after an earthquake notification and returning the
result (estimated intensity) to the user. In this way, the importance and usefulness of the input
will be fully understood by the user.

The MOBEE (MOBile Earthquake Exhibition; https://mobee.infp.ro//, Fig.1) initiative
tackles a very complex topic concerning the present and future of Romania: the crucial role of
education in the perspective of a future major earthquake. One of the main goals of the
exhibition is to provide a reliable, attractive, and up-to-date source of information regarding
earthquakes, leading to mitigation by education. The initiative translates modern approaches
to science, arts, and computer science into end-products that directly impact forming
(awakening) and developing interest in Earth Science.

We provide an insight into how and why new technologies and concepts like large-scale 3D
printed maps and models, digital animations and app development, hands-on experiments, or
flexible content were put to use. Through this project, we developed a portable exhibition for
museums and other educational events that focus on seismology and Earth Sciences, aiming
to change the public perception about earthquakes, and equally important, be used as an
education tool outside the school environment. The exhibition is mainly focused on school
students of all ages but is also open to the wide public and it addresses the main topics of
geophysics and earthquake engineering, introducing scientific concepts through posters, apps,
movies, animations, and also interactive experiments.
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Fig. 1 - MOBEE Exhibition, installed at the 2020 Civil Protection Days event

School Tune into Mars - an educational journey to the Red Planet
To support teachers in developing STEM skills for students who will be needed in the near
future, the Schools Tune Into Mars (STIM) project aims to improve the effectiveness and
quality of teaching of science, technology, engineering, and mathematics (STEM) disciplines
at secondary level and to increase young students knowledge and interest in STEM education
by providing pedagogical materials with high-quality inspirational lessons related to planetary
seismology, as well as adequate guidance and to underpin innovative activities that are
developed in a co-constructive process between researchers and teachers [Tataru et al.
(2020)]. STIM was a project that brought together a network of schools and organizations
with an interest in Earth and Space education and studies related to the planet Mars.

To achieve all these goals, several complementary sets of activities have been developed: a
programmatic document elaborated based on the STIM resources supported by a study aiming
to assess the need and opportunity of STIM resources for teachers; a pedagogical guide to
help the use of resources from space missions in classrooms; a Massive Open Online Course
(MOOC) entitled “bring Mars missions into the classroom” which provides online training to
teachers in order to use innovative teaching materials related to Mars space missions in
classrooms and a report with recommendations for the creation of a Mars-Edu network to set
the scene for an innovative and long-term collaborative network on space education related to
Mars missions.

“Bucharest and earthquakes” guided tour
This tour, started in 2019, tells the story of the past (experiences of the 1940, 1977 or other
earthquakes) and present, focusing also on the future perspectives of reducing seismic risk in
Bucharest, one of Europe's most exposed capitals to earthquakes. Experts from NIEP but also
other partner entities, with expertise in seismology, earthquake engineering or urban
development, show and talk about buildings that have been affected by earthquakes or are
vulnerable and solutions for risk mitigation, right in the centre of the city. The tour is
organised for free at least twice per year: around March 4 and November 10, commemorating
the 1977 and 1940 Vrancea earthquakes (Fig.2). For students of various universities, the tour
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is also included in their practice sessions, being also organised on request; it can also be taken
directly in front of the computer, via a dedicated webGIS StoryMap application
(https://arcg.is/5PzKe).

Fig. 2 - Photos from the “Bucharest and earthquake” guided tours in 2022 and also of the tour StoryMap

A Science and Technology Summer Program For Undergraduates and Teachers
The global development of society requires a constant updating of the objectives that
education pursues and how they are achieved. Science education is an area undergoing a
process of advanced transformation, both at the level of objectives and methodologies, with a
strong social, economic, and knowledge impact.

Research-based education is a well-established term, especially in the higher education
system. More and more studies and key policy documents argue that education must be based
on cutting-edge research. At the same time, many universities claim to place the approach on
the core value they believe in.

Each year a two-week summer school for high school pupils complemented with a
three-month internship program for undergraduate students is proposed and supported by the
NIEP, alongside partners, national research institutes, and universities. It seeks to attract,
nurture, and retain students in the science, technology, engineering, and mathematics (STEM)
career pipeline. This is accomplished by providing mentoring focused on enhancing student
learning, opportunities for students to contribute meaningfully to research, experience with
current research practice, and opportunities to create research products.

4. Conclusions

To step up to the next level and build upon existing projects, NIEP EOT's goals are to further
gather, develop, and coordinate quality education activities as well as increase public
awareness of relevant Earth science and earthquake engineering subjects, and also continue to
develop learners’ interest in pursuing a career in this field of study. At the core of the project
will remain the two initiatives (ROEDUSEIS and MOBEE), but taking into consideration the
“upgraded” versions of the citizen seismology model as development and continuation of
seismology@school concept, also allowing to approach more sensitive but mandatory open
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data policy and legal issues, exploring the current legislative environment and how it both
enables and constrains citizen seismology efforts.

Another conclusion linked with training needs came from statistics gathered after four years
(editions) of Summer School of Science and Technology. The program factually proved that;
students must first be attracted to them to persist in geoscience majors. This goal can be
achieved if we properly communicate career opportunities, demonstrate domain relevance to
students’ lives by facilitating real-world experiences, succeed in reaching out and engaging
the K12 students and teachers and involve them even from early stages in research
experiences.

The education and outreach projects developed and briefly presented in this study offer a
complementary set of activities and deliverables meant for supporting the implementation of a
strategic education, outreach and training programs in Romania, in the field of seismology, an
opportunity to improve understanding of earthquake-related concepts and to change the way
these concepts are taught and disseminated. The strategic plan intends to establish the
framework to be used by educators, researchers, and other organizations to meet the
educational needs and technological challenges of future K-12, graduate and undergraduate
students, practitioners, and the interested public.
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Abstract: InSight (Interior Exploration using Seismic Investigations, Geodesy and Heat 
Transport) is a discovery program, lead by NASA, that has landed a single lander on Mars 
and other sensors, such as a seismometer, a heat flow probe, and more others sensors that 
provided a lot of data. 

 
The main payload is the seismometer called SEIS, that is the first seismometer (after Viking 
fail) to record signal with a very deep precision. The goal of this mission is to investigate the 
dynamics of Martian tectonic activity and understand all the processes that shaped the Red 
Planet. 

 
Pupils were able to benefit from the data recorded by SEIS, and transmitted, with little delay, 
to schools by the science team. In this presentation, we will show all the practical activities 
done with kids, teens and students in France and other countries during the space mission 
(2018-2022).  

 
This work has been done by a French team of teachers, in international cooperation with others 
countries (with UK, USA, Switzerland, Spain, Romania …) and can be found on this specific 
website: https://insight.oca.eu 

As the InSight mission draws to a close, a survey was conducted within the 
Education community to assess the impact of such an education component 
in a research programme. 
 
Keywords: Mars, Education, sensors, data, hands-on.  

1. Introduction  

The InSight mission aims to explore the interior of Mars using seismic data from marsquakes 
and meteorite impacts. The data from InSight offers a chance to leverage existing 
international Seismographs in Schools networks to allow a large and growing number of 
students to interact with seismic data recorded on Mars as soon as it is available on Earth. 
Students in these networks have experience with seismic data and software (Berenguer, 
2020), and are primed to engage with this NASA Discovery mission.  
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Seismic data in the classroom have provided both a hook for inquiry with real data. Students 
are be able to observe daily variations in ground motions and to analyze 3-component data 
from the broadband sensor, to attempt to locate marsquakes and meteor strikes. Being among 
the first to work with Martian seismic data, students are working alongside scientists. 

2. Schools involved with scientists for the InSight Blind Test (IBT)

When the InSight science team initiated a blind test (Clinton, 2017) to explore detection and 
discrimination techniques, schools were encouraged to participate. Twenty French schools 
(SEISonMars@school) accepted the challenge which consisted of analyzing one month of 
data of the test blind to detect seismic events (van Driel, 2019).  

For schools, the priority was the educational approach to follow, more than the final 
catalogue. This experimental pedagogical project has shown many interests. It confirmed to 
us that pupils were already quite familiar with the exploitation of online data, that teachers 
could make themselves available for innovative projects that were not part of their official 
curriculum, and that researchers were ready to accompany schools in this challenge.  

Of course, our ambition was not to compete with research laboratories (Figure 1). Our main 
objective was to showcase the IBT data set to school children.  

Figure 1. The schools catalog among scientist teams catalogs (From Van Driel et al., 2019). a) Summary of the 
team performances. Schools identified more than a hundred events, and seventeen of these were correct 
detection. This was very fulfilling for students to see their work included among results from scientist teams, 
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and to see that they succeeded to detect some events. b) Temporal overview of the schools catalog indicating 
correct detections. 

 

With seriousness, application and tenacity, the secondary school students managed to 
identify a number of seismic events from the synthetic data. In addition to the outcome of 
the challenge, feedback from the teachers emphasized the great impact of the IBT on 
classroom dynamics. It allowed students to develop skills such as scientific inquiry, 
observation and critical thinking, autonomy and discovery of the digital world. Even pupils 
with learning difficulties responded well to the project, showing a good level of involvement 
and participating in class discussions. We believe that the reason for this is that the 
framework was out of the ordinary. 

3. Schools tuned in to Mars with InSight real data. 

It was also extraordinary to access to SEIS records over several years. Every three months 
we delivered data (seismograms, but also weather data) recorded by the InSight lander to the 
schools. In order to make it easier for students to use the data, it was prepared and 
didacticised.  

It has been an important task for the InSight Education team to make the data accessible to 
the general public. It has also been an opportunity for researchers and teachers to work 
together to produce quality and appropriate data. This is an essential point in an educational 
mission linked to a research project.  

It is also essential to offer digital tools adapted to schools for reading and analysing data. A 
great effort was also carried out to produce these innovative, educational tools, which were 
the basis of an educational kit for teachers and their pupils. 

The data were therefore released through a data platform (https://insight.oca.eu/fr/data-
insight). Several approaches have been proposed:  

- The visualisation of the daily ground motion (in Martian day or sol) through a 
helicorder, recorded by SEIS (Figure 2a - Mars Replay),  

- An database of events of educational interest, in SAC format (Figure 2b).  
- A digital viewer (produced by InSight Education) for analysing seismograms, using 

various velocity models and for locating the event (Figure 2c - Marsquake View). 
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(a) 

(b) 

(c) 

Figure 2: (a) Helicorders (ground motion) recorded daily by SEIS in Martian time, 
(b) List of marsquakes for educational purpose (in SAC and PNG formats)

(c): Marsview application to analyze and locate seismic event on Mars.

Many activities were offered to the students. They have been developed in the classroom 
stimulated by the availability of real data from the Red Planet. And numerous data mining 
exercises were developed by the teachers, leading them to create digital tools for didactic 
purposes. The students were thus able to follow the InSight exploration mission step by step 
through the data. 
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All activities and software proposed to the schools, are structured according to those topics 
(https://insight.oca.eu/fr/hands-on-pratiques): 

 
• Topic Telluric: seismology and meteorology activities are provided, 
• Topic Data: use of data from Mars with students to discover events on Mars, 
• Topic Journey: activities on orbitology shows how InSight will join Mars in 2018, 
• Topic Sensor: accelerometers, piezoelectric cells and more … were used with pupils to 
understand and analyse collected data. 
• Topic Signal: pupils can understand with a software how the signal is transferred from 
Mars to the Earth!  

Working with real, unpublished data can become complex in the classroom for students but 
also for teachers who are responsible for guiding their students. 
 
So, the implementation plan for the Education strand was quickly structured into three main 
areas.  
- The release of didactic data and its use by schools. 
- Understanding how sensors work, and how the data are recorded 
- Training for teachers who are learning about Martian exploration step by step 

These activities were shared in a huge international schools’ network.  

4. International Engagement of Students with Martian Seismic Data. 

The need to organise the production of specific tools to didactise the data, but also the need 
to train teachers in the pedagogical use of online data, became apparent quite quickly. 

To facilitate the use of data, an inter-school challenge (https://insight.oca.eu/fr/namazu-
contest) was set up during the whole mission period: the 'Namazu' contest (Berenguer, J.L, 
2020)t. Every two months, the pupils took up the challenge of analysing recent data from 
Mars and setting up experiments in relation to the lander's sensors, all under the benevolent 
eye of a few members of the scientific team (Figure 3). 

 

Figure 3 : J-Y Le Drian (Minister of Foreign Affairs) congratulating the students of the French high school in 
Dublin for their 1st place in the Namazu 2020-2021 contest. 
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Another example to use the InSight resources was an Erasmus project STIM (Schools Tuned 
In to Mars / 2018-2021) which federated the teachers community in Europe … and more 
(https://insight.oca.eu/fr/stim-resources). 

The context of the pandemic has also led us to other forms of educational practice such as 
the 'insight at home' initiative (https://insight.oca.eu/fr/insight-home). A series of quizzes in 
several languages inviting students and their teachers to research and analyse data online. 

Nor should we forget training for teachers in the discovery and use of these resources. Three 
international workshops (Figure 4) were organised in conjunction with insight science team 
(https://insight.oca.eu/fr/workshop). Conferences, but also practical workshops and poster 
sessions enabled teachers to familiarise themselves with the databases, to discover the tools 
in the teaching kit, to update their knowledge and, above all, to exchange ideas between the 
worlds of education and research. 

Figure 4: 60 teachers, 10 countries gathered for a Workhop in January 2019, 
a few weeks after the landing of InSight 

5. Conclusions

It is rare that data from an ongoing scientific mission is made available to the general public 
(and especially to schoolchildren). Experiments have already been conducted with the 
monitoring of MERMAIDS data (Bigot-Cormier F., 2017). 

The teachers and their students were able to take advantage of this great moment of science. 
For the teachers, it was necessary to construct notions from recent and totally innovative 
data. For the students, an extraordinary motivation for geosciences was revealed. As for the 
researchers, they were also able to communicate about science and technology to the general 
public. 

Can we draw up an evaluation of the InSight Education component with teachers, their 
students and researchers?  
Such a survey has been recently launched among students, their teachers and researchers. Its 
results may lead us to become familiar with this way of teaching where the link between 
science and society is built on a daily basis. 
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Abstract: The ROEDUSEIS project was the first initiative to introduce seismology in 

Romanian schools. This NIEP initiative led to the formation of an Education, Outreach and 

Training Group (EOT) which use resources from research projects and develop products for 

Science Education. One of the scientific objectives of the project was to install 

seismometers in schools. The educational seismic network has been continuously improved 

with new seismometers so that currently there are 41 seismometers installed in schools, 

alongside with data from 18 broadband seismometers from the Romanian National Seismic 

Network (RNSN) operated by NIEP. During these years NIEP organized and participated in 

a series of events dedicated to students and teachers to promote Science Education. 

Keywords: educational seismology, earth science, science education 

1. Introduction

Earthquakes can be viewed as one of the most destructive natural phenomena that can 

cause important damages, loss of lives, socio-economic losses as well as cultural losses 

and for these reasons it is very important to study and understand the phenomena. Romania 

is one of the most active seismic countries in Europe, with more than 500 earthquakes 

occurring every year. 

The National Institute for Earth Physics – NIEP is the leading institution for seismology in 

Romania, responsible for seismic monitoring and advanced seismological research. 

Understanding the earthquake phenomena and their effects at the earth surface represents 

an important step toward the education of population in earthquake affected regions of the 

country and aims to raise the awareness about the earthquake risk and possible mitigation 

actions. One of the NIEP objectives, with a vital impact on the needs of society, is to 

improve the link between research, education and outreach. The use of seismology as a 

tool for teaching geosciences is a concept that was validated globally through the success 

and impact of several projects and networking activities developed especially in the last 

decades (Berenguer et al. (2013), Courboulex et al. (2012), Zollo et al. (2014), Balfour et 

al. (2014), Subedi et al. (2020). 

2. ROEDUSEIS road map

The Romanian Educational Seismic Network (ROEDUSEIS) (Tataru et al. (2016)) is the 

main product of the first educational initiative in Romania in the field of seismology 

(www.roeduseis.ro) which involved two research institutes (National Institute for Earth 

Physics (NIEP) as coordinator), one university and one software development private 

company.  
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ROEDUSEIS (2012-2017) aimed from the beginning to develop and implement new 

teaching methodology of Earth Sciences in schools, using seismology as a means of 

knowledge and training in the field of seismic risk. The project set itself a set of 

educational, scientific and social goals. Among the most important educational objectives 

we mention: preparing comprehensive educational materials as resources for training 

students and teachers in the analysis and interpretation of seismological data, 

experimentation of new technologies in projecting and implementing didactic activities 

based on the concept “learning by doing”, professional development and support for 

teachers and development of science curriculum module. The scientific objective consists 

of introducing in schools the use of scientific instruments like seismometers and 

experimental methods (seismic data analysis) that are usually restricted to research 

laboratories. Regarding the social objectives, the project facilitated the interaction between 

scientists, teachers and students, thus allowing the students and teachers to be more 

involved in research activities, on one hand, and the scientists to share their knowledge and 

to participate in didactic activities, on the other hand. Finally, the project represented an 

instrument for informing and raising seismic risk awareness, but also for increasing the 

general interest of students in science. 

This initiative started in 2012 with the achievement of the educational materials for all 

educational levels (preschool, primary, secondary and high school) available on 

www.roeduseis.ro.  The action continued in 2013 with the installation of the educational 

seismometers and presentations for students and teachers on seismology in through 

“ROEDUSEIS Caravan”. 9 seismometers were installed in pilot schools and other 2 in the 

Seismo-laboratories developed at NIEP and BBU. In the same year, seminars on “Teaching 

Earth Science in High School” were organized at Cluj Napoca and Bucharest and consisted 

of training sessions for teachers including seminars with presentations of teaching 

activities, proposals for their implementation (teaching modules and practical activities), as 

well as discussions about possible ways of application in the didactic activity in pre-

university education. 

Workshops on "Seismology in schools" dedicated to teachers were organized in several 

stages of the project, in different locations: Căciulata (September 26-28, 2014), Bucharest 

(May 11-12, 2015), Ghimbav (4–6 March, 2016) and Eforie (August 8–12, 2016). In the 

same time, the Educational Seismic Network has been continuously improved by installing 

new seismometers in schools. Presently, ROEDUSEIS Network consists of different type 

of seismometers: 10 SEP, 7 Slinky, 24 Raspberry Shake (RS) alongside with data from 18 

broadband seismometers from the Romanian National Seismic Network (RNSN) operated 

by NIEP (figure 1). 

This NIEP initiative led to the formation of an Education, Outreach and Training Group 

(EOT) which, using resources from national and international research projects, began to 

develop products and provide services to a diverse audience. The infrastructure created in 

the framework of ROEDUSEIS project allowed NIEP to continue the education and 

outreach actions even after the completion of the project. Thus, NIEP took part in a series 

of events as an organizer or participant to promote Science Education. Among the most 

important events we mention: the National Conference of the Science Education 

Community (2017, 2019, 2022), the Summer School of Science and Technology from 

Magurele (2018, 2019, 2020, 2021, 2022), the Researchers' Night (2020, 2021), the School 

Otherwise in Magurele (2020, 2021, 2022).  
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Fig. 1 – Romanian Educational Seismic Network (different colours for seismometer type, more info at 

https://sites.google.com/view/roeduseis2021/home).  

3. Conclusions

Using the exponential development of information technology, science, education and the 

expertise of the institute's researchers, NIEP makes substantial contributions to education 

in the field of Earth sciences. 

Through the activities carried out and the results obtained, it is a clear proof of using the 

results of science and scientific research as a tool of education in schools (Science 

Education). It is an efficient and innovative tool, based on seismology, which is 

successfully used in a country with seismic potential such as Romania. 

The events organized by NIEP were not only local but also national and international, so 

that in all these years students and teachers from all regions of Romania participated. 
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Abstract: An educational program focusing on seismological activities for student training 
in geosciences and on raising citizen awareness of natural hazards has been active in France 
since 1995. Over this quarter century, different generations of students have learnt various 
lessons concerning sensor installation, data recording and analysis. These actions have led 
them into the field of scientific interrogation and interpretation, making them better prepared 
for our modern technological societies. Since 2017, University Côte d’Azur has taken over 
with the program called Educational Mediterranean Observatory (EduMed-Obs, 
http://edumed.unice.fr). EDUMED-Obs web interface offers a range of data, tools and 
training resources for secondary schools and university students on seismology and seismic 
risk. We present here all these resources proposed by EDUMED Observatory, and we will 
show how they allow an innovative and motivating approach to teaching seismology. We 
describe the necessary and sustainable relations between teachers and researchers over time. 
Combining students’ motivation, teachers’ experience and researchers’ expertise results in a 
very popular project in the Mediterranean area. Recent integration into the official syllabus 
of the new Geosciences high-school curricula in France illustrates the impact of such an 
exceptional experience. 

Keywords : data mining, teachers training, observatory, education tools 

1. Introduction

The idea of an educational seismic network arose in the United States with the Princeton 
Earth Physics Project (PEPP) proposed by Pr. G. Nolet and Pr. B. Phinney in 1993 (Steinberg 
et al., 2000). Pursuing the same objective, an educational seismic network was initiated in 
France in 1995 and is still active after twenty-five years. 
Today, many other educational seismic networks exist around the world, including the 
United States, Great Britain, Romania, Greece, Portugal, Australia, Nepal, Taiwan, Haiti … 
providing an indication of the importance and need of distributing seismic sensors to schools 
for educational purposes.  

The Educational Mediterranean Observatory EDUMED-Obs. focuses on implementing an 
interface based on a geoscience dataset concerning the Mediterranean basin. The theme not 
only focuses on seismology: landslides, meteorology, hydrology, and sea-level variations 
are also considered. The particularity of this educational observatory is mainly to provide 
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teachers with didactic resources from seismological data to promote geoscience teaching in 
the classroom. 

2. Edumed Obs. : a seismological data center for schools 

EduMed-Obs provides datasets from research centers and sensors installed at school.  
The observatory already numbers some seventy European schools in the countries around 
the Mediterranean that host sensors and which implement scientific teaching focused on 
natural risk education (schools map available at http://edumed.unice.fr/le-reseau-edumed/). 
These datasets are intended not only for middle and high schools, but also for university 
students. It is an excellent opportunity for students to compare datasets from their own 
sensors with research datasets. The installation of seismometers at schools promotes learning 
based on original records. Such learning makes students familiar with scientific data. With 
acquired experience, students can download other data from environmental agencies for their 
own investigation. 
 

From the data center, students have access to recent seismicity (regional or global), as well 
as to the ground motion (helicorders) of the various stations (Figure 1) selected by 
EDUMED-Obs. Near real-time monitoring is therefore possible for students.  
 

    
    ARBF     CALF       BARF       CUNEO  

 

Figure 1. Helicorders from two research sensors (ARBF and CALF) and two schools sensors  (BARF and 
CUNEO) for 02/05/2022. A seismic event (Northern Italy) can be detected on the four helicorders. 

Some seismic events are selected (by EDUMED-Obs. team) for their educational interest 
and are archived in a database of downloadable seismograms. The seismograms are provided 
in .SAC format. Each seismic event archived in this way becomes a case study, the starting 
point for classroom activities. 
 

Data mining is developing and become preponderant in current teaching programs (Bigot-
Cormier et al., 2017). Data alone is not enough for such a school activity. Data (seismicity 
catalog, seismograms) must be associated with dedicated digital tools: database queries, 
seismogram visualisation software… The EDUMED Observatory offers such tools that 
facilitate the exploitation and interpretation of the data proposed online. 

3. Edumed Obs. : a web platform for data mining on line 

Tools for data mining have been developed and made available online. Secondary schools 
and University students can therefore use the recordings themselves directly from the web 
platform. 
 

It is thus possible to request seismic events in the form of catalogues for a given period, or 
to search for daily helicorders for a specific seismic station. These tools make the school 
activities easier and faster. 
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For example, the frequency of aftershocks after a strong earthquake can be monitored 
(Figure 2), or the volcanic paroxysms of Mount Etna can be followed (Figure 3). 

Figure 2: (a) On line request tool for seismicity catalog in a specific area (Northern Italy, 2022 May 2-7) 
(b)  Result of the request : Seismicity catalog  (Main Quake and aftershocks) 

EDUMED data center (seismicity request) > http://edumed.unice.fr/data-center/seismo/ 

Figure 3 : Bronte school (Sicily, Etna area) helicorders request: 2022, March 05-25. Tremors can be seen on 
the records … Each tremor corresponds to a volcanic eruption of Etna. 

EDUMED data center (helicorder request) > http://edumed.unice.fr/data-center/seismo/ 

Data mining at school is also the possibility of working with seismograms (digital files) to 
compare the arrival times of seismic waves, to locate an epicentre, etc.  

2.a

2.b
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A dedicated tool for schools has been developed. It is the Tectoglob 3D software designed 
to visualise the seismograms directly from the web platform and to study them on line. 
(Cosentino P., http://acces.ens-lyon.fr/acces/logiciels/applications/tectoglob3d) 
 

The seismograms of educational interest, available on the EDUMED database, can be 
directly downloaded and analysed with the Tectoglob3D software (in English or French 
version). The software allows a number of simple and quick actions to analyze the data for 
school and university purposes. (Figure 4). The software is regularly updated according to 
feedback from teachers and the practice of seismology in schools. 
 

 

 
Figure 4 : A case study (Seismic event in Creta M=6, 31/07/2021) downloaded from EDUMED Data Center 
and analyzed with Tectoglob3D. 
 
Seismological data are an excellent approach at school both for the study of the structure of 
the telluric planets (Balestra J. et  al.,2020) and for earthquake risk education (Virieux J. et 
al., 2008).  
 

However, over the years, there has been a great need for educators both for teaching with 
online data and for seismic risk prevention. Therefore, the EDUMED Observatory is 
proposing a third component which corresponds to help and to train teachers to use online 
data, and to promote geoscience teaching. 

3. Edumed Obs. : a collaborative network to share teachers experiences 

The schools that are twinned within this network can share their experience on natural risks 
along the Mediterranean coast. It also provides the collaboration between teachers and 
researchers to better collect and analyze the seismic data. 
 

Such interaction allows teachers to develop teaching material in class. Moreover, this 
teaching material is provided on the website to other educators. It has been observed that 
these online resources have been used by a broader community of teachers in many fields, 
including natural sciences, history, geography, social sciences and so on.  
 

Teachers use a huge diversity of resources inspired from the data online, from workshops, 
from their researchers mentors … All kind of resources produced are pushed online for the 
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teachers community. EDUMED Observatory proposes hands-on activities, science articles, 
media products as posters, video … 

All these teaching training resources are directly inspired by the feedback from the teachers 
involved in this project.  

Recently a booklet ‘SISMO Collector’ was edited by the Observatory. As the name suggests, 
it is about re-packaging many activities for the classroom using both online data and 
modelling through experimentation (Figure 5). This booklet is already being distributed for 
free to schools in France. Soon to be available in English, this booklet can be disseminated 
more widely across Europe and beyond. 

Figure 5 : One example of school activity (site effect using data online and modelling) in SISMO Collector 
booklet 

5. Conclusions

After a quarter of a century of educational seismology in France, the adventure continues. 

Experiences are increasingly shared in Europe and beyond. Seismic waves do not know our 
borders, this is also the case of our resources for Education. With EDUMED Observatory, 
data and resources are widely shared among all educators, among all educational and 
research networks on the Mediterranean territory.  

Today EDUMED Observatory expertise is already being exported through initiatives in 
Central America, where a network is being built on the Caribbean arc from Haiti to 
Venezuela via the French West Indies (http://edumed.unice.fr/fr/eduseis).  

All these indicators give us a great responsibility to continue within the school an innovative 
quality training to promote geosciences and natural risk education. Strengthening the link 
between science and society, between student and citizen, remains a great challenge for the 
years to come. 
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Abstract: This paper presents a combined analysis of seismic and acoustic signal 

observations for tracking the repeating explosive sources (explosions and sonic booms), 

generated by the Russian bombardment and shelling of Ukraine. We use events reported in 

the bulletins provided by IDC/CTBTO to associate them with seismic and infrasound 

detections of the Romanian arrays. Infrasound signals observed at the BURAR seismic array 

were used to study the events to better characterize the type of events in this region. We 

show phase identification of acoustic signals observed on both seismic and infrasound 

instruments using atmospheric ray. We also investigate seismic and infrasonic 

characteristics, i.e., arrival time, back azimuth, speed, amplitude. Spectrograms of the 

infrasonic and seismic waveforms were computed for investigated events as an important 

tool for examination of frequency content and energy released by an explosive source. By 

using infraGA 2D ray tracer through NRL-G2S atmospheric model, stratospheric and 

thermosphere infrasonic phases were identified to be observed at BURARI and IPLOR 

stations. 

Keywords: seismic array, infrasound array, sonic booms, war in Ukraine 

1. Introduction

Seismic and acoustic signals are produced by a wide variety of explosive sources, 

including nuclear tests (e.g., Assink et al., 2018; Gaebler et al., 2019) and near-surface 

chemical explosions (e.g., Evers et al., 2007; Ottemöller and L. G. Evers, 2008; Bonner et 

al., 2012, Koch and Pilger, 2020; Pilger et al., 2021). Military explosions or potential 

terrorist incidents have been investigated as well using the joint seismic-infrasonic 

processing of data (e.g., Koper et al., 2002; Gibbons et al., 2007). Other explosive sources 

detectable by the infrasonic and seismic sensors are sonic booms from supersonic flights. 

Shock waves associated with maneuvering aircraft conditions propagates to the ground and 

causes sudden explosive sounds (Hubbard, 1968). Sonic boom signals generated by 

supersonic aircraft can be detected as direct arrivals (Grover, 1973; Donn, 1978) or the 

shock wave can be refracted away from the aircraft, infrasonic components being detected, 

if the atmospheric and wind conditions are favorable, at distances of thousands km from 

the flight path of the aircraft (Balachandran et al., 1977; Liszka and Waldemark, 1995; 

Evers et Haak, 2000; Cates and Sturtevant, 2002; Le Pichon and Cansi, 2003; Varnier et 

al., 2012). 

On 24 February 2022, the Russian military began attacks on targets in Ukraine. Since then, 

as mass media sources reported numerous missile strikes and explosions in major cities 

including the capital Kiev, a plethora of impulsive signals could be observed into the data 

recorded by the Romanian seismic and infrasound arrays. Table 1 shows the list of stations 

that contributed to this study. The waveforms are available at the NIEP and NIEP EIDA 
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nodes. Infrasonic arrays BURARI and IPLOR are part of the Central and Eastern European 

Infrasound Network (CEEIN, Šindelářová et al., 2018), and contributes to the first CEEIN 

seismo-acoustic bulletin for 2017-2020 that (Bondár et al., 2022). Infrasound data and 

additional information can be found at the CEEIN website, www.ceein.eu. 

Table 1. Romanian seismic and infrasound arrays 

Station Type Location 
No of 

elements 
Type of sensors 

Aperture 

(km) 

BURAR seismic Benea, Suceava County 9 GS-21, SP vertical 4.5 

BURARI infrasonic Benea, Suceava County 6 Hyperion IFS-5113 0.7 

IPLOR infrasonic Ploştina, Vrancea County 4 Chaparral Physics Model 25 0.5 

This paper presents a combined analysis of seismic and acoustic signal observations for 

tracking the repeating explosive sources (explosions and sonic booms), generated by the 

Russian bombardment and shelling of Ukraine. We use events reported in the bulletins 

provided by IDC/CTBTO to associate them with seismic and infrasound detections of the 

Romanian arrays. Infrasound signals observed at the BURAR seismic array were used to 

better characterize the type of events in this region.  

We show phase identification of acoustic signals observed on both seismic and infrasound 

instruments using atmospheric ray tracing to a better characterization of the type of events 

in this region. We also investigate seismic and infrasonic characteristics, i.e., arrival time, 

back azimuth, speed, amplitude. Spectrograms of the infrasonic and seismic waveforms 

were computed for investigated events as an important tool for examination of frequency 

content and energy released by an explosive source. 

2. Probable seismo-acoustic sources  

In order to understand what kinds of seismic and acoustic information may be most useful 

for event characterization, it is essential to know the type of the potential sources of 

interest. So it is necessary to identify regions of repetitive explosions. Analysis of the types 

of near-regional sources observed during the war in Ukraine aims to identify their seismo-

acoustic signature (signal shape and amplitude, frequency content, energy spectra) and to 

investigate the propagation path of infrasonic signals. The propagation of acoustic energy 

over the distances of interest (hundred km) depends on atmospheric conditions, i.e., the 

wind and temperature profiles of the atmosphere along the path from the source to the 

station.  

Military use of infrasound has previously focused on long-range detection and direction-

finding to air or ground impulsive sources such as rocket launches, explosions, and 

artillery that produce distinct acoustic patterns (Stubbs et al., 2005; Naz et al., 2005; Naz 

and Marty, 2006). 

We assume that the possible types of explosive sources in Ukraine which could generate 

seismo-acoustic waves are: (1) atmospheric originating, i.e., sonic booms produced by 

supersonic aircraft activity (fighters and bombers) and by aerial supersonic missiles 

launches, and (2) Earth surface originating, i.e., explosions (aerial bombing and ground 

shelling) and sonic booms generated by artillery rockets launches. 

Our study is focused on:  

- Distinguishing the different activities: aircraft activity/explosions/shelling  

- Getting locations of sources by cross-bearing the detections of IPLOR and BURARI 

infrasonic arrays 
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Two array tools have been applied for seismo-acoustic data processing in order to detect 

the signals and investigate the nature of the signals: (1) CEA/DASE PMCC (Cansi 1995; 

Cansi and Le Pichon, 2008) detector embedded in DTK-GPMCC (CTBTO/NDC-in-a-box) 

and F-K analysis incorporated in SeaTools (developed by AFTAC) software. DTK-DIVA 

tool (CTBTO NDC-in-a-box) was used to visualize and analyzed the detections. 

We present one-month detection performance of the Romanian seismic and acoustic arrays 

starting with 24 February 2022. Between 24 and 28 February the inversion in the 

stratospheric winds developed a favorable propagation duct that allowed a very good 

detection performance of the acoustic stations for the Ukraine region: back azimuth 

between 30 and 110 degrees for BURARI (Fig 1a) and between 10 and 90 degrees for 

IPLOR (Fig 1b). BURAR seismic array performance for detecting seismic phases (Fig. 1c) 

and infrasonic phases (Fig. 1d) is showed as well. 

a

b

c
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Fig. 1. PMCC detection results at (a) BURARI, (b) IPLOR, (c) BURAR (seismic signals), (d) BURAR 

(infrasonic signals). Time/backazimuth/mean frequency scatter plot. 

3. Seismo-acoustic analysis 

3.1. Detection performance 

On 24 February 2022, shortly after 03:00 UTC, explosions were reported in mass media in 

Kyiv, Kharkiv, Odessa, and Donbas region. Romanian seismic and infrasonic arrays started 

detecting numerous sharp-onset signals with rather large amplitude and high frequency 

content. The direction estimates from IPLOR and BURARI data and the locations obtained by 

cross-bearing the derived back azimuths (Fig. 2) indicated that the detections are correlated 

with the Russian bombardment and shelling of Ukraine. Some of the results could be 

associated to seven events reported in IDC/CTBTO bulletins on the Ukraine territory (with 

yellow dots). Furthermore, many of the other detections are as well likely associated to the 

sonic booms generated by the intense supersonic aircraft activity into the nearby area. 

 

Fig. 2. Map showing the cross-bearing the results of BURARI and IPLOR stations. The results could be associated 

to explosions reported by IDC seven on the Ukraine territory (with yellow and red dots) on 24 February 2022 
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For the seven events analyzed, observed back azimuths are affected by deviating effects of 

zonal cross winds along the propagation path through the atmosphere: rays which arrive at 

BURARI are deflected towards the East with approx. 5o, whilst at IPLOR, the azimutha 

deviation (the difference between observed and true back azimuth) is negligible (below 1o). 

Fig. 3a and Fig. 3b show the infrasonic BURARI and IPLOR PMCC detections (selected) used 

for cross-bearing in Fig. 2. Seismic and acoustic phases detected by BURAR seismic array 

could be as well associated to the seven explosions (Fig. 3c and Fig. 3d). 

a b 

c d 

Fig. 3. PMCC detections of the 24 February 2022 at Romanian infrasonic and seismic arrays, and associated to the 

7 explosions plotted in Fig. 2: (a) BURARI, (b) IPLOR, (c) BURAR (seismic signals), (d) BURAR (infrasonic 

signals). Selected BURARI and IPLOR phases were used for cross-bearing in Fig. 2.  

The peak-to-peak amplitudes of the infrasound detections selected in Fig. 3 range from 0.3 Pa 

to 9 Pa at BURARI, and from 0.5 Pa to 7 Pa at IPLOR. 

3.2. Reference event on 24 February 2022 at 06:18 UTC - explosion 

We analyzed the event located in the CTBTO/IDC bulletin on 24 February 2022 at 06:18:11 

UTC (ML = 2.8, mb = 3.3) and marked on the map in Fig. 2 with a red dot. Five IMS seismic 

stations and three infrasonic ones recorded the event which is most likely a near-surface 

explosion caused by an aerial missile. The generation of both seismic and infrasound signals 

indicates that the event took place close to the surface.  

Romanian seismic and infrasonic arrays recorded this event – different seismic and infrasonic 

phases were identified by using array processing techniques (PMCC detector) and raytracing 

through atmospheric models.  

3.2.1. Seismic observations 

The explosion was recorded at BURAR seismic array. The first arrival has an apparent 

velocity of 10.8 km/s and might be a Pg wave as direct seismic wave from the explosion; for 

the second arrival (probably Lg wave) an apparent velocity of 7.4 km/s has been estimated. 16 

minutes after the events origin time, an additional acoustic signal with speed of 352 m/s 

could be detected on seismic data (Fig. 4).  

Table 2 summarizes the characteristics of the seismic and infrasound recordings for all 

Romanian arrays based on PMCC detection and parameter estimation. Infrasound is 

detected at all arrays; the waveforms, back azimuths, frequency content and arrival times 

suggest that the detected phases can be associated to the analyzed explosion.  
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Fig. 4. PMCC detections of seismic and infrasonic signals associated with the reference event on 24 February 

2022 at 06:18 UTC, and recorded on BURAR seismic data 

Table 2. PMCC observations of the Romanian infrasonic and seismic stations 

 
Infrasonic Seismic 

BURARI IPLOR BURAR BURAR 

Distance (km) 330.9 440.3 330.8 330.8 

Theoretical back azimuth (deg) 47.1 18.4 47.0 47.0 

Arrival time (UTC) 06:32:26 06:38:25 06:34:16 06:18:53 

Apparent speed (km/s) 0.363 0.347 0.352 
Pg 10.8 

Lg 7.4 

Mean back azimuth (deg) 51.0 17.5 51.4 53.3 

Mean frequency (Hz) 2.3 2.7 3.2 3.8 

PP amplitude (Pa) 2.1 4.7 7.0  

Celerity (km/s) 
Is 0.379 0.361   

It 0.261 0.293   

3.2.2. Infrasound observations 

The event was clearly observed with the two Romanian infrasound arrays (BURARI and 

IPLOR). Fig. 5 shows the detection and processing results for these stations. The 

spectrograms of the best beam are shown as well in the lower frames. A stable back 

azimuth and apparent sound speed could be retrieved through PMCC analysis on the two 

sets of data. The spectrograms of the explosion show broad-band spectral energy 

distributions extending to lower frequencies than are produced by sonic booms. The main 

part of the released energy is confined to a frequency band below 1 Hz. 

  

  
a b 

Fig. 5. Results of PMCC analysis for the reference event on 24 February 2022 at 06:18 UTC: (a) on BURARI 

data, and (b) IPLOR data (upper frames: detections plots, lower frames: spectrograms of the best beam) 
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3.2.3. Infrasound propagation analysis 

Infrasound propagation is dependent on the composition and wind and temperature 

structure of the atmosphere. The effective sound speed (ceff) incorporates these effects as 

described by Evers and Haak (2010). Acoustic speed profiles, retrieved from the 

atmospheric models, are used to investigate the propagation of signals generated by 

infrasound sources. Types of the infrasonic phases are identified by using raytracing 

through atmospheric models. 

In order to predict the arrivals that can be recorded, the ducting conditions towards BURARI 

and IPLOR stations were described by using the infraGA 2D ray tracer through NRL-G2S 

atmospheric model (Drob et al., 2003). The software package infraGA can be download from 

the LANL archive at https://github.com/LANL-Seismoacoustics/infraGA. We present the 

results for BURARI station.  

Fig. 6 illustrates the simulated infrasound propagation from the source (explosion on 24 

February 2022 at 06:18 UTC) towards BURARI station through NRL-G2S atmospheric 

model. Both the temperature dependent sound speed (ct) and effective sound speed (ceff) are 

showed on the right of the lower frames. The green line represents the effective sound 

speed at the surface (ceff,0=0.34 km/s).  

Fig. 6. Results of the raytracing through NRL-G2S atmospheric model from the source (explosion on 24 

February 2022 at 06:18 UTC) towards BURARI station. Lower frames: right – sound speed profile; left – ray 

trajectories from the source to the station. Upper frame: The upper frame: traveltime for the rays: 

stratospheric (Is) and thermospheric (It) phases are predicted to reach the station 
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Infrasound energy refracts from regions where ceff increases to a value larger than the value 

at the surface (Evers and Haak, 2010), i.e., stratosphere and thermosphere, in this case, as 

follows from the ray trajectories showed on the right of the lower frame. Rays propagating 

from the source in the direction of BURARI bend towards the earth’s surface between 40 

and 60 km altitude, i.e., the stratosphere and from 120 km upwards, i.e., the thermosphere. 

The upper frame gives the traveltime for the rays: stratospheric (Is) and thermospheric (It) 

phases are predicted to reach the station, which is consistent with the infrasound phases 

detected (Fig 5a).  

4. Conclusions 

Simultaneous observations of infrasonic and seismic energy recorded with the Romanian 

arrays (BURAR, BURARI and IPLOR) contribute to forensic tracking the repeating 

explosive sources (explosions and sonic booms) generated by the Russian bombardment 

and shelling of Ukraine. Seismo-acoustic signature (signal shape and amplitude, frequency 

content, energy spectra), as well as the propagation path of infrasonic signals, were 

analyzed. The direction from IPLOR and BURARI infrasound data were estimated and the 

locations were obtained by cross-bearing the derived back azimuths. Observed back 

azimuths are affected by deviating effects of zonal cross winds along the propagation path 

through the atmosphere: rays which arrive at BURARI are deflected towards the East with 

approx. 5o, whilst at IPLOR, the azimuthal deviation is negligible (below 1o). 

Spectrograms of the infrasonic and seismic waveforms were computed for investigated 

event as an important tool for examination of frequency content and energy released by an 

explosive source. 

We show phase identification of acoustic signals observed on both seismic and infrasound 

instruments using array analysis and atmospheric ray tracing. Stratospheric and 

thermosphere infrasonic phases were identified to be likely observed at BURARI and 

IPLOR stations by using infraGA 2D ray tracer through NRL-G2S atmospheric model. 
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Abstract: We present the improved detection capabilities due to the Central and Eastern 
European Infrasound Network established in 2018 as the collaboration between the 
Zentralanstalt für Meteorologie and Geodynamik (ZAMG), Vienna, Austria; the Institute of 
Atmospheric Physics of the Czech Academy of Sciences (IAP), Prague, Czech Republic; the 
Research Centre for Astronomy and Earth Sciences of the Eötvös Loránd Research Network 
(CSFK), Budapest, Hungary; the National Institute for Earth Physics (NIEP), Magurele, 
Romania and the Main Centre of Special Monitoring National Center for Control and Testing 
of Space Facilities, State Agency of Ukraine. We discuss the Hunga Tonga volcanic eruption 
and show how the infrasound network bears witness to the Russian shelling in the war in 
Ukraine.  

Keywords: CEEIN, infrasound detection capability, Hunga Tonga, war in Ukraine 

1. Introduction  

The infrasound component of the Comprehensive Nuclear-Test-Ban Treaty organization 
(CTBTO) International Monitoring System (IMS) reignited infrasound research (Marty, 
2019).  The detection capability of the IMS infrasound network was assessed by Le Pichon 
et al. (2009) and Green and Bowers (2010). The first European infrasound bulletin was 
compiled by Pilger et al. (2018). This paper describes our contribution to the European 
infrasound network. 
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The Central and Eastern European Infrasound Network (CEEIN, Šindelářová et al., 2018) 
was established in 2018 as part of the Atmospheric dynamics Research InfraStructure in 
Europe (ARISE, Blanc et al., 2018) network extension program (http://arise-project.eu) with 
the collaboration between the Zentralanstalt für Meteorologie and Geodynamik (ZAMG), 
Vienna, Austria, the Institute of Atmospheric Physics of the Czech Academy of Sciences 
(IAP), Prague, Czech Republic, the Research Centre for Astronomy and Earth Sciences of 
the Eötvös Loránd Research Network (CSFK), Budapest, Hungary, and the National 
Institute for Earth Physics (NIEP), Magurele, Romania. The Main Centre of Special 
Monitoring National Center for Control and Testing of Space Facilities, State Agency of 
Ukraine, joined CEEIN in 2019.  
Table 1 shows the infrasound arrays that contribute to CEEIN research. Currently nine 
infrasound arrays are operational. The waveforms are available at the NIEP and 
GeoForschung Zentrum (GFZ) European Integrated Data Archive nodes. Bondár et al. 
(2022) have published the first CEEIN seismo-acoustic bulletin for 2017-2020 that includes 
events (bolides, sonic booms, explosions, quarry blasts and earthquakes) recorded by at least 
two CEEIN arrays. Further information can be found at the CEEIN website, www.ceein.eu. 

Table 1. CEEIN infrasound arrays 

Station Country Network Aperture Ondate Offdate 

ISCO Austria OE 0.36 2020/10/30 2021/08/12 
ISCO Austria OE 1.00 2022/03/25 - 
PVCI Czechia C9 0.20 2014/05/01 - 
WBCI Czechia C9 6.00 2016/09/28 - 
PSZI Hungary HN 0.25 2017/05/25 - 

BURARI Romania RO 0.60 2016/07/28 2019/09/20 
BURARI Romania RO 0.69 2019/09/21 - 
IPLOR Romania RO 2.43 2009/05/28 2018/11/09 
IPLOR Romania RO 0.49 2019/12/13 - 
I67RO Romania RO 0.95 2016/09/27 2018/10/18 

MAAG1 Ukraine UD 0.16 2006/09/01 - 
MAAG2 Ukraine UD 0.16 2007/05/01 - 

GRDI Ukraine UD 0.40 2020/07/01 - 

2. Infrasound detection capability improvements due to CEEIN

Before the CEEIN stations became operational, only the I26DE and I43RU IMS arrays 
provided infrasound station coverage for the region. Bondár et al. (2022) have demonstrated 
that CEEIN significantly improves infrasound detection capability in Central and Eastern 
Europe as well as the Mediterranean. 
Figure 1 shows the differences between the detection capability of the European infrasound 
network (including IMS and national networks) without the CEEIN stations and the 
detection capability of the network with all the permanent CEEIN stations involved on 21 
March, 21 June, 21 September, and 21 December, 2020, days around the equinoxes and 
solstices of the year. The detection capability maps were produced with the simulation 
method by Le Pichon et al. (2012) that takes into consideration the effects of signal dominant 
frequency, fine scale atmospheric disturbances as well as stratospheric winds from the 
models of the European Center for Medium range Weather Forecasting (www.ecmwf.int). 
CEEIN improves the detection capability of the infrasound network in all seasons of the 
year. In particular, CEEIN provides better coverage for the Eastern Mediterran Sea and the 
Black Sea, and significantly reduces detection thresholds in Eastern Europe during the 
summer months.  
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Fig. 1. Difference between the detection thresholds of the infrasound network in Europe with CEEIN and 
without the CEEIN stations where at least two stations were required to detect a signal arriving from any 

given locations. On the colour scale yellow indicates large improvement in detection capability, while blue 
means no difference between the detection capabilities of the network with and without CEEIN. The CEEIN 

stations are shown as grey triangles; other infrasound stations (IMS and national arrays) are indicated as 
white triangles. a) 21 March 2020, b) 21 June 2020, c) 21 September 2020 and d) 21 December 2020. 

3. The 15 January, 2022 eruption of the Hunga Tonga volcano 

The huge eruption of the Hunga Tonga-Hunga Ha’apai volcano on 15 January, 2022 have been 
registered by seismic and infrasound networks worldwide. The CEEIN infrasound arrays, 
experienced complex propagation paths. Two large-amplitude waves around 19:15 and 01:15 
were reported from most of the meteorological stations (barometers) across Europe. They 
represent the pressure waves caused by the eruption, the first arrival from the north propagated 
along the shorter great circle path from Tonga to Europe while the second arrival from south 
travelled along the longer great circle paths. Both pressure waves were followed by infrasound 
signals. Infrasound back azimuths partly deviate (up to about 30 degrees) from the azimuth of 
the short and of the long great circle path. An extremely long signal propagation path should be 
taken into account (~16,500 km for the shorter path).  If we consider signal propagation along 
the shorter great circle path from Hunga Tonga to central Europe, its path goes through regions 
with various wind regimes in the middle atmosphere - from subtropical latitudes of the southern 
hemisphere across the equator and the northern polar regions to observational points located in 
mid-latitudes of the northern hemisphere. Winds along this path can cause the observed 
deviations and fluctuations of back azimuths. Figure 2 shows the records at the MAAG1, 
Ukraine and PSZI, Hungary CEEIN stations using the PMCC tools (Cansi 1995; Cansi and Le 
Pichon, 2008). The first large pressure wave was observed around 19:15 UT. Several papers 
discussed that the pressure wave corresponds to the Lamb wave propagating horizontally along 
the great circle path (Lin et al., 2022; Matoza et al., 2022). Infrasound propagates along more 

a) b) 

d) c) 
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complicated and longer path undergoing several refractions in the stratosphere or lower 
thermosphere (e.g. Evers and Haak, 2010) and is therefore observed later, approximately after 
20 UT. The infrasound observed before 20 UT was generated by other sources. For example, 
the obtained azimuth probably corresponds to the detection of microbaroms (f=0.12-0.35 Hz, 
Campus and Christie, 2010). 

Fig. 2. PMCC analysis and the great circle path of the Hunga Tonga volcanic eruption signals to the Malin 
(MAAG1) infrasound array together with its great circle path (top panel). The bottom panel shows the PSZI 

record of the eruption. 

4. War in Ukraine

Despite the reduced detection capability of events in the East of the network during the winter 
months, the CEEIN stations recorded events related to the Russian invasion of Ukraine on 24 
February and March 18, 2022. On 24 February there was an inversion in the stratospheric winds 
and a duct developed that allowed us to detect the early stages of the bombardments. Figure 3 
show the BURAR, IPLOR, PSZI and PVCI PMCC detections. All arrays recorded a barrage of 
signals originating from Ukraine. Moreover, between 04:00 and 05:40 UTC, several sharp 
detections with large amplitude of the signal (9 Pa at BURARI and 6 Pa at IPLOR) and covering 
a wider frequency range (lower frequencies too) could be noticed. These detections are likely 
associated to the numerous missile strikes and explosions in major cities including the capital 
Kiyv; many impulsive signals could be observed in the data recorded by the Romanian 
infrasound arrays. 
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Fig. 3. PMCC detections of the 24 February 2022 Russian bombardments of Ukraine at CEEIN infrasound 

arrays, from top to bottom: BURAR, IPLOR, PSZI, PVCI. 
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5. Conclusions

CEEIN arrays improve the station coverage in Central and Eastern Europe and reduce the 
detection capability threshold in the region. Furthermore, CEEIN provides new detection 
capability in the Aegean region and Eastern Europe. Sadly, CEEIN also provides evidence 
of the bombardment of Ukrainian targets by Russian forces in the war in Ukraine.  
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Abstract: Using the SeisComp framework with the gempa software packages LAMBDA 
and KAPPA, we present seismo-acoustic signal analysis of the Russian missile attack near  
Lviv  airport  (Ukraine)  on  March  18,  2022.  We processed  the  records  of  seismological 
stations in Poland, Slovakia and Hungary, as well as records of Hungarian and Romanian 
infrasound arrays using the PMCC analysis in LAMBDA. The resulting pixel families are 
processed in KAPPA. We demonstrate that LAMBDA detected and located the event and 
KAPPA distinguished the signal from regular mining explosions and aircrafts. 

The resulting location is 20 km WSW from the reported impact location near Lviv airport. 
KAPPA, supporting custom plugins to classify signals, is used to discriminate the missile  
impact signal from the common detections caused by nearby quarry blasts and aircrafts. The 
used plugin analyzes several features of the pixel family derived from the PMCC processing 
within  LAMBDA  like  backazimuth,  slowness,  duration,  frequency  range,  slope  of 
onset/coda, maximum amplitude, trends in backazimuth and slowness as well as time of 
detection. The signal analysis showed significant differences to the quarry blast activity, 
especially in the slope of onset and coda as well as in the signal duration. The recorded 
aircraft signals showed similar patterns as the missile impact in most features like slope of  
signal  onset/coda and duration, but changes in the backazimuth and slowness  over time 
while the aircraft is passing the infrasound array allowed to discriminate the signals.

Keywords: infrasound, seismo-acoustic, array, discrimination, PMCC, LAMBDA, KAPPA

1. Introduction

On March 18, 2022 a Russian missile hit the area near the airport of Lviv in the Western 
Ukrainian city as reported on abcNEWS (2022). The infrasound signal was detected on the 
Hungarian and Romanian infrasound arrays as well as on several nearby seismic stations in 
Poland, Slovakia and Hungary. 

Figure 1 shows the map of stations used in the analysis and the waveforms recorded at the 
seismic stations. We show the utility of the seismic and infrasound array analysis package 
LAMBDA and the seismo-acoustic  discrimination  package KAPPA, both based on the 
SeisComP  framework  and  developed  by  gempa  (2008,  https://www.seiscomp.de),  in 
analyzing such signals. 

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

42013ECEES, September 2022, Bucharest, Romania

mailto:czanik@seismology.hu


Fig. 1. a) Map with location of the missile impact and nearby stations. b) Seismic records of the impact.

a)

b)
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2. Seismo-acoustic waveform analysis 

The  software  package  LAMBDA  (Roessler  et  al.,  2018)  provides  a  graphical  user 
interface,  allowing the interactive or automatic application of multiple  array processing 
techniques  including  FK-analysis/beam  packing,  plain-wave  fitting,  PMCC  and  back 
projection. Methods such as PMCC and FK-analysis/beam packing can be applied on data 
filtered with a single frequency band or data processed by multi-band bandpass filters. 
Multiple  detections from each  filter  band  are  evaluated  and  individual  results  can  be 
generated and selected. In addition, 3-component waveforms can be analyzed to measure 
backazimuth and incidence angles at single stations.  Data is interactively pre-processing, 
visually inspected and selected. The methods are then chosen and applied on a single time 
window providing a single set of parameters or by shifting the time window for processing 
across a longer data set. The latter provides a time series of parameter sets representing the 
properties of the wavefield in the individual time windows. An initial detection in a time 
window is declared based on threshold monitoring of semblance as a measure of waveform 
coherency  within  this  time  window.  The  PMCC method  additionally  allows  to  create 
families from multiple detections across multiple frequency bands and time windows. One 
family is attributed to a single detection reducing the parameter space.

The LAMBDA package  also ships with a corresponding automatic module for processing 
seismic and infrasound data continuously in real-time or time windows offline.

Figure 2 shows the analysis  window of the PMCC detector  (Cansi 1995; Cansi and Le 
Pichon, 2008). In PMCC analysis as in our example, infrasound signals in form of a pixel 
family are commonly used to visualize signals with different frequencies and arrival times. 

Fig. 2. PMCC window of LAMBDA showing the detection of the missile impact on the PSZI array, 
Hungary.

The beam picks derived by the PMCC analysis are combined with single 3-component 
seismic station picks and used for locating the rocket impact. Figure 3 shows that the 
resulting location is 20 km WSW from the reported impact location near Lviv airport. 
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Fig. 3. Cart/location window of LAMBDA showing the detections and the location of the missile impact.

3. Event classification

The KAPPA module is a graphical user interface allowing to classify and to set the type of 
seismic and infrasound events based on multiple observations which are compared with 
values from existing catalogues.  Machine learning is  applied for providing event types 
with probabilities. The single discrimination methods include

 test of epicenter location and source depth,

 ratios of network magnitudess: Ms_20 vs. mb and ML vs. Md,

 ratio of measured amplitudes for magnitude types: Ms_20 vs. mb and ML vs. Md,

 test for non-double-couple components of focal mechanism,

 comparison of waveform similarities by cross-correlation,

 feature extraction of infrasound data like shape and duration of a signal.

KAPPA also  supports  custom plugins  for  classification  e.g.  based  features  from array 
measurements. Eventually the graphical user interface summarizes the single observations, 
assists in make a decision and allows to set the final event type.

Here,  KAPPA  is  used  to  discriminate  the  missile  impact  signal  from  the  common 
detections caused by nearby quarry blasts. We use the infrasound family classifier plugin 
to  analyse  the  features  of  the  pixel  family  derived  from the  PMCC processing  within 
LAMBDA. Along with event types this plugin delivers probabilities  which are evaluated 
by KAPPA. The extracted  features  are  the backazimuth,  slowness,  duration,  frequency 
range, slope of onset and coda of the signal, maximum amplitude, trends in backazimuth 
and slowness as well as meta information such as the time of detection.
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Figure 4 shows the event classification scheme in KAPPA based on the infrasound family 
classifier  plugin.  Characteristics  of  various  source  types  such  as  aircrafts, known and 
suspected quarry blasts and unexploded WWII bomb demolitions and the Beirut Explosion 
on August 4, 2020 were collected from the annual Hungarian Seismo-Acoustic Bulletin 
(http://www.infrasound.hu/index.php/en/) in the years 2018 to 2020 and other sources and 
fed to the classification module along with the characteristics of the suspected signal. The 
circles in Figure 4 show the features of the different source types while the cross of the 
dashed line marks  the missile  impact.  The corresponding kernel  density  estimate  plots 
above and on the right side of the feature cross-plots indicate the relative frequencies of the 
classifications of event types. In case of the slowness and backazimuth trend calculations 
only signals of longer signal duration were considered.

Fig. 4. Visualization of the classification features from the infrasound family classifier plugin in KAPPA.

The impact signal separates best from the quarry blast population in the slope of the onset 
and coda  (Family_onsetFactor  and Family_codaFactor) of the signal  as well  as in the 
pixel  family  duration  feature  (Family_duration)  space  showing  that  KAPPA  with  the 
infrasound family classifier plugin along with the results from LAMBDA can be used to 
classify this missle attack and discriminate it from other explosions such as quarry blasts 
and WWII bomb demolitions as well as aircraft signals.

4. Conclusions 

By  analyzing the Russian missile attack on an airport near Lviv, Ukraine on March 18, 
2022 we demonstrated that the LAMBDA seismo-acoustic array processing module based 
on the SeisComP  framework  has successfully detected and located the event.  With the 
visualization of the event classification module KAPPA, we were able to discriminate the 
missile impact from regular mining activities recorded at the PSZI infrasound array. The 

42053ECEES, September 2022, Bucharest, Romania



comparison  with  recorded  aircraft  signals  showed  similar  patterns,  but  the  changes  in 
backazimuth and slowness of the signal while the aircraft  passing the infrasound array, 
allow to discriminate also these two types of signals. 
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Abstract: We here present a web service that provides parametric data from cryo-generated 
seismic events in Greenland, detected, processed and analysed at the Geological Survey of 
Denmark and Greenland – GEUS. The web service consists of two web listings, one with a 
simple CSV listing of time and location and one including all the parametric data of the 
cryo-generated events, e.g. location uncertainties and arrival times and amplitudes of the 
seismic waves at the seismic stations. Here we outline the background for seismic 
monitoring of sources related to the dynamics of the cryosphere, the observation of glacial 
earthquakes, and the initiation of the ongoing GLISN project. We describe the process of 
extracting the parametric data from the seismic recordings in Greenland for the database that 
is linked to the web service. We describe how to access and use the web service. The nature 
of seismic signals from the cryo-generated events, provided by the web service, are often 
tremor signals with unclear or multiple P- and S- phases, the uncertainty of the location of 
the events is therefore also addressed. 

Keywords: Cryoseismology, monitoring, Glacier, cryosphere 

1. Introduction

The focus on seismic signals generated by events in or by the cryosphere, such as e.g. 
glacier calving, has been increasing mainly since the observations of glacial earthquakes 
by Ekström et al. (2003) and the reported increasing frequency of glacial earthquakes in 
Greenland (Ekström el al. 2006). The findings show that seismic data could complement 
data from e.g. satellites and geodesy in the observation of a changing Greenlandic icecap 
due to climatic changes. In 2009 this led to the establishment of the international GLISN 
(Greenland Ice Sheet Monitoring Network) project that through increased monitoring aims 
to “enhance and upgrade the performance of the scarce existing Greenland seismic 
infrastructure for detecting, locating, and characterizing glacial earthquakes and other cryo-
seismic phenomena, and contribute to our understanding of Ice Sheet dynamics” from 
GLISN (2022) (see also Clinton et al. 2014). 
The GLISN data have already resulted in three data sets providing source parameters for 
glacial earthquakes covering the periods 1993-2013, 2011-2013 and 2006-2010, published 
by the Lamont-Doherty Earth Observatory of Columbia University (Global CMT, 2022). 
They include events analysed or reanalysed and published by Tsai and Ekström (2007), 
Veitch and Nettles (2012), and Olsen and Nettles (2017). 
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In this report we present the outcome of the monitoring of cryo-generated events 
conducted at the Geological Survey for Denmark and Greenland – GEUS. GEUS’ 
seismological monitoring task in Greenland is to monitor and register earthquakes and 
other seismic activity, a task that was initiated in 1926 (Jacobsen 2016) and is mandated by 
the government of Denmark. The monitoring task is conducted to provide information on 
earthquakes and other seismic activity to the public, businesses and the authorities that may 
be used in hazard assessments. Furthermore, the monitoring is part of the participation in 
the work with the Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO).  

Fig. 1 - Google Earth image showing Greenland and the location of the cryo-generated events available via 
the web service March 2022. The size of the events are relative to their estimated magnitude and the scale is 
given in the lower right corner. The two black arrows mark the location of the Jakobshavn Glacier and the 

Helheim Glacier, in west and east Greenland, respectively 

Before the GLISN project the focus on cryo-generated seismic events from the national 
monitoring conducted in Denmark was very limited. Cryo-generated events was 
considered noise in the building of an earthquake catalogue and therefore not registered. 
But due to the sparse monitoring capability it is possible that in the time of limited 
analogue recording some cryo-generated events have been misidentified as earthquakes. 
The early seismological effort related to the cryosphere was conducted with the aim to find 
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locations of very low ambient noise level, e.g. at the Inge Lehman station on the Greenland 
ice cap (Hjortenberg and Young, 1967 and Lenton, 1968). 
The web service presented here, providing the parametric data on the cryo-generated 
events, was initiated by the opening of the Ilulissat Icefjord Centre, in Ilulissat, Greenland, 
where the data are part of the audio-visual art installation “Eleven Movements of the 
Cryoscape” by Louise Foo, in 2021. 

 
Table 1. Data streams and bandpass filter used in data screening 

Network code Station 
code Channel code Bandpass 

filter [Hz] 
IU SFJD BHZ 4.0; 15.0 
DK ANGG HHZ 0.8; 10.0 
DK TULEG HHZ 1.5; 10.0 
DK NRS BHZ 1.4; 6.75 
DK SCO BHZ 2.7; 9.9 
GE SUMG BHZ 1.0; 8.0 
DK DAG BHZ 0.9; 4.0 
DK DAG BHZ 2.0; 9.0 
DK DBG BHZ 4.0; 8.0 
DK DBG BHZ 2.0; 9.0 
DK NOR BHZ 4.0; 8.0 
KP UPNV HHZ 0.9; 10.0 
DK GDH HHZ 5.0; 9.9 

 

2. The database 

The database hosting the cryo-generated events is based on the daily (weekdays) manual 
routine screening and event detection of data from the seismic stations in Greenland at 
GEUS. Data from 11 of the 18 seismic stations currently providing real time data are 
manually inspected in two-hour windows, using bandpass filters found to suppress local 
noise at the individual stations. The used stations, network and channel codes are given in 
Table 1, with the applied bandpass filters. During manual screening, observed events are 
marked at the starting time of the observed signal. Following the screening, data at the 
times of all the marked events are extracted and individual event files are generated in a 
database for analysis, including data from all available stations in Greenland. Fig. 2 shows 
an example of seismic signals from a glacial event that occurred near the calving front of 
the Jakobshavn Glacier. The signals often do not have clear P- and S-onsets but the 
durations of the signals are almost identical on all stations. Fig. 3 shows the location of the 
event with the error ellipse and ray paths to stations used in the location. 
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Fig. 2 - Seismograms showing the recording of a glacial event located near the calving front of the 
Jakobshavn Glacier on 22 February 2022. Station, channel, location and network codes are given to the left, a 

band pass filter from 5 to 9.9 Hz has been applied. 

Data from each event are then analysed, and P- and/or S-phase starting times are picked on 
the recording stations if the analyst can identify them. It is decided during a manual 
inspection of the signals if the event is flagged in the database as a cryo-generated events 
or not, using either a C marker or a G marker, for cryo-generated or glacial event (a 
subclass of cryo-generated events). The glacial events share the nature of the events 
described by Ekström et al. (2003), where the seismic recordings include a long-period 
signal generated at the glacier terminus during calving events (Murray et al. 2015). A 
band-pass filter from 0.1 to 0.01 Hz is used to identify the long-period signals. Cryo-
generated events can be one of the many event types described by Podolskiy and Walter 
(2016). After the phase picking the events flagged as cryo-generated are located if phases 
have been picked on three or more stations, using earthquake location method with a fixed 
depth of zero km. The SEISAN software package (Havskov et al. 2020) is used for both 
data screening and analysis.  
The locations of the cryo-generated events are displayed in the map on Fig. 1. As seen on 
the map most of the events are located near outlet glaciers such at the Jakobshavn Glacier 
and the Helheim Glacier, in west and east Greenland, respectively (Fig. 1). Several events 
are located at a distance from the outlet glaciers and could be events that are mislocated 
glacial events or other types of cryo-generated events. The cryo-generated events often 
have poor P- or S- onsets in the seismic signals, the location of these are therefore 
associated with large location uncertainties. We speculate that the offshore events could be 
a result of iceberg scouring. Iceberg scourings have been mapped with side-scan sonar 
West of central Greenland (Brett and Zarudzki, 1979), and in a study by Nielsen et al. 
(2010) iceberg scourings are observed on most parts of the shelf west of Greenland from 
65.5 °N to 71.5 °N.  
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Fig. 3 - The location, error ellipse, ray paths and ILULI station, marked as red circle, black ellipse, gray lines 

and yellow triangle, respectively, of the cryo-generated seismic event with the signals shown in Fig 2. The 
distance from the ILULI station to the epicentre is 51 km. 

2. The web service 

Access to the web service is gained via the URL https://seis.geus.net/quakes/cryo.lis for a 
simple listing of event time and location, given by date and UTC time and latitude and 
longitude (WGS 84) (see Fig. 4). Via the URL https://seis.geus.net/quakes/cryo.nor for the 
complete set of parametric data available in the event database (see Fig. 5). Here the data 
are given in the Nordic format, described in appendix A of the SEISAN manual 
(Ottemöller et al. 2021). The data are updated daily at 15:00 UTC with information on new 
cryo-generated events or updated information on previous events that have been reviewed. 
The data presented here are available through the GEUS Dataverse (Voss et al., 2022). 
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Fig. 4 - The web page showing the time and location of the processed cryo-generated events, in CSV format. 

Fig. 5 - The web page showing the parametric data from the processed cryo-generated events, in Nordic 
format. 

4. Conclusions

A web service is now providing parametric data on cryo-generated seismic events detected 
in Greenland by the Geological Survey of Denmark and Greenland. The web service can 
be used to identify times and approximate locations of cryo-related events such as glacier 
calvings, if they have generated enough seismic energy to be detected of three or more 
seismic stations. 
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Seismic Station Troll, Dronning Maud Land, East Antarctica – the first 
10 Years 

Johannes Schweitzer – NORSAR, Kjeller Norway, johannes@norsar.no 

Abstract: During the last 10 years, the seismic station TROLL in Dronning Maud Land, 
East Antarctica, was running with an up-time of more than 99% and collected continuous, 
high quality seismic observations. The excellent performance of the station and the high-
quality of the recorded data result in a unique dataset from a region with a quite sparse 
seismic network. In this contribution examples are given of research results based on these 
observations related to movements of the Fimbul Ice Shelf, drifting of icebergs along the 
coastline of Dronning Maud Land, seismic activity due to tectonics and ice movements in 
Dronning Maud Land, the structure of the Earth’s interior and a better location of seismic 
events in the European Arctic. 

Keywords: East Antarctica, Dronning Maud Land, seismic station, polar research 

1. Introduction

In February 2012, NORSAR installed a very broadband seismometer (Fig. 1, a-f) on 
Nonshøgda, ca. 300 m north of the Norwegian Research Station Troll, Dronning Maud 
Land, East Antarctica (Schweitzer, 2012). The station was registered in the International 
Station Registry (International Seismological Centre, 2012) as TROLL and has the 
geographic coordinates 72.0082° S, 2.5300° E and elevation 1399 m above mean sea level. 
It is the southernmost seismic station installed on bedrock. The seismic station is equipped 
with a Streckeisen STS-2.5 very broadband seismometer and a Quanterra Q330HR 
digitizer (Schweitzer et al., 2012). During the last 10 years, the seismic station has been 
running with an up-time of more than 99% and collected continuous, high quality seismic 
observations, which were all transmitted in near-real time to Norway and stored at 
NORSAR’s data center (Schweitzer et al., 2021) as well as at the Norwegian EIDA node 
(Ottemöller et al., 2021). After the first 10 years of operation, some results of the TROLL 
data analysis are summarized here. 

2. TROLL station research results

After the installation of the station, it became quickly obvious that the station ground 
performed a daily movement, which could only be explained by a temperature effect due to 
sunlight. Some covering of the immediate surroundings of the seismic station with loose 
stones drastically reduced this effect (see e.g., Schweitzer et al., 2014 and Fig. 1, g). In 
2013, to reduce further the thermal effects on the very long period signals, additional 
thermal insulation was installed and the outermost cover, a plastic dome, was painted white 
(Fig. 1, h-i). Also, relatively soon, it became clear that the new station has very low noise 
levels, in particular in the higher frequency range (Kværna et al. 2013); at around 10 Hz 
the background noise level at the station is below the well-known USGS New Low Noise 
Model (NLNM) (Peterson, 1993). The main reason for this is the absence of cultural noise 
sources at this remote place and the low instrumental noise of the installation. 
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During the following years, the station recorded signals from icebergs drifting east-west 
along the coastline of Dronning Maud Land, East Antarctica, and colliding with the ice 
shelf and calving in smaller pieces (Pirli et al., 2015) and thousands of icequakes due to 
movement of and in the Antarctic ice sheet from different source regions. Very small 
cracks in the ice close to the station are observed with air-temperature changes 
(Schweitzer, 2013) and thousands of larger icequakes are observed at a spot close to the 
grounding line of the Fimbul Ice Shelf (Pirli et al., 2018), but there are also indications of 
regional seismicity caused by tectonic movements in the Earth’s crust of Dronning Maud 
Land (Pirli, 2012). 
 

 
Fig. 1 – Installation of the seismic station TROLL in Dronning Maud Land, East Antarctica. (a) placing the 

oriented seismometer on a granite base; (b) packing the seismometer in a first-aid-sheet for temperature 
protection; (c) and (d) filling a steel casing with insulation material and placing it over the seismometer to 
avoid thermal convection of the air around it and protect it against rapid air-pressure changes; (e) installing 

cables, digitizer, and GPS antenna; (f) covering the whole with a double-walled plastic dome, which is 
screwed to the bedrock; (g) the situation on 2 April 2012 after covering the bedrock around the station with 
stones; (h) the additional thermal insulation installed on 9 February 2013; and (i) the situation of the station 

after whitening the orange dome and replacing the stone cover of the bedrock on 9 February 2013. 
Photographs (a–f) were made by J. Schweitzer and M. Roth and (g–i) by staff of the research station Troll. 

 
A receiver function study has revealed the seismic structure below the station (Torsvik, 
2015) and high-quality observations of PKP onsets were used to study the seismic quality 
factor Q in the inner core of the Earth (Sommer, 2019). TROLL data are routinely analysed 
for regional and teleseismic onsets together with the other seismic stations near the 
German polar station Neumayer III and the South-African polar station SANAE IV by the 
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seismologists at Neumeyer and reported to the International Seismological Centre. Figure 2 
shows seismic events in the European Arctic for which TROLL observed PKP onsets and 
which contribute to a better location of these events. 

Fig. 2 – Left: single station locations of local and regional seismicity around TROLL in 2021 (Celine Engen). 
Right: seismic events in the European Arctic observed with PKP onsets at TROLL in 2012 – 2022 (Johan 
Holm). 

3. Conclusions

For more than 10 years, the very broadband seismic station TROLL has shown high 
quality performance in a region only sparsely covered by seismic stations. Recently, the 
Norwegian Polar Institute was granted by the Norwegian Research Council with a national 
infrastructure grant (TONe Project) to increase the monitoring capabilities and research 
potential at Troll. In the framework of this project, NORSAR will install a seismic array at 
Troll and a co-located infrasound array at the same location. First data from these new 
installations are expected to be available from early 2025 on. 
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Abstract: Seismic activity in the Bransfield strait, Antarctica has increased since August
2020, accompanied by the strong earthquake from 23 January 2021. Only a few seismic
stations in the region are in operation at the time and have recorded this seismic activity.
Seismic station LIVV is situated on Livingston Island close to the Bulgarian Antarctic Base.
In 2020 the station was moved to a new more quiet place and become permanent. For the
period  2020-2022  more  than  hundred  local  and  regional  earthquakes  were  registered.
Earthquakes are located using single station method and travel time table compute for the
region. Most of the epicenters are located in Bransfield strait, but there are also many events
with epicenters located in Drake Passage. Recorded earthquakes can be separated in four
groups:  seismic  events  with  S  minus  P  travel  time  about  12-13  s,  located  near  Orca
Seamount;  events with S minus P travel time time about 25 s; events with S minus P travel
time about 4-5 s and are located South-West from the seismic station and events with S
minus P travel  time about 11 s,  located in Drake  Passage.  There  also events that  don’t
belong to any of the groups.

Keywords : Seismicity,  Bransfield Strait, Livingston Island, single station localization

1. Introduction

The Antarctic territory was considered to be a non-seismic zone for a long time. However,
over time it  was understood that  this  part  of the globe is  a very complex geodynamic
system combining subduction zone,  rifting and spreading zones and magmatic  activity.
Any  of  these  zones  should  be  manifested  with  high  seismicity.  Recently  numerous
scientific  institutions  are working on projects  studying various aspects of seismicity  in
Antarctica. In 1997 Spanish seismologists (Ibanez et al., 1997) published a research on the
seismicity  of  the  southern  part  of  Livingston  Island,  using  temporary  network  of  16
seismometers. The recorded events were classified in four groups  (Benitez er al., 2007):
short period,  short  duration  events,  caused  by  cracks;  earthquakes;  hybrid  events  and
events of volcanic origin. In 2008, during the Spanish polar expedition, 3 seismic stations
were  put  in  operation.  One  of  them  is  next  to  the  Spanish  base  –  Juan  Carlos  I,
neighbouring the Bulgarian base on Livingston Island. Registration of seismic events was
done also near  Bulgarian  Base  since the  austral  summer  2015-2016 (Dimitrova  et  al.,
2017) using broad band and short-period  seismometers. The first Bulgarian broad band
Antarctic  seismic  station  was  installed  on  Livingston  Island,  South  Shetland  Islands,
during the 24th Bulgarian Antarctic expedition in 2015-2016. Since 2020 LIVV has been
providing year-round seismic records. 
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In 2020 two strong earthquakes has happened in the region and since then an increased
seismic activity is observed in the Bransfield Strait.

2. Geological setting

The  Bransfield  basin  is  considered  a  back-arc  basin.  It  is  located  between  the  South
Shetland Islands and the Antarctic  Peninsula in Western Antarctica.  The unusual  thing
about  that  region  is  that  there  hasn`t  been  arc-volcanism for  the  past  20  Ma and  the
subduction is in the process of ceasing. The Bransfield strait is composed mainly of three
separate basins and the Central Bransfield basin is the most import one as it is the most
developed and there the extension processes are the most important  (Almendros et  al.,
2020). 

Livingston Island is the second largest from South Shetland Islands. This region represents
a continental fragment (Smellie et al., 1984) situated in the transition zone between Drake
(Phoenix) plate in the North and Antarctic plate in the South. Geological history of the
region consists of three main stages – pre-subduction, main subduction and extensional
stage (Kamenov, 2015). Deep seismic profiling conducted between 1979 and 1991 (Grad
et al, 1997) shows very complex crustal structure in the region. This complex geodynamics
is reflected by the presence of active volcanoes (Smellie et  al.,  1984) and shallow and
intermediate  seismicity.  In the central  part  of the Bransfield Strait  to the south-east  of
Livingston Island, mushroom shaped high velocity body (HVB) was found at 13–18 km
depth. Beneath the South Shetland Islands most of the crust consists of HVB below of
about 7 km depth (Grad et al, 1997).

3. Method for earthquakes localization

In our study we use single station localization method to estimate the earthquake’s epicenters.
A Python code for localization was developed  (Dimitrova et al.  2019). It is based on the
Golitsyn’s method (Golitsyn, 1960). The method is based on analysis of the seismic signals
recorded at one three-component seismic station. The geographic coordinates of the epicenter
are calculated using the epicentral distance and azimuth from the station to the event. The
di erence between arrival times of P and S-waves is used to calculate the distance to theff
epicenter defined by travel-time tables. The azimuth angle station – epicenter is defined by the
sign of the amplitudes at the three components (Dimitrova et al. 2019). A local velocity model
was constructed for the region of the seismic station. For distances of 25 km, 45 km and 85 km
away from the seismic station the velocities Vp - Vs are measured respectively: 5260 m/s,
5136 m/s and 6778 m/s. 

4. Seismicity in Bransfield Strait between 2020-2022

The seismicity in the Bransfield strait for the two-year period between April 2020 and April
2022 (Figure  1)  is  significantly  increased  in  comparison  to  previous  years.  A swarm of
earthquakes is observed all throughout 2020 and the activity slowly increases by the time it
reaches its peak on the 2 of October and 6 of November with a Mw 5.9 and a Mw 6.0
earthquakes  respectively.  After  those  two  larger  earthquakes  the  activity  slowly  ceases,
however it doesn`t stop completely as the moment magnitude released between August of
2020 and February of 2022 is equal to a Mw 6.4 earthquake (Cesca et al. 2022).  

Many of the earthquakes in the region are recorded also on seismic station LIVV. Although
due to  technical  problems in the station,  the strongest  earthquakes  are  not  recorded.  The
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seismic activity in the region is so strong in some days that more than 20 events/hour are
visible by naked eye on LIVV records (Figure 2). All earthquakes with clear P onsets are
localized and presented in blue, on Figure 1.

Fig. 1 – Seismicity in Bransfield strait between April 2020 and April 2022. Red circles represent  seismicity
according EMSC and blue circles are  earthquakes , recorded in station LIVV.

Fig. 2 – Earthquakes, recorded in seismic station LIVV within one and a half hour on 10.04.2021. The record
starts at 02:29:53 . LIVV station is comprised of  a seismic sensor and an accelerometer. The top three

components represent the Z, N and E components of the seismic sensor and the bottom three of the
accelerometer.   
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Abstract: Which processes drive the current seismicity of the Fennoscandian Shield? The
question  has  been  under  debate  for  decades  and  now the  modern  seismic  networks  in
Fennoscandia make it possible to analyse earthquakes as small as magnitude 1 with high
confidence.  Here  we  present  a  new,  comprehensive  compilation  of  earthquake  focal
mechanisms,  mostly  from Sweden and  Finland,  and  discuss  these  with  respect  to  local
similarity,  depth,  regional  geology and  mapped fault  scarps.  We invert  groups  of  focal
mechanisms for the causative state of stress and compare that to models of stress fields
originating from tectonics, gravitational effects and glacial isostatic adjustment. Preliminary
results indicate a variety of focal mechanisms, albeit with a majority of strike-slip to reverse
faulting mechanisms, and directions of the maximum horizontal stress in general agreement
with that predicted from ridge-push.

Keywords: earthquake  focal  mechanisms,  stress  inversion,  tectonics,  glacial  isostatic
adjustment

1. Introduction

The  Fennoscandian  Shield  is  a  low  seismicity  intraplate  region  consisting  mostly  of
Proterozoic  and  Archean  rock.  The  largest  earthquakes  occur  infrequently  in  southern
Norway and southwestern Sweden and have magnitudes up to approximately 5.5. Further
east  in  the  Shield  earthquake  magnitudes  have  not  reached  magnitude  5  (summary  in
Gregersen et al.,  2021). Notwithstanding, it is well known that there is significant, low
magnitude seismicity in many regions in the Shield, see Fig 1, and the processes driving
that seismicity has been intensely discussed over the last decades. Tectonics, gravitational
effects or glacial rebound (Gregersen et al., 2021)?  In order to shed further light on the
driving forces, we estimate new focal mechanisms from earthquakes in the Fennoscandian
Shield and use these to invert for the causative state of stress.

The seismic networks in Sweden, Finland and Norway have expanded significantly in the
last  two  decades  and  the  detection  of  smaller  earthquakes  has  therefore  increased
correspondingly. Although the Fennoscandian Shield is a low seismicity area more than
15,000 earthquakes have been located there since the year 2000, see Fig. 1 (SNSN, 1904;
FENCAT, 2020). Most of the events are small,  only about a dozen of the events have
magnitude larger than 4 with the largest having ML 4.5. There is clear spatial variation in
the seismicity, as seen in Fig. 1. The Norwegian west and northwest coast, southwestern
Sweden,  the  Swedish  northeast  coast  and  northern  inland  and  the  Kuusamo  area  in
northeastern  Finland  are  all  areas  of  elevated  seismcity.  Earthquakes  occur  down  to
approximately 40 km depth, with most of the seismicity occurring down to 15 km depth
(e.g. Lund et al., 2021; Gregersen et al., 2021).
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2. Focal mechanisms

Some previously published focal mechanisms in the Fennoscandian Shield are shown in
Fig.  2  (Arvidsson & Kulhanek,  1994;  Korja  & Kosonen,  2014).  We see  that  there  is
significant  variation  in  the  mechanisms,  although  strike-slip  to  reverse  faulting
mechanisms dominate. Occasional normal faulting events complicate the picture. In order
to  provide  more  data  we  calculate  new  focal  mechanisms  for  approximately  2,000
earthquakes  in  Sweden  with  magnitude  larger  than  1,  using  the  methodology  of
Rögnvaldsson & Slunga (1993). To these we add about two dozen focal mechanisms from
Finland  (e.g.  Uski  et  al.,  2003).  Preliminary  results  indicate  dominating  strike-slip
mechanisms in Sweden but with significant reverse faulting components.

Fig. 1 – Earthquakes in Fennoscandia 1970 – 2022. Data from FENCAT (2020, 1970 – 2014) and SNSN
(1904, 2000 – 2022). Red circles: magnitude < 2 (small), 2 < M < 4 (medium), 4 < M < 5 (large). Orange

circles : magnitude 5 to  5.1.
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Fig. 2 – Focal mechanisms of selected earthquakes (Arvidsson & Kulhanek, 1994; Korja & Kosonen (eds.),
2014). Size is proportional to magnitude, which ranges from 0.5 to 4.8.

3. The state of stress in in the Fennoscandian Shield

Stress data from below 500 m depth are scarce in Fennoscandia. The World Stress Map
database (Heidbach et al., 2016) contains a few single focal mechanism solutions and even
fewer borehole data for Sweden and Finland. These data indicate a general E-W to NW-SE
direction of maximum compression, or maximum horizontal stress, albeit with significant
spatial variation.

We  complement  this  data  with  stress  data  (directions  of  the  principal  stresses  and  a
measure of the relative size of the intermediate principal stress) obtained from inversion of
earthquake focal mechanisms (e.g. Lund & Slunga, 1999; Lund & Townend, 2007). We
form groups of approximately 50 events based on geology or seismic activity which we
invert jointly. This provides about 40 new stress indicators for Sweden and Finland.

We analyse the new stress data in terms of spatial variability, correlation with geology,
deformation zones and mapped fault scarps. We also compare the stress results to model
data  of  tectonic  stress  directions,  gravitational  effects  and  remnant  glacial  isostatic
adjustment stresses.

4. Preliminary conclusions

Preliminary results with the new focal mechanisms and stress data indicate a variety of
focal mechanisms, albeit with a majority of strike-slip to reverse faulting mechanisms, and
directions of the maximum horizontal stress in general agreement with that predicted from
ridge-push.
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Abstract: Dangerous and challenging access makes monitoring subaqueous parts of maritime 
and polar glaciers difficult. Nevertheless, these sensitive zones are essential in ice-ocean 
interactions and attract marine animals (e.g., seals, whales). Recently, we made several 
attempts to approach the calving front of a fast-flowing glacier in Greenland and conduct 
direct observations. This effort included deploying an ocean-bottom seismometer next to the 
calving front. Our system stayed at depth of ~250 m, where it continuously recorded 
seismicity (at 128 Hz), underwater sound (at 96 kHz), and temperature (1 sample per min) for 
more than two weeks. The experiment yielded several insights of glaciological, seismological, 
biological, and technological relevance. For example, we detected a seismic tremor 
proportional to the ice speed, recorded a glacial earthquake due to iceberg calving, and 
recognized the acoustic presence of narwhals. We also identified unusually deep sediments as 
a crucial feature to consider for future deployments. We believe our approach is of broad 
interest and could be used in any marine or lacustrine setting where sea-ice and ice-mélange 
conditions allow. 

Keywords: Greenland, glacier, cryoseismology, hydroacoustics, whales, OBS 

1. Introduction

As climate warms, it is increasingly important to understand the dynamics of glaciers, glacier 
fjords, and inhabiting marine mammals in polar regions. However, it is difficult to conduct 
almost any continuous in situ observations near the calving fronts of glaciers. One issue is 
remoteness and polar night, another is a direct risk of losing sensors in extreme polar 
environment due to, for instance, crevassing and iceberg calving, as well as harsh weather. 
These issues lead to observations which are scarce, short, remote, or simply too dangerous 
to conduct and recommend as universally applicable (Podolskiy et al., 2021a). Furthermore, 
these shortcomings also correspond to a recognition that non-conventional methods are 
needed (Straneo et al., 2019).        
The objective of our effort, overviewed in this contribution, is to overcome all issues outlined 
above: by using sea-floor seismology as a new window into geophysics and biophysics of 
glacial fjords (Podolskiy, 2021).     

2. Methods and Results

In June 2019, we dropped an ocean-bottom seismometer (OBS) system from a boat to the 
bottom of Bowdoin Fjord in northwest Greenland, at a range of ~600 m from the calving 
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front of Bowdoin Glacier (Fig. 1). The glacier is a fast-flowing tide-water glacier that has 
been intensively studied primarily through Japan-Switzerland collaboration and, therefore, 
was a suitable subject for our underwater experiment.  
For approximately 2 weeks, the OBS stayed at depth of ~250 m, where it continuously 
recorded seismicity (at 128 Hz), underwater sound (at 96 kHz), and temperature (1 sample 
per min) for more than two weeks (using a 4.5-Hz geophone and SoundTrap recorder 
integrated with a thermometer).  

 

 
 

Fig. 1 – Bowdoin Fjord in Greenland, with the map of glacier terminus. The cartoon of the site shows location 
of OBS deployment before and after the main calving event (which was the source of a glacial earthquake on 
29 July 2019). Time-lapse photographs (courtesy of E. van Dongen / ETH Zurich) show the near-terminus 
section of Bowdoin Fjord before and after each epoch (UTC time); the red triangle marks the OBS drop location 
(after Podolskiy et al., 2021b, 2022; CC BY 4.0). 
 

So far, the experiment yielded several insights of glaciological, seismological, biological, 
and technological relevance. For example, we:  

- detected a seismic tremor proportional to the ice speed (Podolskiy et al., 2021b),  

- recorded a glacial earthquake due to a full-depth iceberg calving (Podolskiy et al., 
2021c), and  

- recognized the acoustic presence of narwhals and the potential risk of calving noise 
in terms of hearing loss for these cetaceans and seals (Podolskiy et al., 2022).  

We also identified unusually deep sediments as a crucial feature to consider for future 
deployments in glacial fjords (Podolskiy et al., 2021c). Deep sediment can trap and delay 
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the release of the OBS from the seafloor. Therefore, particular types of acoustic release, 
which can be in direct contact with the sediment, should be used with caution. 

Finally, we note that the experiment was embedded into a large-scale geophysical campaign 
at Bowdoin Glacier in June 2019 and further seismo-acoustic analysis is in progress. In the 
meantime, we hope to secure funding for long-term sea-floor experiments in the same region 
of Greenland. 

4. Conclusions

Our approach allows to collect extreme near-source observations of a seismo-acoustic field 
related to ice-ocean interactions (populated by cryogenic and biogenic signals). It also 
permits to obtain continuous long-term records, which are limited only by battery life of the 
instruments and useful for multi-disciplinary studies. Since OBS deployment is relatively 
quick and can be performed even from a helicopter (Podolskiy et al., 2021c), this 
methodology will remain more realistic than a becoming-popular, but more demanding 
fiber-optic sensing (i.e., DAS). 
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Abstract: Earthquake site effects have a major impact on the seismic hazard. However, 

evaluating the site response over a broad frequency range and with a high spatial resolution 

remains difficult. Empirical site effect assessment has shown good reliability up to high 

frequencies but relies on earthquake recordings, which requires long station deployments. In 

contrast, seismic ambient noise can be rapidly recorded anywhere at any time. The hybrid 

standard spectral ratio (SSRh) combines both the spectral ratio from earthquake recordings at 

a few sites and the spectral ratio from ambient noise recordings at many sites from short 

duration deployments. Here we present and discuss the results of different studies applying 

the SSRh techniques on various sites in France and in Switzerland. In addition, we investigate 

the site response at high-spatial resolution using the SSRh in the industrial area of Marcoule, 

France. On every tested soil sites, we report a good agreement between the SSRh method and 

the referenced method based on earthquake observations. Finally, we discuss the uncertainties 

and limitation of the SSRh methods. 

Keywords: Seismic hazard, Earthquake ground motions, Site effects, Seismic noise, 

Microzonation 

1. Introduction

Site effects are a source of particular concern for seismic hazard assessment. During an 

earthquake, site effects can dramatically increase both the amplitude and duration of ground 

motion at certain frequencies, especially for sites located on thick sedimentary deposits 

(sedimentary valley or basin). Moreover, 2D or 3D resonances, focusing/defocusing effects, 

and surface waves generated at the basin edge can greatly increase the complexity of the 

seismic wave field at the earth surface (Anderson, 2007; Kramer, 1996). As a result, site 

effects can induce strong lateral variations of the ground motion over distances of only a few 

tens of meters (Cushing et al., 2016; Hollender et al., 2015; Imtiaz et al., 2018; Svay et al., 

2017). 

Evaluating the site response for a large area at high spatial resolution is, however, still 

problematic. In low seismicity regions, empirical site effect assessment based on earthquake 

observations requires the deployment of stations for several years in order to record 

sufficient earthquakes (e.g., Perron, 2017; Traversa et al., 2020). On the other hand, 

numerical modelling is subject to significant assumptions and approximations. Moreover, 

3D modelling is restricted to the low frequencies (<4 Hz) because of the poor resolution of 

the geological and geophysical models. In contrast, techniques based on ambient noise 

appear as appealing alternatives because ambient noise can be recorded anywhere from 

relatively short acquisition windows (from 30 minutes to 24 hours, Bonnefoy-Claudet et al., 
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2006; SESAME team, 2004). These features make use of microtremor data more rapid and 

cost-effective when compared to numerical simulations or approaches based on earthquake 

observations. Assessing seismic site responses from ambient noise is thus of major interest 

to locally infer the spatial variations of site effects (i.e., microzonation). 

Currently, there is a high demand from the engineering seismology community in having 

approaches to evaluate reliable earthquake site response from the ambient noise, especially 

in the frequency range that is classically targeted in engineering applications (1–10 Hz). 

Different approaches have been recently developed to extract useful information from the 

amplitude of the ambient noise (e.g., Kawase et al., 2018; Panzera et al., 2021). Recently, 

Perron et al. (2018) have proposed the hybrid Standard Spectral Ratio approach (SSRh) 

allowing the evaluation of the site response from combined use of earthquakes and ambient 

noise recordings. This method has shown very comparable results when collated with the 

direct earthquake observations in many different places (Janusz et al., 2022; Perron et al., 

2022, 2018), even at high frequency where the ambient noise is dominated by human 

activities. The objective of this study is, firstly to overview the results based on the SSRh 

approach in the literature; and secondly to evaluate the applicability of SSRh in the noisy 

industrial area of Marcoule, France. 

2. The SSRh method

Perron et al. (2018) proposed the SSRh to evaluate the site response from the combined use 

of earthquakes and ambient noise recordings. The SSRh is composed of two existing 

approaches: i) the Standard Spectral Ratio approach (SSR, Borcherdt, 1970) which consist 

of the component-to-component spectral ratio from earthquakes recorded at one soil site with 

respect to one local rock reference site; ii) the ambient noise SSR (SSRn, Kagami et al., 

1986, 1982) which consist of the simultaneous component-to-component ambient noise 

spectral ratio between two stations. The SSR is used to assess the rock relative site response 

at a few locations inside the basin, and thus requires only a limited number of long-term or 

permanent stations in the area. Then, the spatial variability of the basin response 

(microzonation) is estimated through the SSRn computed using several short-term recording 

stations inside the basin, and is relative to the soil station for which the rock relative SSR 

transfer function is known. The SSRh can be expressed as: 

𝑆𝑆𝑅ℎ𝑗/𝑟(𝑓) = 𝑆𝑆𝑅𝑠/𝑟(𝑓) ∙ 𝑆𝑆𝑅𝑛𝑗/𝑠(𝑓) (1), 

where 𝑆𝑆𝑅ℎ𝑗/𝑟 is the SSRh at site 𝑠𝑗 relative to the rock reference site 𝑠𝑟, SSRn𝑗/𝑠 is the 

SSRn evaluated at site 𝑠𝑗 relative to the intermediate soil reference site 𝑠𝑠, and SSR𝑠/𝑟 is the 

classical SSR on earthquakes at 𝑠𝑠 relative to 𝑠𝑟. The SSRh is based on the assumption that 

the relative spectral amplitude at two soil stations is similar using either ambient noise 

(SSRn) or earthquake (SSR) recordings. From the observations made by previous studies 

that assumption seems valid when the two stations are located on similar site conditions, for 

instance for sites located within the same sedimentary basin and with similar fundamental 

frequency (f0). 

The SSRh method is interesting for assessing the variability of the amplification within the 

targeted basin, at the scale of a city for example. The relative amplification function can be 

evaluated on several dozens of points where short-time recordings of ambient noise are 

performed simultaneously to a few soil reference stations where the amplification function 

is already known. In the SSRh definition, the amplification functions at the reference soil 
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station are estimated using the SSR method, however, other empirical or numerical 

approaches can be used alternatively. 

Several studied already applied the SSRh approach to various study areas. In its initial work, 

Perron et al., (2018) applied the SSRh on to two different areas: 5 soil sites located in a small 

sedimentary valley in Provence (France) and 10 soil sites aligned across the Koutavos Basin 

close to Argostoli (Greece). They found very similar amplification function when comparing 

the SSRh to the direct SSR, at least up to 10 Hz in Provence and 20 Hz in Argostoli. They 

also directly compared the SSR and SSRn between two soil sites located 2 km apart inside 

the sedimentary valley and find very similar relative amplification function up to 10 Hz when 

using either the ambient noise or the P-, S-, coda waves or the entire earthquake signal (figure 

1). 

 

Fig. 1 - Comparisons of the SSRn (red) estimated from ambient noise between two stations located inside the 

basin in Provence (P3/P4) with the SSR estimated from various phases of the earthquake signal: Green, P 

waves; blue, S wave; yellow, coda waves; black, full signal. The horizontal mean and vertical components 

are represented in the left- and right-hand panels, respectively. The solid and dotted lines represent the 

geometric mean with its corresponding plus and minus standard deviation, computed from more than a 

hundred earthquakes for the SSR and from thousands of selected noise windows for the SSRn (from Perron 

et al., 2018). 

More recently, the SSRh was applied to two vast areas on dense ambient noise measurement 

campaigns: on about 300 points over a 3-by-14 km area around the city of Sion (Switzerland, 

Perron et al., 2022), and on about 100 points over two basins next to the city of Lucerne 

(Switzerland, Janusz et al., 2022). Both studies observed a good agreement between the 

SSRh and SSR amplification function. Because of that they used the SSRh to estimate the 

high-resolution amplification model for Sion (figure 2) and Lucerne (figure 3). For these 

studies, the SSRh approach was improved by the use of more than one intermediate soil 

stations. Janusz et al., (2022) propose a detailed discussion on the influence on the SSRh of 

the weighing of the different soil intermediate stations. In these two studies, the direct SSRn 

vs SSR comparison at the permanent soil stations was performed. A good similarity was 

observed even for sites located several kilometers apart (up to 14 km). The main limiting 

factor of the SSRh techniques is when the stations used for the SSRn computation are located 

on different site conditions (e.g., border of the basin, rock site…). For instance, in Sion, the 

SSRh is higher than the SSR amplification function at station SIOAE because it is located 

at the very edge of the basin. Strong anthropic noise sources can also bias the SSRh 

estimation locally at some specific frequencies. For instance, the SSRh at station SIOM 
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diverge from the SSR above 2 Hz because it is located in one of the most active parts of the 

city of Sion, close to the train station. 

Fig. 2 - Maps of Empirical Amplification Function (EAF) at 0.33, 0.51 and 3.94 Hz for the Sion area and 

individual comparison between SSRh-based EAF (blue line) and SSR-based EAF (red line) curves at the 

current permanent stations (left side) and past permanent stations (right side) (from Perron et al., 2022). 
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Fig. 3 - The amplification factors with respect to the Swiss reference rock profile for the Lucerne 642 area for 

a) 1.2 Hz, b) 2 Hz and c) 3.33 Hz. Blue triangles are the stations of the seismic monitoring network and black 

circles represent ambient vibration measurements. The amplification functions referenced to the Swiss 

reference rock profile for the stations are shown outside the map a); blue lines show the value for 1.2 Hz. d) 

Standard deviation for amplification map for 2 Hz (from Janusz et al., 2022). 

3. The Marcoule area 

3.1. Geological context 

The Marcoule centre was built at the confluence of the Cèze Valley with the Rhône Valley. 

From the point of view of site effects, the major component of the local geological history 

was the Messinian crisis. This crisis, which occurred at the end of the Miocene, is associated 

with a drastic lowering of the level of the Mediterranean Sea (lowering by at least 1800 m). 

This event led to the digging of deep canyons on the continents. The re-watering of the 

Mediterranean was particularly fast on the geological time scale. It transformed the old 

canyons into rias, which were progressively filled during the Pliocene with elements carried 

by the rivers. These sediments were transformed into marl and sandy marl. 

In the Marcoule area, this results in a “sedimentary basin” (in the sense of site effects) up to 

600 m deep and about 3 km wide filled with Pliocene formations (of “stiff soil” class) in a 

more rigid Cretaceous age bedrock (sandstone, marl or limestone of “rock” or “hard rock” 
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class). This basin has a highly 3D configuration since the Marcoule site is located at the 

confluence of the Messinian canyons of the Cèze and the Rhône. 

3.2. Stations deployments 

Permanent stations in the Marcoule area are Güralp CMG6TD broadband seismometers. To 

date, 9 stations have been deployed at the Marcoule Centre (stations MA01 to MA09). It 

should be noted that the MA03 and MA04 stations were shut down due to the construction 

of buildings and that the corresponding seismometers were then moved to the MA06 and 

MA07 stations. MA01 is considered as the local rock reference station. These stations have 

recorded 205 usable earthquakes since their deployment until May 2020. 

Two ambient noise measurement campaigns have been carried out. The first one was carried 

out in 2020 using Güralp CMG6TD broadband seismometers. 14 stations were deployed for 

2 weeks approximately (from September 17, 2020 to October 6, 2020). The positioning of 

these measurements consists of profiles between the permanent stations still in operation in 

the most densely built-up area of the Centre. The second campaign was carried out in 

November 2021 using Smartsolo 3C velocimeters. 77 stations were deployed for three days 

over a dense grid of approximately 200 m side. 

3.2. Amplification model 

First we verified the validity of the SSRh amplification function by comparing it to the SSR 

at the permanent stations in the Marcoule area. Figure 4 shows the comparison between the 

SSRh and SSR amplification function distribution at stations MA05, MA06, MA07, MA08 

and MA09. At the permanent stations, the SSRh is computed using the other permanent 

stations as soil reference, excluding the targeted station for the referencing. By doing that it 

is possible to verify the reliability of the SSRh to estimate the correct amplification function 

by comparing it to the SSR. This comparison shows a good agreement at least up to 6 Hz for 

most of the stations. In comparison the HVSR method fail to estimate the amplification 

function, but also to determine the fundamental frequency of the site for stations located on 

the edge of the basin (MA06, MA07, and MA08). 

Fig. 4 - Individual comparison 

of the Horizontal-to-Vertical 

Spectral Ratio (HVSR), hybrid 

Standard Spectral Ratio (SSRh) 

and Standard Spectral Ratio 

(SSR) at the permanent stations 

on soil sites. 
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Fig. 5 - 16th-84th percentile intervals of the amplification functions distribution computed from the Standard 

Spectral Ratio (SSR) for the permanent stations and median of the Hybrid Standard Spectral Ratio (SSRh) for 

every station in the area. The colour map indicates the corresponding interpolated amplification model of the 

area at 0.25 and 0.51 Hz. 
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Fig. 6 - 16th-84th percentile intervals of the amplification functions distribution computed from the Standard 

Spectral Ratio (SSR) for the permanent stations and median of the Hybrid Standard Spectral Ratio (SSRh) for 

every station in the area. The colour map indicates the corresponding interpolated amplification model of the 

area at 1.02 and 7.91 Hz. 

Once the SSRh validated at the permanent stations, we compute it at every ambient noise 

measurement points of the 2020 and 2021 campaigns. Figure 5, and Figure 6 show the 

median SSRh curves compared to the SSR 16th-84th percentile interval for every permanent 

station and the interpolated amplification map for the area at 0.25, 0.51, 1.02, and 7.91 Hz. 
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The SSRh at the temporary stations is computed taking the median over every time window 

available and with every permanent station inside the basin taken as soil reference. The SSRh 

at the temporary stations cannot be directly compared to the SSR but they are consistent with 

the nearby SSR at the permanent stations and with the geological model in the area. At 

frequency 0.51 Hz, it is the fundamental peak of the southern sites. The amplification model 

consistently indicates higher amplification in the southern part of the area (Figure 5). At 

1.02 Hz, it is the fundamental frequency of the stations in the northern part of the area (Figure 

6). At 7.91 Hz, a second peak is reached in various positions over the area and amplification 

factor up to 4 are observed (Figure 6). 

4. Conclusions 

The use of ambient noise has received growing attention over almost a century, and more 

specifically since the 1980s for site effects purposes. Evaluating the amplification function 

from ambient noise in a broad frequency range is still challenging and an important research 

topic today. In this study, we compare the SSRh computed from ambient noise with the 

classical SSR computed from earthquakes, in the Marcoule industrial area. 

In agreement with the literature, the HVSR only allow recognizing f0, as it does not provide 

the higher modes or the amplification factors. Moreover, we observe that HVSR estimation 

is not fully reliable at the basin edge. Contrarily, the SSRh shows similar site amplification 

functions when compared to the SSR at every frequency. Similarly to what we observed 

using the SSRh in previous studies in France, in Greece and in Switzerland, the amplitude 

of the ambient seismic field, when it is averaged over several hours of recording, is 

dominated by site response. 

The SSRh appear to be a very practical and reliable tool to evaluate the amplification model 

with good spatial resolution and in a broad frequency range. Only a few permanent stations 

are required in the area while the spatial variation of the site response can be mapped rapidly 

by performing recordings of the ambient noise over a dense grid of points. The SSRh is a 

very promising tool for microzonation inside sedimentary basins. 
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Abstract: Rapid accurate prediction of strong ground shaking can be crucial for earthquake 
early warning.  Recently, machine learning (ML), with its advances in Deep Learning (DL), 
has shown great potential in analysing seismic waveforms. More specifically, when using the 
data acquired by a seismic network, the incorporation of additional information consisting of 
the network station positioning into the DL model has been found beneficial to improve the 
accuracy of the ground motion predictions (Jozinović et al., 2022). Such spatial information 
can be exploited thoroughly by adopting graph structures, along with the seismic waveforms. 
Recent advances in adapting DL to graphs have shown promising potential in various graph-
related tasks. However, these methods have not been completely adapted for seismological 
tasks. In this work, we advance an architecture capable of processing a set of seismic time 
series acquired by a network of stations using the benefits of Graph Neural Networks (GNNs) 
(see Fig. 1). The objective of the study is the rapid determination of the ground motion (PGA, 
PGV, and SA 0.3s, 1s and 3s) at farther stations that have not been yet reached by the strong 
ground shaking by availing of the first signals recorded at the stations close to the epicentre. 
The work builds upon the GNN approach proposed in Bloemheuvel et al. (2022) and 
incorporates transfer learning, see Jozinović et al. (2022). We apply the methodology to two 
datasets having very different source-receiver geometries sited in central Italy (CI, Jozinović 
et al., 2020, Jozinović et al., 2022) and in north-western central Italy (CW), respectively (Fig. 
2). The two datasets have already been the object of similar studies using convolutional neural 
networks which serve as baselines for comparison. We find that the GNNs are highly suited 
for the analysis of seismic data from a set of stations and show improvement when compared 
to the previous work (Bloemheuvel et al., 2022 and Jozinović et al., 2022). We exemplify the 
early warning capabilities of the proposed approach.  

Keywords: Graph Neural Networks, Seismogram, Convolutional Neural Networks, Sensors, 
Regression, Earthquake Ground Motion, Seismic Network, EEW 

1. Introduction 

In seismology, the adoption of graph neural networks is at the very beginning. The problem 
belongs to what in the machine learning community is called multivariate time series 
regression using graph-based methods (Figure 1). Initial attempts in seismology have been 
made by van den Ende and Ampuero (2020), Yano et al. (2021), Kim et al. (2021), yet each 
have some shortcomings. van den Ende and Ampuero (2020) mention that they designed a 
GNN for the localization of earthquakes from waveform data. However, they only append 
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the (latitude, longitude) information to the time series being handled by a CNN. Therefore, 
while prediction scores improved, no actual GNN layers were used. Second, Yano et al. 
(2021) proposed a graph partitioning algorithm that works together with a CNN. However, 
they make use of classical graph theory techniques and a GNN method is not applied. Lastly, 
Kim et al. (2021) recently suggested a method that uses CNNs and GNNs for seismic event 
classification. However, (1) no spatial information is used at all, i.e., each edge has a weight 
of 1, nor (2) meta information about the stations is added, and (3) only three nodes are 
examined for each observation, which could be difficult to interpret as a full-
fledged/complex network. Finally, another recently proposed method for handling seismic 
data with GNNs is from McBrearty and Beroza (2022). Here, the location and magnitude of 
earthquakes is predicted. However, their input are pre- calculated characteristics of the 
earthquakes for each station, which differs from our goal to use raw waveform data.  

Fig. 1 – Simplified diagram showing the Graph Neural Network (GNN) approach.   Stations represent 
the nodes and the connections between them represent the edges of the GNN. The objective is to 
determine the maximum ground shaking at the nodes by exploiting the pattern of the recorded 
seismograms in the e.g., first 10 s. The node features of the GNN are the calculated features from the 
convolutional layers in the model. 

In this work, we extend the work by Bloemheuvel et al. (2022) that present a technique that 
takes full advantage of the GNN architecture to process multivariate time series. In practice, 
the technique combines the capabilities of convolutional layers (feature extraction) and 
graph convolutional layers (spatial information) to manage the feature sizes that are common 
in high-frequency time series data arising from multiple sensors. This work is enriched with 
the adoption of transfer learning (Bozinovski, 2020; Pan and Yang 2009 for a review) to 
alleviate the paucity of the datasets by taking advantage of the developments by Jozinović 
et al. (2022). The seismological problem that is addressed consists of predicting the peak 
ground motion at a set of farther located seismic stations from the epicenter using the very 
first seconds of the first recoding stations. This approach does not require the provision of 
the earthquake location and magnitude and it can reveal useful for earthquake early warning 
purposes (Jozinović et al., 2020, 2022). 
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2. Data 

In this work, we have used two datasets – the Central Italy (CI) and  the Central Western 
Italy (CW) ones. They consist of three-component earthquake waveforms data.  The CI 
dataset includes the 2016 Central Italy sequence (Chiaraluce et al. 2017) recorded by 39 
stations in the epicentral area and its surroundings. We use earthquakes in the study area 
bounded by latitude [42◦, 43.75◦] and longitude [12.3◦,14◦] which occurred from 1 January 
2016 to 29 November 2016. All the events occur within crustal depths in the range 1.6 km 
< D < 28.9 km. Using these criteria, 915 earthquakes with magnitude M ≥ 3 have been used 
(Figure 2). The CW dataset includes three-component waveforms of 256 earthquakes with 
magnitude 2.9 ≤ M ≤ 5.1 (Fig. 1a), from 39 stations. The earthquakes occurred between 2013 
January 1 and 2017 November 20. The earthquake depths range from 3.3 to 64.7 km (Fig. 
1b). The stations and the earthquakes are located in the area bounded by latitude [41.13◦, 
46.13◦] and longitude [8.5◦, 13.1◦](Fig.2). The dataset are available at 
https://doi.org/10.5281/zenodo.3669969 and https://doi.org/10.5281/zenodo.5541083 for CI 
and CW, respectively. 

 

Fig. 2 – Maps showing the source-receiver geometries of the CW (left) and CI (right) datasets analysed 
by Jozinović et al. (2020, 2022) and used in this study. The CW dataset includes earthquakes and 
stations extending on a wide area in north-west central Italy with earthquakes occurring at depths 
between the near surface and about 65 km whereas the CI dataset spans a much smaller area and 
earthquakes at shallow depths from the 2016 central Italy earthquake sequence. 

 

3. Method 

The method adopts the model developed by Bloemheuvel et al. (2022) based on the CNN 
model developed by Jozinović et al. (2020). In practice, the model replaces the spatial 
convolutional layer with a graph convolutional layer. In Figure 3, we show the simplified 
diagram of the model. The first two layers perform single station feature extraction through 
convolution. In addition, transfer learning is inserted in these first two layers using features 
extracted from the STEAD (Mousavi et al., 2019) dataset as in Jozinović et al. (2022).   After 
tensor re-shaping, graph convolutional (GCN) layers are applied. These are followed by 
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flattening plus a dense layer to estimate the regression values and terminate the model. The 
stations represent the nodes and the connections between them represent the edges of the 
GNN. The objective is to determine the maximum ground shaking at the nodes by exploiting 
the pattern of the recorded seismograms in the e.g., first 10 s. 

Fig. 3 – Diagram showing the adopted GCN model. CNN refers to the first two layers in which the 
convolution is carried out for each station 3C waveforms independently. Coefficients obtained from 
the STEAD dataset training are inserted in these two layers. Reshaping is applied before adopting 
GCN layer. Flattening and estimation of the regression values terminate the model. The stations 
represent the nodes and the connections between them represent the edges of the GNN. The objective 
is to determine the maximum ground shaking at the nodes by exploiting the pattern of the recorded 
seismograms in the e.g., first 10 s.  

4. Application

The method has been applied to both the CI and the CW datasets. The results are summarized 
in Figure 4 by plotting the error for the five IMs according to three different error functions 
- maximum absolute error  (MAE), mean squared error (MSE), and root mean squared error
(RMSE).  The results shown include the TISER-GCN model fully described in Bloemheuvel
et al. (2022),  the  TISER-GCN-TL developed mainly in this study and the CNN model of
Jozinović et al. (2020) for comparison.

We see that for the CI network dataset, the adoption of the graph formalism to replace the 
spatial convolution of the CNN model leads to significant error reductions for all the IMs 
and the addition of the transfer learning improves in some cases the performance. For the 
CW network dataset, that features a very different source receiver geometry, range of event 
magnitudes and hypocentral depth, the TISER-GCN model results also in significant 
improvements when compared to the CNN.  

We included transfer learning by inserting a model trained on the STEAD dataset (Mousavi 
et al., 2019) for magnitude determination (cf. Jozinović et al., 2022).  The transfer learning 
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in the first two layers was applied in two different ways. In both cases,we made the 
first layer not trainable. That is, we fixed the layer and used the coefficients provided 
by the model pre-trained on STEAD. The second layer was made either trainable or 
fixed. The results shown below in Fig. 4 are for the case in which the second layer is 
made trainable while using the STEAD coefficients as prior.   

Fig. 4 – Bar plots showing the performance of the CNN (Jozinović et al., 2020), the graph 
convolutional network (TISER-GCN, Bloemheuvel et al., 2022) and the latest development that 
include the transfer learning in the previous model (TISER-GCN-TL).  CI network (top) and CW 
network (bottom) are shown for MAE, MSE and RMSE for all the five IMs (PGA, PGV, SA(0.3), 
SA(1.0) and SA(3.0)).  
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In detail, inclusion of transfer learning for the CI dataset leads to significant improvements 
in all the error metrics adopted. In contrast, the results obtained using the CW dataset do not 
show the same behaviour and the results are either similar to or slightly worse than those 
obtained using the GCN. However, we note that some improvements were obtained when 
also the second layer was fixed (not shown) in the analysis of the CW dataset. This different 
behaviour could be explained by the limited resolving power of the CW dataset and the 
inclusion of the coefficients provided by the model pre-trained on STEAD becomes very 
relevant. 

5. Conclusions

The results of the analysis presented in this work indicate that adoption of the graph neural 
network formalism can be extremely effective in the analysis of seismological data acquired 
by seismic networks spread unevenly across a territory. Overall, the GCN formalism 
performs always consistently better than the CNN approach. 

Inclusion of transfer learning benefits the results of the GCN approach even further. Care 
must be observed, however, on whether to insert the external information through transfer 
learning fully or not. Our preliminary results suggest that for poor source receiver geometries 
it is preferable to use fully the external information (e.g., for the CW dataset in this study) 
whereas for datasets that have a good resolving power (e.g., the CI dataset), inclusion of 
transfer learning is still effective through a balanced insertion of the amount of information. 
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Abstract: Site specific seismic hazard assessment needs a ground motion amplification 

model of the investigated region. This model allows to highlight areas that can be strongly 

affected by earthquake ground motion, which is a crucial information for earthquake 

mitigation. Site response can be investigated by using technique such as standard spectral 

ratio, empirical spectral modelling or indirectly through analysis of horizontals-to-vertical 

spectral ratio (HVSR). The first two techniques are the most powerful, as they allow to 

retrieve the amplification function of the investigated site by using earthquake recordings, 

but they require a long observation time to record a sufficient number of events. The HVSR 

method is instead a simplified method based on the ambient vibration recordings or 

earthquake recordings. The HVSR is generally used to retrieve mainly the fundamental 

frequency of the site, while its amplitude as a function of frequency is not considered as 

directly representative of the site amplification. Here, we apply a method based on the 

statistical technique of the canonical correlation (CC) to link the amplitudes of HVSR and 

the earthquake site response. We test this approach on the measured amplification functions 

at 428 seismic stations of the Japanese KiK-net network. We show that the estimated CC 

coefficients can be used to reconstruct the expected amplification function at sites where 

only HVSR is available. 

Keywords: empirical amplification function, HVSR, canonical correlation, earthquakes. 

1. Introduction

A site-specific seismic hazard assessment needs a ground motion amplification model of 

the investigated area. The empirical site response can be investigated by using technique 

such as standard spectral ratio (SSR; Borcherdt, 1970), empirical spectral modelling (EAF; 

Edwards et al., 2013) or through methods exploiting the horizontals-to-vertical spectral 

ratio of earthquake recordings (HVSRe; Lermo and Chávez-García, 1993) and of ambient 

noise (HVSRn; Nakamura, 1989). The first two techniques (SSR and EAF) are the most 

powerful, because they allow to directly retrieve the amplification function of the 

investigated site by using earthquakes. The HVSRe is based on the horizontal to vertical 

spectral ratio of the earthquake S-wave part of the recorded waveform at the same station, 

assuming that the vertical component of motion is not affected by site effects. This 

technique can be also applied to seismic coda waves (HVSRc), which were proved to 

satisfy the diffuse field assumption which links the HVSR to the local medium structure 

(Sánchez Sesma et al., 2011; Campillo and Paul, 2003). All these techniques based on 

earthquake recordings require a long observation time to record a sufficient dataset of 

events (e.g. Brax et al., 2018). 
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The HVSRn method is instead a simplified technique based on the recording of ambient 

vibrations, that allows retrieving information on the fundamental frequency (f0) of the site 

and on the velocity contrast at depth from the HVSRn amplitude at f0. This technique is 

suitable for several applications (e.g. Panzera et al., 2017), but the amplitude is not directly 

related to the real amplification of the site (e.g. Fäh et al., 2001; Perron et al. 2018). 

In this study, using canonical correlation we systematically correlate HVSRc and empirical 

amplification functions measured at a set of Japanese instrumented sites, highlighting 

advantages and limitations of the method. Moreover, we tested the equivalence between 

HVSRc and HVNRn. 

2. Dataset 

From the Japanese KiK-net network a subset of 428 stations was selected (Fig. 1) for 

which we found at least 10 earthquakes with good signal-to-noise ratio for the computation 

of the surface-to-borehole spectral ratio (SBSR) and HVSRc in the frequency range 0.5-10 

Hz. Among the selected stations for only 398 out of 428 the VP, VS profiles down to the 

borehole station are available 

The HVSRn is not directly applicable to KiKnet due to the absence of sufficient pre-event 

signal in the waveforms and because of the accelerometer sensor characteristics which are 

not sensitive enough to low amplitude signals. For this reason, we explored other 

techniques to obtain an equivalent HVSRn. We used the HVSRc which were proven to 

satisfy the diffuse field assumption which links the HVSR to the local medium structure 

(Sánchez Sesma et al., 2011; Campillo and Paul, 2003). Unfortunately, it was not possible 

to assess the equivalence between HVSRc and HVSRn directly at the KiK-net stations. 

Therefore, we tested the validity of the methodology on a set of 121 instrumented sites of 

the Swiss strong-motion network (SSMNet; Swiss Seismological Service, 1983). As part 

of the strong-motion network, these stations are instrumented with accelerometers; during 

two successive phases of the SSMNet renewal (spanning 2009 – 2022), the stations’ 

locations have been the target of site characterization measurements (Michel et al., 2014; 

Hobiger et al., 2021). 

The SBSR are computed for 428 pairs of surface-to-borehole stations with up to several 

thousands of good quality earthquakes in Japan. The SBSRs are then corrected using a 

procedure consisting of two successive steps. These two steps trace the procedure devised 

by Cadet et al. (2012), for the same purpose. Therefore, we first apply the depth correction 

transforming SBSR into pseudo SSR (pSSR) and then we correct pSSR to a common 

reference site with VS30 equal to 1350 m/s (Poggi et al. 2013) obtaining pseudo empirical 

amplification functions (pEAF). 

3. Canonical correlation 

We apply canonical correlation (CC) statistical method, which investigates the correlation 

between two sets of variables by identifying their linear combinations having maximum 

correlation (Davis, 2002), using 428 seismic stations. In particular, the CC is applied as 

suggested by Cultrera et al. (2014) and revised for Switzerland by Panzera et al. (2021). In this 

study the two sets of variables correlated by means of CC are the HVSRc and 

amplification functions (SBSR, pSSR, and pEAF) discretized within 16 frequency bins in 

the range 0.50-10.00 Hz. The bin subdivision used in this study is the same as in Panzera et 

al. (2021), which demonstrated that 16 bins are sufficient to preserve as much as possible 

the HVSRc and amplification function fluctuations in amplitude. 
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Once implemented the CC analysis between the sets of HVSRc and amplification functions, 

we designed an approach to forecast the amplification for a specific site by using its HVSRc 

information (for more details see: Panzera et al., 2021). The approach to predict the local 

amplification (see example in Fig. 1) is based on the solution of an inverse problem with a 

regularized least squares approach (Tarantola, 2005). 

Fig. 1 - Comparison between true amplification and the predicted amplification at the station KGSH12 

obtained applying CC using each time a different set of amplification function to correlate with HVSRc. The 

pEAF adjusted is referred to the prediction made adding to HVSRc matrix the column with the VS-bedrock.  

4. Conclusions

In this work HVSRc and SBSR at 428 seismic stations were computed, deriving from the 

latter pSSR and pEAF. HVSRc and HVSRn were compared to verify their equivalence 

using SSMNnet sites, as we do not have an ambient vibrations dataset for the KiK-net 

stations. The agreement between the two kinds of horizontal-to-vertical spectral ratio 

curves is generally good, therefore allowing to replace HVSRn with HVSRc in the CC. 

The relationship between amplification functions (SBSR, pSSR, and pEAF) and HVSRc 

was then investigated through CC using a wide dataset of seismic station covering the 

entire Japanese territory. We used a lsqr estimation method including a regularization 

constraint (Tarantola, 2005), which improves the solution of the prediction. From a visual 

inspection the best correlation is obtained when pSSR and HVSRc are used, whereas a 

strong deviation from empirical amplification is obtained when the pEAF are back 

computed. This deviation was already observed by Panzera et al. (2021) and explained in 

terms of the intrinsic nature of pEAF and HVSRc. In particular, the pEAF are normalized 
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to the Japanese rock velocity profile defined in Poggi et al. (2013), while the HVSRc are 

affected by the local velocity contrasts (e.g. Bonnefoy-Claudet al., 2006). Therefore, taking 

advantage of the velocity profiles of the KiKnet stations, we demonstrate that as assumed 

by Panzera et al. (2021) the best adjustment factor for CC when pEAF are used is the 

velocity of the bedrock. We also observed that a direct correlation between SBSR and 

HVSRc is possible, but the influence of the upgoing and downgoing waves which are 

destructive at certain frequencies at depth, although not so evident, does play a role 

nevertheless. 
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Abstract: In site response assessments, observation-based site-specific approaches requiring a 
target-reference recording pair or a recording network cannot be implemented at many sites of 
interest. Thus, various estimation techniques have to be utilized. How effective are these 
techniques in predicting site-specific site responses (average over many earthquakes)? To address 
this question, we (Zhu et al., 2022a and b) conducted a systematic comparison using a large 
dataset that consists of detailed site metadata and Fourier outcrop linear site responses based on 
observations at 1725 K-NET and KiK-net sites. To present readers a big picture, we use this paper 
to summarize our two previous studies (Zhu et al., 2022a and b). Firstly, classic regression and 
machine learning (i.e., random forest) amplification models were developed on a training dataset 
(1580 sites). Then their predictive powers were tested and compared at 145 independent testing 
sites with those of the one-dimensional (1D) ground response analysis (GRA), and the empirical 
correction to the horizontal-to-vertical spectral ratio (eHVSR) of earthquakes (c-HVSR). The 
standard deviation of residuals between observations and predictions, i.e., between-site (site-to-
site or inter-site) variability, was used as the benchmark.  

The comparisons show that proxies/parameters-based site response models have a wide range of 
levels of performance. The machine learning amplification model using a few predictor variables, 
surface roughness, peak frequency fP,HV, VS30, and depth Z2.5, achieves better performance than 
GRA using detailed 1D velocity profiles. The effectiveness of GRA is limited by our ability to 
precisely constrain site models and the potential weaknesses of 1D modeling for sites that are 
impacted by 2D or 3D site effects. In addition, we demonstrate the benefits of collecting single-
station weak-motion recordings in site-specific applications, which is particularly pertinent for 
cases where implementing recording pair- or network-based empirical techniques remains a 
“luxury”. Our results imply that site response estimates from 1D GRA, proxies/parameters-based 
models or c-HVSR are only pseudo-site-specific and fall between ergodic and truly site-specific. 
To what extent these site response estimates are site-specific is primarily contingent on how 
accurately and precisely the input information can uniquely depict different aspects of the sites, 
e.g., the high-frequency attenuation, surface and subsurface material properties, and their lateral
and stratigraphic configurations in different spatial scales. Future endeavours could further
explore the modeling of complex site effects using larger datasets and advanced machine learning
techniques, as well as address unanswered questions, e.g., transferability in cross-domain
applications.

Keywords: site amplification, machine learning, ground response analyses, HVSR, earthquake 

1. Introduction

Repeatable site response at a target site can be estimated via various methods (m). The estimation 
approach can be through (a) the use of a site characterization proxy, e.g., VS30, site resonant frequency 
f0, sediment thickness Zx (x= 0.8, 1.0, 1.5, and 2.5 km/s), topographic indices or their combinations, (b) 
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empirical correction based on the horizontal-to-vertical spectral ratio of earthquakes records (eHVSR) 
collected on-site, (c) 1D-based simulations including ground response analysis (GRA) and the square-
root-impedance (SRI) method, as well as data-driven approaches. Predictions using proxies (method a) 
are usually used for shake-maps or hazard/risk assessment developed at a regional level and are 
considered to be ergodic: the ground-motion prediction and amplification factors associated with a given 
proxy are not site-specific and are calibrated on a large number of stations. Methods b) and c) are site-
specific and calibrated with data (seismological records) or a 1D profile of a given site.  It is generally 
assumed that site-specific methods (e.g. 1D-modelling) better predict site-response at a given site than 
methods based on proxies.  

This paper is a summary of two of our previous studies (Zhu et al., 2022a, b) in which the relative 
efficiency and performance of the site response estimation methods described above were systematically 
evaluated and compared. To our knowledge, the relative performance of these various methods has 
however not been quantified systematically.  

2. Evaluation Framework

2.1. 𝝓𝝓𝑺𝑺𝟐𝟐𝑺𝑺 

If multiple recordings are available at multiple sites, observed site response at a site s during an 
earthquake e can be expressed as:  

              𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒 = 𝑎𝑎 + 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0 + 𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒                         (1) 

𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0~𝑁𝑁(0,𝜙𝜙𝑆𝑆2𝑆𝑆0 ) 

𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒~𝑁𝑁(0,𝜙𝜙𝑆𝑆𝑆𝑆) 

where 𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒  is the observed site response at a specific site s during an earthquake e, a is a constant and 
denotes the mean AFes across all sites in the dataset, 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0 is the mean site response at the site s over 
all events relative to the global mean a, and 𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒represents the deviation of site response of a given 
earthquake from the site-specific mean response 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0. In ground-motion modeling, 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0 and 𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒 
are often treated as independent and normally distributed random variables with zero means and standard 
deviations 𝜙𝜙𝑆𝑆2𝑆𝑆0  and 𝜙𝜙𝑆𝑆𝑆𝑆 , respectively. 𝜙𝜙𝑆𝑆2𝑆𝑆0  and 𝜙𝜙𝑆𝑆𝑆𝑆  denote the site-to-site (intersite) and within-site 
(intrasite) variabilities, respectively. All the terms in the above equations are frequency-dependent, 
however, f is omitted for simplicity.  

In this study, we only focus on the repeatable site response at a given site, i.e., 𝑎𝑎 + 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0, and the event-
specific residual and the randomness in site response will be investigated in a separate study. Currently, 
the repeatable site response at a target site can be estimated via various methods (m). The estimation 
approach can be through the use of a site characterization proxy, e.g., VS30, site resonant frequency fP, 
sediment thickness Zx (x= 0.8, 1.0, 1.5, and 2.5 km/s), topographic indices or their combinations, as well 
as 1D-based simulations (e.g., GRA and SRI) and HVSR-based empirical correction. When multiple 
sites are investigated, the residual between the observation (𝑎𝑎 + 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0) and prediction (𝜇𝜇𝑒𝑒𝑚𝑚) using 
method m can be partitioned into a constant term 𝑐𝑐𝑚𝑚 and a site-specific term 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒𝑚𝑚: 

 Resids = (𝑎𝑎 + 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0)− 𝜇𝜇𝑒𝑒𝑚𝑚 = 𝑐𝑐𝑚𝑚+𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒𝑚𝑚         (2) 

𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒𝑚𝑚~𝑁𝑁(0,𝜙𝜙𝑆𝑆2𝑆𝑆𝑚𝑚 ) 
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where 𝑎𝑎 + 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0  is the repeatable site response at site s, 𝜇𝜇𝑒𝑒𝑚𝑚  is the site-specific prediction of site 
response using method m, 𝑐𝑐𝑚𝑚 represents the systematic bias of the method m in site effects estimation 
at selected sites, and 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒𝑚𝑚 is the remaining site effects at the site s and represents the portion not 
captured by the estimation technique m. 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒𝑚𝑚 is also considered as a normally distributed variable 
with zero mean and standard deviation 𝜙𝜙𝑆𝑆2𝑆𝑆𝑚𝑚 . 𝜙𝜙𝑆𝑆2𝑆𝑆𝑚𝑚  represents the site-to-site (intersite) variability in the 
residual site response not captured by m across all sites in a dataset, and it includes all sources of 
uncertainties, both parametric and modeling uncertainties, in applying the approach m to assess site 
effects. The degree of reduction of 𝜙𝜙𝑆𝑆2𝑆𝑆𝑚𝑚  relative to 𝜙𝜙𝑆𝑆2𝑆𝑆0  reveals to what extent the approach m can 
capture the site-specific amplifications observed at these sample sites.  

Fig. 1 further illustrates this issue. Fig. 1a depicts the site responses 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0𝑠𝑠 (after removing their mean 
a) at f=1.0 Hz for 641 KiK-net stations. The standard deviation of 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0 is 𝜙𝜙𝑆𝑆2𝑆𝑆0 =0.54 for this dataset. 
𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0 is linearly correlated with VS30, as shown in Fig. 1b. Thus, for illustration purposes, we simply 
model 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0 as a linear function of VS30, and then residual site responses, i.e., 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒𝑉𝑉𝑆𝑆30, at f=1.0 Hz, 
are plotted Fig. 1c with standard deviation 𝜙𝜙VS30

S2S=0.37. 𝜙𝜙VS30
S2S is much lower than 𝜙𝜙𝑆𝑆2𝑆𝑆0  by 0.17 (ln 

scales), suggesting the effectiveness of VS30 in characterizing site response.  

 

  
 

 
Figure 1. (a) Observed site responses 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0 (ln scales) at f=1.0 Hz at KiK-net sites, and ϕ0S2S is the 

standard deviation of 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0. Solid and dashed lines correspond to the mean and mean ± one standard 
deviation values, respectively. (b) 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒0 is modeled as a linear function of VS30 (ln scales), and the 
solid line represents the linear fit. (c) Residual site resposne 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒𝑉𝑉𝑆𝑆30 after removing the portion 

associated with VS30, and ϕVS30S2S is the standard deviation of 𝛿𝛿𝛿𝛿2𝛿𝛿𝑒𝑒𝑉𝑉𝑆𝑆30 and is lower than ϕ0S2S (after 
Zhu et al., 2022a). 

 

2.2. 𝝓𝝓𝑺𝑺𝟐𝟐𝑺𝑺
𝐦𝐦  of Existing PSA-Based Ergodic Models 

We compile 𝜙𝜙𝑆𝑆2𝑆𝑆𝑚𝑚 𝑠𝑠 of empirical parametric models embedded in various GMMs to predict peak ground 
motion parameters and pseudo-spectral acceleration (PSA) (Fig. 2). We only consider studies utilizing 
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a large number of sites (> 200) in Japan. These GMM-native site-response models relate site response 
to a site characterization parameter(s). As shown in Fig. 2, the use of various site proxies can noticeably 
reduce between-site variability, i.e., lower 𝜙𝜙𝑆𝑆2𝑆𝑆𝑚𝑚  than 𝜙𝜙𝑆𝑆2𝑆𝑆0 , depending on the inherent effectiveness of 
site parameter(s), as well as the quality of site metadata, e.g., measured versus inferred. Typically, 𝜙𝜙𝑆𝑆2𝑆𝑆𝑚𝑚  
varies in the range between 0.3 and 0.6 in natural logarithmic (ln) scales. Note that one shall refrain 
from comparing different models based on Fig. 2 because 𝜙𝜙𝑆𝑆2𝑆𝑆0  may be different for each study. 

Figure 2. Site-to-site variability (shaded area) of residual site response (𝜙𝜙𝑆𝑆2𝑆𝑆𝑚𝑚 ) uncaptured by GMM-
native site-response models (after Zhu et al., 2021b). These results  are compiled from studies on 
Japan (Kotha et al., 2018; Rodriguez-Marek et al., 2011; Al Atik, 2015; Kwak and Seyhan, 2020; 

Weatherill et al., 2020; Hassani and Atkinson, 2020). Oscillator period (abscissa) is plotted in reverse 
order to be consistent with other figures in this paper. lnPSA denotes that results are based on 

response spectrum in natural logarithimic (ln) scales 

3. Data

In this study, we utilized the same dataset processed by Nakano et al. (2015). Strong-ground motions 
were selected from those recorded by K-NET, KiK-net, and JMA networks from 1996 to 2011 (NIED, 
2019). They applied the following criteria to select data: (a) JMA magnitude ≥ 4.5; (b) focal depth ≤ 60 
km; (c) hypocentral distance ≤ 200 km; (d) peak ground acceleration (PGA) ≤ 2.0 m/s2; and (e) number 
of records per event ≥ 3. After screening, they selected 77,213 surface seismographs (three components: 
NS, EW, and UD) recorded by 2105 sites during 967 events which consist of 227 crustal, 446 subduction 
interface, and 294 intraplate earthquakes. Then the wave section immediately following S-wave arrival 
was extracted from each waveform. The length of the S-wave window depends on the JMA magnitude: 
5 s for 4.5 < MJMA ≤ 6.0, 10 s for 6.0 < MJMA ≤ 7.0, and 15 s for 7.0 < MJMA ≤ 8.0. Following tapering 
and zero-padding, these acceleration time-series were transformed to Fourier amplitude spectra (FAS) 
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by FFT, and then FAS were smoothed using a Parzen window of 0.1 Hz before following analyses, e.g., 
derivation of HVSR and general inversion analysis.  

Following data processing, site responses in horizontal and vertical directions, i.e., HHbR and VHbR 
were then derived using GIT by Nakano et al. (2015). The KiK-net site YMGH01 was selected as the 
reference. The surficial layer of this site is classified as late cretaceous granite according to the Digital 
Geological Map of Japan (2014). The S-wave velocities at the ground surface (VS0) and in the topmost 
30 m (VS30) are 1000 m/s and 1388 m/, respectively. In addition, this site has a relatively flat HVSR 
curve from 0.1 to 30 Hz. However, to derive site amplifications with reference to seismological bedrock, 
surface FAS at YMGH01 was deconvolved to the top of seismological outcrop bedrock with VS=3450 
m/s. Outcrop bedrock FAS in the horizontal direction was taken as Hb in the following implementation 
of GIT to derive HHbR and VHbR at target sites. HVSR at a certain site was calculated (in the logarithmic 
domain) as the geometrical mean of individual H/V spectral ratios of all events recorded at the site.  

The whole dataset contains HHbR(f), VHbR(f), and HVSR(f) at 2105 sites where f is a frequency scalar 
with values ranging from 0.1 to 20 Hz. From these 2105 sites (Nakano et al., 2015), we only utilize 
stations (a) belonging to either K-NET or KiK-net network and (b) recorded at least five events. After 
these further screenings, 1725 sites remain in our database (Fig. 3). Then we reserve 145 sites for 
comparing the performance of different site response approaches. Thus, only the remaining 1580 sites 
are utilized to develop ergodic site response models or empirical HVSR correction functions.  
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Figure 3. (a) Spatial distribution of the 1725 K-NET and KiK-net recording sites used in this study. 
1580 sites (green triangles) are used for training and the remaining 145 sites (blue triangles) for 

testing; and (b) Flowchart illustrating the evaluation of different site-response estimation approaches. 
TTF – theoretical transfer function from either 1D ground response analysis (GRA) or the square-root-

impedance (SRI, also called quarter-wavelength) method; c-HVSR – corrected HVSR; Amp – 
parametric site-response models by least-squares regressions; and RF – fully data-driven site-

response models by random forests (a supervised machine learning technique) (after Zhu et al., 
2022b).

Site characterization proxies, including VS30, surface geology, topographic slope, and geomorphological 
category, for sites in the training and testing databases, are collected from an open-source site database 
developed by Zhu et al. (2021). We note that in the open site database, VS30 was only derived for sites 
at which velocities were logged to a depth reaching or exceeding 30 m. Thus, in this study, for sites with 
borehole depth z < 30 m (e.g., most K-NET sites), we estimate VS30 from its correlation with VSz (average 
S-wave velocity to z=20, 15, and 10 m) using the equations established in this study. In addition, for 
sites without VSz measurements, we use VS30 values published on J-SHIS where VS30 was inferred from 
other easy-to-measure proxies, e.g., ground slope.  

4. Site-Response Estimation Techniques

4.1. Random-Forest (RF) Models 

In this study, we develop a series of FAS-based parametric site-response models by conventional 
regressions in a least-square sense and nonparametric models by a supervised machine learning 
technique – random forests. Before model development, we first classify predictor variables according 
to their accessibility/engineering utility (Fig. 4). Surficial proxies, including topographic roughness, 
geology, and geomorphology, can be readily derived from DEMs and geological maps which are 
available on regional or even global scales. Thus, surficial proxies are considered to be the easiest-to-
obtain proxies and are often utilized in regional seismic hazard/risk mappings. 

Surficial proxies are followed by site parameters from on-site measurements, including VS30 and fp (Fig. 
4). We consider VS30 and fp to be more accessible than Z2.5. Though Z2.5 can be derived by querying 

(b) 
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regional 3D velocity models, such velocity models only exist for a few regions. Z2.5 is followed by the 
mean eHVSR curve over multiple events as a function of frequency, i.e., AHV(f) which can be obtained 
by instrumenting the target sites in the planning stage of a project. High-frequency decay parameter 
kappa κ0 (Anderson and Hough, 1984; Hough and Anderson, 1988) requires multiple earthquakes in a 
certain magnitude range and with a good distance coverage, and thus κ0 is marked as the scarcest site 
information. Note that our grouping of explanatory variables is subjective, and the hierarchical structure 
of predictors (Fig. 4) may vary for a specific region.  
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Figure 4. Parametric and nonparametric site-response models developed in this study using either 
random forest or conventional least-squares regression. Site information is classified according to their 

accessibility/engineering utility (Zhu et al., 2022b).   

We start establishing site-response models using only the first-class site proxies and then gradually 
include higher-level site information. A supervised ensemble machine learning approach, random 
forests (RF), is used to develop non-parametric multivariate models (Fig. 5). 
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Figure 5. Random forests (RF) regression. X and Y are column matrices that contain predictor and 

response data, respectively. Each row in X and Y corresponds to one site. Each column in X 
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represents one predictor variable, and each column in Y corresponds to the site response at a given 
oscillator frequency. n, p, and f are the total numbers of sites, predictor variables, and oscillator 

frequencies considered in this study. B is the total number of bootstrapped samples (or trees), and p* 
is the number of predictor variables selected at random at each decision split. OOB is the out-of-bag 

data (after Zhu et al., 2022b). 

4.2. FAS-Based Ergodic Models 

Conventional least-squares regression is utilized to build simple parametric models (Eq. 3-5).  

 ln𝐴𝐴𝐴𝐴𝐴𝐴(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅. ) = a1 + a2 ln(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅. )    (3) 

where a1 and a2 are frequency-dependent regression coefficients. Roug. represents roughness. 

 ln𝐴𝐴𝐴𝐴𝐴𝐴(𝑉𝑉𝑆𝑆30) =

⎩
⎪
⎨

⎪
⎧

0 𝑉𝑉𝑆𝑆30 ≥ 𝑉𝑉𝑐𝑐

b1 ln �
𝑉𝑉𝑆𝑆30
𝑉𝑉𝑐𝑐

� 𝑉𝑉𝐿𝐿 ≤ 𝑉𝑉𝑆𝑆30 < 𝑉𝑉𝑐𝑐

b1 ln �
𝑉𝑉𝑆𝑆30
𝑉𝑉𝑐𝑐

�+ b2ln �
𝑉𝑉𝑆𝑆30
𝑉𝑉𝐿𝐿

�+ b3ln2 �
𝑉𝑉𝑆𝑆30
𝑉𝑉𝐿𝐿

� 𝑉𝑉𝑆𝑆30 < 𝑉𝑉𝐿𝐿

   (4) 

where b1~b3, as well as Vc and VL are frequency-dependent regression coefficients. 

ln𝐴𝐴𝐴𝐴𝐴𝐴(𝑓𝑓𝑝𝑝) =

⎩
⎪
⎨

⎪
⎧c1 + c2 ln�

𝑓𝑓𝑝𝑝
𝑓𝑓𝑜𝑜𝑒𝑒𝑐𝑐

�+ c3 𝑙𝑙𝑙𝑙2 �
𝑓𝑓𝑝𝑝
𝑓𝑓𝑜𝑜𝑒𝑒𝑐𝑐

� 𝑓𝑓𝑝𝑝 < 𝑓𝑓𝑜𝑜𝑒𝑒𝑐𝑐

c1 + c4 ln�
𝑓𝑓𝑝𝑝
𝑓𝑓𝑜𝑜𝑒𝑒𝑐𝑐

�+ c5 𝑙𝑙𝑙𝑙2 �
𝑓𝑓𝑝𝑝
𝑓𝑓𝑜𝑜𝑒𝑒𝑐𝑐

� 𝑓𝑓𝑝𝑝 ≥ 𝑓𝑓𝑜𝑜𝑒𝑒𝑐𝑐

(5) 

where c1~c5 are frequency-dependent regression coefficients. 

4.3. Empirical Correction to HVSR (c-HVSR) 

For any site on the ground surface, its horizontal-to-vertical spectral ratio (HVSR) can be expressed as: 

 𝐻𝐻𝑉𝑉𝛿𝛿𝑅𝑅(𝑓𝑓) = 𝐻𝐻(𝑓𝑓)
𝑉𝑉(𝑓𝑓)

= 𝐻𝐻(𝑓𝑓)
𝐻𝐻𝑏𝑏(𝑓𝑓)

⋅ 𝐻𝐻𝑏𝑏(𝑓𝑓)
𝑉𝑉(𝑓𝑓)

= 𝐻𝐻𝐻𝐻𝑏𝑏𝑅𝑅(𝑓𝑓)
𝑉𝑉𝐻𝐻𝑏𝑏𝑅𝑅(𝑓𝑓)

        (6) 

where 𝐻𝐻(𝑓𝑓)  and 𝑉𝑉(𝑓𝑓) represent the geometrical mean of the smoothed Fourier spectra of the two 
horizontal components (NS and EW) and the smoothed Fourier spectra of the vertical component (UD), 
respectively, of a ground-motion recorded on the ground surface. Correspondingly, 𝐻𝐻𝑏𝑏(𝑓𝑓) is that at the 
reference bedrock site, where subscript b denotes “bedrock”.  

To obtain the site amplification in the horizontal direction, Eq. 6 can be rewritten as: 

      𝐻𝐻𝐻𝐻𝑏𝑏𝑅𝑅(𝑓𝑓) = 𝐻𝐻𝑉𝑉𝛿𝛿𝑅𝑅(𝑓𝑓)  ⋅ 𝑉𝑉𝐻𝐻𝑏𝑏𝑅𝑅(𝑓𝑓)                  (7) 

Eq. 7 indicates that 𝐻𝐻𝑉𝑉𝛿𝛿𝑅𝑅(𝑓𝑓) should be compensated by the vertical amplification 𝑉𝑉𝐻𝐻𝑏𝑏𝑅𝑅(𝑓𝑓)  to obtain 
site amplification in the horizontal direction, 𝐻𝐻𝐻𝐻𝑏𝑏𝑅𝑅(𝑓𝑓). It is worth noting that the vertical amplification 
is referenced to the horizontal ground motion at a reference bedrock site 𝐻𝐻𝑏𝑏(𝑓𝑓), rather than 𝑉𝑉𝑏𝑏(𝑓𝑓).  

All three terms in Eq. 7 are site-specific. However, a site of interest often lacks a priori information on 
the site-specific 𝑉𝑉𝐻𝐻𝑏𝑏𝑅𝑅(𝑓𝑓), which inhibits its direct application in routine engineering practices. Kawase 
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et al. (2018) proposed to use a generic vertical amplification function averaged over multiple sites 
<𝑉𝑉𝐻𝐻𝑏𝑏𝑅𝑅(𝑓𝑓)>, instead of the site-specific one 𝑉𝑉𝐻𝐻𝑏𝑏𝑅𝑅(𝑓𝑓), to derive the pseudo amplification in the 
horizontal direction 𝐴𝐴𝐻𝐻𝐻𝐻𝑏𝑏𝑅𝑅(𝑓𝑓), and we refer to this approach as “c-HVSR” in this study: 

                                          𝐴𝐴𝐻𝐻𝐻𝐻𝑏𝑏𝑅𝑅(𝑓𝑓) = 𝐻𝐻𝑉𝑉𝛿𝛿𝑅𝑅(𝑓𝑓) ⋅< 𝑉𝑉𝐻𝐻𝑏𝑏𝑅𝑅(𝑓𝑓) >                                            (8) 

From the 1580 training sites, we derive correction spectra < 𝑉𝑉𝐻𝐻𝑏𝑏𝑅𝑅(𝑓𝑓) > (Eq. 8) under two different 
schemes. In Scheme I (Table 1), no clustering is conducted, and the correction spectrum is simply 
obtained by averaging VHbRs over all 1580 sites in the training dataset. Thus, no site information is 
required in the application of the HVSR-based correction under Scheme I.  

In Scheme II (Table 1), we adopt a similar approach as that used in a previous study (Zhu et al., 2020). 
Under this scheme, each site is characterized by fPv and log10VS30. fPv represents the peak frequency on 
VHbR. Then we utilize an unsupervised machine learning technique, k-means clustering, to partition the 
training site into five mutually exclusive clusters, and the within-cluster mean VHbR, i.e., <VHbR>, is 
taken as the correction spectrum for sites in a corresponding cluster (Fig. 6a). Subsequently, for a test 
site with fPv, to which existing cluster it belongs is determined by that of its nearest cluster centroid. For 
the sites with no identifiable fPv, we propose to utilize the global mean <VHbR> as their correction 
spectrum. In forward applications, if fPv is unavailable but there exists the resonant frequency in the 
horizontal direction (fPh), then fPv can be estimated from fPh using the empirical relationship in Fig. 6b. 

 

Table 1. Clustering analysis to VHbR spectra (Zhu et al., 2022a). 

Scheme Site proxy Approach No. of clusters 

I None Averaging across all sites 1 

II fpv and log10(VS30) k-means clustering 5 

 

 
Figure 6. (a) Generic correction spectra <VHbR> for each cluster, and (b) empirical relationship 

between fPh and fPv established using SBSR observations in horizontal and vertical directions at KiK-
net sites (after Zhu et al., 2022a).  

4.4. 1D Outcrop Site-Response Analyses (GRA & SRI) 

In site-specific seismic hazard evaluations, GRA is widely adopted to assess the effects of surface 
geology on ground motions. In GRA, the propagation of complex wave fields (P-SV, SH, and surface 
waves) in 3D media is simplified as the propagation of vertically-incident plane SH waves through 1D 
soil columns (i.e., “1DSH” assumptions). In contrast, SRIs are based on ray theory (Joyner et al., 1981; 
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Boore, 2003) and utilize the quarter-wavelength (QWL) velocities and densities to compute 
amplifications. 

For the 145 testing sites, TTFs are computed using both GRA and SRI. For GRA, the software Strata 
(Kottke et al., 2013) is adopted whereas the Fortran package site_amp_batch (Boore, 2003) is utilized 
for SRI. Given the fact that site-response observations are obtained from recordings with PGA ≤ 2.0 
m/s2 (i.e., linear site responses) with reference to outcrop bedrock (VS=3450 m/s), GRA and SRI are 
thus conducted in the linear domain with the same reference condition, namely, outcrop bedrock 
(VS=3450 m/s).  

Both GRA and SRI require a 1D physical model, including mass density (ρ), shear-wave velocity (VS), 
as well as damping profiles or κ0. Density information is unavailable at the 145 testing sites (KiK-net) 
and thus is estimated from VS. Velocity profiles at these testing KiK-net sites are established from the 
PS logging data published by NIED, which are referred to as the original “V0” profiles (Fig. 7a). 
However, these KiK-net boreholes do not necessarily reach the seismological bedrock (VS = 3450 m/s). 
Thus, for these sites, we utilize the J-SHIS velocity model, which is a three-dimensional (3D) structure 
model developed by NIED (Fujiwara et al., 2012) for the whole of Japan, to fill the section from the 
downhole to the 3450 m/s layer. These extended velocity models are denoted by “V1” profiles (Fig. 7b). 

A frequency-independent S-wave quality factor (QS) is linked to the small-strain soil damping (Dmin) 
through Eq. 9. Two equations, one proposed for Eastern North America by Campbell (2009) and the 
other specifically for Japan by NIED, are adopted to relate QS to VS (Eq. 10-11).  

           𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 = 1/(2 ∙  𝑄𝑄𝑆𝑆)   (9) 

D1: Campbell (2009) attenuation 

          𝑄𝑄𝑆𝑆 = 7.17 + 0.0276 ∙ 𝑉𝑉𝑆𝑆        (10) 

D2: J-SHIS attenuation model 

         𝑄𝑄𝑆𝑆 = 40.71 + 0.0725 ∙ 𝑉𝑉𝑆𝑆     (11) 

In SRIs, attenuation is accounted for by utilizing 𝜅𝜅0  as an attenuation operator to un-attenuated 
amplifications: 

𝐴𝐴 = �
ρ𝑅𝑅V𝑆𝑆,𝑅𝑅

ρV𝑆𝑆
𝑒𝑒−𝜋𝜋 ∆𝜅𝜅0 𝑓𝑓 

(12) 

where ∆𝜅𝜅0 represents the attenuation of seismic waves over the length of the soil column. 

5. Results

In this section, we evaluate the performance of different approaches in reproducing the observed site 
response (HHbR by GIT) at the 145 testing sites using the reduction of 𝜙𝜙𝑆𝑆2𝑆𝑆𝑚𝑚  relative to its corresponding 
𝜙𝜙𝑆𝑆2𝑆𝑆0 . In Fig. 8, 𝜙𝜙𝑆𝑆2𝑆𝑆0  (the bold black line) is derived from the HHbRs of the 145 testing sites considering 
the potential impact of sample size. Fig. 8 shows that different methods have different effectiveness in 
capturing local site effects.  

Proxies-based site response models show a wide range of levels of performance in both response and 
Fourier spectra domains (Fig. 2 and 8). The model using only topographic roughness is the least effective. 
With the inclusion of more and more site parameters, model performance is gradually improved. Proxies, 
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referred to as a cluster of three topographic/geological proxies (topographic roughness, surface geology, 
and geomorphology), are effective at relatively low frequencies (< ~ 1.0 Hz). The VS30-based model can 
significantly reduce inter-site variability in the mid-frequency range but performs less well than fp. Z2.5 
can bring down low-frequency variability. When VS30, fp, and Z2.5 are included in the model, surface 
geology and geomorphology may be redundant. The comparison between 𝜙𝜙𝑆𝑆2𝑆𝑆 in the Fourier and 
response domains show different behavior. In the Fourier domain, site responses are poorly predicted in 
the high-frequency range (Fig. 2 and 8).  

 

 
Figure 7. 1D velocity profiles for the KiK-net site FKSH06. (a) V0 (PS logging), (b) V1 (PS logging + J-

SHIS), and (c) small-strain damping (Dmin) profiles. 
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Figure 8. Comparison of 𝜙𝜙S2Sm  for ergodic (RF and Amp.) site response models, 1D ground response 
analysis (GRA), and the HVSR correction approach (c-HVSR) at the 145 testing sites. Amp represents 

parametric models via the conventional least-squared regression; RF stands for random forest 
models, a supervised machine learning technique. Proxies are referred to as a cluster of three 

topographic/geological proxies, including topographic roughness, surface geology, and 
geomorphology. The bold black line corresponds to the 𝜙𝜙𝑆𝑆2𝑆𝑆0  for the 145 testing sites. Shaded area 

represents the PSA-based 𝜙𝜙S2Sm  as shown in Fig. 2. 

The RF model using a combination of Proxies, fp, and VS30 can achieve a similar overall performance as 
GRA, and with additional site information Z2.5, RF model can significantly outperform GRA which 
neglects 2D/3D effects (e.g., Pilz and Cotton, 2019). Using the single-station eHVSR curve as a vector-
valued predictor variable in the RF model can further lower the between-site variability in the full 
frequency range of 0.1-20 Hz. GRA performs poorly at high frequencies (> ~4.0 Hz), and this is mainly 
limited by our ability to constrain detailed structures and site-specific attenuation parameters. Besides, 
a simple correction to eHVSR (i.e., the c-HVSR approach) is more effective than GRA, which is 
consistent with our previous study (Zhu et al., 2020).  

Conventionally, GRA is considered to be a site-specific approach whereas proxy-based amplification 
functions are labeled as ergodic models. However, based on Fig. 8, we may need to rethink the 
dichotomy between site-specific and ergodic approaches. Indeed, site responses quantified from data 
using GIT, GMM, or SBSR if collated surface-downhole stations are available, can be considered to be 
truly site-specific. Site response estimates from other techniques (e.g., GRA, proxy-based models, or 
corrected HVSR) are however only pseudo-site-specific and fall between generic (global mean) and 
truly site-specific (Fig. 9). To what extent these site response estimates are site-specific is primarily 
contingent on how precisely the input information can uniquely depict different aspects of the sites, e.g., 
surface and subsurface material properties and their lateral and stratigraphic configurations in different 
spatial scales. 

We note that, for all approaches examined here, 𝜙𝜙𝑆𝑆2𝑆𝑆 (Fig. 8) remains to be high at high frequencies at 
which additional efforts are needed. In addition, HVSR may not be the optimal use of single-station 
recordings, future endeavors could explore their novel application together with advanced machine 
learning techniques.  
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Figure 9. A unified view of the site response estimates from different approaches. Amp and ML – 
classic regression and machine learning models, respectively; c-HVSR – empirical correction to 

eHVSR; and TTF – theoretical transfer function from either 1D ground response analysis (GRA) or the 
square-root-impedance (SRI, also called quarter-wavelength) method.  

6. Conclusions 

In this paper, we summarize two of our previous studies (Zhu et al., 2022a, b) in which the relative 
efficiency and performance of various site response estimation methods were systematically evaluated 
and compared, including ergodic site-response models (functions of site proxies), ground response 
analyses (GRA), corrected horizontal-to-vertical spectral ratio (c-HVSR), and data-driven models 
(random forests). We show that proxies-based site response models have a wide range of levels of 
performance. A new generation of parametric or data-driven site-response models performs as well as 
or even better than the classical 1D physics-based modeling (GRA) using detailed 1D velocity profiles. 
The effectiveness of GRA is limited by our ability to precisely constrain site models and the potential 
weaknesses of 1D modeling for sites that are impacted by 2D or 3D site effects. This quantification of 
the efficiency of site-response predictions methods suggests that we may need to rethink the dichotomy 
between site-specific and ergodic approaches. 
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Abstract: This paper presents a partially non-ergodic Ground Motion Prediction Model 

GMPM particular to the Euro-Mediterranean region without using a functional form a priori. 

A dataset from the Engineering-Strong-Motion ESM flat-file database and a fully connected 

Multi-Layer Perceptron are used to predict the Ground-Motion-Intensities GMIs. GMIs are 

the Peak Ground Velocity and Acceleration PGV, PGA respectively and 5% damped Pseudo-

Spectral Acceleration PSA at 29 different periods between [0.01÷4.00 s] for active shallow 

crustal earthquakes. This GMPM is controlled by several metadata parameters, such as the 

Moment magnitude (Mw), the Joyner-Boore distance RJB (km), shear-wave velocity in the 
top 30 m VS30 (m/s), the focal depth (km), and five types of faulting-mechanism. A similar 

random-effect algorithm of function maximization Abrahamson and Youngs (1992) is 

employed to divide inter-event and intra-event aleatory-variabilities (Derras et al. 2014) D14. 

We also study the variation of the ground motion aleatory-variabilities GMAV according to 

physical parameters to build a heteroscedastic model over Mw and VS30. The obtained results 

prove the performance of data-driven methods, the partially non-ergodic hypothesis and the 

heteroscedastic model significantly reduce the GMAV at a single-station especially for 

strong-motions. This developed GMPM is considered an update of D14. 

Keywords: Ground motion prediction model, Artificial Neural Network, Partially non-

ergodic, Ground motion aleatory variability. 

1. Introduction

Seismic engineering or the earthquake-resistant design of structures depends strongly on

seismic risk analysis SHA, the latter is based on the ground motion prediction equations

GMPE Dangkua et al. (2018) which provide information on-site response and characterize

the level of ground motion shaking. The GMPE as well as called attenuation relations are

also used for the validation of physical ground motion simulation models because they are

developed using high-quality empirical data uniformly processed by analogue and digital

instruments. Generally, attenuation relations are determined by fundamental physical

parameters that control the ground motion, these parameters particularize the effects of

source, path, and site Stewart et al. (2015).

Recently, conventional GMPEs are derived based on seismic records from several 

geographically dispersed sites and the ground motion medians are applied identically to a 

single site, i.e., these ground motion median estimations are distributed generally over space 

independently of regions or site location, this is referred to as stationarity assumption or 

ergodic assumption Anderson & Brune (1999)for example the previous pan European 

GMPEs from RESORCE dataset Akkar et al. (2014); Bindi et al. (2014); Derras et al. (2014). 

In fact, Under the ergodic assumption, random variability is assumed to be significant 

because the aleatory variability includes repeatable systematic terms that do not vary 

according to a particular site.  
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Due to the increase in the number of seismic sequences across active regions and the 

availability of seismic records, the ergodic hypothesis can be relaxed Kuehn and 

Abrahamson (2020), if the site-specific conditions are known the partially ergodic 

assumption can be defined, which is based on an estimate of ground motion and aleatory 

variability for a single site, therefore the impact of this site-specific ground motion is very 

important and a preliminary step toward partially non-ergodic for probabilistic seismic 

hazard analysis PSHA Rodriguez-Marek et al. (2014); Kotha et al. (2016); Ameri et al. 

(2017b); Kohrangi et al. (2020). 

This analysis aims to develop a partially non-ergodic site-specific GMPE with a relatively 

simple expression without the use of an a priori functional form. we take advantage of the 

Engineering-Strong-Motion ESM database Lanzano et al. (2019) to update the ergodic 

GMPE Derras et al. (2014) in order to provide site-specific ground motion response due to 

regional variation in geological, morphological, and topographical conditions, and ensure a 

reduction of standard deviations, this operation is carried out by taking into consideration 

the same artificial neural network ANN, their applications in ground motion field are already 

underlined by several authors for example Derras et al. (2014; 2017); Khosravikia et al. 

(2021) approach and same procedure of mixed-effect (all the details are described in D14) 

with different dataset i.e. (ESM instead of RESORCE) and some technical changes in the 

concept of predictive parameters of ground motion. 

In this paper, after a brief presentation of the ESM dataset, a detail on the selection of the 

subset of data from the ESM flat-file is presented, as well as the distribution of metadata and 

GMIs, the next section will be reserved for the development of the ergodic GMPE, thereafter 

we study the dependence of aleatory variabilities on the metadata it is a question of building 

a heteroscedastic model, another part will be devoted to the results of the development of a 

partially non-ergodic assumption site-specific and its and its impact on the variation of the 

ground motion median, the obtained results will then be compared to D14. 

2. Database

2.1. Engineering Strong Motion ESM flat file 

ESM database https://esm-db.eu/ ; Luzi et al. (2016) obtained by the European Integrated 

Data Archive (EIDA) project includes multi-component waveforms of strong motions 

covering regions of Europe and the Middle East such as (France, Italy, Switzerland, Turkey 

and their vicinities) with a uniformly processed data quality that updates all previous 

European databases, an ESM flat file described by Lanzano et al. (2019b), released for 

scientists to use in developing ground motion models, which includes a total of 23014 

records in 2179 recorded earthquakes captured by 2055 stations. 

2.1.1. Dataset selection 

The selection of subset of data from the ESM flat file is performed according to the following 

criteria: 

 We consider the geometric mean of the horizontal components North-South and
East-West to be consistent with D14.

 Only records with free fields ground motion.

 Shallow crustal scenarios (focal depth ≤ 30 km).
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 We only consider stations with measured site conditions (VS30 measured). 

 The epicentral distances Repi (km) will be used if RJB is missing for Mw ≤ 6. 

 Records that do not provide associated metadata values are absolutely rejected. 

 Only stations with ≥ 3 different scenarios are considered. 

2.1.2. Dataset distribution  

Finally, after the sampling protocol, the ranges of metadata and number of (events, sites, and 

records) for the selected subset of data considered in this study are illustrated in the table 1. 

Table 1. interval details of Mw, RJB, VS30, Depth and type of fault subset of ESM data considered for this 

study. 

Parameters 
Range Number of scenarios 

 

Number of sites Number of records 

 Min Max 

Mw 3.5 6.9  

 

320 

 

 

151 

 

 

2220 

 

 

RJB (km) 0.01 545.2 

VS30 (m/s) 90 1563 

Depth (km) 0.22 29 

Fault type 0 1 

Fig. 1 (a) shows the observed attenuation of PGA with RJB distance for 3 types of 

earthquakes: weak-to-moderate Mw ≤ 4.5 which corresponds to 50% of the total data, 

moderate (4.5 ≤ Mw <5.5) represents 31% and moderate to strong Mw ≥ 5. 5 encompasses 

19%, a lack of recordings of moderate to strong events in the near field, perhaps due to the 

lack of dispersion of recording instruments in the active regions, however we observe a sharp 

decrease with increasing distance in ground motions that correspond to weak-to-moderate 

earthquakes (3.5≤ Mw<4.5) compared to large earthquakes.  

Fig. 1 (b) shows the magnitude scale as a function of PGA for three different distance groups. 

The first group represents the near field, 66% of the total data (the most interesting field to 

understand the physical phenomenon of ground motion, as the regional effect will be 

neglected), we notice that the slope of the ground motion increases slowly with the 

magnitude, with a saturation between Mw 6 and 7. 

Fig. 2 shows a map of the distribution of the sites used in this study. A dense distribution of 

stations is observed along the Apennine Mountain range in Italy. Although there are very 

few sites in the Alps and Greece that will contribute to this study. the 3 stations for rock sites 

BGR, CSD and AQR are taken into account as an example to determine the median of the 

site-specific ground motion 
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Fig.1 - (a): distribution of PGA with distance RJB in 3 magnitude intervals and (b): Magnitude scaling for 3 

distance intervals. 

Fig.2 - Sites Distribution Map of Euro-Mediterranean region. These sites are used to develop the current 

model 

3. Methodology

3.1. Fixed effect 

We take the advantage of artificial intelligence tool to estimate ground motion. An artificial 

neural network ANN multi-layer perceptron Derras et al. (2014) is used, which is a less 

expensive and an efficient alternative technic to traditional methods such as than regressions 

and other more expensive simulation tools for ground motion estimation. ANN is used to 

determine the relationship between physical ground motion variables (inputs) and GMIs 
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(outputs). Practically this is carried out by training a dataset (ESM in our case) the fact that 

it is a supervised model. 

The schematic view of the ANN to develop the ground motion is illustrated in Fig. 3. As can 

be seen, the input parameters for the source effect are the moment magnitude Mw, the focal 

depth (km), the type of focal mechanism Normal fault NF, Oblique O, Strike-slip SS, 

Reverse TF, and Undefined U. The path effect is characterized by the Joyner-Boore distance 

(km) log10(RJB) and the site effect by the shear wave velocity in the first 30 m (m/s) 

log10(VS30). 

 

Fig. 3 - Structure of ANN to predict PGV, PGA, PSA 5% (0.01 to 4.00 s), input layer includes source effect 

(Mw, Depth and Fault types), path effect log10 (RJB) and Site effect log10(VS30) with 9 nodes used in 

hidden layer. 

Where Wij and Wjk indicate the connection weights between the input parameters-hidden 

layer and hidden layer-output layer respectively, while Bj and Bk represent the biases of 

hidden layer-output layer, in this case the number of neurons in the hidden layer was taken 

to be equal to the number of input variables since there is no general rule limiting this number 

Derras et al. (2012), furthermore the activation functions in hidden layer neurons are 

hyperbolic tangent sigmoid, however, in the output layer are linear. the output layer consists 

of 31 neurons in each neuron corresponds to a GMI, although the model chosen is almost 

similar to that of D14 but there is a modification in the technical sense in the choice of the 

fault mechanism types are taken in binary terms. This contrasts with D14 in which this term 

was taken successively {1,2,3 and 4} and the latter will technically affect the prediction 

results by inflating the epistemic uncertainty. 

3.1. Random effect 

A similar algorithm of the likelihood maximization approach for random effects 

Abrahamson and Youngs (1992) steps described in D14, the latter allows to separate the 
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components of the random uncertainties into inter-event δBe for event e and intra-event δWes 

for event e recorded at station s; both are random variables of zero mean, independent, 

normally distributed, their standard deviations are denoted τ and ϕ respectively. As 

mentioned in Al Atik et al. (2010) the total for a period T can be defined as:  

2 2( ) ( ) ( )T T T    (1) 

Where σ(T) is the total standard deviation for period T. The random-effect is used to the

ANN to construct a mixed-effect. 

If we have multiple records at a given site, then we can decompose the intra-event variability 

as follows: 

2es s esW S S WS    (2) 

where δWS2Ss represents the site term which is the mean of the random residuals for a site 

s, its standard deviation noted ϕS2S. However, δWSes is the event-and site corrected residuals 

its standard deviation denoted ϕss. 

After the decomposition of within-event aleatory variability, therefore the total standard 

deviation equation (1) for ergodic applications can be written as: 

2 2 2

2( ) ( ) ( ) ( )T T T Tergodic S S SS      (3) 

4. Functional form

The mathematical expression for estimating GMIs PGV m/s, PGA (m/s²) and 5%-damped 

PSA for an ergodic assumption is 

 
^

10 10log  log  e esPSA P S A B W 
 

   
   (4) 

^
1 2 3 4
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E T f F T f G T f H T I T J T

    
   

         (5) 

Where the log10(PŜA) and log10(PŜA) are the observed and predicted intensity measures 

respectively, (A, B … until J) of equation 5 represent coefficients obtained from ANN, fi are 

expressions depends on input parameters where i vary between {1 to 9}  

5. Move to the partially non-Ergodic site-specific

In the case of total random variability characterised for a specific site the site-to-site random 

variability is no longer considered which results in a reduction in the total GMAV followed 

by a swelling in the epistemic uncertainty since the site term S2S will be transferred to the 

median of the ground motion. 
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The Aleatory variability for a non-ergodic specific site is: 

2 2( ) ( ) ( )T T TSS SS                     (6) 

and the median of the partially non-ergodic site-specific ground motion will be in this way:  
^ ^

10 10log  log  2 S

part non erg erg

P S A P S A S S
 

   
    

   
             (7) 

6. Dependency of aleatory variabilities on metadata (Heteroscedastic) 

Ground-Motion Aleatory variability is supposed to be homoscedastic if it depends only on 

the period T. For example, the pan-European GMPEs described in Douglas et al 2014, on 

the other hand, this random variability can also vary as a function of the explanatory 

variables i.e., heteroscedastic models Strasser et al. (2009), several authors include this 

supposition to GMAV for example, Ameri et al. (2017a); Lanzano et al. (2019a).  

In this study, we used White test theory White (1980) to check the dependencies of the 

aleatory variabilities against the explanatory variables, theoretically this decision is linked 

to the null hypothesis, which is quantified by the p-value. In general, if the p-value exceeds 

a level of significance (≥ 5%), then the null hypothesis cannot be rejected and vice versa. 

Table. 2 summarises the results found by applying the White test theory on aleatory 

variabilities as a function of the explanatory variables, and the inter-event variabilities are 

homoscedastic since it is lower compared to the Lanzano et al. (2019a) between-event 

variabilities. 

Table 2. Result of white test theory to describe the dependencies between the aleatory variabilities against 

the explanatory variables for ground motion intensity measures. 

GMAV ϕSS (Mw) ϕS2S (VS30) 

P-value < 5% 

heteroscedastic 

≥ 5% 

homoscedastic 

< 5% 

heteroscedastic 

≥ 5% 

homoscedastic 

 

 

 

GMIs 

T3.00, 

T3.50, 

T4.00. 

PGV PGA, T0.01 

T0.025, T0.04, T0.05, 

T0.07, T0.10, T0.15, 

T0.20, T0.25, T0.30, 

T0.35, T0.40, T0.45, 

T0.50, T0.60, T0.70, 
T0.75, T0.80, T0.90, 

T1.00, T1.20, T1.40, 

T1.60, T1.80, T2.00,     

T2.50. 

PGA, T0.01, T0.025, 

T0.04, T0.05, T0.07 

T0.10, T0.15, T0.20, 

T0.40, T0.45, T0.50, 

T0.60, T1.40, T1.60, 

T1.80, T2.00, T2.50,     
T3.00, T3.50, T4.00. 

PGV T0.25 T0.30, 

T0.35, T0.70, T0.75, 

T0.80, T0.90, T1.00,     

T1.20. 

 

Since most of ϕSS > 5 %, then this remainder of intra-event GMAV are independent of Mw, 

except for long periods (T=3.0, T=3.5 and T=4.0 s). It is a logical result: Mw is sensitively 

for low frequencies (large seismic energies focalize in this range of frequency. See Derras 

(2017) Figure C.1. Thus, ϕSS is standard deviation of GMAV in the ergodic and in non-

ergodic model.  

Whereas ϕS2S shows a dependence with VS30 over a wide interval of period. If an ergodic 

assumption is adopted, phi has a contribution to the GMAV. Therefore, ϕS2S(VS30) is a 

standard deviation of GMAV in the ergodic model, while ϕS2S becomes a standard deviation 
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of epistemic uncertainty in the non-ergodic model. In this case, S2S gives us information, 

which are not given by Vs30 site condition proxy. 

7. Comparison with GMPE of Derras et al. (2014)

7. 1. Comparison of Ground-motion Aleatory-variability

The figure compares the total standard deviation in log10 units against the GMPM of D14. 

Using the same approach, we can deduce that ESM-GMPM proposed by this study provides 

lower standard deviation values compared to RESORCE (D14) in most period interval, 

except in the periods T=0.1 and T=0.2 s. While the heteroscedasticity provides an observable 

sigma gain for strong motions (Mw > 6) and stiff & rock soils (VS30 > 500 m/s), as would be 

expected, the standard deviation for the partially non-ergodic assumption presents a low 

sigma over the whole range of GMIs, since to the site-to-site variability is not be taken into 

account in the GMAV. 

Fig. 4 – Total standard deviations in (log10 unit) of this study using (ergodic homoscedastic in blue, ergodic 

heteroscedastic in green and single-site standard deviation for all stations heteroscedastic in grey) compared to the 

Derras et al. (2014) in red as a function of period  

7. 2. Prediction curves

Figure 8 displays comparative distance attenuation curves at T=0.0 s and T=2.0 s for GMPEs 

D14 and this study. The Current model is represented by an ergodic and partially non-ergodic 

model for 3 examples of specified stations (BGR, CSD and AQP) for rock sites at two levels 

of Mw (4.5 and 6.5),the curves of D14 and ergodic GMPE to this study are predicted for a 

local condition of the reference site VS30=800m/s and the specified-sites (BGR, CSD and 

AQP) have associated VS30 =809, 800 and 806 (m/s) respectively, all curves are predicted 

for normal fault, and focal depth of 10 km. 
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Fig. 5 – Comparison of predicted scaling distance at PGA (m/s²), (left) and T=2.00 s (m/sec²) (right) for earthquake 

of magnitude 4.5 and 6.5 all curves are predicted for normal fault, VS30 =800 m/s and depth equal to 10 km. 

We can observe for lower magnitudes that D14 model represents a bias in far-field. In 

addition, D14 is less stable than the current ergodic model, especially for Mw=4.5. For the 

partially non-ergodic model, and for the same values of VS30 (rock site), this assumption 

(specific site) shows us that using VS30 as a single site condition proxy SCP is insufficient 

for an ergodic model. Maybe, with additional SCPs, such as fundamental frequency f0 or/and 

velocity contrast CV Stambouli et al. (2017)  the gap narrows between the medians of three 

sites (BGR, CSD and, AQR). However, for the moment with S2S we have been able to 

capture the behaviour of a site not included in Vs30. Hence, the advantage of using such a 

model. 

8. Conclusion  

This study provides a partially non-ergodic site-specific GMPM to update the GMPM of 

Derras et al. (2014) by using the same Artificial Neural Network ANN method. However, 

with a different subset of data was used from Engineering-Strong-Motion ESM database, 

which surpasses its predecessor (RESORCE). In fact, we studied the dependence of 

aleatory variabilities on the explanatory variables to build a heteroscedastic model thus the 

hypothesis of non-ergodicity site-specific has been adopted. 

This GMPE is driven by 9 predictor variables, such as moment magnitude Mw, Joyner-

Boore distance RJB (km), measured site condition VS30 (m/s), focal depth (km) and the five 

fault types that were taken in a way binary (Normal Fault NF, Oblique O, Strike Slip SS, 

Reverse TF and Undefined U) to predict the ground motion intensity measures GMIs such 

as peak ground velocity PGV (m/s), peak ground acceleration PGA (m/s²) and 5% damped 

pseudo spectral acceleration PSA for the crustal active regions specific to the Euro-

Mediterranean regions. 

According to the obtained results, the intra-event heteroscedasticity (SS), as well as the 

partially non-ergodic hypothesis showed a great impact on the GMAV by reducing a 

significantly on the total standard deviation. Taking into account the heteroscedasticity and 

partially non-ergodic hypothesis allowed to have à GMPM that take into account the 

significant variation (which are not included in VS30) of the site-specific in the median 
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curves. Thus, it is interesting to move towards the non-ergodicity hypothesis, since these 

variations are very important for the studies of the seismic hazard. 
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Abstract: By using the space-time cross-correlation integral as a statistical method to perform a self-

consistent analysis, we aim to reveal the changes in space-time patterns of deep low frequency activity 

across the western part of the Nankai subduction region. We present an imaging method derived from 

the gradient of the cross-correlation integral in respect to space-time domain which captures the 

characteristic clustering pattern of ETS episodes. This allows us to evaluate the influence of the 2010 

long-term slow slip episode on the space-time patters in the segment directly affected by the long-

term slip, as well as the neighboring segment. Both segments show significant change in the spatio-

temporal clustering during the L-SSE event, as well as small changes in the before and after clustering 

patterns.  

 Keywords: LFE-clustering, space-time gradient, cross-correlation analysis, ETS patterns. 

1. Introduction

Low frequency earthquakes or LFE’s represent a type of seismic signal with a frequency 

range of 1-10 Hz, observed in volcanic areas and at the interface of subducting plates. They 

are viewed as an elementary process of low-frequency tremor, thus allowing tremor to be 

described as a swarm of LFE’s Shelly et al. (2007). Unlike the volcanic tremor, which is 

often associated with volcanic activity in a certain region, it was observed that deep tectonic 

tremor usually occurs in Nankai subduction zone in a belt-like structure, at the plate interface 

close to the Moho discontinuity; Katsumata et Kamaya (2003) and exhibits an episodic 

behavior, reoccurring at almost regular time intervals across different subduction regions of 

the globe, Ide (2012).  

In the few last years, due to the development and constant improvement of detection methods 

for tectonic tremor and the associated slip phenomena, the characteristics have been 

investigated by many researchers in Japan and across the globe. Common features of tremor 

activity across the Nankai subduction region consist of the short-term clusters lasting up to 

a few days which propagate sometimes over hundreds of kilometers, Obara (2010) and are 

associated with geodetically detected slip Obara and Hirose (2006), Sekine et al. (2010). Due 

to the episodic behavior, these events are called ETS or episodic tremor and slip, as first 

defined by Rogers and Dragert (2003). 

4276

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

3ECEES, September 2022, Bucharest, Romania



Long-term slow slip or L-SSE represents a geodetically detected slip which occurs between 

the locked and ETS zones along the subducting plate interface of the Philippine Sea Plate. It 

was discovered in Bungo Channel, Obara and Hirose (2006), southwest Japan and it was 

observed in other regions as well, Obara (2010). The Mw 6.8-class L- SSEs in Bungo 

Channel was reported to have a duration of six months to one year and a reoccurrence 

interval of 6–7 years (1997, 2003, 2010 and 2018-2019).  

2. Data and methods 

We applied the generalized version of 

the two-point cross-correlation integral 

of Grassberger and Procaccia (1983) 

using the method described by Tosi et al. 

(2008) in an attempt to objectively 

quantify the space-time correlations in 

deep low frequency earthquake 

occurrence. We used an LFE catalogue 

with 46524 detected events which 

occurred in the western part of Shikoku 

Island, in south-west Japan, covering a 

time period of 12.5 years, from April 

2004 to September 2016, from Mizuno 

and Ide (2019). Each LFE has a duration 

of about few-seconds, allowing us to 

approximate events as a point-process. 

The space-time combined correlation integral (Cc (τ, r)) is a measure of the fraction of the 

number of the LFE pairs shorter than time interval 𝝉 and distance r. The following equation 

is used to estimate the clustering of LFE event pairs, corresponding to space and time 

dimensions simultaneously: 

Cc (τ, r) = 
2

𝑁(𝑁−1)
∑ ∑ [𝜃(𝜏 − ‖𝑡𝑖 − 𝑡𝑗‖) ∙ 𝜃(𝑟 − ‖𝑥𝑖 − 𝑥𝑗‖))

𝑁
𝑗=𝑖+1

𝑁−1
𝑖=1   (1) 

where N is the number of events used in the (τ,r) interval, θ is the Heaviside step function, 

τ and r are the parameters of the time and space considered. The vectors which indicate the 

time between all event pairs are ‖ti-tj‖ and their respective distance between epicenters ‖xi-

xj‖, are calculated based on the ellipsoidal earth model for the latitude and longitude 

coordinates Vincenty (1975). An example of the histogram showing the characteristic 

distribution of LFE event pairs in Bungo Channel segment is shown in Figure 2a.  

The next step after we compute the inter-event times and inter-event distances between all 

pairs of LFE’s in each data set, is to calculate Cc (τ, r) at an equal interval in logarithmic 

time and space (Figure 2b). Considering the catalogue resolution, as well as possible 

detection errors, we set the lower limits for space (rmin = 5km) and time (τmin= 10 minutes), 

while the upper limits are set to include the maximum distance and the total duration of the 

data set. Depending on the desired resolution, the number of steps can be selected. Lastly, 

after testing several values from 30 to 100 steps, we show in Figure 2b the results for 50-

time steps (τ) and 50 radii (r) for the dataset shown in Figure 2a.  

Figure 1. Western part of Shikoku, Japan. Blue 

points are LFE’s in Bungo Channel, while green 

points are for West Shikoku. Inset shows the 

regional setting. 
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Figure 2. a) Histogram showing the distribution of LFE event pairs in Bungo Channel. b) 3D plot of the 

space–time combined correlation integral Cc (τ, r). For each time step τ and distance step r, respectively, 

Cc(τ, r) is equivalent to the probability to find pairs up to that value of r and τ. Blue color indicates small 

probability, while red shows very high probability. 

In order to highlight the scale-dependency in the temporal clustering, we define the temporal 

gradient as the gradient of the space-time correlation integral in the direction of log τ as:  

𝒅𝒕(τ, r) = 
𝝏𝒍𝒐𝒈𝑪𝒄(𝝉,𝒓)

𝝏𝒍𝒐𝒈(𝝉)
(2) 

where, dt (τ, r) is the local slope between the logarithm of space-time correlation integral and 

the logarithm of time step τ, for each distance step.  

In Figure 3b we show the characteristic 

LFE patterns terms of temporal 

gradient versus space-time domain, in 

log scale. Considering that power-law 

behaviour (C(l) ∝ 𝒍𝜶) is indicated by a

straight line in the log-log plot, the 

value of dt(τ,r) is equivalent to the 

power-law exponent, while the slope 

shows the corresponding decay rate. 

The maximum value is indicating to 

the highest fraction of event-pairs, 

while values close to 0 are for sparse or 

no change in number of event pairs. 

We can see the scale-dependency in 

the 3 clustering domains representing 

the patterns in deep LFE activity.  

The low values for the temporal gradient (dt < 0.4) reflect a very slow increase in the total 

number of event pairs, thus defining the quiescence intervals between consecutive ETS 

episodes, while the large values (dt > 0.9) observed at very long inter-event times overlap 

with the Poissonian distribution. For these temporal intervals, the scale dependency is less 

evident. Slightly lower values (0.7 < dt < 0.9) are characteristic for the short-term burst-like 

activity. The intermediate range values (0.4 < dt < 0.7) correspond to the transition between 

these three states, where we can see clear scale dependency in the power-law exponent, from 

0.7 to 1.  

Figure 3. Space-time plot of the temporal gradient. Red 

color indicates very high density of event pairs, while blue 

shows almost no variation in the number of event-pairs. 
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Considering that the temporal gradient shows the rate of change in space-time clustering, we 

propose that the first transition domain, between the power-law bursts and the quiescence 

interval, ultimately reflects the macroscopic behaviour of ETS episodes, which show a clear 

tendency of chain-reaction or cascade parabolic propagation over large distances, as 

proposed by Ide (2010), Ariyoshi et al. (2012), Ando et al. (2012). LFE generation 

mechanism is not elucidated yet, both stress-diffusion and fluid migration, could be 

responsible for this typical migration. Although the mechanism is beyond the scope of this 

study, we can further evaluate the space-time patterns to illustrate ETS propagation, by 

plotting the gradient of dt (τ,r) in respect to the inter-event distance. Thus, we define the 

spatio-temporal gradient as:  

      𝒅𝒔𝒕(τ, r) = 
𝝏𝒅𝒕(𝝉,𝒓)

𝝏𝒍𝒐𝒈(𝒓)
.                                               (3) 

where, dst (τ, r) is the local slope between the temporal gradient and the logarithm of distance 

step r.  

 

3. Results 

3.1. Imaging the propagation of ETS episodes 

To confirm that spatio-temporal gradient shows indeed the propagation of ETS episodes, we 

show in Figure 4a the migration pattern of a large episode which was initiated in Bungo 

Channel on May 24 2012 and propagated unidirectional along the strike of subduction 

region, covering more than 150 kilometres in 16 days. In figure 4b we show the 2D contour 

plot of the spatio-temporal gradient (𝒅𝒔𝒕(τ, r)), as defined by equation (3). The high-density 

clusters are seen in red, while less dense clusters are shown in light blue. This imaging 

method based on space-time gradients, captures the propagation of the ETS episode, as well 

as the local density distribution.  

 

Figure 4. a) Example of large ETS episode from 2012 initiated in Bungo Channel and propagated 

perpendicular to the subduction direction (along strike). Time and distance are relative to the first event and 

are shown in log scale for consistency with plot b. b) Spatio-temporal gradient obtained from the local slope 

between the cross-correlation integral in respect to time and distance, respectively. 

 

42793ECEES, September 2022, Bucharest, Romania



3.2. Variations in the bimodal clustering pattern in Western Shikoku 

In 2010, a long-term slow slip event (L-SSE) occurred in the Western part of Shikoku Island, 

in south-west Japan, as shown by Ozawa et al. (2013). In Figure 5 we plot the spatio-

temporal distribution of deep LFE activity corresponding to the study area. We can easily 

see the anomaly in the space-time pattern caused by the occurrence of the long-term slow 

slip event. Another smaller anomaly is observed in 2014, although a slow slip event was not 

reported in Seshimo and Yoshioka (2022).  

Figure 5. Space-time diagram showing the distribution of deep LFE in Western Shikoku. The vertical lines 

correspond ETS episodes, while the color indicates the segment. With orange we show the period 

corresponding to the L-SSE occurrence.  

Following the method described in the previous section, we calculated the spatio-temporal 

gradient for 2 for the two sub segments (Figure 1), separated by implementing a density 

clustering algoritm known as DBSCAN Ester et al. (1996). Next, we generate the space-time 

grid for which we calcutate the cross-correlation integral. Considering that the L-SSE lasted 

for about an year and resulted in evident decrease in ETS periodicity in Bungo Channel 

region, we devide each segment’s catalog into 3 data sets corresponding to before, during 

and after 2010. To ensure consistency, the maximum inter-event time at which we evaluate 

the space-time pattern is 1 year, althoug the total duration of the data sets before and after 

2010 is 5 years. Thus, we will obtain the average clustering for the ETS generated within a 

L-SSE cycle. In Bungo Channel, L-SSE occur periodically at almost 6 years interval, as

reported by Yoshioka et al. (2015). We set the maximum inter-event distance in 75

kilometers.

Although very large ETS episode propagate from Bungo Channel to West Shikoku segment, 

sometimes with a temporal delay, as seen in Figure 5, the smaller clusters tend to migrate 

within each segment.  We show in Figure 6 on the left side the space-time gradient for Bungo 

Channel and the on right side for West Shikoku segmnet, respectively The value of dst varies 

between 0 and 1, with high clustering intervals corresponding to the largest values. Except 

for the plot showing the effects of L-SSE  occurrence in ETS propagation along Bungo 

Channel, all other plots show a clear bimodal pattern.  
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Figure 6. Bimodal space-time pattern in Western Shikoku Island. Left side shows the Bungo Channel 

clustering for inter-event times of up to 1 year, before 2010, in 2010 and after 2010. Similarly, right side 

shows the patterns in West Shikoku segment. 

 

4. Conclusions  

We performed a self-consistent analysis to reveal the space-time patterns in LFE activity 

across the western part of the Nankai subduction region and the influence of L-SSE in 

terms of ETS occurrence in the segment directly affected by the long-term slip, as well as 

the neighboring segment. From the space-time diagram, LFE clusters consisting mostly of 
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ETS episodes in Bungo Channel segment show visible anomaly in the space-time plot, 

associated with the 2010 L-SSE, while West Shikoku does not indicate significant change 

in the spatio-temporal distribution. However, using the space-time correlation integral and 

it’s first and second derivative, defined as the gradient in respect to the temporal and 

spatial domain, we were able to capture the changes in the characteristic bimodal pattern of 

deep LFE’s occurrence.  

We interpret the high density patches revealed at inter-events between 104 and 105 (within 

the quiesence domain) as reflecting macroscopic long-term clustering in each segment, 

which could be an indication of the stressing state, considering that tremor or LFE density 

is also indicating the energy released during an ETS episode. As we can see in Bungo 

Channel, during the occurrence of L-SSE, the long term clustering is not present, suggesting 

that stress is very effectively released by clusters at very local scale, while the propagation 

ETS episodes seem to be significantly reduced. In contrast, for the same time period, the 

West Shikoku segment shows strong clustering at long-term, as well as at the ETS domain.  

Although we need further consideration, this pattern seems to indicate that the stress is 

transferred from Bungo Channel to the neighbouring segment, causing the changes in respect 

to the pattern observed before the occurence of L-SSE.  We also notice that after the L-SSE 

event, the ETS domain becomes more elongated, sugggesting longer propagation of 

cascading clusters. An effect of this propagation is the significant reduction the long term 

clustering, further indicating that the stress is almost completley released during the ETS 

occurrence.  
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Abstract: The study of seismicity is usually conducted by means of earthquake catalogues. 

The frequency-magnitude representation of the data and its fit to the Gutenberg-Richter Law 

allows calculating the seismic parameters (a, b), which can in turn help to evaluate the 

tectonic stress state and seismic activity of the area. In order to calculate these parameters 

over time and space there exist different approaches. For the temporal evolution of the seismic 

parameters, it is worth highlighting the rolling window method, which uses subsets of the 

catalogue, and the weighted-likelihood method, in which a time kernel function is used to 

modulate the influence of the events on the seismic parameters over time. When studying the 

spatial variation of the seismic parameters in each area, one can use different spatial kernels 

(Gaussian, Epachenikov, exponential decay, etc.) so the seismicity is not overrated. This work 

reviews these different approaches and tries to combine different aspects of those in order to 

improve the calculation of seismic parameters in Lorca’s series.  The results show lower b-

values around the epicentre of the main shock of the series when studying the spatial 

distribution and a sudden decrease of the b-value just before the main shock occurs, followed 

by a progressive increase afterwards. 

Keywords: b-value, earthquake, catalogue, G-R Law. 

1. Introduction

Changes in the seismic b-value recently became one of the most promising precursors when 

studying seismicity and forecasting high magnitude events. This parameter comes from 

Gutenberg-Richter empiric law (Gutenberg and Richter. 1956), G-R from now on, which 

establishes a relationship between the number of events with magnitude greater than a certain 

threshold and the magnitude itself. Two parameters are used to describe this relationship: a, 

the productivity, which expresses the number of events recorded in each area/span; and b, 

which is related to the ratio between high magnitude earthquakes and low magnitude 

earthquakes. The most common form of the G-R Law is the following: 

𝑙𝑜𝑔10 𝑁𝑀≥𝑚(𝑚) = 𝑎 − 𝑏 · 𝑚      (1) 

Where NM≥m is the number of earthquakes with magnitudes M greater than a threshold 

magnitude, m, and the rest of parameters have been introduced in the former paragraph. 

One of the main strengths of the study of the changes and distribution of the b-value is that 

it is easy to calculate, and several works have proven its relationship with tectonic stress 

changes (Gulia and Weimer, 2010). 
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1.1.  Temporal evolution of b-values 

The forecast of seismicity is one of the main scopes of the study of seismic catalogues. The 

lack of consistency and reliability of data regarding other earthquake precursors (Cicerone 

et al., 2009), has shifted the focus on the study of the temporal evolution of the b-value and 

the activity rates as one of the most useful precursors (Reasenberg, 1999). Extensive 

precedents exist involving seismicity-based model creation, and Omori’s Law (Omori, 

1894), as a foundation of ETAS-models is proof of it. This empirical law relates the 

frequency of the aftershocks to the occurrence of the mainshock in seismic series. 

There are several procedures and techniques regarding the b-value temporal evolution 

computation and analysis, which are related to the used seismic catalogue and the evaluation 

of which is the aim of this study. An accurate G-R Law fit must rely on independent seismic 

events, i.e., one must work with a Poissonian random variable. One way to accomplish this 

is by using declustering algorithms on the data, so the seismic series can be identified. Two 

examples of this kind of algorithms are the Reasenberg-Jones’ (Reasenberg and Jones, 1989) 

and Gardner-Knopoff’s (Gardner and Knopoff, 1974), which can be found in the ZMAP tool 

package (Weimer, 2001), written in the MATLAB programming environment (MATLAB, 

2022). 

An alternative to the seismic declustering in catalogues is the use of weight functions that 

depend on the association of an event to a seismic series and on the number of events in the 

series. An example of this approach can be found in Taroni and Akinci (2021), that deals 

with the spatial distribution of the b-value. Gulia et al. (2016) focus on subdividing the 

catalogue in pre-series, and post-series when the goal is the study of a certain seismic series.  

Regarding b-value time series calculation, two different approaches are usually considered, 

which can also be modified depending on the characteristics of the data. The first one 

consists in the use of an event window to perform the calculus. One can pick a fixed number 

of events for the window or a certain time span (days, weeks, months, years, …). The choice 

depends on the catalogue, the required time resolution or the b-value uncertainty. As pointed 

out by Taroni et al. (2021), this method bears controversy, as there is no algorithm that 

optimizes the size of the event window to date, being its choice mainly arbitrary. The second 

method arises as a solution to this problem. By using weight functions that use time between 

events as variable there is no need for event windows for the b-value calculation. 

1.2. Spatial distribution of b-value 

Several works on the seismic parameters mapping can be found. Examples range from 

worldwide seismic activity mapping for Mw ≥ 5.5 earthquakes (Taroni and Akinci, 2021), 

seismicity probability density function mapping in Europe (Hiemer et al. 2014), productivity 

rate (10a) and seismic risk (Frankel 1994), and even 2D-3D depth-based mapping (Tormann 

et al. 2014; Wiemer and Wyss 2002). There are different ways to improve the calculations 

of these parameters, such as: smoothing filters, catalogue filtering, cut-off distances for the 

events, etc.  

The aim of these techniques is weighting down the event’s influence on the seismic 

parameters’ calculation depending on the distance to the spatial cell. This is one of the most 

important aspects of these methods, as it plays the same role as event windows do in the 

seismic parameters’ time series. 
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This cut-off distance can be applied in a smooth way, as a bidimensional Gaussian filter: 

𝑓(𝑟) =
1

2·𝜋·𝜎2 exp (
−𝑟2

2·𝜎2) (2) 

Where r is the distance between the event and the spatial cell defined as follows using 

cartesian coordinates: 𝑟 = √(𝑥𝑒𝑣𝑒𝑛𝑡 − 𝑥𝑐𝑒𝑙𝑙)2 + (𝑦𝑒𝑣𝑒𝑛𝑡 − 𝑦𝑐𝑒𝑙𝑙)2, and σ is the smoothing

distance (Helmstetter et al., 2007), which can be identified as the variance if the data fits a 

normal distribution. 

The difference between a smooth or a rough cut-off distance is shown in Figure 1 by using 

a step function, the Epachenikov kernel and a Gaussian kernel. 

Fig. 1 - Comparison between a step function, the Epacheniknov’s kernel and the Gaussian kernel with σ = 15 

km. The blue star represents the main event of the seismic series (Lorca’s earthquake), the black dots are the 

events of the catalogue, and the red lines are the main faults of the zone from the QAFI database (García-

Mayordomo et al., 2012). 

The importance of the events regarding the calculation of the seismic parameters will range 

from being ignored (purple area) to not being weighted down (yellow area). Besides, not 

only the weight function choice is important, but also the smoothing distance. In the b-value 

mapping subsection a way to calculate this parameter will be presented for this case study. 

1.3. Spatiotemporal studies of the b-value 

Although it seemed that ETAS models were the only option regarding spatiotemporal studies 

of the seismic parameters, novel studies using different approaches are appearing (García-

Hernández et al., 2021). This kind of studies can be conducted by means of the combination 

of the same techniques seen in the former paragraphs. One of the constraints is the number 

of operations, as it should be minimum while allowing enough spatial and temporal 

resolution. Otherwise, supercomputing will be necessary. 

2. Case study: Lorca’s earthquake

In order to test and compare the different approaches in the processing of data from the 

catalogues to obtain the b-values as a function of time and space, an important seismic series 

is selected within Spain. This is the Lorca series, whose main earthquake of Mw 5.1 occurred 

on May 11, 2011, at 16:47 UTC at coordinates 37.697°, -1.556° WGS84. 
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The full earthquake catalogue of Spain has been downloaded and a script has been written 

to filter the catalogue by distance with respect to an event (in this case Lorca’s earthquake) 

and by year (Figure 2). In this way, events that have no relevance to this study can be 

discarded. Earthquakes within 40 km radius from Lorca and those that occurred since the 

year 2000 have been selected. Also, only events at 40 km depth or less are used. The 

magnitude of the events ranges from 0.2 to 5.1 Mw, although the events with magnitude 

lower than the cut-off magnitude are discarded in latter calculations. 

On the other hand, using ZMAP's declustering tool (Reasemberg) a total of 128 events have 

been identified for this series, 9 of which are precursors (one of them a Mw 4.5 about 90 

minutes before the main event) and 118 aftershocks (one of them of Mw 3.9 Mw and 8 of 

them close to Mw 3 in the span of 4 days after the main event). This process is necessary to 

work with the Poissonian catalogue. 

 

Fig. 2 - Left: the polygons depict the tectonic zones of the Iberian Peninsula, and the red lines are the faults 

from QAFI database (García-Mayordomo et al., 2012). Right: detail on Lorca’s area, black dots are the 

events from the start of the catalogue to a year prior de seismic series and white dots are from the same year 

in which the series occurred. 

The main event’s epicentre is located near two different tectonic zones: the murcian 

Prebético shear stress zone (blue) and the Béticas Orientales transpressional shear zone 

(green). The stress build-up in the Alhama de Murcia’s fault and its later liberation is the 

source of the event. The strike and dip of the fault plane, N238E ± 5 and dip 70⁰ N 

respectively, can explain the location of seismic series given the maximum depth of the 

events (7 km) as a stress accumulation zone. 

The magnitude of the events considered for this study is plotted against the date in which 

they occurred (Figure 3). 
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Fig. 3 - Magnitude-date plot for the events in from year 2000 until December 2021. The yellow star 

represents Lorca’s earthquake. 

3. Methodology

3.1. b-value time series 

To use the Rolling Window (RW) method, the foreshocks and aftershocks in the series have 

not been eliminated. In order to calculate the b-value the RW consisted of 100 events with a 

10 % overlap and the MAXC method has been used to obtain the cut-off magnitude for each 

window. This technique has been proven effective when studying small catalogues or event 

windows reduced in size (Zhou et al., 2021a). 

The weighted likelihood method (WL) (Tormann et al. 2014), was applied on the catalogue 

which comprises not only the tectonic zone where Lorca is located but also both adjacent 

zones (east and west) to the former from 1992 until last year. 

3.2. b-value mapping 

Following the work of Tormann et al. (2014), a Python script has been written to calculate 

and plot the b-value in the area of Lorca. The σ value for the Gaussian kernel has been 

obtained by studying the distribution of distances between events and between events and 

cells of the spatial grid.  

In order to select the parameters that define the spatial kernels to be used in the b-value 

spatial distribution calculation, it is necessary to study the distance distribution (both inter-

event and spatial cell-event). One way to address this is by means of a histogram 

representation of the distances (Figure 4). 
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Fig. 4 – Spatial cell- event distance frequency (up) and inter-event distance frequency (down). 

It is shown that the inter-event distance distribution resembles a normal (Gaussian) 

distribution for distances up to 30 km approximately and it is centred around 20 km distance. 

For the spatial cell-event distribution the former approximation cannot be achieved as 

different modes can be observed (around 30 km, 70 km and 100 km). The values of the 

parameters for the different simulations have been collected in the following table: 

Table 1. Simulation parameters for the different algorithms used in this work. 

Simulations 

RW method WL method b-value mapping 

Parameter Value Parameter Value Parameter Value 

Events per 

window 
100 | Full year 

Events per 

window 
100 

Spatial 

grid 

resolution 

1000 m x 

1000 m 

Overlapping [%] 10 % | 0 % 
α initial 

estimation 
[10-2, 10-1) 

Magnitude 

binning 
0.1 

Bootstrap 

simulations 
200 | 200 

Magnitude 

binning 
0.1 

Mc* 

calculus 

method 

Maximum 

curvature 

Mc* calculus 

method 
Maximum curvature 

Mc* 

calculus 

method 

Maximum 

curvature 

b-value 

calculus 

method 

Maximum 

likelihood 

b-value calculus 

method 

Maximum 

likelihood 

b-value 

calculus 

method 

Maximum 

likelihood 

Spatial 

kernel 

function 

Gaussian 

kernel 

Minimum events 

above Mc* 
50 | 12 

Minimum 

events 

above Mc* 

50 

Minimum 

events 

above Mc* 

- 

*Cut-off magnitude.  
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4. Results

4.1. b-value time series 

Temporal evolution of b-value is analysed by means of both approaches presented in the 

former paragraphs: RW and WL methods.  

On the one hand, RW method has been applied using the parameters in the tables for the 

catalogue since 2000 to 2021 and then using a whole year as event window, so the influence 

of the time scale on the b-value can be studied (Figures 5 and 6).  

Fig. 5 - b-value over time using RW method for the catalogue since year 2000 until 2021 in Lorca. The red 

fill represents the uncertainty (σ), and the red vertical line represents Lorca’s earthquake date. 

Fig. 6 - Seismic parameters a, b and Mc calculated using a whole year as an event window since year 2000 to 

2021 with RW method. The red vertical line marks the time stamp of the Lorca’s series (2011). The blue fill 

represents the uncertainty (σ). Missing b-values are due to lack of events with magnitudes higher than the 

cut-off. 
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On the other hand, for the WL method an initial guess for the α parameter in the WL method 

has been found by means of trial-error (Figure 7). 

 

Fig. 7 - WL method for the catalogues since 2004 to date. The red vertical line marks the time stamp of the 

Lorca’s earthquake. The red fill represents the uncertainty (σ). 

The lower b-values at the beginning of the graph could be explained by the lack of data and 

its influence on the uncertainty of the Mc determination (as seen in the Figure 6 for the 2004-

2006 period) pays an important role, as Woessner and Wiemer (2005) concluded.  

4.2. b-value mapping 

For this simulation all the events from 2000 to 2021 have been used, so in order to weight 

down the events belonging to seismic series, a filter has been used following the procedure 

described in Taroni and Akinci (2021). As it can be seen from Figures 7 and 8, the b-value 

spatial distribution is relatively low close to the rupture area of the 2011 Lorca earthquake 

before the earthquake, and it increase after the seismic series. 

 

Fig. 8 – Mapping of b-value and its uncertainty in the area of Lorca using data from 2000 to 2010, a year 

before Lorca’s series. The red lines represent the fault traces. 
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Fig. 9 – Mapping of b-value and its uncertainty in the area of Lorca using data from a year after Lorca’s 

series (2012) to 2021. The red lines represent the fault traces. 

5. Conclusions

Regarding the b-value temporal series, the WL method calculation shows an important 

decrease of the b-value just before the main event of the Lorca’s series occurs (Figure 7), 

which is in agreement with the conclusions of Gulia et al. (2016), meaning an increment of 

the tectonic stress in the area of study and a posterior release after the main event. For the 

RW method, such behaviour can be observed in the Figure 6 but not in the Figure 5. The 

lack of data and size of the event window can conceal the b-value changes, the comparison 

between Figures 5 and 6 is an example of the influence of the window size, as the b-value 

tendency from 2000 to 2005 is clearly different. 

On the other hand, the b-value mapping in Figure 8 shows lower b-values than those in 

Figure 9 for the area centred around Lorca’s earthquake epicentre. This indicates higher 

tectonic stress before the seismic series and then lower tectonic stress after the energy 

release. 

In conclusion, a seismic series with a relatively low number of events has been studied and 

the obtained results agree with experimental observations and works. The importance of 

parameters such as the smoothing factor, event window size and available data has been 

shown regarding the techniques used to calculate the b-value. One strength of this 

methodology is that it enables the spatiotemporal study of the b-value. The only constraint 

is the temporal and spatial resolution, which is limited by both the frequency of the events 

and the computational resources. 
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Abstract: Nowadays diverse detection techniques are available to construct deeper and 

deeper seismic catalogues. The choice of an optimal detector can be a subtle issue and depends 

on the characteristics of the seismicity and the availability of stations. In this work, we 

compare the performance of three different techniques based on template matching, machine 

learning and auto-correlation for seismic sequences in the Irpinia region (Southern Italy) 

analysing near-source records. The complexity in the structure and the low magnitude of the 

main events provided a good test to investigate the features of each technique. We found that 

the catalogues from single techniques do not superimpose, and a complete catalogue requires 

the integration of the three methods, each of which targets different features in the waveforms. 

The combined catalogue allows an increase in the dimension of the standard manually revised 

bulletin of a factor ∼ 9, and reduce the magnitude of completeness to M 0.0. The analysis of 

the slope of Gutenberg-Richter law provided a b-value equal to 0.8 +/- 0.1, smaller than the 

one for the background seismicity (i.e., 0.93), which suggests higher differential stress 

associated to the occurrence of seismic sequences in Irpinia region. 

Keywords: Seismic catalogues, earthquake statistics, microseismicity, template matching, 

machine learning.  

1. Introduction

Earthquake detection is the identification of seismic events within a continuous data stream 

and it represents a critical operation for observational seismology. Traditional techniques are 

based on energy-based criteria (e.g., STA/LTA) to catch earthquakes with impulsive arrivals 

and large signal-to-noise ratio (SNR) within signals dominated by noise. These approaches 

show typically poor resolution for emergent phases, overlapping events and small-

magnitude seismicity featuring low SNR. Recently, advanced detection techniques have 

been developed aiming to decrease the magnitude of completeness of catalogues, map fault 

geometry, track the evolution of the seismicity, infer the role of fluids and forcing 

mechanism in seismicity evolution and to provide insights into the preparatory phase of main 

events (Ross et al., 2019; Trugman and Ross, 2019). In this respect, template matching 

algorithms result to be discriminative in finding seismic signals in noisy data, at the cost of 

requiring a priori information on the expected waveforms (e.g., Gibbons and Ringdal, 2006). 

This latter limitation can be overcome using machine learning based techniques (e.g., 

Mousavi et al., 2020) or optimized data-mining methods (e.g., Yoon et al., 2015). 

Selection of an optimal method for event detection is a critical issue in building seismic 

catalogues, particularly when the microseismicity is generated in structurally complex areas, 
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such as the normal fault system of the Southern Apennines, where earthquakes occur in a 

fluid-permeated volume bounded by the faults that have generated the 1980, M 6.9, Irpinia 

earthquake (De Landro et al., 2015). This area is monitored by a dense seismic network 

composed of 40 seismic stations from the Irpinia Near Fault Observatory (Iannaccone et al., 

2010) and INGV, which provide automatic and manually revised catalogues with magnitude 

of completeness M 1.1 (Vassallo et al., 2012). 

In this study, we compared the detection performances of three detection techniques for 

seismic sequences occurring in the Irpinia region. We apply the data-mining method FAST 

(Yoon et al., 2015), the machine learning detector EQTransformer (Mousavi et al., 2020) 

and the template matching technique EQCorrScan (Chamberlain et al., 2017), specifically 

tuned for the events in the area. Our results show that these approaches perform differently, 

since they target different features in the waveforms using different measures, and the most 

complete catalogue is obtained by their integration. With the final catalogue, we investigated 

the evolution of the seismicity in the time-magnitude-amplitude domain to shed light on the 

mechanical properties of the structures that have generated it.   

  

2. Methods  

We applied the proposed approaches to several sequences that occurred along the Campania-

Lucania active fault system during the last decade. The continuous velocity records at the 

closest stations (5 to 7) to the seismic sequence were inspected by the following three 

techniques: FAST, EQTransformer, EQCorrScan.   

FAST is an autocorrelation or data-mining technique based on the conversion of continuous 

waveforms into binary objects, the fingerprints, containing the key discriminative features 

of earthquakes in time-frequency domain (Yoon et al., 2015). Fingerprints are grouped 

together in a database to perform the similarity search. An event is declared when a pair of 

similar fingerprints is observed at several stations across the network. Advantages of FAST 

are that it can easily allow the analysis of data from different sensors and the pre-processing 

operations at the selected stations without the availability of earthquake template waveforms. 

However, it suffers of declaration of false events owing to the presence of repeated and 

coherent noise. We reduced this effect through an automatic post-processing analysis, based 

on the event similarity score. 

EQTransformer is a global deep-learning method with different local attention levels for 

simultaneous earthquake detection and picking. It has been trained on the Stanford 

Earthquake Dataset (STEAD, Mousavi et al., 2019) using waveforms from about one million 

earthquakes. The application of such a technique on stations not used into the training phase, 

shows an improved performance with respect to the traditional methods (Mousavi et al., 

2020). Events detected by EQTransformer were visually inspected and confirmed through 

independent checks on the frequency content and apparent velocity across the network. 

EQCorrScan (Chamberlain et al., 2017) acts as a conventional template matching technique 

where event declaration occurs when the sum of the cross-correlation coefficients in limited 

time window overcomes the cross-correlation MAD between the template and one hour of 

continuous data. In this work, we used the events previously detected by EQTransformer as 

templates, after a preliminary check of the automatic P and S waves arrival times. For the 

event declaration, we set a threshold equal to 8 times the MAD. Since false events are still 

present in the catalogue, we automatically refined the threshold based on the ratio between 
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the cross-correlation value associated with the detection and the threshold related to the 

template. 

For each detected event, we estimated the magnitude through the amplitude ratio, assuming 

co-location with a located event of the sequence, as follows: 

10logref

ref

A
M M

A

 
    

 

(1) 

In equation 1, 
refM  is the magnitude of the reference event estimated with the local scale 

from Bobbio et al. (2009), A and 
refA are the mean of peak-to-peak semi-amplitude of the 

Wood-Anderson horizontal displacement for the inspected and reference events, 

respectively. We verified that the co-location approximation introduces an error in 

magnitude estimation of ~0.1 units for a typical sequence extension in the area. 

Depending on the methodological approach, the different techniques are expected to catch 

specific features of the sequence’s evolution in the space-time-magnitude domain, and hence 

to provide complementary catalogues. In this work, we verified this hypothesis for the 

analysed sequences quantifying if and to what extent the single techniques contribute to 

enhance the manually revised catalogue, released by INFO bulletin.  

To highlight differences in seismicity trend between the sequences and between a sequence 

and the background seismicity, we analyse the statistical properties of the final catalogues 

by estimating the magnitude of completeness and the b-value of the Gutenberg-Richter’s 

law through the software ZMAP (Wiemer, 2001). 

3. Results

When summarizing the results obtained for the investigated sequences, the machine learning 

algorithm almost doubles the number of detections as compared to the INFO manual 

catalogue. Both the autocorrelation technique FAST and the template matching EQCorrScan 

method TM show high performance, allowing an increase in the number of events in the 

reference catalogue by a factor of 6 and 7.5, respectively. Moreover, the events belonging to 

the two latter catalogues do not superimpose, sharing only the 45 % of the events in the 

combined catalogue, while the remaining part is represented by events caught by only one 

of the two techniques (∼40 % template matching, ∼15 % FAST).  

We found that a complete catalogue for seismic sequences in the Irpinia region requires the 

combination of the outcomes of the three detection techniques. 

Integrating the individual catalogues improves the INFO catalogue by a factor 9. The results 

are summarized in the diagram of Figure 1, where we show the contribution of each 

technique to the final combined catalogue. 
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                       Figure 1) Comparison among the catalogue content of each technique. 

The average behaviour of the detection algorithms observed for the whole set of sequences 

does not replicate for the individual sequences. Indeed, in some cases, we observed a better 

performance of the FAST technique, while in others the template matching almost covers 

the whole catalogue. These results are in our opinion related to the different features in the 

waveforms targeted by the three techniques, making them complementary. Thus, their 

integration seems the best strategy for obtaining larger detection catalogues.  

Template matching analysis is successful in identifying events close in time, sometimes in 

the coda of the previous ones, but also events with short duration in the case of high 

seismicity rate and a large number of templates.  

On the other hand, FAST performs better in the case of low seismicity rate, for events 

isolated in time and featuring a low SNR (slightly larger than 1). 

The poorer performance of the machine learning EQTransformer with respect to TM and 

FAST, but still higher than the reference ISNET catalogue, mainly depends in our opinion 

on the characteristics of the training catalogue, which considers higher magnitude events 

with respect to those of the sequences considered in our study. Although less sensitive in 

enhancing the catalogue, this technique is fundamental to automatically set up an ensemble 

of templates for the following cross-correlation analysis. When the template catalogue is 

large enough in number and spans a wide magnitude range, the template matching almost 

covers the whole catalogue. Therefore, in our opinion, the combination of EQTransformer 

and TM is particularly useful. 

The magnitude of completeness depends on the selected technique and lowers to M 0.0 for 

the combined catalogue, while it decreases to M 0.5 using only the machine learning 

approach EQTransformer. However, each method improves the magnitude of completeness 

of the INFO catalogue (M 1.1). 

Among the source characteristics that can be derived from analysing the time-magnitude 

distribution of the events and the amplitudes of the waveforms during the sequences, we 

report a variability of the b-value of the Gutenberg-Richter distribution, which usually 

remains lower than 0.93, with this latter value corresponding to the background seismicity 

of the area (Vassallo et al., 2012). The average value of b= 0.8 ± 0.1 suggests an increase of 

differential stress associated to the occurrence of seismic sequences in Irpinia region. 
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4. Conclusions

In this work we have compared the performance of three detection techniques (the similarity-

based FAST, the machine learning based detector EQTransformer and the template matching 

EQCorrScan) for seismic sequences in the Irpinia region, Southern Italy. The performance 

of the machine learning technique is lower than FAST and template matching technique, 

although it still improves the standard INFO catalogue by a factor two. The performances of 

the other two methods are significantly larger, and the success of each technique depends on 

the characteristics of the seismic sequence. However, in the majority of cases, the two 

catalogues do not overlap, and a complete description requires integration of the techniques. 

The merged catalogue improves the INFO catalogue of a factor 9, decreasing the magnitude 

of completeness around M 0.0. These enhanced catalogues show a b-value of 0.8, smaller 

than the one corresponding to the background seismicity suggesting differential stress higher 

for seismic sequences than for the background seismicity in the Irpinia region. 
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Abstract: We analyse the intermediate-depth (depth between 60 – 220 km) seismicity in the 

Vrancea region (Romania) using the ROMPLUS seismic catalog and a z-value statistical 

analysis. The method detects an increase of seismicity rate around 2004, which is likely due 

to an increase of earthquakes with magnitudes Mw  5.5, produced in the years 2004-2005. 

The most significant anomaly is a decrease of seismicity, after the year 2014, at depths of 

150 – 160 km. We show that the decreased seismicity rates after 2014 are caused by a 

change in the location algorithms, including the velocity model. Currently we are working to 

produce a uniform earthquake catalog. 

Keywords: intermediate-depth seismicity, space-time seismicity pattern, seismic anomaly 

1. Introduction

The Vrancea seismic zone is located at the bending of the Eastern Carpathians, in 

Romania, and characterized by persistent and well-defined seismicity. The epicenters of 

the Vrancea earthquakes are located inside a rectangle of latitudes between 44.90 - 46.50 

and longitudes between 25.50 - 28.00. The hypocentral depth of the events varies from 0 to 

220 km, but the main seismic activity takes place at intermediate depths (60 - 180 km) (e.g., 

Oncescu et al., 1999). Many studies have been concerned with the statistical analysis of 

seismicity for putting in evidence possible precursory patters. Marza (1979) has indicated 

the existence of a seismic gap, lasting for several years and preceding the 1977 M7.2 

Vrancea earthquake. 

The aim of this paper is to introduce a simple methodology, based on the statistical 

parameter z (z-value) to quantify the space-time intermediate-depth seismicity changes in 

the Vrancea (Romania) region. We also propose some statistically-based threshold z-

values that can be used to detect potentially anomalous seismicity changes that might 

precede the occurrence of larger events. 

2. Data and method

We use the ROMPLUS earthquake catalog data that covers the entire territory of 

Romania (Oncescu et al., 1999; Popa et al., 2022), for the time interval January, 2000 – 
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April, 2021. We spatially select the seismicity within the Vrancea region, delineated by the 

latitudes and longitudes given in the previous section. The current study focuses on the 

intermediate-depth seismicity (depth  60 km; Figure 1). The magnitude of completeness 

of the data has been assessed using the maximum curvature method (Wiemer and Wyss, 

2000) applied to the frequency-magnitude distribution of earthquakes (e.g., Gutenberg and 

Richter, 1944) for the whole time period under study. 

The parameter z has been used extensively to analyse activation or quiescence of 

seismicity (e.g., Habermann, 1983; Katsumata, 2017). The z-value compares the seismicity 

rates in two time-windows and is defined as: 

 

                                                                                                                                                      (1) 

 

where, 

- m1 and m2 are average earthquake rates for two periods (W1 and W2) that we wish to 

compare; 

- n1, n2 and 1, 2 are numbers of events and standard deviations, respectively, for the two 

time periods. 

The resulting z-value has the same interpretation in terms of significance as the number 

of standard deviations from the mean of a normal distribution, but some authors 

recommend higher thresholds (e.g., Katsumata, 2017 recommend a threshold z = 5.0). 

Positive z-values indicate a decrease of seismicity rate in the window W2 compared to W1, 

while negative z-values indicate an increase. In order to map the z-value as a function of 

space, the values of the parameter are calculated on a grid (distance on a profile versus 

depth) with a spacing of 5 km. 

The analysis of seismicity has been performed with the Zmap software (Wiemer, 2001). 

 
Fig. 1 - 3D graph of the intermediate depth earthquakes in Vrancea (Mw ≥ 3.0; 2000 - 2021), represented by 

white symbols (depths 60 - 180 km). 
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3. Results

The magnitude of completeness, estimated using the maximum curvature method, was 

found to be 2.9 for the intermediate-depth Vrancea seismicity and we have used 

earthquakes Mw  3.0 for the further analysis of data.  

Figure 2 shows the temporal variation of the z-value for the period 2000 - 2021. 

Window W1 extends from the beginning of the study period to the time for which z is 

determined, while window W2 has been chosen to be 1.5 years. The value of z is calculated 

using a 28-day shift. The figure indicates the maximum value (2.88, obtained for 2017.34) 

and the minimum value (-4.86, obtained for 2004.68) of the parameter z.  

No z-value exceeds the threshold of 5, adopted by Katsumata (2017). However, the 

minimum and maximum values of the parameter are above the statistical confidence 

thresholds (= 2.58) associated with a normal distribution and therefore deserve further 

discussion. The minimum value is recorded after the middle of 2004 (2004.68) and, most 

likely, corresponds to earthquakes with magnitudes Mw  5.5 (Figure 1, below), produced 

in the years 2004-2005, which resulted in a relative, slight increase in the rate of 

earthquakes detected for that period. The maximum value of the parameter z (= 2.88) was 

recorded in 2017.34 and indicates a relative decrease (very slight) of the recorded 

earthquake rate. However, it is difficult to associate this decrease in the rate with a certain 

precursor phenomenon; it is necessary, therefore, to look at the variation of the z parameter 

for various depth levels, using a gridding technique. 

We present in Figure 3 the distribution of the parameter z, for the moment 2014.0. 

Positive values of the | z | ≥ 5, are obtained only for the deep zone, between 150 - 160 km 

depth.  

Figure 4 shows the cumulative number of earthquakes function of time for different 

depth intervals. The clearest observation is the very low rate of earthquakes produced in 

Fig. 2- Top: Cumulative number of subcrustal earthquakes (Mw ≥ 3.0; depth ≥ 60 km) in the Vrancea 

area, together with the value of the z parameter as a function of time. Below: Graph of the magnitude 

as a function of time for the subcrustal earthquakes in Vrancea. 
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the depth range 150 - 160 km, after 2014, which could signal a possible seismic gap with a 

precursor character (Moldovan et al., 2021).  

The results in Figures 3 and 4 confirm the ability of the z parameter to identify areas 

where the seismicity rate is abnormal (either decreasing or increasing). The value used as a 

limit (| z | = 5) to declare a significant change in the rate of seismic activity, with a possible 

precursor character, seems to be appropriate for the Vrancea area. 

    The discovery of the seismic gap requires a thorough verification of possible sources of 

errors or inconsistencies that would have artificially created this seismic anomaly.  

 

Consulting the ROMPLUS bulletins, we found that the earthquakes produced after 2014 

were located with different location algorithms and velocity model. Table 1 presents 8 

earthquakes (Mw > 4.0) located with two different algorithms, LocSAT (Bratt, S.R., Nagy, 

W., 1991) embedded within Antelope environment (developed by “Boulder Real Time 

Technologies”) and HYPOPLUS. The earthquakes in the ROMPLUS catalog were located 

after 2014 with the IASP91 global velocity model (Kennett and Engdahl, 1991) and the 

Antelope software, compared to those before 2014, for which a local velocity model was 

used and the HYPOPLUS program (Oncescu et al., 1996). 

As can be seen in Table 1, the depth differences between the two locations (Antelope 

and HYPOPLUS), for the same earthquake, differ by at least 9 km (they become deeper 

when the HYPOPLUS system is used, for which the speed model used is one local). This 

Fig.  3 - Distribution of parameter z, using a rectangular grid, for the moment 2014.0 (window W2 is 

1.5 years). The colors show the value of the parameter z, according to the scale to the right of the 

vertical section. Earthquakes are indicated by black dots. White stars indicate earthquakes with Mw ≥ 

5.5. The blue circles indicate the areas for the selection of earthquakes (Ni = 100) used for each node 

of the grid. 
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observation shows that the seismic gap after 2014, with depths between 150 - 160 km, is 

the result of location problems and does not reflect a physical phenomenon.  

Table 1. Example of 8 earthquakes located with two different programs, Antelope and HYPOPLUS. 

Magnitudes are present, in this example, only for earthquakes processed with Antelope. 

Fig. 4 - Cumulative number of earthquakes (Mw ≥ 3.0) of intermediate depth (depth ≥ 60 km) in 

Vrancea, as a function of time. Different color lines indicate different depth ranges, as indicated by 

the legend in the upper left of the figure. 
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4. Discussion and Conclusions 

We have analysed the space-time changes of Vrancea (Romania) intermediate-depth 

seismicity from 2000 – 2021, using the z-value statistical parameter. Our approach detects 

an increase of seismicity rate around 2004, which is likely due to an increase of 

earthquakes with magnitudes M  5.5, produced in the years 2004-2005. Our analysis also 

reveals a decreased seismic activity starting with the year 2014, which is localized 

approximately between 150 – 160 km. The decreased rate is due to changes in the location 

system and velocity model. 

We are currently in the process of correcting the location problem and relocating all 

earthquakes with the same software. What is important for our analysis is not so much the 

absolute depth of the earthquakes as the consistency of the locations. In other words, all 

earthquakes need to be located with the same program. Moreover, in order to perform 

reliable analysis of the frequency-magnitude distribution of earthquakes (not included 

here), we are in the process of reviewing and revising some possible issues related to the 

change of the magnitude scale. 
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Abstract: We look for repeaters in the seismicity recorded at the Irpinia Near Fault 

Observatory (Southern Italy) in the period 2008-2020 using a multi-sensor Hierarchical 

Agglomerative Clustering approach and relate clusters of (quasi) repeaters with the 

spatiotemporal properties of local Vp/Vs ratio and source parameters of the earthquakes. 

Small-scale Vp/Vs is estimated for each cluster from the differential arrival and travel times, 

from which a high-resolution relative location of the events of a cluster is performed using a 

double-difference approach. We find that some clusters appear during a specific time 

interval while others are spread over several years, and preliminary estimates of Vp/Vs 

show values broadly varying in the range 1.7-1.95 depending on the cluster. 

Keywords: Earthquake repeaters, Vp/Vs ratio, Irpinia Fault System, Clustering, 

Unsupervised machine learning 

1. Introduction

Nearly co-located earthquakes displaying very similar waveforms (repeaters) can be used 

to examine subtle modifications in the properties of the source or of the rock the waves 

propagate through, such as velocity changes (e.g., Uchida and Bürgmann, 2019). In 

particular, estimating small-scale Vp/Vs variations at depth can be a powerful tool to infer 

lithology and hydration of a rock. This, in turn, can give insights on the parts of the crust 

prone to nucleate earthquakes and can thus be important for the assessment of the seismic 

risk. Numerical methods have been proposed to estimate the local Vp/Vs ratio based on the 

differential travel and arrival times of clusters of closely nucleated earthquakes (e.g. Dahm 

and Fischer, 2013). Differently from tomography studies, these methods can provide 

insights on the small-scale Vp/Vs heterogeneity, although the results need a critical 

interpretation, as errors and biases can emerge depending on medium velocity and 

geometry of the seismic network (Palo et al., 2016; Bloch et al., 2017).  

We apply this method to the seismicity of the Irpinia Fault System (IFS, South Italy), 

where the 1980 Ms 6.9 earthquakes occurred. Since 2005, the IFS has been monitored by 

the dense Irpinia Seismic Network (ISNet; triangles in Fig. 1, Weber et al., 2007; 

www.isnet.unina.it), and the recorded small and micro-seismicity (M3.5) occurs within 

the volume embedded by boundary faults. Several recent works enforced the relation 
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between crustal fluids and seismicity within the IFS (Amoroso et al., 2017, Festa et al., 

2021, Picozzi et al., 2022a, De Landro et al., 2022), emphasizing the importance of 

tracking modifications of medium properties and seismicity features for seismic risk 

reduction. 

2. Dataset 

We analyse about 600 earthquakes with magnitudes in the range Mw 1-3 occurred between 

2008 and 2020 and recorded by the ISNet. The selected earthquakes are spatially clustered 

into three groups, whose members nucleated very closely and form clouds of hypocentres 

with dispersion of few kilometres (Fig. 1). One of the clusters includes the nucleation point 

of the 1980 earthquake in the Marzano fault, at depths between 8 and 12 km; another 

cluster is concentrated at similar depths on the Cervialto fault, which also was ruptured 

during the 1980 earthquake, but today shows different properties than the Marzano fault 

(Picozzi et al., 2022a,b); the third cluster sample shallower depths. 

 

 

3. Method 

 

Within each group, we look for repeating earthquakes by cross-correlating pair by pair the 

seismic waveforms and clustering those with high similarity in order to group nearly co-

located events. We apply a “multi-sensor” hierarchical agglomerative clustering approach, 

in which the similarity between earthquakes is measured by properly averaging the cross-

correlation values over the recording stations. In this way, a station-independent measure 

of similarity between earthquakes is obtained, and a cluster is defined labelling with a 

common index those earthquakes whose similarity is higher than a dynamically fixed 

threshold (Matteri et al., 2021). 

 

4. Preliminary results 

 

Depending on the group of earthquakes, we find up to 15 repeaters or quasi-repeaters 

composing a cluster and 15-25 clusters per group. Some clusters appear only during a 

specific time interval, whereas others are spread over several years (Fig. 2) and are thus 

potentially useful to highlight temporal dependencies of the medium properties.  

 

For each cluster, we infer the local Vp/Vs by different approaches based on differential P 

and S arrival and travel times between pairs of earthquakes at each station combined with a 

regression method. Preliminary results show Vp/Vs varying within each group broadly in 

the range 1.7-1.95, coherent with the results of tomographic images (De Landro et al. 

2022), indicating heterogeneity of composition and medium properties in the nucleation 

areas of the different clusters. Moreover, we correlate the Vp/Vs spatial and temporal 

patterns with the source parameters of the earthquakes of each cluster (Picozzi et al., 

2022a). Finally, from the high-precision differential arrival times between pairs of 

earthquakes at the same station, we refine the location of the earthquakes of each cluster 

using a double-difference approach (Waldhauser and Ellsworth, 2000) validating in this 

way also the assumption of quasi co-location of earthquakes of one cluster. 
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Figure 1. Location of the earthquakes of the three groups selected for this study (dots) and of the 

stations (triangles). 

 

 

 

 
Figure 2. Cluster index of the earthquakes of one of the three groups as function of the time. The 

marker size scales with the magnitude (Mw) of the event. 
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Abstract: Even if earthquakes occur as time-space clusters, classical probabilistic seismic 

hazard analysis (PSHA) typically considers only the largest-magnitude event within each 

cluster; i.e., the mainshocks. This implies assuming that the earthquakes, preceding and 

following the mainshock in each sequence, that is, foreshocks and aftershocks, respectively, 

have a negligible effect on the seismic hazard at the construction site. On the other hand, the 

recent advances of earthquake engineering allow to include aftershocks in the hazard 

assessment through the so-called sequence-based PSHA (SPSHA). SPSHA modifies the 

formulation of PSHA and models aftershocks occurrence relying on the modified Omori law. 

For the United Kingdom (UK), the Omori parameters were recently estimated using a 

relatively simple procedure, and data from only four sequences. This study investigates the 

implications, on SPSHA results, of the Omori parameters, considering uniform hazard spectra 

(UHS) for three sites across the country, characterized by different seismic hazard according 

to PSHA. It found that, in the UK, the sensitivity of the UHS’ to the parameters choice is 

limited, whatever the seismic hazard of the site and the exceedance return period, likely 

because of the generally limited seismic hazard in the country. 

Keywords: probabilistic seismic hazard analysis, mainshock-aftershocks sequences, Omori 

law, hazard increments.  

1. Introduction

Earthquakes occur within time-space clusters. In each cluster, the largest magnitude event is 

usually identified as the mainshock, whereas those preceding and following the mainshock 

are the foreshocks and aftershocks, respectively. The information about the earthquakes 

(e.g., magnitude, date and location of the events), that occurred in a region of interest, are 

included in so-called earthquake catalogs, which are one of the main inputs to probabilistic 

seismic hazard analysis (PSHA; McGuire, 2004). In its classical formulation, PSHA assumes 

that earthquakes occur in time at the source following a homogenous Poisson process (HPP). 

The latter is completely defined by the mean number of earthquakes in the unit-time (usually 

one year), that is, the rate, which is calibrated using the catalog. However, in order to comply 

with the HPP model, foreshocks and aftershocks are removed from the catalog via de-

clustering techniques (e.g., Gardner and Knopoff, 1974). In these hypotheses, PSHA allows 

deriving the rate of (only) mainshocks exceeding a ground motion intensity measure ( )IM

threshold ( )im  at the site of interest.

Literature shows that it is actually possible to include the effects of aftershocks in the seismic 

hazard assessment (i.e., neglecting foreshocks) by means of the so-called sequence-based 

PSHA (SPSHA; Iervolino et al., 2014). Acknowledging that mainshock-aftershock 

sequences occur at the same rate as the mainshocks, SPSHA allows to get the rate of 

mainshock-aftershocks sequences exceeding im  at least once at the site of interest. 

In the context of SPSHA, occurrence of aftershocks in time is modelled via 

nonhomogeneous Poisson process (NHPP), conditional to magnitude and location of the 
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mainshock triggering the sequence. The time-variant rate of such a NHPP is modelled by 

means of the modified Omori law (Utsu, 1961). The parameters of the Omori law are 

calibrated based on the available instrumental data about the sequences in the region of 

interest. For example, Lolli and Gasperini (2003) and Reasenberg and Jones (1989) 

estimated the Omori model parameters for Italy and California, respectively.  

Orlacchio et al. (2022) calibrated the Omori parameters for the UK, based on the earthquake 

catalog by Villani et al. (2020). Because of a general paucity of data pertaining to 

aftershocks, a relatively simple estimation procedure, relying on only four sequences, was 

performed. The uncertainty of the estimated parameters, an issue that is taken into account 

instead according to literature (e.g., Ogata, 1978), was not quantified. It was also assumed 

that the considered sequences are complete above a certain magnitude, without any specific 

completeness assessment.  

The objective of the study herein presented is to investigate how the simplified calibration 

procedure of the Omori law affects the SPSHA results for the UK. In turn, this may be 

helpful in understanding if a more refined estimation procedure, which could possibly lead 

to different values of the Omori parameters, would introduce appreciable differences on the 

sequence-based seismic hazard results. To do so, SPSHA is carried out using the source 

model for the UK developed by the British Geological Survey (BGS; British Geological 

Survey, 2020) and assuming seven sets of Omori parameters. These sets include the 

parameters for the UK estimated pooling together all the sequences, the parameters from the 

consolidated models of Lolli and Gasperini (2003) and Reasenberg and Jones (1989) , and 

the parameters fitted specifically for each of the four sequences detected for the UK. The 

assessment is conducted considering three sites across the country characterized by different 

seismic hazard according to classical PSHA. 

The remainder of the paper is structured such that PSHA and SPSHA are briefly recalled, 

first. Subsequently, the considered models for the UK and the procedure for calibrating the 

Omori parameters are illustrated. Before assessing the sensitivity to such parameters of the 

SPSHA results, in terms of uniform hazard spectra (UHS) with selected exceedance return 

periods ( )rT , the effects of aftershocks on the seismic hazard for the three sites are explored 

by comparing the UHS to the PSHA counterpart. 

2. Classical and Sequence-Based Probabilistic Seismic Hazard Analysis 

Classical PSHA (Cornell, 1968) provides the average number of mainshocks that cause 

exceedance of im  at the site of interest in one unit time. This rate, indicated herein as ,λim E , 

defines the HPP regulating the occurrence of earthquakes that cause im  to be exceeded at 

the site over time. ,λim E  is computed as per equation (1); i.e., the hazard integral: 

   ( ) =     
E ,max E ,max

E E
E ,min E ,min

r m

im,E E E E M ,R
r m

λ P IM > im|M =m,R = r, f m,r dm dr . (1) 

In the equation, the subscript ( )E  is used to distinguish the terms referring to mainshock 

from those pertaining to aftershocks (to follow). Thus,  E  is the rate of mainshocks with a 

magnitude equal to or greater than the minimum ( E,minm ) deemed possible for the source and 

it is calibrated based on a de-clustered catalog. The term  P E E EIM >im| M = m,R = r, , 

provided by a ground motion prediction equation (GMPE), represents the conditional 

probability that im  is exceeded due to a mainshock with magnitude equal to m  and source-

to-site distance equal to r . This probability also depends on  , which represents additional 
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covariates, such as local soil site conditions and/or rupture mechanism of the source, to be 

taken into account. The ( )
E EM ,Rf m,r term is the joint probability density function (PDF) of 

the mainshock magnitude ( )EM and source-to-site distance ( )ER  random variables.

Usually, EM and ER are assumed to be stochastically independent, therefore ( )
E EM ,Rf m,r

is calculated as ( ) ( )
E EM Rf m f r , where ( )

EMf m and ( )
ERf r are the marginal distributions 

of magnitude and distance of the mainshocks, respectively. The ( )
EMf m PDF is defined 

between E,minm  and the maximum magnitude considered for the source, E,maxm , and it is often 

assumed to follow a truncated exponential distribution derived by the Gutenberg-Richter 

(GR) relationship (Gutenberg and Richter, 1944). The ( )
ERf r PDF, defined between E,minr

and E,maxr , only depends on the geometry of the source and the position of the site with respect 

to the source itself. 

Iervolino et al. (2014) demonstrate that it is possible to get the mean number of seismic 

sequences (mainshocks and following aftershocks) that cause at least one exceedance of im  

at the site in the unit time, λ im . In fact, SPSHA enables to account for the effects of 

aftershocks (i.e., neglecting foreshocks) using the same input as in the PSHA (i.e., the rate 

of mainshocks from a de-clustered catalog) and modelling the occurrence of aftershocks 

using a NHPP, conditional to the mainshock magnitude and location, in accordance with 

Yeo and Cornell (2009). Thus, λ im  can be computed via equation (2): 

 

( )   ( )

( )
0

1





 −   = =    


=  −  




  

    



 
E ,max E ,max

E ,min E ,min

r mA,max

A|m A A A A A A M ,R |M ,R A A A AA A E E

r mA,min A,min

E E

r m

im E E E E

r m

E N , T P IM >im|M m ,R r , f m ,r |m,r dm dr

M ,R

λ ν P IM im|M =m,R = r,

e f m,r dm dr .

(2) 

In the equation, the ( )A  subscript denotes the variables referring to aftershocks. The terms

 E ,    P , 1 P ,  = −E E E E E EIM im| M = m,R = r IM >im| M = m,R = r and ( )
E EM ,Rf m,r

are the same defined in equation (1). The exponential term within the integral represents the 

probability that none of the aftershocks, triggered by the mainshock with magnitude EM = m  

and distance ER = r , causes exceedance of im between 0=t (i.e., the occurrence time of 

the mainshock) and the duration of the sequence,  AT .  | , , = =A A A A A AP IM im M m R r

, which is provided by the GMPE, is the probability that im  is exceeded due to an aftershock 

of magnitude =A AM m  and source to site distance =A AR r . The term , | ,A A E EM R M Rf  is the joint 

PDF of magnitude and distance of aftershocks, which is conditional on  ,E EM R . Assuming 

that AM and AR are conditionally independent random variables (usually in the case of a 

single seismic source), it is , | , | | ,= 
A A E E A E A E EM R M R M M R M Rf f f , where |A EM Mf  is the conditional 

distribution of aftershocks magnitude (i.e., following the GR), whereas | ,A E ER M Rf is the 

conditional distribution of the distance of the site to aftershocks. The magnitude distribution 

of the aftershocks is bounded by a minimum magnitude, A,minm and m  (i.e., the mainshock
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magnitude). The distribution of the aftershocks’ distance is bounded within A,minr  and A,maxr , 

which are the minimum and maximum values possible for AR , respectively. Finally, 

( )| ,0  A m AE N T  is the expected number of aftershocks, with magnitude between  and 

, generated by a mainshock with magnitude =EM m , in  AT . It is computed assuming 

that aftershocks occurrence in time follows the modified Omori law (Yeo and Cornell, 2009), 

with parameters  , , ,a b c p , as per equation (3): 

 ( )
( )

( )
,

1-1-

|

10 10
,

-1
0



   =   +   

A mina+b m-m a
pp

A m A A

-
E N T c - T c

p
. (3) 

3. Hazard input models 

The BGS study describes the source model and the analysis at the basis of the official PSHA 

for the UK. As discussed in Mosca et al. (2022), such an analysis is carried out via a complex 

logic tree, consisting of several branches. The branches share the source model, which is 

based on twenty-two seismogenic zones, whose geometry and ID are shown in Fig. 1 

(together with three sites of interest that will be considered later). For each zone, the 

magnitude frequency distribution of the earthquakes follows a GR relationship, with 

minimum (moment) magnitude equal to 3.0. Four maximum magnitude (i.e., 6.5, 6.7, 6.9 

and 7.1) and twenty-five couples of b  values and ( )ν .3 0E EM  (i.e., the annual rate of 

mainshocks with magnitude equal to or larger than 3.0) are identified for each seismogenic 

zone (values are given in British Geological Survey, 2020). The study considers five 

different GMPEs, which are adapted, considering rock site conditions, to account for both 

the effects of elastic amplification due to shear wave velocity structure and near-surface 

attenuation specific for the UK, via the host-to-target adjustments factors. 

In this study, these models are used for developing both PSHA and SPSHA, yet with some 

simplifications aimed at avoiding the implementation of the full logic tree. Thus, for each 

seismogenic zone, the GR relationship is defined by considering the weighted mean values 

over values of ( )ν .3 0E EM  and b , and maximum magnitude equal to 6.5 (i.e., the 

magnitude with the largest weight). As pertaining to GMPEs, only the one of Bindi et al. 

(2014) was selected (again, the one with the largest weight). This GMPE applies within the 

4.0-7.6 magnitude interval and Joyner-Boore distance ( JBR ; Joyner and Boore, 1981) up to 

300 km. In the analyses, assuming a uniform distribution for earthquake epicenters (both 

mainshocks and aftershocks), the epicentral distance was converted into JBR  according to 

Montaldo et al. (2005). The predominant strike-slip style was attributed via terms provided 

by Bindi et al. (2014) for that rupture mechanism. Finally, the PSHA and SPSHA discussed 

in the following are developed assuming the average shear-wave velocity of the upper 30 m 

equal to 800 m/s (i.e., rock site conditions) at the considered sites, and correcting the GMPE 

to account for the host-to-target adjustment, using the median value of spectral decay 

parameter equal to 0.027 s.  

A,minm

m
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Fig. 1 - The seismic source model and sites considered in this study. 

As pertaining to the source of aftershocks, it is assumed that they may occur, with the same 

probability, within a circular area, centered on the mainshock location, whose size, AS , 

expressed in squared kilometers, depends on the magnitude of the mainshock according to 

the model of Utsu (1970): 

.4 110 −= m

AS . (4)

Finally, the duration of the aftershock sequence,  AT , was assumed arbitrarily equal to 90 

days from the occurrence of the mainshock, consistent with the other studies applying 

SPSHA (Iervolino et al., 2018; Chioccarelli et al., 2021).  

4. Aftershocks’ occurrence model

In order to calibrate the  , , ,a b c p  parameters of the Omori law, two earthquake catalogs

available for the UK were preliminarily investigated. One is that provided by the BGS 

(British Geological Survey, 2020), which includes seventy-three mainshock-aftershocks 

sequences occurring in the whole UK and the surrounding areas; however, this one was not 

considered due to lack of precise information regarding the time of earthquakes occurrence. 

The other one, which is therefore the only considered, is that of Villani et al. (2020), which 

includes forty-eight mainshock-aftershocks sequences occurring mostly in North Wales. 

The parameters were estimated, for each sequence, using the maximum likelihood method 

(e.g., Ogata, 1983; Utsu and Ogata, 1995), whereas the b value was set equal to one 

(Helmstetter, 2003). However, the algorithm was found to be affected by convergence issues 

when applied to sequences of the catalog with less than five aftershocks, which are forty-

four in number; consequently, only four sequences were considered. Table 1 provides their 

main features; i.e., the ID according to the considered catalog, the event name, the date and 

time of the mainshock, latitude and longitude of the epicenter of the mainshock, the 

mainshock magnitude, the minimum magnitude of aftershocks and the number of 

aftershocks in each sequence aftN .  
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The paucity of data has led to a relatively simple calibration, in which the sequences are 

assumed to be complete above the minimum aftershock magnitude assumed in SPSHA, 

which is .4 0=A,minm ; i.e., the minimum magnitude of the considered GMPE; also, the 

uncertainty affecting  , ,a c p  was not assessed. The mean values of  , ,a c p , which are 

used for the SPSHA, are reported in Table 2. The table also gives the Omori parameters 

specific for each sequence. It can be noted that the largest a value (i.e., a proxy for the 

sequence productivity) is found for sequence 515. In fact, this sequence has the largest aftN  

and pushes upwards the mean a value for the UK. Finally, Table 2 also includes the Omori 

parameters for Italy and California as provided by Lolli and Gasperini (2003) and 

Reasenberg and Jones (1989), respectively, which will be used in the next section. 

Table 1. List of sequences used for the calibration of the Omori law parameters for the UK. 

Seq. ID Event name Date Time Lat Long =EM m  ,minAm  aftN  

155 Caernarvon 19-06-1903 10:40 53.03° -4.28° 4.60 2 14 

200 Caernarvon 12-12-1940 21:20 53.03° -4.18° 4.40 2 7 

313 Lleyn Peninsula 19-07-1984 6:56 52.96° -4.28° 5.00 2 22 

515 Manchester 21-10-2002 11:42 53.48° -2.20° 2.90 2 51 

 

Table 2. Mean values of the Omori parameters obtained for the UK, parameters estimates obtained for each 

sequence and Omori parameters provided by Lolli and Gasperini (2003) and Reasenberg and Jones (1989). 
 a  b  c  p  

Mean Parameters for the UK -1.71 1.00 2.26E-03 0.68 

 Sequence 515 -0.15 1.00 5.69E-07 0.61 

Sequence 313  -2.66 1.00 2.34E-07 0.59 

Sequence 155  -2.29 1.00 2.10E-03 0.92 

Sequence 200  -1.74 1.00 6.94E-03 0.59 

Lolli and Gasperini -1.66 0.96 2.90E-02 0.93 

Raesenberg and Jones -1.67 0.91 5.00E-02 1.08 

5. Analysis and Results 

Both PSHA and SPSHA are carried out, through the REASSESS software (Chioccarelli et 

al., 2019), for the sites of Edinburgh (3.19° W, 55.95° N), Cardiff (3.18° W, 51.49° N) and 

Llangefni (4.31° W, 53.25° N). They were selected because representative of comparatively 

low-, medium- and high-hazard level across the country according to PSHA, respectively. 

The location of the considered sites is shown in Fig. 1. The selected IMs  are the spectral 

pseudo-accelerations ( )Sa , corresponding to different vibration periods ( )T ; i.e., ( )Sa T , 

considered by the GMPE of Bindi et al. (2014), twenty-four in number. For each site, the 

considered PSHA and SPSHA results are the UHS with four exceedance return periods, that 

is, 95, 475, 1100 and 2475 years. 

5.1 PSHA vs SPSHA  

PSHA and SPSHA results are given in Fig. 2. Panels from (a) to (c) represent the UHS for 

the three sites according to PSHA (grey lines) and SPSHA (black lines). Panels from (d) to 

(f) give, for each exceedance return period, the relative differences between the spectral 

ordinates, that is, ( )−SPSHA PSHA PSHAsa sa sa . Considering the ensemble of the ( )Sa T  and rT  

values, the relative hazard increments due to the inclusion of aftershocks in hazard analysis 
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are within 6.6%-13.6% for Edinburgh, 6.6%-14.6% for Cardiff and 7.5%-16.0% in the case 

of Llangefni. This indicates that, larger seismic hazard according to PSHA, the larger the 

SPSHA hazard increments. For each site and rT , the largest hazard increases are found at the 

low-to-mid vibration periods (i.e., lower than 0.3 s), something that has also been discussed 

for Italy in Iervolino et al. (2018) and Chioccarelli et al. (2021). 

These results may suggest that the aftershock effects can be considered of limited relevance, 

something that will be recalled later on. This is somehow expected, being the UK a country 

with generally low seismicity. For instance, in Italy, where seismic hazard due to mainshock 

is larger than that for the UK, the hazard increases due to aftershocks can be as high as 30% 

(for yrrT = 2475 ). 

Fig. 2 - UHS obtained via PSHA and SPSHA, with yr95=rT , yr475=rT , yr1100=rT and yr2475=rT , 

for Edinburgh (a), Cardiff (b) and Llangefni (c); panels from (d) to (f) give the relative hazard increments due 

to aftershocks. 

5.2. Sensitivity to the Omori parameters 

As discussed, due to the small aftershocks’ dataset available for the UK, the parameters of 

the modified Omori’s law, that is,  , , ,a b c p , were calibrated following a relatively simple

estimation procedure. In fact, fitting a reduced number of sequences, thus possibly not 

including the less productive ones (i.e., those characterized by a small number of 

aftershocks), may impair the estimation of the mean parameters (e.g., Hardebeck et al., 

2018). For this reason, a sensitivity analysis of the SPSHA results to such parameters is 

presented in this section. The aim is to quantitively assess how much the results vary, with 

respect to those presented in the previous section, when the Omori law is calibrated with 

different sets of parameters, something that can be of help in understanding if and how a 

more refined estimation of  , , ,a b c p  would affect the sequence-based seismic hazard
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results in the UK. Thus, the UHS derived via the SPSHA based on the mean parameters 

( )mp  estimated for the country are compared to those obtained using the parameters by Lolli 

and Gasperini (2003) for Italy and by Reasenberg and Jones (1989) for California (see  

Table 2). The comparison is given in Fig. 3, in terms of ( )03 −LG mp mpsa sa sa  and 

( )89 −RJ mp mpsa sa sa  at the top and bottom panels, respectively.  

The figure shows that the sensitivity of SPSHA results to the Omori parameters is minor, 

whatever the site and exceedance return period, at least for those considered herein. Overall, 

considering the two sets of parameters for Italy and California, the relative differences are 

lower than 4% in the former case and lower than 8% in the latter. This can be explained by 

observing that, in a generally low seismicity country such as the UK, the aftershock effects 

are limited (see Fig. 2). Indeed, recalling equation (3) it is easy to acknowledge that the 

differences between the ( )| ,0  A m AE N T  values obtained using the mp , 03LG  and 89RJ  

parameter sets are relatively limited up to mainshock magnitude equal to 6.5, which is the 

maximum considered in the analyses (see Section 3). Such differences are more relevant at 

the larger mainshock magnitude, something suggesting that the sensitivity to  , , ,a b c p  of 

SPSHA results may increase with the seismicity of the region of interest. 

 

Fig. 3 – Sensitivity analysis of SPSHA results to the Omori parameters by Lolli and Gasperini (2003), panels 

from (a) to (c), and those by Reasenberg and Jones (1989), panels from (e) to (f). 

Another reason behind the low differences in Fig. 3 is that the three parameter sets are 

characterized by similar a values, despite they are fitted on data from countries with different 

seismicity. However, as pertaining to the UK, it has been shown that the sequence-specific 

Omori parameters vary from one sequence to another, even significantly in some cases (see 

Table 2). Thus, computing SPSHA with the parameters fitted for one sequence, in lieu of the 

mean values estimated using all the sequences, may have an appreciable impact on results. 

This is shown in Fig. 4, which gives the relative differences between the 2475 yr UHS’ 

obtained with the four  , , ,a b c p  specific sets ( )Seq  and the ( )mp  counterparts. While for 

three out of four sequences the differences are relatively low, being within 0.6-11.5% 

overall, values as high as 152.9% are found in the case of sequence 515. This is somehow 

expected, being this sequence the most productive one.  
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Fig. 4 – Sensitivity analysis of SPSHA results to the Omori parameters fitted specifically for each sequence. 

6. Conclusions

SPSHA provides the mean number of sequences causing at least one exceedance of a ground 

motion intensity measure threshold at the construction site. It needs to probabilistically 

model the occurrence of aftershocks following each mainshock. This is addressed by using 

the modified Omori law, the calibration of which is based on the aftershocks’ instrumental 

data available for the area where seismic hazard is assessed. 

Authors of this study recently calibrated the parameters of the Omori law for the UK. Due 

to the paucity of data actually available for the country, they used a relatively simple 

estimation procedure, relying on only four sequences and neglecting some issues that are 

usually taken into account instead; e.g., aftershocks completeness assessment. Also, 

literature discusses that considering a reduced number of sequences may impair the 

estimation of the Omori parameters. For these reasons, the work presented herein assessed 

the implications the parameters choices on SPSHA results, via a sensitivity analysis to such 

parameters. 

Using the mean estimated parameters, SPSHA results, in terms of UHS with exceedance 

return periods from 95 years to 2475 years, were compared to the PHSA counterpart, 

considering three sites in the UK; i.e., Edinburg (low-), Cardiff (medium-) and Llangefni 

(high-seismic hazard). Then, the sequence-based UHS’ were compared to those obtained 

using additional sets of Omori parameters. The following is worth remarking.  

• Including the aftershocks effect implies an increase in the seismic hazard between

6.6%-16.0%, depending on the site, vibration and exceedance return period

considered.

• SPSHA results are not significantly sensitive to the Omori parameters selected for

the analysis. Using the parameter sets for Italy and California, the UHS ordinates

vary, with respect to the counterparts based on the mean estimated parameters, by

8% at most.

• On the other hand, SPSHA results may significantly vary if the Omori parameters,

fitted specifically for one sequence, are selected in lieu of those obtained pooling

together all the sequences.

These findings are consistent with the fact that in the UK the aftershock effects can be 

considered limited, especially if compared to other countries characterized by generally 

larger seismic hazard such as Italy. 
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Abstract: Water injection in geothermal areas is the preferential strategy to sustain the natural 

production of geothermal resources. In this context, monitoring the microseismicity spatio-

temporal evolution allows to track changes of the reservoirs in terms of soil composition and 

response to injection/extraction operations. Here we applied two innovative techniques in 

time-domain for the microseismicity characterization, in terms of accurate locations and 

source parameters,  on a selected high-quality dataset of small earthquakes (1M1.5) 

occurred during 4 years (2010-2014) of injection around Prati-9 and Prati-29 wells at The 

Geysers Geothermal field. For the location, we used a multi-parametric technique, that 

combines the differential P- and S-wave arrival times, amplitude ratios and back-azimuths in 

a probabilistic framework. Furthermore, for the refined source characterization and parameter 

estimation we applied a time-domain technique which analyzes the first P-wave displacement 

signals. The methodology allows to estimate the source parameters from the average 

logarithm of P-wave displacement versus time (LPDT curve). We applied the methodologies 

to small induced events in order to explore resolution and limitations of the proposed 

approaches in comparison with bulletin and other standard methods. 

Keywords: earthquake source parameters, earthquake location, induced seismicity, The 

Geysers Geothermal field  

1. Introduction

Monitoring the natural and man-induced seismicity is a crucial task in geothermal energy 

production areas, such as The Geysers in northern California, with the aim to mitigate the 

seismic hazard related to geothermal operations through the control of seismicity evolution 

in space-time-magnitude. In fact, this area is the largest exploitation area in the world and 

has a spatially dense monitoring seismic network. For this reason the area is widely studied 

with many purposes (Martínez-Garzón et al., 2014; Johnson, 2014, etc.). In order to test our 

location and source parameter estimation methods we selected 83 events with a moment 

magnitude between 1 and 1.5 from the earthquake waveform and parametric data bases 

available from the Northern California Earthquake Data Center (NCEDC). The events 

occurred between the 2010 and the 2014, during 4 years of injection.  
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Fig. 1 – Station-events distribution map. In this map are presented only the events used in the tests  

 

For the location we used the algorithm MParLoc (Multi-Parametric earthquake Location), 

described in Zollo et al. (2021) for real-time purpose and tested on the main events (M 4.5) 

of the Central Italy 2016-2017 sequence (Zollo et al. 2021). The method provides a 

probabilistic solution of the eqk location problem by combining in a Bayesian approach the 

information carried by arrival times, back-azimuths and amplitudes measured on 

seismograms along the early P-wave time window. In this work, we will test in offline mode 

the method performances for the location of induced microearthquakes by using different 

station layouts and a 3D velocity model optimized for the area (Amoroso et al. 2018). The 

crucial aspects that we want to explore are the coherence of the probability distributions of 

the three different input parameters and the capability of the method to accurate locate small 

events in unfavourable source/station layouts.  

The technique for source parameter estimation is, instead, a time-domain technique to 

estimate the seismic moment, rupture radius and static stress drop from the corner-time and 

the plateau level of the average logarithm of P-wave displacement versus time (LPDT 

curve). This technique requires the assumption of a triangular moment rate function, uniform 

speed and an a priori known constant QP quality factor. 

2. Multi-parametric Location (MParLoc)  

This technique was originally proposed for real-time purposes, including just the parameters 

measured on P phase. Here we included the measured S-wave differential arrival times as 

input observed quantities and tested the method performances in locating small event with 

different configurations of recording seismic network. 

MParLoc usethe Bayesian approach to estimate the location of a seismic events as the 

maximum likelihood coordinates in a 3D gridded volume by using the following measured 

quantities: 
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• The differential P- and S-waves arrival times at couples of station

• The differential S-P arrival times at couples of station

• The P-peak velocity amplitude ratios at couples of stations

• The back-azimuth BAZ (e.g. the angle from the North of the epicentre-to-station

direction) measured from P-wave polarizations at all stations

The algorithm processes within an automatic and time-evoloving scheme the three 

component, ground motion records acquired by a seismic network. In its offline version, the 

real-time data acquisition of the vertical component of ground motion is played-back using 

local SAC (SAC—Seismic Analysis Code format, Goldstein et al., 2003) files with the 

packetization of the data-stream set at 0.5 s. The first P-wave arrival times at each station 

are read from the traces (that were manually picked), then the BAZ is estimated in a time 

window around the P-wave arrival time. The measure of this parameter is a crucial aspect of 

the entire procedure. We will perform an optimization analysis to choose the proper window 

length. In the same time window, the linear-trend of the signal is removed from the ground 

velocity waveform in order to measure the peak velocity amplitude (Pv) The peak velocity 

amplitude ratio is computed for any couple of stations for which Pv has been measured. Then 

in this earthquake location problem the recursive use of Bayes’ formula is implemented, 

where the posterior probability density function (PDF) of the earthquake location parameters 

(space coordinates and origin time) is computed given the differential times and a prior  pdf 

built as the product of the two posterior pdfs for eqk location parameters given the data-sets 

of back-azimuths and P-amplitude ratios, respectively.  The maximum likelihood eqk 

location solution is found by a regular grid-search method within an apriori gridded volume. 

The location errors are estimated from the cross-section probabilities, using 31% and 68% 

level of the cumulative cross section pdfs. 

Using this method, and the 3-D velocity model by Amoroso et al. (2018) we located the 83 

events of the chosen dataset, with an error of about hundreds of meters for each location. In 

Figure 2 we show an example for on event of location PDF obtained with the combination 

of all the input parameters. 
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Fig. 2 - Location map obtained for the 2010-05-09 event. In the upper right corner, we can see a zoom on the 

probability distribution. 

 

To explore the coherence of the three parameters we carried out several tests by using 

different combination of input parameters (P-S differential time, Baz and amplitude ratios) 

and analyzed the results in terms of location quality, by including the shape and intensity of 

PDF around the maximum probability solution (Fig 2). From the first results we can say that 

the usage of Back Azimuths is crucial to constrain better the solution. In order to explore the 

MParLoc location capability in unfavourable configurations, we will perform tests using few 

recording stations and simulating unfavourable station-source geometry. 

3. Time-domain source parameters estimation 

The standard techniques for source parameters estimation are usually based on frequency-

domain analyses. On one hand these procedures are quite reliable and robust, but they 

strongly depend on setting the correct time window of the signal to be analysed, 

contamination of multi-path seismic phases, uncertain estimation of the spectrum corner 

frequency biased by high frequency attenuation and source effects. Moreover, the 

deconvolution of the spectral response of instruments, which is necessary for signal spectra 

evaluation, still remains a delicate and rather complicated matter. In this section we apply a 

new innovative method for source characterization in time-domain. Following the work of 

Zollo et al. (2021) the logarithm of P-wave displacement versus time (LPDT curve) is a 

proxy for the moment rate function, in particular if it is evaluated at each sampling time. The 

curves present a characteristic behaviour with an initial increase and a flattering, which 

occurs at a time called corner time Tc, where a flat level occurs, indicated as the plateau 

level PL. Generally, the larger the earthquake size is, the longer it takes for the curves to 

reach their plateau. On the contrary, the smaller the earthquake is, the shorter is the corner 

time at which the plateau level begins. Theoretical derivations shown by Zollo et al., (2021) 

demonstrated that the measurement of PL and Tc allows estimating the seismic moment and 

source radius and, consequently the stress drop. Here we apply the proposed methodology 

to the set of earthquakes described in the introduction section. The challenge is the correct 
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estimation of corner times which, because of the explored small-magnitude range, become 

slightly larger or comparable to the sampling interval of data (sampled at 500Hz).  

Fig. 3 - LPDT curve for one of the available events. The corner time is marked with cyan point. The source 

time function is assumed to be triangular 

In figure 3 we show the LPDT curve for one of the available events and in table 1 the output 

of its source parameter estimation. The LPDT curves are built starting from the original 

vertical component of P-wave velocity, after performing manually picking of the P-wave 

arrival, integration to get displacement and then filtering with a band-pass Butterworth. The 

manual picking is necessary both to perform location and source parameter estimation in 

order to reduce the error on phase identification. Preliminary results show that the corner 

times and PL seem to be well-retrieved for the majority of the event, potentially leading to 

robust estimation of the main source parameters. 

Table 1- Source parameter estimation for event In Figure 3. 

Vp (m/s) Vs (m/s) Vr (m/s)  (kg/m3) Duration(s) logM0 a(m) (MPa) 

5000 2970 2673 2700 0.050.009 10.60.46 1001 0.01260.4593 
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Abstract: The spatio-temporal evolution of aftershock clustering in short-term can be seen 

effectively through the epidemic-type aftershock sequence (ETAS) model. A Bayesian and 

fully simulation-based workflow was previously proposed by the authors for providing spatio-

temporal predictions of aftershock occurrence in a prescribed forecasting time interval (in the 

order of hours or days). This procedure exploited the versatility of the Bayesian inference to 

adaptively update the forecasts based on the information provided by the ongoing seismic 

sequence. In this work, standard seismicity forecasting tests N-test and L-test (likelihood 

testing) are employed to see how well the forecasted number of events and the forecasted 

spatial distribution of seismicity match the observed data. These tests, which are directly 

embedded in the simulation-based framework, are demonstrated and verified through 

retrospective early forecasting of seismicity associated with the 2017-2018 Kermanshah 

seismic sequence activities in western Iran following the main event with Mw7.3. 

Keywords: Aftershock, ETAS model, Earthquake forecasting, Kermanshah earthquake, N-

test, L-test 

1. Introduction

A fully simulation-based framework for Bayesian updating of spatio-temporal ETAS model 

parameters and prediction of seismicity clustering in a prescribed forecasting time interval 

after the main event was previously proposed by the authors (Ebrahimian and Jalayer 2017). 

The framework provides a means of forecasting the seismicity distribution and the number 

of events of interest expected to happen in each time frame within an ongoing seismic 

sequence. It is note that this framework can automatically “tune-in” into the sequence of 

observed events, and the ETAS model updating, and forecasting procedure is carried on 

without human interference and use of expert judgement. It is very efficient for early 

forecasts and in the presence of incomplete data. The procedure was applied for the 

retrospective forecasting of early seismicity associated with the 2016 Amatrice seismic 

sequence in central Italy. The forecasting is robust, since both the uncertainty in the ETAS 

model parameters and the uncertainty in the sequence of events that is going to occur during 

the forecasting interval are explicitly considered. This fully simulation-based workflow 

consists of two parts: (a) a Bayesian updating approach for learning the ETAS model 

parameters conditioned on the events that have already taken place (registered) in the 

ongoing seismic sequence before the beginning of the forecasting interval; (b) A stochastic 

procedure for adaptively generating plausible sequences of events that are going to occur 

during the forecasting interval (the real sequence is unknown at the time of forecasting). The 

framework consisting of (a) and (b) leads to the prediction of the stochastic spatial 

distribution of the events and consequently to the estimating the uncertainty in the forecasted 

number of events, corresponding to a given time interval. This work strives to exploit some 

of the standard tests used in the CSEP (Collaboratory for the study of earthquake 

predictability, https://cseptesting.org/) in order to quantify the accuracy of the predictions 

provided by this workflow. The stochastic process for learning the ETAS model parameters 

and generating sequences, i.e. parts (a) and (b) described above, are validated by applying 
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the likelihood (L-Test) and N-Test (Schorlemmer et al. 2007, Zechar et al. 2010) to an early 

forecasting time interval. 

2. Robust forecasting of the number of aftershock events 

We are interested in having an estimate of the number of events in the spatial cell unit 

centered at the Cartesian coordinate (x, y) with magnitude greater than or equal to m (≥ lower 

cut-off magnitude 𝑀𝑙) in the forecasting interval [Tstart, Tend]. A robust estimate for the 

average number of aftershock events (Ebrahimian and Jalayer 2017), denoted as 

𝔼[𝑁(𝑥, 𝑦, 𝑚|𝐬𝐞𝐪, 𝑀𝑙)],  should consider: (1) the observation history seq, which is the 

sequence of events including main-shock and the sequence of aftershocks (also foreshocks 

if required) taken place before the forecasting interval [To, Tstart) with the time of origin at 

To; (b) the plausible sequences of events seqg (with the domain seqg; they are unknown at 

the time of forecasts) that can happen during the forecasting time interval. Using ETAS 

(Ogata 1998), an epidemiological stochastic point process model that is widely used to 

describe the temporal and spatial clustering of seismicity, we can estimate the expected value 

of the number of events 𝑁(𝑥, 𝑦, 𝑚|𝐬𝐞𝐪, 𝑀𝑙): 
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where 𝑁𝑏 represents the average number of events occurred due to the background seismicity 

in the forecasting interval; ETAS(·) is the conditional intensity represented through the space-

time clustering ETAS model with model parameters  (with the domain ) representing the 

rate of occurrence of events in the forecasting interval [Tstart, Tend] at time t  considering the 

seq and considering also the sequence of events taking place within the forecasting interval 

seqg; p(seqg|seq,Ml) is the conditional PDF for the generated sequence seqg (given that  

and seq are known); p(|seq,Ml) is the posterior conditional PDF. The conditional rate ETAS 

given the history of past events up to the time t (the whole seq and the generated sequence 

seqg up to time t) is defined as: 
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  (2) 

where we have eight model parameters =[, K, , c, p, d, q, ]; tj is the occurrence time of 

the jth event (with tj<t) with magnitude mj and location (xj, yj) within the aftershock zone 

area; rj is the distance between the location (x, y) and the epicenter (xj, yj). The derived 

parameters Kt and Kr are functions of c and p, and of d, q and , respectively. To numerically 

estimate Equation (1), we employ a fully simulation-based workflow based on the following 

considerations (for more details, see Ebrahimian and Jalayer 2017 and Erahimian et al. 

2022): 

❖ The coefficient K (see Equation 2) is calculated based on the constraint that the number 

of events with magnitude greater than or equal to 𝑀𝑙 taking place in time interval [To , 

Tstart) over the whole aftershock zone is equal to observed number of events within seq. 

Thus, K has a derived distribution (with an analytical expression) after estimating other 

ETAS model parameters. 
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❖ To sample model parameters [, , c, p, d, q, ], a Bayesian updating approach is used

to learn the ETAS model parameters based on the posterior p(|seq,Ml) using Markov

Chain Monte Carlo (MCMC) simulation scheme (Beck and Au 2002) by employing the

Metropolis-Hastings algorithm (Metropolis et al. 1953, Hasting 1970).

❖ To simulate the catalogue of stochastic events seqg that will occur during the forecasting

interval, we need to generate the arrival time, the Cartesian coordinates of the epicenter,

and the magnitude. A stochastic procedure is used in order to adaptively generate plausible

sequences of events that are going to occur during the forecasting interval. Catalogue

simulation continues until the arrival time of the simulated events do not fall outside the

forecasting interval (≤Tend). The likelihood p(seqg|,seq,Ml) for the generated catalogue

seqg is derived probabilistically --based on the rule of product (Jaynes 1992). The break-

down into the product of several conditional PDFs is necessary within the simulation-

based workflow, as we sample magnitude, inter-arrival time, and epicentral coordinates

directly from the multiplicative conditional probability terms. This means that each event

is generated conditioned on the events that have “occurred” previously. More

specifically, the distribution of the interarrival times and the spatial kernel are adaptively

updated.

3. N-test based on the simulation-based Bayesian framework

The N-test is intended to measure (in a probabilistic manner) how well the forecasted number 

of earthquakes matches the observed number of events (Zechar et al. 2010). According to 

this test, we fit a Poisson distribution to the forecasted Number of events Nfore with 

magnitude greater than or equal to 𝑀𝑙, which is the expected number of events in the

forecasting interval 𝑁(𝑀 ≥ 𝑀𝑙|𝐬𝐞𝐪, 𝑀𝑙):

( ) ( )
,

fore , , , , d dl l l l

x y

NN M M M N x y M M x y


 =  =  
A

seq seq (3) 

where A is the aftershock zone, and the expression within the integral is estimated through 

Equation (1) by considering that 𝑚 = 𝑀𝑙. The objective of the N-Test is to verify if the

observed number of events Nobs (with 𝑀 ≥ 𝑀𝑙   taking place within the forecasting interval)

is not located in the tails of the Poisson distribution. To this end, one needs to estimate the 

two probabilities that the number of events 𝑛 ≤ 𝑁obs and 𝑛 ≥ 𝑁obs given 𝑁fore, denoted as

𝛿1 = 𝑃(𝑛 ≤ 𝑁obs|𝑁fore) and 𝛿2 = 𝑃(𝑛 ≥ 𝑁obs|𝑁fore), respectively. These two probabilities

should be greater than a threshold (say 0.025 to reflect 95% confidence interval) to guaranty 

that Nobs will not lie within the tails of our forecast.  

However, the present simulation-based workflow provides as output the posterior probability 

distribution for the forecasted number of events 𝑁(𝑥, 𝑦, 𝑀𝑙|𝐬𝐞𝐪, 𝑀𝑙). Therefore, it is quite

straight forward to compute the percentiles of this distribution (i.e., 50th, 16th, 84th, 2nd and 

98th) to realize how well the forecasted number of earthquakes matches Nobs.  

4. L-test based on the simulation-based Bayesian framework

The likelihood test or the L-test (Schorlemmer et al. 2007, Zechar et al. 2010) provides an 

overall measure of how well the forecast in single cell units (associated with the mesh grid 

of the space A of the aftershock zone centered at x and y) match the observations in the single 

cell units. According to this test, we calculate the log-likelihood of observations Nobs,n given 

the forecasts Nfore,n in each grid, where n=1:Ngrid, assuming that the total number of cell units 
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centered at the Cartesian coordinate (x, y)A is equal to Ngrid. We call this likelihood Lobs 

which is estimated as: 

( )
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where 𝑁obs,𝑛 is the number of observed events (with magnitudes ≥ 𝑀𝑙 ) in the cell unit 

centered at the Cartesian coordinate (x, y) within the forecasting interval [Tstart, Tend], and 

𝑁fore,𝑛 = 𝔼[𝑁(𝑥, 𝑦, 𝑀𝑙|𝐬𝐞𝐪, 𝑀𝑙)] (see Equation 1) is the (expected) number of forecasted 

events at the same cell unit. The L-test is done herein based on two different approaches 

including the standard L-test (Zechar et al. 2010), and proposed L-test based on the 

distribution of 𝑁(𝑥, 𝑦, 𝑀𝑙|𝛉, 𝐬𝐞𝐪, 𝑀𝑙) in the present framework. The two methods are 

described as follows: 

(1) The standard L-test accounts for the forecast uncertainty by simulating catalogues that 

are consistent with the forecast. For simulating each catalogue, two stages are 

performed: (a) sample the number of events from a Poisson distribution with the mean 

value equal to 𝑁(𝑀 ≥ 𝑀𝑙|𝐬𝐞𝐪, 𝑀𝑙);  (b) For each simulated number of events in the 

previous step, generate a uniform random number ~Uniform (0, 1) in order to locate the 

event in the corresponding spatial cell according to the proportion of 𝑁fore,𝑛 in the cell 

units (i.e., using the inverse cumulative distribution function). Stage (b) will lead to 

construction of 𝑁sim,𝑛 to be the number of simulated events (with 𝑀 ≥ 𝑀𝑙) in the cell 

unit (x, y)A, where n=1:Ngrid. Repeating these two stages leads to the construction of 

forecast-consistent simulated catalogues of events. Finally, for each simulated 

catalogue, the log-likelihood Lsim of 𝑁sim,𝑛 simulations given the forecasts 𝑁fore,𝑛, in all 

cell units can be calculated as follows: 
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  (5) 

Repeating the calculation of Equation (5) for each simulated catalogue, we obtain the 

vector of log-likelihood 𝐋sim. 

(2) The Bayesian inference in the presented simulation-based workflow furnishes, as a side 

product, forecast-consistent catalogues considering that 𝑁sim,𝑛 can be set equal to 

𝑁(𝑥, 𝑦, 𝑀𝑙|𝛉, 𝐬𝐞𝐪, 𝑀𝑙) for each sample of 𝛉 (the number of simulated catalogs is equal 

to the number of generated samples of 𝛉). Hence, stages (a) and (b) in method (1) 

described above can be accomplished by directly using the spatial seismicity forecasts 

for the cell units based on different realizations of the vector of uncertain parameters 𝛉. 

It is to note that the vector of uncertain parameters 𝛉 is simulated adaptively based on 

the posterior distribution given the events already taken place in the sequence. The log-

likelihood Lsim can be estimated as Equation (5). Considering that 𝑁sim,𝑛 is not 

necessarily a natural number, the term (𝑁sim,𝑛!) in Equation (5) is calculated through 

the Gamma function Γ(𝑁sim,𝑛 + 1). In this manner, the vector of log-likelihood 𝐋sim 

with the length equal to the generated samples of 𝛉 can be estimated. 

It is to note that the log-likelihoods Lobs and the vector 𝐋sim have negative values, and values 

that are closer to zero indicate a more likely observation. Let us estimate the probability that 

the log-likelihood L is smaller than Lobs, i.e. P(L≤ Lobs). If Lobs falls in the lower tail of the 
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distribution, this indicates that the observation is not consistent with the forecast in each cell; 

thus, the forecast is not accurate. This probability can be estimated as follows: 

( )
( )

( )
sim obs

obs

sim

L
P L L


 =

L

L
(6) 

where ℕ(𝐋sim ≤ 𝐿obs) indicates the number of the components in the vector 𝐋sim that are

equal to or smaller than Lobs, and the denominator ℕ(𝐋sim) is the total number of elements

in 𝐋sim which is equal to the number of simulated catalogs. It is noted that in the standard L-

test described as method (1) above, ℕ(𝐋sim) is the number of simulations that one uses to

sample from a Poisson distribution with the mean value equal to 𝑁(𝑀 ≥ 𝑀𝑙|𝐬𝐞𝐪, 𝑀𝑙);

however, in the proposed approach herein (method 2), it is equal to the number of generated 

realizations of vector 𝛉. A very small value of P(L≤ Lobs) indicates that the observation and 

forecast are inconsistent.  

4. Case-study application

On 12 November 2017 (18:18 UTC), an earthquake with a moment magnitude of 7.3 

(Mw7.3) struck the Zagros fold-and-thrust belt in the Western Iran near the Iraq border in the 

area where large earthquakes have not been documented for several centuries. This severe 

earthquake occurred near the two small cities of Azgeleh and Sarpol-e Zahab. This event 

which is called herein “Azgeleh” main shock (Azgeleh MS) inflicted around 630 casualties 

and caused immense buildings’ damages and economic losses (Ahmadi and Bazargan-

Hejazi 2018). In this section, we perform N-test and L-test on an early forecast for the spatio-

temporal evolution of the events of the complex seismic sequence, which is referred to herein 

as the Kermanshah 2017-2018 seismic sequence and is distinguished by the Azgeleh MS of 

Mw7.3. The time origin To (the reference time) is set to 6:00 UTC of 01/11/2017 (i.e., 11 

days before the main event). We examine the simulation-based framework for providing 

retrospective seismicity forecasts for the following time window [Tstart=12/11/2017-

21:00UTC, Tend=13/11/2017-06:00UTC] (i.e., 9 hours forecasting starting 2 hours and 42 

minutes after the main event). The data is extracted from the Iranian Seismological Center 

(IRSC) catalog by issued by IGUT (Institute of Geophysics, University of Tehran). The 

background seismicity is estimated based on the IRSC catalog for events from 2006 up to 

October 2017 (Erahimian et al. 2022). To issue the early forecast for this time window, the 

observation history, seq, comprises all the events from To up to Tstart, where the lower cut-

off magnitude, Ml, is equal to the completeness magnitude estimated as 3.4. For this first 

forecasting interval, the seq includes 16 events with M≥3.4. That is, the ETAS Bayesian 

parameter estimation is based on 16 observed data. 

The robust estimation for the number of events within the forecasting interval using Equation 

(1) will lead to the distribution of events with 𝑀 ≥ 𝑀𝑙 = 3.4 as shown in the histogram in

Figure 1. The observed number of events within the forecasting interval (=19) is shown as a

green star. For the N-test, the forecasted number of events features: the median value (the

50th percentile) is marked with a grey-filled square (=18); the 16th and 84th percentiles

(marked with blue circles and numbered in blue) = 11 and 28; the 2nd and 98th percentiles

(marked with red circles and numbered in red) = 6 and 37. This is done to help in locating

the observed number of events (marked and numbered in green) within plus or minus certain

number of standard deviations from the mean estimate. Note that the observed number of

events is equal to the mean estimate 𝑁(𝑀 ≥ 3.4|𝐬𝐞𝐪, 𝑀𝑙) = 19 (=𝑁fore) reported on the

figure. The classical N-test based on a Poisson distribution with the mean value equal 𝑁fore =
19 is also shown on the same figure. It can be noticed that the distribution of 
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𝑁(𝑀 ≥ 3.4|𝐬𝐞𝐪, 𝑀𝑙) according to the histogram does not follow a Poisson distribution. The 

probabilities 𝛿1 = 𝑃(𝑛 ≤ 𝑁obs|𝑁fore) = 0.56 and 𝛿2 = 𝑃(𝑛 ≥ 𝑁obs|𝑁fore) = 0.53 indicates 

that the forecasted and observed number of events are very close. 

 

Fig. 1- N-test based on the simulation-based Bayesian workflow presented herein and also 

the classical method; the green star shows the observed number of events within the 

forecasting interval (=19), the grey-filled square is the median value or the 50th percentile 

(=18); blue circles are the 16th and 84th percentiles ( = 11 and 28); red circles show the 2nd 

and 98th percentiles (= 6 and 37). 

The L-test is done based on the two methods descried in Section 3, namely, the standard method 

(1), and the Bayesian method described in (2). Figure 2 shows the distribution of 𝐋sim based on 

method 1 (in dark blue) and method 2 (in light grey) histograms. The observed likelihood (Lobs; 

see Equation 3) is marked with red circle and numbered in red. The probability P(L≤ Lobs) is 

estimated to be equal to 0.58 from method (1) and 0.39 from method (2). It is interesting to 

note that in the standard method (1), the simulations are drawn from 𝑁(𝑀 ≥ 3.4|𝐬𝐞𝐪, 𝑀𝑙) =
19. Since this value is equal to the observed number of events (for this forecasting interval), 

the simulations show the probability P(L≤ Lobs) around 50%. However, the proposed method 

2 is derived based on the samples drawn for  and consequently the plausible generated 

sequences seqg within the forecasting interval. Thus, the simulations 𝐋sim are more 

dispersed (see the light grey histogram in Figure 2). Nevertheless, both methods signal that 

the spatial distribution of forecasts matches the observed one through the L-test. 

 

Fig. 2- L-test based on the simulation-based Bayesian framework presented herein. 
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4. Conclusions

We have tested a fully simulation-based workflow for spatio-temporal early seismicity 

forecasting based on ETAS. This Bayesian workflow provides, as output, posterior 

probability distributions for the forecasted number of events in the aftershock zone and the 

forecasted number of events in each unit cell within the aftershock zone. These outputs 

provide a sound basis for performing standard tests such as N-test and L-test to see how well 

the forecasted number of events and the forecasted spatial distribution of seismicity match 

the observed ones on the same time frame. In addition to standard N- and L-tests, the 

posterior distributions provided by the simulation-based workflow are used to directly 

validate the test results over the aftershock zone and for the spatial units’ cells. This is 

particularly insightful since these posterior distributions capture adaptively the spatio-

temporal evolution of the sequence of forecasted events. As a demonstration of this 

procedure, we have performed these two tests on an early forecast (the most challenging 

forecasting interval from the point of view of data availability) of seismicity of the recent 

Kermanshah 2017-2018 seismic sequence in western Iran. 
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Abstract: The 2020 Mw 7.0 Samos earthquake, a north dipping rupture with complicated post-

seismic features, is being examined. A deep-learning based picker is used to create a new high-

precision catalog for the aftershock sequence using clustering and waveform cross correlation 

techniques. This new catalog is accompanied with an improved dataset of fault plane solutions 

discovered using an automated algorithm. When compared to manual catalogs generated by local 

authorities, the newly created automatic dataset contains thousands more earthquake occurrences. 

In this way, the detailed identification of complex fault structures triggered during the aftershock 

period is possible, indicating the presence of an active transtensional asymmetric basin offshore 

the Samos island. 

 Keywords: Samos, deep-learning, automated, relocation 

1. Introduction

On October 30, 2020 (11:51 UTC), a major earthquake occurred at the Greek 

island of Samos, near the west coast of Turkey, causing human losses and severe 

damages to buildings and infrastructures in Samos (Greece) and in the city of Izmir 

(Turkey). Early seismological observations indicated a shallow hypocenter, a moment 

magnitude of 7.0 (Mw) and an E-W oriented fault plane solution. Severe consequences 

of the earthquake were the permanent uplift of the NW part of the Samos Island, 

significant number of landslides, ground failures and tsunami generation (Foumelis et 

al., 2021; Mavroulis et al., 2021).  

The island of Samos is located in a geodynamically complex area characterized 

by extensional back-arc settings. The geodynamic features that shape the back-arc 

tectonic status are the subduction of the African plate under the Aegean Sea with the 

slab roll-back in the south as well as the westward escape of the Anatolian plate, 

accommodated by the North-Anatolian Fault (NAF). This stress regime exerts a 

fundamental influence on the Samos tectonics. The most prominent structure arising 

from this tectonic regime is the E-W striking offshore half-graben structure that forms 

the northern coastline of the island (Nomikou et al., 2021). Moreover, important but 

smaller active N-S, NE-SW and NW-SE faults can be found both on the island of Samos 

and on the nearby Turkish coast. 

The goal of this study is to explore the characteristics of the aftershock activity 

by utilising automated techniques which are capable of significantly enriching the 

seismic catalog and highlight the details of fault structures. A new seismic catalog is 

determined using a deep-learning phase picker (Mousavi et al., 2020), an earthquake 

association (Zhang et al., 2019) and a relative relocation method (Trugman & Shearer, 

2017). In addition, a more complete data set of focal solutions is obtained by deploying 

an automated regional moment tensor determination tool (Triantafyllis et al., 2021). 
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2. The Mw 7.0 Aftershock activity 

2.1. Building a catalog from scratch 

A period of three months was considered sufficient for the study of the aftershock 

sequence. We chose to analyse continuous waveforms from 8 permanent and 2 temporary 

broadband (BB) stations located at distances less than 100 km from the epicenter of the main 

event from the HL (National Observatory of Athens, Institute of Geodynamics, 1975), KO 

(Kandilli Observatory and Earthquake Research Institute, Bogazici University (KOERI), 1971) 

and TK (saster and Emergency Management Authority (AFAD), 1973)) networks. We use the 

EQTransformer signal detector (Mousavi et al., 2020) to identify seismic signals and to detect 

P and S wave seismic arrivals. Our workflow continues with the association of the 

independently identified arrivals and the initial location of the seismic events using the REAL 

method (Zhang et al., 2019). Then, we refine REAL earthquake absolute locations by defying 

a new minimum 1-D velocity model for the area and relocating the sequence with 

HYPOINVERSE (Klein, 2002). We further improve the earthquake locations using both the 

updated 1-D model and the GrowClust code (Trugman & Shearer, 2017) that incorporates 

techniques for hierachical clustering and relocation based on cross-correlation (CC) values. 

Finally, 6813 events were successfully relocated, clustered and the local magnitude was 

calculated. The final relocated catalog presents magnitude of completeness significantly lower 

from the institutional catalogs. 

2.2 Seismicity patterns 

Our new and improved automatic catalog greatly expands the volume of detected events 

by allowing a finer picture of the activated fault system. A preliminary visual inspection of the 

spatial distribution of the aftershock reveals that the sequence dominates mainly the eastern part 

of the study area, where the density of seismic events is extremely high, with secondary smaller 

clusters located around. The main event’s centroid location, a proxy of the major slip location, 

is consistent with the overall sequence distribution and is positioned west of the hypocenter in 

an area with poor aftershock activity. The seismicity spreads in the upper crust, up to 15 km 

depth, with the highest percentage of seismic events concentrated between 4-8 km depth.  

3. Activated fault structures 

 Based on the analysis of the relocated catalog, the apparent fault activated during the 

main seismic event is the E-W strike normal fault, which bounds the Samos Basin to the south 

and shapes the north coast of the island. In addition, our enhanced seismic catalog uncovers a 

deeper strike-slip fault structure below the north-dipping main fault. Identical strike-slip 

structures with NE-SW oriented planes have been identified also in the south coast of the 

Karaburun region. Thus, although stress inversion studies primarily reflect normal faulting in 

the wider Samos area (Konstantinou et al., 2017), strike faults are present to a greater extent 

than previously thought, triggered concurrently with the normal main sequence. 

 After the Mw 7 main event, aftershock activity quickly extended deeper northwards on 

the fault, highlighting the proposed dip and rupture plane geometry. The automatic moment 

tensor dataset emphasises a N-S extension with the prevalence of normal E-W trend faults 

combined with onshore and offshore slip events. Interesting features are the observed NE-SW 

slip mechanisms at certain locations below the normal plane. The events belong to a roughly 

linear seismic group with a NE-SW orientation that emphasises the complexity of the fault 
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system activated in the area. The strike-slip faulting was triggered post-seismically along with 

other normal secondary faults from the strong main event, likely due to favourable stress 

variations. However, it remains unclear the connection between deep strike-slip faults offshore 

Samos with NE–SW strike-slip systems in the facing opposing coast of the Karaburun 

Peninsula.  

Fig. 1 - Relocated aftershocks distribution colored based on depth and sized accordingly to their local magnitude 

(ML) together with all the calculated fault plane solutions from Gisola. Focal mechanisms with black compression

quadrants correspond to relocated seismic events, while solutions with red compression quadrants indicate events

missing from the relocated catalog and plotted to their centroid position. The inset shows a histogram distribution

of the hypocentral depths. The vertical cross sections with orthogonal orientation to the strike of the fault are

illustrated to their surface projection in the map. The width of each cross section is about 3 km except the G-G’

where it is 5 km.

4. Conclusions

This study offers a detailed analysis of the post-seismic characteristics of the 2020 Samos 

earthquake. An independent and highly accurate catalog is built for this sequence implementing 

a deep learning phase detector. We locate the most comprehensive seismic catalog to date for 

this sequence, mapping activated fault structures never pictured before. The locations of the 
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events delineate the dominant main rupture (E-W), but also the secondary normal and strike-

slip faults. On the basis of these observations, we discuss the perception of a simple extensive 

deformation in the region, highlighting the notable presence of strike-slip faults. Moreover, we 

identify the individual features of the activated fault system that it is characterized as a typical 

transtensional basin. 
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Abstract: In TURNKEY H2020 project, NIEP was involved in making a comprehensive state 

of the art on reliability of geophysical, geochemical and geodetic fields as earthquakes 

precursors, and has started to develop an OEF (Operational Earthquake Forecasting) 

procedure at national and international level, by including the existing non seismic 

measurements into the seismic hazard. The project proposed to develop an OEF procedure 

that consider short-term changes in the seismic hazard and precursors factors evidenced by 

geophysical and geochemical parameters. The studies were continued in national projects. In 

this paper are presented the results obtained by INFP in the field of OEF, especially by 
analyzing the relationship between non seismic (geochemical) and seismic parameters (a and 

b from Gutenberg Richter law and the released seismic energy). 

Keywords: earthquake precursors, radon, CO2, seismic energy 

1. Introduction

The so-called earthquake precursors are phenomena that interrupt the normal course of the 

behavior of a field: seismic, geophysical, geochemical and occur prior to the occurrence of 

an earthquake. These precursors are of various kind, but in this paper, we will deal only with 

anomalous seismicity, as seen in changes in b-value or in energy release (Enescu, 2008), and 

with anomalous variations in geochemical fields (Hartmann and Levy, 2005), radon and 

CO2 content (Nevinsky et al., 2012 and 2015), together with temperature and air ionization 

(Toader et al., 2021 a and b). 

2. Seismicity parameters

We have developed a software for automatically compute a - b parameter (Gutenberg - 

Richter law, GR a-b), the time between earthquakes (a validated precursor for Vrancea) and 

it uses the cumulative seismic energy for evaluating the future seismicity. The software 

defines magnitude-frequency relationships using a – b parameter along with the Utsu 

method, too. The European seismicity information was taken from ISC web site: 

International Seismological Centre, On-line Bulletin, http://www.isc.ac.uk, Internatl. 

Seismol. Cent., Thatcham, United Kingdom, 2016. This feature ensures the flexibility and 

generality of the application. “The first step is to select the seismic area (in our study this is 

Vrancea area characterized by deep earthquakes at the bend of the Carpathian Mountains), 

than determine the daily, seasonal evolution of forecast parameters, their deviations from 

normal, short-term changes in seismicity rates using magnitude-frequency relationship and 

after that we make a correlation with recorded seismic events” (Toader et al., 2021 a).  
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In the following figures we present the results of using this software, for only two seismic 

zones, from Vrancea, Romania (Figures 1, 2) and Southern part of Italy (Figures 3 and 4).  

 

Fig. 1 - Vrancea seismicity, starting with 1990, cumulative seismic energy 

 

Fig. 2 - Vrancea GR a-b, Utsu b. Mw 
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Fig. 3 – S-Italy seismicity and cumulative energy in a volcanoes area 

Fig. 4 – S-Italy GR a-b, Utsu b. Mw 
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3. Non-Seismic parameters  

In Table 1 is presented a list of all measurements that have been used as potential precursors of 
increased seismic activity. It includes radon, GR a-b, air ionization, CO2 (NhCO2), and temperature 

in borehole (Tf - PLOR). 

Table 1. Detection of events, time forecast, correlation with seismicity - Toader et al, (2021a) 

Event 

Detection 

Magnitude 

(R)/Depth 

Parameter Trigger Time Forecast 

(days) 

N TRUE/ 

FALSE 

18/01/26  Radon NEHRd   0 

18/05/09  Radon VRId   0 

18/03/14 
4.6/ 

137 Km 

Radon BISRd slope-,dt 11.9 1 

Radon LOPRd slope-,dt 6.5 1 

Radon PLRd2 slope-,dt 7.3 1 

GR-a, b slope+,dt 9.2 1 

Ions+  NEHR slope-, min 20 1 

Ions-  NEHR slope+, max 26 1 

NhCO2 slope-,dt 15 1 

Tf - PLOR dt 10.8 1 

(6 radon + GR a-b + Tf+NhCO2) x 

events …   0 

18/10/28 
5.8/ 

148 Km 

Radon BISRd slope+,dt 20.4 1 

Radon NEHRd slope+,dt 9.6 1 

Radon VRId slope-,dt 39.6 1 

Radon PLRd2 slope+,dt 13.2 1 

GR-a b slope+,dt 12 1 

Ions+ Nehoiu slope- 33 1 

Ions- Nehoiu slope+ 33 1 

NhCO2 slope-,dt 21 1 

18/11/18   

  

  

  

  

  

  

Radon LOPRd 

  

  

  

  

  

  

  

  

0 

18/11/28 Ions+ NEHR 0 

18/11/28 Ions- NEHR 0 

18/12/07 Radon LOPRd 0 

18/12/16 NhCO2 0 

18/12/21 Ions- NEHR 0 

19/01/08 Tf - PLOR 0 

(6 radon + 2xIons+ + 2xIons- + GR 

a-b) x events …   0 

19/09/03 
4.6/ 

119 Km 

Radon BISRd slope+,dt 21.2 1 

Radon NEHRd slope+,dt 8.4 1 

Radon VRId slope-,dt 37.3 1 

Radon PLRd2 slope+,dt 9.6 1 

GR-a, b slope+,dt 10 1 

Ions+ NEHR slope-, max 16 1 

Ions- NEHR slope+, min 16 1 

Tf - PLOR dt 94 1 

19/09/09   Radon BISRd   0 

19/10/14   Radon NEHRd    0 

(7 radon + NhCO2 + Tf + GR a-b) x 

events …   0 

20/01/31 
5.4/ 

118 Km 

Radon BISRd slope-,dt 12.5 1 

Radon NEHRd slope-,dt 10.8 1 

Radon VRId slope+,dt 37.3 1 

Radon PLRd2 slope-,dt 12.4 1 

GR-a, b slope+,dt 22 1 

Ions+ NEHR slope-, max 36 1 

Ions- NEHR slope+, min 36 1 

NhCO2 slope-,dt 55 1 

Tf - PLOR dt 21 1 

 
First, we have analyzed the radon evolution versus GR-a for different time intervals. Figure 5 presents the 

evolution of radon versus frequency of the event (GR-a) for the 1 month intervals. 
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Fig. 5 - Average 1 month radon and GR – a parameter, 2015, Vrancea. 

We have computed the correlation coefficients between average of radon over the past 1 

month and the average "a" for each of the time intervals used for the averaging. The 

correlation between radon in Bisoca and GR a, Pearson formula (+/-1, 0), normalize data 

within the range [–1:1], is presented in Figures 6. 

Fig. 6 - Correlation between radon in Bisoca and GR a, Pearson formula (+/-1, 0), normalize data within the 

range [–1:1]. 

4342 3ECEES, September 2022, Bucharest, Romania



4. Seismic and Non-Seismic parameters evolution and Romanian earthquake forecast   

The assessed time-dependent seismic hazard is expressed in terms of an earthquake forecast 

(with its associated probability and uncertainty). The detection was implemented with a 

STA/ LTA algorithm. An example of events detection used in Table 1 is shown in Figure 7.  

 

Fig. 7 – Vrancea 5.2R earthquake, seismic precursors: radon, GR b, Ions+/-, CO2, telluric field, temperature 

in borehole, triggers (red points). 
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5. Conclusions

This method allows the collaboration between the tasks of a complex application. A logic 

tree made for geophysical and geochemical parameters becomes a branch in a complex time-

dependent seismic hazard assessment application. In Figure 8 is presented a branch of a 

bigger logical tree that is a decision element in an OEF structure. 

Fig. 8 – Logic tree of forecast parameters of Vrancea area 
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Abstract: In the case of needing for rapid assessment specially in the phase of post disaster, utilization 

of aerial images can speed up the procedure of building data evaluation and global damage detection. 

Application of visual interpretation method as a manual change detection approach (in comparison 

with automatic processes) can be applied for limited target regions with regarding to the extent of target 

zone and the time. This paper explores the definition of new criteria for building damage assessment 

based on EMS-98 definitions using visual interpretation method on selected regions of interest in Palu 

area, Indonesia after occurrence of cascading natural hazards in Sulawesi Island, in 28 th September 

2018. Results illustrated the fact that despite of the limitation of visual interpretation method for rapid 

damage assessment of extensive areas after disaster especially for VHR (Very High Resolution) 

satellite images, lower damage grades defined based on EMS-98 standards can be detected by 

determination of new criteria. In addition, the portion of mean damage grade for each hazard in 

cascading chain are evaluated with satisfied level of accuracy using visual inspection and deep learning 

methods on VHR satellite images. 

Keywords: VHR satellite images, Multi-hazard impact, Visual inspection, Global and local damage grade 

1. Introduction

Many types of natural disasters throughout the world regarding to the geographical regions 

and geological features can be observed and most of these hazards deals with human, 

economic, environmental and physical losses. Beside the application of ground truth survey 

for vulnerability and damage assessment, the application of remote sensing (RS) tools 

becomes more popular. Particularly, availability of pre- and post-disaster data for several 

aspects of hazard assessment is very challenging and this information can be gathered via 

both ground-based surveys and spatial imagery technologies. Several studies demonstrate 

the potential use of vertical satellite images (optical and radar) for rapid damage assessment 

of buildings in post-disaster phase via both automatic and semi-automatic processing, but 

determination of damage grade for each individual building even by using of VHR satellite 

images especially for low damage grades becomes very complicated and somehow 

impossible. Several studies and reports, e.g., Yamazaki et al. (2005), Matsuoka and 

Yamazaki (2014), and Adriano et al. (2019), are describing the exploitation of vertical 

satellite images and related results for various target areas. Although airborne imagery 

techniques can increase the accuracy of damage detection process with more focusing on 

façade details, the matter of dead ground view and some complexity in image interpretation 

cannot lead in high accurate results particularly for damage grades lower than 3 according 

to EMS-98 classification by Grünthal et al. (1998). For the purpose of supervised 

classification, artificial neural network and deep learning method can be examined for 

recognition of damage grade detection based on huge number of trained samples which has 

been studied in Syifa et al. (2019) for Palu area as selected case study in this paper.  
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LoS-1 LoS-2 LoS-3 LoS-4 LoS-5 LoS-6 

Fig 1. Schematic definition of LoS (Level of Sub-structuring) in building to provide applicable inventory 

about local damages in storeys and make more accurate assessment for global damage of building, 

Hadidian et al. (2020) 
Indeed, making suitable and effective combination of vertical and horizontal/oblique views 

of buildings can provide the comprehensive data inventory for global and local vulnerability 

and damage assessment. According to Maiwald and Schwarz (2019) the local damage 

grades in the individual building elements can then be transferred to damage grades for the 

various zones of the building or the entire structure. Converted to the concept of sub-

structuring, this gives the following damage grade levels:  

Level 1: global damage grade of the structure Di; Level 2: local damage grades in the storeys 

DFLi (e.g., Fig 1); Level 3: local damage grades in the building elements DBLi.  

In the case of using aerial images, local damage grade assessment of existing structures 

requires having access to horizontal or oblique view of buildings for both pre- and post-

scenes. Saedi et al. (2015) suggests the utilization of CityGML model with definition for 

Level of Details (LoD) for exterior and interior elements of building.  In this project, fuzzy 

expert systems are designed based on artificial intelligence algorithms to make efficient 

engineering estimation about damage grade classification based on extracted data for both 

exterior and interior elements. Similarly, the “LEGOisation” utilizes the concept of LoS 

(Level of Sub-structuring) based on observation of local damage grades for each story and 

its elements. Showing the schematic example of LoS concept in Fig 1, increasing the level 

of knowledge resulted in comprehensive building data inventory for high accuracy local 

and global damage assessment. For multi-hazard condition especially on urban context for 

building data evaluation, remarking the effect of each natural hazard for individual building 

regarding to the type, intensity and the time for occurrence of each disaster, there is need to 

investigate the damage status of building elements (structural and non-structural ones) after 

each case as a sequence of primary and secondary (natural hazard) events. This concept is 

clearly demonstrated in Fig 2 with the implication of Sub-structuring for each building 

based on its elements in each floor to distinguish between local and global damage grades. 

Fig 2. Local damage depending on the dominance of the individual natural hazards, 

Maiwald and Schwarz (2019) 
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2. Use of areal images for damage classification

2.1. Case and training study: Palu (Indonesia) 2018 

2.1.1. Overview and Data elaboration 

The preliminary rapid damage assessment using remote sensing technologies can be 

improved with various methodologies to facilitate the comprehensive data provision 

procedures for both mono and multi natural hazard conditions. Table 1 describes the 

capability of several types of remote sensing platforms for building data assessment mainly 

on urban context considering the concept and Levels of Sub-structuring” model according 

to Hadidian and Schwarz (2022). By converting vertical view to the oblique phases, the 

possibility of observing façade elements rises which is coupled with the emerging of some 

blind spots for data evaluation process. Making effective combinations of platforms as well 

as getting benefit from ground truth datasets can develop the accuracy of evaluated results 

that can be applied as reliable input for loss assessment. Utilization of vertical platform or 

space borne images mostly can provide information about footprint of building, its 

environment, shape and colour of the roof as well as limited knowledge about the height of 

building based on shadow analysis. 

Table 1. Detectable elements of building via different platform of remote sensing and possibility of accurate 

assessment for damage grade recognition for each platform (Hadidian and Schwarz, 2022) 

Platform of RS Detectable elements 

Damage Grade Di 

D1 D2 D3 D4 D5 D6 

V 

LO1 

HO2 

 

Explanation:  GTD=Ground Truth Data 

Type of RS Img. Graphic symbol Elements External Internal Possibility of accurate assessment 

Vertical Natural Hazard Less Moderate High 

Low Oblique EQ 

High Oblique Tsunami 

+ 

+ 
GTD(*) + 
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According to the published report by Copernicus Emergency Management Service “On 28th 

September a 7.5-magnitude earthquake occurred on the island of Sulawesi, Indonesia, 

triggering 150 aftershocks until 2nd October. The main shock occurred at 10:02 UTC at a 

depth of 10 kilometers. The earthquake was followed by secondary induced natural hazards 

such as tsunami, landslide and liquefaction. This event as a mainshock was preceded by a 

sequence of three foreshocks, which the largest tremor was a 6.1-magnitude that occurred 

earlier in same day. Following the mainshock, series of aftershocks, with 14 of M ≥ 5.0 were 

recorded in same day which the largest shake was with 5.8 magnitude (USGS, 2018). A 

tsunami warning was issued in Palu five minutes after mainshock, but according to the 

official report of Indonesian meteorological agency (BMKG, 2018), tsunami waves arrived 

after twenty-five minutes of mainshock, approximately. As reported by media, Palu, a city 

in Sulawesi, was hit by tsunami waves as high as more than six meters causing widespread 

destruction.” (Copernicus-EMS, 2018). Few hours after tsunami, soil liquefaction and 

landslide are sequenced in several parts of Palu area. Fig 3 shows the epicenter of fourteen 

aftershocks with magnitude more than 5 in first 24 hours after mainshock in Palu area, 2018. 

Fig 3. Epicenters of 14 foreshocks with M > 5 in first 24 hours after mainshock in 28/9/2018 

affected Palu area (based on recorded data by USGS (2018)) 

Fig 4 illustrates the multi-hazard zoning map of Palu area for considered period as well as 

time window of occurrence of cascading natural hazards in this area from 19th September 

until 2nd October with regarding to the map of selected target area. In displayed time 

window, from 19th September several earthquakes are recorded as foreshocks with the 

maximum magnitude of 6.1 until the occurrence of main shock at 28th September and after 

the occurrence of main shock, secondary induced hazards happened such as tsunami, 

liquefaction and landslide. 

For consideration of damage assessment, pre-phase image was selected for 13th July 2015 

and post-phase image is captured in 2nd October 2018 by WorldView-3 with the resolution 

of 30 cm. These images were pan-sharpened colour with NIR 4 bands. Fig 5 illustrates the 

satellite image for pre-phase of event as well as the location of four selected Regions of 

Interest (RoI). 
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Fig 4. Example of a cascaded event interpretation scheme and Multi-hazard zoning map of Palu area for 

considered time period of 19th September to 2nd October 2018, and the affected Palu area. 

The new method of damage grade classification is explained in this paper as a part of master 

thesis according to the innovation of structured criteria in application of visual interpretation 

method on VHR satellite images in multi-hazard impact and the contribution level of each 

hazard in cascading chain to cause the ultimate global mean damage grade for each building. 

It should be mentioned that the final results of damage assessment are arranged based on 

definition of global damage grade for each building in selected regions of interest and due 

to the lack of accessibility to horizontal view of walls and façade, consideration of local 

damage grade according to the condition of each floor and its related elements was not 

possible.  

Fig 5. Identified area for using VHR satellite images for south part of Palu bay (red rectangle) 

 and the location of Selected Regions of Interest (RoIs), event September 28, 2018. 

This paper considers the mean damage grade distribution for RoI-1 which includes the 

impact of two cascading hazards as earthquake and tsunami. The selected multi-hazard 

chain evaluates the impacts of main shock and triggered tsunami despite of the presence of 

foreshocks and aftershocks.  

2.1.2. Damage detection process for RoI-1 

After preparation of pre- and post-scene images, visual interpretation method is performed 

for damage classification assessment in second step. For this process seven criteria are 

determined for comparison between the scenes to detect the damage grade of each building. 

Events 

Tsunami 

Liquefaction 

Landslide 
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Table 2. Definition of criteria for damage assessment in visual interpretation method on 

VHR satellite images for selected target area based on dominant natural hazard 

No. Criterion Example EQ (Far from 

coastline) 

EQ + Tsunami 

(Near coastline) 

1 Texture √ √ 

2 Color - √ 

3 Shadow √ √ 

4 Shape/Orientation √ √ 

5 Surrounding √ √ 

6 Neighborhood - √ 

7 Usage - √ 

Table 2 and Table 3 explain the definition of criteria for damage grade assignment on VHR 

satellite images as well as related examples, respectively. RoI-1 consists of two types of 

districts based on the dominancy of natural hazard which were determined according to the 

distance between location of buildings and the coastline which raised the uncertainty of low 

damage grade assessment (DG < 3), thus the process of damage classification for RoI-1 are 

done in three trials or steps considering the lowest, highest and most probable damage grades 

cases based on applied criteria in Table 2. 

The example of assigned damage grade classification for multi and mono hazard conditions 

are explained in Table 3. The most important parameters of building stock survey such as 

structural type, number of story are investigated to consider the distribution of real 

vulnerability classes for each hazard in RoI-1 and its comparison with defined ranges in 

EMS-98 by Grünthal et al. (1998) which are shown in Table 4. Subsequently, and regarding 

to this comparison, the defined range of vulnerability classes of two structural (e.g. Confined 

masonry and Timber) types should be transferred to the lower range of vulnerability classes. 

For more explanation, the range of earthquake intensity values are calculated by application 

of two equations given by Trifunac and Brady (1975) and Murphy and O’Brien (1977) to 

convert measured PGA value by JICA project team, (2018) to intensity. The computed mean 

damage grade for each structural type in RoI-1, is examined in developed vulnerability 

function by Raschke (2004) to evaluate the most probable class of vulnerability. Following 

this process resulted in the idea of changing range of vulnerability classes for some structural 

types in RoI-1.  

To investigate the portion of each hazard in cascading chain to make damage grade, flood 

scenarios are executed in five variants based on Maiwald et al. (2021) to evaluate the caused 

mean damage grade for each building from tsunami. For this purpose, inundation water 

depth of each building is computed using interpolation method on few surveyed points by 

scientific work of JICA project team, (2019). The assessed mean damage grade distribution 

for mentioned three Remote Sensing (RS) trials, average mean damage grade using RS tools, 

combination of RS and 3D view (Google map) for post phase of multi-hazard condition as 

well as the contribution of tsunami in damage formation in two variants with most similar 

results (as examples from five variants) are shown in Table 4. The modified mean damage 

grade distribution for post-phase of multi-hazard chain in RoI-1 can be evaluated according 

to the selection of appropriate scenario for tsunami (FL-Var (i)) by Maiwald et al. (2021) 

based on applied parameters. Moreover, the contribution of earthquake as triggering natural 

hazard in formation of damage grade for each building can be assessed besides considering 

dominancy of each hazard in RoI-1.    

1 

2 

3 

7 
Residential BL. 

5 

6 

4 
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Table 3. Examples of damage classification for multi & mono hazard type areas based on defined criteria 

Type DG Pre-Scene Post-Scene 
Criteria 

No. Comments 
M

o
n
o
 H

az
ar

d
 (

E
Q

) 

D1 

1 Spot changes 

5 Possibility of fall of tiles 

7 Sees an official building 

3 No changes 

4 No changes 

D2 

1 Partially heterogeneity 

2 Diversity in several parts 

5 Few debris 

3 No changes 

4 No changes 

D3 

1 Change in roof-line width 

2 Partially heterogeneity 

5 Few debris 

6 Debris of adjacent building 

D4 

1 Huge split on roof 

5 
Heavy destruction of roof for 

adjacent building 

6 Plenty of debris 

D5 

1 Great heterogeneity 

2 Change in roof color 

4 Change in footprint 

5 Plenty of debris 

6 Collapse of adjacent building 

M
u
lt

i 
H

az
ar

d
 (

E
Q

 +
T

su
n

am
i)

 

D5 

1 Change in roof texture 

4 Heavy change / Destruction 

5 Debris 

6 Adjacent building 

D6*

3 Floating of roof on debris 

4 Change in roof alignment 

5 Abundant debris 

6 Full collapse of adjacent building 

* Damage grade assignments (DG6) for tsunami are done according to Maiwald and Schwarz (2019)

5

1

5

5 

2 

1 

1
5 

5 

4

2 

6

6 4

1 

5 

3 5 

4

2 

6 

6 

6 

1 

1 
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Table 4.Vulnerability class and Dm distribution based on executed analysis after 2018 multi-hazard 

 event in Palu, Indonesia using VHR images and using five variants for tsunami’s mean damage grade 

evaluation based on assigned inundation depth for each building 

VC Distribution map Pie Chart 

EQ (3D view) 

Flood (3D view) 

Most Likely 

(EMS-98) 

VC 
A AB B BC C CD D DE E EF F 

Dm 
Distribution map Pie Chart 

Analysis Type 

M
u

lt
i-

H
az

ar
d

 

RS1 

RS2 

RS3 

Mean_RS 

RS+3D 

Post-phase 

T
su

n
am

i 
(F

lo
o

d
) 

FL-Var1 

FL-Var2 

Dm 
0-0.5 0.5-1 1-1.5 1.5-2 2-2.5 2.5-3 3-3.5 3.5-4 4-4.5 4.5-5 5-5.5 5.5-6 
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3. Quality assessment of assigned damage grades via VHR satellite images

3.1. Visual inspection method 

To investigate the accuracy level of mean damage grade assessment via remote sensing 

tools, the average values of three trials for VHR images (Mean RS) are taken for the 

comparison with the combined RS+3D results (see Table 4). The calculated parameters and 

its related descriptions for building stock in RoI-1are described in Table 5 with emphasizing 

on the satisfied value of average accuracy about eighty percent. 

Table 5. Computed parameters relating to the comparison between standalone use of remote sensing 

& its combination with 3D view for mean damage grade assessment 

DG TPR TNR FPR FNR PPV ACC BA/ACC F1 FM 

1 0.10 1.00 0.00 0.90 0.57 0.95 0.55 0.16 0.23 

2 0.09 0.99 0.01 0.91 0.79 0.75 0.54 0.17 0.27 

3 0.30 0.75 0.25 0.70 0.40 0.58 0.52 0.34 0.35 

4 0.24 0.83 0.17 0.76 0.11 0.79 0.54 0.15 0.16 

5 0.76 0.69 0.31 0.24 0.13 0.70 0.73 0.22 0.32 

6 0.92 0.98 0.02 0.08 0.92 0.97 0.95 0.92 0.92 

Average - - - - 0.49 0.79 - 0.44 0.44 

TPR: True Positive Rate; TNR: True Negative Rate; FPR: False Positive Rate; FNR: False Negative Rate; 

PPV: Precision; ACC: Accuracy; BA/ACC: Balanced Accuracy; F1: Harmonic mean; FM: Geometric mean 

3.2. Deep Learning 

Post-phase VHR images for multi-hazard event in Palu (RoI-1) is examined using Deep 

Learning tools to investigate the accuracy for damage grade classification based on EMS-98 

definitions. For this purpose, suggested deep convolutional neural network by Krizhevsky 

et al. (2012) is applied for image classification. The process is initiated with the inventory 

for classified post-event images based on assigned damage grades for buildings. 

Next step includes the splitting procedure of dataset into training and testing. Consequently, 

data augmentation method is used (e.g. by random rotation, reflection, etc. of images) to 

increase the dataset virtually. Fig 6 shows the final evaluated results in the form of confusion 

matrix with the portion of eighty percent for learning and twenty percent for testing. First 

column of confusion matrix is empty in this trial due to the small portion of buildings with 

D1 in RoI-1 as well as more complexity in lower damage detection. Therefore there is need 

to add more criteria for this method which can increase the quality of learning process and 

validated accuracy. 

Fig 6. Confusion matrix for post-event VHR image classification using 80% learning and 20% testing portion 

(D1-Column is empty due to the little amount of classified dataset as D1 for RoI-1 in Palu, 2018.  

Darker colours in cells show the higher values) 
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Conclusions 

Results show that in comparison with automatic or semi-automatic image processing, 

application of visual interpretation method on VHR satellite pre and post event images by 

determination of new systematic criteria, is suitable change detection methodology for 

damage grade identification, while it can go through the different essential parameters and 

criteria with engineering estimation to determine each building damage grade. Furthermore, 

combination of vertical and oblique aerial images can improve the process of local and 

ultimately global damage identification for each building with respect to the structural and 

non-structural elements of storeys according to the explained concepts in different Levels of 

Sub-structuring. 

Acknowledgement 

Studies were partially funded by the German Science Foundation (Deutsche Forschungsgemeinschaft) for 

DFG-Project „Bewertung der Verletzbarkeit von typisierten Bestandsbauten unter dem Einfluss extremer 

Naturgefahren“ (https://edac.biz/projekte/bewertung-und-verletzbarkeit-von-typisierten-bestandsbauten-

unter-dem-einfluss-extremer-naturgefahren) under Grant Agreement Number 278225923.  

References

Adriano, B., Xia, J., Baier, G., Yokoya, N., Koshimura, S. (2019). Multi-Source Data Fusion Based on 

Ensemble Learning for Rapid Building Damage Mapping during the 2018 Sulawesi Earthquake and Tsunami 

in Palu, Indonesia. MDPI journal, Remote Sens. 2019, 11: 886; doi: 10.3390/rs11070886. 

BMKG, Indonesian meteorological agency, (2018). www.bmkg.go.id.  

Copernicus, Emergency management Service (EMS), (2018). 

http://emergency.copernicus.eu/mapping/ems/emergency-management-service-mapping. 

Grünthal, G., Musson, R.M.W., Schwarz, J., and Stucchi, M. (1998). European Macroseismic Scale 1998. 

Cahiers de Centre Européen de Géodynamique et de Seismologie, 15, Luxembourg. 

Hadidian, N., Abrahamczyk, L., Schwarz, J. (2020). Elaboration and systematization of urban infrastructure. 

Deliverable D2.5. TURNkey project. H2020-SC5-2018. 

Hadidian, N., Schwarz, J. (2022). Damage identification by aerial images and its application for multi-hazard 

events. Earthquake Spectra (submitted). 

JICA project team, (2018). Palu earthquake strong motion waveform by observation system developed by 

Japan. https://committees.jsce.or.jp/eec205/system/files/.   

JICA project team, (2019). Tsunami inundation depth survey, Report Palu bay, central Sulawesi. 

https://openjicareport.jica.go.jp/pdf/1000042335.pdf.  

Krizhevsky, A., Sutskever, I., Hinton, G.E. (2012). ImageNet classification with deep convolutional neural 

networks. Proceedings of the 25th International Conference on Neural Information Processing Systems - 

Volume 1, Pages 1097–1105.  

Maiwald, H., Schwarz, J. (2019). Unified damage description and risk assessment of buildings under extreme 

natural hazards. European Journal of Masonry 23, 2, 95-111. http://doi.org/10.1002/dama.201910014. 

Maiwald, H., Kaufmann, C., Langhammer, T., Schwarz, J. (2021): A new model for consideration of flow 

velocity in flood damage and loss prognosis, FLOODrisk 2020 - 4th European Conference on Flood Risk 

Management, Paper 11_9, http://dx.doi.org/10.3311/FloodRisk2020.11.9. 

Murphy, J., O’Brien, L. (1977). The correlation of peak ground acceleration amplitude with seismic intensity 

and other physical parameters. Bulletin Seism. Soc. Am. 67 (3): 877–915. 

Raschke, M. (2004). Die Korrelation zwischen Erdbebenschaden und Erdbebenstärke und deren Anwendung 

in der Erdbebenrisikoanalyse. Dissertation, Bauhaus-Universität Weimar. 

Saedi, Y. (2015). Comprehensive remote sensing based building damage classification. Master thesis project. 

Faculty of Geoinformation science and earth observation of the University of Twente, Netherlands. 

Syifa, M., Riza Kadavi, P., Lee, L. (2019). An Artificial Intelligence Application for Post- Earthquake Damage 

Mapping in Palu, Central Sulawesi, Indonesia. MDPI Journal, Sensors 19: 542; doi:10.3390/s19030542. 

Trifunac, M.D., Brady, A.G. (1975). On correlation of seismoscope response with earthquake magnitude and 

Modified Mercalli Intensity. Bulletin Seism. Soc. Am. 65 (2): 307–321. 

USGS, 2018. https://www.usgs.gov/faqs/what-remote-sensing-and-what-itused? 

qtnews_science_products=7#qt- news_science_products. 

Yamazaki, F., Yano, Y., Matsuoka, M. (2005). Visual Damage Interpretation of Buildings in Bam City Using 

Quick Bird Images Following the 2003 Bam, Iran, Earthquake. Earthquake Spectra. 21: 329–S336.  

43553ECEES, September 2022, Bucharest, Romania

https://edac.biz/projekte/bewertung-und-verletzbarkeit-von-typisierten-bestandsbauten-unter-dem-einfluss-extremer-naturgefahren
https://edac.biz/projekte/bewertung-und-verletzbarkeit-von-typisierten-bestandsbauten-unter-dem-einfluss-extremer-naturgefahren
http://www.bmkg.go.id/
http://emergency.copernicus.eu/mapping/ems/emergency-management-service-mapping
https://committees.jsce.or.jp/eec205/system/files/
https://openjicareport.jica.go.jp/pdf/1000042335.pdf
http://dx.doi.org/10.3311/FloodRisk2020.11.9
https://www.usgs.gov/faqs/what
https://www.usgs.gov/faqs/what
https://www.usgs.gov/faqs/what-remote-sensing-and-what-it-used?qtnews_science_products=7#qt-news_science_products
https://www.usgs.gov/faqs/what-remote-sensing-and-what-it-used?qtnews_science_products=7#qt-news_science_products
https://www.usgs.gov/faqs/what-remote-sensing-and-what-it-used?qtnews_science_products=7#qt-news_science_products
https://www.usgs.gov/faqs/what-remote-sensing-and-what-it-used?qtnews_science_products=7#qt-news_science_products
https://www.usgs.gov/faqs/what-remote-sensing-and-what-it-used?qtnews_science_products=7#qt-news_science_products
https://www.usgs.gov/faqs/what-remote-sensing-and-what-it-used?qtnews_science_products=7#qt-news_science_products
https://www.usgs.gov/faqs/what-remote-sensing-and-what-it-used?qtnews_science_products=7#qt-news_science_products
https://www.usgs.gov/faqs/what-remote-sensing-and-what-it-used?qtnews_science_products=7#qt-news_science_products
https://www.usgs.gov/faqs/what-remote-sensing-and-what-it-used?qtnews_science_products=7#qt-news_science_products
https://www.usgs.gov/faqs/what-remote-sensing-and-what-it-used?qtnews_science_products=7#qt-news_science_products
https://www.usgs.gov/faqs/what-remote-sensing-and-what-it-used?qtnews_science_products=7#qt-news_science_products
https://www.usgs.gov/faqs/what-remote-sensing-and-what-it-used?qtnews_science_products=7#qt-news_science_products
https://www.usgs.gov/faqs/what-remote-sensing-and-what-it-used?qtnews_science_products=7#qt-news_science_products
https://www.usgs.gov/faqs/what-remote-sensing-and-what-it-used?qtnews_science_products=7#qt-news_science_products


3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

Routine estimation of standard body- and surface-wave magnitudes for 
ISC Bulletin using globally available waveform data 

Natalia Poiata – International Seismological Centre, Thatcham, UK, e-mail: natalia.poiata@isc.ac.uk 

Domenico Di Giacomo – International Seismological Centre, Thatcham, UK, e-mail: domenico@isc.ac.uk 

Abstract: Earthquake’s magnitude provides a mean to characterize the relative size and 
amount of elastic energy released by an event representing an important input to a wide variety 
of seismological studies ranging from seismic hazard to statistical analysis of seismicity as 
well as nuclear explosion discrimination. Although seismic network operators and 
observatories routinely estimate standard types of body- and surface-wave magnitudes using 
established procedures, often the reported results are inconsistent due to the peculiarities of 
the waveform processing setup. With the scope to address these inconsistencies, the 
International Seismological Centre (www.isc.ac.uk) aims to provide a routine estimation of the 
standard body- and surface-wave magnitudes using available global waveform data. Here we 
present the preliminary development and tests of such a procedure based on the procedure 
recommended by the International Association of Seismology and Physics of the Earth’s Interior 
(IASPEI) Working Group on Magnitude Measurements.  

Keywords: standardised magnitude estimation, automated waveform analysis, body-wave 
magnitude, surface-wave magnitude 

1. Introduction

The International Seismological Centre (ISC, www.isc.ac.uk) collects, integrates and reprocess 
seismic bulletins provided by agencies around the word producing what is regarded as the most 
comprehensive bulletin of the Earth’s seismicity (ISC Bulletin, 2022). Along with the phase 
arrival measurements provided by the reporting agencies, the ISC also compiles information 
about the magnitudes of the events and, where possible, recomputes different types of 
magnitudes based on the reported amplitude and period measurements (Bondár and Storchak, 
2011; Di Giacomo and Storchak,  2022). Those measurements can be rather inconsistent among 
different agencies due to the differences in filtering limits, measuring the amplitudes within 
different time windows, applying different instrumental calibration functions, etc. To address 
these issues, we develop a procedure for automatic and routine estimation of the standard body- 
and surface-wave magnitudes using publicly available high-quality broadband seismological 
data recorded Worldwide. The procedure strictly follows the guidelines by the Commission on 
Seismic Observation and Interpretation (CoSOI) of the International Association of Seismology 
and Physics of the Earth’s Interior (IASPEI) adopted following the recommendations of the 
IASPEI Working Group on Magnitude Measurements on new standards for widely used local, 
regional, and teleseismic magnitude scales (IASPEI 2005, 2013; Bormann and Dewey 2012). 
Our main goal is to provide uniform characterization of the earthquake size by estimating its 
magnitude in a consistent and reliable manner. 
Here we present the general outline of the automatic waveform-based standard magnitude 
estimation procedure that is under development at the ISC, accompanying it by examples 
illustrating its performance.  

2. Magnitude definitions and required measurements
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Among the variety of the more or less regularly used standard magnitude scales body- and 
surface-wave magnitudes are the two most common and (historically) important. 

2.1. Body-wave magnitudes 

Given the history and experience in the teleseismic (epicentral distance of 20-160°) body-wave 
magnitude measurements, IASPEI (2005, 2013) recommends two complementary standards 
defining short-period (𝑚") and broadband (𝑚#𝐵𝐵) body-wave magnitudes. 

2.1.1. mb 

Short-period body-wave magnitude is defined as: 

𝑚" = 𝑙𝑜𝑔)*(𝐴 𝑇⁄ ) + 𝑄(∆, ℎ) − 3.0	  (1) 

with	20° ≤ ∆≤ 160°	 and 𝑇 < 3	𝑠 
where A = P-wave ground displacement in nanometer (nm), measured as the maximum trace 
amplitude in the entire P-phase train (time-span from P-arrival ending before the PP-phase 
arrival), on a record filtered with a filter that replicates the response of the World-Wide 
Standardized Seismograph Network short-period seismograph (WWSSN-SP) at targeted 
periods 𝑇 < 3 s. 𝑄(∆, ℎ) is the calibration function corresponding to the attenuation factor 
for the vertical P-wave component amplitudes depending on the epicentral distance (∆) and 
earthquake depth (h) defined by Guttenberg and Richter (1956) (see also Bormann, 2002).   

2.1.2. mB(BB) 

Broadband body-wave magnitude is defined as: 

𝑚#(𝐵𝐵) = 𝑙𝑜𝑔)*(𝑉FGH 2𝜋⁄ ) + 𝑄(∆, ℎ) − 3.0	    (2) 

with	20° ≤ ∆≤ 160°	 and 0.2	s ≤ 𝑇 ≤ 30	𝑠 

where 𝑉FGH 2𝜋⁄ = (𝐴 𝑇⁄ )FGH with 𝑉FGH  P-wave velocity in nm/s, corresponding to the 
maximum trace amplitude of the P-phase train (see mb definition above) recorded on the 
vertical component seismogram that is proportional to velocity in the period 0.3-30 s. 
𝑄(∆, ℎ) definition and ∆	and	ℎ ranges are same as for mb. 

Fig. 1 - Example of the teleseismic body-wave magnitude estimations for a selected earthquake (Table 1) 
recorded at station BOSA (D=64°). Left panel: broadband displacement and velocity traces of the P-phase 

train. Blue and green vertical bars indicate arrivals of P- and PP-phases respectively. Black dots correspond 
to pick, through amplitudes and zero crossings. Magenta dot marks 𝑉FGH . Right panel: same, but for short-

period (WWSSN-SP) records. 

IASPEI (2005, 2013) advises on using both body-wave magnitudes as complementary estimates 
particularly for mb > 5.5. Due to the improved signal-to-noise ratio and simplicity of its 
calculation, mb represents a typical body-wave magnitude estimated by most agencies, being 
typically reported in the ISC Bulletin. Very few agencies systematically provide mB(BB). 
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An example of teleseismic body-wave magnitude-related measurements and corresponding 
magnitude estimates are presented in Figure 1 for a selected event (Table 1) and station 
BOSA located at epicentral distance of 64°. 

2.2. Surface-wave magnitudes 

For shallow earthquakes with source depth 𝒉 < 𝟔𝟎	km IASPEI (2005, 2013) suggests two 
standards of surface-wave magnitude estimations, namely, a teleseismic, narrowband 
surface-wave magnitude Ms(20) and a broadband (BB) surface-wave magnitude Ms(BB) that 
is measured in wider epicentral distance and period ranges.  

2.2.1. Ms(20) 

Teleseismic, narrowband surface-wave magnitude, Ms(20), is defined as: 

𝑀R(20) = 𝑙𝑜𝑔)*(𝐴 𝑇⁄ ) + 1.66𝑙𝑜𝑔)*∆ + 0.3	    (3) 

with	 20° ≤ ∆≤ 160°	 and 18s ≤ 𝑇 ≤ 22𝑠 
where A is vertical component ground displacement in nm measured as the maximum of the 
surface-wave amplitude, having the period of 18-22 s, on a waveform that has been filtered 
in such a way that the filter replicates the response of the World-Wide Standardized 
Seismograph Network long-period seismograph (WWSSN-LP) at targeted period range T. 

2.2.2. Ms(BB) 

Broadband surface-wave magnitude, Ms(BB), is defined as: 

𝑀R(𝐵𝐵) = 𝑙𝑜𝑔)*(𝑉FGH 2𝜋⁄ ) + 1.66𝑙𝑜𝑔)*∆ + 0.3	  (4) 

with	2° ≤ ∆≤ 160° 
where 𝑉FGH 2𝜋⁄ = (𝐴 𝑇⁄ )FGH with 𝑉FGH  – ground velocity in nm/s representing the 
maximum trace amplitude in the surface-wave train recorded on the vertical component 
seismogram that is proportional to velocity, having the period of 3-60 s. 
Both long-period and broadband surface-wave magnitudes are estimated for shallow-focus 
earthquakes (h < 60 km) as deeper events are less effective in surface-wave generation and, 
thus, 𝑀R(20) or 𝑀R(𝐵𝐵) would significantly under represent the energy of the intermediate- 
and deep-focus earthquakes. 
An example of surface-wave magnitude-related measurements and corresponding estimates 
are presented in Figure 2 for a selected event (Table 1) and station BOSA. Surface-wave 
time-window, corresponding to the Rayleigh wave phase (Fig. 2), can be approximatively 
estimated using the maximum Rayleigh wave amplitude arrival tables as the function of ∆ 
derived by Archangelskaya (1959) and Gorbunova and Kondorskaya (1977) (Willmore, 
1979). 
In the above equations, amplitudes (A) correspond to one-half the maximum deflection of the 
waveform, either peak-to-adjacent-trough or trough-to-adjacent-peak, with peak and through 
separated by one zero crossing (Figs. 1 and 2). The periods are equivalent to the twice the time-
interval separating the peak and adjacent through of amplitude measure and the phase arrival is 
represented by the time of zero crossing between the pick and adjacent through (e.g., Fig. 1). 
The amplitude 𝑽𝒎𝒂𝒙  is measured as zero-to-pick amplitude and the corresponding period 
corresponds to the time-distance between nearest zero-crossings. 
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Fig. 2 – Surface-wave magnitude estimations for a selected earthquake (Table 1) and station (BOSA, D=64°). 
Upper panel: Broadband displacement trace starting at the event origin time and including surface-wave 

train. Coloured vertical bars indicate arrivals of P-, PP-, and S-phases correspondingly. Black dots 
correspond to pick, through amplitudes and zero crossings, required for magnitude estimations. Green 

rectangle marks the analysed surface-wave window. Right panel shows zoom on the surface-wave window 
around the time of the measurements. Lower panel: Same for long-period (WWSSN-LP) velocity record. 

3. Application example of a selected moderate-magnitude earthquake

The above-presented magnitude definitions and the amplitude and period measurements provide 
a guideline that can be implemented as a fully automated procedure for systematic and consistent 
calculation of the corresponding body- and surface wave magnitudes. We here present an outline 
of such procedure and provide an exemplification of its application to a selected example 
earthquake from ISC Bulletin (Table 1).  

Table 1. Earthquake parameters from the ISC-EHB dataset (International Seismological Centre, 2021) 

Origin time Coordinates Reported 
magnitudes Author Estimated 

magnitudes latº/lonº/depth (km) 

2017/02/07 
22:03:55.19 25.176/63.213/23.9 

MS = 6.4 
mb = 5.9 
Mw = 6.4 

ISC 
ISC 

GCMT 

mb = 6.1 
mB(BB) = 6.2 
MS(20) = 6.4 
MS(BB) = 6.4 

Given the origin time and coordinates of the event, available waveform data (broadband 
vertical components) from the stations corresponding to the epicentral distance conditions 
in equation (1)-(4) and appearing in ISC Bulletin with P- and/or S-phase arrival readings are 
downloaded from the IRIS (Incorporated Research Institutions for Seismology) data centre 
through the FDSN (International Federation of Digital Seismograph Networks) web service 
client of ObsPy (Krischer et al., 2015). After the data integrity check and the pre-processing 
(demeaning and detrending) the broadband traces proportional to ground velocity are 
estimated by removing the instrumental sensitivity and the short- and long-period traces are 
obtained by applying corresponding WWSSN instrumental responses defined by IASPEI 
(2013). The amplitude and period measurements for the stations corresponding to the 
epicentral distance conditions of each magnitude type (Section 2) are carried after the signal-
to-noise ratio check (threshold = 2). We calculate then for each station corresponding 
magnitudes and provide final network magnitudes evaluated as the station’s mean. Estimated 
magnitudes are reported together with the amplitude, period and phase-time measurements. 
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Figure 3 illustrates the results of the automated magnitude estimation for the selected 
example earthquake, showing the distribution of stations (Fig. 3a) and comparing our body-
wave (mb) station magnitudes with those of NEIC (National Earthquake Information Center) 
(Fig. 3b) and surface-wave magnitudes (MS(20)) with the dataset of recomputed surface-
wave magnitudes of Di Giacomo and Storchak (2022) (Fig. 3b). The presented satisfactory 
comparison and the summarised results of the analysis indicate that the automatic scheme 
provides a reliable basis for the robust estimation of the body and surface-wave magnitudes 
on the routine bases. 

Fig. 3 – a) Map showing the location of the analysed earthquake (red star) and distribution of stations used 
for the magnitude calculation (blue triangles). b) Results of the sort-period body-wave magnitude calculation 

(mb) comparing the estimates with the reported by NEIC values. Histogram shows the distribution of the 
calculated mb. c) Same as (b), but for MS(20) and MS(BB) magnitudes. MS(ISC) data use for comparison are 

extracted from Di Giacomo and Storchak (2022). 

4. Conclusions

The automated procedure of the waveform-based standard magnitude estimation presented 
here provides magnitude estimations that are in good agreement with the body- and surface-
wave magnitudes reported in the ISC Bulletin. It allows the establishment of an automatic 
scheme for a consistent routine estimation of the earthquakes magnitudes that would offer a 
coherent global representation of the earthquakes magnitude and can be further integrated 
into the ISC Bulletin along with the magnitudes provided by the various reporting agencies. 
The future work will focus on extending the procedure to a uniform workflow, applying it 
to an extended (one-year long) set of events from the ISC Bulletin for testing purposes. 
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Abstract: The purpose of this study is to analyses the use of statistical techniques that 

evaluate seismicity such as the frequency distribution of magnitude (FMD), completeness 

magnitude (Mc). These parameters are considered effective approaches for understanding 

local seismotectonic activities. The crustal seismic activity manifested in the Northern 

and central areas of the Moldavian platform and the part of the Eastern Carpathians has 

magnitudes no greater than 5.3 Mw for the 31.01.1900 earthquake located East of Bacau 

and West of Vaslui. 

The maximum depth of a hypocenter recorded in the studied area was 59 km and was 

calculated for the 30.05.1970 earthquake of magnitude 2.4 Mw located East-South-East 

of Onesti. A seismic cluster made of 35 seismic events was observed in 2020, North-West 

of Vaslui and South-East of Roman. This cluster occupied an area of approximate 23.33 

sq. km, and took place during the entire year.  The range of magnitudes calculated for the 

cluster was between 1.8 – 3.3 Mw. The most significant earthquake of the cluster was 

recorded on 29.10.2020 and had a magnitude of 3.3 Mw. 

Keywords:  Crustal earthquake, FMD (Frequency distribution of magnitude), b value, Mc 

completeness magnitude 

1. Introduction

In the North part of Moldova, earthquakes are related to marginal faults of the Moldavian 

platform. These earthquakes were observed in the vicinity of a north-west to south – east 

oriented alignment: the Dorohoi-Botoşani-Hârlău, Atanasiu et al (1965); Polonic et al 

(1986); Diaconescu et al (2014, 2017). The disparity between the position of the epicenters 

of located seismic events in the area and the paths of the faults and the fact that this sector 

of platform presents evidence of neotectonic uplift, led to the assumption that the 

earthquakes located in Moldavian Platform are generated by the margins of the platform 

trapped under the orogen that break, generate normal faults of small dimension, with 

Western part trapped under molassa deposits of the Eastern Carpathian, Diaconescu et al 

(2017).  

Seismic activity was observed along some fault sectors. These faults delineate several blocks 

of the Eastern Carpathians orogen and of the Moldavian platform and facilitate differential 

uplift to the affected blocks. 

The earthquake of 15.10.1975 (47,20 0 N/25,80 0 E) of Ms =4.5 (Mw= 4.3) (Fig 1) located 

near Brosteni – Poiana Teiului area Polonic et al (1986); Diaconescu et al (2017). 
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Fig.1 - Fault map of the North-Eastern part of Romania with characteristic earthquakes, Mw >3 (whole 

Romplus catalogue)  

A seismic sequence was detected 25 km north of the 1975 previously mentioned earthquake. 

This seismic sequence had its main shock of magnitude ML 4.5 on 24.06.2011, Fig 1 and 

was preceded by 2 foreshocks and followed by 31 aftershocks. From the total number of 

earthquakes of the seismic sequence only 5 events could be located (were recorded on a 

sufficient number of seismic stations for an accurate location) and from these 5 events only 

3 had magnitudes greater than 2 Mw, Diaconescu et al (2017). 

Further South, along the Trotus fault, South-East of Tanasoaia (46.10 0 N/ 27.40 0 E) on 

18.04.1956 a magnitude 4.5 Ms was located Polonic et al (1986); Diaconescu et al (2019). 

On 06.12.1989, near Vatra Dornei – Iacobeni area an earthquake of 5.3 ML had its hypocenter 

located at a depth of 28 km. 

2. Seismicity of the studied area

We selected 972 seismic events from the Romplus catalogue for the study of crustal 

seismicity in the North-Eastern region of Romania.  

For the analyses, we have selected from the Romplus seismic catalog (www.infp.ro) the 

crustal events with depth 0.1<h<50 Km, and magnitudes 0.1 <Mw <5.4, recorded from 01 

January 1990 to 01 January 2021, in the area bordered by 46.2 0 N - 48.9 0 N latitude and 

23.5 0 E – 28.50 E longitude. 

As a result of identifying active quarries in the studied area, we eliminated 13 seismic events 

which could have been the result of quarry explosions. These events were eliminated from 

the study based upon the following factors: the moment magnitude of the seismic event to 

43633ECEES, September 2022, Bucharest, Romania

http://www.infp.ro/


be lower than 2.5 Mw, the hypocenter’s depth to be less than 5 km, the epicenter to be no 

more than 5 km distance from a quarry and the time of the event to be between 08 :00 and 

17 :00 (normal daily work hours). Thus, the total number of seismic events selected for the 

current study is 959.  

The maximum magnitude recorded for a seismic event in the studied area was 5.3 Mw for 

the 31.01.1900 earthquake located East of Bacau and West of Vaslui. The maximum depth 

of a hypocenter recorded in the studied area was 59 km and was calculated for the 30.05.1970 

earthquake of magnitude 2.4 Mw located East-South-East of Onesti.  

In the Northern and central areas of the Moldavian Platform and the orogeny area of the 

Eastern Carpathians, a crustal seismic activity was manifested with events that did not 

exceed Ms≤5,2 and depths of 5-30 km, Fig.2. 

Fig 2 - Depth distribution 1990-2021 

The seismic activity in the North-Eastern region of Romania is characterized by moderate 

seismicity Bala et al (2015). For 267 seismic events or 27.8% of all the seismic events located 

in the studied area, magnitude values were lower than 2 Mw (Fig 3).  

Fig 3 – Magnitude distribution 1990-2021 
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3. Methodology

According to Gutenberg and Richter et al (1944) b - values are corelated to the relative 

magnitude distribution of the earthquakes and related to the distribution slope of frequency-

magnitude  

logN = a – bM (1) 

where N represents the cumulative number of seismic events with magnitude larger than or 

equal to M and a is related to the total number of events.  

Parameter b reflects the relative proportion of large and small earthquakes in the studied 

area. 

The b value is calculated using maximum likelihood method Aki et al (1965). ZMAP 

package Wiemer (2001), implemented in Matlab software, was used in order to process the 

data. 

4. Results

A comparative analysis was made for the period 2011-2015 and 2015-2020, respectively, 

using the magnitude distribution (FMD). 

It was observed that between 2016-2020 we find a decrease in the registration of seismic 

events with -27.79 % (Fig. 4) 

Fig. 4 - Cumulative rate/year distribution 2011-2015, 2015 -2020 

A decrease of b parameter value is often mentioned as a precursor phenomenon before major 

earthquakes Enescu et al (2001). 

An increase (or decrease) of the effective tension on a fault system that results in a 

corresponding decrease (or increase) of b value are documented in studies like: Wiemer and 

Wyss (1997); Wiemer et al., (1998); Zuniga et al (2001); Wiemer et al (2002); Schorlemmer 

et al., (2004); Wyss et al., (2004); Wyss et al. (2006); El-Isa (2013); Ghita et al (2020). 
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The a values in the calculated area 6.39 indicate a decrease in the annual seismic activity 

(annual rate of occurrence) which shows that we are in a "freezed" area regarding the rate of 

occurrence of seismic events (Fig 5). 

Fig 5 - Magnitude -frequency distribution of seismicity (a) 2011-2015 and (b) 2015-2020 

5. Conclusions

The crustal seismic activity occurred in the North-central part of the Eastern Carpathians and 

Moldavian platform has magnitudes no greater than 5.3 Mw for the 31.01.1900 earthquake 

located East of Buzau and West of Vaslui. 

The magnitude of completeness determined in the period 2015-2020 (Fig. 5) decreased 

compared to the period 2011-2015. This results in an increase of the localization quality of 

seismic event due to the development of RSN (National Seismic Network) by installing new 

seismic stations in the area. 

The results for the period 2011-2015 and 2015-2020 were compared using the magnitude 

distribution (FMD). The registration of the seismic events decreased visible with 27.79%. 

More than half of the seismic events selected for this study have values of magnitude 

between 2 and 3 Mw. Therefore, more than 90% of the earthquakes located in the studied 

area have values of magnitude Mw lower than 3.  

In 2020, in the area of North-West Vaslui and South-East Roman, a seismic cluster 

composed of 35 seismic events, was observed. This cluster occupies an area of approximate 

23.33 sq. km, and took place during the entire year.  The range of magnitudes calculated for 

the cluster is between 1.8 and 3.3 Mw. 
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Abstract: The increasing number of high quality moment tensor solutions that are routinely 
produced by a variety of global, regional and local earthquake monitoring agencies 
highlights the inherent uncertainty in the estimation of the earthquake moment tensor. To 
directly address this uncertainty, we introduce a new catalogue of earthquake point source 
models, where the point source includes the earthquake moment tensor, source time function 
and depth. The catalogue, referred to as ISC-PPSM, uses a probabilistic inversion strategy to 
estimate the most likely earthquake point source parameters, and the associated errors. In 
this presentation, we briefly outline the inversion methodology, before examining how the 
probabilistic point source solutions quantify the uncertainty in the moments tensor in a 
number of example earthquakes. In addition, we explore the extra depth resolution that can 
be added, especially to remote shallow moderate magnitude earthquakes, using this point 
source inversion strategy. 

Keywords: earthquake source parameters, Bayesian inversion, source time function 

1. Introduction

A wide range of earthquake moment tensor solutions are reported to the ISC (International 
Seismological Centre) from many earthquake monitoring agencies. These include moment 
tensor solutions from established global earthquake catalogues such as the gCMT an NEIC 
catalogues as well as many moment tensors reported for a given area or region by a local 
or regional earthquake monitoring agency. These earthquake moment tensors provide a 
range of estimated source parameters for any given earthquake. This range of parameters is 
in part accounted for by the range of methods that are employed, but also reflects the 
uncertainty in the earthquake moment tensor. 

The range of earthquake location parameters that are reported by various agencies to the 
ISC are reconciled through the ISC review and relocation procedure (e.g. Bondár & 
Storchak, 2011). There is however no equivalent procedure for producing a revised and 
finalised earthquake moment tensor that combines the observations made by the various 
agencies. Due to the range of techniques and methodologies used to provide the earthquake 
moment tensors reported to the ISC, a review process of the reported moment tensors 
would be impractical. 

Instead, we introduce a Bayesian inversion scheme, that is designed to assess not only the 
earthquake point source parameters (i.e. moment tensor, source time function and depth), 
but also give a full appraisal of the errors in each of these parameters. The catalogue of 
earthquake point source solutions produced is referred to as ISC-PPSM (International 
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Seismological Centre – Probabilistic Point Source Model), and is freely downloadable 
through the ISC bulletin (http://www.isc.ac.uk/iscbulletin). 

2. ISC-PPSM 

The ISC-PPSM methodology builds upon the probabilistic inversion scheme proposed by 
Stähler & Sigloch (2014, 2016), which uses the first stage of the neighbourhood algorithm 
(Sambridge 1999a) to explore the 18-dimensional parameter space. The earthquake point 
source inversion is informed by tele-seismically observed body waves (P- and SH-waves). 
The refined parameters space produced by the first stage neighbourhood algorithm is then 
explored using the second stage neighbourhood algorithm (Sambridge 1999b), to produce 
the final point source solution. This final solution consists of an average point source 
model, the error associated with each of the 18 parameters, and an ensemble of plausible 
earthquake point source models. 
 
The catalogue consists of global moderate magnitude (Mw 5.8 – 7.2) earthquakes. The 
earthquake epicentre and time is fixed to the NEIC PDE (National Earthquake Information 
Center Preliminary Determined Epicentre) locations before the ISC review process, and 
then is revised at the reviewed ISC-bulletin location after the ISC review and relocation 
procedure is completed. An example ISC-PPSM solution, produced before the main ISC 
review of this event, is shown in Figure 1. In addition to producing a probabilistic moment 
tensor and source time function, the depth constraints that are gained from this work are 
used to help constrain the depth of remote shallow earthquakes that would otherwise be 
fixed to a default depth or regional grid depth (Bondár & Storchak, 2011). 

3. Quantifying uncertainty in earthquake point source models 

In this presentation we show a variety of ISC-PPSM solutions, and compare the moment 
tensor calculated using our probabilistic approach, to those calculated for global and 
regional moment tensor catalogues. As we use broad band P- and SH-waves, we may 
expect some differences in the resolved moment tensor to the global methods of gCMT and 
NEIC, which focus on much lower frequency surface wave and body wave observations 
respectively.  Similarly, some difference from moment tensors produced for local or 
regional catalogues is expected, and may be explained by the closer observations and more 
specific local velocity models used in these cases. 
 
While there are some differences between the preferred (average) ISC-PPSM moment 
tensor, and those reported by other agencies, the variation of moment tensors reported to 
the ISC is often captured in the range of moment tensors reported in the ISC-PPSM 
ensemble. Finally, we quantify the differences between moment tensors calculated using 
this methodology, and other global catalogues by looking at the distribution of the Kagan 
rotation angle between the various moment tensors reported for a single earthquake. 
 
In addition, we test the depth resolution of the ISC-PPSM catalogue against the established 
ISC-EHB catalogue (Weston et al., 2018, Engdahl et al., 2020), and test the shallow depth 
resolution against well constrained shallow earthquakes that occur in well instrumented 
areas of the globe. 
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Fig. 1 - Example PPSM solution for event that occurred at 11:54:24 on the 3rd May 2020, Northwest of the 
Ryukyu Islands. a) The average moment tensor derived from the PPSM inversion. b) The observed body 

waves (P-waves only are shown) in black, with the range of waveform fits represented by the red colour map. 
c) The average source time function is shown in red, with the ensemble of plausible source time functions

shown in the grey colour map. d) the depth probability density function. 
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4. Conclusions  

The increasing number of moment tensors reported by different agencies in the last decade 
highlights the uncertainty in these methods, and significant disagreement often seen 
between reported moment tensors. As the range of methodologies, and in particular the 
range of observations used by the moment tensor reporters, varies widely, it is impractical 
to design a review process similar to that employed in the ISC hypocentre review and 
relocation procedure. Instead, we take the approach of constraining this uncertainty with 
the new global earthquake point source catalogue ISC-PPSM. 
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Abstract: This paper discusses the results of a research project aimed at 

back-calculating stiffness and damping of a shallow foundation from 

recordings of the dynamic behavior of the EuroProteas soil-foundation-

structure facility in the Euroseistest site (Greece). Forced vibration tests were 

executed under different frequencies and increasing loading amplitudes. The 

experimental foundation stiffness and damping were computed in the 

frequency domain using the classical definition of soil-foundation 

impedance. The reliability of the experimental impedances was checked by 

comparisons with several analytical solutions available in literature, 

accounting for different hypotheses on the subsoil model. The comparison 

was found satisfying when the shear wave velocity VS, used to define the 

analytical functions, was reduced, accounting for the strain level mobilized 

by the increasing amplitude of the applied force. Foundation stiffness and 

damping properties were then further calculated by interpreting force-

displacement loops in terms of peak-to-peak amplitudes. The time-domain 

approach diverged for a high level of damping due to the significant delay 

between the applied load and the system response. 

Keywords: Seismic soil-structure interaction, Shallow foundations, On-site 

tests, Dynamic impedance functions. 

1. Introduction

Design and assessment practices conventionally follow the fixed-base assumption for the 

structural models, thus ignoring the interaction phenomena between the soil, foundation, 

and structure (SFS). The up-to-date literature proved that such a hypothesis is realistic only 

for structures founded on very stiff soil. Thus, neglecting SFS may lead to an inaccurate 

evaluation of the actual dynamic response of structures founded on soft soil [1]-[4]. The 

compliance of the foundation subsoil can be effectively simulated by endowing the 

structural base with springs and dashpots [5],[6], with stiffness and damping coefficients 

obtained from the real and the imaginary parts of the impedance functions: 
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( ) ( )0 0= +j j j j jK k a K i c a C   (1) 

where j can refer to either a translational or a rotational foundation motion component. The 

static stiffness Kj, and the dashpot coefficient, Cj, depend on the soil shear modulus, G, and 

Poisson’s ratio, , as well as on a characteristic dimension of the foundation (radius r or 

foundation half-width B). The dynamic coefficients, kj(a0) and cj(a0), depend on the 

vibration frequency, , the characteristic dimension of the foundation, r, and the soil shear 

wave velocity, VS, through the frequency factor, a0=r/VS.  

Several analytical solutions [7]-[9] are available in the literature, primarily considering 

simplified assumptions on the soil profiles. When adopting such formulas, the equivalent 

stiffness in a layered soil volume may be hard to define if the shear wave velocity profile is 

not measured correctly or known. Moreover, the overburden pressure due to the structural 

weight can influence the stress-dependent stiffness of the shallowest soil layers [10]. Most 

importantly, an increase in the loading force can lead to a non-negligible mobilization of 

non-linear soil behavior [1],[11]-[13]. These uncertainties make full-scale experimental 

tests an alternative strategy to evaluate frequency-dependent impedance functions.  

This paper presents the frequency-dependent experimental swaying and rocking 

impedances calculated from full-scale field tests on the single-degree-of-freedom prototype 

EuroProteas in the EuroSeistest in Greece [14],[15].  

2. Frequency and time domain interpretation of experimental data 

When considering the degrees of freedom associated with the foundation swaying and 

rocking motion, as shown in the configuration of Fig. 1, the force Fs applied on the roof in 

the forced vibration tests is transmitted at the foundation level as a shear force V and an 

overturning moment M. The complex swaying and rocking stiffness matrix links V and M 

to the foundation displacement, uf, and rotation, ϑf. For surface foundations, the out-of-

diagonal terms can be neglected [9], hence the foundation matrix contains only the two 

diagonal terms, as follows: 

0

0

fx

x f

uV K

KM  

    
=     

       

 
 (2) 

 

Eq. (2) can be solved to obtain 
xK  and 

xK  in the frequency domain from the dynamic 

equilibrium of the structure-foundation system depicted in Fig. 1, as described by [14].  

The foundation stiffness is coincident with the real part of xK  and xK , while the damping 

ratio can be estimated as the half ratio between the imaginary and real parts [16], 

multiplied by the ratio between the fundamental, fn, and loading, f, frequencies.: 

 

2

nfIm( K )

fRe( K )
 =  (3) 

  

As an alternative, stiffness and damping can be computed from the interpretation of the 

loops described by the time histories V-uf, and M- ϑf. In detail, the foundation stiffness may 

be obtained as the peak-to-peak shear force (Vpp) or overturning moment (Mpp) divided by 

the peak-to-peak displacements (ufpp and  ϑ fpp respectively) as follows: 
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=

The equivalent damping ratio, , can be calculated through the classical formula reported 

by basic textbooks of dynamics [17]:  

4

nD

S

fW

W f



= (5) 

where WD is the energy dissipated in a closed force-displacement loop, while WS is the 

‘equivalent elastic energy’, i.e. the energy stored by a linear elastic system experiencing 

the same peak force-displacement conditions, i.e. 
20.5 x fppK u or 

20.5 x fppK  . 

Fig. 1 Schematic view of the in-plane motion model of the single-degree-of-

freedom system placed on translational and rotational springs adopted for the 

interpretation of experimental data (modified after [14]). 

3. Experimental tests on the SISIFO Project

The experimental data sets were gathered in the framework of the research project "SISIFO 

- Seismic Impedance for Soil-structure Interaction From On-site tests " funded by the

HORIZON2020-supported program ‘SERA - the Seismology and Earthquake Engineering

Research Infrastructure Alliance for Europe’ (http://www.sera-eu.org/en/home/). The

SISIFO project aimed at investigating the effectiveness of different procedures of

experimental identification of the impedance functions on a full-scale prototype. For this

reason, on-site tests were performed on the experimental facility of EuroProteas (Fig. 2a)

in the Euroseistest TST site located in the middle of Mygdonian valley in Northern Greece

(Fig. 2b). EuroProteas is a simple steel frame consisting of four squared hollow steel

columns clamped to a 3m x 3m x 0.4m shallow concrete foundation slab and overtopped

by two interconnected slabs of identical dimensions. Cross-braces stiffen the structure

along all sides. Considering the null embedment, the raft can be fairly considered as an

ideal ‘shallow foundation’. More details on the prototype features are reported by
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[14],[15],[18]. Previous geophysical and geotechnical in-situ and laboratory surveys [18]-

[21] characterized the deformability of the foundation subsoil, where the free-field shear 

wave velocity VS of the uppermost 6m was found to vary between 100m/s and 150m/s. 

(a) (b) 

  

Fig. 2 Full-scale experimental facility of EuroProteas (a) located in the TST site (b), in 

the middle of the EuroSeistest [14].  

During the experimental campaign [14], the structure was subjected to sinusoidal forced 

vibration tests, by changing the frequency, f, in the range 1Hz to 10Hz, through an 

eccentric mass shaker mounted on the roof slab. The eccentric mass vibrator system 

adopted as a source of harmonic excitation generates the following loading force: 

 

( ) ( )
2

2 sin 2sF E f ft =
 

 (6) 

 

where E is the shaker mass eccentricity. The test was repeated by increasing the excitation 

frequency and the eccentricity E. Table 1 reports the forces reached by the experiment 

corresponding to the lowest and highest value of mass shaker, i.e., Forced-A and Forced-D, 

respectively. Each applied frequency was locked for 60s, and then increased stepwise by 

1Hz. The increment step was reduced to 0.5Hz when approaching the first vibration mode, 

to more accurately record the resonance response. The facility resonant frequency was 

identified around 3.0 and 2.5Hz, for the Forced-A and -D tests, respectively, from the peak 

of the real part of the Fourier’s spectrum of the acceleration recorded during different tests 

[14],[22]. 

Table 1 Force and frequency ranges applied during Forced-A and Forced-D tests. 

Test 

 

(-) 

Frequency range 

f=/2 

(Hz) 

Force range (min-max) 

E2 

(kN) 

Forced-A 1-2-3-3.5-4-4.5-5-6-7-8-9-10 0.07-7.30 

Forced-D 1-2-2.5-3-3.5-4-5-6-7-8 0.45-28.58 
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4. Comparison of experimental impedances vs. analytical solutions

As detailed in [14],[10], the experimental impedance functions were back-calculated 

through Eq. (2) from the recordings of the dynamic behavior of EuroProteas during the 

forced vibration tests.  

To test their reliability, the real and imaginary parts of the experimental impedances 

associated with the foundation swaying and rocking were checked against different 

analytical impedance functions. In Fig.3, only the analytical solutions by [9] are reported, 

which assume the soil as a homogenous elastic halfspace.  

Each impedance component was normalized with respect to the soil shear modulus, G, 

mobilized during each test and the foundation half-width, B. The agreement was found to 

be satisfying when the shear wave velocity VS used to define the analytical functions was 

reduced, accounting for the strain level mobilized by the increasing amplitude of the 

applied force [10].  

In detail, the results of the Forced test A were normalized through a value of G=18350 kPa, 

corresponding to the minimum measured value of VS, equal to 100 m/s, and for a soil unit 

weight γ=18 kN/m3. Due to the expected mobilization of non-linear soil behaviour, a 

reduction of the shear modulus was considered for the Forced-D test, by assuming 

Vs=85m/s, consistently with the observed non-linear foundation motions [10]. 

(a) (b) 

(c) (d) 

Fig. 3 Analytical real and imaginary parts of the foundation swaying (a,b) and rocking 

(c,d) impedances (black lines) compared vs. the experimental functions derived from the 

low-amplitude Forced-A (blue plots) and high amplitude Forced-D test (red plots). 
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The mean values computed for each frequency step are plotted with symbols connected 

through solid lines; blue and red data sets correspond to Forced-A and -D tests, 

respectively. Both the real parts of swaying (Fig. 3a) and rocking (Fig. 3c) impedances 

computed from the on-site records are successfully reproduced by the analytical solutions 

(black lines). A fair agreement between experimental and analytical trends of the swaying 

imaginary part is found (Fig. 3b); instead, when the frequency of the applied load 

increases, i.e. for dimensionless frequencies greater than 0.5, the experimental rocking 

imaginary part is much higher than the analytical solution (Fig. 3d). Such a greater 

dissipation capacity observed for the EuroProteas soil-structure system is probably due to a 

significant soil hysteresis associated to rocking motion, not accounted for in the analytical 

solution taken as a reference. 

5. Experimental foundation damping and stiffness from frequency and time domain 

analysis 

Fig. 4 shows the swaying and rocking stiffness and damping resulting from the time 

domain (continuous lines) and frequency domain (dashed lines) approaches, applied to the 

Forced-A (blue data sets) and Forced-D (red data sets) tests.  

 

(a) (b) 

  

(c) (d) 

  

Fig. 4 Comparison between the foundation stiffness (a,b) and damping ratio (c,d) 

derived in the time domain (TD, continuous lines) and frequency domain (FD, dashed 

lines) for the Forced-A (blue data sets) and Forced-D (red data sets) tests. 

 

Fig. 4 clearly shows that below 6 Hz (approximately) both interpretation methods return 

the same values for the stiffness components, which reduce from Forced-A to Forced-D 

test, i.e. with increasing force amplitude and strain level mobilized in the soil [10]. 
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Conversely, for frequencies higher than 6 Hz, the two approaches provide different results, 

with the time domain approach generally overestimating the stiffness and underestimating 

the damping ratio with respect to the frequency domain approach.  

The calculation of stiffness in time domain through Eq. (4) leads to a higher stiffness 

because the numerator and the denominator are not synchronous. The damping ratio is 

consequently underestimated, being affected by the stiffness overestimation through WS in 

Eq.(5). The difference between the two approaches increases with frequency, because the 

peak amplitudes of force (or moment) are increasingly out-of-phase with respect to the 

peak displacement (or rotation), as typically occurs to viscous systems (see Fig. 45). 

(a) (b) 

Fig. 5 Foundation moment-rotation loops resulting from the forced vibration test A at 4 

Hz (a) and at 8 Hz (b). 

6. Conclusions

The experimental foundation stiffness and damping ratio can be derived in the frequency 

domain by separating the real from the imaginary parts of the impedance function back-

calculated from the dynamic equilibrium of a soil-foundation-structure system under 

forced vibration tests. Such an approach turned out to be in a satisfying agreement with 

analytical formulations for the case of Europroteas prototype, when accounting for a 

reduction of the small-strain soil stiffness consistent with the strain level mobilized during 

tests under higher force amplitudes. 

However, a limitation of the frequency-domain interpretation is its inability to catch the 

evolution with the number of cycles of the foundation stiffness and damping ratio. For this 

reason, in this study the experimental results were also interpreted in the time domain from 

the force-displacement loops. 

Comparable results were obtained from the two approaches when the frequency was low 

enough not to induce a significant time delay between forces and displacements. 

Conversely, at higher frequencies, both stiffness and damping derived from the time 

domain approach resulted in poor agreement with those derived from the impedance 

functions. Such a difference suggests the need for a refinement of the time domain 

interpretation procedure.   

Therefore, the impedance technique might be preferred among those in the time domain, 

unless there is a delay in the force and displacement time histories as induces by high 

damping. 
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Abstract: The paper presents buildings monitored by the National Institute of R-D for Earth 
Physics. The monitoring activity since almost 2 decades comprises all kinds of structures on a span 
of several decades of construction time and different seismic codes. It will be presented also the 
newest seismic monitoring network belonging to the TURNkey project (Towards more Earthquake-
resilient Urban Societies through a Multi-sensor-based Information System enabling Earthquake 
Forecasting, Early Warning and Rapid Response Actions). The reasons of monitoring these 
buildings will be discussed, giving the main characteristics of them and also the benefits of this 
activity will be considered.  

Keywords: structure integrity, GNSS, Vrancea seismic source, accelerometer.  

1. Introduction 

In the last decades National Institute of R-D for Earth Physics (INCDFP) begun 
monitoring also buildings through different scientific projects, cooperation activities and 
research contracts. Through the Departments of National Seismic Network, Neagoe et al. 
(2011), and Engineering Seismology are monitored a quite large variety of constructions, 
as complementary activity to the specific scientific-oriented targets of the institute. Within 
the Department of Engineering Seismology structures behavior are studied, to better 
understand the influence of seismic movements on constructions. The recorded data are 
transmitted in real time to the National Data Centre (NDC). The real-time data acquisition, 
data exchange and data processing are performed by Antelope software, BRTT (2018). 

In the paper will be described the buildings characteristics, particularities, sensor types and 
their location in each building. Also is made a short review of the stages of this complex 
activity of seismic monitoring. 

 
2. The monitored buildings  
 
In Table 1 are presented the first structures to be monitored by our institute in Bucharest 
and in the country: 
 

Tabel 1. Instrumented buildings from Bucharest, Măgurele and Focșani. Characteristics. 
No. Name of building / 

monitored time  
Number 
of 
stations in 
the 
building 

No. of 
floors 

Year of 
construction 

Structural system 
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1 Nottara Theatre/ 
2017 – 2020;  

3 
Accelero
meters 

GF2+9F3

/ 
GF+6F+ 
attic 

1946 Reinforced  
concrete + 
masonry structure  

2 IFA – tower 
building / 2013 - 
present 

1 at B1 
1 at 6 F3 
1 at 10F 

B+GF+ 
M4+9F 

1974 
Retrofitted 
in the 90s 

Reinforced 
concrete structure 

3 Unirea Hotel 
2013-present 

1 at B1 
1 at 4 F3 
1 at 8F 

B + 
GF+8F 

1971 Reinforced 
concrete structure 

  Legend: B1- Basement; GF2 - Ground Floor; F3 – Floor; M4 – Entresol;  

These buildings were chosen for monitoring because of their particular characteristics: 
Nottara Theatre, located in centre of Bucharest, a theatre hall built in 1946, a structure that 
is currently labelled as II-class of seismic-risk building. It is composed of three different 
blocks, one is 9 stories high, another 7 stories high, and the middle part is represented by 
the theatre hall. The three sensors deployed in the structures were located one at the 9th 
floor, one at the 7th floor and one above the theatre hall. The other 2 structures are: Institute 
of Atomic Physics building (IFA), located in Magurele area, a locality near Bucharest city, 
a building completed in 1974 and partially damaged by the 1977 earthquake being 
retrofitted twice, and Hotel Unirea from Focsani, Vrancea County, near to the Vrancea 
seismic source. Both are tall reinforced concrete structures.  

The purpose of this activity was to assess and track the structures integrity over time. 
Maximum accelerations at different buildings levels and spectral ratio (top/base) were 
calculated for moderate Vrancea earthquakes. ROMPLUS (2022). For the two tower-
type buildings the monitoring is performed with triaxial seismic accelerometers: the 
IFA building with 3 accelerometers placed at basement, 6th floor and 10th floor, and the 
hotel building in Focsani with 3 accelerometers placed at basement, 4th floor and 8th 
floor. The analysis also was conducted in order to find if there is an influence of depth, 
epicentral distance and magnitude of certain earthquakes on the recorded accelerations 
on buildings, Tiganescu et al. (2019). 

In the next stage other buildings of interest monitored by INCDFP are those seismic 
isolated in Bucharest. These constructions represent a very important case-study for 
monitoring, because it is important for the beneficiary, the constructor and for researchers 
to know the benefits of such a retrofit, which is quite expensive, work. All the seismic 
isolation works in the capital were done during a retrofit programme of these constructions. 
Keeping them under constant observation proofs us the benefit for such an investment, 
showing the mitigation of their vulnerability to seismic movements.   

The currently seismically isolated buildings in Bucharest and their characteristics (number 
of stories, construction year, and materials) are presented in Table 2. These buildings are 
permanently monitored by National Institute of R-D for Earth Physics (INCDFP) with 
seismic accelerometers at different levels (status at 31.12.2020). 

Table 2.  Seismic isolated buildings in Bucharest (general characteristics). 
No. Name of 

building / 
monitored 
period 

Number of stations 
in the building 

No. of 
floors 

Year of 
construction 

Structural system 

1 General City 
Hall of 

4 accelerometers, 
in real time, 

B+ 
GF+3F+

1906. The 
building was 

Brick masonry 
with reinforced 
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Bucharest / 
2017- 2021 

ground floor, floor 
2, 3 and attic, it 
should be noted 
that all are placed 
above the seismic 
damping system of 
the building 

Attic consolidated 
after 2010 
and was 
equipped 
with seismic 
insulators in 
the basement 

concrete floors 
with turned 
caissons 

2 Arch of  
Triumph / 2016 
- present 
 

2 accelerometers, 
one on the ground 
floor and one on 
the arch at the top, 
data are 
transmitted in real 
time 

 1921, 
retrofitted in 
2016 (added 
seismic 
isolators) 

Concrete, 
masonry 

3 Victor Slavescu 
Building, 
Academy of 
Economic 
Sciences (ASE) 
2011 - present 

monitored with 2* 
accelerometers 
located in the 
basement below / 
above the seismic 
insulators 

B + 
GF+ 2F 
+ Attic 
 
 

1905, 
retrofitted in 
2011 (added 
seismic 
isolators) 

Brick masonry 
with truss roof 
 

           Legend: B1- Basement; GF2 - Ground Floor; F3 – Floor;. 

A good quality of data were achieved for the earthquake that occurred on 28th of October 
2018 in the Vrancea seismic zone. The earthquake had 5.5 moment-magnitude, a depth of 
147.8 km, and it was felt on a large area of Romania, without damage generation in 
Bucharest, (ROMPLUS, 2022). In order to assess the amplification or reduction of the 
seismic waves when propagating in the structure, acceleration data were analysed, both in 
time domain and in frequency domain, for selected frequency ranges. The data recorded by 
four free-field seismic stations located in Bucharest are added at this analysis and were 
used as reference motion. The analysis in the Fourier domain, from the base to the top of 
the buildings was performed, for specific frequency intervals. (Balan et al., 2020). 

The latest monitoring network was established through the TURNKey project (Towards 
more Earthquake-resilient Urban Societies through a Multi-sensor-based Information 
System enabling Earthquake Forecasting, Early Warning and Rapid Response Actions) in 
2020 and is still in place. 

TURNkey is a Horizon 2020 programme on-going over a three-year period.  Its main 
objective is in reducing future economic and social losses in Europe, through seismic risk 
mitigation.  

In TURNkey project activates 21 partner institutions from 10 European countries, and a 
complex multi-disciplinary team of experts (geophysicists/seismologists, geologists, engineers, 
disaster risk managers and sociologists). 

The focus of the project is to close the differences between the theoretical concepts and their 
practical applications in Europe and to help stakeholders in different risk mitigation actions 
before, during, and after a damaging earthquake.  

The TURNkey multi-sensor unit composed of seismic (vibration) sensors optimized for easy-
data access and processing is applied in six earthquake-prone areas in Europe, named as 
the European Testbeds (TBs). The target of these test beds is: to densify/enhance existing 
sensor networks; to build-up new permanent sensor networks; to establish a mobile temporary 
sensor network (in disaster situations, for aftershock monitoring). TURNkey Project (2019). 

The Turnkey network in Bucharest (TB1) consists of 15 seismic sensors and 5 GNSS 
(Global Navigation Satellite Systems) installed on 5 (initial no. of constructions to be 
monitored) +1 (only with GNSS) buildings. The seismic sensors are deployed in 5 

43833ECEES, September 2022, Bucharest, Romania



buildings in Bucharest city in the locations S1-S5, whereas 4 GNSS sensors are in S1-S4 
locations and the fifth is placed on a tower building (IFA building roof, S6) in Magurele     
(Table 3). The seismic sensors are Raspberry Shake RS4D, a 3 component orthogonally 
placed sensor accelerometer and 1 vertical geophone, and multi-sensor connectivity in the 
project. Basically, the sensors are small (100x120x50 mm), light (0.35 kg) and easy to 
install (plug-and-go installation), according to their technical specifications (2019). The 
TURNkey GNSS sensors, are connected to the RS4Ds and transmit raw GNSS and 
telemetry data in real-time to the server through the RS4D (Prototype dual-frequency 
GNSS receivers, 2019). The multi-sensor unit is a connection hub for other instruments 
and uses a single communication module that compresses the data and transmits in a 
consistent data format. Every sensor is connected to the internet where it sends signals in a 
continuous mode to the TURNkey Platform. 

Table 3. Description of the monitored buildings and position of instruments 
No. site/ 

location 

No. of 
floors 

No. of 
TURNKey 
instruments 

Location of 
instruments 

Structure Year of 
construction 

Obs. 

S1/ near Baba 
Novac Blvd. 

B1  + 
GF2 + 
1F3 

2 1)basement

2)attic

masonry 
with wooden 
floors 

<1940 1 GNSS 

on the 
roof 

S2/near 
National Arena 

B+GF+8
F 

3 1)1th floor

2)5th floor

3)8th floor

reinforced 
concrete and 
panels. 

1982 1 GNSS 

on the 
roof 

S3/ Drumul 
Taberei (near 
the park) 

B + GF 
+ 10F

3 1)G floor

2)5-th floor

3)9-th floor

reinforced 
concrete; 
frame and 
panels 

1964-1965 1 GNSS 

on the 
roof 

S4/Titan B + GF 
+10F

3 1)G floor

2)5th floor

3)10th floor

reinforced 
concrete, 
large panels; 

1972 1 GNSS 

on the 
roof 

S5/ near 
Biserica 
Armenească 

-3B +
GF +11F

4 1)-3th floor 

2)G floor

3)5th floor

4)11th floor

reinforced 
concrete - 
frames 

2008 

--------- 

S6/ IFA Tower 
building 

B+GF+
M4+10F 

------------ 

1)* B floor 

2)* 6 floor 

3)* 10 floor 

reinforced 
concrete – 
shear walls 

1974, 
retrofitted 
after     1990 

1 GNSS 

on the 
roof 

Legend: B1- Basement; GF2 - Ground Floor; F3 – Floor; M4 – Entresol; * - recordings with professional 
seismic sensors from INCDFP. 

The selected buildings are typical representatives of structures built under different seismic 
codes from 1930’s to 1990’s and for which their seismic vulnerability is different.  

Since installation, the TURNKey network experienced two medium earthquakes with the 
following characteristics: i) April 9, 2021 Mw=4.2, time: 21:36:47 (local time), 78 km focal 
depth, 156 km epicentral distance in Bucharest and maximum recorded PGA by Romanian 
Seismic Network was 4.4 cm/s2 and ii) May 25, 2021, Mw= 4.3, time: 00:30:37 (May 26 
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local time), 131 km focal depth, 126 km epicentral distance in Bucharest and maximum 
recorded PGA by Romanian Seismic Network was 6.6 cm/s2. In Figure 1 are presented 
recordings of velocity vertical channels, at S5 building for April 9th earthquake 

 

Fig. 1: The S5 building recordings of the velocity vertical channels, for the April 9th earthquake (3rd 
basement, ground floor and top floor) 

 
3. Conclusions 
 
The main outputs from the monitoring activities consists in acceleration and velocity 
recordings at different levels of the buildings and processing of this parameters to obtain 
response spectra, Fourier spectra and spectral ratios for the earthquakes that took place 
during the surveillance period. Analysing all these data and using also recordings from free 
field (where available) give us an important database for the behaviour of each building 
type during a seismic event. 

All the acquired data from seismic sensors and GNSS, on every testbed (including TB1-
Bucharest) is transmitted to TURNkey - FWCR (Forecasting – Early Warning – 
Consequence Prediction– Response) platform, a multi-sensor-based earthquake 
information system, facilitating Earthquake Forecasting, enabling Early Warning and 
Rapid Response actions. It has a two-way communication that will allow the platform to be 
more effective; persons receiving the warnings will be able to provide immediate feedback to 
the platform. The platform will be analysing in real time all data from the 6 testbeds, fulfilling 
the targets mentioned above. TURNkey Project (2019). 

The monitoring system requirements are generally described as follows: 
• The monitoring system must facilitate rapid assessment of the building integrity 
following an earthquake; 
• The monitoring system must provide data that have to be correlated with known and 
building specific engineering parameters; 
• The monitoring system must deliver the data in (near) real-time, in order to support 
decision to be taken with regards to structure assessment.  

All the monitoring activities involved give the possibility to researchers to assess the 
buildings behaviour before, during and immediately after an earthquake. Therefore, a rapid 
assessment is evaluated from the outputs of the monitoring systems and a rapid conclusion 
about the possible damages of a building could be found out.  
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The continuously monitoring of structure in densely populated areas helps to assess 
structure safety immediately following a damaging earthquake or to assess and track its 
integrity over time. This could be useful also for finding similar trends and differences in 
dynamic response for the same type of building when subjected to earthquakes. 

The monitoring network has proved its working efficacy and useful data were 
processed in real-time for analyses and assessment. The implemented approach could 
account in certain conditions for rapid response to seismic shakings, assessment of 
structural characteristics, damage detection, and structural health monitoring.  

Acknowledgements 

This paper was supported through the European Union’s Horizon 2020 - TURNKEY 
Project (821046) and was carried out within NUCLEU Program MULTIRISC, supported 
by Ministry of Research, Innovation and Digitization, project no. PN19080102. The paper 
was possible with the cooperation of colleagues Adrian Grigore and Viorel Pîrvu. 

References 

- Balan S.F., Tiganescu A., Apostol B.F., (2020) Structure response analysis of the seismic isolated
buildings in Bucharest city, IOP Conference Series: Earth and Environmental Science, 609, 1,
012080 (2020).

- BRTT (2018), Boulder Real Time Technologies, Boulder, CO, USA. www.brtt.com
- Neagoe C., Manea L.M., and  Ionescu C., (2011),  Romanian complex data center for dense seismic

network, Annals of Geophysics, 54, 1, 9–16.
- Prototype dual-frequency GNSS receivers: technical note about device characteristics and

installation constraints 2020, (TURNKey project).
- ROMPLUS - Romanian earthquake catalogue, (2022), National Institute for Earth Physics,

Magurele, Romania, www.infp.ro/romplus.
- Specifications for: Raspberry Shake RS4D, Last updated: 28-january-2019.
- Tiganescu A., Balan S.F., Toma-Danila D., and  Apostol B.F., (2019) Preliminary analysis of data

recorded on instrumented buildings from Bucharest area during the 28th October 2018 Vrancea
earthquake. International Multidisciplinary Scientific GeoConference: SGEM, 19, 1.1, 897-904.

- TURNKey Project (2019) Towards more Earthquake-resilient Urban Societies through a Multi-
sensor-based Information System enabling Earthquake Forecasting, Early Warning and Rapid
Response Actions, Contract 821046,  European Union’s Horizon 2020.

4386 3ECEES, September 2022, Bucharest, Romania



Numerical Coupling of Structural Response and Ground Motion in 
Multi-scale 3D Physics Based Simulations 

Srihari Sangaraju – Politecnico di Milano, Milano, Italy, e-mail: srihari.sangaraju@polimi.it 

Roberto Paolucci – Politecnico di Milano, Milano, Italy, e-mail: roberto.paolucci@polimi.it 

Chiara Smerzini – Politecnico di Milano, Milano, Italy, e-mail: chiara.smerzini@polimi.it 

Abstract: Multi-scale 3D physics-based simulations are now widely used to generate free-
field ground motions. Due to the high computational demand, these simulations usually do 
not account for local-site effects caused by the presence of the buildings. However, as a result 
of site-city interactions (SCI) existing structures can have an influence on wave propagation. 
A new module in the high-performance spectral element code SPEED 
(http://speed.mox.polimi.it/) is being developed to couple ground motions with the structural 
response. The buildings are approximated as nonlinear single/multi degrees of freedom 
systems (SDOF/MDOF) without requiring additional computational recourses. The main aim 
of implementing this module is to provide a more precise estimation of ground motion from 
the physics-based simulations at the city scale considering the source, path and local site 
effects. In this study, to prove the reliability of the proposed approach, we validate the 
structural response from numerical simulation with the recordings from the CAMUS III large 
scale experiment. The chosen benchmark building is modelled as a non-linear SDOF system 
with rigid footing resting on a sandy layer. The experimental structural responses are 
effectively reproduced with the simulations, even under different levels of ground shaking. 
These preliminary results show the effectiveness of the numerical coupling which is 
implemented in the proposed module. 

Keywords: site-city interactions, 3D physics-based simulations 

1. Introduction

The application of multi-scale 3D physics-based simulations (PBS) has become prominent 
in earthquake simulations, because of the realistic and site-specific characteristics of the 
simulated ground motions (Graves et al., 2011; Schiappapietra and Smerzini, 2021; 
Stupazzini et al., 2021). In addition, evolving knowledge about regional geology and the 
earthquake source has reduced the uncertainties in the estimation of the ground motion. 
Therefore, the use of PBS in regional seismic damage scenarios is becoming a standard. 
Most of the PBS assume that the ground surface is free of traction and generate ‘free-field’ 
ground motions. In the presence of dense urban spaces, the dynamic structural response will 
lead to large inertial forces acting on the soil. Also, the impedance contrast between soil and 
foundation will act as a diffraction source. So, the simulated ground motions will be affected. 
These local-site effects are referred to as site-city interactions (SCI), and the magnitude of 
these effects depends on factors like the configuration of buildings, local geology, structural 
properties, soil properties etc. (Bard et al., 2006). For example, the well-reported SCI effects 
during the 1985 Mexican earthquakes are because of soft sediments under Mexico city 
(Wirgin and Bard, 1996; Gueguen, 2000).  
Several studies used numerical and experimental approaches to quantify the SCI effects, at 
a small scale (Kham et al., 2006; Semblat, Kham and Bard, 2008; Schwan et al., 2016). 
However, modelling the small features like budlings, soil sediments in a city-scale 
earthquake simulation is multiresolution in nature and computationally challenging. For this 
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reason, not a lot of attempts were made to perform coupled simulations at city-scale. The 
domain reduction method (DRM) has proved to be effective in reducing computational cost, 
in this technique simulation is performed in several stages (Taborda and Bielak, 2011). Using 
the domain reduction technique, ground motions during the Northridge earthquake are 
coupled with the response of buildings present in the San Fernando Valley (Isbiliroglu, 
Taborda and Bielak, 2015), also PBS with a target frequency of around 11 Hz is performed 
for the Istanbul region (Zhang et al., 2021).  
In this work, we present a novel numerical approach to couple the structural response with 
ground motions in PBS, without the significant additional computational resources that are 
needed for PBS. The coupling is done with help of a new module (SPEED-SCI) in the high-
performance code SPEED (Mazzieri et al., 2013; Paolucci, Mazzieri and Smerzini, 2015; 
Infantino et al., 2020), which is based on spectral elements using discontinuous galerkin 
(DG). The DG approach allows the use of non-conforming meshes. The buildings are 
idealised as single/multiple degree of freedom systems (SDOF/MDOF) with nonlinear shear 
force – deformation relationships. Then the base reaction forces of buildings are calculated 
at each time iteration and assigned as external point forces on top of the geophysical model. 
The user-defined constitutive models for SDOF/MDOF systems can further be integrated 
into the module with ease. 
SPEED code has been used in the past to investigate SCI effects at different scales. In the 
PBS of the 2011 Christchurch earthquake, buildings were modelled as elastic blocks 
(Guidotti et al., 2011). Lu et al., (2018) modelled buildings as MDOF systems to replicate 
the SCI effects that were seen in the shake table experiment (Schwan et al., 2016). Kato and 
Wang, (2022) modelled the congested buildings near a metro station in Hong Kong to 
explore their effect on the ground motion under plane wave excitation. In this work, we 
attempt to validate, if the simple structural models that are available in SPEED-SCI will be 
able to capture the nonlinear structural response of real-life buildings. So that, we can 
confidently extend this approach to explore city seismic response which also accounts for 
SCI effects. 
In a series of large-scale experiments CAMUS I to IV, Combescure et al., (2001) have 
designed the scaled specimens of a 5-story building with different reinforcement in RC 
walls. These experiments were also used as benchmarks to test the numerical tools. We have 
modelled the CAMUS III specimen as a non-linear SDOF system along with rigid concrete 
footing with the same dimensions as in experiments, overlying on top of the sand layer. 
Three different simulations were performed by changing levels of input plane wave motions, 
to validate both linear and nonlinear structural responses. 

2. Numerical Method

Regional seismic damage scenarios provide important insights for efficient urban planning 
and earthquake preparedness. Due to the computational demand of multi-scale PBS, the 
ground motions generated for such scenarios are decoupled from the structural response. 
Addressing this issue, a new module (SPEED-SCI) has been introduced to the high 
performance, spectral element code SPEED (Mazzieri et al., 2013), to integrate non-linear 
structural response and ground motions in PBS at an urban scale. SPEED is a versatile code 
that can handle complex earthquake sources, 3D heterogeneity of crustal media, non-linear 
soil behaviour, and has been used in several multi-scale simulations (Smerzini et al., 2017; 
Sangaraju et al., 2021). This new feature expands the capabilities of SPEED to generate 
ground motions considering wave propagation from the ‘fault rupture to structure’ 
framework, as shown in Fig. 1.  
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Fig. 1 - Wave propagation from seismic source to structure. The focused portion shows the modelling of the 

structures as multiple degree of freedom (MDOF) systems and the exchange of interaction forces between the 
structure and the elasto-dynamic domain. 

  
In SPEED-SCI, buildings can be modelled using (i) single degree of freedom (SDOF) system 
with a fixed base or a flexible base, (ii) Multiple degree of freedom structures (MDOF) with 
a non-linear shear deformation model. Non-linearity can be introduced in structural response 
with help of bi-linear and tri-linear constitutive models. This approximation is numerically 
inexpensive, and the user can avoid the large number of input structural parameters, which 
may be cumbersome to obtain for the database of budlings at a city scale.   
Now, we have two inter-dependent dynamic systems, (i) continuum that can be solved using 
the elasto-dynamic equation, to simulate ground acceleration (�̈�𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠), (ii) dynamic vibration 
problem of SDOF/MDOF systems to calculate the base reaction forces (𝐹𝐹𝑠𝑠𝑖𝑖𝑖𝑖). At any given 
time iteration (n+1) of PBS, SPEED-SCI exchanges forces between these two systems as 
presented in Fig. 2. The intermediate steps are explained below: 

(i) The displacement of soil (𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖+1) at the n+1th iteration is calculated from 
elasto-dynamic equation, under the influence of seismic source and the base 
reaction forces calculated during previous iteration (𝐹𝐹𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖). 

(ii) Considering Δt as the time discretisation used in PBS, acceleration of soil (�̈�𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 ) 
at time 𝑡𝑡𝑖𝑖 = 𝑛𝑛Δt, can be computed using central difference scheme (Eq. 1). 

 

�̈�𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 =  
𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖+1 − 2𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 + 𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖−1

Δt2
 (1) 

 

(iii) The soil acceleration (�̈�𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 )  corresponding to the position of the structure is 
applied as an inertial force to SDOF/MDOF system. The dynamic equilibrium 
equation at time 𝑡𝑡𝑖𝑖, for structure, can now be written in the algebraic form (Eq.2), 
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to find structural displacement (𝑢𝑢𝑟𝑟𝑟𝑟𝑠𝑠𝑖𝑖+1) at time 𝑡𝑡𝑖𝑖+1 = (𝑛𝑛 + 1)Δt. In the Eq. 2, 
m and c are mass and damping matrices respectively,  𝐹𝐹𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖  is the force developed 
in structure at 𝑡𝑡𝑖𝑖, which is a function of structural displacement 𝑢𝑢𝑟𝑟𝑟𝑟𝑠𝑠𝑖𝑖 depending 
on constitutive law. 

𝑚𝑚
𝑢𝑢𝑟𝑟𝑟𝑟𝑠𝑠𝑖𝑖+1 − 2𝑢𝑢𝑟𝑟𝑟𝑟𝑠𝑠𝑖𝑖 + 𝑢𝑢𝑟𝑟𝑟𝑟𝑠𝑠𝑖𝑖−1

Δt2
+ 𝑐𝑐

𝑢𝑢𝑟𝑟𝑟𝑟𝑠𝑠𝑖𝑖+1 − 𝑢𝑢𝑟𝑟𝑟𝑟𝑠𝑠𝑖𝑖−1

2 ∗ Δt
+ 𝐹𝐹𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖 (𝑢𝑢𝑟𝑟𝑟𝑟𝑠𝑠𝑖𝑖) = −𝑚𝑚�̈�𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 (2) 

(iv) Obtaining base reaction force of structure 𝐹𝐹𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖+1 at time 𝑡𝑡𝑖𝑖+1, and applying it
back on soil in the next iteration.

Fig. 2 - Coupling of ground motion and structural response at time iteration tn+1. 

3. Validation with shake table experiments – CAMUS III specimen

3.1. Numerical setup and calibration of structural parameters 
In the series of dynamic laboratory shake table experiments, four specimens CAMUS I to IV, 
are modelled and subjected to different levels of seismic excitation (Combescure et al., 2001). 
These specimens are 1/3 scaled models of 5 story structure with 2 RC walls. CAMUS I to III 
specimens have different steel reinforcement ratios and are anchored to the shaking table to 
replicate the fixed base. CAMUS IV is similar to the CAMUS I specimen, except the 
foundations, are supported on top of the sand layer above the shaking table, to explore soil-
structure interaction. This paper focuses on the CAMUS III specimen and validates the structural 
response calculated from SPEED-SCI with experimental data.  
The numerical domain to simulate CAMUS III tests is shown in Fig. 3. The model consists of a 
sand layer at the bottom and a rigid concrete block is placed on top of the sand. The material 
properties used are presented in Table 1. The dimensions of the rigid block are 2.m by 1.7m, 
similar to that of the floor dimensions of the specimen. The motion of the shake table is applied 
as plane wave excitation along x-direction on the bottom surface of the domain at a normal 
incidence. Lateral surfaces of the sand layer are constrained in y and z directions, while the 
absorbing boundary condition is assigned to the bottom surface. The size of the spectral element 
in the mesh is around 1.2m with a spectral degree of 4, this will allow the simulation of wave 
propagation accurately up to 30Hz frequency. 
Figini et al., (2012) have modelled the CAMUS III specimen as a cantilever beam, after 
considering just one RC wall, and were successful in reproducing the structural response. It is 
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also pointed out that the experimental stiffness of the RC wall is nearly 0.7 times the numerically 
estimated value. Following these two assumptions, the specimen is modelled as an SDOF system 
with a concentrated mass (𝑚𝑚𝑠𝑠) of 12527 kg and a damping ratio of 2%, even though the actual 
mass is around 36000kg. 

Table 1 Properties of materials in the simulation domain 

Block. 
Density 
(kg) 

Shear Wave 
velocity (m/s) 

Pressure wave 
velocity (m/s) 

Thickness 
(m) 

Bottom (Magenta) 1671 200 350 1.2 
Middle (Green) 1671 200 350 3.6 
Top (Yellow) 2350 2300 4100 0.6 

 

 
Fig. 3 - Numerical Domain 

 
During the experiments, the specimen is subjected to 12 different ground motions with 
increasing levels of excitation. The peak ground acceleration (PGA) of these motions is between 
0.05g to 1.35g. Here we considered the experimental tests corresponding to 3 signals covering a 
range of PGA values. The signals are hereafter termed as (A) Nice 0.09g (B) Nice 0.64g (C) 
Melendy Ranch 1.35g. According to the measurements before the loading, the fundamental 
frequency of the specimen structure is estimated to be around 6.8 Hz. However, repeated loading 
of the structure has resulted in crack openings and damage, thus reducing the stiffness. The 
fundamental frequency of structure was reduced to 3.8Hz, towards the end of the experiments. 
 
3.2. Validation of structural response 
In order to capture both linear and non-linear responses of the specimen subjected to excitation 
of signals A, B and C, different simulations are performed assuming (1) Linear and (2) Bi-linear 
force-deformation relationships in structural response. The linear model is based on the 
specimen behaviour in the initial stage of the experiment, where it is subjected to low-level 
excitation. The nonlinear model is based on structural behaviour when it is subject to high-level 
excitations, so a reduced stiffness is assumed even in the elastic portion of non-linear structural 
behaviour. The structural parameters of the SDOF system under these two approximations are 
shown in Table 2.  
The initial simulations were performed using the linear SDOF system with low-level 
excitation of signal A (Case A1). The acceleration response of the structure at the fourth-
floor level from the experiment (blue line) is compared with the response of the SDOF 
system (red line) (Fig. 4a). The response at the fourth-floor level is considered for 
comparison instead of the top floor since the effective height of the SDOF system will be 
lower than the actual structure. The structural acceleration is reproduced precisely both in 
the time and frequency domain from the simulations, even though the structure is modelled 
using a simple SDOF system. As expected, simulated SDOF response at higher frequencies 
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(greater than 10Hz) is the same as the input motion, but slightly different from the 
experimental record owing to presence of noise. This reinforces the confidence that we can 
resolve higher frequencies effectively in simulations without any artefacts from boundary 
conditions.  
Further, the same linear SDOF model with a fundamental frequency of 6.1Hz is used to 
simulate response due to higher-level excitation of signal B (Case B1). The simulated and 
recorded structural acceleration are similar in the time-window 2.2 – 3.0 sec (Fig. 4b). 
However, after this window, it can be seen that, the time period of pulses in recorded 
response is significantly longer compared to linear SDOF response. The stiffness of the 
specimen was reduced because of non-linearity and the frequency content from the 
experimental record is significantly different compared to the linear response. For this 
reason, only the Bi-linear constitutive model is used for the SDOF system in simulations 
with high-level excitations. The yield shear force in the bi-linear model is calibrated based 
on the hysteresis behaviour of the specimen that has been observed in experiments.  

Table 2 Structural Parameters of SDOF system 
Mass 
(kg) 

Fundamental 
Frequency 

Yield Strength 
(kN) 

Post yield 
stiffness ratio 

Linear 12527 6.1 Hz - - 
Bi-Linear 12527 3.9 Hz 70 0.2 

(a) 

(b) 

Fig. 4 – Comparison of Acceleration time history and fourier spectra using linear SDOF system, 
(a) Case A1 - Nice 0.09g (b) Case B1 - Nice 0.64g . The input acceleration at shake table is shown in black
line. The structural acceleration from experiments, that has been recorded at fourth floor level is shown in

blue line. The structural acceleration of SDOF system from simulations is shown in red line. 
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(a) 

 
(b) 

 

 
Fig. 5 - Comparison of Acceleration time history and fourier spectra using Bi-linear SDOF system 

(a) Case B2 - Nice 0.64g (b) Case C2 – Melendy Ranch 1.35g. The input acceleration at shake table is shown 
in black line. The structural acceleration from experiments, that has been recorded at fourth floor level is 
shown in blue line. The structural acceleration of SDOF system from simulations is shown in red line. 

 

(a) 

 

(b) 

 

Fig. 6 – Comparison of Force-displacement behaviour of simulations with experimental data. 
(a) Case B2 - Nice 0.64g (b) Case C2 – Melendy Ranch 1.35g. The structural response from experiments are 

shown in blue. The structural response of SDOF system from simulations is shown in red. 
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Fig. 5 shows, the comparison of structural acceleration when bi-linear SDOF is subjected to 
signal B (Case B2), and signal C (case C2). The simulated response under both high-intensity 
excitations is now closer to the recorded time history. Also, the frequencies corresponding 
to peaks in the fourier amplitude are also similar. Fig. 6 shows the hysteresis behaviour of 
the SDOF system in Case B2 and Case C2, the hysteresis behaviour simulated using the 
simple bi-linear model is analogous to the experimental data. There are some discrepancies 
in hysteresis especially when displacements are large, one may need more sophisticated 
consecutive behaviour to capture the actual behaviour of specimen.  

4. Conclusions

The presence of structures in densely packed urban environments can influence ground 
motions in addition to local-site effects. Modelling the ground motions coupled with 
structural response is computationally expensive and are generally ignored. A new module 
(SPEED-SCI) is being implemented in high-performance spectral element code SPEED to 
couple the structural response within the 3D physics-based simulations. 
The SPEED-SCI module is computationally inexpensive as structures are modelled as Single 
or Multi Degree freedom structures (SDOF/MDOF). This module is used to simulate the 
structural response of the CAMUS-III specimen under different levels of excitation. Even 
though the structure is modelled using the SDOF system, both linear and non-linear 
responses of specimen are reproduced. 
This work focus on validating the coupling algorithm used in the SPEED-SCI module and 
modelling the response of just one building. However, the main objective is to use this tool 
to perform state-of-art 3D simulations at a city-scale, considering wave propagation from 
fault rupture to structure and exploring the impact of site-city interactions on ground motion. 
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Abstract: Seismic design of buildings is generally carried out without accounting for the 

interaction between adjacent structures through the underlying soil. The increasingly growth 

of urbanization in modern metropolitan areas worldwide or the urgent need for seismic 

requalification of historical centres with very closely-spaced structures, requires the 

Structure-Soil-Structure Interaction problem to be properly investigated and quantified. Like 

ordinary problems of soil-structure interaction, the substructure approach, in which the 

structure is endowed with springs and dashpots at its base to reproduce soil compliance, may 

turn useful even in solving cross-interaction problems. The paper tries to shed lights on 

cross interaction phenomena arising between two identical rigid shallow foundations excited 

by harmonic loads. Through a 3D continuum approach, solved by the finite difference 

method, the stiffness matrix of a footing in presence of a neighbouring one was obtained. 

Different values of foundation-foundation spacing and subsoil type (halfspace or layered 

soil deposit) were considered.  

Keywords: Structure-Soil-Structure Interaction, impedance functions, shallow foundations, 

footing group. 

1. Introduction

The interpretation of monitoring data aimed at the on-site dynamic identification of 

instrumented buildings is increasingly accomplished by accounting for the interaction 

among the structure, its foundation, and the surrounding soil. Such interpretation is 

generally supported by numerical simulations, in which the soil compliance is modelled by 

equipping the structural base through springs (stiffness) and dashpots (damping). The 

stiffness and damping terms respectively represent the real and the imaginary parts of 

analytical impedance functions (e. g. Gazetas, 1983): 

(1) 

where: 

-the subscripts i, j indicate that links the component i of the vector of the loads 

transmitted by the foundation into the soil to the component j of the displacement vector; 

-the low-frequency stiffness, Kij, and the dashpot coefficient, Cij, depend on the soil shear

modulus, G, and Poisson’s ratio, ν, as well as on a characteristic dimension of the

foundation;
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-the dynamic coefficients kij(a0) and cij(a0) depend on the vibration frequency, ω, the char-

acteristic dimension of the foundation, B, and the soil shear wave velocity, VS, through the 

dimensionless frequency, a0 = ωB/VS.  

To solve a soil-structure interaction (SSI) problem through the substructure approach, 

several analytical impedance functions were derived under the assumption of a rigid 

isolated footing placed on the surface or embedded in a halfspace or layer on halfspace 

(Gazetas, 1983). Additional coefficients were also proposed to consider the flexibility of 

the foundation structure (Pitilakis and Karatzetzou, 2015), while equivalent parameters 

could be introduced to account for soil heterogeneity and nonlinearity. 

With reference to the more complex problem of structure-soil-structure interaction (SSSI), 

Betti (1997) highlighted that when two shallow squared foundations are placed very close 

each other, the impedance matrix experiences remarkable changes with the relative 

distance between the two foundations. Aldaikh (2018) pointed out that the rocking stiffness 

may be very sensitive to the distance between the two foundations, and neglecting this 

effect may result in overconservative analyses. Together with the geometric and 

mechanical characteristics of the superstructure and of the soil, the structure-structure 

distance may be a crucial parameter in the assessment of the seismic response of an 

existing building when a new one is built in its proximity (Alexander et al., 2013). Knappet 

(2015) investigated the behaviour of an isolated structure and of pairs of adjacent 

structures through both centrifuge and finite element modelling. The study showed that 

under strong ground motions the dynamic behaviour of the adjacent structure influences 

the structural drift and co-seismic settlements of the target structure, with increase of 

permanent rotations. Results from shaking table tests (Aldaikh et al., 2016) corroborate this 

statement, thus indicating that the presence of one or more adjacent buildings could 

positively or negatively affect the seismic response of a master structure compared to the 

response of the same structure alone. More recently, Bybordiani and Arici (2019) have 

analysed the problem of SSSI at urban scale, by considering groups of buildings on a 

viscoelastic soil medium.  Neglecting the coupling effects among nearby structures may 

result in a significant underestimation of the actual seismic demand, especially for very 

closely-spaced multi-story buildings or for groups of buildings with remarkable different 

dynamic features.  

In this paper, some modifiers for the stiffness terms of the impedance function are 

proposed to account for foundation-foundation interaction when the space between the two 

foundations is not enough to consider each foundation as isolated from the other. Such 

aspect may be of paramount importance in densely urbanized area like historical centres.  

2. Static stiffness of a strip foundation in couple 

The results reported in this section come from an extensive numerical study on a strip 

footing (2m wide and 10m long) modelled as isolated or in couple with another identical 

footing, both placed on the surface of a half-space or a stratum over half-space. The 

spacing, S, between the two foundations was varied between 0.5m and 4m, while the 

thickness H of the layer over half-space was set equal to 3m, 5m and 10m. The soil shear 

wave velocity was set equal to 54 m/s while the half-space underneath the top layer was 

characterized by a VS=100 m/s. The foundations were excited through the application of a 

harmonic velocity field with the frequency variable in the range 1-13 Hz. The stress arisen 

below the foundation were properly integrated to obtain the forces and moments that, joint 
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to the displacements, were used to compute the frequency-dependent impedance. To derive 

the static or low frequency stiffness of the soil-foundation system, the same analysis 

procedure was also carried out with application of a constant velocity. All details on the 

developed modelling and interpretation procedure are reported by Zeolla et al. (2021). 

Figure 1 shows the dimensionless low-frequency stiffness associated to the translation 

along z, and x and to rotation along x and y computed for different values of the 

foundation-foundation spacing, S, and layer thickness H. Both S and H have been divided 

by the foundation half-width B. The stiffnesses were scaled with respect to the shear 

modulus, G, and the half-width of the foundation, B. For the layer over half-space case, the 

shear modulus of the top layer was adopted. From the graphs it emerges that, when the 

nearby foundation is added, all stiffness components of the master foundation are lower 

than the values corresponding to the same footing isolated (red indicators), except for the 

rocking mode around the x-axis. In this case, the second foundation exerts a sort of 

constraint on the master one, which consequently experiences an increase of its rotational 

stiffness. This effect diminishes as the spacing between the two foundations increases. As 

expected, both single and twin footing systems are stiffer when placed on a stratum over 

halfspace. The rotation around the x-axis is the less sensitive to the change in the layer 

thickness because, according to the elastic theory, the soil volume affected by the 

foundation motion is shallower than the interface between the soft layer and the stiffer 

half-space (Gazetas, 1983). 

Fig. 1 - Low-frequency stiffness components of the master foundation on halfspace and on stratum over 

halfspace. 
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3. Modification coefficient of the static stiffness 

The results described above were further exploited to derive operative coefficients that 

allow the stiffness terms of an isolated footing to be modified for the presence of a nearby 

footing:  

                        αij = (Kij, single – Kij, couple)/Kij, single                                        (2) 

where Kij, single and Kij, couple are the stiffness components of the master foundation in case it 

is alone or in couple. Variation with the S/B ratio of the interaction coefficient is shown in 

Figure 2. As expected, the interaction reduces as the spacing ratio S/B increases. The α-

values are lower for the stratum-over-halfspace and converge to the halfspace solution as 

the ratio H/B increases. Again, the rotation around the x-axis turns to be the less sensitive 

mode to the H/B ratio. 

 

  

  

Fig. 2 - Variation of the interaction coefficient with S/B for translational modes along z and x, and rotational 

along x and y. 

4. Dynamic stiffness coefficients of the strip foundation in couple 

Figure 3 compares the dynamic stiffness coefficients for swaying modes along z and x and 

for rocking along y, of the master foundation when it is isolated (red lines) or in couple 

with a nearby identical footing (black lines). The two subsoil configurations of halfspace 

and of a stratum over halfspace have been considered. 

With reference to the halfspace results (continuous lines), the impedances of the master 

foundation in couple are close to those of the single footing for low values of the 
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dimensionless frequency a0. Significant differences may be observed at higher frequencies 

on the kzz coefficient that shows undulations, for the two S/B spacing ratios.  

The stratum-over-halfspace case makes the stiffness coefficients (dashed lines) of the 

single footing to fluctuate around the half-space result, due to multiple interference 

between the wave field generated by the master foundation and that reflected at the 

interface between the two soil layers.  

The twin footing system exacerbates such response. 

(a) (b) 

Fig. 3 - Stiffness dynamic coefficients for swaying modes (along z and x) and rocking (along y) of the master 

foundation (in group) on halfspace or stratum over halfspace for S/B=1 (a) and S/B=2 (b). 
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5. Final remarks  

The dynamic cross interaction between two closely-spaced shallow foundations placed on 

a halfspace or on a stratum-over-halfspace was numerically investigated through a 3D 

continuum approach by the finite difference technique.  

For the double footing system, cross interaction produces a reduction of the static stiffness 

for all degrees of freedom of the footing, except for the rotation around the x-axis. The 

interaction effect is higher at smaller distances between the two footings. Interaction 

coefficients were introduced to quantify the change in static stiffness of the master footing, 

depending on the footing-footing spacing and soil layer thickness.  

The dynamic stiffness coefficients of the master foundation in-group were found almost 

coincident with those of the single foundation in the low frequency range but this statement 

is no longer true at higher frequencies of oscillation, especially in stratified soil deposits. 

For lower input frequencies (a0<0.5), the dynamic coefficient of the foundation in twin 

remains close to unity, so the overall foundation stiffness (dynamic coefficient multiplied 

by the static stiffness) turns to be lower than that of the foundation assumed to be alone. At 

higher frequencies (a0>0.5), in some cases the increase of the dynamic coefficient may 

compensate or even exceed the reduction of the static stiffness. In other cases (e.g., 

stratified deposit), the dynamic coefficient is lower than one even and no compensation 

effect could be invoked at higher frequencies. 
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Abstract: Disaster risk reduction strategies for existing buildings require the identification of 
potential structural weaknesses and of effective targeted countermeasures. Structural 
vulnerability assessments depend, among other features, on the rigidity conditions of the 
structural elements, and especially on the in-plane rigidity of the structural horizontal 
diaphragms (slabs). This characteristic can be estimated by an expert civil engineer after 
considering specific features of the structure. Nevertheless, it could be useful to counter-check 
the correctness of the hypothesises, through specific rapid checks. A counter-check can also 
be useful to verify the effects of targeted interventions. This article illustrates an empirical 
and rapid method to check the characteristics of the kinematic coupling between two 
measured points in a building; this check allows to characterize the coupling degree between 
two points and it is finalized for supporting the above-mentioned engineer evaluations. The 
method is based on the acquisition and interpretation of synchronized measures of ambient 
vibrations, and it was calibrated using well-known real case studies, described in the article, 
and then applied in several buildings in the North-East of Italy. The applications showed that 
the method provides quickly useful information for vulnerability evaluations. 

Keywords: rapid check; kinematic coupling; vulnerability 

1. Introduction

The mitigation of the consequences of a seismic event in an urban area (or region, country) 
strongly depends on preventive actions to improve the seismic response of buildings. These 
activities contribute to disaster risk reduction (DRR) management and resilience 
improvement and represent an effective way to face the occurrence of an earthquake. 
Besides, they are considered functional for achieving the targets of the Sendai Framework 
for Disaster Risk Reduction 2015-2030 (UNISDR, 2015) and the sustainable development 
goals (SDG), and specifically SDG 9 (i.e. "Build resilient infrastructure, promote inclusive 
and sustainable industrialization and foster innovation") and SDG 11 (i.e. “Make cities and 
human settlements inclusive, safe, resilient and sustainable”) (United Nations General 
Assembly, 2015). In this context, the definition of DRR and resilience improvement policies 
at large-scale requires the characterization of the structural vulnerability and damageability 
of a multitude of buildings to identify those requiring retrofitting interventions. This 
characterization should be rapid and cost-effective to be applied on several buildings and 
should identify the structural critical issues of each building, as well as the elements 
worsening the structural seismic response. This would enable to establish targeted 
interventions to reduce building vulnerability, and to have a rapid check on the effectiveness 
and efficacy of retrofitting interventions. 
Numerous methodologies for characterizing the vulnerability of buildings exist in the 
literature. Considering the approaches for a quick vulnerability evaluation, it is possible to 
identify methodologies based on indirect and direct assessments, distinguishing if they 
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require or not specific measurements to identify the structural behaviour. Indirect 
vulnerability assessments could be characterized by different scales of analysis, with 
different degrees of detail. These assessments are generally based on estimates of the 
structural behaviour, simulated through detailed finite element models, or deduced using 
statistical evaluations, such as Rapid Visual Screening of FEMA (Federal Emergency 
Management Agency, 2015), GLOSI (The World Bank, 2018), VISUS (Grimaz and 
Malisan, 2019, 2016), SCOSSO (D’Ayala et al., 2020). Conversely, direct vulnerability 
assessment methodologies depend on measured information of the actual structural 
behaviour and are based on the acquisition and interpretation of vibration measurements. 
These methodologies enable to characterize the actual behaviour of a structure in elastic 
conditions, and when they are based on ambient vibrations, they are usually called  
“Operational Modal Analysis” (see, e.g., Brincker and Ventura, 2015; Rainieri and 
Fabbrocino, 2014; Reynders, 2012; Sadhu et al., 2017). Ambient vibration measurements 
represent a useful tool to study the elastic response of a structure since it enhances the 
evaluation of the structural behaviour under larger solicitations, such as seismic ones (Michel 
et al., 2008). 
The vulnerability assessments done using the above-mentioned methodologies require 
knowing or identifying the rigidity conditions of the slabs, to correctly describe the structural 
behaviour of buildings. Considering ancient or damaged buildings, it could be useful to know 
the coupling degree among two points of the structure (such as points on the opposite side 
of a crack). Moreover, a check could be useful to verify the effectiveness of retrofitting 
interventions.  
The objective of this paper is to introduce a method (namely: Kinematic Coupling 
Characterization - KCC) for characterizing the coupling degree between two points, using 
ambient vibration measurements. The concept of coupling degree is intended, in the 
following, as an indicator that addresses towards a relative behaviour of the couple of 
measured points, distinguishing rigid, semi-rigid, and non-rigid classes. The characterization 
of a coupling as “rigid” indicates the cases in which it is expected that the in-plane 
deformations are negligible compared to other deflections of different structural elements 
(e.g. when comparing slabs to vertical frames). Non-rigid coupling refers to conditions in 
which the two points could be considered as responding in an almost independent way, 
especially under large solicitations. Semi-rigid coupling refers to intermediate conditions.  
If the couple of measured points belongs to a horizontal diaphragm, the KCC check allows 
to quickly counter-verify the correctness of the in-plane slab rigidity assumption done by an 
expert considering the characteristics of the structure (e.g., material and layout), or to verify 
the effectiveness of interventions for improving the coupling degree. KCC can also be used 
to verify local irregular behaviours due to plan shape irregularities, e.g., caused by L, H, E, 
T, or elongated shapes, which could cause additional effects in the case of an earthquake. 
Similarly, it permits to recognize the effect of large holes in the slabs, and to check the 
relative behaviour of extremities of large slabs. Finally, the KCC method can be used to 
counter-check the cases in which there is the suspect of the presence of thermic joints, blocks 
abjointed, or structural cracks in the main walls. In case of doubt, this check is important to 
identify both the absence or presence of a separation between two parts, and the different 
structural units that compose a building. All these checks support engineers in the 
vulnerability assessment, confirming (or confuting) hypotheses that are substantial for the 
correct structural behavior evaluations. 
The paper illustrates first the basis of the KCC method, and then it shows how it was 
calibrated on real well-known case studies. Then, the calibrated method was used during 
several characterizations of building vulnerability in projects developed in North-East Italy. 
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2. Kinematic Coupling Characterization method

The Kinematic Coupling Characterization (KCC) method aims at analysing the ambient 
vibration signals recorded synchronously in two points of a structure. Considering these two 
points virtually linked through a connector, the purpose of KCC method is to provide a 
procedure for characterizing the rigidity of that connection. From a theoretical perspective, 
a connection between two points is considered rigid if the following condition is checked: 
"necessary and sufficient condition for a body to behave as rigid consists in the equality of 
the component of the velocity of any two points of the body along their conjunction line". 
Therefore, the virtual connection between the two measurement points is rigid when both 
velocity vectors have equal sense and norm, if projected along the connection orientation, 
independently from the forcing action.  
In real cases, the stiffness of structural elements is not infinite and there may be small 
variations with respect to the theoretical case, when analysing the measurements of the 
particle motion. Furthermore, due to the damping of the stresses and propagation velocity, 
any directional noise could have different influences on different recordings. Consequently, 
the rigidity check should consider these effects and allow for a certain tolerance while 
analysing the ambient vibration signals. For these reasons, within the KCC method, the rigid 
condition is intended as a “practical rigidity”, which does not satisfy strictly the theory but 
allows for a certain tolerance, considering the scale in which the method is applied.  
The KCC method considers two synchronized measures of velocity, acquired using a three-
component seismometer. The orientation of the sensors can vary depending on the choices 
of the surveyor. In the following, it is assumed that the two sensors have the same orientation. 
The KCC analysis considers the projection of the velocity vectors along the conjunction line 
of the two points. This projection requires to know the relative position of the sensors or, at 
least, the angle between the conjunction line and the direction along which the sensors are 
oriented. This information is simply obtained if the building diagram is available.  
Once the conjunction direction is identified, the two velocity vectors are projected along the 
conjunction of the two measurement points, defining v1,p(t) and v2,p(t). The projected signals 
are compared at each sampling instant t, using the definitions in Table 1 to assign the Type 
of Instantaneous Relative Motion (TIRM). TIRM is “concordant and similar” if the two 
instantaneous velocities have the same sign (concordant, eq. 1) and the two velocity values 
are similar (eq. 2); the 0.2 threshold was defined empirically. If the two signs are different 
(eq. 3) then TIRM is “discordant”; the remaining cases (eq. 4 and 5) are classified as “other”. 

Table 1. criteria for the definition of the types of instantaneous relative motion and reference scheme of two 
points with velocity vectors 

Type of instantaneous 
relative motion (TIRM) Assignment criteria Reference scheme 

Concordant and similar 
sign �v1,p(t)�=sign �v2,p(t)�  (1) 

⋀ 
 �v2,p(t)-v1,p(t)� ≤ 0.2∙min��v1,p(t)�,�v2,p(t)�� (2) 

Discordant sign �v1,p(t)�≠sign �v2,p(t)� (3) 

Other 
sign �v1,p(t)�=sign �v2,p(t)�  (4) 

⋀ 
 �v2,p(t)-v1,p(t)�>0.2∙min��v1,p(t)�,�v2,p(t)�� (5) 
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Then, the rigidity is assigned considering the distribution of the TIRM values. Notably, in 
theoretical cases, a rigid diaphragm should have all TIRM values classified as concordant 
and similar. However, in real conditions there is a percentage of signals that are not 
“concordant and similar” also in rigid diaphragms. The KCC assigns the coupling degree 
considering the previously-described rigid, semi-rigid and non-rigid classes. To identify the 
percentage thresholds for the assignment of each class, an empirical study was conducted 
considering measures in buildings (Moscariello, 2018). 
 
2.1. Calibration with real cases 
To calibrate the methodology and identify the threshold values for the assignment of rigidity 
classes, tests were developed in buildings with well-studied and documented conditions.  
The methodology was first tested in a confined masonry building with rigid slabs. The 
building is characterized by the presence of two structural units, separated by a joint. Two 
series of measures were executed (Figure 1.a): in the first, the sensors are both placed in one 
structural unit (P1-P2 and P3-P4), while in the second the two sensors are in the opposite 
sides of a joint (P2-P3 and P1-P4). Measures were conducted in the third floor (the upper 
one) to increase the signal-to-noise ratio. Tests show that about 2 minutes of recording 
(without transients or other noise) are enough for the evaluations. Figure 1.b-e show the 
distribution of the TIRM values among the classes for the various couples. It is possible to 
note that in the case of rigid slab (Figures 1.b and .c) the percentage of concordant and similar 
is about 50-60%, while percentage of discordant is less than 5%. Figures 1.d and .e show 
that the percentage of concordant and similar decreases to 15-25% if the measures are on the 
opposite side of a joint, while discordant class has more than 15% of cases. 
 

 
Fig. 1 – a) Building diagram with the position of the measurement points. The dashed red line indicates the 

position of the joint. b), c) Distribution of TIRM values considering P1-P2 and P3-P4 couples (respectively); 
the couples are on a rigid slab. d), e) Distribution of TIRM values considering P2-P3 and P1-P4 couples 

(respectively); the couples are on the opposite sides of the joint. 
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Another test was conducted in a masonry building that was retrofitted after seismic damage, 
and in which the structure was strengthen and the slabs are rigid. In this case, the measures 
were finalized to test the effect of distance among the measurement points. Figure 2.a show 
the position of the points in the building. Figures 2.b, .c, and .d show that the percentage of 
concordant and similar is large and that discordant values are few in all cases. 

Fig. 2 – a) Building diagram with the position of the measurement points. The slab is rigid. b) Distribution of 
TIRM values considering P1 and P2 couple. c) Distribution of TIRM values considering P2 and P3 couple. d) 
Distribution of TIRM values considering P1 and P3 couple. 

Another test considered a reinforced concrete frame structure. The material characteristics 
of the diaphragm suggest that it should be considered rigid, however, this case was used to 
investigate the influence in the diaphragm rigidity of a large hole in the first and second 
floors (Figure 3.a). Considering points P1 and P3 (on the opposite sides of the hole), Figure 
3.b shows a quite large percentage of discordant values and also a low percentage of
concordant and similar. This case allowed to identify the characteristics of the semi-rigid
class. The analysis of P1-P2 couple (Figure 3.c) shows that the connector behaviour has a
large percentage of concordant and similar values.

Fig. 3 – a) Building diagram with the position of the measurement points. In the centre of the slab there is a 
large hole. b) Distribution of TIRM values considering P1 and P3 couple (measures are at the opposite side 

of the hole). c) Distribution of TIRM values considering P1 and P2 couple (measures are on the same side of 
the hole). 
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Finally, a non-rigid case was tested, considering a heritage building with wood diaphragms. 
Figure 4.a shows the position of the measure points, while Figure 4.b shows the obtained 
distribution of TIRM values. It is possible to observe that there is a low percentage of 
concordant and similar values and a relatively high percentage of discordant values. 

  
Fig. 4 – a) Building diagram with the position of the measurement points. The slab is non-rigid wood slab. b) 

Distribution of TIRM values considering P1 and P2 couple. 
  
3. Results 
The analysis of the above-mentioned cases and of other similar situations (Moscariello, 
2018) led to the definition of the threshold values that permit to use the TIRM values 
distribution to assign the rigidity classes. In detail, the percentages of 40% and 20% were 
identified as thresholds for the concordant and similar TIRM values, while discordant TIRM 
values, when present, influence the results already with lower percentages (threshold limits 
of 5% and 15%). Table 2 summarises the identified and validated threshold values for the 
assignment of the coupling degree classes of a connection, using the KCC method. 
 

Table 2. percentage thresholds for the definition of the coupling degree classes of a connection  

Ranges thresholds 
% of concordant and similar 

> 40% 20-40% < 20% 

% of discordant  

< 5% Rigid Rigid Semi-rigid 

5-15% Rigid Semi-rigid Non-rigid 

> 15% Semi-rigid Non-rigid Non-rigid 

 
The KCC method was applied on other real cases, on about one-hundred series of 
synchronized measures acquired in 39 buildings within the Edifici Sentinella (Edifici 
Sentinella project, 2019), Armonia (ARMONIA project, 2020) and ASSESS (Grimaz et al., 
2016) projects. Assessed buildings are located in the North-East regions of Italy, and 
buildings are mainly town-halls and schools. In most of buildings the measures concerned 
rigid slabs, and the relative behaviour in correspondence of joints (seismic and thermic 
joints, but also in correspondence of abjointed blocks). These evaluations supported the 
vulnerability assessment process, that was conducted through indirect rapid assessments. As 
described in Grimaz et al. (2022), the KCC method can be used within more elaborated 
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assessments based on ambient vibration measurements, notably, allowing for the 
identification of the building fundamental frequencies, to eventually compare them with site 
frequencies for checking the presence of site-building double resonance. 

3. Conclusions

This paper illustrates the Kinematic Coupling Characterization – KCC method, that aims at 
providing support to engineers in the identification of the coupling degree between two 
points in buildings, through three classes: rigid, semi-rigid and non-rigid. KCC method uses 
ambient vibration measurements, it takes a very short time, and it can be considered as an 
additional check to be applied during structural monitoring campaigns and a rapid support 
in seismic vulnerability assessments. The execution of few minutes of synchronized 
measures in specific points of a building allows experts to counter-verify their hypotheses 
concerning the coupling degree of two points, starting from measurements of the actual 
behaviour of the building structural elements. KCC allows to check the in-plane rigidity of 
a slab, the local effects caused by disjunctions (e.g. joints, block abjunctions, cracks), the 
irregular effects in the case of complex plan shape buildings, and the secondary effects 
caused by local structural weaknesses in the slabs (e.g. holes). The method was tested and 
applied on several buildings to support vulnerability assessments (especially for the use of 
simple indirect methods), however further applications can be developed to refine the 
obtained results, considering, for example, additional building typologies. 
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Abstract: This study presents the FRIBAS database that comprises information about more 
than 300 buildings, collected in the last few years in northern and southern Italy. In addition 
to the main building characteristics (age, height, material), it includes information on 
regularity and structural details of the buildings and on the main parameters characterizing 
the soil (e.g. geology, soil class, topographic class). Furthermore, the fundamental 
frequencies of the buildings and foundation soil using single station ambient noise 
measurements were estimated and included in FRIBAS. The collected data is organized into 
38 fields that allow describing each building and to support statistical analyses aimed at 
identifying the most relevant factors that contribute to the building’s dynamic response and, 
in particular, the fundamental frequency of vibration. 

Keywords: ambient noise measurements, fundamental frequency, buildings dynamic 
response 

1. Introduction

In case of strong earthquakes, the collapse of residential buildings often causes a large 
fraction of casualties (So and Spence, 2013). For this reason, both the seismological and 
the engineering community have devoted large efforts in developing rapid yet robust 
methods for assessing the dynamic behavior of buildings and, in the case of an earthquake, 
of the expected damages. In particular, the characterization of the dynamic behavior of 
masonry buildings is still an open challenge for the scientific community because it is 
influenced by multiple factors, including regularity in plan and elevation, presence of 
aggregated building units, etc. In engineering practice, the dynamic response of buildings 
is strongly related to their fundamental period, which are often determined based on 
simplified relationships (e.g. Eurocode 8, CEN 2004). However, it has been demonstrated 
that the period-height relationships used in building codes can lead to results that are in 
disagreement with experimental data (e.g. Michel et al., 2010), in particular for irregular or 

4410 3ECEES, September 2022, Bucharest, Romania



aggregated buildings. For this reason, it is important to develop tools for characterizing the 
buildings' dynamic response in a simplified yet effective way, by means of ambient noise 
measurements (Gallipoli et al., 2009). 
This is particularly relevant for unreinforced masonry buildings, for which a higher degree 
of damage is expected due to their higher vulnerability in comparison with modern 
buildings (e.g. steel or reinforced concrete). Masonry buildings are nonetheless widely 
present in Europe (Crowley et al. 2020), in particular in Italy. Such buildings, and 
especially historical buildings, suffered extensive damages in recent events (e.g. Central 
Italy sequence in 2016, Fiorentino et al., 2018), but damages were observed also in modern 
masonry (e.g. L’Aquila earthquake, Calderoni et al., 2020). While there are multiple 
studies devoted to estimate experimentally the reinforced concrete buildings’ fundamental 
frequencies (e.g. Hong and Hwang 2000; Guler et al., 2008), there are very few examples 
of frequency-height relationships for masonry buildings (e.g. Bal et al. 2008). In addition, 
despite the important role of soil characteristics in the seismic response of buildings (e.g. 
Gallipoli et al., 2020), there are no studies to our knowledge that estimate the influence of 
soil on masonry building' fundamental frequencies. 
Based on these premises, we collected information on the characteristics of more than 300 
buildings and the corresponding foundation soil. The selected buildings are all located in 
Friuli Venezia-Giulia and Basilicata regions (northern and southern Italy, respectively). 
We collected information both on the structure (e.g. age, material, additional information 
on shape, height and constructive details) and the soil (e.g. geology, soil class, topographic 
class). Moreover, the soil and structure fundamental frequencies were experimentally 
estimated by means of single station ambient noise measurements. Such data were 
harmonized into the FRIBAS database which provides a useful starting point for better 
investigating the role of the building and soil characteristics on their dynamic response.  

2. The data collection 

The parameters to be collected were chosen among those included in the existing building 
forms adopted in Italy such as Aedes (Baggio et al., 2007) and Cartis forms (Faggiano et 
al., 2021). The building characteristics were mostly inferred by field surveys which 
included asking questions to the residents and, in some cases, to local practitioners or the 
municipality staff. The collected data include morphological parameters (e.g. height, 
regularity, shape factors such as width/height ratio). We also collected information on the 
position of the building (e.g. if it is a single block, or an inside block), the presence of 
openings and their percentage. As for the construction type, we retrieved the construction 
material, the floor and roof type, presence of basement and the presence of anti-seismic 
adjustments or retrofitting.  The fundamental frequency of buildings and of the nearby soil 
were assessed using the HVSR technique (e.g. Gallipoli et al., 2009). The ambient noise 
measurements were performed using different seismic sensors equipment (among them: 
Tromino, Lunitek Sentinel GEO, Reftek equipped with Lennartz 3D-Lite sensor). The 
minimum duration of the measurement was 10 minutes. When available, raw ambient 
noise recordings from past studies were also used. The geological classification was 
inferred from field surveys available from past studies (e.g. microzonation) and from the 
available geological maps for the region. When possible, the soil class based on the Vs30 
was also included. 
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3. Assembling the database

In this study, we combine the data collected during multiple experimental surveys in a single 
database. The different teams collected a different set of parameters and had access to a 
different type of information. In order to allow statistical analyses of the data, for some 
parameters an harmonization effort was needed. This is the case, for example, for the masonry 
type, which was classified into stone or regular masonry. Additional information (e.g. 
percentage of voids, type of bricks/blocks) was available only for some of the buildings. 
Similarly, the information for the soil type was collected in terms of geological description, 
which was then summarized into a simplified parameter (soft/rigid). 

4. Conclusions

The FRIBAS database collects the characteristics of different residential buildings in 
Basilicata and Friuli Venezia-Giulia (southern and northeastern Italy, respectively). The 
database includes information on age, material and structural and non-structural features, 
as well as on the dynamic behavior of buildings (e.g. the fundamental frequency). The 
FRIBAS database is, to our knowledge, the first example of a database that includes a large 
number of parameters characterizing both buildings and soils. Such information can 
support further analyses to characterize the expected dynamic response of structural 
typologies. Further investigation to assess the interaction of structures and soils in case of 
earthquakes can be carried out using the database.  
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Abstract: This study aims to evaluate the possible increase of seismic effects due to the 
interaction between near surface geology and buildings in the urban area of the Villa d’Agri 
town (Basilicata, southern Italy). 190 single-station seismic ambient noise measurements 
were performed, 105 on urban soils and 85 on the overlaying buildings. These 
measurements, analysed through Horizontal-to-Vertical Spectral Ratio (HVSR) technique, 
together with the detailed geological map allowed to reconstruct isofrequency and 
isoamplitude maps for the whole urban area as well as the experimental relationship 
between the first vibrational period T(s) and the corresponding height (H) of the measured 
buildings. Finally, the frequencies of all buildings (659), estimated on the basis of their 
height, have been compared to the frequencies of the underlying soil thus enabling us to 
assess where the soil-building double resonance effect could more likely occur in case of 
future earthquake. 

Keywords: Soil-building interaction, HVSR, fundamental period, resonance effect 

1. Introduction

Seismic risk mitigation consists of a set of strategies aimed at reducing as much as possible 
the negative effects of earthquakes on all vulnerable elements. Even if in Italy the 
‘Guidelines for Seismic Microzonation’ (GSM; MS working group, 2008) represent an 
innovative tool supporting urban planning and seismic design they are focused on 
seismotectonic, litho-stratigraphical and geotechnical characterization of the surface soils, 
completely neglecting the presence of buildings. In this study we propose to evaluate the 
characteristics of the built environment as integral with the urban soil following a holistic 
approach (Gallipoli et al., 2020; 2021). Several studies (Ganev et al., 1995; Mucciarelli and 
Monachesi, 1998; Castro et al., 1998; 2000; Gallipoli et al., 2004; Mucciarelli et al., 2011; 
Castellaro et al., 2012) support the hypothesis that the soil-building resonance phenomenon 
can cause a damage increase of buildings during earthquakes. The aim of this study is to 
evaluate the possible occurrence of double resonance effects between the first vibrational 
mode of buildings and the underlying soils of the urban area of the Villa d’Agri town 
(Basilicata, southern Italy). The single-station ambient noise measurements analysed by 
means of the Horizontal-to-Vertical Spectral Ratio technique (HVSR; Nakamura, 1989; 
Chávez-García and Cárdenas, 2002; Gallipoli et al., 2010; Herak, 2011; Pan et al., 2014; 
Castellaro, 2016) have been used to estimate the vibrational characteristics both of soils 
and buildings.  
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2. Main frequencies of soils 

Within the investigated area, the soil main peak (f0_s), estimated through HVSR analyses 
over 105 points of measurement, mainly ranges between 0.8 and 3.7 Hz, with a median 
value equal to 2.1 Hz. In order to display sparse soil measurements as continuous fields in 
the space domain, isofrequency and isoamplitude maps have been reconstructed using the 
IDW interpolation approach (Fig. 1b). The highest frequency values (> 3 Hz) have been 
recorded in the northern part of the town, where carbonate outcrops are densely fractured 
and often reduced to fault breccias, which, in some instances, are in mechanical continuity 
with partially consolidated ancient slope breccias (Fig. 1a). Intermediate values (2-3 Hz) 
have been mainly obtained along the slope characterized by the detrital clastic deposits; 
here, a sharp rectilinear/concave slope break separates the piedmont slope from the valley 
floor where the sedimentary infilling is characterized by clayey silt and silty clay 
alternating with sand and conglomerate layers progressively thinning from the base of the 
slope to the valley axis, where the thickness reaches the 80-90 m. In this area the 
fundamental frequency varies between 0.8 and 2 Hz (Fig. 1b). 

3. First vibrational frequencies of buildings 

The buildings measured have been selected to obtain a representative sample in terms of built 
typology, year of construction, height and soil foundation lithology. The height of the 85 
monitored buildings ranges between 6.5 and 19.8 m and the frequency (f0_b), corresponding to 
the first vibrational mode, varies between 2.5 and 8.2 Hz, with a median value equal to 4.8 Hz. 
Higher frequencies have been obtained for load-bearing masonry buildings. As expected the 
main frequencies mainly vary with increasing building height thus enabling us to obtain a 
linear relationship between the first vibrational period T(s) and the corresponding height (H) 
with zero intercept: T=0,0167*H. This empirical relation is in good agreement with other ones 
estimated by Guler et al. (2008), Michel et al. (2008), Oliveira & Navarro (2010), Gallipoli et 
al. (2010; 2020). Thanks to the availability of the heights for the whole building heritage of the 
Villa d’Agri town, and based on the obtained relationship, the main vibrational frequencies of 
all buildings (659) with a height between 6.5 and 19.8 m have been estimated. Accordingly, 
the estimated first vibrational frequencies (f0_b) range approximately between 2.5 and 9.8 Hz. 

4. Soil-building resonance map 

With the aim of evaluating where the soil-building double resonance effect mainly occurs, the 
frequency of each building has been compared to the interpolated frequency of the underlying 
soil. As concerns the latter, a more cautionary range of frequencies has been assumed by taking 
into account the neighbourhood of the soil HVSR peak (f0_s) where the amplitude is equal or 
greater than 2. We refer to these frequencies as f1_s and f2_s. Also for buildings we assumed a 
range of frequencies, where f1_b and f2_b have been fixed as the reciprocal of the estimated 
prediction ranges in the experimental period-height relationship. Subsequently, based on the 
estimated double resonance likelihood, a graphic representation has been produced (Fig. 1b). 
The analysis of this map displays that: 
- for only 2 buildings (0.3 %) there is a complete overlapping between [f1_b – f2_b] and 

[f1_s – f2_s]. These buildings, marked in dark red to assign them a severe resonance 
level, are located on the carbonate bedrock (in the north part of the town); 

- about 3% of the buildings (20) show a large overlapping (between 50% and 75%) 
between [f1_b – f2_b] and [f1_s – f2_s]. The great majority of these buildings, coloured in 
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light red, is placed along the slope, mainly on the debris and suboutcropping 
limestone; 

- 85 buildings (about 13%) exhibit a medium overlapping (between 25% and 50%)
between [f1_b – f2_b] and [f1_s – f2_s]. These buildings, coloured in dark pink, are mainly
distributed on the lower sector of the slope and close to the alluvial plain;

- for about 153 buildings (23%) there is a limited overlapping (between 50% and 75%)
between [f1_b – f2_b] and [f1_s – f2_s]. These buildings, coloured in light pink to indicate
a low resonance level, occur on the lower sector of the slope close to other buildings
characterised by a medium-high resonance;

- lastly, 399 buildings (representing about 60% of the buildings) show no overlap
between soil and building frequencies. They are coloured in white and are mainly
along the valley bottom.

Fig. 1 - a) Location of single station seismic ambient noise measurements performed on soil and buildings 
superposed to the detailed geological map.  b) Soil-Building Resonance levels for the 659 buildings (in red 

gradient) superposed to the soil isofrequency map (in green gradient) 
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5. Conclusions  

The proposed approach allowed to evaluate the possible occurrence of the double 
resonance effect between 659 buildings and the relative underlying foundation soil of the 
city of Villa d’Agri (southern Italy). It should be mentioned that the soil-building 
resonance map reconstructed in this study pictures the situation as it is, that is to say in the 
linear-elastic domain, therefore not considering the presence of any variation due to 
damage that could develop during seismic shaking. However, the overall information 
provided by these results is certainly crucial for identifying the most dangerous areas of the 
city, where it is more likely the occurrence of the soil-building double resonance could 
strongly increase the damage.  
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Abstract: Several close-form solutions are proposed in literature to estimate the structural 

fundamental frequency considering the dynamic soil-foundation-structure interaction. They 

can be strictly applied when the subsoil is homogeneous and the foundations are shallow, 

rigid and massless. In this paper, an updated of such simplified approach is presented to 

consider soil inhomogeneity as well as mass flexibility and embedment of foundation. The 

proposed approach is applied to several masonry buildings in the urban centre of Matera and 

the analytical periods were successfully compared to the experimental values obtained by 

single-station ambient noise measurements.  

Keywords: Masonry buildings, frequency reduction, horizontal to vertical spectral ratio, the 

historical centre 

1. Introduction

The calibration of traditional analytical approaches (Veletsos and Meek, 1974; Maravas et 

al., 2014) to quickly estimate the modification of the structural frequency induced by the 

compliant soil, with respect to the typical fixed-base assumption, is very difficult in the 

case of existing masonry structures with irregular flexible foundations which rest on 

layered subsoil. Such limitation was overcome by the approach proposed by Piro et al. 

(2020) and summarised in the flowchart shown in Figure 1. The procedure is based on 

equivalent parameters, i.e. shear stiffness Geq and density ρeq, accounting for the 

contribution of all the components of the subsoil-foundation system. Each contribution is 

weighted through coefficients pj provided for values of the seismic impedance between the 

foundation and the lower soil layer ranging between 0.2 to 1.00, and calibrated on the 

results of linear dynamic analyses on several coupled SFS (soil-foundation-structure) 

systems.   

The modified approach can be applied if several soil, structure and foundation parameters 

are known: 

• for the foundation system: the embedment, D, and the width, B;

• for the materials falling in the volume affected by the foundation motion extending

down to a depth equal to 2b (indicated with Aj in Figure 1) the profile of the shear

wave velocity, VS, or the shear modulus, G, and mass density,  of;
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• for the structure: the height, h, the width, b, and the fixed-base frequency, f0.

For a given building slenderness ratio, h/b, is the soil-foundation-structure fundamental 

frequency f*, normalized to f0 can be estimated as a function of equivalent soil-structure 

stiffness ratio eq through the following expression:  

*

0

1= +eq

f

f
(1) 

where the parameters  and  of the power-law function assume different values according 

to the slenderness ratio. 

0,60

0,70

0,80

0,90

1,00

1 10

f*
/f

0



h

s

D

B

b

b
A1 (shallow cover)

A2 (in-depth formation)

A3 (structure)

A4 (void)h

2b

b

h

2b

2b

(a) (b)

b
A1 (shallow cover)

A2 (in-depth formation)

A3 (structure)

A4 (void)h

2b

b

h

2b

2b

(a) (b)

=

=

=





3

1

3

1

j j j

j

eq

j

j

p G A

G

A



 =

=

=





3

1

3

1

j j j

j

eq

j

j

p A

A


=

,

eq

S eq

eq

G
V

eq

,

0

S eq

eq

V

f h
 =

40

h/b=1
h/b=1.5
h/b=2

f*
/
f 0

Structure cross section

Shear wave

velocity

profile, VS

Shear 

modulus

profile, G

Soil mass 

density

profile, 

Soil, Structure and 

Foundation parameters

[VS(z), (z); h, f0, b, s; D,B ] 

Computation of the 

equivalent parameters 

[Geq; eq; VS,eq] 

pj :weighting 

coefficients 

by Piro et al. (2020)
Soil parameters

Computation of 

eq: 

and prediction of the 

frequency reduction ratio 

f*/f0

0

5

10

15

20

25

30

35

0 1000

z 
(m

)

VS (m/s)

0

5

10

15

20

25

30

35

0 1000

z 
(m

)

VS (m/s)

0

5

10

15

20

25

30

35

0 1000

z 
(m

)

VS (m/s)

2b

2b

Fig. 1 - Flowchart of the methodology adopted in this work. 

2. Case study and results

The proposed procedure was assessed by exploiting some results of an extensive 

investigation carried out by CNR-IMAA (Tito Scalo, Potenza) in the city of Matera in the 

Southern Italy (Figure 2a), in the framework of CLARA project (Cloud platform and smart 

underground imaging for natural risk assessment - Smart Cities and Communities and 

Social Innovation). In detail 230 single-station ambient noise measurements were 

performed in free-field conditions (134) and on different reinforced concrete or masonry 

building typologies (96) and analysed with the Horizontal to Vertical Spectral Ratio 

technique (Gallipoli et al, 2020). Figure 2b shows a set of 7 masonry buildings selected for 

this study since located on soft soil and characterized by a structural configuration fairly 

similar to those considered by Piro et al. (2020). 
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Fig. 2 - Matera: (a) geological map with investigation sites; (b) buildings selected for the validation study. 

 

The subsoil was widely investigated by numerous boreholes, down-hole and seismic 

refraction tests (Gallipoli and Lupo, 2012), highlighting that the Altamura limestone (AL) 

and Gravina calcarenites (GC) are the main geological formations (Figure 2a) The latter is 

covered by the Sub-Appennine clay (SC) with thickness increasing with the distance from 

the terrace ridge overlooking the Sassi area from a few meters to 40-50 m inwards.  

The information on structure and subsoil needed to apply the simplified approach are listed 

in Table 1. The soil shear wave velocity was obtained from down-hole and seismic 

refraction tests near the buildings (Figure 2a), while the soil mass density was set equal to 

typical values for soft clay (SC), soft rock (GC) and hard rock (AL). The masonry 

properties were assigned based on the NTC’18 (Tab. C.8.5.1), considering tuff walls with 

irregular texture, i.e. the most recurrent typology in the historical centre near the “Sassi” 

area.  

Table 1. Mechanical properties of the different materials 

 
Subappennine 

clay (SC) 

Gravina 

calcarenites (GC) 

Altamura 

limestone (AL) 
Tuff masonry 

VS (m/s) 170-450 394-1195 1200 - 

 (kg/m3) 1750 1800 2750 1600 

G0 (MPa) 68-361 285-2620 2808 450 
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The seven analysed soil-foundation-structure (SFS) cross-sections are shown in Figure 3 

the experimental frequency, f*
exp, measured on the transverse section of the structure is 

overlapped. highlighting that for buildings 1-2-5, characterized by the same number of 

stories, the fundamental frequency reduces with increasing the thickness of the clay layer. 

This is a first evidence of the influence of the subsoil on the building dynamic response. 

Building 3
f*exp=4.7 Hz

f0=5.9 Hz

Building 1
f*exp=6.5 Hz

f0=7.0 Hz

Building 2
f*exp=5.5 Hz

f0=6.7 Hz

Building 4
f*exp=3.4 Hz

f0=4.1 Hz

Building 5
f*exp=3.3 Hz

f0=6.5 Hz

Building 6
f*exp=3.4 Hz

f0=3.9 Hz

Building 7
f*exp=3.1 Hz

f0=4.9 Hz

VS=170 m/s
VS=878 m/s

VS=1108 m/s

VS=146 m/s
VS=274 m/s

VS=926 m/s

VS=203 m/s

VS=875 m/s

VS=239 m/s

VS=505 m/s

VS=608 m/s

VS=394 m/s

VS=1196 m/s

VS=190 m/s VS=239 m/s

VS=505 m/s
VS=260 m/s

VS=450 m/s

2b

2b
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VS=608 m/s

VS=239 m/s

VS=505 m/s

Sub-Apennines clay (SC) 

Gravina calcarenite (GC)

Altamura limestone (AL)

1
.5

Fig. 3 - Reference schemes of SFS system for the application of the simplified approach. 

The building height and width were obtained from surveys by Gallipoli et al. (2020), 

whereas the thickness, s, of the bearing walls was set based on the relationships with the 

building height, used in past empirical methods for the construction of masonry buildings 

(Augenti and Parisi, 2019). The wall thickness was thus set to 0.70m, 0.81m, 0.93m and 

1.03m in case of buildings with two, three, four and five storeys, respectively. A thickness 

enlargement of 0.15 m on each side of the bearing wall was considered to estimate the 

foundation width. The value of the foundation embedment, D, was set to 1.5 m for 

buildings 1, 2, 4, 5, 7, and to 3.50m for buildings 3 and 6, which are characterised by an 

underground storey. The fixed-base frequency, f0, was estimated through a correlation with 

height relevant to masonry buildings on calcarenite obtained by Gallipoli et al. (2020), i.e. 

f0 = 73h-1. Finally, the weighting coefficients p were selected based on the seismic 

impedance ratios between the actual soil layers below each analysed case. Thereafter the 

equivalent parameters Geq, eq and VS,eq were computed to estimate eq and, consequently, 

the corresponding value of f*/f0 following the approach described in Section 1.  

Table 2 shows the comparison between the experimental frequencies versus the values 

obtained by introducing in Equation 1 either the value of  relevant to the shear wave 

velocity of the soil cover (Veletsos and Meek, 1974) or the equivalent value eq computed 
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by the approach proposed by Piro et al. (2020). The traditional formulation underestimates 

the actual values in all cases except one, while a significantly better agreement was found 

between the proposed procedure and the experimental data.  

 

Table 2. Mechanical properties of the different materials 

Building ID   Veletsos and Meek (1974) Piro et al. (2020) 

 
f0 

(Hz) 

f*
exp 

(Hz) 

VS 

(m/s) 

 

 (−) 

f* 

(Hz) 

VS,eq 

(m/s) 

eq 

(−) 

f* 

(Hz) 

1 7.0 6.5 170 2.33 3.7 778 9.24 6.27 

2 6.7 5.5 146 1.98 2.9 423 5.74 5.5 

3 5.9 4.7 203 2.78 3.6 730 10.0 5.4 

4 4.1 3.4 239 3.27 3.0 554 7.59 3.8 

5 6.5 3.3 190 2.60 3.8 198 2.71 3.9 

6 3.9 3.4 239 3.27 2.9 519 7.12 3.6 

7 4.9 3.1 239 3.27 3.3 414 5.67 4.1 

3. Worked example 

The methodology applied to building 2 is shown as an example. In this case, a significant 

reduction of f*
exp with respect to the fixed-base value f0 (f

*
exp = 5.5 Hz and f0 = 6.7 Hz) was 

observed. The following data are used to apply the simplified approach:  

- the shear wave velocity profile, VS (Table 3);  

- the foundation embedment and width, respectively D = 2.0 m and B = 1.2 m;  

- the height, the width and the fixed-base frequency of the structure, respectively h = 11 

m, b= 16 m and f0 = 6.7 Hz;  

- the shear modulus, G, and mass density, , of the materials falling in the volume 

affected by the foundation motion extending down to a depth equal to 30m (Table 3).  

 

Table 3. Small strain properties and areas of the parts of SFS system 

j-part of the SFS system  
VS 

(m/s) 
G 

 (MPa) 
  

(kg/m3) 

A 

 (m2) 

Upper SC layer (1a) 146 37 1750 122 

Lower SC layer (1b) 274 131 1750 71 

Upper GC layer (2a) 529 546 1950 149 

Lower GC layer (2b) 1108 2394 1950 112 

AL layer (2c) 926 2358 2750 485 

Foundation (3) – 450 1600 8 

*Numbers 1, 2 and 3 refer to the shallow cover, in-depth formation and structure of the SFS system. 

 

To assign the weight coefficients, pj, the shallow cover can be assumed as a material 

equivalent to the two SC layers with VS and  computed as the average values weighted by 

the thicknesses; similarly, a material equivalent to the two GC layers and the AL layer can 

be assumed as in-depth formation. The seismic impedance ratio 12 can be computed as 

follows:  
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where subscripts 1 and 2 indicate respectively the shallow cover and the in-depth 

formation. The weighting coefficients 1 = 1.00, 2 = 0.04 and 3 = 0.03 can be assigned 

as those relevant to the DB two-layers soil configuration (12 = 0.20) reported by Piro et al. 

(2020).  

The equivalent properties, in terms of shear modulus (Geq), density (eq) and shear wave 

velocity (VS,eq) are computed through the equations reported in Figure 1: 

(37 122 1.00) (131 71 1.00) (546 149 0.04) (2394 112 0.04) (2358 485 0.04) (450 8 0.03)

(122 71 149 112 485 8)

77.8MPa

eqG
  +   +   +   +   +  

= =
+ + + + +

=

(3) 

3435kg/m

(1750 122 1.00) (1750 71 1.00) (1950 149 0.04) (1950 112 0.04) (2750 485 0.04) (1600 8 0.03)
(122 71 149 112 485 8)eq =

=

  +   +   +   +   +  
=

+ + + + +

(4) 

, 3

77.8MPa
423 m s

435kg/m
S eq

V = = (5) 

Subsequently, eq and the corresponding value of f*/f0 (Eq. 1) are computed as follows: 

423m/s
5.74

11m 6.7Hz
eq = =


(6) 

*
1.09

0

1.20 5.74 1 0.82
f

f

−= −  + = (7) 

resulting in the following estimate of the fundamental frequency of the selected building: 

* 5.5Hzf = (8) 

that is equal to its experimental value: * 5.5Hz=
EXP

f . 

Conclusions 

The study shows the validation of the procedure proposed by Piro et al. (2020) on a set of 

masonry buildings in the urban centre of Matera, to predict the effects of SFS on the 

fundamental frequency. The validation of the proposed approach was possible due to the 

experimental ambient noise measurements carried out on the buildings. The results 

obtained by the application of both the traditional and the proposed analytical approaches 

were compared versus the experimental frequencies. A good agreement between the 

predictions obtained by the method suggested by Piro et al. (2020) and the experimental 

data was observed, demonstrating the effectiveness of a quick estimation of the period 

variation due to SFS interaction, if both foundation configuration and layered soil 

properties are duly taken into account. The positive outcome of this validation study allows 

future developments in seismic risk assessment of historical urban centres, accounting for 

the impact of SFS interaction on seismic demand. 
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Abstract: Among the natural disasters, earthquakes are less frequent but they contribute 
significantly to the physical and social consequences. Regional-scale seismic damage 
prediction is still challenging. Emerging studies are advocating the applicability of machine 
learning methods for regional-scale seismic damage prediction. These findings need to be 
further supported by investigating the damage predictive performance of different machine 
learning models on different portfolios of buildings. The main objective of this study is to 
explore the damage predictive performance of various machine learning algorithms by using 
some generic information of the building and earthquake ground motion available in the post-
earthquake building damage dataset. For this study, we considered the building damage 
portfolio developed after the 2009 L’Aquila earthquake. Among the machine learning 
algorithms, the extreme gradient boosting classification resulted the better performance, three 
class (red, yellow, green) damage classification accuracy of 0.73.  

Keywords: Earthquake building damage, machine learning, rapid damage assessment, 
earthquake building damage portfolio, building damage portfolios. 

1. Introduction

Among the natural disasters, earthquakes are less frequent but they contribute significantly 
to the physical and social consequences. Over the world, significant efforts have been 
made to collect the post-earthquakes building damage information (Dolce et al. 2019; de la 
Llera et al. 2017; Lallemant and Kiremidjian 2015; NPC 2015; Stojadinović et al. 2021). 
The ground truth building damage information captures the aleatoric and epistemic 
uncertainties, very crucial for the development and validation of the state of art in seismic 
risk management (Astorga et al., 2020; Colombi et al., 2008; Dolce et al., 2021; Ghimire et 
al., 2021; Roeslin et al., 2020; Spence et al., 2009).  

For efficient seismic risk management, decision-makers and stakeholders need a quick and 
reliable quantification of potential seismic damage (Bommer & Crowley, 2006; Riedel & 
Guéguen, 2018). At the urban or regional scales, seismic damage quantification is still time 
and resources consuming. To overcome this issue, studies on the effectiveness of the 
machine learning methods for building damage prediction at the portfolio level has been 
initiated (Harirchian et al., 2021; Mangalathu et al., 2020; Riedel et al., 2015; Riedel & 
Guéguen, 2018; Roeslin et al., 2020; Stojadinović et al., 2021). These studies favour the 
possibility of adopting machine learning methods for seismic damage assessment.  
However, for the well adoption of the machine learning methods for seismic building 
damage assessment further investigations on the adaptability of these methods on different 
building portfolios needs to be carried out. The main objective of this study is to compare 
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the damage predictive performance of various machine learning methods in a portfolio 
containing generic information of buildings and damage. 

In this study, we explored the damage predictive performance of various advanced 
machine learning methods by considering the 2009 L’Aquila earthquake building damage 
portfolio from Italy. The description of the earthquake building database is provided in the 
second section.  The third section explains the method, followed by the result and the 
conclusion in fourth and fifth section, respectively. 

2. Data  

Dolce et al. (2019) developed a database of observed damage (DaDO) by processing the 
building damage information surveyed after several devastating earthquakes in Italy. From 
the DaDO database, we considered the building damage dataset corresponding to the 2009 
L’Aquila earthquake for this study. This dataset contains information on the observed 
building damage status, geographic location, number of stories, age, height, floor area, 
building position in the block, type of roof, regularity in plan and elevation, and 
construction material. The final dataset obtained after removing the missing information 
(48%) consists of 37998 buildings, no further data filtering methods were applied. We 
regrouped the observed damage information into three classes according to the severity of 
damage (light, moderate, heavy) in the same way used by the traffic-light-based damage 
classification (green, yellow, red) in the post-earthquake damage survey (ATC, 2005).  We 
completed the dataset with the macro-seismic intensity value observed at the building 
location obtained from the USGS ShakeMap tool corresponding to the main event. The 
distribution of each feature in the dataset is provided in Table 1.  

Table 1. Distribution of different features present in the clean L’Aquila building damage dataset. 

S.N. Parameters Data type Distribution 
(%) 

1 
Damage 
Grades 
(DG) 

Green 
Categorical 

76.62 
Yellow 16.58 
Red 6.80 

2 Number of 
stories 

0 - 3 
Numerical 

79.11 
3 - 5 19.07 
> 5 1.83 

3 Age 
(years) 

0 - 20 

Numerical 

13.95 
21 - 40 25.92 
41 - 60 28.97 
61 - 80 12.42 
>80 18.90 

4 
Floor area 
(square 
meter) 

0 - 50 

Numerical 

23.26 
50 - 100 37.42 
100 - 150 23.08 
150 - 200 6.22 
> 200 10.00 

5 Height 
(meter) 

0 - 10 
Numerical 

78.85 
10 - 15 18.87 
>15 2.27 

6 Position 

Corner 

Categorical 

10.59 
Extreme 23.59 
Internal 23.80 
Isolated 41.99 

7 Ground 
Slope 

Crest Categorical 1.41 
Plain 25.52 
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Moderate slope 51.45 
Steep Slope 21.61 

8 Regularity Irregular in plan and elevation Categorical 23.82
Regular in plan and elevation 76.17 

9 Roof Type 

Heavy_no_wall_thrust 

Categorical 

43.54 
Heavy_wall_thrust 8.55 
Light_wall_thrust 18.92 
Light_no_wall_thrust 28.96 

10 Material 

Masonry bad quality 

Categorical 

38.01 
Masonry good quality 21.40 
Mixed frame masonry bad quality 3.46 
Mixed frame masonry good quality 5.20 
Reinforced Concrete frame 25.30 
Reinforced Concrete wall 0.48 
Steel Frame 1.12 
Other 5.02 

11 MSI 

4 
Numerical 

0.91 
5 25.35 
6 36.01 
7 38.04 

3. Method

Machine learning algorithms: We considered the most commonly used regression and 
classification machine learning algorithms: random forest classification (RFC) and regression 
(RFR) (Breiman, 2001), gradient boosting classification (GBC) and regression (GBR) (Friedman, 
1999), and extreme gradient boosting classification (XGBC) and regression (XGBC) (Chen & 
Guestrin, 2016). These machine learning algorithms are based on a set of several decision trees as 
base learners that enables to achieve greater efficiency to integrate the complex and nonlinear 
interaction between the features in the dataset.  

Features definition: The damage grades were defined as target features. The damage grades were 
considered as a discrete label for classification methods whereas for the regression method the 
damage grade was considered as a continuous variables ranging between 1 to 3. The features of the 
building (number of stories, age, floor area, height, building’s position, roof type, regularity, 
ground slope condition, geographic location) and MSI value were considered as input features for 
the machine learning algorithms. A hot-encoding method was used to convert all categorical 
features into numerical values. A hot-encoding generated a unique binary value of 1 or 0 for each 
categorical value.  

Model development: The building damage dataset was randomly divided into two sets: training 
(60% of the dataset) and test (40% of the dataset). The training dataset was used to train the 
machine learning model. The test dataset was kept hidden while training the models and used to 
test the damage predictive performance of the machine learning models. 

Model evaluation: We adopted the confusion matrix (comparison between the ground truth and 
the model prediction) to evaluate the damage predictive performance of a machine learning model. 
An ideal damage prediction model would result in 1’s along the main diagonal and 0’s elsewhere. 
For the regression model, we rounded the model output (real number) to the nearest integer value 
only to plot the confusion matrix. In addition, we calculated the accuracy score (number of correct 
predictions over total number of data points) and mean of absolute error (MAE) to quantify the 
damage predictive performance of the machine learning model. Accuracy scores close to 1 and 
MAE close to 0 indicate higher damage predictive performance of the machine learning model. 
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4. Result 

On the test dataset, the RFR/GBR/XGBR/RFC/GBC/XGBC resulted in the accuracy score of 
0.75/0.76/0.76/0.77/0.78/0.79 and MAE score of 0.32/0.32/0.32/0.28/0.27/0.26, respectively. The 
classification models resulted slightly better damage predictive performance as compared to the 
regression models, among the classification models the XGBC model slightly stood out with the 
better predictive performance. The confusion matrix for the XGBC model is shown in Fig. 1(a). 
The XGBC model correctly classified 95% of the green class buildings, however, the yellow and 
red class buildings suffered significant misclassification. One reason behind this could be 
associated with the unequal distribution of the target features in the training dataset, i.e., as 
compared to the yellow and red class buildings the green class buildings shares a significantly 
larger fraction in the training dataset. To handle the imbalanced distribution of target features in the 
training set, we adopted the random oversampling method (the minority class was simply replaced 
until they became equal to the majority class), Fig. 1(b) shows the associated confusion matrix. By 
applying the random oversampling method while training the XGBC model the prediction of 
yellow/red class buildings increased from 22 % /24 % to 36%/54%, respectively, with a slight 
reduction in the prediction of green class buildings (14%) with overall accuracy/MAE score of 
0.73/0.33, respectively. 

 

Fig. 1- Row normalized confusion matrix for the XGBC model (a) without and (b) with the random 
oversampling method for handling imbalance distribution of the damage grades in the data. 

4. Conclusions  

In this study, we explored the damage predictive performance of various machine learning 
methods, the XGBC method resulted in slightly better damage predictive performance as compared 
to other methods considered here.  The random oversampling method applied to the minority class 
helped to penalize the misclassification error raised due to the presence of an imbalance 
distribution of the target features in the training set. The result showed that the machine learning 
algorithms hold a reasonable strength to link the building features with the damage level. Such 
method could be applied to estimate the potential damage during the post-earthquake emergency 
situation at the portfolio level.  

In this study, the applied ground motion corresponds to the macroseismic intensity obtained from 
the USGS ShakeMap associated with the mainshock, whereas the observed damage was the 
accumulated damage due to mainshock and aftershock, this may have contributed to the lower the 

(a) (b)XGBC XGBC: random oversampling
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damage predictive performance. Similarly, the level of information associated with each input 
features may have some contribution to assert some uncertainties in the damage prediction. 

In this study, we considered all the features available in the DaDO database that are frequently used 
in the empirical vulnerability assessment. Further investigation on the relevancy and correlation of 
these features needs to be carried out. The random oversampling method considered in this study to 
handle the imbalanced distribution of target features improved the prediction of higher damage 
grades (which is crucial for damage prediction) with some over-estimation of intermediate damage 
grades. A more detailed investigation of different methods for handling the imbalanced distribution 
of target features and their sensitivity in damage prediction should be explored. 

As a perspective, the potentiality of using machine learning methods to predict potential building 
damage in the same or different region during the future events could be explored further. 
Similarly, the damage prediction accuracy of such methods over other empirical damage prediction 
methods could be further explored. 
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Abstract: In  this  study,  we present  a  validation  of  the  Damage  Assessment  for  Rapid 
Response (DARR) method for different building types under different seismic inputs. Ten 
buildings  of  different  construction  types,  construction  years,  shapes  and  contexts 
(attached/stand-alone), in which at least one weak/strong motion event has been recorded at 
the top and the bottom of the buildings, have been analyzed. First, we estimated the total  
displacement at the top of the buildings simulating their dynamic behaviors in a first order  
approximation  by  a  damped  Single-Degree-of-Freedom  or  Multi-Degree-of-Freedom 
oscillator.  The oscillators were characterized simply by the fundamental  frequencies  and 
damping factors estimated for the buildings. The simulated and observed total displacements 
at  the  tops of  the  buildings were  compared.  Then,  the  expected  structural  damage was 
estimated based on the maximum total displacement using predefined thresholds for damage 
states  from literature.  The comparison of  our results  with the information on the health 
status of the buildings allowed validating the DARR method.

Keywords: earthquake impacts on buildings, building failure, building’s dynamic behavior, 
SDOF and MDOF oscillators, relative and total displacements

1. Introduction

Since most casualties during earthquakes are due to failure of built structures, assessing the 
damages  of  buildings  is  of  special  interest  both  for  the  seismological  and engineering 
communities.  First-level  damage  assessment  is  often  based  on  rapid  ground  motion 
estimations, like using fragility curves (e.g. Rota et al., 2008, Masi et al., 2019, Donà et al, 
2020). These approaches do not take into account the dynamic behavior of the buildings, 
like their experimentally determined fundamental frequencies.

Building monitoring makes it possible to estimate the building’s dynamic behavior and its 
variations (e.g. Snieder et al. 2007). Further, the expected damage can be retrieved from 
strong motion recordings in buildings (e.g. Parolai et al. 2015). Damage thresholds defined 
in literature are based either on the relative (e.g. Borzi et al. 2008) or total displacements  
(e.g., Lagomarsino and Giovinazzi, 2006).

In this study, we validated the damage assessment method proposed by Scaini et al. (2021), 
in  the  following referred  to  as  Damage  Assessment  for  Rapid  Response  (DARR),  for 
different ground motion levels and different building types. Recordings of sensors of two 
seismological  networks,  SMINO  (Sistema  di  Monitoraggio  terrestre  dell'Italia  Nord 
Orientale, Bragato et al., 2021) and OSS (Osservatorio Sismico delle Strutture, Dolce et 
al., 2017), installed at least at the top and the bottom of different buildings, were used.
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2. Damage Assessment for Rapid Response (DARR) 

First, the relative (drift) and total displacements at the top of the buildings are estimated 
simulating their dynamic behavior either by a damped Single-Degree-of-Freedom (SDOF) 
or a Multi-Degree-of-Freedom (MDOF) oscillator (Parolai et al. 2015, Scaini et al. 2021), 
depending on the complexity of the structures. Second, based on the simulated drift and 
total  displacement,  the  expected  damage  is  obtained  using  predefined  drift  and 
displacement thresholds for different damage states and building typologies, available from 
literature  (e.g.  Lagomarsino and Giovinazzi,  2006, Borzi  et  al.,  2008, Chourasia et  al., 
2016). The DARR method allows a successful reproduction of the dynamic behavior of 
structures  in  the  linear  domain.  This  is  sufficient  for  identifying  structural  damage 
occurrences based on maximum drift/total displacement at the top of a building.

Fig. 1: Photos of the buildings considered in this study: a) Aviano, b) Cividale, c) 
Fogliano, d) Gemona, e) Gorizia, f) Ronchi dei Legionari, g) Staranzano, h) Tolmezzo, i) 

Tarvisio and l) Visso (central Italy).
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3. Studied buildings and earthquakes

In  this  study,  we  analyzed  ten  low or  mid  rise (2-5  stories)  buildings  constructed  of 
reinforced  concrete  or  unreinforced  masonry  (Fig.  1).  These  building  types,  and  in 
particular  low-to-mid  rise  masonry  buildings,  are  among  the  most  common  building 
typologies in Italy (Scaini et al., 2021). Regular and irregular, as well as attached and stand 
alone buildings were studied. In all of the ten buildings at least one weak or strong motion 
event (PGA from 0.01 to 3.2m/s2) has been recorded by sensors installed at the top and the 
bottom of the monitored buildings. Only one of the buildings has been severely damaged 
by the first event of the 2016 Central Italy sequence (PGA 3.2m/s2), for all other buildings 
no damages have been documented so far. 

4. Results and discussion

The total  displacement was estimated for each of the considered buildings for different 
ground  motion  levels  using  the  DARR  method.  The  simulated  and  observed  total 
displacement at the top of the buildings are in good agreement for all of the buildings, 
including different building types and ground motion levels (peak ground accelerations). 
For most of the buildings, the dynamic behavior can be simulated sufficiently in a first 
approximation by a SDOF oscillator, independently from the construction material.  The 
shape of the structure seems to have a larger influence on the building’s dynamic behavior. 
The  differences  between  the  simulated  and  observed  maximum  total  displacement  (a 
relevant parameter for damage assessment) is below 15% in most cases. We regard this as 
a satisfactory result for the purpose of near real-time damage assessment.   Nonetheless, 
further  analyses  are  needed  to  better  investigate  if  the  observed  discrepancies  are 
connected to simplified models or may be also due to soil-structure interaction effects.
For most of the cases, the maximum total displacement is below the thresholds for which 
damages are expected. For one of the buildings, for the first event of the Central Italy 2016 
sequence, the simulated maximum total displacement is above the damage threshold. This 
is in accordance with the information that the building was severely damaged during this 
event.
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Abstract: The importance of soil-structure interaction (SSI) has been studied extensively over
years, however, SSI assessment in terms of polarization attributes gained limited attention so far.
Using a novel approach for SSI assessment, earthquake recordings are analyzed to evaluate the
polarization of the wavefield transmitted from the building to the surrounding area. The data used
in this study come from an SSI experiment performed in 2019 in Matera, Italy, where for five days
a dense array of sensors was installed both in a building and on the nearby athletic field. After
preprocessing the data and evaluating the dominant frequencies of the structure, the joint
deconvolution of the recordings in the building and on the field was carried out. With the help of
the developed analytical model, the phases related to the energy transmitted from the building to the
ground were identified and analyzed in terms of their polarization. The obtained results suggest that
the particle motion is mostly linearly polarized in the frequency band where most of the structure’s
vibrational energy is located.

Keywords: earthquake data; radiated wavefield; joint deconvolution; buildings;

1. Introduction

Soil-structure interaction (SSI) has been studied over the past decades using analytical models
(e.g., Guéguen et al., 2002), numerical simulations (e.g. Isbilirogulu et al., 2013), or real data
(e.g. Petrovic et al., 2018) from many different perspectives. However, the analysis of the
polarization of the wavefield radiated from the building to the ground in terms of SSI assessment
has gained limited attention so far.

The importance of polarization in strong-motion data has been underlined since Vidale (1986).
Over two decades ago, Cardenas et al. (2000) studied the polarization attributes of a wavefield
radiated from the Jalapa building in Mexico City to the ground, based on seven subduction
earthquakes. The authors aimed at understanding which phase was dominating the wavefield, but
did not obtain definitive results due to its complexity.

In this study, the polarization of the wavefield radiated from a building to the soil is analyzed in
terms of SSI. The analysis is carried out using a new approach based on a combination of joint
deconvolution (Petrovic and Parolai, 2016) and polarization analysis (Pinnegar, 2006).
Earthquake recordings of an M4.6 event collected from an SSI experiment in Matera (Italy, Fig.
1a), composed of a large number of sensors installed both in a building and on a nearby athletic
field, are analyzed.
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2. Experiment and data description
2.1. Site description
The investigated structure is a 7-floor reinforced concrete building located next to an athletic
field (Fig. 1b). The building is composed of three very similar building units connected by joints.
The resonance frequency of the soil at the test site was estimated as approximately 1.6 Hz
(CLARA project, 2020).

a) b)

Fig. 1 - a) Map of Italy showing the location of Matera (blue square) and the epicenter of the analyzed
earthquake (red star). b) Location of the sensors in Array 1 (blue triangles) and Array 2 (orange triangles) in the

building and on the athletic field.

2.2. Array and data description
During the SSI experiment, two out of three units were instrumented with three-component
sensors installed in different positions of the building. Additionally, six three-component sensors
were installed on the athletic field. Seismic noise was recorded for five consecutive days. By
chance one M4.6 earthquake with an epicentral distance of approximately 145 km was recorded
on 25.10.2019 at 4:31 am (UTC) by 21 three-component sensors. In this study, the earthquake
(EQ) recordings of Array 1 (Fig. 1b, blue) and Array 2 (Fig.1b, orange) are used.

3. Used method

The proposed approach consists of four steps: 1) data preprocessing, 2) structure’s dynamic
behavior estimation, 3) joint deconvolution, 4) polarization analysis.
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After the data preprocessing, the dynamic behavior of the structure is estimated. Hence, the
frequency band, where most of the vibrational energy of the building is located, is defined. The
data is bandpass-filtered around the estimated cut-off frequencies. The next step is based on the
joint deconvolution proposed by Petrovic and Parolai (2016) and extended to the recordings
collected by the sensors installed both in the building and on the surrounding athletic field. The
last step consists of the polarization analysis of the deconvolved wavefield and is based on the
decomposition of the three-component particle motion into a set of ellipse parameters defined in
the time-frequency S-spectrum, following the approach proposed by Pinnegar (2006).

4. Results

Based on the results from the spectral ratio analysis of the recordings from the two units, the
frequency band where most of the building’s energy vibration appears, is identified between 2 Hz
and 10 Hz. The spectral ratio of the two horizontal components differs for the two considered
arrays: the dominant frequencies in Array 1 are 2.7 Hz and 2.5 Hz for the X and Y directions,
respectively. In Array 2, the dominant frequencies are estimated as 2.4 Hz in X and 2.7 Hz in Y
directions. Data band-pass filtered between 2 Hz and 10 Hz were used for the joint
deconvolution analysis.

In the next step, the polarization ellipse parameters (Pinnegar, 2006) are calculated from the
S-Transform (Stockwell et al., 1996) of all three components of the deconvolved wavefield. The
phases corresponding to the wavefield transmitted from the building to the ground are identified
using an analytical model as a reference. For the polarization analysis, only the most energetic
parts of the total power S-spectrum of the polarization ellipse are considered. After the
energy-based filtering, the polarization ellipse parameters within the time windows
corresponding to the wavefield transmitted from the building are analyzed. The results show that
in the frequency range between 1 Hz and 3 Hz, for all three components of the analyzed
recordings, the semi-minor axis values (representing the circular part of the polarization ellipse)
are much smaller compared to the semi-major ones.

5. Discussion and conclusion

Based on the analysis of the polarization parameters, it is observed that the semi-minor axis,
which corresponds to the circular part of the polarization ellipse, is not significant. The
difference between the two axes is therefore dominated by the large values of the semi-major
axis. These differences are especially visible in the frequency range of the dominant frequencies
of the building (1-3 Hz). Our results indicate that for the test site in Matera the wavefield
transmitted from the building to the soil has mainly linear polarization and the circular part is not
significant, which is different from the common assumption of the elliptical surface wave
radiation from the vibrating structure (Richart et al., 1970).
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Abstract: The paper focuses on the seismic response of masonry buildings in the historical 
centre of Visso, severely hit by the 2016-2017 Central Italy earthquake. This represents an 
emblematic case of site effects and, also, of soil-foundation-structure (SFS) interaction. Maps 
of the observed damage at urban scale are compared with those derived by the use of fragility 
curves calculted for the building stock that characterizes the Visso municipality. These curves 
were developed by a numerical procedure based on the execution of nonlinear dynamic 
analyses on 3D equivalent frame models, both fixed and compliant base accounting for site 
effects and SFS interaction. The procedure to account for SFSI effects was firstly validated 
against records of the response of a masonry school monitored by the Italian Department of 
Civil Protection during the seismic sequence. Then, it has been applied to other archetypes 
representative of the building stock of the historical centre, of which a key feature is to be 
mostly composed by building in aggregate (93%). The match between the observed and 
simulated response is improved when the interaction between the structure and the soil is 
considered both for the monitored school building and historical centre. 

Keywords: soil-foundation-structure interaction, buildings in aggregate, damage scenario, 
monitored buildings, masonry 

1. Introduction

Earthquakes produced significant losses to urban historical centres as many Italian 
experiences emblematically testified (Sextos et al. 2018), increasing the risk of their 
depopulation with detrimental social/economic implications. Such high seismic risk derives 
from a combined role of vulnerability and hazard. Vulnerability factors arise from the fact 
that urban centres were often developed in a poor economic contest and without following a 
specific urban development plan. Indeed, they are usually the result of a process of building 
growth across centuries, leading to buildings in aggregate with interacting units 
characterized by different materials, construction techniques, heights, state of preservation 
and, often, improvised renovations. In addition, the geomorphologic context in which urban 
centres are built often highlighted the important role on the seismic response of local 
amplification phenomena associated with topographic and soil stratigraphic effects. 
That points out the need of effective procedures applicable at large scale to mitigate the risk. 
In this context, fragility curves represent an effective tool in predicting potential damage at 
urban scale. However, most of the literature works are addressed to residential buildings 
(e.g. Dolce et al. (2021)) while very limited are those on buildings in aggregate, that 
constitute one of key feature of small urban centres. The majority of them are based on the 
heuristic approach (see Lagomarsino and Giovinazzi (2006); Vicente et al. (2014); Brando 
et al. (2017); Formisano et al. (2015)), while others are based on the analytical-mechanical 
(Leggieri et al. (2021)), analytical-numerical (see Angiolilli et al. (2021); Battaglia et al. 
(2021)), or pure empirical approaches (see Penna et al. (2022)). However, for heuristic 
approaches, vulnerability factors specific for buildings in aggregate are based only on expert 
judgment; for analytical-mechanical or analytical-numerical approaches, the majority 
account only for the in-plane response without explicitly considering local mechanism 
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effects (an exception is Angiolilli et al. (2021)); for the pure empirical approach, only the 
position of the unit is considered as additional vulnerability factors with respect to ordinary 
residential buildings. Moreover, most fragility curves are derived by neglecting site effects 
and soil foundation structure (SFS) interaction effects (e.g. Mosoarca et al. (2020)). To date, 
only the first effect (Formisano et al. (2021); Ademovic et al. (2022)) is sometimes 
considered by entering in the fragility curves with an amplified value of the intensity 
measure. The amplification factor can be estimated too much roughly through ground motion 
prediction equations (Sabetta and Pugliese (1996); Schiappapietra and Douglas (2020)), 
roughly from studies at national scale (e.g. Falcone et al. (2021)), and more accurately from 
seismic microzonation studies at city-scale (Pagliaroli et al. (2020)). A rigorous approach 
would require site response analyses under numerous input motions. Recently, Abate et al. 
(2020) has shown an innovative seismic microzonation map based on a large-scale estimate 
of SFS interaction effects. Furthermore, Rovithis et al. (2017) proposed a methodology for 
assessing SFS interaction at large-scale using simple calculations within structural and 
geotechnical dynamics. Very few studies (see Brunelli et al. (2022a); Petridis and Pitilakis 
(2021)) that explicitly included these effects in the computation of fragility curves revealed 
that the so-estimated damage can be significantly higher than that associated with the current 
approximated approaches, emphasizing the importance of considering site and SFS 
interaction effects. Such evidence highlights the need of site-specific vulnerability studies, 
whose results can be exploited to generate simple but accurate maps of damages useful in 
the urban design, in the post-earthquake emergency and mitigation policies.   
Within this context, the paper compares the actual damage maps of the historical centre of 
Visso after the Central Italy earthquake with those obtained from fragility curves including 
site effects and SFS interaction. The adopted procedure was firstly validated against records 
of the response of a masonry school monitored by the Italian Seismic Observatory of 
Structures during the seismic sequence, as discussed more detail in Brunelli et al. 2021 and 
briefly reported in §2. Then, the same procedure has been applied to other archetypes 
representative of the building stock of historical centre (§3). It is mostly characterized by 
unreinforced masonry (URM) buildings (85%), almost in aggregate (93%). Finally, fragility 
curves on such specific archetypes, that attempt to fill some of limitations of those available 
in literature, were exploited to develop damage scenarios at urban scale (§4). 
2. Method of derivation of fragility curves 
 
The influence of site effects and SFS interaction on the seismic damage at city scale was 
investigated by comparing the damage scenario predicted by the fragility curves derived 
under three different hypotheses: 
- FB A case, that is three dimensional fixed base (FB) structural models investigated by 

nonlinear dynamic analyses (NLDA) performed with records of natural earthquakes 
selected to be representative seismic signals occurring on the rock or soil type A 
according to the Code; 

- FB C case, according to which the fixed base structural model was analysed under 
accelerograms derived through linear-equivalent one-dimensional seismic response 
analyses of the soil profile recurrent in Visso; 

- CB C case, in which the SFS interaction was considered by analyzing the compliant 
base (CB) model under the same free field input motions adopted in the FB C case.  

In each case the structures were modelled as isolated or in aggregate.  
Fragility curves have been constructed for five damage levels (DLs) compatible with EMS98 
(Grünthal (1998)). A more exahaustive description of the procedure is reported by Brunelli 
et al. (2022a). 
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3. Validation of the adopted procedure on the permanently monitored school in Visso

3.1 Brief description of the case study and performed analyses 

Several factors make the school of Visso an interesting, if not even singular, case-study 
according to the following remarks: (i) monitoring data on the seismic behaviour of a real 
building that developed a strong nonlinear response are available for a detailed validation of 
numerical models; (ii) the building had a T-shaped plan that is a recurrent characteristic of 
Italian school buildings; (iii) the building was accurately inspected after the last mainshock 
occurred in 2016, but data related to previous shocks were collected as well, allowing 
damage accumulation to be assessed in terms of location, typology, and incremental severity 
rating, (iv) the soft subsoil induced both site and soil-structure interaction effects. The 
school, nowadays was demolished due to the severe damage occurred, consisted of two 
stories above ground and an attic covered by a pitched timber roof. The load-bearing walls 
were characterized by a two-leaf stone masonry with a rather regular bond scheme.  
The school was settled in the middle of Visso’s valley, above an almost 40-m-thick layer of 
loose soil deposits covering the geological bedrock made of Scaglia Variegata and Scaglia 
Cinerea. The soil closely below the school was investigated through a borehole drilled down 
to 35 m and a down-hole test performed during the seismic microzonation study of the Visso 
village (see MZS3 (2018)). Fig. 1a shows the layered soil profile and the associated values 
of shear wave velocity VS. The predominance of a sandy gravel layer (SG), covered and 
locally interbedded by clayey silt (CS) and silty clay (SC) lenses, was recognized. The VS 
increases with depth in SG and shows a reduction in the deeper and thicker CS layer. The 
bedrock depth was estimated at 40m in depth basing on the interpretation of noise 
measurements through the horizontal to vertical spectral ratio technique. Consequently, the 
equivalent VSeq resulted 281 m/s. More details on the soil characterization are reported by 
Brunelli et al. (2021).   
Fig. 1b illustrates the 3D equivalent frame (EF) model of the examined case study generated 
with the Tremuri software package (Lagomarsino et al. (2013)) and accurately validated 
against the actual response by Brunelli et al. (2021). 

Fig. 1 - (a) Soil profile under the school together with the Vs profile; (b) 3D compliant-base EF model and 
(c) example of backbone and hysteretic response for a masonry pier dominated by a shear response

According to the EF modelling approach, the nonlinear behaviour is concentrated in piers 
(that constitute the main vertical structural elements able to equilibrate both vertical and 
horizontal actions) and spandrels (that connect piers). In Fig. 1b, piers and spandrels are 
respectively in orange and green, while the cyan regions identify the portion assumed as 
rigid nodes. The masonry panels are modelled according to the nonlinear beam piecewise-
linear model proposed by Cattari and Lagomarsino (2013). This constitutive law allows for 
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describing the nonlinear response until very severe damage levels at element scale (i.e. DLE,i 
with i from 1 to 5) through progressive strength degradation (βE,i) corresponding to assigned 
drift values (δi). The drift thresholds, the strength degradation as well as the parameters that 
rule the hysteretic response may be differentiated as a function of the most recurring failure 
modes that characterize URM panels (i.e. flexural, diagonal cracking shear or bed-joint 
sliding) and as a function of their type (if piers or spandrels). By way of example, Fig. 1c 
illustrates the response of a pier dominated by a shear failure mode. The model was 
calibrated in the elastic field thanks to the data from Ambient Vibration Tests carried out 
before the earthquake (see Brunelli et al. (2021)). 
The NLDA were then performed considering in cascade the accelerograms of the three main 
events of Central Italy earthquake (i.e. 24th August, 26th and 30th October 2016, named as 
E1, E2 and E3 respectively in the following figures) recorded by a sensor located at the 
underground level of the school. The latter were deconvoluted up to the bedrock depth 
through equivalent linear site response analyses executed on the soil profile in Figure 1a, to 
quantify the nonlinear soil response mobilized by during the three input motions.  
The NLDA were executed on both a fixed-base (FB) model and a complaint base (CB) model 
endowed with springs at base to simulate SFS interaction. The stiffness of the springs was 
calculated from the impedance function by Gazetas (1991), considering the average 
mobilized stiffness in the three events resulted from the deconvolution analysis. The 
damping resulting from the combination of the structural viscous damping, the foundation 
radiation damping and the hysteretic soil damping was computed through the formula 
proposed by Maravas et al. (2014) and then implemented in the NLDA as a Rayleigh 
damping ratio. The radiation damping was computed through the impedance functions, while 
the hysteretic component was again estimated from the deconvolution analysis. The effect 
of hysteretic contribution of the soil was in depth investigated in Brunelli et al. (2022a). 

3.2 Simulated versus observed response 

The results of NLDA allowed to in-depth validate the model also in a strong nonlinear phase 
with different types of comparisons: (i) at the local scale, in terms of acceleration time 
histories recorded by each single sensor versus those resulting from the analyses at the same 
points; (ii) at the global scale, in terms of activated inertia forces versus the average top 
displacement, attributing to each sensor a pertinent mass estimated from the model; (iii) in 
terms of damage mechanisms, to assess the accuracy of the model also in describing the 
main failure modes observed and their localization. The complete results are discussed in 
Brunelli et al. (2021). Figure 2 reports a brief summary of outcomes in terms of (b) variation 
of frequency with time computed on the accelerogram recorded (a) and simulated on the 
second floor and (c) cumulative damage.  
The first results from a time - frequency analysis performed on the recorded and simulated 
acceleration of the second floor, computing the Fast Fourier Transform on 1s long windows. 
The experimental predominant frequency indicated as fexp,pre24/8/16 refers to the dynamic 
properties of the structure representative of its state before the seismic events. The second is 
the percentage of piers (CDDLi,piers) reaching or exceeding a given DL, weighted by the 
corresponding gross sectional area, as originally proposed by Lagomarsino and Cattari 
(2015). The damage evolution was reconstructed also for the observed damage.  
Both the simulated and experimental frequencies in Fig.2b decrease with the passing of time, 
suggesting a decay of structural stiffness and the progressing of nonlinear response as proven 
by the damage accumulation in Fig.2c. Either fixed-base or compliant base numerical 
models satisfactorily reproduce the subsequent accumulation, but tend to overestimate the 
occurrence of moderate damage (DL2), whereas a quite good agreement is found for the 
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higher severity degrees (from DL3 to DL5). An improvement in the match between reality 
and simulations is obtained with the compliant base system, which returned 
- frequency closer to the recorded both before earthquake and after the strong motion phases;
-an evolution of damage closer to the observed, especially from DL3 to DL5.

Fig. 2 – (a) Acceleration recorded at the second floor, (b) variation with time of the main frequency recorded 
at school during the seismic sequence compared to the results of numerical analyses on the FB and CB 

models; (c) comparison between the cumulative rate of pier damage as simulated and observed after each 
mainshock for FB and CB model. 

4. Application of the procedure to derive fragility curves for buildings in aggregate

The procedure to simulate soil-structure interaction effects described in Section 2 and 
validated in Section 3 has been applied to two aggregates, inspired by the typical features of 
the buildings in the historical centre of Visso (Fig. 3). As originally proposed in Angiolilli 
et al. (2021), the in-plane (IP) response of the buildings was simulated through nonlinear 
dynamic analyses performed on a 3D equivalent frame model of the structure, whereas out-
of-plane (OOP) mechanisms were analysed in the post-processing of the data derived from 
the global 3D model by adopting the rigid-block assumption. The individuation of the walls 
susceptible to overturning was defined based on building geometry, opening layout, 
constructive details and restraints given by the structure. In particular, it was reasonable to 
consider the OOP mechanisms involving only the tympanum and upper level as well as the 
two upper levels of the external façades, because of the wall slenderness and the 
amplification phenomena generally occurred for the upper building levels (e.g. Degli Abbati 
et al. (2018)).The interaction effect among adjacent units has been modelled through the 
insertion of elastic truss elements and fictitious floors between the units; these elements 
allow the opening between buildings only along their longitudinal direction. To assess such 
interaction effect on the IP response, each structural unit has been also investigated as 
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isolated. Moreover, also the pounding effect was considered in determining the actual 
damage level of each structural unit. More details on this last aspect are provided in 
Angiolilli et al. (2022). 
As for the Visso’s school, a validation of the simulated response of this aggregate has been 
firstly carried out through the comparison with the actual damage occurred during the 
Central Italy 2016-2017 earthquake (see Brunelli et al. (2022b)). Such validation was 
executed by considering the modification of the seismic motion along the valley of Visso 
through 2D site response analyses (see Brunelli et al. (2022b)). As highlighted in Figure 4 
the CB model joint to 2D effects are particularly able to provide more consistent results with 
respect to the real response (see also Figure 6).  

 
Fig. 3 - Identification of buildings by which the archetypes are inspired and 3D equivalent frame model of 

the aggregate 

 
Fig. 4 – (a) observed damage after the Central Italy earthquake; (b) simulated damage with CB model after 

26th October considering 2D site effect or (c) 1D site effect 

By way of example, Figure 5 shows the fragility curves obtained for the investigated 
buildings in aggregate, in particular: 
- Fig.5a highlights the aggregate effect for fragility curves associated to DL2 and for a 4-

storeys structural unit investigated by considering only the IP response. Independently 
n the FB or CB modelling, the effect revealed to be beneficial with respect to the isolated 
configuration. The same conclusion has been founded also for other DLs. 

- Fig.5b highlights the role of site and SFS interaction effects on the IP response. In 
particular, the effect of SFS interaction is beneficial in any case. 

- Fig.5c illustrated the potential retreat of the fragility curve due to the activation of local 
mechanisms for the fixed base model. On that, it has to be pointed out that, according 
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to Angiolilli et al. (2022), such effect may be more or less significant since the filtering 
effect produced by the main structure varies with the damage level attained on walls 
(i.e. the amplification of floor spectra reduces as much the IP damage of walls 
increases). 

The fragility curves represented in Figure 5 accounts only for the record to record variability 
uncertainty. 

Fig. 5 – Effect on the fragility curves of (a) aggregate interaction, (b) SFS interaction and (c) activation of 
local mechanisms 

5. Exploitation of fragility curves for assessing damage scenario at urban scale

The fragility curves derived according to the procedure illustrated in the previous sections 
have been then applied to estimate a damage scenario at urban scale. To this aim, firstly the 
fragility curves obtained on the selected archetypes have been extended in order to become 
representative of a corresponding sub-type assumed to be characterized by homogenous 
seismic behaviour as usually done in risk studies at large scale. Thus: 
- based on the evidence provided by examined structures, corrective modifiers have been

defined to account in a simplified way for the OOP response and the SFS interaction;
- the dispersion of fragility curves has been increased to account also for the possible

uncertainty on the mechanical parameters. Moreover, the combination of results
associated to various structural units allowed to provide an estimate also of the
interbuilding variability.

More details on these factors are reported in Brunelli et al. (2022c). Fig. 6 compares the 
damage observed in Visso after the Central Italy earthquake to that estimated through FB C 
or CB C fragility curves to respectively simulate only site effects or site effects joint to SFS 
interaction. The damage predicted by considering site effects through FB C model is 
significantly higher with respect to that observed. The interaction reduces the overestimation 
leading to a more comparable damage.  

Fig. 6 - Comparison between observed and simulated damage. The simulated damage refers to both the FB C 
and CB C models considering 1D site effects 
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4. Conclusions  

The paper proposes a procedure to include site effects and soil structure interaction in the 
development of damage scenario at urban scale. The procedure was successfully applied to 
predict the response of a masonry school and the damage of the whole historical centre in 
the municipality of Visso after the 2016-2017 Central Italy seismic sequence. The effects of 
SFS interaction resulted in a reduction of the fragility for the analysed cases mainly due to 
the contribution to dissipate the seismic energy given by the foundation soil. Such aspect 
may suggest that the fixed base modelling is a conservative approach, but the damage 
estimated through such modelling strategy resulted higher and far from that observed. 
Conversely, a better agreement between simulation and reality is achieved when the SFS 
interaction is considered both at building and urban scale. 
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Abstract: Earthquakes are natural phenomena that occur suddenly and unexpectedly, 

representing a real threat in many areas of the world, with destructive potential to both 

the natural environment and the built one, as well as significant loss of life. Over time, 

people looked for ways to understand the earthquakes, to identify the places where they 

occur, why they occur, and to record and analyse ground motions produced by 

earthquakes. Our current data on earthquakes and their effects are obtained through 

seismic monitoring. This type of monitoring is done using sensitive tools called 

seismographs that record the waves generated in the seismic focus. Romania is a country 

with significant seismic activity both at crustal and intermediate-depth levels, where the 

seismic monitoring has been developed since the 19th century, being one of the first 

countries in the world involved in earthquake survey. Since 1900, more than 31600 

seismic events (magnitude between 0 and 7.7) have been recorded and located on our 

territory. The goal of the present paper is the creation of a database for the analogue 

seismic instruments that have been operated over time at seismic stations in Romania. 

Keywords: seismic monitoring, seismographs, seismograms, analogue instrumentation 

1. Introduction

To understand Earth movements and to assess seismic hazard is essential to have available 

a network of seismic stations for a long-time interval. In recent decades, the way earthquakes 

are recorded and data analysed has changed remarkably, analogue seismographs being 

gradually replaced by digital seismographs. Improved instrumentation makes it possible to 

fully analyse the entire signal of an earthquake, both in the time domain as in the case of 

analogue instruments, but also in the field of frequency. 

In 1889, Stefan C. Hepites imported from Italy two Brassart-type seismoscopes, being the 

first instruments capable of detecting and to measure the earthquakes produced in Romania. 

Before 1950, 7 seismometers operated in Romania: 2 instruments in Bucharest and 5 Mainka 

modified seismometers in different seismic regions monitoring almost all the country. 

Seismicity recorded before 1970 is mostly based on macroseismic observations and early 

seismic instruments, having at that time 9 analogue stations installed (Grecu et al, 2020).  

Developing over time, today, the Romanian Seismic Network operates with over 190 seismic 

stations, mostly broadband and short-period, sending data in real time to the National Data 

Centre in Magurele. The Romanian Seismic Network also still operates 4 analogue Geotech-

S13 instruments.  

4449

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

3ECEES, September 2022, Bucharest, Romania

mailto:andreea.chircea@infp.ro
mailto:mihaela@infp.ro
mailto:raluca.dinescu@infp.ro


2. The beginnings of seismic monitoring in Romania

One of the initiators of seismology in Romania was Stefan C. Hepites, who brought in 1889, 

the first Brassart-type seismoscopes. They were installed in Bucharest, at the Meteorological 

Institute in Bucharest, this moment marking “the year of birth of the seismic station in 

Bucharest, the first station from Romania and one of the first stations in Europe” (Radu, 

1994).  

A few years later, new equipment was brought and installed: a Guzzanti seismoscope in 

1895, a 17 m long Tacchini seismometer with a mass of 175 kg in 1898, and an Agamennone 

seismoscope. 

In 1902, the seismic station in Bucharest (fig. 1) was modernized by the installation of two 

new horizontal Bosch seismographs, recording on a drum covered with carbon black paper 

and with an electric clock that marked the minutes on the recording paper.  

These instruments operated until 1957, but "their moment of glory" came on November 1, 

1929, when they recorded the intermediate-depth earthquake occurred in the Vrancea 

seismic area, of magnitude Mw = 6.1 (according to ROMPLUS catalogue, Popa et al., 2022). 

This event is one of the five earthquakes used by the well-known American seismologist H. 

Jeffreys to prove the existence of intermediate-deep earthquakes (Radu, 1994). Also, in 

1902, a station equipped with a Cacciatore seismoscope and a deRossi seismograph with pen 

recording was installed in Timisoara. Later on, in 1911 a station equipped with two Mainka 

horizontal seismographs was installed in Cluj-Napoca (fig.2).  

The year 1935 is an important milestone in the history of seismic monitoring in Romania. 

This year, Professor Gh. Demetrescu set up the Observatory Filaret Bucharest, the first 

Romanian Seismological Service. He brought new instruments so that in 1940, the 

observatory was equipped with the following equipment: two Mainka horizontal mechanical 

pendulums with a mass of 540kg each (installed on January 1, 1935), two horizontal Galitzin 

pendulums (Fig.3) with a mass of 7.2 kg and photo galvanometric recording (installed in 

1937), a vertical Alfani pendulum with a mass of 27 kg and photo recording (installed in 

1940) (Grecu B. et al, 2020).  Fig. 4 shows the stations where the Mainka modified and 

Galitzin seismographs were operated before 1950. 

Fig. 1 - Astronomical Observatory (left); BUC 

station – first seismic station in Romania (right) 

(http://www.astro.ro:8080/articles/History/) 

Fig. 2 – Seismogram of June 24, 1940 Vrancea 

earthquake, Cluj-Napoca seismic station, Mainka 

modified seismograph (Radu C., 1997)  
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The major event of November 10, 1940 from Vrancea seismic zone, Mw=7.7, highlighted 

the need for more performant seismic stations and for a better network coverage. During 

1950 and 1980-time interval, 26 new seismic stations were installed (Fig. 5).  

Different types of instruments were used in this time period with recording systems on 

smoked paper, photographic paper or with ink. Several seismic stations were equipped with 

more than one sensor. The Galitzin sensor was not used anymore after 1959. 

 

 

 

 

 

Fig. 3 - Galitzin recording system (for teleseismic events) 

installed in 1914 at BUC station (Demetrescu G., 1937) 

 

 

Fig. 4 - The map of seismic stations (left) and list of instrument types (right) installed before 1950 
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3. Instruments database

In order to collect and store information about analogue instruments that have existed over 

time at seismic stations in Romania, we have created a database that will be completed and 

expanded based on the data we find. This database will be very useful in the procedure of 

digitizing analogue seismograms. 

The database will contain: the name and station code where the instrument operated, the type 

of the instrument, the operational period, the physical characteristics of the instrument: 

Component (direction of ground motion recording), Mass of the sensor, Free period of the 

sensor (the period of the undamped oscillation of the sensor), Damping (viscous damping), 

Magnification (the static magnification in case of mechanical seismographs), Type of record 

(smoked paper, photographic paper, ink paper), Record speed. In case of electromagnetic 

seismographs with a galvanometric recording system, the Magnification refers to the 

maximum of the frequency dependent displacement amplitude magnification curve. For this 

type of instrument, the Galvanometric free period and damping factor values were added. At 

a later stage, the database will be completed with the transfer function/response 

characteristic, expressed in poles and zeros or in graphic format (amplification/period, 

phase/period, magnification/period curves). Last columns will be dedicated to the present 

status of the instrument (preserved or not preserved), bibliography and observations (for any 

particular information that was not included in the previous columns) – see Annex1. 

4. Development of seismic network in recent decades

In 1971, the first seismic equipment was installed at the seismic station Muntele Rosu 

(MLR). This station was first equipped with a Vegik instrument, installed in the station 

tunnel, followed by Kirnos SKM instrument in 1974, Kirnos SKD and Sprengnether 

instruments in 1975. Later on, in 1977 the MLR observatory was equipped with S5S, DD1 

and Geotech-S13 instruments with film and ink recording systems. Since 1971, the station 

has operated without interruption and since 2003 it became part of CTBTO International 

Monitoring System as Auxiliary Station.When the major earthquake on March 4, 1977 

(magnitude of 7.4) occurred in Vrancea, causing numerous material damages and loss of 

human lives, only nine accelerometers and two seismometers were operating in Romania 

(seismic monitoring was not a priority objective of the communist regime at that time). 

Fig. 5 - The map of seismic stations (left) and list of instrument types (right) installed between 1950 

and 1980 
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Moreover, only the accelerometer installed in Bucharest was able to fully record the event. 

The information provided by this recording was essential and the earthquake of March 4, 

1977 marked the turning point for Romanian Seismic Network (RSN) development and 

improve the seismic design code for Romania.  

After 1980 (Fig. 6), only one type of sensor with recording system on photographic paper 

was still in use, the Vegik seismometer from Bacau station, increasing the number of sensors 

type DD1 and S13, with ink recording system. 

 

 

 
                    

 

 

 

 

 

 

 

 

 

 

In 2022, the Romanian Seismic Network is operating with 193 seismic stations, most of 

them broadband and short-period seismic digital stations (represented with blue triangle on 

the map – Fig. 7), sending data in real-time, to the National Data Centre and only 4 of them 

still have Geotech-S13 instruments with analogue recording (represented with red triangle 

on the map – Fig. 7). These are located in the Vrancea zone (VRI station), at Muntele Rosu 

(MLR), at Timișoara (TIM) and the last one in Magurele (BUC). 

 

 

 

 

 

 

 

 

 

Fig. 6 - The map of seismic stations (left) and list of instrument types (right) installed between 1980-1990 

 

 

Fig. 7 - The map of seismic stations currently used in Romania (left) and list of analogue instrument 

types in operation after 1990 (right) 
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Since the beginning of seismology in Romania, 15 types of analogue instruments have been 

used, the most commonly used being the seismometer type DD1, followed by Geotech - S13 

(Fig. 8). Currently, 98 percent of the stations operated by Romanian Seismic Network are 

digital (Fig. 9).  

4. Conclusions (Chapter)

5. Conclusions

Romania is a country with active seismicity, both crustal and intermediate-depth events, with 

a long history in seismic monitoring.  As a result of the concern in the field of seismic 

monitoring of a few remarkable researchers, the first instruments were installed in 1889 (first 

seismoscopes were brought to Bucharest) and then monitoring continued over time both by 

improving existing measuring instruments and by installing new and more efficient ones. 

Although many of the analogue instruments have disappeared over time (damaged by 

weather or repeated relocations from one station to another), there is now an intense concern 

at the institute for the recovery and preservation of what still exists: instruments and data 

recorded.   

This paper is part of a teamwork in order to complete and update the National Institute for 

Earth Physics database. This will play an essential role for local and large-scale earthquake 

detection, from smaller events to large events and for many studies, such as earthquake 

statistics, seismic source, and seismic hazard, knowing and understanding that the history 

and use of seismic instruments is crucial. 
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Station name Sf. Ana

Station code AAR

Latitude  (°N) 46.1333

Longitude  (°E) 25.895

Altitude (m) 1101

Instrument 

operational period
1982-2007 1942-1993

1942-1944    

1951-1993
1965-1993 1969 - ? 1975 - ? 1975 - ? 1978 - 2017

Instrument S13 S13
Mainka-

Demetrescu
Vegik-M Vegik Kirnos-SKD Kirnos-SKM3 DD1

Instrument type electromagnetic electromagnetic mechanic
photo-

galvanometric

photo-

galvanometric

photo-

galvanometric

photo-

galvanometric
electromagnetic

Component Z Z NS; EW Z; NS; EW Z Z; NS; EW Z; NS; EW Z; NS; EW

Sensor mass (kg) 10.9 10.9 105

Free period of the 

sensor (sec.) - Ts
1 1 3.4 1.5 1 25 132 1

Damping - Ds 0.707 0.707 0.43 0.5 0.5 0.5 0.48 0.45

Magnification 1000 5000 1000 33400 15000

Type of record ink ink
smoked 

paper
photo paper photo paper photo paper photo paper ink

Record speed 

(mm/min)
240 240 30 60 60 30 60 120

Free period of 

galvanometer - Tg
0.4 0.4 1.2 0.55

Galvanometer 

damping factor
2 2 8 0.48

Bacau

BAC

45.5669

26.9124

169

Deva

DEV

45.8833

22.9033

250
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Destructive earthquakes occurred in Bulgaria at the beginning of the 20th 
century 
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Abstract: Natural phenomenon as an earthquakes are an important part of the environment. 
Probably, there is no region of the Earth that not suffered directly as a result by this 
phenomenon. Earthquakes are the expression of the current development of the Earth planet. 
Seismically active zone as the territory of Bulgaria, which located in the eastern part of the 
Balkan Peninsula is usual example of high seismic risk area. Bulgaria is situated, from 
seismological point of view in the Alpo-Himalayan seismic belt, which is described with 
high seismic activity. Over the past centuries in the territory of Bulgaria has occurred strong 
earthquakes some of them are the Europe’s strongest earthquakes at the beginning of the 
20th century. No such earthquakes located in Bulgaria since 1928. Considering this type of 
event, which causes a lot of damage and leads to a lot of material loss, is useful. Analyzing 
them helps to increase the readiness to meet the consequences of strong earthquakes by 
creating adequate preventive measures. In the paper, we introduce the strongest earthquakes 
observed in Bulgaria after 1900. 

Keywords: strong earthquake, historical and instrumental seismicity, Bulgaria 

1. Introduction

The earthquakes on Earth are non-uniform distributed over its entire surface. Most of the 
earthquakes are located in the so-called seismic belts. Most of the seismic belts concur 
with the contours of the sites between the tectonic plates. Around 90% of realised seismic 
energy of the Earth's is in the boundary areas of tectonic plates. The earthquakes that 
released inside the lithospheric plates are less common. In seismically active regions of the 
planet, including Bulgaria, earthquakes are one of the most catastrophic natural disasters. 
Bulgaria is located in the central part of the Balkan Peninsula. From a seismological point 
of view, Bulgaria is situated in the Alpo-Himalayan seismic belt, where is concentrate the 
greatest part of seismic activity. There are many historical documents for strong 
earthquakes in the territory of Bulgaria.  
The beginning of Bulgarian seismology dates back to 1891. At that time Spas Watzof, the 
director of Central Meteorological Station in Sofia, controlled network of correspondents 
for observation of felt earthquakes in Bulgaria (Watzof, 1902). The author present a proto-
type of macroseismic bulletin involving: time of perceived shaking, location, intensity, 
direction of impact, and observed effects. The first bulletin including data for Central 
Balkan earthquakes occurred in the 19th century was published in 1902 (Watzof, 1902). 
The initial data on earthquakes felt in Bulgaria were presented in 17 volumes edited by 
Watzof (1902-1923).  
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The period of Bulgarian historical era ends in 1905 when the seismograph of Omorri-Boch 
type was installed in the first Seismological Station in the city of Sofia. The same year four 
seismoscopes of Agamenonne type were installed in Sofia, Petrohan, Rila monastery and 
the town of Kazanlak.  
The space distribution of seismicity in Bulgaria is uneven, which gives reason to group 
earthquakes into geographically defined zones - seismogenic zones. Seismicity in the 
region is associated with seismic zones definite in some studies for the Eastern Balkans 
(such as Sokerova et al., 1992; Dachev et al., 1995; Simeonova et al., 2006) which are 
based on the space distribution of seismicity and possible source zones proposed in 
Bonchev et al. (1982). The strong historical earthquake occurred in the main 
seismogenic zones: Kresna, Maritsa, Gorna Oryahovitsa and Shabla.  
In the present study, the strong and destructive earthquakes that occurred in the main 
seismogenic zones of Bulgaria are presented. Additionally, an analysis of the observed 
consequences is presented. 

2. Strong earthquakes in Bulgaria

Some of the strongest European earthquakes (with magnitude larger than or equal to 6.5, 
MW≥6.5) in the 20th century are located in Bulgaria. Southwestern part of Bulgaria is 
characterized with high seismic activity in the period 1904 - 1906. In 1928 series of strong 
earthquakes occurred along the valley of the Maritsa River (in the central part of Southern 
Bulgaria). After 1928, earthquakes of magnitude MW≥6.0 are not realized on the territory 
of the country.  

2.1. Seismogenic zone Shabla 

The northeastern Bulgarian Black Sea coastal zone includes the boundary of two tectonic 
units with contrasting development during the Neogene - the Moesian Platform and the 
Black Sea Depression. The Moesian platform represents a fragment of the Eurasian 
continental lithospheric plate (Dachev et al., 1995; Dabovski et all., 2002). The eastern 
periphery of the Moesian platform is marked by a fault system in NNE-SSW direction 
(Gocev et al., 1984; Matova et al., 1996) separating the platform from deep part of the 
West Black Sea back-arch marginal riftogenic basin. That fault system is defined by 
numerous seismic profiling undertaken in the Black Sea.  
The Neotectonic/Quaternary activity of the fault system (that is called Kaliakra fault 
system) is manifested by strong seismic events. Тhe strongest earthquakes occurred in 
Shabla seismogenic zone are associated with Kaliakra fault system 
The strongest event occurred in the Shabla zone during XX century is the March 31, 1901 
earthquake (I0=10 MSK, МW=7.2) with an epicenter in the Black sea at about 20 km 
southern of Cape Kaliakra. The earthquake was felt throughout Bulgaria, southeast 
Romania, eastern Serbia and northwest Anatolia. 
After the event, the coast between Kaliakra and Balchik collapsed. The area of collapse is 
about 200 acres. 
The earthquake had devastating consequences in the coastal area of Bulgaria and Romania. 
Maximum damage was sustained by a number of villages situated along the coast between 
Balchik, Kavarna and Durankulak. The settlements of Kaliakra, Kamen Bryag, Tyulenovo, 
Balgarevo, Balchik, Kavarna and Shabla were badly affected. 
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In Kavarna „28 houses are cracked and demolished… The church, the new and the old 
school and the private buildings in Shabla are destroyed… On the southwest side of 
Balchik a part of the sea shore with approximately 200 decares of vineyards was 
demolished. The coast continues to crumble and fall into the sea. "(Watzof, 1902). 
In Balchik “The buildings swayed as if falling, and only threw off their tops; the chimneys 
were sinking with a terrible noise. The minaret of the mosque collapsed, hanging from the 
roof; and a mist of dust rose above the white hills, they danced, the ground collapsed into a 
deafening murmur! ...There was a general panic.” (Watzof, 1902). 
In Varna …”the concussion lasted a few seconds; during this time we heard a noise, as if 
from an approaching car; the chandeliers and lamps swayed loudly, the bells began to ring, 
the city clock stopped, walls and ceilings cracked, many chimneys fell down... ” (Watzof, 
1902). 
In Mesembria (Nessebar) - a wave-like earthquake preceded by underground noise. The 
dome of the church "St. Ivan” collapsed, and several stones fell from the church“ old 
Mitropol ” (Watzof, 1902). 
In Silistra "Almost all two-storey houses and brick buildings cracked, but no collapse…" 
(Watzof, 1902). 
The quake affected an area of about 610 000 km2. A large number of aftershocks were 
followed the earthquake. The analysis of the 1901 aftershock sequence shows that duration 
of the aftershock activity is more than two years (Simeonova, 1995).  

2.2. Seismogenic zone Kresna 

Part of the Rila-Rhodope region is the seismogenic zone Kresna, located in southwestern 
Bulgaria. The high seismic activity in the zone is associated with the Struma fault system. 
The deep Struma fault, lengthening in the NW-SE direction, is the main structure in this 
area that is interconnected by several neotectonic faults. That is the most seismically active 
region where the strongest documented earthquake has occurred. Seismic activity 
decreases from west to east. Seismicity in the western part of the region can be associated 
with active faults, in difference to seismicity in the eastern part, where no active and 
neotectonic faults were identified (from GFI Report 07-02, 2008). The deepest earthquakes 
in Bulgaria are generated in the zone, where the thickness of the earth's crust is significant 
(below the western part of the Rhodope massif it reaches a depth of 45-50 km). 

Two of the strongest earthquakes in Europe in the 20th century are generated in that 
seismogenic zone. These are the events of April 4, 1904, occurred in an interval of 21 
minutes (the first, with moment magnitude MW=7.1, at 10h 05min GMT was a foreshock, 
and the second, the main event was with moment magnitude MW = 7.8 and intensity I0 = 10 
MSK64 was realized in 10h 26min GMT). Studies (among others Simeonova and Solakov, 
1999) on the aftershock activity after the two earthquakes show a complex, multipole 
aftershock sequence (including more than that 1000 aftershocks) with more than 3 years 
duration.  

The consequences of the earthquakes are described in detail in the work of Spas Watzof 
from 1905 (Watzof, 1905). 
For the village of Boboshevo, located near the epicenter of the earthquake, it is written 
"Terrible panic. All the people are on the street, no one is at home. Rarely is there a house 
left with a chimney. The church is destroyed; there is a danger of collapse. About 2 km 
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outside Boboshevo, people saw cold water overflowing from 2 to 5 meters high in 
thousands of places.”(Watzof, 1905). 
In the Rila Monastery, the first earthquake caused a terrible panic in the monastery 
inhabitants; everyone escaped with a clear look of horror and did not know where to hide. 
"The second event "... much scarier than the first" was accompanied by "the ominous 
underground roar. The church, which is located in the middle of the monastery yard, is a 
solid and solid building, all made of hewn stones. Since the earthquakes in previous years, 
it has not destroyed any damage, but since today, it has broken in many places. 
"The earthquake was very devastating in Dzhumaya (in nova days Blagoevgrad) and other 
nearby villages. Many buildings and mosques in Dzhumaya have also were destroyed. 
"The villages of Krupnik and Simitli were destroyed. “In the Pirin Mountain, near the 
village of Sarbinovo (Kresna region), a large and long crack was formed, in which thrown 
stones gave an echo for a minute." (Watzof, 1905). 

2.3. Seismogenic zone Gorna Oryahovitsa 

The region of Northern Bulgaria covers the Moesian Platform, the Central Balkan and the 
Pre-Balkan zone, the Western and Eastern Balkan zone (Tectonic of Bulgaria, from GFI 
Report 07-02, 2008). Low horizontal movements characterize the region. The active faults 
are mainly in the areas near the Balkan Mountains. Seismicity is concentrated in the 
eastern part of the region. Only a few earthquakes with a magnitude lower than 4.5 (MW 
<4.5) were documented in the western part.  
Gorna Oryahovitsa seismogenic zone is located in the central part of the Northern 
Bulgaria. Seismic events in the area are generated among the border between the Pre-
Balkans and the Moesian Platform. The strongest earthquake in this zone is the event of 
June 14, 1913 (with a moment magnitude MW = 6.8 and intensity I0 = 9-10 MSK64) 
occurred near the town of Gorna Oryahovitsa. Many cities were destroyed: Gorna 
Oryahovitsa - up to 95%; Veliko Tarnovo, Dolna Oryahovitsa - up to 80%. Many other 
settlements are also affected. The earthquake affected an area of about 400,000 km2. The 
aftershock activity is continued for about 2 years (Simeonova, 1995). 
The consequences of the earthquake are described in the work of Spas Watzof from 1923. 
Some of the damages in the cities of Gorna Oryahovitsa and Veliko Tarnovo are presented 
in Fig. 1. 

Fig. 1 - Damages in the cities of Gorna Oryahovitsa and Veliko Tarnovo caused by the 1913 earthquake 

For the town of Gorna Oryahovitsa in the newspaper “Dnevnik”, issue 3872 – “First there 
was a loud thunder from underground and a long shaking. Afraid citizens leave homes, 
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restaurants, shops, etc. and flee to be saved. A second after this element, the buildings of 
the city began to collapse with a hellish crash and with such force and speed that in a 
minute only the city turned into terrible ruins" Watzof (1923). 

2.4. Seismogenic zone Maritsa 

The Sredna Gora region covers the Sredna Gora area, a large part of the Sakar-Strandzha 
zone (Tectonic zoning on the territory of Bulgaria, from GFI Report 07-02, 2008). This 
zone is characterized by medium-high speeds of horizontal movements, decreasing from 
west to east, with a main southern and weak eastern component. The active faults are with 
northwest-southeast orientation and are located throughout the region. Seismicity can be 
associated to active faults.  
Maritsa seismogenic zone is located in Central Southern Bulgaria. The seismicity in the 
area is associated with the well-known Maritsa fault system, which ranges in the direction 
WNW-ESE. The strongest earthquakes in the area are the events of 1928 (the Chirpan 
earthquake of April 14, 1928 with magnitude MW = 6.5 and the Plovdiv earthquake of 
April 18, 1928 with magnitude MW = 7.1). Kirov (1945) wrote about these earthquakes: 
“On April 14 and 18, 1928, Bulgaria suffered two catastrophic events. The second 
earthquake is the biggest seismic catastrophe in Bulgaria. It was recorded by all 
seismologists around the world.” 
The earthquakes affected the cities of Plovdiv, Chirpan and Parvomay, as well as many 
other settlements (illustrated in Fig. 2 and 3). Approximately 74,000 buildings were 
destroyed, about 150 people died and more than 1,000 were injured. The reports presented 
below are from the observed and documented damages accessible in the DIPOZE report 
(1931), in archival materials from the State Archives and in the City Library of the City of 
Plovdiv.  

Fig. 2 - Damages in the city of Chirpan caused by the 1928 earthquakes (Dipoze, 1931) 

One of the most damages is observed in north of the Maritsa River - the neighborhoods 
“Karshiyaka” and “Filipovo”. More affected neighborhood is the “Judges' Quarter”, 
located in the southern part of the city, where the terrain is alluvial. In the past, a branch of 
the Maritsa River passed from there. The earthquake destroyed 95% of the houses - 
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buildings on one and two floors. Many damages are observed in “Kyuchuk Paris”, 
neighborhood in the southern part of the city of Plovdiv. South of the Maritsa River, the 
damages in buildings are significantly less. Along the main street, the buildings are tall and 
massive, with very good construction performance. The least affected in the whole city are 
the buildings built around and near the hills.  

Fig. 3 - Damages in the city of Plovdiv caused by the 1928 earthquakes (Dipoze, 1931) 

It should be noted that the observed effects are consequences of the two earthquakes and 
can be considered as a combined effect of the strength of the two seismic events, the 
engineering-geological conditions and the type of construction. The earthquakes were 
followed by well-expressed aftershock activity, continued until the end of 1933 
(Simeonova, Solakov 1999). 
In the years 1922, 1926 and 1929, the Geographical Institute at the Ministry of Defence 
prepared leveling measurements in the area around the epicenter of the earthquake. The 
summarized measurements are presented in the study of Yankov (1935). This is one of the 
few cases cited in the world literature (such as Richter, 1958), when detailed geodetic 
measurements were conducted before and after a strong earthquake. The compiled map is 
presented in Fig.4. 
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Fig. 4 - Terrain displacement as a result of the earthquakes of 14 and 18 April 1928 (according to Yankov, 
1935): 1) the thick drawn lines mean the leveling network on which the measurements were made; 2) the 

dashed lines mean the places with the same loss of terrain in cm, and the thin continuous lines with the same 
rise. The difference between two adjacent lines is 10 cm rise or fall: 3) in case of less than 10 cm rise, it is 

marked with (+) and (-) fall of the terrain, respectively. 

From the earthquake of April 14 are formulated two main faults almost parallel to each 
other. It should be note that the earthquake of April 18 formed the major fault. There are 
many secondary faults parallel or oblique to the main ones. The total length of the faults is 
about 141 km. 
There are mainly elevations compared to the levels before the earthquakes, but in some 
places, there are also dips (Kirov, 1945). At the main faults, there is a "collapse" of the 
soil, which ranges between 2.5 - 3 meters. There are only landslides between the northern 
and southern fault systems. The observed increase is to the south-west part of the southern 
fault system. In some places, the displacements of the terrain range between 1.5-2 meters. 

3. Conclusions

Seismological studies prove the high level of earthquake risk for Bulgaria. The experience 
from past earthquakes in our country, as well as from the world practice shows that the 
society takes measures after the disaster. 
Most of the active human actions to reduce seismic risk depend on the economic potential 
of the state, on the funds for creating and maintaining preparedness for earthquakes and 
overcoming their consequences. 
The world experience in the seismically active areas such as Bulgaria shows that the 
seismic risk can be reduced through effective urban planning and by increasing 
preparedness to overcome the effects of strong earthquakes. It is necessary adequate 
preventive measures to be undertaken, training of the population, planning of rescue 
activities, as well as active communication of science with all levels of government. 
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Communicating low-magnitude earthquakes in SE Finland in 1751-1752 
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Abstract: The focus of this investigation is on the contemporary documentation of a 

sequence of low-magnitude earthquakes in south-eastern Finland in 1751. It is analysed how 

the events were observed and reported, who the correspondents were, and how the 

contemporary press reported the events. Such information bears relevance to further 

assessments of data completeness in the target region, the Vyborg rapakivi granite batholith. 

Keywords: historical earthquake, earthquake swarm, Vyborg rapakivi granite batholith, 

south-eastern Finland 

1. Introduction

A limitation of textual accounts depicting any effects of ground shaking is their poor 

ability to distinguish events of seismic origin from those of non-seismic origin at low 

magnitude ranges. A small earthquake can be described as a sudden jerk of the ground 

accompanied by an audible boom, and a cryoseism, for example, can be described as a 

sudden jerk of the ground accompanied by an audible boom. In the absence of 

seismograms such cases tend to remain unresolved, in particular if the account comprises 

few details, and no background information is available. 

The seasonal variation of earthquakes included in the pre-instrumental national and 

regional catalogues in northern Europe has been recognized for long. For example, 

Renqvist (1930) commented on the higher frequencies of earthquakes during the winter 

months December, January, and February in the data available for Finland, Norway, and 

Sweden. Wahlström (1990) noticed a strong seasonal variation in the frequency of events 

with a peak in the winter months in the Swedish database for 1375–1890. No similar 

dependence is observed for instrumentally recorded earthquakes in the region. Supposedly 

frost effects during cold weather and temperature changes have in many cases been 

erroneously interpreted as earthquakes. The skewed seasonal distribution may be enhanced 

by a lower rate of earthquakes reported in the summer, when earthquake-related 

underground roar may have been mistaken for thunder, for example.  

Low-magnitude earthquakes do not contribute to seismic hazard as such, but this limitation 

can bear relevance locally, and be more than just an interesting curiosity, for seismicity 

investigations in low-seismicity regions. Earthquake databases should not be contaminated 

by non-seismic events in order to estimate seismicity rates impeccably. The b value of the 

Gutenberg-Richter magnitude-frequency recurrence law is used to extrapolate the observed 

magnitude ranges to unobserved ranges, and becomes distorted by superfluous events 

among the real earthquake data. 

A second limitation is related to the perception. Low-magnitude earthquakes can be 

accompanied by loud acoustic effects and thus be widely observed by local residents, but 

the radius of perceptibility incorporated in several equations for macroseismic magnitude 

were calibrated for felt effects expressed in terms of intensity. Because intensity 

assessment is often not possible, magnitude assessment becomes approximate.  
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2. Focus of investigation 

This investigation looks into a sequence of earthquake-like occurrences in present south-

eastern Finland in the mid-1700s. It began in October 1751 and continued until the end of 

the year. Given the skewed seasonal variation of pre-instrumental earthquake data in the 

region, an understandable interpretation would be to attribute the phenomena to frost 

effects. However, since similar sequences have been reported later in the region, and also 

in the summer (Fig. 1), and taking into account the similarity of macroseismic reports in 

the pre-instrumental and instrumental eras, it appears possible that the 1751 sequence also 

was of seismic origin. Instrumental investigations have shown that the earthquakes occur 

close to the ground surface, within the two uppermost kilometres of the crust (Uski et al. 

2006). This is a reasonable explanation for the acoustic effects and consequent 

observations by the local residents.  

 

 

Fig. 1 – Vertical component seismograms of five events in the Anjalankoski, SE Finland, May 2003 

earthquake swarm recorded at the seismic station PVF, at a distance of 61 km from the earthquake cluster. 

The event numbers are given. The lowest trace (EX) is a known explosion occurring at a distance of 64 km 

from PVF. Seismograms are aligned to the first P, trace-normalized and band-pass filtered between 1 and 10 

Hz. The arrival of P, S, and Rg phases is marked. Figure 4 from Uski et al. (2006). 

Uski et al. (2006) gave the magnitudes of the earthquakes in Anjalankoski, SE Finland, in 

2003 in the range local magnitude ML0.6–2.1. Sixteen events were recorded during three 

weeks in May, and an additional two events in the same locality in October the same year.     

 

44653ECEES, September 2022, Bucharest, Romania



3. Data completeness in a cross-border area

The region of interest is the Vyborg rapakivi granite batholith. The rapakivi granite is 

composed of lighter material than the surrounding bedrock, and is also much younger, 

~1.65 Ga old. The region is crossed by a country border and, moreover, the position of the 

border has been changed several times throughout the centuries, which makes any 

assessment of data completeness complicated. Whether the clustering of earthquakes in the 

western part of the batholith is a real seismicity feature, or related to data incompleteness, 

or both, is an open question (Fig. 2). The communication related to the know occurrences 

are scrutinized in order to improve the understanding of data completeness. This 

investigation looks into the oldest known earthquake swarm in 1751. Emphasis is placed 

on contemporary reporting and communications. 

Fig. 2 - The target region. The grey shading denotes the Vyborg rapakivi granite batholith. Blue circles are 

known earthquakes, and the red triangle is the seismic station VJF. The dashed line shows the country border 

after the peace treaty of Åbo in 1743, and continuous lines are current country borders. 
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Abstract: There are only two earthquakes known from the first millennium AD in the 
Carpathian-Pannonian region: Carnuntum (Austria) and Savaria (Hungary). 
Archaeoseismological studies allowed us to add six more events to the list, which damaged 
six Roman towns: Brigetio and Salla (Hungary), Celeia (Slovenia), Siscia (Croatia), 
Virunum (Austria), and Napoca (Romania). Archaeoseismological analysis brings up 
sufficient evidence to prove the seismic origin of various destruction features, and allows to 
bracket the period when the earthquake happened. 

Keywords: archaeoseismology, Antiquity, Carpathians, Pannonian Basin 

1. Introduction 

The length of time covered by modern instrumental seismology is negligibly short when 
compared with the geological time-scale involved in earthquake processes (Ambraseys, 
1973). The historical and instrumental data-set for the Carpathian-Pannonian region 
(Zsíros, 2000) and the current catalogue of the Kövesligethy Radó Seismological 
Laboratory in Budapest (Fig. 1) is considered complete for M >= 5 for the 20th century. 
However, only less than 5% of destructive earthquakes of comparable magnitude are 
known from the preceding two millennia (Kázmér & Győri, 2020). The first millennium 
AD is critical: international seismic catalogues (AHEAD, SHEEC) start listing events in 
AD 1000 (Albini et al., 2013; Stucchi et al., 2013). The Zsíros catalogue lists only five 
events for the first millennium. Out of these the 1000 AD event in Slovenia was proven as 
fake (Alexandre, 1991). The 935 AD Salzburg event is out of the frame we are studying. 
What remains are three events: 456 AD in Savaria (Varga, 2019), 567 AD in Croatia 
(Herak et al., 1996, updated), and 984 AD, which could be anywhere within Fig. 1. 
(Réthly, 1952). We note that Alexandre (1990) omits this event from his Medieval 
catalogue, while listing Savaria). Therefore it is imperative to introduce new methods, e.g., 
archaeoseismology, to fill gaps left blank in historical catalogues and to improve seismic 
hazard assessment. 
 

After the early start of archaeoseismology in the region (Kandler, 1989) both enthusiastic 
(Decker et al., 2006) and critical (Hammerl et al., 2014) opinions appeared. Recently an 
international conference on earthquakes in Carnuntum (Petronell, Austria) provided ample 
evidence for the seismic destruction of the city in Roman times (Konecny et al., 2019). 
Here we add six, Roman archaeological sites to the two (Carnuntum and Virunum) already 
known: Brigetio, Savaria, Salla, Celeia, Siscia, and Napoca. Previously these were not 
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known as bearing evidence for past earthquakes. An approximate dating is provided for 
each destructive event. 

Fig. 1. Earthquakes measured using instruments and earthquakes to which there are references in historical 
sources equal to or larger than magnitude 5 in the Carpathian-Pannonian region and surroundings. A dotted 

line marks the largest northern extent of the Roman Empire in the 1 to 4th centuries. Source: Earthquake 
Catalogue (after Kázmér & Győri, 2020, modified). 

Fig. 2. Number of known earthquakes in the Carpathian-Pannonian region and surroundings in the past two 
millennia. Magnitude 5 and larger events are shown for each decade (After Kázmér & Győri, 2020, 

modified). See Table 1 for dating of individual events. Encircled: Roman events. 
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Table 1. Date of earthquakes which affected Roman settlements in the Carpathian-Pannonian 
region. Textual dates were converted to numerical ages as follows: second half of the 3rd century: 

250-300; first quarter of 3rd century: 200-225; beginning of 3rd century: 200-210. 
 

Settlement 
Interval when 

earthquake 
happened (AD) 

Value used in 
earthquake frequency 

plot of Fig. 2 
References 

Carnuntum 348–363 360 Gazdac (2019)  
Brigetio 250–325 287 Dobosi & Kázmér (2022) 
Savaria 337–346 342 Kázmér (2021) and here 
Salla 230–310 270 Redő (2002) 
Siscia 250–410 280 Kázmér & Škrgulja (2021) 

Celeia 300–350 325 
Kázmér et al. (2021) and 
here 

Virunum / 
Magdalensberg 

1–20 10 Dolenz (2007) 

Napoca 201-300 250 Kázmér & Rusu (2022) 
 

2. Evidence for Roman earthquakes in the Carpathian-Pannonian region 

2.1. Carnuntum 

The city of Carnuntum, former capital of Pannonian Superior is the most studied site in the 
region regarding past earthquakes (Konecny et al., 2019). Beyond the ubiquitous collapse 
features, there are broken and shifted walls of buildings, large portions of walls collapsed 
in their entirety (Fig. 3), sheared columns of hypocaust floors, etc. In the areas hit by 
collapse, there were major alterations in the street pattern and many new buildings were 
erected in the middle of the 4th century (Maschek, 2019). Coins date the earthquake to the 
interval between 348-363 AD, probably it happened right before the end of this period 
(Gazdac, 2019).  

 
 

Fig. 3. Collapsed city wall of Carnuntum (Petronell, Austria): a wall 
section, tens of metres long, 3-4 m high collapsed in its entirety into 

the moat outside the city. The external layer of the wall is 
preserved, face down. All other stones have been robbed after the 
abandonment of the city. Archaeoseismological Database (ADB) 

photo #5496. 
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2.2. Brigetio 

Archaeological evidence at the Komárom/Szőny-Vásártér site in Hungary raised the 
question of a late Roman earthquake in the civil town of Brigetio, which was investigated 
by means of archaeoseismology. Modern research excavations at the site were carried out 
between 1992-2016 uncovering about 3000 m2 in the centre of the former Roman 
settlement. Seismic-induced soil liquefaction and uneven subsidence in the form of 
distorted floors and broken, tilted and toppled walls were identified (Fig. 4). The deformed 
structures were then compared to similar structures distorted by known earthquakes from 
published archaeological sites. Using pottery and coins as the basis of dating, an 
earthquake some time after the middle of the 3rd century AD and before the early 4th 
century was identified. In the absence of standing wall structures, the intensity of the 
earthquake was estimated using the ESI-07 environmental seismic scale: an intensity IX 
event is suggested (Dobosi & Kázmér, 2022). 

Fig. 4. Liquefaction-caused deformations in the terrazzo 
floor.  Two depressions (4 and 3) are separated by the 

heating canal of the hypocaust. Depression (3) is 3 m in 
diameter (Dobosi & Kázmér, 2022). 

2.3. Savaria 

In-depth studies of historical sources testify to a major earthquake in Savaria in AD 455 or 
456 (Tóth, 2014; Varga, 2019). However, the material evidence – if any – is under-studied 
as yet. The first results of an archaesoseismological pilot study are presented here. The 
Járdányi Paulovics István Garden of Ruins displays spectacular features, which can readily 
be assigned to a destructive seismic event. An inclined road surface (Fig. 5), ‘steps’ in the 
road cover, slabs on top of each other individually and collectively testify to liquefaction of 
the underlying alluvial soil. Seismic vibration caused the loss of cohesion of the subsoil, 
causing vertical subsidence and lateral displacement (floating, thrusting) of the slabs 
covering the road. A 40 cm wide fissure in the octagon was possibly caused by lateral 
spreading. The fractured wall of the canal was probably caused by the same effect. There is 
a possible drop of a slab in the arch of the canal, potentially the best marker of seismic 
shaking. The mosaic floor of the governor’s palace displays liquefaction-caused 
differential subsidence. Other sites should be checked for any further evidence of past 
earthquakes. Heavy buttresses were built to support the damaged octagon, indicating that 
there were both need and sufficient resources for extensive repair after the earthquake 
(Kázmér, 2021).  
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Fig. 5. Uneven subsidence of a Roman road in Savaria. 
This kind of deformation is often caused by seismically 

induced liquefaction of the subsoil. Szombathely, Roman 
garden. ADB photo #2156 (Kázmér & Győri, 2020). 

 

2.4. Salla 

A Roman market town controlling the crossing of the lesser Salla (Zala) river yielded 
upright, undamaged walls and the main road, displaying uneven subsidence, caused by 
seismic-induced liquefaction. 

 
 

Fig. 6. Severe differential settlement of road paved by 
basalt slabs in the Roman town of Salla. (Redő, 2002) 

 

2.5. Siscia 

Excavations of the Roman city of Siscia (Sisak, Croatia) yielded large chunks of thick 
brick walls (considered to be the city wall) that collapsed in the adjacent ditch in their 
entirety. The wall is made of brick masonry on both sides and a thick concrete infill 
between them. Wall chunks are found in various orientations: the original layering of 
masonry is now mostly vertical or overturned. The remaining foundation displays features 
of twisting and shearing (Fig. 7). We suggest that a major earthquake damaged the city 
wall of Siscia. Excitated by site effects of loose soil, high peak ground acceleration caused 
the wall to be removed from its foundation, landing it ultimately in the ditch nearby. 
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Presumed intensity of the earthquake was IX. Fault activity within a couple of kilometres 
was responsible for this collapse. Rebuilding of the city wall in the late antique period 
suggests that the first wall collapsed between the beginning of the 3rd and the middle of 
the 4th century. This earthquake between ~200 AD and ~350 AD is missing from historical 
catalogues (Kázmér and Škrgulja, 2021; Kázmér et al., 2021). 

Fig. 7. A collapsed segment of the city wall of Roman Siscia. There are still low parts of the wall in place on 
the right. Top of these walls displays clear sign of shearing to the left. Upper portion of the wall is in the city 

moat on the left: brick layers are bottom-up(!). North to the left (Kázmér & Škrgulja, 2021). 

2.6. Celeia 

The „Mesto pod mestom” museum in Celje exhibits a paved Roman road, which suffered 
severe deformation. Built on fine gravel and sand of the Savinja river the road displays >40 
cm difference in elevation between centre and edges (Fig. 8). The city wall was built over 
the deformed road in Late Roman times.  Foundation of the new structure contains statues 
and column plinths, suggesting that a surplus of decorative stones were available for 
construction. We hypothesize that a severe earthquake hit the town (intensity VIII-IX on 
the Environmental Seismic Intensity (ESI07 scale), causing widespread destruction, and 
seismic-induced liquefaction caused differential subsidence, deforming the road. Possibly 
the Sava Fault, running right next to the town, was the seismic source of this event 
(Kázmér et al., 2021). 
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Fig. 8. 3D model of the paved Roman road as exhumed in the Mesto pod mestom exhibition in Celje, 
Slovenia) (Kázmér et al. 2022). 

2.7. Virunum (Magdalensberg) 

Magdalensberg in Carinthia, Austria, was a Roman hillside settlement, including a major 
temple (Fig. 9). The temple presents heterogeneous and irregularly distributed buttresses 
that support structurally damaged foundation walls being uncommon features in such 
Roman constructions. The Antique name is not known. Being ca. 5 km from Virunum, a 
larger town of known name, it is either mentioned as Alt-Virunum (Old Virunum) or by 
the modern name: Magdalensberg. Buildings on more than two-thirds of the excavated 
archaeological site (7000 m2) have been destroyed and demolished, and subsequently 
rebuilt, often on top of the collapse level. There is a historical record of an earthquake 
somewhere in the Alps at about 9 AD, but the location is unknown. Archaeological data on 
destruction and the historical datum has not been correlated yet (Dolenz, 200). 

 
 

Fig. 9. Foundations of Roman temple on the old site of Virunum on 
Magdalensberg, Carinthia, Austria. Irregularly arranged strong buttresses 

support structurally damaged walls. ADB photo #KRG_5021. 
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2.8. Napoca 

Napoca (modern Cluj-Napoca, the ’capital’ of Transylvania, Romania) was the seat of a 
Roman colony after the second Roman-Dacian War (AD 105-106), inhabited at least until 
AD 249-251 (Gazdac & Cocis, 2020). Roman administration withdrew from Dacia AD 
271. There is very little archaeological evidence of life within the city walls from the AD
280s or later. The latest coin found in the archaeological context was of Carinus (AD 285).
More surprisingly, no artifacts referring to Christianity were found. Third-century pottery
is generally poorly represented (Rusu-Bolindeţ 2007). On Piata Unirii the first level of
constructions started at the depth of 3.2 m. The last Roman level was dated to the 3rd

century by fibulas (Voişian et al., 2000, fide Rusu-Bolindeţ, 2007). This is the layer, which
displays spectacular deformation features attributed to subsoil liquefaction. It is topped by
layers with 4-6th century ceramics, right below the modern square (Fig. 10).

Fig. 10. Folded pavement with features of uneven settlement on Piata 
Unirii in Cluj-Napoca (Transylvania, Romania). Columns were restored 
and erected during excavations. The floor is undulating, slabs remained 

tightly fit (Kázmér & Rusu, 2022). Image source: 
https://actualdecluj.ro/tehnologie-nasa-pentru-studierea-patrimoniului-

arheologic-din-judetul-cluj/ (Accessed 13 March 2022) 

3. Discussion and conclusions

The long-term seismicity of the Carpathian-Pannonian region is unknown, at least on the 
millennial-scale. While 100% of destructive (M>5) earthquakes are known after 1900 AD, 
we have less and less information about their occurrence backwards in time. On average, 
only 4.6% of M>5 events are known in the past two millennia, i.e. more than 95% of them 
remain unknown! (Kázmér & Győri, 2020). Seismic catalogues offer information on two(!) 
events only from the period between 1 and 1000 AD.  
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Systematic research on archaeoseismology already yielded six new sites, which were not 
known before displaying evidence for earthquake-induced deformation. These events 
occurred between 1 AD and 410 AD, concentrated between 200 and 400 AD. Was there a 
real increase in seismic activity, or we are dealing with the case of the records being better 
than in other times? 

It is well known that damaged buildings are mostly preserved from periods of economic, 
military, and cultural decline. Change of religion also adds chances for the survival of 
specific features of earthquake damage. A healthy, vigorous, rich society does not allow 
itself to live among damaged buildings: they either repair or demolish and rebuild the 
damaged edifice. The reason why we know many more Roman buildings than Medieval 
ones from the Middle Ages are threefold: (1) the Romans were capable of building good-
quality edifices, which survived earthquakes; (2) although most damage was repaired 
during economically vibrant periods, political, military and economic decline halted 
restoration and rebuilding. This occurred at different times in each province: first in 
Napoca, last in Celeia, and Siscia.  

We suggest that both Roman times and the Middle Ages were seismically as active as the 
20th century. Archaeoseismology can reveal many more destructive earthquakes in 
Antiquity than in early Medieval times because the high Roman civilization left behind so 
many masonry buildings, which are suitable to record past seismic events. 
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Abstract: The Czech Republic is situated in an intraplate region with low seismicity. The seismic 
hazard is relatively low but not negligible. Our goal is to create an interactive map of seismic hazard 
assessment with continual upgrading. It can be used in future e.g. to optimize seismic hazard 
assessment for planed small moderate reactors (SMR) according to rules of IAEA and anti-seismic 
set up of non-nuclear infrastructure. However, before the calculation of seismic hazard itself it is 
necessary to define an input model which is based mainly on seismic catalogue. In the contribution 
we present how we have been dealing with different types of catalogues retrieved from neighbouring 
countries within  other projects.  Moreover, we try to define a fault source zones due to 
determination of seismic hazard as well. Last but not least we tried to estimate an azimuthal 
dependence of PGA in the Bohemian Massif. A special attention is given to a site-specific 
probabilistic seismic hazard of Prague. We are showing the preliminary results which are important 
part of the interactive map of seismic hazard of the Czech Republic. 

Keywords: seismic catalogue, seismic hazard assessment, azimuthal dependence of PGA 

1. Introduction

Seismic hazard of each infrastructural important building has been evaluated separately so 
far. Therefore we propose to create a whole over interactive map of seismic hazard 
assessment with continual upgrading to wide usage. We apply new information of 
historical earthquakes and serries of new recorded data from the Czech Republic and 
neighbouring countries too.   

2. Seismic Catalogue
To retrieve a homogeneous catalogue is one of the most crucial and difficult task for 
evaluation of seismic hazard for countries with low or moderate seismicity. The key area 
of the Bohemian Massif is covered by the catalogue CZ-NEC-II_v2021 (red dots in Fig. 1). 
This catalogue, Prachař et al. (2020), was compiled within the SIGMA2 project as the 
Czech national earthquake catalogue and alongside as the earthquake catalogue for the 
Bohemian Massif, including parts of the Bohemian Massif covering the territory of Poland, 
Germany and Austria. The CZ-NEC-II_v2021 catalogue is the result of a thorough revision 
of Kárník's catalogues: Kárník et al. (1958); Kárník et al. (1981); and other national 
earthquake catalogues for the territories of Poland, Germany and Austria, Prachař et al. 
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(2020). The catalogue was compiled in two phases, I and II, in accordance with the 
SIGMA2 WP2 working plan. The MAPOS_v2021 catalogue, Prachař et al. (2021), was 
compiled within the TACR (Technology Agency of the Czech Republic) project 
"Interactive map of seismic hazard of the Czech Republic". This catalogue covers selected 
source zones in Austria and western Slovakia (dark blue dots in Fig. 1). The catalogue 
contains briefly revised events taken from the catalogue for Lower Austria, Hammerl and 
Lenhardt (2013), and events compiled by Slovak participants in the TACR project. 

The above-mentioned catalogues contain pre-instrumental and instrumental macro-
earthquakes and both catalogues were homogenized to moment magnitude (Mw). 
In order for the territory of the Czech Republic (respectively the Bohemian Massif) to be 
covered by weaker events from the instrumental period, the CZ-NEC catalogue also 
contained a catalogue of instrumentally recorded events. The instrumental part of the CZ-
NEC-I (Phase I) has been compiled for the period 1953 - 2018. The catalogue from 1953-
1999 contains events with magnitude greater than ML = 1.5. Although it should be noted 
that some of the felt earthquakes were not recorded instrumentally and the catalogue is not 
complete even for higher magnitudes. For this reason, this part of the catalogue can only 
serve as a supplement to the macro-seismic catalogue. The 2000-2018 catalogue 
supposedly contains all events with magnitude 1.5 and larger for the area of the Phase I. 
This part of the catalogue can very well serve for seismotectonic considerations and 
therefore it was used to define fault seismic sources in the central part of the Bohemian 
Massif. 

Fig. 1 -  Earthquake catalogues covering the Bohemian Massif and the adjacent Alpine-Carpathian region. 
The boundaries of the catalogues are marked in light blue, resp. dark green colour. 
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The time completeness of the catalogue depends on the magnitude. It can be determined 
from the frequency of earthquakes in the catalogue for different magnitudes assuming that 
in complete catalogue it is constant. However, in this case the situation is complicated 
because in the first decade of twentieth century the seismicity was stronger than in 
succeeding decades. This deserves more careful approach combining also historical facts. 
The catalogue was compiled in scope of the Sigma-2 project. Historical catalogues in 
weak-seismic regions cover a much shorter period than the average time between the 
controlling earthquakes. This causes a complicate evaluation of focal zone maximal 
magnitude parameter. A new method of maximal magnitude determination was developed. 
It uses Bayesian approach combining a priori information from wider region with historical 
earthquake catalogue resulting in probability distribution of maximum magnitude. 
 
3. Fault Sources Zones 
A fault source model designated F1 was also used to determine the seismic hazard. The 
basic categorization of faults was based on an estimate of whether the fault is capable of 
generating such strong earthquakes that the rupture will propagate to or near the surface 
(Cat. I in Fig. 2). The fault model of seismic sources must also take into consideration 
faults that are capable of generating macro-earthquakes but are not capable to disrupt the 
surface (Cat. II in Fig. 2). This categorization of faults predetermines the manner of 
deriving Mmax. For capable faults where we are able to determine, with acceptable 
uncertainty, the segmentation of the fault, Mmax can be derived by means of empirical 
relationship between the fault parameters and magnitude Mw. In our case, we used the 
formula in Leonard (2010). Faults for which we are not able to determine the segmentation 
or faults that produce weaker earthquakes are evaluated with the maximum magnitude 
based on the maximum observed magnitude near the fault. 
 

 

Fig. 2 - The Fault source model F1 showing the lines of faults potentially capable of generating macro-
earthquakes or faults which have the potential for displacement at or near the ground surface (red lines). 
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4. Seismic Hazard Evaluation

The seismic hazard is evaluated by probabilistic seismic hazard method, including 
construction of a logic tree and deriving of seismic hazard curves. In areas where no or just 
a few weak events are recorded, but significant earthquakes can occur from both geological 
and seismological point of view, the concept of diffused seismicity is applied. An assumed 
possible configuration of seismic source zones for the Czech Republic is shown in Fig.3. 
The result of PSHA for the Czech Republic (Fig.4) is obtained through the OpenQuake 
engine Pagani et al. (2014), the open-source software for seismic risk and hazard 
assessment developed within the global earthquake model (GEM) initiative. 

Fig. 3 -  A model of definition of areal seismic source zones based on the Small-scale areal source zones 
(SASZ). 
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Fig. 4 - The result of PSHA for the Czech Republic  

 

4.1. Azimuthal dependence 

For more detailed information we have selected 10 events inside or near the Bohemian 
Massif for the azimuthal dependence analysis of PGA. The results show up that the 
azimuthal dependence is complex (Fig. 5). There is not only an azimuthal dependence but 
each source zone possesses areas with different level of amplitudes. This emphasizes the 
importance of non-ergodic approach. That means it is better to estimate effects of strong 
earthquakes on the base on weaker events compare to application of GMPE from other 
regions . 

 

Fig. 5  - The PGA azimuthal dependence for 10 selected events near to the Bohemian Massif. For each event 
the horizontal acceleration amplitudes are picked for every available seismic station. 
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5. Site-specific Probabilistic Seismic Hazard of Prague (Czech Republic)

Prague is the capital city of the Czech Republic with developed infrastructure. That is why 
it was given a special attention.  It is situated in an intraplate region with low seismicity.  
The maximum possible magnitude cannot be derived from historical records, however  
recent surveys in the West Bohemia revealed strong earthquakes in the first millennium 
AD, exceeding magnitude Mw 6.5, Štěpančíková et al. (2019). We performed Lat/Lon 
disaggregation to identify the most hazardous source zones. The results show that the 
seismic hazard of Prague is dominated by sources in the West Bohemia Swarm Zone and 
the corresponding faults, Málek and Vackář  (2019). The second significant contribution is 
the diffuse seismicity nearby. A small part of the hazard is generated by earthquakes in the 
East Bohemia, especially by the Hronov-Poříčí fault. All other source zones and faults 
have a much smaller impact on the result (Fig. 6). 

Fig. 6 - Disaggregation for year probability exceedance of 10-4 . We identified the West Bohemia as the most 
contributing source zone. The second most significant contribution is the diffuse seismicity, and the third one 

is the East Bohemia seismic zone. 
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4. Conclusions  

We present several steps to reach our goal to create an interactive map of seismic hazard 
assessment with continual upgrading. An important issue was to create revised earthquakes 
catalogues. The CZ-NEC-II_v2021 catalogue is the result of a thorough revision of 
Kárník's catalogues and other national earthquake catalogues for the territories of Poland, 
Germany and Austria,  Prachař et al. (2020). The MAPOS_v2021 catalogue covers 
selected source zones in Austria and western Slovakia. The probabilistic method, including 
construction of a logic tree and deriving of seismic hazard curves, has been used to assume 
possible configuration of seismic source zones for the Czech Republic. Moreover, we 
showed up that there is not only an azimuthal dependence of PGA but each source zone 
possesses areas with different level of amplitudes. The most hazardous source zones for 
Prague has been identified. The most significant one is the West Bohemia swarm zone and 
the corresponding faults. The next step is to create an interactive map which includes 
results of seismic hazard evaluation, Vs30 parameter and possibility to display recorded 
seismograms of significant earthquakes. 
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Abstract: The 27 September 2021 damaging mainshock (Mw6.0) with a seismic moment Mo 
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(Greece) close to Arkalochori village, during the last hundred years. The main shock was 
preceded by foreshock activity lasting for about four months. In this work, we present the 
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results from the analysis of the earthquake sequence and the aftershock sequence as reported 
until October 31, 2021. The coseismic maximum ground subsidence of about 18 cm was 
estimated from InSAR images, taking into account that the observed deformation may have 
included that caused by the largest aftershock (Mw5.1) of 28 September 2021. The 
deformation is in agreement with the spatial distribution of aftershocks and the Coulomb 
stress changes. The entire aftershock epicenters located in an almost SW-NE direction but are 
distributed in two main clusters, the southern and the northern ones. The analysis of the inter-
event times distribution in the foreshock and aftershock period and for both clusters based on 
non-extensive statistical physics indicates a system in an anomalous equilibrium. 

Keywords: Arkalochori earthquake; Crete; InSAR; waiting time distribution; Coulomb stress 
changes.  

1. Introduction

The study area is situated in Central Crete, near the front of the Hellenic arc where the 
European and Nubia plates converge, giving rise to large earthquakes (Delibasis et al., 1981; 
Papadopoulos 2011; 2017; Ganas and Parsons, 2009). The 2021 seismic crisis in Arkalochori 
and the neighboring villages was located in a fault system of what was considered as 
possibly-active with NW-SE and NE-SW direction of strike (e.g. Fassoulas, 2001; Kokinou 
et al., 2008; Caputo et al., 2010; Zygouri et al., 2016; Triantafyllou et al., 2022; Vassilakis 
et al., 2022 and references there in), which bounds the Heraklion basin. 
In this area close to Arkalochori village, a strong earthquake of magnitude Mw=6.0 occurred 
on September 27, 2021, 06:17:22 UTC, with a focal depth of 9.6 km. The earthquake caused 
extensive damages in Arkalochori, Roussochoria, Archontiko and Patsideros villages, 
causing severe damages in more than 5,000 old buildings on the island according to news 
reports.  

2. Spatiotemporal patterns of the Earthquake sequence

The Arkalochori earthquake sequence is divided into two main temporal groups, one that 
preceded the September 27th Mw=6.0 mainshock consisting of 620 events with a significant 
rise in numbers during July and August 2021 (Vallianatos et al., 2022) and the aftershock 
sequence, divided into three spatial sub-groups. A major part of the sequence was recorded 
by local stations of the regional Hellenic Unified Seismological Network (HUSN), with the 
nearest stations being KNSS, PFKS of the Hellenic Seismological Network of Crete 
(HSNC), located about 20 km to the SW and NE of the epicenter, respectively. On October 
1, 2021 the Geodynamics Institute (National Observatory of Athens-NOA) installed 4 
temporary stations (CRE1-4) around the aftershock zone, improving the depth accuracy and 
providing a better preliminary hypocentral solution for this time period. A total of 2,599 
events of the 2021 Arkalochori sequence that occurred during the period between 13 January 
and 31 October 2021 (Figure 1) were detected and manually analyzed using real-time 
waveform data from the Hellenic Unified Seismological network (HUSN, 
https://eida.gein.noa.gr/), as well as the stations of Hellenic Seismological Network of Crete 
(HSNC) and of Geodynamic Institute (NOA) that operate in the area. Accurate earthquake 
hypocenter parameters are required to obtain a detailed image of the structure properties and 
processes that trigger seismic activity. hypoDD is an algorithm that minimizes residuals 
between observed and calculated travel time differences for pairs of neighboring earthquakes 
at each station that recorded both events. In this way errors caused by unmodeled velocity 
structure are minimized without the use of station corrections. A minimum 1-D layered 
velocity model is used to predict the travel time differences and partial derivatives.  Inter-
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event distance and misfit weighting is applied after each iteration to catalogue data, to 
optimize their quality dynamically during relocation. Horizontal and vertical relative spatial 
errors can be minimized by approximately one order of magnitude under certain conditions 
(Waldhauser 2001). 

Fig. 1 - Seismicity rate in terms of events per day (blue vertical bars) and cumulative number of events (solid 
black line) during June 2021–October 2021in the area of Arkalochori. The occurrence of events with ML ≥ 4 

is marked by red stars (ML magnitude in the red axis to the right). 

In this study, two local 1-D velocity models (Delibassis et al., 1999; Becker et al., 2010) 
have been used through data processing, running the HypoInverse code (Klein, 2002). 
Residual values from these models were compared (Table 1) with no significant differences, 
while the epicentral differences were less than 0.5 km. Depths were more sensitive to the 
velocity model, differing by about 1 km on average. The Delibassis et al. (1999) velocity 
model (Model 1) provided much shallower events than the respective ones from the velocity 
model of Becker et al. (2010) (Model 2), particularly for the stronger events of the sequence 
(M=6.0 and M=5.3) that were located at depths shallower than 5 km (2.7 and 0.7 km 
respectively), which seemed unrealistic in terms of earthquake physics and the geology of 
the area. The final hypocentral locations were obtained using the local velocity model of 
Becker et al. (2010). Focal depths are mainly distributed in the range of 5 – 15 km for the 
aftershocks of the September 27th Mw=6.0 event. 

Table 1. Statistics of the 2021 Arkalochori earthquake sequence 

Model Model used 
Model 1 Model 2 

Mean RMS (sec) 0.26 0.26 
Mean ERH (km) 1.30 1.31 
Mean ERZ (km) 4.41 4.52 
Mean Depth (km) 9.43 13.94 

The time evolution of seismic sequence was divided into 4 sub-groups (Figure 2): 
1. 13 January – 27 September 2021 (period A), consisting of 620 events,
2. 27 September – 28 September 2021 (period B), first day of the aftershock sequence

and just few hours before the greatest aftershock (M5.3), composed by 90 events,
3. 28 September – 12 October 2021 (period C), just after the occurrence of the M=5.3

aftershock at 04:48 UTC, and it consists of 803 events,
4. 12 October – 31 October 2021 (period D), where the M=4.0 event took place after a

significant decay in numbers of the aftershocks in Arkalochori.
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In the area of Central Crete, 2497 out of 2581 events of the initial catalogue were relocated 
with hypoDD, giving a first result that could be rated as satisfactory. The mean temporal 
errors (rms) were reduced from 0.17 sec to 0.12 sec while the spatial errors (erx, ery, erz) 
were decreased from 1.1, 1.2 and 1.9 km to 0.3, 0.3 and 0.4 km respectively. The hypoDD-
estimated errors in the final locations were calculated using the LSQR method, which may 
not be representative of the real ones (Waldhauser, 2001). 

Fig. 2 - Located (left) and relocated (right) epicentres of the 2021 Arkalochorion earthquake sequence. 

The epicenter of the mainshock was located less than 3 km to the SE of Arkalochori (lat: 
35.1416⁰ N, long: 25.2736⁰ E) at a depth of 9.6 km, obtained by the double-difference 
algorithm procedure. The optimization of the final results leads to clustering of the 
earthquake sequence into four main clusters. A dense cluster of events has occurred west of 
the mainshock, in an approximately 15-km-long area associated with the foreshocks (cluster 
1). The epicenters of cluster 2 were mainly distributed in the area between Amourgeles and 
Parthenio N-S oriented normal faults, in the region to the west of Arkalochori. Further to the 
NE, another significant cluster of events (cluster 3) was also observed, in the footwall of 
Agnos NE-SW striking normal fault, near Kastelli (Figure 3).  

Fig. 3 - Location of the performed cross-sections. 
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Fig. 4 - Hypocenter distribution in the performed four sections.  

Most events are in a range of focal depths between 7 and 18 km. Furthermore, four (4) cross-
sections were created in order to see the impact of the relocation procedure on the sequence 
hypocentral depths and the discrimination of the local activated structures (Figure 4). Cross-
sections 1-2 have a NNE-SSW orientation, and 3-4 WNW-ESE direction, perpendicular to 
the NE trending faults. The geometry of the hypocenters as they appear in the performed 
cross-sections (Figure 4), reveal the activation of a fault, dipping ¬60° to the WNW, and a 
smaller antithetic structure, possibly connected to Galatas N-S striking normal fault. An 
almost sub-vertical structure makes an appearance in the cross-sections north of the epicenter 
of the mainshock (sections B-B’, D-D’; Figures 4). 

3. Coulomb stress changes

Numerous studies of strong earthquakes show a correlation between the positive lobe of 
Coulomb stress changes and the locations of most and major aftershocks (see King et al., 
1994). Here, we examine the co-seismic static stress changes with respect to the aftershocks 
spatial distribution during the Mw=6.0 main event. The ΔCFS changes were determined via 
Coulomb3.3 software (Toda et al., 2011) in an elastic half-space and a uniform slip on the 
rupture planar surfaces. The Coulomb Failure Stress changes (ΔCFS) are given by the 
equation (1): 

ΔCFS = Δτ - μf Δσ (1)              

Where Δτ and Δσ are the in-shear stress and normal stress respectively, while μf is the 
effective friction coefficient (Cocco & Rice, 2002). For the shear modulus and Poisson’s 
ratio, we used the values of 3.3 MPa and 0.25, respectively, and a mean value for the 
coefficient of friction equal to μf= 0.4 (Harris & Simpson, 1998). To calculate the subsurface 
fault’s width and length, we used the empirical relations of Wells and Coppersmith (1994) 
for each modelled earthquake. The parameters used for the estimation of ΔCFS are: depth 9 

4488 3ECEES, September 2022, Bucharest, Romania



km, strike 214o, dip 52o, rake 95o and length and width 2.3 km and 2.56 km, respectively. 
The results for the ΔCFS are presented in Figure 5. 

Fig. 5 - Coulomb stress changes distribution due to Mw=6.0 event (yellow star) at centroid depth of 8 km. 
(Right) Coulomb stress changes along the vertical cross-sections AB, CD, EF and the parallel cross-section 
GH (from up to down). The green circles are the relocated hypocenters of the aftershocks which occurred 

after the Mw=6.0 main shock. 

4. Ground Deformation from InSAR

The InSAR technique has proven to be an efficient tool for measuring and observing ground 
deformation related to geodynamic processes (see Elliott et al., 2016). To map the coseismic 
ground deformation due to the September 27, 2021 earthquake, we used one ascending and 
one descending SAR image pair (with acquisition dates of 23 September 2021 – 29 
September 2021 and 25 September 2021– 01 October 2021, respectively) from ESA’s 
Sentinel-1A and Sentinel-1B satellites (https://scihub.copernicus.eu/). In both cases the 
master image was the one before the earthquake occurrence, while the slave image the one 
that refers to the date after the event. Each master-slave pair was processed using the SNAP 
software and two individual interferograms were generated. Topographic phase was 
subtracted using the SRTM 1 arc-second Digital Terrain Model, a 30-m resolution Shuttle 
Radar Topography Mission Digital Elevation Model (USGS 1 ARC-second SRTM DEM), 
while the signal to noise ratio was enhanced by applying the adaptive power spectrum filter 
of Goldstein and Werner (1998) with a coherence threshold of 0.4.The two wrapped 
interferograms were then used in the second stage to calculate the terrain displacement, an 
unwrapping process was performed, and the phase unit was transformed into distance units 
in the satellite line of sight (LoS) for every interferometric pair. As a last step and in order 
to map the vertical (up-down) and horizontal (east-west) deformation, displacement 
decomposition of ascending and descending LOS displacement products was performed. 
Subsidence up to 20 cm has been calculated from the displacement decomposition in the 
vertical (up-down) direction while no uplift displacement was detected. As shown in Figure 
6, the horizontal (east-west) displacement maps an eastward movement up to 6 cm to the 
west of Arkalochori town and a westward movement up to 8 cm to the east of Arkalochori 
was detected. 
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Fig. 6 - Up: Wrapped ascending (left) and descending (right) co-seismic interferograms over the Arkalochori 
area. The interferograms are draped over shaded relief. Down: Co-seismic displacement maps generated 

using the ascending and the descending image pairs and draped over shaded relief. The active faults of the 
area are depicted with lines while red stars show the major event and aftershocks. 

5. The interevent time distribution of the Arkalochori sequence
To examine the temporal characteristics and scaling relations of the Arkalochori sequence, 
we used the non-extensive statistical physics (NESP) concept, and the q entropic parameters 
were calculated. It has been demonstrated that the cumulative distribution of the 
spatiotemporal properties, such as the interevent times τ, which is the time interval between 
two consecutive events, can be explained by non-extensive statistical physics (Michas et al., 
2013; Papadakis et al., 2013). In a non-equilibrium system, the complexity states can be 

studied by the entropic functional (Tsallis 2009) 𝑆! = 𝑘"
#$∫ &!(()*("

#
!$#

, where kB is 
Boltzmann’s constant, q expresses the degree of non-additivity and p(X) represents the 
probability distribution of the parameter X. Using the Lagrange multipliers method under 
proper normalized constraints (Tsallis, 2009; Chelidze et al., 2018), the entropy Sq can be 
maximized to find the probability distribution and then the cumulative distribution function 
(CDF) of the interevent times P(>τ)=Ν(>τ)/Νο, with N(>τ) the number of interevent times 
with value greater than τ and Νο the total number of events (Vallianatos et al., 2016a; 2016b; 
2018).  

The cumulative distribution function is given as 𝑃(> 𝜏) = exp!(−
+
+#
), where το is a 

generalized scaled interevent time and expq(x) the q-exponential function defined as: 
exp!(𝑥) = [1 + (1 − 𝑞)𝑥]

#
(#$!), . Its inverse is the q-logarithmic function: ln!(𝑥) =

#
#$!

(𝑥#$! − 1). In the limit of qà1, the q-exponential and q-logarithmic functions lead to 
the ordinary exponential and logarithmic functions, respectively. In Fig 7, the interevent time 
distributions during the foreshock and aftershock periods and the two spatial clusters are 
presented along with the CDF based on the NESP approach. The analysis shows that the q-
exponential function describes appropriately the observed CDF, with q-values that vary from 
qτ=1.38 for the NNE cluster, to qτ=1.71 for the foreshock sequence and qτ=1.84 for the SSW 
cluster, indicating long-range correlations in the temporal evolution of the earthquake sequence. 
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Fig. 7 - The cumulative distribution function P(>τ) of the inter-event times τ (in minutes) (left panels) and the 
corresponding q-logarithmic function (right panels), represented by circles, for the foreshock sequence, the 

aftershock sequence, the NNE aftershocks cluster, and the SSW aftershocks cluster. Fitting with the q-
exponential function is shown with the solid lines, for the parameter values and the corresponding correlation 

coefficients shown in the down left corners. 
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6. Concluding remarks

The strong (Mw6.0) mainshock that occurred in the Arkalochori area of Crete on 27 
September 2021 came after a nearly 4-month-long foreshock activity. The aftershock 
activity is spatially distributed in two clusters, the southern and northern ones. Analysis of 
InSAR images showed that the deformation area nearly coincides with the southern 
aftershock cluster while maximum subsidence of 20 cm has been estimated. The co-seismic 
Coulomb stress changes caused by the strong earthquake Mw=6.0 at centroid depth of 9.0 
km, as well as the aftershocks spatial distribution indicates stress decrease towards NW and 
SE and stress increase towards NE and SW of the ruptured faults. The aftershock epicenters 
are clearly distributed in two main spatial clusters covering the southern and northern sides of 
the entire cloud. The southern cluster, which is the most extensive one, nearly overlaps with the 
deformation area determined from InSAR images. The foreshocks and aftershocks interevent 
times in both clusters) follows the q-exponential distribution indicating long-range correlations 
in the temporal evolution of the earthquake sequence. 
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Abstract: Albania is a country with a high seismic activity which has been verified by 
activity recorded over the years in this territory, especially in 2019 when several moderate to 
strong earthquakes have been recorded. In this paper, we will focus on the earthquake 
sequence in the Korça region in South-East of Albania which began on 1 June 2019 at 
04:26:16 (UTC) with local magnitude ML 5.3 and was followed by a high number of over 
1200 events until April 2020. 

The purpose of this paper is to determine the focal mechanism parameters for moderate 
earthquakes based on the moment tensor inversion and spatial-temporal distribution for all 
the sequences. The seismic Moment Tensor is a standard description of earthquake 
kinematic source processes over a whole range of magnitudes. Seismic moment tensor 
inversion allows to estimate the fault plane parameters and the relation between volumetric 
and non-volumetric strain in the seismic source. Results will be obtained using Grond 
Software part of Pyrocko Package and seismic data waveforms, metadata are retrieved from 
online FDSN service using different seismological networks data. 

While the spatial and temporal distribution of events located by the IGS department of 
seismology will be analyzed using Seiscloud for computation of similarity matrices upon 
different metrics, clustering using DBSCAN algorithm. 

From the results obtained this series presents special features of the migration of events in 
time and space even in focal features change from the normal mechanism into oblique and 
strike-slip. 

Keywords: Focal mechanism, Clustering, Bayesian bootstrap, Pyrocko, Seiscloud, 
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1. Introduction 

The Korça region lies in the south-eastern part of the Albanian territory and it is part of 
Central Mountain Zone which includes the terrains south of the zone of Albanian Alps, the 
mountain zone east of the line Vau i Dejës Leskovik, east of the Western Depression and 
of the Southern Mountain Zone. It continues beyond our state border of North Macedonia 
and Greece. It occupies nearly half of our territory. 
The Central Mountain Zone is characterized by a prevalent uplifting tendency and 
extensive differentiating movements during the stage of neotectonic development, which 
have divided its structure and relief into mountain structural range and low valleys, 
extending generally southeastward, although in some sectors they deviate into meridional 
and northeastward directions. Its neotectonic structure, in the shape of extensive blocks, is 
presented with relatively wide uplifting sectors and with relatively subsiding sectors, with 
wide mountain uplifts in the shape of horsts and with relatively narrow neotectonic 
depressions in the shape of grabens. The extent of the structure of the Central Mountain 
Zone is divided into three sectors through the great transversal dislocation (from north to 
South)   
- Northern sector from Drini River to Golloborda 
- Central sector from Golloborda to Helmës of Erseka  
- Southern sector from Helmës in Erseka S-SE which continues to Greece. 
The central sector of CMN from Golloborda to Helmësi of Erseka, as a rule appears in 
three mountain ranges in the shape of horst divided by neotectonic depression in the shape 
of grabens. The western mountain range south of the Shkumbini River is with high uplifts 
of 2000 meters and closes with the Voskopoja plate about 1500 meters high in the 
southeast extension.  The Korça depression figure 1, as an entity of the highest order, 
includes some depressions of the lowest order with distinctive individual features. The 
southernmost of them is the Bilishti depression. The Bilishti depression is separated from 
that of Korça by a narrow belt of ultrabasic rocks of Mbroje-Drenova extending north-east. 
The Bilishti depression extends north and northwest a superimposed trough; it is subsiding 
during Oligocene, the Miocene (not fully), and the Pliocene, after the Pliocene is closed 
with exception of its most central part, which was slightly subsiding during the Quaternary.  
From Kamenica to Çerrava, the Korça depression extends meridionally and is relatively 
wide. On the north, it is bounded by the Ohri depression, north-west by that of Mokra, and 
east-south-east by that of Bilishti. 
 

 
Figure 1 Geological profile Rungaja Mountain -Shqipe Mountain by (Aliaj,2003b) 
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2. Tectonic setting of the Peshkopi-Korça graben fault zone and historical seismicity

This is an area of normal graben detachments extending north over 200 km, presented with 
graben and special half-grabe, controlled by normal active detachment during Pliocene-
Quaternary which are: 
1- Grabens Kukes, Skavice, Peshkopi and Ohrid
2- Half-Graben in Korça and Erseka
Normal faults that border Pliocen-Quaternary depressions have deep component.
The area of graben detachments Peshkopi-Korce on the sides is limited by active horsts 
structures that build mountain ridges, it obliquely intersects the main pre-Pliocene 
structures with N-W extension. This area of normal faults Pliocene-Quaternary is 
characterized by the highest new geodynamic activity and the highest seismicity in Eastern 
Albania (Aliaj, 19949). With it are connected strong earthquakes such as: year 526, which 
totally destroy the ancient city of Ohrid, 18 February 1911, with Ms=6.7 and Intensity 
I0=IX MSK-64 which caused significant material damage and loss of life in many 
residential areas around Ohrid Lake. 22 December 1919 with M=6.1 close to Leskovik. 
Earthquake on 30 March 1921 M=5.8 and I0=VIII MSK-64 which heavily damage 
Peshkopia and affect many villages of Debra. With this fault, there are connected to a 
series of strong earthquakes that have affected the area of the Korabi, in December 1922, 
which the strongest was with magnitude Ms = 5.7 with intensity I0=VIII. While the Korça 
area was hit by strong earthquakes on January 28, 1931 Ms = 5.8 and that of May 26, 1960 
Ms = 6.4 with I0=VIII-IX which caused serious damage in the city of Korca as well as in 
the surrounding villages, especially in the locality Lavdar, Vithkuq and Voskopojë.  (Aliaj, 
2012) 
Around this area in the last 20 years, a high number of small earthquakes and a few 
moderate earthquakes have been recorded which testify the dynamics of this area. For 
moderate earthquakes with magnitude Ml=4.2, it has been attempted to obtain the moment 
tensor inversion to have a clear picture of the relationship of the area in the study with the 
surrounding areas. Among them, we can mention the earthquake in 23 November 2004 
close to Leskovik with a magnitude of Mw=5.3 with the normal focal mechanism. In 10 
September 2009, it was a series of earthquakes in the North-West of Korça in Maliq, where 
the largest magnitude was Mw=4.2 another series of earthquakes strike the North-East part 
of Korça City, with the highest magnitude Mb=4.4.  Continuing further north in North 
Macedonia, cities such as Ohrid and Resen have been hit occasionally by strong to 
moderate earthquakes. Among them, we can mention the series in the years 2006, 2009, 
2012, 2016, and the most important the series of July 2017 with more than 100 earthquakes 
with magnitude >2.5. The main event was recorded on 03 July 2017 at 11:18:20 (UTC) 
with Mw=5.0 causing damage to old buildings and causing panic in the population due to a 
large number of aftershocks.  Also in the east part of Korça, in Florina and Pelagonia 
basin, it was recorded some series during years (2012 to 2019 with magnitude until 
Mb=4.5 (Aristotle University of Thessaloniki, 2019) 
For the moderate events in the last 20 years, we obtained the focal mechanism and plotted 
it in figure 2 to understand the tectonic regime in the region which surrounds Korça. The 
results obtained prove that the region is under an extensive tectonic regime.  
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Figure 2 Focal mechanisms of events in last 20 years around Korça region 

 

2.1. Material and Methods  

Moment tensor inversion is a powerful method to investigate the rupture process of an 
earthquake, providing information on the geometry, source and the moment release. The 
concept of moment tensors is quite general and flexible making moment tensor inversions 
a very important tool in seismic source characterization.  

We denote a point source moment tensor by M, a moment tensor density by m. A moment 
tensor M defines the strength of a seismic source in terms of its seismic moment, usually 
denoted by the scalar quantity M0, and the radiation pattern of seismic waves. The moment 
tensor (3x3 matrix) is symmetric, i.e. it has six independent components. The diagonal 
elements represent linear vector dipoles, the off-diagonal elements represent the force 
couples with arms (moment) (Fig. 2 (Dahm, et al. 2014). The moment tensor has 
components Mij where i,j = 1,2, or 3. Often, a local geographic coordinate system is used to 
define a Cartesian system tensor, with positive x1 being north-, positive x2 eastward, and 
positive x3 being downward (NED). The NED coordinate system is used below to derive 
relations between the angles of a ruptured fault (strike and dip angle) and the dislocation 
direction on the rupture plane (rake angle). A system commonly used in free-oscillation 
analysis is a local r-Θ-Φ-system, with r, Θ, Φ pointing upward, southward, and eastward 
(USE), respectively.  
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Figure 3 The system of force couples representing the components of a Cartesian moment tensor. Diagonal 
elements of the moment tensor represent linear vector dipoles, while off diagonal elements represent force 

couples with moment 

The geographic Cartesian tensor (NED) transforms by:  

Mrr = +Mzz, MΘΘ = +Mnn, MΦΦ = +Mee , 
MrΘ = +Mnz, MrΦ = −Mez, MΘΦ = −Mne. 

In this study we calculate the focal mechanisms of 18 events thanks to Grond which is an 
open-source software tool for robust characterization of earthquake sources. It delivers 
meaningful model uncertainties through a Bayesian bootstrap-based probabilistic joint 
inversion scheme. The optimization explores the full model space and maps model 
parameter trade-offs with a flexible design of objective functions. (Heimann, et al., 2018) 
Rapid forward modelling with pre-calculated Green’s functions of raw synthetic data 
draw,synth for earthquake source models requires the calculation of the Green’s function 
between all source points and receiver positions involved based on a medium ( velocity ) 
model. For this purpose, we use QSEIS code to calculate synthetic seismograms based on a 
layered viscoelastic half-space model written by Rongjiang Wang (Wang 1999). Green’s 
function is calculated based on the Albania 1D velocity model (Ormeni, 2011), it is 
considered a multi-layered model with a difference in velocity, and Moho is accepted 
between 40-50 Km. Once calculated GFs are stored in a database called Pyrocka GF store 
can be used by Grond as pre-calculated GFs. 

2.1.1. The procedure followed using Gond for Moment Tensor Inversion (MTI)  

The steps followed in determining the focal mechanism using Grond are:  
The seismicity that occurred in the Korça region was well detected by the Albanian 
Seismological Network (AC) and Hellenic Unified Seismic Network (HUSN), but the 
moderate earthquake is recorded by almost all seismic stations in the region. So, for this 
purpose data used in this study are broadband waveforms that were recorded by stations 
are retrieved from online FDSN services which belongs to different networks such as AC: 
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Albanian Seismological Network, GE: GEOFON, HT: Aristotle University of Thessaloniki 
Seismological Network,  HL: National Observatory of Athens Seismic Network, HU:  
Hungarian National Seismological Network, KO: Bogazici University Kandilli 
Observatory And Earthquake Research Institute, MN: Mediterranean Very Broadband 
Seismographic Network, OE: Austrian Seismic Network, SJ: Serbian Seismological 
Network, IV: Italian National Seismic Network, IX: Irpinia Seismic Network, RO: 
Romanian Seismic Network giving an event reference from our location coordinates and 
depth. After downloading, through the Snuffler software part of the Pyrocko package we 
do a preliminary check, we filtered in bandpass filtered in the frequency band of 0.3Hz to 
0.7 for magnitude range Mw=3.9-4.4, 0.02Hz to 0.05 Hz for magnitude range Mw= 4.5-5.9 
and 0.1 Hz to 0.3Hz for magnitude range Mw= 6.0-7.5. Stations with high background 
noise, gaps in data, and stations which don’t have instrument response are excluded.  The 
next important step is the preparation of the configuration file where we define all the 
parameters that need to be taken into account during the analysis. As we said above the 
stations that do not have good recording quality or do not have the instrument response are 
placed on the black list, and thus are not taken into consideration for analysis. From 20 
events with magnitude ML>3.8 only for 18 events we obtain a focal mechanism solution 
for which availability and quality of data allowed us a robust inversion. 

3. Results and discussions  

During the period June-January, the southeastern region of Albania was hit by a seismic 
series. The series culminated with a very high number of earthquakes on 1 June 2019. The 
series was characterized by 20 earthquakes with magnitude ML ≥ 3.8 and intensities at the 
epicenter I0 ≥ V front (EMS-98). The main shock was recorded on June 1, 2019, at 04:26 
(UTC). It had local magnitude ML =5.3 (Richter), Mw= 5.2, and intensity at epicenter I0 ≥ 
VII-VIII front (EMS-98) (Ormeni, et al. 2021). The earthquake injured 3 people and the 
most affected areas were the Korca and Kolonja districts. In this region in total were 
damaged 638 resident objects were, 130 of them were destroyed, 248 to heavy damage, 
and 310 to slight damage. Field observations show that the old buildings, built without 
taking any anti-seismic measures, were heavily damaged. 

The category of the heaviest damaged buildings has been built with stone masonry and 
adobe brick. The main event was followed by 3 other earthquakes, close in time and space, 
respectively at 04:33 (UTC), Mw = 4.9; at 04:52 (UTC), Mw = 4.9; at 07:00 (UTC), Mw = 
5.0. This series of earthquakes had 5 main sequences where a strong event was followed by 
a high number of events migrating towards the northeast. The first sequence outlined a 
gradual decrease in the number of earthquakes until the second sequence on June 29, 13:01 
(UTC) Mw = 4.7 earthquake marked a significant increase in subsequent seismic activity, 
the next sequence it is that of November 01, 05:25:44 (UTC) Mw = 4.75 in a difference 
about 3 months with the last moderate event, the sequence is very interesting because the 
followed events have a different trend of migration in space. Tow last sequences are thus 
of January and April 2020 with a low number of events compering with the three first 
sequences. The analysis of the obtained data reveals a very seismic situation complex, 
where the presence of a system of parallel detachments near the main fault affects the 
redistribution and transfer of tectonic stress, generating a seismic activity similar to that of 
composite earthquakes. From the moment tensor inversion analysis of 18 events (table 1), 
most of the events have a normal focal mechanism but migrating the events through the N-
NE the tectonic settings makes it more complicated passing from normal to oblique with a 
high right-lateral strike-slip component. 
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Figure 4 Type and focal mechanism distribution based on results (table 1) 

Table 1 List of 18 focal mechanisms obtained using Grond software 

No 
Date Time  Lat  Lon Depth Strike1 Dip1 Rake1 Strike2 Dip2  Rake2 M0 Mw 

(km) 

1 1/6/2019 4:26:19 40.505 20.73 6.7 51.882 36.746 -62.17 198.51 58.053 -109.21 6.42+016 5.17 

2 1/6/2019 4:33:07 40.484 20.725 6.5 53.306 36.836 -52.64 189.66 61.539 -114.44 2.48+016 4.89 

3 1/6/2019 4:52:02 40.47 20.756 5.7 200.17 70.831 -100.1 48.509 21.55 -63.364 2.11+016 4.85 

4 1/6/2019 6:20:50 40.566 20.784 4.4 31.185 27.305 -57.57 175.62 67.21 -105.47 3.90+014 3.9 

5 1/6/2019 7:00:28 40.51 20.786 4.9 35.137 37.566 -73.61 194.78 54.2 -102.23 3.24+016 4.97 

6 1/6/2019 9:11:40 40.52 20.773 7.4 215.27 54.121 -88.98 33.544 35.89 -91.4 3.30+015 4.06 

7 1/6/2019 15:19:30 40.518 20.718 5.5 21.655 55.466 -84.01 191.17 34.985 -98.62 1.39+015 4.06 

8 1/6/2019 18:30:17 40.479 20.721 5.9 221.23 50.184 -86.8 36.254 39.921 -93.82 3.06+015 4.29 

9 1/6/2019 18:50:20 40.514 20.689 8.1 45.548 47.14 -86.76 220.79 42.957 -93.48 9.27+015 4.61 

10 2/6/2019 14:50:07 40.483 20.735 6.2 232.44 78.43 -62.43 343.45 29.717 -156.14 9.06+014 3.93 

11 3/6/2019 5:49:33 40.491 20.836 4.6 59.425 47.185 -50.21 188.64 55.688 -124.63 9.33+014 3.94 

12 28/6/2019 14:36:37 40.529 20.793 5.7 212.62 57.497 -83.86 21.307 33.014 -99.524 1.62+015 4.11 

13 29/6/2019 13:01:17 40.475 20.7 6.1 223.29 67.464 -79.31 17.087 24.82 -114.07 1.11+016 4.66 

14 31/7/2019 14:21:23 40.511 20.645 7.3 204.41 61.159 -67.04 343.12 36.232 -125.3 6.01+015 4.48 

15 31/7/2019 19:23:36 40.511 20.645 9.1 52.735 54.672 -54.11 181.36 48.624 -129.59 8.86+014 3.93 

16 1/11/2019 5:25:44 40.488 20.73 16.1 265.94 60.399 158.14 61.715 145.88 -129.59 1.52+016 4.75 

17 1/1/2020 17:55:11 40.531 20.862 15 229.96 63.959 -18.07 328.12 73.81 -152.79 1.37+015 4.05 

18 8/4/2020 04:30:08 40.689 20.76 11 72.346 29.014 -39.61 198.24 71.98 -113.13 9.40+014 3.94 
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Another important aspect of this study is the analysis of spatial and temporal distribution 
with the aim of clustering based on Seiscloud software (Cesca, S, 2020) applying 
DBSCAN algorithm for density-base clustering controlled by space, time, depth, and 
mechanism. Based on the results obtained we notice a concentration of events in 5 main 
clusters. What is interesting, is that the first event of this series that had the greatest 
magnitude is grouped into a very small cluster in the south-eastern part of the main red 
cluster, perhaps this fault did not release the maximum energy accumulated and activated 
the neighboring faults. The presence of four parallel faults near in distance quit with the 
same parameters are clustered as one (red), and is the main cluster where the highest 
number of events are clustered. More time passed and the event’s location migrate to N-
NE and the geological aspect changes, and this is demonstrated with the event of 1 
November part of the blue cluster which had a focal depth of 16 km compared with the 
previous focal mechanism which didn't pass 9 km.  The cluster in the N-NE part which is 
one with the most recent events has a normal left-lateral oblique mechanism. These tow 
last clusters testify a very complex region. 
 

 

Figure 5 Spatial distribution of located events 
(a) events with focal mechanism (b) colored based on clustering results. 

 
In the figure 6 it is plotted the temporal evolution of seismicity clusters time vs depth and 
time vs magnitude to have a better view of the evolution. It is clear the 90% of events has a 
shallow depth from 1 to 20 km and the rest is form 20-50 km. Very particular is the blue 
cluster which doesn’t has very shallow events but is concentrated in depth of 15 km similar 
with centroid depth.   
 

a) b) 
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Figure 6 Temporal evolution of seismicity clusters 

4. Conclusions

The moment tensor inversion technique is a powerful tool in seismic source 
characterization, thanks to this technique we have obtained very important information 
about the tectonic regime. The Korça region is under the extensional regime and the main 
events have a normal mechanism with strike N-NE and dip 25º-45º and also oblique 
mechanism is present which supports the hypothesis of transversal faults in the region. Sub 
parallel faults and close in distance make it possible for the stress transfer to cause the 
migration of epicenters in space-time and even in focal mechanism style. Thanks to the 
clustering technique, analyzing the database of 18 focal mechanisms and over 1200 located 
events have been clustered in 5 main clusters. Also, a slight increase of seismic activity in 
the whole area is evident but impossible to be clustered.  
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Abstract: The destructive 1904 earthquake with estimated magnitude 7.8 which occurred on 

the Pehcevo-Kresna faulting system along Macedonian-Bulgarian border, has been 

considered as the strongest instrumentally recorded earthquake in the Balkan region and also 

in Europe. 

Seismicity analysis with the updated earthquake catalogue were performed on the western 

side of its faulting system in order to detect possible continuation and segmentation. Two 

parts were considered, one polygon containing the fault structure near the Pehcevo area and 

another towards Kocani area. 

Gutenberg-Richter relationship was applied to compare the variation of the “a” and “b” 

coefficients in the two selected polygons, for the de-clustered set of earthquakes from the last 

century and magnitudes 2.7 and above. The results show very small difference between their 

normalised values for both cases, which indicate relative similar seismic regime westward of 

the 1904 main shock area as defined by the macroseismic intensity maps. 

The findings of this study may affect the seismotectonic models presently used for that section 

of the faults and help in the earthquake hazard assessment on regional and wider scale. 

Keywords: Earthquakes, faults, epicentral map, Gutenberg-Richter relationship, regional 

seismicity. 
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1. Introduction  

On 4th of April 1904, a destructive earthquake with estimated magnitude 7.8, preceded by a 

large foreshock 23 min earlier, struck the south region of the Balkan peninsula. The 

epicentral area was in a mountainous Pehcevo-Kresna area which was then part of the 

Ottoman empire and today falls on the country border between Bulgaria and the Republic of 

North Macedonia. Beside these two, strong shaking was felt in present-day countries of 

Serbia, Greece, Hungary, Romania, SW Russia and Turkey, at distances of more than 500 

km (Hadzievski, 1976), compiled the macroseismic map of the main even as presented on 

Figure 1.  

The main event has long been considered as the largest shallow earthquake ever recorded 

instrumentally in Europe. Various estimates of its parameters have been assigned, based on 

the recording stations used in combination with the felt reports. The fault and the fault break 

as a possible source for the earthquakes has not been clearly identified until now, due to the 

tectonic style and the deformation rates in the region. 

 

Fig. 1 – Reproduced macroseismic map of Pehcevo-Kresna earthquake on 4th of April 1904  

Here, we tried to re-evaluate some of the seismicity parameters on the western part of 

the Pehcevo – Kresna faulting system. In order to detect a possible westward 

continuation and segmentation of the faults, we selected two polygons covering the 

Pehcevo and Kocani area. The results of our analysis with novel methods within both 

polygons were compared using the latest seismotectonic data, as described in the 

following section.     
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2. Seismotectonic characteristics of Pehcevo – Kresna source zone

Balkan Peninsula, has a lengthy history of catastrophic earthquakes and is one of the 

most seismic active areas in Europe. The territory of Macedonia, located in the south 

part of the Balkan Peninsula is also characterized by high seismic activity with many 

strong earthquakes. As part of the southern periphery of Eurasian plate segment, the 

Macedonian territory has been exposed to the ongoing continental collisional process 

due to dynamic pressure caused by the Dinarides-Hellenides mountain belt from west 

and Carpatho-Balkanides from east. 

Epicentral areas belong to the three main seismic zones, West-Macedonian, Vardar and 

East-Macedonian seismic zone. The geological characteristics of the Republic of North 

Macedonia have a complex geology of many geological formations from different ages. 

(Arsovski and Petkovski, 1975; Dumurdžanov et al., 2004, 2008). 

Earthquakes on 4th of April 1904 are the strongest recorded on the continental part of the 

Balkan Peninsula. They are generated in seismogene zone Pehcevo-Kresna as a part of 

Struma seismic zone, on the eastern border of the Republic of North Macedonia with 

Bulgaria (Pekevski, 2006).  

The strongest earthquake, has the maximum magnitude of M=7.8 and epicentral intensity 

I=X (MCS). The major event was preceded by strong foreshock with magnitude M=7.3, 

I0=IX (MCS) and many aftershocks with magnitude ML=4.8 also on 4th of April 1904. It 

caused extensive damage and the geological effects included, landslides, rockfalls, 

liquefaction of the ground, changes in water and stream flow, and surface faulting. But 

the reappraisal of instrumental data as well as macroseismic effects yielded a smaller 

value Ms=7.2 (Ambraseys, 2001). 

The biggest density of seismic events exists around and north from the Kroupnik fault, 

oriented approximately in west-east direction. To the east of the source zone, the seismic 

activity spreads to the town of Razlog, and to the west it is connected with faults along 

the southwestern board of the Delcevo graben. The seismic activity in the central part of 

the Krupnik source, where a complicated tectonic knot takes place under the Simitli 

graben, expresses a high seismic potential. The influence of the Kroupnik fault is clearly 

expressed to the north from its morphotectonic manifestation; this is connected with its 

northwards dipping (Meyer et al., 2002; Pekevski et al., 2006). 

The Pehcevo-Kresna seismogene zone is considered to have accumulated seismic energy 

within a longer time period. The seismic energy accumulated during the permanent 

pressure of the Rhodopian massif from the northeast toward southeast is releasing 

continuously. The compression in that area resulting from the action of forces in opposite 

directions is reflected through the creation of several tectonic knots intersecting the 

Struma zone with many faults.  

The neotectonic block structures as are the Rila and Pirin mountain massif in Bulgaria, 

as well as Osogovo and Plackovica-Ograzden in North Macedonia and other mountains 

rise for 4-6 mm/per annum. On the other hand the depressions in-between them 

experience relative subsidence. From the geological, geomorphological, geodetic and 

photogeological data, it has been defined that horizontal motion is taking place to the left 

and right along the main systems of conjucted faults (Petkovski, PhD diss., 1992).  
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Fig. 2 – Seismotectonic map of the study region 

3. Data and methodology 

Using the data by the Seismological Observatory of the Republic of North Macedonia 

(SORM) recorded for the period of 1970-2021 (UNDP/UNESCO, 1974a, 1974b, 1974c), 

two areas of interest were defined according to regional seismotectonics (Fig. 2). The first 

one - between the latitudes of 22.4-23.1oN and the longitudes of 41.4-42.0oE (polygon I) and 

the second one between the latitudes of 22.15-23.10N and the longitudes of 41.4-42.0oE 

(polygon II).  

Then, a complete and homogenous catalogue of earthquake data was prepared to apply the 

Gutenberg-Richter relation (1) between the number of earthquakes (N) and their magnitudes 

(M), 

                                                             𝐿𝑜𝑔𝑁 = 𝑎 − 𝑏𝑀                                                     (1) 

to obtain the values of the coefficients a and b. 

The catalogue provided does not have magnitude scale variations as a result of the usage of 

uniform scale. Additionally, the original scale was converted into the moment magnitude 

scale Mw (Pekevski et al. 2018). 

                                               𝑀𝑤 = 0.9203 ∗ 𝑀𝐿 + 0.3987                                             (2) 

The most significant issue that may affect the values of a and b was detected to be the 

magnitude of completeness (MC), due to the insufficient number of stations and their 

detectability in selected areas (Sinadinovski and McCue, 2001). In our case, the limited data 

availability results in selection of only 340 earthquakes.  
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MC was determined using the maximum value of the first derivative of the frequency-

magnitude curve and a value of 2.7 was assigned. The dataset was de-clustered by the 

Gardner and Knopoff method (1974) included in the ZMAP software. Based on that method 

just 42 events were detected as fore- and aftershocks of the main events. The values of 

coefficients a and b were calculated using ZMAP software and were further verified by in-

house calculated values using the least-square method. Also, for both areas of interest a grid 

of 0.1ox0.1o squares were assigned for coefficients’ calculation. 

Ultimately, an energy diagram was made, showing the normalized (by average annual 

amount) released energy by the events for a 10 years period and was smoothed with sliding 

window in increments of 2 years.  

4. Results and discussion

4.1.  Frequency magnitude relationship 

The frequency-magnitude occurrence relationship helps to characterize the activity in each 

polygon. The occurrence rate of events in a given region, the random magnitude and spatial 

distribution of epicentres given the occurrence in time can be used to model the temporal 

and spatial randomness. The rate of recurrence of earthquakes on a seismic source is assumed 

to follow the Gutenberg-Richter relation giving in equation (1). 

In this paper, from the calculation results (Fig. 3 and Fig. 4) can be seen the seismicity index 

values for a and b in different polygons. The calculation shows that the polygon II (Pehcevo 

– Kresna) is characterized by a higher value of a and b, which indicates that the seismicity

in the period under consideration is more pronounced than the one in the polygon I (Kocani).

Fig. 3 – Values of coefficient a (left) and b (right) for the polygon I 
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Fig. 4 – Values of coefficient a (left) and b (right) for the polygon II (Pehcevo – Kresna) 

The value a is a parameter usually connected with seismicity of the considered area and the 

value b is a tectonic parameter showing the characteristics of the medium with reference to 

stress or the local crust condition. Figures 3 and 4 (left and right) show that the value a vary 

from 3.8 to 5.6 and value b, vary from 0.9 to 1.5. Their variation and the fitting coefficient 

R are given in Table 1. 

Table 1. Values of the coefficients a, b and r for the polygons I and II 

Poligon I (Kocani) Poligon II (Pehcevo – Kresna) 

 a b R a b R 

3.83847 -0.79293 -0.94036 4.0730 -0.7559 -0.91968 

From our analysis of the coefficients’ values displayed in Table 1, it can be concluded that 

there is no significant difference of a and b for the calculated value of magnitude of 

completeness MC=2.7, which is shown by the high R-values. 

This indicates that the polygon II (Pehcevo-Kresna) is categorized as high stress 

concentration area, especially in the eastern part of the area under observation. In that area 

is located Krupnik fault, which is oriented approximately in west-east direction as a part of 
Pehcevo – Kresna faulting system, characterized by high seismicity.   

From the calculation value of a and b, it can be concluded that relatively similar seismic 

regime exists westward of the 1904 main shock area as shown by pleistoseismo line (Fig. 1). 

The differences in the values of a and b can specify the probability of earthquakes occurrence 

and variation in each part of the study area. 

4.2.  Energy release 

Figure 5 describes energy release for the averaged seismicity period normalized on 10 years 

interval, when moving window was applied in increments of 2 years. We observed that after 

approximately 20 years of relative quiescence (1989-2009) the region enters a period of 

accelerated seismicity. Latest studies indicate that earthquakes on faults are sometimes 

preceded by phases of accelerated seismic release characterized by cumulative Benioff 

strain, following the power law of time-to-failure for different segments. 
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Fig. 5 - Energy release in the study area normalized on 10 years interval 

According to the map of the maximum expected intensities for return period of 100 years 

(Jordanovski et al., 1998), the region can experience an intensity of VIII (MSK-64), which 

might be equivalent to an event of magnitude M=5.6±0.3 every 100 years. Hence, the 

released energy of the earthquakes E i.e. the seisemic potential can be calculated from their 

magnitude, using the formula (3) (www.usgs.gov): 

log 𝐸 = 5.24 + 1.44 𝑀 (3) 

Figure 6 displays the time-dependent Benioff stress release diagram by (3) for the Kocani - 

Pehcevo region in the period 1970 until the end of 2021, where energy is represented in units 

of ergs. 

Fig. 6 - Time-dependent Benioff stress release diagram for the Kocani - Pehcevo region 

Based on the diagram, it can be noticed that the accumulated stress in the volume was 

released in roughly three stages, each lasting about a year. Using the general formulas for 

size of the earthquakes and the surface of the related fault for the catalogue events distributed 

in average hypocentral depth of around 15-20 km, it can be concluded that the most of the 

seismic activity in the study region, is concentrated in the relatively old shallow crust. 
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5. Summary 

In this study, we tried to evaluate some of the seismicity parameters on the western part of 

the Pehcevo – Kresna faulting system (Fig. 1). For this purpose, we selected two polygons 

based on geology and seismotectonic data of the area. Seismicity parameters a and b are 

estimated from Gutenberg-Richter relationship using the moment magnitudes above 2.7 

from the de-clustered earthquake catalogue from the last century.  

The main question of our analysis was whether is possible continuation and segmentation of 

the original fault expression. Since the results for a and b show very small difference between 

their normalised values for both polygons, it can be concluded that relatively similar seismic 

regime exists westward of the 1904 main shock area, as defined by macroseismic data.  

Through the released energy graph for the averaged seismicity period normalized on 10 years 

interval, when moving window was applied in increments of 2 years, we observed that after 

20 years of relative quiescence the region enters a period of accelerated seismicity.  

Since it was noticed that the accumulated stress in the volume was released in roughly three 

stages, we used the general formulas for size of the earthquakes and their surfaced fault 

areas. For the average hypocentral depth of around 15-20 km, it can be concluded that the 

most of the seismic activity in the study region, is concentrated in the relatively old shallow 

crust. 

Because the current value of the released energy is less than the 1970’s cycles, it can be 

speculated that the region has potential to experience larger earthquakes in foreseeable 

future. The results of this study may affect the seismotectonic models presently used for that 

section of the faults and help in the earthquake hazard assessment on regional and wider 

scale. 
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Abstract: Two seismic areas located in the northern part of Romania, characterised by moderate 

crustal seismicity activity, were selected in the present study: Maramures and Bucovina. The 

existence of a large number of quarries in these areas lead to contamination of the Romanian 

earthquakes catalogue (ROMPLUS) with anthropogenic events. In this study, statistical and 

waveforms cross-correlation techniques were applied to distinguish between natural and 

anthropogenic seismicity. The results show the existence in the earthquakes catalogue of a 

significant number of anthropogenic events generated in the selected areas. Our results indicate 

that between 2010 and 2021, about 30% of all selected events in the Bucovina and 25% in 

Maramures could have anthropogenic origins. These types of analysis should be expanded to 

include other seismic areas in order to identify this type of events recorded in the ROMPLUS 

catalogue.  

Keywords: anthropogenic events, seismic activity, statistical analysis, cross-correlation 

technique  

1. Introduction

The aim of the present paper is to identify the anthropogenic events recorded as natural tectonic 

events in the Romanian earthquakes catalogue (ROMPLUS) belonging to the National Institute 

for Earth Physics (Oncescu et al., 1999, updated). For this study, data recorded in the northern 

part of Romania, in the Maramures and Bucovina areas, between 2010 and 2021 were 

analysed. 

The discrimination problem is important taking into account the contamination of the catalogue 

with anthropogenic events which can disturb significantly the seismicity and seismotectonic 

characterization of the region. On the other hand, mentioning the type of event in the catalogue 

is particularly important as it can help to select events according to the certain analysis. Thus, 

the identification of anthropogenic events helps exclude them from studies of risk or seismic 

hazard.  

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

45133ECEES, September 2022, Bucharest, Romania

mailto:iulia.armeanu@infp.ro
mailto:felix@infp.ro
mailto:mircea@infp.ro


2. Seismotectonics of the target zones

2.1. Maramures area 

The Maramures area, located in the northern part of Romania (Fig. 1), is characterised by a 

Neotectonic activity, manifested by an uplifting motion of the Western Carpathians relative to 

the Pannonian basin (Bala et al., 2015). According to the focal mechanism solutions, the area 

is mainly characterised by strike-slip faults and a predominantly compressive stress regime. 

The crustal earthquakes occurring at depths less than 20 km are concentrated around several 

active local faults (Fig. 1). According to the ROMPLUS catalogue, the largest earthquake with 

estimated magnitude 𝑀𝑤  =  6.2, was recorded in historical times (October 15, 1834). Fig. 1

reveals the existence of many quarries in this area, indicating the possibility of a serious 

catalogue contamination with anthropogenic events. 

2.2. Bucovina area 

The northeastern part of Romania, where Bucovina area is located, is a very complex and 

inhomogeneous continental collision area situated at the contact between the Eastern European 

Platform and the Carpathian Orogen zone, in the proximity of the Trans-European Suture Zone 

(TESZ). From a seismic point of view, this area is characterised by low crustal seismicity with 

events occurring at depths between 5 and 20 km and magnitudes in general below 3. The last 

notable earthquake in Bucovina was recorded on July 10, 1970, 𝑀𝑤 =  4.8.

The increase in the number of events recorded annually near quarries (21 in Suceava County, 

Fig. 1) can be ascribed to the recent enhancements to the Romanian Seismic Network and the 

increased number of seismic stations installed in the region (Marmureanu et al., 2021). This 

resulted in an improvement in the detection and location of seismic events  but, as a side effect, 

it also led to the contamination of the ROMPLUS catalogue with anthropogenic events. 

Fig. 1 – Distribution of seismic events and quarries identified in the selected regions. The seismic stations and 

faulting system are displayed for the entire country. The inset map shows Romania in a broader context. The 

faults are plotted after Dinu et al. (2008) 
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3. Methods and results   

To identify the presumed anthropogenic events , statistical methods and waveforms cross-

correlation technique were individually used for both study areas. 

3.1. Statistical methods 

To apply the statistical methods, we selected from the ROMPLUS catalogue the events recorded 

in the study areas between 2010 and 2021. In total, 89 events in Maramures and 99 events in 

Bucovina.  

The discrimination between natural and anthropic events takes into consideration a series of 

factors, such as: date of occurrence (working day or weekend), origin time (during working 

hours or not), location (near a quarry or near a fault), source depth and magnitude. 

To separate these events, we first look at the source depth, assuming that events with depths 

greater than 3 km (considering the location errors) are rather earthquakes.  

The distribution of events according to moment magnitude ( 𝑀𝑤) and depth (Fig. 2) shows that 

59.92% of events fall in a narrow range of magnitude (1.5 ≤ 𝑀𝑤 ≤ 3.0), comparable with the 

situation of energy released in case of a surface explosion of approximately 1 ton of TNT 

(Bormann et al., 2002). This is the first indication that a large percentage of events in the 

investigated data set are anthropogenic. 

  

Fig. 2 – Events distribution function of magnitude and depths 

 

Taking into account the first two discrimination factors, in the Maramures area, 10 of the 31 

analysed events with 𝑀𝑤 magnitude between 1.0 and 2.0 and located at depths less than 3 km, 

can be considered presumed man-made events, and for the magnitude range 2.1-3.5 and the 

depth less than 3 km, 33 of the 58 events were identified as supposed anthropogenic events 

(Fig. 2). 

Applying the two discrimination factors for the data set from Bucovina (Fig. 2), it is found that 

in the range of magnitude 1-2, and with a depth of less than 3 km, only 7 of the 27 localized 

events fall, and for the range of magnitude 2.1-3.5 and depth less than 3 km, correspond to 57 

of the 72 events. 
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The monthly distribution (Fig. 3) shows a significant increase of events occurring in July for 

the Maramures area, respectively in January and June for the Bucovina area. The larger number 

of events in the summer months (June and July) support the assumption that some of them may 

have anthropogenic origins. The occurrence of a quarry blast in the winter months is unlikely, 

so the increase of events in January most likely reflect a relative increase in the tectonic activity. 

Given the distribution according to magnitude, it is important to observe that 9 out of 22 

recorded events in July for Maramures area were already supposed to be quarry blasts, as well 

as 12 out of 35 recorded events in June for Bucovina area. 

Fig. 3 – Monthly distribution of analyzed events 

The weekly distribution (Fig. 4) is not concludent for the Maramures area, but an important 

increase is observed for Bucovina area on Thursday (a workday), which means that events 

recorded on this day can be supposed quarry blasts. Looking at the data, 17 out of 37 located 

events for this day were already supposed to be quarry blasts according to previous 

discriminations criteria. 

Fig. 4 – Weekly distribution of analyzed events 

The occurrence time (Fig. 5) plays a major role in discrimination for both areas, because a 

significant increase in the number of recorded events between 9 and 15 GMT time (working 

hours) can be observed. Consequently, events that occurred during this time interval can be 
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labelled as possible anthropogenic events. In Maramures, 7 out of 45 events in this time interval 

fulfill all previous criteria of discrimination, respectively 3 out of 45 in Bucovina. 

 

 

Fig. 5 – The distribution of events as a function of occurrence time (GMT)

3.2. Cross-correlation technique  

The waveforms cross-correlation technique was used as an additional tool to obtain a better 

accuracy of discrimination procedure, its purpose consisting in the identification of waveforms 

with similar characteristics. Only the vertical component of the BMR (Baia Mare) seismic 

station (Maramures) was used in this study. 

To apply this method, the waveforms of the analysed events were extracted from the database 

of the National Institute for Earth Physics, which uses the Antelope software for seismic 

monitoring  and offline data processing.  

For 3 out of 90 events, we have no seismic signals recorded by the BMR station, so these events 

were not considered in the analysis. The correlation coefficients (CC) for each pair of events 

were computed with the GISMO MATLAB toolbox. The waveforms recorded from 87 events 

were firstly filtered using a Butterworth bandpass filter between 2 and 4Hz and a time window 

of 2s was selected for the cross-correlation analysis.   

The method was applied to find waveforms that have a high degree of similarity, indicating that 

the seismic events are generated by repetitive sources. For this study, the threshold value 

(minimum CC) was set to 0.7. The derived CC for the Maramures area are represented in Fig. 

6 as a correlation matrix, with red denoting strong similarity and blue indicating the opposite. 
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Fig. 6 – The correlation matrix showing CC determined for the Maramures area 

Figure 7 shows examples of waveforms recorded by the BMR station for a supposed earthquake 

and a known blast, occurred within the project “Wide Angle Reflection and Refraction 

geotraverses of the Romanian Carpathians and Dobrogea – RomSeis 2014” (WARR, see Draguț 

et al., 2016) . Note the low amplitude of the P-wave for earthquakes as compared to the 

anthropogenic event. 

Fig. 7 – Waveforms recorded by the vertical component of BMR station from an earthquake (24.01.2018, 

02:39:35), respectively from a known blast (31.08.2014, 03:00:33), located in the Maramures area 

The correlation matrix (Fig. 6) shows that some of the selected events show a low similarity 

degree (CC<0.7). This result might indicate that these events have rather tectonic origins. 

In Figure 8 we plotted the waveforms recorded by the vertical component of BMR from 2 events 

with a high similarity degree (high CC). The characteristics of these events, such as their 

common location, occurrence, during the week and during working hours, are arguments in 

favour of their anthropogenic origins. With these 2 waveforms as templates (Fig. 8), 19 more 

events with high correlation coefficients were identified.  
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Fig. 8 – The waveforms with high similarity (𝐶𝐶 > 0.8) considered as potential anthropogenic events 

In Figure 9 we plot a group of 5 events with high waveform similarity (CC>0.8) which were 

produced at non-working hours and in the winter time (January). Taking into account time of 

occurrence, they are most probably tectonic events. Given also the short time intervals between 

the successive events, these events belong to a small sequence of crustal earthquakes.  

 

Fig. 9 – The waveforms with high similarity (𝐶𝐶 > 0.8) which indicate a sequence of earthquakes  

 

4. Conclusions 

In the Bucovina area, 3 events fulfill all four types of statistical discrimination, so these are 

most likely to be anthropogenic events and could be use as templates in order to search similar 

events by using waveforms cross-correlation technique. Based on such analysis, this type of 

events could be identified in the ROMPLUS catalogue. The statistical technique reveals that 

another 22 events match at least three requirements to be classified as having anthropogenic 

origins. 

In the Maramures area, the cross-correlation technique and the previously statistical 

discrimination methods lead to a number of 21 anthropogenic events that will be properly 
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labelled in the catalogue. According to our analysis, for the time interval 2010-2021, 25% of 

the events can be anthropogenic events. This strongly supports the importance of this type of 

study. 

Acknowledgments 

The present study was partially funded by the NUCLEU program (MULTIRISC, Project 

PN19080101) and SETTING (Integrated thematic services in the field of Earth observation: a 

national platform for innovation) Project supported by Operational Competitivity Programme 

(contract no. 336/390012). 

References 

Bala A., Raileanu V., Dinu C., Diaconescu M., 2015, Crustal seismicity and active fault systems 

in Romania, Romanian Reports in Physics, vol. 67, no.3, p. 1176-1191. 

Dinu C., Raileanu V. et al., 2008, Map with the main fault systems in Romania - Project CEEX 

no. 647/2005. 

Draguț, D.A., Schiltz, G., Mocanu V., 2016. Effects of Seismic Data acquisition on the 

environment –RomSeis Project. International Journal of Environmental Protection and Policy, 

vol. 4, Issue 3, p. 44-48, doi: 10.11648/j.ijepp.20160403.11 

Oncescu M.C., Marza V.I., Rizescu M., Popa M., 1999, The Romanian Earthquake Catalogue 

between 984-1997, in Vrancea Earthquakes: Tectonics, Hazard and Risk 

Mitigation, F. Wenzel, D. Lungu (eds) & O. Novak (co-ed.), 43-47, Kluwer Academic 

Publishers, Dordrecht, Netherlands 

Thompson G, Reyes C (2017) GISMO - a seismic data analysis toolbox for MATLAB [Software 

Package] 

Antelope software - https://brtt.com/ 

Marmureanu A., Ionescu C., Grecu B., Toma‐Danila D., Tiganescu A., Neagoe C., Toader V., 

Craifaleanu I. G., Dragomir C. S., Meita V., Liashchuk O. I., Dimitrova L. and Ilies I.: From 

National to Transnational Seismic Monitoring Products and Services in the Republic of 

Bulgaria, Republic of Moldova, Romania, and Ukraine, Seismol. Res. Lett., 

https://doi.org/10.1785/0220200393, 2021. 

4520 3ECEES, September 2022, Bucharest, Romania

https://brtt.com/
https://doi.org/10.1785/0220200393


Updating the Romania earthquake catalog for the 2006-2020 time period 
by re-evaluating the seismicity  

Raluca Dinescu – National Institute for Earth Physics, Măgurele, Romania; University of Bucharest, Faculty 
of Geology and Geophysics, Bucharest, Romania, e-mail: raluca.dinescu@infp.ro  

Andreea Chircea – National Institute for Earth Physics, Măgurele, Romania; University of Bucharest, 
Faculty of Physics, Măgurele, Romania; e-mail: andreea.chircea@infp.ro  

Mihaela Popa – National Institute for Earth Physics, Măgurele, Romania; Academy of Romanian Scientists, 
Bucharest, Romania; e-mail: mihaela@infp.ro  

Daniela Ghica – National Institute for Earth Physics, Măgurele, Romania, e-mail: daniela@infp.ro 

Abstract: The earthquake catalog is the basis of numerous studies of seismicity, seismic source, 
tomography, hazard, and seismic risk. That is why it is necessary to complete and update it with as 
much information as possible regarding the events it contains or which can be added based on 
studies subsequent to the moment when the catalog was created. The main purpose of the present 
study was to reanalyse the seismicity recorded in Romania between 2006 and 2021 and to complete 
the Romania earthquake catalog (ROMPLUS) with new events produced during the swarms and 
earthquakes sequences and which could not be located immediately after occurrence, to associate 
each event a label according to the event source (natural or anthropic) and to add information 
regarding the epicentral intensity of the existing events in the catalog during the analyzed period. 
Based on the catalog, a database was created with information regarding other catalogs where the 
events can be found, research studies where the events were analyzed, the existence of focal 
mechanisms, information about availability of maps and macro-seismic questionnaires. Such an 
analysis will be continued in order to update the entire catalog. 

Keywords: earthquake catalog, ROMPLUS, catalog re-evaluation 

1. Introduction

The seismic activity of Romania is considered to be moderate in the context of global 
seismicity. Romania’s seismicity is characterized by events at both crustal and intermediate 
depths, in different zones, some with high number of events, such as the Vrancea region, 
and others with sparse and small seismic events.  
The Romanian Seismic Catalog (ROMPLUS), which covers the period from 984 to 2021 
and is monthly updated, is the result of the integration of locations from several catalogs 
and studies, in order to have a uniform and complete data set. This catalog is the basis for 
numerous research studies in the fields of seismic source, seismic hazard and risk 
assessment, crustal and depth structure determination. This paper presentsthe re-evaluation 
of the earthquake catalog for the time period 2006-2020, to fill it with missing events, and 
starting from the catalog to compile a database which will contain new information about 
other catalogs in which the event can be found, studies in which the event has been used, 
the existence of the mechanism and the link to the available catalog of mechanisms, 
information about the availability of maps and macro-seismic questionnaires. This 
database will be very useful for long-term seismicity characterization   recorded on the 
territory of Romania.  
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2. Re-evaluation of the seismicity recorded in Romania between 2006 and 2020

The re-evaluation of 2006-2020 time period in the ROMPLUS catalog consisted of adding 
events occurred during earthquake swarms and sequences for which a location was not 
obtained immediately after their recording, completing the column on the event type based 
on international nomenclature (Storchak et al., 2012), including information on the 
existence and source of the focal mechanism. The catalog also included 227 seismic events 
occurred between 2006 and 2013 in the west-south-western part of the country, in the 
Banat region, and taken from the catalog of Oros (2011). 

2.1 Earthquake sequences 

Between 2006 and 2020, several seismic sequences and swarms were recorded in Romania 
(Fig. 1) as follows:  

In 2007, in the Ramnicu Sarat area, situated at the Carpathian arc bend, a seismic sequence 
with MD=3.9 magnitude of the main shock (Popescu et al., 2011), followed by 40 well 
localized events. 

In 2008, in the Vrancea region, a seismic sequence initiated by the occurrence of a main 
shock with MD=4.4, followed by 41 well localized events (Popescu et al., 2012) with 
magnitudes between 1.6 and 3.4 was recorded. One month later, an event with magnitude 
MD=3.6 was recorded near the sequence area. 
Hateg region, located at the western end of the Southern Carpathians, was affected by two 
seismic sequences, in 2011 and 2013.  The sequence from 2011 started with 3 events with 
magnitude range 3.1-3.3, followed by 16 events with smaller magnitudes (Popa et al, 
2018). The second sequence started in 2013, with a main shock of MD=5.6, preceded by 
an event with magnitude Mw=4.8 and an aftershock of the same magnitude (Mw=4.8), all 
the rest of sequence events had magnitudes smaller than 3.6 (Popa et al, 2018). 
A seismic sequence was detected in 2011 in the northern part of Romania (Bucovina 
region),, near the BURAR seismic array40 events were recorded, but only 9 of them were 
well localized. The maximum magnitude calculated for these events was of MD=5.2 
(Popescu et al, 2017). The alignment of the earthquake epicenters followed the Avramesti-
Suceava Fault.   
Another region affected by clustered seismicity is Targu-Jiu Carbunesti area, in the south-
western part of Romania, where a sequence of 40 events that started in December 2011 and 
lasted until January 2012 was identified. The main shock recorded had a magnitude 
MD=4.5 and was preceded by 7 events and followed by 32 aftershocks (Radulian et al., 
2014). 
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Fig 1. Geographical distribution of the seismic sequences and swarms occurred in Romania during 2006-
2020 time period  

 
Timișoara zone (western part of Romania) was affected by two small seismic sequences in 
January 2012. The first one is characterised by a main shock followed by two aftershocks 
with magnitudes between 1.9 and 3.8 (MD). The second sequence started with a main 
shock of magnitude MD=4.4 and was followed by 19 events (Oros, 2013). 
In 2013, Galati region was affected by a seismic swarm that lasted from August until 
November. Several studies analysed the seismicity of the area (Ioane et al., 2015, Popa et 
al., 2016, Craiu et al., 2016, Besuțiu et al., 2018). An area of approximately 200 sqkm was 
affected by 940 earthquakes with maximum depth of 25 km and magnitude range between 
0.1 and 4.0 (Popa et al., 2016). 

Between November 2014 and February 2015, another sequence was recorded in the 
Vrancea region. For this sequence, which began with a strong event of 5.7 ML magnitude, 
and source depth determined at 41 km, another 222 events were located (Craiu et al., 
2019). 

The last sequence analysed in this study occurred in the south-western part of Romania, in 
the Caransebes-Mehadia Basin, in October 2014 (Placinta et al., 2016, Popa et al., 2018, 
Dinescu et al., 2019). The mainshock had a magnitude MD= 5.8 and was followed by 88 
aftershocks.  

2.2. International projects 

In the period 2006-2020, two large international projects were carried out in Romania: 
South Carpathian Project (SCP), a collaboration between NIEP and Institute of Geophysics 
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and Tectonics from University of Leeds, UK, between 2009-2011, and Wide Angle 
Reflection and Refraction geotraverses of the Romanian Carpathians and Dobrogea – 
RomSeis 2014 (WARR), a collaboration between NIEP, University of Bucharest, 
Prospectiuni S.A. România, University of Aberdeen, UK, Institute of Geophysics Polish 
Academy of Sciences, GFZ Potsdan – Germany.  

2.2.1. South Carpathian Project (SCP) – 2009-2011 

The main objective of SCP was the geodynamical and seismological modelling of the 
western part of Southern Carpathians and southern part of the Pannonian Basin in order to 
determine the 3D structure of the lithosphere and the superior mantle from the Carpathian 
Bend (Stuart et al., 2010). During the project duration, 467 local events were recorded with 
the RSN stations and temporary broadband stations installed within the project (Fig.2).  

Fig. 2. The SCP seismic temporary network (yellow triangle) 

The detected events were re-localized using the Joint Hypocenter Determination – JHD (J. 
Pujol, 2000) and were used to obtain a 3D tomographic structural image of the 
Transylvania Basin and the SW of Romania (Zaharia et al., 2017). The LOTOS-09 
algorithm (Kaulokov, 2009) was applied to calculate 1D velocity for the region. Using the 
data recorded during the SCP Project, 115 events were relocated and 66 new earthquakes 
were addedin the ROMPLUS catalog.  
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Fig 3. WARR profile (with dashed line) in Romania (after Drăguț et al., 2016). The controlled blasts points 
are represented with white stars 

2.2.2 Wide Angle Reflection and Refraction geotraverses of the Romanian 
Carpathians and Dobrogea – RomSeis 2014 (WARR) (Fig. 3) 

Based on a large international partnership, the project’s main objective was to study the 
transition zone between the East-European Platform and the Carpathians (Dragut et al., 
2016). The project consisted of deploying a 700 km profile covering regions from Ukraine 
and Romania, with recording instruments installed in a two km long coverage grid. The 
sensors were used to record controlled blasts.  

3. New catalog database  

  The new database created, based on ROMPLUS catalog, will contain, in addition to the 
source location parameters (latitude, longitude, depth - with determination errors), different 
types of magnitude (ML, MD, Mw), intensity, type of event (natural or anthropogenic), 
number of stations and phases used for location, mention of the focal mechanism solution 
with reference to the mechanism catalog, references to other catalogs containing the event, 
as well as papers that had analysed the event.  

The database will be used for different studies such as global seismicity, tectonics, Earth 
structure, seismic hazard determination, risk assessment etc. The database can be updated 
with more information categories as required by different studies. 
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Conclusions 

The re-evaluation of the catalog and the developmentof the database can be used for future 
research in the field of seismology, tectonics, crustal structure, seismic hazard and risk 
assessment, prediction and microzonation studies, as well as for analyses required by 
earthquake disaster insurance. 
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Abstract:   The moment tensor (MT) provides important information about seismic source 

but its inversion require good quality data. Factors commonly occurring in anthropogenic 

seismicity like seismic noise can introduce some uncertainties to inversion solution, but also 

the small depth of events and complexity of the velocity model influence the results. In this 

work, synthetic tests for two seismic networks with different velocity models are presented to 

examine noise influence on P-wave first peak inversion. The synthetic tests were carried out 

for two surface networks monitoring anthropogenic seismicity: VERIS network in Vietnam 

and LUMINEOS network in Poland. Various mechanisms with double couple component 

variability from 10% to 100% were considered to take into account mechanisms caused by 

different types of human activity. Also different depth of events were considered. Synthetic 

tests results proved the main limitation of the investigated method is connected with focal 

sphere coverage and noise in the input data. Results show good quality of solutions for VERIS 

network if typical mechanism and depth of occurring event are considered. MT solutions for 

LUMINEOS network require more critical approach and are not recommended as routine data 

analysis. 

Keywords: focal mechanism, anthropogenic seismicity, MT components, tensile angle, 

depth influence 

1. Introduction

Moment tensor (MT) is an important parameter in physics of the seismic source studies. It 

provides information about the source in terms of the type of faulting and the dominant 

forces in the rupture process. Such features of MT may be used in investigations of tectonic 

and anthropogenic seismicity. It provides a theoretical framework to understand better 

tectonics and seismogenic settings leading to the observed seismicity (D’Amico, 2018). MT 

inversion is routinely used in the analysis of the biggest earthquakes (Ekstrom et al., 2012) 

as well as in regional and local scale in both tectonic (e.g. Cesca et al., 2006) and 

anthropogenic seismicity (e.g. Gibowicz and Kijko, 1994). Interpretation of MT solutions 

allows deriving the dominant stress orientation in the tectonic active regions (Hardebeck and 

Michael, 2006) and anthropogenic seismicity (Martinez – Garzon et al., 2014). Full MT 

decomposition was used investigations of the seismogenic process leading to induced and 

triggered seismic events (e.g. Fletcher and McGarr 2005, Ford et al., 2009).  Full MT due to 

the possibility of decomposition into isotropic (ISO), compensated linear vector dipole 

(CLVD) and pure shearing (DC) parts are often used in the analysis of volcanic, meteorite 

impact and nuclear explosions related seismic sources (e.g. Cesca et al., 2013, Heimann et 

al., 2013, Vavryčuk and Kim, 2014). Cesca et al. (2013) following the previous findings of 

non-DC components in focal mechanisms obtained for mining induced seismicity (e.g. 

Rudajev and Šílený, 1985) proposed to use non-DC components of full MT as an indicator 

of induced seismicity. It was further included in the framework of discriminaiton between 

anthropogenic and tectonic seismic sources (Dahm et al., 2013). As shown above, MT has 
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various applications in the scientific research of seismic source physics. However, it has also 

some serious limitations, which should be taken into account in both MT inversion and 

interpretation of its results. Even in case of pure tectonic seismic sources, some non-DC 

components are observed in MT solutions (Miller et al., 1998). It is often considered as not 

a real non-DC part of seismic source, rather as an effect of the anisotropy on the wave 

radiation leading to artificial non-DC components in MT solutions (Vavryčuk, 2018 and 

references therein). Except for the anisotropy, there are other factors influencing the MT 

inversion results: uncertainties in velocity model (e.g. Romanowicz et al., 1993), noise in 

seismic data (e.g. Šílený et al., 2014) and azimuthal coverage of seismic stations (e.g. Ford 

et al., 2010). The latter two are taken into account in our study of P-wave amplitude MT 

inversion. There are several methods of MT inversion mainly based on waveform inversion 

(e.g. Cesca and Heimann, 2013, Zahradnik and Sokos, 2018)  or amplitude inversion of 

seismic waves (e.g. Šílený et al., 2014, Wiejacz 1992). In the analysis of anthropogenic 

seismicity, full waveform inversion methods were proved less robust than P-wave first-

motion amplitude methods (Bentz et al., 2018). Fojtikowa et. al. (2010) showed that the most 

accurate values of the non-DC components were obtained from the P-wave amplitude 

inversion. Therefore we decided to concentrate our analysis of noise and focal coverage 

influence on MT solution to the P-wave first-motion amplitude inversion in time-domain 

method  (Wiejacz 1992, Kwiatek and Martinez-Garzon, 2016). The main objective to 

perform synthetic tests was to check the credibility of moment tensor solutions for non- DC 

mechanisms. Test of synthetic data was carried out towards the noise influence and event 

depth on the results of full MT solutions for normal and reverse fault types with geometry 

depending on the seismic networks: strike/dip/rake: 304°/71°/±108° for VERIS in Vietnam 

and strike/dip/rake: 170°/46°/±90° for LUMINEOS in Poland. The investigated VERIS 

network performed well in the noise influence tests proving its robustness in MT inversion 

for events that occurred in this area if the noise level does not exceed 30% of initial amplitude 

and event occur deeper than 2 km. Tests performed on the LUMINEOS network results in 

the true solutions only for pure shear events, then due to mining tremors characteristics first 

P-wave MT inversion is not recommended in routine analysis. 

2. Site characteristics  

VERIS (ViEtnam Reservoir Induced Seismicity) is a seismic network aimed in the 

monitoring of the triggered seismic activity in the Song Tranh2 artificial reservoir area 

(Wiszniowski et al., 2015). The reservoir volume is  740  million  m3  and water level varies 

between 140 m a.s.l. to 175 m a.s.l. Tectonic activity in the area before the reservoir filling 

was small with several earthquakes reported since the XVII century. Seismic activity in the 

region increased significantly after the filling of the reservoir in November 2010 and has 

continued to the present day. The largest earthquakes in the area were September 3, 2012 

M4.2, October 22, 2012 M4.6 and November 15, 2012 M4.7. More details about the seismic 

activity of the area are described recently by Gahalaut et al., (2106) and Lizurek et al., 

(2017). VERIS network observations allowed for the location of events and calculation of 

focal mechanisms as full moment tensor (full MT) solutions for 94 events that occurred 

during the period from August 28, 2013 to May 10, 2015 (Lizurek et al., 2017) obtained with 

P-wave amplitude inversion and 180 events from August 28, 2013 to October 19, 2016 using 

P- and S- wave amplitude inversion (Lizurek et al., 2021) All data, including moment tensor 

(MT) solutions, are available in the EPISODES platform (Orlecka-Sikora et al. 2020). 

Obtained full MT solutions were mostly normal faults with dominant DC component in full 

MT solutions (see fig 1 and fig . 9 in Lizurek et al., 2017). However, some non-DC solutions 
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were obtained, which might be the product of network geometry and/or noise in the data as 

shown above instead of the seismic process (Figure 1). 

LUMINEOS (LUbin Mining INduced Earthquake Observation System) is a surface seismic 

network installed for monitoring seismicity in the Rudna copper mine. Legnica-Głogów 

Copper District in southeastern Poland is an industrial area with strong anthropogenic 

seismicity. Ore deposits located at a depth between 800 m and 1200 m are exploited with 

the pillar-chamber system. The average distance between stations is 5.7 km. Seismic activity 

in the Rudna copper mine is more than 1000 events with a magnitude M>1 per year. The 

strongest event has magnitude MW=3.9 July 5, 2019. Seismicity in LGCD depends on mining 

works timing and area (Lasocki, Orlecka-Sikora, 2008). Obtained MT solutions are typical 

for mining induced events with relevant non-DC solutions. 

Fig. 1 –Geometries of the network a) VERIS b) LUMINEOS. Blue triangles are stations, red star is assumed 

location of event. 

3. Methodology

Moment tensor was calculated using inversion of the P wave amplitudes in the time domain 

(Wiejacz 1992, Kwiatek and Martinez-Garzon, 2016). The measured amplitude of displacement 

for the P-wave phase is: 

𝑈𝑃(𝑥, 𝑡) =
𝛾∙�̇�(𝑡−

𝑟

𝛼
)∙𝛾

4𝜋𝜌𝛼3𝑟
𝑙,(1) 

where ρ is the average medium density, r is the source-receiver distance, α is the average velocity 

of the P wave, M is the seismic moment tensor, l is the P wave direction at the receiver, and γ is 

the P-wave direction at the source. (De Natale et al. 1987 and Aki & Richards, 2002). 

The moment tensor is obtained by solving a set of N equations of type (1), where N is the number 

of stations that recorded the event. Six independent components of moment tensor require a 

minimum of six equations, but the more the better. The system of equations (1) is 

overdetermined and solved by using a least-squares approach (L2 norm) with the cost function 

being the sum of squares of residuals. When the condition of the zero trace is imposed on the 

solution, the deviatoric moment tensor may be determined, which excludes the mechanism with 

a) b) 
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volumetric change in source. When the conditions of the zero trace and zero determinant are set, 

the solution is limited to the double-couple source. The full moment solution can also be 

decomposed into the isotropic (ISO), compensated linear vector dipole (CLVD) and double-

couple (DC) parts of the mechanism following the default decomposition scheme of Knopoff 

and Randall (1970) with the percentage of decomposed tensor elements calculated by either 

Knopoff and Randall (1970) or Vavryčuk (2001). This decomposition shows usually the 

complexity of the source process and is used to check the quality of the solution (Wiejacz, 1992). 

Uncertainties of the estimated moment tensors can be estimated through the normalized root-

mean-square (RMS) error between theoretical and estimated amplitudes (Stierle et al., 2014a, 

2014b): 

𝑅𝑀𝑆 = √
∑ (𝑈𝑖

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑−𝑈𝑖
𝑡ℎ)

2𝑁
𝑖=1

∑ (𝑈𝑖
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

2𝑁
𝑖

(2) 

Tensile angle is defined for fault plane and regulates crack opening or closing; 0° is a pure shear 

mechanism, -90° means crack closing and +90° is crack opening (Vavryčuk, 2001). By using 

the tensile angle assumed components of the event mechanism can be determined based on 

Figure 2. 

 

Fig. 2 – The MT components dependence on the tensile angle.  

 

4. Synthetic tests  

The main objective to perform synthetic tests was to check the credibility of moment tensor 

solutions for non-DC mechanisms by comparing assumed mechanisms with the resulting 

mechanism for different depths, non-DC components and various noise contamination levels. 

At first synthetic amplitudes and polarity was generated. The hybridMT program allowed to 

generate first peak amplitudes for particular parameters of event: location, magnitude MW, depth, 

fault plane strike, dip and rake, 1D velocity model and tensile angle (Kwiatek et al. 2016).  

Applied depths for both networks was: 500 m, 800 m, 1 km, 2 km, 5 km and 8 km. The range 

of depths cover the shallow events recorded on the LUMINEOS network and deeper events 
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occurring in the VERIS network and gives the ability to compare these two networks. 

Different tensile angles were performed, eventually those values for which assumed DC 

component decrease every 10% was chosen. Velocity models for the area were taken from 

the EPISODES platform (Orlecka-Sikora et al. 2020). Further synthetic amplitudes were used 

to calculate moment tensors for four noise levels and the Jacknife single station rejection tests 

were performed. Considered levels of added synthetic Gaussian noise has average values of 

10%, 20%, 30% and 40% of generated amplitudes. Each noise bootstrap and Jacknife test 

were performed 100 times. 

To determine if the examined MT solution is reliable three characteristics were taken into 

account: the Root Mean Square (RMS) values, calculated components (ISO, CLVD and DC 

percentage) and fault type accordance with the assumed one and stability of solutions as 

comparison of the nodal planes directions for full, deviatoric and DC solutions (Figure 3). 

Fig. 3 – The examples of the stability of nodal planes solutions for VERIS  and LUMINEOS network. Each 

nodal plane is one of 100 bootstrap solution. Blue lines for normal fault, red for reverse fault and green for 

strike-slip geometry. 

2.1. Synthetic tests for VERIS network 

The assumed fault geometry was normal and reverse fault with 304°/71°/±108° (strike/dip/rake), 

which is similar to most of the available solutions (see fig 1 Lizurek et al., 2017). Event 

magnitude was set to MW=3.7. Jacknife station rejection test did not reveal crucial stations for 

this network.  MT solutions were stable for unbiased data and assumed mechanisms with 

more than 50% DC, however proportion of calculated components was in accordance with 

the assumed one for all undisturbed cases. 

Noise bootstrap in case of 10% noise level for both normal and reversed fault resulted in 

RMS below 0.15 value. For 20% noise contamination RMS does not exceed 0.3 for normal 

fault geometry, but some values up to 0.4 were observed for reverse geometry. Noise level 

30% resulted in RMS value up to 0.4 for both normal and reverse fault geometry. In general 

RMS values were increasing with the noise level and event depth increase. The exception is 

the 40% noise level where the RMS value increases for normal fault up to 0.6 in isolated 

cases but is below 0.1 for all depths for reverse fault geometry. The similarity of MT 

decomposition in results to the assumed ones in tests performed for the VERIS network was the 

biggest for 5 km and 8 km depths. With gaining up the noise differences in calculated 
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components increased. For event depth more than 2 km the differences were small and for 

shallower events become more scattered through a whole range of MT solutions.  Dissipation of 

solutions increased also with non-DC components participation, up to occurring two clusters of 

solutions for 10% of DC: the first one for correct solutions and the second one for the opposite 

solutions (Figure 4). The stability of the nodal planes directions also depends on noise 

contamination. With noise level increase more results were unstable, especially with assumed 

DC component less than 50%, however, stability decreases were more visible with the event 

depth changes. Solutions calculated for depths up to 2 km gives the correct fault type in about 

half of cases though, false solutions can be easily rejected because of instability of nodal planes 

for full, deviatoric and DC solutions. There was no visible distinction in MT decomposition 

results and stability between normal and reverse fault geometry, except the improvement in 

solutions for 40% noise level for reverse fault geometry. 

 

 

Fig. 4 – The Hudson plots for VERIS network for 500 m, 2 km and 8 km depth for three assumed DC 

components. Noise level 20%. 

 

2.1. Synthetic tests for LUMINEOS network  

All synthetic tests were performed for 12 stations. The seismic source was located in the middle 

of the network, near TRBC station. Assumed fault plane was 170°/46°/±90° (strike/dip/rake). 

Magnitude Mw=3.7 was performed for all synthetic tests. The Jacknife single station removal 

test results in no influence in solutions for almost all stations. Only the TRBC station removal 

produce the reversed fault type in case of events below 1 km depth. TRBC is the closest station 
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to event localization and poor focal coverage cause this station essential for correct MT 

inversion. 

Noise bootstrap in case of 10% noise level for both fault geometry resulted in RMS below 

0.15 value. For 20% noise contamination RMS does not exceed 0.3. Noise level 30% 

resulted in an RMS value up to 0.4 for normal fault geometry and 0.5 for reverse fault 

geometry. 40% noise level results in up to 0.6 RMS however, there were single cases that 

exceeded 0.4. In general RMS values were increasing with noise level increment. MT 

components in tests performed for the mine network were resolved well for almost all depth 

ranges. Depth influence on MT components results was visible in two cases: for 500 m depth 

of the event when the reverse fault geometry was considered and for 1 km depth regardless 

of applied noise and fault geometry (Figure 5). The stability of nodal planes for full, 

deviatoric and DC solutions for the LUMINEOS network is worse than for the VERIS 

network. For the lowest noise level, stable nodal planes were observed for mechanisms with 

more than 50 % of DC for reverse geometry and more than 60% DC in the case of normal 

fault geometry. Higher noise contamination resulted in instability of nodal planes for 

mechanisms with assumed less than 60% for noise level 20% and up to 70% in case of 40% 

noise contamination. The deterioration of the stability was not observed for 1 km depth 

events, however the stable solutions were noticed for mechanisms with more than 30% of 

DC component in case of normal fault at 2 km depth. 

Fig. 5 – The Hudson plots for LUMINEOS network for 500 m, 2 km and 8 km depth for three assumed DC 

components. Noise level 20%. 
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4. Conclusions  

Synthetic tests results proved that the main limitation of the investigated method is connected 

with focal sphere coverage and noise in the input data as previously shown by Lizurek (2016) 

for more basic fault geometry and focal sphere coverage. In this work, we performed more 

detailed analysis of the focal sphere coverage and noise influence on the inversion results.  

VERIS network focal coverage allows for stable and reliable MT solutions for all 

undisturbed focal mechanisms. The investigated network performed well in the noise 

influence tests proving its robustness in MT inversion for events that occurred in this area if 

the level noise does not exceed 30% of initial amplitude and event depth is more than 2 km. 

MT solutions are reliable but should be carefully interpreted if high non-DC components 

occur.  Limitations of MT inversion for VERIS network seems to be mainly connected with 

a shallow non-DC type of events, which are unlikely to occur in reservoir triggered 

seismicity on existing tectonic discontinuities. 

LUMINEOS network gives a stable solution only for events with more than 60% DC if no 

noise is applied. Tests performed on the LUMINEOS network results in the right solutions 

only for pure shear events. An event depth 1 km results indicate that geological features 

influence strongly on the MT solutions, which is unfavourable because of similar 

exploitation and observed event depth. LUMINEOS data for MT inversion can be used as 

an additional data source after careful check of the MT solution quality or together with in-

mine network data for proper focal mechanism interpretation. It is not recommended as part 

of routine data analysis. 
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Abstract: The presented investigation estimated site resonance frequency and amplification 

for rotational and translational signals using the HVSR technique. The estimations were 

performed in two approaches: the first, the site effect parameters were estimated using Fourier 

amplitude spectrum analysis (FSA), while the second, based on the response spectrum 

analysis (RSA). Moreover, both approaches were applied to estimate the site effect parameters 

from rotational signal (torsion-to-rocking spectral ratio, TRSR). 60 records of seismic events, 

produced by anthropogenic seismicity of the Upper Silesian Coal Basin, were used as input 

signals. The results of the FSA method showed that rotations were characterized by higher 

resonance frequency and lower amplification coefficient in comparison to translations. The 

RSA results showed similar results of resonance frequency estimation as the FSA, but the 

amplification factors were much lower. Both methods, RSA and FSA, confirmed that 

resonance frequency values of rotational signals were higher than translations. Moreover 

estimated values of resonance frequency were similar for each type of analysed motions 

despite of used method. 

Keywords: induced seismicity, rotational ground motion, site effect study 

1. Introduction  

Following some of the investigations ( e.g., Zhao and Xu, 2013; Stambouli et al., 2017; Zhu 

et al., 2019), it may be concluded that site resonance frequency may be used as a primary 

variable in site-effect models description. The resonant frequency can be estimated from 

directly registered seismic events using the horizontal-to-vertical spectral ratio method 

(HVSR) described firstly by Nakamura (1989). The amplification curve in that method is 

estimated as a ratio of Fourier amplitude spectrum analyses (FSA) corresponding to the 

horizontal and vertical components of the seismic record. Following the investigations 

carried out by Miura et al. (2019) and Zhu et al. (2020), the FSA may be replaced by the 

result of the response spectrum analysis (RSA). The HVSR resonance frequency,  is 

calculated basing on the translational motions recorded as a result of natural earthquakes 

(e.g., Fujiwara et al., 2009; Stanko et al., 2017; Rong et al., 2019)  or mining seismicity (e.g., 

Olszewska and Lasocki, 2004; Olszewska and Mutke, 2018 ). Following the study presented 

by Sbaa et al. (2017) and Nawrocki et al. (2021), the HVSR technique may be implemented 

to analyze the resonance frequency of the rotational motion records. Three components 

describing the rotational motion are similar to the translation, with the torsion representing 

motion around a vertical axis and rocking – motions around two horizontal axes (Zembaty, 

2009). Primarily the study about rotational ground motion has been concentrated on: the 
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signal recordings as an effect of natural (e.g., Igel et al., 2007; Lee et al., 2009; Stupazzini 

et al., 2009) or anthropogenic seismicity (e.g., Kalab et al., 2013; Mutke et al., 2020); impact 

on the civil structures (e.g., Trifunac, 2009; Bońkowski et al., 2019) and theoretical 

consideration about rotational motion character (e.g., Pham et al., 2010; Sarokolayi et al., 

2015). The presented paper aimed to analyze and compare the result of estimating the 

translational and rotational motion resonance frequencies using the Fourier spectrum 

amplitude and response spectrum analyses. Our investigation was carried out at two seismic 

stations located in a different part of the Upper Silesian Coal Basin where the seismic data 

were registered. We focused on different resonance frequency values between rotational and 

translational data derived from the FSA method (Nawrocki et al., 2021)  and checked if the 

RSA method produced similarly to the FSA results. In order to examine the resonance 

frequencies of the rotational records, following the plane of propagation rotational motion, 

we have introduced the torsion-to-rocking spectral ratio (TRSR) procedure.  

2. Site and data characterization

The seismic observations were carried out by two seismic stations,  the IMI and PLA 

stations, located in the Upper Silesian Coal Basin, Poland. The registered events were 

produced as an effect of hard coal exploitation. 60 seismic events were collected by the IMI 

station. The epicentral distances were ranged from 0.75 km to 5.52 km and the local 

magnitude varied between 1.7 and 2.7. Another 60 seismic events were recorded by the PLA 

station. The events were characterized by epicentral distances ranging from 5.7 km to 20.8 

km and local magnitude varied from 2.4 to 3.5. Detailed location of the events and the 

stations are presented in Fig 1a. The seismic data were registered by the EENTEC measuring 

set, composed of the rotational seismometer R-1 (e.g., Liu et al., 2009; Lin et al., 2009) and 

translational accelerometer EA-120. Both of the sensors were linked to the seismic recorder 

DR-4000.  

Fig.1. a) Detailed sketch of the seismic station and events location.; b) geological profile and shear velocity 

hodograph of the PLA station; c) geological profile and shear velocity hodograph of the IMI station.  
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The IMI and PLA stations were situated in similar geological conditions represented by the 

shallow layer of Quaternary sediments and a rigid basement of Carboniferous formation 

(Fig.1b-c). Only in the case of the IMI station, the intermediate layer of the Triassic 

sandstones occurred (Buła and Kortas, 1994; Jureczka et al., 1995). The Carboniferous coal-

bearing formation is built of sandstones, mudstones, and siltstones interbedded with hard 

coal seams (Sagan et al., 1996; Teper, 2000, Mendecki et al., 2020). The Quaternary 

sediments are the shallower layer built by sands, pebbles, muds, and alluvia (Buła and 

Kortas, 1994; Jureczka et al., 1995). The averaged shear wave velocity up to 30 meters of 

the IMI and PLA station depth was respectively equaled 408 m/s and 512 m/s (Fig. 1c and 

1b) (Mutke et al., 2020). 

3. Methods 

The resonance frequency and amplification coefficients of the translational records were 

estimated using HVSR analysis (Nakamura, 1989; Nakamura, 2019). Following the 

investigations showed by Zhu et al. (2020), the spectral ratio curve can be estimated directly 

from the results of Fourier spectrum analysis (FSA) or response spectrum analysis (RSA) of 

the seismic records. In general, the HVSR is described by the equation (Zhu et al., 2020): 

��������	
��� = 0.5������������	� + �����������	�� − �����������	�   (1) 

where the S determines the result of using FSA or RSA for the event signal. �� �� , �� denotes 

the horizontal and vertical components of the record. 

 

Following the study presented by Sbaa et al. (2017) and Nawrocki et al. (2021), the HVSR 

for rotational signals can be estimated as the ratio of torsional and rocking components and 

called TRSR. The following equation describes the resultant TRSR curve of the event: 

 

������	�	
��� = �����������	� − 0.5  ������������ + ����� !�����"#	�2� 

where the S determines the result of using FSA or RSA for the event signal. 	�,		�, 	� 

denotes the rocking and torsion components of the record. 

 

The spectra were estimated for the S-wave content of the waveforms. Following the 

SESAME criteria  ([SESAME], 2004), it was assumed that in both motion types, resonance 

frequency value was expected higher than 2Hz. Therefore, in FSA estimations, the signals 

were windowed fifty times with five seconds duration. The RSA curves were estimated 

directly for the signal time-length similar to FSA, assuming 5% of the damping. Estimated 

curves, separately for each event, were finally averaged.  

The HVSR spectrum can show more than one significant peak, then it is required to find a 

reliable peak corresponding to the true resonance frequency (Zhu et al., 2020). Moreover the 

amplification value may be underestimated in comparison to a standard spectral ratio (e.g., 

Rong et al., 2017). Assuming homogeneity and isotropy of the geological layers, a model of 

the visco-elastic system was adopted to estimate theoretical amplification curves at each 

station (Schnabel et al., 1972). Required input parameters to estimate the theoretical 

amplification were got from the Multichannel Analysis of Surface Waves  (MASW) surveys 

and the available geological profiles (Fig 1b-1c).  

 

45413ECEES, September 2022, Bucharest, Romania



4. Results

The estimation of spectral ratios for the IMI and PLA station are presented respectively at 

Fig.2 and Fig.3. The detailed values of resonance frequency and amplification coefficients 

were set in the table (Tab.1).  

Fig.2. Result of HVSR comparison for IMI station records including theoretical amplification models: a) 

translational motion; b) rotational motion.  

In the case of the IMI station records, the spectral ratio curves of translational motion records 

obtained by using the FSA method produced two amplification maxima. In contrast, the 

curve obtained by using RSA showed one amplification maximum (Fig. 2a). In the case of 

rotations (Fig. 2b), the FSA methods distinguished three amplification maxima, while the 

RSA method produced only two maxima. Theoretical amplification curves of the 

translations suggested that the model for the Quaternary and Triassic (Q+T) deposits was 

the most comparable to the empirical HVSR results. In the case of the Q+T model, the 

resonance frequency was 2.5 Hz and the corresponded amplification factor equalled 5.7.  

Table 1. Comparison of the site effect parameters obtained due to FSA and RSA method for both station 

records.

Seismic 

station 

Type of 

motion 

Fourier spectrum analysis Response spectrum analysis 

Resonance 

frequency Hz 

Amplification 

coefficient 

Resonance 

frequency Hz 

Amplification 

coefficient 

IMI 

Station 

Translation 

motion 

1.60 6.80 1.62 2.66 

2.20 3.90 - - 

Rotation 

motion 

1.80 2.80 1.80 1.53 

3.60 1.32 - - 

4.60 1.55 4.51 1.23 

PLA 

Station 

Translation 

motion 
4.20 4.70 4.50 4.00 

Rotation 

motion 
5.80 1.98 5.70 1.46 
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Spectral ratio curves of translation and rotational motions recorded by PLA station (Fig.3), 

estimated by FSA and RSA method, produced one amplification maximum. The theoretical 

amplification model, estimated for the assumption of the MASW results up to 30 meters 

depth, was the most comparable to the HVSR results. The theoretical amplification curve 

showed that the resonance frequency and amplification factor were equalled 5 Hz and 6.7 

times, respectively. 
 

 
 

Fig.3. Result of HVSR comparison for PLA station records: a) translational motion; b) rotational motion. 

4. Discussion and conclusions  

In the case of IMI station records, amplification curves estimated using the FSA method 

produced additional amplification maxima, which were not noticed in the case of the RSA 

method. Both methods produced similar resonance frequency values for the analyzed type 

of motions. Still, the HVSR and TRSR curves obtained from the RSA were characterized by 

more than two times lower amplification values. The comparison performed for the PLA 

station records showed that the HVSR and TRSR were characterized by one general 

amplification maximum despite the method. In the case of translations, the resonance 

frequency estimated using the RSA method was significantly higher, while the rotations 

were almost the same. Similarly as for the IMI station, the HVSR and TRSR curves obtained 

from RSA were characterized by lower amplification values in comparison to the result from 

FSA. The amplification was lower, almost 1.2 and 1.4 times for translations and rotations, 

respectively. Following the study presented by Zhu et al. (2020), the spectral ratio curves 

obtained using the RSA method produced lower amplification values than those obtained by 

the FSA. It should be taken into account that RSA is affected by scenario dependence (i.e. 

magnitude, distance, focal mechanism etc.) of the events (Stafford et al., 2017), which can 

cause differences between resonance frequency and amplification values compared to FSA 

results. The scenario dependence is probably noticeable in the case of the IMI station results, 

where lower seismic energy values characterized the analyzed events than for PLA stations 

events. Our research showed that the resonance frequency of rotational motion is higher than 

translational, which was confirmed by two independent methods. However, it should be 

taken into account that the difference between resonance frequency for translations and 

rotations was higher in the case of PLA station records. The PLA station is situated in the 

area wherein past decades shallow coal exploitation occurred which caused intense 

fracturing and cracking of the shallow geological layers. The geological profile (Fig. 1b) was 
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performed at a relatively long distance from the station, which motivated us to analize the 

theoretical model estimated using MASW velocity results. Comparison of the HVSR and 

theoretical amplification curves for translations showed that site effect parameters were 

lower than expected. On the other hand, engineering surveys conducted near the PLA station 

confirmed the occurrence of the Quaternary and Carbon deposits, characterized by strong 

cracking. In contrast, the nearby IMI is well known as an agricultural area. The geological 

profile (Fig. 1a) was set at the close distance to the station. Nevertheless, it is supposed that  

the depth of geological layers may be varied which probably cause the discussed differences 

in the resonance frequency and amplification values. The theoretical amplification curves 

indicated that amplification was caused by the Quaternary and Triassic deposits which reach 

depth of 61.7 m b.s.l.. Following the studies presented by Sbaa et al. (2017), the rotational 

amplitudes depend on the Vs30 value measured at different grounds. Assuming that 

resonance frequency of rotations, similar as for translations, can be approximate as the well-

known formula: 

%� = �&
4� 	�3�

where, �) denotes the shear velocity of the geological layer, H and %� means respectively

thickness and resonance frequency. However, in our ad hoc simple calculation, the Vs value 

was replaced by Vs30 parameter. The results of the H-value estimations for the PLA station 

was c.a. 30 m and 22 m for translation and rotation respectively. The H-value calculations 

for the IMI station showed c.a. 62 m and 57 m for translation and rotation respectively. It 

suggests that the rotational resonance effect may be produced in shallower layers than the 

translation resonance. Following the studies concerning the mechanism of rotation source 

(Kozak., 2006; Teisseyre and Kozak., 2006), it can be produced by the friction process or 

defect content in the medium. The later source was assumed as the main cause of rotation in 

the areas of both stations. The interaction of the seismic body waves with the defect content 

in the medium structures could cause the rotation motion, thus, it suggested that strong 

fractures of the shallow layer probably amplify the registered rotational signal in the 

fractured zones (Fig. 4).  

Fig.4. Models of translation and rotation resonance effects with amplified horizontal amplitudes in near surface 

and different depth range. 

Such strong fracturing is present in the Carboniferous layer complex below PLA station and 

in the Triassic rocks below IMI station. However, the size of the fracturing is probably at 

different levels in both cases. The similar values of resonance frequency for the rotation and 

translation motion were almost the same at the IMI station, thus, produced by the geological 

structures at a similar depth which were more compacted than those at the PLA station. 
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Another words, if the medium is more compacted then amplification for rotation and 

translation occurred in a layer at similar depth .  
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Revised Benioff strain release in mining seismicity 

Maciej J. Mendecki – The Faculty of Natural Sciences, the University of Silesia in Katowice, Sosnowiec, 

Poland, e-mail: maciej.mendecki@us.edu.pl  

Abstract: The study mainly focused on comparing the ordinary Benioff strain release 

(BSR) and revised-Benioff strain release (R-BSR) and they aimed to apply the methodology 

previously used in natural seismicity for seismic events associated with underground hard 

coal exploitation. The investigation covered four longwall panels exploited in 401 coal seam 

in "Budryk" Mine, Poland. Firstly, the seismic catalogue from each panel was filtered 

according to the magnitude of completeness and the magnitude of interfering event M>2.4. 

Next, the preshock sequences were selected, and both BSR and R-BSR methods were 

applied. The R-BSR method attenuated specific values of BSR, indicating the periods when 

the nucleation process of a target event was not generated by all events indicated by the 
BSR method. The final R-BSR curves can better reflect geodynamic processes occurring 

during exploitation and can make the interpretation more convenient. The analysis of the 

quiescence-like and acceleration-like process indicated that the quiescence type is usually 

caused by previously fractured rock masses. The acceleration is associated with new cracks 

spreading in the rock masses according to Voight’s model.     

Keywords: Benioff strain; revised Benioff strain release; mine; mining seismicity 

1. Introduction

Research on applying the critical-point-like method to preshock sequence originated from 

the equation used to describe the fracture growth ending with a rock sample damage. The 

final damage occurs if the cracks become critical and propagate dynamically in a 

nucleation phase (Voight, 1989). This approach was adopted for the natural earthquake 

nucleation phase, assuming that a tectonic loading process produces a steady stress 

increase which is finally released by a mainshock (e.g.: Varnes 1989; Sykes and Jaumé 

1990; Bowman et al. 1998; Gross and Rundle 1998; Brehm and Braile 1998 and 1999; 

Jaumé and Sykes 1999; Jinag and Wu 2005 and 2006; Kawada and Nagahama 2006; 

Mignan 2011; Cianchini et al. 2020 ). The critical-point-like model is usually characterized 

by the accelerating nature of the nucleation process. The probability of foreshocks/pre-

shocks occurrence increases rapidly as the time approaches the time of a mainshock 

(failure time of a target event). Therefore, the study of any preshocks may reveal the 

spatial and temporal development of the nucleation phase (Das and Scholz, 1981, 

Mendecki et al., 2019). 

A study on the rate of the Benioff strain release (BSR), its slope and curvature can provide 

useful information concerning seismicity during mining (Mendecki et al., 2019). The 

Benioff strain is estimated as the square root of seismic energy. Disturbances in stress 

accumulated on local discontinuities cause seismicity in mines, which reflects stress 

loading and unloading provoked directly (induced seismicity) or indirectly (triggered 

seismicity) by mine operations (Lizurek, 2016). The seismicity level and its release rate in 

a mine can be governed by local mining and geological conditions, longwall face advance, 

and the volume of mined rocks. Moreover, the conditions that must be met for an 

induced/triggered tremor to occur are: the rock mass area has to be in a state of unstable 

equilibrium caused, among others, by the formation of loaded weakening interfaces, an 

appropriate change of stress, the rock mass presence in the operation stress influence (the 

change of stress must be sudden and of sufficiently large amplitude, appropriate 

accumulation of elastic energy as a result of gravity, tectonic forces and operational 
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stresses) (Horner and Hasegawa, 1978). Therefore, the main assumption is that Benioff 

plots reflected the stress changes and corresponded to varied mining and geological 

conditions. So far, the studied cases of the Benioff plots (Mendecki, 1997; Mendecki et al., 

2019) indicated that they could change according to different mines and thus different 

mining and geological conditions. Further observations of the Benioff strain releases in the 

operating mine demonstrated that some patterns could be distinguished. In our opinion, the 

elaboration of the Benioff plot patterns and their physical explanation can be an additional 

useful tool in mining practice analyzing risk levels.   

However, the BSR method, or similar techniques using seismic energy release, or seismic 

moment release, have limitations and interpretation problems which were widely discussed 

by Mignan (2011), De Santis et al. (2015); Cianchini et al. (2020). Even critical opinions 

about the Accelerating Moment Release (AMR) appeared (Hardebeck et al., 2008). 

Leaving aside critical remarks rejecting the AMR approach, the ideas concerning the 

revised AMR from the paper of De Santis et al. (2015) were followed and adopted for 

seismic energy release in mine. The revision of the AMR methodology was studied in 

order to improve the knowledge of seismic sequences and to reach the capability of 

predicting the main-shock location and occurrence with sufficient accuracy. The discussed 

revision is based on the introduction of a "reduced" Benioff strain for the earthquakes of 

the seismic sequence where, for the same magnitude and after a certain distance from the 

main-shock epicentre, the closer the events are, the more they are weighted (De Santis et 

al., 2015). Therefore, this paper shows preliminary results of the revised Benioff strain 

release (R-BSR) in mine. The study was carried out for the four longwall panels exploited 

in 401/1 hard coal seam in the "Budryk" Mine, Poland.  

2. Site and data characterization

2.1. Coal seam and panels characterization 

The ordinary BSR and R-BSR methods were used to analyze seismic energy release 

patterns in four mining panels. They were exploited in the same coal seam number 401, 

whose thickness changed approximately from 2.40 to 2.95 m. Its inclination ranged from 

1o to 8o and locally reached 15o. Coal compressive strength reached 13-14 MPa in the 

entire coal seam. However, the roof and floor rock elastic parameters were different, 

although the geology was similar. The roof rocks were composed of ca. 10m-layer of 

shales and, next, the thick layers of sandstones or clayey sandstones were situated over the 

shales which mainly represented the floor rocks. The roof rocks of the B-8 and B-11 were 

characterized by compressive strength of 26-35 MPa, and the floor rock compressive 

strength was much higher and reached ca. 39 MPa. In the case of the Bw-2 panel, the 

compressive strength values were lower than in the previous panels, and for the roof, rocks 

reached 24 MPa. The last Cz-2 panel presented opposite conditions. 

The roof rocks were stronger than the floor rocks, and the compressive strengths were ca. 

37 MPa and 26 MPa for roof and floor rocks, respectively. Tectonic settings were similar 

for  B-11 and Cz-2 panels, where the longwalls were cut by local faults, generally in the 

central parts of panels. The faults had general N-S azimuths, and the throw ranged from 0.5 

m – to 1.5 m. The B-8 panel was not disturbed by local tectonics. However, over the panel, 

the old edges of gobs were presented. The Bw-2 panel was affected by erosion paleo-

gutter, which cut the middle part of the longwall panel (Probierz et al., 2012) 

perpendicularly. These unfavourable geological and mining conditions strongly influenced 

the seismicity during mining operations and had an impact on the seismic energy release.   
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2.2. Seismicity and data characterization 

Seismic catalogues collected for each longwall panel contained a larger number of seismic 

events varying from hundreds to several thousand (Tab.1). The B-8 and B-11 panels were 

characterized by a larger total number of seismic events than the Bw-2 and Cz-2 panels. 

The catalogues contained 3 to 5 interfering events (Tab.1) which started a new sequence of 

Benioff strain release. Interfering events occur within the same time period, and location, 

and have similar or greater magnitudes as the strongest event, generally within one 

magnitude unit (according to Brehm and Braile, 1998). Therefore, a single event within 

approximately one magnitude unit of the mainshock may disrupt the acceleration sequence 

producing an unreliable model acceleration sequence, i.e. most or all of the accelerated 

energy release is provided by one event (Brehm and Braile, 1998). In the case of the 

mining seismicity, the interfering events were treated as the main shock events and the 

main sequence is the total seismic catalog from one longwall panel. The minimum 

magnitude (Tab.1) was estimated for each panel using a simple approach to founding the 

minimum magnitude (magnitude of completeness, Mc) with the highest event frequency. 

Moreover, the b-value from frequency-magnitude distribution was estimated using the 

maximum likelihood method. The seismic data were filtered using the Mc-value and 

interfering event criteria (Mendecki et al., 2019), providing sequences for each panel 

according to the number of interfering events. In other words, each selected sequence 

terminated with the target event M > 2.4, which corresponds to the interfering events in 

Tab. 1.  

 

Table 1. Seismic catalog information  

Panel 
Event 

number 
Interfering events (Mmax) Mc b-value 

Date 

Start End 

B-8 2005 2.5 (two times); 2.4 (three times) 0.2 1.02 2017-08-17 2018-10-03 

B-11 4862 2.9; 2.5; 2.6 0.2 1.63 2017-11-24 2019-02-06 

Bw-2 320 2.5; 2.4 (three times) 0.3 0.83 2018-07-30 2019-02-06 

Cz-2 448 3.0; 3.1 (three times) 0.1 1.73 2015-04-01 2016-08-29 

 

3. Ordinary BSR and R-BSR methods 

3.1. Ordinary BSR method 

The ordinary accelerating Benioff strain release method, applied for mining seismic data, 

assumes the same equation widely used power-law formula:   

𝛴Ω(t) = K0 + k(tf – t)m       (1) 

 

where t is time, tf is the occurrence time of the target event,  𝛴Ω is the cumulative Benioff 

strain, K0, k and m are the model parameters. The m-value reflects the Benioff strain 

release behaviour. The strong target event, which has a large nucleation area (Mendecki et 

al., 2019), can be characterized by an acceleration-like process then m is smaller than 1.0. 

However, rock mass can produce a quiescence-like process for m > 1.0 (Jiang and Wu, 

2005 and 2006), which may be finalized with a strong target event as well.  
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3.2. R-BSR methods 

The mentioned ordinary BSR approach does not consider attenuation, which affects the 

Benioff strain accumulation of the target event (De Santis et al., 2015). Any nucleation 

process of the strong event can be explained by the preshock sequence in which every 

preceding event adds strain energy to the main event. However, such a process has spatial 

limitations, and, according to De Santis et al. (2015), there is a specific radius r0 (Fig. 1) 

beyond which the addition of preceding event strains is attenuated with negative power – γ 

(Fig. 1). In this study, the following attenuation function G(r) was adopted:  

 G(r) ~ r -γ ,  r > r0  (2) 

where γ was assumed as 1.5. In the area smaller than radius r0, the attenuation did not 

occur, thus, γ = 0 (De Santis et al., 2015).  

Fig. 1 – Attenuation model (after De Santis et al., 2015) 

Therefore, the revised BSR method can be expressed as follows: 

 𝛴Ω’(t) = 𝛴Ω(t)G(r) (3) 

where 𝛴Ω' (t) is the cumulative Benioff strain, produced by geological or mining 

discontinuity which is "reduced".  

3.3. Computation methodology 

The applied computation methodology was similar to this presented by Cianchini et al. 

(2020). However, it was adapted for mining data according to previous observations 

(Mendecki et al., 2019). The seismic catalogues containing event information from the 

studied panels were filtered to exclude events smaller than the magnitude of completeness, 

as well as, the interfering events with M > 2.4 were found. Next, each catalogue was cut 

into sequences starting from the first small event and ending with the interfering/target 

event. After the sequence selection, the best exponential or logarithmic function model was 

found according to the c-value (Fig. 2). It must be noted that the interfering events were 

not taken into account in the calculations. 

The c-value parameter was introduced by Bowman et al. (1998), and it was defined as the 

ratio between the sum of the squared residuals from the fit of the power-law formula and 

the sum of the squared residuals from a linear fit. Acceleration occurs when the c-value is 

less than 1, and if the c-value is lower, then the acceleration is more reflected in the 
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seismic data. It may help in practice when, among the possible sizes of the analyzed 

region, one chooses the region characterized by the lowest c-value (Bowman et al. 1998). 

This approach was modified due to two reasons. The first was related to quiescence-like 

processes observed very often in mining Benioff strain release, which suggested that such a 

process can also be eligible in mining data. Therefore, the c-value was checked 

simultaneously for power-law and logarithmic functions where the letter is similar to the 

BSR model with m > 1. The second reason was the easiest and fastest fitting calculation of 

exponential and logarithmic functions instead of the full model BSR with different m – 

power. The final step was based on selecting the best trend for the Benioff strain release 

function and calculation of the R-BSR according to eq. (3).     

         

 

Fig. 2 – Variation of the c-value for 3rd sequence from the B-8 panel. The minimum c-value indicates the 

selected  radius r0 

4. BSR and R-BSR comparison   

The discussed methodology allowed to find two models for each case of the longwall panel. 

The first model represents the ordinary BSR approach (Fig. 3a-d, red lines) where the 

attenuation was not taken into consideration. Therefore, this model produced larger values of 

the cumulative Benioff strain than the cumulative values of R-BSR. The second model (Fig. 

3a-d, blue lines) shows the effect of attenuation which was included in the Benioff strain 

calculation, thus, producing smaller values of the R-BSR.  

4.1. B-8 panel 

The discrepancy between these two models is not that big in the case of the B-8 longwall panel 

(Fig. 3a). Generally, both models follow each other and the difference can be noticed in the 

final stage, but the application of R-BSR did not change the character of trends (eg. from 

quiescence to acceleration and vice versa). The interfering events cut the Benioff strain 

release curve into 5 sequences (Tab. 2). The first is short and after the quiescence-like process 

finished with the event of M2.5. This initial stage corresponds to the beginning of panel 

exploitation. The lack of the acceleration-like process suggests that the target event of 

M2.5 was released indirectly by the mining operation and the typical nucleation process 

was not present in this case. The second sequence, the longest, is mainly characterized by 

the quiescence-like process and finished with the event of M2.5, as well. However, visual 

inspection indicates that the initial part has acceleration behaviour and after the 150th day 

this trend is changed. This change in the nature of the Benioff strain release trend was 

probably related to the presence of the gobs (Nos 338/2, 341, 358/1) located above the 

studied panel. It suggests that the presence of the gobs changed the character of the trend 

because they relieved the build-up of stress in the rocks and according to Voight’s (1989) 
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model there were no new cracks that might have reflected the acceleration-like process. 

Next, two short sequences occurred, both terminated with M2.4. The first is the 

acceleration-like model (Fig. 2) but the second is the quiescence-like process. The 

acceleration of BSR is related to the area which was located behind the gobs zone where 

new cracks might appear and led to the acceleration of the seismic energy release. The 

quiescence sequence presents the transition period between the main stage of BSR and the 

terminal stage associated with the end of the panel exploitation. The last stage also finished 

with M2.4. Observation of this sequence indicated the largest discrepancy between BSR 

and R-BSR models. However, both produce the same behaviour e.i. the quiescence-like 

process which is related to the end of exploitation and no more cracks occurring. The last 

target event is probably associated with accumulated strain energy in the rock mass which 

was only triggered by the mining operation.   

4.2. B-11 panel 

The discrepancy between models BSR and R-BSR is significant (Fig. 3b) in the case of the 

B-11 panel. Both showed quiescence-like character with three interfering events M2.9, 

M2.5 and M2.6 (Tab. 2). The applied R-BSR method mainly flattened the curve and it 

showed that all interfering events occurred in the rock mass where the fracturing process 

did not occur according to Voight’s model. And in fact, this longwall panel had the 

complex geological and mining condition. The roof rocks were cut by a large number of 

local faults and in the seams above three gobs were present Nos: 338/2, 341, 358/1. 

Therefore, the strong events are interpreted as the events triggered by the mining operation. 

A lack of acceleration-like process suggests that exploitation induced only a swarm of 

weak events but they did not take part in the interfering event nucleation process.   

Fig. 3 – BSR (red lines) and R-BSR (blue lines) models obtained for the longwall panels: a) B-8; b) B-11; c) 

Bw-2 and d) Cz-2 
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4.3. Bw-2 panel 

The observed patterns in the case of the Bw-2 panel showed that the discrepancy is 

significant (Fig. 3c) and, what is more, the use of the R-BSR method changed the general 

character of the BSR curve from acceleration-like to quiescence-like process. However, 

this conclusion based on the general visual inspection is wrong. The 5 interfering events 

cut all data into 4 sequences finishing with events of M2.5, M2.4, M2.4, and two events 

M2.4, and M2.5 (finishing the fourth sequence) which occurred one by one at the end (Tab. 

2). Only the third sequence is quiescence-like, the rest present acceleration behaviour 

indicating, according to Voigt’s model, the generation of new fractures and cracks in the 

rock mass during the exploitation. The new crack zones in the longwall panel surrounding 

became the nucleation areas of the interfering/target events. Only this one quiescence-like 

sequence is associated with the erosion paleo-gutter, which cut the middle part of the 

longwall panel and created the fractured zone earlier, before exploitation, thus the 

acceleration process could not start.    

 

Table 2. Sequence and R-BSR information  

Panel 
Sequence 

No. 

Interfering / 

target event (Mmax) 

Acc. (A) or 

quiesc.(Q) 
Radius r0 [m] 

B-8 

1 2.5 Q 235 

2 2.5 Q 1320 

3 2.4 A 80 

4 2.4 Q 245 

5 2.4 Q 1415 

B-11 

1 2.9 Q 265 

2 2.5 Q 60 

3 2.6 Q 315 

Bw-2 

1 2.5 A 15 

2 2.4 A 60 

3 2.4 Q 35 

4 2.4/2.5 A 35 

Cz-2 

1 3 A 485 

2 3.1 A 460 

3 3.1 Q 55 

4 3.1 Q 470 

 

4.4. Cz-2 panel 

Visually, the Cz-2 panel showed the most interesting pattern, “so-called stair pattern”. 

Both BSR and R-BSR models showed similar behaviour and also, in this case, the R-BSR 

produce lower values, as well as, more flattened curves (Fig. 3d). The interfering events 

(M3.0 and three M3.1) cut the BSR curve into 4 sequences producing the stair patterns 

(Tab. 2). The Cz-2 panel was also surrounded by a large number of faults as the B-11 panel 

but in the Cz-2 case, there were no gobs above the exploited coal seam. Such geological 

conditions favoured the occurrence of strong mining tremors. However, the R-BSR 

approach indicated that the first two sequences had acceleration-like character and the last 

two – quiescence-like. The acceleration occurred when exploitation and following it 

seismicity were present in the part of the longwall panel where there were no faults. 

Therefore, this virgin area created favourable conditions for new cracks and for the 

nucleation process of the target events M3.0 and the first M3.1. The last sequences were 

associated with the fault zone covering half part of the longwall panel resulting in two 

quiescence-like precesses.          
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5. Conclusions

The presented observation indicated several patterns or types of Benioff strain release.  It 

can be distinguished that: 

- exploitation in hard coal seam without any natural faults or gobs in the

surroundings resulted in the BSR acceleration-like process due to the occurrence of

the strong event nucleation, as well as, origin of a new crack system with the

induced preshock sequence (the cases from panels: B-8, seq. 3; Bw-2, seq. 1-2,4;

and Cz-2, seq. 1-2); the roof rock compressive strength was much higher than in the

other panels;

- exploitation in hard coal seam with the presence of any natural faults or gobs in the

surroundings resulted in the BSR quiescence-like process reflected as the preshock

sequence induced on existing discontinuities and finalized (or not) with triggered

strong event (the cases from panels: B-11, seq. 1; and Cz-2, seq. 3-4);

- the presence of gobs in coal seams located above-exploited panel can result in a

quiescence-like process and a smaller size of the target event than in the case of the

“virgin” area (the rest cases).

A general conclusion of the BSR and R-BSR comparison is that the R-BSR method 

application significantly facilitates the interpretation of curves, making them more 

unambiguous. Moreover, there is arising a question if the quiescence-like process really 

does not represent the nucleation process? Such a question requires further study on this 

topic. However, the analysis of the calculated r0 values (Tab. 2) showed it can be estimated 

for both acceleration- and quiescence-like processes. Three thresholds of attenuation can 

be found: fast attenuation started at r0 < 100 m from the source of the target event; medium 

attenuation started at several hundred meters (ca. 200-500 m). The cases indicated r0 > 

1,000 m and they were related to quiescence-like processes for the B-8 panel. It suggests 

that attenuation, in this case, either did not occur, or another attenuation model should be 

taken into consideration according to De Santis et al. (2015). However, it also requires 

additional comparisons with other coal seams.   
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Abstract: Detection of seismicity is often done using P-wave onsets. To assess detection
and localization capabilities of existing and future network configurations, there is a need
for  relations  that  predict  the  expected  amplitudes:  P-wave  ground-motion  prediction
equations. We derive two equations specifically for upper crustal seismicity. One relation is
for recordings at the Earth’s surface,  the other is for recordings at approximately 200 m
depth. The ground-motion models are calibrated using a rich database of more than 20.000
peak ground velocity (PGV) recordings from induced seismicity related to gas extraction in
the  Netherlands.  The  relations  predict  mean  vertical-component  PGV  values,  and  their
variability, as function of source depth, epicentral  distance and magnitude. The relations
have an empirical base for local magnitudes between 0.4 and 3.6, depths between 2 and 3
km and epicentral distances between 0 and 120 km. There is a strong amplitude decay over
the first  8 km (effective point-source distance)  and a modest  amplitude decay at  further
distances.  The  recordings  that  underlie  the  models  have  been  made  in  unconsolidated
sediments with P-wave velocities smaller than 2.2 km/s. Correction factors are needed when
the relations are used to predict amplitudes at hard-rock settings. 

Keywords: induced seismicity, ground-motion prediction, event detection, unconsolidated
sediments

1. Introduction

The Netherlands has an extensive network of borehole geophones, surface accelerometers
and broadband seismometers (Dost et al., 2017). Prior to 1990, most sensors were located
in the south of the Netherlands, where tectonic activity occurs related to the Lower Rhine
Graben (e.g., Hinzen et al., 2021). During the end of the eighties, the first induced seismic
events  were  detected  in  the  north  of  the  Netherlands,  which  were  attributed  to  gas
extraction (Haak, 1993). Since then, there has been a continuous expansion of the network
to monitor induced seismicity. After decades of recording, this has led to a rich database of
ground motions. Most seismicity has taken place at the Groningen gas field, but also many
smaller gas fields have been seismically active (e.g., van Eck et al, 2006). The depth of
most induced events is estimated to be between 2 and 3 km.  

For the Netherlands, a relatively new potential source of induced seismicity is related to
geothermal energy production. Exploration and exploitation takes mostly place in areas of
the  Netherlands  where  the  seismic  network  is  sparse,  because  of  an  absence  of  gas
production or tectonic activity. The Dutch State Supervision of Mines (further: SodM) is
involved in the permitting process. One of the questions that needs to be answered in light
of  safe  operations  is  whether  the  nationwide  existing  network  suffices  in  terms  of
monitoring, or that new stations are needed to adequately monitor a geothermal operation.
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They have asked the seismic network operator Royal Netherlands Meteorological institute
(further:  KNMI)  to  assess  the  current  network  capabilities.  We  are  in  the  process  of
evaluating both the magnitude of completeness and the expected localization accuracy for
induced events. For both assessments, it is necessary to determine the sensors that likely
detect a (scenario) event. For this purpose, three ingredients are required:

1. The noise distribution per station, expressed in root-mean-square particle velocities.

2. The signal-to-noise ratio (SNR) for which, on average, an automatic detection is
made.

3. A model that predicts the amplitude for a (scenario) event at a certain distance and
for a certain magnitude. 

In the literature, the emphasis is on S-wave ground-motion prediction equations (GMPEs),
also sometimes called attenuation relations. S-wave attenuation models find their use, e.g.,
in local magnitude determination (e.g., Kanamori et al., 1993). GMPEs are used for hazard
studies (e.g., Douglas et al., 2013). P-waves typically play a minor role in hazard studies
and,  as  such,  usually  not  much  attention  is  spent  to  P-wave  GMPEs.  Similarly,  most
magnitude  estimation  is  done  with  S-waves,  which  obviates  the  use  of  a  P-wave
attenuation relation. Detection and localization, however, is done with especially P-waves
and hence P-wave amplitudes are important when studying detection capabilities. In the
following, we derive a P-wave relation for seismicity in the upper crust of the Netherlands,
specifically for a detection frequency band of 5 to 40 Hz. In the Netherlands, detection is
done either with sensors installed at, or close to, the Earth’s surface, or with the lowermost
sensor in a vertical array of geophones. These lowermost geophones are typically installed
at 200 m depth. Therefore, two empirical relationships are derived, one for motions at the
Earth’s surface (Surface Level or SL model) and one for motions at 200 m depth (Depth
Level  or  DL model).  Calibration  is  done  with  more  than  20.000  recordings  from the
Netherlands Seismic and Acoustic Network (KNMI, 1993).

2. Database

In the Netherlands a dense network of seismic stations exists, especially in areas where gas
production takes place. Since 2014, at most sites a standardized vertical array is placed.
This array typically has an accelerometer at the Earth’s surface to quantify ground motion
accelerations, and geophones at 50, 100, 150 and 200 m depth. The geophone at 200 m
depth has the best SNR and is used for detection and localization. Fig. 1 shows the vertical-
array configuration  as  well  as the locations  where these arrays have been constructed.
Also, older vertical arrays are still deployed, which have geophones at somewhat different
depths  (Dost  et  al.,  2017).  All  geophones  and  accelerometers  have  been  placed  in
unconsolidated sediments, i.e. above bedrock level. 

At  places  where no vertical  array is  available,  standalone  surface sensors  are  used for
detection. Since there is a large difference in the amplitude of the ground motions at depth
and at the surface, there is a need to develop two separate GMPEs. At the Earth’s surface
ground motions  are  considerably  larger  due to  the  free-surface effect  and near-surface
amplification, which is mainly caused by a reduction of seismic impedance towards the
Earth’s surface. This also requires to collect separate databases of surface level (SL) and
deep-level  (DL)  motions.  Most  of  the  DL recordings  are  from 200 m depth,  but  also
records from pre-2014 geophones are in the database, which vary between 120 and 275 m
depth. 

45573ECEES, September 2022, Bucharest, Romania



Fig. 1 - (a) Layout of sensors in a near-surface vertical array, with an accelerometer at the Earth’s surface
(green square) and geophones at 4 different depth levels (green triangles). (a) The 99 locations in the

Netherlands where vertical arrays as in (a) have been constructed by March 2022. Background map is from
www.openstreetmap.org.

Fig. 2 shows an example of a local induced earthquake recorded over a vertical array. The
recording  has  been  band-pass  filtered  in  the  specified  detection  band.  On the  vertical
component (red line), clearly the first P-wave arrival can be noted. The first S-wave arrival
is  mostly  on  the  horizontal  components  (blue  (radial)  and  green  (transverse)  lines).
Because P-wave velocities are low in the unconsolidated sediments, angles of incidence
are generally  small  and the vertical  component serves as a good proxy for the P-wave
constituent of the seismic wavefield.

Fig. 2 - Seismic recording of the Zeerijp M=1.1 event at October 15, 2021 at borehole G09, which is at 2.66
km epicentral distance from the source. The red, blue and green wiggles show the vertical, radial and

transverse components, respectively. To all seismograms, band-pass filtering has been applied between 5 and
40 Hz. All amplitudes are expressed in particle velocity [m s-1].
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The motions database is expressed in vertical-component peak-ground velocities (PGVs) in
the detection frequency band. The maximum absolute amplitude is selected within a small
time window around the expected P-wave arrival. The starting time of this time window is
based on the average velocity structure. For distances smaller than 30 km, the time window
is quite short (1.0 s) to make sure that first arriving P-waves are selected instead of, for
instance,  an  S  to  P  conversion.  At  distances  larger  than  30  km,  the  time  window is
increased to 2.5 s duration to account for heterogeneity in the velocity structure that can
amass to  sizeable timing differences between expected (mean model) and actual P-wave
arrival times. Signal time windows are only used if their SNR is equal to, or higher than,
12 dB. This large threshold number would reject some valid earthquake ground motions.
However, because of the large size of the database, this is not a big concern. 

Despite a high SNR threshold number, some noise motions do remain in the automated
database. The SNR threshold works well in the presence of semi-continuous noise. The
SNR does not suffice when strong transient noise signals are present, which are stronger
than the earthquake P-wave arrivals in the signal time window. This especially occurs at
accelerometers, many of which are located close to local roads with infrequent car traffic.
A noise-source pollution of the signal time window may result in an unexpectedly strong
PGV value.  These can be identified  by computing  the misfit  with the  P-wave GMPE.
Values that have an absolute misfit |ln(PGV) – ln(model)| > 2, are removed, where ln is the
natural logarithm. Note that this  step can only be done in a second iteration,  i.e.,  after
fitting the first  version of the GMPE. The rejection step results  in the removal of 192
values (2.43%) from the SL database, with 7709 values remaining. It results in the removal
of 26 values (0.16%) from the DL database, with 15753 values remaining, illustrating the
lower noise levels at the deep geophones. Fig. 3 shows the source locations of the final
PGV database, which are 683 and 1382 events for the SL and DL database, respectively.

Fig. 3 – (a) The location of the (north) of the Netherlands within Europe and (b&c) maps of induced events
that have resulted in usable PGV records at b) the Earth's surface and c) at around 200 m depth. The size of
the circles is indicative for the local magnitude, which varies from 0.4 to 3.6. Most of the seismicity pertains

to the Groningen gas field at the northeast of the Netherlands. The background map is obtained from
www.openstreetmap.org.
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2. Functional form

Bommer et al. (2019) developed a GMPE specifically for the Groningen gas field (further:
BMR2019). Their geometrical spreading term is partially based on numerical simulations
that use the detailed 3D velocity model that is available in the Groningen region (Romijn,
2017). We largely take over the functional form from Bommer et al. (2019). The main
difference is, that we include the event depth as an additional term, as in Atkinson et al.
(2016). 

The model is parameterized as 

           (1)

where ln is the natural logarithm, Ymod represents the modelled PGV expressed in mm/s, M
denotes the local magnitude and g(R*) represents a function that describes the geometrical
spreading.  c1 and  c2 are  fitting  parameters.  The  effective  point-source  distance  R* is
defined as 

       (2)

where R is the epicentral distance in km and D is the event depth in km. Eq. (2) contains a
magnitude-dependent distance saturation term (ee1M+e2), with fitting parameters e1 and e2;
for small hypocentral distances (square root of R2+D2) the exponential term is significant,
which results in a non-linear scaling of Ymod with magnitude. 

In BMR2019 the geometrical spreading is divided in three distance ranges with different
geometrical spreading. We found that two distance ranges yield a similar misfit between
PGV datapoints. P-waves behave differently than S-waves (as in BMR2019). Moreover,
the  BMR2019  model  has  been  calibrated  for  the  Groningen  region  only,  whereas  we
include all induced seismic events in the Netherlands and thus sample over more varying
velocity  structures.  With  the  simplification  into  two  distance  ranges,  the  geometrical
spreading terms read 

       (3)

In the above equation, c4 and c4a are fitting parameters. The model is calibrated with the
database of PGV recordings, resulting in an estimate of all fitting parameters in Eqs. (1)-
(3): c1, c2, c4, c4a, e1, e2 and d. All fitted parameters are listed in Table 1. More details on the
calibration procedure are provided in the next section.
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Table 1. Parameters of the PGV models 
Coefficient SL model DL model

c1 -0.20 -1.60

c2 1.96 1.96

c4 -3.44 -3.44

c4a -1.62 -1.62

e1 0.45 0.45

e2 -0.80 -0.80

d 8.0 8.0

3. Model calibration

In Ruigrok and Dost (2020), an S-wave ground motion prediction equation was derived for
induced seismicity in the whole of the Netherlands, next to the Groningen-only model that
was derived by Bommer et al. (2019). The Netherlands-wide S-wave model has nearly the
same functional form as the P-wave model introduced in the previous section. Also, the
geological setting is the same for both models. For these reasons, the parameters found for
the S-wave GMPE are used as a starting point for the P-wave model calibration. 

Fig.  4(a)&(b)  show  the  recorded  PGVs  within  2  km  epicentral  distance  and  for
approximate source depths at 3 km. Maximum P-wave amplitudes are expected within 2
km epicentral  distance.  The exact  distance at  which the maximum amplitude occurs is
largely dependent on the source mechanism. The model is fitted such that it well follows
the  mean  of  the  recorded  values.  The  magnitude  range  of  the  measured  PGVs is
sufficiently broad to estimate magnitude-dependent saturation (ee1M+e2  in Equation 2). It can
be seen that only a curved line fits the data points adequately.  The strong saturation is
probably related to the relatively high frequencies (5-40 Hz). At epicentral distances of 10
km the magnitude-dependent scaling is approximately linear (Fig. 4c&d). Fig. 4(c) shows
no PGV recordings below 1.0  µ/s. Due to high noise levels on the surface instrument,
smaller motions have been rejected through the SNR threshold.

In  the  calibration  process,  care  is  taken  that  the  models  perform  well  for  different
magnitude and distance bins. In the parameter-fitting exercise, the DL database has more
weight, because it contains most PGV values. Moreover, the amplitudes recorded at depth
show less variability because the site response plays a relatively minor role at these depths.
Fig.  5  shows the  distance-dependent  misfit  between the  PGV databases  and the  fitted
models for a source depth of 3 km. The DL model shows very little bias until  40 km
distance. The mean misfit from the SL model is undulating a bit as function of distance.
The  SL database  has  a  lack  of  measurements  from 32 km,  which  explains  the  larger
variability from that point onwards. The DL database still has records beyond 120 km. The
amplitude decay at distances beyond 40 km has been solely based on the DL database.
Until  40 km the DL model  performs very well,  between 40 and 70 km the model  on
average  overpredicts  PGV  wheareas  between  70  and  100  km there  is  on  average  an
underprediction. 
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Fig. 4 – Measured PGV values (red crosses) and fitted mean attenuation models (black lines) as a function of
local magnitude.  Panels (a) and (b) are for recordings within 2 km epicentral distance (and a model at 1 km
distance and 3 km depth), panels (c) and (d) are for recordings between 8 and 12 km epicentral distance (and
a model at 10 km distance). The left panels (a,c) show surface recordings and models, the right panels (b,d)

show recordings at approximately 200 m depth. 

Fig. 5 –Misfit distributions (data-model) between the PGV database and the surface level (SL) and depth
level (DL) GMPE. The mean misfit (circles) and standard deviation (the bars are from -1 to +1 standard

deviation) are displayed over  distance bins with a width of 2 km for the left panels. The right panel shows
distance bins of 10 km. The horizontal axes display epicentral distance. Only for the DL database there is a

sufficient amount of recorded PGVs  to show misfits until 120 km epicentral distance.
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Fig. 6 shows the estimated mean models. The model values at M=4.0 are an extrapolation
since the largest event in the database has M=3.6 (2012 Huizinge event). 

Fig. 6 – The mean P-wave GMPEs for surface level (SL) motions and depth level (DL) motions. The models
have been calibrated with seismicity between local magnitudes of 0.4 and 3.6. 

Variabilities in the model are split up into within-event variability  φ and between-event
variability  τ.  This yields the total  standard deviation of the model  σ =  √(φ2+ τ2).  The
variabilities are expressed in ln and are listed in Table 2. The between-event variability τ
expresses,  among  others,  that  there  is  a  variability  in  the  isotropic  component  of  the
sources.  τ is thus a property of the sources, although also the network configuration has
some influence on how well it can be estimated. For example, the network configuration
determines how well the radiation pattern is averaged out. Both the DL and SL networks
yield an independent estimate of  τ. The DL dataset contains a larger amount of sources
(Fig.  3).  Using recordings  at  200 m and 0 m depth,  values  of  0.2936 and 0.2872 are
obtained, respectively. These values are averaged to find the τ as listed in Table 2.

Next, the total variability σ is determined by 1) computing the residual between each data
point  and  the  mean  model  and  2)  by  taking  the  standard  deviation  of  this  residual
distribution.  The within-event variability  φ is obtained by de-averaging  τ from  σ. This
total variability is higher for the SL model and hence φ is larger at the Earth's surface. This
is to be expected since the variability in the site effect is an important constituent in the SL
model, which is hardly present in the DL model. 

Table 2. Total σ, within-event φ and between-event τ standard deviations in the PGV empirical models.
Coefficient SL model DL model

τ 0.2904 0.2904

φ 0.5307 0.4650

σ 0.6050 0.5482

As a quality  check of the model,  we plot  the  measured and modelled  PGV levels  for
different events. Fig. 7 shows an example for a recent event induced in the Groningen gas
field; the Zeerijp M=2.51 event at October 4, 2021. Nearly all measured PGVs lie within
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the 98th percent confidence area of the SL model (Fig. 7a), whereas all measured values at
200 m depth lie within 98th percent confidence area of the DL model (Fig. 7b). 

Most of the PGV database is from events in the Groningen gas field.  Therefore it was
explicitely checked whether also events outside Groningen are fitted well with the new P-
wave GMPEs. No marked difference could be observed in model fit, for events inside and
outside Groningen. 

Fig. 7 – Recorded PGV values (red crosses) and the PGV model percentiles (dashed lines) for (a) sensors at
the Earth’s surface and (b) sensors at depth. Data is shown for the Zeerijp M=2.51 event at October 4, 2021.  

4. Discussion and conclusions

In this proceeding, P-wave attenuation models were derived specifically for seismicity in
the upper crust. The models were derived for a frequency band between 5 and 40 Hz, so
that these models can be used to assess the detection and localization capabilities of the NL
network. They are empirical  models that  are constrained with a database of more than
20.000 PGV recordings from induced seismicity in the Netherlands.  The models have an
empirical base between local magnitudes of 0.4 and 3.6, epicentral distances of 0 and 120
km and earthquake depths between 2 and 3 km (or hypocentral distances between about 2
and 120 km). 

A model was derived for motions at the free surface (SL model) and at around 200 m depth
(DL model). Both models are the same, except for the static offset fitting term c1 (Eq. 1) .
This term is 4.06 times larger for the SL model than for the DL model (Table 1). A factor
of two can be explained by the free-surface effect; at the Earth's surface the up-going and
down-going waves are recorded at the same time, which results in an amplitude doubling.
The additional factor of 2.03 is caused by near-surface amplification. Both effects can be
seen on Fig. 2 when following the direct P-wave from 200 m depth to the surface. 

All recordings used in this study are performed on, or in, unconsolidated sediments. Most
sensors at depth would be in a P-wave velocity setting between 1.6 and 2.2 km/s (Hofman
et al., 2017). Near the Earth’s surface, P-wave velocities can be significantly lower (van
Ginkel et al., 2022).  Hence, the derived attenuation models are to be used for soft-soil
sites.  For sensors installed at  bedrock conditions,  a correction factor would need to be
applied to account for the higher seismic impedance and hence lower recorded amplitudes. 
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Abstract: Induced seismicity represents a significant obstacle to the development of various 
industrial projects associated with energy production from the subsurface. To effectively 
mitigate the associated seismic hazard, a better understanding of the physical mechanisms of 
induced seismicity is required. Within this context, the efficient modelling of the complex 
spatiotemporal evolution of induced seismicity represents a major challenge. Herein, we use 
various well-monitored induced seismic sequences associated with fluid injections in 
geothermal reservoirs, to study the spatiotemporal properties of the earthquake occurrence. 
To this end, we use the well-established Continuous Time Random Walk (CTRW) model to 
demonstrate anomalous diffusion of injection-induced seismicity, in the sense that the mean 
squared distance (MSD) of seismicity departs from normal (Gaussian) diffusion. Within this 
stochastic framework, the probability densities of waiting times present broad distributions 
and a crossover behavior between two power-laws, which can well be approximated with the 
q-generalized gamma function. In addition, the MSD of induced seismicity with time presents
a range of diffusion exponents and both subdiffusion and superdiffusion. All the previous
properties are intrinsic characteristics of anomalous diffusion, suggesting that the CTRW
model can efficiently be used to model the spatiotemporal evolution of injection-induced
seismicity.

Keywords: earthquake diffusion, spatiotemporal properties, diffusion exponents, waiting 
times, power-laws. 

1. Introduction

Fluid-injections into the subsurface, associated with industrial operations and energy 
production, can alter the regional stress field in the Earth’s crust triggering earthquakes. This 
phenomenon has recently become reluctantly apparent considering the global surge of 
injection-induced seismicity and the increased seismic hazard that it imposes (Ellsworth, 
2013; Lee et al., 2019). Induced seismicity is a complex phenomenon, exhibiting large 
variability in its spatiotemporal occurrence (Goebel and Brodsky, 2018). In various cases 
earthquakes have then been triggered at large distances away from the injection site and at 
timescales that may vary from days up to months, or even years (Keranen and Weingarten, 
2018). To effectively mitigate the associated seismic hazard, a better understanding of the 
spatiotemporal evolution of induced seismicity and its efficient modelling are required. 
Herein, we use data from well-monitored injection-induced seismic sequences to 
demonstrate anomalous diffusion of seismicity in the light of the Continuous Time Random 
Walk (CTRW) model (Montroll and Weiss, 1965; Bouchaud and George, 1990). The CTRW 
model is a well-established stochastic framework for modelling anomalous diffusion 
phenomena in complex heterogeneous media (Berkowitz et al., 2006). Herein, we use the 
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term “anomalous” to signify the deviation of the triggered earthquake diffusion from linear 
diffusion equations and normal (Gaussian) diffusion. Within this context, we use the CTRW 
theory to make inferences regarding the diffusion properties of injection-induced seismicity. 
The results demonstrate that the spatiotemporal occurrence of injection-induced seismicity 
can well be described with the CTRW model, exhibiting all the intrinsic characteristics of 
anomalous diffusion, such as broad waiting times distributions and the nonlinear growth of 
the mean squared distance of seismicity with time.    

2. Methodology

Within the CTRW context, we consider seismicity as a point-process in time and space, 
marked by the magnitude of the event. Starting from an origin, injection-induced seismicity 
undergoes a random walk in time and space, where the hypocenter of each new event is the 
new position of the random walk that occurs after waiting some time τ in the previous 
position. This process can be described with the joint probability density ψ(x, t), which, in 
the case of seismicity, expresses the probability of an earthquake to occur at some position 
x after some time t (Michas and Vallianatos, 2018a). By further considering that jump 
lengths and waiting times between the successive earthquakes are independent random 
variables, the probability densities of jump lengths λ(x) and waiting times φ(t) can be 
deduced from ψ(x, t). In this case, finite or divergent moments of λ(x) and φ(t) determine the 
type of the diffusive process. If both are finite, then the random walk corresponds to the 
well-known Brownian motion (normal diffusion). If, however, λ(x) and φ(t) present broad 
distributions with power-law scaling behavior, then anomalous diffusion arises (e.g., Metzler 
and Klafter, 2000). In this case, the mean squared distance (MSD) 〈𝑥!(𝑡)〉 of seismicity 
deviates from its linear growth with time t, a function that characterizes normal diffusion. 
Instead, for various complex systems that present anomalous diffusion, MSD frequently 
takes the mathematical form (Bouchaud and George, 1990):    

〈𝑥!(𝑡)〉 ∝ 𝑡" . (1) 

The latter equation manifests the power-law growth of the MSD with time, with the diffusion 
exponent a characterizing the various domains of anomalous diffusion. Thereby, for a > 1 
we get superdiffusion, for 0 < a < 1 subdiffusion, while for a = 1 normal (Gaussian) diffusion 
is recovered. In the case of seismicity, the diffusion exponent a can provide a proxy for the 
rate of triggered earthquake diffusion (McKernon and Main, 2005; Michas et al., 2021). 

In the case of injection-induced seismicity, we calculate 〈𝑥!(𝑡)〉 from an origin that is 
considered to be the open hole section in the bottom of the injection well. Then, x(t) is the 
3D Euclidean distance between each induced event and the origin. The MSD is then 
calculated from the following equation (Michas and Vallianatos, 2018a): 

〈𝑥!(𝑡)〉 = #
$
∑ 𝑥%!(𝑡)$
%&# , (2) 

where N is the total number of events and xn(t) the distance of the nth event from the origin 
that have occurred at time t from the initiation of injection. 

3. Results

Within the CTRW context, we study various cases of injection-induced seismicity associated 
with the development of Enhanced Geothermal Systems (EGS). Fluid-injections under high 
pressures into deep “hot” rock formations are routinely performed during the development 
of EGS. Such fluid-injections, which aim to enhance the permeability in the targeted rock 
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formation, can induce intense microseismicity and in some cases even larger magnitude 
events. The well-monitored induced seismic sequences that are recorded during the 
development of EGS provide invaluable datasets for studying the physical mechanisms of 
injection-induced seismicity.  

3.1. Cooper Basin (Australia) 

Starting in 2002, field operations commenced at the Habanero site to develop an enhanced 
geothermal system (EGS) at the Cooper Basin geothermal field. On 30 November 2003, the 
main stimulation phase of the Habanero-1 well was initiated, lasting approximately 9.5 days. 
During stimulation more than 20,000 m3 of water were injected into the 4421-m-deep well 
indicating a distinct flow zone at about ~4254 m depth (Baisch et al., 2006). Flow rates were 
stepwise increased during the main stimulation period, reaching the maximum rate of ~45 
l/sec and wellhead pressure peak values of ~65 MPa. Fluid injections induced more than 
28,000 microseismic events able to be recorded and located, with 15,709 recorded during 
the main stimulation period. Later on, on 16 November 2012, the main stimulation of the 
4204-m-deep Habanero-4 well commenced, lasting approximately 14 days. In total, 34,000 
m3 of water were injected in the well inducing 17,266 microseismic events during the main 
stimulation phase (Baisch et al., 2015). Flow rates reached the maximum value of ~60 l/sec 
and wellhead pressure the peak value of ~50 MPa. 
First, we consider the probability distribution of waiting times τ between the successive 
events that were induced during the main stimulation phases of the Habanero-1 and -4 wells, 
for the events with magnitude M≥–0.7 and M≥–0.6, respectively. The probability density 
P(τ) is then calculated by counting the number of τ that fall into logarithmically spaced bins 
and then normalized by the bin width and by the total number of counts. In Fig. 1 the 
probability density functions P(τ) are shown for the two hydraulic stimulations. For both 
cases, P(τ) decays slowly for short τ and faster for larger τ, exhibiting a bimodal behavior. 
We approximate this trend with the q-generalized gamma function (Michas and Vallianatos, 
2018b): 

𝑓(𝜏) = 𝐶 - '
'!
.
()#

exp* -−
'
'!
.      (3) 

where C is a normalization constant, τ0 a positive scaling parameter and γ the scaling 
exponent. The last term in the right-hand side is the q-exponential function (Tsallis, 2009; 
Vallianatos et al., 2016): 

exp*(𝑥) = [1 + (1 − 𝑞)𝑥]# (#)*)⁄ .         (4) 

For q > 1, the q-exponential function exhibits asymptotic power-law behavior, while in the 
limit of q→1 it exactly recovers the exponential function and the q-generalized gamma the 
ordinary gamma function (Michas and Vallianatos, 2018b). 
We observe that P(τ) for both Habanero-1 and -4 can well be approximated with the q-
generalized gamma function (Fig. 1), for the parameter values of C=0.2 ±0.014, γ=0.23 
±0.026, τ0=143.3 ±72.1 and q=1.16 ±0.03 for Habanero-1 and the values of C=0.28 ±0.04, 
γ=0.032 ±0.045, τ0=462 ±93.4 and q=1.26 ±0.04 for Habanero-4. The double power-law 
behavior (Eq. 3) suggests clustering effects at all time scales in the evolution of injection-
induced seismicity and contrasts a random Poissonian behavior. In terms of the CTRW 
theory, broad waiting times distributions with asymptotic power-law behavior manifest 
anomalous diffusion (Metzler and Klafter, 2000). 
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Fig. 2 – Normalized probability densities P(τ) of the waiting times τ (filled symbols) for the wells Habanero-
1 (left) and Habanero-4 (right). Solid lines represent the q-generalized gamma function (Eq.3). 

We then calculate the MSD of induced seismicity with time for Habanero-1 and -4, as 
described in Section 2, for logarithmically binned data. In both cases, the MSD grows almost 
continuously with time, highlighting the diffusive process (Fig. 2). The growth of the MSD 
with time approximates the power-law relationship of Eq. 1, with diffusion exponents a = 
0.45 ±0.04 for Habanero-1 and a = 0.70 ±0.05 for Habanero-4 (Fig. 2). The lower than unity 
diffusion exponents, observed for both Habanero-1 and -4, indicate anomalous diffusion of 
induced seismicity according to subdiffusion. 

Fig. 2 – Mean squared distance (MSD) of induced seismicity with time for Habanero-1 and -4 (filled 
squares). Solid lines represent the best-fitting solutions according to Eq. 1. The dashed line represents the 

trend (a = 1) for normal diffusion. 

3.2 Basel (Switzerland) 

Beginning on December 2, 2006, ~11,500 m2 of water were injected at high pressures into 
the 5 km deep well to stimulate the geothermal reservoir below Basel. Flow rates and 
wellhead pressure gradually reached 60 l/sec and 30 MPa, respectively, during the 4th and 
5th day of injection (Häring et al., 2008). The originally planned 21 days stimulation phase 
stopped during the 6th day of injection, after the occurrence of several “felt” events that 
reached the safety threshold according to the microseismic response procedure. The 
microseismity production rate was particularly “rich” during the six days injection phase, 
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with more than 11,000 events detected and ~23% of events reliably located (Kraft and 
Deichmann, 2014). 
Fig.3 shows the normalized probability density P(τ) of waiting times τ for the events that 
were induced during hydraulic stimulation of the Basel-1 well, after the relocated catalogue 
of Kraft and Deichmann (2014) and for the events with M≥0.6. As previously for the 
Habanero field (Fig. 1), we observe that P(τ) decays slowly for short τ and faster for larger 
τ, exhibiting a bimodal behavior and a long-tailed distribution. We approximate this scaling 
behavior with the q-generalized gamma function (Eq. 3), which provides a good fit for the 
parameter values of C=0.0074 ±0.0005, γ=0.84 ±0.02, τ0=215.6 ±53.8 and q=1.39 ±0.06. In 
terms of the CTRW model, this scaling behavior manifests anomalous diffusion. 

Fig. 3 – Normalized probability density P(τ) of the waiting times τ (filled symbols) for Basel. Solid lines 
represent the q-generalized gamma function (Eq.3). 

Taking as the origin the bottom of the well Basel-1, we then estimate the MSD of induced 
seismicity (for M≥0.6) with time (Fig. 4). During the first three days of injection, the MSD 
grows slowly with time, exhibiting the diffusion exponent of a=0.13 ±0.011 and 
subdiffusion. After the third day, the diffusion process changes dramatically, following the 
increase of the injection flow rates and the wellhead pressure, showing a diffusion exponent 
of a=1.99 ±0.01 and superdiffusion. This fast diffusive regime culminated with a M=3.5 
event and seems to correspond to wellhead pressures >20 MPa (Fig. 4). After the reduction 
of the injection rates and the eventual well bled-off, earthquake diffusion rate decreases 
drastically, exhibiting the diffusion exponent a=0.043 ±0.0015 and slow subdiffusion. 

3.3 Espoo/Helsinki (Finland) 

In Espoo, in the broader metropolitan area of Helsinki, the stimulation well OTN-3 was 
drilled down to a depth of 6.4 km to produce heat from the deep hot crystalline basement. In 
June and July 2018, 18,160 m3 of water were injected in the well at depths of 5.7 – 6.1 km. 
Injections were rate-controlled, with flow rates varying between 400 – 800 l/min and 
wellhead pressures between 60 – 90 MPa. Microseismicity was induced throughout the 49 
days injection operations, reaching magnitudes of Mw1.9 that were below the safety limit of 
Mw2.0 (Kwiatek et al., 2019). During stimulation, 8412 events were recorded. Out of the 
total number of events, 1977 were successfully relocated by Kwiatek et al. (2019).  
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Fig. 4 - MSD of induced seismicity with time in Basel. Solid lines indicate the best-fitting solutions 
according to Eq.1. Stars show the time of occurrence of  M>3 events. Dashed lines mark the supperdiffusive 

regime. Right axis: Wellhead pressure with time. 

By using the relocated catalogue of Kwiatek et al. (2019) and for the events with M≥–0.7, 
we estimate the normalized probability density P(τ) of waiting times τ for the induced events 
in Espoo (Fig. 5). Once more, we observe a bimodal behavior, where P(τ) decays slowly for 
short τ and faster for larger τ. This scaling behavior is well approximated with the q-
generalized gamma function (Eq. 3) for the parameter values of C=0.0014 ±0.0001, γ=0.88 
±0.02, τ0=1153 ±338 and q=1.32 ±0.09. The broad probability density function with 
asymptotic power-law behavior is a manifestation of anomalous diffusion, in terms of the 
CTRW theory.    

Fig. 5 – Normalized probability density P(τ) of the waiting times τ (filled symbols) for Espoo. Solid line 
represents the best-fit solution of the q-generalized gamma function (Eq.3). 

We then estimate the MSD of induced seismicity with time, during stimulation of the OTN-
3 well, for the events with M≥–0.7 and for logarithmically binned data (Fig. 6). Diffusion of 
seismicity away from the well is only observed during the first six days of stimulation phase 
1 (S1). During this time, seismicity presents the diffusion exponent of a=0.53 ±0.15 and 
subdiffusion. After the 7th day of phase 1 and during the stimulation phases 2 (S2) and 3 
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(S3), induced seismicity shows an inverse diffusive process towards the bottom of the well, 
with exponent –0.33 ±0.04 (Fig. 6). Afterwards, during stimulation phases 4 (S4) and 5 (S5), 
the MSD of seismicity remains constant with time, indicating no apparent diffusion.   

Fig. 6 – MSD of induced seismicity with time during stimulation of the OTN-3 well in Espoo (filled 
symbols). Solid lines indicate the best-fitting solutions according to Eq.1, while the dashed line the trend (a = 

1) for normal diffusion. Vertical lines indicate the time of the various stimulation phases.

4. Conclusions

Herein, we study the diffusion properties of injection-induced seismicity in terms of the 
CTRW model. We used data from well-monitored hydraulic stimulations in enhanced 
geothermal systems to demonstrate anomalous diffusion of induced seismicity. In all four 
cases that we study, the normalized probability densities P(τ) of waiting times τ present 
bimodal distributions with a crossover behavior between two power-law regimes for short 
and large τ, respectively. This scaling behavior indicates clustering effects at all-time scales 
in the evolution of injection-induced seismicity, which contradicts random (Poissonian) 
behavior. In terms of the CTRW model, broad distributions with asymptotic power-law 
behavior, as the ones that are presented here, are manifestations of anomalous diffusion. This 
is further confirmed by estimating the MSD of seismicity with time. Anomalous diffusion is 
observed in all four cases, and particularly subdiffusion for the Habanero-1 and -4 wells and 
for the OTN-3 well in Espoo. For Basel, an initial slow subdiffusion of seismicity during the 
first three days of injection is succeeded in the next three days by superdiffusion of seismicity 
until termination of injection, which seems to correspond to wellhead pressures exceeding 
20 MPa. Hence, we observe a broad range of diffusion exponents and variations of the 
earthquake diffusion rates in injection-induced seismicity that all correspond to anomalous 
diffusion. Further studying the diffusion properties of induced seismicity with the CTRW 
model and their association with operational parameters and local geology, may provide 
novel and significant results regarding the spatiotemporal properties of induced seismicity. 
Moreover, nonlinear diffusion equations that stem for the CTRW theory, such as the 
fractional diffusion equation, may provide more efficient models for the complex 
spatiotemporal evolution of induced seismicity.    
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Abstract: The alterations of the physical state of rock mass caused by the exploitation of 
geo-resources: elastic, poroelastic, and diffusion effects, are key factors controlling 
anthropogenic seismic processes. Technical operations of geo-resources exploitation change 
in time. Consequently, the anthropogenic seismic processes are time-dependent, likewise is 
the seismic hazard. 
EPOS Thematic Core Service ANTHROPOGENIC HAZARDS (TCS AH) integrates, 
within the framework of the European Plate Observing System (EPOS), research 
infrastructures freely open for scientists, engineers, and all others interested in hazards 
posed by the seismicity induced by geo-resource exploration and exploitation. The 
integrated infrastructure, accessible on the EPISODES e-platform (https://tcs.ah-epos.eu), 
consists of data gathered in “episodes” and applications, i.e., problem-oriented, bespoke, and 
standard software tools to process and analyse the data. Among applications, much attention 
has been devoted to implementing leading-edge solutions for anthropogenic seismic hazard 
analysis. The newest implementation in this regard is the pilot "Time-Dependent 
Anthropogenic Seismic Hazard Assessment," which exemplifies the potential of integrated 
resources for developing innovative practice solutions ready for implementation in geo-
resource exploitation. Here we present a core block of the pilot, in which a seismic 
catalogue analysis provides a time series of hazard estimates. An example of use is also 
shown. 

Keywords: EPOS, Thematic Core Service Anthropogenic Hazards, anthropogenic 
seismicity, integrated infrastructure, exceedance probability, Traffic Light System 

1. Introduction

Anthropogenic seismicity is a frequent unwanted companion of geo-resources exploration 
and exploitation. It can be generated by stress or pore pressure changes, a volume change, 
loading or unloading in the rock mass, and combinations of such causes. Hence, under 
suitable unfavorable geological conditions, the anthropic activities: underground and open-
pit mineral exploitation, hydrocarbon production, surface reservoir impoundment, 
geothermal energy production, underground gas storage, and many other technological 
processes that perturb the boundary conditions in the affected rock mass can trigger/induce 
earthquakes (Lasocki and Orlecka-Sikora, 2020). Technical operations of the listed 
activities change in time. Consequently, the anthropogenic seismic processes and the 
seismic hazard are time-dependent. 
Anthropogenic seismicity, a by-product of the interaction between technological activities 
and rock mass, is intrinsically an interdisciplinary problem, involving, at a minimum, a 
combination of geophysical and technological issues. In this connection, the data needed 
for anthropogenic seismic hazards studies to research relationships between the 
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technological and technology-generated hazard-posing processes must enable cause-effect 
studies. They, then, should comprise correlated data on both the technological activity and 
the activity-induced hazardous process under investigation. Such argumentation was 
behind the EPOS Thematic Core Service Anthropogenic Hazards (TCS AH) consortium 
strategy of integrating research infrastructures freely open for scientists, engineers, and all 
others interested in hazards posed by the seismicity induced by geo-resource exploration 
and exploitation. 
The integrated infrastructure, accessible on the EPISODES e-platform (https://tcs.ah-
epos.eu), consists of three components: data, software applications, and documentation 
(Orlecka-Sikora et al., 2020). The multidisciplinary data comprehensively describing 
anthropogenic seismicity cases are gathered in "episodes." An episode comprises time-
correlated geophysical, technological, and other relevant geodata that relate anthropogenic 
seismicity to its industrial cause. Until now (March 2022), 37 anthropogenic seismicity 
episodes have been integrated. They represent seismicity cases from 13 countries and 
induced by eight industrial activities. 
The second component – applications are problem-oriented, bespoke, and standard 
software tools to process and analyse the data. They help relate seismicity and 
technological factors for hazard assessment and other scientific targets. Currently, there are 
66 applications grouped in 14 categories. The third component is composed of written 
materials from the field. 
Much attention has been devoted to the implementation of applications for hazard 
analyses. The category "Probabilistic Seismic Hazard Analysis" includes 12 items. One can 
use these as well as other applications available on the EPISODES platform to develop 
custom software tools ready for implementation in prescribed geo-resource exploitation 
situations. Such a software tool is the SHAPE (Seismic HAzard Parameters Evaluation) 
software package, which was presented to the public in 2020 (Leptokaropoulos and 
Lasocki, 2020). The pilot Time-Dependent Anthropogenic Seismic Hazard Assessment 
(TDASHA) is a new tool for the analyzing anthropogenic seismicity data probabilistic 
analysis for evaluating and predicting anthropogenic seismic hazard. Here, we present a 
core of the pilot, in which a seismic catalogue analysis provides a time series of hazard 
estimates and an example of its use. 

2. The pilot Time-Dependent Anthropogenic Seismic Hazard Assessment (TDASHA)

The pilot Time-Dependent Anthropogenic Seismic Hazard Assessment (TDASHA) 
consists of three interconnected and cooperating but autonomous blocks: A, B, C. (Fig. 1). 
Block A is used to analyse, or re-analyse waveforms for modifying or appending the 
seismic catalogue that is the input for Blocks B and C. Block B performs the analysis of 
the seismic catalogue in order to estimate a time series of seismic hazard values and is a 
core of TDASHA. Block C is to forecast the future hazard based on the most recent 
estimate of the magnitude probabilistic and forecasts of seismic activity. The latter is done 
using the covariate model developed by Garcia-Aristizabal (2018) relating seismic activity 
and a parameter(s) of seismicity-inducing technology. At present, block C can be applied 
only for injection-induced seismicity cases. Works on models with other technological 
controls of anthropogenic seismicity are underway. 
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Fig.  1 Scheme of TDASHA 

3. Seismic hazard analysis in Blok B of TDASHA 

Seismic hazard analysis in Block B of TDASHA is 
based on three assumptions:  
1. We quantify the hazard with the exceedance 
probability, EP of a prescribed reference undesired 
magnitude, RUM, in a selected period, ∆t. EP is well-
defined and widely known. More importantly, as being 
probability, it scales in an easy-to-interpret way.  
2. It is assumed that anthropogenic seismic processes 
are marked Poisson processes, where earthquakes 
magnitudes are the marks. Their time dependence is due 
to the time dependence of the occurrence rate and 
magnitude distributions parameters.  
3. Based on many tests, it is assumed that 
anthropogenic seismic processes can be treated as 
segmentally stationary if time segments are short. 
Therefore, the time-varying EP can be assessed through 
successive estimations in a sliding time window. 

Under these assumptions EP at the time t is 
𝐸𝐸𝐸𝐸(𝑡𝑡,∆𝑡𝑡) = Pr(𝑀𝑀 ≥ 𝑅𝑅𝑅𝑅𝑀𝑀|𝑛𝑛 ≠ 0 𝑖𝑖𝑛𝑛 [𝑡𝑡, 𝑡𝑡 + ∆𝑡𝑡] ) = 1 − exp{−𝜆𝜆(𝑡𝑡)[1 − 𝐹𝐹𝑚𝑚 (𝑅𝑅𝑅𝑅𝑀𝑀, 𝑡𝑡)]} 

(1) 
where λ(t) and Fm(M, t) are the parameter of Poisson distribution modeling the rate of 
occurrence of the events, and the cumulative distribution function (CDF) of magnitude at t, 
respectively.  

Rigorous statistical testing indicates that in most anthropogenic seismicity cases, no 
parametric model of magnitude distribution provides estimates accurate enough for hazard 
evaluation (e.g., Urban et al., 2016). For this reason, the magnitude CDF is modelled in the 
TDASHA pilot using a non-parametric kernel estimator solely based on sample data (e.g., 
Lasocki and Orlecka-Sikora, 2008; Lasocki, 2021). 

Block B of TDASHA offers two alternative magnitude distribution models: the one with 
left hand side limited support of magnitude, M∈[MC, ∞) and the other one with both sides 
limited magnitude support, M∈[MC, Mmax]. In the latter model, the distribution end-point, 
Mmax, is estimated from sample data by the generic formula of Kijko and Sellevoll (1989). 
In case the convergence cannot be reached, the simplified formula of Robson and Whitlock 
(1964). 

The EP(t) estimates may be irregular, specifically when a short-length sliding window is 
used. For this reason, a Savitzky-Golay digital filter is applied to smooth these estimates 
(Savitzky and Golay, 1964). This filter does not distort the EP(t) tendencies. 

Finally, the smoothed values of EP(t,∆t) are used to determine the hazard level expressed 
in a Traffic Light System convention (e.g., Baisch et al., 2019). The EP(t,∆t) value for a 
specific time-moment t is compared with the long-run value of EP(∆t). The yellow alert is 
issued when EP(t,∆t) is greater than the upper limit of an 100×αY-percent confidence 
interval of EP(∆t). The red alert is issued when either EP(t,∆t) is greater than the upper 
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limit of an 100×αR-percent confidence interval of EP(∆t) or (i) the yellow alert is issued, 
and (ii) Prob{EP(t,∆t) > EP(t-∆t,∆t)} × Prob{ EP(t-∆t,∆t) > EP(t-2∆t,∆t)} > αC. The 
parameters of the alerts criteria, αY, αR, αC are user-tuned. The confidence intervals are 
estimated by the non-parametric method provided in Orlecka-Sikora and Lasocki (2017).   

4. Example of use

As an example, we analysed the Groningen Field episode from the EPISODES platform 
(IS EPOS, 2017). The analysed seismic catalogue comprised 1801 events induced between 
26 Dec 1986 and 1 Dec 2021 by natural gas exploitation from the Groningen gas field near 
Slochteren in Groningen province in the NE part of the Netherlands. Magnitudes of these 
events were from the range [-0.8, 3.5]. The distribution of epicentres and activity plots are 
shown in Fig. 2. Based on the Lat vs. Long plot, we selected for the analysis the events 
from the cluster limited by longitude from 6.5 deg to 7.04 deg and latitude from 53.0 deg 
to 53.5 deg. The analysis was carried out for the time from 1 Jan 2011 to 1 May 2020, in 
which the seismic activity was at the same level (see: Fig.2 b). 

Fig.  2 (a) Distribution of epicentres and (b) seismic activity plot for the seismicity from Groningen Field 
episode from the EPISODES platform, https://tcs.ah-epos.eu (IS-EPOS, 2017). The plots have been 

prepared using the platform’s visualisation applications.  

The completeness magnitude value for the selected events was established to MC=1.0. 
These selections, all done in the course of program execution, reduced the analysed sample 
to 435 events.   
In the presented example, we took RUM = 3.0, the unlimited magnitude distribution model, 
the sliding windows of the constant number of events equal to 80, and the time step of 20 
days. The results of analysis, that is, the exceedance probability of reference undesired 
magnitude, EP(RUM) estimates, are shown in Fig. 3. The blue line presents the raw 
estimates, and the red line presents the smoothed value by the Savitzky-Golay filter of 
order three and frame length 11. It is seen from the figure that although the EP(RUM) 
values were not large and did not exceed 15 percent, their variations with time were 
significant and ranged to some six times the minimum value.  

a b 
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Fig. 3 Estimates of the exceedance probability of undesired reference magnitude RUM = 3.0 for the 

seismicity from Groningen Field episode from the EPISODES platform, https://tcs.ah-epos.eu (IS-EPOS, 
2017). Blue line – raw estimates, red line – smoothed estimates. 

5. Summary 

The pilot “Time-Dependent Anthropogenic Seismic Hazard Assessment”, built on top of 
seismic hazard applications implemented on the EPISODES platform of EPOS Thematic 
Core Service Anthropogenic Hazards, is a flexible tool to analyse the seismic hazard posed 
by anthropogenic seismicity. It can be used to process the raw recorded signals (Block A),  
assess (Block B), and foresee (Block C) the hazard. The core of the pilot – Block B, 
implements the newest but well-established hazard assessment methods.  
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Abstract: In  Finland, several  geothermal  projects  have recently been launched in urban
areas.  Thousands of small, induced earthquakes,  ML≲1.8, have been observed during the
reservoir stimulations of the Otaniemi 6 km deep geothermal system located in the Helsinki
metropolitan area. Furthermore, two induced events, ML≲1.0, have been observed related to
a  1.3  km deep  geothermal  well  in  Koskelo,  also  situated  within  the  metropolitan  area.
Events in Koskelo, as well as tens of Otaniemi events, were felt by the public. These have
brought  a  shift  in  regulatory  policies.  Local  authorities  have  begun  expecting  seismic
monitoring  also  for  the  medium-depth  projects.  Institute  of  Seismology,  University  of
Helsinki,  has  implemented  the  monitoring  for  geothermal  projects  in  Tampere  and  in
Helsinki using 1–4 local on-line broad-band stations, accompanied with off-line geophone
stations, complementing the stations of the Finnish National Seismic Network. Thus far, no
induced earthquakes  have been detected in Tampere  or  Helsinki.  Based on the detected
industrial explosions, detection threshold of the networks is well below magnitude zero. We
have observed, that in monitoring medium-depth geothermal projects, a single additional on-
line  station  near  the  site  may  be  sufficient,  especially  if  complemented  with  off-line
geophones.

Keywords: induced seismicity, seismic risk

1. Introduction 

Geothermal energy has an important role in Finnish cities' aims to be carbon neutral within
the next ten to twenty years (see e.g. Vähäaho et  al.,  2021). In Finland the bedrock is
relatively cold, therefore producing electricity with geothermal methods is not viable, but
heating buildings and districts with geothermal systems is possible. Shallow systems that
reach only a few hundred meters below ground have been successfully used for decades,
but to heat large buildings or entire districts the heat must be extracted with deeper wells
either from medium-depth systems between 1–3 kilometres or deeper systems reaching
more than 3 kilometres. In these projects, the seismic risks need to be taken into account
(e.g. Uski and Piipponen, 2020).

Finland is an area with low levels of seismicity and seismic risks are rarely considered.
Institute  of  Seismology University  of  Helsinki  (ISUH) performs seismic  monitoring  of
Finland and its  surrounding areas  as  described in  Veikkolainen  et  al.  (2021b).  Almost
20,000 local seismic events are detected yearly, of which 300–500 are natural earthquakes
from Finland and neighbouring areas. Utilization of geothermal heat has created a new
need for both seismic monitoring and seismic risk assessment. Guidelines were compiled
in a report by Uski and Piipponen (2020), although discussion on best practices is still an
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on-going debate and legislation need to be developed. A research consortium consisting of
the University of Helsinki, VTT technical Research Centre and the Geological Survey of
Finland has initiated SEISMIC RISK project, focused on how to evaluate, mitigate and
communicate  seismic hazard and risk in  an urban environment.  The project  is  centred
around the Otaniemi deep geothermal system. It aims to provide high quality datasets on
induced seismicity, publish a set of seismic hazard maps of Finland, model the potential
impact of seismic waves on different parts of the Helsinki metropolitan area, and assess
what information authorities need on induced seismicity and associated risks (Korja and
Junno, 2021).     

Traditionally seismic stations have been built in areas with low levels of ambient noise
therefore they have been located quite far from cities and towns. Recently, due to increased
interest in geothermal heat extraction, a need to monitor urban areas has risen in Finland.  

Due  to  high  costs  and  technical  challenges,  the  future  of  deep  geothermal  projects  in
Finland seems uncertain, but multiple medium-depth projects are planned and on-going.
We present here the monitoring networks for geothermal wells in Tarastenjärvi, Tampere
and Ruskeasuo, Helsinki, as well as a summary of induced seismicity related to geothermal
projects  in  Finland.  Aforementioned  sites  and  the  Finnish  National  Seismic  Network
(FNSN) can be seen on the map in Figure 1.

2. Induced earthquakes related to geothermal projects in Finland

In Finland the magnitude of an earthquake rarely exceeds 2.5 on the Finnish local scale ML

(Uski and Tuppurainen,  1996),  but even small  events are  easily noticed  by the public.
Finnish bedrock consists mainly of old, crystalline rocks with a low attenuation of seismic
signals all the way to the surface. Bedrock is usually covered only by a thin layer of glacial
deposits or soil or not covered at all. It follows that even low-magnitude events yield high-
quality records and small events with magnitudes 1–2 can be widely felt and heard.   

Since  2015  energy  company  St1  has  developed  an  enhanced  geothermal  system pilot
project in Otaniemi, Espoo. Otaniemi is in the Helsinki metropolitan area and is known as
campus area of the Aalto University. The deep heat project had two stimulation stages to
create and enhance a geothermal reservoir at depth from 4th June to 22nd July in 2018 and
6th May to 24th May in 2020. During both stimulations St1 operated a monitoring network
consisting of a borehole array close to the pumping site as well as 12 satellite borehole
stations (Kwiatek et al., 2019). ISUH was contracted to supervise the monitoring and had
installed a local network complementing FNSN. A research network of geophones was
also installed as the project provided a unique opportunity to record an extensive dataset of
induced earthquakes.  2018 network and observations are described by Hillers et al. (2020)
and 2020 by Veikkolainen et al. (2020) and Rintamäki et al. 2021. The stimulations caused
thousands of induced earthquakes. Majority of them were unnoticed by the public, but in
both 2018 and 2020 larger events were widely felt and heard causing some annoyance and
worry in public.  Biggest events were ML 1.8 in 2018 and ML 1.2 in 2020.

Latest induced events in Otaniemi occurred in December 2021 (Veikkolainen et al., 2022).
Largest  of  the events  had ML 1.0,  and it  was  accompanied  by several  smaller  events.
Events were locally felt. They were shallow occurring only at approximately one kilometer
depth,  whereas  the  earthquakes  related  to  stimulations  happened  between  4.9  and  6
kilometers. In Otaniemi area, there have also been several massive constructions projects
that included rock excavations. It is not possible to definitely associate the shallow events
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to any of the possible causes.  None of the induced events in Otaniemi have caused any
damage to buildings or other structures.

In Koskelo, Espoo, two earthquakes were reported on 30th November and 2nd December in
2020. Events had ML 0.0 and 1.1 respectively. Both were felt by local inhabitants. 

Fig. 1 - Stations of the Finnish National Seismic Network (FNSN) and seismic stations from the
neighbouring countries used in automatic detections and analysis of local seismic events. Geothermal sites
marked with orange stars. NFSN- Northern Finland Seismic Network, SNSN- Swedish National Seismic
Network, NNSN-Norwegian National Seismic Network, ENSN- Estonian National Seismic Network and
RUS- Russian seismic stations. The white or black triangles represent temporary stations that have been

closed. 
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They were induced events caused by the circulating water reaching faults close to the well.
Geothermal system in Koskelo is an open circulation design and during its operation it had
leaked approximately 8 cubic metres of water per day to its surroundings (Veikkolainen et
al., 2021a). 

3. Seismic networks to monitor medium-depth geothermal projects in Finland

In Finland several  medium-depth geothermal  projects  are planned or already on-going.
Permitting  is  done  on  a  local  level.  Shallow  systems  can  be  permitted  routinely  by
municipal  building  control  services  but  permitting  procedure  for  deep  projects  is  not
standardized yet. Thus far permits have been given by cities, but statements were requested
from  relevant  Centres  for  Economic  Development,  Transport  and  Environment  (ELY
Centers). In the process seismic risks were discussed, but main risks were considered to be
related  to  noise  and  dust  nuisances  as  well  as  groundwater  issues  (e.g.,  ELY  Centre
Uusimaa, 2020; ELY Centre Pirkanmaa, 2021).

According  to  the  recommendations  in  Uski  and  Piipponen  (2020),  medium-depth
geothermal projects in Tampere and in Helsinki have been obligated to organize seismic
monitoring for the project. The energy companies chose ISUH to implement these. The
recommendations state that at least one on-line station should be established close to the
drilling site. Otherwise, the implementations of the monitoring networks have differed as
pre-existing networks around the drilling sites have been different. Monitoring networks
and their detection capabilities in Tampere and Helsinki are described below. So far both
of the projects have only reached the drilling phase of the wells.

Base for the monitoring of these geothermal sites is the FNSN. It consists of 48 (as of
March  2021)  broadband  seismic  stations.  Seismic  monitoring  of  Finland  and  its
neighbouring areas is performed by the ISUH based on data from FNSN stations, stations
of the Northern Finland Seismic Network (NFSN) as well as approximately twenty stations
from  our  neighbouring  countries:  Sweden,  Norway,  Estonia,  and  Russia  (Figure  1).
Seismic events  are  detected  and classified  automatically.  Earthquakes  and uncertain or
otherwise  interesting  events  are  reviewed  and analysed  manually  (Veikkolainen  et  al.,
2021b). Detection threshold of the network is close to magnitude one in the entire country,
but  usually  lower  (Kortström  et  al.,  2018).  Desired  threshold  magnitude  of  zero  for
geothermal monitoring purposes requires local densification of the network in the areas of
interest.   

3.1. Tampere

Tampereen  Sähkölaitos  and  Tammervoima  together  with  Kaupunkilämpö  consortium
started drilling a pilot project in Tampere for a deep geothermal well in summer 2021.
Drilling site is on the Tarastenjärvi waste incineration power plant premises. The waste
power plant produces both heat and electricity. Geothermal well would only add to the heat
production.

City of Tampere is situated within the FNSN, but the distance to the nearest stations is
approximately one hundred kilometres in all  directions.  Seismically area has been very
quiet, only nine earthquakes have been detected within 50 kilometres from Tampere in the
instrumental era, with the first event in 1976. Magnitudes of the events have been between
0.6 and 1.7. Observations of seismic events,  mainly explosions, suggests that detection
threshold  in  the  Tampere  area  is  0.2–0.5.  Proximity  of  the  FINES-array,  the  CTBTO
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primary station PS17, means that even small events can be detected automatically, but the
location accuracy is not sufficient for the purposes of monitoring a geothermal site.

To complement FNSN, one on-line broad-band station and six off-line geophones were
deployed to the locations shown in Figure 2. The broad-band station was deployed on a
bedrock outcrop in a temporary shelter. Geophones were 3-component SmartSolos planted
on soil.   A new FNSN station TRE03 was also deployed at  the same time to Orivesi,
located only 15 kilometres to the north-east from the drilling site. Station sites, quality of
data and observations are described in Luhta et al. (2022). The monitoring began on 18th

May and the drilling on 16th June, 2021. The drilling was halted on 27th November at the
depth of 2110 meters for winter.  Monitoring was continued until 1st December. Bedrock
on the drilling site was almost all the way down competent black granites. Two fracture
zones had been reinforced within the first 50 metres of the well. No drilling fluid has been
lost.

Fig. 2 - The monitoring network and seismic events detected in Tampere.

Tampere  area  seismic  monitoring  was  integrated  to  the  national  monitoring  system.
Additional  on-line  station  enhanced  detection  and  location  capability  of  the  automatic
system. In the event of an earthquake exceeding ML 1.5, an automatic system would have
warned an on-call seismologist.
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In the daily manual review and analysis of seismic data in ISUH special  attention was
given to Tampere area. All detected events within 20 kilometres of the site were manually
reviewed and analysed. Seismograms of continuous vertical component data of the closest
station were inspected, and small events not detected by the automatic system were marked
to be later analysed with additional data from the geophones.  

In 2021 ninety seismic events shown in the Figure 2 were detected within 20 kilometres
from the drilling site. All were explosions from construction sites or quarries. Fifty of the
events were analysed in the daily analysis having magnitudes between 0.1 and 1.3 and a
median of 0.7. Forty events were detected in the visual inspection of the seismograms, and
later analysed with the aid of the geophone data. Those events had magnitudes between -
0.7 and 1.3 with a median magnitude of 0.1.

3.2. Ruskeasuo

The city of Helsinki decided in 2019 to order a three-station seismic network, HelsinkiNet,
shown in Figure 3, and the seismic monitoring from ISUH. Helsinki has ambitious goals on
becoming carbon-free and geothermal heat is supposed to provide 15% of heating by 2030
(Vähäaho  et  al.,  2020)).  During  the  stimulations  in  Otaniemi,  the  majority  of  the
macroseismic observations were from Helsinki,  neighbouring city to Espoo (Hillers et al.,
2020; Veikkolainen et al., 2020). This, as well as increased interest in high-rise buildings,
made it practical for the city to provide seismic monitoring of its area (Luhta et al., 2020).

Fig. 3 - The monitoring network and the detected seismic events in Helsinki in 2021. Koskelo (on the left)
and Ruskeasuo (on the right) geothermal sites marked with orange stars.
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Natural level of seismicity in the Helsinki metropolitan area is low. In the instrumental era two
earthquakes occurred in Espoo in 2013 and two in Vantaa in 2020 with the magnitudes 1.7,
1.3, 0.7 and 0.7 respectively.  All these earthquakes had hypocentres at approximately one
kilometre  depth  in  areas  with  a  history  of  heavy  construction  works.  Therefore,  their
classification as natural can also be disputed. Within 50 kilometres from Helsinki, several
small events with magnitudes 1.2 or below have been detected from the coastal areas. These
are  probably  related  to  rapakivi  intrusions,  that  are  known  to  host  shallow  swarm-type
seismicity (Uski et al., 2006). One larger magnitude 2.6 earthquake occurred in Mäntsälä, 45
kilometres from Helsinki, in 2011. It was widely felt throughout the Helsinki metropolitan area
(Luhta et al., 2020).

The city-owned energy company Helen started a pilot for a geothermal heating plant with a 2.5
kilometre deep geothermal well. Helen was required by the city to install one station (RSUO in
the Figure 3) in the proximity of the drilling site to complement the existing HelsinkiNet. Data
from that station has been available for analysis since May 31st, 2021. The drilling started in
September 2021.

At the ISUH, no special arrangements were necessary for monitoring the Ruskeasuo site as
Helsinki area is already given special attention in the daily analysis. Automatic detection
and analysis of seismic events in the area are done both as a part of national monitoring
and with a local detector. In 2021 almost 4000 seismic events were detected within 30
kilometres from the Helsinki Central railway station. Ruskeasuo geothermal well is located
ca. 5 kilometres north of the railway station.  Most of the events were very small  with
magnitudes well below zero. ISUH manually analysed 854 events which are shown in the
Figure  3.  The  only  natural  earthquake,  ML 1.0,  occurred  offshore  Porkkalanniemi,  27
kilometres south-west from Helsinki. In addition to the induced earthquakes in December,
all other events were explosions from construction sites and quarries in the metropolitan
area and its surroundings. Manually analysed events had magnitudes between -0.7 and 1.7
with a median magnitude of 0.6.

4. Conclusions

Medium-depth geothermal sites can also cause induced earthquakes as was evidenced by
Koskelo.  Normally,  these  events  are  not  destructive  for  infrastructure,  but  can  cause
concern in the public.

Dense  monitoring  networks  are  not  feasible  to  be  implemented  for  all  medium-depth
geothermal projects, but it is still necessary to be able to monitor them. When a sufficient
regional network exists, monitoring of below ML  0 events can be implemented by adding
even only one on-line broad-band station near to the site of interest. Off-line geophones are
an easy and cost-effective tool to enhance analysis and detection capability of the network.

In areas where several medium-depth geothermal wells are expected to be drilled, a shared
local network, like the HelsinkiNet, might be a preferable solution. 
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Abstract: 

The current paper aims to identify and analyse the variability of the predominant frequency of resonance 

(fpred) of the SH waves along the Romanian territory. A comparison between this and the fundamental 

frequency of resonance (f0) calculated from ambient vibrations was performed. The data sets are registered 

at 51 seismic stations and consist of ambient vibration and records from two seismic events generated in 

the Vrancea seismogenic area: the November 22, 2014 earthquake (5.7 ML, 40 km depth) and the 

September 23, 2016 event (5.8 ML, 92 km depth). The subsurface information was obtained from the 

Fourier spectral analysis. Using a non - invasive method (HVSR, Horizontal to Vertical Spectral Ratio), 

essential characteristics of site’s behaviour were obtained in the interest of estimating the local effects 

during a seismic event. The preliminary results show that complex features are expressed by the horizontal 

to vertical spectral ratios of earthquake records (EVSR) related to the HVSR performed from ambient 

vibration. It can be observed that both categories of curves follow similar patterns along the sedimentary 

basins but having different amplitudes. 

Keywords: HVSR, ambient vibration, frequency of resonance, seismic ground motion, Vrancea 

seismogenic area 

1. Introduction

The high level of seismicity originating from the Vrancea seismogenic area has a large impact 

on the urban regions located in the sedimentary basins. Knowing the behaviour of the terrain 

during an earthquake, the seismic risk can be reduced and less damages can be reported in time. 

Vrancea is one of the most complex seismogenic regions from Romania, positioned in the South 

- Eastern side of the Carpathians, which is active both in the crustal domain and at intermediate

- depths (60 - 180km). The sizable number of moderate seismic events generated in Vrancea is

caused by the contact between three major tectonic units, as East - European Platform and

Moesian and Intra - Alpine subplates (Radulian 2000). The intermediate - depth events control

the seismic hazard along the extra - Charpathian regions (Cioflan et al., 2022) especially on

sediment basins, where the seismic ground motion is amplified.

Due to its size and the macroseismic effects, the November 22, 2014 (19:14:17 GMT) shock is 

considered to be the largest seismic event occured in the superficial crust of the Vrancea seismic 

area (40 km depth) since the 18th century. The energy released is characterised by an aftershock 

sequence of more than 200 earthquakes over a period of about two months. The fault plane 

solution illustrates a dip - slip normal faulting with the corresponding direction of the nodal 

planes oriented on NW - SE (Fig. 1, Craiu et al., 2018). The ShakeMap reveals that the seismic 
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shock was felt in all the extra - Carpathian zones (maximum seismic intensity VI MSK, 

Constantin et al., 2016). 

Under the South - Eastern Carpathians Arc in Romania, an intermediate depth earthquake was 

generated on September 23, 2016 (23:11:20 GMT, 92 km depth).  Being the largest earthquake 

recorded after the 2014 crustal event described above (according to the ROMPLUS catalogue), 

it was characterised by a strong shake felt on spread regions, with a macroseismic intensity of 

V (Mercalli modified scale) in the epicentre area (NIEP report). The analysis of the focal 

mechanism (Fig. 1) shows a reverse fault with an almost vertical position of the tension axis. 

The nodal planes are oriented in the NV - SE direction. 

The purpose of this investigation is to evaluate the soil behaviour induced by the seismic waves 

propagation. For this reason, the variability of the predominant frequency of resonance of the 

SH waves (fpred) of the terrain was extracted from the Fourier spectral ratios using three - 

component single station measurements. Ambient vibration assessment is favourable to this 

study because the HVSR method can be successfully applied on areas with low seismicity, 

having as result relevant information regarding the soil structure. Previous investigations using 

ambient vibration records were conducted in different regions of Romania, as: Central and 

Western side (Coman et al., 2020; 2021), Moldavian Platform (Manea et al., 2019), Moesian 

Platform (Manea et al., 2020). The fundamental frequency of resonance (f0) is correlated with 

the ellipticity of the Rayleigh wave propagating through the structure, given that the wavefield 

is composed mostly of surface waves (Fah et al., 2003, Manea et al., 2021). The analogy 

between seismic events generated in the same seismogenic area, being characterised by 

compatible structural features, can bring meaningful conclusions about the local variability at 

each site. The results can be further integrated in microsonation investigations and they can be 

incorporated in the earthquake resistance building codes. 

2. Data and Methods

The investigation was performed using 24h of ambient vibrations (Manea et al. 2019, 2020; 

Coman et al. 2020) and three - component records of two significant earthquakes: the 5.7 ML 

crustal event, November 22, 2014, and the 5.8 ML intermediate depth event, September 23, 

2016, both generated in the Vrancea seismogenic area. For this study we use only 51 stations 

(Fig. 1, RSN, https://doi.org/10.7914/SN/RO) belonging to the National Institute for Earth 

Physics (NIEP), equipped with velocity sensors, where both events were recorded with a good 

signal/noise ratio.  

An effective process to point out the connection between the resonance frequency and the 

Rayleigh wave ellipticity is represented by the computation of the HVSR method (Nogoshi and 

Igarashi, 1971; Nakamura, 1989), which is based on the amplitude ratio of the horizontal and 

vertical components of the analysed signal. No drills are needed when performing this method 

and the costs of implementation are reduced. This methodology helps to correlate the recorded 

signals with the ground frequency, which is necessary in engineering studies to interpret the 

local site effects for different regions. The determination of the fundamental frequency of 

resonance of a site is advantageous because the resonance phenomenon can be avoided and it 

facilitates the development of the appropriate constructions.  
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Fig. 1 - The seismic information used in the data analysis for the current study. The earthquakes are identified by 

red stars (ML magnitude from ROMPLUS catalogue). The seismic stations are marked with a blue triangle (RSN 

ref). The detailed legend and the geological map can be found at Asch (2003). In the right corner: focal 

mechanisms for 5.8 ML (NIEP online catalogue) and 5.7 ML (Placinta et al., 2021) shocks. 

The single station measurements were applied on each seismic station. In the benefit of 

obtaining quality data, all the datasets were first processed by correcting the waveforms for 

instrument response. The seismic signals were divided into fragments of 150 s length to 

calculate reliable statistical ratios. For working with a stable frequency spectrum, it was used 

the Konno - Ohmachi smoothing algorithm with a bandwidth coefficient of 80. For retrieving 

the transverse (T) and R(radial) units associated with both seismic shocks, we compute a 

rotation process of the signals according to their back - azimuth angle. The following step was 

to perform the spectral ratios on S - wave windows. 

3. Results

The Horizontal to Vertical Spectral Ratio method was successfully applied on earthquake 

records (EVSR) for all the 51 seismic stations, in the interest of evaluating the predominant 

frequency of resonance regarding the 5.7 ML crustal event and 5.8 ML intermediate depth 

event. The results illustrate the peculiarities of the seismic wavefield for the studied region (Fig. 

1). The analogy between HVSR and EVSR curves (Fig. 2 - 5) suggests that both waveforms 

follow a similar pattern but different amplitude spectra. 
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 Fig. 2 - Spectral ratios curves resulted from the analysis of ambient vibration (black curve, Manea et al. 2019; 

2020, Coman et al. 2020), 2014 seismic event (orange curve) and 2016 seismic event (yellow curve) for seismic 

stations located in the central part of Romania. 

The results show that no remarkable aspects were identified for the majority of the stations 

where the signals have been recorded, the terrain excitation being a classical one. Regarding 

the central area of Romania (Fig. 2), the resulting curves illustrate an attenuation caused by the 

Carpathian Arc (Manea et al., 2021).  

Fig. 3 - Spectral ratio curves resulted from the analysis of ambient vibration (black curve, Manea et al. 2019; 

2020, Coman et al. 2020), 2014 seismic event (orange curve) and 2016 seismic event (yellow curve) for seismic 

stations that present more than one excited layer. 
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Fig. 4 - Spectral ratio curves resulted from the analysis of ambient vibration (black curve, Manea et al. 2019; 

2020, Coman et al. 2020), 2014 seismic event (orange curve) and 2016 seismic event (yellow curve) for seismic 

stations located on the study area. 

 

Fig. 5 - Spectral ratio curves resulted from the analysis of ambient vibration (black curve, Manea et al. 2019; 

2020, Coman et al. 2020), 2014 seismic event (orange curve) and 2016 seismic event (yellow curve) for seismic 

stations located on rock regions. 

Fig. 4 integrates data from seismic stations located on consolidated sediments areas (ex. ISR). 

Similar amplitudes were identified on both EHSR curves. For stations situated on rock, no 

45933ECEES, September 2022, Bucharest, Romania



visible excitation was determined (ex. Fig. 5) and the resulting curves present a flat resonance 

peak. 

4. Conclusions

The current paper successfully presents the analogy between Fourier spectral ratios applied on 

ambient vibrations and earthquake records for 51 seismic stations located along the Romanian 

territory. The EVSRs were computed using single station analysis and the predominant 

frequency of resonance of the soil was extracted for two different earthquakes: the November 

22, 2014, 5.7 ML crustal event (40 km depth) and the September 23, 2016, 5.8 ML intermediate 

- depth event (92 km depth), both produced in the Vrancea seismogenic zone.

Complex characteristics due to the soil particle excitations are displayed in the EVSR curves in 

comparison with the HVSR from ambient vibrations, where the structure appears to be much 

smoother. 

The spectral ratio curves computed for seismic stations located on the Carpathian Arc, no 

fundamental peaks were identified, because of the rock attenuation (e.g LOT, MLR - Fig. 5). 

In the EHSR of the both events at the respective sites we see especially the source signature. 

Also, stations located on sediments (like INCR - Fig.4) can display a rather poor connection/ 

resemblance between HVSR and EVSR. This is due to the fact that both events have a rather 

small magnitude (5.4+/-0.1) e.g not enough energy to excite the deeper sedimentary structure 

of the respective sites. 

Generally, the EVSR curves follow the aspect of HVSR showing that during the earthquake the 

predominant frequency at the site is equal (within a 10% range) with f0; this is the case for 

stations like AMRR, BANR, CJR, CLISU, CTISU, CVDA, GRER, HERR, JOSR, LEHL, 

MFTR, PLOR, TIM, TRISU (and many others) proving that at  sites where a sharp impedance 

contrast exists between bedrock and the overlying sediments, the soil behaviour is similar 

during different types of earthquakes (same magnitude, different propagation paths). 

There are situations (BAIL, BIR and stations from Fig. 3) where HVSR curves exhibits two 

clear peaks, a situation indicating that two large impedance contrasts exists at two different 

depths: one corresponding to the bedrock (f0) and another one inside the shallow structure (f1). 

One can observe that at stations BAIL, BIR, ZIMR the predominant period was close or 

identical with f0 during the crustal earthquake, while the deeper event excites in those local 

structures a higher response at the second peak of the HVSR from ambient vibration (fpred ~ f1). 

In two cases (stations IAS and MDVR) we note that both events excite the highest response 

at/around the secondary HVSR peak (fpred ~ f1).  

Investigations in retrieving f0 parameter over wide areas are getting more importance as it is 

frequently used in site classifications, is providing an indirect measure of the sediment thickness 

and might also be used in estimating the severity of ground shaking at the respective site (Manea 

et al., 2021). 
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Abstract: In this paper we employ the Horizontal to Vertical Spectral Ratio approach in 

order to estimate the thickness of sediments in the Buenos Aires Province (Argentina). The 

results of this work show that the HVSR technique has great potential in the study of 

unconsolidated sediments and geomorphology. In this contribution, we show the first 

ambient noise characterization of the North-eastern part of Buenos Aires Province. Clear 

HVSR peaks with stratigraphic origin have been identified, and a correlation with the main 

geomorphological domains has been established. 

Keywords: Argentina, HVSR, seismic noise. 

1. Introduction

Ambient noise characterization, and in particular the Horizontal over Vertical Spectral 

Ratio (HVSR) approach, has been widely used for seismic zonation and, in the last years, 

its use in geological studies has grown. Polarization analysis is used to detect structural 

anisotropies, typically faults (Villani et al, 2018) and joints sets and cracks (Iannucci et al, 

2020). Most common is the use of this technique in the basin analysis, where usually the 

goal is to detect the stratigraphic contact between the low shear wave (Vs) sediments over 

the higher Vs bedrock, using a different empirical approach that correlates the HVSR F0 

(the peak at lowest frequencies) with the Vs of the sedimentary column and its thickness. 

However, there are not so many works that correlate the HVSR curves with changes within 

the sedimentary column, where the velocity contrast is not so high and the depths of 

contacts are not so deep. In this work, we study the relationship between the HVSR curves 

taken in a stable tectonic area with the sedimentary unconsolidated units and the main 

geomorphological regions. 

2. Area of study
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The study area is located in the northeast of the Buenos Aires Province, Argentina, in the 

vicinity of La Plata city. Geologically, it is located in a tectonically stable region in the 

Salado sedimentary basin. 

Within the study area two geomorphological units are recognized, a Continental Plain 

associated with Pleistocene loessic deposits (Pampean Sediments) and a Coastal Plain in 

the coastal sector of the Río de la Plata associated with marine to mixed deposits 

(Postpampean Sediments) deposited above the loess during the Pleistocene (MIS 5) 

Holocene (MIS 1). 

Underlying these sediments are fluvial sand deposits (Puelche Sands) of Pliocene age. In 

the Continental Plain sectors, a clayey layer usually separates the sands from the loess, 

which tends to disappear towards the Coastal Plain sector. The main aquifers used for 

human and industrial supply of the area are housed in these sediments. They present fresh 

water in the continental plain, which is salinized towards the coastal plain area, with a 

direct relationship between geomorphology, sedimentary environments and groundwater 

salinity (Santucci et al. 2016). 

 

Fig. 1 – Area of study and main geomorphological units.  

 

3. The HVSR measurements and results 

We recorded ambient noise at 60 sites in the study area, distributed over the Continental Plain 

and the Coastal Plain. For this, we used a Geotiny! 24-bit digital seismometer (https://geobit-

instruments.com/), a compact device that integrates a three-component accelerometer and 

seismometer. All stations recorded seismic noise for approximately 25 minutes at a sampling 

rate of 400 samples per second, avoiding the rain and in wind conditions below 5km/h, 

following SESAME recommendations. The seismograph was oriented so that the horizontal 

axes coincided with the N-S and E-W directions. The acquired data was analysed by the 

HVSR technique (Nakamura, 1989). 
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It is generally assumed that the lowest frequency at which a peak appears corresponds to 

the fundamental frequency F0 of the site. However, the HVSR curves of this work have 

not resolution below 0.5 Hz. 

The lowest peak that we can discriminate is most probably not related to the F0, in fact, the 

HVSR done with the La Plata observatory fixed seismograph show a clear peak below 0.5 

Hz that has been interpreted as the F0 of the area (Maria Rosa 2016).  

The HVSR results were analysed within the 0.5-50 Hz range and the lowest peak was 

identified for each station. Those results were plotted in maps and compared with local 

geology.  We found a strong correlation between the peak frequency and the 

geomorphology. The data acquired in the continental plain has a mean peak value of 8.4 

Hz, but with a considerable dispersion of the data, ranging from 4.9 to 13.6. The HVSR 

results in the Coastal Plain show mean peak values of 2.8 Hz, with lower dispersion. At 

last, data acquired in the transition zone between the Continental and Coastal Plain present 

a mean value of 11.3 Hz, ranging from 9.2 Hz to 14.6 Hz.  

Fig. 2 – HVSR vs distance. In the top part, the topographic profile (vertically exaggerated) with the position 

of the stations used and the main geomorphological domains. 

Additionally, we constructed sections in which we interpolated the HVSR results of 

several stations in a distance vs. frequency profile. In this way, we were able to take 

information not only from the HVSR peaks, but also from the full frequency spectrum. We 

found a clear difference in the HVSR spectrum between the two geomorphological 

domains. In addition, a strong interface dipping towards the estuary is visible, which we 

preliminarily interpret as the top of the Puelche Sands.  
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4. Conclusions  

The results of this work show that the HVSR technique has great potential in the study of 

unconsolidated sediments and geomorphology. In this contribution, we show the first 

ambient noise characterization of the North-eastern part of Buenos Aires Province. Clear 

HVSR peaks with stratigraphic origin have been identified, and a correlation with the main 

geomorphological domains has been established. In addition, we show that information of 

higher frequencies can be used in geological interpretation and, particularly, as a 

stratigraphic discriminator. Understanding the sedimentary configuration provides relevant 

data for the study of aquifers in this coastal region, where the boundary between the coastal 

and continental plains plays an important role in the groundwater salinization. 

The next steps of this investigation are ongoing and aim to establish a numerical relation 

between the different HVSR peaks and the stratigraphic boundaries using borehole data. 
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Abstract: This study presents an ongoing work on developing a high-resolution site-

amplification model at an urban scale for the canton of Basel-City in Switzerland. A 

database of Empirical Amplification Functions (EAFs) computed from stations of the 

national seismic networks of Switzerland along with shear-wave velocity (Vs) profiles and 

Horizontal-to-Vertical Noise Ratios (HVNRs) of ambient vibrations at those sites are used 

to derive canonical correlations between the HVNRs and EAFs. They are applied to predict 

the expected EAFs at sites of 21 seismic stations in Basel in order to verify the accuracy of 

the method. After validation, the method is to be applied to predict EAFs for a dense 

network of sites where geophysical measurements are available from ambient vibration and 

Vs profiles from the three-dimensional geophysical model. Results of the validation phase 

indicate that the canonical correlation method can be promising in predicting amplification 

where no empirical functions are available. 

Keywords: Site-effects, ground motion amplification, horizontal-to-vertical noise ratio, 3D 

geophysical model. 

1. Introduction

The canton of Basel-City falls in one of the most seismically active areas in Switzerland. In 

1356, an Mw ~6.6 earthquake partly destroyed the city and caused fatalities. Several other 

damaging seismic events, occurring between 1357 and 1721, having their sources in the 

Basel region, highlight the evidence of tectonic activity in this area. Additionally, different 

studies undertaken over last two decades in the area concluded that unconsolidated 

sediments were responsible for inducing resonances and significant amplification of 

seismic waves over a range of frequencies pertinent to engineering interest (Fäh et al., 

1997; Kind et al., 2005; Havenith et al., 2007; Michel et al., 2017). They also highlighted 

the necessity of better characterizing complex geological domains (the Upper Rhine 

Graben and the Tabular Jura) and tectonic setting (the master fault system of the Graben) 

of the area. Therefore, assessing seismic hazards at a local scale has become a key question 

in Basel.  

In order to adopt preventive risk mitigation measures, an a priori estimation of the effects 

of shallow geology on the seismic ground motion, termed as site-response or site-

amplification, is essential. Many studies have assessed empirical site-response based on the 

analysis of earthquake recordings by using techniques such as the Standard Spectral Ratio 

(SSR; Borcherdt, 1970), Empirical Spectral Modelling (ESM; Edwards et al., 2013) or 

Horizontals-to-Vertical Spectral Ratio (HVSR; Lermo and Chávez-García, 1993). 

However, it is not always feasible to apply them in areas where sufficient earthquake 

recordings are not available due to a lack of seismic stations or seismicity. Many studies 

(see Haghshenas et al., 2008 for a review) have investigated the applicability of the 

Horizontal-to-Vertical Noise Ratio (HVNR), based on the analysis of ambient noise 

recordings, proposed by Nakamura (1989), for sites where no direct estimation of 
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Empirical Amplification Function (EAF) is available. By comparing the results, they 

concluded that HVNR can provide a good indication of the fundamental resonance 

frequency of the site but cannot provide reliable estimations of ground motion 

amplification. However, as ambient noise measurements at single stations can be obtained 

relatively easily, many recent studies have tried to investigate a meaningful statistical 

association between HVNRs and EAFs, over the frequency band of engineering interest 

(0.5-10 Hz), where seismic stations are available (e.g., Cultrera et al.; 2014, Panzera et al., 

2021). Then they have been used to predict amplification functions at sites where only 

ambient noise measurements are available. These studies have highlighted the improved 

resolution achieved in the assessment of site-amplification through the application of such 

an approach. 

Michel et al. (2017) estimated amplification functions for Basel, based on a seismic 

network of 21 seismic stations, by using the ESM of earthquake recordings. Even though 

this method overcomes limitations of the SSR, it falls short of providing the necessary 

resolution to capture the effects of complex shallow geology of Basel. Currently, a 

rigorous three-dimensional (3D) geological-geophysical model (Imtiaz et al., 2021) along 

with a site-amplification model for Basel is under development. This study presents some 

preliminary results related to the site-response analysis from this ongoing work.  

Taking advantage of the earthquake recordings available from the dense seismic network, 

Vs profiles from the 3D geophysical model, and ambient noise recordings from numerous 

single stations, we seek to apply a multivariate statistical approach based on the analysis of 

canonical correlation proposed by Panzera et al. (2021). At first, we use the correlation 

between EAFs and HVNRs obtained from the national seismic networks of Switzerland to 

evaluate Predicted Amplification Functions (PAFs) at the sites of seismic stations in Basel. 

Once the accuracy of the prediction is verified, we apply these correlations to estimate 

PAFs at the scale of the city where we have a rich database of ambient noise recordings. In 

this article we provide an overview of the results obtained after the validation phase and 

lay out our plan for developing a site-amplification map for the study area. 

2. Data  

As a calibration dataset, Panzera et al. (2021) used 172 free field and urban free-field 

station sites of the national seismic networks of Switzerland: 115 accelerometers belonging 

to the strong-motion network SSMNet and 57 velocimeters belonging to the broadband 

SDSNet. They are deployed, fairly homogenously throughout the Swiss territory, on 

widely varying lithological conditions ranging from hard rocks to very soft sediments. Vs 

profiles at these sites have been retrieved through site characterization analysis by using 

passive and/or active seismic methods (Michel et al., 2014; Hobiger et al., 2021). EAFs are 

routinely computed by the Swiss Seismological Service (SED) after each earthquake, 

based on the ESM (Edwards et al., 2013) of recorded waveforms and referenced with 

respect to the Swiss standard rock profile defined in Poggi et al. (2011). The method 

involves separating source, path, and site effects through a technique similar to the 

generalized inversion (GIT; Field & Jacob, 1995) with a parametric representation of its 

components. The robustness of the EAFs improves when they are averaged over many 

earthquakes, recorded over a long period of time. The Vs profiles for 111 stations, obtained 

through passive and/or active seismic methods, were drawn from the Site-characterization 

database of the SED at ETH Zurich (2015) and the average Vs down to 30 m depth (Vs30) 

for each profile was calculated. For the remaining 61 sites, an approximate Vs30 was 

estimated through a combination of proxies (slope, lithology, and available Vs30 
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measurements). For all the sites, average HVNR curves with their standard deviations are 

computed from ambient vibration recordings by using a standardized procedure 

(SESAME, 2004). 

In order to verify the accuracy of the PAFs, we use a validation dataset comprised of 21 

strong motion stations located in Basel (Fig. 1). Vs profiles from all the sites are derived 

from the analysis of passive array measurements (Fig. 1), as detailed in Imtiaz et al. 

(2021). HVNRs are computed from the single station ambient vibration measurements.  

For the prediction of amplification, we will use the rich database of ambient noise 

recordings available in Basel (Fig. 2). The measurements took place between the years 

1997 and 2014 over the course of different projects. The analysis of HVNR estimated from 

this dataset shows a complex behaviour in the range of the fundamental resonance 

frequency (Fig. 2). Some measurements show a sharp clear peak while most show a broad 

peak, possibly with small sub-peaks, making the interpretation of the results based on one-

dimensional (1D) hypothesis difficult. Vs profiles for all these sites are available from the 

3D geophysical model of Basel (Imtiaz et al., 2021). 

Fig. 1 - Map of the available strong motion stations in Basel. The geology showing four main zones at the 

surface is adopted from the 2006 microzonation study (Fäh & Huggenberger, 2006). 
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Fig. 2 - Map of the available single station ambient noise measurements in Basel. 

3. Methodology 

The canonical correlation investigates the correlation between two sets of input variables X 

and Y by identifying their linear combinations that result in maximum correlation (Davis, 

2002). The two sets of variables here are represented by the HVNR and EAF amplitudes, 

respectively. They are discretized within selected frequency intervals and centered at the 

sample mean of a pre-defined frequency bin. The average amplitude within each bin is 

computed as a weighted mean, with the weights being given by the inverse variances of the 

EAF or HVNR in logarithmic scale. For each realization at a seismic station, these two 

ensembles of variables are demeaned and transformed into the canonical variables Xcan and 

Ycan. The coefficients of this linear transformation are calculated to maximize the 

correlation between a pair of variables that is termed as the canonical couple (cc). The ccs 

indicate how the original variables (X and Y) influence the respective canonical variables 

(Xcan and Ycan) and how their values (amplitudes of the spectral ratios) at different 

frequency bands are correlated. For a detailed description of the methodology, we refer the 

readers to Panzera et al. (2021). 

In order to estimate the PAFs at a site, Panzera et al. (2021) applied a direct correlation 

between the EAF and HVNR using the Cultrera et al. (2014) approach based on the Moran 

Index (MI; Moran, 1950). They implemented a least-squares (LSQR) approach by 

including a regularization constraint (Tarantola, 2005). They also considered adjustment 

factors in the form of geological and geophysical predictor proxies, such as, the last 
glacial maximum thickness (LGM) and Vs30, in order to improve the predictions. They 

chose the LGM because it shows a correlation with the site amplification observed at 

seismic stations in Switzerland, particularly in the low-frequency band 0.5–2.5 Hz 

(Bergamo et al., 2020). They also observed a positive correlation between the thickness of 

the glacial cover and the Vs of the bedrock They argued that the penetration of thicker 
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glaciers may have resulted in the removal of the weathered rock, and hence, uncovering of 

the deeper and harder layers underneath. 

4. Analysis and Results

We estimated the PAFs for our validation dataset that comprises of 21 seismic stations in 

Basel. For the frequency discretization, Panzera et al. (2021) proposed 9 and 16 bin 

subdivisions over the range of 0.5-10 Hz. We used 16 bins as a higher resolution would be 

preferable from an engineering point of view. Panzera et al. (2021) estimated the PAFs at 

each site by excluding each time the target station from the calibration dataset. As Basel 

stations are also part of the calibration dataset, we compared the PAFs estimated by 

including the target stations in the dataset and also by excluding them out. No significant 

difference was observed in the prediction, meaning that the stations under consideration do 

not have a large individual contribution in the estimation of ccs. 

We present the comparison between the PAF (average and standard deviation) and average 

EAF for four example sites, taken from different geological units presented in Fig. 3. The 

results show that the PAF trends over the entire frequency band are fairly well predicted. 

However, the amplitude is systematically overestimated in our prediction. One explanation 

is that the use of the geological proxy LGM as a correction factor in Panzera et al. (2021) 

do not help improving our results as the LGM thicknesses are null for Basel. We, therefore, 

are considering including other indirect proxies in order to improve the amplitude of the 

prediction. 

Fig. 3 – Comparison between the EAF and PAF at four different station sites from the validation dataset. 
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5. Conclusions and Outlook 

We presented the preliminary results from the ongoing work on developing a site-

amplification map for Basel through the application of canonical correlations. PAFs 

estimated for our validation dataset of seismic stations show the suitability of the method 

in predicting the amplification over the entire range of frequency. However, one or more 

correction factors may need to be introduced in order to improve the amplitude of the 

prediction. Afterwards, PAFs will be estimated from a dense network of single station 

ambient noise measurements in Basel, by grouping them according to different lithological 

classes, and a high-resolution site-amplification map will be proposed. The accuracy of 

such a statistical approach will be evaluated by comparing the amplification map with that 

obtained from the 3D numerical modelling. The final map will be implemented in seismic 

risk assessment of Basel. 
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Abstract: Italy is characterised by a wide cultural heritage distributed in numerous 

historical centres of cities and villages located in areas having high seismicity, as evidenced 

during the 2016-2017 Central Italy seismic sequence that caused severe damages on 

buildings, hundreds of casualties and economic losses of the artistic and cultural heritage. In 

a seismic risk management framework, the SIS-DAT project will develop a GIS software 

platform producing maps of damage scenarios in historical centres with relation to selected 

levels of seismic hazard and implementation of seismic improvement interventions. The 

historical centre of Rieti (Central Italy) was selected as test site for the SIS-DAT project. An 

engineering geological model was reconstructed for the site using data available from 

previously performed surveys and newly performed passive seismic surveys consisting of 

single-station and array seismic ambient noise measurements. In addition, the installation of 

a temporary seismic monitoring network was carried out. The analysis of the seismic 

measurements allowed to identify the resonance frequency of the different zones composing 

the Rieti historical centre as well as to calibrate and validate the engineering geological 

model of the site. Based on such model, a 2D numerical modelling was planned to analyse 

the local seismic response of the site. 

Keywords: seismic hazard, seismic ambient noise measurements, seismic network, 2D 

seismic numerical modelling 

1. Introduction

Italy is characterised by a wide cultural heritage, distributed in numerous historical centres 

of cities and villages located in areas having high seismicity. Several of these historical 

centres are intensely urbanized, vulnerable to seismic shacking and populated, therefore 

damages in the case of seismic events are increased by the exposure of human lives. A 
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significant and destructive seismic sequence occurred in 2016-2017 in Central Italy, 

causing severe damages on buildings and hundreds of casualties (Stewart et al., 2018) as 

well as economic losses of the artistic and cultural heritage estimated in about 2 billion of 

euros according to the Italian Ministry of Cultural Heritage and Activities and Tourism 

(MiBACT) reports. 

The devastating effects on the historical centres during this seismic sequence were often 

related to local site effects, responsible for seismic amplification (Sextos et al., 2018), as 

well as to a considerable seismic vulnerability of the involved settlements, mainly 

composed of unreinforced masonry ordinary buildings (Sorrentino et al., 2019) or 

historical monumental buildings (Penna et al., 2019). 

After the aforementioned seismic sequence, the National authorities in charge of cultural 

heritage conservation and the National Civil Protection promoted the development of 

systematic and effective tools and services useful for evaluating and predicting the 

damages in the case of seismic events. This type of services can allow preventive 

maintenance and consolidation of the buildings most exposed to seismic events, potentially 

reducing costs related to the restoration of the damaged assets. 

In the light of this, the Lazio Technological District for Cultural Heritage Centre (DTC 

Lazio) funded the SIS-DAT project (“SIstema per la Simulazione dei DAnni da 

Terremoto”, “Earthquake Damage Simulation System” in English). 

2. The SIS-DAT project

The SIS-DAT project aims at implementing in a single software platform, developed in a 

GIS environment, a specific multidisciplinary analysis methodology for producing maps of 

damage scenarios of historical centres with relation to defined levels of seismic hazard and 

implementation of seismic improvement interventions. To this aim, the software combines 

i) a site-specific seismic response analysis, ii) a vulnerability model for single structures or

typological aggregates and iii) a range of possible seismic improvement interventions.

The test site chosen for the SIS-DAT project research activities is represented by the 

historical centre of the city of Rieti (Central Italy), characterised by a rich cultural heritage 

including archaeological, artistic and monumental assets and for which part of the required 

data are already available. 

The SIS-DAT workflow is organised in the following work packages (WP): 

- "Seismic hazard analysis" (WP1), aimed at estimating the expected ground-motion

parameters in the historical centre of Rieti through an advanced numerical modelling of

local seismic response that considers all the geological complexities of the subsoil;

- "Seismic vulnerability analysis" (WP2), aimed at defining the vulnerability of the

different building types occurring in the historical centre of Rieti (i.e., churches, palaces,

structural aggregates, isolated buildings) through the collection of available data and

verification on site surveys;

- "Seismic improvement interventions" (WP3), aimed at developing models for evaluating

seismic improvement interventions through the analysis of vulnerability and damage data

deriving from past earthquakes, rigorous analyses according to the Italian National

Building Code (NTC) and considering the effect of vulnerability modifiers such as the

usage of anti-seismic devices:
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- “Software platform development” (WP4) to design the software platform on which 

integrating the outputs of the previously described WPs and producing maps simulating 

damage scenarios for different seismic hazard levels, taking also into account for the 

implementation of seismic improvement interventions. 

This paper illustrates the preliminary results obtained by WP1 for the Rieti historical 

centre, that includes the reconstruction of an engineering geological model for the test site, 

the execution of geophysical investigations and, finally, the 2D numerical modelling of the 

seismic wave propagation. 

3. Engineering geological modelling and geophysical investigations 

The city of Rieti (Fig. 1) is located in an intermontane basin of the Central Apennines 

(Central Italy), formed during the Plio-Pleistocene extensional phase that involved the 

mountain range, and is built on a small cliff of continental carbonate deposits called 

“travertines” and on the recent alluvial deposits of the Velino and Salto Rivers (Michetti et 

al., 1995; Carrara et al., 2004; Guerrieri et al., 2004). The lithoid travertine platform is a 

highly competent rigid lithological body, surrounded by soft sediments. This peculiar 

geological setting may cause local ground-motion amplification effects, with implications 

regarding the seismic risk of the city as the Rieti basin is located in a medium-high 

seismicity area and was struck in the past by destructive seismic events, such as the 1898 

earthquake (Comerci et al., 2003). 

 

 

Fig. 1 – Satellite view of Central Italy; the Rieti area is indicated by the red frame (from Google Earth). 

An engineering geological model was reconstructed for the test site using data available by 

previously performed surveys, in particular the level 3 Seismic Microzonation (SM) study 

(https://sisma2016data.it/microzonazione/ last accessed: June 2022) produced after the 

2016-2017 Central Italy seismic sequence that contains reports of several geotechnical and 

geophysical investigations performed in Rieti. This engineering geological model allowed 

to define the lateral and vertical contacts between the travertine plate and the different units 

composing the recent alluvial deposits as well as to associate the main physical and 

mechanical properties to each identified litotechnical unit. In addition, a reconstruction of 
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the cavity network located in the travertine plate was included in the engineering 

geological model using bibliographic data and direct surveys on site. 

An extensive field campaign of geophysical surveys was then performed using different 

approaches during two phases: a first phase focused on the recording of seismic ambient 

noise in single-station and array configurations distributed across the whole Rieti historical 

centre and a second phase devoted to the installation of a temporary seismic network. 

The single-station seismic ambient noise measurements were analysed using the 

horizontal-to-vertical spectral ratio (HVSR) method (Nakamura, 1989; Bour et al., 1998; 

Haghshenas et al., 2008) to evaluate the main resonance frequency (f0) of different zones 

defined based on the engineering geological model (Fig. 2). The array measurements were 

processed using the spatial autocorrelation (SPAC) method (Aki, 1957; Bettig et al., 2001; 

Köhler et al., 2007) and through techniques in the frequency-wave number (FK) domain 

(Capon, 1969; Poggi and Fäh, 2010; Wathelet et al., 2018) to obtain a shear-wave velocity 

(Vs) vertical profile for the different investigated sites. 

Fig. 2 – Examples of HVSR function (the dashed black lines show the standard deviation of the curve) 

obtained at Rieti on travertine (left) and recent alluvial deposits (right). 

The results obtained in terms of f0 values and Vs profiles were integrated to the 

engineering geological model and a 1D site response analysis with linear elastic approach 

was performed using the Strata software (Kottke and Rathje, 2008) to calibrate the values 

of the main physical and mechanical parameters of the different layers defined in the 

engineering geological model and validate the model. 

The second phase relative to the temporary seismic network is currently ongoing. The 

network stations were installed with the aim of recording weak motions that will be 

analysed using the site-reference standard spectral ratio (SSR) approach (Borcherdt, 1970) 

and the single-station horizontal-to-vertical spectral ratio (H/V) approach (Lermo and 

Chavez-Garcia, 1993; Field and Jacob, 1995). These analyses will allow to define the 

seismic amplification function at the monitoring sites and perform an additional validation 

of the engineering geological model. 

4. Numerical modelling of the local seismic response

A numerical modelling for estimating the local seismic response of the Rieti historical 

centre has been planned as final activity of the WP1. Several cross-sections will be built 

from the engineering geological model and 2D simulations will be performed through the 
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LSR 2D software by Stacec, with finite element solution (FEM), using a linear equivalent 

approach and dual component input (horizontal and vertical) for different seismic hazard 

levels. These simulations will provide acceleration time histories and elastic response 

spectra at the ground surface of the model representative of the expected ground-motion 

for the Rieti historical centre. The numerical model results could be validated using the 

seismic amplification functions obtained by the weak motion analysis. Such results will be 

integrated with those obtained by the seismic vulnerability analysis and seismic 

improvement intervention analysis in the GIS software platform. 

5. Conclusions 

The SIS-DAT project aims at developing a GIS software platform for producing expected 

damage scenarios of historical centres for selected levels of seismic hazard and taking into 

account for the potential implementation of seismic improvement interventions for the 

building stock. In the framework of this project, a local seismic response study has been 

started for the Rieti historical centre. An engineering geological model was reconstructed 

for the site using data available from previously performed surveys. The engineering 

geological model was validated and calibrated using single-station and array seismic 

ambient noise measurements. The validated model will be used to perform a set of 2D 

numerical simulations of the seismic wave propagation for seismic response analysis of the 

test site. The results obtained by these simulations will be integrated with those obtained 

by the seismic vulnerability and seismic improvement intervention analyses to develop the 

final version of the software tool for the assessment of damage scenarios. 
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Abstract: Superficial geological layers can strongly modify the surface ground motion 

induced by an earthquake through the so-called “site effects”. One common approach to 

estimate these local effects at a specific site relies on the numerical simulation of the ground 

motion. This requires a characterization of the Earth’s subsurface to build a representative 

model of the seismic wave propagation medium. In this study, we focus on the area of the 

Tricastin Nuclear Site (TNS). TNS is located over an ancient Rhône canyon whose 

characteristics and complex geometry make it a good candidate for generating site effects. We 

present here the first results of 3D medium characterization based on geological investigations 

and on different types of seismic data, that is, the seismic ambient noise and data from an 

active seismic exploration survey. The results provided by the different imaging approaches 

considered are complementary and the first comparison presented in this article highlights the 

interest of comparing these different results to obtain an overall picture of the subsurface 

conditions of the site. 

Keywords: Seismic site effects, passive imaging, H/V spectral ratio, seismic reflection, 

geological investigation. 

1. Introduction

It is well-known that superficial geological layers can strongly modify the surface ground 

motion induced by an earthquake. Soil properties in the vicinity of the Earth’s surface 

generally become softer leading to an amplification of the seismic motion. In the case of 

4613

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

3ECEES, September 2022, Bucharest, Romania



complex geological structures, such as sedimentary deep valleys or canyons, seismic waves 

can be trapped, and the geometry of the soft deposits will further affect the ground motion 

by increasing both the duration and amplitude of the shaking. By being related to local 

conditions, these so-called site effects are highly variable from one site to another and still 

difficult to quantify for some geological configurations. That is why site-specific studies can 

greatly contribute to improve the hazard prediction at a specific site in comparison to ergodic 

estimates based on data from global databases. Two main approaches are generally adopted 

to estimate site effects at a specific site. The first approach relies on an empirical (or 

experimental) estimation through recordings of seismic motions at the site of interest. The 

second approach is based on the simulation of ground motion at the surface using numerical 

modelling of seismic wave propagation in a model of the Earth’s subsurface. This latter 

requires a characterization of the propagation medium through geophysical investigations to 

build a representative model for simulations. 

In this study we focus on the Tricastin area, in the Rhône valley (South-East France), where 

the Tricastin Nuclear Site (TNS) is located. TNS is located above an ancient Rhône canyon. 

This canyon was dug following the closure of the Gilbraltar strait about 6 My ago and the 

resulting fall of the Mediterranean Sea level during the Messinian time. The fall reached 

- 1500 m in some areas leading to the incision of Messinian canyons such as the Rhône

canyon (Clauzon, 1982; Suc et al., 2011). After the reopening of the Gibraltar strait about

650 000 years later, the canyon was flooded and then filled with Pliocene and Quaternary

sediments (sands and marls). The Rhône Messinian canyon can be locally very deeply

incised in Cretaceous sandstones and limestones. This geological configuration makes the

area prone to site effects. Given the presence of nuclear installations and the importance of

characterizing site effects for seismic hazard assessment, IRSN as the French Technical

Safety Organisation (TSO) has been conducting studies in this area for several years. Gélis

et al. (2022) presents preliminary measurements to investigate the local seismic

amplification related to the presence of the Rhône paleo-canyon. For this study, three seismic

stations were deployed for several months in the area: two stations (BOLL and PAUL) were

located on top of the paleo-canyon, the third one (ADHE) was located on a nearby reference

rock site located on Cretaceous outcrops (Figure 1). At two of these three measurement sites

(BOLL and ADHE), local 1D geophysical characterizations were performed to estimate

shear wave velocity (Vs) profiles revealing a strong velocity contrast between the

sedimentary filling and the substratum, and a canyon depth reaching locally >500 m. Station

PAUL was located right near a borehole with reported geological section showing the

transition between the canyon filling and the substratum at 462 m deep. From continuous

recordings on the three stations deployed, Gélis et al. (2022) have reported local ground

motion amplification reaching 6 for some frequencies on top of the canyon relative to nearby

Cretaceous outcrops. This first study thus quantifies the seismic amplification associated

with the presence of the canyon at two locations on top of the paleo-canyon.

Based on these preliminary results, IRSN launched a larger project to build a 3D model of 

the medium in the area, its impact on the seismic ground motion and on its spatial variability. 

We present here the first results regarding the 3D medium characterization based on 

geological investigations and on different types of seismic data, that is, the seismic ambient 

noise (passive method) and data from an active seismic exploration survey (active method). 

In the following, we first present the data, followed by the applications of 3 imaging 

approaches based on these data. We will then discuss and propose a first interpretation of 

the results obtained at this stage, especially regarding the different geological or geophysical 

signatures revealed by the 3 approaches.  
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2. Data 

2.1. Geological data 

In the Tricastin area, the canyon is incised in lower cretaceous formation, generally down to 

the Barremian reef limestones called “Urgonian”. These few hundred thick limestones, 

gently dipping south-eastward, are overburden by detrital sand, sandstone and marls of 

middle to upper Cretaceous (Aptian here called “Gargasian” and Cenomanian and Turonian) 

into which the paleo-canyon has dug during the Messinian times (from 5.97 to 5.33 Ma) 

letting some remnant hills or reliefs on the eastern edge of the valley or in some preserved 

“islands”. The erosional surface of this canyon is called Messinian Erosional Surface (MES).   

 

Before this study, the state of knowledge of the geometry of the canyon in this region was 

extremely sketchy and depended exclusively on the interpretation of rare deep drillings that 

crossed the entire Pliocene series (i.e. the sedimentary filling). The French geological survey 

(BSS-Infoterre Underground database) provide abundant data from boreholes. In the studied 

area, some of these boreholes have reached at least the Pliocene (mostly easily identifiable 

marine Piacenzian blue marls) and only few of them reached the MES. Two deep boreholes 

reaching infra-Pliocene basement bring information about the canyon depth and filling in 

the eastern part of the Tricastin valley. They both show a thick Pliocene series filling a 

canyon incised in Cretaceous series going from the Urgonian facies overburden by 

Gargasian formation. The analysis of the whole borehole dataset and field outcrops make it 

possible to estimate the distribution of the Pliocene filling and locally its thickness. Figure 1 

shows the location of the boreholes available in the area. Gélis et al. (2022) used the above-

mentioned boreholes and other data such as specific studies for the TGV fast train 

(Mocochain et al., 2006) or preliminary ambient noise characterizations to get a first estimate 

of the deepest canyon axis. 

2.2. Passive recordings 

In 2020, IRSN with the help of EGIS and SISPROBE companies, deployed about 400 all-

in-one 3-component seismic nodes over a 10x10 km area around TNS, to record the seismic 

ambient noise for one month (Figure 1). A loose grid made of half the number of nodes was 

used to cover the entire area. Depending on field conditions, the inter-node distance may 

vary from 400 m to 1300 m. 179 nodes were used in a denser grid (inter-node distance of 

about 200-250 m) located 2-to-3 km south of TNS. This denser grid is expected to cover the 

narrowest and deepest part of the Messinian canyon as inferred by Gélis et al. (2022).  

2.3. Active recordings and interpretation 

In 2020, IRSN acquired active seismic reflection data that were collected in 2008 in the area 

by Gaz de France company (now named ENGIE). 11 2D seismic profiles crossed the area 

made of 6 E-W lines and 5 N-S lines (Figure 1). Vibrator trucks were used as seismic source 

except for 2 lines that were acquired in the Donzère-Mondragon canal in the eastern part of 

the area (for which air gun was used as seismic source).    
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Fig. 1 – Location of datasets that have been considered in the present study: the borehole information from 

BSS (BRGM borehole database, coloured squares), the 11 seismic lines acquired from ENGIE company 

(black dashed lines) and the 400 nodes (black triangles). Note that the outline of some seismic lines may 

cover the triangles used to represent the 400 nodes (both experiments following the road network). For sake 

of clarity, we still chose to display the whole datasets on the same figure. The 3 stations (BOLL, PAUL and 

ADHE) deployed in previous studies are displayed as coloured triangles.    

3. Imaging approaches

3.1. Ambient Noise Surface-Wave Tomography (ANSWT) 

In low-to-moderate seismicity area such as the metropolitan France, the amount of seismic 

data (earthquake recordings) may be a limitation for specific seismic hazard studies. Given 

its permanent nature, the exploitation of seismic ambient noise is of particular interest in this 

context. Since surface waves are strongly present in the ambient noise recorded at the 

surface, the dispersion of Rayleigh and Love waves can be used to obtain an S-wave velocity 
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model. This “passive” tomography (ANSWT) has proved to be useful in imaging the 

subsurface from local (e.g. Mordret et al., 2014) to crustal scales (e.g., Shapiro et al., 2005; 

Nishida et al., 2008). We present here results of a depth inversion of surface waves 

reconstructed from noise cross-correlation functions computed between each station pair of 

the 400-node network. The Vs model is obtained with a joint inversion of Love and Rayleigh 

wave group velocity dispersion curves. To improve the depth inversion, we used average 

phase velocity curves in 3 areas defined by a clustering approach gathering velocity 

measurements laterally homogeneous. It is worth noting that the resulting 3 areas are very 

consistent with the major geological units in our target zone. The set of estimated local 1D 

models constitutes the 3D Vs model. It is worth noting that such 3D model in Vs is of 

particular interest for estimating S-wave amplification and its spatial variability at the scale 

of the sedimentary canyon.  

The model obtained confirms the strong velocity contrast between the sedimentary filling 

and the substratum and brings to light the 3D geometry of the sedimentary canyon. Figure 

2(a) shows the isovelocity surface area Vs=1200 m/s extracted from the resulting 3D Vs 

model, identified as a good indicator of the sharp transition between the sedimentary filling 

and the substratum and therefore used to infer the location of the bottom of the canyon (or 

MES) in this model. From this isovelocity surface, we clearly see the N-S imprint of the 

Rhône paleo-canyon in the eastern part of the area. The southern part of the canyon is 

revealed deeper and narrower. We can also clearly observe the signature of the deep canyon 

of the Ardèche river in the southwestern part and the confluence zone of the 2 (paleo)-rivers. 

It is worth noting that in overall, the main geological features revealed by this velocity model 

show a good agreement with the expected geometry of the geological structures in the area. 

Moreover, the 1D Vs profile at BOLL extracted from this 3D model is in very good 

agreement with the estimation by Gélis et al. (2022) using Ambient Vibrations Arrays 

(AVA) (Figure 2(b)), especially regarding the depth of the main interface (i.e. the bottom of 

the canyon - MES) and the velocity in the sedimentary filling. The two approaches do not 

perfectly agree regarding the amplitude of the velocity contrast (larger for AVA), since 

velocity at depth is associated with larger uncertainties and difficult to determine from AVA 

given the resolution capabilities of considered arrays.  

Fig. 2 - (a) Isovelocity Vs=1200 m/s surface area extracted from the Ambient Noise Surface Wave 

Tomography (ANSWT). (b) 1D Vs models obtained from the inversion process from Ambient Vibration 

Arrays (AVA) at BOLL site. Colour stands for the misfit value in the inversion procedure (from Gélis et al. 

2022). The 1D velocity profile at BOLL extracted from this-study 3D Vs model is superimposed in dark red. 
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3.2. Noise-based Horizontal-to-Vertical Spectral Ratios (HVSR) 

The same ambient noise dataset has been used to compute Horizontal-to-Vertical Spectral 

Ratios (HVSR) at each node position. HVSR measurements are commonly carried out to 

assess the local fundamental resonance frequency of the medium (e.g. Nakamura, 1989; 

SESAME team, 2004). We computed HVSR curves using 1 day of data chosen arbitrarily 

(day 63: Tuesday, March 3, 2020). The HVSR curves were computed on 100-s-long 

windows using the Geopsy software (Wathelet, 2008; Wathelet et al., 2020). We applied 

STA/LTA filtering to remove transient signals in the continuous recordings. The spectral 

ratios were computed by using the average of the horizontal components. Criteria of 

reliability based on recommendations from the SESAME project (SESAME team, 2004) are 

considered to classify measurements regarding HVSR peak typologies and to determine the 

resonance frequency. Given the density of measurements, we chose to interpret only HVSR 

peak with amplitude larger than 3. Figure 3 displays a few examples of HVSR curves 

obtained.  

Fig. 3 – Examples of HVSR curves measured. Black lines stand for single HVSR computed on 100-s-long 

signals. The solid (resp. dashed) red line stands for the mean (resp mean +/- one standard deviation) HVSR 

curve. The top line shows examples of interpreted HVSR curves on top of the sedimentary canyon (with a 

clear low frequency peak, from which f0 is deduced, left) and on nearby rock outcrops (flat HVSR curve, 

right). The bottom line shows HVSR curves that were not interpreted, because of the absence of a clear peak 

(left) or amplitude lower than 3 (right).  

The fundamental resonance frequency f0 is associated with the peak measured at low 

frequency on the HVSR curves. From this HVSR-deduced f0 and an estimate of the time-

average Vs in the sedimentary filling (Vs_sed), one can deduce an estimate of interface depth 
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(H) using the classical formula f0=Vsup/4H (Ibs-von Seht and Wohlenberg, 1999) for each 

HVSR measurement (i.e. every node location). Here, we used 1D Vs profiles extracted from 

ANSWT 3D model (discussed in section 3.1) at each node location to compute Vs_sed 

locally. The resulting f0-based surface will be discussed in section 4 in comparison to 

imaging features revealed by the other approaches considered in this study.  

3.3. Processed active seismic reflection data 

To set the structural framework for the interpretation of the seismic profiles, several 

geological sections were made in the area based on the geological maps and borehole 

information extracted from the BRGM InfoTerre database (BSS) (Figure 4, bottom). A 

detailed analysis of all digitized drilling documents such as geological logs, water boreholes, 

etc. was then carried out. The dataset was integrated into a geophysical model on a 

workstation with Kingdom software. The few boreholes available in the area provide 

calibration points, in particular regarding the depth of the interfaces identified in the 

boreholes of St-Paul-Trois-Châteaux and Pierrelatte. One of the seismic profiles is being 

reprocessed to estimate the velocity of the compressional waves (Vp). In the meantime, some 

data at larger scale suggest that the overall Vp velocity in the Pliocene filling is on the order 

of 2000 m/s (J.-L. Rubino, pers. Comm., Roure et al., 2009), which allows the two-way time 

expressed in milliseconds to be converted to first order into meters. From this assumption, 

all the available MES horizons were then converted to depth to produce a 3D topography of 

the MES, using borehole information and rims identified on map or on field as constraints. 

This topography will be discussed in section 6 in comparison to features revealed by the 

other imaging approaches. 
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Fig. 4 – Up: example of interpreted seismic line (profile P4) clearly showing the Messinian Erosional Surface 

(MES) concealed by the thick Pliocene series. This E-W 6-km-long profile (see location on Figure 1) cuts the 

“Lapalud” island which is a paleo relief of lower to upper cretaceous detrital sediments. The Urgonian 

limestones shows a gentle slope dipping eastward. Some perturbations in the series could be attributed to reef 

formation. The vertical scale is in two-way traveltime and this scale can be at first order converted in depth (1 

ms = 1 m) considering Vp estimates in the canyon filling of about 2000 m/s. Down: geological cross section 

performed previously to the seismic line interpretation. The central part of this section broadly corresponds to 

the seismic line P4. 

4. Comparison and first interpretation.

Figure 5 shows the comparison of the surfaces deduced from the 3 geophysical approaches 

considered in this study. Discrete depth values estimated in the area have been interpolated 

to produce these surfaces. At first order, we find good agreement between the different 

imaging approaches considered in terms of overall geological structure. For example, the N-

S imprint of the Rhône Messinian Canyon in the eastern part, deepening southward is 

revealed by the 3 figures. We also observe the paleo-canyon of the Ardèche river in the very 

southeastern area. In the detail, the 3 images show some differences. We propose here some 

explanations for these discrepancies, based on the assumptions behind each method. 

Fig. 5 – Comparison of interpolated surfaces (using topo2raster tool in ArcMap software) deduced from the 3 

imaging approaches considered in this study: the MES deduced from the interpretation of seismic reflection 

profiles (left), interface of the main contrast inferred from HVSR-based f0 (middle), isovelocity Vs=1200 

m/s deduced from ANSWT (right). It is worth noting that some f0 values have not been considered to build 

the background surface via the interpolation. These values are shown by stars and white outlines in the 

middle figure. Bottom sketches give a first interpretation of features revealed by the different approaches.  

The methods considered are based on geological observations and on different physical 

properties of the seismic waves, thereby revealing different geological or geophysical 

features. The interpretation of the seismic reflection profiles allows for imaging the geometry 

of the geological layers and interfaces, in particular the morphology of the canyon through 

the MES (figure 5 left). By contrast, ANSWT provides a seismic velocity model, in which 

interfaces between geological layers would be expressed through Vs contrast. In other 

words, 2 different geological layers with similar Vs will not be distinguished in the ANSWT 

image (see illustration on the right sketch on Figure 5). As for the depth interface estimated 

from HVSR measurements, it is worth noting that the estimation of the depth interface relies 

on local 1D assumption that presents some limitations in incised valleys with 2D/3D 
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geometry. Figure 5 (middle) therefore needs to be considered as first-order exploration 

particularly at the edges of the canyon.  

However, the surface deduced from HVSR also reveals features we do not attribute to this 

local 1D approximation. By contrast to the other 2 methods, the interface depth deduced 

from HVSR shows a surface that dips slightly to the southeast, as expected for the Urgonian 

limestones in the geological model of the area. This surface is thus interpreted as the 

signature of the impedance contrast located at the top of the Urgonian formation. However, 

in the southern central area, HVSR does not map the top of the Urgonian formation but a 

much shallower interface (see sketch in the middle of Figure 5). This could be related to our 

interpretation of HVSR peaks. Indeed, here we only interpreted clear peaks for which HVSR 

amplitude is higher than 3. Some broad low-frequency peaks with amplitude lower than 3 

were not taken into account to avoid an overinterpretation of HVSR curves. This shows that 

assumptions made to guide the f0 measurement (on amplitude, width of the peaks) 

necessarily impacts the interpretation. Indeed, in complex geological setting such as the one 

in this area, different discontinuities can cause seismic resonance leading to multiple peaks 

in HVSR curves (see discussion on the influence of two superposed geological layers in 

Cushing et al., 2020). Depending on the criteria used, the picked frequency may correspond 

to different interfaces probably reflecting the interface that causes the main 1D resonance 

and therefore not necessarily a unique continuous geological interface. However, this “main” 

resonance can be seen as a characteristic feature of the underground structure in terms of 

seismic response. To conclude, this comparison between 3 different methods raises the 

question of the nature of the dominant interface in terms of seismic site response (top of the 

Urgonian Limestones vs MES) and its continuity throughout the target zone. This will be 

addressed in ongoing studies in the area, including through numerical simulations.  

5. Conclusion and perspectives 

This paper presents preliminary results using combined geophysical and geological 

approaches to get a first 3D characterization of the Earth’s subsurface in the Tricastin area. 

Each geophysical method presents its own advantages, limitations, and relies on different 

assumptions. The results provided by the different imaging approaches considered are 

complementary (Vs, geometry of geological layers, interfaces causing the dominant 

resonance) and the first comparison presented in this article highlights the interest of 

comparing these different results to obtain an overall picture of the subsurface conditions of 

the site. 

This paper must be considered as a progress review of our ongoing project in the area. 

Further studies are underway to refine these first results. For example, the ANSWT Vs model 

presented here is considered as a first-step 3D Vs model. It needs some improvements 

especially in the area of strong lateral contrasts, in this context of complex geological 

medium. This work is being made within the framework of two collaborative projects: first, 

the French-German DARE project funded by the French and German national research 

agencies (“Using dense seismic arrays for the estimation of site effects in low-to-moderate 

seismicity regions – Application to the Rhône Messinian canyon”, 2020-2023). In this 

framework, we are pursuing the imaging study to refine the characterization of the medium 

and in a second phase, to evaluate the impact of this complex geological structure on the 

seismic ground motion through different approaches (numerical and empirical approaches). 

As for the geological model, this will be further studied in the context of a collaboration that 
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is being set up around the geological study of the Messinian canyon in the Rhône Valley, at 

larger scale.  
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Abstract: The use of the HVSR method on single-station microtremor measurements is well documented 

in small alluvial plains for bedrock mapping. In large sedimentary basins, like the Po Plain, its application 

is still debated. To shed some light on this issue, we investigated two seismogenic structures buried below 

the Po Plain Quaternary deposits: the Mirandola and Casaglia anticlines. We acquired and analysed a 

dense distribution of HVSR data covering the two areas and mapped the frequency and amplitude values 

of the observed resonance peaks. The top of both anticlines is highlighted by high amplitude peaks 

picturing E-W elongated sectors with high-impedance contrast, where Quaternary deposits are reduced in 

thickness to about 100-130 m and directly overlay the Pliocene (Mirandola) and Miocene (Casaglia) 

marine units. In Mirandola, the high-amplitude peaks also correspond to higher resonance frequencies, 

while in Casaglia the distribution of resonance frequencies is relatively uniform. The combination of peak 

frequency and amplitude information on a dense grid of measurement points is thus confirmed to be useful 

for identifying and mapping buried geological structures such as structural highs. Further modelling is 

being carried out to estimate the depth of the surface responsible for the observed resonances, through 

calibration with borehole information. 

Keywords: Seismic hazard, blind anticline, single station microtremor, HVSR 

1. Introduction

The Mirandola and Casaglia anticlines are two buried fault-propagation folds that started 

forming during Quaternary due to the seismogenic activity of blind segments belonging to the 

broader Ferrara Arc (Po Plain, Italy, Fig. 1). The last reactivation was during the May 2012 

Emilia sequence (20 May, Mw 6.1 and 29 May, Mw 5.9 earthquakes, Pondrelli et al. 2012).  

Above these structures the thickness of the marine and continental deposits of the Po Plain 

foredeep is particularly reduced. In order to better define the shallow geometry of these tectonic 

structures, we investigated a depth range intermediate between the surficial morphological 

observations and seismic profiles information.  

The results of a previous study carried out in correspondence of the Mirandola anticline area 

(Tarabusi and Caputo, 2017) represent the starting point of this research, in which we largely 

increased the dataset and extended the method to the area of the Casaglia anticline, where the 

stratigraphy and the relationships between the subsoil units are however partly different. 
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Numerous passive seismic measurements devoted to obtaining the horizontal-to-vertical 

spectral ratio (HVSR) were performed both to integrate those already acquired in the Mirandola 

area, for improving the subsoil model, and, above all, for characterising the area of Casaglia, 

previously not investigated. 

A detailed modelling is currently in progress i) to highlight the stratigraphic differences 

between Mirandola and Casaglia areas, ii) to estimate the depth of the seismic bedrock, and iii) 

to identify the areas where a greater amplification in ground motion is expected to occur in case 

of seismic shaking. The preliminary results are very promising and confirm that this technique 

is suitable to verify, extend and integrate the stratigraphic data. 

Fig. 1 - Map of the two investigated areas (red boxes): Mirandola to the west and Casaglia to the east. Modified 

from Bigi et al. (1992). 

2. H/V data

We analysed a set of 372 single-station microtremor measurements acquired in the Mirandola 

(152) and Casaglia (220) areas, following as a standard the well-tested SESAME criteria (Bard

et al., 2005). We identified HVSR resonance peaks at all sites and observed characteristic

features of their shape. In particular, the peaks tend to be high-amplitude and narrow (Fig. 2b)

within the centre of both investigated areas and much lower and wider in the outer areas (Fig.

2a). Maximum observed H/V amplitudes are close to 8 in Casaglia and 6 in Mirandola.
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Fig. 2 - H/V curve examples and individual spectral components of motion. a) a low-amplitude, wide H/V peak. 

b) a high-amplitude, narrow H/V peak.

3. H/V peak frequencies and amplitudes

We extracted the frequency and amplitude values of all HVSR resonance peaks and created two 

colour-coded maps for representing the distribution of the peak amplitude (A) and frequency 

(f0) in both study areas. The maps document the presence of sectors characterised by large 

resonance phenomena, testified by high-amplitude resonance peaks. In the Mirandola area, the 

larger amplitude values also correlate with the higher resonance frequency values, highlighting 

the crestal zone of the buried Mirandola anticline (Fig. 3). In the Casaglia area, instead, the 

frequency distribution is relatively uniform, while a clear E-W oriented high-amplitude sector 

is clearly visible in the amplitude contour map (Fig. 4). 

The high-amplitude sectors correspond to marked resonance phenomena, sharply decreasing 

towards north and south. We interpret the highest amplitude values and general trends in the 

two maps as a result of laterally changing impedance contrast occurring within the Pliocene-

Quaternary stratigraphic succession. The highest values are observed on top of the Mirandola 

and Casaglia anticlines, where the thickness of the continental Quaternary deposits is generally 

reduced (less than 100 m in Mirandola and about 130 m in Casaglia) and they directly overlay 

the Pliocene (Mirandola) and Miocene (Casaglia) marine units. 

It is interesting to note that the Casaglia anticline, unlike the Mirandola one, seems to not affect 

the HVSR frequencies (Fig. 4a), though it is clearly depicted in the map based on the amplitude 

values (Fig. 4b). This is due to the fact that the frequency (and therefore the depth) of the surface 

that generates the (major) impedance contrast in the Casaglia anticline zone (about 0.7 Hz) 

roughly coincides with a different stratigraphic surface located within the Quaternary sequence 

in the surrounding areas of the Po Plain (about 0.7 Hz but with lower amplitude values; 

Mascandola et al. 2019). 

46253ECEES, September 2022, Bucharest, Romania



Fig. 3 - H/V peak frequency (a) and amplitude (b) distributions at the Mirandola anticline. The black triangles 

are the single-station microtremor measurements used in the interpolation. 

4. Conclusions

The results of the present study, though preliminary, show how the systematic application of 

the HVSR method over a relatively dense grid of measurements covering a wide area allows 

the identification, for example, of folded surfaces in the shallow subsoil in agreement with the 

deeper tectonic structure reconstructed from seismic reflection profiles. The spatial patterns of 

A and f0 in correspondence of the Mirandola and Casaglia anticlines nicely fit the available 

geological information derived from boreholes and seismic reflection profiles carried out for 

hydrocarbon purposes. 

Further data acquisition and modelling is being carried out to estimate the depth of the surface 

responsible for the observed resonances, through the calibration with borehole stratigraphic 

logs and direct measurements of Vs.  

Although the capacity to identify and reconstruct the geological and seismic bedrock surfaces 

in restricted alluvial plains by means of microtremor analysis has been clearly documented (e.g. 

Mantovani et al., 2018), in large sedimentary basins, such as the Po Plain, it is a much debated 

topic generally investigated only at a large scale (Mascandola et al. 2019, Martelli, 2021). In 

correspondence of buried structural highs, where these two surfaces coincide, the proposed 

approach allows modelling with good resolution the depth variations of this surface, and this 

information could contribute to better estimate the local seismic response. 

Maps showing the distribution of resonance frequencies combined with the corresponding 

HVSR amplitude values are of utmost importance for the identification of areas characterised 
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by high impedance contrast, where greater seismic amplification is expected in case of 

earthquake.  

Fig. 4 - H/V peak frequency (a) and amplitude (b) distributions at the Casaglia anticline. The black triangles are 

the single-station microtremor measurements used in the interpolation. 
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Abstract: Passive seismic measurements of ambient vibration developed into a powerful 
tool for site characterization and found numerous applications on unstable slopes and rock 
slope instabilities. We applied site characterization from ambient vibration measurements to 
a rock mass strongly disturbed and damaged by subsurface explosions at the site Mitholz 
(Switzerland), where in 1947 an ammunition storage with around 40 t TNT exploded 
accidentally. The location of the tunnels and caverns are well known today, as well as the 
degree of degradation caused by the subsurface explosions. We conducted a seismic 
experiment in 2019 and analysed measurement data using current state-of the-art seismic 
single-station and array methods. We mainly focused on surface-wave dispersion analysis, 
wave field polarization, wave amplification, site-to-reference spectral ratios and analysis of 
normal-mode behaviour. A numerical rock mechanical model in UDEC was calibrated using 
the elastic properties from the results of this analysis. The numerical model simulated the 
stability of the disturbed rock mass during seismic loading and thus provided an assessment 
of earthquake risk. 

Keywords: risk assessment, coseismic failure, ambient vibration, seismic stability 
assessment, explosion-induced damage  

1. Introduction

In 1947, parts of the Mitholz ammunition repository were destroyed by an uncontrolled 
explosion, causing severe damage to the tunnel storage system and to the village of 
Mitholz, including nine fatalities and many homeless people (Aebi, 1969). The explosions 
of 1947 not only completely damaged part of the tunnel system but also the rock mass 
above and beneath the tunnels. Ambient vibration measurements were performed to 
characterize the rock mass damaged from the subsurface explosions at the Mitholz site in 
1947 (Glueer et al., 2021). Using array methods like site-to-reference spectral ratios, 
normal-mode behaviour and surface wave dispersion as described e.g. in Burjanek et al. 
(2012a), Kleinbrod et al. (2019) and M. Häusler et al. (2021). This allows for describing 
and interpreting the seismic response of the rock mass in terms of resonant frequencies, 
relative seismic amplification and normal-mode shapes. 
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Figure 1. Location and overview of the Mitholz subsurface ammunition storage a) Digital elevation model of 
the surroundings of the former Mitholz ammunition depot with location names on the LiDAR-elevation-

model from swissALTI3D from 2016; b) the location of Mitholz (big circle) and of historic earthquakes (grey 
dots) larger than Magnitude 5 in Switzerland (geodata source: Swiss Seismological Service and Earthquake 

Catalogue of Switzerland (ECOS-09); c) historic aerial image of Mitholz after the explosions from January 8, 
1948 (Aebi, 1969, picture 22484); d) Overview of the measuring configuration at Mitholz with orthoimage 

from swisstopo (2014), the grey lines frame the approximate location of the tunnel system with the destroyed 
train tunnel ~100 m below the surface of Flue as well as the location of cracks and fissures reported during 

the construction (Ständer, 1942); coordinates in WGS84 (modified from Glueer et al., 2021). 

The Mitholz underground ammunition storage is located in Switzerland at an altitude of 
around 1000 m a.s.l. at the eastern flank of the Kander Valley inside a large cubical-shaped 
rock plateau (Figure 1a, 1c). Before the explosion in 1947, a railway tunnel at the western 
end of the plateau connected six chambers with each other. Today the tunnel system 
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consists of six chambers with a connecting tunnel running orthogonal through the middle 
of the chambers (Figure 1d). The Jurassic-Cretaceous limestone (Oerli and Valanginien 
Formations; Flück et al. (1993)) of the tunnel system and its surroundings is characterized 
by a tectonic fault (Mitholz fault) and several smaller fault-systems (Figure 1d). Due to a 
morainic cover these fractures are not visible at the surface of the Flue (Schneider, 2019). 
Around 255’000 m3 of rock mass mobilized during the accidental detonations of 1947, 
leading to the formation of a large debris cone ahead of the storage site (Figure 1c). The 
Mitholz-fault causes the rock wall formation Dreispitz to be completely disconnected from 
the in-situ rock and to lean against the rock wall (for location see Figure 1d). 

2. Methods 

In 2019 ambient vibration measurements at Mitholz were conducted within the tunnels and 
on the meadow. We applied several state-of-the art methods to analyse our ambient 
vibration data (Glueer et al., 2021): 
(1) We performed normal-mode analysis using the Frequency Domain Decomposition 

(FDD) technique (Brincker et al., 2001). We followed the procedure suggested by M. 
Häusler et al. (2019) and excluded station 110 (at Dreispitz) and the stations inside the 
tunnel (112 and 113). Station 110 was excluded from FDD due to its very large 
amplification factors, degrading the quality of the normal-mode analysis involving all 
stations. Station 120 was used as a reference station (for location see Figure 1d). We 
performed a second FDD analysis using only the three stations located on Dreispitz, 
with station 108 as a reference.  

(2) The time-frequency polarisation analysis (TFPA; (Burjanek et al., 2010; Burjanek et 
al., 2012b) gives insight into the ground’s particle motion by describing the 
polarization as an ellipse in space, namely by two angles (azimuth from North and dip 
from horizontal of the major axis) and a value of the ellipticity. An ellipticity close to 0 
indicates linear ground motion, whereas a ratio of 1 means circular movement of the 
ground particles. Typical values for the ellipticity in hard-rock sites lie between 0.3 and 
0.4 (Burjanek et al., 2014). 

(3) To eliminate source and path specific effects (i.e. that only signatures related to the 
local rock mass remain), we calculate the site-to-reference spectral ratio (SRSR, 
(Borcherdt, 1970; Perron et al., 2018). The output of the SRSR is a frequency-
dependent amplification function of ground motion with respect to the reference station 
and can be used to identify resonant frequencies caused by local geological features. It 
has been proven that the degree of rock mass fissuring/destruction is expressed in the 
amplification factors with respect to the presumably stable reference site (Gischig et 
al., 2015). To group stations with a similar seismic appearance, the relative 
amplification curves were automatically clustered following the approach by Mauro 
Häusler et al. (2022) and using the k-means++ clustering algorithm (Arthur et al., 2007; 
Lloyd, 1982). 

(4) To retrieve dispersion curves of geological structures we use three-component high 
resolution beamforming in the frequency-wavenumber (f-k) domain (Poggi and Fäh, 
2010). Even though the prominent fracture sets show persistency of several tens of 
meters (as some fractures within the tunnels daylight and reach the surface at 
Dreispitz), it is supposed that the fractures are mainly filled and cemented and thus 
don’t hinder the propagation of waves.  
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3. Seismic response of the investigated site, analysis of the earthquake stability
and its interpretation

Based on ambient vibration data, the site was characterized in terms of ground motion, 
polarization and amplification. The ambient vibration measurements at Flue (Figure 1d) 
around 100 m above the tunnel system show an increased amplification of the signal just in 
the destroyed section of the tunnel system. The ground motion has a dominant E-W 
deflection and a maximum amplification of 6 to 7 in direction of polarization (Figure 2a, 
2e). This mirrors the dominant local fracture and fault system as these systems strike N/S 
and enable the rock mass to vibrate E-W, which is represented in the E-W deflection of the 
polarization data. These results build on the observation that the rock wall bounding the 
meadow Flue, which strikes N/S, enables the rock mass in the western part of the Flue to 
tilt westward. In front of Dreispitz this freedom to tilt westward is bounded by the 
connection to the Dreipsitz towers. Further the ambient vibration data permit to see a 
structural connection between the structure Dreispitz and Flue, since signals show strong 
similarities at frequencies around 3 Hz. Seismic wavefield polarization and normal-mode 
analysis at the site Flue indicate a normal-mode behaviour at 3 Hz, probably due to a 2D 
structure with degraded material supposedly limited by the existing fracture system (Figure 
2e). Measured dispersion curves of surface waves allowed us to define a range of shear 
wave velocity (Vs) values in the structure above the tunnels. Measurements support our 
hypothesis that a rock mass disturbed from subsurface explosions shows a similar ambient 
vibration signal as rock slopes instabilities do. The normal-mode behaviour clearly 
indicates a volume-controlled behaviour (as described in Kleinbrod et al. (2019)) caused 
by the large fracture systems and an increased rock mass degradation induced by the 
explosions, directly influencing the overall elastic properties of the rock mass. Detailed 
analysis can be found in Glueer et al. (2021). 

One of the key risks for the still buried 3`500 t of ammunition at Mitholz has been seen in 
triggering through earthquakes. Within 40 km distance from Mitholz, earthquakes with 
moment magnitudes Mw = 5.7 (1755 Brig), Mw = 6.2 (1855 Visp) and Mw = 5.8 (1946 
Sierre) are known to have reached maximum intensities of VIII (European Macroseismic 
Scale, EMS98, Grünthal (1998), Figure 1b). The earthquake stability of the Mitholz tunnel 
system, in particular of the collapsed train tunnel, is assessed in more detail with numerical 
models. We performed the analysis of the earthquake stability in three steps: Ambient 
vibration measurements are used to quantify at which frequencies and how strong shaking 
is amplified during an earthquake. Calibration of the numerical model was performed by 
varying the Young’s modulus until resonant frequency and amplification factors modelled 
by UDEC agreed with the observed field data. The calibrated model is then used to 
compute the effect of earthquakes on the subsurface structures by applying a selection of 
earthquake records with magnitudes Mw in the range 5.3–6.6. The earthquake ground 
motions were taken from the database of the USGS software SLAMMER (Jibson et al., 
2013). The distinct element discontinuum-based 2D modelling software UDEC 6.0 (Itasca, 
2019) was used to model earthquake stability since it has been successfully applied in 
similar studies before, e.g. Gischig et al. (2015).  

Three deformation patterns emerge when using different earthquake scenarios in UDEC 
showing different levels of damage in the rock mass. For each of these deformation 
behaviours we interpret a corresponding typical hazard pattern (see Figure 2b-2d).  

- Deformation pattern 1:
slight deformations around the tunnel (mm) causing small falls (Figure 2b);
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- Deformation pattern 2:  
medium deformation (cm) with falling blocks and partial collapse of the remaining 
tunnel structures (Figure 2c); 

- Deformation pattern 3:  
considerable dislocations (several cm) with the possibility of a complete collapse of 
the tunnel (Figure 2d). 

 
Figure 2. Seismic response and analysis of earthquake stability at Mitholz; a) location map of the stations 

with assignment to different clusters, the current tunnel system around 100m below, fracture systems and the 
SRSR map of the east-component (direction of main polarization) for 3 Hz fundamental frequency; b) typical 
deformation pattern 1 with falling blocks, c) deformation pattern 2 with a partial collapse of the train tunnel 

and d) deformation pattern 3 with downbursts from the Mitholz-fault modelled in UDEC with different 
earthquake scenarios; e) SRSR mean curves for cluster 1-3 in the direction of maximum amplification; f) 
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Hazard curves for PGA with return period (Swiss seismic hazard model: http://efehr.org), the red lines 
represent deformation pattern (1)-(3) (Modified from Glueer et al., 2021). 

The deformation patterns or damage levels were put in the context of probabilistic seismic 
hazard which enables an assessment of the return periods of earthquakes being potentially 
problematic for the site. Comparing the hazard values for the threshold peak ground 
accelerations (PGAs) shown in Figure 2f, it is possible to estimate an 8% probability of 
exceedance in 50 years for deformation pattern 2. This corresponds to earthquakes with a 
return period of about 600 years (range of 200–3,000 years within the 5–95% percentiles). 
For deformation pattern 3 with 2% probability of exceedance in 50 years, earthquakes with 
a return period of about 2,500 years (a range of 800–16,000 years with the 5–95% 
percentiles) are expected. 

4. Conclusions

The results of ambient vibration measurements enabled the calibration of a numerical 
model for the earthquake stability assessment of a tunnel system damaged by subsurface 
explosions. We classified the Mitholz site from ambient vibration measurements according 
to the classification proposed and described in Kleinbrod et al. (2019). In this sense the 
Mitholz site is a volume-controlled site with a clear resonant frequency and normal-mode 
behaviour, which was the key for calibrating the numerical model. Coseismic stability 
assessment of landslides is rarely conducted yet and the method described in this paper 
could be applied to potential mass movements as well. Therefore, this study provides a 
new strategy to use different approaches for the calibration of numerical models based on 
geophysical measurements being an important input to a better understanding of coseismic 
events. Detailed information related to the study can be found in Glueer et al. (2021). 
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Abstract: From a one-dimensional shear-wave velocity profile, the quarter-wavelength 

approach allows computing travel-time averaged parameters such as velocity and impedance 

contrast. The advantage of such a procedure is the possibility of relating the averaging depth 

to a specific wavelength, thus making the result frequency-dependent. In this study we 

converted a set of velocity profiles into its quarter-wavelength representation. Results are 

then correlated with empirical amplification functions. For this purpose, we use a database 

of empirical amplification functions and shear wave profiles of the Swiss seismic network. 

We demonstrate that quarter-wavelength parameters can be used as proxy for seismic site 

characterization of rock and soft sediment sites and to derive site-dependent amplification 

functions.  

Keywords: shear wave velocity, subsoil structure, site amplification, quarter-wavelength. 

1. Introduction

A site-specific seismic hazard assessment requires a model of ground motion amplification 

for the investigated area. The empirical site response can be investigated by using 

techniques based on earthquakes analysis such as standard spectral ratio (SSR; Borcherdt, 

1970), empirical spectral modelling (ESM; Edwards et al., 2013) or horizontals-to-vertical 

spectral ratio (HVSR; Lermo and Chávez-García, 1993). Other techniques are instead 

based on ambient vibration recordings (HVNR; Nakamura, 1989). Among these, the SSR 

and ESM are the most powerful, because they allow us to retrieve the amplification 

function of the investigated site.  

An increased number of studies is nowadays available where frequency-dependent site 

amplification is mapped on large urban areas or at national level (Lachet et al., 2016; 

Panzera et al., 2022). However, to extend site specific amplification information to sites 

where no direct empirical amplification assessment is available, different kinds of 

correlation with direct or indirect proxies have been recently proposed (Bergamo et al., 

2020; Zhu et al., 2020; Panzera et al., 2021).  

In this paper we provide an example of converting shear-wave velocity (Vs) profiles 

derived from site characterization field campaigns to quarter-wavelength parameters 
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(QWL; Joyner et al., 1981; Boore, 2003). The QWL approach proves to be advantageous 

for the characterization of the ground motion at the surface and the retrieval of a first order 

estimate of the site amplification function. In particular, we correlate QWL velocity 

(VQWL) and QWL impedance contrast (ICQWL) with ESM functions of the national seismic 

networks of Switzerland (Edwards et al., 2013). From that, we derive a set of coefficients 

that can be used to predict amplification in Switzerland on sites where velocity profiles, up 

to a sufficient depth corresponding to the lower most investigated frequency, are available. 

2. Dataset 

The national seismic networks of Switzerland comprise of about 200 permanent stations 

equipped with seismic accelerometers and/or velocimeters (respectively part of the strong 

motion - SSMNet and broadband – SDSNet networks), homogenously distributed over the 

Swiss territory. A soil class based on S-wave measurements is assigned to many of the 

station sites. In particular, seismic stations have been characterized using passive and/or 

active seismic methods (Michel et al. 2014; Hobiger et al., 2021) to retrieve the Vs profiles 

of the sites. 

For the SSMNet and SDSNet stations, ESM functions are routinely computed by the Swiss 

Seismological Service (SED) after each earthquake, based on the empirical spectral 

modelling (Edwards et al. 2013) of recorded waveforms. The method is similar to the well-

known approach in which source, path, and site effects are separated through a generalized 

inversion (GIT, Field and Jacob, 1995), but with a parametric representation of its 

components. For each recorded event, the earthquake spectrum is computed by accounting 

for source specific properties (moment magnitude and stress-drop), regional geometrical 

decay and path attenuation (Edwards and Fäh, 2013). The site-specific term is finally 

modelled as: 

  (1) 

where  is the average site amplification relative to the unknown reference rock profile 

(the average amplification over all frequencies), k is the site-related attenuation operator 

(e.g., Anderson and Hough, 1984) and  is the frequency-dependent site amplification 

function. With time, after many processed earthquakes, the robustness of the station 

amplification results improves (Edwards et al. 2013), as multiple single-event 

amplification functions stack up following a consistent pattern. The site amplification 

functions ESMs are all referenced with respect to the Swiss standard rock profile defined 

in Poggi et al. (2011). 

3. Methodology 

The QWL approximation can be used as a direct proxy for the site characterization. The 

average QWL shear-wave velocity (VQWL) can be obtained for a specific frequency by 

travel-time averaging over the input profile: 

  (2) 

Frequency dependent amplification factors can then be estimated as square root of the 

seismic impedance ratio between QWL at each averaging depth and the reference (e.g. the 

bedrock). Poggi et al. (2012) therefore introduced the concept of quarter-wavelength 

impedance contrast (ICQWL), which can be defined as the velocity contrast obtained from 

the ratio of two quarter-wavelength average velocities: 
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(3) 

Edwards et al. (2011) and Bergamo et al. (2020) observed a clear correlation between 

ground motion amplification and . Poggi et al. (2012) extended the concept to soft 

sites by introducing the  in the correlation. The relationship between the observed 

amplification and QWL parameters can be modelled as: 

(4) 

We use a set of 114 Swiss seismic station sites for which an ESM and a VS profile are 

available. We estimate the three-dimensional (3D) correlation (Fig. 1) by finding the 

regression coefficients a, b and c of the equation (4) for a set of discrete frequencies in the 

range between 0.65 and 8.5 Hz. These coefficients are useful to reconstruct the generic 

amplification function of typical sites in Switzerland with Vs profiles down to a sufficient 

depth (Fig. 1). 

Fig. 1 – Left panel: example of the 3D correlation between the ESMs, the VQWL and the ICQWL parameters at 

a frequency of 1.46 Hz. Right panel: example of comparison between empirical and predicted amplification 

functions at the seismic station SEPFL by using regression coefficients from the 3D correlation at defined 

frequencies.  

4. Conclusions

In this work we use Vs profiles from sites of the Swiss seismic networks to correlate the 

quarter-wavelength parameters VQWL and ICQWL with ESMs. From that, we derive a set of 

regression coefficients (a, b and c of equation 4) for a set of discrete frequencies in the 

range between 0.65 and 8.5 Hz. The predictive model could potentially be used to estimate 

the ground motion amplification function at any sites with a known Vs profile. The method 

provides generally consistent results for most of the Swiss sites, but exceptions are 

nonetheless present. For example, considerable deviations from prediction are observed for 

sites with strong 2D/3D effects or velocity reversals. Therefore, we are investigating the 

possibility of including further prediction proxies into the modelling, which could account 

for additional site properties. 
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Abstract: 

We investigate the structure of the Mediterranean lithosphere and the sub-

lithospheric mantle by surface waves that are mainly sensitive to the 3-D S-wave velocity 

structure at those depths. A high-resolution upper mantle tomographic study down to about 

300 km depth helps to identify shallow asthenospheric volumes that are characterized by 

low S-wave velocities between about 70 km and 250 km depth, and distinguish between 

five major shallow asthenospheric volumes in the Circum-Mediterranean: the Middle East, 

the Anatolian-Aegean, the Pannonian, the Central European, and the Western 

Mediterranean Asthenospheres. Remarkably, they form an almost continuous circular belt 

of asthenospheres interrupted only by the thick Permo-Carboniferous oceanic lithosphere 

in the eastern Mediterranean (e.g., El-Sharkawy et al., 2021).  

Integrated Geophysical-Thermomechanical modelling results indicate a remarkable 

variability of the lithospheric thickness across the area. The lateral variation of the 

lithospheric thickness as well as the distribution and properties of shallow asthenospheric 

volumes in the Circum-Mediterranean region are discussed and related to the spatial-

temporal occurrence of intraplate and subduction related volcanism as well as to the 

topography in, for example, the western Mediterranean, central Europe, the Pannonian 

Basin, the Anatolian region and the Middle East.  

Keywords: 

Phase velocity tomography, Thermomechanical modelling, Cenozoic volcanism, 

Asthenospheric volumes, Lithosphere-Asthenosphere boundary, Heat flow, Topography 
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Fig. 1: Shear wave velocity (Vs) map at 100 km depth via the tomographic model MeRE2020. 

Velocity perturbations are shown with respect to a reference average velocity. 

 

Introduction 

 

The present-day lithosphere in the Circum-Mediterranean area has been formed through 

multiple orogenies, with accompanying subduction related magmatism, and additional 

modification by various cycles of regional tectonic movements and intraplate magmatism 

(e.g. Delph et al., 2017; Faccenna et al., 2003; Van Hinsbergen et al., 2019). During the 

Cenozoic, the Circum-Mediterranean and its periphery have experienced extensive and 

widespread anorogenic igneous magmatism that reflects the response of the upper mantle 

to the geodynamic evolution of this area. The exact origin of the volcanic activities and its 

relation to the underlying thin lithosphere especially in the continental areas have been 

long-lasting debated.  

 

In this work, we combine results from high-resolution shear wave tomography with 

geochemical data of radiometrically dated igneous rocks, in order to constrain the 

Cenozoic processes responsible for the evolution of the Circum-Mediterranean lithosphere. 

In addition, lithospheric thickness data are calculated and compared to the occurrence of 

intraplate magmatism, to constrain the temporal and spatial interconnection between 

lithosphere thinning and intraplate magmatism in the Mediterranean realm.  

 

Data and Methods 

A high-resolution shear wave tomographic study based on automated broad-band 

measurements of inter-station Rayleigh wave phase velocities for the upper mantle down to 
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about 300 km depth is combined with geochemical data of radiometrically-dated igneous 

rocks. In order to relate melt formation in the upper mantle with geotectonic setting, three 

broad geochemical groups of rocks were defined (i.e., Intraplate, Subduction-related and 

Mixed Origin volcanism). 

Furthermore, lithospheric thickness data and heat flow estimates are then calculated by 

mans of integrated Geophysical-Thermomechanical modelling (Fullea et al., 2021), and 

compared to the occurrence of intraplate magmatism to constrain the temporal and spatial 

interconnection between lithosphere thinning and intraplate magmatism in the 

Mediterranean realm.  

Results 

Our 3-D shear wave velocity model revealed a remarkable low velocity anomaly as a 

prominent feature down to approximately 250 km depth. We relate this to the presence of 

the shallow asthenospheric volumes at different locations across the Mediterranean upper 

mantle that might be laterally connected to each other. Results from the integrated 

Geophysical-Thermomechanical modelling reveal pronounced spatial variation in 

lithospheric thickness across the entire area. Thick lithosphere is found in the area of the 

Paris Basin and the East European Craton as well as the eastern Mediterranean whereas 

thin lithospheres is found above areas of pronounced negative shear-wave anomalies at 

depth between 70 km and 200 km. The anorogenic intraplate volcanism in the Circum-

Mediterranean appears to be associated with shallow asthenospheric volumes.  
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Abstract: Within the Vrancea intermediate-depth earthquakes epicentral area, two distinct 
adjacent zones have been identified. They differ in terms of characteristics of the included 
stream catchments, namely hypsometric curves (that indicate which fraction of a watershed 
area was spared from erosion and preserved above a given elevation) and longitudinal stream 
profiles. The observed differences were conjectured to be the result of contrasting vertical 
displacements undergone by the two delineated domains, which are separated by a boundary 
that roughly coincides with an epicenter lineament corresponding to a specific set of 
intermediate-depth earthquakes. Those earthquakes are inferred to occur at the leading edge 
of a subhorizontal fracture that propagates laterally toward the SW, along the strike of the 
subducted Moesian lithospheric plate. A consequence of this process is that the indicated 
advancing fracture edge acts as a lateral boundary separating a NE slab segment, which is 
gradually relieved of gravitational pull, from another, SW segment, that experiences 
additional vertical loading. This pattern of vertical stress distribution seems to be faithfully 
reproduced by the differential vertical ground movements outlined by the considered stream 
catchments contrasting characteristics. There is consequently provided additional evidence 
supporting a lateral detachment model as an explanation for the Vrancea intermediate-depth 
seismicity. 

Keywords: longitudinal profile concavity, hypsometric integral, density skewness, tectonic 
tilting 

1. Introduction

The bend region of the South East Carpathian mountains is concerned by an intense seismic 
activity that develops mostly at intermediate depths (60-175 km). There is accordingly 
indicated that present-day tectonic processes are steadily operating within this so-called 
Vrancea seismic zone, while associated signatures are recorded also in the  surface 
topography. Such signatures have been described and interpreted in several recent 
geomorphological studies (Gailleton et al., 2021 and references therein), yet none of those 
works specifically addressed morphometric specificities possibly displayed by stream 
catchments located strictly within the epicentral area of the intermediate-depth earthquakes. 
Our investigation aimed to fill this gap, by taking also advantage of some recent 
interpretations (Mitrofan et al., 2016) concerning the deformation regime associated with the 
Vrancea intermediate-depth earthquakes. We have specifically analyzed several small 
stream catchments (11-23 km2) which were circumscribed by water divides not exceeding 
the outer boundaries of the intermediate-depth earthquakes epicentral area (Fig. 1): 
presumably, such catchments could best mirror deformation processes that were directly 
responsible for the intermediate-depth seismic activity. Although each of the considered 
streams were of the same Strahler order, and flowed more or less in the same direction 
(eastward), the corresponding hypsometric curves and statistic moments, as well as the 
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normalized longitudinal profiles revealed significant differences, that could mirror a process 
of breakoff lateral propagation along the strike of the lithospheric slab which hosted the 
Vrancea intermediate-depth seismic activity. 

 
Fig. 1 – Map of the considered region indicating the 5th order trunk streams and their water divides, as well as 
the distribution of the analyzed 3rd order catchments (designated by numbers from 1 to 5). There are also 
indicated the epicenters of the intermediate-depth (>60 km) earthquakes occurred since 1965 and for which 
both the ISC, and the PDE (USGS-NEIS-NEIC) catalogues indicate mb≥4.7. GPS information on present-day 
vertical displacements (both uplift and subsidence, each amounting to about 5 mm/yr) was extracted from 
Schmitt et al. (2007). 

2. Seismo-tectonic setting 

The intermediate-depth (60-175 km) earthquake activity in Vrancea region develops within 
a confined seismogenic body that is approximatively 70 km long and 25 km wide (Fig. 1). 
The seismic energy release is not homogenously distributed across the corresponding 
volume. The hypocenters of each strong (M≥6.9) and moderate (M≥4.7) earthquake 
recorded since 1965 appear to be concentrated in just a few clusters (Mitrofan et al., 2016), 
positioned at different depth levels (Fig. 2b). It has also been noticed that the time of 
occurrence of virtually each of the moderate events (M 4.7-4.9) hosted by the lowermost-
positioned cluster (160-175 km depth – Fig. 2b), systematically preceded (by 3 to 4 years - 
Fig. 3) the subsequent major (M≥6.9) shock (Mitrofan et al., 2016). Moreover, all the latter 
strong events hypocenters are located in an upper-positioned cluster (80-160 km depth - Fig. 
2b): it was accordingly suggested that this shallower cluster could be subject to a long-range 
viscoelastic stress transfer, associated with the occurrence of the moderate earthquakes in 
the deeper cluster.  
The correspondingly conjectured earthquake triggering process is however different from 
the static stress transfer mechanism that Heidbach et al. (2007), Ledermann and Heidbach 
(2007), and Ganas et al. (2010) had tentatively considered in the case of the Vrancea slab. 
The lowermost cluster precursory events were always of thrust fault type, with P-axes 
parallel to the seismogenic volume strike; whereas the presumably triggered, major 
earthquakes in the shallower cluster were also of thrust fault type, but with P-axes always 
perpendicular to the strike of the seismogenic body (Fig. 2). The corresponding failure 
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regime appears to be consistent with the predictions of a numerical 3-D viscoelastic model 
(Yoshioka and Wortel, 1995), which simulated the lateral propagation of a subhorizontal 
fracture along the strike of a previously subducted lithospheric plate. The stress distribution 
accordingly postulated for the laterally advancing tip of the breakoff tear complies (Mitrofan 
et al., 2016) with the focal mechanisms of the moderate events occurred in the Vrancea 
lowermost cluster; whereas the shallower, major events focal mechanisms are in agreement 
with the failure regime expected to develop at the contact between the severed plate and its 
overriding plate.  

Fig. 2 - Views facing SW (a), and SE (b), of the Vrancea intermediate-depth seismicity domain (no vertical or 
horizontal exaggeration). The transects location is indicated in Fig. 1. Below 160 km depth, the Moesian plate 
(the “Vrancea slab”) experiences along-strike lateral break-off: away from the viewer’s plane in (a), and from 
left to the right in (b). On each transect there are projected the hypocenters (dots) of the intermediate-depth 
(>60 km) earthquakes occurred since 1965 and for which both the ISC, and the PDE (USGS-NEIS-NEIC) 
catalogues indicate mb≥4.7. Focal mechanisms are illustrated as beach-balls projected vertically, on each 
corresponding transect: for the lowermost cluster earthquakes (red), that likely corresponded to the break-off 
lateral propagation process; and for the considered period strongest (Mw≥6.9) Vrancea earthquakes (green) – 
the latter being all located in a shallower cluster. 

A similar distribution of the earthquakes hypocenters and focal mechanisms - compliant with 
the Yoshioka and Wortel (1995) model - has been identified (Mitrofan et al., 2022) also for 
the Hindu Kush intermediate-depth seismogenic body, which was widely recognized (e.g., 
Sippl et al., 2013; Molnar and Bendick, 2019) to represent the closest analog of the Vrancea 
geodynamic environment. 
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In the case of Vrancea seismogenic region, a scenario complying with the Yoshioka and 
Wortel (1995) model implies that a subhorizontal breakoff fracture is propagating laterally, 
toward the SW, along the subducted Moesian plate strike (Fig. 2b), and that a mantle 
lithosphere wedge from the overriding (Intra-Alpine) plate had been dragged deep 
downwards by the sinking Moesian plate (Fig. 2a). It is expected that under such 
circumstances, the two colliding plates are strongly coupled along a near-vertical contact 
(similar to the one postulated by Cloetingh et al., 2004) which covers more than 100 km in 
depth. 

 
Fig. 3 - Time distribution of the Vrancea intermediate-depth earthquakes associated with the two discussed 
hypocenter clusters. Arrows suggest that a lower cluster moderate event (4.7 ≤ M ≤ 4.9) could be associated 
with a long range viscoelastic stress transfer that would eventually trigger, 3 to 4 years afterwards, a major 
earthquake in the shallower cluster. 

The lateral advance of a subhorizontal tear progressively alters the distribution of the 
gravitational pull experienced by the severed plate: specifically (Fig. 2b), a gradual reduction 
of the vertical loading occurs in the NE slab section, situated above the already detached slab 
segment; while in contrast, in the still intact (i.e., not yet detached) SW slab domain, vertical 
pull increasingly concentrates. 

3. Rationale of investigating the dynamic topography response 

Numerical (Li et al., 2013; Duretz et al., 2014; Ueda et al., 2015), as well as analog (Boutelier 
and Cruden, 2017; Fernández-García et al., 2019) 3-D models have shown that in response 
to the contrasting loading regimes experienced by the above-indicated separate slab regions, 
the surface topography was expected to display, as well, differential vertical movements. 
Accordingly, also in the specific case of Vrancea epicentral area, certain land surfaces could 
be subject to uplift, while other underwent subsidence. The separation boundary between 
those two land surface domains could correspond to the lineament that included (Fig. 1) the 
epicenters of the lowermost cluster earthquakes, which - in accordance with the above-
discussed scenario - had presumably occurred at the tip of the SW-migrating breakoff 
fracture (Fig. 2).  
In order to test the differential vertical displacements hypothesis, we have selected, on each 
side of the indicated epicenters lineament, several catchments belonging to streams which 
flowed roughly parallel to the lineament (Fig. 1). 
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The main drainage divide of the South East Carpathians strikes roughly SSW-NNE and is 
located 20-30 km to the northwest with respect to the epicentral area of the Vrancea 
intermediate-depth earthquakes (Fig. 1). Subject to this configuration, the epicentral area is 
traversed by several major stream courses of Strahler orders 4 (Bâsca Mică) and 5 (Zăbala, 
Bâsca Mare). Those main streams have their headwaters on the southeastern flank of the 
water divide and flow essentially to the southeast. Our analysis of the land surface 
differential vertical movements did not address however these trunk streams, since their 
catchments likely mirrored complex deformations, which were not strictly related to the 
domain concerned by the intermediate-depth earthquakes occurrence. Instead, we considered 
a series of eastward flowing small tributaries of Zăbala and of Bâsca Mică: all corresponding 
catchments (numbered from 1 to 5 - Fig. 1) are of 3rd order and their surface areas are small 
enough (11-23 km2) for being virtually entirely encompassed within the Vrancea 
intermediate-depth earthquakes epicentral domain; therefore, the main deformation 
processes expected to concern such catchments are likely those which are responsible also 
for the intermediate-depth earthquakes occurrence. 

4. Investigation approach and obtained results

For outlining evolution specificities recorded by each considered catchment we have used 
two sets of geomorphic metrics: (i) the longitudinal normalized river profiles and related 
morphometric parameters (Pérez-Peña et al., 2017); (ii) the hypsometric curves and 
associated statistical moments (Pérez-Peña et al., 2009). 
Concave longitudinal profiles are characteristic of streams for which erosion is perfectly 
balanced by regional uplift. Departures from such an ideal profile can occur in response to 
various configurations of tectonic displacements (as illustrated by a large set of examples 
provided in Beeson and McCoy, 2020). In the case of streams which have closely-spaced 
catchments and approximately parallel flow directions, variations in the longitudinal profile 
shapes could indicate the presence of lateral differences in the tectonic movements intensity 
(e.g. Andreani et al., 2014; Matoš et al., 2014; Pérez-Peña et al., 2017).  
In order to compare the longitudinal profiles of the considered streams of the Vrancea 
epicentral domain, channel elevations were normalized with the total elevation-range 
between the headwater and the outlet; while the distances from the headwater were 
normalized with the total stream length. An estimate of the longitudinal profile concavity 
was provided by the MaxC statistical parameter (Pérez-Peña et al., 2017), which represents 
the maximum vertical distance between the normalized stream profile and the straight line 
connecting the stream headwater to its outlet (Fig. 4). Computations were performed by 
processing - in accordance to procedures implemented in the ArcGIS add-in NProfiler 
(Pérez-Peña et al., 2017) - data retrieved from topographic maps at 1:25.000 scale. 
The obtained results show (Fig. 4) that while the northern streams (#2, and especially #1) 
are more concave, as one moves to the south the concavity becomes gradually smoother: so 
that the longitudinal profiles of the southern streams (#5, and especially #4) are almost linear. 
The hypsometric curve indicates what percentage of a catchment area is situated above a 
particular elevation (the latter being expressed as a fraction of the total elevation range that 
spans between the stream outlet and the headwater). The area below the curve represents the 
hypsometric integral (HI). It is admitted (e.g., Harlin, 1978) that well graded streams having 
reached a maturity stage have hypsometric integral values around 0.5. 
Active tectonics causing catchment disequilibrium could be responsible for altering both the 
HI value, and the hypsometric curve shape. A description of that shape can be provided by 
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the rate of change along the hypsometric curve - such a parameter being designated as the 
hypsometric curve density function (Harlin, 1978). A relevant associated parameter could 
be the density function skewness, which is a statistical moment of the hypsometric curve. 
The density skewness can take up either positive, or negative values: they indicate that a 
more intense erosion is occurring in the upstream, or, in contrast, in the downstream section 
of the concerned catchment. Implicitly, density skewness values close to zero indicate that 
similar erosion intensities are experienced both by the upstream, and by the downstream 
reaches of the watershed (Harlin, 1978).  

 
Fig. 4 – Normalized longitudinal profiles of the considered streams in the Vrancea epicentral area. Each stream 
catchment is designated by the corresponding number indicated in Fig. 1. 

In order to calculate the HI and density skewness values for each considered stream 
catchment, information provided by a digital elevation model (DEM) with ~90 m horizontal 
resolution, retrieved from the Shuttle Radar Topography Mission (SRTM) database, was 
processed by means of the CalHypso ArcGIS extension (Pérez-Peña et al., 2009). Figure 5 
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illustrates the accordingly devised hypsometric curves (Fig. 5a), as well as how the HI and 
density skewness values vary laterally, from a stream catchment to the next one (Fig. 5b). 

Fig. 5 – a. The hypsometric curves of the five considered stream catchments. b. Lateral variation of the 
hypsometric integral (HI) and of the density skewness, from a stream catchment to the next one. Each stream 
catchment is designated by the corresponding number indicated in Fig. 1. 

There can be noticed (Fig. 5b) that HI values are steadily increasing from the northern 
catchments (#1 and #2), toward the southern ones (#4 and #5). Catchment #3, situated in-
between, is the only one for which a mature evolution stage can be assumed, as indicated by 
the corresponding HI value which nears 0.5. This interpretation is also consistent with the 
close-to-zero value computed for density skewness of catchment #3. Alternatively, the 
increasingly positive values displayed by the density skewness for catchments #2 and #1 
indicate that a more intense erosion is occurring in their upstream sections. This is in contrast 
with the behaviour of catchments #4 and #5 which - as indicated by the increasingly negative 
values of the density skewness - appear to undergo erosion prevalently in their downstream 
reaches. 

5. Discussion

By comparing the channel longitudinal profiles (Fig. 4), it is obvious that they become 
progressively more concave from stream #3 to stream #2, then further to stream #1. This 
circumstance could indicate - analogously to a setting discussed by Andreani et al. (2014) - 
that the amount of relative uplift experienced by the corresponding headwaters gradually 
increases from catchment #3 toward catchment #1. Such an uplift of the headwaters could 
explain also the progressive reduction of the HI values (Fig. 5b) from catchment #3, toward 
catchment #1 (a similar process is discussed in Segura et al., 2007). The gradual increase in 
the density skewness which is correlated with this HI reduction (Fig. 5b) suggests that the 
concerned basins are also subject to more intense erosion in their upper reaches.  
The overall setting, with headwaters experiencing relative uplift as well as preferential 
erosion, suggests - in accordance with models discussed in Hollbrook and Schumm (1999) 
and Beeson and McCoy (2020) – that the catchments #2 and #1 are subject to a forward 
tilting process (i.e., the western segment of the corresponding terrain, Fig. 1, is up-tilted). 
Catchment #3 appears however to be less (or not at all) concerned by such displacements, 
since both its HI value (close to 0.5), and the corresponding density skewness (close to zero), 
are indicative of a mature evolution stage, unaffected by tectonically-induced disequilibria. 
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By taking catchment #3 as a reference, the catchments #4 and #5 display distribution patterns 
of the HI and of the density skewness values that are antisymmetric with the corresponding 
distributions displayed by catchments #2 and #1 (Fig. 5b). It is thus suggested that in the 
case of catchments #4 and #5 on one hand, and of catchments #2 and #1 on the other, 
opposite causes could be responsible for deviations from the equilibrium status mirrored by 
catchment #3. Specifically, there can be conjectured that the headwaters of catchments #4 
and #5 experience not uplift, but subsidence (more intense for catchment #5), while 
preferential erosion operates not in the upper, but in the lower reaches of those streams. The 
smaller concavities displayed by the longitudinal profiles of streams #4 and #5 (Fig. 4) are 
also consistent with the inferred subsidence occurring in their upper reaches. This overall 
setting suggests - again by considering the models of Hollbrook and Schumm (1999) and 
Beeson and McCoy (2020) - that catchments #4 and #5 experience a back tilting process 
(i.e., the western segment of the corresponding terrain, Fig. 1, is down-tilted). 
Within the intermediate-depth earthquakes epicentral area, GPS measurements of present-
day ground displacements are available only at two observation sites (Schmitt et al., 2007). 
Yet despite being quite sparse and rather old, the corresponding information is consistent 
(Fig. 1) with the inference that the upper reaches of streams #1 and #2 undergo uplift, while 
the streams #4 and #5 experience subsidence in their upper reaches. The GPS stations 
network which operated more recently (e.g., Moldovan et al., 2022) is, unfortunately, even 
more sparse and provided results that are less conclusive. 
There can be noticed that the location of catchment #3 is largely coincident (Fig. 1) with the 
lineament that includes the epicenters of the lowermost cluster of intermediate-depth 
earthquakes. As discussed in §2, those seismic events presumably mark the position 
occupied by the SW-ward migrating edge of the subhorizontal detachment fracture which 
advances along the strike of the subducted Moesian slab. The corresponding scenario implies 
that the slab NE section, situated above the detachment horizon (Fig. 2b), has been relieved 
of the vertical pull which had been exerted by the section located below the detachment. In 
compliance with this inference, the upper reaches of catchments #1 and #2 - situated directly 
above this NE domain of the slab - undergo uplift. Alternatively, subsidence was indicated 
to occur in the upper reaches of catchments #4 and #5, which are located directly above the 
SW domain of the slab, that undergoes increasing gravitational pull in response to the lateral 
advance of the breakoff (Fig. 2b). Hence the differential vertical ground movements outlined 
for the ensemble of the considered stream catchments, are largely compliant with the vertical 
load redistribution that the underlying slab assumedly experienced in response to the lateral 
progress of the subhorizontal breakoff fracture. 

6. Conclusions 

We have analyzed a set of five small stream catchments (11-23 km2) located within the 
epicentral area of the Vrancea intermediate-depth earthquake epicenters.  
All considered streams are of 3rd Strahler order, and they flow more or less eastward. 
However, when the corresponding hypsometric curves and longitudinal profiles were 
compared, significant differences emerged.  
There were accordingly distinguished a couple of northern catchments (#1 and #2) which 
experienced forward tilting (i.e., the western segment of the corresponding terrain was up-
tilted), from a couple of southern catchments (#4 and #5) which underwent back tilting (i.e., 
the western segment of the corresponding terrain was down-tilted). Between those two 
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domains of distinct dynamic topography signatures, catchment #3 was preserved in a mature 
evolution stage, unaffected by tectonically-induced disequilibria.  
The latter catchment location is largely coincident with an epicenter lineament 
corresponding to a specific set of intermediate-depth earthquakes. Those earthquakes are 
inferred to occur at the leading edge of a subhorizontal fracture that propagates laterally 
toward the SW, along the strike of the subducted Moesian lithospheric plate. A consequence 
of this process is that the indicated advancing fracture edge acts as a lateral boundary 
separating a NE slab segment, which is gradually relieved of gravitational pull, from another, 
SW segment, that experiences additional vertical loading. This pattern of vertical stress 
distribution seems to be faithfully reproduced by the differential vertical ground movements 
outlined between the group of catchments #1 and #2, and the group of catchments #4 and 
#5. There is consequently provided additional evidence supporting a lateral detachment 
model as an explanation for the Vrancea intermediate-depth seismicity. 
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Abstract: Preliminary locations of over 12,700 earthquakes in the Petrinja (Croatia) 
earthquake sequence (2020–2021) reveal that a number of smaller faults were activated in 
the first five months after the main strike-slip rupture along the Petrinja fault (mainshock Mw 
= 6.4). Unlike the nearly vertical Petrinja fault, most of the smaller faults dip to the NE, and 
can be related to reverse faulting mechanisms. The cross-sections through the epicentre 
clouds also point to a large area around the mainshock’s hypocentre where the density of 
aftershocks foci is rather low, thus indicating nearly complete stress release by the main 
event. Most of the aftershocks occurred in two well-defined clusters below this region, and 
to the SE of it. Focal mechanism solutions for 50 events from the sequence (2.6 ≤ Mw ≤ 6.4) 
show that the largest ones are characterized by strike-slip sources, but a considerable 
number of nearly pure dip-slip solutions were also found. The inferred orientations of the P-
axes (SW–NE to SSW–NNE) are rather consistent, with only a few exceptions. 

Keywords: Aftershock locations, focal mechanisms, active faults 

1. Introduction

The Petrinja earthquake sequence started on 28 December 2020 with a foreshock of 
moment magnitude Mw = 4.9. The devastating mainshock (Mw = 6.4) occurred a day later 
causing wide-spread destruction in the greater epicentral area, including the city of Petrinja 
itself. The year of 2020 was the first year of the Covid-19 pandemic, which significantly 
hindered activities of seismologists related to field work and temporary seismic network 
installation. Unfortunately, the density of stations in the vicinity of the mainshock’s 
epicentre was rather low, which was significantly improved on 4 and 5 January 2021 when 
a small mobile pool of six stations was installed in cooperation with Istituto Nazionale di 
Oceanografia e di Geofisica Sperimentale – OGS, Udine, Italy. As Dasović et al. (2020) 
and Stipčević et al. (2021) have shown, data from this network reduced average standard 
errors of hypocentral depths by a factor of about four. Starting in late January 2021, an 
additional network of 36 stations was installed by the Croatian Seismological Survey. The 
analyses of DInSAR interferograms have shown that maximum horizontal ground 
displacements caused by this earthquake reached about ±45 cm (Fig. 1). 
Herewith we present preliminary results of analyses of all available seismic data collected 
in the first five month of the series duration. In particular, we show and briefly comment 
on hypocentral locations, and the first-motion polarity focal mechanisms obtained thus far, 
and point to possibly activated faults illuminated by this series of earthquakes. 
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2. Earthquake locations 

Recorded digital seismograms were analysed by an experienced seismologist, who hand-
picked about 220,000 phase arrival times for over 12,785 earthquakes as shown in Fig. 1. 
Hypocentres were located using the Hyposearch program (Herak, 1989), adapted to handle 
source-specific station corrections as explained by Herak et al. (2021). A bulk of events 
occurred within the main epicentral cloud stretching NW–SE for about 20 km. Apart from 
the main group, significant activity is also recorded to the NE and SW of Petrinja in the 
NE-wall of the Petrinja strike-slip fault, to the NNW of Glina in the SE fault wall, as well 
as about 10 km to the N of the main cluster. 

 
Fig. 1 – The first five months of seismicity, 28 December 2020 – 27 May 2021. Epicentres of 12,785 located 

events are shown overlain over the DEM of the greater epicentral area and the unwrapped DInSAR 
interferogram (M. Govorčin, personal communication, 2021) showing horizontal E–W coseismic 

displacements of the Earth’s surface. PF – rough estimate of the surface projection of the causative strike-slip 
Petrinja fault dividing areas with net displacements towards the east and the west. 

Fig. 2 presents only the best-located earthquakes characterized by the minimal number of 
onset-times used for location and the standard error for depth, as well as the maximal 
allowed azimuthal gap. The threshold values were less restrictive for the initial eight days 
(until 4 January 2021, when the first mobile network was deployed), than for the remaining 
period (see Fig. 2 caption for detail). In the lower part of the figure, four depth cross-
sections are presented. The main fault is clearly seen to be almost vertical, extending to the 
depth of about 20 km (cross-sections B and C). The profiles A and C suggest that smaller 
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faults dipping to the NE exist on both sides of the main rupture. The longitudinal section 
(D in Fig. 2) through the main aftershock cloud reveals that most of the small events occur 
in two well defined volumes – the one in the NW part at depths between 10 and 18 km, 
dipping gently towards SE, and the south-eastern one between 5 and about 13 km depth.  

Fig. 2 – Top: Best located epicentres of earthquakes which occurred in the first five months of the Petrinja 
sequence (28 December 2020 – 27 May 2021). Mainshock is shown as black circle. The events shown were 

located using Nmin ≥ 14 (8) phase onset times, with the standard error for the depth σh ≤ 2.0 (3.5) km, and 
azimuthal gap γ ≤ 90° (150°) which occurred after (before) 4 January 2021 when the first mobile seismic 

network was installed in the epicentral area. A–D: vertical cross-sections shown in the map above. The half-
width D of the corridor around each profile is indicated in the corresponding subplot. Green dashed lines 

accentuate possible activated faults and block boundaries. The semi-transparent ellipse in D roughly 
corresponds to the ruptured area of the Petrinja fault in the mainshock. 
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The fault surrounding the mainshock’s focus (green ellipse in Fig. 2D) is characterized by 
comparatively few foci, mostly of the early aftershocks. This area probably corresponds to 
the main rupture where the largest part of the stress was released by the mainshock. The 
boundaries of this region towards the two aforementioned clusters of foci are rather sharp 
and well defined. 

3. Focal mechanisms 

First-motion polarity focal mechanisms for 50 earthquakes of the Petrinja sequence are 
shown as lower hemisphere equal-area projections in Fig. 3. Clearly strike-slip solutions 
prevail for the largest events, but pure reverse faulting, sometimes with some strike 
component, is also found.  
 

  
Fig. 3 – First-motion polarity focal mechanisms (lower hemisphere equal-area projection) for events in the 

first year of the Petrinja sequence. Red, blue and violet compressive quadrants correspond to predominantly 
strike-slip, reverse, and transpressive mechanisms, respectively. The beach-ball sizes are scaled with the 

magnitude (2.6 ≤ Mw ≤ 6.4). Black lines are oriented along the strike of the P-axes. 

 

The dip-slip faulting mostly correspond to smaller faults outside the body of the main 
cluster, of which some may readily be associated with possible faults imaged by the 
hypocentral distribution in Fig. 2. The inferred P-axes consistently strike SW–NE to SSW–
NNE, with only a few exceptions that were probably caused by local perturbation of the 
tectonic stress field as a result of stress redistribution after the mainshock rupture. 

4. Conclusions 

The preliminary results presented herewith are encouraging. After most of the aftershocks 
in later sequence will be located using further improved velocity models and better-defined 
source-specific station corrections, we hope to be able to provide valuable data to constrain 
the pattern of activated faults, and characterise seismotectonic environment of the greater 
Petrinja area. 
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Abstract: The territory of Bulgaria is relatively small, but includes different tectonic units.
This makes it very difficult to study the structure of the earth's crust and the upper mantle
beneath its territory. The region of Vitosha Mountain and Sredna Gora Mountain is one of
these small tectonic units developed as an island arc through the Late Cretaceous as a result
of  the extension.  In  our study,  we focus on uppermantle  structure  and crustal  thickness
beneath Vitosha and Sredna Gora. The receiver function technique is applied to the data
from broadband seismic stations situated on the territory of Bulgaria and in the neighboring
countries. The estimated crustal thickness in the region is between 25 and 40 km and the
Vp/Vs ratio is quite high and more than 1,8. An unusual wave field and low-velocity layer
are obtained in the region. We assume the reason for their existence is the extension.

Keywords: Receiver function, uppermantle structure in Bulgaria, crustal thickness, Sredna
Gora

1. Introduction

The  territory  of  Bulgaria  is  relatively  small  but  includes  different  tectonic  units.  This
makes it  very difficult  to  study the structure of the earth's  crust  and the upper mantle
beneath its territory. The northern parts of the country are located on the southern parts of
the  Moesian  Platform.  From  north,  west,  and  south,  it  is  surrounded  by  the  Alpine
Orogeny. Stara Planina (The Balkan), part of the Carpathian-Balkan Orogeny, is an active
branch  of  the  Alpine  Orogeny.  It  is  also  one  of  the  oldest  segments  of  the  Alpine-
Himalayan volcanic-intrusion belt  (Dabovski  et  al.,  1991).  To the south of the Balkan
mountain is situated the Sredna Gora Tectonic region, which develops as an island arc
through the Late Cretaceous (Dabovski et al. 1991). In its western parts is located Vitosha
pluton. The southern parts of the country are occupied by the Rila-Rhodopean massif. The
variety of tectonic structures on the territory of Bulgaria complicates the interpretation of
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the  results  of  various  geophysical  studies  related  to  the  determination  of  the  Earth's
structure in the region.  

Fig. 1 – Tectonic map (from Kounov et al., 2011, modified after Schmid et al., 2008) of the central part of
Balkan Peninsula. Red triangles show the position of seismic sttions.

2. Method and data

Data from seismic station VTS, PLN, and PGB is used to estimate the crustal thickness of
the region of Vitosha and Sredna Gora. P and S receiver functions were computed for
about 200 teleseismic events, recorded in each station (Figure 2).  Deep structure up to 800
km is studied using data from broadband stations situated on the territory of Bulgaria and
in the neighboring countries. 

Fig. 2 – Teleseismic earthquake epicenters, recorded in seismic station VTS.

3. Crustal structure

Seismic stations VTS and PLN are located close to each other in Vitosha Mountain and
Plana Mountain respectively. VTS is the quietest seismic station in Bulgaria and thus has
the best conditions  for the application of the receiver  function technique.  On the other
hand, stacked receiver functions (Figure 3a) show a very complex nature. The same pattern
is observed also on  the staked receiver  function plot for station PLN (Figure  3b).  The
converted P-to-S (Ps) phase is presented with two clear phases. The first of them has a 3,7
s onset and the second has a 5 s onset. For station VTS the phases arrive at times 4 s and
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5,5 s respectively. Ps phase fo station PGB arrives 5 s after the P phase. The estimated
depth of Moho discontinuity for station VTS is 25 km and LAB is at  depth of 90 km
(Figure 3c). The crustal thickness for station PGB is estimated as 36-38 km.

Fig. 3 – Stacked  PRFs for station VTS (left), stacked PRFs for station PLN (in the
middle), velocity model for  VTS (right)

3. Mantle structure

In a previous study (Georgieva 2015) in the area of Vitosha pluton, an anomaly of small
diameter has been established. From geological data, it is known that about 80-89 million years
ago there was volcanic activity in the area. In this case, an anomaly in the mantle with a higher
temperature  should  be  expected.  On the  other  hand,  the  dimensions  of  the  anomaly  are
relatively small and could be perceived as a mistake in the method or data. Adding data from
more seismic stations we have obtained a low-velocity  layer above 410 km discontinuity
beneath the region of Vitosha and a decrease in the seismic velocities compared to the IASP91
model under the border. Figure  4  shows a map of the studied region with the position of
piecing points at 410 km depth and profiles (left). In the center and right the migrated plots
along profiles B1 and C2 crossing the region of Vitosha Mountain. Black lines mark the
position of 410 km and 660 km discontinuities. The anomalous zone is well visible in the
figure. 
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Fig. 4 – Map of P-to-S piercing points for 410 km (left) and profiles B1 and C2. Arrows show the anomalous
zone.
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Abstract: More than fifty years have passed since the first scientific paper discussing the 

Vrancea zone deep structure and associated high seismicity, using the novel Plate Tectonics 

concept structured during the late 60’s, was presented in an international journal by C. 

Roman (1970). Geodynamic, tectonic, and geophysical data, considered relevant for the 

study area, have been reinterpreted within this study and a new geophysical model is offered 

for discussion.  

Keywords: regional geodynamics, active tectonics, wrench tectonics, volcanism, crustal 

seismicity, lithospheric seismicity, Vrancea tectonic model 

1. Introduction

Studies that we dedicated to the Vrancea seismic zone during that last seven years have 

been based on the interpretation of relevant geophysical data for regional, crustal and 

lithospheric geological structures, subject to geodynamic, tectonic and magmatic 

processes: gravity and geoid, aeromagnetics and ground magnetics, resistivity, refraction 

seismics, heat flow and especially, seismic tomography.   

Here we present some of the main results obtained, as well as several hypotheses on the 

crustal and subcrustal geological structures in the Vrancea zone. 

2. Regional geodynamic processes

Vrancea seismic zone, presently located at the bend of the East Carpathian Mts, is situated 

in a region that was characterized by active geodynamics since de Miocene, determined by 

the collision between the African and Eurasian plates (e.g., Dewey et al., 1973) and leading 

to subduction processes in three areas: Adriatic Sea, East Carpathians, and the Hellenic 

Arc.  

Analysing the S-N compressional tectonic regime determined by the African and Arabian 

plates, the field velocity vectors display a sort of clockwise regional tectonic vortex: SW-

NE in Italy toward Albania and Croatia, NW-SE in SE Romania and Bulgaria, E-W in 

Turkey, NE-SW in the Aegean Sea and S-N in Egypt toward Greece (Ioane & Stanciu, 

2021). 

We consider that one of the most important tectonic events, generated during the Miocene 

(Pannonian) in this region by the Adriatic microplate lateral escape, due to intense W–E 

directed compressional regime, was the break of a block of the East European lithosphere 

western margin of ca 200 km long and 250 km thick, as illustrated by seismic tomography 

sections (van der Meer et al., 2018). This EEP broken lithospheric block includes the East 
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Carpathians Bend Zone. The rolled-back oceanic slab, attached to the EEP broken margin, 

was backward displaced due to deep compressional tectonic regime determined by the 

Hellenic active subduction (Ioane & Stanciu, 2021).  

When discussing the Vrancea zone and its high seismicity in terms of past subductions, an 

important question is “which platform was involved in subduction processes”?  

There were two main answers during the last 50 years: 

a) Moesian Platform, because its geological boundary with the North Dobrogean

Promontory is considered to be along the Trotus river and includes this way the

Vrancea zone;

b) East European Platform, with concealed geological boundaries along the Siret and

Bistrita rivers.

We consider that the East European Platform, in fact the Eurasian Plate, was involved in 

subduction and collision processes in the Vrancea zone, the overriding microplate being 

represented by the Tisza-Dacia tectonic block. 

3. Regional tectonic processes

The strong compressional tectonic regime generated by the Adriatic microplate lateral 

escape during the Pannonian determined the onset of a NE-SW regional wrench tectonics 

system between the Adriatic Sea and Nistru river (Ioane & Stanciu, 2020), an important 

geotectonic event that had important tectono-magmatic consequences (Ioane & Stanciu, 

2021): 

• after the north-eastward “invasion” of Tisza-Dacia crustal structures into the East

European Platform realm, interpreted on aeromagnetic data from Spranceana et al.

(2006) by Ioane & Stanciu (2021), the East Carpathians subduction plane became

oblique, meaning NW-SE;

• when the western margin of the East European Platform was broken, the Neogene–

Quaternary volcanism in the East Carpathians magmatic belt changed direction in

Gurghiu and Harghita Mts. from NW-SE to W-E and subsequently, again NW-SE.

Most probably, the W-E migrating volcanism took place during the EEP rupturing;

• after the time interval requested by the new arrangement of the East European Platform

western margin, oblique to the East Carpathians chain, the volcanism resumed with

NW-SE trending in the Harghita Mts. by crossing the Carpathian structures (Szakacs et

al., 1993);

• the oblique subduction that continued in the southern part of East Carpathians

generated a NE-SW directed oceanic slab, preserved beneath the Moesian Platform

western compartment. This preserved unconsumed oceanic slab may be explained by

the lack of an oceanic lithosphere accumulation zone (oceanic lithosphere “graveyard”)

between depths of 400 to 700 km in that region, where the oceanic slab should have

continuously outpoured during subduction.

During subduction in the East Carpathians area the Tisza-Dacia tectonic block was the 

active, overriding plate, pushed by the Adriatic microplate, part of the African Plate 

promontory. The W-E compressional regime during the Moldavian tectonic phase, which 

generated sedimentary nappes in the East Carpathians, has been determined by the African 
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and Eurasian plates collision during the Sarmatian. Suite of this high compressional regime 

a Wrench Tectonics system has been initiated during the Lower Pannonian. 

The south-westward displacements determined along the wrench tectonics Southern Fault 

since the Pannonian moved the EEP ruptured block toward SW up to the Intramoesian 

Fault, or to the High Seismicity Boundary (Stanciu, 2020), as present-day eastern 

compartment of the Moesian Platform. This south-westward position of the East European 

Platform western margin offered good possibilities for subduction and collision processes 

directed SE-NW, EEP being actively involved.  

4. Tectonic processes in Vrancea seismic zone 

On the stripped gravity map of Romania (Ioane & Ion, 2005), derived from the 5’x 7.5’ 

mean values of Bouguer gravity anomalies (Ioane & Ion, 1992), the western boundary of 

the East European Platform has been interpreted. Since the gravity stripped anomalies 

showed a NW-SE trending zone of rapid variation of horizontal gradient across the 

Moesian Platform, the possibility that its eastern compartment is part of the East European 

Platform has been postulated at that time (Ioane & Caragea, 2015). 

When analysing the EGG 97 geoidal anomalies, trending NW-SE in the East Carpathians 

Bend area, a south-westward shifted western boundary of the East European Platform was 

also interpreted (Ioane & Stanciu, 2018; 2021).  

Considering the post-subduction collision in the Vrancea zone, highly illustrative data have 

been offered by seismic tomography sections computed on the same transect at 18 years 

interval (Wortel & Spakman, 2000; van der Meer et al., 2018). It was rather instructive to 

interpret the East European Platform deepening, at the eastern part of both sections, 

beneath the East Carpathians Bend and the Tisza-Dacia block and preserving its 

undetached “leading edge”.  

What was previously considered in numerous published papers as the vertical oceanic slab 

generating the Vrancea high seismicity, was recently interpreted as the bended EEP 

forefront due to intense continent-continent collision processes. The oceanic slab resulted 

from subduction in Vrancea is better observed in recent seismic tomography data (van der 

Meer et al., 2018) as a vertical blue thinner feature, attached to the bended EEP lithosphere 

and engulfed in the upper mantle between 350 and 660 km (Ioane & Stanciu, 2021). 

The high gravity anomaly contoured in Vrancea (East Carpathians Bend Zone) on the 

gravity stripped map (Ioane & Stanciu, 2021), situated at the East European Platform 

south-westward “promontory”, is most probably generated by the vertical high density 

EEP forefront, bended to vertical as interpreted above, and shown beneath Vrancea by 

seismic tomography studies to develop at depths between 200 and 350 km (Wortel & 

Spakman, 2000; van der Meer et al., 2018).   

A seismic tomography study investigating the Romanian territory and dedicated to the 

Vrancea seismic zone (Fan et al., 1998) interpreted a continent-continent collision suite of 

subduction processes on a transect crossing Vrancea from NW to SE. Such intense tectonic 

compression, determined by the Adriatic microplate lateral escape, was able to bend the 

EEP forefront on one side, and to progressively deepen Tisza-Dacia crustal geological 

structures inner of the East Carpathians Bend on the other side. The present-time result is a 

200 km deep lithospheric zone with buried Tisza-Dacia crustal and lithospheric structures, 

probably including the “missing” crystalline formations overthrusted nappes, due to the 
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Tisza-Dacia change of role during the collision stage, from overriding block to a 

confronting and subsiding one (Ioane & Stanciu, 2021).  

The wrench tectonics system recently interpreted in Romania (Ioane & Stanciu, 2018) 

opened new possibilities for involving active faults in explaining Vrancea zone seismicity, 

the transcurrent faults affecting in a strike-slip sense the entire crust and subjacent 

lithosphere. The tectonic models discussing lately the Vrancea seismic zone by our 

research team, associated the wrench tectonics Southern Fault with the subcrustal 

seismicity in a transtensive regime (Ioane & Stanciu, 2019; Ioane & Stanciu, 2021).  

We also consider that normal faults, determined by extensional processes and presently 

involved in seismicity at the East Carpathians Bend Zone, are important components of 

active tectonics in Vrancea. 

5. Volcanism in the Vrancea seismic zone

Volcanism in Vrancea seismic zone is probably the most unexpected topic in an area long 

time considered to be devoid of magmatic processes. Subduction related andesitic 

eruptions, followed by the intrusion of a large dioritic batholith, have been recently 

interpreted on magnetic anomalies, but also on refraction seismics, seismic tomography, 

heat flow data, and on geological indirect evidences (Ioane & Stanciu, 2021). 

The Vrancea high aeromagnetic anomaly (Cristescu & Stefanciuc, 1962-1968) was 

interpreted as being mostly determined by a large intrusive body, probably of dioritic 

petrographical composition, emplaced suite of subduction processes in the Vrancea zone. 

The intrusive petrographic facies equivalent to the interpreted andesitic volcanic eruptions 

in Vrancea is diorite, a rock characterized by highest magnetic properties among magmatic 

intrusives. Considering the dimensions (ca 200 km2) and intensity of the Vrancea 

aeromagnetic anomaly, it is likely that the large dioritic intrusion represents a deeply 

enrooted batholith. The presumed dioritic batholith has been intruded beneath the Vrancea 

zone during the Late Pliocene, probably during the Romanian. The north-eastern end of the 

postulated Vrancea batholith is closely associated with the Casin-Bisoca tectonic contact; 

the batholith area dynamics was determined by the SW-NE movements along the inner 

wrench tectonics Southern Fault, contributing to the intense faulting and folding of the 

Subcarpathian Nappe and of the East European Platform sedimentary formations along the 

Casin-Bisoca Fault. In a lesser extent, the large high aeromagnetic anomaly may be 

generated by remnants of andesitic volcanic structures, as suggested by local high 

magnetic ∆Z anomalies (Airinei et al., 1983), sources of the mapped tuff layers, 

volcaniclastic deposits and andesitic sandstone (Ioane & Stanciu, 2021). 

6. Seismicity of the Vrancea seismic zone

The Vrancea zone high seismicity is interpreted to be associated at crustal levels with 

active normal faulting within the graben-like structure, part of the Trans European Suture 

Zone (Ioane & Stanciu, 2019), in an extensional regime determined by the south-eastward 

regional drag, and to the strike-slip movements of the wrench tectonics southern 

transcurrent fault at lithospheric depths, in a transtensional regime.  

Seismicity data included in the ROMPLUS Earthquake Catalogue of Romania (Oncescu et 

al., 1999, updated) have been used to illustrate active faults, as main source of seismicity, 

at crustal and lithospheric depths in the Vrancea seismic zone. N-S, W-E, NE-SW and 

NW-SE trending seismicity sections across the Vrancea area have been built using the 
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technique described in Stanciu & Ioane (2017), as well as seismicity maps at various 

depths, even for depth 1 km depth intervals from the surface to the deepest recorded 

earthquake.  

Aiming at separating the seismicity generated by active tectonic structures, situated at 

different depths in the Vrancea seismic zone, and considering the seismicity gap between 

60 and 90 km described so far by most scientific studies, the seismicity data recorded 

between 2014 and 2020 have been splitted into three depth intervals: 0-60 km, 60-90 km 

and 90-200 km (Ioane & Stanciu, 2021).  

The crustal seismicity recorded between 1 and 60 km reveals in the Vrancea zone two 

lineaments trending NNE-SSW and crossing the wrench tectonics Southern Fault: the 

western one is located in the Vrancea Mts. and the eastern one is situated between 

Ramnicu Sarat and Marasesti towns. The two high seismicity lineaments have been 

recently interpreted as being determined by the re-activated tectonic contacts of the graben-

like Permo-Triassic structure (Ioane et al., 2019), illustrated till 50 km depth by refraction 

seismics (Hauser et al., 2007), due to regional extensional processes.  

The subcrustal seismicity, recorded between 60 and 90 km depicts a quite compact NE-SW 

seismic sector, elongated on ca 30 km along the inner part of the wrench tectonics 

Southern Fault, showing that the in-depth Vrancea seismicity is not totally interrupted at 

mid-lithospheric depths.  

The deep lithospheric seismicity, recorded at depths ranging from 90 to 200 km, between 

the Putna and Buzau rivers, illustrates a compact, NE-SW trending clustered sector 

developed on both sides of the wrench tectonics Southern Fault. This close association 

between the transcurrent, regional strike-slip active fault and the deep seismic events gives 

information on two important aspects:  

a) the transcurrent fault is cutting the geological structures from the surface (Ioane et al., 

2018) till the deepest lithospheric level;  

b) the high magnitude Vrancea earthquakes are generated along the wrench tectonics 

Southern Fault and its satellite faults system.  

The analysis of the crustal and lithospheric Vrancea seismicity occurred during 2014 – 

2020 led to the following seismotectonic interpretations (Ioane & Stanciu, 2021): 

a) the most active seismicity, both at crustal and lithospheric depths, occurs at the 

junction area between the NE-SW trending wrench tectonics Southern Fault and the 

NNW-SSE trending “Romanian Trough” (Ioane et al., 2019), the graben-like structure 

detected by refraction seismics and illustrated by seismicity between 0 and 60 km; 

b) seismicity sections, built for depths between 1 km and 160 km across the Vrancea 

zone, illustrate active extensional tectonics, either due to the transtensional transcurrent 

fault at lithospheric depths, or to the SE geodynamic regional drag, especially at crustal 

depths. 

c) The seismicity section built for latitude 45.4-45.5 illustrate the triangular shape of the 

seismogenic sector, with deep earthquakes generated by the transcurrent fault and 

shallower ones on normal faults on both sides of the graben-like tectonic structure (Fig. 

1).  

d) The seismicity section built for latitude 45.7-45.8 illustrates a more consistent 

contribution to Vrancea seismicity by deep sectors situated along the transcurrent fault, 
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between 60 and 160 km depth, its meandering shape suggesting effects of past 

compressional regimes exerted at different lithospheric depths.  

7. Conclusions: New geophysical model for the Vrancea seismic zone (Ioane & Stanciu,

2021)

Numerous tectonic models already built for the Vrancea seismogenic zone neglected the 

differences in lithospheric thickness between the involved continental blocks in post-

subduction collisional processes, due to lack of geophysical relevant information or simply 

ignoring its importance. Seismic tomography studies, carried out at regional or continental 

scales, have provided since the late 90’s good quality data regarding lithospheric thickness 

of significant geotectonic structures. 

In the Vrancea zone, we consider of highest importance the fact that the East European 

Platform, involved here in subduction processes, was illustrated by seismic tomography to 

have thickness ranging between 200 and 400 km. Since the Vrancea deep seismicity is 

usually recorded between 70 and 170 km, and the East European Platform is deepened at 

ca 100 km beneath Vrancea suite of both subduction and collision processes, it results that 

the intermediate-depth earthquakes occur within the East European Platform.  

The lithospheric high velocity and density structure, that was previously considered to be 

attached to the East European Platform in a vertical position due to break-off processes by 

many researchers, and develops between 200 and 400 km with thickness ranging between 

150–200 km, does not represent the subducted oceanic slab, but the bended forefront of the 

platform, due to intense continent-continent tectonic collision, and hence cannot be directly 

involved in the Vrancea subcrustal seismicity. The oceanic slab is still attached to the EEP 

bended forefront in a vertical position between 400 and 700 km depth, and its thickness is 

of ca 50 km, as it should normally be considering the mean oceanic lithosphere thickness 

(Wortel & Spakman, 2000; van der Meer et al., 2018).   

Present day geodynamic processes, as illustrated by GPS monitoring results, show a south-

eastward displacement of the East Carpathians Bend Zone and its foreland (e.g., Hefty, 

2004; Munteanu, 2009). A consistent displacement of this area towards SE may be also 

observed on remote sensing imagery data, while a crustal stretching of 10 to 15 km, due to 

extensional processes, was illustrated in the Vrancea seismogenic zone by refraction 

seismic data (Hauser et al., 2007).  

The crustal high seismicity of the Vrancea zone is determined by active normal faults 

bordering or even crossing the Permo-Triassic graben-like structure (Fig. 1), a continuation 

of the Polish Trough into the Romanian Trough (Ioane et al., 2019), all along the western 

margin of the East European Platform.  

The crustal seismicity is enhanced by the regional geodynamic movement toward SE of the 

East Carpathians Bend and its outer area. The south-eastward geodynamic drag of this area 

may be considered to be determined by:  

a) eastward displacement of the North Anatolian Fault northern compartment;

b) deep NNW compressional regime associated to the active subduction in the Hellenic

Arc and reverse SSE movement of crustal structures, suite of a detachment at

lithospheric depths. This detachment could be sustained by the self-contradictory

situation of deep reverse faults resulted on fault plane solutions, in a regional

extensional regime.
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Fig. 1 – Interpreted normal faulting at crustal level and transtensional regime at lithospheric depths  

in the Vrancea seismic zone (Ioane & Stanciu, 2021) 

 

The subcrustal high seismicity in Vrancea is determined by the strike-slip movements 

along the “trans-lithospheric” wrench tectonics Southern Fault in a transtensional regime, 

while crushing and cutting the EEP north-westernmost margin, situated inside the 

transcurrent faults area, at depths between 100 and 200 km. The mechanical and elastic 

properties of this frontal part of East European Platform have been enhanced by thermal 

metamorphism processes determined by magma upwelling and the dioritic batholith 

cooling, both in-depth and close lateral vicinity. The meandering shape of the subcrustal 

seismicity, observed in some cross-sections, illustrates signatures of past compressional 

regimes developed at various depths, possibly acquired during the active Adriatic and 

Hellenic Arc subductions. The subcrustal earthquake hypocenters depth variation, from 

shallower at the north-eastern extremity (90-110 km) to increasing depth south-westward 

(120-170 km), may be associated to the deepening of the East European Platform.   

Combining crustal and subcrustal Vrancea seismicity results a triangular shape that 

suggests an extensional regime in Vrancea and outer of the East Carpathians Bend. The 

crustal seismicity of the western shoulder of the graben structure is overlapping the 

subcrustal seismicity, masking this way the two distinct sources of seismic events. More of 

that, the triangle including crustal and subcrustal seismicity is south-eastward inclined, 

probably due to strong regional geodynamic drag at crustal depths (Fig. 1).  
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ABSTRACT: The seismic activity in Romania is primarily confined to the bending of the 
Eastern Carpathians, where strong subcrustal earthquakes occur, causing significant damage 
over extended areas. Crustal earthquakes spread over a larger area, mostly occur to the outer 
side of the Eastern Carpathians bend. These earthquakes are significantly smaller than the 
intermediate-depth earthquakes, raising controversies about the processes that generate 
seismicity. The current study analyses seismograms from low to moderate (ML<5.8) crustal 
earthquakes that occurred between 2008 and 2021 in the Carpathian orogen and surrounding 
areas in order to map attenuation features and distinguish between the main mechanisms 
affecting seismic wave propagation, namely scattering and absorption. We used an 
absorption tomography technique based on the regionalisation of S-wave peak delay times 
(as a measure of scattering) and the inversion of late-time coda quality factors (indicating 
anelastic absorption). The lateral variation and dimensions of the attenuation structures 
outline the structural complexity of the study region. Absorption is prevalent southwest of 
Vrancea, while the Carpathian orogen and its foreland are dominated by both strong 
absorption and high scattering structures, which fade away towards the Eastern European 
Craton. 

Keywords: attenuation tomography, coda waves, Carpathians orogen, seismic activity 

1. Introduction 

Seismic absorption, scattering, and geometrical spreading in 3-D structures dissipate 
energy while waves propagate through the Earth. Seismic attenuation is caused by fluids 
and their gas content, temperature fluctuations and scattering of seismic waves on 
inhomogeneities, influencing different frequency intervals. It is an ideal complement to 
velocity tomography measurements, enhancing hazard assessment in areas prone to 
significant ground motion. This type of analysis is suitable in the Eastern Carpathians 
bending region, which is characterized by both crustal and intermediate-depth seismic 
activity. While the crustal earthquakes are spread over large areas (Fig. 1), the subcrustal 
seismicity occurs in a well-defined volume, away from active plate boundaries, in an area 
that hasn't experienced significant active deformation at the surface since 9 Ma ago 
(Mațenco et al., 2010). With an occurrence rate of one to six events with Mw>7 per 
century and a significant deformation level (Radulian et al., 2000) this region is marked by 
the highest seismic hazard in Romania. Crustal earthquakes have been recorded throughout 
the Southern Carpathians, the Pannonian Depression, Maramures, and North Dobrogea 
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areas (Fig. 1). These earthquakes have the potential to cause substantial economic and 
social impact (Radulian et al., 2000, Bala et al., 2015). Previous attenuation studies have 
explored the attenuation of body waves recorded from intermediate-depth earthquakes, 
finding strong attenuation in frequency and amplitude for waves propagating beneath the 
Vrancea region towards the Transylvanian basin (Popa et al., 2005, Russo et al., 2005, 
Borleanu et al., 2017, Ardeleanu 2020). Crustal attenuation studies are less numerous and 
focused on distinct regions, also highlighting significant attenuation effects at the bending 
of the Eastern Carpathians and through sedimentary basins (Oancea et al., 1991, Ardeleanu 
et al., 2018). 

In order to study the attenuation of seismic waves propagating within the crust of the 
Carpathian orogen and adjacent areas and highlight the structures that cause different 
attenuation mechanisms, the quality factors of the coda waves and the S-waves peak delay 
time (as a measure of absorption, respectively scattering, respectively) were determined 
using the algorithms embedded within the MURAT software package (De Siena et al., 
2014) 1. 

Fig. 1 - Distribution of seismic events (circles coloured function of depth) and stations within the study 
region. The Neogene volcanic area is marked by dashed lines. Abbreviations are as follows: AM: Apuseni 

Mountains; ND: North Dobrogea; MM: Maramureș 

2. Data processing

We selected local crustal earthquakes of low to moderate magnitudes from 2008 to 2021, 
recorded by vertical components of the seismic stations operated by the Romanian Seismic 
Network (Fig 1, see Marmurenu et al., 2021). The waveforms were processed using 
MURAT software, based on source parameters and travel time data provided by the 
seismic bulletins of the Romanian Data Center (RONDC) of the National Institute for 
Earth Physics, Romania (NIEP). 

1 MuRAT is an open-access code developed in Matlab© and available at https://lucadesiena.github.io/MuRAT/ 
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The source parameters of the selected earthquakes and vertical waveforms were processed 
using the MURAT algorithm to compute the peak delay times (tpd) of the S-waves and the 
late lapse times inverse quality factors (Qc-1). Based on such analysis, we identify areas 
with high attenuation properties and differentiate between scattering and absorption, the 
main attenuation mechanisms. A comprehensive description of the MURAT algorithm 
together with the methodology of peak delay times and coda quality factor computation are 
given by previous studies which successfully applied them in various tectonic 
environments (De Siena et al., 2014, Borleanu et al., 2017, Nardoni et al., 2021). 

2.1. Determination peak delay times (tpd) 

The peak delay times were defined as the time lag from the direct S-wave onset to the 
highest amplitude and have been used to characterize the scattering properties in various 
regions (Takahashi et al., 2007, Calvet et al., 2013, Napolitano et al., 2020). To determine 
tpd for the selected seismic events we chose only the vertical recordings that in the first 
step were converted to velocity by deconvolving the response instrument. Then the 
seismograms were filtered with a bandpass Butterworth filter in two frequency bands (1-2 
and 12–24 Hz), in forward and backward directions to prevent potential phase delays and 
finally the smoothed envelopes were computed for each of the frequency intervals. The tpd 
are linear dependent of hypocentral distance. The linear fit corresponds to the equation (1) 
which was further used to correct the tpd values for the hypocentral distance. 

log10tpd(f) = Xr(f) + Yr(f)log10R     (1) 

Xr,Yr represents the regression coefficients and R is the hypocentral distance   

To depict the spatial distribution of the tpd we used the techniques given by the previous 
studies (Takahashi et al., 2007, Calvet et al., 2013, Borleanu et al., 2017). After 
determination of the regression coefficients for each of the frequency ranges the 
hypocentral distance was removed by estimating the tpd differences following equation 
(2): 

    Δlog10tpd = log10tpd(f) –(Xr(f) +Yr(f)log10R)            (2)  

 
Small tpd differences (Δlog10tpd) indicate a more homogenous medium for the rays 
travelling between source and receivers while large tpd differences revealed strong 
heterogeneities encountered by the seismic waveforms in their propagation path between 
source and receiver. To represent the horizontal spatial distribution of the tpd differences 
we split the studied region into equal cells of 0.5 x 0.5 deg., allocating the average value of 
Δlog10tpd to each cell and took into account only the cells crossed by at least four rays. 
Figure 2 displays the distribution of Δlog10tpd in both frequency bands (1-2 and 12-24 Hz). 
Small Δlog10tpd are represented in red and show the absence of strong heterogeneities 
while blue color indicates high Δlog10tpd values which are associated with strong 
inhomogeneities (high attenuation).  
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Fig. 2 - Maps displaying Δlog10tpd spatial distribution for a). low (1-2Hz) and b). high frequency (12-24) 
ranges. Red colour denotes a low scattering medium and blue colour indicate high scattering areas. The 

dashed lines represent the main faulting system. Abbreviations are as follows: VR: Vrancea region 

2.2. Determination of coda quality factor (Qc) 

The coda quality factors characterize the mean heterogenous degree of a medium. In this 
analysis, we determined the inverse coda quality factor (Qc-1) relaying on the approach 
based on the decay of energy envelops proposed by Aki and Chouet (1975) and described 
by equation (3) 

S(t,f) = S0(f)t-α e-2πt/Qc(f) (3) 

were S(t,f) is the power spectral density, S0(f) is the source term, frequency-dependent, t is 
the lapse time, measured from the origin time of the earthquake, f represents the frequency, 
Qc is the coda quality factor and α is a positive parameter which describes the scattering 
regime. For this analysis, we adopted the multi-scattering regime in accordance with 
Calvet et al. (2013) imposed α=3/2, considering the diffusion regime, meaning that Qc-1= 
Qa-1 (absorption quality factor). To determine Qc-1 we used the same filtering ranges as for 
tpd analysis. We determine Qc-1 at late lapse times (always greater than twice of S-travel 
time). To make sure that the measurements made are accurate, we tested different lengths 
for the lapse time and coda window (Calvet et al. 2013) and choose the values that did not 
show any dependence of Qc with the epicentral distance. Following these tests, we 
established the best values for lapse time and a coda window (t =90s, Lw =40s). We also 
required a minimum signal-to-noise ratio (SNR) of 4 for the coda waves. To map the 
absorption features we adopt the regionalisation approach as for tpd, but we mapped Qc-1 
variations, dividing Qc-1 by the average Qc-1 computed for all measurements. In Figure 3, 
we represent the distribution of (Qc/Qm)-1 in both frequency bands (1-2 and 12-24 Hz). 
Low absorption areas are represented in blue, while red indicates strong absorption 
features. 
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Fig 3- Maps displaying spatial distribution of coda quality factor divided by the average of all determinations 
(Qc/Qm)-1 for a). low (1-2Hz) and b). high frequency (12-24) ranges. Blue color denotes a low absorption 
medium and red colour indicates high absorption areas. The faulting system is represented as in Fig. 2, as 

well as the abbreviation 

 

3. Discussion and Conclusions  

The results for both tpd and Qc-1 exhibit significant variations in the attenuation structures 
measured at low-frequency ranges (1.5Hz) against those obtained at high frequencies 
(18Hz). This highlights the strong frequency dependence of both tpd and Qc-1, which is 
consistent with the findings of earlier studies (Takahashi et al. 2007, De Siena et al., 2014, 
Borleanu et al., 2017, Napolitano et al., 2020). Another common feature revealed by our 
results is that both Δlog10tpd and (Qc/Qm)-1 exhibit large variations, indicating a highly 
heterogeneous crust in the studied region. At low frequency (1.5Hz), despite a possible 
influence of surface waves, we observe a rather good correlation between attenuation 
structures and the major tectonic units. This is pointed out, especially by (Qc/Qm)-1 spatial 
distribution (Fig. 3). High absorption features are prevalent in the inner side of the 
Carpathians chain, associated with the Transylvanian Basin and Neogene volcanic region 
(see Fig. 1 and 3). High attenuation in connection with a low-velocity trend is also 
highlighted by the earlier studies in this region (Popa et al., 2005, Borleanu et al., 2017, 
Borleanu et al., 2021). The Neogene sedimentary basins developed in the Southern 
Carpathians show as well high absorption features (Fig. 3). It seems that the evolution of 
these formations evolved to strike-slip pull-apart basin connected to Carpathian tectonic 
transfer into the present location during the Paleogene-Neogene period (Matenco, 2017). 
High absorption also marks the southern part of Romania, mainly in the southern and 
eastern Moesian Platform, as well as at the bending of the Eastern Carpathians in the 
Vrancea region (Fig. 3). The significant absorption from the Carpathian bend is due to the 
Focsani basin, which is located in front of the Vrancea area and is one of Europe's deepest 
sedimentary basins, reaching depths of up to 13 km (Bocin et al., 2013, see Fig. 3). The 
absorption diminishes steadily towards east, within the Precambrian crust of the European 
Craton. In the same frequency range (1.5Hz), the tpd variation looks to be smoother than 
Qc-1 (Fig. 2). However, considerable scattering characteristics may be seen in the Vrancea 
area and the northern part of Romania.  The features change at high frequencies, at 18 Hz, 
scattering attenuation is prevalent in the Eastern Carpathians, the Transylvanian basin and 
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the Neogene volcanic area (Fig. 2). The Apuseni Mountains area (see Fig. 1 and 2) is also 
clearly highlighted by high scattering structures. At high frequencies, the strong absorption 
matches well with the shapes of the main fault systems from the eastern and southwestern 
sides of Romania. In order to improve the resolution of tomographic images and the 
accuracy of inversion results in future research, we proposed using an updated version of 
the MURAT algorithm that incorporates the sensitivity kernels of the coda waves. 
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Abstract: To decipher the evolution of the Pannonian Basin, we determined a
high-resolution three-dimensional S-wave velocity model of the crust, the lithosphere and
asthenosphere of the broader Pannonian region using joint tomographic inversion of ambient
noise and earthquake data. For this purpose, we collected continuous waveform data from
more than 1280 seismic stations from the greater Pannonian region for ambient noise
cross-correlation measurements. This dataset embraces all the permanent and temporary
stations operated in the time period from 2005 to 2018. The Rayleigh wave ambient noise
phase velocity dispersion curves were combined with existing measurements from
earthquake data to cover the period range of 3-300 s. A correction term was defined by
comparing phase velocity curves from both data sets for the same station pairs to
compensate for the systematic discrepancy between the two methods. The local dispersion
curves were inverted along each grid node newly implemented global optimization method
(Particle Swarm Optimization) algorithm to obtain the 3D distribution of the shear-wave
velocities. The shear wave velocity structure well resolves the effects of deep sedimentary
basins and the main characteristics of the wider Pannonian region.

Keywords: Pannonian Basin, Seismic noise, Surface wave, Seismic tomography, Crustal
structure, Lithospheric structure,
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1. Introduction

The Pannonian basin is an extensional continental back-arc basin in Central Europe,
surrounded by the Carpathian, Dinaric, and Alpine mountain ranges (Figure 1). It formed
during the Miocene, when the lateral extrusion of the ALCAPA unit was stimulated by the
roll-back of a subducting oceanic plate (Balázs et al. 2016, 2018). Whether the extrusion
was limited to the crust or involved the entire lithosphere is still debated (Horváth et al.
2015). It consists of two major structural domains: 1) the ALCAPA
(Alps-Carpathians-Pannonian) microplate in the west, and 2) the Tisza-Dacia microplate in
the southeast separated by the Mid-Hungarian Zone (MHZ).

Figure 1. Simplified tectonic map of the broader research area (Schmid et al. 2008,
Hetényi et al. 2018). The major tectonic units are coloured based on their origin. Red
colours indicate the main tectonic boundaries.

Classical active seismic (Janik et al. 2011), receiver function (Kalmár et al. 2021), ambient
noise surface wave (Ren et al. 2013, Szanyi et al. 2021), and SKS splitting measurements
(Petrescu et al. 2020) have been used to document the region's crustal and mantle
structures, but consistent imaging of the entire lithosphere remains a challenge.
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The Pannonian Basin's crust is relatively thin (due to the Miocene extension). Its thickness
varies between 24 and 30 kilometres beneath the basin and 30 to 50 kilometres beneath the
orogenic regions surrounding it. The lithosphere is thinned as well, but the LAB's depth is
not well constrained. In the basin's centre, the average thickness of the lithosphere is
estimated to be 60-70 km.

A high-resolution model of the crust, mantle lithosphere, and asthenosphere is required to
better understand this region's tectonic affinity and evolution. Using joint tomographic
inversion of ambient noise and earthquake data, we present a new high-resolution 3D shear
wave velocity model of the crust and upper mantle of the Pannonian region.

2. Data and Method

For the 3D shear wave velocity structure estimation, we collected continuous waveform
data from more than 1300 seismic stations from the greater Pannonian region for ambient
noise cross-correlation measurements. This dataset consists of waveforms from all the
broadband seismological stations within the 9-degree radius of the Pannonian region from
the time period between 2006 and 2018.

For data preprocessing, we followed the procedure by Bensen et al., 2007. The continuous
time series were cut into daily segments and downsampled to 5Hz. Then these segments
were detrended, demeaned, and the instrument's response was removed. To eliminate the
effect of the transient signals and monochrome noise sources, time-domain normalization
and spectral whitening were applied. Then ambient noise phase velocity dispersion curves
were calculated using the phase of the vertical component noise cross-correlation functions
in the period range from 5 to 100 s. Following Soomro et al. 2016, a strict quality control
workflow was applied to eliminate the inaccurate measurements, and around 100 thousand
dispersion measurements were kept. Finally, the ambient noise dataset was combined with
existing phase velocity measurements from earthquake data in the period range of 8-300 s
(El-Sharkawy et al. 2020). 

At lower periods (< 50 s) and shorter interstation distances, there is a well-documented
systematic discrepancy between the dispersion measurements collected by the two methods
(Kästle et al. 2016). The phase-velocity curves measured by the noise-based method tend
to be slower than the dispersion curves extracted by the classical earthquake-based method.
A correction term is defined by comparing the same station pairs' phase velocity curves
from both data sets. Phase velocity maps are then calculated from 5 s to 250 s periods
using the combined ambient noise and earthquake measurements.

To obtain the 3D distribution of shear wave velocities, local dispersion curves were
extracted along each grid node (10x10 km) of the 2D phase velocity maps and inverted for
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depth velocity models using a newly implemented Particle Swarm Optimization (PSO)
algorithm. Inversion tests were also carried out to choose appropriate values for the
inversion parameters and help interpret the resulting velocity model.

3. Conclusions

The resulting tomographic images reveal significant differences in lithospheric thickness
and properties related to deep tectonic processes in the crust and mantle of the region. At
shallow depths, there are strong negative velocity indications of the deep sedimentary
basins such as the Great Hungarian Plain, the Danube, Drava, Molasse and Polish basins.
Our model is in good agreement with the Deep Seismic Sounding results of the earlier
tomographic models published in the literature (Ren et al. 2013, Schippkus et al., 2018,
Szanyi et al. 2021).

At greater depths, the features of the Moho topography and the associated updoming of the
asthenosphere below the Pannonian region are clearly imaged. Northeast to the
Trans-European Suture Zone, the thick cratonic lithosphere of the European Craton is
indicated by high shear wave velocities. Due to the joint dataset and high station density, it
is also remarkable that besides the Pannonian region, the Alpine, the Dinaric and the
East-Carpathian slabs are resolved in great detail.

Overall, the results from the joint inversion based on the ambient noise and earthquake
based dispersion curves will contribute significantly to a better understanding of the recent
geology and geodynamics of the Pannonian Basin.

References

 Balázs, A., Mațenco, L., Magyar, I., Horváth, F., & Cloetingh, S. 2016. The link between tectonics
and sedimentation in back-arc basins: New genetic constraints from the analysis of the Pannonian
Basin. Tectonics, 35, doi:10.1002/2015TC004109.

 Balázs, A., Maƫenco, L., Vogt. K., Cloetingh, S., Gery, T. 2018. Extensional polarity change in
continental rifts: inferences from 3-D numerical modeling and observations. — Journal of
Geophysical Research: Solid Earth, 123, https://doi.org/10.1029/2018JB015643.

 Bensen, G. D., Ritzwoller, M. H., Barmin, M. P., Levshin, A. L., Lin, F., Moschetti, M. P., ... &
Yang, Y. (2007). Processing seismic ambient noise data to obtain reliable broad-band surface wave
dispersion measurements. Geophysical J. International, 169(3), 1239-1260.

 Hetényi, G., Molinari, I., Clinton, J., Bokelmann, G., Bondár, I., Crawford, W. C., ... & Živčić, M.
(2018). The AlpArray seismic network: a large-scale European experiment to image the Alpine
orogen. Surveys in geophysics, 39(5), 1009-1033.

 Horváth, F. Musitz B., Balázs, A.,Végh, A. Uhrin, A. Nádor, A. Koroknai, B., Pap, N., Tóth, T.,
Wórum, G. 2015. Evolution of the Pannonian basin and its geothermal resources. Geothermics 53
328–352. https://doi.org/10.1016/j.geothermics.2014.07.009 

46813ECEES, September 2022, Bucharest, Romania



Grad M, Guterch A, Keller GR, Janik T, Hegedűs E, Vozár J, Ślaczka A, Tiira T, Yliniemi J (2006)
Lithospheric structure beneath trans-Carpathian transect from Precambrian platform to Pannonian
basin: CELEBRATION 2000 seismic profile CEL05. J Geophys Res: Solid Earth.
https://doi.org/10.1029/2005JB003647
Kalmár, D., Hetényi, G., Balázs, A., Bondár, I., AlpArray Working Group, 2021. Crustal Thinning
From Orogen to Back‐Arc Basin: The Structure of the Pannonian Basin Region Revealed by P‐to‐S
Converted Seismic Waves. Journal of Geophysical Research: Solid Earth, 126(7), e2020JB021309.
https://doi.org/10.1029/2020JB021309
Kästle, E. D., Soomro, R., Weemstra, C., Boschi, L., & Meier, T. 2016. Two-receiver measurements
of phase velocity: cross-validation of ambient-noise and earthquake-based observations.
Geophysical Journal International 207(3), 1493-1512.
Janik, T., Grad, M., Guterch, A., Vozár, J., Bielik, M., Vozárova, A., & CELEBRATION 2000
Working Group. (2011). Crustal structure of the Western Carpathians and Pannonian Basin: Seismic
models from CELEBRATION 2000 data and geological implications. Journal of Geodynamics,
52(2), 97-113.
Petrescu, L., Stuart, G., Houseman, G., Bastow, I., 2020. Upper mantle deformation signatures of
craton–orogen interaction in the Carpathian–Pannonian region from SKS anisotropy analysis.
Geophysical Journal International 220, 2105–2118. https://doi.org/10.1093/gji/ggz573
Ren, Y., Grecu, B., Stuart, G., Houseman, G., Hegedüs, E., & South Carpathian Project Working
Group. (2013). Crustal structure of the Carpathian–Pannonian region from ambient noise
tomography. Geophysical Journal International 195(2), 1351-1369.
Schippkus, S., Zigone, D., Bokelmann, G., the AlpArray Working Group, 2018. Ambient-noise
tomography of the wider Vienna Basin region. Geophysical Journal International, 215, 102-117.
ggy259, https://doi.org/10.1093/gji/ggy259
Schmid, S.M., Bernoulli, D., Fügenschuh, B., Matenco, L., Schefer, S., Schuster, R., Tischler, M.,
Ustaszewski, K., 2008. The Alpine-Carpathian-Dinaric orogenic system: correlation and evolution
of tectonic units. Swiss Journal of Geosciences 101, 139-183.
Soomro, R. A., Weidle, C., Cristiano, L., Lebedev, S., Meier, T., & PASSEQ Working Group.
(2016). Phase velocities of Rayleigh and Love waves in central and northern Europe from
automated, broad-band, interstation measurements. Geophysical Journal International, 204(1),
517-534.
Szanyi, G., Gráczer, Z., Balázs, B., Kovács, I. J., AlpArray Working Group, 2021. The transition
zone between the Eastern Alps and the Pannonian basin imaged by ambient noise tomography.
Tectonophysics, 805, 228770. https://doi.org/10.1016/j.tecto.2021.228770

4682 3ECEES, September 2022, Bucharest, Romania

https://doi.org/10.1029/2005JB003647
https://doi.org/10.1029/2020JB021309
https://doi.org/10.1093/gji/ggz573
https://doi.org/10.1093/gji/ggy259


Bedrock depth characterisation below public buildings with a geothermal
interest using ambient seismic noise

Koen Van Noten – Royal Observatory of Belgium, Brussels, Belgium, e-mail:
koen.vannoten@seismology.be

Martin Zeckra – Royal Observatory of Belgium, Brussels, Belgium, e-mail: martin.zeckra@seismology.be

Abstract: Below several public buildings in Brussels (Belgium), one aims to transform the
main heating source away from hydrocarbons towards shallow geothermal energy. The
GeoCamb project investigates the geothermal potential of the Brabant Massif bedrock below
Brussels. For each potential project, however, prospecting drilling and hydrogeological
surveys costs remain high. With the use of three-component seismic nodes, either mounted
on tripods installed on sealed surfaces or classic spikes coupled to the ground, we use
passive seismic ambient noise methods to characterize bedrock variation around the
geothermal open wells below the buildings of interest. Bedrock depth variation is studied by
converting resonance frequency (f0), obtained from H/V spectral ratio analysis of ambient
noise, to depth using a f0-to-depth power law relation specifically developed for Brussels.
With additional ongoing urban array measurements, we aim to understand which impedance
contrast the H/V curve represents in this urban setting. We currently hypothesize that the
main H/V peak below Brussels illuminates the sediment – weathered bedrock contrast,
rather than the weathered – intact bedrock interface deeper within the Brabant Massif.

Keywords: H/V spectral ratio, resonance frequency, 3-component nodes, urban seismology

1. Introduction

In view of the transnational efforts and goals set by the European Commission in their
European Green Deal, the overall energy transition and greenhouse gas emission reduction
can only be achieved through consideration of the use of geothermal energy sources. It is
anticipated to have 40% of the EUs energy mix coming from renewable sources and
increase the use of renewable energy in heating and cooling by +1.1 percentage points each
year, until 2030 (European Commission, 2019). The region of Brussels (capital of
Belgium) is no exception and numerous public buildings holded by various administrative
levels (e.g., communal town halls, hospitals, Universities, European parliament), as well as
the private sector, aim to transform their main source for heating and cooling away from
hydrocarbons. So far, geothermal projects were laid out solely for shallow-depths,
low-efficient systems in the Cenozoic sedimentary cover due to the lack of investigations
of the geothermal potential of the Cambrian bedrock below Brussels. The GeoCamb
project (a Brain-be 2.0 project funded by the Federal Belgian Science Policy Office) aims
for a comprehensive study to understand the return of energy efficiency of deeper and
more expensive wells into the bedrock, jointly with federal research and industrial partners.

In the geophysical part of the GeoCamb project, non-invasive geophysical methods are key
for the prospect of anticipated geothermal wells. Ambient seismic noise measurements
require far less man-power and time to obtain sufficient data for first-order estimations of
bedrock depths and rough subsurface characterization in comparison to highly expensive
drilling. In return, drilling will outperform in terms of spatial sampling, in-situ ground truth
and a variety of methods applied to estimate geothermal potential. However, we will show
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that the non-invasive character of three-component seismic sensors are highly beneficial in
an urban environment. In dense urbanized areas such as Brussels, with largely sealed
surfaces (e.g., sidewalks, parks, courtyards, parking lots), using modular seismic
equipment allows arbitrary site selection and array geometries. In the first part of the
project, we apply H/V Spectral Ratio (HVSR) analysis of ambient noise measurements at a
large variety of sites all in Brussels where the subsurface is of geothermal interest. In a
second part of the project, longer term temporary array installations are used to analyze the
temporal variation in the HVSR analysis and interpretation.

2. Modular instrumentation for urban seismology

2.1. Lightweight industrial 3C geophones for ambient noise measurements
SmartSolo® node sensors have been introduced into the field of seismology recently and
originally were developed for industrial purposes in active seismic experiments. The
lightweight low-cost IGU-16 series comes either as one-component (1C, vertical) or
three-component (3C) 5 Hz geophone sensors, with fully integrated 24-bit digitizer, GPS
and battery in an autarkic casing. The reduced costs that allows purchasing large amounts
of sensors comes alongside with user-friendly installation of the equipment, enabling the
set-up of the increased number of instruments by the same number of operators. For short
temporal installations, the standard battery pack further reduces the total weight and makes
these sensors more feasible for the use in an urban environment, without relying on
transport vehicles, i.e., several sites of interest in the GeoCamb project have been reached
by bicycle (Fig. 1).

Fig. 1 - A: 3C lightweight sensors are transported for urban investigations with all means of transport. B:
Set-up of lab-based instrument test, top: surface sensor of UCC seismic station, blue: Lennartz 3D/5s, four

SmartSolo sensors with two sensors (left) with spikes in a sand-filled bucket and two sensors (right) on
tripods. C: Ambient noise measurements on a paved footpath next to the abandoned Brasserie Wielemans in

Forest (Brussels). Co-location of a 3C sensor installed on tripods and a Lennartz - Cityshark setup.

The standard 1C SmartSolo sensors are equipped with a long central spike and three
smaller spikes. Many sites of interest in the densely populated city center of Brussels
exhibit sealed surfaces without options to properly couple the sensors into the ground. To
overcome this issue, we made use of the modular design of the IGU16 sensors and
installed standard tripod-based batteries of the 1C instruments on the 3C nodes. Besides
weight reduction, this setup deliberates the operator from finding suitable locations for
temporal measurements in urban areas. Although we mostly rely on the Smartsolo 3C
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sensors, which are novel in the field of ambient noise studies, we also use
high-performance Lennartz 3D-5s sensors in combination with CityShark digitizers. This
instrumentation allows us to derive conclusions in the real-world application of both sensor
types and identify potential misalignments in the interpretation of the processed waveform
data.

2.2 Lab-based comparison with classical seismometers
To assure if the two different base set-ups of the SmartSolo nodes have no effect on the
recorded noise field and to investigate the limits of the frequency bands of interest, we
performed a lab-based comparison between sensors of different base set-ups and classical
instruments under controlled conditions at the UCCS permanent surface station. We placed
two nodes equipped with a tripod and two with the classical spike inside a sand-filled
bucket (Fig. 1) next to a Lennartz 3D/5s with a cityshark digitizer and UCCS, that consists
of a Güralp CMG-3ESP broadband seismometer. Test data was obtained over a period of 2
hours.

In the time domain, the recorded waveforms are self-consistent and coherent across sensors
with respect to the particular transfer functions. The site of the UCC station is located
inside the Belgium capital and thus shows an elevated level of anthropogenic noises for
which all of the instruments were sensitive to, i.e., regular bypassing of cars and buses.

A more sophisticated insight of the recorded noise data is achieved in the frequency
domain. The direct comparison of the power spectral densities (PSD) of the sensors with
similar settings exhibit strong coherence for all components compared. By dividing the
spectra from each other we observe stable results over a large frequency range, while
above 10 Hz the spectral division has an increased variability with a mean around 1. In the
cross-sensor comparison of using a tripod and a classical spike base, a large deviation of
the spectra’s can be observed above 25 Hz on all components. Especially the spectral
division shows discrepancies from the expected value. In order to better compare the
spectra in the higher frequency range, we applied a Konno-Ohmachi smoothing of 40%
(Konno & Ohmachi, 1998). The smoothed spectra are highly coherent below 20 Hz for the
vertical and below 10 Hz for the horizontal components (Fig. 2). This concludes that in
Brussels, where bedrock depth ranges between 5 and 150 m, both types of instrument bases
obtain identical data in the dominantly used frequency range and both sensors can be used
co-locatively in combined field surveys. We tentatively suggest that the occurrence of
high-frequency peaks in the horizontal components are related to limited coupling inside
the sand-filled bucket and different heights of sensor masses above the ground tiles.

In the final step, we compared the spectra of the SmartSolo sensors with the standard
Lennartz and Güralp instruments after restituting the waveforms of all sensors. Despite
differences related to the gain factor, the smoothed spectra of the Lennartz and the node
sensor on a tripod are coherent over a large frequency range from 30 Hz down to 10 s, way
below the nodes’ natural frequency. Deviations in longer periods might be rather
introduced due to the temporary nature of the installation.

In the end, we show that the novel, industrial purpose SmartSolo seismometers are
similarly suitable for ambient noise measurements, while they outperform classical
instrumentation in overall size, weight and especially costs.
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Fig. 2 - Comparison of the smoothed spectra of 3C SmartSolo sensors with a tripod base (orange) and a
spike-base installed in a sand-filled bucket (blue). Each column represents one of the three components.

Upper row: smoothed spectra; Middle row: division of smoothed spectra of both sensors; Lower row: division
of smoothed spectra, but with a linear amplitude ratio scale limited around the expected value 1±0.5.

2.3 Real-world performance
At two potential geothermal sites of the GeoCamb project, we performed ambient noise
measurements for bedrock depth estimations with all three types of sensors (node with
spike, node on tripod, Lennartz) under actual conditions. The chosen sites in the commune
Forest (i.e., Wiels cultural center and the abandoned Brasserie Wielemans; Fig. 1C) are
characterized by high anthropogenic noise induced by a four-lane road, tramlines and
public buses. For these noise sources, the Smartsolo sensor has a more pronounced
signal-to-noise ratio. That is related to the applied transfer function that suppresses
microseism and other noise sources < 1 Hz stronger than the Lennartz instrument does
with the natural frequencies of 5 Hz and 5s, respectively.

In terms of the overall project goal of estimation of bedrock depths, both sensors' outcomes
lead to the exact same results. For the routine HVSR processing, we work with the open
software package Geopsy (Wathelet et al., 2020). As expected from the lab-based analysis
in the previous section, the results are highly coherent for the SmartSolo sensor on a tripod
and the Lennartz-cityshark setup. Not only that the f0 value and the H/V amplitude are the
same, the full spectral ratio curves are congruent between 0.5 and 30 Hz.

Based on the obtained HVSR and waveforms in general, we state that the use of the
Smartsolo sensors in various sites in Brussels and other urban sites of interest lead to the
same outcome as classical instrument set-ups that are in use for decades. Further with an
increasing number of sites, the nodes are more profitable as one single operator can set-up
one Lennartz and Cityshark, while the second can install four sensors at the same time.

3. Characterizing Brussels’ subsurface using H/V Spectral Ratio

Brussels is characterized by a tabular Cenozoic sedimentary geology overlying the strongly
deformed Lower Paleozoic Brabant Massif (Fig. 3, inset figure). Borehole data indicate
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that the bedrock of the Brabant Massif varies between a few meters depth, south of
Brussels, up to 150 m depth along its northern border. These values correspond to
resonance frequencies of 9 Hz and 0.68 Hz, respectively (Fig. 3). The cover is composed
of well-known sandy and silty soft sediment formations. The basement rock consists of
alternating pelitic and quartzitic beds, giving rise to a variable bedrock paleotopography
due to differential erosion. Up to recently, this variability was only known from outcrops
south of Brussels or from aeromagnetic and Bouguer anomaly data, and was only drilled
sporadically by few boreholes in Brussels. Recently, Van Noten et al. (2022) showed that
urban, high density HVSR campaigns allow studying this variability and the
paleotopography, which can strongly complement studies on the bedrock’s geothermal
potential.

Fig. 3 - Geological map of Brussels’ subsurface geology. Squares present resonance frequency obtained from
ambient noise measurements above boreholes (Van Noten et al., 2022). Small circles represent the HVSR

database of Belgium (Scherps & Van Noten, 2021). Points in red indicate the GeoCamb case studies of
interest. Inset shows the tabular geology below Brussels with the purple layer indicating the BM bedrock.
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The determination of the resonance frequency (f0), using HVSR, and an empirical
resonance-to-depth power law scaling relation (Van Noten et al., 2022) already provides a
cost-efficient approach to estimate bedrock depth prior to geothermal drilling. In the
GeoCamb project, at the time of writing, 116 HVSR analyses (red dots in Fig. 3) have
already been completed below sites of interest, complementing the Belgian HVSR
database (Scherps and Van Noten, 2021). The depth estimations correspond well to depths
obtained from co-located wells drilled for geothermal interest, with depth uncertainties
below 10 m. This justifies using Brussels' power law relation for extrapolating the bedrock
orientation and paleotopography around the geothermal wells. We also convert each HVSR
curve to a virtual borehole (Fig. 4) as this visual information is valuable for other
GeoCamb partners that focus on the hydrogeology within the Brabant Massif, measured
flow rates and heat transfer.

Fig. 4 – HVSR analysis of ambient noise recording with a SmartSolo seismic node (Fig. 1C) next to the
Brasserie Wielemans (Forest, Brussels, Belgium). Left: Amplitude-frequency diagram showing the

resonance frequency peak illustrating the acoustic impedance contrast between soft sediment and the BM
bedrock. Right: Virtual borehole coloured with amplitude values. Code to generate these virtual boreholes

can be found in Van Noten et al. (2020).

In Brussels and the majority of Flanders as the surrounding region, the transition between
the soft Cenozoic sediment layer and the metamorphic Lower Paleozoic bedrock is marked
by a strong velocity contrast that is sharp along its erosional surface. Wells into the
Cambrian bedrock revealed that the thickness of the weathered top of the Brabant Massif
bedrock can reach up to several tens of meters, making this weathered layer of particular
interest for geothermal purposes because of its higher hydraulic conductivity. Along-side
well-logging, the bedrock’s erosional surface is currently being investigated by HVSR and
array seismology. However, correlating resonance frequency and well data shows that the
H/V reflector corresponds to the interface between sediment and top weathered layer,
rather than to the base of the weathered layer and the intact bedrock. Reason for this
observation is that the strongly fractured weathered layer has a much higher density than
the overlying sediments, causing the clear impedance contrast seen by HVSR. This
conclusion complicates the interpretation of the thickness of the weathered layer from
geophysical data alone. Our current efforts focus on array seismology to create velocity
profiles at those places where the geothermal test wells indicate a thick weathered layer to
strengthen our single point H/V observations.
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4. Conclusions

Preliminary results of the geophysical part of the GeoCamb project show that the nodal
setup (tripod and spike) can be easily combined with more classical standard field
equipment (Lennartz) for gathering ambient noise data. This is beneficial for urban
seismological needs and is promising for array seismology in otherwise difficult accessible
urban areas. With the use of lightweight SmartSolo® nodes we pursue efficient surveys in
time and weight and can identify the depth to bedrock under the Cenozoic sediments in
Brussels with high accuracy.
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Abstract: The main purpose of this study is to obtain generic site amplification factors for potential use in 

stochastic ground motion simulations in Western Turkey. For this purpose, 1D site response analyses are 

performed at selected sites according to their NEHRP site classes. The amplification factors are derived using 

1D site response analyses. These analyses are performed using the available 1D S-wave velocity models at 

selected sites and a set of selected input motions via DEEPSOIL software. The mean amplification factors are 

classified according to site classes. The results can be used in ground motion simulations in these regions as 

the frequency-dependent amplification factors are one of the main ingredients in stochastic ground motion 

simulations. Future efforts will include comparisons with the amplification factors in building codes and other 

available generic amplification factors. 

Keywords:  Site amplification, theoretical transfer function, 1D site response analysis, ground motion 

simulation 

1. Introduction

Simulated ground motions have recently been used as alternative to recorded motions in 

earthquake engineering applications (e.g.: Karimzadeh et al., 2017; Ozmen et al., 2020). 

Ground motion simulations are of physical and practical value only if the input source, path, 

and site parameters are well-defined and if they accurately represent the regional 

characteristics. Amplification factors are among the critical site parameters used in ground 

motion simulations. It is generally convenient to perform the ground motion simulations for 

a representative generic site (Boore and Joyner, 1997). The main purpose of this study is to 

obtain generic site amplification factors for selected sites in western Turkey according to 

their NEHRP (National Earthquake Hazards Reduction Program) site classes based on time-

averaged shear wave velocities. Previously, Boore and Joyner (1997) and Klimis et al. 

(1999) developed frequency-dependent site amplification factors for representative sites in 

western North America and Greece, respectively, using different methods for computing 

frequency-dependent amplifications.  

In this study, generic amplification factors for sites located in Western Turkey are derived 

using 1D site response analyses. The selected sites are located at strong-motion stations 

operated by the Disaster and Emergency Management Presidency of Turkey (AFAD). The 

site response analyses are performed using the available 1D S-wave velocity models at 

selected sites and a set of selected input motions via DEEPSOIL (Hashash, 2020). The mean 

amplification factors are then classified according to the NEHRP site class of the sites.  

2. Methodology

Herein, information on S-wave velocity profiles at sites of interest and input motions used 

in site response analyses are presented. 
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2.1. S-wave Velocity Profiles 

1D S-wave velocity models at selected strong-motion stations in Turkey are obtained from 

the AFAD website (https://tadas.afad.gov.tr/). In total, 76 sites (stations) located in 7 

different cities in Western Turkey are used in this study (Table 1). As an example, VS profile 

of a station located in Istanbul is given (Fig. 1). 

 

Table 1. Number of Selected Stations in Different Regions 

City Number of Selected Stations 

Düzce 3 

Bolu 10 

Sakarya 5 

İstanbul 13 

Kocaeli 21 

Bursa 19 

Yalova 5 

 

 

Fig. 1: Vs Profile of Station 3412 

 

Since site-specific analyses are required to obtain representative site amplification factors, 

an equivalent linear model in the frequency domain is adapted for this study which requires 

thickness, time-averaged shear wave velocity (Vs30), unit weight, small strain damping ratio 

(Dmin), and a reference curve for each soil layer as input. In order to perform 1D site response 

analyses, DEEPSOIL platform is used. Following assumptions are made about soil 

properties: The plasticity index is taken as 20 for silty clay layers and 10 for sandy clay 

layers. Dmin is taken as 0.48 for sand layers and taken as 1.0 for clay layers. VS value, unit 

weight, and damping ratio are taken as 2000 m/s, 22 kN/m3, and 2%, respectively, for 

bedrock.  
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2.2. Input Motions 

Next, input rock motions which are records from past global earthquakes, are selected from 

the NGA-West2 database. In this study, both strong and weak motion datasets are used. 

Information on the selected records is provided in Table 2.  

Table 2. Information on Selected Input Records for Site Response Analyses 

Strong Motion 

Records 

Weak Motion 

Records 

Number of Records 40 40 

Vs30 (m/s) 650 - 1000 650 - 1000 

Magnitude (Mw) ≥ 6.0 3.0 – 5.0 

Rjb distance (km) 0 – 50 0 – 50 

1D site response analyses at all of the selected stations are performed with both strong and 

weak motion datasets in order to obtain transfer functions. The amplification factor in the 

period domain is simply obtained by dividing the response spectrum of the motion computed 

at the top layer by the response spectrum of input motions. 

3. Results

The mean amplification factor for each NEHRP site class is obtained by taking the average 

of the amplifications at the stations with the same site class. In total, ten different curves are 

obtained for five different NEHRP site classes from site response analyses performed with 

both strong and weak motion input motions. The number of stations used in this study with 

respect to their NEHRP site classification is shown in Table 3.  

Table 3: Number of Stations Used in This Study with respect to NEHRP Site Classification 

NEHRP Site 

Class 

Number of 

Stations 

A 3 

B 6 

C 28 

D 38 

E 1 

For NEHRP site class A, the amplification curve from strong motion records leads to a 

predominant period of 0.11 s., with a corresponding mean peak amplification factor of 1.18, 

while these values are found as 0.10 s. and 1.27, respectively, with weak motion records 

(Fig. 2). The strong motion input for site class A yields an 8% lower mean amplification 

value compared to the weak motion input. For NEHRP site class B, the transfer function 

from strong motion records gives a fundamental period of 0.14 s. with a corresponding peak 

amplification factor of 1.74, while these values are 0.12 s. and 1.92, respectively, with weak 

motion records (Fig. 3). The strong motion input for site class B yields 10% lower mean 

amplification factor when compared to weak motion input.  
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For NEHRP site class C, the transfer function with strong motion input gives a fundamental 

period of 0.37 s. with a corresponding peak amplification factor of 2.26, while these values 

are 0.29 s. and 2.91, respectively, with weak motion records (Fig. 4). The analyses with 

strong motion input for site class C have 29% lower peak amplification factors when 

compared to that with weak motion input. For NEHRP site class D, the amplification curve 

from strong motion records yields a fundamental period of 0.64 s. with a corresponding peak 

amplification factor of 2.38, while these values are 0.39 s. and 3.62, respectively, with weak 

motion records (Fig. 5). The site response analyses with strong motion input for site class D 

have 52% lower peak amplification factors when compared to that with weak motion input. 

For NEHRP site class E, the amplification curve from strong motion records yields a 

fundamental period of 0.47 s. with a corresponding peak amplification factor of 3.41, while 

these values are 0.35 s. and 5.41, respectively, with weak motion records (Fig. 6). The 

analyses with strong motion input for site class E yield 59% lower peak amplification factors 

when compared to those with weak motion input. 

Lower fundamental frequency values and amplification factors at soil sites are expected as 

a result of potential soil nonlinearity when strong motion records are used as input (Sisman 

et al., 2018). The numerical results are found to be consistent with this trend.  

 

Fig. 2 – Mean amplification factors for NEHRP Site Class A located in Western Turkey 

  

Fig. 3 - Mean amplification factors for NEHRP Site Class B located in Western Turkey 
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Fig. 4 - Mean amplification factors for NEHRP Site Class C located in Western Turkey 

Fig. 5 - Mean amplification factors for NEHRP Site Class D located in Western Turkey 

Fig. 6 - Mean amplification factors for NEHRP Site Class E located in Western Turkey 

4. Conclusions

In this study, the amplification factors for sites located in Western Turkey are derived using 

1D site response analyses. These analyses are performed using the available 1D S-wave 

velocity models at selected sites and a set of selected input motions. The mean amplification 

factors are classified according to the NEHRP site class of the sites.  

As a general trend, the fundamental peaks shift to longer periods when analysed with strong 

motion records compared to weak motion records. This observation which is more obvious 
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at soil sites could be attributed to nonlinearity. Similarly, amplifications have higher values 

when analyzed with weak motion records compared to strong motion records at soil sites. 

When the mean transfer functions are examined according to the NEHRP classes, very clear 

and expected physical differences are observed: Stiffer sites will amplify high frequencies, 

while softer sites will amplify low frequencies (e.g.: Kramer, 1996).  

The results can be used in ground motion simulations in western Turkey as the frequency-

dependent amplification factors are one of the main ingredients in stochastic ground motion 

simulations. Future efforts will include comparisons with the amplification factors in 

building codes and other available generic amplification factors. 
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Abstract: In the present investigation, the response spectrum was estimated using the 
equations proposed by the Next Generation Attenuation of Ground Motion (NGA) with the 
model of Campbell and Bozorgnia (2007). Firstly, the corresponding response spectra were 
determined for the Mixco fault near the Capital City of Guatemala for different epicentral 
distances, using this attenuation law.; then the spectral ordinates in acceleration thus 
obtained were compared with the design spectra proposed by the Guatemalan Structural 
Safety Standard. The results show a greater coincidence at a smaller epicentral distance. 

Keywords: Mixco fault, spectrum, estimation, attenuation model. 

1. Introduction

Guatemala City is located in an area of high seismic risk and a large part of the urban 
center is located in the vicinity of the Mixco geological faults. The study focuses on the 
analysis of this fault, since it is one of the closest faults to the urban area and the one that 
has presented important seismic activity in recent years. 
On the other hand, for the elaboration of the design spectrum for Guatemala City that is 
established in the AGIES (2018) it has traditionally been based on seismic hazard studies 
carried out for the entire Central American area, among these studies JICA (2003); for this 
reason and due to the small number of local records of intense earthquakes, these studies 
have defined macrozones that have not necessarily taken into account the potential damage 
that local faults can cause in densely populated cities. The Mixco fault, for example, is a 
fault that, although it does not generate earthquakes at 7 degrees, due to its proximity it can 
produce disastrous effects. 
This research aims to start the evaluation of the design spectrum according to AGIES 
(2018) by using for the first time the Next Generation Attenuation of Ground Motion 
Project (NGA), and thus be able to determine the period-dependent coefficient that owns 
the design spectrum for the Republic of Guatemala. 

2. Seismotectonic framework of Guatemala

The territory of Guatemala is located in the interaction zone of three tectonic plates: two 
continental (North American and Caribbean) and one oceanic (Coco). The boundary 
between the North American and Caribbean plates originates through a subparallel left-
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side transform fault system known as the Chixoy-Polochic-Motagua-Jocotán-Chamelecón 
fault system. The contact between the Caribbean plates with the Cocos plate is generated 
offshore, on the shores of the Pacific Ocean, where the Cocos plate submerges below the 
Caribbean plate. Authemayou et al (2011) indicates that the transform fault system 
interacts to the west with the subduction zone, where a triple contact zone is generated. 

Anderson & Schmidt (1983) explain this triple junction of subduction-subduction-
transform, is located off the coast of the Pacific Ocean, the Cocos plate sinks below the 
North American and Caribbean Plates, which are separated from each other by a sinestral 
transcurrent boundary, the fault system Polochic–Motagua. 

In Guatemala proper, the active boundary is composed of a subparallel fault system, the 
Polochic and Motagua fault system, merging to the east. 

The morphogenetics of the Guatemalan territory is controlled by the interaction between 
the plates mentioned above, generating a wide deformation zone. In this area different 
tectonic environments are distinguished; for example, Benito et al (2012) mentions that 
Polochic-Motagua fault system, which constitutes the contact between the North 
American-Caribbean plates and presents a sinestral movement with a relative displacement 
of between 9 and 34 mm per year. To the south of this system, the deformation is of the 
tensile type, characterized by north-south (N-S) oriented gravens, limited by the transform 
fault system in a west-northwest direction and the volcanic arc to the south. The latter is 
defined to the north by the Jalpatagua fault (of the dextral transcurrent type) and is parallel 
to the trench; in turn, it is divided by local transverse faults typical of said arc. To the north 
of the Polochi-Motagua fault system, deformation comprises northwest-southeast (NW-
SE) strike-slip faults and thrust faults (Guzmán-Speziale et al, 2005). 

3. Seismogenic activity in the territory of Guatemala  

The movement produced by the subduction of the Cocos plate below the Caribbean plate 
generates important intraplate earthquakes with magnitudes that can reach 8 Mw or 8.3 
Mw. The Polochic-Motagua fault system is another seismic source where at least 25 
destructive earthquakes have occurred since the year 1530; including the 7.6 Mw 
earthquake, which occurred on February 4, 1976, which was previously mentioned. On the 
other hand, Guzmán-Speziale & Zuñiga (2016) identifies in the volcanic arc earthquakes of 
intermediate magnitudes (less than 6.5 Mw approximately), superficial and close to large 
urban centers which is why they represent a serious threat to these nearby populations. 
Seismicity in the grabens is superficial, with historical magnitudes estimated between 5.0 
to 7.5 Mw, including an aftershock of the 1976 earthquake of 6° Mw. Seismic activity 
usually occurs in these structures in the form of earthquake swarms (Anderson & Schmidt, 
1983). 

4. Geology of Guatemala City  

The geological structure of Guatemala City is a depression of tectonic origin bounded on 
both sides by normal faults. The faults that limit Guatemala City are the Mixco Fault and 
the Santa Catarina Pinula fault. The graben is bounded in the north by Cretaceous intrusive 
and metamorphic rocks, south of the Motagua fault; to the south it is limited by the 
Quaternary volcanic mountain range, specifically by the Agua and Pacaya volcanoes. The 
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tectonic depression that has been filled by materials from a series of pyroclastic flow 
events.   

Fig. 1 – Tectonic model within the valley of Guatemala (Engineering, Mathematics and Physical Sciences 
Research Institute, in3) 

5. Current demographics of Guatemala City

The population of Guatemala City has grown significantly in recent decades. The city is
characterized by containing the main political, economic, and social headquarters and the
concentration of economic activity in the country. The metropolitan area according to the
National Institute of Statistics of Guatemala -INE- (2022) reaches an estimated
5,103,685.00 inhabitants in 2018, which makes it the most populous city in Guatemala and
Central America.
In recent years, the metropolitan area has experienced a growth of urban expansion of
4.3% per year, which is an index of a redensification of the area. Figure 2 shows the
demographic change of the city from 1954 to 2020.

Fig. 2 – Population growth map of Guatemala City (Engineering, Mathematics and Physical Sciences 
Research Institute, in3) 
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6.  Mixco fault systems 

The Mixco fault system or commonly known as the Mixco fault is located west of 
Guatemala City and east of the municipality of Sacatepéquez with the following 
coordinates: latitude 14.55139◦ and longitude -90.6247◦. It presents an intraplate 
geological environment in the Caribbean plate and are the fault systems that form the 
western limit of the Guatemala City graben. It generates tensile stress fields in 
approximately W-E direction. It has a length of 20 km and a fault width of 20 km; a rate of 
movement is estimated to be 5 mm/year, with a rake of 90 degrees, dip of 85 degrees and a 
strike of 10 degrees according to Agencia de Cooperación Internacional del Japón, JICA 
(2003) study. The type of fault is normal, in figure 3 and figure 4 the location of said fault 
is shown. 
The Mixco fault is made up of a system of normal faults, formed by the distension of the 
earth's crust, these efforts are related to the movement of tectonic plates. Starting from the 
1976 earthquake, a series of secondary faults associated with this fault presented seismic 
activity. These secondary faults occur in well-defined sectors such as Ciudad San 
Cristóbal, Colonia La Florida, Colonia San Francisco, Colonia La Florida and Cerro del 
Naranjo, which are urban centers with large concentrations of population as described by 
Bohnenberger, O. (1996). 

 
Fig. 3 – Geological map of Guatemala (Engineering, Mathematics and Physical Sciences Research Institute, 

in3) 

 
Fig. 4 – Tectonic model within the valley of Guatemala (Pérez, C., 2009) 
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7. Spectral response for the Mixco fault
The Mixco fault spectrum was evaluated and compared with the proposed by AGIES and 
thus obtain the desired spectral relationship. 

7.1. Estimation of the maximum potential magnitude 

To determine the maximum magnitude that the Mixco fault can generate, the characteristic 
parameters of fault width, fault length and fault rupture area were taken into account. 
Firstly, all the existing information was collected, then the equations that relate the 
magnitude with the rupture length, rupture areas and surface displacement were evaluated, 
as in accordance with of Wells and Coppersmith (1994), Chunga ( 2019) and Leonard 
(2010).  
Table 1 presents the results of the different magnitudes obtained; For the present study, the 
average magnitude was taken. 

Table 1. Maximum Magnitudes 

Ecuation 
Magnitud 

(Mw) 
 Wells and Coppersmith (considering only the length) 6.2 

Wells and Coppersmith (considering the break area) 
6.3 

Kervin Chunga (considering the fault type and length) 
Wesnousky 6.4 

Mark Leonard (considering the fault type and area) 6.3 

Mark Leonard (considering the fault type and length) 
5.8 

Average 6.2 

7.2. Campbell and Bozorgnia Attenuation Model 

The Campbell and Bozorgnia model predicts the maximum ground motion parameters 
(PGA, PGV, PGD) in a linear elastic response spectrum for 5% damping and for a period 
range from 0.01 to 10 seconds. The model was developed under the objectives of the 
PEER Next Generation Attenuation of Ground Motion Project (NGA), for which the 
common database of strong motion records in the world was used, selecting a subset of the 
data for the development of the model. This model is valid for magnitudes from 4.0 to 7.5-
8.5 (depending on the failure mechanism) and for distances from 0 to 200 km. The model 
also explicitly includes magnitude saturation effect, magnitude-dependent attenuation, fault 
type, rupture depth, hanging wall geometry, linear and nonlinear site response, 3D 
response, and intra-event and inter-event variability. 
The parameters that intervene in the equations of this model are: the magnitude-
momentum; the closest distance to the rupture plane in km; the maximum acceleration of 
the soil in rock with the average speed of the shear wave in the first 30 meters of depth of 
the site of interest in m/s; the minimum horizontal distance to the horizontal projection of 
the rupture area in km; variable for normal and oblique normal faults; the width of the 
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break area; angle of inclination or dip of the fault plane; depth of the break ceiling; the rake 
angle and the strike of the fault trace. The equations used are presented below: 
 

LnY=fmag + fdis + fflt + fhng + fsite       (1) 
 

fmag= C0 + 6.4C1 + 0.9C2        (2) 

fdis = (C4 + 6.4C5)Ln(√(R2Rup +C62))      (3) 

fflt=0          (4) 

fhng =C9fhng,R . fhng,M . fhng,z . fhng,ᵟ        (5) 
                1; si Rjb =0 

fhng,R =       [max(RRUP, √(R2jb+1)) - Rjb] ; si Rjb>0, Z TOR<1    (6) 

     max(RRUP, √(R2jb+1)) 
                (RRUP-Rjb)/ RRUP ; si Rjb>0, Z TOR≥1 

fsite=(C10+1.18k2)ln(1,100/k1)        (7) 
 
The coefficients for the ground movement model C1, C2, C4, C5, C6, C9, C10, k1 y k2, are 
those established by Campbell-Bozorgnia (2007). 

8. Design Spectrum for Guatemala City  

The design spectrum for Guatemala City was calculated based to NSE 2-18 AGIES (2018) 
with the following parameters: 
• Location: Municipality of Guatemala, Department of Guatemala 

• Site class: D 
• Seismicity index Io=4.1 

• Spectral Parameter, in the Rock: 
• Short period: Scr := 1.43g 

• Period 1 sec.: S1r := 0.88g 

9. Results 

Figure 5 shows the superposition of the spectra for break distances of 0 km, 1 km, 5 km 
and 10 km. Estimated spectra are for sites on the hanging wall.       
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Fig.5 – Corresponding acceleration spectra; (1) 0 km breaking  distance,  (2) 1 km breaking  distance, 
(3) 5 km breaking distance and (4) 10 km breaking distance. (Research Institute Engineering, Mathematics

and Physical Sciences in3) 

9.1. Differential Quotient 

A differential coefficient was determined to evaluate the variation of the accelerations 
respect to the current norm, according to the different rupture distances. Figure 6 shows 
when the distance increases the coefficient also increases, this is due to the fact that the 
attenuation of the waves is greater at a greater distance. 

Fig. 6 – Differential Quotient (Research Institute Engineering, Mathematics and Physical Sciences in3) 

(1) 
(2) 

(4) (3) 
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10. Conclusions 

For the Mixco fault, elastic response spectra have been obtained for distances of 0 km,       
1 km, 5 km and 10 km from geological data and they were contrasted with the spectral 
ordinates established by the current Guatemalan regulations for the area where the fault 
under study is located. 
The response spectra from the attenuation model approach the parameters of the standard 
at a shorter distance, as the distance increases, the response spectra present lower 
accelerations than those defined in the standard. 
The accelerations obtained from the attenuation model are low compared to the design 
spectrum of the region. 
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Abstract: In local seismic hazard studies, a first step is to have a precise local determination 

of the parameters of shallow soil layers which are very important input data in order to 

determine the local response under various seismic scenarios. The results will determine the 

local variability of the soil package down to a level that may induce significant local 

amplification of the seismic ground motion, which may result in damaging of the existing 

infrastructure, during a strong Vrancea earthquake. For large cities that overlies on thick 

layers of sediments such as Bucharest, affected also by earthquakes with variable source 

parameters, the studies require not only a solid model of the soft layers in the underground, 

but also also good models of the geophysical and geotechnical parameters assigned to these 

shallow layers. In this paper, we present a standardised database containing shear wave 

velocity values (Vs) measured using different methods at various sites in Bucharest. 

Moreover, an interpretation on the distribution in depth of the mean shear wave velocity 

values, is provided at fixed levels of: 30 m; 50 m; 70 m; 100 m depth. A 3D model of 

Bucharest geologic layers, which benefit of the GIS methods, is constructed and organized 

in another database in which all the geological data are presented coming from hundreds of 

boreholes drilled for the underground works constructed in Bucharest beginning with the 

years 1980 and which are continued in these days.According to our evaluation, if the results 

of the models computed with the aim of this research will be considered and will be 

implemented in the Romanian seismic code, the destructive effects of a seismic event would 

be greatly diminished, even in cases of strong earthquakes (Mw>7). 

Keywords: shear-wave velocity database; seismic site amplification model; local seismic 

hazard; Bucharest microzonation. 

1. Introduction

In the past decades, the necessity for detailed earthquake microzonation studies was 

recognized for Bucharest city, as well as for other cities in Romania exposed to a major 

seismic risk due to the intermediate depth earthquakes occurring in Vrancea zone. 

Therefore, different approaches were established, incorporating non-linearity analyses, but 

they generally did not take groundwater level changes into account (Lungu et al. 1999). 

The study of seismic site effects and microzonation continued for Bucharest with more 

effective results after 2004 by using the SHAKE type algorithms, which have as output the 

magnitude of the site effects expressed in terms of spectral amplification of the seismic 

signal, in the shallow part of the sedimentary stack, from the bedrock to the surface (Bala 

et al., 2008a). 
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The results can be easily compared to the maximum spectral amplification which is 

provided by the EUROCODE 8 and Romanian Seismic Code P100-1 (2013), in order to 

see if there are dangerous spectral amplification of the seismic signal at certain periods on 

its path from 100 m depth to the surface.  

2. Geology in Bucharest area

The area of Bucharest is situated within the regional geological unit of the Moesian 

platform, western part, which dates since the beginning of the Paleozoic era. The Moesian 

platform comprehends two structural elements (since Mutihac 1990; Raileanu et al. 1994):  

- a crystalline basement of Precambrian chloritic and sericitic schists belonging to

the Wallachian part of Moesian platform;

- a sedimentary cover, composed of marine, folded Paleozoic and Mesozoic

formations.

After a sedimentary subsidence of the Carpathian foredeep during the Upper Tertiary and 

Quaternary, an asymmetric sedimentary basin resulted, Bucharest city being situated at the 

southern margin of this southward thinning basin (Mutihac 1990). The Quaternary alluvial 

and lacustrine deposits presents in the area of Bucharest a thickness of about 200 - 300 m 

(since Liteanu 1952; Ciugudean and Ștefanescu, 2006). Holocene loess-like sediments, 

recent alluvial material and anthropogenic backfill overly  the top the Quaternary deposits.  

Figure 1. Schematic geomorphologic section covering Bucharest, N- S direction, with principal 6 shallow 

sedimentary layers. Depth scale is exaggerated. Modified after Ciugudean-Toma and Stefanescu (2006). 

The modern classification of the 7 principal geologic complexes comprises the following 

main layers (or complex sedimentary packages), with general characteristics is given in 

Fig. 1, after Ciugudean and Ștefanescu (2006): 

- Layer 1: Anthropogenic backfill and soil;

Layer 2: The upper Sandy - clayey complex, represent Holocene deposits of loess,

sandy clays and sands;

- Layer 3: The Colentina gravel complex bearing the Colentina-aquifer, is a layer

containing gravels and sands with varying grain size distribution;
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- Layer 4: The Intermediate clay complex containing up to 80% hard consolidated 

clay and calcareous concretions with intercalated thin sand and silt lenses;  

- Layer 5: The Mostistea sandbank, bearing the Mostistea-aquifer, is a sand layer 

with sands of medium to fine grain size;  

- Layer 6: The Lacustrine complex, is made of clays and silty clays, with small 

lenticular sandy layers, most frequently situated at the top of this complex;  

- Layer 7: The Fratesti complex or lower gravel complex, bearing the “Fratesti 

aquifer”, lies discordant on Pliocene Levantine clay layers.  

 

3. Mean shear wave velocities recorded down to 30 m and 50 m depth in previous 

studies 

Mean weighted seismic velocities appear in the studies about Bucharest 

microzonation after the year 1999, when the research group from UTCB started measuring 

VS by down-hole method in boreholes near the sites of INCERC and UTCB. Some mean 

weighted seismic Vs velocities for 30 and 60 m depth are cited by Lungu and Calarasu 

(2005), from which we have also the record of the value from Basarab bridge.  Bala et al. 

(2006) have added 3 new values for Politehnica, Policolor and Otopeni. Politehnica and 

|Otopeni are the 2 sites where S wave velocities in the range 380 – 400 m/s occurred at 200 

m depth. 

Aldea et al. (2007) provided mean weighted velocities (VS-30 and VS-52), as well as 

for the whole depth of each borehole which belongs to the group of 7 sites which were 

examined prior to installation of accelerometers in boreholes. 

In the study of Bala et al. (2008b) used only geophysical characteristics introduced as 

input, which were obtained by measurements in the field (like thickness of each layer and 

interval seismic velocities,), or in the laboratory (like natural unit weight of the probes 

from each layer).  

The recorded strong motion of the 27.10.2004 earthquake (Mw = 6) at K2 

accelerometer station BBI in Bucharest was used as seismic input motion. This station is 

placed in the borehole at INCERC site at 100 m depth. The strong motions BBI_E (east-

west component) and BBI_N (north-south component) were chosen as being a 

representative strong motion recorded in a borehole at 100 m depth in Bucharest from a 

moderate Vrancea earthquake. The results of the different models from SHAKE2000 

programs show that for the site Astronomic Institute the computed spectral acceleration 

response (5% damping) is close to the corresponding design spectra from EUROCODE 8 

(Type 1 - soil C), that demonstrate that in certain places in Bucharest, even a strong 

motion, which are given by a magnitude 6 earthquake might become dangerous, according 

to EUROCODE 8 (Bala et al., 2008b). 

A number of these 1D geologic models are established across Bucharest city, together with 

the corresponding share-wave velocities for each layer (Vs) based on the in situ 

geophysical measurements made in the period 2001 – 2014 by National Institute from 

Earth Physics (NIEP) in the underground. They were reported by Bala et al. (2008b) for 12 

sites, as well as by Bala et al. (2009) and Bala A. (2010) for another 10 sites across the 

city. In the following years, more studies have emphasized that in situ shear-wave velocity, 

corresponding to the geological layers in the Bucharest underground, is important and must 

be known until deeper depth of 100 – 150 m, as it was pointed out by Bala A. (2014). 

These values are the most important input data for the SHAKE type algorithms, as the 

spectral acceleration response and transfer functions are can be computed for every site in 

which in situ measurements of Vs are performed.   
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Mean weighted seismic velocities are mentioned in other studies about Bucharest sites for 

example in Bala et al. (2008a) and Bala et al. (2009). In the second study a list of 38 sites 

and respectively 28 sites were used to construct the mean weighted seismic velocities maps 

at 30 m and 50 m depths. In later studies it was observed that the first parameter (VS-30) 

cannot be linked directly with the value of the seismic site amplification in Bucharest case 

(Bala et al., 2013).  

4. Database with geometry and physical characteristics of the main Quaternary layers

in Bucharest

For an earthquake endangered region, the city area of Bucharest presents quite special 

geological conditions: the absence of hard seismic bedrock down to Cretaceous upper 

limit, established at 500 m in the south and  1500 m depth in the northern part of Bucharest 

(Lacatușu et al., 2007); an alternation of up to 300 m thick Quaternary sand and clay layers 

near surface; among them one can find sand and gravel layers that contain three main 

porous aquifer systems. Strong lateral heterogeneities and important vertical thickness 

variations, such as the ones observed in these soft soil deposits, as well as  the presence of 

aquifers in the shallow layers, complicate the assessment of the geologic seting effect and 

make it difficult to appreciate the quantification of the seismic site effects and their 

distribution over Bucharest city. 

The considered sites from Bucharest, where seismic velocity measurements have been 

performed, are organized in a database. The database contains, besides the individual 1D 

values of shear-wave velocities in the depth, also the computed maps with equal shear-

wave velocity lines at four fixed depths across Bucharest underground (Bala et al. 2021). 

All the data about the measurements campaigns, the methods used and the authors who 

presented the shear waves velocity distribution are included in the database. 

A 3D model of Bucharest geologic layers, which benefit of the GIS methods, is 

constructed and organized in another database in which all the geological data are 

presented about hundreds of boreholes drilled for the underground works constructed in 

Bucharest beginning with the years 1980 and which are continued in these days.  

5. Database with results of seismic measurements in Bucharest city

To overcome the problem of heterogeneities of thickness and lithology, integrative velocity 

values applicable over the whole city area of Bucharest are deduced for four fixed depths, 

with no link to the 7 layers. The shear-wave velocities obtained by different methods were 

used to determine the mean weighted values for 4 different depths in the area of Bucharest: 

30 m; 50 m; 70 m; 100 m depth.  

Results were added in Excel spreadsheets (further referred to as database) providing a 

valuable collection of elastic parameters obtained by direct in situ measurements, which 

can be consulted, retrieved and cited as Toma-Danila et al. (2021). 

In summary the database consists in: 

• 65 points (drillings and SCPT locations) with seismic velocities at 30 m depth;

• 54 points with seismic velocities at 50 m;

• 27 points with seismic velocities at 70 m depth;

• 15 points with weighted seismic velocities at 100 m depth, see Toma-Danila et al.,

2021.

The values of weighted seismic velocities at 30 m, 50 m and 70 m depth are ranging 

between 180 – 360 m/s, characteristics for Class C according to P 100/1 (2013).  For 100 
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m depth the share-wave velocity values might be higher than 360 m/s but without 

surpassing 390 m/s. 

 

Figure 2. Map with area under investigation and measurement sites of the different projects and 

measurement campaigns. The red X sign represent the 2 sites where seismic refraction lines were performed. 

It is also worth mentioning that, even though not included into the current database, here 

are 2 sites located in Bucharest, with the S wave velocities in the range 380 – 400 m/s, 

recorded at 200 m depth. All the sites are represented, according to their reference, in Fig. 

2 on the map of Bucharest city and surrounding area. 

6.  Maps of the mean weighted seismic velocities  

The idea that the SHAKE types algorithms will provide a better fit between the predicted 

models of the spectral acceleration response and real recordings at surface, if we place the 

depth of our models at deeper interfaces (Bala 2014)), lead to the need for deeper models 

of the shear-wave velocity structure in the Bucharest area. The mean weighted velocity 

values (Vs) assigned to  the sites in the Fig. 2 give the possibility of computing the maps 

with isolines at 4 main interfaces in the underground: in Figure 3a) 30 m and b) 50 m; in 

Figure 4a) 70 m and b) 100 m. 

Most of the sites are concentrated in the center of the city, in the region that is the 

Interfluvium zone between Dâmbovița and Colentina river. To the north and to the south 

we have fewer points, but enough in order to give us a broad image of the share-wave 

velocity values in the underground. 

The sites with low Vs values (220 – 260 m/s) are concentrated to the north-west, beginning 

with the first map (Fig. 3a), while relatively high values of Vs are noticed in the west and 

south parts of Bucharest City, if we consider deeper depth down to 70 – 100 m (Fig. 3c and 

3d). Only in the last map we have mean Vs velocities greater than 360 m/s. 

The red crosses are marking the two place, Tineretului Park (TIN) and Bazilescu Park 

(BAZ), in Fig. 2. Here, the numbers give the mean Vs velocities on the refraction lines, 

down to 30 and 50 m depth. Their values are matching the values of the map in the 

surrounding areas, so they can be considered good checking points for the reliability of the 

maps. 
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Figure 3. Maps of equal value lines obtained employing IDW interpolation (in ArcGIS; 12 point influence) 

of the mean weighted Vs values at sites included in figure 2: a) 30 m depth; b) 50 m depth c) 70 m depth;  

d) 100 m depth.

In the interpretation of the results, some other factors as geomorphological, geological and 

hydrogeological variations throughout the city might be taken into consideration. In this 

respect the Fig. 3d is corresponding to the relief map, in which lower Vs values are 

corresponding to the higher altitude regions of the city (100 – 130 m elevation), while 

upper Vs values are distributed toward the south-east part, corresponding to zones at lower 

altitudes of the city (40 – 70 m elevation). 

7. 3D Digital model of the 7 principal Quaternary complexes in Bucharest

The research presented here is a continuation of an idea presented in  joint project between 

the geosciences and civil engineering sections of the German Collaborative Research 

Center (CRC) 461 “Strong Earthquakes: A Challenge for Geosciences and Civil 

Engineering”, during the period 1997 – 2007. This was a joint research program between 

various research institutes at University of Karlsruhe, Germany and several research 
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institutes and faculties in Romania, which consisted on several research projects, one of 

them having as main task the “Seismic and geotechnical microzonation of Bucharest”. In 

the original study the area of interest was restricted to central part of Bucharest, in a square 

of 7 x 7 km (Kienzle et al. 2006), which have benefited of data from less than 70 boreholes 

in the administration of METROUL S.A. 

 

 

Figure 4.  The thickness of each layer: a). layer 1; b). layer 2;c). layer 3; d). layer 4, in the various datapoints 

available. 

In the present digital geological model we use hundreds of field data which originate from 

the data logs of boreholes in the administration of S.C. Metroul S.A. – a Romanian subway 

design and construction company, but also additional values from 26 modern drillings of 

the same company, as well as from 10 drillings performed in the frame of NATO-SfP 

Project 981882 (Bala et al. 2010). A total of 993 data points (drillings) are considered, 

which are spread all over Bucharest city area (see Fig. 4). Even so, the total number of data 

points is only available for Layer 1; for Layer 2 there are only 346 data points, for Layer 3 

– 338, for Layer 4 – 332, for Layer 5 – 272 and for Layer 6 – 52. For the  layer 7 (Fratesti), 

due to the limited information available, but also to the values provided at various 
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interfaces inside this complex layer (Fratești A; B; and C), further investigation will be 

needed. 

By using as topographic reference the European Digital Elevation Model (EU-DEM), 

version 1.1 (EEA, 2016), a better 3D model was achieved (Fig. 5), compared to the study 

of Kienzle et al. (2006). Also, the extent of the layers was improved, covering now more 

than half of Bucharest for most layers. After multiple testing of interpolation algorithms 

suitable for our dataset and model, we chose to use the simple kriging with Box-Cox 

transformation type. The interpolation algorithm was applied also by considering the 

findings of Wellmann and Caumon (2018), or Igaz et al. (2021), with the simple kriging 

type, with a power parameter of 1 and constant or first order of trend removal. This 

interpolation method and parameters have the capability to correct asymmetry of different 

variances – highly useful in the context of some extreme values, in our case. 

The new model will be available in a data repository, contributing to further studies 

modeling the propagation of seismic waves to surface and eventually microzonation maps. 

Figure 5. a).3D figure of the Bucharest Digital Geological Model, showing the base limit of the 6 top layers; 

b). the administrative frame of Bucharest, projected at 100 m.  Altitude scale is exaggerated. 

8. Conclusions

In this paper we gathered and interpreted Vs measurements data obtained through different 

geophysical methods in the Bucharest area, in an open database (Toma-Danila et al., 

2021), which contain also new data acquired in the last years. All measurements were 

checked with the original sources and some of the mean weighted Vs values were 

computed again from the original data, in order to provide homogenized values for relevant 

depth intervals: 30 m; 50 m; 70 m and 100 m (Fig. 3).   
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A main advantage of the database is that includes only Vs values that were measured in the 

field and computed from engineering instrumented and verified methods, without any 

influence from subjective interpretation, like the individual geologic interpretation of 

lithological columns and establishing the limits of the 7 main geological complexes in the 

Bucharest underground by many geologists, in the way it was done until now. 

The constructed database , which was added to the original database of mean weighted 

seismic velocities in each geologic layer (Bala et al., 2011),  provide evidence to support a 

realistic distribution of seismic share-wave velocities in the Bucharest underground, but 

most importantly enables further modeling of local site amplification, with better reliability 

across the city, by providing velocity models and maps showing the distribution of Vs 

values at various fixed depths (Bala et al., 2021). The main advantage of these maps is that 

one can design a full network of points at surface, in which the models of spectral 

acceleration peaks from any interface defined in the ground are to be computed. 

The last 3D model is based on the raw data concerning geologic columns from hundreds of 

drillings in Bucharest, provided by METROUL S.A., which were not published until now 

(Fig. 5). A composite 3D geologic model of the city is performed in Fig. 6 in the frame of 

this database and also based on the topographic reference the EU-DEM version 1.1.  

In the 3D geologic model the position and depth of the principal 7 sedimentary layers are 

presented across the city, together with the thickness of each layer. Using the GIS program, 

one can find out the data values in any point of a regular network constructe over the city. 

They are also representing the base input data used by geophysicists in order to determine 

the spectral amplification of the seismic signal, from a depth of 100 m to the surface, 

which can be calibrated with the spectral amplification of a real seismic record at surface. 
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Abstract: We report the results of the spectral inversion analysis of strong motions that we 

have been conducting for several years, focusing on the borehole observation records of 

KiK-net. We calculated the spectral ratios for both surface and borehole observation records 

with respect to the same reference point on the seismological bedrock. The results show that 

amplification is observed even in the low frequency range below the fundamental peak 

frequency, that interference between incident and reflected waves is clearly observed as 

troughs in the borehole ratios, and that both ground amplification above the borehole sensor 

and interference between incident and reflected waves contribute to the surface-to-borehole 

spectral ratios. We confirmed that these observed characteristics can be explained well by 

the S-wave velocity structures inverted by earthquake horizontal-to-vertical spectral ratios, 

although we should assume quite a high damping (low Q) for the fundamental troughs.  

Keywords: diffuse field, H/V ratio, reflected wave, seismological bedrock 

1. Introduction

We have been using the Generalized spectral Inversion Technique (GIT) for the strong-

motion earthquake observation network records of K-NET/KiK-net (National Research 

Institute for Earth Science and Disaster Prevention) and the Japan Meteorological Agency 

(JMA) seismic intensity meter network in order to delineate site amplification factors 

(SAF) in Fourier spectra for the S-wave part (e.g., Kawase and Matsuo, 2004; Kawase, 

2006; Nakano et al., 2015; Nakano and Kawase, 2019). Source characteristics, propagation 

path characteristics, and site characteristics have been studied by GIT quite intensively. As 

a result, reliable results have been obtained for each of the source, propagation path, and 

site characteristics for Japanese strong motion data. In these inversion analyses, we used 

one observation point YMGH01 as a reference after we windowed the S-wave portions and 

converted to the outcrop waves equivalent to the seismic bedrock motion by removing the 

effects of the weathered layers between the surface and borehole sensors 100 m below. The 

resulting S-wave SAFs can be considered as the absolute site amplification characteristics 

from the seismic bedrock without any amplification. 

In our previous GIT analyses, we have only used surface observations, even though all the 

KiK-net stations have underground (borehole) records 100 to 3,000 m below the surface. 

We did so in order to avoid doubling the weight of the KiK-net sites, which would result in 

redundant information if both surface and borehole records were used at the same time. 

Here, we perform GIT focusing on the relative relationship between KiK-net's surface and 

borehole observation records, focusing only on the site characteristics. Although there have 
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been many previous studies on the spectral ratios between the surface and borehole 

observed ground motions, namely surface-to-borehole spectral ratios (SBR), as seen for 

example in Satoh et al. (1995), Steidl et al. (1996), and Tao and Rathje (2020), there have 

been only a few cases in which GIT was performed to obtain the absolute SAF of borehole 

records with respect to the outcrop seismological bedrock motions. Here we report the 

results focusing on the separated SAFs of the borehole observation records of KiK-net. We 

also calculate theoretical SAFs from the S-wave velocity structures inverted based on the 

earthquake horizontal-to-vertical spectral ratios (eHVSR) and their theoretical solutions 

(Nagashima et al. 2014) to see the effects of the reflected phase  (down-going waves) on 

the borehole SAFs. 

2. SAFs of surface and borehole stations

Figure 1 shows examples of surface and borehole horizontal dynamic site characteristics 

(HSAFs) obtained by GIT. The target site here is AKTH19 (Yuzawa), where the depth of 

the borehole sensor is 180 m. According to the results of the borehole survey at this site 

shown on the KiK-net web site (https://www.kyoshin.bosai.go.jp/), there is 2 m thick soil 

layer as the topmost layer with S-wave velocity (Vs) of 110 m/s and then 10 m thick Vs = 

200 m/s layer below it. The structure is such that Vs rapidly increases to 500 m/s just 

below these layers, and gradually increases thereafter. The time-averaged S-wave velocity 

for top 30 m (Vs30) calculated from this structure is 288 m/s, while the time-averaged Vs 

to a depth of 180 m down to the borehole sensor is 570 m/s. Thus, the fundamental 

resonant frequency between the surface and borehole sensors should be 0.8 Hz based on 

the quarter-wavelength law. 

In Figure 1 we show HSAF for the surface station in red (HSAFS), HSAF for the borehole 

station in blue (HSAFB), and SBR, the ratio of the two, in green dotted lines. The 0.4 Hz 

peak indicated by the red downward arrow is common to both HSAFS and HSAFB and is 

considered to be a site amplification caused by the deep basin structure below HSAFS (and 

HSAFB). The 1.2 Hz peak indicated by the green down arrow corresponds to the second 

peak in the HSAFS, which actually corresponds to the first trough in the HSAFB indicated 

by the blue upward arrow, which also corresponds to the first peak in SBR. The amplitude 

of the fundamental peak of the SBR is close to the inverse of the amplitude of the first 

HSAFB trough, and the amplification seen in the HSAFS on top of the inverse does not 

seem to be significant. 

The small third peak of HSAFS (no arrows) is at around 1.8 Hz and is also a peak in the 

HSAFB, suggesting that it is caused by a deeper structure common to both as in the first 

peak on HSAFS. The 4th and 5th peak frequencies of HSAFS coincided with the 2nd and 

3rd peak frequencies of SBR, and also with the 2nd and 3rd trough frequencies of HSAFB. 

The amplification is presumably due to the effects of both incident/reflected interferences 

(seen as the troughs in HSAFB) and surface-medium ground amplifications, but since the 

amplitudes of the troughs in HSAFB are about one half of the surrounded peak amplitudes, 

the contribution of the surface-borehole amplification in HSAFS and SBR is more 

significant than the interference effect in general. Similarly, the 6th peak of HSAFS does 

not correspond to the frequency of the troughs of HSAFB, and therefore, it is purely caused 

by the amplification of the ground between the surface and borehole. The frequencies of 

the troughs in the incident wave-reflected wave interference seen in the HSAGB were 

found at a frequency ratio of approximately 1:3:5, suggesting that these troughs are the 

result of interference associated with shear deformation of the entire surface-to-borehole 

layers.  
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Fig. 1 - HSAFS (red), HSAFB (blue), and their ratios SBR (dotted green) at AKTH19. 

Figure 2 shows the same results obtained at another site TKCH05 (Honbetsu) in Hokkaido. 

The Vs30 calculated from the boring P-S log is 337 m/s. The time-averaged Vs down to a 

depth of 100 m (the borehole sensor depth) is 540 m/s and the estimated surface-to-

borehole fundamental resonant frequency from the quarter wavelength theory is 1.35 Hz. 

However, the actual SBR peak (green downward arrow) is about 50% higher than this 

simple prediction. The first peak at 0.3-Hz indicated by the red downward arrow is 

common to both HSAFS and HSAFB again, and is considered to be the site amplification 

caused by the deep basin structure below the borehole station as in the case of AKTH19. 

The 2.2 Hz peak indicated by the green down arrow corresponds to the second small peak 

in HSAFS, which corresponds to the first trough in HSAFB indicated by the blue upward 

arrow, which also corresponds to the first peak in SBR. The amplitude of the first peak of 

SBR, around 4, is generated partly as the inverse of the amplitude of the trough in HSAFB, 

with similar amount of contribution from surface-borehole soil amplification seen in 

HSAFS. In the largest peak amplitude in HSAFS at 6 Hz does not correspond to any of the 

trough frequencies in HSAFB so that it is purely the result of soil amplification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2 - HSAFS (red), HSAFB (blue), and their ratios SBR (dotted green) at TKCH05. 
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3. Theoretical simulations

In order to explain these observed characteristics of HSAFS and HSAFB, we first invert the 

P- and S-wave velocity structures at these sites by using the hybrid heuristic search based

on the theoretical formula for eHVSR (Nagashima et al., 2014). This inversion (fine

tuning) of the velocity profile is indispensable for better matching of theoretical ground

response simulation with the observed HSAFS and HSAFB. Please note that the obtained

velocity structure is that from the seismological bedrock to the surface. Figure 3 shows the

oserved HSAFS and HSAFB in Figures 1 and 2 in comparison with the theoretical HSAFS

and HSAFB based on the one-dimensional ground response analyses above the

seismological bedrock for the velocity profile from eHVSRs. The peak common to both

HSAFS and HSAFB in the loewer frequency range is explained by the structure above the

seismological bedrock. The matching of both the theoretical HSAFS and HSAFB with those

observed is fairly good for most of the peaks and troughs, except for the troughs of the

fundamental frequency in HSAFB. The theory predicts too sharp troughs because of the

destructive interference of upgoing/downgoing waves at the borehole. Here we assume

quie a low Q value as Q=Vs/40 to fill the troughs but it is not sufficient. This figure

strongly suggests that the destructive interference at the borehole sensor is not as coherent

as the theory assumes at the lowest frequency. This is probably not because of the high

value of the material damping, but because of the complex scattering of the reflected

waves.

Fig. 3 – Observed HSAFS (solid red) and HSAFB (solid blue) shown in Figures 1 and 2, and their theoretical 

correspondents (dotted orange and dark blue) at AKTH19 (left) and TKCH05 (right). 

4. Conclusions

From the results of the analysis of surface and borehole site amplification characteristics 

obtained by the above GIT analysis, we conclude that 1) a considerable amount of 

amplification is observed on the low frequency side of the borehole site amplification 

characteristics, and therefore, borehole sites cannot be regarded as those corresponding to a 

seismic bedrock; 2) the borehole site amplification characteristics are apparently affected 

by the reflected waves from the surface and so they cannot be considered as those on the 

outcrop rock surface; 3) the spectral ratio peaks between the surface and borehole sensors 

include peaks that are thought to be caused mainly by the cancellation (interference) effect 
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of incident and reflected waves at the subsurface level. Although all of these observations 

are theoretically natural, the significance of this study is that we confirmed the generation 

level of these observations empirically with the observed data. Then, we confirmed that 

our interpretation is valid for the theoretical 1-D ground response analysis. From the results 

of the theoretical simulation of the observations, we conclude that 1) the fundamental 

characteristics of the HSAFS and HSAFB were well explained by the S-wave velocity 

profiles inverted for HVSR at the target sites; 2) Peaks of the low frequency range seen in 

the observed HSAFS and HSAFB indeed come from the site amplification by the layers 

from the seismological bedrock to the surface or borehole sensors; 3) the gentle troughs in 

the lowest frequencies associated with the cancellation (interference) effect of up-going 

and down-going waves cannot be well explained even though we use extremely high 

damping (low Q). The last point is the most important point where we have to further 

investigate why this is the case in the borehole observation. 
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Abstract: Significant variability of earthquake ground motion is commonly observed in records 
associated with induced seismic activities (M < 3). The high-frequency attenuation, kappa (𝜅) is one 
of the reason the ground motion from small earthquake are more varied than those from large 
earthquakes. In this study, site- specific high frequency attenuation were estimated from spectral decay 
of ambient noise (𝜅!-noise) for three different stations located around the Preston New Road shale 
gas site. 𝜅!-noise is determined for 10 minutes noise windows, recorded each day from 2018 and 
2019. The estimate of 𝜅!-noise then compared to 𝜅!-earthquake which were observed as a side product 
of an independent attenuation and magnitude determination procedure: 𝜅!-earthquake are examined 
from spectral fitting of induced earthquake events with magnitude of −1.7 ≤ 𝑀" < 3 recorded from 
26 stations spread within 20 km ranges from shale gas site location. This study observe a comparable 
𝜅!-noise, with slightly lower value than  𝜅!-earthquake which may attributal to the selection of 
frequency interval. Further observation about the frequency dependency and the stability of 𝜅!-noise 
estimation are suggested.  

Keywords:	𝜅!-earthquake, site effect, spectral fitting method, induced seismicity 

1. Introduction

Specification of ground motion prediction equations (GMPEs) is a key component of the 
seismic hazard for induced seismicity. Directly implemented tectonic GMPE for induced 
seismicity case can lead to over- or underestimation of ground motions. These 
inconsistencies happen due to the different characteristic of source, path, or site response of 
shallow-near source earthquakes. The site term high-frequency decay has been proposed as 
one of the reasons why ground motions from small earthquakes are more variable compared 
to the larger earthquakes (Brooks and Douglas, 2020). A commonly used site parameter was 
introduced by Anderson and Hough (1984) as a high-frequency decay of the Fourier 
amplitude spectrum of the earthquake ground motion, kappa (𝜅), which increases with 
source-to-site distance. These 𝜅 parameter essentially captures the path attenuation (𝑄) and 
near site attenuation (𝜅!). In a site-specific seismic hazard assessment, knowing beforehand 
𝜅! at the target site is crucial to avoid large epistemic uncertainties.  

The measurement of a true site-specific 𝜅! is not straightforward since the observed traces 
are recorded at non-zero distance, which makes decoupling of path term and 𝜅! challenging. 
Thus, in this article the ambient noise record was used to isolate site effects from source and 
path properties influence. Three different stations (LV. L001, LV. L003, and LV. L009) 
located in Preston New Road shale gas site are used to capture 10 minutes duration of 
ambient noise each day in 2018-2019 from 00.00 – 00.10 A.M. in the morning to avoid 
cultural noise results from human activities or near Earth’s surface.  The estimated 𝜅! –noise 
are then later compared to the 𝜅!–earthquake, obtained as a side product of the spectral fitting 
approach. This observation is an effort to analyse and account the trade-off between 𝜅! and 
𝑄. 

2. Preston New Road Dataset
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Preston New Road site located near Blackpool, UK, approximately 4 km south of Preese 
Hall was the first onshore shale gas site in the United Kingdom and operated by Cuadrilla 
Resources in 2011. There were 192 events recorded over both phases of seismicity during 
2018-2019, with magnitudes ranging −1.7	 ≤ 𝑀" < 3. The dataset was recorded at 
hypocentral distances (𝑅#$%) less than 25 km Hydraulic fracturing operation at Preston New 
Road, Lancashire. 
This study area is classified into three different geological regions which are deposits of (1) 
blown sand, (2) till, and (3) alluvium. The site characterisation was carried out by Edwards 
et al. (2019) using multi-channel analysis of surface wave (MASW) and indicating a 
relatively low velocity and potentially strong amplifying sediments. The ground 
characterisation was undertaken in three different sites, LV. L001 lies on till deposits and 
located 5 km from the epicentre of PNR site, LV. L003 lies on peat and alluvial deposits and 
located 12 km from the site, and LV. L009 lies on blown sand deposits and located around 
6 km from the site. In summary, the ground characterisation of PNR sites shows the Vs30 
values tend to vary between 180 – 360 m/s for soil, 380- 760 m/s for dense soil and soft rock, 
and > 760 m/s for rock. A relatively lower Vs30 value in the PNR site might produce 
significantly higher motions than would be experienced on rock sites for the same 
earthquake. Reflecting on these selected stations, the estimation of 𝜅! –noise was carried out 
in this study. 

3. Modelling high-frequency amplitude decay

3.1. Estimating 𝜿𝟎 from ambient noise  

Noise sources at near distance to receiver typically produce transient events (e.g., nearby 
traffic) with generally large amplitude and unique frequency character. Meanwhile, in the 
larger distance, the recordings may contain noise which affected by the attenuation and 
scattering properties along the travel path. Assuming the ambient noise spectrum is free from 
both transient and attenuation effects, modelling the amplitude decay with respect to 
frequency provide useful approach to constrain the 𝜅! for estimating source parameters. 𝜅!-
noise were estimated for three different component of three different stations (LV.L001, 
LV.L003, and LV.L009). Total 771 individual recordings of 10 minutes velocity traces for
L001, 867 records for L009 which are selected as the first 10 minutes records in each day
from 2018 – 2019 and 143 of 10 minutes noise records for L003 in 2018 were used in this
study. Processing time series data such as removal of instrument response, detrending,
tapering signal were applied for noise traces. Later, the 𝜅!-noise were determined from slope
of log-linear velocity amplitude spectrum within desirable frequency range.

Figure 1 shows 𝜅!-noise from three different sites computed using different frequency range 
which are 15 – 25 Hz and 30-45 Hz. Estimation of 𝜅!-noise depends on the frequency range 
where the slope of the log amplitude spectra were computed. Therefore, in this study we 
define different frequency interval for each different station (Table 1). These frequency 
ranges were estimated by observing the density spectra of average log-linear velocity 
amplitude spectrum. Although 𝜅! might vary depending on the interval of frequency, and 
differ from one site to another, the assumption is to have similar site condition which 
resulting similar 𝜅! because the location of L001, L003, and L009 sites are close enough and 
located within 20 kilometers range from the epicenter of the PNR shale gas site. Thus, the 
average of 𝜅! of PNR site were estimated and the variability of 𝜅! were evaluated by 
conducting bootstrap analysis (Figure 2).  
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Fig. 1 – Density of log-linear amplitude spectra for each different components of station LV.L001, LV.L003, 
and LV.L009. 𝜅!-noise determined from the spectral slope between 10-25 Hz (black dashed lines), and 30-45 

Hz (red dashed lines).  
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Table 1. List of average computed  𝜅!-noise and frequency interval where the 𝜅!-noise estimated from each 
station 

Station Name Frequency interval (Hz) Average 𝜅!-noise 
LV.L001 15- 35 0.013 
LV.L003 5 - 25 0.015 
LV.L009 5 - 25 0.016 

Fig. 2 – Bootstrap analysis: Empirical Cumulative Distribution Function 𝜅! (left) and Probability Density 
Function (right) of mean 𝜅! (0.0145), with 95% of confidence interval. 

3.1.1. Comparison with earthquake 𝜿𝟎  

𝜅! −earthquake were computed as side product of spectral fitting approach performed for 
induced earthquake dataset recorded in Preston New Road (PNR) shale gas site. There were 
135 events in 2019, and 57 events in 2018 used in this study, from a total of 284 local 
earthquakes located by the monitoring network during 2018 - 2019. There are a total of 26 
surface instruments from broadband network of three component seismometers operated by 
Cuadrilla Resources Ltd. (operator), British Geological Survey (BGS), and the University of 
Liverpool (UoL) within 25 km of the PNR site. BGS and UoL operated continuous data 
logging at 100 sample per second on 24-bit instruments (Edwards et al., 2019), while 
Cuadrilla Resources Ltd., recorded at 200 samples per second, which allows higher 
frequency signals to be observed. 

A spectral fitting method was performed following the spectral analysis method detailed in 
Edwards et al. (2008). In this study, the velocity spectra of horizontal component were fitted 
(east-west (E) and north-south (N)), and only recordings with good signal-to-noise ratio 
(SNR> 3) will be considered. Processing time series data such as removal of instrument 
response, detrending, tapering signal, determining noise and signal windows (S-wave, coda 
wave, or S+coda wave) were performed before the calculation of Fourier spectra. The 
spectral of chosen signal window and noise window then calculated using multitaper spectral 
estimations method. 

The inversion was carried out to fit the velocity spectra using following equation: 

4724 3ECEES, September 2022, Bucharest, Romania



          𝛺(𝑓) 	∝ 	𝑒𝑥𝑝(−𝜋𝑓'()𝑡∗)   (1) 

and 𝜅!-earthquake were defined as the intercept at zero distance of the path-average 
attenuation term (𝑡∗) which can be described as:  

𝜅! =	 𝑡∗ −
+#$%
,&-

   (1) 
 

 
 

Fig. 3 – Example of bootstrapping regression of 𝑡∗ vs 𝑅ℎ𝑦𝑝where 𝛽 is the shear wave velocity in m/s (2.8 
m/s) and 𝑚 is the slope of linear regression which associated with 𝑄!. Intercept of the linear regression 𝐶 ±

𝛥𝐶 represents the residual site-specific exponential decay (𝜅! − 𝑒𝑎𝑟𝑡ℎ𝑞𝑢𝑎𝑘𝑒 ± 𝛥𝜅!). 
 

Table 2. Quality factor at reference frequency (𝑄!)	 and 𝜅!-earthquake computed using spectral fitting 
method from Preston New Road Dataset (2018-2019) recorded in 26 stations. 	

Signal Window Frequency-independent model 

 𝑸𝟎 𝜿𝟎 ±𝜟𝜿𝟎(s) 
 

S- wave 169.63 0.018 ± 0.001 

S+coda wave 172.46 0.019 ± 0.001 

Coda wave 246.11 0.020 ± 0.001 
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Fig. 4 – Example of comparison of 𝜅!-noise computed in station LV. L009 in frequency range of 5 -25 Hz 
and 𝜅!-earthquake from Preston New Road induced earthquakes dataset. 

Figure 4 shows the 𝜅!-noise computed over a 5 -25 Hz frequency range for LV. L009 
compared with 𝜅!-earthquake of three different seismic windows from spectral fitting 
method. This figure shows close estimation of 𝜅!. It is important to note that different 
frequency band chosen for 𝜅!-noise estimation, may result in different 𝜅!. The selection of 
the frequency range is based on the average of density estimation of log amplitude spectra. 
While the value of 𝜅! fit for a different choice of the frequency band, which tend to proof 
the dependency of frequency in the 𝜅! estimations, our result shows relatively very small 
differences of 𝜅!values with a variation of the different frequency bands. In general, the 𝜅! 
from both noise and earthquake dataset for Preston New Road is slightly smaller compared 
to the 𝜅! estimated from other study by Butcher et al. (2020). Their study report slightly 
higher 𝜅! ranging between 0.022-0.034 s, with standard deviations between 0.006-0.009. 

4. Conclusions

Taking the advantage of a white noise model, which assumes spectrum that is free from both 
transient and attenuation effects, the amplitude decay with the frequency were estimated. 
This approach offers solution to constrain the 𝜅! from source and path effects. The 𝜅!-noise 
observed was slightly lower than 𝜅!-earthquake, most likely due to the effect of frequency 
interval selection where the value of 𝜅! is determined. This is one of the limitations of this 
method which lies in the definition of the determination of 𝜅! parameter itself. Contribution 
of the frequency interval selection to the variability of 𝜅! and window duration of the noise 
are suggested for future studies.  
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Abstract: Local seismic response analysis represents a fundamental tool for assessing the 

seismic risk of urban areas and Cultural Heritage (CH) sites, nevertheless several open 

questions remain when complex geological contexts are considered. This study has been 

carried out in the framework of the research project STABLE (H2020 RISE-Marie Curie 

Action) which has the aim of evaluating the seismic action on CH sites in the Mediterranean 

basin. One of them being the city of Nafplio (Greece), a site characterised by a peculiar 

geological setting and a medium-high regional seismic hazard. Geological and geophysical 

data have been collected to reconstruct both the subsoil model and the seismotectonic 

conditions. Several seismic ambient noise measurements were carried out to establish the 

site resonance frequency and to validate engineering-geological cross-sections for 
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numerical modelling of the seismic wave propagation. Combined engineering-geological, 

geophysical and numerical modelling allowed evaluating the local seismic response of the 

urban area of Nafplio, providing a zonation map with homogeneous seismic response zones 

for which elastic response spectra will be obtained.  

Keywords: engineering-geological model; geophysical investigations; local seismic response; 

seismic numerical modelling  

1. Introduction  

Mediterranean cultural heritage resources include mostly urban landscapes and historical 

centres often showing a high density of population, and continuously impacted by both 

human-induced and natural hazards, first of all, the seismic hazard.  

The damages on the historical cities due to seismic shaking mainly depend on the possible 

amplification phenomena of the seismic waves that caused local site effects (Sextos et al., 

2018) that can differ in a very relevant way from one area to another. The cultural heritage 

sites and historical monumental buildings represent vulnerable assets that need to be 

protected and carefully monitored for seismic risk mitigation. Therefore, the local seismic 

response analysis represents a fundamental task, that can be preparatory to perform a 

structural stability analysis of the historical buildings, in terms of their seismic 

vulnerability, for specific possible earthquake scenarios. 

This study has been developed in the framework of the project PRIN 2017 (Research 

Projects Of Relevant National Interest), named “URGENT” - Urban Geology and 

Geohazards: Engineering geology for safer, resilieNt and smart ciTies, and in the 

framework of an H2020-RISE project, named “STABLE” - Structural stABLity risk 

assEsment (www.stable-project.eu). The first one concerns the issue of multi-hazard in 

urban contexts with the aim of defining the space-time distribution of the geological 

hazards that interact with urban contexts, and the second one concerns the cultural heritage 

protection in the peri-mediterranean area and in particular the evaluation of the seismic 

action on some sites of historical and cultural interest in the Mediterranean basin through 

the construction of geological models of the subsoil and vulnerability analysis of the 

historic buildings. The historical city centre of Nafplio (Greece) represents a very 

interesting test site to perform a seismic response analysis, as it provided the opportunity to 

investigate a complex geological condition in an area affected by medium-high seismic 

hazard. Nafplio is a seaport city of considerable tourist and cultural importance, located on 

the head of the Argolic Gulf, in the northeastern Peloponnese, Greece. Nafplio is the 

capital of the Argolis Municipality, and its old town (historical centre) was the second 

capital of the First Hellenic Republic and of the Kingdom of Greece, from 1827 until 1834. 

The seismic wave propagation models simulate the propagation of seismic waves from the 

seismic bedrock to the surface and are strictly related to the physical and mechanical 

properties of the lithologies as well as to the geometrical features of topography and buried 

geological bodies. For this reason, the precision and the effectiveness of local seismic 

response studies are directly related to the accuracy of the engineering-geological 

reconstruction of the near surface subsoil, as it allows to evaluate the expected seismic site 

effects and the influence of the local site conditions that are important for quantifying the 

ground motion. The local seismic response study was performed for the Nafplio area 

according to the following main steps of analysis: i) seismic hazard assessment, ii) 
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engineering-geological modelling with surveys and geophysical investigations, iii) seismic 

response numerical modelling.  

2. Seismic hazard of the study area

Recent seismicity in the Argolis region, where the Nafplio city is located, is characterised 

mostly by medium-low magnitude events (M<5). Some events with higher magnitudes 

appear further to the NNE, in the Athikia fault zone and towards the North, within the Gulf 

of Corinth, which shows significant seismic activity. According to the earthquake 

catalogue by Papazachos and Papazachou (2003), several seismic events affected the 

ancient buildings of the old town of Nafplio during historical times. The maximum 

registered magnitudes are around 6 of Richter scale, with shallow hypocenters from three 

known major faulted zones (Fig. 1; Papazachos and Papazachou, 2003). These zones are 

related to the bigger historical earthquake events of the Argolis peninsula and are the 

following:  

• Iria fault (“Argos” fault): M 6.4; last earthquake: 27 June 1769, that caused serious

damages to Nafplio castle.

• Epidaurus fault (Eastern continuation of the tectonic lineament of the Iria fault): M 6.3;

last earthquake: 20 March 1837.

• Xylokastro fault (south coast of Corinthian gulf): M 6.7; last earthquake: 21 February

1742.

According to the last modification of the Greek Earthquake Resistance Regulation, the 

wider area is classified in the category I of seismic hazard, with seismic acceleration of 

0.16 g. Anyhow, as the urban area of Nafplio is built on soft soil sediments and on a relief, 

it is important to evaluate possible amplification effects of the seismic waves (Georgiou 

and Galanakis, 2010) by performing a site-specific seismic response study. 
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Fig. 1. Seismogenic sources of Argolis (Greece; from Karastathis et al., 2010). The three rectangles represent 

the simplified surface projection of the seismogenic sources. The thicker side of each rectangle corresponds 

to the trace of the fault on the surface. The yellow asterisk represents the initial point of rupture. 

To assess the base seismic hazard of the Nafplio area, a method based on both a 

probabilistic approach and a deterministic scenario-based approach was used following 

two subsequent analysis steps. 

First of all, a probabilistic seismic hazard assessment (PSHA) was performed following 

these basic steps (Reiter, 1990; Baker, 2008): i) identification of all active earthquake 

sources, ii) calculation of the seismicity rate of each considered source, iii) estimation of a 

source-to-site model, associated with each source, iv) prediction of the distribution of 

ground motion parameters as a function of magnitude, distance, etc., v) combination of all 

the above to calculate the seismic hazard and the associated rates of exceedance. The 

prediction ground motion model proposed by Danciu and Tselentis (2007) for the Greek 

region was applied and, finally, the PGA distribution with different return periods was 

obtained by applying the total probability theorem. 

Following, a deterministic seismic hazard assessment (DSHA) was performed using a 

modified approach based on the results obtained by the PSHA approach. A stochastic 

simulation based on ground motion methodology (Boore, 1983; Beresnev and Atkinson, 

1997; Motazedian and Atkinson, 1997) was applied in a defined magnitude range typical 

for each identified seismic source to achieve synthetic acceleration time series having PGA 

values comparable with those computed by the PSHA. In this way, a set of synthetic time 
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histories was obtained for each seismic source for different return periods for the Nafplio 

area. 

4. Local seismic response analysis

4.1. Engineering-geological model 

The Argolis peninsula is part of the Dinaric-Hellenic orogenic system, formed by the 

collision between the Adria Plate and the southern sector of the Eurasia Macroplate 

(Bortolotti et al., 2013) and it is made up of a succession of NW-verging tecto-sedimentary 

belts, with a NW-SE trend. 

The study area was characterised by two rocky reliefs, the Acronafplia peninsula on the 

south and the Palamidi hill on the southeast, and by a plain on the north composed by soft-

soil deposits and man-made fill materials. 

During the field investigations, a geological and geomorphological survey was carried out. 

Specifically, geological and geotechnical analysis of the outcropping formations in the 

Acronafplia peninsula and in the Palamidi relief was performed.  

A set of 17 previously available boreholes, drilled in the submarine harbour area in front of 

the commercial Nafplio port, allowed to determine the thickness of recent soft-soil deposits 

and the depth of the bedrock. The stratigraphy obtained is consistent in the geotechnical 

investigations. 

In order to define a detailed geological model of the subsoil of Nafplio, a more detailed 

geological map was developed, and some geological sections were created, integrating the 

literature information, the stratigraphy from boreholes and the stratigraphic contacts 

observed on site. 

The results revealed that Acronafplia peninsula consists of limestone bedrock 

(Cretaceous), except for the SW side in which conglomerates (Pleistocene) outcrop. The 

latter are heavily eroded by the marine action on the coast, with the occurrence of relevant 

rock fall phenomena. Palamidi hill is affected by a NW-verging thrust and it shows an 

inverted stratigraphic series. The thrust footwall is represented by an anticline composed of 

intensely fractured limestone (Cretaceous) and clayey-marly flysch (Upper Cretaceous-

Eocene). It is also evident the occurrence of a normal fault that lowers the western sector 

(Acronafplia peninsula). The northern slope of the Palamidi hill is characterised by 

Pleistocene gravels and breccias, that surround its base, in erosional unconformity with the 

underlying flysch. Nafplio historical and modern city rise on recent soft soil materials of 

the coastal plain and man-made fill (Sabatakakis and Koukis, 2010). 

Based on the geological model so reconstructed, three main geotechnical units have been 

distinguished: bedrock, recent soft soil deposits, anthropogenic fill (Fig. 2). Furthermore, 

to perform future numerical modelling for local seismic response analysis, the 

characteristic geotechnical parameters were attributed to each geological unit defined in 

terms of natural weight per unit volume, shear stiffness and damping properties (G/G0 and 

D% curves) and seismic wave velocity.  
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Fig. 2. Engineering-geological map and simplified geotechnical cross-section of Nafplio study area (from Saroglou et al., 

2021). 

4.2. Seismic ambient noise measurements  

Several single-station seismic ambient noise measurements were performed in the 

historical centre of Nafplio, at the modern town and in the Acronafplia ridge. Seismic 

ambient noise was recorded for 1 hour in each site using LE-3D/5s 3-component 

seismometers (0.2 Hz eigenfrequency) by Lennartz Electronic GmbH coupled with 

REFTEK 130-01 dataloggers and SL06 24-bit digitizers with built-in SS20 three-

component velocimetric sensor (2 Hz eigenfrequency) by SARA Electronic Instruments, 

both set to a sampling frequency of 250 Hz. 

These measurements were analysed to derive the fundamental frequency (f0) of sites 

characterised by a stratigraphy with a marked impedance contrast, traditionally a soft soil 

on a stiff bedrock (Bour et al., 1998; Haghshenas et al., 2008), by the Horizontal-to-

Vertical Spectral Ratio (HVSR) technique (Nakamura, 1989).  
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Using Geopsy software (Wathelet et al., 2020), each 1-h record was divided in non-

overlapping windows of 40s with 5% cosine taper; the Fast Fourier Transform (FFT) was 

computed for the three components (North-South, East-West and Up-Down) in each 

window and the obtained FFT spectra were smoothed by the Konno and Ohmachi (1998) 

function; the single-window spectra and HVSR ratio were averaged to obtain mean FFT 

spectra for each component and the HVSR function. 

The main outputs from the seismic ambient noise measurements at Nafplio reveal that in 

the historical centre and in the modern town, built above the recent deposits of the coastal 

plain, HVSR functions are characterised by marked peaks, with frequency values that vary 

between 1 and 2 Hz in the modern town area and 2 and 5 Hz in the historical centre. These 

resonance values can be associated to the lower thickness of the soft soils in the near 

surface of the historical centre area. At the Acronafplia ridge, instead, HVSR functions do 

not show any significant peak, indicating that the outcropping limestone acts as seismic 

bedrock.  

4.3. Numerical modelling of the local seismic response 

To evaluate the seismic response in the studied area, a two-dimensional numerical 

modelling (through an equivalent linear analysis at finite elements) for some engineering-

geological cross-sections was performed by the LSR2d software (STACEC s.r.l) and using 

as seismic input a set of recorded earthquakes having spectrum-compatibility with the 

synthetic time series produced with the seismic hazard analysis representative of different 

return periods, selected through the ITACA_REXELweb tool (Sgobba et al., 2021). 

Firstly, it was possible to obtain the acceleration (horizontal direction) maps which clearly 

evidence the higher values in the soft soils along the valley edges, where seismic waves are 

probably subject to diffraction and reflection phenomena by a not-horizontal and 

superficial bedrock and a lighter increase at the top of reliefs (i.e., Acronafplia hill), 

probably due to “ridge effect” consisting in the focusing and concentration of the seismic 

waves (Fig. 3). The amplification functions and the amplification factors (AF), according 

to the Working Group ICMS (2008) criteria, for several control points, fixed along the 

cross-sections, were also computed. In particular, these parameters highlight a more 

intense stratigraphic amplification effect, in the north-northeast of the city centre where the 

most recent urbanisation was performed on a subsoil characterised by man-made fill and 

sandy-clay, several metres thick, lying on the geological bedrock which generates 

significative effects of stratigraphic amplification in good fitting the results from noise 

measurements. By using the AF values distribution, it will be possible to build 

amplification maps of the study area which can address the seismic risk mitigation 

interventions on the existing buildings and/or on the planning of new structures. Finally, 

the elastic response spectra for the different analysed return periods will be computed for 

each zone identified having homogeneous seismic response based on the performed 

numerical modelling results. 
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Fig. 3. Example of acceleration values along a cross-section oriented S-N from Acronafplia to Nafplio 

modern town.  

5. Conclusion 

Historical centres of old towns in high seismicity areas are widely diffused in the 

Mediterranean zone. The mitigation of the seismic risk for these resources is therefore a 

topic of great importance to allow their conservation for future generations. 

Local seismic response can induce amplification effects responsible for a more sever action 

on buildings and old constructions. Therefore, to manage the risk mitigation of such a 

cultural heritage specific modelling of both engineering-geological and seismic effects are 

necessary. Such a topic represents the aim of the H2020-RISE project “STABLE” 

(Structural stABLity risk assEsment; www.stable-project.eu), that concerns the cultural 

heritage protection in the peri-mediterranean area. The historical city centre of Nafplio 

(Greece) represented a very interesting test site to analyse the seismic response. The local 

seismic response was evaluated by combining engineering-geological, geophysical and 

numerical modelling approaches in order to retrieve a map showing zones with 

homogeneous seismic response and related elastic response spectra.  
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Abstract: Following the benchmark PRENOLIN for 1D non-linear site response analysis a 
new benchmark is proposed to assess the effect of both, the pore water pressure generation 
and the liquefaction occurrence. For now, 11 teams, mainly from French institutes, participate 
in this benchmark. A first iteration of calculation based on a synthetic case has been performed 
and a second is ongoing. The first iteration of the LICORNE (Liquefaction and Cyclic 
mObility Representation on Numerical Experiments) project highlighted differences in the 
results of some numerical codes. In parallel, other codes were able to closely estimate the 
responses. A second iteration is ongoing to clarify the inputs and the results form of each team 
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each team. 
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1. Introduction 

The seismic amplification associated with the subsurface soil layers has demonstrated their 
destructive potential. During strong to moderate earthquakes, the seismic wave propagation 
in the soft soil layers can induce large strains and trigger strong non-linearity in the soil 
behaviour impacting significantly the site response (Régnier et al. 2013). In the presence of 
saturated, poorly compacted and non-cohesive materials, the seismic loading coupled with 
medium to large strain amplitude can produce excess pore water pressure. If the pore 
pressure excess reaches large values, soil failure with liquefaction phenomenon occurs. In 
such case, soil has no longer the strength to support static stresses, thus large vertical and 
lateral permanent displacements can occur (Seed and Idriss 1971). The problem should no 
longer be solved with a single-phase model, but with a fluid-solid two-phase model.  
In current practice, site response analysis are performed using 1-D numerical simulations 
with either equivalent linear approaches or more advanced non-linear constitutive models. 
In the former, the soil behavior is characterized by the shear modulus reduction and the 
increase of attenuation curves. In the latter, it is necessary to have more parameters dueto 
the complexity of these models. In the PRENOLIN project (2012-2015), the uncertainties of 
the non-linear site response estimation, linked to the soil model and code were calculated. 
One main limitation of this project was the non-consideration of the pore pressure 
development. The Benchmark LICORNE (Liquefaction and Cyclic mObility 
Representation on Numerical Experiments) goes one step further with the comparison of 
numerical evaluation of 1D non-linear site response involving pore water pressure 
generation. Eleven teams participate with different numerical codes in this international 
benchmark. The submitted results of each team were compared all together. As most of 
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databases issued from in-situ measurements or centrifuge tests, among others, are not fully 
complete in terms of soil mechanic properties and/or the range of deformations, it was 
decided to use as a reference database, numerical simulations based on a fully non-linear 
constitutive model. Thus, the soil parameters and the reference data were inspired by the 
PhD thesis of Khalil (2021).  
The objective of this paper is to present the benchmark database, the numerical models used 
by the participants, the preliminary results of the first iteration, and the perspectives for a 
second iteration of calculations. 

2. Presentation of the participants

For the LICORNE benchmark, 11 teams participated and are presented in Table 1. They are 
mainly from French public institutions (UCA, Cerema, Geoazur, CEA), French companies 
(GDS, EDF, Fugro, Tractebel/Engie), one institution in Colombia (EAFIT) and one in Italy 
(UnivAQ).  
The reference calculations were conducted with the finite element code GEFDyn (Aubry et al. 
1986; Aubry and Modaressi 1996), and the reference soil constitutive model was the ECP (Ecole 
Centrale Paris) elastoplastic multi-mechanism model, also known as Hujeux model (Aubry et 
al. 1982). The reason behind this choice is that this model can take into account the soil behaviour 
for a large range of deformations. Moreover, it is interesting to mention that some participants 
share the same FE code (i.e. Team G) or the soil model (i.e. Teams F, G and I) as the reference. 
This added a challenge in the project to verify the uncertainties of each code/model and their 
ability to represent the non-linear soil behaviour or the liquefaction apparition. 
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Table 1 : Participating teams to benchmark LICORNE 

ID Numerical 
code Numerical method Constitutive model References 

A SWAP_3C
  

Quadratic line finite 
elements with 3 nodes 

IWAN + IAI (Santisi d’Avila et al. 
2018) 

B SEM2DPACK Spectral element 
method 

IWAN + IAI (Oral, Gélis, and Bonilla 
2019; Oral 2016) 

C OPENSEES Finite element, 
9_4_QuadUP 

elements 

Pressure dependent 
MultiYield 

(Prevost 1985; Parra-
Colmenares 1996; Yang 
and Elgamal 2000; Elgamal 
et al. 2003) 

D Code_Aster FEM Extended Equivalent Linear (Kteich et al. 2019) 
F CyberQuake FEM Hujeux (Hujeux 1985; Modaressi 

and Foerster 2000; Lopez-
Caballero et al 2007);  

G GEFDyn FEM Hujeux Aubry et al. 1982; Aubry 
and Modaressi 1996 

H DEEPSOIL Finite difference 
method 

Extended hyperbolic model (Hashash 2016) 

I code_aster FEM Hujeux (Aubry et al. 1982; 
“code_aster” 2021) 

K EERA FEM Extended Equivalent Linear (Kteich et al. 2019) 
L1 SCOSSA 

PWP B1.91 
FEM 

Modified 
Hyperbolic 

model (MKZ + 
PWP model )   

With pwp 
dissipation 

(Chiaradonna et al. 2018; 
2020; Tropeano et al. 

2019) L2 SCOSSA 
PWP B1.91 

FEM With pwp 
dissipation 

L3 SCOSSA 
PWP B1.91 

FEM With pwp 
dissipation/

CTX 
M OPENSEES FEM Manzari-Dafalias (2004) (Dafalias and Manzari 

2004) 

3. Presentation of the calculation case 

3.1. Soil layer geometry and properties 

The soil profile named P1 (Figure 1)  is composed of two layers: 6 m dense sand (Mat.1 Sand) 
below a 4 m loose sand (Mat.2 Sand). The water table is 1 m below the surface.  

 
Figure 1: The P1 geometries for iteration 1 

Considering the sign convention of soil mechanics that considers the compression as positive, 
some soil layer properties are set in Table 2. 

Bedrock

Mat.2 Sand

Mat.1 Sand

1m

3m

6m

47393ECEES, September 2022, Bucharest, Romania



Table 2 : Soil layer properties 

As a mandatory step to identify soil type and behaviour, simulated triaxial drained/undrained 
tests were conducted on each soil sample. For the sake of brevity only, the simulated laboratory 
tests results will not be presented in this paper. On the contrary, the obtained curves of the cyclic 
stress ratio (SR = 𝝈𝒗,𝒄𝒚𝒄

𝟐𝒑𝟎
) , with 𝝈𝒗,𝒄𝒚𝒄 is the cyclic vertical stress applied in the cyclic loading and 

p’0 mean effective stress) as a function of the number of cycles to produce liquefaction (N), are 
shown in Figure 2 (a). As a comparison with the experimentally obtained curves given by Byrne 
et al. (2004) for Nevada sand at different densities, it can be seen from Figure 2 (a) that the 
shallow soil layer has a relative density close to 40%, which makes it behave as a loose sand and 
thus has a tendency to liquefy. Whereas the deep soil is a dense sand of a relative density close 
to 70%.  

In addition, the 𝑮/𝑮𝒎𝒂𝒙 	− 	𝜸 curves are given in Figure 2  (b). As a qualitative comparison, 
the modelled test results are compared with the reference curves given by Seed and Idriss (1971). 

(a)   (b)  

Figure 2: The soil layers behavior: (a) Cyclic stress ratios against the number of cycles and (b) normalized Shear 
modulus reduction curves. 

3.2 Input ground motions 

Input motions with different high frequency and low frequency content time series are tested 
(so-called Ts hf and Ts lf). The motions are enumerated from 0 to 3 meaning that 0 is the low 
motion and 3 is the strong motion. The outcropping bedrock motion is inserted through the 
bottom of the model as incident waves after deconvolution. These accelerations are filtered 
for frequencies between 0.15 and 30 Hz. The final PGA of the given input motions and their 
Fourier spectra are presented in Figure 3. 
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Figure 3 : Acceleration time histories (left) and associated Fourier spectra of the input motions (right) for profile P1. 
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2. Results

The participants were asked to provide the following data: 

• the stress strain curve every 1m from the surface
• the vertical settlement at the top of the column
• the acceleration time history at the top of the column
• the temporal change of the excess pore water pressure ratio (𝑟3 = 	

∆67
68)

 ; ∆𝑝: being the 
difference between the final and initial pore water pressure and the 𝑝;<  is the initial 
mean effective stress) every 1m from the surface (for column P1 only) 

For the sake of brevity only, not all the results are shown in this paper, only some results will be 
developed hereafter. 

The ratio of Fourier spectra between the surface motion and the input was calculated and is 
shown in Figure 4 for all motions. The Fourier spectra were calculated using the fast Fourier 
Transform algorithm after applying a baseline correction followed by an apodisation on 2% of 
the signal. The spectra were smoothed with a Konno-Ohmachi smoothing (Konno & Ohmachi, 
1998) with a parameter b = 40. The resonance frequency decreases between the simulations 
performed with the weakest motion (Ts0) and the strongest motion (Ts3). In addition, except for 
the results of the linear equivalent analysis, the shape of the linear transfer function disappears 
from the Ts2 level. From this acceleration level it is observed that, for all the calculations (except 
teams B and D), the ratio is below 1 (i.e. de-amplification) on the majority of the frequency band. 
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Figure 4 : Fourier spectral ratio of the HF (left column) and LF (right column) for the fourth levels of input motion, from 
the weakest at the top to the strongest at the bottom. 

Rumax profiles are shown in Figure 5, for the pulse seismic motion and the highest amplitude 
motions (Ts2 and Ts3). When the excess pore water pressure ratio, 𝑟3, is greater than 0.8, 
liquefaction occurs. Hence, it can be seen, from the results of Figure 5, that some codes were 
able to detect liquefaction in the first layer (as expected due to the type of sand of this layer). 
However, for the strongest input motions, some codes (Teams B and C) detected a 
liquefaction occurrence in the dense sand where it is not supposed to liquefy. These results 
may notify some numerical problems that will be further analyzed in the next step of 
calculations. 

0 
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Figure 5: Rumax profiles for the pulse, the motions HF and LF scaled to the two strongest levels. 

The variability between the codes has been calculated for seven parameters and for all the 
input motions (Figure 6): the PGA at the surface, the spectral acceleration at 0.1s, 0.3 s and 
1 s and the maximum pore water pressure ratio, shear stress and shear strain at 3.5m (Z3). 
The variability is larger for the maximum shear strain. It increases with the level of input 
motion for the spectral values but decreases for the maximum pore water pressure ratio. 

Figure 6 : Variability between codes for seven parameters: the PGA at the surface, the spectral acceleration(SA) at 0.1s, 
0.3 s and 1 s, the maximal pore water pressure ratio (Ru), shear stress and shear strain at 3.5m (Z3) for all input 
motions. 
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2. Conclusions 

This first round of calculations has demonstrated a large variability between the participants’ 
results. For weak motions (Ts0), the site response variability indicated that some calculations 
could be improved. In addition, some incoherent results appear for some codes. For example, 
at larger strain, these codes found a liquefaction occurrence in the second soil layer which is 
not likely to occur due to the soil type. Moreover, the variability of the spectral parameters 
and the maximum shear strains increase which may reflect some differences resulting from 
the constitutive models of the participants.  
Thus, for the second round of calculations, the organizing committee plans that the given 
data were well incorporated by each team, and that the teams with outlier results will perform 
additional verification. Another important aspect of the second iteration is that it will be 
possible to understand whether the differences originate from the model predictions or 
simulation setup mistakes in the implementations/calibrations of the data, the second round 
of benchmark will include an additional case study that will allow for the comparison 
between the stress-strain curves of each team. The preliminary analysis of the results will be 
extended with the calculation of Anderson criteria and new parameters such as the 
cumulative damage Q factor (Shinozuka and Ohtomo 1989).  
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While assessing seismic hazard for strong ground motion, non-linear soil behaviour has to be 

considered. However, the realistic modelling of the non-linear wave propagation requires 

defining complex soil models and calibration of several parameters including the soil 

dilatancy parameters if the effects of pore pressure excess development are taken into account. 

Typically, they are calibrated using triaxial experiment or trial and error method. In this study, 

we test the procedure by Roten (2014), in which the dilatancy parameters are calibrated using 

CPT data with the Neighbourhood inversion algorithm. We use the data from the city of 

Lucerne in Switzerland located on a very soft sedimentary basin prone to strong site effects 

and liquefaction. Based on synthetic tests, we conclude that the initial set of dilatancy 

parameters can be recovered using the presented procedure, however, in some cases, the 

problem is non-unique. The experiments on real data also allow obtaining realistic results but 

it is important to define a reasonable search range for each dilatancy parameter and calibrate 

the inversion algorithm to explore extensively the model space. We will investigate the 

influence of the obtained dilatancy parameters on the ground-motion modeling. 

Keywords: site effects, nonlinear soil behaviour, cyclic mobility, inverse problem 

1. Introduction

The importance of site effects cannot be neglected while assessing local seismic hazard and 

risk, especially in densely populated cities that are particularly vulnerable to earthquake-

related risk due to the concentration of exposed elements. For predicting the effects of 

intermediate levels of input ground motion, the weak ground-motion earthquake 

observations can be used alone (e.g. Borcherdt, 1970) or together with ambient vibration 

recordings (Janusz et al., 2021, 2022; Perron et al., 2018, 2022). However, for strong motion, 

non-linear soil behaviour has to be considered (e.g. Beresnev & Wen, 1996; Bonilla et al., 

2005; Roten et al., 2009). At high strain levels, the shear modulus decreases and the damping 

ratio increases together with strain amplitude (Beresnev & Wen, 1996). Simultaneously, 

shear wave velocity and the soil fundamental frequency reduction may lead to higher 

amplification factors at low frequencies (Beresnev & Wen, 1996; Roten et al., 2009). On the 

other hand, at high frequencies, increased attenuation reduces the amplitude and even 

contributes to de-amplification. Because of the prevailing influence of damping, the 

importance of nonlinear site effects is sometimes underestimated; however, the effects at 

low frequency can greatly enhance the damage. In addition, the dilatant soils can recover 

momentarily the shear strength under strong shaking leading to large deformation (Bonilla 

et al., 2005). A sudden rise of sediments pore pressure under undrained conditions may also 
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trigger liquefaction where soils lose temporarily the shear strength and behave like a fluid 

inducing damage to the buildings (Kramer, 1996). 

Commonly, the nonlinear effects are accounted for using an equivalent-linear model 

requiring only a few parameters (Schnabel et al., 1972). However, in order to simulate 

complex soil behaviour, the development and application of the fully non-linear wave 

propagation models  (e.g. Yoshida & Iai, 1998; Yu et al., 1993) is needed and it is one of the 

ongoing topics in seismological and earthquake engineering society (e.g. Regnier, 2021). In 

this project, we utilize the NOAH finite-difference code (Bonilla, 2001; Bonilla et al., 2005) 

that simulates the wave propagation due to vertically incident SH wave allowing us to 

account for inelasticity and the hysteretic behaviour of the stress-strain relation. In addition, 

it enables the simulation of the development of the pore pressure under cyclic loading for 

dilatant soils using the liquefaction front model of Iai et al., (1990). Nevertheless, the non-

linear calculations require detailed characterization of the soil column parameters (Bonilla, 

2001) which usually poses a challenge. Typically, the required parameters are estimated 

from field measurements, laboratory testing, or using empirical relations. If pore pressure 

effects are to be considered, five dilatancy parameters have to be defined as well (Iai et al., 

1990) that describe the soil behaviour under cyclic loading. Parameter p1 describes the 

position of the liquefaction front in the initial and p2 in the final phase of deformation (Roten 

et al., 2014), while w1 defines overall dilatancy. c1 is a threshold limit where pore pressure 

build-up starts and S1 is a dilatancy limit where excess pore pressure is still lower than the 

effective confining stress (Roten et al., 2014). Often the dilatancy parameters are calibrated 

using the trial and error method (Bonilla, 2001; Iai et al., 1990). However, they can also be 

estimated using the triaxial test, cone penetration test (CPT), or strong-motion vertical array 

records (Roten, 2014; Roten et al., 2014). The idea of the CPT is to push the probe vertically 

into the ground at a standard rate and measure tip resistance qc, sleeve friction fs, and pore 

pressure (Liao et al., 2002; Robertson, 2009). It is possible also to record the shear wave 

velocity profile using the seismic piezocone penetration test (SCPTu) (Liao et al., 2002). 

The soil type and its strength properties can be among others determined from the CPT 

readings (Liao et al., 2002; Robertson, 2009). In this study, we use an inversion procedure 

developed by Roten, (2014), where the dilatancy parameters are derived using mainly CPT 

data. We invert the liquefaction resistance curve (LRC) that is estimated from CPT using 

empirical relations (Robertson and Wride, 1998). We test and try to refine the presented 

procedure, analysing its drawbacks and performance using the data from the city of Lucerne 

in central Switzerland. We also perform a preliminary sensitivity analysis for some input 

parameters. In the future, we will investigate the effects of the estimated dilatancy 

parameters on modelled ground motion and site-to-site variability in the studied area. 

2. Case study

The city of Lucerne, a densely populated town in central Switzerland, is located in the basin 

filled with unconsolidated Quaternary fluvio-lacustrine deposits, mainly consisting of 

interspersed thin layers of sand, gravel, clay, and silt (Keller + Lorenz AG, 2010; Poggi et 

al., 2012). Such soft deposits are prone to strong site effects and liquefaction. The risk of 

liquefaction is enhanced by shallow water table (i.e. 2–5 m) (Poggi et al., 2012). Central 

Switzerland is a low-to-moderate seismicity area. However, several strong earthquakes are 

known from historical records among others an event in 1601 with a moment magnitude Mw 

of 5.9 (Fäh et al., 2011) that caused damage in the city and triggered a subaquatic landslide 
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as well as rockfall from the Bürgenstock followed by a 4–5 m-high tsunami (Schnellmann 

et al., 2004).  

Figure 1. The available CPT 

measurements in the city of Lucerne. 

SLUW site is marked with an arrow. 

Red rectangular on the map of 

Switzerland shows the location of the 

investigated area. Base maps source: 

Federal Office of Topography 

(map.geo.admin.ch). 

For the deep parts of the basin 

(>50 m of sediments), the 

fundamental resonance 

frequency evaluated using 

short ambient vibration 

recordings is between 1 and 

1.5 Hz (Janusz et al., 2021, 

2022; Poggi et al., 2012). The 

empirical amplification model 

estimated for the city using 

weak earthquake ground 

motion and ambient vibration (Janusz et al., 2021, 2022) shows the amplification factors of 

more than 10 at such frequencies. However, even at higher frequencies (up to 5 Hz) or in the 

shallower parts of the basin, the amplification factors are significant. The velocity profiles 

inferred for the selected areas in the city using passive and active seismic measurements are 

characterized by the low shear velocity at shallow depths (Hobiger et al., 2017; Poggi et al., 

2012, 2013).  

3. Data and methodology 

Private companies and the Swiss Seismological Service (SED) carried out several site 

characterization investigations in the Lucerne area during the last 10 years. Geoprofile has 

provided us with 34 CPT profiles (Figure 1) including two SCPTu measurements. In 

addition, geological information and documentation of hundreds of boreholes can be 

accessed thanks to the help of the Canton of Lucerne administration. Data and results of the 

passive and active seismic measurements performed by SED are used in this study as well 

(Hobiger et al., 2017; Michel et al., 2013; Poggi et al., 2012, 2013).  

The first step of the performed analysis is to characterize the soil profile at selected sites 

using available data (i.e. CPT, seismic data, nearby boreholes, amplification model). Based 

mainly on CPT readings, we divide the soil profile into layers, and for each, we estimate 

several geophysical and geotechnical parameters from CPT using empirical relations (Table 

1). We define the simplified soil profile assigning a mean value of each parameter for every 

layer. In case no shear wave velocity profile using active or passive seismic is available, the 

S-wave velocity from CPT empirical relations is used. In the next step, we identify the layers 

that are prone to liquefaction and cyclic mobility (i.e. sandy-silty water-saturated layers) and 

follow the procedure of Roten (2014), in order to find the dilatancy parameters. Based on 

Robertson, (2009) and Robertson & Wride, (1998), we estimate the cyclic resistance ratio 
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CRR7.5 from CPT which is defined as cyclic stress ratio (CSR) needed to trigger liquefaction 

during 15 uniform cycles which is equivalent to magnitude 7.5 earthquake during the 

laboratory testing. Generally, the higher CSR, the lower number of uniform cycles is 

required to trigger liquefaction. The liquefaction resistance curve (LRC) shows the relation 

between CSR and the number of uniform cycles (N) and can be generated using magnitude 

scaling factors (MSF) (Idriss & Boulanger, 2006) from CRR7.5 value. The MSFs range that 

was used in this study was from 1.8 to 0.4. 

𝑁 =
15 

𝑀𝑆𝐹
1

0.337

Table 1. The list of all soil properties mentioned in the text. For the parameters that are calculated from CPT, 

the empirical relation is given. The shear wave velocity and density profiles from other sources (i.e. passive or 

active seismic experiment) is preferred over CPT. For the shear wave velocity, density, and friction angle, the 

final values are calculated as a mean over several listed empirical relations.  

Parameter Empirical relation / Remarks 

Tip resistance (qc) From CPT 

Sleeve friction (fs) From CPT 

Penetration pore pressure (u2) From CPT 

Soil behaviour type index (Ic)  Robertson & Wride, (1998); Robertson, (2009) 

Cohesion (c) Mesri & Abdel‐Ghaffar, (1993) 

Coefficient of the Earth pressure at rest (K0) Mayne & Kulhawy, (1983) 

Specific weight (γ) / density (ρ) Mayne, (2014); Mayne, (2006); Robertson & Cabal, (2010) 

CRR7.5  Robertson & Wride, (1998); Robertson, (2009) 

Shear wave velocity Vs [m/s] 
 Hegazy & Mayne, (1995); Hegazy & Mayne, (2006); 

Mayne, (2007); Robertson, (2012) 

Friction angle φ[°] 
Kulhawy & Mayne, (1990); Mayne & Campanella, (2005); 

Robertson & Campanella, (1983) 

Phase transformation angle [°] Ishihara & Towhata, (1982) 

Porosity [-] assumed 

Poisson ratio [-] assumed 

Total vertical stress (σv) - 

Vertical effective stress (σ’v) - 

Hydrostatic pressure (U0) - 

Mean effective stress (σ’0) Mean over effective vertical and horizontal stress 

The LRC curve is then inverted using the Neighbourhood algorithm (Sambridge, 1999) in 

order to find the set of dilatancy parameters that explain the data the best. The dilatancy 

parameter S1 is set to a small non-zero number and not inverted for numerical stability. The 

LCR curve is sampled and for each CSR value, the stress-controlled experiment is simulated 

until strain reaches 2.5% (5% double amplitude) creating a new LRC curve. The forward 

model is the liquefaction front model by Iai et al., (1990), the needed input parameters are 

listed in Table 2. The misfit between data (nk) and model (xk) is calculated:  

𝑚𝑖𝑠𝑓𝑖𝑡 =  ∑(𝑛𝑘 − 𝑥𝑘)2

𝐾

𝑘=1

where K is a number of points in LRC. 
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In order to account for the uncertainty of the inversion process, we select 30 sets of dilatancy 

parameters with the lowest misfit. For each set, we simulate wave propagation in non-linear 

using the NOAH codes.  

 

Figure 2. CPT profile and estimated soil properties for SLUW. The symbols and empirical relations used for 

deriving the values are given in Table 1. The profile is divided into 8 layers shown using vertical lines on each 

plot. Two marked layers are referred to in the text.  

Table 2. Input soil properties for layer 1 and 2.  

Parameter [unit] Layer 1 Layer 2 

CRR7.5 [-] 0.18 0.10 

Porosity [-] 0.45 0.45 

Shear wave velocity Vs [m/s] 227 128 

Friction angle φ[°] 34.4 31.1 

Phase transformation angle [°] 23.1 20.7 

Density ρ [kg/m3] 1963 1778 

Coefficient of the Earth pressure at rest K0 [-] 0.77 0.68 

Depth [m] 12.15 8.45 

Mean effective stress σ’0 [kPa] 86.3 54.7 

Poisson ratio [-] 0.33 0.33 

4. Results and discussion 

We show the results and observation for one site (SLUW – Figure 1) where a surface seismic 

station (accelerometer) is operating since 2010. A detailed site characterization study was 

performed (Poggi et al., 2013) at this site including CPT, downhole seismic experiment, 

MASW, and passive array measurement 

4.1. Soil profiles 

Figure 2 shows the simplified soil profile for SLUW, all soil parameters are derived from 

the CPT using empirical relations. We divided the soil column into 8 layers and selected 

layers 1 and 2 (Figure 2) as potentially liquefiable. The water table is estimated to be at 2 m. 

The comparison with a nearby borehole shows a good consistency when it comes to 
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dominant lithology and depth of interfaces. It shows that CPT is a good approximation for 

that site; however, we cannot verify the values of the geotechnical parameters. Because of 

the uncertainty of the empirical relations used, especially the shear wave velocity, the values 

have to be treated carefully and the resulting uncertainty has to be accounted for. Hence, we 

juxtaposed the shear wave velocity estimates using CPT with S-wave from downhole 

seismic experiment and active and passive array measurements showing that CPT empirical 

relations provide only approximated values. 

4.2. Inversion for the dilatancy parameters 

Layers 1 and 2 are selected as dominantly sandy and we attempt to find the set of dilatancy 

parameters for those layers. The input parameters are shown in Table 2, the used S-wave 

velocity and density are from the downhole seismic experiment but all remaining parameters 

are calculated from the CPT data (Table 1). The example of the input LRC curve (in black) 

together with all curves generated during the inversion procedure is shown in Figure 3. 

Colors indicate the misfit with red corresponding to lowest and yellow to highest misfit. 

Figure 4 and Figure 5 show the model misfit for 4 dilatancy parameters for layer 1 and layer 

2, the set with the lowest misfit is marked using a black line and listed in Table 3. In the case 

of layer 2 (Figure 5), the values of p2, w1, and c1 are clearly resolved while the initial 

dilatancy p1 is more variable, we observe several minima that explain the data similarly. The 

given inverse problem is highly nonlinear and non-unique. Figure 6 shows the simulation of 

stress-strain history and pore pressure development for the lowest misfit model. In the 

following, we investigate the influence of the dilatancy parameters on the simulated ground 

motion in order to check the importance of the variability that we observe. 

Figure 3. Example of the input LRC curve (in black) and all 

the models sampled during one inversion run. Colors 

indicate the misfit.  

For layer 1, the c1 and w1 are clearly resolved; 

however, the p1 and p2 always tend to a maximum 

of the search range (Figure 4). The experiments 

when we expand the upper limit of the search 

range drastically for p2 (up to 100) show that that 

that value can reach unrealistically high values 

(e.g. 60–80) if we do not constrain the search 

range. Even though in most of the cases, the 

procedure allows us to find a set of dilatancy 

parameters that is consistent with values given in 

the literature, sometimes the results are non-

physical. It indicates the importance of keeping 

the reasonable limits of the searched model space. 

Table 3. Search ranges and the lowest misfit sets of dilatancy parameters for layers 1 and 2. 

Dilatancy parameter Search range Layer 1 Layer 2 

p1 0.4 - 1 0.98 0.97 

p2 0.6 - 2 1.90 1.08 

w1 0 - 20 6.40 1.80 

S1 0.01 0.01 0.01 

c1 0 - 2.5 0.91 0.66 
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Figure 4. Sampled models (in blue) during the inversion for the dilatancy parameters for layer 1. The value 

with the lowest misfit is marked using a black line.  

 

Figure 5. Sampled models (in blue) during the inversion for the dilatancy parameters for layer 2. The value 

with the lowest misfit is marked using a black line.  

 

4.3. Inversion testing 

We performed several experiments to investigate the performance of the inversion scheme 

and factors that influence the results. We created several synthetic LRC curves that we 

inverted in order to verify the algorithm. We conclude that in most of the cases, the initial 

set of dilatancy parameters is found; however, in some cases, the problem appears to be too 

non-unique and the inversion scheme is stuck at the local minimum.  

We tested the effect of a different number of simulations to construct the LRC curve and of 

the choice of the maximum and minimum value of the CSR on the inversion. We found that 

these parameters do not introduce any effects in the results. However, based on our 

observation and literature recommendation (Roten, 2014), we recommend not using CSR 
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values of more than 0.4. For higher values, the strain exceeds 2.5% very fast, pore pressure 

excess build-up is almost immediate. Hence initial dilatancy p1, which represents the initial 

position of the liquefaction front, is not constrained well.  

Figure 6. Example of the stress-controlled experiment and pore pressure development for layer 2 using the 

lowest misfit set of dilatancy parameters. CSR value used in the simulation is 0.09.  

When changing the search limits for each dilatancy parameter, the results indicate that it is 

a decisive factor in some cases (layer 1) and does not have an impact on others (layer 2). If 

the values that explain the model the best are unrealistic and outside the ranges reported in 

the literature (Iai et al., 1990), it is important to constrain the parameter search range. 

However, in order to take into account the variability of the results, we use a subset of 30 

models having the lowest misfit to study their effect on the ground-motion simulation.  

We also investigate the effect of changing the inversion procedure from more exploitative 

to more explorative, concluding that for our non-unique problem, the most optimal solution 

is to an extensive search of the model space in order to find many local minima and test their 

influence on wave propagation modelling.  

We think that the main reason why the tested inversion scheme seems to give unrealistic 

values is the highly nonlinear and non-unique character of the problem. However, another 

issue that has to be considered is the fact that according to Iai et al., (1990), the trial and 

error method to calibrate the dilatancy parameters should be sequential. The individual 

dilatancy parameters are supposed to be determined one by one using different stress levels. 

However, in the investigated scheme, all parameters are estimated simultaneously.  

We have also performed a preliminary sensitivity analysis of input parameters. While 

changing the Poisson ratio from 0.33 to 0.45 does not affect the results, the procedure is 

more sensitive to the change of K0, Vs, and ρ, however, the influence is not significant. The 

results are more affected if we decrease the value of K0 (to 0.5) than if it is increased (to 1). 

On the contrary, the inversion outcomes are more affected if higher values of Vs and ρ are 

used. Nevertheless, the analysis is still ongoing.  

5. Conclusions

In this study, we tested the inversion procedure for finding the soil dilatancy parameters 

using CPT data (Roten, 2014) for non-linear soil response analysis. Based on our findings, 
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we think that it is a useful tool allowing facilitating the search for dilatancy parameters, 

which are often calibrated using an extensive trial and error method. For the synthetic tests, 

the presented inversion procedure enables the recovery of the input model in most of the 

cases, in addition, we are able to obtain realistic sets of dilatancy parameters for real data. 

However, due to the nonlinear and non-unique character of the inversion problem, we 

recommend choosing several sets of dilatancy parameters with a low misfit and investigating 

how their variability influences the results. In addition, the parameter search range should 

be relatively narrow to avoid unrealistic results. Preliminary sensitivity analysis shows that 

the influence of small variability of input parameters is not significant but should be 

considered. Moreover, the inversion procedure should be set to be explorative in order to 

avoid being stuck in a local minimum.  
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Abstract:  
In the present study determination of the Horizontal Spectral Amplification Factor (HSAF) 
in stations of the National Accelerometers Network in Greece is attempted. It is based on the 
Diffuse Field Assumption concept and simultaneous application of the Generalized 
Inversion Technique (GIT) for the horizontal and vertical ground motion. For this purpose a 
dataset of 8500 accelerograms of 368 shallow earthquakes in Greece, with 4.5≤M<6.0, 
recorded at 152 accelerometer stations, were used to determine Vertical Amplification 
Correction Functions (VACFs). For the GIT application a reference rock station was used 
with adjusted crustal shear wave velocity at Vs>3km/s, to assure no-amplification of both 
horizontal and vertical components. After the GIT application, two categories of VACFs in 
Greece were proposed: one of an average VACF using the eHVSR curves of all the 152 
stations and another of seven VACF, after classifying the stations according to their peak 
eHVSR and their respective frequency. The computed VACFs in Greece were evaluated by 
their capability of reproducing the observed HSAF from the eHVSR using both categories 
of VACFs, at sites not used in the GIT and for which horizontal amplification factors 
(HSAFs) were calculated by an independent method (SSR). The obtained results showed 
that the VACFs proposed in this study can satisfactorily correct eHVSR and provide reliable 
HSAF in Greece. 

Keywords: Horizontal and Vertical Spectral Amplification, eHVSR, Reference Station 
      

1. Introduction  

Amplification of seismic ground motion is a major factor affecting seismic hazard of a 
target site. Especially the Horizontal Spectral Amplification Factor (HSAF) is considered a 
basic coefficient in seismic codes which in combination with the ground type can 
realistically estimate lateral seismic actions imposed on a structure. Theoretical estimation 
of this factor requires detailed knowledge of dynamic properties of underlying soil layers 
along with 1D or 2D/3D site response analyses. Additionally, a reference rock site close to 
the target soil site is required to implement certain techniques for empirical estimation of 
HSAF (e.g. SSR technique). However, for the former approach costly and time consuming 
works are demanded as well as analytical tools incorporating uncertainties while for the 
latter approach a reference station in the vicinity of the target site is mandatory.  
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During the last three decades several proxies of the amplification of ground motion have 
been proposed though with varying reliability. One of them is the so-called Horizontal-to-
Vertical Spectral Ratio (HVSR) either from earthquakes (eHVSR) of from ambient noise 
(microtremor) recordings (mHVSR). Although the eHVSR proved to be effective in 
defining the fundamental period of a target soil site, its corresponding amplitude in most of 
the cases exhibited lower values with respect to those provided by other classical 
approaches (e.g. SSR) (Bonnefoy-Claudet et al. 2006a, 2006b; Haghshenas et al. 2008). 
For this reason and in order to satisfactorily estimate the actual horizontal amplification of 
ground motion at a target soil site, it was deemed mandatory to determine a correction 
function for the vertical amplification, the so-called Vertical Amplification Correction 
Function (VACF). Using such a function one could correct the eHVSR to obtain horizontal 
spectral amplification at the examined soil site (Ito et al. 2020).  
In this study, based on recordings of the National Accelerometer Network of Greece an 
attempt is made to determine the VACF pertaining the broader Aegean area. Application 
and validation of the proposed VACFs at target sites for which both classical spectral ratios 
(SSR) and eHVSR were available in Greece was satisfactory, encouraging thus both their 
use and their future updating.  

2. Method and data used

For the estimation of VACFs, computation of the Vertical Spectral Amplification Factor 
(VSAF) is required. To compute VSAF, a parametric Generalized Inversion Technique 
(GIT) simultaneously for the horizontal and vertical ground motion was applied on the 
same data set based on the algorithm developed by Grendas et al. (2021). The GIT was 
based on the following equation: 

         (1) 

The first analytical term of the product of equation (1) refers to the source factor, the 
second and third terms refer to the propagation path (geometrical spreading and anelastic 
attenuation, respectively) while the fourth term accounts for the site factor for discrete 
frequencies, fk, for an earthquake i recorded at station j. The dependent variable Aij(fk) 
refers separately to horizontal Fij and vertical ground motion Gij, while the fourth 
independent term, Sj(fk), of the equation corresponds to the site factor (Ito et al. 2020, 
Maragakis 2022). After the GIT best misfit solution,  

eHVSR=Fij/Gij àfor the same source & path and threfore eHVSR=<Hj>/<Vj x VbHbR>    (2)     

where <Hj> ≡ HSAFj,  and VbHbR is a coefficient for converting horizontal S-wave into
vertical P-wave amplitude, which theoretically corresponds to the inverse of the horizontal-
to-vertical amplitude ratio of the incident wavefield at the seismological bedrock 
(Vs>3km/sec), according to the diffuse field assumption concept (Kawase et al. 2011). 
Please note that we need to use the same reference condition (a horizontal component on 
the seismological bedrock) for both Fij and Gij. 
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Then it results for each station,  
 
    VACFj=HSAFj / eHVSRj                (3) 

 
Finally, by equation (3) the VACFj can be calculated either as the average after using all 
stations or can be calculated for certain categories with respect to peak amplitude of the 
eHVSRs and their corresponding frequency range. 
The data used in the aforementioned methodology are about 8500 3-component 
accelerograms, coming from 368 shallow earthquakes in the broader Aegean area, with 
4.5≤M<6.0, recorded at 152 accelerometer stations. Two data subsets were used in this 
study; one for hypocentral distances less-equal than 300km and another for less-equal than 
200km. The stations, earthquakes and their respective ray-paths for both subsets are shown 
in Fig. 1. 

 
Fig. 1 – The two data subsets used in this study  

3. Results  

Results were obtained for both data subsets; the one with Rhypo≤300km and the other with 
Rhypo≤200km. In Fig. 2 (upper part) the moment magnitudes from GIT are compared with 
magnitudes from the catalogue showing a good agreement within the zone of ±0.2, which is 
the routine standard error in earthquake catalogues. In Fig. 2 (lower part) the correlation of  
moment magnitude with corresponding corner frequency from GIT shows that for the small-
to-moderate magnitudes, 4.5≤M≤6.0, examined in this study, exhibits a stress drop variation 
between 10 to 100 bars, being in good agreement with other studies in Greece (among others; 
Margaris and Hatzidimitriou 2002, Margaris and Boore 1998, Grendas et al. 2018). In 
addition, it seems that the differences of the 2 subsets do not substantially affect the estimated 
source parameters. 
The spatial distribution of Qo in the roader Aegean area (that is the attenuation quality 
factor Q for frequency f=1Hz), does not remarkably differ for the two examined data 
subsets (Fig. 3). However, it must be pointed out that the dataset with Rhypo≤300km 
provides better coverage of the examined area. As for the geometrical spreading 
parameters, γ and alpha, they are similar for both cases with 1.0 ≤ γ ≤1.1 and 0.7 ≤ alpha 
≤0.8. 
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Fig. 2 – (upper part): Comparison between the magnitude from catalogue [Mcat] and GIT inversion [Minv]              
(lower part): Comparison of magnitude estimated [Minv] with corner frequency [fcinv] estimated from GIT for 

various stress drop levels.  

Fig. 3 – Anelastic attenuation factor Qo for the broader Aegean area based on the two sub-datasets. 

Horizontal spectral amplification factors resulted from GIT are demonstrated in Fig. 4, 
based on the data subset with Rhypo≤300km, for nine selected stations throughout Greece. 
The mean eHVSR and VACF are also shown in this Figure. An attempt to classify the 152 
accelerometer stations in seven  groups according to their eHVSRs peak amplitudes and 
corresponding frequencies, is presented in Fig. 5. It is evident that the number of stations 
for each category is quite limited for further statistical elaboration.

4760 3ECEES, September 2022, Bucharest, Romania



                  
Fig. 4 –Vertical Amplification Correction Function (green line), eHVSR(red line), GIT-Horizontal Transfer 

Function(black line) and Horizontal Spectral Amplification Function (blue line) ±1 standard deviation shaded 
zone at nine selected accelerometer stations in Greece. The latter resulted as a product of the GIT computed 

HTF and the mean VACF for the territory of Greece. All results are based on the the dataset with 
Rhypo≤300km. 

 

 
Fig. 5 – Classification of the 152 accelerometer stations in seven  groups according to their eHVSRs peak 

amplitudes and corresponding frequency based on the the dataset with Rhypo≤300km. 

 
The mean Vertical Amplification Correction Functions (VACFs) of this study ±1 standard 
deviation, for the data subset with Rhypo≤300km. compared to the corresponding one for 
Japan, is shown in Fig. 6.  It is observed that their gross shapes and amplitudes are quite 
similar to each other, although in low frequencies (f<0.8Hz) the one proposed for the area 
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of Greece is remarkably higher than that of Japan and vice versa in high frequencies 
(f>9Hz). 

Fig. 6 – Mean Vertical Amplification Correction Functions (VACFs) of this study (solid black line)       
compared to the corresponding for Japan (solid blue line) ±1standard deviations(dashed lines) 

In Fig. 7 the mean Vertical Amplification Correction Functions (VACFs) of this study for 
the two data subsets, exhibit slightly higher values of the subset, with Rhypo≤200km for 
frequencies f>2Hz, while the opposite is observed at frequencies f<2Hz. 
Fig. 8 presents the mean Vertical Amplification Correction Functions (VACFs) of the 
seven discrete categories of stations as proposed in this study and for both data subsets. 
The limited number of stations for some categories may be obvious, however, the stability 
of the results for the two datasets suggests that the differences in VACFs for most of these 
categories could be physically meaningful. 

Fig. 7 – Mean Vertical Amplification Correction Functions(VACFs) of this study based on the two data 
subsets. 

4762 3ECEES, September 2022, Bucharest, Romania



     

Fig. 8– Seven categories of Vertical Amplification Correction Functions(VACFs) of this study.      
(left): for the dataset with Rhypo≤300km, (right): for the dataset with Rhypo≤200km                                          

Fig. 9 presents an application and validation of the mean VACF as well as the proposed 
ones for each of the seven discrete categories of this study, for two accelerometer stations 
in Greece, that did not participate in the GIT analysis but for which classical SSRs were 
available.        
The HSAF estimated as the product of the average (or those of seven categories) VACF 
and eHVSR is in satisfactory agreement both in shape and amplitude with the one 
calculated by applying the SSR method. Consequently, the proposed VACFs in Greece can 
be considered as a useful tool to reliably estimate horizontal amplification at a soil site of 
interest, provided the existence of single station 3-component earthquake recordings for the 
eHVSR computation.  

                   
Fig. 9 – Application and validation of the mean VACF (upper row) and the ones of discrete categories 

VACFs (middle row) of this study, for two accelerometer stations in Greece. The shaded blue zone refers to 
±1 standard deviation of the simulated HSAF 
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4. Conclusions
Using an extended data set of about 8500 recordings of 368 shallow earthquakes in Greece 
with 4.5≤M<6.0 recorded at 152 accelerometer stations located in various geologic 
formations, empirical Vertical Amplification Correction Functions (VACFs) have been 
determined and proposed to be applied for the study area.  

The computed VACFs in Greece were evaluated by their capability of reproducing the 
observed Horizontal Spectral Amplification Factor (HSAF), using the eHVSR of a target 
soil site and either the mean VACF or a selected category of VACF, at sites not used in the 
analyses of this study but for which Horizontal Amplification Factors (HSAFs) are 
available by an independent method (for instance SSR). The obtained results showed that 
VACFs proposed in this study for the area of Greece, can satisfactorily correct eHVSR at a 
target site and reliably simulate its HSAF.  
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Abstract: Site characterization surveying is one of the key efforts for the understanding of 
local amplification effects in earthquake engineering. In this perspective, geophysical 
measurements for the estimation of the physical properties of the subsurface at instrumented 
sites are particularly important. For instance, the comparison between simulated site 
amplification based on the retrieved Vs profile and empirical local response observed at the 
station allows assessing whether the site is characterized by a purely 1D response or 
additional 2D-3D effects are present. We present a case study involving a site 
characterization measurement at a station of the Swiss strong-motion network. The survey 
includes active seismic data acquisition along two geophone lines, of 15 and 115 m length, 
for the imaging of the near-surface and deeper layers, respectively. The acquired data were 
interpreted in terms of P-wave refraction and Rayleigh-wave multi-modal propagation 
analysis. The reconstructed Vs-Vp profiles achieve a high level of accuracy over a wide 
depth range and allow modelling the SH-transfer function of the local soil column; the latter 
is in excellent agreement with the local amplification function estimated by means of 
empirical spectral modelling of the station’s recordings. The agreement confirms a purely 
1D site response for the surveyed station.  

Keywords: Seismic site response, geophysical surveys, wavefield decomposition, strong-
motion station, empirical spectral modelling  

1. Introduction

In engineering seismology, determining the soil geophysical properties related to seismic 
amplification at instrumented sites is a key effort. Besides improving the robustness of the 
estimation of seismic attenuation and of earthquake magnitudes, it contributes to 
explaining site effects. Therefore, site characterization campaigns are systematically 
implemented by network operators to reconstruct the local soil condition at the station 
locations (e.g. Foti et al. 2011, Yong et al. 2013, Michel et al. 2014, Kaiser et al. 2017, 
Hollender et al. 2018, Hobiger et al. 2021). For the purposes of site characterization, 
surface wave (SW) methods are nowadays regarded as an established technique (e.g. 
Garofalo et al. 2016a, 2016b). The relevant processing techniques commonly imply the 
translation of the acquired data from space-time to the spectral domain, where the 

4765

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

3ECEES, September 2022, Bucharest, Romania

mailto:paolo.bergamo@sed.ethz.ch
mailto:francesco.panzera@sed.ethz.ch
mailto:Manuel.Hobiger@bgr.de
mailto:clotaire.michel@zhaw.ch
mailto:donat.faeh@sed.ethz.ch


dispersion and/or ellipticity curves are then identified (e.g. Mc Mechan & Yedlin 1981, 
Park et al. 1999, Zywicki 1999, Xia et al. 2007). Following a different approach, the 
wavefield decomposition technique proposed by Maranò et al. (2012) is a relatively recent 
development; it targets the identification of multiple surface wave modes embedded within 
the wavefield recorded by an array of three-component receivers, and the joint 
reconstruction of their propagation parameters. Originally formulated for the processing of 
ambient vibration data (Maranò et al., 2012), the technique has been also adapted to the 
processing of Rayleigh wave data from active seismic surveys (Maranò et al., 2017), with 
an appropriate modelling of near-source propagation features (e.g. circular wavefront, 
amplitude decay, near-field effects). The wavefield-decomposition technique aims at 
jointly estimating, with a maximum likelihood approach, the vectors θ of the propagation 
parameters (azimuth, phase velocity and, for Rayleigh wave only, ellipticity) of surface 
waves (Love and Rayleigh waves, possibly with multiple propagation modes). The 
wavefield-decomposition processing code, named WaveDec, can be accessed at 
https://stefanomarano.github.io/WaveDec/. It is worth mentioning that the Rayleigh wave 
ellipticity in Maranò et al. (2012) is modelled (and retrieved) as a quantity named 
ellipticity angle (ξ), whose absolute value is the arctangent of the ratio of the absolute 
spectral amplitudes on the radial and vertical components, and whose sign relates to the 
sense of rotation of the Rayleigh wave elliptical particle motion. For –π/2 < ξ < 0 the 
particle motion is retrograde, and for 0 < ξ < π/2 the motion is prograde. This latter piece of 
information can be of key importance for the mode identification; for instance, the 
fundamental mode is generally characterized by a retrograde particle motion (e.g. Foti et 
al., 2015), although a transition to prograde motion may occur in case of a strong 
impedance contrast in the subsurface, and therefore be indicative of the latter (Hobiger et 
al., 2013).  

In this work, we present a case study of geophysical surveying at a site of the Swiss strong-
motion network (SSMNet). We illustrate the advantages offered by processing active 
Rayleigh wave data with the wavefield-decomposition approach, in particular in terms of 
identification and numbering of the modal curves. The Rayleigh wave analysis is coupled 
with a P-wave refraction survey, which allows the reconstruction of the VP profile and 
assessing the presence of possible lateral variations. The S-wave velocity model is 
reconstructed from the inversion of Rayleigh wave data, and its accuracy over a wide depth 
range is evaluated. The SH-transfer modelled from the retrieved VS model is compared 
with the local amplification function, estimated by means of empirical spectral modelling 
of the station’s recordings (Edwards et al. 2013). We conclude on the role that a thorough, 
multi-method geophysical surveying can play in characterizing the local seismic site 
response and determining whether 2-3D resonance effects are present or not (e.g., 
Laurendeau et al., 2018, Kaklamos and Bradley, 2018. Tao and Rathje 2020).  

2. Data acquisition

The case study we show is a site characterization measurement performed at the station 
SFEL of the Swiss Strong Motion Network (SSMNet, 
https://doi.org/10.12686/sed/networks/ch); the station was installed, and the ensuing survey 
performed, in the framework of the SSMNet renewal project (Michel et al. 2014, Bergamo 
et al. 2016, Hobiger et al. 2021). Station SFEL is located in northern Switzerland (Fig. 1a) 
close to an important research facility (Paul Scherrer Institut), about 300 m east of the right 
bank of the Aare river. According to the available geological information (Swisstopo, 
2006), the weathering layers are constituted by fluvioglacial terrace deposits of the late 
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Pleistocene; these overlay the local bedrock (Swiss Molasse), which is expected at a depth 
of circa 50 m at the location of SFEL (Swisstopo, 2019). The thick tree coverage made the 
area unsuitable for the deployment of wide arrays for the recording of ambient vibrations, 
requiring a stable GPS connection; therefore, we opted for an active seismic survey, 
accompanied by a single-station noise recording for horizontal-to-vertical spectral ratio 
analysis (HVSR, Nakamura 1989). As for the active measurement, we successively 
deployed two lines of three-component, 4.5 Hz geophones. Line 2, constituted by 16 
geophones spaced by 1 m, was aligned close to SFEL, aiming at investigating in detail the 
shallow subsurface beneath SFEL (Fig. 1b). Due to logistical constraints, line 1 (24 
geophones, 5 m spacing) was arranged slightly south; with its long spread, it was intended 
to target the depth range at the interface between sediments and bedrock. At both lines, we 
performed multichannel analysis of surface waves (MASW; Park et al., 1999) and P-wave 
refraction (Redpath, 1973) acquisitions. As for the latter, we positioned the active source, a 
6-kg sledgehammer hitting a metal plate (Fig. 2c and 2d), at the extremities of both lines, 
as well as at two intermediate locations of line 1 (Fig. 1b). For the MASW acquisition, the 
shot points were moved outside of the arrays, at an offset of 3 m (line 2) and 30 m (line 1) 
from the extremities of the two lines; for line 1, having to cover a maximum offset of 145 
m, we replaced the sledgehammer with a 120 kg free falling mass, dropped from 1.3 m 
height (Fig. 2a and 2b). Fig. 1c shows a sample seismogram acquired by line 1, with the 
weight drop as active source; it is possible to clearly identify the Rayleigh wave train even 
at far offset.  
 

 
Fig. 1 – Site SFEL (Würenlingen, Switzerland). Seismic acquisition and P-wave refraction data 

interpretation. a) Map of the Swiss Strong Motion Network (SSMNet, updated September 2020) and location 
of station SFEL. b) Geometry of the data acquisition: location of the single-station microtremor recording for 

horizontal-to-vertical spectral ratio interpretation (HVSRn), location of the two geophone lines for active 
seismic measurement. c) vertical-component seismogram from line 1; the seismic source (weight-drop) is 

positioned north of the array. d) P-wave first-break arrivals from lines 1 and 2, represented in travel-time vs 
offset domain. Source positions are numbered, at both lines, progressing from north to south. The hodocrone 

from the intercept time interpretation is represented by the black dotted line. 
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Fig. 2 – Comparison of the employed seismic sources (line 1). a) weight drop device; b) sample seismic 
section (vertical component) obtained with the use of the weight drop equipment; c) sledgehammer; d) 

sample seismic section (vertical component) obtained with the use of the sledgehammer as seismic source. 
Note that the color scale for the amplitudes is the same as in (b). e) energy (in arbitrary units) of the seismic 

traces shown in (b) and (d). 

3. Data processing

The seismic sections from line 1 and 2, acquired for the observation of Rayleigh waves 
(i.e. with the seismic source positioned outside the geophone spread), were processed by 
means of both an f-k analysis (Socco and Strobbia, 2004, Foti et al. 2015) and the 
wavefield decomposition procedure introduced by Maranò et al (2017, implemented in the 
WaveDecActive code, https://stefanomarano.github.io/WaveDec/). While for the f-k 
analysis we inevitably interpreted separately the vertical- and radial-component traces, in 
the wavefield decomposition procedure the three recorded components are jointly 
processed, yielding a univocal description of Rayleigh wave propagation.  
Fig. 3 shows the results of the surface wave processing from both active lines and 
processing techniques. The Rayleigh wave dispersion curves from f-k analysis (black and 
red continuous lines) were manually picked on the maxima of the stacked frequency-
wavenumber spectra (Fig. 3a, Neducza, 2007); in Fig. 3b, these consistently draw a 
continuous dispersive branch spanning from 7 to 60 Hz with phase velocities decreasing 
from 1000 m/s down to 200 m/s. Faster phase velocity segments were also identified for 
frequencies > 15 Hz, although with a less coherent pattern.  
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The wavefield decomposition routine directly provides joint estimates of phase velocity, 
and ellipticity angle for each of the identified modal surface waves (Fig. 3b and 3c). Here 
again, a low-velocity branch extending from ~7 to 60 Hz is obtained; thanks to the attached 
information about the ellipticity and sense of particle motion (predominantly negative 
values of ellipticity angle, i.e. retrograde motion), this branch can be attributed to the 
fundamental mode of Rayleigh wave propagation (Foti et al., 2015; it is labelled with R0 in 
Figure 3b). At higher velocities, further wave estimates are available, grouping at f > 10-15 
Hz into dispersive segments more coherent than their counterparts from f-k analysis; the 
clearest two were identified as first and second higher mode, respectively (labelled R1 and 
R2 in Figure 3b).    
 
We highlight the fact that phase velocities and ellipticities from line 1 and 2 are generally 
in agreement in the overlapping wavenumber resolution band; in particular, the data from 
line 2 enable extending the fundamental mode information from 35 to 60 Hz.  
The ellipticity angle information relevant to the identified fundamental mode, when 
translated into ellipticity (Fig. 3d), joins quite well with the Rayleigh ellipticity curve 
obtained from the single-station microtremor data processed with the RayDec algorithm 
(Hobiger et al. 2009), between 7 – 10 Hz. At higher frequencies the match is lost, as the 
RayDec curve becomes influenced by higher modes as well – in fact, in the same 
frequency range, higher modes clearly appear both in the f-k panel and in the wavefield 
decomposition estimates (Fig. 3a and b).  
The target finally selected for the inversion is therefore constituted by the multimodal 
Rayleigh wave dispersion curve (modes from fundamental to 2nd higher), and by the 
fundamental mode ellipticity curve, both as obtained from the wavefield decomposition 
processing (Fig. 3b,c). At low frequency 7 Hz, the latter is joined to the ellipticity obtained 
from the single-station microtremor recording analysed with the RayDec technique 
(Hobiger et al., 2009), thus extending the target frequency band to 1 Hz (Fig. 3d), in order 
to constrain the deeper portion of the subsurface. The ellipticity peak between 3.5 and 
5.5 Hz is removed from the target of the inversion, to allow for a possible singularity, as 
recommended by Hobiger et al. (2013).  
 
The seismograms intended for seismic refraction analysis were processed by manually 
picking the first-break arrivals of P-waves on the vertical component traces. For line 1, 
considering the good signal-to-noise ratio obtained with the weight drop even at far offset, 
first-break arrivals were also picked on the seismograms primarily intended for surface 
wave analysis. The obtained hodocrones appear to describe a subsurface without 
significant lateral variations, as they approximately follow the same pattern, independently 
of the shooting position (Fig. 1d). Hence, they were collapsed into a single travel-time vs 
offset curve, interpreted with the intercept-time method (Reynolds, 2011); the resulting VP 
profile is displayed in Fig. 4b, right panel.  
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Fig. 3 - Site SFEL (Würenlingen, Switzerland). Rayleigh wave data processing and interpretation. a) 
Frequency-wavenumber panel derived from the vertical-component traces from line 1. Spectral amplitudes 

are normalized at each frequency. Picked energy maxima are represented as black dots. b) Collation 
between Rayleigh wave phase velocity estimates from f-k analysis and wavefield decomposition. f-k analysis: 

black and blue lines. Wavefield decomposition: triangles whose color represents the density of wave 
estimates (from all available shots) falling in the corresponding frequency-phase velocity bin. The labels R0 

to R2 refer to the mode identification, from fundamental to second higher. c) Full representation of the 
wavefield decomposition processing results: joint Rayleigh wave velocity and ellipticity estimates. The color 

of the triangles represents the average ellipticity angle of the wave estimates falling in the corresponding 
frequency-velocity bin; the color intensity is proportional to the density of estimates. d) Ellipticity obtained 

from the processing of single-station microtremor data (black line), collated with the fundamental mode 
ellipticity from the active data processed with the wavefield decomposition technique (triangles). 
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4. Inversion  

The experimental Rayleigh wave phase velocity and ellipticity curves, as obtained from 
wavefield decomposition processing, were jointly inverted for a VS-VP model of the 
subsurface. For the inversion, we implemented a Monte Carlo procedure, resorting to the 
codes of Hermann (2013) for the solution of the forward modelling. The subsurface was 
modelled as a stack of seven homogeneous layers overlying the halfspace. Thickness and 
S-wave velocity values are attributed to each layer with a random selection among pre-
defined boundaries; the same holds for P-wave velocity values, provided that these are 
consistent with a realistic Poisson’s ratio interval. Density values were assigned a priori to 
the various formations, increasing from 1800 kg/m3 for the weathering layer to 2200 kg/m3 
for the halfspace. We simulated a total of 3 million different models, collating each time 
the theoretical curves with the experimental ones through the computation of the root mean 
square error (RMSE). In Fig. 4, we show the 30 best performing models, i.e. achieving the 
lowest RMSE. Fig. 4a shows the collation between the experimental curves and the 
synthetic ones, while we display the corresponding VS and VP velocity models in Fig. 4b.  
We observe that all selected models achieve a RMSE lower than 1; also the visual 
comparison between experimental and simulated curves evidences a fairly good match 
(Fig. 4a). The corresponding S-wave velocity profiles (Fig. 4b, left panel) group into a 
relatively coherent description of the subsurface; in the shallowest 7.5 m (identified as 
weathering soil), VS gradually increases from 250 to ~500 m/s. The depth range 7.5-18 m 
bears a VS of about 550 m/s, and it can be attributed to the gravel terrace indicated by the 
local geological atlas (Swisstopo, 2006). Further below, between 18 – 45 m depth, S-wave 
velocity increases to approximately 850 m/s; this value is compatible with a layer of 
compact gravel with blocks and/or a compact moraine formation, as suggested by the 
geological profile of a well drilled 230 m south of SFEL. The water table is to be located at 
~18 m depth, as both the VP profile from refraction and the P-wave velocity models from 
Rayleigh wave data inversion exceed at that depth 1500 m/s; again, this finding is in 
agreement with the information from the aforementioned well and also coincides with the 
Aare’s level located around 19 m below the investigated site (Fig. 4b). The (weathered) 
bedrock is probably met at 40-50 m depth, where VS increments to about 1100 m/s; we 
remind that the 2D geological model of Swisstopo (2019) indicates a bedrock depth of 
circa 50 m in the investigated area. The stiffness of the fractured rock increases with depth, 
until reaching ~1750 m/s at 70 - 90 m depth. We also highlight the approximate agreement 
between the VP profile obtained from refraction and the P-wave velocity models from 
Rayleigh wave data inversion, which are reciprocally independent estimates.  
Finally, we compute the synthetic SH-wave transfer functions relative to the selected best-
performing VS models (Roesset, 1970). We then refer them to the Swiss standard rock 
model (Poggi et al., 2011), for direct comparison (Fig. 4c) with the experimental 
amplification function obtained at SFEL from the processing of recorded earthquake 
waveforms with the empirical spectral modelling technique (Edwards et al., 2013). The 
good match between simulated and empirical amplification functions indicates a purely 1D 
resonance pattern for the local response of the site. 
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Figure 4 - Site SFEL (Wuerenlingen, Switzerland), Rayleigh wave data inversion results. a) Match between 
experimental phase velocity, ellipticity curves and the simulated curves from the 30 models achieving the 
lowest misfit (lines ranging from blue to yellow according to RMSE; the lowest misfit model is highlighted 

with a thicker line). b) Corresponding best performing VS and VP models. c) Comparison between simulated 
SH amplification functions from the VS profiles in (b), referred to the Swiss standard rock profile, and the 

experimental amplification function determined for station SFEL from empirical spectral modelling.  

4. Conclusion

We present a case study of the site characterization survey at a station of the Swiss strong 
motion network (SSMNet). The active seismic geophysical measurements were interpreted 
in terms of both Rayleigh-wave and P-wave refraction analysis. For the former, we 
processed the acquired data with a wavefield-decomposition approach leading to the 
estimation of multi-modal Rayleigh wave dispersion and ellipticity curves. The joint 
inversion of these curves produced a Vs model of the subsurface well constrained over a 
wide depth range. The VP model obtained from the refraction survey enabled to exclude 
the presence of relevant lateral variations. The synthetic SH-transfer function derived from 
the obtained Vs profile well matches the empirical amplification function retrieved by 
interpreting earthquake recordings at the station with the empirical spectral modelling 
technique. The match indicates a purely 1D resonance pattern for the local response of the 
station’s site. As conclusion of the study, we argue that a thorough, multi-method 
geophysical surveying can play key role in characterizing the local seismic site response 
and determining whether 2-3D resonance effects are present or not.  
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Abstract: The presence of topography influences the seismic ground motion and may result 
in strong amplifications, generally at the top of hills and reliefs. The increasing urbanization 
of hills requires an accurate estimation of these effects even in areas of moderate seismicity. 
The simplified coefficients provided by the Eurocodes8 do not depend on the frequency and 
underestimate the amplification in many situations, which justifies the development of new 
methods based on easily accessible data. The city of Menton, located in the southeast of 
France, between the Alps and the Ligurian basin, is one of the most exposed metropolitan 
cities. We propose a study of topographic effects applied to the Menton area. Topographic 
amplification is calculated, on a wide frequency band, using the Frequency-Scaled 
Curvature method, from a DEM and an average value of the shear wave velocity. We then 
propose to apply an automatic clustering approach to classify the amplification curves into 
five groups with similar properties. We then deduce a first microzonation map of the 
topographic effects in the Menton area. 

Keywords: Seismic ground motion, Site amplification, Topography, Microzonation with 
clustering  

1. Introduction

The effects of topography on seismic ground motion have been observed during several 
earthquakes and have caused considerable damage. They consist of an amplification 
(sometimes very strong) or a de-amplification of the seismic signal associated with 
significant spatial variability of the surface motion. The increasing urbanization of hills 
requires an accurate estimation of these topographic effects even in a context of moderate 
seismicity. The Eurocodes8 addresses this issue in Annex A of Part 5 "Foundations, and 
Geotechnical Aspects" (Eurocodes8, 2005). It provides lump-sum coefficients for seismic 
action amplification used in slope stability study, which depend on a limited number of 
parameters (geometry, presence of a layer of soft medium). The maximum value being 1.4, 
it underestimates the amplification in many situations, as shown by De Martin (2012), and 
does not take into account the signal frequency dependence.  
Despite numerous experimental and numerical studies conducted over the past 50 years 
(see for instance the review by Massa et al. (2014)), the parameters responsible for this 
complex phenomenon are still not completely identified. It is also difficult to separate in 
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seismic recordings the contribution of the surface geometry from sub-soil properties and to 
select an amplification-free-reference station.  
Parametric numerical studies have highlighted important parameters but very often 
underestimate the measured amplification levels. 3D simulations at a regional scale require 
the characteristics of the medium at depth, robust solvers and adapted computing 
resources. It is therefore of uttermost importance to turn to simplified techniques for 
estimating the amplification based on a limited number of data for microzonation studies. 
Such microzonation studies, proposing a division of a city into zones of  similar seismic 
response, characterized by a specific response spectrum, are up to now mainly undertaken 
for lithological site effects.  
In order to overcome this difficulty, a method was proposed by Maufroy et al. (2015) 
(Frequency-Scaled Curvature or "FSC" proxy) to estimate focusing and unfocusing effects 
of the waves due to the relief geometry. The authors propose a formula to estimate the 
amplification probability as a function of the curvature and the wavelength considered. 
This method requires little input data: a digital elevation model (DEM) and the average 
shear wave propagation velocity Vs in the medium. The frequency aspect of the signal is 
taken into account through an appropriate smoothing of the curvature map. The FSC 
method has also been successfully applied to the Amatrice model (Mw 6.0, 2016) for 
comparison with the damage map (Maufroy et al., 2018). More recently, Wang et al. 
(2018) applied this same method to a numerical model of Hong Kong, to study the 
influence of a soil layer. We decided to apply and continue to explore this method in the 
context of a seismic risk estimation study of the site of Menton, one of the most 
seismically exposed cities in metropolitan France, because of a complex geodynamic 
context close to the Alps and the Ligurian basin. After a description of the site and its 
geology, we will apply the FSC method and present different maps and curves of the 
topographic amplification as a function of frequency. We will then propose preliminary 
results of classification of amplification curves intended to carry out a zonation of the 
topographical effects. 

2. Topographical and geological context of the studied area

Fig. 1 - Seismicity in southeastern France (LDG, ReNass data for seismicity, adapted from GEOAZUR). 
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The city of Menton is located in the southeast of continental France, in the department of 
the Alpes Maritimes. It marks the end of the French Riviera at the border with Italy. In 
2019 it counted almost 30 000 inhabitants (INSEE, French National Institute of Statistics 
and Economic Studies). According to the French seismic hazard zonation, dividing the 
territory into five hazard zones, Menton is located in a "moderate" seismic  zone, 
characterized by a maximum acceleration on reference rock site of 0.16g to be considered 
for new constructions (class II of normal risk structures). The historical seismicity reveals 
58 earthquakes recorded from 1920 up to 1999 (Larroque et al., 2001) with very few strong 
earthquakes Mw>6 and regular moderate earthquakes Mw<4 (Courboulex et al., 2003). 
The strongest recorded earthquakes are the 1887 Ligurian earthquake with Mw of 6.8-6.9 
(Larroque et al., 2012) and the 1564 Roquebillière earthquake with an estimated MSK 
intensity of IX-X (Laurenti,1998). There is a permanent microseismicity (Fig. 1) with more 
than 5000 events recorded since 1980 by the BCSF (French Central Seismological Office), 
with epicenters all around Menton. The FSC method requires an estimate of the average 
shear wave velocity Vs in the medium. Menton and its hinterland are characterized by 
Meso-Cenozoic sedimentary rocks as described in Fig. 2. At the scale of 1:50 000, 14 
different lithologies can be observed. We propose to gather them in three main lithological 
groups, limestone, marl and sandstone, as explained in Fig. 3 (right). Values of the shear 
wave velocity are deduced from the compressional velocity Vp in each group and their 
values are respectively set to 1700, 1200 and 800m/s (Table 1). 
The morphology of the city consists of a series of hills interspersed with deep valleys that 
flow into the sea. The topography of the area is made up of steep reliefs that can reach an 
elevation of 1200m within 5km of the coastline, as shown in Fig. 3 (left). Strong 
topographical amplification is expected on this geomorphology. We use a Digital Elevation 
Model with a resolution of 5m from IGN (National Institute of Geographic and Forest 
Information). 
 

 
 

Fig. 2 - Geological map of the Menton area (RGF93 coordinates). The representation of the different 
lithological facies is based on the BRGM 1:50 000 data (infoterre.brgm.fr) . The limits of the city of Menton 

are drawn in red. 
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Fig. 3 - Left : View of DEM data at 5m spatial resolution. The color code ranges from blue for low altitudes 
to red for the highest reliefs. Right : Map of the Vs zonation of the Menton region proposed for this study 

with the localization of the section and 17 points used in section 3.3. 

Table 1. Approximation of Vp and Vs in the three main lithological groups. Vs is deduced from Vp by 
Vp/Vs=√3 (adapted from Astier, 1971). 

Lithology Vp (m/s) Vs(m/s) 

Marls 
Limestone 
Sandstone 

1800-2100 
3000-5000 
800-3000

1050-1200 
1700-2800 
450-1700 

3. Topographic amplification in the area of Menton

3.1. Description of FSC method 

The Frequency Scaled Curvature method or "FSC method" (Maufroy et al., 2015) 
correlates the amplification due to the geometry of the topography (depending on the 
frequency) and the curvature of the relief. This method was developed with a database of 
numerical simulations of 200 earthquakes at Rustrel mountain (France). The authors  
considered a homogeneous medium, which allows them to focus on the amplifications due 
to the relief. The amplifications are computed from a dense network of 576 fictitious 
stations at the surface using the Median Reference Method "MRM” (Maufroy et al., 2012). 
The need for a "rock outcrop reference station" is avoided by taking the median or average 
motion at all the available stations as a reference. The analysis of the amplifications 
revealed a linear correlation between the curvature (i.e. the second derivative of the 
elevation map) and the topographic amplification. In practice, the matrix E containing the 
elevation values Ei,j  on a cartesian grid of interval h (both expressed in meters) is 
constructed from a DEM; i and j represent the indices along west-east and south-north 
directions. A second matrix C containing the curvature terms is deduced from E according 
to the method proposed by Zevenbergen & Thorne (1987); each component Ci,j is 
calculated from the elevation value at (i,j) and at its four direct neighbors.  For a given 
frequency f, the best correlation between topographic amplification and curvature was 
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obtained when the curvature is smoothed along a characteristic length equal to the half-
wavelength,  Ls = λs/2 where λs = Vs/f . The smoothed curvature matrix Cs is obtained by 
applying to C the smoothing operator consisting of a double convolution by a (n,n) matrix  
full of 1, centered around (i,j), and normalized by a factor n4, n being necessarily an odd 
integer greater or equal to 3; the spatial extension of the smoothing window is n∙h where n 
verifies Ls=2∙n∙h. Maufroy et al. (2015) then propose the following expression for the 
median value of the horizontal amplification factor (MAF) at each point (i,j) of the grid: 
 

𝑀𝐴𝐹(𝑓)=0.0008 ∙ 𝜆𝑠 ∙ 𝐶𝑠(𝐿𝑠)+1            (1) 
 
depending on the frequency, via the wavelength and the smoothed curvature. Note that 
values of MAF are close to one for small topographic curvature (i.e. C close to zero), 
whatever the frequency. The maximum frequency in the study is constrained by the 
resolution of the DEM. Since n is at least equal to 3 and f=Vs/(4∙n∙h), it is possible to go up 
to 13Hz with Vs=800m/s and h=5m. We are interested in a set of frequencies between 0.5 
and 10Hz with a step of 0.5Hz.  The smoothing, depending on a value of n, integer and 
odd, the values of frequencies are not exactly those of the target sampling but those which 
approach it more for each value of Vs. The frequency sampling corresponding to each 
value of Vs is given in Table 2; values are very close at low frequency; the maximum 
values correspond to n=3. 
Two types of results are presented in the following: maps of amplification on the whole 
domain at a fixed frequency and amplification curves at selected points for all frequencies. 
At a fixed frequency, maps are realized by gathering on the same map MAF values 
corresponding to the Vs value of the area. Note that, as explained above, the values of the 
frequency corresponding to each Vs area are very close but not exactly the same (Table 2). 
We can reasonably make these maps since the differences between the frequency values in 
each area are very small. 
 
 

Table 2. Frequency sampling in relation to the different values of Vs. 
 

Vs 800m/s      Vs 1200m/s     Vs 1700m/s  

       0.506 
       1.025 
       1.481 
       2.105 
       2.666 
       3.076 
       3.636 
       4.444 
       5.714 
       8.000 
      13.333  

       0.504 
       1.016 
       1.538 
       2.068 
       3.157 
       3.529 

          4.000 
       4.615 
       5.454 
       6.666 
       8.571 
       12.000 

        0.502 
  1.000 
  1.491 
  1.976 
   2.575 
   2.931 
   3.400 
   4.047 

       4.473     
   5.000 
   5.666 
   6.538 
   7.727 
    9.444 
    12.140 
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3.2. Maps of topographic amplification 

Fig. 4 - Maps of the topographic amplification (MAF) on the region of Menton obtained from a DEM at 5m 
resolution. The maps respect the color code from blue for de-amplification (MAF<1.0), grey for neutral areas 

(MAF ~1.0) and orange / red / pink for higher values of MAF. 

We investigate here the spatial distribution of the topographical amplification on the whole 
domain. Fig. 4 shows an overlay of the DEM in 3D perspective, allowing to distinguish the 
hills from the valleys on which have been added the median amplification factors (MAF). 
Both figures correspond to frequencies respectively around 2.0Hz (left) and 8.0Hz (right). 
If we compare these two maps, morphologies with hills and ridges are all affected by 
topographic amplification factors ranging from 1.1 to more than 2.0 for the steepest ridges 
in the northwestern quarter of the map. In the southeastern quarter of the map which 
happens to be the downtown area of Menton, the hills of dwellings get a factor of 
amplification up to 1.4  at their crests. Conversely, the valleys reflect de-amplification 
effects (MAFs lower than 1.0). High values of amplification remain localized to the same 
reliefs comparing both plots, however the amplified surfaces are thinner at high frequency. 
The highest amplification values defined by the color code red / pink, are also more present 
on the ridges on the map corresponding to f=8.0Hz. 

3.3. Topographic amplification curves at points of interest 

In this section, we present amplification curves on the whole frequency band at points 
located on a profile that crosses downtown Menton, with points in different reliefs and 
different Vs (Fig. 5). The profile is oriented west-east and shown in Fig. 3 (right). We 
observe very different levels of amplification, between 0.77, corresponding to de-
amplification, and 1.33, a fairly high amplification, with a median at 1.04. There is a very 
high variability in the shapes of the curves. All the curves show strong variations as a 
function of frequency. We can classify the different curves into three main categories: 
curves with amplification on the whole frequency band and max(MAF)>1.2, points 10 and 
12 (which are on hills), curves showing de-amplification for all frequencies and 
min(MAF)<0.9, points 2, 7, 11 and 13 (which are on valley, except point 2 which is on a 
complex relief) and mixed curves, alternating amplification and de-amplification according 
to the frequency, all other points (which are on concave or convex mid-slopes depending 
on the erosion of the relief). For this profile, the maximum amplification occurs between 2 
and 4.0Hz. 
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Fig. 5 - Evolution of the median amplification factor as a function of frequency along the cross section (Fig. 
3, right). In orange for Vs 800m/s domain (left), blue for 1200m/s (center) and red for 1700m/s (right). 

4. Microzonation of topographical site effect  

4.1. K-Mean clustering  

Clustering is one of the most common data mining techniques applied to extract 
knowledge from a large database (Ahmad & Dey, 2007). This technique is based on 
unsupervised learning algorithms, in which the objective is to divide a given set of objects 
into homogeneous groups, i.e clusters. Clustering has already been used in many 
applications (Bansal et al., 2017). Here, we use it to gather sites with a similar topographic 
seismic ground motion amplification curve. The general idea of clustering is to partition n 
objects of m-dimensions into k distinct clusters. In each cluster, the objects are more 
similar than the objects in the other clusters. In most common clustering algorithms, this 
similarity is evaluated using the Euclidean distance calculation. We use the K-Mean 
clustering algorithm included in Scikit-learn Python module (Pedregosa et al., 2011). 
Among the data, the K-Mean algorithm randomly selects first k objects as cluster centers. 
Then, each object in the database is assigned to the most similar center. The algorithm then 
computes the new mean for each cluster and reassigns each object to the nearest new 
center. This process iterates until no changes occur to the allocation of objects anymore 
(Bansal et al., 2017).  
 
4.2. Two-steps approach 
 
To investigate the feasibility of the approach, we focused on the city center of Menton, in 
the geological zone characterized with a Vs of 800m/s. We used a two-step approach to 
first separate sites with amplification from sites without amplification or de-amplified. 
Then, we reprocessed the amplification curves alone to define subgroups of seismic 
amplification sites. To separate the sites that amplify the seismic signal from the others, a 
set of three clusters was considered (Fig. 6).  

 
Fig. 6 - Result of the clustering in 3 groups. The red curves show a seismic amplification, the yellow ones 

characterize a de-amplification and the green ones correspond to sites where no significant seismic 
amplification is detected. 
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We see that the three groups are well separated but that the standard deviations are large 
(see dotted lines in Fig. 6). We note that the mean curve of the amplification cluster and 
the mean of the de-amplification group are quite symmetrical around the A=1 horizontal 
line. Here, the maximum of average amplification, equal to 1.15, is close to 3.5Hz. 
To find the significant subgroups among the amplifying sites, a test on the number of 
clusters is first performed. This consists in calculating the total residual error for different 
numbers of clusters and choosing the smallest number of clusters offering sufficient 
accuracy. 
Indeed, as the number of clusters increases, the total cost value (sum of squared distances 
to the closest centroid for all observations in the training set) decreases (Fig. 7, left). We 
finally consider clustering in 5 families as the sum of the distances is not significantly 
decreasing for a higher number of clusters. The result of this second computation, obtained 
after 25 iterations, is shown on Fig. 7 (right). The five cluster centers are notably different 
in shape and amplitude. The maximum amplification (1.3) is obtained for cluster 2 at 
around 4.0Hz.  

Fig. 7 - Left :  Evolution of the total error with the number of considered clusters. Right : Result of the 
clustering of amplification curves in 5 groups. 

All the average amplifications are lower than the maximum topographic amplification 
coefficient considered in the EC8 building code. However, the variability inside the 
clusters is still very large (Fig. 8). We notice that the amplification values inside a cluster, 
excepting cluster 1, is not normally distributed: the 84th percentile does not match one 
standard deviation for all the investigated frequencies. Indeed, for cluster 2, these values 
are normally distributed only at frequencies lower than 3.0Hz. 

Fig. 8 - Seismic amplification curves for the 5 clusters. Average,  ± 1 standard deviation, 84th and 95th 
percentiles. 
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For this cluster we observe some extreme amplifications above 4.0Hz for less than 5% of 
the sites, the maximum reaching almost 3.5 at 15.5Hz for one given site (Fig. 9). Keeping 
in mind that the individual amplification curve obtained with the FSC method is already an 
average (i.e. there is a 50% probability that sites will experience a higher amplification 
level) and derived from a smoother topographical context than in Menton, the seismic 
amplification finally associated with each cluster is still in question. For safety reasons we 
would suggest taking into consideration the 95th percentile as the adopted transfer function 
of the zone. 

 

Fig. 9 - Distribution of seismic amplification curves for cluster 2. 

4.3. Topographical site effect microzonation 

 

Fig. 10 - Microzonation of topographical site effects in the center of Menton. 

Fig. 10 shows the geographical distribution of the 5 clusters of topographical seismic 
amplification in the center of Menton. As expected, most of the area is not affected by this 
kind of site effect. Furthermore, the cluster distribution follows a topographical logic: the 
areas with the highest amplification are located at the top of the hills and the most 
prominent hills show the highest amplification (from red to yellow). On the secondary 
reliefs (in green and blue), the amplification is less important and the peak amplification is 
at higher frequency (Fig. 8). 
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5. Conclusions  

We estimated the seismic amplifications related to the topography in Menton (south-east of 
France) from the FSC method and proposed an innovative approach for microzonation 
cartography of the city center using an automatic clustering approach. Our preliminary 
results are very promising as the methodology provides a reliable assessment of the 
topographic site effect on a large area using only few and easily accessible input 
parameters. The microzonation procedure must still be extended to the whole studied area 
and the amplification functions need to be adapted to elastic response spectra. Furthermore, 
work in progress concerns the calibration of the FSC method on various topographies 
(smooth to steep) by 3D numerical simulations in various homogeneous and heterogeneous 
geologies.  
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Abstract: Strong motion prediction holds great interest for engineering seismology, as it is 

strictly related to vulnerability and risk assessment. In the case of areas of low or moderate 

seismicity with little strong motion records, such as North-eastern Italy, models obtained for 

other regions can be calibrated for application to the area of interest with the help of precise 

information on site-specific amplification and regional attenuation. The aim of this study is 

to provide high-quality estimates for seismological parameters for a trans-frontier study area 

in NE Italy by using parametric spectral inversion. The Fourier amplitude spectral model is 

built based on region-specific literature with the addition of uncertainty estimators. 

Frequency dependent site response functions are extracted using residual analysis. Results 

are in good agreement with available literature and provide a complementary empirical 

description of site response that can be directly applied into site-specific hazard assessment.  

Keywords: Waveform inversion; Fourier analysis; Site response; Source parameters 

1. Introduction

Engineering seismology greatly benefits from precise knowledge on seismological 

properties; for example, information on site response can be directly integrated inside site-

specific hazard assessment. Reliable characterisation of attenuation and site effects is 

crucial also in areas of low to moderate seismicity, where direct formulation of strong 

ground motion prediction equations is not feasible and models obtained for different 

regions have to be re-calibrated before application.  

The aim of this study is to provide high quality estimates for site effects, attenuation, and 

source parameters for a case study area in North-eastern Italy. A parametric approach was 

adopted to separate source, path and site effects contributing to Fourier Amplitude Spectra 

(FAS). Previous parametric spectral analyses for the region include Castro et al. (1997), 

Malagnini et al. (2002) and Franceschina et al. (2006). The methodology was adapted from 

Bora et al. (2017), with the addition of uncertainty estimators and region-specific 

modelling choices. Frequency-dependent site amplifications were calculated through 

residual analysis. They will provide a detailed empirical description of site response 

complementary to the available Eurocode-8 site classification.  

2. Regional seismotectonic setting
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The study area used for spectral inversion was selected in Northeast Italy at the border with 

Slovenia and Austria. The region displays significant low-to-moderate seismic activity, 

with some major strong historical earthquakes originated in Idrija and Veneto regions. 

Figure 1 - Seismicity of the study area (black line polygon) in the period 1976-2017 (colored circles). The 

main seismogenic sources populating the area are also pictured in the form of ZS9 seismogenic zones 

(colored polygons). 

Associated hypocentral depths are usually below 20 km, with predominant compressive 

faulting style for the Alpine area (Bressan et al. 2003). The main seismogenic sources are 

displayed in Figure 1 as described by the Zonazione Sismogenetica ZS9 model (Meletti and 

Valensise 2004), together with the seismic activity in the period 1976-2017 as given by the 

reviewed International Seismological Centre bulletin (ISC 2020). 

3. Dataset

The study area was defined to include as many main regional seismogenic features and 

recording stations as possible. The prime localization proposed by the revised ISC bulletin was 

used to ensure homogeneity of the event localizations. The revised waveform database 

available from SeisRaM group at the University of Trieste was used, which relies on the trans-

frontier European network CE3RN (Bragato et al. 2014) and gathers data from all the main 

networks (Italian, Croatian, Slovenian, and Austrian) that monitor the region.  

Waveform data was processed following the methodology proposed by Edwards et al. (2008). 

The processed dataset consisted of 234 3-component records corresponding to 23 events and 

24 recording stations. All events are shallow crustal events with moderate magnitudes 

( ) and hypocentral distances are below 200 km. 

4. Methodology

In a general way, the velocity FAS of ground motion observed at a station , originating 

from an earthquake , for any frequency point  can be modelled as: 
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                                             (1) 

where  is the hypocentral distance and the building blocks are a source ( ), a 

propagation ( ), and a site ( ) term. The instrument response term ( ) can be discarded if 

the signal is corrected for the seismograph response prior to the inversion. 

Each building block was modelled using a set of dedicated parameters. We used a simple 

Brune far field source spectrum and fixed the geometrical spreading terms from Malagnini et 

al. (2002). The model was kept as simple as possible; attenuation parameters were treated 

as frequency-independent and the network average rock site was used as amplitude 

reference. An additional set of parameters was introduced to estimate the model capacity to 

describe the epistemic uncertainty related to each building block. 

A non-linear quasi-Newton inversion was applied and available a priori information was 

implemented in the minimization process through fixed parameters. After the inversion, 

frequency-dependent site amplification functions were reconstructed as the log-space 

geometric mean of the factorial residuals (observed/modelled data) for each site over all 

 events: 

 

                                                                   (2) 

 
 

5. Results and conclusions 

Comparison between inverted and database source parameters for the used dataset shows a 

good agreement of the results. Inverted seismic moments range between  and 

 Nm and corner frequencies range between  and  Hz. 

Inverted attenuation parameters are in line with regional estimates available in literature. 

Frequency-dependent site amplification functions were calculated from the inversion residual, 

together with the associated geometric standard deviation. Based on comparison with available 

results obtained using different methodologies (e.g., Figure 2), they appear to correctly retrieve 

both the position and the amplitude of the amplification peaks. 

 

Figure 2 – Comparison for station CARC (Friuli-Venezia Giulia regional network). Solid black line is the site 

response function calculated in this study, with the associated standard deviation (shaded grey area). Dashed 

and dotted lines are results obtained by Fitzko et al. (2007) using Standard Spectral Ratio (SSR). 
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Complete site response functions will be built for each station by combining the frequency-

dependent and the frequency-independent contributions and will be used to define a new 

regional reference set with a flat response over the frequency values of interest.  

The results obtained in this study outline the capability of regional spectral parametric 

inversion to provide robust estimates of site response functions, even when simple 

modelling choices are made. Further complexity could be introduced in the parametrization 

and different models compared based on the behaviour of the uncertainty estimators. 
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Abstract: This paper presents updates about an ongoing Consortium of Organizations for 

Strong Motion Observation Systems (COSMOS) project on developing guidelines for non-

invasive geophysical site characterization methods. Since 2015, the COSMOS site 

characterization project aims to develop practical guidelines and recommendations through 

the consensus of the international site characterization and site response research 

community. The main method of the project has been in the form of workshops and special 

sessions at major international conferences. A major product will be the publication of a 

series of review articles in a special issue of the Journal of Seismology in 2022. The special 

issue includes state-of-the-art reviews of geophysical site characterization methods by the 

developers as well as articles by experts on special topics such as inversion, and 

uncertainties. The corresponding International Facilitation Committee presenters, which lead 

the project as of Fall 2021, envision the project to act as an interdisciplinary medium for 

bringing together the engineering and earth science aspects associated with site 

characterization. In this summary paper, future directions of the project are summarized 

along with detailed plans. 

Keywords: COSMOS, site characterization, guidelines, interdisciplinary project 

1. Introduction

Site characterization is the bridge where earth sciences meet with the earthquake 

engineering disciplines. It is indeed a conduit between many disciplines, e.g., accuracy and 

precision related to site characterization affects nearly all aspects relating to seismic 

resilience worldwide. There is a growing interest in the topic more than ever, yet similar to 

any field, established guidelines and coherent implementations of such standards are 

important for maintaining consistent and valid standards in site characterization. 

The Consortium of Organizations for Strong Motion Observation Systems (COSMOS) Site 

Characterization (SC) project is an effort which started through the consensus of the 

international site characterization and site response research community. The related 

community involves practitioners of near-surface geophysics as well as seismic hazard 

analyses, developers of geophysical site characterization methods, and research scientists 

from academic and governmental institutions. During a COSMOS forum convened in 2015 

by the COSMOS Board of Directors of that time, Alan Yong (USGS), Jamison Steidl (UC 

Santa Barbara), and Robert Nigbor (GEOVision Inc.), numerous international members of 

the aforementioned community attended and unanimously decided to form a focus group 

motivated to facilitate the development of guidelines. This effort aims to address issues 

related to aleatoric and epistemic uncertainties, as originated from site characterization and 
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propagated to site response and ground motion analyses. The attendees of the mentioned 

forum elected Alan Yong as Chair of the COSMOS (SC) Facilitation Committee, who has 

actively worked for 6 years. The 25-plus members of the COSMOS SC Committee 

represent their countries or institutions. 

Since its introduction, the main activities of the project had been organizations of 

workshops and special sessions within well-known international conferences with the aim 

of high-level international scientific exchanges on emerging topics about site 

characterization methods. Between 2015 and 2020, over ten meetings were organized; this 

traction; however, was abruptly interrupted by the COVID-19 pandemic (e.g., Nigbor et al. 

2018).  

A major product of the site characterization project is expected to be the publication of a 

COSMOS special issue by the Journal of Seismology in 2022. The special issue includes 

state-of-the-art reviews of geophysical site characterization methods such as single-station 

and array based methods (including both active and passive methods) as well as articles 

authored by experts on special topics such as inversion, and uncertainties. 

The chair position of the project has been transferred to the authors of this paper as of 

October 2021. In summary, we showcase the future plans of our new leadership team as 

described below. 

2. Future Directions and Methods

The future directions of the COSMOS SC project involve these key actions and the 

corresponding methods:  

 An Integrated Approach: An integrated structure for the COSMOS site

characterization project is envisioned. Since its foundation, COSMOS has

consistently been a hub for a wide range of disciplines that focuses on strong

motion data. Strong motion research is inherently integrated with site

characterization. In addition, site characterization is where earth sciences and

engineering naturally meet. Thus, gathering of the communities via workshops and

polling the needs of all stakeholders is a first fundamental step. These groups

involve research- and practice-related communities including earth scientists and

engineers focusing on strong motion seismology and site characterization. Starting

with the special session during the Third European Conference on Earthquake

Engineering and Seismology in Bucharest in September 2022, we plan to explore

the needs of the site characterization community for prioritizing the necessary

actions to be performed as part of the project.

 A Dynamic Approach: The site characterization project and the guidelines are

intended to be dynamic. The main methods are developed and have been in use

already, however due to the dynamic nature of research, an ongoing effort is

necessary in order to integrate new scientific knowledge once established into the

guidelines. As the main method to attain this dynamic approach, education and

training programs, as well as long term community outreach, are planned via

workshops. These education programs are intended to be conducted periodically.

 A Scientific Approach: For the guidelines to be dynamic, a scientific approach is

necessary. The site characterization project aims to connect the guidelines with the

related active research through benchmark and validation studies. Coming from a

broad range of disciplines, the site characterization community has the expertise to
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perform end-to-end research starting from seismic sources to velocity models, as 

well as to that of the built-environment. This capability, combined with the 

advances in modern computational power, helps us plan broader applications of the 

site characterization and site response problem in the near future. These 

applications are planned to be used as benchmarks and validations. 

 A High-tech Approach: We plan to incorporate technology into our community by

supporting open software. OpenSees (https://opensees.berkeley.edu/) has been an

excellent example of a software framework for developing applications to simulate

the performance of structural and geotechnical systems subjected to earthquakes.

We aim to have similar products to be used and as continuously developed by the

community in the long run.

 Continuous Funding: The entire actions and methods listed previously can only be

possible via sound and sustainable international collaboration of experts,

developers and users within the site characterization community. Such an

international connection is kept best through the continuous support. Thus, we aim

to foster and operate multinational interdisciplinary projects in order to achieve all

of the previously mentioned plans and actions.

3. Conclusions

Site characterization is where earth sciences meet with engineering. It is common practice 

that the global plans for risk mitigation now include multi-hazard resilience of urban 

environments where site characterization is naturally one of the important key aspects. As 

the new co-leaders of the COSMOS site characterization project, we would envision this 

work as a growing, sustainable, dynamic, continuous effort which can act as a bridge 

between the academic and practical community related to site characterization and site 

response.  
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Abstract: The probabilistic seismic hazard analysis identifies, for each site, the annual 

probability of exceedance of various ground-motion levels defined in terms of selected 

ground motion intensity measures, such as PGA or spectral accelerations corresponding to 

various return periods related to possible future earthquake scenarios. National seismic 

hazard maps as usual are estimated for reference rock Vs30= 800m/s. Furthermore, uniform 

hazard spectra (UHS) are also available depicting spectral acceleration values of uniform 

probability levels for different return periods. UHS are the basis for defining the seismic 
design level applicable to new buildings and median (50th) or different percentiles are used 

to shape these design spectra according to the importance of the structure under design. 

Because influences of local site conditions may be implemented in Ground Motion 

Prediction Equations (GMPEs) in terms of shear velocity, depth to bedrock and Vs30, UHS 

for different site conditions may be estimated being them very similar in shape to GMPEs. 

The maximum value of UHS is changing between 0.1 – 0.25 g, while in reality maximum 

values of spectral acceleration are different if the soil conditions are different from Vs30 = 

800 m/s. This is mainly due to the fact that parameter able to account for site conditions in 

GMPEs does not consider the dominant frequency at the site. In this work, active/passive 

geophysical surveys carried out in different sites in Georgia are shown to estimate the Vs30 

and new insights about dominant frequency as additional term in GMPEs are presented. 

Keywords: ambient vibration, single station, ground motion, amplification 

1. Introduction

The assessment of seismic hazard is of great importance for Georgia, a country located in 

the Caucasus, which is one of the most seismically active regions in Alpine- Himalayan 

collision belt. At the regional scale, this assessment is evaluated by applying probabilistic 

seismic hazard analysis that identifies the annual probability of exceedance of various 

ground-motion levels defined in terms of selected ground motion intensity measures, such 

as PGA or spectral accelerations corresponding to various return periods related to possible 

future earthquake scenarios for a site represented by soil classes A according to EC8, 

Eurocode 8-EN 1998-1 (1998). 

At the local scale, seismic hazard assessment is made by analyzing the geological, 

geomorphological, geotechnical and geophysical characteristics of the site, as it is well 

established that the incoming seismic motion can change in amplitude, frequency and 

duration due the site-specific local characteristics. Some preliminary study of seismic 

microzonation using modern methods have been conducted first in Georgia in the frame 

several bilateral Italian-Georgian projects Tsereteli et. al. (2021); Giallini et. al. (2021). In 

this work we presented results of geophysical surveys, assess seismic hazard and local 

seismic response analysis that is required for designing and construction of seismically 

resistant hydro power plant in west Georgia. 

The Complex of the project D HPP facilities includes the following: Headworks (water 

intake and settling pond); Penstock from the headwork to power tunnel; Drainage steel 

pipeline; Power tunnel; Powerhouse; Tailrace pipe. 
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2. Engineering-geological and geophysical survey methods

Based on the engineering-geological survey the following work was executed for the D 

HPP area: Engineering-geological mapping of the investigated facilities sites at 1:500 

scale; Additions study of rock mass jointing; Borehole drilling at eleven site; Soil and 

rock sampling in the boreholes; Water sampling in the boreholes; Field testing work; 

Laboratory analysis for soil and rock physical-mechanical properties; Chemical analysis 

of soils and water extract of soils for determination of their aggressiveness against concrete 

and reinforcement; 

Forty-four ambient vibrations measurements were deployed in the area interested by the 

construction of the HPP. Twenty-two of them were carried out close to available 

boreholes, while others measurements were carried out close to available vertical electrical 

sounding profiles. Vertical electric sounding survey were conducted for 24 sites. 

The equipment consisted of 4 Tromino stations with a cut-off frequency higher than 0.8 

Hz. Data were recorded with a sample rate of 128 samples per second. Recordings of 

about forty-five minutes of ambient vibrations were collected and HVSR technique was 

applied Nakamura (1989) . This is a well-established approach from which it is possible 

to retrieve peaks in the HVSR curves that can be related to subsurface seismic velocity 

contrasts. 

Moreover, one shear waves-velocity Vs profile was obtained using multichannel 

seismograph RAS24 (24 geophone) in correspondence of an accessible area. It was 

retrieved from a joint inversion of Rayleigh dispersion curves with ellipticity. Dispersion 

curve was obtained from a MASW measurement Park et al. (1999). The geophones were 

arranged in a one-dimensional geometry with regular spacing of 2 m. The registration of 

the surface wave-field was performed for a minimum duration of 1s with 24 geophones 

(cut-off frequency equal to 4.5 Hz). Usual care was adopted in deploying the geophones to 

guarantee adequate coupling with the ground. Location of the MASW measurement 

was opportunely chosen to have geologically reliable control points useful at constraining 

the subsoil model: the stadium array is representative of the Quaternary cover sediments. 

Six Vs profiles were obtained in correspondence of HVSR noise measurements. In this 

case, results were constrained by the available borehole stratigraphy. 

3. Identification of resonance frequencies by ambient vibrations measurements and

determination of soil categories by seismic profiling

Each ambient vibrations recording was divided into 50 s long time windows through the 

open-source software Geopsy (http://www.geopsy.org/). We computed amplitude spectra for 

the vertical and horizontal components. Spectra were smoothed using the window with b 

value 40, while the horizontal spectra were computed from the north and east components as: 

√(north2 + east2) before computing the HVSR for each time window. Then, we computed

the average HVSR for each station.  

The software Geopsy automatically scans the average HVSR curve and identifies the 

frequency f, defined as “automatic peacking”, at which the maximum amplitude occurs. The 

frequency value f0 is assigned to the peak of lowest frequency determined for each HVSR 

curve with the amplitude value more than 2. A manually adjustment of the peaks was also 

performed to enhance the reliability of the results. A summary of all the frequencies is reported 

in Table 1. f0 peaks are equal to f except when the amplitude value is lower than 2. In this case, 

we manually classified the curves as no peak. The same procedure has been done using 

software Grilla 9.7.2. 
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Table 1. Summary of the lowest fundamental peak f0 for each HVSR. 

ID Name f (automatic 
peacking) 

f0-st.dev. f0+st.dev. f0 (final) A0 

01 0_BH-H1_T1 17.3 16.9 17.6 17.3 4.54 

02 1_BH-H1_T4 22.5 22.4 22.7 22.5 3.76 

03 BH_H1_T3 24.0 23.8 24.3 24.0 4.87 

04 BH_H1_T2 12.9 12.2 13.5 12.9 3.2 

05 TP3_T2 13.4 13.1 13.6 13.4 7.0 

06 BH_S1_T2 15.7 15.3 16.1 15.7 8.41 

07 BH_S1_T4 23.7 23.2 24.3 23.7 3.45 

08 BH_P1_T1 15.1 14.8 15.3 15.1 8.88 

09 BH_P2_T1 15.1 14.8 15.3 15.1 8.89 

10 BH_P2_T4 15.2 15.0 15.5 15.2 7.42 

11 BH_P3_T1 19.0 18.8 19.1 19.0 14.83 

12 BH_P3_T3 15.1 14.8 15.3 15.1 8.88 

13 BH_P3_T3_12 15.7 15.3 16.1 15.7 8.42 

14 BH_P4_T4 8.4 7.9 8.9 8.4 4.58 

15 T4_BH-P4 15.7 15.3 16.1 15.7 8.42 

16 BHP5_T2 10.47 15.65 5.29 10.47 5.6 

17 T2_BH_P5 9.4 9.1 9.7 9.4 8.32 

18 BH-T1_T1 11.3 10.7 11.9 11.3 10.30 

19 BH_PE1_M_T2 2.0 1.7 2.3 2.0 2.28 

20 BH_PE1_T2 18.8 18.4 19.1 18.8 2.47 

21 BH_PE1a_T2 18.5 18.1 18.9 18.5 2.35 

22 VES_25_T4 10.3 9.8 10.8 10.3 3.42 

23 L1G24T3 18.4 18.1 18.8 18.4 2.3 

24 Adp2_T1 7.97 8.62 7.32 7.97 2.2 

25 adp1_T3 7.3 6.9 7.8 7.3 3.47 

26 L1G1_T4 5.7 5.5 5.9 5.7 4.44 

27 L1_T3_1Ga/adp0_T3 7.1 6.7 7.5 7.1 4.3 

28 VES_23_T2 7.8 7.6 7.9 7.8 7.53 

29 VES-22_T3 7.8 7.7 7.96 7.8 5.76 

30 VES-23_2_T3 8.13 9.91 6.35 8.13 5.3 

31 VES-23_1_T4 15.5 19.5 11.6 15.56 3.1 

32 VES_18_T4 -- -- -- -- 

33 VES_19_T3 15.1 14.4 15.8 15.1 2.77 

34 TP4_1_T4 13.1 13.6 13.4 13.1 8.0 

35 VES_26_1_T1 8.4 7.9 8.9 8.4 5.15 

36 VES_26_T4 3.2 2.9 3.6 3.2 2.13 

37 VES_24_1_T1 3.2 2.9 3.6 3.2 2.13 

38 VES_24_T2 5.2 5.1 5.4 5.2 3.06 

39 BH5_T3_20m 3.4 3.1 3.8 3.4 2.35 

40 BH_PE2_T4 7.5 7.4 7.7 7.5 5.88 

41 BH_PH_T2 6.6 6.2 7.1 6.6 5.84 

42 T3_BH_P(E2)Ha 6.9 6.4 7.5 6.9 6.2 

43 BH_WP1_T2 9.5 8.2 10.7 9.5 2.8 

44 WP1_T1 9.6 8.6 10.6 9.6 3.79 
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HVSR and single spectra curves was attempted. This analysis has revealed that no industrial 

disturbances affect the measurements. 

Geopsy software (www.geopsy.org) was used to retrieve the dispersion curve for 

applying f-k analyses on the active data. Inverse problem consisted in retrieving the Vs 

profiles at each investigated site throughout a joint inversion of Rayleigh dispersion curves 

with ellipticity. For solving the inverse problem, a second code (HV-Inv, García-Jerez et al., 

2016) was used. The results of the analyses obtained at the D HPP profile from the joint 

inversion of Rayleigh dispersion curves from MASW with ellipticity is shown in Fig. 1. 

Fig. 1 Results from MASW measurement carried out for D HPP profile. a) Rayleigh waves 

dispersion curve trough f-k technique and fitting of the dispersion curve with fitting of the 

ellipticity curves; b) best VS profiles and best VP profiles. Red color represents the best-fit. 

Since logistic does not allowed to perform other MASW measurements, we inverted the 

HVSR curves at six sites from HVSR measurement carried out for site close to borehole. Result 

one of them is shown in Fig.2. 
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Figure 2 - Results from HVSR measurement carried out for the BH - H1_T4 site 

(close to BH-1 borehole). a) Fitting of the ellipticity curves; d) best VS profiles and 

best VP profiles. Red color represents the best-fit. 

4. Site specific hazard assessment

Two level of ground motion were selected for seismic hazard assessment of the high-risk 

facility’s construction site at reference rock (VS30=801 m/s). The exceedance probabilities of 

specific ground motion levels for PGA and pseudo-accelerations (SA) spectra with 5% critical 

damping for two investigated sites have been calculated using OpenQukae software by Pagani 

et al. (2014). Obtained results together with disaggregation results have been taking into 

account during the selection of SM records form ESM databases and PEER Ground Motion 

Databases.  

Selected SM records were scaled according uniform hazard curves for 475, 3000 RP with 

tolerance area (+30%/-10%) of 20%, 3.3% probability of being exceeded within the next 100 

years. In-Spector version1.0 beta have been used for this purpose by Acunzo et.al. (2014). 

The seismic local response analysis has been performed using a linear equivalent approach 

and 1D condition throughout the STRATA code by Kottke et.al. (2008) in four different sites. 

Site response analyses were carried out for three different return periods (475, 3000 and 

1000 years), while amplification factors were computed according to the following definition: 

AF =
∫ Sa, s(T)dT

Tb

Ta

∫ Sa, r (T)dT
Tb

Ta

 (1) 

where Sa,s (T), Sa,r (T) are the spectral accelerations of ground motion at the surface 
and the bedrock, respectively. AF is calculated considering three range of periods (Ta, Tb): 
low (0.1-0.5s), medium (0.4-0.8s) and high (0.7-1.1s); 
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AF = ∑
PGAs

PGAr
 (2) 

where PGAs, PGAr are the peak ground acceleration of ground motion at the surface and 

the bedrock, respectively. AF is calculated as geometric mean considering all the selected input 

motion. 

4. Conclusion

We performed the geophysical survey by single station passive measurements using a 

Tromino seismograph and by active source measurements MASW using multichannel 

seismograph RAS24 and 24 (4.5 Hz) geophones. Based on the geophysical measurements sites 

of different facilities of the D HPP can be characterized as following: Soil class (EC8) of 

Headwork’s site is B; Soil classes along Drainage steel pipeline from the headwork to power 

tunnel are A; Soil class of one possible of Power Station is B; Soil class at site another possible 

site of PowerStation is B; Soil class at Well for extinguishing recycled water is B. 

Moreover, resonance frequency for soils at Headworks’ site and along drainage steel 

pipeline from the headwork to power tunnel is 0.05. While resonance frequency for east part 

of D PHH are 0.05, 0.1 and 0.15. 

Site response analyses were carried out for two different return periods (475 and 3000) 

for four selected points. Amplification effects appear significant in the first range of periods 

(0.1-0.5s): in fact, it can be noticed that amplification factors for medium and high 

periods are lower than that resulting from low periods. Amplification factors computed as 

ratio between PGAs are always greater than those computed for the low periods, except in 

the case of the second site where likely also nonlinear effects may contribute to site response. 
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Equivalent linear site response analysis in time domain with LS Dyna: a 
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Abstract: Acceleration floor response spectra (FRS) represent the main tool for the seismic 

design and assessment of non-structural systems in nuclear power plants (NPP). They are 

typically computed from spectral-compatible, site-specific ground motion, which serve as 

input for soil-structure models. Such models discretize the structure via finite elements and 

account for the effect of soil-structure interaction (SSI). Site response analysis (SRA) 

represents the initial steps of any SSI analysis, in which the propagation of the seismic input 

motion from the elastic/rigid half-space outcrop to the free field is characterized. In common 

practice SRA is mainly performed in frequency domain, under the hypothesis of equivalent 

linear materials and horizontal stratigraphy. Analysis in time domain is instead required, 

whenever nonlinearities in the soil or the structure must be explicitly considered. This paper 

presents a case study of a NNP in Switzerland in which a SRA in time domain was carried 

out using the software LS-Dyna. The goal was to match the already available results from a 

frequency domain analysis, as the hypothesis of equivalent linear material was deemed to be 

acceptable. The modelling procedure is described, the main challenges encountered in 

matching the results from the two different approaches are presented and practical 

modelling choices/recommendations are provided.   

Keywords: Site response analysis, equivalent linear, time domain, LS-Dyna 

1. Introduction

Site response analysis is typically the first step in any study involving the interaction 

between soil and structure. Although the seismic waves travel through kilometres of rock 

and only through meters of soil from source to site, the soil plays and important role in 

determining the characteristic of the ground motion, and therefore of the structural 

response (Kramer 1996). Equivalent linear models are one of the most used approaches to 

idealize the soil behaviour: the soil is divided into horizontal layers whose properties and 

damping are iteratively adjusted to be consistent with shear strain induced by the seismic 

motion. SHAKE (Schnabel et al. 1972) is a widely used computer program using the 

equivalent linear approximation, in which the wave propagation problem is solved in 

frequency domain.  

However, even though the soil domain could be safely approximated with the equivalent 

linear approach, not always structural nonlinearities (whether material or geometric) can in 

soil-structure interaction (SSI) problems be ignored. In such cases, the analysis of the soil 

in time domain is required. Nonlinear soil modelling can be time consuming and requires a 

lot of specific expertise in both setting up the model and interpreting the results. An 

equivalent linear soil analysis in time domain can thus represent a good compromise 
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between accuracy and computational cost. In the nuclear industry the explicit FE software 

LS-Dyna (LSTC 2013) is well established and often used by engineering practitioners for 

conducting direct SSI analyses. In this paper a case study is presented in which time 

domain SRA with LS-Dyna and frequency domain SRA with SHAKE are computed and 

compared.  

Section 2 describes the case study, including the considered seismic hazard (subsection 

2.1), as well as the characterization of the soil domain and of the main models (subsections 

2.2 and 2.3). The comparison between the Shake and LS-Dyna model results is given in 

Section 3 while conclusions are drawn in section 4. 

2. Case study

The case study is represented by the site of the NPP Gösgen, located in Switzerland. In the 

following three subchapters 2.1, 2.2 and 2.3 the soil domain, the seismic input as well as 

the FE model used for the time domain analysis will be briefly described.  

2.1. Seismic hazard 

A mean uniform hazard spectrum UHS with return period Tr=10-4/a and 5% damping 

represents the seismic design scenario for the NPP (Abrahamson et al. 2004). As shown in 

Figure 1, the peak ground acceleration at soil outcrop is 0.41g and 0.25g in the horizontal 

and vertical direction, respectively. 

Fig. 1 – Design response spectrum at soil outcrop 

Spectral-compatible time histories are generated from the UHS, and then deconvoluted at 

rock outcrop (z = -27m) through an equivalent linear elastic analysis in frequency domain. 

The deconvoluted TH (see subsection 2.2) represent the input motion for the SRA in time 

domain (subsection 2.3), and are displayed in the three orthogonal directions X, Y and Z in 

Figure 2. 
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Fig. 2 –Acceleration time histories at rock outcrop 

2.2. Soil domain and 1D equivalent linear model 

The soil domain is composed of a 27m deep, well graded, compacted gravel resting on 

bedrock. The water level lies approximately 6.5m under the soil surface. Site investigations 

were made to obtain the body (Vp) and shear (Vs) wave profiles along the soil depth, from 

which the elastic soil properties were computed. The degraded soil properties as well as the 

equivalent damping were successively derived by means of the program SHAKE 

(Schnabel et al. 1972), where the in-depth deconvolution (up to rock outcrop) of the 

spectral compatible set of time histories were performed. The soil was discretized in 54, 

0.5 thick, horizontal layers, which also shows the evolution of the elastic vs degraded shear 

modulus (G) and the equivalent damping. 

2.3. Soil column model 

The SRA in time domain is performed with the explicit FE software LS- Dyna (LSTC 

2013). The soil column model discretizes the soil domain in 20 layers, corresponding to a 

passing frequency fmin > 50 Hz, see Figure 3. The solid elements composing the soil 

column feature constant stress, e.g. the default SECTION TYPE 1 is used. Nodes 

belonging to the same depth are constrained to move together in order to properly simulate 

the free field conditions. The elastic half space is modelled through a Lysmer damper 

(Lysmer 1978) connected to a node at soil outcrop (z = -27m). The horizontal (ch) and 

vertical (cv) damper constants were computed according to equation (1) and (2) below: 

ch = A ꞏ ρ ꞏ Vs                                                                   (1) 

cv = A ꞏ ρ ꞏ Vp                                                                   (2) 

Where A is the horizontal bottom area of the bottom element while ρ, Vs and Vp are 

properties of the halfspace, namely the density (2700 kg/m3), the shear wave (2500 m/s) 

and the body wave velocity (4300 m/s).  
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The match between the degraded soil properties and the material properties input in LS-

Dyna is shown in Figure 3. 

Fig. 3 –Soil column model discretization 

In order for the Lysmer damper to properly dissipate energy, the earthquake excitation is 

applied to the bottom nodes (z = -27m) in the form of equivalent earthquake force Feq, 

computed according to the following equation: 

Feq = c ꞏ Vel (3)

where c is the damper constant (see equation 1 and 2 above) and Vel is the velocity time 

history, which are both function of the earthquake direction.  

3. Time domain vs Frequency domain results comparison

Several soil column models were set up in LS-Dyna and the results compared with those 

obtained from the frequency domain analysis in SHAKE. Different material models and 

soil damping were tested, with the goal of keeping the modelling process as simple as 

possible, i.e. as less input modification as possible with respect to the input deck of the 

frequency domain analysis. In the following two subsection two models with different 

material and damping models are presented. The pro and cons of both are examined and 
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discussed. Results are compared in terms of acceleration response spectra at three different 

depths: (i) rock outcrop; (ii) -9m depth, corresponding to the building foundation; (iii) at 

soil outcrop. 

3.1. Equivalent-linear viscous material 

The first soil column model, which will be labeled Model A, employs a Biot linear 

hysteretic material for all soil elements. Required input data for the complete material 

characterization are the mass density (RO), the Young's modulus (E), the Poisson's ratio 

(PR), the Damping ratio (ZT) and the dominant excitation frequency (FD). The same 

notation as in the LS-Dyna manual is used. All these properties are trivially retrieved from 

the degraded material results of the equivalent linear frequency domain analysis. Exception 

is made for the FD parameter, for which a Fourier decomposition of the input acceleration 

may be necessary. However, according to the authors' experience, the results are little 

sensitive to this parameter and the default value FD = 3.25Hz is often a good estimation. 

As it can be seen from figure 4 (a), (c), (e), this model leads to a poor match with the 

analysis in frequency domain. Namely the frequency peaks from Model A are shifted 

towards higher frequencies with respect to the SHAKE model. The reason of such 

behaviour is related to the viscous damping definition and implementation in the Biot 

material, which increases the stiffness of the model and thus reduces the explicit time step 

size in LS dyna. A consistent Youngs's modulus can be roughly estimated from the 

reduction of time step size, as function of the damping ratio ZT, the initial time step size 

and the dominant excitation frequency FD.   

In Model B the Young's modulus of the soil element materials is increased to account for 

the phenomenon described above. Although some trial and error was required, a 

reasonably good match with respect to the frequency domain analysis was obtained (see 

figure 4 b, d and f) by increasing E proportional to ZT, and assuming an increase of 10% 

(i.e. Ec = 1.1ꞏ E) when ZT = 5%. To be noted that the response from Model B appears to 

be slightly underdamped, especially in the main frequency of the horizontal direction (f = 

5hz), which may lead to overconservative results. 

3.1. Elastic material and frequency-range independent damping 

Two additional soil column models, labelled Model C and D, employed a simple elastic 

material and a frequency range independent damping, i.e an approximately constant 

damping over a specified interval of frequencies. The difference between Model C and 

Model D is that damping is applied to element deformations in the former (card 

FREQUENCY_RANGE_DEFORM) and to global motion in the latter (card 

FREQUENCY_RANGE). In both models, a separate damping card is defined for each 

element of the soil column; the damping coefficients are assigned to match the ones 

derived from the equivalent-linear analysis in frequency domain (see figure 3). 

The drawback to this method of damping, as stated in the LS dyna manual, is that it 

reduces (FREQUENCY_RANGE) or increases (FREQUENCY_RANGE_DEFORM) the 

dynamic stiffness of the model. Therefore, the material stiffness E needs to be 

appropriately corrected, as function of the frequency interval in which constant damping is 

desired, and of the damping constant value (CDAMP). The larger these two parameters, 

the larger will be the correction on the material Young's modulus, which can be of the 
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order of 15% for CDAMP = 4% and a ratio between the largest and the lowest frequency 

in the constant interval Fhigh/Flow = 50 Hz.  

(a) (b) 

 (c) (d) 

 (e) (f) 

 Fig. 4 – Acceleration response spectra for Model A and Model B along global x (a, b), y (c, d) and z (e, f) 

directions 

Both Model C and Model D provide a good match with the results from the equivalent 

linear analysis in frequency domain, as shown in figure 5. Only in the vertical direction, 

the solution provided by model D appears to be overdamped. The reason probably lies in 

the fact that a damping applied to the global motion damps the rigid body modes, which in 

this particular case in the vertical direction play an important role.  
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(a) (d) 

  
(b) (e) 

  
(c) (f) 

  

 

Fig. 5 – Acceleration response spectra for Model C and Model D along global x (a, b), y (c, d) and z (e, f) 

directions 

4. Conclusions 

In the nuclear industry soil-structure interaction (SSI) is often accounted for in both 

structural and component verification. Sometimes, structural nonlinearities must be 

accounted for, therefore requiring the analysis to be performed in time domain. On the 

other hand, an equivalent linear soil behaviour might remain a reasonable assumption. 

Before running the entire, possibly complex SSI model, it is therefore useful to compare 

the free field soil response with the one obtained through 1D equivalent linear calculations 

in frequency domain, which are the simplest and the most widespread method for site 

response analysis. 
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In this paper, a 3D time domain site response analysis is conducted with the explicit FE 

software LS-Dyna, with the goal of matching the results obtained from the 1D equivalent 

linear approach in frequency domain. In LS-Dyna, the soil domain was discretized by 

means of a soil column. Appropriate boundary conditions were applied to simulate the free 

field conditions and the underlying elastic half space. Two material and damping models 

were tested, and the results were compared in terms of output acceleration response 

spectra.  

A good agreement could be observed when the Biot elastic hysteretic model was 

employed, only if the stiffening effect caused by the hysteretic damping was compensated 

by artificially increasing the material Young's modulus. A trial-and-error procedure was 

required. A better match of the acceleration spectra results was instead obtained by using 

an elastic material model in combination with a frequency range independent damping. 

This latter provided better results when it was applied to element deformations rather than 

to global motion, where it would lead to slightly overdamped solutions.  
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Abstract: In this study we propose the SoilGrid database with predicted soil properties down 

to 2 meters depth and geological maps of Japan as geotechnical indicators with the potential 

to explain nonlinear site-effects. To test these indicators, we measure the nonlinear site-

response in the Japanese Kiban–Kyoshin Network (KiK-net) as the change in amplitude and 

shift in frequency between strong-motion events and the linear site-response. These 

measurements are then fitted to a hyperbolic tangent function. We plan to use the coefficients 

and parameters from the fitted hyperbolic tangent function to explore the correlation between 

the geotechnical indicators and sites with strong nonlinear soil-behaviour.  

Keywords: site-effects, nonlinearity, soil properties, site proxies 

1. Introduction

Earthquake ground-motions are heavily influenced by the local soil conditions at a site. For 

small ground motions and stiff sites, the local soil-response behaves linearly. However, for 

larger ground motions and softer sites nonlinear site-effects have been observed.  Nonlinear 

site-amplification is characterised by a simultaneous decrement of shear modulus and an 

increment of shear-wave damping ratio as a function of increasing levels of strains; this 

results in a decrease in amplitude of the site-amplification transfer function (due to increased 

damping) and a shift of resonance frequency to lower frequencies (because of the decrease 

in shear-wave velocity; Régnier et al., 2013; Bonilla et al., 2005).  

Site-effects are generally captured using the average shear-wave velocity in the upper 30 

meters of the soil column (VS30), but Darendeli (2001), among others, have shown that 

nonlinear soil behaviour mainly occurs in the upper few meters of a site, and that soil 

materials with similar VS30 may exhibit different susceptibility to nonlinear response. Indeed, 

several studies have shown that VS30 is not a suitable proxy for characterizing nonlinearity 

(e.g.  Loviknes et al. 2021). In this study we therefore aim to test new geotechnical indicators 

characterising the upper part of the soil columns for predicting nonlinear site-effects.   

A first challenge in this work is to identify and quantify the nonlinear site-effects from the 

ground-motion records. Here we follow the work of Régnier et al. (2013) to compute the 

amplitude change and frequency shift in the surface-to-borehole spectral ratios of strong 

ground-motion recorded by stations in the Kiban–Kyoshin Network (KiK-net, Aoi et al., 
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2004; National Research Institute for Earth Science and Disaster Resilience (NIED), 2019) 

in Japan.  

Studies characterizing the nonlinear soil response at the scale of geotechnical laboratory 

testing have identified i) the grain size of the loose sediments and ii) the effective pressure 

acting upon them, as two key parameters controlling nonlinear soil behaviour (Darendeli, 

2001). To identify site condition indicators which could characterize and map the 

susceptibility to nonlinearity, we resorted to two databases: 

- the pedologic database SoilGrid (Poggio et al., 2021), which is a global gridded map

of predicted soil properties

- the Seamless Digital Geological Map of Japan (SDGM, 2014)

Our aim is testing whether nonlinear site-effects can be better explained by geotechnical 

parameters describing the uppermost layers of the soil.  

This extended abstract describes i) the strategy we followed to systematically characterize 

the nonlinear soil amplification over a large set of instrumented sites in the KiK-net network, 

and ii) the geotechnical site condition indicators we retrieved at these sites with the intention 

of testing their potential use as proxies for nonlinear site-effects.  

2. Dataset

We use earthquake ground-motions recorded by the Japanese Kiban–Kyoshi Network (KiK-

net). Because of the unique configuration of the KiK-net network as a nationwide network 

with more than 600 sites with instruments at both the surface and in borehole, the network 

is well suited for studies of site-effects. In this study we only use the 539 stations which has 

recorded at least one event with PGA >= 0.05 g. From these stations we use all ground-

motions recorded between 1997 and 2017 with magnitude above 3. 

2.1. Geotechnical indicators 

The SoilGrid database is a globally gridded map of soil properties predicted using machine 

learning with observed soil profiles and environmental covariate data as input (Poggio et al., 

2021). The database consists of predicted pedological properties at 250 m resolution for six 

depth levels down to 2 meters. In this study we focus on the volumetric fraction of coarse 

fragment (cm3/dm3) and weight fractions of silt, clay and sand (g/kg) predicted for a depth 

range 1-2 m (deepest available layer). The distributions of these layers are shown in Figure 

1, and the nonparametric correlation (Cleveland, 1979) between VS30 and the layers are 

shown in Figure 2 with the coarse fraction showing a clear increase with VS30 (Figure2a). 

The data was downloaded from the SoilGrid webpage (https://soilgrids.org/, last accessed 

March 2022). Previous studies have shown the correlation between inferred pedological 

parameters from the SoilGrid database and site condition parameters (Vs30, H800), as well 

as the local earthquake response (Bergamo et al., 2019, 2021). In this study, we therefore 

plan to explore the relation between the SoilGrid soil-properties and nonlinear site-effects. 
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Fig. 1 – The station distribution of the SoilGrid layers (a) course fraction, (b) clay content, (c) sand content 

and (d) silt content. 

 
Fig. 2 – The SoilGrid layers (a) course fraction, (b) clay content, (c) sand content and (d) silt content with 

VS30. A nonparametric locally weighted linear regression (LOWESS) is fitted to the soil layers to better 

illustrate the trend with VS30. 

The geological formations of surface layers were also retrieved from the Seamless Digital 

Geological Map of Japan (SDGM, 2014, downloaded from 

https://gbank.gsj.jp/seamless/index_en.html). The map has a 1:200,000 resolution and was 

derived by merging geologic quadrangle maps covering all of Japan. The different 
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formations were re-classified to fewer groups by Bergamo et al., (2019, 2021). The Station 

distribution of these geological subclasses is shown in Figure 3.    

Fig. 3 – The station distribution of the geological subclasses grouped by Bergamo et al., (2019, 2021) from 

the Seamless Digital Geological Map of Japan. 

3. Method

Régnier et al, (2013) proposed several parameters for describing nonlinear soil-behaviour at 

KiK-net stations. In this study we use the frequency shift (Shev) and percentage of nonlinearity 

(PNLev), which are measured as the shift in frequency and change in amplitude, respectively, of 

the site-response curve of each record compared to the linear site-response. As in Régnier et al, 

(2013) we use the Surface-to-Borehole ratio (SBr) as the empirical site-response calculated for 

each record, and the linear site response as the mean SBr ± standard deviation (std) of all records 

with PGA < 0.01 g at a site.  

PNLev for event ev is measured as the area between the event SBrev and the upper limit of the 

linear SBr (SBrlin
+), divided by the area under the mean linear Sbrlin (equation 5 and 6 in Régnier 

et al., 2013): 

𝐴 =  ∑

{
 

 𝑆𝐵𝑟(𝑖) − 𝑆𝐵𝑟𝑙𝑖𝑛
+ (𝑖) log10

𝑓𝑖+1

𝑓𝑖
𝑓𝑜𝑟 𝑆𝐵𝑟(𝑖) ≥ 𝑆𝐵𝑟𝑙𝑖𝑛

+ (𝑖)

𝑆𝐵𝑟𝑙𝑖𝑛
+ (𝑖)  −  𝑆𝐵𝑟(𝑖) log10

𝑓𝑖+1

𝑓𝑖
𝑓𝑜𝑟 𝑆𝐵𝑟(𝑖) ≤ 𝑆𝐵𝑟𝑙𝑖𝑛

+ (𝑖)

0  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑁
𝑖 (1) 

𝑃𝑁𝐿𝑒𝑣 =
𝐴

∑ |𝑆𝐵𝑟𝑙𝑖𝑛| log10
𝑓𝑖+1
𝑓𝑖

𝑁
𝑖

(2) 

where N is number of frequencies f between 0.6 and 20 Hz. 
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The shift in frequency (Shev) is measured by cross-correlating the SBr of a record with the mean 

linear SBr.  The PNL and Sh for each record and site is shown with increasing PGA in Figure 4.  

 

Fig. 4 – The Percentage of Nonlinearity PNLev (a) and the shift in frequency Shev (b) with Peak Ground 

Acceleration (PGA).   

 

To obtain site-specific parameters capturing nonlinearity in a synthetic fashion, the PNLev and 

Shev for each station are plotted against PGA (recorded at surface) and fitted to a hyperbolic 

tangent function (as in Régnier et al, 2013): 

𝑃𝑁𝐿𝑓𝑖𝑡𝑡𝑒𝑑 =  𝑎 {tanh[log(𝑃𝐺𝐴) + 𝑏] + 1}    (3) 

Note that a hyperbolic tangent function can also be used to model the increase in damping and 

reduction of the shear-modulus with increasing deformation, and it is therefore well suited for 

describing nonlinear soil behaviour (Régnier et al., 2013). The linear SBr and SBr of three 

strong-motion events for the station FKSH12 is shown in Figure 5a. The de-amplification and 

frequency shift is clearly observed. The PNLev and Shev of the station is shown in Figure 5b and 

5c, respectively, along with the fitted hyperbolic function.  
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Fig. 5 – (a) The mean linear SBr (black solid line) with standard deviations (black dotted line) and SBr of three 

strong-motion events (blue lines) for the station FKSH12. The frequency shift and change in amplitude is clear. (b) 

The PNLev with increasing PGA (black dots) and the fitted hyperbolic function (red line). (c) The Shev with 

increasing PGA (black dots) and the fitted hyperbolic function (red line).  

The derived coefficients of the hyperbolic functions of PNL and Sh ast and bst for each station st 

are used as site-specific parameters for nonlinearity. For PNL aPNL represent the degree of 

amplitude shift, while for Sh, aSh represent the degree of frequency shift. The distribution of a 

for PNL and Sh are shown in Figure 6. For both PNL and Sh the exponential of b corresponds 

to the PGA value at which the relative change (derivative) of PNL and Sh is maximum. This 

value is not necessarily the same for PNL and Sh, as demonstrated in Figure 7. 

Fig. 6 – The Station distribution of the a coefficients from the hyperbolic tangent function fitted for the (a) 

PNLew and (b) Shev. 
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Fig. 7 – The exponential of the b coefficient for PNLev (y-axis) and Shev (x-axis)  

 

In addition to a and b, the PGA at 10% of the maximum PNL and Sh PGAthPNL and PGAthSh, 

the percentage of nonlinearity at PGA=0.05 g, PNLsite, and the frequency shift Shsite at PGA=0.05 

g, Shsite is derived for each station.  

4. Conclusions 

This extended abstract describes geotechnical indicators with the potential to describe 

nonlinear soil-behaviour and a method to capture the degree of nonlinear site-amplification 

in earthquake ground-motions recorded at KiK-net stations in Japan.  

Because nonlinear site-effects are mainly expected to occur in the upper few meters of the 

soil, we propose the use of SoilGrid database parameters such as the predicted fractions of 

course fragments clay, silt and sand content, as potential site proxy for nonlinearity. An 

additional potential site indicator for nonlinear site-effects is the information on the 

geological formations from the Seamless Digital Geological Map of Japan.    

The nonlinear site-response is measured as the change in amplitude (percentage of 

nonlinearity, PNLev) and the shift in frequency (Shev) of the surface-to-borehole ratio for 

each event recorded at a site. At each station, a hyperbolic tangent function is then fitted to 

these two parameters with increasing PGA. The coefficients to the hyperbolic function, 

along with the PNL and Sh value at PGA=0.05 g and the PGA at 10% of the maximum PNL 

and Sh, are finally considered as the site-specific parameters describing the nonlinear 

behaviour of the site. We have applied this method systematically to all KiK-net stations and 

plan to use the parameters to investigate the correlation between the sites that show a strong 

nonlinear behaviour and the proposed geotechnical properties.  

Acknowledgements  

This research is funded by the European Commission, ITN-Marie Sklodowska-Curie New 

Challenges for Urban Engineering Seismology URBASIS-EU project, under Grant 

Agreement 813137. 

48133ECEES, September 2022, Bucharest, Romania



References 

- Aoi, S., T. Kunugi, and H. Fujiwara (2004). Strong-motion seismograph network operated by NIED:

K-net and KiK-net, J. Jpn.Assoc. Earthq. Eng. 4, 65–74.

- Bergamo, P., C. Hammer, and D. Fäh (2019). SERA WP7/NA5-Task 7.4: towards improvement of

site characterization indicators. Seismology and Earthquake Engineering Research Infrastructure

Alliance for Europe (SERA) Project, Deliverable D7.4, available at http://www.sera-

eu.org/en/Dissemination/deliverables/ (last retrieved on March 2022).

- Bergamo, P., C. Hammer, and D. Fäh (2021). Correspondence between Site Amplification and

Topographical, Geological Parameters: Collation of Data from Swiss and Japanese Stations, and

Neural Networks-Based Prediction of Local Response, Bull. Seismol. Soc. Am. XX, 1–23, doi:

10.1785/0120210225

- Bonilla, L. F., Archuleta, R. J., and Lavallée, D. (2005). “Hysteretic and dilatant behavior of

cohesionless soils and their effects on nonlinear site response: Field data observations and modeling.”

Bulletin of the Seismological Society of America, 95(6):2373–2395.

- Cleveland, W. S. (1979). Robust locally weighted regression and smoothing scatterplots, J. Am. Stat.

Assoc. 74, 829–836.

- Darendeli, M. B. (2001). Development of a new family of normalized modulus reduction and material

damping curves. The university of Texas at Austin.

- Poggio, L., de Sousa, L. M., Batjes, N. H., Heuvelink, G. B. M., Kempen, B., Ribeiro, E., and Rossiter,

D.: SoilGrids 2.0: producing soil information for the globe with quantified spatial uncertainty, SOIL,

7, 217–240, https://doi.org/10.5194/soil-7-217-2021, 2021.

- Loviknes, K., S. R. Kotha, F. Cotton, and D. Schorlemmer (2021). Testing Nonlinear Amplification

Factors of Ground-Motion Models, Bull. Seismol. Soc. Am. 111, 2121–2137, doi:

10.1785/0120200386

- National Research Institute for Earth Science and Disaster Resilience (2019), NIED K-NET, KiK-net,

National Research Institute for Earth Science and Disaster Resilience, doi:10.17598/NIED.0004

- Régnier, J., Cadet, H., Fabian Bonilla, L., Bertrand, E., and Semblat, J. F. (2013). “Assessing

nonlinear behavior of soils in seismic site response: Statistical analysis on KiK-net strong-motion

data.” Bulletin of the Seismological Society of America, 103(3):1750–1770.

- SDGM (2014). 1:200,00 Seamless Digital Geological Map of Japan (SDGM), Geological Survey of

Japan, National Institute of Advanced Industrial Science and Technology,

https://gbank.gsj.jp/seamless/index_en.html?

4814 3ECEES, September 2022, Bucharest, Romania



 

 

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

 

Comparing site response using shear-wave velocities from model and 
field data 

Pauline Kruiver – Royal Netherlands Meteorological Institute, De Bilt, The Netherlands, 
pauline.kruiver@knmi.nl 

Manos Pefkos – Deltares, Utrecht, The Netherlands, manos.pefkos@deltares.nl 

Małgorzata Chmiel – Swiss Federal Institute for Forest, Snow and Landscape Research, Zürich, 
Switzerland, malgorzata.chmiel@wsl.ch 

Anaïs Lavoué – Sisprobe, Saint Martin d’Hères, France, anais.lavoue@sisprobe.com 

   

Abstract: One of the important parameters in site response calculations, amongst others, is 
the shear-wave velocity VS. In the seismic hazard analysis of induced seismicity due to 
extraction of gas from the onshore Groningen gas field, the site response analysis is based 
on model VS curves, which are in part, based on data. For part of the study area, two new 
sources of shear-wave velocity became available from the analysis of ambient noise. 
Inversion of ambient noise of ~400 sensors from a flexible array provided two new datasets: 
one with a target depth of 800 m and a finer mesh of sensors with a target depth 100 m. The 
data were spliced to produce field VS profiles for two 1 km by 1 km blocks. The model VS 
and field VS profiles were both used in site response analysis. The comparison of results 
showed that – on average – the amplification factors over periods relevant for seismic risk 
(0.01 – 1.0 s) agree within the uncertainty range generally accepted in geo-engineering. This 
indicates that the VS model used in the seismic hazard analysis sufficiently represents 
reliable input for the site response calculations. 

Keywords: site response analysis, shear-wave velocity, models, site characterisation 

1. Introduction 

The gas extraction from the onshore gas field in Groningen, the Netherlands, led to 
induced seismicity. The strongest event with a local magnitude ML = 3.4 (Huizinge, 2012) 
initiated the development of a sophisticated, region-specific ground motion model as part 
of the seismic hazard and risk analysis (Bommer et al. 2016; Rodriguez-Marek et al. 2017). 
The ground motion model defines ground motions at the reference baserock horizon (at ~ 
800 m depth), spectral amplification functions derived from site response analysis, and a 
logic tree. One of the key parameters in site response calculations, amongst others, is the 
shear-wave velocity VS. The VS profiles were constructed from a combination of model 
data which were partially derived from field data (Kruiver et al. 2017a). We refer to those 
VS profiles as “model VS profiles”. The amplification factors were aggregated into zones 
of similar geology enabling the definition of mean spectral amplification factors (AF) and 
an uncertainty model. The amplification factors in the ground motion model are supposed 
to reflect the variation in AF across the region.  
During the various stages of development of the ground motion model, several campaigns 
were organised to collect field observations of VS. At several locations across Groningen 
(Figure 1), flexible array networks collected ambient noise during one month per 
deployment. Inversion of the ambient noise into “field VS profiles” provided a means to 
compare the model VS profiles. Because of the use of the VS profiles in the seismic hazard 
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analysis, we have compared the effect of the variation in VS profiles, rather than the VS 
profiles themselves. We have done so by using field VS profiles and model VS profiles in 
site response analysis, while keeping all other inputs identical. This abstract compares the 
amplification factors from either field VS or model VS profiles.  

Figure 1. Location of the Groningen gas field with a 5 km buffer (left) and the location of the field VS 
datasets with their target depths used in the analysis (right) on a geological background showing the depth of 

the Holocene deposits (red, blue and green) and Pleistocene surfacing (yellow). From Kruiver et al 2022. 

2. VS datasets

2.1. Model VS 

The model VS consists of a set of VS profiles on a 100 m x 100 m grid across the ~ 30 km 
by 40 km study area. Each VS profile is the result of splicing three sources of VS 
information. The model VS dataset is described in Kruiver et al (2017a) and summarised 
here. The top 50 m of the model VS profiles were based on field data (seismic cone 
penetration tests on ~ 80 sites) which were extrapolated to the region of interest using a 
detailed geological voxel model and the mean VS models from Kruiver et al (2017a). The 
intermediate part of the VS profiles, from 50 to a maximum of 130 m was based on 
inversion of ground roll data from the legacy seismic campaigns. The deepest part of the 
VS profiles, starting at a minimum depth of 70 m until the reference baserock horizon 
formed by the base of the North Sea Supergroup at ~ 800m depth was based on the 
PreStack Depth Migration compressional velocity model which was converted to VS. This 
model also defined the half-space VS at 1400 m/s. 

2.2. Field VS 

During several campaigns, flexible array networks of ~ 400 sensors were deployed 
recording ambient seismic noise. The field equipment consisted of a Geospace GSX 
system with GS-One LF (5Hz) geophones. Data collection lasted about one month per 
layout. During the first round, the target depth was the entire North Sea Supergroup 
reaching to ~ 800 m depth. The corresponding sensor layouts measured ~ 5 km by 5 km. 
The ambient noise was inverted to VS profiles as described in Chmiel et al (2019). 
Preliminary site response analysis using these field VS profiles indicated that the resolution 
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in the top ~ 60 m was insufficient. Therefore, the layout was changed during the second 
round, targeting a depth of 100 m. In the second case, the sensors were placed in a grid of 
~ 1 km by 1 km. The ambient noise was inverted to VS profiles (Kruiver et al. 2022). For 
two locations, near the towns of Loppersum and Borgsweer, the shallow and deep datasets 
were spliced at depth of 90 m to form the field VS dataset (Figure 1). Figure 2 shows a 
visual representation of the VS_to100m dataset for Loppersum. The transition depth from 
Holocene very soft sediments to Pleistocene sediments was used as an input in the 
inversion. 

 

Figure 2. VS_to_100m dataset of Loppersum, showing a gradual and spatially variable increase from ~ 100 m/s 
at the surface to ~ 450 m/s at 100 m depth. The colour scale corresponds to VS values in m/s. 

3. Site response analysis 

3.1. Method 

The method for site response calculation is described in Kruiver et al (2022) and 
summarised here. Site response calculations were conducted using the 1D equivalent linear 
analysis package STRATA (Rathje and Ozbey 2006; Kottke and Rathje 2008). The soil 
stratigraphy was derived from the detailed geological model GeoTOP combined with 
scenarios based on Digital Geological Model (TNO geological survey of the Netherlands) 
and ~ 60 geophysical well logs. Modulus and Damping Curves were defined for all 
stratigraphical layers using Menq (2003) for sandy lithoclasses, Darendeli (2001) for 
clayey lithoclasses, Groningen-specific curves for Holland peat (Zwanenburg et al 2020) 
and a Darendeli-type curve based on various literature studies for Basel peat. The 3,600 
input motions at the reference baserock horizon were defined using EXSIM (Motazedian & 
Atkinson, 2005; Boore, 2009) for the ground motion model logic tree stress drops over a 
range of rupture distances (3-60 km) and magnitudes (1.5-7.5). For each soil column, 10 
randomly selected motions spanning the full range from weak to strong motions (~ 10-9 – 1 
g) were used to derive spectral amplification factors (AF). Because of a fixed random seed, 
the same sets of random motions were applied to the calculations based on field VS or 
based on model VS data, allowing for a one-to-one comparison.  

3.2. Results 

Figure 3 shows the AF versus period for Loppersum based on model VS (top) or field VS 
(bottom). For an example period of T=0.2 s, all results are shown in Figure 4 for both sites. 
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In general, there is a shift in average AF between the results based in model VS or based on 
field VS. The shift, however, depends on the period and on the site (not shown). The spread 
around the mean is either comparable or smaller for field VS (as in Figure 3).  

Figure 3. AF curves for Loppersum based on model VS (top) and field VS (bottom). The colours denote the 
different input motions (same colours in both panels). 

Figure 4. AF results versus input motion spectral acceleration (Sa_rock) for a selected period (T=0.2 s) for 
Borgsweer (left) and Loppersum (right). Each dot represents one site response calculation, black based on 

model VS profiles, red based on field VS profiles. 

For each soil profile and input motion, the relative difference between AF from field to 
model VS is plotted in Figure 5. The differences are calculated for all 23 periods of the 
ground motion model, but a set of 10 periods (PGA, T = 0.1 – 1.0 s) is relevant for the risk 
and used in the risk analysis. These are indicated by the arrows. Averaged over these 
periods, the AFs for field VS are (2 ± 15) % higher for Loppersum and (16 ± 31) % lower 
for Borgsweer relative to the model VS. Overall, the model overpredicts for Borgsweer and 
slightly underpredicts the AFs for Loppersum. The average differences in AF are within 
the range generally acceptable for geo-engineering practise and – for Borgsweer – on the 
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conservative side. In Kruiver et al (2022) additional combinations of field VS and model 
VS are analysed, e.g. field data in the top 90 m combined with model data below that depth. 
This leads to similar results, where the mean plus or minus one standard deviation always 
contains the line corresponding to zero difference. 

  

 

Figure 5. Relative difference in AF for Loppersum (top) and Borgsweer (bottom). Each dot represents one 
site response calculation. The solid red line represents the average per period; the dashed red lines represent 

plus and minus one standard deviation around the mean. The periods which are relevant for the risk 
assessment are indicated by arrows. 

4. Conclusions 

Two different sources of VS profiles were available for site response analyses for the 
Groningen gas field, the Netherlands. One source consists of model VS profiles across the 
entire study region of 30 km by 40 km. The other source consists of VS profiles derived 
from field measurements, but for two smaller sites of 1 km by 1 km each. Keeping all other 
inputs identical, the effect of these VS profiles on the amplification factors was studied 
using site response analysis. The analysis showed that – on average, for periods relevant 
for risk, and for two sites in the region – the AF results between using either field VS or 
model VS are comparable within geo-engineering standards. Both sites are located in areas 
with a Holocene cover of soft material on top of Pleistocene deposits where amplification 
is usually stronger than in the southern area without Holocene cover. They represent the 
average to worst-case when compared with amplification factors across the Groningen 
field. We therefore conclude from the analysis that model VS is suitable for use in the 
ground motion model and results in reliable - and in some cases conservative – average 
AF. 
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Abstract: In Iceland, due to the prevalent surface rock condition, whether it is older bedrock 

or more recent lava-rock, and the relatively thin and thus easily removable topsoil layer, site 

effects have largely been assumed to be insignificant. In fact, multiple new empirical 

earthquake ground motion models (GMMs) and all past seismic hazard studies in Iceland 

largely ignore site effects. To overcome this limitation, we develop a new Bayesian 

Hierarchical Model (BHM) that enables us to partition the model residuals into various terms 

associated with the source, propagation path, and station terms. In this study, we use six 

mainshock earthquakes recorded at the regional network and urban array strong-motion 

stations in the South Iceland Seismic Zone (SISZ) to develop a new empirical GMM that 

fulfills all criteria of such models applied in seismic hazard assessment. The results indicate 

that station terms show systematic patterns that allow us to define four characteristic station 

term groups. We show that each group contains the characteristic signature of the expected 

amplification function from shallow geological structures (i.e. hard rock, rock, lava rock, and 

soil). As a result, we establish the first frequency-dependent site amplification functions 

associated with key geological units in Iceland. Finally, we propose a new GMM by adding 

the independent variable of site class that now enables the informed prediction of ground 

motion amplitudes at these site classes. We believe that the findings of this study have 

important practical implications for improving the reliability of key elements for seismic risk 

management in Iceland, that previously have all but ignored localized site effects.  

Keywords: site effects, ground motion model, Bayesian hierarchical model, Iceland, geology 

1. Introduction

It has long been understood that the amplitude of seismic waves approaching the Earth's 

surface will be magnified by passage through subsoil layers of low impedance. The 

importance of subsoil response has been clearly demonstrated by the Michoacan earthquake 

of 19 September 1985 (Mexico), and the Loma Prieta earthquake of 17 October 1989 

(California) where the lack of information and inaccurate modeling of site effects was one 

of the most important reasons for a large loss of lives and economic crises (Beck and Hall, 

1986; Seekins and Boatwright, 1994). To date, an accurate estimation of site-specific 

characteristics is of paramount importance for earthquake-resistant design, seismic hazard 

assessment, and microzonation studies, where the main goal is reducing human and 

economic losses that ground motions may cause (Kramer, 1996).   

In Iceland, the most seismically active region in northern Europe, site effects are generally 

considered being simple and associated with a binary site classification of “stiff soil” or 
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“rock”, partly because in many cases the relatively thin and topsoil overlying the competent 

rock (e.g., lava rock, hyaloclastite, dolerite, etc.) is easily removable. In fact, multiple new 

empirical earthquake ground motion models (GMMs) and all past seismic hazard studies in 

Iceland largely ignore site effects (e.g., Kowsari et al., 2020). However, recent 

comprehensive site effect studies (Rahpeyma et al., 2016, 2017, 2018, 2019, 2021) using 

advanced Bayesian statistical methods have revealed that (1) the site effects can vary 

significantly, even over relatively short distances; (2) some rock sites exhibit considerable 

and frequency-dependent site-effects; and (3) site effects on variable geology are both much 

stronger and more variable than for rock.  

In this study, therefore, we developed a new GMM on the basis of the Bayesian method to 

model the recorded ground motions at the regional network and urban array strong-motion 

stations in South Iceland Seismic Zone (SISZ), specifically the peak ground acceleration, 

PGA, and pseudo-spectral acceleration, PSA, as a function of oscillator period (𝑇=0.05-3 s), 

magnitude, and distance. The new GMM is a Bayesian Hierarchical Model (BHM) tailored 

for spatial strong motion data that offers a flexible probabilistic framework for multilevel 

modeling of earthquake ground motion parameters, in which a collection of random 

variables can be decomposed into a series of conditional models.  

The BHM is setup hierarchically in three levels: (1) data level, (2) latent level, and (3) 

hyperparameter level. The data level describes the distributional model for the observation 

conditioned on the model parameters. Here, the earthquake PGA and PSA response of simple 

structures are considered to comprise the data level. The latent level describes the 

distribution of the latent parameters, some of which are found in the distributional model of 

the observations. Finally, the hyperparameter level generally consists of the prior 

distributions for the hyperparameters at the data and latent levels. Hyperparameters are 

typically defined as standard deviations of the distribution describing the corresponding 

latent parameters. Since the BHM represents the model parameters in terms of the posterior 

probability densities, the BHM model successfully describes the relative contribution of 

source, path, and site effects to the overall GMM variability, through its event, event-site, 

and site-terms, respectively, along with their associated variabilities. The BHM highlights 

the importance of regionalization of the ground motion in the effort of understanding the 

underlying sources of the aleatory variability, which consequently has implications for 

seismic hazard analysis. 

2. Data

In this study, data from the Icelandic Strong-Motion Network (ISMN) and a small aperture 

strong-motion array (ICEARRAY I) of the Earthquake Engineering Research Centre of the 

University of Iceland are used. The strong-motion data was recorded during six strike-slip 

SISZ earthquakes. Table 1 presents events name, year, time, location, events magnitude, 

events focal depth, and the number of recording stations for each earthquake. 

Table 1. The earthquake events of which strong-motion data is used in this study. 

Event Date Time Lat. Lon. Depth 𝑀w No. records 

Vatnafjöll 25/05/1987 11:31:56 63.91 -19.79 11.3 6.0 7 

Mt. Heng. Area 04/06/1998 21:36:54 64.03 -21.29 5.0 5.4 11 

Ölfus 13/11/1998 10:38:34 63.95 -21.34 5.3 5.1 8 

Holt 17/06/2000 15:40:41 63.97 -20.36 6.3 6.5 17 

Hestfjall 21/05/2000 00:51:48 63.97 -20.71 5.1 6.4 23 

Ölfus 29/05/2008 15:45:59 63.97 -21.06 5.1 6.3 17 
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The ISMN is a regional strong-motion network in the sense that it covers the main 

earthquake hazard regions with recording sites located around ~5-15 km apart  

(Sigbjörnsson and Ólafsson, 2004). The ISMN stations spread over the populated regions, 

the main life-line systems, and infrastructures such as bridges, power plants, dams, and 

hospitals. ICEARRAY I, on the other hand, is the first permanent urban strong-motion array 

(D=1.9 km) in Iceland, installed in the SISZ for the specific purpose of establishing 

quantitative estimates of spatial variability of strong-motions, investigating earthquake 

rupture processes, and source complexities of future events (Halldorsson and Sigbjörnsson, 

2009). Fig. 1 shows the epicenter of the events and also the strong motion stations along 

with station ID used in this study.  

 

Fig. 1 - (a) Map of Iceland with the approximate location of the Mid-Atlantic Ridge (grey line) and the South 

Iceland Seismic Zone (SISZ) and the Tjörnes Fracture Zone (TFZ) marked by hatched areas. (b) The area under 

study in Southwest Iceland showing the epicenters of six earthquakes (red stars) presented with occurring date 

along with the recording stations of the ISMN presented with station ID (black triangles); (c) The Mainshock 

of 29 May 2008 Ölfus earthquake in southwest Iceland outlining the two causative earthquake faults (dotted 

red lines). The twelve ICEARRAY I stations (yellow circles) are located within the town of Hveragerði. 

3. Statistical Modeling   

3.1. A Bayesian Hierarchical Model (BHM)  

We implement a Bayesian hierarchical model (BHM) (Rahpeyma et al., 2018) in order to 

model the frequency-dependent station terms i.e., the station-specific amplification of 

seismic ground motion peak parameter (PGA) and spectral responses of various simple 

oscillators (PSA at different oscillator periods of 𝑇 =0.05-3.0 s). Namely, for 𝑁 events 

recorded at 𝑄 stations, let log10 𝑌𝑒𝑠 represent the base-10 logarithm of the observed 

amplitudes for event 𝑒 at station 𝑠. Using Abrahamson and Youngs (1992) mixed-effects 

algorithm, the total residual can be decomposed as in Eq. (1) into inter-event (𝛿𝐵𝑒) and intra-

event (𝛿𝑊𝑒𝑠) residuals:  

log 𝑌𝑒𝑠 = log 𝜇𝑒𝑠 + 𝛿𝐵𝑒 +  𝛿𝑊𝑒𝑠     for    𝑒 = 1, … , 𝑁  &  𝑠 = 1, … , 𝑄 (1) 

where log 𝜇𝑒𝑠 is a predictive model known as the GMM that provides median ground motion 

in terms of independent variables that denotes the overall effect of event 𝑒 and station 𝑠. 𝛿𝐵𝑒 

presents inter-event residual (also known as event term) denotes the overall effects, 
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corresponding to an individual earthquake, of the observed ground motions from 

corresponding median estimates of the ground motion model, log 𝜇𝑒𝑠. The event terms are 

assumed to be independent of each other and follow a Gaussian distribution with zero mean 

and variance of 𝜏2. 𝛿𝑊𝑒𝑠, the intra-event residuals within event 𝑒, on the other hand,

represent the difference between an individual observation at station 𝑠 from the earthquake-

specific median prediction (Al Atik et al., 2010; Strasser et al., 2009). The BHM model 

allows that the intra-event residuals be further decomposed into three independent terms:  

𝛿𝑊𝑒𝑠 = 𝛿𝑆2𝑆𝑠 + 𝛿𝑊𝑆𝑒𝑠 + 𝛿𝑅𝑒𝑠 (2) 

The inter-station residuals 𝛿𝑆2𝑆𝑠 (also known as station terms) represent the average intra-

event residual at each station and can be used to scale the ground motion model prediction 

to a site-specific prediction. The station terms are modeled a priori with a mean zero 

Gaussian distribution with an exponential covariance function (a sub-class of the Mátern 

family) with the inter-station variance of 𝜙𝑆2𝑆
2 . It should be emphasized that 𝛿𝑆2𝑆𝑠 is a

statistical parameter i.e., it does not include common site-response proxies. The site- and 

event-corrected residual, 𝛿𝑊𝑆𝑒𝑠, captures record-to-record variability, and can be 

investigated for other repeatable effects. We refer to 𝛿𝑊𝑆𝑒𝑠 as the event-station term and 

model it as spatially correlated variables from a zero-mean Gaussian field governed by a 

covariance function from the Mátern family with a marginal variance of 𝜙𝑆𝑆
2  and smoothness

parameter 𝜈 = 1.5. Finally, 𝛿𝑅𝑒𝑠 is the remaining variability of the amplification factor from 

one record to another and it is referred to as the unexplained term. The unexplained terms 

are assumed to be independent and follow a mean zero Gaussian distribution with a variance 

of 𝜙𝑅
2  (for more details see Rahpeyma et al. (2018)).  

The BHM allows to break the total variability into two main parts: the inter-event variability 

and the intra-event variability in which the intra-event variability can further be divided into 

inter-station variability (i.e., station-to-station variability), event-station variability (i.e., 

variability between stations within an event), and the other unexplained variability (e.g., 

measurement and model error, etc.). This ability is of great importance for many of the 

engineering applications in particular for removing the ergodicity assumptions. Essentially, 

therefore, the total variability of the model in Eq. (1) can be quantified with the variance of 

the sum of the four independent terms presented in Eq. (3): 

𝜎T
2 = 𝜏2 + 𝜙𝑆2𝑆

2 + 𝜙𝑆𝑆
2 + 𝜙𝑅

2 (3) 

In this study, we use the predictive functional form of the latest GMM developed for SISZ 

proposed by Kowsari et al. (2020) that links the dependent variable being the peak ground 

motion amplitudes at each frequency to the independent variables, the moment magnitude 

of the 𝑒-th earthquake, 𝑀𝑒; and the Joyner-Boore distance from the 𝑒-th event to the 𝑠-th 

station, 𝑅𝑒𝑠, as follows: 

log 𝜇𝑒𝑠 = 𝛽1 + 𝛽2𝑀𝑒 
+ 𝛽3 log10 √𝑅𝑒𝑠

2 + 𝑍(𝑀𝑒)2 

𝑍(𝑀𝑒) = 𝛽4 + 𝛽5(𝑀𝑒 − 𝛽6)2𝐻(𝑀𝑒 − 𝛽6)
(4) 

It should be noted that the dummy variable modeling site effects on “rock” vs. “stiff soil” in 

the original models has been excluded, since a much more advanced random effects model 

is employed here i.e., such effects if any will be captured by the station terms 𝛿𝑆2𝑆𝑠. We 

also note that out of the five new GMM proposed in the original publication, all of which 

satisfy the conditions made for GMMs used in hazard studies, we select this particular GMM 

since it is the only one that has self-similar scaling of ground motion amplitudes at lower 

magnitudes. The known deviation from such scaling at higher magnitudes (see in Kowsari 

et al., 2020) is accounted for by the effective depth 𝑍(𝑀𝑒) (in km) i.e. a magnitude-

dependent depth, representing the tendency of hypocentral depths in the SISZ to increase 

with the increasing crustal thickness (𝐻 is the Heaviside function). 
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4. Results and Discussion 

4.1. Model prediction  

The Markov Chain Monte Carlo (MCMC) simulations provide estimates of the posterior 

distribution of the model parameters of the BHM model (c.f. Rahpeyma et al. (2018)). As 

presented in Eq. (4), by using the posterior median of the model parameters, the median 

predictions of the scaling of PGA and PSA (as a function of oscillator period) with 

magnitude and attenuation with distance can be estimated. Fig. 3(a) shows the GMM 

predictions for PSA at 𝑇 = 0.2 sec along with the observed data, the magnitude association 

of which is illustrated with color-coding. This figure reveals that the near-fault, as well as 

far-field ground motion amplitudes, are well-constrained to the Icelandic data. Moreover, 

the ground motion predictions exhibit good stability outside the magnitude range of the data 

(𝑀w>6.5) and up to the largest possible earthquake magnitude in the SISZ (𝑀w7.2).  

 

Fig. 3 - (a) The attenuation of the BHM-GMM at PSA (T=0.2 sec). The models are evaluated at three different 

magnitudes. The observed data are shown as color-coded circles by magnitude; (b) The GMM predictions of 

PSA (T=0.2 sec) at three different magnitudes for the hard rock site class (i.e., reference site class, dashed) and 

the ensemble average prediction model (solid, see (a)); (c) The site class-specific GMM predictions of PSA at 

T=0.2 sec and at various magnitudes ranging. Hard rock, rock, lava, and soil site predictions are shown by 

different colors, green, cyan, pink and red; (d) The site class-specific predictions of PSA at T=0.2 sec (solid 

lines) at station IS105 characterized as soil along with the station-specific prediction using the reference site 

with the relative station term added (𝜇r + 𝛿𝑆2𝑆𝑠
r) for a 𝑀w6.4 earthquake, shown along with station data (dots) 

from earthquakes of 𝑀w6.3-6.5. The reference site (hard rock) prediction is also shown as dashed green line. 

For comparison, the prediction of the latest GMM that primarily provides rock vs. stiff soil predictions 

(Kowsari et al., 2020) are shown as dotted lines.  

48253ECEES, September 2022, Bucharest, Romania



4.2. A new BHM GMM with frequency-dependent site amplification function 

The BHM GMM developed in this study does not model the site effects and therefore it only 

captures the overall characteristics of the dependent variables (i.e., PGA and PSA), it does 

so for the dataset as a whole and only for two distinct independent variables (i.e., 𝑀w and 

𝑅). However, quantitative estimation of the station terms, 𝛿𝑆2𝑆𝑠, indicates to what extent 

the ground motion amplitudes can be expected to be consistently either higher or lower than 

what the GMM predicts at that given station. A detailed look at 𝛿𝑆2𝑆s reveals that the station 

terms show a systematic behavior with the frequency that allows us to classify them into 

four groups. Moreover, we classify the ISMN stations into four groups of key geological 

units in Iceland: hard rock, rock, lava rock, and soil based on available geological 

information. On a close scrutiny, the geological characteristics account for the systematic 

behavior of the station terms i.e., the frequency-dependent site amplification functions. Fig. 

4 presents four groups of 𝛿𝑆2𝑆s (grey curves). As presented in Fig. 4, we then calculate the 

average frequency-dependent site amplification functions for these four geological units.  

Fig. 4 - Posterior median estimates (grey lines) of station terms 𝛿𝑆2𝑆𝑠 that were assigned to each of the four

groups of geological key units (i.e., Hard Rock, Rock, Lava, and Soil) plotted as a function of oscillator period; 

The average frequency-dependent site amplification curves, 𝛿𝑆2𝑆̅̅ ̅̅ ̅̅ ̅
𝐶 , plotted vs. oscillator period.

As one can see in Fig. 4, the amplification curves in group “hard rock” show the lowest 

ground motions. Namely, they appear to have the lowest site amplification functions which 

is a manifestation of a stable and hard rock geological condition. Such stations are generally 

referred to as the “reference” site condition. With that knowledge we now consider the 

geological condition to represent an independent variable with which we may update our 
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GMM. By combining Eq. (1) and station terms we represent the site-specific GMM 

predictions as: 

log 𝜇𝑒𝑠 + 𝛿𝑆2𝑆𝑠 (5) 

Hence, we introduce a new term, 𝛿𝑆2𝑆̅̅ ̅̅ ̅̅ ̅
r =

1

𝑁𝑟
∑ 𝛿𝑆2𝑆𝑖𝑖 , (𝑁𝑟: no. of reference sites) which is 

the average station term of the reference stations i.e., the average of their posteriors at each 

discrete oscillator period. The average ground motion predictions at reference sites then 

become log 𝜇r,𝑒𝑠 = log 𝜇𝑒𝑠 + 𝛿𝑆2𝑆̅̅ ̅̅ ̅̅ ̅
r and the predictions at other stations can now be written 

in relative terms of the reference sites as  

log 𝜇r,𝑒𝑠 + 𝛿𝑆2𝑆𝑠
r (6) 

where the new station terms have now been redefined as being relative to the average 

reference station terms:  

𝛿𝑆2𝑆𝑠
r = 𝛿𝑆2𝑆𝑠 − 𝛿𝑆2𝑆̅̅ ̅̅ ̅̅ ̅

r (7) 

Fig. 3(b) compares the predictions of the new updated GMM for the hard rock site class (i.e., 

reference stations) with the original BHM GMM. Fig. 3(c) represents an overview of the 

range of the site class-specific GMM predictions that are based on the reliable and 

quantitative estimates of frequency-dependent site amplification functions for key 

geological units in Iceland. The predictions are shown for a wide range of magnitudes that 

have been selected so that each respective ground motion prediction does not overlap with 

the next. Finally, we show in Fig. 3(d) the PSA amplitudes at 𝑇 = 0.2 sec recorded at station 

IS105 which is characterized as “soil” site from earthquake ground motions from three 

earthquakes that span a narrow magnitude range 𝑀w6.3-6.5. Here, the reference motion 

log 𝜇r,𝑒𝑠 is shown as the green dashed curve, being the reference site condition of hard rock. 

Then, the station term at the specified period is added to the reference motion, thus showing 

the station-specific prediction 𝜇r + 𝛿𝑆2𝑆𝑠
r as a black solid line. Then, the prediction for the 

site class that the station is associated with is shown i.e.,  𝜇r + 𝛿𝑆2𝑆𝐶
r̅̅ ̅̅ ̅̅ ̅̅  (red curve for station 

IS105). The comparison clearly shows that while the station-specific prediction fits the data 

the best, the average site class prediction does almost an equally good job in predicting the 

ground motion amplitudes at station IS105. Furthermore, the most recent GMM developed 

for Iceland (i.e., KSea20 from Kowsari et al. (2020)) dos not show a reasonable prediction.   

5. Conclusions  

In this study, we used the Icelandic strong ground motion database of six strike-slip 

mainshock earthquakes in the SISZ of magnitudes larger than 𝑀w5.1 to develop a new 

empirical GMM that fulfills all criteria of such models applied in seismic hazard assessment. 

We analyzed PGA and 5% damped PSA at different oscillator periods of 𝑇 = 0.05-3.0 sec 

that are of common engineering interest. We developed a multi-level Bayesian Hierarchical 

Model that decomposes the model residuals into event, station, event-station, and remaining 

terms. The BHM allows us to divide the total variability into inter-event and intra-event 

variabilities, with the latter further partitioning into inter-station, event-station, and 

unexplained term variabilities.  

We developed a GMM without considering a site amplification model. As a result, an 

unbiased estimate of the station terms and therefore, the frequency-dependent site 

amplification factors on the recording sites of the Icelandic strong-motion network are 

quantified. The results highlighted a systematic characteristic for site terms at four key 

geological units in Iceland (i.e., hard rock, rock, lava, and soil). We then developed a new 

GMM by applying the average frequency-dependent site amplification terms for these four 

geological units. Finally, the results of this study constitute an important contribution to our 
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improved understanding of the key factors that affect strong-motion characteristics in 

Iceland.  
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Abstract: The capability of the ambient vibration Horizontal to Vertical Spectral Ratios (HVSR) in 

capturing the main aspects of the seismic resonance phenomena was explored by numerical 

simulations. By considering a large set of Vs profiles, HVSR curves were simulated using two 

different models of the ambient vibration wavefield: the Diffuse Field Approach (DFA) and the 

Distributed Surface Sources (DSS) hypothesis. These curves were compared with acceleration 

transfer function (ATF) curves obtained by 1D linear equivalent numerical modelling of the 

considered seismo-stratigraphic profiles. In particular, comparisons focused on the values of F0 (the 

lowest resonance frequency), Fd (the frequency associated with maximum peak amplitude) and the 

corresponding amplitudes A0 and Ad. These comparisons show that HVSR curves deduced by both 

DSS and DFA models provide good estimates of F0, but are less effective as concerns Fd values. As 

concerns A0 and Ad, HVSR estimates show a systematic bias for both DSS and DFA models. 

Keywords: HVSR, acceleration transfer function, site effects, resonance frequency, 

theoretical simulations.   

1. Introduction

Site seismic hazard assessment is a basic element for planning actions devoted to 

effectively reduce risk associated to future earthquake. Seismic hazard is largely affected 

by small scale seismo-stratigraphical and morphological configurations (the ‘site 

response’), responsible for ground motion amplification phenomena in the frequency range 

of engineering interest (e.g., Kramer, 1996). In particular, interference of seismic waves 

trapped between main seismic impedance contrasts in the subsoil (seismic resonance 

phenomena) are mainly responsible for these effects, which are frequency dependent.  

Physical modelling is the main tool for assessing these effects in the lack of earthquake 

data. In particular, one-dimensional (1D) ground response analysis is the most common 

tool for this task and numerical codes are available on purpose and largely used in 

professional activity (e.g., STRATA by Kottke and Rathje, 2008). Feeding these models 

essentially requires the definition of shear wave velocity (Vs), shear modulus decay and 

damping curves in the shallow subsoil (< 100 m of depth). In the case of seismic 

microzonation studies (e.g., WSGM, 2008; Moscatelli et al., 2020), low-cost procedures 

are required to detect seismic resonance phenomena when detailed information about 

subsoil seismostratigraphical configuration is lacking at the municipality scale. To this 

purpose, Horizontal to Vertical Spectral Ratios (HVSR) of ambient vibrations (e.g., Bard, 

1998) have been largely used to directly infer expected resonance phenomena relative to S-

waves during earthquakes (e.g., Bonnefoy-Claudet et al., 2006). Recently, Zhu et al., 

(2020) reviewed empirical results and provided new outcomes supporting this possible 

application. In particular, using empirical site response curves from downhole arrays as 

benchmark, they focused on the possibility of using the relative maxima of the HVSR 
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curve to detect the frequency Fd characterized by the maximum amplification effect (Ad 

hereafter) and the peak relative to the lowest frequency F0 where some amplification A0 

occurs. However, the empirical approaches may bias some outcomes. In fact, the shape of 

the empirical HVSR and site response curves, particularly as concerns the identification 

the relevant parameters (Fd, Ad, F0 and A0), may be affected by the procedure used to 

obtain the relevant curves (windowing, smoothing, etc.). This bias may be more significant 

where both HVSR and site response curves present multiple peaks and could be 

responsible for some heterogeneity among the results obtained by different Authors. The 

aim of the present work is exploring this topic by following a purely theoretical 1D 

approach, i.e., by comparing outcomes of physical models representative of HVSR and site 

response curves. This kind of study cannot substitute the empirical analysis, anyway it may 

represent an effective benchmark for empirical studies. In the following, the procedure to 

obtain a large amount of soil profiles used to simulate possible experimental situations is 

considered at first. Then, the numerical procedures considered for modelling are described. 

Finally, the results of the comparisons between theoretical HVSR and site response curves 

in terms of Fd, Ad, F0 and A0 values are presented. 

2. Obtaining soil profiles

The soil profiles taken into account for the numerical simulations are obtained considering 

eight litho-stratigraphic configurations (LSCs) representative of different depositional 

environments and lithologies. Each configuration is characterized by a succession of 

engineering-geological units each parameterized in terms of thickness and Vs maximum 

and minimum values: this information was obtained considering geognostic and seismic 

data retrieved from seismic microzonation studies performed in Southern Apennines 

(Southern Italy) municipalities. As a reference soil condition, unweathered rigid soil (Vs ≥ 

800 m/s) was considered. Overall, 1600 Vs profiles were created create randomizing the 

parameters characterizing the LSCs by following the Toro (1995) model; in particular, 200 

profiles for each LSC were generated. 

3. Numerical simulations

3.1. Simulating acceleration transfer function curves 

Site response curves relative to the 1600 profiles were obtained in terms of horizontal 

acceleration transfer functions (ATFs) obtained by 1D seismic site response simulations 

performed by means the software STRATA using an equivalent linear procedure (Kramer, 

1996). In particular, these curves are representative of the seismic response obtained 

between the surface and the seismic bedrock, which represents the bottom of the soil 

profiles. Shear modulus reduction and damping ratio curves as well as specific weight 

values, were deduced from Italian databases and international literature (e.g., Ciancimino 

et al., 2019). The input ground motion to be applied at the base of the considered profiles 

was determined considering the Italian reference seismic hazard map (http://esse1-

gis.mi.ingv.it/mps04_eng.jsp) relative to the ground motion expected to be exceeded with a 

probability equal to 10% in 50 years. In particular, seven natural accelerograms fulfilling 

the uniform hazard spectrum-compatibility of the considered area were selected: their 

moment magnitude ranges from 6.0 to 6.9, and their epicentral distances from 11 to 94 

Km. A set of seven ATFs for each profile were obtained and the median curve, defined in 

the frequency range 0.1-30 Hz, was chosen as the profile-representative one. 

4830 3ECEES, September 2022, Bucharest, Romania



3.2. Simulating HVSR curves  

Horizontal to Vertical Spectral Ratio (HVSR) curves were simulated using full wavefield 

ambient vibrations models. In particular, two different models were considered: one based 

on the Diffuse Field Approach (DFA in the following; Sánchez-Sesma et al., 2011) and the 

other based on Distributed Surface Sources hypothesis (DSS in the following; Lunedei and 

Albarello, 2015, 2016). As concerns DFA model, HV-INV code (García-Jerez et al., 2016) 

was used. It is worth mentioning that DSS model includes the effects of material damping, 

while DFA model is purely elastic: in particular, damping values for Vp and Vs are 

assumed equivalent to 0.01 for all the layers. For both models, ten modes for surface waves 

(Rayleigh and Love) were considered and the HVSR curve, defined in the range 0.1-30 Hz, 

was computed as: 

,      (1) 

 

where HN and HE are the spectra of the ambient-vibration ground-motion horizontal 

components along two orthogonal directions, while V represents the vertical component. 

4. Discussion and conclusions 

Once all the theoretical curves were generated for each of the considered 1600 profiles, F0 

and Fd values along with the relevant A0 and Ad values were picked up. The outcomes for 

the DSS-ATF and DFA-ATF comparison are shown in Fig. 1 and Fig. 2 respectively. As 

proposed by Zhu et al. (2020), to quantify how the comparisons deviate from 1:1 line, 

benchmarks marked by the lines where the ratios FHVSR/FATF (and AHVSR/AATF) are equal to 

0.5, 0.8, 1.25, and 2 were adopted. Percentages of cases outside these boundaries are 

summarized in Table 1 and Table 2 for DSS-ATF and DFA-ATF comparison respectively. 

 

 
Fig. 1 – Correlations between F0 (A), A0 (B), Fd (C) and Ad (D) values belonging to the DSS-ATF 

comparison. The solid black line represents the 1:1 line, black and red dashed lines delimit the benchmark 

range 0.8 < FDSS/FATF < 1.25 (or 0.8 < ADSS/AATF < 1.25) and 0.5 < FDSS/FATF < 2 (or 0.5 < ADSS/AATF < 2) 

respectively.  
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Table 2. Percentages of the profiles that fall out of the benchmarks showed in Fig. 1 for F0, Fd, A0 and Ad 

values belonging to DSS-ATF comparison. 

DSS-ATF comparison F0 Fd A0 Ad 

% where F(or A)DSS/F(or A)ATF < 0.8 40 33 7 4 

% where F(or A)DSS/F(or A)ATF > 1.25 - 15 41 41 

% where F(or A)DSS/F(or A)ATF out of range [0.8-1.25] 40 49 48 45 

% where F(or A)DSS/F(or A)ATF < 0.5 10 11 2 - 

% where F(or A)DSS/F(or A)ATF > 2 - 13 1 1 

% where F(or A)DSS/F(or A)ATF out of range [0.5-2] 10 25 3 1 

Fig. 2 – Correlations between F0, A0, Fd and Ad values belonging to the DFA-ATF comparison. The solid 

black line represents the 1:1 line, black and red dashed lines delimit the benchmark range 0.8 < FDFA/FATF < 

1.25 (or 0.8 < ADFA/AATF < 1.25) and 0.5 < FDFA/FATF < 2 (or 0.5 < ADFA/AATF < 2) respectively. 

Table 3. Percentages of the profiles that fall out of the benchmarks showed in Fig. 2 for F0, Fd, A0 and Ad 

values belonging to DFA-ATF comparison. 

DFA-ATF comparison F0 Fd A0 Ad 

% where F(or A)DFA/F(or A)ATF < 0.8 28 26 54 56 

% where F(or A)DFA/F(or A)ATF > 1.25 2 16 3 1 

% where F(or A)DFA/F(or A)ATF out of range [0.8-1.25] 29 42 57 57 

% where F(or A)DFA/F(or A)ATF < 0.5 6 9 7 5 

% where F(or A)DFA/F(or A)ATF > 2 1 14 - 0 

% where F(or A)DFA/F(or A)ATF out of range [0.5-2] 7 23 7 5 

The outcomes relating to frequency values for both DSS-ATF and DFA-ATF comparison 

(Fig. 1A, 1C, 2A and 2C) clearly show that HVSR is a reliable proxy for F0 and is less 

effective as concerns Fd values. In particular, the percentage that F0_HVSR estimates fall 

within the benchmark range 0.5 < F0_HVSR/F0_ATF < 2 is about 90%; very similar values 

(92%) were found by Zhu et al. (2020). It is worth noting a considerably lower percentage 

of estimates exceeding the benchmark range 0.8 < F0_HVSR/F0_ATF < 1.25 concerning the 

DFA-ATF comparison: this feature indicates a slightly better performance of DFA model 

in F0 estimate than the DSS model, mainly in the frequency range 0.4-1 Hz, where the area 

close to the 1:1 line is most populated. As concern Fd, HVSR for both models provides 
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realistic estimates (i.e., in the benchmark range 0.5 < Fd_HVSR/Fd_ATF < 2) in about 75% of 

cases, a lower value than the one (84%) found by the cited reference empirical work. No 

diagnostic features were identified in the HVSR curves to detect the possible significative 

biases in Fd estimating: these situations appear to be related to specific characteristics of 

the soil profiles. 

While the two considered models provide similar estimates for F0 and Fd, respective 

amplitude (A0 and Ad) estimates appear quite different (Fig. 1B, 1D, 2B and 2D). In 

particular, DSS model provides amplitudes values underestimating the ATF ones, the 

reverse is true for DFA model. This characteristic is probably due to the effect of damping, 

which is present in the DSS simulations only. The amplitude outcomes of the DSS-ATF 

comparison appear to be more consistent with the results of several studies based on 

empirical comparisons with HVSR and earthquake site-to-reference spectral ratios curves 

(Haghshenas et al., 2008 and reference therein), even if in these works the amplitude 

underestimation by the HVSR is more significant. 
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Abstract: Single-station and array seismic investigations using ambient vibrations and 

earthquake recordings are widely used for the onshore site characterization in terms of 

subsurface structure, shear-wave velocity profile, and different aspects of site response. We 

apply these techniques for the offshore site characterization in a shallow water environment 

in Lake Lucerne (Central Switzerland). To analyze the single-station data, we use the H/V 

(horizontal-to-vertical spectral ratio), RayDec, SSR (standard spectral ratio), and ESM 

(empirical spectral modelling) methods. To analyze the array data, we apply the 3C-HRFK 

(three-component high-resolution frequency-wavenumber), WaveDec (wavefield 

decomposition), and MSPAC (modified spatial autocorrelation) techniques. We also 

develop special tools to deal with the unknown location and orientation of seismometers on 

the lake floor and the clock drift of the recorders. As an outcome, we determine the shear-

wave velocity and sediment layer thickness at the investigated sites, fundamental frequency 

of resonance, and inelastic spectral amplification functions. The shear-wave velocity 

profiles show very low velocities (<100-250 m/s) of the uppermost lake sediments. The 

amplification observed in the lake reaches the value of 10-500 in the frequency range of 

1-10 Hz. Furthermore, we observe noticeable spatial variability in site response even at a

small distance.

Keywords: ambient vibrations, earthquake recordings, Ocean Bottom Seismometer, 

offshore site characterization, surface waves, Lake Lucerne, Switzerland 

1. Introduction

Non-invasive seismic investigations using ambient vibrations and earthquake recordings 

are widely used for the site characterization onshore (e.g. for the analysis of local 

amplification effects, including at potentially unstable slopes or at urban areas) and allow 

the retrieval of important information about site response and subsurface structure. In 

particular, they allow the measurement of dispersion and ellipticity curves, the resonance 
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frequencies and spectral amplification functions, and also retrieving the shear-wave 

velocity profiles (e.g. Foti et al. 2018; Hobiger et al. 2021). This information is especially 

important for potentially unstable slopes both onshore and offshore (e.g. Courboulex et al. 

2020; Glueer et al. 2021). In this work, we transfer the state-of-the-art techniques for 

onshore site characterization (Fäh et al. 2016; Hobiger et al. 2021) to the shallow-water 

environment in a lake. Our study is part of the SNF Sinergia Project “Lake Tsunamis: 

Causes, Controls, and Hazard”, where one of the goals is the assessment of the hazard of 

earthquake-induced tsunamis in Lake Lucerne (Switzerland). This lake was selected due to 

known occurrences of seismically-triggered subaqueous slope failures with subsequent 

tsunamis in the past (e.g. in 1601 AD; Schnellmann et al. 2002; Schwarz-Zanetti et al. 

2003) and the presence of currently sediment-loaded slopes which are potentially prone to 

seismically-triggered failures. The repetition of such an event nowadays would 

hazardously affect the densely populated lake shores and the shore infrastructure. Thus, to 

properly assess the potential hazard related to the seismic impact on these slopes, we need 

to assess their seismic site response by resolving their structure, sediment properties and 

3D geometry.  

Between 2018 and 2022, we carried out an extensive single-station and array Ocean 

Bottom Seismometer (OBS) measurement campaign at multiple subaqueous slopes in Lake 

Lucerne (Swiss Seismological Service (SED) at ETH Zurich 2018) and assessed their 

subsurface structure and seismic site response (Shynkarenko et al. 2021; Lontsi et al. 

2022). In the contrast to the onshore measurements, we had to deal with several challenges 

related to the unknown orientation and location of seismometers, distorted array geometry, 

and clock drift of the recorder before processing the OBS data (Shynkarenko et al. 2021; 

Lontsi et al. 2022). For the single-station data analysis, we used various techniques, e.g. the 

horizontal-to-vertical spectral ratio (H/V; Nakamura 1989), RayDec (Hobiger et al. 2009), 

polarization analysis (Burjánek et al. 2012), standard spectral ratio (SSR; Borcherdt 1970), 

and empirical spectral modelling (ESM; Edwards et al. 2013). For the array analysis, we 

applied the three-component high-resolution frequency-wavenumber technique (3C-

HRFK; Poggi & Fäh 2010), the modified spatial autocorrelation technique (MSPAC; 

Bettig et al. 2001), and the wavefield decomposition technique (WaveDec; 

Marano et al. 2012). For the joint inversion of the surface wave phase velocity and 

ellipticity curves, we used a multi-zonal transdimensional Bayesian inversion algorithm 

(Hallo et al. 2021). As an outcome, we were able to derive the fundamental frequency of 

resonance at the measured sites, the inelastic spectral amplification functions, the shear-

wave velocity profiles, and the subsurface structure. This information will contribute to 

future assessments of the stability of sediment-loaded subaqueous lake slopes and the 

evaluation of their behaviour under seismic loading. 

2. Area of interest and site selection

In this study, we focus on investigating the sediment-loaded subaqueous slopes in Lake 

Lucerne (Central Switzerland). The maximum depth of this lake is approximately 214 m, 

the total area is 114 km2 and it consists of seven basins. The bedrock below the lake is 

represented by Helvetic Nappes (in the south-eastern part) and Swiss Molasse (in the 

north-western part).  

Previous investigations provided us with a high-resolution bathymetry map of the lake 

floor (Hilbe & Anselmetti 2014), a dataset of reflection seismic profiles (e.g. Schnellmann 

et al. 2002; Hilbe et al. 2011), a dataset of in-situ and laboratory geotechnical 
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investigations (Strasser et al. 2007; Shynkarenko et al. 2022a, b), and the mass movement 

history of Lake Lucerne (e.g. Schnellmann et al. 2002; Hilbe & Anselmetti 2014). From 

this information and our field experience, we set the following criteria for the sites of 

interest for our investigations: sediment-loaded subaqueous slopes of different 

geomorphological types with low-to-moderate (up to 15°) slope gradients, homogeneous 

sediment cover, and enough space for single-station and array deployments. Overall, we 

selected eleven locations around the lake for the OBS measurement campaigns (Fig.1). The 

unconsolidated sediment cover at selected slopes consists of (from top to bottom): 

lacustrine Holocene sediments (fine-grained on lateral hemipelagic and moraine ridge 

slopes and mixed-grained on the deltaic slopes), glaciolacustrine Late Glacial sediments, 

and glacial sediments. The thickness of the lacustrine and glaciolacustrine sediments on the 

slopes is usually in the range of 1-15 m and is determined from the reflection seismic data 

and geotechnical investigations (e.g. Schnellmann et al. 2002; Hilbe et al. 2011; 

Shynkarenko et al. 2022a, b). 

 

Fig. 1 – OBS measurement sites in Lake Lucerne on top of the bathymetry map and DEM (Source: Federal 

Office of Topography swisstopo). The coordinates are given in the Swiss coordinate system LV95 in m 

3. Methods 

To analyse the collected single-station and array data, we used different processing and 

pre-processing techniques which are listed below. 

3.1. Single-station analysis 

3.1.1. Ambient-vibration analysis 
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We applied the following techniques to analyse the ambient vibration data: (i) the H/V 

spectral ratio (e.g. Nakamura 1989; Poggi et al. 2012) that allowed us to estimate the 

fundamental frequency of resonance at the tested sites; (ii) the polarization analysis 

(Burjánek et al. 2012) that allowed us to analyse the polarization ellipsoid of the particle 

motion; (iii) the RayDec method (Hobiger et al. 2009) that allowed us to estimate the 

Scholte wave ellipticity curves which were later used for inverting empirical data into local 

shear-wave velocity profiles. 

3.1.2. Earthquake-recording analysis 

To analyse the available earthquake records, we used the following techniques: (i) the 

standard spectral ratio (SSR) method (Borcherdt 1970) which allowed us to estimate the 

inelastic amplification functions at the measured sites with respect to the local rock 

references; (ii) the empirical spectral modelling (ESM; Edwards et al. 2013) which allowed 

us to estimate the inelastic amplification functions at measured sites with respect to the 

Swiss generic rock profile (Poggi et al. 2011). We also estimated the H/V ratio for 

earthquake recordings and checked the amplification functions for all earthquakes with 

respect to the recorded ground motion level to monitor possible shifts in the fundamental 

frequency of resonance and the curves’ amplitude as typical signatures of non-linear 

sediment behaviour. 

3.2. Array data pre-processing, analysis, and post-processing 

To analyse the OBS array data, we first had to perform several pre-processing steps 

(Shynkarenko et al. 2021; Lontsi et al. 2022). First, we localized the OBS on the lake floor 

using multibeam bathymetry mapping and differential GPS measurements. Next, we 

corrected the clock drift of the recorders and the orientation of the horizontal components 

of the OBS by performing and analysing multiple airgun shots on top of the OBS locations. 

Finally, we checked the single-station and reflection seismic data to verify the 

homogeneity of the sediment cover for all array stations and to exclude obvious outliers 

from the array analysis. 

After the array data pre-processing, we used the following techniques to derive the phase 

velocity dispersion curves for Scholte and Love waves: (i) the three-component high-

resolution frequency-wavenumber technique (3C-HRFK; Fäh et al. 2008; Poggi & Fäh 

2010); (ii) the wavefield decomposition (WaveDec; Maranò et al. 2012); (iii) the modified 

spatial autocorrelation technique (MSPAC; Bettig et al. 2001). In some cases, the modal 

attribution of the derived dispersion curves was not obvious due to the limited a priori 

information about the lake subsurface and the presence of “shadows” of strong surface 

waves of one type (Scholte or Love) in the image for the other surface wave type (Love or 

Scholte, respectively). Thus, as a post-processing step for the array analysis, we carried out 

a modal attribution analysis (Bergamo et al. 2018; Shynkarenko et al. 2021). 

3.3. Inversion 

Using a newly developed multi-zonal transdimensional Bayesian inversion algorithm 

(Hallo et al. 2021), we jointly inverted the surface wave phase velocity dispersion curves 

(for Scholte and Love waves) and Scholte wave ellipticity curve to derive the shear-wave 
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velocity profiles at the array sites (Shynkarenko et al. 2021). As a result of this inversion, 

we obtained the posterior probability density function on the model space in terms of vs, 

the maximum likelihood model (ML) with the lowest data misfit, and the maximum a 

posteriori model (MAP) representative in terms of the Bayesian statistic. 

4. Results 

4.1. Single-station analysis 

The main outcome of the single-station analysis is as follows: 

- from the visual appearance of the H/V, ellipticity and amplification functions, we could 

identify a few groups of sites: (i) with one narrow peak; (ii) with one wide peak; (iii) with 

two well-separated peaks; (iv) with two closely-located peaks. The number and amplitude 

of the peaks correspond to the number and intensity of strong velocity contrasts in the 

shear-wave velocity profiles. 

- at each investigated site, we determined the fundamental frequency of resonance (f0) 

which is usually in the range of 0.5-5 Hz. The amplitude of the H/V fundamental peak can 

reach a value of 10 or higher. The amplification at the investigated sites is very high and 

often reaches values of up to 100-500. 

For example, in Fig. 2, we show the single-station processing results at two OBS locations: 

ENS05 and NAS01. The red curve corresponds to the H/V spectral ratio for ambient noise 

(at least 6-hour long recording), the black and blue curves to the inelastic amplification 

functions referenced to the Swiss reference rock model estimated using the ESM and SSR, 

respectively. 

  

Fig. 2 – Results of the single-station analysis for the OBS stations ENS05 at Ennetbürgen and NAS01 at 

Nase: the red lines correspond to the H/Vnoise, the blue lines to the amplification functions estimated using the 

SSR technique, the black lines to the amplification functions estimated using ESM. The solid lines show the 

mean value, the dashed ones the standard deviation 
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4.2. Array analysis 

The application of three different techniques for the array analysis (3C-HRFK, MSPAC, 

WaveDec) allowed us to obtain consistent dispersion curves for Scholte and Love waves in 

different frequency ranges (usually between 0.5 and 4 Hz). In most of the cases, we 

identified the dispersion curves for the fundamental mode and, in some cases, also for the 

first higher mode. In Fig. 3, we show an example of empirical dispersion curves and 

associated uncertainties (the black curves) for the fundamental mode for Scholte and Love 

waves and the first higher mode for Scholte waves for the array ENB at Ennetbürgen (from 

Shynkarenko et al. 2021). 

Fig. 3 – Empirical results for array ENB at Ennetbürgen (water column above ca. 38 m) for the fundamental 

mode for Scholte and Love waves (S0 and L0) and the first higher mode for Scholte waves (S1; modified 

from Shynkarenko et al. 2021) 

4.3. Inversion and interpretation 

The main outcome of the inversion of the empirical data is the shear-wave velocity profile 

and its subsequent geological interpretation. In Fig. 4, we show an example of the fit of the 

empirical data during the inversion together with the maximum likelihood and maximum a 

posteriori probability models for the array ENB. Overall, the experimental data fit well and 

the obtained results are consistent between different arrays. The obtained shear-wave 

velocity (vs) profiles were also supplemented by geological interpretation of the identified 

sediment-lithological units based on the vs values and their change with depth (e.g. Fig. 5). 

As known from the previous studies, the main lithological units found on the subaqueous 

slopes of Lake Lucerne are: (i) fine-grained Holocene lacustrine sediments on lateral 

hemipelagic and moraine ridge slopes or mixed-grained Holocene lacustrine sediments on 

deltaic slopes. The latter ones can also be divided into distal deltaic sediments (with 

prevailing fine-grained fraction) and proximal deltaic sediments (with prevailing coarse-

grained fraction); (ii) fine-grained Late Glacial glaciolacustrine sediments; (iii) glacial 

sediments.  

In Fig. 5, we show an example of the vs profile for array ENB and its lithological 

interpretation via the color coding: the shallowest layer marked with the light green color 

corresponds to distal deltaic sediments, the light red color represents proximal deltaic 

sediments, the light blue glacial sediments, and the grey color marks the unresolved part of 

the profile due to the limited information in the experimental dispersion and ellipticity 
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curves (Shynkarenko et al. 2021). Data obtained for different arrays fit well with the 

previously available reflection seismic, sediment coring, in-situ CPT, and reflection 

seismic data (e.g. Freimoser and Gautschi 1991; Greber et al. 1994; Strasser et al. 2007). 

Our results also provide new information at deltaic sites at which previously used 

subsurface imaging methods (e.g., reflection seismic) were not able to resolve the slope 

structure due to the high gas content in the sediment.  

 

Fig. 4 – Empirical and inversion results for array ENB at Ennetbürgen (water column above ca. 38 m) for the 

fundamental mode for Scholte and Love waves (S0 and L0) and first higher mode for Scholte waves (S1). 

The black line and error bars represent the empirical data, blue and magenta lines correspond to the 

maximum likelihood ML and maximum a posteriori MAP models, the light grey lines – to 200 randomly 

picked models from the inversion (modified from Shynkarenko et al. 2021) 

 

Fig. 5 – Inversion result for array ENB at Ennetbürgen: the red curve corresponds to the MAP model, the 

blue curve to the ML model. The color corresponds to the sediment lithology: the green color represents 

distal deltaic sediments, the red color proximal deltaic sediments, the blue color glacial sediments. The grey 

color shows the unresolved depth interval of the profile (modified from Shynkarenko et al. 2021) 
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5. Conclusions

In this work, we present the application of state-of-the-art onshore seismic techniques for 

site characterization (based on ambient vibrations and earthquake data) in the shallow-

water offshore environment. We selected multiple locations in Lake Lucerne (central 

Switzerland) and performed investigations using Ocean Bottom Seismometers. The 

recorded single-station and array data were processed to derive the H/V ratios, spectral 

amplification functions, Scholte wave ellipticity, fundamental frequency of resonance, 

surface wave phase velocity dispersion curves, and, finally, the subsurface structure at 

measurement sites in terms of shear-wave velocity and sediment lithology. While 

analyzing the data, we also developed a workflow for the pre- and post-processing of the 

array data to mitigate issues related to the unknown OBS location, orientation, and time 

shift of the recorder. Obtained results are consistent with previously available knowledge 

and, at some sites, provide the first information about the subsurface structure down to 

150 m depth below the lake floor. In addition, we observed a noticeable variability in the 

seismic response among the investigated sites, high amplification and H/V amplitudes, and 

very low shear-wave velocities in the lake sediments. This information points towards the 

importance of future investigations of the behaviour of the investigated sites under seismic 

loading via the dynamic laboratory testing of sediments and physical modelling of the 

linear and non-linear seismic response of the slopes.  
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Abstract: The horizontal-to-vertical spectral ratio (H/V) technique allows the investigation of 
the subsurface by means of earthquakes and ambient seismic vibrations using single sensors 
deployed at the surface or in boreholes. In this work, we estimate the P- and S-wave velocity 
profiles at several sites in Switzerland using the H/V curves from earthquakes. These are 
computed using the seismic signal of the shear-wave arrivals of local and regional earthquakes 
and inverted using the Hybrid Heuristic Search inversion algorithm (Nagashima et al., 2014). 
In order to limit the parameter space of inverted models, velocity information obtained from 
site-characterization is used to constrain the velocities close to the surface. In case of many 
models explaining the measured H/V curve in a similar way, measured dispersion and 
ellipticity curves are used for comparison and selection of models. 

Keywords: Horizontal-to-Vertical spectral ratio curve, Hybrid Heuristic Search inversion, 
Earthquakes 

1. Introduction
Many geophysical techniques were developed to reconstruct the subsurface and estimate the physical 
properties of the underground without facing the expensive costs of drilling. Among the developed 
techniques the active and passive seismic methods are one of these. The main difference between these 
two approaches is the type of source used for the subsurface investigation. In the first case, a controlled 
source is used, while in the second one the source consists in microtremors or earthquakes.  
In this work, we focus on the seismic methods and use the earthquakes as source for the computation 
of the Horizontal-to-Vertical spectral ratio (H/V) curve. The H/V technique, combining the Fourier 
spectra of horizontals and vertical components of seismic motion, spread worldwide thanks to the work 
of Nakamura (1989). Its range of applications goes from the engineering studies (e.g. Michel et al., 
2010), to liquefaction analyses (e.g. Beroya et al., 2009) to crustal investigations (e.g. Chieppa et al., 
2020 a, b). The advantage of using the H/V method with respect to other geophysical techniques is the 
ease with which the instrument is installed and the data is acquired. Instead of deploying several 
instruments and record the seismic signal propagating through the deployed array, the approach used in 
this work uses permanent installation of the Swiss Seismic Networks (Swiss Seismological Service 
(SED) at ETH Zurich, 1983) and the earthquake recordings collected by each station from the 
installation time to December 2020. After computing the H/V curves from earthquake recordings for 
each investigated site, these were inverted for the velocity profiles using the Hybrid Heuristic Search 

4845

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

3ECEES, September 2022, Bucharest, Romania



algorithm. This algorithm, developed by Nagashima et al. (2014), was tested at many sites in Japan 
using the velocity of the half-space as the only constraint. With the present work, we test the algorithm 
to several sites in Switzerland a country with moderate seismicity and then show the importance of 
constraints to drive the inversion. 

2. Inversion technique and analyzed sites
The Hybrid Heuristic Search (HHS) inversion algorithm (Nagashima et al., 2014) is a combination of 
genetic algorithm and simulated annealing. The genetic algorithm increases the diversity in a population 
and introduces recombination between the individuals of the same population. The simulated annealing, 
instead, defines the probability that new child models are created. This probability (Tk) is defined taking 
into account the generation number (k) as follow 

𝑇! = 100 ∗	𝑒"!!.# . 

After each iteration, the misfit (m) between the generated models (dinv) and the observed curve (dobs) is 
computed over the frequency range defined by 𝑓!"# and 𝑓!$%. 

𝑚 =	 *
(𝑑#$%(𝑓) 	−	𝑑&'((𝑓)))

𝑓

*$%&

*$'(

. 

To choose which models pass to the next generation and which is discarded, the difference between the 
misfit for the models of the new generation (child models) and the misfit for the existing models (parent 
models) is computed (Δ+). If Δ+	is positive, the child models are selected and carried over with a 
probability of 𝑒('(! )"⁄ ) but if the child models are not selected, the parent models will move to the 
next generation. On the opposite, if Δ!	is equal to zero or negative the child model passes to the next 
generation. 

To estimate the P- and S-wave velocity profiles for each investigated site, the HHS algorithm inverts 
the H/V curves from earthquakes using 40 seconds of signal from the arrivals of the shear-wave. The 
H/V curve is calculated for each event as the ratio between the Fourier spectra of the horizontal and 
vertical components (Nakamura, 1989) as shown below 

𝐻
𝑉
(𝑓) = 	

3|𝑁(𝑓)|) +	|𝐸(𝑓)|)
|𝑍(𝑓)| , 

where 𝑁(𝑓), 𝐸(𝑓) and 𝑍(𝑓) are the Fourier spectrum of north, east and vertical components, 
respectively. After computing the H/V curve for each event, the average H/V curve is calculated using 
the geometric mean and at least three events for each frequency. 

36 sites of the Swiss Seismic Network are analyzed in this work. These were selected for the availability 
of site characterization measurements nearby the seismic station, for the consistent number of 
recordings and for the possibility to compute the H/V curve over a wide frequency range. The 
instruments installed at these site consist in short period, broadband and strong motion sensors, installed 
by the Swiss Seismological Service (Swiss Seismological Service (SED) At ETH Zurich, 1983) in the 
last decades. Depending on the seismicity of the study area and on the signal-to-noise ratio, a different 
number of earthquakes is recorded at each site. The investigated sites are all located in Switzerland or 
close to its border. Their distribution covers the entire country with a higher concentration in the Swiss 
Molasse basin (21), the sedimentary basin north of the Alpine chain extending from north-east to south 
west. 
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Figure 1: Map of Switzerland showing the locations of 3 short-period, 7 broadband and 28 strong motion sensors analyzed in 
this work (green triangles). 

 
3. Results 

The HHS inversion method estimates the P- and S-wave velocities using the H/V curves from 
earthquakes. The inversion starts from an initial reference model where the velocity of the half-space is 
the only constraint. In this work, we show the results for two different initial velocity profiles using the 
H/V curve computed for the seismic station SBERN (Bern) as input. The first velocity profile consists 
in 20 completely unconstrained layers able to investigate the subsurface without constraints (Fig. 2a). 
The second one is a mix of shallow layers, linked to the a-priori data, and ten deep layers completely 
unconstrained and able to adjust and fit the inverted H/V curve at low frequency (Fig. 2b). The results 
in Fig. 2 show that when an initial reference model with partially constrained layers is used, the 
simultaneous fit of the H/V curves and of the dispersion curves is achieved. Based on these findings, 
we extended the analysis to all sites using an initial reference model where the parameters of the shallow 
and deep layers are constrained to the results of site characterization measurements (Fäh et al., 2009; 
Michel et al., 2014; Hobiger et al., 2021) and to the tomography studies (Diehl et al., 2021), 
respectively. Between the shallow and the deep layers, intermediate layers were set following a 
gradient. These layers, with no initial constraints and maximum liberties, adjust to the input H/V curves 
and investigate the subsurface down to 2 kilometers. During the inversion, the seismic velocities, the 
thickness and the density of the shallow layers are allowed to adjust within a ±10% range around their 
initial value, while for the deep layers higher liberties were chosen (±50%). In order to discriminate 
which model is more representative of the subsurface and able to explain the available data, a visual 
inspection of the H/V curves, followed by a misfit calculation, is performed. If more than one model is 
able to fit the H/V curve in a similar way, the other measured data are used for selection. In a first phase, 
we compare the measured dispersion curves with the synthetic dispersion curves and then extend the 
comparison to the ellipticity curves. 
Depending on the information contained in the H/V curves and thanks to the chosen liberties, the 
velocity profiles adjust and change at each iteration. The analysis performed at other sites show how 
the HHS inversion can be used to improve the shallow layers resolution, or be helpful to identify 
misinterpretations in the a-priori data. 
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Figure 2: HHS inversion for the seismic station SBERN. Left column shows the measured and inverted H/V curves, central 
column displays the Rayleigh wave dispersion curves and right column presents the Love wave dispersion curves. Top row 
shows the results using a velocity profile consisting in 20 completely unconstrained layers; bottom row, instead, presents the 
results when a velocity profile with partially constrained shallow layers and ten deep unconstrained layers is used. 

4. Conclusion
The results of our work show the performances of the HHS algorithm at several sites in Switzerland, a 
country with moderate seismicity. Moreover, this work proves the importance of setting constraints in 
the initial reference model and the benefits that these have on the inversion results. The constraints, set 
as initial values in the initial reference model and able to adjust within small ranges (called liberties), 
reduce the number of investigated models improving, in most of the cases, the fit of the H/V curves and 
of other data available for the study area. To discern which models explain the subsurface in a realistic 
way, we evaluate the fit of the H/V curves in a visual and in a mathematical way. Later, in the case of 
many models equally fitting the measured H/V curve, the fit with the dispersion curves and with the 
ellipticity curves is taken into account. 
To be able to explain all the available data at the same time, a joint inversion of H/V curves, dispersion 
and ellipticity curves is needed and will be topic of future research. 
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Abstract: Study of the site effect is most often performed by estimating the horizontal to the 

vertical spectral ratio (HVSR) of ambient seismic noise, which is considered a stable site 

characteristic. The HVSR analysis was performed on one-year seismic noise recordings for 

the Balgarevo seismic station KALB, northeastern Bulgaria, located next to the Black Sea 

coast. The HVSR curve consists of one dominant frequency peak at 7 Hz and one smaller at 

2.3 Hz. The shape of the curve changes significantly during the winter and spring months 

when the amplitude of background noise changes during periods of bad weather. Observed 

seasonal variations of fundamental site frequency and corresponding HVSR peak amplitude  
are anti-correlated. An explanation for this can be found in the change in the S-wave velocity 

in the subsurface layer due to the different groundwater content. Despite the seasonal 

variations, the results show stability over time in the values of the fundamental site resonant 

frequency and amplitudes determined by the HVSR method by days and months. 

Keywords: ambient seismic noise, spectral ratio, coastal zone, Black Sea 

1. Introduction

The local site conditions heavily affect the ground motion during a strong earthquake, which 

may severely damage the infrastructural assets. One of the simplest and most effective 

techniques used to analyze the site effects is the analysis of ambient seismic noise 

(microtremors) by calculating the spectral ratio between horizontal and vertical ground 

motion. The horizontal-to-vertical spectral ratio (HVSR) method to study site response 

characteristics using ambient noise has become very attractive because it is one of the 

cheapest and most reliable geophysical tools (Nakamura, 1989, 2000). The European 

research project SESAME developed a comprehensive tool for data acquisition, processing, 

and HVSR analysis (Bard and SESAME Team, 2005). 

Every site exhibits its specific seismic response, closely related to local geology, basin and 

topographic peculiarities (Stewart et al., 2017). Local site conditions can significantly 

increase the risk factor in areas adjacent to and far from the seismic epicentre. The results of 

the HVSR analysis are usually used to assess the fundamental site resonance frequency f0 of 

the sedimentary layer, its thickness and HVSR peak amplitude A0, which are valuable 

parameters for the potential seismic risk analysis for the given territory. 

The seismically active tectonic faults are a prerequisite for generating seismic events and, as 

a subsequent event, tsunami waves in the northeastern coastal zone of Bulgaria. This region 

is known as one of the seismically active regions, the so-called Shabla-Kaliakra seismogenic 

zone (Hristoskov and Solakov, 2009). This seismic zone contains onshore and offshore faults 

oriented north-northeast-south-southwest, separating the platform from the reef-bed basin in 
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the western part of the Black Sea (Fig. 1). In the past, several strong earthquakes hit the 

region (Hristoskov and Solakov, 2009; Dimitrova et al., 2021). According to historical 

records, the settlements in the region suffered damage from earthquakes and even tsunamis 

(Yalchiner et al., 2004; Papadopoulos et al., 2014). Earthquakes characterize the seismic 

activity with specific focal mechanisms that rarely exceed 10 km depth (Protopopova, 2015). 

Along with active faults in this region, many active landslides triggered by rising 

groundwater and sea abrasion are available along the coastal line, expressed for 70 % of the 

Bulgarian Sea coastline. In 1901 there were two strong earthquakes of magnitude 7.2 and 

7.1, which resulted in landslide activation. The most hazardous areas are determined to be 

built of slightly lithified Paleogenic and Neogenic clayey sediments, broad fault zones filled 

with finely crushed rock material and slopes with inverse geological composition subjected 

to the intensive action of erosion, sea erosion, earthquakes and technogenic activity - the 

Northern Black Sea coast (Bruchev et al., 2007). The influence of earthquakes, erosion, sea 

erosion, surface and groundwater level fluctuations and technogenic activity is strongly 

expressed. The impact of seismic forces on the landslide slopes is complicated and is still 

insufficiently studied - it depends to a significant extent on its intrinsic intensity, amplitude 

and duration, as well as on the geological structure of the slopes and their stability reserve 

(Ilieva et al., 2017). 

The present study focuses on assessing the stability of the H/V spectral ratio for seismic 

station Balgarevo (KALB) in the northeastern territory of the country, determined by the 

Nakamura approach (1989, 2000). Registered seismic ambient noise for the whole of 2021 

was used to analyze the stability of the H/V spectral ratio. Based on the assumptions that the 

spectral ratio is a stable feature of the site considered, we analyze the H/V curve variations 

of the fundamental site frequency f0 and amplitude A0 every day throughout the year. The 

results show HVSR changes over time, with one or more occasional peaks appearing when 

the amplitude of seismic noise changes due to poor weather conditions. 

2. Study site and seismic data 

2.1. Location of seismic site 

The KALB station (280.42E; 430.40N) belongs to the Bulgarian seismological network-

NOTSSI (National Operative Telemetric System for Seismological Information) and 

Bulgarian-Romanian Early Warning System (Dimitrova et al., 2015). The NOTSSI provides 

data for monitoring the seismicity on the country's territory and in the surrounding lands, 

including in the Black Sea region (Solakov et al., 2011; Dimitrova et al., 2011). Seismic 

station Balgarevo (KALB) was established in 2013 and is close to the Kaliakra cape (fig.1). 

It is equipped with a three-component broadband sensor, type KS2000/120s 

(https://www.geoinstr.com/) and a 24-Bit, 8-channels digitizer that has more than 120dB 

dynamic range, type Bazalt (https://kinemetrics.com/). The digitizer transmits miniSEED 

data in real-time via an additional SLink module and TCP/IP protocol. 

2.2. Seismic data and method 

The seismic data used are 3-component (NS, EW, Z) with continuous registration, in 

miniSEED format with 100 samples per second digitization rate. The time series have some 

short gaps due to technical or other reasons. The Geopsy® software code 

(http://www.geopsy.org/) is used to calculate the HVSR following the Guidelines of the 

European research project SESAME (Bard and SESAME Team, 2005). In the study, the data 
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is converted into the SAC data format, which is needed as input for GEOPSY's HVSR 

calculation software tools. 

Fig. 1 – Location of seismic station KALB (red lines – main faults) 

The standard HVSR processing was performed by computing the spectra using an 

appropriate sliding window, applying an anti-triggering algorithm to remove transient 

disturbances and computing the average and standard deviation. The HVSR curves obtained 

from this analysis are reliable in a broad frequency range, at least from 0.1 to 30 Hz. 

However, since we are interested in site effects from a seismic hazard perspective, we only 

considered the significant peaks at frequencies below 10 Hz. 

3. Results and discussion

The preliminary analysis of seismic ambient noise consists of the following steps. First, the 

seismic data for the whole 2021 year were visually inspected to avoid inaccurate 

measurements and transient pulses. The earthquake signals were extracted as well. Then, 

selected data are split into 60s long time windows for each day. Next, each component was 

filtered with a Butterworth bandpass filter (0.1-10 Hz) in the order of two. Next, the Fourier 

amplitude spectra are computed in the frequency interval from 0.5 to 10 Hz using a 5% 

cosine taper, and Konno and Ohmachi smoothing (1998) is applied with a constant of 40. 

Finally, the H/V spectral ratio was calculated as the average square of the two horizontal 

component spectra divided by the vertical component spectrum for each time window 

following the Nakamura approach (1989, 2008). Below, we represent the investigation of the 

HVSR stability in time graphically.  

The one-year ambient seismic noise data set allows for investigating the stability of frequency 

and amplitude of peaks in the H/V spectral ratio. Daily plotting of HVSR allowed it to identify 

where the HVSR shows variations with time. We observed that the fundamental site frequency 

f0 is clearly expressed, reliable and stable. Therefore, the averaged monthly spectral ratios are 

calculated using daily estimates. Fig. 2 summarises the monthly variations of the HVSR curve, 

with the prominent peak of the fundamental site frequency f0 at about 7 Hz. It is noteworthy 

that the amplitude ranges from 0.8 to 1.7, which is more than two times. The second small 

peak of 2.3 Hz is observed with an amplitude of ~ 0.5 for all months. The exception is in 
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December when the level of A0 reaches 0.6. Generally, there is good compatibility in the shape 

of H/V curves over the months of 2021. 

 

Fig. 2 - Monthly variations of the fundamental frequency f0 for seismic station KALB 

The higher frequency peak and its amplitude are more scattered than a minor peak. That is why 

we studied the variations of the amplitude and fundamental frequency of the higher peak more 

accurately. Figs. 3 and 4 show the average fundamental frequency f0 and the HVSR peak 

amplitude A0 for the whole 2021 year, respectively.  The graphs are approximated by a 

polynomial of tenth degree (depicted on the figures), and the resulted curves are shown in 

magenta colour. 

The fundamental frequency f0 for the KALB site shown in Fig. 3  exhibits several high peaks in 

the 7.5–9 Hz frequency range. Most of them occur during the winter and spring months. Visible 

higher peaks are also noticeable on the HVSR peak amplitude graphs (Fig.4). They are 

scattered from 1.7 to 3 and occur in winter and spring. It can be seen that the approximation 

curves in the two figures vary in the year, and the most significant maximum values are in 

the winter and spring, when the weather is most wet. The other smaller maxima likely 

correspond to the rainfalls during the summer and fall months. Such a hypothesis for the 

correlation of seasonal variations of the fundamental frequency f0 and HVSR peak amplitude 

A0 to the groundwater content is mentioned by other authors (e.g., Rigo et al., 2021).  

 
 

Fig. 3 - Fundamental frequency f0   and its approximation  determined for 2021 
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In Figs. 3 and 4, it can be observed that the increase in frequency corresponds to a decrease 

in the amplitude and vice versa by analyzing the type of trend expressed on the graphs of the 

approximation curves. As we supposed above, the amplitude is anti-correlated when the 

frequency increases in wet conditions and decreases in dry ones. As it is known, the S-wave 

velocity is sensitive to the presence of the water. Therefore, the change in the amount of 

water in the subsoil, related to seasonal rainfall, is the most probable reason for variations in 

the fundamental frequency and peak amplitude. The depth of the impedance contrast 

corresponding to the fundamental frequency is in the range of 21 to 28 m. The Vs30 value is 

263 m/s which corresponds to the class D (Medium dense sand or stiff clay) according to the 

site specification given by BSSC (2020) Part1 Provisions. Roumelioti et al. (2020) 

investigate and establish seasonal variations in the S-wave velocity pattern propagation into 

the wet and dry soil, which gives us reason to make such an assumption and confirm it in 

subsequent studies by providing additional geophysical and hydro-meteorological data and 

information. 

Fig.4 – Seasonal variation of the H/V ratio peak amplitude and its approximation determined for 2021 

Fig. 5 shows the histograms of the daily distribution for 2021 of the evaluated fundamental 

frequency f0 and the HVSR peak amplitude A0, accordingly. The predominant values of the 

f0 are in the range of 6.9 -7.4, which is 70% of all values. Those for the peak amplitude A0 

are in the range of 0.5 -2.0, or over 80% of the calculated daily values. The related dispersion 

of the f0 and A0  in the scattering diagram is given in fig. 6. It can be concluded that the most 

important parameters that characterize the site response – f0 and A0 have relatively small 
dispersion. 

a) b) 

Fig. 5 - Histogram of the fundamental frequency f0 (a) and the HVSR peak amplitude A0 (b) calculated by 

days 
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4. Conclusions 

The study described in this article shows that the HVSR result for the Balgarevo seismic 

station, which is installed in the stable Moesian platform, is stable over time. Nakamura's 

HVSR method shows that the spectral curve of the KALB station has a clear pick at 7 Hz 

and a small one at 2.3 Hz. The 7 Hz peak is due to thin surface sediment layers with depths 

ranging from 21 to 28 m over more consolidated sublayers. Based on the one-year-long 

HVSR curve analysis, it can be concluded that there are seasonal variations in the site 

fundamental frequency and the HVSR peak amplitude. The highest values of the f0 and A0 

occur in the winter and spring months. Such variations in fundamental frequency and peak 

amplitude are most likely related to seasonal variations in Vs velocity. In order to prove this 

assumption, it is necessary to study the annual precipitation regime in the area of the KALB 

station, for which additional data and information are needed. 

 

Fig. 6 - Scatter plot of the fundamental frequency f0 and HVSR peak amplitude A0 determined for 2021 

 

The observed dispersion of the fundamental frequency f0 and the amplitude A0 is relatively 

small, indicating that the site of KALB has a recognized site response. The application of 

the HVSR method for estimating the resonant frequency f0 for seismic stations in the study 

area plays a vital role in accurately estimating the consequences of stronger earthquakes and 

the potential seismic risk. However, more observations are necessary to reach a satisfying 

comprehension of the HVSR peaks. Good knowledge of the geological structure of the 

investigated site and the surrounding area is necessary, including a 3-D velocity model. 

Recordings of the seismic wavefield by a broadband three-component seismic station give 

essential insights into the properties of the seismic waves whose interaction with the local 

geological structures. Another critical point is the study of active fault zones near the site of 

the seismic station KALB. 
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Preliminary S-wave velocity profiles of subaqueous slopes in Lake
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Abstract: The assessment  of  seismic hazard  and potential  earthquake  secondary  effects
such as tsunamis in offshore environments requires, similar to onshore environments, a good
knowledge of  the  subsurface  shear-wave velocity  (Vs)  distribution with depth.  Between
2018 and 2020, a  seismological campaign with Ocean Bottom Seismometers (OBS) was
performed  on  selected  subaqueous  slopes  with  unconsolidated  sediment  cover  in  Lake
Lucerne (Switzerland) to measure ambient vibrations and to monitore earthquakes.  OBS
were deployed in the single station and array configurations. First, we use the single station
ambient  vibration  data  to  estimate  the  microtremor  horizontal-to-vertical  (H/V)  spectral
ratio.  Second,  we follow a robust  preprocessing  workflow to extract  the  phase  velocity
dispersion  curves (DC) from OBS ambient vibration array measurements. The estimated
H/V spectral ratios and the DC are used as targets in an inversion process for the Vs profile
determination. The microtremor H/V spectral ratio forward modelling routine uses a new
model  that  is  based  on  the  seismic  interferometry  principles  under  the  diffuse  field
assumption and considers the presence of the water layer. 

Keywords: Microtremor  H/V  spectral  ratios,  Phase  velocity  dispersion  curves,  Ocean
Bottom Seismometer, Site effects, Shear-wave velocity

1. Introduction

Historical records indicate that Lake Lucerne (Central Switzerland) and the surrounding
regions  have experienced  several seismic events  (see earthquake catalogues  Fäh et  al.,
2011; Kremer et al., 2017, 2020) that have induced both subaerial (Schwarz-Zanetti et al.,
2003) and subaquatic slope failures (Schnellmann et al., 2002). One example of such an
event is the Mw 5.9 1601 AD Unterwalden earthquake that caused tsunamigenic mass-
mouvements (Schnellmann et al., 2003). To assess the internal structure of the subaqueous
slopes, which are composed of unconsolidated sediments that are susceptible to failure, a
seismological campaign was performed between May 2018 and June 2020, where we used
OBS to record ambient vibrations and to monitore the earthquake activity. 

We first exploit the single station ambient vibration recordings to obtain the horizontal-to-
vertical (H/V) spectral ratio. The H/V method has emerged in ambient vibration analysis
due to its capability to estimate the frequency of resonance at sites with sediment cover
overlaying the bedrock (Nakamura, 1989; Bard, 1998). Beyond the peak frequency, the
H/V spectral ratio contains information about the subsurface structure at the recording site
and this information can be used to image the underlying subsurface structure (Lontsi et al.
2015). To exploit the OBS array data for Scholte and Love wave phase velocity dispersion
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curves, we follow a robust preprocessing workflow that consists of: (1) localizing the OBS
on  the  lake  floor  using  the  multibeam  bathymetry,  (2)  orienting  the  OBS  horizontal
components with respect to the north using the airgun data, and (3) correcting the clock
drift due to the missing GPS connection using the skew-time measured at recovery (Lontsi
et  al,  2022).  The  DC  for  Scholte  and/or  Love  waves  are  obtained  for  six  arrays
(Shynkarenko et al., 2021). 

Recently,  the  H/V  forward  modeling  code  was  generalized  to  consider  offshore
environments (Lontsi et al., 2019). Here, we consider these developments and move with
an inversion to estimate the shear  wave velocity  profile  at  selected OBS sites in Lake
Lucerne (Switzerland). Next, a combined inversion of the full microtremor H/V curves and
the  phase  velocity  dispersion  curves  is  performed  to  obtain  the  Vs  profiles  at  the
investigated sites.

2. Site location and geology

Lake Lucerne in Central Switzerland is a perialpine lake of glacial origin. Fig. 1 gives an
overview of the lake, and the areas where OBS measurements were performed in single-
station and array configurations. There are also OBS array sites with airgun measurements
as well as array sites (with airgun shots) for which clear phase velocity dispersion curves
were obtained.  The lake consists of seven basins, where the Gersau basin is the deepest
with 214 m maximum water depth. The thickness of unconsolidated Quaternary sediments
on the slopes ranges from a few meters to hundreds of meters (Finckh et al., 1984; Hilbe et
al., 2011, Shynkarenko et al. 2021). 

Fig. 1: Overview of the OBS single station and array measurement sites (Modified after Lontsi et al. 2022).
The background layers represent the bathymetric map of Lake Lucerne (Hilbe and Anselmetti, 2014) and the
DEM of surrounding area (Source: Federal Office of Topography). The inset indicates the location of Lake

Lucerne within Switzerland. The coordinates are given in the Swiss Coordinate System LV03. 
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3. Inversion targets

3.1. Microtremor H/V spectral ratio

We  obtain  the  H/V  spectral  ratio  for  24  hour-recordings  of  ambient  vibrations  using
geopsy software (Wathelet et al. 2020). The day-long data record is split into short time
windows of 80 s with a 50 percent overlap and the H/V spectral ratio is estimated for each
window. Considering the H/V from all time windows allows us to obtain the mean H/V
spectral ratio and the corresponding standard deviation. For the data processing, no specific
filter to remove transient signals such as earthquakes was applied. A Konno and Ohmachi
smoothing (Konno and Ohmachi 1999) with a smoothing constant b=40 was applied. Fig.
2 gives the H/V spectral ratios at five sites in Lake Lucerne. We observe a strong spatial
variation between the H/V curves at different sites. For example, the H/V spectral ratio at
Lucerne (station LUS01) and Weggis (station WED07) exhibit a broad peak frequency.
The H/V spectral  ratio  curves  at  Horw (station  HOS01),  Muota (station  MUA09) and
Flüelen  (station  FLS01) present  two peak frequencies.  All  OBS stations  show an H/V
curve with a maximum amplitude between 10 and 20. This spatial variation between the
stations is indicative of the variations in the slope structure between respective locations. 

Fig. 2: Mean H/V spectral ratio curves with the corresponding standard deviation at distinct OBS deployment
locations. From west to east of the lake, the H/V spectral ratio curves for the stations HOS01 (Horw), LUS01

(Lucerne), WED07 (Weggis), MUA09 (Muota), and FLS01 (Flüelen) are presented. 
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3.2. Scholte and Love waves phase velocity

The phase velocity dispersion curves for Scholte and Love waves are obtained from OBS
array  data  using  a  two-hour  time  window of  the  recorded  ambient  vibrations  and  by
following a robust preprocessing workflow (Lontsi et al. 2022). To localize the OBS on the
lake floor, a multibeam bathymetry mapping was performed using a Kongsberg multibeam
echo sounder. With the assumption that clock drift within the analyzed time window can
be neglected, the clock correction was performed by shifting the recordings with the skew
time that was measured at  OBS  recovery.  Next,  the approaches from  Duennebier et al.
(1987) and Jurkevics (1988) were followed to perform a polarization analysis by using an
airgun signal to estimate the OBS horizontal component misorientation with respect to the
North.  Following  these  steps  and  using  array  processing  techniques  that  include  for
example  the 3-component frequency-wavenumber  technique  (Poggi and Fäh 2010),  the
dispersion curves were obtained at six OBS array sites (Shynkarenko et al. 2021).

Fig. 3 presents a summary of the phase velocity dispersion curves obtained for the OBS
array at Muota. For both Scholte and Love waves, the fundamental and first higher mode
dispersion curves branches were interpreted. 

Fig. 3: Phase velocity dispersion curves for Scholte and Love waves for the OBS array at Muota. See
Shynkarenko et al. (2021) for details related to phase velocity dispersion curves at other array sites.
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4. Inversion strategy and results

4.1. Inversion strategy

We parameterize the subsurface as a stack of homogeneous layers over a half-space. The
thickness of the water layer is known from  the  multibeam bathymetry map. The water
depth  is  therefore  kept  constant  during  the  inversion.  The  improved  neighborhood
algorithm is used to  sample the parameter space. For each generated model, hvgeneralized
(Lontsi  et  al.  2019)  is  used  to  compute  the  H/V  spectral  ratio  curves.  The  forward
modelling of the phase velocity dispersion curves uses a model that also accounts for the
presence of the water layer (Maraschini, 2008;  Socco et al., 2011). The combined misfit
between the model and data curves is estimated using weighted root mean square errors.
After  a  predefined number  of  iterations has  been completed,  the  models  with  a  given
minimum misfit value are selected and presented as the best subsurface model candidates. 

4.2. Inversion results

Following the inversion strategies presented above, the first inversion results for selected
locations in Lake Lucerne are obtained. Fig. 4 presents the preliminary shear-wave velocity
profiles  for  (1) inversion of solely  H/V  curves (stations  HOS01, LUS01, WED07, and
FLS01) and (2) combined inversion of H/V (station MUA09) and phase velocity dispersion
curves (DC for array at Muota).

Fig. 4:  Preliminary inversion results for four single-station measurements at Horw, Lucerne, Weggis, and
Flüelen and one array at Muota. 
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5. Conclusion

We  analyzed  ambient  vibrations  recordings  from  OBS  single-station  and  array
deployments at selected locations in Lake Lucerne to obtain the H/V spectral ratio and the
phase velocity dispersion curves. These curves are then used as inversion target to estimate
the shear-wave velocity profiles. At Horw (HOS01), Lucerne (LUS01), Weggis (WED07),
and Flüelen (FLS01) single-station H/V curves were inverted with no additional constrain.
A robust  interpretation  will  benefit  from additional  for  example  from the  geology.  At
Muota, the H/V spectral ratio curves were inverted together with the dispersion curves for
the  Scholte  and Love waves.  Further  inversions  are  needed  to  better  constrain  the  Vs
profile.  Also,  the  phase  velocity  dispersion  curves  and geological  data  should  be
considered  during the inversion  where available.  The results will be compared with  the
outcome of joint inversion of the ellipticity and dispersion curves that are available for the
investgated sites.
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Abstract: In this work we present the results of the noise interferometric technique applied 

to a local private seismic network, deployed around a gas storage site. This passive method 

is useful to infer an accurate shear-wave velocity structure of the near-surface. Our 

preliminary results include the retrieval of cross-correlation functions (in frequency and time 

domain) and the extraction of dispersion curves for a few receiver pairs in the frequency 

interval 0.1 Hz – 1 Hz. In the near future we expect to extend the ambient noise analysis to 

all receiver pairs and use travel-time tomography and depth inversion to obtain a 3D shear-

wave velocity model. The noise interferometric technique shows great potential in a variety 

of applications, ranging from the QC of network performances to 4D subsurface monitoring. 

Keywords: Noise cross-correlation, dispersion curves, shear-wave velocity models, gas 

storage.  

1. Introduction

This work explores possible strategies to use permanent local seismic networks, originally 

conceived and used for reservoir monitoring, to characterize the near surface.    

Seismic surveys to retrieve shear-wave velocity (Vs) models can be made either in 

boreholes, with surface wave methods, or through SH refraction analyses. The 

investigation depth rarely exceeds the first subsoil (a few tens of meters), being limited by 

the logistically achievable efforts such as seismic source power, extension of the survey 

length due to site accessibility, borehole penetration, etc. On the other side, regional 

models obtained through travel-time tomography are sufficiently accurate at depth (i.e., at 

the kilometre scale), but they often do not present enough resolution for local-scale seismic 

waveform studies (Cascone et al., 2022). In this context, passive methods are powerful, 

cost effective, and allow for a deeper soil characterization, down to several hundreds of 

meters deep.  

Ambient noise of natural origins is characterized by low frequencies (< 1 Hz), while 

anthropogenic noise is generally characterized by higher frequencies (> 1 Hz). Several 

authors demonstrated theoretically (Boschi and Weemstra, 2015; Shapiro and Campillo, 

2004) and experimentally (Lobkis and Weaver, 2001) that the Green’s Function of the 

medium between two stations can be derived by cross-correlating ambient noise recorded 

at two stations, provided its random and isotropic nature. In this work we apply noise 

interferometry to long series of passive seismic data recorded by a local network, designed 

to monitor the subsurface surrounding a depleted gas reservoir, currently used for gas 
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storage. The aim of the work is improving and refining the local shear-wave velocity 

model, and possibly evaluating its temporal variability. 

2. Method 

2.1 Noise Interferometry: Basic Theory 

The term “seismic interferometry” refers to the principle of generating new seismic 

responses by cross-correlating seismic observations at different receiver locations 

(Wapenaar and Fokkema, 2006; Boschi and Weemstra, 2015]). The cross-correlation Cxy(t, 

ω), expressed as a function of time t and frequency ω, of a signal u recorded at two 

positions x and y, is defined as:                                                       

      

                                 (1) 

 

with T being the length of the time window over which the cross-correlation is computed. 

The Green’s function between a pair of seismographs can be estimated from the time-

derivative of the long-time cross-correlation of ambient seismic noise. In particular, the 

most energetic part of the estimated Green’s function is associated with the surface wave 

propagation between the two stations. From the vertical component of ambient noise cross-

correlations, it is possible to extract the vertical component of the Rayleigh-wave Green’s 

function (Boschi et al., 2019). Under the hypothesis of an isotropic ambient noise 

wavefield, the resulting cross-correlation is symmetric, i.e. it shows the same velocity and 

dispersion features on both positive and negative lags. 

2.2 Cross-correlation analysis 

The processing routine used here to obtain cross-correlation functions is very similar to the 

one described by Bensen et al. (2007), and applies for any couple of stations. First, the 

continuous data are subdivided in time windows (we used 2 minutes long windows). 

Second, data windows are normalized in the frequency domain with a spectral whitening. 

Third, data windows are cross-correlated (in frequency domain, which is computationally 

faster with respect to cross-correlation in time domain). Fourth, the cross-spectra obtained 

for each time window are summed (or “stacked”). Finally, in order to obtain time-domain 

cross-correlations, an inverse Fourier transform is applied to the cross-spectra. 

2.3 Phase velocity extraction from cross-correlation spectra 

A method to extrapolate phase velocities from ambient noise cross-correlations was 

initially proposed by Aki (1957) and then further explored and exploited by Ekström et al. 

(2009) and Kästle et al. (2016). For a pair of stations, i and j, based on Aki (1957):  
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       (2) 

The left-hand side is the real part of the cross-spectrum, usually referred to as ‘coherency’, 

which is obtained through ensemble averaging (the stacking of different windows proposed 

by Bensen et al., 2007, indicated by <...>) of the normalized cross-correlations in 

frequency domain (pi and pj are the complex spectra for stations i and j). The right-hand 

side represents a first-order zero-kind Bessel function, expressed as a function of the 

distance between the two stations Δx, frequency ω and phase-velocity v.  Equation 2 holds 

when the energy of ambient noise is approximately uniform in azimuth. Under this 

condition, it can be used to determine the average dispersion relation between two stations 

(Kästle et al., 2016). In practice, the frequency values corresponding to the zero-crossings 

of the coherency are identified (ωi). For any ωi, the argument of the right side of equation 2 

must coincide with one of the known zeros zn (n = 1, 2, ...) of the Bessel function J0, 

allowing to identify a set of possible phase velocity values for that frequency. The most 

plausible phase velocity values are picked for all ωi, making use of a reference curve and 

of several continuity criteria, and the final average dispersion curve is retrieved.  

3. Preliminary Results

In this chapter we present the results of the noise cross-correlation analysis using 1-year 

long data time series acquired by the seismic network depicted in Fig. 1. The network is 

used for monitoring the seismic activity in the vicinity of a gas storage site, and is 

composed of six short-period (1s) seismometers, continuously acquiring data.  

Fig.1:  Local seismic network located around an anonymous gas storage site. The red station are surface 

stations, while the yellow stations are located in a shallow borehole (150 m) 

Fig. 2 shows an example of the time cross-correlation functions obtained using 1-year noise 

records, and keeping station S1 as master station. The cross-correlation functions are plotted as 

a function of the inter-station distances. The data are bandpass filtered in the frequency range 
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0.1 – 0.5 Hz. The cross-correlation functions have symmetric shape, which indicates that the 

isotropic condition of the noise field is satisfied.  

 

Fig.2:  Cross-correlation functions obtained using S1 as master station. A bandpass filter is applied between 

0.1 Hz and 0.5 Hz. 

 

The velocity analysis has been extended to a wider spectral interval, considering 

frequencies between 0.1 Hz and 1 Hz. Fig. 3a shows the real part of the cross-spectrum for 

the station pair S1-S2 (blue curve), characterized by an inter-station distance of 4.49 km. 

The identification of all ωi on ensemble-averaged cross-spectra like the one of Fig. 3a is 

complicated by small oscillations that can be attributed to instrumental noise or 

inaccuracies related to non-uniformity in the source distribution. For this reason, the real 

cross-spectrum is smoothed (red curve in Fig. 3a), and used to derive the average 

dispersion curve for that specific station couple: first, the theoretical zero-crossings are 

obtained following the procedure described in section 2.3 (black points in Fig. 3b); second, 

a reference dispersion curve is chosen (blue curve in Fig. 3b), which is representative of a 

regional model; third, the final dispersion curve is picked (red points in Fig. 3b). The 

analysis automatically retrieves the optimum frequency range for the picking, where all 

continuity criteria are met, which in this case is 0.45 Hz – 0.8 Hz. 
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Fig.3: (a) Real part of the cross-correlation spectrum obtained for the station couple S01-S10 (blue curve) 

and its smoothed version (red curve). (b) Picking of the average phase velocity values between S01 and S10 

(red points) from the theoretical zero crossings (black points), using the reference curve in blue. 

4. Conclusions

In this work we present some preliminary results of noise interferometry performed on a 

local network, used to monitor the study area. This analysis aims to obtain an accurate Vs 

model of the near surface.  

The obtained cross-correlations for a few station pairs are of good quality and allow the 

extraction of dispersion curves within the 0.1 Hz – 1 Hz range. Future analysis will include 

cross-correlation and dispersion curve retrieval for all station couples related to the 

network in Fig.1. Finally, travel-time tomography and depth inversion could be used to 

retrieve a 3D Vs model. Different frequency bands are being analysed in order to 

investigate different depths.  

In the next future we will evaluate the possibility to study (and quantify) the seasonal 

variability of the shear-wave velocity model, which may potentially show some correlation 

with the operational parameters of the storage field. In addition, the method is being 

considered to provide a continuous, automatic quality control of the permanent monitoring 

sensors. 
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Abstract: We performed a systematic campaign consisting of seven passive seismic array 

measurements around the village of Rohrbach near Landau in Rhineland-Palatinate 

(Southwest Germany) in order to investigate the potential amplification of seismic waves by 

the near-surface structure. Close to Rohrbach, two permanent seismic stations monitor the 

induced seismicity generated by two geothermal power plants in the vicinity. The array 

measurements were analysed by a variety of methods, namely H/V, RayDec, M-SPAC, 3-

component high-resolution FK, and the wave field decomposition approach. A joint 

inversion of the obtained Love and Rayleigh wave dispersion curves and the Rayleigh wave 

ellipticity information provides the seismic shear-wave velocity profiles as main result. The 

stiffness of the underground decreases from the northern parts of the village towards the 

south and southeast, where the lowest seismic velocities are found in areas with significant 

layers of alluvial sediments. 

Keywords: passive seismic measurements, H/V, surface waves, dispersion curves, Rayleigh 

wave ellipticity, inversion 

1. Introduction

The Upper Rhine Graben is an area of increased potential for geothermal energy. The two 

deep geothermal power plants in Landau and Insheim, closely located in southern 

Rhineland-Palatinate in Southwest Germany, are currently operating. A dense seismic 

network in the area monitors the seismicity induced by the exploitation of these two power 

plants. Two of these stations are located in and around the village of Rohrbach (Fig. 1). 

Station TMO54 is a surface seismometer installed at the cemetery. ROTT is a borehole 

station with a three-component sensor installed at a depth of 305 m and an additional 

strong-motion surface sensor.  
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In order to investigate potential amplification effects of seismic waves and possible small-

scale variations of the underground structure in the surroundings of Rohrbach, we 

performed an extensive passive seismic campaign, consisting of seven array 

measurements. These measurements were analysed using a variety of methods. All array 

stations were first analysed with single-station methods, namely the H/V method 

(Nakamura, 1989) to investigate the resonance frequencies of the underground and the 

RayDec method (Hobiger et al., 2009) to retrieve the ellipticity of Rayleigh waves. The 

array measurements were analysed with different array methods. The M-SPAC method 

(Bettig et al., 2001), which is based on the original SPAC method (Aki, 1957) was applied 

to the vertical-component recordings to retrieve the dispersion curve of Rayleigh waves. 

Using the 3-component high-frequency frequency-wavenumber analysis (3-C HRFK; Fäh 

et al., 2008; Poggi and Fäh, 2010), the dispersion curves of both Love and Rayleigh waves 

are obtained together with an estimate of the Rayleigh wave ellipticity. The wave field 

decomposition technique (WaveDec; Maranò et al., 2012), based on the maximum 

likelihood approach, also gives dispersion curves of Love and Rayleigh waves, and in 

addition the Rayleigh wave ellipticity angle, which is negative for retrograde and positive 

for prograde particle motion. The obtained data curves are then inverted for the 

underground structure, with the shear-wave velocity profile as targeted result. 

2. Data  

The locations of the field measurements around Rohrbach with respect to the two 

permanent seismic stations are indicated in Figure 1. The details of the different 

measurements are given in Table 1. The arrays consisted of ten to 15 stations, which were 

installed in “spiral-galaxy” array configurations, obtained by installing three sensors each 

on rings with increasing radius with or without central station (Hobiger et al., 2021). All 

stations consisted of a Lennartz-5s three-component sensor, connected to a DiGOS DATA-

CUBE. The different stations were connected with CCUBE wireless communication 

devices, so that the data could be monitored in real-time. 

The first array measurements were performed close to the borehole station ROTT, which is 

located at Rottmühle, the location of a former mill. There, alluvial deposits of the 

Klingbach, a creek draining towards east, are present. From previous measurements (Spies 

et al., 2017), we know that the surficial layers of the floodplain to the northwest are 

characterized by very low seismic velocities, while the location of ROTT itself seems to be 

more compact. Therefore, three passive array measurements were performed in total. The 

first one, Rottmühle A, was relatively small and located near station ROTT. It consisted of 

13 stations in total, installed in four circles around a central station. For the second array, 

Rottmühle B, the central station and the three outermost stations of Rottmühle A were 

kept, while six other sensors were installed at greater distances. Thus, this array consisted 

of ten stations in total. For array Rottmühle C, an array similar to Rottmühle A was 

installed in the soft floodplain to the northwest. 

Around station TMO54, a small array consisting of only ten stations was installed in the 

vicinity, while another array, Rohrbach-N, consisting of 13 sensors, was installed further 

north and aimed at the characterization of the deeper structure. Another array measurement 

with 15 sensors, Rohrbach-NW, was performed in the northwest, not far from Rohrbach-N. 

This array consisted of 13 sensors in a similar shape to the previous measurements and two 

additional sensors at larger distances. Finally, to the south, array Rohrbach-S was installed 

by deploying 15 sensors on five circles without central station. 
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Table 1. Properties of the different array measurements performed around Rohrbach 

Array 
Number of 

sensors 

Recording time 

[minutes] 

Inter-station distance [m] 

Minimum Maximum 

Rottmühle A 13 130 2.8 76.7 

Rottmühle B 10 180 43.6 487.1 

Rottmühle C 13 190 3.9 104.5 

Rohrbach-N 13 210 19.9 444.5 

Rohrbach-F 10 60 4.7 55.3 

Rohrbach-NW 15 220 3.9 216.6 

Rohrbach-S 15 185 13.3 519.5 

Figure 1. Distribution and layout of the seven passive array measurements in the surroundings of Rohrbach 

performed for this study. The locations of the two permanent seismic stations TMO54 and ROTT are shown 

by the white triangles. The inset shows the location of the study area in Southwest Germany.  

Background © GeoBasis-DE / LVermGeoRP 2022, dl-de/by-2-0, www.lvermgeo.rlp.de [Data processed] 

3. Results

The H/V curves of the central stations of the different array measurements are shown in 

Figure 2. All arrays show very large values below 0.2 Hz, i.e. below the eigenfrequency of 

the sensors. Between 0.2 and about 10 Hz, no major peaks are visible, with the exception 

of Rottmühle C, where a strong peak at about 3.5 Hz occurs. Peaks at various frequencies 

above 10 Hz are present for some arrays. These are related to the shallow subsurface. 
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Figure 2. H/V curves of the central stations of the array measurements. The center of array Rottmühle B, 

which is not shown, coincides with the center of Rottmühle A. 

 

The different dispersion curves interpreted as belonging to the fundamental Love and 

Rayleigh wave modes are shown in Figure 3. Dispersion curves of other modes were 

retrieved for several arrays, but are not shown here for the sake of simplicity. For example, 

for Rottmühle C, three modes are visible; however, the mode identification is not 

straightforward, as “ghost” images of the Love and Rayleigh waves are visible on the 

results of the other components. 

In Figure 3, we can see that all lines follow a similar trend. The M-SPAC dispersion curves 

extend to very low frequencies of about 0.25 Hz. The similarity of all curves indicates that 

the deeper structure, which is linked to the curves at these frequencies, is relatively 

homogeneous throughout the study area. At frequencies above 2 Hz, the different 

dispersion curves start to diverge. Rottmühle C has lower velocities starting at about 2 Hz, 

Rottmühle A diverges from the other curves at about 10 Hz. For the Love waves, the image 

is similar, but even more pronounced. Here, above 10 Hz, differences between the 

locations can be identified: the southern arrays Rohrbach-S and Rottmühle A have lower 

velocities than Rohrbach-NW in the northwest and subsequently the two northern arrays 

Rohrbach-N and Rohrbach-F. 

 

 

Figure 3. Dispersion curves for the fundamental modes of Rayleigh (left) and Love (right) waves. The dashed 

lines belong to the M-SPAC dispersion curves, the continuous lines to dispersion curves of 3-C HRFK or 

WaveDec. 
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4. Inversion

For each site, the measured dispersion and ellipticity curves were inverted jointly to obtain 

the underground structure, with the S-wave velocity profile as main objective. For 

Rottmühle, the lower-frequency data of Rottmühle B were used to complement the higher-

frequency information for both the Rottmühle A and Rottmühle C data. The data of the 

Rohrbach-N and the Rohrbach-F measurements were merged to obtain a single valid 

inversion. Only the examples of the two Rottmühle inversions are shown here. 

Figure 4 shows the inversion results for array Rottmühle A, where the inversion targets 

consisted of the dispersion curves of the fundamental Love and Rayleigh waves and the 

ellipticity angle information of the same mode, which is retrograde over the entire 

frequency range used. Considering the uncertainties, all curves are well fitted. The 

obtained velocity profile of the best model consists of layers with S-wave velocities 

between about 80 and 220 m/s in the shallowest 8 m, followed by a gradual velocity 

increase from about 300 m/s to 600 m/s at a depth below 500 m, where a strong velocity 

contrast is found. The depths and velocities of the seismic bedrock are nevertheless not 

well constrained. 

Figure 4. Inversion results for Rottmühle A. The first line shows the dispersion curves of Love waves (left) 

and Rayleigh waves (centre) and the Rayleigh wave ellipticity (right). The second line shows the obtained P-

wave velocity profile (left), S-wave velocity profile (centre) and the uppermost 30 m of the S-wave velocity 

profile (right). The black dots with error bars indicate the data points used for the inversion. The curves of 

all models generated in the inversion are shown according to their misfit value; the grey line corresponds to 

the best-fitting model. 

The inversion results for Rottmühle C, in close vicinity to Rottmühle A, are shown in 

Figure 5. The dispersion curves of the first three modes of Rayleigh waves and the first 
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two modes of Love waves were used together with the ellipticity angle information of the 

fundamental Rayleigh wave mode. The latter shows a change from retrograde to prograde 

particle motion at about 3.5 Hz. This corresponds to a singularity in the absolute value of 

ellipticity and coincides with the observed peak in the H/V curve. As for the previous site, 

all dispersion and ellipticity curves are well fitted by the best models of the inversion. The 

obtained profile shows an S-wave velocity of about 80 m/s in the topmost 4 m, followed by 

a gradual increase to a velocity of about 380 m/s at a depth of 15 m. Below, the velocity 

increases to about 600 m/s before the seismic bedrock is found at a depth of about 470 m. 

However, also for this inversion the bedrock depth and velocity are not well constrained. 

 

Figure 5. Inversion results for Rottmühle C. The first line shows the dispersion curves of the fundamental 

(left), first higher (centre) and second higher (right) modes of Rayleigh waves. The second line shows the 

dispersion curves of the fundamental (left) and first higher (centre) modes of Love waves and the Rayleigh 

wave ellipticity angle (right). The third line shows the obtained P-wave velocity profile (left), S-wave velocity 

profile (centre) and the uppermost 30 m of the S-wave velocity profile (right). The black dots with error bars 

indicate the data points used for the inversion. The curves of all models generated in the inversion are shown 

according to their misfit value; the grey line corresponds to the best-fitting model. 
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The best-fitting shear-wave velocity profiles for the different sites are shown in Figure 6. 

The main differences occur in the topmost layers. Below 15 m, all sites have S-wave 

velocities between 300 and 400 m/s, and show a gradual increase with depth. Down to 

about 300 m, the velocities do not exceed 600 m/s. The resolution of the different 

inversions at depth differs and therefore we refrain from interpreting the results at deeper 

depths. For the best models of the respective inversions, we can calculate VS30, the average 

S-wave velocity in the uppermost 30 m. Rohrbach-F has the highest VS30 of 337 m/s and

the stiffest underground. This value decreases southwards. The second highest value is

found for Rohrbach-NW (309 m/s), followed by Rohrbach-S (296 m/s). The lowest values

are present at Rottmühle A (269 m/s) and Rottmühle C (214 m/s). We can interpret this

with regard to the local geology. According to the geological atlas of Rhineland-Palatinate

(LGB-RLP, 2022), the village of Rohrbach and therefore the arrays Rohrbach-F,

Rohrbach-N, and Rohrbach-NW are located on loess loam, while Rohrbach-S and all

Rottmühle arrays are located on fluviatile sediments.

Figure 6. Best-fitting S-wave velocity profiles of the inversions around Rohrbach down to a depth of 300 m 

(left) and 30 m (right). 

5. Conclusions and outlook

We performed an extensive passive seismic site-characterization study around the village 

of Rohrbach. The obtained shear-wave velocity profiles indicate a stiffer near-surface 

underground for the northern arrays and decreasing seismic velocities towards the south. 

The lowermost velocities are found in alluvial sediments at Rottmühle C, where our 

inversions indicate a 4 m thick layer of very soft sediments. For the obtained velocity 

profiles at Rottmühle and Rohrbach-F, we will calculate the amplification of vertically 

inciding S-waves and compare them with recordings of the permanent seismic stations 

ROTT and TMO54 in future studies. Close to the arrays Rohrbach-S and Rohrbach-NW, 

VSP (vertical seismic profile) measurements were performed recently. Their results will be 

compared to ours in the future and will be used to better constrain the inversion results. 

4876 3ECEES, September 2022, Bucharest, Romania



 

Acknowledgements 

This study is part of the project SEIGER (‘Seismisches Monitoring tiefer Geothermischer 

Anlagen und mögliche seismische Einwirkungen’), supported by the Federal Ministry for 

Economic Affairs and Climate Action on the basis of a decision by the German Bundestag, 

and managed by Project Management Jülich (ID 03EE4003A). 

References 

- Aki K (1957), Space and time spectra of stationary stochastic waves, with special reference to 

microtremors: Bulletin of the Earthquake Research Institute of Tokyo University, 35, 415-456 

- Bettig B, Bard P-Y, Scherbaum F, Riepl J, Cotton F, Cornou C, Hatzfeld D (2001). Analysis of 

dense array noise measurements using the modified spatial auto-correlation method (SPAC): 

application to the Grenoble area. Boll. Geof. Teor. Appl., 42:281–304 

- Fäh D, Stamm G, Havenith H-B (2008), Analysis of three-component ambient vibration array 

measurements: Geophysical Journal International, 172, 199–213 

- Hobiger M, Bard P-Y, Cornou C, Le Bihan N (2009), Single station determination of Rayleigh wave 

ellipticity by using the random decrement technique (RayDec): Geophysical Research Letters, 36, 

1514-1526 

- Hobiger M, Bergamo P, Imperatori W, Panzera F, Lontsi AM, Perron V, Michel C, Burjánek J, Fäh 

D (2021), Site characterization of Swiss strong-motion stations: the benefit of advanced processing 

algorithms: Bulletin of the Seismological Society of America, 111, 1713–1739 

- LGB-RLP (2022), Geologische Übersichtskarte von Rheinland-Pfalz, https://www.lgb-rlp.de/karten-

und-produkte/online-karten/online-karte-guek-300.html, last accessed: 22 March 2022 

- Maranò S, Reller C, Loeliger H-A, Fäh D (2012), Seismic waves estimation and wavefield 

decomposition: application to ambient vibrations: Geophysical Journal International, 191, 175-188 

- Nakamura Y (1989), A method for dynamic characteristics estimation of subsurface using 

microtremor on the ground surface: Quarterly Reports of the Railway Technical Research Institute, 

30, 25-30 

- Poggi V, Fäh D (2010), Estimating Rayleigh wave particle motion from three-component array 

analysis of ambient vibrations. Geophys. J. Int., 180:251–267 

- Spies T, Schlittenhardt J, Schmidt B (2017), Abschlussbericht für das Verbundprojekt MAGS2: 

Mikroseismische Aktivität geothermischer Systeme 2 (MAGS2) - Vom Einzelsystem zur 

großräumigen Nutzung, Einzelprojekt EP4: Ermittlung der seismischen Gefährdung bei tiefer 

geothermischer Energiegewinnung unter Berücksichtigung der regionalen und lokalen geologisch-

tektonischen Strukturen, Federal Institute for Geosciences and Natural Resources (BGR), Hanover, 

Germany, 64 pages, in German, doi 10.2314/GBV:1011266393 

 

48773ECEES, September 2022, Bucharest, Romania



Combining active and passive seismic methods for non-invasive site
characterization of the Belgian seismic network.

Martin Zeckra – Royal Observatory of Belgium, Brussels, Belgium, e-mail: martin.zeckra@seismology.be

Koen Van Noten – Royal Observatory of Belgium, Brussels, Belgium, e-mail:
koen.vannoten@seismology.be

Thomas Lecocq – Royal Observatory of Belgium, Brussels, Belgium, e-mail: thomas.lecocq@seismology.be

Abstract: With more than 120 years of continuous seismic recordings, Belgium is among
the oldest seismological entities in Europe and the World. Currently, we are renewing
several permanent sensors and opening their data stream to the community. Alongside, we
perform a site-characterization study for all these stations. The main objective is to provide
the most important site-characteristic parameters (e.g., f0, vs30, depth to bedrock) to the
seismological community next to the publicly available waveforms. To do so, we perform
ambient noise measurements with up to 24 3C SmartSolo nodes for seismic velocity
inversion based on surface wave dispersion curves. Occasionally, we incorporate active
source methods (e.g., hammer seismics, MASW) in order to increase the inversion
robustness or if the available survey space is limited. Most of the stations are located in the
southern part of Belgium very close or directly on the bedrock in areas of high relief,
justifying the necessity of combining various active and passive methods.

Keywords: site-characterization, ambient noise, array seismology, active seismics

1. Introduction

The beginning of seismological monitoring in Belgium dates back to 1898 with the
installation of a Rebeur-Ehlert three component seismograph in Uccle, Brussels as one of
the first instruments in Europe. Since then the Royal Observatory of Belgium is providing
one of the longest, continuous seismological monitoring in the world. Starting in the sixties
of the last century, with the introduction of digital broadband seismometers, a seismic
network across the Belgian territory has been introduced gradually. In its current status, the
observatory maintains 27 seismic stations (three of them are located in Luxembourg) that
are included in the routine earthquake monitoring (figure 1) with focus on the local seismic
activity in the central European country and neighboring regions. The network currently
undergoes a technical upgrade, in which former short-period sensors (sometimes single
component only) are or will be replaced by modern broadband instruments.
Contemporaneously, these stations are made publicly accessible in such a way that they
will stream directly into the ORFEUS EIDA node, facilitating the access for the
seismological community. In order to further assist the user in their interpretation of the
obtained waveforms, the result of this EPOS-BE project also will provide the site
characteristics of each of these stations.

For each permanent station site we are performing temporary and non-invasive seismic
surveys with up to 24 lightweight, industrial, three component Geophones (SmartSolo
IGU-16HR 3C). Instead of a full site-response investigation, we rather focus on specific
parameters that are of primary interest to the seismological community (Cultrera et al.,
2021), e.g., vs30, f0, depth to bedrock. The results will be publicly available on the
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ORFEUS StationBook instance that is providing a useful framework to store and distribute
this kind of metadata as long as community standard file formats (e.g., siteXML) are still
under development and not finally released. During the data processing intermediate
results are stored alongside with processing parameters internally on a wiki server. This is
highly beneficial for the reproducibility of the occasionally unambiguous results, i.e., the
velocity inversion. In addition, it allows the storage of additional geoscientific data (e.g.,
hydrological and geological maps, structural profiles, potential noise sources) and
supporting information regarding the field surveys as we combine diverse geophysical
methods depending on each sites’ conditions. After finalization of the site characterisation,
this information will be made publically available.

Fig. 1 - Overview map of Belgium with the seismological permanent station locations indicated by triangles
(double colored stations host sensors in a borehole and at the surface). The background colors highlight the
geology expressed at the surface for the south and isolines in the north, showing the depth to the underlying

bedrock.

The geological conditions in the subsurface at each site in the Belgium territory are highly
diverse (see figure 1). The northern third is dominated by flatlands that consists of thick
sedimentary infill entailing low seismic velocities and strong attenuation. To the south in
the central parts, the depth to bedrock decreases, and the topography and relief increases.
The southern sector consists of high-grade and strongly deformed meta-sediments and
limestones presenting very high seismic velocities. In combination with the high relief, this
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poses often difficulties to find adequate locations in which ambient noise arrays can be
hosted.

For the processing we rely in most parts on the Geopsy software package (Wathelet et al.,
2020), that is widely used and includes method-wise standard applications of ambient
noise measurement processing. In these cases where active point sources have been
incorporated in the analysis, we developed partially our own data processing tools using
jupyter-notebooks for python code development and the following processing. This allows
us easier integration of machine-based processing and user-focused explanations of the
non-standard methods applied here for later reuse and traceability.

2. Ambient noise methods

The use of ambient noise waveform recordings for the purpose of one dimensional
subsurface site characterization has become in recent years a standard tool in seismological
research. Various processing techniques focusing on surface-wave analysis have been
developed (Foti et al., 2011) and proven to be successful. Here, we rely on single station
methods (H/V spectral ratio) as well as on array techniques (frequency-wavenumber - FK,
Spatial Auto-Correlation - MSPAC) that will provide the input for the 1-D seismic velocity
inversion.

Prior to the ambient noise survey, a rigorous planning of the array geometries is profitable
for the processing of the ambient noise recordings. The aforementioned high diversity in
subsurface geology and its architecture at depth with strong variations in the expected
seismic velocities can quickly lead to over- or undersampling of the analyzed wavefield.
Further, we could lose sensitivity for the depth range of interest; determining the average
vs30 might need a different set-up as the estimation of depth to bedrock/engineering
bedrock (H800), which is for UCC surface station in Brussels at 114m. In this work, the use
of the dispersion curve forward modeling module in Geopsy allows us to test arbitrary
array configurations with respect to the number of available instruments, geometries and
overall apertures, especially if availability of survey space is limited in terms of
accessibility and topography.

For ambient seismic noise measurements (with the exception of MSPAC) it has been
shown that irregular geometries are preferable to avoid spatial aliasing. But a perfectly
irregular array geometry tends to be difficult to install, taking into account several
operators installing simultaneously and limited accuracy of handheld/smartphone GPS
locations, in addition to obstacles in the survey area. After testing various arrays and
installation procedures, the most convenient practice was to take the inaccuracy of location
into account during the survey. That means, we preplanned a regular grid that fits into the
available area for the survey. For each location point, the operator has to locate himself
roughly at that point and then deviate into a random direction for a fixed amount of steps to
ensure irregularization of the geometry grid. Through this, we could create irregular arrays
for an FK processing, while maintaining balanced intersensor distances for MSPAC
processing and reducing the time for the array installation that would be necessary for
accurate self-orientation.
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2.1 single station noise surveys

The horizontal-to-vertical spectral ratio (HVSR) has been introduced from an engineering
perspective in order to distinguish the seismic response at the ground surface to a reference
bedrock site (Nakamura, 1989 & 2019). Later, it has turned out as a handy tool for first
order estimation of the depth to bedrock based on various scaling relations derived from
sites of known sediment infills of study sites (e.g., Van Noten et al., 2021, Molnar et al.,
2022). In short, the HVSR shows the fundamental resonance frequency (f0) of a site at
which - theoretically - multiple reflected SH-waves are trapped between bedrock and free
surface, leading to superposition of ambient noise energy around f0.

The data obtained during the temporary array installations is suitable for straightforward
HVSR calculations providing manifold input for the site characterization of the permanent
stations. First, f0 and its H/V amplitude are the most requested parameters in site
characterization by the seismological community (Cultrera et al., 2021). Second, in the
case of sites with shallow bedrock subsurface, we can immediately derive the EC8 Ground
type as a parameter of interest in case of absence of clear HV peaks, as it is the case for the
stations in southern Belgium: CLA, GES, SNF, SKQ. Lastly, the combination of f0 with
empirical scaling relations (Van Noten et al., 2022) gives a first estimation for the expected
bedrock depths that we forward into the velocity model inversion in order to limit the
solution space for the sediment-bedrock transition at depth. So far, we only performed the
site characterization for bedrock sites, preventing us from using the f0 value as independent
data input for the inversion.

The field surveys for site characterization are mainly performed as arrays. The processing
of the HVSR for all sensors in these arrays then allows us to derive routinely more reliable
results through cross sensor comparison. Through this we can identify and exclude outliers,
noisy sensors and derive credible uncertainty measures. From the two dimensional
expansion of sensors, the spatial distribution of fundamental frequencies also portrays
potential divergences due to topologic fluctuation of the bedrock impedance contrast with
respect to the surface topography.

2.2 array-based noise surveys

The main focus of data processing for the site characterization relies on the surface waves
of ambient noise. We make use of the dispersive character of these types of waves that is
controlled by the integrated shear wave velocity decomposed for the individual
wavelengths that superimpose into the dominant characteristic surface wave field at this
site. The frequency-wavenumber (FK) method is translating the frequency dependent
spatiotemporal propagation of the wavefield into the phase velocity of the surface waves.
By inverting the physical forward problem that constructs the frequency dependent phase
velocity based on shear wave velocity variations with depths, we can derive a one
dimensional shear wave velocity model.

To further constrain the inversion with an increased number of input parameters, we apply
the Modified SPatial AutoCorrelation (MSPAC) method. This method uses a plane-wave
approximation between all equidistant sensor pairs that can numerically be solved by a
Bessel function. From the combination of all distance groups (so called rings of the
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co-array) we can also construct a dispersion curve that allows the estimation of a
one-dimensional shear wave velocity model in the inverse process.

The Geopsy inversion tool allows the inversion of the velocity model using both array
processing techniques simultaneously as input. However, the number of input data points
stemming from FK and MSPAC differs strongly (one FK dispersion curve vs. a dozen
rings in MSPAC) and we introduced a user-defined weighting scheme that put stronger
weights on the FK processing. During the separate velocity inversion of the input data, it
turned out that the MSPAC method provides high sensitivity for robust estimations of the
velocity at intermediate but limited depth ranges; the overall depth range for velocity
inversion depends on the overall aperture in general (see chapter 2. First paragraph). The
use of FK dispersion curves seemed to appear more helpful in the estimation of depths of
velocity variations. Thus, the use of the combination of both input datasets appears to be
highly beneficial. As described before, we also integrate other information sources in order
to limit the model space in the inversion that stems from geophysical methods (e.g.,
HVSR, active source experiments) as well as geological information (e.g., geological
maps, profiles, outcrops).

Fig. 2 - Final shallow subsurface 1D velocity model for GES station (p-velocity left, s-wave velocity right).
Here, we estimated a 4 layer model that shows a comparable misfit value as a 3 layer model but better

represents the uppermost few meters below the temporary array, which are absent for the permanent sensor.
This figure also illustrates the intrinsic ambiguity of the inversion in combination with the limited ability to

constrain the p-wave velocity profile with the ambient noise methods.

So far, we could perform the site-characterisation by using the passive ambient noise
methods for four stations of the permanent network (CLA, GES, SKQ and UCC). Further,
we already acquired the necessary data for two permanent stations (MEM, RQR) that are
currently in processing. Except for the station in Uccle at the Royal Observatory, all
stations are situated on or within 1m of the bedrock that consists of very stiff metamorphic
rocks and thus lead to comparably high vs30 values above 700 m/s. Hydrological
parameters were estimated through data of the Geological service, but they show no direct
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impact on the velocity model inversion. For some stations (e.g., CLA) we rather suggest to
the users to take into account the local relief around the stations in order to prevent data
misinterpretation due to topographic effects that have stronger impact than the
hydrological parameters, but are not specified in the ORFEUS Stationbook.

3. Velocity estimation including active source surveys

Fig. 3 - Upper: Active seismic experiment at the SNF station (hut in the background) with a line array along
the Brussels-Charleroi Channel. Lower: The corresponding waveform recordings of the renewed permanent

broadband instrument in a 12.6m borehole (highpass filtered at 1 Hz).

The aforementioned high relief in the southern sector of Belgium sometimes hinders the
execution of ambient noise measurements with classical arrays, as the array apertures
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would exceed available spaces with homogeneous site conditions. Thus, we included
active source experiments to increase the robustness of the velocity inversion at first. For
specific sites we even ruled out the use of ambient noise arrays at all, i.e., the SNF station
is located in the valley of the Brussels-Charleroi Channel 40m below the surrounding
terrain (figure 3).

In the case of active source surveys only, we used the 3C node instruments in two
equidistant line array geometries with two different intersensor distances. Through this we
broaden the depth ranges for which we are sensitive to. During the processing, it allows us
to apply simple velocity estimation based on refracted waves in the shallow subsurface and
extend the robustness by applying the MASW (multichannel analysis of surface waves)
method. The use of these two methods combines the nature of two different wave types
(body waves and surface waves) and further enhances the robustness in vP estimation in
comparison to dispersion curve based processing only. In addition, this setup gives us the
advantage of having a better understanding of the subsurface impedance contrasts
geometry in two dimensions.

In the case of ambient noise arrays with smaller aperture (< 100m) we now routinely apply
localized active hammer shots. Even without a linear geometry of the sensors, velocity
estimations of refracted body waves in the shallower layers can still be resolved. The
manual arrival picking and following linear regression allows the narrowing of the velocity
inversion model space for the uppermost meters, which might have a reduced sensitivity
with larger apertures; the shallowest meters are also not of primary interest as many
sensors are placed in boreholes or basements of few meters of depths. Also, explosions in
nearby (up to 50 km) stone quarries allowed a first order estimation of the deepest section
of the local 1D velocity estimations. The shallow source location of such events excites
strong amplitude surface waves, which can be tracked propagating through the temporary
arrays by simple cross correlation. After narrowly filtering the surface-wave signal, the
dispersion curve is reconstructed between 0.25 and 2.5 Hz for the apparent phase velocity,
based on the cross-correlation time residuals and the raypath based on a planar wavefront
assumption. Through this method, we can increase the velocity inversion robustness by
limiting the model space for the deepest section and extending the frequency range to
longer periods.

4. Conclusion

In this article we present the combined use of active seismic and passive ambient noise
measurements for conducting site-characterization of the permanent stations of the Belgian
seismological network. So far, we could finish the analysis of four stations in the southern
part of Belgium and have the necessary data obtained for three stations. In this part of the
country, we observe shallow depths to bedrock, with high velocities and poor site
amplification. From this we conclude high quality station sites for seismological
observation, that allows the recording of seismic waveforms and ambient noises over a
large frequency bandwidth.
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Abstract: A total of 132 TURNkey Raspberry Shake 4D accelerometric and seismic sensor 
units and 26 TURNkey GNSS units have been deployed in six European Testbeds (TBs): 
TB1: Bucharest, Romania; TB2: Pyrenees, France; TB3: Towns of Hveragerði and Húsavík 
(Iceland); TB4: City of Patras and Aegion, Greece; TB5: Port of Gioia Tauro, Italy; and TB6: 
Groningen, the Netherlands. The deployments served the purpose of partially addressing 
weaknesses in existing sensor networks, and to secure and demonstrate the near real-time 
streaming of multidisciplinary data (e.g., seismic, deformation, structural response, etc.) in 
European seismic regions that range in their tectonic setting, levels and types of earthquake 
hazard, population densities, types of vulnerable infrastructure, and spatial extents. This 
TURNkey approach to real-time data streaming adheres to a common and consistent data 
format, even though multiple geophysical and structural measurements are involved. This 
data, in addition to earthquake impact reports from worldwide affected seismic regions (TB7), 
and transient data from TURNkey’s EEW mobile system for aftershock (TB8), forms the 
basis of the development of the TURNkey FWCR platform in the project. 

Keywords: Earthquake, Seismic, Structural, EEW, OEF, SeisComP 

1 Introduction 

The overall objective of the TURNkey project is to contribute to earthquake risk reduction 
and to mitigate the direct and indirect consequences of earthquakes in Europe (Meslem et 
al., 2021). For that purpose, TURNkey develops the TURNkey FWCR (Forecasting, Early 
Warning, Consequence Prediction, Response) platform, a multi-sensor-based earthquake 
information cloud-based system. The TURNkey platform is demonstrated and developed in 
six European earthquake prone Testbeds (TBs) that range in their tectonic setting, levels and 
types of earthquake hazard, population densities, types of vulnerable infrastructure, and 
spatial extents. They are TB1, Bucharest, Romania; TB2, Pyrenees, France; TB3, Towns of 
Hveragerði and Húsavík, Iceland; TB4: City of Patras and Aegion town, Greece; TB5, Port 
of Gioia Tauro, Italy; and TB6, Groningen, the Netherlands (Halldorsson & et., 2020). We 
present how a total of 132 new TURNkey RS4D accelerometric and seismic sensor units 
and 26 TURNkey GNSS units have been strategically deployed in the TBs to address 
particular weaknesses in existing sensor networks and that demonstrate and secure the real-
time streaming of multidisciplinary data (e.g., seismic, deformation, structural response, 

4886 3ECEES, September 2022, Bucharest, Romania



etc.) in a common data format to both local SeisComP servers and a central cloud-based 
system for archiving and waveform analysis (Weber et al., 2021). We show how the 
deployments serve to optimize earthquake early warning efficiency in some TBs and in 
others, the increase in spatial resolution of seismic data, e.g., for microzonation studies along 
with structural response data of important building typologies and infrastructure. 
Cumulatively therefore, the TURNkey approach is demonstrated to be applicable in any 
European seismic region. Along with earthquake impact reports from affected seismic 
regions (TB7) and transient data from TURNkey’s mobile early warning system for 
aftershock (TB8), the data from the TURNkey multi-sensor units forms the basis of the 
development of the TURNkey FWCR platform, to be evaluated by individual stakeholders 
within the TBs. 

 
Fig. 1 - The six European TURNkey testbeds with triangles indicating TURNkey stations streaming near 

real-time ground motion and structural response data to local SeisComP servers, and the central cloud-based 
SeisComP server at Gempa. The colors of the symbols denote the instantaneous ground motion levels. 

2 The TURNkey European Testbeds 

A total of 132 TURNkey RS4D accelerometric and seismic sensor units and 26 TURNkey 
GNSS units have been deployed the six European Testbeds. The deployments serve the 
purpose of partially addressing weaknesses in existing sensor networks, and to secure and 
demonstrate the real-time streaming of a common-format multidisciplinary data (e.g., 
seismic, deformation, structural response, etc.) from multisensor instruments in European 
seismic regions. Multiple TBs were selected that range considerably in their tectonic setting, 
levels and types of earthquake hazard, population densities, types of vulnerable 
infrastructure, spatial extents, and the size and types of existing sensor networks.  
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Fig. 2 - A screenshot of the current status of the real-time ground motion monitoring system Phobos by 
GMP, showing the locations of key TURNkey multisensor units in TB1 Romania. 

2.1 Testbed 1 - Bucharest, Romania 
The city of Bucharest in Romania constitutes Testbed 1 (TB1). It covers an area of 228 km² 
with a population of 2.5 million people, with the main sensitive infrastructures being typical 
apartment buildings (blocks of flats), 1-2 storey houses, etc. of unknown seismic 
vulnerabilities, roads, bridges and hospitals. The existing sensor networks in the region 
belong to the Romanian Seismic Network of 155 broadband/short-period seismometers and 
accelerometers, 2 seismic arrays. Bucharest building seismic network of 5 structures 
monitored prior to the TURNkey project, each with at least 2 sensors. Also exists a 
GNSS/GPS Real-Time Network of 30 GNSS stations in the country belonging to INFP. The 
focus of TB1 in the TURNkey project is on Operational Earthquake Forecasting (OEF), 
Earthquake Early Warning (EEW) and Rapid Response to Earthquake impacts (RRE). The 
TURNkey multisensor deployment focuses exclusively on typical apartment buildings 
constructed under different code provisions between 1930s to 1990s (Balan et al., 2019).   
The sensor setup in TB1 has been finalized and comprises 15 accelerometric sensors with a 
vertical geophone (RS4D) and 5 TURNkey GNSS sensors in 5 representative buildings in 
Bucharest. The station deployment establishes a structural health monitoring system in these 
buildings and serves as a rapid response system. In addition, existing seismic sensors in TB1 
are being incorporated into the TURNkey system, also radon measurement devices in the 
country side are installed with the purpose of contributing to OEF research.  
The data center of TB1 is operated by INFP and the seismic data is acquired and processed 
by a local SeisComP system and transmitted to the TURNkey CAPS system. The protocol 
from instrumentation to real-time data streaming to local servers, and data streaming to the 
central Phobos system of GMP has been verified and validated (Fig. 2).  
The GNSS data is collected at first locally on the RS4Ds and transmitted to a processing 
server set up by YetItMoves. From there, the processed displacement data is transmitted to 
the TURNkey CAPS system. The data stream generated from each GNSS station includes 
RTK measures updated in real-time every 30 seconds (cm level RMS), plus hourly to daily 
high-precision (up to < 1 mm RMS) static-differential displacements. Finally, in case of 
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seismic events detected by the multi-sensor unit, the system is able to generate a 5 Hz 
trajectory of the installed GNSS antenna for a configurable number of minutes before and 
after the event (PPK approach).  The Radon measurements are provided on a FTP server and 
a CAPS plugin is retrieving the data from the FTP server and is pushing it into the TURNkey 
CAPS system.   

2.2 Testbed 2 - Pyrenees, France 
The Pyrenees region of southern France constitutes TB2. It covers an area of 76,000 km² 
with a population of 5.15 million people. The main sensitive infrastructure of focus in the 
TURNkey project is the high-speed train line between Figueras in Spain and Perpignan in 
France. It constitutes a major axis of travel between Barcelona and Paris and is a part of the 
European Core Trans-European Transport network and the Mediterranean Core Network 
Corridor. The other area of interest is the region of Bagnères-de-Luchon (295 km²), with a 
population of 5,600. The existing sensor networks in the region is the strong-motion network 
operated by BRGM and Observatoire Midi-Pyrenees, in addition to the broadband network 
operated by Institut Geologic de Catalunya. 

 
Fig. 3 - A screenshot of the current status of the real-time ground motion monitoring system Phobos by 

GMP, showing the locations of TURNkey multisensor units along the high-speed train line in TB2 France. 

The focus of TB2 in the TURNkey project is mostly on RRE. The TURNkey multisensor 
deployment focuses on the vulnerable infrastructure associated with the railway system, as 
well as specific structures in the area of Bagnères-de-Luchon (road bridge, fire department). 
The datacenter of TB2 is operated by BRGM. The seismic data is acquired locally and 
forwarded to the TURNkey CAPS over the official RaspberryShake CAPS system. The local 
SeisComP system operated by BRGM is retrieving the data from the TURNkey CAPS 
system for further processing. The protocol from instrumentation to real-time data streaming 
to local servers, and data streaming to the central Phobos system of GMP has been verified 
and validated (Fig. 3). 

2.3 Testbed 3 - Hveragerði and Húsavík, Iceland 
The towns of Hveragerði, South Iceland and Húsavík, North Iceland constitute Testbed 3 
Iceland (TB3). Hveragerði is located on the triple-junction of the South Iceland Seismic 
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Zone (SISZ), Reykjanes Peninsula Oblique Rift (RPOR) zone and the Western Volcanic 
Zone, while Húsavík is located in and the Tjörnes Fracture Zone (TFZ), sitting directly on 
top of the largest transform fault in Iceland. The SISZ-RPOR and TFZ are the two largest 
transform zones in Iceland and historically the most damaging earthquakes occur in these 
zones. The seismic region that threatens the towns covers a total of about 320 km2 while the 
towns themselves cover 4 and 15 km2, respectively. Iceland has a very sparse population, 
about 3.7 persons per square-km, and while Húsavík and Hveragerði themselves have a 
population of less than 2,500 in a dense urban setting, the population in the rural SISZ 
oscillates from about 15,000 to 50,000 depending on locals traveling and tourists visiting. 
The main infrastructures are typical of a modern society, roads, bridges, schools, hospitals, 
harbours, pipelines, and industrial facilities. The existing sensor networks in the TB are 
primarily the Icelandic strong-motion arrays in each town, and the prominent National 
seismic and GPS network of the Icelandic Meteorological Office that is particularly dense 
around Húsavík. The national seismic and GPS network is particularly dense in the SISZ 
and RPOR, and the Icelandic strong-motion network is primarily located in the SISZ 
(Halldorsson et al., 2009, 2014). 
The focus of TB3 in the TURNkey project is on EEW, RRE and OEF. Therefore, the regional 
deployment of TURNkey station is for (1) testing the practical feasibility of an EEW system 
in the zones with focus on stakeholder use. (2) The local deployment focuses on the 
densification of urban strong-motion arrays to push the limit of the spatial resolution of 
seismic ground motion and structural response recordings to shed light on the maximum 
monitoring resolution needed for recording full resolution of the variability of earthquake 
hazard with implications for risk assessment in urban areas. This approach furthermore takes 
advantage of a detailed exposure database where each building itself is classified instead of 
block zonations. (3) Finally, some of the regionally deployed TURNkey instruments are 
collocated with existing seismic stations of the national seismic network in the near-fault 
region of the SISZ-RPOR fault system, and with a linear array of GNSS stations across the 
Húsavík-Flatey Fault Zone including Húsavík. The purpose is to ensure the complete 
recordings of the near-fault ground motion wavefield in Iceland, including coseismic surface 
fault displacements in large earthquakes. 
The sensor setup in TB3 consists of 50 TURNkey multisensor instruments with a 3-
component accelerometer and a vertical geophone (RS4D), six of which are collocated with 
6 TURNkey GNSS sensors. The network layout is shown in Fig. 4 where the station 
deployment consists of rural regional and urban local free-field ground motion monitoring, 
and structural health monitoring. In addition, existing sensors in TB3 are being incorporated 
into the TURNkey system, primarily from stations of the existing strong-motion arrays in 
the TB along with key stations of the national network with the purpose of contributing to 
OEF and EEW. 
The datacenter of TB3 is operated by UICE/IMO and consists of the SeisComP data 
management and processing system. The seismic and GNSS data is acquired locally on the 
RS4D and sent to the CAPS system operated by UICE. From there the seismic and GNSS 
data is forwarded via the caps2caps module to the CAPS system of the TURNkey central 
platform at Gempa. The protocol from instrumentation to real-time data streaming to local 
servers, and data streaming to the central Phobos system of GMP has been verified and 
validated along with the integration of the GNSS data streams on the basis of new TURNkey 
RS4D firmware. 
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Fig. 4 - The current status of the real-time ground motion monitoring system Phobos by GMP, showing the 

locations of TURNkey multisensor units and other contributing sensors in TB3 Iceland. 

2.4 Testbed 4 - Patras and Aegio, Greece 
The Patras and Aegion region in the Gulf of Corinth in Greece constitutes TB4. The towns 
cover an area of 125 km² with a population of 260,000 people. The main sensitive 
infrastructure of focus in the TURNkey project are schools and high-priority public 
buildings, and the port. The existing sensor network in the region is the National Seismic 
Broadband and Strong-Motion Network, operated by the National Observatory of Athens 
(NOA), University of Patras, and the University of Athens. 
The focus of TB4 in the TURNkey project is on EEW and RRE. For the latter, the TURNkey 
multisensor deployment in TB4 focuses exclusively on the vulnerable infrastructure such as 
schools and high-priority public buildings, and the densification of urban monitoring for 
microzonation.  
The sensor deployment in TB4 was delayed due to COVID19 restrictions during 2020 and 
early 2021 and was completed the end of 2021 (Melis et al., 2021). The location of the 
instruments that have been deployed are shown in Fig. 5 where accelerometric 3-component 
sensors with a vertical geophone (RS4D) and in some cases with GNSS instruments are 
shown. A total of 40 TURNkey multisensor units have been deployed. In addition, 17 
stations of the existing sensor networks in the area have been connected to the TURNkey 
platform and thus contributing to its development and the EEW in the region.  
The datacenter of TB4 is operated by NOA. It operates a SeisComP4 EEW system. An 
installation is in operation since June 2020, with increasing number of stations deployed in 
the area. At the moment the seismic data is retrieved from the local SeedLink server on the 
RS4D and imported into NOAs  SeedLink server. The TURNkey CAPS system connects to 
the SeedLink server and imports the data into the TURNkey CAPS system. The GNSS 
sensors are connected to separate Raspberry Pis having the TURNkey GNSS sensor CAPS 
setup installed. The data is transmitted to the YET GNSS processing system and the NOA 
CAPS system. The protocol from instrumentation to real-time data streaming to local 
servers, and data streaming to the central Phobos system of GMP has been verified and 
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validated. A local developed system with a dedicated web-site 
(https://accelnet.gein.noa.gr/TURNkey) interface shows the operation of all stations with 
quality control and station health monitoring. 

Fig. 5 - A screen shot of the real-time ground motion monitoring system 
(https://accelnet.gein.noa.gr/TURNkey), showing the locations of TURNkey multisensor units and other 

contributing sensors in TB4 Greece.. 

2.5 Testbed 5 - Port of Gioia Tauro, Italy 
The Ports of Gioia Tauro in Italy constitutes TB5. The main sensitive infrastructure of focus 
in the TURNkey project is the TB5 itself, the port facilities. The port of Gioia Tauro is a 
strategic hub for container traffic in Europe, connecting the global and regional networks 
that cross the Mediterranean Sea, which is one of the busiest seas in the world. The Gioia 
Tauro port is located in the Calabria region, characterized by the highest seismic hazard in 
Italy.  
The existing sensor networks in the region are: the Italian Strong-Motion Network (RAN) 
operated by the Italian Civil Protection Department, the Italian National Seismic Network 
(IV), and Mediterranean Very Broadband Seismographic Network (MN), operated by 
Istituto Nazionale di Geofisica e Vulcanologia (INGV). 
The focus of TB5 in the TURNkey project is on EEW and RRE. The TURNkey multisensor 
deployment in TB5 focuses on the most strategic infrastructure components, such as wharves 
and the main building for the traffic control.  
The sensor deployment in TB5 has been completed at the beginning of 2021 with the 
locations of the instruments shown in Fig. 6 that consist of six TURNkey multisensor units 
of accelerometric sensors with a vertical geophone (RS4D) and four GNSS instruments. The 
deployment monitors earthquake ground motions within the port area and provide important 
information for reliable vulnerability assessment. Further details on the multi-sensor unit 
deployed within the port of Gioia Tauro are presented in Bozzoni et al. (2021) 
The datacenter of TB5 is operated by EUCENTRE. The seismic data is forwarded to the 
RaspberryShake server and from there retrieved by the TURNkey CAPS system. The local 
SeisComP system operated by EUCENTRE is retrieving the data from the TURNkey CAPS 
system for further processing. The protocol from instrumentation to real-time data streaming 

4892 3ECEES, September 2022, Bucharest, Romania



to local servers, and data streaming to the central Phobos system of GMP has been verified 
and validated (Fig. 6). The YET GNSS processing server retrieves the data directly from the 
RS4Ds, and it processes raw measurements in order to routinely compute RTK and static 
differential displacements, plus PPK trajectories in case of seismic triggers, similarly to the 
approach described for TB1 (see paragraph 2.1). All computed displacements are then 
transmitted in real-time to the Phobos system of GMP. 

 
Fig. 6 - The current status of the real-time ground motion monitoring system Phobos by GMP, showing the 

locations of TURNkey multisensor unit in TB5 Italy. 

2.6 Testbed 6 - Groningen, Netherlands 
The province of Groningen in the Netherlands constitutes TB6. It covers an area of 2,960 
km² with a population of 500,000 people. Seismicity is caused by hydrocarbon production 
from Europe’s largest gas field: the Groningen field. The existing sensor networks in the 
region are surface and borehole seismic networks operated by KNMI, structural monitoring 
network operated by TNO, and a deep borehole sensor network operated by industry (NAM). 
At TB6, TURNkey focuses on RRE for sensitive infrastructure: roads, railways, bridges, 
viaducts, underpasses and sluices. Therefore, also most of the TURNkey multisensor 
deployment is on or close to vulnerable infrastructure. In addition, a large number of stations 
from the existing sensor networks are being incorporated into the TURNkey platform thus 
contributing to its development. 
The sensor setup in TB6 has been finalized at the beginning of 2022, and comprises 6 
accelerometric sensors with a vertical geophone (RS4D) and 2 TURNkey GNSS sensors. 
The RS4D sensors are deployed in two bridges, in one sluice complex and two free-field 
locations in the Groningen region. They provide important information for reliable 
vulnerability assessment. The GNSS sensors are installed next to the existing KNMI stations. 
The datacenter of TB6 is operated by KNMI. It operates a SeisComP system. The seismic 
data is retrieved from the local SeedLink server on the RS4D and imported into KNMIs  
SeedLink server. The TURNkey CAPS system connects to the SeedLink server and imports 
the data into the TURNkey CAPS system. The GNSS raw data is pushed from the RS4Ds to 
the TURNkey CAPS system and from there retrieved from the YET GNSS processing 
server. The processed displacement data is transmitted from the YET server to the TURNkey 
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CAPS system. The protocol from instrumentation to real-time data streaming to local 
servers, and data streaming to the central Phobos system of GMP has been verified and 
validated (Fig. 7). 

Fig. 7 - The current status of the real-time ground motion monitoring system Phobos by GMP, showing the 
locations of TURNkey multisensor units and other contributing sensors in TB6 Netherlands. 

3 Conclusions 

In general, the state of ground motion monitoring in the TBs is good with respect to regional 
earthquake detection (seismic networks) and strong-motion (accelerometric networks) 
where interstation distances are on the average many tens of kilometers down to ~5-15 km, 
depending on the geographic extent and activity of seismic region, with interstation distances 
tending to be smaller in more active regions. There is however a general lack of dense local 
monitoring systems for seismological and engineering applications such as free-field urban 
strong-motion arrays that both cover various geological units under the vulnerable 
infrastructure and serve as a backbone for individual structural monitoring systems in key 
structural types or important structures. A detailed description of the TBs with respect to the 
geology, tectonics, seismic hazard, vulnerable infrastructure, and existing sensor networks, 
along with the TURNkey station installation information can be found in Halldorsson et al. 
(2020). 
The analysis of the existing sensor networks in the TBs brought to light the challenges of 
real-time monitoring of multiple solid-earth geophysical markers in a seismic region. The 
differences between the existing networks are in fact as many as there are types of 
instruments and dataformats. In addition, they generally stream the data to be processed, 
analysed and visualized using different software programs for different markers. To that 
point, the TURNkey multisensor units are, in addition to the augmentation of monitoring in 
the TBS, intended to showcase the possibilities, capabilities and opportunities that come with 
a unified collection and streaming of multiple types of geophysical markers through a single 
unit. Namely, through the TURNkey unit, consisting of a Raspberry Shake accelerometer 
and vertical seismometer (RS4D), that has been developed in the project to act as a hub for 
other collocated instruments, thereby standardizing the data format and using a single server 
technology for data compression and streaming (Common Acquisition Protocol Server, 
CAPS), the different types of data are being sent in real-time to a single TURNkey platform 
for processing, analysis and presentation. In the TURNkey project, a dedicated GNSS sensor 
unit has been developed that plugs into the TURNkey RS4D unit, but other types of sensors 
may be connected as well. 
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For seismic monitoring, most of the TBs applied Gempa’s SeisComP3 seismic monitoring 
and analysis package, which is positive, as it is becoming an increasingly popular system at 
monitoring agencies worldwide. Those TBs that did not have an active SeisComP3 
distribution operational received the package as a part of the TURNkey project, in line with 
the objective of the instrumentation of strengthening the consistent monitoring in the TBs. 
In fact, SeisComP3 forms the backbone of the TURNkey platform.  
The analysis also brought to light the general stark sparsity of structural monitoring systems 
in the TBs for a consistent risk management through structural health monitoring, system 
identification, earthquake (or wind) response analysis for seismic vulnerability 
determination. With the majority of exposed buildings and infrastructure being relatively old 
and built during times of generally lower seismic design requirements, it is imperative to 
quantify the earthquake vulnerability of key structural types in the manmade environment, 
often TB-specific. For that purpose, a consistent systematization of the urban infrastructure 
is essential and in fact, has been proposed in the TURNkey project (Hadidian et al., 2020). 
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High-Rate Global Navigation Satellite System (HR-GNSS), SAR Interferometry (InSAR) 

measurements, and tiltmeters following the implementation of the new generation of tools in 

help for a more accurate assessment of the Vrancea near-fault Observatory (NFO) 

earthquakes impact. The latest years reveal to us the necessity and the interest to develop an 

integrated research platform to improve skills in answering fundamental scientific questions 

in the field of Earth sciences and questions in the socio-economic field related to geo-

hazards and geo-resources at the European level, a platform known by EPOS - European 

Plate Observing System. An electronic research infrastructure was developed for data 

integration of products and services and offered to users. This contributed to building a 

community for Earth Sciences by promoting cooperation with complementary projects in 

geosciences (Geo, ICT, and environmental sciences) and offering services to different users 

and authorities. 

Keywords: Satellite geodesy, GNSS, tilt, ground sensors, and InSAR 

1. Introduction

Nowadays, advances in Global Navigation Satellite System (GNSS) receiver 

technology and computational algorithms, such as 1 to 50 Hz acquisition rate, which are 

commonly available make us search worldwide for systems & algorithms that would make 

possible a real-time estimation of waveforms and coseismic displacements. This paper 

proposes new generation technologies to investigate the natural systems from another 

perspective, aims to elaborate on a number of issues, and provides some directions for 

future work that involve non-traditional seismological sensors such as HR-GNSS, SAR 

Interferometry (InSAR) measurements, and tiltmeters following the implementation of the 

new generation of tools in help for a more accurate assessment of the Vrancea near-fault 

Observatory (NFO) earthquakes impact Nastase et al. (2020).  

Vrancea NFO consists of a permanent GNSS network, some old GPS campaign data, and 

ten new high-rate campaign GNSS stations, with a velocity and displacement autonomous 

solution engine integrated (20Hz), set for complex multidisciplinary studies in support of 

the existing seismological network. Strong-motion instruments used in earthquake 

measurements are sensitive not only to the translational motion but also to tilt. This 

sensitivity can be neglected in studies of far-field measurements, but it must be taken into 

account in near-field strong motion studies (for example, Vrancea earthquakes) as it can 

introduce long-period errors, especially for the calculation of residual displacements. As 
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vertical sensors are less sensitive to tilt, they are potentially more useful for long-period 

and residual displacement calculations. Knowing those facts, we decided to install, record, 

and analyse the responses of collocated biaxial horizontal tiltmeter sensors in order to 

achieve a more accurate assessment of the impact of Vrancea earthquakes. With the help of 

advances in spatial technology, such as GNSS and InSAR, the ground deformations can be 

assessed at a sub-centimeter level, and the deformations are determined in three-

dimensional space. 

This GNSS+InSAR+Tilt geodetic infrastructure opens new scenarios in studying surface 

deformation associated with anthropogenic and natural processes, whose identification and 

precise measurements are essential for risk mitigation. It brings together national and 

international researchers, ICT (information and communication technology) experts, 

decision-makers, national authorities, and the general public to develop new concepts and 

tools to provide accurate, constant, and sustainable answers to societal questions about 

natural hazards and geodynamics phenomena (including geo resources) relevant to the 

environment and human well-being. 

2. Approaches 

The scientific and technological advancements of the last decade allowed the 

scientific communities to use a new generation of sensors and analytical solutions in basic 

and applied research. These new technologies contribute to the design of innovative studies 

and open new perspectives to forecast natural disasters and mitigate the associated risks 

and impact. 

The latest years reveal to us the necessity and the interest to develop an integrated research 

platform to improve skills in answering fundamental scientific questions in the field of 

Earth sciences and questions in the socio-economic area related to geo-hazards and geo-

resources at the European level, a platform known by EPOS - European Plate Observing 

System. Main objectives such as the implementation of thematic services (TCS) for 

different communities in EPOS, development of integrated services (ICS) for 

interoperability, data management and access to services, and ensuring the long-term 

financial and legal sustainability of EPOS - ERIC and implementing services lead to the 

harmonization of EPOS implementations with the national strategy. As a result, many 

European countries mirror the EPOS platform at the national level, and Romania is one of 

them (Integrated thematic services in the field of Earth Observation - A national platform 

for innovation – SETTING) Nastase et al. (2022 – in press). 

The differential SAR Interferometry (DInSAR) technique has become one of the most 

commonly used tools to analyse the co-seismic deformations related to an earthquake event 

Kobayashi (2017), Vajedian et al. (2018). Its capabilities have significantly increased in 

recent years due to the improvements of the SAR sensors and the increase of active 

missions with shorter revisiting times, such as Sentinel-1 satellites. 

InSAR exploits the phase property of the signal to measure the Earth’s deformations with 

millimetric accuracy. The measurement of the relative displacements between two 

complex SAR images is detected as a change in the signal’s phase that occurs due to the 

difference in the distance between the satellite’s antenna and the ground scatterers Bamler 

and Hartl (1998), Bürgmann et al. (2000), Rosen et al. (2000). The variation in the phase of 

the backscattered signal, or echo, recorded over a specific area, results in the generation of 

an interferogram Bamler and Hartl (1998), Massonnet and Feigl (1998) which is a matrix 

of numerical values that range from -π to + π, used to quantify the changes in Earth’s 

topography Bürgmann et al. (2000), Massonnet et al. (1993), Tomiyama et al. (2004). 
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For DInSAR, we have to differentiate and remove the topography component from the 

original interferogram using a Digital Elevation Model (DEM). In more detail, the received 

echo is the sum of multiple contributors whose effects must be considered and removed to 

measure the real deformations correctly. Besides the displacements and topographic 

components, the signal’s phase is also subjected to the influence of the atmosphere, 

geometrical and temporal decorrelations, and phase noise Crosetto et al. (2016), Hanssen 

(2001), Kampes (2006). 

3. Data workflow

For our mission, we decided to represent the near real-time data from tilt or HR-

GNSS by developing a program that has the purpose to read and process imported data via 

files, modify data, store it in a database and compose methods and routes that expose a 

REST API which is served to a frontend project. In order to achieve these objectives, we 

used the following tools: HeidiSQL, where we managed to maintain a relational database 

instance where data are stored; IntellijIDEA, which is a tool; the Java Spring Framework 

for developing the data processing algorithm which has the flow from importing data to 

storing it via an algorithm that implements a set of operations for processing data based on 

the input that is received.  

As for the UI part, Angular was used which is a JavaScript framework and also 

interacted with a couple of libraries for generating a graphical representation of the data 

and altering it based on the input that a user may provide by selecting the desired timeslot. 

The graphical representation of the data in page is addressed according to the x, y 

coordinates depending on the selected time interval by the user. Then, the input data is 

processed through the algorithm that involves monitoring the occurrence of an event. 

Following the calculations, data results are registered in the database and will be served 

again to the front-end application through the means of communication (REST API). The 

graphical representation of the data on the page is addressed according to the X and Y 

coordinates depending on the time interval selected by the user. 

3.1. InSAR module 

The platform/application developed will provide complete, free, and open access to 

the Sentinel-1 SLC IW products over Romania and relies on a simple yet efficient 

workflow to compute the coseismic interferograms and calculate the displacement maps. 

The application receives the AOI (Area of interest) and TOI (time of interest) of the event, 

and then it starts searching and filtering the Copernicus Sentinel-1 database. Searching the 

available SAR products will be done automatically using the API provided by the 

Copernicus services with a list of predefined parameters. Once the products are available 

and ready to download, the application will start the processing chain described below in 

fig. 1. Nastase et al. (2021).  

Based on the timestamp of the earthquake, the Downloader Service will search and 

download two SAR Sentinel 1 products: one before the event (Master product) and the 

other one taken after the event (Slave product). The time distance between the master and 

slave products is a minimum of 6 days and a maximum of 12 days. 
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Fig. 1. Satellite data module - processing chain.  Source: Nastase et al., (2021). 

  

The SAR Processing Service will compute and geocode the interferogram and derive the 

displacement map after the images download. The displacement map and geocoded 

interferogram are sent to a GeoServer component in GeoTIFF file format. The GeoServer 

has the role of storing the products obtained by the SAR Processing Service in a 

PostgreSQL database, organized by layers. Every displacement map and geocoded 

interferogram generated by SAR Processing Service represents a layer in Geoserver and 

could be requested to be visualized in a front-end component (see figure 2) Nastase et al. 

(2021). 

 
 

Fig. 2.: Wrapped Phase (left), Unwrapped Phase(center), Displacement Map(right) Source: Nastase et al. 

(2021).    

 

3.2. TILT module 

 

Additional to the GNSS analysis, we considered the tilt and the strong motion 

sensors recordings and tested the VADASE system. Strong-motion instruments used in 

earthquakes measurements are sensitive not only to the translational motion, but also to tilt 

Graizer, (2016). This sensitivity can be neglected in studies of far-field measurements, but 

it must be taken into account in near-field strong motion studies (for example, Vrancea 

earthquakes) as it can introduce long-period errors, especially for the calculation of 

residual displacements Nastase et al. (2020). 

48993ECEES, September 2022, Bucharest, Romania



As vertical sensors are less sensitive to tilt, they are potentially more useful for 

long-period and residual displacement calculations Graizer, (2005). Knowing those facts, 

we decided to install, record, and analyse the responses of collocated biaxial horizontal 

tiltmeter sensors to achieve a more accurate assessment of the impact of Vrancea 

earthquakes. The tilt record showed us that the recordings of seismic sensors, particularly 

strong motion ones, 

are proportionally 

affected by the 

movement implied by 

both P and S wave 

arrivals (Fig. 3.). 

Although the 

inclination data is 

measured at 1 Hz, as 

compared to the 100 

Hz measurement of 

the accelerometers, 

their information is 

reliable as it can be 

seen in Fig. 3., and 

could be added into 

advanced error 

analyses of seismic 

records. 

Fig. 3 – Black lines and dots show the Carcaliu (top figure) and Bucharest (bottom figure) strong motion 

sensor acceleration on a 5-minute interval. On top, the red line represents the collocated tilt sensor inclination 

recorded. The yellow dot line indicates the t0 of the earthquake. Source: Năstase et al., 2020. 

3.1. VADASE HR-GNSS module 

Under normal to favorable conditions, VADASE will output velocity noise in the 

horizontal and vertical components with a σ in the order of 1σ =1 mm/s, East 3σ, North 5σ, 

Height 8σ. As a general case, the minimum sensitivity for the VADASE algorithm, 

minimum velocity detected should be East 3.6 mm/s, North 3.6 mm/s, Height 8 mm/s, and 

recommended minimum velocity to be used for accurate displacement computation should 

be East 8 mm/s, North 12 mm/s, Height 20 mm/s (Fig. 4.). For our multi-sensors and 

multidisciplinary studies, we had collocated velocity and accelerometers seismic sensors; 

in particular cases, we had some additional sensors: atmospheric, magnetic, infrasound, tilt 

and/or seismic array sensors. Starting from January 2019, due to the slow recurrences of 

strong seismic events in the Vrancea area, we suggested extending the test VADASE 

DEMO licenses for more stations – 10 GR receivers and for a longer period, up to 12 

months Nastase et al., 2020. 
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Fig. 4. – VADASE Velocity on 3D (10Hz) during the Wed Apr 25, 2018 17:15:49 GMT ML 4.6 N45.60 

E26.42 Depth: 147.3km earthquake on epicenter GNSS VRAP and ROSU GNSS station. The yellow dot line 

indicates the t0 of the earthquake. Source: Nastase et al. (2020). 

Worldwide, GNSS data with high-rate sampling has become more and more 

available McCaffrey et al. (2017), Fanis et al., (2015). It provides opportunities for 

obtaining better results in the ionospheric scintillation research field. Standard ionospheric 

indices and parameters S4, σφ, and ROTI-based indices and ionospheric total electron 

(TEC) are widely used for the ionospheric research as reliable and informative tools 

Bhattacharrya et al. (1992), Afraimovich et al. (2006), Pi et al. (1997) and Van 

Dierendonck et al. (1993). Unfortunately, the integration time, input data sampling rate, 

and de-trending and filtering procedures of the carrier phase time series influence their 

accuracy, efficiency, and reliability Ghoddousi-Fard et al. (2017), Mushini et al. (2012), 

Priyadarshi et al. (2018). GNSS hardware architecture, Code Delay Discriminator (CDD), 

and Phase Lock Loop (PLL) presets play a crucial role in the carrier phase measurement 

quality, especially under multipath environment conditions Jayanta et al. (2000), 

Qiongqiong et al. (2017). The interpretation of experimental results can be degraded by the 

mentioned issues that bring uncertainties to the ionospheric indices calculations. The 

sensitivity of the ionospheric indices/parameters depends on the time resolution of the 

input data. One of the most important questions is whether the data rate is high enough to 

ensure that all the necessary ionospheric information is derived. There are different works 

on GPS scintillation, for instance McCaffrey et al. (2017), Ghoddousi-Fard et al. (2017), 

Jacobsen et al. (2014), but there is still a long road to a more profound analysis of the data 

of time resolution higher than 10 Hz. Such high-rate data is often considered noise, but that 

is not exactly the truth. The results obtained by McCaffrey et al. (2017) based on the 

amplitude and phase measurements with the data rate of 100 Hz demonstrated the new 

opportunity to look at, and far beyond, 10 Hz resolution (Fig. 5.) Nistor et al. (2021). 
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Fig. 5. –Real-time GNSS data acquisition and VADASE, both at 10Hz frequencies. 

The ionospheric scintillations at different GNSS frequencies show various features. 

Hence, the single-frequency carrier phase measurements can be involved for a more 

informative analysis. The GNSS equipment’s internal noises, multipath, and external 

noises define the final accuracy of the carrier phase measurements. Incorrect presetting of 

PLL and CDD parameters and the poor quality of reference oscillators may mislead a 

researcher in their conclusions. To mitigate the impact of the factors mentioned above, it is 

necessary to preset the receiver hardware that includes the antenna, preamplifier, and inter-

frequency filter and software (PLL and CDD types and parameters) Demyanov et al. 

(2019). 

4. Conclusions

This paper aimed to elaborate on and provide future work directions involving non-

traditional seismological sensors, such as GNSS and tiltmeters, coupled with the 

capabilities of SAR Interferometry. To this end, we provide the estimation of displacement 

waveforms using an optimal combination of collocated high-rate GNSS and very high-rate 

accelerometer data with tilt sensors. At the same time, the InSAR results offer new insights 

into the spatial distribution of the coseismic deformations overcoming the problem given 

by the limited number of available GNSS stations. Moreover, the InSAR-GNSS integration 

improves the estimation of the 3D deformation components related to an unfortunate 

earthquake event in the Vrancea region. 

The optimal combination of GNSS displacements with accelerometer data provides distinct 

advantages. The P-wave arrivals could be detected in the combined solution for many 

strong earthquakes around the globe, thanks to the greater precision of the accelerometers. 

Contrary to the combined method, the GNSS-only approach did not detect the P-wave 

arrivals because of the reduced sensitivity of GNSS to the vertical motions. 
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The detection of the P-wave arrival is critical for earthquake early warning, as it allows for 

prediction of the arrival of the destructive S wave. We noted that there are certain 

limitations in the real-time estimation of displacements from the GNSS data, but we 

proved that our GNSS network is capable and prepared for such analysis and additional 

contributions to our National Seismic Network in the unfortunate case of a major Vrancea 

earthquake impacting Romania. 

We took one step further by applying a filter to obtain an optimal combination of data from 

collocated high-rate GNSS and very high-rate accelerometer stations, which takes 

advantage of the strengths and minimizes the weaknesses of both data types. This resulted 

in a new methodology for providing displacement time series with millimetre/centimetre 

precision that can be used to have a better assessment of the seismic source Bock et al. 

(2011). 

This paper proposes new generation technologies to investigate the natural systems from 

another perspective, aims to elaborate on several issues, and provide some directions for 

future work that involve non-traditional seismological sensors such as HR-GNSS, possible 

future corner reflectors combined with InSAR and tiltmeters, following the implementation 

of the new generation of tools in help for a more accurate assessment of the Vrancea near-

fault Observatory earthquakes impact. 

The equipment will contribute to developing an infrastructure through which the institution 

will strengthen its capacity to participate in large-scale international projects and integrate 

into relevant European research infrastructures and for multidisciplinary studies for 

Vrancea near-fault monitoring combining high-rate GNSS stations with a velocity and 

displacement autonomous solution engine with the existing seismological network for 

earthquake analysis. 

As potential impact, our proposal envisions a research environment equipped with state-of-

the-art equipment that offers new employment opportunities for both young graduates and 

collaboration for experienced researchers from the country and abroad. This will open up 

access to improved infrastructure for the scientific community and promote the services it 

can provide. 
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Abstract: We present the results of a first deployment of a DAS system in the Irpinia region 

(Southern Apennines), on a dedicated, 1.1 km long fiber cable installed in a dry lake. The 

system detected the microseismicity occurred in the area, between September 2021 and 

January 2022. Seismic events recorded by the DAS are dominated by slow S and surface 

waves trapped in the shallow layering of the basin below the lake. Numerical simulations 

supported this interpretation and provided a mechanism for the generation of the waves 

recorded by the DAS.  

We also investigated the scaling between the seismic strain energy measured by the DAS 

and the kinetic energy estimated at a close seismic station. We reported a 1:1 scaling 

between the two quantities, enabling the use of the strain energy for characterizing the 

source properties of the events. We finally estimated the detection threshold of the DAS 

system as a function of magnitude and distance, based on the energy moment scaling 

reported for the area.  

Keywords: Microseismicity, site effects, basin, fiber optics, seismic data. 

1. Introduction

The DAS technology analyses the Rayleigh backscattered radiation generated by the 

interaction of laser impulses with impurities along a fiber optic cable and provides the 

evolution of the strain rate with time along the cable associated with ground motion (e.g., 

Mestayer et al., 2011). While the DAS can provide almost continuous strain-rate data, 

several issues arise from fiber installation and data analysis. Dark fibers, commonly used 

for seismic applications of the DAS suffer from poor knowledge about their exact location 

and non-optimal coupling with soil (Sladen et al., 2019). In addition, the information 

provided by the DAS is limited to the 1D strain-rate along the cable, preventing from a 

complete description of the deformation tensor. Consequently, identification and 

interpretation of the seismic phases are limited to recognition of coherent slow phases 

propagating along the fiber (Wang et al., 2018).  

In this study we present a 5 months-long DAS survey in Southern Apennines, in the area 

monitored by INFO, the Irpinia Near-Fault Observatory. INFO consists of the seismic 

network ISNet, with 31 stations deployed along the Apenninic chain, and related products 

and services (Iannaccone et al., 2010). The area has experienced the major 1980, M 6.9, 

4906

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

3ECEES, September 2022, Bucharest, Romania

mailto:gaetano.festa@unina.it
mailto:alister.trabattoni@gmail.com
mailto:Roberto.LONGO@eseo.fr
mailto:bernard@ipgp.fr
mailto:Guy.PLANTIER@eseo.fr
mailto:aldo.zollo@unina.it


Campania-Lucania earthquake and nowadays is interested by microseismicity, with events 

of maximum magnitude 3.5, often organized in seismic sequences (Festa et al., 2021).  

For the experiment, we deployed a dedicated 1.1 km-long fiber cable in a dry lake close to 

the emergence of the major fault that ruptured during the 1980 earthquake. The cable was 

geolocated using a differential GNSS system. The DAS acquired strain-rate data from the 

fiber with one sensor each 2.5 m and a sampling rate of the 200 Hz, for a total of 440 

sensors. The fiber followed two main orthogonal directions, almost strike-normal and 

strike-parallel to the main segment of the 1980 event. Owing to the short length of the 

cable, we focused the analysis on the detection of the microseismicity and the 

interpretation of the seismic waves recorded by the DAS system.  

2. Results 

To investigate the detection capability of the DAS, we extracted portions of strain-rate 

recording in correspondence of seismic events listed in the local ISNet catalog, with the 

constraint that the event signal-to-noise ratio at the close station COL3 was larger than 3. 

In Figure 1, we report the comparison between the vertical component of COL3 and the 

strain rate at the fiber for a M 1.0 event, occurred on September 23, 2021, at about 15 km 

from the fiber. We recognize that the fiber is poorly sensitive to the direct P waves, which 

travel fast along the cable with an almost vertical incidence and thus do not generate strain 

along the fiber. On the other hand, the cable well tracks both S and surface waves 

travelling within the basin. Early energy within the P wave train is thus related to 

converted P-to-S waves. Since the fiber represents a natural S-wave/surface wave filter on 

the records along the fiber, it enables for high-resolution earthquake source characteristics 

determination and site effect analysis.  

Full waveform simulations of seismic wave propagation within the basin showed that main 

phases detected by the fiber are related to horizontally guided waves. Three main phases 

dominate the seismograms at different times from the P wave arrival: direct and multiple S 

waves bended in the shallow layering, conical S waves generated within the basin and 

Rayleigh waves enhanced by the boundaries of the basin. The S and Rayleigh wave 

velocities are as small as 60-100 m/s in the shallow layers beneath the cable.  

We also investigated the elastodynamic energy rate along fiber against the kinetic energy 

rate measured at the close station of COL3, for all the detected events. We reported a 1:1 

scaling of the two quantities, indicating that the strain energy measured along the fiber is 

proxy of the energy transported by seismic waves and can be used for event 

characterization and magnitude estimation. In addition, this scaling enables to evaluate the 

detection threshold of the fiber. Using the energy-moment scaling reported in Zollo et al. 

(2014), we found that the fiber is able to detect events of magnitude 1.5±0.3 at 20 km from 

the fiber and M 1.9±0.3 at 40 km away, in agreement with observations. The uncertainty in 

the threshold estimation is mainly driven by the variability in the inferred apparent stress, 

as reported for the area (Zollo et al., 2014).  

3. Conclusions  

We realized a 5 months-long experiment in the Irpinia region with DAS to detect and 

characterize the microseismicity. Event analysis showed that waveforms are dominated by 

local site effects and slow waves propagating in the basin. Since body waves in basin are 

excited almost instantaneously at its base, most events show very similar first arrivals, 

49073ECEES, September 2022, Bucharest, Romania



making difficult the application of array techniques for back-azimuth determination and 

event location.  

Energy scaling between the fiber and seismic data enables for source characterization. We 

computed the detection threshold of the fiber reporting a value of M 1.5±0.3 at 20 km 

away from the fiber. This detection could be lowered exploiting the coherence of the signal 

along the cable and signal stacking. Future experiments could be performed in the area, to 

investigate the behavior of different DAS systems or to continue the monitoring of the 

seismicity in the area.   

Fig. 1 - Strain-rate section recorded along the fiber with DAS and comparison with vertical velocity at the 

COL3 station for a Ml 1.0 event, occurred at 15 km od hypocentral distance.  

Acknowledgements 

This work has been performed in the frame of the IRPIDAS project, funded by Wise 

Professional Electronics. We thank the municipalities of Colliano and Palomonte, for 

support in the installation.  

References 

- Festa, G., Adinolfi, G. M., Caruso, A., Colombelli, S., De Landro, G., Elia, L., et al. (2021). Insights

into Mechanical Properties of the 1980 Irpinia Fault System from the Analysis of a Seismic

Sequence. Geosciences, 11(1), 28. https://doi.org/10.3390/geosciences11010028

- Iannaccone, G., Zollo, A., Elia, L., Convertito, V., Satriano, C., Martino, C., et al. (2010). A

prototype system for earthquake early-warning and alert management in southern Italy. Bulletin of

Earthquake Engineering, 8(5), 1105–1129. https://doi.org/10.1007/s10518-009-9131-

4908 3ECEES, September 2022, Bucharest, Romania

https://doi.org/10.3390/geosciences11010028
https://doi.org/10.1007/s10518-009-9131-


- Mestayer, J., Cox, B., Wills, P., Kiyashchenko, D., Lopez, J., Costello, M., et al. (2011). Field trials 

of distributed acoustic sensing for geophysical monitoring. In SEG Technical Program Expanded 

Abstracts 2011 (pp. 4253–4257). Society of Exploration Geophysicists. 

https://doi.org/10.1190/1.3628095 

- Sladen, A., Rivet, D., Ampuero, J. P., De Barros, L., Hello, Y., Calbris, G., Lamare, P. (2019). 

Distributed sensing of earthquakes and ocean-solid Earth interactions on seafloor telecom cables. 

Nature Communications, 10(1), 5777. https://doi.org/10.1038/s41467-019-13793-z 

- Wang, H. F., Zeng, X., Miller, D. E., Fratta, D., Feigl, K. L., Thurber, C. H., Mellors, R. J. (2018). 

Ground motion response to an ML 4.3 earthquake using co-located distributed acoustic sensing and 

seismometer arrays. Geophysical Journal International, 213(3), 2020–2036. 

https://doi.org/10.1093/gji/ggy102 

- Zollo, A., Orefice, A., Convertito, V. (2014). Source parameter scaling and radiation efficiency of 

microearthquakes along the Irpinia fault zone in southern Apennines, Italy. Journal of Geophysical 

Research: Solid Earth, 119(4), 3256–3275. https://doi.org/10.1002/2013JB010116 

 

49093ECEES, September 2022, Bucharest, Romania

https://doi.org/10.1190/1.3628095
https://doi.org/10.1038/s41467-019-13793-z


Turning a linear geometry force balance accelerometer to a broad-band 
seismometer: 

Design, modelling, and evaluation 

Germenis Nikolaos - Machine Design Laboratory, Dept. of Mechanical Engineering & Aeronautics, 
Laboratory of Seismology, Dept. of Geology, University of Patras, Rio – Greece, and GEObit-Instruments, 
Patra – Greece, e-mail: (ngermeni@upatras.gr; ngermenis@geobit-instruments.com) 

Dimitrakakis Georgios – GEObit-Instruments, Patra – Greece, e-mail: (jimakakis@geobit-instruments.com) 

Sokos Efthimios – Laboratory of Seismology, Dept. of Geology, University of Patras, Rio – Greece, e-mail: 
(esokos@upatras.gr) 

Nikolakopoulos Pantelis – Machine Design Laboratory, Dept. of Mechanical Engineering & Aeronautics, 
University of Patras, Rio – Greece, e-mail: (pnikolak@mech.upatras.gr) 

Abstract: In this work we present a prototype broadband seismometer which is based on a 
previously designed force-balance accelerometer. The mechanical system has been 
redesigned to meet the required self-noise levels of the system and the electronic part has 
been modified in a way to produce velocity output providing the desired sensitivity. The 
mechanical part has been extensively simulated and adjusted for having the main oscillation 
mode frequency into the desired recording band and having all other oscillation modes 
frequencies far outside the used recording band. The electronic part has been carefully 
designed towards very low electronic noise, which in addition with the mechanical system 
noise, will result in a total sensor self-noise level, lower the New Low Noise Model 
(NLNM) in a wide band range. The sensor has been extensively tested and compared against 
a commercial seismometer, with similar specifications in terms of self-noise. The 
experiment proved that the new prototype sensor performed equally to the reference unit. 
The new design offers a simpler sensor at a lower cost. 

Keywords: Seismometry, low noise, force balance, teleseismics, seismic sensor. 

1. Introduction

The problem of ground motion recording, over a wide band of frequencies and amplitudes, 
has been a key point for seismology and has been studied extensively by various 
researchers (see Bormann, 2002; Wielandt 2002; Wielandt and Streckeisen, 1982 and 
references therein). A number of seismometer designs have been proposed e.g., Usher et al, 
1977; Habbak et al, 2015; Koutsoukos and Melis, 2005, and most of them are based on 
rotational pendulum seismic mass systems and electronic controllers with a Proportional-
Derivative-Integral (PID) controller architecture. In this paper we investigate the 
performance of a new broadband seismometer design, which is based on a combination of 
a high-performance seismic accelerometer, followed by a continuous time analogue 
integrator. This combination produces analogue velocity seismic signals, with a flat 
response range extending from 120s to 85Hz. Instrument’s sensitivity is adjustable due to a 
gain differential output amplifier that follows the analogue integrator. 
Its mechanical system is an evolution of a previously linear based geometry setup, used for 
the implementation of a high-performance seismic accelerometer (Germenis et al, 
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submitted). To achieve a better performance, the accelerometer’s mechanical system had to 
be significantly modified compared to that in Germenis et al, submitted, with adding a 
much larger seismic mass, lowering the spring stiffness, and using a wider area for the 
capacitive displacement transducer; the rest of the architecture principles, e.g., the linear 
motion geometry, remain basically unaltered. The electronic continuous time analogue 
integrator, developed for the purposes of the present work, was carefully designed to 
provide a self-noise level below NLNM down to at least 100s, a feature that, accordingly, 
results to the high performance of the instrument in terms of total noise. The electronic 
circuit is implemented on a high density, multi-layer PCB board, which is mounted at the 
top of each mechanical spring-mass system. Three similar mechanical systems (one per 
axis) with their electronic boards have been combined to form the broadband seismometer. 
Two identical systems form the horizontal seismic elements and a third one, similar, but 
slightly different regarding its metal frame, stands as the vertical sensing element. The 
hardware is enclosed into a rugged and waterproof aluminium casing with stainless steel 
base plate. Based on initial tests, in a seismic vault, the instrument’s self-noise is lower 
than the low-noise model, described by Peterson, 1993, between 80s and 16Hz.  
The performance of the instrument is described in terms of analysis of several recorded 
operational parameters, as e.g., the spectral density plots of some recorded tele-seismic 
events, the spectral noise comparison with another similar well established commercial 
instrument and an analysis of its self-noise plot as one of the most important parameters for 
this kind of sensors. 

2. Sensor design - General description  

The seismic sensor’s design is based on two main parts: a) a mechanical accelerometer 
spring-mass system, along with a double electromagnetic force actuator and b) the 
electronics board. The block diagram of the sensor is presented in Fig.1 (horizontal 
component). The same design can be used as a vertical component if rotated by 90o, and 
with the proper mechanical adjustment of seismic mass position. The mechanical system is 
firmly positioned in a hollow aluminium frame, which in turn is tightly anchored with 
screws on a steel base. The acceleration is applied to the frame along the axial direction of 
the sensing element and causes a displacement of the mass relative to the frame. The mass 
displacement is sensed by a capacitance transducer with a sensitivity At [V/m]. The 
transducer’s output voltage is fed to a low noise preamplifier with gain A1. In the next step, 
the signal is fed to a demodulator that derives the seismic signal from the amplitude 
modulated carrier signal. The carrier signal is generated by the signal generator “sin” 
(Fig.1), which is a sinusoidal signal, with amplitude 30Vpp, frequency 16kHz and 180o 
phase difference between the two capacitor plates. The output goes to amplifier A2 at the 
open loop path which is the only trimmable amplifier stage in the loop. Its output is 
converted to a current signal by an R-C network, that implements a Proportional-
Derivative (PD) control logic, and its current is fed to the double electromagnetic force 
actuator, which applies a restoring force to the seismic mass, with a proportionality 
constant Gc [N/A]. The term “double” denotes that there are two coils on the seismic mass, 
electrically connected in series, interacting with two permanent magnets placed on both 
inner sides of the metal frame, as illustrated in Fig.1. The output of A2 amplifier represents 
the acceleration signal and it is driven to the analogue integrator ∫A(t)dt to obtain the 
velocity equivalent seismic signal. Unit A0 is the final output amplifier. 
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Fig. 1 – Simplified block diagram of the seismic sensor component. 

3. Sensor’s noise – noise power spectral density evaluation

The prototype sensor was tested at the seismic vault of the Seismological Laboratory of the 
University of Patras, to derive its ability to properly resolve seismic signals. The sensor was 
attached to a six channel GEObit 32bit ADC seismic digitizer. For sensor’s self-noise 
calculation, one Nanometrics Trillium 120s sensor was used as the reference. Both 
seismometers were connected to the six-channel digitizer, which was left to record for several 
days at 100sps, 40Vpp for both sensors. The digitizer filter setup was also the same for all the 
channels.  The total noise power spectral density (PSD) of each sensor, which is the sum of the 
instrument’s self-noise plus the site’s ground noise, has been derived using long term 
recordings. The method described in McNamara and Boaz, 2006, was used for the calculation 
of the power spectra density (PSD) of a six days data segment for both seismometers. The PSD 
analysis was made for all the components (N, E, Z). Results are presented in Fig.2, plots on the 
left side belong to the reference instrument, while the prototype instrument's plots are 
presented on the right side of Fig.2. It is evident that the two sensors depict the same behaviour 
in all recording components. This is a direct proof of prototype’s ability to accurately record 
ground motion in a broad band range.  

4. Conclusions

We present here a newly designed force-balance seismometer. Its core is a spring-mass 
mechanism with two leaf springs and a double coil forcer, attached on a movable 
conductive plate in between two stationary plates, which form a capacitive displacement 
transducer. The double-spring and the double-coil ensure a linear motion of the seismic 
mass and a symmetrical operation on both sides of the sensor’s rest position. The 
instrument’s performance, in terms of signal fidelity and noise level, is evaluated in 
comparison to a well-established commercial product. The new seismometer was found to 
satisfy the expectations of its suggested specifications (120sec-85Hz bandwidth, 
1200V/m/s). Its low-cost characteristics (raw materials, easy design process, available 
electronic components) guarantee easy manufacturing and high repeatability in a 
production line. 
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Fig. 2 – Power spectral density plots for the reference instrument (left) and the prototype (right). 
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Abstract: The earthquake shaking observed on the ground surface differs from the shaking 

at depth beneath. This applies to observed temporal waveforms and intensity measure types 

such as PGA, and PGV. Such phenomenon is caused by the near-surface layers of soft rocks 

and soils that cause amplification and attenuation of seismic waves. The prediction of a 

possible ground motion at a site of interest is important for earthquake resistance design. 

Advancements in the prediction of the ground motion at depth are especially important for 

the design of deep geological disposals, buildings with deep foundations, or for studies of 

soil-structure interaction. In this contribution, we demonstrate our recently developed method 

to predict high-frequency ground motion at depth from surface recordings. We make use of a 

stochastic model formulated in the Fourier domain, which is based on a response of a layered 

1D medium to incident body waves. We apply the method to predict borehole waveforms 

from surface recordings of the 2018 northern Osaka and 2013 Awaji Island earthquakes 

(Japan). Comparison of predicted and observed acceleration waveforms at four borehole sites 

show a high level of similarity in the broadband frequency range and well-predicted values of 

PGA and PGV at depth. 

Keywords: broadband waveforms, site effects, KiK-net, PGA, PGV 

1. Introduction

The design of structures for earthquake resistance requires an assessment of the local seismic 

hazard. In the case of structures of special importance, the seismic hazard is evaluated for 

long return periods and should take into account rock and soil conditions at the construction 

foundation. These site-specific conditions cause amplification and attenuation of seismic 

waves and can be approximated by using soil classes (CEN 2004, SIA 2020). Still, the soil 

classes provide only simplistic insight into the true earthquake site response and are not 

applicable for important underground structures in the current form. Therefore, there is a 

need to characterize a possible ground motion at depth for such underground structures (e.g. 

nuclear waste repositories) or buildings with deep foundations. 

The ground-shaking caused by earthquakes can be characterized by the peak ground 

acceleration (PGA), peak ground velocity (PGV), pseudo-acceleration spectrum (PSA), or 

by full temporal waveforms (e.g. Archuleta et al. 2003, Zhao et al. 2006, Boore and Atkinson 

2008, Edwards and Fäh 2013). The prediction is standardly evaluated on the ground surface, 

and predictions at depth are rather rare. Recently, Hallo et al. (2022) proposed a novel 

method to characterize the high-frequency ground motion at depth, which is also suitable for 

predictions of broadband waveforms in the Fourier domain. 

In this contribution, we apply the method by Hallo et al. (2022) to predict the ground motion 

at depth from surface recordings of two significant crustal earthquakes: the 2018 northern 
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Osaka Mw5.6 earthquake (Kato and Ueda 2019, Hallo et al. 2019), and the 2013 Awaji Island 

Mw5.8 earthquake (Twayana et al. 2014, Asano et al. 2016, Imanishi et al. 2020). The full-

waveform predictions are performed at KiK-net sites equipped with both surface and 

borehole sensors, which allows direct comparison with empirical data. Then, we evaluate 

the mutual fit of observed and predicted waveforms, PGA, and PGV at depth. 

2. Method 

Let us assume a broadband acceleration waveform observed on the ground surface 𝑦S(𝑡), 

where 𝑡 denotes time. Its Fourier transformation yields an acceleration spectrum 𝑌S(𝑓), 

which can be related to the acceleration spectrum at depth through a surface-borehole 

transfer function. Following Hallo et al. (2022), a predictive surface-borehole transfer 

function �̂�(𝑓) is evaluated using a stochastic model that is based on an estimate of the local 

1D medium. Then, the prediction of the acceleration spectrum at depth �̂�B(𝑓) is 

�̂�B(𝑓) =
𝑌S(𝑓)

�̂�(𝑓)
                  (1) 

where 𝑓 denotes frequency. The inverse Fourier transformation of �̂�B(𝑓) yields the full-

waveform prediction of ground motion at depth �̂�B(𝑡). The stochastic model, assumed 1D 

layered media, and predictive surface-borehole transfer functions are described in detail by 

Hallo et al. (2022). 

3. Application to prediction of ground motion at depth 

We apply the method to predict broadband borehole waveforms from earthquake recordings 

observed on the ground surface. In particular, we use acceleration data from the KiK-net 

strong-motion monitoring network (Aoi et al. 2011). The predicted waveforms are compared 

with the transverse horizontal component of ground motion observed in borehole arrays at 

four selected sites (HYGH04, HYGH10, KYTH03, and KYTH08). 

3.1. The 2018 northern Osaka Mw5.6 earthquake 

The 2018 northern Osaka Mw5.6 (MJMA6.1) earthquake occurred on 18th June 2018 beneath the 

Takatsuki city (Osaka-fu, Japan). This earthquake was caused by joint movements on strike-slip 

and reverse crustal faults (Kato and Ueda 2019, Hallo et al. 2019). The comparison of predicted 

and observed ground motion at depth is shown in Figs 1–4 and summarized in Table 1. The 

KYTH08 site (Fig. 1) is located in epicentre distance of 21 km with the borehole sensor 

deployed at 704 m depth. The prediction of high-frequency P-wave amplitude is 

underestimated at the HYGH04 site (Fig. 2) as the method is intended for S-waves. Both 

HYGH10 and KYTH03 sites (Figs 3 and 4, respectively) exhibit good mutual fit in a wide 

frequency range. Also, note a high level of similarity of observed and predicted PGA and 

PGV at depth shown in Table 1. 

Table 1. Application to the 2018 northern Osaka earthquake 

Station 

name 

Epicentre 

distance 

(km) 

Borehole 

depth 

(m) 

Surface Borehole 

PGA 

(cm/s2) 

PGV 

(cm/s) 

PGA (cm/s2) PGV (cm/s) 

Observed Predicted Observed Predicted 

KYTH08 21 704 142.6 4.35 33.5 28.2 2.97 1.30 

HYGH04 40 100 63.8 2.30 16.3 16.3 1.50 1.69 

HYGH10 75 100 29.6 1.63 9.1 7.2 0.46 0.57 

KYTH03 69 300 15.9 0.60 3.5 3.0 0.35 0.37 
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Fig. 1 - The 2018 northern Osaka earthquake: Prediction of the ground motion at depth at the KYTH08 site. 

(a) Transverse component of the horizontal ground motion observed on the surface. (b) Observed (black) and

predicted (red) horizontal ground motion in the borehole at 704 m depth. 

Fig. 2 - The 2018 northern Osaka earthquake: Prediction of the ground motion at depth at the HYGH04 site. 

(a) Transverse component of the horizontal ground motion observed on the surface. (b) Observed (black) and

predicted (red) horizontal ground motion in the borehole at 100 m depth. 
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Fig. 3 - The 2018 northern Osaka earthquake: Prediction of the ground motion at depth at the HYGH10 site. 

(a) Transverse component of the horizontal ground motion observed on the surface. (b) Observed (black) and 

predicted (red) horizontal ground motion in the borehole at 100 m depth. 

 

 

Fig. 4 - The 2018 northern Osaka earthquake: Prediction of the ground motion at depth at the KYTH03 site. 

(a) Transverse component of the horizontal ground motion observed on the surface. (b) Observed (black) and 

predicted (red) horizontal ground motion in the borehole at 300 m depth. 

 

49173ECEES, September 2022, Bucharest, Romania



3.2. The 2013 Awaji Island Mw5.8 earthquake 

The 2013 Awaji Island Mw5.8 (MJMA6.3) earthquake occurred on 13th April 2013 beneath the 

Awaji-shima (Hyogo-ken, Japan). This earthquake caused local damage (Twayana et al. 2014), 

it excited significant low-frequency (<0.5 Hz) ground motion in the Osaka sedimentary basin 

(Asano et al. 2016), and it was caused by shear movements on a reverse crustal fault (Imanishi 

et al. 2020). The comparison of predicted and observed ground motion at depth at selected KiK-

net sites is shown in Figs 5–7 and summarized in Table 2. The spectral shape and overall 

characteristics at depth are well predicted at the HYGH10 site (Fig. 5). Both KYTH03 and 

KYTH08 sites (Figs 6 and 7, respectively) exhibit a good fit of prediction with observed data 

despite the epicentre distance being larger than 100 km. Finally, note a high level of similarity 

of observed and predicted PGA and PGV at depth shown in Table 2. 

Table 2. Application to the 2013 Awaji Island earthquake 

Station 

name 

Epicentre 

distance 

(km) 

Borehole 

depth 

(m) 

Surface Borehole 

PGA 

(cm/s2) 

PGV 

(cm/s) 

PGA (cm/s2) PGV (cm/s) 

Observed Predicted Observed Predicted 

HYGH10 44 100 40.7 2.52 10.3 8.4 0.53 0.73 

KYTH03 103 300 22.6 0.59 4.6 4.9 0.30 0.27 

KYTH08 105 704 14.7 0.53 1.7 2.0 0.11 0.12 

Fig. 5 - The 2013 Awaji Island earthquake: Prediction of the ground motion at depth at the HYGH10 site. (a) 

Transverse component of the horizontal ground motion observed on the surface. (b) Observed (black) and 

predicted (red) horizontal ground motion in the borehole at 100 m depth. 
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Fig. 6 - The 2013 Awaji Island earthquake: Prediction of the ground motion at depth at the KYTH03 site. (a) 

Transverse component of the horizontal ground motion observed on the surface. (b) Observed (black) and 

predicted (red) horizontal ground motion in the borehole at 300 m depth. 

 

 

Fig. 7 - The 2013 Awaji Island earthquake: Prediction of the ground motion at depth at the KYTH08 site. (a) 

Transverse component of the horizontal ground motion observed on the surface. (b) Observed (black) and 

predicted (red) horizontal ground motion in the borehole at 704 m depth. 
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3.3. Misfit of predicted and empirical spectra at depth 

Let us denote the empirical acceleration waveform observed at depth as 𝑦B(𝑡) and its

acceleration spectrum as 𝑌B(𝑓). The observed 𝑌B(𝑓) and predicted �̂�B(𝑓) spectra at depth

are very similar but not identical. Therefore, we can compute misfits of amplitude spectra 

for multiple earthquakes in order to evaluate systematic errors of the prediction method. The 

normalized misfit can be expressed as 

Misfit(𝑓) =
|𝑌B(𝑓)|−|�̂�B(𝑓)|

max(|𝑦B(𝑡)|)
∙ 100% (2) 

where max(|𝑦B(𝑡)|) is the PGA observed at a depth. In Fig. 8, the resultant misfit functions

are shown for both northern Osaka (red) and Awaji Island (blue) earthquakes. The prediction 

at the HYGH10 site seems to have a systematic discrepancy at about 1.1 and 2.2 Hz (Fig. 

8a). On the other hand, predictions at KYTH03 and KYTH08 sites do not show systematic 

misfit features for multiple earthquakes (see Fig. 8b and 8c). The latter might imply that we 

can see unsystematic inter-event variations of the observed ground motions. 

Fig. 8 - Misfit of predicted and empirical spectra at depth for (a) HYGH10, (b) KYTH03, and (c) KYTH08 

sites. The misfit is calculated by equation (2) for both northern Osaka and Awaji Island earthquakes. 

4. Conclusions

In this contribution, we demonstrate the performance of our recent method to predict high-

frequency ground motion at depth from surface recordings. The method introduced by Hallo 

et al. (2022) is applied to predict borehole waveforms of the 2018 northern Osaka Mw5.6 

earthquake and the 2013 Awaji Island Mw5.8 earthquake (Kansai region, Japan). A 

comparison of predicted and observed acceleration waveforms at four borehole KiK-net sites 

shows a high level of similarity in the 0.1–40 Hz frequency range. Further, predicted values 

of PGA and PGV are satisfactorily close to observed ones in most of the investigated cases. 
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To conclude, the method can be applied to earthquake resistance design purposes, e.g., the 

design of deep geological disposals, buildings with deep foundations, or for studies of soil-

structure interaction. 
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Abstract: According to the code prescription, the reference ground motion is associated with those sites 
where rocks or stiff soils outcrop and the VS,30 value exceeds a given threshold. However, this condition 
does not ensure that the ground motion is unaffected by site-effects, as requested in several engineering 
applications such as the evaluation of the site response using empirical approaches and numerical 1D/2D 
analyses. In these cases, the amplification function of the reference sites must be flat with an amplitude 
equal to one over a frequency range of engineering interest (Steidl et al. 1996). In the last years, we worked 
to develop the reference-rock detection method based on the identification of a set of site parameters that 
are related to geophysical and seismological data and to geomorphological and installation features. The 
main results of our studies are i) a selection of well-tested site parameters with a specific weight in the 
reference site identification; ii) a list of reference rock sites in Italy, with an associated score; iii) a model 
for the generic-to-reference rock corrective factor, parametrized in terms of VS,30 and κ0. 

Keywords: site effects, site parameters, rock sites, ground motion models, high-frequency attenuation 

1. Introduction

In order to evaluate the site response using empirical approaches (e.g. standard spectral ratio, 
ground motion models—GMMs, generalised inversion techniques—GIT) and numerical 
1D/2D analyses, the definition of the reference motion is needed. Generally, the reference 
ground motion is defined as a ground motion recorded at stations unaffected by site-effects, 
such that their amplification functions could be assumed flat with amplitude equal to one (Steidl 
et al., 1996) over a frequency range of engineering interest (generally f = 0.5–25 Hz). In the 
practice of the building codes, this behaviour is associated with those sites where rocks or stiff 
soils outcrop and the average shear wave velocity in the uppermost 30 m (VS,30) exceeds a given 
value. In the European seismic code (Eurocode 8–EC8, CEN 2004), this value is set to 800 m/s 
(soil category EC8-A), while in the NEHRP provision (BSSC 2003), a distinction is introduced 
between hard rock, corresponding to VS,30 > 1500 m/s, and firm to hard rock for VS,30 in the 
range 760–1500 m/s. Nevertheless, this assumption does not imply that the ground-motion 
recorded at sites having VS,30 larger than a specific threshold of 800 m/s is completely 
unaffected by amplification.  
As a consequence, an inappropriate selection of reference sites may cause inaccurate prediction 
of the expected rock motion when hazard is evaluated including site effects, due to the amplified 
response of the motion. For this reason, in the last ten years, several authors (Cadet et al. 2010; 
Hashash et al. 2014; Felicetta et al. 2018; Laurendeau et al. 2018; Lanzano et al. 2020; Pilz et 
al. 2020; Lanzano et al. 2022) proposed procedures to identify reference rock sites used more 
than a parameter as a criterion for excluding site effects. Apart from VS,30, the authors 
considered as additional parameters the fundamental resonance frequency f0, the high-
frequency attenuation at site κ0 (Ktenidou et al. 2014), the surface geological description, the 
topography and the installation features, among the others. 
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In this contribution, we summarise the main findings of Lanzano et al. (2022), which present 
an application of the procedure developed by Lanzano et al. (2020) with minor modifications, 
to identify the reference rock stations in Italy. Then, rather than calibrating a new GMM for 
reference sites, we estimate the corrective factors to scale the ground motion predicted for 
standard rock to the ground motion expected at reference rock for both Fourier and acceleration 
response spectra ordinates. We also develop a model to parametrize the corrective factors as a 
function of VS,30 and κ0. 

2. Dataset

The dataset used for this work is called ITACAext (Brunelli et al., 2022) and includes the 
waveforms of the ITACA 3.1 (D’Amico et al., 2020) from moderate-to-severe earthquakes (M 
> 3.0) that occurred in Italy in the period 1972–2019 recorded by permanent and temporary
accelerometric stations. The data are characterized by: (1) moment or local magnitude larger
than 3.0, (2) epicentral distance lower than 220 km, (3) exclusion of volcanic and subduction
events, (4) event shallower than 30 km, and (5) exclusion of the borehole and station installed
on the building elevation floors. The dataset also contains some records of the networks of the
neighbouring countries, such as France, Switzerland, Slovenia, Albania, and Montenegro to
have a more robust estimation of the residual terms. Furthermore, several velocimetric stations
(not included in ITACA) especially in southern Italy are also added. The number of records of
ITACAext is 32,600 for 1756 earthquakes and 1716 stations. The peculiarity of this dataset is
the availability of several site information such as resonance frequencies from noise and
earthquake records, geological maps at different scales and measurements of the S-wave
velocity profile at least down to 30 m, which allows the application of multi-criteria methods
for the identification of reference rock sites.
The stations included in the dataset are classified according to the EC8 soil categorization, using
VS,30 measurements, if available, otherwise, VS,30 have been inferred from the slope, according
to the procedure by Wald and Allen (2007). Figure 1 shows the distribution of the stations as a
function of the VS,30.

Fig. 1 - ITACAext distribution of recording station as a function of VS,30 (taken from Lanzano et al. 2022). 

The majority of the stations have VS,30 values in the interval of 200–800 m/s (about 70%), and 
the most populated range is 400–600 m/s composed of about 500 recording stations. Very few 
stations are characterised by VS,30 > 1200 m/s, which reflects the features of the outcropping 

49233ECEES, September 2022, Bucharest, Romania



geology in Italy, mainly composed of stiff soils and soft rocks. Based on the EC8 standard, the 
number of “reference” sites (VS,30≥ 800 m/s) is 68, when considering only sites with measured 
VS,30, while it is 503, including those inferred from the slope. 

3. Reference Rock Site Selection

Before applying the multi-proxy method for reference rock site identification by Lanzano et al. 
(2020; 2022), we perform a residual analysis with the goal of preselecting sites that could be 
reference rock sites, on the basis of the spectral shape of the repeatable site terms δS2Ss, i.e., 
the systematic deviation of the ground motion at a site with respect to a GMM prediction. The 
reference predictive model is ITA18-FAS (Lanzano et al., 2022), which was developed for 
Fourier Amplitude Spectrum ordinates, consistently with the ITA18-SA model (Lanzano et al. 
2019) for the 5% damped acceleration response spectra ordinates. 
With the objective of pre-selecting candidate reference rock stations, we compute the site-to-
site residual (named δS2S800) with respect to the generic rock condition of ITA18-FAS, that is, 
VS,30=800m/s. We expect that the candidates for reference rock sites exhibit negative or close-
to-zero values of δS2S800 at all frequencies because the stations with VS,30=800m/s of ITA18 
include both reference sites and those affected by amplifications. We then perform cluster 
analysis using the k-means method on the δS2S800 curve (as a function of frequency), with the 
aim of detecting the sites belonging to the class with the lowest values and flat trend. As a result, 
the final number includes 478 candidate stations. 
The procedure aimed at identifying the reference rock sites is called RRIM (Reference-Rock 
Identification Method) and is applicable in regions of medium-to-high seismicity, where a 
consistent amount of recording data is available. RRIM is based on a qualitative technique 
(Pugh, 1981) used to rank the multidimensional alternatives of an option set and adopts a 
weighted decision matrix consisting of a set of criteria referred to as several proxies. Each proxy 
is weighted in order of relevance, scored, and summed to obtain a total score allowing to rank 
the candidates to be reference sites. To handle the relevance, the data quality and the possible 
lack of information related to a given proxy, the RRIM weighting scheme is based on the 
combination of two values: the hierarchical index (HI) and the proxy weight (PW). HI expresses 
the relevance of each proxy to represent the site effect; PW evaluates to which extent the single 
proxy value fulfils the criterion representative of a reference site. 
The proxies are: (1) the site-to-site term of the horizontal component (δS2S); (2) the housing 
condition of the station (HOU); (3) the averaged shear wave velocity VS30, based on in situ 
measurements or inferred by proxies (VS30); (4) the surface geology based on lithological maps 
at different scales (GEO); (5) the topography based on an averaged terrain slope in the area 
(TOP); and (6) the H/V spectral ratio computed from in situ noise measurement or, 
alternatively, from seismic recordings (H/V). Additional details on the procedure are reported 
in Lanzano et al. (2022).  
The overall score assigned to each station is given by the sum S of the scores associated with 
each proxy as follows: 

S =∑ (HIi * PWi)  where i=1,…,6 (1) 

We assume that a station is a reference site if it reaches a minimum score S of 4.75 out of 8. 
Adopting this threshold, almost 60% of the required criteria are met. We identify 116 reference 
rock stations. The geographical distribution of the selected stations is reported in Figure 2a. 
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Fig. 2 - a) spatial distribution of the selected reference stations; b) mean shear-wave velocity profile (black line) 
and its standard deviation (dotted lines), up to 200 m, obtained from measured VS profiles available for the 

selected reference rock-sites (red lines). P-2011 is the model by Poggi et al. (2011) for reference rock sites in 
Switzerland; BJ-1997 are the profile for generic and very hard rocks proposed by Boore and Joyner (1997) for 

North America; C-2006 is obtained from the VS(z) model proposed by Cotton et al. (2006), assuming 
VS,30=900m/s (taken from Lanzano et al. 2022). 

About one-third of the selected stations have VS,30 values estimated from a measured Vs profile 
(Figure 2b), with a mean value of about 900 m/s; if both measured and inferred VS,30 values are 
considered, the mean decreases to about 850 m/s. The average Vs profile of the selected 
reference stations with in-situ measurements is very similar to the profiles proposed by Cotton 
et al. (2006), assuming VS,30 = 900m/s, and Poggi et al. (2011) for Switzerland, while Vs profile 
proposed by the Boore & Joyner (1997) for generic rocks in North America is close to the 
average profile minus one standard deviation. 

3. Prediction model for reference rock ground motion

Given the large number of ground-motion models available in the literature, rather than 
calibrating an ad-hoc model for reference rock ground motion, we prefer to compute correction 
factors for an existing model. Such corrective terms are evaluated by performing a residual 
analysis, which describes the discrepancies between ground-motion observations at reference 
sites and GMM generic rock predictions. The correction factor δ describes the log factor that 
must be added (with sign) to the predictions of existing GMM for generic rocks to provide 
ground motions in agreement with the mean observations of the selected reference sites. In this 
study we calibrate two correction factors: a) a scenario-independent term, as a function of 
frequency for FAS or period for SA models, respectively; b) a model also parameterized as a 
function of VS,30 and κ0. 
The scenario-independent correction factors and the associated standard deviations are shown 
in Figure 3. 
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Fig. 3 - frequency-dependent generic-to-reference corrective term, δ, (a) and associated standard deviations, σ 
(b) for ITA18-FAS and –SA models in RJB. The total standard deviation of ITA18-FAS and –SA are also

reported. ITA18-SA is represented as a function of f=1/T, where T is the oscillation period (taken from Lanzano 
et al. 2022).  

The trends of the corrective terms are very similar for ITA18-FAS and -SA and show a 
significant reduction of seismic motion at high frequencies for reference sites with respect to 
predictions at generic rock. The variability remains unchanged with respect to the ITA18-FAS 
model at high frequencies, while at low frequencies it is reduced by about 15% (25% for ITA18-
SA): the application of RRIM has effect on the sigma only at low frequencies since no proxy 
has been introduced yet to control variability at high frequencies. 
For the parametrized model of δ, we adopt the following functional form: 

𝛿model (VS,30, 𝜅0) = ak + bk log10 VS,30/800 + ck 𝜅0 (2) 

Where ak, bk and ck are the model coefficients. The values of κ0 for the reference rock stations 
are obtained for 54 stations, out of the 116 reference rock sites, applying a semi-automatic 
procedure, on the basis of the path-corrected value derived from the high-frequency linear decay 
of the station records (S-waves) in FAS (Anderson and Hough, 1984). The range of variation 
of κ0 is between 0.007 and 0.053s, the median value is 0.026s and the standard deviation is 
0.012s. In particular, there are several stations with a marked attenuation at high frequency, 
differently from what has been commonly expected for reference stations (Hashash et al. 2014 
threshold for CENA database is fixed at 0.0006s). 
The model predictions in Eq. (2) for VS,30=900m/s and three different values of κ0 (0.01, 0.025 
and 0.04s) are also reported in Figure 4 for ITA18-FAS. As expected, the calibration allows the 
identification of significant dependence on κ0 in the available data range: at high frequencies 
(from 2Hz onwards), the ck coefficient is negative and this determines a remarkable reduction 
of seismic motion for the sites with the highest κ0. It is noted, in particular, that κ0 =0.025s 
reproduces the empirical mean curve (also represented in Figure 2a) and can be considered as 
a representative value for the reference rock sites in Italy, as confirmed by the averaged value 
of κ0 calculated for such reference sites. The introduction of the κ0-dependency also allows 
reducing the variability associated with the median prediction: for the ITA18-FAS model the 
reduction is about 11% at 10Hz and increases up to 17% at 30Hz. 
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Fig. 4 - Outcomes of the calibration of model in Eq. [5] for different values of 0: a) predictions of model for 
ITA18-FAS (RJB) as a function of frequency; b) total standard deviations of model for ITA18-FAS (RJB) as a 

function of frequency (taken from Lanzano et al. 2022). 

4. Conclusions

The overall objective of this paper is to properly characterise the seismic motion of reference 
sites in Italy. To this objective, we prepared a very large station-oriented dataset, extracted from 
the last release of the Italian Accelerometric Archive (ITACA v3.1). The dataset is composed 
of more than 1600 stations. Given the large number of sites, a pre-selection of candidates is 
necessary and was performed via residual analysis with respect to the ITA18 GMM. Candidate 
sites presenting flat site-to-site residual (representing site response) with amplitude equal or 
lower than the one of the generic rock ground motion (VS,30=800m/s) were pre-selected. The 
433 pre-selected stations were then analysed by means of the Reference-Rock Identification 
Method (RRIM), originally developed by Lanzano et al. (2020).  
We exploited the records of the reference rock sites available in ITACA to develop an empirical 
generic-to-reference rock scaling factor for ITA18 GMMs in SA (Lanzano et al. 2019) and 
FAS. Finally, we modelled the empirical corrective factors as a function of VS,30 and the high-
frequency attenuation parameter (κ0) for a subset of 54 reference rock sites in Italy, for which 
an estimate of κ0 is available. The wide variability of κ0, observed among the reference sites 
shows a possible regional dependence that deserves to be further investigated. As a result, the 
definition of the “ideal” reference site on the basis of the proxies proposed by the RRIM, could 
be not sufficient for some applications (e.g. GIT analyses), since the high-frequency attenuation 
parameter must also be controlled. 
Regarding the generic-to-reference rocks scaling function, it can be used to estimate the seismic 
hazard at reference sites in Italy and compare it with that generally produced for generic rock 
sites, as a tool for seismic design. This could be useful to assess the bedrock ground motion for 
seismic site response or site-specific hazard analyses with a deterministic or hybrid-
deterministic approach to avoid starting from an already amplified reference seismic motion. 
The parameterized model confirms the importance of using additional and alternative proxies 
to VS,30 to describe site effects.  
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Abstract: When performing site-specific hazard assessment, it is necessary to determine the 

reference ground motion at bedrock, which is used as input for numerical or empirical site 

response analyses. Ground motion at bedrock should be exempt of any amplification related 

to lithological, topographical, or housing effects. However, recent works highlighted that 

ground motion recorded at sites with VS,30 exceeding a given threshold (commonly 800 m/s 

in Europe) are not necessarily exempt from amplification effects (e.g. Felicetta et al., 2018; 

Lanzano et al. 2020). As a consequence, the use of ground motion predictions from common 

empirical GMM (Ground Motion Models) as reference motion in empirical or numerical site 

response analyses might bias the assessment of site-specific ground motion at the ground 

surface. In the present work we apply the proxy-based procedure established by Lanzano et 

al (2020) to identify reference rock in metropolitan France and rise a list of reference rock 

sites. This analysis reveals that station installation conditions and housing can have a 

significant impact on the content of recorded ground motion and must be properly 

considered. 

Keywords: Reference rock, ground motion, site response, seismic hazard 

1. Introduction

Site-specific hazard assessment requires the estimation of the reference ground motion 

which is used as input in site response analyses. The aim of such analyses is to assess the 

site-specific response of the soil between the reference rock level and the ground surface. 

This can be done using different alternative approaches, i.e. empirical (Standard Spectral 

Ratios, Ground Motion Model regression, Generalized Inversions Techniques) or 

numerical (1D/2D numerical modelling). Whichever the approach, in order to obtain 

unbiased estimates of the ground motion at the ground surface, the ground motion at 

reference rock should be exempt from any amplification effect over the frequency band of 

engineering interest. On the other hand, it is common (e.g. building codes) to assume that 

sites where rock or stiff soil outcrops and average shear wave velocity in the uppermost 30 

m (VS,30) exceeds a given value (e.g. 800 m/s in Europe), are exempt from amplifications. 

However, recent works have shown that this postulate is not necessarily appropriate and 

that rock sites may be affected by ground motion amplifications, related for example to the 

presence of a thin sedimentary layer on top of stiff rock, or to the weathering of the 

outcropping rock (e.g. Felicetta et al., 2018). As a consequence, using ground motion 

estimates for rock using common GMPE as reference motion might be inappropriate and 

lead to inaccurate estimates of the site-specific ground motion at the ground surface. 
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Recently, several studies proposed procedures to identify reference rock sites (e.g. Felicetta 

et al., 2018; Lanzano et al., 2020; Pilz et al., 2020) and to adjust existing ground motion 

models to scale the ground motion predicted for standard rock to the ground motion 

expected at reference rock (Lanzano et al., 2022 and Lanzano et al., this session). 

The aim of this contribution is to apply the Lanzano et al. (2020) procedure for reference 

rock site identification in metropolitan France. The analysis allowed to reveal the 

significant impact of the sensor installation conditions on the recorded ground motion, 

leading us to conclude that these conditions (exact location and housing) are essential 

pieces of information that should be carefully considered when determining ground motion 

models or performing ground motion analyses, particularly related to the high-frequency 

content. 

2. Dataset

The dataset used in this work is the RESIF dataset (Traversa et al., 2020), updated 

including records from accelerometers and broad-band seismometers up to the end of 

2019. Only stations with Vs30 ≥ 500 m/s, EC8 class A or B and stations with unknown 

Vs30 or station class were selected for this analysis. The spatial distributions of stations 

and earthquakes whose records are used in the analysis are shown in Figure 1, as well as 

the distribution of Vs30 (when known) as function of magnitude for the data used in the 

analysis. 

Figure 1: Recordings used in the study. Left, map of seismic stations and earthquakes from the RESIF dataset 

(Traversa et al., 2020). Right, distribution of Vs30 (inferred from geology or measured) values vs magnitude 

for stations with known Vs30 value 

3. Reference station identification

3.1. Set up of the Lanzano et al. (2020) procedure 

Lanzano et al. (2020) established a methodology to identify reference rock sites based on a 

series of proxies combined with scoring. We adopt this methodology with minor 

modifications to identify reference rock sites in France (see Table 1). In particular both, 

δS2S from GMM mixed effects regression in terms of response spectrum and amplification 

function from spectral decomposition of Fourier amplitude spectra (GIT – Generalized 

Inversion Techniques) are used to identify stations whose response is as flat as possible 

and smaller or close to unity. 
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Table 1: list of proxies and associated criterion used in this work 

Proxy Criterion 

Site-to-Site term of the horizontal 

components (S2S) from ad’hoc GMM for 

mainland France 

Negative and approximately flat over the 

entire period range 

Topographic Condition Topographic amplification computed using 

the Maufroy et al. (2015) proxy negligible 

H/V spectral ratio performed on earthquake 

records 

Flat or moderately broad-band curve 

Vs30 Vs30 ≥ 800 m/s 

Surface Geology Rock, from geological map 

Housing Absent or limited interaction with structures 

and installation condition 

 

The S2S proxy was obtained by mixed effects regression in the determination of a GMM 

based uniquely on French records. The functional form adopted for this GMM is extremely 

simple and the obtained GMM has no vocation to be used for ground motion prediction, 

but only for ground motion analyses in France. The GMM was determined for both, 

Fourier and Response spectral amplitudes. 

The functional form is summarized in Equation (1). 

𝑙𝑜𝑔10 𝑌 =  𝑒1 + 𝐹𝐷 𝑅,  𝑀 + 𝐹𝑀 𝑀 + 𝛿𝐵𝑒 + 𝛿𝑆2𝑆𝑠 + 휀 

𝐹𝐷 𝑅,𝑀 =  𝑐1 + 𝑐2 𝑀 −𝑀𝑟𝑒𝑓   𝑙𝑜𝑔10  
 𝑅2 + ℎ2

𝑅𝑟𝑒𝑓
 + 𝑐3   𝑅

2 + ℎ2 − 𝑅𝑟𝑒𝑓   

𝐹𝑀 = 𝑏1 𝑀 −𝑀ℎ  

(1) 

K-mean clustering analysis was performed on δS2Ss (see Kotha et al., 2016; Lanzano et al. 

2020) in order to identify candidate stations for reference rock ground motion. 

Two clusters of stations, presenting negative S2S, flat over a large frequency band were 

selected for further analysis with the aim of identifying reference stations (Figure 2). We 

can see that variability of S2S among the candidate stations for the two clusters is very 

large. 

 

Figure 2: S2S for clusters 2 and 5, preselected for further analysis with the aim of identifying reference rock 

stations. 
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This is particularly true at high frequency, indeed we can observe that, although the S2S 

of cluster 5 stations is negative and flat over a quite large frequency band, some stations 

present a drop in the S2S at high frequency, while others present an increasing trend. 

3.2. Consistency between δS2S from GMM regression and amplification function 

from GIT 

We compared site amplifications computed from GMM regression (deltaS2S) at candidate 

reference stations with amplification functions obtained at the same stations by spectral 

decomposition of Fourier amplitude spectra (GIT - Generalized Inversion Techniques). 

These latter were obtained using the non-parameteric approach proposed by Oth et al 

(2011). Remarkable consistency is observed between the site amplifications obtained from 

the two approaches, which supports their robustness (see Figure 3). 

Figure 3: Comparison between site amplification obtained through GIT (Oth et al., 2011 approach), left and 

S2S obtained in GMM regression for Fourier amplitude spectrum, right. On the right the S2S is expressed 

in log10 scale.  

3.3. Exploration of the reasons behind S2S variability at high frequency, the role of 

sensor installation conditions 

To explain the strong variability observed in the S2S behaviour shown in Figure 2 we can 

evoke variable soil conditions, which are not exhaustively known at the moment of this 

work. Intriguingly however, we observe that in many cases, supposedly co-located 

accelerometer and broad-band seismometer did not show the same S2S behaviour. An 

example of this is shown in Figure 4. 

Figure 4: station OGSM, comparison of S2S of the accelerometer (left) and S2S of the broadband 

seismometer (right). 

4932 3ECEES, September 2022, Bucharest, Romania



When exploring the installation condition of these instruments, we realize that the 

accelerometer of station OGSM is bolted on the concrete slab of the cabin, while the 

seismometer is installed on a sand bed set on the natural rock (see Figure 5). 

 

Figure 5: Picture of the installation configurations of station OGSM: accelerometer is indicated by HN and 

seismometer by HH (photo by ISTerre, Grenoble). 

We stress on the fact that such detailed information on sensor installation condition is not 

reported either, in metadata associated to the station (i.e. xml file) neither in current ground 

motion databases and flat-files worldwide, however it has a crucial role in determining 

high frequency variability of currently used ground motion models. 

The observation that installation configuration could impact the recorded ground motion 

(e.g. sensor installed at depth, impact of installing the sensor anchored on a concrete 

slab…) have been discussed in previous works (e.g. Hollender et al., 2020), which pointed 

that installation of sensors at shallow depth or on concrete slabs can in many cases impact 

the recorded ground motion, particularly at high frequency. Currently working groups are 

arising in Europe to discuss this issue and produce guidelines on good practices in 

installation of seismological stations whose recordings are used in seismic hazard studies. 

3.4. Reference rock sites in France 

By applying the Lanzano et al. (2020) procedure with slight modifications to adapt it for 

application in France, we could rise a list of stations to be considered reference rock sites. 

Example of reference rock station can be seen in Figure 6: S2S is flat and smaller than 1 

(Figure 6 top), H/V computed on signal is relatively flat over a large frequency band, 

although precise station characterization is not available at this station, the topographic 

amplification computed according to the Maufroy et al (2015) proxy was find to be small 

to moderate (< 14%) and the sensor is installed directly on the rock outcrop (OMP 

Toulouse, personal communication).
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Figure 6: Example of reference rock station: ATE broadband seismometer. Top: S2S, centre: H/V on signal, 

bottom topographic amplification according to the Maufroy et al (2015 proxy). 

We note however that only few of the pre-selected candidate stations are finally classified 

as reference. Although shorter, the list of identified stations presents many common items 

with Pilz et al (2019) work. Different aspects are at the origin of site exclusion from the list 

of reference rock sites. On one hand, due to the presence of a thin sediment layer on top of 

stiff rock, or of superficial weathered rock, numerous rock stations present resonance peaks 

at high frequency. On the other hand, a variety of sensor installation conditions impact in 

different ways the recorded ground motion, particularly in the high frequency band. 

Both issues can significantly impact seismic hazard applications, such as the determination 

of reference rock ground motion, or the measure of the high frequency attenuation proxy 

(κ, Ktenidou et al. 2014), see also Parolai and Bindi (2004) or Hollender (2019) for 

quantitative discussions on this latter issue. Extensive and systematic station 

characterization can however attenuate the impact of the first issue since it allows to assess 

the response of the shallow layers and to correct it from recorded ground motion (see e.g. 

Laurendeau et al., 2018; Ktenidou et al., 2021 and references therein). 
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4. Discussion, Caveats and Conclusions 

The analysis of site amplifications (obtained from both, GMM regression and GIT) for 

candidate reference rock stations allowed us to highlight that very few stations can actually 

be considered “free-field” stations in France, and that the variety of sensor installation 

conditions impacts the recorded ground motion over different frequency bands. This issue 

would need to be further explored by quantifying the impact of different installation 

conditions over the whole frequency band of interest. 

Indeed, neglecting the sensor installation conditions when using ground motion records has 

a strong impact on the variability of ground motion models (sigma) determined using such 

records, as well as other seismic hazard applications such as measuring high frequency 

attenuation proxy “kappa”. Such information should be systematically collected and 

associated to ground motion datasets and flat-files, in order ground motion modelers and 

analysts can perform conscious selection of ground motions for GMM determination and 

other engineering seismology applications. 
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Abstract: The  Fourier  amplitude spectral  decay  at  high frequencies,  represented  by the
parameter κ, is used in several engineering and seismological applications. Yet, the within-
station variability of κ is large. We show that part of this variability can be explained by
temporal variations observed for the site component of κ (κ0). We use three Japanese Kik-
net  sites  as examples  and present  the effect  of instrument reinstallations,  non-linear  soil
effects and seasonal variations on κ0. The changes in the κ0 value for different time periods
can be up to several tens of milliseconds, being in the order of κ0 differences between soft
soil and rock sites. This article is not exhaustive but is intended to make the reader aware of
possible temporal variations of κ0 that should be taken into account when studying near-
surface attenuation.

Keywords: attenuation, Kik-net, Japan, non-linearity, instrument effects, seasonal variations

1. Introduction

Ground-motions at high frequencies are affected by the attenuation of the seismic waves
along their  path from source to site, where attenuation acts  as a low pass filter  on the
Fourier amplitude spectrum of the signal. The resulting spectral decay at high-frequencies
is usually described by the parameter  κ that was first introduced by Anderson & Hough
(1984). The site-specific and path-independent component of κ, κ0, is widely used in the
seismological  and  engineering  communities  as  e.g.  in  the  host-to-target  adjustment  of
ground-motions models (e.g.  Campbell,  2003; Al Atik et  al.,  2014) or in site response
analysis (e.g. Rodriguez-Marek et al., 2014).

In the course of the years it has been recognized that κ is not a simple parameter but that it
is  influenced  by  several  factors.  κ  is  e.g.  dependent  on  the  methodology  used  for  its
estimation  (Ktenidou  et  al.,  2014)  and  on  the  dataset  and  data  processing  choices
(Ktenidou et  al.,  2013;  Ji  et  al.,  2020).  Parolai  and Bindi  (2004) found that  κ can be
influenced by high-frequency amplification of a site casting a doubt on the fact that κ is a
pure  effect  of  attenuation.  Hollender  et  al.  (2020)  showed  that  κ  is  affected  by  the
installation and housing of the sensor. Ji et al. (2020) reported that κ can be orientation-
and path-dependent. Finally, κ has been found to be dependent on the chosen frequency
window of estimation (Edwards et al., 2015; Mayor et al., 2018; Haendel et al., 2020) so
that a single value of κ0 might not be representative for a site. The aforementioned factors
lead to a large within-station variability  of the site-specific  component  κ0 (Bora et  al.,
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2017; Ji et al., 2020). This within-station variability can be even larger than the differences
in κ0 between several sites.

In addition to the factors listed above, we show that some of the within-station variability
of κ0 can be explained by temporal variations. We investigate three sites of the Kik-net
database in Japan that have hundreds of recordings and plot κ0 over time. Since Kik-net
sites have co-located surface and borehole sensors, we focus our analysis  on the near-
surface κ0 between these two sensors (Δκ0  ) that is independent of path effects. We note
that it  is  not the intention of this  publication to give a comprehensive list  of temporal
changes  for all  Kik-net  sites in  Japan.  We rather  want  to  show the range of temporal
variations that is possible using some selected sites.

2. Method

The methodology follows the original procedure of Anderson & Hough (1984). Assuming
that the source and the site amplification spectrum are flat above a certain frequency fe, the
Fourier acceleration spectrum of S-waves can be described as:

a( f )=a 0⋅exp(−π f κ)       (f > fe)              (1)

where  f  is  frequency  and  a0 contains  the  frequency-independent  components  of  the
spectrum.  κ  is  then  measured  as  the  slope  of  the  Fourier  acceleration  spectrum  in
logarithmic-linear space:

d ln (a( f ))
df

=−πκ
     (2)

κ can be split into a path component κR and a site component κ0 by performing a linear
regression of κ with epicentral distance R.

κ=κR⋅R+κ0      (3)

Eq. 3 provides a mean κ0 of a site for all recordings over time. By subtracting the path term
κR·R  from  the  i-th  κ  recording,  one  can  also  derive  a  κ0,i value  for  each  individual
recording:

κ0 ,i=κi−κR⋅R              (4)

κ0,i can then be plotted over time to investigate the temporal variations of κ0. The main
assumption of Eq. 4 is that the path component of κ (κR) is not changing over time. This
might not always be valid so we decided to also work with the relative value of κ0 between
surface and borehole stations to get rid of the path component:

Δκ0,i =κ0,i,surface−κ0,i,borehole              (5)

3. Data selection and processing

We  use  stations  of  the  Kiban  Kyoshin  strong-motion  network  (Kik-net)  in  Japan  to
investigate temporal variations of κ0. In total, we checked up to 140 different Kik-net sites
(originally downloaded for another project) for temporal variations. Here we show only the
results of three sites: IBRH13, KMMH16 and IWTH21. These sites are chosen because
they

(1) show significant variations of κ0 over time
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(2) have enough recordings (> 100) to obtain a good temporal resolution

We download the data of these stations for the time period 2000-2018 and select only
events with an epicentral distance smaller than 150 km and a moment magnitude larger
than Mw 3.5.

The  S-wave  arrival  time  is  derived  using  the  TauPy  toolkit  implemented  in  Obspy
(Beyreuther et al.,  2010). The duration of the S-wave window is defined following the
method described in Perron et al. (2018) that takes into account the moment magnitude of
the event and the expansion of the signal due to propagation.

Each signal window is demeaned, tapered with a 5% cosine taper and padded before taking
the Fourier transform. The amplitude spectra are smoothed with a Hanning window of 2
Hz length. We compute the RMS (root mean square) of the horizontal components to have
a single, azimuthal-independent spectrum (Ji et al., 2020). 

κ is then measured following the procedure described in the Method section. We fixed the
frequency band for κ measurement to 12-24 Hz to make the κ0,i values between different
recordings comparable. A lower bound of 12 Hz is chosen to be above the largest possible
source corner frequency for a Mw 3.5 event. An upper bound of 24 Hz is selected to avoid
the response of the Kik-net instruments at higher frequencies (Aoi et al., 2004). The signal-
to-noise ratio is usually above 3 within this frequency band and is automatically checked.

The path component κR in Eq. 3 should be similar for all surface and borehole recordings
of a site. We therefore derive a joined κR for the surface and the borehole recordings that
can be subsequently used in Eq. 4.

4. Results

Figs 1-2 show the temporal variations of κ0,surface, κ0,borehole and Δκ0 for the sites IBRH13,
KMMH16 and IWTH21. It is immediately obvious that κ0 is not constant over time but
that there are smooth and abrupt changes. The mean values of κ0 derived from Eq. 3 (gray
dashed lines in Figs 1-2) are not representative for the full time span but are either too low
or too high within certain time periods. We will give some explanations for the observed κ0

variations in the following subsections.

4.1. Sensor reinstallation

The sudden drop of κ0  for IBRH13 at the beginning of the year 2013 (blue dashed lines in
Fig. 1) can be associated with a change in the gain factor in the stations metadata. The gain
change is due to an update of the Kik-net strong-motion sensors from type KiK-net06 to
KiK-net11A. Information regarding sensor changes or reinstallations can be found on the
websites https://hinetwww11.bosai.go.jp/auth/direc/replace.html and https://www.kyoshin.
bosai.go.jp/kyoshin/news/knet11a.html. However, we do not know if the drop in κ0 is only
due to a sensor update.  Some of the surface sensor were relocated from e.g.  inside an
observation building to the outside (Zhu et al., 2021) during the update. It is known from
Hollender  et  al.  (2020)  that  the  housing  has  an  influence  on  the  Fourier  acceleration
spectrum at high frequency and, hence, the measured values of κ and κ0.

From the total of 140 sites that we investigated, we observe a clear influence of sensor
reinstallations on κ0 at about 30 sites. We want to note that there are some sites, which
show a drop in κ0 that corresponds to a change of the gain factor, yet, these sites are not
listed on the aforementioned websites. On the other hand, there are sites that have a change
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in the gain factor  and are listed on the website  but no change of κ0 over time can be
observed by visual inspection. It is possible that the change is only small and therefore
hidden in the overall  scatter  of the data. We, thus, recommend to both, check the gain
factor and to plot κ0 over time, to identify instrument updates or instrument replacements in
the data.

Fig. 1 – Temporal variations of κ0 for station IBRH13. Top: κ0,surface, middle: κ0,borehole, bottom: Δκ0. The mean
κ0 (Eq. 3) is shown as black dashed line and its value is given at the bottom of each panel. The red star marks

the 2011 Mw 9.0 Tohoku-Oki mainshock. The blue line is the time of the sensor update. Red dots in the
bottom plot are events with a  PGA> 0.1g.

4.2. Non-linearity due to strong shaking

The red stars in Figs 1 and 2 mark the timing of the Mw 9.0 Tohoku-Oki earthquake in
2011 (recorded at IBRH13, Fig. 1) and of the Kumamoto Mw 6.1 foreshock and Mw 7.1
mainshock in 2016 (recorded at KMMH16, Fig. 2). The timing of these earthquakes is
accompanied by a sudden drop in κ0,surface and Δκ0. The strongest drop is observed for events
with a peak-ground acceleration (PGA) > 0.1g (marked as red dots in the figures). For site
IBRH13, κ0 is around 0.065 s for weak shaking and goes down to 0 s for strong shaking.
The observed decrease of Δκ0 with strong shaking is opposite to the assumption that the
attenuation, and hence κ0, should increase when non-linear soil behaviour is triggered in
the ground (e.g. Darendeli, 2001; Menq, 2003). We note, that IBRH13 and KMMH16 are
only two example stations out of the large Kik-net database. There are other stations that
show  no  dependency  on  strong  shaking  (e.g.  IWTH25)  or  an  increase  of  Δκ0  (e.g.
CHBH10) when large earthquakes occur. This is in conformance with the findings of Ji et
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al.. (2021) who studied the influence of soil non-linearity on κ0 for several Kik-net sites in
Japan and found that it is strongly station dependent leading to either a positive, negative
or  no  correlation  of  κ0 with  the  strength  of  shaking.  Out  of  140  sites,  we  observe  a
noticeably dependency of Δκ0  on the strength of shaking only for about 15 sites.

Fig. 2 – Temporal variations of κ0 for station KMMH16. The red stars mark the Mw 6.1 foreshock and Mw
7.1 mainshock in Kumamoto in 2016. Red dots in the bottom plot are events with a  PGA> 0.1g.

4.4. Seasonal variations

Fig. 5 shows the temporal variations of κ0 for IWTH21 for the years 2011-2018. One can
observe some periodicity for κ0,surface with time that becomes even more clear for Δκ0. This
periodicity can be linked to precipitation and temperature variations measured at a weather
stations close to this station (not shown here). Since IWTH21 is also in close proximity to
the ocean we cannot rule out that the observed changes in κ0 are due to pressure differences
induced by the ocean to the ground. We cannot give a full reasoning for the observed
periodicity for IWTH21 at this stage of the investigation. We just want to highlight that
seasonal variations can have a large influence on κ0. For IWTH21, Δκ0 varies between 0 s
in summer and 0.04 s in winter. Out of 140 sites, we observe seasonal variations for only 3
sites.

5. Conclusions

We have shown that κ0 is not always constant over time but that it can strongly vary. The
changes in κ0 can be attributed to e.g. changes in the instrumentation, to non-linear soil
effects  or  to  seasonal  variations.  The  differences  are  in  the  order  of  several  tens  of
milliseconds which is rather large given the fact that typical κ0 values are in the range of 0-
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0.1 s. These variations may not be obvious when only few recordings are available but
contribute to the within-station variability of κ0. It is thus not always appropriate to use a
mean value of κ0 over time (as it is common practice in κ studies).

This study is not exhaustive but is merely intended to give a first impression of the time
variations that can be observed for κ0. The κ0 changes shown here are mainly related to the
surface stations but we observed several sites where κ0,borehole is also not constant over time.
We therefore encourage the reader to check for possible time dependencies of κ0 before
estimating a mean κ0 for a certain time period.

Fig. 5 – Strong temporal periodicity observed for station IWTH21.
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Abstract : Accounting for vertical heterogeneities in shear-wave velocity profiles is 

important for seismic response prediction at high frequency at geotechnical and sedimentary 

valley scales and for site-specific probabilistic hazard assessment. We propose a shear wave 

velocity randomization approach to propagate Vs vertical small-scale heterogeneities into 

suites of Vs profiles within a non-stationary probabilistic framework. This approach is 

shown to be successful in reproducing most of the seismic site response variability at high 

frequency (> 3 Hz) at Treasure Island (California, USA) and outlines that small-scale Vs 

heteogeneities in each sediment layers contribute equally to the overall site response 

variability. 

Keywords: Vs uncertainty, site response variability, non-stationary random fields 

1. Introduction

The accounting for the elastic and anelastic small-scale heterogeneities of the near-surface 

geological layers is of increased interest in recent years for seismic response and related 

variability prediction at geotechnical or sedimentary basin scales (e.g. de la Torre (2020); 

El Haber et al. (2019); Tchawe et al. (2021); Teague et al. (2018)) or for site-specific 

probabilistic hazard assessment (e.g.  Barani and Spallarossa (2017); Rodriguez-Marek et 

al. (2014); Rodriguez-Marek et al. (2017)). The increased availability worldwide of shear-

wave velocity profiles (Vs) at various soft to hard rock sites derived from invasive 

measurements indicate significant small-scale variation of Vs within geological surface 

layers, with a coefficient of variation of Vs ranging from 10% to 50% (e.g. Shible (2021)). 

Most of recent site response modeling approaches have been focused on randomizing Vs 

profiles to account for induced vertical scattering effects in site response (e.g. Hallal et al. 

(2022); Parolai (2018); Passeri et al. (2020); Teague et al. (2018), Toro (2022)). 

Randomization is performed by assuming statistical distribution of Vs and layer 

thicknesses and, in most of the recent studies, makes use of Vs profiles inferred from non-

invasive measurements, that leads to a suite of randomized Vs profiles being strongly 

influenced by both aleatory and epistemic uncertainties. In order to capture at best the 

effect of the aleatory uncertainty of Vs due to the natural soil spatial variability on seismic 

response and its variability, we use in this study high-resolution invasive measurements of 
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Vs to propagate Vs uncertainties into site response through a non-stationary Vs 

randomization approach. 

2. A non-stationary probabilistic framework for site response and related variability 

prediction. Application to Treasure Island in San Francisco bay 

The proposed method divides the soil profile into small-scale random fields where the 

assumption of local stationarity if fulfilled. Each random field is then discretized according 

to a coefficient of variation (COV) and a scale of fluctuation of Vs using the Expansion 

Optimal Linear Estimation method (Li and Der Kiureghian (1993)). This approach was 

calibrated at three European sites, ranging from soft to rock sites, using the available Vs 

profiles derived from invasive methods (cross-holes, down-holes, PS-logging) 

(InterPACIFIC project; Garofalo et al., 2016a&b)). This approach was found to be 

efficient in generating suite of Vs profiles that are capable of replicating various site 

signatures such as dispersion curves, site amplification and fundamental resonance 

frequency. Predicted site response variability was found to be sensitive to the vertical 

resolution of the invasive method used to retrieve the Vs profile, with higher resolution 

method such as PS-logging leading to higher variability in site response as a consequence 

of a larger COV when quantifying Vs uncertainty within each soil layer.   

 

In order to evaluate the ability of the approach to reproduce site response variability, the 

method was applied to real earthquakes recorded at Treasure Island (TI) in San Francisco 

Bay, which can be considered as a site dominated by 1D wave progagation (Graizer and 

Shakal (2004)). TI is an artificial hydraulic fill island composed of young and old bay mud 

of silty clays and sands up until the Franciscan bedrock reached at 90 meters depth. A 

downhole array was installed with 7 triaxial accelerometers placed at the surface and at 

various depth in the borehole. A deep PS suspension logging VS profile and geological logs 

served as a base case Vs profile (Gibbs et al., 1992; Graizer and Shakal, 2004) (Fig. 1).  

Generated VS profiles were then used to compute the linear visco-elastic response of the 

horizontally layered structure to incident SV plane waves at the various sensors depth 

locations using the Thompson-Haskell propagator matrix technique. Quality factor for P- 

and S- waves were defined as Vs/5 and Vs/10, respectively. Theoretical (TTFs) and 

empirical (ETFs) transfer functions were computed by dividing the Fourier amplitude 

spectra of synthetic ground accelerations at each sensor by that of the sensor placed in the 

bedrock at 122 m deep. ETFs were determined using S-wave phase from the horizontal 

components of 27 weak motion events. 

After checking the ability of the PS-logging Vs profile to reproduce the actual S-waves 

phases at various depths (Fig. 1, right), predicted and actual site response variabilities are 

compared (Fig. 2). The good agreement between predicted and actual variabilities at high 

frequency (> 3 Hz) at various depths outlines the ability of the proposed non-stationary 

method to capture most of the actual site response variability, while site response 

variability at low frequency (< 2 Hz) is strongly underestimated. Varying the incidence 

angle of incident SV plane waves such as to account for body-wave conversion leads to 

increased ground motion variability at low frequency, specifically at the fundamental and 

first higher mode resonance frequencies of the site (Fig. 2). This outlines that site response 

variability at high frequency is mostly controlled by the Vs heterogeneities within 

sediments. Synthetic and real recordings are then used to evaluate the contribution of the 

small-scale Vs heterogeneities in each soil layer to the surface site response variability at 

high frequency (> 3 Hz). Our results outline that the small-scale Vs heterogeneities in each 

49453ECEES, September 2022, Bucharest, Romania



soil layer contribute equally to the overall site response variability, which implies that deep 

layers in TI also significantly contribute to the surface ground motion variability at high 

frequency. 

Fig. 1 - (Left)  Suite of non-stationary generated VS profiles (gray curves) alongside with their average 

realized VS profile (black curve) and the PS-Logging  VS profile (magenta line) at Treasure Island site. 

Triangles indicate locations of accelerometers. (Right) Real (black) and synthetic (red) horizontal 

accelerations  for the ML 4.2 Lafayette earthquake.The S-wave window is indicated by the vertical dash lines. 

Fig. 2 - Ground motion variability (natural logarithmic standard deviations) of transfer functions computed 

between various pairs of sensors. The empirical transfer functions (ETF) computed for 27 weak motion 

earthquakes are indicated by continuous lines. Synthetic transfer functions for vertically incident SV waves 

(TTF) and for incidence angles varying from 0° to 30° (TTF()) are indicated by dotted lines and dashed 

lines, respectively.  
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Abstract:   This paper applies a GIS -based methodology to a case study in the cities of Atarfe 

and Santa Fé in Anadalucía (Spain) which recently suffered a seismic series with six 

magnitude 4 earthquakes. The framework for estimating the risk scenario essentially relates 

each housing building in the cadastral, to the probability of reaching different levels of seismic 

damage, namely negligible, slight, moderate, extensive given the seismic hazard in the area 

under study. It is built on the python toolbox pandas and QuantumGIS. Although only minor 

to light damages were observed and reported during the seismic series, this study reveals that 

there is a high-risk scenario in the area if the 475-year design earthquake occurred nowadays. 

Keywords: Seismic loss assessment, Push over curve, N2 method, GIS, seismic risk, 

cadastral data 

1. Introduction.

Predicting future losses due to earthquakes in hazardous regions is always a complex 

problem, especially if we consider that losses imply not only physical damage to buildings 

but also social, economic, and psychological aspects, which are difficult to objectivize. 

Nevertheless, it is paramount in seismic areas to understand the risk in order to: i) Inform 

people and policy makers; ii) Grant governments with tools to make informed decisions; and 

iii) implement mitigation and emergency plans, among other. To this end the seismic risk

scenarios, as the case study presented in this paper, are helpful tools to understand the

problem. There are currently several procedures to estimate seismic damage scenarios

worldwide: RADIUS (UN 1999) from the United Nations, The ATC-13 (Applied

Technology Council 1985) and the ATC-21 (Applied Technology Council 1996;

McCormack and Rad 1997) together with HAZUS (Federal emergency management agency

2018; Kircher, Whitman and Holmes 2006) in United States, the project Risk-UE (Moroux

and Le Brun 2006) in Europe.

When evaluating a risk scenario two main issues need to be addressed: First an estimation 

of the seismic hazard in site, and second a vulnerability analysis of the building stock 

exposed.  Regarding the estimation of the vulnerability part, the state-of-the-art 

methodologies nowadays assume that the characteristics and performance of any individual 

building in the area under study can be represented by a benchmark structure that represents 

all the structures alike. However, this assumption masks the particularities of each individual 
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building within the corresponding typology group. Therefore, a certain level of uncertainty 

should be acknowledged and accounted when applied to vast areas. Another issue when 

estimating vulnerability in large is the enormous effort required to characterize each 

individual building, since it is time consuming and requires specialized workforce. In this 

regard, researchers have contributed to the development of tools such as geographic 

information systems (GIS), computer models, data mining, or deep learning to overcome 

these issues (Rajarathnam and Santhakumar (2015), Gentile and Gallaso (2020), Flores, 

Escudero and Zamora-Camacho (2021), Kim et. al (2020), Gonzalez et al. (2020) , Riedel et 

al. (2015), Borzi et al. (2011)).  

In the last decade in Europe GIS systems have increasingly evolved. Nowadays, anyone can 

access massive geospatial data, such as the digital cadastral databases (Directive INSPIRE 

2007; Van Loenen and Grothe 2014).  In the case of buildings, three databases collect 

information on the location, geometric attributes, and temporal information, and the authors 

support that there is alreay enough information to produce simple structural models and 

predict the seismic performance of each building. This paper applies a GIS-based 

methodology to a case study in the cities of Atarfe and Santa Fé in Andalucía (Spain) which 

recently suffered a seismic series with six magnitude 4 earthquakes. Although only minor to 

light damages were observed and reported during the seismic series, this study reveals that 

there is a high-risk scenario in the area if the 475-year design earthquake occurred nowadays.  

2. GIS procedure 

The framework for estimating the risk scenario essentially relates each building item of the 

cadastral data (Directive INSPIRE 2007; Van Loenen and Grothe 2014), to the probability 

of reaching different levels of seismic damage, that is negligible, slight, moderate, extensive 

given the seismic hazard in the area under study. It is built on python toolbox pandas 

(McKinney 2015) and QuantumGIS (2021) and comprises five steps explained below: 

Step I – Definition of the seismic hazard. The seismic hazard in a particular site will be 

determined with conventional elastic response spectra. In this study the provisions given in 

Eurocode 8 (European Committee Normalization 2004) and its national annexes are 

employed.  

Step II – Characterization of building stock. The cadastral geodata following the 

specifications of the INSPIRE directive (Directive INSPIRE 2007; European Commission 

Joint Research Centre 2014) was used to obtain a mechanical model of the buildings in the 

case study area. The database gathers the following information: i) A vector defining 

external building boundaries and internal building boundaries, and ii) descriptive data such 

as the number of floors, building parts, gross area per floor, building use, and year of 

construction. The cadastral data provides several fundamental parameters to define a 

probable structural model and its mechanical and dynamic characterization as follows: 

• The year of construction provides the standard that ruled the design of the structure, 

hence the shear coefficient, i.e: the lateral strength of the building. 

• The structural type. Construction standardization and code regulation over the last 

decades, resulted in a strong homogenization of building technology. Hence, the 

building stock can be sorted in a few typological groups with common construction 
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practices, which would share similar performance levels. In this study the building 

stock was categorized based on the height and year of construction. 

• Mass distribution.  The area per floor together with the weights of materials allows

for an estimation the mass vector, fundamental for the determination of the dynamic

properties.

• Fundamental period. Which can be approximated considering the building height and

structural typology.

Step III – Determination of probable capacity curve. Based on the castral data obtained 

in step II, we can define a simplified elastic perfectly plastic capacity curve by defining the 

ultimate capacity, Fu, and the yield lateral displacement, Dy as follows: To obtain Fu, the 

design base shear Fd is increased by two overstrength factors, γ1 & γ2, that relate the design 

force to the yielding force and the yielding force to the ultimate respectively (i.e. Fu = γ1 · γ2 

· Fd). Fd can be easily estimated by multiplying the design base shear coefficient c, given

by the design code at the construction year, and the effective mass of the building for the

first mode of vibration, obtained from the mass vector in step II of each individual building.

To obtain Dy the usual drift values (as a percentage of the total building height) proposed in

the literature (American Society of Civil Engineers ASCE 2000; Federal emergency

management agency 2018; Kircher, Whitman and Holmes 2006) were adopted, which in RC

and masonry buildings falls within the range Dy ∈ [0.15%,0.25%] as proposed in HAZUS

and FEMA 356. Finally, to account for the uncertainty when defining the capacity curve, a

random Monte Carlo simulation proposing 50 capacity curves was carried out varying Fy

and Dy within reasonable bonds (±30% and ±20%) depending on the year of construction as

recommended in HAZUS (Federal emergency management agency 2018, Kircher, Whitman

and Holmes 2006).

Step IV – Estimation of the seismic performance. The seismic performance in this study 

is defined on terms of the maximum probable displacement expected, as it is an engineering 

demand parameter closely related to damage in structural and non-structural components 

(Fardis 2009; SEAOC Seismology Committee 2006; Calvi, Priestley and Kowalsky 2007;) 

The N2 method proposed by Fajfar (1996) and adopted in Eurocode 8 (2004) annex B is 

implemented in this study to obtain the target displacement or performance point. 

Step V – Prediction of the probable damage level. Finally, once determined the 

engineering demand parameter in the form of probable target displacement, damage can be 

readily categorized into the five different damage levels defined in HAZUS: no damage 

(DS0), light (DS1), moderate or immediate occupancy (DS2), extensive or life safety (DS3) 

and complete (DS4). Limits between different damage levels are defined by means of a 

lateral drift for each specific structural system. The probable damage that an individual 

would reach given the hazard level will be most likely damage obtained for the 50 capacity 

curves defined in step IV.  

3. Case Study: the cities of Santa Fé and Atarfe
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Atarfe and Santa Fé are two residential towns in the metropolitan area of the historic city of 

Granada, southern Spain (see Table 1 for relevant information). Geologically they locate in 

the basin of Granada. This basin is filled with upper Miocene to quaternary detrital 

sediments, and it is bounded by normal faults to the east and north which are responsible for 

some of the seismic activity in the area. These faults have been responsible of several 

destructive ground motions (Montilla, de Galdeano and Casado 2003) which are the largest 

expected in Spain with magnitude up to 5.  Figure 1 shows the location map together with 

the active faults in the area (García-Mayordomo, J et al, 2012). As can be seen several active 

faults cross both localities, which makes both cities highly vulnerable to earthquake and 

being also prone to site effects due to the proximity to fault and soft soil. The recently 

updated seismic hazard and the Spanish seismic standard NSCE-02 assign a PGA of 0.23g 

(stiff-soil) for the 475-year return period earthquake. 

 

Fig. 1. quaternary Active faults at the iberian peninsula (IGME, 2009) 

 

Table 1: Relevant data of Atarfe y Santa Fe 

City Population Area Buildings Housing buildings 

Atarfe 18960 47,22 km2 5173  3988 

Santa Fe 15222 38,17 km2 5030  4394 

 

 

3.1.1. The seismic series of 2021. 
 

Since October 2018 it has been observed a seismic activity more intense than usual in the 

area, starting with a magnitude 4 and intensity V (EMS) earthquake on the nineth of October, 

2018. Since then, a low seismic activity was recorded until December, 2nd 2020, when a 3.5 

Mw stroke the metropolitan area of Granada. After this event the Andalusian seismic 

49513ECEES, September 2022, Bucharest, Romania



network recorded and processed 3961 seismic events until January, 23rd 2022. Among all 

earthquakes it is worth mentioning six magnitude ≥ 4.0, which reached intensity VI (EMS) 

resulting in minor damages in constructions (grade 1 & 2 in EMS scale) in Santa Fé and 

Atarfe. Further information on the seismic series is available in IGN (2021). Figures 2 & 3 

show the epicentres and temporal evolution of the seismic series,  

Fig. 2. Evolution of the seismic series 

Fig. 3: Location of epicentres 

3.2. Building stock characterization 

Table 2 summarises the main typological groups in which the building stock in the area 

under study can be categorised. And Figure 4 shows two maps of the typological distribution 

in Atarfe (top) and Santa Fé (bottom). As can be observed the predominant types are 

P.CODE.MA.L and M.CODE.RC.M, that is low rise masonry buildings and medium rise

reinforced concrete buildings designed with an inadequate seismic standard.

Table 2: Building Stock Categorization 

year Code Structural typology Number of flors 

year< 1968  Pre-code (PCODE)  Masonry (MA) Low (L) 

1969< year <1994 Medium-code (MCODE) Reinforced Concrete Frame (RC) Medium (M) 

>1994 High-code (HCODE) High (H) 
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Fig. 4: Building categories in Atarfe and Santa Fé 

3.2. Seismic Performance 

Following the procedure in section 2, fifty probable target displacements were obtained for 

each building, hence obtaining a probabilistic estimation of the individual seismic 

performance. The median target displacement obtained is represented in figure 5 for the area 

under study. As can be observed the predominant categories P.CODE.MA.L and 

M.CODE.RC.M show a maximum displacement, in terms of drift, ranging between 0.9 to 

1.5%.   
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Fig. 5: Median target displacement in Atarfe (top) and Santa Fé (Bottom) 

3.3. Damage levels 

Figure 6 shows the translation of maximum lateral displacement into damage by means of 

the fragility curves defined in HAZUS. The results are also represented in a disaggregated 

by building category in Figure 7 and by building code in Figure 8. As observed the damage 

State 2 or moderate damage is predominant in the map with scarce samples reaching Damage 

State 3 or extensive damage. This is expected, since the predominant building categories 

P.CODE.MA.L and M.CODE.RC.M have similar response and are prone to damage. On the

other hand most of the modern buildings designed with current standards present a damage

level DS1 or minor damage.
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Fig. 6:  Median seismic damage 
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Fig. 7 : Histograms of seismic damage by building category 

Fig. 8: Distribution of damage states and building codes 

4. Conclusions

Between October 2018 and January 2022, a seismic series occurred, whose epicentres were 

near the cities of Atarfe and Santa Fé in Andalucía, southern Spain. Around 4000 events 

were recorded, six of which had magnitude larger than 4.0. This seismic series reached 

intensity VI (EMS) resulting in minor damages in constructions (grade 1 & 2 in EMS scale), 

raising awareness of the latent seismic hazard and the need for a deeper seismic assessment 

of the seismic risk in the area. This paper presents the results of a seismic risk scenario in 

the cities of Atarfe and Santa Fé in Andalucía, southern Spain for a return period of 475 

years. From the results presented the following conclusions can be drawn: 

• The predominant building categories in the area are low rise masonry buildings and

medium rise reinforced concrete buildings designed without seismic provisions or

with an inadequate seismic standard. That is a vulnerable building stock against

earthquakes.
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• Based on a GIS assessment, the most likely expected damage is between moderate 

(DS2) and extensive (DS3) for masonry budlings, between light (DS1) to moderate 

(DS2) for low code RC buildings, and between no damage (DS0) to light (DS1) for 

high code buildings. 

• It is estimated that a 65% of the total building stock is exposed to generalised 

moderate damage under the design earthquake. Most of the vulnerable stock consists 

of under designed reinforced concrete frames (M.CODE.RC.M), with rather limited 

lateral strength and energy dissipation capacity.  

Although only minor to light damages were observed and reported during the seismic series, 

this study reveals that there is a high-risk scenario in the area if the 475-year design 

earthquake occurred nowadays. Some recommended retrofitting strategies are the 

combination of dampers with FRP reinforcement, and measures to improve the seismic 

performance of non-structural components.  

Acknowledgements 

Grant PID2020-120135RB-I00 funded by MCIN/AEI/ 10.13039/501100011033 and by the 

“European Union”. Programa Operativo FEDER 2014-2020/Junta de Andalucía/Consejería 

de Transformación Económica, Industria, Conocimiento y Universidades/Proyecto B-TEP-

306-UGR18. 

References  

- American Society of Civil Engineers ASCE (2000). Prestandard and commentary for the seismic 

rehabilitation of buildings. Report FEMA 356.   
- Applied Technology Council (ATC). ATC-13-Earthquake Damage Evaluation Data for California. 

Redwood City, California, 1985.  
- Applied Technology Council (ATC). ATC-21-T Rapid Visual Screening of Buildings for Potential 

Seismic Hazards Training Manual. Redwood City, California, 1996.   
- Borzi, B., Dell’Acqua, F., Faravelli, M., Gamba, P., Lisini, G., Onida, M., and Polli, D. (2011). 

Vulnerability study on a large industrial area using satellite remotely sensed images. Bulletin of 

Earthquake Engineering, 9(2), 675-690.  
- Calvi, G. M., Priestley, M. J. N., and Kowalsky, M. J. (2007). Displacement–based seismic design of 

structures. Earthquake spectra, 24(2), 1-24. DOI: 10.1193/1.2932170  
- Directive INSPIRE (2007). Directive (Vol. 50). Directive 2007/2/EC of the European Parliament and 

of the Council of 14 March 2007. Official Journal of the European Union, L 108/1.  
- European Commission Joint Research Centre (2014) INSPIRE Thematic Working Group Cadastral 

Parcels. D2.8.I.6 Data Specification on Cadastral Parcels–Technical Guidelines.   
- European Committee for Standardization (CEN) EN 1998-1 (2004): Eurocode 8: Design of structures 

for earthquake resistance – Part 1: General rules, seismic actions and rules for buildings. The European 

Union Per Regulation 305/2011, Directive 98/34/EC, Directive2004/18/EC.  
- Fajfar, P., and Gašperšič, P. (1996). The N2 method for the seismic damage analysis of RC buildings. 

Earthquake engineering & structural dynamics, 25(1), 31-46. DOI: 10.1002/(SICI)1096-

9845(199601)25:1%3C31::AID-EQE534%3E3.0.CO;2-V  
- Fardis, M. N. (2009). Seismic design, assessment and retrofitting of concrete buildings: based on EN-

Eurocode 8 (Vol. 8). Springer Science & Business Media. DOI 10.1007/978-1-4020-9842-0  
- Federal emergency management agency (2018). Hazus-MH 2.1 Multi-hazard Loss Estimation 

Methodology. Earthquake Model. Technical Manual.  
- Flores, K.L., Escudero, C.R., and Zamora-Camacho, A. Multicriteria seismic hazard assessment in 

Puerto Vallarta metropolitan area, Mexico. Nat Hazards 105, 253–275 (2021). 

https://doi.org/10.1007/s11069-020-04308-x  

49573ECEES, September 2022, Bucharest, Romania

https://doi.org/10.1007/s11069-020-04308-x


- García-Mayordomo, J., Insua-Arévalo, J. M., Martínez-Díaz, J. J., Jiménez-Díaz, A., Martín-Banda,

R., Martín-Alfageme, S., ... & Linares, R. (2012). The Quaternary active faults database of Iberia

(QAFI v. 2.0). Journal of Iberian Geology, 38(1), 285-302.

- Gentile, R., & Galasso, C. (2020). Gaussian process regression for seismic fragility assessment of

building portfolios. Structural Safety, 87, 101980. DOI: 10.1016/j.strusafe.2020.101980

- Gonzalez, D., Rueda-Plata, D., Acevedo, A. B., Duque, J. C., Ramos-Pollán, R., Betancourt, A., and

García, S. (2020). Automatic detection of building typology using deep learning methods on street

level images. Building and Environment, 106805. DOI: 10.1016/j.buildenv.2020.106805

- Kim, H. S., Sun, C. G., Kim, M., Cho, H. I., and Lee, M. G. (2020). GIS-Based Optimum Geospatial

Characterization for Seismic Site Effect Assessment in an Inland Urban Area, South Korea. Applied

Sciences, 10(21), 7443. https://doi.org/10.3390/app10217443

- Instituto Geográfico Nacional (2021) Informe de la actividad sísmica en Atarfe-Santa Fe (Granada).

Available at: https://www.ign.es/resources/sismologia/noticias/InformeIGN_SantaFe.pdf

- Kircher, C. A., Whitman, R. V., and Holmes, W. T. (2006). HAZUS earthquake loss estimation

methods. Natural Hazards Review, 7(2), 45-59. DOI: 10.1061/(ASCE)1527-6988(2006)7:2(45)

- McCormack, T. C., and Rad, F. N. (1997). An earthquake loss estimation methodology for buildings

based on ATC-13 and ATC-21. Earthquake Spectra, 13(4), 605-621. DOI: 10.1193/1.1585971

- McKinney, W. (2015). Pandas, python data analysis library http://pandas.pydata.org

- Ministerio de Fomento (2002). Norma de construcción sismorresistente: parte general y edificación

(NCSR-02). BOE-A-2002-19687. BOE núm 244, 11/11/2002, pp. 35898-35967.

https://www.boe.es/eli/es/rd/2002/09/27/997

- Ministerio de Obras Públicas, Transportes y Medio Ambiente (1994). Construcción Sismorresistente:

Parte General y Edificación (NCSE-94). BOE-A-1995-3319. BOE núm 33, 08/02/1995, pp 3935-

3980. https://www.boe.es/eli/es/rd/1994/12/29/2543

- Ministerio de Planificación del Desarrollo (1974). Norma Sismorresistente P.D.S-1 parta A. BOE-A-

1974-1869. BOE núm. 279, 21/11/1974, pp 23585-23601.

- Ministerio de Vivienda (1963). Norma MV-101/1962 Acciones en la Edificación. BOE-A-1963-4613.

BOE núm. 35, 09/02/1963, pp 2207-2225.

- Montilla, J. A. P., de Galdeano, C. S., and Casado, C. L. (2003). Use of active fault data versus

Seismicity data in the Evaluation of seismic Hazard in the Granada basin (Southern Spain). Bulletin

of the Seismological Society of America, 93(4), 1670-1678. DOI: 10.1785/0120020110

- Mouroux, P., and Le Brun, B. (2006). Presentation of RISK-UE project. Bulletin of Earthquake

Engineering, 4(4), 323-339. DOI: 10.1007/s10518-006-9020-3

- Presidencia del Gobierno (1968). Norma sismorresistente PGS 1 Parte A. BOE-A-1969-148. BOE

núm. 30, 04/02/1969, pp 1658-1675.

- QGIS.org, 2021. QGIS Geographic Information System. QGIS Association. http://www.qgis.org

- RADIUS (1999) Risk Assessment Tools for Diagnosis of Urban Areas Against Seismic Disasters.

Cities involved: Tijuana-Mexico, Guyaquil-Ecuador, Antofagasta-Chile, Skopje-FYROM, Izmir-

Turkey, Addis Ababa-Ethiopia, Tachkent-Ouzbekistan, Bandung-Indonesia, Zigong-China. Report:

United Nations initiative towards Earthquake Safe Cities.

- Rajarathnam, S., and Santhakumar, A. R. (2015). Assessment of seismic building vulnerability based

on rapid visual screening technique aided by aerial photographs on a GIS platform. Natural Hazards,

78(2), 779-802. DOI: 10.1007/s11069-014-1382-2

- Riedel, I., Guéguen, P., Dalla Mura, M., Pathier, E., Leduc, T., and Chanussot, J. Seismic vulnerability

assessment of urban environments in moderate-to-low seismic hazard regions using association rule

learning and support vector machine methods. Nat Hazards 76, 1111–1141 (2015).

https://doi.org/10.1007/s11069-014-1538-0

- SEAOC Seismology Committee. (2006). SEAOC Blue Book: Seismic Design Recommendations.

Structural Engineers Association of California, Sacramento, CA.

- Van Loenen, B., and Grothe, M. (2014). INSPIRE empowers re-use of public sector information.

International Journal of Spatial Data Infrastructures Research, 9, 96-106. DOI: 10.2902/1725-

0463.2014.09.art4

4958 3ECEES, September 2022, Bucharest, Romania

https://doi.org/10.3390/app10217443
http://pandas.pydata.org/
https://www.boe.es/eli/es/rd/2002/09/27/997
https://www.boe.es/eli/es/rd/1994/12/29/2543
http://www.qgis.org/
https://doi.org/10.1007/s11069-014-1538-0


Stochastic ground motion simulations of M6+ earthquakes for Istanbul 

Hakan Süleyman - Department of Earthquake Engineering, Boğazici University, Istanbul, Turkey, e-mail: 

hakan.suleyman@boun.edu.tr 

Eser Çaktı – Department of Earthquake Engineering, Boğazici University, Istanbul, Turkey, e-mail: 

eser.cakti@boun.edu.tr  

Abstract: This study presents stochastic ground motion simulations of M6+ scenario 

earthquakes that can potentially occur on the Central Marmara and Princes’ Islands 

segments of the North Anatolian Fault. The observation region of the synthetic recordings is 

selected as the wider region of Istanbul. This study was preceded by a validation exercise of 

the stochastic ground motion modeling algorithm, EXSIM, by observing the performance of 

the synthetic recordings over the observed recordings of five existing light to moderate 

earthquakes associated with the main Marmara fault. The validation of the algorithm was 

conducted by utilizing the recordings of the strong ground motion stations mostly located 
within Istanbul. A mesh grid map of Vs30 values for Istanbul is compiled by combining 

Vs30 estimates of multiple studies to realize the estimates of the simulations of the scenario 

earthquakes. The grid map along the horizontal plane is constituted of 400 x 600 m size 

cells, each cell containing an average Vs30 value. The synthetic ground motion recordings, 

along with the ground motion intensity parameters, such as PGA, PGV and Sa are generated 

over this grid map. These synthetic intensity values are compared with the GMPE estimates 

to further validate the estimated simulation results. 

Keywords: finite-fault, Istanbul, North Anatolian Fault 

1. Introduction

Several M6+ scenario earthquakes located on the Central Marmara and Princes’ Islands 

segments of the North Anatolian Fault are simulated in this study through the stochastic 

simulation approach, EXSIM. By simulating large magnitude earthquakes, we are aiming 

at understanding the potential destructiveness of such earthquakes in Istanbul. To simulate 

ground motions, we used the finite-fault stochastic simulation algorithm, EXSIM. This 

algorithm was validated for this region, in which we successfully simulated five past 

earthquakes by using the ground motion recordings of these earthquakes in the Istanbul 

Early Warning and Rapid Response System (IEWRRS). The estimations are discussed 

both in time domain and in frequency domain – such as, analyses generated to evaluate the 

distribution of intensity parameters by comparing them with existing ground motion 

prediction equations (GMPEs) and residual analyses. This was followed by the scenario 

earthquake simulations of M6+ earthquakes that can occur on the Central Marmara and 

Princes’ Islands segments of the North Anatolian Fault. Herein, we present the estimations 

both from the validation exercise of the simulation algorithm and the scenario earthquake 

simulations for Istanbul. 

2. Methodology

The ground motions were simulated by utilizing the open-source algorithm, EXSIM. This 

algorithm is a stochastic simulation approach, taking into account finite-fault source 

models (Motazedian and Atkinson, 2005; Boore, 2009; EXSIM, 2018). This approach 

subdivides the source model into subsources that can be considered as point sources. The 
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point source model assumes that the earthquake is generated through a single point, 

resulting in a ground motion trace determined by the deterministic aspect and the 

randomness of a shaking. Individual simulations from each point sources are summed to 

produce the final ground motion time series. 

The site and path parameters used in this study are compiled from studied developed 

considering regional and global aspects. The site response is considered by the site-specific 

and frequency-dependent amplification factors as a product of estimations through quarter-

wavelength method (Margaris and Boore, 1998). The attenuation at high frequencies is 

measured in a preceeding study, conducted by the authors of this study Süleyman and 

Çaktı (2018), following the approach of Anderson and Hough (1984). Horasan et al. (1998) 

model was used to take into account the frequency-dependent anelastic attenuation, that is 

modeled by observing the spectral decay of S-waves at selected central frequencies over 

Fourier amplitude spectra. The duration of the simulated ground motions is scaled to the 

model suggested by Boore and Thompson (2014). 

3. The validation exercise

The validation exercise for the stochastic finite-fault ground motion simulation algorithm, 

EXSIM is conducted by utilizing five past earthquakes that occurred in the Marmara Sea, 

of magnitudes between Mw4.0-5.8 (Figure 1). We utilized a finite-fault source model for 

the Mw5.8 earthquake, studied by Karabulut et al. (2021) (Figure 2). However, for the 

smaller events we considered point sources, as the rupture sizes of these earthquakes are 

relatively small.  

The parameters used in the validation exercise are summarized in Table 1. These 

parameters represent path, site and source effects that can be observed on strong ground 

motion recordings. The parameters accounting for path and site effects are globally and 

regionally developed parameters, particularly for Istanbul and Marmara region. The bottom 

lines of Table 1 are dedicated for the source parameters of the five earthquakes used in the 

validation study.  

Fig. 1 - The magnitudes, focal-mechanism solutions and the dates of occurrences of the earthquakes used in 

the validation study 
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Fig. 2 – Finite-fault slip model of Karabulut et al. (2021) for Mw5.8 earthquake; the values in each cell and 

the colorbar show the change in slip, in cm 

 

 

Table 1 – Summary of the parameters used in the validation exercise 

Parameters Values References 

Crustal density 

(rho, g/cm3) 
2.7 

 
Average S-wave velocity 

(km/s) 
3.4 

Anelastic attenuation 

model for S-waves 
𝑄𝑠(𝑓) =50 𝑓1.09 Horasan et al. (1998) 

   S-wave duration model 

Rrup (km) Dp (s) 

Boore and Thompson 

(2015) 

0 0 

7 2.4 

45 8.4 

125 10.9 

175 17.4 

270 34.2 

Slope of the last 

segment 
0.156 

Geometrical spreading 

model 

R (km) Coefficients 

Akinci et al. (2013) 

0-20 1 

20-40 0.8 

40-100 0.7 

100> 0.5 

Site kappa model (κ0) Vs30-dependent functional form x1.5 
Süleyman and Çaktı 

(2018) 

Site amplification model Site-class specific generic amplification coefficients 
Margaris and Boore 

(1998) 

Source Parameters 

Magnitude (Mw) Stress Drop, Δσ (Bars) Fault Type 
Length 

(km) 
Width (km) 

Sub-fault 

size 

5.8 60 Strike-slip 20 5.5 0.8 x 0.5 

4.6 15 Strike-slip 1 1 1x1 

4.5 25 Strike-slip 1 1 1x1 

4.3 70 Strike-slip 1 1 1x1 

4.0 90 SS 1 1 1x1 
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The validation exercise is realized by generating synthetics through the algorithm and then, 

comparing the observed recordings with synthetics both in the time domain and in the 

frequency domain (Figure 3). We made use of recordings from over one hundred stations 

of IEWRRS. Moreover, synthetic and observed intensity parameters were compared, 

considering distance and site conditions, along with GMPE curves.  

Fig. 3 – Comparison of observed and synthetic recordings both in time domain and frequency domain 

Fig. 4 – Residual analyses prepared by considering spectral accelerations, for each event separately 

The residual analyses were prepared for each event separately, for acceleration FAS and 

response spectra (Figure 4). The residuals were plotted against frequency, considering the 

0.3-20 Hz range. The calculations were applied by subtracting the logarithms of synthetic 

amplitudes from observed amplitudes. Both acceleration FAS and response spectra 
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residuals showed a relatively more stable trend around the zero line at high frequencies. 

However, our estimations at low to middle frequencies tend to fluctuate. 

The distribution of observed intensity parameters versus simulated intensity parameters 

demonstrates a consistent trend over all values (Figure 5). These data points in Figure 5 

also show that the observed values are partly higher than the simulated ones. Overall, this 

distribution is considered fairly satisfactory. 

 
 

Fig. 5 – Comparisons regarding (a) observed PGA and simulated PGA; (b) observed PGV and simulated 

PGV 

2. Ground motion modeling for scenario earthquakes 

Scenario earthquake simulations of magnitude 6 and above were realized for the central 

Marmara and Princes’ Islands segments of North Anatolian Fault (NAF). The output 

motions were simulated for 400x600 m size grid cells, with estimated Vs30 information (for 

approximately twenty-four thousand cell locations), for the entire region of Istanbul (IMM, 

2007; IMM, 2009; MTA, 2004). The assigned Vs30 values to grid cells range from 157 to 

1392 m/s (Figure 6). This rich dataset allows us to generate simulated intensity parameters 

over a relatively large region and to have thorough discussions.  

The scenario finite-fault source models were located over approximately 100 km in length 

on the Central Marmara and approximately 40 km in length on the Princes’ Islands 

segment of the NAF. The magnitudes realized on the Central Marmara segment range 

between Mw7.0-7.4. However, those that are realized on the Princes’ Islands segment range 

between Mw6.0-6.4. The length and the width of the finite-fault source models are 

calculated using the empirical relationships prepared by Wells and Coppersmith (1994). 

After each simulation, the output ground motion intensity parameters were also plotted 

against reference curves generated by GMPEs. Therefore, this helped us to additionally 

validate our estimations. For each magnitude, five scenario earthquake simulations were 

generated for random slip distributions, each having different hypocenter locations. This 

allowed us to clearly observe the directional effects that can be caused by the location of 

the hypocenter.  
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Fig. 6 - The area considered for the scenario earthquakes simulations; Vs30 values assigned based on IMM 

(2007, 2009) and QTM (MTA, 2004) maps for this region 

Figure 7 is showing the geographical distribution of PGA values in case of a Mw7.4 

earthquake for a stress drop (Δσ) of 130 bar. In this figure, three subcases are presented: 

when the hypocenter is located on the west edge of the rupture, the middle of the rupture 

and the east edge of the rupture. The differentiation in the estimations can be clearly seen 

when the hypocenter is relocated. However, in all these cases, the west of Istanbul is prone 

to higher levels of ground motion shaking, compared to the east of the city. In these 

scenarios, PGA values are reaching up to 0.7 g, that can also be observed on the figure.  

3. Conclusions

The validation of the stochastic ground motion algorithm involved the rich database of 

observed recordings of IERRWS, which allowed us to discuss the simulations in detail, 

through various analyses. Moreover, the readily available high-resolution Vs30 map for 

Istanbul led us to conduct scenario-event simulations along the entire province of Istanbul. 

First results are promising in terms of forming a new database of simulated ground motions for 

further uses. The ground motion simulation estimations in this study will be used to create a 

ground motion prediction equation, for the same region, that will involve both synthetic and 

observed recordings.  
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Fig. 7 – The geographical distribution of PGA values for the case of Mw7.4, for Δσ=130 bar; (a) the 

hypocenter is located on the west edge of the rupture, (b) the hypocenter is located in the middle of the 

rupture, (c) the hypocenter is located on the east edge of the rupture; the colorbar show the change in PGA 

values.  

(a)  

(b)  

(c)  
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Abstract: One of the main issues in ground motion simulation is building a realistic physics-

based model. A typical approach to evaluate the goodness of the model is to compare simulated 

and real seismograms. However, discerning between the uncertainties due to source, path or site 

effects is not simple. Because of their power to amplify seismic motion, sedimentary basins are 

of great interest for ground motion simulations. In many cases their dynamic response can be 

investigated experimentally by measuring resonance frequencies, often with microtremor single-

station measurements. Although the complexity of basin effects cannot be characterized by 

resonance frequencies only, these depend on the geometry and mechanical properties of the 

sediment fill so the numerical simulation should ideally reproduce them. We take the examples 

of two sedimentary basins in Italy for which a depth model is available in the literature and 

perform 3D seismic wave propagation simulations using a spectral-element code. We then 

compare simulated and experimental seismograms and resonance frequencies at different sites 

within the basins and observe similarities and discrepancies. We suggest that the comparison 

between observed and modeled resonance frequencies may help in evaluating the goodness of the 

model and highlighting areas where it may be improved. 

Keywords: 3D simulation, earthquakes, resonance frequency, basin effects, H/V 

1. Introduction

Ground-motion simulations with numerical methods have gained popularity in recent years 

thanks to increasing computation capabilities and availability of numerical codes, such as 3D 

full-wave simulation code. These can be applied to large-scale simulations used for seismic 

hazard studies and at local scale for seismic response studies. 3D physics-based simulations of 

earthquakes produce time-histories of ground motion that reflect the physics of the problem 

from the fault rupture, to the propagation path and local site response. Uncertainties in the 

simulation are therefore due to unknowns in the source, path and site effects. Discerning the 

effects of the three terms when attempting to improve the modeling is not always 

straightforward. The site term in physics-based simulations relates to the shallow velocity 

model near the surface and the way this is modeled strongly depends on the availability of 

detailed shallow geological/geophysical information and on the mesh resolution.  

One of the main causes for seismic motion amplification near the surface is represented by 

sedimentary basins as they tend to trap seismic waves, developing traveling surface waves or 

2D resonance. Ground motion modeling in sedimentary basins is of particular interest because 

urban areas are often built on sediment covers. Realistic and detailed 3D basin models have 

shown to significantly improve the waveform fit when comparing recorded and synthetic data, 
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especially for small-moderate events for which the source complexity can be approximated by 

a point source (e.g. Molinari et al. 2015).  

A good proxy of the seismic response of small- to moderate-scale sedimentary basins is their 

resonance frequencies, often investigated by experimental measurement of the Horizontal to 

Vertical spectral ratio technique (H/V) computed on ambient seismic vibrations or earthquake 

records. Because the resonance frequencies depend on the geometry and mechanical properties 

of the resonating body, they provide useful information to infer the buried morphology of 

basins/valleys/sediment layers (e.g. Uebayashi et al., 2012).  Resonance frequencies can also 

be a measure of the goodness of ground-motion modeling, as we expect to reproduce the 

amplification at the resonance frequencies in the simulated ground motion. The comparison of 

resonance frequencies derived from real and simulated waveforms can be of help for discerning 

inconsistencies in the modeling .  

In the present work, we investigate the cases of a deep and narrow Alpine alluvial-sedimentary 

basin and of a wider intermountain deep basin in the Apennines: the Bolzano and Fucino basins. 

We use the bedrock models by Sgattoni and Castellaro (2021) for the Bolzano basin and a 3D 

model derived from Patruno and Scisciani (2021) for the Fucino basin (Fig. 1). We combine 

each of them with regional crustal models available in the literature to build complete 3D 

velocity models. We then implement the 3D basin models in the spectral-element code 

SPECFEM3D_cartesian (Peter et al., 2011) to simulate 3D wave propagation. As sources, in 

the Fucino area we use real earthquakes and we compare recorded and synthetic seismograms 

and their H/V ratios. In the Bolzano valley, where the seismicity is low, we use synthetic 

sources in the form of Ricker wavelets; we then calculate the spectral ratios of the synthetic 

ground motion at the surface and at the bedrock to identify the model resonance frequencies 

and we compare them with the resonance modes observed experimentally by Sgattoni and 

Castellaro (2020).    

Fig. 1 – The two sedimentary basins investigated. a) Fucino basin thickness derived from Patruno and Scisciani 

(2021); b) bedrock depth of the Bolzano basin according to Sgattoni and Castellaro (2021).  

2. Fucino basin (central Apennines)

The Fucino plain is a Pliocene-Quaternary tectonic basin in Central Apennines (Figure 2), with 

size of about 20 and 10 km in EW and NS directions, respectively. The basin is bounded by 

two main systems of normal faults: a first fault system striking in NW-SE Apenninic direction, 

and the second one (nearly orthogonal to the former) along the WSW-ENE direction (Galadini 

and Galli, 1999). In 1915, a destructive M 7 earthquake hit the Fucino area, causing over 30,000 

fatalities and the complete destruction of Avezzano town and several surrounding villages. The 

large-scale structure of the basin, filled by a fluvio-lacustrine sequence, was mainly investigated 
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with seismic lines (Cavinato et al., 2002; Patruno and Scisciani, 2021) and gravimetric data 

(Mancinelli et al. 2021). According to these studies, a half-graben structure is shown with 

thickening of the Plio-Quaternary continental deposits that can reach a maximum thickness of 

about 1700 m (Patruno and Scisciani, 2021) over Miocene carbonate and Flysch deposits. 

Four seismic stations from the Italian Strong Motion Network (RAN) are located within the 

basin (IT.ORC, IT.AVZ, IT.CLN and IT.BTT2 in Fig. 2a). In addition, we also considered 

some stations from a temporary seismic network that was deployed in the basin in 2009 for 

about 9 months by Cara et al. (2011) during the L’Aquila seismic sequence. These authors 

investigated the resonance frequencies of the basin, which are mostly in the range 0.25-0.8 Hz. 

To set up our simulation we therefore discretize our 3D velocity model so that the simulation 

is able to resolve frequencies up to about 1 Hz. We use a crustal P- and S- wave velocity model 

from seismic tomography by Chiarabba et al. (2020) and add the depth and velocity model of 

the basin from Patruno and Scisciani (2020). The sediment fill of the basin is subdivided by 

Patruno and Scisciani (2020) into four seismic units with different interval velocities. In our 

model we merge the two top units and the two bottom units and identify an upper and lower 

sediment layer, each with uniform P wave velocity equal to the averaged velocities of the 

corresponding units from Patruno and Scisciani (2020), i.e., 1600 m/s for the top layer and 2400 

m/s for the bottom one. We build a 70x70x40 km volume discretized into a mesh with element 

size increasing from about 90x90x90 m at the surface to about 800x800x800 m below 40 km 

depth (Fig. 2b). 

 

2.1. Earthquake simulations 

We simulated two moderate-magnitude seismic events: a Mw 4.3 earthquake that occurred near 

Rocca di Cambio (20 km north of the basin) on 23-04-2009, 21:49:00.00 and a Mw 4.1 

earthquake that occurred within the plain on 28-02-2015, 03:16:18.00 (Fig. 2a). To model the 

sources, we use the time domain moment tensor (TDMT) solutions routinely calculated by 

INGV (Scognamiglio et al., 2006; http://terremoti.ingv.it/tdmt). The synthetic and real 

seismograms are then filtered with a bandpass filter between periods of 1 and 20 seconds and 

visually compared in the time domain. The comparison shows in general a poor fit for the 

distant earthquake, especially for surface-waves and late arrivals. An example is reported in 

Fig. 2c for the temporary station PI04 located in the center of the basin. The fit significantly 

improved for the nearby earthquake, as for example at the permanent station IT.BTT2 (Fig. 2d). 

On one hand, this indicates that our 3D model of the sedimentary basin is able to reproduce the 

first-order wavefield complexity (even if there could be still room of improvement); on the 

other hand, it is clear that our model, especially in the portion between the far earthquake and 

the basin, needs improvement and does not fully explain the complexities of the Apennines 

chain. It is also possible that in the southern sector of the basin (i.e. in proximity of PI04 

position), the geometry of the discontinuities and the velocities are not properly known. 

However, for further analysis described in the following section we use the nearby earthquake 

(Mw 4.1) that is better reproduced by our model. 
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Fig. 2 – a) The Fucino basin and the seismicity recorded in the area (red dots with text denoting Mw values), 

mainly associated with the 2009 L’Aquila sequence. The 70x70 km area corresponds to the limit of the 3D 

volume used in the simulation. The stars are the epicenters of the two earthquakes simulated in this study. Grey 

triangles mark the temporary network deployed in 2009 (Cara et al., 2011). Black squares mark the location of 

the permanent RAN seismic stations. b) 3D velocity model used for the simulation with SPECFEM3D_cartesian 

(the slice refers to the red line in a). c) comparison of synthetic and real seismograms for the Mw 4.3 earthquake 

at the temporary station PI01 (red triangle in a). d) comparison of synthetic and real seismograms of the Mw 4.1 

earthquake at the permanent station IT.BTT2 (red square in a).  

2.2. H/V ratios 

As a first test of the Fucino model at the basin scale, we refer to the resonance frequencies that 

are directly linked to the depth and velocity distribution in the basin. We use the H/V ratios as 

a proxy to estimate the resonance frequencies and we compare the H/V ratios of noise records, 

real seismograms and synthetic seismograms.  

We observe that a good fit between observed and simulated H/V peak frequencies is achieved 

at some stations, mainly where the basin is thicker (~1000 m), while a poorer fit is observed 

towards the edges where the thickness decreases. Two examples are reported in Fig. 3. A good 

match between the main H/V peak frequencies computed on noise, real and synthetic 
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seismograms for the M 4.1 earthquake is observed at station IT.BTT2, characterized by a main 

resonance frequency at about 0.25-0.3 Hz. At the station IT.AVZ located close to the western 

edge of the basin, the main resonance peak is found at about 0.8 Hz, seen in both the noise and 

earthquake H/V ratios. The H/V curve computed from synthetic seismograms shows instead a 

peak at a lower frequency, at about 0.4 Hz. This may be due to an over-simplification of the 

model with locally incorrect properties of the sediment layer; e.g., a larger thickness or lower 

velocity than reality could explain the value of 0.4 Hz.  

 

Fig. 3 - H/V ratios and corresponding individual spectral components at stations IT.BTT2 and IT.AVZ, 

computed on noise (a, b), real earthquake seismogram (c, d) and synthetic seismogram (e, f). The grey shade in 

the spectra of the synthetic seismograms denote the frequency range (>1 Hz) not resolved with the simulation. 

The vertical arrow shows the fundamental resonance frequency obtained from the H/V ratios. 

3. Bolzano basin (southern Alps) 

The Bolzano alluvial-sedimentary basin lies at the intersection of three alpine valleys, one of 

which is the Adige valley, the main valley crossing the southern Alps from north to south. The 

seismicity in the area of Bolzano is low, however the basin is densely populated and the study 

of its seismic response is of interest for, e.g., microzonation studies. Sgattoni and Castellaro 

(2020) investigated the dynamic behavior of the sediment fill with single-station microtremor 

measurements and identified resonance frequencies with 1-D and 2-D features. 2D resonances 

involve simultaneous vibration of the whole sediment-fill of a valley-like geologic structure, 
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and they have different frequencies along the horizontal directions longitudinal and transversal 

to the valley axis. The main 2D resonance frequencies in the western and southern parts of the 

basin (along the Adige valley; Fig. 1b) are identified as peaks in the horizontal spectral 

components of motion at about 0.28 and 0.36 Hz in the longitudinal and transversal directions 

to the valley. In the eastern portion of the basin, instead, 1D resonance frequencies correlate 

site-to-site with the local bedrock depth ranging between 0.5-4 Hz and they do not differ along 

the horizontal directions.  

We set up a numerical simulation with the aim to test whether these resonance frequencies are 

reproduced by the basin model. We build a 3D model of the area in Fig. 4a composed, within 

the basin, by the bedrock depth and velocity model from Sgattoni and Castellaro (2021) and, 

outside, by the crustal velocity and density model EPcrust (Molinari and Morelli, 2011). We 

build a 12 x 8 x 10 km 3D volume, discretized into a mesh with minimum element size equal 

to 50 x 50 x 50 m (Fig. 4). The maximum resolved frequency is in this case 4 Hz. 

Due to the lack of real earthquakes, we use a different modeling approach with respect to the 

Fucino simulation. We use vertically propagating Ricker wavelets with central frequency equal 

to 0.3 Hz with motion polarized along the E-W and N-S directions. We want to test whether we 

are able to reproduce the resonance modes described by Sgattoni and Castellaro (2020), so we 

place two sources at 2 km depth below the sites BZ01 and BZ02 shown in Fig. 4a, where 

experimental microtremor measurements are available (Fig. 5a and b). At location BZ01, the 

measured resonance frequencies are 0.28 and 0.36 Hz along the longitudinal (E) and transversal 

(N) directions respectively, while at location BZ02 the resonance frequency has no directional

dependence and is about 0.65 Hz.

We analyze the synthetic signals by computing the spectral ratios between the horizontal 

components of motion on the surface and at the bottom of the basin (i.e. at the corresponding 

location at the bedrock depth). This allows us to identify the frequencies amplified by the 

sediment layer according to the numerical model and we compare them with the experimental 

values. We observe that at site BZ01 we clearly distinguish the two horizontal 2D resonance 

modes that are reproduced by the model with similar features to those observed experimentally, 

although at slightly higher frequency (at about 0.38 and 0.48 Hz). At site BZ02 the spectral 

ratio shows a broad amplification centered between 0.6-0.7 Hz, with similar shape on the 

horizontal components. This matches reasonably well the experimental evidence of a 1D-type 

resonance at about 0.65 Hz. 

Fig. 4 – a) location of the Ricker sources (red stars) and output points of the 3D simulation (black triangles). The 

red line corresponds to the slice of the 3D velocity model shown in b).  
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Fig. 5 – a) and b) H/V ratios and corresponding individual spectral components at measurement points BZ01 and 

BZ02, located as in Fig. 1a. Modified from Sgattoni and Castellaro (2020). c) and d) surface/bedrock spectral 

ratios of the synthetic horizontal motion at locations BZ01 and BZ02. 

4. Conclusions 

We simulated 3D seismic wave propagation in the Fucino and Bolzano sedimentary basins, in 

Italy. For each test case we built an appropriate 3D velocity and depth model from datasets 

available in the literature and set up a simulation with the code SPECFEM3D. We used real 

earthquakes in the Fucino basin and synthetic sources in Bolzano where no real earthquakes are 

available close to the basin. In both basins, an investigation of resonance frequencies has been 

conducted in previous studies and we expect that an adequate model should be able to reproduce 

the main resonance frequencies observed experimentally. Therefore, we used resonance 

frequency as a parameter to test how close to reality these models are, i.e., how well the site 

amplification term is reproduced. To estimate the resonance frequencies of the models, we 

computed the H/V ratios of the simulated seismograms for the Fucino basin and the 

surface/bedrock spectral ratios of the horizontal motion components in the Bolzano basin. We 

then compared experimental and simulated resonance frequencies and observed sites with good 

match and sites with poorer fit. For the Fucino simulation, we obtained the best agreement 

considering near earthquakes as input of the numerical modeling, with stations located in the 

middle of the basin. For the Bolzano basin, we observed a good agreement of the general 1D 

and 2D dynamic features although the experimental frequencies are not perfectly reproduced. 

These are preliminary results and further modeling is ongoing, however they suggest that the 

comparison between modeled and measured resonance frequencies can help evaluate the 

goodness of the model.  In addition to the comparison of real and synthetic seismograms, the 

proper evaluation of the resonance frequencies with their interpretation in terms of 1D or 2D 

behavior can be useful to better constrain the site effect component.  
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Abstract: Macroseismic data and analysis connect our collective seismological past with the 
present and the present to the future by allowing hazard estimates and communicating the 
effects of shaking to a wide variety of audiences across the ages. Invaluable shaking and 
damage information is gained by standardized, systematic approaches to assigning intensities 
and sharing and archiving such data in objective reproducible form. Traditional macroseismic 
surveys continue to provide vital constraints on key aspects of earthquakes and impacts to 
society. Internet-based macroseismic datasets are also extremely valuable for real-time post-
earthquake situational awareness and response and contribute to scientific and earthquake 
engineering analyses. Yet continued gains in the macroseismic field require us to revisit 
traditional macroseismic scales in the modern context and to standardize internet-based 
collection strategies. Whereas a complete catalog of ongoing challenges is beyond the scope 
of this short note, we describe several concerns (primarily from the perspective of the U.S. 
Geological Survey) and suggest some opportunities to address them. Specifically, we report 
on (1) the challenge of non-expert internet respondents assigning what could be considered 
indeterminate higher intensities; (2) efforts to add uncertainty assignments to macroseismic 
datasets and individual assignments for quantitative uses; and (3) harmonizing Modified 
Mercalli Intensity with EMS-98 (European Macroseismic Scale) as a further step toward 
developing an International Macroseismic Scale (IMS).  

Keywords: macroseismic, “Did You Feel It?”, EMS-98, earthquake intensity 

1. Introduction

An important modern innovation in the macroseismic world was the rollout of EMS-98 
(European Macroseismic Scale; Grünthal, 1998; itself a revision of EMS-92), substantially 
raising the standards of traditional intensity assignments by basing professional field 
reconnaissance observations on strict adherence to building class assignments and damage 
grade statistics. Around the same time EMS-98 was introduced, the rapid evolution of 
internet-based intensity reporting came online following Dengler and Dewey (1998) and 
Wald et al. (1999). The U.S. Geological Survey (USGS) “Did You Feel It?” (DYFI; Figure 
1; Quitoriano and Wald, 2020) and its Italian counterpart at Istituto Nazionale di Geofisica 
e Vulcanologia’s (INGV) “Hai sentito il terremoto?” (HSIT; Sbarra et al. 2010), among 
others, collect input from thousands of citizen-science observers with traditional 
questionnaires. Along these lines, internet-based access to reconnaissance photographs and 
media accounts also substantially improved the availability of reports and images (as well 
as their locations) of earthquake effects for macroseismic analyses from afar (e.g., Martin et 
al. 2015). Remote assignments can add uncertainty because EMS-98 requires statistical 
sampling, not individual building observations (e.g., Tertulliani et al. 2016); yet, with 
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sufficient observations, expert assignments can be successfully made (e.g., McGowan et al. 
2017).  
The latest innovation is to supplement internet-based data collection with convenient-to-use 
cartoons that readily allow cellphone-based users to select their intensity among images, as 
done by the European-Mediterranean Seismological Centre (EMSC; Bossu et al. 2017 and 
by New Zealand’s GNS Science (GNS; Goded et al. 2017, 2018). Although this picture-
based approach increases access and response rates considerably, these data should not 
themselves be considered macroseismic data in the traditional sense. While nearly 
instantaneous, these selected intensities are strictly integer values and lack supporting 
documentation, limiting deeper analysis. Nonetheless, remotely sensed intensity 
assignments and internet based LastQuake “testimonials” (Bossu et al. 2017) have value in 
their accessibility, abundance, rapidity, and widespread global availability. However, if these 
data are used quantitatively, their uncertainty would need to be properly characterized and 
considered (see Quitoriano et al., 2022, this meeting).  
In contrast to the traditional macroseismic data used for capturing the effects of earthquakes 
past and present in an archival sense, automatically and rapidly collected macroseismic data 
also are extremely valuable for immediate post-earthquake situational awareness, geospatial 
shaking (e.g., ShakeMap), and damage analyses. And although popular systems like USGS 
“Did You Feel It” enable community members to contribute abundant observations, the 
divergence of traditional assignments and automatically contributed reports has resulted in 
a host of unique challenges.  

Figure 1. Map of USGS DYFI intensities for over 20 years of reporting (2000-2021). 

For example, for higher intensities, alternatives, or at least complements, to crowd-sourced 
observations are necessary, specifically field-based engineering assessments. Crowd-
sourced intensities are best for assigning values up to VII in the case of the U.S. and New 
Zealand Modified Mercalli Intensity (MMI) scale (Wald et al. 2011; Goded et al. 2017, 
2018). At MMI VII and above, buildings can suffer considerable damage, and the 
assignment of intensity values requires engineers’ involvement to assess the building’s type 
and damage level. Yet, the need for professionals to make higher intensity assignments 
conflicts with rapidly and automatically assigning them. We thus aim for better strategies 
for such assignments by tapping into existing post-earthquake building inspection (tagging) 
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protocols such that engineers could effectively assign intensities as a byproduct of their 
surveys. In Italy, the recent collaboration between the INGV and the National Fire 
Department facilitated the exchange of macroseismic data in real-time. Reports from Fire 
Department technicians, who immediately carry out technical inspections of buildings 
affected by the earthquake, will be integrated with the existing data survey system by the 
INGV group QUEST (QUick Earthquake Survey Team). 
In terms of data uniformity, another important aim is to help harmonize the use of both 
internet- and field-based approaches by considering and documenting best practices, while 
also characterizing uncertainties when used quantitatively. This aim is consistent with the 
2021 findings of the European Seismological Commission Working Group on Harmonizing 
Macroseismology (De Rubeis et al. 2021). The Group’s approach focused on statistical and 
spatial analyses, using data provided by scientific institutions in multiple countries, and 
international data from the USGS DYFI and EMSC LastQuake systems. Similarly, DYFI 
(or any macroseismic) assignments can vary at a given locality simply due to differences in 
the size of the area over which effects are considered or averaged (Quitoriano and Wald, 
2020). A proper accounting for uncertainty as a function of resolution and scale is warranted. 
Lastly, we recognize that the MMI scale is outmoded compared to the EMS-98, which more 
quantitatively accounts for building vulnerability classes and damage levels. As such, we 
aim to revise the higher MMI levels in the United States and New Zealand (NZ) to be 
compatible with EMS-98. Recommendations are planned so these strategies can be 
implemented in an update of EMS-98 — applicable to the globe — which could become an 
International Macroseismic Scale (IMS).  
We will start to address these and other concerns collaboratively via workshops held at the 
USGS-sponsored Powell Center in Fort Collins, Colorado, in the Fall of 2022. Serving as 
the macroseismic standard bearer, EMS-98 will be the natural starting point for an 
International Macroseismic Scale (IMS). We touch on efforts on this front by the USGS and 
GNS New Zealand and colleagues to regionalize EMS-98 for these two nations. Such an 
effort requires providing vulnerability classes and damage grade descriptors for structure 
types in the United States and New Zealand missing from EMS-98 vulnerability classes. 
Each of the macroseismic data collection efforts and processing innovations mentioned 
above provide more rapid and more abundant data, yet add complications above and beyond 
those of traditional, survey-based intensity assignments. Successfully harmonizing 
traditional and modern, crowd-sourced datasets is nontrivial and potentially controversial, 
thus warranting some consensus. The following sections are organized according to the three 
specific challenges being addressed and potential solutions under consideration. As the 
continuing evolution of macroseismic surveying has long been a community-oriented 
process (e.g., EMS-98; Grünthal 1998), we seek feedback and contributions on all aspects 
of these efforts. 

2. Assigned Higher Intensities Reported via the Internet 

“All macroseismic data are not created equal.” (David Wald) 

DYFI has proved fully sufficient as a tool for collecting intensity data at low and moderate 
intensities (VII and lower), which accounts for more than 95% of all macroseismic 
observations (much larger areas are covered by lower shaking levels, and there are more 
smaller earthquakes than large ones). Although higher report intensities typically do 
correlate well with existing scales and independent measurements (including ground motion 
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recordings), formally, they require more expertise on the type of structure and damage state 
than that of the typical internet respondent.  
Intensities VII and higher (certainly VIII and higher) warrant evaluation by professionals. 
So, for destructive earthquakes, alternative systematic macroseismic observations (e.g., from 
engineering reports, media reports, and field reconnaissance) are best used. With the need 
for professional knowledge of building type and damage levels to make higher intensity 
assignments, an unresolved problem for the USGS is how to evaluate and assign higher 
shaking intensities more routinely and automatically. Many nations employ dedicated 
experts for such occasions, but not all have committed resources. Given the ability of crowd-
sourced observations like those from DYFI at lower intensities — which constitute 95% of 
observations — field-based strategies can be limited and focused on locations where 
building damage has occurred. 
The USGS is hosting the first of two international meetings in October 2022, in Colorado, 
that is planned, in part, to strategize on approaches to allow field inspectors — who are 
typically either civil engineers, architects, or are at least trained on the subtleties of ATC-20 
(Applied Technology Council, 2005) or other inspection standards — to contribute their data 
for automatic intensity assignments consistent with EMS-98. It is envisioned that most 
aspects of these already ongoing inspections, with minor modifications, can be used to help 
assign EMS-98-like intensities with proper guidance and documentation on vulnerability 
class, damage levels, and statistical sampling. 
We aim to implement standards for post-earthquake macroseismic collection in the United 
States and in New Zealand by soliciting and utilizing engineering expertise that is already in 
place for post-earthquake damage assessments. These need only be done in the more limited 
high-intensity areas where damage is prevalent and thus where DYFI assignments are not 
well constrained. As described below, uncertainty assignments of each macroseismic dataset 
(or observation) would allow the use of DYFI up to MMI VII, and then taper off their 
influence in ShakeMap by down-weighting higher intensity DYFI data in comparison to 
engineering-based assessments; the latter would get full weighting where and when they are 
provided, allowing for the best possible quantitative representation of the shaking 
distribution for any earthquake. 
For real-time ShakeMap operations, dense, low-cost accelerometer deployments are 
anticipated to continue (the Community Seismic Network, for example, Filippitzis et al. 
2021), and such data can be included in ShakeMaps using existing techniques for converting 
peak ground motion data to instrumentally derived intensities (Worden et al. 2020). 

3. Uncertainty assignments

“The extent to which a scale guides the user to arrive at a correct assessment of the
intensity is a measure of the quality of the scale.” (Musson et al. 2010) 

An important benefit of widespread, rapid, and abundant internet-based macroseismic data 
collection is their quantitative use for post-earthquake situational awareness and response, 
as well as for later scientific and engineering analyses and even financial adjudication 
(Quitoriano and Wald 2020; Wald et al. 2021). Although valuable as a stand-alone dataset 
for any earthquake, USGS ShakeMap has used DYFI intensity observations for spatial 
macroseismic interpolation since its inception and as a proxy for ground motion data in areas 
with sparse instrumental coverage (e.g., much of the world). The newest version of 
ShakeMap (Version 4) explicitly accounts for the uncertainties of its various input data using 
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a conditional multivariate normal (MVN) distribution to combine data from different 
sources, down-weighted by their uncertainties (Worden et al. 2018; 2020). The ability to 
incorporate macroseismic data geospatially into ShakeMap serves another useful purpose. 
Recall that one attribute of macroseimic data is the connection of the present to the past. 
Historical macroseismic observations used directly in ShakeMap play a vital role in 
constraining the shaking intensity (and converted ground peak motions) from significant past 
earthquakes. In turn, these maps help us elucidate the nature and pattern of shaking behavior, 
damage, and ground failure that might otherwise remain elusive. With the portfolio of 
historical macroseismic data and modern DYFI-based intensities, we have basic constraints 
on any event that left an impression on the regional population. 

Why are macroseismic uncertainties so important? ShakeMap’s MVN algorithm explicitly 
requires data uncertainty to properly characterize the complex shaking pattern that drives 
earthquake response and loss estimates. Proper interpolation requires weighting instrumental 
and macroseismic data appropriately, according to both their relative distance (via spatial 
semi-variograms) as well as their inherent uncertainty in the interpolation algorithm (a 
“nugget” effect; Worden et al. 2018). Proper interpolation also allows ShakeMap to use 
ground motion measurements (such as peak ground velocity) from instruments as proxies 
for macroseismic intensity (and vice versa) with a suitable ground motion to intensity 
conversion equation, again with a corresponding uncertainty (Worden et al. 2018). 

DYFI intensity uncertainties have been computed quantitively according to the number of 
user responses in each area (Worden et al. 2012). In short, using bootstrapping, we found a 
standard deviation of 0.3 intensity units for areas with a minimum of three DYFI responses 
and fit an exponential function that asymptotes to about 0.2 units for greater than 10 
responses (operationally, ShakeMap uses only locations with three or more responses). 
Quitoriano et al. (2022; this meeting) expand that work to compute uncertainties for both 
DYFI and EMSC felt reports recognizing the heteroskedastic nature of the uncertainties. 
Specifically, higher intensities show greater variability than lower intensities. This is not 
unexpected because damage observations, rather than observations of objects and other 
humans, dominate higher intensity assignments (e.g., Wald et al. 2011) and, as previously 
noted, structural and damage characterizations are beyond the knowledge of most 
respondents.  

For modern field-based macroseismic assessments, experts surveyed by Foulser-Piggott and 
Spence (2013a, b) proffered a variety of uncertainties for traditional surveys in various 
countries, ranging from 0.5 up to 2.0, the latter just from comparing damage data from 
reinforced concrete (RC) buildings compared with masonry structures. Even with the well-
documented EMS-98 scale, there is a lack of guidance for such uncertainty assignments, let 
alone specifics about the various uncertainties in the components that constitute a final 
intensity assignment, e.g., over- or underestimating vulnerability class or damage degree, 
size of the study area, and the number of buildings surveyed (Foulser-Piggott and Spence, 
2013a). Given their survey results, they proposed that guidelines on the treatment of 
uncertainty and how it is quantified should be included in an updated version of the EMS-
98 scale.  

Historical intensity assignments that used older scales and oftentimes limited data, would 
also benefit from some standardization for quantifying their uncertainties. Those made in 
modern times using modern scales yet based on historical data (typically newspaper 
accounts), or those based on digital images or modern news reports, warrant such guidance 
as well. ShakeMap operators currently use default values for each contributed dataset based 
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on heuristics. Typically, we assign uncertainties of 1.0 intensity unit to historical intensities, 
0.5 units for modern survey-based assignments, and variable values for DYFI data, as 
discussed previously. 

Understanding the importance of the possible origins of intensity variations remains 
essential. The large amount of data collected, even if of heterogeneous origin, shows 
intensity variability due to uncertainties and errors of assessment (especially considering the 
qualitative nature of the estimates, then "translated" into degrees of intensity) but also to the 
intrinsic variability of the phenomenon. The EMS-98 scale, with the introduction of the 
vulnerability of buildings and structures, partly addressed this variability. But there are 
undoubtedly other causes. Frequency and site characteristic that interact with complex 
building and content characteristics. Ultimately, the actual intrinsic variability of the 
phenomenon warrants consideration in expressing the intensity and range of variation, 
regardless of the inevitable errors of assessment. There may be direct relationships between 
variability and scale of representation and therein lies the potential of using large amounts 
of heterogeneous data. 

The DYFI system now automatically computes these uncertainty values as part of its product 
suite, and as input into ShakeMap. In addition, we are implementing the technique of 
Worden et al. (2012) to determine uncertainty functions for other macroseismic collection 
programs such as EMSC’s “felt reports” (Bossu et al. 2017) to systematize the inclusion of 
their data into ShakeMap. The details of these strategies are presented by Quitoriano et al. 
(2022, this meeting). In other countries, DYFI systems or their equivalents are routinely 
ingested as part of their regional or national ShakeMap operations (see for example, in 
Australia (Allen et al. 2019); (Northwestern Europe (Van Noten et al. 2016; and the French 
Overseas Territories (A. Schlupp, French Central Seismological Bureau, written 
communication 2017). We aim to confer with the group involved in the Colorado workshop 
to come up with consistent and acceptable standards for macroseismic uncertainty 
assignments.   

4. Towards an International Macroseismic Scale (IMS)

“We believe that macroseismic scales are not static, but they instead should be 
updated on the basis of new experimental observations, as in the case of a recent 

study.” (Tosi et al. 2015). 

We further recognize that, specifically for higher, damaging intensities, the Modified 
Mercalli Intensity (MMI) scale is outmoded compared to the European Macroseismic Scale 
(EMS-98). The latter quantitatively accounts for building vulnerability classes and ratios of 
a given structure classes at specific degrees of damage and MMI does not. As such, we aim 
to revise the higher MMI levels in the United States and New Zealand (NZ) to be compatible 
with EMS-98 by assigning missing U.S. and NZ building vulnerability classes and damage 
grade descriptors. Further, we aim to make recommendations so these strategies can be 
implemented in an update of EMS-98—applicable to the globe—which could become an 
International Macroseismic Scale (IMS).  

Overviews of existing macroseismic intensity scales by Musson et al. (2010) indicate that 
the assignment of intensities varies depending on the scale used, scales are not all 
compatible, and that the quality of the assignment is dependent on the quality of the scale 
employed. Musson et al. (2010) go on to provide approximate conversions from several 
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standard scales (e.g., MMI, MCS, MSK, and JMA-96) to EMS-98, with the implicit 
assumption that EMS-98 is the most modern and comprehensive scale yet developed.  

 

 
 

Figure 2. EMS-98 damage grade descriptors for masonry buildings and vulnerability classes for different 
building types (from Grünthal 1998). 

 

From the analysis of a large number of HSIT web-based macroseismic questionnaires, INGV 
proposed improvements to the EMS scale for effects on people and objects to better constrain 
lower intensities, which could be included in the IMS scale. In particular, recent studies 
enabled floor and building effects to be quantified, demonstrating the intensity experienced 
in buildings is affected by the height of the floor (Sbarra et al. 2012; Sbarra et al. 2015). 
Specifically, the maximum variation in intensity between the highest and lowest floors was 
determined to be a half degree of the Mercalli–Cancani–Sieberg (MCS) scale. This is below 
the expectation of Grünthal (1998) that prescribed “reducing the assigned intensity by one 
degree for [buildings with] so many floors.” Moreover, Sbarra et al. (2014) reported that 
people’s physical situation (sleeping, at rest, and in motion) has more weight on earthquake 
perception than observer’s location (higher floors, lower floors and outdoors). Based on their 
results, as a first approximation, Sbarra et al. proposed to change the wording “indoors” with 
“at rest” and the word “outdoors” with “in motion” in the description of the EMS-98 scale. 
The quantification of effects on humans and objects is key to reducing the subjective 
component in macroseismic intensity assessment (Sbarra et al. 2020) at lower intensities. 
Analysis of the frequency associated with each diagnostic effect by Tosi et al. (2017) also 
suggests omitting (or at least critically revising) the oscillation of hanging objects and liquids 
as diagnostics, to ensure a magnitude-independent scale. 

USGS has continued to make modifications to MMI assignment procedures to accommodate 
changing building inventories (see Dewey et al. 2002). Nevertheless, seemingly minor 
changes of important indicators over time warrant consideration. For example, old style 
vulnerable chimneys are no longer common in highly active regions in the west, both from 
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prior damage and replacement or retrofit, as well as improved building practices. Yet 
chimney types were and to some degree remain key indications of intensity VII and VIII in 
the United States (e.g., Dewey et al. 2002). Likewise, although very common and easily 
damaged, no guidelines exist for factoring in the effects of prefabricated, elevated mobile 
homes in accordance with the MMI scale. Such homes are now a more ubiquitous indicator 
of damaging levels of shaking. 

EMS-98 allows for statistics of building damage and distributions. However, in the United 
States (and New Zealand, among other countries), the buildings are not represented in EMS-
98, which was developed for Europe, so a globally applicable scale has not taken hold. 
Recognizing these realities, as mentioned prior, the USGS is hosting an international 
meeting in October 2022 at the USGS Powell Center that will allow attendees to strategize 
on approaches to contribute to the long-term goal of establishing an IMS. The main aims of 
the workshop are to (1) revise the MMI scale in United States and New Zealand to be 
compatible with EMS-98, (2) improve U.S./NZ strategies for rapid macroseismic 
assignments, particularly for higher intensities, and (3) align these revisions into 
recommendations and progress towards an update of EMS-98 that could serve the globe as 
an IMS. Any effort to move forward with an IMS will benefit greatly from prior efforts and 
experts on the development of an IMS (Foulser-Piggott and Spence 2013a, b, c), which did 
not come to full fruition, primarily due to the lack of resources as well as challenges 
coordinating multiple, widely distributed experts. 

Although updating the collection or processing procedures over time can be beneficial as 
expressed in Tosi et al.’s (2015) quote above, updates over time can lead to a discontinuity 
in datasets, which presents potential conflicts with one of the very benefits of macroseismic 
data: its long-time window into the world of earthquake occurrence and effects. Some 
innovative strategies have emerged to provide continuity and modernization, and one 
example is INGV’s approach of assigning both MCS and EMS-98 values for internet-based 
assignments (Tosi et al. 2015). USGS initially correlated DYFI with MMI in its initial 
development (Dengler and Dewey 1998; Wald et al. 1999), but a revision of practices 
regarding an EMS-98 implementation is not planned without due consideration of continuity 
of assignments. 

Foulser-Piggott and Spence (2013a, b, c) reviewed field experience using EMS-98 in an 
initial phase of a project to modify the current version of EMS-98 for intensity levels greater 
than VI, to make the scale more internationally applicable. Foulser-Piggott and Spence 
(2013a, b, c) found that EMS-98 (and its explanatory documentation) would need revision 
primarily with respect to building damage levels and their descriptions that are more 
representative of worldwide building types currently missing from existing EMS-98 
vulnerability classes (Figure 2). They further presented a series of recommendations for 
modifications to the EMS-98 document and even detailed the additional steps needed and 
validation required to expand EMS-98 beyond Europe. 

Our aim initially is to tackle those structures necessary to expand EMS-98 to the United 
States and New Zealand. This is consistent with Foulser-Piggott and Spence’s (2013a, b, c) 
suggestion to define IMS zones, within which the predominant building types are similar. In 
our case, the United States and New Zealand have many predominant building types and 
vulnerabilities (e.g., Jaiswal and Wald 2008) made similar by factors including as climate, 
socioeconomics, construction practices and building codes, and can thus be considered 
together. This “zone” would require expansion of the EMS-98 vulnerability table 
consideration beyond the 15 separate structural types (of which seven are masonry and six 
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reinforced concrete types with only one each for steel and timber; see Figure 2), although 
Foulser-Piggott and Spence (2013a, b, c) proposed ideas for consolidation of the existing 
classes.  

Specific tasks aimed at a U.S./NZ regionalization of EMS-98 include the following: 

● Evaluating proposed new vulnerability classes for U.S./NZ buildings, 
● Evaluating damage grade descriptors for each building vulnerability class, 
● Providing guidance and evaluating the new vulnerability classes and damage descriptors 

against observed data from past earthquakes in the United States and New Zealand, 
● Providing recommendations towards the development of an IMS that would include 

missing U.S./NZ building types and their associated vulnerability classes, and 
● Developing criteria for post-event damage assessments in the context of the new scale, 

providing uncertainties so these data can be used in ShakeMap and for estimating the 
ground shaking at each locality. 
 

The adoption of a regionalized EMS-98 in the United States and facilitating the assignment 
of higher intensities by leveraging engineering damage surveys would require 
comprehensive documentation and community acceptance along the lines of those done for 
EMS-98. We plan to leverage experience at Applied Technology Council (ATC), whose 
earthquake engineering reports become the basis for procedures used in U.S. engineering 
and reconnaissance practices. ATC has led the development of more than 35 guidelines, 
tools, and project reports including the development of FEMA P-154 (Federal Emergency 
Management Agency; FEMA 2015), Rapid Visual Screening of Buildings for Potential 
Seismic Hazards, and the adaptation of the ATC-20-1 (ATC 2005), Post-earthquake Safety 
Evaluation Procedures for the country of Bhutan and is currently leading the update of the 
ATC-20-1 Field Manual for the United States. Ayse Hortacsu, ATC Project Manager, has 
leveraged existing tools and reconnaissance teams for data collection and will be the point 
person for these efforts. The other principal investigators and participants in the Powell 
Center workshop in 2022 have all been involved with numerous prior earthquake 
engineering and/or macroseismic field investigations. We also plan to engage colleagues at 
FEMA who make multitudes of post-earthquake Preliminary Damage Assessments (PDAs) 
for the purpose of loss disbursement, which could readily be utilized for intensity 
assignments with the right protocol and tools.   

5. Conclusions 

The integration of modern crowd-sourced and traditional macroseismic intensities creates 
opportunities for increased speed, spatial coverage, and density of reports, but it also presents 
substantial challenges. We have considered strategies for addressing several concerns. That 
higher intensities warrant more expertise than typically available via citizen-based reports, 
indicates that efforts to use engineering reconnaissance and inspections to facilitate more 
rapid and rigorous assignments would be important. Additionally, we have made efforts to 
add uncertainty assignments to macroseismic datasets and individual assignments when used 
quantitatively (e.g., in ShakeMaps).  

Lastly, as described, the focus of IMS efforts for this work is on the United States and New 
Zealand. Naturally, a truly worldwide IMS would require additional regional modifications 
to EMS-98 and the integration and acceptance of such refinement by participating national 
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representatives. Clearly such efforts could be particularly challenging for revisiting scales in 
use in countries with less compatibility with EMS-98 than the MMI scale. Of particular 
concern are scales in use in Japan, China, and Russia, for example. Such efforts are beyond 
the scope of this current effort, but we are offering a direction forward for a portion of the 
globe.  

A major roadblock to the organization of these types of efforts in the past has been challenges 
in gathering the important experts at the proper venue, allocating resources, and setting aside 
time to conduct the necessary work in a setting in which all partners involved can focus on 
the goals of the project. The USGS Powell Center provides an opportunity where attendees 
can discuss and refine priorities, define action items, and ultimately begin to implement and 
build a consensus around an IMS. This current meeting offers an opportunity to participate 
or provide insights on these and any other relevant macroseismic intensity concerns.   
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Abstract: The near real-time estimation of macroseismic intensities has become a priority in 

the National Institute for Earth Physics (NIEP) after the introduction of mandatory insurance 

policies to population from Romania, to cover some of the losses and damages that 

earthquakes could cause to their homes. This was done by two methods: (i) using the 

conversion equations of peak ground recorded acceleration into macroseismic intensity values 

and (ii) by estimating seismic intensities from online people feedback. In the last decade, and 

especially after the crustal Vrancea moderate size earthquake from 22th November 2014 

(Mw= 5.4) the efforts have been directed to rapidly gather macroseismic intensities in case of 

felt Romanian earthquakes using an online environment and additionally there have been 

developed scripts for the automatic approximation of the intensity from people feedback. 

During these years there have been changes and improvements that have led to the 

development of the automatic system for collecting and processing macroseismic data, but 

also the methods of public dissemination of the results of these actions. The paper presents 

the evolution of internet macroseismology in Romania in the last years. 

Keywords: intensities, earthquake effects, seismicity, people feedback 

1. Introduction

The real time collection of answers to macroseismic questionnaires, the rapid estimation of 

seismic intensities and the generation of a macroseismic report following a felt earthquake 

become mandatory after 2010, when started the activity of PAID insurance company in 

Romania. The Insurance Pool against Natural Disasters (PAID) is an insurance-reinsurance 

company, managing the compulsory home insurance system, covering three main risks 

specific to Romania: Earthquakes, Flooding and Landslides. The insurance policy (PAD) 

covers damages to buildings destined as dwellings against any of the forms of manifestation 

of natural disasters, as a direct or indirect effect of the occurrence of the insured risks.  

The rapid generation of a felt report cannot be done using classical macroseismic data 

collecting procedure, so an online environment was developed for collecting data from 

people feedback and the code for automatic approximation of the intensity proposed by Wald 

et al (1999a) was implemented for the first time in Romania by Ionescu et al (2010). The 

online collection methods have been developed along time, by (i) improving of the 

information included in the questionnaire (Moldovan et al., 2018), (ii) fast collection method 

using pictograms, and also the methods of graphical representation and distribution to the 

population of the obtained results have undergone changes and improvements, and (iii) 

adding to the gathered macroseismic information file the hour when the questionnaire was 

completed. 

4986

3rd EUROPEAN CONFERENCE ON  
EARTHQUAKE ENGINEERING & SEISMOLOGY 

BUCHAREST, ROMANIA, 2022 

3ECEES, September 2022, Bucharest, Romania



The macroseismic information are published on the main page of the National Institute for 

Earth Physics NIEP (http://www.infp.ro/, an example for the last felt intermediate depth 

earthquake from 14th March 2022  https://infpapi.infp.ro/en/feedback/28480) in the form of 

a testimony table containing the date and hour of the answer, the location of the respondent 

and the epicentral distance and the reported intensity) and also on the portal of Phenomenal 

PED National Project in the form of a map with intensity values obtained with the two 

collecting methods (fast - pictograms and DYFI -detailed questionnaires) for localities and 

also a downloadable table with intensity values. The map and the table with all reported 

values can be downloaded only by means of user and password. 

Due to the fact that besides the intensity values obtained from online macroseismic 

questionnaires, the insurance companies require also instrumental intensities derived from 

the recorded instrumental data, during the last years there have been tested and developed 

several relationships between recorded peak ground acceleration or velocities and seismic 

intensity values (Wald et al., 1999b, Moldovan et al, 2019, Ardeleanu et al, 2020, Constantin 

et al 2021a and b).  

2. Seismic data 

In this paper we have used all felt earthquakes occurred in Romania, after November 22th 

2014, with more than 10 responses to the macroseismic questionnaires. From 362 events 

with Mw>3.5 occurred in Romania (see Figure 1), between 01.01.2014 and 16.03.2020, only 

168 had answers to the online questionnaires, and only 76 had more than 10 responses. Only 

4 earthquakes had Mw>5.0 (Table 1). 

 

Fig. 1 – Mw>3.5 Seismicity in Romania (2014-2022) 
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Table 1. Mw>5.0 Romanian seismicity 

Date and time Lat (N) Long (E) Depth (Km) Mw Responses 

11/22/2014 19:14 45.8683 27.1517 40.9 5.4 204 

09/23/2016 23:11 45.7148 26.6181 92.0 5.5 964 

12/27/2016 23:20 45.7139 26.5987 96.9 5.6 342 

10/28/2018 00:38 45.6079 26.4068 147.8 5.5 2500 

3. Macroseismic data

The conditions for a macroseismic questionnaire to be attached to an earthquake are: 

- For Romanian crustal earthquakes and Vrancea intermediate earthquakes – Mw≥3.0;

- For seismic areas adjacent to the Romanian border:

• Mw≥6 for a distance to the border of 100 Km;

• Mw≥4 for a distance to the border of 50 Km.

- For some specific earthquakes, the feedback questionnaire is manual opened by the

IT department.

Using the criteria mentioned above, only one European earthquake occurred after 2014 had 

answers from Romania. It is the case of the Croatian earthquake from 29 December 2020, 

M=6.6, earthquake that has gathered 41 responses in Romania (14 DYFI – detailed questions 

and answers and 27 FAST – pictograms), most of them from the West part of Romania, 

Timisoara area: 10 DYFI and 12 FAST, giving an intensity of III degrees on DYFI and II 

degrees MSK on FAST, and Arad area: 2 DYFI and 3 FAST, giving an intensity of II½ 

degrees on DYFI and II degrees MSK, on FAST. 

For Romanian earthquakes with Mw>3.5 occurred after 2014, only 168 events had answers. 

The evolution of the number of answers in time is presented in Figure 2, in correlation with 

events magnitude. In Figure 2, only the earthquakes with feedback were represented.  

Fig. 2 – Online feedback number in time 

In Table 2 and Figures 3 a and b are given (i) the number of events with feedback, (ii) the 

total number of responses, and (iii) the number of responses for the largest earthquake 
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occurred yearly, after 2014. The decrease of the responses number in 2019 is due to the 

changes in the feedback acquisition system, and also to the maximum magnitude recorded 

in 2019, of Mmax=4.6 degrees. Even so, there is an increasing trend of the number of 

responses in time. 

Table 2. Number of responses in time 

Crt. No. Year Mmax 
Nr of 

events 

Nr of 

resp 

Nr resp for 

Mmax 

1 2014 5.4 2 205 204 

2 2015 4.3 18 453 177 

3 2016 5.6 11 1371 964 

4 2017 4.8 18 2777 1161 

5 2018 5.8 11 3501 3560 

6 2019 4.6 22 887 280 

7 2020 5.2 39 4255 535 

8 2021 4.7 40 3420 1613 

9 2022 4.4 10 338 169 

 

 

Fig. 3 – Evolution of the number of responses to questionnaires over time (2014-2022) and correlated with a. 

the number of events with responses and b. the year maximum recorded magnitude. 
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In Figures 4 a and b and 5 is presented the fit of the average feedback number for every 

magnitude for which we had responses for all Romania (Fig. 4), and for Vrancea 

intermediate earthquakes (Fig. 5). 

Fig. 4 – The fit of the average feedback number for every magnitude for which we had responses for a. all 

Romania and b. all Romania excluding Galati crustal earthquake 

Fig. 5 – The fit of the average feedback number for every magnitude for which we had responses only for 

Vrancea intermediate earthquakes 
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4. Conclusions  

The rapid online gather and automatic processing of macroseismic intensities in case of felt 

Romanian earthquakes become mandatory in the last decade, when the activity of PAID 

insurance company in Romania has started. After the crustal Vrancea moderate size 

earthquake from 22th November 2014 (Mw= 5.4) the efforts have been directed to the 

permanent improvement of the macroseismic online environment and additionally there 

have been developed scripts for the automatic approximation of the intensity from people 

feedback and for the public dissemination of the results of these actions. The evolution of 

internet macroseismology in Romania seems to be on an ascending path, beginning with 

205 answers in the first year (2014) and increasing to almost 5000 answers in the last years 

(2020 and 2021). In three months from 2022, there are 338 answers from 10 events, with 

magnitudes between 3.5 and 4.4. Taking into account that there are no answers to felt 

earthquakes occurred near the Romanian border and recorded by the Romanian Seismic 

Network, some changes have to be done in the feedback strategy. 
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Abstract: The extent of the internet has greatly expanded the abilities to obtain more 
macroseismic data in parallel and/or compared with the classical methods used to 
investigate the effects of moderate and strong earthquakes. The collection of macroseismic 
observations after the earthquakes occurrence was more efficient due to the implementation 
in the institute of the online system to complete the macroseismic questionnaires (MQ). The 
online system for collecting of macroseismic observations, of automatic evaluation of 
intensities and of elaboration of intensity maps for Romanian earthquakes has been 
constantly improved since the year of implementation. The present study discusses the 
differences between modern web-based and classical macroseismic data acquisition 
methods, assesses the importance and limitations in the use of both methods, and analyzes 
the effectiveness of the online system (interactive questionnaires and rapid feedback) 
accessible at the NIEP website and developed for Romanian earthquakes. For this analysis, 
the macroseismic data collected for seven earthquakes (Mw> 4.5) occurred between 2013 
and 2020 in Vrancea region were used. Other issues related to these methods were also 
discussed, such as: highlighting errors resulting from data collection, differences in the 
content of the questions from the macroseismic questionnaires and the ambiguities induced 
by filling in the answers. 

Keywords: Macroseismology, Earthquake intensity, Macroseismic questionnaire, Intensity 
scale  

1. Introduction

Macroseismology (including historical seismology) is the non-instrumental part of the 
seismology and taking into consideration that the first descriptions of the earthquake 
effects are a few millennia old, it is considered the oldest method of studying earthquakes 
(Cecić and Musson, 2004; Constantin, 2015). The fundamental components of 
macroseismology research is the so called “macroseismic intensity data” which describes 
the level of damage caused by an earthquake in different places. These data are obtained 
from macroseismic questionnaires, and in present times are also obtained through online 
questionnaires resulting in an automatic assessment of the intensity. The current situation 
about the macroseismic database of NIEP is different from the past, even after 2009. The 
digital macroseismic databases are available through the internet, with enough quality and 
numerous data starting with 2012. For scientific purpose these data which are in a raw 
form and with intensities being only evaluated automatically, a manual revision of these 
macroseismic data is applied. In parallel with internet collection, the traditional methods of 
collecting and evaluating of macroseismic information are used. In this context the internet 
macroseismology offers us many advantages: almost real-time results, rapid assessment of 
earthquake severity, a good feedback between the institution and population, a 
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considerable amount of data depending on the event magnitude, and intensity values for 
even small events. 

2. Classic macroseismic questionnaires 

The classic/traditional method is by distributing in all the areas affected by the earthquake 
a questionnaire that covers all the most important types of information about the effects. 
After each felt earthquake the questionnaire is sent by email to public authorities from the 
selected areas, then distributed to be completed by volunteers. The type of macroseismic 
questionnaire used for classic method contains a number of questions related to building 
types, building damages, effects on people, objects and nature. The first part of this 
questionnaire includes the geographic location of observer (e.g., locality, owner, street), 
the typologies and vulnerability classes of buildings (i.e., A, B, and C structures), and the 
classification of damage to buildings (all five grades) according to the MSK-64 
macroseismic scale (Pantea and Constantin, 2013; Constantin et al., 2016b). Each observer 
thus has the possibility to select the type of building and the level of damage caused by the 
earthquake to the building in question. Another 45 questions are related to effects felt by 
people, and the effects on objects and on the environment, and they cover the intensity 
degrees from II to X of the MSK-64 macroseismic scale (Pantea and Constantin, 2013; 
Constantin et al., 2016b). Last question gives the possibility to collect some different kinds 
of comments about the earthquake, in free text. All these observed effects are used to 
estimate the intensity values based on the MSK scale. In recent years, a large number of 
completed macroseismic questionnaires has been requested for each locality, a decision 
taken depending on the event magnitude, being distributed so as to cover the entire 
locality. 

3. Online macroseismic questionnaires  

Since 2009 NIEP has been collecting macroseismic data through a survey available on 
institute webpage via online questionnaire "L-ai simtit?", like "DYFI?" (USGS) and more 
recently, the fast feedback, like EMSC questionnaire (a set of 12 cartoon images that offers 
the respondents the opportunity to select the one most appropriate to their experience). 
These tools allowed to gather information regarding the effects of the earthquakes occurred 
in Romania and in adjacent areas and felt by population. Even if deduced from 
observations provided by non-experts, macroseismic intensities are useful as shown in 
Moldovan et al. (2018a,b; 2019; 2021), more than those obtained from fast feedback 
(intensity values are deduced based on pictograms). However, this last mentioned type of 
uncertain information is good for preliminary image regarding the extent of the 
earthquakes effects. The online macroseismic questionnaire, like the classic one, consists 
of questions about the effects felt (simply feeling motion, reaction and behaviour) and 
observed by the population on the surroundings, human and animal and automatic 
evaluated using the macroseismic scale. In the case of this questionnaire type, most of the 
questions have a set of answers from which the respondent can choose the one most 
appropriate to his experience. Basically, the form content is summarized as follows: (a) 
geographic location of the respondent at the occurrence of the earthquake; (b) transient 
effects assessed through people reactions, movement and/or falling objects, and the 
observer activity pre, during and after the earthquake; (c) special earthquake information 
(duration of the motion, earthquake manifestation characteristic, the presence or absence of 
the noise and lights, (d) animal behaviour; (e) type and damages of building; (f) natural 
environment effects.  
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The current web application is deployed as a application leveraging modern web 
development patterns and functionalities, supporting both computers and mobile devices. 
The current production version is deployed as a single page web application with regard to 
minimizing bandwidth requirements because usually this application is most needed at 
times of web traffic spikes, following the occurrence of a significant earthquake in 
Romania. The answers from web application are relevant to the process of estimating the 
macroseismic intensity experienced by the users giving the feedback. After validating and 
sanitizing the user input, feedback is stored in the database for later use and the current 
computed value is displayed back to the user. The stored data can and is used for building 
on demand reports and map such as the example of intensity distribution plotted for 
Bucharest, after the occurrence of October 28, 2018 Vrancea earthquake and presented in 
Figure 1. Even if it is only the preliminary version of the macroseismic map (presented 
here as an example of online collection of macroseismic information), in the case of 
multiple answers for the same location, the intensity was averaged. 

Fig. 1 - Example of preliminary online macroseismic data collection for Bucharest 

4. Macroseismic data set

In the present study we examined the macroseismic data of earthquakes that happened in 
Vrancea seismogenic zone between 2013-2020 with 4.6≤Mw≤5.5, being selected only 
those for which was collected a consistent set of observations. NIEP received almost 25000 
observations (classic and online questionnaires) for three most significant earthquakes 
from that period: the events from 24.09.2016 (Mw 5.7, h=92km), 27.12.2016 (Mw 5.6, 
h=97km) and 28.10.2018 (Mw 5.5, h=148km). The collected data (more than 6000 forms) 
for the other four small to moderate size events (6.10.2013/ Mw 5.2; 08.02.2017/ Mw 4.8; 
31.01.2020/ Mw 4.8; 24.04.2020/ Mw 4.6) have also confirmed the public interest for 
earthquakes and to filling in online questionnaires. The figures below show some statistics 
on the collected macroseismic data. 
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Fig. 2 - Number of MQ collected for each earthquake 

 

 
Fig. 3 - Plot of intensity data points vs. epicentral distance using  

the online dataset for all 7 earthquakes 
 
 

 
Fig. 4 - Number of IDPs corresponding to each macroseismic intensity degree  

using the online dataset for all 7 earthquakes 
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Fig. 5 - Distribution of locations with IDPs corresponding to each county for 28.10.2018 earthquake 

We noticed that the populated areas covered by the online data are unevenly distributed 
throughout the territory. Although, from 2009 until the recent earthquakes, the internet 
access of the inhabitants from the affected areas and in the actual seismological 
information has increased a lot. Most of the responses came from big cities and adjacent 
areas. But, for many rural areas located at considerable distances from large cities, as well 
as those located in hard-to-reach areas and practically with limited internet access, 
macroseismic information is missing or very reduced.  
The performed analysis highlighted the some uncertainties induced by both types of online 
collected data, the fast feedback being more affected than the detailed questionnaires, such 
as: increasing of uncertainty with increasing intensity, lack of understanding of the 
message transmitted by pictures, few descriptions of the effects corresponding to each 
intensity, no proper knowledge of the phenomena. 
Still, these small to moderate earthquakes have been of considerable interest in testing 
online data under conditions of a relatively significant seismic impact, and in improving 
the collection and involvement of the population. 

5. Discussions

The estimation of the intensity values involves a complex analysis and interpretation of the 
information existed in questionnaires, regarding the macroseismic effects observed by 
volunteers in the field, immediately after the occurrence of earthquakes. Moreover, there 
are a lot of problems caused by various factors: description of the observed macroseismic 
effects; the educational level and, obviously, the liability degree of people 
selected/available to participate to the survey, which are reflected in the responses (more or 
less relevant and accurate) provided in the macroseismic questionnaires (Constantin and 
Pantea, 2013; Constantin et al., 2016a). In general, all these factors have a negative effect 
on the collected information, regardless of the method used for macroseismic investigation 
as follows: the reduced number of questionnaires collected for some locations, the 
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ambiguity of the responses from the questionnaires, confusions, uneven distribution of data 
collected / received from all areas where the earthquake was felt, more specific for online 
method.   
Other issues related to the online forms are due to: 
1. Respondent's location - errors in the location of the device used to fill in the 
observations (i.e. the location mentioned in the questionnaire or feedback does not match 
with the one determined by detecting the location of the device). The discrepancy between 
the locality identified based on the location of the used device and the one filled in 
manually by the respondent. This problem was fixed after the last improvement of the web 
application, in April 2020. If the location was filled in manually, the geographical 
coordinates corresponding to the centre of the locality were chosen.   
2. Confusion and/or ambiguity in the answers provided that will be eliminated in the 
future, hopefully, by refining and reformulating the questions.  
Both methods have limitations: the online one depends on the involvement of the citizens 
to share their observations on their own initiative, and the other one appeals to the 
amiability of the available/selected volunteers to fill in the questionnaires. Depending on 
the earthquake magnitude, we expect to obtain online responses from a much larger 
number of locations, including the small ones close and/or far from the epicentre, but 
unfortunately it's not like that. For most recent earthquakes we received few or very few 
responses from some locations and none at all from others. One of reasons could be 
considerate as being the difference between urban and rural residents in lifestyle and 
interests, and less the low population density between the two categories. 

6. Conclusions  

It resulted that the intensities obtained from rapid feedback correspond to higher 
uncertainties, consistent with the known difficulty of evaluating the intensities, especially 
for high values by non-expert respondents (i.e., higher values involve knowledge and data 
about damage and structures, that only investigators are able to ascertain, beside the fact 
that those are not exposed in the pictograms and also no detailed information about the 
damage). But those individual information (not so accurate) offer us a very good way to 
get rapid information about the produced effects and their extent. All data collected by 
different methods must be compared, correlated and corroborated to improve the 
estimation methods and the quality of the results. 
Even if, in the online forms is indicated exactly the geographic location of the observer, 
and also the existing of the text boxes where the observer filled manual the locality and the 
county (to avoid the confusion regarding the localities with the same name existing in 
several counties), or the identification of the location by detecting the device of the 
observer, it cannot fully ensure the avoidance of the errors appeared regarding the location 
in which and for which the information is completed.      
Other possibilities to improve the process of collecting of data and estimation of 
intensities:   
a) Avoiding the uncertainties induced by the automatic responses of some imposed 
questions by reformulating those questions. 
b) Correlations between the questions which regards the low intensities, whose answers 
lead to  discrepancies.    
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However, as an important finding, much larger and more homogeneous macroseismic data 
were obtained, compared to the first years of implementation of the web application. 
At the same time, this analysis of the macroseismic data made it possible to reveal some 
limitations, uncertainties and differences between the traditional and internet methods, 
which  certainly affect the evaluation of macroseismic field of each earthquake. Plus, we 
also need to focus on explaining the importance of collecting and sharing macroseismic 
data from/to the population in all areas where earthquakes are felt, in order to significantly 
increase the number of responses in the nearest future. 
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New approaches to Intensity Evaluation 
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Abstract: A few researchers suggested updating the seismic intensity scales in recent 
works. We can cite the group of INGV, Italy and USGS, USA and some individuals. After 
visualising many youtube with the movement provoked by the wave field captured by video 
cameras and checking many reports of witnesses, we compiled a set of situations that could 
lead to a better quantification of the movement and how objects and people react to that. 
Oscillation of suspended lamps, sloshing of water in recipients, fall of objects from shelves, 
and people’s behaviour inside or outside houses are several aspects to analyse in terms of 
the physics of movement. The amplitude of vibration depends on the proximity of the 
predominant frequency of incoming waves with the frequency of the object under analysis. 
Based on these developments, we try to include in the intensity scale the notion of frequency 
and make a tentative for the unification of intensity degrees with ground motion parameters. 

Keywords: Suspended lamps, sloshing of water, fall of shelves, frequency of vibration, 
human perception 

1. Introduction

The intensity of seismic motion has been, since the 19th century, a way to describe the 
wavefield at a location. It has become an essential topic in Seismology and Engineering 
Seismology in recent years due to the need to understand historical events in more detail 
and complement the information given by strong-motion instrumentation in places where 
records are not available. 

The first indication of getting a scale in an organised format goes back to Rossi and Forel 
(1881). The evolution of scales has experienced several developments since then and now 
is characterised by intensity levels (degrees). Each level is described by a descriptor 
containing information on the effects caused on people, objects and nature and the building 
damage. The most commonly referred to scales are the Mercalli Modified (IMM) (Wood et 
al. 1931), the Medvedev, Sieberg and Karnik (MSK) (Medvedev et al. 1965) and the more 
recent European Macroseismic Scale (EMS-98) (Grünthal et al. 1998), all with 12 levels (I 
to XII). For the higher intensity values, they were based essentially on European 
construction. Japanese Scale was different with only seven levels, but towards the end of 
the 20th century, it turned into ten levels for easier comparison with all the others. Even 
though there have been several changes in the way the new scales are presented, marking 
significant progress in some aspects, there are still a few points deserving consideration for 
getting a more elaborate and accurate scale. Changes in scales arise on average every 20 
years, so it is time to promote a new scale.   

2. Aspects that need consideration

2.1. Initiatives to harmonise Scales  

There are two initiatives to harmonise the scales mentioned above. The Environmental 
Intensity Scale (EIS-2007) (Michetti et al. 2007) and the International Macroseismic Scale 
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(IMS) (Spence et al. 2014). The EIS-2007 comes from the area of knowledge where the 
earthquake causes effects on the natural environment (environmental or geological impact) 
such as landslides, liquefaction, fault rupture, the height of the tsunami associated, or the 
area of perception, etc. It is suitable for intensities higher than VII-VIII. It completes all 
other modern scales that only look at the effects on man and artificial structures (buildings 
and infrastructures).  

The IMS scale is still under study and intends to extend the European EMS-98 scale to a 
Global usage, especially detailing building typologies in other regions outside Europe. It is 
suitable for large intensities above VIII. 

2.2. Conversion Intensity-Ground Motion 

Most scales present maximum and minimum values for PGA, PGV and PGD related to 
different intensity levels, as seen in older 19th century or modern studies. From Fig. 1, the 
maximum ground motion values (in PGA) vary approximately ten times for the same 
intensity level. This dispersion is observed in other cases and seems to hold for the most 
recent Scales. Some of it is inherent to the wave propagation (intra-event), as shown with 
close-located instrumental stations. Still, the descriptive aspects that contribute to the 
overall dispersion could be improved. 

Fig. 1 – Conversion of Intensity to PGA according to various authors (From Oliveira 2022) 

3. Proposal

3.1. Arguments 

Keeping in mind the several criticisms assigned to the existing Scales, a few researchers gave 
suggestions to upgrade the seismic intensity scales in recent works. We can cite the groups of 
INGV (Italy) and USGS (USA) and some individuals as the primary sources of critiques. 

After visualising many YouTube with the movement provoked by the wave field captured by 
video cameras and checking many reports of witnesses, we compiled a set of situations that 
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could lead to a better quantification of the input movement and how objects and people react to 
that. Oscillation of suspended lamps, fall of objects from shelves, people’s behaviour inside or 
outside houses, and sloshing of water in recipients are several aspects to analyse regarding the 
physics of movement. The amplitude of vibration depends on the proximity of the predominant 
frequency of incoming waves with the frequency of the object under analysis, causing 
resonance. 

3.2. New points to consider 

Video cameras filming the wave passage cannot replace the laboratory static tests or tests 
on shaking tables, pseudo-dynamic sub-structure testing, wind tunnels or the channel for 
analysing the propagation of water waves. However, information from video camera 
footage that is collected over time and well used is of great value, as it shows the real 
world without any shortcomings provoked by “similarity laws”, “boundary conditions”, or 
“friction and nonlinear hypothesis”. From Oliveira et al. (2021), we can see the following 
topics directly related to intensity levels in video cameras. 

•  Better understand motion inside houses and understand human behaviour. 
•  Better understand the performance of supermarket shelves and their contents. 
•  Swinging lamps as a measure of ceiling motion.  
•  Car balance as a measure of pavement motion. 
•  Sloshing waves in swimming pools to determine input motion. 

In the following, we explain how we can use earthquake engineering and basic mechanics 
to understand the dynamic behaviour of particular objects under movement. We can also 
use Back-Analysis of simple structures to understand the input motion. We selected 
“lamps, shelves and sloshing” to illustrate how we can obtain input ground motion from 
observations taken from video cameras. Eyewitnesses can look and inform on what they 
saw. We should note that the examples presented occur only when resonance takes place.  

3.2.1. Lamps suspended from the ceiling 

Suspended from the ceiling, lamps can move in a plane as a 1-D object or a 2-D motion. The 
in-plane classical pendulum and 2-D (Conical pendulum) are revisited in this paper with the 
difference that the suspension point O is moving or subjected to the action of a force (F)  or 
acceleration (a0) (Kapitza pendulum – Fig. 2). 

                                                                            O, m1 

 

Fig. 2 – The Kapitza pendulum and notations 

In the case of an imposed acceleration a0 to m1, the two equations of motion are reduced to 
a single equation (1), where θ is the rotating angle centred in the car and l the length: 
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(1) 

A straightforward experiment was performed to determine the acceleration needed to cause 
rotation of a lamp suspended from the ceiling in case of resonance. The Kapitza pendulum 

(L=0.34 m and 0.64 m) hanging from a pulley with wheels was accelerated in harmonic 
motion. Measurements of acceleration of the pulley were made with an android transducer, 
and the angle of rotation was obtained with a camera filming the experiment. Results are 
presented in Fig. 3, showing the acceleration of the pulley to cause the angle of rotation. 

This is the experiment to test the solution of Eq. 1 above. For example, a PGA= 1 m/s2 can 
create a rotation of 50°.  It is also interesting to check that for an acceleration of 0.5 m/s2, 

an angle of 5-10 degrees is observed. The human eye quickly identifies this motion. 

Fig. 3 – Relation between the angle of rotation θ and PGA of the moving ceiling 

Results from other situations can be obtained by solving Eq. 1. 

3.2.2. Risk of overturning shelves  

The risk of overturning shelf blocks is a more complex problem because, in most cases, the 
objects on the shelves fall first, as seen in the video camera (Oliveira et al., 2021). Only after 
that we can observe the overturning for a situation when the mass is much smaller. Then the 
classical analysis of Housner (1963) can be used, together with other analytic approaches 
(Cimellaro et al. 2020), Fig. 4. 

Fig. 4 – Probability of overturning of a box (B-base; H-height; PFA- Peak Floor Acceleration) (Cimellaro et 
al. 2020) 
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An experiment performed with a box shelf (B/H=0.16) leads to a significant probability of 
overturning in resonance for a PGA=400 cm/s2, which agrees with Fig 4. 

3.2.3. Sloshing of waves in recipients  

Sloshing of water in recipients is another gadget that can inform the input motion at the 
recipient’s base. Video cameras clearly show the aspects of sloshing, frequencies and water 
elevation. We performed experiments on small-sized recipients (cups of coffee, aquariums, 
bathtubs, etc.) and took information from swimming pools being video captured. The most 
important results are presented in Fig. 5, where frequency and water height are plotted as 
length functions. 

 

Fig. 5 – Frequency of first mode and water height for a PGA=1.3 m/s2 

Many more examples that fall in the category of “easily” assessing the input ground 
motion could be cited. To mention a few more cases that are described in detail in Oliveira 
et al. (2021), we say the displacement of objects lying on ground or floor pavements, the 
church bells sounding, electric poles supporting lights or cables shaking with P-wave 
arrivals, the fall of masonry chimneys or other adornments, the vibration of parked cars, 
etc.  

3. Human feeling for frequencies, level of shaking and time duration  

Human feeling under shaking is complicated to analyse due to the several factors 
intervening in the process, such as the location of the person (in the street, in a storey of a 
tall building), the position when receiving the motion (standing, seating, in bed, holding to 
some solid object), and mainly depending on how prepared he is to take action. There are 
several indicators related to Comfort/Discomfort and codes of practice, essentially for 
footbridges and for the safety of constructions, dealing with vibrations. Fig. 6 illustrates a 
tentative sketch of the level of discomfort of humans as a function of the frequency of 
motion and amplitude. The dashed dark blue represents the limit above which people are 
not advised to walk on footbridges (ISO 10137: 2007). Amplitudes thresholds for the 
sensitivity of different effects (descriptors: hanging objects, oscillating liquids, overturn of 
shelves, etc.) described in DYFI enquires (IPMA, 2020) tend to reduce with the period 
increase, as is suggested in work presented by Tosi et al. (2021), after analysing hundred 
thousand data collected in Italy during the last 50 years of seismic activity (see Fig. 7). 
Davidovic (2016) also offers a similar graph of human perception of earthquake shaking. 
However, as shown in Fig. 6, the tendency for Human Perception is slightly different 
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because the decrease with period may reverse around 2-4 seconds, as in pedestrian bridge 
comfort. 

We tried to understand the values of motion that humans feel many times in their life, 
associating these values with their experiences. We select aeroplanes (Table 1) and trains.  
For a moderate fast train in a line under repair, the lateral vibration that did not allow 
walking was 1.0 m/s2 at 2.5 Hz. The vibration was recorded in a mobile phone equipped 
with a MEMS transducer capable of measuring the motion. As a complement, we can add 
that the movement of a mob during the M7.1 Nepal 2015 earthquake, where we see people 
moving in the direction of shaking, was recorded by a GPS station nearby. This station 
recorded displacements (peak to peak) of around 1.6 m at a 0.15-0.2 Hz frequency, 
equivalent to PGA~1.15 m/s2.  For these values, the mob in the group moved from side to 
side a few meters, following the reverse of the oscillation and almost causing them to be 
thrown to the floor.  

Table 1. Peak accelerations (m/s2) inside a commercial plane during turbulence 

Shaking Vertical Lateral 
Freq (Hz) Observations 

Strong 0.6-0.7 0.5-0.6 2.5 Everybody ….  seated 
Moderate 0.3-0.4    Only cabin … moved 

Slight 0.1-0.2 2.0 Easy to … handle 

The numbers presented above and collected from several sources (Oliveira et al. 2021) are 
offered in Blue Circles (Fig. 6) and give a preliminary idea of human perception. Still, a 
detailed experiment on a shaking table would provide a more robust estimate of what is 
now presented. 

Fig. 6 – Level of human discomfort as a function of PGA and Period. The larger the circles, the more 
significant the discomfort. (Oliveira 2022). The larger circle on the right-hand side corresponds to the case 

that the human body can react and walk without being overturned 
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Fig. 7 – Level of perception as a function of PGA (Scaling value S) and Period (from Tosi et al. 2021) 

What Fig. 7 presents is an optimistic view to relate the threshold of perception with a 
period (or frequency) (abscissa) – PGA (ordinate) of shaking for the various descriptors 
defining each level of the Intensity Scale. The ordinate (Scaling Ratio-S) presented by Tosi 
et al. (2021) is equivalent to PGA as obtained from DYFI enquiries (IPMA 2020). The 
black-dot line represents a tendency of thousand of sampled points exhibiting large 
dispersion. Above that line, we can draw another set of different lines, seen as upper levels 
of perception or higher intensities (Blue arrow).  

 

4. Conclusions 

Several considerations were settled along with this paper regarding intensity evaluations. 
Merging some points of EMS-98 with EIS-2007 and IMS could bring several benefits to 
Intensity Scales.  
The use of simple objects acting as seismic instrumentation, such as the oscillation of 
lamps, sloshing of water in recipients, etc., can inform input motion, adding significant 
value to the descriptions of eyewitnesses or video cameras.   
A new addition to consider in the Intensity Scales 
 

 Introduction of fundamental variable: Frequency of Vibration (at the level of the 
object under scrutiny); code provision; damage state; the number of similar 
phenomena: many, a few; etc. 
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 Height of building (number of storeys) and location of witness in the building.
 Angle of rotation of suspended lamps.
 Rocking angle of parked cars.
 Perception of people inside cars.
 Water split between recipients, including swimming pools.
 Water split from rivers.
 Human feeling.
 Acoustic Noise before shaking, etc.,
 Electromagnetic fields and gravitational waves (Lightening, Dizziness before first

wave arrivals).

About intensities larger than VII, the strong effects in nature, the damage to structures and 
possibly the merging scales should be considered: tsunami, landslides, secondary effects 
due to surface faulting, etc. 

We must include the damage to the built environment in urban areas and geological 
hazards in urban and rural scenarios for these intensities. As far as damage to structures, 
the following aspects should be considered: 

 Introduction of structural dynamics knowledge before assigning Intensities above
VI. (Structural Engineer should be part of a field team)

 Consider the Type of Structures adapted to the region under study and the Degree
of Damage (D1 to D5).

 Consider the Type of structure and Non-structural Elements.
 Do not use DYFI Enquiries. They can be done only at a later stage.
 Use video cameras whenever possible.

Based on these developments, we should try to include in the intensity scale the notion of 
frequency or period of vibration of the object under analysis, make a tentative for the 
unification of intensity levels (degrees) and use all the expert knowledge on mechanics to 
obtain input motion parameters. This way, the correlation between intensity levels and 
ground motion parameters would undoubtedly be much better than the one present state-of-
the-art predicts. 
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Abstract: The resurgence of macroseismic data investigations over the last decades has 

highlighted its importance and versatility in the broader field of seismology. Macroseismic data 

in Belgium are plenty thanks to systematic and thorough macroseismic surveys, starting from the 

beginning of the 20th century. Collection and processing procedures, however, have changed 

significantly throughout the years. From addressing authoritative residents directly to request 

earthquake impact information through postal services and their classification in custom intensity 

scales in the early 20th century, to the online collection of testimonies and automatic intensity 

value calculations of today. Procedural developments occurred continuously and slowly and are 

not well documented. To encourage and facilitate macroseismic investigations, the Royal 

Observatory of Belgium strives towards a harmonized macroseismic database for Belgium. 

Keywords: Macroseismology, intensity, macroseismic survey, earthquake impact 

1. Introduction

The people’s experiences and observations of building damage were the only available sources 

to characterize an earthquake for a long time. This changed in the late 19th - early 20th century, 

with the development of instrumental seismometers. In Belgium, the first seismometer became 

operational in 1898 in Uccle, Brussels. The very first instrumentally-recorded earthquake that 

had its epicentre within Belgian territory, took place on November 12, 1908 in Poulseur, Liège, 

but was only recorded by the foreign seismic station of Aachen, Germany (Sieberg, 1908). This 

event was also the first for which a thorough macroseismic study has been conducted by Lohest 

and De Rauw (1908) (Somville, 1936). It was not until 29 March 1911 that the first event within 

Belgium was recorded by the Uccle station (Camelbeeck, 1993; Camelbeeck et al., 2022). With 

these achievements, seismological research within Belgium started flourishing at the start of 

the 20th century. 

Macroseismic investigations claimed a leading role in the characterization of Belgian seismicity 

during most of the 20th century. With the realization of the modern seismic network in the 

1980’s (Camelbeeck, 1993), macroseismic data was no longer required for locating earthquakes 

and macroseismology lost some of its prominence in the field of seismology. Nonetheless are 

macroseismic investigations still relevant today, with multiple crucial applications. These 

include the characterisation of site effects, seismic hazard investigations, the rapid 

determination of the shaking distribution to constrain automated ShakeMap estimations and as 

stand-alone intensity observations for response planning. 

At the Royal Observatory of Belgium (ROB), the leading seismological research and 

monitoring institution of Belgium, macroseismic data have been carefully collected and are 

compiled into a significant macroseismic database. However, collecting and processing 

methodologies underwent significant developments that have influenced the data. These 

developments are not readily available in the current state of the ROB database and do not 

facilitate its use for further investigations. Camelbeeck et al. (2022) recently revised the 

macroseismic data of the events that have taken place in the coal mining area of the Hainaut 

province in Belgium. In this paper, we explain the evolution of macroseismic data gathering, 

complemented with a summary of all macroseismic investigations and the current state of the 

ROB macroseismic database within all of Belgium, similarly to the work of Sira et al. (2021) 
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for France. With this information, advancements can be made to achieve a harmonized Belgian 

macroseismic database in the near future, from the start of the 20th century.  

2. Macroseismic data collection and analysis 

In Belgium, macroseismic investigations can be separated into three main types. The first data 

type is made up of early 20th century macroseismic investigations. These were conducted by 

different authors from different academic institutions, which collected and processed 

macroseismic data each in their own way. Next to these early investigations, the ROB archives 

contain many official macroseismic questionnaires, distributed by the ROB itself to the mayors 

of earthquake-affected Belgian communes, dating back until 1932. These macroseismic 

investigations collected and processed data in a more systematic manner and are the second 

data type. They make up the vast majority of data in the ROB’s macroseismic database. In 2002, 

the ROB launched the online ‘Did You Feel It’ (DYFI) questionnaire, following the example 

of the USGS (Wald et al., 1999), which is the third main type of macroseismic investigations 

in Belgium. This allowed citizens to report their experience of an earthquake online, resulting 

in a significant increase in the total amount of received reports. In addition to these three types 

of macroseismic investigations, also other sources were used including (i) letters from 

individuals sent to the ROB, (ii) press reports, (iii) investigations conducted by other scientific 

institutions and (iv) epicentral macroseismic surveys on site. In Table 1, all events since the 

20th century for which at least 10 communal macroseismic intensity data points are available in 

the current version of the ROB macroseismic database are listed, together with their earthquake 

parameters, the number of macroseismic intensity data points (IDPs), the questionnaire type 

and the source of the data or previous publications of the data. In this paper an IDP is defined 

as a macroseismic intensity value for a specific locality for a single event. The events that have 

taken place in the coal area of the Hainaut province in the 20th century and their macroseismic 

data have been taken from Camelbeeck et al. (2022). 

 2.1. The evolution of macroseismic data collection 

According to Somville (1936), the very first macroseismic study in Belgium, truly worthy of 

the name, is the study of the Poulseur 12 November 1908 earthquake by Lohest and De Rauw 

(1908). While this statement on itself is up for discussion, as macroseismic investigations within 

Belgium had already been performed in the 19th century (e.g. Egen, 1828; Nöggerath, 1828; De 

Munck, 1887), the publication by Lohest and De Rauw (1908) truly started the careful and 

consistent collection of macroseismic data in Belgium, which is still in process today. To collect 

macroseismic data, Lohest and De Rauw (1908) sent out questionnaires in two waves, 

addressed to prominent inhabitants of communities, such as school teachers, priests or other 

authoritative residents. The first wave of questionnaires were addressed to widely spaced 

localities, allowing a rough reconstruction of the total extent of the macroseismic field. The 

second wave then addressed all localities within the established macroseismic field. The 

questionnaires themselves consisted of only a few questions, asking for the time, duration and 

location of the event(s), to which extent the population has felt the earthquake, possible 

damages and other effects such as inhabitant- and animal reaction. The authors also conducted 

field surveys at the most impacted localities which endured limited damages (estimated EMS98 

intensity V). Each locality was assigned an intensity value on a custom intensity scale. These 

methodologies applied by Lohest and De Rauw (1908) can be considered as the foundation of 

all future macroseismic investigations within Belgium and have largely been copied for the 

macroseismic investigation during the following two decades (e.g. Lohest and Anten, 1921; 

Fourmarier and Legraye, 1926; Fourmarier and Somville, 1926; Fourmarier, 1926).  
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Table 1. Events for which macroseismic data are available for Belgium in the ROB macroseismic database since 

the 20th century. This list is limited to events with at least 10 communal macroseismic intensity data points (IDPs). 

The felt events of the 2008-2010 seismic swarm in Court-Saint-Etienne (30 events with at least 10 communal 

macroseismic IDPs, Van Noten et al. 2015) are combined. M: Magnitude (ML: local magnitude determined from 

Belgian station recordings; MS: surface-wave magnitude determined from European station recordings; MWH: 

equivalent MW determined from macroseismic data using the formula from Camelbeeck et al. (2022); MW: moment 

magnitudes determined from Camelbeeck (1985)). IMAX: maximum observed intensity; IDPs: number of 

macroseismic IDPs on the communal level in the Belgian catalogue; QTYPE: Questionnaire type (E20C: early 

20th century macroseismic investigations; ROBque: official ROB questionnaires; DYFI: Did You Feel It? online 

inquiry; Cam22: data from Camelbeeck et al. (2022).

DATE NAME LAT LON M IMAX IDPS QTYPE SOURCE(S) 

1908-11-12 POULSEUR 50.46 5.64 VI 79 E20C Lohest and De Rauw (1908) 

1911-04-12 CUESMES 50.44 3.92 3.1 MWH IV 22 CAM22 Cambier (1911), Camelbeeck et al. (2022) 

1911-06-01 RANSART 50.45 4.46 3.8 MS VI 53 CAM22 Cambier (1911), Camelbeeck et al. (2022) 

1911-06-03 GOSSELIES 50.46 4.45 4.4 ML VII 16 CAM22 Camelbeeck et al. (2022) 

1920-01-17 HORNU 50.44 3.82 3.7 ML VI 12 CAM22 Capiau (1920), Camelbeeck et al. (2022) 

1921-02-20 STEMBERT 50.53 5.89 4 ML V 33 E20C Lohest and Anten (1921) 

1921-05-19 GERAARDSBERGEN 50.80 3.95 4 ML V 47 E20C Fourmarier and Somville (1926) 

1925-02-23 BILZEN 50.88 5.52 4.1 ML VI 106 E20C Fourmarier and Legraye (1926) 

1926-01-05 SIEGBURG-ZULPICH (DE) 50.73 6.62 4.4 MS V 270 E20C Fourmarier (1926) 

1928-01-14 KALTERHERBERG (DE) 50.50 6.10 3.7 MS VI 132 E20C Fourmarier and Somville(1928) 

1932-11-20 UDEN (NL) 51.61 5.47 4.5 MS VII 702 ROBque 

1938-06-11 ZULZEKE-NUKERKE 50.73 3.62 5.0 MS VII 1496 ROBque Somville (1939) 

1940-01-07 LA LOUVIERE 50.47 4.17 3.5 MWH V 17 CAM22 Camelbeeck et al. (2022) 

1949-04-03 HAVRE-BOUSSOIT 50.46 4.08 4.3 MS VII 134 CAM22 Charlier (1951), Camelbeeck et al. (2022) 

1951-03-14 EUSKIRCHEN (DE) 50.63 6.78 5.3 MS VIII 1493 ROBque 

1951-09-07 THEUX 50.70 5.86 3.9 MS VI 584 ROBque 

1952-10-21 QUAREGNON 50.43 3.88 3.1 MWH IV 21 CAM22 Camelbeeck et al. (2022) 

1952-10-22 FRAMERIES 50.42 3.90 2.8 MWH III 11 CAM22 Camelbeeck et al. (2022) 

1952-10-27 QUAREGNON 50.43 3.87 3.5 MWH V 45 CAM22 Camelbeeck et al. (2022) 

1953-01-06 COURT-SAINT-ETIENNE 50.62 4.60 3.4 MS VI 234 ROBque 

1953-08-28 COURT-SAINT-ETIENNE 50.62 4.60 3.4 ML VI 151 ROBque 

1953-08-30 VIELSALM 50.37 5.93 VI 87 ROBque 

1954-01-06 ZUTENDAAL 50.93 5.57 V 16 ROBque 

1954-07-10 FLENU 50.44 3.90 3.5 MWH V 44 CAM22 Camelbeeck et al. (2022) 

1956-04-21 CHASTRES 50.58 4.63 VI 30 ROBque 

1960-06-25 KINROOI 51.18 5.68 4 ML V 96 ROBque Ahorner and Van Gils (1963) 

1963-03-10 GENK-AS 50.97 5.53 3.5 ML V 149 ROBque 

1965-12-15 STREPY-BRACQUEGNIES 50.45 4.12 4.0 MW VII 99 CAM22 Camelbeeck et al. (2022), Van Gils (1966) 

1965-12-21 ANS-VOTTEM 50.65 5.53 4.3 ML VII 288 ROBque Van Gils (1966) 

1966-01-16 MORLANWELZ-MARIEMONT 50.46 4.24 2.7 ML IV 25 CAM22 Camelbeeck et al. (2022), Van Gils (1966) 

1966-01-16 MORLANWELZ-MARIEMONT 50.47 4.26 3.5 MW V 41 CAM22 Camelbeeck et al. (2022), Van Gils (1966) 

1966-01-16 MORLANWELZ-MARIEMONT 50.46 4.26 4.0 MW VII 120 CAM22 Camelbeeck et al. (2022), Van Gils (1966) 

1967-03-28 CARNIERES 50.46 4.28 4.1 MW VII 143 CAM22 Camelbeeck et al. (2022) 

1968-08-12 LA LOUVIERE 50.46 4.21 3.6 MW V 29 CAM22 Camelbeeck et al. (2022) 

1968-08-13 LA LOUVIERE 50.46 4.21 3.9 MW VI 59 CAM22 Camelbeeck et al. (2022) 

1968-09-23 MORLANWELZ-MARIEMONT 50.46 4.23 3.2 MW V 25 CAM22 Camelbeeck et al. (2022) 

1968-09-23 HAINE-SAINT-PIERRE 50.47 4.22 3.0 MW IV 25 CAM22 Camelbeeck et al. (2022) 

1970-11-03 MARCHIENNE-AU-PONT 50.41 4.41 3.6 MW V 31 CAM22 Camelbeeck et al. (2022) 

1971-02-18 KONINGSBOSCH (NL) 51.05 5.95 4.5 ML V 424 ROBque 

1972-02-17 CANTONS DE L'EST 50.60 6.10 3.1 ML IV 26 ROBque 

1976-10-24 GIVRY 50.36 4.02 4.2 ML VI 95 CAM22 Camelbeeck et al. (2022) 

1982-03-02 NE of SITTARD (NL) 51.01 5.91 3.7 ML V 19 ROBque 

1982-05-22 N of MAASEIK 51.12 5.80 3.7 ML V 16 ROBque 

1982-09-14 CARNIERES 50.44 4.24 3.4 ML IV 18 CAM22 Camelbeeck et al. (2022) 

1983-11-08 LIEGE 50.63 5.52 4.6 MS VII 461 ROBque 
Camelbeeck and De Becker (1984),  

Francois et al. (1986) 

1983-11-08 LIEGE 50.61 5.50 3.5 ML V 34 ROBque 

1984-07-09 HEERS 50.75 5.35 3.6 ML IV 37 ROBque 

1987-03-22 REGION DE DOUR 50.41 3.82 2.6 ML IV 12 ROBque Francois et al. (1989) 

1988-10-17 GULPEN (NL) 50.81 5.92 3.4 ML IV 129 ROBque Francois et al. (1989) 

1988-12-27 SPRIMONT 50.54 5.69 3.5 ML IV 71 ROBque 

1992-04-13 ROERMOND (NL) 51.15 5.94 5.3 MW VII 2021 ROBque Camelbeeck et al. (1992), Haak et al. (1995) 

1992-06-13 OKEGEM-NINOVE 50.82 4.06 2.4 ML IV 45 ROBque 

1992-08-29 BARBENCON-BEAUMONT 50.20 4.29 2.6 ML V 24 ROBque 

1995-06-20 LE ROEULX 50.51 4.11 4.5 ML V 1838 ROBque 

1996-07-23 SPA 50.48 5.89 3.8 ML IV 289 ROBque 

2001-06-23 VOERENDAAL (NL) 50.88 5.92 3.9 ML IV 62 ROBque 

2002-07-22 ESCHWEILER - ALSDORF (DE) 50.89 6.21 4.6 MW VI 1003 ROBque/DYFI Camelbeeck et al. (2003) 

2008-2010 COURT-SAINT-ETIENNE (30) ≤ 3.2 ML IV 591 DYFI 

2009-08-05 ZUTENDAAL 50.92 5.56 2.7 ML IV 10 DYFI 

2011-08-02 VELDEGEM 51.07 3.15 2.4 ML III 27 DYFI 

2011-09-08 GOCH (DE) 51.67 6.16 4.3 ML VI 236 DYFI Van Noten et al. (2017) 

2015-05-22 RAMSGATE (UK) 51.36 1.27 4.1 ML V 193 DYFI Van Noten et al. (2017) 

2018-05-25 KINROOI 51.18 5.69 3.1 ML IV 88 DYFI 
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Fourmarier and Legraye (1926) applied the methodology from Lohest and De Rauw (1908), 

but included an additional isoseismal map, which was the result of the macroseismic study of 

Oscar Somville, the first section head of seismology at the Royal Observatory of Belgium. 

Somville applied different methodologies for his macroseismic investigations, such as 

addressing the local authorities of the municipalities directly and using internationally 

recognised macroseismic intensity scales. In the following years and decades, the Royal 

Observatory of Belgium became the only institution within Belgium to conduct macroseismic 

surveys, with a few sporadic exceptions (e.g. Francois et al., 1986; Francois et al., 1989). For 

the first macroseismic investigations conducted as a collaboration between the ROB and other 

institutions (e.g. Fourmarier and Somville, 1926; 1928; 1933), not much is known about the 

applied methodologies. Mostly due to the limited information given in the publications of their 

work, constituting mainly of describing the isoseismal maps, but also because the 

questionnaires themselves are missing from the ROB archives.  

From the official questionnaires that are available in the ROB archives, significant differences 

exist between them, possibly affecting intensity determination through time. For many events, 

the macroseismic datasets of the ROB have never been published, resulting in a lack of 

information pertaining to the applied methodologies. The earliest inquiry available in the ROB 

archives pertain to the Ms 4.5 Uden 20 November 1932 event in The Netherlands. This 

questionnaire consisted of a description of 5 classes that represented increasing intensity values. 

On this form, the recipients indicated the description of possible earthquake effects that matched 

with the experiences and testimonies of the inhabitants. The following questionnaire available 

in the ROB archives was sent out after the Ms 5.0 Zulzeke-Nukerke 1938 earthquake, the largest 

Belgian event in the 20th century. This questionnaire consisted of only three questions, solely 

focusing on damages, of which the most important question was the number of collapsed 

chimneys. For the events in the following years to decades, the ROB macroseismic survey 

evolved slowly and consisted mainly of closed-ended questions, asking for the occurrence of 

specific effects, as is still the case today (Figure 1).  

 
 

Fig. 1 – Examples of official ROB macroseismic questionnaires. A: Questionnaire of the Ms 5.0 Zulzeke-

Nukerke 1938 event, solely focused on damages. B: Questionnaire for the Ms 5.3 Euskirchen (DE) 1951 event. 

Recipients were asked to indicate the descriptions that matched the earthquake effects in the community. 

Identical to the questionnaire of the Ms 4.5 Uden (NL) 1932 event. C: Questionnaire for the Mw 4.6 Alsdorf-

Eschweiler (DE) 2002 event. Last questionnaire sent by the ROB, consisting of closed-ended questions. 
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For most events, the radius in which the official questionnaires were sent out was based on 

provincial district borders (e.g. Van Gils, 1966). An exception seems to be the questionnaire 

for the Ms 4.5 Uden (NL) 1932 event, for which random communes had been chosen in the 

more distant provinces of Belgium. It is unclear which selection criteria (e.g. distance, 

population density) were followed to decide to which communes the surveys were sent. For the 

Ms 5.0 Zulzeke-Nukerke 1938 event, which solely focused on requesting knowledge about 

damages, questionnaires were sent to only about half of the Belgian communes because of this, 

even though the event was strongly felt all throughout the country. For smaller events that only 

affected parts of the country, the reasoning on what the spatial extent of the investigations are 

based, are unknown. Publications often only mention having contacted the affected regions or 

the most shaken communes, but on what this information is based, is unclear. 

The online collection of macroseismic data in Belgium started in 2002. The Belgian DYFI 

questionnaire is based on the DYFI? questionnaire of Wald et al. (1999) after Dengler and 

Dewey (2000). The questionnaire did not change since its launch, with the exception of a single 

question on the audible noise content, which was added in 2008 (Lecocq et al., 2009). The ROB 

DYFI is provided in four languages: English, Dutch, French and German. Since 2011, the ROB 

and the BNS (erdbebenstation Bensberg) of the University of Cologne share the same 

questionnaire, allowing the collection of transfrontier macroseismic data (Lecocq et al., 2009). 

The DYFI inquiry allows for the fast and automatic collection of macroseismic data, but during 

its existence, the largest event recorded within Belgium did not exceed ML 3.2 (Court-Saint-

Etienne, 2008). Because of this, the amount of collected IDPs from the DYFI system remains 

rather limited, despite its large potential. 

2.2. Data processing and analysis 

2.2.1. Intensity values assignments 

Intensity values in Belgium have always been assigned to the communal level, on a similar 

scale as the collection of data. Due to the large number of communes in Belgium during most 

of the 20th century, the number of macroseismic intensity data were large and detailed. In 1977, 

however, large-scale mandatory mergers decreased the total number of communes from 2359 

to 596. This drastically reduced the spatial resolution of the collected macroseismic data. With 

the launch of the online DYFI inquiry, more accurate data is again available since 2002, 

allowing more spatially detailed investigations. 

For most of the early 20th century events, earthquake intensity values are not reported in a 

published international macroseismic scale, but in custom intensity scales specifically created 

for a single event, after the example of Lohest and De Rauw (1908). For example, Lohest and 

Anten (1921) list the intensity of localities of the 20th of February 1921 earthquake in eastern 

Belgium in four custom intensity classes: 1) localities which experienced the highest shaking, 

2) localities where the majority of inhabitants felt the earthquake, 3) localities where the

earthquake was felt by only a few people and 4) localities where the earthquake was not felt.

The sources or questionnaires on which these values are based were not published and building

vulnerability at that time are not available, rendering intensity reassignments to EMS-98

problematic. One could reassign an entire class to several intensity values on the EMS-98 scale,

as currently done for the ROB database, but this results in large uncertainties and displays

unnaturally large intensity value gaps (e.g. reassigning class 1 to EMS-98 results to intensity

V-VI, while reassigning class 2 would give intensity IV).

Assigning intensity values based on the official questionnaires of the ROB is highly dependent 

on the type of the questionnaire itself and the actual questions. For the Ms 4.5 Uden (NL) 1932 

earthquake questionnaire version, in which the recipients were requested to indicate the 
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appropriate descriptions from a list of macroseismic intensities and their defining characteristic 

effects on the population and infrastructure, many returned with indicated sentences spread out 

over multiple classes. This allows for many interpretations and dubious intensity assignments. 

For the Ms 5.0 Zulzeke-Nukerke 1938 event, the questionnaire did not include any questions 

that allow assigning values below intensity V, and hence individual letters sent to the ROB were 

used for assigning intensity values to the communes without damage. Assigning EMS-98 

intensity values to the official ROB questionnaires is a possibility as they are readily available 

in the archives, and has been done for most larger events of the 20th century (e.g. Ms 5.0 

Zulzeke-Nukerke 1938 and  Ms 4.6 Liège 1983). Unfortunately, assigning vulnerability classes 

to damaged buildings is not a possibility, as this data was not requested in any of the official 

questionnaires. 

For the online DYFI data, EMS-98 intensity values are based on the original algorithm of Wald 

et al. (1999), by scoring and weighting individual questions and calculating a decimal 

community intensity (CDI) value. In the ROB current practice, addresses are geocoded and 

intensities are aggregated into size-adaptable grid cells (e.g. Van Noten et al., 2017). 

3. Summary of the present state of the Belgian macroseismic database 

The ROB macroseismic database contains ~15,000 macroseismic intensity data points on the 

communal level since 1900. Since the launch of the official ROB questionnaires, available in 

the ROB archives starting from 1932, the amount of macroseismic data increased significantly 

(Figure 2). The event with the most IDPs available is the MW 5.3 Roermond 1992 earthquake 

in The Netherlands, despite the large-scale fusion of communes that took place in 1977. This is 

because ROB questionnaires are addressed to the sub-municipalities as well. These sub-

municipalities do not have any administrative functions and will be answered by the main 

municipality, often resulting in exact copies for all sub-municipalities within a single main 

commune. The launch of the DYFI system allows collecting large datasets of macroseismic 

data very quickly. Communal intensity values are only calculated and integrated into the 

database when a commune reaches at least 3 testimonies. For less testimonies, only a “Felt” 

sign is indicated for the commune. The 2002 Alsdorf-Eschweiler (DE) MW 4.6 event is the only 

event for which two separate datasets are available (official ROB questionnaire intensity values 

and DYFI intensity values).  

The maximal communal intensity value reported within Belgium in the 20th and 21st centuries 

is intensity VII, which has been reached 73 times for 8 separate events. The main damaging 

earthquakes are the 1938 Zulzeke-Nukerke Ms 5.0 event (52 times intensity VII, 439 times 

intensity VI) and the 1983 Liège Ms 4.6 event (12 times intensity VII, 28 times intensity VI). 

Other events that reached intensity VII are shallow earthquakes located in the coal area of the 

Hainaut province with a limited extent of the macroseismic field (Camelbeeck et al., 2022). 
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Fig. 2 – Number of yearly macroseismic intensity data points within Belgium in the ROB database for events in 

the 20th and 21st centuries. 

Fig. 3 – Maximal Belgian communal intensities in the ROB database for events in the 20th and 21st centuries. 

Figure 3 summarizes the ROB macroseismic data and thus the earthquake impact on Belgium 

since the beginning of the 20th century. The areas with the largest experienced earthquake 

impact, i.e. the highest intensity values (values VI and VII), are situated in a rectangular zone 

from east to west throughout central Belgium. It has to be noted that although this data 

represents a large time period of ~120 years, it is not representative of the maximal possible 

ground motion in the country. Historical seismic research has shown the existence of large 

earthquakes, with estimated magnitudes exceeding MW 6.0, causing widespread damage all 

over the country (Alexandre et al., 2008). 

4. Applications of Belgian macroseismic data.

Despite the existence of a permanent seismic network in Belgium, macroseismic data remains 

an important source of information. The population creates a much denser network than the 

instrumental network, allowing earthquake ground motion characterization in all populated 

places. A homogenized macroseismic database can be used for the creation of attenuation laws 

of multiple regions within Belgium, with highly different attenuation characteristics as 

observed from macroseismic maps. Other applications of macroseismic data include: 
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characterization of earthquake parameters, site effects investigations, seismic hazard and risk 

studies, supporting the creation of ShakeMaps and informing the public. These applications 

form part of the current PhD work of the first author. 

5. Conclusion and perspectives 

Thorough contemporaneous macroseismic investigations started in Belgium at the onset of the 

20th century. Through time, macroseismic surveys evolved continuously towards more detailed, 

systematic and semi-automatic procedures. The ROB macroseismic database consists of 

~15,000 Belgian communal intensity values distributed over more than 100 events during the 

past 120 years. The maximal intensity VII has been observed 73 times over 8 different events. 

The development of a historical intensity database is required to achieve a better representation 

of maximal earthquake damage impact. 

The ongoing harmonization of this modern macroseismic database allows and facilitates further 

seismological research. Mapping the developments and evolutions of macroseismic surveys 

through time and their effects on determined intensity values will also allow harmonizing cross-

border intensity datasets in the future.  
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Combining Macroseismic Intensity Felt Reports Using ShakeMap 

Vince Quitoriano – San Diego, CA, Contractor to the U.S. Geological Survey, e-mail: 
vinceq@contractor.usgs.gov 

David J Wald – U.S. Geological Survey, Golden, CO, e-mail: wald@usgs.gov 

Abstract: Rapid advances in global internet connectivity have revolutionized the collection 
of macroseismic intensity (MI) felt reports in the last several decades. Since 2000, the U.S. 
Geological Survey has been collecting MI data from users in the United States and worldwide 
through the “Did You Feel It?” website (DYFI). DYFI is also the primary source of MI for 
U.S. Geological Survey’s ShakeMap, which combines ground motion data with rupture 
parameters, site conditions, and ground motion models to estimate and map the spatial 
distribution of ground motions. Recently, new systems for crowdsourcing have emerged, 
notably the European-Mediterranean Seismological Centre (EMSC) LastQuake app. 
However, the EMSC survey, which is composed of a selection of cartoon images, is different 
from DYFI’s more comprehensive questionnaire of potential earthquake effects. This paper 
discusses the bootstrapping method used to compute DYFI uncertainties as applied, with 
modifications, to the EMSC dataset. We find that intensity uncertainty is heteroskedastic, with 
higher intensities having more uncertainty — consistent with the known difficulty of 
assigning damaging intensities even by experts. The quantification of uncertainty allows 
EMSC data, and potentially any other source of macroseismic reporting, to be included in 
ShakeMap to better constrain estimates of shaking.  

Keywords: Macroseismic Seismology, Intensity, Citizen Science, Crowdsourcing 

1. Introduction

The growth of the Internet has transformed the collection of macroseismic intensity (MI) by 
supplementing historical records, traditional postal questionnaires, and field-based 
reconnaissance surveys with crowdsourced felt reports. Now, hundreds or thousands of 
people who experience an earthquake first-hand can contribute their observations using their 
computer or cell phone immediately after an event using the web or mobile apps and see 
maps of felt shaking in near-real time. In terms of quantity of data, at least, this represents 
an increase of several orders of magnitude, and at much faster turnaround times compared 
to previous approaches. In addition, the ease of collecting and processing felt reports through 
automated systems means that intensity maps can now be made for much smaller events than 
was previously feasible (Atkinson and Wald, 2007).  

One of the first programs to leverage this opportunity is the U.S. Geological Survey’s 
(USGS) “Did You Feel It?” (DYFI) website (Quitoriano and Wald, 2020), which began 
collecting data from California in the United States in 2000 and globally in 2004. DYFI 
collects reports, associates each report to a specific earthquake, aggregates reports into an 
intensity value at each felt location, and creates maps of felt shaking, all done automatically 
within minutes of an event. DYFI has collected more than six million felt reports to date 
(Figure 1). DYFI uses a set of questions for earthquake effects of increasing severity, then 
combines multiple user responses into an intensity value based on the Modified Mercalli 
Intensity (MMI) scale (Wald et al., 2011). 
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In recent years, other online crowdsourcing questionnaires have emerged; for example, 
Istituto Nazionale di Geofisica e Vulcanologia’s (INGV) “Hai sentito il terremoto?” (HSIT; 
Sbarra et al., 2010) and Geoscience Australia’s (GA) Earthquakes@GA website (Allen et 
al., 2019). For this study, we use felt reports from the European-Mediterranean 
Seismological Centre (EMSC), which collects data from its website and the LastQuake 
mobile app (Bossu et al., 2017) and provides fast earthquake detection, safety tips, and other 
information products. While based in Europe, EMSC also collects data for earthquakes 
worldwide. EMSC has collected more than one million felt reports to date (Figure 1). EMSC 
is a “thumbnail-based questionnaire” (Bossu et al., 2017) that uses a set of cartoon images 
as descriptors of intensity. Despite the global coverage of both systems, each one has slightly 
different populations of contributors (Figure 2). 

In addition to providing immediate situational awareness in the form of felt maps, the felt 
reports from crowdsourced questionnaires can be used as the intensity input for other impact 
products. In particular, DYFI has been the primary source of MI data for USGS ShakeMap 
(Worden et al., 2020). ShakeMap combines pre-known models, such as region-specific 
rupture models and premade site response maps, with earthquake location and magnitude, 
fault characterization when available, instrumental data, and MI observations. These are 
combined to provide a more complete estimate of the spatial distribution of MI and other 
ground motion measures, even in areas far from observers or instrumental data. Because of 
these differing sources, the ShakeMap program requires each input to have a measure of 
uncertainty, so that contributions are given the proper weight when combined. In turn, an 
uncertainty value is computed at every location to record the quality and proximity of data 
sources that contributed. 

Thus, ShakeMap allows the combination of different sources of information, such as 
instrumental ground motions and MI from human observers. For this paper we combine two 
different MI systems, DYFI and EMSC, because both have the same global reach and often 
collect felt reports for the same earthquakes, while often representing contributions in 
different areas. Thus, combining the two datasets would increase the spatial coverage and 
decrease data gaps in the resulting ShakeMap. This requires that a method of uncertainty 
calculation be adopted for EMSC intensities. Here we use the method used for DYFI 
(Worden et al., 2012) adapted for the EMSC dataset. This uses a bootstrapping algorithm 
that finds the variance of intensity observations in proximity; in their case, observations 
within 2 km of a seismic station. We discuss three modifications to this method: binning 
uncertainty calculations by intensity to reflect the heteroskedastic nature of MI computation, 
binning spatially by 1-km and 10-km cells used in DYFI, and assigning additional 
uncertainty for high damage levels due to the difficulty of discerning building types in felt 
reports from untrained observers (necessary for differentiating high intensity values). 

After determining the proper uncertainty measures for EMSC, we compute ShakeMaps for 
several European earthquakes that combine both DYFI and EMSC and show one in 
particular: the M6.4 earthquake near Petrinja, Croatia, on December 29, 2020. We 
demonstrate that the combined intensity maps have smaller spatial uncertainties and are 
better constrained in areas lacking in instrumental data. We also discuss the possibility of 
adding other intensity sources via this method to create ShakeMaps with better MI 
constraints in regions where other intensity collection systems predominate. 

5018 3ECEES, September 2022, Bucharest, Romania



Fig. 1 – Cumulative responses for DYFI (blue) and EMSC (orange, questionnaires only) since inception. 
Through 2021, DYFI has collected 6,179,446 responses, and EMSC has collected 1,293,904 responses. 

Fig. 2 - Comparison of DYFI and EMSC felt reports since inception through 2021. Blue areas are DYFI 
reports. Red areas are EMSC reports. Yellow areas are locations with both DYFI and EMSC contributions. 

2. Comparison of DYFI and EMSC data

The DYFI and EMSC datasets have some important differences that complicate the task of 
utilizing the two together. DYFI has been running continuously since 2000, whereas EMSC 
has been active since 2012. In the last few decades, hardware (from desktop computers to 
mobile phones), software (web browsers to mobile apps), and social media have rapidly 
evolved. DYFI’s website was recently redesigned for both desktop and mobile use, while 
EMSC’s LastQuake is primarily a mobile app. How changing technology affects data quality 
and continuity over the years is beyond the scope of this paper; but care is warranted for 
maintaining the compatibility of historical datasets as these technologies develop further. 

Another important feature is the global reach of both systems (Figure 2). DYFI tends to have 
more coverage in the United States, while EMSC has more respondents in Europe and nearby 
areas, as expected given their respective parent agencies. However, many areas in the world 
have active contributors on both systems. 
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The most important difference is in the questionnaires themselves. The DYFI questionnaire 
comprises 18 questions arranged in order of increasing earthquake effects (Figure 3a): from 
simply feeling motion, to human reactions and emotions, to effects seen in the environment, 
and finally to damage types (Wald et al., 2011). An algorithm combines multiple reports to 
compute Community Decimal Intensity (CDI), which is calibrated to MMI; this is not 
exactly an arithmetic mean, but rather combines each element in the questionnaire before 
calculating the mean. CDI allows for a precision of 0.1 intensity units rather than the integral 
scale of MMI (Atkinson and Wald, 2007). 

The EMSC LastQuake app uses a set of cartoon images instead of a list of questions (Figure 
3b). The user selects from 12 pictures the one that is most like their experience. Each picture 
corresponds to an intensity level in the EMS-98 scale (European Macroseismic Scale; 
Grünthal, 1998), which runs from I to XII. This system is faster than answering multiple 
questions, and mitigates the need for translation to different languages. However, the 
resulting reports are lacking the detail of individual earthquake effects that can differentiate 
between different intensity levels and are thus missing any archival details of the felt 
experience of earthquakes that might later be re-examined or reinterpreted. It is therefore 
expected that EMSC intensities would have a higher inherent uncertainty than DYFI data, 
which is borne out in the results discussed below. 

Because of the different methods and different intensity scales used, the two intensity 
datasets are fundamentally different and cannot simply be combined. EMSC applies a linear 
correction to make its intensity values scale to MMI and conform with the DYFI intensity 
scale (Bossu et al. 2017).  

Fig. 3a (left) - Example questions from the DYFI webpage. The first part pertains to lower-level impacts of 
shaking; later parts examine stronger impacts and damage. Fig. 3b (right) – Example EMSC thumbnail 

images that correspond to different EMS-98 intensities. 

4. Calculation of uncertainty

Worden et al. (2018) applied the conditional multivariate normal (MVN) distribution in 
ShakeMap to interpolate ground motion measures at unobserved locations with uncertain 
observations. The key requirement is that observations, such as felt reports, have a 
predetermined uncertainty, and that uncertainty can be modelled as an unbiased error term 
with normal distribution. To simplify, at any given site, the estimated value of a ground 
motion parameter (such as MI) is the mean of all observations nearby, weighted based on 
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I
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their distance to that site and their uncertainty. As the site to observation distance increases, 
or as the observation uncertainty increases, its contribution to the site estimated value 
decreases; unreliable or distant observations have minimal effects on the estimated value. 
We will examine uncertainty maps created by ShakeMaps in the example below. 
Worden et al. (2012) calculated a DYFI uncertainty function for a catalog of California 
events. DYFI responses within a 2-km radius were associated together; then each set of 
associated responses was bootstrapped (randomly resampled with replacement) with a 
resampling rate of 10 times the number of samples, and the intensity was computed with 
each resampling. The standard deviation of the resampled intensities could then be 
determined. An exponential function was fit to the mean of the standard deviation for each 
count of responses, with a value ranging from 0.31 for 3 responses, to an asymptote of 
approximately 0.09 for 100+ responses. We note, to mitigate outliers, ShakeMap only 
accepts DYFI intensities with at least 3 responses. 
For this paper we modify their method in several steps. We use the entire global dataset of 
EMSC questionnaire responses from 2012 through 2021 (n=1,293,904). Then, instead of a 
2-km association radius, we aggregate the responses using the standard DYFI method of 1-
km and 10-km grid cells based the Universal Transverse Mercator (UTM) projection
(Quitoriano and Wald, 2020). This has the advantage of standardizing the cells across the
globe and allows comparisons of the same locations for earthquakes at different times.
The effect of sample size on uncertainty is intuitive (more samples lead to a smaller 
uncertainty), but we were interested in exploring the effect of the intensity level itself on the 
uncertainty (i.e., is intensity heteroskedastic?) We further categorize the EMSC dataset in 
bins of 1 intensity unit at each half-integer (intensity 1.5 to 2.5, etc.) and fit the exponential 
function of the same form 

!"##$% = ' + )	$!"#$%&/(                                                    (1) 

where nresp is the number of responses in the cell. Best-fit parameters are listed in Table 1. 
After calculating uncertainty values for each bin, we see that the exponential function holds 
at each bin up to the 6.5 intensity level for 1-km aggregation and up to 7.5 intensity level for 
10-km aggregation (Figure 4). Above these intensities very few data are available, especially
at high values of nresp, and no acceptable fit can be found. This is consistent with the fact
that high intensity observations are rare, and at high levels of damage, engineering expertise
is required to differentiate between different intensity values (see Wald et al., 2022, this
meeting, for further discussion.)
At all intensity ranges above 2.5, EMSC tends to have a higher level of uncertainty at every 
value of nresp. This seems to be consistent with the cartoon-based questionnaire being less 
precise in determining intensities than detailed questionnaires. Also, at the highest intensity 
bin and at the lowest accepted number of responses (nresp=3), the EMSC uncertainty is 
maximized at 0.8 intensity units for the 1-km aggregation, and 0.73 units for the 10-km 
aggregation. We therefore set 0.8 units as a reasonable uncertainty to use for all EMSC data 
aggregated at 1-km with intensity 6.5 or higher. 
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Fig. 4. Uncertainties for EMSC data, aggregated into 1-km cells for different bins of intensity. Standard 
deviation (STDDEV) is plotted as a function of the number of responses in that cell, at select intensity 
ranges. Each small grey dot represents one bootstrapped resampling. Large black dots are the means of 

standard deviation for all cells binned by number of responses. The red line is the best fit of Equation (1). For 
comparison, the grey dotted line is the DYFI uncertainty of Worden et al. (2012). The 10-km aggregated data 

show similar behavior. 

Table 1. Best coefficients for Equation (1) for EMSC dataset at 1-km and 10-km aggregation 
Intensity range 1 km 10 km 

a b c a b c 

1-2.5 0.0867 0.2474 20.03 0.0885 0.2404 23.16 
2.5-3.5 0.1099 0.3264 21.29 0.1024 0.3038 23.91 
3.5-4.5 0.1618 0.3562 26.96 0.1379 0.3797 21.48 
4.5-5.5 0.2259 0.4430 25.96 0.1997 0.4683 17.50 
5.5-6.5 0.3481 0.7821 8.604 0.2749 0.5833 11.53 
6.5-7.5 - - - 0.1816 0.6338 20.71 
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5. Example combined ShakeMap

As an example of the combined ShakeMap process, we examine the M6.4 earthquake near 
Petrinja, Croatia, on December 29, 2020. The earthquake was heavily damaging, with at 
least 7 people killed and 26 injured (Markušić et al., 2021). The DYFI website received 
1,777 felt reports, and EMSC received 16,020 responses. This event was one of the most 
widely felt earthquakes in Europe during the era of internet questionnaires and the largest in 
terms of EMSC responses. 

We first aggregate the DYFI and EMSC data in bins of 1-km grid cells, then plot the intensity 
values as a function of distance from the epicenter (Figure 5). The EMSC reports, while 
more numerous, exhibit more scatter compared to the DYFI data. However, the EMSC data 
provide valuable observations within 20 km of the epicenter, which the DYFI dataset lacks. 
This can be seen in the ShakeMaps (Figure 6), where EMSC data have much greater 
coverage in key locations: in areas northwest of the epicenter near Zagreb and in the 
epicentral region. The resulting ShakeMaps show higher maximum intensities for the EMSC 
map (9.6 intensity units) compared to the DYFI map (8.8 intensity), which lacks near-source 
data. In addition, the EMSC ShakeMap shows elevated intensities extending in a NE-SW 
location. This agrees with the findings of a macroseismic field survey conducted after the 
earthquake (Markušić et al., 2021). 

Fig. 5. Intensity observations in MMI versus rupture distance (Rrup) for DYFI data (left) and EMSC data 
(right). Distance is equivalent to hypocentral distance for the point source model used in this example. 

Circles are observations aggregated into 1-km grid cells. Lines are mean and 1 standard deviation (STDDEV) 
intensity estimates by ShakeMap for rock (red) and soil (green) based solely on the earthquake magnitude 

and regional ground motion model. 
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Fig. 6. ShakeMaps using intensity observations from DYFI (left) and EMSC (right). Circles are 1-km grid 
cell aggregated responses with a minimum of three responses per cell. 

We examine the ShakeMap uncertainty maps for the DYFI and EMSC datasets (Figure 7). 
As discussed previously, ShakeMap computes an uncertainty value at each point that is a 
weighted combination of the contributing observations. High uncertainties indicate that the 
ground motion (MI in this case) is being determined only by the ground motion model and 
not by any nearby observations. As can be seen in the EMSC uncertainty map, increased 
spatial coverage means that more of the map is well constrained by observed intensities, 
even if individual EMSC observations have a higher computed uncertainty compared to 
DYFI. 

Lastly, we examine a combined ShakeMap that includes both DYFI and EMSC data and the 
associated uncertainty map (Figure 8). In this example, we also add ground observations 
from a macroseismic field survey conducted after the event (Markušić et al., 2021). For the 
field survey dataset, we set an uncertainty value of 0.5 to reflect the fact that the field surveys 
use integer values of intensity. The survey data add some spatial coverage in the area south 
of the epicenter, but otherwise the EMSC dataset predominates in most of the mapped area. 
Hence the combined maps are most similar to the EMSC maps in terms of higher intensity 
values (compare Figure 6) and lower uncertainty (Figure 7). 
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Fig. 7. ShakeMap uncertainty maps for the DYFI (left) and EMSC (right) datasets. Brighter colors indicate 
higher uncertainty. 

Fig. 8. Combined ShakeMap (left) and uncertainty map (right) with both DYFI and EMSC data (circles) and 
macroseismic survey data (triangles). 
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6. Conclusions and future work

We present a method of uncertainty computation for EMSC felt reports that allows its 
inclusion into ShakeMap products as an additional source of MI. By computing uncertainty 
separately at different intensities, we find that MI is heteroskedastic, as would be expected 
given the difficulty of differentiating damaging intensity levels by non-engineers, and by the 
general paucity of high intensity reports in general. We show that ShakeMaps with combined 
DYFI and EMSC data have lower levels of uncertainty compared to maps with fewer data.  
The uncertainty functions are dependent on the available data, and as DYFI and EMSC grow 
we expect revisions to these relationships, especially at higher intensity levels, and perhaps 
a re-examination of the EMSC adjustment (bias) calibration to DYFI, if warranted. 
Nonetheless, we have established the framework for including EMSC questionnaires into 
ShakeMap with a full accounting for their uncertainties. A similar revision to the DYFI 
uncertainty calculation is currently being tested. 
The advantage of this bootstrapping method is that it is flexible enough to be used on other 
MI data sources. While some agencies use DYFI-type questionnaires that are already 
compatible with ShakeMap, this method allows incompatible systems such as cartoon-based 
surveys to help constrain ShakeMap estimates, albeit with higher uncertainty and requiring 
the calibration of their intensity scale to MMI. We are also working toward the systematic 
addition of higher quality intensity data with lower uncertainties, such as on-site engineering 
surveys, that could further improve ShakeMaps in the days and weeks following a significant 
event. In any case, the ShakeMap operators have a choice regarding which datasets are used, 
but here we provide a simple method to compute the uncertainties needed for their inclusion. 
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Abstract: More than one million people have died in earthquakes in the last 30 years. The reduction of 

the number of victims mostly depends on the quality of the buildings and the training of the residents on 

how to cope with the earthquake. 

Earthquake risk reduction techniques such as "Earthquake Early Warning", "Did You Feel It", and Rapid 

Earthquake Location via Twitter are methods first developed by the US Geological Survey (USGS). All 

these procedures have found application thanks to smartphones, high-speed internet, and the social 

network’s mass use via Twitter. 

The Institute for Seismic Resistance Structures and Climate Change (ISOGKP) is currently developing a 

new original approach or technique called "Do You Remember It" (DYRI). The technique is based on the 

assumption that the memory of people who survived catastrophic earthquakes is never erased. Using the 

DYRI can provide useful data on the catastrophic earthquakes of the past, and damage to buildings, but 

also on the rational state of the people who experienced them. 

The first pilot project for testing the DYRI method developed by ISOGKP refers to the catastrophic Skopje 

earthquake of 1963, the Montenegro earthquake of 1979, and the earthquake of Spitak Armenia in 1988 

which there are still living witnesses. 

As no such research has been done so far, and there will be fewer witnesses to these catastrophes, surveys 

of these earthquakes are especially crucial to remain a lasting document for future generations. 

Keywords: do you remember, citizen reporting, smartphones, social networks, historical earthquakes 

1. Introduction

Until the beginning of the twenty-first century, the collection of reports on the intensity of 

tremors, injuries, and behavior of survivors was done manually with pre-prepared 

questionnaires in paper form. Citizens' expressions of views were collected in the field in the 

epicenter region by reports. Other traditional ways of collecting data are by phone and mail. 

Collecting witnesses' reports in this way is time-consuming and expensive. For example, it took 

four months for each earthquake to complete questionnaires related to the Christchurch (275 

respondents), New Zealand, and Hitachi (332 respondents), and Japan earthquakes (Lindell, M. 

K.et al, 2016).

The advent of smartphones, high-speed internet, and the mass use of social networks enable the 

development of new fast techniques that contribute to reducing the risks of earthquakes. 
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“Did you feel the earthquake?” (DYFI) is the first developed system whose application is 

realized through the Internet. In 1999, this technique was initially developed by the US 

Geological Survey (USGS), (Wald, D. J, et al. 1999, Quitoriano, V., 2020, Goltz, J, 2020), and 

after a similar system was developed by the Euro-Mediterranean Seismological Center 

(EMSC), (Bossu, R., 2018). Later, with the improvement of smartphones and the increase in 

internet speed, the system “Earthquake Early Warning" (EEW) was developed. The social 

network Twitter was used in parallel for the quick detection and location of the affected area of 

the earthquake. Similar modified systems have been developed by agencies in New Zealand, 

Japan, Turkey, Italy, Romania and Thailand (Allen, R. M., 2019). Today all these techniques 

are still being improved. 

The paper will first briefly review the systems currently in use around the world. The new 

approach to understanding the characteristics of historical earthquakes exploiting the technique 

"Do you remember it" will then be explained. We will then focus on the first pilot project called 

"Back to the Future". The DYRI approach was tested through this project. In the end, the results 

obtained from the selected historical earthquakes through the application of DYRI will be 

presented. 

2. Systems for rapid collection of macroseismic intensity data  

 

Below will be described the intelligent systems for collecting characteristic data on earthquakes 

and human behavior. The functioning of these systems is possible only with the application of 

social networking. There are several systems and their modifications that work, but basically, 

all are based on the three main systems, DYFI, Twitter mobile media messaging and EEW. 

2.1. Did you feel it? 

The main goal of DYFI is to automatically collect macroseismic data based on citizen 

volunteers who fill out a pre-prepared form posted on a website. The software background of 

the DYFI package is written in Python. DYFI intensity algorithm enables the precise 

preparation of macro intensity maps (Wald, D. J., et al, 1999). In this way, this system integrates 

with the ShakeMap system. 

LastQuake is a multichannel automatic earthquake information system developed by EMSC. It 

is a fresh improved version of the DYFI information system. Instead of the form that you fill 

out in the DYFI, in the LastQuake application, there is an option to fill in the “I felt an 

earthquake” (submenu) by clicking on the picture that resembles how we experienced the 

earthquake. 

2.2. Quick earthquake location via Twitter 

Quick earthquake detection is possible via Twitter because people send messages privately or 

publicly within ten seconds of the locations where the quake struck. After an event, thousands 

of tweets no larger than 140 characters are sent publicly. From the huge number of statements 

can be found valuable information about the characteristics of the earthquake. Due to this fact, 

people are increasingly relying on information obtained from Twitter or other similar social 

platforms. Algorithms have been developed to select the qualitative information from the huge 

number of tweets to analyze and extract useful tweets through pre-selected keywords (Earle, P., 

et al, 2010, 2011). The output of the useful tweets is the interactive maps with the locations 

from where the tweets were sent. The knowledge of the earthquake via Twitter, especially in 

regions where there is no dense network for registration of the event, is much faster than the 

official information received from the seismological canters. The main advantage over other 
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methods is speed. Using Twitter, Earthquakes in Japan (with an intensity equal to or greater 

than 3 according to the Japan Meteorological Agency) can be identified with a 96% probability. 

The notification is faster than the notification of JAM and is sent to the e-mail of the registered 

users (Sakaki, T., et al, 2010). 

2.3. Earthquake Early Warning 

A huge advantage is if you know when the earthquake will happen. Enthusiasm in the 1960s 

that earthquakes could be predicted soon waned, and it may never be possible to predict the 

date and time of earthquakes. But what if we could know about an earthquake 20 seconds before 

it happened? Today such a possibility exists through the concept of an earthquake early warning 

(EEW) which is already applied in Mexico, Japan, South Korea, Romania, and Taiwan 

providing public alerts (Allen, R. M. et all, 2009, 2019, 2020). This concept has been tested for 

a long time in the USA through the ShakeAlert system via QuakeAlertUSA and MyShake 

(Allen, R. M. et all, 2019, 2020). But there is limited alert distribution only in selected regions 

of the USA. Unlike QuakeAlertUSA, which uses professional seismic and surveying networks, 

the MyShake app (Kong, Q. et al, 2016), which is available on smartphones, uses MEMS 

accelerometers to detect earthquakes that are embedded in phones (Kong, Q. et al, 2016) The 

app also uses AI software to distinguish earthquakes from others movements. Earthquake 

Network is a citizen science project/app implementing a crowdsourced Earthquake Early 

Warning System based on networks of smartphones (Finazzi, F. 2016). The project is funded 

through the Horizon 2020 program. 

EEW is a technique that has been operating for a long time. It is effective in regions far from 

the epicenter and allows timely use of the technique DROP, COVER, AND HOLD еven 

evacuation from the building is possible but in regions that are close to the epicenter, its 

efficiency decreases. Warnings for the epicenter region occur just seconds before the quake 

comes and there is not enough time to leave the structure. This is due to the high speed of 

propagation of the earthquake waves. For more distant areas, warnings may come just minutes 

before an earthquake is felt, but distant earthquakes have almost no effect on buildings. This 

alarm was activated in Mexico City 2 minutes before the earthquake with M8.2 (2017) whose 

epicenter was 700 km away. Unlike an earthquake alarm, a tsunami alert is very beneficial as 

it can be triggered hours before a major tsunami strikes. 

3. Do you remember it?

The Institute for Seismic Resistance Buildings and Climate Change is currently developing a 

new original tactic with a "back to the future"(BTF) or a technique it calls "do you remember it 

"(DYRI). The new approach started by the ISOGKP institute is especially effective and its 

application can provide useful data on the catastrophic earthquakes of the past, damage to 

buildings, but also on the emotional state of the people who experienced them. The technique 

starts from the assumption that the memory of people who survived the catastrophic 

earthquakes is never erased (Er, N., et al, 2003). 

This technique is very similar to the DYFI technique, but there are some differences. First of 

all, there is a variation in the way how data are collected. There is also a dissimilarity in the 

questionnaire which is different for each earthquake. 

DYFI is a kind of passive method for collecting data related to the earthquake and the behavior 

of people. The questionnaire is usually posted on one of the websites of well-known agencies 

(USGS, EMSC, AFAD, etc.) and citizens fill it out when an earthquake occurs. Unlike moderate 

earthquakes when the turnout of citizens is very high (Quitoriano, V., et al.,2020) the amount 
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of data received through the DYFI from the epicenter of a catastrophic earthquake may be small 

(especially when there are a large number of dead) because citizens who survived a strong 

earthquake are in a state of shock and are not ready to answer questions immediately. With the 

new "delayed online active technique" using popular social networks, detailed data are obtained 

from the citizens of the epicenter area for earthquakes of the past. By applying our delay 

technique, we urge survivors to complete a detailed questionnaire much later after the main 

impact. We used the DYRI to collect data on the Durres earthquake (2019) and the Croatian 

earthquakes (2020), but these data are not the subject of this paper. Using our crowdscorin 

system, we were able to collect 619 felt earthquake reports in Croatia in just 3 days. 

The technique we are developing is fast because the DYRI can be controlled away from the 

location. The effectiveness of this technique is possible thanks to social networks such as 

Facebook, Twitter, or Instagram, and the cost of the investigation is minor. 

The new technique is proactive, as the questionnaire is posted on a social networking site urging 

users to engage in citizen seismology. In our case, the questionnaires about the historical 

earthquakes were posted on the Facebook page of ISOGKP, and the answers were received 

"organically" or through "payment” from Facebook volunteers. 

The idea for this approach came from one of the authors of the paper who survived the Skopje 

earthquake and was then 12 years old. Fearing that valuable data on the historic earthquakes 

that survivors might give could be lost, the BTF project was launched. 

Below, the questionnaire and the results for the Skopje earthquake will be explained in more 

detail, while for the other earthquakes, due to space constraints, only characteristic results and 

analyses will be given. 

3.1. Testing the method - back to the future project 

The first pilot project to test the DYRI method developed by ISOGKP refers to the M6.1 Skopje 

catastrophic earthquake of 1963, the M6.9 Montenegro earthquake of 1979, and the earthquake 

in Spitak Armenia M6.8 in 1988 (Wyss, M., et al,1998, Cisternas, A., et al, 1989) for which 

there are still witnesses (Fig.1). 

 

 

Fig.1. Landing pages on Facebook for the earthquakes were investigated in a project BTF 

The testing of the procedure was done through Facebook for 3 days. To prepare the questions 

we use the free software Google Forms. With this tool, we created and examined surveys 

directly and quickly. We got instant results that the software graphically processes. 

3.1.1. M=6.1., Skopje earthquake of 1963 

The application of the DYRI in the case of the Skopje earthquake proved to be unexpectedly 

successful as 305 felt reports were completed. Several electronic media from the Republic of 

Northern Macedonia informed in more detail about the project launched by ISOGKP and 

contributed to a greater response from the citizens. 
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35 questions were prepared, some of which were specific and referred only to this earthquake. 

Perhaps there was a need for more questions, but also a risk that citizens who voluntarily 

accepted the interview would give up filling in due to a large number of questions. Our fear 

turned out to be incorrect because the response was high, although the number of 35 questions 

is not small. The questions were composed in such a way that in almost all of them there was a 

technical component due to which useful answers could be obtained. At the same time, the 

queries were sufficiently understandable for technically uneducated persons. 

One of the requests in the survey was how old were the respondents at the time of the 

earthquake. Dozens of statements are made by citizens who were then children and were only 

3 years old. The oldest witness to complete the questionnaire is now 87 years old. 57.8% of 

those who completed the questionnaire are women. 

One of the characteristic findings of the earthquake is that 61.7% of the witnesses were not 

aware that it was an earthquake (Wood, M. M.et al 2018). 

For the Skopje earthquake, there is extensive documentation on the damage to the buildings 

and their rehabilitation. However, very little is known about the characteristics of the 

earthquake because there are no strong motion records. 

In Skopje, in 1964, an international conference was held which was attended by the most 

prominent experts in seismology and earthquake engineering from around the world, including 

Macedonia and Ex-Yugoslavia. This conference was later declared the first European 

Conference on Earthquake Engineering. At the conference, Prof. N. Ambrose, in one of his 

discussions, assumed that the Skopje earthquake was a type of shock earthquake (pulse 

earthquake) with a duration of only 5 seconds (S.A. Bubnov , et al,1964). 

Fig.2. New evidence about the characteristics of the earthquake gotten with the help of the 

citizens 
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The inspection of the answers reveals several important features of ground motion obtained 

through citizens’ seismology that has not been sufficiently emphasized so far. In addition to 

other information about the Skopje earthquake, the diagrams shown above clearly manifest that 

there were two earthquakes Fig.2. The duration of the first and the time when the second 

occurred, are also concluded. From the answers of the citizens, it can be resolved with certainty 

that two destructive earthquakes occurred one after the other with a time interval of 4 to 7 

minutes. The duration of the mainshock according to their perception was longer than 10 sec, 

Fig.2. The majority of volunteers judged that the power  

 

Fig.3.The opinion of the citizens of Skopje related to the flood of 1962 and the earthquake of 

1963 

of the first aftershock was almost identical to the power of the main strike.  

The most common question asked by journalists from Macedonia is whether the cause of the 

Skopje earthquake was the flood of 1962. We asked the same question in the survey Fig.3. To 

this question, 60.7% of witnesses answer that the earthquake was a consequence of the flood of 

the previous year. 

In the testimonials, almost all the participants for the Skopje earthquake questionnaire 

describe that they had difficulties opening the doors of the rooms in their apartment, which 

indicates that the buildings have suffered permanent deformations. 

Also, important to mention from the testimonies of the witnesses is that even the youngest 

children have experienced a huge emotional trauma that they will carry for the rest of their lives 

(Ishibashi, R., et al.,2019, Goltz, J. D., et al., 2020 Goenjian, A. K. et al., 2009). The study has 

very extensive, detailed written memories of the night before the earthquake, during the 

duration of the earthquake, and after the earthquake. Several witnesses write that they read 

books in the evening and that they remember which book they read. One of them was reading 

the book the Fall of Atlantis. 

Skopje earthquake survey is especially important to remain a lasting document for future 

generations, as no such research has been done so far and there will be fewer witnesses to this 

catastrophe. 

3.1.2. Reports for the other earthquakes 

For Montenegro and the Spitak earthquake (Wyss, M..et al, 1998), the response of the witnesses 

was weaker in comparison with the Skopje one. There were 70 felt reports for earthquakes in 

Spitak and 48 in Montenegro. The questions about Montenegro and Armenian earthquakes were 

prepared in their languages. 
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The average age of the citizens of Skopje who submitted reports is 70 years old. We thought 

that at that age they use Facebook much less and that is why we did not expect a large number 

of reports. The Montenegro and Armenian earthquakes happened much later, so we expected 

many people to use Facebook and have more reports than for the Skopje earthquake. But that 

did not happen. One of the reasons for the lower turnout maybe was the bad timing of the start 

of the campaign. It started on the day the Russian-Ukrainian war begin, so people did not seem 

to have the desire to answer the questionnaire. A second reason for the low turnout was that 

ISOGPK is not an institute in their country. Similar to the Skopje earthquake, Montenegrin and 

Armenian women played a larger role in filling out the reports than men. Similar to the Skopje 

earthquake, women from Montenegro (84.4%) and Armenia (64.4%) completed more reports 

than men. 

70.3% of Armenians were not aware that the phenomenon was an earthquake. Unlike the 

Armenians, 73.3% of Montenegrins recognized that the phenomenon was an earthquake. When 

asked if they heard a noise, 93.3% of Montenegrins and 84.5% of Armenians answered 

affirmatively. 

The other characteristic answers from the volunteer’s reports will be presented in other papers. 

The purpose of this paper is to explain the DYRI and to test it. 

4. Conclusions

The existing systems for reducing the risks of earthquakes with the assistance of the citizens 

were reviewed. The main approaches for detecting and determining the characteristics of 

earthquakes that enable automatic and fast drawing of a macroseismic map of intensity for the 

wider region were described and discussed. It was pointed out that their application is 

possible due to the existence of social networks, mass use of smartphones, and high-speed 

internet. It was emphasized that in the last generation of smartphones, MEMS accelerometers 

are already used for recording earthquakes and their processing. 

The new way to gather additional information about historical earthquakes was explained 

through a technique called "Do you remember it" which was implemented through Facebook. 

The testing of the method through the project “Back to the Future” is described. The number 

of reports given in DYRI showed that its application is possible. The felt reports for the three 

earthquakes covered by the project provide additional data on the earthquakes, the damage to 

the building, and the behavior of the people who survived these catastrophic earthquakes. The 

memories of the catastrophic earthquakes among the survivors proved to be lasting and 

therefore it was concluded that the DYRI approach should be applied to the other significant 

earthquakes that occurred in the period from 1960 until the advent of the system DYFI. 
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Abstract: Several studies highlight a correlation between microseism and cyclonic activity
considering in particular the Secondary Microseism and Short Period Secondary
Microseism bands. In detail the links between hurricanes, typhoons, tropical cyclones and
microseism were analyzed by different authors, while the relationships between
microseism and Medicanes have never been explored. For this reason in this work we
approach the study of the microseism signal recorded during the Medicane “Apollo” (25
October – 5 November 2021) and in particular we analyse the microseism spectral content,
the space-time distribution of its amplitudes, as well as track its development and position
by using a double approach, a grid search method based on the amplitude space
distribution and the array f-k analysis.

Keywords: spectral content, array analysis, grid search, amplitude distribution

1. Introduction

During the period 25 October -5 November 2021, the eastern part of Sicily, and in particular
the areas between Catania, Messina and Siracusa, was affected by the effects of a
Mediterranean tropical depression, that acquired the characteristics of a Medicane
(MEDIterranean hurriCANE) called Apollo (Figure 1).
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Figure1. Satellite image of Apollo Medicane on 29 October 2021 (©NASA).

The Medicane “Apollo” developed on 25 October 2021 near the Libyan coast as a depression
vortex. During its northward motion, the vortex became more intense thanks to the high
temperature of the Mediterranean Sea, and on 28 October took the features of a Medicane.
The effects of the Medicane “Apollo” were observed particularly near Catania (east coast of
Sicily) with pluviometric-mean of about 200 mm/48 h and with a peak of 448 mm/48 h
recorded near Linguaglossa (SIAS, http://www.sias.regione.sicilia.it/) and in the area of
Syracuse where the Sicilian Meteorological service SIAS measured > 200 mm rain on 29
October. The highest wind gusts were measured on the same date (104 km/h) and the pressure
minimum value was estimated to 999 hPa (Faranda et al., 2021).

The impact of the Medicanes on the sea state and in particular the development of violent
wave motions involve a significant energy transfer from the sea waves to the solid Earth. This
energy transfer brings to the “formation” of the so-called microseism, the most continuous
and ubiquitous seismic signal on the Earth, caused by the interaction between the
hydrosphere and the solid Earth (e.g. Tanimoto et al., 2015). On the basis of both source
mechanism and spectral content, it is possible to divide this signal into (e.g. Haubrich and
McCamy, 1969): primary microseism (hereafter referred to as PM), that shows the same
spectral content as the oceanic waves with a period between 13-20 s, is associated with the
energy transfer of oceanic waves breaking against the shoreline and exhibits low amplitudes
(Hasselmann, 1963; Ardhuin et al., 2015); secondary microseism (hereafter referred to as
SM), that is generated by sea waves with the same frequency traveling in opposite direction
and shows frequency about twice the frequency of the oceanic waves (corresponding with a
period of 5-10s) and amplitude higher than the PM (e.g. Longuet-Higgins, 1950; Oliver and
Page, 1963; Ardhuin et al., 2012, 2015); short period secondary microseism (hereafter
referred to as SPSM), whose period is shorter than 5 second, is generated by the interaction
between local wave motions near the coastline (Bromirski et al., 2005).
Several studies showed a correlation between microseism and cyclonic activity (e.g.,
Bromirski 2001; Bromirski et al. 2005; Gerstoft et al., 2006; Gualtieri et al., 2018; Lin et
al.,2017; Retailleau et al., 2019, 2021; Zhang et al., 2010). In particular, Bromirski (2001)
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and Bromirski et al. (2005) highlighted the link between the SM, SPSM and the cyclonic
activity. Other authors consider the relationship between SM, SPSM and hurricanes (Gerstoft
et al., 2006), typhoons (Lin et al., 2017) and tropical cyclones (Zhang et al., 2010). Gerstoft et
al. (2006) tracked the position of hurricane Katrina by using microseism recorded by a
large-scale array. More recently, Retailleau and Gualtieri (2019) were able to track the path of
the typhoon Ioke in 2006 by using microseism, and Gualtieri et al. (2018) showed how its
spectral amplitude has a strong relationship with tropical cyclone intensity.
In spite of the aforementioned scientific contributions on microseism and its relationship with
cyclonic activity, the relationships between microseism and Medicanes have never been
analysed nor the microseism signature of such Mediterranean extreme meteorological events
has ever been explored. For this reason, in this work we deal with the study of the microseism
recorded during the Medicane “Apollo” and in particular we analyse the microseism spectral
content, the space-time distribution of its amplitudes, as well as track its development and
position by using a double approach, a grid search method based on the amplitude space
distribution and the array analysis.

2. Data and methods

The period taken into account in this study is 20 October - 5 November 2021. This period
was chosen to include the development of the Medicane “Apollo”, its climax in terms of wind
velocity, precipitation intensity and sea wave height, that took place on 28-29 October, and
the subsequent loss of intensity.

2.1. Data

2.1.1. Seismic data

We selected 78 seismic stations (Figure 2a) installed along Italian coastal areas (from Central
Italy southward), along Greece coastal areas and in the Sicilian Channel (Linosa, Pantelleria
and Malta). In addition, to perform array analysis, 15 stations installed in the Etnean area
(Figure 2b) were used. The selected seismic stations exhibit specific characteristics and in
particular they are equipped with 3-component broadband seismic sensors.

Figure 2. Satellite image of the Mediterranean area with a selection of the broadband seismic stations available
in the ORFEUS and INGV databases, used in this work (a). Digital elevation model of Mt. Etna showing the

broadband seismic stations, run by INGV-OE and used in the array analysis (b). (Base image source ©Earthstar
Geographic (a) and  ©Tinitaly DEM(b).
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2.1.2. Sea state data

To obtain information about the sea state, the “MEDSEA_HINDCAST_WAV_006_012”
product, produced by the Copernicus Marine Environment Monitoring Service (CMEMS;
http://marine.copernicus.eu/), was used. This product contains the hindcast maps of the
Mediterranean Sea Waves forecasting system and is based on the third-generation wave
model WAM Cycle 4.5.4 (Behrens, 2013). In particular, the hourly significant wave height
data was used to reconstruct the sea wave state during Apollo Medicane.

2.2. Spectral Analysis

The seismic data were corrected for the instrument response and successively spectral and
amplitude analyses were performed. As for the former, hourly spectra of the seismic signal
were calculated. All the hourly spectra were gathered and visualized as spectrograms, with
time on the x-axis, frequency on the y-axis and the log10 of the power spectral density (PSD)
indicated by a colour scale. Spectrograms obtained for the vertical component of four stations
are shown in Figure 3 as examples.

Figure 3. Seismic spectrograms. Examples of spectrograms of the seismic signal recorded by the vertical
component of 4 considered stations located along Greece coastline (a and c), in

central Italy (b) and in the eastern part of Sicily (d).

Concerning the amplitude analysis, we calculated hourly RMS (root mean square) amplitude
time series for the following frequency bands: 0.2-0.4 Hz (SPSM), 0.1-0.2 Hz (SM, Figure 4)
and 0.05-0.07 Hz (PM).
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Figure 4. RMS amplitude time series. Examples of RMS amplitude time series of the seismic signal recorded
by the vertical component of 4 stations located along Greece coastline (a and c), b in

central Italy (b) and d in the eastern part of Sicily (d).

In order to show the spatial and temporal distribution of the RMS amplitude during the period
under investigation, we plotted the average RMS amplitude computed on 2-day-long moving
windows for SM frequency band (Figure 5).
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Figure 5. Maps of the central part of the Mediterranean Sea showing the spatial and temporal distribution of the
RMS amplitude for the SM band. Each dot represents a station while the colors show the RMS amplitude as

specified in the colorbar.

2.3 Tracking Apollo position

We tracked the position of Medicane “Apollo” using the microseism. Since the microseism
signal is continuous, it is impossible to apply the conventional techniques based on the first
phase arrivals routinely used to localize the hypocenter of a seismic event. For this reason, we
applied two different methods: i) grid search method, based on seismic amplitude-decay, and
ii) array analysis.

2.3.1 Grid search method

We used the seismic signals recorded by the 78 aforementioned stations (Figure 1a) with the
aim of tracking the position of the Apollo Medicane during its lifetime by using a grid search
approach. This method, based on the seismic amplitude decay, has already been used to track
the source of the volcanic tremor at Mt. Etna (e.g. Di Grazia et al., 2006; Cannata et al.,
2010). In this method, we assume that the seismic waves are propagating inside an
homogeneous medium and the microseism is assumed to be mostly made up of surface
waves. As the sources of microseism are located on the solid Earth surface, the search was
carried out on a planar 2D grid roughly coinciding with the Earth surface. Concerning the
region where we executed the grid search, it has an area of 1716 km x 1366 km (maximum
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longitude 29°; minimum longitude: 9°; maximum latitude: 42.48°; minimum latitude: 30.18°)
and the grid search was performed with a spacing of 0.05°. The microseism source was
located in the centroid position of all the grid nodes whose R2 values do not differ by more
than 1 % from the maximum R2 value. In order to choose significant values of R2 we
performed 2142 runs by randomly shuffling the RMS values among the stations. Then, we
calculated the 99th percentile of the obtained R2 values and obtained 0.5. Hence, we
considered reliable only the source locations with R2 values greater than 0.5. Further details
about the location method can be found in Di Grazia et al. (2006) and Cannata et al. (2010).

2.3.2. Array Analysis

In order to track the location of Apollo Medicane, fifteen stations belonging to the Mt. Etna
seismic permanent network were used as a roughly circular array (Figure 1b).The f-k
(frequency-wavenumber) analysis was carried out to measure apparent velocity and back
azimuth of the arriving microseism signal (e.g. Rost and Thomas, 2002). This technique
assumes a planar propagation of the wavefront across the array on the basis of the
relationship between the sensor-source distances and the wavelength of the signal of interest.
(Haskov et al., 2016). The resolution of the results depends on the geometry/size of the array
and the wavelength of the seismic signal (Haskov et al., 2016). This method consists of a
beamforming approach in the spectral domain, seeking in a grid search of slowness the back
azimuth and apparent velocity values for which the amplitude of the sum of all the array
traces is maximized. The result of the f-k analysis is power spectral density as a function of
slowness. To apply array analysis of microseisms, the following processing steps were carried
out on the seismic signals: (i) demeaning and detrending; (ii) filtering within the frequency
band of microseism; (iii) subdivision in 60-s-long tapered windows; excluding windows with
seismo-volcanic amplitude transients (i.e. volcano-tectonic earthquakes, long period events,
very long period events) detected by using STA/LTA technique (e.g. Trnkoczy, 2012); (iv)
applying f-k analysis for each window by using a slowness grid search (from -1 to 1 s/km in
the east and north components of the slowness vector) with a spacing of 0.05 s/km. An
example of the results is shown in Figure 7.

3. Results

Our results clearly show that the microseism signal recorded by the stations installed around
the Ionian area is influenced by the Medicane “Apollo”.
In detail, the spectrograms of Figure 3 highlight that a large portion of the energy is focused
in the band 0.1-1 Hz, that partly corresponds to the classical microseism band. Furthermore, it
is worth noting that EPOZ, PFKS and FSK (three stations installed close to the Ionian sea
area) show the maximum energy during the period of the Medicane “Apollo” (highlighted by
the dashed vertical lines), while CPOZ, installed close to the Tyrrhenian coastline, shows a
different behavior with maximum amplitude during distinct time intervals.
If we consider the RMS amplitude time series in Figure 4, we observe that EPOZ (Figure
4d), the nearest station to the cyclone eye during the Apollo climax, shows the highest values
of RMS amplitude, while the stations PFKS and FSK (Figure 4c and 4a), installed in Ionian
area but more distant than EPOZ from the cyclone eye, show lower values of RMS amplitude
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with a similar temporal pattern. Finally, CPOZ (Figure 4b) exhibits a completely different
temporal trend.
To map the space-time distribution of the microseism amplitude during the considered time
period, we plotted the average RMS amplitude of the vertical component of the seismic
signal, computed on 2-day-long moving windows (Figure 5). Also in this figure we observe a
correlation between RMS amplitude and “Apollo” position. In detail, in the map of the days
26-29 October (that represent the days in which Apollo reached its climax) we observe a
cluster of high values of RMS amplitude in the stations installed in the Ionian area (eastern
part of Sicily, Sicily Channel and western part of Greece), highlighting a good match between
stations recording intense microseism and the cyclone position.
In Figure 6 we observe the spatial distribution of the values of R2 obtained with the grid
search method for 29 October. In this case we can note that there is a yellow-colored area
which indicates high values of R2, major than 0.5. By comparing Figure 1 and 6 we can note
how the real position of Apollo, obtained from satellite image, and the position derived from
grid search method is comparable.

Figure 6. Map of the central part of the Mediterranean Sea showing the spatial distribution of R2 values obtained
by the grid search method. The red triangles indicate the locations of the stations used for this analysis, while the

red and blue five-pointed stars indicate respectively the positions of the grid node showing the maximum and
mean value of R2.

The results of array analysis are shown in Figure 7. In this figure we plot in a rose histogram
the back azimuth values obtained for 29 October. If we compare also in this case Figure 1
and 7 we can observe that a large part of back azimuth values indicate concordant directions
with Apollo position.
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Figure 7. Digital elevation models of Eastern Sicily with a rose histogram, located at the center of the
seismic summit ring of Mt. Etna, summarizing the back azimuth values obtained by the array analysis on 29

October 2021.
.

4. Conclusions
In this work, we reconstructed the seismic signature of the Medicane Apollo. In particular, by
investigating the seismic spectral evolution (Figure 3), as well as the temporal and spatial
distribution of the seismic RMS amplitudes (Figures 4 and 5), it is clear that information
about the development of the Medicane, its climax and the subsequent loss of intensity are
clearly contained in the microseism recorded from the stations installed close to the Ionian
coastlines.
Furthermore, by using microseism signals and by applying two different methods (grid search
and array analysis), we were able to detect the presence of the Apollo Medicane and track its
position over time and space (Figures 7 and 8).
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Abstract: Lixouri, Kefalonia (W. Greece) has experienced a number of damaging 
earthquakes since the 17th century, the most recent of which were the 2014 January 26 
Mw6.1 and February 3 Mw6.0 events. In 2021, the municipality of Lixouri (Paliki 
peninsula, W. Kefalonia) and the University of Athens established a collaboration based on 
three pillars: a. Enhancing the seismological instrumentation of Paliki, recording the local 
seismicity in real time, assessing the vulnerability of buildings for near real-time shake maps 
and studying in detail the crustal deformation taking place and its seismotectonic 
characteristics b. Creating a repository of studies, books and archival material for the 
thorough study of its past seismicity and seismic hazard assessment and c. Promoting public 
awareness on earthquake and related phenomena issues and educating the various groups of 
stakeholdres in the area through specialized seminars, tabletop exercises and in person drills. 
The purpose of the three projects is the development of a unique “Earthquake Centre” for 
researchers and citizens wishing to study in depth the earthquake phenomenon and host 
related forums and meetings. 

Keywords: seismic network, historical earthquakes, seismic hazard, risk, vulnerability, 
earthquake education 

1. Introduction 

Lixouri is the capital of the Municipality of Lixouri, covering the Paliki peninsula, the 
western part of Kefalonia, Ionian islands, Western Greece. Ionian Sea is a plate boundary 
region characterized by high seismicity. Kefalonia is known for its highest seismic hazard 
in Greece, due to its complex tectonics and mainly the right-lateral Kefalonia Transform 
Fault. The island has experienced a considerable number of strong, damaging events since 
the 15th century, out of which the 9, 11 and 12 August 1953 series (Mw6.4, Mw6.8, 
Mw7.2), the landmark of natural catastrophy in Greece and the recent January 26 and 
February 3 2014 (ML5.8 and ML5.7, causing extensive structural damage, casualties and 
environmental effects mainly in Lixouri. 
Aware of its high seismic risk, the newly formed Municipality of Lixouri initiated in 2021 
a collaboration with the Seismological Laboratory of the University of Athens and a 
number of sub-partners through three bilateral projects, aiming at the thorough study of the 
area’s past and recent seismicity and tectonic regime by reinforcing its infrastructure 
towards disaster prevention, reinforcing the knowledge of its earthquakes and extending 
the actions for civil protection and public awareness. The final target of all three projects is 
the development of a “Centre of Knowledge” on earthquakes, civil protection and seismic 
risk of Paliki, which will address the scientific community for national and international 
research activities, as well as the general public for education on civil protection and 
prevention against earthquakes and related phenomena. 
The first-year projects activities and preliminary results are discussed in this paper. 
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2. INFRASEPREL: Reinforcing research INFRAstructure for SEismic disasters
PREvention, Lixouri

The aim of the Project is to create a pioneering research-operational infrastructure in Paliki 
Peninsula, based on seismic array technology, to record in real time seismic activity, as 
well as to study the seismic risk of the area, for rapid damage assessment. Two types of 
instruments are installed: 
- Seismic stations: two digital seismometers with a 3-components seismic sensor and a 3-
components acceleration sensor (Fig. 1L), which complement the existing stations of the
Hellenic Unified Seismic Network (HUSN) on the island Kefalonia.
- Accelerographic array: an array of eleven 3-component accelerographs (Fig. 1R) installed
in Lixouri, the major town of the peninsula.
The instruments were acquired and installed in 2021, recording 20 local and 3 regional 
events with magnitudes ranging within 1.7≤Mw≤4.5 in the last 4 months, contributing to 
the manual solutions carried out by the Seismological Laboratory (Fig. 2).  

Fig. 1. Locations of the INFRASEL project seismic instruments on Kefalonia. L: Paliki peninsula is shown 
within the ellipse. Red triangles represent the new seismic stations, ATHR at the north, HAVD at the south. 
The light blue square is the existing station DMLN. The cluster of red circles is the accelerometric stations. 

R: Zoom-in the Lixouri accelerometric array and record of LX15 station. 

Fig. 2. Examples of recent local or regional events recorded by the Lixouri new stations. 

Site response measurements for HVSR technique were performed at the instrument sites, 
using the CSIC, Spain, infrastructure as added contribution to the projects (Fig. 3). An 
example of the preliminary analysis of the records is also presented in Fig. 3. 
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Fig. 3. L: Sites of strong motion measurements and Tromino instrument. R: Example of microtremor 
measurement result (equalized). 

Field observations and geodetical measurements carried out in Paliki during 2021 revealed 
a number of sites of seismotectonic interest, such as identification of active faults, control 
of known major and minor faults, as well as landslide and crustal deformation sites (Fig. 
4). A vulnerability study of the buildings in Lixouri is currently taking place. EMS98 
vulnerability classes are identified for a total number of 2,500 buildings. 
Two platforms were developed for presentation of real time seismicity (Seismological 
Laboratory, dynamic) and of seismotectonic and crustal deformation data (Institute of 
Geodynamics, static). Both platforms incorporate several thematic levels, such as daily 
seismicity, past seismicity, focal mechanisms, etc. (Fig. 5,L) and active faults, crust 
velocities, geological map, etc. (Fig. 5,R). 

 
Fig. 4. Crustal deformation in Paliki in the period 2016-2021 

13 sites
23 records

Added contribution:
CSIC Infrastructure

Tromino recorders
Ambient noise measurements
Sensor range: 0.1-300 Hz
11 channels (3 high gain, 3 low gain, 3 accelerometers, 1 GPS, 1 external)
24 bit A/D converter
Radio & GPS synchronization

Applications
Noise analysis in seismic station sites
Shallow soil characterization
Ambient vibration
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Fig. 5. L: Screenshot of the real time seismicity (last 20 days) interactive map with past seismicity 
(instrumental and historical earthquake catalogues) and focal mechanisms of significant earthquakes. R: 

Screenshot of the platform with various layers of geodetic and seismotectonic data. 

3. KNETSEISRL Development of Knowledge NETworks for SEISmic disaster Risk,
Lixouri

The purpose of the project is to develop a repository of sources related to earthquakes and 
geodynamic phenomena of Kefalonia, in order to compile an updated earthquake catalogue of 
its earthquakes and, consequently, to update the seismic hazard assessment. A network of 
researchers contribute to the Kefallinia earthquake archive with archival material and 
newspapers (Fig. 6), books, papers, seismological compilations and modern scientific studies.  
The material is stored in digital and printed form, comprising a database of sources for public 
use. The database will encompass all available seismological information of each earthquake, 
providing the seismic picture of Kefalonia, and specifically the various localities of Paliki 
peninsula (Fig. 7). The calculated seismicity parameters will be used for assessing PGA, PGV 
and PGI hazard parameters for Paliki. In addition, seismic hazard is approached through the 
investigation of the applicability of complexity theory using a non-extensive statistical physics 
in the seismicity of recent strong Kefalonia earthquakes. 
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Fig. 6. L: Example of a local report on the 1867 Lixouri earthquake, R: Athens newspaper on the 1953 earthquakes 

  
Figure 7. L: Reference to the 1953 earthquake in Richter’s (1958) “Elementary Seismology”, R: The seismic 

history of Lixouri 1950-2004 

4. ACTCIPROL Information ACTions for CIvil PROtection services, Lixouri 

The aim of the project is the mitigation of seismic risk through continuous education and 
the operational organization of the Municipality of Lixouri. Seminars for various groups of 
stakeholders, such as those involved with tourism and health services, entrepreneurs, 
schools (Fig. 8), etc. are organized and tabletop and in person drills for civil protection 
officials emergency managers are planned. Special care is given to the mitigation of 
possible psychological and social impact of such actions, regarding future earthquakes.  
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Fig.8. Education seminars at primary schools of Lixouri municipality 

The “Earthquake Suitcase”, a travelling educational tool is developed for the purposes of 
the project (Fig. 9). 

Fig.9. The educational tool “The Earthquake Suitcase”. The suitcase contains a portable shake table operating 
manually or motor driven. Sample structures and an accelerograph are fixed on the top, moving platform. 

5. Discussion

The deliverables of all three projects will be hosted at a pioneering Earthquake Centre, at 
the existing premises of the Municipality, with a goal in supporting the Municipality of 
Lixouri through promotion and dissemination activities, organizing conferences, 
workshops and international forums for exchanging scientific results, specialized training 
seminars of the involved bodies and public groups and continuous awareness actions of 
citizens and stakeholders. 
This space will be an educational centre for the collection, study and promotion of printed, 
electronic and photographic material regarding the Ionian Islands earthquakes since the 
13th century until present, the revival of the then environment and the earthquake effects, 
as well as for seismic hazard studies (Fig. 10). The available dynamic and static seismic 
data platforms, as well as the database of sources will be available to researchers and the 
public and for further study.  
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Fig. 10. Promotion activities of the Lixouri projects 
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Abstract: 

On 3 March 2022, a magnitude M~5 earthquake occurred in the North Sea, approximately 

140 km offshore of southwest Norway. This was the largest earthquake recorded in the region 

for 33 years. The seismic event was widely felt in Norway and the UK, and was also observed 

at seismic stations throughout Europe and as far as North America, Asia and Africa. Using 

seismic waveform data from the earthquake we estimated that the earthquake had a magnitude 

Mw5.1 and a focal mechanism (moment tensor) with strike/dip/rake of 153/53/47 degrees. 

We determined two hypocentral depths of 14 km and 24 km based on focal mechanisms and 

teleseismic waveform modeling and we find that the hypocentral depth estimates are sensitive 

to velocity models and further refinement is needed. Using the focal mechanism parameters, 

we obtain a PGV shakemap for the region, which shows the largest peak velocities along the 

western coastline of Norway closest to the epicentre, as expected, and some variation at inland 

stations, possibly due to local site conditions. 

Keywords: North Sea earthquake, seismic moment tensors, hypocentral parameters, peak 

ground velocity, shakemap 

1. Introduction

On 3 March 2022 at 6:32 local time,  a magnitude M∼5 earthquake occurred in the North 

Sea. The epicentre was located offshore, between southwest Norway and the Faroe Islands, 

approximately 140 km west of Florø. This was the largest earthquake in the region in 33 

years, it was also felt in various communities in Norway and UK, and led to a temporary 

shutdown of production of Equinor’s oil platform Snorre B. The earthquake was also 

observed at regional seismic stations throughout Norway, UK, and continental Europe; and 

at teleseismic stations in North America, Asia, and Africa. In this report, we present a 

preliminary analysis of this earthquake using seismic waveforms from all possible, openly 

available, broadband sensors around the epicentre. We use the waveforms from stations up 

to 2000 km distance to compute focal mechanisms (moment tensors) and estimate 

hypocentral depths and magnitudes for the event and we use the mechanisms to estimate 

peak ground motion velocities and accelerations at seismic stations throughout Norway. We 

further use waveforms from regional and teleseismic stations to improve hypocentral 

estimates for the event. 
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2. Methods 

2.1 Full moment tensor estimation 

To compute the focal mechanisms, we apply a recent methodology (Alvizuri et al., 2018) 

for moment tensor and uncertainty quantification that has proven successful in illuminating 

the earthquake process for various regions on Earth, and for various sources including 

nuclear explosions, cavity collapses, earthquakes (tectonic, metamorphic, induced), 

landslides, volcanic events (e.g., Alvizuri & Tape, 2016a; Alvizuri et al., 2018, Alvizuri & 

Tape. 2018, Alvizuri & Hetényi, 2019; Alvizuri et al., 2020). 

The methodology first obtains waveform data from all possible seismic stations around the 

earthquake region; that is, waveform data from 3-component, broadband seismic sensors. It 

rotates each station to a source-receiver coordinate system, removes instrument responses, 

and filters the waveform data. The methodology then performs an efficient grid search over 

the full space of moment tensors, for each moment tensor computing synthetic seismograms 

at each seismic station and component, comparing observed with synthetic seismograms 

through a misfit function, and finding the mechanism that best fits the observations. The 

synthetic seismograms, in turn, are computed via greens functions that were computed for a 

given velocity model of the earthquake region, in this case we use a velocity model from 

Crust1.0 for a cell centered at geographic location 5.5E, 61.5N (Laske et al., 2013). In order 

to estimate a hypocentral depth for the event, the methodology computes the best fitting 

moment tensors over a grid of hypocentral depths, computing a mechanism at each grid 

point, to the global best fitting mechanism. For details, see Alvizuri et al. (2018).  

   

2.2 Data and velocity model for seismic location  

For the seismic location, we use data from the Norwegian National Seismic Network 

(NNSN) as well as the HNAR array (HNA0) in Norway and the Lerwik (LRW) and 

Edinburgh (EDI) stations deployed by the British Geological Survey (BGS) in the UK. In 

addition to the onshore stations, there are sensors deployed offshore to continuously monitor 

oil/gas reservoirs. These sensors can also be used for the earthquake analysis. For the seismic 

location, we include phase readings from the Oseberg (OSE01) and Grane (GRA01) fields. 

Also, we have access to one hour of data from 10 sensors from the closest oil field Snorre 

which includes recordings of the seismic event and the two first aftershocks with relocations 

(See ‘reloc’ in Fig. 4).  

The depth of local/regional earthquakes can be determined with confidence if there are phase 

observations at seismic stations within twice the event depth (e.g., Havskov et al., 2012). In 

the North Sea the distance between the onshore stations and the offshore seismic events are 

large resulting in poorly constrained hypocentral depth estimates (Jerkins et al., 2020). 

However, due to the size of the seismic event teleseismic depth phases were observed 

globally in America, Africa and Asia with a consistent time difference of 10-11 seconds 

between the first observed P-wave and the depth phase (see Fig. 5(c,d)). This time difference 

can be used to better constrain the earthquake depth. Here we assume the depth phase to be 

the pP phase. However, there is the option that the seismic phase is a sP phase. Future work 

will consist of modelling synthetic seismograms to quantify which depth phase is present. 

The seismic event was relocated using the HYPOSAT algorithm (Schweitzer, 2018), which 

has an option to include multiple velocity models for the earthquake location. For the seismic 

stations at Snorre and to determine the depth using the pP-P difference we use the 1D local 

velocity crust1.0 model. This model includes a sedimentary layer of ~ 11 km, which better 
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represents the source region. For the remaining stations we use the 1D regional NNSN 

velocity model. These velocity models are shown in Fig. 5(b).  

2.3 Peak ground velocity 

The rapid mapping of the ground shaking can provide the stakeholder with timely 

information about the potentially affected area and facilitate the estimation of the seismic 

risk and loss and ultimately earthquake disaster management. Using a Bayesian network 

algorithm (Gehl, et al., 2017), the shake maps are generated as correlated Gaussian fields, 

which can be updated with the observations to generate a posterior distribution of the ground 

motion at each grid point. Taking advantage of the NNSN stations, a PGV shake map is 

produced using the obtained moment tensor results and the 22 onshore observations. The 

maximum PGV values among the two horizontal components after broadband filtering 

(0.1Hz to 10 Hz) are used as evidence to update the computed shake map of PGV based on 

the empirical ground-motion model (GMM) developed by Abrahamson et al. (2014). 

Moreover, the site amplification is considered through the empirical site amplification 

factors and the global the time-averaged shear-wave velocity to 30 m depth Vs30 model 

(Wald and Allen, 2007). 

3. Results

3.1 Moment tensors 

Figure 1 shows the epicenter for the Florø earthquake (red star) and all the seismic stations 

that we used to estimate its mechanism. We inspected the waveforms from all possible 

stations up to 2000 km distance and selected them for moment tensor analysis based on 

signal quality. In the final computation we selected waveforms from 200 seismic stations 

(green triangles) at up to 1500-km distance. The best-fitting hypocentral depth for the Florø 

event is 14.3 km (Figure 2). This result was obtained by computing moment tensors at 

discrete 1-km depth intervals between 5-25 km. The best fitting double-couple mechanism 

at 14 km depth has strike/dip/rake of 153/53/47 degrees, and a magnitude Mw~5.1 (Figure 

3).  This result was computed with waveforms at vertical, radial, and transverse components, 

filtered between 25—50 seconds.  The figure also shows samples of the waveform fits, 

sorted by epicentral distance (synthetic waveforms are red, observed are black). 

3.2 Hypocentral relocations 

The relocated seismic event is shown in Fig. 5. The depth phases indicate a depth of about 

25 km, and the seismic event is relocated to be approximately 12 km North of the Snorre 

field. By including a local velocity model with a sedimentary layer for the Snorre sensors 

the location residual is reduced by 1 second as supposed to the initial location.  

To test the validity of the mainshock we also relocated the two first aftershocks. Both 

aftershocks fall within the same region as the mainshock, yet again confirming a well 

constrained seismic event location. It should be noted that the seismic hypocentral estimate 

is highly dependent on which local velocity model is used. The thickness of the sedimentary 

layers in the North Sea can vary by serval km over shorter distances, and more information 

on the thickness of the sedimentary layers in the regions around Snorre is required to improve 

the seismic location.  
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3.3 Shakemap and peak ground velocity 

As shown in Figs. 4, the expected PGV values around the stations are updated given the 

observations. In general, the PGV shake maps at bedrock and ground surface have shown 

that the onshore region would expect low-to-moderate PGV values. PGV-sensitive critical 

infrastructures are recommended to take some suitable risk-mitigation actions. 

4. Conclusions 

We analyse the magnitude M~5 North Sea earthquake which occurred on 3 March 2022 and 

was observed at seismic stations throughout Norway and as far as North America and Africa. 

The epicenter was located about 140~km west of the town Florø in southwest Norway, and 

we use waveforms from regional and teleseismic stations to compute its focal mechanism, 

hypocentral parameters, and peak ground velocities in Norway. The best-fitting double-

couple mechanism has magnitude Mw~5.1 and strike/dip/rake of 153/53/47 degrees, and the 

relocated hypocenter has hypocentral depth of 24 km. The rapid mapping of PGV for 

onshore and offshore regions based on observations provides the stakeholders with a quick 

estimation of the hazard and potential impacts, which represents the first step towards a near 

real-time decision-making support system for critical infrastructures (e.g., oil platform) in 

the North Sea.  
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Figure 1: Seismic stations and epicenter for the Florø earthquake (red star). To compute moment tensors for this event we 

used waveforms from all possible stations up to 2000 km distance. In the final computation we selected waveforms from 200 

seismic stations (green triangles) at up to 1500-km distance. 
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Figure 2: The best-fitting hypocentral depth for the Florø event is 14.3 km. This result was obtained by computing moment 

tensors at discrete 1-km depth intervals between 5-25 km, and finding the mechanism at each depth that produces the least 

misfit with observed seismograms, and finding the global best-fitting mechanism. 
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Figure 3: The best fitting double-couple mechanism for the Florø event is for magnitude Mw~5.1 and strike/dip/rake of 

153/53/47 degrees. This result was computed with waveforms from 200 seismic stations, at vertical, radial, and transverse 

components, filtered between 25 and 50 seconds, for a hypocentral depth of 14 km. The figure shows samples of the 

waveform fits, sorted by epicentral distance (synthetic waveforms are red, observed are black). 
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Figure 4: The focal mechanism and the PGV shake map at ground surface given observations (bolded triangles) 
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Figure 5: (a) Stations used for earthquake location. (b) The two velocity models used for earthquake location. 

(c,d) Depth phases observed globally in Africa, Asia and America. The seismic traces are aligned using the 

first theoretical P-arrival. The depth phase is observed 10-11 seconds after the first arrival on all the seismic 

stations. The seismic traces are bandpass filtered between 0.5 - 2 Hz.  
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Abstract: This work presents a novel Vertical-to-Horizontal (VH) empirical Ground Motion Model (GMM) 
for peak ground acceleration, spectral accelerations up to 10s and peak ground velocity. Being calibrated on 
the most up-to-date dataset for Italian crustal earthquakes (ITA18), the model is consistent with the ITA18 
GMM for the horizontal ground motion. To account for the increase of VH ratios in the proximity of the seismic 
source, an adjustment term is introduced to improve the prediction capability of the model in near-source 
conditions, relying on the worldwide NEar-Source Strong motion dataset (NESS). The proposed model uses a 
simple functional form restricted to a limited number of predictor variables, namely, magnitude, source-to-site 
distance, focal mechanism, and site effects, and the variability associated with both VH and V models is 
provided. The model predictions are compared to a French dataset, FR21 and a correction coefficient is 
calibrated, to be used in the epicentral area. 

Keywords: ground motion model, Italian crustal earthquake, vertical-to-horizontal spectral ratios. 

1. Introduction

For ordinary structures, seismic actions for design are typically prescribed only in terms of 
horizontal ground motion components, represented by a design response spectrum. 
According to the Italian Building Code NTC (2018) and Eurocode 8 - EC8 CEN (2004), the 
vertical component of the seismic action shall be taken into account in a very limited number 
of cases, typically, for base-isolated structures and for selected building components (e.g. 
horizontal structural members with large spans). Nonetheless, it has been recognized that the 
vertical ground motion may be significantly larger than its horizontal counterpart in the near-
source region of earthquakes, especially at periods less than about 0.3s, with potential impact 
for short-period structures (Ramadan et al. 2021).  

In general, two main approaches can be used to develop vertical design seismic spectra in 
the framework of a Probabilistic Seismic Hazard Assessment (Ramadan et al. 2021): (1) 
perform hazard integrations using Ground Motion Models (GMM) specifically developed 
for the vertical response spectral ordinates, (Chiou and Youngs, 2013); Çağnanet al., 2017) 
separately from those for the horizontal components; (2) use a GMM for the vertical to 
horizontal (VH) response spectral acceleration ratios to scale the horizontal Uniform Hazard 
Spectrum (UHS). The main limitation of the first approach is that disaggregation of hazard 
may lead to different earthquake scenarios controlling the horizontal and vertical spectral 
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accelerations. Such inconsistency may pose obstacles to site specific engineering studies, 
such as in the selection of hazard-consistent three-component ground motions to be used in 
dynamic time history analyses of structures. For these reasons, the most commonly used 
approach is to generate the vertical spectrum by making use of empirical models for VH 
ratios (Bozorgnia and Campbell, 2016); Poggi et al., 2019). This approach, although 
simplified, is effective for seismic design purposes because it avoids performing vector-
valued PSHA (Bazzurro and Cornell, 2002), including both horizontal and vertical 
components and the full treatment of their correlation.  

Those models are regional dependent and calibrated for active shallow crustal regions. In 
some regions (i.e. France) the distance and magnitude ground motion scaling is hard to 
assess, given the scarcity of seismic records. In this case and instead of calibrating an ad-hoc 
model for vertical ground motion, correction factors could be computed for an existing 
model. 

We present a complete study on empirical GMM for VH ratios of Spectral Acceleration 
(SA), Peak Ground Acceleration (PGA) and Peak Ground Velocity (PGV) using Italian 
earthquakes and extending its applicability to near source region of active and continental 
shallow regions. The regression is calibrated using the same dataset adopted by Lanzano et 
al. (2019) for horizontal GMM, which ensures consistency between the two models, both in 
terms of validity range and functional form. To account for the effect of near-source 
conditions on the VH ground motion, a near-source adjustment term is proposed, following 
the Referenced Empirical Approach (Atkinson 2008; 2010). In this approach, for a given 
GMM, a corrective term is computed based on the residuals between the additional 
observations and the prediction, allowing to model specific effects on the ground motion 
(Figure 1). In our case, the corrective term for the reference ITA18 GMM is calibrated based 
on the analysis of residuals with respect to a worldwide dataset of near-source recordings, 
namely, NESS1.0 (Pacor et al. 2018). Then, we build a dataset of French records to extend 
the VH model to low-seismicity areas. To highlight the ground motion features in epicentral 
areas, the same approach of the near-source adjustment (Figure 1) is adopted, considering a 
French sub-dataset composed of records within 15km.  

 

Fig. 1 Conceptual framework at the basis of the methodology proposed to develop the Italian VH GMM 
accounting for near-source effects, After Ramadan et al. (2021). 

 

 

50653ECEES, September 2022, Bucharest, Romania



2. VH ITA18 model

2.1. ITA18 Dataset 

The VH GMM model calibrated in this study is based on the ITA18 dataset, built to develop 
the horizontal GMM by Lanzano et al. (2019) for shallow active crustal regions in Italy. This 
dataset is composed of about 6000 seismic data for 156 events in the magnitude 𝑀𝑤 range 
between 3.5 and 8 and recorded by 1684 stations within a 𝑅𝐽𝐵 up to 200 km. Besides, the 
events are classified with normal (NF, 47% of total events), reverse (TF, 28%) and strike-
slip (SS, 25%) focal mechanisms. We refer the reader to Lanzano et al. (2019) for detailed 
information regarding the dataset processing.  

2.2. Functional Form 

The functional form for the VH ITA18 median model is defined as follows (Ramadan et 
al., 2021): 

𝑙𝑜𝑔 𝑌 = 𝑎 + 𝐹 (𝑀 , 𝑆𝑜𝐹) + 𝐹 (𝑀 , 𝑅) + 𝐹 (𝑉 )   (1) 

where 𝑌 is the VH ratios for PGA, PGV and 36 ordinates of 5% damped SA in the range 
0.01-10 s, 𝑎 is the offset,  𝐹 (𝑀 , 𝑆𝑂𝐹) is the source function, 𝐹 (𝑀 , 𝑅) is the distance 
function and 𝐹 (𝑉 ) is the site term. The functional form is consistent with the one adopted 
for the horizontal GMM of Lanzano et al. (2019), apart from a minor modification regarding 
the source term owing to the more limited dependence of VH on 𝑀 .  

The source term consists of two terms:  

𝐹 (𝑀 , 𝑆𝑜𝐹) = 𝑏𝑀 +  𝑓 𝑆𝑜𝐹     (2)

where coefficient 𝑏 controls the source scaling and the coefficients 𝑓  provide the correction 

for the Style of Faulting (SoF) of the event. 𝑆𝑜𝐹 s are dummy variables, introduced to specify 
SS (j=1), reverse TF (j=2), and normal NF (j=3) focal mechanism types. The regression is 
performed constraining to zero the coefficient for normal faulting (𝑓 = 0). The path term 
is defined as:  

𝐹 (𝑀 , 𝑅) = 𝑐 𝑀 − 𝑀 + 𝑐 𝑙𝑜𝑔 𝑅  (3) 

where the first term is the magnitude-dependent geometrical spreading and the second is the 
distance attenuation, 𝑀  is the reference magnitude assumed to be constant for all periods 
with a value of 6.0, while 𝑐  and 𝑐  are the path coefficients. The distance is computed as 
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𝑅 = 𝑅 + ℎ , in which 𝑅  is substituted by 𝑅  when using the model coefficients 

related to 𝑅 , and ℎ is the pseudo-depth, assumed to be constant for all periods with a 
value of 5 km. The values of 𝑀 =6 and h=5 km were calibrated from a first stage non-
linear regression.   

Finally, the site term is defined as a function of the time-averaged shear wave velocity in the 
top 30 meters (𝑉 ): 

𝐹 (𝑉 ) = 𝑘 𝑙𝑜𝑔         (4) 

in which 𝑉 = 𝑉  when 𝑉 ≤ 1500 𝑚/𝑠 and 𝑉 =1500 𝑚/𝑠 otherwise. Because the 
record sampling of very hard-rock sites is poor, the upper bound of the 𝑉  scaling, 
corresponding to 1500 m/s, above which the amplification is independent on 𝑉  according 
to Kamai et al. (2014). The function is linearly dependent on 𝑉 , consistently with the 
ITA18 horizontal model. 

The uncertainty associated with the vertical ground motion is computed from the error 
propagation between the horizontal and VH models. 

3. Near-Source Adjustment

The ITA18 dataset is governed by far-field records, and this may create biases in ground 
motion prediction in the proximity of the source. In this section a residual analysis is done 
with respect to a NEear-Source strong ground motion dataset, NESS1.0 
see http://ness.mi.ingv.it/. An adjustment coefficient Fns is calibrated to account for near 
source effects. 

In order to determine the proper functional form for the modeling of the adjustment factor, 
the residuals of ITA18 with respect to NESS1.0 data have been computed as follows:  

𝛿 =log10(VHOBS,NESS)-log10(VHITA18)    (5) 

where VHOBS,NESS represents the observed VH from NESS1.0 dataset and VHITA18 represents 
the predicted ratios from the ITA18 model as in Eq. (1). 

As the residuals analysis shows a variation with respect to the different explanatory 
variables, the functional form for the correction term is defined as follows: 

𝛿 = 𝑎 + 𝐹 (𝑀 , 𝑆𝑜𝐹) + 𝐹 (𝑅) + 𝐹 (𝑉 )  (6) 
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where 𝛿  is the residual as in Eq. (5), 𝑎  is the offset, 𝐹 (𝑀 , 𝑆𝑜𝐹) is the source 
function, 𝐹 (𝑅) is the distance function, and 𝐹 (𝑉 ) is the site term. 

𝐹 (𝑀 , 𝑆𝑂𝐹) = 𝑏 𝑀 + 𝑓 𝑆𝑜𝐹      (7) 

𝐹 (𝑅) = 𝑐 𝑙𝑜𝑔 𝑅       (8) 

𝐹 (𝑉 ) = 𝑘 𝑙𝑜𝑔   (9) 

The coefficients, 𝑏 , 𝑓 , 𝑐 , and 𝑘 ,  and variables 𝑅, Mw and 𝑉  are defined as in the VH 
ITA18 model. However, the pseudo depth used herein is ℎ =1 km, obtained from some trial 
regressions (Ramadan et al. 2021). 

An improved VH model, referred to as VH ITA18-NESS hereafter, is then proposed as 
follows: 

𝑙𝑜𝑔 𝑉𝐻 =   𝑙𝑜𝑔 (𝑉𝐻 ) + 𝑚𝑎𝑥 (𝛿 , 0)   (10) 

Figure 2 shows the median VH spectra of the proposed ITA18 and ITA18-NESS models for 
different scenario earthquakes, obtained by varying the explanatory variables one at a time 
(Figure 2A: 𝑅𝐽𝐵; Figure 3B: 𝑀w; Figure 2C: SoF; Figure 2D: 𝑉𝑆30). At short periods (less 
than 0.1 s), as expected, the VH ratios show a strong dependence on distance (Figure 2A), 
with higher values, up to nearly 1.5, for near-source sites (< 15 km). 
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Fig. 2 Dependence of ITA18 and ITA18-NESS VH median spectra on (A) 𝑅𝐽𝐵, (B) 𝑀w, (C) SoF and (D) 
𝑉𝑆30, After Ramadan et al. (2021). 

4. Model correction for the French Context 

4.1. Dataset 

We selected events from the seismic dataset prepared by Traversa et. Al. (2020), with 
moment magnitude (Mw) greater than or equal to 3.0 and epicentral distance (Repi) less than 
200 Km (see figure 3); we selected 119 stations installed in free-field or free-field-like 
conditions. The final dataset, named FR21, includes 2505 records of 297 earthquakes 
recorded by 119 stations in the period interval 1996-2019. Figure 3 the Mw-Rjb distribution 
of the ITA18 and FR21 datasets. It is rather clear that most records in both cases are from a 
distance > 10 Km and that a relatively high number of records in the French dataset are with 
a Mw <4. In fact, the ITA18 VH model shows a comparable result with respect to the FR21 
dataset expect for ner source conditions. In which the NESS adjustment coefficient could 
not be applied as the Mw range of the FR21 is relatively small with respect to the NESS 
Mw. 
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Fig. 3 Mw-Rjb distribution of the ITA18 and FR21 datasets 

4.2. Correction Coefficient 

Figure 4 shows the VH event- and site- correction residuals (δWes) are plotted as a function 
of Repi for distances <15 Km: the mean value of δWes is represented by a dotted red line 
and is remarkably positive at short periods (i.e. around 0.1 at SA(0.1s)), while it is almost 
zero at long periods. 

Fig. 4 ITA18 VH event- and site- corrected residuals (δWes) as a function of Repi for records with 
Repi<15km: a) SA-T=0.1s; b) SA-T=1s. Red dotted line represents the mean of δWes in this distance 

interval. 

The average bias shows a positive peak at T=0.1s, corresponding to about 0.11 log10 units, 
i.e., an amplification of the VH ITA18 predictions of about 1.3 times. The minimum value
is about zero (no amplifications) and is reached at about T=0.75s; while at longer periods it
increases 17 again up to about 0.08 log10 units (amplification is about 1.2 times) at T=10s.
No remarkable differences are observed between the ITA18 residuals in Rjb and Rrup.

This trend is confirmed in Figure 5, which shows the trend of the δWes mean with period 
for Rjb and Rupt ITA18 models: the average bias shows a positive peak at T=0.1s, 

M
w
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corresponding to about 0.11 log10 units, i.e., an amplification of the VH ITA18 predictions 
of about 1.3 times. The minimum value is about zero (no amplifications) and is reached at 
about T=0.75s; while at longer periods it increases 17 again up to about 0.08 log10 units 
(amplification is about 1.2 times) at T=10s 

Since the δWes mean value for the near-source region is calculated on a limited number of 
recordings (61), the bias trend does not change smoothly with period but presents many 
jumps. For this reason, rather than using the averaged value of δWes as model correction, 
we prefer to linearize the empirical curve of Figure 5, according to the following equation: 

𝛿 (𝑇) =

⎩
⎪
⎨

⎪
⎧

     0.6     𝑓𝑜𝑟       𝑇 ≤ 0.07𝑠

𝑇 − 0.056  𝑓𝑜𝑟 0.07𝑠 < 𝑇 ≤ 0.1𝑠

− × 𝑇 +   𝑓𝑜𝑟  0.1𝑠 < 𝑇 ≤ 1𝑠

0  𝑓𝑜𝑟   𝑇 > 1𝑠

                                                                                      

(11) 

 

Figure 5 Mean value of the ITA18 VH event- and site- corrected residuals (δWes) of the spectral ordinates 
for the records within 15km as a function of period and δc(T) model to correct ITA18 VH in near-source 
condition (Repi<15 Km) for French events. Given the small magnitude of the events in the FR21 dataset, 

Repi and Rrup are used instead of Rjb and Rrup. 

The expression of δc in Eq. [11] follows the shape of the mean residual δWes for the first 
peak at 0.1s and resets to zero at 1s; at longer periods we ignore the increasing trend as the 
long periods of small earthquakes are poorly sampled. 

The correction term δc can be used to predict the VH spectrum in France in near-source 
conditions (Repi<15Km 3.0<MwM5.5), according to the following expression: 

𝒍𝒐𝒈𝟏𝟎𝒀𝑰𝑻𝑨𝟏𝟖 𝑭𝑹(𝑻) = 𝒍𝒐𝒈𝟏𝟎𝒀𝑰𝑻𝑨𝟏𝟖(𝑻) + 𝜹𝒄(𝑻)                                                                           (12) 

where ITA18 is the VH model for Italy by Ramadan et al. (2021) and ITA18-FR is the 
abbreviation for the ITA18 model corrected for France. 
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5. Conclusion

This study proposes a novel empirical GMM for VH response spectral accelerations (up to 
10 s), PGA and PGV for shallow crustal earthquakes in Italy. The model is calibrated using 
the most up-to-date Italian seismic dataset, ITA18, hence consistent with the horizontal 
GMM Lanzano et. al. (2019). The model is a function of predictor variables, namely, 
magnitude, source-to-site distance, site condition and focal mechanism. An adjustment 
coefficient is suggested for near-source conditions. The latter coefficient is calibrated after 
evaluating the residuals of the model with Near-Source strong ground motion dataset, 
NESS1.0. A French subset, FR21 is prepared with Mw range between 3.2 and 5.2. The model 
is tested against the latter French dataset and tends to represent the French context, however, 
an offset bias is observed at short periods and distances Repi<15 Km. For this reason, a 
correction coefficient is suggested to improve the capability of the model to predict VH 
ratios not only within Italian context but within the French one as well. 
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Abstract: The Seismic beacon is a patented invention of a system that allows measurement 

of rock mass changes with high sensitivity and stability for many years. It is based mainly on 

the measurement and analysis of nonlinear effects of seismic waves. The harmonic seismic 

wave generator continuously generates seismic waves with a single precisely defined 

frequency and amplitude. The signal from the generator, propagating through the rock 

environment, is received by a system of seismic stations and processed in a way that detects 

nonlinear phenomena in the propagation of seismic waves. The seismic beacon could detect, 

in particular, the critical stress before an earthquake. In addition, it could be used, for example, 

in the detection of groundwater level changes or magma movements, changes in hydrocarbon 

saturation in rocks during the extraction of oil and natural gas, or the penetration of gases and 

liquids into the earth's crust.  

Keywords: detection of nonlinear phenomena, harmonic wave 

1. Introduction

During processes in earthquake sources, the strength limit of the rock mass is exceeded, 

which leads to brittle failure, rupture movement, and the emission of seismic waves. These 

processes are nonlinear in principle, and with the help of classical elastic theory, they can be 

described only very roughly. Nonlinear behavior can be observed in the period before the 

earthquake when the stress approaches the strength limit (e.g. Zheng et al. (2006); Frehner 

et al. (2009)).  

When Hook’s law (linearity between stress and strain) is violated, there are a number of 

deviations from the elastic model of seismic waves propagation. Such nonlinear phenomena 

include especially higher frequency harmonics and splitting of the wave’s frequency. During 

the transition from the normal to the critical state, the velocity of seismic waves, their 

attenuation, and anisotropy slightly change.  

It is very difficult to observe nonlinear effects in seismic waves that are generated by 

earthquakes, volcanic eruptions, or anthropogenic sources such as chemical explosions. 

These sources usually generate a continuous and relatively wide spectrum of frequencies, so 

the split frequencies and higher harmonics are overlapped by the same frequencies that are 

generated directly in the source. Changes in the velocity of seismic waves since earthquakes 

are also relatively difficult to determine, as there is a strong trade-off between the 

earthquake’s locations and the velocity model. 

The improvement of methods for monitoring changes in the rock mass, especially its stress 

and saturation with crustal fluids with a large depth range is desirable. Hence, we present 

the invention of a system co-called Seismic beacon (Czech patent PV 2020-642, 
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international application No. PCT/CZ2021/050140). The beacon consists of a transmitter, 

receiver and processing software.  

The basic principles and functionality were verified in 2020 by construction of the laboratory 

model of the Seismic beacon. The laboratory functional model was constructed on a scale of 

1:10. The next step of this project is the construction of the first seismic beacon in the field 

in April 2022 and a field demonstration of this functional sample at a scale of approximately 

1:5. This prototype is designed to monitor the changes in rock saturation in the area between 

the transmitter (generator of harmonic seismic waves) and receiver (permanent seismic 

station).  

A similar methodology is used with the Accurately Controlled Routinely Operated Signal 

System (ACROSS), described in e.g. Ikuta et al. (2002), Saiga et al. (2006); Yamaoka et al. 

(2014); Tsui et al. (2022). The vibrator in the ACROSS system generates a sinusoidal signal 

with a centrifugal force of a rotating eccentric mass. Seismic beacon generates continual 

harmonic monochromatic waves. 

2. Principles of Seismic beacon 

Seismic beacon is a system consisting of a harmonic seismic wave generator and a system 

of specifically spaced seismic stations (seismographs).  

The Harmonic seismic wave generator is realized in the form of a rotor, which comprises 

two rolling elements, moving during the rotation of the rotor along a closed circular path in 

a closed underground chamber. The bodies are fixed to the vertical rotor shaft using at least 

one arm and are symmetrical. Bodies can roll in a path as the rotor moves. Both the rotor 

and the track are located in a closed underground chamber, for example in a closed circular 

well excavated in the solid and well-elastic rock. 

The rotor is placed in a circular well symmetrically around the axis of rotation, the path is 

connected to the bottom of the well. The rolling elements provide a force on the track, 

resulting from gravity and centrifugal force. The movement of the bodies along the circular 

path causes a small elastic deformation of the path and, as a result, also the walls of the well 

or the bottom of the well, and therefore the 

surrounding rocks, and thus seismic waves 

are generated. The diagram of the harmonic 

wave generator, with three alternative 

designs, is shown in Fig.1.  

Fig. 1 - Diagram of a harmonic seismic wave generator 

in three alternative designs. The upper row shows a 

"cross" section - a top view of an open well. The lower 

row displays side sections of a well in which a rotor 

with rolling elements for movement in a circular path 

at the bottom of the well is located.  

The receiver consists of a system of seismic 

stations, which are located on the surface or 

in boreholes around the generator. Their 

distance from the transmitter depends on the 

depth at which the area to be examined is located.  

The processing of measurement records (seismograms) consists in monitoring the time 

changes of seismograms at individual stations and also comparing the recorded seismograms 

between individual seismic stations. The result is temporal changes in the nonlinear behavior 
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of rocks. The processing method focuses on finding four phenomena in the propagation of 

seismic waves, which indicate the achievement of a critical state of tension in the monitored 

area: 

a) Time changes in the speed of propagation of seismic waves

b) Temporal changes in seismic wave attenuation

c) Formation of higher harmonic frequencies

d) Splitting the frequency emitted by the transmitter into two close frequencies

When processing seismograms, it must be considered that the registered field of seismic 

waves does not correspond to only one wave, but it is the result of the composition of many 

seismic waves (body waves, surface waves), as well as reflections that occurred on the free 

surface and at geological interfaces. If a linear description of the seismic wave propagation 

were valid, then all these waves would have the same frequency. Furthermore, if the seismic 

wave propagation velocities in the rock mass were independent of time, then the amplitude 

of the waves and the phase difference of the waves relative to the transmitter would be 

independent of time. The processing method, therefore, focuses on calculating whether these 

conditions are met or whether manifestations of nonlinearity and time dependence of 

velocity and attenuation are observed. 

The amplitudes of the seismic waves emitted by the transmitter are weak. Therefore, there 

is a risk that the searched phenomena will be covered by seismic noise. Finding nonlinear 

effects in seismic noise is a major problem in the data processing. Hence the transmitted 

frequency should be set to the value with low seismic noise.   

3. Laboratory model of Seismic beacon

To verify the Seismic beacon functionality and for 

demonstration purposes, a functional model of the seismic 

beacon was constructed (see Fig. 2). The transmitter-

generator was placed on a rubber substrate inside a masonry 

round container. A seismometer, represented by an SM-6 

geophone with a natural frequency of 4.5 Hz, was used as a 

receiver. The rolling elements of the generator were 

stainless steel cylinders. The movement of the rotor at 280.5 

RPM (revolution per minute) produced deformations of the 

path, which led to the formation of seismic waves with a 

constant frequency of 9.35 Hz and amplitude at the location 

of the seismometers of approximately 4 mm/s. The model 

enables produce seismic waves under different conditions, 

that can be modified by a plug, that can be removed and/or 

fill with various materials. 

Fig. 2 - Photograph of a laboratory model of a seismic beacon. The transmitter model is on a 1:10 scale. An 

arrangement with cylindrical bodies and a perpendicular path along which they move is used. A ping ellipse 

highlights the location of the removed plug that is used to modify environmental conditions.  

Compared to standard seismic data processing, in the case of seismic beacon data, it is 

necessary to work with high sampling (250 Hz) and long-time series (millions of samples), 

which puts increased demands on calculations, memory, and computer performance. The 

seismic bacon signal spectrum had to be calculated from several million samples for good 

resolution. In the case of continuous seismic noise processing, long time series (weeks, 
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months) are also used, but signal sampling is usually 4 Hz (Schippkus et al., 2018) or even 

only 1 Hz (Shapiro et al., 2005) and only shorter periods (hours, days) are processed, and 

the result is achieved by stacking partial correlations in the time domain. The seismic beacon 

data processing also uses stacking but in the frequency domain. The methodology is based 

on the processing of long time series from groundwater level variations (Kolínský et al., 

2012). 

The average amplitude spectrum of two seismograms, measured under two different model 

conditions is shown in Fig. 3. Spectra are calculated from the 24-hours measurement sections 

with a plug (purple line) and without a plug (blue line) on a functional model. In addition to 

the fundamental frequency of 9.35 Hz, we see four higher harmonic frequencies on the 

spectra, which arise due to nonlinearities in the propagation of seismic waves and which are 

used in the present invention. The strongest is the third harmonic with the frequency of 28.05 

Hz, which is even stronger than the fundamental frequency. The signal measured on the 

model without a plug (blue line) generates an amplitude spectrum with lower amplitudes of 

harmonics and in the 28.05 Hz, we can also observe splitting the frequency emitted by the 

transmitter into two close frequencies. 

Fig. 3 - The result of a laboratory experiment with a seismic beacon model. The average amplitude spectra of 

the two 24-hour seismograms with two various models are shown. The base frequency of 9.35 Hz is visible 

and highlighted with the light green line. As a result of nonlinear effects, higher harmonics are produced at 

18.70 Hz, 28.05 Hz, 37.40 Hz, and 56.10 Hz. Furthermore, the frequency 23.2 Hz, which corresponds to the 

natural oscillations of the model, and the frequency 4.68 Hz, which corresponds to half the fundamental 

frequency, are visible. The purple line represents the spectrum of the signal measured with a plug, the blue line 

shows the spectrum of the signal measured with plug absence. 

4. Conclusions 

Seismic beacon is a system consisting of a harmonic seismic wave generator and a system 

of specifically spaced seismic stations (seismographs). The seismic beacon enables the 

detection of nonlinear effects with great accuracy (splitting the original frequency into two 

close but different frequencies, higher harmonic frequencies that are integer multiples of the 

fundamental frequency, changes in seismic propagation, attenuation, and anisotropy). 
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Abstract: This study identifies structure pairs with potential for simultaneous rupture in a 
coseismic period via Coulomb stress change and quantifies their rupture recurrence intervals. 
To assess the potential for a multiple-structure rupture, we calculated the probability of 
Coulomb stress triggering between seismogenic structures. We assumed that a multiple-
structure rupture would occur if two structures could trigger each other by enhancing the plane 
with thresholds of a Coulomb stress increase and the distance between the structures. 
According to different thresholds, we identified various sets of seismogenic structure pairs. 
To estimate the recurrence intervals for multiple-structure ruptures, we implemented a scaling 
law and the Gutenberg-Richter law in which the slip rate could be partitioned based on the 
magnitudes of the individual structure and multiple-structure ruptures. In addition, 
considering that a single structure may be involved in multiple cases of multiple-structure 
ruptures, we developed new formulas for slip partitioning in a complex fault system. By 
implementing the range of slip area and slip rate of each structure, the magnitudes and 
recurrence intervals of multiple-structure ruptures could be estimated. Due to a larger 
characteristic magnitude and a larger displacement of the multiple-structure rupture, its 
recurrence interval could be longer. Therefore, application of the multiple-structure rupture 
could lead to an increase in seismic hazard in a long return period, which would be crucial for 
the safety evaluation of infrastructures, such as nuclear power plants and dams. 

Keywords: Multiple-structure rupture, Coulomb stress change, scaling law, Gutenberg-
Richter law. 

1. Introduction 

A rupture taking place along several fault segments or/and structures can cause an 
earthquake with a larger magnitude (Wells and Coppersmith, 1994) and often leads to 
disaster. The 1935 ML7.1 Hsinchu-Taichung, Taiwan, earthquake is an example. This event 
is attributed to a rupture on the Shihtan and Tunzijiao faults and resulted in more than 3,000 
fatalities and the destruction of more than 60,000 buildings. According to the earthquake 
parameter scaling relationship (Wells and Coppersmith, 1994), either the Shihtan or 
Tunzijiao fault could cause an earthquake with a maximum magnitude of only 6.6 (Wang et 
al., 2016). This case raises the importance of multiple-structure ruptures on seismic hazard 
assessment.  
Accordingly, the Taiwan Earthquake Model (TEM) has considered the possibility of several 
multiple-structure ruptures by a probabilistic seismic hazard assessment for Taiwan (Chan 
et al., 2020). Their model implemented a seismogenic structure database summarized by 
Shyu et al. (2020) that identified possible multiple-structure ruptures based on 
geomorphological and geological evidence. To quantify their recurrence intervals, Chan et 
al. (2020) proposed a procedure for partitioning the slip rate of each individual structure to 
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multiple structures. In their procedure, the case that one structure could be associated with 
multiple pairs was not specified. 
Thus, this study aims to identify structures that could rupture simultaneously based on a 
physics-based model and propose a set of formulas to evaluate their recurrence intervals. 
The possibility of a multiple-structure rupture is determined based on the Coulomb stress 
change imparted by each structure and the distance from one to the other. Quantifying the 
recurrence interval relies on a scaling law (Wells and Coppersmith, 1994) and the 
Gutenberg-Richter law (Gutenberg and Richter, 1944). Our approach’s procedure is 
transparent and can be applied to re-examining the composite ruptures of the seismogenic 
structure system in Taiwan and other regions, which is beneficial to subsequent probabilistic 
seismic hazard assessment. 

2. Distinguishing possible seismogenic structure pairs according to Coulomb stress
change

Previous studies (e.g., Catalli and Chan, 2012) have concluded that changes in the Coulomb 
stress resulting from previous earthquakes could trigger the occurrence of subsequent events 
in adjacent areas. Such an approach would be especially applicable to determining the 
interaction between two fault systems if their rupture mechanisms are well-understood. In 
the following, we introduce the Coulomb failure criterion to discuss interaction between 
structure systems, then distinguish seismogenic structure pairs that could rupture 
simultaneously in a coseismic period, considering different criteria. 

2.1. Introduction of Coulomb stress 

The Coulomb failure criterion describes mainly the characteristics of material failure (King 
et al., 1994; Toda et al., 1998). The criterion illustrates a plane encountering stress change, 
which could be decomposed into two vectors, shear stress change, △ 𝜏, and normal stress, 
△ 𝜎n:

△ 𝐶𝐹𝑆	 =	△ 𝜏	 − 	𝜇’ △ 𝜎n， (1) 

where △ 𝐶𝐹𝑆	 is the Coulomb stress change, and 𝜇‘ is the effective friction coefficient. In 
this study, we used the COULOMB 3.4 software (Toda et al., 2011) for calculation of 
Coulomb stress change. 
Based on the Coulomb stress change, we could quantify the possibility of a coseismic rupture 
for two fault systems. To explore the interactions between seismogenic structures in Taiwan, 
detailed structural parameters should be considered. 

2.2. Possible coseismic multiple-structure rupture defined by the Coulomb stress 
transfer 

To understand stress interaction between seismogenic structures in Taiwan, we accessed the 
TEM database, which incorporates 45 seismogenic structures (Shyu et al., 2020, structure 
alignment shown in Fig. 1) and corresponding parameters (shown in Table 1). According to 
the surface trace and dipping angles, the three-dimensional geometry of each structure is 
illustrated by pieces of sub-faults. 
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Fig. 1 - Distribution of the 45 seismogenic structures in Taiwan. Corresponding structure parameters are 

listed in Table 1. 

 

Table 1. The structure parameters of the 45 seismogenic structures in Taiwan. The alignments of the 
structures are presented in Fig. 1. LL: left-lateral strike-slip mechanism; N: normal mechanism; R: reverse 

mechanism; RL: right-lateral strike-slip mechanism. 
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Since these structures could initiate earthquakes and trigger neighboring structures, we 
investigated their potential interaction through Coulomb stress change. We considered a 
characteristic earthquake with corresponding slip (shown in Table 1) on each structure and 
evaluated the Coulomb stress change solved on each sub-fault of the other structures. 
Previous studies concluded that stress increases greater than a threshold could trigger 
subsequent earthquakes. In addition, close distance between two structures is another key 
factor of rupture triggering. We thus considered the stress threshold of ∆CFS ≥ 0.1 and 
distance threshold of 5 km to identify potential rupture pairs. According to the ratio by which 
each structure plane is triggered by other structures and the distance between each of two 
structures, we defined 17 pairs of seismogenic structures that could potentially rupture in a 
coseismic period (Table 2).  

Table 2. Potential pairs of multiple-structure ruptures, their parameters, and recurrence intervals of 
earthquakes. LL: left-lateral strike-slip mechanism; R: reverse mechanism; RL: right-lateral strike-slip 

mechanism. 

We have identified potential structures that might rupture in a coseismic period. To 
understand the activities of these multiple-structure rupture cases, next we will propose a 
procedure to evaluate their recurrence intervals. 

3. Recurrence interval of the multiple-structure rupture

The recurrence interval is a critical parameter in probabilistic seismic hazard analysis. Here, 
we are going to calculate the recurrence interval of multiple-structure ruptures and discuss 
their impact on seismic hazards. 

The rupture recurrence interval (denoted as 𝑅!") of a single seismogenic structure (𝐿1), 𝑅!", 
can be evaluated as the ratio of slip of a characteristic earthquake and slip rate (denoted as 
𝐷!"and ḊL1, respectively): 

𝑅!" =
#!"
#̇!"

. (2) 

To evaluate the seismic rate of a multiple-structure rupture on two seismogenic structures 
(𝐿1  and 𝐿2 ), we implemented the Gutenberg-Richter law to describe the relationship 
between earthquake frequency 𝑁 and magnitude 𝑀: 

𝑙𝑜𝑔(𝑵) = 𝑎 − 𝑏𝑀. (3) 
Considering the different moment magnitudes between single-structure and multiple-
structure ruptures, the ratio of earthquake frequency and slip-rate partitioning could be 

Area
(km)

Mw
for min
slip rate

for mean
slip rate

for max 
slip rate

Area
(km)

Mw Area
(km)

Mw

2, 3 R, R 126.27 6.22 20647 10029 2489 208.14 6.42 27419 13281 3346 353.29 6.62 37000 18500 4604
2, 4 R, R 397.92 6.67 23444 9953 2010 643.67 6.86 29929 12324 2499 1136.23 7.08 39026 16191 3287
4, 5 R, LL 681.33 6.88 2141 1192 360 937.34 7.00 2794 1550 464 1390.65 7.16 4098 2254 668
4, 6 R, R 460.39 6.73 18377 7574 1586 717.03 6.90 21949 9250 1930 1201.64 7.10 28556 11953 2495
6, 8 R, R 292.32 6.55 4000 1721 368 447.03 6.72 5096 2184 467 727.93 6.91 6809 2929 626
6, 9 R, RL 399.67 6.63 16926 9723 2874 515.92 6.75 20226 11527 3268 670.22 6.86 24140 13120 3636
9, 10 RL, R 642.71 6.86 6423 2881 630 928.89 7.00 7204 3209 695 1451.16 7.18 8858 3914 842
10, 15 R, RL 730.04 6.91 5510 2513 572 1018.95 7.04 6371 2870 643 1544.63 7.20 7811 3473 769
11, 14 R, R 671.08 6.87 11664 4000 741 1146.05 7.08 15090 5276 975 2094.44 7.32 21747 7478 1387
13, 14 R, R 884.47 6.98 6920 2735 598 1379.38 7.16 9667 3757 806 2305.96 7.36 14093 5391 1135
19, 22 R, R 933.60 7.00 998 539 151 1440.00 7.17 1270 691 196 2455.80 7.38 1755 965 278
20, 21 RL, R 1316.87 7.14 2104 1251 345 1952.58 7.29 2722 1553 409 3176.28 7.48 3871 2097 527
21, 41 R, R 2073.57 7.32 4475 1966 438 3303.52 7.50 5726 2512 558 5713.10 7.71 7776 3402 755
22, 23 R, R 865.13 6.97 364 271 184 1334.40 7.14 471 351 239 2275.71 7.35 663 494 337
24, 25 RL, R 251.94 6.43 559 326 222 309.14 6.52 609 367 254 383.06 6.61 661 413 288
26, 45 LL/R, LL/R 576.00 6.80 615 573 534 742.38 6.91 706 661 619 834.77 6.96 825 766 713
43, 45 R/RL, LL/R 390.21 6.62 405 374 265 501.35 6.73 465 432 314 546.44 6.77 530 487 341

TypeID
Recurrence interval (year)

for min
slip rate

for mean
slip rate

for max 
slip rate

for min
slip rate

for mean
slip rate

for max 
slip rate

Shuanglienpo structure, Yangmei structure
Shuanglienpo structure, Hukou fault

Hukou fault, Fengshan river strike-slip structure
Hukou fault, Hsinchu fault

Hsinchu fault, Hsinchu frontal structure
Hsinchu fault, Touhuanping structure

Touhuanping structure, Miaoli frontal structure
Miaoli frontal structure, Tuntzuchiao fault

Tunglo structure, Sanyi fault
Shihtan fault, Sanyi fault

Chiuchiungkeng fault, Muchiliao - Liuchia fault
Meishan fault, Chiayi frontal structure

Chiayi frontal structure, Tainan frontal structure
Muchiliao - Liuchia fault, Chungchou structure

Hsinhua fault, Houchiali fault
Chishan fault, Fengshan structure

Youchang sturcture, Fengshan structure

Seismogenic structure name

Table 2

with minimum area Recurrence interval (year)with mean area Recurrence interval (year)with maximum area
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evaluated. The moment magnitude (𝑀%) of the multiple-structure rupture could be evaluated 
according to the rupture area (denoted as 𝐴) and fault types of the two seismogenic structures:  

𝑀% 	= 	4.33	 + 	0.90	 × 	𝑙𝑜𝑔	(𝐴)	... for reverse faulting;    (4) 

𝑀% 	= 3.98	 + 	1.02	 × 	𝑙𝑜𝑔	(𝐴) ... for strike-slip faulting;    (5) 

𝑀% 	= 	3.93	 + 	1.02	 × 	𝑙𝑜𝑔	(𝐴) ... for normal faulting.    (6) 

Based on the scale (𝑀% =
&'()#
".+

− 10.73, derived by Kanamori, 1977) and the definition of 
seismic moment ( 	M, = 𝜇𝐴𝐷 , 𝜇 = 3 × 10",	𝑁/𝑚- ), average displacement of a 
seismogenic structure (𝐷, in meters) could be evaluated according to 𝑀% and 𝐴 (in km2):   

𝐷 = ",(%&'"#.)*)×
-
*×	",."-

0×",""×1
.        (7) 

The potential of multiple-structure ruptures could be attributed to the moment accumulation 
from the first and second structures, 𝐿1 and 𝐿2. We assumed their slip rates, �̇�!" and �̇�!-, 
could be partitioned into two cases, the rupture on the original structure and the rupture on 
multiple structures. The slip rate partitioned to the multiple-structure rupture from 𝐿1 and 
𝐿2  can be represented as:  

�̇�!"2!-!" = 𝐶" × �̇�!"′ and               (8)   

�̇�!"2!-!- = 𝐶- × �̇�!-′, respectively,           (9) 

where �̇�!" and �̇�!- represent the original slip rates of 𝐿1 and 𝐿2, respectively, and 𝐶"and 𝐶- 
represent the obtained partitioned rates from 𝐿1  and 𝐿2 , respectively. Assuming the 
seismicity ratio between L1, L2 and L1+L2 is based on their magnitudes and the Gutenberg-
Richter law (shown in equation 1), then: 

𝐶" =
",/(%!".%!"'!-)×#!"'!-

#!"
        (10) 

and 

𝐶- =
",/(%!-.%!"'!-)×#!"'!-

#!-
,        (11) 

where 𝑀!"  and 𝑀!-  represent the magnitudes of 𝐿1  and 𝐿2 , respectively; 𝐷!"  and 𝐷!- 
represent the displacements of 𝐿1 and 𝐿2, respectively; 𝑀!"2!- represents the magnitude of 
the multiple-structure rupture; and 𝐷!"2!-  represents the displacement of the multiple-
structure rupture. 
According to the obtained partitioned rates, the slip rate partitioned to individual structure 
ruptures (𝐿1 and 𝐿2, respectively) can be represented as: 

�̇�!"′ =
#̇!"

(0!"'!-0!"
×4"2")

 and           (12) 

�̇�!-′ =
#̇!-

(0!"'!-0!-
×4-2")

, respectively.           (13) 

where 𝐴!"  and 𝐴!-  represent the rupture areas of 𝐿1  and 𝐿2 , respectively, and 𝐴!"2!- 
represents the area of the multiple-structure rupture. 
By integrating the obtained partitioned rates (equations 10 and 11) and the slip rate 
partitioned to individual structure ruptures (equations 12 and 13), the slip rate partitioned to 
the multiple-structure rupture from the original structures can be obtained (equations 8 and 
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9). Then the sum of the slip rates for the multiple-structure rupture is calculated using the 
partitioned rates of the two structures, represented as: 

�̇�!"2!- = �̇�!"2!-!" + �̇�!"2!-!- . (14) 
Considering the displacement and slip rate, recurrence intervals for individual structures 
(𝑅!" and 𝑅!-) and the multiple-structure rupture (𝑅!"2!-) can be represented as: 

𝑅!" =
#!"
#̇!"6

, (15) 

𝑅!- =
#!-
#̇!-6

, and (16) 

𝑅!"2!- =
#!"'!-
#̇!"'!-

, respectively.  (17) 

According to the structure parameters (Table 1), the recurrence intervals of each pair of 
potential multiple-structure ruptures can be evaluated (Table 2). Here, we consider the 17 
pairs with ∆CFS ≥ 0.1 bar and distance ≤ 5.0 km and evaluated their potential magnitudes 
and recurrence intervals by implementing the range of slip area and slip rate of each structure 
(Table 1). The largest magnitude is expected if the maximum slip areas of the two structures 
are assumed (based on equations 4-6). Also, the shortest recurrence interval is expected if 
the minimum slip area and maximum slip rate are assumed (based on equations 4-17). 
In comparison with the recurrence intervals of the original structures without considering a 
multiple-structure rupture (Table 1), longer recurrence intervals are expected for multiple-
structure ruptures and individual structures due to slip partitioning. For example, the 
recurrence interval of the Chiayi frontal structure (ID 21) has been extended from 510 to 
1,724 years. Based on these results, the seismic hazard level for a short return period (e.g., 
475 years, corresponding to a 10% probability in 50 years) would be lower. 

4. Discussion and conclusion

In this study, we explored possible coseismic multiple-structure ruptures and quantified their 
recurrence intervals by implementing the Coulomb stress change and the Gutenberg-Richter 
law, respectively. The analyzing procedure we proposed is based on physics- and statistics-
based models, and the outcomes are reproducible. Our analysis could be further improved 
through better understanding seismogenic structures.  
Conducting a PSHA requires understanding the recurrence interval and potential magnitude 
of each seismogenic source, and implementing a hazard model with multiple-structure 
rupture could improve the assessment. Take the PSHA proposed by the TEM in 2020 (TEM 
PSHA2020, Chan et al., 2020) as an example, considering the cases of multiple-structure 
ruptures, the hazard levels in the regions close to the Chaochou fault (ID 29) and the Tainan 
frontal structure (ID 41) increased significantly for a long return period (recurrence interval 
of 2,475 years, see Fig. 3 of Chan et al., 2020). Their study indicated that the seismic hazard 
level would be misestimated if the probability of multiple-structure rupture is not 
implemented. 
Seismic hazard analysis plays an essential role for constructing infrastructures, such as 
nuclear power plants, that requires assuming a long return period. Thus, a seismogenic 
source with a long recurrence interval could be crucial for the analysis, raising the 
importance of multiple-fault rupture with a larger magnitude (larger than the characteristic 
earthquake of each individual structure). 

5084 3ECEES, September 2022, Bucharest, Romania



Acknowledgements 

This study was supported by the Ministry of Science and Technology in Taiwan under the 
grants MOST 109-2116-M-008 -029 -MY3, MOST 110-2124-M-002 -008, and MOST 110-
2634-F-008-008. This work is financially supported by the Earthquake-Disaster & Risk 
Evaluation and Management Center (E-DREaM) from the Featured Areas Research Center 
Program within the framework of the Higher Education Sprout Project by the Ministry of 
Education in Taiwan. 

References 

Catalli, F., and C. H. Chan, 2012: New insights into the application of the Coulomb model 
in real-time. Geophysical Journal International, 188(2), 583-599. 
Chan, C. H., K. F. Ma, J. B. H. Shyu, Y. T. Lee, Y. J. Wang, J. C. Gao, ... and R. J. Rau, 
2020: Probabilistic seismic hazard assessment for Taiwan: TEM PSHA2020. Earthquake 
Spectra, 36(1_suppl), 137-159. 
Gutenberg, B., and C. F. Richter, 1944: Frequency of earthquakes in California. Bulletin of 
the Seismological society of America, 34(4), 185-188. 
Kanamori, H. (1977). The energy release in great earthquakes. Journal of geophysical 
research, 82(20), 2981-2987. 
King, G. C. P., R. S. Stein and J. Lin, 1994: Static stress changesand the triggering of 
earthquakes, Bull. Seismol. Soc.Am., 84, 935-953. 
Shyu, J. B. H., Y. H. Yin, C. H. Chen, Y. R. Chuang, and S. C. Liu, 2020: Updates to the 
on-land seismogenic structure source database by the Taiwan Earthquake Model (TEM) 
project for seismic hazard analysis of Taiwan. Terrestrial, Atmospheric & Oceanic Sciences, 
31(4). 
Toda, S., R. S. Stein, V. Sevilgen, and J. Lin, 2011: Coulomb 3.3graphic-rich deformation 
and stress-change software forearthquake, tectonic, and volcano research and teaching—
userguide, U.S. Geol. Surv. Open-File Rept. 2011-1060, 63 pp.,Earthquake Science Center, 
Menlo Park Science Center, MenloPark, California. 
Wang, Y. J., C. H. Chan, Y. T. Lee, K. F. Ma, J. B. H. Shyu, R. J. Rau, & C. T. Cheng, 2016: 
Probabilistic seismic hazard assessment for Taiwan. Terr. Atmos. Ocean. Sci., 27(3), 325-
340. 
Wells, D. L., and K. J. Coppersmith, 1994: New empirical relationships among magnitude, 
rupture length, rupture width, rupture area, and surface displacement. Bulletin of the 
seismological Society of America, 84(4), 974-1002. 

 
 

50853ECEES, September 2022, Bucharest, Romania
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Abstract: In this work, we propose a method that uses the time residuals analysis inside the 
iterative procedure “location + travel time tomography”. At the end of tomographic step the 
position of the events are upgraded by converting the averaged time residuals (difference 
between the observed and computed travel times) of all associated stations into depth by 
using the local velocity obtained by tomography. This approach allows us to avoid the bad 
solutions or to move out of local minima of inversion process, especially if we use a starting 
model far from the true velocities. The method is illustrated using a synthetic model, where 
we compare four different cases: with and without inserting the time residual analysis into 
the iterative procedure and keeping known or unknown the origin time. Our results show the 
great influence of unknowing the origin time in the location process. Nevertheless the use of 
time residual analysis provides a useful tool to exceed this limitation and to drive us to the 
true solution.  

Keywords: Residual analysis, Earthquake location, Travel time tomography, Iterative 
procedure, Origin time. 

1. Introduction

The hypocenter–velocity problem has been a challenging topic in seismology to locate the 
seismic events. This problem can be simplified and resolved as a linear approximation to a 
nonlinear function, but the solutions obtained and the reliability estimates depend on the 
initial reference model with systematic error in the starting model influencing not only the 
obtained velocity model but also distort the resulting error estimates (Kissling et al., 1994). 
It is worth to evidence that the success of all location methods depends on the accuracy of 
the velocity models. Tomography after location is often used to update the velocity field, 
and, in some cases, through an iterative procedure that alternates location and tomography 
at each step. However, if the starting model is very different from the real one, the 
tomography, even if applied several times during iterations, might converge to a local 
minimum similar to the starting model used for the first location. 
So, the coupling between the source location, the origin time of the event and the subsurface 
parameters makes the hypocenter–velocity problem challenging (Thurber 1992). 
A possible strategy to resolve the hypocenter–velocity problem would be to ignore the event 
position and velocity structure coupling and proceed with two alternating-direction 
monoparametric optimizations for velocity and event location (Monteiller et al. 2005). Other 
option can be adopting jointly inversion of the source parameters and the velocity models 
(Pavlis and Booker, 1980; Spencer and Gubbins, 1980); the hypocenter–velocity problem 
can be resolved also as a full-waveform source-focusing problem (Kamei and Lumley 2014; 
Song et al. 2019; Aghamiry et al. 2020). Recently, Sambolian et al. (2021) approached the 
location–velocity problem adopting a strategy based on the slope tomography.  
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The method we propose in this work consists of inserting, after the tomography at each 
single-step of the iterative procedure, a correction of the earthquake position based on a time 
residuals analysis, which convert the time residual into depth by using the local velocity 
model. Through some synthetic examples we will try to verify the reliability of the proposed 
method. 
 
 

 
 
Fig.1 – a) Scheme of the procedure describing the method presented in this work. b) Depth correction applied 

to the Z coordinate of each event from the residual analysis in case of dt < 0 (ray A) and dt > 0 (ray B). 

2. The method 

This method adopts an iterative procedure “location + travel time tomography”, inside 
which, after each tomographic step, the earthquakes depths are upgraded by using time 
residuals (difference between the observed times and the times computed with the current 
velocity model). The depth correction is performed by converting the averaged of the time 
residuals associated to all the stations of each earthquake into depth: 
 

𝑍"#$ = 𝑍&'( −
*
+,
∑ (𝐷𝑇1𝑣1)4+,
15*    (1) 

 
where NS are the number of stations associated to each single event, (𝐷𝑇1𝑣1)4  is the vertical 
component of 𝐷𝑇1𝑣1, 𝐷𝑇1  is the time residual associated to the i-th station, and  𝑣1 is the 
model velocity crossed by the ray path starting from the source (earthquake) and reaching 
the i-th station (see the scheme of Fig. 1). 
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The adopted procedure consists of the following steps, whose the schematic sequence is 
shown in Fig. 1: 

1. First location using the starting model and the observed arrival times.
2. First travel time inversion using the starting model and the travel times with the

earthquakes positions obtained by the first location.

MAIN LOOP (fixed iterations): 
INTERNAL LOOP (fixed iterations): 
3. Upgrade of the earthquakes positions by time residual analysis using the actual

velocity model and the rays computed by the previous travel time inversion.
4. New travel time inversion using the actual model and the travel times from the

previous location with the new earthquakes positions.
Go to point 3. 

5. New location using the original observed arrival times, the new velocity model from
the previous travel time inversion, and the new earthquakes positions from the previous
time residual analysis.

6. New travel time inversion using the actual model and the travel times from the previous
location.

Go to point 3. 

3. Synthetic example

In order to make our test free from the influence due to other factors (nonlinearity of the 
inversion, ray tracing errors, poor station coverage, picking indeterminacy) we use a simple 
6-layers model with a constant vertical velocity gradient. We consider four earthquakes at
constant depth distance and 49 stations covering uniformly the space (Fig. 2). Furthermore,
we assume a maximum reliability for all the arrivals P and S.

Fig. 2 – Description of the synthetic model used in this experiment. a) Plan view of the stations and 
earthquakes positions. b) Vertical section of the model with the ray paths referred to the computed synthetic 

travel times. C) Vertical Vp and Vs velocities of the model. 

We applied the iterative procedure “location + travel time tomography” using a constant 
velocity model (Vp=4 km/s, Vs= 2.312 km/s, Vp/Vs=1.73) as starting model and considering 
four different approaches/hypothesis: 

A. Only iterative procedure.
B. Iterative procedure + residual analysis (scheme of Fig. 1).
C. Only iterative procedure with origin time known.
D. Iterative procedure + residual analysis (scheme of Fig. 1) with origin time known.
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We used NLLoc software (NonLinLoc, Lomax et al. 2000) to localize the evens and SIRT 
(Simultaneous Iterative Reconstruction Technique, Stewart 1991) to invert the travel times. 
The input velocity grid of NLLoc was composed of nodes distant 1 km from each other in 
X, Y and Z directions; we used OCT (Octree) as search type and EDT_OT_WT as location 
method (NLLoc, 2017). In travel time inversion we used bent rays computation associated 
to diving ray paths (Böhm et al. 1999). In all the four cases considered, we run the iterative 
procedure using 10 main iterations and 8 internal iterations (see the scheme of Fig. 1). 
 
 

 
 

Fig. 3 – Results of P and S velocities obtained after 10 iterations (location + tomography) in the four 
processed cases. A) Without including residual analysis. B) Applying residual analysis at each iteration. C) 

Without including residual analysis and considering known the origin time T0. D) Applying residual analysis 
at each iteration and considering known the origin time T0. 
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Fig. 3 shows the final velocity models obtained from the four cases both for P and S velocity. 
In the first case (Fig. 3A), where the residual analysis is not applied, even after 10 iterations 
we obtained both velocities and events positions (table of Fig. 4) far from the true values (P 
velocities seem even to diverge). On the opposite, applying residual analysis in the iterative 
procedure gives much better results both for velocities and for the correct depths of the 
events (Fig. 3B), even if they never reach the true values, probably due to the presence of a 
local minimum in the minimization process used in NLLoc. But, if we consider known the 
origin time (T0), the true model is well reached at the end of iterations (C and D) even if we 
do not use the residual analysis, which still enhances the solution.  
Fig. 4 displays the RMS time residuals after the tomography at each iterations, related to the 
four cases, and Table 1 shows the corresponding final depth positions of the considered 
events. From this plot we can easily observe a significant drop of the residuals in A and B 
after the first iteration, followed by small changes of the residuals in the next iterations. 
Otherwise, in the cases C and D, where the origin time is known, a smoothed decrease of 
residuals before the 5th/6th iteration is present. However, if we use the residual analysis inside 
the iterative procedure we observe a decrease of the time residuals, small for case D, but 
significant when origin time is unknown (case B). The same considerations can be done for 
the depth positions of the localized events. If we know the origin time, the difference with 
the true positions are very small. Otherwise, in case we do not know the origin time, the 
improvement is significant if we apply the time residual analysis. 

Fig. 4 – RMS time residuals values computed at each iterations for the four processed cases. 

Table 1- Depths values (km) for each events corresponding to the four processed cases. In green the 
difference of the localized positions with respect to the true one (in blue). 
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4. Conclusions 

In this work, we present a method to enhance the earthquake location and the definition of 
the associated velocity model. The method consists of using the time residual analysis inside 
the iterative procedure “location + travel time tomography”. For each event, the time 
residuals (difference between the observed and computed travel times), obtained after each 
tomographic step from all the connected stations, is converted to depth (by using the local 
velocity of the current model), which then is used to upgrade the earthquakes positions. To 
validate this approach, we tested the procedure on a synthetic model by using four cases: 
with and without the application of the method, and with and without considering known the 
origin time. The results show a relevant increase of the resolution for both earthquakes 
positions and velocity model, even if the unknowing of origin time remains a critical aspect 
of this inversion problem.  
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Abstract: The Maltese Islands, approximately 314 km2 in area with a high population 

density, face high levels of water stress due to low amounts of rainfall and a dependence on 

groundwater abstraction. Up till now, in situ borehole readings are the only utilised method 

to monitor the quantitative status of groundwater in the Maltese Islands. This study 

investigates an innovative, cost-effective approach to groundwater monitoring in an island 

environment; by computing cross-correlations and autocorrelations of ambient seismic noise 

recorded by different seismic stations in the Maltese Islands. The main utilised frequency 

band is of 0.1-1 Hz since most microseismic energy has a period range of 1-10s. The main 

results show that the changes in the dv/v time series have seasonal patterns, where a negative 

dv/v in the winter period and a positive dv/v in summer is observed. Comparison with 

borehole readings of groundwater levels show highly encouraging similarities in the 

seasonal variations, indicating that dv/v may be used as a proxy for the state of the aquifers. 

Keywords: seismic interferometry, cross-correlation, autocorrelation, borehole 

1. Introduction

1.1. Malta’s water problem 

Malta, a small island nation in the centre of the Mediterranean, is deemed as the European 

country facing the highest stress on its water resources (Hallett et al., 2017). Malta has a 

semi-arid climate with approximately 550 mm of annual rainfall (Hartfiel et al., 2020) over 

an area of ∼315 km2 and a very high population density. This has led to Malta’s strong 

dependence on groundwater abstraction and de-salinisation plants (Conrad & Cassar, 

2014). Consequently, 80% of the water used in the Maltese agricultural sector is directly 

abstracted from groundwater resources (Fenech et al., 2019), via boreholes or underground 

galleries (Hallett et al., 2017).   

The groundwater of the Maltese Islands is managed by a network of boreholes run by the 

Energy and Water Agency (EWA), which records the water levels. In recent years, EWA 

started to look for innovative, cost-effective ideas to enhance its groundwater monitoring 

and management. One such approach derives from real-time analysis of ambient seismic 

noise (e.g., Clements & Denolle, 2018). Such alternative methods can assess the 

groundwater over a greater extent and may provide a broader picture of the subsurface 

groundwater level and dynamics.  
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Studies have shown that seismic speeds vary through seasonal water content in rocks. 

Water-saturated rocks have an increased pore pressure, which in turn leads to the opening 

of cracks in the rock (Christensen & Wang, 1985). This reduces the contact area between 

different grains of rock, leading to a decrease in seismic velocity (Christensen & Wang, 

1985). Thus, variations in the seismic speed (derived from ambient seismic noise 

correlations) reflect changes in the medium through which the waves are passing, such as 

from changes in groundwater content (e.g., Sens-Schönfelder & Wegler, 2006; Meier et al., 

2010). This phenomenon has been successfully shown at different locations such as in the 

mountain region of Gräfenberg, Germany (Lecocq et al., 2017), in San Gabriel Valley 

Basin, California (Clements & Denolle, 2018), the Los Angeles basin, California (Meier et 

al., 2010), the Gulf Coast Aquifer System of southern Texas (Kim & Lekic, 2019), 

Reykjanes Geothermal Reservoir, Iceland (Sánchez-Pastor et al., 2019), and the volcanic 

island of O’ahu, Hawai’i (Grobbe et al., 2021). However, Malta is different from these 

locations because it is a small island (smaller than O’ahu, Hawaii) with no lakes, rivers, 

geothermal reservoirs, or watersheds. Moreover, rainfall is relatively low, and it is 

surrounded by saline water which interacts, to a certain extent, with groundwater. Studies 

are yet to determine whether variations in groundwater on small islands, particularly in the 

Mediterranean area, can be detected through seismic data.  

Here we present the preliminary results from the project Seismic Imaging of Groundwater 

for Maltese Aquifers (SIGMA), where we analyse ambient seismic noise data recorded by 

permanent and temporary seismic network stations of the Malta Seismic Network (MSN) 

and the FASTMIT experiment on the Maltese Islands (Figure 1). We investigate temporal 

changes in seismic velocity as an indication of the variability of water in underground 

rocks. We find that changes in the seismic velocities coincide with the level of 

groundwater from nearby borehole data. 

  

Fig. 1 – Geological outcrop map of the Maltese Islands, with the location of the seismic stations from the 

Malta Seismic Network and the FASTMIT experiment, and locations of boreholes. The top right diagram 

shows the colour-coded sequence of geological layers found in the Maltese Islands, ranging from the oldest 

formation of Lower Coralline Limestone to the youngest formation of Upper Coralline Limestone. 
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1.2. Geological setting 

The geology of the Maltese Islands follows a five-layer cake sequence, consisting of the 

oldest formation, Lower Coralline Limestone, Globigerina Limestone, Blue Clay, 

Greensand, and the youngest formation, Upper Coralline Limestone. As can be observed 

from Figure 1, a NW-SE divide in geological outcrops exists, distinguished by Globigerina 

Limestone in the south of Malta and an impermeable layer between the geological strata 

(Blue Clay) in the north. This has given rise to an aquifer in the limestone layer overlying 

the Blue Clay formation, apart from the mean sea-level water table that exists throughout 

the island. 

1.3. Ambient seismic noise correlations 

Ambient seismic noise is constituted by a series of random, low frequency, continuous 

signals (e.g., Clarke et al., 2011; Yang & Ritzwoller, 2008) in the Earth’s surface and 

shallow rock layers that could be caused by both natural and anthropogenic sources (e.g., 

Clements & Denolle, 2018). Natural sources of ambient seismic noise are the wind, and the 

sea wave action striking the coast (e.g., Bonnefoy-Claudet et al., 2006; Clements & 

Denolle, 2018), while anthropogenic sources include traffic, and industrial machinery (e.g., 

Bonnefoy-Claudet et al., 2006). Urban seismic noise, which varies in the spatial and 

temporal domain, consists of anthropogenic time-dependent signals being superimposed 

with naturally sourced signals (Groos & Ritter, 2009). Ambient seismic noise is mainly 

naturally sourced at frequencies less than 1 Hz (Asten, 1978; Gutenberg, 1958). At 

frequencies between 1 – 5 Hz, noise can be both naturally and anthropogenically-sourced, 

while at frequencies higher than 5 Hz, noise is anthropogenically-sourced (Asten, 1978; 

Gutenberg, 1958). Generally, seismic noise in between frequencies of 0.5 – 5 Hz can be 

both from natural and anthropogenic sources (Bonnefoy-Claudet et al., 2006). 

Anthropogenic signals can be observed at frequencies of around 1 Hz, or even at higher 

frequencies in hard rock environments (Bonnefoy-Claudet et al., 2006).   

Recently, techniques using ambient seismic noise have demonstrated its applicability in 

varying contexts, such as imaging and monitoring of the subsurface (Lecocq et al., 2014). 

Studies investigating changes in seismic velocity to analyse the crustal dynamic of the 

Earth have been conducted, such as in response to volcanic eruptions (Brenguier et al., 

2016), earthquakes (Brenguier et al., 2008; Taira et al., 2015; Wegler et al., 2009) and ice 

sheet melt (Mordret et al, 2016). Several factors are known to alter seismic wave speeds at 

shallow depths, such as seasonal variations from air temperature changes (Hillers et al., 

2015; Meier et al., 2010; Tsai, 2011), precipitation (Meier et al., 2010; Obermann et al., 

2014; Sens-Schönfelder & Wegler, 2006; Tsai, 2011; Wang et al., 2017) and long-term 

seasonal variations induced by climatic forcing (Lecocq et al., 2017).  

Seismic interferometry (Grobbe et al., 2021), entails computing the correlation of random 

seismic noise recorded by two sensors at locations in a region of interest, to establish the 

impulse response (Green's function) between these sensors (Campillo & Paul, 2003; Clarke 

et al., 2011; Lobkis & Weaver, 2001; Sabra et al., 2005; Shapiro et al., 2005). This allows 

for the imaging of the Earth's interior on a global, regional, or local scale (Lecocq et al., 

2014), to fit our observations.  

Cross-correlation of ambient seismic noise is a powerful tool for monitoring of the Earth’s 

interior (Hadziioannou et al., 2009). Both a sudden change in the position of the noise 

source or scatterers, or changes in the medium velocity may cause a change in the delay 

times of the Green's function (Lecocq et al., 2014). With this method, real-time data from 
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seismic stations can be utilised for the continuous sampling and investigation of the 

medium between the sensors (Lecocq et al., 2014). In autocorrelation, unlike in cross-

correlation, we correlate the noise recorded by a single station. 

The groundwater table, which refers to the depth at which subsurface rocks are completely 

saturated with water, acts as a border between the upper vadose (unsaturated) zone and 

lower phreatic zone (Fokker et al., 2021). Seasonal evaporation and precipitation vary the 

soil moisture in the vadose zone, while simultaneous groundwater table fluctuations occur 

because of drainage and inundation (Fokker et al., 2021). Varying pore pressures at deeper 

rock layers are a consequence of these changes, where such pressures can be measured 

using conventional piezometric wells at a local scale (Fokker et al., 2021). However, 

adopting a regional approach on investigating subsurface pore pressure variability can be 

achieved with the use of seismic methods (Fokker et al., 2021).  

Computing the cross-correlation of ambient seismic noise recorded by two sensors utilises 

real-time data from seismic stations, which allows for the continuous sampling and 

investigation of the medium between the sensors (Lecocq et al., 2014). This technique does 

not depend on the occurrence of active seismic sources or earthquake activity to produce 

results, since ambient seismic noise is continuous and naturally abundant (Clarke et al., 

2011; Lecocq et al., 2014). While wells provide in situ (or local) groundwater monitoring 

(Healy & Cook, 2002), seismic noise presents a volumetric and averaged sampling of the 

medium through which it naturally scatters and is sensitive to hydrogeological changes 

within the volume. This allows for a more accurate representation of the aquifer in 

question when compared to localised measurements from wells, especially when the 

aquifer consists of a heterogeneous permeability structure (Clements & Denolle, 2018). 

3. Data and Methods 

We compiled the seismic data from each station of the MSN (Galea et al., 2021) and the 

FASTMIT experiment (Bozionelos et al., 2019) consisting of a combination of eight 

broadband and six short-period, three-component seismic stations, respectively. The latter 

were deployed for the years 2017-2018. The maximum and minimum station distances 

between any two stations of the MSN and FASTMIT experiment are approximately 35 km 

and 3 km respectively (Galea et al., 2021). The data was pre-processed by demeaning, 

tapering, and merging into a 1-day long trace, which were then band-pass filtered and 

decimated or downsampled. The main frequency bands that were tested where between 0.1 

– 1 Hz, 0.5 – 5 Hz, 1 – 10 Hz and 0.001 – 10 Hz. However, the best results were achieved 

with the plots produced by the lower frequency bandpass. This frequency range 

corresponds with the Power Spectral Density (PSD) charts for the data (Figure 2), which 

show that most microseismic energy has a period range of 1-10s. Stations MSDA (Figure 

2a) and XLND (Figure 2b) are broadband stations, whereas FM04 (Figure 2c) is short 

period. The cut-off period of the FM04 station is at 3 – 4 seconds, where the PSD is 

observed to increase rapidly. This means that the instrument response is unusable below 

about 0.3 Hz. 
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Fig. 2 – Power Spectral Density chart for stations MSDA (a), XLND (b) for the day 01-01-2017, FM04 (c) 

for the day 16-06-2017. 

We therefore tested different filtering bands encompassing this frequency range. We 

performed auto and cross-correlation of noise data for a total of 78 station pairs. From the 

1, 5 and 10 days stacking, the latter was chosen because of more stable correlation 

functions. We then computed the time delays using the Moving-Window Cross-Spectral 

analysis (Clarke et al., 2011). Finally, the change in velocity (dv/v) was determined from 

the calculated time delays. A moving average value (rolling) of 90 days was chosen to look 

at any seasonal patterns. The algorithm was run via the software package MSNoise 

(Lecocq et al., 2014). The interstation distance plot in Figure 3 shows all the reference auto 

and cross-correlation curves for each different station pair, for the preferred filter. These 

references curves are obtained from the whole set of data. 
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Fig. 3 – Interstation distance plot for component ZZ and filter 0.1 – 1.0 Hz. The red, green and blue lines 

indicate the velocity of ballistic waves. The correlation functions at an interstation distance of 0 km are from 

the autocorrelations. 

3. Results  

We find that the changes in the dv/v time series (~±0.01%) have seasonal patterns, where 

an increasing dv/v in the winter period and a decreasing dv/v in summer is observed. We 

compare the auto and cross-correlations with the time series of water table measurements 

from nearby boreholes (ranging from 0.25 - 3.3 m above mean sea level) to investigate the 

correlation between them. Figure 4 shows how the autocorrelation of station MSDA 

coincides with the seasonal shifts of water level from borehole data over a 3-year period. 

Data from all boreholes exhibits similar seasonal shifts in the depth of groundwater above 

mean sea level, and so the following borehole data generally represents all the borehole 

data being considered in this study. 
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Fig. 4 – Seismic velocity changes (dv/v) versus borehole plot, for the station MSDA autocorrelation. Red 

curve is the dv/v, and the blue curve is the depth of groundwater above mean sea level in metres from a 

nearby borehole. 

Figure 5 shows the cross-correlation of station pair XLND - FM04 matches the seasonal 

shifts of water level from borehole data. 

Fig. 5 – Seismic velocity changes (dv/v) versus borehole plot, for the station pair XLND - FM04 cross-

correlation. Red curve is the dv/v, and the blue curve is the depth of groundwater above mean sea level in 

metres from a nearby borehole. 
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4. Discussion and Conclusions  

These preliminary results demonstrate that on the Maltese islands, seasonal patterns in the 

ground water content and water table levels can be detected by changes in seismic velocity 

(dv/v) derived from auto and cross-correlation functions of ambient seismic noise recorded 

by stations of the Malta Seismic Network and FASTMIT network. This gives us 

confidence that this quantity may act as a suitable proxy for monitoring groundwater levels 

in the Maltese islands in regions where borehole measurements are sparse.  

Autocorrelations generally reveal more clearly the seasonal variations and correlate better 

with borehole readings. Further work and interpretation must take into consideration the 

geological heterogeneity encountered between some station pairs, particularly those at 

larger interstation distances. Such heterogeneity is brought about by a dense pattern of 

vertical displacements in some parts of the islands.  In fact, we find that, in general, long 

paths traversing more complex geology show weak correlations, while stations close to 

each other, on more homogeneous geology, depict a stronger correlation (Figure 5).  

Another factor to be taken into consideration is the NW-SE geology of the island, 

distinguished by an impermeable layer between the geological strata (Blue Clay) in the 

north, giving rise to an aquifer in the overlying limestone layer, in addition to the mean 

sea-level water table. 

The planned increase in the number of permanent and temporary stations of the Malta 

Seismic Network to give a more complete coverage, could, therefore provide an 

opportunity to investigate the changes in the dv/v with a higher resolution and hence to 

interpret the changes in terms of more localised effects. This will give us a better 

understanding of the hydrogeological processes, and how ambient seismic noise can be 

used in parallel with in situ measurements to provide a more complete monitoring and 

evaluation of Malta’s aquifers. 
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Abstract: 

The seismic activity on the Romanian territory consists of both shallow and intermediate-depth 

earthquakes. Vrancea seismic source is one of the seismic areas in Romania with these characteristics but is 

significantly affected by intermediate depth earthquakes (3 shocks/century with magnitude Mw greater than 7.0). 

The crustal seismicity of Romania is moderate and more scattered in comparison with the intermediate-depth one. 

The purpose of this work consists mainly in the estimation of moment magnitude Mw along with other 

source parameters (M0, f0, and the focal mechanisms) using the velocity network of the NIEP. The main goals are 

the independent estimation of seismic moment and the common characterization for all events recorded by the 

velocity network. In this study were analyzed 329 seismic events recorded in Romania with 1.7≤ML≤6.0, during 

2004-2021. 

Fast estimation of earthquake source parameters in case of a strong earthquake occurs in Romania is very 

important to rapidly evaluate the potential damages in the areas affected by earthquakes and contributes to the 

mitigation of the seismic risk. 

Keywords: near real time, source parameters, Romania earthquakes 

1. Introduction

The purpose of this work consists mainly in the estimation of moment magnitude Mw 

using the velocity network of the NIEP.  A stable and automatic method was developed by 

Gallo et al.,2014, has been implemented in the real time data acquisition and processing system 

(ANTELOPE) to estimate in real time the seismic moment, the moment magnitude and the 

corner frequency of events recorded by accelerometers, using Andrews (1986) method applied 

to S waves. The main goals are the independent estimation of seismic moment and the common 

characterization of all events recorded by the seismic network.  

2. Methodology

The used procedure determines automatically and in near real-time the moment 

magnitude and other seismic source parameters (M0, f0) by spectral analysis following Andrews 

methodology (1986). Starting from the lowest frequency and using a 50-points sliding window, 

we calculate the minimum frequency for which SNR > 3 for all frequencies within the first half 

of the smoothed (3 points running average) spectrum; the next step is to apply the same 

procedure to the second half of the investigated range, this time starting from the highest 

frequency and moving towards lower frequencies. Is applied a Butterworth band pass filter, 

then we obtain accelerations, velocities and displacements doing the derivative of the integral 

of the signal. Afterward, the Fast Fourier Transform (FFT) is obtained with the signal spectra. 

Then we correct them for geometrical spreading and intrinsic attenuation to retrieve the source 
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spectra. For seismic source parameters estimation, we rotate the horizontal components of the 

signal to obtain the transverse component of motion.  

For the focal mechanisms determination, we used the FPFIT code (Rasenberg, et al 

1985), incorporated in Antelope software, using only solutions with at least very clear 10 P 

wave polarities. 

3. Results

In this study were analyzed 329 seismic events with 1.7 ≤ML≤6.0, during 2004-2021 

recorded in Romania, using the broad band data from the National Seismic Network department 

of NIEP. We should mention that this methodology for estimating the source parameters doesn’t 

take into account the local effects on the spectral amplitudes. Even so, the data quality is very 

good, there is still an influence of site effects which can be observed on magnitude and corner 

frequency estimations (Figure 1).  

Figure 1. Moment magnitude as function of the scalar seismic moment 

Another result of this study is represented by the fault plane solutions catalogue for the 

seismic events recorded on Romanian territory, an important step for the next studies regarding 

the tectonic aspects of the seismic areas. Following next are represented the focal mechanisms 

solutions obtained with the FPFIT software (Figure 2). 

Figure 2. Focal mechanisms distribution  
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Focal mechanisms solutions were determined only for events with ML≥4.0, distributed 

in different seismic regions: Galati, Tg. Carbunesti, Zalau, Vaslui, Black Sea, these presenting 

a normal fault regime with an important strike-slip component, with a single exception, Hateg 

(2013) and Fagaras Campulung (2015) events, which present a reverse fault regime. On 22 

November 2014, in Vrancea seismic area has occurred the largest instrumentally recorded 

seismic events with ML =5.7, at 41 Km depth. The focal mechanism for the mainshock presents 

a normal faulting regime with an important dip-slip component, both nodal planes being 

oriented NW-SE, (Figure 2).  

Conclusions 

The main goal of this study was to implement algorithms that will be used for 

earthquakes risk mitigation in Romania. Particularly was developed a methodology for fast 

earthquake source parameters estimation (real time location of the seismic source, plotting on 

maps, moment magnitude estimation, real time earthquake source parameters estimations 

alongside the fault plane solutions) by using the velocity data. We have made stable estimations 

in near real time of the focal mechanism (strike, dip, rake, etc.). All these parameters will be 

available in a short time (a few minutes after the event occurrence) and sent further to 

authorities, emergency and governmental institutions.    
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Abstract 

Although moment magnitude (MW) is the preferred magnitude for hazard assessment, for many 

Canadian earthquakes MW cannot be obtained by moment tensor inversion methods but must be 

derived from less reliable conversion relations.  This is because the earthquakes either occurred prior to 

the development of moment tensor inversion methods or because they were too small for those long-

period methods to be successfully applied.  Recently, the coda envelope moment magnitude method 

has been used to calculate moment magnitude (MWC) for earthquakes in the active seismic zones of 

southeastern Canada, permitting the minimum-magnitude threshold to be reduced from ~3.5 to ~1.5.   

The relatively low attenuation in this intraplate region has contributed to this success.  At the same 

time, the lower rate of seismicity and sparse station density in some regions have created challenges.    

The coda envelope moment magnitude method develops regional calibrations using a suite of reference 

events with well constrained source parameters.  These calibrations, which include path, site and 

frequency corrections, are then applied to calculate MWC for non-reference events.  The largest 

earthquakes to occur in southeastern Canada occurred during the analog era and cannot be used for 

calibrations.  Calibrations were relatively straightforward, however, for the Western Quebec and 

Charlevoix-Kamouraska Seismic Zones, for which there were several moderate-sized reference events 

(MWC 3.5-5.0) and where there have been many 3-component broadband stations for a few decades.    

Some challenges arose as the method was extended to other regions.  Among these were a smaller 

number of reference events and fewer local broadband stations.  In some cases, such as the Lower St. 

Lawrence Seismic Zone, there are now several local broadband stations but they were installed after the 

occurrence of the reference events and thus site corrections were not determined for them.  These 

challenges were addressed by several methods, such as using regional data, combining regions that are 

similar into a single region and calculating site corrections for new stations using pseudo-reference 

events, events with well-constrained MWC values that were recorded by both new and long-existing 

stations.  We present the progress and challenges toward the development of a uniform moment 

magnitude catalog for Eastern Canada.  
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Introduction 

From the myriad of magnitude scales available to calculate earthquake size, moment magnitude or MW 

has emerged as the magnitude of preference for many applications including seismic hazard assessment  

in Canada and elsewhere.    Except for the largest earthquakes that were subjects of detailed studies 

(e.g. 1925 Charlevoix (Bent, 1992), 1935 Timiskaming (Bent, 1996a) and 1944 Cornwall-Massena (Bent, 

1996b)), MW was rarely calculated for eastern Canadian earthquakes until about a decade ago.   With 

the implementation of regional moment tensor inversions (Kao et al., 2012) it has been possible to 

determine MW for many moderate earthquakes.  However, this and other methods utilize long-period 

data making it difficult to determine moment magnitude for earthquakes smaller than MW  ~3.5.   Thus, 

MWs for most events used in hazard assessment are derived from conversion relations that attempt to 

tie MW from waveform modeling to a local magnitude (ML, MN) but this has been shown to introduce 

bias (Shelly et al, 2022). 

The coda envelope method (Mayeda et al, 2003) for determining moment magnitudes (MWC) has 

emerged as one of the most promising methods for determining moment magnitudes for small 

earthquakes.    Because the coda is made up of scattered waves, which are relatively insensitive to 

factors such as focal mechanism and directivity (Aki and Chouet, 1975; Mayeda and Walter, 1996; Fehler 

and Sato, 2003; Mayeda et al, 2007; Sato et al., 2012), the coda envelope method is more stable than 

those that rely on a single phase.    Another advantage of this method is that once the calibration of a 

region has been completed, moment magnitudes may be calculated from sparse data sets.  The method 

is empirical and must be calibrated on a regional scale.    Figure 1, which compares coda envelopes of a 

northern California earthquake to one in western Quebec of the same magnitude recorded at the same 

distance, illustrates the need for regional calibrations. 

Figure 1:  A comparison of coda envelopes for two earthquakes of the same moment magnitude 

recorded at the same distance for two different frequency bands.  The blue lines are for an earthquake 

in southwestern Quebec and the red lines for an event in the San Francisco Bay Area of California. 

1-1.5 Hz 6-8 Hz

5106 3ECEES, September 2022, Bucharest, Romania



Aftershocks can be seen, particularly at higher frequencies, and care must be taken to exclude them 

when selecting the window for calibration.  To better visualize the difference in decay rates, we have DC 

shifted the California events downward. 

 

 

Data and Methods 

The Coda Envelope Calibration Method has been successfully applied to several regions of eastern 

Canada (Figure 2).  We started with the regions that were most active seismically and which had the 

best station coverage in terms of 3-component broadband instruments.  The intent is to expand the 

study to all regions of eastern Canada and the adjacent United States to produce a homogenous catalog 

for use in hazard assessment and other research.   

 

 

Figure 2:  A map of eastern Canada showing earthquakes of magnitude 3 or greater since 1900 (red 

circles).  Seismograph stations of the CNSN are shown in blue.   Stars indicate co-located weak and 

strong motion stations and squares represent strong motion stations.  Seismic zones are as follows: WQ 

= Western Quebec, CH = Charlevoix-Kamouraska, LS = Lower St. Lawrence and NA = Northern 

Appalachians.  Epicenters are from the (Canadian) National Earthquake Database (Data and Resources). 
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Horizontal data recorded by broadband stations of the Canadian National Seismograph Network 

(Geological Survey of Canada, 1989, Bent et al., 2019) hereafter referred to as CNSN are used in the 

analysis.  Before creating the envelopes, the instrument response is removed and the data are 

converted to units of nm/s.     

Once the preprocessing is complete, coda envelopes are created using the envelope feature of the 

calibration tool (Barno, 2017, and Data and Resources).  For each event we create fifteen narrow band 

windows over the range from 0.05-0.1 Hz to 15-19 Hz.     

The calibration process of the coda envelope method (Mayeda et al., 2003) involves using a series of 

narrow-band coda envelopes to reconstruct the source spectrum and derives corrections for path, site 

and S to coda transfer functions for each frequency band.  The calibration relies on the use of reference 

events, earthquakes whose source parameters are well constrained, and is verified using a suite of 

validation events or events with known moment magnitudes that were not designated as reference 

events.  Once the calibration has been completed and verified, the method may be used to calculate 

MWC for events whose moment magnitudes are not known (Figure 3).     

Figure 3:   A sample moment rate spectra for an earthquake (MWC 3.5) in the Lower St. Lawrence Seismic 

Zone.   Although none of the stations used to calculate MWC were located close to the epicenter, we 

were able to get a well constrained solution.  Smaller events, however, are not as well recorded 

regionally and the use of newer, nearby stations is needed to ensure high quality solutions.  
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Results 

In the regions studied to date, the Coda Envelope Moment Magnitude Method has enabled us to lower 

the threshold for the calculation of moment magnitude from ~3.5 to ~1.5.  In addition to providing more 

robust moment magnitudes for use in hazard assessment, this work has provided us with a much larger 

dataset for re-evaluating magnitude conversion relations, an ongoing project.  

 Although we initially treated each seismic zone individually, assessment of the calibrations suggested 

that the seismic zones in southern Quebec could be treated as a single zone.  The calibration was rerun 

using data from the three Quebec seismic zones studied and the results matched those obtained 

previously.  This simplifies the application of the method and indicates that the calibration may be used 

to determine moment magnitudes for the few events occurring in the regions between the seismic 

zones.  It also results in a more robust calibration for the less active regions than would be obtained by 

treating each region separately.  The northern Appalachian region, however, has noticeably different 

attenuation, consistent with previous studies (e.g., Perry et al., 2020) and must calibrated separately.    

 

Discussion and Conclusions 

The low attenuation in eastern Canada and the long coda envelopes resulting from it provide an ideal 

environment for use of the Coda Envelope Method for Moment Magnitudes.   As previously noted, we 

have been able to lower the threshold for moment magnitude calculation by approximately two 

magnitude units.  

Nevertheless, we encountered a few issues resulting from low seismicity levels and sparse station 

coverage in some regions.   We expect these to recur as we extend our study to even less active regions.     

These issues were negligible in the Western Quebec and Charlevoix-Kamouraska seismic zones, which 

have had reasonable, local broadband station coverage since the mid-1990s and a larger number of 

useable, albeit moderate (MW 3.5-5) reference events.  They were more prevalent in the Lower St. 

Lawrence and Northern Appalachians.  We use the Lower St. Lawrence as an example.  Although the 

CNSN has been entirely digital since the mid 1990s, many stations consisted of a single component 

short-period instrument.  There was only one three-component broadband station (ICQ) in the Lower St. 

Lawrence region for many years.  This did not appear to pose a significant problem for calibrating the 

region as the larger events were well recorded by broadband stations in adjacent regions.   However, 

the most recent upgrade of the CNSN (Bent et al., 2019) led to the replacement of the remaining single-

component narrowband stations with three-component broadband ones, resulting in much better local 

coverage.   Because moderate earthquakes are not frequent in the Lower St. Lawrence, all of the 

reference events used occurred prior to the upgrade.   Thus, we could not determine site corrections for 

the new stations.   Making use of these stations is desirable for calculating moment magnitudes of small 

events not well recorded regionally and for events occurring in neighboring regions of even lower 
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activity and lower station density.  To produce a uniform catalog for all of eastern North America, these 

regions and events cannot be ignored. 

To calibrate the new stations, we designate the best of the non-reference events recorded by both old 

and new stations as pseudo-reference events and rerun the calibration.   The path corrections as well as 

the site corrections for the older stations are compared to those derived from the initial calibration to 

verify the quality of the solution.    This method enables the use of an enhanced data set in the Lower St. 

Lawrence and other low seismicity regions.   In the event of future, larger earthquakes the calibration 

can be rerun and magnitudes updated if needed.   

In summary, we have made strides toward a uniform, moment magnitude catalog for eastern Canada.  

To date, four regions have been calibrated for the coda envelope moment magnitude method and 

results show that three of them may be combined into a single region although the fourth is different.   

We have found creative ways to overcome difficulties calibrating new stations in regions of low 

seismicity with few reference events.   Using this method, we have reduced the magnitude threshold for 

moment magnitude by about two magnitude units.     

Data and Resources: 

Waveforms used in the analysis were obtained from the Canadian waveform archive and may be 

accessed in miniSEED format from (http://ftp//ftp.seismo.nrcan.gc.ca/exports/wfdata/CN/).  Most of 

the data may also be obtained from the IRIS Data Management Center at 

https://ds.iris.edu/ds/nodes/dmc/ .  The Coda Calibration Tool (CCT) version 1.0.16 may be downloaded 

from https://github.com/LLNL/coda-calibration-tool/releases/.  The National Earthquake Database may 

be accessed at https://www.earthquakescanada.nrcan.gc.ca/stndon/NEDB-BNDS/bulletin-en.php .  All 

links verified, March 2022. 
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Abstract: Practically in every book or handbook where the response of the structural 
systems to dynamic loads is studied, the concept of resonance is defined for artificial 
periodic motions (in a broader sense), respectively for motions produced by harmonic 
excitations (in a more rigorously sense). In the case of forced vibrations of a linear, ideally 
elastic dynamic system, the resonance is the phenomenon of “unlimited increasing” or, in 
case of a linear, dissipative dynamic system, of “in time limited growth” of their amplitudes, 
as an effect of the equality of one of the significant excitation frequencies and one of the 
eigenfrequencies of the excited dynamic system. The 1977 Vrancea earthquake (Romania) 
and the 1985 Michoacán earthquake (Mexico) have highlighted the need to extend the 
meaning of the resonance concept beyond the known aspects for periodic forces to unknown 
issues associated to natural random forces generated by seismic actions. Thus the “concept 
of total resonance”, together with “concept of partial resonance” were established by the 
author in a paper presented at the 15WCEE held in Lisbon. The amplification phenomena of 
some spectral components, that are qualitatively similar to resonance, often occur even in 
case of non-stationary (transient) motions.  

Keywords: beat phenomenon, vibration, weaving loom, printing press 

1. Short history on the resonance phenomenon

The subject of this paper has deep roots in science that reach up to Galileo Galilei (1564-
1642) – mathematician and founder of modern physics. In 1638 he wrote “Dialogues 
concerning two new sciences”. He introduced the notions of period, frequency, impulse, 
force, forced vibration and resonance. Of major importance for this paper is the fact that 
forced vibrations and resonance were studied experimentally by Galileo Galilei, who thus 
became a pioneer in experimental physics and an user of scientific instrumentation. 

Andrija Mohorovičić (1857-1936) was a Croatian geophysicist with an exceptional career 
in seismology. He was a very careful, thorough and diligent scientist who enjoyed the 
search for explanation of observations in theory, but never favored theory over 
observations, Herak et al. (2007). In some of his early works published in 1911, he 
attempted to explain “how tremors affect buildings” and presented “some principles that 
both architects and building contractors should follow”. He said: “In order to study 
earthquake effects we must first accurately represent the shaking of soil beneath the 
building, as well as the forces this shaking exerts, and then we must study how these forces 
affect the building as a whole and its individual parts”. Of interest for this paper is the fact 
that “he analyzed the effects of building resonance and computed accelerations for various 
ratios of the period of dominant shaking and the building eigenperiod”. Out of six basic 
principles of conceptual design for aseismic building construction, as outlined in the 
current Eurocode-8, Mohorovičić advocated five of them even at the beginning of the 20th 
century, Herak et al. (2007). 

Apparently, resonance is a well-known problem in vibration engineering. “Resonance” is a 
phenomenon associated to forced harmonic vibrations performed by a linear dynamic 
system, as a result of an exciter’s action. In the case of forced vibrations, the dynamic 
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system is subjected to external force functions that make it vibrate with the frequency of 
the exciting force. If the frequency of the excitation matches one of the eigenfrequencies of 
the dynamic system, it is said that the condition of resonance is reached. At the resonant 
condition, in case of elastic linear dynamic systems, the amplitude of vibrations will 
approach infinity with time (an unbounded oscillation in the undamped case). However, in 
practical situations, the amplitude of vibrations may exceed allowable values in a short 
period of time (a response with maximum amplitude in the damped case), with the 
subsequent loss of structural integrity. Commonly, a definition of resonance might be the 
following one: a phenomenon of uncontrolled increase in vibration amplitude exhibited by 
a physical ideally elastic system when it is subjected to an external vibration force of a 
circular frequency (), that approaches the natural free circular oscillation frequency 
(n), i.e. their ratio /n=1. The case of a strong ground motion source of excitation will 
be separately presented.  

Traditionally, the resonance phenomena are studied worldwide assuming implicitly a 
Kelvin – Voigt constitutive law for the connections (or members) of dynamic systems. The 
consideration of a constitutive law differing from the Kelvin – Voigt law raises the need of 
a different computation technique. A mechanical vibration generated by an external source 
and transmitted to a dynamic system may have the nature of a “regular pattern vibration” 
(as a harmonic or periodic one), or of an “irregular pattern vibration” (as the one 
generated by the incidence of earthquakes, strong winds, or explosions). 

2. Resonance: case of an “irregular pattern vibration” 

The irregular pattern vibration which is the subject of this paragraph is that generated by an 
earthquake. In case of the seismic action the resonance phenomenon presents some 
peculiarities as a result that this type of excitation generates a transient vibration condition.  

The concept of total resonance in case of seismic action can be defined based on two 
criteria: (a) the equality or the neighborhood between a significant frequency of a 
component of the seismic action and one of the eigenfrequencies of the structural system 
and (b) the number of cycles of the seismic motion of maximum amplitude. 

“First of all, it has to be mentioned the extremely important fact that, during an 
earthquake, the number of repetitions of the cycle of maximum amplitude of acceleration in 
a recorded accelerogram at the upper part of the sedimentary geological deposit, or 
eventually at the upper part of the lithosphere, is very reduced (16 cycles). As a result, 
the values of the dynamic amplification factor “max” of the elastic response spectra, 
expressed in ratios of accelerations of the dynamic system to those of ground, are limited. 
In consequence, in the case of an earthquake motion, the effects of the “total resonance” 
cannot be accomplished, but only the effects of the “partial resonance” can be achieved. 
This phenomenon occurs when only one of the two criteria is fulfilled: usually only the 
equality between the significant frequency of excitation and the fundamental 
eigenfrequency of the dynamic system (and the second criterion is only partially fulfilled). 
In other words, instead of accomplishing a number of repetitions of the seismic motion 
cycles which lead to a maximum dynamic amplification factor after which any number of 
cycles of motion will follow this would not increase, a smaller number of repetitions, 
without arriving to the maximum value of the dynamic amplification factor, is 
accomplished. During the significant duration of an earthquake there are not cycles of the 
same amplitude, but cycles of close amplitude are always present. In case of the March 4, 
1977 earthquake (Fig.1, right), the cycle with maximum acceleration was practically 1.5 
times repeated (and the dynamic amplification ratio for 5% critical damping approached 
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to 3), while for the September 19, 1985 Mexico City earthquake (Fig.1, left), the cycle of 
motion with maximum acceleration was 4 to 5 times repeated (and the dynamic 
amplification ratio was approximately equal to 8).  

In relation to the seismic energy quantity released by the 1977 earthquake, the most 
important aspect that must be taken into account is the following: what would have 
happened if the seismic motion had one, or more, additional cycles and the quantity of 
seismic energy released would have been greater? Is it possible an accumulation of a 
bigger quantity of energy in the Vrancea seismic zone, region in Romania where the 
strongest earthquakes occur? From this point of view, the new design code P100-1/2013 is 
not covering enough and does not specify how many times the cycle with maximal 
acceleration can be repeated.”, Vlad (2012). 

Fig. 1 - Strong motion phase of the 1985 Mexico City (left) and of the 1977 Vrancea (right) earthquakes 

The two strong ground motions referred to deserve special attention, especially in 
connection with the specific factors which influenced the spectral contents of the 
accelerograms available. A brief discussion concerning those factors is devoted, especially, 
to the possibilities to anticipate the main features of spectral characteristics of ground 
motion at various sites. The fragments of accelerograms presented in Fig.1 for the motions 
in Ciudad de México and Bucharest, that are to be considered as the most characteristic 
data for this purpose, are referred to. The main questions referred to are raised by the 
factors which influenced these features of spectral characteristics of ground motion. The 
situation at the location of Mexico City referred to consists of a soft upper layer with S-
wave propagation velocity less than 100 m/s, supported by a hard base rock. The situation 
at the location of Bucharest referred to is very much different; since no strong geological 
contrast is at hand (the S-wave propagation velocity increases gradually downwards up to 
depths in the range of 1 to 2 km). The fact that the local conditions do not influence 
considerably the spectral features is made obvious by the accelerographic records obtained 
on 1986.08.30, 1990.05.30 and 1990.05.31 at more than 10 recording stations located in 
Bucharest. The spectral peaks at periods in the range of 1.2 to 1.5 s were obvious (as 
secondary peaks) in 1986, but totally disappeared in 1990. One can conclude that the 
spectral features were due mainly to the source mechanisms. 

It is assumed that under the sedimentary geological deposit of 1.5 km depth, like the one 
below Bucharest, the interface “sedimentary geological deposit – lithosphere” may be 
locally flat, or at most low topographically concave. Such smooth, low curved in section of 
this interface can induce highly periodic, long – lasting, amplified resonant motions at the 
Earth’s surface, by trapping incoming seismic waves both vertically and laterally. Opposed 
to the previous case, a convex interface disrupts constructive interference and acts as 
strong wave scatter, which tends to reduce the amplitude of the ground motions directly 
above it. The highly periodic, sustained motion that results from the second partial 
resonance between the sedimentary deposit and the building stock above it implies that 
highly urbanized areas, such as Bucharest, may be at higher seismic risk, since any 
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building or engineered structure, with the natural frequency of vibration close to those of 
the resonant deposit, may resonate with the sustained ground motion. This coincidental 
match of vibration frequencies in case of a severe seismic motion is known in seismology 
as “double partial resonance”, being very destructive and leading to the total collapse of 
several constructions. In case of strong seismic motions, the chance of exciting a large 
number of the resonant modes of the sedimentary deposit is very high, and consequently 
the risk of “double partial resonance” is effectively increased. It is still considered to be 
necessary the improvement of a theory of the resonant response of soft sedimentary 
geological deposit of general shape, in which to include attenuation, Rial (1989). 

3. Case studies in structural dynamics and earthquake engineering 

3.1. Malfunction of a printing press 

A printing press is a complex device of high-precision industrial equipment that is 
designed to produce printed material at a high rate of speed and low cost per page. A 
second hand ROTOMAN printing press was installed in a steel industrial building in 
Romania, a severe malfunction of unknown origin being observed afterwards (Fig.2). The 
malfunction started with a break in the printing paper as it fed from a huge roll into one of 
the big press units which at the time was operating at high speed. The break caused the 
fast-moving paper to wrap around a printing cylinder, resulting in pressures sufficient to 
force metal printing plate and printing blanket breakage, which jammed the press to a 
complete halt. The owner complained to the authors of this paper that the printing unit 
could not be run up to the design speed without tearing the paper, and the fact that at high 
speeds of operation annoying vibrations were generated and were transmitted through the 
floor to the entire industrial building, Vlad at al. (2008). 

In order to identify the speed at which the annoying vibrations occur, the speed of the 
printing press was progressively increased, as follows: 5 KIPH, 10 KIPH, 20 KIPH, 30 
KIPH, 40 KIPH and 55 KIPH (Kilo Impressions Per Hour). Tests with the press running 
showed very low vibration amplitudes up to a speed of 30 KIPH, which then increased in a 
significan manner (not at 40 KIPH, as the owner had initially mentioned). Several 
configurations for the positioning of the pick-ups on the printing press mat foundation, and 
on the floor in the vicinity, were adopted. Some of the data acquisition results (time 
domains) are shown in Fig.3. 
 

   
Fig. 2 - General view of the ROTOMAN 2000 printing press and a photo taken during the instrumental 

investigations 
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The supplier of the second hand printing press did not mention to the publisher the 
possibility that unbalanced dynamic forces can be generated during operation. At high 
speeds, transverse vibrations of the printing press have been observed.  

The cause of these transversal vibrations was identified by Professor Richard Woods upon 
detailed questioning of the manufacturer’s representatives. It was learned that in the case of 
“ROTOMAN” printing presses, during operation, the ink is distributed to the printing 
plates by rollers which rotate about an axis transverse to the longitudinal direction of the 
press. Some of these rollers distribute the ink to the printing plates from a fixed position 
and the rest of the rollers slide along their axes in the transverse direction to distribute ink 
uniformly on the plates. There are at least three such rollers for ink distribution associated 
with each group of printing, or half-deck, and each of these rollers weight on the order of 
92 kg (1.1 kN). The existing situation was created by a state of corrosion on the inside of 
the cylinders, as well as a non-uniform wear of the plastic layer from their exterior. 
Definitely, this fact contributed to the amplifying of the dynamic unbalance during 
working hours.  

Fig. 3 - Printing press operating at 40… 50 KIPH. Time domains; T and L directions; velocities. 

The proposed solution for the vibration problem was to change the inking rollers gears so 
that the rollers wouldn’t reach a frequency ratio greater than 0.60 (frequency of 
inkers/frequency of the first eigenmode). The adopted solution corrected the problem for 
the existing facility. 

3.2. Malfunction of weaving looms 

A foreign company has rented in Romania 6000 m2 in a huge, one level industrial building, 
in order to layout a weaving mill. Directly connected to this industrial building there is a 
small five levels office building, having 256 m2 in plane. 44 air-jet and 17 rapier type 
second hand weaving looms were installed, each of these having their own system of 
vibration isolation. When the weaving looms started to operate, severe vertical vibrations 
were generated in both buildings and, more than that, acoustical vibrations were induced in 
the office building. As a result, the computers of a business center located at the 4th and 5th 
floor were permanently out of order creating malfunctioning problems, and cracks started 
to appear in the 1st floor walls, some of them with partitioning role collapsing.  
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Two stages of instrumental investigations were carried out (Fig.4). In the first stage, the 
source of the annoying vibrations was identified. The strongly perceptible vertical 
vibrations were due to the rapier type weaving looms, working at a speed of about 
420…450 picks a minute (or frequencies of 7.06…7.50 Hz). It was found that the 
eigenfrequency of vibration for the industrial building on the vertical direction was 7.04 
Hz. As a result that the driving frequency is close to the industrial building’s natural 
eigenfrequency the resulting motion is a harmonically frequency modulated vibration, 
illustrating the “phenomenon of beats”.  

The same phenomenon was also present in the office building, whose eigenfrequency of 
vibration on the vertical direction was 7.3 Hz. In order to establish the most suitable 
technical and financial measures, a second stage of instrumental investigations was 
necessary. The presence of vibrations near resonance was certified (Fig.5), as the 
phenomenon of beats was present and perceived as an acoustic annoying noise (the 
columns responded with sonorous eigenvibrations).       
 

    
Fig. 4 - Overall layout of the industrial and office buildings (left) and 2nd stage sensor locations (right) 

The vertical waves induced to the structural system of the office building were refracted by 
the reinforced concrete floors and wall surfaces as an indirect sound, unpleasantly 
perceived by the people working inside, who could not localize the source. At some time-
intervals the noise was amplified to “thresholds of feeling” of high intensity, which created an 
extremely annoying sensation. A complete treating of this case study can be found in Vlad 
et al. (2010). Based on the second stage results of the instrumental investigations, a new 
type of “isolators” was created (Fig.6). 
  

  
Fig. 5 - Office building. Normal operation of 11 rapier type weaving looms. Velocities (m/s).                    

(a) - Time domain. (b) - Amplitude Fourier spectra. 
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The new system of isolation decreased the vibrations on both horizontal and especially in 
the vertical direction. After setting up these isolators, the level of vibrations in the two 
buildings was significantly reduced. The permanent noise, but in principal the exceeding of 
“thresholds of high intensity”, extremely annoying, which have produced the phenomenon 
of “acoustical fatigue” have also disappeared. 

Fig. 6 - Photo of the new system of isolation for the rapier type weaving looms 

4. Resonance in the case of seismic action

In case of the incidence of an earthquake, the “exciter” is a tectonic phenomenon 
associated to a seismic source. In the process of transmitting the seismic vibrations from 
the seismic source to a building, or an engineering structure, in a given location, three 
“excited entities” should be considered: the lithosphere, the geological sedimentary deposit 
and the existing building stock at the surface of the Earth. An important characteristic of 
the propagation phenomenon of the seismic waves through the lithosphere is the following: 
at a certain location, the period of a seismic wave that is propagated from the focus will 
correspond to the distance between the focus and the location (one can talk of the seismic 
wave period in the lithosphere corresponding to that location). 

It is well established that sedimentary geological deposits are exposed to the amplification 
of the seismic motions. Those recorded on such sites are longer and more complex than the 
ones recorded on the lithosphere solid rock. The scattering and repeated reflections of 
seismic rays at geological interfaces induce a very complicated pattern, so that the 
influence of the irregular geological structure may overshadow the effect of local soil 
condition, Bard et al. (1980). In order to understand the amplification mechanism of the 
ground motion above a soft sedimentary deposit, four different phenomena must be kept in 
mind.  

The first one is the displacement amplification which occurs when a seismic ray travels 
through an interface, from a high rigidity medium (lithosphere) to a lower rigidity one 
(geological sedimentary deposit).  

The second one is the mechanical resonance of plane layers at critical frequencies. 

The third comes from the non-linearity of the ground response, the importance of which 
increases when the ground stiffness decreases, having as main effect the attenuation of 
high frequencies.  

The fourth phenomenon is the influence of geological lateral heterogeneities and 
topography, which may lead, among other effects, to the focusing of seismic rays or to 
surface ray’s generation, Bard et al. (1980).  
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Most of the knowledge concerning the amplification of the seismic motion above a soft 
deposit derives from the simple one-dimensional model (1D) of the wave – site interaction. 
This model indicates a large response of the basin at regularly spaced frequencies, named 
the “resonance frequencies”, Haskell (1960).  

Considering the geological sedimentary deposit as a one-dimensional shear vibrational 
model, it can be converted into an appropriate number of layers of discrete masses 
connected by springs. The resulted structural model of analysis with nDOF has “n” 
vibration eigenmodes. The seismic waves that are propagated through lithosphere can 
generate, in a considered seismic zone, a phenomenon of “partial resonance”, as a result of 
the identity – or the approaching – of one of the frequencies of these waves with one of the 
eigenfrequencies of the sedimentary geological deposit. That’s why it can be concluded 
that the transmission of the seismic vibrations from the lithosphere to the sedimentary 
geological deposit corresponds to an effect of a “partial resonance”.  

The seismic motion that finally arrives at the surface where it reaches different buildings 
and engineering structures is strongly influenced by the equality of the frequency value of 
a motion cycle propagated through the lithosphere with one of the sedimentary geological 
deposit eigenfrequencies, by the intensity of the motion cycle, and by its number of 
repetitions having the same frequency. The component of the seismic motion which has 
generated in the sedimentary geological deposit a “first partial resonance” produces, in the 
transmission process of the seismic vibrations from the sedimentary geological deposit to 
the structures placed above it, a “second partial resonance”. This new “partial resonance”, 
Vlad (2012), is present as a result of the vibration of the sedimentary geological deposit 
and the structures, or group of structures, having equal eigenfrequencies with the 
eigenfrequency of the sedimentary geological deposit (or with the eigenfrequency of the 
cycle of deformation in lithosphere next to a given location). 

It can be concluded that next to a given location, along the propagation path of a seismic 
wave, a cycle of deformation arrives with a certain value of its period “TSW”; the motion 
with this period value is transmitted to the sedimentary geological deposit which will 
further generate the maximum dynamic effects to some of the civil engineering works 
above it; in consequence, the maximum surface effects will be signalled to those structures 
for which T1,S = TSD=TSW, Sing et al. (1988).  

The September 19, 1985 Mexico City earthquake showed a concentration of damage in the 
former lake bed confirming the relevance of soft ground, and a peculiar distribution of high 
– and low – damage area with a pattern suggesting the resonance phenomenon (a building 
selectivity). More than 412 buildings collapsed and 3124 were severely damaged.  

The March 4, 1977 Vrancea earthquake showed a concentration of damage in Bucharest, a 
city located at about 160 km from the instrumental epicenter. 29 old blocks of flats totally 
collapsed, four new buildings partially collapsed and a great number of others suffered 
major damage. Many blocks of flats that were built without any seismic rule during the 
interwar period were severely damaged by the November 10, 1940 Vrancea earthquake. At 
that time, even at international level, strengthening techniques were not available.  

The soft and weak storey represents one of the indirect effects caused by the dynamic 
amplification generated by the resonance between the periods of the “superstructure” and 
the ensemble “structural physic base – foundation medium”.  
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5. Some conclusions

a) Due to the limited number of pages, other conclusions for the “regular pattern
vibration” will not be presented. In the case of an “irregular pattern vibration” some
conclusions should be presented in a manner extremely simple to be understood, these
being related exclusively to the seismic action.

c) Strong earthquakes cause damage to buildings and to engineering structures, both in
near and far fields. The far field damage and the problem of “resonance” between
buildings and the dominant frequency bands of the subsoil during the seismic events must
be carefully considered. Mexico City is a kind of a unique location, as the seismic waves
are amplified even at large hypocentral distances. This metropolitan area had the chance to
learn the lesson of “earthquake resonance” during the July 28, 1957 earthquake. Without
understanding this concept, it would have been difficult to explain the collapse of some
important buildings. “Foundation compliance under the relatively small footings may have
added in bringing about the resonant condition”, Rosenblueth (1960). A second case of an
earthquake that caused heavy damage in the far field was the March 4, 1977 seismic event
in Romania. Due to the large hypocentral distance between the Vrancea area and
Bucharest, the influences of the source directivity and the travel path effects are assumed
(on the basis of features of simultaneous records) to be approximately constant in the entire
city. Therefore, significant lateral variations in the ground motions must have been caused
by the site effects related to the near-surface geology (1.5 km of alluvial and diluvial
deposits and anthropogenic backfill). The third case of far field damage to buildings was
the Michoacán earthquake of September 19, 1985, when the epicentre was 400 km from
Mexico City. A puzzling question was how a seismic source at such a distance could
produce peak ground accelerations, similar to the values recorded in the epicentral
locations. The fundamental phenomenon responsible for the amplification of the motion
over soft sediments is the trapping of the seismic waves due to the impedance contrast
between the sedimentary geological deposit and the underlying lithosphere. The
interferences between these trapped waves lead to resonance patterns, Ehret et al. (2004). It
is important to note that the seismic impedance controls the reflection process of the
seismic energy at the rock interfaces.

f) Looking at the accelerograms obtained in Mexico City on 1985.09.19 and in Bucharest
on 1977.03.04 (Fig. 1), they appear to have some common features, especially in the sense
that the dominant periods are long and there exist quite clear peaks in the response spectra.
This led to an attempt of finding some common factor to explain this fact. This stable
response shape is very much in agreement with the ground conditions corresponding to a
relatively thin soft layer supported by highly rigid bedrock, while the S-wave propagation
speed presented a strong contrast at the corresponding layer interface. The conditions of
Mexico City referred to correspond quite strongly with ground condition cases which
permit the analysts to treat the surface deposit like a 1DOF mechanical system. Looking at
data available for Bucharest it turns out that the situation is different. On one hand, a look
at the geological profile, up to 1500…2000 m, presents no interfaces characterized by a
strong contrast of S-wave propagation speed. On the other hand, the successive records
obtained in Bucharest at several places, during the strong earthquakes of 1986.08.30,
1990.05.30 and 1990.05.31 have shown that the long dominant period of 1977 turned into
a secondary long period in 1986 and totally disappeared in 1990. This phenomenon was
generally remarked for all Bucharest stations, as well as for some recording stations
located in the outskirts of Bucharest. These remarks led to the conclusion that the dominant
periods in Bucharest were determined essentially by the source mechanism and not by the
local conditions. On the contrary, the records of 1986 and 1990 at the station of Cernavodă,
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where a strong S-wave contrast between the relatively thin, upper, geological deposit 
exists, the dominant periods being about the same in 1986 and 1990. 

g) The surface seismic ground motion at a building, or at an engineering structure site, is 
actually a complex superposition of an important number of wave components with 
different vibration frequencies. It is important to mention that, depending on the severity of 
an earthquake, at any given site, some components of the seismic motion and their 
frequencies are dominant. One may conclude that every seismic motion has its own 
seismic “frequency content”. That’s why the so-called “predominant period” of the 
sedimentary geological deposit “doesn’t exist”, being a false concept. The “dominant 
period” refers to the period of the dominant cycle of deformation in the lithosphere specific 
to a given location. The vibrations of a building or of an engineering structure have the 
tendency to focus around its fundamental eigenmode of vibration, characterized by the 
longest eigenperiod known as the “fundamental eigenperiod”. When the frequency content 
of a seismic ground motion is centred close to the building’s fundamental eigenfrequency, 
it is said that the building and the ground motion are in resonance with one another. 
Resonance tends to increase or amplify the building response to the seismic action. That’s 
why the buildings and the engineering structures are severely damaged when one of the 
dominant frequencies of the seismic ground motion is close, or equal, to the value of one of 
their fundamental eigenfrequencies. 

h) The concept of “resonance in case of seismic action” opens new perspectives for 
performance-based design in earthquake engineering with direct concern in buildings’ 
safety. Ignoring, or misunderstanding the behaviour of the geological medium strata above 
the base rock, leads to unrealistic (random) structural responses and seismic demands. The 
lack of soil-structure interaction studies in the design process, together with inherently 
uncertain capacity parameters, will certainly lead to the collapse of many newly built 
buildings in case of a strong peculiar Vrancea earthquake. 
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Abstract: The small amplitudes of ground motions generated by anthropogenic sources contaminate the 
seismic recordings at stations in urban areas. We analyze here the seismic recordings obtained from the 
strong motion stations installed in the metropolitan area of Bucharest to study the spectral and spatio-
temporal variations of high frequency (1-40 Hz) seismic noise. We explore diurnal and seasonal variations 
in cultural noise and show their direct dependence on the types of noise sources and frequency bands in 
which seismic noise is generated. Our analysis shows that the anthropogenic noise at frequencies above 
15 Hz is mainly influenced by human mobility. We observe significant reductions in seismic noise 
amplitudes during the low human mobility periods, such as summer and winter holidays or COVID-19 
lockdown.   

Keywords: anthropogenic noise, strong motion station, Bucharest metropolitan area, noise reduction 

1. Introduction

Urban seismology has emerged as a necessity for reducing the adverse impact of earthquakes 
on communities and the built environment in urban areas at high seismic risk. It involves, 
among other things, the installation of seismic stations in dense temporary or permanent 
networks capable of recording earthquakes and providing the data necessary to estimate their 
effects on ground motion and buildings in earthquake-prone urban areas. The quality of the data 
recorded at the stations in urban areas is affected by anthropogenic activity, such as traffic, 
surface and underground transport, human mobility, or industrial activities. These noise sources 
generate small ground vibrations in various high-frequency bands above 1 Hz, which 
contaminates the seismic recordings obtained at urban stations. The level of the anthropogenic 
seismic noise depends mainly on the type of the dominant sources and the distances to the 
sources (Grecu et al., 2021), as well as the time of the day when the recordings are made, e.g., 
during the day or night, on a weekday or weekend day (McNamara and Buland, 2004; Diaz et 
al., 2010). 
Bucharest is among the most vulnerable European capitals to earthquakes, being affected by 
the strong Vrancea intermediate-depth earthquakes. The city is located in the central part of the 
Moesic Platform (of the Precambrian and Paleozoic ages) at an epicentral distance of 140 -160 
km from the Vrancea area. The sedimentary layer is about 6 km thick (Barbu, 1980), of which 
the first 650 m in the south of the city and ~1200 m in the north belong to the Tertiary and 
Quaternary. The surface geology is represented by Quaternary deposits consisting of loosely 
consolidated clays, sands, gravels, and loosely consolidated deposits. Their total thickness 
varies between 160-200 m in the southern part of the town and 300-350 m in the northern part 
(Mândrescu and Radulian, 1999). Grecu et al. (2008) showed that this sedimentary package 
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plays an important role in the ground motion in the Bucharest area when the radiation spectrum 
generated by the source coincides with the local response. In this case, the effects of the seismic 
waves become very dramatic, as was the case for the March 4th, 1977, Mw = 7.4 earthquake. 
In this study, we explore the spectral and spatio-temporal characteristics of seismic noise 
recorded in Bucharest's metropolitan area and investigate its possible origins. We also discuss 
the influence of the noise levels on the detection capability of the strong motion network in the 
Bucharest area in case of the Vrancea earthquakes.   

2. Data and Method 

The development of the digital strong motion seismic network in the Bucharest area was 
boosted within Romanian-German cooperation (CRC461) between the National Institute for 
Earth Physics (NIEP) and the Institute of Geophysics of the University of Karlsruhe. Since 
1997, 22 K2 digital stations have been installed in and around Bucharest. After the CRC461 
cooperation ended in 2004, the network maintenance and improvement fell within the 
responsibility of NIEP. At present, the Bucharest strong motion network (BSMN) consists of 
24 stations (Fig. 1) equipped with acceleration sensors (Kinemetrics EpiSensor). Six of these 
stations are also equipped with velocity sensors (one broadband sensor and five short-period 
sensors). All the stations are recording continuously at a rate of 100 samples/s. The data are 
transmitted in real-time to NIEP through different communication types (internet, GPRS, and 
dedicated communication lines) and are acquired and archived using the seedlink protocol, part 
of SeisComP software (GmbH, 2008). SeisComP is used for real-time processing and data 
exchange, network status monitoring, and assuring access to relevant information regarding the 
stations and waveforms.  

 

Fig. 1 - Map of stations used in this study 
The upgrading of BMSN is a continuous process that involves installing new stations and 
decommissioning some old ones. Therefore, the time frame for our analysis differs from station 
to station. The longest time interval analysed is 13 years for several stations (e.g. BSTR, BTMR, 
BUC1), and the shortest is three years for the newly installed stations (e.g. BDTR, BFER, 
GSMB)  
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To investigate the seismic noise changes at the BMSN stations, we used the continuous vertical 
components of the accelerograms recorded during the entire operation period of each station. 
Our analysis is based on the algorithm proposed by McNamara and Buland (2004), and data 
processing was performed both using SQLX software and following the approach described by 
Lecocq et al. (2020a), using the publicly available SeismoRMS software package (Lecocq et 
al., 2020b).  

3. Results

Our investigations focused on several aspects. First, we compared the statistical mode of the 
probability density functions (PDF) (McNamara and Buland (2004)) computed for the vertical 
component of each station to have an overview of the differences between the noise levels at 
BMSN stations (Fig 2a). Secondly, we computed spectrograms in the frequency band 1-40 Hz 
for different time intervals to outline diurnal and seasonal variations of the seismic noise (Fig 
2b,c). The final step consisted of computing the displacement root-mean-square (DRMS) 
(Lecocq et al., 2019) in different frequency domains. We aimed to identify the effects of various 
anthropogenic noise sources on seismic noise recorded by BSMN stations.  

Fig. 2 - Summary of the results of this study: a) Mode Probability Density Function curves (green lines) for all 
investigated stations: the red line corresponds to the station with the highest noise level (BBER), while the blue 
line to the station with the lowest noise level (CIOR). The black lines correspond to Peterson’s (1993) New High 
Noise Model (NHNM) and New Low Noise Model (NLNM). b)  Diurnal variations of ambient noise observed at 
the INMR station showing the contribution of various types of noise sources in different frequency bands. c) 
Seasonal variation of ambient noise observed at stations PMGR outlining the increase of the noise power levels 
from May to October in the 20-30 Hz band. d) Long-term evolution of DRMS for the March 2019–September 
2020 period in the band 25–40 Hz, highlighting the effects of the COVID-19 lockdown and the effects of the 
summer and winter school holidays on seismic noise recorded at the SGEB station. 

4. Conclusions

We investigated the background seismic noise characteristics at the strong motion stations in 
the Bucharest metropolitan area by analyzing continuous recordings obtained over several years 
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(minimum 3 years, maximum 13 years). Our study reveals the complexity of the noise field 
recorded in an urban environment. We show that the cultural noise in the study area exhibits 
significant diurnal variations. Still, we also found noise changes related to warmer months, 
demonstrating the seasonal variation of the seismic noise. Even though the noise sources in 
Bucharest area are multiple and difficult to unravel, their effects are only captured in seismic 
records in specific frequency bands.     
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Abstract: Over the years, researchers have focused their attention on improving seismic data quality. 

Various tools have been developed for this purpose based on ambient seismic noise data. Seismic noise 

amplitude can be disturbed by numerous factors, increasing or decreasing due to human activity, traffic, 

wind speed, or other natural sources. In this study, we analyzed the vertical components of the Romanian 

seismic stations to characterize the noise levels at the stations and investigate noise variations in space 

and time. We found seasonal variations of the seismic noise in the frequency band 0.5-1 Hz. In this 

frequency domain, we also identified a significant drop in seismic noise in October 2019 at all broadband 

stations in Romania. We examined the relationship between noise levels and weather parameters (e.g., 

wind speed) for the stations where seismic sensors collocate with weather sensors. We show that an 

increase in wind speed leads to an increase in the noise level at high frequencies (> 2 Hz). 

Keywords: seismic noise, wind speed, noise variations, Romanian Seismic Network 

1. Introduction

The National Institute for Earth Physics (NIEP) operates the Romanian Seismic Network (RSN) 

(Figure 1) with the primary purpose of monitoring the seismicity occurring in Romania and its 

vicinity. The RSN stations record the ground motion continuously and provide data on the small 

amplitude Earth vibrations, known as ambient seismic noise (ASN). Its origin may be either 

anthropogenic or natural. Seismic noise from anthropogenic sources can be observed at 

frequencies above 1Hz, is generated mainly by human activity, traffic, power plants, factories, 

and is characterized by diurnal variations (McNamara and Buland, 2004; Diaz et al., 2010, 

2017; Grecu et al., 2018). On the other hand, the seismic noise of natural origin can be observed 

at low frequencies (0.05-0.5 Hz) and is related mainly to ocean activities (Longuet-Higgins, 

1950; Hasselmann, 1963). Seasonal variations characterize this type of ASN. The amplitude of 

ASN varies depending on the noise sources, the distance between sources and stations, and the 

geological structure on which the sensor is located.  

In this work, we characterize the ASN recorded by the stations of RSN by looking at its spatio-

temporal variations both in the natural and man-made noise origin domain. 
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Figure 1.  Map showing the locations of the stations belonging to the Romanian Seismic Network 

2. Data and Method 

The data used in this study originate from RSN. The network consists of 158 stations equipped 

with strong motion sensors (Episensor), of which 98 have also broadband velocity sensors 

(Güralp—CMG3ESP, CMG40T, CMG3T; Kinemetrics—KS2000; Streckeisen—STS2; 

Metrozet—MBB2, PBB) and 21 short-period velocity sensors (Marc Products—l4c, L22; 

Geotech—S13, SH-1, GS21; Kinemetrics—Ranger). The stations continuously record the 

ground motion and the data is sent in real-time to the Romanian National Data Centre, where 

is processed, analysed, disseminated and archived (Mărmureanu et al., 2021). We used in our 

analysis only the vertical components of the velocity sensors. The timeframe for which we 

analysed noise data is between 2009 and 2021. 

To evaluate the background noise at seismic stations useful tools have been developed, one of 

them being the Power Spectral Densities (PSD) and their Probability Density Functions 

(PDF)(McNamara and Buland, 2004). For the computation of  PSDs and PDFs, we used in our 

study the SQLX software, which is the commercial version of the open-source software package 

called PQLX (PASSCAL Quick Look eXtended) (McNamara and Boaz 2005). To investigate 

the long-term evolution of the noise changes at lower frequencies (< 1Hz), we also took 

advantage of the publicly available SeismoRMS software package (Lecocq et al., 2020b) that 

was used by Lecocq et al. (2020a) to show the seismic noise reduction due to the restrictions 

imposed during the COVID-19 pandemic.  

3. Results 

The PDFs have been used in many studies (McNamara and Buland, 2004; Diaz et al., 2010; 

Evanghelidis et al., 2012;  Grecu et al., 2018) to describe the general features of the background 

noise levels. We computed the PDF’s for all Romanian stations for the entire period of operation 

of each station, and we compared the results.   
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In Figure 2 we compare the PSDs obtained for the MLR and ARR stations. The PDF statistical 

mode of both stations lies between the two standard noise models of Peterson’s (1993), the New 

High Noise Model (NHNM), and the New Low Noise Model (NLNM). We can observe clear 

differences between the two stations at lower periods. The ARR shows an increase in the noise 

level for periods smaller than 1 sec, suggesting the presence of anthropogenic noise sources 

much more important than those affecting the MLR stations, although the two stations are 

located in mountain areas far from any urban agglomerations. The former station is located near 

Vidraru dam, while the latter is located in a mountain tunnel. We can observe very similar 

features for the two stations in the range of the single and double-frequency peaks, i.e. between 

2 and 20 s. These peaks have a natural origin and are related to oceanic waves. For periods 

larger than 20 s, the difference in the PDFs of the two stations is given by the poorer thermal 

isolation of the ARR's broadband sensor. 

Figure 2. PSD PDFs for the stations MLR and ARR. Black line represents the mode of the PSD PDFs and the 

grey lines correspond to the NLNM and NHNM curves. 

For some of the RSN's sites (e.g., BUC1, MLR, SURL stations), where seismic velocity sensors 

are collocated with meteorological sensors, it was possible to analyze the influence of 

atmospheric parameters (e.g., temperature, precipitations, wind speed, etc.) on seismic noise 

levels. In Figure 3 we show a good correlation between the increase of the wind speed and the 

increase of the noise level at station MLR for February 24, 2020.  
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Figure 3. Comparison of seismic noise and wind data at station MLR (Muntele Rosu) showing the spectrogram 

computed in the frequency band 2-20 Hz (top) and the representation of the wind speed data (bottom). Note a good 

correlation between the increase of the noise power in the spectrogram between February 24 and February 25, 

2020 at high frequencies (> 5Hz) and the significant increase of the wind speed for the same day.  

 

Considering the long period (2009-2021) analysed, we examined the long-term variations of 

seismic noise in different frequency bands. We followed the procedure described by Lecocq et 

al., 2019. In Figure 4 we show the seismic noise variations obtained at the MLR and ARR 

stations for March 2019-September 2020. We present only the results for the frequency band  

0.5-1 Hz. We can observe a seasonal behaviour of the noise, with an increasing trend in the 

noise level between September 2019 and March-April 2020. Another exciting aspect 

highlighted in Fig. 4 is the significant decrease in noise levels in October 2019. All broadband 

seismic stations in Romania show this drop in seismic noise. However, the phenomenon 

responsible for this drop is still under investigation.   
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Figure 4. Long-term evolution of seismic noise in the frequency band 0.5-1 Hz observed at stations MLR (top) 

and ARR (bottom). Note the increasing trend of the noise amplitude between September 2019 and April 2020, and 

the noise drop in October 2019.   

4. Conclusions

We investigated the background seismic noise characteristics at the seismic stations belonging 

to the Romanian Seismic Network. Our study reveals an increasing trend in the noise level 

between September 2019-March 2019 in the 0.5-1 Hz frequency band and a significant drop in 

seismic noise during October 2019. We also showed that the wind speed affects the seismic 

noise at high frequencies (> 2 Hz).  
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Abstract: The frequency content is an important feature of the earthquake ground motion. 
When the natural period of a structural system is close to the ground shaking predominant 
period, the dynamic response of the structural system is significantly enhanced, which may 
result in severe damages. 
The present study is focused on the ground motion dominant frequency caused by the 
intermediate-depth earthquakes of Vrancea region, Romania.  
Strong motion data from 18 events with moment magnitude ≥ 4.5 are used to analyse the 
influence of travel path, site, and source characteristics on the investigated parameter. 
The results show no significant effect of attenuation, up to hypocentral distances of ~350 
km. Also, no effect of source depth can be noticed. The contribution of earthquake 
magnitude is more significant, while the local effects prevail on the formation of ground 
motion dominant frequency.    
By relating the macroseismic intensity, peak ground acceleration and dominant frequency, 
we also test the influence of frequency on the observed intensity. The results indicate that at 
high intensity levels the acceleration needed to produce a given intensity is smaller at lower 
frequency than at higher frequency. 

Keywords: frequency content of earthquake ground motion, Fourier amplitude spectra, 
strong motion data, peak ground acceleration, macroseismic intensity.  

1. Introduction

The Vrancea region, one of the most active intracontinental seismic areas in Europe, is 
located at the bend of the Southeastern Carpathians, at the contact of three tectonic units: 
the East-European Plate, the Moesian Platform and the Intra-Alpine subplate. One-to-six 
intermediate-depth earthquakes with moment magnitude Mw ≥ 7.0 may occur here, during 
100 years (e.g., Oncescu et al. 1999). The mantle seismicity occurs in the depth range 70-
180 km, within a vertically elongated body with small lateral extent – about 30 × 70 km2, 
the long axis trending NE-SW (Fig. 1). The Vrancea region is the main source of seismic 
hazard in the extra-Carpathian area of Romania. 

The frequency content is an important feature of the earthquake ground motion, and it 
affects substantially the dynamic response of structural systems subjected to shaking. 

The present study is focused on the ground motion dominant frequency caused by the 
moderate-to-strong intermediate-depth earthquakes of Vrancea.  

We investigate the influence of travel path, site, and source characteristics on the dominant 
frequency, in order to point out the relative contribution of these factors to the formation of 
the parameter. 
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We also test the influence of frequency on the observed intensity, by relating the 
macroseismic intensity, peak ground acceleration and dominant frequency. 

2. Data analysis 

The study data consist of horizontal acceleration records from 18 earthquakes with moment 
magnitude ≥ 4.5 (Table 1 and Fig. 1).  

Table 1. The study earthquakes: date, origin time, coordinates, depth, moment magnitude (from ROMPLUS 
catalogue (Oncescu et al. 1999, updated)) 

Event # 
Date 

yyyy/mm/dd 
Origin time 
h : min : sec Lat. (N) Lon. (E) h (km) Mw 

1 1977/03/04 19:21:54.10 45.77 26.76 94 7.4 
2 1986/08/30 21:28:37.00 45.52 26.49 131 7.1 
3 1990/05/30 10:40:06.40 45.83 26.89 91 6.9 
4 1990/05/31 00:17:47.90 45.85 26.91 87 6.4 
5 2004/10/27 20:34:36.00 45.84 26.63 105 6.0 
6 2009/04/25 17:18:48.00 45.68 26.62 110 5.4 
7 2010/06/08 15:16:10.00 45.60 26.43 116 4.6 
8 2011/05/01 02:24:15.80 45.58 26.44 146 4.9 
9 2011/10/04 02:40:48.10 45.55 26.51 142 4.8 

10 2013/10/06 01:37:21.30 45.67 26.58 135 5.2 
11 2014/03/29 19:18:05.10 45.61 26.47 134 4.6 
12 2016/09/23 23:11:20.10 45.71 26.62 92 5.6 
13 2016/12/27 23:20:55.90 45.71 26.60 97 5.5 
14 2017/02/08 15:08:20.90 45.49 26.28 123 4.8 
15 2017/05/19 20:02:44.60 45.72 26.75 122 4.5 
16 2017/08/02 02:32:12.70 45.53 26.41 131 4.6 
17 2018/10/28 00:38:11.40 45.61 26.41 148 5.5 
18 2020/01/31 01:26:47.90 45.69 26.69 118 4.8 

The largest events – 4 seisms with Mw between 6.4 and 7.4 – occurred in the period 1977-
1990 and are recorded with SMA-1-type instruments. In this study we consider the digital 
data existing in the archive of the National Institute for Earth Physics of Magurele; they are 
obtained by digitization of original records on film, followed by instrument response 
correction. The data are collected from free-field sites or basements of low-rise buildings, 
located in the Extra-Carpathian zone (epicentral distances in the range 10 to 200 km).  

The strongest Vrancea event recorded with digital strong motion instruments is a moment 
magnitude 6.0 earthquake, which occurred in 2004. The records are collected by a network 
of Kinemetrics K2 accelerometers, centered in the Vrancea region and covering an area 
with a diameter of up to 500 km (Bonjer et al. 2008). 

The weaker study earthquakes – 13 events with magnitudes 4.5 ≤ Mw ≤ 5.6 – occurred in 
the period 2009-2020. The available strong motion data are provided by stations with real 
time transmission, equipped with EpiSensor acelerometers and high-quality digitizers 
(Kinemetrics K2, Quantera Q330, Quantera Q330HR, PS6-24, AIM24-S, and Basalt); they 
are distributed over the whole country (Neagoe and Ionescu 2009; Neagoe et al. 2011). 

All considered accelerograms are corrected for baseline, and band-pass filtered with a 
time-domain acausal Butterworth filter of order 8 (Kanasewich 1981). For the digital data, 
the chosen low-cut frequencies are the frequencies at which the signal-to-noise spectral 
amplitude ratio become greater than two; for the digitized analog records, the appropriate 
low-cut frequencies are selected using the procedure applied by Ardeleanu et al. (2020), 
following Zaré and Bard (2002). The low-cut frequencies vary from 0.1 to 0.35 Hz for the 
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analog data, and between 0.02 and 0.5 Hz for the digital ones. A common high-cut 
frequency of 25 Hz is chosen for all the records. 

Fig. 1 - Tectonic setting of the Vrancea seismogenic region (up) and location of the investigated moderate-to-
large earthquakes (Mw ≥ 4.5) (down). 

The full records are used to calculate the average horizontal spectra of ground motion, as 
the quadratic mean of the Fourier amplitude spectra of NS and EW components. 

The resulting spectra are then smoothed following the approach of Beresnev et al. (1994), 
in order to diminish the uncertainty in determining the dominant frequency. Thus, we use a 
three-point running Hanning average and 100 smoothings for all the records; the number of 
smoothings is chosen experimentally, taking into account its visual effect on the spectral 
shape. The dominant frequency fD is defined as the frequency at which the smoothed 
amplitude spectrum is maximum.  

3. Results

We perform a separate analysis of source, path and site effects on the ground motion 
dominant frequency, aiming to point out their relative importance for the investigated 
spectral parameter. 

For the study earthquakes we examine the spatial variation of fD in the area of interest. No 
significant effect of hypocentral distance up to about 350 km is detected; a notable 
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decrease can be observed only at distances greater than ~ 400 km, however, at these large 
distances the data are scarce. Examples are presented in Fig. 2.  

 

 
Fig. 2 – Spatial variation of dominant frequency: left - spatial distribution of fD; right - fD versus hypocentral 

distance. 
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Likewise, no effect of source depth – which ranges between 90 and 150 km for the 
analyzed events – can be detected.  

The influence of earthquake magnitude is stronger than the influence of distance. The 
dominant frequency is shifted towards lower values as earthquake magnitude increases, the 
larger earthquakes having more low-frequency energy. However, the effect of earthquake 
magnitude on fD is strongly site-dependent. Examples are displayed in Fig. 3. 

Fig. 3 – Dependence of dominant frequency on earthquake magnitude at various sites. 

The results evidence that the site effect prevails over the path and source effects in the 
formation of the ground motion dominant frequency in the investigated area.   

Using the macroseismic intensity and peak ground acceleration data available for the five 
earthquakes with Mw ≥ 6.0 (from Ardeleanu et al. (2020)), we test the influence of 
frequency on the observed intensity. Fig. 4 shows the peak ground acceleration PGAgm 
(geometric mean of the two horizontal components) versus fD for different intensity levels 
(macroseismic intensity in MSK scale). A positive trend can be noticed at high intensity 
values (above IMSK VI), indicating that the acceleration which produces a given intensity is 
smaller at lower frequency than at larger frequency. A similar tendency was reported by 
Souriau (2006). 

Fig. 4 – Peak ground acceleration versus dominant frequency, for the intensity levels V-VIII (MSK scale).  

5136 3ECEES, September 2022, Bucharest, Romania



4. Conclusions  

The present study on the dominant frequency of the ground motion produced by moderate-
to-strong intermediate-depth events of Vrancea region reveals no effect of attenuation at 
hypocentral distances < 350 km, a considerably stronger contribution of earthquake 
magnitude to the formation of the parameter, and a significant effect of local conditions. 

By testing the influence of frequency on the observed intensity, we find that at high 
intensity levels the acceleration needed to produce a given intensity is smaller at lower 
frequency than at higher frequency. 
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Abstract: A moderate sized Seoqwipo earthquake (ML 4.9) occurred off-shore of southwest 

Jeju island, the largest volcanic island of the Republic of Korea, in December 2021 and it 

followed by several aftershocks. In the study area there were a few M3 events before the 

mainshock of ML 4.9 earthquake, and this was the first M4 class earthquake in the 

surrounding area since 1905. This event produced a maximum intensity V near Jeju island 

and III on the inland. To distinguish the seismicity and properties of the study area, we 

searched for more aftershocks within ten days after the msinshock with the Matched-Filter 

method. Then we detected about three times more events than the KMA (Korea 

Meteorological Administration) catalogue. The 1-D velocity model has not been discovered 

yet for this area, so we used the VELELLIPSE location method for more accurate 

hypocentral parameters. This method is the combination of HYPOELLIPSE, one of the 

hypocentral inversion methods, and the velocity updating algorithm. After relocating the 

Seogwipo earthquake sequence, we found that the aftershocks distributed along the NE-SW 

direction which was corresponding to the strike of the mainshock according to the focal 

mechanism solution. 

Keywords: sea earthquake, precise location, aftershock detection, seismicity 

1. Introduction

About 15km away from the southwest Jeju island, ML4.9 moderate size Seogwipo 

earthquake has occurred with several aftershocks on 12th Dec 2021 (Fig. 1). It produced a 

maximum intensity of V near Jeju island and III inland the Republic of Korea. And this 

area has relatively high seismicity than its surroundings.  

To know how many earthquakes have been occurred in the study area, we searched for 

more aftershocks that did not detect at KMA (Korea Meteorological Administration) using 

the Matched-Filter (M.F.) small earthquake detection method.  

The sea of Jeju island does not have a defined 1-D velocity model. So, we used two kinds 

of location methods, VELELLIPSE (Kim et al., 2014) and HYPOELLIPSE (Lahr, 1999), 

to figure out the rough velocity structure of the study area and compare each analyzed 

location result. VELELLIPSE is a combined method by HYPOELLIPSE, one of the 

hypocentral inversion methods, and the velocity updating algorithm. Because this method 

is effective for location analysis by applying to an area where a 1-D velocity structure 

model has not been developed, we adopted this for this area.  

Using the VELELLIPSE and HYPOELLIPSE location methods addressed above, we 

relocated 21 KMA catalog events (Table. 1) over the ten days following the ML4.9 

mainshock and located some of the 49 events detected in M.F during the same day. Then 

we calculated the focal mechanism solutions using FOCMEC (Snoke et al., 2003) of the 

mainshock and large enough aftershocks and compared them with the location trend of the 

aftershocks. 
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Fig. 1 – The map of Seogwipo sea earthquake sequence. Triangles are used stations for earthquake location. 

Squares show the location of 20 aftershocks from KMA catalog. A star is the location of mainshock from 

KMA catalog.  

 

Table 1. KMA catalog including 2021 Seogwipo earthquake sequence and past M3 events 

NO Origin Time ML 
Depth 

(km) 

Max, 

Intensity 
Lat. Lon. aftershock 

Earthquake 

name 

1 
2005-06-15 

07:07:02 
3.9 

  
33.06 126.17 

  

2 
2005-06-15 

07:37:47 
3.0 

  
33.00 126.15 

  

3 
2014-05-15 

08:46:51 
3.4 18 

 
33.00 126.21 

  

4 
2021-12-14 

17:19:14 
4.9 17 Ⅴ 33.09 126.16 

 
2021 Seogwipo  

5 
2021-12-14 

17:29:05 
1.3 15 Ⅰ 33.08 126.16 O 2021 Seogwipo  

6 
2021-12-14 

17:29:34 
1.5 8 Ⅰ 33.12 126.17 O 2021 Seogwipo  

7 
2021-12-14 

17:36:54 
1.7 18 Ⅰ 33.10 126.16 O 2021 Seogwipo  

8 
2021-12-14 

18:02:27 
1.6 18 Ⅰ 33.10 126.16 O 2021 Seogwipo  

9 
2021-12-14 

18:23:10 
1.7 17 Ⅰ 33.09 126.15 O 2021 Seogwipo  

10 2021-12-14 1.6 12 Ⅰ 33.09 126.18 O 2021 Seogwipo  
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18:24:58 

11 
2021-12-14 

19:02:40 
1.5 10 Ⅰ 33.10 126.15 O 2021 Seogwipo 

12 
2021-12-14 

19:08:51 
1.6 16 Ⅰ 33.09 126.18 O 2021 Seogwipo 

13 
2021-12-14 

19:14:46 
1.6 17 Ⅰ 33.10 126.15 O 2021 Seogwipo 

14 
2021-12-14 

20:45:32 
1.3 16 Ⅰ 33.08 126.18 O 2021 Seogwipo 

15 
2021-12-14 

22:02:01 
1.5 17 Ⅰ 33.09 126.15 O 2021 Seogwipo 

16 
2021-12-14 

22:03:49 
1.5 15 Ⅰ 33.08 126.17 O 2021 Seogwipo 

17 
2021-12-14 

22:36:33 
1.3 14 Ⅰ 33.08 126.16 O 2021 Seogwipo 

18 
2021-12-15 

09:32:33 
1.7 17 Ⅰ 33.09 126.15 O 2021 Seogwipo 

19 
2021-12-15 

15:06:47 
2.8 14 Ⅱ 33.14 126.15 O 2021 Seogwipo 

20 
2021-12-16 

00:16:53 
1.7 17 Ⅰ 33.11 126.17 O 2021 Seogwipo 

21 
2021-12-16 

21:03:03 
1.4 13 Ⅰ 33.11 126.17 O 2021 Seogwipo 

22 
2021-12-17 

06:22:10 
3.2 18 Ⅲ 33.12 126.18 O 2021 Seogwipo 

23 
2021-12-18 

23:50:49 
1.9 16 Ⅰ 33.09 126.16 O 2021 Seogwipo 

24 
2021-12-22 

21:14:27 
1.7 19 Ⅰ 33.14 126.18 O 2021 Seogwipo 

2. Matched-Filter

A total of 21 earthquakes were recorded in the catalog of the KMA in 10 days after the 

ML4.9 Seogwipo earthquake. The study area has relatively high seismicity than its 

surroundings. There had been three M3 events (Table. 1), two in 2005 and one in 2014, 

before the Seogwipo earthquake. To better understand the properties of this region, we 

used the Matched-Filter method to detect small events not recorded in the KMA catalog. 

We used the 20 aftershocks of the Seogwipo earthquake sequence as template events and 

continuous waveforms in 10 consecutive days (from 14 to 23 December 2021) as traces. 

Those template events and traces are band-pass filtered 3 to 6. We cut the template event 

by 2 secs (0.5 sec before and 1.5 secs after the picked S‐wave arrival time by TauP; 

Crotwell et al., 1999) for matching with traces. And Cross-Correlation Coefficient(C.C.) 

detection threshold set the 0.5 with conservative 10 times MAD. After the Matched-Filter 

process, we found 49 new small earthquakes (Fig. 2) that do not record in the KMA 

catalog. 
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a) 

 

b) 

 

Fig. 2 – a) Time-ML graph with KMA catalog (colored and open circles; Table 1. No.5 to 24) and Matched-

Filter catalog (shaded circles; Table 2.) with cumulative number of the Seogwipo earthquake sequence. A 

star is the mainshock, blue and green circles are large aftershocks (Table 1. No.22 and No.19) from KMA 

catalog. b) Inner square of a. 

 

Table 2. Matched-Filter catalog, the shaded event numbers are located with VELELLIPSE and 

HYPOELLIPSE (35 of 49). 

No. Date Time (UTC) Relative M C.C. MAD 

1 2021-12-14 08:26:31.367 0.95 0.6924 12.0202 

2 2021-12-14 08:33:26.567 0.17 0.6342 10.9153 

3 2021-12-14 08:36:35.387 0.80 0.6268 10.8823 

4 2021-12-14 08:42:48.347 1.03 0.5847 10.4601 

5 2021-12-14 09:39:52.447 0.34 0.6311 10.8495 

6 2021-12-14 10:01:32.507 0.21 0.6659 11.6499 

7 2021-12-14 10:40:26.127 1.01 0.7237 12.9422 

8 2021-12-14 10:57:14.087 0.45 0.5771 10.0965 

9 2021-12-14 11:21:07.467 0.80 0.6557 11.5807 

10 2021-12-14 11:26:54.007 1.00 0.6220 10.6190 

11 2021-12-14 11:31:19.687 0.45 0.5976 10.2739 

12 2021-12-14 13:42:04.247 0.34 0.5794 10.3608 

13 2021-12-14 14:26:45.407 0.31 0.5550 10.2595 

14 2021-12-14 14:35:55.707 0.75 0.5487 10.4769 

15 2021-12-14 14:42:12.327 0.91 0.7647 13.2770 

16 2021-12-14 16:24:32.947 1.27 0.5657 10.1207 

17 2021-12-14 17:36:10.947 0.67 0.6945 12.0568 

18 2021-12-14 17:40:16.727 1.13 0.6962 12.0877 

19 2021-12-14 17:42:53.827 0.16 0.7124 12.4632 

20 2021-12-14 17:48:35.167 0.41 0.5781 10.0364 

21 2021-12-14 17:50:36.107 0.75 0.6641 11.8765 

22 2021-12-14 19:51:39.166 0.87 0.6783 12.1292 

23 2021-12-14 23:31:47.486 1.15 0.5813 10.1738 

24 2021-12-15 00:31:18.248 1.04 0.8406 14.9658 
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25 2021-12-15 02:00:04.068 1.15 0.5860 10.2171 

26 2021-12-15 02:55:28.688 1.21 0.8051 15.0013 

27 2021-12-15 02:58:08.868 0.96 0.7733 13.7673 

28 2021-12-15 06:36:57.447 0.34 0.5838 10.8786 

29 2021-12-15 08:18:45.947 1.13 0.8163 15.2110 

30 2021-12-15 12:03:44.007 0.25 0.6593 11.6148 

31 2021-12-15 12:17:11.667 0.39 0.5762 10.0473 

32 2021-12-15 14:06:40.687 0.91 0.6595 11.4629 

33 2021-12-15 15:16:12.887 0.03 0.6116 11.3959 

34 2021-12-15 16:00:46.767 0.41 0.6924 13.0165 

35 2021-12-15 23:22:01.506 0.88 0.6303 11.7665 

36 2021-12-15 23:22:29.946 0.80 0.5490 10.6334 

37 2021-12-16 15:54:38.267 0.81 0.5935 10.5697 

38 2021-12-16 21:38:43.666 1.17 0.5405 10.0416 

39 2021-12-17 00:02:15.088 1.70 0.8582 15.8934 

40 2021-12-17 23:02:24.026 0.97 0.5537 10.2540 

41 2021-12-18 12:24:06.527 0.95 0.7308 13.7975 

42 2021-12-19 12:15:20.247 1.00 0.6502 11.5900 

43 2021-12-19 16:27:47.427 0.96 0.5326 10.4367 

44 2021-12-19 17:22:12.067 0.47 0.5856 10.4394 

45 2021-12-20 13:16:45.987 0.45 0.5993 11.0315 

46 2021-12-21 11:58:57.927 0.63 0.7498 13.9675 

47 2021-12-22 00:45:48.788 0.48 0.5393 10.2573 

48 2021-12-23 13:42:23.387 0.75 0.5932 11.3861 

49 2021-12-23 22:58:29.526 0.67 0.5755 10.7754 

3. VELELLIPSE (Kim et al., 2014)

VELELLIPSE location method is a combination method by HYPOELLIPSE, one of the 

hypocentral inversion methods, and the velocity updating algorithm. This method yields an 

optimum 1-D velocity model by minimizing travel time residuals at each layer of the initial 

model. Then calculate the earthquake location with the revised 1-D velocity model. So, that is 

the better location analysis at the region for no defined velocity model. 

Using VELELLIPSE and HYPOELLIPSE, we relocated the KMA catalog (Fig. 3) and 

successfully located 35 small earthquakes (Fig. 4) of 49 detections by Matched-Filter method. 
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a) 

 

b) 

 

Fig. 3 – Relocation of KMA (Korea Meteorological Administration) catalog (Table. 1; No.4 to 24) with 

IASP91 1-D velocity model. a) VELELLIPSE b) HYPOELLIPSE 

 

 

a) b) 

Fig. 3 – Location of Matched-Filter detection catalog (Table. 2; shaded) with IASP91 1-D velocity model.  

a) VELELLIPSE b) HYPOELLIPSE 

 

Table 3. Focal mechanism solutions of the Seogwipo mainshock estimated by using FOCMEC program.  

(No. from Table. 1) 

No. S1 D1 R1 S2 D2 R2 P_tr P_pl T_tr T_pl B_tr B_pl 

4 97.48 47.18 -30.91 209.63 67.87 -132.8 73.35 48.33 329.09 12.37 228.86 39 
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Fig. 4 – Focal mechanism solution of the ML4.9 Seogwipo earthquake (Table. 1 – No. 4) 

4. Conclusions

The study area about 15km far from Jeju island to the southwest have relatively high 

seismicity. There have been a few M3 events before, and recently over M4 Seogwipo 

earthquake occurred with several aftershocks. This earthquake sequence produced a 

maximum intensity of V near Jeju island. For more detailed seismicity here, by using 

Matched-Filter, we detected 49 aftershocks does not record in KMA catalog in 10 days 

after the Seogwipo earthquake and located 35 events of detections to distinguish the 

rupture process. Then we found the NE trend of aftershocks movement and this result 

show naturally similar to the focal mechanism solution of the ML4.9 mainshock and we 

can guess the fault line should align with this. In future work, we will estimate source 

parameters as corner frequency, stress drop, and character of this area. 
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Abstract: In this work, we exploit the ubiquitous seismic noise generated by energy transfer 

from the ocean to the solid Earth (called microseism) to infer the sea wave height data 

provided by hindcast maps. To this aim, we use a combined approach based on statistical 

analysis and machine learning. On the basis of spectral and amplitude content, we show how 

most of the microseism energy recorded in Sicilian coastlines is contained in short period 

secondary microseism band. This energy exhibits strong seasonal patterns, with maxima 

during the winters. Concerning the space distribution of microseism amplitudes, we infer 

that it is affected by the conditions of the seas surrounding Sicily in terms of sea wave 

height. By correlation analysis, we show how the microseism is mostly generated by sources 

located close to the stations. Finally, machine learning analysis show promising results 

suggesting how it is possible to reconstruct the spatial and temporal distribution of sea wave 

activity by microseism data.  

Keywords: microseism; significant wave height; correlation coefficient; machine learning. 

1. Introduction

Microseism is the continuous and omnipresent seismic signal on Earth generated by the 

ocean-solid earth interaction (Tanimoto et al., 2015). Considering its spectral content and 

source mechanism (Haubrich and McCamy, 1969), it can be classified as: (i) primary 

microseism (PM); (ii) secondary microseism (SM); (iii) short-period secondary microseism 

(SPSM).  
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The PM (period 13-20 s) is generated when ocean gravity waves reach shallow water in 

coastal regions and interact with the sloping seafloor (Hasselmann, 1963). In this case, the 

wave energy can be converted into seismic energy through vertical pressure variations, 

which have periods similar to the incident ocean gravity waves. The SM (period 5-10 s) 

could be explained by the superposition of ocean waves of equal period traveling in 

opposite directions, generating standing gravity waves of half the period (Longuet-Higgins, 

1950). These standing waves cause non-linear perturbations that propagate without 

attenuation to the ocean bottom where it is converted to seismic energy (Hasselmann, 

1963). The SPSM (period<5 s) is characterized by sources generally linked to local sea 

state and wave activity, and influenced by local winds (Bromirski et al., 2005). 

At temperate latitude, microseism amplitudes are characterized by significant annual 

periodicity with maxima during the autumn-winter seasons and minima during springs-

summers (Aster et al., 2008). This pattern is different in the Glacial Arctic Sea and the 

Southern Ocean where, during the winters because of the sea ice, the oceanic waves cannot 

efficiently excite seismic energy (Aster et al., 2008). 

Several authors have investigated the empirical relationship between microseism 

amplitudes and the ocean wave height (e.g., Ardhuin et al., 2012), in order to predict the 

significant wave height along the coastline. Other authors have developed physical models 

of the generation of the different types of microseism from the sea state (e.g., Ardhuin et 

al., 2015). 

Considering the availability of seismic and sea wave data in the Sicilian areas and seas, the 

relationship between microseism and sea waves has been investigated in such areas by 

some authors. For instance, De Caro et al. (2014) studied the spectral content of 

microseism recorded in Ionian and Tyrrhenian Seas. Moschella et al. (2020) explored the 

microseism recorded along the coastline of Eastern Sicily in terms of spectral features, 

amplitude seasonal pattern, source location and relationship with the sea wave activity by 

machine learning-based algorithms able to provide significant wave height information 

from microseism recordings.  

In this work, by both statistical and machine learning approaches, we will explore the 

relationship between microseism, recorded by seismic stations located along the Sicilian 

coastlines, and the sea wave height in the Ionian Sea, Tyrrhenian Sea, and Sicily Channel. 

We will try to answer the question of whether it is possible to reconstruct the spatial 

distribution of sea wave height by using microseisms recorded at distinct stations and in 

different frequency bands. 

2. Data and methods 

Analyses of seismic and sea state data were performed for the whole 2019, chosen on the 

basis of both quality and quantity of the available data.   

2.1. Data 

2.1.1. Seismic data 

To study microseism, seismic signals recorded by the three components of 12 stations, 

belonging to seismic permanent network managed by Istituto Nazionale di Geofisica e 

Vulcanologia, Osservatorio Etneo – Sezione di Catania (INGV-OE), were used (Figure 1). 

These stations consist of broadband three-component Trillium 40-s seismometers 
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(NanometricsTM) recording at a sampling rate of 100 Hz (Table 1). The stations were 

selected on the basis of: (i) distance from the coastlines of Tyrrhenian Sea, Ionian Sea and 

Sicilian channel Sea; (ii) availability of continuous recordings during 2019 and low 

number of missing data; (iii) broadband sensors allowing to record the whole microseism 

band. 

Figure 1.  Map of the Mediterranean area with a selection of the broadband seismic stations, run by INGV-

OE. 

Table 1.  Selection of the broadband seismic stations, managed by INGV-OE and used in this work. 

Station name Latitude (°) Longitude (°) Altitude (m a.s.l.) Sensivity (m/count s) 

CAVT 37.67883 12.7556 158 1572860000 

MMGO 37.66195 12.97673 397 299640000 

CLTA 37.158 13.962 246 1179650000 

HPAC 36.7085 15.0372 70 1500000000 

HAGA 37.285 15.155 126 600000000 

SOLUN 38.09193 13.53261 190 471860000 

CSLB 37.93745 14.05785 583 377486000 

MUCR 38.043 14.8739 1042 1500000000 

MSRU 38.2639 15.5083 408 600000000 

AIO 37.9712 15.233 751 1500000000 

PZIN 36.8121 11.9729 205 1500000000 

MPNC 38.1465 15.3528 479 1500000000 

2.1.2. Sea state data 

To quantify the relationship between microseism and sea wave height time series in the 

Sicilian Seas, sea wave data from Copernicus Marine Environment Monitoring Service 

(CMEMS) for the 2019 (“MEDSEA_HINDCAST_WAV_006_012” product) were used. 

Such data is the hindcast product of the Mediterranean Sea Waves forecasting system, with 

5148 3ECEES, September 2022, Bucharest, Romania



hourly temporal resolution and 1/24° spatial resolution. In particular, the significant wave 

height was used. It is defined in terms of moments of the omnidirectional spectrum S(f), 

where f is the frequency. The nth moment of the spectrum is defined as (Steele and 

Mettlach, 1993): 

                                                                     (1) 

Wave height is defined as follows (Steele and Mettlach, 1993): 

    

                                                                              (2) 

 

It is demonstrated that Hs is approximately equal to the average of the highest one-third of 

the waves.  

2.2. Spectral and amplitude analysis  

To characterize the spectral features of the seismic signals recorded by the three-

component of the12 considered stations, the short-time Fourier transform was performed as 

follows: (i) a 81.92 s long time window was moved along the whole length of the traces 

and a spectrum was computed for every non-overlapping position of the window; (ii) to 

obtain daily spectra, all the spectra of the same day were averaged by using Welch’s 

segment averaging estimator (Welch, 1967); (iii) finally, all the daily spectra were gathered 

and displayed as spectrograms, which are 3D plots with time on the x-axis, frequency on 

the y-axis, and power spectral density (PSD) indicated by a color scale (Figure 2). In 

addition, to obtain information on the spectral content of the seismic signals recorded by 

the different stations during the whole period of interest, single spectra were computed for 

each three-component station as the median of all the daily spectra (Figure 3).  

Figure 2.  Examples of spectrograms of the seismic signal recorded by the vertical component of CAVT and 

HPAC stations located along the Southern Sicily coastlines. 
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Figure 3.  Examples of daily spectra of the seismic signals recorded by the vertical component of CAVT and 

HPAC stations (grey lines). For each diagram, the black thick line represents the median spectrum. 

Temporal variability of microseism amplitude was investigated by calculating the daily 

root-mean-square (RMS) amplitude of the seismic signal band-pass filtered in three 

different frequency ranges (Figure 4): (i) 0.05-0.077 Hz; (ii) 0.1-0.2 Hz; (iii) 0.2-0.4 Hz. In 

particular, these bands correspond to PM (13-20 s), SM (5-10 s) and SPSM (2.5-5 s), 

respectively. 

Figure 4.  Examples of RMS amplitude time series of the seismic signal recorded by the vertical component 

of CAVT station for SPSM (top), SM (middle) and PM (low) frequency bands. 

2.3 Analysis of spatial distribution of microseism amplitude 

To analyse the microseism amplitude distribution during different sea wave conditions, we 

individuated different time intervals characterized by one of the following conditions: (i) 

intense sea wave activity in the Sicily Channel but not in the Ionian and Tyrrhenian Seas; 

(ii) intense sea wave activity in the Ionian Sea but not in the Sicily Channel and Tyrrhenian
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Sea; (iii) intense sea wave activity in the Tyrrhenian Sea but not in the Sicily Channel and 

Ionian Sea.  

Then, a median value of RMS amplitude was obtained for each station in the three 

considered frequency bands (PM, SM and SPSM). By applying a triangulation-based 

natural neighbour interpolation (Sibson, 1981), a map showing the spatial distribution of 

RMS amplitude values was plotted per each period band and per each time interval (Figure 

5). 

 

Figure 5.  Maps of the spatial distribution of RMS amplitude of the seismic signals recorded during (a) 21 

April 2019 (the Sicily Channel has the higher sea wave height), (b) 29 November 2019 (the Tyrrhenian Sea 

has the higher sea wave height) and (c) 6 December 2019 (the Ionian Sea has the higher sea wave height) for 

SPSM frequency band. 

2.4 Correlation analysis  

On the basis of previous studies (e.g., Bromirski et al., 2001), maps of the spatial 

variability of the correlation coefficients, calculated between the time series of seismic 

RMS amplitudes and the time series of significant wave height, obtained in each grid cell 

of the hindcast maps for 2019, were computed. This kind of analysis provides some 

information about the location of the main sources of the microseism recorded by the 

selected stations.  

Following the idea of Craig et al. (2016), we used the Spearman correlation coefficient to 

explore the non-linear dependence between seismic RMS amplitudes and significant wave 

heights. Both these time series do not have normal distributions.  The Spearman correlation 

coefficient, defined as a nonparametric measure of rank correlation, can be computed as 

follows (Craig et al., 2016):  
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 (3) 

where di is the difference between the ranks of the two parameters and n is the number of 

observations.  

Correlation maps, gathering together the correlation values obtained in the nodes of the 

whole Mediterranean Sea, were obtained for the three components of each station and for 

the three different frequency bands of microseism (Figure 6). Furthermore, in order to 

highlight prospective relationships between correlation coefficient and the distance from 

the station recording the microseism to the sea grid cell providing the significant wave 

height data, cross-plots showing the distance in the x-axis and the correlation coefficient in 

the y-axis were obtained (Figure 7). 

Figure 6.  Example of correlation maps obtained for the vertical component of CAVT station for the 0.2-0.4 

Hz frequency band. The black dot indicates the location of CAVT station. 

Figure 7.  Cross-plots showing the relationship between Spearman correlation coefficient, computed between 

significant sea wave height and seismic RMS amplitudes for the vertical component of CAVT station for 0.2-

0.4 frequency band, and the distance between the seismic station and the sea grid cell. 
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2.5 Machine learning  

The RMS amplitude features of microseism in 3 different frequency bands (PM, SM and 

SPSM) for the three components of the 12 selected seismic stations have been considered 

as regressors for the sea state prediction in a regression model. The output to train the 

model was the significant wave height information provided by the 

MEDSEA_HINDCAST_WAV_006_012 product from CMEMS. Input-output pairs 

containing any missing value were discarded at this stage of the analysis. Different 

regression models based on machine learning techniques have been examined to infer the 

relationship between the microseism recorded at the seismic stations and the simultaneous 

spatial distribution of significant wave height (Figure 8).  

Figure 8. Hindcast map of significant sea wave height (left) predicted map of significant sea wave height 

based on microseism data (middle), and corresponding spatial distribution of the prediction error (right), 

computed as the difference between the predicted map and the hindcast map, during 29 March 2019 at 13:00 

UTC. 

3. Results and discussion 

Concerning the spectral and amplitude analysis, it is worth noting that most seismic energy 

was observed in the SM and SPSM frequency bands, while the PM exhibited a much 

weaker spectral amplitude (Figures 2 and 4). In particular, the SPSM peak was the 

strongest among the three frequency bands of microseism activity (Figure 3). In addition, 

in both spectrograms and RMS amplitude time series, it was possible to observe a seasonal 

modulation with maxima during the winter and minima during the summer (Figures 2 and 

4).  

The maps obtained in Sections 2.3 highlighted a good match between the spatial 

distributions of significant wave heights and RMS amplitudes (Figure 5). In particular, 

when Sicily Channel was characterized by higher sea waves than Ionian and Tyrrhenian 

Seas, maximum RMS amplitudes were observed along the Sicily southern coastlines 
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(Figure 5a).  When the highest sea wave heights were observed in the Tyrrhenian Sea, as 

expected, the highest seismic amplitudes were mostly recorded along the Sicily Northern 

coastlines (Figure 5b). On the other hand, when the Ionian Sea recorded the highest sea 

wave heights, the distribution of RMS amplitudes exhibited fewer clear results because of 

high amplitudes observed along the southern coastlines (Figure 5c). 

Concerning the correlation analysis, it was possible to state that the highest values of the 

correlation factor were observed for the SPSM frequency band (0.2-0.4 Hz; Figure 6). 

Furthermore, the portion of the Mediterranean Sea, showing the maximum value of 

correlation, were the ones closest to the stations. It is worth noting how the Tyrrhenian Sea 

and the Sicily Channel Sea often showed similar values of the correlation coefficient. This 

is due to the fact that the wave motion, in these two seas, was “more synchronized” than in 

the Ionian Sea, where the sea wave height was more independent due to the prevailing 

winds in that area. In addition, Figure 7 clearly shows a decrease in the correlation values 

with increasing distance from the station recording the microseism to the sea grid cell 

providing the significant wave height data. 

Concerning machine learning, a preliminary deep neural model has been designed with a 

topology of a fully connected network with a convolutional layer. An example of outcome 

with a trained model is shown in Figure 8. Further analysis is required to fine-tune the 

model hyperparameters. 

4. Conclusions

We analyzed the microseism recorded during 2019 by seismic stations, located along the 

Sicilian coastlines. These are the main results: (i) SPSM showed the highest amplitude 

values among the microseism frequency bands; (ii) variations of microseism amplitudes 

over the seasons, due to the stormier seas during the winters, were identified; (iii) 

microseism space distribution amplitude was affected by the conditions of the seas 

surrounding Sicily in terms of sea wave height; (iv) by correlation analysis we showed how 

the microseism recorded by the considered stations is mostly generated by sources located 

close to the stations; (v) machine learning analysis showed promising results suggesting 

how it is possible to reconstruct the spatial and temporal distribution of sea wave activity 

by microseism data. 
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Abstract: The European Plate Observing System (EPOS) addresses the problem of 

homogeneous access to heterogeneous digital assets in geoscience of the European tectonic 

plate. EPOS adopts an advanced Information and Communication Technologies (ICT) 

architecture driven by a catalog of rich metadata. The EPOS ICS Data Portal is introducing 

a new way for cross-disciplinary research. The EPOS portal can be used either to explore 

the available datasets or to facilitate the research itself. The EPOS ICS Data Portal provides 

access to data and data products from ten different geoscientific areas: Seismology, Near 

Fault Observatories, GNSS Data and Products, Volcano Observations, Satellite Data, 

Geomagnetic Observations, Anthropogenic Hazards, Geological Information and 

Modelling, Multi-scale laboratories and Tsunami Research. The presentation is showing the 

achievements of the EPOS community with focus on the EPOS ICS Data Portal which is 

providing information about available datasets from TCS and access to them. We are 

demonstrating not only features of the graphical user interface but also the underlying 

architecture of the whole system. 

Keywords: research infrastructure, data integration, cross-disciplinary research, Solid Earth 

data, interoperability 

The European Plate Observing System (EPOS) addresses the problem of homogeneous 

access to heterogeneous digital assets in geoscience of the European tectonic plate. Such 

access opens new research opportunities. Previous attempts have been limited in scope and 

required much human intervention. EPOS adopts an advanced Information and 

Communication Technologies (ICT) architecture driven by a catalogue of rich metadata. 

The architecture of the EPOS system together with challenges and solutions adopted are 

presented. The EPOS Data Portal is introducing a new way for cross-disciplinary research. 

The multidisciplinary research is raising new requirements both to students and teachers. 

The EPOS portal can be used either to explore the available datasets or to facilitate the 

research itself. It can be very instructive in teaching as well by demonstrating scientific use 

cases.  

EPOS ERIC had been established in 2018 as European Research Infrastructure Consortium 

for building a pan-European infrastructure and accessing solid Earth science data. The 

sustainability phase of the EPOS (EPOS-SP – EU Horison2020 – InfraDev Programme – 
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Project no. 871121; 2020-2022) is focusing on finding solutions for the long-term 

sustainability of EPOS developments. The ambitious plan of geoscientific data integration 

started already in 2002 with a Conception Phase and continued by an EPOS-PP 

(Preparatory Phase, 2010-2014) where about 20 partners joined the project. The finished 

EPOS-IP project (EPOS-IP – EU Horison2020 – InfraDev Programme – Project no. 

676564; 2015-2019) included 47 partners plus 6 associate partners from 25 countries from 

all over Europe and several international organizations. 

The EPOS Data Portal provides access to data and data products from ten different 

geoscientific areas: Seismology, Near Fault Observatories, GNSS Data and Products, 

Volcano Observations, Satellite Data, Geomagnetic Observations, Anthropogenic Hazards, 

Geological Information and Modelling, Multi-scale laboratories and Tsunami Research. 

The Data portal Graphic User Interface (GUI) provides search functionalities to enable 

users to filter data by using several criteria (e.g. spatio-temporal extents, keywords, 

data/service providers, free-text); also, it enables users to pre-visualize data in Map, 

Tabular or Graph formats; the GUI finally provides details about the selected data (e.g., 

name, description, license, DOI), as well as to further refine the search in order to dig into 

a smaller level of granularity of data. 

The presentation is showing achievements of the EPOS community with focus on the 

EPOS Data Portal which is providing information about available datasets from TCS and 

access to them. We are demonstrating not only features of the graphical user interface but 

also the underlying architecture of the whole system. 

2. EPOS Architecture 

The EPOS Research Infrastructure (Cocco et al., 2022) is a result of a long-time effort 

within the Solid Earth science. The EPOS architecture (Figure 1) has been developing 

continuously since the EPOS Preparatory Phase (2010-2014) and integrates data from 

distributed system of National Research Infrastructures (NRI) grouped in Thematic Core 

Services (TCS) created as domain specific communities. Each TCS defined their own 

Data, Data Products, Services and Software (DDSS) to be implemented into the Integrated 

Core Services Central Hub (ICS-C) within the EPOS ERIC perimeter. The ICS contains 

multiple components which either manage or provide integrated access to the DDSS. One 

of the key components is the EPOS Data Portal. 
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Figure 1. Main elements of the EPOS Architecture: NRIs, TCS and ICS (ICS-C & 

ICS-D) form the EPOS functional architecture, coordinated by EPOS ERIC, and 

designed to ensure the EPOS data and service provision. The Integrated Core 

Services Central Hub (ICS-C) and the Executive Coordination Office (ECO) 

belong to the EPOS ERIC legal subject. 

EPOS Data Portal provides discovery of datasets generated by NRIs which are accessed 

through services upon user request from Graphical User Interface (GUI) - (Figure 2). The 

NRIs (grouped within TCS) are the foundation of the system and source of the all 

information. The interoperability layer secures collection of metadata, harmonization of 

payload formats and communication with the software components in ICS-C. The GUI is 

accessing the metadata stored in CERIF database and data from TCS via dedicated API. 

The system is federated and centrally are stored only metadata about the DDSS but all the 

data from TCS are retrieved on the fly. This introduces an advantage of having all recent 

data and minimizes the requiremets for data storage centrally (all data remains at service 

provider level - TCS) but also a disadvantage of possible interruptions in case the service is 

down.    
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Figure 2. Sketch showing the anatomy of the TCS-ICS System: the Graphic User Interface (GUI) is the 

access point to ICS-C for users. Established TCS are illustrated in the figure. 

3. EPOS Data Portal 

The EPOS Data Portal (GUI) is still under development since 2018 and several versions 

have been released. Figure 3 is showing screenshot of the current version of the user 

interface (March 2022) with map view of datasets from multiple TCS. Other views are for 

tabular data or time series. This interface is the first step towards integrated science and 

new spaces for advanced data analysis and processing are being developed under  the 

concept of Integrated Core Services – Distributed (ICS-D; see Fig.1). Design of the new 

version is based on user experience feedback collection (2021) and is planned to be 

released in June 2022. 
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Figure 3. Graphical User Interface (GUI) showing map view of multiple TCS: a) Geological map, b) 

European Database of Seismogenic Faults, c) European Exposure Model (hidden), d) Parameters of 

Historical Earthquakes (1000-1899), e) GNSS Stations with Products and f) seismic events from Corinth Rift 

Laboratory (CRL). 

4. Conclusions

The EPOS has been established as bottom-up process based on needs raised by the 

scientific communities to improve access to scientific data and integrate cross-disciplinary 

approach in Solid Earth science. The EPOS ERIC has been established in 2018 to support 

and coordinate the further development of the system but a continuous commitment from 

all the contributors is required. Establishment and activating of long-term sustainability 

plan are the next milestone. 
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Abstract: The pandemic of COVID-19 and the global policy implemented to attenuate the 

spread of the virus, provided a unique opportunity to study the footprint of the resulting 

social impact of COVID-19 pandemic on seismic data. In this study, a non-extensive 

statistical physics approach is examined for anthropogenic high-frequency seismic noise in 

view of COVID-19 pandemic lockdown measures and the consequent changes in human 

activity levels. A continuous monitoring of the entropic index q performed during a time 

period which includes a time interval of normal social activity and a period of anthropogenic 

quiescence due to the COVID-19 pandemic lockdown measures, enabled us to observe a 

dependance between the human activity levels and the degree of non-extensivity in the 

seismic signal. Average values of pre-lockdown q parameters estimated within the urban 

environment of the cities of Athens and Thessaloniki (Greece), were equal to 1.37 and 1.56, 

respectively, while the respective post-lockdown q values were found to be 1.25 and 1.49. In 

overall, the estimated q parameters could support the conclusion that the anthropogenic 

seismic noise is sub-extensive. Lower values of q during the lockdown period reflect a lower 

degree of interacting subsystems and degree of correlations in the high-frequency seismic 

noise wavefield. A short-term examination on a week scale of the temporal behavior of 

parameter q, revealed significant patterns of daily periodicity and diurnal variations 

resembling the diurnal cycle of human activities. According to the preliminary observations 

of this study, the non-extensive parameter q is shown to be a rather promising tool regarding 

the quantitative strategies for monitoring the effect of the anthropogenic activity levels in 

seismic data. 

Keywords: Tsallis entropy, non-extensive statistics, ambient seismic noise, seismic noise 

monitoring, Covid-19, Greece 

1. Introduction 

The first human cases of the disease caused by the coronavirus SARS-CoV-2, officially 

abbreviated as COVID-19 by the World Health Organization (WHO), were first reported 

in China, in December 2019 (Zhu et al. 2020). As the virus was rapidly spreading 

throughout the world, WHO formally declared the COVID-19 outbreak a pandemic in 

51613ECEES, September 2022, Bucharest, Romania

mailto:dgiannopoulos@hmu.gr
mailto:fvallian@geol.uoa.gr
mailto:thlois@uniwa.gr


March 2020. Greece, as many other affected countries, aimed at curbing the COVID-19 

spread, carried out a number of public health scenarios, including restrictive measures on 

the movement of people. The gradual implementation of the measures concluded 

eventually to a nationwide lockdown initiated on the 23
th

 of March 2020.

In Seismology, two types of signals, have attracted the interest of statistical mechanics 

(e.g., Koutalonis & Vallianatos, 2017; 2020). The first is the seismic coda waves, which 

are mainly the multiple scattered parts of the seismic waveforms (Paul et al. 2005) and the 

second is ambient seismic noise, namely whatever is recorded when no identifiable active 

source is emitting, and which is superimposed on all recorded seismic data (Curtis et al. 

2006). The latter, being independent from the earthquake activity, is recorded by seismic 

sensors everywhere in the world and continuously in time (Stutzmann et al. 2000; Gualtieri 

2013). This continuous background seismic noise is mainly due to two different origins, 

natural or human-made, and they can be primarily classified according to their frequency 

content. Based on a principal categorization, at frequencies smaller than 1 Hz, the seismic 

noise sources are natural (e.g., atmospheric and ocean activity), at intermediate frequencies 

between 1 and 5 Hz, the sources are either natural (e.g., storms, local meteorological 

conditions) or human-made (e.g., urban activities). At frequencies higher than 

approximately 5 Hz, the sources are essentially cultural/anthropogenic (e.g., Bonnefoy-

Claudet et al. 2006). 

An after-effect of the COVID-19 pandemic lockdown measures and the subsequent 

restrictions on non-essential activities, was the significant reduction of the anthropogenic 

seismic noise, which is continuously being monitored by the permanent national 

seismological networks. This phenomenon was first documented at a global-scale by 

Lecocq et al. (2020). In this study, the results of a global-scale analysis of high-frequency 

anthropogenic seismic noise energy pointed out a significant drop of its global median of 

approximately 50% during March to May 2020. Variations of seismic noise energy in 

relation with the implementation of the lockdown measures in Greece, were initially 

documented by Giannopoulos et al., (2021). 

In terms of statistical properties of ambient seismic noise, the study of Groos & Ritter 

(2009) initially reported the non-randomness of ambient seismic noise, by processing long-

term seismic data recorded in urban environments. The aforementioned research indicated 

that only 40% of the analyzed time-series were perceived to be Gaussian distributed. 

Zhong et al. (2015), aiming to provide a scientific understanding about the statistical 

properties of seismic background noise, investigated the characteristics of land‐ seismic‐
prospecting background noise on properties such as stationarity, Gaussianity, power 

spectral density, and spatial correlation. The authors concluded that the majority of seismic 

noise records appeared to be a Gaussian process when examined over relatively low 

frequencies of about 0.05 Hz, but were found to be non‐ Gaussian when examined over 

frequencies higher than about 1 Hz.  

In recent years, there has been an increasing interest in a variety of topics relating to Earth 

Sciences in terms of non-extensive statistical mechanics. The focus of the recent 

applications of non-extensive statistical mechanics has been drawn on cases such as the 

spatio-temporal evolution of seismicity (e.g., Telesca 2010; Papadakis et al. 2015), pre-

earthquake electromagnetic emissions (e.g., Kalimeri et al. 2008; Potirakis et al. 2012), 

fault-population distributions (e.g., Vilar et al. 2007; Vallianatos & Sammonds 2011), 

earthquake energy fluctuations (e.g., Wang et al., 2015), laboratory geophysics and rock 

physics (e.g., Saltas et al. 2018), polarity reversals of Earth’s geomagnetic field (e.g., 
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Vallianatos 2011) and natural hazards (e.g. Vallianatos 2009). In addition to the previous 

case studies, an analysis of Earth’s ambient seismic noise fluctuations in terms of non-

extensive statistical physics performed by Koutalonis & Vallianatos (2017), showed that 

the ambient noise increments follow a q-Gaussian distribution, indicating that Earth’s 

ambient noise fluctuations are non-random and present long-term memory effects that 

could be described in terms of Tsallis entropy (Tsallis 2009). 

Considering the above, the main target of this preliminary study is to explore, using the 

principles of non-extensive statistical mechanics (Tsallis 2009 and references therein), the 

anthropogenic seismic noise statistics and their temporal variability in relation to changes 

in human activity in urban environments. For this purpose, we utilized continuous seismic 

data recorded in the city centers of two Greek cities. We performed a long-term monitoring 

of seismic noise of frequencies higher than 1 Hz, which is strongly related to human 

activities, during a time period which includes the implementation of the COVID-19 

lockdown measures. We exploited this specific time period of city centers in lockdown in 

order to gain some preliminary insights into the non-extensive nature of high-frequency 

seismic noise and tested for the first time the potential applicability of q-statistics as a 

monitoring tool of social activity in urban environments. 

2. Data selection

The seismic data were recorded by two permanent seismological stations of the Hellenic 

Unified Seismological Network (HUSN, http://www.gein.noa.gr/en/networks/husn), 

namely ATHU and THE, located in the cities of Athens and Thessaloniki, respectively 

(Figure 1). Station ATHU is operated by the Seismological Laboratory of the National and 

Kapodistrian University of Athens (NKUA, HA, https://doi.org/10.7914/SN/HA), while 

station THE is operated by the Aristotle University of Thessaloniki (AUTH, HT, 

https://doi.org/10.7914/SN/HT). Stations ATHU and THE are equipped with broadband 

seismometers, both acquiring at a sampling rate of 100 Hz with a natural frequency of 

0.0167 Hz (60 s) and 0.0083 Hz (120 s), respectively. 

Fig. 1 - Maps showing the installation sites of seismic stations ATHU (left image) and THE (right image), 

both depicted as red triangles. Images were acquired from © Google Earth. 

These stations were selected for their adequate data continuity, as well as for the 

appropriate conditions of their installation sites. They are both placed in university 

campuses which are located within or at a very close distance from city centers and 

densely populated urban environments (see Figure 1). In particular, station ATHU is 

installed in the facilities of the NKUA’s Department of Geology & Geoenvironment, close 

to the city center of Athens. Station THE is installed in the university campus of AUTH, 

within the facilities of the Geophysical Laboratory of the Department of Geology, also 

located in close vicinity to the city center of Thessaloniki. Both seismic stations are placed 

in proximity to busy urban environments, which are considered to be ideal localities in 

51633ECEES, September 2022, Bucharest, Romania

http://www.gein.noa.gr/en/networks/husn
https://doi.org/10.7914/SN/HA
https://doi.org/10.7914/SN/HT


terms of monitoring the anthropogenic seismic noise and the potential variations of its 

statistical imprint in the context of the current analysis. The analyzed time interval was 

January 1
st
 - April 18

th
, 2020, namely about 110 days of continuous seismic recordings

(vertical components). 

3. Principles of Non-Extensive Statistical Physics (q-Gaussian on Tsallis Statistics)

The fundamental theory of non-extensive statistical mechanics is based on Tsallis entropy 

which was initially introduced by Tsallis (1988). The theoretical framework of non-

extensive statistical mechanics is considered as a generalization of Boltzmann-Gibbs 

statistical mechanics. In particular, the widely-known and well-established Boltzmann-

Gibbs entropy 𝑆𝐵𝐺 is generalized by Tsallis (see Tsallis 2009 and references therein)

proposing the generalized entropy Sq (Tsallis entropy) which is given by the expression: 

Sq = 𝑘𝐵
1 − ∑ pi

qW
i=1

q − 1
,  (1) 

where, 𝑘𝐵 is the Boltzmann’s constant, pi is a set of probabilities, 𝑊 the total number of 

microscopical configurations and 𝑞 is an entropic index. For 𝑞 = 1 the Boltzmann-Gibbs 

entropy is reproduced by Tsallis entropy as Sq
𝑞=1
⇒  SBG. The main difference between 𝑆𝐵𝐺

and 𝑆𝑞 functionals is that they are additive and non-additive, respectively. The case of an 

additive entropy functional, means that for a main system composed by two 

probabilistically independent subsystems A and B, the entropy of the total system is equal 

with the sum of the entropies of the subsystems, i.e., S1(A, B) = S1(A) + S1(B), which is the 

case for 𝑞 = 1 (S1). However, the non-additive entropy functional violates the previous 

property and following the Tsallis approach (Tsallis 2009), the entropy of a corresponding 

system is given as Sq(A, B) = Sq(A) + Sq(B) +
1−q

𝑘B
Sq(A)Sq(B). The term (1 − q) and 

consequently the entropic index 𝑞 is the measure of non-additivity of the system under 

investigation, that accounts for the case of many non-independent effects. The outcome is 

that values of q >  1, q =  1, q <  1 respond to sub-additivity (sub-extensivity), additivity 

(extensivity) and super-additivity (super-extensivity), respectively. (Tsallis 2009) The 

maximization of Sq in Eq. (1) with conditions: ∫ 𝑝(𝑥)𝑑𝑥 = 1
+∞

−∞
and ∫ Pq(𝑥)𝑥

2+∞

−∞
=  𝜎𝑞

2, 

where Pq(𝑥) =
P(x)q

∫P(x)qdx
 and 𝜎𝑞

2 is the generalized variance, which corresponds to the

intensity of fluctuations (Tsallis 2009), produces a q-Gaussian distribution: 

𝑝(𝑥) =
1

Zq
[1 +

(𝑞−1)

(3−𝑞)

𝑥2

𝜎𝑞
2]

1

q−1
 with q > 1,  (2) 

where, Z𝑞
−1 = [

𝑞−1

𝜎𝑞
2(3−𝑞)

]
−
1

2 Γ(
1

2
)Γ(

1

q−1
−
1

2
)

Γ(
1

q−1
)

 is the generilized q-partition function and 𝛤(𝑥) is a 

Gamma function. Apparently, the q-Gaussian distribution 𝑝(𝑥) converges into a Gaussian 

distribution in the limit of q → 1. A detailed description about the q-Gaussian on Tsallis 

statistics can be found in the recent studies of Koutalonis & Vallianatos, (2017; 2020) and 

Vallianatos et al. (2018; 2019). 

4. Ambient Seismic Noise Analysis

4.1 Frequency band of interest 
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In the framework of the current preliminary study, prior to the analysis, it is essential to 

identify the frequency range where the effect of the anthropogenic activity on seismic data 

is better identified. This is efficiently achieved by calculating and inspecting the 

spectrograms at each station. Figure 2 shows the spectrograms from stations ATHU and 

THE for the time period between January 1
st
 and April 18

th
, 2020.

Spectrograms show that human related activity prevails above 1 Hz for both stations, while 

it appears to be significantly 

dominant at frequencies 

mainly above 10 Hz. At 

frequencies below 1 Hz, in 

the frequency range 

commonly known as the 

microseismic band, the 

noise energy within the 

spectrograms presents quite 

similar patterns between the 

two stations, as the energy 

of these natural signals is 

related to the interaction of 

oceanic waves (e.g., Díaz 

2016). After visual 

inspection of the 

spectrograms, an energy 

reduction after the 

implementation of the 

lockdown measures (March 

23
rd

, 2020) can be clearly

identified for frequencies 

above 10 Hz. This energy 

reduction seems to be more 

intense in the case of THE station. Taking into consideration the frequency content of the 

data, as well as the sampling rate of the seismic recordings (100 Hz), our analysis is 

focused on the high-frequency anthropogenic seismic noise within the 10 - 40 Hz 

frequency band. 

4.2 Calculation of the entropic index q 

Following the non-extensive statistical physics approach which is described in detail in 

Koutalonis & Vallianatos (2017; 2020) and Vallianatos et al. (2018; 2019), the probability 

distribution function of the ambient seismic noise is investigated by studying its time 

increment. The increment function is defined as 𝑋(𝑡) = 𝑉(𝑡 + 1) − 𝑉(𝑡), where 𝑉(𝑡) is the 

vertical-component ground motion. In particular, we analyze the normalized increments 

𝑋(𝑡) defined as 𝑥 =
(X−〈𝑋〉)

𝜎x
, with 𝜎x being the standard deviation 〈𝑋〉 the time average of 

𝑋(𝑡), constructing the probability density function 𝑝(𝑥) which is normalized to zero mean 

and unit variance. The probability density function deviates from the standard Gaussian 

shape due to the existence of heavy tails and can be rather described by the q-Gaussian 

function of the form of Eq. (2), as: 

𝑝(𝑥) = A[1 + B(𝑞 − 1)𝑥2]
−
1
q−1.  (3) 

Fig. 2 - Spectrograms of the vertical component of the seismic signals 

recorded by stations ATHU (top image) and THE (bottom image), 

corresponding to the time period between January 1 to April 18, 2020. 

Minor data gaps of station ATHU (mostly during January 2020), are 

presented with dark blue stripes. 
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The aforementioned analysis was performed on the continuous time series of seismic 

noise, filtered in the frequency band 10 - 40 Hz, using 60-min long non-overlapping sliding 

windows. The calculation of the non-extensive parameter 𝑞 on 60-min long time windows, 

provided us with a quite detailed examination of its temporal variability. In order to 

visually show the general temporal pattern of the 𝑞 parameter over the whole time period 

of interest (~ 5 months), the values of the entropic index 𝑞 were averaged on 1-day long 

moving windows. Figure 3 shows the resulted non-extensive parameter q time series of 

both seismic stations, located in Athens and Thessaloniki, respectively, between January 1
st

and April 18
th

, 2020. During the pre-lockdown period (January 1
st
 - March 22

nd
, 2020), the

high-frequency seismic noise recorded at ATHU station is characterized by an average q 

value of 1.37, while after the implementation of the lockdown measures the average 

entropic index q was found to be 1.25. Regarding station THE, the respective pre-

lockdown and post-lockdown average q values were found to be 1.56 and 1.49, 

respectively. An initial overview of the results derived from both stations suggests that the 

distribution of the recorded high-frequency seismic noise presents a hierarchical pattern 

which is consistent in statistical terms with that of non-extensive statistical mechanics. 

Despite the fact that the overall characteristics of the 𝑞-exponential distributions differ 

between the two stations, their temporal variations of 𝑞 present similar trends.  The mean 

values of the non-extensive parameter 𝑞 exhibit a decrease during the lockdown period 

compared to its mean values during the pre-lockdown period. Figure 4 shows that the 

observed decrease of 𝑞 values coincide with the transition between a time period of normal 

socio-economic activity and a time period characterized by suppression of industrial, 

commercial activities and restrictions on the citizens mobility. The observed decreased 

values of 𝑞 during the lockdown, appear to reflect a lower degree of interacting 

subsystems. 

Fig. 3 - Non-extensive parameter q time series of the vertical component of the seismic signals, filtered in the 

frequency band 10-40 Hz, calculated on moving average computed on day-long sliding windows. The 

vertical thick grey lines indicate the initiation of the lockdown measures in Greece (March 23, 2020). The 

green and red horizontal dashed lines indicate the average q values for the periods before and after the 

implementation of the lockdown measures, respectively. 

The most prominent remarks regarding the temporal variation of 𝑞 are as follows: (i) for 

both seismic stations, the lockdown period presents a quite well-differentiated average q 

value and (ii), the temporal pattern of both the short-and long-term fluctuations of 𝑞 varies 

in amplitude between the different sites. 

The non-extensive parameter 𝑞 time series derived from the long-term monitoring of 

seismic data (Figure 3), revealed a relatively clear imprint of COVID-19 lockdown 

measures on the 𝑞-statistics of high-frequency seismic noise, denoting distinctly 

differenced pre-lockdown and post-lockdown periods. Noting the fact that variations in the 
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level of human activity are considered to be the principal cause of the aforementioned 

variations in 𝑞 values, in the next step we proceeded on analyzing seismic data of shorter 

time scale, namely week-long data of continuous recordings. For this purpose, we selected 

two pairs of datasets, one for each station, consisting of seismic data recorded during a 

week before and a week after the implementation of the lockdown measures. The datasets 

were selected in such way that all days of a week (from Monday to Sunday) to be included 

in the analysis. With this way any potential differentiation in everyday life activity between 

the days of the week is taken into account. Figure 4 presents the temporal evolution of then 

non-extensive parameter 𝑞 on a week scale. In this case, parameter 𝑞 was calculated on 30-

min-long sliding windows, while the corresponding moving average was computed on 6-

hrs-long sliding windows. The mean results, derived from both stations and both time 

periods under investigation, seem that they reproduce quite accurately a human activity 

pattern. 

Fig. 4 - Non-extensive parameter q time series derived from two different week-long datasets, namely one 

week before and one week after the implementation of the lockdown measures. Parameter q was calculated 

on moving average computed on 6-hrs-long sliding windows is also presented. 

The most distinct feature of Figure 4 is the clear periodicity of 𝑞 values reflecting a 

complete distinction between weekdays and daytime/night-time activity. On the base of 

non-extensive statistical mechanics, lower values of 𝑞 are generally observed during 

daytime, while higher and maximum values of 𝑞 are mostly reached during the night. The 

temporal variations of 𝑞 are characterized by cycles characterized by an approximate 24-

hrs long interval. Regarding the effect of the lockdown on the 𝑞-statistics of the recorded 

high-frequency seismic noise, in accordance with the previously mentioned long-term 

observations, 𝑞 parameters originating from the lockdown period show lower values than 

those calculated during periods of normal activity. In general, the pre-lockdown weekly 

variations of 𝑞 present the same diurnal pattern with those of the post-lockdown period, 

with the latter being shifted to lower values. The lower values of 𝑞 are mostly marked 

during the more common range of working hours, which is assumed to be 6:00 am - 6:00 

pm for both stations. The overall reduction of 𝑞 values which is observed during the 

lockdown seems to be more significant in the case of ATHU station. This is most probably 

due to the different local environmental conditions around the installation site of each 

station. An additional remark regarding the 𝑞 variations at both stations concerns the fact 

that minimum and maximum values of 𝑞 during the lockdown are slightly shifted in time, 

compared with the period before the lockdown. In particular station ATHU presents a 

positive shift, while station THE presents a small negative shift, which is also appears to be 

less uniform during the whole week. The observed shifting of the 𝑞 minima and maxima 
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Table 1. Degrees of freedom (n) and aver-age 

q values for pre- and post-lockdown periods. 

could be attributed to a possible alternation in people’s everyday life activities. An 

additional striking observation to emerge from the week-long data analysis is that the 𝑞 

variability over time, is inversely proportional to the expected levels of human activity. 

High values of q are observed in times when the anthropogenic activity is expected to be 

low (i.e., night-time or weekends) and vice versa. The degree of non-extensivity appears to 

be higher during night-time and lower during daytime. For visualization purposes, 

examples of two probability distribution functions derived from two different seismic noise 

records, namely from a pre-lockdown (Wed., 5/2/2020) and a post-lockdown day of the 

week (Wed., 8/4/2020) are presented in Figure 5. 

Fig. 5 - Examples of two probability distribution functions derived from two different seismic noise records, 

namely (a) from a pre-lockdown day of the week (Wed., 5/2/2020) and (b) from a post-lockdown day of the 

week (Wed., 8/4/2020). Black circles: Incremental probability distribution. Black line: Respective Gaussian 

distribution. Red line: q-Gaussian model. The corresponding q values are shown in the top-right corners. 

4.3 Calculation of the degrees of freedom 

Before proceeding to the conclusions, it is noteworthy to discuss a dynamic model that 

could control the temporal pattern of the high-frequency ambient seismic noise fluctuations 

during the pre- and post-lockdown periods. This model based on the superstatistics’ 

approach initially proposed by Beck (2001). According to Beck (2004), superstatistics can 

be applied to describe the qualitative variation in a distribution at multiple hierarchical 

scales, describing the superposition short time-scale fluctuations that combined to 

construct a higher-order overall distribution. 

After adopting the methodology followed by 

Koutalonis & Vallianatos (2017; 2020), we 

proceeded by calculating the degrees of freedom, 

i.e., the number 𝒏 of independent Gaussian random

variables required to describe the anthropogenic

high-frequency seismic noise fluctuations (see 

equation 15 in Koutalonis & Vallianatos 2020).

These calculations were made taking into account the average values of 𝐪 paraeters as they

were estimated for the pre- and post-lockdown periods at stations ATHU and THE.

Considering the above, we observed the following: Regarding station ATHU, for 𝒒 =
𝟏. 𝟑𝟕, corresponding to the period before the lockdown, we find 𝒏 = 𝟒, while for 𝐪 =
𝟏. 𝟐𝟓, corresponding to the lockdown period, we find 𝒏 = 𝟕, meaning that the human-

induced seismic noise energy, fluctuates corresponding to a system with 4 and a system

with 7 degrees of freedom, before and after the implementation of the lockdown measures,

respectively. Regarding station THE, for 𝐪 = 𝟏. 𝟓𝟔, corresponding to the period before the

lockdown, we find 𝒏 = 𝟐, while for 𝐪 = 𝟏. 𝟒𝟗, corresponding to the lockdown period, we

find 𝒏 = 𝟑, meaning that the human-induced seismic noise energy, fluctuates

Stations 
Pre-lockdown Post-lockdown 

𝐪 𝒏 𝐪 𝒏 

ATHU 1.37 4 1.25 7

THE 1.56 2 1.49 3
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corresponding to a system with 2 and a system with 3 degrees of freedom, relative to the 

periods before and after the implementation of the lockdown measures, respectively. Table 

1 presents a summary of the calculated average values of the entropic index 𝐪 and the 

corresponding degrees of freedom. 

5. Discussion and Conclusions

Taking into account the results of the present work, two major conclusions that can be 

drawn, among others, could be the following: (i) the human-induced seismic noise, 

alternatively referred to as anthropogenic or cultural seismic noise, which is continuously 

monitored by permanent seismological stations, mainly operating within urban 

environments (city-based), is explained by Tsallis-entropy and the non-additive parameter 

q, (ii) temporal variations of the entropic index q and the resultant degree of non-

extensivity seems to be able to detect changes in the level of anthropogenic activity. In the 

current study, both short-term and long-term variations of q were evident in the data. 

Distinct diurnal variation patterns were observed within the short-term q time series, 

reflecting clearly defined 24-hrs long cycles of daytime-nighttime variations, which are 

possibly attributed to anthropogenic/cultural activity. A long-term monitoring of the non-

extensive parameter q performed during the time period between January 1
st
 and April 18

th
,

2020, marked a distinct change in the average q values. The observed change in q values is 

temporally correlated with the implementation of the COVID-19 pandemic lockdown 

measures. In particular, the results indicate that the “quieting” of human activity during 

lockdown (restrictions on the movement of people), has resulted in an overall reduction of 

q values. The decrease of the q values during the lockdown period suggests that the degree 

of long-range correlations could also decreases. 

In this study, we exploited continuous seismic noise records in order to gain further 

insights into the non-extensive nature of high-frequency seismic noise and evaluated for 

the first time the applicability of q-statistics as a monitoring tool of anthropogenic activity 

in urban environments. Since high-frequency seismic noise properties has not yet been 

extensively examined in the framework of non-extensive Tsallis entropy, this work could 

also trigger other fields of study and potential applications of non-extensive statistical 

physics. Applications related to data quality control measures needed for identifying the 

influence of human activity on seismic noise measurements and rejection low quality data 

in the context of several noise-based seismological methodologies (i.e., ambient noise 

tomography, horizontal-to-vertical spectral ratio technique), could be a potential important 

issue for future research. 
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Abstract: The  Swedish  National  Seismic  Network  (SNSN)  was  modernized  during  the
period  1998-2012.  Currently the  network comprises  68 permanent  and 13 medium-term
seismic broadband stations. Continuous real-time waveform data of about 30 stations are
shared with institutes in neighbouring countries (Denmark, Finland, Norway, Germany) and
with the general international community via ORFEUS. The SNSN is using four different
automatic detection and event localization systems: 1) the SIL system and 2) a migration-
stack based system both focusing on very small events and running in delayed mode, and 3)
SeisComP (SC) and 4) Earthworm(EW)  both running in real-time mode and focusing on
regional  events  The  automatic  systems  reduce  the  work  load  for  the  analysts,  and  the
intersection of the SC/EW results provides a reliable automatic bulletin without spurious
events. A neural network classification schema has been trained on SNSN waveform data
and was recently implemented to assist the analysts. In a further step we will implement the
automatic classification schema for events in the SC/EW common event bulletin in order to
screen out explosions and mining-induced events and provide rapid web-based information
to the public.

Keywords: station-operation, earthquakes, detection-processing, event-monitoring 

1. Introduction

Seismic  observations  in  Sweden  started  in  Uppsala  on  October  4th 1904  with  the
installation of a Wiechert  horizontal  pendulum seismograph (Swedish National  Seismic
Network (SNSN), 1904) and from 1969 until 1998 there were 6 analogue seismic stations
in operation. Starting in 2000 a rapid expansion and modernization of the SNSN was set in
motion.  In year 2000, 12 stations along the northeastern coast of Sweden (Bödvarsson,
1999),  in  2001-2002  19  stations  in  the  southeast  and  Uppsala  region  of  Sweden
(Bödvarsson  and  Lund,  2003,),  in  2003-2004  7  station  in  the  far  north  to  monitor
seismicity on postglacial faults (Lindblom et al., 2015), and the latest major expansion was
during 2005-2008 with 11 stations built in southwestern Sweden. Since then only a few
permanent stations have been added to the network. The SNSN has approximately 7 full-
time  equivalent  positions  shared  by  10  persons  at  the  Department  of  Earth  Sciences,
Uppsala University. These 10 staff members share the work of maintaining the country-
wide network in a climate that for months is rather harsh, operating data acquisition and
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real-time analysis, performing interactive analysis, developing software, and maintaining
information services (Lund et al., 2021)

2. Network Operations

The  SNSN  currently  operates  68  permanent  and  13  medium-term (3-year)  broadband
seismic stations (Fig. 1). The network stretches over a distance of about 1500 km from
South to North. In the southern part of Sweden the stations are evenly distributed, whereas
in the central part most of the stations are along the coast. In northern Sweden the network
again spread out to be sensitive to seismicity associated with postglacial faults and to cover
mining-induced seismicity. Even though most of the stations are very remote, all but one
(powered by solar panels and a windmill) have access to mains power. 

Fig. 1 – Stations of the Swedish National Seismic Network (red symbols) and stations from neighbouring
countries used for regional monitoring. 
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All  stations  are  sending  continuous  real-time  data  to  the  the  SNSN centre  located  at
Uppsala  University.  Data  transmission  is  via  cell-network  (ca  90% of  the  stations)  or
locally available internet connections. SNSN stations have power backup, mostly UPSes,
to bridge short-term (a few days) power outages and local data buffers enabling automatic
backfill after communication downtimes. All stations have a remote control (connected to
cell-network different from the network used for data communication), which can be used
to  power-cycle  vital  components  of  the  station  (station  computer,  digitizer,  fibre-optic
modems/router, UPS) 

Automatic routines at the the SNSN data centre are monitoring the state-of-health and the
quality of the incoming data streams. Data from SNSN stations are permanently archived
at the data  centre and in addition at two off-site locations. Continuous real-time waveform
data  from  about  30  stations  of  the  SNSN  are  shared  with  institutes  in  neighbouring
countries  (Denmark,  Finland,  Norway,  Germany)  and  with  the  general  international
community via ORFEUS.

3. Automatic Seismic Event Monitoring

SNSN uses four different automatic data processing systems for local and regional events:
(1) SIL/multi_SIL (Stefansson et al, 1993), (2) a migration stack (MS) system (Wagner et
al.,  2017),  (3) SeisComP (SeisComP, 2008) and (4) Earthworm (Earthworm, 2019),  all
completely independent from and in parallel which each other (see Fig.2). On one hand
there is signification overlap of the automatic bulletins from the individual bulletins which
gives  a  high  level  of  reliability  and  redundancy,  one  the  other  hand,  the  systems  are
complementary in terms of both timeliness as well as detection threshold. 

The SIL and the MS system are delayed and are using only SNSN stations, but are tuned to
detect very small local events. The SC and EW systems are in near-realtime and provide a
fast location service for larger events. They are using data from the SNSN stations and
from more than 100 stations in the neighbouring countries (see Fig. 1) Both, SC and EW,
have been set up to trigger at events as small as possible, which increases the number of
spurious  events  at  times.  Therefore  we  introduced  a  SC/EW common  event  bulletin,
containing events located independently by both systems. The automatic common event
bulletin is free of any spurious events and it is highly reliable. The four processing systems
are running very stable and do hardly require maintenance once they have been set up.
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Fig. 2 – Simplified data and processing flow for the regional monitoring at SNSN. Continuous data from
SNSN and external stations are fed into four independent automatic processing systems (colored in orange)
The output of the SIL system constitutes the basis for the manual analysis (using only SNSN stations). The
output of the remaining systems provides additional support for the analysts. The intersection of the SC and
EW events purges spurious events and constitutes the SC/EW common event bulletin.

The analyst review uses information from all four systems, but it is performed with SIL
system  software  designed  for  interactive  analysis  such  as  picking,  location  and  focal
mechanisms.  The information  from the MS, SC and EW systems are  presented  to  the
analysts in form of bulletin lists, but also in the form of hourly waveform plots containing
all vertical channels of the SNSN and overlayed with event markers and event parameters
from the individual bulletins. Figure 3 shows an example for such an 1-hour overview plot.
The vertical short-period (filtered 2-20Hz) SNSN channels are sorted from North to South
according to the station latitude. Seismic events are easy to spot because of the coherent
signals over several stations. In case an automatic system has determined an automatic
location a corresponding bulletin marker is placed on the plot. When there are automatic
solutions from more than one system and the locations coincide, the symbols are plotted on
top  of  each  other.  The  analysts  can  see  immediately  whether  all  interesting  events
(coherent signals) have been located, and how well the individual solutions coincide. In
Figure 3.  the ML 1.7, ML 1.9 and ML 1.97 events at  around 08:07, 08:26 and 08:31,
respectively,  were  located  with  all  4  systems  with  coinciding  results.  There  were
additionally 2 small events in the North at around 08:39 and 08:42 that were missed by SC
and EW, but detected by SIL (green symbol) and MS (pink symbol).
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Fig. 3 – Example of a waveform plot with bulletin markers to support the analysts. It shows the short-period 
(2-20Hz) vertical components of all SNSN stations ordered from top to bottom according to station latitude. 
The 1-hour section (starting 2022-03-29 08:00) contains color-coded  markers and event parameters 
determined by the individual processing systems (SIL (green), MS (purple star), SC (yellow) and EW 
(cyan)). Bulletin markers are placed according latitude on a linear scale from the bottom to the top whereas 
stations are arranged equi-spaced, hence bulletin marker may not always be placed at top of trace from 
station closest to event.

The  bulletins  of  all  automatic  systems  as  well  as  the  analyst  reviewed  catalogue  are
maintained in databases (event parameter as well as associated phases) and therefore easy
to access, sort, analyse and display in different ways. Figure 4 shows an interactive Leaflet
map  where  we can  select  all  data  bases  and  display  events  for  specific  time  periods,
magnitude ranges and regions. In addition we can display the seismic station locations,
positions  of  knows quarries  and  mines,  and  the  outlines  of  mapped  postglacial  faults.
Manually  reviewed  events  are  classified  by  the  analysts  as  blasts/explosions,  mining-
induced, unspecified (if the event lies outside Sweden) and earthquakes. These classes also
can be visualized in the Leaflet map. The map is currently internal only, but will be made
available in a very similar form on a new SNSN webpage that is being developed at the
moment. The analyst reviewed bulletin is being made available on the SNSN webpages in
Nordic and in QuakeML format
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Fig.  4  – Interactive  Leaflet  map with automatic and reviewed bulletins.  All  bulletins  are  maintained  as
databases and can easily be extracted as bulletin lists or integrated into maps. Our leaflet map implementation
allows us to access the individual bulletins for specified time periods, choose the region of interest and select
the  type  of  event  (only  for  manual  reviewed  and  classified  events  so  far).  Round symbols  are  analyst
reviewed events (green: blasts, red: earthquakes, yellow: unspecified/outside Sweden) and the diamonds are
events from the SC/EW intersection bulletin

4. Conclusions and Outlook

SNSN currently operates 68 permanent seismic broadband station that transmit continuous
real-time data to the data centre at the Department of Earth Sciences, Uppsala University,
and immediately forwards part of the data to partner institutes in neighbouring countries
and to ORFEUS. SNSN runs 4 independent automatic processing systems for automatic
event  detection  and  localization.  The  combination  of  the  systems  is  complementary,
provides redundancy and increases the reliability of the automatic results. Furthermore, the
automatic  systems  greatly  decrease  the  work  load  of  the  analysts.  Currently  only  the
reviewed bulletins are made publicly available on the SNSN web pages. The automatic
SC/EW bulletin will be made available shortly. 

We recently have trained a neural network classification schema (Eggertsson, 2019) on
historical SNSN waveform data and the event type (provided by the analysts in the historic
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reviewed bulletin).  The schema is  test-bed implemented  and provides  the  analyst  with
automatic classifications immediately after manual event analysis. The schema works very
successfully  and  we  intend  to  use  it  also  for  the  classification  of  events  in  the  fully
automatic SC/EW intersection bulletin. 

In  2022,  Sweden  is  joining  the  European  Plate  Observing  System  (EPOS).  In  the
framework of EPOS SNSN intends to make available waveform data from all permanent
stations,  station  metadata  and  parametric  event  data,  either  by  establishing  a  Swedish
European Integrated Data Archive Node or by installing web-services which conform with
standards of the FDSN (International Federation of Digitial Seismograph Networks). 
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Abstract: The contribution of dowels that connect a new reinforced concrete (RC) infill 

wall to the surrounding existing RC frame members for the seismic strengthening of existing 

multi-storey multi-bay RC frame buildings was studied through a numerical parametric 

study and it presented in this paper. The parametric study was performed by nonlinear 

response-history analyses of a two-dimensional (2D) finite element (FE) model and the 

calibration of the model was performed using the experimental results obtained from a full-

scale experiment. To complement the experimental results and to study the interaction 

between RC infills and the bounding frame both at the global and local level, a parametric 

study was performed by reducing the number of dowels starting from a spacing of 100mm 

(monolithic) to no dowels. The numerical results of the parametric study showed that the 

number of dowels used in the experimental study can be reduced significantly making the 

use of this method more attractive. These results also provide a basis for the development of 

a general model for the design of RC infills in existing RC frames, particularly regarding the 

connection details of the new RC infill walls to the existing bounding frame. The results 

from the parametric study and some observations that can lead to design recommendations 

are presented. 

Keywords: Retrofitting seismic deficient structures, finite element model, modelling of 

dowels, design recommendations 

1. Introduction

Many damaged existing buildings had to be effectively and economically retrofitted 

considering that in recent decades low and medium-rise RC buildings have experienced 

considerable damage resulting in casualties and financial loss during earthquakes. 

Nowadays, most of the strengthening strategies are based on global strengthening schemes 

since by increasing the global stiffness and reducing the seismic deformation expectations 

of a building may be more cost-effective in comparison with the local intervention of 

existing components in order to strengthen their capacities (Kaplan et al. (2011); Moehle, 

(2000); Sonuvar et al. (2004); Fardis (2009)). The strengthening of damaged RC buildings 

by infilling selected bays in both directions of the frames with RC infill walls, especially 

on the perimeter, has proved to be one of the most feasible, simple, effective, and 

economic techniques in the seismic strengthening of existing buildings when there are too 

many members to be retrofitted (Turk et al. (2006); Kaplan et al. (2011); Fardis et al. 

(2013); Chrysostomou et al. (2013)). This method can be applied to increase the strength, 

stiffness, and ductility of the building. Also, with the full infill of selected bays of an 

existing RC frame, the effectiveness of the retrofitting is increased, and the construction 

cost is reduced. According to the codes, the design of new RC walls as a retrofitting 
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method is commonly applied to guarantee monolithic behaviour between the old and the 

new members (CEN (2010); KANEPE (2017)). The monolithic behaviour is achieved by 

the construction of a new thicker web than the beams and the columns of the existing 

frame panel with the location of the new reinforcement outside the existing members and 

the details of reinforcement as in a new wall (Fardis et al. (2013)). In this way, the new 

infill walls are much stronger than what is needed for the strengthening of the structure, 

and this causes additional issues like the weak foundations of the existing building 

compared to the new wall (Fardis et al. (2013)). The addition of RC infill walls with the 

same thickness as the frame members that bound the new wall for the seismic 

strengthening of RC buildings is a relatively new method and further studies are required. 

Even though the RC infills is a common retrofitting method and it is extensively applied to 

guarantee monolithic behaviour between the old and new members, it is not addressed 

quantitatively by the codes, not even by EC8-3. Specifically, their interaction with the 

bounding frame, their design, and the detailing between the new web and the surrounding 

frame members need to be studied and regulated. The inadequacy of design codes in this 

respect is due to the poor knowledge of the behaviour of walls created by the infilling of a 

bay of an existing RC frame. Another drawback of past investigations is that they did not 

propose or even follow a quantitative procedure for the design of the connection between 

the RC infilling and the surrounding frame members. Furthermore, they have not led to or 

supported, any procedure for the quantifications of the engineering properties of the RC 

infilled frame, which is essential for its analysis and design in the context of modern 

performance-based seismic design, that is the effective stiffness, the moment and shear 

resistances, the deformation at yielding and the cyclic deformation capacity (Strepelias et 

al. (2012)). 

To start filling the gap of knowledge and to study the effectiveness of seismic retrofitting 

of multi-storey multi-bay RC frame buildings by converting selected bays into new walls 

through infilling with RC walls, a full-scale specimen was studied experimentally through 

pseudo-dynamic (PsD) tests within the project “Seismic Retrofitting of RC Frames with 

RC Infilling” (SERFIN) at the European Laboratory of Structural Assessment (ELSA) 

facility at the Joint Research Centre (JRC). The frames of the SERFIN model were 

designed and detailed for gravity loads only and different connection details between the 

infill walls and the bounding frame were used. The description of the experiment, and the 

experimental results are presented in Chrysostomou et al. (2016); Chrysostomou et al. 

(2014); Chrysostomou et al. (2013); Georgiou et al. (2021); Kyriakides et al. (2015); 

Poljansek et al. (2014). The specimen of the test of the project SERFIN was used to 

develop a numerical model of the frame that was tested. The numerical model was 

calibrated using the results of the experimental model and the FE model simulation of the 

test specimen is presented in Georgiou et al. (2022) and Georgiou et al. (2018) along with a 

comparison between the experimental results and the numerical ones. The validated model 

was used to formulate a parametric study in which the number of dowels was reduced 

starting at a spacing of 100mm (monolithic response of the test specimen) to no dowels 

performing nonlinear response-history analysis for each case. The results of these 

numerical analyses allow the study of the interaction of RC infill walls with the bounding 

frames, and the behaviour of this structural system in terms of global and local indices. 

These results are discussed and presented in Georgiou et al. (2022a) and Georgiou ES 

(2021). These results also provide a basis for the development of a general model for the 

design of RC infills in existing RC frames, particularly regarding the connection details of 

the new RC infill walls to the existing bounding frame members. In this paper, the analysis 

of the results of the parametric study that were reported at the global and local level in 
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Georgiou et al. (2022b), and design recommendations are presented and discussed. 

Furthermore, the conclusions drawn from this research are stated. 

2. Numerical simulations through a parametric study

The FE model was simulated and analysed using the DIANA finite element analysis (FEA) 

software (DIANA FEA BV, 2019). Numerical simulations were performed by varying the 

number and the arrangement of dowels connecting the new wall to the bounding frame. A 

parametric study was performed that covers a range between monolithic behaviour and that 

of a non-integral infilled frame and is presented in this section. 

Table 1. Case scenarios for the parametric study 

Case 1 

Validated 

model 

Case 

2 

Case 

3 

Case 

4 

Case 

5 

Case 

6 

Case 

7 

Case 

8 

Number, diameter, and spacing of dowels connecting the wall to the bounding frame members 

1st 

storey 

Columns 24Y20/100 16Y20/150 12Y20/200 8Y20/300 5Y20/500 2Y20 - - 

Beams 20Y20/100 13Y20/150 10Y20/200 6Y20/300 4Y20/500 2Y20 2Y20 - 

2nd 

storey 

Columns 24Y18/100 16Y18/150 12Y18/200 8Y18/300 5Y18/500 2Y18 - - 

Beams 20Y18/100 13Y18/150 10Y18/200 6Y18/300 4Y18/500 2Y18 2Y18 - 

3rd 

storey 

Columns 24Y16/100 16Y16/150 12Y16/200 8Y16/300 5Y16/500 2Y16 - - 

Beams 20Y16/100 13Y16/150 10Y16/200 6Y16/300 4Y16/500 2Y16 2Y16 - 

4th 

storey 

Columns 2Y16 2Y16 2Y16 2Y16 2Y16 2Y16 - - 

Beams 2Y16 2Y16 2Y16 2Y16 2Y16 2Y16 2Y16 - 

The validated model (Georgiou et al. (2022); Georgiou et al. (2021); Georgiou et al. 

(2019); Georgiou et al. (2018); Kyriakides et al. (2015)), had the same number of dowels 

as the SERFIN experiment (24 dowels connecting the wall to the columns and 20 dowels 

connecting the wall to the beams). Details about the modelling, including the elements 

used to simulate numerically the RC frame member, the RC infill wall, and the dowels, 

may be found in Georgiou et al. (2018-2022) and Kyriakides et al. (2015). It was then 

decided to perform another eight different cases of the number of dowels in the model. 

These parametric-study scenarios are shown in Table 1. In Table 1, the name of each case 

scenario is shown in the first row of the table. Also, in Table 1, the number, the diameter, 

and the spacing of the dowels that are connecting the wall to the bounding columns and 

beams are presented for all the floor levels of the frames. For the last case scenario (Case 

8), where there are no dowels in the model, the only connection between the new infill wall 

and the existing frame members is the cohesion and friction between the two interfaces. 

The nonlinear dynamic analysis procedure that was followed was the same for all the case 

scenarios. The time-history of an earthquake record with a peak acceleration of 0.25g was 

used for all the parametric-study scenarios and the results of the parametric study are 

illustrated and analysed in the mentioned references. The Herzeg Novi (Montenegro 1979) 

accelerogram was scaled to 0.25g to execute the specimen tests. 

3. Analysis of results from the numerical parametric study

In this section the analysis of the results of the numerical parametric study, that can be found in 

Georgiou et al. (2022b), is presented, and conclusions are drawn. Specifically, the relations 

between the number of dowels that were provided in terms of the total area of reinforcement 

(As, mm²), and the stiffness, the shear strength, the displacement of the frames, and the 

moment at the base of the frame members, is examined (Figs 1 to 4). Furthermore, the 

arrangement of dowels along the length of the wall in terms of spacing between the dowels 
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(related to the provided diameter of dowel bar, ds) is related to the forces on dowels, and the 

moment demand at the base of the frame members (in Figs. 5-7), and conclusions are drawn 

and discussed. The As and the spacing in terms of ds are shown in Table 2 for each case 

scenario. 

Table 2. Total area and spacing of dowels for all the case scenarios 

Case 

scenario 

Number of dowels connecting 

the wall to the beams 

Total area of 

dowels (As, mm²) 

Spacing of dowels in terms 

of dowels diameter (ds, mm) 

1 20Y20/100 6283.2 5ds 

2 13Y20/150 4084.1 7.5ds 

3 10Y20/200 3141.6 10ds 

4 6Y20/300 1885 15ds 

5 4Y20/500 1256.6 25ds 

6 2Y20 628.3 - 

7 2Y20 628.3 - 

As displayed in Fig. 1, the fewer the dowels that are provided, the less is the stiffness of the 

frame. It is also illustrated that when the dowels that are provided are more than 2000mm², the 

stiffness of the frame is not changing considerably. One can say that there is no need to add 

dowels more than 3000mm² to add to the stiffness of a frame. However, it is shown that when 

the provided dowels are less than 2000mm², the stiffness of the frame is significantly reduced. 

On the other hand, in the case of an existing bare frame, by adding just 2Y20 (628.32mm²) 

only on beams, or around the perimeter of the frame, or by adding just 4Y20 (1256.64mm²) 

around the perimeter of the frame, the addition to the stiffness of the frame is remarkable. Fig. 

2 shows that the relation of the number of dowels to the shear strength of the frame is similar to 

the relation to the stiffness of the frame. Nevertheless, the addition to the shear strength of the 

frame when the provided dowels are more than 3000mm² is increased, in contrast to the 

increase in stiffness when the provided dowels are more than 3000mm². This indicates that in 

the case where the aim is to increase the shear strength of the frame, the more the number of 

dowels, the more the shear strength of the frame. Moreover, in Fig. 3 it is illustrated that the 

relation of the dowels that are provided, to the displacement of the frame, as expected, is the 

opposite of the stiffness. The fewer the dowels provided, the higher the displacement of the 

frame, especially for provided dowels of less than 1000mm². Nevertheless, the displacement of 

the frame is more or less the same when the dowels that are provided are more than 3000mm². 

Consequently, as shown in Fig. 3, there is no need to add more than 3000mm² when the aim is 

to minimize the displacements of an existing frame. Fig. 4 shows the moment demand at the 

base of the wall when the frame experiences maximum base shear force and top-storey 

displacement concerning the number of the provided dowels. It is illustrated that there is a 

linear relationship between the moment demand at the base of the wall and the provided 

dowels. So, the more the provided dowels, the more is the moment demand at the base of the 

wall. This is due to the additional axial forces that the dowels take along the length at the base 

of the wall. 

Fig. 1 –Stiffness of the frames concerning the area of dowels provided (Ads, mm²) 
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Fig. 2 –Maximum base shear of the frames concerning the area of dowels provided (Ads, mm²) 

Fig. 3 –The maximum displacement of the frames concerning the area of dowels provided (Ads, mm²) 

Fig. 4 –Moment demand at the base of the wall concerning the area of dowels provided (Ads, mm²) when the 

base shear force (left graph) and the top-storey displacement (right graph) of the frames is maximum 

Fig. 5 –Maximum tensile forces of dowels concerning the arrangement of dowels (ds, mm) 

Fig. 6 –Maximum shear of dowels concerning the arrangement of dowels (ds, mm) 

Fig. 7 –Moment demand at the base of the wall concerning the arrangement of dowels (ds, mm) when the 

base shear force (left graph) and the top-storey displacement (right graph) of the frames is maximum 

The relation between the spacing of the dowels and the maximum axial and shear forces that 

the dowels take, as shown in Figs. 5 and 6, indicates that the lowest tensile and shear forces on 

dowels happen when the spacing of dowels is 5ds (as suggested in KANEPE). Then, the 
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maximum tensile and shear forces are increased for spacing higher than 7.5ds and reach their 

highest values for the highest spacing as shown in Figs. 5 and 6. Also, as shown in Fig. 7, the 

moment demand at the base of the wall is increased when the spacing of the dowels is less than 

15ds. The moment demand at the base of the wall is a polynomial function of the spacing of the 

dowels at the base of the wall and as the spacing of the dowels is increased, the moment 

demand at the base of the wall is decreased. This is due to the fewer axial forces that are 

generated at the base of the wall because of the reduced number of dowels. The graphs in Figs. 

5 and 6 indicate that if the aim is to keep the tensile and shear forces on dowels low, then the 

spacing of the dowels must be at a minimum of 5ds (as proposed in KANEPE). Otherwise, for 

spacing of dowels higher than 5ds but lower than 15ds, some dowels may reach their tensile 

strength while the maximum shear forces on dowels are about the same. These results indicate 

that the spacing of the dowels should not be more than 15ds. So, it could be recommended as a 

minimum arrangement of dowels in cases when an existing bare frame is infilled for 

strengthening reasons. 

4. Comparison of results with existing code recommendations

The provided area of dowels and their arrangement were examined in the previous sections 

and some of the conclusions that are drawn are discussed further in this section. Moreover, the 

near-collapse cyclic shear resistance (VR) calculation that is provided in EC8-3 (equation 

A.3.3) is calculated for the examined wall and the results are compared with the analysis 

results as shown in Table 3. In addition, a comparison is made with equations proposed by 

Fardis et al. (2013) in Table 4, and some preliminary design recommendations for the 

connections of the RC infill walls are proposed. 

As shown in Table 3, the analysis results reveal that the shear strength of the wall (with or 

without the bounding columns) is 2.3-3 times lower in relation to the shear resistance (VR) 

calculated according to EC8-3 at the maximum base shear of the frame for the validated FE 

model. Additionally, as shown from the SERFIN experiment results in Chrysostomou et al. 

(2013); Chrysostomou et al. (2014); Poljansek et al. (2014), the maximum total base shear of 

the frame, which includes the contribution of the outer columns of the frame, is 1074kN that is 

also lower than the calculated shear resistance according to EC8-3, which includes only the 

contribution of the wall. From the comparison in Table 3, it is shown that the EC8-3 equation 

overestimates the shear capacity of the wall when the wall is connected to the existing frame 

members through dowels and the EC8-3 equation may not be applied for such walls connected 

with the surrounding frame members through dowels since it was calibrated for monolithic 

walls without dowels. Also, the shear force demand on the horizontal section at the bottom of 

the new RC wall (Vd,i) was calculated according to Fardis et al. (2013) equation and it is 

compared with the FE model results in Table 4. This equation takes into consideration the 

number of dowels along the bottom side of the new web panel and the unfactored shear 

resistance of each of the two existing columns at the edge of the wall. As shown in Table 4, the 

estimated shear force demand at the base of the wall is 1.92 times higher than the shear force 

that was taken in the FE model. However, Vd,i is closer to the shear force at the base of the wall 

in the FE model compared to the values in Table 3. Also, Vd,i is closer to the total base shear 

force of the SERFIN experiment. This verifies that this equation is very close to the actual 

shear force that a new web panel connected with dowels along the sides of the new panel takes. 

Moreover, the FE model results of dowels are compared with the equations of KANEPE, 

(2017). The added shear to the frame (Fs) is calculated and according to KANEPE, a part of 

this force is taken by the diagonal strut (NR) of the wall and the rest of the shear is undertaken 

by the dowels (Fβλ.). The calculation of Fs considers the total shear of the new wall (Vs) that is 
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required from the earthquake and the shear strength of each bounding column (VRC). For the 

comparison that is made in this study, the shear strength of each bounding column was 

calculated according to EC8-3 and the total shear that the new wall takes is taken from the FE 

model analysis results for each case at the maximum base shear of the frame. Fig. 8 displays 

the remaining shear force (Fβλ.) that the dowels connecting the beams should take according to 

KANEPE and the shear force that the dowels take as taken from the FE model analysis results. 

As presented in Fig. 8, the shear force that the dowels take according to KANEPE is a linear 

function related to the Fs and to the diagonal strut of the wall (as explained in KANEPE, 2017). 

Besides, it is illustrated that for Fs less than 400kN there is no shear left for the dowels to take 

(all the shear is taken by the diagonal strut of the wall). On the other hand, the analysis results 

show that the shear force that is taken by the dowels is 1.6-1.9 times less than the one 

calculated by KANEPE for Fs higher than 500kN. Moreover, it is illustrated that the dowels 

take some of the shear force for smaller values of Fs even though the KANEPE calculated that 

the shear in these cases is taken by the diagonal strut. 

Table 3. Shear resistance of the wall according to EC8-3 and FE model shear strength of the wall 

When the base shear 

is maximum 

VR 

(kN) 

FE model 

shear force 

of the wall 

(kN) 

FE model 

shear force of 

the wall 

(kN) 

FE model 

shear force of 

the wall x VR 

FE model 

shear force of 

the wall x VR 

In the west direction 1628.74 553.3 725.83 2.94 2.24 

In the east direction 1764.41 681.3 697.22 2.59 2.53 

Table 4. Shear resistance of the wall according to Fardis et al., 2013 and FE model shear strength of the 

wall 

Vd,i

(kN) 

FE model shear force 

of the wall (kN) 

FE model shear force 

of the wall x Vd,i 

1396 725.83 1.92 

Fig. 8 –Maximum shear of dowels concerning the arrangement of dowels (ds, mm) 

5. Conclusions

The parametric study, which was performed to complement the experimental results of the 

SERFIN specimen and to investigate the effect of the reduction of the number of dowels 

starting from the number in the experiment and going down to no dowels, which is a non-

integral infilled frame, has provided interesting results leading to some general conclusions. As 

shown from the results of the parametric study, the stiffness of the frame is not varying 

considerably for the first three case scenarios. This observation indicates that using 10 

dowels (case 3) instead of 20 dowels the initial stiffness is about the same. It is interesting 

to note that the stiffness considerably increased for cases 6 and 7 in which two dowels on 

columns and beams, and two dowels on beams are used, respectively, compared to case 8 

in which there are no dowels. This demonstrates how important is the addition of dowels 

not just on beams but on columns as well and even more, it is shown how dominant is the 

addition of just two dowels even only on beams compared to a non-integral infill. 

Moreover, from the correlation of the axial and shear forces on dowels, it is observed that the 
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spacing of dowels along the length of the wall (spacing) affects the interaction of the axial and 

shear force on a dowel since for the first two cases when the spacing of the dowels is less than 

10ds, the dowels with low tensile forces take low shear forces as well. On the other hand, when 

the spacing of the dowels is more than 10ds, the dowels with low tensile force reach high shear 

values. Also, it is shown that the more the dowels that connect the wall to the bounding frame, 

the more is the moment demand at the base of the wall, due to the large number of dowels that 

increase the axial capacity at the base of the wall and hence its bending capacity. Furthermore, 

it is shown that the moment demand at the base of the wall is a third-order polynomial function 

of the spacing of the dowels as shown in Fig. 7 and that the moment demand at the base of the 

wall is obviously increased when the spacing of the dowels is less than 15ds. 

From the results of this research, it can be concluded that the dowels provided to connect the 

new RC infill wall to the surrounding existing frame members, depends on the aim of the 

strengthening. More specifically, if the aim is to increase the shear capacity of the building the 

more dowels provided, the more is the shear strength of the building. Otherwise, if the goal is 

to increase the stiffness of the frame as much as possible or to minimize the displacement of 

the frame, it seems that there is not much difference if one adds more than 3000mm² dowels. 

However, the additional moment demand at the base of the new wall should be considered, 

since the more the provided dowels the more the moment demand is at the base of the new 

wall. On the other hand, if the target is to provide the minimum possible dowels to the frame 

and at the same time to strengthen the building for such an earthquake event as the examined 

one, even the minimum provided dowels (2Y20, which is less compared to the KANEPE 

regulation suggested minimum of 3Y16 around the frame members) increase the stiffness as 

well as the shear strength of the frame and decrease the displacement of the frame significantly 

relative to the one strengthened with a non-integral infill wall (case 8). For an optimal 

retrofitting strategy further study is required regarding the parameters and the performance of 

the studied retrofitting strategy. 

From the comparison in Table 3, it is shown that the EC8-3 equation overestimates the shear 

capacity of the wall when the wall is connected to the existing frame members through dowels 

and the EC8-3 equation may not be applied for such walls connected with the surrounding 

frame members through dowels since it was calibrated for monolithic walls without dowels. 

Furthermore, the base shear force of the FE model wall and the SERFIN experiment was 

compared with the shear force demand (Vd,i) according to Fardis et al., (2013), which takes 

into consideration the number of dowels and the shear resistance of each of the two existing 

columns at the edge of the wall. It is shown that the estimated shear force demand at the base 

of the wall is 1.92 times higher than the shear force at the base of the wall in the FE. However, 

the Vd,i is closer to the shear force at the base of the wall in the FE model and to the base shear 

force of the SERFIN experiment compared to the comparisons with the VR from EC8-3, which 

is applied for monolithic walls. Moreover, the analysis results illustrated that the in-height 

flexural continuity of the new multi-storey wall is also guaranteed with 2Y20 dowels than the 

minimum of 3Y16 that is suggested by KANEPE, (2017), which correspond to a smaller 

cross-sectional area. Also, the shear force, Fβλ., that the dowels connecting the beams to the 

wall should take according to KANEPE, (2017) and the shear force that the dowels take 

according to the FE model analysis, showed that KANEPE overestimates by 1.6-1.9 times the 

Fβλ for higher than 500kN added shear to the frame (Fig. 8). In addition, even though 

KANEPE calculates that when the added shear is lower than 413kN then it is all taken by the 

diagonal strut, it is illustrated in Fig. 8 that the dowels take some of the shear force for smaller 

values of added shear. 

These results complement the experimental results and show that the number of dowels used in 

the experimental study can be reduced, making the use of this method more cost-effective. 

51853ECEES, September 2022, Bucharest, Romania



From the analysis and relations between the results, it is shown that the quantity and spacing of 

dowels that should be provided are depending on the aim of the strengthening of each building, 

and it could be less than the suggestions of KANEPE. Nevertheless, further studies should be 

performed to obtain a better understanding of this structural system that will allow the 

development of design guidelines. 
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Abstract: Moderate to severe earthquake events often cause structural pounding between 

building structures that are inadequately separated. In the investigation of such phenomenon, 

several options have been suggested to mitigate the negative consequences arising from 

impacts, that may provoke significant local damage and alter the dynamic behavior of the 

colliding structures. Tuned mass dampers are frequently implemented to control the lateral 

vibrations caused by dynamic actions such as winds and earthquakes. The structures must be 

in the elastic range on the use of such a solution. However, inelastic behavior may occur in 

the structures when under severe earthquakes, reducing the effectiveness of the tuned mass 

damper and compromising its performance. This secondary oscillator has also been used to 

reduce or to avoid building pounding effects. In this study, the performance of a tuned mass 

damper is assessed on mitigating earthquake-induced structural pounding between the floors 

of two multi-story structures. It was found that the tuned mass damper was effective in 

reducing the seismic response of the structures whether in elastic or inelastic behavior when 

the pounding scenario was not considered. Pounding worsens the effectiveness of tuned 

mass dampers, particularly, when non-linear behavior is considered. 

Keywords: Seismic response analysis, Structural pounding, Tuned Mass Damper (TMD), 

Passive vibration control, Non-linear inelastic behavior. 

1. Introduction

Mitigation of earthquake-induced pounding between buildings is usually concerned with 

two main aspects: effectiveness and practical applicability. In this regard, many solutions 

have been proposed over the years (Folhento et al. (2021a)), viz, the establishment of 

minimum gap size between building structures to avoid pounding; connection of adjacent 

structures by link elements, treating the adjacent buildings as one structural system; 

application of bumpers, shock absorbers, or collision shear walls at the locations prone to 

impacts; and the use of supplemental energy devices that improve the seismic performance 

of the colliding structures, attempting to reduce or eliminate pounding effects. 

The latter solution accounts for additional devices that will enhance the seismic behavior 

of the structures, mitigating pounding in this way. Examples include the use of Tuned 

Mass dampers (TMD) (Bekdas and Nigdeli (2012), Mate et al. (2017), Khatami et al. 

(2020)); Shared TMD (STMD) (Abdullah et al. (2001)) and semi-active STMD (Kim 

(2016)); and the use of Magneto-rheological dampers (Abdeddaim et al. (2017)). 

This study intends to investigate the effectiveness of a TMD applied to one of two three-

story reinforced concrete (RC) structures while considering their non-linear inelastic 

behavior under earthquake-induced pounding instances. A parametric study is carried out 
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by varying the gap size between the structures and verifying the elastic or inelastic, 

controlled or uncontrolled, and with or without pounding responses. 

2. Numerical model 

Problems regarding structural pounding require very small time steps. Hence, a simpler 

model is preferable in large parametric studies, rather than a detailed one. However, 

simpler models often require calibration to adequately represent the actual behavior. In this 

way, a Finite Element Model (FEM) is first developed in OpenSees (Mckenna et al. 

(2000)) to calibrate a shear-type lumped mass model created in MATLAB (MATLAB 

(2019)). The numerical models are briefly presented in the next subchapters. 

2.1. Finite element model 

Two RC building structures with three stories are considered, building A and B. The 

longitudinal and transversal steel reinforcement of the columns and beams’ critical sections 

are presented in Tables 1 to 3. These critical sections are the regions where non-linear 

behavior is expected to occur, i.e., the plastic hinges. A finite length lumped plasticity is 

considered as depicted in Figure 1, where the constitutive laws therein presented 

correspond to the fibers of the respective material. Figure 1 also presents a legend 

explaining the abbreviated terms in Tables 1 to 3. The compressive strength of unconfined 

concrete is 30 MPa and the yield strength of the steel used is 500 MPa. 

Table 1. Steel reinforcement of the columns’ critical sections in buildings A and B. 

Building A 

Story 
Corner Internal Edge 

Longitudinal Transversal Longitudinal Transversal Longitudinal Transversal 

1 

C.4Ø12+Ft.4Ø12; 

F.4Ø12+Ft.4Ø12 
2lØ6//8 

C.4Ø16+Ft.4Ø12; 

F.4Ø16+Ft.4Ø12 
2lØ6//8 

C.4Ø20+Ft.4Ø12; 

F.4Ø20+Ft.4Ø12 
2lØ6//8 

C.4Ø12; F.4Ø12 2lØ6//8 C.4Ø16; F.4Ø12 2lØ6//8 C.4Ø20; F.4Ø12 2lØ6//8 

2 
C.4Ø12; F.4Ø12 2lØ6//8 C.4Ø16; F.4Ø12 2lØ6//8 C.4Ø20; F.4Ø12 2lØ6//8 

C.4Ø12; F.4Ø12 2lØ6//8 C.4Ø16; F.4Ø12 2lØ6//8 C.4Ø20; F.4Ø12 2lØ6//8 

3 
C.4Ø12; F.4Ø12 2lØ6//8 C.4Ø12; F.4Ø12 2lØ6//8 C.4Ø12; F.4Ø12 2lØ6//8 

C.4Ø12; F.4Ø12 2lØ6//8 C.4Ø12; F.4Ø12 2lØ6//8 C.4Ø12; F.4Ø12 2lØ6//8 

Building B 

1 

C.4Ø12+Ft.4Ø12; 

F.4Ø12+Ft.4Ø12 
3lØ6//8 

C.4Ø16+Ft.4Ø12; 

F.4Ø16+Ft.4Ø12 
3lØ6//8 

C.4Ø16+Ft.4Ø12; 

F.4Ø16+Ft.4Ø12 
3lØ6//8 

C.4Ø12; F.4Ø12 3lØ6//8 C.4Ø16; F.4Ø12 3lØ6//8 C.4Ø16; F.4Ø12 3lØ6//8 

2 
C.4Ø12; F.4Ø12 3lØ6//8 C.4Ø16; F.4Ø12 3lØ6//8 C.4Ø16; F.4Ø12 3lØ6//8 

C.4Ø12; F.4Ø12 3lØ6//8 C.4Ø16; F.4Ø12 3lØ6//8 C.4Ø16; F.4Ø12 3lØ6//8 

3 
C.4Ø12; F.4Ø12 3lØ6//8 C.4Ø12; F.4Ø12 3lØ6//8 C.4Ø16; F.4Ø12 3lØ6//8 

C.4Ø12; F.4Ø12 3lØ6//8 C.4Ø12; F.4Ø12 3lØ6//8 C.4Ø16; F.4Ø12 3lØ6//8 

 

Table 2. Steel reinforcement of the beams’ critical sections in building A. 

Story Longitudinal Transversal 

1 / 2 

T.3Ø12+Sp.2Ø10; B.3Ø12  2lØ6//8 

T.3Ø12+ Sp.2Ø12; B.3Ø12  2lØ6//8 

T.3Ø12+ Sp.2Ø12; B.3Ø12  2lØ6//8 

T.3Ø12+ Sp.2Ø10; B.3Ø12  2lØ6//8 

3 

T.2Ø10 + Sp.2Ø10; B.3Ø12  2lØ6//8 

T.2Ø10 + Sp.2Ø10; B.3Ø12  2lØ6//8 

T.2Ø10 + Sp.2Ø10; B.3Ø12  2lØ6//8 

T.2Ø10 + Sp.2Ø10; B.3Ø12  2lØ6//8 
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Table 3. Steel reinforcement of the beams’ critical sections in building B. 

Story 

X-direction

Story 

Y-direction

Longitudinal Transversal Longitudinal Transversal 

1 / 2 

T.2Ø16+Sp.2Ø10; B.2Ø16  2lØ6//8 

1 

T.2Ø16+Sp.1Ø16; B.2Ø16  2lØ6//8 

T.2Ø16+Sp.1Ø16; B.2Ø16  2lØ6//8 T.2Ø16+Sp.2Ø12; B.2Ø16  2lØ6//8 

T.2Ø16+Sp.1Ø16; B.2Ø16  2lØ6//8 T.2Ø16+Sp.2Ø12; B.2Ø16  2lØ6//8 

T.2Ø16+Sp.1Ø16; B.2Ø16  2lØ6//8 T.2Ø16+Sp.1Ø16; B.2Ø16  2lØ6//8 

T.2Ø16+Sp.1Ø16; B.2Ø16  2lØ6//8 

2 

T.2Ø16+Sp.1Ø16; B.2Ø16  2lØ6//8 

T.2Ø16+Sp.2Ø10; B.2Ø16  2lØ6//8 T.2Ø16+Sp.1Ø16; B.2Ø16  2lØ6//8 

3 

T.2Ø12+Sp.1Ø16; B.2Ø16  2lØ6//8 T.2Ø16+Sp.1Ø16; B.2Ø16  2lØ6//8 

T.2Ø12+Sp.1Ø16; B.2Ø16  2lØ6//8 T.2Ø16+Sp.1Ø16; B.2Ø16  2lØ6//8 

T.2Ø16+Sp.1Ø16; B.2Ø16  2lØ6//8 

3 

T.2Ø10+Sp.1Ø16; B.2Ø16  2lØ6//8 

T.2Ø16+Sp.1Ø16; B.2Ø16  2lØ6//8 T.2Ø10+Sp.1Ø16; B.2Ø16  2lØ6//8 

T.2Ø12+Sp.1Ø16; B.2Ø16  2lØ6//8 T.2Ø10+Sp.1Ø16; B.2Ø16  2lØ6//8 

T.2Ø12+Sp.1Ø16; B.2Ø16  2lØ6//8 T.2Ø10+Sp.1Ø16; B.2Ø16  2lØ6//8 

Dimensions of the columns and beams of building A are 0.25x0.25 and 0.35x0.25 m2, and 

of building B are 0.30x0.30 and 0.40x0.30 m2, respectively. In addition, the slabs thickness 

of building A is 0.15 m, and of building B is 0.20 m. 

The calculated masses of building A are 57085 kg and 49022 kg for the stories and roof, 

respectively. Stories and roof masses of building B are 96265 kg and 84715 kg, 

respectively. The natural periods were obtained through the lateral stiffnesses of the 

columns per story and the above-mentioned story masses resulting in 0.515 s, 0.186 s, and 

0.131 s for building A; and 0.404 s, 0.146 s, and 0.103 s for building B. These natural 

periods are consistent with the modal analysis performed in OpenSees.  
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Fig. 1 – Representation of the finite element model with finite lumped plasticity. 
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2.1. Simplified model with the Tuned Mass Damper 

The simplified model is based on shear structures with the masses lumped at the story 

levels. The layout of this model is illustrated in Figure 2. 
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Fig. 2 – General representation layout of the simplified model. 

The story masses are linked by shear springs and dashpots to simulate the lateral dynamic 

behavior of structures that are limited to buildings that are regular in elevation. The 

dynamic response will thus be regulated by interstory shear deformations, neglecting the 

columns’ rotations, and assuming the slabs and beams as part of a rigid diaphragm. 

These models are then used to assess the global dynamic behavior of structures instead of 

local effects, which may lead to overestimations in story stiffness, strength, and ductility. 

2.1.1. Smooth hysteresis model 

A macro-hysteresis model is used to replicate the non-linear dynamic behavior of the 

stories of the aforementioned building structures. This model known as a smooth hysteresis 

model (Sivaselvan and Reinhorn (2000)), was based on the original and well-known Bouc-

Wen model (Bouc (1967), Wen (1976), (1980)) and suffered different modifications 

throughout the years (viz., Baber and Noori (1985)). This model (Figure 2) has the benefit 

of being defined by a general differential equation 

( ) ( )
*

* * *
0 1 2*

,

1
 
    
  



Wn

r
r r rKhyst

r Y

f
f = k x f = x R - a k - η sgn f x +η

f
 (1) 
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where the pinching effect is accounted by modifying the hysteretic stiffness, khyst, to the 

overall non-linear stiffness, kH, in the following way 

( )= +- -H hyst slip lock hyst slip lockk k k k k (2) 

in which kslip-lock is the slip-lock stiffness. In Equation 1, parameters fr
* and fr,Y

* are the 

hysteretic force and its yielding force, x is the displacement, k0 is the elastic stiffness, RK is 

a function that controls stiffness degradation, a is the post-yield to initial stiffness ratio, nW 

controls the smoothness transition from elastic to the post-yielding range, and η1 and η2 are 

parameters controlling the shape of the unloading path. More information about the 

hysteretic parameters can be found in Sivaselvan and Reinhorn (2000), and Folhento et al. 

(2021b). 

This model has shown great results in replicating the hysteretic behavior of portal frames 

(Mousavi et al. (2015), Folhento et al. (2021e)), and is here extended to multiple degrees of 

freedom (MDOF) systems. 

The dynamic equilibrium equation representing the response of one of the buildings is 

given by 

( ) ( ) ( ) ( ) ( ) ( )M C K M 
 

*

r p g g
X t + X t + a X t + F X t = -F t - λ x t (3) 

in which M, C, and K are, respectively, the mass, damping, and the stiffness matrices, X(t), 

Ẋ(t), and Ẍ(t) are the displacement, velocity, and acceleration vectors, respectively. In 

addition, ẍg(t) is the dynamic loading action and λg is the influence coefficient vector. FP is 

the vector of the pounding forces applied in this building and whose value is obtained 

based on the impact model described in the next subsubchapter. Lastly, Fr
* is the vector 

comprising the hysteretic part of the restoring forces added to its complementary part, i.e., 

the elastic part, the two corresponding terms in matrix form in Equation 3, resulting in the 

total restoring force vector, Fr. 

To calculate the damping of the system Rayleigh damping was used, performing the linear 

combination of the mass and stiffness matrices multiplied respectively by two coefficients 

that are obtained in function of the first two modes of vibration of the system. 

The disadvantage of this model is that it needs calibration of its hysteretic parameters. 

Hence, and in the absence of experimental data, the finite element model developed 

previously will serve as a target point for the calibration of the current model. 

The values of the hysteretic parameters were obtained from an optimization procedure 

attempting to minimize the Normalized Root Mean Square Error (NRMSE) between the 

responses (lateral shear forces and interstory drifts) of the simplified and refined model. 

The yield forces of each story were obtained by non-linear static analyses performed for 

each story of each building accounting by the axial forces in the columns. Figure 3 presents 

as an example, the building structures’ interstory drift to the El Centro earthquake (PGA: 

2.76m/s2) (PEER), obtained with the finite element model and the simplified model, 

showing a satisfactory level of approximation. Story shear forces were better predicted 

than interstory drifts. 

The state-space formulation was used to formulate the dynamic problem. The fixed-step 

4th order Runge-Kutta method was applied to solve the differential equations. A bigger 

time-step, Δt = 5×10-3 s, was used for most of the simulation, and for a condition of the 

proximity of the structures, better capturing the pounding force, a smaller time-step was 

used, Δt = 5×10-5 s. 
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(a) Building A (b) Building B

Fig. 3 – Finite element model (FEM) and simplified model interstory drift responses comparison. 

2.1.2. Impact model 

To calculate the pounding forces generated from the collisions between the two building 

structures with different dynamic properties, the Kelvin-Voight model or linear 

viscoelastic impact model (Anagnostopoulos (2004)) was used, being represented in Figure 

2. In addition, the negative pounding force verified at the end of the impacts was

disregarded. The impact stiffness, kimp, was assumed as equal to the axial stiffness of the

stiffer floor. The coefficient of restitution, CR, taken as 0.65 (usual in structural

applications), was used to determine the impact damping constant, cimp as follows

( )

( )

,,

2
2,,

ln
2 where

  

B iA i
imp,i imp,i imp imp

B iA i

m m - CR
c = ξ k ξ =

m + m
π + ln CR

(4) 

where ξimp is the impact damping ratio and i the story number. An impact is detected when 

the structures interpenetrate, i.e., when the interpenetration depth, δi, is positive (δi = xA,i – 

xB,i – Gap) 

( )
( ) ( ) ( )

( )

for

for



 

imp i imp,i i i
P,i

i

k δ t +c δ t , δ t >0
f t =

0 δ t 0
(5) 

2.1.3. Tuned mass damper optimal parameters 

The optimum parameters for the TMD represented in Figure 2 applied to building A are 

computed based on the expressions provided by Sadek et al. (1997). The procedure is 

equivalent to the one of a single degree of freedom (SDOF) in determining the optimum 

tuning ratio, f, and damping ratio of the TMD, ξT. The difference resides in the mass of the 

structure and mode of vibration considered. Hence, the mass ratio between the TMD mass, 

mT, and the modal mass of the first mode for a unit participation factor is obtained by 
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T

1 1
= M 

T
μ m (6) 

in which ϕ1 is the fundamental mode shape. The tuning ratio is obtained as follows 

1 Φ
= 1 - ξ

1 + Φ 1+ Φ

 
 
 
 

μ
f

μ μ
(7) 

and the damping ratio of the TMD 

ξ
ξ Φ

1 + Φ 1+

 
 
 
 

= +
μ

μ μ
(8) 

where Φ is the amplitude of the first mode for a unit modal participation factor calculated 

at the top floor of building A, where the TMD is located. 

In this study, a TMD to structure mass ratio of 5% is considered. 

3. Presentation and discussion of results

Results will be discussed in terms of maximum absolute responses against the variation of 

the gap size between the buildings (Figures 4-9). The structures were subjected to the same 

earthquake signal mentioned in the calibration process carried out previously. 

(a) Uncontrolled; (b) Controlled.

Fig. 4 – Maximum displacements versus gap size between the structures with elastic behavior. 

(a) Uncontrolled; (b) Controlled.

Fig. 5 – Maximum displacements versus gap size between the structures with inelastic behavior. 
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(a) Uncontrolled; (b) Controlled.

Fig. 6 – Maximum pounding forces versus gap size between the structures with elastic behavior. 

(a) Uncontrolled; (b) Controlled.

Fig. 7 – Maximum pounding forces versus gap size between the structures with inelastic behavior. 

The elastic and inelastic responses are also presented so to assess how the inelastic 

behavior would influence the performance of the TMD when earthquake-induced building 

pounding occurs based on the gap size between the structures. 

Observing the maximum displacements, it is evident that the TMD has great performance 

when the elastic behavior of the structures is considered. Building A, where the TMD is 

applied, has its maximum displacements reduced while building B is only slightly 

influenced. In addition, building pounding is inexistent after a gap of 0.065 m for the 

uncontrolled case and after 0.05 m for the controlled case, as can be observed in Figure 6. 

The TMD reduced the range in which pounding occurs. This also allows us to verify the 

influence of the TMD when pounding does not occur. Figure 4 shows that after the referred 

gap sizes the TMD had a positive effect on the individual response of building A. Figure 6 

also reveals that not only the range in which pounding occurs but also the magnitude of the 

pounding forces decreases. Figure 8 corroborates the effectiveness of the TMD in reducing 

pounding effects when elastic behavior is considered, showing that the number of impacts 

is generally less in the controlled case compared to the uncontrolled one. 

If inelastic behavior is deemed to occur in a system that depends on the control action of a 

TMD, results will not be as positive as in the elastic scenario. 

As verified in previous studies with simplified SDOF systems (Folhento et al. (2021c), 

(2021d)), elastic behavior may overestimate the magnitude and number of impacts and 

underestimate the lateral displacements. 
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(a) Uncontrolled; (b) Controlled.

Fig. 8 – Number of collisions versus gap size between the structures with elastic behavior. 

(a) Uncontrolled; (b) Controlled.

Fig. 9 – Number of collisions versus gap size between the structures with inelastic behavior. 

Hence, the inelastic behavior of the structures influenced the pounding response, i.e., less 

number and magnitude of the impacts and higher lateral displacements. The TMD had little 

effect on the number of impacts as observed in Figure 9. However, the magnitude of the 

pounding forces was not generally reduced and the range in which pounding occurs was 

actually increased in stories 2 and 3 as verified in Figure 7. Considering the displacements 

in Figure 5, the TMD had a slightly positive effect, whether pounding occurs or not. 

4. Conclusions

This study shows that TMDs are effective in reducing the dynamic lateral response of 

building structures with elastic behavior under earthquake-induced pounding instances. 

The TMD reduces the maximum lateral displacements, number and magnitude of the 

pounding forces, and the range of the gap size in which pounding occurs. However, the 

inelastic behavior of the structures worsens the performance of the TMD leading to higher 

magnitudes of the maximum pounding forces. Further studies should include the variation 

of the TMD to the structure mass ratio and the consideration of more seismic actions.  
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Abstract: Transmission line system (TLS) collapse during a natural disaster may severely 
impact the power grid, affecting subsequent construction or reconstruction of vital 
infrastructure, community living quality, disaster response, and the triggering of secondary 
disasters (due to interdependent infrastructure). The seismic risk of TLS collapse is a topic 
that has received little attention from the research community. This research describes a 
method for evaluating the seismic collapse risk of a TLS segment in Portugal.  The 
OpenSees framework was used to create a high-fidelity Finite Element Model (FEM) of a 
TT and the remaining system components (lines and adjacent towers) in order to predict the 
system's ultimate capacity. The seismic collapse fragility functions (FF) are generated by 
implementing Incremental Dynamic Analysis (IDA) approach. The record-to-record 
variability of earthquake input is investigated with a set of 40 ground motions records 
(GMR), using the conditional spectrum for a specific site in Portugal as the target spectrum. 
The study demonstrate that the TLS has a lower probability of collapsing over its design life 
(0.034% in 50 years), suggesting that the seismic risk of collapse is acceptable. 

Keywords: Fragility analysis, Three-dimensional modelling, Incremental Dynamic 
Analysis, Ground motion record selection 

1. Introduction

Transmission lines system (TLS), or overhead power-lines, is a critical lifeline in modern 
societies. The large electrical grid enables developed countries to sustain high standards of 
living; however, the risk of local line faults resulting in large-area power outages exists and 
is growing [OSCE (2016)]. Transmission line collapse during a natural disaster (e.g. 
earthquakes or extreme winds) may induce cascade failure, which could affect 
tremendously the national economy (direct and indirect costs) and the society life and 
comfort quality [Ghannoum (1981). Excessive energy input into the TLS by seismic waves 
may result in a violation of critical limit states (e.g. collapse), resulting in local member 
failures or, in the worst-case scenario, the collapse of the transmission tower (TT) and 
potentially cascade failure of a line segment. However other earthquake induced hazards 
are often to blame (ground failure or soil liquefaction) [Karagiannis et al. (2017), Kempner 
et al. (2018)]. 

The seismic assessment of the TLS, as a complex and long dimension 
electrical/mechanical system, constitutes one of the most difficult tasks to the analyst. To 
examine the ultimate capacity, a high fidelity numerical model of the TLS (three towers 
and four spans) was developed in OpenSees [Mazzoni et al. (2006)]. The main TT has 
received considerable attention, as the numerical model can capture different member 
failures modes (yielding, buckling and post-buckling), gusset-plate flexural resistance, in 
addition to specific lattice tower characteristics joint effects as bolt slippage, joint 
eccentricities and  semi-rigid behaviour at leg-diagonal connection. The IDA is a well-
known approach for evaluating the overall collapse condition of a structure and is part of 
the methodology for generating the collapse fragility function (FF) [Vamvatsikos and 
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Cornell (2002)]. To achieve the prior goal, a set of forty multi-component (with two 
horizontal components) properly selected ground motion records (GMR), based on the 
conditional spectrum (CS) is employed. The mean annual frequency of collapse (more 
details in [Eads (2013)]) may be calculated by performing the convolution of the collapse 
FF and the derivative of the hazard curve (a product of a probabilistic seismic hazard 
analysis). This allows the analysist to compare with acceptable risk (i.e. empirical 
approach or code based reliability index)  in the TT industry [Kempner (2018)]. 

2. Transmission line description and modelling aspects

Seismic risk analysis requires a realistic and practical modelling approach that can 
incorporate various aspects such as tower member/joint ultimate behaviour, tower-line 
structural coupling and account demand and capacity uncertainties at several stages in the 
evaluation of the TLS collapse process. This section includes a summary of the TLS case 
study as well as a concise discussion of the modelling approach that was employed. 

2.1. Transmission Line System description 

The main TT under investigation is a component of an Overhead High Voltage Line, 
specifically the Sub-transmission 60 kV Line from EDP, Distribuição (Electricidade  de 
Portugal). The overhead power line in question is located in the north of Portugal. The 
power line's general layout is illustrated in Fig. 1a), and it “begins” (i.e. main segment 
represented in figure) in tower 1 and finishes in tower 10, with two significant angle line 
deviations (i.e. at tower 4 and 6). The TLS case study spans (i.e. segment)  are also 
depicted in the same figure. As shown in Fig. 1.b), tower 4 (a type F165CD in the operator 
terminology) was chosen as the critical component for the site-specific risk analysis. 
Furthermore, because of the substantial horizontal line angle deviation, this TT can be 
classified as a strain tower type (also known as tension towers in some works) [Kiessling et 
al. (2003)]. In Portugal, EDP frequently employs the F165CD tower type for strain and 
dead-end towers as overhead power line supporting structures. 

Fig. 1 – a) 60 KV Overhead Power-line; b) Tower 4 –F165/CD Strain Tower 

The TLS case study consists of four spans of transmission lines (line segment between 
tower 2 to 6), which are 234.48 m, 215.61 m, 304.05 and 191.83 m, respectively. 
Additionally, it consists of three towers (38.8-m height) designated as Towers 3 
(F95CD/30), Tower 4 (165CD/30) and Tower 5 (F95CD/30) shown in Fig. 2. Despite the 
fact that tower 4 is less flexible than the adjacent towers, it has a substantial line angle 
deviation, a line condition that has received less attention. 
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Fig. 2 – 3D sketch of the TLS case study 

The model's X, Y, and Z axes correspond to the transverse, longitudinal, and vertical 
directions of the transmission tower-line system, respectively. The line spans are variable, 
as indicated in the figure. Several significant deviations occur along the power line's path 
in this segment. The maximum line angle deviation, corresponds to Δ = 59.19°. The 
overhead power line is supported on three cross-arms, each carrying two conductors (i.e. a 
double vertical three-phase electric circuit), while the top of the tower is reserved for the 
ground/shield wire (also known as earth wire). 

A recent article by the authors [Paiva and Barros (2020)] offers an in - depth description of 
the main TT 4 (cross-sections, geometry, joint details, material characteristics), which is 
excluded in this work for brevity. In summary, the lattice tower is made up of steel angles 
from the S275 class and 5.72 m base width. 

For the transmission lines, the conductor (type: ASCR 325 (Bear)) is supported by the top, 
middle and bottom cross arms, while the ground wire (type: OPGW-AA/ACS/ST 157/60) 
hang from the top of the lattice tower. Strain insulators (U100 BLP) in toughened glass 
L=1.2 m attach the conductor to the TT. Further information about the conductor lines and 
ground wires is presented in Table 1. 

Table 1.  Mechanical properties of conductor, ground wire and insulator 

Description Conductor Ground wire Insulator 

Designation ASCR 325 OPGW-AA/ACS/ST 
157/60 

U100 BLP 

Outside Diameter (mm) 23,45 19,60 - 

Modulus of Elasticity (GPa) 79,5 84,5 76,5 

Cross-sectional area (mm2) 325 219,66 - 

Mass per unit length (kg/km) 1260 868 30 (total mass) 

Nominal breaking  load (kN) 109,38 112,6 100 

2.2. A high fidelity Transmission tower numerical model 

It is widely acknowledged that include the full TLS (for example, from tower 1 to tower 
10) in the computer model is impracticable and computationally costly. Furthermore,
because the coupling action between a tower and a line is confined to a certain extension
(usually two-three spans is ideal) from a specific TT, only a sub-system consisting of four
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transmission line spans and three supporting TT was considered in this study. This TLS 
dimension is expected to provide sufficient accuracy at an acceptable computation cost. 

Typical modelling strategies (e.g., linear analysis of 3D truss models) have major 
limitations in replicating TT's complex nonlinear behaviour [Tapia-Hernández et al. 
(2017)]. Damage assessment close to the system ultimate capacity frequently involves the 
application of algorithms to track the deterioration process throughout the TT brace 
components (i.e. yielding, buckling, and post-buckling) as well as other nonlinear effects at 
the joint. Regardless of the fact that the TT should have sufficient strength, stiffness, and 
ductility to endure large earthquakes events, earlier research has shown a brittle collapse 
mechanism [Tian et al. (2018)]. When analysing such a complex system, a number of 
assumptions are made, each of which may have a different influence on seismic capacity 
assessment and subsequent risk analysis. Examples include component input of the seismic 
action, numerical models capabilities and neglecting aspect as: ground motion spatial 
variability effects, material spatial variability in the TT (member and bolts), fabrication 
errors and improper detailing [(Prasad Rao et al. (2012)]. 

2.2.1. Fiber-FEM approach 

In OpenSees, a Fiber-FEM modeling approach was used to mimic the behaviour of steel 
TT 4 to the collapse state [Uriz and Mahin (2008);Karamanci and Lignos (2014); Aguero 
et al. (2006)].  Member buckling, gusset plate yielding, and joint effects (e.g. slippage, 
eccentricities and semi-rigid behaviour) may all be simulated with developed numerical 
model. [Paiva and Barros (2020)] provide adequate information about the development of 
the TT 4 numerical model in OpenSees. 

2.3. Other TLS components 

Despite the focus on the high-fidelity TT 4, the remaining transmission line components 
were modelled to evaluate their impact on the overall risk. This featured two adjacent 
towers (as simplified elastic models) to the main TT 4, conductors and wire shields, 
resulting in a system with three towers and four spans. To represent the curved geometry of 
cables (considered parabolic for small curvatures), a sequence of straight elastic beam-
column elements with a sag equal to 5% of the span is utilized (assumed at serviceability 
conditions) [Battista et al. (2003)]. Each transmission line was modelled with 30 elastic 
beam-column. An overview of OpenSees TLS numerical model is given in Fig. 3. 

Fig. 3 –Overview of OpenSees TLS numerical model 

The remote ends spans of the TLS, were controlled at the relevant heights with zero-length 
elements in the longitudinal direction and restrained from translational motion in the other 
directions. These elements were utilized to simulate the tensile restraints imposed by the 
remaining TT placed beyond the virtual system's two ends. The zero-length element 
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longitudinal stiffness was first computed using equation (35) in Desai et al. (1995), and 
then calibrated to meet the experimental data (identification of first vibration modes in the 
horizontal directions) [Paiva et al. 2018]. The final remote longitudinal spring stiffness of 
span 5 (extreme left span) and span 2 (extreme right span), were determined as 50.4 kN/m 
and 39.78 kN/m, respectively. 

2.4. Other considerations 

The mass of the TTs has been approximated as lumped at the main joints (leg-braces). This 
only occurred on sections 1-4, with the remaining tower having a more realistic 
distribution. The mass densities of the transmission line materials and the line cross-section 
were utilized to define the line mass (e.g. kg/km), which was then assigned to nodes. In 
addition, the mass of the strain insulator were added as lumped mass to cross-arm tips. 

The damping model in the Rayleigh form, proportional to the mass and to the initial 
stiffness matrix (C=αM+βK0) is adopted [Hardyniec and Charney (2015)]. The parameters 
α and β are grounded on the fundamental frequency f1 and a second frequency equal to 
5*f1. The f1 frequency corresponds to the fundamental frequency of each subsystem (i.e. 
towers or transmission lines). Damping ratios of 5% and 1% were applied in the supporting 
towers and transmission lines, respectively. The dynamic properties of the transmission 
tower-line system of the OpenSees model are evaluated in terms of natural frequencies and 
compared to experimental data [Paiva et al. 2018]. The first flexural vibration mode in the 
transversal direction was 2.47 Hz, while in the longitudinal direction the value was 2.23 
Hz. As can be noted, the frequencies of the TLS were observed to be lower than those of 
the isolated TT (3.3Hz). 

3. Site Hazard and Selection of Ground Motion Records under SelEQ application

An optimal IM is crucial in the seismic risk evaluation process[Ghosh et al. (2017)]. TT 
seismic fragility studies have recognized the significance of using the spectral acceleration 
Sa(T1,5%) at the fundamental period of the structure as having significant properties of a 
optimal IM [Pan et al (2020)]. Typically, the Sa reveals adequate properties for first 
dominated structures, which exhibit a brittle or poor ductility behaviour [Vamvatsikos 
(2015)]. With this in account, Sagm, as defined by earth scientists (geometric mean of 
spectral acceleration of two orthogonal horizontal components), is used as the IM in the 
current study [Baker and Cornell (2006)]. 

3.1. Site hazard characterization 

PSHA was carried out at the site of interest with the use of the open source program 
OpenQuake [Pagani et al. (2014)]. This was made possible with SelEQ software [Macedo and 
Castro (2017)], and the seismic hazard models delivered in the SHARE project. In addition to 
the model supplied by the SHARE project, other hazards sources for the Portuguese territory 
were incorporated into PSHA [Vilanova and Fonseca (2007)].  

At the TLS location (i.e. TT4), the site-specific median hazard curve is shown in terms of the 
IM= Sagm( ,5%) in Fig. 4. The ground type C was assumed at the site location. All 
computations assume a 5% damping and are thus omitted. The IM=Sagm= 

is denoted as Sa(Teq,5%) in this work, where is the spectral 
acceleration of x horizontal component and  is the spectral acceleration of y horizontal 
component. The IM adopted is computed at the equivalent period . This equivalent period 
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is defined as the geometric mean of the two periods of vibration,  and , where  is 
fundamental period in the x direction (transversal direction in this work), and  fundamental 
period in the y direction (longitudinal direction), resulting in  as the option 

selected in this work  [Baker and Cornell (2006)]. For TLS this value is equal to =0.42 s. 

3.2. Selection of Ground motion records  

Several researchers have identified the relevance of spectral shape as an essential factor in 
improving the quality of ground motion sets [Baker and Cornell (2005); (Eads 2013)]. The 
Conditional Spectrum (CS), which incorporates the spectral shape factor and is one of the most 
important methods for selecting GMR produced in the recent decades. 

Fig. 4 - Seismic Hazard curve (median) for Teq= 0.42 s for a ground type C 

The CS-based record selection procedure includes using the SelEQ framework to compute the 
target CS for the case study site of interest [Macedo and Castro (2017)]. A hazard level 
associated with a 475-year mean return period was adopted. The record selection procedure 
consisted of minimizing mean and variance mismatches between the selected record set and 
the CS target mean and standard deviation [Macedo and Castro (2017)]. Figure 5 illustrates the 
derived set of forty GMR with its inherent variability. The mean and variance response 
spectrum of the set of records closely follows the target spectrum. Each GMR (two horizontal 
components) is applied to the numerical model in both the transversal and longitudinal 
directions. 

a) b) 

Fig. 5 - Application of SelEQ to a CS-based record selection case, TLS (Teq=0.42s), 10% in 50y a) mean; b) 
variance 
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4.TT Seismic Collapse Risk

IDA will serve as the foundation of the applied seismic collapse risk framework in this study. 
Using the IDA approach, the GMR are scaled up (IM=Sa(Teq,5%)) until collapse is achieved. 
Structural collapse is defined as a non-numerical convergence. 

4.1. Seismic Collapse Fragility analysis of a transmission line system 

Figure 6 shows the IDA curves for the maximum Inter Section Drift Ratio (ISDR) ( [Tian et al. 
(2018)] provides further information). The IDA curve's initial behaviour is somewhat 
unexpected; however, the explanation is connected to the influence of gravity action on the 
transmission lines (i.e. unbalance tension imposed to the TT). Following that, the curve 
exhibits a linear trend in nearly every GMR until it reaches the ultimate state. This suggests 
that the TT4 has developed a brittle failure mode. The Sa capacities range within the 0.56g to 
1.94g. It is possible to observe ISDR capacities associated with the collapse state in the 0.25-
0.95% range. The collapse FF of the TLS is plotted in Fig. 7. The generated function 
(lognormal distribution [Baker (2015)]) has a median capacity of =1.08g and a dispersion of 

=0.226 . 

The TLS collapse probability under a very rare earthquake scenario (Sa(Teq)=0.64g, mean 
return period of 2475 years) is close to 1%. This satisfies the 10 % collapse probability limit 
proposed in FEMA – P695 (2009) under the Maximum Credible Earthquake (MCE). When an 
extremely rare earthquake scenario (exceedance probability of 1%/ in 50y) is investigated, the 
probability of collapse approaches 24 %. The last scenario, because of its magnitude, depicts a 
situation that may necessitate some concern for critical structures. The collapse margin ratio 
(CMR) is another metric used to assess structural collapse resistance capacity [FEMA (2009)]. 
For the TLS, the CMR of about 1.69 suggests a low to moderate vulnerability to collapse. 
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Fig. 6 - IDA curves of TLS in terms of Sa(Teq) and the maximum ISDR  a)  all IDA curves  b) IDA curves 
summarized in fractiles 

4.2. Seismic Risk Analysis 

In this study, the  mean annual frequency of collapse ( ) is the metric computed for analysing 
the TT's risk of collapse. The IM-based approach entails combining the structure-specific 
seismic FF with the ground motion hazard curve [Baker (2015); Eads (2013)]. Table 1 shows 
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the mean annual frequency of collapse as well as other risk metrics (i.e. probability of collapse 
in 50 years and reliability index in 1 or 50 years). 

Fig. 7 - Collapse fragility function of the TLS under multi-component ground motion records 

Table 1. Summary of the risk analysis of the TLS in equivalent metrics 
Model  (1/year) c,50y(%) 1y 50y 
R2R 6.91*10-6 0.034% 4.34 3.39 

Due to the variability in the response from record to record (R2R) ground motion, further 
attempts have been made to define the  estimator uncertainty [Iervolino (2017)]. Because 
a point estimate of the annual frequency, denoted as the mean, has already been generated, 
the goal now is to assess the risk estimator's expected value E( ) and variance value 
Var( ). The bootstrap method (random sampling with replacement) is utilized to further 
characterize this important statistic [Baraschino et al. (2020)]. A few statistics obtained 
(expected value, variance and coefficient of variation) are provided in table 2 and are based 
on 1000 parametric simulation extractions under the premise that FF has a parametric 
representation (i.e. lognormal model). 

Table 2.  Quantification of TLS collapse seismic risk uncertainty due to R2Rs 

Model  (1/year) 

R2R-Parametric Bootstrap 6.95*10-6 3.86*10-14 9% 

When the annual frequency of collapse is computed at two standard deviations, a 5.71*10-6 

- 8.19*10-6 is obtained, or  a 0.028 % - 0.041 %, is produced in terms of the probability of
collapse in 50 years. This translates to a roughly threefold increase in the likelihood of
collapse compared to the isolated TT model, although values remain within the acceptable
range recommended in the specific reliability literature [Kempner (2018)].

5. Conclusions

In the OpenSees framework a complex TLS model was built. In addition to taking into 
account critical system components (e.g. TTs and transmission lines), the emphasis was on 
a particular high-fidelity TT model. For an accurate collapse evaluation, many nonlinear 
phenomena are accounted for in the study. The IDA approach forms the backbone of the 
collapse seismic fragility study. In order to undertake a robust analysis of the system's 
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ultimate dynamic behaviour, forty GMR were chosen based on the CS target spectrum at 
the site of interest. This, together with PSHA and one of its outputs, the hazard curve, 
enabled the determination of the TLS annual frequency of collapse ( ). 

Aside from the collapse fragility function, the  was another notable contribution of this 
risk study. Its relevance may assist transmission line operators to manage the seismic risk 
revealed by their infrastructures more effectively. According to the conclusions of this 
study, the TLS has a minimal risk of collapse (a mean of 0.034% in 50 years). This was 
found to be three times larger than the seismic risk displayed by isolated TT. 
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Abstract: The interest of modern societies is rising in gaining a deeper understanding of the 
potential risk that critical electric infrastructure systems face in the event of a natural 
disaster. Seismic risk of transmission tower (TT) collapse, in particular, is an issue with 
relatively minimal investigation. This typically involves a seismic fragility analysis in 
association with a probabilistic seismic hazard analysis (PSHA) as a logical procedure to 
achieve such an objective. This paper presents a methodology for assessing the seismic 
collapse risk of a TT in Portugal.  In the OpenSees framework, a high-fidelity Finite 
Element Model (FEM) of a TT (isolated) was created, with the goal of predicting the 
system's ultimate capacity. The seismic collapse fragility functions are derived through 
implementing Incremental Dynamic Analysis (IDA) approach of the 3D TT. The record-to-
record variability of the earthquake input is studied for a suite of 40 ground motion records 
with two horizontal components, where the conditional spectrum for specific site in Portugal 
was adopted as the target spectrum. The results show that the TT has a very small likelihood 
of collapsing during its lifetime (annual frequency of collapse 2.41*10-6 or 0.012% in 50 
years), indicating a more than acceptable seismic risk of collapse. 

Keywords: Fragility analysis, Three-dimensional modelling, Incremental Dynamic 
Analysis, Ground motion record selection 

1. Introduction

Transmission lines system (TLS) is a critical lifeline in modern societies. Damage and 
failure of transmission system (line or tower) to multiple natural hazards (e.g. extreme 
winds, earthquakes, ice storms) have been frequently reported across the world (OSCE 
2016), even though the structures were designed and constructed based on the 
specifications and codes of that time. Seismic inertial forces can cause transmission tower 
(TT) damage, although other reasons such as earthquake ground failure (often the most 
serious) and soil liquefaction are frequently to blame [Gang et al. (2014); Kempner et al. 
(2018)]. 

The analysis of the isolated TT seismic collapse risk, as a crucial component of a TLS, can 
possibly shed some insight on its significance when compared to TLS segment (has 
presented in a companion paper). A high fidelity FEM of a TT in Portugal was developed 
in OpenSees [Mazzoni et al. (2006)] to support the assessment of the seismic risk of 
collapse.  The numerical model can capture different member failures modes (yielding, 
buckling and post-buckling), gusset-plate flexural resistance, in addition to specific lattice 
tower characteristics joint effects as bolt slippage, joint eccentricities and  semi-rigid 
behaviour at leg-diagonal connection. The IDA is a widely known method for determining 
a structure's overall collapse status [Vamvatsikos and Cornell (2002)]. In this study, IDA 
will be the cornerstone of the framework for assessing the collapse fragility function (FF) 
of a TT [Vamvatsikos (2015); Baker (2015)]. The stochastic analysis of non-linear TT 
response in the time domain is performed with a set of forty multi-component 
appropriately selected ground motion records (based on the conditional mean spectrum) 
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[Macedo and Castro (2017)]. The convolution of the collapse fragility function and the 
derivative of the hazard curve allows for the computation of the mean annual frequency of 
collapse [Eads (2013)], allowing for posterior comparisons of acceptable risk used in the 
TT industry [Kempner (2018)]. 

2. Transmission tower description and modelling aspects

To estimate the ultimate capacity of TT, structural engineers have utilized a number of 
approaches. Many diverse paths exist, ranging from full-scale experiments to reduced-scale 
models and to numerical simulations.  A realistic and practical modelling technique that 
can combine numerous dimensions such as member/joint ultimate behaviour and account 
for demand and capacity uncertainties at multiple levels in the evaluation of the collapse 
process is crucial for seismic risk analysis. This section will provide an overview of 
important TT details as well as the modelling technique used 

2.1. Transmission tower description 

The TT under consideration is a component of the Overhead High Voltage Line, 
specifically the Sub-transmission 60 kV Line from EDP – Distribuição (Electricidade de 
Portugal). The TT in question is located in the north of Portugal and a picture is provided 
in Fig. 1 a). Several details of different joints configurations present in the structure are 
also shown in Fig. 1 a). The operator frequently employs this F165CD tower type as 
overhead power line supporting structures (for strain and dead-end towers). 

a) b) 

Fig. 1 – a) Lattice TT and joint details b) Transverse and Longitudinal view of Lattice tower geometric data 
and cross-section information (dimensions in mm) 

The cross-sections of the lattice tower members are represented in Fig. 1 b). The tower 
results from an assemblage of equal steel angles. The horizontal bracing (diaphragm) at 
section 1 level is formed by steel angle L70x7 and the remaining diaphragms by L50x5. In 
the case of the cross arm, the upper chord consists of L50x5 while the lower chord consists 
of L60x6. Along the tower's vertical axis, there are three crossarms in the cage region: a 
bottom, a middle, and a top; at heights of 30,6m, 33,3m, and 36.0m, respectively. The steel 
angles are manufactured by hot-rolled carbon steel of S275 class, with 

Brace 
joint 

Pinned joint 
cross-bracing 

52093ECEES, September 2022, Bucharest, Romania



nominal/characteristic yield strength of 275 MPa and ultimate strength of 430 MPa. 
Furthermore, different joints configurations are present in the TTs. 

2.2. A high fidelity Transmission tower numerical model 

Existing design code practice for TT (member approach check) has proven insufficient to 
estimate the collapse capacity, thus requiring a system level approach as an alternative 
[Prasad Rao et al. (2012)]. Typical modelling strategies (e.g., linear analysis of 3D truss 
models) have major limitations in replicating TT's complex nonlinear behaviour [Tapia-
Hernández et al. (2017)]. Damage assessment often requires the use of non-linear methods 
to follow the degradation process across the TT brace members (i.e. yielding and buckling) 
and nonlinear effects at the joints. Despite the fact that the TT should have enough 
strength, stiffness, and ductile capacity to withstand severe seismic occurrences, previous 
research has found a brittle collapse mechanism (e.g., leg buckling before the diagonal 
brace and a low overstrength factor in many cases [Tian et al. (2018)]).   

2.2.1. Fiber-FEM approach 

A Fiber-FEM modelling technique in OpenSees was utilized to simulate the behaviour of 
steel TT up to collapse. The ultimate behaviour of the braces is fundamental to the 
estimation of the TT seismic collapse capacity. When compared to experimental tests, the 
numerical technique adopted is able to provide a realistic prediction of buckling capacity 
and hysteretic behavior of various brace members [Uriz and Mahin (2008)]. Furthermore, 
Tapia-Hernández et al. (2017) observed that this technique outperforms the usual 
phenomenological approach, which requires particular test data to calibrate the brace 
response. 

For all the main tower members (leg, braces and cross-arms), the numerical model 
comprises of “force beam-column” elements (FBE) with distributed plasticity and fiber 
cross-section formulation [D’Aniello et al. (2014)]. The FBE formulation enables plastic 
hinges to develop in the member (i.e. in certain sections) and account for the axial force-
bending moment interaction curve, which is included by integrating the uniaxial stress-
strain relationship for each cross-section fiber along the element length [Scott and Fenves 
(2006)]. 

The fiber approach is used to simulate the cross-section behaviour by assigning the 
material model steel02 (also known as Menegotto and Pinto (1973)) in OpenSees as the 
uniaxial stress–strain relationship at each fiber. The general L shape cross section fiber 
section was created using two rectangular patches (20x2 fiber per patch), with fibers 
possessing quadrilateral shapes. The parameters considered for material model were 
fy=296,32 MPa (mean yield strength), E=206GPa (mean modulus of elasticity), Poisson's 
ratio of v=0.3. The R0=20, cr1=0.925 and cr2=0.15 parameters control the transition from 
elastic to plastic branches, and for the remain isotropic hardening parameters were 
assigned the values a1=0.039, a2=1.0, a3=0.029 and a4=1.0 [Karamanci and Lignos (2014)]. 
The section aggregator command was used to add element torsional properties to the fiber 
force beam-column element. Shear deformations were ignored in this analysis. Fiber 
elements exhibits the inherent limits of Euler-Bernoulli beam theory, and behaviours such 
as local buckling or material fatigue cannot be explicitly accounted for [Chen and Tirca 
(2013)]. 

The corotational geometric transformation of De Souza (2000) was incorporated into the 
OpenSees numerical model, implying that structural analysis can address large 
displacement-small strain problems. However, the use of a single FBE per member means 
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that the initial out-of-straightness (or imperfection) is not taken into account, thus ignoring 
local P-delta effects, which have an impact on the accuracy of buckling capacity 
predictions [Darestani et al. (2020)]. Therefore, to surpass this limitation, the main 
members (legs and diagonals from section 1 to 4) are modelled with in-plane initial 
imperfection, assumed as an out-straightness L/500-parabolic shape, as illustrated in Fig 2. 
Centrelines dimensions are pursued in the element modelling and the leg bases are 
assumed to be simply supported. 

 
Fig. 2 - OpenSees structural model for a generic tower panel 

2.2.2. Gusset plates 

The gusset plates (GP) were modelled combining elastic Beam-Column (with high area-A 
and inertia-I) and FBE with rectangular fiber cross-section with two integrations points per 
element.  The elastic beam-column was assumed as a “rigid” elastic beam-column element 
with 10*A, 10*I of the connected member. The GP was also modelled with a FBE of 
length 2*plate thickness and width based on Whitmore width concept (to capture out-of-
plane resistance of the GP). The buckling capacity of the gusset plate under eccentric 
loading does not appear to condition the brace ultimate capacity, thus it was neglected.  

2.2.3. Joint effects 

Leg and diagonals members were simulated as continuous elements (frame elements) in 
accordance with the actual structure’s physical details. However, integrating joint effects is 
essential for an accurate TT structural analysis. The Zero-length (ZL) elements allow to 
simulate the slippage and semi-rigid joint behaviour (only in the braces) with the help of 
axial and rotational non-linear springs [Bouchard (2013)]. The slippage models used in this 
study are mostly based on Ungkurapinan thesis [Ungkurapinan (2000)], however using 
certain modifications. The slippage models are only intended to project their influence on 
the tower's global response; they are not expected to be an extremely accurate 
representation of the joints behaviour. The numerical model also took into consideration 
the cross-bracing connections' semi-rigid nature. The impact of the cross-bracing joint 
flexibility was considered by using a linear elastic model for each ZL element rotational 
degree of freedom (in-plane and out-of plane) based on the work of Kemp and Behncke 
(1998). In this study only in-plane joint eccentricities were considered in the numerical 
modelling (i.e. misalignment of member centre of gravity). Other type of eccentricities 
were ignored in order to reduce the modelling effort. Cross-brace joints, were modelled 
with Equal degree of freedom (d.o.f) constraints (translation and torsional d.o.f.). 

Pinned joint Zero Length 
element 

Gusset plate as 
FBE 

8 FBE element 

Elastic beam-column 
(to capture the rigidity of 
Gusset plate) 

Elastic beam 
Column to capture the in-plane 
joint eccentricity 

8 FBE element 
(in-plane imperfection) 

L/500 
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2.2.4. Other considerations 

The mass discretization used significant simplifications in the manner that it has been 
distributed in the lattice tower. The mass of the TT has been approximated as lumped at the 
joints. It is expected that this sort of mass distribution will have an impact on the detection 
of local modes of vibration. The Rayleigh damping model is adopted proportional to the 
mass and to the initial stiffness matrix (C=αM+βK0), according to Hardyniec and Charney 
(2015). The parameters α and β are based on the fundamental frequency f1 and a second 
frequency equal to 5*f1; for an assumed damping ratio of 5%. Numerous assumptions are 
made while assessing such a complex system, which might impact seismic capacity 
estimation to varying degrees. Examples include component input of the seismic action, 
numerical models capabilities, damping models and overlooking aspects such as ground 
motion spatial variability effects, material spatial variability in the TT (member and bolts), 
fabrication errors and improper detailing [Prasad Rao et al. (2012)]. 

3. Site Hazard and Selection of Ground Motion Records under SelEQ application 

The intensity measure (IM) is commonly used as an index to characterize earthquake 
intensity and scale accelerograms in IDA approach. Several characteristics that the optimal 
IM should possess (i.e. efficiency, sufficiency, hazard computability, etc.) have been 
discussed extensively in the literature [Ghosh et al. (2017)]. These IM characteristics can 
have a direct impact on the accuracy and efficiency of the acquired collapse capacity data 
and by consequence on the risk metrics [Pan et al. (2020)]. Therefore, picking an optimal 
IM is critical in assessing the risk of structures subjected to ground motions records 
(GMR). Among the numerous known IM options, the Sa(T1,5%) at the fundamental period 
of the structure has essential characteristics for first mode dominated structures (or for 
brittle or poor ductility behaviour structures [Vamvatsikos (2015)] and is generally 
regarded as a reliable IM that has been utilized in different TT seismic fragility analysis 
[Pan et al. (2020)]. With this into account, Sagm (geometric mean of spectral acceleration of 
two orthogonal horizontal components) as defined by earth scientists, is used as the IM in 
the current study [Baker and Cornell (2006)]. 

3.1. Site hazard characterization 

Probabilistic seismic hazard analysis (PSHA) was performed at the location of interest using 
the open source program OpenQuake [Pagani et al. (2014)] with the help of SelEQ software 
[Macedo and Castro (2017)] and the seismic hazard models presented in the SHARE project. 
In complement to the models presented by the SHARE project, other hazard sources were 
integrated in PSHA for the Portuguese territory [Vilanova and Fonseca (2007)].  

At the system location, site-specific median hazard curves are shown in terms of the geometric 
mean of spectral acceleration of two orthogonal horizontal component IM= Sagm( ,5%) in 
Fig. 3. The ground type C was assumed at the site location. A 5% damping is assumed in all 
computations and hence the IM = Sag.m=  is denoted in this work as a 
Sa(T1,5%), where  is the spectral acceleration of x horizontal component and  is the 
spectral acceleration of y horizontal component.  

3.2. Selection of Ground motion records  

The importance of the spectral shape has been noted by several researchers, as a critical 
element improving the quality of ground motion set [Baker and Cornell (2005); Eads (2013)]. 

5212 3ECEES, September 2022, Bucharest, Romania



Conditional Spectrum (CS) is one of the most important methods developed in the last decades 
for selecting GMR [Macedo and Castro (2017)]. Unlike traditional code-based or Uniform 
Hazard Spectrum (UHS), a CS target spectrum selection explicitly considers spectral shape. 
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Fig. 3 - Seismic Hazard curve (median) for T1= 0.30 s for a soil type C 

The CS-based record selection comprises the use of  SelEQ framework to compute the target 
CS for the case study site of interest (in the north of Portugal). The CS at the site was 
computed using a hazard level associated with a 475-year mean return period. The preliminary 
seismological criteria (e.g. magnitudes, epicentre distance and ground type) were established 
using PSHA disaggregation data. The record selection method consisted of minimizing the 
determined record set's mean and variance mismatches with regard to the CS target mean and 
standard deviation [Macedo and Castro (2017)]. The set of forty GMR selected and scaled 
according to the aforementioned criteria is shown in Fig. 4. The set of records' mean and 
variance response spectrum closely follows the target spectrum. The response spectra of the 
GMR studied in this paper demonstrate the inherent uncertainty that they entail. 

  
a) b) 

Fig. 4 - Application of SelEQ to a CS-based record selection case, Isolated TT (T1=0.30s), 10% in 50 years 
a) mean; b) variance 

The two horizontal components of each GMR are applied to the numerical model in both the 
transversal and longitudinal directions.  

4.TT Seismic Collapse Risk 

Fragility and the subsequent risk analysis need the use of a standardized IM to which the tower 
capacity and the hazard analysis may be set [Ellingwood (2001)]. In this study, IDA will be the 

52133ECEES, September 2022, Bucharest, Romania



cornerstone of the applied seismic collapse risk framework. The GMR are scaled up to a 
specific intensity measure (IM=Sa(T1,5 %)) until collapse is attained using the IDA approach. 
This study characterizes structural collapse as a non-numerical convergence condition.  

4.1. Seismic Collapse Fragility analysis of a transmission tower 

The IDA curves for the maximum Inter Section Drift Ratio (ISDR), according with Tian et al. 
(2018), are shown in Fig. 5. The plot of IM versus ISDR is calculated for each GMR. It is 
possible to verify that some degree of nonlinearity exists in multiple IDA curves, despite the 
fact that it does not appear to be particularly significant. This clearly suggest a fragile failure 
mode developed by the TT. The collapse fragility function (FF) of the TT is plotted in Fig. 6. 
The resulting function (i.e. lognormal distribution [Baker (2015)]) has a median capacity of 

=2.28g and dispersion of  =0.139. 

The UHS was used to estimate the Eurocode 8-1 CEN (2008) spectral acceleration Sa(T) 
associated with a very rare ground motion (2% ; 50 years). This approximates to 2.45 times the 
Eurocode 8-1 design Sa(T1) which is about 0.90g. According to FEMA-P695 (2009), the 
collapse probability caused by very rare ground motions (also known as Maximum Credible 
Earthquake) should be restricted to 10% (from a building perspective). The transmission 
tower's collapse probability under a MCE scenario is near zero, satisfying the guideline 
collapse probability limit. Even when an extremely rare earthquake scenario (1% ; 50 year) is 
used, with code Sa(T1)=1.28g (3.49 times the design spectral acceleration), a 0.002 % collapse 
probability is attained. The collapse margin ratio (CMR) is also calculated to assess structural 
collapse resistance capacity. In this scenario, the CMR translates to a value of around 2.5, 
indicating a moderate/high CMR, implying that the current TT is not susceptible to collapse. 
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a) b) 

Fig. 5 - IDA curves of TT in terms of Sag(T1) and the maximum ISDR  a)  all IDA curves  b) IDA curves 
summarized in fractiles 

4.2. Seismic Risk Analysis 

The annual frequency of collapse  is a main metric for assessing risk of collapse of the TT in 
this study. The  IM-based approach [Baker (2015), Eads (2013)] involves integrating the 
structure specific seismic FF with the ground motion hazard curve. Because these two 
ingredients have previously been identified, the computation is accomplished by numerical 
integration [Eads (2013)]. The predicted annual frequency of collapse and other equivalent risk 
metrics (i.e. probability of collapse in 50 years and reliability index in 1 year or 50 years) for 
this specific case study are shown in Table 1. 
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Fig. 6 - Collapse fragility function of the TT under multi-component ground motion records 

Table 1. Summary of the risk analysis of the TT in equivalent metrics 
Model  (1 year) c,50 years (%) 1 year 50 years 

R2R 2.41*10-6 0.012% 4.57 3.67 

 
Additional efforts have been made to characterize the  estimation uncertainty, owing to 
the response variability from record to record ground motion [Iervolino (2017)]. Since a 
point estimate of the annual frequency, defined as the mean, has already been obtained, the 
aim now is to evaluate the expected value and variance of the risk estimator. To better 
characterize this risk metric, the bootstrap method (random sampling with replacement) is 
used [Baraschino et al. (2020)]. This calculation employs 1000 parametric simulation 
extractions, under the assumption that FF has a parametric representation (i.e. lognormal 
model), and the main statistics generated are included in table 2. 
 

Table 2.  Quantification of TT collapse seismic risk uncertainty due to R2Rs 

Model  (1/year)   

R2R-Parametric Bootstrap 2.39*10-6 2.14*10-14 6% 

 
With this information, the annual frequency of collapse associated with 2 standard 
deviations, for example, yields = 2.09*10-6- 2.68*10-6. The determined probability of 
failure for the TT is significantly lower (almost a magnitude lower) than the suggested 
acceptable values in the literature, such as Kempner (2018) proposed target of 0.15% in 50 
years (risk category III according to the American code practice). This demonstrates that 
the TT case study has a more than satisfactory seismic risk of collapse. 

5. Conclusions  

The IDA approach is used to perform a collapse seismic fragility analysis of an isolated TT 
in Portugal. A high-fidelity numerical model of a TT is built in the OpenSees framework to 
facilitate this task. Multiple nonlinear phenomena, such as member buckling and joint 
effects, are added into the numerical model for an appropriate collapse evaluation. Forty 
GMR were selected based on the CS target spectrum at the location of interest in order to 
conduct a robust analysis of the system's ultimate dynamic behaviour.  This, in conjunction 
with PSHA and its by-product, the hazard curve, allowed for the estimation of the TT 
annual frequency of collapse. 
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The acquired data enabled the development of the TT's collapse fragility function as well 
as the estimate of important risk safety parameters for transmission operators. According to 
the findings, a very low risk of collapse was obtained (a mean 0.012% in 50 years) for the 
particular TT. As a consequence, the actual structure has an acceptable risk of collapse 
when subjected to earthquakes, based on the multiple assumptions included in the analysis. 
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Abstract: In this study, a procedure to perform a time-domain deconvolution in non-linear 
elastoplastic materials has been proposed. The aim is to develop accelerograms at the base 
of a finite element model (FEM) from surface records to perform soil-structure interaction 
analyses. This procedure is based on finding a relationship between the surface response and 
the surface target spectrum, modifying the input signal at the base through a spectral 
matching technique until obtaining a surface response compatible with the target spectrum. 
To this end, a simplified FEM of a soil deposit, considering its non-linear properties and 
ground motion records from the L'Aquila earthquake, were used to validate the 
methodology. An Eurocode 8 design spectrum was used as the target. It was found that the 
procedure produces input signals at the base that generate surface spectra similar to the 
target spectrum, with errors lower than 10% for all considered periods. Results obtained 
demonstrate the usefulness of the proposed methodology. 

Keywords: deconvolution; dynamic analysis; finite element; site response; soil-structure 
interaction.  

1. Introduction

Earthquakes, such as those of Mexico City in 1985 and 2017, have exhibited the relevance 
of site effects on the structural damage (Mánica et al. 2016; Pinzón et al. 2018). Both 
events, despite occurring at 350 km and 150 km, respectively, caused significant damage 
due to the amplification of the seismic waves caused by local soil effects. These facts 
confirm the need of carrying out studies and provide tools to improve the assessment of the 
seismic risk, including phenomena (e.g. directionality and site effects) that could increase 
the potential damage (Pinzón et al. 2019, 2021; Tallini et al. 2020).  
The capabilities of modern computers have increased the importance and usefulness of 
implementing more robust and complex methods, such as nonlinear dynamic analysis, both 
for designing and for assessing the expected performance of existing structures. A common 
practice to quantify soil effects on propagated strong motions is to perform one-
dimensional site response analyses. This type of analysis can be performed in the 
frequency-domain and in the time-domain. In both cases, for more realistic results, it is 
necessary to include the material nonlinear properties. In time-domain, the disposal of 
accelerograms fulfilling specific requirements is an issue of broad interest for soil-structure 
interaction analyses, especially when nonlinear properties are considered (Pinzón et al. 
2020a). Defining an accelerogram at the base of a model to match a given target motion at 
surface (Fig. 1) is an inverse process in nonlinear analyses that can be solved, 
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approximately, through conventional deconvolution procedures (e.g. equivalent linear 
method). Nevertheless, results are not always as accurate as expected. In addition, if 
complex material models are used to characterize the soil in dynamic soil-structure 
interaction analyses (e.g. using FEM), the input motion derived with the equivalent linear 
method will not be compatible with the assumed soil behaviour. 

 
Fig. 1 – General problem scheme. 

In this study, a simple iterative procedure for time-domain deconvolution in non-linear 
elastoplastic materials has been developed. A finite element model in PLAXIS 2D 
(Bentley Systems 2020) and a series of ground motion records from the 2009 L’Aquila 
earthquake were used to validate the proposed methodology. 

2. Methodology 

The procedure is based on finding a relationship between the free-field surface response 
obtained from FEM site response analysis and the target spectrum at the surface, adjusting 
the input signal at the base through a spectral matching technique until obtaining a surface 
response compatible with the target spectrum. The spectral matching method adopted 
(Pujades LG, 2020; personal communication) accurately adjusts the Fourier amplitude 
spectrum of seed accelerograms to obtain compatible spectra with a given target. This 
matching technique has been used previously by Pinzón et al. (2021) and Pinzón et al. 
(2020b). The proposed iterative deconvolution procedure is described below: 

STEP 1. Set 𝑖𝑖 = 0. 
 

STEP 2. Set 𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑡𝑡) = initial input motion. 
 

STEP 3. Perform FEM site response analysis with 𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑡𝑡) and obtain the motion at 
surface, 𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖

𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏𝑠𝑠𝑏𝑏 (𝑡𝑡). 
 

STEP 4. Compute the raw correction factor as follows: 
  

𝐹𝐹𝑖𝑖+1
𝑠𝑠𝑏𝑏𝑟𝑟 (𝑇𝑇) =

𝑆𝑆𝐴𝐴𝑡𝑡𝑏𝑏𝑠𝑠𝑡𝑡𝑏𝑏𝑡𝑡 (𝑇𝑇)
𝑆𝑆𝐴𝐴𝑖𝑖

𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏𝑠𝑠𝑏𝑏 (𝑇𝑇)
                                                 

IF       𝐹𝐹𝑖𝑖+1
𝑠𝑠𝑏𝑏𝑟𝑟 (𝑇𝑇) ≥ 0.95       AND      𝐹𝐹𝑖𝑖+1

𝑠𝑠𝑏𝑏𝑟𝑟 (𝑇𝑇) ≤ 1.05  

𝐹𝐹𝑖𝑖+1
𝑠𝑠𝑏𝑏𝑟𝑟 (𝑇𝑇) = 1.0                                             

END IF                                                                                   
 

(1) 
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where 𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (𝑇𝑇) is the target response spectrum at surface and 𝑆𝑆𝑆𝑆𝑖𝑖
𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡 (𝑇𝑇) is the 

response spectrum of the motion at surface obtained from the site response analysis. 
 

STEP 5. Compute the adjusted correction factor as follows: 
 

𝑆𝑆𝐴𝐴𝑖𝑖(𝑇𝑇) =
𝑆𝑆𝑆𝑆𝑖𝑖

𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡 (𝑇𝑇)
𝑆𝑆𝑆𝑆𝑖𝑖𝑏𝑏𝑡𝑡𝑠𝑠𝑡𝑡 (𝑇𝑇)

                                                            

 

(2) 

𝑡𝑡𝑖𝑖+1(𝑇𝑇) = 1.025− 0.4375 ∙ 𝑆𝑆𝐴𝐴𝑖𝑖(𝑇𝑇)                                     

IF       𝑡𝑡𝑖𝑖+1(𝑇𝑇) < 0.15                                                               

 𝑡𝑡𝑖𝑖+1(𝑇𝑇) = 0.15                                                     

ELSE IF   𝑡𝑡𝑖𝑖+1(𝑇𝑇) > 0.50                                                        

𝑡𝑡𝑖𝑖+1(𝑇𝑇) = 0.50                                                   
 

(3) 

𝐴𝐴𝑖𝑖+1(𝑇𝑇) = 1.0 + (𝐴𝐴𝑖𝑖+1
𝑡𝑡𝑡𝑡𝑟𝑟 (𝑇𝑇)− 1.0) 𝑡𝑡𝑖𝑖+1(𝑇𝑇) 

 
(4) 

 

where 𝑆𝑆𝑆𝑆𝑖𝑖𝑏𝑏𝑡𝑡𝑠𝑠𝑡𝑡 (𝑇𝑇) is the response spectrum of the input motion at the base of the model. 
 

STEP 6. Compute new base response spectrum as 𝑆𝑆𝑆𝑆𝑖𝑖+1
𝑏𝑏𝑡𝑡𝑠𝑠𝑡𝑡 (𝑇𝑇) = 𝑆𝑆𝑆𝑆𝑖𝑖𝑏𝑏𝑡𝑡𝑠𝑠𝑡𝑡 (𝑇𝑇) ∙ 𝐴𝐴𝑖𝑖+1(𝑇𝑇). 

 
STEP 7. Perform spectral matching to the initial input motion with 𝑆𝑆𝑆𝑆𝑖𝑖+1

𝑏𝑏𝑡𝑡𝑠𝑠𝑡𝑡 (𝑇𝑇) as target and 
obtain 𝑆𝑆𝐴𝐴𝐴𝐴𝑖𝑖+1

𝑏𝑏𝑡𝑡𝑠𝑠𝑡𝑡 (𝑡𝑡). 
 

STEP 8. Perform FEM site response analysis with 𝑆𝑆𝐴𝐴𝐴𝐴𝑖𝑖𝑏𝑏𝑡𝑡𝑠𝑠𝑡𝑡 (𝑡𝑡) and obtain 𝑆𝑆𝑆𝑆𝑖𝑖+1
𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡 (𝑇𝑇). 

 
STEP 9. Compute error measure 𝐸𝐸 comparing 𝑆𝑆𝑆𝑆𝑖𝑖+1

𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡 (𝑇𝑇) and 𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (𝑇𝑇). 
 

IF       𝐸𝐸 > 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑡𝑡                                                               

 Set 𝑖𝑖 = 𝑖𝑖 + 1                                                          

GOTO STEP 4                                                      

END IF                                                                                        
 

2.1. Finite element model 

Since only free-field conditions are considered, the FEM corresponds to a slender column of 
soil (unit width) with special lateral boundary conditions to account for the semi-infinite lateral 
extent of the deposit (Zienkiewicz et al. 1988). The FEM contains a soil deposit that is 
characterized as a 30 m deep medium to dense sandy layer, overlying a bedrock. The input 
motions were applied at the base of the model through a compliant base (Joyner and Chen 
1975) that minimizes reflection of the downward propagating waves. An elastoplastic 
constitutive model (Brinkgreve et al. 2007) was adopted to account for the nonlinear response 
of the soil. The model includes features like small-strain stiffness degradation, a hyperbolic 
hardening law, and a Mohr-Coulomb type limit surface. This finite element model has been 
developed and analysed using the PLAXIS 2D software (Bentley Systems 2020). 
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2.2. Target spectrum and input motions 

To assess the developed algorithm, an Eurocode 8 (CEN 2004) design spectrum has been used 
as a target for the dynamic analysis. The selected design spectrum represents sites with high 
seismicity (Mw ≥ 5.5, Type 1) and with dense soil deposits (subsoil class C, 180 < Vs30 ≤ 360 
m/s). A design acceleration of 0.40 g was assumed, which corresponds to a Seismic Zone 1 in 
Italy (> 0.25g).  
A ground motion pair, derived from the horizontal as-recorded components of the L’Aquila 
(2009) earthquake, was selected as input motion at the base of the FEM. The records were 
taken from the PEER Ground Motion Database (Ancheta et al. 2013), considering the site 
conditions, the target spectrum, and their capacity to significantly excite the soil-structure 
system. For cases in which the specific site is known, site-specific ground motions should be 
used according to the seismic hazard of the area. The properties of the records can be found in 
Table 1. Fig. 2 shows the selected accelerograms and their corresponding response spectra 
compared with the target.  
 

Table 1. Ground motion properties. 
Event Year Station Mw Rjb (km) Rrup (km) AI (m/s) D5-75 (s) 

L’Aquila, Italy 2009 
L’Aquila - 
V. Aterno - 

Centro Valle 
6.3 0.0 6.3 2.8 4.9 

Mw: moment magnitude 
Rjb: Joyner-Boore distance to the rupture plane 
Rrup: closest distance to the rupture plane 
AI: Arias intensity 
D5-75: significant duration, the time needed to accumulate between 5 and 75% of the total Arias intensity 
 
 

 
Fig. 2 – Selected ground motions and their response spectra compare to the target spectrum. 
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3. Results 

For the two selected accelerograms, the procedure described in Section 2 was applied. Fig. 3 
shows the target spectrum and surface response spectra obtained after performing the FEM site 
response analysis (Step 3). The difference between the spectra obtained from the propagated 
signals and the target spectrum is evident. The raw correction factor (Step 4) and the adjusted 
correction factor (Step 5) were computed in order to obtain a new base response spectrum. The 
initial signal was then matched to this new spectrum to derive a new input signal. This process 
was repeated N times until the desired tolerance was reached. 
 

 
Fig. 3 – Target spectrum and surface response spectra from the propagation of the selected ground motions. 

 
Figs. 4 and 5 show the response spectra obtained on the surface and at the base of the model, 
respectively, after performing 30 iterations for the two selected accelerograms. The red line 
indicates the best iteration, showing the smallest mean square error. In both cases, signals that 
produce surface spectra similar to the target were obtained. In general, the results show 
progressive improvement and stability with the number of iterations (see Fig. 6).  
 

 
Fig. 4 – Surface response spectra resulting from the iterative procedure. 
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Fig. 5 – Base response spectra resulting from the iterative procedure. 

 

 
Fig. 6 – Evolution of the mean squared error between target spectrum and response spectra resulting from the 

iterative procedure. 

 
In Fig. 7, the signals obtained for the iteration with the smallest error are presented. It is 
evident that these accelerograms preserve a great similarity to the initials ones, despite having 
considerably modified their response spectrum. Finally, in Fig. 8, the surface spectra obtained 
in the best iteration of each case, their average, and the target spectrum are compared. The 
mean values coincide with the target spectrum with differences of ±10% in all considered 
periods.  
 

 
Fig. 7 – Derived input motions of the selected iterations. 
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Fig. 8 – Average spectrum from the selected iterations. 

 

4. Conclusions 

Obtained results show the effectiveness of the proposed iterative deconvolution procedure. 
This methodology can be easily applied to obtain accelerograms on the base of a FEM, 
from surface records, to match a given surface target spectrum considering the non-
linearity of the ground. This is particularly relevant for application in soil-structure 
interaction analysis, where complex elastoplastic models are used to characterise the 
behaviour of the soil. The complete records were employed, since it was identified that the 
longer the signal length the better the spectral matching results (avoiding possible signal 
saturation). The optimization of the method considering different cut-off frequencies and 
signal lengths is a current line of study and the results will be published in the future.  
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Abstract: Structural eccentricity, which is defined as the distance between the center of 

mass and the center of rigidity, is one of the parameters that defines the torsional behavior of 

buildings: hence many codes consider this parameter in the definition of regural in plan 

buildings. Under fixed base conditions, in single-story and isotropic building the center of 

rigidity can rigorously be determined and corresponds to the real elastic axis. This study 

investigates the existence of the real elastic axis in special cases of buildings under soil-

structure interaction effects. By considering the notion of twist center and therefore applying 

torsional moments, mathematical formulas are derived in order to provide the location of a 

possible elastic axis. It is proved that the twist centers depend not only on the flexibility 

terms of the soil-structure interaction system but on the loading distribution pattern as well. 

A routine is written and the results of the numerical examples lead to the conclusion that 

under stiff soil conditions a real elastic axis can be determined. However, under soft soil 

conditions an optimum torsion axis must be sought.  

Keywords: soil-structure interaction; structural eccentricity; optimum torsion axis. 

1. Introduction

The magnitude of structural eccentricity defines whether a building is regular or non-

regular. Therefore, it determines the structural model; the analysis method; and the value 

of behavior factor (EN 1998-1 (2004)). Structural eccentricity is the distance between the 

center of mass and the center of rigidity. The latter can be rigorously defined in single-

story and some special classes of buildings, such as the isotropic ones (Makarios and 

Anastassiadis (1998), Athanatopoulou et al. (2006), Terzi and Athanatopoulou (2021 (1))). 

For the aforementioned systems, a real elastic axis exists, which has the properties of axis 

of rigidity, shear and twist, under fixed base assumption. 

The present study investigates the existence of a real elastic axis for the aforementioned 

cases under soil-structure interaction effects due to the following: soil is the medium 

through which earthquake waves travel; soil flexility alters the dynamic characteristics of 

the studied buildings, since it affects its boundary conditions (Pitilakis and Terzi (2012)). 

The notion of twist axis is mathematically implemented and corresponding formulae are 

derived. It is proved that under stiff soil conditions a real axis exists whereas, under soft 

soil conditions an optimum torsion axis must be sought (Marino and Rossi (2004), Terzi 

and Athanatopoulou (2021(2))). 

2. Investigation of the existence of real elastic axis

The main assumptions regarding the present theoretical investigation are: (i) rigid-in plane 

behaviour of the slabs; (ii) the mass centers of all the slabs and the one of the foundation 

are located in the same vertical axis. 
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2.1. Single-story building 

2.1.1. Fixed foundation 

The fixed base single-story building has three degrees of freedom in total, which 

correspond to: the translations along X,Y axes, 𝒖𝒙, 𝒖𝒚; and the rotation about Z axis, 𝒓𝒛. 

The aforementioned is based on the assumption of rigid-in-plane diaphragms. Therefore, 

the flexibility matrix, the coordinates and the orientation angle of the real elastic axis of a 

fixed base single-story building are described by the following equations (Terzi and 

Athanatopoulou (2021(3)). 

𝓕𝒇𝒊𝒙𝒆𝒅 = [𝑓𝑥 𝑓𝑥𝑦 𝑓𝑥𝑟𝑧; 𝑓𝑥𝑦 𝑓𝑦 𝑓𝑦𝑟𝑧; 𝑓𝑥𝑟𝑧 𝑓𝑦𝑟𝑧 𝑓𝑟𝑧] (1) 

𝑋𝑘,𝑓𝑖𝑥𝑒𝑑 = −𝑓𝑦𝑟𝑧 𝑓𝑟𝑧⁄  (2) 

𝑌𝑘,𝑓𝑖𝑥𝑒𝑑 = 𝑓𝑥𝑟𝑧 𝑓𝑟𝑧⁄  (3) 

𝑡𝑎𝑛(2 ∙ 𝜔𝑓𝑖𝑥𝑒𝑑) = [2 ∙ (𝑓𝑥𝑦 ∙ 𝑓𝑟𝑧 − 𝑓𝑥𝑟𝑧 ∙ 𝑓𝑦𝑟𝑧)] [(𝑓𝑥 − 𝑓𝑦) ∙ 𝑓𝑟𝑧 − (𝑓𝑥𝑟𝑧
2 − 𝑓𝑦𝑟𝑧

2)]⁄  (4) 

The location and orientation of the real elastic axis of the fixed base single-story building 

depends only on the flexibility structural characteristics. 

2.2.1. Flexibly based foundation 

The flexibly based single-storey building has eight degrees of freedom in total, which 

correspond to: the three degrees of freedom of the superstructure (𝑢𝑥, 𝑢𝑦, 𝑟𝑧); the three 

degrees of freedom of the foundation (𝑢𝑥𝑓 , 𝑢𝑦𝑓 , 𝑟𝑧𝑓); and two additional ones of the 

foundation, regarding the rotations about Y and X axis (𝑟𝑦𝑓, 𝑟𝑥𝑓). The flexibility matrix of 

considering soil-structure interaction effects receives the following form (Terzi and 

Athanatopoulou (2021(3)). 

𝓕𝑺𝑺𝑰

=

[
 
 
 
 
 
 
 
 
 
ℱ𝑆𝑆𝐼(1,1) 𝑓𝑥𝑦 𝑓𝑥𝑟𝑧 𝑓𝑥𝑓 0 0 𝐻 ∙ 𝑓𝑟𝑦𝑓 0

ℱ𝑆𝑆𝐼(2,2) 𝑓𝑦𝑟𝑧 0 𝑓𝑦𝑓 0 0 −𝐻 ∙ 𝑓𝑟𝑥𝑓

ℱ𝑆𝑆𝐼(3,3) 0 0 𝑓𝑟𝑧𝑓 0 0

𝑓𝑥𝑓 0 0 0 0

𝑓𝑦𝑓 0 0 0

𝑠𝑦𝑚. 𝑓𝑟𝑧𝑓 0 0

𝑓𝑟𝑦𝑓 0

𝑓𝑟𝑥𝑓 ]
 
 
 
 
 
 
 
 
 

 
(5) 

ℱ𝑆𝑆𝐼(1,1) = 𝑓𝑥𝑓 + 𝐻2 ∙ 𝑓𝑟𝑦𝑓 + 𝑓𝑥 (5.1) 

ℱ𝑆𝑆𝐼(2,2) = 𝑓𝑦𝑓 + 𝐻2 ∙ 𝑓𝑟𝑥𝑓 + 𝑓𝑦 (5.2) 

ℱ𝑆𝑆𝐼(3,3) = 𝑓𝑟𝑧𝑓 + 𝑓𝑟𝑧 (5.3) 

where 𝐻 is the height of the building; and 𝑓𝑥𝑓 , 𝑓𝑦𝑓 , 𝑓𝑟𝑧𝑓, 𝑓𝑟𝑦𝑓 , 𝑓𝑟𝑥𝑓  are the flexibility terms 

of the foundation at the corresponding degrees of freedom. 

Terzi and Athanatopoulou (2021(3)) investigated the existence of real elastic axis for a 

flexibly based single-story building under the notion of the axis of twist. By applying two 

torsional moments, one at the diaphragm of the superstructure, 𝑀𝑠 (a moment of random 

value) and one at the foundation level, 𝑀𝑓 = 𝑙𝑓 ∙ 𝑀𝑠, (𝑙𝑓, a random multiplier) the 

coordinates and the orientation angle of the possible axis of twist receive the following 

forms. 

𝑋𝑘,𝑆𝑆𝐼 = −𝑓𝑦𝑟𝑧 [𝑓𝑟𝑧 + (1 + 𝑙𝑓) ∙ 𝑓𝑟𝑧𝑓]⁄  (6) 
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𝑌𝑘,𝑆𝑆𝐼 = 𝑓𝑥𝑟𝑧 [𝑓𝑟𝑧 + (1 + 𝑙𝑓) ∙ 𝑓𝑟𝑧𝑓]⁄  (7) 

𝑡𝑎𝑛(2 ∙ 𝜔𝑆𝑆𝐼) =
2 ∙ (𝑓𝑥𝑦 ∙ 𝑑 − 𝑓𝑥𝑟𝑧 ∙ 𝑓𝑦𝑟𝑧)

[(ℱ𝑆𝑆𝐼(1,1) − ℱ𝑆𝑆𝐼(2,2)) + 𝑙𝑓 ∙ (𝑓𝑥 − 𝑓𝑦)] ∙ 𝑑 − (𝑓𝑥𝑟𝑧
2 − 𝑓𝑦𝑟𝑧

2)
 (8) 

where 𝑑 = ℱ𝑆𝑆𝐼(3,3) + 𝑙𝑓 ∙ 𝑓𝑟𝑧𝑓 

The location and orientation of the possible axis of twist of the flexibly based single-story 

building depends not only on the flexibility structural and foundation characteristics but on 

the moment loading vector as well. However, according to 𝑌𝑘,𝑆𝑆𝐼 = −(𝑓𝑥𝑟𝑧 𝑓𝑦𝑟𝑧⁄ ) ∙ 𝑋𝑘,𝑆𝑆𝐼, 

the locus of the twist centers lie on a straight line which connects them to the mass center. 

Terzi and Athanatopoulou (2021(3)) concluded that in the case of stiff soils, the real elastic 

axis exists can be defined by the implementation of equations (6)-(8). However, in the case 

of soft soils, the real elastic axis does not exist and therefore, an optimum torsion axis must 

be defined. 

2.2. N-story isotropic building 

2.2.1. Fixed foundation 

The N-story isotropic fixed base building has 3xN degrees of freedom, according to the 

diaphragmatic behaviour assumption. The flexibility matrix is expressed by the following 

form. 

𝓕𝒔𝒕𝒓,𝒊𝒔𝒐 = [𝑓𝑥 𝑓𝑥𝑦 𝑓𝑥𝑟𝑧; 𝑓𝑥𝑦 𝑓𝑦 𝑓𝑦𝑟𝑧; 𝑓𝑥𝑟𝑧 𝑓𝑦𝑟𝑧 𝑓𝑟𝑧] ∙ 𝓕𝒐 (9) 

where 𝓕𝒐 is an nxn matrix and 𝓕𝒔𝒕𝒓,𝒊𝒔𝒐 is a 3nx3n matrix. 

The location and the orientation of the real elastic axis is defined by the application of 

equations (2)-(4). 

2.2.2. Flexibly based foundation 

The flexibly based N-story isotropic building has 3xN+5 degrees of freedom, taking into 

account the additional five degrees of freedom of the foundation. The flexibility matrix, 

taking into account soil-structure interaction effects is expressed by the following equation 

(Terzi and Athanatopoulou (2021(3)). 

𝓕𝑺𝑺𝑰 = [
𝓕𝒔𝒕𝒓,𝑺𝑺𝑰 𝓕𝒄𝒐𝒖𝒑𝒍,𝑺𝑺𝑰

𝓕𝒄𝒐𝒖𝒑𝒍,𝑺𝑺𝑰
𝑻 𝓕𝒇,𝑺𝑺𝑰

] (10) 

𝓕𝒔𝒕𝒓,𝑺𝑺𝑰 = [

𝓕𝒔𝒕𝒓,𝑺𝑺𝑰,𝒙 𝓕𝒔𝒕𝒓,𝑺𝑺𝑰,𝒙𝒚 𝓕𝒔𝒕𝒓,𝑺𝑺𝑰,𝒙𝒓𝒛

𝓕𝒔𝒕𝒓,𝑺𝑺𝑰,𝒙𝒚
𝑻 𝓕𝒔𝒕𝒓,𝑺𝑺𝑰,𝒚 𝓕𝒔𝒕𝒓,𝑺𝑺𝑰,𝒚𝒓𝒛

𝓕𝒔𝒕𝒓,𝑺𝑺𝑰,𝒙𝒓𝒛
𝑻 𝓕𝒔𝒕𝒓,𝑺𝑺𝑰,𝒚𝒓𝒛

𝑻 𝓕𝒔𝒕𝒓,𝑺𝑺𝑰,𝒓𝒛

] (10.1) 

ℱ𝑠𝑡𝑟,𝑆𝑆𝐼,𝑥(𝑖, 𝑗) = 𝑓𝑥𝑓 + 𝐻𝑖 ∙ 𝐻𝑗 ∙ 𝑓𝑟𝑦𝑓 + 𝑓𝑥 ∙ ℱ𝑜(𝑖, 𝑗) (10.2) 

ℱ𝑠𝑡𝑟,𝑆𝑆𝐼,𝑦(𝑖, 𝑗) = 𝑓𝑦𝑓 + 𝐻𝑖 ∙ 𝐻𝑗 ∙ 𝑓𝑟𝑥𝑓 + 𝑓𝑦 ∙ ℱ𝑜(𝑖, 𝑗) (10.3) 

ℱ𝑠𝑡𝑟,𝑆𝑆𝐼,𝑟𝑧(𝑖, 𝑗) = 𝑓𝑟𝑧𝑓 + 𝑓𝑟𝑧 ∙ ℱ𝑜(𝑖, 𝑗) (10.4) 

𝓕𝒔𝒕𝒓,𝑺𝑺𝑰,𝒙𝒚 = [𝑓𝑥𝑦 ∙ 𝓕𝒐] (10.5) 

𝓕𝒔𝒕𝒓,𝑺𝑺𝑰,𝒙𝒓𝒛 = [𝑓𝑥𝑟𝑧 ∙ 𝓕𝒐] (10.6) 

𝓕𝒔𝒕𝒓,𝑺𝑺𝑰,𝒚𝒓𝒛 = [𝑓𝑦𝑟𝑧 ∙ 𝓕𝒐] (10.7) 

𝓕𝒄𝒐𝒖𝒑𝒍,𝑺𝑺𝑰
𝑻 = [𝓕𝒄𝒐𝒖𝒑𝒍,𝑺𝑺𝑰,𝒙 𝓕𝒄𝒐𝒖𝒑𝒍,𝑺𝑺𝑰,𝒚 𝓕𝒄𝒐𝒖𝒑𝒍,𝑺𝑺𝑰,𝒓𝒛] (10.8) 

ℱ𝑐𝑜𝑢𝑝𝑙,𝑆𝑆𝐼,𝑥(: , 𝑗) = [𝑓𝑥𝑓 0 0 𝐻𝑗 ∙ 𝑓𝑟𝑦𝑓 0] (10.9) 

ℱ𝑐𝑜𝑢𝑝𝑙,𝑆𝑆𝐼,𝑦(: , 𝑗) = [0 𝑓𝑦𝑓 0 0 −𝐻𝑗 ∙ 𝑓𝑟𝑥𝑓] (10.10) 
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ℱ𝑐𝑜𝑢𝑝𝑙,𝑆𝑆𝐼,𝑟𝑧(: , : ) = [0 0 𝑓𝑟𝑧𝑓 0 0] (10.11) 

ℱ𝑓,𝑆𝑆𝐼 diagonal with the terms of 𝑓𝑥𝑓 , 𝑓𝑦𝑓 , 𝑓𝑟𝑧𝑓, 𝑓𝑟𝑦𝑓 , 𝑓𝑟𝑥𝑓 (10.12) 

where 𝐻𝑗 is the distance between the foundation and story 𝑗. 

Terzi and Athanatopoulou (2021(3)) investigated the existence of real elastic axis for a 

flexibly based N-story isotropic building under the notion of the axis of twist. By applying 

a vector of torsional moments, 𝑀𝑗 = 𝑙𝑟𝑗 ∙ 𝑀1 at each story and 𝑀𝑓 = 𝑙𝑟𝑓 ∙ 𝑀1 at the 

foundation level,(𝑙𝑟𝑗, 𝑙𝑟𝑓, are multipliers that define the distribution of moments along the 

height), the coordinates of the possible axis of twist receive the following forms. 

𝑋𝑘𝑖,𝑆𝑆𝐼 = −
𝑓𝑦𝑟𝑧 ∙ (∑ ℱ𝑜(𝑖, 𝑗) ∙𝑛

𝑗=1 𝑙𝑟𝑗)

𝑓𝑟𝑧𝑓 ∙ (∑ 𝑙𝑟𝑗
𝑛
𝑗=1 + 𝑛 ∙ 𝑙𝑟𝑓) + 𝑓𝑟𝑧 ∙ (∑ ℱ𝑜(𝑖, 𝑗) ∙𝑛

𝑗=1 𝑙𝑟𝑗)
 (11) 

𝑌𝑘𝑖,𝑆𝑆𝐼 =
𝑓𝑥𝑟𝑧 ∙ (∑ ℱ𝑜(𝑖, 𝑗) ∙𝑛

𝑗=1 𝑙𝑟𝑗)

𝑓𝑟𝑧𝑓 ∙ (∑ 𝑙𝑟𝑗
𝑛
𝑗=1 + 𝑛 ∙ 𝑙𝑟𝑓) + 𝑓𝑟𝑧 ∙ (∑ ℱ𝑜(𝑖, 𝑗) ∙𝑛

𝑗=1 𝑙𝑟𝑗)
 (12) 

The coordinates of the possible elastic axis depend on the flexibility characteristics of the 

soil-structure interaction system, as well as on the loading torsional vector. However, 

according to 𝑌𝑘,𝑆𝑆𝐼 = −(𝑓𝑥𝑟𝑧 𝑓𝑦𝑟𝑧⁄ ) ∙ 𝑋𝑘,𝑆𝑆𝐼, the locus of the twist centers lie on a straight 

line which connects them to the mass center. Terzi and Athanatopoulou (2021(1)) 

concluded that a real elastic axis can be defined for stiff soils. However, an optimum 

torsion axis must be defined for soft soils. 

3. Optimum torsion axis 

Terzi and Athanatopoulou (2021 (2)) proposed a new criterion for the definition of the 

optimum torsion axis in asymmetric buildings, which is based on the axis of twist. 

According to the aforementioned, if a building is excited by a torsional base excitation or a 

vector of static torsional moments, the optimum torsion axis is defined as the vertical axis 

at which the sum of the squares of the resultant translational displacements of all floors, 

including the level of the foundation, is minimized. The criterion is expressed 

mathematically as follows. 

𝑈 = ∑(𝑢𝑥𝑖
2 + 𝑢𝑦𝑖

2 ) → 𝑚𝑖𝑛

𝑁

𝑖=0

 (13) 

where 𝑖 =0-𝑁; 0 represents the level of the foundation and 𝑁 the number of the upper 

story. 

A routine has been written in MATLAB (MATLAB (2019)) for the implementation of the 

optimum torsion axis criterion. The basic steps are the following: (i) determination of 

flexibility matrix of the soil-structure interaction system, 𝓕𝑺𝑺𝑰 by using any structural 

analysis software package; (ii) determination of normalized torsional moment vector, 𝑭𝑴; 

(iii) determination of displacement vector at mass centers, 𝑼𝒎𝒄 = 𝓕𝑺𝑺𝑰 ∙ 𝑭𝑴; (iv) 

determination of 𝑋𝑘𝑜𝑝𝑡, 𝑌𝑘𝑜𝑝𝑡 as symbolic variables; (iv) determination of transformation 

matrix, 𝑳𝒌; (v) determination of displacement vector at (𝑋𝑘𝑜𝑝𝑡, 𝑌𝑘𝑜𝑝𝑡) , 𝑼𝒌 = 𝑳𝒌 ∙ 𝑼𝒎𝒄; (vi) 

construction of function of 𝑼(𝑋𝑘𝑜𝑝𝑡, 𝑌𝑘𝑜𝑝𝑡); (vii) determination of first derivatives of 𝑼𝒌 

with respect to 𝑋𝑘𝑜𝑝𝑡 and 𝑌𝑘𝑜𝑝𝑡; (viii) solution of system of step (viii); (ix) determination of 

𝑋𝑘𝑜𝑝𝑡, 𝑌𝑘𝑜𝑝𝑡 as values. 
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4. Numerical examples 

Soil-structure interaction effects are taken into account by translational and rotational 

springs attached at the mass center of the foundation, which are defined according to 

Gazetas (1991). The plan of the foundation has the same dimensions with the slabs of the 

superstructure. The four basic soil types (A,B,C,D) according to EC8 are considered and 

correspond to characteristic values of shear wave propagation velocities, respectively: 

1000 m/sec; 580 m/sec; 270 m/sec; 100 m/sec. 

4.1. Single-story building 

Figure 1 depicts the plan geometry and the finite element model of the single-story under 

study (SAP2000 (2007)). Under the fixed base assumption and by the application of 

equations (2)-(4), the coordinates and the orientation angle of the real elastic axis receive 

the following values: 𝑋𝑘,𝑓𝑖𝑥𝑒𝑑=-3.2308 m; 𝑌𝑘,𝑓𝑖𝑥𝑒𝑑=2.9932 m; 𝑡𝑎𝑛(2 ∙ 𝜔𝑓𝑖𝑥𝑒𝑑)=-7.9848. 

 
 

Fig. 1 – Plan geometry and finite element model. Single-story building. 

Figure 2 depicts the variability of the coordinates ratio, 𝑋, 𝑌𝑘,𝑆𝑆𝐼 𝑋, 𝑌𝑘,𝑓𝑖𝑥𝑒𝑑⁄  and the 

orientation angle’s ratio,  𝜔𝑆𝑆𝐼 𝜔𝑓𝑖𝑥𝑒𝑑⁄  of the possible elastic axis under the prism of the 

axis of twist, as defined by equations (6)-(8) due to the moment ratio, 𝑙𝑓. The first 

observation regards the reduction in the values of the coordinates. Therefore, soil-structure 

interaction reduces the eccentricity of the single-story building. Secondly, the coordinates 

and orientation angle’s ratio can be characterized as loading independent for soil categories 

A and B. Therefore, a real elastic axis can be defined for stiff soils. However, the loading 

dependency is obvious for soil categories C and D. Therefore, for soft soil categories an 

optimum torsion axis should be sought. 

 

Fig. 2 – Investigation of the existence of real elastic axis. Single-story building. a) soil category A. b) soil 

category A.  

a b 
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Figure 3 depicts the results the routine written in MATLAB for the determination of the 

coordinates of the optimum torsion axis. The variable 𝑙𝑓 receives values between [-1,1]. The 

first observation is that the common coordinates of the optimum torsion axis for all soil 

categories that correspond to (-3.2308, 2.9932) are retrieved for 𝑙𝑓=-1. The coordinates of 

the optimum torsion axis for stiff soil categories (A, B) are located in the vicinity of the 

aforementioned point for all the range of the loading variability, 𝑙𝑓. However, this is not 

the case for soft soil categories (C,D), where the optimum torsion axis depends strongly on 

the loading variable, 𝑙𝑓. Furthermore, another interesting observation is that the locus of 

the twist centers, and therefore of the optimum torsion axis corresponds to a straight line 

for all soil categories. The aforementioned line connects the center of mass and the elastic 

axis of the fixed base system (Terzi and Athanatopoulou (2021 (2)). 

 

Fig. 3 – Optimum torsion axis. Single-story building. 

4.2. 4-story isotropic building 

Figure 4 depicts the plan geometry and the finite element model of the 4-story isotropic 

building under study (SAP2000 (2007)). Under the fixed base assumption and by the 

application of equations (2)-(4), the coordinates and the orientation angle of the real elastic 

axis receive the following values: 𝑋𝑘,𝑓𝑖𝑥𝑒𝑑=-1.1402 m; 𝑌𝑘,𝑓𝑖𝑥𝑒𝑑=-1.1402 m; 𝑡𝑎𝑛(2 ∙

𝜔𝑓𝑖𝑥𝑒𝑑)=0. 

 

 

Fig. 4 – Plan geometry and finite element model. N-story isotropic building. 

Figure 5 depicts the variability of the coordinates of the twist centers, as defined by 

equations (11) and (12) due to three different distribution patterns of torsional moments. 

The first pattern, named as triangular, receives the form: 𝑀 =[0 0.333 0.556 0.778 1]. The 

second pattern, named as uniform, corresponds to unit torsional moment vector while the 
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third pattern, named as middle-triangular, receives the form: 𝑀 =[0 0.6 1 0.6 0]. The first 

interesting observation is that the coordinates of the centers of twist receive higher values 

in the upper stories. Furthermore, the triangular loading patterns lead to the determination 

of a real elastic for the stiff soil categories (A, B). However, this is not the case for the 

uniform loading pattern. Furthermore, all the loading patterns applied for the soft soil 

categories (C, D) lead to the conclusion that a real axis cannot be determined. Therefore, 

an optimum torsion axis should be sought. 

 

Fig. 5 – Investigation of the existence of real elastic axis. 4-story isotropic building. 

Figure 6 depicts the coordinates of the optimum torsion axis, as defined by the implementation 

of the routine written in MATLAB. Soil categories A and B present almost equal coordinates 

of the optimum torsion axis and for all the loading patterns. Specifically, the optimum torsion 

axis is located in the vicinity of the real elastic axis as defined by the fixed base condition. 

However, this is not the case for soft soil categories, especially for case D. Moreover, soil-

structure interaction reduces the eccentricity or the distance between the center of mass and the 

optimum torsion axis. Furthermore, the locus of the optimum torsion axis lies on a straight 

line for all soil categories, which connects the center of mass and the elastic axis of the 

fixed base system (Terzi and Athanatopoulou (2021 (2)). 

 

Fig. 6 – Optimum torsion axis. 4-story isotropic building. [1:triangular; 2:uniform; 3:middle-triangular]. 

4. Conclusions  

The mathematical and numerical investigation of the existence of real elastic axis in single-

story and multi-story isotropic buildings leads to the following basic conclusions. 
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- A real elastic axis can be determined for stiff soil conditions. 

- Under soft soil conditions, the classes of buildings under study lose the property of 

elastic axis. Therefore, an optimum torsion axis must be determined. 

- The structural eccentricity is reduced under soil-structure interaction effects. The 

aforementioned in enhanced for soft soil conditions. 

- The location of the twist centers depend not only on the characteristics of the soil-

foundation-superstructure system but also on the torsional moment distribution 

pattern applied. 

- The locus of the twist centers for all soil categories lies on a straight line that 

connects the center of mass with the centers of twist, which only for stiff soils 

correspond to the centers of rigidity.  

- The optimum torsion axis is independent of the torsional moment loading pattern 

for the case of stiff soils, whereas for the case of soft soils there is a strong 

dependency. 

- The torsional loading pattern must definitely include a corresponding moment at 

the foundation level. 

- The locus of the optimum torsion axis for all soil categories lies on a straight line 

that connects the center of mass with the optimum torsion axis.   

- Soil-structure interaction cannot be ignored in the estimation of structural 

eccentricity, especially in the case of soft soils. 
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